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This paper presents the effects of heaving motions on the hydrodynamic characteristics,
supercavitating flow regimes and vortex structures for a two-dimensional (2D) super-
cavitating hydrofoil. The sinusoidal heaving motion of the supercavitating hydrofoil is
realized by overset grid technology. The lift coefficient, drag coefficient, supercavitating
flow regime and vortex structures around the supercavitating hydrofoil are analyzed and
compared among different amplitudes of the heaving motion. The predicted cavities and
the hydrodynamic characteristics are in good accordance with the experiments at a sta-
tionary state. The lift coefficient and drag coefficient of the heaving hydrofoil present
a sinusoidal law, which is related to the effective angle of attack. The heaving motion
would affect the cavity length and its thickness. The greater the heaving amplitude,
the greater the difference in cavity pattern at different heaving positions. The cavity
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variation would affect the shear layer and thus change the vortex shedding characteris-
tics, which are different from those at a stationary state.

Keywords: Supercavitation; supercavitating hydrofoil; heaving motion; overset grid;
vortex structure.

1. Introduction

Cavitation is an unavoidable issue at the stage of the hydrofoil optimization design.
On the one hand, partial cavitation would affect the hydrofoil hydrodynamics and
lead to noise, vibration and possible structural failure.!® On the other hand, in
the supercavitating flow regime, since the density of the vapor phase is much lower
than that of the liquid phase, the lift and resistance of the hydrofoil are significantly
reduced, and consequently so are the vehicle’s speed and stability.5

To date, lots of experiments have been conducted to investigate the supercav-
itating flow around a hydrofoil at different cavitation numbers in high-speed cav-
itation water tunnels.!®!! Parkin conducted experiments on the supercavitating
hydrofoils in which they visualized cavity shapes and determined the hydrody-
namic performance at different cavitation numbers.'?'3 The lift coefficient and drag
coefficient of the hydrofoils were consistent with the theoretical values under the
same flow conditions (i.e. cavitation numbers). Kinnas et al.'* measured the veloc-
ity flow field around a supercavitating hydrofoil in the high-speed water tunnel of
the Massachusetts Institute of Technology by using a two-component laser Doppler
velocimetry system (which was able to collect velocity components along the flow
direction and the vertical direction at the same time). Their measurements of the
velocity near the cavity surface verified the basic assumption that the pressure on
the cavity was constant. Li et al. observed the supercavitating flow field in a high-
speed cavitation water tunnel using a high-speed camera.'® Their results indicated
that the cavitating flow fields showed obvious differences in morphology at differ-
ent cavitation numbers. These observations of the flow structures have shown that
the supercavity around a hydrofoil is very stable and has a strong two-dimensional
(2D) effect.!* Therefore, the supercavitating flow regime can be simplified to a 2D
supercavity.

With the rapid development of the computational fluid dynamics (CFD) calcu-
lation technology, much effort has been made to study the supercavitation by using
the numerical simulations. Bonfiglio and Brizzolara'® developed a highly accurate
2D supercavitation calculation method based on the RANS. The method was able
to obtain the hydrodynamic performance and cavitating flow patterns for a super-
cavitating hydrofoil, and the simulated results were in good agreement with the
experiments. Bonfiglio and Brizzolara'® conducted experiments on a supercavitat-
ing hydrofoil in the free surface cavitation tunnel, and used these experiments to
successfully validate the numerical simulations performed using a RANS solver and
the Schnerr—Sauer cavitation model for the multiphase flow. Research shows that
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the RANS method and Schnerr—Sauer cavitation model can well simulate the super-
cavitating flow.

Boudis et al.!”
performance of the hydrofoil and the vortex shedding process. The results show that
the numerical simulation can obtain the main flow characteristics in the experiment.
Zhang et al.18720
the transient pitching Clark-Y hydrofoil. The results show that the numerical cal-
culation results are in good agreement with the experimental measurements. The
literature shows that the hydrodynamic performance and main flow characteristics
of the hydrofoil in motion can be obtained through numerical simulation.

The literature review demonstrates that the supercavitation mechanism under
stable conditions has been extensively studied, but we still have inadequate under-
standings of supercavitating flow features and hydrodynamic characteristics for a
heaving hydrofoil. It is necessary to further shed light on the supercavitating flows
around a heaving hydrofoil, since the marine vessel is usually operated under tran-
sient states, namely, swaying, surging, yawing, etc.2"24 In this paper, the unsteady

studied the influence of non-sinusoidal motion on the propulsion

conducted a series of experiments and numerical simulations on

supercavitating flow is simulated under various heaving motions by using an overset
grid approach. Section 1 describes the numerical approach, the simulation setup and
its validation. Section 2 systematically explores the supercavitating vortical flow
features and hydrodynamic characteristics for the hydrofoil under various heaving
motion with different heaving amplitudes.

2. Numerical Approach
2.1. Governing equations

The continuity and momentum equations are the basic equations for solving cavi-

tation flow
dp  Opui) _
N + 0z, 0, (1)
d(pu;)  O(pusuj)  Op 0 Ou;
ot + 8xj B 8zi + 6$j uax] ’ (2)

where p is the mixture density, u; is the velocity component in the ¢ direction, u is
the flow viscosity and p is the pressure. The viscosity and mixture density can be
written as

p = aypy + (1 —ay)p, (3)
B= aylly + (1 - av)ﬂh (4)

where subscript [ represents the liquid phase, subscript v represents the vapor phase
and « is the volume fraction. The transport equation is expressed as

INpvaw) | Opoowuy)
ot om0 (5)

2150605-3



Mod. Phys. Lett. B 2022.36. Downloaded from www.worldscientific.com
by FUDAN UNIVERSITY on 06/22/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

Y. Zhi et al.

25,26

where i is the mass transfer rate. And the Schnerr—Sauer cavitation model is

used

o = —3p?,\/no§w a3 at (1= 22) s, - (22 o)
where ng is the initial mean diameter of a bubble inside the fluid, the saturated
vapor pressure is p, = 3540 Pa.

In this paper, the standard k— turbulence model was adopted to closure the
turbulent flow. The transport equations for the kinetic energy k and the turbulent
dissipation rate € are

%(pk) + V- (pku) = V- Kw 5;) Vk} + P = ple — o) + Sk, @

20+ V - (pe) = V- (4 22) ¥

S

g €0

1
+i051P6_C€2f2p (T,e - 710) +Saa (8)

where f5 is a damping function, oy, 0., Ce1 and C.o are model coefficients, y is the
dynamic viscosity, u is the mean velocity, P, and P are production terms, S and
Se are user-specified source terms and T, = k/e is the large-eddy time scale. In the
source terms, €¢ is the ambient turbulence value.?” T} is a specific time-scale

Tp = max (]%701”/0), 9)
€0 <N

where C} is a model coefficient, v is the kinematic viscosity.

2.2. Simulation setup

Figures 1 and 2 show the calculation model and the computational domain and
boundary conditions, where the geometric model used a 2D flat hydrofoil,'? ¢ is
the chord length (¢ = 0.0442 m) and oy is the angle of attack (ag = 7°). The
computational domain is divided into two regions, that is, the background region
(in gray) and the overset region (in red). The hydrofoil is located in the overset
grid region as shown in Fig. 2, which is used for heaving motion. The cavitation
number ¢ is an important non-dimensional parameter,

Py — P
S 10
77 0502 (10)

where Uy is the freestream velocity (Uy = 9.2 m/s), Py is the far field pressure,
and Py is the saturated vapor pressure. The Reynolds number is defined as Re =
Uoc/v = 4.52 x 105, where v is the kinematic viscosity of the liquid.

A Cartesian grid is used for mesh generation, and a rectangular control volume
is used to refine the grids around the hydrofoil. In order to ensure the yplus is less
than 1, 20 layers are generated near the hydrofoil wall.
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Fig. 1. (Color online) Computational domain and boundary conditions.

Flow direction

Boundary layer mesh

Fig. 2. (Color online) Overset grid details.

Vertical heaving motion of the supercavitating hydrofoil is realized by the
autonomously defined Eq. (11) for the heaving distance y(t),

y(t) = Hysin(wt), (11)

where Hy is the amplitude of heaving motion and w = 27 /T is the angular fre-
quency, T' is the variation cycle. Figure 3 is the schematic of the sinusoidal heaving
motion of the hydrofoil, Fig. 3(a) shows main kinematic parameters of the heaving
hydrofoil and waveform representation of the heaving hydrofoil position are illus-
trated in Fig. 3(b). ¢t = 0.00 T is the mid-heaving location, and the hydrofoil moves
upwards. t = 0.25 T is the maximum heaving location, and the hydrofoil starts to
move downwards. t = 0.50 T is the mid-heaving locations, and the hydrofoil moves
downwards. t = 0.75 T is the minimum heaving locations, and the hydrofoil starts
to move upwards. During a heaving motion cycle, the hydrofoil first moves from the
mid-heaving position (¢ = 0.00 T') to the maximum heaving position (¢t = 0.25 T),
then from the maximum heaving position (¢ = 0.25 T') to the minimum heaving
position (¢t =0.75 T), and finally returns to the mid-heaving position.

2150605-5



Mod. Phys. Lett. B 2022.36. Downloaded from www.worldscientific.com
by FUDAN UNIVERSITY on 06/22/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

Y. Zhi et al.

%0 |

0507 0.75T 1.007 ¢
\

%__ Hi N

(a) Physical representation of hydrofoil motion (b) Waveform representation of hydrofoil position

Fig. 3. (Color online) Schematic of the heaving motion of the hydrofoil.

Table 1. Calculation conditions.

Condition State Re o Ho/c  fHeaving (Hz)
1 Stationary  4.52 x 10°  0.566 — —
0.434
0.268
0.193
2 Heaving 4.52 x 10°  0.268 0.1 5
0.25
0.5

In order to analyze the effects of the heaving motion on the supercavitating flows
around the hydrofoil, so the stationary state is simulated, and then the heaving
amplitude (Hyp) is discussed for the heaving motion, as shown in Table 1.

2.3. Validation

Mesh refinement helps to improve the calculation accuracy for a supercavitation.
In order to perform the uncertainty analysis,?® three sets of grids are created with
the mesh refinement ratio r (r = 2) defined in Eq. (12),

Nﬁne

Ncoarse

(12)

9

where N is the cells number in the computational domain in the simulation. The
time step is set to At = Ty /400 = 1.25 x 107° s, where Tyt = ¢/Uy, as suggested
by Zhang et al.'' The lift coefficient C;, and drag coefficient Cp are calculated
under the working conditions ¢ = 0.268 and Uy = 9.2 m/s. These coefficients are
defined as

L D

Cp=———> -
BT osp02e TP T 0.5pU2c

(13)
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Table 2. The hydrodynamic performance for different mesh grids.

ID  Grid volume Mean C,  Error (%) Mean Cp  Error (%)

Experiment!2 — 0.4210 — 0.0863 —

Fine S1 1160895 0.4116 2.233 0.0924 7.068
Medium 52 601472 0.4132 1.853 0.09271 7.428
Coarse S3 312880 0.4153 1.354 0.09318 7.972

Table 3. Parameters for uncertainty analysis.

Ra Pg Ua

Cr 07619 0.7518 0.0093
Cp 0.6596 1.1413 0.0024

The hydrodynamic performance of the hydrofoil for different mesh grids are
shown in Table 2. Taking the medium mesh as an example, the relative error com-
pared with the experiments is 1.853% for the lift coefficient and 7.428% for the
drag coefficient, which demonstrates that the present numerical approach meets the
requirements for engineering applications.

Table 3 shows the parameters for the uncertainty analysis,?® where Pg is the
estimated order of accuracy, Rg is the grid convergence rate and Ug is the grid
uncertainty. The grid convergence rate R¢ is less than 1, so the calculated C'f, and
Cp converge monotonically with increasing the grid number. The results show that
the grid uncertainties associated with C and Cp are less than 5%. Overall, the
grid convergence validation indicated that the simulations are almost independent
of the mesh.

Figure 4 shows the cavity shapes obtained by three sets of grid calculations and
experiments at the condition of a = 7° and ¢ = 0.268. The cavity length predicted

(a) experiment (b) fine grid

== Tt | U

(c) medium grid (d) coarse grid

Fig. 4. (Color online) Comparisons between the simulations and experiments!'? at o = 7° and
o = 0.268.
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Fig. 5. (Color online) Pressure coefficient distributions on the hydrofoil surface and the cavity
shape.

by the present numerical approach is basically consistent with the experiment.
Figure 5 shows the pressure distribution on the hydrofoil surface and the cavity
shape for the medium grid. The pressure coefficient C), is defined as C}, = (P —
Py)/ %pUg, where P is the far field pressure and P is the static pressure at the
point. In that case, a cavity would occur approximately where o = —C,,, with o
defined as in Eq. (10), which is consistent with the experimental results.'*

Based on the static hydrofoil simulation results, the same numerical parame-
ters were used to verify the grid independence and time-step independence of the
dynamic hydrofoil under Hy = 0.25¢, T' = 0.2 s conditions. First, the study is car-
ried out by using the same three grids as the stationary state. The time-step is set
to At = Tyer /400 = 1.25 X 107? s in all cases. Figure 6 shows the changes in lift and
drag coefficients during a heaving cycle. The results show that the results difference
obtained by the three sets of grids is negligible. As shown in Table 4, the differ-
ence between the average lift and the average drag coefficient of the medium grid
and the fine grid is 0.68% and 0.62%, respectively. Therefore, the medium mesh is
considered fine enough to obtain reliable results.

Then, three different time steps of Tyer/200, Tyer/400 and Tyer /800 are used to
study the time-step independence of the calculation results. These simulations used
the medium grid. Figure 7 shows the changes in lift and drag coefficients during a
heaving cycle, the lift and drag coefficient change curves are in good agreement. As
shown in Table 4, the difference between the average lift and the average drag coef-
ficient of the Tyof/400 and the Ty /800 is 0.96% and 0.20%, respectively. Therefore,
the time-step Tier/400 and the medium grid are used in the following simulation.

2150605-8
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Table 4. Grid and time-step independence study.

Mesh Time-step Mean CL  Error Mean CD  Error (%)

Mod. Phys. Lett. B 2022.36. Downloaded from www.worldscientific.com
by FUDAN UNIVERSITY on 06/22/22. Re-use and distribution is strictly not permitted, except for Open Access articles.

Grid independence Fine Trer/400 0.40632 — 0.09128 —
Medium 0.40357 0.68% 0.09071 0.62%
Coarse 0.41186 1.36% 0.09242 1.25%

Time-step independence  Medium Trer/800 0.40750 — 0.09153 —
Trer/400 0.40357 0.96% 0.09171 0.20%
Trer/200 0.40142 1.49% 0.09026 1.39%

0.50 - 0.12 — —

—=—Tine ‘grid ' & —=—Tine grid A
3 —— Medium grid 011 L —+— Medium grid |

—— Coarsce grid

0.45

0.10

—— Coarse grid |

< 040 < 0.09
0.08
0.35 = E
0.07 —
0.30 L | 1 | L | 0.06 | 1 | L | I
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
2\ yr
(@) Cu (b) Co
Fig. 6. Grid independence study.
0.50 T T T T T 0.12 T T I T
i —=— T, /800 | B —=— Tt /800
—o— T, /400 01r ~ —o— T 14007
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0.07 - —
0.30 1 | ! | 1 | 1 0.06 | ! | 1 | 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
T #T
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Fig. 7. (Color online) Time-step independence study.
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3. Results and Discussion
3.1. Stationary state

The hydrodynamic performance of the hydrofoil is calculated at various cavita-
tion numbers and the experiments are taken for comparisons, as shown in Fig. 8.
The calculated lift coefficient and drag coefficient are in good agreement with
the experiments. As the cavitation number increases, the lift coefficient and drag
coefficient gradually increase. The relative error of the lift coefficient with respect
to experiments is generally below 5% and it becomes slightly larger for higher cavi-
tation indices. The illustration of the box chart can be seen in Fig. 9. These charts
demonstrate the fluctuation and average value of the C, and Cp. At the same time,
it can be seen from the box diagram that the greater the cavitation number, the

1.0
i T T T T T T 1 0.17 T T T T T T
- = Average-CFD | = Average-CFD
0.9 [ = Ep ] 0.16 ¥ B
08 | 0.15
L . 0.14
07 7] 0.13
- — a

(L
T
[mp—
|
C
| LI LN LI DNLEN NI NN NI LA BELEN |
el
| ST N T T I T T I N |

06 - 0.12
e . ] 0.11 -

L . - 0.10
Ll . ] 0.09 -

-

03~ | | | | | | T 0.08 * | | | | |

0193 0268 0362 0434 0513 0566 0.193 0268 0362 0434 0513 0.566

. o
(a) lift coefficient Cp (b) drag coefficient Cp

Fig. 8. (Color online) Comparisons of the C;, and Cp between the simulations and experiments
in a stationary state.

=—1—— Maximum
Upper quartile(75%)
/ Average
oy Median
Lower quartile(75%)

4

Fig. 9. (Color online) Statistic box plot.

Minimum
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(a)5=0.193 (b) 0 =0.268 (c)o=0.434 (d) 0= 0.566

Fig. 10. (Color online) Comparisons of the supercavitating flow regimes between experiments!?
and simulations.

greater the fluctuation of the lift and drag coefficients. This proves the instability>°
of cavitating flow, which leads to the lift fluctuations. Generally, this phenomenon
mainly occurs in the high-altitude number, the corresponding cavity length is rel-
atively short, and the lift fluctuation corresponds to the cyclic vortex shedding, as
shown in Figs. 10(c) and 10(d). Compared with the lift coefficient, the drag coeffi-
cient has a larger error with respect to the experiment.

Figure 10 compares the experimental and simulated supercavitating flow regimes
under different cavitation numbers in a stationary state. It can be seen from the
experimental results that the cavitation shape of the hydrofoil is mainly composed of
a smooth and stable cavity and a cavitation vortex street mixed with air and water.
Due to the limitations of URANS, it is difficult to capture the cavitation vortex
street, so in this paper, we mainly used the length and thickness of the smooth and
stable cavity to verify the accuracy of the calculation of the cavity shape. At the
same time, compared with the instantaneous cavity shape and the average cavity
shape (t = 0.4 s), it is found that they are basically the same in cavity length
and thickness, and the average cavity is time-averaged between 0.3 s and 0.4 s.
Furthermore, more refined turbulence model such as LES is preferred to resolve the
turbulence production and dispersion more accurately. The flow regime is affected
by the cavitation number and the supercavity separates from the hydrofoil leading
edge, covering the entire hydrofoil suction surface, and then develops far from the
hydrofoil trailing edge. As the cavitation number increases, the length and thickness
of the supercavity decrease, and the supercavitating flow becomes unstable at a
high cavitation number. As shown in Fig. 11(c), the supercavity is very short and
unstable,?? it is closured at about 0.5c aft of the trailing edge.

Figure 11 shows the vortex structures of the supercavitating wake for different
cavitation numbers in a stationary state. Figure 12 is the schematic of the vortex
structure in the supercavitating wake. It can be seen that the supercavity wake
is divided into a near-wake region (A), a transition region (B) and a far-wake
region (C). Region A is the supercavitation region, and the opposite vorticity is
distributed up and down. In region B, the vortex at the tail of the supercavity begins
to show flow separation. In region C, the vortices propagate downstream, forming

2150605-11
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(¢) o= 0.434 (d) 0 =0.566

Fig. 11. (Color online) Instantaneous vorticity fields of the supercavitating wake in a stationary
state.

Supercavitation Karman vortex

Near wake Transition Far wake

Fig. 12. (Color online) Schematic of the vortex structure in the supercavitating wake.

Karmaén vortices, i.e. two spaced vortices with opposite directions of rotation. As
shown in Figs. 10 and 11, the supercavity length decreases with increasing the
cavitation number, and the vortex structure shedding mode changes at far-wake
region (C). At the same time, it can be seen that with increasing cavitation number,
the supercavity becomes unstable, which affects the stability of the wake flow.

3.2. Effect of the heaving amplitude

Figure 13 shows the supercavitating flow regime for different amplitudes of the
heaving motion. ¢ = 0.00 7" is the mid-heaving location, and the hydrofoil moves
upwards. t = 0.25 T is the maximum heaving location, and the hydrofoil starts to
move downwards. ¢ = 0.50 7" is the mid-heaving locations, and the hydrofoil moves
downwards. t = 0.75 T is the minimum heaving locations, and the hydrofoil starts
to move upwards.

As for a typical motion cycle, from the minimum heaving location (¢t = 0.75 T')
to the maximum heaving location (¢ = 0.25 T'), the cavity length gradually becomes

2150605-12
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=0.00T =025T =0.50T =0.75T
(¢) Ho=0.5¢

Fig. 13. (Color online) Supercavitating flow regime for different heaving amplitudes: (a) Ho =
0.1¢; (b) Hp = 0.25¢; (a) Hp = 0.5¢. The variation cycle of each heaving motion is T'= 0.2 s.

shorter, and the cavity thickness is the thinnest at the mid-heaving location (t =
0.00 T'). During the movement of the hydrofoil from the maximum heaving location
(t = 0.25 T) to the minimum heaving location (¢ = 0.75 T'), the cavity length
gradually becomes longer, and the cavity thickness is the thickest at the mid-heaving
location (¢t = 0.50 T'). It is indicated that the cavity shifts to the opposite direction
of the vertical heaving motion.

With the increase of the heaving amplitude, the cavity length becomes shorter
at the maximum heaving location (¢ = 0.25 T'), it becomes longer at the minimum
heaving location (¢ = 0.75 T), the cavity thickness becomes thinner at ¢ = 0.00 T
and the cavity thickness becomes thicker at ¢ = 0.50 T'. It is depicted that the
instantaneous supercavitating flow regime is affected by the heaving amplitudes.

Figure 14 shows the vortex structure for different heaving amplitudes. For a spec-
ified heaving amplitude, the transient vortex structures in the near-wake region (A)
are consistent with the cavitating region, and the instant vortex structures in the
transition region (B) and far-wake region (C) are varied at different vertical heav-
ing positions. Taking Hy = 0.5¢, for example, during one cycle, from the maximum
heaving location (¢ = 0.25 T') to the minimum heaving location (¢t = 0.75 T), the
cavity length gradually increases, the transition region (B) becomes further away
from the hydrofoil tail with a longer shear layer, and thus the vortex shedding is
suppressed to roll up from the shear layer with fewer counter-rotating vortex pairs.
In contrast, from the minimum heaving location (¢ = 0.75 T') to the maximum
heaving location (t = 0.25 T'), the cavity length becomes shorter, so the shear
layer near the liquid-vapor interface becomes shorter, causing the vortex shedding

2150605-13
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=0.50T =0.75T
(¢) Ho=0.5¢

Fig. 14. (Color online) Instantaneous vorticity fields for different heaving amplitudes: (a) Hy =
0.1¢; (b) Hp = 0.25¢; (a) Hp = 0.5¢. The variation cycle of each heaving motion is T'= 0.2 s.

is enhanced with more counter-rotating vortex pairs. It is depicted that the vortex
structures shift to the opposite direction of the vertical heaving motion.

The vortex structure is suppressed or enhanced at different positions because
the cavity length and thickness change with the heaving amplitude increases. For
small heaving amplitude, the vortex shedding patterns are similar to those at the
stationary state and the Karman vortex street is basically on the same horizontal
line when it drifts into the wake. As the heaving amplitude increases, the vortex
shedding pattern becomes more complicated at different heaving positions and the
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Fig. 15. (Color online) Time histories of (a) lift coefficient Cr, (b) drag coefficient Cp, (c)
heaving distance and (d) heaving velocity. The variation cycle of each heaving motion is 7= 0.2 s.

Karman vortex street shifts to the opposite direction of the vertical heaving motion.
The vortex structure shedding pattern is the same at ¢ = 0.50 T, and the vortex
structure shedding mode is greatly affected by the amplitude at ¢ = 0.00 T, t =
025T and t=0.75T.

Figure 15 shows the time histories of the lift coefficient Cp, drag coefficient
Cp, heaving distance and vertical heaving velocity at different heaving amplitudes.
Both the lift coefficient and the drag coefficient present sinusoidal variation trend
which correspond to the heaving motion. It is noted that both the lift and the drag
lag the heaving motion by 0.25 T', indicating that the vertical heaving position is
maximum at ¢ = 0.25 7" and minimum at ¢t = 0.75 7" while the lift and drag would
arrive at the peak at ¢ = 0.50 T" and at the trough at ¢ = 1.0 7. With increasing
the heaving amplitude from Hy = 0.1¢ to Hy = 0.5¢, the maximum value of the
lift coefficient increases from 0.44 to 0.54, and the maximum value of the drag
coefficient increases from 0.098 to 0.119, demonstrating that the increase in the
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heaving amplitude would cause the increase in the lift and drag of the hydrofoil
while it does not make sense to the variation cycle.

3.3. Relationship between hydrodynamic performance
and the heaving motion

To further study the influence of heaving motion on hydrofoil hydrodynamics, the
relationship between hydrodynamic performance and heaving motion is presented,
as shown in Fig. 16. When the hydrofoil heaves, the effective angle of attack a.g is
the sum of the induced angle caused by heaving motion and the angle of attack (c)
with respect to the free stream, which is defined in Eq. (14). It is indicated that
Qe 1s mainly related to the amplitude Hyp, the angular frequency w (w = 27/T,
where T is the variation cycle), the flow velocity Uy and the angle of attack g

Hyw cos(wt)} + a0 (14)

y
Qef = —arctan ( — | + ag = —arctan
. (&) +as |

0

Figure 16 shows the relationship between hydrodynamic performance and heav-
ing motion (T" = 0.2 s). The effective angle of attack (aeg) is the smallest at the
mid-heaving locations (¢ = 0.00 7') and the largest at the mid-heaving locations
(t = 0.50 T'), which is equal to the angle of attack (ap) at the maximum heav-
ing location (¢ = 0.25 T') and the minimum heaving location (¢t = 0.75 T'). In a
typical heaving cycle, the a.g increases from the minimum to the maximum (from
t =0.00T tot=0.50T), and then from the maximum to the minimum (from
t=0.507T tot=1.00T). It can be seen from Fig. 16 that the C;, and Cp of the
hydrofoil are related to the aeg. In a typical heaving cycle, the Cy, and Cp of the
hydrofoil increase with the increase of the aeg (from ¢ = 0.00 T to t = 0.50 T') and
decrease with the decrease of the aeg (from ¢t = 0.50 T to ¢t = 1.00 T').

According to Eq. (14), the heaving amplitude Hy has a great effect on the aeg.
When the heaving amplitude increases, the aeg will increase, so the C, and Cp of
the hydrofoil will also increase, as shown in Fig. 13. At the same time, it affects
the cavitating flow field around the hydrofoil at different positions, as described
in Sec. 3.2. Since the effective angle of attack of the hydrofoil is always changing,
the flow field distribution around the hydrofoil is changed, and then the surface
pressure distribution of the hydrofoil is changed, so the lift and drag coefficient of
the hydrofoil changes with the effective angle of attack change. When the heaving
amplitude of the hydrofoil is small, the flow field around the hydrofoil changes
smoothly, so the curve of the lift and drag coefficient of the hydrofoil is relatively
smooth. As the heaving amplitude of the hydrofoil increases, the flow field around
the hydrofoil changes drastically, so the curve of the lift and drag coefficient of the
hydrofoil also changes more drastically.
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Fig. 16. (Color online) The relationship between hydrodynamic performance and heaving motion
(T'=0.2s).

4. Conclusions

In this paper, the overset grid approach is used to numerically simulate the heaving
motion of the supercavitating hydrofoil. The hydrodynamic performance, supercav-
itating flow regime and vortex structures are investigated. The results are concluded
as follows:

(1) With increasing cavitation number, the supercavity length and the supercavity
thickness decrease, and the cavitating flow becomes unstable at high cavitation
numbers. The vortex structure shedding mode is related to the cavity flow
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pattern. The wake flow is divided into a near-wake region (A), a transition
region (B) and a far-wake region (C).

The lift coefficient C';, and drag coefficient Cp are connected with the current
hydrofoil position and the effective angle of attack aeg, which depends on the
heaving amplitude Hy. When the heaving amplitude increases, the aeg will
increase, and thus the lift coefficient and drag coefficient will also increase.
The length and thickness of the cavity vary at different heaving positions, which
are related to the aeg. When the heaving amplitude increases, the cavity pattern
becomes more complicated, and the cavity shifts to the opposite direction of
the vertical heaving motion.

The vortex structure is correlated with the cavity pattern, since the cavity
length and thickness will change the distribution of the shear layer. The vortex
shedding process is greatly affected by the heaving amplitude. With a larger
amplitude of heaving motion, the vortex shedding characteristics are more com-
plicated at different hydrofoil heaving positions and the vortex structure moves
further in the opposite direction of the vertical heaving motion.
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