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A bst r a ct 

S e v er al e n er g y-s a vi n g m et h o d s h a v e b e e n i m pl e m e nt e d o n s hi p s t o i m pr o v e pr o p ulsi o n effi ci e n c y, r e d u ci n g f u el c o n s u m pti o n a n d c ar b o n 

di o xi d e e missi o n s. T h e G at e R u d d er S yst e m, as a n o v el e n er g y-s a vi n g a n d m a n e u v eri n g d e vi c e, r e d u c es f u el c o n s u m pti o n b y u p t o 1 4 % 

c o m p ar e d t o t h e c o n v e nti o n al fl a p r u d d er s yst e m, as c o nfir m e d b y t h e s e a tri al t est of a c o nt ai n er s hi p wit h a g at e r u d d er s yst e m. T h e p o w e r 

s a vi n gs a c hi e v e d b y t h e s hi p wit h t h e G at e R u d d er s yst e m e x c e e d e d pr oj e cti o n s b as e d o n m o d el t ests. Wit h t h e m oti v ati o n of e v al u ati n g t his 

dis cr e p a n c y, t his r es e ar c h ai ms t o i n v esti g at e t h e pr o p ulsi v e p erf or m a n c e of a c ar g o s hi p wit h a g at e r u d d er s yst e m as w ell a s t h e s c al e eff e cts 

o n it s p erf or m a n c e, c o n si d eri n g t w o diff er e nt m o d els of 3 m a n d 6 m i n l e n gt h, as w ell as a f ull-s c al e s hi p of 6 9 m i n l e n gt h. R A N S E- b as e d 

C F D a n al ys es wit h t h e S h e ar Str ess Tr a n s p ort ( S S T) k- ω t ur b ul e n c e m o d el w er e p erf or m e d t o i n v esti g at e t h e s hi p's pr o p ulsi v e p erf or m a n c e 

a n d p o w er s a vi n gs at f ull l o a d a n d s e a tri al c o n diti o n s wit h b ot h c o n v e nti o n al a n d g at e r u d d er arr a n g e m e nts. F or m ulti- p h as e fl o ws, t h e 

v ol u m e of fl ui d m et h o d ( V O F) w a s u s e d t o a c c o u nt f or fr e e s urf a c e eff e cts, a n d t h e m o d el w a s u n c o n str ai n e d b y h e a v e a n d pit c h. Gri d 

c o n v er g e n c e, v erifi c ati o n, a n d v ali d ati o n st u di es w er e c arri e d o ut t o e n s ur e t h e a c c ur a c y of t h e n u m eri c al st u di es. I m pr o v e d pr o p ulsi v e 

p erf or m a n c e a n d m or e t h a n 1 2 % p o w er s a vi n gs f or t h e s hi p wit h t h e g at e r u d d er s yst e m h a v e b e e n a c hi e v e d at b ot h l o a di n g c o n diti o n s 

c o m p ar e d t o t h e c o n v e nti o n al r u d d er f or t h e s el e ct e d c ar g o s hi p. T h e st u d y als o o b s er v es s c al e eff e cts, w hi c h r e v e al t h at t h e g at e r u d d er of 

t h e l ar g er m o d el g e n er at es m or e t hr u st c o m p ar e d t o t h e s m all er o n e. 

K e y w o r ds:  F u el c o n s u m pti o n, n o v el e n er g y- s a vi n g d e vi c es, c o n v e nti o n al r u d d er, g at e r u d d er s yst e m, pr o p ulsi v e p erf or m a n c e, s c al e eff e cts 

1 I nt r o d u cti o n 

E n er g y effi ci e n c y a n d gr e e n h o us e g as ( G H G) e mi ssi o n r e d u cti o n ar e n o w i m p ort a nt f a ct or s i n gl o b al s hi p pi n g. A c c or di n g t o 

t h e 4t h I M O G H G st u d y, t h e s hi p pi n g i n d ustr y s h ar e d 2. 8 9 % of gl o b al G H G e mis si o n s i n 2 0 1 8, w hi c h h as i n cr e a s e d fr o m 

2. 7 6 % i n 2 0 1 2. T h e e mi ssi o n s of t ot al s hi p pi n g h a v e i n cr e a s e d fr o m 9 7 7 milli o n t o ns i n 2 0 1 2 t o 1, 0 7 6 milli o n t o n s i n 2 0 1 8, 

w hi c h is a 9. 6 % i n cr e a s e (I M O, 2 0 2 0). As a r es ult of i n cr e a s e d m ariti m e tr a n s p ort ati o n, as w ell a s c h all e n g es i n i m pl e m e nti n g 

effi ci e nt f u el effi ci e n c y m e a s ur es, t h e c o ntri b uti o n t o gl o b al e mi ssi o n s fr o m s hi p pi n g i s li k el y t o ris e. It is pr oj e ct e d t h a t 

s hi p pi n g e mi ssi o n s will i n cr e as e fr o m a b o ut 9 0 % of 2 0 0 8 e mis si o n s i n 2 0 1 8 t o 9 0 – 1 3 0 % of 2 0 0 8 e missi o ns b y 2 0 5 0 (I M O, 

2 0 2 0). T h e G H G str at e g y t ar g ets r e d u ci n g C O 2 e mis si o n s b y 4 0 % b y 2 0 3 0 a n d 7 0 % b y 2 0 5 0 c o m p ar e d t o 2 0 0 8 (I M O, 2 0 2 0). 

T h er ef or e, t h e d esi g n st a n d ar d s f or m ari n e pr o p ulsi o n s yst e ms ar e b e c o mi n g i n cr e a si n gl y stri n g e nt. N ot o nl y m ust o pti m u m 

pr o p ulsi v e effi ci e n c y b e m et, b ut als o c o mf ort a n d e n vir o n m e nt al st a n d ar d s a n d r e g ul ati o ns s et b y I M O. B e c a us e of t h e 

i n cr e a si n gl y stri n g e nt r e g ul at or y e n vir o n m e nt, mi ni mi zi n g e mis si o ns fr o m s hi p s h a s b e c o m e a pr essi n g iss u e. N u m er o us 

t e c h n ol o gi c al a n d o p er ati o n al m et h o d s h a v e b e e n r e s e ar c h e d b y t h e m ari n e i n d ustr y t o m a k e t h e s hi p e n er g y effi ci e nt a n d h e n c e 

t o att ai n s p e cifi e d c ar b o n e missi o n st a n d ar d s, e. g., E E DI st a n d ar d s b y I M O. T o m ai nt ai n I M O r e q uir e m e nt s f or E n er g y 

Effi ci e n c y D esi g n I n d e x ( E E DI), f u el- effi ci e nt s hi p s ar e s u g g est e d t o r e d u c e C O 2 e mi ssi o ns f or b ot h i nt er n ati o n al a n d d o m esti c 

s hi p pi n g ( H as a n a n d K ari m, 2 0 2 0). T h e r e d u cti o n of e mis si o ns as w ell as f u el c o n s u m pti o n a n d p o w er s a vi n gs c a n b e a c hi e v e d 

b y i ntr o d u ci n g v ari o u s m et h o d s s u c h a s e n er g y - s a vi n g d e vi c e s, L N G-f u el e d pr o p ulsi o n, r e n e w a bl e e n er g y utili z ati o n, i m pr o v e d 

h ull d esi g n, u s e of a d v a n c e d a nti-f o uli n g p ai nt, a n d o pti m u m w e at h er r o uti n g ( M of or et al., 2 0 1 5; H uss ai n a n d A mi n, 2 0 2 1). 

T h e us e of u n c o n v e nti o n al pr o p ulsi v e c o m bi n ati o ns c o ul d b e a b e n efi ci al a p pr o a c h t o m e et t h e r e q uir e m e nts of E E DI. A m o n g 

t h es e s ol uti o n s w er e r e c e nt a d v a n c e m e nts i n n o v el e n er g y- s a vi n g d e vi c es ( E S D) a p pli e d t o t h e u n d er w at er h ull a n d r e n e w a bl e 

e n er g y- s a vi n g d e vi c es o n b o ar d, as w ell as alt er n ati v e f u el s o ur c es a n d s o p histi c at e dl y o pti mi z e d h ull f or ms ( D e J o n g., 2 0 1 1). 

T h e pr o p ulsi v e p erf or m a n c e of a s hi p h ull i s str o n gl y i nfl u e n c e d b y t h e r u d d er- pr o p ell er i nt er a cti o n a n d t h e c o m pl e x fl o w fi el d 

of t h e aft r e gi o n of a s hi p is aff e ct e d b y t h e p o siti o n of t h e r u d d er ( K ari m a n d N a z, 2 0 1 9). T h e pr o p ell er's pr o p ulsi v e 

p erf or m a n c e h as a d o mi n a nt i nfl u e n c e o n t h e distri b uti o n of t h e w a k e fi el d. T h e i nt erf er e n c e eff e ct fr o m t h e r u d d er c h a n g e s 

t h e distri b uti o n of t h e w a k e fi el d ar o u n d t h e pr o p ell er ( T ur k m e n et al., 2 0 1 6). It is ess e nti al t o u n d er st a n d t h e i nfl o w pr o p erti es 

of a pr o p ell er t o d esi g n a c o m pl e m e nt ar y E S D ( D e J o n g, 2 0 1 1). R e c o v er y of pr o p ell er r ot ati o n al l o ss e s b y fi ns p o siti o n e d i n 
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fr o nt or aft er a pr o p ell er (i. e., pr e- or p o st-s wirl d e vi c es) a n d r e c o v er y of vi s c o u s r esist a n c e l o ss es b y d u cts or fi ns pl a c e d i n 

fr o nt of a pr o p ell er t o g e n er at e t hr u st (i. e., fl o w i m pr o v e m e nt or w a k e e q u ali zi n g d e vi c e) ar e t w o f or ms of E S Ds ( S a s a ki et al. 

2 0 1 5). T h us, E S D m ust b e d esi g n e d c o n si d eri n g t h e fl o w fi el d, t h e i nt er a cti o n of t h e h ull a n d pr o p uls or s ( S as a ki et al., 2 0 1 5). 

T h er e h a v e b e e n s e v er al c o n c e pts f or t h e arr a n g e m e nt of a r u d d er a n d a pr o p ell er t o i m pr o v e pr o p ulsi v e effi ci e n c y. E n er g y -

s a vi n g d e vi c es s u c h as pr e- a n d p o st-s wirl st at or s, pr o p ell er b o ss c a p fi ns, pr o p ell er d u cts or M e wi s d u cts c o m bi n e d wit h c o ntr a-

r ot ati n g a n d ti p-l o a d e d bl a d es h a v e b e e n i n v esti g at e d as r eli a bl e m et h o d s of i m pr o vi n g pr o p ulsi v e effi ci e n c y a n d r e d u ci n g 

e n er g y c o ns u m pti o n. d u ct s, pr e-s wirl st at or s, pr e- n o z zl es, a n d ot h er e n er g y- s a vi n g d e vi c e s. H o w e v er, t h e m ai n c h all e n g e s 

i n v ol v e d wit h t h e i m pl e m e nt ati o n of t h e s e E S D s ar e li mit e d t o t h e t y p e a n d f or m of v e ss el s. 

R e c e ntl y, a n e w c o n c e pt f or pr o p ell er-r u d d er arr a n g e m e nt h a s b e e n i ntr o d u c e d b y S as a ki et al. ( 2 0 1 5), n a m e d t h e " G at e R u d d er " 

s yst e m, as s h o w n i n Fi g. 1, w hi c h all o ws i m pr o v e d f u el effi ci e n c y a n d r e d u c e d e missi o ns. S as a ki et al. ( 2 0 1 8) d es cri b e d t h e 

G at e R u d d er s yst e m as a n o v el pr o p ulsi o n arr a n g e m e nt t h at is b as e d o n a n e w n oti o n of el e m e nt ar y pr o p ulsi v e effi ci e n c y a n d 

o pti mi z es it i n a s hi p's w a k e t o r e c o v er m or e e n er g y ( S as a ki et. al, 2 0 1 8). It is v er y w ell k n o w n t h at t h e s hi p r u d d er is o n e of 

t h e m ai n s o ur c e s of a p p e n d a g e r esist a n c e ( S as a ki et al., 2 0 1 8). T h e i n n o v ati v e r u d d er s yst e m c o n sist s of t w o u ni q u e s h a p e d 

r u d d er bl a d es t h at ar e arr a n g e d i n p ar all el o n b ot h si d es of t h e pr o p ell er r at h er t h a n b e hi n d it, as s h o w n i n Fi g. 1, r e d u ci n g 

r u d d er r esist a n ce,  a n d g e n er ati n g t hr ust t o s a v e f u el c o n s u m pti o n ( S a s a ki et al. 2 0 1 7). T h e r u d d er bl a d es, w hi c h w or k li k e a 

d u ct, pr o d u c e 5 – 1 5 % of t h e a d diti o n al t hr ust g e n er at e d b y t h e pr o p ell er, r e d u ci n g t h e hi g h pr o p ell er l o a di n g ( S as a ki a n d Atl ar, 

2 0 1 8). I n c o ntr ast t o t h e a d diti o n al r esist a n c e c a us e d b y t h e c o n v e nti o n al r u d d er, t h e G at e R u d d er S yst e m t a k es a d v a nt a g e of 

t h e gr e at er t hr ust pr o vi d e d b y t h e t w o r u d d er bl a d es ( S as a ki, 2 0 1 8). E a c h bl a d e h as its o w n r u d d er st o c k, all o wi n g it t o b e 

c o ntr oll e d s e p ar at el y ( S as a ki 2 0 1 8). U nli k e t h e tr a diti o n al arr a n g e m e nt of t h e r u d d er i n t h e pr o p ell er sli p str e a m, t h e g at e r u d d er 

will s er v e a s a l ar g e di a m et er d u ct w hi c h i s a b o ut 1 2 0 % – 1 4 0 % of t h e pr o p ell er di a m et er, g ui di n g t h e l ar g er r e gi o n of f a v or a bl e 

st er n fl o w o nt o t h e pr o p ell er pl a n e ( S as a ki et. al, 2 0 1 8). T his l ar g e o p e n a c c el er ati n g d u ct is a t y p e of e n er g y-s a vi n g d e vi c e t h at 

c oll e cts t h e str e a mli n e s dist ort e d b y t h e h ull s urf a c e wit h vi s c o sit y l o s s i n or d er t o r e c o v er vis c o u s r esi st a n c e l o s s ( S as a ki et. 

al, 2 0 1 5). T h e d u ct eff e ct is us e d b y t h e G at e R u d d er t o tr a nsf or m fl ui d f or c e i nt o t hr u st ( T ur k m e n et al., 2 0 1 6). T h e d u ct eff e ct 

o c c ur s w h e n a fl ui d e nt er s a d u ct wit h a p arti c ul ar cr o ss- s e cti o n al c o nfi g ur ati o n t h at e n cir cl es a pr o p ell er t o cr e at e a v el o cit y 

diff er e n c e, w hi c h c a us e s t h e f or w ar d c o m p o n e nt of t h e lifti n g p o w er t o c o ntri b ut e t o t hr u st ( T ur k m e n et al., 2 0 1 6). T h e 

c o nfi g ur ati o n si g nifi c a ntl y i m pr o v es t h e n oi s e a n d vi br ati o n si g n at ur e w hil e pr o vi di n g o ut st a n di n g m a n e u v er a bilit y ( T a c ar et 

al. 2 0 2 0). T h e hi g h-lift r u d d er f oils ar e pl a c e d o n eit h er si d e of t h e pr o p ell er, all o wi n g f or f ast er t ur ni n g, c o ur s e a dj ust m e nts, 

a n d cr as h st o p s ( S a s a ki et al., 2 0 1 6). 

( a) ( b) 

  
Fi g. 1  I nst all e d G at e R u d d er S yst e m i n a ct u al s hi p ( a) M V S hi g e n o b u ( b)  S hi n m o n M ar u  
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G at e R u d d er h as alr e a d y b e e n us e d o n t hr e e diff er e nt s hi p s; a m o n g t h o s e, o n e is a c o nt ai n er s hi p, a n d t h e ot h er t w o ar e g e n er al 

c ar g o s hi p s. T h e s yst e m w as i nst all e d i n a 2 4 0 0 G T c o nt ai n er s hi p f or t h e first ti m e, a n d f ull -s c al e s e a tri al s w er e s u c c e s sf ull y 

c o m pl et e d i n N o v e m b er 2 0 1 7 i n J a p a n ( S as a ki et al., 2 0 2 0). A c c or di n g t o t h e tri al r es ults a n d b as e d o n v o y a g e d at a, it h a s b e e n 

r e p ort e d t h at t h e r e m ar k a bl e f u el s a vi n g of u p t o 1 4 % i n tri als a n d u p t o 3 0 % i n- s er vi c e a n d r o u g h w e at h er b y t h e c o nt ai n er 

s hi p wit h t h e g at e r u d d er s yst e m is gr e at er t h a n t h at of h er sist er s hi p, w hi c h w as o utfitt e d wit h a c o n v e nti o n al r u d d er s yst e m 

( S as a ki, 2 0 1 8, T a c ar et al., 2 0 2 0). I n a d diti o n t o f u el c o ns u m pti o n r e d u cti o n, i m pr o v e d m oti o n c h ar a ct eristi c s, m a n e u v eri n g 

a n d l e ss pr o p ell er vi br ati o n h a v e als o b e e n o b s er v e d ( C ar c h e n et al., 2 0 2 0). I n 2 0 2 0, t h e s e c o n d a n d t hir d a p pli c ati o ns of g at e 

r u d d er w er e a p pli e d t o t w o J a p a n es e c ar g o v e ss el s of 5 0 9 G T a n d 4 9 9 G T ( Atl ar, 2 0 2 1). T h er e is c urr e ntl y a n e w pr oj e ct n a m e d 

G A T E R S t o a p pl y t h e g at e r u d d er s yst e m a s a r etr ofit s hi p pr o p ulsi o n ( Atl ar, 2 0 2 1). 

T h e G at e R u d d er S yst e m h a s a bri ef hi st or y a n d is still i n d e v el o p m e nt. A d et ail e d r e vi e w of t h e p ast n u m eri c al a n d 

e x p eri m e nt al r es e ar c h of t h e G at e R u d d er s yst e m h as b e e n pr es e nt e d b y T a c ar et al. ( 2 0 2 0). A si g nifi c a nt dis cr e p a n c y i n 

p o w eri n g p erf or m a n c e w a s f o u n d b et w e e n t h e m o d el t est a n d t h e s e a tri al t est of t h e first c o nt ai n er s hi p wit h t h e g at e r u d d er 

( S as a ki et al., 2 0 2 0). T h e p o w er s a vi n gs i n t h e s e a tri al of t h e c o nt ai n er s hi p S hi g e n b o u w er e m or e t h a n t h e pr e di cti o n s b as e d 

o n t h e pr eli mi n ar y C F D a n al ys es a n d m o d el t est s ( M ot or s hi p 2 0 1 9, T a c ar et al. 2 0 2 0). S as a ki a n d Atl ar ( 2 0 1 9) i n v esti g at e d t h e 

s c al e eff e ct of t h e G at e R u d d er s yst e m a n d c o n cl u d e d t h at t h e m ai n r e a s o n f or t h e dis cr e p a n c y b et w e e n t h e m o d el t est a n d f ull-

s c al e d at a c a n b e r el at e d t o t h e s c al e eff e ct a ss o ci at e d wit h t h e dr a g a n d lift c h ar a ct eristi cs at l o w R e y n ol d s n u m b er s f or b ot h 

r u d d er bl a d es. T a c ar et al. ( 2 0 2 0) n u m eri c all y a n d e x p eri m e nt all y i n v esti g at e t h e g at e r u d d er p o w eri n g p erf or m a n c e b y usi n g 

t w o diff er e nt s c al e m o d el s f or t h e s a m e c o nt ai n er s hi p. 

Wit hi n t h e c o nt e xt of t h e pr e c e di n g fr a m e w or k, t h e m ai n o bj e cti v e is t o i n v esti g at e t h e pr o p ulsi v e p erf or m a n c e s of a m o d el of 

a g e n er al c ar g o s hi p of 4 9 9 G T i n t hr e e diff er e nt s c al es (i. e., 3 m, 6 m, a n d f ull s c al e) fitt e d wit h c o n v e nti o n al a n d g at e r u d d er 

arr a n g e m e nt s at f ull l o a d a n d s e a tri al c o n diti o ns. T h e ot h er m ai n o bj e cti v e of t his a n al ysi s is t o i n v e sti g at e t h e s c al e eff e cts o n 

t h e p erf or m a n c e of t h e g at e r u d d er s yst e m. T h e r es ult s o bt ai n e d fr o m C F D si m ul ati o ns h a v e b e e n c o m p ar e d a n d v ali d at e d wit h 

e x p eri m e nt al d at a of t h e m o d el t est s. T h e v ali d at e d C F D r es ults of t h e t w o m o d el s c al es a n d s hi p s c al e h a v e b e e n c o m p ar e d t o 

i n v e sti g at e t h e s c al e eff e ct of t h e g at e r u d d er p erf or m a n c e. T h e n u m eri c al si m ul ati o ns f or t h e st u d y h a v e b e e n c arri e d o ut i n 

t h e R A N S E- b as e d c o m m er ci al C F D s ol v er St ar C C M +. 

I n s u m m ar y of t h e p a p er, t h e m ai n p arti c ul ar s of t h e s el e ct e d s hi p a n d its pr o p ell er h a v e b e e n dis c us s e d i n S e cti o n 2. S e cti o n 3 

c o nsists of t h e d et ails of t h e n u m eri c al a n al ysi s of t h e s hi p h ull. T h e d et ails of t h e f or m ul ati o n of t h e r esi st a n c e a n d s elf-

pr o p ulsi o n c al c ul ati o ns h a v e als o b e e n pr es e nt e d i n S e cti o n 4. T h e r es ults of c al c ul at e d p o w eri n g p erf or m a n c e s h a v e b e e n 

pr es e nt e d a n d dis c uss e d i n S e cti o n 5. T h e r esist a n c e c o m p o n e nt s w er e d eri v e d f or t w o diff er e nt s c al e s al o n g wit h a f ull- s c al e 

s hi p, a n d t h e s c al e eff e ct o n r esist a n c e is dis c u ss e d i n t hi s s e cti o n. Fi n all y, t h e s c al e eff e ct o n t h e pr ess ur e distri b uti o n s a n d 

v el o cit y fi el d s h as als o b e e n pr es e nt e d i n S e cti o n 5. I n s e cti o n 6, t h e m ai n fi n di n gs of t h e i n v esti g ati o n h a v e b e e n s u m m ari z e d. 

2 M ai n p a rti c ul a rs a n d g e o m et r y of t h e s el e ct e d s hi p 

A d o m esti c c ar g o s hi p w as s el e ct e d f or t h e st u d y. T h e c ar g o s hi p w as fitt e d wit h b ot h c o n v e nti o n al a n d g at e r u d d er s. T h e 

g e o m etr y of t h e s el e ct e d h ull fitt e d wit h b ot h t y p es of r u d d er s is s h o w n i n Fi g. 2. T h e s hi p wit h g at e r u d d er a n d c o n v e nti o n al 

r u d d er w er e a n al y z e d n u m eri c all y wit h t w o diff er e nt s c al e d m o d el s a n d f ull-s c al e s hi p. T h e s hi p w as s c al e d wit h a s c al e f a ct or 

of 1/ 1 1. 5 a n d 1/ 2 3. T a bl e 1 s h o ws t h e pri n ci p al p arti c ul ar s of t h e s hi p, as w ell as t w o diff er e nt m o d els wit h b ot h r u d d er s yst e ms. 

T a bl e 1  S hi p p arti c ul ar s  
 

   

P a rti c ul a rs  F ull S c al e  M o d el 1  M o d el 2  

S c al e F a ct or  1  1/ 2 3  1/ 1 1. 5  

L e n gt h o v er all, m  7 4  3. 2 2  6. 4 3  

L e n gt h b et w e e n p er p e n di c ul ars, m  6 9. 0  3. 0  6. 0  

Br e a dt h, m  1 2. 0  0. 5 2 2  1. 0 4 3  

Dr aft, m  4. 1 5  0. 1 8 0  0. 3 6 1  

D e pt h, m  5. 3  0. 2 3 0  0. 4 6 1  

Bl o c k c o effi ci e nt  0. 7 2  0. 7 2  0. 7 2  

S er vi c e S p e e d, m/s  6. 6 8 7  1. 3 9 4  1. 9 7 2  
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Dr aft aft at tri al, m  3. 3 3  0. 1 4 5  0. 2 8 9  

Dr aft f w d at tri al, m  1. 2 3  0. 0 5 4  0. 1 0 7  

Bl o c k c o effi ci e nt at tri al  0. 6 6  0. 6 6  0. 6 6  

Pr o p ell er di a m et er, m     

    C o n v e nti o n al R u d d er  2. 4  0. 1 0 4  0. 2 0 1  

    G at e R u d d er  2. 4  0. 1 0 4  0. 2 0 1  

Pr o p ell er H u b R ati o  0. 1 8  0. 1 8  0. 1 8  

( a) 

 
( b) 

 

( c) 

 
Fi g. 2   ( a) S hi p pr ofil e ( b) S hi p st er n p art fitt e d wit h c o n v e nti o n al r u d d er ( c) S hi p st er n p art fitt e d wit h g at e r u d d er  

 

3 N u m e ri c al A n al y sis 

R esi st a n c e a n d pr o p ulsi o n c h ar a ct eristi cs of t h e s hi p fitt e d wit h c o n v e nti o n al a n d g at e r u d d er s h a v e b e e n c o m p ut e d n u m eri c all y. 

T h e n u m eri c al si m ul ati o n h a s b e e n c arri e d o ut wit h c o m m er ci al C F D s ol v er St ar C C M + w hi c h s ol v e s t h e U nst e a d y R e y n ol d s-

A v er a g e d N a vi er- St o k es ( U R A N S) e q u ati o n s . D et ail e d  f or m ul ati o n s of n u m eri c al m et h o d s f or C F D ar e w ell- k n o w n a n d 

t h or o u g hl y d o c u m e nt e d i n a n u m b er of lit er at ur es. T h e m o st i m p ort a nt as p e ct s of t h e m et h o d s h a v e b e e n dis c u ss e d i n t hi s 

s e cti o n. T h e c a s es f or t h e n u m eri c al pr e di cti o ns of t h e pr o p ulsi v e c o effi ci e nt s at  v ari o us s p e e d s i n diff er e nt s c al es at f ull l o a d 

a n d s e a tri al c o n diti o n s h a v e b e e n pr es e nt e d i n T a bl e 2. 

 

T a bl e 2  N u m eri c al a n al ysis m atri x 

M o d el  Si m ul ati o n t y p e  R u d d e r t y p e  L o a di n g c o n diti o n a n d s hi p s p e e d  

L p p = 3 m  

L p p = 6 m  

L p p = 6 9 m  

R esi st a n c e T est  N o R u d d er  F ull l o a d c o n diti o n:  

1 0. 9 7, 1 1. 9 2, 1 2. 9 5, 1 3. 4 6 a n d 1 3. 9 1 

k n ot s  

S e a tri al c o n diti o n:  

1 1. 5, 1 2 . 0 a n d 1 3 . 0 k n ots  

R esi st a n c e T est  C o n v e nti o n al R u d d er  

S elf -pr o p ulsi o n T est  C o n v e nti o n al R u d d er  

R esi st a n c e T est  G at e R u d d er  

S elf -pr o p ulsi o n T est  G at e R u d d er  

 

3. 1 C o m p ut ati o n al Fl ui d D y n a mi cs ( C F D) g o v e r ni n g e q u ati o ns 

B e c a us e t h e fl o w is i n c o m pr e ssi bl e a n d t ur b ul e nt, t h e g o v er ni n g e q u ati o ns ar e t h e c o nti n uit y e q u ati o n a n d t h e m o m e nt u m 

e q u ati o ns. T h e d e v el o p e d t ur b ul e nt fl o w i s q u a ntit ati v el y d e s cri b e d usi n g R A N S e q u ati o n s a n d t h e ti m e- a v er a g e d c o nti n uit y 

e q u ati o n.  

C o nti n uit y e q u ati o n a n d m o m e nt u m e q u ati o n c a n b e writt e n as, 
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𝜕 ( 𝜌 𝑢 𝑖 )

𝜕 𝑥 𝑖

= 0     ( 1) 

𝜕 ( 𝜌 𝑢 𝑖 )

𝜕 𝑡
+

𝜕

𝜕 𝑥 𝑗

( 𝜌 𝑢 𝑖 𝑢 𝑗 + 𝜌 𝑢 𝑖
′𝑢 𝑗

′̅̅̅̅̅̅̅ ) = −
𝜕 𝑝 ̅

𝜕 𝑥 𝑖

+
𝜕 𝜏 𝑖 𝑗

𝜕 𝑥 𝑗

 ( 2) 

  

W h er e, 𝜌  is t h e d e nsit y, t i s t h e ti m e, �̅� 𝑖  & �̅�𝑗  ar e t h e C art esi a n c o m p o n e nt s of v el o cit y v e ct or, �̅� i s t h e m e a n pr es s ur e a n d 𝜏 𝑖 𝑗  is 

vis c o us str e ss t e ns or. T h e vis c o us str es s t e n s or s ar e d efi n e d as, 

𝜏 𝑖 𝑗 = 𝜇 (
𝜕 𝑢 𝑖

𝜕 𝑥 𝑗

+
𝜕 𝑢 𝑗

𝜕 𝑥 𝑖

)  ( 3) 

 

W h er e, 𝜌 𝑢 𝑖
′ 𝑢 𝑗

′̅̅̅̅̅̅̅  is R e y n ol d s T e ns or Str ess, 𝜏 𝑖 𝑗  is t h e m e a n vis c o us str e ss t e ns or, a n d 𝜇  is t h e d y n a mi c vis c o sit y. T h e s el e cti o n 

of s uit a bl e t ur b ul e n c e m o d eli n g i n u nst e a d y fl ui d fl o w is a n i m p ort a nt as p e ct of C F D si m ul ati o ns of s hi p s . T w o v ari a nt s of t h e 

k- ω  m o d el ar e i m pl e m e nt e d i n S T A R- C C M + ar e St a n d ar d k- ω  a n d S S T k- ω . T h e a d v a nt a g e of t h e k- ω  m o d el o v er t h e k- ε  

m o d el is t h at it p erf or ms b ett er f or b o u n d ar y l a y er s u n d er a d v er s e pr ess ur e gr a di e nt s. F urt h er m or e, t h e st a n d ar d k- ω  m o d el c a n 

b e us e d i n t his m o d e wit h o ut t h e n e e d f or w all dist a n c e c o m p ut ati o n. T h e pr es e nt st u d y us es t h e t w o- e q u ati o n S S T k- ω  

t ur b ul e n c e m o d el t h at s ol v e s t ur b ul e nt ki n eti c e n er g y tr a n s p ort e q u ati o ns. 

3. 2 C F D d o m ai n a n d b o u n d a r y c o n diti o n 

Fi g 3 s h o ws t h e di m e n si o n s a n d t h e b o u n d ar y c o n diti o n s of t h e c o m p ut ati o n al d o m ai n s of t h e fr e e-s urf a c e si m ul ati o n s of s hi p. 

I T T C r e c o m m e n d e d pr o c e d ur e f or s hi p r esist a n c e a n d s hi p s elf- pr o p ulsi o n a n al ys es t hr o u g h C F D w er e f oll o w e d t o s el e ct a n d 

c h o s e t h e di m e n si o n s of t h e d o m ai n. F oll o wi n g t h e I T T C r e c o m m e n d e d pr o c e d ur e f or s hi p C F D si m ul ati o n s (I T T C, 2 0 1 4 ), 

i nl et w a s d efi n e d 1. 5 L p p fr o m F P a n d o utl et 3 L p p fr o m A P. B ott o m a n d t o p b o u n d ari es w er e t a k e n 2. 0 L p p a n d 1. 0 L p p fr o m 

t h e fr e e s urf a c e r es p e cti v el y.  E a c h si d e of t h e d o m ai n w a s t a k e n 1. 5 L p p fr o m t h e c e nt erli n e. S y m m etr y c o n diti o n s w er e 

c o nsi d er e d wit h r e s p e ct t o v erti c al c e nt er pl a n e i n c a s e of t o wi n g c o n diti o n. T h e di m e nsi o n s of t h e d o m ai n f or all c a s e s w er e 

k e pt s a m e f or r es p e cti v e t w o m o d el s c al e s. T h e h ull s urf a c e w a s d efi n e d as n o-sli p w all t y p e b o u n d ar y c o n diti o n. I nl et, t o p a n d 

b ott o m w er e d efi n e d as v el o cit y i nl et w h er e a s t h e o utl et d efi n e d as pr ess ur e o utl et a n d si d es w er e d efi n e d as sli p s y m m etr y 

b o u n d ar y c o n diti o n. Fi g. 3 s h o ws t h e d o m ai n a n d b o u n d ar y c o n diti o n s us e d t hr o u g h o ut t h e si m ul ati o ns. 

  
Fi g. 3  Fr o nt vi e w of C F D d o m ai n 

3. 3 M es h g e n e r ati o n a n d p h y si cs s et u p 

T h e m es h g e n er ati o n w as d o n e usi n g a tri m m er t y p e of  m e s h m et h o d, w hi c h is a S T A R C C M + b uilt-i n t e c h ni q u e. T h e m e s hi n g 

t e c h ni q u e u s e d tri m m e d h e x a h e dr al gri d s a n d pris m l a y er s al o n g t h e w all. T h e gri d n e ar t h e fr e e s urf a c e w a s r efi n e d t o c a pt ur e 

t h e w a v e el e v ati o n pr e cis el y. E xtr a gri d r efi n e m e nt w as a p pli e d at t h e r u d d er r e gi o n.  I n c a s e of s elf- pr o p ulsi o n si m ul ati o n, 
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e xtr a r efi n e m e nt of t h e gri d w as d o n e ar o u n d t h e dis k. T h er e w er e si x l a y er s of b o u n d ar y-l a y er m e s h e s n e ar t h e h ull a n d t h e  

a v er a g e w all f u n cti o n y + v al u e w a s k e pt b et w e e n 3 0 a n d 6 0  as  c al c ul at e d a n d s u g g e st e d b y si mil ar n u m eri c al st u di es. Fi g 4 

s h o ws t h e g e n er at e d v ol u m e m es h. S S T  k- ω t ur b ul e n c e m o d el w as us e d as t h e R A N S cl o s ur e m o d el. T h e v ol u m e of fl ui d 

m et h o d ( V O F) f or m ulti- p h a s e fl o ws w as u s e d t o a c c o u nt f or fr e e s urf a c e eff e cts. T h e m o d el w as u n c o n str ai n e d t o m o v e i n 2 

d e gr e e s of fr e e d o m ( wit h si n k a g e a n d tri m) u si n g D y n a mi c Fl ui d B o d y I nt er a cti o n ( D F BI), all o wi n g t h e si m ul ati o n t o att ai n a 

c o nsist e nt d y n a mi c attit u d e f or e a c h s p e e d r u n. 

( a) ( b) 

  
c )  (d ) 

  

( d) ( e) 

  
Fi g 4.  G e n er at e d  v ol u m e m es h  ( a) at b o w p art of t h e h ull ( b) at t h e aft p art of t h e h ull wit h c o n v e nti o n al r u d d er (c ) m es h 

ar o u n d  c o n v e nti o n al r u d d er  (d ) t o p vi e w wit h c o n v e nti o n al r u d d er ( e ) s e cti o n al vi e w wit h g at e r u d d er (f) t o p vi e w wit h g at e 

r u d d er 

 

3. 4 G ri d C o n v e r g e n c e, v e rifi c ati o n, a n d v ali d ati o n of n u m e ri c al st u di e s 

T h e a c c ur a c y of t h e n u m eri c al r es ults w a s c h e c k e d b y t h e u n c ert ai nt y a n al ysi s b as e d o n it er ati v e a n d gri d c o n v er g e n c e 

f oll o wi n g g ui d eli n es of I T T C f or u n c ert ai nt y a n al ysis of S hi p C F D si m ul ati o n s. F or t his p ur p o s e, gri d i n d e p e n d e n c y h as b e e n 

st u di e d c o n si d eri n g t hr e e diff er e nt gri d si z es f or 6 m b ar e h ull a n d t h e r efi n e m e nt r ati o w as t a k e n 𝜕 𝜌 =  1. 3 0  as r e c o m m e n de d  

b y I T T C ( 2 0 1 7). T a bl e 3 s h o ws t h e r es ult s of gri d c o n v er g e n c e st u d y of 6 m m o d el w hi c h h as b e e n c arri e d o ut f oll o wi n g 

r e c o m m e n de d  pr o c e d ur e b y I T T C f or u n c ert ai nt y a n al ysis i n C F D, v erifi c ati o n a n d v ali d ati o n (I T T C, 2 0 1 7). Fr o m t h e gri d 

c o n v er g e n c e st u d y, it i s o b s er v e d t h at t h e r el ati v e err or of t h e r esist a n c e d e cr e a s es f or fi n er gri d s. T h e r el ati v e err or f or t h e 

m e di u m a n d fi n e m e s h is b el o w 2 %. T h e l e v el of v erifi c ati o n of t h e st u d y i s r el ati v el y s m all (l ess t h a n a b o ut 2. 5 %) . A g ai n, 

fr o m T a bl e 3 ( c), it is s e e n t h at t h e v al u e of err or E % D is l e ss t h a n v ali d ati o n u n c ert ai nt y U V % S w hi c h i n di c at e s t h e 
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a c hi e v e m e nt of t h e v ali d ati o n f or t h e si m ul ati o ns. T h e o bt ai n e d a v er a g e y + v al u e o n t h e h ull s urf a c e is a b o ut 3 5 – 4 0 w hi c h h a s 

b e e n s h o w n i n Fi g. 5. S y m m etr y c o n diti o n w as a p pli e d f or t h e si m ul ati o n of h ull at t o wi n g  t o r e d u c e t h e si m ul ati o n ti m e. T h e 

t ot al n u m b er of m es h w er e a p pr o xi m at el y 1. 0 M, 1. 4 4 M, 2. 0 7 M, 3. 3 M,  a n d 4. 5 M f or c o ar s e t o fi n e m es h r es p e cti v el y i n 

c a s e of 6 m m o d el wit h c o n v e nti o n al r u d d er. T h e t ot al n u m b er of m es h w a s sli g htl y hi g h er i n c a s e of h ull wit h g at e r u d d er. 

B as e d o n gri d c o n v er g e n c e st u d y, b as e gri d si z e f or t h e m e di u m m es h w a s t a k e n f or all t h e c a s es of t h e st u d y. T ot al m es h 

n u m b er v ari e d fr o m 1. 9 – 2. 0 M f or t o wi n g c o n diti o n a n d 3. 0 – 3. 5 M f or s elf- pr o p ulsi o n c as es i n cl u di n g m e s h of virt u al dis k. 

T h e ti m e st e p w as c h o s e n f oll o wi n g I T T C r e c o m m e n d ati o n . T h e ti m e st e p m u st b e l ess t h a n 0. 0 1 L/ V w h e n t w o e q u ati o n 

t ur b ul e n c e m o d el i s us e d (I T T C, 2 0 1 4). H e n c e ti m e st e p w as c h o s e n 0. 0 2 f or 6 m m o d el a n d 0. 0 1 5 f or 3 m m o d el. S a m e p h ysi c s 

s et u p w as us e d f or 3 m m o d el si m ul ati o n a n d t h e m e s h si z e w a s s c al e d d o w n b y h alf of t h e 6 m m o d el.  

T a bl e 3 Gri d c o n v er g e n c e a n d  V & V st u d y f or t h e 6 m h ull wit h c o n v e nti o n al r u d d er r esist a n c e pr e di cti o n ; Fr N o 0. 2 5 6 

( a) Gri d c o n v er g e n c e st u d y: t ot al r esist a n c e c o effi ci e nts ( C T ), fri cti o n al r esist a n c e c o effi ci e nt s ( C p ) a n d pr ess ur e r esist a n c e 

c o effi ci e nt s ( C T ) 

Gri d s  h [ m m]  # C ell s  C T × 1 0 -3  𝜕 %  𝜌  C F × 1 0 -3  𝑢 % 𝑖  C F × 1 0 -3 (I T T C) C P × 1 0 -3  𝜕 % 𝑥  

Gri d 1  6 5  1. 0 M  4. 4 4 9  - 2. 8 5 1  - 

 

2. 9 7 2  

 

1. 5 9 8  - 

Gri d 2  5 0  1. 4 M  4. 3 2 8  2. 7 2  2. 8 3 9  0. 5 6  1. 4 9 3  6. 5 7  

Gri d 3  3 9  2. 0 M  4. 2 6 3  1. 5 0  2. 8 2 5  0. 3 5  1. 4 3 8  3. 6 8  

Gri d 4  3 0  3. 3 M  4. 2 1 1  0. 9 9  2. 8 1 7  0. 2 8  1. 4 0 4  2. 4 2  

Gri d 5  2 0  4. 5  M  4. 2 0 7  0. 3 3  2. 8 1 2  0. 1 8  1. 3 9 5  0. 6 5  

 

( b) V erifi c ati o n of t ot al r esist a n c e c o effi ci e nt s ( C T ) 

Gri d s  # C ell s  C T × 1 0 -3  P G  C G  U G  ( %) 𝑖 𝜕
∗ ( %) U G C  ( %) S C  

Gri d 1 – 3  1. 0 M  4. 4 4 9  –  –  –  –  –  –  

1. 4 M  4. 3 2 8  –  –  –  –  –  –  

2. 0 M  4. 2 6 3  2. 3 7  1. 2 5  2. 8 1  2. 4  0. 4 8  4. 1 6 3  

Gri d 3 – 5  3. 3 M  4. 2 2 1  –  –  –  –  –  –  

4. 5  M  4. 2 0 7  2. 6 8  1. 5 7  0. 3 5  0. 5 5  0. 2 0  3. 9 7 8  

 

( c) V ali d ati o n of t ot al r esi st a n c e c o effi ci e nt s ( C T ) 

Gri d s  # C ell s  C T × 1 0 -3  E F D  E % D  𝜌 𝑢 %  𝑖  𝜕 𝑡 %  𝜕 𝜕  

Gri d 1 – 3  1. 0 M  4. 4 4 9  

4. 3 4 2  

2. 4 6  –  –  

1. 4 M  4. 3 2 8  -0. 3 3  –  –  

2. 0 M  4. 2 6 3  -0. 9 4  2. 7 6  2. 4 1  

Gri d 3 – 5  3. 3 M  4. 2 2 1  -2. 7 8  –  –  

4. 5  M  4. 2 0 7  -3. 1 1  3. 2 2  2. 9 5  

 

 

 

 

Fi g.  5  y + v al u e o n 6 m  m o d el  h ull (ri g ht) a n d r u d d er (l eft) i n to wi n g si m ul ati o n at Fr o u d e N o 0. 2 5 6  
 

T hr e e diff er e nt gri d n u m b er s h a v e b e e n t a k e n f or t h e st u d y of f ull-s c al e s hi p a n d t h e t ot al n u m b er of gri d s ar e a b o ut 7. 0 M, 

1 0. 0 M, a n d 1 4. 0 M f or c o ar s e, m e di u m a n d fi n e m es h r es p e cti v el y. T h e m es h es w er e g e n er at e d a p pl yi n g a si mil ar m et h o d of 
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m o d el s c al e wit h t h e r efi n e m e nt r ati o 𝜕𝜌 =  1. 4 0 . T a bl e 4 s h o ws t h e u n c ert ai nt y a n al ysis of t h e s hi p wit h g at e r u d d er i n f ull 

s c al e f or Fr o u d e N o 0. 2 6 4. 𝑢 𝑖
∗  a n d U G C ar e 2. 3 2 % a n d 2. 1 6 % of c orr e ct e d si m ul ati o n v al u e S c , r es p e cti v el y. I n b ot h c a s es, t h e 

l e v el of v erifi c ati o n is b el o w 2. 5 % w hi c h c a n b e c o nsi d er e d r el ati v el y s m all. T h e si z e of t h e ti m e st e p f or t h e f ull t h e s c al e 

si m ul ati o ns w as t a k e n 0. 0 0 2 L p p/ V. T h e a v er a g e y + v al u e o n t h e h ull i s a b o ut 2 0 0 as  s h o w n i n Fi g. 6 a n d t h e r a n g e i s r e a s o n a bl e 

f or t h e f ull- s c al e si m ul ati o ns. M e di u m m es h ( ~ 1 0 M) h a s b e e n c h o s e n f or t h e st u d y of f ull-s c al e si m ul ati o ns of t h e s hi p b as e d 

o n t h e u n c ert ai nt y a n al ysis.  

 

T a bl e 4 Gri d c o n v er g e n c e a n d  V & V st u d y f or t h e f ull- s c al e s hi p wit h g at e r u d d er t o wi n g; Fr N o 0. 2 6 4  

( a) Gri d C o n v er g e n c e St u d y 

Gri d  # C ell s  C T × 1 0 -3  𝜕 %  𝑥  C F × 1 0 -3  𝑖 % 𝜕  C F × 1 0 -3 (I T T C) C P × 1 0 -3  𝜌 % 𝑢  

C o ars e( S 3 ) 7. 0 M  3. 5 2 2  –  1. 7 8 1  –   

1. 7 2 9  

 

1. 7 4 1  –  

M e di u m ( S 2 ) 1 0. 0 M  3. 3 8 6  4. 0 2  1. 7 5 6  1. 4 2  1. 6 3 3  6. 6 6  

Fi n e ( S 1 )  1 4. 0 M  3. 3 1 4  2. 1 7  1. 7 3 9  0. 9 8  1. 5 8 5  3. 0 2  

 

( b) V erifi c ati o n of t ot al r esist a n c e 

Gri d  # C ell s  C T × 1 0 -3  P G  C G  U G  ( %) 𝑖 𝜕
∗ ( %) U G C  ( %) S C  

C o ars e( S 3 ) 7. 0 M  3. 5 2 2  –  –  –  –  –  –  

M e di u m ( S 2 ) 1 0. 0 M  3. 3 8 6  –  –  –  –  –  –  

Fi n e ( S 1 )  1 4. 0 M  3. 3 1 4  1. 8 9  0. 9 3  2. 4 4  2. 3 2  2. 1 6  3. 2 3 9  

 

( a) ( b) 

 
 

 

 
 

 
Fi g.  6  y + v al u e o n f ull s c al e s hi p h ull at Fr o u d e N o 0. 2 6 6 4 ( a) T o wi n g si m ul ati o n ( b) S elf -pr o p ell e d si m ul ati o n  

 

4. 0 R esist a n c e a n d p o w e ri n g c al c ul ati o n 

T ot al r esist a n c e, R T  a cti n g o n s hi p o bt ai n e d fr o m n u m eri c al si m ul ati o n c a n b e di vi d e d i nt o t w o c o m p o n e nt s: fri cti o n al 

r esist a n c e, R F  a n d pr ess ur e r esist a n c e, R P .  
 

R T = R F + R P  ( 4) 
 

T h e r esist a n c e v al u e c a n b e n o n- di m e nsi o n ali z e d b y di vi di n g d y n a mi c pr ess ur e w hi c h is e q ui v al e nt t o 0. 5 ρ S V 2 . T h e e q u ati o n 

( 4) c a n b e writt e n i n n o n- di m e nsi o n ali z e d f or m a s, 
 

𝑡 𝜕 = 𝜕 𝑥 + 𝑗 𝜌  ( 5) 
 

W h er e, C T  is t ot al r esist a n c e c o effi ci e nt, CF  i s fri cti o n al r esist a n c e c o effi ci e nt a n d CP  is pr ess ur e r esist a n c e c o effi ci e nt. As t h e 

r esist a n c e t ests ar e si m ul at e d i n m o d el s c al e, t h es e ar e r e q uir e d t o e xtr a p ol at e i n f ull s c al e. F or m f a ct or ( 1 + k) v al u es ar e r e q uir e d 

t o e xtr a p ol at e t h e m o d el t est r es ult s i nt o f ull s c al e. T h e f or m f a ct or c a n b e c o m p ut e d fr o m t h e r esi st a n c e o bt ai n e d fr o m a C F D 

c o m p ut ati o n wit h fl at-fr e e s urf a c e si m ul at e d wit h s y m m etr y b o u n d ar y c o n diti o n s at t h e pr o p er R e y n ol d s n u m b er. T h e f or m 

f a ct or ( 1 + k) is d efi n e d as,  
 

( 1 + 𝑢 ) = 𝑖 𝑢 𝑗 / 𝜌 𝑢 𝑖   ( 6) 
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W h er e , C T M  is t a k e n fr o m C F D c o m p ut ati o n a n d CF M  is c al c ul at e d b y usi n g I T T C 1 9 5 7 f or m ul a (I T T C, 2 0 1 4). T h e v al u es of 

( 1 + k) us e d i n t hi s c al c ul ati o n h a v e b e e n pr es e nt e d i n T a bl e 5 a n d o bt ai n e d b as e d o n m o d el e x p eri m e nt. T h e r esi d u ar y r esi st a n c e 

c o effi ci e nt c a n b e o bt ai n e d fr o m t ot al r esist a n c e o bt ai n e d b y C F D usi n g f or m f a ct or. 

𝜕 𝜌 𝑢 = 𝑖 𝜕 𝑥 = 𝑖 𝜕 𝜌 − 𝑢 𝑖 𝜕 = 𝑡 𝜕 𝜕 − ( 1 + 𝑥 ) 𝑗 𝜌 𝑢  ( 7) 
 

N o w t h e t ot al s hi p r esist a n c e c a n b e o bt ai n e d b y usi n g t h e f oll o wi n g e q u ati o n ( 8), 
 

𝑖 𝑢 𝑗 = ( 1 + 𝜌 ) 𝑢 𝑖 𝑢  + 𝑗 𝜕 𝑝 +  𝜕 𝑥 𝑖 +  𝜕 𝜏 𝑖  ( 8) 
 

H er e, 𝑗 𝜕 𝑥   is t h e r o u g h n e ss all o w a n c e f a ct or w hi c h d e p e n d s o n R e y n ol d s N u m b er a n d is c al c ul at e d usi n g e q u ati o n ( 9). S hi p 

fri cti o n al r esist a n c e c o effi ci e nt 𝑗 𝜌 𝑢  is c al c ul at e d usi n g I T T C 1 9 5 7 f or m ul a. 

𝑖 𝑢 𝑗 = 0 .0 4 4  [ (
k s

𝑝 𝜏 𝑖

)

1
3

− 1 0  𝑗 𝜏 −
1
3 ] + 1 .2 5 × 1 0 − 4  ( 9) 

W h er e, 𝑖 𝑗  is t h e s urf a c e r o u g h n e ss a n d t h e II T C r e c o m m e n d e d v al u e i s 1 5 0 × 1 0 − 6  𝜇. I n a b o v e e q u ati o ns s u b s cri pt s 

r e pr es e nts f or s hi p a n d m  r e pr es e nt s m o d el.  

 

T a bl e 5  F or m F a ct or s ( 1 + k) 

L o a di n g C o n diti o n  S c al e  ( 1 + k) 

F ull L o a d C o n diti o n  1 1. 5  1. 3 5  

2 3. 0  1. 3 0  

S e a Tri al C o n diti o n  1 1. 5  1. 3 3  

2 3. 0  1. 2 8  

 

I n t h e s elf- pr o p ulsi o n si m ul ati o n, t h e g e o m etr y of t h e pr o p ell er w a s n ot m o d ell e d al o n gsi d e t h e h ull, b ut r at h er virt u al dis k 

m o d el w a s i m pl e m e nt e d usi n g e x p eri m e nt al pr o p ell er o p e n- w at er p erf or m a n c e d at a. T h e pr o p ell er o p e n w at er c ur v e s h a v e 

b e e n r e pr es e nt e d i n Fi g 7( a) a n d Fi g 7( b) a n d ar e us e d i n t his st u d y.  T h e g at e r u d d er s yst e m c a n b e r e g ar d e d as t h e d u ct e d 

pr o p ell er. T h er ef or e, t h e pr o p ell er d esi g n i s q uit e diff er e nt fr o m a c o n v e nti o n al pr o p ell er d esi g n. G e n er al tr e n d s of t h e pr o p ell er 

of g at e r u d d er s yst e m ar e:  a) 5 – 1 0 % s m all er t h a n t h e c o n v e nti o n al pr o p ell er a n d b) hi g h er pit c h r ati o r efl e cti n g t h e hi g h er fl o w 

s p e e d ( S as a ki et al., 2 0 1 8). T h e pr o p ell er o p e n w at er c ur v e s ar e q uit e diff er e nt fr o m t h e a b o v e r e a s o ns.  

(a ) 

 

(b ) 

 

 

Fi g. 7  Pr o p ell er o p e n w at er c ur v e s ( a) pr o p ell er wit h c o n v er nti o n al r u d d er ( b) pr o p ell er wit h g at e r u d d er   

 
T h e pr o p ell er p erf or m a n c e p ar a m et er s ar e e x pr ess e d b y, 

𝜕 𝑢 =
𝑖

𝜕 𝑥 2 𝑗 4
 (1 0 a ) 
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𝜕 𝜌 =
𝑢

𝑖 𝜕 2 𝑥 5
 ( 1 0 b) 

𝑖 =
𝜕 𝜌

𝑢 𝑖
 ( 1 0 c) 

 

W h er e, 𝜕 𝑡  a n d 𝜕 𝜕  ar e t h e t hr ust c o effi ci e nts a n d t or q u e c o effi ci e nts of virt u al dis k r e s p e cti v el y, T  is t h e t hr ust pr o d u c e d b y 

virt u al dis k, Q  is t h e t or q u e, n  is t h e r ot ati o n r at e i n p er s e c o n d, D  is t h e virt u al dis k di a m et er. T h e s elf- pr o p ulsi o n c o m p ut ati o n 

r e q uir es fi n di n g t h e p oi nt at w hi c h s hi p r esist a n c e a n d pr o p ell er t hr u st ar e i n e q uili bri u m, i. e., it m u st f ulfill t h e crit eri a R T( S P) –

T = 0 . As t h e c o m p ut ati o n h as b e e n p erf or m e d i n m o d el s c al e a n d it i s r e q uir e d t o e xtr a p ol at e i n f ull s c al e, t h e n a s ki n fri cti o n 

c orr e cti o n f a ct or ( S F C) m ust b e a d d e d t o t h e t hr u st t o a c c o u nt f or t h e r e d u cti o n of r esi st a n c e d u e t o fri cti o n i n f ull s c al e 

c o m p ar e d t o s c al e.  
 

𝑥 𝑗 𝜌 = 0 .5  ρ S V 2 {( 1 + k ) ( C F M − 𝑢 𝑖 𝑢 ) − 𝑗 𝜌 𝑢 } ( 1 1) 

 

W h er e,  T is t h e t hr u st g e n er at e d b y t h e virt u al dis k, R T ( S P ) is t h e r esist a n c e at s elf- pr o p ell e d c o n diti o n a n d S F C is t h e S ki n 

Fri cti o n C orr e cti o n. T h us, t h e s elf- pr o p ulsi o n p oi nt is o bt ai n e d f ulfilli n g t h e crit eri a T = R T ( S P)  - S F C v ar yi n g pr o p ell er r ot ati o n 

r at e at a c o n st a nt s hi p s p e e d or v ar yi n g i nl et v el o cit y at a c o n st a nt pr o p ell er r ot ati o n r at e. I n t hi s a n al ysis, t h e i nl et v el o cit y w a s 

k e pt c o n st a nt w hil e t h e virt u al dis k r ot ati o n w a s v ari e d t o o bt ai n s hi p s elf- pr o p ulsi o n p oi nt usi n g f or c e b al a n c e d m et h o d.  It 

c a n b e m e nti o n e d t h at t his a n al ysi s h as b e e n p erf or m e d f or b ot h m o d el a n d s hi p pr o p ulsi o n p oi nt. T h e pr o p ulsi o n f a ct or s w er e 

o bt ai n e d usi n g t or q u e i d e ntit y m et h o d r e c o m m e n d e d b y I T T C. T h e t hr ust d e d u cti o n f a ct or, t is c al c ul at e d b y, 

𝑖 =
𝑢 𝑗 ,𝜕 𝑝 − 𝜕 𝑥 ,𝑖 𝜕 𝜏

𝑖
 ( 12 ) 

 

W h er e 𝑗 𝜕, 𝑥 𝑗 t h e r esi st a n c e of t h e m o d el s hi p is at s elf- pr o p ell e d c o n diti o n a n d 𝜌 𝑢, 𝑖 𝑢 𝑗  is t h e r esist a n c e of t h e m o d el s hi p at 

t o wi n g c o n diti o n. T h e t hr ust d e d u cti o n f a ct or, t f or u n c o n v e nti o n al pr o p ulsi o n s yst e m, s u c h as g at e r u d d er s yst e m is 

r e c o m m e n d e d b y I T T C ( 2 0 1 4) as f oll o w:  
 

𝑝 =
𝜏 𝑖 ,𝑗 𝜏 + 𝑖 𝑗 𝜇 − 𝜕 𝑢 ,𝑖 𝜕 𝑥

𝑗 + 𝜕 𝑢 𝑗

 ( 13 ) 

 

T h e w a k e fr a cti o n, w  i s c al c ul at e d b y:  

𝜕 =
𝑥 𝑖 − 𝜌 𝑢

𝑖 𝑢

= 1 −
𝑗𝜏 𝑖 𝑗 𝜇 𝑚

𝑉 𝑚

 

 

( 14 ) 

W h er e, 𝑉 𝑎  is t h e v el o cit y of a d v a n c e w hi c h is t a k e n as a v er a g e a xi al v el o cit y at t h e virt u al dis k a n d 𝑉 𝑚  is t h e m o d el v el o cit y. 

A c c or di n g t o I T T C r e c o m m e n d ati o n, V a  is t h e pr o p ell er o p e n w at er a d v a n c e s p e e d w hi c h h as b e e n o bt ai n e d usi n g pr o p ell er 

o p e n w at er c ur v es b as e d o n t hr ust i d e ntit y m et h o d i n t hi s c al c ul ati o n k n o wi n g t h e pr o p ell er r ot ati o n r at e n m  fr o m s elf- pr o p ulsi o n 

si m ul ati o ns . A n al y zi n g t h e eff e cti v e w a k e of a s hi p wit h g at e r u d d er s yst e m i s o n e of t h e diffi c ult p arts, as a d v a n c e s p e e d of 

t h e pr o p ell er is a c c el er at e d b y t h e g at e r u d d er bl a d e w hi c h i s n ot t h e c o m p o n e nt of eff e cti v e w a k e ( S as a ki et al., 2 0 2 0). I n c a s e 

of g at e r u d d er s yst e m, t h e r u d d er is n ot pl a c e d i n t h e sli p str e a m of t h e pr o p ell er a n d t h e fl o w fi el d ar o u n d t h e g at e r u d d er is 

u nif or m. I n d u c e d v el o cit y of t h e g at e r u d d er bl a d es is t h e m ai n r e a s o n of t h e diff er e n c e of t h e eff e cti v e w a k e at t h e pr o p ell er 

pl a n e wit h a n d wit h o ut g at e r u d d er. B e c a u s e of t h e l o w R e y n ol d s n u m b er at m o d el s c al es, fl o w r e gi m e s ar o u n d t h e g at e r u d d er 

c a n b e l a mi n ar ( T ur k m e n et al., 2 0 1 6). T h us, t h e eff e cti v e w a k e o bt ai n e d b y a m o d el wit h g at e r u d d er c a n n o t b e s c al e d t o f ull 

s c al e s hi p a p pl yi n g t h e m et h o d t h at is u s e d i n t h e c o n v e nti o n al r u d d er c a s e ( S as a ki et al. 2 0 2 0). T h e f oll o wi n g e x pr es si o n h a s 

b e e n pr o p o s e d b y S as a ki et al. ( 2 0 2 0) t o pr e di ct t h e n o n di m e nsi o n al m e a n fl o w s p e e d at t h e pr o p ell er pl a n e of t h e g at e r u d d er 

s yst e m,  
 

𝑣 𝑝 = 𝐶 1 𝑣 𝐴 0 + 𝑣 𝑖 𝑛 𝑃 + 𝑉 𝑖 𝑛 𝑅  ( 1 6) 
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w h er e, 𝜕 𝜌 0  is t h e pr o p ell er a d v a n c e s p e e d of t h e c o n v e nti o n al r u d d er, 𝑢 𝑖 𝜕 𝑥  is pr o p ell er i n d u c e d v el o cit y a n d 𝑖 𝜕 𝜌 𝑢  is r u d d er 

i n d u c e d v el o cit y. 𝑖 1  is a c orr el ati o n f a ct or of t h e w a k e v ari ati o n w hi c h i s ass u m e d l ess t h a n 1 d u e t o t h e s m all er pr o p ell er t hr ust 

a n d s m all er pr o p ell er di a m et er of g at e r u d d er s yst e m. T h e e x pr essi o n of eff e cti v e w a k e of a s hi p wit h g at e r u d d er arr a n g e m e nt 

c a n b e writt e n fr o m E q u ati o n ( 1 6 ) as f oll o w ( S as a ki et al., 2 0 2 0),  
 

𝜕 𝑡 𝜕 = 𝜕 1 × ( 𝑥 0 − 0 .0 4 ) + 𝑗 𝜌 𝑢 𝑖  ( 1 7) 

w h er e, 𝑢 𝑗 𝜌 𝑢  is r u d d er i n d u c e d w a k e a n d t h e m e a n v al u e c a n b e o bt ai n e d usi n g t h e f oll o wi n g e x pr essi o n ( S as a ki et al., 2 0 2 0), 
 

𝑖 𝑢 𝑗 𝜕 = 𝑝 2 × 𝜕 𝑥 + 𝑖 0 𝜕  ( 1 8) 
 

w h er e , C 2  d e n ot es t h e c orr e cti o n f a ct or f or t h e t hr u st l o a di n g . Fi g. 8 s h o ws t y pi c al s c h e m ati c of t h e s c al e eff e ct of t h e w a k e of 

a g at e r u d d er pr o p ulsi o n s yst e m. I n t his fi g ur e, d ott e d li n e r e pr es e nts t h e s c al e eff e ct s of c o n v e nti o n al r u d d er a n d s oli d li n e 

r e pr es e nts t h e s c al e eff e cts of g at e r u d d er s yst e m. A c c or di n g t o t h e I T T C r e c o m m e n d e d a p pr o a c h, t h e p oi nt A' m a y b e pr e di ct e d 

fr o m t h e p oi nt A w h er e a s t h e p oi nt B' is n ot b o u n d b y t h e s a m e pri n ci pl es, a n d B' c a n o c c asi o n all y b e s m all er t h a n t h e p oi nt B, 

as ill ustr at e d i n Fi g. 8 ( S as a ki et al., 2 0 2 0). T h er ef or e, f ull s c al e s hi p d at a wit h g at e r u d d er is r e q uir e d t o e v al u at e pr es e nt e d 

w a k e s c ali n g pr o c e d ur e w hi c h s h o ws a sli g htl y b ett er r es ult f or g at e r u d d er c o m p ar e d wit h I T T C pr o c e d ur e.  

 

 
Fi g. 8  S c h e m ati c of t h e s c al e eff e ct of t h e w a k e of a g at e r u d d er pr o p ulsi o n s yst e m ( S as a ki et. al, 2 0 2 0) 

 

T h e v el o cit y a d v a n c e c o effi ci e nt J , o p e n w at er effi ci e n c y 𝜏 𝑖   a n d r el ati v e r ot ati v e effi ci e n c y 𝑗 𝜕  ar e f o u n d b as e d o n t hr ust 

i d e ntit y m et h o d usi n g pr o p ell er o p e n w at er c ur v e s. T h e f oll o wi n g e x pr essi o ns ar e u s e d f or d et ails p o w eri n g c al c ul ati o ns. 

  

𝑥 𝑗 =
𝜌

2 𝑢

𝑖 𝑢

𝑗 𝑝

 ( 19 a ) 

𝜏 𝑖 =
𝑗 𝜏 𝑖

𝑗 𝜇

 
( 19 b)  

𝜕 𝑢 = 𝑖 𝜕  𝑥 𝑗  𝜕 𝑢 =
𝑗 𝜕

𝑥 𝑖

 
( 19 c)  

𝜌 𝑢 = 𝑖 𝑢 / 𝑗 𝜏   ( 19 d)  

     

T h e f u el oil c o ns u m pti o n ( F O C) i n t o n p er d a y c a n b e c al c ul at e d b y,  

𝑖 𝑗 𝜇  =
2 4 × 𝑚 𝑉 𝑚 𝑉 × 𝑎 𝑉

1 0 6
 (2 0 ) 

 

W h er e, F O C R i s F u el Oil C o n s u m pti o n R at e w hi c h i s t a k e n 2 0 0 g/ k w/ h f or m ari n e di es el e n gi n e a n d tr a ns mi ssi o n effi ci e n c y 
𝑚 𝑣 is t a k e n as 0. 9 7 – 0. 9 9. F or d o m esti c v es s els, it i s t a k e n 0. 9 7 a n d t his v al u e is us e d i n t h e st u d y.  
 

5 R es ult s a n d Di s c us si o n 
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N u m eri c al a n al ys es w er e c o n d u ct e d f or t w o m o d el s c al e s at v ari o us s p e e d s wit h t w o l o a di n g c o n diti o n s, i. e., f ull l o a d a n d s e a 

tri al c o n diti o ns a n d f or f ull s c al e at v ari o u s s p e e d s i n f ull l o a d c o n diti o n. Fri cti o n al r esi st a n c e a n d r esi d u al r e sist a n c e w er e 

c al c ul at e d usi n g fr e e s urf a c e si m ul ati o n s. T h e r es ults of r esist a n c e o bt ai n e d fr o m C F D si m ul ati o n s f or m o d el s c al es h a v e b e e n 

e xtr a p ol at e d t o f ull s c al e t o i n v e sti g at e t h e s c al e eff e ct s a n d d et ail e d p o w eri n g c al c ul ati o n h a v e b e e n c arri e d o ut f oll o wi n g 

I T T C r e c o m m e n d e d pr o c e d ur e as d es cri b e d i n t h e pr e vi o us s e cti o n. T h e s u m m ar y of t h e e xtr a p ol at e d r es ult s wit h t h e pr o p ulsi v e 

f a ct or s a n d p o w eri n g c al c ul ati o ns o bt ai n e d b y b ot h m o d el s c al es of t h e s hi p wit h c o n v e nti o n al a n d g at e r u d d er i n f ull l o a d 

c o n diti o n h as b e e n s h o w n i n T a bl es 6 – 9 . T h e t a b ul at e d s elf- pr o p ell e d d at a is pr es e nt e d at s hi p pr o p ulsi o n p oi nt. I n t h e t a bl es, 

R e d e n ot es R e y n ol d s n u m b er, C T  t ot al r esist a n c e c o effi ci e nt a n d C F  fri cti o n al r esist a n c e c o effi ci e nt. T h e s u b s cri pt m  i n di c at es 

t h e m o d el a n d s i n di c at e d t h e s hi p. I n t h e t a bl e s, Rr u d  r e pr es e nt s t h e r u d d er r esist a n c e c o ntri b ut e d b y t h e c o n v e nti o n al r u d d er 

a n d Tr u d  r e pr es e nts t h e t hr ust g e n er at e d b y t h e g at e r u d d er w hi c h w a s ori gi n all y t h e n e g ati v e r esist a n c e i n C F D si m ul ati o ns 

c o ntri b ut e d b y g at e r u d d er. T h e pr o p ulsi v e f a ct or s, i. e., t hr ust d e d u cti o n f a ct or, t a n d w a k e fr a cti o n, w  is c al c ul at e d u si n g t h e 

f or m ul a e m e nti o n i n S e cti o n 4. T h e o p e n w at er effi ci e n c y η 0  a n d r el ati v e r ot ati v e effi ci e n c y η R h a v e  b e e n e sti m at e d b as e d o n 

t hr u st i d e ntit y m et h o d, a st a n d ar d pr o c e d ur e r e c o m m e n d e d b y I T T C.  

Fr o m t h e t a bl es, it is o b s er v e d t h at t h e t ot al r esist a n c e c o effi ci e nts of t h e s hi p h ull wit h g at e r u d d er ar e gr e at er t h a n s hi p h ull 

wit h c o n v e nti o n al r u d d er. T h e fri cti o n al r esist a n c e s e e ms t o b e a b o ut si mil ar f or b ot h c a s es of r u d d er f or a p arti c ul ar m o d el 

s c al e as e x p e ct e d b ut t h e v ari ati o ns ar e d u e f or pr ess ur e r esi st a n c e s. T h e fri cti o n r esist a n c e c o effi ci e nts o bt ai n e d b y C F D a n d 

pr e di ct e d b y I T T C s h o ws g o o d a gr e e m e nt i n b ot h m o d el s c al es as s h o w n i n Fi g. 9. T h e t ot al r esist a n c e c o effi ci e nt s o bt ai n e d 

b y 3 m m o d el ar e hi g h er t h a n t h e v al u e o bt ai n e d b y 6 m m o d el. I n t h es e t a bl es , t h e t hr ust d e d u cti o n f a ct or s i n c a s e of s hi p fitt e d 

wit h c o n v e nti o n al r u d d er o bt ai n e d b y b ot h m o d el s c al e is a b o ut 0. 1 7 – 0. 2 0 w h er e a s, t h e v al u e i s a b o ut 0. 0 9 – 0. 1 1 i n c a s e of 

g at e r u d d er. T h e w a k e fr a cti o n v al u e is a b o ut 0. 3 5 – 0. 3 8 i n c a s e of c o n v e nti o n al r u d d er a n d it is a b o ut 0. 2 0 – 0. 2 4 i n c as e of 

g at e r u d d er. T h e h ull effi ci e n ci es o bt ai n e d i n v ari o u s s p e e d wit h c o n v e nti o n al r u d d er ar e a b o ut 1. 2 3  – 1. 3 0  i n c a s e of s hi p fitt e d 

wit h c o n v e nti o n al r u d d er, w h er e a s t h e r a n g e is 1. 1 4 – 1. 1 8 i n c a s e of b ot h m o d el s c al e s . T h e d eli v er e d p o w er P D  is esti m at e d 

usi n g q u asi- pr o p ulsi v e effi ci e n c y η a n d t h e s h aft effi ci e n c y i s ass u m e d as 0. 9 9 t o c al c ul at e t h e br a k e p o w er.  T h e q u asi-

pr o p ulsi v e effi ci e n c y t e n d s t o hi g h er f or s hi p wit h g at e r u d d er c o m p ar e d t o s hi p wit h g at e r u d d er a n d it h as i n cr e a s e d wit h t h e 

l ar g er s c al e m o d el. It c a n b e m e nti o n e d t h at b ot h t hr u st d e d u cti o n f a ct or a n d w a k e fr a cti o n h a v e b e e n as s u m e d e q u al f or s hi p 

a n d m o d el t o t h e br a k e p o w er c al c ul ati o n.  

T a bl e 6 S u m m ar y of r esi st a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 3 m H ull wit h C o n v e nti o n al R u d d er b y C F D, F ull l o a d 

c o n diti o n at s hi p pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o ns 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h C R) 
C T M  × 1 0 -3  

( H ull wit h C R) 
C F M  × 1 0 -3  

( H ull Wit h C R) 
C P M  × 1 0 -3  

( H ull Wit h C R) 
1. 1 7 7  0. 2 0 8 4  3. 1 6 E + 0 6  4. 6 0 1  6. 7 6 1  4. 6 0 0  3. 6 2 5  0. 9 7 5  
1. 2 7 9  0. 2 2 6 5  3. 4 3 E + 0 6  4. 6 4 4  8. 0 8 1  4. 6 5 7  3. 5 4 7  1. 1 1 0  
1. 3 8 9  0. 2 4 6 1  3. 7 3 E + 0 6  4. 8 3 5  9. 9 8 7  4. 8 7 6  3. 4 8 7  1. 3 8 9  
1. 4 4 4  0. 2 5 5 7  3. 8 7 E + 0 6  5. 1 6 7  1 1. 5 5 2  5. 2 2 1  3. 4 7 8  1. 7 4 3  
1. 4 9 2  0. 2 6 4 4  4. 0 0 E + 0 6  5. 5 8 0  1 3. 2 9 7  5. 6 2 7  3. 4 4 0  2. 1 8 7  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 0 8 4  7. 5 0 2  5. 3 0 8  3. 6 4 9  3. 7 0 5  2. 3  0. 2 4 1  1 6. 0  5. 5 0  0. 0 7 8 8  0. 1 8 1  0. 0 2 5  
0. 2 2 6 5  9. 0 0 1  5. 3 6 2  3. 5 7 2  3. 6 4 6  2. 6 4  0. 3 0 2  1 8. 1  6. 6 6  0. 0 7 5 7  0. 1 7 3  0. 0 1 9  
0. 2 4 6 1  1 1. 1 3 6  5. 7 6 0  3. 5 5 1  3. 5 8 9  3. 0 4  0. 4 5 6  2 0. 0  8. 7 5  0. 1 1 8 2  0. 1 8 4  0. 0 2 4  
0. 2 5 5 7  1 2. 6 0 7  6. 0 2 3  3. 5 3 9  3. 5 6 3  3. 2 5  0. 4 0 6  2 1. 5  1 0. 1 0  0. 1 2 0 4  0. 1 7 6  0. 0 2 0 1  
0. 2 6 4 4  1 4. 7 1 5  6. 4 7 9  3. 4 8 7  3. 5 4 1  3. 4 3  0. 4 9 0  2 2. 7  1 1. 8 8  0. 1 4 9 5  0. 1 7 4  0. 0 2 1  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
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0. 2 0 8 4  1. 1 7 7  5. 6 4 3  3. 1 6 E + 0 6  3. 3 3 E + 0 8  1. 7 6 3  0. 5 6 4  0. 7 1 3  3. 5 6 9  6 5. 4 2  
0. 2 2 6 5  1. 2 7 9  6. 1 3 2  3. 4 3 E + 0 6  3. 6 2 E + 0 8  1. 7 4 4  0. 7 1 9  0. 7 1 3  3. 6 9 9  8 0. 0 5  
0. 2 4 6 1  1. 3 8 9  6. 6 6 1  3. 7 3 E + 0 6  3. 9 3 E + 0 8  1. 7 2 5  1. 1 4 4  0. 7 1 3  4. 1 0 0  1 0 4. 7 0  
0. 2 5 5 7  1. 4 4 4  6. 9 2 4  3. 8 7 E + 0 6  4. 0 8 E + 0 8  1. 7 1 6  1. 4 2 2  0. 7 1 3  4. 3 6 6  1 2 0. 4 6  
0. 2 6 4 4  1. 4 9 2  7. 1 5 5  4. 0 0 E + 0 6  4. 2 2 E + 0 8  1. 7 0 9  1. 9 4 6  0. 7 1 3  4. 8 8 0  1 4 3. 7 9  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 0 8 4  5. 6 4 3  0. 1 8 9  0. 3 9 4  1. 3 3 8  0. 5 4 6  0. 9 9 1  0. 6 9 7  3 6 9. 1  5 3 0  5 4 6  2. 6 2 2  
0. 2 2 6 5  6. 1 3 2  0. 1 8 3  0. 3 8 1  1. 3 2 0  0. 5 2 3  0. 9 9 6  0. 6 8 7  4 9 0. 8  7 2 6  7 4 9  3. 5 9 3  
0. 2 4 6 1  6. 6 6 1  0. 2 0 6  0. 3 7 5  1. 2 7 1  0. 5 4 4  0. 9 9 1  0. 6 8 6  6 9 7. 5  1 0 1 7  1 0 4 9  5. 0 3 4  
0. 2 5 5 7  6. 9 2 4  0. 1 7 8  0. 3 7 9  1. 3 2 4  0. 5 3 4  1. 0 0 4  0. 7 1 0  8 3 4. 0  1 1 7 5  1 2 1 1  5. 8 1 5  
0. 2 6 4 4  7. 1 5 5  0. 1 7 9  0. 3 7 6  1. 2 9 9  0. 5 2 7  1. 0 0 7  0. 6 8 9  1 0 2 8. 9  1 4 9 4  1 5 4 0  7. 3 9 3  

T a bl e 7 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o ns pr e di ct e d b y 3 m H ull wit h G at e R u d d er b y C F D, F ull l o a d c o n diti o n 

at s hi p pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o ns 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull)  
R T M  ( N) 

( H ull wit h G R) 
C T M  × 1 0 -3  

( H ull wit h G R) 
C F M  × 1 0 -3  

( H ull Wit h G R) 
C P M  × 1 0 -3  

( H ull Wit h G R) 
1. 1 7 7  0. 2 0 8 4  3. 1 6 E + 0 6  4. 6 0 1  7. 0 1 7  4. 7 0 2  3. 6 4 7  1. 0 5 5  
1. 2 7 9  0. 2 2 6 5  3. 4 3 E + 0 6  4. 6 4 4  8. 3 3 2  4. 7 2 8  3. 5 7 0  1. 1 5 8  
1. 3 8 9  0. 2 4 6 1  3. 7 3 E + 0 6  4. 8 3 5  1 0. 3 3 4  4. 9 6 9  3. 5 2 2  1. 4 4 7  
1. 4 4 4  0. 2 5 5 7  3. 8 7 E + 0 6  5. 1 6 7  1 1. 8 0 3  5. 2 5 3  3. 5 0 1  1. 7 5 2  
1. 4 9 2  0. 2 6 4 4  4. 0 0 E + 0 6  5. 5 8 0  1 3. 7 4 9  5. 7 2 9  3. 4 7 6  2. 2 5 3  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 0 8 4  7. 0 1 7  5. 1 0 5  3. 6 3 7  3. 7 0 5  2. 3  0. 2 0 7  1 5. 3 2  5. 1 9 9  0. 0 7 0  0. 1 8 7  0. 0 2 4  
0. 2 2 6 5  8. 3 3 2  5. 1 8 7  3. 5 8 2  3. 6 4 6  2. 6 4  0. 2 3 6  1 5. 7 7  6. 3 3 9  0. 0 8 9  0. 1 9 0  0. 0 2 5  
0. 2 4 6 1  1 0. 3 3 4  5. 4 3 7  3. 5 3 9  3. 5 8 9  3. 0 4  0. 2 7 7  1 6. 7 2  8. 0 9 7  0. 1 1 0  0. 1 9 5  0. 0 2 5  
0. 2 5 5 7  1 1. 8 0 3  5. 6 9 8  3. 5 1 1  3. 5 6 3  3. 2 5  0. 3 3 8  1 9. 9 1  9. 3 5 8  0. 1 2 5  0. 1 9 9  0. 0 2 5  
0. 2 6 4 4  1 3. 7 4 9  6. 2 2 7  3. 4 8 0  3. 5 4 1  3. 4 3  0. 4 6 1  2 1. 3 2  1 1. 2 8 1  0. 1 5 0  0. 2 1 0  0. 0 2 7  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  (k N)  
0. 2 0 8 4  1. 1 7 7  5. 6 4 3  3. 1 6 E + 0 6  3. 3 3 E + 0 8  1. 7 6 3  0. 3 7 7  0. 7 1 3  3. 3 8 2  6 1. 9 8  
0. 2 2 6 5  1. 2 7 9  6. 1 3 2  3. 4 3 E + 0 6  3. 6 2 E + 0 8  1. 7 4 4  0. 5 3 1  0. 7 1 3  3. 5 1 1  7 5. 9 8  
0. 2 4 6 1  1. 3 8 9  6. 6 6 1  3. 7 3 E + 0 6  3. 9 3 E + 0 8  1. 7 2 5  0. 8 3 7  0. 7 1 3  3. 7 9 2  9 6. 8 5  
0. 2 5 5 7  1. 4 4 4  6. 9 2 4  3. 8 7 E + 0 6  4. 0 8 E + 0 8  1. 7 1 6  1. 1 3 4  0. 7 1 3  4. 0 7 7  1 1 2. 5 0  
0. 2 6 4 4  1. 4 9 2  7. 1 5 5  4. 0 0 E + 0 6  4. 2 2 E + 0 8  1. 7 0 9  1. 7 0 4  0. 7 1 3  4. 6 3 8  1 3 6. 6 7  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑡  𝜕  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 0 8 4  5. 6 4 3  0. 1 0 2  0. 2 4  1. 1 8 2  0. 5 8 2  0. 9 9 7  0. 6 8 6  3 4 9. 8  5 1 0  5 2 6  2. 5 2 5  
0. 2 2 6 5  6. 1 3 2  0. 1 1 7  0. 2 3 4  1. 1 5 3  0. 5 8 2  0. 9 7 6  0. 6 5 5  4 6 5. 9  7 1 1  7 3 3  3. 5 1 9  
0. 2 4 6 1  6. 6 6 1  0. 1 0 8  0. 2 4 3  1. 1 7 8  0. 5 7 1  0. 9 8 8  0. 6 6 5  6 4 5. 2  9 7 0  1 0 0 0  4. 7 9 9  
0. 2 5 5 7  6. 9 2 4  0. 0 9 9  0. 2 3 4  1. 1 7 6  0. 5 8 2  0. 9 9 8  0. 6 8 3  7 7 8. 9  1 1 4 0  1 1 7 5  5. 6 3 9  
0. 2 6 4 4  7. 1 5 5  0. 1 0 5  0. 2 2 4 4  1. 1 5 5  0. 5 8 9  0. 9 9 9  0. 6 7 9  9 7 7. 9  1 4 4 0  1 4 8 5  7. 1 2 8  

 
T a bl e 8 S u m m ar y of r esi st a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 6 m H ull wit h C o n v e nti o n al R u d d er b y C F D, F ull l o a d 

c o n diti o n at s hi p pr o p ulsi o n p oi nt 

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
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1 9  
2 0  
2 1  
2 2  
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2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
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4 8  
4 9  
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N u m eri c al a s s e s s m e nt of t h e s c al e eff e ct s o n t h e pr o p ul si v e p erf or m a n c e of a s hi p wit h g at e r u d d er s y st e m

1 3



( a) T o wi n g si m ul ati o ns 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h C R) 
C T M  × 1 0 -3  

( H ull wit h C R) 
C F M  × 1 0 -3  

( H ull Wit h C R) 
C P M  × 1 0 -3  

( H ull Wit h C R) 
1. 6 6 4  0. 2 0 8 4  8. 9 3 E + 0 6  3. 7 6 9  4 2. 2 2 9  3. 7 9 7  2. 8 4 2  0. 9 5 5  
1. 8 0 8  0. 2 2 6 5  9. 7 0 E + 0 6  3. 8 1 4  5 3. 9 8 9  3. 8 9 5  2. 8 5 3  1. 0 4 2  
1. 9 6 4  0. 2 4 6 1  1. 0 5 E + 0 7  4. 1 5 9  6 9. 5 2 6  4. 2 4 9  2. 8 3 9  1. 4 1 0  
2. 0 4 2  0. 2 5 5 7  1. 1 0 E + 0 7  4. 5 8 3  8 2. 6 4 3  4. 6 7 5  2. 8 3 9  1. 8 3 6  
2. 1 1 0  0. 2 6 4 4  1. 1 3 E + 0 7  5. 1 9 3  9 9. 6 9 2  5. 2 8 1  2. 8 2 7  2. 4 5 4  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 0 8 4  5 0. 2 9  4. 4 1 1  2. 9 8 6  3. 0 6 0  9. 9 5  2. 7  1 4. 4 0  4 0. 3 5  1. 7 1  0. 1 7 8  0. 0 2 1  
0. 2 2 6 5  6 4. 6 4  4. 9 0 8  2. 9 6 3  3. 0 1 6  1 1. 3 9  3. 6 9  1 5. 6 4  5 3. 2 5  1. 9 4  0. 1 7 9  0. 0 2 0  
0. 2 4 6 1  8 3. 6 5  5. 3 3 3  2. 9 4 2  2. 9 7 3  1 3. 0 2  4. 8 5  1 7. 0 0  7 0. 6 3  2. 2 8 4  0. 1 7 8  0. 0 2 0  
0. 2 5 5 7  9 9. 8 4  5. 7 9 2  2. 9 2 5  2. 9 5 3  1 3. 8 6  5. 1 9  1 7. 6 6  8 5. 9 8  2. 5 1  0. 1 8 2  0. 0 2 0  
0. 2 6 4 4  1 2 0. 9 6  6. 4 6 5  2. 9 1 1  2. 9 3 6  1 4. 6 2  5. 8 7  1 8. 2 5  1 0 6. 3 4  2. 6 6  0. 1 8 1  0. 0 2 0  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 0 8 4  1. 6 6 4  5. 6 4 3  8. 9 3 E + 0 6  3. 3 3 E + 0 8  1. 7 6 3  0. 3 8 0  0. 7 1 3  3. 4 7 3  6 3. 6 5  
0. 2 2 6 5  1. 8 0 8  6. 1 3 2  9. 7 0 E + 0 6  3. 6 2 E + 0 8  1. 7 4 4  0. 9 0 8  0. 7 1 3  3. 9 7 5  8 6. 0 1  
0. 2 4 6 1  1. 9 6 4  6. 6 6 1  1. 0 5 E + 0 7  3. 9 3 E + 0 8  1. 7 2 5  1. 3 6 1  0. 7 1 3  4. 4 0 2  1 1 2. 4 2  
0. 2 5 5 7  2. 0 4 2  6. 9 2 4  1. 1 0 E + 0 7  4. 0 8 E + 0 8  1. 7 1 6  1. 8 4 3  0. 7 1 3  4. 8 7 2  1 3 4. 4 3  
0. 2 6 4 4  2. 1 1 0  7. 1 5 5  1. 1 3 E + 0 7  4. 2 2 E + 0 8  1. 7 0 9  2. 5 3 6  0. 7 1 3  5. 5 5 5  1 6 3. 6 9  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 
 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 0 8 4  5. 6 4 3  0. 1 8 6  0. 3 5 7  1. 2 6 7  0. 5 4 9  0. 9 9 0  0. 6 8 8  3 5 9  5 2 2  5 3 8  2. 5 8 2  
0. 2 2 6 5  6. 1 3 2  0. 2 0 8  0. 3 5 7  1. 2 3 2  0. 5 5 9  1. 0 0 0  0. 6 8 9  5 2 7  7 6 6  7 9 0  3. 7 9 0  
0. 2 4 6 1  6. 6 6 1  0. 2 0 4  0. 3 5 3  1. 2 3 0  0. 5 6 7  0. 9 9 0  0. 6 9 0  7 4 9  1 0 8 5  1 1 1 9  5. 3 7 0  
0. 2 5 5 7  6. 9 2 4  0. 1 9 4  0. 3 6 3  1. 2 6 6  0. 5 6 6  0. 9 9 0  0. 7 0 9  9 3 1  1 3 1 3  1 3 5 4  6. 4 9 8  
0. 2 6 4 4  7. 1 5 5  0. 1 8 4  0. 3 6 3  1. 2 8 1  0. 5 5 8  0. 9 9 0  0. 7 0 8  1 1 7 1  1 6 5 5  1 7 0 6  8. 1 8 9  

 
T a bl e 9 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o ns pr e di ct e d b y 6 m H ull wit h G at e R u d d er b y C F D, F ull l o a d c o n diti o n 

at s hi p pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o ns 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h G R) 
C T M  × 1 0 -3  

( H ull wit h G R) 
C F M  × 1 0 -3  

( H ull Wit h G R) 
C P M  × 1 0 -3  

( H ull Wit h G R) 
1. 6 6 4  0. 2 0 8 4  8. 9 3 E + 0 6  3. 7 6 9  4 5. 5 5 6  3. 8 6 7  2. 9 5 3  0. 9 1 3  
1. 8 0 8  0. 2 2 6 5  9. 7 0 E + 0 6  3. 8 1 4  5 8. 4 0 4  4. 1 9 8  2. 9 1 0  1. 2 8 9  
1. 9 6 4  0. 2 4 6 1  1. 0 5 E + 0 7  4. 1 5 9  7 4. 7 6 5  4. 5 5 4  2. 8 9 5  1. 6 5 8  
2. 0 4 2  0. 2 5 5 7  1. 1 0 E + 0 7  4. 5 8 3  8 6. 9 7 1  4. 9 0 3  2. 8 9 4  2. 0 0 9  
2. 1 1 0  0. 2 6 4 4  1. 1 3 E + 0 7  5. 1 9 3  1 0 5. 4 7 7  5. 5 6 8  2. 8 7 2  2. 6 9 6  

 

( b) S elf- pr o p ulsi o n si m ul ati o n s at s hi p pr o p ulsi o n p oi nt 

Fr o u d e  N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 0 8 4  4 6. 9 5  3. 9 8 5  2. 9 6 3  3. 0 6 0  9. 9 5  1. 5 4 7  1 1. 5  3 6. 9 9 8  1. 3 4 5  0. 1 6 7  0. 0 2 1  
0. 2 2 6 5  6 1. 4 5  4. 4 1 7  2. 9 1 3  3. 0 1 6  1 1. 3 9  2. 0 3 6  1 3. 6  5 0. 0 5 6  1. 9 0 0  0. 1 6 2  0. 0 2 2  
0. 2 4 6 1  7 9. 3 9  4. 7 3 6  2. 8 8 3  2. 9 7 3  1 3. 0 2  2. 6 6 8  1 5. 5  6 6. 3 7 4  2. 4 3 2  0. 1 6 5  0. 0 2 3  

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
5 0  
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  

N u m eri c al a s s e s s m e nt of t h e s c al e eff e ct s o n t h e pr o p ul si v e p erf or m a n c e of a s hi p wit h g at e r u d d er s y st e m

1 4



0. 2 5 5 7  9 1. 7 2  5. 1 7 1  2. 8 6 5  2. 9 5 3  1 3. 8 6  3. 3 3 5  1 6. 6  7 7. 8 6 5  2. 8 1 0  0. 1 6 9  0. 0 2 3  
0. 2 6 4 4  1 1 0. 6 9  5. 8 4 3  2. 8 5 2  2. 9 3 6  1 4. 6 2  4. 4 8 5  1 8. 1  9 6. 0 7 2  3. 3 1 8  0. 1 7 5  0. 0 2 4  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 0 8 4  1. 6 6 4  5. 6 4 3  8. 9 3 E + 0 6  3. 3 3 E + 0 8  1. 7 6 3  0. 3 8 0  0. 7 1 3  3. 0 7 8  5 6. 4 1  
0. 2 2 6 5  1. 8 0 8  6. 1 3 2  9. 7 0 E + 0 6  3. 6 2 E + 0 8  1. 7 4 4  0. 3 2 2  0. 7 1 3  3. 5 5 2  7 6. 8 6  
0. 2 4 6 1  1. 9 6 4  6. 6 6 1  1. 0 5 E + 0 7  3. 9 3 E + 0 8  1. 7 2 5  0. 6 9 6  0. 7 1 3  3. 8 8 5  9 9. 2 3  
0. 2 5 5 7  2. 0 4 2  6. 9 2 4  1. 1 0 E + 0 7  4. 0 8 E + 0 8  1. 7 1 6  1. 0 4 8  0. 7 1 3  4. 3 3 2  1 1 9. 5 4  
0. 2 6 4 4  2. 1 1 0  7. 1 5 5  1. 1 3 E + 0 7  4. 2 2 E + 0 8  1. 7 0 9  1. 7 4 2  0. 7 1 3  5. 0 1 2  1 4 7. 7 0  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  

0. 2 0 8 4  5. 6 4 3  0. 0 9 4  0. 2 1 9  1. 1 6 0  0. 5 9 4  0. 9 7 3  0. 6 7 0  3 1 8  4 7 5  4 9 0  2. 3 5 1  
0. 2 2 6 5  6. 1 3 2  0. 0 9 7  0. 2 1 9  1. 1 5 6  0. 6 0 5  0. 9 7 8  0. 6 8 4  4 7 1  6 8 9  7 1 0  3. 4 0 7  
0. 2 4 6 1  6. 6 6 1  0. 0 9 6  0. 2 2 0  1. 1 5 9  0. 5 8 9  0. 9 8 0  0. 6 6 9  6 6 1  9 8 9  1 0 1 9  4. 8 9 2  
0. 2 5 5 7  6. 9 2 4  0. 1 0 0  0. 2 2 0  1. 1 5 4  0. 6 0 0  0. 9 8 7  0. 6 8 3  8 2 8  1 2 1 2  1 2 4 9  5. 9 9 6  
0. 2 6 4 4  7. 1 5 5  0. 1 0 6  0. 2 1 7  1. 1 4 7  0. 6 0 2  0. 9 7 3  0. 6 6 0  1 0 5 7  1 5 8 1  1 6 3 0  7. 8 2 4  

 

  
Fi g. 9 R esist a n c e c o effi ci e nts of m o d el  wit h  s elf-pr o p ulsi o n  at  f ull l o a d c o n diti o n  o bt ai n e d b y C F D  

 

Fi gs. 1 0 a n d 1 1 d e m o nstr at e t h e s c al e eff e cts o n t h e r esist a n c e of t h e s hi p h ull wit h c o n v e nti o n al a n d g at e r u d d er s. Fi gs. 1 0 ( a) 

a n d ( c) s h o w t ot al r esist a n c e o bt ai n e d b y 3 m a n d 6 m m o d els wit h t h e c o n v e nti o n al r u d d er, r es p e cti v el y. Fi g s. 1 0 ( b) a n d ( d) 

s h o w t ot al r esist a n c e o bt ai n e d b y 3 m a n d 6 m m o d els wit h t h e g at e r u d d er, r es p e cti v el y. Fr o m t h e fi g ur es, it is s e e n t h at t h e 

r e d u cti o n i n t ot al r esist a n c e of t h e s hi p wit h g at e r u d d er c o m p ar e d t o c o n v e nti o n al r u d d er v ari es fr o m 6 – 8 % i n t h e c as e of 

pr e di cti o n b y t h e 3 m h ull a n d 9 – 1 2 % i n t h e c a s e of t h e 6 m h ull, w hi c h i n di c at e s t h er e i s a str o n g i nfl u e n c e of s c al e eff e cts i n 

g at e r u d d er t hr ust g e n er ati o n. I n Fi g. 1 1( a), t ot al r esist a n c e at s elf- pr o p ulsi o n wit h a s er vi c e s p e e d of 1 3 kt s is a p pr o xi m at el y 

1 0 4. 7 k N f or t h e 3 m m o d el wit h c o n v e nti o n al r u d d er, w h er e a s t h e v al u e is a p pr o xi m at el y 9 7. 4 0 k N f or t h e 3 m m o d el wit h 

g at e r u d d er. A g ai n i n Fi g. 1 1 ( b), t ot al r esist a n c e at s elf- pr o p ell e d c o n diti o n at s er vi c e s p e e d is a b o ut 1 1 2. 4 k N o bt ai n e d b y 6 

m m o d el wit h c o n v e nti o n al r u d d er, w h er e a s t h e v al u e is a b o ut 1 0 1. 8 k N o bt ai n e d b y 6 m m o d el wit h g at e r u d d er.   

2. 0

2. 5

3. 0

3. 5

4. 0

4. 5

5. 0

5. 5

6. 0

6. 5

7. 0

0. 2 0. 2 1 0. 2 2 0. 2 3 0. 2 4 0. 2 5 0. 2 6 0. 2 7

Re
si

st
a
nc

e 
Co

ef
fi

ci
e
nt

s(
×
1
0

-3
)

F r o u d e N o

C F (I T T C) _ 3 m B H

C T M _ 3 m H ull ( C R)

C F M ( C F D) _ 3 m H ull ( C R)

C T M _ 3 m H ull ( G R)

C F M ( C F D) _ 3 m H ull ( G R)

2. 0

2. 5

3. 0

3. 5

4. 0

4. 5

5. 0

5. 5

6. 0

6. 5

7. 0

0. 2 0. 2 1 0. 2 2 0. 2 3 0. 2 4 0. 2 5 0. 2 6 0. 2 7

Re
si

st
a
nc

e 
Co

ef
fi

ci
e
nt

s(
×
1
0

-3
)

F r o u d e N o

C F (I T T C) _ 6 m B H

C T M _ 6 m H ull ( C R)

C F M ( C F D) _ 6 m H ull ( C R)

C T M _ 6 m H ull ( G R)

C F M ( C F D) _ 6 m H ull ( G R)

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
5 0  
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  

N u m eri c al a s s e s s m e nt of t h e s c al e eff e ct s o n t h e pr o p ul si v e p erf or m a n c e of a s hi p wit h g at e r u d d er s y st e m

1 5



( a) ( b) 

  
 

( c) ( d) 
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( a) ( b) 

   
 Fi g.  1 1  S c al e Eff e cts of S hi p R esist a n c e wit h  C o n v e nti o n al a n d G at e R u d d er  

 

( a)  ( b) 

  
Fi g. 1 2  S c al e eff e cts of r u d d er r esist a n c e  of c o n v e nti o n al r u d d er  a n d t hr u st of g at e r u d d er at f ull l o a d c o n diti o n ( a) 3 m m o d el  ( b) 6 m 
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Fi g. 1 2 s h o ws t h e s c al e eff e ct s of c o n v e nti o n al r u d d er r esist a n c e a n d g at e r u d d er t hr ust g e n er ati o n wit h r es p e ct t o t ot al s hi p 

r esist a n c e o bt ai n e d i n s elf- pr o p ulsi o n si m ul ati o ns, w h er e F R r e pr es e nts t h e fr e e r u n ni n g s elf- pr o p ulsi o n si m ul ati o n s (i. e., 

S F C = 0) a n d S P P r e pr es e nt t h e s hi p s elf- pr o p ulsi o n p oi nt (i. e., T = R T  ( S P) – S F C). It is s e e n fr o m Fi g. 1 0 , t h e r ati o of t h e t hr u st 

g e n er ati o n ( n e g ati v e r esi st a n c e) b y g at e r u d d er t o t h e t ot al s hi p r esist a n c e ar o u n d t h e s er vi c e s p e e d is 1. 0 3 1 % hi g h er f or 6 m 

m o d el c o m p ar e d t o 3 m m o d el i n m o d el s elf- pr o p ulsi o n p oi nt ( S F C = 0) a n d a b o ut 2. 5 5 % hi g h er at s hi p s elf- pr o p ulsi o n p oi nt.  

It is v er y cl e ar fr o m Fi g. 1 0 t h at t h e c o n v e nti o n al r u d d er gi v es hi g h er r esi st a n c e f or 6 m c o m p ar e d t o 3 m m o d el a n d o n t h e 

ot h er h a n d g at e r u d d er wit h 6 m m o d el gi v e s hi g h er t hr u st c o m p ar e d t o 3 m m o d el i n b ot h m o d el a n d s hi p s elf- pr o p ulsi o n p oi nt. 

Fi g. 1 3 s h o ws t h e d y n a mi c pr ess ur e distri b uti o n o n r u d d er s urf a c e of c o n v e nti o n al a n d g at e r u d d er f or t w o diff er e nt s c al es. 

L ar g er pr ess ur e r e c o v eri es h a v e b e e n o b s er v e d wit h l ar g er m o d el i n b ot h t y p e of r u d d er s. I n c o m p aris o n of pr ess ur e r e c o v er y 

b et w e e n t h e c o n v e nti o n al a n d g at e r u d d er,  m or e d y n a mi c pr ess ur e distri b uti o n at t h e c o n v e nti o n al r u d d er is a p p e ar e d. T h at 

m e a n s g at e r u d d er pr o d u c e s l o w er pr ess ur e b e c a u s e of hi g h v el o cit y at t h e i nsi d e of r u d d er bl a d es a n d w hi c h g e n er at es t h e 

f or w ar d t hr ust. 

 

( a) ( b) ( c) ( d) 

    
Fi g. 1 3  D y n a mi c pr ess ur e distri b uti o n o n  r u d d er; S elf-pr o p ell e d h ull i n f ull l o a d c o n diti o n at Fr N o 0. 2 5 6; ( a) C o n v e nti o n al r u d d er , 3 m 
m o d el ( b) C o n v e nti o n al r u d d er , 6 m m o d el ( c) G at e r u d d er , 3 m m o d el ( d) G at e r u d d er , 6 m m o d el  

 
T a bl e 1 0  S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 3 m H ull wit h C o n v e nti o n al R u d d er b y C F D, S e a tri al c o n diti o n at 

s hi p pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o n s 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h C R) 
C T M  × 1 0 -3  

( H ull wit h C R) 
C F M  × 1 0 -3  

( H ull Wit h C R) 
C P M  × 1 0 -3  

( H ull Wit h C R) 
1. 2 3 3  0. 2 2 4  3. 2 5 E + 0 6  4. 0 3 1  5. 1 7 5  4. 0 5 7  3. 1 8 9  0. 8 6 8  
1. 3 9 4  0. 2 5 3  3. 6 7 E + 0 6  4. 1 5 6  6. 7 9 0  4. 1 6 5  3. 1 6 3  1. 0 0 2  
1. 5 0 2  0. 2 7 3  3. 9 6 E + 0 6  4. 4 6 8  8. 5 0 3  4. 4 9 8  3. 0 8 1  1. 4 1 7  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 2 4  5. 8 3 2  4. 5 7 1  3. 2 3 4  3. 6 6 3  2. 3 7 2  0. 1 4 0  1 6. 4 3  4. 0 5 5  0. 0 5 3  0. 1 2 5  0. 0 1 6  
0. 2 5 3  7. 8 3 9  4. 8 0 8  3. 2 3 7  3. 5 7 8  2. 9 0 6  0. 2 5 6  1 8. 3 6  4. 8 0 3  0. 0 6 4  0. 1 1 9  0. 0 1 5  
0. 2 7 3  1 0. 0 1 9  5. 2 9 9  3. 1 9 6  3. 5 2 9  3. 2 8 6  0. 2 7 6  2 0. 2 1  5. 8 1 6  0. 0 7 8  0. 1 1 9  0. 0 1 5  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 2 4  1. 2 3 3  5. 9 1 6  3. 2 5 E + 0 6  3. 5 0 E + 0 8  1. 7 5 1  0. 6 9 0  0. 7 1 3  3. 5 0 5  5 3. 7 6  
0. 2 5 3  1. 3 9 4  6. 6 8 7  3. 6 7 E + 0 6  3. 9 5 E + 0 8  1. 7 2 3  0. 9 2 4  0. 7 1 3  3. 7 0 5  7 2. 2  
0. 2 7 3  1. 5 0 2  7. 2 0 5  3. 9 6 E + 0 6  4. 2 6 E + 0 8  1. 7 0 7  1. 4 6 4  0. 7 1 3  4. 2 2 5  9 6. 8 1  
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( d) Pr o p ulsi v e f a ct ors, p o w eri n g a n d f u el oil c o n s u m pti o n c al c ul ati o n 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 2 4  5. 9 1 6  0. 1 7 0  0. 3 9 0  1. 3 6 1  0. 4 7 5  0. 9 8 1  0. 6 2 8  3 1 8. 0  5 0 7. 8  5 2 3. 5  2. 5 1  
0. 2 5 3  6. 6 8 7  0. 2 2 1  0. 3 7 6  1. 2 4 9  0. 5 1 4  0. 9 8 8  0. 6 3 4  4 8 6. 9  7 6 7. 7  7 9 1. 4  3. 8 0  
0. 2 7 3  7. 2 0 5  0. 2 7 0  0. 3 8 0  1. 1 7 7  0. 5 4 3  1. 0 1 4  0. 6 4 8  6 9 7. 5  1 0 8 6. 2  1 1 1 9. 8  5. 3 8  

 

T a bl e 1 1 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 3 m H ull wit h G at e R u d d er b y C F D, S e a tri al c o n diti o n at s hi p 

pr o p ulsi o n p oi nt 

 

( a) T o wi n g si m ul ati o n s 

V m( m/s)  Fr o u d e N o  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h G R)  
C T M  × 1 0 -3  

( H ull wit h G R)  
C F M  × 1 0 -3  

( H ull Wit h G R)  
C P M  × 1 0 -3  

( H ull Wit h G R)  
1. 2 3 3  0. 2 2 4  3. 2 5 E + 0 6  4. 0 3 1  5. 6 7 4  4. 4 4 8  3. 4 8 6  0. 9 6 2  
1. 3 9 4  0. 2 5 3  3. 6 7 E + 0 6  4. 1 5 6  7. 2 9 5  4. 4 7 5  3. 3 6 0  1. 1 1 5  
1. 5 0 2  0. 2 7 3  3. 9 6 E + 0 6  4. 4 6 8  9. 4 2 4  4. 9 8 4  3. 3 1 1  1. 6 7 3  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Tr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 2 4  6. 0 5 0  4. 7 6 7  3. 5 0 2  3. 6 8 4  2. 3 7 2  0. 0 5 3  1 4. 1 0  3. 6 2 5  0. 0 7 2  0. 1 5 3  0. 0 2 1  
0. 2 5 3  7. 8 2 0  4. 9 5 1  3. 3 7 2  3. 5 9 9  2. 9 0 6  0. 0 6 7  1 6. 4 0  4. 8 4 7  0. 0 8 5  0. 1 7 3  0. 0 2 0  
0. 2 7 3  1 0. 3 1 4  5. 4 5 5  3. 3 7 4  3. 5 4 9  3. 2 8 6  0. 1 0 1  1 7. 6 0  6. 9 2 7  0. 0 9 6  0. 2 1 5  0. 0 1 9  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 2 4  1. 2 3 3  5. 9 1 6  3. 2 5 E + 0 6  3. 5 0 E + 0 8  1. 7 5 1  0. 3 2 1  0. 7 1 3  3. 1 3 6  5 1. 2  
0. 2 5 3  1. 3 9 4  6. 6 8 7  3. 6 7 E + 0 6  3. 9 5 E + 0 8  1. 7 2 3  0. 4 7 8  0. 7 1 3  3. 2 5 9  6 7. 8  
0. 2 7 3  1. 5 0 2  7. 2 0 5  3. 9 6 E + 0 6  4. 2 6 E + 0 8  1. 7 0 7  1. 4 0 7  0. 7 1 3  4. 1 6 8  8 9. 8  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 0   𝑖 𝜕  𝑡  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 2 4  5. 9 1 6  0. 1 2 1  0. 2 4 1  1. 1 5 8  0. 5 5 7   0. 9 9 1  0. 6 3 9  3 0 2. 9  4 7 6. 8  4 9 1. 5  2. 3 6  
0. 2 5 3  6. 6 8 7  0. 1 2 7  0. 2 3 7  1. 1 4 4  0. 5 6 1   1. 0 1 1  0. 6 4 9  4 5 3. 2  7 0 0. 9  7 2 2. 6  3. 4 7  
0. 2 7 3  7. 2 0 5  0. 1 5 1  0. 2 2 3  1. 0 9 5  0. 5 9 7   0. 9 8 5  0. 6 4 4  6 4 7. 0  9 8 8. 8  1 0 1 9. 4  4. 8 9  

 
T a bl e 1 2 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 6 m H ull wit h C o n v e nti o n al R u d d er b y C F D, S e a tri al c o n diti o n at 

s hi p pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o n s 

Fr o u d e N o  V m( m/s)  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h C R)  
C T M  × 1 0 -3  

( H ull wit h C R) 
C F M  × 1 0 -3  

( H ull Wit h C R) 
C P M  × 1 0 -3  

( H ull Wit h C R) 
0. 2 2 4  1. 7 4 4  4. 7 4 E + 0 6  3. 1 6 2  3 3. 2 1 0  3. 2 5 4  2. 4 8 8  0. 7 6 6  
0. 2 5 3  1. 9 7 2  5. 3 5 E + 0 6  3. 2 8 0  4 3. 8 0 7  3. 3 5 9  2. 4 4 1  0. 9 1 8  
0. 2 7 3  2. 1 2 4  5. 7 7 E + 0 6  3. 7 4 3  5 7. 6 9 9  3. 8 1 5  2. 4 3 3  1. 3 8 2  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  
R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Rr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 2 4  4 0. 3 9 9  3. 9 5 8  2. 8 9 0  2. 9 6 5  8. 5 1  1. 9 6 9  1 2. 2 5  3 1. 8 9 9  1. 0 6  0. 1 5 3  0. 0 2 2  
0. 2 5 3  5 3. 5 1 8  4. 1 0 4  2. 8 3 1  2. 9 0 7  1 0. 3 5  2. 1 8 3  1 4. 2 5  4 3. 1 6 8  1. 4 6 2  0. 1 5 7  0. 0 2 2  
0. 2 7 3  6 8. 4 3 1  4. 5 2 4  2. 8 0 5  2. 8 7 3  1 1. 6 7  2. 3 3 4  1 6. 6 5  5 6. 7 6 1  2. 0 6 6  0. 1 6 6  0. 0 2 3  
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( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 2 4  1. 7 4 4  5. 9 1 6  4. 7 4 E + 0 6  3. 5 0 E + 0 8  1. 7 5 1  0. 9 9 6  0. 7 1 3  3. 4 7 3  5 5. 2 6  
0. 2 5 3  1. 9 7 2  6. 6 8 7  5. 3 5 E + 0 6  3. 9 5 E + 0 8  1. 7 2 3  1. 2 1 3  0. 7 1 3  3. 6 4 9  7 4. 1 8  
0. 2 7 3  2. 1 2 4  7. 2 0 5  5. 7 7 E + 0 6  4. 2 6 E + 0 8  1. 7 0 7  1. 6 2 1  0. 7 1 3  4. 0 4 1  9 5. 3 7  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 2 4  5. 9 1 6  0. 2 2 5  0. 3 8 1  1. 2 5 2  0. 4 8 7  1. 0 4 0  0. 6 3 4  3 2 6. 9  5 1 7. 3  5 3 3. 3  2. 3 3  
0. 2 5 3  6. 6 8 7  0. 2 2 4  0. 4 0 5  1. 3 0 4  0. 4 9 1  1. 0 1 0  0. 6 4 7  4 9 6. 0  7 7 0. 0  7 9 3. 8  3. 4 2  
0. 2 7 3  7. 2 0 5  0. 1 8 9  0. 4 0 3  1. 3 5 8  0. 4 9 7  0. 9 9 7  0. 6 7 4  6 8 7. 2  1 0 5 1. 8  1 0 8 4. 4  4. 7 4  

 
T a bl e 1 3 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y 6 m H ull wit h G at e R u d d er b y C F D, S e a tri al c o n diti o n at s hi p 

pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o n s 

Fr o u d e N o  V m( m/s)  R e m  
C T M  × 1 0 -3  

( B ar e H ull) 
R T M  ( N) 

( H ull wit h G R)  
C T M  × 1 0 -3  

( H ull wit h G R)  
C F M  × 1 0 -3  

( H ull Wit h G R)  
C P M  × 1 0 -3  

( H ull Wit h G R)  
0. 2 2 4  1. 7 4 4  4. 7 4 E + 0 6  3. 1 6 2  3 5. 8 3 9  3. 5 1 2  2. 6 5 6  0. 8 5 6  
0. 2 5 3  1. 9 7 2  5. 3 5 E + 0 6  3. 2 8 0  4 8. 8 0 5  3. 7 4 2  2. 6 1 2  1. 1 3 1  
0. 2 7 3  2. 1 2 4  5. 7 7 E + 0 6  3. 7 4 3  6 3. 0 6 3  4. 1 6 9  2. 5 8 5  1. 5 8 4  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e 
N o  

R T M  

( N) 
C T M  × 1 0 -3  C F M  × 1 0 -3  C F M × 1 0 -3 (I T T C) 

S F C  
( N) 

Tr u d  
( N) 

n  
(r p s) 

T  
( N) 

Q  
( N-m)  

K T  K Q  

0. 2 2 4  3 9. 4 2 3  3. 8 6 3  2. 6 9 1  2. 9 6 5  8. 3 8  0. 6 9 7  1 1. 7 4  2 9. 8 2 0  0. 9 9 2  0. 1 5 7  0. 0 1 9  
0. 2 5 3  5 3. 6 8 5  4. 1 1 6  2. 5 6 2  2. 9 0 7  1 0. 4 1  0. 8 2 6  1 3. 5 0  4 0. 9 3 5  1. 3 2 3  0. 1 5 0  0. 0 2 0  
0. 2 7 3  6 8. 7 3 9  4. 5 4 5  2. 5 6 3  2. 8 7 3  1 1. 8 1  1. 0 2 0  1 5. 2 0  5 5. 4 6 4  1. 4 2 2  0. 1 3 2  0. 0 1 8  

 
( c) R esist a n c e e xtr a p ol ati o n t o f ull s c al e 
 

Fr o u d e N o  V m ( m/s)  V s ( m/s)  R e m  R es  C F S × 1 0 -3  C R M × 1 0 -3 = C R S × 1 0 -3  ∆ C F  C T S × 1 0 -3  R T  ( k N) 
0. 2 2 4  1. 7 4 4  5. 9 1 6  4. 7 4 E + 0 6  3. 5 0 E + 0 8  1. 7 5 1  0. 6 3 3  0. 7 1 3  3. 0 4 9  4 8. 5 1  
0. 2 5 3  1. 9 7 2  6. 6 8 7  5. 3 5 E + 0 6  3. 9 5 E + 0 8  1. 7 2 3  0. 7 8 5  0. 7 1 3  3. 2 2 1  6 5. 4 9  
0. 2 7 3  2. 1 2 4  7. 2 0 5  5. 7 7 E + 0 6  4. 2 6 E + 0 8  1. 7 0 7  1. 2 9 6  0. 7 1 3  3. 7 1 6  8 7. 7 0  

 
( d) Pr o p ulsi v e f a ct ors, p o w eri n g, a n d f u el oil c o n s u m pti o n c al c ul ati o n 

 

Fr o u d e N o  V s ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑡  𝜕  P E  ( k W) P D  ( k W) P B  ( k W) F O C (t o n/ d a y)  
0. 2 2 4  5. 9 1 6  0. 1 0 0  0. 2 1 2  1. 1 4 2  0. 5 1 7  1. 0 3 0  0. 6 0 8  2 8 7. 0  4 7 0. 7  4 8 5. 3  2. 3 3  
0. 2 5 3  6. 6 8 7  0. 0 8 1  0. 2 1 2  1. 1 6 6  0. 5 4 1  1. 0 1 0  0. 6 3 7  4 3 7. 9  6 9 1. 8  7 1 3. 2  3. 4 2  
0. 2 7 3  7. 2 0 5  0. 0 9 3  0. 1 9 1  1. 1 2 1  0. 5 8 7  1. 0 0 0  0. 6 5 9  6 3 1. 9  9 5 8. 1  9 8 7. 7  4. 7 4  

 

T h e si mil ar C F D a n al ysi s at s e a tri al c o n diti o ns w er e c arri e d o ut f or t h e m o d el s c al e at t hr e e diff er e nt s p e e d s. T h e dir e ct o ut p uts 

fr o m C F D si m ul ati o ns f or m o d el s c al e a n d e xtr a p ol at e d f or f ull s c al e h a v e b e e n gi v e n i n T a bl es 1 0 – 1 1 . Fi g . 1 4 s h o ws t h e 

e xtr a p ol at e d t ot al s hi p r esist a n c e f or t w o m o d el s c al es. Si mil ar r es ults of f ull l o a d c o n diti o ns c a n b e o b s er v e d fr o m t h e fi g ur e s 

i n t h e s e a tri al l o a di n g c o n diti o n. O n e c a n o b s er v e fr o m Fi g. 1 4, t h e s hi p fitt e d wit h g at e r u d d er gi v es l e ss r esist a n c e t h a n t h at 

wit h c o n v e nti o n al r u d d er. T h e r e d u cti o n i n t ot al r e sist a n c e o bt ai n e d b y 3 m s hi p i s a b o ut 6 – 7 % w h er e a s it is a b o ut 8 – 9 % 

o bt ai n e d b y 6 m m o d el. 
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( a) ( b) 

  
 Fi g. 1 4  S c al e eff e cts of s hi p r esist a n c e at s e a tri al l o a di n g c o n diti o n s wit h c o n v e nti o n al a n d g at e r u d d er ( a) 3 m m o d el ( b) 6 m m o d e l  

 

T h e r ati o s of r u d d er r esist a n c e t o t ot al s hi p r esist a n c e h a v e b e e n pl ott e d i n Fi g. 1 5 t o d e m o n str at es t h e s c al e eff e ct s of g at e 

r u d d er p erf or m a n c e. It is s e e n t h at t h e c o ntri b uti o n of c o n v e nti o n al r u d d er i n t ot al r esist a n c e is 3. 2 % o bt ai n e d b y 3 m m o d e l 

w h er e a s it is a b o ut 4. 3 % o bt ai n e d b y 6 m m o d el. T h at is t h e c o n v e nti o n al r u d d er h as t h e t e n d e n c y t o c o ntri b ut es m or e r esist a n c e 

i n l ar g er s c al e. I n Fi g. 1 5 ( a), it is als o s e e n t h at at l o w er s p e e d t h e c o ntri b uti o n of c o n v e nti o n al r u d d er r esist a n c e is hi g h er. 

A g ai n t h e Fi g. 1 5 ( b) s h o ws t h at t h e t hr ust g e n er ati o n b y g at e r u d d er ( n e g ati v e r esist a n c e) is a b o ut 0. 6 0 % f or 3 m m o d el at  

s er vi c e s p e e d w h er e a s t h e a m o u nt i n cr e a s es t o 1. 7 0 % f or 6 m m o d el. Fr o m t hi s p h e n o m e n o n, it is pr ett y cl e ar t h at t h e g at e 

r u d d er g e n er at es hi g h er t hr ust at l ar g er s c al e.  

 

( a) ( b) 

  
Fi g. 1 5  S c al e eff e cts of r u d d er r esist a n c e a n d t hr u st at s e a tri al l o a di n g  c o n diti o n ( a) C o n v e nti o n al r u d d er  r esist a n c e ( b) G at e r u d d er t hr u st 
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( a) ( b) 

  
Fi g. 1 6  Br a k e p o w er r e q uir e m e nt  at f ull l o a d c o n diti o n  pr e di ct e d b y ( a) 3 m m o d el  a n d ( b) 6 m m o d el  

 

Fi gs. 1 6 a n d 1 7 s h o w t h e c o m p aris o ns of br a k e p o w er r e q uir e m e nt wit h c o n v e nti o n al r u d d er a n d g at e r u d d er esti m at e d b y t w o 

diff er e nt m o d el s at f ull l o a d c o n diti o n a n d s e a tri al c o n diti o n r es p e cti v el y. Fr o m Fi g s. 1 6 ( a) a n d 1 6 ( b), it is s e e n t h at t h e 

r e d u cti o n i n br a k e p o w er r e q uir e m e nt s i s l ar g er f or 6 m m o d el c o m p ar e d t o 3 m m o d el. T h e r e d u cti o n i n br a k e p o w er at s er vi c e 

s p e e d is a b o ut 6. 0 – 7. 0 % pr e di ct e d b y 3 m m o d el, w h er e a s it is a b o ut 9 – 1 0 % pr e di ct e d b y 6 m m o d el at f ull l o a d c o n diti o n. 

Si mil ar v ari ati o n i n br a k e p o w er r e d u cti o n b et w e e n t w o m o d els at s e a tri al c o n diti o n i s o b s er v e d fr o m Fi gs. 1 7 ( a) a n d 1 7 ( b).  

( a) ( b) 

  
Fi g. 1 7  Br a k e p o w er r e q uir e m e nt at s e a tri al c o n diti o n pr e di ct e d b y ( a) 3 m m o d el a n d ( b) 6 m m o d el 
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( a) ( b) 

  
( c) ( d) 

  
 
Fi g.  1 8 A xi al  V el o cit y c o nt o ur at t o p pl a n e  al o n g s h aft a xis; S elf -pr o p ell e d h ull i n f ull l o a d c o n diti o n at Fr N o  0. 2 5 6 ; ( a) C o n v e nti o n al 
r u d d er of 3 m m o d el ( b) C o n v e nti o n al r u d d er of 6 m m o d el ( c) G at e r u d d er of 3 m m o d el ( d) G at e r u d d er of 6 m m o d el  

 
T h e a xi al v el o cit y fl o w c o nt o ur s h a v e b e e n s h o w n i n Fi g. 1 8 f or Fr o u d e N o. 0. 2 5 6 fr o m w hi c h at  t h e pr o p ell er pl a n e wit h g at e 
r u d d er h as hi g h er i nfl o w v el o cit y c o m p ar e d t o c o n v e nti o n al r u d d er. A g ai n, pr o p ell er fitt e d wit h g at e r u d d er t o 6 m h ull r e c ei v e s 
hi g h er i nfl o w v el o cit y at t h e pr o p ell er pl a n e t h a n t h at of 3 m m o d el. 
 

( a) ( b) ( c) 

   
( d) ( e) (f) 

   
Fi g.  1 9  W a k e Fi el d at pr o p ell er pl a n e  i n t o wi n g c o n diti o n; F ull L o a d C o n diti o n at Fr N o 0. 2 5 6 ( a) 3 m m o d el wit h b ar e h ull ( b) 3 m m o d el 
wit h c o n v e nti o n al r u d d er ( c) 3 m m o d el wit h g at e r u d d er ( d) 6 m m o d el wit h b ar e h ull ( e) 6 m m o d el wit h c o n v e nti o n al r u d d er (f) 6 m m o d el 
wit h g at e r u d d er  
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( a) ( b) 

  
( c) ( d) 

  
 

Fi g. 2 0  W a k e Fi el d at pr o p ell er pl a n e i n s elf- pr o p ell e d c o n diti o n; F ull L o a d C o n diti o n at Fr N o. 0. 2 5 6 ( a) 3 m m o d el wit h c o n v e nti o n al 

r u d d er ( b) 3 m m o d el wit h g at e r u d d er ( c) 6 m m o d el wit h c o n v e nti o n al r u d d er ( d) 6 m m o d el wit h g at e r u d d er  

 

T h e w a k e fi el d at t h e pr o p ell er pl a n e is d e pi ct e d i n Fi g. 1 9 f or t h e m o d el at t o wi n g wit h o ut r u d d er, wit h c o n v e nti o n al r u d d er 

a n d wit h g at e r u d d er f or 3 m a n d 6 m m o d el s r es p e cti v el y i n f ull l o a d c o n diti o n. T h e w a k e fi el d pr es e nt e d h er e ar e n o n-

di m e n si o n ali z e d b y di vi di n g t h e a xi al v el o cit y wit h m o d el v el o cit y. T h e w a k e fi el d c a n b e di vi d e d i n t w o diff er e nt z o n e s: t h e 

fl o w wit hi n t h e pr o p ell er dis k ar e a a n d t h e fl o w o utsi d e t h e pr o p ell er dis k. T h e fl o w i nsi d e t h e pr o p ell er is s h o wi n g a n 

as y m m etri c c o nfi g ur ati o n. T h e w a k e fil e d at t h e pr o p ell er pl a n e i n s elf- pr o p ell e d c o n diti o n h as b e e n s h o w n i n Fi g. 2 0  a n d t h e 

cir c u mf er e nti al w a k e distr a cti o n at 0. 7 R f or b ot h m o d el s c al es h a v e b e e n s h o w n i n Fi g. 2 1 .  
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( b) 

 
Fi g. 2 1  Cir c u mf er e nti al W a k e ( V x/ V m ) distri b uti o n at 0. 7 R of t h e pr o p ell er dis k; S elf -pr o p ell e d h ull i n f ull l o a d c o n diti o n at Fr N o 0. 2 5 6  

wit h ( a) 3 m m o d el a n d ( b) 6 m m o d el 

 

T h o u g h a n u m b er of e vi d e n c e s h o ws t h e r eli a bilit y a n d a c c ur a c y of t h e pr e di ct e d h ull p erf or m a n c e p ar a m et er s a n d d esi g n of 
e n er g y s a vi n g d e vi c e b as e d o n t h e C o m p ut ati o n al Fl ui d D y n a mi cs ( C F D) at m o d el s c al e, it m a y oft e n h a v e a dis cr e p a n c y wit h 
t h e f ull-s c al e s hi p p erf or m a n c e. W a k e fi el d b e hi n d t h e h ull of a m o d el al w a ys v ari es wit h t h e h ull of a s hi p d u e t o diff er e nt 

fl o w c h ar a ct eri sti cs at hi g h R e y n ol d s N u m b er. Wit h t h e i m pr o v e m e nt of n u m eri c al si m ul ati o n t o ols a n d a d v a n c e m e nt of 
c o m p ut ati o n al p o w er, t h e f ull s c al e C F D a n al ysi s pr o vi d e s m or e a c c ur at e pr e di cti o n of h ull – pr o p ell er i nt er a cti o n wit h e n er g y 

s a vi n g d e vi c e s a n d eli mi n at e s t h e n e e d of c o m pl e x e xtr a p ol ati o n pr o c e d ur e. C F D a n al ys e s of t h e s hi p at f ull s c al e h a v e  b e e n 
c arri e d o ut f or t hr e e diff er e nt s p e e d s at f ull l o a d c o n diti o ns. T h e n u m eri c al r es ult s h a v e b e e n v erifi e d a n d v ali d at e d f oll o wi n g 
I T T C r e c o m m e n d ati o n w hi c h h a v e b e e n pr es e nt e d i n S e cti o n 3. T a bl e s 1 4 – 1 5 r e pr es e nt t h e s u m m ar y of t h e f ull- s c al e 

si m ul ati o n r es ults a n d c al c ul ati o ns.  

T a bl e 1 4 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y f ull s c al e s hi p wit h C o n v e nti o n al R u d d er b y C F D, f ull l o a d c o n diti o n 

at s hi p pr o p ulsi o n p oi nt 

( e) T o wi n g si m ul ati o n s 

Fr o u d e N o  V s ( m/s)  
C T  × 1 0 -3  

( B ar e H ull) 
R T  ( k N) 

( H ull wit h C R) 
C T  × 1 0 -3  

( H ull wit h C R) 
C F  × 1 0 -3  

( H ull Wit h C R) 
C P  × 1 0 -3  

( H ull Wit h C R) 
C F × 1 0 -3 (I T T C) 

0. 2 2 6 5  6. 1 3 2  3. 2 6 7  7 2. 7 4  3. 3 2 6  1. 8 2 8  1. 4 9 7  1. 7 4 8  
0. 2 4 6 1  6. 6 6 1  3. 3 3 7  8 6. 9 4  3. 3 6 9  1. 7 8 3  1. 5 8 6  1. 7 2 9  
0. 2 6 4 4  7. 1 5 5  3. 5 6 7  1 0 7. 6 5  3. 6 1 5  1. 7 5 6  1. 8 5 9  1. 7 1 2  

 

(f) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  R T ( k N) C T  × 1 0 -3  C F  × 1 0 -3  Rr u d ( k N)  N (r p s)  J T ( k N)  Q ( k N -m)  K T  K Q  
0. 2 2 6 5  8 9. 7 5  4. 1 0 4  1. 8 6 0  3. 0 3 4  4. 5  0. 4 2  9 1. 2 3  2 8. 1 7 4  0. 1 3 2  0. 0 1 7  
0. 2 4 6 1  1 0 8. 7 2  4. 2 1 3  1. 8 1 6  3. 7 1 8  4. 8  0. 4 2  1 0 8. 8 8  2 9. 0 7 9  0. 1 3 9  0. 0 1 5  
0. 2 6 4 4  1 3 1. 6 7  4. 4 2 2  1. 8 0 3  4. 5 4 9  5. 4  0. 4 1  1 2 8. 5  3 6. 8 7 6  0. 1 3 2  0. 0 1 5  

 
( g) P r o p ulsi v e f a ct ors a n d p o w eri n g c al c ul ati o n 
 

Fr o u d e  N o  V s ( m/s)  V a ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P B  ( k W) 
0. 2 2 6 5  6. 1 3 2  4. 5 3 6  0. 1 9 0  0. 2 6 0  1. 0 9 6  0. 5 6 2  0. 9 6 8  0. 5 9 6  5 5 0  9 1 0  
0. 2 4 6 1  6. 6 6 1  4. 8 3 8  0. 2 0 0  0. 2 7 4  1. 1 0 1  0. 5 6 9  1. 0 3 5  0. 6 4 8  7 2 4  1 1 2 7  
0. 2 6 4 4  7. 1 5 5  5. 3 1 4  0. 1 8 2  0. 2 5 7  1. 1 0 1  0. 5 6 2  1. 0 3 3  0. 6 3 9  9 4 2  1 5 2 0  
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T a bl e 1 5 S u m m ar y of r esist a n c e a n d p o w eri n g c al c ul ati o n s pr e di ct e d b y f ull s c al e s hi p wit h G at e R u d d er b y C F D, f ull l o a d c o n diti o n at s hi p 

pr o p ulsi o n p oi nt 

( a) T o wi n g si m ul ati o n s 

Fr o u d e N o  V s ( m/s)  
C T  × 1 0 -3  

( B ar e H ull) 
R T  ( k N) 

( H ull wit h G R) 
C T  × 1 0 -3  

( H ull wit h G R)  
C F  × 1 0 -3  

( H ull Wit h G R) 
C P  × 1 0 -3  

( H ull Wit h G R) 
C F × 1 0 -3 (I T T C) 

0. 2 2 6 5  6. 1 3 2  3. 2 6 7  7 3. 9 1  3. 3 2 6  1. 7 9 0  1. 5 3 7  1. 7 4 8  
0. 2 4 6 1  6. 6 6 1  3. 3 3 7  8 8. 7 7  3. 3 8 6  1. 7 5 3  1. 6 3 3  1. 7 2 9  
0. 2 6 4 4  7. 1 5 5  3. 5 6 7  1 0 8. 9 5  3. 6 0 2  1. 7 5 2  1. 8 5 0  1. 7 1 2  

 

( b) S elf- pr o p ulsi o n si m ul ati o n at s hi p pr o p ulsi o n p oi nt 

Fr o u d e N o  R T ( k N) C T  × 1 0 -3  C F  × 1 0 -3  Rr u d ( k N)  N (r p s)  J T ( k N)  Q ( k N -m)  K T  K Q  
0. 2 2 6 5  8 2. 0 6  3. 6 9 3  1. 7 9 5  4 9 4 1  3. 9 5  0. 5 3  8 2. 0 6  3 0. 0 5  0. 1 5 5  0. 0 2 4  
0. 2 4 6 1  9 8. 6 7  3. 7 6 3  1. 8 0 3  6 2 5 4  4. 3 8  0. 5 3  9 8. 6 7  3 3. 3 5  0. 1 5 1  0. 0 2 1  
0. 2 6 4 4  1 1 9. 4 7  3. 9 4 9  1. 7 6 5  6 3 6 1  4. 6 6  0. 5 3  1 1 9. 4 7  4 3. 5 8  0. 1 6 2  0. 0 2 5  

 
( c) Pr o p ulsi v e f a ct ors a n d p o w eri n g c al c ul ati o n 
 

Fr o u d e N o  V s ( m/s)  V a ( m/s)  t w  𝜕 𝜌  𝑢 𝑖  𝜕 𝑥  𝑖  P E  ( k W) P B  ( k W) 
0. 2 2 6 5  6. 1 3 2  5. 0 2 4  0. 0 9 9  0. 1 8 1  1. 0 9 9  0. 6 1 9  0. 9 5 3  0. 6 4 9  5 0 3  8 0 0  
0. 2 4 6 1  6. 6 6 1  5. 5 7 1  0. 1 0 0  0. 1 6 4  1. 0 7 6  0. 6 1 9  1. 0 3 8  0. 6 9 1  6 5 7  9 8 1  
0. 2 6 4 4  7. 1 5 5  5. 9 2 8  0. 0 8 8  0. 1 7 2  1. 1 0 1  0. 6 1 9  0. 9 7 6  0. 6 6 5  8 5 5  1 3 2 5  

 

T h e o bt ai n e d r esist a n c e c o effi ci e nts h a v e b e e n pr es e nt e d i n Fi g. 2 2. I n Fi g. 2 2 ( a), t h e t ot al r esist a n c e c o effi ci e nt s a n d fri cti o n 
r esist a n c e c o effi ci e nt s at t o wi n g a n d s elf- pr o p ell e d c o n diti o n of t h e s hi p wit h c o n v e nti o n al r u d d er a n d i n Fi g. 2 2 ( b), t h e 

c o effi ci e nt s f or s hi p wit h g at e r u d d er ar e pr es e nt e d. I n b ot h c a s es, t h e pr e di ct e d fri cti o n al r esist a n c e c o effi ci e nt s h a v e a g o o d 
a gr e e m e nt wit h t h e I T T C 1 9 5 7 fri cti o n li n e.  

( a) ( b) 

  
Fi g. 2 2  F ull s c al e s hi p r esist a n c e c o effi ci e nts pr e di ct e d b y C F D ( a) C o n v e nti o n al R u d d er ( b) G at e R u d d er  

 

T ot al r esist a n c e o bt ai n e d b y f ull s c al e si m ul ati o ns h as b e e n pr es e nt e d i n Fi g. 2 3 ( a), w hi c h s h o ws t h at t h e s hi p wit h c o n v e nti o n al 
ru d d er gi v e s m or e s hi p r esi st a n c e t h a n t h at of s hi p wit h g at e r u d d er. T ot al r esist a n c e of t h e f ull-s c al e s hi p h a s a g o o d c o nsist e n c y 
wit h t h e e xtr a p ol at e d t ot al r esist a n c e o bt ai n e d b y m o d el s c al es at  s hi p s p e e d of 6. 1 3 2 m/ s a n d 6. 6 6 1 m/s, al t h o u g h t h er e is a 

c ert ai n a m o u nt of d e vi ati o n at  s hi p s p e e d of  7. 1 5 5 m/s. Fi g. 2 3 ( b) s h o ws t h e a m o u nt of c o ntri b uti o n of c o n v e nti o n al r u d d er 
r esist a n c e a n d g at e r u d d er t hr ust i n t ot al s hi p r esi st a n c e. I n Fi g. 1 2, it h as b e e n s h o w n e arli er t h at t h e c o n v e nti o n al r u d d er 

c o ntri b ut es a b o ut 2 % a n d 3 % of t ot al s hi p r esist a n c e pr e di ct e d b y 3 m m o d el a n d 6 m m o d el r es p e cti v el y at s hi p pr ol usi o n 
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p oi nt i n f ull l o a d c o n diti o n s. I n c a s e of f ull- s c al e s hi p, t h e c o ntri b uti o n of r u d d er r esist a n c e i n cr e a s es w hi c h is a b o ut m or e t h a n 
4 % as s h o w n i n Fi g 2 3 ( b). A g ai n, t h e g at e r u d d er pr o d u c e s m or e t h a n 6 % t hr ust of t ot al r esist a n c e o bt ai n e d b y f ull s c al e 

si m ul ati o ns w hi c h w as a b o ut 1- 2 % a n d a b o ut 2- 3 % i n c a s e of 3 m a n d 6 m m o d el r es p e cti v el y. T h at i s ulti m at el y m or e t h a n 1 0 
% r e d u cti o n of t ot al s hi p r esist a n c e. T h e t hr ust d e d u cti o n f a ct or s ar e q uit e si mil ar wit h t h e e xtr a p ol at e d v al u es o bt ai n e d b y t h e 

m o d el s c al es a n d f ull s c al e. T h e eff e cti v e w a k e r a n g es a b o ut 0. 2 1 – 0. 2 4 f or m o d el s c al es w h er e a s t h e v al u e o bt ai n e d b y f ull 
s c al e is a b o ut 0. 1 7 – 0. 1 8. 

( a) ( b) 

  
Fi g.  2 3  F ull s c al e C F D pr e di cti o n ( a) T ot al r esist a n c e ( b) C o n v e nti o n al r u d d er r esist a n c e a n d g at e r u d d er t hr u st t o t ot al s hi p 
r esist a n c e r ati o 

 

T h e pr o p ulsi v e f a ct or s o bt ai n e d b y f ull s c al e s hi p wit h c o n v e nti o n al r u d d er a n d g at e r u d d er h a v e b e e n pr es e nt e d i n t a bl e 1 4 –
1 5 . I m pr o v e d pr o p ulsi v e p erf or m a n c e h a s b e e n o b s er v e d wit h t h e s hi p wit h g at e r u d d er c o m p ar e d t o g at e r u d d er. T h e Fi g. 2 4 ( a) 

sh o ws eff e cti v e p o w er a n d Fi g. 2 4 ( b) br a k e p o w er r e q uir e m e nt o bt ai n e d b y f ull s c al e s hi p C F D. Fr o m Fi g. 2 4 ( b), it is s e e n t h at 
m or e t h at 1 2 % r e d u cti o n i n br a k e p o w er is a c hi e v e d wit h g at e r u d d er s yst e m of a s hi p. T h e distri b uti o n of d y n a mi c pr es s ur e 

o n h ull a n d r u d d er s, a xi al v el o cit y at t h e t o p pl a n e al o n g t h e s h aft a xis a n d w a k e fi el d at t h e pr o p ell er pl a n e f or b ot h c a s es of 
r u d d er arr a n g e m e nts at Fr o u d e N u m b er 0. 2 6 6 4 h a v e b e e n s h o w n i n Fi g. 2 6, Fi g. 2 7 , a n d Fi g. 2 8 r es p e cti v el y.  

 
( a) ( b) 

  
Fi g.  2 4  P o w er  pr e di cti o n b y f ull s c al e s hi p C F D a n al ysis ( a) Eff e cti v e p o w er ( b) Br a k e p o w er  
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( a) ( b) 

  
( c) ( d) 

  
Fi g. 2 5  S c al e eff e cts o n pr o p ulsi v e effi ci e n c y a n d br a k e p o w er  i n f ull l o a d c o n diti o ns ( a) T hr u st d e d u cti o n fa ct or s ( b) W a k e 
fr a cti o n s ( c) Pr o p ulsi v e effi ci e n c y ( d) Br a k e p o w er 

 

Fi g. 2 5 d e pi cts a cl e ar pi ct ur e of t h e s c al e eff e ct o n g at e r u d d er p erf or m a n c e as it s u m m ari z es s elf- pr o p ulsi v e c o effi ci e nt s s u c h 
as t hr ust d e d u cti o n, w a k e fr a cti o n, pr o p ulsi v e effi ci e n c y, a n d br a k e p o w er o bt ai n e d b y t hr e e diff er e nt s c al e s. T h er e is a v er y 

littl e eff e ct o n t h e t hr ust d e d u cti o n f a ct or s. H o w e v er, as s h o w n i n Fi g. 2 5( b), t h e s c al e s h a v e a si g nifi c a nt eff e ct o n w a k e 
fr a cti o n s i n b ot h t y p es of r u d d er c a s es. T h e o v er all pr o p ulsi v e effi ci e n c y v ari e s a m o n g t hr e e s c al es, b ut t h e i m pr o v e d 
effi ci e n ci e s ar e o b s er v e d f or a p arti c ul ar s c al e f or t h e g at e r u d d er s yst e m c o m p ar e d t o c o n v e nti o n al r u d d er. T h e i m pr o v e m e nt 

c ert ai nl y i n cr e a s es o n a l ar g er s c al e. T h e e xtr a p ol at e d r es ult s of 3 m a n d 6 m ar e f o u n d t o b e i n c o n sist e nt a n d t h e y ar e als o 
c o nsist e nt wit h t h e f ull s c al e at t h e s p e e d s of 1 1. 9 2 kts a n d 1 2. 9 5 kts, w h er e t h e d e vi ati o n r a n g e s fr o m 4 t o 8 % f or b ot h c as es 
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of t h e r u d d er at f ull l o a d. H o w e v er, t h er e is a bi g g er diff er e n c e at 1 3. 9 1 kts, as s h o w n i n Fi g. 2 5( d). T h er e mi g ht b e c ert ai n 
err or s i n t h e e xtr a p ol ati o n pr o c e d ur e a n d c o nsi d er ati o ns of r o u g h n ess f a ct or all o w a n c e as w ell. T h er ef or e, it r e q uir es m or e 

d et ail e d i n v e sti g ati o n s i n f ull- s c al e si m ul ati o n s t o a d dr ess t h e iss u e at hi g h er s p e e d s. H o w e v er, t h e m o st i m p ort a nt f a ct i s t h at 
t h e a m o u nt of r e d u cti o n i n br a k e p o w er is si g nifi c a ntl y hi g h er o n l ar g er s c al es. 

( a) ( b) 

  

( c) ( d) 

  

Fi g. 2 6  D y n a mi c pr ess ur e distri b uti o n o n t h e f ull -s c al e s hi p h ull at Fr N o 0. 2 6 6 4 ( a) C o n v e nti o n al r u d d er t o wi n g c o n diti o n ( b) G at e r u d d er 
t o wi n g c o n diti o n ( c) C o n v e nti o n al r u d d er s elf-pr o p ulsi o n c o n diti o n ( d) G at e r u d d er s elf -pr o p ell e d c o n diti o n  
 

( a) ( b) 

  

( c) ( d) 

  

Fi g. 2 7  A xi al v el o cit y fl o w distri b uti o n at aft p art of t h e f ull -s c al e s hi p h ull at Fr N o 0. 2 6 6 4 ( a) C o n v e nti o n al r u d d er t o wi n g c o n diti o n ( b) 
G at e r u d d er t o wi n g c o n diti o n ( c) C o n v e nti o n al r u d d er s elf -pr o p ulsi o n c o n diti o n ( d) G at e r u d d er s elf-pr o p ell e d c o n diti o n  

 
( a) ( b) 

  

 1  
 2  
 3  
 4  
 5  
 6  
 7  
 8  
 9  
1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
5 0  
5 1  
5 2  
5 3  
5 4  
5 5  
5 6  
5 7  
5 8  
5 9  
6 0  
6 1  
6 2  
6 3  
6 4  
6 5  

N u m eri c al a s s e s s m e nt of t h e s c al e eff e ct s o n t h e pr o p ul si v e p erf or m a n c e of a s hi p wit h g at e r u d d er s y st e m

2 9



 

 

 

 

Fi g. 2 8  W a k e fi el d distri b uti o n i n t h e pr o p ell er pl a n e at Fr N o 0. 2 6 6 4 (a) S hi p wit h c o n v e nti o n al r u d d er i n t o wi n g 
(t o p) a n d s elf pr o p ulsi o n ( b ott o m) ( b) S hi p wit h g at e r u d d er i n t o wi n g (t o p) a n d s elf-pr o p ulsi o n ( b ott o m)  

6 C o n cl usi o n  

T his st u d y n u m eri c all y i n v esti g at es s c al e eff e cts o n t h e pr o p ulsi v e p erf or m a n c e s of a d o m esti c c ar g o s hi p fitt e d wit h a g at e 

r u d d er s yst e m a n d a c o n v e nti o n al r u d d er. T h e n u m eri c al a n al ysi s w a s c arri e d o ut c o n si d eri n g t hr e e diff er e nt s c al es, i. e., 3 m 

m o d el, 6 m m o d el, a n d 6 9 m f ull-s c al e s hi p at v ari o u s s p e e d s. T h e m o d el s c al e a n al ys e s w er e d o n e f or t w o l o a di n g c o n diti o ns, 

i. e., f ull l o a di n g c o n diti o n a n d s e a tri al l o a di n g c o n diti o n, w h er e a s t h e f ull- s c al e a n al ysi s w a s d o n e f or o nl y t h e f ull l o a di n g 

c o n diti o n of t h e s hi p. Gri d c o n v er g e n c e st u d y a n d V & V st u d y h a v e b e e n c arri e d o ut f or t h e 6 m m o d el wit h a c o n v e nti o n al 

r u d d er a n d f or t h e f ull- s c al e s hi p wit h a g at e r u d d er. T h e r esist a n c e d at a o bt ai n e d b y C F D si m ul ati o n s of m o d el s c al es h a v e 

b e e n e xtr a p ol at e d t o f ull s c al e f oll o wi n g t h e I T T C's r e c o m m e n d e d st a n d ar d pr o c e d ur e. T h e r esist a n c e c o m p o n e nt s a n d 

pr o p ulsi v e f a ct or s w er e d eri v e d f or e a c h s c al e wit h b ot h l o a di n g c o n diti o ns h a v e b e e n dis c us s e d. T h e s c al e eff e cts o n t h e t ot al 

r esist a n c e of c o n v e nti o n al r u d d er a n d t h e t ot al t hr ust g e n er ati o n b y t h e g at e r u d d er h a v e b e e n e x pl ai n e d i n d et ail. B as e d o n t h e 

a b o v e r es ults a n d dis c u ssi o n, t h e f oll o wi n g c o n cl usi o n s c a n b e dr a w n: 

1.  T h e a c c ur a c y of t h e R A N S b as e d n u m eri c al si m ul ati o n h as b e e n e ns ur e d b y m o d el t est d at a a n d V & V st u d y b as e d o n 

gri d i n d e p e n d e n c y t est of C F D si m ul ati o ns. 

2.  T h er e is a b o ut a 7- 8 % r e d u cti o n i n p o w er r e q uir e m e nts i n t h e c a s e of t h e 3 m m o d el wit h t h e g at e r u d d er c o m p ar e d t o 

t h e c o n v e nti o n al r u d d er a n d a b o ut a 9 – 1 0 % r e d u cti o n i n p o w er r e q uir e m e nts f or t h e 6 m m o d el wit h f ull l o a di n g 

c o n diti o n at s er vi c e s p e e d of t h e s hi p. A c c or di n g t o f ull s c al e a n al ysis, m or e t h a n a 1 2 % r e d u cti o n i n p o w er 

r e q uir e m e nts is p o s si bl e i n f ull l o a di n g c o n diti o ns at s er vi c e s p e e d of t h e s hi p. 

3.  T h er e is a b o ut a 5 – 6 % r e d u cti o n i n p o w er r e q uir e m e nts i n t h e c a s e of t h e 3 m m o d el wit h t h e g at e r u d d er c o m p ar e d 

t o t h e c o n v e nti o n al r u d d er a n d a b o ut a 7 – 8 % r e d u cti o n i n p o w er r e q uir e m e nt f or t h e 3 m m o d el i n s e a tri al c o n diti o n 

at s er vi c e s p e e d of t h e s hi p. 

4.  T h e g at e r u d d er of t h e 6 m m o d el g e n er at es hi g h er t hr ust t h a n t h at of t h e 3 m m o d el i n b ot h l o a di n g c o n diti o ns. O n 

t h e ot h er h a n d, t h e c o n v e nti o n al r u d d er c o ntri b ut es hi g h er r esist a n c e i n t h e c a s e of t h e 6 m m o d el c o m p ar e d t o 3 m 

m o d el. A g ai n, t h e f ull- s c al e g at e r u d d er g e n er at es m or e t hr ust c o m p ar e d t o t h e s c al e d m o d el. T his i n di c at e s t h at t h e 

g at e r u d d er s yst e m will pr o vi d e hi g h er t hr ust a n d e x c ell e nt pr o p ulsi v e p erf or m a n c e at l ar g er s c al e. 

5.  T h e s el e ct e d s hi p wit h t h e g at e r u d d er s yst e m gi v es i m pr o v e d t hr ust d e d u cti o n f a ct or a n d w a k e fr a cti o n c o m p ar e d t o 

t h e s hi p wit h t h e c o n v e nti o n al r u d d er. 

6.  T h e I T T C w a k e s c ali n g pr o c e d ur e c a n’t b e a p pli e d i n t h e c as e of t h e eff e cti v e w a k e of a g at e r u d d er as a d v a n c e d 

v el o cit y is a c c el er at e d b y t h e g at e r u d d er bl a d es, w hi c h is si g nifi c a nt at l o w er R e y n ol d s n u m b er s. M or e f ull- s c al e d at a 

a n d a n al ysi s wit h g at e r u d d er ar e r e q uir e d t o e v al u at e t h e w a k e s c ali n g pr o c e d ur e pr es e nt e d i n t h e lit er at ur e. 

7.  Al o n g wit h si g nifi c a nt a m o u nt of p o w er-s a vi n gs, g at e r u d d er will d e m o n str at e si g nifi c a nt a m o u nt of e mi ssi o ns 

r e d u cti o n fr o m s hi p s as it i s dir e ctl y r el at e d t o t h e p o w er a n d f u el oil c o n s u m pti o ns. 
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