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. Abstract . 3

with a uniform current nor-

The mtemchon of water wave prain

mal to the wave crests is The combmed vé-cutrent mo-

tion resulting from the interaction is assumed stable and irrotational.

The velocity potential, dispersion relation, the particle kineinatics and
pressure disribution, ,ipto the third order are developed. Th'e conser-

vzmm of mean mass, fhomentum and energy of the current- free wave,

" wave-freg carient and combined wave-current felds before and o

the mtemcuon are useéd, together with the dispersion relation on the ",

fise surface to derive aset of our nonlinear equations, through which
the lationship between H, L, d; U and Hoy Loy doy Uo i estahhshed
where H,, Lo, d, are respectively the current-free wave height, wave

length, méan water depth, ard U, the wave-free current speed, H,

Lodi U i the

ight; wave tengti; water depth,

current speed of the cmnhmed wave-current field srrHFmtemnon A

This s & new approach to an old problem. A numenca.l method is
used to'salve the sysiemeof nonlinear equations to calculate H, L4

and U when given the values of H,,;L,, dy a.nd U,. Numerical re-

 sults for the changea uf wave hengl\t length, water depzh “and current

upeed in.the form of H/Ho, L/Lo, Ad/d,, and AU/U, are presented,

where Ad = d — dy, AU = U = U,. The prediction of the combined

wave-current properties through Ho, Lo, do, and U, is established by

. \




L using the velocity potential of the combined wave-current field. and

the numerical results of H, L, d, and U. A comparison between the
o experimental réults of Thomas (1981) and the -mun'; ofthe preset
- A theory'is presented, and m.rpnnng :greement is observed.
Discussions on the raYiatiof stressand energy transfer in the com-
“Bied whvescurrent fied ; and b the n\lmerln.l ethod and preciion Vo

‘- contiol are given ir the appendices. " - /
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) Notations . ’ -

_ . iy .
The following notations are used in this thesis:

e ' a — wave amplitude; s i,

" : e — ‘horizontal particle accdleration;
- 4, — vertical ;;a;iicle SR ,
C e ’ . :
C  —. wave “/elo:itx;'
. C\r — relative w;vc velocity; s N il e _D‘
\ X d  — water depth; . ' ,‘ s : o
\,' " E. — wavefree current energy flux; .
“\‘ Bu — currentfree wave energy fux; o >
! Eue = combified wave-current fild energy flax; .
‘\} .9 — acceleration due to gravity; - '
1 ™
| H — wave height; T 2
e 1 K — wave numbm:; . r.l
: . L,  — wave length; "
w
! NS -
i‘ vi
| ' ® >
- . , :
| T




spavy

. : wM.  —  wave-free current momentur flux; '”:
s M, — current-frec wave momentum flix;
) "My, — coiubined wave current fleld mormentum flux; e -
P — pressurg ) . ‘
. T Qe wave-free current mass flux; "
N T - cwenbfree wave mass fux; ;- —_
o o ~ Jeombined whve current fld mass fox; > C
5 : 7 ”—// Savepeicl | 0
o Yo " time; N\ ) - B
—  currentspeed; .
o " lorizontal wave particle velocity\
T ‘ fy  — vertieal wime paitiilevelodty; .
& 3 z — horizont{axis; * T+
‘ {2 = vertical axis; : -
o .—  wave frequency;

o — relative wave frequency;

n —  wave profile; "




[

$e — wave-free current field potential;

. , -
Y -¢, — current-free wave filed potential;

Parameters with (without) subscript “o” denote the value before (after)

the interaction between the waves and the currens,
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‘5 . Introduction

’ . ) ) )
= 3 \
Accounting for the action of environmental loads on structures is a'typical |, .*,
tagk for coastal and ocean engineers. The theories for evaluating theloads | .

o k induced by waves, wind and current have relatively ‘been well developed. |

However, for that of the combited effect of wave and current havé not. At
. “ - present, most offshore design of drilling platforms and oil storage tanks is
% " donie on the design wave concept, that is, the forces predicted on the struc-

ture are iated with the maximum wave to be ienced by the struc-

ture during ita lifetime. Qiiite often, the preastice of aceanic or wind-driven
currents is neglected in the design, or considered separately from the waves,
% while rarely would this quiescent condition exist. In_ fact, the presence of
Ecunerent will significantly influence the wave actiori on structures. Two
. ' examples are mentioned here, showing the significant magnitude changes
of the wave and wave force by the presence of a current. Sc.hu{nann(1974, % s

1975) reports that in the Agulhas current near South Africa when the fully

s .2 ) > s ~
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. developed sea waves with height of 6 m meet with this current the result
may be giant waves with wave height of 18 m or even more. R.A. Dalrymple
gm) reports that if the maximim horizohtal velocity due to the design:

" wave is 16 fps, then the'presence of a 2 fps current would increase the drag

force on the structure by over 25% , even when the current velocity is small
relative to the particle velocity induced by the wave motion. It is obvious,

then, that rational offshore design must include the effect of currents. *

Evaluating the bined t {urczgpgnd: on, {he well un-
derstinding of the t interacti y the undersianding of

the changes of the wave and the current after the interaction a.nd the modeb

- ingof th: combined wnve-mmml field formed ‘by the wave and the current

tion. Theoriés for smallamplitude waves i ing with  cur-

rent lmveBeen developed, see, fm- mmple Longuet-] nggmu md Stewart
(1960,1961), Dalrymple (197). In these theories the changes in the cur-
rent and the mean water depth induced by the interaction are neglected 1t

is the objective of this thesis to investigate higher order waves interaction
with a current, to model '.hc highet ogd.ér wn:tc\u—mnt field &nd to find the

changes both in the wave and in the current, as well as in the mean water

depth after the interaction. ’ ~

In this thesis.the i ion of two dimensional finite amplitud waves

" and.a uniform current is sludxed i.e. finite amplitude periodical waves on
-

still water ti }nton_ ve-free, i1 1 current in th_e‘su.me or




? lations for the miean rate of mass, momentum and enctgy tranisfer for the \

opposite direction of wave p is considered. The process of the

interaction between the wave and the current in'this situation is assumed to
be divided into three stages. In stage:(1) the wave and the current field are

assumed to exist separately. In stage (2) wave and current encounter each

othier and the interaction between the wave and the currei, takes place.
This stage is an wistable oe, since the wive and circent cheracteristics
change with time, After the igeermiilun, in stage (3) astable, uniform, irro- 8
tational wave-cursent feld i sssumed to be formed. It is for this combined

wave-current-field that. the i;otenlisl function, dispersion' relation, particle = - g

and pressure up to the third order aré developed.’

The corresponding physical situation and possible experiméntal sét'up is
o 2 g ¢

well Qescribed in Thomas (1981) aid cited in Chapter 6 of this thesls, The
venti of the firat crder (see 3.1 of this thesis) developed by the approach
of this thesis qua.limi‘vel\y compare Well with that of previous‘studies,.spch
as Longuet Hif¥ins and Stevart (1961). Furthermore, this nvpproach.co;lld

also be used to find the stream function solution of a wave and shear current

feld (S. Song and R.E. Baddour 1987, R.E. Badchoyf an Sorig 1988).
The relationship between the current-free wave ]engt L,,, wave helght

H,, 'wave-free current. speed on mean waterdepth d, befgre the mteruuon

and their countefpafts, denoted without subscript* o ”) of the combined

t field s established by using the fund

1 conservation regs,




v

L

. considered fluid flows. Conservation of wave crests is also assumed, which
iraplies that the wave, period T' remains constant. The energy exchange
betwcen the wave and the current is taken mlo account. Numerical results
for the variation in L/ Lo, HYHfo AU/U.,,\ and Ad/d, are presented. This is
a new method for solving a well documented problem. Using this method
ot only the changesin the current and in the water depth could be caleu-

lated, but more importantly, the calcilation of the changes in wave height

and wave length is done by considering the changes in the current and.in '

the depth, which should be sidered when idering finite litud

. .
waves interaction with' a current. | i -

tal results of Thomas (1981) and the

- C ison between the

results of the present theory for the wave length #id Reight ratiog, L/L,

"+~ and H/H, respectively, and the wave particle velocity distribution are also

presented, good agreement is generally observed.
The thesis is organized into seven chapters , four appendices, a list
¥ \

of referencés and a list of further readings. Following this introduction,

Chapter 2 is a literature review on the waye-cufrent interaction problem. -

Chapipr 3 presents the veloclty potential function, dxsperslon -relation and
other properties of the combmed ‘wave-current ﬁeld upto the chlrd order in

wave amplitude. These properties are . written i in terms of the wave height

H, wave length L, water depth d, and current speed U of the combined”

waye-current fleld. In chapter 4, the relationships between H, L, d, U, and
. ) ”

% . .




H,, Lo, d, U, are established by using tlie mean mass, mur‘nentum, en-
ergy conservation relations, as well as the dispersion relation. A numggical
method is used to calculate By L, d, U when given the values of H,, L,, d,,

and U, . Chapter 5 contains the prediction of the combined t

field properties and the results of their computation io;- a range of vn.lu‘es
of the current ratio Uy/Cl A negative value for. U,/C, indicites n current
opposing vthe' current-free wave propngatian: in chapter 6, & comparison
between the experimental results of Thomes (1981) and the results of the *
“present theory is presehtgt‘i. Chapter 7 mq;tlins conclusions and sugges-
tions for fifure work.. Appendix A containg a discussion o the radiation
stress and the energy transfer in the combined wave-current field.*Numer-
ioal considerations ere discussed in Appendix B. Thé computer programs

developed for the numerical solubion of the nonlinear system of ‘equations,

and t fiefd properties caleulation are listed in“Appendix C.
- pendix’ D gives some of the numerical results on the changes of wave length,

 wave height, current speed and the water depth.




Chapter 2.
: Literéturé Review -

6 &, =
The effects of a following or opposing uniform current on the propagation
of surface gravity waves were first discussed by Unna (1942) and Sverdrup

(1944) axid their investigations were basically on finding the changesin wave

. : ¢
length and wave height kinematically. Johnson (1947) found the effects on

waves which ‘enter a uniform current at an angle and he suggested that *

s -
major ocean current, such as the Gulf Stream, may have an appreciable ef-
fect on the height, length, and direction of waves approaching the shore and

under some circumstances may cause almost complete reflection .” Arthur

(1950) investigated the combined effect of iform current and bottom

topography of shallow water waves and made an application to waves en- ~

tering an intense rip current. Sarpk (1957) i: i d experi 11;
S . the height and length changes when oscillatory gravity waves propagated
into flowing water. Tsao (1959) studied the wave interaction with a shear - 3

current.




Since 1960; the_aspects of the interaction between gravity waves and a
v 3 s

urrent motion have reccived i ing attention, govering a wide spectrum
of problems ranging | imm studies on the combined wave-current field to
dhenges in wave m.pmude and wave length{ etc, The works of Dalrymple
(1973, 1975), Lnnguet Higgins and Stewart (1960,1961), Whitham (1962),
Peregrine (1976), Jorxsmn and Skovgasrd(1978), Brevik and Ass (1980),
Thomas (1981) to nashe but a few, are already classics. The mechanism s
intimately connected with the so-called radiation stress (Longuet-Higgins
and Stewart 1960, 1964), wave action (Bretherton and Garret 1960, Jonsson
1978, Crapper 1984 ) las ‘well as mean energy level (Jonisson 1978, and
Jonsson, Brink-Kjaer ahd Thomas 1978).
In this chapter the existing theories are reviewed by classifying them
under the following thres topics: . )
1. Two dimensional waves and uniform cufrent interaction; -
©. Interaction of waves and uniform current-at an angle;

4 o
3. Two dimensional waves and shear current interaction. +

2.1 Two Dxmenslonal Waves and Uniform
Current Interaction -

Wave interaction with a uniform current in the same or opposite direction,
ie. two-dimensional-interaction, is a typical problem in the area of wavg

and current interaction. The purpose of the existing theories is mainly

B




to develop methods for determining the changes in wafllength and wave
height after the wave is affected by, the current. Unna (1942) established &
method to determine the changes inWave length and'wave height by using
th; dispersion relation and the energy conservation equaci:on given hy the
hﬂMM two equations ' I

/

. .
3 C c=c+U, . (21)
a v
and & %t -
. » " EC, —EC,.+U 2.2)
) , 90 = B(Cyr + Us) &'
o where C C'g, £ and U are. rapectwe]y the wave celemy, group velocity,

wave energy density, and mean current speed; wn\: the subscript “o™ indi-
cating the parameter before Lh.e wave train and current meet and subscript
“r" indicating the relative value of. the parameter. : .

By further assuming that C, = (§ tanh #Q!/? and E = }pg H?, with
d denoting the depth and H the wave height. The changes in wave-length

and wave height were given as

L£=( —nnh—-d+(l.)/( ’—L—'mn.—d) )

and .
H LA
5 =" &8

Longuet-Higgins and Stewart (1960, 1961, 1064) showed that there

was no coupling between the waves and the current considered in Unna’s

8




method. They found the change in wave height dynanii¥ally by consider-

ng this cauplh;ng For small amplitude wave and current interaction, the

change in wave height was given as

H _ CoCot2UL)
&= oy @5)

Some special situations have also been studied such as the interaction
of small amplitude waves with surface'currents (Thomson and West 1975),
wave and current inferactions in shallow water (Yoon, afid Philip 1986)
etc. Brevik and Aas (1980) review and study experimentally the amplitude
sasiation-when peciodis, waves, initialiy oncsill water; propagate; o
known current fed from below. They identify a set down of the mesn
* Pwater surface becm;se of the current, but the additional contrihugion to
the set down because of the waves is, as they put it, completely negligible.
~This probles of Waves propagating thmughjainown slowly-varying, depth
independent horizontal current is also reviewed by Craik (1985). Baddour
‘and Song (1988) investigated the problem by considering the changes in
the current as well as in tl}e water depth.
Some experiments for special sitwations have also been réported by Sarp-

kaya (1957), Hughes and Stewart (1961), Huang, Chen and Tung (1972),

Brevik and Aes (1980s,1980b), Kemp and Simons (1082). G.P. Thomas Ve

(1981) studied the problem ically and i Ily, and pre d

results on wave height and wave length , and the wave particle velocity

\




distribution in the wave-current field. .

The ob, je‘ctive of the present study is to intif.iga'te the interaction be-—..
tween steeper wave and a unifr current andYo devélop a method of
calculating the changes ba.ch in the wave and current as well as in the

meam water depth.

2.2  Interaction of Waves and Uniform Cur-
rent at an Angle
. N

When waves moving through still watér encounter a current at an angle
with the wave diréction, the' waves are refracted , undergoing changes in
length, steepness and direction. Johnson (1947) discussed this problem by

using ray theory. The dispersion relation was assumed to be .

Gy
B

where  is the initial angle between the incomiing wave sad current di-

C,
sina

ﬁu + (2,_6) 3

rections; f is the angle between the wave and ‘current directions after the

interaction.
From the ray theory it is known that b
~ - L L,

sinf = Sina (2'.”

Thus the changes in wave length, wave height, and in the angle could be

found. They are given by the following equations +

y BT




A
.~ (1- Msina)?

™

(2.8)

.

.

- . H_cosa(1-Msina)® sinf,

H, " wsB (1+ Msia) ‘sina o P 29)

N b o 8
» "“ﬂ'm I

where M = U /Co. 4 . . ¥
Al
%  Similatly, Jonuon and Skovgaard (1978) using the same theory studied

the. problem of waves propagating from current U. to’ cumnt U1 with an,
-~ .

angle. The results were given as ¢ i
=m0, T @)
s -
and . om e
B _ [5G [fadal )
=V1+G,\smn2m . (2-12)
- where T .° s ) &
. S s 2K .
G1=LhaKd
S 2Kd
©2 = Gnakd’ < <21

with subscnptal and 2 denate the pu'a.melcrs x'el;tr.d to Uy md Uz respec-’
tively. W= i
Longuet- ngginu and Stewart (1960) also dlscussed thw problem as an

extens)on of thalr theory. : . . a5

13




: 2.3 Waves aﬁd Shear Current Interation

Wave interaction with a shear current is u- more Aﬁu&d problem, be-
cause of the nonpotential properties of the shear current, Therefore, investi-
gation of this problem involves consideration of the stream function instead
of the potential function, and only two dimensional situation has been stud-
ied. The existing theories on this topic mainly cox;centt;ud on ﬁndiﬁg the )
* solution of the combined wave-shear current field instead of finding the
chwge; in the wave length and wave height The behavior of surface wa.v;'es
on a lineatly vaxymg current was first workedrout by Tsao (1959). He gave
_the stream function and the d ion relation of the linear current

field. Dalrymple (1973) etudied the intéraction of waves with & bilinéer”

current, and. made an attempt to analyse numerically waves and nonlinear ~
current interactions. Song and Baddour(1987) Baddour and Song (1988b)
investigated the problem of waves interaction with a linear current to the
second ordek. Some work has also been done on treating special situations.
Longuet-Higgins (1961) studied the problem of waves and current which

varies gradually in the direction of wave propagation. Freeman and John- _
son (1970) investigated the situation of shallow water waves on shear flows.
Dénnis (1973) analysed the problem of non-linear gravity-capillary surface

waves in a slowly varying current.




Chapter 3 ;

Combined Wave-cﬁrrent Field

s dissunsed bisthe Antroduction; thasprosess of the interaction’betwesnin
wave train and a current in the same or oppos{te direction of wave ﬁrupn—
gation s assumed to follow thres stages.In stage one or the stage before
the mterm:non the current-free waves and wave-free current are assumed
to ex\st In stage two, waves propagate into the current,and hence the in-
teraction takes place. The waves and the current properties; as well as the
waber: G2k kesp changingrunhtfindliyazebaile, combined-wave:cursent

field is assumed to be forined, which is here"called the third stége or the

“stage after the i ction. It is for this bined wave-current field that

the potential function, dispérsion relation and ‘other propertie to the third
order in wave amphtude are developed in this chnpter.

The following assumptions are made:
%, : -

1. The combined wave-current field is a two dimensional, irrotational

and a'sLTIe one. : . ( &

13 ) '/




2. The fluid is assumed to be inviscid, incompressible and homogeneous.

3. The sea bottom is assumed to be horizontal and impermeable.

Since the combined wave-current field is assumed to be irrotational, & po-

tential function exists and satisfies Laplace’s equation, that is

- V(z,2,t) =0 ' (3.1)

everywhere in the fluid domain where @ denotes the paeenml function of
the;mbmed wave-current ﬂe\d

“Adopting a system of coordinates, with z vert:cal]y upwards, ¢ hon@n
tal, “and the origin on the undisturbed free surface, the bottom boundary
condition e be expressed as

o
®, =0 on  zm=d 32)

where d is the mesn consten? water depth of the wave-currentfield and
subscripts denote partial differentiation.

The kinematic im_s surface boundary condition is

o=nmc+@n: -on z=1(zt) €]
where 7 is the profile of the surface'clevation of the combined wave-current
feld. . R
The d?n\u'mé free surface boundaty condition can be expressed as
7 k)
u




M+ BT +@FI=FO o r=am) G4

for some fynction F(t) to be determined.
It is reasonable to assume that the function 5(z, t) describing the free

“
surface elevation of the bined t field is periodic and ex-
pressed in the form j -
! o 4 i (\
n(z,t) = Y apcosm(Kz - ot) . (3.5)
4 R m=0 .
E am-to be eval d, and where I{ = 2r/L is the wave

number, and n; is the frequency of the periodical motion. T is the period
hence ficing v as 207 . N ’ ik

From the periodicity of 1, it fx‘)Llows that ®(z,z,t) could be assumed of .
the form

® = Ao(z)z + fj An(2)sinn(Kz — ot) T N(36)
n=l -

for the horizontal bottom case, where A, n=0,1,2

, are functions of
2 only. Keeping one , two, thres terms of the series in the expansions
(3.5) and (3:6) are here called first, second or third order approximations,

respectively.




#

3.1 First order approximation
3.1.1 Potential function and dispersion relation
LIEN
N

"c]assica.l approach (see, for example, Lamb 1975) equations

.

Following

(3.3) and (3.4) are expanded.in a Toylor series about z = 0. Keeping
I &

only the first order terms, yields the kinematic and the dynamic surface

conditions

YL %
G- B =0 . ©o@)

and . ) o !
T gnt @t 3@ + (8] - Fey=0 ©8)

to be satisfied on z =0
To the first order of approximation, the free surface elevation (3.5) and

the potential function (3.6) are written as

7= acos(K(z — at) “(3.9)
and . g
, & = Ag(2)z + Ay(2)sin(Kz — ot) .10y
where a = H/2 is the amplitude of the wave on the surface of the combined
field, Ao(2) and Ayz) are functions of z only.
) \
16
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By substituting équation (3.10) in equation (3.1) and by satisfying the

bottom boundary condition (3.2), Ao(z) and 4y(z) can’be found in the®

form
Ao(z) = Bo ' (3.11)
A(z)=BicoshK(z +d) * . - (312).
where By and B are to be determined . ion (3.10) hence
becomes . ’ L
P - 9
& = Boz + By cosh K (z + d) sin(Kz — ot) " (3.13)-

&) 3
To determine By, equations (3.9)'and (3.13) are substituted into the free

surface conditién (3.8) and keeping terms upto the first order in a yields
. !

- o
5 3

B, K sinh Kdsig(Kz — ot)—
—aosin(Kz = ot)+

+BoaK sin(Kz - ot) =0 (3.14)

From equation (3.14) B, is.found to be \

3 a "
Bi= 5=(C~ Bo) (3.15)
N «

. . 17




where C = o/K is the absolute velocity of the surface disturbance of the
- wave-current field. The potential function & is hence of the form

=Uz+a(C- U)%'(;d)'

sin(Kz — ot) (3.16)

% where U = By is G aperiodical partof the combined wave-current motion.
The dispersion relation o fhe surface wave s found by sesuming 9Pz =
0,onz=n. Dxﬁ'erenhumg partially with respzct to z, equation (3.8) gives

: .
e o Y m ow. 10 08
i CaT Tt zaz{(azﬂ"( Bl @17

s Substituting equations (3.9) and (3.16) into (3.17) and keeping the first
order terms'yields

—gaK sin(Kz — ot)+
) /~+a{C ~ U)K coth Kdsin(Kz — ot)— 4
~Ua(C < U)K? coth Kdsin(Kz — ot) =0 (3.18)

» A = -
From equation (3.18) the following quadratic equation can be obtained
- /.
Js © s

(C=-Uy- —tanth 0 ' (3‘19) .
Solving equation (3. 19) ylelds the dnspers\on relation of the combmed

wave-current field to be




c=U%cC, (3.20)

 where C, = [(g/K) tanh Kd['/? = ,/I is the celerity relative to the current

stream U and o, is the relative fféquency. Equation (3.20) is known as the

Doppler relation.’

F(t).in Bernoulli’s equation (3.8) is fourid, by substituting for 1 and &
in equation (3.8), as - . .
’ ) s 5 )
; - F(t) = U’ . (3.21)
3.1.2 Properties of the first order Wwave-current field’

The properties of the combined t field to the first order of ap-
proximation can be derived from the first order potential function andthe .

dispersion relation. They are listed below.

1). The velocity potential is given by (3.16)

cosh K(z + d)

R ez —et) - (3.22)

& =Us +a(C.- V)

2). The dispersion relation was found to be

£=U%0, - (3.29)
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where

T C= (%mh Kd)' = 0, /K

. and o, is the relative wave frequency.

3). Pasticle velocity

(3.24)

‘The z and z components of particle velocity 7 = V& in"the combined

field are respectively given by

. gaKcoshK(z+d) i

u=U+ T ————Qcos}.u( 7 cos(Kz — at‘).
_ gaKsinh K(z +d)
" o, coshKd

IS

w sin(f(z —ot)

4). Particle acceleration

The z and z of particle accel

L DP 8 5
i=2 (G Tewy

in the combined field could be obtained in the form

by -

e gax%ﬂ sin(I(z - ot)
sy g ALK ) e ot)

cosh Kd

20

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)




~

5). Particle path Y
To find the particle trajectory in the wave-current field, equations (3.25)

and (3.26) at a certain point (2, =) are integrated with respect to time ¢

to yield %
: o cosh K(zi+d) . -
o= w4Vt - a2 BT D in( K~ 0,t) (3.30) k¥
- . . ‘ ; -
) ) sinh K (2 + d)
3 4 sk e S coKai - ayt) (331)
Combining equations (3.30) and (3.31) the path of the particle can also
be written as
X . . - -
— 2= Uty
(’_zé.z_m_). =1 (3.32) W
C4 ™ . 4 e
where " F ‘
PN P N
s _ asinh K(z +d)
. = T ohKd (3:33)
. ‘ 3 .
acosh K(z +d)
sinh Kd' (336
6). Pressure distribution
The pressure distribution in a potential flow is given by Bernoulli's
i equation in’the form '
|
5 .2




g .
—pgz— pg{ - -[( o Dy ( )’! +pF(t) (3.35)

Substituting F(t) and & from equations (3.21) and (3.\22) in (3.35), the

pressure distribution in a combined wav t field t& the first order of

approximation could then be,obtained in the form .

P=-pgz+ pﬁ(c = U)? cosh K(z + d)cos(Kz — at) (3.36)
o g . . -

3.2 Second order approximéf{oh

3.2.1 Potential function and dispersion relation

Keeping the second order terms in expressions (3.5) and (3.6) for the surface
elevation and the potential function, gives the second approximation to the

wave-current field as

7 =ay cos(K(z — ot) + a3 cos A Kz — at) (3.37)

and

@
\*

22

@ = Ag(2)z + A(2)sin(Kz — atj + Ay(2) ui: 2Kz — ot) (3.38)




VL4

 Substitutind"€quation (3.38) into the governing equation (3.1) the fol-
lowing system of ordinary differential equations could be obtained *

Ag(2) =0 - . (3.39)

Al(2) = K Au(2) 50 ‘ ) (5.40)

i & q ks
PHORE & MO L I (3.41)

. \ . , :

Equations (3.39),(3.40) and (3.41) describe a system of ordinary differ-
ential equations, to be solved for Aq(z), 41(z) and Aa(z) . A prime denotes
differentiation with respect to 2. ) .

The bottom bouhdary condition (3.2) implies that

Afz)=0 on  z=-d (3.42)
A(z)=0 on  z=-d (3.43)

and ' !
Az =0 on (3.44)

¥ . .
which on solving equations (3.39),(3.40) and (3.41), suggest the form of the

. functions Aq(2), Ai(2), Az(z) for any constant K, as

23




\ <
o) = Bo ' g @)
. .
Ay(z) = BycoshK(z+d) * T (3.46)
N Aa(z) = Bycosh 2K (z + d) N CYO)

for some constants Bo, By, By to be determined. Hence formally & isto

second order, written in the form

<

Boz + By cosh K (k + d)sin(Kz — at) +
,
¢ +B, cosh 2K (/4 d)sin 2(Kz — ot) (3.48)

Now expanding equation (3.3) in a Taylor’s series about z = 0 and
keeping terms upto the second order, yields the second order kinematic
surface condition

. ¢ 2
9% 8y 0%oy DT 90 Oy

5 Bt 920z ' 92" 02020z

=0 (3.49)

to be satisfied on z = 0.

Substituting equations (3.37) and (3.48) for 7 and &, in equation (3.49)

yields

[ 3




B, K sinh Kd™ a0 + a, K Bo+
+a;B1K? cosh Kd — a; B, I(? cosh 2K d+

20 By cosh 2 d — la, BuIC cosh K d

--a, 2B,K%sinh Kd =0 (3.50)
and ' . ’
2B,K sinh 21 d — 2ay0 + 2, K Bot o
A—%a;K’Bx cosh Kd + ay ByK?eosh KKd =0 ° (3.51)
i g . On solving equations (3.50) and (3.51) the coefficients By and B; are
g e p g A B .
determined to be J B ™
. o <
e _a(C~By) | - -
A B ey ] ‘ (3%2)
J and s 8 ’
€-B), 1 .
B=C B, S coth X4 (3.53)

For the same reason as for the ﬁrat order, setting¢B0'= U and substi-

. ¥ 3 : !
‘tuting (3.52) and (3.53) back in equation (3.48) the potentjal function to
8 <

®  the second order is expressed as

25 -




&

a(C-U

= ) cosh (s +d)sin(Kz —
d= Uz+ Sinhid ooshK(z+d).sm(Kz ot)+

(cu

25 sinh2K

ol — —n 2K coth Kd] -

-cosh2K(z + d)sin2(Kz —at) © @54
® 7 A

Also exppuding equation (3.4) in a Taylor’s series about z = 0 to thd:-
_ second order yields the dynamic free surface condition in the form
5 L -
A\

# Ty

%y, +(—>’1-m>+ .

8%
gr/+—+2!(

; 0% 08.0°% | 0%0%% o
T éfmax +5:520:"* Ba om0 (380)
to be satisfied on z = 0.

Differentiating ‘equaltion (3.55) partially with respect to = gives.




o, &' 0850, B:b g
957 ey
FZRT 31:’ 2 920z

e, +07]32‘l’ | 5o '
"0t0:0z" © Dz 0tdz = Qa® Dzdz

I 293 Lo ) o
82 0c%0z" T Oz 020z 0z

Lose | 0w 0%
5202 01" T 5z 03057

98 9 9y ‘ B
toma =0 (3:56)

On substituting equation (3.37) and (3.54) into equation (3.56) the dis-
persion relation and the second order term amplitude a; could be fqund/;é

be

c=Uz%C, (3.67)
" where
\ L
. (1% tanh Kd)'/? ) (3.58)

and.




%
o 3
= et 3.5
a= g M e K @0 ’
where H = %, i the wave height for the first order wave smplitude ay. .
1 is worth noting that the dispersion relation of the second order ap-
proximation is the same ss the first order one. This is in agreement with ]

the Stokes’s second drder wave 't,heory for the special case when the current
speed U is zero. /

Bernoulli’s equation constant F(#) is found to be

(3.60)

il 1
F) =3V + 59 Ry sk

3.2.2 Properties of the second order wave-current field

For convenience the properties of the second order wave current field are
listed below. In the following a, without a subscript 1, is used to denote

the first order amplitude.

1). Potential function is

cosh K(z + d)
sinh Kd

+lag — %a“K coth Kd)(C = U) -

cosh2K(z +d) . "
snhoicd -sin2(Kz — ot) (3.61)

&= Uz +a(C-U) sin(Kz —at) +

28




where \'

3
a

L1
az =

L

and a = H/2, H is the wave height of the combined wave-current field.

3
S L ¢ 2
+ Temb? Kd)coth Kd (3.62)

1 2) Free surface profile is
1= acos(Kz —.ot) + ay cos 2( Kz — at) (3.63)
( ;

3). Dispersion relation is given by

c=vsc,’ : " (aes

. 5 : N

_ and ’ / 4
. 9 (KM :

+7 tanh K(d) (3.65) .

4). Particle velocity .
. & The components of particle velocity are given by ~x
_ gakK cosh K(z +d) y R
u= Uy cos(Ka—at) + .
3a’Ko, Sy
o g 2K+ d)eos2(Kz —at)  (3.00)

»,




gaK sinh K (= £d)
7 cshKd

2
: "h’} ¥ sinh2K(z +d)sin2(Kz —of)  (3.67)
sin|

sin(Kz - ot) +
$

. where the relative ﬁ:equency is defined by .
0, = (K gtanh Kd)'/% (3.68)

5). Particle acceleration - _

The z and = of particle acceleration are, to second order,

givenby 0

-+ cosh K(:+d)
e gak= R

210
g :;f‘;;dcosh"l((x+d)— .

Jsin2(Kz - ot) (3.69)

sin(Kz —at) +

sthKd

= 4sich2K (= + d)
a= K_———h“;(h(u(d() k
_sinh K(= + i
90K = S Kd
3 a

Koy |
=5 e SRR 2K + d)jcs 2(Kz - ot) ) (3.70)

cos(Kz - ot) -




6).Pastide path
The trujeqtory of a particle, initially located at (z....) in the combined

]
‘wave-current field, is described to second order by the parametric equations

v
e Lcosh K(i + d) _
kUt _——s}nw S sn(Kai-ort) -
A —
9 —
B;nh—‘f(—dcoshﬂ((z‘+d)sm (m. af)  (371)
o s '
sinh K(z: +4d)
’»\ zita #cds(]fz;—a,t}{- %
3 .
- 0}
8smh‘ delnhZIx(z,+A)cos2(1{z‘, o) (372)

7). Pressure distribution

The pressure distribution in the combined t field is, to the

second order, given by

P= —pgi— —pgKa STl 2K (e ) — 1+

si) nhZK
cosh K(z + d)
P cos(IC2 —at) +
[coxh 2K+ d) L
sinh2Kd' sinh?Kd 3
cos2Kz —ot) (3.73)

+pga

+gpaK a’
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3.3 Third order approximation

3.3.1 Potential function and dispersion relation

In the same way as in :el:tions (3.1) and (3.2), keeping third order terms -
in expressions (3.5) and (3. ﬁ)‘ gives the third order approximation of the
surface elevation uzd the potential function of the combined wave-current

field in the form

0= acos(Ks— ot)+as cos(Kz —at) +
+a3 cos3(Kz —ot) . AN

&= Ag(z)z + Ai(z)sin(Kz — ot) + ' /

+44(z)sin2Kz —ot) + As(z)sin3(Kz —ot)  (375)

Through the same procedure as for the first and second order aproxia
. mations, Ao(z), A1(z), 42(2), As(z) in (3.75) are found, on solving a cor-
responding system of ordinary differential equations, to be

Ao(z) = B ) (376)

A1(z) = By cosh [ (z +d) ‘ (3.77')

.32




Aa(2) = Bacosh 8L (2 + d) (3.78)

As(z) = Bacosh3K (24 d)’ (3.79)
for some constants By, By, B, and By,
Thus @ could be written in the form

® = Boz + Bycosh K(z.+ d)sin([Cz - ot) +
+B; cosh2K(z +d)sin 2(Kx = ot) +

+B3 cosh3K (z +d)sin3(Kz — ot) (3.80)

Again, expanding the free surface kinematic and dynamic conditions in _

Taylor’s expansion about z = 0 upto the third order terms gives respectively
'

g _on oy, 0%

9: Ot 0z dc” 022"

_Zaom 100,
. ) 820705 T 2025

_18e a9,
292652 Bz

=0 ' (3.81)

and
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gn +

‘

2,4

—F(t)+

22 b’f»

PRt

5z 922"

to be satisfied on z

6 @
T

199

)’+( Y-

n+

22 o'
3z 920z

1 .
i+ (g

B’fb

T3+

22 0%
Bz 00

(3.82)

By satisfying equations (3.81) and (3.82) to all considered orders the

coefficients am,m=1,23; Ba, n=1,2,3; the dispersion relatiam, and function

F(t) could be found, in terms of the first order amplitude a, and uniform

¢ " current-like speed U, to be
- 2+ cosh 2K d) - .
= L aQetcatiohid) .0
o= e k.
By ;1+8cosh“l\d
® =5 e inh® K d '
" Bo=U

\

(3?83)

(3.84)

(3.85)




ac,
B = Femh i
= a1
Bi= g4 o e Kd
: 1 11— 2cosh2Kd
B =g K k)
p Ty -
c-vxg
where RS
. 28+ coshdKd.,
/Kg Temh AL + (Kay S5 ed Do dNdsn,
pd
and .
»
_la
F() = 30" + 3 K”umhznd

The surface wave height H in this case is given by

- H=2(a+as).

Note that a is used to denote the first order amplitude a;.
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(387)
(3.88)

(3.80)

(3.00)

(391)

(3.92)




3.3.2 Properties of the third order wave-current field

As in sections (3.1.2) and (3.2.2) the properties of the third order wave-
current field ase listed below for completeness, The expressions are just
more complicated. ’

1). Potential function %

The potential is, to th third order, given by

aoy - 4 . .
= Vs g2 cosh K(s + d)sin(Kz —ot) +
3 o, R )
g oh 2K (e + dysin 2Kz — ot) + .
RS 3,11 -2cosh2Kd
*aalo e (T Rg )
cosh 3K (z + d)sin3(Kz - ot) (3.93),

where o, is given by equation (3.90).

2). Free surface profile

The free surface profile to third order is

7= acos(Kz—ot)+

2 0 . P
JOE (2t cosh M) eoshIKd [ ope

4 sinh® KKd
3 g (1 + 8cosh® Kd) .
K e cos (K2 —at) (3.94)

@ ‘
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_ 3). Dispersion relation

8 + cosh4Kd
= L tanhKd(l + (Ka)? 22222872
€=U g tanbdll +(Ka) 5 n ]

4).Particle velocity

“To third order the velocity components of a particle are

.

u= U hAdcoshK(z+d) cos{ Iz — ot) &
3 Ko,a®
3 Kora? G ho2K(s+ dycos 2z —ot) +
+45inh‘demh (2 + d) cos 2(J{z — at) +
3, a11-2cosh2Kd
5K TR

cosh3K(z + d)cos 3(Kz — at)

w= thsmhK(z+d)sm(1\z—at)+
3 Koya? B o
ot 21((;;25.,1 AKz —at) +
3 ., 3ll-2cod
*5 41( ra T Kd :

sinh 3K (z + d)sin 3(Kz — ot)

5). Particle acceleration %

Also the components of acceleration can be written as
’

37
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where

{fio, cosh K(z + d) -
—%f, f2KK[sinh IC (2 + d) sinh 2K (= +d) +
+cosh K(z +d) cosh2(z +d))} sin(]‘(z —ot) 4

220, cosh 2K (= 4 d) — % FK] sind(Kz —of) +

- +{3fs0, cosh3K (z +d) +

+glnfzt\'{ninhlf(z +d)sinh2K(z +d) —

— cosh K(z +d) cosh2K (z +.d)]} sin3(Kz —at)  (3.98)

2K sinh K(z + d) cosh K (2 +d) —

<{fios siahK et )=

S RAKT K (= + d) cosh 2 (= +4) +

+ cosh K(z +d) sinh2K(z +d)|} cos(Kz — ot) —
—2f,0, sinh2K(z +d)cos 2(Kz — ot) —
—{3fs0r sinh'al-((z +d) —
—,—‘,flhl([eoshlr(z +d) sinh2K(z +d) —
_;inh K(z +d)cosh2K (= + )]} cos 3Kz —of)  (399)




ao, N
i h= G a0 ;
1 3 Ko,a? y
" 4sinh® Kd a (3101
3 ﬂl—"coshZI\d ' .
. = =Klo,d——— ,10:
fiighta-a sinh’ Kd (3.102) *
6). Pressure distribution k
: The pressure is given to third order as Y

. . Cop- _p,z;lp'fs[coshzm,+d)'-11+

-~ -
= +/1(an cosh I((z +d)+
+;/. FlsinhK(z + d)sinh 2K(z + d) + \
+ cosh K (z + d) cosh 2K (= +d)]} cos(K'z — ot) +
+P[f1— cosh2K (2 +d) —.7 flcos AKz — at) +
+p(/37€ cosh8K (z +d) +
+1/.f,) sinh K(z -+d)sinh 2K (z + d)
— cosh K (z +d) cosh 2K (2 +4)]} cos3(Kz —at)  (3.103)
where fi, fa, f; are expressed above by (3200, (3.101), (3.102) respectively. hY
‘ -
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. Chapter 4

Changes in Wave and Current
v .

In the previous chapter the solution and the properties of the combined
 wave-current field have been developed in terms of the surface disturbance
wave length L, wave height H, water depth d, and uniform current speed
U of the combined wave:current field. Since the currept-free wave and
wave-free“Current -undergo changes after the interaction, L, H, d, U will

be different from the length Lo, height Ha, water-epth do, and current

speed U of the current-free wave and wave-free current through which the ~

combined wave-current field is formed (& subscript “o” is used in this thesis

to denote the parameters before-tk i ion). It is the

objective of the present section to find the relation between L,H, d, U and

Lo, Ho, do, Up and to describe a method to calculate L,H,d,U knowing the

values of Lo, Ho, do, and Up. .

i




4.1 Conservation equations

From a general point of view in a fluid, the mass, momentum and energy

conservation relations are respectively gven by

_[_p(\?-ﬂ)asf%/’pdr—o ) (4.1)

e

L pFdr + / ﬁ.d‘sv- / p(f»ﬁ)?d@ - % / mr=6 (42)

[P+ 5oV = pus)(7 s =0 Dy
\here 7 denoteb the it vector normal to and directed from inside to *
’ outside of the fixed control surface s in the fluid domain enclosing a volume
+ of fluid, with z axis vertically upwhrds. :
V , Fand P, denote respectively the velocity vector, the fluid body force
- per unit volume and surface force per unit area. For an incompressible,
" jiviscid fluid steady flow under gravity, the above‘}guauom take the form/
\

/,;(iﬁ).i;:o ) )
[ par - [ Piids - /,,(V @)Vds =0 (4.5)
' J(P 430V = po)(7 s =0 (4.6)
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For the two di ional wave current i i idered here and\ ’
lecting energy dissipati these i become simply
Quo+ Qoo — Que = (4.7) ’
Myo + My — Mye =0 (4.8)
. e
: g )
Euo+ Eco= Buc =0 (4.9)

where @, M, E respectively represent the- mean mass, momentum, and
energy flux transfer across vertical planes normal to the z coordinate and
of unit \vidthﬂ. The subscripts “wo”, “co” are used respectively to denote the
current-free wave and wave-free curjent ﬁf/lq gp,ancip\ies, and “we” is used
to denote a combined wave-current field quantity.” All Huxes in equations
(4.7), (4.8) and (4.9) have the same datum, the horizontal s’lolid bed.

The three mean fluxes Q, M, E are given by the full‘ovﬁng}equations‘

I 7zé=/_"dpm ) (410)
e b . erraaeeis ' ) -
M = Ld(P+pu’)dl - (a11) -




g 1
E =./ (P + =p(u? + w?) + pgz)udz (4.12)
—d 2
where u, w are the horizontal and vertical particle velocity respectively, P

is the pressure, and the bar over the integration represents taking average

over time. 8

4.2 Mean mass, momentum, energy fluxes

4.2.1- Fluxes in a current-free wave field

For the coordinate system with z vertically upwards from the undisturbed
fluid surface, the second order potential function and surface profile of a

current-free wave field ‘are given by ’

sinh K,d,
cosh 2K,(z + d,)

Bl ~§“°Sh" o2+ o) oz = ,t) +
+E%% ™ e Ko,

sin2(Koz —opt)  (4.13)

o= aycos(Kuz — aut) +

1 2 i
Lrals —3
+pkea (et s

coth I(,d, cos 2( Koz — 0,t) L (414)
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The pressure to the second order is given as

o 3us Obuov; . Ddue
Pun= —pyz—p%— Al ¢ )’+(;
A |
Foreledl e,

(4.15)

According to equations (4.10),(4.11), and (4.12), for the above wave

field the mean mass, momentum,and energy flux could be obtained. They

are in the form

L1 e Obes,
Q“‘l_ar.[; 0.0z dadty

Mu= 5 j Al /"'[Pu,.+p( e y2)dza9,

1 ogar e oy
L ,p«—)
+("ﬁ)’1 + m)(

=) dzdf,

where 8, = K,z — oot

(4.16)

(417)

(418)

.
Now breaking the integration from —d, to 7, into an integration from

~d, to 0 plus an integrat®n from 0 to 7, and taking the following approx-

" imation




o

P

[ @) = 200 + 0(a2)
when z, is relatively small, equations (4.16), (4.17), (4.18) become
bo & B /" [ %z dzas,

PR s ”“(zo 46,

T j” ¥ ww.,+»("¢“°)’1dzdo +

25 0bus
"'27 7o{Puo(=,0,1) + o[ id

(1: 0,2)]*}df,

Buo = g0 [ [Pt 3ol Oy 4 By
aéw

+p9z}
+%/ ﬂn(Pwn(z 0,t) + ZP[
+(%en(a,0,071) B0, o,

-dzdf, +

(4.19)

(@0) |

(4.22)

Substituting Pus, ¢us, and 7, into the above equations and performing

the integrations yields, to O(K(a?)




(4.23)

-
Muo =3p905(5 + sthK.d,)+ zﬂﬂtf’ (429)
2K, d, '
& = gpoel a+ SheRd;) (426)

4.2.2 Fluxes in a wave-free current field

The potential function of a wave-free uniform irrotational current field is

givenby k

Yo =Usz . (4.26)

N

for some uniform stream Up. g

The pressure distribution along a vertical section is

Po=—pgi (4.27)

"On using equations (4.10), (4.11), and (4.12), the mean mass, momen-

tum, and energy fluxes in a wave-free current field are then




)
i
A
Qu= [ om0 (429)
)
M= [ o Zyas )
L bt b
Bo= / [Pt p( ) +pyz} s (430)
Performing the integration gives \
o Qo = pdul (a1).
2
M., = pd,U? o (4.32)
1o
E, = Epd,Ua (4.33)

[}
4.2.3  Fluxes in a wave-current field

. ]
For the combined wave-current field the three mean fluxes across an arbi-

trary vertical plane in the flow of unit width can be expressed as
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aum [ [ e

== [ frr+adE )’ldzda

Bumgr [ [P+ 3G + G ) Gasa0

where § = I\:: -ot

(4.34)

(4.35)

(4.36)

Using the approximation expressed in equation (4.19), Que, Muc and

E,. could be written as

Qup = 2'/"/ p—dzd9+

+;/ﬂ vpg(r.o.t)da

Mu = %j:'f’[mp(@)*]azdu
"zl,, "0 (Pe,0,0) + 3 (:0()]’}:10

€

(4.37)

(4.38)




X

By

%/" Lpezars
+B271 4 pos) Teaedo

%/n 2{P(,0, t)+2[(

(z 0,£))* +

+(a—(1 0,2))? ]) (: 0,t)dzdé

(4.39)

The fluxes of the combined wave-current field can be obtained to order

Ka’ on substituting &', P and 7 from equations (3.61),(3.73), (3.63) into

equation (4.37), (4.38) ,(4.39). Performing the integrations gives to O(Ka?)
=

My

_ 1 2. /3
Que = .de +5pa’ K /Ecoth Kd

]

1 T il
¢ e P (=
pdU” + Sp0d® + 2 pga’(5 +

+pKUa? /%coth Kd |

1 34
3P40+
+%pga2 T fonh Kd(14+

+§,m7U2K [% coth K+

= 2]
”g“ U@+ smh2Kd)
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h2l(r1) *

(4.40)

(4.41)

(4.42)




E,. as expressed by equation (4.42) is easily recognized to be R, in
equation (35) of Longuet-Higgins and Stewart (1960). The four terms in
equation (4.42) above are identically equal to their R,, Ry, Ry, Ry respec-

tively. Moreover, E,, could be easily written as the following sum:

Eue = BuCpr + (BJPS)U + Eyug + e,U + BgU  (4.43)

where
1 . ‘
E,= Epgaz (4.44)
denotes the mean #ave energy density per unit horizontal area in thé abe
i 7
sence afa stredf
do, 1 2Kd
CGor =2k = 30+ SRR & {:4n)

denotes the group velocity relative to still water;
4Kd

sinh?[(d) (4:46)

5.= Trga’(1 +
denotgg the radiation stress as defined in Lopguet-Higgins and Stewart
(1960); {

e

Ey= %pdlﬂ . B (4.47)
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denotes the mean current energy density in the absence of the wave;

1a? :
3C.d (48

denotes the relative wave drift velocity; and

ug =

1 ga? .
' = Ep? U (4.49)
i

. . R .
with pga?/(20,) representing the so called. wave action (Crapper 1984).
N
A discussion on the physical meaning of each term in equation (4.42)
and the radiation stress, as well as the energy transfer in the combined

, wave curreflt field is given in appendix A of this thesis.

4.3 Reélationships between L, H, d, U and L,,
" H,y dyy U, ¢

By substituting the expressions for QusMeo, Eeor Quor Muor Euoy Quer
Mye, Eue from equations (4.23), (4.24), (4.25), (4.31), (4.32), (4.33), (4.40),

(4.41), (4.42) into equations (4.7), (4.8)and (4.9) and combini(g the dis- .

persion rélation, equations (3.64) and (3.65), of the combined wave-current
field, the relationships between L, H, d, U and L,; H,, d,, U, are established

by the following system of nonlinear equations



Now, the fol

U + /< tanh K d;

% . (4.50)

%pag, [Kog coth Kod, =

pdU + %ya"/Kg coth Kd; (451)°

I U | 2Kod,
3094+ 5p980 + iR =

1,1 1 a4 2Kd_
pdU” + 5p9d" + 3p9a’(5 + o) +

+pKUd*| [—( coth Kd; (4.52)

i alo 26 ,d,
Z”" F(l + ek, =

- 3 - =
de +— pga ‘,K tanh Kd(1 + smh2l\d) +

—pKU’ 5
(453)

non di
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3 ’ "

2 2
¥t = Xtvyfioth 2 ann 2TV (4.61) Loy

2
BD + rAcoths =

3 D . :
I 2 2rW ?
_ 1o ’ o
S = PLVX+WZY mcl:.D “‘"}LDY" ‘(.4.6..) .
! 1, 2r 1 D o o *
£ L S S, Wl 2 uu
L% A(E * D sinh %”'cosh%)"- 7rB hfnl.l D = .
1 27w d. 4" ' L aid
= Wl (s
. Wit 2 D s B o B ; P %
¥ Doy 2 2XZ on oW e
+ X tanh T+ S5 ftanh T coth T (463) :
.7 . - o i
B sy or o 1 R e
O A T e B ¢ v ]
. _ Diys 2 1 [ e aaw
. o —WA°tanh T + 32X tanh - coth o+ i
L 1 e .
P y PO I e Y -
47 o
ZX(3+ T 64) - .
+2XCt 57 b B cosh T L. sy
7 ./
'
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;I‘he set- of équations (4.61), (4.62), (4.63), and (4.64) establishes the

rela.nnns}up bétween the current-free wave, and wave-free current and the

¢ field. Given the current-free wave

-height H,, length L,,, wave-free current speed U, and water depth d,,

A,

B, D could be determined by using equations (4.54), (4.55), (4:56). The

variables W, X, Y, .a0d Z caT then be compited by solving numerically
; S i the above.algebraic equations.! The wave height, lerigth, current speed and
' " mean water depth of thie combined wave-current field are then obtained as

'

o ) ' ) . " —E : (4.65)
- L=LY? (4.66)

) P
j'"y U=CX & (4.67)
"% d=d,W. 468

In equation (4.50) onits nondimensional equivalent cquation (4.61) the
positive root 1'3_ adopted. H;wever, the value of the square root in (4.50) is
v . taken as positive when considering the interaction of ‘wave with a following
current and negative when considering an opposing current. In this fashion
all possiblé distir_xct solutions, as described for example iq.Peregrine (1970)

could be taken intogpccount. Once the values of the wave-current field

N ¥ v f 5%
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parameters in equations (4.61) — (4.64) are obtained, one of the four

solutions could then be identified a posteriori, according to the following

classification:
@) U>o (4.69)
l
(i) ' -C,<U<0 (4.70)
' d i .
(i) ~C, <U < =C, Coam)
o

(iv) L, U<=G (4.72)

where C,, is given by equation (4.45). . 1

. Cases (i) and (i) are of engineering interest. Cases (iii) and {iv) are
possible solutions when waves interact with an opposing current. Discussion

t-Hi,

of their physical i ion is given in Longuet-Higgins-and Stewart

(1960) or Sarpkaya and Isaacson (1980). To be noted however, that in an
opposing current the present theory, could fail for relatively small negative
ratios of U,/C, because of the increase,in this case of the predicted height

H of the surface disturbance of the combined wuf’e-cun'em field.
“ : \
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4.4 Computational considerations and results

The set of nonlinear equations (4.61) — (4.64) is solved numerically for W,
X, Y, and Z, using a Newton technique. It is worth notifig the conver-
gence and stability behavior of the iteration. For a given wave data Ho,
Ly, d, and current velocity Uo, the solution is found for any set of arbitrary

initial guess values for H, L, d, and U. The wave before the interaction

and the combined t after the i ion should both satisfy "

the assumptions of the second order approximation. It seems that gen-

eral suffici ditions for the uni of the solution of the nonlinear
system of equations (4.61) — (4.64) for a given ratio U,/C., are not avail-

able. However, the range of values chosen for,the parameters in this study,

d

d the only p d herein. In the present solution, a
negative value for U represents a current flowing in the opposite dircction
of the wave propagation. )

s anrexampié‘the plavie wave defined by the parsmeters H;omLfm;
L, = 100.0m on still water of depth d, = 25.0m is, considered to interact
with uniform streams of current ratios U, (C, varying over the r;mge of
values betiveen -0.20 to +0:20., The wave length, wave height, current
speed and the water depth of the wave-current field are found on solving
the system (4.61) ~(4.64). The wave length ratio L/ By, wave height ratio
H/H,, currentxc}mng; ratio AB{/C.,‘ind depth change ratio Ad/d,, where

‘
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We

AU =U - U, denotes the variation in U and Ad = d — d, denotes the
variation in depth, are easily evaluated. These quantities are respectively
plotted in figures (4.1), (4.2), (4.3) and (4.4) against Uy/C..

- As expected, the length of the wave on the surface of the combined field
decreases when the wave train encounters an opposing current, while in-
creasing when the current U, is in the same direction, see figure (4.1). Also,
not surprisingly, a reverse behavior is noticed in the height of the wave, see

figure (4.2), increasing in magnitude in an opposing current and decreasing

when meeting with a following current. Qualitatively these results compare

favoutably with a number of other researchers’ findings, for example Breuil
and Ass (1980), Longuet-Higgins and ‘su;mg (1960), Jonsson, Skougaard
and Wang (1970) and Thomas (1981). However, quantitatively it would be
“diffcult to make any comparison with other theoretical resilts, since the
present approach is & departure from other investigations in that it does
not include a known, a priori, upwelling or horizontal inflow from the sides,
nor does it assume a given chmge:'m the bottom configuration. However, a
comparison with the experimental results obtained by Thomas (1981) has
been done, and will be®bresented in the following chapter.

The change in the mean value of the curfent is presented in figure (4.3)

as (U - U,)?C, . It shows an increase in the maguiynde of thejaverage
stream velocity U of the combined field over the wave-fice cumnzﬁ(, when




the wave and current propaghte in the same direction and a decrease other-
wise. The relative change in the mean water depth due to the wave-current
interaction is given in figure (4.4) as (d — d,)/d,. This figure shows a de-
:;eme in the mean value of the waye-current field depth d relative to d,

* when the wave and current propagate in the same direction, An increns; is
noticed otherwise. Both changes are relatively small quantities and dépend ™\
on the initial velocity ratio U,/C.. :

1t is noted that the herein developed solution set of the nonlinear system
is foun‘d to be indépen_dem of the initial guess useg in- conjunction with ,

| . .
Newton'siteration technique and the considered range of values of Uy/Ci.-

However there is no point in graphing the relations beyond the value of
UL/Ga = —0.16 since the second order wave theory will then fail for this.
example, due to the increase in wave height and decrease in wave length. A
negative value given to the ratio U,/C, répresents a current in the direction
Gppoite Uk of Wavs propaition. (For theconsideed Fangaiof valis 6.
for —0.16 < Up/C, < 0 it ix_z_ easy to find that the corresponding range of U
is such that —Cyr < U < 0 with C,, given by equation (4.45).

For completeness numericat values for the ratios L/ L, H/Ha, AU/Co,
and Ad/d, are given for a range of values of the ratio U,/ C,, of the wave-free
current to the current-free wave celerity and are tabulated in table (C.1),
(G2), (C:3), and (C.4) in the Appendix 4. Tables (C.1) and (C.2) give the
wave height and wave length ratios respectively. Table (94) gives the
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current variation ratio (U -Us)/Cy  while table (C.4) displays the depth

variation ratio (d - d,)/d, . It is found that the changes in the mean
depth and the mean current are very much less pronounced in comparison
to the changes in wave height. and wave Iengt.h. Table (C.Q shows that
the mean value of the current term in the combined field increases'in a
following wave and decreases when flowing in an opposite direction to the
wave propagation. Table (C.4) on the other hand, shows that the depth of
the combined wave-current field changes also slightly from its value d, .

The values in the four tables presented in 'apl;endix C are within the
preassigned convergence criterion chosen in conjunction with the numerical
iteration used and within the precision kept for all variables. The accuracy
of the results is checked in an ad hoc fashion, on running the computer
program several times using different precision in the computer calculations.
Four-time prowsion, i.e. typically 24 decimal digits is the degree of precision

used for all variables in the comphtation.
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Chapter 5

W’P*reﬁifctionic.\ the Combined
Wave-Current Field Properties

In chapter 2 the properties of the combined wave-current motion have been
given in terms of wave height H, length L, current ‘speed U and-the wa-
ter depth d of the combined wave-current field! In chapter 3 .the relation
between the wave height H, length L, current speed U , water depth d of
the combined wave-current field and the current-free wave height Ho , wave
length Lo, wave-free cugrent speed Us, water depth do has been established,
50 that H, L, U, and d could be caleulated when H, Lo, Us, and do are

, given. These allow one to predict the properties, such as particle veloc-

ity, pressure di etc. , of the
field by using the current-free wave height Ho, length Lo, wave-frec current
[}

speed Uy, and water depth do.
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The procedure involves the following steps. 1). Using the method gim
in chapter 4 to calculate numerically H, L, U, and d; 2). Using H, L,

U, and d and the equations in chapter 3 to calculate the particle velocity,

acceleration, pressure distribution etc. of the combined it field.

Considering the same example used in chapter 4, i.e. considering a

_ current-free wave with Ho = 1.5 m, Lo = 100.0 m, on water of depth
dp = 25 m, the maximum particle velocity distribution along the water
depth for Up/Co = —0.15, Uo/Co = —0.10, Up/Co = —0.05, Uy/Co = 0.0,
Us/Co = 0.05, Up/Co = 0.10, and Up/Co = 0.15 are plotted in figures
(5.1)—(5.7) ageinst z/d. In the figures the solid line represents the ampli-
tude of the horizontal particle velocity apd the broken line represents the
amplitude of the vertical particle velocity. The corresponding maximum

particle acceleration are plotted in figures (5.8)— (5.14) respectively. The

o

solid line rep the distribution of the hori particle
The broken line shows the vertical particle acceleration along,z/d. Figures
(5.15)—(5.18) give the trajectory of a particle at the point (0,-5) in the
combined wave-current field for the values Us/Co = —0.01, Up/Co = —0.02,
Ua/Co = 0.01, and Up/Co = 0.02 respectively.

64




S .
. .
-o. — T '
[} I
1 ]
-0.20 ] . -0.20] 1
. | !
‘ {
-0.40} | [y -040[- | R
2 ! T |
N 1 N
-0.60 ] -060f~
-0.80| . -~080
3 -l.oozo | " “-1.00 5 ‘oo
£ ~200 000 2.0 00 X X 200 4
S u, wim/s) 5 uyw (mrs} s .
Fig. 5.1 Uu/Co = ~018 Fig. 8.2 U,[C, = —0.10
’ ’ >
. '
-0.0
I
| +
-0.20+ 'l 0200~
I
-0.a0f 'l -0.0-
= s
; B | = . 3
G -0.60 -080-
-0.80| -0.80|-
o ~tool__l | -0.00 L
-200 000 2.00 400 . 4200 000 200 4.00
. s uwim/s) u,w (m/s) J
Fig. 5.3 Us/C, = ~0.05 Fig. 5.4 U,/Cs = 0.00
4 ’ ;
Maximdm paticle velocity distribution along water depth

£
Vertical l)

7

(— Horizontal ;




-0.00. - .
| |
N i
-020} | -0.20+ |
! |
! |
-040} 'l -0.40 1 ¢
- ®
D || . _ B "
-060} -080F
-o80f o -0.80 s
-100 - -1.00 | T
-200 000 2.00 400 -200 000 200 4.00
u,wim/s) . u,wim,s)
Fig 55 U./C. =085 - Fig. 5.6 U,/C.=0.10
-0
|
I
020} |'
1
-040 II S~
2 ]
] |
-080f- I
-080 J
-1.00 l__
-2.00 0.00 200 400 .
u, wim/s) ;
Fig:s7 U,/Cs =018

Maximum pacticle velocity distribution along water depth

(— Horizontal ; - - - Vertical)

N 66




4

-0.20
+-0.40|
-060

-080}~
{

-1.00

1 L
000 040. 080
0 ,ay (m/a/s)

Fig. 58 U,/Co = =0.15 ¢ Fig. 859 U./C, = -0%0

"000 040 o080 120
a,,0, (m/s/)

~0.20|

~-1.00| 1 1
"000 040 080
ax ,ay (m/s/8)

Fig. 510 U,/C, = ~005

20 000 040 ©80 120.
a8y (mzam) 7

<
Fig. 5.1 U, /C, = 0.00
8. - /\

Masimum partifle Aml!u.'nl distribution alodg water depth -

(— Horizontal ; - - - Vertical )~ \




-0
s /i
-0.20 /
o
. ]
-0.40f |
T ! .
N I ;
raso-'l
LIl al
-oaof ”
Al
ool
. 000 040 - 000 120
T ey ey imae)
Fig. 5.12 Ua/Co =005
-o.
s [ ¥
1
-o0.201- |,
1
AN
-o4o- 1] «
2 ]
- I
-osoH 1
! v
|
-o.gof
[

-0720
-0.40
o 5
2
e N
_-0.60)
-080
-1.00
7000 040 080 120
. ay ,ay (m/a/s)
Fig. 513 U./C, =0.10
-
20

-1

00 L 1
000 040 080

a,.ay (m/s/8)

Fig. 5,14

Uy/Cy =018

Maximum puticle feceleration disttibution along water depth

(— Horizontal ; - - - Vertical ),




g

¥
.
. -0.0f-
T
3 -0.2o N
-0.30}
© -0.40 9 1 |
-020 -0/5 -0l0 -005 -000 005
x/d
Fig. 515 Us/Co=-002
. ) e
-0.0 - i
- -0J0f
2. -
2 -020 D
Ve [y :
-0301
~-0.40 e - L |
-0.20 -015 -0I0 -005 -000 005
x/d
“Fig. 518 U,/C,=-001 .
N . i

. Trajectories of

" wave-current field

particle at £/d =

69 .




-0.00
-~ -olof
-

-0.301- -

~0.40 L I I !

000 005 010 0I5 020 O.
. x/d
Fig. 517« Uu/Co=0.01

-0:00
,
- 0.10
° .
N -0.20f~ ¢S o)
)
*-0.30 . ‘
~-0.40 L | L !
~ 000 005 0.0 0I5 0.20
x/d
I
\’ Fig. 5.18 Us/Cs = 0.02
. .

Trajectories of particle at 2/d = 0.2 in the

wave-current field

0.25



Chapter 6

- Comparison Between Pﬂré’senﬁ
" Theory and Experiment

-—

The experimental results cited here were published by G, P. Thomas (1981)

in Journal of Fluid Mechanics. His i \ was cagried

out at the Hydraulic Lab of the D of Civil Es

University of Bristol. A longitudinal schematic section of fhe fume used

for the experiments is:shown Figure (6.1).

The fume used in the experiment had an overall leagth of approximately
27m. The working section between the beach and the paddle had a usiform

width of 0.72 m and a horizontal floor. Behind the beach the flume width
was approximately twice that of the working section, and was so designed
to set as a stilllng basin wixich minimized fluctuations introduced by the

pump when currents were used. ) Y
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Expamet

ummm‘ 030 m apart) Laser ‘

I / \ Harlock" [ rig
beach )

Paddle ~
$ \ osm
537m s47m
=
z & =] L !
" ouvre
Slaping bottom, Y . © blades

in width
Fig. 6.1 schematic section of the wind-wave—current flume in the Hydraulica Laboratory,
Dopartment o Civil Engincering, University of Bristol. The drawing is not o scalo and doss not.
show the wind facility Thomas 1981, ~

Waves were generated by a hydraulically driven flat paddle board which

could be controlled by either a regular signal generator or a pre-recorded
random signal as required. Unwanted wave reflection were removed by a

beach constructed of three thicknesses of ‘Hairlock’” bound in an ‘expamet’

. Thg wave which is defined as the ratio

g i
of the reflected wave height to the incident wave height, for waves was
reported to be less than 2 percent (THomas, 1981).

g The current motion was driven by a pump with an adjustable mott;r and
‘proyides a re-circulatory low in which the currentin the fume is advérseto
th;.\ direction of the wave propagation. V;lnt.er was removed from t‘he flume
over a distancé of approximately 2.5 m in front of.the paddle and travelled
via u return duct under the main floor of the flume, to be pumped into the

stilling basin behind the beach (Thomas, 1981).
-




The wave and the current velocities were measured using Laser-Doppler

anemometry (LDA). The laserwas a spectra-Physics 12€A(15mw) and the

transmitting receiving and processing optical units were contained in a
i .

maodifitd Mark 1 DISA system. Wave heights and profiles were measured
using re}sista.me type gauges built to the design developed at the Hydgaulics
Research Station, Wallingford. The oscillatory LDA and wave probe output
was analysed on-line by a S.E. Laser model SM2002A Transfer Function
Analyser, "which ‘was-also used to generate the regular sin;moidal wayes.
The

y LDA output, correspondi

using an ging 0

(Thomas, 1981).
The experimental data were given as follows. For still water depth

l» = 0.57 m, current-free wave length L, = 2.261 m, current-free wave

amplitude a, = 9.18 mm, which gives the wave velocity of C, = 1.8014

m/s, the measurements were carried out for four estimated mean current
“speeds, iamely U, = -50.7 mm/s; -116.2 mm/s; -150.8 mm/s, -203.0. mm/s
. The minus sign means the current is adverse to the di\:ection of the wave
propagation.
‘Changes in wave length and in wave amplitude and the horizontal par-
ticle velocity component distribution of the wave after the interuli;n were
. measured‘. )X}though the water depth change was not measured, the phe-
nomenon| was noticed and re_porbed‘hy Th\umns, and referred to as set-up

or set—dorm. A

to the mean current, was '




The measured wave length and amplitude changes In the ratios ofsa/a,
and I,/ L, by Thomas (1981) and the predicted values by the present theory
. are listed in Table (6.1) and Table (6.2), and plotted in Figure (6.2) and

Figure (6.3) respectively. C ison of the d (by G.P. Thomas
1981) and the predicted (by the present method) wave amplitude and length
changes shows good a‘gteement between the two data. The maximum dif-

ference between the predicted and the measured values is less than 3.6% ~

W)

4 s not uniform over the, values tested. These résults could be considered

in amplitude and 3.0% in length. Also to be noted that this difference

4 surprisingly accurate.
The present method also predicts the changes in the current velocity
U, and the water depth d,., These are presented in nondimensional form -
. in Table (6.3) for completcness. These changes in the current and in the 4
water depth were neglected by othe theories. LI
Tablé (6.3) shows that the method presented in this thesis prgdicts an
25 " increase in the water depth and de'crease' i’n the mean current velocity when
, waygs interact with an pdverse current over a horizontal bed.

. The litudes of wave like' horizontal particle velociti
I

% (Thomas 1981) in the‘,‘ve‘cx{rrenl field and corresponding theoretical

) predictionsYsing the present theory are presented graphically in Fﬂ)g\;res

i | . 3

(' (6.4)—(6.7) for the cu](rent val:xes U, specified in Thomas (1981). In each
of the figures the experimental results of Thomas are shown by a circle and

. -




y °  apredicted profile us'mg‘the: present. npprgn_,ch by a-solid line. Very good
sgreement is generally dken to exist between the measured (Thomas 1981)
s pradicted {preset theory) velseltien, The hean igerepuioy betvieen
the theoretical and the measured velocity data s of the order of 4%. It
‘shotuld be noted that the method presentéd in this thesis could be used for .

- second order wave and current i dictions, but no )
~~ B .
results are available for comparison.
i
"
e
-
s 4 !
. -
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Table 5.1

Table 6.2

wave

measured predicted
Thomas  present  diff.
(1981)  method %
U, - Ut LIk LIS
0.0 00000 1.0000  1.000 _ 0.00%
59.7. -0.0332 0954  0.040  147%
-1162 -0.0645  0.894 0882  134%
1508 -0.0888  0.844 0835  1.07%
2030 -0.1127 0810 0.786  2.96%
C ison between the d and the predi
length chmg\e& )
measured _predicted
Thomas  present diff.
(1981)  method %
U, U,/Cs a/a, a/a,
0.0 0.0000 1.000 _ 1.000  0.00%
,
-50.7 -0.0332 1085 1068 157%
-1162 -0.0645  1.156 1147 0.78%
-150.8 -0.0888  1.267 1222 3.55%
2030 -0.1127  1.309 1315 0.46%
c ison between the measured and the predi

d wave

height chnnges.J
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N N
T, (wmfe) UofC,  Adfd, AUTC, ,
C TG -0.0332 0.040% 10~ —0.08 x 101
162 00645 0111x 107 ~0.877 x 107
© 1508 -0.0888 0.203x 107 —1.395 x 10~ .
) ; S
2030 01127 0342x10" —2095x10° ¢
Table (6.3)  Predicted values of Ad/d, and AU/C,, using the present -

qethod, where Ad = |d ~ d,| and AU = U Uf.

iy
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Fig. 6.2 Comparison between the present theoretical predictions and

‘Thomas experimental results for wm’ length changes
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| Fig. 6.3 Comparison between the present theoretical predictions.and *
) ; Thomas experimental results for wave height changes
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.
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Fig. 64 Us = =50.7 mm/s Fig. 6.5 o = ~116.2 mm/s
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Fig. 8.6

“

uylz)

o = ~1598 mm/s

uglz)
Fig. 0.7 Vo = ~203.0 mur/s

a

Comparison between the present theoretical predictions and

‘Thomas experignental results on the wavelike horizontal pacticle velority

distribution along water depth

79




Chai)ter 7.

Conclusions/afld
Recommendations for Further
Research

The interaction of followjng or opposing uniform current and finite ampli-

. tude regular surface graVity waves of permanent form were studied. The

combined wave-current field, resulting from the interaction of waves and
a uniform eurrent, was described by the velocity potential &, free surficé
profile 7 and the dispersion relation on the free surface, in terms of H, L
d, and U. The values of H, L, d, and U were computed from Hy, Lo, doy
and U, on solving & set of nonlinear equations obtained én satisfying the
dispersion relation-on the free surface and the conservation of mean mass,
momentum and energy transfer to second order. Nonlinear wave-current
interaction effects were taken into account.. Apart from the usual, expected
changes in the wave height and length it was found that the mean valye of

the current and water depth, also undergo changes which were computed

80




in somé ical 1 Furth the d

results, on, the changes in wave height and wave léngtli were fourd togbe .

more accuraté by co'usidering the changes in the current a;-xd the v{utei -

dehth. Comparison shiows that the predicted valués and the experimental -

results are in good agreement bothin the changes of wave height, wave ,

length and the properties of the combined wave;ciirrent field. ’ . .
The prediction, of waves and current interaction and Tombined wave- L

current field efects on engineering structures is an area of resech, that :

needs further work in order that the data and results may be aupphed to .

the engineer responsible for loads estlmahcn and dcslgn P £ . ol
Currents that vary linearly or bﬂmeuly wnh the depth were consid-

ered in the past arid some attempts (See Dalrymple 1973) v[:exe made for

" modelling the interaction of waves with nonlinear current velocities. The

effects of waves on nonlinear current distributions and on if any,
heed to be evaluated and verified in laboratory settings. ln this contdkt =
refraction and diffraction effects for small anfplitude and finite amplitude Sy *

waves in shear currents are also research area of interest.
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Appendlx A

{
A Dlscussmn on’ ‘the Radlatlon
Stress an Energy)Transfer in
a. wave-currené’ Fleld s B

‘ ’

; ! . " 5 o
The term “rndia.tion tress”, was, coin:zd and intro&uced by Longuet-ﬂlggma
a.nd Stewm(lgﬁl 1962, 1964). In aone Fllmenslony.l case, the ptqduct US,,
‘was defined to be the rate of work done \by the cirrent on the wp.ve, where -
S represents !;he radiation strees and U the current speed. The radiation
stress IS, was defined when conmdzrmg the mean energy flux to. the second
order of wave },mpmude a across  vertical plane nm‘n‘mlﬁpthe combined |

i ; Vit
wave—currenc propngatmg direction. In' this appendix the éxpression of the
\ =
mean energy flux in 4 wave-current field is reconsidered. ¢
[ . ¢ .
{ : \

i . , . .




o
T{ume-neneryﬁuxmnwavmmtﬁelduddnedu(mmma

423) ') 2 , A
Bum o [ [+ 202+ &1+ R (A1)
For the irrotational wave-current feld 'of pressure distribution P(z)
and mean wiater depth d, the periodical surface disturbance is denotéd by 7
ﬂ(" 1). . 4 2 . )
) Suhmtuhn?fhe second order P and @ from fquauuna (3. 13), (3 61)

+ respectively. into the above defini ion and usmg the foll Wil 3
W - & < 2

/:‘cmﬂdﬂ:ﬂt ) )

Ed
cos26d6 = 0 - (A3

- 2r

Lhemunmu‘yﬁuxwm’nver’tialpl;meintlf“ve-cunmtﬁqu“

-

Buy.= —/'[paAamahK[x+d)ooa0+
2) &
ZPgKnnhZKd 2””' O
U + GAK cosh K (3 + d) cos 6]dzdd ™ (A4) .
& - v < gt



= o = KU+a, -
o, = [gK@ERKd)}'?,
i § = Kz—ot,

A = [g/(XK sinh Kdcosh Kd)]'/2.
Subshtnt)ng o= KU +or into (A. 4} Eue fokes theform -

4 ' o " Bue = J;/jf [paAarcoshK(zd;d)cosB-f
LN Lo | 4paAKU coshK(z + d)cosd +

T : 1 _d 1re
e . / : ATy B L
' s 9 " [U + aAIK cosh K(z + d) cos 6]dzd6
/.

4 %
Now, eypression (A.5) is expressed.as the followigg sum

= By + By + Fo+ Bo+ Bs £ B



NN

3 o A
_lprpl, 7
Ei= 2"10 /_deU Udzdo (A7)
or | [
’ ' E:=%AU’U to O(Ka?) (A8)

21
B=3
& 7 i Y

1 2k . )
Bi= z”" 2(1+smh21xd)c' ¥ Oka) B .

, .
/ " / et a,Kcosh’K(ud)cos 0dzdd (A9)

+or

CoBe=g j 4 / ' 2pv=aAK cosh K(z +d)cosbddd " (A11)
1.2 1a? g
30 o 1)
» 1 2% N .
By= o [ [ Upado, cosh K(z +d)cos 0dzad (A19)
or . ' ks i Vs - ¥
’ E = UEpgaz (A.14)

From the expressions of By, By, Fy, and By it can be seen that *
e .
: o
) s - < E, = EyU . b
represents the current energy transported by the current itself, where Ey =

(A.15)

1pdU? i the current energy density.

93 . N o




2 = BuChr . (a16)

representd the wave ¢hergy mnsporced by the wave itaelf in still water, -

where E%‘ = }pga is the. Wave energy denan‘.y )nr umh area if no current is *

preseng, and Gy = J(1 ,‘,,,,,,,4)0, is the relative wave group velocity.

. . B : (Aj)

represents the current, energy txansported By the wm Becuuse of the wave
L drift ve\o.cwy”uw = 354;, g

. L

Ei=EU . . (A18)

W . L . v

. represents the wave energy transported by the current U. _/
Ey and E, are the results of the nonlinear interaction of the wave and

" the cuffent. They are given as - 8

Es= fl'a [paAK U coshK (z + d]cosﬂ T,

ZpgKa BthK d]UdzdS ‘ (A.19)

. ) 1 2= ~ ) s ) i

3 Bo= 5 '/n /_ | pe A KU s K (= + d)os* ddzdd (A.20) "
Performing the integrations yields

04 L



X 2
) B 2 ”" d+ 2””(“ smthd (A-21)
- A .
11 3Kd N
FBo = gpga'5(1+ sthKd)U (a2)
Adding Es aild Es gives
Ea= 8 pnay Lo KA o (am)
* =304 2"9 3 smh2Kd Rl
Or- .
Bo=u,S, +US.. ; ’(A24)

E wher: S, = lﬁga’(’{'-f- M,,“) is the so cnlled radiation stress (Longuet-
' Higgins 1961), end 5, = pdU? = 2By
_’)i'ow it is clea.r\ that Eu =E;+Eisa put of E,., hence an energy

flux'too. If US, is considered to be the work done by the current on the
- v\;ave, there i% 16 reason not to define u,Sp as the work done by the wave

" on the current.
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Appendix B

-Numerical Considerations and -
Precision Control . 4

= : : ‘ vﬁ

The wave length L, wave height H, water depth, d, and current speed U '

of the commbini ‘curret field are compited by solving
 the system of equations (461), (4:62), (4 53), and (464). The numerical -
method/is based on Newton’s method. The algorithm is discussed below.

Assummg the system of n equations in n variables is given as




fi(zi, oo 2Zn) =0

Sa(@1,23y0 -0 12n) =0 . ¢
g . B.1)
Su(1,2d,0 0y 20) =0

‘whete fi (i = 1,2, - - 1) ate nonlinear functions of z; (i =1,2;: -+~

«,n). The solitions.&f the following single equation which is formed from
4 e g 3 ! 5

fi namely * EE . . o

. iF= Ef’(n.za‘ ------ 2a) =0. . (B
. ‘ L
is considered to satisfy the system of equations (B.1).

‘Therefore the problem of ﬁnding the solution of the system (B 1) could
be converted into that of finding the solution of the smgle equmon (B 2)

| The numierical solution of equation (B.2) could be computed by dlrecbly ¥

using Newton 's method.

. On solving equation (B.2) the precision i controlled by letting F <4,
with 8 givenasiy preassigned small value. Tn the computations of this thesis
& was of the order 1.0 x 10-® The computation prog;‘;m was running in

four time precision. ) - »




‘The problem of cuntmlling the precision of the individual ‘va.rid;lec T

. 5 s
(=1,2,0000n § n) in (B.2) is to be noted. The ptecmon contm!hng para.m— -
éter § controls only the accuracy of F and not of X;.which are assumed to

* ——Tbethe approximate solutipns of the variables z;. Phe precision of X; could

. therefore be léss than t recision of f; which is the order of 16. Hence the
convergence of the individlln.l solutivons‘X} thpld also be tested to ensure
che a,ccurmy wqmre_ment ’

ln this thesis the testing on the precssmn of th\e mdivxdual X; wis carned 8

out in an adhoc mmmer by resulvmg the system several hmea and checkmg ;e

the conyer| of Xi. Repeating the calculati D ',thhﬁ—
N‘" §=1.0x 1078 §=1.0x10"0 the: reaultu of X; were compared,
In all. the“compuf.ntlon! the number of accurate digits are found to be.not

less than 5 decimal digits. - .. . .-




Appendlx Q\\

Computer Program

i
=

I this ppendis the listing of the FORTRAN progFaln used in the cal-.

culations pemnenc to zhm thesis is presented. Tbxs program includes five

. submuzmes and one funchon suhprog'rm Subroutme SNSE1 a.nd function

FNC are used to cnlculate numerically the foux\ vanables W, X Y,.Zin
the nonlinear.system of equal:)onu (4 61) — (4 64). Subroutme WAVE is

" designed to calculate the wave height H, wave length L, water. depth d,

and current speed U of the combined wave-curzent field by using 7 X, ¥,

Z. Subroitine VELOCITY is used to calculate the particle velocity and .

leration. of the combined wave-cusfent Seld by fasing L, H, & and U,

* Subroutines PATHl and PATHZ are used to calculate the pnth ofa pa.rhcle '
in the combined ww&current feld. K

The program was debugged and run on the VAX 8530 of the F\multy of

Engmeenng at M. U. N The proyim is listed below.

i







< : :
A PROGRAM OF W-C INTERACTION CALCULATION

aQa

IMPLICIT REALx 16 (A-H,0-Z) '
DIMENSION X(4),Hx(99),DE(W),F(QQ),G(QQ{,E(SS), /
H(99),0(99),R(99),Q(99) R(99),5(39),F2(99),G2(99),
T(99),U(99),CU(89), VELOWX(99),V ELOW Y (99), Z(30),
¥(99),WK(99) £H(99),5H(99),VELOX (%), VELOY(99),
VELOX1(55), VLOX2(55), VELOY1(85),VELOY2(55)
= 'DIMENSION AAW2(99),AA1(99),A A2(99);XX2(99,99),
XX1(99,99), A A1S(99),WK2(55),8H2(55),CH2(55),
AX1(44),AX2(4), AX(44), AV 1(44), AY2(44), AY () -
XP(300),YP(300),XD(300), YD(300), X X3(99,¢),

[y

R

OPEN (UNIT=3), FILE='"PROWAVE.RES’, STATUS=" ’NEW’)
ROWAVE.RES’, STATUS='NEW")
'PROWAVE. DAT’ STATUS ='0LD’)

-~ QPEN (UNIT=40, FIL]

T READ(40,+) WLO,WHO,D0,U0
B=1.0D-20 s

HB=1/0D12 . o .
c B=Precision control parsmeter. k}

L, @ c ) HB=Tteration step length.

P 4

c Givess the initial guess values.

- ; CALL WAVE(A1A2,A3X1,%2,X3 X4, 5
' 1 WLO,D0,{HO,WL,WH,DN,U,WC0) _ o ;
Al=(WH0/(2.0*D))**2 i £ 5 ¥ .

-




A2=U0/WCO .
_ A3=WL0/D0

y WRITE(30.5) ~ .
55  FORMAT(3x4hWL0z/1S5. ux.u:wxo—,ﬂu
1 3x,3hD0=f15.7) .

WRITE(30,65) *
65 FOR.MAT(ax.ahAl—,ﬂS 74x3hA2=15.7,
1_4x,3A3=,£157)

’ (CALL SNSEI(B,HB,AL Az A3 x1.x2,x3,x4)
3 g CALL WAVE(AL,A2,43,X1X2,X3,X4 WLO,
; y 1 DO,WHO,WLWH,DURL,WC0) - ' .
CALL VELOCITY (D0,D, WL,UH, WH, -
1, VELOX,VELOY,WCO,WH0)

. © o xo=00 - y ‘-

. 20=-5.0
c (XD,ZU) is the particle initial Iocatlon.

CALL PAmx(D,wn,WL,Unxo,zo.ao) ' B

- CALL PATH2(D, WH,WL,UH,X0,Z0,60)

a® . GO T0 120
c STOP
. END



N FUNCTION FNC(A1L,A2,A3,X1,X2,X3,X4)
i IMPLICIT REAL16 (A-H,02)
DIMENSION X(4),A(3),F(99),G(99),£(99),1(89),0(99),
1 R(99)P(99),Q(99),8(99), F2(99),G:2(59),T(99),U(99)

=1 .
c VRITE (30,170) X1X2,X3,X4,A1,A2,A3
C 170, AT (1X,7F13.4)

s [For dueckingthe iterating sesilts.

Sy : F(I)_;szs:ns/As
F1=F(I) ) v . -

& G(n=t. zasmx«;/(mxz) :
2(N)=F(I)»20 . \
(1)=G(1)20 k

’ E(I)—SQRT((EXP(F )- EXP( F(l)))/(EXP(F(I))+EXP( -F(1)))
H(1)=SQRT((EXP(GH)-EXP(-G(I)))/( EXP(CL)+EXP( G(H))
O(D)=(EXP(F(1))-EXP(-F(1)))+0.5 : -
e o PDHEXP (F(1)) +EXP(-F(I)40.5 :
=(EXP(G(1))-EXP(- G(x)))‘o 5
" R(D)=(EXP(G(1))+EXP(-G(D)}*0.5
T(I)= (Exp(cz(l)).}axp(-Gz(x)))«o 5
- U(D)=(EXP(F2(I))-EXP(-F2(I)))*0.5

E1=E()

G1=G()

H1=H()

01=0(]) .
- P1=P(l)

Q1=Q(N) ' - !
S1=8(1) RS



e e e -

-

| XX 2+H(I)#(1.042.0%3.14+X4

I
FNC1= 1+xh’(r)¢E(1)—x2~xz

A3X4xX143. 14«X3/(x2aE(l)tH(I))
14*A1 JE(I)**2

FNC3=X4v:2+X35(0.5+2.083. 14+ X4/(A3+X20+24Q(DR(D)))
+ABKX 1424 X 4+E(I)#52/3. 14,

20X 1yXRE(D)/(X2+H() 10~ .
-A14(0.5+2.0¢3.14/(A3+O(I)*P(1)))

-AB*A2+A2E(I)*42/3.14 . -

FNCA1—ABXAvX1os3rE(I)re2/3:14
+3.04X34X1ex2E(T)/(X26H(T))

+X34X 14(3.0+4.043.144X4
/(‘A3~X2*' (2+Q(I)+R(1)))

‘ i
FNC42—A§anu3*E(l)n2/3 14159
+Ah(1 n+‘2 .0%3.14/(A3x0(1)+P(1)))

((AS*X2*€2tQ(I)dl(l)))/E(I) y 1.

FNC4-FNC41-FNC42 P Ly
|

FNC=FNC&:t2+FNCZu2+FN(3§u2+FNC4u2A

WRITE(30, uo) FNC

FORMAT(1X,1D25.9)

For precision cofitrol. ,

RETURN
“END



o

°caa

200

160

15 -

g

-

’
SUBROUTINE SNSE1(B,HB,A1,A2,A3,X1,X2,X3,X4)
IMPLICIT REAL¥16 (A-H,0-2)
DIMENSION X(4); Hx(4),DF(4) A{4),F(1 G(l()o),
E(100),H(100),0(140),R(100),P(100),Q(1 .
F2(99),62(99),T(99),U(%9)  /

v
'

I=1- - ) i /

WRITE (30,200) B,HB /
FORMAT (1X,2E15.7) /
Looking at the increment direction. .

X(1)=X1, )
X(2)=X2 "\ .
X(3)=X3

X@)=x¢ . - i 5 g Y

WRITE(30;160) (X(L),L<1,4)
FORMAT(1X 4F9.3)
Checking the convergent speed.

.

DO 11 L=1,4 .
IF(X(L)) 15,2,15 .

HX(L)=HB . 4 -

. GOTO11

HX(L)=HB+X(L) ~ .
CONTINUE -
X1=X(1)

X2=X(2)

X3=X(3)

X4=X(4) “ gl

“



F1=FNC(A1,A2,A3,X1X2,X3,X4)
IF(FLB) 334

s

X(4)=X4

DO 23 L=1,4
« . X(L)=X(L)+HX(L) g
X1=X(1) . st

) - 3 X3=x(3) " s R
R : 4 v o

i FH=FNC(A1,A2,A3,X1,X2,X3,X4) o el X
P - - X(1)=X1 < e 2

X(4)=X4

P DF(L)=(FH-F1)/HX(L)
- SUM=SUM+DF(L)*DF(L) - &
o 22 X(L)=X(L)-HX(L) .

- RLMT=F1/SUM /
X1=X(1)-RLMT+DF(1) .
X2=X(2)-RLMT+DF(2) . 5
X3=X(3)-RLMT+DF(3) ) -

s xkax(o-nLM'r-DFu)

1 GOTO7
3 RETURN -
END



- SUBROUTINE WAVE(A1,A2,A3,X1,X2,X3 x4,
‘WL0,D0, WH0,WL, WH,DN,U,WC0) ; ﬂ
IMPLICIT REAL+16 (A-H,0.Z) oo
s . WL=X2+X2+WL0 ’
& - WH=20+D0+SQRT(X3) [
e D=D0sX4 \ # -
DK=628+D0/WLO anfl S
TH=(EXP(DK)-EXP(-DK))/(EXP(DK)+ EXP(-DK))
WCO=SQRT(98tWL0/6.28+TH) © K
U=X1sWCo. . . . .
z WLBWLO=X2:X2
. . WHBWHO=SQRT(X3/A1)
i . DBD0=X4 " / .
! : DELTD=(D0-D)/DO0 . .
B, " DN=D0%}(D0-D) i " (’
UO=A2WTO' & B
DELTU=(A2-X1) ) ) .
WL=WLBWLO+WLO f D
wn=wa3wnn.wno 3 :

WRITE(30,98
98 FORMAT(H)X 2hWL,10X,2hWH,10X,1hU,12X,1hD) |

WRITE(BO,QQ) ~WLAN H,U,D ; 5
99 FORMAT(5X,4F12.5) \ =

RETURN M )
? END ' s




10

-

. CHII—(EXP(W[(D2)+EXP(WKD2))o05 U W A

* WKD=6.28+D/WL \

- SH1=(EXP(WKD)-EXP(-WKD))*0.5 4 a8
cnx_(sxp(wxn)wxy(,wxp)).u 5 P
TH=SH1/CHI'* - T g g
WKD2=2.04WKD, - 4 g
* SH11=(EXP(WKD3) EXP(-WKD2))s0.5 . %

Z(T)=-(1.0-0.05+I)
‘CONTINUE " ~

SUBROUTINE VELOCITY(D0,D,WLU,
WHVELOXVELOY,WCO,WH0) .

IMPLICIT REAL=16 (A-H.0-2) 5
DIMENSION ¥(99), WK(99),CH(99),SH(99) VELOX(%),.*
VELOY(99),CU(99),VELOWX(99), VELOWY(39) vnxncm),.
VEYBC(99),DB(99),%(30), VELOX1(55), VELOX2(55),
VELOY1(55),VELOY2(55), WK2(55) SH2(55),CH2(55), ©
AX1(4), AX244);AX(44), AYi(64) AY2(44) AV(42) -

U1=U/DO
 SIGMA=SQRI(2.0%3.14+9. St'HI/WL) 2

Y(0)=00 ™~ %,
2(0)=10 _ wre

DO 101=1,20.
Y(I)=D/2041 -

DO 100 1=0,20 e T3
WK(I)=6.28+Y(1)/ WL

WK2(I)=2.0«WK(T)
cn(x)—(mxmwx(x»mxp( WK(I)))/Z 0



200

201

ioo

-

-

‘SH(I)=(EXP(WK(L))-EXP(-WK(1)))/2.0

CH2(T)=(EXP(WK2(I))+EXP(:WK2(I)))/2}
SH2(L)=(EXP(WK2(I))+EXP(-WK2(I)))/2.0
VELOX1(I)=U-9.8+3.14xWH+CH(I)/(SIGMA+CH1+WL)
VELOY1(1)=3.14+9.8+SH(I)+ WH/(SIGMA+WL+CH1)
VELOX2(1)=(3.0+3.14159)/8.0+WH+=2:SIGMA
/(WL*SH1xs4)+CH(T)

VELOY2(I)=(3.0+3.14150)/8.0s WHx+2+SIGMA
/(WL+SH1Lxx4)+SH2(I)

. VELOX(T)=VELOXI(I)+VELOX2(T)

VELOY(I

! VEXBC()=VELOX(I)/WC0

[

-

AX(D=

VEYBC(1)=VELOY(1)/WCQ

(D/SQRT(9.8sWHO))/10+1
8+3.14150+WH+CH(I)/(WLxCH1)
AX2(1)=0.5+((3.0+3.14150/4.0)xWH#x2
+SIGMAx#24CH(T)/(WLSH14x4) P
0.8« WH##243. 14159..2/(WL“2.SH11))

8+3.14150« WHASH(I)/(WL+Gg1) .

AY2(1)=9.843.14150# %2+ WHx2+SH2(T)NSH114 WL4+2)

(a 0+3.14169/4. ﬂ)tWHttZtSIGMAv*Z *SH2(T)/(WLxSH1xx4)
AY(I AYI(I)+AY2(I) |

WRITE(30,200) ax(I),Z(I) \ I St
FORMAT(7X,2F15.7) - . :
WRITE(60,201) ay(1),Z(1)

FORMAT(7X,2F16.7)

' CONTINUE . 2t &

RETURN
END




aa s

[T
S

- 85

50

. RETURN

SUBROUTINE PATH1(D,WH,WL,U,XO0, 20, ,OP)
IMPLICIT REAL#16(A-H,0-Z )
DIMENSION XP(300),YP(300),XD(300),YD(300)

. 'WKD=6.28318+D/WL

SH=(EXP(WKD)-EXP(-WKD))+0.5
CH=(EXP(WKD)+EXP(- wxn))*o 5

“TH=SH/CH
'SIGMA.R—SQRT(G 2831840, 8+TH/WL)

.28318/SIGMAR

.28318%(20+D)/WL
XP(WKZ)-EXP(-WKZ))+0.5.

x»(wxz)mxp( WKZ))+0.5

HZ/CHZ . o

5+WH+CHZ/SH

5*wmsnusn

WB.ITE(30 20) ALF,BET
FORMAT(5X,2F15.7)

DO 50 1=0,60 ¥

T=TR/30.0+]
XP(I)=X0+U+T-ALF+SIN(-SIGMARAT)
“YP()=Z0+BET+COS(-SIGMARST)

~—XB(H=XKP(1)/D o
. YDO=YP()/D, | 5

WRITE(30,55) XD(I) Y'D(I)
FORMAT(IX 2F15.7)

CONTINUE ,
END




SUBROUTINE PATH%(D,WH,WL,U,X0,20,0P)
IMPLICIT REAL#16(A-H,0-Z) ’ .
DIMENSION XP(300),YP(300),XD(300),YD(300)

WKD=6.28318+D/WL .
SH=(EXP(WKD)-EXP(-WKD))+0.5 . K
CH=(EXP(WKD)+EXP(-WKD))+0.5 T
TH=SH/CH

SIGMAR=SQRT(6.28318+0.8+TH/WL)

TR=6.28318/SIGMAR )

WKZ=6.28318+(Z0+D)/WL -

SHZ=(EXP(WKZ)-EXP(-WKZ))+0.5'

CHZ=(EXP(WKZ)+EXP(- WKZ))tO 5

BET=0.5+WH+SHZ/SH

. DO 50 1=0,60 i \
T-TR/SG [

04 UsT-ALF#SIN(- SIGMAR:T)
0+BET*COS(-SIGMAR+T)

YD(I)=YP(I)/D

" WRITE(60,55) XD(I),YD(I) i . «

FORMAT(1X,2F15.7)

CONTINUE .
RETURN “
END ; 5 ‘




Appendix D

Some l\furherical ‘Resﬁlté .

Tn this appendix some numerical results are presented. Tables (D.1), (D.2),
(D3) and (D/d) give the wave leagth ratio L/ L, wave height ratio H/,
current ratio (U — Us)/C, x 10-and water depth ratio (d— do)/dy x 10~
respectively fof various values of the parameter U/C,. When the current- -
free wave and the wave-free current before the interaition are know the
changes in wave length, wave height, current speed ‘and water depth can
be directly find from tables (D.1) — (D.4), for the ihownnnge of the

* parameters.




~

2
Table (D.1) Nunierical results of wave length ratio 'L/‘L;' ’
Loldo By/L, “°/c\° | =9.15 | -0.10 ['-0.05 | 0.00 | 0.05 [ 0.10 o.xs‘ 0.20 °
0.00053 - |0.84561|0.89733(0.948771.00000(1.05105 1. 10197 115276 1. 20346
i 0.00091 {0.845570.89731{0.94876{ 1.00000| 1.05106 | 1. 10198 1.15277 1. 20348
0.00129 | 0.84551|0.89728{0.94875|1.000001.05107{1. 10199 1.15280| 1. 20350
0.00149 . 0.84547{0.89726(0.948741,00000(1.05108{ 1.10200| 1.15281{ 1. 20352|
000079 |0.84018[0.89404(0.94727{1.00000( 1.05234| 1. 10436 | 1. 15611 1. 20766
0.00137  '|0.84014]0.89402(0.94726]1.00000] 1.05235 110437 1.15613(1.20767. -
1 Tooor o 84008|0.89399(0.94725(1.00000| 105235 1. 10439 115616 | 1, 20770)
" [Towozzs - |o.84006 0.89396|0.94726 1.00000| 105236 1.10440|1.15617 1. 20772|
B 0.00127  -|0.82527(0.88511{0.94321|1.00000{1.05577(1.11072| 1.16502| 1. 21879
0.00219  [0.82522(0.88509(0.94320(1.00000(1.05577|1.11074|1.16504 | 1. 21881
e 0.00310  [0.82514(0.88505(0.94319[1.00000( 1.05579|1.11076 1. 16507 | 1. 21884
0.00358  |0.82508) 0885020 94318(1.00000{1.05579| 111077 1. 16509 | 1. 21886
0.00317 0.73023(0.82984{0. 915‘53 1.00000{1.07631{1.14874 |1, 21815{1. 28514
* | “o.00548 - |0.72997{0.82974{0.91850|1.00000 1.07633 1.14877 | 121819 1. 28519
¢ 0.00775  |0.72957{0.82959]0.918451.00000{1.07636| 1. 14882 1. 21825 | 1. 28526
0.00895 * 0.72930{0.82949(0.91841] 1.00000{1,07638 1. 14883| 1. 21829 1. 28531
i . Bl o N
. ;o " us )




- !
*" Table (D.2) Numerical results of wave height ratio H/H,
' .

L]
p N Sy
o/t By/Lg Yo'l .15 | =010 | ~0.05] 0.00 0.05 | 0.0 |05 | .20
0.00053 [1.28395|1.15954(1.07029| 1.00000]0. 93862{ 0. 87914 0.81604]0. 74428
0.00091 - |1.26565(1.15464]1.06973{1.00000(0.93911]0.882930.82847{0.77335
2‘ 0.00129 - |1.26112(1.15346]1.06960 1.00000[0.93923] 0. 88386 0. 83154 0. 78044
, 0.00149 |1.26003|1.15318]1.06958|1:00000{0.93925 | 0. 88409 0.83229 0. 78220!
v | 0.00079  |1.29890|1.16692(1.07319{1.00000]0.93661{0. 87568 (0811520, 73893 "
000137 [1.28038{1.16199(1.07263] 1..00000{0. 93710[ 0. 87946 0. 82389{0. 76789
18 T owo1os  |1.27581] 1. 16080] 107251 | 100000 0,937 21 0. 003 |0.52694 |01 77435
A 0.00224 -~ [1,27472[1.16052[1.07248(1.00000{ 0. 93724 | 0. 83061 0. 82770 0. 77669
0.00127 - |1.34050]1.18680| 1.08086{1.00000]0. 93143 0. 86683 0. 80002]0. 72550
jo | 0009 |1-3:44]1,19182]1.08030]1.00000]0.93191 0.8056 0.s1222[0. 75403
0.00310  [1.31678 1ansz 1.08018(1.00000{ 0.93202 0. 87148 0. 81522] 0. 76097
0.00358 [1.31568 1‘.1BP,35 1.080141.000000.93204 |0, 87169 0.81596{ 0. 76269
0.00317 | 1.58871[1.29008|1. 11808[1.00000{0.90775{0.82710[0.74926{0. 66740
o |owooste Ju.seezs 1{ggs211.11758{1..00000] 0. 0817 0. 83038[0.75992[0. 69226 i
0.00775" *[1.56423 l.zj&ze 1.11753}1.00000] 0.90825]0. 83116 | 0. 76252{ 0. 69829
" [ o.00895[1.56376[1/28415]1.11755{1. 00000]0.50825] 0, 83133 0. 76316]0. 69976




Table (D.3) Numerical results of current velocity change ratio

(U -v.)/C] x 107 i e
U/ :
B/, -0.15 | -0.10 | :-0.05 | 0:00 | 0.05 | 0.10 | 0.15 | 0.20
0.9053 ~_ {-0.15298(<:07698(-0.03110{ 000000 {0.02382]0. 04422 o-06318fo. 08152
0.00091  |-0.42401|~0.22300(-0,092530.00000(0.07093(0. 12917 0. 17979|0. 22567
0.00129.  |-0.83093(-0.44215|-0.184710.00000(0. 14162{0: 25662( 0. 35474 [0. 44192
0.00149 - - |=1:10346-0.58835-0. 24619 0.00000| 0. 18876/ 0. 34161 0.47139  0: 58610|
000079 |-0.16637|-0.08330(0.03355 0.00000{ 002557 | 0. 04736 0..06753] 0. 08702
000137 |-0.46271(-0.24169(-0.09986{0.00000]0.07617 0. isas?‘o.msa 0.26156
0.00194  [-0.90765/-0.47942(-0.19936|0.00000(0. 15209 0. 27523 0. 38015 0. 47340
0.00226  [-1.20457-0.63800(-0. 26573{0.00000| 0. 20272 0. 36641|0.505230. 62799
0.00127 - |-0:20756|-0. 10203|~0.0406% | 0,00000]0.03047| 0. 05604007942 0. 10189
0.00219°  [-0.58192{-0.29711]-0.12105{0.00000{0.09083 0. 16430| 0. 22756 | 0. 28470
0.00310 - |~1.14412(-0. 58995 |-0. 24173(0.00000 0. 18140 0332673 (0. 44980/ 0. 55895
00358, |-1.51928|-0.78533|-0.32222{0.00000| 0. 26180| 0. 43504 0. 59799 0. 74182
0.00317 _ |-0.65398-0. 27335(-0.099860.00000| 0. 06743] 0. 11932[ 0. 16332[0. 20351
" 0.00548. [=1/88334(-0.80579|-0. 29840{0.00000 0. 20173 0. 35291 0:475820. 58241
0.00775 . - [-3.73721{1.60619-0.59657{0.00000] 0. 40320] 0. 70346 0. 94473 1. 15092 .
000895~ {-4.97927(~2.14097|-0.795590.00000{0.537590.937251.. 25744 1. 53003
4




Table (D.4) Numerical results of water depth change ratio *
o ld=do)/d)x 107

volto BlLo Yol -0.15 | =0.10 | -0.05| 0:00 | “0.05 0.10 | oas”

0.00053  [0.12602[0.05811]0.02133|0.00000(-0.01396{ -02 025190
0.00091  [0.336810.16437{0.06294}0 04106[~0.06964{=0.09153-0. 11055

* oonn 0..65330{0.323870. 12539|0:00000{-0. 08173 -0. 13633 -0. 17387 -0. 20084
0.00149 - [0.86449]0.43028|0. 167050 10884|-0. 18080 -0. 22878(~0.26104|
0.00079  [0.12339{0.05610[0.02032/0.00000(~0.01298(~0.02321-0. L04611|'
0.00137. [0.33007|0.15867{0.05996|0.00000| -0.03814 | 0. 06390{ -0. 08304 (~0.09931}.

1 0.00194 *0.64039]0.31264 0. 11944]0.00000| -0.07589| ~0. 12496 -0.15723] -0. 17912
0.00224  |o.84748{0.41535 0. 159110 . 10107 (0. 16567 ~0. 20670(~0. 23233
0.00127. '|0.11701]0.05103]0.01777(0 01051{-0.01826 -0 03560
0.00219  [0.31374|0. 14426{0.05239{0.00000(-0.03081(~0.04959{-0.06197-0.07152] ::

0 oo Jo.sosmlo. e 0. 10435 0.00000(-0.06127 | -0.09662 -0. 11593{ 0. 12541 £
0.00358 * [0.80642]0.37759/0.13901{0.00000{~0.08159~0. 12797 |-0.15192|~0. 16134
0.00317.  [0.098050.029400.00660|0. 00009 [~0.00280(-0.. .00842]

0.00548 - |0.26952{0.08297{0.01928|0 01125{~0,02677-0.04455

* [ owooirs . [o.smor|o. 16351 0.03833 00156 ~0.02393-0.05795(=0.09877|

0.00895 [0.70134]0. 21733{0.05105 0. 00215 ~0.03238{ ~0. 07875 0. 13493
= 7 -
» ' >
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