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ABSTRACT

A 3-D low-order boundary element method, PROPCAV, has been extended to predict unsteady
hydrodynamic forces and ventilation patterns on a surface-piercing propeller. The negative image
method is used to account for the effect of the free surface. The ventilated cavity patterns at every
time step is determined iteratively by satisfying both the kinematic and the dynamic boundary

conditions.

The detachment locations of the ventilated cavities are determined iteratively by

applying a condition similar to the Villat-Brillouin smooth detachment criterion. Finally, the
coupling of boundary element method with a finite element method to include hydroelastic effects

is presented.

INTRODUCTION

Surface-piercing propellers (also known as
partially-submerged propellers) are often recognized
as the most fuel-efficient propulsive device for high-
speed vessels.  Their high efficiency is primarily
attributed to the reduction of appendage drag and
larger propeller diameter compared to conventional
propellers. A comparison of the maximum installed
efficiency for different propulsors (taken from (Allison
1978)) is shown in Fig. 1. According to (Hadler &
Hecker 1968), the first U.S. patent for a surface-
piercing propeller was issued in 1869 to C. Sharp
of Philadelphia. It was designed for shallow-draft
boat propulsion. As time progressed, surface-piercing
propellers were also used for hydroplane boats and
high-speed surface effect ships. Due to the superior
propulsive characteristics of surface-piercing pro-
pellers, they are extensively used today in offshore
racing, where speeds often exceed 100 knots (Olofsson
1996). Recently, the commercial marine industry has
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shown an increased interest for large surface-piercing
propellers. They are to be used in the next generation
ferries with service speeds in the range of 70 to 80
knots at shaft powers of about 20 MW (Olofsson
2001). Hence, there is a high demand from the marine
industry to develop a reliable method that can predict
the performance of surface-piercing propellers.

Previous Experimental Investigations

In the past, the design of surface-piercing pro-
pellers often involved trial and error procedures us-
ing the measured performance of test models in free-
surface tunnels or towing tanks. Omne of the first
known experimental studies of partially submerged
propellers was presented in (Reynolds 1874), where the
effect of immersion on skewed propellers was studied.
Since then, many more experimental investigations
have been published. Notable investigations include
studies by (Shiba 1953, Hadler & Hecker 1968, Shields
1968, Hecker & Crown 1970, Brandt 1973, Kruppa
1972, Hecker 1973, Alder & Moore 1977, Rains 1981,
Rose & Kruppa 1991, Kruppa 1992, Rose et al 1993,
Wang 1995, Ferrando & Scamardella 1996, Nozawa &
Takayama 2002a). The focus of all these studies was
to determine the time-averaged thrust, torque, bending
moment, and transverse forces. More recently, (Dobay



1970, Olofsson 1996, Miller & Szantyr 1998, Dyson
2000, Dyson et al 2000, Nozawa & Takayama 2002b)
also conducted experiments to determine the dynamic
performance of partially submerged propellers. The
common objective was to study the time-dependent hy-
drodynamic load, and stresses induced on the propeller
blades, shaft, and hull structure.

Based on findings from the above-mentioned ex-
perimental studies, it can be generally concluded that
there exist three major operating regimes for surface-
piercing propellers: partially ventilated, transition,
and fully ventilated.

o Partially- Ventilated Regime: The air cavities start
near the blunt trailing edge and vent toward the
free surface. When the advance coefficient is re-
duced, a partial cavity filled primarily with liquid
vapor may also develop. In this flow regime, the
extent and volume of the air cavity, as well as the
time-averaged thrust and torque coefficients, tend
to increase with decreasing advance coefficient.

e Transition Regime: When the advance coefficient
is further reduced from the partially-ventilated
regime, the propeller enters the transition regime.
This flow regime is highly unstable, and is accom-
panied by violent oscillatory forces. The air cavi-
ties will start to spread toward the blade leading
edge and fluctuate in shape and size. In addition,
a sudden drop in thrust and torque coefficients
will occur due to spread of air cavities toward
blade leading edge.

o Fully-Ventilated Regime: When the advance coef-
ficient is further reduced, the propeller enters the
fully-ventilated regime. This flow regime is char-
acterized by continuous ventilated cavities that
start near the leading edge on the suction side of
each blade and vent to the atmosphere. This flow
regime is relatively stable and the blade trailing
edge remains ventilated at all times. The thrust
and torque coefficients tend to decrease with the
advance coefficient due to the dominance of cas-
cade effects.

An illustrative drawing of the propeller thrust/torque
characteristics in the three major flow regimes is shown
in Fig. 2.

Due to the complex phenomena associated with
surface-piercing propellers, systematic model tests are
extremely expensive, difficult, and time consuming to
perform. The test must be carried out in a variable
pressure free-surface tunnel that permits high-speed
operations to explore the various flow regimes. The
free surface must be clearly defined (Kruppa 1992,
Rose et al 1993, Olofsson 1996, Dyson 2000). A

multi-component dynamometer is needed to measure
primary and secondary forces(Hecker & Crown 1970,
Dobay 1970, Rose et al 1993, Miller & Szantyr 1998).
Special equipments are also needed to simultaneously
provide realistic conditions for cavitation inception
while maintaining constant water density (Olofsson
1996). Furthermore, special considerations are needed
to address scale issues so that the performance of the
model scale (including flow and blade vibration char-
acteristics) resembles that of the prototype (Hadler &
Hecker 1968, Dobay 1970, Olofsson 1996, Dyson 2000,
Nozawa & Takayama 2002b). Thus, the development
of reliable, versatile, and robust computational tools to
predict propeller performance is crucial to the design
and application of partially submerged propellers.

Previous Theoretical Investigations

The development of numerical methods for the
analysis and design of surface-piercing propellers has
been slow compared to conventional propellers. The
main difficulty arises from (1) unknown physics at the
blades’ entry to, and exit from, the free surface; (2)
the development of very thick and very long ventilated
cavities that are interrupted by the free surface; and
(3) fatigue and vibration effects due to cyclic loading
and unloading of the blades associated with the blades’
entry to, and exit from, the free surface.

The first known method for the analysis of surface-
piercing propellers was developed by (Yegorov &
Sadovnikov 1961). He applied a blade element method
based on two-dimensional hydrofoil theory, but ig-
nored the effect of adjacent blades, cavities, and wake
vortex sheets (Olofsson 1996). Later, (Oberembt 1968)
applied a lifting line approach that included the effect
of immersion, but the propeller was assumed to be
lightly loaded such that no natural ventilation of the
propeller and its vortex wake occur. Furuya developed
a lifting-line approach that included the effect of pro-
peller ventilation in (Furuya 1984, Furuya 1985). He
applied the image method to account for free surface
effects. He also assumed the face portion of the blades
to be fully wetted and the back portion of the blades
to be fully ventilated starting from the blade leading
edge. The blades were reduced to a series of lifting
lines, and method was combined with a 2-D water
entry-and-exit theory developed by (Wang 1977, Wang
1979) to determine thrust and torque coefficients. Fu-
ruya compared the predicted mean thrust and torque
coeflicients with experimental measurements obtained
by (Hadler & Hecker 1968). In general, the predicted
thrust coeflicients were within acceptable range com-
pared to measured values. However, there were sig-
nificant discrepancies with torque coefficients. Furuya
(Furuya 1984, Furuya 1985) attributed the discrepan-



cies to the effects of nonlinearity during the blade en-
try phase, absence of the blade and cavity thickness
representation in the induced velocity calculation, un-
certainties in interpreting the experimental data, and
limitations of the lifting-line theory.

In 1991, (Vorus 1991) extended the conventional
propeller theory given in (Lewis 1989) to determine
steady forces and moments on a surface-piercing pro-
peller. He assumed that the steady sectional lift coeffi-
cient (ACYL) is linearly related to the increment blade
section angle of attack (Aa) as in the case of a fully-
ventilated flat plate: ACL = %Aa. The effects of
rake, skew, and inclination in the geometry were con-
sidered. The method was shown to be an easy to use
design tool for trade-off studies and optimization of
blade geometry (Vorus 1991).

An unsteady lifting surface method was employed
by (Wang et al 1990a) for the analysis of 3-D fully
ventilated thin foils entering into initially calm wa-
ter. The method was later extended by (Wang et al
1990b, Wang et al 1992) to predict the performance
of fully ventilated partially submerged propellers with
its shaft above the water surface. Similar to (Furuya
1984, Furuya 1985), the method assumed the flow to
separate from both the leading edge and trailing edge
of the blade, forming on the suction side a cavity that
vents to the atmosphere. Discrete line vortices and
sources were placed on the face portion of the blade to
simulate the effect of blade loading and cavity thick-
ness, respectively. Line sources were also placed on the
cavity surface behind the trailing edge of the blade to
represent the cavity thickness in the wake. A heli-
cal surface with constant radius and pitch were used
to construct the trailing vortex sheets. The nega-
tive image method was used to account for free sur-
face effects. The sources representing the blade thick-
ness were neglected in the computation. Comparisons
were presented with both experimental measurements
by (Hadler & Hecker 1968) and numerical predictions
by (Furuya 1984, Furuya 1985). The predictions were
within reasonable agreement with experimental values
for a propeller with limited data range. However, sub-
stantial discrepancies were observed with experimental
values and numerical predictions by (Furuya 1984, Fu-
ruya 1985) for another propeller.

A 3-D vortex-lattice lifting surface method devel-
oped by (Kudo & Ukon 1994, Kudo & Kinnas 1995)
for the analysis of supercavitating propellers was ex-
tended to treat surface-piercing propellers. However,
the method performed all the calculations assuming
the propeller to be fully submerged, then multiplied
the resulting forces with the propeller submergence
ratio. As a result, only an estimate of the mean
forces was obtained while the complicated phenomena

of blades’ entry to, and exit from, the water surface
were completely ignored.

A 2-D time-marching boundary element method
(BEM) was developed by (Savineau & Kinnas 1995)
for the analysis of the flow field around a fully venti-
lated partially submerged hydrofoil. The negative im-
age method was used to account for free surface effects.
However, this method only considered the hydrofoil’s
entry to, but not exit from, the water surface.

Present Method for Hydrodynamic Analysis

In the present method, a low-order (piecewise con-
stant dipole and source distributions) potential-based
boundary element method is used to predict the hydro-
dynamic performance of surface-piercing propellers.
The low-order potential based BEM was first applied
for the analysis of marine propellers in steady flow by
(Lee 1987, Kerwin et al 1987) and unsteady flow by
(Hsin 1990, Kinnas & Hsin 1992). The method was
then extended for the analysis of flow around 2-D par-
tially and supercavitating hydrofoils (Kinnas & Fine
1991) and 3-D partially cavitating hydrofoils (Fine &
Kinnas 1993a). In (Kinnas & Fine 1992), the method
was named PROPCAV (PROPeller CAVitation) for
its added ability to analyze 3-D unsteady flow around
cavitating propellers. Later, (Mueller & Kinnas 1999)
modified the method to search for midchord cavitation
on either the back or the face of propeller blades. Re-
cently, the method was further extended to predict al-
ternating or simultaneous face and back cavitation for
classical (Young & Kinnas 2001) and supercavitating
(Young & Kinnas 2003b) propeller blades operating in
fully submerged conditions.

OBJECTIVE

The objective of this research is to modify PROP-
CAV to predict the performance of surface-piercing
propellers.  Preliminary results were presented in
(Young & Kinnas 2000), which made the following
simplifications: (1) the suction side geometry aft of
the midchord was modified to render zero trailing edge
thickness, (2) the blades were assumed to be fully ven-
tilated starting from the blade leading edge, and (3)
the blades were assumed to be infinitely rigid (i.e. the
effects of blade vibrations were ignored). In this work,
the actual blade geometry with the non-zero trailing
edge thickness is modeled, the detachment locations
of the ventilated cavities are searched for iteratively,
and a coupling algorithm to include hydroelastic ef-
fects is presented. The goal is to develop a robust and
reliable tool to predict the hydro- and elasto-dynamic
performance of surface-piercing propellers.



HYDRODYNAMIC FORMULATION

The formulation for surface-piercing propellers is
very similar to that for submerged propellers, which is
given in (Kinnas & Fine 1992, Young & Kinnas 2001).
It is summarized here for the sake of completeness.

Consider a surface-piercing propeller subject to a
general inflow wake ¢,(X,Y,Z) as shown in Fig. 3.
The inflow wake is expressed in terms of the absolute
(ship fixed) system of coordinates (X,Y, Z), and is as-
sumed to be the effective wake, i.e. it includes the
interaction between the vorticity in the inflow and the
propeller (Kinnas et al 2000, Choi 2000). The inflow
velocity, ¢, with respect to the propeller fixed coor-
dinates (x,y, z), can be expressed as the sum of the
inflow wake velocity, ¢, and the propeller’s angular
velocity &, at a given location Z:

Gin (2,9, 2,t) = Gu(z, 7, 0p —wt) + d x & (1)

where 1 = /y?+ 22, O = arctan(z/y), and & =
(z,y,2). The resulting flow is assumed to be incom-
pressible and inviscid. Hence, the total velocity, ¢,
can be expressed in terms of ¢;, and the perturbation
potential ¢:

J(zay7z7t):ain(xvyazat)+v¢(x7yazat) (2)

where ¢ satisfies the Laplace’s equation in the fluid
domain (i.e. V2¢ = 0). Note that the propeller fixed
coordinates system is used in analyzing the flow.

The Boundary Integral Equation

The perturbation potential, ¢,, at every point p on
the combined wetted blade surface Sy g(t), ventilated
cavity surface SC( ) = Se1(t) U Sea(t) U Ses(t), and
free surface Sg(t), must satisfy Green’s third identity:
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where S(t) = Swp(t) USc(t) USk(t) is the combined

surfaced as defined in the blade section example shown
on Fig. 4. The subscript g corresponds to the variable
point in the integration. G(p;q) = 1/R(p;q) is the
Green’s function with R(p;q) being the distance be-
tween points p and ¢. 7, is the unit vector normal
to the integration surface, with the positive direction
pointing into the fluid domain.

Equation 3 should be applied on the “exact” ven-
tilated cavity surface S¢, as shown in Fig. 4. However,
the ventilated cavity surface is not known and has to
be determined as part of the solution. In this work, the
ventilated cavity surfaces are approximated with the
blade surface underneath the cavity, Sca2(t) — Scp(t),
and the portion of the wake surface which is over-
lapped by the cavity, Sc1(t) U Scs(t) — Scw (t). The

definition of Scp(t) and Scw(t) are also shown in
Fig. 4. The justification for making this approxima-
tion, as well as a measure of its effect on the cavity
solution can be found in (Kinnas & Fine 1993, Fine
1992).

Boundary Conditions
e Kinematic and Dynamic B.C. on the Free Surface

On the exact free surface, the dynamic boundary
condition requires the pressure everywhere on the free
surface to be constant and equal to the atmospheric
pressure, and the kinematic boundary condition re-
quires the normal velocities of the fluid and of the free
surface to be equal. In the present method, the lin-
earized form of the combined free surface kinematic
and dynamic boundary conditions is applied:

2
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where h and R are the blade tip immersion and blade
radius, respectively, as defined in Fig. 5. Y is the
vertical ship-fixed coordinate, also defined in Fig. 3.

Assuming that the infinite Froude number condi-
tion (i.e. F,. =V/y/gD — oo) applies, Eqn. 4 reduces
to:

The above equation implies that the negative image
method can be used to account for the effect of the
free surface. Consequently, only vertical motions are
allowed on the free surface. This is accomplished by
distributing sources and dipoles of equal strengths but
with negative signs on the location of the mirror image
with respect to the free surface. A schematic example
of the negative image method on a blade section is
shown in Fig. 6.

e Kinematic B.C. on Wetted Blade Surfaces

The kinematic boundary condition requires the
flow to be tangent to the wetted blade surfaces, which
forms a Neumann-type boundary condition for %:

0o
on
e Dynamic B.C. on Ventilated Cavity Surfaces
The dynamic boundary condition requires that the
pressure everywhere on the ventilated cavity surface
to be constant and equal to the atmospheric pressure,
Patm. Defining o, = (P, — Patm)/(gnzDQ) as the ven-
tilation number, the total ventilated cavity velocity,
de, can be expressed as follows:

0
Gl = n2DPoq + 10l + wr? 2 —297 (1)



where p is the fluid density and r is the distance from
the axis of rotation. P, is the pressure far upstream
on the shaft axis; g is the acceleration of gravity and
Y is the ship fixed coordinate. n = w/27 and D are
the propeller rotational frequency and diameter, re-
spectively.

The total ventilated cavity velocity can also be
expressed in terms of the local derivatives along the s
(chordwise), v (spanwise), and n (normal) grid direc-
tions:

Vel§—(5-9)1] + Vo [V — (5 - 0)3]
- +
|5 ¥][?

de (V)i (8)
where s, ¥, and 71 denote the unit vectors along the
non-orthogonal curvilinear coordinates s, v, and n, re-
spectively. The total velocities on the local coordinates
(Vs, Vo, Vi) are defined as follows:

9¢

8s+q s

n
(9)

Note that if s, v, and n were located on the “exact”
ventilated surface, then the total normal velocity, V,,,
would be zero. However, this is not the case since the
cavity surface is approximated with the blade surface
beneath the cavity and the wake surface overlapped by
the cavity. Although V,, may not be exactly zero on
the approximated cavity surface, it is small enough to
be neglected in the dynamic boundary condition (Fine
1992).

Equations 7 and 8 can be integrated to form a
quadratic equation in terms of the unknown chordwise
perturbation velocity %. By selecting the root which
corresponds to the cavity velocity vectors that point
downstream, the following expression can be derived:

0
8—¢=—cfm-§'+%cosd}+sinw
s

SR

@[> = vz (10)

where 9 is the angle between s and v directions. Equa-
tion 10 can then integrated to form a Dirichlet type
boundary condition for ¢. It should be noted that the
terms % and % inside |7.| and V;, in Eqn. 10 are also
unknown and are determined in an iterative manner.

On the ventilated wake surface, the coordinate s is
assumed to follow the streamlines. It was found that
the crossflow term (%) in the cavitating wake region
had a very small effect on the solution (Fine 1992, Fine
& Kinnas 1993b). Thus, the total cross flow velocity
is assumed to be small, which renders the following

expression on the ventilated wake surface:

0¢ oo s
a5 — Yin- c 11
% G541 (1)

e Kinematic B.C. on the Ventilated Cavity Surfaces

The kinematic boundary condition requires that
the total velocity normal to the ventilated cavity sur-
face to be zero:

D
E(n — h(s,v,t)) = (12)
2 + qe(z,y,2,t) - V| (n—h(s,v,t)) = 0

ot

where n and h are the curvilinear coordinate and ven-
tilated cavity thickness normal to the blade surface,
respectively.

Substituting Eqn. 8 into Eqn. 12 yields the fol-
lowing partial differential equation for h on the blade
surface (Kinnas & Fine 1992):

oh oh
55 [Vs = cosyVo] + 2= [Vi = cosyV] (13)
= sin?ey (Vn - %)

For surface-piercing propellers, the cross-flow ve-
locities are also assumed to be small on the blade sur-
face (i.e. V, & Vi costy on Scp(t)), which reduces the
% term in Eqn. 13 to zero. The justification of this
assumption can be found in (Fine 1992), where it is
shown that the cross-flow term (evaluated iteratively)
on the blade has a very small effect on the predicted
supercavity on either a 3-D hydrofoil or a propeller
blade.

NUMERICAL IMPLEMENTATION OF BEM

For surface-piercing propellers, Green’s formula
(Eqn. 3) is only solved for the total number of sub-
merged panels on the key blade and the ventilated por-
tion of the key wake. The influence of each of the other
blades is accounted for in a progressive manner by us-
ing the solution from an earlier time step when the
key blade was in the position of that blade. The val-
ues of ¢ and g—fﬁ are set equal to zero on the blade and
wake panels that are above the free surface. Note that
the current algorithm does not re-panel the blades and
wakes at every time step in order to maintain computa-
tion efficiency. As a result, there are some panels that
are partially cut by the free surface. In the present
algorithm, the strengths of the singularities are also
set equal to zero for the partially submerged panels.
Nevertheless, a method similar to the split-panel tech-
nique (Kinnas & Fine 1993) can be applied to account
for the effects of these panels.

The time marching scheme is similar to that de-
scribed in (Fine 1992). A constant time increment, At,
is used. At each time step, the propeller blades rotate
by a blade angle increment Af = wAt. Notice that in



Eqns. 10 and 11, the 22 term inside |g,

T is assumed
to be known. In the current algorithm, it is given by
a second order moving least square derivative recovery
method (Tabbara et al 1994) using the solution (¢)
obtained from the previous revolution.

The numerical implementation is described in de-
tail in (Young 2002, Young & Kinnas 2003a, Young
& Kinnas 2003c). In brief, for a given cavity plan-
form, Green’s formula , Eqn. 3, is solved with respect
to unknown ¢ on wetted blade surfaces, and unknown
% on ventilated cavity surfaces. The ventilated cavi-
ties are assumed to vent to the atmosphere and their
heights are determined by differentiating Eqn. 13 with

a second order central finite difference method.

| 2

Non-Zero Thickness Blade Trailing Edge

As observed in experiments, the ventilated cavi-
ties are assumed to vent to the atmosphere. The pres-
sure behind the blade trailing edge (also called the
base pressure) is assumed to be constant and equal to
the atmospheric pressure. To avoid “openness” at the
blade trailing edge, a small initial closing zone, shown
in Fig. 7, is introduced. The precise geometry of the
initial closing zone is not important because surface-
piercing propellers always operate in superventilated
or base-ventilated conditions. Details of the numer-
ical algorithm and systematic parametric studies are
presented in (Young 2002, Young & Kinnas 2003b).

Ventilated Cavity Detachment Condition

Depending on the flow conditions and the blade
section geometry, the ventilated cavities may detach
aft of the blade leading edge. Thus, the ventilated
cavity detachment locations on the suction side of the
blade are searched for iteratively at each time step
until all of the following conditions are satisfied:

e The ventilated cavities have non-negative thick-
ness at their leading edge,

e The pressure on the wetted portion of the blade
upstream of the ventilated cavity should be
greater than the atmospheric pressure,

e The ventilated cavities must detach at or prior to
the blade trailing edge; and

e When the blade departs from the the water, the
ventilated cavities must detach at or aft of the
intersection between the blade section and the free
surface.

It should be noted that the first two criterion are equiv-
alent to the Villat-Brillouin smooth detachment con-
dition (Brillouin 1911, Villat 1914) at zero cavitation
number; while the last two criterion are physical con-
straints for surface-piercing propellers. A schematic

diagram showing different ventilated cavity detach-
ment locations for a surface-piercing blade section is
depicted in Fig. 8. The pressure on the ventilated
cavities are assumed to be constant and equal to the
atmospheric pressure. The ventilated cavities can de-
tach anywhere on the suction side of the blade surface,
but must detach from the blade trailing edge on the
pressure side. It is possible to also search for venti-
lated cavity detachment locations on the pressure side.
However, such occurrence is unlikely due to the high-
speed operation of partially submerged propellers.

Wake Alignment

Due to the presence of the free surface, the inflow
wake is highly non-axisymmetric. In order to prop-
erly align the wake geometry at every time step, an
unsteady iterative wake alignment scheme is needed.
In (Lee 2002, Lee & Kinnas 2002), the current 3-D
potential-based BEM is applied to align the wake ge-
ometry by requiring the force-free condition to be sat-
isfied on the wake surface at every time step. How-
ever, at the present time, the unsteady wake align-
ment scheme is limited to fully submerged propellers.
Thus, in the present analysis of surface-piercing pro-
pellers, the wake is aligned with the inflow velocity
when the blade is at the six o’clock position, i.e. at the
angular position where the blade’s submerged area is
maximum. The wake is aligned using an iterative lift-
ing surface method developed by (Greeley & Kerwin
1982), which assumes the blades to be fully submerged
and the inflow to be axisymmetric. In addition, the
effects of wake roll-up and developed tip vortex cav-
ity are ignored in the present algorithm. Although
the present wake alignment scheme for surface-piercing
propellers is much simplified from actual conditions, it
represents a first step toward predicting the complex
behavior of surface-piercing propellers. A more realis-
tic wake alignment scheme, such as that presented in
(Lee 2002, Lee & Kinnas 2002), can be added later to
refine the performance predictions.

VALIDATION OF BEM CODES

To validate the treatment of surface-piercing pro-
pellers, numerical predictions for propeller model 841-
B are compared with experimental measurements col-
lected by (Olofsson 1996). A photograph of the
surface-piercing propeller and the velocity distribution
at the propeller plane is shown in Figs. 9 and 10, re-
spectively. The axial velocity is zero at the free surface
because a flat plate was placed in front of the propeller
to provide a well defined free surface. Details of the
experiments are given in (Olofsson 1996), and are sum-
marized here for the sake of completeness.



Summary of Experiment by Olofsson

In (Olofsson 1996), Olofsson presented a very thor-
ough series of experimental studies to determine the
time-averaged and dynamic performance of propeller
model 841-B. The four-bladed high-speed partially
submerged propeller was designed based on sea trials
on a board a 13 m twin screw planing test craft. The
diameter of the full-scale propeller is 250 mm. The ex-
periments were conducted at the KaMeWa free surface
cavitation tunnel in Sweden. The tunnel was equipped
with a large de-aerating chamber downstream of the
test section. The de-aerating chamber was used to
eliminate the occurrence of air-liquid mixture in the
test section when testing to maintain constant water
density. The tunnel has also been equipped with a
special device for micro air bubble seeding to provide
constant cavitation inception as well as realistic pro-
peller thrust and torque without hysteresis in partially
cavitating conditions. The blade dynamometer was
a 4-bladed, single flexure, 5-component dynamometer
developed KaMeWa. It was specially designed to cap-
ture the true effect of blade vibration.

In the experiment, only one blade tip immersion
ratio (h/D = 0.33) was considered, and the influ-
ence of Froude and cavitation number at different ad-
vance coefficients, J4 = V/nD, was systematically
investigated. Tests with different shaft yaw and in-
clination angles were also performed. Three scale
models were examined: A (ratio of full-scale diame-
ter and model scale diameter) = 1, 3, and 9. The
model scale was require to have the same cavitation
number (o = (P, — P,)/0.5pV?) and Froude number
(F. = V/+/gD) as the full scale:

_Pam =P 11 (14)

0.5pgD X F?

where P, is the vapor pressure, and D is the model
scale diameter.

Dynamic Performance: J4 = 1.2

At J4 = 1.2, the propeller is in the partially ven-
tilated flow regime. The observed ventilation patterns
at three different blade angles for F,. = 6 and A = 9 are
shown in Fig. 11. Also shown in Fig. 11 are the pre-
dicted ventilation patterns at the same blade angles.
At this advance coefficient, both the Froude number
and cavitation number affect the dynamic propeller
performance. The dependence of the per-blade axial
force coefficients, K .., on the Froude number and cav-
itation number is shown in Fig. 12. For F,. > 4, the
effect of Froude number is negligible. For F, < 4,
much more scattering of the data can be observed
and the blade forces tend to increase with decreas-
ing Froude number during the in-water phase. Similar

patterns were also observed in experimental investi-
gations by (Shiba 1953, Shields 1968). Olofsson ex-
plained that air is sucked down to a smaller depth
at lower Froude numbers, thus lead to higher blade
forces due to increase in wetted blade area (Olofsson
1996). The dependence of the per-blade forces on the
cavitation number (expressed via scale ratio) is also
shown in Fig. 12. At F,. = 6, A\ = 1,3,9 correspond
to 0 = 2.3,0.76,0.25, respectively, via Eqn. 14. For
o > 0.76, the effect of cavitation number was negligi-
ble, i.e. the cavities were primarily air-filled. However,
the blade forces decreased in the exit half of the rev-
olution for ¢ = 0.25, which Olofsson (Olofsson 1996)
attributed to the development of a vapor-filled cavity
near the blade tip region. The heavy solid lines in
Fig. 12 represent the predicted axial force coefficient
using the current BEM, which assumes the blades to
be perfectly rigid and the cavities to be air-filled. Com-
parisons of the measured and predicted dynamic blade
force and moment coefficients for F, = 6 and ¢ = 2.3
(A = 1) are shown in Fig. 13. The solid lines and
the symbols represent the predicted and measured val-
ues, respectively. The six components of the individual
blade loads, (KFI; pr, KFZ, KM17 Kl\ly, KMz)7 are
defined according to the coordinate system shown in
Fig. 3. The vertical per-blade force coefficient, Kp,,
is not shown in Fig. 13 because it was not measured
during the experiment. As shown in the figures, the
predicted values agreed well with experimental mea-
surements for J4 = 1.2.

Dynamic Performance: J4 = 0.8

For J4 = 0.8, the propeller is in the fully venti-
lated flow regime. The dependence of the per-blade ax-
ial force coefficients on the Froude number and cavita-
tion number is shown in Fig. 14. At F,. =6, A =1,3,9
correspond to o = 2.3,0.76,0.25, respectively, via
Eqn. 14. As shown in Fig. 14, the effect of cavita-
tion number is negligible on the dynamic blade perfor-
mance, which implies that all the cavities are air-filled
in the fully ventilated flow regime. This pattern is con-
sistent with other experimental studies by (Shiba 1953,
Shields 1968). However, the Froude number affects
the dynamic blade performance. The amplitude of
the ”humps” (amplified fluctuations superimposed on
the basic load) increased with increasing Froude num-
ber. Similar humps were also observed in unsteady
per-blade force measurements of surface-piercing pro-
pellers presented in (Miller & Szantyr 1998, Dyson
2000, Dyson et al 2000). Olofsson (Olofsson 1996)
stated that for propeller model 841-B, the frequency
of these fluctuations modulated between the blade’s
fundamental frequency in air (1100 Hz) and in wa-
ter (550 Hz). Thus, it can be concluded that these



humps are associated with resonant blade vibration.
Comparisons of the measured and predicted dynamic
blade force and moment coefficients for F,. = 6 and
o = 23 (A = 1) are shown in Fig. 15. As shown
in the figure, the predicted values are in reasonable
agreement with experimental measurements, but more
discrepancies can be observed compared to the results
for J4 = 1.2 shown in Fig. 13. The discrepancies can
be attributed to the inability of the present BEM to
model the effects of blade vibration, jet sprays, and
rise in overall free surface elevation. In the current
BEM formulation, the blades are assumed to be rigid,
thus the effects of blade vibrations cannot be captured.
In addition, the present method significantly under-
predicted the dynamic blade loads at the blade entry
phase and exit phase. This discrepancy can be at-
tributed to rise in overall free surface elevations due to
cavity displacement effects, and increase in intensity
and height of jet sprays. For propeller model 841-B
with a blade tip immersion ratio (h/D) of 0.33, the
blade leading edge should enter the water at 88 de-
grees, and the blade trailing edge should exit the water
at 272 degrees. However, experimental measurements
shown in Fig. 15 suggest that the blade carried load
from approximately 68 degrees to 290 degrees. This
clearly indicates an increase in overall free surface el-
evation. In addition, more discrepancies can be ob-
served at the blade entry phase than at the blade exit
phase. This is probably due to the fact that strong
jets develop near the blade leading edge at the instant
of impact, which lead to very high slamming forces
at the blade entry phase. In the blade exit phase,
sheets of entrained water are carried by the blades to
the air, which in turn increase the blade loads due to
added wetted blade area. Experimental investigations
by (Hadler & Hecker 1968) suggested that the amount
of entrained water exiting with the blade is approxi-
mately 7-12% of the volume. In the in-water phase,
the present method over-predicted the blade forces.
One possible explanation is that cascade effects begin
to dominate as the thickness of the ventilated cavi-
ties increases. In the present method, the singularities
are placed on the blade surface beneath the ventilated
cavities and the wake surface overlapped by the ven-
tilated cavities. However, when the ventilated cavities
become very thick, the use of the approximated venti-
lated cavity surface may not be appropriate.

Time-Averaged Performance

The predicted and measured time-averaged thrust
(Kr), torque (Kq), and efficiency (n) of propeller
model 841-B in the ship-fixed coordinates is shown in
Fig. 16. The lines and symbols in Fig. 16 represent
the numerical predictions and experimental measure-

ments, respectively. For each advance coefficient, mul-
tiple experimental data points are shown to depict the
effect of Froude number and cavitation number.

Comparison of the predicted and measured aver-
aged individual blade force and moment coefficients
over the advance coefficient squared in the blade-fixed
coordinates is shown in Fig. 17. This plot is intended
to show how the actual blade forces vary with shaft
rate at a given advance coefficient and diameter. For
submerged propellers, the force and moment coeffi-
cients over advance coeflicient squared tend to be lin-
ear functions of advance coefficient. As suggested by
(Olofsson 1996), the advance coefficient where tran-
sition occurred can be observed via the discontinuity
of the slope of the curves shown in Fig. 17, which is
approximately at J4 = 0.9. Figure 17 indicates that
Kr. is approximately 20% of Kp,, and Ky, is ap-
proximately two times higher than Kjs,. The high
tangential forces and moments are typical of surface-
piercing propellers.

Convergence Study

In order to validate the performance prediction of
the BEM, convergence studies with varying numbers
of propeller revolutions, panel discretization, and time
step size are presented. All the convergence studies
shown in this section are for propeller model 841-B
with J4 = 1.2.

o Convergence with Number of Revolutions

The influence of the other blades on the key blade
are accounted for in a progressive manner. In addi-
tion, iterations are needed to determine the correct
ventilated cavity detachment locations. Thus, the so-
lution depends on the number of propeller revolutions.
The convergence of individual blade forces with num-
ber of revolution for propeller model 841-B is shown
in Fig. 18. It should be noted that the unsteady term
(%) is not activated until two revolutions are com-
pleted for the case of partially submerged propellers
to avoid stability problems. As shown in Fig. 18, the
results converged very quickly with number of revolu-
tions.

e Convergence with Time Step Size

Partially submerged propeller flows are inherently
unsteady due to the loading and unloading of the
blades associated with the blades’ entry to, and exit
from, the free surface. Thus, the solution also depends
on the time step size, which is expressed in terms of
blade angle increment. In Fig. 19, the convergence of
the individual blade forces and ventilation patterns for
Af = 3° — 12° are presented. Notice that the results



converged quickly with time step size.

e Convergence with Grid Size

In addition to the number of propeller revolutions
and blade angle increments, the solution also depends
on the panel discretization. Figure 20 depicts the in-
fluence of panel discretization on the individual blade
forces and ventilation patterns, which also converged
quickly with number of panels.

FLUID-STRUCTURE COUPLING

As shown in the previous section, blade vibra-
tion is a serious concern for surface-piercing propellers.
Blade vibration can significantly affect the hydrody-
namic performance of the propeller due to the motion
and deformation of the blades. In addition to changes
in inertial and gravitational loads, blade vibration also
affects the ventilation pattern, as demonstrated in
Fig. 21. Furthermore, it has been concluded in the past
that the dynamic load on propeller blades is closely
related to the fatigue fracture of blades (Dashnaw &
Reed 1971, Helle & Hageman 1980). The problem is
particularly severe at the thin leading edge of surface-
piercing blades, which tend to absorb most of the im-
pact pressure during the blade entry phase. Thus, the
modeling of dynamic blade stresses and deformations
is crucial for the analysis and design of surface-piercing
propellers.

In the past, most structural models applied the
modified beam theory to determine blade stresses. The
beam theory for blade stress analysis was developed by
D.W. Taylor (Taylor 1933) before 1920, which assumed
the blade to be a cantilever beam loaded by thrust and
torque distributed linearly over the radius (Schoen-
herr 1963). Later, modifications were made to include
the effects of rake, skew, and centrifugal force (Mor-
gan 1954, Schoenherr 1963, Atkinson 1968). How-
ever, the beam theory cannot accurately predict the
stress distributions for complex blade geometries (e.g.
highly skewed propellers, supercavitating propellers,
etc) due to its simplified assumptions. More sophisti-
cated theoretical models based on the measured or cal-
culated mode shapes and resonance frequencies of pro-
peller blades in air have been developed by (Tsushima
1972, Brooks 1980). However, these methods were
not refined enough for detailed stress analysis (Kuo &
Vorus 1985). Recently, finite element methods (FEMs)
coupled with hydrodynamic models have also been
employed for the analysis of dynamic blade stresses.
These include the works of (Genalis 1970) using thin
shell elements, (Atkinson 1973) using thick shell ele-
ments, and (Kuo & Vorus 1985) using 3-D isoparamet-
ric brick elements. However, all of these methods were

developed for analysis of submerged, non-cavitating
propellers. Most recently, (Dyson 2000, Dyson et al
2000) applied a 3-D FEM using a combination of 2-
D semi-loof shell elements and 3-D brick elements for
the hydroelastic analysis of surface-piercing propellers.
However, it cannot provide accurate description of the
dynamic stresses due to the used of assumed hydro-
dynamic load models (Dyson 2000, Dyson et al 2000).
Thus, a consistent coupled hydrodynamic/structural
model is needed to determine the dynamic response of
surface-piercing propellers.

In this work, a 3-D FEM is coupled with the
present BEM to determine the dynamic blade stresses
and deformations of surface-piercing propellers. The
field decompositions follows the works of (Vorus 1981,
Kuo & Vorus 1985), but additional simplifications are
made and the problem is solved in the time domain us-
ing a Newmark time integration scheme. An overview
of the formulation is provided below.

Hydroelastic Formulation

For hydroelastic analysis, it is convenient to de-
fine the vibratory blade motion as displacements (&)
superposed on the rigid blade motion:

-

X =T+0(X1) (15)

where ¥ and Z denote the position vectors to the de-
formed and undeformed blade surface, respectively.
Similar to the hydrodynamic formulation for rigid
blades, the perturbation flow field is assumed to be in-
compressible, inviscid, and irrotational. Thus, the per-
turbation velocity can be represented as the gradient
of the perturbation potential ®, where V2® = 0. As-
suming linearity, ® can be decomposed into two parts:

(X, 1) = o7, 1) + (X, 1) (16)

where ¢(Z,t) denotes the potential due to rigid blades
rotating in non-uniform wake, and (3, t) denotes the
potential due to the vibrating blades in uniform wake.

Applying Taylor’s expansion, the perturbation ve-
locity can be approximated as follows,

VO =V(p+p)=Vo+Ve+d-V(Ve)  (17)

The gradient operator V in Eqn. 17, and from here
on, is evaluated on the undeformed blade surface . A
detailed derivation of Eqn. 17 is given in Breslin’s dis-
cussion of (Vorus 1981) and in (Kuo 1984). Assuming
the contribution of the last term in Eqn 17 to be negli-
gible compared to the first two terms, the perturbation
velocity can be simplified as follows:

V® = Vo + Vo (18)



Accordingly, the total velocity ¢ can be written as
follows:

(X, t) = Gin (Z, )+ VEO(X, 1) = ¢(Z, 1)+ V(Y. 1) (19)

where §(Z,t) = Gin(Z,t) + Vo(Z,t) (i.e. Eqn. 2) is
the fluid velocity due to rigid blades rotating in non-
uniform wake; Vo (X, t) is the fluid velocity due to vi-
brating blades in uniform wake.

According to Bernoulli’s equation, the total pres-
sure (P;) acting normal to the blade surface can be
computed as follows:

AP, = P,—P, (20)
N S T B 0 1, _,
= p 2|qw| + W gY i ol
where
9o 99 dp
o - ot ot (21)
? = |q@*+2q Vo + Vel (22)

The last term in Eqn. 22 can be dropped since the vi-
bratory displacements are assumed to be small. Thus,
AP; can also be decomposed into two parts:

AP, = AP + AP, (23)

where

dp 1

1 . 1
AP =p |31l + 3ot =gy - 52— L1a| (21

0
APv—p[—a—f—q v } (25)

AP is the pressure distribution if the blades were per-
fectly rigid; AP, is the pressure distribution due to
blade vibration.

Both ¢ and ¢ must satisfy the Laplace equation.
Hence, Green’s third identity is applied to determine
the unknown potentials. For the rigid blade case, ¢ can
be determined by applying the boundary conditions
explained earlier in the ”"BEM Formulation” Section.
For the vibrating blade case, ¢ is computed as follows:

// {q {36“(1);(1) 9G(p; q)
Sp(t)

ongt) 3nq(t)} (26)
— [G(p:q) -

oy 99q(t)
G(p; )] ng(D) ds
9G(p;q)  0G(p;q)
+// {Aw t [ — ds
Sw (t) q( ) 8nq(t) 8n,j(t)
where ¢, is the induced potential at point p due to

sources and dipoles representing the submerged part of
the vibrating blade (Sp(t)) and wake (Sw (t)) surfaces.

2mp,(t)

The negative image method is used to account for free
surface effects. The subscripts ¢ and ¢ correspond to
integration points on the real and image integration
surfaces, respectively.

The wake dynamic boundary condition requires
the pressure jump across the collapsed wake surface,
Sw (t), to be zero:

0
v _Pv_ |:

0=p; (80 +7-9(80)| = - (a0)

(27)
Thus, the dipole strength Ap(t) can be determined as

follows:
0 — Or
w

where (r, 0) are the cylindrical coordinates at any point
in the trailing wake surface, and (rr, 07) are the blade
trailing edge coordinates of the corresponding stream-
line.

The value of the dipole strength, Ap(rp,t), at the
trailing edge of the blade at radius rr and time ¢,
is given by Morino’s Kutta condition (Morino & Kuo
1974):

Ap(r,0,t) = Ap (r:mt - (28)

Ap(rr,t) =" (rr,t) — ¢~ (rr,t) (29)

where o (rp,t) and ¢~ (rr,t) are the values of the
vibratory potential at the upper (suction side) and the
lower (pressure side) blade trailing edge, respectively,
at time t.

Defining F(x,t) as the deformed blade surface
rotating in non-uniform wake, the exact kinematic
boundary conditions requires that

D

= (Y1) =0 (30)
Via linear decomposition of the perturbation potential,
it can be shown that Eqn. 30 reduces to the follow set
of two equations (Kuo 1984):

d .

2 it (31
) 95 o o
8_92:5.7% (Vo -V)s—(6-V)(Vo)| -7t (32)

where Eqn. 31 is the kinematic boundary condition for
the rigid blade case (same as Eqn. 6), and Eqn. 32 is
the kinematic boundary condition for the elastic blade
case. A detailed derivation of the above equations can
be found in Breslin’s discussion of (Vorus 1981) and in
(Kuo 1984). Assuming the contribution of the terms
inside the square bracket to be negligible, Eqn. 32 can
be simplified as follows:
dp 95
7l

on Ot (33)



By considering the above boundary conditions,
Eqn. 26 can be rewritten in matrix form as follows:

(%)

where [4,] and [B,] are the dipole and source in-
fluence coefficient matrices, respectively. Multiplying
both sides of Eqn. 34 by [A4,]~! yields the solution for

{o}:
j-rea{2)
where [C,] = [4,] 71 [Bu].

To determine the blade displacement vectors, the
equilibrium equation of motion is solved via finite ele-
ment method:

[M{i} + [Bl{a} + [K[{u} = {F}

where [M], [B], and [K] are the standard structural
mass, damping, and stiffness matrices, respectively.
{i}, {u}, and {u} are the nodal acceleration, velocity,
and displacement vectors, respectively. The derivation
of Eqn. 36 are given in standard FEM texts such as
(Zienkiewicz 2000).

The nodal force vector, {F}, can be decomposed
into two parts:

9
on

[Au] {0} (34)

dp

¢ 9
on

n (35)

{0} = [4,)7[B.] {

(36)

{(Fy={F} +{f}
where {F'} is the nodal force vector due to rigid blades

rotating in non-uniform inflow, and {f} is the nodal
force vector due to blade vibration:

(F} =~ [V (aP)as
(1} = [INFT{aR.}as

(37)

(38)
(39)

where [N] is the shape function for transforming the
surface tractions (pressure acting normal to the ele-
ments) to consistent nodal forces.

Since {AP} is the pressure vector due to the non-
vibrating blades, it can be computed separately via
Eqn. 24 using the procedure explained in the "HY-
DRODYNAMIC FORMULATION” Section. On the
other hand, {AP,} is the pressure vector due to blade
vibration, which depends on the unknown structural
displacements.

Defining [T'] as the transformation matrix which
relates the normal velocities at element centroids to
the elemental nodal velocities:

a8

5 = [T (40)
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The following expression for ¢ can be obtained by com-
bining Eqns. 33, 35, and 40:

{¢} = [C)[TH{u}

Recognizing that [C,] and [T] are not functions of
time, the partial time derivative of ¢ can be computed
¢

as follows:
{5} = cam

Thus, the pressure vector due to blade vibration
(Eqn. 25) can be rewritten as follows:

{AP,} = —plC][THi} — pl@DI[C)[T{u}

where [QD] is the matrix operator representing ¢- V.
In the FEM model, the Newmark update formulas
(Newmark 1959) are used for the time integration:

(41)

(42)

(43)

{u}nJrl - {u}n (44)
+  At[(1 = y){itn +y{itna]
{utny1 = {uln + At{a}, (45)
At?
£ 510 20) it} + 20{ii}n]
where At = t,,41 — t, and the subscript n is used to

index the time steps. To ensure stability and second
order accuracy, v = 1/2 and o = 1/4 are used.

The solution to the equilibrium equation of motion
(Eqn. 36) is obtained via an iterative strategy, which
is implemented by means of a predictor-multicorrector
scheme. At each time step, a series of corrected so-
lutions are computed starting from an initial or pre-
dicted value. The iterations continue until a specified
convergence has obtained. The highest time derivative
is chosen as the vector of primary unknowns, namely
{ti}n+1. Using a truncated Taylor’s series expansion,
Eqn. 36 can be written as follows:

(IM] + yAHB] + oA [K]) {Ai}7, = {R},

(46)
where the superscript ¢ is used to index the non-linear
iterations within each time step. The residual, {R}, is

calculated as follows:

RY = {Fhuon+ {10 (47)
— (MR + B + (K} )

where
(W = My — By, (48)

[M,] and [B,] are the hydrodynamic added mass and
damping matrices, respectively, due to blade vibration:

) / INTTIC) TS

) / INIT[QDI(C,)[T)dS

(49)



Tterations are not needed for {F} since it does not
depend on the vibratory blade motion. At each subse-
quent iteration, the correctors are computed as follows:

@) = @+ s, (50)
@it = @+ qanfail, (1)
W) = (W, + ead){airl), (52)

The above correctors ensure that every set of iter-

ated values ({u}sf_tll),{u}glzj__ll),{u}s:ll)) adheres to
the Newmark update formulas. The time integration
and iterative strategies explained above follows the
work of (Prevost 1997), which has shown to be un-
conditionally stable for coupled field problems.

The natural frequencies and mode shapes of the

blades can be computed as follows:

([M] + [Ma]) {0} + ([B] + [Ba]) {¥} + [K]{¥} Z(O)

53

where {¥} is the vector of mode shapes. Equation 53

needs to be solved for each blade angle because both

[M,] and [B,] change with blade submergence for
surface-piercing propellers.

Preliminary Results

The implementation of the hydroelastic coupling is
still underway. The structural part is modeled using
a 3-D FEM code, DYNAFLOW, developed by Pro-
fessor Prevost of Princeton University (Prevost 2000)
over the last 20 years. Preliminary results for pro-
pellers 4381 (0° skew) and 4383 (72° skew) in air are
shown in Figs. 22 and 23, respectively. Both propellers
are 5-bladed, and the geometries are given in (Boswell
1971, Cumming et al 1972). These propellers were se-
lected because systematic experimental measurements
(Boswell 1971, Cumming et al 1972, Boswell et al 1976)
and numerical predictions (Kuo 1984, Kuo & Vorus
1985) of the blade loads and static stress distributions
are available in open literature. Preliminary compar-
isons of the predicted natural frequencies and mode
shapes with those presented in (Kuo 1984, Kuo &
Vorus 1985) seem encouraging. However, additional
work is needed to fully implement the coupling algo-
rithm for surface-piercing propellers.

CONCLUSIONS

A 3-D BEM, PROPCAV, has been extended for
the analysis of partially submerged propellers. An
overview of the formulation and solution method was
described. Comparisons with experimental measure-
ments for propeller model 841-B were presented. In
general, the predicted ventilated cavity planforms and
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propeller loadings compared well with experimental
measurements and observations. The method also
appeared to converge quickly with number of pan-
els. However, there were some discrepancies between
the predicted and measured dynamic blade perfor-
mance, particularly at high rotational speeds. The
discrepancies can be attributed to the inability of the
present BEM to model the effects of blade vibration,
jet sprays, and rise in overall free surface elevation. To
account for the effects of blade vibration, the authors
are in the process of coupling the BEM with a FEM to
model fluid-structure interactions. An overview of the
coupling algorithm and preliminary results were pre-
sented. The authors are also in the process of devel-
oping a fully non-linear 2-D BEM to study the effect
of jet sprays generated at the moment of impact for
a surface-piercing hydrofoil. Preliminary results were
presented in (Young & Kinnas 2002). The ultimate
goal of this research is to develop a robust and reliable
tool to predict the hydro- and elasto-dynamic perfor-
mance of surface-piercing propellers.
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Figure 1: Approximate maximum installed effi-
ciency envelopes for different propellers. Taken
from (Allison, 1978).
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Figure 2: Schematic diagram of the three major
flow regimes. Shown in (Young & Kinnas 2003c).
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dinate systems are shown. Shown in (Young &
Kinnas 2003c).
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Figure 4: Definition of “exact” and approximated
flow boundaries around a surface-piercing blade
section. Shown in (Young & Kinnas 2003c).

Figure 5: Definition of ship-fixed (X,Y,Z) and
blade-fixed (z,y, z) coordinate systems.
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Figure 6: Schematic example of the negative im-
age method on a partially submerged blade sec-
tion. Shown in (Young & Kinnas 2003c).
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Figure 7: Treatment for surface-piercing blade
sections with non-zero thickness blade trailing
edge. Shown in (Young & Kinnas 2003c).

Figure 8: Graphic illustration of ventilated cav-
ity patterns that satisfy the cavity detachment
condition on a partially submerged blade section.
Shown in (Young & Kinnas 2003c).

Figure 9: Photograph of propeller model 841-B.
Taken from (Olofsson 1996).
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peller plane. Based on data from (Olofsson 1996).
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Figure 12: Effect of Froude number (top) and cav-
itation number (bottom) on the axial force coeffi-
cients in the blade-fixed coordinates for J4 = 1.2.
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Figure 13: Comparison of predicted (P) and mea-
sured (E) blade forces for J4 = 1.2.

Figure 11: Comparison of the observed(left) and
predicted(right) ventilation patterns. Propeller
M841B. J4 = 1.2. A = 9. F, = 6. Shown in
(Young & Kinnas 2003c).
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itation number (bottom) on the axial force coeffi-
cients in the blade-fixed coordinates for J4 = 0.8.
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Figure 16: Averaged performance characteris-
tics of propeller model 841-B in ship-fixed co-
ordinates. The lines and symbols represent the
numerical predictions and experimental measure-
ments, respectively. Shown in (Young & Kinnas
2003c¢).
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Figure 17: Averaged individual force and moment
coefficients of propeller model 841-B in blade-
fixed coordinates. The lines and symbols repre-
sent the numerical predictions and experimental
measurements, respectively. Shown in (Young &
Kinnas 2003c).
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Figure 18: Convergence of thrust (Kr) and

torque (K ) coefficients (per blade) with number
of revolutions. Propeller model 841-B. J4 = 1.2.
70x30 panels. Af = 6°.
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Figure 19: Convergence of thrust (Kr) and
torque (Kq) coeflicients (per blade) with time
step size. Propeller model 841-B. J4 = 1.2.
70x30 panels. 6 propeller revolutions. Shown in
(Young & Kinnas 2003c).
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Figure 20: Convergence of thrust (Kp) and
torque (K(q) coefficients (per blade) with panel
discretization. Propeller model 841-B. J4 = 1.2.
Af = 6°. 6 propeller revolutions. Shown in
(Young & Kinnas 2003c).
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Figure 21: Ringing patterned observed on the
ventilated cavities due to resonant blade vibra-
tion. A =1. J4 = 0.8. F, = 6.0. Taken from
(Olofsson 1996).
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Figure 22: Predicted natural frequencies and
mode shapes of propeller 4381 (0° skew) in air.
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Figure 23: Predicted natural frequencies and
mode shapes of propeller 4383 (72° skew)in air.



