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Motivations & Objectives

* Coastal forests — non-intrusive (natural) protection against ocean waves
* How effective can coastal vegetation dissipate incoming wave energy?

* Interactions between waves and vegetation:
» Physical modeling — rigid/flexible cylinders or live vegetation (Wu et al. 2011, Maza et al. 2015)
» Numerical modeling — N-S models, depth-integrated models (NLSW, Boussinesg-type equations)

» Mathematical modeling — Homogenization theory (Mei et al. 2011, 2014)

* Previous work:

» Develop a model to estimate wave attenuation by coastal forests of arbitrary shape

» Linear model vs. experimental data (Liu et al. 2015, Chang et al. 20173, b)

How about nonlinearity?

36TH INTERNATIONAL CONFERENCE
ON COASTAL ENGINEERING 2018

Baltimore, Maryland | July 30 - August 3, 2018



Cornell University

Motivations & Objectives

* Previous work:
» Develop a model to estimate wave attenuation by coastal forests of arbitrary shape

» Linear model vs. experimental data (Liu et al. 2015, Chang et al. 20173, b)

How about nonlinearity?

* Extend the linear model (Mei et al. 2011) — homogenization theory
e Consider the effects of weak nonlinearity

* Investigate the nonlinear effects and harmonic generation

Multi-scale
Perturbation
\ 4 \ 4
Micro-scale Problem e Macro-scale Problem
< Cell > < Wavelength > A
Flow motion surrounding cylinders Wave dynamics through the forest region
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Periodic shallow-water waves
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* Conditions:

» Shallow water: wavelength is much greater than water depth

mm) (/< hy < 1/kinc

» Tree spacing is much smaller than the wavelength

> Incident waves: simple-harmonic waves with weak nonlinearity
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Periodic shallow-water waves
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* Governing equations (shallow water):

on u; : velocity components

0 .
+8_a:¢[ui(h0+n)]:0’ Z:1,2

ot

9 n: free surface elevation
8ui+u~%— 9877+V 0“u; ik i—1 9
ot |7 ox; ox;  “0z;0x;’ 7= v. . eddy viscosity <— Spatial average

Incident waves:
simple-harmonic waves with weak nonlinearity
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Periodic shallow-water waves

Cylinder Array
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* Governing equations (shallow water):

an 0 . B . u; : velocity components
8t+8xi [u; (ho +7m)] =0, i=1,2
n: free surface elevation
8ui+u~%— (‘377+V 0%, ik i—1 9
ot |7 ox; 90w, "V 0x,0m; 7= v. . eddy viscosity <— Spatial average
= Parameters:
Y4 Hinc 2h Hinc
€ = kinel = —— < O(1), _ Hinc/2ho _ O(1) mmmp | O < ) =0(e)
gho 3 2h0

Weakly nonlinear waves
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Periodic shallow-water waves
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* Governing equations (shallow water):

% + i [Uz (hO + 77)] =0, i=1,2 Uy - Ve|OCity components
9 n: free surface elevation
Oui 2l g 01, O =1,
ot " ow)| ™ Yox " 0ns00; 7= v. : eddy viscosity <«— Spatial average

= Eddy viscosity (Mei et al. 2011):
Ve = 186(1 — n)Z'OGUog, UO = \/ghOAinc/hO \

. Shallow-water wave characteristic velocity
porosity
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Homogenization (multi-scale perturbation theory)
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Macro-scale Problem Micro-scale Problem

< scale: wavelength> i < scale: tree spacing >

* * * .
X =ex] xf =/l

(2

dimensionless & = kincl = Voho

’?‘(1)

(Un:‘a 7?*) = ('Un 3 T]*(D)) + E(’U'g 3 7?*(1)) + - = u;.'k(n)a n : functions of (il’,‘:, Xi*’ t*)
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Leading-order problem

o Summation of different harmonics

1 = ) _ . - .
ui =g Z Ui me” ™ =3 Mme ™ —— (G —m, 7-m) = complex conjugate of (&im, 7m)
m=—00

Micro-scale (cell) problem - NONLINEAR

0
Y4
ou'” . T
i, Fe Macro-scale pressure gradient . d
Z v S
> ou'? 8~(0) a~(1) 9259 ¢ ]
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Mmi=—00 / n=1-— Z?
Harmonic generation _ _ o
Dimensionless eddy viscosity:
Ve _ 2.06 1 Ainc w
" = = 1.86(1 — . kine =
» Boundary conditions: 7T e (1=n) inct ( ho ) T Vaho
@l =0, FeS.

1
Dy = L / / O dards = 0
Q Qs

Nonlinear B.V.P — Unknowns: fbfo
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Leading-order problem

* Micro-scale (cell) problem - NONLINEAR

» Modified pressure correction method — iteration Dimensionless eddy viscosity
_(0) - 50 5(0) ) ) ,/ (0
augy lma(o) + 8( ] mluzm ml) _ _8771&?) _ 8’[7{(]3) o 82U§711)1 Q
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Pseudo-time derivative Macro-scale pressure gradient (GIVEN) |
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e N
2 ~ Qf
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» Finite difference with staggered discretization:

(a(0)>nt+1 B <a(0)>nt
=L )

At
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Gx j aX i ox; Ox; 836 j
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Leading-order problem

* Macro-scale (wavelength-scale) problem

» Forest region for each harmonic — LINEAR

Vs cell-averaged quantity

(@)
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7 2~ ~ ~
‘ 0°n + ~:(1?) _ a OM, (1) ONn n o 0Qm
(0) 377(0) ~ B 8X2 (m )77 <n> 0X; n) 0X, (n> X,
_1m< > + aM 8X — N +0Qn

o Complex coefficients: <«— Cell problem solutions
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» Open water region for each harmonic — LINEAR
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Leading-order problem

Micro-scale problem:

Macro-scale pressure gradient

'/
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Cell problem solutions
[ Initial Guess ]— Linear solutions
A
— | Solve micro-scale problem — M., Nu, Ow
A 4
~(0) | ~(0)
Driven Force 2m Solve macro-scale problem T
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Long waves through a forest belt

* Macro-scale (wavelength-scale) problem

. 027 ay OM, 1\ ON, oy 00
> Forest region: - 250 — () LEm [ 2) P () Dem
g oy (%) ) S -(5) 53+ (0) 5 if 0<X<Le

07w
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Im

> Open water: + @) =0, if X <0 or X>Lg

Ao = Tae™ a0 = Tne™ if X > Ly

R, =0 —> Mean water level of incidence region = constant

» Matching conditions: | ‘ X i

0) _ (0 ~(0) _ ~(0 Incident waves
Mm = MFm > “1,11)1 = U%Zn at X =

0 0 ~(0 ~
,)71('7,1)’1’1 = 77%“,)“1 Y u%,zn = uT,m at X = LF
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Long waves through a forest belt
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Long waves through a forest belt ' w ' ~
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Long waves through a forest belt o = Aine/ho _ Ainc/ho
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o Ainc/hO o Ainc/hO

Long waves through a forest belt
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Summary

* Micro-scale problem:
»  The numerical model for solving micro-scale nonlinear problem is developed

» Boundary-fitting discretization is needed for improvement

* Macro-scale problem:
» Higher harmonics are generated and radiated into outside region
» The first harmonic is dominant and higher harmonics have smaller amplitude
» Lack of gauge data for shallow-water waves
o Model extension for taking vertical variation into account is needed
o The use of drag coefficient and eddy viscosity will be made

o More gauge data are available for model validation
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