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ABSTRACT

The hydrodynamic problem of a curved foil entering into water obliquely with varying speed is investigated through the boundary element
method in time domain, and fully nonlinear boundary conditions on the deforming free surface are adopted. The process of foil entry begins
with a single point at the lower edge; posing numerical challenges due to the extremely small wetted area, we utilize the stretched co-ordinate
system method to address this. An auxiliary method is adopted to solve for pressure distribution. The whole process of the attached flow
forming along the curved body and then detaching from the top edge is considered. We engage in extensive discussions on the effects of cur-
vature, gravity, and acceleration, exploring their physical significance and potential applications, particularly within the context of surface-

piercing propellers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179113

NOMENCLATURE

The acceleration of foil
Chord length
Cq  Drag coefficient
Cr  Force coefficient of a flat foil
C, Pressure coefficient
C;  Lift coefficient
F, Froude number
n  Normal vector
Physical system
O —aff  Stretched system
s Both the distance of vertical entry of foil and the
stretched ratio
Sy Body surface
Sc  Far-field control boundary
Sy Free surface
U  Velocity vector of foil
u  The magnitude of horizontal velocity of foil
v The magnitude of vertical velocity of foil
vo  The initial vertical velocity of foil
o9  The angle between velocity vector and horizontal axis
o4 Attack angle
y  deadrise angle

& The ratio of vertical entry velocity to horizontal velocity
¢ Velocity potential in physical system O — xy
¢@  Velocity potential in stretched system O — o8

I. INTRODUCTION

Surface-piercing propellers are specifically engineered to operate
partially above the water surface, offering significant advantages in
terms of efficiency, performance, and safety. The process of a surface-
piercing propeller entering the water involves intricate changes in the
deformation of the free surface and the rapid alteration of the blade’s
wetted area. In our current study, we delve into the investigation of a
foil slice’s entry, utilizing the well-established lifting line theory.'

In the past, much of the research in this field relied heavily on lin-
earized free surface conditions as the basis for their investigations.
When a foil enters the water, it leads to the departure of fluid from
both edges of the foil, creating a cavity behind the plate. Researchers
like Yim™” applied linearized boundary conditions along with a con-
formal mapping technique to derive analytical solutions for the behav-
ior of a ventilated flat plate as it entered an undisturbed free surface.
Similarly, Wang"” employed conformal mapping methods based on
linearized boundary conditions to obtain analytical solutions for the
behavior of both plates and circular arc foils with small deformation as
they entered the water. However, it is important to note that the work
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of Yim™” and Wang"” was primarily restricted to situations where the
foil had a small attack angle. Another approach that relied on linear-
ized boundary conditions was the negative mirror image method. In
this approach, the velocity potential was assumed to be zero on the
undisturbed flat free surface. Notable work in this field includes the
research conducted by Furuya® and Young and Kinnas.” Furuya® used
linearized boundary conditions to transform the governing equation
for potential into one for pressure and then utilized a singularity distri-
bution method for the solving of numerical problem. On the other
hand, Young and Kinnas’ employed a low-order boundary element
method (BEM) to examine a system with a separated flow region and
cavity effects. Similar investigations were carried out by Yari and
Ghassemi.” These various methods and approaches have been instru-
mental in understanding the behavior of foils and plates as they enter
into water, particularly in cases involving small attack angles.

In addressing the issue of nonlinear free surface boundary condi-
tions, various approaches have been explored in past work. Chekin’
investigated the self-similar flow of an inclined semi-infinite plate by
employing the integral equation method within the complex plane. In
this work, the profile of the free surface remains unknown and is an
integral part of the solution. Savineau,'’ on the other hand, utilized the
boundary element method (BEM) to analyze a finite curved plate with
arbitrary shape. The shape of the cavity formed between the plate edge
and the undisturbed free surface was updated through an iterative pro-
cess, accounting to the nonlinear free surface boundary condition.
Faltinsen and Senemov'" employed the integral hodograph method to
examine the self-similar flow of a semi-infinite plate without consider-
ing the influence of gravity. Their solution was attained through itera-
tive techniques. In a different vein, Vinayan and Kinnas'” integrated
the boundary element method with fully nonlinear boundary condi-
tions to model the water entry of a plate. A small plate, mirroring the
shape of the cavity in the unbounded fluid domain,'” was fixed to the
lower edge of the primary plate. This auxiliary plate aimed to provide
an improved initial condition and circumvent numerical challenges
associated with the free surface at the edge of the main plate. The
working assumption was that the influence of the small plate would
diminish at later stages of the process. Sun and Wu'* also explored the
water entry phenomenon of an inclined plate under fully nonlinear
boundary conditions. To mitigate numerical issues arising from singu-
larities as the leading edge contacted the water, they adopted a
stretched co-ordinate system. Furthermore, simulations of plate water
entry related to surface-piercing propellers (SPP) have been conducted
using more general computational fluid dynamics (CFD) techniques.
These simulations predominantly rely on viscous flow theory,
grounded in the Navier-Stokes equations. Noteworthy contributions
include the work of Ghadimi and Javanmardi,'” where a falling foil led
to flow detachment from the leading edge, resulting in various types of
trapped bubbles. Javanmardi and Ghadimi'® explored a similar sce-
nario but incorporated the elastic effects of the leading edge. Finally,
Mesa et al.'” addressed the problem of water entry for an inclined elas-
tic plate. When the deadrise angle between the plate and the free sur-
face approaches zero, the problem transforms into the scenario of a
horizontal plate impacting the water surface. This specific case has
been studied in prior works by researchers such as Iafrati and
Korobkin,'®'” Krechetnikov,”’ and Sun and Wuw.>' Most of the entry
time, the cavity formed behind the plate ventilates to air, during this
stage, the pressure inside the open cavity is the atmospheric pressure,

pubs.aip.org/aip/pof

but it would eventually be closed before the start of the next cycle;
then, the variation of air pressure inside the closed bubble should be
considered, and there was much work on bubble dynamics such as
those by Cui et al.”” and Wang et al.”**

In the preceding research, within the scope of inviscid potential
flow theory, work on the water entry of a curved plate is mainly based
on linear assumption, and the nonlinear effect is important but rarely
considered. The current study aims to address the water entry problem
involving a curved foil at varying speeds while accounting for gravity
effects. The approach taken involves the use of fully nonlinear bound-
ary conditions for the deforming free surface shape, with the utilization
of the boundary element method—an approach that has proven suc-
cessful in related research by the authors."*

Il. NUMERICAL MODEL AND MATHEMATICAL
PROCEDURE

A. The mathematical model in physical system

In the lifting line theory, the two-dimensional lifting force of a
foil of SPP depends on foil geometry, deadrise angle, and velocity and
angle of entry. Thus, we consider the problem of a foil with an arc
camber profile and a chord length ¢ impacting a horizontal free sur-
face, see Fig. 1. A Cartesian co-ordinate system O — XYy is defined, in
which x, is along the undisturbed the free surface, y, points vertically
upward, and the origin is fixed at the point where the tip of the plate
touches the free surface initially. A local system O — xgyg is established
with xz and yp that are, respectively, along and perpendicular to the
foil chord, and the origin is fixed at the leading edge of foil. The foil
has an inclined angle y with the x, axis, which is also called deadrise
angle in water entry problems. It enters into water with a velocity
U = ui — vj, where u and v are the velocity components along the x,
and y, directions, respectively, and negative sign before v means that it
is positive when the plate moving downward. o = atan(v/u) =
atan(1/¢) is the angle between U and x, axis, and ¢ is the ratio of verti-
cal entry velocity to horizontal velocity. In the paper, we use the water
density p, the chord length ¢, and the initial vertical velocity v, for
nondimensionalization. In the following paper, the signs are all
nondimensionalized.

Yo

1%

FIG. 1. Water entry of a foil.
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The fluid is assumed to be ideal and incompressible, and the flow
is irrotational. The velocity potential theory based on the Laplace equa-
tion can then be used. The governing equation for the potential ¢ in
the fluid domain bounded by the free surface Sy, body surface S, and
control boundary S, can be written as follows:

Vi = 0. (1)

On the plate surface Sp, the impermeable boundary condition takes the
form of

d)n = UNy, — V”,Voa (2)
o n
where n = (Mxys y) = -~ , = is the normal
0 2x0)? ()2 2x0\%, (902
(59 +(39) (39 +(3v)

of the body surface, pointing out of the fluid domain. On the free sur-
face Sy, the Lagrangian form of the kinematic and dynamic conditions
can be, respectively, written as follows:

de dyo

E = ¢x07 E = ¢y07 (3)
ap 1/, 2 Yo
E_z( w0 t yﬂ) P2’ @

in which F, = vy/,/gc. The temporal derivative d/dt is taken by fol-
lowing a fluid particle. In the Eulerian form, the kinematic and
dynamic conditions can be written as follows:

on on
E - ¢y0 - OXO ¢x07 (5)

0 1 0
otrn) B e
where the temporal derivative is taken when x, and y, are fixed, and 1
is the elevation measured in z direction. As illustrated in Fig. 1, the
flow detaches from leading edge A once it touches the water, and will
also detach from trailing edge B when the free surface on the right sur-
passes the foil. These two points are simultaneously on the free surface
and body, and the continuity condition should be imposed here

Na = Wa, g = Ws, (7)

in which wy indicates the position of point A of the plate, while wg
indicates that of B, and 17, = w4 means the location of the point of the
free surface adjacent to point A is the same as the location of point A
of the plate, so does the point B. The variation of ¢ should not only
consider the variation of time, but also need consider the variation of
position of edge A and B, which own velocities u and —v with the
motion of the whole rigid foil; then, the time derivative defined in this
way can be written as follows:

5¢_ 1/, 2 Yo
5= 2 (04 8) — g ude e, ®)

% means the derivative of ¢ with respect to ¢ at the given position of
edge A or B. Away from the plate, the fluid is assumed to be undis-
turbed by the plate motion. Then, the boundary condition at the

boundary S, takes the form of
V¢ = 0. ©)

pubs.aip.org/aip/pof

To start the simulation, an initial condition has to be prescribed.
Physically, as only a very small region of the fluid domain is disturbed,
this is not expected to have lasting effect on the flow at the later stage.
However, numerically a proper treatment of the initial condition is
important for the simulation."* On the right-hand side, the free surface is
assumed to be undisturbed. On the left, the local free surface near the tip
of the plate is assumed to be perpendicular to the plate and then joins the
undisturbed main free surface, and ¢ = 0 is assumed on the free surface.

B. Stretched system

A particular feature of this kind of problem is that at the initial
stage, there is only a small part of the body in contact with water, or
the wetted surface is small. This part will increase as the plate moves
into the water. This means that initially the disturbed region of the
fluid is small, while within this region, the flow varies rapidly. To cap-
ture this variation, the size of a typical element used in a numerical
method must be much smaller than that of the wetted surface. Later
on the disturbed region will increase. To continue to use small ele-
ments would mean that a large number of them would be needed.
Therefore, the element size should increase as the plate moves into
water. To achieve this more effectively, we may use the stretched co-
ordinate system method.” Let s be the vertical distance of the plate
traveled into the water. We define

w=® gt o=? (10)
s s

This means that both the co-ordinates and the potential have been
amplified by s. In such a way, the size of the disturbed domain remains
more or less the same at the earlier stage when s is small and at the
later stage when s is large. The element size and the element number
can also remain more or less the same. When s is comparable to the
dimension of the foil, for example, half the chord length 0.5¢, the com-
putation may be conducted directly in the O — xoy, system. Then,
Eq. (1) will retain its form for ¢, while Egs. (2)-(4) and (8) become

¢, = un, —vng onSp, (11)
% = %,% =@y onS, (12)
d;_f:%@;w;) _;_‘; on§, (13)

The far-field boundary condition retains the same form as that in Eq. (9).

C. The pressure and force coefficients

When the boundary integral equation is solved for the potential
at each given time step, the pressure p can then be obtained through
the Bernoulli equation. In the dimensionless form, the pressure can be
written as follows:

p 2 ( 1 2 20
G = =- ¢+ |V +—), (15)
%pvé(wsz) (1+¢7) 2 F

where ¢, is taken for fixed xp and yy. We note that in the equation,
even when the velocity potential ¢ or ¢ has been obtained at each
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time step numerically, ¢, is still not explicitly known if the solution is
not self-similar. Here, we employ the approach developed by Wu and
Eatock Taylor.”*” ¢, satisfies the Laplace equation. Its free surface
boundary condition can be obtained from pressure p = 0. The body
surface boundary condition for ¢, can be written as follows:**

6¢t . . a¢xo Od)}’o

=i, — - 2 1

o W — VI, — U +v n (16)
In the stretched system, it takes the form of

¢, _ . . 0o, 3‘%’#

Wfsunx—svn/;—u on +VW. (17)

The normal # in Eqs. (18) and (19) is, respectively, taken from physical
system and stretched system. Based on (19), we can define three auxil-
iary functions

by = o+ SuL — SV — U@, + vy (18)

On the body surface, the auxiliary functions y;,i = 1,2, 3 satisfy the
following boundary conditions:

or o o _
I 0, o Ny, o ng. (19)

Using zero pressure condition of free surface, then we have

1 sp

o= *(EIWIZ +ﬁ) T up, —vpg, 11 =0,7,=0. (20)
n

At the far field, where the disturbance diminishes, the boundary condi-

tion can be written as follows:

% =0 I =0 % —

on 7 On " On
The auxiliary functions can then be solved in the stretched co-ordinate
system in the same way used for ¢. Once they are found, the temporal
derivative of ¢ can be obtained from Eq. (18), which can then be used
in Eq. (15) for the pressure.

0. (21)

D. The boundary integral equation

We adopt the boundary element method to solve the present prob-
lem. The Laplace equation in the fluid domain is first converted into an
integral equation over the whole boundary S through Green’s identity

9 ol
Apop) = | (ln o e~ 000 8—") 5 @)

where A(p) is the solid angle at the point p on the boundary and r,, is
the distance from the field point p to the source point q. The integra-
tion in (22) is performed with respect to . The boundary S contains
the plate surface Sp, and free surface A\ and a control surface away for
the body, where the disturbance to the fluid by the plate is assumed to
be insignificant. Linear straight elements are used on the boundary,
and the numerical solution of (22) can refer to that in Sun and Wu.”’

I1l. NUMERICAL RESULTS AND DISCUSSION

Figure 2 gives a profile of a two-term camber, the deadrise
angle y between the chord and x, axis, the frame O — xpyp, and

pubs.aip.org/aip/pof

Yo

VB

FIG. 2. Two-term camber.”

O — xpyo are all defined in Fig. 1. Previous research predomi-
nantly concentrated on foils characterized by straight-line or cir-
cular arc profiles. However, in practical applications, ventilating
propellers often employ a distinct foil profile shape. Among the
commonly employed blade profiles for this category of propellers
are the two-term camber.’

1 83 2
yB:EA x3+§x3—4x3 + Bxp, (23)

in which 0 < xp < ¢, in present work, after nondimensionalization, ¢
is taken as 1, A and B parameters are controlling the shape of foil, and
we take A = 0.145 14 and B = 0.024 19, which is given in the work by
Furuya.® Lift coefficient C, is defined as the force coefficients perpen-
dicular to the motion direction, while drag coefficient is defined as that
parallel to the motion direction.

C = —sin(ao)J Cpny,dl — cos(oco)J Cyny,dl, (24)
0 0

¢ ¢
C; = fcos(oto)J. Cpny,dl + sin(ao)J Cpny,dl. (25)
0 0

It should be noticed that the integration is along the curved foil surface,
and the length of foil profile ¢ is larger than the chord length c. To
investigate the problem more conveniently, we define another impor-
tant parameter, which is the attack angle o4 between the direction of
incoming flow and foil surface and can be obtained through
o4 =7 —0g — ). Assuming the foil undertakes a motion with
v = 1 + at, the foil has an initial vertical entry velocity 1 after nondi-
mensionalization, and setting u = &v = v/tan .

A. Convergence study

To test the numerical stability and accuracy of the method in the
paper, the case of a foil entering into water vertically is first considered.
The stretched system based on the stretched ratio s is used at the initial
stage, when s reaches 0.5¢, and the stretched ratio will not change and
is kept at 0.5¢, and during this stage, it is equivalent to that the compu-
tation is conducted in the physical domain by using length scale 0.5¢
for nondimensionalization. The simulation starts at s = s,. In the
work by Sun and Wu' for an inclined flat plate entering into water,
they concluded that when > > 20, the singularity at £ = 0 will diminish
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and will not affect solution after ;- = 20. This means if 5 is sufficiently

small, the inaccuracy of solution near t=0 will not affect overall
results. In present work, we choose s) = 10~°. The length and the
depth of the rectangular computational domain are, respectively, set as
160 and 80 in the stretched system. The ratio of horizontal velocity to
vertical velocity ¢ = —0.1, deadrise angle y = 45°, and acceleration a
is set as zero. Unequal elements are distributed along the fluid bound-
ary. The body surface and part of the free surface between the jet tip
and the plate edge are distributed with elements with equal size,
denoted as I,,, and the size of the element along the free surface away
from the jet tip and plate increases gradually at a fixed ratio ¢ and is
not allowed to be larger than 5. We set the time increment as
ds = min[t""'dso, L/ (k|V|,,.)]> Where T > 1 and k > 1 are fixed
constants, n means the nth time step, and |V |, is the largest veloc-
ity of fluid particle on the free surface. The first step dsy at n = 1 is the
smallest, and the step then increases at a fixed ratio 7. The step is not
allowed to be larger than I, /(k|V |, ), or a fluid particle is not
allowed to move more than a fraction of the element length. Figure 3
gives snapshots of free surface and pressure at s = 1 and the histories
of lift coefficient and drag coefficient vs vertically traveled distance s,
respectively, at [, = 0.03, 0.04, and 0.05; / in the figure is the length
along the plate measured from the leading edge A in the physical

ARTICLE pubs.aip.org/aip/pof

system, or [ = \/ (x0 — x04)> + (o — yoa)*. Curves between different
meshes are nearly duplicated, and this verifies that the present proce-
dure is mesh independent.

Figure 4 gives comparison between results at s = 1 and the histo-
ries of lift and drag coefficients for y = 45°, ¢ = —0.1, and a = 0, with
two different time steps, setting ,, = 0.03 and J = 1.02. In case 1,
dsy = 2.5 x 107%, k; =20, andt = 1.001, and in case 2, dsy = 2.5
x107°, k; = 40, and 7 = 1.0005. It can be seen that the two curves of
free surfaces are graphically indistinguishable, and those of pressure
coefficients also coincide well. Both lift coefficients and drag coefficients
between two different time steps are in good agreement. This shows the
time step convergence of the numerical procedure. Unless it is specified,
dsg = 2.5 x 107°, k; = 20, andt = 1.001 are used in the following
simulations.

B. Comparison

We have not found the direct results for the water entry of two-
term camber into water with infinite depth, and the present procedure
can both be applied to curved foil and flat foil; thus, we make a com-
parison with solution of water entry of a flat plate into water with infi-
nite depth by Wang,” The work by Wang” is for the cases with attack

@ 1o ——1,=002 b) —=—1,=0.03
- v -1 =003 15 - v -1.=0.04
05 T L=0.04 — -1 =0.05
1.04
>¢\> 0.0+ DQ._
054 0.5
1.0 < 0.0 J
2 1 0 1 2 00 02 04 06 08 10
X, [
(© ** ——1.20.02, C; ——1.=0.02, C,
N - -1 =003, C;;- < -1 =0.03, C,
%= 1 .=0.04, C; -+~ 1 =004, C,
Q_).3 1.0 4
< ——
0.5+

0.0

FIG. 3. Mesh convergence study (y = 45°, ¢ = —0.1, and a = 0): (a) the free surface profile (s=1), (b) the pressure distribution (s=1) and the histories of lift and drag
coefficients vs vertically traveled distance s (6 = 1.02, dsy = 2.5 x 10’9, t = 1.001, and ky = 20).
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~.
10{ S
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! \
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0.0 0.2 0.4 0.6 0.8 1.0

FIG. 4. Time step convergence study (y = 45°, ¢ = —0.1, and a = 0): (a) the free surface profile (s = 1), (b) the pressure distribution (s = 1), and (c) histories of lift and

drag coefficients vs vertically traveled distance s (I, = 0.03, 6 = 1.02).

angle o4, and the boundary conditions are all linearized. In present
numerical procedure, the deadrise angle y is set as 35°, ¢ = —1
(ot = 145°), a = 0, and the corresponding attack angle o4 is 10°. In
the work by Wang,” they provided the results of Cy /oy = jol Cpdl/ay,
and ¢ provided in the figure is nondimensionalized by the chord length
¢ and the resultant velocity vv/1 + ¢2. Before ¢ ~ 0.15, force coefficients
rise linearly with entry time ¢ both in present work and Wang,” but the
former is prominently larger than the latter. In this stage, the fluid
obtains momentum from the moving foil in a short time interval, impact
pressure due to the large rate of momentum change of fluid takes the
dominant role, and the consideration of large deformation of the free
surface and the use of stretched system makes the present procedure
more precise. As the plate further goes down, the free surface detaches
from the upper edge B and the jet root moves beyond B, the rate of
momentum change of fluid disturbed by the foil drops, then impact
pressure becomes small; thus, there is a drop of force coefficient during
t ~ 0.65 and 1. After ¢ ~ 1, the flow around the plate becomes steady,
the force coefficient would not change anymore, and the detailed discus-
sions can also be found in a previous work by Sun and Wu."* Before
t ~ 3, a large difference between two curves can be found, and this is
because the use of nonlinear boundary conditions and stretched system
would greatly increase the precision of results. After t ~ 3, the gap
between two results becomes small and the difference becomes stable
after t ~ 6, and the difference after t ~ 6 mainly comes from the differ-
ence of boundary conditions. Small gap after ¢ ~ 3 further verifies that
the present numerical procedure is precise (Fig. 5).

C. Froude number

We now consider the gravity effect through the Froude number
defined as F, = v/ /Z¢ for two-term camber and flat foil, as shown in
Fig. 6. We undertake simulations at Froude numbers F,=1.597 and
infinity, and in the case of infinite Froude number, gravity is neglected.
Let y =45° & = —0.1(0tp = 95.67°), and the acceleration a = 0. In

— The present result
S
---- Wang
0 2 4 6 8 10

t

FIG. 5. The time history of force coefficients Cr /o4 (¢ = —1, y = 35°).
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FIG. 6. Water entry of foils with gravity effect (y = 45°, ¢ = —0.1, and oy = 95.68°): (a) lift coefficient, (b) drag coefficient, (c) free surface (s =0.2), (d) pressure (s=0.2),
).

(e) free surface (s = 1), and (f) pressure (s =1

Figs. 6(a) and 6(b), both lift and drag coefficients increase sharply
when s is not large, the coefficients reach a peak at s ~ 0.6, and this is
because the jet root has reached the trailing edge B, which has been
concluded in the work by Sun and Wu."* After the jet root exceeds
and moves far away from the edge B, impact pressure along the foil
would become small, and then, the force coefficients drop quickly. As
the foil travels down further, the flow around the foil without gravity
gradually becomes steady; thus, the force coefficients with F,, = oo
would not change anymore for larger s, both for curved foil and flat

foil. However, the results are quite different for the cases with gravity
(F, = 1.597), at which the force coefficients rise linearly with entry
distance s, and this is mainly due to the effect of the gravity term in
Eq. (15). It can be found that when s is small, the differences of force
coefficients between two Froude numbers are also small due to smaller
gravity effect. As s increases, the difference becomes increasingly
prominent. It can be concluded that the impact effect is important at
early stage while the gravity effect is more prominent at later stage,
both for curved foil and flat foil.
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In Figs. 6(a) and 6(b), it is of great interest to see that during
the early stage before s = 0.6, the force coefficients of flat foil rise
linearly with s. While force coefficients of curved foil are smaller
than those of flat foil, they rise mildly at first; then, the rise rate
becomes increasingly larger, and finally, the force coefficients of
curved foil exceed those of flat foil. The intersection point between
flat foil and curved foil occurs at s = 0.4. This is due to the effect of
effective deadrise angle; for the two-term camber, the effective
deadrise at each point of curved body is quite different. At s=0.2,
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as seen in Figs. 6(c) and 6(d), the effective deadrise y of the two-
term camber between foil surface and +x axis is larger than that of
flat foil, and thus, the pressure of the former is noticeably smaller.
This coincides with the conclusion of the work by Sun et al.”” that
larger deadrise would result in smaller pressure. As the free surface
rises up along the body, the jet root is close to the top edge B or
beyond that point, the effective deadrise angle near the edge B is
most important in deciding the pressure. Because the point B of
two-term camber bends down, the effective deadrise angle at point
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FIG. 7. Water entry of foils with different attack angles (y = 45°, F, = oo): (a) lift coefficient, (b) drag coefficient, (c) free surface (s=0.2), (d) pressure (s = 0.2), (e) free sur-

face (s=1), and (f) pressure (s=1).
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FIG. 8. Water entry of foils with different accelerations (y = 45°, ¢ = —0.1, and F, = o0): (a) lift coefficient, (b) drag coefficient, (c) free surface (s=0.2), (d) pressure

(s=0.2), (e) free surface (s = 1), and (f) pressure (s =1).

B then becomes small, and the corresponding pressure therefore
becomes large, as seen in Figs. 6(e) and 6(f). In this section, it can
be found that curvature of the two-term camber will lead to the var-
iation of the effective deadrise angle 7, the pressure is very sensitive
to the deadrise angle or the curvature of the body, and this leads to
smaller force coefficients at early stage of water entry and later
larger force coefficients.

D. Attack angle

The attack angle o is investigated in this case through setting
&= —0.1 (zp = 95.68°) and —0.7 (124.96°), respectively, the deadrise
y = 45°, the acceleration a = 0, and the corresponding attack angle
o4 = 39.33° and 10.38°, respectively. In Figs. 7(a) and 7(b), force
coefficients with smaller attack angle (¢4 = 10.38°) are noticeably
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smaller than those of a4 = 39.33° through the whole process of water
entry, and the drop of drag coefficients is more noticeable than that of
lift coefficients, and this says the foil with smaller attack angle would
show a better performance within the range of attack angle provided
in the figure. A milder increase in the force coefficients at first can also
be found in all attack angles, the reason for this is due to the variation
of effective deadrise angle along the curved body, which has been
explained in Sec. I1I C. However, the difference in force coefficients
between curved foil and flat foil for the case with a smaller attack angle
seems more prominent. This is because the ratio of the variation of
deadrise angle to the attack angle is larger for smaller attack angles,
and thus, the pressure is more sensitive to the variation of the effective
deadrise angle. This can be found in Fig. 7(c), the angle of the flat foil
between the free surface and body is approximately twice that of
curved foil at o = 10.38°, such a difference originates from the curva-
ture, and the corresponding pressure in Fig. 7(d) of flat foil is about
twice that of the two-term camber. In Figs. 7(e) and 7(f), the effective
deadrise angle near edge B becomes important, the two-term camber
with smaller effective deadrise angle would gain a larger impact pres-
sure, and also for smaller attack angle, the difference of pressure
between curved body and flat body is more prominent.

E. Acceleration

The effect of acceleration a is investigated in the present case, the
deadrise y = 45°, ¢ = —0.1, and the gravity effect is neglected through
setting F,, = 00, and the acceleration a is taken as 0 and 0.5, respec-
tively. In Figs. 8(a) and 8(b), both the lift and drag coefficients with
acceleration a = 0.5 are noticeably larger than that of a = 0. Without
gravity, flow around the foil will eventually become stable and the force
coefficient will tend to a constant when s is large enough. However,
once considering gravity, the force coefficient will rise linearly with
entry distance s due to the effect of inertial force. It is of interest to see
that the free surfaces in Figs. 8(c) and 8(e) between different accelera-
tions are nearly duplicated, but the pressure between different accelera-
tions in Figs. 8(d) and 8(f) varies much, and this means the pressure is
more sensitive to accelerations.

IV. CONCLUSIONS

The problem of a curved foil entering into calm water is investi-
gated through the velocity potential flow theory together with the
boundary element method in time domain, and the stretched co-
ordinate system method and auxiliary method are used. The effects of
gravity, attack angle, and acceleration are investigated and discussed.
From these, the following conclusions can be drawn.

(1) When the foil either with curved shape or flat shape enters
water suddenly, the water is suddenly disturbed, the momentum
of fluid would change in a short time interval, and then, a larger
impact pressure would form along the body. Since the gravity
needs time to take effect, in the early stage, the impact effect is
more important, while at a later stage, the fluid around the plate
gradually becomes stable, the impact pressure drops, and the
gravity effect then becomes more prominent.

(2) Curvature of the two-term camber would lead to the variation
of the effective deadrise angle y in water entry, and this would
result in a noticeable variation of pressure. At early stage of
water entry, the smaller effective deadrise angle at the leading

ARTICLE pubs.aip.org/aip/pof

edge A takes a major effect, and the pressure is then smaller.
When the jet root is close to or beyond the trailing edge B, the
smaller effective deadrise angle would lead to larger pressure.

(3) With the range of attack angle provided in the present paper, the
force coefficients with smaller attack angle are also smaller, but
since the decrement in the drag coefficient is more prominent, the
foil with smaller attack angle would gain a better performance.

(4) For the foil with a smaller attack angle, the pressure is more
noticeably affected by the variation of effective deadrise angle.

(5) The considering of acceleration does not have a significant
effect on the free surface, but it does have a significant effect on
the pressure.
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