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Abstract

In order to predict the free surface signature of turbulent ship wakes two things are es-
sential; a basic understanding of the mechanism of turbulent vortical flow /free surface
interactions and a mathematical model to accurately predict the signature. The goal of the
study described here is both to supplement experimental work to obtain basic understand-
ing, as well as to condense this understanding in a model(or models) that captures the es-
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sential phenomena and thus allows predictions. To do so we followed two main paths guided
by experimental observations. One is full simulations of the flow using the Navier-Stokes
equations. The other is a vortex modeling, where the vortical structures of the flows are
approximated by idealized structures, an the interaction assumed to be essentially inviscid.
These approaches complement each other. Full simulations are only applicable to small
scale phenomena, where the system is simple, and the Reynolds number is low. The vortex
modeling, on the other hand, cannot represent essentially viscous aspects of the problem
such as the effect of contamination gradient. Obviously, the modeling is what may eventu-
ally lead to a prediction method; the full simulations-too limited to mimic all but the sim-
plest circumstances-are to aid and support the construction of realistic models. We address
two-dimensional aspects of the vortex /free surface interaction first, Secondly we obtain
some basic understanding of the interaction process through an experiment and then talk
about several three-dimensional problems hoping to develop a successful prediction model.
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Fig. 3. Free surface deformation due to vortex pair.

Fig. 4 Deformation of residuai vortex filaments due
to stronger vortex pair.
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Fig. 6 Shadowgraph images of free surface signa-
ture. Fr=0.25.
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Fig. 7 Same as the Fig. 6 Fr=0.99.
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Fig. 8 Time history of the free surface elevation at
fixed points for Fr=0.25. (a) Experiment:
r/ R=0.0, 0.66, 1.31, 1.97 and 2.63 (from top
to bottom). (b) Calculation: r/ R=D0.0, 0.67,

1.35, 2.02 and 2.70 {from top to bottom). The
vertical scale is enlarged.
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Fig. 9 Time history of the free surface elevation at
fixed points for Fr=0.99. (a) Experiment:
r/ R=0.0, 0.62, 1.24, 1.85, 2.47 and 3.71 (from
top to bottom). (b) Calculation: r/ R=0.0,
60, 1.27, 1.87, 2.55 and 3.82 (from top to bot-
tom). The vertical scale is enlarged.
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Fig. 12 Contour plots of the free surface defor-
mation and front/ side views of the vortex
ring.
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Fig. 15 Vortex ring evolution toward a free slip surface.

Fig. 16 Vorticity at the center plane for 4 different cases. a) clean, b)weakly contaminated, ¢)
strongly contaminated and d) rigid wall.

KBS AR CE $30% 28 1993F 5A



&4

3% secondary vorticitys 2.8)8 @43 =
WAE T 23 el Aol el A 298 49
9] Fate] rigid wallg 4= $1&-8& & 4 9.

Fig. 172 o 098 &2 435488 B3
Uehthes FRdgAe] £ wE9 ool 998 7
28 na Fuf Fof SivRo] £UF slre] glol
upstream £ 294 % 7} £ =2} 2) 3 reconnection
o] ¢tg el wel FUHE wg} downstream £
2o & 4Rl velin vt zhzte) el
HEEHE SHBY B2 279 g 49 Fuo]
AR A= ~Reynolds ridges] 84 (Scott[1982])
— 3 &N A reconnectiono] $RE B o) off p &

o] @0z <kl AW shock structurer} B A1H o ‘

downstream 222 SAHAUYS vz 1 9}

bso .

o

o5

aon

SN 0.252

Fig. 17 Surface velocity at the top surface and sur-
factant density for weakly contaminated
case.

1.8 oA

FES BOUA fE} AFHEAA) FIGO
2 oPleE ¥ BASS duAoln A H

How aFS Bch 2P FAEYE oj g3t
pair vortex2} AHHE o] 45289 A= YA}
T Ao Re BAg W st shxeich A4
2G4 M2 5 A& pair vortexs A-FREY T4
oM Mz FHAdos Ry Holain core Abitel oF
4 29 W ¥EE (scarlike) YL I stri-
ation®] 2L FF B o ¥ ~e] ¢4 (stretching) 2
For olsg 4 ik

HYPo g dAHYE olslsialye AN 23
A He AR9%E Aura 3318 24 olsis
77 f18) & 72 podAg g unae 4
AESES H¥H oz n@stect Froude 42 W3}
of utel U Az gt 9o &
Froude %9 7 % axisymmetric short wave”} core
ARe FE e gM HHEe ¢ 4 U
2E A8 F7]e vortex filament 9] - E R o)A 2]
AE g whE 2 3319 FAssE Yo whal
42 F UL rath £AH3S $3 BIole)
HilE 4golA Hddol fA8E A o
545 ARHoR UATE ¢ 4 Yoy 2y
Fol BAHE MGG 5 A9 A o @
M3 EAA BRS¢ 4 U

Vortex particle method& o] 83 RosHlAge)
AR FA FE2 2L Froude 59 4¥H
Ao 2Hsd HHe AFEE 2L ALY
A stA ), Vortex 4ol 28 Hgs) 23310 o
e} HA 9L 1 3A vortex reconnection &
€ A& AL F dow dojmE A -
reconnection time scale §—8&5e AR A9}
Z A= g}, Vortex filament 7} 2H-& B Ao A 42
¢ W & pressure impulser} 4] 7R3 o]
2 3 due meodage Aviko e 5y
FEo] HAEE 4 5= AU olgkne 4yE o
3} 8t3L vortex reconnectionol] W& @inie] AR
& D3 pressure impulse =Y & Ao 49
Bokoh A 2do] AR FHY e GM s TR g9l
S wsix obe BAE ARG AR 3
A RE e} vl §olehx] @AW ste Mue
48 5L 43E fAEA AEE S gee g
$k3L vortex reconnection 2o} MAF Axr} 5
naTH F83tA4 29 £ Ude 2do] @ Aes
ArRETh

7Y 2HdEZe £ud fFo A= gste
Bernal#t Kachmane] d@elr RoZE vortex

Transactions of SNAK, Vol. 30, No. 2, May 1993



ek WUl A FE RN 4E 8ol 3 A

filament o] FHA M2 A Hggol Ve Hog B
g3k A 2 4 2lrh v 2 ke Reynolds 4ol =23t
A Fol 2Rt o]} 3t Hafe] el ulEh 23 W9
Bl M-S Bt 2319 vortex paire] #$-9}
gl 321919 A S rigid wall# 454 995 40
dhe FE A8 Zol g fA B ooy
HEol MR o d4s e ¢ 5 AUk A
AERE Qo)A = surfactant 2] HE ) 57 of 4] 2
HE TXTE HPoR ] olH & YHER
) Reynolds ridge®l &4 & olsl st il &),

Aknowlegments

B4 7] = u] = Office of Naval Research 2 &F
= Zat kel ApH] HRE o]Ro]H L

T

o
Ho
ror

[1] Bernal, L.P. and Kwon, J.T., “Vortex Ring
Dynmics at a Free Surface”, Phys. Fluids A,
Vol.1, No.3, 1989.

{21 Bernal L.P. and Kachiman, N., private com-
munication.

[3] Bernal L.P. and Madnia, K., “Interaction of
Turbulent Round Jet with the Free Surface”,
Proc. I7th Symp. on Naval Hydrodynamics,
The Hague, The Netherlands, 1988.

[4] Crow, S.C., “Stability Theory for a Pair of
Traling Vortices”, 4144 J., Vol.8, 1970

[5] Hirsa, A., “An Experimental Investigation of
Vortex Pair Interaction with a Clean and
Contaminated Free Surface”, Ph.D. Thesis,
The University of Michigan, 1990.

[6] Kasischke, E., Meadows, G. and Jackson, P.,
“The use of Synthetic Aperture Radar to De-
tect Hazards to Navigation”, ERIM Report,
Ann Arbor, Michigan, 1984.

{71 Kwon, J.T., “Experimental Study of Vortex
Ring Interaction with a Free Surface”. Ph.D.
Thesis, The University of Michigan, 1989.

[8] Leonard. A., “Vortex Methods for Flow

R EAR O CHE $30% 28 19934 5A

85

Simulationl”, JCP, Vol.37, 1980.

(9] Leonard, A., “Computing Three-Dimensional
Incompressible Flows with Vortex Elements”,
Ann. Rev. Fluid Mech., Vol.17. 1985.

[10] Lugt, H.J., “Vortex Flows in Nature and
Technology™”, John Wiley and Sons. NY, 1983.

(11] Sarpkaya, T., “Trailing Vortex Wakes on the
Free Surface”. Proc. i6th Symp. on Naval
Hydrodynamics, National Acadmy Press,
1986.

(12] Scott, J.C., “Flow Beneath a Stagnant Film
on Water: Reynolds Ridge”, JFM, Vol.l16,
1982.

[13] Faical, T. Unverdi, O., Song, M. and
Tryggvason, G., “Collision of Viscous Vorti-
ces with a Free Surface and Density
Interfaces”, Proc. Applied Mechanics and
Biomechanics Summer Conf., Columbus, Ohio,
1991.

(14] Song, M., Bernal, L.P. and Tryggvason, G.,
“Head-on Collision of a Large Vortex Ring
with a Free Surface”, Physics of Fluids, A
Vol 4, No.7, 1992,

[15] Song, M. and Tryggvason. G., “Numerical
Investigation of an Oblique Collision of a Vor-
tex Ring with a Clean Free Surfac”, Proc.
19th Symp. On Naval Hydrodynamics, Seoul,
Korea, 1992.

16] Tryggvason, G., Unverdi, O., Song. M. and
Abdollahi-Alibeik. J “Interaction of Vortices
with a Free Surface and Density Interfaces”,
Lectures in Applied Mathematics, Vol.28, 1991.

[17] Winckelmans, G., “Topics in Vortex Methods
for the Computation of Three-and Two-
Dimensional Incompressible Unsteady Flows”,
Ph.D. Thesis, CALTECH, 1989,

{181 Yu, D. and Tryggvason, G., “The free Sur-
face Signature of Unsteady,

Two—Dimensional Vortex Flows”, JFM, vol.

218, 1990.



