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Abstract：A  fully nonlinear numerical wave tank technique is utilized to simulate a submerged horizontal plate.The plate is supposed to be

thin，rigid and very close tofree surface of water at finite depth.At each time step the wave profile is traced by fourth order Runge-Kutta

method and damping zone is used to absorb outgoing wave and let simulation perform long time.Smoothing and  regridding method is adopted to

remove high gradients of control nodes onfree surface.Numerical validities of wave tank technique are compared with linear theory of wave ele-

vation and hydrodynamic wave interaction with a half floating cylinder，and the results show excellent agreements.Time domain wave plate sim-

ulation is carried out under the wave generated by wave maker.Thefree surface deformation，wave excitingforce and Fourier analysis of wave

plate interaction are carried out in time domain.It is found that for plate very close tofree surface，strong nonlinearity occurs，which  reveals

the limitation of linear theory.
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  水下平板与波浪相互作用完全非线性数值模拟

    王  科，张志强，张  犀
    （大连理工大学 工程力学 系工业装备结构分析国家重点实验室 ，辽 宁 大连  l16024）

摘  要：利用完全非线性数值波浪水槽技术研究水下平板与波浪的相互作用。假定水下平板厚度极薄、刚性，位于有限水深

并且非常接近自由水面。应用四阶龙格库塔方法追踪每一时刻的波面形状，采用阻尼层来吸收反射波以保证算法的稳定性，

同时引入平滑和重组的方法抑制自由表面控制点的较高梯度。通过对波浪与浮动圆柱相互作用的数值模拟证实了数值波浪

水槽方法的有效性，计算结果与线性理论吻合良好。在波浪数值水槽方法中引人造波板模拟波浪产生并与水下平板发生相

互作用，应用傅立叶解析方法对波面变形、波浪力作了分析。结果表明在板非常接近自由水面的情况下会表现出现很强的非

线性，揭示了线性理论的局限性。

关键词：波浪数值水槽；水下平板；龙格库塔法；波浪水动力作用

    The numerical waVe tank method is utilized in  玎ecent decades to simulatefully nonlinear wave body interaction by

boundary element method.Most of them a玎e based on the Mixed Eulerian Lagrangian（MEL）  method pioneeDed[  1]under

the assumption of invisid now with ir玎otational motion and has been applied to seveEal simulations of 2.D free sur￡ace nows

by many resea玎chers[2-21  ]  .

    Successful nonlinear simulation based on MEL method should solve following numerical problem：1  ）  wave generation

and absorption to keep simulation long time；2）  numerical t∞eatment at the interaction between the body and the fDee surt

face；3）  an accurate evaluation of the time derivative of the velocity potential，because the p玎essuDe and velocity 6eld of
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the now are coupled；4）  Numerical accuracy of arbitrary shape body.

    To overcome above mentioned problem，some nobust and emcient methods a玎e used in this paper：1  ）  A piston type

waVemaker is installed at one end of waVe tank to geneEate incident wave，a damping zone is allocated at tank ends to ab—

sorb  renection waves；2）  double node technique is used to DemoVe singularity of integration in boundary element method，

smoothing and  玎egridding method is adopted to supp玎ess de蠡ormation of f玎ee surface to avoid wave bDeaking；3）  di玎ect cal-

culation of time derivative of the velocity potential  丸 in Bemoulli 7 s equation is chosen to make a stable solution；4）  lin—

ear element is adopted with analytic integIation method to expend lo complicated structu玎e without numerical er玎ors.

    The MEL method has be compa玎ed with linear theoIy of wave elevation and hydrodynamic wave interaction with a

half nodting cylinder，the  玎esults a玎e in excellent agreements.The objectiVe of p玎esent study is to establish a Dobust and

accurate method which can simulate 3一D noating body in waves，for thal case to be accomplished，五ully nonlinear wave

tank technique is expended to simulate wave acting on a submerged horizontal plate very close to free surface，a now con一

6guration with special geometry.The f玎ee surface deformation，wave exciting force and Fourier analysis of wave plate in—

teraction are carried out in time domain，  it is五ound thatfor plate very close to f玎ee surface stDong nonlinearity occurs，

which Deveals the limitation of linear theory.

    Section l  ，2 Deviews mathematical formula of wave body interaction problem in time domain.Results and discussion

a玎e given in section 3，conclusion and Demarks a-e given in section 4.

l Theoretical Formulations

    Assume nuid is inIviscid，incompDessible and its motion is irrotational，consider a volume of water'1.，surrounded

 by boundaHies consisting of  蠡Dee surface，submenged plate，tank bottom and sidewalls.A Cartesian coo玎dinate system is

 chosen in the undisturbed  蠡ree suIface with  算-axis on the water line and y.axis positive upwa玎d，the origin is on f玎ee surI

face of wave maker as shown in Fig.1  .SB is rigid wall denoting thefar 6eld Eadiation of outgoing waves；5彤is damping

zone with one wavelength long；SF is f玎ee surface，So is piston type wave maker and SH is submerged plate.The noImal

 vector n is positive outwand of the nuid.
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    Fig.1 Two dimensional wave tank nuid domain

    Int玎oduce similar t玎eatments as Longuet.Higgins and Cokelet[  1]  ；  all variables a玎e non—dimensional in terms of nuid

 density P，gravity acceleration g，waler depth  H  as below：

    p 7=p刍日， ，’=.DgFHz，，u，=  ∞何 ；
whe口e p’  ，F’  ，n口7 denotes water pressuDe，wave￡o蚤ce and wave cincular五requency  玎espectively.The prime，which means

 nonIdimensionaJ values，can be omitted fnom now on unless specially stressed.

    With the assumption of potential now，the nuid velocity  “ becames gEadient of velocity potential  声  （  z  ，y；  t）  ，the

 goveming equation and boundaIy conditions for声  （戈，y  ；  t）  in whole wave 6leld can be listed as following：



    V 2声：0，  in nuid domain f2

    Dz    a
    Dt：髦 一秽（戈。）（x  一并。），  on freesurface sF

    j詈若 一号考一秽（算。）（y  —y。），  on f。ee surface sF    D ￡ 一

    Dt=一y  + ！=2（  v声）2  一秽（算。）  （≯，一y。）  ，  on free surface sF
    （ 2 ）

    凳 ：o，  on plate sH

    髦 ：一u，on wave maker s。

    凳 ：o，  on rigid wall sB

    In o玎der to get wave exciting fo玎ce and moment on plate，the term a拳/a￡included in wave p玎essu玎e should be ob—

tained，the normal backwa玎d  ￡inite di妇6e玎ence method has large numerical erDors and will cause numerical instability，he玎e

the method of diDectly calculating of a  j/a t is employed.since a  ≠1/a t also satis6es Iaplace Equation，the boundary Val—
ue p玎oblem for it can beexpDessed[3'117]：

    V 2  丸 =0，  in nuid domain.0

    aa戋 ：o，    on plate SH

    aa..：0，  on rigid wall sB
    .    u    n g l Q  a 1 1  0 B    （ 3 ）

    a≠，。：一y一告（  v声）2，  on f。ee  surface sF

    aaI_一一un，一u掣 ， on wavemaker so

    In equation（2），（3）  ，U is velocity of wave maker，0l=aO/at.秽（ze）  is damping coemcient，戈e  ，庐e denote equi.

1ibrium state values.An arti6cial damping technique is applied he玎e to satisfy the Badiation condition at tank ends to make

the simulation perfoIm long time.Passing thnough this damping zone in whatever di玎ection of p玎opagation，the wave will

greatly lose eneDgy[7-8]  .The wave maker has been started gradually fDom initial still water during early time to avoid nu.

merical instability caused by abrupt impulse on wave 6eld.

2  Numerical procedure

    If de6ne垂  =（  声  ；0f）  and use Gneen second identity in nuid domain n ，五ollowing boundary integral equation can be

obtained  ：

    G① + ‘， c霎妲磊Gnds— j'G筹 ds： J' G筹 ds— jI西 ！忑Gds    （4）
    SB+SO+SH    SF+SW    S口+S0+SH    SF+SⅣ

WheDe GDeen矗unction G  （  P  ，Q）  can be written as  ：

    G  （  P，Q）  =logr  +logr̂.

    rA：九 ：= 万r玎（y  +  z7  +2̂ ）+  ，7  +2̂ ）2

    In Eq.（4）  and  （5）  ，C is solid angle，（石，y）  and  （S，77）  are field point and sou玎ce point  玎espectively.Green

function G  （尸  ，Q）  including mirDor image in water bottom，can exclude the integration on water bottom in Eq.（4）  and

Double point technique is set to  玎emoVe the weak singularity between intersection of boundaries.

    By use of linear element，the integral equation（4）  can be  玎ep玎esented in the discrete form：



    nB    nŝ，

    鍪 [日srt]呜 +鍪 [G。》+sr]（筹 ）z+耋 [日sP+sw]蛾 =
    f  =l    f  =“矗+l    f=nsf，
    （6）
    nB    nsF

    薯 [岛 ]（aa垂）z+ ∑ [Ⅳs甜？+5r]睡pz+ 荨 [  G5“ots”]（雾 ）z （  i  ，z  = 1，2，。  .。，凡）
    f  = l    f= nB i  l    f  = nsF +l

    Where the integration on each element can be exp玎essed as  ：

    日d： c（  Pf）8if+，Ⅳ̂ （  }）aGds

    G以：，Ⅳ，（  譬）Gds  （  i  ，f  ： l  ，2，...，n，；后  ： l，2）    （7）

  In Eq.（7）  ，Ⅳl（  f）  andⅣ2（  r）aDe linear shapefunctions，{  9 z，（凳9翔 z}  are values of z node，}  is local coo”di—

nate in each element，& is Delta function.Double point technique is 9et to remove the weak singularity between inter—

section of boundaries.

    During wave p玎opagation，the free surface is integrated in time using Fourth O∞der Runge.Kutta Method.The uni—

form 6ve-point smoothing scheme like[1]  is expanded hene to general five.point smoothing method[16]  .Also because of the

moving of the wave maker，sometimes the phenomena that the first point on f玎ee surface over c玎osses the second point oc—

curs and makes the total caleulation break down.This instability can not be  removed by{ive point smoothing scheme，

since this scheme can not be accurately applied to the 6Est or end two points.Then a new  玎egridding method，equal—arc—

length spaced method  （EASM）  ，is used to create new Lagrangian points on the蠡ree surface a颤ter each time stepping.1he

EASM method can also be used to equally  玎eallocated cont玎ol points cluste玎ed or with high gradient.After these altificial

treatments，no saw—tooth like instability was obseIved and wave b孙oken can be avoided.

3 Results and discussion

3.1 Veri矗CatiOn Of nUmeriCal wave tank mOdel

    In o驴der to verify the eficiency of numerical wave tank technique，the wave p玎opagation and absorption p”oblem a玎e

investigated  （Fig.2）  for an incident wave with wave period r  =1  .6 s，wave amplitude  矶=0.04 m，wave steepness e—

quals 0.02  ，water depth  H  =2.0 m and tank length is eight time wavelength.In numerical simulation，the total node

number is 383  （40 0n SB，So；60 0n SⅣ；180 0n S，）  The time inteIval  △t  =r/20 and simulating time is 20 wave peri.

ods which ensure  玎each of the fully steady wave state.Similarly like t玎eatment in[7-8]  ，the non—dimensional paEameter  口  =

p=1  .0 is chosen in damping zone without loss of e巧iciency.

    In Fig.2，point 103 is ent五ance of the damping zone at far 6leld and point 252 denotes position one and a half waVe—

length  正玎om the wavemaker.Fig  .4 shows the wave elevation with time series just at point 103 befo玎e damping zone，￡airly

well ag∞eement with linear theoly can be obseIved.Fig.5 denotes wave elevation at point 252，also exceUent agneement

can be attained.

    To gain afurther confidence of this model in wave body interaction，a half noating cylinder with fo玎ced harmonic

heave motion in confined water 6eld is calculated[2]  .The heave motion is y（  f）  =A3 sin（oDt），whe玎e A3 is motion am—

plitude and 6u is harmonic motion蠡Dequency.The linear  玎esto玎ed force，  一2丹gRy（  ￡）  ，is excluded，while R is radius of

cylinder，lD is water density and g is gIavity acceleEation.The calculation sketch is shown in Fig.3.Fig.6 shows non—di—

mensional comparison of hydDodynamic fonces of curnent method and T.Vinjie 7 s method，well agneements can be ob—

seIVed.Since damping zones a玎e added on tank ends to absorb  玎enecting wave，the motion of cylinder can be simulated

with very long time and this can be found in Fig.7.

3.2 WaVe eleVationS and  蚤OUrier analySiS

    The nonlinear simulation of wave plate interactions is listed in Tab.1，the node and element number of wave tank

is the same as Fig.2，the element number on plate is 80 and thickness of plate is 0.005 m.If assume 6l  ，62，...，bm the



amplitude of m o玎der haImonic wave，the trans删itted waVe coemcients of component can be de6ned as rl  =6 1/  77，，r2=

62/z7，，‘.  .，丁优=6m/z7，，while前7，is incident waVe amplitude.
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    Fig.2 Point measu∞ements Fig.3  Calculation sketch of half noating cylinder
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    Fig.4 Wave elevation at point 103  （  z  =5L，not absorbed）  Fig.5 Wave elevation at point 252  （x  =1.5￡）
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    Fig.6  Compari90n of hydDodynamic force on a half一Ⅱoating Fig.7  Hyd玎odynamic五o玎ce on a half-Ⅱoating cylinder

    cylinder in forced heave motion    in fo”ced heave motion

    （砟 =  F。，7A尺）  ，uJ 詈 =1.o，A月=o.1）    （尺，=— F一，，.R、，∞，v厂R=‘.“，43=o.1）

    Tab.1 CaICUIatiOnS of diI蕾erent Order wave traHSmitted CO硼丘CientS

    Wave period r/s    0.8    1.7    2.5

    Wave height（2 77，）/cm    3.8    6.4    5.6
    Plate submergence（d）  /m    0.1    0.1    0.1

    Plate longitude（2n）/m    l.2    1.2    1.2

    Ratio（d/2剪7，）    2.63    1.56    1  .79
    Ratio（2n/L）    1.10    0.28    0.12一

    Time interval  （△￡）  r/20 r/37 r/37

    FiFst 0玎der TEansmitted coem.（  rl）    0.526 0    0.187 5    0.890 0

    Second order Transmitted coem  .（  F2）    0.Ol4 9    0.003 2    0.037 8

    Thind order Transmitted coem.（  r3）    0.0047 0    0.001 3    0.004 6

    Fig.8 shows whole free surface pr0611efor intermediate wave（  r  =l-.7 s）  at five di珏erent time inteIval f玎om 14  丁  to

1 5  丁.F玎om Fig.8，we can clearly obselve the ef王icient wave elevation reduction befo玎e and after plate and the incident

waVe amplitude has been greatly eliminated.In order to further investigate this p静ocess，concennation is focused on four

specific points z  l  =2.25  ￡，戈2  =2.5  ￡  ，戈3  =2.75  L and z4  =3  L on 蠡玎ee surface within one wave length behind plate，

whileL  is waVe length.The end of plate is at position  戈  =2.27L，and point  戈l  =2.25￡  is just on top of plate.



    田ne elevations of abovefour points with time series a玎e listed in Fig.9.It is五ound that waVe elimination takes place

Veryfast withinfiFst wave length behind plate，actually at 6l蕾st quarter of wave length befo玎e  戈2  =2.5  ￡，the wave elimi-

nation p玎ocess nearly comes to end.This drastic wave p玎06le defoImation within short time inteIVal implies st”ong nonlin-

ear nuid inteIaction and wave energy will be Delocated within wider f玎equency Bange.
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    Fig.8 Wave p玎06le of  五玎ee surEace at time l4  丁  to Fig.9 Wave elevations at di伍erent positions with

    15r for r=1  .7 s    time series蠡or r  =l  .7 s

    The waVe eleVations at points  嚣  =5  L from waVe maker    警  0.Ol  厂    .̂....̂.....̂..̂ .̂̂一 0.8 s

have been’Deco玎ded in—Fig.10 fo.difEe，ent waves..F.om thi。  要 = [——.oV̂ 2̂0 VwwwwwwwwI～w\
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    When wave is acting upon plate，the pnofile of  蛋蕾ee surl

face will be deformed and kinematics motion energy of  董∞ee
    Fig.10 Wave elevations at posjtion  茹  =5L with time series
sur￡ace will be dissipated drastically and interact with nuid
    for di伍enent waves

aDound plate.The conventional linear theory can not  玎eveal

this variance.This can be con￡irmed byfollowing Fourier analysis in Fig.1 1  .FDom Fig.1 l  ，it is clearly obseIved that

at point  龙2  =2.5  ￡  ，the wave has decomposed into high o玎der high haImonic short waves to th玎ee o玎der，the amplitude of

second o玎der component is about 14.3%  of basic component and the amplitude of thi玎d oDder component is about 10%  of

basic component.While atfar￡ield point，戈  =5  ￡  the second and third o玎der wave almost disappear，and only 6rst oDder

wave camponent exists.

    Fnom Tab.  1，it is found  刨hat at正ar 6eld the 6rst order is dominated to any kind wave.The minimum fi前st order

wave tEansmitted coemcient is O.187 5  五or inteImediate wave while  玎elative submergence is d/（2  ∞7，）  =1.56，and DelatiVe

plate length 2口/L is 0.28.The wave transmitted coemcient is 0.89 for long wave，while Delative submergence is d/

（227，）  = l  .79，and relative plate length 2  口/  L  is 0.12.For short wave case，when  玎elative submergence d/（  2力7，）  =

2.63，the wave transmitted coe伍icient is O.526，larger than inteImediate wave.This is because the plate is deep sub-

merged and the e伍ecting of d/（2  力7，）  is mo玎e dominated than 2  口/  ￡  .These 6lrst order  孙esults a玎e consist with experiments

of Fig.12[9—10].
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    Fig.I l Fourier and spect工a analysis of transmitted wave    Fig.12  Comparison results of experiment and simulation（wave

    at  戈  =2.5  ￡  and  茗  =5  ￡  for r=1  .7 s amplitude叩，=3 cm，submergence d  =7.5 cm）

3.3 WaVe exCiting蛋OrOe and fOurier analySiS

    Omitting e躬五ecting of hydrostatic force，the wave exciting fo玎ce of shor【  wave（  丁  =0.8 s）  with time series aDe shown

in Fig.1 3，the curves for vertical and moment of wave exciting fonce are nearly symmetric around x axis while the occur一

玎ence of narrower cDest of horizontal force means st玎onger nonlinear e妇五ecting with plate.

    Fig.14 and Fig.15 give wave excitingfo玎ce with time series for intermediate wave（  r  =1  .7 s）  and long wave（  丁  =

2.5 s）  respectively.Comparing with short wave，double spikes occur near positive c玎est of horizontal，vertical and mo—

ment of intermediate wave.For long wave case（Fig.1 5）  ，double spikes exist in both cDest and tDough of horizontal fo毋ce，

while the vertical force moves a玎ound，F，./fogⅣ2=  一0.02 which means during the process of long wave interacting with

plate，the”e is a constant dri蕾tforce acting on plate.
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    Fig.13 Wave fo玎ce and momentfor r  =0.8 s with time series Fig.14  Wave force and momentfor丁  =1  .7 s with time series

    The Fourier analysis of wave exciting foDce will be carried out only for very efective intermediate wave since the non.

1inearity is obvious.And also because the plate is very thin and the horizontal fo玎ce is extremely small  ，the discussion is

igno玎ed either.The Fourier analysis of first three o玎der component of vertical force and exciting moment are listed in Fig.

15，In（a）  ，（b）  of Fig.16，the basic frequency component is dominated but second order component and third o玎der

 component aDe nearly 30%  and 25%  of basic component and can not be omitted.FDom（c）  in Fig.16，we can find that

for vertical force，higher order components larger than thi玎d order a玎e still very effective，infact the 6l蜀th o玎der component

is about 10%  of basic component.

    During whole simulation，the big p玎oblem exists to express the occurring double spikes a”ound crest of force for ex—

ample in Fig.14.The numerical er玎ors in calculating乒  or V≯.V声  ￡or this very thin plate might be one  玎eason，this

 can be obseIVed  ￡耵om sharp changing of  foDce near cDest.The limitation of potential now near the singular corner of plate

 might be the other reason.Futu玎e mathematical model or Dobust numerical algorism should be developed to implement this

 conclusion.
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    Fig.15 Wave fo玎ce and moment for r  =2.5 s wnh time series    Fig.16 Fourier（a，b）  and spectra（c，d）  analysis of wave

    fonce and moment for r  =1.7 s

4  Conclusion and remarks

    A submerged hoI他ontal plate has assumed rigid，thin and is located very close to五玎ee surface.A wave tank tech—

nique has been developed by use of boundaIy element method to investigatefully nonlinear wave plate inteBaction.In this

simulation，the time stepping重玎ee surface is integrated by Fourth Order Runge Kutta Method and open boundary condition

was t∞eated by the scheme of absorbing damping zone.Smoothing and  玎egridding algorism are utilized to supp玎ess f"ee sur一

￡ace defonnations.Diferent蠡”om linear solution or second o玎der peIturbation method in frequency domain，through Fouri—

er analysis，any order wave elevation and  fo玎ce component can be achieved which is quite simple in mathematical treat—

ment comparing with frequency domain problem.For a plate very close to f砷ee surface，very stnong nonlinearity will occur

especially in shoIt and intermediate incident wave and this reveals the limitation of linear theory.
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