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ABSTRACT the shipbs wake.
This paperpresents a ¢eulation method for characteristics +1qrefore
of propeller withenergy saving dudh steady shis wake. '
The method is based on a QCRuasiContinuous vortex
lattice Method). The QCM nethod has been highly
appraised in this field, because of its simplicity, an
especially of its reasonableness in obtaining proper soluti
for various types of propellers.

In this paper, authors describe how to apply QCM to thEhe authors presentalculation resultsusing developed
calculation for charaetidics of propellers with energy methodto the propeller wittvariousenergy saving actsin
saving duct and show some calculated results in steaslyipis wake. Furthermore, the authors albavestudied on
ships wake.The authorsilso studied on the mechanism ofthe mechanism of interaction between the propeller and the
interaction between the propeller and the energy saving dégfergy saving dust
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the authors have developed ansteady
calculation metbd for evaluatingthe propellers with energy
saving dist in nonuniform flow. In this calculation a

hydrodynamic pitch which is determinedby a rigorous
ﬁing line theoryis introducedfor a trailing vortex model
of propeller.

1 | NTRODUCTI ON

With increased attention of international movement against
global warming, the energy saving is required in

shipbuilding industry. The various energy saving devices
have beendeveloped. It is important to estimate the

performance of ship equipped with these devices in ship
design. However, the location and shape of device is
different in every type of ship, and to determine the optimal
location and shape with experiment is idifit due to the

scale effect Figure 1. Photo of model shimstalled propellewith

In this study the authorshiave developed new calculation energy saving du¢gKawashima, 2014)
method using QCM for characteristics of propeller with
energy savingduct n st eady Thidupti@sa wW@B@ERDI NABFSTEMS FOR PROPELLER

stan duct type energy saving degidigure 1 shows the ENERGY SAVI NG DUCT
target energy saving duct in this study. In QCM, discrete vortex distributions are arranged on the

. . - mean camber surface based on the sgmie method I(an
QCM is a numerical method for the lifting surface theoryy g7y -~ These singularities should satisfy the boundary
which was developed by La(l974) originally to solve cqngition that the normal velocity igero on the mean
planar wing problems. Since its development, it has be@dmper surfaces.
successfully applied to estimation of the thrust and torque efnsider a propeller rotating with constanangular speed
various propellers in a uniform and nraniform inflow - 2 hn is anumberof propeller revolutions.)The
(Hoshino, 1985and Nakamura, 985). Hanaoka(2014) direction of the rotation is countefockwise in the view of
evaluated the performance of propellers with energy savimdg. 2. The propeller operates innan-uniform flow with
ducts in uniform flow. However, in ship design, it isthe velocity h h of an unbound,

important to evaluate the performance of those propellersiitcompressible, and inviscid fluid. The propeller consists of




K-blades which heae the same shape and are placettansformed into th spacecoordinate system

symmetrically around the axis of the rotation. as
©)
Zp
Zd /
\; i ™

h Xpy X0 X Where is the distance between center of propeller and
the leading edge of theéuct is an attack angle of the
duct and is the chordengthof the duct.
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Figure 2: Coordinate Systenf propeller with energy A e
saving duct IR —a———c
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As shown in Fig. 2,the space coordinate system o 0 >
, the propeller coordinate system ‘ e X.xa
, and the duct coordinate system fE===c==tt
are introducedNote that the subscript and =
denote the propelleand the ductrespectively The
cylindrical coordinate system and la
are also introduced forconvenience
The angular coordinate and is measured clockwise
from the zaxis when viewed in the direction of positive. Figure 3: Geometry and coordinate of the energy savir
Then, the cylindrical coordinate system can be duct
transformed into the Cartesian coordinate system
as 3NUMERI CAL METHOD BASED ON QCM
= F AR 31Numerical Model s of Propeller
h sinh cos @ The propeller blades and the duct profile are assumed to be
- thin. The hubs and shafts of the propellers are neglected.
Where ¢ R tan x The propeller blades and the duct are represented by the
The aboveequation is completeit the propeller and duct distribution of bound_ vqrticgs on the mean camber surfaces.
coordinates The bound vortex distribution represents the Ipad acting on
) the surfaces. According to

The propeller is rotating clockwise around theaXs when

. . conservation, the free vortices shed downstream from the
looking forward. Then the space coordinate system

bound vortices. Due tthe shedding free vortices, horseshoe
Nortices are generated on the mean camber surfaces.

In this calculation method, the positions of loading point
(2 and control point are demined Kanemards method
(2009). The mean camber surface is divided into

at any instant by the relations

cos sin (3) sayments in the spanwise direction and divided into in
o ) the chordwise direction. Here we introduce axis whose
sin cos (4)  origin locates at the leading edge and is extended to the
as shown in Fig.2. trailing vortex surface along the mean camber surfabe.
Fig. 3 showsthe geometry of the energgavingduct, in radial coordinates of the loading and control points on the
which represers the diameteof the duct The duct Propeller blades are defined as

geometry has a uniform shap&a cross sectiornrhen, the
duct coordinate system can be
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Where  § and

the hub, respectivelyThe position of the bound vortex used by Hanaoka (1969) and Koyama (1975).
on the mean camber €ffectiveness has been shown in theesearch The

i and control point
surface are expressed by fbdowing equations.
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In same ways of the propellehet mean camber surfacé
duct is divided into segments in theircumferential
direction and divided into

The position of the bound vortex y  andcontrol point

in the chordwise direction.

si"ncos——
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33Numeri cal Modéel sngf Vort ex

The free vortices shed from the bound vortices are
considered to leave from the trailing edge and flow into the
slipstream with the local velocity at the positidn. this
method, a hydrodynamipitch which is determined by a
rigorous lifting line theory is introduced for a trailing vortex

i are the radius of the propeller andmodel of propeller.This trailing vortex model has been

The

hydrodynamic pitchis expressed by the following equation

7 (19)

Where is a propeller advance velocity is an
averagedinduced velocityin the xaxial componentand

is an averaged induced velocity in tangential
componentFig. 4 shows the shapes dfie trailing vortex
sheets used in the preseatculations

i on theduct mean camber surface are expressed by

thefollowing equations.
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Figure 4. Perspective views of the trailing vortex sheet
leavingfrom the first propeller blade

For the duct, the trailing vortex sheet leaves the trailing
edge of the duct and remains straight along thexis.
Thus, the duct trailing vortex is cylindrical with-axis as

the center line. This model for the trailing vortex is same as
that used in Yasa (1980). Fig. 5 shows the shapes of the
trailing vortex sheets used ihis alculation.




Figure 5: Perspective views of the trailing vortex sheet
leavingfrom energy savingluct

Streamwise Trailing Vortex

Bournd Vortex ml
p+1

The vortices are assumed to be shed from the trailing edge . \ ﬂ ’_‘

with uniform spatiainterval Fig.6 shows the illustration of
the shed vortices in case of the propeller and duct.

34Cal cul ation of Induced Vel oo
These induced velocity vector are expressed

L L (20)

(21)

Where

H wv v+1 ~1\/p /i3
cit
y Free Vortex
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Figure 6: Arrangement of vortex system

If we define the segments of the ring vortex on the mean
camber surface at time and the ring vortex in the
trailing wake as and’ , the

= induced velocity vector due to the bound vortex ofiduced velocity vector due to the vortex model of the

unit strength on thenean camber surface

= induced velocity vector due to the free vortex o
unit strength on the mean camber surface

= induced velocity vector due to the spanwise shed R R

vortex of unit strength in the trailing wake

= inducedvelocity vector due to the streamwise
trailing vortex of unit strength in the trailing wake
The induced velocity vector due to each line segmeot
vortex is calculated by the Bi&avart law.

(a) Propeller

Streamwise Trailing Vortex

Bournd Vortex

Free Vortex

Spanwise Shed Vortex

(b) Energy savingluct

QCM theory is given by the following equation.
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In this way, the velocity vector around a propeller in
the propeller coordinate systerasd the velocity vector

around a duct in the duct coordinate systems are
expressed as

i (24)

¢
¢
=y



f (25)

¢
p=x3
=y

Where  and
and ductespectivly.

i = induced velocity vectoon the propelledue to
thehorseshoeortexof the propeller.

i = induced velocity vectoon the propelledue to
the horseshoeortexof the duct.

f = induced velocity vectoon the ductdue to the
horseshoeortexof the propeller.

r = induced velocity vectoon the ductdue to the
horsesho&ortexof the duct.
The boundary conditions at tlw®ntrol points on thenean
camber surfacesf propeller and ducare that there isi0
flow across the surfaces. Therefore the equation of
boundary condition is given as follow:

r are inflow vectorsof propeller

t (26)

t (27)

Where and is the normal vector orthe mean
camber surfacesf propeller and duct.
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expressed as
(28)

The force
calculated by Kuttaloukowski theorem as
i §

(29)

and
Forces acting on the propeller blades and the duct can be

e sin (31)
f
f G (32)
sin
The thrust coefficients  and r of the propeller

and the duct and thetal thrust coefficient — are defined
by
A T T (33)
the " ¢ =9
<% f f (39
Where " ¥ 2x is the number of propeller rotation.

Similarly, thetorque coefficient  and

aredefined by

of the propeller

(36)

Duct

(37)

4CALCULATI ON
The authorselect highly skewegropeller (HSP) of Seiun

acting on the bound vortex segments can bdarul in order toverify the present calculatiocompare

the Hoshinds calculation results using panehethod

(Hoshirmo 1998a). Furthermore the authors evaluated the
propellerperformancewith various energy saving ducts in
wake of SeiunMaru-l to study on the mechanism of the

Where energysaving ducts.
Table 1 showsthe principal particularsand Table 2 shows
the test conditionDistributions of loading pointsand the
, sin control points on the meanroaer surfaces of the propeller
G , are shown in Fig. 7.Camber surface is divided intb5
where is the fluid dfensity and is the bound vortex seg.mer_1ts if‘ the chordwiskirectionand 15segments in the
segment.  is the resultant velocity at the midpoint of afrar]d|a!d|rect|on o he followi .
bound vortex segment. is the segment vector of the e time step is given by the following equation
bound vortex segment. meansthe jump 73 6 ®F

in tangential velocity across the camber surface and is equal

to the strength ahevorticity
The viscous drag  can be expressed as

— s $ s (30

The viscous drag coefficient
as (Nakamura, 1985)

is calculated empirically

Where ischosenas  =10degrees.

Calculations areperformed usinghe SeiunrMarué wake
distribution (see Figur8) given by the referencéHpshino
1998b).

Table 1: Principal particulars of propellers (Seiviaru-1)

The thrusts and torque acting on the propeller and duct are

calculated by



Name of Propeller HSP 0.14

Diameter(m) 3.600 ——KH{QCM) ——10Kq(QCM)
Number ofBlade 5 0.12 -+ -Kt(Panel) - a - 10Kq(Panel)
Pitch Raticat0.7R 0.944 ' ' '
Expanded are Ratio 0.7
Hub Ratio 0.1972
RakeAngle (deg) -3.03
Blade Section Modified SRIB

Table 2 Test Condition

, Ship Speed (knots) 9.0
, RotationSpeed (rpm) 90.7
7 0.851 0.0

0 30 60 90 120 150 180 210 240 270 300 330 360

Angular position, @ [deg]|

Figure 9: Comparison of thrust and torqueefficients
fluctuation

42Study on Mechani sm DBdctEner gy
In order to investigate the mechanism of energy saving
ducts, the authors evaluated the propeller characteristics
with the energy saving duct in uniform flowurthermore4
types ofductare evaluatedh SeiunMarués wake Table 3
shows theprincipal particularsof the energy saving dut
Distributions ofloading pointsand the control points on the
mean camber surfaces of tkdect are shown in Fig.10.
Camber surface is divided intd0 segments in the
chordwise directiorand 36 segments in theircumferential
direction The test conditiorand other treatments are the
same in the caseithout ductdescribed in 4.1.

Figure 7: Distributions of the horseshoe vortices (blue
lines) and the control points (red points) on Itigan
camber surfaces of the propeller

Table 3 Principal particulars oEnergy Saving Duct
Shape of &CrossSection NACA3C10

Diameter: (m) 0.9
Length: (m) 1.0

Duct A : F&F

. Duct B : Y&

Attack Angle: (deg.) Duct C - Y&

Duct D : t &
Distance of Btween 15

Propeller and Duct

(1) Calculation inUniform Flow

In the uniform flow calculation, duct A is used for the
energy saving ducts.Comparison of the circulation
Figure 8: Wakevelocity dstributionof SeiunrMaru| distribution ononeblade in the radial directiobetween w/o
duct and withDuct A is shown in Fig 11Fig.12 is shown

41 Veri fication of PrnePs eomte | EE%'P%“EF‘P e!oplté/ fAn propelleur_facedue to t_he ducilt
Without Duct is found thatthe duct increases theflow velocity on the

Fig. 9 shows thesalculated thrusand torquefluctuations ~Propeller surface Fig.11 shows thecirculation on the
acting on one bladef HSP comparingwith the results of Propeller at the back of the duct is reducéd.15 (a)
Hoshinds panel method (Hoshino, 1998H).is foundthat Shows the thrust of the duct in the uniform flow. From
the calculated results agree well with teshinds results  Fi9-15 @), the duct generatesdrag in the uniform flow.

except for the angular position aroynd 0 degree Therefore,Duct A has no advantag®er the energy saving
in the uniform flow.




Figure 10: Distributions of the horseshoe vortices (blue
lines) and the control points (red points) on the mear
camber surfaces @uct A.
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Figure 11: ComparisorGdistributionof theone blade in
theuniform flow between w/o duct and \iduct A.



(a) Axial velocity (b) Radial velocity (c) Tangential velocity
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Figure 122 Comparison ofnduced velocity of propellegtue to Duct A in the uniform flow.
Dashed circles show the position of leading edge of duct.
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Figure 13: Comparison ofnduced velocity of propeller due to Ductit\the SeiuAMarué wake.
Dashed circles show the position of leading edge of duct.
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Figure 14: Comparison ofsdistributionon one blade in the Seitviarué wake between w/o duct and w/ Duct A



(a) Duct A in the uniform flow (b) Duct A in SeiuAMarué wake
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(c) Duct B degrees in Seiuvarué wake (d) Duct C in SeiurMarué wake

Figure 15: Thrust dstribution of the various ducts in SeitMaruG wake (Propeller angular position is 0 degree.).

(a) Ducts thrust coefficient (b) Total thrust coefficient

(c) Torque coefficient (d) Efficiency

Figure 16: Comparison propeller characteristics in terms of the attack angle of duct.



