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ABSTRACT: The aim of this paper is to apply the Crowhurst-Zhenquan scheme to one-dimensional Madsen-Sgrensen extended
Boussinesq equations. In order to verify the application of the aforementioned scheme, the propagation of solitary waves was simulated
for two different cases of submarine topography; e.g., a plane beach and submerged breakwater. The simulated results are compared
to the results of recent studies and show favorable agreement. The behavior of progressive waves is also investigated.

1. M = He E3lo] a4 & 4= ok Grilli et al.(1994) FHAE At

= Yol A3 AHE SHOH(Grilli et al., 1994), Ghadimi

AF FAZE olsisly] Yste] UAFe BEYRel =HAMYTE et al(2016) Madsen-Serensen 2748 Boussinesq B 21(1992)

T F hEA Ayt Boussmesq Aol ol g 949 & /S AW(FEM, Finite element method) 2.2 =X]3]4-S ‘3}
(Shallow water)ol| Al SH-& Albehe $78H mdolt), matbx  of o]F FRI3FTHGhadimi et al., 2016). Kang et al.(2017)

AR, &9, FA 5o Fe Y, B F8hA 2% A Madsen-Serensen 233 Boussinesq H7821(1992) 7]t

WAooz g AH A7V JAE I Yti(Jang, 2017; Jang, X WHI XFEE = Crowhurst and Zhenquan(2013)9] -3k}

2018a; Jang, 2018b). EFAANEE At B A A sfHdE 23

317 Boussinesq g 24)(Boussinesq, 1872)2 B3 s|A 2| 3= kgl AL sfiek 2] & (Peregrine, 1967)004 1P x} A}

ol AT ZgFT} HkHol| Peregrine W73 (Peregrine, 1967)> €+ (Propagation)®} 2E<(Shoaling)oll &3+ 3] A& 3} tHKang

Tk 71&olxl SA A ¥ HgHrh oFgk BlAdP A (Weakly et al., 2017).

nonlinearity)®} 2F3+ EAHJ(Weakly dispersivity)S L& sl=
Peregrine 4412 A5 FHollA= vind Fgs A79E =
Z3HAINE, Al YY(Deep waten) oA Thak S AAE
&3t} Madsend} Serensen(1992)2 ©|213t AL SFET
7] $13F] Madsen-Serensen £33 Boussinesq *-d4)(1992)=
1+ tMadsen and Serensen, 1992).
FAHA7IHOR o7 F8F rds
T4 2(1992) =

s AH

Madsen-Serensen 8% Boussinesq % FA| 84 7]

E AFol A= Kang et al.(2017)3 5YT {321 8/=2) A4t
HE ARSIR oW YRbHRl SF3NAA A 73] AlE# 0
AL 3T B Ao A= Kang et al.(2017)3 of2A] sk
< E3HA od= ek Ak siA 1E A% (Wang and Liv,
2011)3 #Al A Q(Grilli et al.,, 1994; Ghadimi et al., 2016)& =
At 2 AFE stk o5 F& XA d7ee TEA
TP gte] Mubel o Ewmul olug} EY(Fission), Y- KReflection)
a3l FAAFGA ] Fo] FE A FRIEGOH, 1Y
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12+9) Madsen-Serensen 2743 Boussinesq 14 4)(1992)2 A]ull
g2l o g sl ofgfe] 2]o 7 FTHFTHMadsen and Serensen,
1992). Fig. 12 Alz=®le] E41& UepdT)

n+E, =0, )

2 AA pzt)E TAHSN, Plat)E PSS a( )‘_ A
AFHAA Y FA, d=h+n) v AA T4, gv TEIESE, B
= Z&74%(Calibration factor)°]t}. o} 7“1]- =9}t 7-1'7-]'
o/ox S} o/otE Ut} B AFolA ZEAFTE B=1/152 3}
o] Zufrlg o] Stokes 13} T TAo] &3 7}78' AR &
7}A Al ¥t Madsen and Serensen, 1992).

R el 94218 Crowhurst and Zhenquan(2013)7} A AISFAE
SRR, 2] AlLPHS =438 Kang et al.(2017)3 22 W
o2 {FIAEAS =EITHCrowhurst and Zhenquan, 2013;
Kang et al., 2017).
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Fig. 1 The schematic description of computational domain

ZF 5 AEe wtAet BAEAL AExdes
ske] 2 (5)9k 4 (6)F Zeo] YEhH, 27]=
IS Ueil= de ARSte] 4 (D3 4 (8)F 2ol

(Seabra-Santos et al., 1987; Kang et al., 2017).

Py = P = Py = By =0, Vn& (0., ©
M =1 == =0 VnE{0... N}, ©
0 _ of K .
P'=P,(z,) = acsech 755;,)7 vie{0,..., M+ 1}, M
o K
7 =n,(z;) :asechz(;%), Vi€ {0, M+ 1}, ®)
K= $, c= \/gh(l‘f‘%)
4h(1+%)

) Sl e AR Aok a1 & FULHS Ak
ot} s4l0] QAT SAAHeNN ARE WANA 7] 14
o Asie] B 52 ABAIAL Aajel 1—10sY W) &
2| Ao} JsE

H] 1 8}

2K )7k o1~ ?) Y AEE 7}

AA B A AAS B AT AEBTL oxkE ofee)
4 9E 285t 72+ Atk
w= [E(n1/1nerical_n61ad)2]1/2 (9)
= e
[Z(nearact)z}l ’
ofef 9] Table 12 Aro} AtE 217 MAS W] 228
Bt}
Table 1 Error with regard to the size of mesh
(a) Fixed At (b) Fixed Az
Ax At Error Ax At Error
0.05 0.0512 0.0100 | 0.0512
0.1 0.01 0.0512 0.1 0.0010 | 0.0111
0.5 0.0512 0.0005 | 0.0099
A Bl A Axpe] A7)= Ate] Ar)el A Y9

=0.1mZ 3}, AHAAe] ArjE 24
2 3= AL=0.0005s% 3o}

3. x| AIE20|M
Az =0.1m, At=0.0005s

71 (Courant-Friedrichs-Lewy condition,
st} & 4= AtLee and Cho, 2000;

A AlgdoldolA Aztel 27l=
oM FIxHTHe| FHx

Q)& okdlel Ag o)

Kang et al., 2017).
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Table 2 Courant-Friedrichs-Lewy conditions

Section 3.1 Section 3.2
k 1.310 0.260
C 1.380 3.100
c, 1.350 3.030
C 0.007 0.015
2
o= %= gh% (10)
1+ (B+ §)k2h2
2
G =C1- Ll 1 , an
3(1+Bk2h2){1+(3+§)k2h2}
G =C A/ Ax <1 (12)

9 AEdA k= I<E3(Wave number), O 973 <% (Phase
velocity), wi= 2t F9(Angular frequency), ¢ = <5(Group
velocity)©]Th oF2fl2] Table 2= Ar=0.1m, At=0.0005sZ 3}
< ), 3.1, 328004 AR HE A BldlAe ¢ & HojE

o 5 AY F2 BdoA BF ¢ <1& UEATE AE
g}

3.1 24FsH AAe| oK o =

Fig. 28} 22 siA a4l At d44d o =1/200%
a, =1/400%0 Z7NA 2] A B o)A s, A X FL 24
(13)3} ZtHKlopman, 2010).

0.2, (0 <z <10)
h(z){10a[1+tanh{tan(0.05m)}]+0.1, (10 <z <30) (13)
0.2—20q, (30 < = < 40)

AAFE F-& Om<z <40m(N=400), 0s<t <22s(M=44,000) ©| T},
10m<z <30mell BAE Jom, 27] 4L hy =02mo|H, A
Abe] 219 WEL o) =5m, a=0.02mo|tt. F& L L=
44mol™, ol= UYL p/a=0.01%0 AR Ato]e] AglelH
L=21.86h, = T8 FITHWang and Liu, 2011).

H|3} Z(Non-breaking) o] 7-¢- F&E}F 7o) U= 4=
(pel #(Gp oz Yot oA & (Energy flux)o] X
£ "k gyt A9S Thir] A dAE FAS A de
UG £59} FAS A Mok dth AT 1A E o]

v

O
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Fig. 2 The sketch of a mild slope
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Fig. 3 Comparison of the numerical results with those of Wang
and Liu(2011) : o =1/200

—— Numerical —— Numerical
1.5 | 0 Wang & Liu(2010) 1.5} | 0 Wang & Liu(2010)

s 1 s 1
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IS IS
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—— Numerical —— Numerical
1.5 | 0 Wang & Liu010) 1.5
S 1
<

0 .
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Fig. 4 The numerical results compared to those of Wang and
Liu(2011) : «, =1/400

32

A= AAEE A v FEEE FAEE, o] ZAHE e 9
UA 4] FVIE BRAAET o2 <l xFo| Frtshe

S YeiA Ak Wikipedia, 2016). 7L & HZo] U old
oo2A FHE o o) FriskA o Mdert £EstA "ok
(Madsen and Mei, 1969).

Fig. 33 Fig 4 X AlE#olAd Z9} Wang and Liu
(2011)8] A A3 JeRH, F A3 & XSk 1 =8s
of M7} A =2, =1550E LHIT}F HAAE A
war ok t=22s0l= AP} AAE s etk 19
U7t AAE A W 2F @4 A st o] 3 agart
a5ty 22 Fo] aygapyt Ak AARY] 8 AE ) 2
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Fig. 5 The computational domain of a submerged breakwater

Fig. 5 FEIE 7= A AFelA adute] Hdajol] a3k
2 ABF OIS A Fe, SA AFL 2 (1492 AYDTH
(Klopman, 2010).

1, (=30 <2 <-2)
0.4[1+tanh{tanm (—0.6250 —1.75)}] +0.2,
(—2<x< —04)

h(z)=140.2, (—04<z<04) (14
0.4[1+tanh{tan (0.625x —0.75) }] +0.2,
(04 <z<2)
1, (2 <=2 < 20)

2 AlEE oA AlatE Y-S -30m<x <20m(N=500), 0s<t
<8s(M=16,000) 0]t} YA A=z =-13mo|H, NES
a=0.06m, a=0.ImZ ZZ} AAIcE A o]L]e] Xl Ae]
FAL 27 FAL by =1me 2th FAE z=0moll 3l
thAe] S 7R3 9o, Fol= 0.8molth 18] A9
92 HollA 7]87] v=1/22] AA} 2m<z <-04moll EA)3+
th 1YTte] 2] AFE £ AlEF S gtk

Y7} AAE ] A7 E 4383 = g4
A3k AdE sithrF 2= o] JE A AAHS
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Fig. 6 Wave profiles compared to the conventional numerical data
of Grilli et al.(1994) (a=0.06m)
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Fig. 7 Computed wave profiles and the numerical data of Grilli et
al.(1994) (a=0.1m)

TEEE TAaET, o] Zad o 93 oyx] W=7} Z7)st
Al Fo} RZo] ZII5HA "tk Aol &) AAE et
o] AAle] GaFo = 1s| wkAlEr} A7) ThPeregrine, 1967). %
Ao A4S AU e we 2557 7kt 2Zoe] Zo}
AA Aok sEARE GhAbglel] o7k oA EAHE st 27
AZET JAE 3] FHYS ] MFo] o A "ok
(Wikipedia, 2016).

Fig. 67} Fig. 7= X AlE#elAd A3 e} Grilli et al.(1994)2]
T A7E vt A WA 28 Zs 19t Ao =2
S wo Poln, F HA TEZE HUgte EZS /1A
o] Aoy oF WS B 4 ok vymx F aZze o
Hapt AAE 53 3 Fo] s Yehdth F 2Fe] =4
oA F AFEe] & dAsh= Ae I & F Utk

2oz A9 7|7 W vlo] W=
ANEYolAS It 27] IES ¢=0.06m= 3L Fig. 84 %+
Aol 71&71E v =1/2, 7, =1/4% FTh

agste] vt Fakd 33t o' =a/h, =—6& 5 T 9
AR AR =t(g/h,)* =022 8te], [Fo] FApd el
7 =n/hy& T3] Ghadimi et al.(2016)S] =X Ax}e} v Ik
%, 71€7] Wglel w2 JE ZHAHEE £43%T Fig 9 XL
Pt ol5d W 2ZFe 77|15 YeRdth Table 32 2 7%
71 " =5.07, t, =12.99042] The] $x|e} Tufe] HF &
T2 HAFH, Table 42 1) =12.99°0142] F219 FZE B

o}
0
Y2 Al

W _
Fig. 8 The geometry of the submerged breakwaters of different

slopes
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g
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(@) » =1/2
0.08 T S . :
_0.07 O Ghadimi et al.(2016) ]
g
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Fig. 9 Values of amplitude with regard to z coordinate and the
numerical data of Ghadimi et al.(2016) : v, =1/2, 4, =1/4

Table 3 Mean velocity between ¢,"and t,’

Location(z’) | Mean velocity

t) t, ()

Numerical -1.4 5.8 0.91

N Ghadimi et al. (2016) -1.3 6.3 0.95
Numerical -1.5 5.1 0.83

T Ghadimi et al. (2016) -1.4 5.5 0.87

Table 4 Solitary wave amplitude at ¢,”=12.99

Amplitude(n)
Slope " o
Numerical 0.054 0.055
Ghadimi et al. (2016) 0.057 0.058

AL AT Fkste] 2o HolAul, FA fA] &
=7} 27bebl Ak 712717k B 245 WAE SIS
fAel £57} o = e5edA7L 8 adk ol s #A
o) IR B A He) 0Eo] o AA ArkGhadimi et
al., 2016).

4.2 =

B A A = Crowhurst®} Zhenquan(2013)2] R-3HHE/4=X

APHE &85l 12 Madsen-Serensen 2173 Boussinesq

W82(1992)S F 7 FARA PGl A o] autel] it
go]d-g stom AP o nPae] oy 7}

£ &<l Tk

(1) g AAke A AYelA X AlEdoldodAE

Wang¥} Liu(2011)9] %] Aol & dAst= A& 92 &
ARTE TYI7T AA| =] dolle IS s &
g A Mt om, AAE Aud W) PEErt Ak oy
A W=7} F7tsle] XFo] AXE oF A4S gl
Atk 28l ZFo] A Folo guEdE o ol F718HA|
%1 syt £ HAJTh AR FREARTE 2 o A
71717 E45F FE55E TAZo] AXER Q5 EE9)
Aol A= AL A & & A8tk

@) FA AFAA Grilli et al.(1994)2] =X Axe} 2 Lx]3}
Atk YTt A 2] Aol YA 4S FAS)
FoH, AARE AUz o 7ZFo] AXH FAlol HEALEZ} HHAY
SHATE o] &, HAlolA Ee u, T&=rt SsiEe X
Zo| ZHadhE e B JATE AT HhAlgte] gt oy
A AR ety 27] IFRG G Fop} A= AS g T
T AATE

Ghadimi et al.(2016)%] ] A¥}ole] HlnwE Falo] 1] 7+
2o ek FA| 718719 FEFS dolryT) FANA WE &
o) g FFo] Tasie A9 =7 ZUBIATE 71€717)
o Z5 AAE 549E we &FUAUt 6 3, o=
A3l XA o ZA ol Fo] 1§ FA| HE AL #l

& = dgich
= 7

T2 201585 AR (S o] Ao A eke]
A& ol FeE 7] EATAFY(NRF-2015R1D1A1A01058542)
H, 20179 % BE(WHFEAT ) AP mATATG
A YL o} £3F 7] 2 A TAFY Y (NRF-2017R1A5A1015722).
EZ A EAAE RS Ao R 7] FR G HUFHE =

H AE A8 FAARIMN0001288) 2] Qo w 3E AFAs)
% AUt
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