DESCRI PTION Title of Invention: Thruster with Duct and Ship Including the
Sanme Technical Field [0001] The present invention relates to a thruster
with a duct included in a ship and a ship including the thruster.
Background Art [0002] As a conventiondl marine thruster, there is a
thruster with a duct configured such that the duct is provided around a
propeller. This thruster with the duct is configured such that, for
exanpl e, the output of a prime nover provided in a ship at a stern of a
hull is transmtted froma vertical rotation shaft, projecting dowward
fromthe bottomof a ship and exB&sIRIPEIKIMuUgh the inside of a strut,

t hrough bevel gears, arranged in a gear case (pod) provided at a | ower
porti on Mfle bhBnveikidh: TheusehaithzDndtalndr SHiptincldsiaflte, Saamel t he propeller is
driven by this horizontal rotation shaft. In addition, by providing around
t he propekheikcaBFieldg- shaped duct having an airfoil cross section, a ship,
such as a tugboat, which requires high towing force, can generate high

propul sifgeofomee priRB0Bveltist Rahtes the thistes hérh 4 duaantlioded ada shipharidat t he
propel | er thereo#)can make a 360-degree turn around a vertical axis so as

to faceshﬁugaﬁdg%qggﬂﬁ@ﬂﬂpy a turning prinme nover provided at the hull
Thus, the thruster can adjust the direction of thrust force. As the

propeller, a fixed pitch propeller or a variable pitch propeller is adopted
dependi ng on, for exanple, use conditions. [0004] Fig. 8 is a side view of
a generqhnk%hgﬁhﬁgréoo with a duct and shows a cross section of the duct. A
propeller 102 1s provided at a rear portion of a gear case 101, and a duct

103 for mBgodin A& 4 b eSHARE ndt e MRV RE (e & 4 IRlidteCH B S dBECInGRuTed spEIOVi ded
around the grope ler 102. As shown in Fig. 9, the airfoil cross section of
the ductylOge et is provided around a propeller. This thruster with the duct is configured

such that, for example, the output of a prime mover provided in a ship at a stern of a hull

is transmitted from a vertical rotation shaft, projecting downward from the bottom of a

ship and extending through the inside of a strut, through bevel gears, arranged in a gear

case (pod) provided at a lower portion of the strut, to a horizontal rotation shaft, and the

propeller is driven by this horizontal rotation shaft. In addition, by providing around

the propeller a ring-shaped duct having an airfoil cross section, a ship, such as a tugboat,

which requires high towing force, can generate high propulsive force.

[0003] Further, the thruster is configured such that the propeller thereof can make a

360-degree turn around a vertical axis so as to face in any direction by a turning prime

mover provided at the hull. Thus, the thruster can adjust the direction of thrust force.

As the propeller, a fixed pitch propeller or a variable pitch propeller is adopted

depending on, for example, use conditions.

[0004] Fig. 8 is a side view of a general thruster 100 with a duct and shows a cross

section of the duct. A propeller 102 is provided at a rear portion of a gear case 101, and

a duct 103 formed in a ring shape and having an airfoil cross section is provided around

the propeller 102. As shown in Fig. 9, the airfoil cross section of the duct 103 is



2 generally such that an outer surface thereof has a |inear shape and an

i nner surface thereof has a bul ging shape, and as described below, |ift
force is generated based on Bernoulli's theorem The duct 103 is forned
such that a front portion thereof spreads at a predeterm ned angle. In the
duct 103 having the airfoil cross section, a frontnost end of the
cross-sectional shape is referred to as a "l eading edge 104", a rearnost
end of the cross-sectional shape is referred to as a "trailing edge 105", a
front end portion including the | eading edge 104 is referred to as a "front
end por tde@srallyadudh ahiteat oandl uofaté AherbdfCharda Nihebhehdpeaisdd agy iecgesutfibe i s

referred to as a "rear end portion". In addition, a straight |ine
connect itRerebhBad eanlilflge eHgs:, M andesthibed béloli Mgt adee isl@drsied dhssdred to as
a "nose-tail line 106 (chord line)", and a center |ine extending through

t he cent@dmbiiitshBedrbh CKITRS Subh TGk ifen «if subh €4 2GRS $eaidnahaloSiprprisat t he
duct 103 is referred to as a "canber line 107 (canber line)". Further, an

angl e bef YREHeAndHE hin@eNt itdheaMcs108 (PAOPRIe! B0l RYE 3bctidl 8 Froaftbost bed
nose-tail line is referred to as a "duct spread angle ct" (in Fig. 9, a

l'i ne par@ﬁthélcrésgsédﬁr%ngﬁwa?.@m@rfﬁe@%ia% 2151185 N 10470908 rmOBE xRt e of

the prior art related to this type of thruster with the duct is a marine

propul si QPsAUiGH1 Sl i 9B ed R ATPHRNMEnPEORM GV E 1@k bitd fReYn PicIidR
i mprovenent of the shape of the propeller in the duct (nozzle) and the

arr anger\?ﬁgtleﬁiné R PR ORGL | Eferiel! Bt 4VE 4Rnt BB Pkfiod S8BT keat enlioporgyRMPI €) .

[ 0006] Anot her exanple of the prior art is a nozzle propeller configured to

f
| mprove ﬁb@g&@r a&%.ttrdiﬂn%gﬁgé h 8 Js $t@hed 30 dstherdaf eRYIpRkivam-ef ik Glhigmey, during

traveling ormng t ozzl e, provided around thée propeller, such that

e st e oY GAEGHEL DAL B ELOR wSekr v (e
“nose-tail line 106 (chord line)”, and a center line extending through the center in the
thickness direction of the cross-sectional shape of the duct 103 is referred to as a “camber
line 107 (camber line)”. Further, an angle between a duct central axis X (propeller
central axis) and the nose-tail line is referred to as a “duct spread angle o (in Fig. 9, a
line parallel to the duct central axis X is shown).

[0005] One example of the prior art related to this type of thruster with the duct 1s a
marine propulsion device configured to improve propulsive efficiency by the
improvement of the shape of the propeller in the duct (nozzle) and the arrangement of the
propeller relative to the duct (see PTL 1, for example).

[0006] Another example of the prior art is a nozzle propeller configured to improve the
thrust in a bollard state and the propulsive efficiency during traveling by forming the

nozzle, provided around the propeller, such that the inner surface of the cross-sectional

shape thereof largely bulges (see PTL 2, for example).
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[ 0007] PTL 1: Japanese Lai d-open Patent Application Publication No.

2009- 1212 PTL 2: Japanese Lai d-open Patent Application Publication No.
2006- 306304 Summary of Invention Technical Problem[0008] One exanple of a
general ship in which the above thruster with the duct is adopted is the
tugboat. Exanples of the tugboat are a harbor tug that mainly perforns a

| ow- speed operation, that is, pushes or pulls a large ship in, for exanple,
a narrow harbor to cause the ship to dock at the harbor and an escort tug
that | eads, for exanple, a super tanker to secure the safety. The harbor
tug is gﬁéoqnqdrﬂ P RBarkseHaliodphiTard@WppResbnardlidkttNef 20000r21gxanpl e,
about 13 knots or |lower, and the escort tug is designed to be used for

hi gh- speed travgl b NG, Afese .91d-SeaMk & AbPLEIRIP Blicht GNRE. 2d080RRB0These

har bor tug and escor? tug have existed as different tugboats respectively
havi ng appropriate performances. However, in recent years, there is a need
for a tugboat that can be used as both the harbor tug and the escort tug.

[ 0010] i | @10, since the thruster 100 with the duct used when
t he harg%yﬁpgépﬁgg?gﬁﬁgmthe | ow- speed operation generates the thrust force
in a su i op state (bollard state), a water stream 111 fl ow ng
backwar d %@ﬁﬁéﬁz%%%%%e |l er 102 and a water stream 110 flowng fromthe outer

surface OhokNMIELdE & LU0 LRe BN Wil AE Al (AR CHinl B B is

gener at water ‘stream froma stagnation point SP through
t he | ead] d of t- [ 103.
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tanker to secure the safety. The harbor tug is designed to be used for the low-speed
operation of, for example, about 13 knots or lower, and the escort tug is designed to be
used for high-speed traveling of, for example, 15 knots or higher.
[0009] These harbor tug and escort tug have existed as different tugboats respectively
having appropriate performances. However, in recent years, there is a need for a
tugboat that can be used as both the harbor tug and the escort tug.
[0010] As shown in Fig. 10, since the thruster 100 with the duct used when the harbor
tug performs the low-speed operation generates the thrust force in a substantially stop
state (bollard state), a water stream 111 flowing backward by the propeller 102 and a
water stream 110 flowing from the outer surface of the duct 103 along the inner surface
of the duct 103 are generated. The water stream 110 flows from a stagnation point SP
through the leading edge 104 of the duct 103 to the inner surface of the duct 103.  The
stagnation point SP is located at a rear portion of the outer surface of the duct 103.
Therefore, the thruster 100 with the duct configured to mainly perform the low-speed

operation is configured such that by optimizing the camber line 107 (Fig. 9) of the duct

103 and setting the spread angle o of the duct 103 relative to the flow direction of the



water stream 111 to an optimal angle, negative pressure is generated at
the front end portion of the inner surface of the duct 103 based on
Bernoulli's theorem and lift force L is generated by the duct 103. [0011]
Then, high towing force T (bollard thryst force) is obtained by a duct
central axis X-direction conponent Lx of the lift force L and the thrust
force of the propeller 102. [0012] However, as shown in Fig. 11, in the
case of the thruster 100 with the duct used when the escort tug travels at
hi gh speed, the stagnation point SP of the water stream 110 is | ocated at

the | eading: edgn 194 (Ofant HRinMCn IO FepiMt BreR@it i9lschdifteWal @he Floneam f | ows

backmard fromthe stagnati'on point SP along the outer surface of the duct

103. iod Bf 3eGR5E sﬁﬁ@éeeofttﬁ@ dhar prodbgosl 8shanads teoken, Useditf Rrcd e

|OMFSpe operation is used to travel at hi gh-speed, as al’so shown in Fig.
8 descrlwﬁ ‘%ggg% Hug.&9oshe duct 103 designed to have the airfoil cross
section gen rates the high towng force T, separation vortices 112
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separation vortices 112 are generated by the turbulence of the water stream on the outer
surface of the duct, and drag by the duct 103 increases. Thus, the propulsive efficiency
deteriorates.
[0014] In the marine propulsion device described in PTL 1, the shape and arrangement
of the propeller provided inside the duct are improved. Therefore, the marine
propulsion device described in PTL 1 is not a device capable of obtaining the adequate
propulsive efficiency in the ship which performs the low-speed operation and the
high-speed traveling. In the propulsion device described in PTL 2, the thrust force is
improved by forming the inner surface of the duct in a largely bulging shape. However,
the propulsion device described in PTL 2 cannot suppress the separation vortices on the
outer surface of the duct during the high-speed traveling, and the propulsive efficiency

deteriorates.



[ 0016] To achi eve the above object, a thruster with a duct according to the
present invention includes the duct provided around a propeller and having
an airfoil cross section, wherein: in a cross-sectional shape of the duct,
a bul ge portion bulging outward from g standard airfoil and having a
circular-arc cross section is formed on an outer periphery of a front end
portion of the duct so as to suppress pressure change on an outer surface
of the front end portion of the duct during high-speed traveling; and the
duct spreads at a spread angle in a | eading edge direction so as to

generatq%gﬁggfgffﬂhﬁgﬂ towi ng force during a | ow speed operation. The term

"st andar used in the present description and cl ai ns denotes "19A
ai rfoi | "ro@enenall Vapdopteds b Ardsbiiust et fshodpdyide  [OQLE Wi b ddei s, by
t he bul ggggrgﬁ%% ?ornﬁﬁ on th router pe;ipﬁepypof the front end portion of

the duct, é&g%%nseeﬁﬁﬁg% S&W%igg fhe slisamd Imhhe beading .adage of the
duct annB the outer Surface during the high-speed traveling can be
suppress ref 1 f i : HERS oatihd he
Front e R R e e A e Bt "
t he propul sive.effichen can. he. i.myrav, j tj.an . ] angl e
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during %Pe {om# Qﬁe%,o eration can be secured. [0018] Moreover, it is

TR i RE

pref erab ﬁ'ge portion be forned so as to bulge outward from a
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than 30% fromthe | eading edge the duct, and a ratio qf a radial
boo! t 1 orPBPhEE L ARDALRR G dr 21 f P 116 atie bRl SeoBrbiEhers in a
range of npre than 2.8% and not re.than 10%.from the | eadin dg f the
duct; ardTH of She 407 A8 GOBION fe i LI FErTE MERSREE LT SBRSaNY] BeOfu<h
nose-tail line wth respect to a_ duct central axis is in ragge of nore
than 8 amieadstat mosraeachapslesn & lradiggsdep We"’il?rhéoéléﬁﬂ&?fli“ﬁge PIFECEERE g edge
of the duct and the trailing edge of the duct. Wth thjs, the fHLth%r
stabl e tiewing fgrse cBITgne hevopes ARIRE | nﬁlet fram) olprdpekalrier Wi oR, Mand ¢ he
propul sive efficiency can be further inprfvgd durjng, the higﬁéigeed.
travel i ngresqrodesTipiep @8 slaims denates Uk heriogry geasraly adenied 1 6 g
portion be fornmed such that the ratio of the axial position of the nost
bul ge po#€¥®n to the entire length of the duct is in a range of 10% and
more and not nore than 25% fromthe | eadi ng edge of the duct, and the ratio
of the r@8ila Yobithisohydhe bhkgemsstion frrgedpdy thegnierorambernet e TR of
the duct is in a range of 4% and nore and not nore than 8% fromthe | eading
edge of pdrsodwdithe dnd, sirbles pressurcarighee of thendregmciromethg deading pdgeng thene
angle of the nose-tail line with respect to the duct central axis is_ in a
range of dunbr doppathe8oaed sofacooheinghdre bigh-syeed Taveing beath behsurniesserbr
stable towing force and the further stable propul sive efficiency
i npr ovenEdrefoar the gohtraiiored{ tharrgpahton hetigeeat thietfront ivad dactorcahthgeouter
configured while suppressing the increase in weight.

surface of the duct can be suppressed, and the propulsive efficiency can be improved.

In addition, by the spread angle at which the duct spreads in the leading edge direction,
the towing force during the low-speed operation can be secured.
[0018] Moreover, it is preferable that the bulge portion be formed so as to bulge

outward from a leading edge of the duct while making a smooth curve, further extend



[ 0021] A ship according to the present invention includes any one of the
above thrusters 7 with the ducts, wherein the thruster with the duct is
provided at a rear portion of a hull of the ship. Wth this, a ship can be
configured, which can generate the staple towing force during the | ow speed
operation and has good propul sive efficiency by suppressing the generation
of the separation vortices on the outer surface of the duct during the

hi gh- speed travel i ng. Advantageous Effects of Invention [0022] According to
the present invention, the thruster with the duct can stably generate the

tow ng flihe ik bﬁ%ﬁtda@piézpéﬁqun@d@@d 1 the Buftn dudsdd ke Hi@ileaRalisg ve
efficiency during the high-speed traveling. Therefore, the present

i nventi angcan, ROV dedtignbhEusielowdkd i dhBngduake Whinehdcan kaiigsd thor both
the | ow speed operation and the high-speed traveling. Brief Description of
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[0019] Further, it is preferable that: the bulge portion be formed such that a ratio of an
axial position of the most bulge portion to an entire length of the duct is in a range of
more than 2.5% and not more than 30% from the leading edge of the duct, and a ratio of
a radial position of the most bulge portion to the entire length of the duct is in a range of
more than 2.8% and not more than 10% from the leading edge of the duct; and the spread
angle of the duct be set such that an angle of a nose-tail line with respect to a duct central
axis is in a range of more than 8° and not more than 12°, the nose-tail line connecting the
leading edge of the duct and the trailing edge of the duct. With this, the further stable
towing force can be obtained during the low-speed operation, and the propulsive
efficiency can be further improved during the high-speed traveling.

[0020] Moreover, it is further preferable that: the bulge portion be formed such that the
ratio of the axial position of the most bulge portion to the entire length of the ductisin a
range of 10% and more and not more than 25% from the leading edge of the duct, and the
ratio of the radial position of the most bulge portion to the entire length of the ductisin a
range of 4% and more and not more than 8% from the leading edge of the duct; and the
spread angle of the duct be set such that the angle of the nose-tail line with respect to the
duct central axis is in a range of more than 8° and not more than 10°. With this, both
the further stable towing force and the further stable propulsive efficiency improvement
can be obtained, and the thruster with the duct can be configured while suppressing the
increase in weight.

[0021] A ship according to the present invention includes any one of the above thrusters



[Fig. 2] Fig. 2 is a diagramshow ng a change tendency of a drag
coefficient Cd when the position of an outer bulge portion of the cross
section of the duct is paranetrically changed in an axial direction and a
radial direction in the thruster with {he duct according to the present

invention. [Fig. 3] Fig. 3 is a side view show ng water streans when
a ship provided with the thruster with the duct shown in Fig. 1 travels at
hi gh speed. [Fig. 4 Fig. 4 is a diagram show ng the distribution

of stream ines during the high-speed traveling by a two-di nensi onal CFD

cal cul at&iﬁgthhﬁugg?@ﬁé&iﬂ e TP W?th_ th8duct is prov[i([:é-dgat a@]aarﬁjogt-ioéof Sh@l dF agr am

show ng t istribution of stream ines during the high-speed traveling by

t he tm_tﬂ%gﬁmiigSi gl afEDs Csﬁi;)%%a% %Bnﬁﬁhr?ﬁ‘,aﬂ;ﬂic%- can gencrate hdstaBle fowGng 6 15 @

di agram's ng characteristic curves of propul sive perfoiniances of the

thruster, W.th : ) 1.0 Fi | I r i th the
duct 1 or RS P el e P ne B 57 he

d h g ' i with
the duct™ hicritidy dEihe SORAT s Gty Lol e BOMCETNE A ucl BOHSE She
[Fig. 7]..Eig. 7.is @ diagramshow ng a relation between ship speed and
require 1%%g%$dg%qegw% pur pose of conparing and anal yzi ng the performances
of Lhehthruster with the duct shown in Fig. 1 and the conventional thruster
wi th the duct.

thruster,wth the

Advantageous Effects of Invention

[0022] According to the present invention, the thruster with the duct can stably generate
the towing force during the low-speed operation and achieve high propulsive efficiency
during the high-speed traveling. Therefore, the present invention can provide the
thruster with the duct which can be used for both the low-speed operation and the

high-speed traveling.

Brief Description of Drawings

[0023] [Fig. 1] Fig. 1 is a diagram showing a thruster with a duct according to one
embodiment of the present invention and is a side view showing a cross section of the
duct.

[Fig. 2] Fig. 2 is a diagram showing a change tendency of a drag coefficient Cd
when the position of an outer bulge portion of the cross section of the duct is
parametrically changed in an axial direction and a radial direction in the thruster with the
duct according to the present invention.

[Fig. 3] Fig. 3 is a side view showing water strcams when a ship provided with
the thruster with the duct shown in Fig. 1 travels at high speed.

[Fig. 4] Fig. 4 is a diagram showing the distribution of streamlines during the

high-speed traveling by a two-dimensional CFD calculation in Comparative Example.



[Fig. 8 Fig. 8 is a side view show ng the water streans when a ship
provided with the conventional thruster with the duct travels at high
speed. [Fig. 9] Fig. 9 is a cross-sectional view of the duct of the
thruster with the duct shown in Fig. 8§ [Fig. 10] Fig. 10 is an
expl anatory di agram of the water streans acting on the duct when the
thruster with the duct perforns the | ow speed operation. [Fig. 11]
Fig. 11 is an explanatory diagramof the water streanms acting on the duct
when a ship provided with the thruster with the duct travels at high speed.

Descri ption Of[ng%iﬂ:iigeﬂ;Essa di B[%Q sgtgfrge%@fcﬁghbu@ o?ga%lﬂﬂﬁﬁtduﬁfn tihe
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[0025] As S“O%‘lg'.” Fiedh. & 152 at BLYSHE snbwlld Rnfradlfilil Souf R\ bBY:ESusyeh that

a propeller 4

performances of the thruster with the duct shown in Fig. 1 and a conventional thruster
with the duct for the purpose of comparing and analyzing the performances of the
thruster with the duct shown in Fig. 1 and the conventional thruster with the duct, the
characteristic curves being obtained by tank tests.

[Fig. 7] Fig. 7 is a diagram showing a relation between ship speed and required
power for the purpose of comparing and analyzing the performances of the thruster with
the duct shown in Fig. 1 and the conventional thruster with the duct.

[Fig. 8] Fig. 8 is a side view showing the water streams when a ship provided
with the conventional thruster with the duct travels at high speed.

[Fig. 9] Fig. 9 is a cross-sectional view of the duct of the thruster with the duct
shown in Fig. 8.

[Fig. 10] Fig. 10 is an explanatory diagram of the water streams acting on the
duct when the thruster with the duct performs the low-speed operation.

[Fig. 11] Fig. 11 is an explanatory diagram of the water streams acting on the

duct when a ship provided with the thruster with the duct travels at high speed.

Description of Embodiments

[0024] Hereinafter, one embodiment of the present invention will be explained based on
the drawings. The term “standard airfoil” in the embodiment below denotes “19A
airfoil” generally adopted in this type of duct since the “19A airfoil” excels in
fabrication.

[0025] As shown in Fig. 1, a thruster 1 with a duct is configured such that a propeller 4



9 is provided on a horizontal rotation shaft 3 projecting froma gear case
2 and a ring-shaped duct 5 is provided around the propeller 4. The duct 5
is formed to have an airfoil cross section (Fig. 1 shows a cross section,
and hatching is not shown.) and has t sanme cross-sectional shape around a
duct central axis X (central axis of the propeller 4). [0026] A bul ge
portion 6 bulging outward fromthe standard airfoil to have a circular-arc
cross section is formed on an outer periphery of a front end portion of the
duct 5. The bulge portion 6 is forned so as to bulge outward froma | eadi ng
edge 7 of . duc J yeki a { : , t,h e om a
nost buﬂa 1%%%@?6%13'§@%£%% coﬁ%ggﬁg%ﬁ?% ?ﬁﬁgﬁﬁlrﬁ%H{faEQHQ&%gn?ﬁgﬁdﬂLt
whi |l e makin th. cury ten 0, . Jql 4] e 10
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portion of the_outer surface.of. the duct becones a sharp shape toward the
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surface B canmecigtde 28 PRI FHEAGToLPT é’\ﬁl t B’g’rl? F‘%ﬂ%‘@ t Bmpﬂ'(t? T AP S“I‘é*%e
portion becones steep.. Thus, _the sgfaration vortices are generated, and

t hese bewdmd tomardin Hailinggdgeidy ©f 81F “Uhe i ncrease in the weight of the duct
may be caused. 10 [0029] If the ratio of the radial positiaon B of %he nost
bul ge pot®23dh Bhe brlepaceioni ¢ & foemgs uelythet: thagatipuet ap x3LPOHEPR A M 2. 8%
in the outer radial direction fromthe | eadjng edge 7, the Ieaq%ng edge
porti on wpstdeeipetionfdoiansnitreicnethylhatdwelugt & it sREpET MRE R PPessur e
distribution in the vicinity of the |eading edge portion suddenly changes

t owar d t #nel enftreere shanf ¥ in Thers direptéort fromy tb‘ééa?tgt’f% régeut end dher a%IIH joéa
becomes the drag. If the ratio of the radial position Bto the entire

| engt h Lehdifl pobigiod Bcef the mhast Sutdeanpriond te Hte emanedt Lerdithqdidr 180 the
outer surface of the duct increases, and the outer surface of the duct

st eepl y iamgk iofiesore dhwr & 8hend maf Mong thasgE)%fin taheowercradiat Wiieeieny Bomy he wat er
stream fromthe front side causes the flow separation fromthe nost bul ge
portion BuctTéndsng ¢dye 7separati on vortices are generated, and these becone

t he drag.
[0028] If the ratio of the axial position A of the most bulge portion 8 to the entire length

Ld of the duct is not more than 2.5% in the rear direction from the leading edge 7, the
leading edge portion of the outer surface of the duct becomes a sharp shape toward the
outer surface, and the water stream from the front side causes flow separation from the
most bulge portion 8. Thus, separation vortices are generated, and these become drag.
If the ratio of the axial position A to the duct entire length Ld is more than 30%, the
inclination of the outer surface of the duct from the most bulge portion 8 to the trailing
edge portion becomes steep. Thus, the separation vortices are generated, and these

become the drag. In addition, the increase in the weight of the duct may be caused.



[0030] Further, it is nore preferable that the nost bulge portion 8 be
fonned such that the ratio of the axial position Ato the entire length Ld
isin arange from1l0%to 25%in the rear direction fromthe duct | eading
edge 7 and the ratio of the radial posiktion Bto the entire length Ld is in
a range from4%to 8%in the outer radial direction fromthe |eading edge 7
of the duct. By setting the ratios in the above ranges, the drag
coefficient Cd is further reduced. In addition, the increase in the weight
of the thruster 1 with the duct is suppressed, and the significant increase

in cost f I j &SE 18 Nyt ) HBoPY ARHIOMEe OF the
change é?&%ﬂeqﬁgﬁfﬁggng%gkgﬁgﬁpgggggs]%gg§%fn$ﬁe ngg%n ahy th% axi%ﬁ
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portion ré respectively set in the above ranges is because as shown in

Fig. 2, 1 ef fiiGient: t : i in th
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duct crosS<seciiona
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case where the tiq of .the radi osition B the t | rtion 8
Lo the aifir el Aoy Reeties ehES e R P ch e I8 Nl st B Badet on
fromthe | eadin dge 7, .the drag cqefficient o be mnimzed b

sett] ng VIE HPRoST Cetesids Farendes dosn Koy ORRE BT PEOT SR LUOBE ¢ he
duct to 15%in the rear direction fran1&fﬁ‘lg%ging ngg 7. The tendency of
the rangBRus theEPHREIHHTUIESHBE #R5181d0tnd HESeRECHPC s PEon A and radi al
position B of the nost bulge portion 8 is a rent fromFi.g. 2. [0032] In a
case wheP83¢hd et WPWF%”@E g dhe H‘I‘)St{)ﬁggﬁ%’fﬂo@ E%e é%ﬁéeécf’”lt%?%l ge by
form ng the bulge portion 6 on the outer surface of the.fro en ortion
of the d@@ﬁmﬁ2Ogﬁ@f@ﬁ%ﬁéﬁnPPﬁbmﬂ@eG?ﬁF%@n ggé%“é%éﬁ?ﬁﬁ“%@“ﬂ&éaahgé°dﬁanges,
and the canber decreases by the decrease in a maxi n1é€§ber.raggo. Thus,
the |iftthe spasdlinsgtiemeomihe fugdpadine oese 1 e B &t g5 posiliog B fpythe
increasing an attack angle of a nose-tail line 12 mﬁ%@ respect o the duct
central ephire lsagth Hat is 11 a paRes FpEnd aiyBe i drc prEr gitiel sireqtiog Tomitheor ce
is increased to conpensate for the decrease of the canber. The nose-tai
line 12 keadisgl ¢das ¢ovindee dhg- t Mty |sedi@enbicergies 7inothet pROVGUEEEhdtIEnE2E
trailing edge 10 of the duct. To be specific, by increasing the spread

angl e a tawsfitomicnd i Birther radhecdd e dp edduionf therjacreagena the weiehf ehilisghisice i s
increased to conpensate for the decrease of the towi ng force decreased by

t he decrkasth tic duve insxipnesred amethe signibeant 0oaSse Theosighedor axgircathef the
ducts is set such that the angle of the nose-tail line 12 with respect to

t he ductincemse @l thaxizs oXthiegprime movanefethechenge of thranBeand sieprasinde t han 12.
If the spread angle a of the duct 5 is not nore than 8, the high tow ng
force caiiél] bEhobtaadmedyathe| ovel gpedthn Arendontizdpositioh B 198 thpmewtibalggl e a
is nore than 12, the duct 5 causes a stall phenonmenon during the high-speed
travel i ngprtiand vhils dgopesionhe are respectively set in the above ranges is because as

shown in Fig. 2, the drag coefficient Cd of the duct tends to become minimum in the
above position ranges. Fig. 2 shows that estimated calculation of the drag coefficient
Cd with respect to a two-dimensional airfoil similar to the duct cross-sectional shape of
Fig. 1 is performed by using a two-dimensional boundary layer theory calculation

program and shows the change in the drag coefficient Cd when a flow attack angle is



12 high drag. As above, the spread angle a of the duct 5 is set to such an
angle that can realize both the suppressing of the pressure and fl ow

vel ocity change on the outer surface of the |eading edge portion of the
duct 5 by the bulge portion 6 during tjhe hi gh-speed traveling and the
generation of the towng force by the duct 5 during the | ow speed
operation. [0034] Then, by form ng the bulge portion 6 on the outer

peri phery of the duct 5 and setting the spread angle a of the duct 5 as
above, the towi ng force can be stably generated during the |ow speed
operatio i | Pr.OM L S ML RGl i in the
drag of %ﬁ%éu%dlge Eltg %Ileggsrlgg?ﬁ%l&] gggélgid ‘gsétg&{)j?%éfﬁg‘fﬁﬁé’g%’? ﬂg@ﬁ‘?gﬁ@gﬁi on of

the Sepq{@%é ]g(ﬂtl%ﬁﬁrgt %ﬁ??ra?&ét&%ﬂx‘g’&%%%ﬁdt y IﬁfFé .zﬁg &%&@n 1B iRG8 Afenkbepé ront

end portio hi g traveling, as shown in Fig.
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[0032] In a case where the outer peripheral surface of the duct 5 is caused to bulge by
forming the bulge portion 6 on the outer surface of the front end portion of the duct 5, the
camber line 11 of the cross section of the duct changes, and the camber decreases by the
decrease in a maximum camber ratio. Thus, the lift force by the inner surface of the
duct decreases. Here, by increasing an attack angle of a nose-tail line 12 with respect to
the duct central axis X, that is, the spread angle a of the duct 5, the lift force is increased
to compensate for the decrease of the camber. The nose-tail line 12 is a line connecting
the leading edge 7 of the duct and the trailing edge 10 of the duct. To be specific, by
increasing the spread angle a to compensate for the decrease of the camber, the towing
force is increased to compensate for the decrease of the towing force decreased by the
decrease of the maximum camber ratio.

[0033] The spread angle a of the duct 5 is set such that the angle of the nose-tail line 12
with respect to the duct central axis X is in a range of more than 8° and not more than
12°. If the spread angle o of the duct 5 is not more than 8°, the high towing force

cannot be obtained at low speed. In contrast, if the spread angle o is more than 12°, the

duct 5 causes a stall phenomenon during the high-speed traveling, and this becomes the



13 [0038] As Exanple, results of the conparison and anal ysis of influences
by the differences between the cross-sectional shapes of the ducts 5 and
103 by CFD (Conputational Fluid Dynam cs) cal cul ati ons are shown bel ow. As
the cal cul ation conditions, two-dinmensbonal cal culation was used, and an
actual ship state during the high-speed traveling was sinulated. Fig. 4
shows the distribution of streamines of the duct 103, and Fig. 5 shows the
distribution of streamines of the duct 5. In Figs. 4 and 5, the stream
noves fromright to left. In Fig. 4, the streanlines excessively

concent rh%,,ghefl{?g. the geo%,néh%yspfgad taggle%fo?&héaﬁ&ascg & 4 eyl sesingnndesm

portion © duct, and this i1ndrcates a possibility that the fl ow
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was useqi an nodel s each having a size of about 1/8.5 of the actual
t hr ust er’R¥¥ ™t he duct were produced such that one nodel includes the duct
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d d | Va, .t t Tt of th ' th ,
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correspond to the. duct 5, broken |j.nes cor.res and ﬁo thGBQ%CtI%%g %9 Fig.
6, a hor§Bertal dukshs lakmured CRep g & e MRAVARE % BOPES(S VAFCRD) )Y ket

of a vertical axis, denotes entire thrust coefficjen Tt/ (pn2D4 Kg of
t he vert%Ede%§¥@ Hbﬁﬁt@?gd%gﬂﬁp%W¥é¥‘QSﬂﬁﬁ%ﬁﬁﬁg?f?%?g%P&(%@éﬁfgﬂgé%?),qand
no of the vertical axis denotes an open-water.efficiency (= KttJ/(27tKq))
of the effIFfEOR W?lﬁ%? éffParqlié’Pe‘fo%ceﬁé%ﬁ%gmﬁ@sﬁf g&ﬁt"@?“&@#ﬁﬁ of tlﬁgrﬁ]lo"&ea not es
a propeller dianeter._ 14 [Q041]. Accqording to Fig. 6, _when the propeller
adeange E%ﬁ?@oﬁmﬁ§uﬁbéé?ﬂ@é@méPé?8§§8“Fﬁ8§@hé?§%$%ﬂf%?%%g'of thg dgcts 5

and 103 are substantially the sane as Sach ot her . Fbﬁever, when hgeh
propel | el0038 arfeactpen ithe Shrpstend vaith e dugggn walze bgth dhe sorreegditis™fo t he
hi gh-speed traveling, the entire thrust coefficjient Ktt of_ the thruster
i ncl udi ngwite ferge tdusingxibedaw-ysad opFrating andr (e BIPTPYRPE; Hothe HEORYUEY® 103.
To be specific, it is clear that as a result of the decrease in the drag of
t he duct sfficiecigennmdicchichspead EHw@lingi o Therefdie oreyanale: Msdhirdisid WHR duct
5 exceeds that of the thruster including the duct 103. That is, it is clear
that t hethelinetstagrbeividizadipng thragerdeict ship Fadch ¢ra s ughdps hedpthaitvgant e ci ency
when a ship travels at high speed.

escort tug.

[0036] Moreover, the position and size (amount of protrusion) of the bulge portion 6
and the spread angle o of the duct 5 may be determined in consideration of the increase
in turn drag, the increase in turn power by the increase in weight, the manufacturing cost,
and the like and may be determined such that, for example, the increase in production
cost is suppressed.

[0037] Further, according to the thruster 1 with the duct, for example, as compared to
the conventional thruster with the duct having the standard airfoil cross section, the
propulsive efficiency can be increased by about 4% as described below.

Example



[0042] Next, Fig. 7 shows results of the conparison and analysis of the
estimations of thrust required power of the actual ship by using the

propul sive performance characteristic curves of Fig. 6 and the sanme hul
under the sane traveling conditions. Aghorizontal axis denotes ship speed
Vs, and a vertical axis denotes required power Pd. A solid |ine corresponds
to the thruster including the duct 5 of Exanple of the present invention,
and a broken line corresponds to the thruster including the conventional
common duct 103 by way of conparison. [0043] As shown in Fig. 7, the
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indicates a possibility that the flow separation may occur. In confrast, in Fig. 5, the

concentration of the streamlines is eased at the same portion as above, and the stream is

smooth. This indicates that the flow separation is unlikely to occur.

[0039] Next, Fig. 6 shows results of open-water tank tests of the thruster with the duct

as Performance Verification Example. In the tank tests, an experimental tank having

200 m in length, 13 m in width, and 6.5 m in depth was used, and models cach having a

size of about 1/8.5 of the actual thruster with the duct were produced such that one model

includes the duct 5 and the other includes the duct 103, and the propeller, the strut, and

the like are common therebetween. Items to be measured in the tank tests were advance

speed of propeller Va, thrust Tt of the entire thruster, propeller torque Q, propeller

revolution n.

[0040] In Fig. 6, solid lines correspond to the duét 5, broken lines correspond to the

duct 103. 1In Fig. 6, a horizontal axis J denotes a propeller advance ratio (= Va/(nD)),

Kit of a vertical axis denotes an entire thrust coefficient (Tt/(pn°D%), Kq of the vertical

axis denotes a propeller torque coefficient (= Q/(pn°D%)), and no of the vertical axis

denotes an open-water efficiency (= KittJ/(2nKq)) of the entire thruster. Here, p denotes

fresh water density, and D denotes a propeller diameter.



[0047] The thruster with the duct according to the present invention can be
utilized in a ship which is used as both, for exanple, a harbor tug which
requires stable towing force during the | ow speed operation and an escort
tug which requires the inprovenent of ;{he propulsive efficiency during the
hi gh-speed traveling. Reference Signs List [0048] 1lthruster with duct
4propel | er 5duct 6 bulge portion 7 | eading edge 8npbst bul ge portion

[0041] According to Fig. 6, when the propeller advance ratio I is about 0.5 or less, the
characteristics of the ducts 5 and 103 are substantially the same as each other. However,
when the propeller advance ratio J is more than about 0.5, which corresponds to the
high-speed traveling, the entire thrust coefficient Ktt of the thruster including the duct 5
exceeds that of the thruster including the duct 103. To be specific, it is clear that as a
result of the decrease in the drag of the duct, the open-water efficiency no of the thruster
including the duct 5 exceeds that of the thruster including the duct 103. That is, it is
clear that the thruster including the duct 5 has the higher propulsive efficiency when a
ship travels at high speed.

[0042] Next, Fig. 7 shows results of the comparison and analysis of the estimations of
thrust required power of the actual ship by using the propulsive performance
characteristic curves of Fig. 6 and the same hull under the same traveling conditions. A
horizontal axis denotes ship speed Vs, and a vertical axis denotes required power Pd. A
solid line corresponds to the thruster including the duct 5 of Example of the present
invention, and a broken line corresponds to the thruster including the conventional
commeon duct 103 by way of comparison.

[0043] As shown in Fig. 7, the required power of the thruster including the duct 5 18
Jower by about 4 to 5% than that of the thruster including the duct 103 when the ship
travels at the same ship speed. This means that the propulsive efficiency is improved by
about 4 to 5%.

[0044] According to the above results, by forming the bulge portion 6 on the outer
periphery of the front end portion of the duct, the propulsive efficiency during the
high-speed traveling can be improved. In addition, by setting the spread angle o of the
duct 5 to compensate for the decrease of the camber due to the formation of the bulge

portion 6, the towing force during the low-speed operation can be stably secured.



9outer surface of duct 10trailing edge 1lcanber line 12nose-tail |ine 15,
l6wat er stream Xduct central axis aspread angle

15

[0045] The standard airfoil in the above embodiment is just one example. The same
operational advantages as above can be obtained by a general airfoil cross section. The
airfoil cross section is not limited to the above embodiment.

[0046] Moreover, the above embodiment is just one example. Various modifications
may be made within the spirit of the present invention, and the present invention is not

limited to the above embodiment.

Industrial Applicability

{00471 The thruster with the duct according to the present invention can be utilized in a
ship which is used as both, for example, a harbor tug which requires stable towing force
during the low-speed operation and an escort tug which requires the improvement of the

propulsive efficiency during the high-speed traveling.

Reference Signs List

[00481 1  thruster with duct
4  propeller
5  duct
6  bulge portion
7  leading edge
8§  most bulge portion
9  outer surface of duct
10 trailing edge
11 camber line
12 nose-tail line

15,16  water stream



Aaxi al position Bradial position 17 CLAIMS [1] A thruster wth a duct
conprising the duct provided around a propeller and having an airfoil cross
section, wherein:

16

X duct central axis
o spread angle
A axial position

radial position



in a cross-sectional shape of the duct, a bulge portion bul ging outward
froma standard airfoil and having a circular-arc cross section is forned
on an outer periphery of a front end portion of the duct so as to suppress
pressure change on an outer surface ofjsthe front end portion of the duct
during hi gh-speed traveling; and the duct spreads at a spread angle
in a leading edge direction so as to generate predeterm ned towi ng force
during a | owspeed operation. [2] The thruster with the duct according to
claiml, wherein the bulge portion is forned so as to bulge outward from a
| eadi ng edge of the duct while makigg g oth curve, further extend froma
nost bul ge portion and be connected to the outer surface of the duct while

maki ng %éfnnogb g&&&gwﬁ@QgP%Qkﬁggghl tend toward a trailing edge of the

duct . Thé't ruster Wi according to claim1 or 2, wherein:

e bul e’ oo Gl ghOHEES RHER bhBpRubbad iBlidn s *hRbIPERL ORI he

nost bul ge por an entire len I's In a range of nore
t han 2. 5%%and not nore than 30% fromthe | eading edge of the duct, and a
ratio of VA F3di al position of the nDst bul ge portion to the entire |ength

of the duct is_in ar ha 8% and n romthe
| eadi ng edge dFf atggssdﬁgﬂonajﬁgape ¢ tnd Elf(ﬁ’e g‘ﬁﬁe rt%n {’]ﬂ%a&g%{%}hﬁ fg set
such that of,.a nose-t ai ne with res ect to a duct axi s
e T Yerigul Bt RgRd BkER et et PRI RS Roq B o M beBRY B

a front end portion of the duct so as to suppress pressure change on an outer surface of

the front end portion of the duct during high-speed traveling; and

the duct spreads at a spread angle in a leading edge direction so as to generate

predetermined towing force during a low-speed operation.

(2] The thruster with the duct according to claim 1, wherein the bulge portion is
formed so as to bulge outward from a leading edge of the duct while making a smooth
curve, further extend from a most bulge portion and be connected to the outer surface of
the duct while making a smooth curve, and further extend toward a trailing edge of the

duct.

[3] The thruster with the duct according to claim 1 or 2, wherein:

the bulge portion is formed such that a ratio of an axial position of the most
bulge portion to an entire length of the duct is in a range of more than 2.5% and not more
than 30% from the leading edge of the duct, and a ratio of a radial position of the most
bulge portion to the entire length of the duct is in a range of more than 2.8% and not
more than 10% from the leading edge of the duct; and

the spread angle of the duct is set such that an angle of a nose-tail line with

respect to a duct central axis is in a range of more than 8° and not more than 12°, the



18 nose-tail |ine connecting the | eading edge of the duct and the trailing
edge of the duct. [4] The thruster with the duct according to claim 3,

wher ei n: the bul ge portion is formed such that the ratio of the
axi al position of the nost bulge portign to the entire Iength of the duct
is in a range of 10% and nore and not re than 25% fromthe | eadi ng edge
of the duct, and the ratio of the radial position of the nost bul ge portion
to the entire length of the duct is in a range of 4% and nore and not nore
than 8% fromthe | eadi ng edge of the duct; and t he spread angl e of

the duct is set such that the angle of. .the nose-tail..line w.th respect to
t he ductmé‘é“Fﬂ‘ﬁérPe capnecting hy l%d}rg“tji%e of tl}?o(fu t filﬁcgﬂle raling W& Orf{:t)}%eeél%cﬁ'an 10.
[5] A ship conprising the thruster with the duct according to any one of

claims 1 to 4, wherein the thruster with the duct is provided at a stem of

t he ship. . . )
[)[4] The thruster with the duct according to claim 3, wherein:

the bulge portion is formed such that the ratio of the axial position of the most
bulge portion to the entire length of the duct is in a range of 10% and more and not more
than 25% from the leading edge of the duct, and the ratio of the radial position of the
most bulge portion to the entire length of the duct is in a range of 4% and more and not
more than 8% from the leading edge of the duct; and

the spread angle of the duct is set such that the angle of the nose-tail line with

respect to the duct central axis is in a range of more than 8° and not more than 10°.

[5] A ship comprising
the thruster with the duct according to any one of claims 1 to 4, wherein

the thruster with the duct is provided at a stern of the ship.



