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ANALYSIS OF TWO-DIMENSIONAL FREE-SURFACE WAVES DUE
TO MOTION OF A SUBMERGED BODIES

Abstract

Analytical analysis of a two-dimensional submerged body moving with a constant
velocity in an inviscid incompressible fluid under gravity near a free surface is studied in this
paper. This notion is one of the fundamental concepts in applied hydrodynamics. Experimental
observations of water waves in large scale or laboratory observation in open channels is
indicative of complex phenomenons taking place in the downstream of an object placed under a
free surface. Also, in the downstream of floating or submerged bodies, surface wave generate.
This is due to the fact that energy transferring takes place from the moving body to the fluid
which is known as “wave drag”. Considering the mechanism of surface wave formation and its
motion, describing the wave drag phenomenon in submerged and floated bodies has become
one of more complex topics in hydrodynamic theory. In this present work, it has been attempted
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to take a step in more precise comprehension of hydrodynamic phenomenons adjacent to free
surface. This has been down by the study of fundamental laws governing the fluid motions.
Analytical results obtained provide insight in ability to interpret the formation of surface waves
and wave drag phenomenon. A submerged cylinder and surrounding stream has been considered
as a study model upon which the obtained results and the utilized procedure would be
extendable to all other two dimensional problems. Moreover, based on this procedure, it is
conceivable to extend the conventional methods of problem solving for infinite domain to

problems bounded by a free surface.

Keywords: surface waves — potential flow — wave drag

gl bolen ()l aslllae )3 Guiize (6525 Caom
Jus e 5 o Sl ledsy 4 o]
olde 50 (2l gyl (228 Claalie 09l (o
Sy SwS a4 il clelis Loy Sp
SLJUE 53 hgs 55l b g sl DL L 5 (gong 2SI
Ol 00 Sl odzm e omny 5 S8 KL L
Ol Sawd b 59 wizmes Bl (oo Ol Cews
Sy Sl3] s Sblugi g absé b g pslid plucd
3 sromd JUl Sl a5 098 oo jalls (e ol
@85 Sl Jlow & g S5 Sg (Ppan 655
Pl 4 az g b 0gd (oo Ll gge S0 lyie
O Jl g s glsol 55 IS5 oz o
s9td g 59 abg plaxl )0 zoe Sy0 oy g pas
Sealusg,ied )98 50 oz Sole IS
Sz ol e Slhd @l 09d o0 g
Ty S50 Oliee (eSS g (b Eloel 65 S0
Olys 3 oz Buaiiz g &S > Sealiys 3t Sl
[V-] JorgeD’Elia et al.(2002).0.50 oo zgo 5,0
P Ty S el b Glp s ol
Sgazmal Ges b ol maw jolme Jeuily Gb>
SaS @ | ol e 0925 LT oS ol
ol alaly g Woges Jao g)lad placel (Lo miy
Cawd Hmb zlel asls e 5 zee S0 sl

RSPy LR
ol il la iy, S8 4 ol Casy gl
Sz 53 Py o g s gaied;)l Sledlb
s9me (Sesludgynes slo enay 38 cols
Sl 0 @l Gl Lol gl (oo Cgume Sl o
Jgl JSies s azlgo cuslul Koo 3 b o lge |

VPAY el /_fo! 0 las /s L

2 db Ol gone s Ll asllls

dgio ;o ol cole I (S ol e &gl
e gy pol> Jlo jocel (605 Seelinsg e
ol 03ls dnwgs Jlae L cnl J> slp ooiie
) o s sle (Fis T 5 Spp o5
9 T52i(1996) allie ;o by, (pl (5 9 Cunlls
Sledoe sl ! sledle o cenl ool V] Yue
o el ol gl b olyan ) pd Slilns
b sl (55le ad) ol i3S 00 g0k
placrl SLEL by 5 0ig; i glsel w0 g0
Oy 5l Y] Wu et al.(1998) wiges sy (55 aboge
g 2 Jbw oW il 4t sl sy 152
9 0,8 eolatwl Llatie alaie L SSUSG o
b3 s zlsel Jdos (sl [¥] Chern et al.(1999)
wioges ool Vil acd o Sle sl g,
©ode S5l dd (TS Slepaiadlys anwgs L
3385 ool 0y 525 9151 s jglmo ) >
Floryan and (sl culled @ lgie Ll ol
[0l Yeung and Yu(1995) [¥] Rasmussen(1989)
[v] Ushijima(1998) [#] Gentz et al.(1996)
Ol g sy abss pluarl SLLI Ly 5903 o)Ll
350 b 5l 5 Caws ol ST s e
sl cudled @ Lwl) pl jo il 00 pubize Aol
Brummelen et 4 [Al Gang Zhu et al(2001)
sl cudbd g bl o lal LG [a] al.(2001)

'_ Pseudo spectral matrix element method


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

dJ”’.Js‘J"°M’\3}}:L§"h‘WC‘}A‘L§l¢1’J(}>

L0 w0 dy ki
2:‘)'ch‘~

| |
Pw+5pr—P+5pU + P8V )

o bl glad pols ladlas yo Skl 4 a6 b
9 Opdh oo 48,8 i o S5 bla ads o N
S5 Gl o 0505 9925 ol3T alas 4o (")L;;;_mg_;;
o ol s pl s 090d S5 B po (b 1S
0 adlie 90 Gl Cepu g Cul Cul Lid gl
() olee wlol cpl p oS csl y g x Sl
W Al Cawdy g O
ot vor U] g, =0 ()
QP Ty T
S ol s o ol o Ll by 4 4z L
G ols o |y b3 ol Soleis el bz b3
PO gy D)9

U, =y,U
v yO X (&)

U, 5 U ail oo oy b3 cos Sl yy a5
CleSy by Jhw Bes g by caws YU 0

o, =-U,

@, =0 *)
y = -0

o, =-U,

P, = W)
X —> +oo

Slazdl WS e g o)l lanl coale ol At

Og (o piie Cawd b 4 (K38 sla datin

Ll dlivs o 5l ced 095

dx ygas OY Slro s
Sae gyl L5b e sl sy
sle el SeS a4 g0 kulph g SYolee piaw

Jsb olere @ B ST Nsd e am e datie

% cusp

A

oS sle saiaisl sol calis Sl aSiT K5
15 adl (oo jue 26 @S oll 2 1o ooy
Gl odssy » e laal)ly o b g5 e

..b; oddlive CA.'>|)..4>
Sy 5 b gyl RS S plen o] S8
Js= obz bl Gl dged il 1) @oe S0
03 ul?u.:‘ JM also &_i: L)‘?“"” )9 4\.]95.(2 L‘W‘
Rl bl prizmen alL (o0 Gom 90 Pl aJS
oy J> Cax Jshae lady, Ol8 (oo b,
4 ogiome gl Lo a4 ) 1,80 las jo Judly

Sl s N s

29 4bgs pluxl Joo ol (oL, Ju
S g9

) 5 Gras cSls ol ou uST
e (Slor 5l 255 gl b o Jlw Gl
JOCI I SYPR [P X YR TR PR W B I
R R P N S TSt
B owin 8590 Jemily Gl g 3500 18 4z g 89
S o Gl eSS w4 oy Slae JKiwss S
35 )18 adsl ol s 2 Tae oS 395 (o ath S
b b by s Lt & arg b Q) JS)
Y Uil o o @ e Jeuily S
30,5 o0 g il Cowl (GO0
Vi =0 o)
So)y ez S9) Shr il SIS a G98 Aol
che 3, 055 o0 S 590 Jelsd o 5 33
R e e s

99
on

5 S5p Dolee Jals ST b 595 G0 2l 2

3o Srp Dol dil o ST e St

=0 M

2 .
- outer solution

VPAY el /ol 0, lais /ol Lo


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

L9 (w0 Ay i

g halize Jowily &b« (b,> 5 Jeily milys S

20,5 (o0 S ) D9 4 bl Sy
w(z)=®(X,Y)+i¥(X,Y) Y
d_w:62+i8_‘1’ (\A)
dz 0Ox Ox
PR Sose & She lulid (39 @l SeS

el Qalgs
dw L, dw
Im|i——F7—|=0(%=0,) (\a)
dz dz

dw/dz =0 (X — +o© ol CawdYl o) (\ab)
dw/dz=0 (¥ = —0 L,> e ,0) (120)
N1 g (53, 500 Lulys a5 W(2) Aelre (sl
G0z Jowdlians dolee S els)l 1) Colosn 4o
oS oo iy a5 alises dio IS 0 1,
d*w L dw =
——F7—=F(z)+F(z) )
dz dz
S35y S0 bl olssds F(2) g 5o b ddsles
bug J> gy ol S el alﬂ s
Ll 5JUT o3> ,0 MKeldyche wj, 3axe
o Asle U 0l oo o] SaS & 5 el su wl)|

i

30 ol prend 1S Aol 4 1) sgame Aol S
ds> Ol wiged A Sy (e 4yl Al
oS el ) 68 A F(2) 5058 oo anlllas juilew
oo e by (V1) 50 llyd Lol p odle
205 elo)l 5 jaidew mhaw 59, Goges Sy
Sl wlg e atl axsls |, 363 Lulps a5 F(2) b
Spglme 5o Haikew Joo gl bl Jeuly

il Sty pgal oy, SeS 4 lo 850

)

a gl ayailen Jo> olyr Sle 358 A, o

DO <

VPAY el /ol 0, Lo /ol Lo

A5 0 dakie Cegw glgie 4 A/8H g aatis
p2ld gl aid S

x=Xh, y=Yh, @=gh’

V=0 n
%[CI)§(+<I>§—E2]+Y:O Gl maw s5,) (1)
O, =0,Y (o] o 53,) (V)
Z%:O (e el 59,) (V)

Dy =F (Gl Gos 55Vl ,3) (OT)
o, =0 (obyz Gos 0 g CwwdYl ;o) (VY)
F,=U,[\gh OF)
Sy Cepm bl paS canl 09,8 00e FaS

o 00 A_OJ).&S L.)L’)} WQYL} B

ol 56T

Lyl s (S 4y LOLY Wobee IS b o
)f‘ ] LJ‘J?U LJJIB OJ.A—‘ Cowdy (5‘” ),..C 6)).0
ol Pise wal ol ol gl 5l g alols
S oy A5 e 4 S e Jawgs o il
Sppar ) ol deils Ol (oo g Sl S8
il by g @) colpSs by Jemily oo
VT BN S Lo oo
O=D;+¢ o)

O, =-FX

e SYoles pleaw j0 (V0) dlayly ols 1,8 L
el &0 S5 e b Sl 51 i Gy s
oSS 4 > bawgy ool el L,
] oo Cawds pj s SYolas

V=0 (\fa)
Y, =F ¢y (\sb)
b =—F'P (Y =0 zhw y)  (1F0)
¢, =0 (b, Ges g cawdYL ,0) (V£d)
¢, =0 O,z Bes g CwndYl ,0) (VFR)

(o Ja.wj.' oy elall ub):- J.,....ul.,.a (%) dolro J_'>
e Jo Gl el (g, ams o cenny )
4 Gl lalize glo i 5l oolaiwl (598 SYolao

4_order

Y
Y


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

L9 wd—ipo Al

dﬁj‘))ou%}jkﬁhﬁﬂc‘y‘wd"

dv T 1[0
dz " hygh 2mi (z—z, z-2Z,
_ iRt
PR NI W [ e dr
hygh i “(t-7,)

M { Lo }
Wgh |(z=z) (z-2)
du ez @t
R2rex i My i
s e3leSe ol geeme Sk (VO) )
Ay W ol g cdo 8)lpo O jglxe jo juidew
S ol Sy aily e oyl mhaw US55 e

alold ° oo elal u.C).w S| )M u}wy;ﬁ

iF7t
2,z e
27

4p, i
U B = !
inf z hz lgh € J.Oo (1—2)3

i

dt (Yra)

““i]«s"ﬁ 2)
=24 1
U, = =
inf zhz lgh (Z—Z)z
2u i 1
: Ysb
2 o5 (#b)

2 ez

sl cbgs s Slo (V8D) ik, Jol dlex

amio o5 53 SI5T s Sy75 1 5 silome st
sl gl WSG9 sasas ylis sy Ao 5 YU
bl o VL Ao o 50 o] s b (sl
&l asgazme Jolis 5 3T dle o5 ol plid olgs (oo
abal) ol adl oo Ll Jily bz slegSl
Sl Jolae ol5T e JS i 45 sl ol S35
sle 4o 5l slre 000 bl Sl (sl asgorme @98

il o ol 2V dmio o dilise

5T gelaus JSib ys
Sooll maw UKo yew dadlae lp
48,5 S8 o)l mhaw g, ol bla Sleiw

TP

Al

aZ
Zm+1 =Z1 -
1 _Zm
2
H, =Ua,
P laa,

n+1 —
(ZI _Zn)

ey Sz 4 F(2) ol s s 4 425

:“)fcs"
d*w dw
F(z)=i—21-F7*—L xv)
( ) dz? "odz
I—LLIH(Z z,)
h gh 271
Y)

S8 4 b Byl b Jyens Jeadlyiso doles >

Wl (oo Sy 25

_Z 2/,[( e_iF’,QZJ-zeiE,’tht

Wgh  Trt-F
3 ke Jom by wes oo plas (TF) dal,
2 ke Jo> ol Jelis o] e gl
S\J.s.wj.g QS Cowl L‘;’L‘L” ul.:).> 9 gALa 3)‘5.3'.) Qj)l.?u
GledSs sl ouis oolo (YY) dolas o ):S-T oz 40
solie ol 1 bz bsks e, () B (V)
QBM(SQ oddlive .02 < Cowdy uj.«..»YjS)...w aliseo

ks Jox 0l 5 i Heee¥eS e 0 &S
3523 510 il b,z Ol a8 Wbl e oyl
Jheel Sibo oy ol s o plas 1y oljl v
SeS 4l oo W Lz S e wlsiad 4 55
25 e a ]y bl Cepw (g (0 (V) dal,

10)9‘ Cawdo

VPAY el /ol 0, lais /ol Lo


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

L9 (w0 Ay i

27Zg:ui ~F7%y;
e

7}:‘1‘72;!

I'=-

¥
e

IS o ol g S seeis T'=0.508 )
I pns Sl pl jo el sals eols las (A)
2 g adb ooyl (o054 ypamie o)) mlaw

g1 anly s ofjl o 55 (sl alal

S o

Spglre yo yaidew Joo ol b U
o213 1y Gl ol sael Canss > bS5 of5T alasw
) oxbe gyl 605 UKD By lg o5 WS (o
axlllas 1y oud elall (sluy 5 1 9500 9 0,5 upts B
Silme 0,000 bl aS wao oo ylid (Lo gl oges
Ol & judew o> bz Jo el by 0k
glel 65 K2 a5 was (e ol Joe alies S
S o2 sle cadled jo 0uls cdnlin LL e
U 25 Al sl 5 5 abt bl sy
bl mjs8 by bawss Wlg oo plarl Cans ol
593 PP 58 Gy ol @l g 09d Joe (lne 9 jhe
Sl Wlgs < aS Cowl juimo i > dgdme 4l
5513 v bl Julos g b))

VPAY el /ol 0, Lo /ol Lo

Y, :Fr¢X
dw | (,=0 &3 (V)
=F,Re E, idid 0 9
dz
Sy Ol Cawd ol 0 0 le albls o
Lo 55lg0 S Jolro 0000 bl ay595 51 ol o]
Soge 4,90 Gl Sews by (TY) dlal, cnlple

Wl (oo S 25

2T gy
U he ’ X
Y = °°4 sin e YA)
U g7 P
+y —=>Le
2 Ulh

o529 il ;0 LWl daw zlsel Kby (YA) dlal) a5
A=2nF’ (Yaa)
w=1/F’ (vab)

glyel plmlr Copw a5 Bas (oo plis ala,

Oz Sy b g e plmlr Cop lea (el

B0 ls IS sl 50 slo alols o cblois,

Gilies polie oyl & 1y o1 mlaw UK eis (V)

| s i ) B ) S o o5 o

20 Bl s zge e oyl w4 g dged S

:p.g‘)b

¥F


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

L0 w0 dy ki

A

&Fjljaou@}:&bdﬁ\&bﬁ&

J —— f

I'= 0.1 Ogms5 o 09900 sohidhonw B ybl b > bglas —F <o

VPAY o lwsli /_fo! 0 )los /_Js! Jlw


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

—1.3

—i.4

-5 Za

(Fr =036, [ =-0.1) (Fr =036)V’p=0 (Fr =0.36 , I =-0.1)

S - PP — g

15T gl S s —0O I

I o~ -, & _."_'-._ ,':- l'. [
RYANFANEA'S oo v ARl p—
1.7 1 LW ] L7 o e |
.r II I. i
—1 2% \ " _:
1 ] 1
Y i i !
— L [} T _;
’ i !
1 l (]
i ' A . i
L5 - i - yor o080 4
i T e —— o929 33k b > |
i 1 |
1m L LY _=
i
i
i o 3 = 1 o i = 5 r I X
— — X1 ES s ES
(Fr =036, I'= O) 33T el S gk —1 JCH
—os . :
Y £, .-__'\-_ T " H
—1 .:_II-!-.-.L-:...:—A.{;I-I- "l.__‘-‘! —l._':l*_ ‘q'.'i : .'___:,_—-i—--—‘— i
-3 8 . - .o +
] A ! b
T8 R - _lf i
Y P El [

—r G L § i . I
_ i ) »b 9
1.8 F 1= - T -

i - s 051928 s9kxo b & !
—_ [l - -
A
L
2.2 - Wl -
]
oo i
=t = — —= —= — o i = = 4 5 X
(Fr=036, T=0.1) 3157 ghaw <& g —¥ IS
3 . . .
i ~
o2 E_ // \\ -
: / \
&4 b . e -
: / \ i
o \ 5
Y . / N :
-1 i— / \\ _‘
\ 3
i _/ N i
i ,// D 4
-0k P BN :
| - ~.

-1 -8 —-C.6 —0.4 —0.2 o c.2 o4 a.

(Fr=036, T =-0.508) 35T gaw S mid (A) JSb

VPAY el /ol 0, Lo /ol Lo

S .8 1 X

\s


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html

[ Downloaded from marine-eng.ir on 2025-07-06 ]

[ DOR: 20.1001.1.17357608.1383.1.1.4.4 ]

L9 wd—ipo Al

10.

v

dﬁj‘))o“#ﬁﬂc‘ﬁ‘wk

& yo

Tsai, W. and Yue, D., Computations of nonlinear freesurface flows, Annu.Rev.Fluid, (1996) 249
278.

Wu,G.X., Ma,Q.W., Eatock Taylor,R., 1998 Numerical simulation of sloshing waves based on a
finite element method. Applied Ocean Research 20,337-355.

Chern,M.J., Borthwick,A.G.L., Eatock Taylor,R., 1999. A pseudo spectral [J-transformation model
of 2D nonlinear waves. Journal of Fluids and Structures 13,607-630.

Floryan,J.M., Rasmussen,H., 1989. Numerical methods for viscous flows with moving boundaries.
Applied Mechanics Review 42,323-341.

Yeung, R.W., Yu,X., 1995. In Wave-structure interaction in a viscous fluid. Proceedings of the
Fourteenth International Conference on Offshore Mechanics and Arctic Engineering, Copenhagen,
vol.1A, pp.383-394.

Gentz,L., Alessandrini,B., Delhommeau,G., 1996. Motion simulation of a cylinder at tle surface of a
viscous fluid. Ship Technology Research 43, 3-18.

Ushijima,S., 1998. Three-dimensional arbitrary Lagrangian-Eulerian numerical prediction method
for non-linear free surface oscillation. International Journal for Numerical Methods in Fluids ,605—
623.

Gang Zhu, Alistair G.L. Borthwick, Rodney Eatock Taylor., 2001, A finite element model of
interaction between viscous free surface waves and submerged cylinders, Ocean Engineering 28 989
1008

E.H.van Brummelen, H.C.Raven, y and B.Koren, 2001, Efficient Numerical Solution of Steady Free-
Surface Navier—Stokes Flow. Journal of Computational Physics 174,120-137

Jorge D’Elia, Mario A.Storti, Sergio R.Idelsohn, 2002, Applied hydrodynamic waveresistance
computation by Fourier transform. Ocean Engineerng 29 261-278

VPAY el /ol 0, lais /ol Lo


https://dor.isc.ac/dor/20.1001.1.17357608.1383.1.1.4.4
https://marine-eng.ir/article-1-4-en.html
http://www.tcpdf.org

