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ABSTRACT:

Demands of the market for the high speed marine vehicles (HSMV) are high. Thisis the tasks
of the naval architects to design the hull and propulsion system to diminish drag, improve the
propulsive efficiency, higher safety and better maneuverability. Surface Piercing Propélers
(SPPs) may provide those possessions for the vehides. Contrasts to the immersed propellers,
behavior of the SPPs have susceptibility to immersed depth, Weber number and shaft
inclination angle. This paper is employed a special practicd and numerical method to predict
the hydrodynamic characteristics of the SPP. Critica advance ratio is obtained by practical
formula using Weber number and pitch ratio in the transition mode Numerical method is
employed potential based boundary e ement method (BEM) on the engaged surfaces. Two
models of 3 and 6 bladed SPPs are sd ected and some results are shown.
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1. INTRODUCTION

Nava architects should design the marine vehides based on the five-S possessions (stable,
shipment, strength, stealth and speed) which are interested for all merchant and naval vessd’s
owners. Up to now, considerations to the all possibilities have been made for increasing the
speed of the vessds. Surface propellers mounted close to the transom and on shafts extended aft
of the transom have been proven their effectiveness on operational craft. For steering, some
surface propelers are mounted on articulated shafts and others have rudders which are often
located aft of the propeller. A pair of surface propellers (Figure 1) may be highest powered units
demonstrated on an operational craft to date.

An SPP is a spedd type of supercavitating propeller which operates at partially submerged
conditions. SPPs are more efficient than submerged supercavitating propellers for number of
reasons which can be itemized as follows:

- Reduction of the appendage drag due to the shafts, struts, propeler hub, etc.

Larger propeller diameter since its size is not limited by the blade tip clearance from the
hull or the maximum vessd draft;

Reduction of the blade surface friction and erosion since cavitation is replaced by
ventilation;

Generate the vertical force to obtain the optimum running trim;

Decreasing the torque and giving the higher efficiency.[1]

Nowadays SPP are become popular for the high speed crafts for some reasons. When the
speed isincreased the induced hydrodynamic pressure generates on the bottom of the hull and it
causes to raise the craft. Then, the resistance of the craft is diminished and it isin full y-planing
mode, as shown in Figure 2. In the case of the submerged propeller, the shaft of the propeller
should be more inclined, so the propdler performance diminishes. It is advantageous to use the
SPPsto reach the better performance, as depicted in the Figure 3.

SPP works in the air and water during a rotation. It operates about haf of the time in the air,
one-third of the time is completdy submerged and the rest is partly submerged (in the entry and
exit phases). During the completely submerged phase only the face (pressure side) is wetted,
while the back side is surrounded by an air cavity connected to the free surface. On the back
side the pressure is apparently equal to the atmospheric pressure, while a large pressure acts on
the face, Figure 4.

For SPP systems, efficient experimental and numerical approaches are scarce. Ferrando e al.
[21[3][4][5] and [6] carried out experimental tests and obtained the effect of many parameters
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(like immersion depth, axial shaft slope, Weber number, pitch ratio) on the hydrodynamic of the
SPP. Pustoshny et a [9] presented the results of the devel opment of 5-blades SPP series for fast
speed boats. Experimental works on the propulsive performance of the SPP with wedge section
were studied by Nozawa & Takayama [10]. Numerical point of view, Young & Kinnas
presented the BEM for the analysis of supercavitating and surface-piercing propeller flows[1].

Hydrodynamic design has not so far been fully established in the SPP system. It would be
necessary to use a reiable procedure in the design of such propulsion system to increase the
propulsion efficiency. In an attempt to meet these needs, the present paper introduces a
numerical procedure to anayze fluid flow and hydrodynamic performance. The method is
potentia based BEM using some empirical formulas to distinct the partial and full ventilated
zones. It is applicable to caculate in the both zones by the BEM with different boundary
conditions. We study the effect of some parameters on the hydrodynamic characteristics of the
SPP at different operating conditions. Two propeller types have sel ected for the cal culations and
some results of the hydrodynamic characteristics are given.

2. SOME DETAIL ON MODE OF OPERATION OF THE CRAFT AND SPP
2.1, Craft operation

HSMV's have three operational modes from start-up to the end-up speed. Theses modes are
displacement mode, semi-displacement (partially-planing) mode and fully-planing mode. It is
also another mode between the displacement mode and partidly—planing mode, namely
transition mode that the craft should pass the hump condition. If the hull of the craft be well
designed and also engine provides to deiver the power to the propulsor system with receiving
maximum efficiency, it is possible for the vessd to pass the hump mode. Figure 2 shows an
outline of the planing craft with SPP.

The behavior of the hydrodynamic resistance against volumetric Froude number
(R /W - F,g) of the planing craft is shown in Figure 2. At rest and lower speed (F. <1.2), the

planing craft resorts to buoyancy for support (displacement mode), whereas at forward speeds
(1.2 <Fjg< 3.5) a combination of hydrostatic and hydrodynamic supporting forces exists

(semi-displacement mode). At F >3.5 generated hydrodynamic supporting forces on an

immersed hull is caused to raise the hull in the water and decrease the wetted surface and
subsequently diminish the resistance.

2.2 SPP operation

SPPs operate at the interface between ar and water. For this reason some peculiar
phenomena have to be taken into account to describe this kind of propulsion system.
First of all one has to consider that each blade, during a propeler revolution, pierces the water
surface twice. When a blade enters the water it draws some air below the water leve, the air
guantity depending on the propeler loading. On exiting from the water a blade carries along
some water which is then thrown away producing the classic spray tail that characterizes this
kind of propdler.

At advance coefficients near the zero-thrust value, the amount of air that follows the blade
underwater is very smal and may quite be negligible, while as J decreases the air quantity
increases, along with the depth to which air is drawn. In thisfirst stage of the operating profile
the air is confined at the trailing edge of the blade and this regime is called base vented. Figure
5 (zone 5) illustrates that in both of the mentioned regimes. The shape of the Kt vs. J curveis
almost the same as for a conventional propdler, the same is truefor Ko.

In the base vented mode the blade itself is still fully wetted and is tag the air cavity which
extends itself from the free surface to the trailing edge. As the blade proceeds in its revolution
the cavity follows until a balance is reached between the buoyancy of the ar and the
suction of the blade. After this point the cavity stops its descentin the water and the
blade proceeds quite normally.

As the propdler loading rises the suction on the back of the blade draws the fully air. The
bubble increases its volume and generally remains limited by the trailing edge. For the



maximum load of the blade, some streaks of air promote at whol e back side of the blade. Thisis
the partially vented mode of operation.

A further reduction of the advance coeffi d ents brings the propdler into an unstable condition
called transition. Here, the air cavity becomes highly unstable The back of the blade changes
continuously between fully wetted, air stresked and completdy dry conditions. This
phenomenon is not restricted to a single value of the advance coefficient, but rather it covers
over a certain range of J. In this zone Ky and Kq values are not unique for a given advance.
Actualy their value can change, depend on the condition of the back of the blades. This
condition is represented by zone 4 of Figure 5. For advance coefficients below the transition
range the blade is fully vented, and the volume of the air cavity increases as an inverse function
of the advance coefficient. Thisis the so-called fully vented condition. Here the shape of thrust
and torque curves departs completely from that of fully submerged propdlers. When an SPP is
fully vented, mainly the face of the blades produces the thrust. Actually the contribution of the
suction islost, because the back of the blades is vented to the atmosphere.

In this mode of operation the air cavities attached to the back of the blades have a
considerable thickness, which keeps increasing as J is lowered. In this way the interaction of
the blades is very strong and the propeller is affected by a considerable cascade effect which
limits both thrust and torque. This phenomenon explains the decreasing of Ky and Kq as J
decreases, and it can be observed in zone 3 of Figure 5.

At lower advance coefficients another phenomenon appears which furthermore limits the
capability of the propeller to produce thrust and absorb torque. This is the inflow retardation.
The air cavities are as big as to confined streaks block confined the flow of water between the
blades, decreasing the mass flow through the propeller. This, in accordance with the momentum
theory, reduces the thrust that the propeller can produce. Zone 2 of Figure 5 illustrates this
situation.

Finally, a extremdy low vaues of the advance coefficient (see zonel of Figure5) air
demand for cavity ventilation can be choked by the huge amount of spray. In this way the
pressure inside the cavities is lower than atmospheric and this increases somewhat
the thrust of the propdler.

3. DETERMINATION OF THE CRITICAL ADVANCE RATIO

For a conventional propeller thrust and torque coefficients are depend on the diameter, pitch,
number of blades, expanded area ratio, advance coefficient, Froude number, Reynold number,
cavitation number and shaft inclination angle.

K ety immerseay = T (Z,P/D,EAR,J,F,R ;5 ,Y) (@)

As partialy submerged propellers operate at the interface between air and water, two
additional parameters must be taken into account. The first one is the immersion coefficient
I+, the second one is the Weber number, which can be formulated as

Kpartiar-immersea = 1 (Z,P/D,EAR,J,F ,R ;s , Y, 1, W) 2
where:
_h (nD)*h,
[, =—T, S AL/l & 3
T D W, k ( )

and K isthekinematic capillarity.

The influence of number of blades, pitch ratio, expanded area ratio and advance
coefficient on the behavior of a SPP is much the same as in case of a fully immersed
propeler. Thesameistruefor the Reynolds Number. However, the hydrodynamic performance
of the SP propdler have generally three zones as mentioned before, partialy ventilated zone,
transition zone and fully ventilating zone. Ferrando et a [3] distinguished and experimentally
obtai ned the critical advance speed ratio by regression method as expressed by

Jog = sg -t ge'uwn 4)

This practical formula depends on two factors, i.e pitch ratio and Weber number. The
regression coefficients are different for each propeller types. On this work, we have determined



some approximate coefficients by trial and error [11]. Figure 6 shows tha the influence of
Weber number (W ( ) and pitch ratio P/D on critical advance speed ratio J . It is obtained that
when the Weber number is bigger than 250 the advance ratio is constant and it means that the

zone will be fully ventilated and the back side of the blade is fully air and atmospheric pressure,
so only the face side of the blade is wet and high pressure and generate the thrust or torque.

4. NUMERICAL METHOD
4.1. Geometry formulae of the propeller

A fixed O-xyz Cartesian coordinate system is sdected with origin at propeler hub center,
(Figure 3). x-axis is directed in the downstream, z-axis is directed verticaly upward and y-axis
isright hand direction. Propdler is rotating with constant angular velocityw, (w = 2pn)in the
counter clockwise direction and the fluid is to be inviscid and incompressible and the flow is
irrotational. The coordinate point (xB'F Yer Zar ) of the propeller surface is expressed by the
following equations

Xor =T taYy +(S()+L())SING, - Yo - coB,

yB,F :rCOS@B,F +9k) (5)

Ly = rsing BF +9k)

Where:

her =|(S(r) + L(r))cosb, + Y, sinb, |/t

6
a, =2p(k-1)/z k=12...Z (6)
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br =tan (a:) r)
and r is the radius of the propéller section, g rake angle, Z number of blades, b, geometrical
pitch angle, P, geometrical pitch, g, index angle of blade, §r) distance from generator line to

leading edge, L(r) distance from generator lineto trailing edge. Y, and Y. arethe distance of
the blade section at back and face sides (respectivdy) to the baseline[11].

4.2. Boundary element method

The basic potentia flow problem in an unbounded domain is briefly formulated. The fluid is
assumed to be inviscd and incompressibl e, while the flow is assumed to beirrotational. The
flow field is described by a vel ocity potentia F , which satisfies the Laplace's equation within
the domain,

RN2F =R2¢ +f =0 7)
and is subject to the impermeable boundary condition on a body surface,
I I
g 10 +V. .X) f r
TF = In  _ogp il VA (8)
fin fin ﬂn n

where n denotes the outward unit normal on a body surface. The inflow velocity,V. ., is the

in?
1 rm, 1
resultant vel ocity of the advance vel ocity, V, , and tangential velodity, w™ T .

A boundary integrd method involving Green’s function is used to solve the boundary value
problem. Green'sidentity can be applied over a closed zone, relating values of f and its normal

derivative(f /fn if f isaharmonic function. The perturbation potentia f (p) at the field point
p(X,y, 2) can be expressed as,
mfp \T q il % 1 O ﬂfq? 1 d’l (9)
g Tng eR(P dg ng éR(p; Q)q)
q represents the source point (x h,v) on the surface S (
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jover which the integration is



performed, and R(p;q) is the distance between p and q. Surfaces & , & and & are the body
surface, cavity surface and free surface, respectively.

5. NUMERICAL RESULTS

Two propellers are sdected for the investigation using this practi cal/numericd BEM. Main
dimensions of the propdlers are givenin table 1. One propdler has 3-blades and the other oneis
skewed propdler with 6-blades. Figures 7 and 10 are shown the surface dement of the
propelers (SSP-1 and SPP-2). Prafile thicknesses of the propeller at various sections are shown
inFigures8 and 11.

The hydrodynamic characteristics of the SSP-1 propeller at two conditions (i.e. partial and
fully immersed) compared in Figure 9. The pitch-diameter ration is equaled 1.6 and the
immersed ratio is /3. As shown in the Figure, the numerical results are good agreement with

the experimental data[10]. The critical advance velocity ratio J., isamost 0.9.

The other propeler (SPP-2) has skew and 6-bladed with new advanced sections. As
mentioned, the propeller mesh and its profile sections are shown in the Figures 10 and 11.
Figure 12 shows the pressure coefficient contour of face side (pressure side) of the blade at two

advance ration (J=0.5 and J=0.8). It is immersed 40% diameter of the propdler (h; =0.4D).
Hydrodynamic characteristics of the SPP-2 propdler are shown in the Figures 13 and 14 at
various pitch ratios. Critical advance ratios J., are from 0.6 (at pitch retio 0.8) to about 1 (at

pitch ratio 1.6).

6. CONCLUSION

A practical and numerical method is applied to analyze the hydrodynamic characteristics of
the SPP propdlers. The practical approach is very effective technique to distinct the transition
zone. This may useful in the definition of the boundary conditions. The behavior and trend of
the hydrodynami ¢ characteristics of the SPP are quantitatively and qualitatively well agreement
with the experimental one.
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Table2: Main dimensions of the propellers
ropeller type SSP-1 SPP-2
Parameters
Diameter [m] 0.20 0.65
Bossratio (r/R) 0.2 0.2
Number of blades (Z2) 3 6
EAR (Ae/A) 0.50 0.75
Pitch Ratio at 0.7R (P/D) 1.6 Various
Skew [Deg.] 0 30.0
Rake [Deg.] 10.0 10.0
Section type SC Modified SC

o —4— Kt (Computed), Fully Immersed —+—10Kq (Computed), Fully Inmersed —®— Eta (Computed), Fully Immersed
—— Kt(Computed), IT=0.33 —+— 10Kq (Computed), IT=0.33 —8— Eta (Computed), IT=0.33
008 —@— Kt (Exp.) ,1T=0.33 —&—10Kq (Exp.), IT=0.33 —&— Eta (Exp.), IT=0.33
Y- ros == —4— Kt (Exp.), Fully Immersed —4&— 10Kq (Exp.), Fully Immersed —®— Eta (Exp.), Fully Immersed
/ 14 4
lr — 121
\ ' ] ©
Ne———————— _ e
\ 00 w17
Ne——— g
*]7 X 0.8
N S
o =
= 064 AN
oot & ) \\
-0.04 -0.03 -002 -0.01 iy 0 001 0.02 003 004 0.4 1 ././l/ i\
Figure 8: Profil e thickness of the SSP- 02 1 =l \
1 propdler - e T o
0 T T T T T T T T
0 0.2 04 0.6 0.8 1 12 14 1.6 18
J

Figure 9: comparison of the hydrodynamic characteristics of the
SSP-1 propéeller at two partial (I+=h/D=1/3) and immersed
condition (P/D=1.6)



=
oS
R
S

e
R
e Sushs
7 Z R 22
b SN
L NS R
s NSV TrIeessoe%e%s
S 1775583525393
e W i
2N
A\

NS

—
T~

=
==
N

=
==

=
e

Figure 10: Surface e ement of the SPP-2 Propeller
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Figure 12: Pressure coefficient contour of face side of the blade of the SPP-2
at J=0.5(right) and J=0.8 (I€ft), (I+=0.4 and P/d=1.6)
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Figure 14: Hydrodynamic characteristics of
SPP-2 propéeller at various pitch ratio and I+=0.4



