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Fully nonlinear hydrodynamic simulation of submerged horizontal plate

WANG Ke, ZHANG Zhi-giang, ZHANG Xi
(State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 116024, China)

Abstraet: 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 to free 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 on free 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. The free surface deformation, wave exciting force and Fourier analysis of wave
plate interaction are carried out in time domain. It is found that for plate very close to free surface, strong nonlinearity occurs, which reveals
the limitation of linear theory.
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The numerical wave tank method is utilized in recent decades to simulate fully nonlinear wave body interaction by
boundary element method. Most of them are based on the Mixed Eulerian Lagrangian(MEL) method pioneeredm under
the assumption of invisid flow with irrotational motion and has been applied to several simulations of 2-D free surface flows
by many researchers! 22!’ .

Successful nonlinear simulation based on MEL method should solve following numerical problem: 1) wave generation
and absorption to keep simulation long time; 2) numerical treatment at the interaction between the body and the free sur-

face; 3) an accurate evaluation of the time derivative of the velocity potential, because the pressure and velocity field of
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the now are coupled 04 O Numerical accuracy of arbitrary shape body .

To overcome above mentioned problem[] some mbust and emcient methods a® used in this paper 010 A piston type
wavemaker is installed at one end of waVe tank to genekate incident wave 0a damping zone is allocated at tank ends to ab—
sorb renection waves 02 [0 double node technique is used to 2mo\e singularity of integration in boundary element method O
smoothing and [eégridding method is adopted to suppléss delormation of flée surface to avoid wave b®aking 03 O diléct cal -
culation of time derivative of the velocity potential O in Bemoulli7s equation is chosen to make a stable solutiond4 Olin—
ear element is adopted with analytic integlation method to expend lo complicated structulé without numerical erlors.

The MEL method has be compaleéd with linear theoly of wave elevation and hydrodynamic wave interaction with a
half nodting cylinder O the [ésults alk in excellent agreements. The objectiVe of pleésent study is to establish a bust and
accurate method which can simulate 3(D noating body in waves Ofor thal case to be accomplished O [ully nonlinear wave
tank technique is expended to simulate wave acting on a submerged horizontal plate very close to free surface Ja now conld
6guration with special geometry. The f[ge surface deformation Owave exciting force and Fourier analysis of wave plate in—
teraction are carried out in time domainOit is Bund that for plate very close to flée surface stlbng nonlinearity occursl
which Rveals the limitation of linear theory.

Section | [2 views mathematical formula of wave body interaction problem in time domain . Results and discussion

ale given in sction 3 Oconclusion and Emarks a-e given in section 4 .

| Theoretical Formulations

Assume nuid is inlviscidOincompI®ssible and its motion is irrotational O consider a volume of water '1.00 surrounded
by boundaHes consisting of (Mee surfacel submerged plate O tank bottom and sidewalls. A Cartesian cooltlinate system is
chosen in the undisturbed [fee sulface with O-axison the water line and y.axis positive upwald O the origin is on fle surl
face of wave maker as shown in Fig. 1. SBis rigid wall dencting the far 6eld Eadiation of outgoing waves 050 is damping

one with one wavelength long [ SF is flee surface 0 So is pison type wave maker and SHis submerged plate. The nolmal

vector n is positive outwand of the nuid.

& L O I8

Fig. 1 Two dimensional wave tank nuid domain
Intlbduce similar tléatments as Longuet.H iggins and Cokelet[1] O all variables alé non-dimensional in terms of nuid

density POgravity acceleration g Owaler depth H as below O

p7=p00 O =0 0= o0 0O
whelé p’ OF' [h(7 denotes water pressulz Owave [b(¢e and wave circular (fequency [éspectively. The prime Owhich means
nonldimensional values [0 can be omitted from now on unless specialy stressed .

With the assumption of potential now Othe nuid velocity “ becames gkadient of velocity potential OOz Oy Ot OOthe
goveming equation and boundaly conditions for OO0y (X0 in whole wave @eld can be listed as following O
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(stﬁ = 0, in fluid domain 0
Dx _ 9¢

Dt = dx - v(xe)(x - xe)9 on free surface SF
d
_%f = (7_3; - v(x,)(y - 5.), on free surface Sp
be = - +‘1“(V¢)2-v(x (- y.) onfreesurfaces
<Dt - Y 2 e ye ’ F (2)
d
ﬁ = 09 on plate SH
g_i = - U, on wave maker S,
a¢$

(9n = 0, onrigid wall Sp

In order to get wave exciting force and moment on plate, the term d$/3¢ included in wave pressure should be ob-
tained, the normal backward finite difference method has large numerical errors and will cause numerical instability, here
the method of directly calculating of d$/3¢ is employed. Since d$/J¢ also satisfies Laplace Equation, the boundary val-
ue problem for it can beexpressed[3’l7]:

(V2¢, = 0, in fluid domain £

d

(—9% = 0, on plate Sy

% 0 igid wall S

5, =0, onrigidw B (3)

$=-y- %( V#)%, on free surface Sp

d . v
R L

- = n ker
(Fn 35, > ©On wavemake So

In equation(2),(3), U is velocity of wave maker, $, =3d¢/9t. v(x,) is damping coefficient, x,,$, denote equi-
librium state values. An artificial damping technique is applied here to satisfy the radiation condition at tank ends to make
the simulation perform long time. Passing through this damping zone in whatever direction of propagation, the wave will
greatly lose energy[7’8] . The wave maker has been started gradually from initial still water during early time to avoid nu-

merical instability caused by abrupt impulse on wave field.
2 Numerical procedure

If define @ = ($;$,) and use Green second identity in fluid domain £, following boundary integral equation can be
obtained:

d d
@+'J@£®—JG£&: jc?m_f¢?m (4)
SB+SO+S” SF+SW SB+SO+S” n SF"SW n

Where Green function G{ P, Q) can be written as:
G(P,Q) = logr + logr,

r=ﬁx—5)2+(y—7)2 (5)

=V (x-82+(y+7+2h)
In Eq.(4) and (5), C is solid angle, (x,y) and (&, 7) are field point and source point respectively. Green

function G(P, Q) including mirror image in water bottom, can exclude the integration on water bottom in Eq. (4) and
Double point technique is set to remove the weak singularity between intersection of boundaries.

By use of linear element, the integral equation (4) can be represented in the discrete form:
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n
g b’..

E[Hff‘]@z + 2 [G?f*s"]((;—i))z + E[pr*sﬂldil =

1=1 I=ng+ [=nsv
. ’ (6)
s a Sk n a
DI6HNG + X [Hp S+ O3 165 )(5D), Gl = 1.2,,m)
=1 l=ngtl l="SF+l
Where the integration on each element can be expressed as:
d
Hil = C(P,')(?i[ + JNk(C) fds
As
Ga = [N(©6ds (ir1 = 1,2, nsk = 1,2) 7)
As

In Eq.(7), Ni(¢) and N,({) are linear shape functions, {951,(2773),} are values of [ node, { is local coordi-

nate in each element, &} is Delta function. Double point technique is set to remove the weak singularity between inter-
section of boundaries.

During wave propagation, the free surface is integrated in time using Fourth Order Runge-Kutta Method. The uni-
form five-point smoothing scheme like!! is expanded here to general five-point smoothing method! ') . Also because of the
moving of the wave maker, sometimes the phenomena that the first point on free surface over crosses the second point oc-
curs and makes the total calculation break down. This instability can not be removed by five point smoothing scheme,
since this scheme can not be accurately applied to the first or end two points. Then a new regridding method, equal-arc-
length spaced method (EASM), is used to create new Lagrangian points on the free surface after each time stepping. The
EASM method can also be used to equally reallocated control points clustered or with high gradient. Afier these artificial
treatments, no saw-tooth like instability was observed and wave broken can be avoided.

3 Results and discussion

3.1 Verification of numerical wave tank model

In order to verify the efficiency of numerical wave tank technique, the wave propagation and absorption problem are
investigated (Fig. 2) for an incident wave with wave period 7= 1.6 s, wave amplitude 7; =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 on Sz, Sp; 60 on Sy; 180 on Sp) The time interval At = T/20 and simulating time is 20 wave peri-

ods which ensure reach of the fully steady wave state. Similarly like treatment in(78]

, the non-dimensional parameter a =
B=1.0 is chosen in damping zone without loss of efficiency.

In Fig.2, point 103 is entrance of the damping zone at far field and point 252 denotes position one and a half wave-
length from the wavemaker. Fig.4 shows the wave elevation with time series just at point 103 before damping zone, fairly
well agreement with linear theory can be observed. Fig.5 denotes wave elevation at point 252, also excellent agreement
can be attained.

To gain a further confidence of this model in wave body interaction, a half floating cylinder with forced harmonic
heave motion in confined water field is calculated'?) . The heave motion is y(t) = Ay sin (wt), where A3 is motion am-
plitude and  is harmonic motion frequency. The linear restored force, —2pgRy(t), is excluded, while R is radius of
cylinder, p is water density and g is gravity acceleration. The calculation sketch is shown in Fig.3. Fig.6 shows non-di-
mensional comparison of hydrodynamic forces of current method and T. Vinjie's method, well agreements can be ob-
served. Since damping zones are added on tank ends to absorb reflecting 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 fourier 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 b, b,,**, b, the



amplitude of m older halmonic wave Othe trans[ditted waVe coem cients of component can be de6ned as r | = 61 70T 2=
62/ 200..000= 6ém/ zZTOwhile [is incident wave amplitude.
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Fig. 2 Point messucaments Fig. 3 Calculation sketch of half noating cylinder
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Fig. 4 Wave elevation at point 103 [z = 5L [not absabed O FHg. 5 Wave elevation at point 252 Tk = 1. 500
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Fig. 6 Compari®n of hyddynamic force on a half(Tbating Fig. 7 Hydlbdynamic [Gl¢e on a half- Cbating cylinder
cylinder in forced heave mdion in fo’ced heave motion
m = F OYAOmJ O =100 =0.10 00=— F OOR O®NOR =‘.“MA3=0.10

Tab. 1 CalQlatiGhSof dillerent Gder wave tratHBnitted GO1 [dentS

Wawe periad r/s 0.8 17 2.5
Waehadt 270 an 3.8 64 5.6
Plate submergence (A m 0.1 0.1 0.1
RA&e longitude (2n 0 m .2 1.2 1.2
Rtio L&Y 2T 2.63 1% 17
Ratio (2n/ LO 1.10 0.28 0.12 O
Time interval T[] r/i 20 r/37 r/3r
FiFgt 0 [dler TENsmitted coem. ¥ 10 0.526 0 0.187 5 0.8900
Second order Trensmitted coem . CF20 0.049 0.003 2 0.037 8
Third orde Transmitted coem . [r 30 0.0040 0.0013 0.004 6
Fig.8 shows whole free surface prO6lle for intermediate wave Or = I-.7 sOat five dilerent time intelval flom 14 0O to

150. Flom Fig. 8 Owe can clearly obselve the eflicient wave elevation reduction befolé and after plate and the incident
waVe amplitude has been greatly eliminated. In order to further investigate this pfbcess [Dconcennation is focused on four
specific points z| =2.250[2=2.50003=2.75L and z4= 3L on (ke surface within one wave length behind platel

while L is waVe length. The end of plate is at position 0 =2.27L Oand point 0 =2.250 is just on top of plate.



One elevations of above four points with time series alk listed in Fig. 9. It is [bund that waVe elimination tak es place
Very fast within fiFst wave length behind plate O actually at 86t quarter of wave length befolé 02= 2.500the wave elimi-
nation plbcess nearly comes to end. This drastic wave p06le defolmation within short time intelVal implies st”ong nonlin-

ear nuid intelaction and wave energy will be located within wider fléquency Bange.
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Fig. 8 Wave pl06le of TBe surece at time 140 to
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Fig. 9 Waveelewtims at dillerent postiors with

Br for r =1.7s time seriesor r =1.7 s
The waVe eleVations at points 0= 5L from waVe maker o oaan NN ALANND 08s
have been’'Decolded in—ig. 10 fo. diflelént waves. F.om thi iUt L— aVM20Wv 88 w wRR w waW IDWA
6gule it is found that in short wave case at non-dimensional
— 17S
JAme 33/, he waVe elevalion behind pla'e will neach i's T
B ) o 10 20 30 40 50 60 70
termediate wave case the wave height is [educed about 80 %
0 25s
\C/\étgiele only 10% waVe heigh' has been reduced 'or long wa\e g
0 20 40 60 80 |00

When wave is acting upon plate Othe profile of (iée surl

face will be deformed and kinematics motion energy of [dee
Fg. 10 Wave elevaions & pogtion 0=5L with time series

for dienent waves

surface will be dissipated drastically and interact with nuid

abund plate. The conventional linear theory can not [éveal

this variance. This can be conlirmed by following Fourier analysis in Fig. 11. Fm Fig. 1l Oit is clearly obselved that
at point 02 =2.500the wave has decomposed into high old er high halmonic short waves to th(ée older Othe amplitude of
second oldler component is about 14 .3% of basic component and the amplitude of thild oRler component is about 10 % of
basic component. While at far Oeld point0d 0= 50 the second and third older wave almost disappear and only 6rst oller
wave camponent exists.

From Tab. 10it is found [Mat at [&r 6eld the 6rst order is dominated to any kind wave. The minimum fil$t order

wave tEansmitted coemcient is O. 187 5 [@r intelmediate wave while [&lative submergence is d/ 02 dJ0= 1.56 0and elatiVe
plate length 20/ L is 0.28. The wave transmitted coemcient is 0.89 for long wave O while lative submergence is d/
2 700= |

.79 0 and relative plate length 20/ L is 0. 12. For short wave cased when [&lative submergence d/ (2 =

2.63 Othe wave transmitted coellicient is O.526 (larger than intelm ediate wave . This is because the plate is deep sub-

merged and the electing of d/ [2 OJ is mole dominated than 20/ 0. These @rst order [esults alé consist with experiments
of Fig. 12[9-D)] .
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Fg. Il Fourier and spectla analysis of transmitted wave Fig. 12 Compari©on results o experiment and simulati onCivave
at 0=2.50and O0=50for r=1.7 s amplitude (1= 3 cmOsubmergence d =7.5 cmO

3.3 WaVe exCting [©OrG and fQurier analySS

Omitting electing of hydrostatic force 0 the wave exciting folte of shorOwave OO = 0.8 s with time series al® shown
in Fig. 130the curves for vertical and moment of wave exciting force are nearly symmetric around x axis while the occurd
(énce of narrower cDest of horizontal force means stldnger nonlinear ellécting with plate.

Fig. 14 and Fig. 15 give wave exciting folte with time series for intermediate wave Or = 1.7 sOand long wave 00O =
2 .5 sOrespectively . Comparing with short wave Odouble spikes occur near positive clest of horizontal O vertical and mo—
ment of intermediate wave. For long wave case OFig.15 O0double spikes exist in both cBest and tbugh of horizontal folte O
while the vertical force moves aldound OF 7 g2 = 00 .02 which means during the process of long wave interacting with

plate Othe’e is a constant dri{ force acting on plate.
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Fig. 13 Wave folee and moment for r = 0.8 s with time series Fig. 14 Wave force and moment for 0= 1.7 s with time series

The Fourier analysis of wave exciting fobce will be carried out only for very ef ective intermediate wave since the non.
linearity is obvious. And also because the plate is very thin and the horizontal folte is extremely small Othe discussion is
ignoled either. The Fourier analysis of first three older component of vertical force and exciting moment are listed in Fig.
1501In CaO b0 of Fig. 16 Othe basic frequency component is dominated but second order component and third older
component a2 nearly 30 % and 25% of basic component and can not be omitted . FIm [cO in Fig. 16 Owe can find that
for vertical force O higher order components larger than thildl order ale still very effectivein fact the @dh older component
is about 10 % of basic component.

During whole simulation Othe big pCbblem exists to express the occurring double spikes a”’ound crest of force for ex—
ample in Fig. 14 . The numerical erlors in calculating O or V 0. V O [or this very thin plate might be one [Ceason O this
can be obselVed [bm sharp changing of folxe near clest. The limitation of potential now near the singular corner of plate

might be the other reason. Futulé mathematical model or bust numerical algorism should be developed to implement this
conclusion .
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4  Conclusion and remarks

A submerged holdontal plate has assumed rigidthin and is located very close to [ée surface. A wave tank tech—
nique has been developed by use of boundaly element method to investigate fully nonlinear wave plate inteBction. In this
simulation O the time stepping [lée surface is integrated by Fourth Order Runge Kutta Method and open boundary condition
was teeated by the scheme of absorbing damping zone. Smoothing and [égridding algorism are utilized to suppléss f'ee surlJ
[Ace defonnations. Dif erent [lom linear solution or second older pelturbation method in frequency domain [ through Fouri—
er analysisJ any order wave elevation and fol¢e component can be achieved which is quite simple in mathematical treat—
ment comparing with frequency domain problem. For a plate very close to fl&ée surface Overy strong nonlinearity will occur

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