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A B S T R A C T 

The gain in propulsive efficiency using a large propeller diameter wi th lower shaft rotation is perhaps 
the simplest and most robust way of improving the fuel economy of a ship. Wi th in this framework the 
concept of "Inclined Keel Hull" has attracted much interest in small vessels such as fishing boats and tug 
boats to improve their pull ing power however there has been no application of this concept to large 
commercial ships. This is the second of two papers on a hydrodynamic development of an Inclined 
Keel Hull w i th a well-designed 3600 TEU container vessel based on the recently completed 
postgraduate study, (Seo, 2010). In the first paper (Seo et al., 2012) the validation for the bare hul l 
resistance and wake distribution on the propeller plane was conducted by using advanced numerical 
tools and large scale model ' tests as part of an on-going collaborative FP7-EU research project. 
Streamline (2010). The present paper is the continuation of the validation study for the propulsion 
analysis of the same vessel by using numerical analysis and large scale self-propulsion tests as part of 
the same project. The validation study confirmed the worthiness of the Inclined Keel Hull concept by 
achieving a 4.3% maximum power saving in the delivered power around design speed. 
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1. Introduction 

A successful ship design i n te rms of ship p o w e r i n g demands 

p ropu ls ion devices designed to give m a x i m u m eff ic iency and to 

absorb a l o w shaft powe r w i t h l o w hu l l pressures, noise, cav i ta

t i on eros ion and v ib ra t i on . In general i t is a p la t i tude for naval 

archi tects tha t a large prope l le r d iameter i n comb ina t i on w i t h a 

l o w ro ta t iona l speed leads to an at t rac t ive gain i n propu ls ive 

ef f ic iency due to the reduc t ion o f axial losses. Add i t iona l l y , a s low 

t u r n i n g propel ler can also have cav i ta t ion benefi ts. M a n y appl ica

tions, especial ly for larger tankers (h igh t h rus t load ing case) i n 

w h i c h the axia l energy loss dominates, therefore have taken place 

in adapt ing large and s low t u r n i n g propel lers as be ing one o f the 

more robus t and effect ive ways of ach iev ing s igni f icant p r o p u l 

sive eff iciencies (Beek, 2004; Cip ing et al., 1989). For the same 

vessel a fu r ther increase o f propel ler d iameter w o u l d requi re the 

deve lopment of the n e w prope l le r aper ture. In order to secure a 

deeper af t d raugh t for a large d iamete r prope l le r the Authors have 

in t roduced "Inclined Keel Hull" con f igura t ion whe re the d raugh t o f 
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the vessel is greater at the aft perpend icu lar than tha t at the fore 

perpendicu lar w i t h a l inear va r ia t ion in be tween. 

Newcast le Un ivers i ty have been exp lo r ing the design and 

operat iona l benef i ts o f the Inc l ined Keel Hu l l concept us ing a 

we l l -des igned 3600 TEU conta iner vessel, w h i c h is designated as 

'Basis H u l l (BH)' , by increasing the d iamete r o f its propel ler about 

13%. However , i m p r o v i n g the operat ional benefi ts by the increase 

i n prope l le r size and hence in propu ls ive ef f ic iency is no t a s imp le 

issue as the lat ter is the p roduc t o f the hu l l , propel ler and re la t ive-

ro ta t ive eff iciencies. The bare h u l l resistance around the hu l l and 

i n f l ow ve loc i ty i n to the prope l le r p lane are i m p o r t a n t h y d r o 

dynamics aspects o f t h e h u l l f o r m deve lopment . I f the increase o f 

the bare hu l l resistance of Inc l ined Keel Hu l l ( IKH) is considerable 

than tha t of BH (Basis Hu l l ) the economics o f the IKH w i l l no t 

w o r k since the expected propuls ive gain f r o m the enlarged 

d iamete r o f the IKH w i l l be lost to the po ten t ia l increase in the 

ef fect ive power o f the IKH. Us ing numer ica l design and analysis 

me thods suppor ted by l i m i t e d mode l test analysis, Seo (2010) 

demons t ra ted tha t the IKH concept may prov ide a 4 -5% of powe r 

saving. 

In the previous compan ion paper (Seo et a l , 2012) a b r ie f 

de f i n i t i on of the IKH concept and i ts deve lopmen t for the 3600 

TEU conta iner vessel were presented i nc l ud ing the analyses for 

the resistance and hu l l w a k e by us ing the CFD codes. The 

numer ica l results were va l ida ted for the bare hu l l resistance 

and w a k e o f the BH and IKH based on the mode l test measure

ments . M a i n part icu lars of the BH and IKH are g iven in Table 1. 
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The resistance tests w i t h t w o 7.15 m (Lpp) hu i l models con 

f i rmed the successful design o f the IKH fo rm w h i c h resulted i n a 

1% increase in the ef fecdve powe r as the authors had targeted in 

the IKH development . In order to demonst ra te the effectiveness of 

the IKH concept over the BH, the propel ler mus t be designed to 

operate ef fect ively in a n o n - u n i f o r m and unsteady wake f l ow f ie ld 

beh ind the hu l l . In general, the m a i n part iculars o f propel lers are 

de termined for the o p t i m u m cond i t i on by using standard (or 

chart ) series mode l propel ler data and the basic par t icu lars o f the 

propel ler is fu r ther op t im ized w i t h respect to the radia l ly va ry ing 

wake d i s t r i bu t i on . And f inal step of the design approach involves 

an analysis of the o p t i m u m prope l le r in c i rcumferent ia l va ry ing 

three dimensional wake distr ibut ions by using advanced unsteady 

propel ler analysis tools to fu r the r ref ine the propel ler geomet ry 

for bet ter cav i ta t ion and v ib ra t i on performance. 

In th is paper, propel ler designs and propu ls ion analyses for the 

IKH and BH hul ls are presented for fur ther va l ida t ion of the 

relat ive propuls ive per formance for the Inc l ined Keel Hu l l based 

T a b l e 1 

M a i n p a r t i c u l a r s o f Bas is H u l l ( B H ) a n d I n c l i n e d Kee l H u l l ( I K H ) . 

M a i n d i m e n s i o n s BH I K H 

L p p ( m ) 2 3 2 . 8 2 3 2 . 8 

B e a m ( m ) 32 .2 32 .2 

D e s i g n D r a f t ( m ) T F 11.3 10.5 D e s i g n D r a f t ( m ) 
T A 11.3 12 .1 

W S A ( m 2 ) 9 2 6 6 9 2 2 0 

V o l u m e ( m 3 ) 5 0 8 4 9 5 1 1 3 6 

0 . 8 4 0 0 . 8 4 1 

on the se l f -propu ls ion tests conducted i n the SSPA t o w i n g tank 

(A l lens t rom and Riisberg-Jensen, 2011 a). 

2. Numerical analysis of propulsion 

Prior to the design of an ef f ic ient prope l le r for the IKH and 

compar ison o f its propuls ive per formance w i t h t ha t o f the BH a 

set o f p re l im ina ry se l f -propuls ion tests were conducted w i t h bo th 

hu l l models. 

Based on the propel ler hu l l - i n te rac t ion data obta ined f r o m 

these early se l f -propuls ion mode l tests, w h i c h were obta ined 

w i t h sui table stock propel lers for the BH and IKH and repor ted 

in A l l ens t rom and Riisberg-Jensen (2011a, 2011 b), the prope l le r 

designs we re carr ied ou t for bo th BH and IKH. Both propel lers 

(i.e. for BH and IKH) were designed us ing the same procedure in 

three stages tha t are "Basic Design", "L i f t i ng Line design (or Wake 

Adap ta t i on ) " and "Balanced Design (or Design Analys is) " . For each 

o f these stages, the design strategy and cr i ter ia we re d i f fe ren t 

to achieve the u l t imate design object ive, i.e., h igher p ropu ls ion 

ef f ic iency w i t h l ower cav i ta t ion and v ib ra t i on . Each design stage 

was i terat ive w i t h its o w n object ive tha t made the ent i re design 

op t im i za t i on task mu l t i - ob jec t i ve and i terat ive as s h o w n by the 

f l owchar t i n Fig. 1 and described in the f o l l o w i n g w i t h more 

detai ls. 

In the basic design stage, the ma in design strategy was to make 

use o f wel l-establ ished propel ler design practices and experiences, 

w h i c h are we l l presented in the systematic propel ler chart series, to 

achieve a more reliable basic design and to avoid any interact ion 

(and hence i terat ion) w i t h the other t w o design stages. In the basic 

design stage, the main part iculars of both propellers (main ly p i tch. 

Sta r t : D e s i g n S p e c i f i c a t i o n 

B a s i c D e s i g n : C h a r t s e r i e s D, R P M , A E / A Q , C h o r d , T^ax . V 

B a l a n c e d • 

r 
e s i g n 

L i f t i n g L i n e D e s i g n : B a s e d o n W a k e D i s t r i b u t i o n 

O p t . C i r c u l a t i o n D i s t r i b u t i o n 
B a l a n c e d D e s i g n 

1 

U n l o a d T i p 

L o a d i n g 

M o d i f y L o a d i n g 

D i s t r i b u t i o n 

B a l a n c e d D e s i g n 

W a k e A n a l y s i s : S e l e c t S k e w D i s t r i b u t i o n 
O p t . C i r c u l a t i o n D i s t r i b u t i o n 

L i f t i n g S u r f a c e D e s i g n : 

C a m b e r & S k e w 

R e l o c a t e L o a d i n g 

b e t w e e n C a m b e r & P i t c h 

U n s t e a d y L i f t i n g S u r f a c e A n a l y s i s : 

C a v i t a t i o n & Hu l l p r e s s u r e s 

M o d i f y S k e w 

B a l a n c e d D e s i g n 

F i g . 1. P r o p e l l e r d e s i g n b l o c k d i a g r a m . 
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shaft speed and blade area) were selected in i terat ive manner for 

the o p t i m u m propulsive efficiencies and m i n i m u m risk o f cavitat ion 

for the m a x i m u m propel ler diameter for each ship w i t h the same 

ship speed (i.e. 24 knots) by using B-Series propel ler chart (van 

Lammeren et al., 1969) and Burril l 's cavitat ion d iagram (Burr i l l and 

Emerson, 1963). The wake fract ion and thrust deduct ion fract ion 

used were based on the self-propulsion tests w i t h stock propellers. 

As s h o w n in Table 2, af ter the basic design, the open wa te r 

ef f ic iency for the IKH propel ler was 3.8% h igher t han tha t of the 

BH due to the increased propel ler d iameter and resu l t ing l owe r 

propel ler shaft speed. Consequent ly the IKH was expected to 

achieve a saving i n shaft power o f 2.7%, due to the i m p r o v e m e n t 

T a b l e 2 

C o m p a r i s o n o f bas ic p r o p u l s i v e p e r f o r m a n c e . 

S p e e d ( k n ) P / D J / f r I O K Q 

B H 2 4 1.1 0 . 7 8 4 0 . 2 0 1 0 . 3 7 7 6 

I K H 2 4 1.2 0 . 8 9 1 0 .203 0 . 4 1 5 0 

K T / J ' ' /o N ( r p m ) Q ( k N m ) ' PD ( k W ) B . A . R 

0 . 3 2 6 0 . 6 6 7 9 3 . 4 2 9 0 4 2 8 , 3 1 4 0 .72 

0 . 2 5 6 0 . 6 9 3 7 3 . 0 3 6 1 7 2 7 , 3 1 1 0 .62 

in the open w a t e r ef f ic iency despite the 1% increase o f hu l l 

resistance. 

In the l i f t i ng l ine design stage, the design object ive was to 

adapt the propel lers, w h i c h were designed f r o m the chart series, 

to the wakes o f the target ships based on Lerbs' l i f t i ng l ine 

m e t h o d (Lerbs, 1952). Hence the c i rcu la t ion d is t r ibu t ions o f bo th 

propel lers were op t im i zed to i ts i nd i v idua l axial wake d i s t r i bu 

tion, w h i c h was obta ined f r o m the mode l tests, by us ing an 

in-house l i f t i ng l ine code for achieving the m a x i m u m propel ler 

ef f ic iency w i t h the c r i tena o f absorb ing the i r requ i red engine 

powers . 

The balanced design stage consisted o f three sub-stages such 

as "wake analysis", " l i f t i ng surface des ign" and "unsteady l i f t i ng 

surface analysis". In the wake analysis sub-stage the wake dis

t r ibu t ions of bo th ship models were careful ly analyzed for select ing 

the propel ler skew d is t r ibut ions in case that the cavi tat ion was 

inevi table. The object ive o f the l i f t ing surface design sub-stage was 

to fu r ther improve the l i f t i ng l ine design results in terms of the 

blade camber, propel ler p i tch and propel ler skew. For th is purpose, 

Greeley and Kerwin 's l i f t i ng surface design code (Greeley and 

Kerw in , 1982) was used. The object ive o f the unsteady l i f t ing 

surface analysis sub-stage was to pred ic t the propel ler cav i ta t ion 

1.00R 
0.95R 
0.90R - -
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Taper 1:0 
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1.58 

Profile View 

Expanded View 

Transverse View 

F i g . 2 . D e s i g n e d p r o p e l l e r f o r Basis H u l l 

0.02000 
1.63130 

Expanded View 

-2.40930 

•2.32340 

-2.17310 

96810 

1.72200 

Profile View Transverse View 

F i g . 3 . D e s i g n e d p r o p e l l e r f o r I n c l i n e d Kee l H u l l . 
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performance and v ibra t ion . For this purpose in-house unsteady 

l i f t ing surface code IJPCA91 (Szantyr and Glover, 1990) was used. 

As shown i n Fig. 1 i f the cavi tat ion extent and ship hu l l pressures 

were acceptable, the c i rcu lat ion d is t r ibu t ion op t im ized f rom the 

l i f t i ng l ine design stage w o u l d be kept unchanged, and the design 

i te ra t ion w o u l d no t go back to the l i f t i ng l ine design stage. In th is 

case, the load ing at cer ta in radi i may be relocated local ly be tween 

the m a x i m u m camber and p i tch at those rad i i to imp rove the i r 

cav i ta t ion extent . In case tha t the cav i ta t ion and h u l l pressures 

we re excessive, hence no t acceptable, f i rs t iy the skew of propel ler 

w o u l d be increased to improve the s i tua t ion . I f the resu l t ing 

cav i ta t ion and hu l l pressures were s t i l l not acceptable, the radial 

d i s t r i bu t i on o f the propel ler loading had to be mod i f i ed , usual ly 

by un load ing the blade towards the t i p . In th is case the design 

i te ra t ion had to be taken back to the l i f t i ng l ine design stage as 

s h o w n i n Fig. 1. 

The m a i n features and sectional detai ls o f each prope l le r are 

s h o w n in Figs. 2 and 3 as the f inal design obta ined f r o m the above 

described design process w h i l s t the basic d imens ions o f the 

propel lers are given in Table 3 together w i t h the numer ica l 

results o f t he i r performances based on the unsteady l i f t i ng surface 

analysis as descr ibed above. 

As can be seen in Table 3 the BH showed the powe r del ivered 

to the prope l le r at th is o p t i m u m opera t ing cond i t i on was 

P D = 2 7 , 9 6 2 k W . The s imi lar analysis fo r the IKH propel ler i n d i 

cated tha t the del ivered power , P D = 2 6 , 8 8 8 k W for the o p t i m u m 

operat ing cond i t ion . This revealed tha t the del ivered power for 

T a b l e 3 

C o m p a r i s o n o f b a s i c d i m e n s i o n s a n d n u m e r i c a l p r o p u l s i v e p e r f o r m a n c e o f 

d e s i g n e d p r o p e l l e r s a t t h e d e s i g n speed ( 2 4 l<nots ) . 

S p e e d ( k n ) B l a d e no . D i a . ( m ) B.A.R 

BH 2 4 5 . 7 .91 0 .72 

I K H 2 4 5 8 .95 0 .62 

P / D T h r u s t ( k N ) N ( r p m ) Q ( N m ) PD ( k W ) 

1.06 1 9 4 8 93 .4 2 8 5 6 2 7 , 9 6 2 

1.17 1 9 7 5 7 3 . 0 3 4 9 8 2 6 , 8 8 8 

1 Bas i s Hul l 
i Inc l ined Keel Hul l 

L~-~l L 
2 BR 3 BR 4 B R 

B l a d e R a t e F r e q u e n c y 

F i g . 4 . C o m p a r i s o n o f n u m e r i c a l h u l l p r e s s u r e s i n d u c e d b y t h e p r o p e l l e r . 

T a b l e 4 

C o m p a r i s o n o f B H p r o p e l l e r — d e s i g n e d a n d m a n u f a c t u r e d . 

B H p r o p e l l e r . B l a d e n o . B.A.R 

B H - d e s i g n e d 5 0 .72 

B H - m a n u f a c t u r e d 5 0 .68 

IKH propel ler w o u l d resul t i n a 3.84% saving compared to the BH 

at a 22.6% l owe r shaft speed rate. 

The h u l l pressure computa t ions were carr ied o u t at a po in t on 

the hu l l w h e r e the pressures were expected to have the peak 

values. These posi t ions for the BH and IKH were at 6.2 m and 

6.83 m above the propel ler shaft axis in the propel ler plane, 

respect ively. IKH hu l l was designed to have a s imi la r level o f 

propel ler clearance to BH hu l l and to run at a deeper d raught 

w h i c h has the effect o f reduc ing the po ten t ia l for sheet cavi ty 

developed over the suct ion side o f the propel ler , together w i t h 

i m p r o v i n g the radiated hu l l surface pressure. To give a more 

comprehens ive compar ison be tween the BH and the IKH, ha rmo

nic analysis o f the f luc tua t ing pressure induced by the propel ler 

up to f o u r t h blade rate are shown i n Fig. 4. These compar ison 

results show tha t the IKH w i l l o f fer benefi ts by reduc ing the 

hu l l pressure f luc tuat ions at the f i rs t and second harmon ic by 

a lmost 35%. 

3. Experimental analysis of propulsion 

The m o d e l propel lers were manufac tu red by SSPA according to 

the design data prov ided by the authors to SSPA. However du r i ng 

th is process an un fo r tuna te error took place resu l t i ng in tha t 

the manu fac tu red BH mode l propel ler had a smal le r BAR than 

the designed one as s h o w n in Table 4 . The di f ference was 5.5% 

decrease i n the BAR due to the h u m a n error du r ing the exchange 

of i n f o r m a t i o n on the chord lengths o f the blade sections in the 

excel tables a l though the drawings w e r e correct. Howeve r the 

rema in ing data o f the BH propel ler we re the same as the designed 

one produced by the authors. This un fo r tuna te s i tua t ion , i n fact, 

pu t the BH mode l propel ler in more ef f ic ient and hence more 

compe t i t i ve than the in tended numer ica l design t h a t m u s t be 

bo rn in m i n d in the compar isons. In o ther w o r d , t he BH mode l 

prope l le r w o u l d be ove r -pe r fo rm ing due to its l owe r f r ic t iona l 

loss. However , the propel ler manufac tu red w i l l be exposed to 

h igher r isk o f cav i ta t ion and hu l l pressure than the prope l le r 

0.8 

0 .4 

0 .2 

BHKI-Exp 
BH IOKq-Exp 
BH Etao -Exp 

. IKH Kt-Exp 
IKH IOKq -Exp 
IKH Etao -Exp 

- « BH Kl-In-house 
•• • BH IOKq -In -house 
- • BH Etao-In-house 

IKH Kt-In-house 
IKH IOKq-In-house 

- 0 — • IKH Etao-In-house 

0 .6 O.i 

Advanced ratio(J) 

F i g . 5 . C o m p a r i s o n o f o p e n w a t e r e f f i c i e n c y f r o m m o d e l t e s t a n d i n - h o u s e l i f t i n g 

s u r f a c e c o d e f o r Basis H u l l a n d I n c l i n e d Kee l H u l l ( m o d e l sca le ) . 
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T a b l e 5 

C o m p a r i s o n o f p r o p u l s i v e p e r f o r m a n c e a t 2 4 k n o t . 

P E ( k W ) N ( r p m ) il„ I/H 'IR 'ID PD ( k W ) 

BH 2 0 , 3 2 3 9 2 . 9 0 .698 1.094 0 .996 0 . 7 6 0 2 6 , 7 5 1 

I K H 2 0 , 5 3 1 72 .8 0 . 7 2 6 1.095 1.005 0 . 7 9 9 2 5 , 6 8 9 

power saving a round the design speed. The powe r saving is 

apparent be tween 18 and 26 l<nots w i t h a m a x i m u m of 4.3% at 

23 l<nots. 

4. Conclusions 
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-
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F i g . 6 . C o m p a r i s o n o f d e l i v e r e d p o w e r a t f u l l sca le . 

designed a l though the earl ier presented h u l l pressure pred ic t ions 

were al l based on the designed, i.e., correct propel ler . 

The ent i re propuls ion tests were conducted in SSPA and reported 

by A l lens t rom and Riisberg-Jensen (2011 a). The comparison o f the 

propeller open water performances f r o m the model tests and 

in-l iouse unsteady l i f t ing surface code for the models o f the t w o 

propellers is shown i n Fig. 5. Numerical predict ions o f thrust and 

torque coefficients correspond to the model test results w i t h i n 5%. 

The self-propulsion model tests were carried out at several cruising 

speeds around the design ship speed o f 24 knots and fu l l scale 

power predict ion was conducted using the ITTC 78 performance 

predict ion method. 

Table 5 shows the comparat ive propuls ive ef f ic iency and its 

components as w e l l as the fu l l scale del ivered power at t he design 

speed (24 knots) for the BH and IKH. The results o f the f ina l mode l 

test for the BH showed tha t the o p t i m u m propel ler ef f ic iency 

was 0.698 w h i l s t the powe r del ivered to the prope l le r was 

P D = 2 6 , 5 7 1 k W . The s im i la r analysis for the IKH prope l le r i n d i 

cated tha t the o p t i m u m prope l le r ef f ic iency was 0.726 and the 

del ivered p o w e r was P D = 2 5 , 6 8 9 kW. This revealed tha t the open 

wa te r and re la t ive- ro ta t ive eff iciencies o f the IKH prope l le r were 

4% and 1% h igher than tha t of the BH at a 21.5% lower shaf t speed, 

respect ively. This w o u l d resul t i n a 4% saving in the de l ivered 

power for the IKH despi te the fact tha t the IKH produced a 1% 

h igher ef fect ive powe r t han that o f the BH. Ano ther factor tha t 

mus t be b o r n in m i n d in th is compar ison is tha t the manu fac tu red 

BH mode l propel ler w o u l d be ove r -pe r fo rm ing than the designed 

one w h i c h w o u l d resul t in the reduced re lat ive per fo rmance gain 

for the IKH. 

Fig. 6 shows the compar ison of the del ivered p o w e r at fu l l 

scale for b o t h the hul ls w h i c h cleariy presents an average o f 4% 

This paper presents the f inal ou tcome of the IKH deve lopment , 

w h i c h explored the propuls ive benefi ts o f 13% larger propel ler 

d iameter than the BH, in te rms o f hyd rodynamic per formance 

w i t h the help o f advanced CFD tools and large scale mode l tests 

conducted in the Streaml ine pro ject Streaml ine, (2010). The 

o p t i m u m designs for the BH and IKH propel lers are presented 

us ing the in-house sof tware codes and an assessment of the 

numer ica l predic t ions o f p ropu ls ive ef f ic iency made against 

mode l test results was made. 

Based on the knowledge ga ined so far i t was found that 

the success o f the ' Inc l ined Keel Hu l l ' app l ica t ion in to a large 

commerc ia l vessel requires a f ine balance be tween the m i n i m a l 

increase i n the bare hu l l resistance and a m a x i m u m gain in the 

propu ls ive eff ic iency. More speci f ical ly the f o l l o w i n g conclusions 

are reached based on the invest igat ion presented in this paper: 

1) Numer ica l s tudy ind icated tha t the IKH can of fer 4% of powe r 

saving and benef i ts o f reduc ing the hu l l pressure f luc tuat ions 

approx imate ly by 35% over the BH pressure levels at f i rs t t w o 

harmonics for the design speed o f 24 knots. 

2 ) Mode l tests revealed tha t the open w a t e r and re la t ive-

rotat ive ef f ic iency o f t h e IKH prope l le r was 4% and 1% higher 

than tha t o f the BH, respect ively, at a 21.5% lower shaft speed. 

This resul ted i n a 4.3% m a x i m u m saving i n the de l ivered 

power at 23 knots w h i l s t the saving was 4% at the design 

speed 

3 ) The above findings favorab ly con f i rm the numer ica l p re 

dict ions for power saving and hence suppor t i ng the w o r t h i 

ness o f the IKH concept for the design appl icat ions o f large 

commerc ia l vessels. 
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