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A B S T R A C T 

T h e charac ter i s t ic m o t i o n o f w a t e r unde r b r e a k i n g waves a n d t he t u r b u l e n c e 

s t r u c t u r e i n the su r f zone were inves t iga ted t h r o u g h de ta i l ed t w o - d i m e n s i o n a l ve

l o c i t y measurements i n a wave f l u m e . S ign i f i can t d i f ference was f o i m d be tween the 

b r e a k i n g processes i n the ou te r a n d inner regions o f the sur f zone. T h e v e l o c i t y field 

i n each r eg ion consists o f s teady cu r ren t , pe r iod ic wave m o t i o n , o rgan ized v o r t e x 

m o t i o n a n d tu rbu lence . I t was f o u n d t h a t t he organized v o r t e x m o t i o n caused b y 

wave b r e a k i n g was a n i m p o r t a n t fluid m o t i o n connec t ing the wave m o t i o n a n d t he 

t u r b u l e n c e . 

T h e v e r t i c a l prof i les o f t h e u n d e r t o w , w h i c h is the s teady cu r ren t be low the 

wave t r o u g h leve l , were inves t iga ted f r o m ve loc i t y his tor ies measured b y h o t - f i l m 

a n d laser -Doppler -ve loc imeters . T h e t u r b u l en ce generated i n t he u p p e r layer b y 

wave b r e a k i n g prevents the deve lopment o f the b o t t o m b o u n d a r y layer i n t he inner 

r eg ion . T h e v e r t i c a l d i s t r i b u t i o n o f t he m e a n Reynolds stress a n d t h e m e a n eddy 

v i s cos i t y coeff ic ient i n the i nne r reg ion can be a p p r o x i m a t e d b y l i nea r f u n c t i o n s o f 

t h e v e r t i c a l e leva t ion . T h e of fshore-d i rec ted mean shear stress o n t he b o t t o m is so 

la rge t h a t i t can no t be neglected i n the m o d e l i n g of the u n d e r t o w . 

T h e t r a n s i t i o n p o i n t w h i c h was the b o u n d a r y be tween the ou te r a n d inner 

regions o f t he su r f zone was de f ined as the of fshore l i m i t o f t he quasi-steady b r e a k i n g 

reg ion . T h e distance f r o m the b r e a k i n g p o i n t t o the t r a n s i t i o n p o i n t was expressed 

i n t e rms of t he b r e a k i n g w a t e r d e p t h and the b o t t o m slope. 

I n o rde r t o describe t h e m e c h a n i s m of the energy t rans fe r d u r i n g wave b r e a k i n g 

accura te ly , a m o d e l was presented i n w h i c h the organized large vor texes were t a k e n 

i n t o account as a t r a n s m i t t e r o f energy i n the energy t r ans fe r process f r o m wave 

m o t i o n t o t u rbu l ence . T h e d i s t r i b u t i o n o f the tu rbu lence energy ca lcu la t ed b y th i s 

m o d e l agreed w i t h t he e x p e r i m e n t a l results q u a l i t a t i v e l y . 



T h e mass a n d m o m e n t u m fluxes by t he organized large vor texes were also 

discussed. T h e mass t r a n s p o r t b y b r e a k i n g waves was f o u n d t o be i n d u c e d b y the 

wave m o t i o n a n d t he organ ized large vortexes. 

B y us ing t he models o f the energy d i s t r i b u t i o n a n d t he mass t r a n s p o r t , a m o d e l 

was presented f o r the two-d imens iona l d i s t r i b u t i o n o f t he u n d e r t o w . T h e Reynolds 

stress a n d t h e e d d y v iscos i ty coeff ic ient were q u a n t i t a t i v e l y eva lua ted f r o m the 

energy d i s s ipa t i on ra te o n t he basis o f the d imens iona l analysis . T h e v a r i a t i o n o f 

t h e m e a n w a t e r level i n t he s u r f zone was also p r e d i c t e d w i t h a g o o d accuracy b y 

cons ide r ing t he m o m e n t u m flux by the organ ized vortexes. T h e m o d e l can evaluate 

t h e d i s t r i b u t i o n o f the u n d e r t o w o n an a r b i t r a r y beach t o p o g r a p h y f r o m the inc iden t 

wave c o n d i t i o n . 
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CHAPTER 1 

General Introduction 

T h e v e l o c i t y f i e l d a n d t he energy process i n t he su r f zone are o f great i m 

p o r t a n c e since t hey exer t w i d e inf luences over the phenomena such as t he wave 

a t t e n u a t i o n , sediment t r a n s p o r t a n d m a t e r i a l d i f f u s i o n w h i c h a c t i v e l y t ake place 

due t o wave b reak ing . As the ve loc i t y f i e l d i n t he su r f zone is r a t h e r c o m p l i c a t e d 

because of i t s v a r i a t i o n i n t i m e a n d space as w e l l as i t s t u r b u l e n t charac ter is t ics , o n l y 

q u a l i t a t i v e descr ip t ions o f b r e a k i n g waves were presented ear ly i n the last decade 

t h r o u g h obse rva t ion and v i s u a l i z a t i o n o f the flow p a t t e r n i n labora tor ies . W i t h the 

recent deve lopment o f t h e v e l o c i t y measurement techniques , m a n y researches have 

been ca r r i ed o u t the rea f t e r t o c l a r i f y the s t r u c t u r e o f the t u r b u l e n t ve loc i t y field i n 

t h e su r f zone b y measu r ing t h e v e l o c i t y fluctuation. However , t he u n d e r s t a n d i n g 

o f t he character is t ics o f t he v e l o c i t y field i n the s u r f zone a n d the process o f the 

energy t rans fe r due t o wave b r e a k i n g is n o t ye t sa t i s fac tory . 

T h e mass t r a n s p o r t due t o b r e a k i n g waves, w h i c h is la rger t h a n t h a t due to 

n o n - b r e a k i n g waves, causes the u n d e r t o w w h i c h is o f f shore-d i rec ted steady cu r ren t 

b e l o w the wave t r o u g h level . Since such mass m o v e m e n t induces a macro-scale 

c i r c u l a t i o n i n the sur f zone, i t p lays s ign i f ican t roles i n the sand m o v e m e n t and the 

m a t e r i a l d i f f u s i o n i n c o m b i n a t i o n w i t h micro-scale eddies, i.e. t u rbu lence , generated 

b y t h e wave b reak ing . T h e r e l a t i v e l y large ve loc i ty o f t he u n d e r t o w causes large 

shear stress near t he t r o u g h level and on the b o t t o m . A l t h o u g h some models to 

e s t ima te t he d i s t r i b u t i o n o f t he u n d e r t o w were presented b y a d o p t i n g r a t h e r crude 

assumpt ions , the a p p l i c a t i o n was l i m i t e d to the inner r eg ion i n w h i c h the wave 

b r e a k i n g can be regarded as a quasi-steady process. Since mos t o f these models 

are cons t ruc t ed by us ing the l o c a l proper t ies o f waves and t u rbu l ence , t he accurate 

p r e d i c t i o n o f t he wave field and the energy d i s s ipa t ion i n the su r f zone is r equ i red . 
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N u m e r i c a l models f o r p r e d i c t i n g the wave he igh t or wave energy v a r i a t i o n i n 

t h e s u r f zone f r o m the i n c i d e n t wave c o n d i t i o n have been proposed based o n s imple 

m o d e l i n g o f t he b r e a k i n g process. I n these models , the wave energy is considered t o 

b e d i r e c t l y t r a n s f e r r e d t o t h e t u rbu l ence energy. However the r o t a t i o n a l o rgan ized 

m o t i o n o f w a t e r f o r m e d at t he crests o f the b r e a k i n g waves cannot be neglected 

because t he existence o f t he v o r t e x m o t i o n shows an i m p o r t a n t charac te r i s t ic o f 

t h e energy t rans fe r a n d also o f the mass t r a n s p o r t a n d m o m e n t u m exchange i n 

t he s u r f zone. M o s t o f t he energy o f i r r o t a t i o n a l wave m o t i o n is conver ted f i r s t l y 

t o t he energy of the o rgan ized large vor texes , a l t h o u g h i t f i n a l l y dissipates t o heat 

t h r o u g h t u r b u l e n t d i s s ipa t ion . T h e prev ious models therefore are n o t able t o exp l a in 

t h e e x p e r i m e n t a l results o n t he character is t ics o f the t u r b u l e n t v e l o c i t y f i e l d such 

as t h e s p a t i a l d i s t r i b u t i o n o f t u rbu lence energy. I n o rder t o es tabl i sh a p r a c t i c a l 

m o d e l w h i c h is capable o f dea l ing w i t h var ious p rob lems due t o wave b r e a k i n g , t he 

comprehens ive u n d e r s t a n d i n g o f the sur f zone d y n a m i c s is necessary. 

T h e mechanisms o f wave b reak ing i n the ou te r a n d i nne r regions o f t he su r f 

zone are m u c h d i f f e r e n t . I n t he ou te r reg ion , a r a p i d t r a n s i t i o n o f wave prof i les takes 

place w i t h energy t r ans fe r f r o m wave m o t i o n to the organized vor texes , especial ly i n 

case o f p l u n g i n g breakers. O n the o ther h a n d , a quasi-steady b r e a k i n g occurs i n the 

i nne r r eg ion and the energy t rans fe r f r o m the wave m o t i o n t o t h e t u r b u l e n c e t h r o u g h 

t h e v o r t e x is i n a n e q u i l i b r i u m state . Hence the d e f i n i t i o n and d e t e r m i n a t i o n o f the 

t r a n s i t i o n p o i n t w h i c h is t he b o u n d a r y be tween these t w o regions are i m p o r t a n t f o r 

t h e genera l de sc r i p t i on o f the su r f zone dynamics . 

M o t i v a t e d b y t he b a c k g r o u n d m e n t i o n e d above, t he character is t ics o f t he t u r 

b u l e n t v e l o c i t y f i e l d i n t he s u r f zone were inves t iga ted i n t he present s t u d y t h r o u g h 

d e t a i l e d measurement o f t he two-d imens iona l v e l o c i t y field unde r b r e a k i n g waves. 

T h e n a m o d e l w h i c h describes t he energy t ransfer d u r i n g wave b r e a k i n g is presented 

t o eva lua te t h e energy v a r i a t i o n and the energy d i s s ipa t ion i n the s u r f zone. I n the 
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m o d e l , the wave energy is assumed to be t r a n s m i t t e d t o t he tu rbu lence energy 

t h r o u g h the organ ized large vortexes. A m o d e l f o r e v a l u a t i n g the d i s t r i b u t i o n of 

t he u n d e r t o w is also proposed o n the basis o f the accurate desc r ip t ion o f the wave 

field a n d energy d i s s ipa t ion i n the su r f zone. 

T h e first o b j e c t i v e o f the present s t u d y is t o inves t iga te the ve loc i t y field and 

t he t u rbu l ence s t r u c t u r e i n the surf zone. T h e second o b j e c t i v e is t o describe the 

energy t rans fe r i n t h e su r f zone o n the basis o f the u n d e r s t a n d i n g o f the phys ica l 

process a n d t o f o r m u l a t e a m o d e l f o r e s t i m a t i n g t he v e r t i c a l d i s t r i b u t i o n o f the 

s teady cu r r en t b e l o w the t r o u g h level w h i c h is v a l i d t h r o u g h o u t the sur f zone. 

T h e present d i s se r ta t ion is d i v i d e d i n t o t w o pa r t s accord ing t o the above sub

jects . T h e f o r m e r p a r t , Chap te r 2, deals w i t h the character is t ics o f the ve loc i ty field 

t h r o u g h de ta i l ed a n d precise l a b o r a t o r y exper iments . T h e organized m o t i o n o f the 

w a t e r pa r t i c l e under b reak ing waves is inves t iga ted i n te rms o f the ve loc i ty , vor

t i c i t y and t u r b u l e n t in tens i ty . N e x t , the d i s t r i b u t i o n s o f the t u rbu lence proper t ies 

such as the t u rbu lence energy, Reynolds stress a n d eddy v iscos i ty are inves t iga ted . 

I n t he last sec t ion o f th i s chapter , t he p o s i t i o n o f the t r a n s i t i o n p o i n t is discussed. 

I n the l a t t e r p a r t . Chap te r 3, a m o d e l w h i c h est imates the two-d imens iona l 

d i s t r i b u t i o n o f the u n d e r t o w is presented. T h e t rans fe r o f energy i n the sur f zone 

is firstly descr ibed based on the results ob t a ined i n Chap te r 2. T h e n the energy 

v a r i a t i o n a n d energy d i ss ipa t ion ra te i n the su r f zone are e s t ima ted b y a p p l y i n g the 

t ime-dependen t m i l d slope equa t ion . T h e organized large vor texes f o r m e d at the 

wave crests are t a k e n i n t o account as t r an smi t t e r s o f energy f r o m the wave m o t i o n 

t o t h e t u rbu l ence i n order to accurately describe the energy d i s t r i b u t i o n i n the sur f 

zone. 



I 
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C H A P T E R 2 

Turbulence Structure in the Surf Zone 

2 . 1 I n t r o d u c t i o n 

T h e v e l o c i t y field i n the su r f zone is m u c h concerned w i t h the phenomena there . 

Hence, i t is a ve ry i m p o r t a n t t echn ica l p r o b l e m t o m a k e i t clear. Since t he v e l o c i t y 

field unde r b r e a k i n g waves is r a t h e r c o m p l i c a t e d because o f i t s v a r i a t i o n i n t i m e 

a n d space as w e l l as i t s t u r b u l e n t charac ter is t ics , o n l y q u a l i t a t i v e descr ip t ions o f 

b r e a k i n g waves were presented ear ly i n the last decade t h r o u g h v i s u a l obse rva t ion 

i n l abora to r i e s . 

Svendsen et al. (1978) separated the sur f zone i n t o t w o regions w h i c h were 

o u t e r a n d i nne r regions ( F i g . 2 .1.1) . I n t he ou te r reg ion , r a p i d t r ans i t i ons o f wave 

shape occurs , p a r t i c u l a r l y i n case o f p l u n g i n g breakers. Sawaragi a n d I w a t a (1974) 

suggested the existence o f a large scale v o r t e x f o r m e d j u s t be low the wave p l u n g i n g . 

I t is f r e q u e n t l y ca l led " h o r i z o n t a l r o l l e r " or "p lunger v o r t e x " . M i l l e r (1976) showed 

t h e process o f f o r m a t i o n o f the p lunge r vo r t ex a n d the r e c i r c u l a t i n g m o t i o n near t h e 

w a t e r surface caused b y t he splash o f wave p l u n g i n g b y us ing pho tography . He also 

observed t he same processes w i t h a r e l a t ive ly smal ler scale i n s p i l l i n g breakers. I n 

t he i n n e r reg ion , quasi-steady b r e a k i n g waves w h i c h are s imi l a r t o bores p ropaga te 

s h o r e w a r d w i t h a t t e n u a t i o n . B o t h such bore- l ike waves and p lunger vor texes seem 

t o g ive s t r o n g effect on the genera t ion o f t u rbu l ence i n the s u r f zone. 

W i t h t he recent deve lopment o f the ve loc i ty measurement techniques, m a n y 

w o r k s have been car r ied o u t t o c l a r i f y the s t r u c t u r e o f t he t u r b u l e n t ve loc i t y field 

i n t h e s u r f zone by measur ing the ve loci ty . H a t t o r i a n d A o n o (1985) measured the 

v e l o c i t y field under b r e a k i n g b y us ing a h o t - f i l m - v e l o c i m e t e r . T h e y separated the 



b r e a k i n g p o i n t t r a n s i t i o n p o i n t 

outer region inner region 

r a p i d t r ans i t i ons o f 

wave sliape. 

s low cliange i n wave shape (bore- l ike waves). 

M . W . L . 

F i g . 2.1.1 W a v e characteris t ics i n t he sur f zone. 
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t u r b u l e n c e f r o m measured ve loc i t y cons ider ing the coherence be tween t he veloc

i t y a n d the w a t e r surface e leva t ion a n d discussed t he t u rbu lence s t r u c t u r e i n the 

i nne r r eg ion , w h i c h t hey p o i n t e d ou t to be s t rong ly th ree-d imens iona l . N a d a o k a 

et al. (1989) f o u n d f r o m f l o w v i s u a l i z a t i o n a n d measurement b y a laser -Doppler -

ve loc imete r t h a t t w o - d i m e n s i o n a l h o r i z o n t a l vor texes developed near the w a t e r sur

face i n f r o n t o f t he wave crests and obhque ly d o w n w a r d s t re tched eddies w i t h s t r o n g 

th r ee -d imens iona l i t y were f o r m e d b e h i n d the wave crests. Sakai et al. (1984) dis

cussed the v a r i a t i o n o f t he Reynolds stress i n the su r f zone. Okayasu et al. (1986) 

v e r i f i e d the i n i t i a l b r eak ing process b y de ta i led measurements o f t he v e l o c i t y f i e l d i n 

t h e ou te r r eg ion and M i z u g u c h i (1986) also discussed the r a p i d t r a n s i t i o n o f waves 

near t h e b r e a k i n g po in t s . 

T h e existence o f " u n d e r t o w " caused b y the mass t r a n s p o r t o f b r e a k i n g waves 

was f i r s t observed b y B a g n o l d (1940) and has been recognized f o r m a n y years [see 

e.g. Hansen a n d Svendsen (1984)] . T h e u n d e r t o w plays an i m p o r t a n t role f o r 

t h e c i r c u l a t i o n o f m a t e r i a l or the sediment t r a n s p o r t i n the s u r f zone. However 

o u r knowledge o n the i n t e r a c t i o n between the t u rbu lence and t he u n d e r t o w or the 

mass f l u x b y t he vortexes as w e l l as o n t he b r e a k i n g process i n t he s u r f zone is 

n o t ye t sa t i s fac tory . I n order to c l a r i f y the t u rbu lence s t ruc tu r e , the f l o w f i e l d a n d 

t he energy d i s s ipa t ion process i n the sur f zone, i t is i m p o r t a n t t o inves t iga te the 

m o t i o n a n d roles of the large vortexes w h i c h are considered t o generate t u rbu lence 

a n d character ize t he ve loc i ty f i e l d i n t he sur f zone. 

I n th i s chapter , these character is t ics o f the ve loc i ty f i e l d i n the su r f zone w i l l 

be c l a r i f i e d t h r o u g h de ta i l ed and precise l a b o r a t o r y exper iments . T h e d i s t r i b u t i o n s 

o f t he t u r b u l e n t p roper t i es such as the tu rbu lence energy, the Reynolds stress and 

t he eddy v iscos i ty w i l l be inves t iga ted . T h e energy d i s s ipa t ion i n the su r f zone w i l l 

also be discussed i n r e l a t i o n to the v a r i a t i o n o f the wave ene rgy 
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T h e mechanisms o f wave brealcing i n the ou t e r a n d inne r regions are m u c h d i f 

f e r e n t as a l ready m e n t i o n e d . Hence, t he p o s i t i o n o f the t r a n s i t i o n p o i n t w h i c h is the 

b o u n d a r y be tween t h e t w o regions is also i m p o r t a n t f o r comprehensive descr ip t ions 

o f t h e s u r f zone. However , no sys temat ic i nves t i ga t i on t o de t e rmine t he p o s i t i o n o f 

t he t r a n s i t i o n p o i n t was ca r r i ed o u t . I n t h i s chapter , t he p o s i t i o n o f the t r a n s i t i o n 

p o i n t a n d t h e p l u n g i n g p o i n t w i l l be discussed la te r . 



- 9 -

2 . 2 E x p e r i m e n t s o n T w o - D i m e n s i o n a l V e l o c i t y F i e l d i n t h e S u r f Z o n e 

2.2 .1 E x p e r i m e n t a l Facil it ies and Arrangement 

L a b o r a t o r y exper imen t s were ca r r ied ou t i n a t w o - d i m e n s i o n a l wave flume 

w h i c h was 23 m l o n g a n d 0.8 m w i d e w i t h a wave generator a t one end . T h e 

genera to r was c o n t r o l l e d b y electr ic signals f r o m a f u n c t i o n osc i l l a to r w h i c h gener

a t e d regu la r s inusoida l signals i n the present exper iments . T h e beach models w h i c h 

h a d s m o o t h beds were set at the o ther side o f the flume. A p a r t i t i o n Wcis set at 

t h e center o f t he beach models f o r the sake of keeping t he phenomena t o be t w o -

d i m e n s i o n a l , i.e. u n i f o r m i n the longshore d i r e c t i o n . F i g u r e 2.2.1 shows a sketch o f 

t h e flume. 

T h e expe r imen t s were d i v i d e d i n t o series A and B . T h e de t a i l ed measurements 

o f t h e v e l o c i t y fields were p e r f o r m e d i n series A t o get a basic and essential under

s t a n d i n g of t he v e l o c i t y field t h r o u g h o u t the su r f zone. For case A - 1 , the s tep- type 

beach p r o f i l e was used t o e luc ida te t he behav io r o f the p lunge r v o r t e x . T h e beach 

m o d e l consis ted o f a 1/10 slope a n d a h o r i z o n t a l bed. T h e s t i l l w a t e r d e p t h o n 

t h e h o r i z o n t a l b e d was 10 c m . T h e reasons w h y th i s t y p e o f beach t o p o g r a p h y 

was chosen were t o fix the b r e a k i n g p o i n t o f each wave and t o m a k e a r eg ion deep 

enough f o r t he measurement . A large a m o u n t of t h i n p las t i c s t r ings were p u t o n 

t he b e d at t h e shoreward end ins tead o f a slope to prevent the wave r e f l ec t i on . T h e 

m e a s u r i n g area was f r o m 0 .5cm t o 14.5cm above the b o t t o m a n d 80 c m l o n g i n an 

cross-shore d i rec ted v e r t i c a l plane. T h e measur ing po in t s were a r ranged t o make 2 

c m gr ids . T h e a r rangement is shown i n F i g . 2.2.2. 

For cases A - 2 and A - 3 , a cons tant slope o f 1/20 was used t o measure the 

w h o l e area o f t he su r f zone. T h e measur ing areas were abou t 250 c m l o n g i n b o t h 

cases, b u t t he a r rangements o f measur ing p o i n t s were d i f f e r en t . T h e 2 c m grids 

a r r angemen t was adop ted f o r case A - 2 to o b t a i n the v o r t i c i t y d i s t r i b u t i o n . T h e 
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F i g . 2.2.1 P l a n a n d side v i e w of t he wave flume (case A - 3 ) . 
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lowes t p o i n t s were 7 m m above the b o t t o m . T h e de ta i l ed a r rangement is shown 

i n F i g . 2.2.3. O n the o the r h a n d , f o r case A - 3 , a g r i d w h i c h was sparse i n the 

h o r i z o n t a l d i r e c t i o n a n d dense i n t h e v e r t i c a l d i r e c t i o n was used f o r t he purpose 

o f d e t a i l e d measurements o f t he mass f l u x v a r i a t i o n and t he v e r t i c a l prof i les o f 

t h e u n d e r t o w . T h e measur ing p o i n t s were a r ranged w i t h d is tance o f 10 c m i n the 

cross-shore d i r e c t i o n a n d dis tance f r o m 2.5 t o 10 m m i n the v e r t i c a l d i r e c t i o n . O n 

every m e a s u r i n g l ine , at least seven measur ing p o i n t s were set b e l o w the t r o u g h 

leve l f o r accura te eva lua t i on o f the mass f l u x . T h e lowest p o i n t s were 2 m m above 

t h e b o t t o m . T h e ar rangement is s h o w n i n F i g . 2.2.4 w h i c h is exaggerated i n the 

v e r t i c a l d i r e c t i o n . 

T h e measur ing p o i n t s were a r ranged on ly close t o t he b o t t o m f o r case A - 4 t o 

i nves t iga t e t h e deta i ls o f the b o t t o m b o u n d a r y layer i n the su r f zone. N i n e mea

s u r i n g l ines were a l loca ted every 40 c m f r o m the of fshore side b e y o n d the b reak ing 

p o i n t t o t he s t i l l w a t e r shorehne. T h e measur ing p o i n t s were a r ranged 1, 2, 3, 5, 

10 a n d 20 m m above the b o t t o m along each l ine . 

F o r series B , v e l o c i t y f ie lds were measured f o r va r ious beach topographies and 

i n c i d e n t wave condi t ions . T h r e e k inds o f beach topographies were used. T h e y were 

a 1/20 u n i f o r m slope ( f r o m case B - 1 t o B - 4 ) , a 1/30 u n i f o r m slope w i t h 1 m of a 

1 / 2 0 slope a t i t s offshore end ( f r o m case B - 5 t o B - 9 ) a n d a s tep- type t o p o g r a p h y 

w h i c h consis ted o f 4.11 m of a 1/10 slope, 2.85 m of a h o r i z o n t a l b e d and a 1/10 slope 

a t i t s onshore end (cases B - 1 0 a n d B - 1 1 ) . T h e s t i l l w a t e r d e p t h o n the h o r i z o n t a l 

b e d were 6 c m f o r cases B - 1 0 a n d B - 1 1 . T h e ar rangements o f the measur ing p o i n t s 

were sparse i n t he h o r i z o n t a l d i r e c t i o n and dense i n t he v e r t i c a l d i r e c t i o n f o r t he 

p u r p o s e o f de ta i l ed measurements o f the u n d e r t o w prof i les . T h e measur ing p o i n t s 

were a r r anged a long 6 or 7 v e r t i c a l measur ing l ines i n every case b u t case B - 1 1 . T h e 

f i r s t m e a s u r i n g l ines were set o n t he wave b r e a k i n g po in t s . T h e second lines were 

l o c a t e d o n the p l u n g i n g p o i n t s i n case o f p l u n g i n g breakers , or the i n t e rmed ia t e 
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p o i n t be tween lines 1 and 3 f o r sp i l l i ng breakers. F r o m the t h i r d , the measur ing 

l ines were a r ranged i n the inner regions where t he bore- l ike waves developed w e l l . 

I n case B - 1 1 , the measur ing lines were ar ranged t o cover the wave recovery p o i n t 

w h i c h was at a; = —115 c m b y v i sua l observat ion. T h e lowest measur ing po in t s 

i n each measur ing l ine are 1 m m above the b o t t o m i n cases B - 1 t o B - 4 , a n d f o r 

cases B - 5 t o B - 1 1 , they are 2 m m above the b o t t o m . T h e v e r t i c a l dis tance o f those 

p o i n t s were f r o m 1 t o 20 m m and the highest po in t s are near t he mean water levels. 

As exEimples, the ar rangement o f cases B - 1 , B - 5 a n d B - 1 1 are shown i n F i g . 2.2.5. 

2.2.2 E x p e r i m e n t a l Conditions 

T h e K-axis and z-axis were set t o be shoreward a n d v e r t i c a l l y u p w a r d , respec

t i v e l y . T h e o r i g i n o f the coordinates i n case A - 1 was at the offshore end o f the 

measu r ing area as shown i n F i g . 2.2.2. I n the o the r cases, t he shoreline at t he s t i l l 

w a t e r level was set t o be the o r i g i n . T h e condi t ions o f t he exper iments o f series A 

a n d series B are Hsted i n Table 2.2.1 and 2.2.2, r e spec t ive ly I n the table , T is the 

wave p e r i o d , hi the wa te r d e p t h i n the offshore cons tant d e p t h region, Hi the wave 

he igh t there , HQ/LQ the deep-water wave steepness, Xb the b reak ing p o i n t , Xp the 

p l u n g i n g p o i n t . 

Tab le 2.2.1 Cond i t i ons o f exper iments o f series A . 

case slope T ( s ) hi ( c m ) Hi ( c m ) HQ/LQ Xb ( c m ) Xp ( c m ) 

A - 1 l / l O - h f l a t 1.55 40.0 6.95 0.0201 10 24 
A - 2 1/20 1.50 40.0 7.36 0.0226 -225 - 1 6 2 
A - 3 1/20 1.50 36.4 8.15 0.0249 - 2 5 0 -215 
A - 4 1/20 1.50 39.5 7.48 0.0230 - 2 5 0 - 2 0 0 
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T a b l e 2.2.2 C o n d i t i o n s o f exper imen t s o f series B . 

case slope T ( s ) hi ( c m ) Hi ( c m ) Ho/Lo a;6 ( c m ) Xp ( c m ) 

B - 1 1/20 2.00 40.0 8.50 0.0139 - 2 7 0 - 2 2 0 

B - 2 1/20 2.00 40.0 5.63 0.0092 - 2 0 0 - 1 6 5 

B - 3 1/20 1.17 40.0 9.87 0.0502 - 2 7 5 _ i ) 

B - 4 1/20 0.91 40.0 6.69 0.0542 - 2 0 0 _ i ) 

B - 5 1/30 1.61 40.0 8.80 0.0232 - 4 1 0 _ i ) 

B - 6 1/30 1.97 40.0 6.17 0.0104 - 2 9 0 - 2 3 0 

B - 7 1/30 1.96 40.0 8.22 0.0140 ^ 1 0 _ i ) 

B - 8 1/30 1.12 40.0 8.26 0.0457 - 3 5 0 _ i ) 

B - 9 1/30 1.23 40.0 6.05 0.0279 - 2 9 0 _ i ) 

B - 1 0 1 / 1 0 + f l a t 2 .01 47.1 10.82 0.0179 - 4 4 0 -385 

B - 1 1 1 / 1 0 + f l a t 1.20 47.1 9.24 0.0447 - 4 1 5 - 3 6 5 

spilling breaker 

I n a d d i t i o n t o the t ab le , the wave he igh t to the w a t e r d e p t h ra t ios , Hb/hb, at the 

b r e a k i n g po in t s were 1.02, 0.901 and 0.954 i n cases A - 1 , A - 2 a n d A - 3 , respectively. 

T h e b r e a k i n g p o i n t s ( a b b r e v i a t e d t o " B . P . " ) a n d the p l u n g i n g p o i n t s ("P .P .") were 

i n d i c a t e d i n the f igures . A f t e r b reak ing , t he wave propagates sho reward f o r m i n g 

successive vor texes o n the wate r surface. I n case A - 3 , the p o i n t where these vortexes 

f o r m e d a r a the r stable bore- l ike waves a n d the p o i n t where t he vor texes f o r m e d ju s t 

i n f r o n t o f t he wave crests began t o a t t enua te were at a; = —170 c m and x = —80 

c m , respect ively. T h e m e a n shoreline was a t a; = 50 c m i n case A - 3 . 

2.2.3 D a t a Processing and Analysis 

A h o t - f i l m - v e l o c i m e t e r w i t h a sp l i t film p robe was used t o measure the his tor ies 

o f t w o - d i m e n s i o n a l ve loc i ty vectors l y i n g o n t he xz p lane f o r cases A - 1 and A—2. 

T h e s p l i t - h o t - f i l m sensor consists o f t w o p l a t i n u m films o n a single qua r t z fiber 

whose l e n g t h is 1.2 m m and the d iameter is 0.15 m m . T h e o u t p u t f r o m the t w o 

films p rov ides a set o f d a t a o f the m a g n i t u d e o f the ve loc i ty componen t n o r m a l to 
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t h e axis o f t he f i b e r , a n d o f t he componen t n o r m a l t o t he sp l i t p lane . T h e m a g n i t u d e 

o f t he v e l o c i t y c o m p o n e n t pa ra l l e l to t he sp l i t p lane is ca lcu la ted f r o m these t w o 

values t h o u g h i t s s ign cannot be de tec ted . I n case A - 1 , the s ign o f t he cross-shore 

c o m p o n e n t o f t he v e l o c i t y c o u l d n o t be de t e rmined . A n a s s u m p t i o n was the re fo re 

m a d e t h a t t h e surface p r o f i l e and t he cross-shore ve loc i t y are i n phase. Hence, t he 

s ign o f t h e v e l o c i t y was reversed once i n every wave p e r i o d accord ing t o t h e surface 

p r o f i l e . I n case A - 2 , veloci t ies were measured t w i c e , once f o r t he cross-shore a n d 

t h e o t h e r t i m e f o r t he v e r t i c a l d i r e c t i o n t o avo id such an unce r t a in ty . 

Ve loc i t i e s f o r cases A - 3 and A - 4 a n d a l l cases o f Series B were measured 

b y a t w o - c o m p o n e n t laser -Doppler -ve loc imeter equ ipped w i t h a 4 W A r - i o n laser 

t u b e . T h e laser b e a m p r o j e c t e d f r o m the laser t u b e is separated t o a green l i g h t 

( t h e wave l e n g t h A — 514.5 n m ) a n d a b lue l i g h t (A = 488 n m ) b y color f i l t e r s . 

Since t h e t w o l i gh t s do n o t in t e r fe re each o ther , the t w o - c o m p o n e n t laser -Doppler -

ve loc ime te r w o r k s as i f t w o comple t e ly i n d i v i d u a l ve loc imeters . Consequent ly , used 

w i t h f r equency sh i f t e r s , f u l l i n f o r m a t i o n o f veloci t ies f o r t w o c o m p o n e n t can be 

o b t a i n e d . Moreove r , the laser -Doppler -ve loc imeter has a great advantage f o r t he 

measurements o f t u r b u l e n t v e l o c i t y f ie lds t h a t i t works w i t h o u t p h y s i c a l con tac t 

t o t he fluid. I f t he laser beams have transverse i n t e n s i t y d i s t r i b u t i o n s w h i c h obey 

t h e Gauss ian d i s t r i b u t i o n , t he f o r m o f t he p robe of the ve loc imete r is considered 

t o be e l l ipso id . T h e l o n g i t u d i n a l d i ame te r o f t h e p robe was a b o u t 3.7 m m (green 

b e a m ) o r 3.5 m m (b lue b e a m ) a n d t ransverse d i ame te r was 0 . 1 7 m m (green b e a m ) 

o r 0 . 1 5 m m (b lue b e a m ) i n t he present exper iments . 

T h e m o d u l e was used as th ree -beam backsca t te r m o d e w i t h f r equency s h i f t i n g . 

T h e lase r -Dopple r -ve loc imete r was capable o f eva lua t ing t w o componen t s o f veloc

i t ies i n t he n o r m a l t o the o p t i c axis o f t he m o d u l e b y de tec t ing t he D o p p l e r - s h i f t 

f r e q u e n c y o f t he green and t he b lue l i g h t s scat tered by par t ic les i n t he focus o f 

t h e laser beams. I n order t o o b t a i n t he sca t tered l i g h t w i t h su f f i c i en t in tens i ty , a 
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s m a l l a m o u n t o f w h i t e p a i n t w h i c h con ta ined ac ryhc emuls ion was seeded i n the 

flume. D e t a i l e d measurements o f ve loc i t y componen t s {u,w) i n a v e r t i c a l p lane 

were c o n d u c t e d b y i n j e c t i n g t he Iciser beams p e r p e n d i c u l a r l y t h r o u g h the side w a l l 

o f t h e flume. T h o u g h the laser beams p r o j e c t e d w i t h a l i t t l e angle o f depression f o r 

t h e measu r ing p o i n t s close t o the b o t t o m , the d e v i a t i o n o f veloci t ies is negl ig ib le . 

Genera l ly , i t is d i f f i c u l t t o measure t he ve loc i ty a t a p o i n t v e r y close t o t h e sol id 

boundar i e s because o f increas ing noise b y the d i f f u s e d r e f l ec t i on . I t became a seri

ous p r o b l e m especial ly f o r case A - 4 i n w h i c h t he veloci t ies near the b o t t o m were 

p r i m a r i l y measured f o r i n v e s t i g a t i o n o f t he b o t t o m b o u n d a r y . P las t i c m i r r o r s were 

t he r e fo r e p laced o n the b o t t o m i n case A - 4 t o p revent re f lec ted laser l i g h t s f r o m 

d i s t u r b i n g t h e s ignal . I t was p r o v e d t o be successful i n g e t t i n g v e l o c i t y d a t a w i t h 

h i g h S / N (s igna l t o noise) r a t i o . 

T h e ve loc i ty d a t a were sampled every 10 ms f o r a l l cases except f o r case A - 2 

i n w h i c h the sample t i m i n g was 12 ms a n d were conver t ed i n t o d i g i t a l d a t a over 30 

( f o r cases A - 1 and A - 2 ) or 100 ( f o r t he o ther cases) wave per iods . T h e d a t a o f the 

w a t e r surface e l eva t ion over the measu r ing p o i n t were also t a k e n s imu l t aneous ly 

b y u s ing a capaci tance- type wave gage. T h e ensemble m e a n (equi-phase-mean) 

va lue o f v e l o c i t y w h i c h is expressed b y (u) i n s - d i r e c t i o n or (w) i n z - d i r e c t i o n was 

ca l cu l a t ed as the average o f the v e l o c i t y at the same phase o f every wave. T h e s teady 

c u r r e n t componen t s (U,W) were ca lcu la ted f r o m those ensemble m e a n values. T h e 

t u r b u l e n c e componen t s deno ted b y u' a n d w' was d e t e r m i n e d as t he d e v i a t i o n f r o m 

t h e ensemble m e a n value. 

T h e Reynolds stress was ca lcu la ted f r o m the t u rbu l ence as —pu'w'\m case t h a t 

t h e l ase r -Dopple r -ve loc imete r was usexi,. where p is t he w a t e r densi ty . T h e mean 

R e y n o l d s stress —pu'w' was obtaMeci by averaging t he Reyno lds stress over one 

wave p e r i o d . P r o m t h e steady cu r ren t and the m e a n Reynolds stress, the m e a n 

e d d y v i scos i ty coeff ic ient Ue was eva lua ted by us ing the e d d y v iscos i ty m o d e l . I t 
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means t h a t t h e m e a n eddy v iscos i ty coeff ic ient was o b t a i n e d n o t b y averaging the 

ins tan taneous values o f t he e d d y v iscos i ty coeff ic ient b u t f r o m the v e r t i c a l g rad ien t 

o f t h e s teady cu r r en t a n d t he m e a n Reynolds stress. 
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2 .3 V e l o c i t y F i e l d a n d T u r b u l e n c e S t r u c t u r e i n t h e S u r f Z o n e 

T h e resul ts o f t he exper iments w i l l be s h o w n i n th is sect ion. T h e s p a t i a l dis

t r i b u t i o n s a n d t i m e his tor ies o f ensemble m e a n veloci t ies , v o r t i c i t i e s and t u r b u l e n t 

in tens i t i e s were o b t a i n e d . T h e t i m e averaged values o f each q u a n t i t y were also 

o b t a i n e d . T h e m e a n Reynolds stress and the m e a n eddy v iscos i ty were ca lcu la ted 

f o r cases i n w h i c h t he Iciser-Doppler-velocimeter was used. F r o m these resul ts , the 

charac te r i s t i cs o f t he v e l o c i t y f i e l d i n t he s u r f zone w i l l be discussed. 

2.3.1 Difference of Turbulence Component due to the Definit ion 

F i g u r e 2.3.1 shows a compar i son be tween the ensemble m e a n values o f v e l o c i t y 

(u) a n d t he m o v i n g averages tt o f 0.11 s ( t i m e averages over 0.11 s o f t he in s t an ta 

neous values o f the v e l o c i t y ) at the p o i n t x = —100 c m a n d 2 c m above t he b o t t o m 

i n case A - 3 . I t is f o u n d i n t he sur f zone t h a t t he v a r i a t i o n o f the v e l o c i t y i n one 

wave b y t he o rgan ized m o t i o n , w h i c h is caused b y t he fiuctuation o f t he b r e a k i n g 

p o i n t etc., is f a r larger t h a n t he t u rbu lence i n h igher f r equency w h i c h is b e y o n d 10 

H z . Cons ide r ing t he prev ious concept o f t u r b u l en ce i n w h i c h t he t u r b u l en ce does 

n o t i n c l u d e the o rgan ized v a r i a t i o n , the d e f i n i t i o n o f t u rbu lence b y t he ensemble-

m e a n m e t h o d m a y n o t be proper . Sakai et al. (1984) de f ined the t u r b u l en ce b y 

t h e moving-average m e t h o d to o b t a i n the Reynolds stress i n t h e s u r f zone. H o w 

ever, t h e m e a n Reyno lds stress ca lcu la ted by us ing t he ensemble-mean m e t h o d as 

—p{u — {u))(w — {w)) is f a r larger t h a n t h a t by the moving-average m e t h o d calcu

l a t e d as —p(u — ü){w — w) as shown i n F i g . 2.3.2 f o r case A - 3 . T h e values b y the 

moving-average m e t h o d is so smal l t h a t i t can h a r d l y be d i s t i ngu i shed i n t he figure. 

I t means t h a t t h e fluctuation i n l o w f r equency b y the organized m o t i o n is p r e d o m 

i n a n t f o r t h e m o m e n t u m exchange i n the su r f zone. I t can there fore be considered 

t h a t the ensemble-mean m e t h o d is be t t e r f o r d e f i n i n g the t u r b u l e n t componen t t o 
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F i g . 2.3.2 M e a n Reynolds stress o b t a i n e d b y t he ensemble m e a n m e t h o d 

a n d t he m o v i n g average m e t h o d (case A - 3 ) . 
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i nves t iga t e t h e s teady cu r ren t d i s t r i b u t i o n b y us ing t he eddy v iscos i ty m o d e l w h i c h 

w i l l be discussed l a t e r i n t he present s tudy . 

2.3.2 Organized Vortex Motion Caused by Wave Breaking 

F i g u r e 2.3.3 gives a resul t f o r case A - 1 . T h e field of t he ensemble m e a n veloc

i t i e s , t h e v o r t i c i t y field a n d t he t u r b u l e n t i n t e n s i t y field a t t he t i m e i m m e d i a t e l y 

a f t e r t h e wave p l u n g i n g are s h o w n i n the figures. A large scale v o r t e x can be ob

served o b v i o u s l y b y the v e l o c i t y vec tors a r o u n d a; 22 c m a n d z = 3 c m i n t he 

figure. T h e h i g h pos i t i ve (c lockwise i n t he figure) v o r t i c i t y a n d t u r b u l e n t i n t e n s i t y 

regions are i n good agreement w i t h the v e l o c i t y vectors w h i c h suggest the existence 

o f t h e p l u n g e r v o r t e x . 

L a r g e m a g n i t u d e o f t he v e l o c i t y vec tors can be seen at the wave crest. A n 

o t h e r la rge va lue o f t h e vec tor is seen at a; = 26 c m . I t can be considered t h a t 

t h i s s m a l l wave crest is caused b y the large mass o f w a t e r w h i c h penet ra tes i n t o 

t h e w a t e r surface b y t he wave p l u n g i n g p u s h i n g u p the ne ighbo r ing w a t e r b o d y as 

Peregr ine (1983) described. These crests have large magn i tudes o f p o s i t i v e v o r t i c i 

t ies , a l t h o u g h t u r b u l e n t in tens i t ies are n o t so large. The re shou ld be large vor texes , 

w h i c h r o t a t e clockwise i n t h i s figure, also at t he crests. O n the o ther h a n d , negat ive 

( coun te rc lockwise ) v o r t i c i t i e s can be seen be tween these vor texes . These nega t ive 

v o r t i c i t i e s shou ld be made t o cancel t he pos i t i ve v o r t i c i t i e s caused b y the large 

vor t exes , a l t h o u g h t h e spa t i a l l y averaged v o r t i c i t y is pos i t i ve . T h e mos t intense 

t u r b u l e n c e exists be tween t he regions w h i c h have pos i t i ve values o f v o r t i c i t y a n d 

n e g a t i v e values o f v o r t i c i t y . 

F i g u r e 2.3.4 is t h e successive figures of the ensemble m e a n veloci t ies a f t e r p l u n g 

i n g . T h e process t h a t t he first p l u n g i n g pushes u p the n e i g h b o r i n g w a t e r b o d y a n d 

t he second p l u n g i n g occurs i n a smal ler scale is shown. T h e p lunger v o r t e x f o r m e d 

b y t he first p l u n g i n g does n o t move accord ing w i t h the crest a n d goes d o w n w a r d . 
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F i g . 2.3.3 Ve loc i t y , v o r t i c i t y and t u r b u l e n t i n t e n s i t y i m m e d i a t e l y a f t e r 

wave p l u n g i n g (case A - 1 ) . 
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F i g . 2.3.4 Ensemble m e a n values o f ve loc i t y vectors (case A - 1 ) . 
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T h e c o n t o u r maps o f the t u r b u l e n t i n t e n s i t y at the same phases are shown i n F i g . 

2.3.5. T h e h i g h t u r b u l e n t regions caused b y t he f i r s t a n d second wave p l u n g i n g 

go ahead s l o w l y b e h i n d the wave crests, spread, a n d t h e n diss ipate . These f igures 

show t h a t t h e mos t p a r t o f the t u rbu lence was p r o d u c e d near t h e surface a n d t he 

t u r b u l e n c e genera ted near the b o t t o m is l i t t l e . 

F i g u r e 2.3.6 shows the d i s t r i b u t i o n o f the d r o p o u t r a t e f o r t h e measurements 

b y t he l ase r -Dopple r -ve loc imete r f o r case A - 3 . T h e d r o p o u t r a t e is de f ined as t he 

r a t i o of the t i m e i n w h i c h the i n t e n s i t y o f the scat tered l i g h t was n o t suf f ic ien t to 

resolve v e l o c i t y componen t t o t he t o t a l t i m e of the measurements . A l t h o u g h i t 

is n a t u r a l t h a t the figure indica tes so large values o f the d r o p o u t ra te above the 

t r o u g h leve l where t he measur ing p o i n t s were beyond the w a t e r surface f o r a wh i l e , 

t h e values are also large i n the reg ion f r o m x = —120 c m t o x = —180 c m below the 

t r o u g h l eve l . I t can be considered t h a t a large a m o u n t o f a i r bubbles i n j e c t e d f r o m 

the w a t e r surface o b s t r u c t e d t he laser beams, w h i c h also c o n f i r m s t he existence o f 

t h e p lunge r vortexes. 

F i g u r e 2.3.7 gives the successive con tour maps o f the t u r b u l e n t i n t e n s i t y f o r 

case A - 2 . T h e figure shows a h i g h t u r b u l e n t reg ion i n f r o n t o f t he wave crest. I t 

s h o u l d b e n o t i c e d t h a t th i s t u rbu lence is caused b y t he v o r t e x m o t i o n as described 

b y N a d a o k a (1986) w h i c h is f o r m e d there . I n the figure, i t is also c o n f i r m e d t h a t 

t he t u r b u l e n c e spreads d o w n w a r d , so t he v o r t e x m o t i o n i n f r o n t o f the wave crest 

s h o u l d in f luence the t u r b u l e n t flow field there and t he b o t t o m b o u n d a r y layer. T h e 

figure ind ica tes another t u r b u l e n t r eg ion f r o m x — —40 c m t o a; = —80 c m at t he 

phases t/T = 0 . 0 - 0 . 6 . Since th i s h i g h t u r b u l e n t reg ion stays there a f t e r the wave 

crest passes, i t can be said t h a t t h i s t u rbu lence is due t o t h e i n t e r a c t i o n be tween 

t he bo re - l i ke wave a n d the r e t u r n fiow f r o m the swash zone. T h e h i g h t u r b u l e n t 

r eg ion caused b y the wave p l u n g i n g is also ascertained i n th i s figure. 



F i g . 2.3.5 D i s t r i b u t i o n o f t u r b u l e n t i n t e n s i t y (case A - 1 ) . 
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F i g . 2.3.6 D r o p o u t ra te o f signals o f the laser -Doppler -ve loc imeter (case A - 3 ) . 



F i g . 2.3.7 D i s t r i b u t i o n o f t u r b u l e n t In t ens i t y (case A - 2 ) 
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Based o n these fac ts , i t can be concluded t h a t the genera t ion of the p lunger 

v o r t e x has m u c h influences on the character is t ics o f the ve loc i t y f i e l d a n d is m u c h 

concerned w i t h the energy d iss ipa t ion process under p l u n g i n g waves. T h e vor t ex 

m o t i o n f o r m e d i n f r o n t o f the wave crest has also i m p o r t a n t roles i n the energy 

d i s s ipa t ion process. As the vortexes m u s t have some r o t a t i o n a l k i n e t i c energy, i t 

also relates to the energy t ransfer o f b reak ing waves i n the sur f zone. B o t h o f these 

v o r t e x m o t i o n s shou ld no t be i nc luded i n the wave component , b u t they are no t 

t u rbu lence , e i ther . I n the present s tudy, they are cal led "organized large vor texes" . 

Since t h e v o r t e x w h i c h is f o r m e d b y the wave p l u n g i n g is usua l ly cal led "plunger 

v o r t e x " , the t e r m "organized large vor texes" general ly means the v o r t e x m o t i o n 

f o r m e d i n f r o n t o f the crests o f the bore- l ike waves hereafter . 

U p t o n o w , the ve loc i ty f i e l d i n the sur f zone were o f t e n described as the sum 

of a steady cur ren t , pe r iod ic wave m o t i o n a n d tu rbu lence . T h i s t i m e , however, the 

measured results showed t h a t the per iod ic componen t consists o f the i r r o t a t i o n a l 

wave m o t i o n and organized r o t a t i o n a l m o t i o n due t o the wave b reak ing . I t can 

be said t h a t the organized vortexes are an i m p o r t a n t f l u i d m o t i o n connect ing the 

wave m o t i o n a n d tu rbu lence . Hence, i t is proposed t h a t the ve loc i t y f i e l d i n the 

su r f zone shou ld be d i v i d e d i n t o f o u r components as [steady cur ren t ] + [ i r r o t a t i o n a l 

wave m o t i o n ] -|- [organized vor t ex m o t i o n ] -|- [ turbulence] . 

I n the present s tudy, the tu rbulence is def ined as the d e v i a t i o n f r o m the ensem

ble mean values o f veloci ty . T h i s d e f i n i t i o n is based o n the idea t h a t the waves are 

comple t e ly pe r iod ic so t h a t the vortexes are f o r m e d at the same pos i t i on and phase 

at every t i m e . However , the turbulence def ined here includes a pa r t o f the organized 

m o t i o n , w h i c h is caused b y the fluctuation o f the break ing p o i n t etc. as already 

shown i n § 2 . 3 . 1 . T h e s i t u a t i o n becomes m u c h more comphca ted i n case of i r regular 

waves f o r w h i c h the ensemble mean does no t m a k e any sense. Hence, i t m a y be 
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b e t t e r t o def ine t he "organ ized v o r t e x m o t i o n " as "a coherent s t r u c t u r e w i t h large-

scale eddies w h i c h depends o n the flow g e o m e t r y concerned" as de f ined b y N a d a o k a 

et al. (1989) w h e n the phys ica l process o f t he wave b r e a k i n g is considered. 

2.3.3 V e r t i c a l Dis tr ibut ion and Average of Undertow 

F i g u r e 2.3.8 shows the s teady c u r r e n t d i s t r i b u t i o n f o r case A - 3 . I t can be seen 

t h a t t he shape o f t he u n d e r t o w prof i les i n t h e inne r reg ion is s i g n i f i c a n t l y d i f f e r e n t 

f r o m t h a t a r o u n d the b r e a k i n g p o i n t . T h e g rad ien t o f the prof i les — b e l o w the 

t r o u g h leve l is nega t ive i n t he ou te r r eg ion , b u t i t is p o s i t i v e or zero i n the inner 

r eg ion except near t h e b o t t o m . T h e large m a g n i t u d e o f the g rad ien t shows t h a t 

large shear stress w o r k s near the m e a n w a t e r level . T h e s teady c u r r e n t d i s t r i b u t i o n 

f o r case A - 4 is s h o w n i n F i g . 2.3.9. I n t h e inne r reg ion the v e l o c i t y at t he e l eva t ion 

o f 1 m m above t he b o t t o m indicates large va lue i n the of fshore d i r e c t i o n , w h i l e i t 

s t i l l d i rec ts onshore at t he p l u n g i n g p o i n t . T h i s is because t he b o t t o m b o u n d a r y 

layer i n t he i nne r r eg ion does no t develop w e l l due t o a g i t a t i o n o f t he t u rbu lence 

f r o m t h e u p p e r layer . T h e in f luence b y t h e b o t t o m t o t h e s teady cu r r en t can be 

seen u p t o 3 m m above the b o t t o m there . 

T h e cross-shore v a r i a t i o n o f t he m e a n s teady cu r ren t Um averaged v e r t i c a l l y 

f r o m t h e b o t t o m t o t he t r o u g h leve l was s h o w n i n F i g . 2.3.10 f o r case A - 3 . T h e 

v e r t i c a l l y averaged u n d e r t o w i n t he bore r eg ion is larger t h a n t h a t a t t he p l u n g i n g 

p o i n t . I t keeps a lmos t the same value f r o m the b r e a k i n g p o i n t t o t he p l u n g i n g p o i n t , 

t h e n r a p i d l y increases f r o m the p l u n g i n g p o i n t despite t he m o n o t o n o u s decrease o f 

t h e wave he igh t . I t cont inues t o t ake a large va lue i n the r eg ion where the bore- l ike 

waves were f u l l y developed, and t h e n g r a d u a l l y decreases t o the shore l ine . T h e 

i n c r e m e n t o f the value shou ld be caused b y the organized large vor texes f o r m e d i n 

f r o n t o f the crests o f the bore- l ike waves. 



F i g . 2.3.8 D i s t r i b u t i o n o f steady cruxents (case A - 3 ) . 
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F i g . 2.3.10 Cross-shore v a r i a t i o n o f v e r t i c a l l y averaged steady cu r ren t 

(case A - 3 ) . 
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T h e disfcribufcion o f the steady cu r r en t f o r case B - 1 1 i n w h i c h t he b r e a k i n g 

waves recovered o n the f l a t bed is shown i n F i g . 2 .3 .11 . T h e bore- l ike waves a lmos t 

c o m p l e t e l y recovered a t x = —115 c m . T h e prof i les o f the u n d e r t o w i n the recovery 

zone are m u c h more s i m i l a r t o those at the ou t e r reg ion ra the r t h a n those i n the 

i n n e r r eg ion . T h e wave he ight t o the w a t e r d e p t h r a t i o a t t he b reak ing p o i n t was 

0.904. O n the o the r h a n d , i t was 0.294 i n the wave recovery zone (a; = —105 c m ) . 

T h e s m a l l m a g n i t u d e o f the steady cur ren t i n a; > —205 c m means t h a t t he mass 

t r a n s p o r t b y t he bore-hke waves is h t t l e . 

F i g u r e 2.3.12 gives t he d i s t r i b u t i o n o f the t u r b u l e n t i n t e n s i t y f o r case B - 1 1 . 

Since t h e t u rbu lence is de f ined as the d e v i a t i o n f r o m the ensemble means, the 

t u r b u l e n c e o f t he h o r i z o n t a l componen t near the b o t t o m is large b y f l u c t u a t i o n f o r 

each wave. T h e t u r b u l e n t i n t e n s i t y at the t r o u g h leve l is s t i l l la rge i n a; > —205 c m 

where t he s teady cu r ren t is smal l . I t is consistent w i t h the v i s u a l obse rva t ion t h a t 

t h e p r o f i l e a n d m a g n i t u d e o f the d i s t r i b u t i o n at a; = —105 c m are a b o u t the same 

as those at the b r e a k i n g p o i n t (a; = —415 c m ) . I t can be considered t h a t the mass 

t r a n s p o r t b y the o rgan ized large vortexes are a lmost zero i n a; > —205 c m . 

2.3.4 Distr ibutions of the Reynolds Stress and the E d d y Viscosity Coefflcient 

F i g u r e 2.3.13 shows the d i s t r i b u t i o n s o f the m e a n Reyno lds stress o f cases B - 2 

a n d B - 7 . T h e d i s t r i b u t i o n s o f the m e a n eddy v i scos i ty coeff ic ient o f those cases are 

g i v e n i n F i g . 2.3.14. I n the figures, i t can be seen t h a t b o t h of t h e m decrease Hnear ly 

f r o m the t r o u g h leve l t o the b o t t o m i n the inner region. A n d o n the b o t t o m , the 

va lue o f the m e a n eddy v iscos i ty coeff ic ient is ve ry s m a l l c o m p a r e d w i t h t h a t at the 

t r o u g h level . T h i s s h o u l d correspond t o the f a c t t h a t t he t u rbu lence p r o d u c e d b y 

t he large v o r t e x o n the f r o n t face o f the wave crests is f a r la rger t h a n t h a t generated 

near t he b o t t o m . B u t w i t h respect to the m e a n Reynolds stress, i t is observed t h a t 

t h e o f f s h o r e w a r d shear stress is too large to be neglected. T h e resul t o f t h i s s t u d y f o r 
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F i g . 2.3.11 D i s t r i b u t i o n o f s teady cur ren ts (case B - 1 1 ) . 

0 20 ( c m / s ) 
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F i g . 2.3.12 D i s t r i b u t i o n o f t u r b u l e n t i n t e n s i t y (case B - 1 1 ) . 
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F i g . 2.3.13 D i s t r i b u t i o n s o f m e a n Reynolds stress (cases B - 2 a n d B - 7 ) . 
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F i g . 2.3.14 D i s t r i b u t i o n s o f mean eddy viscos i ty coef i ic ient (cases B - 2 a n d B - 7 ) . 
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t he v e r t i c a l v a r i a t i o n o f the mean eddy viscosi ty coeff ic ient is i n c o n t r a d i c t i o n t o the 

analysis by Svendsen (1987) t h a t t he m e a n eddy viscosi ty coeff ic ient is i ndependen t 

o f t he v e r t i c a l coord ina te . 

2,3.5 Wave Height Attenuation and Cross-Shore Distributions of 

the Turbulence E n e r g y 

Figu re 2.3.15 shows the cross-shore d i s t r i b u t i o n o f the v e r t i c a l l y averaged m e a n 

t u r b u l e n c e energy u' 

B - 2 a n d B - 6 . T h e wave he igh t va r ia t ions are also g iven i n the f igures . T h e wave 

h e i g h t r a p i d l y decreases a f t e r wave b r e a k i n g i n b o t h cases, however the t u r b u l e n c e 

does n o t increase u n t i l near t he p l u n g i n g p o i n t s . T h e tendency is s im i l a r i n case of 

t h e s p i l l i n g breakers, a l t h o u g h the change becomes gent le as s h o w n i n F i g . 2.3.16 

f o r cases B - 3 and B - 7 . 

Since t h e energy o f t he t u rbu l ence w h i c h is r a p i d l y t r ans f e r r ed t o heat cor

responds to the energy d i s s ipa t ion a n d the wave he igh t a t t e n u a t i o n impl i e s r a p i d 

decrease of the wave energy, t he figures ind ica te t h a t the wave energy loss is no t 

equa l t o the l o c a l energy d i s s ipa t ion . I t is incons is ten t w i t h the prev ious models o f 

the energy decay or the wave a t t e n u a t i o n i n the sur f zone i n w h i c h the wave energy 

d i r e c t l y dissipates t o heat . One reason m a y be t h a t the wave he igh t a t t e n u a t i o n 

does n o t m e a n the wave energy decay. However , the p r i m a r y reason s h o u l d be t he 

exis tence of the organized large vor texes i n c l u d i n g b o t h o f the p lunge r vor texes a n d 

those f o r m e d as bore- l ike waves. These vortexes m u s t have some energy w h i c h was 

n o t considered i n t he prev ious models . T h e l i t t l e t u r b u l e n c e energy i n the ou te r 

r eg ion means t h a t t he t o t a l energy o f b reak ing waves w h i c h includes t h e v o r t e x 

energy does no t decrease so m u c h . Hence, the t r a n s f o r m a t i o n o f waves i n the ou te r 

r eg ion shou ld be the process i n w h i c h the energy o f wave m o t i o n is t r a n s f e r r e d t o 

t he energy o f the organ ized large vortexes. T h e concept i n the p rev ious models 
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o f t he energy d i s s ipa t ion t h a t the wave energy decay equals the genera t ion o f the 

t u r b u l e n c e energy is n o t adequate. T h e f u r t h e r i nves t i ga t i on abou t t he m a g n i t u d e 

o f t he energy of the organized large vortexes w i l l be discussed la te r i n C h a p t e r 3. 



2 .4 E x p e r i m e n t s o n L e n g t h o f O u t e r R e g i o n 

2.4 .1 Def init ion of Trans i t ion Point 

T h e s u r f zone is d i v i d e d i n t o the "outer r eg ion ( t r a n s i t i o n r e g i o n ) " where a 

r a p i d t r a n s f o r m a t i o n of the wave prof i les t ake place a n d the " inne r r eg ion" where 

r a t h e r s table bore- l ike waves propagate according t o the dynamics o f wave break

i n g . T h i s concept was f i r s t i n t r o d u c e d b y Svendsen et al. (1978) f r o m the v i sua l 

observa t ions of wave behav ior a f t e r b reak ing . T h e e x p e r i m e n t a l results shown i n 

§ 2 . 3 revealed t he d i f ference between the t w o regions i n the d i s t r i b u t i o n s o f the t u r 

bulence a n d the steady cu r ren t . Since i t can be considered t h a t the mechan i sm 

o f wave b r e a k i n g i n the outer region is essential ly d i f f e r e n t f r o m t h a t i n the i n 

ner reg ion , i t is necessary t o d i s t i n g u i s h t h e m f o r m o d e l i n g the energy t ransfer or 

d i s s ipa t ion process i n the sur f zone. 

Svendsen (1984a) f o u n d t h a t the mean w a t e r level is a lmos t h o r i z o n t a l over 

some dis tance ( 5 - 8 t imes the m e a n w a t e r d e p t h at the b r e a k i n g p o i n t ) f r o m the 

b r e a k i n g p o i n t , a l t h o u g h a r a the r sharp increase i n i t s slope occurs i n t he onshore 

side. H e t e r m e d the p o i n t where t he slope o f the mean w a t e r leve l changes as the 

" t r a n s i t i o n p o i n t " , a n d def ined i t as the l i m i t be tween the o u t e r a n d the inner reg ion . 

Basco (1985) d i v i d e d the surf zone i n t o three regions w h i c h were t e r m e d Zones I , I I 

a n d I I I a ccord ing t o the slope o f the mean w a t e r level and t he wave he igh t v a r i a t i o n . 

He m e n t i o n e d t h a t Zone I covers r o u g h l y 2 5 - 3 0 % o f the w a v e l e n g t h at t he b reak ing 

p o i n t a n d i t corresponds t o the outer r eg ion de f ined b y Svendsen (1984a) f r o m the 

s lope o f t he mean w a t e r level . However , he also m e n t i o n e d t h a t " the t r a n s i t i o n 

p o i n t w i l l p r o b a b l y occur during the l a t t e r stages o f the b r e a k i n g process", w h i c h 

suggested t h a t the b o u n d a r y between the ou te r and the inne r r eg ion m a y no t be 

t he onshore side o f Zone I accord ing t o his unde r s t and ing . 
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Y a m a s h i t a et al, (1988) descr ibed the m o t i o n o f t he organ ized large vortexes 

f o r m e d b y s p i l l i n g breakers precisely b y us ing a v ideo r eco rd ing sys tem. T h e y 

also separa ted t h e s u r f zone i n t o three regions accord ing t o t he behav io r o f the 

vor texes , w h i c h are the " r a p i d t r a n s f o r m a t i o n r e g i o n " , " large v o r t e x r eg ion" a n d 

"quasi -s teady v o r t e x r eg ion" . T h e y f o u n d t h a t the size o f t he vor texes a n d the 

t i m e in te rva l s o f t h e i r generat ions r a p i d l y decrease i n the f o r m e r t w o regions, o n 

t he o t h e r h a n d , t h e y become a lmost stable i n the "quasi-s teady v o r t e x r eg ion" . 

A s m e n t i o n e d above, the b o u n d a r y be tween the ou te r r eg ion a n d the inner 

r eg ion has n o t been inves t iga t ed sys temat ica l ly ye t , a n d i t s d e f i n i t i o n is n o t obvious , 

despi te t h e i m p o r t a n c e i n the energy process i n t he s u r f zone. T h e p l u n g i n g p o i n t 

w h i c h is also i m p o r t a n t f o r the dynamics o f wave b r e a k i n g as the p o i n t where t he 

t u r b u l e n c e increases a b r u p t l y has no t been inves t iga ted sys temat ica l ly , e i ther . I n 

t h e present s tudy , t he t r a n s i t i o n p o i n t w h i c h is t he b o u n d a r y be tween t he ou te r and 

t h e i n n e r r eg ion is de f ined as the " p o i n t where f u l l y deve loped bore- l ike waves are 

f o r m e d " , a n d is i n t e r p r e t e d as t he offshore end of the quasi-s teady energy decaying 

r eg ion . Since the c r i t e r i o n is based on the v i sua l obse rva t ion o f the large vor texes 

f o r m e d i n f r o n t o f the wave crests, i t is considered t h a t t he t r a n s i t i o n p o i n t def ined 

here corresponds to t he b o u n d a r y between the "large v o r t e x r e g i o n " and the "quasi-

s teady v o r t e x r e g i o n " described by Y a m a s h i t a et al. (1988) . 

T h e t r a n s i t i o n p o i n t s and the p l u n g i n g p o i n t s were measured f o r var ious i n c i 

den t waves o n d i f f e r e n t b o t t o m slopes. T h e r e l a t i o n be tween t he distances f r o m the 

b r e a k i n g p o i n t t o t he t r a n s i t i o n p o i n t a n d the b o t t o m slope or the wave steepness 

w i l l be inves t iga ted . T h e distance t o the p l u n g i n g p o i n t w i l l also be inves t iga ted . 

2.4.2 E x p e r i m e n t a l Facil it ies, Procedures and Conditions 

L a b o r a t o r y expe r imen t s were p e r f o r m e d i n a t w o - d i m e n s i o n a l wave flume w h i c h 

was 12 m l o n g a n d 20 c m wide w i t h a glass side w a i l . T h e beach models were made 



o f 1/10, 1/20, 1/30 and 1/50 constant slopes w h i c h h a d 1/20 slope o f 1 m at t he i r 

fee t i n cases o f the 1/30 and 1/50. T h e b r e a k i n g p o i n t , p l u n g i n g p o i n t ( i n case o f 

t h e p l u n g i n g b reake r ) a n d bore deve lop ing p o i n t were measured f o r var ious regula r 

wave c o n d i t i o n s . 

T h e b r e a k i n g p o i n t was def ined as the p o i n t where the wave he igh t t o o k i t s 

m a x i m u m va lue , a n d the "bore deve lop ing p o i n t " w h i c h is the l i m i t be tween t he 

o u t e r r eg ion a n d t h e inner reg ion was d e t e r m i n e d as the p o i n t where bore-hke 

waves w h i c h l o o k e d stable enough were f o r m e d . I t m a y n o t be p rope r f o r a s t r i c t 

a r g u m e n t t o decide the b o u n d a r y b y the v i s u a l obse rva t ion because i t is i nev i t ab l e 

t o i m p l y the s u b j e c t i v i t y . However , the d e t e r m i n a t i o n b y t he v i sua l obse rva t ion is 

f a r m o r e convenient t h a n t he way adop ted b y Y a m a s h i t a e< al. (1988) a n d i t shou ld 

be considered t h a t t h e change i n t he wave a t t e n u a t i o n , t he slope o f t he mean w a t e r 

l e v e l o r the d i s t r i b u t i o n o f the t u r b u l e n t i n t e n s i t y is t he secondary phenomenon 

caused b y t he d i f ference o f the energy t rans fe r process o f the waves. 

T h e b r e a k i n g p o i n t s and others were averaged over a b o u t 10 waves because 

t h e y fluctuated a l i t t l e b y the wave r e f l e c t i o n or the o sc i l l a t i on b y l ong p e r i o d 

waves i n t he flume. T h e per iods and t he heights o f the i nc iden t waves were 0.6-1.8 

s a n d 5-8 c m f o r every beach slope. T h e s t i l l w a t e r d e p t h i n the of fshore cons tant 

d e p t h r eg ion was 1 8 - 2 1 c m . T h e de ta i led e x p e r i m e n t a l cond i t ions are l i s ted i n 

T a b l e 2 .4 .1-4 together w i t h the e x p e r i m e n t a l resul ts . I n t he tables, hob is t he s t i l l 

w a t e r d e p t h at the b r e a k i n g p o i n t , Ip the dis tance f r o m the b r e a k i n g p o i n t t o the 

p l u n g i n g p o i n t a n d k the distance f r o m the b r e a k i n g p o i n t t o the t r a n s i t i o n p o i n t . 
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T a b l e 2.4.1 C o n d i t i o n s a n d resul ts o f expe r imen t s o f series C - 1 ( tan /3 = l / l O ) . 

case T ( s ) hi ( c m ) Hi ( c m ) Ho/Lo hob ( c m ) Ip/hob h/hob 

C - 1 - 1 0.617 19.67 5.92 0,1040 7.34 _ i j 4.77 

C - 1 - 2 0.705 19.68 6.38 0.0882 7.35 2.04 4.76 

C - 1 - 3 0.800 19.69 7.68 0.0840 8.25 2.31 4.85 

C - 1 - 4 0.901 19.69 7.48 0.0646 7.76 2.58 6.44 

C - 1 - 5 1.003 19.70 6.54 0.0454 7.37 2.71 6.51 

C - 1 - 6 1.105 19.72 6.79 0.0383 7.39 3.38 7.44 

C - 1 - 7 1.197 19.74 6.66 0.0316 7.22 3.33 7.35 

C - 1 - 8 1.295 19.75 5.97 0.0237 7.91 3.03 6.32 

C - 1 - 9 1.393 19.80 6.61 0.0223 6.98 3.72 7.16 

C - 1 - 1 0 1.501 19.81 7.67 0.0218 8.17 3.43 7.09 

C - 1 - 1 1 1.617 19.83 6.23 0.0149 7.50 2.53 6.40 

spilling breaker 

T a b l e 2.4.2 C o n d i t i o n s a n d results o f expe r imen t s o f series C - 2 ( tan /9 = 1 /20) . 

Ccise r ( s ) hi ( c m ) Hi ( c m ) Ho/Lo hob ( c m ) Ip/hob h/hob 

C - 2 - 1 0.631 18.12 6.46 0.1100 9.73 _1) 5.66 

C - 2 - 2 0.700 18.13 6.66 0.0939 9.49 _ i ) 5.80 

C - 2 - 3 0.794 18.14 6.80 0.0755 9.50 _ i ) 6.32 

C - 2 - 4 0.910 18.15 8.03 0.0679 10.75 _ i ) 6.98 

C - 2 - 5 0.998 18.16 7.57 0.0529 8.78 2.39 6.83 

C - 2 - 6 1.101 18.19 7.16 0.0404 9.55 _ i ) 7.86 

C - 2 - 7 1.182 18.19 5.11 0.0247 10.05 2.49 7.96 

C - 2 - 8 1.276 18.24 7.48 0.0304 9.35 3.85 9.63 

C - 2 - 9 1.389 18.26 6.19 0.0208 8.88 2.37 7.89 

C - 2 - 1 0 1.499 18.27 5.79 0.0163 8.14 2.46 7.37 

C - 2 - 1 1 1.613 18.28 5.80 0.0137 6.91 2.89 7.23 

spilling breaker 
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Tab le 2.4.3 C o n d i t i o n s a n d results o f exper imen t s o f series C - 3 ( tan /3 = 1 /30) . 

case r ( s ) hi ( c m ) Hi ( c m ) Ho/Lo hob ( c m ) Ip/hob h/hob 
C - 3 - 1 0.614 19.82 5.29 0.0938 7.88 _ 1 ) 9.52 
C - 3 - 2 0.701 19.84 5.86 0.0818 8.71 _ i ) 9.18 
C - 3 - 3 0.796 19.85 6.25 0.0690 9.21 _i) 9.22 
C - 3 - 4 0.895 19.87 6.36 0.0557 8.91 _ i ) 10.11 
C - 3 - 5 0.997 19.89 7.27 0.0511 10.39 _i) 9.63 
C - 3 - 6 1.100 19.91 7.30 0.0417 10.41 _ i ) 9.60 
C - 3 - 7 1.192 19.97 6.94 0.0332 11.78 _i) 9.76 
C - 3 - 8 1.300 19.99 6.07 0.0239 10.00 _ i ) 10.50 
C - 3 - 9 1.388 20.00 6.63 0.0226 10.18 _ i ) 11.30 
C - 3 - 1 0 1.493 20.02 6.65 0.0192 10.85 1.11 8.75 
C - 3 - 1 1 1.610 20.04 6.07 0.0147 9.08 2.20 8.82 
C - 3 - 1 2 1.697 20.06 6.22 0.0133 8.12 1.97 9.24 
C - 3 - 1 3 1.800 20.08 6.83 0.0127 8.14 3.32 9.21 

spilling breaker 

T a b l e 2.4.4 C o n d i t i o n s a n d results o f exper imen t s o f series C - 4 ( t a n /3 = 1 /50) . 

case T ( s ) hi ( c m ) Hi ( c m ) Ho/Lo hob ( c m ) Ip/hob h/hob 
C - 4 - 1 0.624 20.07 6.41 0.1103 10.42 _ i ) 13.43 
C - 4 - 2 0.712 20.16 6.43 0.0872 10.21 - 1 ) 13.71 
C - 4 - 3 0.810 20.21 6.73 0.0716 10.06 - 1 ) 13.42 
C - 4 - 4 0.898 20.26 7.24 0.0630 11.21 _ i ) 14.27 
C - 4 - 5 0.997 20.31 7.44 0.0524 11.46 - 1 ) 13.52 
C - 4 - 6 1.122 20.40 7.00 0.0383 10.75 - 1 ) 14.41 
C - 4 - 7 1.196 20.44 6.66 0.0318 10.29 - 1 ) 15.07 
C - 4 - 8 1.300 20.48 6.18 0.0245 8.73 - 1 ) 13.74 
C - 4 - 9 1.413 20.53 6.00 0.0197 9.78 _ i ) 17.38 
C - 4 - 1 0 1.496 20.60 6.12 0.0176 9.85 _ i ) 15.73 
C - 4 - 1 1 1.605 20.67 5.82 0.0142 10.62 - 1 ) 10.83 
C - 4 - 1 2 1.711 20.86 5.26 0.0111 7.71 3.24 11.03 

spilling breaker 
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2.4.3 Dis tance from Break ing Point to Plunging and Trans i t ion Points 

F i g u r e 2.4.1 s l iows t l i e dimensionless p r o p e r t y , h/hob, w l i i c h is o b t a i n e d f r o m 

the r a t i o o f the dis tance be tween t he b r e a k i n g p o i n t a n d t he t r a n s i t i o n p o i n t t o 

t h e s t i l l w a t e r d e p t h at the b r e a k i n g p o i n t as a f u n c t i o n o f the deep w a t e r wave 

steepness HQ/LO- A s f o r t he p l u n g i n g po in t s , t he distance, Ip, f r o m the b rea ldng 

p o i n t d i v i d e d b y hob is s h o w n b y t he d o t t e d Unes i n t he f i g u r e . T h e q u a n t i t y h/hob 

is n e a r l y independen t o f the wave steepness a n d takes an a lmos t cons tan t va lue f o r 

each slope, a l t h o u g h i t f l uc tua t e s a l i t t l e . Since t he i nc iden t wave he igh t does no t 

v a r y so m u c h , i t shows t h a t the dis tance t o the t r a n s i t i o n p o i n t does n o t depend o n 

t h e wave leng th . I t can also be considered t h a t the distance t o t he p l u n g i n g p o i n t 

is s l i g h t l y i n f l u e n c e d b y the wave steepness t h o u g h the in f luence due t o t he b o t t o m 

slope is n o t obvious because p l u n g i n g - t y p e b r e a k i n g h a p p e n e d o n l y i n f e w cases o n 

a m i l d slope such as 1/30 or 1/50. 

F i g u r e 2.4.2 shows the r e l a t i o n be tween the dimensionless value {hob — hot)/hob 

{hob a n d hot- t he s t i l l wa te r depths at t he b r e a k i n g a n d t r a n s i t i o n p o i n t s ) and 

t h e s u r f s i m i l a r i t y pa ramete r t a n / ? / i / f l ö / ^ ) order t o compare w i t h the 

c r i t e r i o n presented b y Basco and Y a m a s h i t a (1986) . I t is obvious f r o m the figure 

t h a t i t is d i f f i c u l t t o express a general r e l a t i o n i n t e rms o f such parameters . 

T h e r e l a t i o n be tween the averaged value o f h/hob f o r each slope a n d the b o t t o m 

slope is s h o w n i n F i g . 2.4.3. T h e m a r k s i n the figure express the averages a n d the 

v e r t i c a l l ines express the fluctuations. T h e sol id l ine expresses 

b y w h i c h t h e t r a n s i t i o n p o i n t can r o u g h l y be es t ima ted . 

A s f o r the p l u n g i n g po in t s , the averages are near ly constant and do n o t depend 

o n the b o t t o m slope, a l t h o u g h the d a t a f o r p l u n g i n g breakers o n m i l d e r slopes 

(2 .4 .1) 
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F i g . 2.4.1 Re la t ionsh ips be tween ^To/Lo and / t / / io i>-
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are f e w as m e n t i o n e d before . Svendsen and Hansen (1986) adop ted the r e l a t i on 

expressed b y Kp/hob = 0.8, where hop is the s t i l l w a t e r d e p t h at the p l u n g i n g 

p o i n t , t o de t e rmine the p l u n g i n g p o i n t . T h e e x p e r i m e n t a l resul t o f the present 

s t u d y is c o n t r a r y t o i t . 

I f the wave p l u n g i n g is subjec t t o the free f a l l and t he wate r p a r t i c l e ve loc i t y 

a t the t o p o f t he wave and the v e r t i c a l dis tance f o r t he wa te r pa r t i c l e f a l l i n g are 

assumed to be t he wave ce ler i ty by the sma l l a m p l i t u d e wave t h e o r y ^/ghob and 

t he wave he igh t Hb ~ hob, respectively, the distance f r o m the b r e a k i n g p o i n t to the 

p l u n g i n g p o i n t Ip m u s t be \/2hob w h i c h depends on ly o n the wa te r d e p t h . O n the 

o the r h a n d , the dis tance is expressed r o u g h l y as 

Ip = 2.5hob (2.4.2) 

i n F i g . 2.4.3. I t can be considered t h a t the reasons w h y the f a c t o r i n E q . (2.4.2) is 

larger are the p l u n g i n g po in t s were de t e rmined b y the onshore end o f the p l u n g i n g 

je t s a n d the w a t e r pa r t i c l e ve loc i t y at the t o p o f the wave crests shou ld be larger 

t h a n \/ghob. 

O n the con t r a ry , E q . (2.4.1) can be i n t e r p r e t e d as t he s u m of the dis tance g iven 

b y the w a t e r d e p t h and the distance depend ing o n the b o t t o m slope (or the surf 

zone w i d t h ) . 
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C H A P T E R 3 

Modeling of Undertow 

3 .1 I n t r o d u c t i o n 

I n order t o p r ed i c t t h e sediment t r anspo r t ra te , m a t e r i a l d i f f u s i o n or wave 

a t t e n u a t i o n ra t e i n the s u r f z o n e , i t is necessary to es t imate the v e l o c i t y d i s t r i b u t i o n 

w i t h h i g h accuracy. Espec ia l ly f o r the sediment t r a n s p o r t r a t e a n d t he b o t t o m 

f r i c t i o n , the p r e d i c t i o n o f t he ve loc i t y near the b o t t o m is necessary. 

L o n g u e t - H i g g i n s (1953) de r ived a l a m i n a r s o l u t i o n o f mass t r a n s p o r t ve loc i ty 

i n t h e f l u i d w i t h a s s u m p t i o n t h a t non- l inear accelera t ion t e r m i n the c o n d u c t i o n 

e q u a t i o n is negl ig ib le c o m p a r e d w i t h the viscous t e r m . T h e s o l u t i o n o b t a i n e d b y 

L o n g u e t - H i g g i n s cannot be a p p l i e d to the t u r b u l e n t flow i n t he s u r f zone. Svendsen 

(1984c) presented a m o d e l o f v e r t i c a l d i s t r i b u t i o n o f cross-shore steady cur ren t i n 

t h e s u r f zone a p p l y i n g the eddy v iscos i ty mode l . He used a b o u n d a r y c o n d i t i o n 

w h i c h was t he mass t r a n s p o r t ve loc i t y o n the b o t t o m g i v e n b y t he Stokes wave the

o r y . Okayasu et al. (1986) gave one of the b o u n d a r y cond i t i ons b y the sHp c o n d i t i o n 

o n t h e b o t t o m . S t ive and W i n d (1986) and T s u c h i y a et al. (1988) inves t iga ted a 

m o d e l w i t h a b o u n d a r y c o n d i t i o n at t he t r o u g h level . N a d a o k a a n d Hirose (1986) 

e v a l u a t e d t he d i f f u s i o n coeff lc ient i n the sur f zone. T h e y also o b t a i n e d t he v e r t i c a l 

d i s t r i b u t i o n o f t he s teady cu r ren t f r o m t h a t o f the m e a n v o r t i c i t y . 

However , the above m e n t i o n e d studies are not adequate t o evaluate the ve loc i ty 

d i s t r i b u t i o n close t o t he b o t t o m or the shear stress on the b o t t o m . F r o m th is p o i n t 

o f v i e w , Okayasu et al. (1988) presented a m o d e l i n w h i c h the d i s t r i b u t i o n o f the 

m e a n eddy v iscos i ty coeff ic ient was assumed t o be a l inear f u n c t i o n o f t he v e r t i c a l 

c o o r d i n a t e a n d t o be zero at t he b o t t o m , w h i l e the above m e n t i o n e d models were 

f o r m u l a t e d w i t h the dep th - independen t eddy viscosi ty . Svendsen et al. (1987) also 
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e v o l v e d Svendsen's m o d e l cons ider ing the b o t t o m b o u n d a r y layer and the b o t t o m 

shear stress theo re t i ca l ly , b u t the a p p l i c a t i o n o f t he models is l i m i t e d t o the inner 

r eg ion . 

T h e v a r i a t i o n o f the wave he igh t or the cross-shore d i s t r i b u t i o n o f the energies 

i n t h e s u r f zone is necessary t o evaluate the u n d e r t o w and t o consider o the r var ious 

p r a c t i c a l p rob l ems as w e l l . M i z u g u c h i (1980) presented a m o d e l t o es t imate the 

wave he igh t v a r i a t i o n i n t he su r f zone w i t h f o r m u l a t i o n o f t he energy d i s s ipa t ion ra te 

b y wave b r e a k i n g . I z u m i y a a n d H o r i k a w a (1984) presented a m o d e l f o r eva lua t ing 

t h e change o f the wave energy i n t he sur f zone w i t h o u t c o n v e r t i n g to the v a r i a t i o n 

o f t h e wave he igh t so t h a t the m o d e l can es t imate t he r a d i a t i o n stress accurately. 

These mode l s were cons t ruc t ed o n the concept t h a t t h e loss o f t he wave energy is 

l o c a l l y ba lanced w i t h the energy d i ss ipa t ion . However t he organ ized large vor texes 

whose i m p o r t a n c e was a l ready ve r i f i ed i n Chap te r 2 s h o u l d be t a k e n i n t o account 

as t h e t r a n s m i t t e r o f mass, m o m e n t u m and energy. A comprehensive m o d e l w h i c h 

describes t h e wave and v e l o c i t y f i e l d t h r o u g h o u t the s u r f zone o n t he basis o f the 

accura te u n d e r s t a n d i n g o f the energy process is therefore r e q u i r e d f o r p r a c t i c a l uses. 

I n t h i s chapte r , based o n the results o b t a i n e d i n C h a p t e r 2, a m o d e l w h i c h 

es t imates t h e two-d imens iona l d i s t r i b u t i o n o f the u n d e r t o w w i l l be presented. F i r s t 

t h e t r an s f e r o f energy i n t he sur f zone w i l l be described w i t h cons idera t ion o f the 

p h y s i c a l process o f t h e energy t ransfer i n t he sur f zone. T h e n a p p l y i n g the t i m e -

dependen t m i l d slope equa t i on , the energy v a r i a t i o n a n d energy d i s s ipa t ion ra te i n 

t h e s u r f zone w i l l be e s t ima ted . T h e existence o f the large vor texes gives a specific 

f e a t u r e t o t he energy d i s s ipa t ion process and t o the mass f l u x i n t he surf zone. 

Hence, t h e o rgan ized large vor texes f o r m e d i n the wave crests w i l l be considered 

f o r an accura te desc r ip t i on o f t he wave field and ve loc i ty field i n the sur f zone. 

A n a t t e m p t t o combine the previous models f o r the u n d e r t o w and the longshore 
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cur ren t was made b y Svendsen a n d Lorenz (1989) t o cope w i t h m u c h more general 

cond i t ions . T h e present m o d e l can easily be expanded t o the comprehensive three-

d imens iona l m o d e l b y v i r t u e o f t he a p p l i c a b i l i t y o f the t ime-dependen t m i l d slope 

equa t ion . 
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3 . 2 E n e r g y T r a n s f e r i n t h e S u r f Z o n e 

T h e e v a l u a t i o n o f t h e steady cu r ren t d i s t r i b u t i o n is ve ry i m p o r t a n t f o r es t imat 

i n g t he convect ive d i f f u s i o n o f ma te r i a l s , t h e sediment t r a n s p o r t i n t he su r f zone 

a n d o thers . However , the wave f i e l d i n t he su r f zone is so d i f f e r e n t f r o m t h a t i n 

o f f shore r eg ion t h a t i t is necessary t o inves t iga te t he v e l o c i t y f i e l d i n a l l i t s aspects. 

T h e m o s t d i f f e r e n t p o i n t compared w i t h the offshore reg ion is the wave b r e a k i n g i n 

t he s u r f zone. T h e energy conveyed f r o m the of fshore r eg ion dissipates b y the wave 

b r e a k i n g . T h e d i s s ipa t ion ra te o f t he energy is f a r larger t h a n t h a t i n the offshore 

reg ion . S t r o n g t u r b u l e n c e is generated i n t he d i s s ipa t ion process. T h e tu rbu lence 

gives a specif ic f e a t u r e t o t he v e l o c i t y f i e l d i n t he su r f zone as s h o w n i n C h a p t e r 2. 

T h e bo re - l i ke waves give another specific f e a t u r e t o the ve loc i t y f i e l d i n the 

s u r f zone. O r g a n i z e d large vor texes are f o r m e d i n f r o n t o f the crests o f the bore-Hke 

waves. T h e large vor texes t r a n s p o r t a large a m o u n t o f mass onshoreward ; therefore 

i t is n a t u r a l t h a t t he large vor texes also have considerable energy f i u x . Hence, i t 

can be considered t h a t t he organized large vortexes p lay an i m p o r t a n t role i n the 

gene ra t ion process o f the tu rbu lence . T h e h i g h t u r b u l e n t i n t e n s i t y observed near 

the surface c o n f i r m s the concept . T h e organized laxge vor texes are the t r anspo r t e r 

o f the large mass, t he t r a n s m i t t e r o f the energy a n d the generator o f the tu rbu lence . 

F i r s t o f a l l , an o u t l i n e o f t he energy t rans fe r i n the su r f zone w i l l be descr ibed 

q u a h t a t i v e l y i n th i s sect ion. I t w i l l be m e n t i o n e d la ter , i n § 3 . 5 , how each p a r t o f 

t he energy w i l l be e s t i m a t e d i n the ac tua l c a l c u l a t i o n i n th i s m o d e l . For the p rope r 

d e s c r i p t i o n o f the energy t rans fe r i n the su r f zone, i t is necessary t o talce the energy 

o f the la rge vor texes i n t o account as m e n t i o n e d above. T h e t o t a l energy i n the sur f 

zone s h o u l d there fore be described as 

Ef = Ew -\- Ev (3 .2 .1) 
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where Ef is the t o t a l energy, E^ the energy o f wave m o t i o n and E^ the energy o f 

organized large vortexes. General ly , the wave energy can be d i v i d e d i n t o t w o par ts : 

t he p o t e n t i a l energy Ep and the k i n e t i c energy Ek as 

E n e r g y exchange be tween the p o t e n t i a l and k ine t i c energies takes place d u r i n g 

p r o p a g a t i o n o f waves. T h e energy Ek i n E q . (3.2.2) is therefore def ined as the 

t ransfe rab le k ine t i c energy. T h o u g h the energy o f the organized large vortexes 

s h o u l d be classified as t he k ine t i c energy i n the general sense, i t is denoted as 

ano ther var iab le here. T h e reason is t h a t i t can be considered t h a t the energy of 

t he large vortexes is conveyed to smaller size eddies, never t r ans fe r red back to the 

wave m o t i o n . 

I n the ear ly stage of the b reak ing process, the t u r b u l e n t i n t e n s i t y is s t i l l sma l l , 

a l t h o u g h the wave he igh t r a p i d l y decreases as shown i n §2 .3 .5 . I t can be considered 

t h a t t he energy t r ans fe r red t o the k ine t i c energy cannot be regarded as the wave 

k i n e t i c energy Ek because the p o t e n t i a l and k ine t i c energies o f the wave m o t i o n is 

i n balance i n some way as men t ioned j u s t before. A l i t t l e p a r t o f the lost energy 

s h o u l d be d i r e c t l y t r ans fe r red t o the tu rbu lence , b u t i t is n a t u r a l t o consider t h a t 

t he mos t p a r t o f the energy is t ransfer red to the energy o f the organized large 

vor texes . Hence, i n th i s m o d e l , i t is assumed t h a t the wave energy is f i r s t conver ted 

t o t h a t o f the organized large vortexes f o r m e d i n f r o n t o f the wave crests. A f t e r the 

convers ion, the energy is t r ans fe r red t o smaller size eddies, t h e n dissipates. 

Since t h e energy flux b y wave m o t i o n is denoted b y E^Cg, the t ransfer ra te 

f r o m t h e wave energy t o the energy of the vortexes per u n i t l e n g t h and u n i t w i d t h 

is expressed as 

Eu, — Ep + Ek (3.2.2) 

TB = -
d{EwCg) 

dx 
(3.2.3) 
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I f t h e energy w h i c h is d i r e c t l y t r ans fe r red f r o m the wave energy t o the tu rbu lence 

is l i t t l e , the energy f l u x b y the large vortexes can be deno ted as 

whe re DB is the d i s s ipa t ion ra te per u n i t area b y wave brealcing. I f i t is assumed 

t h a t t h e organ ized large vortexes p ropaga te w i t h the wave crests, t h e energy f l u x 

s h o u l d be descr ibed by E^c. B u t the g roup ve loc i ty Cg is n e a r l y equals t o the phase 

v e l o c i t y c i n the su r f zone a n d i t is n o t clear h o w fas t the vor texes are. Hence t he 

phase v e l o c i t y is replaced b y the g r o u p ve loc i ty f o r the s i m p l i c i t y of the m o d e l . 

F r o m Eqs. (3 .2 .1 ) , (3 .2 .3) and (3 .2 .4) , DB is also expressed as 

d{EyCg) 
= TB - DB (3 .2 .4) 

dx 

DB = -
d{EtCg) 

(3 .2 .5) 
dx 
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3 , 3 M a s s B a l a n c e i n t h e S u r f Z o n e 

T h e steady cur ren t d i s t r i b u t i o n i n the surf zone is m u c h d i f f e ren t f r o m t h a t 

o f any wave theories solved i n the i nv i sc id c o n d i t i o n . T h e organized large vortexes 

w h i c h are f o r m e d ju s t i n f r o n t o f the wave crest o f the bore- l ike wave p ropaga t ing i n 

the sur f zone affects the mass f i u x balance and the tu rbu lence genera t ion as shown 

i n Chap te r 2. I n th i s section, the general aspects o f the mass balance i n the sur f 

zone w i l l be discussed. T h e n i t w i l l be considered t h a t how i t can be expressed i n 

t e rms o f the energy. 

3,3.1 Mass F l u x in the Surf Zone 

Since t he wave f i e l d w h i c h is comple te ly two-d imens iona l is considered i n th is 

s tudy , t he ve loc i ty component i n the longshore d i r e c t i o n is assumed t o be zero. T h e 

c o n t i n u i t y equa t ion o f t i m e averaged values of the ve loc i ty components becomes 

dU dW , , 

where U and W are the steady cur ren t components i n the cross-shore and the 

v e r t i c a l d i r ec t i on , respectively. Since the b o u n d a r y c o n d i t i o n is g iven as C/ = 0 at 

t he shorel ine, the in tegra l p r o p e r t y i n the ve r t i c a l d i r e c t i on o f E q . (3.3.1) is ob ta ined 

as 

Udz = 0 (3.3.2) 
'-fto 

where ho is t he s t i l l wa te r dep th and (c is the wave crest level . T h e above equa t ion 

can also be expressed as 

Mt = I Udz t 
Jit 

= - I Udz (3.3.3) 
J-hn -ho 

where (t is t he wave t r o u g h level . T h e value Mt is de f ined as the mass flux by waves 

w h i c h is t he mass t r anspo r t above the t r o u g h level per u n i t t i m e and u n i t w i d t h . 



T h e second hne i n E q . (3.3.3) can be considered as the compensa to ry flow o f the 

mass flux b y waves and is t e r m e d " u n d e r t o w " i n t he su r f zone. 

O u t s i d e t he su r f zone, the mass flux M< is caused o n l y b y the wave m o t i o n . 

B u t i n t he su r f zone, the mass flux b y organ ized large vor texes is cons iderably large 

as f o u n d i n § 2 . 3 . 3 . I n o ther words , t he t o t a l mass flux b y b r e a k i n g waves shou ld be 

expressed as 

M t = M „ + M „ (3.3.4) 

i n w h i c h M^, is t h e mass flux b y wave m o t i o n a n d is t he mass flux b y organized 

la rge vor texes . A c t u a l l y , i t is imposs ib le t o d i v i d e t he mass flux i n the t w o pa r t s 

exac t ly , because i t is d i f f i c u l t t o def ine t h e b o u n d a r y o f the organized vortexes 

[Peregr ine a n d Svendsen (1978)] . 

3.3.2 Mass F l u x due to Wave Mot ion 

T h e wave componen t o f the w a t e r p a r t i c l e ve loc i t y ca lcu la ted b y t he s t r eam 

f u n c t i o n m e t h o d w h i c h was presented by D e a n (1965) is re l iab le as r e p o r t e d b y 

Isobe ei al. (1979) , b u t t he c o m p u t a t i o n takes m u c h t i m e . M o r e o v e r , the s t r eam 

f u n c t i o n m e t h o d needs f u l l i n f o r m a t i o n o f the t i m e h i s t o r y o f w a t e r surface e leva t ion 

w h i c h is d i f f i c u l t t o o b t a i n i n the su r f zone. I f t he mass flux by wave m o t i o n can 

be e s t i m a t e d f r o m the wave energy d i s t r i b u t i o n , t he p r o b l e m becomes m u c h easier. 

Hence i n t h i s sect ion, a p p l i c a t i o n o f t he l inear l ong wave theory t o the e s t i m a t i o n 

o f t he mass flux by wave m o t i o n w i l l be considered b y c o m p a r i n g w i t h t he s t r eam 

f u n c t i o n m e t h o d . 

B y us ing the l inear l o n g wave theory , the mass flux b y wave m o t i o n is described 

as 
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(3.3.5) 

whe re M L L W is t he mass flux ca lcu la ted b y the l inear wave theory , ( the wa te r 

surface e leva t ion , c t he wave ce ler i ty and h t he m e a n w a t e r d e p t h . Since ~ expresses 

F igu re 3.3.1 shows the compar isons be tween the mass flux v a r i a t i o n ca lcu la ted 

b y t he s t r e a m f u n c t i o n m e t h o d a n d the l inear l o n g wave t h e o r y f r o m measured 

w a t e r surface prof i les i n t he sur f zone. Example s are g i v e n f o r cases B - 2 , B - 3 

a n d B - 5 presented i n C h a p t e r 2. T h e inc iden t wave cond i t ions have been a l ready 

s h o w n i n Tab le2 .2 .2 . I n F i g . 3 .3 .1 , the soHd fines show the values ca lcu la ted b y t he 

s t r e a m f u n c t i o n m e t h o d a n d the dashed lines show those b y the l inear l o n g wave 

t heo ry . T h o u g h di f ference exists be tween the so l id l ines a n d the dashed l ines, t hey 

agree q u a l i t a t i v e l y . F r o m the expe r imen t s o f Series B , i t is f o u n d t h a t t he values 

ca l cu l a t ed b y the s t r eam f u n c t i o n m e t h o d can be a p p r o x i m a t e d b y the l inea r l ong 

wave t h e o r y as 

where M S F M is t he mass flux ca lcu la ted by the s t r eam f u n c t i o n m e t h o d . T h e 

coef f ic ien t i n E q . (3 .3 .6) is o b t a i n e d b y averaging the r a t i o o f the t w o values f o r 

a l l t he cases o f Series B . T h e values m o d i f i e d b y m u l t i p l y i n g 0.8 t o M L L W are also 

s h o w n i n F i g . 3.3.1 w i t h MSFM a n d M L L W - T h e y agree w e l l , so t h a t the mass flux 

b y wave m o t i o n can be eva lua ted b y us ing the l inear l ong wave theory . 

Since E q . (3 .3 .5) also needs the t i m e h i s t o r y of the surface e leva t ion , i t is of 

l i t t l e advantage. T h e p o t e n t i a l energy o f waves is de f ined as 

t h e t i m e average, ( is t he wave setup. 

M ^ ~ MSFM ^ 0 .8MLLW (3 .3 .6) 

= l p 9 i c - c r (3 .3 .7) 



F i g . 3.3.1 C o m p a r i s o n o f t l i e cross-sliore va r i a t ions o f MSFM, MLLW 

a n d Q.BMLLW (cases B - 2 , B - 3 and B - 5 ) . 
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where T is the wave pe r iod . T h e n f r o m E q . (3 .3 .7) , E q . (3.3.5) can be replaced b y 

T h i s means the mass flux by the wave m o t i o n can be es t ima ted f r o m the p o t e n t i a l 

energy. Consequent ly , the mass flux by the wave m o t i o n can be evaluated by the 

f o l l o w i n g equa t ion : 

vortexes as the area of the wave m o t i o n . However , the area o f vortexes should be 

m u c h smal ler t h a n t h a t o f wave m o t i o n . Svendsen (1984b) a p p r o x i m a t e d the area 

of the v o r t e x b y Q.QH"^ based on the expe r imen ta l results o n a breaker b e h i n d a 

towed h y d r o f o i l ob ta ined by D u n c a n (1981) . Okayasu et al. (1986) f o u n d t h a t i t 

can be expressed b y Q.QQHL w h i c h was c o n f l r m e d b y Hansen (1989) la ter . I n b o t h 

cases, t h e area is smal l compared t o t he cross sect ion o f a wave. 

3.3.3 Mass F l u x due to Organized Large Vor texes 

I n t h i s section, the ve loc i ty d i s t r i b u t i o n inside the organized large vortexes 

f o r m e d i n f r o n t o f wave crests w i l l be assumed. F r o m the assumpt ion , the area o f 

the sect ion and the mass t r anspor t by the vortexes w i l l be es t imated . 

T h e ve loc i t y d i s t r i b u t i o n inside one vor t ex is assumed as shown i n F i g . 3.3.2 (a ) . 

A l t h o u g h the vortexes generated i n f r o n t of the wave crests decelerate and go d o w n 

w a r d , t h e m e a n h o r i z o n t a l ve loc i ty can be assumed the same as the wave celer i ty 

at the first stage. T h e d iameter o f the vo r t ex is g iven b y the wave height H. 

T h e ve loc i t y can be d i v i d e d i n t o t he r o t a t i o n a l componen t Ui and the para l le l 

componen t « 2 . F igu re 3 .3 .2 (b ) shows the f o r m e r p a r t of the ve loc i ty and F i g . 

3 .3 .2(c) shows the l a t t e r . T h e t o t a l ve loc i ty u is expressed as 

(3.3.8) 

(3.3.9) 

E q u a t i o n (3.3.9) is ob ta ined b y regard ing the area occupied b y the organized 

(3.3.10) 



- 6 4 -

F i g . 3.3.2 A s s u m p t i o n o f ve loc i ty d i s t r i b u t i o n o f an organized large vo r t ex . 
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wi = J r , «2 = c (3.3.11) 

where r is the r ad i a l coord ina te . T h e energy, Ei, o f the r o t a t i o n a l componen t per 

u n i t w i d t h is g iven as 

El = f ^pui'^2-Krdr 
Jo 2 

= ^7rpc'H' (3.3.12) 

T h e pa ra l l e l componen t E2 is also g iven as 

E2 = \ -Kpc^H'^ (3.3.13) 
8 

T h e t o t a l energy o f one v o r t e x per u n i t w i d t h £̂ 3 is ob t a ined as 

= El + E2 

= ^^pc'H' (3.3.14) 

E v e n i f the vo r t ex is skewed or the real ve loc i ty d i s t r i b u t i o n is s l i gh t l y d i f f e ren t 

f r o m the assumpt ion , i t influences on ly the constant value i n E q . (3.3.14). T h e t o t a l 

energy should be p r o p o r t i o n a l t o c^H'^. Svendsen (1984b) presented the m o d e l t h a t 

t he re is one skewed v o r t e x , so-called "surface ro l l e r " i n f r o n t of the waves. O n the 

o the r h a n d , Nadaoka (1986) described t h a t there shou ld be p l u r a l vortexes ( F i g . 

3.3.3). T h e f o l l o w i n g discussion apphes to b o t h models . 

T h e section of one v o r t e x Ai is g iven as 

Al = ^H^ (3.3.15) 

F r o m Eqs. (3.3.14) and (3.3.15) , the o f the vo r t ex per u n i t mass is 

o b t a i n e d as 

e . . - - = - c ^ (3.3.16) 
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— / / / s y / / 

F i g . 3.3.3 C o n c e p t u a l i l l u s t r a t i o n o f p l u r a l vortexes i n one wave. 

[Nadaoka (1986)] 
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I f there are some vortexes i n one wave crest, f o r example as s h o w n i n F i g . 3.3.5, the 

energy, , o f t he vor texes per u n i t w i d t h and u n i t l e n g t h can be expressed as 

Ey = (3.3.17) 

where A is t he t o t a l area o f t h e vor texes per wave and L is the l o c a l wave l e n g t h . 

S u b s t i t u t i n g E q . (3.3.16) i n t o E q . (3 .3 .17) , A is expressed as 

A = ^ - ^ E y (3.3.18) 

T h e mass flux, M „ , due t o the vor texes is expressed b y the f o l l o w i n g equa t ion : 

M „ = ^ = ^ E y (3.3.19) 

T h e above f o r m u l a imp l i e s t he mass flux due to organized large vor texes can be 

4 
e s t i m a t e d f r o m the energy o f the vor texes . I n ac tua l c a l c u l a t i o n , t he f a c t o r - i n 

o 

E q . (3.3.19) is m o d i f i e d to 2 so as t o fit the measured values. Hence, E q . (3.3.19) is 

rep laced b y 

M „ = -Ey (3.3.20) 
c 

F i n a l l y , f r o m Eqs. (3 .3 .4 ) , (3 .3 .9) and (3 .3 .20) , t he t o t a l mass flux due t o 

b r e a k i n g waves can be descr ibed i n te rms o f the p o t e n t i a l energy a n d the energy o f 

o rgan ized large vor texes as 

1 6c 2 
Mt = —rEp + -Ey (3.3.21) 

pgh c 
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3 . 4 M o m e n t u m B a l a n c e i n t h e S u r f Z o n e 

I n case o f cross-shore v e r t i c a l l y t w o - d i m e n s i o n a l ( 2 - V D ) mode l s such as dis

cussed i n t h i s s tudy , t h e longshore v a r i a t i o n o f the m o m e n t u m f l u x need n o t be 

considered, b u t the m o m e n t u m f l u x v a r i a t i o n i n the cross-shore d i r e c t i o n causes 

t h e wave setup w h i c h can n o t be neglected t o describe the wave f i e l d accurately . 

T h e r a d i a t i o n stress w h i c h is de f ined as the excess m o m e n t u m f l u x due t o waves is 

expressed as 

"7̂  1 
5 . . = / {pu^+p)dz - -pgW (3 .4.1) 

J-ho ^ 

where p is t he pressure. T h e g rad ien t o f S^x i n the re-direction s h o u l d balance the 

g r a d i e n t o f t h e m e a n wa te r e leva t ion , t h a t is 

B y t h e s m a l l a m p l i t u d e wave theory , the r a d i a t i o n stress S^x is expressed i n te rms 

o f t he wave energy Ey, as 

f o r m o n o c h r o m a t i c waves. For the sha l low wate r c o n d i t i o n , the va lue ins ide t he 

parentheses i n E q . (3 .4 .3) can be replaced b y 3 /2 . 

M o s t of the previous studies adopted a s imple e q u a t i o n (3 .4 .3) f o r ca l cu l a t i ng 

t h e w a v e setup i n t he su r f zone because o f the i n o r d i n a t e c o m p l i c a t i o n of wave 

f i e l d . B u t i n m a k i n g an e f f o r t t o describe t he m o m e n t u m balance cor rec t ly , a t least 

one s h o u l d consider the m o m e n t u m f l u x b y the organized large vor texes i n the su r f 

zone. I f the v e l o c i t y f i e l d o f wave m o t i o n and the v e l o c i t y f i e l d o f la rge vortexes do 

n o t a f fec t each o the r as a l ready i n t r o d u c e d i n §3 .2 , t he r a d i a t i o n stress can also be 

d i v i d e d i n t o t w o pa r t s as 

Sxx = - f 5« (3 .4 .4) 
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where S^, is t he excess m o m e n t u m flux by wave m o t i o n a n d 5 „ is t h a t b y organized 

la rge vor texes . 

Genera l ly t he s m a l l a m p l i t u d e t h e o r y cannot express t h e wave m o t i o n ade

q u a t e l y i n sha l low w a t e r c o n d i t i o n because o f the s t r o n g effect o f the n o n - l i n e a r i t y 

o f waves. T h e flnite a m p H t u d e theories can express i t m u c h more accura te ly o f f -

s h o r e w a r d o f t he b r e a k i n g p o i n t ; however, t hey canno t e i ther be app l i ed t o t he 

d e s c r i p t i o n o f t he wave field i n the su r f zone as m e n t i o n e d before . T h e sma l l a m 

p l i t u d e wave t h e o r y is the re fo re adop ted f o r convenience t o ca lcula te the r a d i a t i o n 

stress b y wave m o t i o n i n t h i s s tudy . T h e r a d i a t i o n stress, 5 ^ , due t o wave m o t i o n is 

c a l cu l a t ed i n t h i s m o d e l accord ing t o W a t a n a b e and D i b a j n i a (1988) f o r a complex 

wave field. 

T o calcula te the t o t a l r a d i a t i o n stress S-^x b y E q . (3 .4 .1 ) , i t is necessary to 

e s t i m a t e the r a d i a t i o n stress, 5 „ , due t o organized large vor texes . 5 „ is de f ined as 

5 „ = / {pu'^ + (p - p,)} dz (3 .4 .5) 

whe re (5 is t he b o u n d a r y be tween the v e l o c i t y field o f wave m o t i o n a n d t h a t o f 

vor texes and ps the s ta t ic pressure. I f a v o r t e x is flat, t he q u a n t i t y — is so sma l l 
at 

t h a t the the t e r m ( p - p s ) is neghgible except a t the b o t h ends o f the v o r t e x . A t the 

f r o n t a n d rear ends, — is large so t h a t the pressure deviates a l o t f r o m the s ta t ic 
at 

value . I t can be considered t h a t i t makes the fluctuating u p p e r surface b o u n d a r y . 

Since t h e d e v i a t i o n o f t he pressure is negl ig ib le i n the mos t p a r t o f a v o r t e x , t he 

f o l l o w i n g equa t ion can be o b t a i n e d : 

Ja 
pu^ dz (3 .4 .6) 

Here , t h e v e l o c i t y d i s t r i b u t i o n is assumed again as s h o w n i n F i g . 3.3.2 (a ) . T h e 

r a d i a t i o n stress b y one v o r t e x Si is denoted as 

Si =Y [ pu^ dxdz 



70-

= T / p{ui+ u^f dxdz 

where Ai is t he area occup ied b y the v o r t e x . P r o m Eqs. (3 .3 .16) a n d (3 .3 .17) , the 

energy o f t he vor texes is expressed as 

Ev = - A ^ (3 .4 .8) 
A l LI 

T h e n t h e t o t a l r a d i a t i o n stress b y t he organized large vor texes is o b t a i n e d as 

^ " " I T ' " 3 A i L 

= IEV (3 .4 .9) 

A s w e l l as f o r t he wave i n d u c e d m o m e n t u m f i u x , t he m o m e n t u m flux due to orga

n i z e d la rge vor texes is expressed as a f u n c t i o n o f t he energy o f t he vortexes. 
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3 .5 E s t i m a t i o n o f E n e r g y D i s t r i b u t i o n i n t h e S u r f Z o n e 

I n t h i s sect ion, the wave energy d i s t r i b u t i o n w i l l be e s t ima ted b y us ing the 

t ime-dependen t m i l d slope equa t ion . T h e t ime-dependen t m i l d slope equa t ion can 

deal w i t h wave t r a n s f o r m a t i o n under c o m b i n e d r e f l ec t ion , r e f r a c t i o n , d i f f r a c t i o n a n d 

b r e a k i n g i n h o r i z o n t a l two-d imens iona l ( 2 - H D ) models . T h e present m o d e l w h i c h 

is deve loped b y cons ider ing the phenomena i n t he su r f zone more precisely has also 

an advantage t h a t i t can easily be c o m b i n e d w i t h the 2 - H D nearshore wave fleld 

mode l s such as W a t a n a b e and M a r u y a m a (1986) and ex tended t o th ree-d imens iona l 

( 3 - D ) nearshore cur ren t models . 

Since t h e m i l d slope equa t ion was o r i g i n a l l y de r ived b y us ing the l inear wave 

t heo ry , the energy ca lcu la ted b y the t ime-dependen t m i l d slope equa t i on should be 

considered as t he energy o f wave m o t i o n w h i c h is denoted as i n E q . (3 .2 .1) . 

Consequent ly , t h e energy o f the organized large vortexes is n o t i n c l u d e d i n the 

c a l c u l a t i o n because i t can be considered t h a t t he energy o f the large vortexes is 

never t r a n s f e r r e d to the wave m o t i o n as a l ready m e n t i o n e d i n §3 .2 . T h e e s t i m a t i o n 

o f the energy o f t he organized large vor texes needs ano ther equa t ion based o n E q . 

(3 .2 .4) . T h e m e t h o d w i l l also be discussed i n t h i s sect ion. 

3.5,1 G o v e r n i n g Equa t ions o f T i m e - D e p e n d e n t M i l d Slope E q u a t i o n 

T h e m i l d slope equa t ion was flrst o b t a i n e d b y B e r k h o f f (1972) f o r a s t a t i ona ry 

wave fleld as 

c the phase ve loc i ty , Cg the g roup ve loc i ty , a t he angula r f r equency and 4>o the 

a m p l i t u d e o f the ve loc i ty p o t e n t i a l a t the m e a n wa te r level g i v e n b y the smal l -

a m p H t u d e wave theory . Wa tanabe and M a r u y a m a (1986) de r ived a set o f equat ions 

V . ( c c , V , ^ o ) + a^^^o =0 (3.5.1) 

, y is the h o r i z o n t a l coo rd ina t e i n t he longshore d i r e c t i o n . 
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equ iva len t t o E q . (3.5.1) i n t e rms of the w a t e r surface e leva t ion C and the f l o w ra te 

Q as f o l l o w s : 

^ + - V ( n C ) = 0 (3.5.2) 
ot n 

^ + V . Q = 0 (3 .5 .3) 
ot 

where 

Qx = [ udz, Qy ^ I vdz (3 .5 .6) 

J-h J-h 

a n d u a n d v are h o r i z o n t a l ve loc i ty componen t s i n a; and y d i r e c t i o n , respect ively. A 

set o f equat ions comple t e ly equivalent t o E q . (3 .5 .1) was also presented b y N i s h i m u r a 

et al. (1983) as 

^ + c ^ V C = 0 (3 .5 .7) 
at 

^ + i v . ( n Q ) = 0 (3.5.8) 
ot n 

T h e v a r i a b l e Q ' has a d i f ference o f order o f V n f r o m the f l o w r a t e Q i n E q . (3 .5 .5) . 

W a t a n a b e a n d M a r u y a m a (1986) added a t e r m t o E q . (3.5.2) so t h a t t he 

equa t ions c o u l d express the energy a t t e n u a t i o n due to the b r eak ing . T h e equa t i on 

is as f o l l o w s : 

^ + - V ( n C ) + / t Q = 0 (3 .5 .9) 
ot n 

T h e t h i r d t e r m o f E q . (3.5.9) is general ly ca l led " the energy d i s s ipa t ion t e r m " , b u t 

i t is t e r m e d " the energy t ransfer t e r m " i n t h i s s t u d y because the los t energy does 

n o t d iss ipate d i r e c t l y b u t is once t r a n s f e r r e d t o t he energy o f t he organized large 

vor texes i n the present mode l . T h e va lue / r w h i c h is also t e r m e d " the t ransfer 

f a c t o r " b y t h e b r e a k i n g is de t e rmined as 

f f - ^ - l ) (3 .5 .10) 
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Q = \IQI + Ql, Qr = i V ^ (3 .5 .11) 

where t a n ^ is the averaged b o t t o m slope, Qx and Qy are the a m p l i t u d e o f t he f l o w 

r a t e componen t s , and 7' were set t o 2.5 a n d 0.25, respect ively. B y se t t i ng 

ƒ J. = 0 a f t e r b r eak ing ( i f Q < Qr), wave recovery can be descr ibed as w e l l as wave 

decay i n the su r f zone. I n case o f progressive waves, Eqs. (3 .5 .3) a n d (3.5.9) reduce 

t o t h e wave energy equa t ion , t h a t is expressed as 

= - f r n E y , (3 .5 .12) 

where E^, is t he wave energy per u n i t area. Cons ide r ing the p h y s i c a l m e a n i n g a n d 

t he e x p e r i m e n t a l resul ts , Isobe (1987) presented the f o l l o w i n g equa t i on 

where 7 ( = k\/2Ey,l t a n h kh ) is the r a t i o o f wa te r pa r t i c l e v e l o c i t y to wave celer i ty . 

T h e q u a n t i t y fd comes f r o m the f o r m u l a t i o n i n te rms of t he r a t i o o f w a t e r p a r t i c l e 

v e l o c i t y t o wave ce ler i ty ins tead o f wave he ight to w a t e r d e p t h r a t i o . T h e va lue fd 

is u n i t y f o r s m a l l kh. T h e values o f 7̂  a n d 7^ were g iven as 

7, = 0.4 ( 0 . 5 7 + 5.3 tan/9) (3 .5 .14) 

7r = 0.135 (3.5.15) 

W a t a n a b e and D i b a j n i a (1989) added the energy t rans fe r t e r m to E q . (3 .5 .7) 

i n t he same manner as W a t a n a b e a n d M a r u y a m a a n d o b t a i n e d an one-d imens iona l 

m o d e l as fo l l ows : 

^ + + M = 0 (3.5.16) 

§ + = 0 (3.5,17) 
at n OX 

T h e energy t r ans fe r f a c t o r f x was g i v e n as 

/ . = a . t a n ^ J f ( X _ ^ ) (3 .5 .18) 



w i t h t he sha l low wate r a p p r o x i m a t i o n o f E q . (3 .5 .13) . T h e value ax is a coeff ic ient 

w h i c h varies f r o m 0 t o 2.5 a r o u n d the b r a k i n g p o i n t f o r p r e v e n t i n g n u m e r i c a l re

flections. I n E q . (3 .5 .18) , 73 was g iven by E q . (3 .5 .14) . A c c o r d i n g t o M a r u y a m a 

a n d S h i m i z u (1986) , 7r was replaced b y 

where is t he r a t i o o f t he wave a m p l i t u d e t o the m e a n wa te r d e p t h at the 

b r e a k i n g p o i n t . 

T h e t ime-dependen t m i l d slope equa t i on was o b t a i n e d b y us ing the s m a l l am

p l i t u d e wave theory. However , waves i n the sur f zone are no more sma l l a m p l i t u d e 

waves. I n t h a t sense, the t ime-dependent m i l d slope equa t i on m a y no t be a p p r o p r i 

ate f o r waves i n the s u r f zone, b u t i t is also a f a c t t h a t there is no wave theo ry w h i c h 

can express the waves i n the sur f zone adequately. I t was r e p o r t e d b y t he above 

m e n t i o n e d researchers t h a t t he wave energy ca lcu la ted by the t ime-dependen t m i l d 

s lope e q u a t i o n flts w e l l w i t h the mcEisured wave energy. Hence, i n the present s tudy, 

Eqs . (3 .5 .16) and (3.5.17) are essential ly adop ted as the gove rn ing equat ions t o es

t i m a t e t h e wave energy v a r i a t i o n i n t he sur f zone. T h e wave he ight d i s t r i b u t i o n is 

n o t discussed i n th i s s tudy . 

T h e wave energy d i s s ipa t ion due t o b o t t o m f r i c t i o n shou ld be t a k e n i n t o ac

coun t f o r accura te e s t i m a t i o n o f the wave energy v a r i a t i o n . T h e d i s s ipa t ion b y 

w a l l f r i c t i o n shou ld also be considered i n case o f l a b o r a t o r y exper iments . Since t he 

c o m p u t a t i o n a l results w i l l be c o m p a r e d w i t h l a b o r a t o r y exper imen t s i n t he present 

s t udy , t h e d i s s ipa t ion f a c t o r b y the b o t t o m and w a l l f r i c t i o n fb+w is added t o the 

a t t e n u a t i o n f a c t o r b y b reak ing . 

T h e b o t t o m and w a l l b o u n d a r y layers i n the su r f zone m a y n o t be l a m i n a r 

flow, b u t t h e d i s s ipa t ion by wave b reak ing is so large t h a t the d a m p i n g due t o the 

(3.5.19) 



b o t t o m and w a l l f r i c t i o n is negl igible . I n the present s tudy , the energy d i s s ipa t ion 

b y t he f r i c t i o n is ca l cu la t ed f r o m the t h e o r y f o r l a m i n a r flow. 

I w a g a k i and T s u c h i y a (1966) deal t w i t h l a m i n a r d a m p i n g due t o b o t t o m a n d 

w a l l f r i c t i o n f o r flnite a m p l i t u d e waves. W h e n deduc ing i n the l inear ized theory , 

t he d i s s ipa t ion f a c t o r b y f r i c t i o n fb+w is expressed as 

fb+w = - V 2 ^ ( ~ + . (3 .5 .20) 
n \B smh.2kh / 

where i/ is t he k i n e m a t i c v iscos i ty and B is the w i d t h o f the wave flume. T h e 

d i s s ipa t i on r a t e b y t he b o t t o m and w a l l f r i c t i o n is o b t a i n e d as 

Db+w = fb+wTiEy, (3.5.21) 

i f n o r e f l ec ted wave exists i n the field. 

T h e lost energy b y the wave b r e a k i n g is t r ans f e r r ed f r o m the wave energy Ey, t o 

t he energy, Ey, o f large vor texes , b u t o n the con t ra ry , i t can be considered t h a t t he 

los t energy b y t he b o t t o m and w a l l f r i c t i o n d i r e c t l y dissipates to heat . A series o f 

equa t ions f r o m E q . (3 .2 .3) t o E q . (3.2.5) is therefore replaced b y f o l l o w i n g equat ions : 

dx 
= -TB - Db+w (3.5.22) 

= TB - DB (3.5.23) 
ax 

'"^ = -DB - Db+w (3.5.24) 
dx 

O n the slope m i l d e r t h a n t a n ^ = 1/10, t he r e f l ec t i on b y wave b r e a k i n g is so 

s m a l l t h a t Db+w is eva lua ted b y E q . (3 .5 .21) . T h e v a r i a t i o n o f Ey; is ca lcu la ted b y 

t he scheme expressed as 

§ + = 0 (3.5.26) 
dt n dx ^ ^ 
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w h i c h are o b t a i n e d b y r ep lac ing t he energy t r ans fe r f a c t o r JT i n E q . (3.5.16) b y the 

t o t a l a t t e n u a t i o n f a c t o r de t e rmined as 

fA = fT + h+u, (3.5.27) 

T h e energy t r ans fe r f a c t o r , f x , o f b r e a k i n g waves expressed b y E q . (3.5.18) is used 

a f t e r W a t a n a b e a n d D i b a j n i a . T h e de ta i l ed desc r ip t i on o f the coeff ic ients 7^ and 

7r i n E q . (3 .5 .18) w i l l be m e n t i o n e d i n §3 .5 .4 . Since the wave energy is ca lcu la ted 

b y Eqs. (3.5.25) and (3 .5 .26) , the energy t ransfer ra te can be o b t a i n e d by us ing E q . 

(3 .5 .22) . 

T h e shorel ine a n d of fshore b o u n d a r y cond i t ions are g iven accord ing t o W a t a n 

abe a n d D i b a j n i a (1989) . T h e y imposed the shoreline b o u n d a r y c o n d i t i o n as Q = 0. 

A s f o r t he of fshore b o u n d a r y c o n d i t i o n , a non- re f lec t ive b o u n d a r y a n d s inusoida l 

i n c i d e n t waves are considered. T h e inc iden t wave c o n d i t i o n is g i v e n i n te rms o f the 

w a t e r surface e l eva t ion ( as 

((a;o) = C(a;o + Ax) -f- ai[sin(fca;o - at) - sin{A:(a;o -|- Ax) - a{t - To)}] (3.5.28) 

whe re TQ = , Aa; is the spacing be tween mesh p o i n t s , a n d a a n d aj are the 
Co 

f r e q u e n c y a n d t he a m p h t u d e o f the inc iden t waves, respect ively. T h e subscr ip t 0 

denotes quan t i t i e s a t t he offshore b o u n d a r y . 

T h e m e t h o d of the n u m e r i c a l c o m p u t a t i o n and t he a d o p t e d mesh scheme are 

t h e same as those emp loyed b y W a t a n a b e and D i b a j n i a . B u t t he convergence o f 

s o l u t i o n is assumed w h e n the absolute er rors be tween t he values o b t a i n e d f r o m t w o 

successive cycles of the ca l cu la t ion at every p o i n t are less t h a n a tolerance er ror 

t h r o u g h o u t t h e field. T h e r equ i r ed absolute e r ror is equa l to 0.02a/ f o r b o t h the 

wave a m p l i t u d e s and the setup ca lcu la t ion i n t he present s tudy . 

T h e f u n c t i o n a l f o r m of a y w h i c h is d i f f e r en t f r o m t h a t proposed b y W a t a n a b e 

a n d D i b a j n i a w i l l be m e n t i o n e d la ter i n § 3 . 5 . 3 . T h e wave ce le r i ty is m o d i f i e d t o 
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p reven t the v a r i a t i o n o f f r f r o m increas ing the n u m e r i c a l r e f l ec t ion . I t w i l l be 

discussed i n § 3 . 5 . 5 . 

3.5.2 E s t i m a t i o n o f E n e r g y D i s s i p a t i o n R a t e 

Since t h e t ime-dependen t m i l d slope e q u a t i o n was o b t a i n e d b y t he sma l l am

p l i t u d e wave theory , the energy ca lcu la ted by the e q u a t i o n is the energy due to the 

wave m o t i o n . F r o m the discussion i n §3 .2 i t is assumed t h a t t he wave energy is 

first t r a n s f e r r e d t o t h a t o f t he organized large vor texes f o r m e d i n f r o n t o f the wave 

crests. T h e t r ans f e r r ed energy w h i c h is o b t a i n e d f r o m TB shou ld diss ipate anyhow, 

because the t o t a l a m o u n t o f t he t r ans f e r r ed energy t h r o u g h o u t the s u r f zone shou ld 

be equa l to the t o t a l a m o u n t o f the d i ss ipa t ion . 

Here i t is considered t h a t a f t e r the t ransfer , the energy is conver ted t o smal ler 

size eddies, and t h e n dissipates. T h i s idea is t he same as so ca l led " the energy 

cascade m o d e l " . Hence, there shou ld be r e t a r d a t i o n o f d i s s ipa t ion . I t also means 

t h a t the energy t r ans f e r r ed t o the large vor texes takes some dis tance d u r i n g the 

d i s s ipa t i on because the vortexes p ropaga te onshore w i t h t he waves. 

T h e p r o b l e m is how long the t r ans fe r r ed energy takes to dissipate. Y a m a s h i t a 

ei al. (1988) p e r f o r m e d de ta i l ed measurements o f behav io r o f the organ ized large 

vor texes i n t he s u r f zone and o b t a i n e d a resul t t h a t t he t i m e i n t e r v a l o f t he genera

t i o n s o f vor texes i n f r o n t o f one p r o p a g a t i n g wave are a lmost cons tan t i n the inner 

r eg ion a n d are m u c h larger a r o u n d the b reak ing p o i n t . T h e i n t e r v a l shou ld have a 

r e l a t i o n t o t h e l i f e o f a v o r t e x . 

I n t he present m o d e l , t he energy t r ans fe r red at one p o i n t cons t an t ly dissipates 

w i t h i n t he dis tance g iven as 

(3.5.29) 
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where x j , is t he crest b r eak ing p o i n t w h i c h w i l l be discussed i n the nex t section, 

a n d Xt the t r a n s i t i o n p o i n t w h i c h is g iven b y E q . (2 .4 .1) . A schematic i l l u s t r a t i o n 

of E q . (3 .5 .29) is shown i n F i g . 3 .5 .1 . T h e values o f the constants i n E q . (3.5.29) 

need f u r t h e r ver i f ica t ions . 

A c o n t r i b u t i o n f r o m the energy t rans fe r red at x = x ' ( i . e . T B ( X ' ) ) to the loca l 

d i s s ipa t ion r a t e is expressed as 

0 ( X < x') 

iii^^^') = I T T T T < ^ < ^ ' + H ^ ' ) ) (3.5.30) 
ld{x') 

- 0 ( X ' + / r f ( x ' ) < X ) 

F i n a l l y , the t o t a l d iss ipa t ion ra te , DB, by wave b reak ing is ob ta ined as 

DB{X) = r U{x,x')dx' (3.5.31) 

J — oo 

3.5.3 E n e r g y Trans fe r Factor a r o u n d the B r e a k i n g Po in t 

I n r e l a t i o n t o the b reak ing of composi te waves, Wa tanabe et al. (1984) proposed 

a breaker index i n te rms o f the r a t i o o f wa te r pa r t i c l e ve loc i ty t o the wave celer i ty 

so as t o agree w i t h the b reak ing c r i t e r i on proposed by G o d a (1970). T h i s c r i t e r ion 

was d e t e r m i n e d t o give an accurate p r e d i c t i o n o f the b reak ing p o i n t w h e n the wate r 

p a r t i c l e ve loc i t y and the wave celer i ty b y the l inear wave theory were used. For 

convenience f o r the numer i ca l calculat ions , Isobe (1987) a p p r o x i m a t e d i t b y the 

f o l l o w i n g f o r m u l a : 

76 = {u/c\ 

= 0.53 - 0 . 3 e x p { - 3 y ' / i ( , / L o } + 5 t a n ^ / ^ / 9 e x p { - 4 5 ( y ' 7 I ^ 7 ^ - 0 .1)^} (3.5.32) 

where ü is the a m p l i t u d e o f h o r i z o n t a l wa te r pa r t i c le ve loc i ty at the s t i l l wa te r level , 

LQ the deep-water wavelength , and subscr ip t 6 denotes t he q u a n t i t y at the break ing 

p o i n t . T h e above equat ion is adop ted i n the present s tudy t o p red ic t the break ing 

p o i n t . 



Bh\-

d 

Ah 

crest breaking point 
breaking point (maximum wave lieight) 

4' 

transition point 

F i g . 3,5.1 S e t t i n g o f d i s s ipa t ion distance Id-

F i g . 3,5.2 S e t t i n g o f coeff ic ient a y . 
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W a t a n a b e and M a r u y a m a (1986) l i nea r ly changed the coef f ic ien t a y i n E q . 

(3 .5 .18) a r o u n d the b r e a k i n g p o i n t t o avo id n u m e r i c a l r e f l e c t i o n caused b y the 

sudden increase o f the t rans fe r f a c t o r fr- T h e y set a y = 0 at t h e p o i n t Lhl^ before 

t he b r e a k i n g p o i n t and l i n e a r l y increased t o 2.5 at the p o i n t i j / é a f t e r the b r e a k i n g 

p o i n t . T h e dis tance L j is t he loca l wave l e n g t h at the b r e a k i n g p o i n t . However , 

t h e d is tance L j / é has no phys ica l reason. T h e d i s s ipa t ion a n d the t ransfer o f t he 

energy s h o u l d occur f r o m the b r e a k i n g p o i n t . 

T h e b r e a k i n g p o i n t s s l i g h t l y d i f f e r i n accordance w i t h i t s d e f i n i t i o n . Seyama 

a n d K i m u r a (1988) measured cross-shore va r i a t i ons o f the wave he igh t o n cons tant 

slopes i n t h e sur f zone f o r i r r egu la r wave c o n d i t i o n . T h e y de f ined the b reak ing 

p o i n t as the p o i n t where t he crests o f p r o p a g a t i n g waves b e g i n t o break a n d gave a 

f o r m u l a p resen t ing t he wave he igh t v a r i a t i o n of i r r egu la r waves f o r var ious b o t t o m 

slopes. F r o m the i r f o r m u l a , t he dis tance h f r o m the b r e a k i n g p o i n t accord ing t o 

t h e i r d e f i n i t i o n t o the p o i n t where the wave he igh t takes i ts m a x i m u m value was 

g i v e n as 

hi f 1.65 e x p ( - 2 . 3 t a n ^ ) + 0.01 t a n ^ + 0.37 

" t a n ^ 1 1 . 5 4 e x p ( - 1 1 . 5 t a n ^ ) - 0 .0458 tan / 3 ( - 8 . 4 1 t a n 

- 0 . 6 7 e x p ( - 3 . 1 t an /3 ) + 0.01 t a n ^ - f -1 .37 

i n w h i c h x[ is t h e p o i n t where the crest o f p r o p a g a t i n g waves beg in t o b reak a n d 

Xh is t h e p o i n t where t he wave he igh t takes i t s m a x i m u m value. 

T h e energy t r ans fe r f r o m the wave m o t i o n t o the organized large vor texes a n d 

also t h e energy d i s s ipa t ion shou ld o c c m f r o m the p o i n t where t he wave crests beg in 

t o break . O n the o ther h a n d , t h o u g h the breaker index p roposed b y W a t a n a b e et 

al. deals w i t h t he r a t i o o f the w a t e r p a r t i c l e ve loc i ty to the wave celer i ty , i t can 

be considered t h a t t h e i r index presents t he p o i n t where t he wave he igh t takes i t s 

(3 .5 .33) 
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m a x i m u m va lue f o r an analogy f r o m the c r i t e r i o n b y Goda . T h e f o r m u l a proposed 

b y Isobe is also f o r the same p o i n t . 

A l s o i n t h i s m o d e l , t he b r e a k i n g p o i n t is de f ined as t h e p o i n t whe re the wave 

he igh t takes i t s m a x i m u m value , b u t t he energy t r ans fe r and d i s s ipa t ion are made 

t o t a k e place f r o m o f f s h o r e w a r d o f the b reak ing p o i n t d e t e r m i n e d b y us ing Isobe's 

f o r m u l a f o r the exact de sc r ip t i on o f t he energy t ransfer a r o u n d the b r e a k i n g p o i n t . 

T h e dis tance be tween the t w o p o i n t s can be ca lcu la ted b y E q . (3 .5 .33) , a n d f o u n d 

t o be 

f 2.55/ii, ( t a n ^ = l / 2 0 ) 

1^1.96^6 ( t an /9 = l / 3 0 ) 

T h e dis tance is g iven b y 2hb f o r the s i m p l i c i t y o f the c a l c u l a t i o n i n t he present 

s tudy . T h e n the crest b r eak ing p o i n t x j , is g iven as 

x'i = Xi - 2hi (3.5.35) 

T h e coeff ic ient ar i n E q . (3.5.18) is set t o be 0 at t he crest b r e a k i n g p o i n t rcj, and 

t o be t h e m a x i m u m value 2.5 at the t r a n s i t i o n p o i n t Xf I n o the r words , aj- is 

increased i n the t r a n s i t i o n r eg ion a n d fixed i n the inner reg ion i n t he m o d e l . 

0 {x < x',) 

2.5 ^ ( 4 < a; < a;<) (3.5.36) 
Xt — Xf^ 

OCT = < 

2.5 {xt < x) 

T h e v a r i a t i o n o f ar is i l l u s t r a t e d i n F i g . 3.5.2. 

3.5.4 R a t i o of Potential E n e r g y to Kine t i c E n e r g y of Waves 

T h e value o f the p o t e n t i a l energy is equal t o t h a t o f the k i n e t i c energy accord ing 

t o t he sma l l a m p l i t u d e wave theory , b u t the ac tua l r a t i o o f the k i n e t i c energy t o 

t he p o t e n t i a l energy is n o t u n i t y i n general . D i b a j n i a et al. (1988) ca l cu la t ed the 

r a t i o b y us ing finite a m p l i t u d e wave theories. T h e y o b t a i n e d t he resul t t h a t the 
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m a x i m u m r a t i o o f the k ine t i c energy to the p o t e n t i a l energy ca lcula ted by the f i n i t e 

a m p l i t u d e wave theo ry is 1.2 as f a r as the ca lcu la t ion converged. 

W a t a n a b e and M a r u y a m a (1986) imposed the energy d i ss ipa t ion f a c t o r f r o m 

L ( , / 4 before the b reak ing p o i n t to cope w i t h the r a p i d decreasing o f the p o t e n t i a l 

energy a f te r b reak ing . I n th is m o d e l , a l t hough the energy t ransfer f r o m wave energy 

E 

takes place f r o m the crest b r eak ing p o i n t X j , the r a t i o Rp = —^ is made t o change 

l i n e a r l y f r o m 1 t o i t s m i n i m u m at the wave p l u n g i n g p o i n t . Because i t can be 

considered t h a t the b reak ing waves keep the m i n i m u m value as f o r the r a t i o Rp. 

T h e r e l a t ionsh ip is expressed as 

1 (a; < x[) 

Rp = < 
1 \ x-x'i 

' - l ' - L 2 j ^ ( 4 < - < - p ) (3.5.37) 

— [Xp < x) 

where Xp is the wave p l u n g i n g p o i n t . T h o u g h the distance f r o m the b reak ing p o i n t 

t o the p l u n g i n g p o i n t is no t clear yet , the p l u n g i n g p o i n t Xp (— xi, + Ip) is e s t imated 

b y E q . (2.4.2) f o r convenience. 

A d o p t i n g E q . (3.5.37), the calcula ted p o t e n t i a l energy is reduced to about 90% 

o f i Ey,. T h e constant coef i ic ient 0.4 i n Eq.(3.5.14) f o r the value 7̂  i n E q . (3.5.18) 

w h i c h can be considered t o express the s t r eng th of the wave decay was de te rmined 

so t h a t the p o t e n t i a l energy w h i c h was g iven b y - Ey, agreed w e l l w i t h the measured 

value. I t shou ld be reduced i n p r o p o r t i o n to the decrease o f the p o t e n t i a l energy 

ca lcu la ted b y means o f E q . (3.5.37), because the v a r i a t i o n o f Rp accelerates the 

decrease o f the p o t e n t i a l energy apparent ly . Hence, E q . (3.5.14) is replaced by 

7, = 0.35 ( 0 . 5 7 + 5.3 tan/3) (3.5.38) 

For the same reason, the constant coeff icient 0.4 i n E q . (3.5.19) should be increased 

t o keep the p o t e n t i a l energy i n the recovery zone. 7^ i n th is m o d e l is de te rmined 
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7r = 0.45 (3 .5 .39) 

3.5.5 Modification of the Wave Celerity 

T h e energy d i ss ipa t ion by wave b reak ing occurs w i t h l i t t l e wave re f lec t ion , 

b u t the ca lcu la t ion by us ing the t ime-dependent m i l d slope equa t ion generates 

n u m e r i c a l r e f l ec t ion . I t is necessary t o keep i t smal l f o r the accurate descr ip t ion 

o f the wave fleld. Since a r a p i d change of the energy t ransfer f ac to r generates 

considerable wave re f l ec t ion , one o f the reasons w h y the coeff ic ient a y i n E q . (3.5.18) 

is made to change l i n e a r l y a round the b reak ing p o i n t is to d i m i n i s h the numer ica l 

r e f l ec t ion . I n t h i s section, another way t o d i m i n i s h the n u m e r i c a l re f lec t ion w i l l be 

discussed. 

T h e govern ing equations of the t ime-dependent m i l d slope equa t ion appl ied 

t o t h i s m o d e l are g i v e n b y Eqs. (3.5.25) and (3.5.26) . I f consider ing a wave field 

b o u n d e d i n t o t w o regions i n w h i c h on ly the t ransfer fac tors f r are d i f f e ren t , namely 

f x is zero i n the inc iden t wave side region and takes non-zero value ƒ2 i n the o ther 

reg ion , the ref lec ted wave (r generated by the sudden change of f x is expressed as 

Cr = -i(kx + trt) (3.5.40) 

where p2 and 52 are the real p a r t and the i m a g i n a r y p a r t o f the complex a m p l i t u d e 

of the t r a n s m i t t e d wave, respectively, and k is the wave number ca lcula ted b y the 

smah ampHtude wave theory, and i n E q . (3.5.40) are g iven as fo l lows : 

2 V 2 a ^ l + - / l t ^ 

I t is possible t o decrease the energy o f the ref lected wave b y changing the wave 

n u m b e r i n the onshore region. Replac ing k i n E q . (3.5.40) b y k', the m i n i m u m ra t io 

^ f 
= o'/^ ' = , (3.5.41) 



•Rmia o f t he re f l ec ted wave energy t o t he t r a n s m i t t e d wave energy is o b t a i n e d as 

w h e n 

T h e deta i ls are s h o w n i n A p p e n d i x A . T h e wave ce le r i ty c' ca lcu la ted b y using k' 

i n E q . (3 .5 .43) is larger t h a n t h a t b y t he s m a l l ampHtude wave theory . 

I t is Icnown t h a t t he ac tua l wave ce le r i ty i n t he su r f zone is also d i f f e r e n t f r o m 

t h e va lue ca l cu la t ed by the sma l l ampHtude wave theory . Svendsen et al. (1978) 

f o u n d t h a t t h e measured wave ce ler i ty i n t he sur f zone is la rger t h a n t he va lue ^/gK 

o b t a i n e d as the sha l low wa te r a p p r o x i m a t i o n o f the s m a l l a m p l i t u d e wave theory , 

a n d e v a l u a t e d i t b y the ce ler i ty o f a pe r iod ic bore w h i c h is g iven b y 

Chore = V g h y - (3.5.44) 

where dc a n d dt are the wa te r d e p t h at t he wave crest and the wave t r o u g h , re

spect ively . I n general , Cbore > \ / ^ - H o r i k a w a a n d Isobe (1980) m e n t i o n e d t h a t 

t he wave ce le r i ty i n the su r f zone can be p r ed i c t ed f a i r l y w e l l b y the so l i t a ry wave 

t heo ry . T h e wave ce ler i ty b y the so l i t a ry wave theo ry is descr ibed as 

csoi = ^g(dt + H) (3.5.45) 

F r o m t h e discussion above, i t can be concluded t h a t us ing k' i n E q . (3.5.43) 

i n s t ead o f k is adequate i n t he sense t h a t the wave ce le r i ty is g e t t i n g closer t o t he 

a c t u a l wave ce ler i ty i n the su r f zone. I n the present m o d e l , t he t r ans fe r f a c t o r 

/T takes discrete values a n d g r a d u a l l y change i n t he su r f zone. I n t h i s case, the 

m o d i f i e d wave n u m b e r k' s h o u l d be ca lcu la ted f r o m t h e t r ans fe r f ac to r s at the 

n e i g h b o r i n g mesh po in t s . However , l i t t l e d i f ference was recognized o n the effect 
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be tween the methods , E q . (3.5.43) is therefore adop ted to g ive the wave ce ler i ty i n 

t h i s m o d e l w i t h replacement o f ƒ2 i n E q . (3.5.41) by f f f o r the s impUci ty . Since 

f r = 0 o f f shoreward o f the b reak ing p o i n t , k' equals k i n the offshore region. 

A d o p t i n g the wave he ight to water d e p t h r a t i o JH — 0.78 i n the su r f zone, Cgoi can 

be a p p r o x i m a t e d as 

c,oi ĉ  ^/g{1.39h) 

~ 1 . 2 v ^ (3.5.46) 

T h e uppe r l i m i t o f the wave ce ler i ty is therefore made as 

c' k 

- = k i ^ ' - ' (3.5.47) 
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3 . 6 D i m e n s i o n a l A n a l y s i s o f T u r b u l e n c e P r o p e r t i e s 

I n t h i s sect ion, representa t ive values o f l e n g t h and ve loc i t y o f tu rbu lence , m e a n 

energy d i s s ipa t i on b y tu rbu lence a n d m e a n eddy viscosi ty w i l l be discussed by us ing 

t h e d i m e n s i o n a l analysis a f t e r B a t t j e s (1975) . 

A d i m e n s i o n a l analysis o f t u rbu l e nc e i n t he su r f zone concern ing t o h o r i z o n t a l 

d i spe r s ion i n the longshore d i r e c t i o n was done b y B a t t j e s (1975) . I n the f i r s t h a l f 

o f t h i s p a r t , the o u t h n e of his w o r k w i l l be i n t r o d u c e d . B a t t j e s adop ted the energy 

cascade m o d e l t o the energy d i s s ipa t ion process i n the sur f zone. I t means t h a t t he 

t u r b u l e n c e consists o f small-size eddies, the energy is t r ans fe r r ed f r o m larger size 

eddies t o t he smal ler size, and t h e n dissipates t o heat . 

I f t h e wave energy dissipates t h r o u g h tu rbu lence , the energy d i s s ipa t ion ra t e 

DB b y wave b r e a k i n g pe r u n i t w i d t h and u n i t l e n g t h cou ld be expressed i n t e rms 

o f energy d i s s ipa t ion ra t e o f t u rbu lence as 

DB « ph*e (3 .6 .1) 

w h e r e h* is t he representa t ive wate r d e p t h a n d e is v e r t i c a l l y averaged energy 

d i s s i p a t i o n r a t e o f t u rbu lence per u n i t mass. B y us ing the representa t ive l e n g t h 1 

a n d t h e representa t ive ve loc i t y q f o r t he t u rbu l ence , i.e. eddies, the energy o f t he 

eddies p e r u n i t mass a n d the representa t ive f r equency were g iven as a n d q/l, 

respect ively . T h e n t he energy t ransfer t o heat t h r o u g h the h igher f requency , t h a t 

is energy d i s s ipa t ion ra te , e, per u n i t mass was d e t e r m i n e d as 

e ^ q ' . ^ - = ' j (3 .6 .2) 

B a t t j e s considered t h a t the scale o f the eddies was res t r i c t ed b y the v e r t i c a l l e n g t h 

r a t h e r t h a n the h o r i z o n t a l l eng th . Rep lac ing / b y h*, and p u t t i n g / i * = h, t he 

represen ta t ive v e l o c i t y was o b t a i n e d as 

(3 .6 .3) 
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B y the eddy viscosi ty m o d e l , the Reynolds stress i n the longshore d i r e c t i o n 

was expressed as 

dV 
-pu'v' = (3.6.4) 

i n w h i c h i/u is the eddy viscosi ty coeff ic ient i n the ho r i zon t a l plane, v' a n d V are 

t he t u r b u l e n t componen t and the steady component o f ve loc i ty i n the longshore 

d i r e c t i o n , respectively. I t was considered t h a t Uh h ad a d imens ion o f ql. Hence, Uh 

cou ld be g iven f r o m E q . (3.6.3) as 

\ 1/3 

Ph ^ qh Pi h [ — ] (3 .6.5) 

B y using the l inear wave theory o n a constant slope, the energy d i ss ipa t ion 

r a t e was expressed as fo l lows : 

S u b s t i t u t i n g H = ynh and c = ^/g^^, B a t t j e s ob t a ined 

= A ^ ^ / 2 t a n / ? 7 ^ / . V 2 (3.6.7) 

where 7 h is the wave he ight t o w a t e r d e p t h r a t i o . B a t t j e s dealt w i t h the h o r i z o n t a l 

d ispers ion , b u t the analysis can be apphed i n the ve r t i ca l d i r ec t i on . T h e energy o f 

t u r b u l e n c e and eddy viscosi ty coeff icient w i l l be discussed hereaf ter . 

T h e v e r t i c a l l y averaged energy ,e, o f tu rbu lence per u n i t mass is described f r o m 

E q . (3 .6 .3) as 

e ~ « — (3.6 .8) 

A s f o r t he eddy viscosi ty i n the v e r t i c a l plane, i t can be considered t h a t the dis

cussion abou t Uh can be appl ied. Hence, w h i c h is the eddy viscosi ty coeff ic ient 
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i n t he v e r t i c a l p lane is expressed b y us ing the energy d i s s ipa t ion r a t e DB a n d the 

m e a n w a t e r d e p t h h as 

^ ^ ^ q l r ^ h { ^ ] (3 .6 .9) 

T h e R e y n o l d s stress shou ld be essential ly d e t e r m i n e d b y the flow fleld. However , i f 

I'w' is p r o p o r t i o n a l t o e, i t can be descr ibed 

DB 
2/3 

(3.6.10) 

I f t he s m a l l a m p l i t u d e t heo ry holds , the energy o f t u rbu lence is expressed i n 

t e r m s o f w a t e r d e p t h , ce le r i ty a n d b o t t o m slopes by s u b s t i t u t i n g E q . (3 .6 .7) i n t o 

E q . (3 .6 .8) as 

V 2/3 

1 6 ^ J 

\ 2/3 
c^tan^/^/3 (3.6.11) 

.16 

T h e above equa t i on means t h a t e is i n p r o p o r t i o n t o the square o f the celer i ty , a n d 

t h e p o w e r o f t w o t h i r d o f the b o t t o m slope. However , one shou ld t a k e i n t o account 

t he v a r i a t i o n o f the wave he igh t t o w a t e r d e p t h r a t i o ^yn-

I n t he same manner , i/e is expressed f r o m E q . (3.6.9) as 

Pe « (-^^hY'chtan'/'P (3.6.12) 
V16 J 

T h e q u a n t i t y is i n p r o p o r t i o n t o t h e w a t e r d e p t h , the ce ler i ty a n d the t h i r d power 

o f t h e slope. 
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3 . 7 M o d e l i n g o f V e r t i c a l D i s t r i b u t i o n o f U n d e r t o w 

T h e mass flux b y waves w h i c h is equal to the v e r t i c a l l y i n t e g r a t e d value o f 

t h e u n d e r t o w is d e t e r m i n e d b y the wave field m o d e l s h o w n i n the p rev ious sections. 

T h e discussion i n §3.6 p o i n t e d o u t the pos s ib ih ty t h a t the v e r t i c a l l y averaged values 

o f t h e m e a n Reynolds stress a n d the m e a n eddy v iscos i ty coef f ic ien t can also be 

o b t a i n e d f r o m Dg w h i c h is e s t ima ted b y the m o d e l o f t he energy d i s s ipa t ion process. 

T h e v e r t i c a l d i s t r i b u t i o n o f t he m e a n Reynolds stress a n d t h e m e a n eddy vis

cos i ty coef f ic ien t w i l l be assumed as l inear f u n c t i o n s o f the v e r t i c a l e leva t ion z based 

o n the e x p e r i m e n t a l resul ts . T h e u n d e r t o w p r o f i l e w i l l be d e t e r m i n e d f r o m these 

d i s t r i b u t i o n s b y us ing t he eddy v iscos i ty m o d e l . T h e u n d e r t o w can be eva lua ted 

t h r o u g h o u t the su r f zone. 

3 .7 .1 Model ing of Ver t i ca l Distr ibut ion of the M e a n Reynolds Stress 

and the M e a n E d d y Viscosity 

Based o n the e x p e r i m e n t a l results s h o w n i n § 2 . 3 , the v e r t i c a l d i s t r i b u t i o n s o f 

t he m e a n Reynolds stress a n d the mean eddy v iscos i ty coeff ic ient are assumed as 

l inear f u n c t i o n s o f the v e r t i c a l e leva t ion z i n each measu r ing l ine . T h i s a s sumpt ion 

is d i f f e r e n t f r o m t h a t a d o p t e d b y Svendsen and Hansen (1988) o r T s u c h i y a et al. 

(1988) . F i g u r e 3.7.1 shows th i s s imple m o d e l f o r the e s t i m a t i o n . 

F i r s t the coeff ic ients o f the l inear f u n c t i o n s f o r t he measu r ing Hne 4 and 5 i n 

every case o f series B of t he exper iments described i n C h a p t e r 2 were o b t a i n e d b y 

u s i n g t he regression analysis . T o inves t iga te cons is tent ly a m o n g the measur ing lines 

a n d f o r var ious inc iden t wave cond i t ions , i t shou ld be p r o p e r t o non-d imens iona l ize 

the coeff ic ients b y the w a t e r dens i ty p, t he celer i ty c a n d the t r o u g h level dt, w h i c h 

is p r o b a b l y p r o p o r t i o n a l t o the m e a n w a t e r d e p t h h i n t he inne r reg ion , accord ing 

t o Eqs. (3 .6 .11) a n d (3 .6 .12) . E q u a t i o n s (3.6.11) a n d (3.6.12) were de r ived w i t h the 

a s s u m p t i o n t h a t the energy d i s s ipa t ion is expressed b y E q . (3 .6 .6 ) , w h i c h shou ld h o l d 
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F i g . 3.7.1 A s s u m e d d i s t r i b u t i o n s o f m e a n Reynolds stress a n d m e a n 

eddy v iscos i ty coef i ic ient . 
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i n the inner reg ion where waves can be regarded as quasi-steady, a l t h o u g h the energy 

d i s s ipa t ion ra t e w i U be ac tua l ly evaluated by the m o d e l described i n §3 .5 because i t 

can app ly t h r o u g h o u t the surf zone. T h e n the average o f the dimensionless values 

o f the measur ing l ine 4 and 5 was t aken f o r each case. 

U s i n g these parameters , the l inear f u n c t i o n s f o r the mean Reynolds stress 

—pu'w' a n d the m e a n eddy viscosi ty coeff ic ient are expressed as 

(.-i 
-pu'w' = a i p - j - z ' -\- Pipc^ (3.7.1) 

Ve = a^cz' + P2cdt (3.7.2) 

where at, /Si, «2 a n d ^2 are dimensionless parameters a n d z' is the ve r t i ca l e levat ion 

f r o m the b o t t o m . T h e wave celer i ty is expressed as 

c = y/g (dt + H) (3.7.3) 

based o n the so l i t a ry wave theory, where H is the loca l wave height . Table 3.7.1 is 

the l i s t o f the dimensionless parameters . 

Tab le 3.7.1 Dimensionless parameters f o r the d i s t r i b u t i o n o f —pu'w' and v^. 

case slope « 1 71 «2 P2 72 
B - 1 1/20 0.0024 -0.00058 0.0017 0.015 -0.00042 0.015 
B - 2 1/20 0.0027 -0.00062 0.0021 0.015 -0 .0015 0.014 
B - 3 1/20 0.0020 -0.00026 0.0017 0.0098 0.0013 0.011 

B - 4 1/20 0.0022 -0.00016 0.0021 0.015 0.0015 0.016 

A v e . o f 1/20 0.0023 -0 .00041 0.0019 0.014 0.00022 0.014 
B - 5 1/30 0.0018 -0.00036 0.0014 0.010 0.000066 0.010 
B - 6 1/30 0.0015 -0.00024 0.0013 0.017 -0.00052 0.016 
B - 7 1/30 0.0019 -0.00036 0.0015 0.011 -0.00043 0.010 
B - 8 1/30 0.0013 -0.00024 0.0011 0.0091 -0.00010 0.0081 
B - 9 1/30 0.0011 -0.00016 0.00094 0.0046 0.00042 0.0050 
A v e . o f 1/30 0.0015 -0.00027 0.0012 0.010 -0 .00011 0.0099 
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I n t h e t ab l e , t he pa ramete r ^2 is t he dimensionless value o f o n the b o t t o m 

{z' = 0) and 72 is t h e value at the t r o u g h level {z' = dt). T h o u g h the m a g n i t u d e o f 

t he pa ramete r s are m u c h smaller t h a n the values o b t a i n e d f r o m Eqs . (3 .6 .11) and 

(3 .6 .12) , the fluctuation o f the parameters are so smah t h a t they can be regarded as 

cons tants f o r each b o t t o m slope. T h e f a c t t h a t is f a r smaller t h a n 72 is consistent 

w i t h t he e x p e r i m e n t a l resu l t m e n t i o n e d i n §2 .3 .4 . I t shou ld therefore be possible to 

t a k e z/g = 0 o n t he b o t t o m . E q u a t i o n (3.7.2) can be a p p r o x i m a t e d as 

ï/e = a2cz' (3 .7.4) 

T o deal w i t h t h e m e a n Reynolds stress and the m e a n eddy v i scos i ty coeff ic ient 

i n the s u r f zone w h i c h i nc lude t he ou te r region or the wave recovery zone, i t is 

necessary t o es t imate t h e m a g n i t u d e o f t h e m b y means o f D j g ca lcu la ted b y the 

m o d e l descr ibed i n §3 .5 . For th i s sake, i t is convenient t h a t the values are expressed 

i n t e rms o f d imens iona l parameters . Since the m e a n Reynolds stress can be t rans

f o r m e d t o t he m e a n shear stress, the m e a n shear stress r a c t i ng o n t h e h o r i z o n t a l 

p lane a n d t h e t he m e a n eddy v iscos i ty coeff ic ient can be deno ted as 

r = arz' + hr (3 .7.5) 

= auz' (3 .7 .6) 

whe re z' { = z + ho) is t h e v e r t i c a l e leva t ion measured f r o m the b o t t o m and « r , hr 

a n d a„ are f u n c t i o n s of x w h i c h can be t r e a t ed as constants at a c e r t a i n va lue of x. 

B y us ing t he v e r t i c a l l y averaged m e a n shear stress w h i c h is de f ined as 

Tdz' (3 .7 .7) 

a n d t h e r a t i o o f the va lue at the t r o u g h level t o t he va lue at t he b o t t o m 

1 
dt Jo 

^ I I I ^ (3 .7 .8) 
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t he values a,- a n d bj- are deno ted as 

2 1 - R t , 2 
ür = — 

T h e m e a n shear stress is expressed as 

F r o m E q . (3 .6 .10) , i t can be considered t h a t the v e r t i c a l l y averaged m e a n shear 

stress is expressed as 

Tm = Crp'/'Dy^ (3 .7 .11) 

w h e r e Cr is a cons tant . I n the present s tudy , Cr is d e t e r m i n e d f r o m the exper i 

m e n t a l resul ts as 

Cr = 0.02 (3.7.12) 

T h e value is f a r smal ler t h a n u n i t y . One reason is t h a t t he representa t ive l e n g t h is 

g i v e n b y h i n §3.6 t h o u g h the ac tua l d i ame te r o f t u r b u l e n t eddies shou ld be m u c h 

smal ler . T h e r a t i o Rr is d e t e r m i n e d f r o m the values / ? i a n d 71 as 

Rr = - 4 . 0 (3.7.13) 

I t s h o u l d be no t i ced t h a t r becomes always zero at z' = -dt i n th i s case. Subs t i -
5 

t u t i n g Eqs. (3 .7 .11) , (3.7.12) a n d (3.7.13) i n t o (3 .7 .10) , r is o b t a i n e d as 

0.04 
T = p 

3 ^ \dt J 

T h e value dt is ca lcu la ted i n t he m o d e l as 

dt = h - a (3.7.15) 

whe re a is t h e wave a m p l i t u d e ca lcu la ted b y the s m a l l a m p l i t u d e wave theory . A l 

t h o u g h the s m a l l a m p l i t u d e wave t h e o r y cannot express the wave he igh t d i s t r i b u t i o n 

i n t h e su r f zone accurately, i t is adop ted f o r convenience o f the ca l cu l a t ion . 
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T h e v e r t i c a l d i s t r i b u t i o n o f t he m e a n eddy v iscos i ty Ue can be o b t a i n e d i n the 

same m a n n e r . Since t he va lue at t he b o t t o m was assumed to be zero i n § 2 . 3 . 4 , a,̂  

i n E q . (3 .7 .6) is expressed as 

a , = 2 ^ (3.7.16) 

where 

P m ^ ^ T i ^ e d z ' (3 .7 .17) 
dt Jo 

P r o m E q . (3 .6 .9 ) , can be deno ted as 

'^m = C M - ' / ' D ] j ' (3.7.18) 

where Cy is d e t e r m i n e d as 

= 0.03 (3.7.19) 

f r o m t h e e x p e r i m e n t a l resul ts . T h e n E q . (3.7.6) is rep laced b y 

„ ^' 

dt 

= 0.Q6p-'^^Dy'^z' (3 .7 .20) 
dt 

3.7.2 Express ion of Undertow Profl le by Using the E d d y Viscosity Model 

I t was assumed t h a t the eddy v iscos i ty coeff ic ient takes the value zero a t the 

b o t t o m i n t he previous sect ion, b u t there exists the k i n e m a t i c v iscos i ty u. T h o u g h 

t h e va lue u is f a r smal ler t h a n i/^ i n the su r f zone i n general , i t cannot be neglected 

near t h e b o t t o m or i n the of fshore region where the field is regarded as a l a m i n a r 

fiow. The re fo re , t he t o t a l v i scos i ty is de f ined as fo l l ows ; 

Pt = Pe + P (3.7.21) 

B y u s ing t h e eddy v i scos i ty m o d e l , t he r e l a t i o n be tween the mean shear stress r 

a c t i n g o n t he h o r i z o n t a l p lane a n d t he s teady cur ren t U i n x - d i r e c t i o n is expressed 

T = m ^ (3.7.22) 
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S u b s t i t u t i n g Eqs. (3 .7 .5) , (3.7.6) and (3.7.21) i n t o E q . (3.7.22) and rep lac ing z by 

z', the s teady cur ren t V can be expressed i n a f i r s t -o rde r l inear d i f f e r e n t i a l equa t ion 

as 

dV arZ' + hr 
^ = (3.7.23 
dz' üuz' + 1/ ^ ^ 

T h e general so lu t i on of E q . (3.7.23) is o b t a i n e d as 

u = h - i ^ d z ' 

J a^z' H- V 
CLr , a^hr — drV , , , 

= ^ z ' + " \ ' l og ( a^^ ' + I/) + C i (3.7.24) 

where C i is a i n t e g r a l constant . T h e v e r t i c a l l y averaged value o f the u n d e r t o w is 

de f ined as 

1 
Um =-r Udz' 

dt Jo 

= J , f ' j ' ' (3.7.26) 

F r o m E q . (3 .3 .3) , i t is obvious t h a t the in t eg ra ted u n d e r t o w shou ld compensate the 

mass flux above the t r o u g h level . Hence, Um is ca lcula ted b y using E q . (3.3.3) as 

Um = -j^Mt (3.7.26) 

S u b s t i t u t i n g E q . (3.7.24) i n t o E q . (3.7.25), C j is de t e rmined as 

C i = Um - -x-^dt - "•"^•^^ "-r^ {audt-}-p)\og{audt-irp)-u\ogi'-aydt (3.7.27) 

T h e value r ca lcu la ted b y E q . (3.7.14) becomes zero i n the offshore reg ion or 

i n t he wave recovery zone because DB is zero i n these regions. T h e n t he steady 

cu r r en t ca lcula ted b y E q . (3.7.24) becomes a u n i f o r m flow. Longue t -Higg ins (1953) 

de r ived the E u l e r i a n mass t r anspo r t ve loc i ty o n the assumpt ion t h a t the non- l inear 

i n e r t i a te rms can be neglected compared w i t h the viscous te rms as 

a^ak ( , f z^ z \ 
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^ J s ^ ^ 2 k h 3 \ (3 .7 .28) 

E q u a t i o n (3 .7 .28) produces no net mass t r a n s p o r t w l i e n us ing t i i e sma l l a m p l i t u d e 

wave theory . I n the present m o d e l , the s teady cu r r en t i n t he of fshore r eg ion and 

t h e wave recovery zone is d e t e r m i n e d as 

Uoii = UE + C2 (3.7.29) 

where C2 is t he compensa to ry va lue t o sa t i s fy 

rit 

/ Uoifdz = -Mt (3.7.30) 

F r o m Eqs. (3 .7 .26) , (3 .7 .28) , (3.7.29) and (3 .7 .30) , C2 is o b t a i n e d as 

C2 = Um 0 { khsmh2kh +—j-r—+ 7;] 
4(Ct + h) s i n h ' k h \ \ 2kh 2 ) 

C? ( 3s inh2A; / i 3 , , 
+ ( 2 f c / i s i n h 2 A ; / i ) ^ + khsmh2kh — ] (t 

ft y ZfCtl Z 

s i n h 2kh 

k 

T h e n I/off is expressed as 

(3.7.31) 

4 s inh kh 

3 s i n h 2 f c / ï 9 \ z'"^ 
3fc / i s inh2^; / i + + - , , „ 

2kh 2 I 

+ -2khsin\).2kh — 9 , , 
2kh J h 

h \ \ h 

, , , , d t \ smh.2kh 3 / „ dt 

+ Um (3-7.32) 

F o r the saice o f s m o o t h i n g t he so lu t i on near the b r e a k i n g p o i n t or the wave 

recovery p o i n t , E q . (3 .7 .24) is replaced as 

V 2 / al \ a^dt + v a„dt v J 

+ Um (3.7.33) 
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where 

, ua^ak / . , 3 s i n h 2 f c / ï 9 
= ür -\ ,^ . „ 3khsmh.2kh + — f- -

2/ï2 sinh^ k h \ 2kh ^ 2 
) (3.7.34) 

, ua^ak / , , . 6smh2ifc / j \ 

T h e values o f t h e second te rms i n E q . (3.7.34) are f a r smal ler t h a n those o f the f i r s t 

t e r m s i n the inne r reg ion o f the su r f zone. I n the offshore r eg ion where DB = 0, 

E q . (3 .7 .33) reduces t o 

w h i c h is exac t ly same as E q . (3.7.32) [see A p p e n d i x B ] . I n case o f DB < 1 , the 

u n d e r t o w p r o f i l e is ca lcu la ted b y E q . (3.7.35) to prevent the c a l c u l a t i o n f r o m d i 

v e r g i n g . 



3 .8 C o m p u t a t i o n a l R e s u l t s 

B y us ing t h e present m o d e l , at f i r s t t he p o t e n t i a l a n d k i n e t i c energies of the 

wave m o t i o n and t he energy o f the organ ized large vor texes are ob t a ined . T h e wave 

se tup is also ca lcu la ted . F r o m the energy va r i a t ions , the v e r t i c a l l y averaged value 

o f u n d e r t o w is e s t ima ted . F i n a l l y , the prof i les o f the u n d e r t o w are o b t a i n e d w i t h 

e s t i m a t i o n o f the m e a n Reynolds stress and t he m e a n eddy v iscos i ty coeff ic ient f r o m 

the energy d i s s ipa t i on ra te . 

I n t h i s sect ion, the ca lcu la ted values w i l l be c o m p a r e d w i t h the measured 

values w h i c h were o b t a i n e d by t he l a b o r a t o r y exper imen t s descr ibed i n §2 .2 . T h e 

energy v a r i a t i o n s w i l l also be discussed w i t h the e x p e r i m e n t a l resul ts o b t a i n e d b y 

N a g a y a m a (1983) . 

3.8.1 Variat ions of Energies 

T h e v a r i a t i o n o f the ca lcu la ted values o f the p o t e n t i a l energy o f wave m o t i o n 

Ep, t he energy o f t he organized large vor texes E^ a n d the t o t a l energy o f wave 

Ef f o r case B - 1 w h i c h was descr ibed i n §2.2 are shown i n F i g . 3 .8 .1 . T h e mea

sured p o t e n t i a l energy o f waves is shown together i n the f i g u r e . T h e measured and 

ca l cu l a t ed b r e a k i n g po in t s , p l u n g i n g p o i n t s a n d t r a n s i t i o n p o i n t s are also ind ica ted . 

F o r t he c a l c u l a t i o n b y t he present m o d e l , on ly beach t opog r a phy , p e r i o d and 

he igh t (o r a m p l i t u d e ) o f the i nc iden t waves are necessary as i n p u t s . T h e spacing 

b e t w e e n t h e mesh p o i n t s a n d the t i m e step of the c a l c u l a t i on were respect ively 2 

c m a n d 0.005 s f o r a l l the cases . T h e ca lcu la t ion was s t a r t e d f r o m the p o i n t s 100 

c m o f f s h o r e w a r d of the f o o t o f t he slopes, w h i c h was x = - 9 0 0 c m i n case B - 1 . T h e 

convergence of s o l u t i o n was assumed w h e n the absolute errors be tween the values 

o b t a i n e d f r o m t w o successive cycles o f the ca l cu l a t i on at every p o i n t were less t h a n 

2 % o f t he a m p H t u d e o f t he inc iden t waves t h r o u g h o u t t he field f o r b o t h the wave 
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F i g . 3.8.1 C a l c u l a t e d a n d measured energy va r i a t ions (case B - 1 ) . 



- 1 0 0 -

a m p l i t u d e s a n d the setup ca l cu la t ion . O t h e r needed fac tors and coefHcients were 

a l ready g i v e n i n the previous sections. 

I n the f i g u r e , t he ca lcu la ted a n d measured p o t e n t i a l energy Ep are i n g o o d 

agreement i n t he su r f zone; however the ca lcu la ted Ep is s l i g h t l y smal ler t h a n 

t h e measured value at a; = - 5 0 0 c m . T h e n u m e r i c a l r e f l ec t i on can be seen i n t he 

o f f shore reg ion . T h e b reak ing p o i n t is e s t i m a t e d s l i g h t l y o f f s h o r e w a r d i n spite o f t he 

smal le r va lue of the eva lua ted p o t e n t i a l energy i n the offshore reg ion . T h e e s t i m a t e d 

p l u n g i n g p o i n t is m u c h offshore , b u t t he t r a n s i t i o n p o i n t is w e l l e s t ima ted i f t he 

d i f fe rence o f the b r e a k i n g p o i n t s is t a k e n i n t o account . T h e ca lcu la ted Ep begins 

t o a t t e n u a t e f r o m the e s t ima ted b r e a k i n g p o i n t i n the flgure, a l t h o u g h W a t a n a b e 

a n d M a r u y a m a (1986) m e n t i o n e d t h a t the ca lcu la ted energy s t iU increased at t he 

b r e a k i n g p o i n t w h e n se t t i ng ofy = 0 at the b r e a k i n g p o i n t . T h e reasons shou ld 

be t h a t a y increases f r o m the crest b r e a k i n g p o i n t i n t h i s case a n d t h a t the r a t i o 

b e t w e e n t he p o t e n t i a l energy and the k i n e t i c energy is m o d i f i e d a f t e r b reak ing . 

O n the o ther h a n d , the t o t a l energy Ef does n o t change so m u c h a r o u n d the 

b r e a k i n g p o i n t a n d r a p i d l y decreases f r o m the measured p l u n g i n g p o i n t t o t he 

t r a n s i t i o n p o i n t . I t is caused b y the existence o f t he organ ized large vor texes . T h e 

m a g n i t u d e o f the energy o f t he organized large vor texes E „ is comparab le t o t h a t 

o f t he p o t e n t i a l energy Ep. T h e energy o f t he vor texes increases f r o m the crest 

b r e a k i n g p o i n t and takes i t s m a x i m u m value w h i c h is a lmost the same as t he value 

o f Ep near t he ca lcu la ted t r a n s i t i o n p o i n t . 

T h e ca lcu la ted energy t rans fe r r a t e TB f r o m the wave energy t o t he energy 

o f t he vor texes and the energy d i s s ipa t ion r a t e DB are shown i n F i g . 3.8.2. T h e 

h a t c h e d area corresponds t o the r a t e o f change o f the v o r t e x energy. T h e quali¬

t a t i v e agreement w i t h the v e r t i c a l l y averaged energy of t u rbu lence a n d w „ 

s h o w n i n Figs . 2.3.15 a n d 2.3.16 is g o o d except near the p l u n g i n g p o i n t where t he 



cal. p .p . cal. T.P. 

-400 -200 O (cm) 

F i g . 3.8.2 Rates o f energy t rans fe r a n d d i s s ipa t ion (case B - 1 ) . 

- calculated Et cal. P.P. 

F i g . 3.8.3 P o t e n t i a l energies ca lcu la ted b y the present m o d e l a n d measured 

b y N a g a y a m a (1983) o n a u n i f o r m slope (case 1) . 



ca l cu l a t ed value o f the energy d i s s ipa t ion is m u c h larger t h a n the measured value 

o f t h e t u r b u l e n c e energy. B u t i n general , i t can be sa id t h a t the d i f ference o f t he 

spa t i a l d i s t r i b u t i o n s be tween the a t t e n u a t i o n o f the wave energy a n d t he energy 

d i s s ipa t i on is w e l l expressed b y the present m o d e l . 

F i g u r e 3.8.3 gives the compar i son w i t h the v a r i a t i o n o f the p o t e n t i a l energy 

measured b y N a g a y a m a (1983) o n a 1/20 cons tan t slope (case 1 ) . T h e inc iden t 

wave c o n d i t i o n is l i s t ed i n T a b l e 3 .8 .1 . T h e p o t e n t i a l energy is unde r - e s t ima ted 

i n t he s u r f zone. Since the p o t e n t i a l energy r a p i d l y deceases a f t e r b r e a k i n g , i t 

can be considered t h a t the p r e d i c t i o n o f the b r e a k i n g p o i n t inf luences m u c h t o 

t h e v a r i a t i o n s of the ca lcu la ted energies i n the su r f zone. T h e ca lcu la ted p o t e n t i a l 

energy increases g r a d u a l l y u p t o t h e wave b r e a k i n g p o i n t , a l t h o u g h the measured 

va lue keeps a lmos t same value. I t s h o u l d be because t he sma l l a m p l i t u d e t h e o r y b y 

w h i c h t h e wave energy is over -es t imated i n sha l low w a t e r is a d o p t e d i n th i s m o d e l 

[ D i b a j n i a ei al. (1988) ] . 

T a b l e 3.8.1 C o n d i t i o n s o f exper imen t s p e r f o r m e d b y N a g a y a m a (1983) . 

case beach t y p e T ( s ) hi ( c m ) Hi ( c m ) HO/LQ Xb ( c m ) Xp ( c m ) 

1 u n i f o r m 1.19 27.1 5.44 0.027 - 1 8 2 - 1 3 2 

3 step 1.19 28.4 5.07 0.025 - 3 5 8 - 3 0 6 

5 step 0.96 28.4 7.19 0.055 - 3 8 7 - 3 0 8 

6 bar 0.94 28.4 6.48 0.051 - 3 5 7 - 3 3 1 

7 bar 0.95 28.4 5.85 0.045 - 3 5 7 - 3 1 4 

T h e compar isons be tween the ca lcu la ted a n d measured p o t e n t i a l energies are 

s h o w n i n F igs . 3.8.4 and 3.8.5 f o r cases 3 and 5 o f the exper imen t s b y N a g a y a m a 

o n a s tep- type beach w i t h t he va r i a t ions o f the t r ans fe r f a c t o r f x - T h e t rans fe r 

f ac to r s increase f r o m the crest b r eak ing po in t s accord ing t o the coef i ic ient a y , t h e n 
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cal. P.P. 
cal. B . P . - , 

x l 0 ^ ( g / s 2 ) m e a s . B . P . ^ 

5 

I—meas. P.P. 

cal. T.P. calculated Ef 

calculated Ep 

calculated E„ 

measured Er, 

X - (cm) 

P o t e n t i a l energies ca lcu la ted b y the present m o d e l a n d measured 

b y N a g a y a m a (1983) o n a s tep- type beach (case 3 ) . 

meas. B.P.—I cal. P.P. cal T P 

Xl03 (g / s2 calculated Et 

calculated Ep 

calculated E„ 

measured i?,. 

F i g . 3.8.5 P o t e n t i a l energies ca lcu la ted b y the present m o d e l a n d measured 

b y N a g a y a m a (1983) o n a s tep- type beach (case 5 ) . 
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decrease f r o m thie t r a n s i t i o n p o i n t s o n the f l a t bed . As the t r ans fe r f a c t o r becomes 

zero o n t he flat b e d i n case 5, waves recover at t h a t p o i n t i n ca l cu la t ion . O n the 

o the r h a n d , t h e y do n o t recover b y c a l c u l a t i o n f o r case 3, a l t h o u g h the v a r i a t i o n 

o f t he measured p o t e n t i a l energy suggests the wave recovery a r o u n d x = —150 c m . 

However , i n general , i t can be said t h a t the ca lcu la ted values p r e d i c t t he ac tua l 

energy v a r i a t i o n s w e l l i n b o t h cases. T h e energy va r i a t ions f o r case B - 1 1 are shown 

i n F i g . 3.8.6. T h e r e l a t i ve m a g n i t u d e o f the vo r t ex energy is la rger t h a n o ther cases 

because o f t h e steeper b o t t o m slope o f f sho reward o f t he flat b e d . T h e agreement is 

g o o d . 

F igures 3.8.7 a n d 3.8.8 g ive t he comparisons o f the ca l cu la t ed a n d measured 

p o t e n t i a l energies f o r cases 6 a n d 7 o f Nagayama 's expe r imen t s o n a b a r - t y p e beach. 

T h e agreement is good . However , t he e s t i m a t i o n o f the second b r e a k i n g po in t s is 

n o t accura te i n b o t h cases. I t is p r o b a b l y due to the f a c t t h a t waves w h i c h have 

once recovered t e n d t o b reak easily f o r the second t i m e . T h e r e f l e c t i o n at t he first 

b r e a k i n g p o i n t s is t o o large t o be neglected. 

3.8.2 V e r t i c a l l y A v e r a g e d U n d e r t o w 

F i g u r e 3.8.9 shows t h e compar i son of the va r i a t ions o f the ca lcu la ted and mea

su red values Um o f the s teady cur ren t averaged v e r t i c a l l y be low the t r o u g h level f o r 

case B - 1 . T h e c o n t r i b u t i o n s to t he ca lcu la ted value o f Um f r o m the mass flux b y 

wave m o t i o n U^ ^ = ^ ' ^^ organized large vor texes C/„ ^ = — ^ ) are 

also g i v e n i n the figure. T h e measured value is smal ler t h a n t he ca lcu la ted value 

i n t he o u t e r r eg ion b u t is larger i n the inner reg ion . Since t h e measured value is 

a lmos t t h e same as the va lue U^ o f f shoreward o f the p l u n g i n g p o i n t , i t is considered 

t h a t t he ac tua l m a g n i t u d e o f the c o n t r i b u t i o n b y the o rgan ized large vortexes is 

m u c h smal le r t h a n the ca l cu la t ed value. 



F i g . 3.8.6 Ca lcu la t ed and measured energy var ia t ions (case B - 1 1 ) . 
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T h e ca lcula ted value o f the energy d iss ipa t ion a r o u n d the p l u n g i n g po in t s is 

m u c h larger t h a n the measured value o f the tu rbu lence energy as already men t ioned . 

I t means t h a t the ac tua l energy d iss ipa t ion m a y be smaller t h a n the value evaluated 

b y th i s m o d e l . Since the ca lcula ted p o t e n t i a l energy agrees w i t h the measured value 

as s h o w n i n F i g . 3 .8 .1 , l i t t l e energy d i ss ipa t ion means t h a t the energy o f vortexes 

m u s t be m u c h larger. B u t i n the present m o d e l , the large value o f the v o r t e x energy 

at the p l u n g i n g p o i n t makes the mass f l u x b y the vortexes large there , w h i c h is 

c o n t r a r y t o the results shown i n F i g . 3.8.9. I t is p robable t h a t the s t ruc tu re o f 

t h e organized large vortexes i n the outer region is d i f fe ren t f r o m t h a t i n the inner 

reg ion . T h e m a g n i t u d e o f the vo r t ex energy depends o n the d i ss ipa t ion l e n g t h o f 

v o r t e x energy w h i c h is g iven b y E q . (3 .5.29) . T h e inf luence b y the difference o f 

t he s t r u c t u r e o f the organized large v o r t e x is p a r t l y considered i n E q . (3.5.29) i n 

t h i s mode l . 

T h e comparisons between the ca lcula ted value and measured value o f Um f o r 

cases B - 4 and B - 8 are shown i n Figs. 3.8.10 and 3.8.11. T h e v e r t i c a l l y averaged 

u n d e r t o w is w e l l p red ic ted i n case B - 4 i n the ou te r region, however i t is r a the r 

over -es t imated i n case B - 8 . T h e reason f o r such a difference is no t clear, b u t at 

least , i t can be said t h a t the p r e d i c t i o n o f the b reak ing p o i n t affects the eva lua t ion 

o f Um especially i n the ou te r region. 

I n the inner region, the ca lcula ted value is larger t h a n the measured value 

i n case B - 4 . I n case B - 8 , the measured value fluctuates i n the inner region. I t 

cannot be concluded whe ther the fluctuation o f the measured value is caused b y 

t he th ree-d imens iona l i ty o f the steady cu r ren t i n the inner reg ion or the er ror o f 

t he measurement . 

3.8.3 Prof i les o f U n d e r t o w 
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T h e compar i son o f the ca lcu la ted a n d measured d i s t r i b u t i o n o f t he s teady 

c u r r e n t i n t he cross-shore d i r e c t i o n U f o r case B - 1 is s h o w n i n F i g . 3.8.12 w i t h 

t h e b o t t o m p r o f i l e . T h e v a r i a t i o n of t he mean wa te r level w h i c h w i l l be discussed 

i n t he n e x t p a r t o f th i s sect ion is g iven together . F r o m the f i gu re , i t can be sa id 

t h a t t he prof i les i n the inner r eg ion are we l l eva lua ted . T h e ca lcu la ted prof i les i n 

t he o u t e r r eg ion w h i c h decrease w i t h the v e r t i c a l e l eva t ion z' are d i f f e r e n t f r o m the 

measured prof i les w h i c h increase w i t h z'. I n the present m o d e l , t he m e a n shear 

stress r is a lmos t zero at z' = -dt i n the su r f zone as m e n t i o n e d i n § 3 . 7 . 1 , 

5 dz' 

becomes also zero at t h a t p o i n t . However , t he prof i les are g r ea t l y depend o n t he 

energy d i s s ipa t ion ra te D g . I f Z ) ^ is ve ry smah as i t is a t the b r e a k i n g p o i n t , the 

p r o f i l e becomes a lmost v e r t i c a l as shown a r o u n d the p r e d i c t e d b r e a k i n g p o i n t i n 

F i g . 3.8.12. I n t h a t case, t he agreement o f the ca lcu la ted a n d measured prof i les is 

f a i r y g o o d . O n the o ther h a n d , as the ca lcu la ted energy d i s s ipa t ion is la rger t h a n 

the measured t u r b u l e n t energy near t he p l u n g i n g po in t s as a l ready m e n t i o n e d i n 

t h e p rev ious p a r t , the ca lcu la ted prof i les become m u c h d i f f e r en t f r o m the measured 

va lue . I f the eva lua ted energy d i s s ipa t ion becomes i n b e t t e r agreement , t he prof i les 

w i l l also approach t o t he measured va lue near the p l u n g i n g p o i n t . Since DB changes 

r a p i d l y i n t he ou te r reg ion as s h o w n i n F i g . 3.8.2, t he p r e d i c t i o n o f the b r e a k i n g 

p o i n t s has a great i m p o r t a n c e f o r the accurate e s t i m a t i o n o f DB, i.e., t he prof i les 

o f t he s teady cu r ren t i n the ou te r reg ion . T h e comparisons f o r cases B - 4 and B - 8 

are s h o w n i n Figs . 3.8.13 a n d 3.8.14. T h e tendency is the same, b u t the agreement 

i n t he ou te r r eg ion is r a the r g o o d f o r case B - 4 . 

F i g u r e 3.8.15 gives the u n d e r t o w prof i les f o r case B - 1 1 . T h e ca lcu la ted p r o f i l e 

does no t fit t o the measured p r o f i l e a t t he p l u n g i n g p o i n t , e i ther i n t h i s case. O n the 

o f f shore p a r t o f the flat bed , the f o r m o f the ca lcula ted prof i les is g o o d , a l t h o u g h the 

m a g n i t u d e is smaller t h a n the measured values. T h e onshore side o n the flat bed 

is a wave recovery zone. T h e energy t ransfer f ac to r f x becomes zero at x = —240 



- 1 1 0 -

calculated M . W . L . 
meas. B.P. 

-400 -200 0 (cm) 

F i g . 3.8.12 Steady cu r ren t d i s t r i b u t i o n and t l i e v a r i a t i o n o f m e a n wa te r level 

(case B - 1 ) . 

calculated M . W . L . 

F i g . 3.8.13 Steady cur ren t d i s t r i b u t i o n a n d the v a r i a t i o n o f m e a n wa te r leve l 

(case B - 4 ) . 



- 1 1 1 -

calculated M . W . L . 

meas.B.P. meas.T.P. " — - S .W.L. 

-10 

^ ^ . measured M . W . L . 

meas. U J / 

cal. B.P. 

1 1 1 1 1 1 1 

cal. T.P. 

1 

- 2 0 ~ 0 (cm/s) 
U 

t 1 t 1 I t 1 
-400 -200 

X 
0 (cm) 

F i g . 3.8.14 Steady cu r ren t d i s t r i b u t i o n and t he v a r i a t i o n o f m e a n wate r leve l 

(case B - 8 ) . 

calculated M . W . L . 

F i g . 3.8.15 Steady cu r ren t d i s t r i b u t i o n a n d the v a r i a t i o n o f m e a n wa te r level 

(case B - 1 1 ) . 



— 112 — 

c m , b u t DB has some value there and i t becomes zero a r o u n d x = - 2 0 0 c m where 

t h e waves are regarded t o recover b y the ca l cu la t ion . T h e observed recovery p o i n t 

was X = - 1 1 5 c m . T h e measured prof i les are a lmost v e r t i c a l and the m a g n i t u d e is 

s m a l l a t the measur ing lines at a; = - 1 4 5 a n d x = - 1 0 5 c m where the ca lcu la ted 

p ro f i l e s are t h e same as those b y L o n g u e t - H i g g i n s (1953) because DB is zero there . 

T h e f i g u r e shows t h a t t he c o m p u t a t i o n a l resul t expresses t he d i s t r i b u t i o n o f the 

s teady c u r r e n t unde r recover ing waves o n the onshore side o f the f l a t bed w e l l . 

Hence, i t can be conc luded t h a t t he present m o d e l can deal w i t h t he s teady cu r r en t 

d i s t r i b u t i o n s no t o n l y f o r u n i f o r m b u t also f o r compos i t e beach topographies . 

3.8,4 W a v e Setup a n d S e t d o w n 

T h e v a r i a t i o n s o f t he m e a n w a t e r level , t h a t is the wave setup or se tdown, 

are s h o w n i n F igs . 3.8.12 - 3.8.15. T h e agreement be tween the ca lcu la ted a n d 

measured setup is g o o d i n a l l cases. T h e wave se tdown is s h g h t l y over -es t imated 

a t t h e b r e a k i n g p o i n t s , because t he r a d i a t i o n stress is over -es t imated there b y the 

s m a l l a m p l i t u d e theory . Since the t o t a l wave energy Et b y the c a l c u l a t i o n does 

n o t change so m u c h t i l l t he p l u n g i n g p o i n t , t he wave setup i n the ou te r reg ion is 

u n d e r - e s t i m a t e d . I n o the r w o r d s , t he wave setup lag b e h i n d t he d e f o r m a t i o n of t he 

waves. I t is ev ident i n case B - 1 1 , b u t the se tup o n t he f l a t bed is w e l l p r ed ic t ed b y 

t h e present m o d e l . 
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C H A P T E R 4 

Conclusions 

T h e present s t udy has inves t iga ted the character is t ic m o t i o n o f wa te r under 

b r e a k i n g waves and the tu rbu lence s t ruc tu re i n the sur f zone t h r o u g h deta i led and 

precise l a b o r a t o r y exper iments . A m o d e l f o r e s t i m a t i n g the cross-shore ve r t i ca l 

d i s t r i b u t i o n o f the u n d e r t o w has been presented w i t h a m o d e l o f the energy t ransfer 

process i n t he su r f zone. T h e m a i n conclusions ob ta ined i n the th i s s t udy are 

s u m m a r i z e d as fo l lows : 

(1) T h e organized vo r t ex m o t i o n caused b y wave b reak ing is an i m p o r t a n t f l u i d 

m o t i o n w h i c h t r ansmi t s the wave energy t o the tu rbu lence energy. T h e ve loc i ty 

f i e l d i n the su r f zone can therefore be d i v i d e d i n t o f o u r components w h i c h are 

the s teady cur ren t , wave m o t i o n , organized v o r t e x m o t i o n and tu rbu lence . 

(2 ) T h e b o t t o m b o u n d a r y layer i n the inner reg ion o f the sur f zone does no t develop 

w e l l due t o a g i t a t i o n o f the tu rbulence f r o m the upper layer. I n such a quasi-

s teady b reak ing region, the m a g n i t u d e o f the steady cur ren t ve loc i t y near the 

b o t t o m is large i n the o f f shoreward d i r ec t ion . 

(3 ) T h e m e a n Reynolds stress and the mean eddy viscosi ty coeff ic ient i n the inner 

reg ion can be regarded as l inear f u n c t i o n s o f the ve r t i c a l e levat ion . T h e offshore 

d i rec ted m e a n shear stress on the b o t t o m is so large t h a t i t cannot be neglected. 

T h e v e r t i c a l l y averaged values o f these t w o quan t i t i e s can be expressed i n te rms 

of t he energy diss ipat ion rate . 

(4 ) T h e t r a n s i t i o n p o i n t w h i c h is the b o u n d a r y between the ou te r reg ion and the 

inner reg ion should be defined as the offshore end o f the quasi-steady break ing 

region. T h e distance f r o m the b reak ing p o i n t t o the t r a n s i t i o n p o i n t can be 

expressed i n te rms o f the water d e p t h at the b reak ing p o i n t and t he b o t t o m 



slope. T h e dis tance t o t he p l u n g i n g p o i n t does not depend o n t he b o t t o m 

slope. 

(5 ) F r o m t h e d i s t r i b u t i o n o f t he energy o f wave m o t i o n w h i c h can be ca lcu la ted b y 

u s i n g t he t ime-dependen t m i l d slope equa t ion , the d i s t r i b u t i o n o f the v o r t e x 

energy a n d t he v a r i a t i o n o f t h e energy d i s s ipa t ion ra te i n the s u r f zone can be 

e v a l u a t e d b y a m o d e l . I n the m o d e l , the organized large vor texes are t a k e n 

i n t o account as t r a n s m i t t e r s o f energy f r o m wave m o t i o n to t u r b u l en ce i n the 

energy t rans fe r process. T h e m o d e l is able t o e x p l a i n t he spa t i a l d i f ference 

b e t w e e n the wave a t t e n u a t i o n and the p r o d u c t i o n o f the tu rbu lence energy. 

( 6 ) T h e mass t r a n s p o r t b y b reak ing waves can be eva lua ted as t he s u m o f t w o 

componen t s . One componen t is the c o n t r i b u t i o n f r o m t h e wave m o t i o n w h i c h 

c a n be e s t ima ted b y m o d i f y i n g the l inear l ong wave theory . T h e o the r compo

n e n t is t h a t by the organized large vortexes w h i c h can be e s t ima ted f r o m the 

v o r t e x energy w i t h an a s sumpt ion of t he i n t e r n a l ve loc i ty d i s t r i b u t i o n o f the 

v o r t e x . 

( 7 ) T h e m o m e n t u m flux b y the organ ized vor texes should also be t a k e n i n t o ac

c o u n t . T h e l i t t l e change o f t he m e a n w a t e r level a r o u n d the wave p l u n g i n g 

p o i n t s can be r a t i o n a l l y exp la ined b y cons ider ing the m o m e n t u m flux b y the 

vor texes . 

(8) T h e cross-shore v e r t i c a l l y t w o - d i m e n s i o n a l d i s t r i b u t i o n o f the u n d e r t o w w h i c h 

is ca l cu l a t ed b y the present m o d e l o n l y f r o m the inc iden t wave cond i t ions agree 

w e l l w i t h the measured values i n the su r f zone i n c l u d i n g t he wave recovery zone. 

T h e present s t u d y has i n t r o d u c e d a new concept o f energy t rans fe r i n t he sur f 

zone cons ider ing the organized v o r t e x m o t i o n due t o wave b reak ing . A l t h o u g h th i s 

idea is based o n the e x p e r i m e n t a l results o b t a i n e d i n the f o r m e r h a l f o f t h i s s tudy, i t 

is based o n some assumptions as w e l l . I nves t iga t ions o f the energy t r ans fe r process 
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f r o m micro-scopic v iews are there fore necessary f o r a m u c h more accurate e s t i m a t i o n 

o f t he energy d i s t r i b u t i o n a n d the i m p r e g n a b l e desc r ip t i on o f the t u r b u l e n t v e l o c i t y 

f i e l d i n the su r f zone. For t h a t sake, de ta i l ed measurements o f t h e ve loc i ty f i e l d 

i n t he uppe r layer a n d the b o t t o m layer are r equ i red . T h o u g h the present s t u d y 

dea l t o n l y w i t h the on-offshore cross-sectional d i s t r i b u t i o n o f t he u n d e r t o w , i t can 

be app l i ed t o t he p r e d i c t i o n o f the th ree-d imens iona l d i s t r i b u t i o n o f the nearshore 

c u r r e n t . 
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I ( A . l ) 

A P P E N D I X A 

T h e gove rn ing equat ions o f the t ime-dependen t m i l d slope equa t i on app l i ed to 

t h i s m o d e l are g i v e n b y 

^ + c ^ ^ + UQ = 0 (3 .5 .25) 

dC ld(nQ) 

I n t he d e r i v a t i o n o f the t ime-dependen t m i l d slope equa t i on , t he f o l l o w i n g equat ions 

have been assumed: 

C = Ce-"" 

Q = Qe 

where ( and Q are the complex ampl i t udes o f t he surface e leva t ion a n d the flow 

r a t e , respect ively . S u b s t i t u t i n g E q . ( A . l ) , Eqs. (3.5.25) and (3 .5 .26) can be replaced 

b y 

( ƒ A - ^ V ) Q + c ^ l ^ = 0 ( A 2 ) 

- . C . = 0 , . . 3 ) 

E l i m i n a t i n g Q f r o m Eqs. ( A . 2 ) and ( A . 3 ) , a single e q u a t i o n w h i c h includes the 

second d e r i v a t i v e o f C, is o b t a i n e d as 

laC + 77 + 77 ^ = 0 ( A . 4 ) 

I f t he w a t e r d e p t h h and the energy t ransfer f a c t o r are cons tant w h o l e the 

r eg ion , n and c become also constants . T h e n the t h i r d t e r m o f E q . ( A . 4 ) vanishes. 

K + 77 = 0 ( A . 5 ) 

R e p l a c i n g c b y ( j j k , E q . ( A . 5 ) is expressed as 
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A s s u m i n g t h e f o r m o f t he s o l u t i o n as 

C = ee"^ ( A . 8 ) 

whe re ^ is a complex a m p l i t u d e and k is a complex q u a n t i t y w h i c h expresses t he 

energy decay a n d t he phase, E q . ( A . 6 ) can be descr ibed as 

e ( 1 + ^ ) ^ e « ^ + ^K^e"^ = 0 ( A . 7 ) 
a 

T h e s o l u t i o n is o b t a i n e d as 

C = ee — ' V - V - e V 2 ( A . 8 ) 

N o w a wave f i e l d w h i c h has t w o regions b o u n d e d at x = 0 as s h o w n i n F i g . A . l 

is supposed. Here i t can be t r ea ted as / A = f r , because fb+w g iven b y E q . (3 .5 .20) 

is f a r smal le r t h a n f x i n the sur f zone and i t changes l i t t l e who le the f i e l d . T h e 

t r ans fe r f a c t o r f x is zero i n Region I at t he l e f t h a n d side o f t he f i e l d and takes some 

va lue ƒ2 i n Reg ion I I a t t he r i g h t h a n d side. T h o u g h the w a t e r d e p t h is cons tan t 

i n b o t h regions, t he wave n u m b e r ki i n Reg ion I and ^2 i n Reg ion I I are d i f f e ren t 

a cco rd ing t o the va lue o f f x as i n f e r r e d f r o m E q . ( A . 8 ) . I f t he wave comes f r o m the 

l e f t h a n d side, t h e complex a m p l i t u d e f u n c t i o n o f the surface e l eva t ion i n Region I 

(i consists o f t he i nc iden t wave componen t ( j a n d the r e f l ec ted wave componen t Cr 

w h i c h is expressed as 

^ • = < ' + ^ ' I ( A . 9 ) 

w h i c h has no decay ing f a c t o r because o f f x = 0. O n t h e o the r h a n d , 1̂2 i n Reg ion 

I I con ta ins t he decay ing f a c t o r r2 and is deno ted as 

(2 = ^2e^''''^'''''^'' ( A . 1 0 ) 
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6') Cr a n d ^2 are complex a m p l i t u d e s w h i c h are d e t e r m i n e d as 

Ci = Pi + iqi , Cr =Pr + iqr , 6 = P2 + «52 ( A . l l ) 

whe re p ; , g,-, p^, qr, P2 a n d 52 are real numbers . T h e b o u n d a r y cond i t ions o f the 

surface e l eva t i on a n d the ve loc i t y a t a; = 0 are expressed as 

C i = C2 

dx dx 

S u b s t i t u t i n g Eqs. ( A . I O ) a n d ( A . l l ) i n t o Eqs. ( A . 1 2 ) and ( A . 1 3 ) 

Pi + Pr = P2 

qi + gr = ?2 

( A . 1 2 ) 

( A . 1 3 ) 

( A . 1 4 ) 

a n d 

( A . 1 5 ) 
kl {P2 - 2pr) = ^2^2 + r2g2 1 

-ki (q2 - 2qr) = r2P2 - ^2^2 J 

can be o b t a i n e d . F r o m Eqs. ( A . 1 4 ) a n d ( A . 1 5 ) , pr a n d qr is expressed as fohows 

1 / „ r2P2-k2q2 V, 
Pr = -{P2 ) 

( A . 1 6 ) 

C o n s i d e r i n g E q . ( A . 8 ) , the wave n u m b e r and t he decaying f a c t o r i n Reg ion I I are 

deno ted as 

k2 = 2akki 

r2 = -2bkki 

where 

hi 
( A . 1 7 ) 

ak 
2V2 

bk = 
ƒ2 

2V2aJl + ^l + $ 

( A . 1 8 ) 

T h e n t h e values pr a n d qr are o b t a i n e d as 

Pr = ( - - ak)p2 + bkq2 

qr = -bkP2 + (2 ~ "-^^ 92 

( A . 1 9 ) 
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S u b s t i t u t i n g E q . ( A . 1 9 ) w i t i i E q . ( A . l l ) , t he complex a m p h t u d e f u n c t i o n o f w a t e r 

surface e l eva t ion o f t h e re f lec ted wave can be deno ted as 

'1 

}-{ -bkP2 + \ - <lk ) q2 ( A . 2 0 ) 

I t can be conc luded t h a t the re f lec ted wave componen t expressed b y Cr i n E q . ( A . 2 0 ) 

is genera ted b y the sudden change of the energy t rans fe r f ac to r . I t is possible t o 

r e s t r a i n t h e energy o f t he ref lec ted wave b y a p p a r e n t l y chang ing the wave n u m b e r 

i n Reg ion I I . 

I f u s ing k' w h i c h does no t sa t i s fy the d ispers ion r e l a t i o n i n stead o f ki i n Reg ion 

I I , E q . ( A . 1 7 ) is replaced b y 

( A . 2 1 ) 
k2 = 2akk' 

r2 = -2bkk' 

Pr a n d Qr are also o b t a i n e d as 

( A . 2 2 ) 

T h e n t h e energy of t he re f lec ted wave ER can be expressed i n te rms o f t he energy 

o f t he t r a n s m i t t e d wave ET as 

ER = 
l _ k ^ 

2 kl 
ak 

h 
bk] }ET 

w h e r e 

ER = ^pg {PI + ql), ET = ^ pg {PI + ql) 

( A . 2 3 ) 

( A . 2 4 ) 

T h e r a t i o o f t he re f lec ted wave energy t o t he t r a n s m i t t e d wave energy is ca lcu la ted 

b y 

RE = 
ER 

ET 
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1 ^' W f k ' u ^ ' 

F i n a l l y , the m i n i m u m value o f RE is g iven b y 

w h e n 

( A . 2 6 ) 



- B I -

A P P E N D I X B 

T h e expans ion o f log ( 1 + a;) t o a power series a r o u n d a; = O is deno ted as 

l o g ( 1 + a ; ) = £ ( - 1 ) " - ! 
n = l 

X" 

n 

-X 1 h 
2 3 4 

Hence l o g (a^z' + P) and log (a^df + u) can be expressed as 

= log J/ + log ( 1 + — 

= logJ/ H 
V 2 \ v 

av + 
1 z' , 

4 \ 1/ 

( B . l ) 

( B . 2 ) 

l o g (a^dx + jy) 

= logi/ + log ( 1 + —Oy 

= l o g !̂  H ay 
1 / c i t 1 / c / t 

H 
2 \ v J ' 3 \ p " J 4 V 

S u b s t i t u t i n g Eqs. ( B . 2 ) and ( B . 3 ) , U i n E q . (3.7.33) is t r a n s f o r m e d as 

< 1 + 1 + 

< 1 + 
a^b'^ — a'^v 

V 2 y 

1 + al 

1 + log 
a^z' + z/ 

a^dt + 1/ a,/<i< 

V , aydt + !^ 
l o g 

( B . 3 ) 

+ u„ 

l o r n o r - - ï - ' o -

1/ 2 V 1/ / 

+ Ur, 

dr ( , _ 'Jt\ , dub'r -a'rV 

2 

1/ 2 \ : / / 2 ; / 3 \ v J 

1 (ay 

\ (ay x2 
( B . 4 ) 
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T h e s teady cu r r en t U i n the H m i t w h e n approaches t o zero ( n a m e l y DB 

approaches t o zero) is g i v e n as 

l i m U = h m 
a „ V 2 

+ al t V " - 2 I V ' J - 2 V ^ ' + i ( v ' ^ 0 +•• •ƒ+ ^" 

= l i m 
a „ - » 0 

2ï/ 1/ 6ï/ ' 2z/ 

1 i^a^o-A; / . , „ , , . 3s inh2A; / i 9 1 ua-'ak ( . 3sinh2A;/ i 9 \ ,2 
• , 2 . 3A:/ ismh2fc/ i + h - U 

2h? s inh^ V 2kh 2 j 

1 Z / Ö ^ C T A ; / . , „ , , 6 s i n h 2 ) t / i \ , 

. , 2 , , 2khsmh.2kh+ ; 1-9)0' 

Pihsinh^kh V 2kh ) 
1 r̂ aVA; / • i,oi,z. , 3 s i n h 2 M , 9 \ 

~ ^ ^ , 0 • , 2 , . 3khsinh.2kh -\ — h - M? 
61/ 2ft2 s inh^ jt / i V 2kh 2 ) ^ 

1 i/aVfc / • . o;i. , 6 s i n h 2 f c / i \ , 

Um 

a'^^k . 3 s inh2 fc / i , 9 ^ ' ^ 
, . • 2 , , •( 3A;ft s m h 2fc/i -j — \- -
4smh2 kh [ \ 2kh ^ 2 ) 

f^iu • u o, I , Qsmh2kh \ z' 
- 2khsmh2kh+ — h9 — 

V 2kh ^ J h 

f j , . , „,, smh.2kh 3\ df 
- khsiTih.2kh-] + - -± 

\ 2kh 2j h'^ 
, z, • or L , 3sinh2^/1 9 \ d^ ' 

+ khsmh.2kh -\ h - — 

V 2kh 2J h 

/l2 

+ u„ 

= UoS ( B . 5 ) 




