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ABSTRACT
A two-dimensional BEM scheme is presented for the

numerical modeling of the ventilated flow past a surface-
piercing hydrofoil. Fully nonlinear boundary conditions are
applied on the free-surface which allows for the accurate
modeling of the jets generated on the wetted boundaries
as a result of the passage of the hydrofoil through the air-
water interface or the free-surface. The scheme is validated
through a comparison with self-similar solutions in the case
of non-ventilating symmetric water-entry and with experi-
ments in the case of ventilating entry. In addition, a multi-
phase RANS model (FLUENT based) is used to gauge the
effects of viscosity and the formation of spray. Results are
presented for the fully wetted and ventilating cases with
and without the effects of gravity, simulating the effect of a
change in the Froude number. Results are also presented for
the case of a hydrofoil in rotational motion, simulating the
ventilation characteristics at the radial section of a typical
surface-piercing propeller. The fully nonlinear scheme pre-
sented here is a step towards assessing the errors associated
with some of the linear free-surface assumptions made in a
3D BEM tool (PROPCAV) for the performance prediction
of surface-piercing propellers.

INTRODUCTION
Surface-piercing propellers (hereafter referred to as SP

propellers) and waterjets are the two commonly used sys-
tems of propulsion for high-speed crafts (vessels that oper-
ate routinely at speeds in excess of 30 knots [1], [2]). Cav-
itation and its detrimental effects of loss of thrust, noise,
vibration and erosion present a formidable barrier that pre-
cludes the use of subcavitating or supercavitating propeller
based systems. Even though it is difficult to draw a clear de-
marcation between the two modes of propulsion in terms of
feasibility, current trends indicate the prevalence of SP pro-

∗Address all correspondence to this author.

pellers for high-speed crafts with displacements below 50 t
while waterjets are used for crafts with higher displacements
[3].

The elements of the surface-piercing propulsion system
are arranged in such a manner that when the vessel is under-
way, only a part of the propeller is submerged during a cycle
of revolution (the actual level of submergence depends on
the trim of the vessel and other factors). SP propellers are
also referred to as partially-submerged propellers because
of this feature. Some of the advantages offered by such an
arrangement, which in turn translate to better propulsive
efficiency and extended range of operation are : (i) there
is a considerable reduction in the appendage drag due to
the absence of submerged components like shafts, struts,
etc. (ii) a reduction in the detrimental effects of cavita-
tion as it is replaced by natural ventilation, and (iii) the
absence of diameter limitations imposed by draft and hull
clearance requirements. In spite of being an efficient sys-
tem of propulsion, the design of partially submerged pro-
pellers has often been performed on a trial-and-error basis
with full-scale propellers or based on experimental results
from model tests [4]. Both these methods have their disad-
vantages - (i) design based on full-scale propellers do not
provide information about the dynamic blade loads nor the
average propeller forces [4], (ii) model test based designs
are prohibitively expensive to carry out and are prone to
scale effects [5, 6], and are also influenced by the test tech-
niques [7, 8].

The widespread use of SP propellers underscores the
importance of developing reliable numerical tools for pre-
dicting their performance. The numerical modeling of the
real flow associated with a SP propeller is too difficult a
task to undertake. Young & Kinnas (2003) [9, 10] note the
difficulties - (i) insufficient understanding of the physical
phenomena involved at the entry and exit phases of the
blade passage through the air-water interface, (ii) insuffi-
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cient understanding of the dynamic loads associated with
the propeller piercing the water surface at high speeds, (iii)
the modeling of long ventilated cavities that extend into the
wake of the propeller, which also get interrupted by the free-
surface, (iv) the modeling of jets formed along the pressure
side and the associated increase in the free-surface eleva-
tion at the instance of blade entry and exit, (v) the effect
of blade vibrations due to cyclic loading (in water) and un-
loading (in air) of the propeller. With the above-mentioned
issues, the numerical modeling of SP propellers can only be
realized through a series of simplifying assumptions.

Young & Kinnas (2003) [10] developed a numerical
method to predict the performance of SP propellers that
also included the nonlinear analysis of unsteady sheet cav-
itation/ventilation with the propeller subject to a time-
dependent inflow. The method was developed over an exist-
ing robust numerical tool PROPCAV (PROPeller CAVita-
tion, [11]) so named for its ability to solve the 3-D unsteady
flow around cavitating propellers. PROPCAV is based on
a low-order (piecewise constant dipole and source distribu-
tion) potential boundary element method (BEM) and the
method of Young & Kinnas (2003) [10] allowed it to deter-
mine the shape of the ventilated cavity surface created as
a result of the passage of the blades of a SP propeller from
air to water. A detailed review of the lifting line and lift-
ing surface based numerical methods developed prior to the
PROPCAV model is given in Young (2002) [9]. The sim-
plifying assumptions made in the 3-D hydrodynamic model
are as follows: (i) the Froude number is assumed to be
very large and thus the effects of gravity are neglected (ii)
the free-surface jets formed as the blade enters and exits
the free-surface are assumed to be negligible (i.e. the free-
surface is treated as a flat surface and its effect is taken
into account using the negative image method), (iii) the
cavities are assumed to be fully ventilated, i.e. the pres-
sure on the cavity is constant and equal to the atmospheric
pressure. The ventilated cavity detachment locations are
searched for on the suction (back) side of the blade, (iv)
the wake is assumed to be a helical surface with constant
pitch and radius,(v) the influence of the shed and trailing
vorticity in the wake once the blade has left the free-surface
is assumed to be negligible.

Young & Kinnas (2003) [10] applied the PROPCAV
model to the 841-B propeller tested by Olofsson (1996) [4].
In spite of the simplifying assumptions, the predicted venti-
lation patterns agreed well with the measured (experimen-
tal) results. Figure 1 (from [9]), shows a representative
comparison of the predicted and measured blade forces for
an advance ratio (JA) of 0.8. In comparison to the exper-
imental results, PROPCAV predicts the mean forces with
reasonable accuracy. However, the following discrepancies
can be observed:

(1) A significant difference exists between the predicted and
measured forces during the entry phase. With reference
to Figure 1, the entry phase approximately corresponds
to the blade angle range of 75◦ to 120◦. This difference,
but of lesser magnitude, exists even in the case of higher
advance ratios.

(2) The experimental results show “humps” in the blade
forces. Olofsson (1996) [4] attributes this to blade res-
onance effects as a result of the cyclic loading and un-
loading of the propeller. This behaviour is not captured
by the PROPCAV model as it assumes the propeller to
be rigid.
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Figure 1: Comparison of predicted (P) and measured (E)
blade forces for JA = 0.8.

The authors are of the opinion that the difference in forces
at the entry-phase is primarily due to the inability of the 3-
D model to capture the nonlinear effects of the free-surface.
Vibration of the blade, the other cause of the difference
in forces, tends to become important only after the blade
has fully submerged. The authors feel that prior to includ-
ing any effects of blade-vibration, the free-surface model in
PROPCAV should be improved.

It was mentioned earlier that including the whole gamut
of nonlinear free-surface effects in the 3-D model would en-
tail considerable effort. The authors feel that it is pru-
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dent to focus first on a systematic study of a 2-D surface-
piercing hydrofoil or more appropriately a blade element
of a SP propeller with fully nonlinear free-surface condi-
tions. This study is along the lines of the 2-D approach
introduced by Yim (1974) [12] and later extended by Wang
(1977,1979) [13, 14]. The insight gained through the 2-D
study can be used as a basis for improving the 3-D model.
The objectives of the 2-D study are :

(1) Quantify the effects of the Froude number : The Froude
number, defined as Fn = nD/

√
gD with D being the di-

ameter of the propeller and n the rate of revolution, es-
sentially measures the influence of gravity, g. The effect
of gravity is negligible in the fully ventilated regime (at
low advance ratios) when Fn > 3( [4], [15]). However,
in the partially ventilated regime (at high advance ra-
tios), the Froude number can have an effect on the over-
all ventilation characteristics. Moreover, each section
of the propeller operates at a different “local” Froude
number. The 2-D model can be used to identify sections
that could either partially or fully ventilate.

(2) Quantify the added hydrodynamic forces due to non-
linearity of the free-surface and the ventilated cavity
surface.

2-D SURFACE-PIERCING HYDROFOILS
The problem of a 2-D surface piercing hydrofoil can

be classified under the category of water entry of bodies
and slamming. Water-entry has been studied extensively
over the years following the seminal works of Von Karman
(1929) [16] and Wagner (1932) [17]. A review of the subject
can be found in [2] and [18]. Both analytical (self-similar
solutions) and various numerical solutions have been devel-
oped over the years for both small and large deadrise angles.
A critical difference between the study of slamming and the
entry of surface-piercing hydrofoils is the possibility of venti-
lation, either partial or complete, at sufficiently large angles
of attack. A key similarity is the generation of free-surface
jets along the wetted part of the body. In the context of
ventilating surface piercing hydrofoils, Yim (1974) [12] ap-
plied a linearized theory to study the water entry and exit
of a thin foil, and a symmetric wedge with ventilation. Sim-
ilar linearized theories were put forward by Cox (1971) [19],
Terentev (1977) [20] and Wang (1977,1979) [13, 14]. Cox
(1971) [19] also conducted a series of experiments on a sur-
face piercing hydrofoil (wedge-shaped) at different angles
of attacks and velocity of entry. Chekin (1989) [21] and
more recently Faltinsen (2008) [22] put forward a nonlinear
theory for the water-entry of a ventilating flat-plate. A re-
curring theme in the existing linear and nonlinear theories
of ventilated entry is the absence of gravity (similarity so-
lution) and application to relatively simple geometries (flat
plates, circular arcs).

This section presents the potential Boundary Element
Method (BEM) based scheme used to model the water entry
of a surface-piercing hydrofoil. The BEM scheme used here
was developed initially in the context of the roll-motion of
FPSO hull-sections. Only a brief summary of the math-
ematical and numerical formulation is presented here and
the complete details of the scheme can be found in Kin-
nas (2005) [23] and Vinayan (2007) [24]. In essence the
problem is formulated as an initial boundary value problem
(IBVP) for a velocity potential that satisfies the Laplace
equation. The IBVP is solved by combining the mixed
Eulerian-Lagrangian method of Longuet-Higgins & Cokelet
(1976) [25], for tracking the free-surface, with the solution
of a Boundary Integral Equation (BIE) at each time-step.
The current numerical scheme offers the advantage that it
can be applied to entry/exit of arbitrarily shaped SP pro-
peller sections or hydrofoils with and without the effects of
gravity.

Previous numerical work
Savineau & Kinnas (1995,1996) [26, 27] solved the flow

field around a fully ventilated two-dimensional surface-
piercing hydrofoil using a time-marching low-order bound-
ary element method. The numerical tool, called SPPAN,
solved for the shape of the ventilated cavity and the pres-
sure on the surface of the hydrofoil in the entry-phase. The
important characteristics of the method are (i) the flow is
solved with respect to a coordinate system that moves along
with the foil, (ii) the vertical velocity of entry is assumed
to be sufficiently high for ventilation to start at the sharp
leading edge of the foil and form a cavity along the suction
side. (iii) an infinite Froude number is assumed and with
this assumption, the free-surface boundary conditions are
linearized and the effects of gravity neglected. (iv) the to-
tal potential, hence the velocity field, is decomposed into
inflow and perturbation components. A boundary-value
problem is solved to obtain the perturbation potential at
each time-step of the time-marching scheme, (v) the lin-
earized free-surface boundary conditions are enforced using
a “negative” image method, and (vi) the ventilated cavity
shape is found iteratively by aligning the panels with the
flow and at convergence the cavity surface is tangent to the
flow.

Current work - Mathematical Formulation
Consider a rigid, 2-D hydrofoil entering an initially

calm domain with a constant velocity ~V and an angle
of attack α, as shown in Figure 2. An ideal fluid is
considered and the flow is assumed to be irrotational.
A fixed (non-rotating) Cartesian coordinate system is
chosen to represent the flow with its origin at the undis-
turbed water level. The flow is represented in terms of
a harmonic function φ(x, t) commonly referred to as the
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velocity potential. Also, the local fluid velocity is given
as ~q(x, t) = ∇φ = (φx, φy) = (u, v). Here, x = (x, y)
represents the spatial location with respect to the fixed
coordinate system, with x being the horizontal measure
and y the vertical measure positive upward. The fluid
domain and the corresponding boundary surfaces are
shown in Figure 2. SWB(t) represents the “wetted” part
of the hydrofoil surface, SF(t) is the free-surface that also
includes a part of the ventilated surface on the suction side
of the hydrofoil and S∞ is the far-field boundary placed
far enough to minimize interference.
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Figure 2: Entry of a surface-piercing wedge : Fluid domain
and corresponding boundaries

• Boundary Integral Equation

A Boundary Integral Equation (BIE) is solved at each
time-step of a higher-order time-stepping scheme in order
to obtain the velocity potential. Once the solution is ob-
tained for a particular time, the time-dependent boundary
conditions are updated and the solution scheme progresses
onto the next one.

The BVP for the velocity potential is converted into
a BIE by introducing a two-dimensional Green’s func-
tion G(p,q) = − 1

2π
ln rpq (satisfies the Laplace equation),

where rpq = |p − q|, p ≡ p(x) is the field point and
q ≡ q(x) is the source point. The BIE obtained by ap-
plying Green’s third identity to φ(x, t) and G(p,q) is

α(p)φ(p) +

∫

Γ

φ(q)Gn(p,q) dΓq

=

∫

Γ

G(p,q)φn(q) dΓq (1)

where 2πα(p) is the internal angle formed at the bound-
aries. Gn(p,q) = ∇G(p,q)·~nq and φn(p,q) = ∇φ(p,q)·~nq

and ~nq is the normal vector at q, positive out of the fluid.

• Kinematic Boundary Condition on SF(t):
The KBC is obtained by assuming SF(t) to be a bound-

ing surface, i.e., no material passes across the free-surface
[28]. Based on the schematic shown in Figure 3, if we rep-
resent the free-surface as F (x, t) = y−η(x, t) = 0, the KBC
on the free-surface is given as [28, 29]

D

Dt
F (x, t) = 0 (2)

where D
Dt

= ∂
∂t

+ ∇φ · ∇ is the material derivative. ~q =
∇φ = (φx, φy) is the fluid velocity on the free-surface, and
y = η(x, t) is the free-surface elevation.
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Figure 3: Free-surface schematic

From a Lagrangian particle representation of the free-
surface, for a particle P (x, y) on the free-surface, the KBC
is given as [25, 28, 29]

Dx

Dt
= ∇φ or











Dx

Dt
= u = φx

Dy

Dt
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x ∈ SF(t) (3)

The dynamic boundary condition (DBC) is obtained
from the Bernoulli’s equation and assuming the pressure to
be continuous across the free-surface. It is assumed that the
wavelength of the free-surface elevation is long enough to
neglect the effects of surface tension. Thus the pressure un-
derneath the free-surface must equal the atmospheric pres-
sure above giving the most general form of the free-surface
DBC

∂φ

∂t
+

1

2
|∇φ|2 + gη +

Pf

ρ
= 0, x ∈ SF(t) (4)
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where g is the acceleration due to gravity. The common
form of the DBC is obtained by expressing the pressure as
gage pressure, in which case the pressure on the free-surface,
Pf = P − Patm = 0. For a Lagrangian particle P (x, y), the
DBC can be rewritten as

Dφ

Dt
=

1

2
|∇φ|2 − gη, x ∈ SF(t) (5)

• Boundary Condition on Hydrofoil SWB(t)
On the “wetted” part of the hydrofoil surface SWB(t),

∇φ · ~n = ~V (t) · ~n, x ∈ SWB(t) (6)

where ~V (t) is the prescribed velocity of the hydrofoil.

• Boundary Condition on Far Field Boundary S∞

The far-field boundary S∞ is assumed to be a no-flux
surface with

∇φ · ~n = 0; x ∈ S∞ (7)

and special attention is paid to place the boundary far away
from the body to avoid reflection of the waves generated
its motion.

• Initial Conditions
The initial conditions for this problem depend on the

angle of attack α and the existence of a ventilated cavity on
the suction side of the hydrofoil.

(a) For a fully wetted flow, a tiny fraction of the wedge
is assumed to be initially immersed. The solution is started
impulsively and allowed to progress until the hydrofoil is
completely immersed.

(b) The treatment of the fully ventilating case requires
special attention. For a hydrofoil with a sharp leading
edge, ventilation is triggered right at the leading edge.
However, during the process of the development of the
method it was found extremely difficult to numerically
trigger ventilation at the leading edge. According to [13]
the flow field surrounding a ventilating foil is identical
to that of supercavitating flat plate (in an unbounded
fluid domain) with zero cavitation number. This aspect of
the flow forms the basis for getting the initial conditions
for the ventilating flow. The proposed model consists of
the following steps : (i) Assume an initial shape of the
ventilated cavity - the initial shape is derived from the
analytical expressions for the super-cavity produced by a
flat plate in an infinite flow domain. These expressions
are obtained from the free-streamline theory of [30]. The
initial cavity length is assumed to be a fraction of the

chord-length of the hydrofoil. (ii) Instead of being treated
as a free-surface, the initial shape of the ventilated cavity
is assumed to be rigid or wetted. With this assumption,
the free-surface problem is solved as an asymmetric water
entry. (iii) After the hydrofoil has traveled a certain
extent, a part of the initial cavity assumed to be wetted
is appended to the adjoining free-surface. (iv) The actual
solution of the ventilating problem starts from this point
onwards. The intersection of the initial ventilated cavity
(modeled as wetted) and the free-surface is treated as a
fixed separation point. The solution is allowed to progress
with the free-surface on the suction side continuously
detaching from the intersection point.

• Treatment at a fixed separation point

At the fixed separation point, the normal velocity of
the free-surface is assumed to be the same as that of the
hydrofoil. This assumption assures continuity of slope be-
tween the wetted body and the ventilated surface. This is
consistent with the analytical solution for the local flow pre-
sented in [2] and [31]. The potential is inherently continuous
by virtue of the use of linear isoparametric elements. The
boundary integral equation is not solved at the separation
point as both the primary variable (φ) and the secondary
variable (φn) are known.

Current work - Numerical Formulation
A brief summary of the important numerical aspects of

the scheme is presented here.

(a) A mixed Eulerian-Lagrangian (MEL) scheme of [25] is
used to solve the initial boundary value problems pre-
sented in the previous chapter. The MEL scheme com-
prises primarily of two steps (1) solve a well-defined
boundary value problem based on a given set of bound-
ary conditions using the Boundary Element Method
(BEM) and, (2) update the free-surface geometry and
potential on the free-surface by time integration of
the fully nonlinear kinematic and dynamic free-surface
boundary conditions. These two steps are repeated
at each time-step of a fourth-order Runge Kutta time
marching scheme. The proper implementation and so-
lution of the two MEL steps dominate the numerical
implementation of the free-surface problem.

(b) Linear iso-parametric elements form the basis for the
numerical solution of the boundary integral equation.
A double node approach is used at the corners of the
domain. However, the boundary integral equation is
not solved at a double node if it happens to be a sepa-
ration point.

(c) The treatment of the jet that forms along the wetted
side of the hydrofoil is similar to that presented in [32]
and [33]. The jet is allowed to grow until a threshold
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angle is reached between the jet and the adjoining body
surface. Once this limiting angle is reached a new panel
is created at an angle larger than the threshold value.
The intersection of the new panel with body surface
becomes the new body- free-surface intersection point.
The angle is continuously monitored during the solution
and the cut-off process is implemented every time it
is smaller than the threshold value. The value of the
threshold angle is chosen to be π

15
, a value chosen in par

with the analytical solutions presented in [34].
(d) A re-paneling scheme is implemented to maintain suf-

ficient and uniform resolution in the area of the jet.
Even though linear elements are used to model the free-
surface, re-paneling is performed using a cubic spline
scheme with the arc-length of the surface as a parame-
ter instead of the Euclidean distance. The arc-length is
calculated by first fitting a cubic-spline with the node
index as a parameter. With the cubic spline coefficients,
the arc-length is calculated numerically using a twelve-
point Gauss-Legendre quadrature. This approach was
suggested in [25] to maintain the accuracy of the re-
paneling scheme.

(e) A third-order five point least squares model is imple-
mented to smooth instabilities that arise during the
simulation. The smoothing scheme was found to be
necessary to smooth out oscillations resulting from the
impulsive start of the wetted problem. Since smooth-
ing is an artificial process, it is used sparingly and ap-
plied only at an interval of 10 time-steps. Moreover, the
smoothing process is applied only close to the intersec-
tion between the free-surface and the hydrofoil.

(f) The pressure on the body surface is obtained from the
Bernoulli’s equation

P

ρ
= −∂φ

∂t
− 1

2
|∇φ|2 − gy (8)

The critical part of this expression for the pressure is
the evaluation of the time derivative ∂φ

∂t
. In particular

it is important to note that the body surface changes
with time and also due to re-gridding. Taking these
factors into consideration, we have

δφ

δt
=

∂φ

∂t
+ ~Vg · ∇φ (9)

~Vg is the local grid velocity of the body surface and
represented as

~Vg =

(

δxg

δt
,
δyg

δt

)

(10)

From (8) and (9), we have

P

ρ
= −δφ

δt
+ ~Vg · ∇φ − 1

2
|∇φ|2 − gy (11)

The derivatives δφ
δt

,
δxg

δt
and

δyg

δt
are calculated as a part

of the fourth-order Runge Kutta scheme based on the
scheme of [35]

RESULTS
The subsequent sections present the results for the fully-

wetted (non-ventilating) entry, ventilating hydrofoil (verti-
cal entry) and ventilating hydrofoil in rotational motion.

Fully wetted entry
Similarity solutions ( [36], [37]) exist in the case of

water-entry of symmetric wedges and provide a valuable set
of results for validating the current numerical algorithm.
The BEM method is used to simulate the water entry of
a symmetric wedge, in the absence of gravity, for differ-
ent deadrise angles (also expressed in terms of the included
wedge angle αw). The scheme is allowed to progress until
a state of self-similarity is reached and the results are com-
pared with the corresponding analytical solutions of [36].
Figures 4,6 and 8 show the free-surface elevation in terms
of the similarity variables for the deadrise angles of 81◦, 60◦

and 45◦ respectively. Figures 5,7 and 9 show the compar-
ison between the predicted pressure coefficients and that
obtained from the similarity solution of [36]. The pressure
coefficient is defined as Cp = (P − Patm)/(0.5ρV 2

w) where
Vw is the entry velocity of the wedge. In all the cases, the
correlation between the numerical and analytical pressures
is excellent.

Apart from validating the numerical algorithm, the
fully wetted scheme serves the following purposes:

(i) Simulate the entry of surface-piercing hydrofoil at
small angles of attack when ventilation is not ex-
pected.

(ii) Provide an initial solution for the ventilating case.

Ventilating Hydrofoil - Vertical Entry
Cox (1971) [19] conducted a series of experiments with

a symmetric wedge of dimensions 0.5” (12.7 mm) by 6”
(152.4 mm) with a chord length of 6”. In the experiments,
the wedge was dropped from different heights (equivalent to
changing the velocity of entry Vw) and at different angles of
attack, α. For each instance, the ventilated cavity shape was
photographed after the wedge had approximately traveled
its length through the water surface. These photographs
provide an excellent source of validation for the BEM model.
As a representative case, a velocity of entry of 2.45 m/s
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Figure 5: Comparison of predicted pressure with similarity
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Figure 9: Comparison of predicted pressure with similarity
solution, included wedge angle αw = 90◦ (deadrise angle =
45◦)

(corresponding to a drop of 12”) is chosen for validation.
All the subsequent BEM results correspond to this geometry
and velocity.

It was mentioned in the numerical formulation that an
initial guess for the ventilated cavity shape is obtained from
corresponding solution of a supercavitating flat plate. The
length of the initial guess is expressed as a percentage of
the total chord (c) of the hydrofoil and is represented by
the parameter δiv. Figure 10 shows the effect of the param-
eter δiv on the final ventilated cavity shape (the simulation
is stopped once the free-surface on the wetted side reaches
the base of the hydrofoil). In terms of a chord length c =
152.4 mm, the minimum δiv of 2% would be about 3mm,
while the maximum would be about 7mm. On the whole,
the parameter δiv does not effect the final shape of the ven-
tilated cavity and the free-surface elevation on the wetted-
side. Differences are observed in the region where the ven-
tilated cavity meets the initially undisturbed free-surface.
The similarity solution of [21] and [22] predict a cusp at the
point where the two convex free-surfaces meet. This aspect
of the flow is not considered in the numerical scheme and
leads to the observed differences. Figure 11 shows the ef-
fect of δiv on the wetted-side pressure and no discernible
differences are observed. (All the subsequent calculations
are with δiv = 2%c.)

Figures 12 and 14 respectively show the ventilated cav-
ity surfaces, shown for different levels of submergence, with-
out (g = 0) and with (g 6= 0) the effects of gravity. Defin-
ing a Froude number in terms of the chord length c as
Fnc = Vw/

√
gc, g = 0 would correspond to Fnc = ∞

and g 6= 0 to Fnc=2. (Note that in the figures, only the
wetted boundary of the hydrofoil is shown. Although the
thickness form is not shown, the ventilated cavity does not
intersect the suction side of the hydrofoil). The effect of
gravity becomes apparent when the free-surface elevations
are expressed in terms of the similarity variables as shown
in Figures 13 and 15. In the absence of gravity (Figure 13)
all the free-surface profiles, starting with the first instance
when similarity is observed to the end of the simulation,
are seen to overlap. The scheme is able to preserve the
self-similarity of the flow. The lack of self-similarity, as ex-
pected, can be observed in Fig. 15 when the effect of gravity
is included.

Figure 16 shows a comparison between the predicted
cavity surface and that observed from the experiments of
Cox (1971) [19] for an angle of attack of 10◦. The free-
surface elevations and the ventilated surfaces are compared
at the same level of submergence. The overall agreement
between the experiment and the numerical results is good.

Olofsson (1996) [4] mentions that in the fully venti-
lated regime, the effect of the Froude number is negligible
when Fn > 3. This is because the ventilated cavities have
asymptotically attained their final shapes and a subsequent
increase in the Froude number makes no difference. A sim-
ilar observation can be made in the case of 2-D solution as
shown in Figure 17. The ventilated cavity shapes are seen
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to converge rapidly towards the Fn = ∞ (g = 0) shape.
Figure 18 shows the effect of the angle of attack on the

ventilated cavity shapes (g 6= 0 corresponds to Fnc = 2).
The cavity volume is seen to increase with a corresponding
increase in the angle of attack. From the experimental re-
sults of [19], no ventilation is seen for angles less than 6◦.
For the smaller angles of attack, the fully-wetted mode can
be used instead to calculate the pressure on the hydrofoil.

A comparison of the pressure distribution along the
wetted face, between SPPAN (linear, negative-image
method for the free-surface) and the current nonlinear
method is shown in Figures 19 and 20. The linear method
is clearly deficient in capturing the excess pressure due to
the nonlinear free-surface effects. The difference is more
pronounced when gravity is included, as shown in Figure
20. The excess pressure corresponds to the region y > 0
where y = 0 corresponds to the undisturbed free-surface
level. This difference was shown to exist even in the very
early stages of entry [38]. The differences in the ventilated
cavity shapes predicted by the linear and nonlinear schemes
is shown in Figure 21. The key difference is that the linear
scheme is not able to capture the rise of the free-surface and
the jets formed along the wetted boundary of the hydrofoil.
As seen from the pressure distributions, it is important to
capture the rise in the free-surface to get a better prediction
of the pressures along with wetted boundary. Figures 19,
20 and 21 highlight the shortcomings of the negative-image
method and the importance of including the nonlinear free-
surface effects in the 3-D PROPCAV model.

The BEM model is based within a framework of po-
tential flow, which neglects the real fluid effects of viscosity
and surface tension. A FLUENT based RANS multiphase
model (volume-of-fluid with SST k − ω turbulence model)
is used to gauge the deficiencies, if any, in neglecting these
effects. A detailed description of the RANS model is pre-
sented in [39]. A comparison of the ventilated surface on
the suction side along with the free-surface elevation on the
pressure side of the hydrofoil, as predicted by the multi-
phase and BEM models, is shown in Figure 21. The multi-
phase model predicts possible Rayleigh-Taylor instabilities
on the ventilated cavity surface due to the dynamic effects
of the surrounding air. This effect is not considered in the
BEM scheme and in spite of this, the overall comparison
between the ventilated cavity shapes predicted by the two
models is good. The other difference is the peeling away
of the free-surface on the pressure side of the hydrofoil re-
sulting in the formation of spray. The BEM scheme cannot
capture this as the free-surface body intersection point is
kept always on the wedge surface to prevent the formation
of gaps in the domain boundary. The formation of spray,
however, does not affect the pressure distribution on the
wetted boundary as seen in Figure 22. The comparison
between the pressures predicted by the potential flow and

viscous multiphase models are in excellent agreement.
In terms of CPU time, the total simulation time upto

the point of comparison for the BEM scheme is about 1
hr, while for the FLUENT simulation is 50 hrs (wall-time
for a parallel run with 8 nodes. Single node - 1.6 GHz
AMD Opteron Dual-core processor with 4GB RAM). The
above mentioned simulation times are for ∆t=1e-5 s with
500 panels in the BEM scheme and approximately 460000
cells in the multiphase model. The BEM scheme has a
definite advantage in predicting the ventilated cavity shapes
in a fraction of the time used by the multiphase model.

Ventilating Hydrofoil - Rotational motion
The preceding section covered the vertical entry of a

ventilating hydrofoil (or in general a blade element of a
surface-piercing propeller). The model in essence is based
on the blade-element theory (neglects the effect of the other
blade elements). The flow pattern on a cylindrical surface
containing the blade element is assumed to be entirely two-
dimensional and this basically neglects the flow along the
radial direction of the propeller. The flow on the cylin-
der is flattened out into a horizontal layer of water extend-
ing laterally without bound [12–14]. This simple approach
works well in the case of low-advance ratios and has been
traditionally used to model the entry-phase of a blade sec-
tion. Simulating the exit phase requires some special treat-
ment. [12–14] assumed the horizontal water layer to have
a thickness corresponding to the distance traveled by the
leading edge of the blade-element in the water during a sin-
gle revolution of the propeller. This approximation makes
the problem amenable to mathematical analysis.

The authors wish to take a different approach by con-
sidering the complete rotational motion of a surface-piercing
hydrofoil, starting with the entry phase and culminating in
the hydrofoil exiting the air-water interface. The proposed
approach is as shown in Figure 24. The blade-element is a
section of the propeller at a certain radius and is allowed to
rotate at the propeller RPM (expressed as ω). Figures 25-28
show the preliminary results obtained using this approach.
The hydrofoil (wedge-shaped) has a chord of 0.04 m and ro-
tates at a radius of 0.1 m with ω=100 rad/s. These charac-
teristics approximately correspond to a section of the 841-B
propeller ( [4]) at a radius of 0.7 r/R. It can be seen from
the figures that the scheme is able to predict the ventilated
cavity shape over the entire submerged cycle of rotation. In
terms of physical aspects, at this rpm, the ventilated cavity
does not collapse and the suction side remains ventilated at
all times. This is an ideal case scenario for the operation
of a surface-piercing propeller. Some oscillations are seen
at the mouth of the ventilated cavity, which require further
analysis.
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Figure 10: Effect of the length of the initial guess (δiv)
of the ventilating solution on the final shape of the ven-
tilated cavity. (α = 10◦,g = 0)
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Figure 25: Surface-piercing hydrofoil in rotational mo-
tion : blade angle = 90◦
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Figure 26: Surface-piercing hydrofoil in rotational mo-
tion : blade angle = 180◦

-0.1 -0.05 0 0.05 0.1

-0.1

-0.05

0

0.05

0.1
0o

90o

120o

150o

240o

210o

180o

x

y

Figure 27: Surface-piercing hydrofoil in rotational mo-
tion : blade angle = 240◦
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Figure 28: Surface-piercing hydrofoil in rotational mo-
tion : blade angle ≈ 260◦
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CONCLUSIONS
A 2D boundary element method was developed to nu-

merically model the fully ventilated flow past a surface-
piercing hydrofoil. The highlights of the scheme are the
fully nonlinear free-surface boundary conditions and the
ability to model the ventilated flow for arbitrary Froude
numbers. The treatment of the jets formed along the wet-
ted surface is also done in a robust manner to capture the
full extent of the free-surface nonlinearities. The scheme
was well validated by comparing the predicted free-surface
elevations/pressures with self-similar solutions and exper-
imental results. The BEM scheme was also extended to
model the ventilating flow resulting from the rotational mo-
tion of a surface-piercing hydrofoil, which is a significant im-
provement over the vertical-entry scheme that models only
the entry-phase. The current scheme is able to sustain the
growth of the ventilated cavity over the entire cycle of sub-
mergence. The authors also plan on extending the rotating
hydrofoil case to address the exit-phase. The effects of vis-
cosity and spray on the wetted pressures were shown to be
insignificant through the comparison with a RANS multi-
phase model.

In a nutshell, the BEM scheme presented here pro-
vides a fast and reliable way to predict the ventilated cavity
shapes and helps assess the errors resulting from the linear
free-surface assumptions in the modeling of surface-piercing
propellers.

Extension to three dimensions
PROPCAV and its treatment of the free-surface with

a negative-image method are based on a lower-order BEM.
As a first step towards extending the current linear-strength
scheme to PROPCAV, a constant-strength panel method
was developed to model the water-entry of surface-piercing
hydrofoils. The overall agreement between the linear-
strength and constant-strength schemes was found to be sat-
isfactory. Based on this conclusion, the authors are working
on improving the 3D hydrodynamic model in PROPCAV
by including the nonlinear free-surface boundary conditions
within the existing framework of a lower-order BEM.
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