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Propagation of water waves through finite periodic arrays
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We study the transmission of water waves propagating in finite-size two-dimensional periodic
structures which consist of bottom-mounted cylinders using the multiple-scattering method.
Complete band gaps exist between the first and the second bands in square and triangular periodic
structures, as well as one modeled on a graphite atomic lattice. We investigate the dependence of the
band edges on the filling fraction. The graphite-type structure shows the band gap at a lower filling
fraction than the others. Therefore, the graphite-type structure may be more suitable for practical
coastal protection. We also calculate the first-order force on cylinders located along the symmetry
direction. © 2002 American Institute of Physic§DOI: 10.1063/1.1499520

Special attention has been given to structures which con- Under the usual assumption of linear water theory there
sist of a large number of different elements situated in periexists a velocity potentiab(x,y,z,t), wherex andy are the
odic arrays:~* For example, two-dimensioné2D) photonic  coordinates of the horizontal plane in the mean free-surface,
crystals constructed with periodic dielectric composites havée., the plane of calm water surface without waves,0,
photonic band gap@BGS. Multiple coherent transmissions andz is vertically upward. We assume that there Bréixed
and reflections add up to prevent electromagnetic wavegertical cylinders, each of which extends from the bottom at
from propagating in the crystals over a wide range ofz=—h up through the free-surface. The depth dependence of
frequencies Some photonic crystals can have completethe problem can then be factored out and if we also assume
PBGs where waves cannot propagate along any direction. Bfat all motion is time-harmonic with angular frequenoy
analogy, we can deduce that also for water waves periodi¢/€ can write
structure; may exhipit a cgrtain frequency range where the ®(x,y,2,t)=Re S(x,y)coshk(z+h)e '], 1)
propagation of wave is forbidden, i.e., water wave band gaps
(WWBGS).>® The propagation of water waves over sub-wherek is the wave numberb satisfies Laplace’s equation
merged bars has been widely studied due to its practical intogether with a free-surface boundary condition
portance in coastal protection, since they show WWBGs 2
which result from the Bragg reflectidi® However, for better 2% %-0 on z=0 ©)
protection of coasts, it is desirable to design a superior peri- iz g

odic structure with a wider band gap and a smaller latticyhereq is the gravitational acceleratiGrf.While the disper-
constant, which can fit even into a small coastal area.  sjon relation betweem andk for electromagnetic waves is
In this |etter, the WWBGs of finite 2D lattices haVIng |inear, itis wzzgktanhkh for water waves. The e|evati017

square, triangular, and graphite-type structures composed gf the water wave from the mean free-surface is then given
circular cylinders as a function of filling fraction. Our atten- py

tion in the present work will be restricted to a simple, but not
unrealistic, geometry oN vertical circular cylinders span-
ning the whole depth of water, i.e., the cylinders stand from

the bottom to the air above the water surface. The cylinderﬁ_he rest of the calculation emplovs the multiple-scatterin
need not be filled. Shell-type cylinders may be enough as ploy P 9

; approach, which uses Fourier—Bessel expansion. The details
long as shells are strong and thick. . . .
In order to investigate the WWBGs, we calculate theOf this method are given in Ref. 8.
o 9 L - Transmittance of water waves is calculated along the
transmission spectra of water waves in 2D periodic arrays og

. ! ) ~ symmetry directions, because the complete WWBG
cylinders. For the calculation we use the muIUpIe—scattennqCWWBG) where incident waves cannot propagate along
method in which diffracted waves are linked to the incoming ’

X ) any direction, is determined by the symmetry points in the
one and represented by Fourier—Bessel gxpanél%ﬁsom _ first Brillouin zone of the periodic structuré®.Physically
the trans!auon propertles.of Bessel functions, the Scatte”ngigniﬁcant solutions of Laplace's equation in periodic struc-
problem is reduced to a linear one. tures can be assigned to the wave vectors in the first Bril-
louin zone. The filling fractiorf of these structures is defined
3Electronic mail: hypark@kaist.ac.kr as the fractional area occupied by the cylinders and the trans-

: ()

_R%_i_w ) —iwt
n= 9 p(x.y)e
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FIG. 1. (3) Transmission spectra of a square structure along the symmetr§’!G. 2. (&) Transmission spectra of a triangular structuré,at0.184. The
directions at the filling fractiorf = 0.385, andr,/as,—0.35 wherer, is inset shows the symmetry points of the first Brillouin zone. TheQ

the radius of the cylinder andy, the lattice constant. The inset shows the (I'—P) direction is represented by a solidashedl line. (b) The WWBG
symmetry points of the first Brillouin zone. TH&-X (I'=M) direction is edges of the triangular structure describedanas a function of the filling
represented by a solittlashed line. (b) The WWBG edges of the square fraction. Thel'-Q (I'—P) direction is represented by a solidashedlline.
structure described i@ as a function of the filling fraction. Th&-X

(I'=M) direction is represented by a solidashed line. The arrow indi- . . . . . .
cates the value dfi,;=0.347 above which a CWWB@aiched areeexists. modeled on the atomic configuration of graphite, which is a

The vertical dashed line denotes the filling fractiig= /4, at which the  triangular structure having two cylinders per unit cell as a
cylinders touch. The inset shows the symmetry directions. basist? In Fig. 3@), T versus the normalized wave vector is
plotted for water waves propagating in a 2D graphite-type
structure consisting of X7 hexagons l=210) at vertices

, i L of which the cylinders are centered. The spectra are calcu-
amplitude of transmitted water waves ang, that of inci- lated for the filling fractionfy, of 0.151. The Brillouin zone

dent ones. . of the structure is the same as that of the triangular structure,
Figure 1a) shows the transmission spectra of the squarg, e same notations are used as in the triangular structure.
sftr-ucture gon5|st|ng of 2411 CY"”derS N:1.21) with thg One can see that the shape of two transmission spectra along
filling fraction fs,=0.385. A series of numerical tests which o I'—Q and thel'—P directions are very similar to each
have been performed varying the number of cylinders angher- 4 feature not observed in the square structure[céise
the shape of the array show little change in the center freFig. 1 (a)]. Figure 3b) shows the first WWBG edges as a
quencies of WWBGs. The solid and the dashed lines reprey,ction of fg. It is noteworthy that the value of the filling
sent the transmittance of the incident wave in theX and  fr4ction at which the CWWBG opens is much smaller in the
I'=M directions, respectively, wherg, M, andX are the g 5phite-type structuref = 0.141) than in the squarefg,
symmetry points in the first Brillouin zone of the square = 347) and in the triangularf {,=0.655) periodic struc-
lattice. The wave number is normalized to the lattice constan,res. And also the width of CWWBG of the graphite-type

asq due to the scale invariance of Laplace’s equation. Thergciyre is appreciably larger compared to those of the other
exists a CWWBG betweekas,/m=1.133 and 1.232, if we . These are consistent with the fact that the width of the

define the WWBG as the frequency region where the ranspgg for the TE mode, whose electric field is parallel to the

- - 2 . . .
mittance is be!ow 10°. The solid(dashed line def!nes_the plane of propagation in a 2D graphite-type dielectric struc-
edges of the first WWBG along the-X (I'-M) direction e is |arger than those of square and triangular lattices of
in Fig. 1(b). The WWBG of thel'-M direction appears at gjglectric rods in the a* The WWBG along thd' —P di-
higher wave numbek than that of thd’—X direction, since  rgction is larger than that along tiie-Q because the point
the wave number at thil point is larger than that at thé¢ 55 the largerk than the Q point. The WWBG of the
point in the Brillouin zone. The hatched CWWBG_ OCCUTS graphite-type structure also diverges as the cylinders ap-
when the two WWBGs along the both symmetry directionsygach to touch each other. These results can be extended to

overlap atfs=0.347. The WWBGs widen itk as fsqin-  perjgdic structures consisting of submerged or floating cylin-

crease until water waves of all wave vectors are totally reyyors. Furthermore. the cylinders may be composed of many
flected when the cylinders approach to touch each Gther.

Transmittance of the 2D triangular structure, which is
derived by putting cylinders at the centers of 7 hexagons
(N=259) is shown in Figs. @) and Zb). Figure Za) is
obtained for the filling fractiorf,,=0.184, and in Fig. @)
the first WWBG edges are shown as a functionf of The
triangular lattice exhibits a very narrow CWWBG at a rela-
tively high filling fraction of f,=0.655(indicated by an ar-
row). This result is consistent with the fact that a 2D trian-
gular lattice has a much smaller complete PBG than a 2D
square lattice when they are made with perfect conducting
cylinderst!

The symmetry reduction of atomic configuration by in- FIG. 3. (@ Transmission spectra of a graphite-type structure gatag

: ; ; : : in=0.25 andf ;,=0.151. Thel'-Q (I'-P) direction is represented by a solid
troducing a basis composed of two dielectric cylinders m(dasheai line. (b) The WWBGs of the graphite-type structure described in

Simp|elz 123D lattices can remarkably i_ncrease completgy) as a function of the filling fraction. ThE—Q (I'—P) direction is rep-
PBGs.“*° So we calculate the WWBG in a 2D structure resented by a solitdashed line.
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In conclusion, we studied water wave propagation
through 2D periodic structures of parallel cylinders in water.
Employing the multiple-scattering method, the WWBGs for
water waves was calculated for periodic square, triangular,
and graphite-type arrays of cylinders. Among them, the
graphite-type structure exhibited the largest CWWBG at the
smallest value of the filling fraction, suggesting that this
structure would be a good candidate for practical coastal pro-
tection. Also the change in the transmission of water waves

and the first-order force exerted on cylinders by the water
FIG. 4. Transmission spectra of a graphite-type structure varying the numwaves was investigated varying the size of the graphite-type

ber of layersN, along thel’-P direction atf,=0.151 as a function of the
wave number. The inset shows the first-order force on the cylinder aéftthe
layer whenN_ =10.
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