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Numerical Study of  Vortical Flows beneath
           the Free Surface around  Struts

Uh-Cheul Jeong*, Member Yasuaki Doi", Member

                                    Summary

  Characteristics of  vortical  flows around  free surface  piercing struts  are  studied  by a  numerical
slmulation  method  solving  3-D  laminar  incompressible Navier-Stokes and  continuity  equations.  The
$imulation  s         hows that vorticity  is generated on  the  curved  free surface  to satisfy  a  nomshearing  stress
condition,  The  vorticity, whose  strength  is proportional to the free surface  curvature,  leads the
generation  of the vortical  motions  beneath the free surface  in front of  a  bow. To  investigate curvature
effect of  the  bo            dy, three different struts  having NACA  OOe5, NACA  eO08 and  NACA  OO12 sections  are
used.  The  effect  ef  free surface  boundary conditions  and  grid density around  the  free surface  are  also
discussed.

               1. Introduction

  Bew  wave  breaking  is one  of  the most  noticeable

 phenomena  in the field of  ship  hyclrodynamics. Since
 Babai' and  Taneda  et al.E) independently pointed out  its
importance,  many  investigations have been  made  to
clarify  the mechanism  of  the breaking  waves.

  Kayo  et al.3) carried  out  a  flow visualization  test
arouncl  a bow. They  explained  that  a  shear  flow might
exist  on  the free surface  and  the shear  flow had  a
significant  effect  on  the  formation of  the bow  breaking
waves  and  vortica]  motions.  Takekuma  et  al.`) rnade  a
simillar  conclusion  and  they reported  that the  intensity
of  the vortical  motions  around  the body with  a shall-
ower  draft was  larger than  that with  a  deeper  clraft.
Experimental observation  for this clraft effect was  

also

carried  out  by Ogiwara et  al.S' and  they  reported  that
the vortex  motions  were  mainly  generated by the flow
above  the  stagnation  point on  the body surface.  Miyata
et  al.6) explained  that  overturning  of waves  generated  a
necklace  vortex  of which  intensity depended on  the
strength

 of  the overturning  motion.  They also  reported

that the vorticity  generated by the breaking waves

spreaded  forward  by the movement  of  wave  front and
backwarcl by diffusive effect.  However, Mori') deduced
that the free surface  curvature  playecl a  role  to generate
a  vorticity  on  the  free surface  anci  the vorticity  could  be
one  of  the  sources  of  the  necklace  vortex.  He  inves-
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tigated the curvature  effect  of  the bow  using  a circular

cylinder  and  an  elliptic  strut. According to his experi-
mental  results, the bow  with  a larger curvature  (elliptic
strut)  generated  rnore  intensive wrinkle,  which  was  a

kind Qf free surface  instability, than  that generated by
the bow  with  a  smaller  one  (circular cylinder)  at  the
same  speed.  Matsui et al.B) also  showed  that  the curva-

ture of the vertical  strut  affected  the bow  breaking
waves.

  In this paper, the  characteristics  of the vorticity

generated on  the free surface  around  struts  are  studied

by a  numerical  simulation  method.  In order  to elucidate

the effect  of  the  vorticity  and  to exclude  the  effect  of  the
draft, simulations  are  carried  out  for the  struts  having
deep draft. The  effect  of  a  surface  tension is neglected
for the simplicity.  To  investigate the  curvature  effect

of  the bQw, three clifferent struts  having NACAOO05,
NACAOO08  and  NACAOO12  sections  are  used.  Some
investigations concerning  the effect of  free surface

bounclary treatment  and  gricl density around  the free
suriace  are  carried  out. The  computecl  wave  profiles
are  comparecl  with  experimental  data.

          2. CemputationalMethod

  2. 1 Geyerning  equations  and  ]umerical  scheme

  Three  dfrnensional laminar incompressible NavierL
Stokes (NS) and  continuity  equations  are  employecl

for the present numerical  study.  These governing  equa-

tions  are  written  as  follows ;
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Fig.1 Co'ordinate  systems  and  generated  grid  near

      body  at  horizontal plane ; NS12.
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where,  Ces, v, tv) are  the  velocity  components  in (x, y, z)
-directions

 in the  Cartesian co-ordinate  systern  as

shown  in Fig, 1; x  in the uniform  flow, y in the  lateral

and  z in the vertical  directions respectively,  The  origin

is located at  the leading edge  of  the strut  on  the  undis-

turbed  free surface.  ip, P, Rit, Fn and  Rn are  modified

pressure, pressure, atrnospheric  pressure,  Froude num-

ber and  Reynolds  nurnber  respectively.  All the vari-

ables  are  nondimensionalized  by  a  uniforrn  velocity

(Uo) and  a length of  the strut  (L).
  The basic concept  of the solution  algorithm  is based

on  the MAC  method.  A  finite difference method  is

represented  on  a  regular  grid system.  So all the vari-

ables  are  defined on  the  grid  nodes,  The first order

differencing of  the time derivatives in NS  equations  is

used  for an  explicit  advencement  in time. The
convective  terms  in NS  equations  are  descretized by the

third order  upwind  scheme  while  the first order  upwind

scheme  is used  on  the boundaries. All the  other  spatial

derivatives are  descretized by the second  order  central

differencing scheme  except  the boundary points while
oneside  differencing scheme  is introduced on  the bound-
aries.

  2.2 Grid generation
  A  numerical  co-ordinate  transformation  is introduc-

ed  into the  body  fitted co-ordinate  system  to sirnplify

the  computational  domain  and  to facilitate the  imple･

mentation  of boundary conditions.  CiH  type  grid is

employed  for the  present cemputation.  C-type  grid  is

generated by  using  geometrical method9]  and  the whole

grid system  is obtainecl  by  stacking  them  in the vertical

direction algebraicalry.  The  grid  topology  near  the

bedy  at  a  horizontal plane  and  the curvilinear  coTor-

dinate system  are  shown  in Fig. 1. The  g-axis of  the

body  fitted co"ordinate  system  coincides  with  the z-

axis.  The grid  lines are  clustered  near  the bedy and  the

free surface  to simulate  properly the free surface  and

vlscous  lnteractlen.

           3. Boundary  Conditiong

  3. 1 Free sllrface  boundary  conditions

  A  viscous  free surface  boundarv cundition  can  be
represented  by  an  equilibrium  of  stresses  on  the  free
surface  as  equation  (3>;
   ovnj=a:-,nj  (3)

   oij;  -p6ij+ Rl. ( Oox"i. +  
Oox"f

 )
where  oi,･, a:･j, nj  and  6ij are  fluid stress  tensor, external

stress  tensor,  unit  outward  normal  vector  to the free

surface  and  Kronecker delta respectively  in the  Car-

tesian comordinate  system.  Assuming no-surface  ten-

sion  and  no-shearing  stress,  equation  ( 3 ) can  be  rewrit-

ten  as  follow;

    a,vnjni=1l!t  (4)
    a"njtE=O  (5)
where  ti is unit  tangential  vector  to the free surface.

Finally, the  following equatiens  can  be used  as  a

dynarnic free surface  boundary condition  assuming  that

the viscous  stress in the  normal  direction to the  free

surface  can  be zero.

   di=± Fhn2
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where  h, nx,  ny  and  ne  are  wave  height and

components  of the unit  outward  normal

free surface  respectively.  Solving above
equations  (equation( 7 ))
ity components  can  be  calculated.

  The no-shearing  stress conditien  leads a

of  the vorticity  on  the free surfaceiO). The

vonicity  is perpendicular to the  streamwise

and  the strengh  of  the vorticity  is
   w==2ksqs

where,ks  and  qs are  the curvature  of  stream

streamwise  velocity  on  the  free surface

Equatien (8) means  that  the  curvature  of

surface  can  generate the  vorticity  if the

velocity  is not  zero.

  A  zero-gradient  extrapolation  for the

cemmonly  used  on  the free surface  because
simplicity.  In the present  computation,  the

approaches  are  compared  together.

(6)

(7)

                 (x, y, z)-
             vector  to the

              simultaneous

on  the free surface,  the veloc･

generatlon
axis  of  the

  direction

     (8)
   line and
respectively.

   the  free
 streamwrse

velocity  is

   of the

above  two

  The free surface  lecation can  be calculated  by  satisfy-

ing the kinematic free surface  boundary  condition

(equation(9 )) which  represents  that  the  fluid particles
of the free surface  always  remain  on  it. Equation(9)  is
clescretizecl by  the  third  order  upwind  scheme  in the

present study.
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  3. 2 Other bollndary conditions

  The  uniform  velocity  and  zere'wave  elevation  arc

used  as  an  upstream  boundary  conditien.  A  symmetry

cenditiun  for all the variables  retated  to velocity,  pres-

sure  ancl  wave  height is imposecl at  the  symmetric  plane
on  the  half-C clomain. On  the  body  surface,  no'slip

condition  is imposed  and  the  wave  height is linearly

extrapolated.  Asa  deep draft is assumed  in the present
computations,  the  bottom  of the strut corresponds  to

the bottom boundary, A  zero-gradient  extrapolation  is

used  as  a  bottom boundary condition.

  Sometimes, improper  bounclary conditlons  give some

nurnerical  troubles  such  as  reflection  er  oscillation  of

waves  on  the outer  boundarie$'i). However,  a  simple

zero-gradient  extrapolation  can  be acceptable  to inves-

tigate the flow near  the body  because the  outer  bound-

ary  or  the grid arrangement  around  the  far field region

does not  affect  so  much  the  fiow near  the  body  when  the
computational  domain {s large enough.  In the present
computations,  a  simple  zeroTgradient  extrapolation  is
used  on  all the outer  boundaries.

   4. Numerical  Simulations and  Discussions

  4. 1 Computational conditions

  Several computatiens  are  perforrned for the  three
different struts  having  NACAOO05,  NACAOO08  and

NACA  OO12 sectiens  (called NS  05, NS  08 and  NS  12

respectively  hereafter). Computational domains are

-2.0KxS4.0,
 O.Ogyg2,O  and  -1.0SzShmax  

'for
 all the

computational  cases, Computational conditions  for the
standard  cases  are  listed in Table1.  These  standard

conditions  are  chosen  through various  test computa-

tions, The  results  fora  half of  time  incrernent and  of

minimum  grid  spacing  give almost  the  same  results

with  the standard  cases.

  In the  present computations,  the flow is accelerated
from  a  rest  condition  to the uniform  velocity.  The flow
acceleration  rnay  affect thebow  wave  forrnations. For
instance, a  sttdden  acceleration  may  lead strong  oscil-

latory motion  or  overturning  of  wave  around  a  bow.  In

order  to avoid  such  a  strong  wave-breaking,  the fiow is

slewly  accelerated  up  to nondimensional  time T=5.0 in
the  present computations.  Fig. 2 shows  one  exarnple  of

Table1 Computationai cenditions  for standard  cases.

Rn=50eORn=10000and40000
Gridnumbers
-e-dlrectien 91 110
-n-directlon 45 50
-<-direction 20 20

Min.gridspacings
.A4 O,O05 o.oos
-Ail O.O02 o.oe2
-AC O.OO15 O.OOI

TimeincrementO.OOI O,OO05

the  time  history of  a  bew  wave  elevation  for NS  D5 at
Rn=5000  and  Fn--O.30. The bow  wave  reaches  to the

steady  state  after  the  acceleration.

  ,L  2 Vortical motions  around  bows

  Fig. 3 shows  time  evelutions  of  the  bow  wnve  ferrna-

tion at center  plane during the acceleration  for NS  05 at

Rn=5000 and  Fn=e.30. Schematic view  of  the bow
wave  at center  plane is shown  in Fig. 4. The 

"Zone-I"'

is the part  ahead  of  the bow  where  the  free surface  has

smooth  concave  curvature.  Through a  sharp  change  of

the curvature,  the  fiow enters  
"Zone-

 II" where  the  flow

may  not  be stabie.  The  
"wave

 front" is a  border  of

these two  zones'].  At  T=3.0  in Fig,3, counter-clock-
wise  vorticity  (dottecl lines) falls appearing  on  the
free surface  which  has concave  curvature  (Zone-I).
The  vorticity  is generated  on  the  free surface  to satisfy

the no"shearing  stress  condition(equation(8)).

Increasing the upstream  velocity,  the  curvature  of  the

free surface  and  the  strength  of  the vorticity  increase

together. Around  Ti=4.0, a sharp  change  of the curva-

ture  appears  obviously  and  the  peak  of  the vortic{ty  is
located just beneath the free surface  around  there,

however no  significant  reverse  flow is observed.  The
flow reaches  to the steady  state  graclually after  the
acceleration  (T=5.0).
  Fig.5 shows  the vorticity  (toy) distributions on  the
free surface  at  center  plane. Wave  height(h) and  the

streamwise  velocity  (qs) on  the  free surface  are  plotted

together, The  peaks  of  the  vorticity  are  located en  the
free surface  having  concave  curvature  (Zone-I) as

indicatecl by  dotted arrows.  According to the no-shear-

ing stress condition  (equation( 8 )), the vorticity  on  the

free surface  can  be expressed  as  the  product  of  the free
surface  curvature  and  the strearnwise  velocity.

Although the wave  front has a  larger curvature  than
that of  the  concave  surface  (ZoneTI), the vorticity  is
smaller  at  the wave  front because the streamwise  veloc-

ity becomes  smaller  arouncl  there. This is the  reason

why  the counter'clockwise  vorticity  occupies  the  region

in front of  the bow.
  The  rnodel  with  larger curvature  (NS05) intensifies
the concave  curvature  of  the free surface  and  generates
stronger  vorticity  comparing  with  other  models  (NS 08

h

O.04

O.02

o 10 T(time)

Fig.2 TIme  history of  bow  wave  elevation:  NS12,

      Rn  =t  50eO, Fn  =:  O.30.
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   wave  forrnation

Rn  =:  5 O(}O. Fn  =-T  O.30.

distributions

atBo"

and  NS  12). This situation  is cleary  seen  in Fig. 6 which

shows  the vorticity  (cey) ancl  velocity  distributions at

center  plane in front of  the  bows  of  the  three  models.

The  model  with  rarger curvature  (NS 05) generates the
most  intensive Vorticity. The peak  of  the  vorticity  is

2

D

    
-O,1

 , Bo"

Fig.5 Comparison of  vorticity  (wy), wave  prefile (h)
      and  streamwi$e  velocity  (qs) on  the free surface

      at  center  plane,  T=l5.0.

Iecated beneath the free surface  around  the wave  front

for each  struts.

  Fig.7 shows  the velocity  distributions on  the free

surface  around  the bows. The  wave  front line of  NS  05

is clearry  ebserved.  Decreasing the  curvarure  of  the

bow, this line goes  away  from the body and  becomes
weak.

  These  results  may  give sorne  explanations  to the
finding of Mori'] who  showed  that  the bow  with  a Iarger
curvatttre  (elliptic strut) generated more  intensive
wrinkle,  which  was  a kind of  free surface  instability,

than that generated by the bow  with  a smalrer  one

(circular cylinder)  at  the  same  speed.  He  explained  that
the  reason  might  be the  different curvature  of the free
surface.

  Figs. 8 and  9 show  the  vorticity  d{stributions beneath

the  free surface  around  the  bows. The  distance from

the  free surface  is about  O.O05. The  vorticity  distributed
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Fig. 7Computed  velocity  vecters

for NS05,  NS08 and  NS12
sooo, Fn=o.3o,  T=ls.o.

on  thefromfree surface

above,  Rn=

  x  O. 15 -e.1
 x  o, ls

            (b} NS12

Vorticities (w=, evg)  distribution$ beneath the
free surface  ; NS05  and  NS12, Rn=5000, Fn=O.3,
T=15,O (contour interval=5.0).

aside  from  the bow  of  NS  12 is more  intensive than  that

of NS  05, although  the strength  of the vorticity  of  NS  12
is less intensive at  center  plane. Due  to the  viscosity  of

fluicl, the vorticity  is diffusecl. On  the other  hand, even
a  slight  vorticity  can  form an  intensive vortex  because
of  the stretching  of vortex  tubes,  which  is mainly

caused  by  a  local flow acceleration.  The  local flow
acceleration  of  NS12  is Iarger than that  of  NS05
around  the side  of  the bow, This situation  is ctearly
observed  at  a  higher Reynolds number  flow in Fig.9.
This result  is similrar  with  the  result  by  Mori'} who

explained  that  the  necklace  vortex  of  the  bow  with  a
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srnaller  curvature

sive  than that  of  the

strut)  aLthough  the fiow

bow  of  the

the circu]ar  cylin

  It can  be cencluded

relationship  with  the

curvature,  especially

sources  of  the  vortica]

  Fig. IO
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        (circular cylinder)  was  more  inten-

           bew with  a  larger one  (elliptic
            on  the  free surface  aruund  the

 elliptic strut  was  rnore  unstable  than  that of

      der as  mentiened  before.
           that the bow  shape  has strong

           free surface  curvature  and  this

           concave  shape.  is one  of  the

            fiows around  the  bow.

show$  the  effect  of  Froude number  for NS  05

wt

 .t:.71.
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a. 15
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y
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Fig.9

e,o
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O. 15
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               o.o
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             (b) NS12

Same  as  Fig.8; Rn=1000e,

(contour intervar=5.0).

-LO

: O. 15

1

Fn=O.30,

"

T=

LO

a. 15

15.e

at  Rn=5000. Increasing Froude  number,  the vortical

flows becorne more  intensive and  the  gruclient of  the

wave  prefile in front of  the bow  becomes steep.  Strong

reverse  flow uppears  at  a  higher Froude number  flow

(Fn=:O,35) arouncl  the juncture of  the free surface  and

the  strut  It can  be expected  that  these  vortical  mutiuns

may  become  more  intensive at  a  rnuch  higher Froude
number  flow and  eventually  the motions  may  rnake  the

flow unstable.

  Fig. 11 shows  the effect  of the dynamic free surface

boundary condition.  In case  of  the zero'gradient

extraporation,  the cornputed  wave  height at  the bow  is

almost  the same  value  as  the  position  head at a  stagna-

tien  point  for {nviscid fluid. On the other  hand, the
introduction of  the no-shearing  stress  condition  makes

the  counter-c]ockwise  vorticity  more  intensive and  the

wave  height decreases. This means  that  the energy

accumutated  around  the wave  crest is consumecl  by  the

generat{on of  the vorticity,  In case  of  a  lewer  Froude

number  fiow (Fn=O.25), however, there are  no

significant  difference between  the results  as  seen  in Fig.

12.
  It can  be pointed out  that  the  no-shearing  stress

condition  on  the free surface  plays an  important role  to

generate the vortical  motions  in case  that  the free

surface  curvature  is large,
  4.3 Grid dependence

  Grid depenclence on  the vortical  motions  is investigat-

ed  for NS  l2 at  Rn=5eOO  and  Fn=:O.30. Fig. 13 shows
the effect  of grid density in the vertical  direction around

the free surface  ; minirnum  grid spacings  (Ag) are  O.OOO
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O.05

z

-. 05

   (a}
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Bow --.05 x Bow -.05  x Boor -. 05

        (b) Fn=O.25 (c) Fn=O.30 (d)

  Fig.10 Sarne as  Fig.6:effect  of  Froude number;

         NS05, Rn=  5000, T=15.0  (contour interval=10.0)

x
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75, O.OO15 and  O,O03 respective]y.  In case  that  tis' equals

to O.OOI], the vortical  motions  do not  fu]}y develop. On
the  other  hand, the vortical  motions  develep well  for
other  two  cases  and  a]most  the same  results  are

obtained  for these twQ  cases. Fig.14 shows  the grid
dependence  in the  norrnal  direction to the body surface.
The total grid  numbers  are  91× 20× 20, 9rX45 × 20 and

91 × 65 × 20 respectively  in the sume  computational

domain as  mentioned  before. The minimum  grid spac-

-LO

O. 05

 z

o.o
 O. 05

-O.05 xBow

z

o.o

-1.0

--O.
 05 xBow

29

ing in the normal  direction tn the  body  surface  and  the

grid density in the vertical  direction are  the same  for al]
the cases  (ds'=O,OO15 and  au=,O,O02). These  results

show  that  the  grid density huve  a  strong  inHuence on  the

vortical  motions;the  coarse  grid can  not  detect the
vartical  motions  well.

  4.4 Comparison with  experiment

  To  vatidate  the  present  computatiens,  an  experiment

was  carried  out  for the NS  12 model  at  the circulating
water  channel  of  Hiroshima  University. The length and
draft of  the strut  are  O,15m and  O.50m respectively.

Wave  profiles on  the body surface  were  measurecl  by use

of  an  image  processing  system  developeci at  Hireshima
UniversityiZ). To remove  the  surface  tension,  a  sur･

factant was  used]U}.

  Fig. 15 shows  the comparison  between the computed
and  measured  wave  profiles on  the body surface.  The
computed  results  give  good  agreement  with  the experi-
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Fig. 15 Comparison between computed  and  measured

       wave  profiles on  the body surface  ; NS12,  Fn=

       O.25.

mental  one  except  near  the  wave  trough. The  reason  of

this difference rnay  be that the flow around  shoulder

part of the blunt model  is complicated  inclucling strong

bubbly wake  flow called  shoulder  wave  breakingi`L To
cletect this cemplicated  flow, much  finer grid  must  be

used  with  some  special  treatment  on  the free surface

such  as  a  free surface  turbulent  model.

            5. ConcludingRemarks

  Some  characteristics  of the vortical  motions  on  the
free surface  are  numerically  investigated. Three
different struts  are  used  to investigate the curvature

effect  of  the bow.
  Findings through  the present study  are  summarized

as  follows ;

  1) In front of  bow,  the vorticity  is generated to
satisfy  the  noushearing  stress  condition  on  the free

surface  and  the  vorticity  induces the  vortical  motions

beneath the  free surface  when  the  free surface  curva-

ture is large.

  2 ) The bow  with  a  larger curvature  intensifies the

concave  curvature  ef  the  free surface  and  generates
stronger  verticity  than  the  bows  with  srnaller  curva-

ture.

  3) Grid density around  the free surface  is one  of  the

important computational  parameters  ; ¢ oarse  grid can

not  detect the vortical  fiows beneath the free surface.
  The authors  express  their appreciation  to Prof, K,
Mori at  Hiroshima  University for his variable  discus-
siens  and  thanks  are  extended  to Dr. S. Ninomiya,
research  associate  at  Hiroshima  University, for his help
for the  experiments.
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