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                                Summary

   This is a  tbeoretical anct  experimental  study  of  the watcr  wave  reflecLor  w]iic/h  is fioating
and  moored,

   Solving  motions  of  moored  floating  body  among  waves  by  the "s,o-dimensienal wave

theoi'y,
 we  may  predict the  amp]itude  of  refiectecl  and  transm.itted  wave,  so  that wc  may  easily

find the wavc-length  at which  the  incident wave  is reflected  or  tran$mitted compietely.  This
wave-length

 depends  mainly  on  the spring  constant  of  its mooring  systcin.  IIencc, adjusting

this restoring  force, we  may  compose  a  complete  refiecter  or  transmitter ior an  incic[ent wave

of  arbitrary  wave-length.

   Then  we  describe conditions  of  complete  rcflcction  and  transrnission  by  mtLkinbcr  use  of

phases ef  wave  exciting  force  and  rnechanical  impedance  of  mooring  system  in 1'/hc complex

plane, This description enables  us  te estimatc  easily  the  necessary  spring  constant  at  an  ar-

bitrary wave-lengtli.

   
Experiments

 on  a  semi-submergcd  vertlcal  plate and  a  eircular  cylinder  show  good  a.crrec-

ments  with  theoretical predictien,

   According  to this theory,  it beconics possible to desigll a  refiector  of  len.rr wELve  over  ten

times of  the breadth  of  fioatinbcr body,

1. Introduction

  Various kinds of  wave  breaker have  been
dcveloped  and  have received  practical applica-
tion in  recent  years. Principles of  wave  break-
ing applied  to these wave  breakers can  be
roughly  classified  as follows, refiection  o'E an

incident wave,  conversion  of  wave  energy

into eddy  energy  in fiuid, and  combination

of these  principles, IVave  breaking  by  refiec-

tion  o'f an  incident wave  can  be easily  predicted
by  using  a  potential theory, and  so  the poten-
tial theory has usually  been  applied  for com-

parison with  model  experiments  alld  so  on,

But, in the case  of  conventional  wave  breakers,
ideas of  form  or  configuration  of  a  wave  break-
er  usually  comes  first, and  a  theeretical investi-
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   'gation

 on  wave  breaking ma.y  not  be carried

out  sufficiently.  This fact leads to an  inferior
performance  of  wave  breaking for waves  with

long wave  lengths, and  therefore results  in
the scaling  up  of  a  wave  breaker for improve-
ment  of  the performance.

  On  tbe other'hand,  many  studies  on  wavc

power  absorption  have  been carried  out

vigorously  due  to the recent  fossl.1 energy

crisis.  Recent studies  show  that the maximum

ethciency  oi  wave  pQwer absorption  attaineci

by  using  a  single  mode  osci].lation  of  a  two-
dirnensional floating bQdy is only  50%  but
it becomes 100%  if a  complete  wave  refiector
  .exists

 at  the lce side  of  the body, Therefore,
it is obvious  that  a  reflector  with  superior

performance  can  be effectively  utilized  for the

purpose  of  the  wave  power  absorption  by  a

floating body.

  In this paper, conditions  oii complete  reflec-
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tion of  an  illcident wave  are  derived from

a  tlieoretical investigation bascd on  the

two-dimensional wave  theQry, and  an  attempt

is made  to realize  complete  reflection  at  arbi-

trary wave  periods by  tuning the  mechanical

impedance of mooring  systems.  Consequently,

it is found  that complete  refiection  of  an

incident wave  can  bc attained  by  using  a
                                     '
d ¢ vice  with  a simple  mechanical  configuration

and  that it can  refiect  not  only  short  waves

but also  long waves  in high performance.

2. Theory

2.1 l'robgem formttlatton (or Eettatt'on of 7v･to-

    tion)

  The coordinate  system  is shQwn  in Fig. 1.
                                     '
VLTc denote an  incident wave  ol,,, swaymg

mo'tion  nyi and  heaving  metion  ny2 of point O

and  rolling  xnotion  opa around  thc point O as

fellows :

     ?1.=g,,,eicke+t,e) (l)

     7?,=g,eicelt,  j'=1,2,3 (2)

INCIDENTwnvE
7,

x- nd-(rM,VM)nionC.G

"sitsx"
v

          Fig. 1 Coordinate  system

By  using  these expressions,  equations  of  the

motions  in three  degrees of  frecdom  can  be

expressed  as  follows:

    
--wk(g,-oGgi)

        =I7ti+Fi3+Fin+FnM'+Fiur  (3)

     wV7kge==F22'FF2n+F2if+F2"r  (4)

    VVkOGg,-Ikk

        =I;33+I7si+F3R+I7s"+F3!M+F3"t

                                    C5)

Where  O'-G denotes the distance ef  the center

KyozuKA,  OsamLl  YAMAMOTO

  of gravity of the floating body from  coordinate

  origin,  IV and  I are  the weight  of  the  fioating

  body  and  moment  Qf  inertia around  point O

  respectively,  Fi,j is the  hydrodynamic torce

  in tbe i-th dircction caused  by  j'-th mode

  motion.  By  using  an  added  rnass  eoefficient

 ftjc and  Kochin  function Hj', it can  be expres-

  sed  in the form

      Fij=pbl2(fije-illi'llj'ii)Lg.j (6)
                                  '
    I;2fi and  F3H, denote hydrodynamic  restor-

  ing forces for heaving  and  rolling  motions,

  and  the>r can  be expressed  as:

       FL･n=-pgLBgh (7)

       F3R =]  -pg  7G)li g., (s)

  where  L, L) and  7 are  length, breadth and

  displacement volume  of  the fioating becly

  respectively.

    J7iM and  FijM are  restoring  forces in i-th

  mode  motioTi  ef a  mooring  system  caused  by

  o'-th modc  motion.  If the number  of  the moor-

  ing lines is vt and  the mooring  lines of  spring

  constant  kM are  stretched  symmetrically  about

  the center  plane, these become:

       It',. =::  -nk,,  cos  eg, (g)
       F2M=-nhnsine{lli (10)
       F3M;-nk"(xM2sinO+yM2cosO)g,  (11)
       F, ,,.  ==nkme  cos  ey..g (12)
       J7,,.=jt k.  cos  ey.g, C13)

  Here e shows  the angle  lrom  the horizental

  planc to the mooring  line, and  xM  and  yM  are

  the coordinates  of the points where  tlie moor-

  ing lincs are  conneeted  to the fioating body.

    By  tbe use  of  the Kocl]in function, a  wave

  cxciting  force in the i-tli direction can  be ex-

  pressed as  following:

       1;,-.,=-Rgg,,Hj+L (14)
                                '

  2,2 b･mpeda7tce3)

    XVith an  assumption  that the amplitude  of

  an  incident wave  is unity,  and  by substitu-

  tion ot Eqs. (6> -v(14) into Eqs. <3), (4･>, (5),
  the equations  of motions  are  replaced  by  the

  following:
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    Ziigi+Zi3g3=r-pgHi'1to  (15)

    Z,,g,=-pg",+/ito  (16)

    Z3i{i+la3ga==-pgff3'liw (17)
Here Zij, what  is called  Mechanical imped-
ance,  is expressed  as  follows:

  Zii==PtuUi'Ui'+ilW(g}VL+ofiiC)
       nhM  cos  e)
                                (18)      

--r'toL--J

  Z22= pwH3'MF+ilw((  gVVL 
+Rfe2c)

      -nk.n.-2in0--e.gq-B.] (ig)

  Z,,=ptuH,+ffI.+IItu(e-+Flfe3e)
       nkn  (x"2 sin  O+  evn2 cos  e) pg ffGfi,f )
               blL  wL  }
                                (20)
  Zis=lsi=pwlwHi+Hi+

      +i  Itu (m urgOz g+ Afl 3e)  + -Y-igZ-fe.-"L- 
-9
 9- 
S

 0.I

                                (21)
For  the  convenience  of  later sections,  we  will

rewrite  the  impedance  Zij by amplitude  and

phase as  follows :

    Zii=pblHi'Ut+secfiie`Si (22)

    Zn==pfi)H2+H2+secfi2e't'S: (23)

    Z33==p(oH3+Uli'"'secfi3etd'3 (24)

    Zi3==pcoJtofft'ffi"secXYiae'`'Si3 (25)

2,3 Condition ofco"mplete roj7ection3'

  Complex amplitudes  of  a  refiection  wave  and

a  transmission wave  are  expressed  as  follows:

   AR  ==  
-5-
 (ttf. + S- l- -l-".) +  ik(g, +  J.g,)H,+

         +ikg2Ha'  (26)

   Ar-  
-S
 (g-2,ti-f-l- ;:･) 

-ife(g,
 +i.g,)H,+

         +ikg,H,+ (27)
We  will  also  rewrite  the Kochin  function by

                                  83

amplitude  and  phase  as  follcws:

    Hj"=i l･ffj'[e`crj C28)

  By  substitution  of  solutions  of  Eqs, (I5)r･g
(17) into Eqs. C26), (27) and  by  the use  of Eqs.

C52)N(25), (28), Eqs. (26), c[27) are  rewritten

as

         1 1

   Aa=  
--E-etZ("2-S2)+E-ei2(C'i-Pi')

 (29)

         1 1
   AT=r-.et2(a2-/e2)-Lei2(t,1-Sl')                                (80)
         2 2

where  rsi' is

  fii'==Arg{seclrtei'Ei･sec/93etPi-sec21?ieei2,Si3}
                                (31)
The  first term  on  the  right  hancl of  Eqs. (29),
(30) shows  a  symmetrical  wa,ve  and  the second
term  an  asymmetrical  wave  respectively.

  Since complete  reflection  means

    IAfl1:-1 (32)
a  condition  of  complete  relleetion  is derived
from  Eq. (29) and  is expressed  as follows:

    ctt-a2=  fii'- 62± (2n+ 1[)g (33)

  On  the contrary,  in the case  of AT==O,
which  means  complete  transmission, a  condi-

tion of  complete  transmissicn is derived from
Eq. (30) and  expressed  as  in the iollowing,

    ai-ct2=fii'-fi2 ± n"  (34>
In the same  way,  a  condition  which  makes  a

transmission  coefficient  smaller  than  O.5 is
obtained  as  follows:

     (cti-a,)-Ifii'-fiz-± 2n+1)g]  <X

                                (35)
2.4 ExamPge ofnumerioal caJculc{tion

2,4.1 Vertical fiat-plate

  We  will  consider  a  vertical  fiat plate oscil-
Iating only  in swaying  mode,  Complex  response

amplitude  of  swaying  motioTt  can  be expressed

by  using  the expression  of  impedance shown

by  Eq,  C18) as  follows:

       RgLH,L+
    gi 

==
 in2,,- (36)
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The  Kochin  function ol  a  vertical  flat plate is,

as  shown  by  Kotik`),

          ,in  Ji<kd)+Li(kd)

    
Eli'L'

 
==

 
-h-

 
-K,(k,)

 +-iil-i-i(ftI)- (37)

where  fi(kd) and  K!Cka) are  modified  Bessel

functions ef  order  1, alld  Li(ka) is a  Struve
function ol order  1,

  Complex  amplitudes  of refiected  waves  and

transmitted waves  can  be rewrittell,  by  sub-

stituting  Eq.  <36) into Eq$. {26), (27) and  by

using  the  expression  of  Eqs. (22), (28), as  in

the  following:

         11

    Aft==-ll--let2Cnti-S-) <3s)

         II

    ATJ-2-+7ei2Ca'i-/ei] C39)

I;rom the  Eq, (38), the condition  of complete

wave  refiection  becomes

    ct, :fi, ± (2n+1)g (40)

  Numcrical va!ues  of  oti and  fii=l (2n+1)n12
calculated  by  changing  the spring  constant  of

the moorin.cr  system  are  shown  in Fig. 2. As
shown  by  Eq.  (39), tl'ie cross  point of ai  curve

and  fii± (2n+1)nf2 curve  is thc point where

complete  refiectjon  is realizcd.  kM' in Fi'g, 2

means  a  nori-dimensional  value  defined by  the

following expression

n

nf2

o

-rp/2

-n)'ig.2

 Phases  ef  Kochin  function and  impedanc{;'

  for  a  swaying  veTtical  cylinder

    h.';(L1VV)･nk.  C41)
It is clear  from  Fig. 2 that  there is not  any

frequency wl]ere  complete  refiection  can  be

realized  in the frequency range  if the spring

constant  ef  the mooring  system  is zero,  and

that there  is only  one  frequency where  com-

plete refiection  can  be realized  if the spring

constant  is a  finite value,

2,4,2 Hali iminersed circular  cylinder

  We  assume  tbat a  half-immersed circularr

cylinder  oscjllates  witheut  interaction be-
twecn  swaying  and  rollinbcr motions.  Then
coinplex  amplitudes  of  swaying  and  rol]ing

motions  can  be expresscd  in terms of  tlie impe-
dances o[Ecls.  (18) and  (19) as follows:

    gi--e,2J"211' (42)

          pgH  ,, 
+

    g)=M'i.21I' (43)

Substituting Eqs. (42) and  (43) jnto Eqs. (26)
and  {27), and  using  the  expressions  sliown  by

Eq.g. C22) and  (23), Eqs.  (26) and  (27) can  be
replaced  by  the following expressions.

           I 1 .

    Aa==--2-cei:(a2"S:')--Ii-et2("i-"i) (44)

           1 1

    AT=--2-e"2{"iUS2)+-E-e[2("izSL) (45)

Froin Eq. (44), a  condition  of  complete  refiec-

tion is derived as  in the  following:

    ai-ct2  =:  flt- 192± n7T (<L6)
Fig. 3 shows  the result  of calculation  on  (ctL-
ct2) andi  (6[-fi2± nn)  in the casc  of  a  1]alf-
immersed circular  cylinder  moored  by  hori-
zontal  mooring  lines. The  definition of  kM'

shown  in Fig, 3 is thc sarne  as  Eq.  (4}). Fig.

3 show$  that the intersection of  (cti-ecL.>
curve  ancl  (/9t-fi2±-n7T) curve  occur;s  at  two

point in the  frequency range  shown  in Fig. 3

if thc spring  constant  of  the mooring  lincs is

tuned  at  the  apprepriate  values,  and  this fact

means  that  complete  refiection  can  be realized

at  two  frequencies of  these  intersections.

2.4.3 Floating body  of Lewis form section

  As an  example  of  a  general fioating body,
we  consider  the  case  as  shown  in Fig. 4. The
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n

nf2

o

-za12

 
-LFig.
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qJ.a

BrLB2+rcckiA=oki

LOpi.Pr-P2+mfhk=a

P?tk,M=8,5)Pl-P2tkV;141)

OCR=LO

Phases  of  Kochin  functions and  impcdai}ccs

for a  sway{ng  and  hcaving' circular  cylinder

rc

ny2

o

-rn12

 
-LFig.

ge{3.
  tk,
   g

LO

=SeLfie.tsrk-=ts.oJ

x

))s?,,}rt-"qctp-a
Ei. Kd2.0･ge.g-s.,,x"diy

OCR=LO

5 Pha$es  oi  Koeliin functicns and  irnpeclances

  ior a  Lc-ds  form  cylincLei'  oscillating  in three

  cLegrec  of  freedont

      B=1,O
      T 40.75
      Ho=O,66
      cr =o.esT
      OG=O,34
      XtO.5B
      xN=e,4

      YM=O.55
                      e =45'

Fig.  4 Mooring  ot  a  Lewi$  rorm cy]indur

condition  of  complete  reflection  which  is ap-

plicable to this case  has been shown  by  Eq,

(33) already.  Results of  ¢ alculatjon  on  (afT-
ct2)  and  {fii-fi2± (2n+1)-12} are  shown  in
Fig. 5.

  In the case  of  kM'==-O, (cti-ctD curve  and

(rsi-fi2) curve  cross  each  other  at  only  one

point, while,  in case  of  kM'=3.9, crossing  of

these curves  occurs  at  three points. There-
fore, complete  refiection  can  be realized  at

the frequencies of these three points. In the
case  of  kM':=.=m3,9, the  difference between (cti-
ctt) curve  and  (fii-fi2) curve  is smaller  than
rrf6 in ka ranging  from  O,2 to 1,2, so  that it is
derived from Eq. (35) that the  transmission

coethcient  tal<es a  smaller  values  than  O.5,
Moreover, in the  case  of  k"'==13, as  the differ-
ence  between  (ai-a2) durve and  (fii-rsz)
curve  becomes about  n/2  in a  wide  frequency
range,  it follows irom Eq.  (34) that complete

transmission is almest  realizecl  in the 'frequency

range.

3. Model experiments

3,l VXerticai.17at,Plate

  A  vertical  fiat-plate used  in thc model

experiment  is shown  in Fig. 6. This plate is
attached  under  a  slide  guide which  is installed
on  a  narrQw  channel  of  4m  length and  O,61
breadth, temporarily constructe(1  in a  wave

basin ofL × B × H=9 × 1.2× 1 m.  In the medel

experiment,  }neaving and  rolling  rnotions  are

restrained  by the slide  guide and  only  swaying

motion  is allowed, XVaves  are  measurecl  by
thTee wave-height-meters,  and  one  of  them
is installed at  Iee-side and  the ethers  at

wheather  sicle.  These wave  signals  are  ana-

lyzed by  a  Fourier series  expansion  and  ampli-

tudes of  an  incident wave,  refiected  wave  and

transmitted wave  are  obtained  from the

        HF
        O.Ol

Fi,E,T.6 Dimension  and

      ior  rriodel  test

o.6

   O.O05R-

7mm

figure  of  the vertical  plate

NII-Electronic  
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 1,5L,g.

t.o

.5

O ,5 j.O L5                                  2.0
                              Kd

   1;i.cr. 7 Swayin.cr motion  of  the  vcrtical  platc

EXP.

 oth

Fourier series.

  The  amplitude  response  iunction of swaying
motion  is shown  in Fig. 7 and  thc reliection

coe'fiicient  in Fig, 8. In tl]ese figures, small

round  marks  show  results  of  the model  expcri-

ment  and  solid  and  broken lines show  resuks

of  theoretical calculations.  The  broken  lines

are  calculated  including the etlect  of  mechani-

cal  friction, in which  case  impedance is expres-

sed  as  follows:

   Z,,=::pwU,+H,++paf

        +f la) (-ilY,-+ nti ia)  -  
"i

 
-i

 
-l
 (47)

wl)ere  pef is the  frictional resistance  coerncient.

  It is clear  from  comparing  the results  of  the

model  expcriment  with  the  theoretical  calcula-

tions that  the results  of  the model  experiment

almost  coincide  with  the  theor,etical calcula-

tion which  includes the effect  of mechanical

frictien. As  shown  in Fig, 8, the reflection

coerncient  calculated  without  mechanical  fric-
tion becomes almost  1.0 at  Kd=O.5,  while

both the results  of the rnodel  experiment  and

the  theorettcal  calculation  with  mcclianieal-

friction show  Cn=T-O,7 at  Kd=.TO,5, so  that it

is coneluded  that complete  reflection  can  not

be attained  in our  model  experiment  on  a

swaying  vertical  flat plate. Generally, if a,

fi/ictional force exists,  a  dynamical  system  be-

comes  disper$ive and  encrgy  conservation

1,OCR,5

o1.0CR.5

 o",o

CR.5

.5t,o1.5  Kd  2.0

.51.0t.5  Kd  2.0

       O .5 LO  1.5 Kd 29

b'is,.8 Reileeticm cueificicnt  oE  the  vertical  plate

laws do net  hold well,  As Uiis fact inevitably

leads to Cn<1.0, it is proper that complete

reflection  can  not  be realized  in our  model

cxperiment.

3,2 Ha4ftmmersed ot'rctsJar  q]Tlinder
  The  figure and  dimensions ot  a  circular

cy･linder  are  shown  in Fig. 9, Model  experi-

ments  are  carried  out  by using  the cylinder

which  is 2.97 m  in length and  O.6 m  in breadth

and  is ]]alf-immersed in a  wave  fiume of  L ×

B × H==60 × 3 × 1.5m.  Wave  measurement

and  analysis  art.i carried  out  in the same  way

as  that used  in the case  of the vertical  fiat

plate. 
'Motions

 ol the cylinder  are  measured  by
a  motien  measuring  instrument cquipped  with

        B ;O.G

        T ;O.i
        Ho=1.0
        cr =O,7S54
        att = o.o7s
        K=O.2
        XM=O.272
        YN=O,127
        e=  oe

Vig.9  D. imension  and  figure of  the circular  cylin-

      der for inodel  test
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 Fig, 11 Heavins. motion  ef  the circular  cy]indcr

potentio-meters. Mooring lines consist  of

wires  and  coil  springs,  and  these  are  connected

with  the cylinder  at  a  position O,127m  under

the water  suriace  and  stretched  horizQntally.

  Amplitude  response  functions of swaying

and  heaving motions  are  shown  in Figs. !O
and  11. and  transmission coeMcients  and

refleetien  ceefficients  are  shown  in Figs. 12
and  13. Small round  marl<s  and  solid  lines in
these  figures show  result$  of the model  ex-

periments and  the theoretical calculatiens

respectively  in the case  of  feM'==9,1, an(l  small

triangular marks  and  broken  lines in the  case

of  KM'=2,8,  These  figures show  that tl]e
results  of the model  experiments  almost

ceincide  with  the results  of  the  theoretical

            .5 LO  L5  Kd 2,O

 Fig. 13 Refiectien coeMeicnt  of  the  circular

       cylillder

calculations.  A  slight  discrepancy is observed
in the refiection  coeracient  in Ilig. 13 in the
case  of  Kn'==9,1, and  the experimental  values

are  smaller  than  the theoretical values,  Al-
though  complete  refiection  is not  attained

perfectly, it can  be recognized  that a  result

close  to complete  refiection  is attained  in the
model  experiments.  I;ig. 12 shows  that the
transmission coethcient  becomes  zero  at  thTee

frequencies in the  case  ef  KM'==9,1. This fact
is different from  the  result  shown  in 

'Fig.
 3,

but it is proper because both swaying  and

rolling  motions  interact wi'tl't each  other  in
this case.  In the  case  of  K]t'=9.1, the trans-
mission  coeraeient  becomes about  O.5 or  less
in the frequency range  of  Kd>=O.3 and  shows

good  performance  oi wave  refiection.

  As  clarified  by  these results  of  the rnodel

experiments  and  the theoretical calculations,

the tuning of  meehanical  impedance  by  chang-

ing the  spring  constant  of  
'the

 moorjng  lines
Ieads te change  of  the  nat,ural  frequency of
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swaying  motion,  and  r,esults  in higher per-
formance  of  wave  refiection  in the high frequ-

ency  range  above  the natural  frequency as

shown  in Figs, !2 and  13. Consequently,

excellent  performance, wl]ere  the  reflection

coeracient  is larger than  O.9 and  the  transmis-

sion  coefilcient  smaller  than  O.2, is attained

even  in the  case  where  the  wave  length is
Ionger than  ten times the  breadth  of the

tloating body.

4. Conclusion

  The  performance of wave  reflection  of  a

fieating body  equipped  with  a  mechanical

mooring  s},stem  was  investigatcd by using  the

two-dimensional  wave  theory. The  concept  of

impedance was  applied  to thc hydroclynamic

property o'f a  fioating body, thcn reflected  and

transmitted waves  were  dcscribed by the

phases of  the impedances and  the Kochin

functions. Moreovcr  conditions  which  should

be satislied  by  the phases of  the impedances
and  the Kochin lunctions for complete  reflec-

tion were  clarified.  Numerical calculation  on

these phases were  carried  out  with  respect  to

a  flat plate, a  half-immersed circular  cylinder

and  a  Lewis form cylinder,  Results of  the

calculation  showed  that complete  reflection

can  be realized  at  rnore  than two  frequencies
if the impedances are  tuned  properly by  ad-

justing the spring  constant  of  the  rnoorlng

system.

  Furthermore,  model  experiments  were  car-

ried  out  concerning  the fiat-plate and  the  circu-

lar cylinder,  and  it was  confirmed  that results
of the model  experiments  almost  coincide  with

the results  of  tl]e numerieal  calculations.

Moreover  it was  veri(led  that a  long wave,

more  tlian ten times t]ie breaclth of  the fioat-

ing body, can  be effectively  refiected  in the

case  of  the circular  cylinder  by  tuning the

impedances.

  For  the  practical application  of  the resuks

of  this paper a  long length floating body causes

problems  such  as  structual  and  sea  tracac.

But  the  same  property could  be expected  by
a  Iincar array  arrangement  of  many  short

bedics in the antenna  theory.
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