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Abstract 

T i p v o r t i c e s p r o d u c e d by m a r i n e p r o p e l l e r s c a n b e s u p p r e s s e d b y a t t a c h i n g 

tip d e v i c e s to the p rope l l e r b l a d e s , w h i c h will obst ruct the ro l l -up p r o c e s s a n d 

r e d u c e the s t rength of the vor t ices . T h i s will d e c r e a s e the i n d u c e d d r a g o n the 

b l a d e s a n d d e l a y o n s e t of the cav i ta t ion a s s o c i a t e d with the low p r e s s u r e n e a r the 

c o r e of the v o r t i c e s . H o w e v e r , m o s t of the p r e v i o u s l y t e s t e d tip d e v i c e s h a v e 

s u f f e r e d l a rge d r a g p e n a l t i e s d u e to the a d d e d p a r a s i t e d r a g o f the d e v i c e , w h i c h 

h a v e r e s u l t e d in a net l o s s of p rope l l e r e f f ic iency. 

In this r e s e a r c h s e a trials of a d u c t e d tip p r o p e l l e r h a s s h o w n that f low-

t h r o u g h d u c t s insta l led at the b l a d e t ips will s u p p r e s s the tip vor tex ro l l -up a n d resul t 

in a s u b s t a n t i a l d e l a y of the o n s e t of tip vortex cav i ta t ion , wi thout r e d u c i n g the 

e f f i c i e n c y of the prope l le r . T h e s e a trials c o n s i s t e d of e f f i c iency m e a s u r e m e n t s a n d 

cav i ta t ion o b s e r v a t i o n s of a c o n v e n t i o n a l p r o p e l l e r that w a s t e s t e d a n d 

s u b s e q u e n t l y m o d i f i e d by r e p l a c i n g a radia l f ract ion of the b l a d e t ips by f low-

t h r o u g h d u c t s that a r e a l i g n e d with the b l a d e s a n d bent to fo l low the o u t e r r a d i u s of 

the p rope l l e r . P r e v i o u s r e s e a r c h o n the d u c t e d t ips s u g g e s t e d that a n e f f i c i ency 

i m p r o v e m e n t c o u l d b e e x p e c t e d w h e n the p rope l le r o p e r a t e s at low a d v a n c e rat ios. 

T h e s e a trials ind icate , h o w e v e r , that the d u c t e d t ips c a u s e d a n i n c r e a s e in the 

p r o p e l l e r e f f i c i ency w h e n it o p e r a t e s at h igh a d v a n c e rat ios, i.e. c l o s e to its p e a k 

p e r f o r m a n c e . T h e s u c c e s s of the d u c t e d tip p rope l l e r c a n m a i n l y b e at t r ibuted to the 

e f f e c t i v e n e s s of the d u c t s a s tip vortex s u p p r e s s i n g d e v i c e s ; first of all by 

o b s t r u c t i n g the pa th of the vortex, a n d s e c o n d l y , by d i f fus ing the vor tex t h r o u g h 

mix ing of the ex terna l a n d internal f low at the exit of the d u c t s . H o w e v e r , the low 

p a r a s i t e d r a g of the d u c t s a l s o p l a y a n important ro le by k e e p i n g the d r a g p e n a l t y at 

a m i n i m u m . 

T h e d u c t e d tip p rope l l e r w a s or ig inal ly thought to b e u s e f u l for b o a t s with 

h e a v i l y l o a d e d p r o p e l l e r s , s u c h a s tug b o a t s a n d trawlers. T h e cur ren t r e s e a r c h h a s 

s h o w n that the d u c t e d t ips m a y h a v e a potent ia l for a p p l i c a t i o n o n p r o p e l l e r s for a 

m u c h w i d e r a s p e c t of s h i p s , p o s s i b l y on ly l imited by the tip s p e e d of the p r o p e l l e r s . 
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Chapter 1 - INTRODUCTION 

C a v i t a t i o n o c c u r s in a f luid w h e r e v o i d s of v a p o r f o r m b e c a u s e the loca l 

p r e s s u r e is e q u a l to or l e s s than the v a p o r p r e s s u r e of the f lu id. L o w loca l p r e s s u r e 

m a y , for e x a m p l e , b e a resul t of the d y n a m i c s of a f luid a s it f lows a r o u n d a lifting 

s u r f a c e s u c h a s a b l a d e of a m a r i n e propel ler . 

C a v i t a t i o n o n m a r i n e p r o p e l l e r s is a p h e n o m e n a that h a s r e c e i v e d w i d e 

at tent ion f rom sc ien t i s ts a n d e n g i n e e r s s i n c e its first r e c o r d e d o c c u r r e n c e o n 

p r o p e l l e r s m o u n t e d o n s t e a m b o a t s o v e r a cen tury a g o . T h e work d e s c r i b e d in this 

repor t f o c u s e s o n the cav i ta t ion f o r m e d in the c o r e of the vor tex trai l ing b e h i n d the 

tip of a p r o p e l l e r b l a d e . T h i s par t icular c h a p t e r is c o n c e r n e d with the n a t u r e of a tip 

vor tex a n d its a s s o c i a t e d cav i ta t ion , its ef fects , a n d h o w t h e s e c a n b e c o n t r o l l e d . 

1.1 Tip vortex cavitation on marine propellers 

1.1.1 T i p v o r t i c e s a n d tip vortex cavi ta t ion 

Low pressure 
/Tip vortex 

Flow 

High pressure 

Figure 1.1 Pressure field interpretation of tip vortices. 

Al l lifting s u r f a c e s that terminate in a m o v i n g f luid c r e a t e tip v o r t i c e s . T h e 

p h y s i c s of a tip vor tex c a n bes t b e e x p l a i n e d in te rms of the p r e s s u r e f i e l d s i n d u c e d 

by the lifting s u r f a c e (e .g . the w i n g of a n aircraft). In o r d e r to g e n e r a t e lift, l a rger 

s ta t ic p r e s s u r e is p r o d u c e d b e l o w the w ing than a b o v e it. T h e n a t u r e of all f lu ids is 

to f low in the d i rec t ion of a n e g a t i v e p r e s s u r e grad ient , a n d the re fo re , w h e r e the 

w i n g e n d s , at the tip, the air f lows a r o u n d f rom the p r e s s u r e s i d e to the s u c t i o n s i d e , 

f o r m i n g a tip vor tex that trails b e h i n d the w i n g ( F i g u r e 1.1). O t h e r e x p l a n a t i o n s , 

i n v o l v i n g s h e a r layer f lows a n d H e l m h o l t z V o r t e x L a w s a r e o u t l i n e d by G r e e n 
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(1995) . A m a r i n e p rope l l e r c o n s i s t s of a n u m b e r of b l a d e s that a r e lifting s u r f a c e s 

te rmina t ing in the water . U n l i k e the tip of a n aircraft w i n g , w h i c h t rave ls l inear ly , the 

m o t i o n of the t ips of the prope l le r , a n d h e n c e its tip vor t i ces , f o r m a h e l i c a l pat tern 

( F i g u r e 1.2). 

Figure 1.2 The helical pattern of tip vortices trailing behind a marine propeller. 

T i p v o r t i c e s o n m a r i n e p r o p e l l e r s h a v e two u n d e s i r a b l e e f fects: 

1. A tip vor tex i n d u c e s a f low c o m p o n e n t n o r m a l to the b l a d e p l a n f o r m , e q u i v a l e n t 

to the d o w n w a s h a h e a d of a n airfoil . T h i s r e d u c e s the e f fec t ive a n g l e of a t tack 

a n d c r e a t e s i n d u c e d d r a g , a n d c o n s e q u e n t l y , r e d u c e s the e f f i c i e n c y of the b l a d e 

a s a lifting s u r f a c e ( F i g u r e 1.3). 

Face pitch line 

Induced 
velocity 

Pn 

Figure 1.3 Blade velocity diagram showing how the induced 

velocity reduces the geometric angle of attack from a to a,. 
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2. D u e to h i g h tangent ia l ve loc i t i es n e a r the c o r e of the vortex, the l o c a l p r e s s u r e 

m a y fall b e l o w v a p o r p r e s s u r e , c a u s i n g local cav i ta t ion . 

1.1.2 T h e e f fec ts of tip vor tex cav i ta t ion 

C a v i t a t i o n is in g e n e r a l u n d e s i r a b l e b e c a u s e of its de t r imenta l e f fec ts bo th o n 

e q u i p m e n t a n d o n the comfor t of boat p a s s e n g e r s . C a v i t a t i o n is a ma jor s o u r c e of 

c o r r o s i o n o n the p r o p e l l e r a n d the hul l , a b o v e a n d aft, of the p rope l le r . It is a major 

s o u r c e of v ibra t ion of a s h i p , w h i c h c a n not on ly c a u s e d a m a g e to the hul l , but a l s o 

to the p r o p e l l e r itself, the rudder , the shaft , the b e a r i n g s a n d the e n g i n e . T h e 

v ibra t ion a l s o c r e a t e s d iscomfor t for a n y o n e that is t rave l ing a b o a r d the s h i p . 

C a v i t a t i o n p r o d u c e s in tense n o i s e , a s s o c i a t e d with the c o l l a p s e of the cav i t i es , 

w h i c h is a s e c o n d c a u s e of d iscomfor t o n b o a r d the s h i p . T h e n o i s e is of par t icu lar 

i m p o r t a n c e for n a v a l s h i p s , w h i c h w i s h to m i n i m i z e cav i ta t ion in o r d e r to a v o i d 

d e t e c t i o n by e n e m y o b s e r v e r s . Cav i ta t ion n o i s e is a l s o of interest for f i s h i n g b o a t s . 

O l s e n et a l . (1983) a n d E n g a s et a l . (1995) h a v e o b s e r v e d a n a v o i d a n c e b e h a v i o r 

a m o n g f ish s u c h a s her r ing , po la r c o d a n d c a p e l i n w h e n a p p r o a c h e d by b o a t s . 

W h i l e the h e a r i n g abil i ty of f ish r a n g e s f rom ultra s o u n d to a p p r o x i m a t e l y 1 k H z , 

the n o i s e f r e q u e n c i e s that e v o k e d the s t r o n g e s t a v o i d a n c e b e h a v i o r r a n g e f r o m 6 0 -

3 0 0 H z ( E n g a s et a l . 1995) . A typical f r e q u e n c y r a n g e for cav i ta t ion n o i s e is 0.1 -

1 0 0 k H z , with the h i g h e s t n o i s e l eve ls r e c o r d e d b e l o w 1 k H z ( S p o n a g l e 1989 , 

S h a r m a et a l . 1990) . T h e s e o b s e r v a t i o n s ind icate that a cav i ta t ing p r o p e l l e r m a y 

s c a r e a w a y f ish , resul t ing in a r e d u c e d c a t c h . M a n y f i s h e r m e n o n the F a e r o e 

Is lands b e l i e v e there ex is ts a cor re la t ion b e t w e e n cav i ta t ion n o i s e a n d r e d u c e d 

c a t c h e s , a n d r e s e a r c h e r s at T h e F a e r o e F i s h e r i e s L a b o r a t o r i e s a r e cur ren t ly d o i n g 

a project , i nvo lv ing a f leet of 2 0 different f i sh ing b o a t s , in w h i c h they a r e trying to 

d e t e r m i n e in deta i l w h i c h t y p e s of n o i s e f r ighten the f ish (Smi th 1996) . 

T i p vor tex cav i ta t ion d o e s not h a v e the s a m e c o r r o s i v e ef fect o n the b l a d e s 

a s s h e e t cav i ta t ion , b u b b l e cavi ta t ion a n d c l o u d cav i ta t ion , w h i c h all o c c u r n e a r the 

s u r f a c e of the b l a d e s , a n d a r e re fer red to a s surface cavitation in s u b s e q u e n t 
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c h a p t e r s . H o w e v e r , tip vortex cav i ta t ion will norma l ly a p p e a r at a n ea r l i e r s t a g e t h a n 

d o e s s u r f a c e cav i ta t ion , i.e. at a h igher v a l u e for the cavitation index, 

„ _ P^~PV 

G r e e n et a l . (1988) d e m o n s t r a t e d , o n a hydrofo i l , that cav i ta t ion i n c e p t i o n 

o c c u r s first in the tip vor tex for a r a n g e of a n g l e s of a t tack that c o v e r s m o s t of the 

o p e r a t i n g , o r l o a d i n g , r a n g e of the hydrofoi l . L o d h a a n d A r a k e r i (1984) a l s o 

m e n t i o n , f r o m o b s e r v a t i o n s of a m o d e l propel ler , that tip vor tex cav i ta t ion w a s the 

d o m i n a n t t y p e of cav i ta t ion at incept ion . F r o m e x p e r i m e n t s o n m o d e l p r o p e l l e r s in 

cav i ta t ion t u n n e l s , K u i p e r (1978) c o m m e n t s that tip vor tex cav i ta t ion a l r e a d y ex is ts 

w h e n c o n d i t i o n s for l e a d i n g e d g e cavi ta t ion a r e a p p r o a c h e d . C r u m p (1948) p lot ted 

the cav i ta t ion i n c e p t i o n d a t a f rom e x p e r i m e n t s o n two m o d e l p r o p e l l e r s a n d s h o w e d 

that for bo th p r o p e l l e r s , at o p e r a t i n g l o a d s , t ip-vortex cav i ta t ion h a d the h i g h e s t 

i n c e p t i o n index. 

T h e r e f o r e , tip vortex cavi ta t ion c a n c a u s e s u b s t a n t i a l d a m a g e , d u e to 

v ibra t ion , at a p r o p e l l e r l o a d i n g that is not suff ic ient for l e a d i n g e d g e cav i ta t ion to 

a p p e a r . T h e extent of the d a m a g e that tip vortex cav i ta t ion c a n p r o d u c e is d e s c r i b e d 

in a p a p e r ( E n g l i s h et a l . 1992) , w h e r e a c o m b i n a t i o n of tip vor tex a n d p rope l l e r -hu l l 

vor tex (PHV) cav i ta t ion h a s b e e n repor ted to i n d u c e s e v e r e v ib ra t ions in the hull of 

a n o f f s h o r e s u p p o r t v e s s e l , resul t ing in c r a c k e d plat ing in the vicini ty of the two 

p r o p e l l e r s . ( F o r a de ta i l ed d e s c r i p t i o n of PHV, s e e E n g l i s h 1992. ) T h e s a m e 

p h e n o m e n a w a s r e p o r t e d ( W e i t e n d o r f 1993) to b e the r e a s o n for the u n a c c e p t a b l e 

v ib ra t ion a n d n o i s e level in the c a b i n s of the a f t e rbody of the p a s s e n g e r v e s s e l 

Queen Elizabeth 2. S e v e r e v ibra t ions w e r e a l s o e x p e r i e n c e d o n the N o r w e g i a n 

Bast0 Ferry w h e n o n e of the thrusters (i.e., p rope l le r a n d n o z z l e m o u n t e d o n a 3 6 0 ° 

rotat ing s tem) , w a s tu rned towards the c e n t e r to p u s h the s te rn s i d e w a y s . T h e 

e n g i n e e r s at K a M e W a , S w e d e n , w h e r e the thrusters w e r e m a n u f a c t u r e d , a r e 9 0 % 

c o n f i d e n t that the p r o b l e m is c a u s e d by tip vortex cav i ta t ion . T h e p r o b l e m w a s 
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s o l v e d by s l ight ly b e n d i n g , or cupping, the t ips of the p r o p e l l e r b l a d e s t o w a r d s the 

p r e s s u r e s i d e ( B y s t r a m 1996) . 

1.1.3 P r e v e n t i o n of tip vor tex cavi ta t ion 

In light of the d i s c u s s i o n in the p r e v i o u s s u b - c h a p t e r , it is o b v i o u s that 

d e s i g n i n g a cav i ta t ion f ree p r o p e l l e r will i n v o l v e p r e v e n t i o n of tip vor tex cav i ta t ion . 

T h i s is a v e r y difficult t ask d u e to the complex i ty of the tip f low, w h i c h is further 

c o m p l i c a t e d by the w a k e of the hull in w h i c h the p r o p e l l e r o p e r a t e s . S o m e fair ly 

s i m p l e g u i d e l i n e s exist , t h o u g h . A two d i m e n s i o n a l m o d e l of a n i rrotat ional vor tex 

with a s o l i d b o d y rotat ion in the c o r e , the Rankine Vortex1, p r e d i c t s that the 

d i f f e r e n c e b e t w e e n the f r e e s t r e a m p r e s s u r e a n d the p r e s s u r e n e a r the c o r e of the 

tip vor tex is p ropor t iona l to the s q u a r e of the c i rcu la t ion of the lifting s u r f a c e 

g e n e r a t i n g the vortex, a n d inverse ly propor t iona l to the s q u a r e of the s i z e of the 

s o l i d c o r e : 

r 2 

Poo ' P a — 

T h u s , the o n s e t of tip vortex cav i ta t ion c a n b e p r e v e n t e d , o r at l eas t d e l a y e d , 

by e i ther r e d u c i n g the lift o n the p rope l le r b l a d e s , or e x p a n d i n g the c o r e of the tip 

v o r t i c e s . T h i s h a s p r e v i o u s l y b e e n a c h i e v e d by u n l o a d i n g the b l a d e t ips, or 

s u r r o u n d i n g the p r o p e l l e r by a n external s h r o u d or n o z z l e , o r b y a t t a c h i n g 

a p p e n d a g e s to the b l a d e t ips a n d o ther t y p e s of tip m o d i f i c a t i o n s . U n l o a d i n g is 

o b t a i n e d by r e d u c i n g the pi tch of the p rope l le r b l a d e s , f r o m a r a d i u s of 

a p p r o x i m a t e l y e q u a l to 0.77?, radia l ly t o w a r d s the t ips. B y r e d u c i n g the p i tch , the 

loca l a n g l e of a t tack is r e d u c e d a n d c o n s e q u e n t l y the loca l l o a d i n g is r e d u c e d . 

W h e n t h e l o a d i n g is r e d u c e d n e a r the tip, the c o r e p r e s s u r e i n c r e a s e s , a n d h e n c e 

the c o r e of the vor tex is l e s s likely to cavi tate . H o w e v e r , by r e d u c i n g the l o a d i n g , a 

1 For further information on the Rankine Vortex see Green (1995). 
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h i g h e r p r o p e l l e r rotat ion is requ i red to main ta in the s a m e f o r w a r d ve loc i ty of the 

boat , a n d t h e r e f o r e the propeller efficiency* d e c r e a s e s . 

S h r o u d s a n d n o z z l e s ( n o z z l e s a r e p re fe r red , a s they a c c e l e r a t e the f low a n d 

a r e c a p a b l e of p r o d u c i n g thrust f rom the i n c o m i n g water) a r e m o u n t e d to the hul l , o r 

to a strut, o r in the c a s e of a Z - d r i v e , to the dr ive a r m . T h e ax is of the n o z z l e is 

a l i g n e d with the p r o p e l l e r ax is , a n d the p rope l le r is l o c a t e d m i d w a y s a l o n g the 

length of the n o z z l e . T h e c l e a r a n c e at the t ips of the p r o p e l l e r a n d the i n n e r wal l of 

the n o z z l e is v e r y s m a l l s o that tip vor t i ces a r e not a l l o w e d to d e v e l o p . In m a n y 

c a s e s , the n o z z l e r e p l a c e s the rudder ; s u c h n o z z l e s h a v e a la rger c l e a r a n c e to the 

p r o p e l l e r t ips in o r d e r to g ive r o o m for rotat ion of the n o z z l e a b o u t a ver t ica l ax is . 

N o z z l e s a r e norma l l y insta l led b e c a u s e of their thrust a u g m e n t i n g c a p a c i t y , 

a l t h o u g h s o m e v e s s e l s c o u l d not o p e r a t e without t h e m b e c a u s e of the s t r o n g tip 

v o r t i c e s p r o d u c e d by the propel ler . H o w e v e r , n o z z l e s h a v e s o m e n e g a t i v e 

at tr ibutes: the a d d e d wet ted s u r f a c e c r e a t e s extra d r a g , a n d the re a r e insta l la t ion 

l imitat ions with r e g a r d s both to the s p a c e a n d the s t rength of the hul l . 

T i p a p p e n d a g e s a n d modi f ica t ion of the tip g e o m e t r y , s u c h a s b l a d e l e t s , 

b u l b s , p o r o u s t ips a n d m a n y m o r e , a r e not u s e d v e r y of ten, a l t h o u g h m a n y of t h e s e 

m e t h o d s h a v e b e e n p r o v e n to r e d u c e the tip vortex cav i ta t ion . T h e r e a s o n for their 

in f requent u s e is that m o s t of the modi f ica t ions suf fer f rom e i ther l o s s of lift d u e to a 

r e d u c e d lifting s u r f a c e s a r e a , a n i n c r e a s e d d r a g d u e to a d d e d w e t t e d s u r f a c e , or a 

c o m b i n a t i o n of both . T i p d e v i c e s are , h o w e v e r , still a v e r y at tract ive s o l u t i o n to the 

tip vor tex cav i ta t ion p r o b l e m b e c a u s e they requ i re n o a l te ra t ions to the s h a p e or 

s t ruc ture of the hul l . T h e on ly instal lat ion limit is the c l e a r a n c e b e t w e e n the 

p r o p e l l e r t ips a n d the r u d d e r a n d / o r the hull . T h e idea l tip d e v i c e s h o u l d p r e f e r a b l y 

b e c a s t a s a n integral part of the propel ler , a l t h o u g h , it c a n read i ly b e retrofit to a 

c o n v e n t i o n a l p rope l le r . In s u m m a r y , it is d e s i r a b l e to f ind a tip d e v i c e that r e d u c e s 

the tip vor tex cav i ta t ion , a n d for w h i c h the lift a n d d r a g p e n a l t i e s c a n b e c o n t r o l l e d 

s o that the re is n o l o s s , but rather a g a i n in the p rope l l e r e f f i c iency . 

1 For a definition of propeller efficiency, see Chapter 4.1. 
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1.2 Literature review 

P r e s e n t l y n o tip d e v i c e for m a r i n e p r o p e l l e r s ex is ts w h i c h bo th s a t i s f i e s the 

cr i ter ia m e n t i o n e d a b o v e a n d w h i c h h a s f o u n d a u n i v e r s a l a p p l i c a t i o n . T h e r e a s o n 

is that s c i e n t i s t s a n d e n g i n e e r s still don' t k n o w e n o u g h a b o u t the t h r e e - d i m e n s i o n a l 

f lu id f low a n d cav i ta t ion a r o u n d the tip of lifting s u r f a c e s to b e a b l e to d e s i g n the 

o p t i m u m tip s h a p e . A l t h o u g h tip d e v i c e s for lifting s u r f a c e s is a n o l d c o n c e p t , 

e x t e n s i v e r e s e a r c h in the f ie ld w a s not s tar ted b e f o r e the e n d of the S e c o n d W o r l d 

W a r a n d the a d v e n t of m o d e r n jet p l a n e s . E v e n t h e n , f e w c o n t r i b u t i o n s of 

i m p o r t a n c e for m a r i n e p r o p e l l e r s w e r e m a d e b e f o r e the ear ly 6 0 ' s . 

1.2.1 B a s i c r e s e a r c h o n tip vortex cavi ta t ion 

T h e majority of the r e s e a r c h into tip vortex cav i ta t ion h a s b e e n f o c u s e d o n 

e x p a n d i n g o u r f u n d a m e n t a l u n d e r s t a n d i n g of the p h y s i c s of bo th the s i n g l e a n d 

multi p h a s e f low in tip vor t i ces o n m a r i n e p r ope l l e r s , in p u m p s a n d in t u r b i n e s . O n e 

of the m o s t important cont r ibut ions to our u n d e r s t a n d i n g of the n a t u r e of tip vor tex 

cav i ta t ion w a s M c C o r m i c k ' s (1962) s e m i - e m p i r i c a l a n a l y s i s of the tip v o r t i c e s 

p r o d u c e d by a se t of r e c t a n g u l a r a n d ell iptic hydrofo i ls . H e p o s t u l a t e d that the s i z e 

of the t ip -vor tex c o r e is d e t e r m i n e d by the t h i c k n e s s of the b o u n d a r y l aye r o n the 

p r e s s u r e s i d e of the hydrofo i l . H e n c e , by m a n i p u l a t i n g this b o u n d a r y layer , the 

d i a m e t e r of the vortex c o r e c a n b e a l te red to i n c r e a s e the c o r e p r e s s u r e a n d 

t h e r e b y d e l a y cav i ta t ion incept ion . B y c o m b i n i n g e q u a t i o n s for the t h i c k n e s s of the 

b o u n d a r y l aye r a n d the s p a n w i s e distr ibut ion of the c i rcu la t ion of the hydro fo i l , a n d 

t h e n d e t e r m i n i n g the c o n s t a n t s u s i n g the e x p e r i m e n t a l d a t a o b t a i n e d f r o m 2 0 

h y d r o f o i l s , h e a r r i ved at the fo l lowing e q u a t i o n for the cav i ta t ion inception index: 

ai=C-Re°-xam 

w h e r e C is a c o n s t a n t d e p e n d e n t o n the g e o m e t r y a n d a s p e c t ratio of the foi l , a n d 

the e x p o n e n t m « 1.29 a n d 1.44 ( F a l c a o d e C a m p o s et a l . 1989) for e l l ipt ical a n d 

r e c t a n g u l a r p l a n f o r m s , respec t ive ly . T h i s e q u a t i o n is still w i d e l y a c c e p t e d a s o n e of 
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the m o s t a c c u r a t e m o d e l s for the pred ic t ion of tip vor tex cav i ta t ion i n c e p t i o n . 

M c C o r m i c k a l s o c o m m e n t e d o n the effect of the air c o n t e n t of the w a t e r o n 

cav i ta t ion i n c e p t i o n , in par t icu lar that incept ion is a func t ion of the p r e s e n c e of 

u n d i s s o l v e d air. H o w e v e r , h e d i d not try to a c c o u n t for this d e p e n d e n c e in h is 

a n a l y s i s . 

M c C o r m i c k ' s work w a s a i m e d at s u p p r e s s i o n of tip vor tex cav i ta t ion o n 

m a r i n e p r o p e l l e r s . M o d e l s c a l e e x p e r i m e n t s w e r e at that t ime the m a i n g u i d e for the 

d e s i g n of p r o p e l l e r s , a n d a r e still a w ide ly u s e d m e t h o d for p ro to type tes t ing a n d for 

s o l v i n g p r o b l e m s o n ex is t ing full s c a l e p rope l l e rs . B y s h o w i n g that tip vor tex 

cav i ta t ion i n c e p t i o n d e p e n d s s t rongly o n the R e y n o l d s n u m b e r a n d the u n d i s s o l v e d 

air con ten t , M c C o r m i c k o p e n e d up a n e w can of worms for e n g i n e e r s trying to 

d e s i g n cav i ta t ion f ree p rope l l e rs ; a cor rec t p red ic t ion of the i n c e p t i o n i n d e x c o u l d 

not b e s c a l e d f rom the resu l ts f rom tests o n m o d e l p r o p e l l e r s , b a s e d s i m p l y o n the 

f r e e s t r e a m ve loc i ty , a m b i e n t a n d v a p o r i z a t i o n p r e s s u r e of the f lu id. N e v e r t h e l e s s , 

h e a l s o o p e n e d u p for the poss ib i l i t ies of d e l a y i n g incep t ion by m a n i p u l a t i n g both 

the b o u n d a r y l aye r a n d the air content of the f luid. It w a s t h e r e f o r e d e s i r a b l e to 

s t u d y in deta i l the effect of the R e y n o l d s n u m b e r to c o n f i r m the s c a l i n g e q u a t i o n , to 

d e t e r m i n e in w h i c h r a n g e it is va l id , a n d e v e n t u a l l y i n c o r p o r a t e the ef fect o f the a i r 

c o n t e n t o f the wate r into the e q u a t i o n . 

H i g u c h i et a l . (1986) m a d e o b s e r v a t i o n s of a n el l ipt ical hydrofo i l for a l imited 

r a n g e of R e y n o l d s n u m b e r s a n d o b t a i n e d incept ion d a t a that c o r r e l a t e s wel l with 

M c C o r m i c k ' s resu l ts at low d i s s o l v e d air c o n t e n t s , a l t h o u g h the re is, at low 

R e y n o l d s n u m b e r s , a s t rong dev ia t ion f rom the Re035 re la t ion a s the d i s s o l v e d air 

c o n t e n t r i s e s . E x p e r i m e n t s by F a l c a o d e C a m p o s et a l . (1989) s h o w n o par t icu lar 

d e p e n d e n c y o n Re, but s h o w a large d r o p in the incep t ion index, c o i n c i d i n g with a 

c h a n g e f r o m d e t a c h e d to a t t a c h e d incept ion , that c a n b e c o n n e c t e d to the t ransi t ion 

f r o m l a m i n a r to turbulent f low at the tip of the foil . T h i s p a p e r a l s o s u g g e s t a h i g h e r 

e x p o n e n t , m, for the a n g l e of at tack d e p e n d e n c e of 07 t h e n is c o m m o n l y u s e d . 

J o h n s s o n a n d R u t g e r s s o n (1991) c a r r i e d out cav i ta t ion tunne l e x p e r i m e n t s o n a 

hydrofo i l that w a s a full s c a l e c o p y of the tip (32% of the rad ius ) of a h igh ly s k e w e d 
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prope l le r . T h e i r e x p e r i m e n t s s h o w the s a m e t r e n d s a s M c C o r m i c k ' s ; cr, v a r i e s with 

/ t e 0 ' 3 5 . B y a t t a c h i n g r o u g h n e s s e l e m e n t s a l o n g the l e a d i n g e d g e in o r d e r to 

a c c e l e r a t e the t ransi t ion f rom laminar to turbulent b o u n d a r y layer , t h e y s u c c e e d e d 

in d e l a y i n g the cav i ta t ion incept ion in the tip vortex. T h e add i t ion of the r o u g h n e s s 

c a u s e d o n l y a m a r g i n a l i n c r e a s e in the total d r a g of the hydrofo i l ; the h i g h e r the 

a n g l e of a t tack the lower the d r a g penal ty . K a t z a n d B u e n o G a l d o (1989) m e a s u r e d 

the s u r f a c e p r e s s u r e a r o u n d the tip, a n d S t i n e b r i n g et a l . (1991) m e a s u r e d the 

tangent ia l v e l o c i t i e s in a ro l led u p vortex. B o t h g r o u p s ind ica te that r o u g h n e s s o n 

the tip of the hydrofo i l r e d u c e s the s t rength of the tip vortex, but the re a r e n o 

i n c e p t i o n o b s e r v a t i o n s to s u p p o r t t h e s e resul ts . M o r e recen t s t u d i e s by M a i n e s a n d 

A r n d t (1993) s h o w that incept ion fo l lows the re la t ionsh ip 

Gt=K-CL

2 Re0A 

at low lift coe f f i c ien ts , CL. In this re la t ionship the var ia t ion of b o u n d a r y l a y e r s at the 

tip, b e t w e e n dif ferent foi ls , at the s a m e R e y n o l d s n u m b e r , is a c c o u n t e d for by the 

c o n s t a n t AT. F l o w v isua l i za t ion s h o w e d s t rong t ipward de f lec t ion of the p r e s s u r e s i d e 

b o u n d a r y l a y e r s , in s u p p o r t of M c C o r m i c k ' s theory. 

B y n o w it h a s b e e n wel l e s t a b l i s h e d that cr, d e p e n d s o n the v i s c o u s f low in 

the tip r e g i o n , w h i c h is a funct ion of R e y n o l d s n u m b e r , but the i n f l u e n c e of the air 

c o n t e n t of the wa te r is still not c lear ly u n d e r s t o o d . S e v e r a l r e s e a r c h e r s ( H i g u c h i et 

a l . 1 9 8 6 , A r n d t et a l . 1991 , J o h n s s o n a n d R u t g e r s s o n 1 9 9 1 , G r e e n 1 9 9 1 , A r n d t a n d 

K e l l e r 1 9 9 2 a n d G i n d r o z a n d Billet 1994) h a v e s h o w n that c , i n c r e a s e s with the 

d i s s o l v e d air c o n t e n t (DAC) of the water . T h i s o b s e r v a t i o n c a n read i l y b e e x p l a i n e d : 

the h i g h e r c o n c e n t r a t i o n of d i s s o l v e d air ( m e a s u r e d in par ts p e r mil l ion), a n d h e n c e , 

h i g h e r part ia l p r e s s u r e of the d i s s o l v e d air, the s m a l l e r the r e d u c t i o n in test s e c t i o n 

p r e s s u r e , b e f o r e the satura t ion p r e s s u r e of the air is r e a c h e d . B e l o w this 

p r e s s u r e the wa te r is s a t u r a t e d with air, c a u s i n g the air to d i f fuse a n d p r o d u c e 

min ia tu re b u b b l e s that work a s cavi ta t ion c a t a l y z e r s , herea f te r re fe r red to a s n u c l e i . 
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T h e r e a r e a l s o m o r e f r e e s t r e a m nuc le i a s s o c i a t e d with a h i g h e r D A C , e v e n b e f o r e 

the test s e c t i o n p r e s s u r e is r e d u c e d , a n d there fore o n e r e q u i r e s a lower f r e e s t r e a m 

ve loc i ty a n d h e n c e , a h i g h e r cav i ta t ion index, to a v o i d cav i ta t ion . 

A r n d t et a l . (1991) s u g g e s t e d that e v e n with s u b - s a t u r a t e d w a t e r in the test 

s e c t i o n , n u c l e i c a n b e s u p p l i e d f rom low p r e s s u r e z o n e s o n the hydro fo i l , l ike 

l a m i n a r s e p a r a t i o n b u b b l e s , w h i c h w o u l d i n c r e a s e c r , e v e n further. A r n d t a n d K e l l e r 

(1992) f o u n d that, u n d e r o the rw ise ident ical c o n d i t i o n s , <T, f o l l o w e d a C L

2 re la t ion in 

s a t u r a t e d wate r a n d a C L A re lat ion in s u b - s a t u r a t e d water . A s s u m i n g that the lift 

coe f f ic ien t is direct ly p ropor t iona l to the a n g l e of attack, a , the cV 4 re la t ion t h e n 

a g r e e s with M c C o r m i c k ' s resul ts . T h e C L

2 re lat ion w a s s u g g e s t e d by A r n d t a n d 

M a i n e s (1994) a s a u n i v e r s a l s c a l i n g law for incept ion in weak (sa tura ted) water . 

G i n d r o z a n d Bil let (1994) h a v e d e m o n s t r a t e d h o w the i n c e p t i o n i n d e x d e p e n d s o n 

the t e n s i o n s u s t a i n i n g c a p a c i t y of the water , w h i c h is a f u n c t i o n of the n u c l e i 

d is t r ibut ion. G i n d r o z (1995) h a s s u m m a r i z e d t h e s e resu l ts a n d s h o w s h o w w a t e r 

c o n d i t i o n s with e q u a l sa tura t ion leve ls c a n s u s t a i n qui te di f ferent t e n s i o n s d u e to 

di f ferent n u c l e i s i z e s a n d p o p u l a t i o n s . H o w e v e r , a s c a l i n g law for the i n c e p t i o n that 

a c c o u n t s for all water qua l i t ies h a s yet to b e fo rmu la ted . 

1.2.2 R e s e a r c h o n tip d e v i c e s 

T h e first s y s t e m a t i c efforts to s tudy the effect of tip d e v i c e s o n m a r i n e 

p r o p e l l e r s w e r e mot iva ted by the d e s i r e to i n c r e a s e the s p e e d of n a v a l s h i p s in the 

r a n g e of n o i s e - f r e e o p e r a t i o n . C r u m p (1948) c a r r i e d out e x p e r i m e n t s o n m o d e l 

p r o p e l l e r s with b u l b s a t t a c h e d to the t ips, w h i c h w e r e b a s e d o n a s e t of 

u n s u c c e s s f u l e x p e r i m e n t s at the D a v i d T a y l o r M o d e l B a s i n in 1942 . T h e n e w tes ts 

w e r e m o t i v a t e d by the fact that the G e r m a n s , dur ing the war , h a d a c h i e v e d a 3 0 % 

i n c r e a s e in s p e e d o n o n e of their s u b m a r i n e s e q u i p p e d with a p r o p e l l e r with 

b u l b o u s t ips. C r u m p t e s t e d two t y p e s of p r o p e l l e r s with dif ferent c o n f i g u r a t i o n s of 

p r o p e l l e r d iamete r , bu lb d iameter , pi tch a n d n u m b e r s of b l a d e s . In two of the 

c o n f i g u r a t i o n s , a s m u c h a s a 2 5 % i n c r e a s e in f ree s t r e a m ve loc i ty at i n c e p t i o n w a s 

o b t a i n e d with the b u l b o u s t ips a t t a c h e d , with on ly a m a r g i n a l ef fect o n the p r o p e l l e r 
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e f f i c iency . B r o w n ( 1 9 7 3 ) c o n d u c t e d e x p e r i m e n t s o n m o d e l p r o p e l l e r s with dif ferent 

n u m b e r s of b l a d e s , a n d s h o w e d that by d iv id ing the total l o a d o n the p r o p e l l e r 

b e t w e e n a h i g h e r n u m b e r of b l a d e s tip vortex cav i ta t ion i n c e p t i o n w a s d e l a y e d 

subs tan t ia l l y . 

B y the e n d of the 1970 's , on ly a few repor ts w e r e a v a i l a b l e o n e x p e r i m e n t a l 

w o r k to a l lev ia te t ip-vortex cavi ta t ion. P l a t z e r a n d S o u d e r s (1979) c o m m e n t o n the 

l a rge n u m b e r of repor ts o n tip vortex s u p p r e s s i o n f rom aircraft w i n g s - o v e r 8 0 % 

p e r c e n t of the p a p e r s r e v i e w e d - a s o p p o s e d to m a r i n e p r o p e l l e r s . H o w e v e r , it w a s 

c o n c l u d e d that the fo l lowing tip d e v i c e s h a d a potent ia l to d e l a y t ip -vor tex cav i ta t ion 

in p rac t i ca l a p p l i c a t i o n s : 

1. B u l b o u s t ips 

2. P o r o u s t ips 

3. L i n e a r m a s s injection t ips 

T h e b u l b o u s tip h a d a l r e a d y b e e n tes ted ( C r u m p 1948) o n m o d e l p r o p e l l e r s 

a n d s h o w e d p r o m i s i n g resul ts . M o r e recent ly it h a s b e e n t e s t e d o n a hydrofo i l b y 

J o h n s s o n a n d R u t g e r s s o n (1991). N o d e l a y of incep t ion w a s o b s e r v e d , but ra ther 

a n a c c e l e r a t i n g effect. In add i t ion , the b u l b s c a u s e d a 1 5 % i n c r e a s e in d r a g of the 

hydro fo i l . H o w e v e r , the resul ts of J o h n s s o n a n d R u t g e r s s o n c a n h a r d l y b e r e g a r d e d 

a s r e p r e s e n t a t i v e of the p e r f o r m a n c e of bu lbs ; first of al l , a s t h e y h a v e p o i n t e d out 

in their p a p e r , the hydrofo i l e x p e r i e n c e s a c o n s t a n t s p a n w i s e , axia l i n c o m i n g f low, 

w h i l e the tip of the p rope l l e r that it m o d e l s , s e e s a rad ia l ly v a r y i n g , t angent ia l 

i n c o m i n g f low. T h e dif ferent i n c o m i n g flow, a n d h e n c e , a dif ferent s p a n w i s e l o a d i n g 

m a y b e the r e a s o n w h y J o h n s s o n a n d R u t g e r s s o n c o u l d not r e p r o d u c e C r u m p ' s 

resu l ts . A s e c o n d w e a k n e s s with the e x p e r i m e n t s of J o h n s s o n a n d R u t g e r s s o n c a n 

b e at t r ibuted to the f low d i rect ion relat ive to the bulb , for w h i c h v e r y little in format ion 

is g i v e n . T h e bu lb is e x t e n d i n g relat ively far d o w n a l o n g the l e a d i n g e d g e of the 

h igh ly s k e w e d hydrofo i l , a n d will there fore e x p e r i e n c e the i n c o m i n g f luid a s a c r o s s -

f low, w h i c h is l ikely to h a v e s u c t i o n p e a k s or c a u s e f low s e p a r a t i o n that a c c e l e r a t e s 
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the tip cav i ta t ion incep t ion . T h e r e is in g e n e r a l a lack of c o n s i d e r a t i o n to the 

l o c a t i o n a n d g e o m e t r y of the bu lb in their work. 

M a n i et a l . (1988) f o u n d that the p o r o u s tip, h o w e v e r , s u b s t a n t i a l l y d e l a y e d 

i n c e p t i o n , par t icu lar ly at low advance ratios1. T h e p o r o u s t ips d i d not af fect the 

h y d r o d y n a m i c p e r f o r m a n c e of the propel ler . T h e l inear m a s s inject ion h a s b e e n 

g i v e n a s u b s t a n t i a l a m o u n t of at tent ion for the s a m e r e a s o n ; the l i ke l ihood of 

a f fec t ing the h y d r o d y n a m i c p e r f o r m a n c e is sma l l a s on ly m i n o r m o d i f i c a t i o n to the 

p r o p e l l e r g e o m e t r y is r e q u i r e d . F r u m a n (1988) a n d F r u m a n a n d A f l a l o (1989) w e r e 

a b l e to r e d u c e the tip vortex cavi ta t ion incept ion index by 6 0 % w h e n a d i lu ted 

p o l y m e r s o l u t i o n w a s e jec ted f rom a n ori f ice at the tip of a hydrofo i l . S i m u l t a n e o u s 

lift a n d d r a g m e a s u r e m e n t s w e r e ca r r i ed out a n d s h o w e d that the h y d r o d y n a m i c 

p e r f o r m a n c e w a s u n a f f e c t e d by the p o l y m e r e ject ion. M o r e r e c e n t e x p e r i m e n t s o n a 

m o d e l p r o p e l l e r by C h a h i n e et a l . (1993) conf i rm the resu l ts of F r u m a n a n d A f l a l o . 

T h e s e e x p e r i m e n t s a l s o s h o w e d that there is a n o p t i m u m p o l y m e r e jec t ion ratio, a n d 

that the l o c a t i o n of the e ject ion ports is sa l ient to the d e l a y of i n c e p t i o n . 

S e v e r a l o ther m e t h o d s to inhibit tip vortex cav i ta t ion h a v e b e e n tr ied. T w o 

p a p e r s , b y Itoh et a l . (1986) a n d Itoh (1987) , ind ica te that a m o d e l p r o p e l l e r fitted 

with s m a l l b l a d e l e t s , e q u i v a l e n t to the W h i t c o m b wing le ts , d e l a y e d the i n c e p t i o n of 

tip cav i ta t ion , a n d i n c r e a s e d the p rope l le r e f f i c iency by 1 to 4 % . T h e s e resu l ts 

c o n t r a d i c t the f i n d i n g s of G o o d m a n a n d Bres l in (1980) , w h o f o c u s e d s o l e l y o n the 

e f fec ts o n the e f f i c iency w h e n b l a d e l e t s a r e a t t a c h e d to a c o n v e n t i o n a l o u t b o a r d 

prope l le r . It w a s c o n c l u d e d that the b l a d e l e t s r e d u c e d the e f f i c i ency of the p r o p e l l e r 

a s wel l a s c r e a t e d add i t iona l cav i ta t ion p r o b l e m s ; s h e e t cav i ta t ion w o u l d e m e r g e o n 

the b l a d e l e t s o v e r m o s t of the r a n g e of the c o n d i t i o n s for w h i c h t h e y w e r e t e s t e d , 

a n d for o n e par t icu lar conf igura t ion tip vortex cav i ta t ion w o u l d e m e r g e f r o m the tip 

of the b lade le t . 

T h e d i s c r e p a n c y b e t w e e n the resul ts of t h e s e two g r o u p s is l ikely to b e f o u n d 

in the w e a l t h of dif ferent c o n f i g u r a t i o n s tes ted by Itoh a n d h is r e s e a r c h g r o u p a s 

o p p o s e d to the l imited c o m b i n a t i o n s of g e o m e t r y a n d or ienta t ion of the b l a d e l e t s 

1 For a definition of the advance ratio, see Chapter 4.1. 
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t e s t e d by G o o d m a n a n d B r e s l i n . A l t h o u g h Itoh a n d h is g r o u p s u c c e e d e d in 

i m p r o v i n g the e f f i c iency for a n u m b e r of b lade le t c o n f i g u r a t i o n s , t h e y a l s o t e s t e d 

c o n f i g u r a t i o n s that r e s u l t e d in substant ia l l o s s of e f f ic iency . T h e s e a r e all open-

water e f f i c i e n c i e s , the effect of the b l a d e l e t s w e r e not t e s t e d in behind c o n d i t i o n s , 

i.e. w h e n the p r o p e l l e r is m o u n t e d o n a boat , e i ther full s c a l e or m o d e l . T h e r e is, 

h o w e v e r , o n e dist inct d i f fe rence b e t w e e n the b lade le t or ienta t ion of the tes ts of the 

two g r o u p s : the b l a d e l e t s w e r e all af f ixed p e r p e n d i c u l a r to the b l a d e p l a n of the 

p r o p e l l e r t e s t e d by G o o d m a n a n d B r e s l i n , whi le Itoh et a l . a t t a c h e d the b l a d e l e t s to 

the b l a d e s at a n g l e s b e t w e e n 0 ° a n d 6 0 ° , c a l l e d the bend angle. T h i s m e a n s that 

the b l a d e l e t s b e c o m e a part of the ef fect ive lifting s u r f a c e . T h e r e is a s l ight var ia t ion 

of bo th the b l a d e a r e a a n d m a x i m u m d iameter , w h i c h might h a v e c a u s e d the 

pos i t i ve resu l ts . N e v e r t h e l e s s , the b lade le ts , both o n the s u c t i o n s i d e a n d the 

p r e s s u r e s i d e of the p r o p e l l e r b l a d e s , c a n b e insta l led to g i v e a d d e d thrust a n d a 

c o u n t e r rotat ing tip vortex, whi le the b l a d e l e t s of G o o d m a n a n d B r e s l i n w e r e 

ins ta l led s o l e l y to c r e a t e c o u n t e r rotating vor t ices . T h e lower b e n d a n g l e m a y a l s o 

r e d u c e the mix ing of the b o u n d a r y l ayers o n the b lade le t a n d the b l a d e itself, w h i c h 

is l ikely to c r e a t e extra fr ict ional d r a g . In addi t ion , the b l a d e l e t s of Itoh et. a l . a r e in 

g e n e r a l ins ta l led with a subs tan t ia l h i g h e r a n g l e of a t tack t h a n t h o s e of G o o d m a n 

a n d B r e s l i n , p r o d u c i n g s t r o n g e r c o u n t e r rotat ing tip vor t ices . 

G r e e n et a l . (1988) t es ted three different tip c o n f i g u r a t i o n s o n a hydrofo i l a n d 

f o u n d that the s o c a l l e d ring-wing tip w a s very ef fect ive in r e d u c i n g the i n c e p t i o n 

index. T h e s e s t u d i e s w e r e further s u p p o r t e d by Q u a n et a l . (1992) w h o 

d e m o n s t r a t e d a n i m p r o v e d Li f t /Drag [LID) ratio, at h igh a n g l e s of at tack, for a n 

airfoil with the r ing -wing tip. T h e resul ts f rom the invest iga t ion of the r ing -w ing tip 

h a v e b e e n s u m m a r i z e d by G r e e n a n d D u a n (1995) , w h o attr ibute the i m p r o v e m e n t 

of the LID ratio to redistr ibut ion of the s h e d vorticity in the Tref f tz p l a n e . T h e ef fect 

of the hydrofo i l p l a n f o r m , with o therw ise ident ical c h o r d a n d c r o s s s e c t i o n a l 

va r ia t ion in the s p a n w i s e d i rec t ion , h a s b e e n inves t iga ted by F r u m a n et a l . (1993) . 

T h e y f o u n d that a forward swept tip d e l a y s the o n s e t of tip vor tex cav i ta t ion , 
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s u g g e s t i n g that s u c h a tip conf igura t ion c o u l d b e of p rac t ica l interest for m a r i n e 

a p p l i c a t i o n s . 

1.2.3 A p p l i c a t i o n of tip d e v i c e s 

O n l y a l imited n u m b e r of the tip a p p e n d a g e s d i s c u s s e d h e r e h a v e b e e n 

a p p l i e d to full s c a l e p r o p e l l e r s . T h e on ly repor ted a p p l i c a t i o n s a r e of b l a d e l e t s in 

the f o r m of b l a d e t ips that a r e bent towards the s u c t i o n s i d e ( G l o v e r 1987) or the 

p r e s s u r e s i d e ( B y s t r o m 1996) . F o r full s c a l e p r o p u l s i o n s y s t e m s , the f o c u s h a s 

a l w a y s b e e n o n i m p r o v e d fue l e c o n o m y t h r o u g h a n i n c r e a s e d e f f i c i e n c y of the 

p rope l l e r . T h i s i m p r o v e m e n t , it h a s b e e n f o u n d , c a n m o r e e f fect ive ly b e a c h i e v e d 

with c o m p o u n d p r o p e l l e r c o n f i g u r a t i o n s (e .g . cont ra - ro ta t ing p r o p e l l e r s ) a n d f low 

s m o o t h i n g d e v i c e s (e .g . Kort n o z z l e s ) than with tip d e v i c e s . A n u m b e r of t h e s e 

ins ta l la t ions a n d their p o w e r s a v i n g s relat ive to c o n v e n t i o n a l p r o p e l l e r s , a r e l is ted 

b y G l o v e r (1987) , M a n e n a n d O o s s a n e n (1988) a n d B r e s l i n a n d A n d e r s e n (1994) . 

P r a c t i c a l a p p l i c a t i o n s of s o m e of t h e s e c o m p o u n d p r o p e l l e r c o n f i g u r a t i o n s a r e 

d e s c r i b e d by B r o p h y (1986) , Sav ikurk i (1988) a n d H e n r i k s e n (1988) . 

1.2.4 S u m m a r y 

P r e v i o u s w o r k a i m e d at r e d u c i n g the s t rength of the tip v o r t i c e s p r o d u c e d by 

m a r i n e p r o p e l l e r s h a s d e m o n s t r a t e d that a n y a l terat ion to the g e o m e t r y of the 

p r o p e l l e r will h a v e a g r e a t e r or l e s s e r impact o n the e f f ic iency . M o s t of the tip 

a p p e n d a g e s t e s t e d h a v e b e e n s u c c e s s f u l in te rms of s u p p r e s s i n g the tip v o r t i c e s to 

a n extent that tip vortex cav i ta t ion h a s b e e n d e l a y e d , but not e n o u g h to c o m p e n s a t e 

for the a d d e d paras i t i c d r a g . T h e c a s e s w h e r e the tip d e v i c e s h a v e i m p r o v e d the 

e f f i c i e n c y of the lifting s u r f a c e s , inc lud ing hydrofo i ls a n d air foi ls in un i fo rm i n c o m i n g 

f lows, s e e m s to b e the d e v i c e s w h e r e s p e c i a l at tent ion h a v e b e e n p a i d to the 

g e o m e t r y with r e s p e c t to r e d u c t i o n of both fr iction a n d prof i le d r a g . F o r e x a m p l e , 

G r e e n a n d D u a n (1995) f o u n d that a part ial c h o r d (0 .65 c) d u c t e d tip w a s s u p e r i o r to 

a full c h o r d d u c t e d tip. 
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T h e d u c t e d tip a p p e a r to b e the d e v i c e w h e r e the b e s t p a r a s i t e d r a g 

c h a r a c t e r i s t i c s c a n b e a c h i e v e d . C o m p a r e d to a bu lb of the s a m e d i a m e t e r , the duc t 

will h a v e a sl ight ly h i g h e r fr iction d r a g , but o n the o ther h a n d , a c o m p a r a t i v e l y l e s s 

prof i le d r a g . T h e duc t will a l s o b e l ikely to interrupt m o r e e f fec t ive ly t h e roll u p 

p r o c e s s d u e to the f low t h r o u g h the duct , a n d there fore better r e d u c e the s t reng th of 

the tip vortex. T h e duct , a s for the bu lb , r e p l a c e s a f rac t ion of the s p a n of the foi l , 

a n d t h e r e f o r e k e e p s the a d d e d wet ted s u r f a c e to a m i n i m u m , w h i l e a winglet , or 

b lade le t , e f fect ive ly is a n e x t e n s i o n of the foil s p a n , a n d is the re fo re a l a rge s o u r c e 

of a d d e d fr ict ion d r a g . T h e winglet c a n a l s o , potent ia l ly , c a u s e l a rge prof i le d r a g if 

the c o r r e c t prof i le or a n g l e of a t tack not is c h o s e n . In g e n e r a l , the d u c t e d tip s e e m s 

to the tip d e v i c e that of fers the bes t c o m b i n a t i o n of g e o m e t r i c s impl ic i ty a n d 

e f f i c i ency . 

1.3 Scope of work 

T h i s r e s e a r c h is a i m e d at e x p a n d i n g o u r k n o w l e d g e o n the ef fect of a t t a c h i n g 

tip d e v i c e s to the b l a d e s of full s c a l e m a r i n e p rope l l e rs . It is m o t i v a t e d a n d b a s e d o n 

t h e r e s u l t s of G r e e n a n d D u a n (1995) , w h i c h ind ica te that the r i n g - w i n g tip might 

h a v e a n a p p l i c a t i o n o n p r o p e l l e r s o p e r a t i n g at very h igh l o a d s , l ike p r o p e l l e r s o n tug 

b o a t s a n d t rawlers . T h e r ing-wing tip h a s , w h e n a p p l i e d o n m a r i n e p r o p e l l e r s , 

a d o p t e d the n a m e ducted tip p rope l ler . It s h o u l d not b e c o n f u s e d with p r o p e l l e r s 

m o u n t e d in n o z z l e s , w h i c h a r e often re ferred to a s ducted p r o p e l l e r s . 

S e a tr ials of a p rope l l e r insta l led o n a f i sh ing boat h a v e b e e n c o n d u c t e d in 

o r d e r to inves t iga te the d i f fe rence in 1) p rope l le r e f f i c iency a n d 2) tip vor tex 

cav i ta t ion i n c e p t i o n b e t w e e n a c o n v e n t i o n a l p rope l l e r a n d a d u c t e d - t i p p rope l le r . 

C h a p t e r 2 d e s c r i b e s the p r e p a r a t i o n s a n d the e x p e r i m e n t a l e q u i p m e n t a s wel l a s 

the p r o c e d u r e e m p l o y e d dur ing the s e a trials. C h a p t e r 3 p r e s e n t s the resu l ts , 

C h a p t e r 4 a n a n a l y s i s a n d a d i s c u s s i o n , whi le a s u m m a r y of this r e s e a r c h is 

o u t l i n e d a s a c o n c l u s i o n a n d a set of r e c o m m e n d a t i o n s in C h a p t e r 5. 
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Chapter 2 - EXPERIMENTAL EQUIPMENT AND TECHNIQUES 

A s u b s t a n t i a l part of the e q u i p m e n t n e e d e d for this project h a s b e e n 

d e s i g n e d a n d built at the universi ty , i n s t e a d of b u y i n g s t o c k p r o d u c t s . T h i s w a s 

d o n e in o r d e r to sat isfy , o r rather c o m p r o m i s e b e t w e e n , the fo l lowing c o n s t r a i n t s for 

the ins t ruments : 1) cos t , 2) s i z e , 3) r a n g e / r e s o l u t i o n , 4) e n v i r o n m e n t . T h e first th ree 

c o n s t r a i n t s affect e a c h other, a n d d e p e n d o n the s i z e of the boat , e n g i n e a n d 

p rope l l e r . A s s o o n a s it w a s set t led w h i c h boat to u s e for the s e a tr ials, t h e s e 

c o n s t r a i n t s w e r e e s s e n t i a l l y set . T h e last constra int , the e n v i r o n m e n t fac tor , is a 

resul t of the na ture of the e x p e r i m e n t s . W h e n d o i n g a s e a trial, a s o p p o s e d to 

l abora tory tes ts , it is n e c e s s a r y m a k e a grea te r effort to protect the i n s t r u m e n t s f rom 

t h e e n v i r o n m e n t in w h i c h they a r e o p e r a t i n g . 

T h i s c h a p t e r d e s c r i b e s the f e a t u r e s of the boat , the p r o p e l l e r a n d the d u c t e d 

t ips, a n d the t r a n s d u c e r s that h a v e b e e n a p p l i e d to m e a s u r e f o r c e s o n the p r o p e l l e r 

shaf t a s wel l a s the boat ve loc i ty a n d shaft rotat ional s p e e d . It a l s o d e s c r i b e s the 

d a t a a c q u i s i t i o n s y s t e m that g o e s with the t r a n s d u c e r s , the u n d e r w a t e r v i d e o 

e q u i p m e n t , a n d f inal ly, a d e s c r i p t i o n of the p r o c e d u r e s a d o p t e d d u r i n g the s e a 

tr ials. 

2.1 The boat, the propeller and the ducted tips 

2.1.1 P e a r l S e a 

A 4 5 ft. w o o d e n s e i n e boa t h a s b e e n u s e d for the s e a trials ( F i g u r e 2.2) . T h i s 

b o a t is typ ica l of a subs tan t ia l n u m b e r of s e i n e b o a t s that a r e o p e r a t i n g in the 

c o a s t a l w a t e r s of Br i t ish C o l u m b i a . A t the t ime of the s e a trials the s te rn rol ler, the 

net d r u m a n d the h y d r a u l i c s a s s o c i a t e d with it w e r e r e m o v e d f r o m the boat , m a k i n g 

it s u b s t a n t i a l l y l ighter t h a n a n o p e r a t i n g s e i n e boat . T h e width ( b e a m ) of the b o a t is 

13 fee t a n d it draf ts 6 feet. T h e g e o m e t r y of the hull c a n b e d e s c r i b e d a s h a v i n g a 

v e r y d e e p f o r e b o d y with s t e e p a n g l e s f rom the s k e g g a n d out t o w a r d s the s i d e s , 

c h a n g i n g s t e r n w a r d s into a n a f te rbody that is fairly s h a l l o w a n d flat. A k e e l e x t e n d s 
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all the w a y s t e r n w a r d s to the s i n g l e s c r e w propel ler , a n d the r u d d e r is a n e x t e n s i o n 

of the k e e l i m m e d i a t e l y aft of the propel ler . 

P e a r l S e a is p o w e r e d by a G e n e r a l M o t o r s V6 -71 d i e s e l e n g i n e , ra ted to 2 0 0 

H P at 2 1 0 0 r p m at m a x i m u m e n g i n e output, a n d 180 H P at 1 8 0 0 r p m at c r u i s i n g 

s p e e d . T h e t r a n s m i s s i o n ratio is g i v e n to b e a p p r o x i m a t e l y 2 .5 :1 , r e d u c i n g the 

m a x i m u m p r o p e l l e r rotat ion to 9 0 0 rpm. T h e p rope l l e r shaf t h a s a d i a m e t e r , Ds = 

2.0 in. It s i ts hor izonta l ly b e t w e e n the t r a n s m i s s i o n a n d the s te rn b e a r i n g , a n d the 

a x i s o f the p r o p e l l e r is there fore e s s e n t i a l l y a l i g n e d with the i n c o m i n g f low. 

2 .1 .2 T h e p r o p e l l e r 

T o p r o p e l P e a r l S e a , a B r o n z e - M a n g a n e s e , 4 b l a d e d , right h a n d s c r e w 

p r o p e l l e r w a s c h o s e n ( F i g u r e 2.3), with d iameter , D = 3 6 in. , a n d p i tch , P = 2 9 in. 

T h e expanded area ratio, i.e. the total e x p a n d e d a r e a of the b l a d e s d i v i d e d by the 

d i s c a r e a , AE/A0 = 0.5. T h e a r e a of the h u b , w h i c h h a s a 5 .5 in. d i a m e t e r , is not 

r e g a r d e d a s a part of the e x p a n d e d a r e a . 

T h e b l a d e s w e r e m o d i f i e d f rom their or ig inal K a p l a n s h a p e , w h i c h is typ ica l 

for p r o p e l l e r s o p e r a t i n g in a n o z z l e , to a s l i g h t . s k e w e d - b a c k . c o n t o u r , w h i c h o f ten is 

e m p l o y e d in o r d e r to r e d u c e the impact f rom a n y l e a d i n g e d g e cav i ta t ion ( B j o r h e d e n 

1981) . T h e prof i les of the b l a d e s e c t i o n s w e r e a l s o m o d i f i e d . O r i g i n a l l y the b l a d e s 

h a d a n o g i v a l prof i le a l o n g their full s p a n w i s e length . T h e y w e r e r e s h a p e d 

a c c o r d i n g to e q u a t i o n s a n d t a b l e s g i v e n for the W a g e n i n g e n B - S c r e w S e r i e s 

( M a n e n a n d O o s s a n e n 1988) , to h a v e a n airfoil s h a p e f rom the h u b tor = 0.8R, a n d 

a n o g i v a l s h a p e f rom r = 0.8R to the tip of the b l a d e s , a c c o r d i n g to T r o o s t (1937) . 

P r e l i m i n a r y p r o p e l l e r p e r f o r m a n c e c a l c u l a t i o n s c a r r i e d out a c c o r d i n g to 

p rac t i ca l bo l l a rd pul l es t imat ions , out l ined by Isin (1987) , b a s e d o n the W a g e n i n g e n 

B - s c r e w s e r i e s , s h o w that for cav i ta t ion f ree s e r v i c e , i.e. n o s u r f a c e cav i ta t ion , the 

p r o p e l l e r h a s to p r o d u c e l e s s than 4 6 4 7 kg (10410 lb.) of thrust. F u r t h e r 

c a l c u l a t i o n s s h o w that the m a x i m u m e x p e c t e d thrust p r o d u c e d b y the p r o p e l l e r 

w o u l d b e 2 2 9 3 kg (5136 lb.) at 6 0 6 rpm. T h e s e n u m b e r s h a v e not b e e n c o r r e c t e d 

for R e y n o l d s n u m b e r ef fects; c a l c u l a t i o n s b a s e d o n the m e t h o d of Isin (1987) a p p l y 
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for Re = 2 - 1 0 6 wh i le for the s e a trials typical ly 1 -10 6 < Re < 4 - 1 0 6 , bo th at r = 0.7R. 

D u e to l a c k of t h i c k n e s s of the or ig inal prope l le r , the t h i c k n e s s of the B - s c r e w s e r i e s 

c o u l d not b e r e p r o d u c e d . H e n c e , the lift o n the b l a d e s is r e d u c e d , a n d l e s s thrust 

c a n b e e x p e c t e d . A r e a s o n a b l e es t imate of the m a x i m u m thrust w o u l d t h e r e f o r e b e 

a p p r o x i m a t e l y 2 0 0 0 kg (4480 lb.). T h e s e c a l c u l a t i o n s a r e all b a s e d o n b o l l a r d pull 

c o n d i t i o n s , i.e. at z e r o ve loc i ty , V- 0. 

2 .1 .3 T h e d u c t e d tip 

T h e d u c t e d tip p r o p e l l e r is s h o w n in F i g u r e 2.4. T h e d u c t e d tip d e s i g n is 

g e o m e t r i c a l l y s imi la r to that u s e d in the airfoil tes ts by D u a n et a l . (1992) : d u c t -

d i a m e t e r / s p a n , dlb = 0 .05 , a n d d u c t - l e n g t h / c h o r d , lie = 0 .65 . T h e f inal d i m e n s i o n s 

a re : d = 1.5 in. a n d / = 5 .5 in. E a c h duct is built f rom a c o p p e r t u b e with wal l 

t h i c k n e s s t - 0 .06 in. that w a s bent into a n a r c with oute r r a d i u s e q u a l to the tip 

r a d i u s of the or ig ina l prope l ler . T h e d u c t s h a v e a c o m p l e t e l y c i rcu la r c r o s s s e c t i o n . 

T h e l e a d i n g e d g e of the d u c t s h a v e b e e n f o r m e d into a sp i ra l , o r a lip,, with the 

s u c t i o n s i d e of the duct e x t e n d i n g furthest t o w a r d s the b l a d e l e a d i n g e d g e . ( F i g u r e s 

2 . 5 to 2.7) . T h e t h i c k n e s s of the duct: l e a d i n g e d g e w a s i n c r e a s e d with: e p o x y - b o d y 

filler a n d r o u n d e d to d e l a y l e a d i n g e d g e cavi ta t ion, wh i le the t h i c k n e s s of the duc t 

trai l ing e d g e w a s f i led d o w n to r e d u c e their w a k e . T h e d u c t s w e r e a t t a c h e d to the 

b l a d e s b y s i lver s o l d e r i n g , a n d a l i g n e d with the c h o r d of the b l a d e s . T h e s o l d e r 

s e a m s w e r e c o v e r e d with b o d y filler a n d fa i red into a s m o o t h t ransi t ion b e t w e e n the 

d u c t s a n d the b l a d e s ( F i g u r e 2.8). 

2.2 Instrumentation 

In o r d e r to d e t e r m i n e the e f f i c iency of the p r o p e l l e r it is n e c e s s a r y to 

m e a s u r e the t o r q u e a n d the thrust g e n e r a t e d by the p rope l le r , for e x a m p l e by 

m e a s u r i n g the s t r e s s e s in the p rope l le r shaft . T h e c o n v e n t i o n a l m e t h o d of 

m e a s u r i n g t o r q u e a n d thrust o n a n y k ind of a shaft is to c e m e n t s t ra in g a u g e s 

d i rect ly o n t o the shaft . Ye t , m e a s u r i n g thrust o n a p r o p e l l e r shaf t c a n h a r d l y b e 

c a l l e d c o n v e n t i o n a l a s it is d o n e on ly o n a v e r y sma l l n u m b e r of s e a g o i n g v e s s e l s , 
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a c c o r d i n g to M a n e n a n d O o s s a n e n (1988), H a g g a r t y (1994) , M c G r e e r (1994) a n d 

T o w l a n d (1994) . T h e lack of thrust m e a s u r e m e n t s o n s e a g o i n g v e s s e l s c a n part ly 

b e at t r ibuted to the fact that it is difficult to r e c o r d the s t r e s s e s in the shaf t p r o d u c e d 

by the thrust, for r e a s o n s e x p l a i n e d be low. N e v e r t h e l e s s , wh i le the to rque , 

mul t ip l ied with the shaf t rotat ion, 

Pe = 2mQ 

g i v e s the p o w e r d e l i v e r e d to the p rope l le r (neg lec t ing l o s s e s t h r o u g h the s te rn 

b e a r i n g ) , the re is current ly n o n e e d to moni tor the p r o p u l s i v e p o w e r , g i v e n by the 

thrust mul t ip l ied by the forward ve loc i ty of the boat re lat ive to the water , 

PT = VT 

U s i n g stra in g a u g e s to m e a s u r e f o r c e s in a s o l i d c i rcu la r bar , l ike a p r o p e l l e r 

shaf t , is s i m p l e p r o v i d e d the bar is s u b j e c t e d to e i ther p u r e thrust or p u r e to rs ion . 

H o w e v e r , o n a p r o p e l l e r shaft there will a l w a y s b e a c o m b i n a t i o n of ax ia l a n d 

t o r s i o n a l f o r c e s , w h i c h c o m p l i c a t e s the m e a s u r e m e n t s ; the t o r q u e r e q u i r e d to turn 

the p r o p e l l e r p r o d u c e s t r e s s e s that a r e a n o r d e r of m a g n i t u d e la rger t h a n the 

s t r e s s e s p r o d u c e d by the thrust f rom the propel ler . T h e shaf t s i z e n e c e s s a r y to 

w i t h s t a n d the h igh tors iona l s t r e s s e s , will there fore a l low o n l y a m i n i m u m of shaf t 

c o m p r e s s i o n , resu l t ing in v e r y low m a g n i t u d e s o f ax ia l s t ra ins . M i l l a n (1993) f o u n d 

that the ax ia l s t ra ins c o u l d b e a s m u c h a s 2 0 - 3 0 t imes l e s s t h a n the t o r s i o n a l 

s t ra ins . T h r e e p r o b l e m s a r i s e d u e to this la rge d i f f e rence in s t ra ins: 

1. M i s a l i g n m e n t of the g a u g e s , w h i c h in p rac t ice is i m p o s s i b l e to a v o i d , will resul t 

in cross talk b e t w e e n the g a u g e s . T h i s impl ies that the ax ia l ly o r i e n t e d g a u g e s 

( u s e d to m e a s u r e thrust) will reg is ter s o m e tors iona l s t ra in , w h i c h , b e c a u s e of 

the l a rge d i f f e r e n c e in m a g n i t u d e c a n substant ia l c o n t a m i n a t e the thrust s i g n a l s . 
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2. A t low stra in l e v e l s the e r rors i n t r o d u c e d by t e m p e r a t u r e re la ted a p p a r e n t 

s t r e s s e s a s wel l a s n o i s e p r o d u c e d by the e n v i r o n m e n t a n d the s i g n a l 

t r a n s m i s s i o n f rom the rotat ing shaft to the s ta t ionary d a t a a c q u i s i t i o n s y s t e m , will 

h a v e a g r e a t e r impac t o n the thrust m e a s u r e m e n t s . 

3. T h e minute axia l s t ra ins a r e difficult to m e a s u r e , a l t h o u g h it c a n b e d o n e , by 

ampl i f i ca t ion of the s i g n a l s . H o w e v e r , by ampl i fy ing the s i g n a l s o n e w o u l d a l s o 

ampl i fy the er rors . 

T o m e a s u r e t o r q u e a n d thrust in a shaft , the stra in g a u g e s a r e a r r a n g e d in 

two W h e a t s t o n e b r i d g e s , o n e for to rque a n d o n e for thrust. In o r d e r to d e c o u p l e the 

t o r q u e a n d the thrust, i.e. r e m o v e the c r o s s talk, a t e c h n i q u e h a s b e e n d e v e l o p e d 

that i n v o l v e s a modi f ica t ion of the thrust b r idge . B y r e p l a c i n g the s i n g l e g a u g e in 

e a c h of the two ac t ive a r m s of the b r idge ( F i g u r e 2 .1 .a) with a roset te that c o n t a i n s 

two p e r p e n d i c u l a r l y o r i e n t e d g a u g e s (F igure 2 .1 .o) , a c o m p l e t e d e c o u p l i n g c a n b e 

a c h i e v e d (Mi l lan 1993) . Unfor tunate ly the d e c o u p l i n g o c c u r s at the e x p e n s e of the 

ax ia l s t ra in b e i n g m e a s u r e d ; u s i n g the rose t tes r e d u c e s the sensi t iv i ty of the b r i d g e 

b y a fac tor of (1 - v), w h e r e typical ly for s tee l P o i s s o n ' s ratio v = 0 .28 , w h i c h is 

u n d e s i r a b l e a s the thrust strain a l r e a d y is very low. 

T h e n o i s e f rom the e n v i r o n m e n t c a n to a cer ta in d e g r e e b e a v o i d e d by 

s h i e l d i n g the g a u g e s f rom e l e c t r o m a g n e t i c f ie lds a n d rad io f r e q u e n c y in te r fe rence . 

T h e n o i s e - t o - s i g n a l ratio will a l s o c lear ly d e p e n d o n h o w the s t ra in g a u g e s i g n a l is 

t r a n s f e r r e d f r o m the rotat ing shaft: s l ip r ings p r o d u c e m o r e n o i s e t h a n a te lemet ry or 

m a g n e t i c s y s t e m . F u r t h e r m o r e , the s i g n a l s c a n b e a m p l i f i e d pr ior to the s i g n a l 

t r a n s m i s s i o n to the s ta t ionary unit, w h i c h will i m p r o v e the s i g n a l - t o - n o i s e ratio 

subs tan t ia l l y , a l t h o u g h this r e q u i r e s that the ampl i f ier c ircuit b e m o u n t e d to a n d 

ro ta tes with, the shaft . T h e thermal - re la ted a p p a r e n t s t r e s s e s a r e c a u s e d typ ica l ly 

by g a u g e fac tor var ia t ion , g a u g e hea t ing a n d thermal e x p a n s i o n coe f f i c ien t 

m i s m a t c h b e t w e e n the g a u g e a n d the s tee l . T h e e f fects of the a p p a r e n t s t r e s s e s 

c a n b e m i n i m i z e d t h r o u g h s o p h i s t i c a t e d e l e c t r o n i c c i rcui ts , w h i c h t o g e t h e r with the 

ampl i f ie r w o u l d h a v e to b e m o u n t e d to the shaft . 
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O b v i o u s l y , b y the t ime the to rque a n d thrust h a v e b e e n d e c o u p l e d a n d the 

e r r o r s h a v e b e e n m i n i m i z e d , the s i g n a l c o n d i t i o n i n g s y s t e m h a s b e c o m e v e r y 

c o m p l e x a n d e x p e n s i v e . A better t e c h n i q u e of s t r e s s m e a s u r e m e n t s i n v o l v e s 

m e c h a n i c a l d e c o u p l i n g a n d ampl i f icat ion of the s t ra ins . T o d e c o u p l e t o r q u e a n d 

thrust a s e c t i o n of the shaft c o u l d b e r e p l a c e d by a d e v i c e c o n s i s t i n g of l inks that 

e x p e r i e n c e e i ther p u r e ax ia l o r to rs iona l f o r c e s . A st ra ight f o r w a r d w a y to 

m e c h a n i c a l l y ampl i fy the axia l s t ra ins is by r e d u c i n g the d i a m e t e r o v e r a shor t 

s e c t i o n of the shaf t w h e r e the strain g a u g e s a r e l o c a t e d . T h i s s e c t i o n s h o u l d 

p r e f e r a b l y b e i n c o r p o r a t e d a s o n e of the l inks in the d e c o u p l i n g d e v i c e . A c c o r d i n g 

to a pa ten t s e a r c h c o n d u c t e d in M a y 1994, f ew ins t ruments exist that a r e c a p a b l e of 

d o i n g s u c h a d e c o u p l i n g . 

e 

Mechanical arrangement Electrical arrangement 

a) Conventional Wheatstone bridge 

e 

Mechanical arrangement Electrical arrangement 

b) Wheatstone bridge with cross-talk compensation 

Figure 2.1 Application of strain gauges for measuring thrust in a circular shaft. 
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2.2.1 T o r q u e a n d T h r u s t T r a n s d u c e r ( T T T ) 

F o r the s e a trials d e s c r i b e d in this report , a t o r q u e a n d thrust t r a n s d u c e r , 

he rea f te r re fe r red to a s T T T , w a s built that c o m b i n e s two of the a b o v e m e n t i o n e d 

t e c h n i q u e s : it c o n s i s t s of a set of l inks that d e c o u p l e s t o r q u e a n d thrust, w h e r e the 

d i a m e t e r o f the link that m e a s u r e s thrust h a s b e e n r e d u c e d in o r d e r to m e c h a n i c a l l y 

ampl i fy the thrust stra in ( F i g u r e s 2 .9 a n d B.1). T h e t r a n s d u c e r fits into the shaf t l ine 

b e t w e e n the f l a n g e s of a p r e v i o u s l y ex is t ing c o u p l i n g that c o n n e c t s the p r o p e l l e r 

shaf t with t h e d r i v e shaft , a n d h e n c e sl ight ly e x t e n d s the shaf t l ine ( F i g u r e 2 .10) . 

T h e ax ia l l ength of the t r a n s d u c e r h a d to b e l e s s t h a n the m a x i m u m d i s t a n c e the 

c o u p l i n g c o u l d b e split apart , w h i c h w a s in turn l imited by the d i s t a n c e b e t w e e n the 

p r o p e l l e r a n d the rudder . 

T h e th ree m a i n d e s i g n const ra in ts of the T T T w e r e : m a x i m u m to rque , 

m a x i m u m thrust a n d axia l length of the t r a n s d u c e r . M a x i m u m t o r q u e w a s d e f i n e d a s 

m a x i m u m p o w e r (200 hp) d i v i d e d b y shaft rotat ion rate at c r u i s i n g s p e e d (700 rpm) , 

g i v i n g . Q = 2 0 0 7 N m (18042 lb.-in.) . T h e shaft rotat ion-at c r u i s i n g s p e e d i n s t e a d of 

the m a x i m u m shaft rotat ion rate w a s c h o s e n in o r d e r to bu i ld in a n extra sa fe ty 

factor . W e w e r e not con f iden t of the a s s u m e d e n g i n e sha f t /d r ive s h a f t ; r a t i o . . T h e . 

d e s i g n of the T T T star ted b e f o r e the p rope l le r w a s c h o s e n , a n d t h e r e f o r e a n 

e s t i m a t e of the m a x i m u m thrust w a s b a s e d o n the a p p r o x i m a t i o n that a wel l 

d e s i g n e d tug b o a t p r o p e l l e r s h o u l d p r o d u c e 15 k g of thrust p e r h o r s e p o w e r 

d e l i v e r e d to the p r o p e l l e r (Isin 1987) . F o r a s e i n e boa t this n u m b e r s h o u l d b e 

r e d u c e d , a n d for the d e s i g n of the t r a n s d u c e r 10 k g / h p w a s c h o s e n , g i v i n g T = 

1 9 6 2 0 N (4480 lb.) at m a x i m u m p o w e r . T h i s n u m b e r is in a c c o r d a n c e with 

p re l im inary c a l c u l a t i o n s of the p rope l le r p e r f o r m a n c e d e s c r i b e d in C h a p t e r 2 .1 .2 . 

T h e ax ia l length of the t r a n s d u c e r w a s restr ic ted to 4 .5 in. , w h i c h is the d i s t a n c e 

b e t w e e n the e n d of the p r o p e l l e r shaft a n d the r u d d e r . 

T h e t r a n s d u c e r c o n s i s t s of two f l a n g e s , the s a m e s i z e a s the c o u p l i n g 

f l a n g e s , c o n n e c t e d by m e a n s of three flat b a r s l o c a t e d c i rcumferent ia l l y , at a r a d i u s 

of 2 in . , a r o u n d the cen te r l ine of the shaft ax is . E a c h b a r h a s o n e e n d c o n n e c t e d to 

a s u p p o r t o n the e n g i n e - s i d e f l a n g e , whi le the o ther e n d is c o n n e c t e d to a s u p p o r t 
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o n the p r o p e l l e r - s i d e f l a n g e . B e c a u s e both e n d s of e a c h b a r a r e f r e e to rotate 

a r o u n d a n ax is para l le l with the shaft , t h r o u g h the s u p p o r t , all of the b a r s will 

e x p e r i e n c e o n l y p u r e t e n s i o n w h e n the p rope l le r i m p o s e s a t o r q u e o n the shaf t 

d u r i n g fo rward m o t i o n of the boat . D u r i n g b a c k w a r d s m o t i o n the f o r c e will b e p u r e l y 

c o m p r e s s i v e . O n e of the b a r s is e q u i p p e d with strain g a u g e s to f o r m a l o a d ce l l that 

m e a s u r e s the t o r q u e in t e r m s of p u r e tens i le or c o m p r e s s i v e s t ra in . 

T h e thrust is c a r r i e d by a c o l u m n l o c a t e d at the c e n t e r l i n e b e t w e e n the two 

f l a n g e s . T h e d i a m e t e r of the c o l u m n h a s b e e n r e d u c e d f rom a shaf t s i z e Ds = 2 in. 

to ds = 0 .5 in. , t h u s i n c r e a s i n g the strain by a fac tor of 16. S t r a i n g a u g e s a r e 

m o u n t e d to it a n d c o n n e c t e d in a W h e a t s t o n e b r i d g e to fo rm a thrust l o a d ce l l . T h e 

c o l u m n is f r e e to rotate a r o u n d its o w n ax is , a n d the fr ict ion b e t w e e n the s h o u l d e r s 

of the c o l u m n a n d the f l a n g e s u r f a c e s c a n b e m i n i m i z e d by lubr ica t ion or, if 

n e c e s s a r y , a rol ler b e a r i n g . In this w a y it e x p e r i e n c e s n o to rque , a n d a s a l o a d ce l l it 

will m e a s u r e p u r e c o m p r e s s i v e or tens i le strain. B e c a u s e the c o m p r e s s i o n of the 

c e n t e r c o l u m n is s m a l l , the thrust i m p o s e s essent ia l ly , n o b e n d i n g v o n the flat b a r s , 

a n d c o n v e r s e l y , the flat b a r s car ry n o thrust. 

T h e c r o s s s e c t i o n of both the flat b a r s a n d the c e n t e r c o l u m n w e r e c h o s e n to 

g i v e s t r e s s e s e q u a l to the d e s i g n s t r e s s u n d e r m a x i m u m p r o p e l l e r t o r q u e a n d thrust. 

T h r o u g h o u t the d e s i g n a m i n i m u m safe ty factor of 2 w a s u s e d , a l l o w i n g the s t r e s s 

l e v e l s in all m e m b e r s to r e a c h a m a x i m u m of od = o>/2. S t e e l c o d e 4 1 4 0 w a s c h o s e n 

for the flat b a r s a n d the c e n t e r c o l u m n in o r d e r to m i n i m i z e a n y h y s t e r e s i s d u e to 

p l a s t i c e l o n g a t i o n , a n d they w e r e all hea t t reated to g i v e a y ie ld s t r e s s <jy = 6 8 0 

N / m m 2 

C a l i b r a t i o n of the T T T w a s ca r r i ed out o n c a m p u s u s i n g fac i l i t ies in bo th the 

D e p a r t m e n t s of M e c h a n i c a l a n d Civ i l E n g i n e e r i n g . T h e thrust ce l l w a s c a l i b r a t e d in 

a m a t e r i a l s tes t ing m a c h i n e that exer ted a p u r e axial f o r c e t h r o u g h the c e n t e r of the 

t r a n s d u c e r . T h e f o r c e , start ing at z e r o , w a s i n c r e a s e d in s m a l l s t e p s to f inal ly e q u a l 

the m a x i m u m thrust e x p e c t e d to b e p r o d u c e d by the prope l le r . T h e t r a n s d u c e r w a s 

t h e n u n l o a d e d with e q u a l but o p p o s i t e i n c r e m e n t s in o r d e r to test for h y s t e r e s i s , 
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c o r r e l a t i n g the l o a d s r e g i s t e r e d by the mater ia ls test ing m a c h i n e a n d the s i g n a l s 

p r o d u c e d by the t r a n s d u c e r after e a c h f o r c e increment . 

T h e t o r q u e ce l l w a s ca l ib ra ted in a test b e n c h se t u p o n a la the, w h e r e o n e 

f l a n g e is f i xed in the lathe a n d the other is e x p o s e d to a p u r e t o r q u e t h r o u g h a l o a d 

o n a n 18 .5 i n c h e s a r m . T h e l o a d o n the a r m w a s r e c o r d e d with a r ing l o a d ce l l , 

d e s c r i b e d later in this c h a p t e r . A s for thrust, the t o r q u e w a s i n c r e a s e d in s t e p s to 

m a t c h the m a x i m u m e x p e c t e d to rque p r o d u c e d by the e n g i n e , for t h e n b e i n g 

r e l e a s e d a g a i n with e q u a l a n d o p p o s i t e i n c r e m e n t s . T h e t o r q u e w a s r e g i s t e r e d a n d 

c o r r e l a t e d with the s i g n a l s f rom the t r a n s d u c e r in o r d e r to plot a c a l i b r a t i o n c u r v e 

a n d c a l c u l a t e a ca l ib ra t ion factor . T h e ca l ibra t ion d a t a for both the t o r q u e a n d thrust 

c e l l s a r e p r e s e n t e d in F i g u r e s A.1 a n d A . 2 of this report . 

F u r t h e r test ing h a s c o n f i r m e d that the t r a n s d u c e r r e s p o n d s l inear ly to both 

t o r q u e a n d thrust, with n o d i s c e r n i b l e c ross - ta lk ; the t o r q u e ce l l r e s p o n d s l inear ly 

w h e n a p u r e to rs iona l f o r c e is a p p l i e d , whi le the thrust r e m a i n s c o n s t a n t at a p r e s e t 

m a g n i t u d e . F o l l o w i n g the s a m e t rend, w h e n a p u r e axia l f o r c e is a p p l i e d , the thrust 

v a r i e s l inear ly whi le the to rque r e m a i n s c o n s t a n t at a p r e s e t m a g n i t u d e . 

B o t h the t o r q u e a n d the thrust l o a d ce l l a r e e q u i p p e d with st ra in g a u g e s 

a r r a n g e d in a full W h e a t s t o n e br idge . T h e W h e a t s t o n e b r i d g e c o n s i s t s of two a c t i v e 

g a u g e s , o r i e n t e d in the d i rect ion of the pr inc ipa l s t r e s s e s in the l o a d ce l l , a n d two 

inac t ive g a u g e s , o r i e n t e d p e r p e n d i c u l a r to the d i rec t ion of the p r inc ipa l s t r e s s e s . 

W i t h this a r r a n g e m e n t the inact ive g a u g e s will au tomat ica l l y c o m p e n s a t e for 

a p p a r e n t s t r e s s d u e to thermal e x p a n s i o n of the l o a d c e l l s . T h e d i f f e r e n c e in 

t e m p e r a t u r e b e t w e e n ca l ibra t ion a n d the s e a trials will there fore h a v e n o ef fect o n 

the T T T a n d the resu l ts of the e f f ic iency m e a s u r e m e n t s . 

P r o v i d e d a bo l ted f l a n g e c o u p l i n g ex ists , a n d the d i s t a n c e to the r u d d e r 

a l l o w s for the p r o p e l l e r shaft to b e d i s p l a c e d , the T T T h a s a n u m b e r of a d v a n t a g e s 

a n d is m o r e versa t i l e t h a n strain g a u g e s m o u n t e d direct ly o n the shaft : 

1. A l l p r e p a r a t i o n s invo lv ing m a c h i n i n g of par ts , c e m e n t i n g stra in g a u g e s o n t o l o a d 

c e l l s , a n d in part icular , the ca l ibra t ion , c a n b e d o n e in a m a c h i n e s h o p or a 
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l abora to ry i n s t e a d of o n b o a r d the boat . O n l y the f inal insta l la t ion, bo l t ing the 

t r a n s d u c e r to the c o u p l i n g , h a s to b e d o n e o n site. 

2. B y a v o i d i n g m o d i f i c a t i o n s of the shaft , the d a m a g e d o n e to the shaf t itself, a s 

wel l a s the a l i g n m e n t diff icult ies, a r e m i n i m i z e d . 

3. It c a n b e s c a l e d u p to fit dif ferent shaft s i z e s . 

4. T h e l o a d c e l l s c a n b e r e p l a c e d if g rea te r reso lu t ion is d e s i r e d or if m o r e s t reng th 

is r e q u i r e d , or in c a s e of d a m a g e . 

5. T h e par ts a r e e a s y to m a c h i n e , resul t ing in low m a n u f a c t u r i n g c o s t s . 

2 .2 .2 R i n g l o a d ce l l 

D r o g u e s of v a r y i n g d r a g w e r e c o n s t r u c t e d of b u n d l e d c a r t i res. T h e s e 

d r o g u e s w e r e t o w e d b e h i n d the boat . T h e d r o g u e d r a g w a s m o n i t o r e d by a 5 0 0 0 lb. 

r ing l o a d ce l l . In this w a y a n y var ia t ion in the thrust f rom the p r o p e l l e r c o u l d b e 

c o r r e l a t e d to va r ia t ions of the d r a g f o r c e o n the d r o g u e . T h e r ing l o a d ce l l w a s 

c a l i b r a t e d by l o a d i n g it in p u r e t e n s i o n in the materials* tes t ing m a c h i n e , fo l lowing 

the s a m e p r o c e d u r e a s for the T T T . T h e ca l ibra t ion d a t a a r e p r e s e n t e d in F i g u r e 

A . 3 . 

2 .2 .3 V e l o c i t y t r a n s d u c e r 

A n industr ia l turb ine f low meter for r e c o r d i n g m a s s f low in p i p e s w a s a d a p t e d 

to m e a s u r e the ve loc i ty of the boat . C o m p a r e d to a s t a n d a r d ve loc i ty m e t e r of the 

p a d d l e w h e e l type , the turb ine f low meter c a n m e a s u r e lower v e l o c i t i e s , a l t h o u g h at 

low v e l o c i t i e s it is n o n - l i n e a r d u e to b e a r i n g fr ict ion in the turb ine . T h e lowest 

ve loc i ty it is c a p a b l e of m e a s u r i n g is a p p r o x i m a t e l y V- 0 .5 m/s . In o r d e r to m e a s u r e 

the t rue ve loc i ty of the boa t relat ive to the water , the f low mete r h a d to b e l o c a t e d 

a w a y f r o m the f low f ie ld i n d u c e d a r o u n d the hul l . T h i s w a s d o n e b y a t t a c h i n g the 

f low m e t e r to o n e of the s tab i l i zer p o l e s , e x t e n d i n g 17 ft. out to the s i d e of the boat . 

T h e s tab i l i ze r p o l e s c a n b e s e e n o n F i g u r e 2.2, l o c a t e d m i d s h i p a n d b r o u g h t u p to a 

ver t ica l p o s i t i o n . 
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T h e ca l ib ra t ion of the ve loc i ty t r a n s d u c e r w a s c a r r i e d out in the tow ing tank of 

B C R e s e a r c h b y a t t a c h i n g the ve loc i ty t r a n s d u c e r to the c a r r i a g e o f t h e tow ing tank. 

T h e c a r r i a g e w a s run at a c o n s t a n t ve loc i ty a l o n g the full l ength of the tow ing tank, 

a n d a n a v e r a g e s i g n a l f rom the f low meter s a m p l e d t h r o u g h o u t the run , d i s r e g a r d i n g 

the a c c e l e r a t i o n p h a s e at the start, w a s a s s o c i a t e d with that par t icu lar ve loc i ty . T h i s 

p r o c e d u r e w a s r e p e a t e d for a n u m b e r of different ve loc i t i es . T h e c a l i b r a t i o n d a t a 

a r e p r e s e n t e d in F i g u r e A . 4 . 

2 .2 .4 T a c h o m e t e r 

T h e p r o p e l l e r shaft rotat ion w a s m e a s u r e d by a M A X I - M A G m a g n e t i c s e n s o r . 

T h e s e n s o r c o u n t s the p a s s a g e f r e q u e n c y of g e a r teeth o n a g e a r (4 i n c h e s in 

d i a m e t e r , with 6 0 teeth) c o n n e c t e d to the p r o p e l l e r shaf t ( F i g u r e 2 .10) . T h e 

t a c h o m e t e r w a s c a l i b r a t e d in a lathe in the D e p a r t m e n t of M e c h a n i c a l E n g i n e e r i n g , 

e q u i p p e d with a t a c h o m e t e r of s imi lar type, a n d a digital d i s p l a y . T h e g e a r w a s f ixed 

in the c h u c k of the lathe, the: s e n s o r w a s m o u n t e d at a p r e s c r i b e d d i s t a n c e f r o m the 

g e a r , a n d the s i g n a l s f rom the m a g n e t i c s e n s o r w a s c o r r e l a t e d with the c h u c k 

rotat ion r e g i s t e r e d by the lathev T h e c h u c k rotat ion-was d o u b l e c h e c k e d w i t h a h a n d 

h e l d t a c h o m e t e r . T h e ca l ibra t ion d a t a a r e p r e s e n t e d in F i g u r e A . 5 . 

2.3 Signal conditioning and data acquisition system 

A s c h e m a t i c d i a g r a m of the exper imenta l s e t - u p for the s e a tr ials is s h o w n in 

F i g u r e B.2 . T h e s i g n a l s p r o d u c e d by the to rque a n d thrust l o a d c e l l s a r e 

c o n d i t i o n e d s e p a r a t e l y by two pr inted circuit b o a r d s that e a c h h a v e a n ampl i f ier , a n 

a n a l o g - t o - d i g i t a l (A /D ) c o n v e r t e r a n d a rad io transmitter. B o t h b o a r d s , a p p r o x i m a t e l y 

2 in. by 2 in. , a r e insta l led a n d s e a l e d together with two 9 V bat te r ies for p o w e r 

s u p p l y , in a p l a s t i c b o x that is m o u n t e d o n , a n d turns with the shaft . A f te r b e i n g 

c o n d i t i o n e d the s i g n a l s f rom the to rque a n d thrust l o a d ce l l a r e t ransmi t ted 

s i m u l t a n e o u s l y , at a rate of o n e s igna l a s e c o n d , o n two s e p a r a t e c h a n n e l s to a 

s t a t i o n a r y r e c e i v e r . T h e r e c e i v e r is c o n n e c t e d d i rect ly to a c o m p u t e r , w h i c h , b y 

u s i n g c o m m e r c i a l sof tware , c a n log the d a t a for a n y length of the s a m p l i n g p e r i o d . 
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T h e s i g n a l s f r o m both the to rque a n d thrust l o a d c e l l s a r e r e c e i v e d a s radio 

transmitter units b e t w e e n 10 a n d 1023 . T o obta in , for e x a m p l e , the thrust m e a s u r e d 

by the T T T , the a v e r a g e rad io transmitter unit s a m p l e d o n the thrust c h a n n e l o v e r a 

p e r i o d o f 3 0 s e c o n d s d u r i n g a test, m i n u s the units r e c o r d e d at z e r o shaf t rotat ion, 

is mul t ip l ied by the r e s p e c t i v e ca l ibra t ion factor to g ive the thrust in N e w t o n s (N). 

T h e zero-load offset {N= 0) c a n b e set to a n y d e s i r e d v a l u e b e t w e e n 10 a n d 1023 . 

T h e s i g n a l f rom the ring l o a d ce l l is ampl i f i ed ( B N 3 0 3 1 ) b e f o r e it is s a m p l e d 

by the c o m p u t e r t h r o u g h a 12 bit, 1 M H z , I S C - 1 6 A / D c a r d . B o t h the ve loc i ty 

t r a n s d u c e r a n d the shaft rotat ion t r a n s d u c e r p r o d u c e s i g n a l s in the f o r m of p u l s e s 

with f r e q u e n c i e s propor t iona l to the rotat ion of the tu rb ine a n d the g e a r , 

r e s p e c t i v e l y . T h e s e s i g n a l s a r e there fore first s e n t t h r o u g h a f r e q u e n c y - t o - v o l t a g e 

c o n v e r t e r ( L M 2 4 0 7 ) , a n d t h e n , ampl i f ied (A07) b e f o r e they a r e s a m p l e d t h r o u g h the 

I S C - 1 6 A / D c a r d . 

1 1 0 V A C w a s s u p p l i e d by a B r i g g s & S t ra t ton /Homel i t e 2 5 0 0 W a t t g e n e r a t o r 

with a V A R I A C v o l t a g e regulator . 

2.4 Underwater video recording 

V i s u a l r e c o r d i n g s of the tip cav i ta t ion w e r e o b t a i n e d with a S o n y H i 8 C C D -

V 9 9 v i d e o c a m e r a with a m a x i m u m shutter s p e e d of 1 /10000 s e c o n d . T h e v i d e o 

c a m e r a is m o u n t e d in a water tight, c a s t a l u m i n u m h o u s i n g , a n d p o w e r e d by e i ther 

a 9 volt bat tery or 110 vol ts f rom the s u r f a c e . L ight w a s s u p p l i e d by two 6 5 0 watt 

u n d e r w a t e r l ights a n d a 100 feet c a b l e for 110 volt p o w e r s u p p l y f r o m the s u r f a c e . 

2.5 Procedure for sea trials 

T h e s e a trials c o n s i s t e d of two s e t s of e x p e r i m e n t s ; the first for the 

c o n v e n t i o n a l p rope l le r , a n d the s e c o n d for the d u c t e d tip p rope l le r . E a c h se t w a s 

d i v i d e d into s u b - e x p e r i m e n t s : first e f f ic iency m e a s u r e m e n t s at f ive di f ferent a d v a n c e 

rat ios, f o l l o w e d by cav i ta t ion o b s e r v a t i o n s at z e r o ve loc i ty . 

T h e e f f i c i ency m e a s u r e m e n t s i n v o l v e d s a m p l i n g of to rque , thrust, ve loc i ty , 

shaf t rotat ion a n d tow l o a d d a t a for 5 different d r o g u e s i z e s : 
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1. F r e e r u n n i n g - n o tow l o a d 

2. L ight d r o g u e 

M e d i u m d r o g u e 

H e a v y d r o g u e 

- 1 4 t ires in o n e b u n d l e 

4. 

3. 

5. B o l l a r d pull 

- 3 0 t ires in two b u n d l e s (14+16) 

- 4 8 t ires in two b u n d l e s (37+11) 

- pul l ing a g a i n s t the d o c k , z e r o v e l o c i t y 

F o r e a c h d r o g u e s i z e d a t a w a s c o l l e c t e d f rom a p p r o x i m a t e l y 1 8 0 r p m u p to 

m a x i m u m shaf t rotat ion; in s t e p s of 10 f rom 180 to 2 6 0 r p m , in s t e p s of 2 0 f r o m 2 6 0 

to 3 0 0 r p m , a n d in s t e p s 5 0 f rom 3 0 0 to m a x i m u m rpm, d e p e n d i n g o n the d r o g u e 

s i z e . F o r e a c h i n c r e m e n t c o n d i t i o n s w e r e s tab i l i zed b e f o r e d a t a w e r e a c q u i r e d o v e r 

a p e r i o d of 3 0 s e c o n d s . E v e r y d a t a point p r e s e n t e d in this report is a n a v e r a g e of 

the d a t a s a m p l e d o v e r 3 0 s e c o n d s , u n l e s s o therw ise s t a t e d . A t m a x i m u m shaf t 

rotat ion the b o a t w a s tu rned 1 8 0 ° a n d the m e a s u r e m e n t s w e r e r e t a k e n . In this w a y 

the ef fect of the t ide, w i n d a n d w a v e s c o u l d b e d e t e r m i n e d . 

C a v i t a t i o n o b s e r v a t i o n s w e r e ca r r i ed out by a d ive r tak ing v i d e o r e c o r d i n g s of 

the turn ing p r o p e l l e r wh i le the boat w a s t ied to the d o c k . T h e d ive r w a s h a r n e s s e d 

to the d o c k , f i lming f rom a 3 0 - 6 0 ° a n g l e , a p p r o x i m a t e l y 10 fee t aft of the prope l le r . 

B e f o r e the f i lming w a s star ted , the shaft rotat ion rate at cav i ta t ion i n c e p t i o n w a s 

d e t e r m i n e d b y i n c r e a s i n g the shaft rotat ion in a s sma l l a s p o s s i b l e i n c r e m e n t s until 

the d i v e r c o u l d s e e the first white b u b b l e of the tip vor tex cav i ta t ion o n the t ips of the 

prope l l e r . T h e shaf t rotat ion w a s then r e d u c e d a n d v i d e o r e c o r d i n g s w e r e c a r r i e d 

out for shaf t ro ta t ions f rom 2 5 0 rpm up to the m a x i m u m ; in i n c r e m e n t s of 10 u p to 

3 0 0 r p m , 2 5 b e t w e e n 3 0 0 a n d 4 0 0 rpm, a n d i n c r e m e n t s of 5 0 f r o m 4 0 0 u p to 

m a x i m u m shaf t rotat ion. 
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Figure 2.3 The conventional propeller. 





Figure 2.8 Details of the ducted tips: View through the exit of the duct. 
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Figure 2.9 Details of the Torque and Trust Transducer (TTT). 

Figure 2.10 The TTT installed on the propeller shaft of Pearl Sea. 

33 



Chapter 3- RESULTS 

T h i s c h a p t e r c o m m e n c e s with a report o n s o m e g e n e r a l o b s e r v a t i o n s of the 

p e r f o r m a n c e of the test e q u i p m e n t , f o l l o w e d by a s e c t i o n d e s c r i b i n g the m e t h o d 

u s e d to e s t i m a t e the e r rors i n t r o d u c e d by the ins t ruments , a n d f inal ly , the resu l ts of 

the s e a trials. 

3.1 Performance of the test equipment 

T h e m e c h a n i c a l p e r f o r m a n c e of the T T T ( U . S . pa tent n o . 5 , 4 4 5 , 0 3 6 of 

A u g u s t 2 9 , 1995) h a s b e e n c l o s e l y o b s e r v e d . Interest w a s first f o c u s e d o n the 

s t reng th of the d e v i c e . N o p r o b l e m s h a v e o c c u r r e d e v e n t h o u g h the t r a n s d u c e r h a s 

e x p e r i e n c e d substan t ia l l y r o u g h e r s e r v i c e c o n d i t i o n s t h a n a n t i c i p a t e d , e s p e c i a l l y 

a s s o c i a t e d with l a n d i n g of the boat , w h e n at t imes abrupt shi f ts into h i g h r e v e r s e 

thrust h a s b e e n n e c e s s a r y . N o s i g n of fa t igue in l o a d c e l l s a n d bol ts , o r l o o s e n i n g of 

bol ts , h a s b e e n o b s e r v e d . M i s a l i g n m e n t of the t r a n s d u c e r , a n d its potent ia l to 

ampl i fy a n y of the h a r m o n i c v ibra t ions of the shaft l ine, r e c e i v e d c l o s e at tent ion, 

par t icu lar ly b e c a u s e of the t r a n s d u c e r s we ight a n d its p o s i t i o n far f r o m t h e shaf t 

s u p p o r t po in ts o n e a c h s i d e ( F i g u r e 2.7). H o w e v e r , the insta l la t ion of the T T T d id 

not resul t in extra v ibra t ions . T h e effect o n v ibra t ions of d i s p l a c i n g the p r o p e l l e r 4 .5 

in. s t e r n w a r d s , a n d t h u s i n c r e a s i n g the d i s t a n c e b e t w e e n the p r o p e l l e r a n d the s te rn 

b e a r i n g w a s c o n s i d e r e d a n d partly c o m p e n s a t e d for by s h o r t e n i n g the shaf t b y two 

i n c h e s pr ior to insta l l ing the T T T . 

A s a part of the s t rength c o n s i d e r a t i o n s , the m e a s u r e d t o r q u e a n d thrust w a s 

c o m p a r e d with the p r e d i c t e d v a l u e s . T h e m a x i m u m m e a s u r e d t o r q u e w a s 9 . 5 % l e s s 

t h a n the p r e d i c t e d m a x i m u m v a l u e , whi le the m a x i m u m m e a s u r e d thrust w a s 1 0 . 8 % 

l e s s t h a n the pred ic t ion . F o r the p u r p o s e of this c o m p a r i s o n , o n l y d a t a for the 

c o n v e n t i o n a l p r o p e l l e r h a s b e e n c o n s i d e r e d . T h e a c c u r a c y of the p r e d i c t i o n s 

i m p l i e s that the T T T w a s appropr ia te ly d e s i g n e d for the t o r q u e a n d thrust 

m e a s u r e d . 
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P r e d i c t i o n of the to rque w a s b a s e d o n the m a x i m u m p o w e r d e l i v e r e d at the 

c r a n k shaft . H o w e v e r , n o l o s s e s w e r e t a k e n into c o n s i d e r a t i o n , i.e. l o s s e s t h r o u g h 

the g e a r b o x a n d o n e b e a r i n g , w h i c h w o u l d c a u s e the p o w e r t r a n s f e r r e d t h r o u g h the 

T T T to b e l e s s . In add i t ion the m a x i m u m e x p e c t e d shaft rotat ion of 9 0 0 r p m w a s 

n e v e r a c h i e v e d , ma in ly a s a result of the g e a r ratio b e i n g h i g h e r t h a n e x p e c t e d . 

S o m e r e d u c t i o n in m a x i m u m shaft rotat ion c a n b e attr ibuted to a n e x c e s s i v e l y h igh 

p i tch of the prope l le r . T h e boat o w n e r c o m m e n t e d that the e n g i n e s t r u g g l e d to 

a c h i e v e the s a m e top shaft rotat ion rate a s for h is o w n prope l le r , w h i c h h a s a 0 . 6 2 5 

in. l a rger d i a m e t e r but with 2 in. l e s s pi tch. T h i s ind ica tes that the e n g i n e n e v e r w a s 

a b l e to d e l i v e r the m a x i m u m power . T h e m a x i m u m p o w e r t ransmi t ted t h r o u g h the 

t r a n s d u c e r w a s m e a s u r e d a s 152 hp at 5 8 7 rpm. S e e T a b l e 3.1 . 

Conditions at maximum: PQ ["Pi N [rpm] £ [ N m ] T[N] 

Power predicted 200 Power 

measured 152 587 1 8 1 7 1 5 4 5 9 

Shaft 

rotations 

predicted 900 Shaft 

rotations measured 152 603 1 7 7 0 1 3 2 4 9 

Torque predicted 2 0 0 7 0 0 2007 Torque 

measured 152 5 8 7 1817 1 5 4 5 9 

Thrust predicted 2 0 0 6 0 6 19620 Thrust 

measured* 4 5 9 17504 

Table 3.1 Predicted and measured torque and thrust produced by the 

propeller. *Maximum thrust was measured during cavitation observations. 
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W h i l e the p red ic t ion of the m a x i m u m to rque w a s b a s e d s o l e l y o n the p o w e r 

that the e n g i n e c a n s u p p l y , the pred ic t ion of the m a x i m u m thrust w a s in add i t ion 

b a s e d o n the s i z e a n d s h a p e of the propel ler . B e c a u s e the p r o p e l l e r w a s m a n u a l l y 

r e s h a p e d , the s h a p e a n d profi le of the B - s c r e w s e r i e s w e r e o n l y m o d e r a t e l y wel l 

a d o p t e d . T h i s m a y h a v e i n f l u e n c e d the pred ic t ion of the m a x i m u m thrust to a ce r ta in 

extent , a l t h o u g h the m a i n dev ia t ion is c a u s e d by b a s i n g the p r e d i c t i o n o n a too h igh 

v a l u e for m a x i m u m p o w e r ( T a b l e 3.1). O n the o ther h a n d , the p r o p e l l e r w a s c a p a b l e 

of d e l i v e r i n g 13 .9 k g / h p at o rd inary bo l la rd pull {N = 4 5 9 r p m , Q = 1 7 9 5 N m a n d T = 

1 5 9 6 9 N) i n s t e a d of the 10 k g / h p that w a s u s e d in o r d e r to d i m e n s i o n the l o a d c e l l s 

of the T T T . In o t h e r w o r d s , the lack of p o w e r a v a i l a b l e w a s c o m p e n s a t e d for by the 

h i g h e r thrust p r o d u c i n g c a p a c i t y of the propel ler . 

In sp i te of a wel l d e s i g n e d t r a n s d u c e r , s e e n f rom a m e c h a n i c a l point of v iew, 

it w a s c o n c l u d e d that the c o n c e p t n e e d s to b e i m p r o v e d with r e g a r d s to the s i g n a l 

t r a n s m i s s i o n . T h e d y n a m i c r e s p o n s e of the t r a n s d u c e r is l imited by the t r a n s m i s s i o n 

rate (1 s i g n a l / s e c o n d ) . A better d y n a m i c r e s p o n s e w o u l d b e u s e f u l in o r d e r to 

d e t e r m i n e if the l o a d var ia t ions o n the shaft a r e c a u s e d by v a r y i n g h y d r o d y n a m i c 

a n d a e r o d y n a m i c f o r c e s , or if they a r e c a u s e d by v ib ra t ions of the shaf t l ine. 

H o w e v e r , the lack of d y n a m i c r e s p o n s e will on ly b e a p r o b l e m if a set of t o r q u e or 

thrust d a t a is v e r y s tab le , ind icat ing that the t r a n s m i s s i o n ratio c o i n c i d e s with the 

f r e q u e n c y of the v a r y i n g l o a d . In s u c h a s i tuat ion w e c o u l d not d e t e r m i n e if the 

a v e r a g e v a l u e w e a r e r e a d i n g is too h igh , too low or is the true a v e r a g e . T h i s 

s i tuat ion h a s not b e e n e n c o u n t e r e d with the d a t a c o l l e c t e d d u r i n g the s e a trials. 

D u r i n g the s e a trials of the c o n v e n t i o n a l p rope l l e r the m a g n e t i c p i c k u p of the 

t a c h o m e t e r w a s p o s i t i o n e d too far f rom the i n d u c i n g g e a r , resu l t ing in u n s t e a d y 

m e a s u r e m e n t s at idle shaft rotat ions {N = 145 rpm). T h e p r o b l e m w a s c o r r e c t e d for 

the d u c t e d tip prope l le r , a l t h o u g h this p r o b l e m w a s not a c o n c e r n a s e f f i c i e n c y d a t a 

w a s not r e c o r d e d for shaft rotat ion ra tes l e s s than 180 rpm. 

T h e ve loc i ty t r a n s d u c e r g a v e u n s t e a d y r e a d i n g s at low v e l o c i t i e s . T h i s is 

c a u s e d part ly b e c a u s e of its n o n - l i n e a r b e h a v i o r at the bot tom e n d of its o p e r a t i n g 

r a n g e , but m a i n l y b e c a u s e of the relat ively h igher impact of the ver t ica l m o v e m e n t 
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a s the b o a t w e r e rol l ing d u e to w a v e s . In ex t reme c a s e s the f low meter , p o s i t i o n e d 

a p p r o x i m a t e l y 2 ft. b e l o w the s u r f a c e in still water , w o u l d b e e l e v a t e d out of the 

water , w h i c h not on ly g a v e z e r o ve loc i ty r e a d i n g s , but a l s o d i s c o n n e c t e d the g r o u n d 

for the d a t a a c q u i s i t i o n e q u i p m e n t . D a t a c o l l e c t e d w h e n this is k n o w n to h a v e 

h a p p e n e d h a v e all b e e n d i s c a r d e d . 

B o t h w h e n pul l ing the d r o g u e s a n d at bo l la rd pul ls , a f o r c e p e r p e n d i c u l a r to 

the tow d i rec t ion w a s i n t r o d u c e d o n the tow line. W h e n towing at a f o r w a r d m o t i o n 

a s y m m e t r i c h y d r o d y n a m i c f o r c e s c o u l d b e the r e a s o n for this. H o w e v e r , a s 

c o n f i r m e d at bo l l a rd pul l , there is a s i d e w a y s f o r c e (s imi lar to " p r o p walk") a c t i n g o n 

the d r o g u e d u e to the tangent ia l m o m e n t u m of the wa te r in the p r o p e l l e r w a k e , 

w h i c h , b e c a u s e of equ i l ib r ium, will act with a n e q u a l m a g n i t u d e but o p p o s i t e 

d i rec t ion o n the hul l . A t d r o g u e pul ls this s i d e f o r c e c a u s e d the tow l ine to a l w a y s 

h a v e a s m a l l a n g l e relat ive to the center l ine of the boat , in the o p p o s i t e d i rec t ion of 

the p r o p e l l e r rotat ion, a n d at bo l la rd pul ls , it p u s h e d the boa t in the d i rec t ion of the 

p r o p e l l e r rotat ion. T h i s effect s h o u l d , h o w e v e r , h a v e n o i m p a c t o n the thrust 

m e a s u r e m e n t , w h e r e a s it will c a u s e the t e n s i o n in the tow r o p e to b e 0 - 2 % h i g h e r 

t h a n the r e s i s t a n c e of the l o a d . 

B e t w e e n the last test with the c o n v e n t i o n a l p r o p e l l e r a n d the first test with the 

d u c t e d prope l le r , a m i s a l i g n m e n t w a s i n t r o d u c e d in the shaft l ine, c a u s i n g the T T T 

to reg is te r v a r y i n g z e r o - l o a d of fsets for both to rque a n d thrust, d e p e n d i n g o n the 

tangent ia l pos i t ion of the shaft . T h e m i s a l i g n m e n t a f fec ted the t o r q u e l o a d ce l l the 

most , by v a r y i n g its r e a d i n g by 2 8 rad io transmitter units (54 .6 N m ) b e t w e e n the 

m a x i m u m a n d m i n i m u m offset, p o s i t i o n e d a p p r o x i m a t e l y 1 8 0 ° apar t . T h e d i f f e r e n c e 

b e t w e e n the m a x i m u m a n d m i n i m u m thrust offset w a s m e a s u r e d to b e 10 r a d i o uni ts 

( 178 .3 N), p o s i t i o n e d a p p r o x i m a t e l y 1 8 0 ° apart , with a 1 3 5 ° p h a s e a n g l e to the 

m a x i m u m t o r q u e offset. T h e var ia t ion in offset w a s not d i s c o v e r e d until all the tes ts 

with the d u c t e d p r o p e l l e r h a d b e e n te rminated , a n d there fore all the t o r q u e a n d 

thrust o f fse ts r e c o r d e d pr ior to e a c h run, m e a s u r e d on ly at o n e tangent ia l p o s i t i o n , 

h a d to b e a d j u s t e d . T h e tangent ia l pos i t ion of the shaft at the t ime of the of fset 

r e c o r d i n g s is, h o w e v e r , k n o w n : b e t w e e n 0 a n d 4 5 ° f rom the p o s i t i o n of m a x i m u m 
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t o r q u e of fset a n d 0 to 4 5 ° f rom the pos i t ion of m i n i m u m thrust offset. A c o n s e r v a t i v e 

a d j u s t m e n t w a s there fore m a d e by a s s u m i n g that the r e c o r d e d offset v a l u e s w e r e 

e q u a l to m a x i m u m t o r q u e offset a n d m i n i m u m thrust offset, w h i c h m e a n s s u b t r a c t i n g 

14 r a d i o uni ts f r o m the r e c o r d e d to rque of fsets , a n d a d d i n g 5 r a d i o uni ts to the 

r e c o r d e d thrust of fsets . B o t h ad jus tments contr ibute to r e d u c e the m e a s u r e d 

p r o p e l l e r e f f i c iency , a n d c o n s e q u e n t l y , to p r e s e n t a c o n s e r v a t i v e resul t of the 

d u c t e d tip p r o p e l l e r s e a trials. 

T h e of fset va r ia t ions w e r e d i s c o v e r e d b e c a u s e of a drift in the s i g n a l s f rom 

b o t h the t o r q u e a n d the thrust l o a d ce l l , w h i c h first w e r e a s s u m e d to b e the r e a s o n 

w h y the s i g n a l s d id not return to the s a m e z e r o - l o a d of fsets . W h e n a n a l y z i n g the 

d a t a , the drift w a s f o u n d to h a v e b e e n i n t r o d u c e d after the c o m p l e t i o n of the test of 

the d u c t e d tip p r o p e l l e r pul l ing the h e a v y d r o g u e . T h e tes ts with the m e d i u m a n d 

light d r o g u e , a s wel l a s at f ree r u n n i n g s p e e d s , w e r e all c o n d u c t e d o n the s a m e 

d a y , 5 d a y s after the h e a v y d r o g u e . T h e drift is k n o w n to o c c u r w h e n the s u p p l y 

v o l t a g e of the rad io t ransmit ter fa l ls b e l o w 7.5 volts. In this c a s e the v o l t a g e of the 

ba t te r ies for both the to rque a n d thrust c h a n n e l w a s 8.8 vol ts . H o w e v e r , after 

r e p l a c i n g the s a m e bat ter ies s u b s e q u e n t to the v o l t a g e c h e c k , the s i g n a l s 

s t a b i l i z e d , s u g g e s t i n g that the battery p o l e s m a y h a v e b e e n c o n t a m i n a t e d by the 

humid i ty a s they r e m a i n e d o n the shaft b e t w e e n the tests . T h i s c o n t a m i n a t i o n w o u l d 

c a u s e a n erra t ic v o l t a g e s u p p l y to the rad io transmitter. B e c a u s e e v e r y s i g n a l f rom 

the T T T is a s s o c i a t e d with a t ime v a l u e (in s e c o n d s ) s u p p l i e d by a c o u n t e r in the 

r a d i o r e c e i v e r , the drift c a n b e c a l c u l a t e d by d iv id ing the d i f f e r e n c e of the first a n d 

last m e a s u r e m e n t for e a c h d r o g u e s i z e , both at N * 180 rpm, by the t ime b e t w e e n 

t h e s e two m e a s u r e m e n t s . E v e r y r e c o r d e d v a l u e for t o r q u e a n d thrust h a s 

s u b s e q u e n t l y b e e n a d j u s t e d by a d d i n g the drift, mul t ip l ied by the t ime a s s o c i a t e d 

with that par t icu lar m e a s u r e m e n t . 

T h e m a x i m u m error d u e to incorrect offset r e c o r d i n g s h a s b e e n e s t i m a t e d a s 

6 % at = 180 r p m , a n d l e s s than 1% for N > 5 0 0 rpm. T h e er ror d u e to drift is 

e s t i m a t e d to b e 5 % at N = 180 rpm, a n d l e s s t h a n 0 . 5 % for N = 5 5 0 r p m . T h e s e 

e r r o r s will a d d to the i n a c c u r a c y of the ins t ruments , d e s c r i b e d in the fo l lowing 
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c h a p t e r . H o w e v e r , b e c a u s e e v e r y d a t a point h a s a n a s s o c i a t e d ind iv idua l error , n o 

er ror b a r r e p r e s e n t i n g drift or incorrect z e r o - l o a d offset h a s b e e n i n c l u d e d with the 

resu l ts . 

3.2 Instrumentation error 
T h e a c c u r a c y of the ins t ruments u s e d dur ing the s e a tr ials is b a s e d o n the 

d e v i a t i o n f r o m the ca l ib ra ted v a l u e of the inst rument at a par t icu lar s i g n a l . T h i s 

r e q u i r e s a m o r e d e t a i l e d e x p l a n a t i o n : dur ing ca l ibra t ion , the ind iv idua l i n s t r u m e n t s 

w e r e excited b y a s e c o n d d e v i c e for w h i c h the exci ta t ion w a s k n o w n a n d a s s u m e d 

to b e the true v a l u e . T h e true v a l u e w a s plotted a s a func t ion of the s i g n a l f r o m o u r 

inst rument . A l e a s t - s q u a r e s fit c u r v e w a s plotted t h r o u g h t h e s e po in ts , b e i n g the 

ca l ib ra t ion c u r v e of o u r instrument . T h e s t a n d a r d d e v i a t i o n , SX, o f the ins t rument is 

g i v e n b y the d e v i a t i o n of the true v a l u e s f rom the ca l ib ra t ion c u r v e . T h e error is 

e q u a l to ±2SX ( 9 5 % c o n f i d e n c e interval) p l u s the reso lu t ion of the a n a l o g u e to digital 

c o n v e r s i o n . 

F i n d i n g the error of the e f f ic iency m e a s u r e m e n t s is m o r e c o m p l e x . T h e 

e f f i c i e n c y is a p r o d u c t of four p a r a m e t e r s (velocity, shaft rotat ion, t o r q u e a n d thrust) 

that all h a v e a s e p a r a t e error a s s o c i a t e d with t h e m . A m e t h o d d e s c r i b e d by 

B e v i n g t o n (1969) h a s b e e n u s e d to d e t e r m i n e the s q u a r e of the d e v i a t i o n for e v e r y 

e f f i c i e n c y point , 

Stf _ $v $T $li SQ 2SyST 2SYSN 2SVSQ 2STSN 2STSQ 2SNS^ 

f r o m w h i c h the s t a n d a r d dev ia t ion c a n b e d e t e r m i n e d 
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a n d , a s for the ind iv idua l ins t ruments , the error is set to ±2SN in o r d e r to s t a y within a 

9 5 % c o n f i d e n c e interval . 

3.3 Efficiency measurements 
T h e resu l ts of the s e a trials with both the or ig ina l a n d d u c t e d tip p r o p e l l e r 

a r e p r e s e n t e d in F i g u r e s 3.1 - 3 .10. F i g u r e 3.1 s h o w s the resu l ts f r o m the bo l l a rd 

pul l tr ials. B o l l a r d pu l ls w e r e ca r r i ed out on ly for the c o n v e n t i o n a l p r o p e l l e r . F i g u r e s 

3.2 - 3 .5 p r e s e n t the resul ts for the h e a v y , m e d i u m a n d light tows, a s wel l a s f ree 

r u n n i n g c o n d i t i o n , r e s p e c t i v e l y . Part a , b a n d c of e a c h f igure c o n t a i n s the to rque , 

thrust a n d ve loc i ty , r e s p e c t i v e l y , for both the c o n v e n t i o n a l a n d d u c t e d tip prope l le r , 

p lot ted a s a f u n c t i o n of the shaft rotat ion. T o e a c h set of d a t a f r o m the c o n v e n t i o n a l 

p rope l le r , a third order , least-squares fit p o l y n o m i a l c u r v e h a s b e e n d r a w n t h r o u g h 

the po in ts in o r d e r to v isua l l y e n h a n c e the t rend of the d a t a . T h i s c u r v e h a s a l s o 

b e e n f o r c e d t h r o u g h the or ig in a s it is e x p e c t e d that all p a r a m e t e r s a r e z e r o at z e r o 

shaf t rotat ion. Par t d of e a c h f igure, c o n t a i n s the e f f i c iency 

for bo th the or ig ina l a n d d u c t e d tip prope l ler , p lot ted a s a f u n c t i o n of the a d v a n c e 

F i g u r e 3.6 c o n t a i n s all the p r e v i o u s e f f i c iency po in ts p lot ted in the s a m e 

d i a g r a m , a g a i n a s a func t ion of the a d v a n c e ratio, wh i le F i g u r e s 3.7 a n d 3.8 s h o w 

the c o r r e s p o n d i n g to rque a n d thrust coef f ic ients , 
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r e s p e c t i v e l y . 

F i g u r e s 3 .9 a n d 3 .10 s h o w s the to rque a n d thrust d a t a r e c o r d e d d u r i n g a 

typ ica l run with the c o n v e n t i o n a l p rope l le r a n d the c o r r e s p o n d i n g s e t of d a t a 

r e c o r d e d with the d u c t e d tip prope l le r , both s a m p l e d o v e r a p e r i o d of 3 0 s e c o n d s . 

3.3.1 T h e c o n v e n t i o n a l p rope l l e r 

T h r o u g h o u t this s u b - c h a p t e r all r e f e r e n c e s to F i g u r e s 3.1 t r o u g h 3 .10 a r e 

o n l y c o n c e r n e d with the d a t a for the c o n v e n t i o n a l prope l le r . 

T h e resu l ts f rom the bo l la rd pul ls , s h o w n in F i g u r e 3 .1 , d i s p l a y m o r e sca t te r 

of the d a t a t h a n s e e n for a n y of the d r o g u e pul ls . A c o m b i n a t i o n of shi f t ing w i n d a n d 

the p r o p e l l e r t ry ing to pull the boat s i d e w a y s a s wel l a s c r e a t i n g l o c a l c u r r e n t s , 

c a u s e d h igh ly u n s t e a d y pul l ing c o n d i t i o n s . It w a s difficult to k e e p a c o n s t a n t t e n s i o n 

o n the tow l ine, a s s e e n f rom the tow l o a d da ta . D e s p i t e a r u b b e r d a m p e r o n the tow 

l ine, the l ine s e e m s to h a v e e x p e r i e n c e d impact l o a d s d u r i n g two of the s a m p l i n g 

r u n s (Nm 2 7 5 a n d 3 3 0 rpm), p r o b a b l y a s the p rope l l e r thrust p i c k e d u p s l a c k o n the 

l ine. T h e h i g h tow l o a d s a l s o c o u l d b e a result of s h a r p pull a n g l e s d u e to the s i d e 

f o r c e s . T h e trust m e a s u r e d dur ing the cav i ta t ion o b s e r v a t i o n s , w h e n the b o a t w a s 

m o o r e d a l o n g s i d e the d o c k , p r o d u c e d l e s s scat te r a r o u n d the r e g r e s s i o n l ine, 

c o n f i r m i n g that the var ia t ion of the tow l ine d a t a is a resul t of the u n s t a b l e pu l l ing 

c o n d i t i o n s . T h i s is l e s s of a p r o b l e m dur ing the d r o g u e pu l ls a s the f o r w a r d ve loc i ty 

k e e p s the b o a t o n a s t e a d y b e a r i n g . 

T h e tes ts at f ree r u n n i n g s p e e d s a n d with the light d r o g u e ( F i g u r e s 3.4 a n d 

3.5) w e r e u s e d to d e t e r m i n e h o w the e q u i p m e n t p e r f o r m e d a n d w h i c h ex te rna l 

f a c t o r s h a d to b e c o n s i d e r e d , in o r d e r to e s t a b l i s h a test p r o c e d u r e for the 

r e m a i n i n g s e a trials. H e n c e , there is n o r e p e a t e d pat tern to the a m o u n t of po in ts 

a n d the interval b e t w e e n t h e m for the d a t a c o l l e c t e d d u r i n g t h e s e two test r u n s . 

B a s e d o n t h e s e r u n s it w a s d e c i d e d that m o r e po ints w e r e n e e d e d at low shaf t 

rotat ion ra tes a s the var ia t ion of the test c o n d i t i o n s , s u c h a s w i n d , w a v e s a n d tidal 

c u r r e n t s , h a v e a la rger impact o n the m e a s u r e m e n t s in this r a n g e . 
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T h e i m p a c t of v a r i a b l e test c o n d i t i o n s is s e e n in the d a t a f r o m the h e a v y 

d r o g u e . A f te r s a m p l i n g d a t a whi le t rave l ing in o n e d i rec t ion , t h e b o a t w a s t u r n e d 

a r o u n d to return to the d o c k a l o n g the exac t o p p o s i t e b e a r i n g a n d the 

m e a s u r e m e n t s w e r e re - t aken ( F i g u r e s 3.2 a n d 3.3). T h i s run w a s c a r r i e d out o n a 

d a y with s m a l l w a v e s (< 3 0 cm) , neg l ig ib le tidal cur ren ts , a n d light w i n d . W i t h the 

h e a v y d r o g u e there is a sl ight dev ia t ion of the thrust ( F i g u r e 3.2 .b) , par t icu lar ly at 

l ow shaf t rota t ions. T h e low thrust v a l u e s , for N < 3 0 0 r p m , a r e al l m e a s u r e d o n the 

re turn ing l eg , with a s i m u l t a n e o u s t rend of h i g h e r ve loc i ty in that d i r e c t i o n ( F i g u r e 

3 .2 .c ) . T h e d e v i a t i o n is p r o b a b l y c a u s e d by the c h a n g i n g a e r o d y n a m i c d r a g a s w e 

h e a d e d stra ight into the w i n d o n the d e p a r t i n g leg a n d stra ight out of it o n the 

re turn ing l eg . 

F i g u r e s 3.4 a n d 3.5 s h o w that the s p r e a d of the ve loc i ty d a t a d e c r e a s e a s the 

d r o g u e s i z e is r e d u c e d , e s p e c i a l l y at low shaft rotat ions. T h i s is b e c a u s e l ighter 

d r o g u e s imply h i g h e r forward ve loc i t i es at the s a m e shaf t ro ta t ions , w h i c h 

d i m i n i s h e s the effect of b o a t rol l ing a n d p i tch ing o n the ve loc i ty m e a s u r e m e n t s . It 

s h o u l d a l s o b e m e n t i o n e d that the n o n - l i n e a r ve loc i ty of the b o a t at f ree r u n n i n g 

s p e e d s ( F i g u r e 3 .5 .c) is c a u s e d by the s h a r p i n c r e a s e in w a v e r e s i s t a n c e a s the 

F r o u d e n u m b e r e x c e e d s 0.3. A t V- 4 m/s , Fr - 0 .38. 

T h e r e is, o n the o ther h a n d , a n i n c r e a s i n g var ia t ion of t o r q u e a n d thrust a s 

the d r o g u e s i z e is r e d u c e d , ind icat ing that the d r o g u e a c t s a s a s t a b i l i z i n g l o a d 

a g a i n s t i m p a c t s f rom the external f o r c e s s u c h a s w a v e s . H o w e v e r , the var ia t ion of 

the d a t a i n t r o d u c e d by the external c o n d i t i o n s , s u c h a s the a e r o d y n a m i c d r a g , 

s e e m s to h a v e h a d n o effect o n the e f f ic iency ( F i g u r e s 3.2 to 3 .5 , part cf, a n d F i g u r e 

3.6) o ther t h a n resul t ing in a w ider s p r e a d of the po in ts , par t icu lar ly the po in ts 

r e c o r d e d at low v e l o c i t i e s at f ree r u n n i n g s p e e d s . T h u s , the test c o n d i t i o n s c a n b e 

a s s u m e d to not h a v e a f fec ted the o u t c o m e of the s e a t r ia ls 1 . 

1 The ducted tip propeller was tested under similar, but slightly less rough, sea conditions than was 
the conventional propeller. 
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3.3 .2 T h e d u c t e d tip p rope l l e r 

T h e d a t a f r o m the m e a s u r e m e n t s of the d u c t e d tip p r o p e l l e r fo l low t h e s a m e 

g e n e r a l pat tern a s the d a t a for the c o n v e n t i o n a l prope l le r , but with s l ight ly i n c r e a s e d 

g r a d i e n t s for both the to rque a n d thrust w h e n plot ted a s f u n c t i o n s of the shaft 

rotat ion ( F i g u r e s 3.2 to 3.5, part a a n d b). T h e pos i t ion a n d g r a d i e n t of the ind iv idua l 

t o r q u e a n d thrust c u r v e s d o not tell u s a n y t h i n g a b o u t h o w the p r o p e l l e r 

p e r f o r m a n c e h a s c h a n g e d ; a n y c h a n g e s m e r e l y i n d i c a t e that the b l a d e 

c h a r a c t e r i s t i c s h a v e b e e n a l te red . T h e re la t ionsh ip b e t w e e n the thrust a n d t o r q u e 

c u r v e s will , h o w e v e r , ind ica te if the p rope l le r e f f i c iency h a s i n c r e a s e d after the 

insta l la t ion of the d u c t e d t ips. It is there fore of interest to n o t i c e that the g r a d i e n t s 

for the thrust c u r v e s s e e m s to h a v e i n c r e a s e d m o r e t h a n t h o s e of the t o r q u e c u r v e s , 

par t icu la r ly a s t h e d r o g u e s i z e is r e d u c e d . T h i s o b s e r v a t i o n is in a c c o r d a n c e with 

the a c t u a l e f f i c i ency c a l c u l a t i o n s , w h i c h s h o w that the h i g h e s t i m p r o v e m e n t w a s 

a c h i e v e d at h i g h a d v a n c e rat ios. T h e to rque a n d thrust m e a s u r e m e n t s a r e c o m p i l e d 

into KQ a n d KT c u r v e s , p lot ted a s func t ions of J ( F i g u r e s 3.9 a n d 3.10) . F r o m t h e s e 

two d i a g r a m s it first of all c a n b e s e e n h o w the thrust in par t icular , h a s i n c r e a s e d 

t o w a r d s h i g h e r a d v a n c e rat ios after the insta l lat ion of the d u c t e d t ips. It a l s o 

a p p e a r s that the d u c t e d t ips c a u s e d a l o s s of both t o r q u e a n d thrust at low a d v a n c e 

rat ios. A n e q u i v a l e n t t rend c a n b e s e e n for a n u m b e r of the p r o p e l l e r s t e s t e d with 

b l a d e l e t s by Itoh et a l . (1987) . T h i s effect is p r o b a b l y c a u s e d by f low s e p a r a t i o n , 

a n d will b e d i s c u s s e d in C h a p t e r 4 .3 . 

T h e d i f f e r e n c e in ve loc i ty b e t w e e n the c o n v e n t i o n a l a n d d u c t e d tip p r o p e l l e r 

is in g e n e r a l within the inst rumentat ion error, imply ing that the d u c t e d t ips d o not 

af fect the s p e e d of the boat . H o w e v e r , the resul ts f rom pu l l ing the h e a v y d r o g u e 

( F i g u r e 3 .2 .c) ind ica te a n i n c r e a s e d ve loc i ty at h igh N. H i g h e r ve loc i ty at the s a m e 

shaf t rotat ion s u g g e s t s that the e f f ic iency of the p r o p e l l e r h a s i m p r o v e d , but the 

e f f i c i e n c y d i a g r a m ( F i g u r e 3.2.cQ s h o w s that there is little or n o i m p r o v e m e n t of the 

e f f i c i e n c y at t h e s e a d v a n c e rat ios. 

A r e d u c t i o n o f the top shaf t rotat ion rate w a s a n t i c i p a t e d b e c a u s e o f the 

i n c r e a s e d p a r a s i t e d r a g a s s o c i a t e d with d u c t e d t ips. H o w e v e r , the m e a s u r e d 
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r e d u c t i o n of l e s s t h a n 2 % in N at f ree r u n n i n g s p e e d s is v e r y e n c o u r a g i n g . 

Instal lat ion of the d u c t e d t ips d o e s not r e d u c e the shaft rotat ion rate a n d t h e r e f o r e 

d o e s not c a u s e the e n g i n e to run at o f f -peak e f f ic iency , i.e. a b o a t retrofitted with a 

d u c t e d tip p r o p e l l e r w o u l d not requ i re instal lat ion of a n e w t r a n s m i s s i o n . 

D u r i n g the s e a trials a n u m b e r of o ther fac tors c a u g h t o u r a t tent ion with 

r e s p e c t to the p e r f o r m a n c e of the d u c t e d tip propel ler : the re w a s n o n o t i c e a b l e 

c h a n g e s to the m a n e u v e r a b i l i t y of the boat , a fac tor that w a s put to a test e v e r y t ime 

the b o a t w a s m a n e u v e r e d in a n d out f rom the d o c k . A c c o r d i n g to the s k i p p e r the 

p r o p e l l e r still h a d a g o o d bite, i.e. h igh a c c e l e r a t i o n in e i ther d i rec t ion , w h e n 

n e e d e d . T h e o w n e r a l s o c o m m e n t e d o n h o w the w a k e w a s di f ferent at low a n d 

m o d e r a t e v e l o c i t i e s . W i t h the d u c t e d tip prope l le r , the tip v o r t i c e s w e r e v i s i b l e in the 

s u r f a c e w a k e substan t ia l l y further b e h i n d the t r a n s o m t h a n is the c a s e with the 

c o n v e n t i o n a l p rope l le r . A l t h o u g h this d o e s not p r o v e that the p r o p e l l e r p e r f o r m a n c e 

is i m p r o v e d , it s h o u l d b e r e g a r d e d a s a n indicat ion that the tip v o r t i c e s h a v e b e e n 

s u p p r e s s e d . 

F ina l ly , the add i t ion of the d u c t s d id not s e e m to intensi fy the v ibra t ion 

o n b o a r d the boat . T h i s impl ies that the d u c t e d t ips h a v e b e e n ins ta l led with m o r e or 

l e s s ident ica l or ientat ion , resul t ing in a n e v e n l o a d i n g o n the four p r o p e l l e r b l a d e s . 

In a d d i t i o n , a n y w e a k e n i n g of the tip vor t ices a s a result of insta l l ing the d u c t e d t ips 

will a l s o cont r ibute to r e d u c e the v ibrat ion. S o m e ampl i f i ca t ion of the t o r s i o n a l 

v ibra t ion m a y b e e x p e c t e d d u e to i n c r e a s e d r e s i s t a n c e of the d u c t s p a s s i n g t h r o u g h 

the di f ferent r e g i o n s of the hull w a k e . T o r s i o n a l v ibra t ion is h a r d e r to d e t e c t by 

s i m p l y b e i n g o n b o a r d the boat , first of all b e c a u s e of the na tu re of the v ibra t ion -

tangent ia l l y a r o u n d the shaft ax is - but a l s o b e c a u s e o n e w o u l d e x p e c t a h i g h e r 

f r e q u e n c y d u e to a stiffer s y s t e m . N o n e t h e l e s s , to rs iona l v ibra t ion is a s d a m a g i n g 

with r e s p e c t to e n g i n e w e a r a s is the of f -axis v ibrat ion. T h e var ia t ion of the t o r q u e 

with t ime, s a m p l e d o v e r p e r i o d s of 3 0 s e c o n d s ( F i g u r e s 3.9 a n d 3.10) , i n d i c a t e s that 

the re h a s b e e n a n i n c r e a s e of the a m p l i t u d e s of the to rs iona l v ibra t ion , a l t h o u g h this 

w a s a l m o s t cer ta in ly c a u s e d by the to rque l o a d ce l l p i c k i n g u p the shaf t 

m i s a l i g n m e n t ( r e f e r to C h a p t e r 3.1). 
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Figure 3.1.a Torque measured during bollard pulls. Conventional propeller only. 

Shaft rotation - N [rpm] 

Figure 3.1.to Thrust and tow load measured during bollard pulls. Conventional propeller only. 
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Figure 3.2.a Torque measured when pulling the heavy drogue. 
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Figure3.2.fo Thrust measured when pulling the heavy drogue. 
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Figure3.2.c Velocity measured when pulling the heavy drogue. 
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Figure 3.2.d Efficiency measured when pulling the heavy drogue. 
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Figure 3 . 3 . a Torque measured when pulling the medium drogue. 
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Figure 3 . 3 . b Thrust measured when pulling the medium drogue. 
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Figure 3.3.c Velocity measured when pulling the medium drogue. 
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Figure 3.3.d Efficiency measured when pulling the medium drogue. 
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Figure 3.4.a Torque measured when pulling the light drogue. 
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Figure 3.4.D Thrust measured when pulling the light drogue. 
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Figure 3.4.c Velocity measured when pulling the light drogue. 
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Figure 3.4.d Efficiency measured when pulling the light drogue. 
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Figure 3.5.a Torque measured at free running speeds. 
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Figure 3.5./} Thrust measured at free running speeds. 
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Figure 3.5.C Velocity measured at free running speeds. 
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Figure 3.5.d Efficiency measured at free running speeds. 
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Figure 3.7 Torque coefficients for the conventional and ducted tip propeller. 
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Figure 3.8 Thrust coefficients for the conventional and ducted tip propeller. 
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Figure 3.9 Variation of torque during a sampling period of 30 seconds. 
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Figure 3.10 Variation of thrust during a sampling period of 30 seconds. 
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3.4 Cavitation observations 

V i d e o r e c o r d i n g s f rom the cavi ta t ion o b s e r v a t i o n s of the c o n v e n t i o n a l a n d 

d u c t e d tip p r o p e l l e r is submi t ted a s a n a p p e n d i x to this report o n a V H S c a s s e t t e 

titled Tip Vortex Cavitation on Marine Propellers. F o r a s u m m a r y , s e e T a b l e 3.2. 

N 

rpm 
Conventional propeller 

N 

rpm 
Ducted tip propeller 

252 No cavitation. 252 No cavitation. 

266 
A few infrequent bubbles can be 
observed. 259 

No cavitation. 

274 
Intermittent cavitation from two of the 
blades. 274 

No cavitation. 

285 
Continuous cavitation from two of the 
blades and intermittent cavitation from 
the remaining two. 

283 
No cavitation. 

293 Same asforyV = 285 292 No cavitation. 

301 Continuous cavitation from all blades. 305 The propeller wake becomes visible. 
No cavitation. 

329 
The propeller wake becomes visible. 
Strong sternwards race aft of the 
propeller. 

314 
324 
335 

No cavitation. 

354 Cavity helices are emerging from the 
tips of the propeller. 

346 
355 

No cavitation. 

377 Extension of the helices. 365 No cavitation. 

405 Extension of the helices. 404 Leading edge cavitation emerging 
from the duct entrances. 

452 Extension of the helices. 457 A vapor cloud is trailing from the exit 
of the ducts, forming very diffuse 
cavitation helices. 

491 Maximum shaft rotation. Strongly 
cavitating helices trailing behind the 
blade tips. 

463 Maximum shaft rotation. Same as for 
Af =457. 

Table 3.2 Content of the video recorded during the cavitation observations. 
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Chapter 4-DISCUSSION 

T h i s c h a p t e r c o n t a i n s the d i s c u s s i o n of the resu l ts o b t a i n e d d u r i n g the s e a 

tr ials of the c o n v e n t i o n a l a n d d u c t e d tip prope l le r , start ing with a def in i t ion of the 

d i m e n s i o n l e s s n u m b e r s u s e d in the s u b s e q u e n t d i s c u s s i o n . 

4.1 Dimensionless numbers 

T h i s report u s e s two different def in i t ions for the p r o p e l l e r e f f i c iency : 

VT 
1. M e a s u r e d ef f ic iency, n = (4.1) 

2mrQ 
V T 

2. O p e n - w a t e r e f f ic iency, 77 =— d - 2 - (4.2) 

w h e r e TQ a n d QQ a r e the thrust a n d torque , r e s p e c t i v e l y , of the p r o p e l l e r in the 

a b s e n c e of the hull of the boat . In a s imi lar f a s h i o n , two def in i t ions for the a d v a n c e 

ratio h a s b e e n u s e d : 

V 
1. M e a s u r e d a d v a n c e ratio, J-— (4.3) 

nD 
V 

2. T r u e a d v a n c e ratio, JA = — (4.4) 
nD 

In g e n e r a l VA is l e s s t h a n V o w i n g to the boat w a k e . A t bo l l a rd pul l c o n d i t i o n s , VA is 

f inite e v e n t h o u g h V\s z e r o , o w i n g to the f luid ve loc i ty i n d u c e d by the p rope l l e r . 

N o n - d i m e n s i o n a l n u m b e r s for to rque a n d thrust a r e d e f i n e d a s : 

M e a s u r e d to rque coeff ic ient , KQ = —==-— (4.5) Q_ 
pn2D' 

T 
M e a s u r e d thrust coef f ic ient , KT = — T — (4.6) pn D 
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w h e r e the c o r r e s p o n d i n g o p e n - w a t e r coef f ic ients c a n b e o b t a i n e d b y r e p l a c i n g Q 

a n d r b y Qa a n d TQ. 

T h e R e y n o l d s n u m b e r for the p rope l l e r is b a s e d o n the re la t ive b l a d e 

ve loc i ty , U, a n d the c h o r d , c, at 0.7R of the b l a d e : 

Uc 
Re01=— (4.7) 

v 

U n l e s s o t h e r w i s e s p e c i f i e d , U a n d c will a l w a y s refer to r = 0.7i?. 

It h a s a l s o b e e n n e c e s s a r y to u s e two def in i t ions for the cav i ta t ion i n c e p t i o n 

index; o n e for c o m p a r i s o n to o ther p rope l l e rs , b a s e d o n the b o a t ve loc i ty , V, a n d a 

s e c o n d for c o m p a r i s o n to hydrofo i ls in a uni form flow, b a s e d o n the re la t ive b l a d e 

ve loc i ty , U. 

1. P r o p e l l e r cav i ta t ion incept ion index, <ji 

2. B l a d e cav i ta t ion incept ion index, oit 

4.2 Comparison to the open-water efficiency 

F i g u r e 4.1 s h o w s the e f f ic iency , to rque a n d thrust c o e f f i c i e n t s for the 

c o n v e n t i o n a l p r o p e l l e r plotted together with the c o r r e s p o n d i n g o p e n - w a t e r c u r v e s of 

the W a g e n i n g e n B 4 - 5 0 prope l ler , with P/D = 0.8. T h e digi ts in the B - s e r i e s 

d e s i g n a t i o n r e p r e s e n t the n u m b e r of b l a d e s a n d the e x p a n d e d a r e a ratio, 

r e s p e c t i v e l y . T h e o p e n - w a t e r c u r v e s a r e b a s e d o n the e x p e r i m e n t s of T r o o s t (1937) 

o n the 4 - b l a d e d B - s c r e w prope l l e r s e r i e s , to w h i c h a p o l y n o m i a l w a s fitted by 

L a m m e r e n et a l . (1969) . T h i s p o l y n o m i a l is a funct ion of AE/A0, P/D a n d J, a n d h a s 

later b e e n e x p a n d e d b y O o s t e r v e l d a n d O o s s a n e n (1975) to i n c l u d e t e r m s that 

a c c o u n t for di f ferent n u m b e r s of b l a d e s (Z). T e r m s c a n a l s o b e a d d e d that will ad just 

(4.8) 

(4.9) 
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for Re > 2 - 1 0 6 a n d dif ferent b l a d e t h i c k n e s s . In this report n o c o r r e c t i o n s h a v e b e e n 

m a d e e i ther to the R e y n o l d s n u m b e r or to the b l a d e t h i c k n e s s . D u r i n g the s e a trials 

1 0 6 < Re < 4 - 1 0 6 , e v e n with the s a m e s i z e d r o g u e . T h e r e f o r e it d o e s not m a k e s e n s e 

to ad just for the R e y n o l d s n u m b e r . T h e b l a d e t h i c k n e s s c o u l d not b e m e a s u r e d with 

a n a c c u r a c y that w o u l d justify a n y c o r r e c t i o n s to the o p e n - w a t e r c u r v e s . 
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Figure 4.1 Comparison of the measured propeller performance of the 

conventional propeller and the open-water curves of the B4-50 propeller. 

F i g u r e 4.1 s h o w s that the c o n v e n t i o n a l p r o p e l l e r h a s h i g h e f f i c iency , 

a l t h o u g h the m e a s u r e d a n d o p e n - w a t e r p e r f o r m a n c e c a n not b e c o m p a r e d direct ly . 

T h e m e a s u r e d e f f i c iency is b a s e d o n the boat ve loc i ty , V, wh i le the o p e n - w a t e r 

e f f i c i e n c y is b a s e d o n the s p e e d of a d v a n c e , VA. B e c a u s e a p r o p e l l e r o p e r a t i n g in 

the w a k e of a b o a t it s e e s a different water a p p r o a c h ve loc i ty t h a n a n o p e n wate r 

p r o p e l l e r , it c a n b e at the s a m e o p e r a t i n g point a n d yet m e a s u r e a di f ferent n a n d J. 

If the T a y l o r w a k e f ract ion, w = 1- VJV, of P e a r l S e a w a s k n o w n , 77 a n d J c o u l d b e 
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a d j u s t e d to o b t a i n a true c o m p a r i s o n . If TITa = QJQ = 1 , 7 c o u l d b e a d j u s t e d d o w n 

by rpv a n d in by Jw to g ive nQ a n d Jk for the c o n v e n t i o n a l p rope l le r . H o w e v e r , s u c h 

a n a n a l y s i s of the d a t a of F i g u r e 4.1 ind ica tes that all the m e a s u r e d e f f i c i e n c y po in ts 

will r e m a i n o n top of, or c l o s e to the B 4 - 5 0 c u r v e e v e n after s u c h a n ad jus tment . 

T h u s , it is fair to s a y that the p rope l l e r s t u d i e d h e r e w a s wel l r e p r e s e n t e d b y the B 4 -

50 , with its s imi la r g e o m e t r y , d iameter , p i tch a n d a r e a ratio. 

In the s a m e m a n n e r KQ a n d KT c a n b e a d j u s t e d in by Jw to g i v e the o p e n -

w a t e r coe f f i c i en ts , KQo a n d KTo, for the c o n v e n t i o n a l p rope l le r . In s i t u a t i o n s w h e r e it 

is k n o w n that the full s c a l e p rope l l e r is g e o m e t r i c a l l y ident ica l to a m o d e l p r o p e l l e r 

for w h i c h the o p e n - w a t e r c u r v e s a r e plotted, KQ o r KT c a n b e u s e d to ac tua l l y 

d e t e r m i n e w for the boat . B e c a u s e w is c o n s t a n t the p r o p e l l e r s h o u l d p r o d u c e KT 

e q u i v a l e n t to t h o s e s h o w n in F i g u r e 4 .2 . 

0.6 r 1 

0.5 -

0.4 [ 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 
JA and / 

Figure 4.2 The difference between the measured {KT) and 

open-water (KTO) thrust coefficient for identical propellers. 

T h i s is c l e a r l y not the c a s e for the c o n v e n t i o n a l p r o p e l l e r u s e d d u r i n g the s e a tr ials, 

c o n f i r m i n g o u r s u s p i c i o n s that the m a n u a l rebu i ld ing of the p r o p e l l e r w a s not 

p r e c i s e e n o u g h to a c h i e v e g e o m e t r i c similarity to the B - s e r i e s . Par t icu la r ly the m u c h 
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h i g h e r t o r q u e a n d thrust at bo l la rd pul ls imply that PID > 0.8 for the c o n v e n t i o n a l 

p rope l l e r , a l t h o u g h there a r e o ther fac tors that c o u l d resul t in the s a m e effect , s u c h 

a s di f fer ing b l a d e t h i c k n e s s a n d b l a d e contour . T h e s e d e v i a t i o n s f r o m the B - s e r i e s 

p e r f o r m a n c e s h o u l d h a v e n o c o n s e q u e n c e for the c o m p a r i s o n of the c o n v e n t i o n a l 

a n d d u c t e d tip p r o p e l l e r d i s c u s s e d n e x t . 

4.3 Hydrodynamic performance of the ducted tip propeller 
A c c o r d i n g to b l a d e e l e m e n t theory, the to rque a n d thrust e x p e r i e n c e d by a 

rad ia l s e c t i o n of a p rope l l e r b l a d e l o c a t e d at r a d i u s r a n d dr w i d e ( F i g u r e 4.3) c a n 

b e e x p r e s s e d a s : 

dT = dLcosBj - dDsmBj 

dQ = (dLsmp, + dDcosB^r 

F u r t h e r m o r e , a c c o r d i n g to p r e v i o u s def in i t ions of p r o p e l l e r e f f i c iency , the b l a d e 

e l e m e n t e f f i c i ency c a n b e written 

dTVA 

7 = 
2mdQ 
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B y subst i tu t ing for dT a n d dQ, it c a n b e s h o w n ( M a n e n a n d O o s s a n e n , 1988 ) that 

the e l e m e n t e f f i c i ency b e c o m e s a funct ion of the L i f t /Drag ratio: 

tan/3 
a n d tany = — 

H e n c e , a n i n c r e a s e in the LID ratio of the b l a d e s of a p r o p e l l e r s h o u l d resul t in a n 

i m p r o v e d p r o p e l l e r e f f ic iency . In add i t ion , a n d m o r e s igni f icant ly , a n y r e d u c t i o n of 

the i n d u c e d ve loc i ty , u, will r e d u c e # a n d there fore i m p r o v e the e f f i c iency . 

Figure 4.4 Lift/Drag ratio improvement of the ducted tip on a rectangular, 

untwisted, constant NACA 66-209 profile airfoil. Source: Green and Duan (1995). 

W h e n G r e e n a n d D u a n (1995) s h o w e d that the LID ratio of a ducted tip 

hydrofoil is s u p e r i o r to that of a c o n v e n t i o n a l hydrofoi l for a n g l e s of a t tack la rger 

t h a n 8 ° ( F i g u r e 4.4) , it w a s e x p e c t e d that a n y e f f ic iency i m p r o v e m e n t of a ducted tip 

propeller w o u l d o c c u r w h e n the b l a d e s o p e r a t e at h igh a n g l e s of at tack, i.e. at low 

a d v a n c e rat ios. A t h i g h e r a d v a n c e rat ios, t o w a r d s m a x i m u m e f f i c iency , a l o s s of 

e f f i c i e n c y w a s e x p e c t e d , o r at bes t n o c h a n g e at al l . T h e resu l ts f r o m the s e a trials 

of the d u c t e d tip p rope l l e r a r e there fore s o m e w h a t s u r p r i s i n g . F i g u r e s 3.2.d to 3 . 5 . d 

L/D ratio improvement 
7 r 

-1 18 
Angle of attack [deg] 
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i nd ica te o n l y a m a r g i n a l e f f ic iency i m p r o v e m e n t at low a n d m o d e r a t e a d v a n c e 

rat ios, with i n c r e a s i n g i m p r o v e m e n t towards h i g h e r a d v a n c e rat ios. 

H o w e v e r , d u e to the large exper imenta l error c o m b i n e d with a l a r g e s p r e a d 

of the d a t a , resu l t ing f rom other s o u r c e s ( a e r o d y n a m i c d r a g , w a v e l o a d s , etc. ) , the 

p e r c e n t a g e i n c r e a s e in e f f i c iency is not readi ly o b s e r v e d . In o r d e r to bet ter v i s u a l i z e 

the t r e n d o f the e f f i c i e n c y o f the p r o p e l l e r b e f o r e a n d after the d u c t s w e r e a t t a c h e d , 

the e f f i c i e n c y h a s b e e n plotted a s a funct ion of the a d v a n c e ratio, w h e r e , i n s t e a d of 

u s i n g the m e a s u r e d v a l u e s for Q, T a n d V, the r e g r e s s i o n l ines Q = f(N), T = f(N) a n d 

V= f(N) h a v e b e e n u s e d a s input in E q u a t i o n (4.1) a n d (4.3), g i v i n g J = f(N) a n d 77 = 

f(N). T h e e f f i c i ency b a s e d o n the r e g r e s s i o n l ines for both the c o n v e n t i o n a l a n d 

d u c t e d tip p r o p e l l e r is s h o w n in F i g u r e 4 .5 . 

1.00 

0.90 
0.80 
0.70 

£ 0.60 

I °'50 

E 0.40 
0.30 
0.20 
0.10 
0.00 

x Conventional 
• Ducted tips 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 
Advance ratio 

0.70 0.80 0.90 1.00 

Figure 4.5 The efficiency of the conventional and ducted tip propeller plotted with the 

measured values for Q, T and V replaced by their regression lines in the efficiency 

equation. The points at / = 0.26, 0.35 and 0.44 describe the tests with heavy , medium 

and light drogues, respectively, while all the remaining points describe the free running 

speeds; the lowest advance ratios correspond to the highest shaft rotational speeds. 
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F o r the h e a v y , m e d i u m a n d light d r o g u e s a l inear r e g r e s s i o n l ine h a s b e e n 

f o u n d for the ve loc i ty a s a funct ion of the shaft rotat ion, N. W i t h V d i rect ly 

p r o p o r t i o n a l to N, J b e c o m e s a constan t , a n d a plot of 77 = f(N) t h e r e f o r e a p p e a r s a s 

a n u m b e r of po in ts s p r e a d vert ical ly at a c o n s t a n t a d v a n c e ratio. T h e s e po in ts h a v e 

b e e n r e d u c e d to a n a v e r a g e e f f ic iency , o n e for the c o n v e n t i o n a l a n d o n e for the 

d u c t e d tip prope l le r , for e a c h of the different a d v a n c e rat ios a s s o c i a t e d with the 

t h r e e d r o g u e s i z e s . F i g u r e 4 . 5 suggests that the re c o u l d b e a s m u c h a s a 1 0 % 

i m p r o v e m e n t for the d u c t e d tip p rope l l e r at m a x i m u m e f f ic iency . 

4.3.1 C o m p a r i s o n to p r o p e l l e r s with o ther tip d e v i c e s 

F o r the two p rope l l e r t y p e s tes ted by C r u m p (1948) , the insta l la t ion of 

b u l b o u s t ips h a d d i s s i m i l a r e f fects o n the e f f ic iency, o w i n g e i ther to the di f ferent 

p r o p e l l e r s , o r to the different b u l b s . T h e first prope l le r , with th ree b l a d e s a n d PID = 

1.1, w a s d e s i g n e d for s e r v i c e at h igh a d v a n c e rat ios o n a d e s t r o y e r . T h e b u l b h a d a 

c y l i n d r i c a l s h a p e , r o u n d e d off at the n o s e a n d the tail, with a d i a m e t e r e q u a l to 3 . 5 % 

of the p r o p e l l e r d iamete r . T h i s p rope l le r s h o w e d a m a r g i n a l i n c r e a s e in e f f i c i e n c y (* 

1%) at h igh a d v a n c e rat ios after the b u l b s h a d b e e n ins ta l led , but n o c h a n g e at low 

a d v a n c e rat ios. T h e s e c o n d p rope l l e r h a d four b l a d e s , PID = 1.1, a n d w e r e 

d e s i g n e d for s e r v i c e o v e r a w ider r a n g e of a d v a n c e rat ios o n a s u b m a r i n e . T h e 

b u l b s a t t a c h e d to this p rope l l e r w e r e smal le r , with d i a m e t e r s e q u a l to 2 % of the 

p r o p e l l e r d iamete r , a n d w e r e fa i red into the t ips to b e a n integra l part of the 

p rope l l e r , l o o k i n g m o r e like a c o n t i n u o u s i n c r e a s e of b l a d e t h i c k n e s s t o w a r d s the 

b l a d e t ips. A f te r insta l la t ion of the b u l b s , this p r o p e l l e r h a d a n o t i c e a b l e r e d u c t i o n o f 

the e f f i c i e n c y (4 - 5%) at h igh a d v a n c e rat ios, but there w a s s o m e ind ica t ion of 

i n c r e a s e d e f f i c i ency at low a d v a n c e rat ios. C r u m p (1948) c o n c l u d e d that b u l b o u s 

t ips will b e m o r e ef fect ive o n p r o p e l l e r s o p e r a t i n g at low a d v a n c e rat ios, a l t h o u g h 

the re is n o d a t a p r e s e n t e d for J< 0.4. W i t h the b u l b o u s t ips ins ta l led the f r e e s t r e a m 

ve loc i ty c o u l d b e i n c r e a s e d by 2 5 % for both p r o p e l l e r s b e f o r e the o n s e t of tip vor tex 

cav i ta t ion , w h i c h imp l ies that both bu lb c o n f i g u r a t i o n s s u p p r e s s e d the tip v o r t i c e s . 
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T h e e x p e r i e n c e with b l a d e l e t s is s o m e w h a t s imi lar . G o o d m a n a n d B r e s l i n 

(1980) f o u n d that b l a d e l e t s h a v e a detr imenta l effect, o r at the bes t , n o ef fect at al l , 

o n the p r o p e l l e r p e r f o r m a n c e . Itoh et a l . (1987) , h o w e v e r , f o u n d that the typical 

b e h a v i o r of their b l a d e l e t s w o u l d b e a n o t i c e a b l e r e d u c t i o n of the e f f i c i e n c y at h igh 

a d v a n c e rat ios, but a marg ina l i n c r e a s e at m o d e r a t e a n d low a d v a n c e rat ios, with 

the b e s t b l a d e l e t s p r o v i n g a 4 % p e r f o r m a n c e i m p r o v e m e n t . D u e to a m u c h la rger 

n u m b e r of di f ferent b l a d e l e t s tes ted , the resul ts of Itoh et a l . (1987) bet ter r e p r e s e n t 

the potent ia l b l a d e l e t s h a v e o n m a r i n e p rope l l e rs . 

A l t h o u g h the resu l ts d e s c r i b e d a b o v e s h o w that typ ica l ly o n e o b t a i n s 

i m p r o v e d e f f i c i ency at low a d v a n c e rat ios a n d r e d u c e d e f f i c i ency at h i g h a d v a n c e 

rat ios with tip d e v i c e s insta l led , the e x p e r i m e n t s of C r u m p (1948) a l s o i n d i c a t e that 

the o p p o s i t e m a y o c c u r . B e t w e e n the bu lb a n d the b lade le t , it is p r o b a b l y m o r e 

r e l e v a n t to c o m p a r e the d u c t e d tip with the bu lb , o w i n g to its s imi la r g e o m e t r y . T h e 

d u c t e d t ips u s e d in the s e a trials h a v e a d i a m e t e r e q u a l to 4 . 2 % of the p r o p e l l e r 

d i a m e t e r , a n d there fore , b e a r s o m e r e s e m b l a n c e to the l a rges t b u l b t e s t e d by 

C r u m p (1948) . T h i s is the bu lb that s a w a sl ight e f f i c iency i n c r e a s e at h i g h a d v a n c e 

rat ios, w h i c h l e a d s to the c o n c l u s i o n that b u l b o u s a n d d u c t e d t ips with la rger 

d i a m e t e r s , u p to a n u n k n o w n limit, a r e m o r e ef fect ive a s vor tex s u p p r e s s i n g 

d e v i c e s . C r u m p a l s o c o m m e n t e d o n the cavi ta t ion e m e r g i n g f r o m the b a s e of the 

b u l b s a n d at tr ibuted this to incorrect locat ion or fa i r ing of the b u l b s into the b l a d e s . 

T h e p r e s e n c e of cav i ta t ion ind ica tes that loca l f low s e p a r a t i o n o c c u r s a l o n g the 

b a s e of the b u l b s , w h i c h w o u l d h a v e c a u s e d extra d r a g a n d l o s s of lift. T h i s 

o b s e r v a t i o n s u g g e s t s the i m p o r t a n c e of c h o o s i n g a f a v o r a b l e c o m b i n a t i o n of tip 

s i z e , tip s h a p e a n d the w a y it is fa i red into the b l a d e in o r d e r to a v o i d l a rge 

de t r imenta l e f fec ts o n the p rope l le r e f f ic iency a s a c o n s e q u e n c e of tip d e v i c e 

insta l la t ion. 

4 .3 .2 B l a d e a r e a a n d duct g e o m e t r y 

A s s u m i n g that a n e f f ic iency i m p r o v e m e n t is p o s s i b l e p r o v i d e d a f a v o r a b l e tip 

c o n f i g u r a t i o n is c h o s e n , the next s t e p will b e to e x p l a i n w h y the i m p r o v e m e n t w o u l d 
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o c c u r at h i g h rather t h a n low a d v a n c e rat ios in cont ras t with w h a t o n e w o u l d e x p e c t 

b a s e d o n the airfoil tes ts of G r e e n a n d D u a n (1995) . In o r d e r to e x p l a i n the 

u n e x p e c t e d result , w e will first e x a m i n e h o w the b l a d e a r e a w a s a l t e r e d with the 

insta l la t ion of the d u c t s . 

T h e d u c t e d t ips o n the p rope l le r w e r e d e s i g n e d to b e a g e o m e t r i c a l l y s imi la r 

to the d u c t e d tip o n the airfoil of G r e e n a n d D u a n (1995) . T h u s , a s w a s the c a s e for 

the airfoil s t u d i e s , the length of the d u c t s w a s e q u a l to 6 5 % of the a v e r a g e b l a d e 

c h o r d . H o w e v e r , d u e to the s w e p t b a c k l e a d i n g e d g e , the p l a n f o r m a r e a of the 

d u c t e d t ips, re la t ive to the lifting s u r f a c e they r e p l a c e , is s u b s t a n t i a l l y l a r g e r o n the 

p rope l le r ; for the airfoil the pro jec ted a r e a of the d u c t e d tip c o v e r e d 6 5 % of the 

s u r f a c e it r e p l a c e d , whi le the c o r r e s p o n d i n g n u m b e r for the p r o p e l l e r is 

a p p r o x i m a t e l y 1 0 0 % . A c c o r d i n g to G r e e n a n d D u a n (1995) , d u c t e d t ips redis t r ibute 

the s h e d vort icity in the T re f f t z -p lane into a l ine a n d a r ing f o r m a t i o n ( F i g u r e 4.6) , 

a s s u m i n g that the d u c t s contr ibute to the s h e d vorticity, a n d t h e r e f o r e a l s o g e n e r a t e 

lift. O b v i o u s l y , the m o r e lift a duct c a n g e n e r a t e , . the better it will red is t r ibute the 

c i r c u l a t i o n un i formly a c r o s s the rest of the airfoil , a n d c o n s e q u e n t l y , b o t h i n c r e a s e 

the lift a n d r e d u c e the i n d u c e d d r a g of the lifting foil.. 

Figure 4.6 The line and ring model for the reduction in 

induced velocities (downwash) of the ducted tip geometry. 
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B e c a u s e the instal lat ion of d u c t e d t ips o n the p r o p e l l e r d i d not resul t in a 

r e d u c e d p l a n f o r m a r e a , the p rope l l e r m a y h a v e e x p e r i e n c e d a s m a l l e r net l o s s of lift 

in the tip r e g i o n than d id the airfoil . T h i s in itself m a y h a v e i m p r o v e d the 

e f f e c t i v e n e s s of the d u c t e d t ips w h e n insta l led o n the p rope l le r . If, in a d d i t i o n , they 

m o r e ef f ic ient ly red is t r ibuted the c i rcu la t ion , w e w o u l d e x p e c t to s e e the pos i t i ve 

e f fec ts of the d u c t e d t ips at a n ear l ie r s t a g e o n the p r o p e l l e r t h a n o n the airfoi l . 

H e n c e , the r a n g e of a n g l e s of at tack at w h i c h the d u c t e d t ips i m p r o v e the LID ratio 

will b e e x p a n d e d to i n c l u d e a < 8 ° , resul t ing in a n i n c r e a s e interval of a d v a n c e 

ra t ios w h e r e a better p rope l l e r p e r f o r m a n c e c o u l d b e e x p e c t e d . 

O n the o t h e r h a n d , the larger wet ted a r e a of the d u c t s m a y a l s o resul t in a 

l a rge d r a g pena l ty . T h e d u c t e d tip a d d e d a p p r o x i m a t e l y 1 0 % s u r f a c e to the total 

w e t t e d a r e a of the airfoil , whi le the c o r r e s p o n d i n g v a l u e for the p r o p e l l e r is 1 4 % . 

T h e potent ia l i m p r o v e m e n t in p e r f o r m a n c e d u e to h igh lift might t h e r e f o r e b e lost 

d u e to ext ra d r a g . 

4 .3 .3 R a d i a l var ia t ion of a 

A n e x p l a n a t i o n b a s e d s o l e l y o n the duct g e o m e t r y is not suf f ic ient to e x p l a i n 

w h y the d u c t e d t ips i n c r e a s e d the p e a k p e r f o r m a n c e of the p rope l l e r . It is n e c e s s a r y 

to a s s o c i a t e the e f f i c iency with the radia l var ia t ion of the lift a n d d r a g coe f f i c ien ts , 

a n d h e n c e , the a n g l e of attack, a s a funct ion of the p r o p e l l e r r a d i u s a n d the 

a d v a n c e ratio. A t r a d i u s r a b l a d e e l e m e n t ( F i g u r e 4.3) will e x p e r i e n c e the e f fec t ive 

a n g l e of a t tack ah H o w e v e r , the lift a n d d r a g d a t a of G r e e n a n d D u a n (1995) a r e 

p r e s e n t e d in t e r m s of the g e o m e t r i c a n g l e of attack, a, w h e r e the e f fec ts of the 

i n d u c e d ve loc i ty , u, is d i s r e g a r d e d , g iv ing /?/ = / ? , a n d h e n c e 

a = <f>- B = arctan 
Pn V, A - arctan 

2nrn iTtrn 

or e x p r e s s e d in t e r m s olP/D a n d J 
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( % ) 
a = a r c t a n - ^ f ^ r - a rc tan \ . / (4.10) 

"(R/R) AVR) 

T h e airfoil t e s t e d by G r e e n a n d D u a n (1995) h a d a r e c t a n g u l a r , un twis ted , 

c o n s t a n t N A C A 6 6 - 2 0 9 prof i le . T h e f low a c r o s s a p r o p e l l e r b l a d e is c o n s i d e r a b l y 

m o r e c o m p l e x t h a n the f low a c r o s s s u c h a n airfoil . N e v e r t h e l e s s , by plot t ing a a s a 

f u n c t i o n of r/R for the v a l u e s of J that c h a r a c t e r i z e the h e a v y , m e d i u m a n d light 

d r o g u e s a s wel l a s the f ree runn ing s p e e d s at h igh a n d low shaf t ro ta t ions ( F i g u r e 

4.7) , the resu l ts f rom the airfoil s h o u l d g ive a n ind icat ion of w h i c h rad ia l s e c t i o n s of 

the p r o p e l l e r c a n b e e x p e c t e d to o p e r a t e with a n i m p r o v e d e f f i c i e n c y after the d u c t s 

a r e ins ta l led . 

35 
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Figure 4.7 The angle of attack, a, plotted as a function of the propeller 

radius for six different advance ratios, ranging from 7 = 0.20 (heavy drogue) 

to / = 0.55 (free running, N = 200), for a Taylor wake fraction w = 0.20. The 

induced velocity has been neglected. 
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A s m e n t i o n e d in the p r e v i o u s chapte r , the w a k e f ract ion , w, c o u l d not b e d e t e r m i n e d 

for P e a r l S e a . S i n g l e s c r e w s h i p s with m o d e r a t e b l o c k a g e c o e f f i c i e n t s , h a v e T a y l o r 

w a k e f r a c t i o n s b e t w e e n 0.2 a n d 0.3 ( M a n e n a n d O o s s a n e n , 1988) ; w = 0.2 w a s 

c h o s e n in o r d e r to plot E q u a t i o n 4 .10 . T w o extra l ines h a v e b e e n p lot ted to ind ica te 

the u p p e r a n d lower b o u n d a r y of the r e g i o n of p o s s i b l e i m p r o v e m e n t of the LID 

ratio, he rea f te r re fe r red to a s the improvement envelope. T h e u p p e r a n d lower 

b o u n d a r y for the i m p r o v e m e n t e n v e l o p e h a s b e e n c h o s e n to c o i n c i d e with the 

l o w e s t a n d h i g h e s t a n g l e s of at tack at w h i c h a n i m p r o v e m e n t of the LID rat io for the 

N A C A 6 6 - 2 0 9 airfoil w a s m e a s u r e d by G r e e n a n d D u a n (1995) . F i g u r e 4 .7 i n d i c a t e s 

that a n i m p r o v e m e n t of the LID ratio at f ree r u n n i n g s p e e d s is p o s s i b l e o n l y for the 

h i g h e s t N. T h e f igure a l s o i n d i c a t e s that a n i m p r o v e m e n t w o u l d not n e c e s s a r i l y 

o c c u r at h i g h a d v a n c e rat ios, a s a la rge radia l s e c t i o n of the b l a d e s w o u l d b e 

o p e r a t i n g at c o n d i t i o n s b e y o n d stal l . T h e i m p r o v e m e n t e n v e l o p e s h o w n in F i g u r e 

4 . 7 is not truly r e p r e s e n t a t i v e of what o n e w o u l d e x p e c t for the p r o p e l l e r b l a d e s , 

o w i n g to the rad ia l var ia t ion of both profi le a n d relat ive ve loc i ty . T h e e f fec ts of t h e s e 

f a c t o r s a r e e x a m i n e d be low. 

4 .3 .4 B l a d e t h i c k n e s s a n d c a m b e r 

B o t h the b l a d e t h i c k n e s s a n d c a m b e r will af fect the s h a p e of the 

i m p r o v e m e n t e n v e l o p e . T h e u p p e r b o u n d a r y is d e t e r m i n e d by the stal l of the b l a d e . 

Sta l l o c c u r s , in g e n e r a l , at h i g h e r a b s o l u t e a n g l e s of a t tack (a - ao) the th icker a 

hydrofo i l is, a n d h e n c e , the d e c r e a s i n g e l e m e n t t h i c k n e s s t o w a r d s the tip of the 

p r o p e l l e r b l a d e s will there fore r e s h a p e the i m p r o v e m e n t e n v e l o p e by d e c r e a s i n g the 

u p p e r b o u n d a r y f rom a stall a n g l e a = 2 2 ° at 2 1 % b l a d e t h i c k n e s s c l o s e to the h u b , 

to a = 1 2 ° at 3 % b l a d e t h i c k n e s s t o w a r d s the tip. 

T h e lower i m p r o v e m e n t b o u n d a r y is d e t e r m i n e d by the lift coef f ic ien t , CUmPn 

at w h i c h the d u c t e d tip r e d u c e s the i n d u c e d d r a g to the extent that it c o m p e n s a t e s 

for bo th the extra pa ras i te d r a g a n d l o s s of lift. T h i s lift coef f ic ient is a f u n c t i o n of the 

a b s o l u t e a n g l e of attack, a - ao. A c c o r d i n g to thin airfoil theory , the g e o m e t r i c a l 

a n g l e of at tack, d e s c r i b i n g the lower i m p r o v e m e n t b o u n d a r y , will t h e r e f o r e b e 
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<* i m p r = + « 0 w h e r e a0 = -2s [rad] 
In 

w h e r e s is the c a m b e r , a s a f ract ion of the c h o r d , of a b l a d e e l e m e n t at r a d i u s r. T h e 

zero- l i f t a n g l e of the N A C A 6 6 - 2 0 9 profi le is a p p r o x i m a t e l y - 1 . 5 ° , g i v i n g s = 0 .013 , 

or 1.3%. F o r the p r o p e l l e r s > 1.3%, a n d h e n c e , a s s u m i n g CUmpr is the s a m e a s for 

the airfoi l , aimpr < 8 ° at all radii ( T a b l e 4.1). 

rlR 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

t [%] 2 1 . 0 15 .5 12.0 8.5 6 .5 5.0 4 .0 3.0 

e w [ d e g ] 2 0 19 18 17 16 15 14 13 12 

£[%] 3.6 3.5 3.4 3.0 2 .6 2.1 1.5 

campr [deg] 5.4 5.5 5.6 6.1 6 .5 7.1 7.8 

Table 4.1 Radial variation of blade thickness and camber and the approximate angles 

of attack between which an improvement of the Lift/Drag ratio can be expected. 

4 . 3 . 5 R e y n o l d s n u m b e r e f fects 

T o g e t h e r with the r e d u c e d b l a d e t h i c k n e s s t o w a r d s the t ips, the i n c r e a s e d 

R e y n o l d s n u m b e r will r e d u c e the paras i te d r a g o n the p r o p e l l e r b l a d e s . T y p i c a l 

v a l u e s of Re0j du r ing the e f f ic iency m e a s u r e m e n t s a r e 1 .0 -10 6 to 3 .5 -10 6 , 

r e s p e c t i v e l y at m i n i m u m shaft rotat ion with the h e a v y d r o g u e a n d m a x i m u m shaf t 

rotat ion at f r e e r u n n i n g s p e e d s , respec t ive ly . T h e airfoil tes ts ( G r e e n a n d D u a n , 

1995) w e r e c o n d u c t e d at Re = 0 .6 -10 6 . A l l o ther th ings b e i n g e q u a l , h i g h e r Re is 

a s s o c i a t e d with l e s s p a r a s i t e d r a g . H e n c e , at h i g h e r Re the r e d u c t i o n of i n d u c e d 

d r a g will h a v e a g r e a t e r impact o n the total d r a g of the b l a d e s , a n d t h e r e f o r e r e q u i r e 

a s m a l l e r lift coef f ic ient b e f o r e the LID ratio i m p r o v e m e n t d u e to the d u c t e d t ips c a n 
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b e o b s e r v e d . T h i s is true for the extent of the b l a d e s that a r e o p e r a t i n g at Re > 

0 .6 -10 6 , i.e., the outer radia l s e c t i o n s of the b l a d e s , w h i c h car ry the h i g h e s t l o a d s . 

T h e effect of a h igher /? .? c a n b e d e m o n s t r a t e d by s o m e s i m p l e c a l c u l a t i o n s , 

w h i c h a r e s u m m a r i z e d in T a b l e 4.2: part a c o n t a i n s the CD a n d CL m e a s u r e d with the 

N A C A 6 6 - 2 0 9 airfoil at a = 8 ° a n d Re = 0 . 6 - 1 0 6 (extracted f rom D u a n 1995) , a n d part 

b a n e s t i m a t i o n of the resul ts if the s a m e airfoil h a d b e e n t e s t e d at t h e s a m e a a n d 

at Re = 3 .0 -10 6 . T h e d r a g h a s b e e n split into two parts: the total , m e a s u r e d , d r a g is 

e q u a l to the s u m of the paras i te a n d the i n d u c e d d r a g , 

CD = CDP + CDI 

CDp « 0 . 0 1 0 5 , with the c o n v e n t i o n a l tip at Re = 3 .0 -10 6 , is g i v e n by A b b o t t a n d 

D o e n h o f f (1959) . CDp at Re = 0 . 6 - 1 0 6 c a n b e e s t i m a t e d , c r u d e l y , u s i n g a ratio of the 

d r a g coe f f i c i en ts , C D F , for turbulent f low o n a flat plate: 

CDP(Re = 0.6 • 106) = 0.0105 C D F ( / ? e =
 a 6 ' 1 Q p = 0.0132 

CDF(Re = 3.0-\06) 

CDp « 0 . 0 1 4 5 a n d 0 . 0 1 1 6 for the d u c t e d tip, w e r e f o u n d by a d d i n g 1 0 % to the d r a g 

of the c o n v e n t i o n a l tip, e q u i v a l e n t to the p e r c e n t a g e wet ted s u r f a c e a d d e d by the 

duct . B y k n o w i n g CD a n d CDp, CDi c a n n o w b e e s t i m a t e d for bo th the c o n v e n t i o n a l 

a n d d u c t e d tip a\Re = 0 .6 -10 6 . A s s u m i n g that CDi a n d CL a r e i n d e p e n d e n t of Re in 

this r a n g e , CD a n d LID c a n b e c a l c u l a t e d for Re = 3 .0 -10 6 . T a b l e 4 .2 s h o w s that the 

i n c r e a s e d Re h a s i n c r e a s e d the LID i m p r o v e m e n t of the d u c t e d tip f r o m - 0 . 7 % to 

0 . 5 % , w h i c h impl ies that the pos i t ive e f fects of the d u c t e d t ips ins ta l l ed o n the 

p r o p e l l e r c a n b e e x p e c t e d to o c c u r at a lower a than o n the airfoi l . 
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Tip type CDP Cm CD CL CJCD Improve. 

a) NACA 66-209 airfoil at a = 8° and Re = 0.6-106 

Conventional 0 .0132 0.0051 0 . 0 1 8 3 0 . 4 8 6 4 2 6 . 5 8 

Ducted 0 . 0 1 4 5 0 .0038 0 . 0 1 8 3 0 . 4 8 2 8 2 6 . 3 8 - 0 . 7 % 

b) NACA 66-209 airfoil at a = 8° and Re = 3.0-106 

Conventional 0 . 0 1 0 5 0.0051 0 .0156 0 . 4 8 6 4 3 1 . 1 8 

Ducted 0 . 0 1 1 6 0 .0038 0 .0154 0 . 4 8 2 8 3 1 . 3 5 0 . 5 % 

c) Propeller at oo.7« = 8° and Re0j = 0.6-106 

Conventional 0 .0132 0 . 0 2 1 5 0 .0347 0 .4864 14 .02 

Ducted 0 . 0 1 5 0 0 . 0 1 6 0 0 . 0 3 1 0 0 . 4 8 2 8 15 .57 1 1 % 

Table 4.2 The effect of higher Reynolds numbers and a larger fraction of induced drag. 

4 .3 .6 S p a n w i s e l o a d i n g 

A c c o r d i n g to the lifting l ine theory , the i n d u c e d ve loc i ty at the r a d i u s r- a c a n 

b e e x p r e s s e d a s 

1 UcTldr)dr 
u,. = --

An -R a-r 

H e n c e , a lifting s u r f a c e with large radia l , o r s p a n w i s e var ia t ion of the 

c i rcu la t ion , r , will there fore g e n e r a t e the h i g h e s t i n d u c e d v e l o c i t i e s , a n d 

c o n s e q u e n t l y , i n d u c e d d r a g . T a b l e 4.2.c s h o w s the resu l ts of LID c a l c u l a t i o n s b a s e d 

o n a lifting s u r f a c e that g e n e r a t e s the s a m e a m o u n t of lift a n d p a r a s i t e d r a g a s the 

N A C A 6 6 - 2 0 9 airfoil , but substant ia l ly m o r e i n d u c e d d r a g , s u c h a s a p r o p e l l e r 

b l a d e , w h e r e the l o a d is c o n c e n t r a t e d towards the tip d u e to the rad ia l d is t r ibut ion of 

b l a d e c h o r d a n d relat ive ve loc i ty (F igure 4.8). CL a n d CDp h a v e b e e n a d o p t e d f r o m 

7 3 



part a , a n d CDi h a s b e e n c a l c u l a t e d for the c o n v e n t i o n a l tip a s if p r o d u c e d by a 

p r o p e l l e r b l a d e with el l ipt ic distr ibut ion of the l o a d : 

C 2 

C =—L-
D 1 nAR 

w h e r e AR = 3 .5 , w h i c h is the a s p e c t ratio of the b l a d e s of the c o n v e n t i o n a l p rope l le r . 

T h e ratio of CDi for the d u c t e d a n d c o n v e n t i o n a l tip ( « 0.75) is a l s o a d o p t e d f rom 

part a . B y k n o w i n g CDp a n d CDi, CD c a n b e c a l c u l a t e d . In part a the i n d u c e d d r a g 

a c c o u n t s for 2 8 % of the total d r a g , whi le the c o r r e s p o n d i n g n u m b e r in part c is 6 2 % . 

O w i n g to the la rger i n d u c e d d r a g for the p rope l l e r g e o m e t r y , insta l la t ion of the 

d u c t e d t ips resu l ts in a n 1 1 % i n c r e a s e in the LID ratio. T h i s f ind ing s u g g e s t s that 

the l o a d distr ibut ion will h a v e a la rge impact o n the e f f e c t i v e n e s s of the d u c t e d t ips 

at di f ferent a n g l e s of attack, a n d h e n c e , the i m p r o v e m e n t e n v e l o p e of the p rope l le r . 

1.0 

0.8 

l°'6 

^0.4 

0.2 

Propeller Airfoil 

0.0 1 ; ' ' ' ' 
0 0.2 0.4 0.6 0.8 1 

r/R 

Figure 4.8 Typical radial/spanwise loading of a propeller 

blade and a rectangular, untwisted, constant profile airfoil. 
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4 .3 .7 3 D e f fec ts 

T h e i m p r o v e m e n t e n v e l o p e h a v e b e e n replot ted in F i g u r e 4 . 9 w h e r e all the 

f a c t o r s d i s c u s s e d a b o v e h a v e b e e n taken into c o n s i d e r a t i o n . T h e c o m b i n e d ef fect 

of the duc t s i z e , b l a d e t h i c k n e s s a n d c a m b e r , R e y n o l d s n u m b e r a n d s p a n w i s e 

l o a d i n g will m o v e the lower i m p r o v e m e n t b o u n d a r y d o w n to a n a p p r o x i m a t e , 

e s t i m a t e d v a l u e of a = 4 ° . T h i s modi f ica t ion of the lower b o u n d a r y resu l ts in a 

s u b s t a n t i a l l y la rger i m p r o v e m e n t e n v e l o p e that i n c l u d e s the c o m p l e t e s p a n of the 

b l a d e s o n l y w h e n the p r o p e l l e r o p e r a t e s at f ree r u n n i n g s p e e d s , w h i c h e x p l a i n s w h y 

the l a rges t i m p r o v e m e n t of p rope l le r e f f ic iency w a s o b s e r v e d at f r e e r u n n i n g 

s p e e d s . A t lower a d v a n c e rat ios parts of the p rope l l e r still o p e r a t e within the 

i m p r o v e m e n t e n v e l o p e , imply ing that a cer ta in i m p r o v e m e n t is p o s s i b l e . 

T h e pr inc ip le of the d u c t e d tip, h o w e v e r , is to r e d u c e the i n d u c e d v e l o c i t i e s , 

a n d c o n s e q u e n t l y , i n c r e a s e the ef fect ive a n g l e of attack, w h i c h will m o v e m o r e of 

the a - l i n e s for the h e a v y , m e d i u m a n d light d r o g u e a b o v e the u p p e r i m p r o v e m e n t 

b o u n d a r y ( F i g u r e 4 .10) . T h e e f f ic iency i m p r o v e m e n t o b t a i n e d t o w a r d s the tip of the 

b l a d e s will the re fo re b e lost b e c a u s e a larger radia l s e c t i o n t o w a r d s the h u b 

o p e r a t e s at stal l . 

4 :3 .7 D e g r a d a t i o n in the m a r i n e e n v i r o n m e n t 

Pr io r to instal l ing the p rope l le r o n the boat , the b l a d e s u r f a c e s w e r e s a n d e d 

to a f in ish e q u i v a l e n t to that d e l i v e r e d by p rope l l e r m a n u f a c t u r e r s . B e c a u s e of 

d e l a y s b e t w e e n instal lat ion a n d the first test runs of the c o n v e n t i o n a l p rope l l e r , a 

c e r t a i n d e g r a d a t i o n of the s u r f a c e d u e to growth of m a r i n e m i c r o o r g a n i s m s might 

h a v e i n f l u e n c e d the e f f i c iency m e a s u r e m e n t s , a l t h o u g h f r e q u e n t u s e a n d v i s u a l 

i n s p e c t i o n s refute this. A t the t ime of instal lat ion of the c o n v e n t i o n a l p rope l l e r , the 

hul l of P e a r l S e a w a s s a n d e d d o w n a n d g i v e n a n e w c o a t of bo t tom paint . D u r i n g 

the next n i n e m o n t h s it took to c o m p l e t e the test p r o g r a m , the hull s t a y e d e s s e n t i a l l y 

f r e e of b a r n a c l e s a n d o ther m a r i n e growth. W e h a v e the re fo re a s s u m e d that the 

m a r i n e e n v i r o n m e n t h a d o n l y a neg l ig ib le effect o n the e f f i c iency m e a s u r e m e n t s . 
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4 .3 .8 S u m m a r y 

P r e v i o u s r e s e a r c h h a s s h o w n that the e f f e c t i v e n e s s of a tip a p p e n d a g e a s a 

LID ratio i m p r o v i n g d e v i c e d e p e n d s o n its g e o m e t r y , loca t ion a n d or ien ta t ion . W i n d 

t u n n e l tes ts h a v e s h o w n that the d u c t e d tip is a g e o m e t r y that h a s a l a r g e potent ia l 

a s s u c h a d e v i c e in m a r i n e a p p l i c a t i o n s . T h e current r e s e a r c h h a s p r o v e n that 

insta l la t ion of d u c t e d t ips c a n i m p r o v e the e f f i c iency of a m a r i n e p r o p e l l e r s , p o s s i b l y 

b y a s m u c h a s 1 0 % . T h e d u c t e d t ips i m p r o v e the e f f i c i ency of the p r o p e l l e r for 

a d v a n c e rat ios w h e r e a suff ic ient f ract ion of e a c h b l a d e o p e r a t e s within a n a n g l e of 

a t tack i m p r o v e m e n t e n v e l o p e . T h i s r e g i o n is larger for the p r o p e l l e r b l a d e s , 

i n c l u d i n g s m a l l e r a n g l e s of attack, than that f o u n d in w i n d tunne l t es ts of d u c t e d tip 

a ir foi ls , in part b e c a u s e of the different l o a d i n g of the p r o p e l l e r b l a d e . D u e to the 

la rger s p a n w i s e var ia t ion of the l o a d i n g , the p rope l le r b l a d e s g e n e r a t e s u b s t a n t i a l l y 

m o r e i n d u c e d d r a g t h a n the m o r e uni formly l o a d e d airfoi l . A lower lift coef f ic ient , 

a n d c o n s e q u e n t l y , a n g l e of attack, w a s there fore n e e d e d for the p r o p e l l e r b l a d e s to 

o b t a i n a n CDilCD ratio w h e r e a cer ta in p e r c e n t a g e r e d u c t i o n of the i n d u c e d d r a g 

r e s u l t e d in a n i m p r o v e d LID ratio. T h e large c a m b e r (i.e. l a rge zero- l i f t a n g l e ) a n d 

h i g h R e y n o l d s n u m b e r (i.e. r e d u c e d paras i te d rag) a l s o c o n t r i b u t e d in this d i rec t ion . 

4.4 Cavitation performance 

4.4.1 C o n v e n t i o n a l p rope l l e r 

W h e n m o o r e d to the d o c k , the incept ion of tip vor tex cav i ta t ion o n the 

c o n v e n t i o n a l p r o p e l l e r w a s d e t e r m i n e d to o c c u r at shaft rotat ion ra tes b e t w e e n 2 6 6 

- 2 7 4 r p m . A7, = 2 7 4 rpm will b e re fer red to a s the i n c e p t i o n rotat ion rate in the 

s u b s e q u e n t d i s c u s s i o n . It is a l s o worth not ing that the v i d e o r e c o r d i n g s r e v e a l s that 

cav i ta t ion d i d not o c c u r s i m u l t a n e o u s l y o n the four p r o p e l l e r b l a d e s . A t N = 2 7 4 r p m 

cav i ta t ion s e e m s to h a v e r e a c h e d a n intermittent m o d e , but o n still p i c t u r e s it c a n b e 

s e e n h o w o n l y two of the b l a d e s , two c o n s e c u t i v e b l a d e s , a r e t ra i led by a s m a l l 

cav i ta t ion b u b b l e . T h i s pattern r e m a i n s for the next two i n c r e m e n t s in shaf t rotat ion 

at w h i c h v i d e o r e c o r d i n g s w e r e m a d e . C o n t i n u o u s cav i t i es c o u l d , for the first t ime, 

c l e a r l y b e s e e n e m e r g i n g f rom all four t ips at 301 rpm ( T a b l e 3.2.). 
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T h e r e a r e two r e a s o n s , that a r e m o r e likely than o t h e r s , w h y the o n s e t of 

cav i ta t ion d i d not h a p p e n s i m u l t a n e o u s l y o n the four b l a d e s : 

1. T w o b l a d e s h a v e a sl ight ly h igher pi tch towards the tip t h a n the o ther o n e s . 

2. T w o of the b l a d e s h a v e a r o u g h e r s u r f a c e in the tip r e g i o n , c a u s i n g a sl ight 

d e l a y of cav i ta t ion incept ion . 

T h e t rue e x p l a n a t i o n c o u l d invo lve a c o m b i n a t i o n of t h e s e ; bo th p i tch a n d s u r f a c e 

f in ish w a s d o n e m a n u a l l y , in a c c o r d a n c e with the m e t h o d s that a r e p r a c t i c e d in 

s m a l l p r o p e l l e r s h o p s , w h e r e p r e c i s i o n too ls a r e not a v a i l a b l e . 

In o r d e r to d e t e r m i n e the p rope l le r cav i ta t ion i n c e p t i o n index , cr„ it is 

n e c e s s a r y to d e f i n e a boat ve loc i ty V> 0. It is r e a s o n a b l e to a s s u m e s u c h a V ex is ts 

in the b o l l a r d pull da ta ; there is a d i s c r e p a n c y b e t w e e n the thrust m e a s u r e d o n the 

shaf t a n d the l o a d o n the tow line (F igure 3.1.D), ind ica t ing that the p r o p e l l e r 

i n d u c e s a f low that c r e a t e s a n extra d r a g o n the boat ( F i g u r e 4 .11) . B y plott ing V a\ 

N = 274 a s a func t ion of T for the different d r o g u e s i z e s , a l inear r e l a t i o n s h i p 

b e t w e e n F a n d T i s o b t a i n e d (F igure 4.12) . T h i s l ine c a n b e e x t r a p o l a t e d to g i v e V 

= 0 .55 m / s at bo l l a rd pull c o n d i t i o n s (7« 5 3 3 0 N, s e e F i g u r e 3.1 .b). F o r the p u r p o s e 

of d e t e r m i n i n g the b l a d e cav i ta t ion incept ion index, a>„ it c a n b e a s s u m e d that VA = 

V. T h e cav i ta t ion incept ion index <r, a n d a>, a s wel l a s the a s s o c i a t e d Re0.7, / a n d a 

a r e l is ted in T a b l e 4 .3 . 

vA=v U Re0j JA=J a Oi 

274 r p m 0 .55 m/s 9 .20 m/s 1 .6 -10 6 0.14 1 6 ° 7 4 5 2 .7 

Table 4.3 Conditions at inception of tip vortex cavitation. 
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F = 0 . 5 5 m/s 

Drag = T-L 

Figure 4.11 Forces acting on the boat during bollard pulls. 

3.0 

0.0 I " ' ' ' ' i i i i i i i , i i i |i i i I 

0 1000 2000 3000 4000 5000 6000 
Thrust - T [N] 

Figure 4.12 The boat velocity, V, at N = 274 rpm, plotted as a function of T for 

all drogue sizes in order to find Kat bollard pull condition (T= 5330 N). 
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N o w that a-, a n d oir h a s b e e n e s t a b l i s h e d for the c o n v e n t i o n a l p rope l l e r , it is 

of interest to c o m p a r e t h e m to v a l u e s g i v e n in the l iterature. In o r d e r to a v o i d all the 

u n c e r t a i n t i e s a s s o c i a t e d with the f low relat ive to the p r o p e l l e r b l a d e s , the i n c e p t i o n 

i n d e x for p r o p e l l e r s , <r„ is u s u a l l y re la ted to the f r e e s t r e a m ve loc i ty , a s d e f i n e d by 

E q u a t i o n 4.8, w h i c h in the c a s e of s e a trials is the fo rward ve loc i ty of the boa t 

re la t ive to the water . H o w e v e r , b a s i n g the a n a l y s i s o n ay a s o p p o s e d to air is not 

f r e e of c o m p l i c a t i o n s . D u e to the limited a m o u n t of in format ion that ex is ts o n 

i n c e p t i o n o n p r o p e l l e r s , it is difficult to c o m p a r e p r o p e l l e r s with di f ferent g e o m e t r i e s , 

o p e r a t i n g at di f ferent R e y n o l d s n u m b e r s a n d a d v a n c e rat ios. T h i s is d e m o n s t r a t e d 

in T a b l e 4.4, w h i c h s h o w s the vast ly different cr, for m o d e l p r o p e l l e r s o p e r a t i n g at 

di f ferent a d v a n c e rat ios. T h e r e is a t rend of i n c r e a s i n g <r, with d e c r e a s i n g J, w h i c h is 

w h a t o n e w o u l d e x p e c t a s r e d u c e d a d v a n c e rat ios i n c r e a s e the a n g l e s of at tack. 

T h e la rge <T, f o u n d for the s e a trials c a n there fo re b e at t r ibuted to the 

e x t r e m e l y low J , w h i c h is c o n f i r m e d by a s c a l i n g e q u a t i o n , s u g g e s t e d b y S t r a s b e r g 

( M a n i a n d A r a k e r i , 1984), that re la tes <r, to the sl ip ratio, S: 

S t r a s b e r g ' s e q u a t i o n a n d E q u a t i o n 4.8 both g ive cr, « 605 for VA = V = 0.61 m /s , 

s u g g e s t i n g that the p r e v i o u s es t imate g iv ing V = 0.55 m / s is a little low. 

N e v e r t h e l e s s , t o g e t h e r with the t rend in T a b l e 4.4, S t r a s b e r g ' s e q u a t i o n i n d i c a t e s 

that the c o n v e n t i o n a l p rope l l e r h a d cavi ta t ion c h a r a c t e r i s t i c s r e p r e s e n t a t i v e of 

p r o p e l l e r s o f s imi la r s i z e a n d g e o m e t r y . 

A l t h o u g h s e v e r a l p a p e r s p r e s e n t full s c a l e cav i ta t ion o b s e r v a t i o n o n l y J e s s u p 

et a l . (1993) h a v e d e t e r m i n e d a n incept ion index. C u r i o u s l y , in that w o r k <T, for the 

full s c a l e p r o p e l l e r is lower than a, for a m o d e l of the s a m e prope l le r , in sp i te of a 

m u c h h i g h e r R e y n o l d s n u m b e r . T h e r e h a s b e e n n o r e a s o n s u g g e s t e d for this 

u n e x p e c t e d s c a l i n g (recal l that M c C o r m i c k ' s s t u d i e s (1962) o n h y d r o f o i l s s h o w e d 

a, = 1.9e w h e r e 5 = 1 -
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that v i n c r e a s e s with Re). H o w e v e r , it is likely that fa i l ing to p r o p e r l y m o d e l the hull 

w a k e , d e s p i t e a g e o m e t r i c ident ica l m o d e l , h a s a major i n f l u e n c e o n the result . T h i s 

c o u l d h a p p e n if the m o d e l is tes ted in a laminar flow, whi le the full s c a l e p r o p e l l e r 

o p e r a t e s in turbulent flow. T h e nuc le i con ten t var ia t ion f rom the m o d e l t ank to the 

s e a m a y a l s o h a v e a n effect o n the s c a l i n g . 

Author Re P/DO.IR J 

Lodha and Arakeri (1984) 
* model propeller 

* Strasbergs equation 
1.1-106 0.83 

1.15 
0.50 
0.14 

33 
626 

Chahine et al. (1993) 
* model propeller 6.6-105 

lllllllllll^l 0.86 19.5 

Jessup et al. (1993) 
* model propeller 

* full scale propeller 
4.0-106 

5.0-107 s l l l l l l i l 
1.26 
1.26 

2.3 
1.7 

This report 1.6-106 1.15 0.14 745 

Table 4.4 Comparing o; with values from previous research on propellers. 

W i t h r e s p e c t to s t u d i e s o n hydrofo i ls ( T a b l e 4.5) , air is c o m p a r a b l e to t h o s e 

of p r e v i o u s r e s e a r c h , a l t h o u g h o n e w o u l d e x p e c t a h i g h e r v a l u e for the p r o p e l l e r 

t h a n for the hydro fo i l s d u e to the s t r o n g e r tip vor t i ces g e n e r a t e d by the p r o p e l l e r 

b l a d e s . T h e s e m i - e m p i r i c a l a n a l y s i s of M c C o r m i c k (1962) a l s o s u g g e s t s a h i g h e r 

v a l u e for the prope l le r . H o w e v e r , Re07 a n d CCQ.7 m a y not b e r e p r e s e n t a t i v e for the 

p r o p e l l e r b l a d e s for u s e with s u c h a n a n a l y s i s . 

T h e d i s c r e p a n c y b e t w e e n hydrofoi l resul ts a n d t h e s e p r o p e l l e r tes ts is m o s t 

l ikely c a u s e d b y the different f low c o n d i t i o n s . W h i l e h y d r o f o i l s e x p e r i e n c e u n i f o r m 

i n c o m i n g f luid ve loc i t i es , the prope l le r b l a d e s h a s to e n c o u n t e r a m u c h m o r e 

c o m p l e x f low st ructure d u e to its rotat ional mot ion . T h e rotat ional m o t i o n will , for 

e x a m p l e , resul t in a centr ipeta l a c c e l e r a t i o n of the water , d u e to v i s c o u s e f fec ts , 

w h i c h might f o r c e m o r e water to enter the tip vortex, i n c r e a s i n g the vor tex c o r e -
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p r e s s u r e , a n d t h e r e b y d e l a y i n g cavi ta t ion incept ion . T o a d d to the c o m p l e x i t y , e v e r y 

b l a d e o p e r a t e s in the w a k e of the p r e v i o u s b l a d e , c a u s i n g the tip v o r t i c e s to interact 

a n d i n f l u e n c e the ro l l -up p r o c e s s , w h i c h c o u l d potent ia l ly d e l a y cav i ta t ion i n c e p t i o n 

to a g r e a t e r o r l e s s e r extent. 

Author Re 
•106 

a 
[deg] 

Fruman etai. (1993) 
* elliptic hydrofoil no.1 (ENCT) 

* elliptic hydrofoil no.2 (ICT) 
1.2 
12 

10 
10 

1.8 
2.9 

Green (1991) 
* rectangular hydrofoil 1.0 14 4 - 5 

Green and Duan (1995) 
* rectangular hydrofoil 1.4 15 3.2 

McCormick (1962) 
* ojr = 1.28-10" 3 f le 0 3 V 2 9 1.6 16 6.8 

This report 1.6 16 2.7 

Table 4.5 Comparing air with values from previous research on hydrofoils. 

4 .4 .2 D u c t e d tip p rope l l e r 

T h e v i d e o r e c o r d i n g s of the d u c t e d tip p r o p e l l e r s p e a k for t h e m s e l v e s : the 

d u c t e d t ips substant ia l l y d e l a y incept ion of tip vor tex cav i ta t ion o n m a r i n e 

p r o p e l l e r s . A n incep t ion point c a n not b e d e t e r m i n e d for the d u c t e d tip prope l le r , 

a l t h o u g h w e k n o w for s u r e that tip cav i ta t ion d id not o c c u r for a n y shaf t ro ta t ions u p 

to, a n d i n c l u d i n g , N = 4 0 4 rpm, w h i c h c o r r e s p o n d s to a 4 7 % cav i ta t ion i m p r o v e m e n t 

re la t ive to the shaf t rotat ion rate at incept ion o n the c o n v e n t i o n a l p r o p e l l e r . T h e 

d e l a y , o r a b s e n c e of tip vortex cavi ta t ion a l s o c o n f i r m s the e n c o u r a g i n g resu l ts of 

the e f f i c i e n c y m e a s u r e m e n t s . In add i t ion to this m o s t important o b s e r v a t i o n , the re 

a r e add i t iona l o b s e r v a t i o n s that warrant ment ion . 
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A t N b e t w e e n 4 0 0 a n d 4 5 0 rpm a v a p o r c l o u d e m e r g e s f r o m the exit o f the 

d u c t s . E x a c t l y what h a p p e n s c a n not b e d e d u c e d f rom the v i d e o o w i n g to l imitat ions 

of u n d e r w a t e r f i lming. D u e to p o o r light c o n d i t i o n s , in sp i te of two 6 5 0 watt 

u n d e r w a t e r l a m p s , it w a s not p o s s i b l e to fi lm at shutter s p e e d s h i g h e r t h a n 1 /1000 

s e c o n d s . In a d d i t i o n , the d i v e r c o u l d not fi lm too c l o s e to the p rope l l e r , a n d u s i n g a 

z o o m l e n s u n d e r w a t e r is not r e c o m m e n d e d d u e to its v e r y shor t d e p t h of f ie ld . T h e 

v a p o r c l o u d s a r e m o s t l ikely the tip vor t i ces that at this point a r e s tar t ing to cav i ta te , 

but a r e b e i n g d i f f u s e d by the f low exit ing t h r o u g h the d u c t s . H o w e v e r , the c l o u d s 

c o u l d a l s o b e s u r f a c e cav i ta t ion f rom the ins ide e d g e of the d u c t s , o r a c o m b i n a t i o n 

of b o t h . T o d e t e r m i n e what the f low l o o k s like at the exit of the d u c t s will r equ i re a 

f low v i s u a l i z a t i o n e x p e r i m e n t set up in a cavi ta t ion tunne l . 

C a v i t a t i o n f rom the l e a d i n g e d g e of the d u c t s c a n not b e o b s e r v e d until a 

shaf t rotat ion c l o s e to 4 0 0 rpm is o b t a i n e d . A t a d v a n c e rat ios h i g h e r t h a n t h o s e 

d u r i n g b o l l a r d pu l ls , the d u c t s will h a v e lower a n g l e s of a t tack re lat ive to the 

i n c o m i n g f low, a n d c h a n c e s a r e there fore that duc t l e a d i n g e d g e c a v i t a t i o n will not 

o c c u r at all a s s o o n a s the boat is g i v e n a forward ve loc i ty . T h e s e o b s e r v a t i o n s 

s u g g e s t that the or ientat ion of the d u c t s , a l i g n e d with the c h o r d of the b l a d e w h e r e 

the t ips w e r e cut , is cor rect . T h e v i d e o d o e s , h o w e v e r , not offer m u c h in format ion 

a b o u t the effect of the duc t g e o m e t r y . T h e n e a r a b s e n c e of d u c t l e a d i n g e d g e 

cav i ta t ion m a y b e a resul t of o u r efforts to r o u n d off the l e a d i n g e d g e s , o r it c o u l d b e 

a resul t of the r e c e d i n g duc t l e a d i n g e d g e a s it e x t e n d s f rom the s u c t i o n s u r f a c e to 

the p r e s s u r e s u r f a c e . T h e d e s i g n of this 1 inch lip w a s b a s e d o n the intuit ion that it 

will "capture" m o r e of the tip vor t i ces in their incipient p h a s e , a n d t h e r e f o r e better 

re tard the rest of the ro l l -up p r o c e s s , than d o e s the straight duc t l e a d i n g e d g e . T h e 

t a p e r e d lip it c o u l d a l s o h a v e r e d u c e d the duc t l e a d i n g e d g e s e p a r a t i o n . 

A t all shaf t rotat ion ra tes there w a s substant ia l l y l e s s rad ia l s p r e a d of the 

r a c e aft o f the d u c t e d tip prope l le r , w h i c h is in a c c o r d a n c e with the o b s e r v a t i o n s of 

the b o a t o w n e r , w h o c o m m e n t e d o n h o w the w a k e of the boa t w a s di f ferent after the 

d u c t s h a d b e e n ins ta l led . 
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Chapter 5 - CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

T h e s e a trials of the d u c t e d tip p rope l le r c u l m i n a t e d in the fo l low ing resu l ts : 

1. T h e d u c t e d t ips substant ia l ly d e l a y e d tip vortex cav i ta t ion i n c e p t i o n o n a 

p r o p e l l e r that is r e p r e s e n t a t i v e of a la rge n u m b e r of p r o p e l l e r s ins ta l l ed o n 

s m a l l e r c o m m e r c i a l v e s s e l s , s u c h a s tug b o a t s a n d f i s h i n g b o a t s . F o r this 

par t icu lar p rope l le r , cav i ta t ion w a s d e l a y e d by a m i n i m u m of 4 7 % , b a s e d o n the 

shaf t rotat ion rate at incept ion . 

2. T h e d u c t e d tip p rope l l e r d id not suffer f rom e f f ic iency l o s s e s d u e to the extra 

w e t t e d s u r f a c e of the d u c t s . O n the contrary , the m e a s u r e m e n t s i n d i c a t e that up 

to a 1 0 % i m p r o v e m e n t in the e f f ic iency is p o s s i b l e . 

T h e s u c c e s s of the s e a trials c a n largely b e at tr ibuted to the s i z e a n d 

g e o m e t r y of the d u c t e d t ips: the partial c h o r d duct length of fers a l imited d r a g 

pena l ty , but r e m a i n s v e r y ef fect ive a s a tip vortex s u p p r e s s i n g d e v i c e , b o t h by 

o b s t r u c t i n g the ro l l -up p r o c e s s itself, a n d further re tard ing it a s the internal a n d 

ex te rna l f low mix at the exit of the d u c t s . 

O b v i o u s l y , the d u c t e d tip p rope l le r h a s a la rge c o m m e r c i a l potent ia l a s it 

o f fers bo th a n i n c r e a s e d e f f i c iency a n d i m p r o v e d cav i ta t ion p e r f o r m a n c e . F o r m o s t 

a p p l i c a t i o n s o n e of t h e s e fac tors , a l o n e , w o u l d b e suff ic ient to s u b s t a n t i a t e 

insta l la t ion of d u c t e d t ips, p r o v i d e d the instal lat ion c o s t s c a n b e kept at a 

r e a s o n a b l e leve l . F o r the p rope l le r d e s c r i b e d in this report , the insta l la t ion c o s t s 

a m o u n t e d to a p p r o x i m a t e l y $ 3 0 0 , w h i c h is very m o d e s t . It still r e m a i n s to b e 

d e t e r m i n e d if the resu l ts of the current r e s e a r c h c a n b e t r a n s f e r r e d to c o m m e r c i a l 

a p p l i c a t i o n . 
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5.2 Recommendations for future work 
A s s u m i n g that a n o p t i m u m duct d e s i g n c a n b e f o u n d , a n d ex t raord inary 

p r o p e l l e r g e o m e t r i e s a n d e x t r e m e tip s p e e d s a r e a v o i d e d , the e f f e c t i v e n e s s of the 

d u c t e d t ips is e s s e n t i a l l y a funct ion of the p rope l le r c h a r a c t e r i s t i c s , s u c h a s p i tch , 

d i a m e t e r a n d b l a d e a r e a , a s wel l a s the i n c o m i n g flow. In o r d e r to d e v e l o p the 

d u c t e d tip p r o p e l l e r into a c o m m e r c i a l product , the fo l lowing r e s e a r c h s h o u l d b e 

c a r r i e d out: 

1. O p t i m i z a t i o n of the d u c t e d tip d e s i g n , inc lud ing f low v i s u a l i z a t i o n to d e t e r m i n e 

w h i c h t y p e of cav i ta t ion a p p e a r s at the exit of the d u c t s at h i g h shaf t rotat ions. 

T h i s w o r k s h o u l d invo lve s t u d i e s to d e t e r m i n e the b e s t c o m b i n a t i o n of duc t 

length a n d duc t d i a m e t e r relat ive to the a v e r a g e c h o r d a n d p r o p e l l e r r ad ius , 

r e s p e c t i v e l y . 

2. S y s t e m a t i c e x p e r i m e n t s with d u c t e d t ips insta l led o n m o d e l p r o p e l l e r s with 

di f ferent PID a n d AEIA0 rat ios. T h i s informat ion s h o u l d b e c o m p i l e d a n d 

e x p r e s s e d a s a ducted tip efficiency improvement a s a func t ion of KQ o r KT of the 

c o n v e n t i o n a l prope l le r . F r o m s u c h d i a g r a m s the feasib i l i ty of insta l la t ion of 

d u c t e d t ips c a n readi ly b e a s s e s s e d without h a v i n g to k n o w the de ta i l s of the 

inflow. 

3. It w o u l d b e of interest to s t u d y the ef fects of the d u c t e d t ips ins ta l l ed o n 

controllable pitch p r o p e l l e r s a n d p r o p e l l e r s with h ighly s k e w e d l e a d i n g e d g e . 

4. S t r e n g t h c o n s i d e r a t i o n s a n d s t u d i e s of m a n u f a c t u r i n g p r o c e d u r e s . 
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