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Summary

 This paper concerns  investigation on  effective  turbulence  models  for predicting tanker  stern  fiows, Objectives ofthe  present
work  are  twofoid:  i.e., (1) perforrn detailed evaluation  of  two  equation  models  that are, at present, most  widely  accepted  in

numerical  ship  hydrodynamics; and  (2) investigate feasibility in extending  the rnodels  for more  accurate  and  effieient

mathematical  forms. The ad-hoc  approach  on  simple  zero  or  one  equation  model  is nDt  of  inteTest in the present work.

Instead, effbrt  will  be fu11y focused on  models  that offer  consistency  with  flow physies and  possibly universal  validity.  The

CFD  code  used  in the present study  is FLOWPACK  version  2006, which  was  developed by the authors  and  its eapability  has

been validated  through  detailed studies  in past years. In particular, three turbulence  models  are  investigated in the present
study,  i,e., the blending k-a)tk-s mocleL,  the Shear-Stress Transport model,  and  the near-wall  (or Low-Reynolds nurnber)
modification  model.  In the fo11owing, an  overview  is given ofthe  present numerical  method,  amd  results  are  presented ind

discussed for SR]96  series  tanker and  KVLCC2M  tanker  hull forms including detailed comparisons  with  available

experimental  data. Lastly, some  concluding  remarks  are  made  conceming  limitations, requirements,  and  prognosis  for
improvements ofthe  present turbulence  models.

1.Introduction

 As  recent  advancement  of  inforrnatien technology  continuously

expands  capability  of  Computational Fluid Dynamics  (CFD), the
Reynolds-averaged Navier-Stokes (RaNS) equation  solver  has

matured  to the point where  it is widely  accepted  as  a  key tool for

predicting ship  boundary layer and  wake  fiows. However, choice

of  appropriate  turbulence  model  is still a  point of  concern,  as  that

has been a  long-lasting issue discussed in CFD  workshops  since

1980's i}'S).
 The sel ¢ ction  of  sufficiently  accurate  mathematical

model  must  depend on  complexities  of  flow to be resolved.  In

predictien of  thin beundary layer flow, the emphasis  will  be on
relatively  simple  rnodels  that provide  results  with  low

computational  costs;  however,  more  complex  mQdels  will  be

required  foT detailed prediction of  thick boundary layer and  wake

flows, andfor  flows with  secondary  swirling  motion.

 Closure  models  based on  the solution  of  transport equations  are

w{dely  accepted  for industrial applications.  Eddy  viscosity

models  typica]ly use  two  equations  for turbulent kinetic energy  k

and  the dissipation rate  s, or  a  pair of  equivalent  equations.  Since
early  1990's, simple  k-E or  algebraic  modeLs  have shown  to be
fairly satisfactory  for predicting thin boundary iayer flow  around

slender ships;  however, the difficulties soon  appeared  in
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predicting tanker stem  wake  which  involves enhanced  stern  bilge

vortices  and  associated  wake  deformation. Thcr above-mentioned

CFD  workshops  were  organized  to identify the issue, and  it

finally appeared  that turbulence model  is the most  respensible  for

the problem. At present, q consensus  of  code  developers is to

avoid  ad-hoe  approach  on  simple  models  that easily  loose

physical consistency,  but carry  out  fUrther investigation and

validation  of  sufficiently  accurate  mathematical  forms from  high

fidelity models  (e.g., Reynolds-stress models)  through  more

costless  two  equation  models  with  effective  corrections,  Focus  of

the present study  is more  on  the latter.

 Objectives of  the present work  are  twofold: i.e., (1) perfbrm
detailed evaluation  of  two  equation  models  that are,  at  present.
most  widely  accepted  in numerical  ship  hydrodynamics;  and  (2)
investigate feasibility in extending  the models  for rnore  accurate

and  efflcient  mathematical  forms. As  claimed  earlier,  the ad-hoc

approach  en  simple  zero  or  one  equation  model  is not  of  interest

in the present work.  Instead, effort  will  be fuILy fbcused on

models  that offer  consistency  with  flow physics and  possjbly
universal  validity.  The computational  grid is generated by using

the authors'  in-house gridding  seheme  with  great care  fbr
resolution  ancl  orthogonal  quality. Indeed,  required  resolutien  of

computational  grids has been discussed through  the recent  CFD

worKshops,  Especially for detailed evaluation  of  turbulence

model,  it appeared  that grids in order  ofone  mMion  are  necessary

to avoid  misLeading  conclusion  due to the grid dependency of

results.  The CFD  code  used  in the present study  is FLOWPACK

version  2006, which  was  developed by  the authors  and  its

capability  has been validated  through  detailed studies  in past

years. In particular, three turbulence  rnodels  are  investigated in

the present study,  i.e., the blending k-di/lac mode16),  the

Sear-Stress Transport mode16),  and  the  near-walL  modification
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mode17).  In the fo11owing, an  overview  is given of  the present
numerical  method,  and  results  are  presented and  discussed for

SR196  series  tanker and  KVLCC2M  tanker  hull forrns including

detailed comparisons  with  available  experimental  data. Lastly,

some  concluding  remarks  are  made  concerning  limitations,

requirements,  and  prognosis  for improvements of  the present
turbulencemodels.

2. 0verview  of  CFD  Method

 FLOWPACK  version  2006 is used  fbr the flow simulation.

The code  has been developed by the authors,  partieularly fbr CFD

education  and  research,  and  design applications  for ship

hydrodynamics, aerodynamics,  and  fluid engineering,  In the

transition for design applications,  complete  multi-block  demain

decomposition, autematic  grid generation scheme,  and  CAD

interface are  included. At present, FLOWPACK  has tight

interface with  both the commerciar  and  the authors'  in-house grid

generators.

 The numerical  method  of FLOWPACK  solves  the unsteady

Reynolds-averaged Navier-Stokcs and  continuity  equations  for

mean  velocity  and  pressure, Zero  or two-equation turbulence
model  {s used  for turbulent fiow calculation.  The equations  are

transformed  frem Cartesian coordinates  in the physical domain to
numerically-generated,  boundary-fitted, non-orthogonal,

curvilinear  coordinates  in the computational  domain. A  partial
transformation  is used,  i,e., coordinates  6ut not  velocity

components.  The equations  are  solved  using  a  regular  grid,

finite-analytic spatial  and  first-order backward difference

temporal  diseretization, and  PISO-type pressure algorithm.

FLOWI}ACK  is able  to consider  wavemaking  efTects  by  using

free-surface tracking approach.

 Detailed  validation  studies  have been done for transition of  the

CFD  method  to industrial design field, through  applieation  to

geemetries and  flows which  are  theoretically andlor

experimentally  well  understood  andlor  well  known  test cases.

Tahara et  al.g} concerns  detailed investigation on  appropriaie

turbulence  model  and  near-wall  flow modeling,  with  panicular
emphasis  on  eliminating  Reynolds number  (Rn) limitation of

CFD.  At present, ship  fu11-scale flow simulation  (i,e.,
Rn-O(109)) considcring  surface roughness  effects is possible.
Tahara et  al.9) is related  to evaluation  of  accuracy  in predicting
ship  viscous  free-surface flow and  propulsive performances,
where  selfpropulsion  simulation  scheme  was  implemented into
CFD.  The  present  method  was  also  applied  to CFD-based

ship-hull-form  optimization, and  the related  documentations are

available in Tahara et al.iO)'i2). For further applications  to

general  fiuid engineering  and  aerodynarnic  designs, see

Refs.13)-IS>,

3. Turbulence Models

 In the fo11owing, an  overview  ofthe  present turbulcnce  model  is

given, In particular, three turbulence  models  are  investigated in

the present study,  i,e., the  blending k-tulk-e model  and  the

Shear-Stress Transport moder,  both of  which  were  originally

proposed by Menter6), and  the near-wall  (or low-Reynolds

number)  modification  model  proposed by Wilcox7).  Hereafter

wherever  necessary,  these are  referred  to as  BSL  rnodel,  SST

model,  andNWM  model,  respectively.

E=tanh[[ t-ax( ) ]l
`

)
CDk. == max(2a.,  2J i:El aa,e ,io'20)  (s)

where  (S is the distance to the next  surface.  Let gbi represent

any  constant  in the original  k-to model,  ¢ z
 any  constant  in the

transforrned kLs modeL  and  ip the corresponding  constant  ofBSL

model,  then  the relation  between them  is:

3.1 Blending k-tu ilt-e model  (BSL: Baseline Model)
 Pethaps, BSL  model  of  MenteTe} is the most  popular turbulence

model  in recent  numerical  ship  hydrodynamics community.  The

basic idea of  Menter  is relatively  straightforward,  i.e,, to achieve

beth the advantage  of  k-a) model  in thc  sublayer  and  Logarithnic

part of  boundary layers and  freestream-independence of  k-s

model  in the wake  region  and  free shear  layers, A  blending

function Fi is introduced, such  as  adding  the original  k-to model

times  Fi to k-E model  times  (1-FT), which  is transformed  to k-co

formulation. Finally, the formulation ef  BSL  model  is given as

foILows,DDkt

 ==  T, 
OaU.,i

 -fi'ka)+ zi:, [(v+cT,v,)8k,] 
(1)

D.to,

 =fT.  
O,U,,'
 - f3toi +  £

,

 [(v + a.v,)ge]

     +2(i-E)a.,; £E. :. (2)

and  v, =k  (3)
            to

where  T.. is Reynolds stress  tensor. The blending function Fi is
       u

given by

         .i  Vff .500v,4a.k  (4)

The  sets  of

da

ip-]FIof+(i-Ela

      ipi and  g2z are:

a,,=O.5,  a.  =O.5,  A=           '
17' =  O.09, K  =  O.41

IT - ,(Z 1fi' - a.,rc2  /V7}X'

O,0750

    ak2  
==

 1･O, a.2  
=O.856,

 A  
=O.082s

ip2 rs*=O.09,K=O.41

    1! =i,rs2/fi'  - odi2rc2/V);'

(6)

(7)

(8)

3.2 Shear-stress transport  model  (SST Model)
 In Menter6), the Shear-stress Transport  model,  i.e., SST  model,

is also  proposed. This  is a modified  model  ofBSL,  by  introducing ･

an  idea to correct  eddy  viscosity  based on  Bradshaw's assumption,

i.e,, Reynolds  stress in a boundary layer is proportional to the

turbulent eneTgy  k. The  values  of  ipt in SST  model  have to be

changed  so  that:
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    a,,  =O･85,  o.i  ==  O.5, A  =o.o7so

                                                 (9)
    X7' =  O.09, K  = O.41q

    k  =  ia /,B' - a.,K2/V7i;

"t=ma.(.",ii;nF,)  
(1O)

4=tanh(Imax(2 o.o'figl.6; 
5tiO,
 :; )1

2

) (i
 
i)

            is a  model  constant  originally  used  by Menter,  and

      the absolute  value  of  the vonicity  vector.  In practical

          , this model  is expected  to show  better perfbrmance in

                        It is known  that different values  will

       for the model  constant  ai depending on  condition  of

       In the present study,  two  values  are  considered  for ai, i.e.,

       and  ai=O,  1 S5 (a half of  the originally  used  value),  and  the

      from these values  are  referred  to as  SST-1 and  SST-2,

                 cation  model  (NVVM Model)
         proposed another  idea to modify  the original  k-to

whereai=:O.31

9  isapplications

flow with  swirling  metion,

be usedfiows.afO.31resultsrespectively.

3.3 Near-wall modifi

 Wilcox7}

model.  It will  be more  universal  turbulence  model  if  both

transitional regions  in boundary layers and  fu11y turbulent  regions

are  accounted  for. The Near-wall modification  (NWM) model  is

then  derived, by  modifying  the medel  constants  in the original

k-tu model.  Turbulence  Reynolds  number  ReT  is a  key parameter
in the rnodification,  For incompressible flows, the NWM  model  is

giyen byDDk,

 =r,  
OaJ.;
 
-fi'km+

 £
,
 [(v+a'v,)kk,] 

(12)

D.a,)

 -  ,, {7 .,  
a..y:
 
-fu2

 .  si, [(. .ov,):if7]  
(i3)

               .k

and  v,  =aL  (14)
                 tu

The parameters a',cr,  and  13' are  closure  coefficients  whose

values  are  given as  fbllows:
                '

          cx*-ao+Re.,/Rk
 (1s)

             
-
 1+Re,,/Rk

          `X =  il'alO++RR,?lt!RR.w 
-(cr')'i

 
(16)

           . 9 5f18+CRe,fR,)4 (17)
          

fi
 

=1001

 1+ ReT/'Rfi 
4

Sul]sequently, the related  variables  are  definedby 
'

)e 
=  3!40, aS  =  cr  = 1!2, Re. =  k!cvv

a,'  =  fi13, a,  :-  111O

Rfi ==  8, R, =6,  R. =  2,7

(18)
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       4. Uncertainty Assessments and  Accuracy  in Resistance

                          Predictio"

     In use  of  CFD  methods,  uncertainty  assessment  must  be

    prQvided for the solutions  and  computational  grid. This is

    irnportant to ensure  reliability  of  CFD  method  that is used  in

    evaluation  of  different turbulence  models.  In the fo11owing,

    uncertainty  inforrnation of the present CFD  wil!  be given. The

    data are  mainly  from the latest work  of  the authors,  including

    results  from the same  RafgrS code  and  gridding method  along  with

    the similar  size  of  computational  grid as  those used  in the present
    study.  

'

 CFD  uncertainty  assessment  copsists of  yenfication,  validation,

and  documentationi6}'i7). simulation uncertainty  Ulr is divided into
two  components,  one  from nurnerics  Usk and  the other  from

modeling  UsiM. The Usity, is estimated  for both point and  integral

quantities and  is based upen  grid and  iteration studies  which

deterrnine grid UG  and  iterative Ul uncertainties.  A  roet  sum

square  (RSS) approach  is used  to combine  the components  and  to

calculate  Ukit,, i,e., bkN2=Ud2+L}2. CFD  yaLidation  fo11ows the

method  of  Stern et al.i6) and  Wilsen et  al.i7), in which  a  new

approach  is developed where  uncertainties  from both the

simulation  (US) and  Experimental  Fluid Dynamics  (EFD)
benchmark  data (Ub) are  considered,  The  first step  is to calculate
the comparison  error  E  which  is defined as  the  difference between

the data D  (benchmark) and  the simulation  prediction S, i,e.,

E=D-S.  The  validation  uncertainty  Uv  is defined as the
cornbination  of  Clb and  the portion ofthe  uncertainties  in the CFD

simulation  that are  due te numerics  UbN and  which  can  be

estimated  through  verification  analysis,  i.e., u"2=  cfp2+usig2. uy

sets the ]cvel at which  the validation  can  be achieved.  The

criterioll  for validation  is that IEI must  be less than  Uy. Note that

for an  analytical  benchmark, [lb is zero  and  UF  is equa]  to UsiF.

Validation is critical  for making  improvements andfor

comparisons  ofdifferent  models  since  CllsN is buried in UF.

 The above-rnentioned  was  applied  to evaluate  the present CFD

rnethod.  Table 1 shows  uncertainties  and  errors  for total

resistance  for KVLCC2M  towing  condition  (Fn=e and

Rn=3.96xle6, where  Fh  and  Rn  are  Froude number  and  Reynolds

number  based on  medel  LRp and  fiuid properties in experirnental

facility). The measured  data were  presented in Ref5). The  size

of  computational  grids is al)out one  million  for a  half side  (the
starboard  side).  The grid uncertainty  Ub  is taken  from the

authors'  previous werk9)  (where the size  ofcomputational  grids is

1,250,OOO and  smaller  grid is prepared by using  refinernent  ratio

r=E;  the  order  of  accuracy  PG  is 1.7, which  is given  by thc

preyious experience,  and  the correction  factor is given as  CG=O.8.

For  CG=O.8 considered  as  sufEiciently  less than  1 and  lacking

confidence.  For detailed definition of  the variables,  see

Refs,i6}'i7) or  ITTC  - QuaLity Manual  4.9-04-Ol-Olig)).  The

variation  in the total resistance is O.5%D  over  the last period of

oscillation. i.e., U}=O.5%D. Finally, Cfp=O.7%D  and

L(siiv;2.06%D yield Urf2.1%D.  Four  results  are  shown  in the

table, and  result  for SST-2 is Ei-r 1.994tiD. Hence, the CFD  result

for SST-2 is validated  for the indicated U"  level, On  the other
hand, the  discrepancies offrictional  resistance  from  Schoenherr's

fiat plate value  are  within  2%  for all models  considered  in the

present study.  NWM  and  SST-2 are  arouncl  2%  lower from the

Schoenherr's  value,  while  BSL  and  SST-1 are  2%  higher. The

variation  of  frictional resistanee  is also  within  Usir, and  the similar
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trend  is seen  for both SRI96  series  tanker  and  KVLCC2M  tanker

hull forms. It will  be important to note  that improvements of

results  due to different turbulence  rnodels  can  be considered

significant  ifthe differences are  more  than UsiJ level.

Table  1: Uncertainties and  errors  for total resistance  coefficienL

KVLCC2M  test case  for towing  condition.  Fn=O  and  Rn=

3.964xlo6.

Uncertainties
UD(O/oD)UG(O/.D)UI(O/,D)Uv(t/oD)

O.7 2.0 O.5 2.l
Errors

CFD(S) EFD(D)E(DloD)
BSLO.O0439 3.1

NWMO.O0450 5.6
SST-1O.O0444O.O04264.2
SST-2O.O0418 -1.9
'EFD(ExperimentalFluidDymamics-Measureddata)

for the latter is shifted  outward.  Consequently, the extent  of
"hoek-shaped"

 U  contours  for SR196C  is 1arger, which  is related

to the stronger  stern-bilge  vortices.  The  resultant  wake

distribution in propeller disk for SRI96C  is more  uniform.  This is
a  design concept  for this hull form, i.e., more  characterized

U-type sterm  yields more  uniform  propeller infiow and  less noise,

but a  drawback is more  resistance.

 In addition,  all hull forms considered  in the present study  have

similar  Reynolds-strcss  field patterns. In the propeller disk area,

peak value  of  ViE is o(lo'i u6), where  ub is the speed  of  onset

flow, and  the extent  of  contours  is clearly  correlated  with

mean-flow  distributions. The  norrna]  Reynolds-stresses  uu,  in?,

and  ww  show  similar  patterns as  the k values,  and  in fact, the
turbulence  is not  isotropic, i.e., the axial  stresses  is more  than
twice 1arger than the cross plane  stresses.  It is also  a general  trend

that the Reynolds stress  uv  is negative  in region  of  increasing
OUIay  , while  it is positive in region  of  decreasing aUfC!y
with  the largest values where  the gradient is the Largest. The

Reynolds stress  uw  is similar,  but correlates  with  OUf  az .

6. Results and  Discussion

       5. Test  Hull  Forms  and  General  FIoyv  Aspects

 In the present study,  the computations  are  performed for
SR196A,  SR196C,  and  KVLCC2M  tanker hull forrns. SR196A
and  SRI96C  were  selected  hull forrns in a domestic Japan joint
research  preject SR222  (Ref.i9), unpublished),  Differences

between the two hulls are only  on  afterbody,  i.e., A  and  C hull

fonns have more  characterized  V  and  U  type stern  fram,elines,
respectively.  Due  to regulations  of  SR222  (SR222 non-disclosure
agreements),  cxperimental  data are  not  directly shown  in this

paper; however, important flow aspects  displayed in the

measurements  are  described wherever  necessary,  Indeed, test

cases  for SRI96A  ancl  SRI96C  hull forms are  ofgreat  importance

to identify trends in fiow and  resistance  due to differences in stern

forrn.

 On  the other  hand, KVLCC2M  tanker hull fbrm was  one  of  test

cases  at the recent  CFD  workshep5).  This  is a replacement  of  the

ship  models  used  in the earlier  workshopsi)'4),  i.e., HSVA  tanker

and  KVLCC2  tariker hull forrns. Very  detailed experimental

data are  available  for public use  (see Ref.5) for more  details). It
is shown  in the experimental  data that KVLCC2M  tanker hull
forrn yields strenger  stern  bilge vortices  than  HSVA  tanker  hull

form and  the resultant  defbrrnation of  axial-velocity  contours  is
mere  significant. In the present study,  results  fbr KVLCC2M
are  used  to identify accuracy  ef  the  present turbulence  models

through  detailed qualitative and  quantitative evaluation  of  flow

andresistance.

 Next,  general flow features dispLayed in the measurements  are

discussed. The three tanker  hull forrns have sirnilar  flow

patterns in the propeller plane, i.e., flow is dominated by

afterbody  inboard rotating  bilge vortices  near  the centerplane,  that

is a  common  flow aspect  for recent  tanker hull forms. For all

hulE forms, so-called  
`[hook-shaped"

 axial-vclocity  (U) contours
aTe  observed  in the propeller section,  which  has been a  challenge

for CFD  to accurately  reproduce.

 Between  SRI96A  and  C hull forms, the stern-bilge  vortices  are

lager and  stronger  for the  latter, and  the location of  vortex  center

 In this section,  numerical  results  are  presented and  discussed.

Consider a  ship  fixed in the uniform  onset  fiow U.  
;(Uli,O,O)

 as

depicted in Fig.1. Take the Cartesian coordinate  system  with  the

origin  on  the undisturbed  free surface,  x  and  y axes  on  the

horizontal p]ane, and  z axis  directed vertically  upward.  In the

fo11owing presentation and  discussion of  results,  values  are

nen-dimensionalized  by using  speed  of  onset  flow C7b, fluid

density p, and  ship  length LRp. Note that x=O  and  1 correspond  to

FP  and  AP, respectiyely.

/Lfo

z

x

Fig.i : Definition sketch  of  coordinate  system.

6.1 Computationa}  grid and  conditions

 The yolume  grid is generated by  using  the authors'

CAD-interfaced automatic  gridding method.  The nurnerical

scheme  is based on  solutions  of  elliptic  equations,  which  are

solved  by using  exponential  scherne  and  method  of  lines. An

important concern  for automatic  gridding will  be robustness  to

practical complexities  of  hull surface.  Through  preliminarily
exercises,  the present scheme  was  shown  capable  for application

to modern  tanker hull forms, surface  combatants,  and  container

ships,  all of  which  are  selected  hull forrns in the recent  CFD

workshops4)'S}.  In. all  cases,  the grid orthogonality especially

near  the hull surface  is sufficiently  maintained.  This gridding
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scheme  was  also  demonstrated in the authorsi  recent  work  on

multi-objective  optimization  of  a  tanker hull formiO}. Fig. 2 shows
an  example  ofthe  grid. Overall grid topology  is the O-O  type, ancl

the outer  boundary is located around  a  ship  length away  from the

hull surface.  The grid shown  in the figure includes both pert and
staTboard  sides, which  enables  to account  for asyrnmetric  fiows

due to infiuences ofpropeller  action  andfor  drift metion,  For the

present study,  those effects  are  not  censidered,  therefore, only  a

haLf domain  grid is used.

 Indced, required  resolution  of  computational  grids has been

discussed through the  recent  CFD  workshops.  Especially for

detailed evaluation  of  turbulenee  model,  it appeared  that grids in

order  ofone  million  are  necessary  to avoid  
'misleading

 conclusion

due to the grid dependency of  results.  In the present study,  the

numbers  ofgrids  used  are  121xlOOxlOO  (=1,210,OOO) in the axial,

radial,  and  circumferential  directiens, respectively.  The

convergence  criterion  was  that the iteration uncertainty  of  total

resistance,  defined by a  half maximum  amplitude  in osciLlation  of

the solution,  be less than  O.5%  of  the averaged  value,  which  was

satisfied  within  10,OOO global  iterations in all computations

preformed  in thc present study.

 The computational  conditions  basically fbllow those for the
measurements,  i.e., averaged  Reynolds nurnber  Rn4,OOO,OOO  for
SR196A  and  C  tanker hull forms, and  Rn=3,945.000  for

KVLCC2M  tanker hull form. In addition,  wave  effects  are

assumed  negligible,  and  the waterplane  is considered  to be a

plane of  symmetry  (i.e,, Fbe=O condition).  As  mentioned  earlier,

the turbulence  models  
･employed

 in the present computations  are

the blending k-m/k-E model,  the Sear-Stress Transport model,  and

the near-wall  modification  model.  Results for those are  referrecl

to as  BSL,  SST, and  NWM  results,  respectively.  Fer SST  model,

results  for ai=O,31  and  ai=O,155  are  referred  to as  SST-1 and

SST-2 results,  respectively.

    I

xzesRy

 N.025.o.s.OJS

 .a

-a

Fig,2: An  example  fbr cornputational  grid. The topology  is O-O
type. In the present application,  only  the starboard  side  domain

is used  to simulate  symmetric  flow between the port and

starboard  sides.

6.2 Trends in flow field betweell SR196A  and  C  tanker hull

forms

 In the fo11owing, computational  Tesults  for SR196A  and  C
tanker hull forms are  discussed, with  particular focus on  trends in

flow between the two  hulls. Fig,3 shows  comparison  of

mean-flew  fields at  propeller sectien,  while  Fig.4 shows

cornparison  of  normal  Reynolds  stress fields, It is seen  that the
"hook-shaped"

 U  contours  are  reproduced  in Nwu  and  SST-2
results  for both hulls; hewever, those  are  not  seen  in BSL  and

SST-1 results  which  obviously  lack details. The deformation of

Ucontours js apparently  related  to distribution ofthe  PL rv vectors,
and  the  bilge vortices  are  predicted with  larger magnitude  as  the
LEhook-shaped"

 U  contours  are  more  clearly  reproduced.

 As  far as  reproduction  ef  the general fiow features is concerned,

NWM  and  SST-2 results  are  shown  prernising. The advantage

of  SST-2 is likely attributed  to eddy  viscosity correction  based on

Bradshaw's assumption  with  more  correctly  selected  rnodel

constant  a].  It is implied that ai--O.155  is more  suitable  than  the

originally  given value,  i,e,, at=O.31,  which  may  be due to more

complexities  of  tanker stern  fiows than the flow assumed  to

determine the original  value.  As  indicated in Eq.10, this mod ¢ 1

constant  sets  the threshold value  to activate  eddy  viscosity

correction  by using  the magnitude  of  vorticity  yector,  i.e.,9 .
Consequent]y, the smaller  ai  yields  the larger infiuences of  the

term  related  to mean-fiow  vorticity.  At least, the present results
imply a  possibility to improve conventional  SST  model  by
seleeting  more  appropriate  ai  for the present flow. In contrast,

promising performance of  wwL  is apparently  achieved  by the

different manner  from that happens in SST-2. The possible
advantages  of  the low-Reynolds number  rnodels  for prediction of
tanker  stern  flow were  suggested  by  one  of  participants in the

earlier  CFD  workshop3),  who  applied  Reynolds-stress model  with

low-Reynolds number  corrections.  Eventually, thc correctien

yields the simi]ar  effects  as  those provided by SST-2; however,

the authors  have an  impression that the effectiveness  of  NWM

model  rnust  be supported  by more  validation  studies,  since  the

main  advantage  of  this model  is consideration  of  turbulent

transitional regions  in boundary layer.

 On  the other  hand, it is notewerthy  that trends in mean-flow  and

normal  Reynolds  stress  fields between SRI96A  and  SRI96C  hull

forms are  shown  correct  for all turbulence  models  applied  in the

present study,  e.g., the stern-bilge  vertices  are  lager and  stronger

for SRI  96C, and  the  location ofvortex  center  is shifted outward,

This  is further confirmed  by evaluation  ofwake  coefficient  (1-w.),
which  is shown  in Fig.5. i.e., lewer values  for SR196C are

predicted by all models,  Since  extent  of  the above-mentioned

"hook-shaped"
 U  contours  is the  largcst for SST-2 results,  the

wake  coefficient  for the model  is the lowest for each  hull form.
The  distributions of  normal  Reynolds  stresses  clearly  correlate

with  the mean-flow  distributions, and  the contour  extents  are

broader fbr SR196C  than SR196A. Although it is not  shown  in
the figure, the earlier-mentioned  correlation  between Reynolds

stresses  uv  and  uw  with  OUfQy  and  OU!az  are  also

confirmed  for all models.

 Despite several  favorable results  discussed above,  a  clear  issue

of  the present models  must  be noted.  That is, the allisotropic

nature  ofnerrnal  Reynolds stresses  uu,  vv,  and  ww,  are  apparently

missing.  This is due to limitation of  the underlying  assumption

ofthe  present isotropic models.  For more  accurate  predictien of

mean-fiow  field, higher accuracy  in predrction ofReynolds-stress

field is undoubtedly  necessary.  Our future work  involves

challenge  to the issue, e.g., it is of  great interest to consider

anisotropy  of  Reynolds-stress fields by intreducing algebraic

models.
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Fig.5: Comparison  of  wake  coefficient  (1-y,.) between SR196A
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6.2 Trends  in resistance  between  SR196A  and  C  tanker  hull

forms

 Integration of  surface  pressure and  shear-stress  distributions

ever  the hull surface  yields the  pressure and  frictional resistances,

respectively,  and  the sum  is total resistance.  Fig.6 shows

comparison  of  the  values,  where  the values  are  plotted in

relative  %  to that for SR196A  to display trends in resistance.

The trend between A  and  C hull forms in the measurement  is

correctly  reproduced  by all three models,  i.e,, total resistance  of

SR196C  hull fbrm is larger than  that of  SR196A  hull form. The

djfferences in total resistance  between the two  hull forms are

mainly  due to difEerences in pressure resistance.  Regarding  the

magnitude,  SST-2  arrd  others  over  and  under  predict the

experimenta1  value,  respectively;  however in fact, the
discrepancies from experimental  value  can  be considered  within

the range  ofsimulation  uncertainties  Uls?v for all models.

6.3 Flow  and  resistance  for KVLCC2M  tanker hull form

 In the fo11owing, more  detailed evaluation  of  the prescnt
turbulence models  is discussed through comparison  ofresults  for

KVLCC2M  tanker hull form. Fer this hull form, presentation of

detailed experimental  data is possible,

 First, comparison  of  mean-flow  field at  propeller section  is

diseussed, Fig.7 shows  comparison  of  U  contours  and  X-PV

vectors  at  the propeller section,  where  results  for NWM  and

SST-2 are  presented. In addition,  Fig.8 shows  comparisen  of

velocity  profiles along  Z-T O.05 line (near the  center  of  propeller
shaft)  at the same  station.  It is seen  that gross features of  flow

displayed in the measurements  are  well  predicted in the two
computational  results,  i.e., the strength  and  location ofstern-bilge

vortices  and  associated  deforrnation of  axial-yelocity  contours

(C`hook-shaped" Ucontours) are  well  reproduced.

 It is shown  that SST-2  results  are  in somewhat  closer  agreement

with  the measurements  regarding  distribution ofvelocity  near  the

centcrplane,  e,g., shapes  of  UiO.3 and  O.4 contours  are  more

similar  to those displayed in the measurements  (Fig.7). This is

consistent  with  the velocity  profiles (Fig.8), i.e., slightly  better

agreement  with  the measurements  is achieved  in SST-2 results

especially  near  the centerplane  (i.e., }C=O). The  differences

between the two  models  are  apparently  related  to accuracy  in

reproducing  secondary  motion  of  flow and  associated

deceleration of  axial  velocity  component.  Although not

incLuded in the figure, results  from other  turbulence  models

considered  in the present stpdy,  i.e,, BSL  and  SST-1, indicate

clearly  inferior performance and  results  lack details of  the

above-mentioned  flow aspects,

(a) Near bow  region

Fig,9: Comparison

tanker  hull forrn.

respectively.

(b) Near stern  rcgion

of  surface

(a) and  (b)pressure
 contours  for KVLCC2M

shows  near  bow  and  stern  regions,
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 Next, surface  pressure and  near-wall  flow fields are  discussed.

Figs.9 and  10 show  cornparison  of  surface  pressure contours  and

frictional streamlines,  where  in addition  te ww  and  SST-2

results,  SST-1 results  are  also  included in order  to identify

rclative  shortcomings  in comparison  to others.  As  described

below, the general  features of  surface  pressure  and  associated

near-walL  flows for the present hull forrn are  commonly  seen  for

recent  tanker  hull forms (e.g., see  Ref4)'5)). On  the forebody, a

pressure pocket (low pressure region)  exists  near  the bilge, which

causes  the streamlines  towards  the keel. On  the midbody,

streamwise  pressure distribution is relatively  flat and  the

streamlines  are  mostly  parallel, which  is due to the parallel part

oftell desiglled for the modern  tanker hull forms. On  the afterbody,

a  pressure pDcket is located near  the stern  bilge, which  causes  the

streamlines  to converge  towards the  stern  bilge, and  the

strearnlines  meet  those from the flat bottom and  finally form the

stern-bilge  vortices.  The above-mentioned  flow features are  well

predicted in the present computations,

 On  the other  hand, differences in surface  pressure contours

among  the three turbulence  models  are  highlighted near  the stern,

which  correlates  with  the significant  differences in streamlines,

The differences are  especially  obvious  in the  regien  near  the stern

bilge, i.e., extent  and  depth of  the pressure pocket difTer among

the models,  The pressure pocket is broader and  deeper for

NWM  and  SST-2 results  than  SST-1 results,  and  the influences

on  the streamlines  appear  very  significant.  Convergence of

streamlines  occurs  in the region  is directly re]ated  to generation of

stern-bilge  vortices,  which  is apparently  with  smaller  scale  for

SST-1.  This  results  in the  larger and  stronger  stern-bilge

vonices  predicted in the NWM  and  SST-2 results.  Between the

NWM  and  SST-2 results,  differences in surface  pressure and

frictional streamlines  are  seen  near  the stern  bulb, where  rnore

complexities  espccially  for the streamlines  are  observed  in SST-2
results,  The  separation  pattern displayed in the local region

apparently  has significant  infiuences on  the near  wake  and  the

details must  correctly  be predicted.

             NWM  SST-1  SST-2  Exp,

Comparison oftotal  resistance  coefficient  for KVLCC2M

        accuracy  in predicted total resistance  is discussed.

            comparison  of  the va]ues,  where  results  for all

               considered  in the  present study  are  iricluded.

       turbulence models,  diserepancies from EFD  result  are

              EFD  result),  and  it appears  that SST-2  result  is

   closest  to EFD  result  and  the error  E  is -1.9YdD. In authors'

             agreement  between CFD  and  EFD  results  is

              is level ofgrid  size,  which  is based on  a  fact that

             presented in the recent  CFD  workshopS)  for the

               and  test condition  (12 participants used  RaNS

code),  E  varies  from -9.3%D through  8.8%D and  the  averagecl  IE]

                7. Concluding Remarks

 This paper concerns  investigation on  effective  turbulence

models  for predicting tanker stern  flows. Objectives are  twofold:

i.e., (1) perfbrm detailed evaluation  of  two  equation  models  that

are,  at  present, most  widely  accepted  in numerical  ship

hyclroclynamics; and  <2) inyestigate feasibility in extending  the

medels  for more  accurate  and  efficient  mathernatica]  forms. In

particular, three turbulence  models  were  investigated in the

present study,  i.e., the blending kLa)!k-e model  (BSL), the

Shear-Stress Transport model  (SST), and  the near-wall

modification  model  (Nwu), For SST  model,  two  model

constants  are  considered  and  results  are  compared,  i.e,, SST-1 and

SST-2. An  overview  was  given ofthe  presentnumerical method,

and  results  were  presented and  discussed for SRI96A  and  C, and

KVLCC2M  tanker hull forms including detailed cemparisens

with  available  experimental  data. In the present study,  results

for SRI96  series  tanker hull forrns were  used  to identify accuracy

ofthe  present turbulence models  in predicting trends in fiow and

resistance  due to differences in stern form, while  results  for

KVLCC2M  tanker hull form were  used  for more  detailed

qualitative and  quantitative evaluation  ofthe  results.

 It is shown  in the present results  that trends in flow and

resistance  between SRI96A  and  C  tanker hull forms are  correctly

predicted by  all turbulence  models  considered  in the present
study;  however, NWM  and  SST-2 models  indicate very

promising performance in detailed prediction of  fiows. The
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advantage  of  SST-2  model  is like]y attributed  to eddy  viscosity

correction  based on  Bradshawis assumption  with  more  correctly

selected  rnodel  constant  ai. It is implied that ai=O,155  is inore

suitable  than the originally  given value,  i.e,, ai=O.31,  which  may

be due to more  complexities  of  tanker stern  fiews than the flow

assumed  to determine the original  value.  At least, the present
results  imply  a  possibility to  improye  conventional  SST  model  by

selecting  more  appTopriate  ai  for the present  fiow. Promising

results  for NWM  model  are  rather  unexpected  since  the main

advantage  of  this model  is consideration  of  turbulent transitional

regigns  in boundary layer, therefore, the effectiveness  must  be
supported  by  more  validation  studies.  In order  to ensure  the

above-mentioned,  the present study will  be continued  through  the

application  to more  cemplex  fiows, e.g., tanker stern  flows for
drift cendition  for which  very  dctailed experimenta]  data are

available5),

 Our future work  will  also  involve extension  of  the present
models  for more  accurate and  efficient mathematical  forms. As

already  stated,  the  lack of  anisotropic  nature  of  the normal

Reynolds-stress fields is a  clear  issue found through the prescnt
study.  For rnore  accurate  prediction of  mean-flow  field, higher

accuracy  in predietion of  Reynolds-stress field is undoubtedly

necessary.  For examp;e,  it is of  great interest to consider

anisotropy  of  Reynolds-stress fields by introducing algebraic

models.  Some  ofthe  above-mentioned  future work  are  already

in progress, and  will  be reported  in future publications.
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