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IntroducBon	
  
•  Turbulence	
  models	
  are	
  required	
  to	
  close	
  the	
  Reynolds	
  averaged	
  Navier-­‐

Stokes	
  (RANS)	
  equaBons	
  
•  ValidaBon	
  is	
  always	
  required,	
  but…	
  
•  ValidaBon	
  is	
  not	
  helpful	
  without	
  verificaBon	
  

–  Rarely	
  done,	
  e.g.,	
  method	
  of	
  manufactured	
  soluBons	
  (MMS)	
  
–  “VerificaBon	
  by	
  comparison”	
  may	
  be	
  next	
  best	
  thing	
  (but	
  must	
  include	
  grid	
  

convergence	
  studies!)	
  
–  “Aha!	
  Moment”	
  from	
  a	
  turbulence	
  modeling	
  workshop	
  in	
  2005	
  

•  Other	
  turbulence	
  modeling	
  VerificaBon	
  &	
  ValidaBon	
  (V&V)	
  issues:	
  
–  Boundary	
  condiBons	
  can	
  ma_er	
  
–  Need	
  for	
  easy	
  availability	
  of	
  experimental	
  &	
  LES/DNS	
  data	
  
–  Numerical	
  issues	
  associated	
  with	
  turbulence	
  models	
  
–  There	
  is	
  oben	
  confusion	
  regarding	
  the	
  version	
  of	
  the	
  turbulence	
  model	
  being	
  

used	
  (see,	
  e.g.,	
  ViB,	
  Huang,	
  Bradshaw	
  (2007))	
  
•  TMR	
  tries	
  to	
  address	
  all	
  of	
  this	
  
•  Associated	
  with	
  the	
  Turbulence	
  Model	
  Benchmarking	
  Working	
  Group	
  

(TMBWG),	
  under	
  AIAA’s	
  Fluid	
  Dynamics	
  TC	
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ViB,	
  Huang,	
  Bradshaw	
  (2007)*	
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*Figure	
  from	
  Computers	
  &	
  Fluids	
  36	
  (2007)	
  1373-­‐1383	
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DescripBon	
  of	
  Turbulence	
  Models	
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Currently	
  12	
  different	
  models	
  described,	
  
plus	
  variants;	
  	
  
defines	
  NAMING	
  CONVENTIONS	
  

New	
  models	
  can	
  be	
  added,	
  with	
  input	
  
from	
  model	
  developer(s)	
  

V&V	
  currently	
  not	
  
done	
  for	
  all	
  models,	
  
due	
  to	
  limited	
  
resources	
  



VerificaBon	
  Cases	
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Same	
  4	
  have	
  been	
  here	
  from	
  the	
  
beginning	
  

3-­‐D	
  Bump-­‐in-­‐channel	
  
verificaBon	
  	
  example,	
  using	
  
Wilcox2006	
  model	
  

All	
  grids	
  are	
  provided	
  



VerificaBon	
  Cases	
  
•  “VerificaBon	
  by	
  comparison”	
  is	
  not	
  fool-­‐proof	
  

–  Sufficient	
  iteraBve	
  convergence	
  is	
  very	
  important!	
  
–  2	
  (or	
  more)	
  codes	
  may	
  have	
  similar	
  errors,	
  or	
  parBcular	
  errors	
  
may	
  not	
  show	
  up	
  for	
  the	
  cases	
  considered	
  

–  But	
  the	
  more	
  codes	
  that	
  agree,	
  and	
  the	
  more	
  cases	
  we	
  do,	
  the	
  
more	
  confidence	
  we	
  have	
  

–  Transparency	
  and	
  openness	
  of	
  TMR	
  allows	
  the	
  whole	
  world	
  to	
  
check	
  its	
  accuracy	
  (and	
  tell	
  us	
  if	
  a	
  problem	
  or	
  inconsistency	
  is	
  
found)	
  

•  Model	
  Readiness	
  RaBng	
  (MRR)	
  system	
  
–  0=no	
  results	
  yet;	
  model	
  descripBon	
  only	
  
–  1=model	
  only	
  in	
  one	
  code	
  on	
  TMR	
  
–  2=two	
  or	
  more	
  codes	
  agree	
  on	
  at	
  least	
  two	
  cases	
  on	
  TMR	
  
–  3=two	
  or	
  more	
  codes	
  from	
  different	
  organizaBons	
  agree	
  on	
  
TMR	
  (independently	
  obtained)	
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VerificaBon	
  Cases	
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Example	
  of	
  a	
  turbulence	
  
model	
  (SA)	
  with	
  MRR	
  
Level=3	
  
	
  
We	
  have	
  very	
  high	
  
confidence	
  in	
  the	
  SA	
  results	
  
on	
  the	
  TMR	
  –	
  users	
  can	
  
trust	
  these	
  results	
  
	
  
Models	
  with	
  MRR	
  Level=3	
  
currently:	
  
-­‐SA	
  
-­‐SST	
  
-­‐SST-­‐V	
  
-­‐SSG/LRR-­‐RSM-­‐w2012	
  



VerificaBon	
  Cases	
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Example	
  of	
  a	
  turbulence	
  model	
  NOT	
  posted,	
  as	
  “verificaBon	
  by	
  
comparison”	
  has	
  not	
  yet	
  been	
  successfully	
  achieved	
  

“Visual	
  Richardson	
  
extrapolaBon”	
  



VerificaBon	
  Cases	
  –	
  recently	
  added	
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R13/aref2	
   R13/aref2	
  

•  SSG/LRR-­‐RSM-­‐w2012	
  7-­‐eqn	
  model	
  has	
  recently	
  been	
  added	
  to	
  3	
  of	
  the	
  4	
  
verificaBon	
  cases	
  

•  Above	
  is	
  example	
  from	
  2-­‐D	
  planar	
  shear	
  case	
  
•  All	
  turbulence	
  quanBBes	
  are	
  nearly	
  idenBcal	
  (on	
  finest	
  grid)	
  between	
  different	
  

codes	
  



VerificaBon	
  Cases	
  –	
  recently	
  added	
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Although	
  various	
  codes	
  are	
  not	
  always	
  consistent	
  in	
  terms	
  of	
  order	
  properBes,	
  
global	
  quanBBes	
  approach	
  nearly	
  the	
  same	
  answer	
  as	
  grid	
  is	
  refined	
  	
  

u-­‐velocity	
  near	
  x=96	
  



ValidaBon	
  Cases	
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9	
  “basic”	
  cases	
  and	
  6	
  “extended”	
  cases,	
  
as	
  determined	
  by	
  the	
  TMBWG	
  
commi_ee	
  



ValidaBon	
  Cases	
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ValidaBon	
  Cases	
  –	
  recently	
  added	
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ATB	
  Case	
  2DWMH	
  Case	
  

These	
  cases	
  are	
  three	
  of	
  the	
  configuraBons	
  considered	
  for	
  NASA’s	
  “40%	
  Challenge”:	
  
IdenBfy	
  and	
  down-­‐select	
  criBcal	
  turbulence,	
  transiBon,	
  and	
  numerical	
  method	
  technologies	
  for	
  40%	
  reducBon	
  in	
  predicBve	
  error	
  against	
  
standard	
  test	
  cases	
  for	
  turbulent	
  separated	
  flows,	
  evoluBon	
  of	
  free	
  shear	
  flows	
  and	
  shock-­‐boundary	
  layer	
  interacBons	
  on	
  state-­‐of-­‐the-­‐art	
  
high	
  performance	
  compuBng	
  hardware.	
  	
  

AHSJ	
  Case*	
  

*	
  =	
  added	
  aber	
  this	
  
paper	
  was	
  wri_en	
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2DWMH	
  ValidaBon	
  Case	
  

Case	
  from	
  CFDVAL2004	
  workshop	
  
(no	
  flow	
  control)	
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2DWMH	
  ValidaBon	
  Case	
  



2DWMH	
  ValidaBon	
  Case	
  

Quan%ty	
   exp	
   SA	
   SST	
   SSG/LRR-­‐RSM	
  

(x/c)sep	
   0.66	
   0.66	
   0.65	
   0.65	
  

(x/c)rea_ach	
   1.10	
   1.28	
   1.26	
   1.18	
  

-­‐[(u’v’)/U2]min,	
  x/c=0.8	
   0.020	
   0.011	
   0.013	
   0.012	
  

Error	
  in	
  bubble	
  length	
   43%	
   40%	
   22%	
  

Error	
  in	
  peak	
  abs(u’v’)	
   -­‐45%	
   -­‐35%	
   -­‐40%	
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2DWMH	
  ValidaBon	
  Case	
  

SST	
  

SSG/
LRR-­‐
RSM	
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Other	
  Aspects	
  of	
  TMR	
  
•  Databases	
  
•  Manufactured	
  SoluBons	
  
•  Numerical	
  Analysis	
  –	
  recently	
  added	
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Data	
  from	
  “CollaboraBve	
  TesBng”	
  
•  From	
  Bradshaw	
  et	
  al.	
  (used	
  with	
  permission)	
  
•  Includes	
  data	
  from	
  “Stanford	
  Olympics”	
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etc…	
  



Data	
  from	
  Other	
  Experiments	
  
•  Experimental	
  data	
  posted	
  (or	
  linked)	
  here	
  

–  For	
  data	
  that	
  may	
  be	
  useful	
  for	
  RANS	
  development	
  or	
  validaBon	
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Data	
  from	
  Other	
  DNS	
  
•  DNS	
  data	
  posted	
  (or	
  linked)	
  here	
  

–  For	
  data	
  that	
  may	
  be	
  useful	
  for	
  RANS	
  development	
  or	
  validaBon	
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Data	
  from	
  Other	
  LES	
  
•  LES	
  data	
  posted	
  (or	
  linked)	
  here	
  

–  For	
  data	
  that	
  may	
  be	
  useful	
  for	
  RANS	
  development	
  or	
  validaBon	
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Turbulent	
  Manufactured	
  SoluBons	
  
•  From	
  Eca	
  (used	
  with	
  permission)	
  
•  Used	
  for	
  series	
  of	
  V&V	
  workshops	
  at	
  IST	
  (Lisbon)	
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Turbulence	
  Model	
  Numerical	
  Analysis	
  

•  Purpose:	
  more	
  in-­‐depth	
  analysis	
  of	
  parBcular	
  
cases	
  

•  Different	
  /	
  finer	
  grids	
  than	
  those	
  on	
  validaBon	
  
pages	
  

•  Pages	
  sBll	
  under	
  development	
  
– Coordinated	
  with	
  FDTC	
  Solver	
  Technology	
  for	
  
Turbulent	
  Flows	
  DG	
  

– Currently	
  focused	
  on	
  SA	
  model	
  only	
  

•  See,	
  e.g.,	
  Diskin	
  et	
  al.:	
  AIAA-­‐2015-­‐1746	
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Numerical	
  Analysis	
  –	
  NACA	
  0012	
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•  Based	
  on	
  grid	
  convergence	
  study	
  results	
  (using	
  over	
  14	
  
million	
  grid	
  points)	
  and	
  3	
  codes	
  (plus	
  others	
  in	
  AIAA	
  
special	
  session	
  SciTech	
  2015),	
  we	
  have	
  a	
  good	
  sense	
  of	
  
the	
  “reference	
  soluBon”,	
  even	
  without	
  clear	
  
asymptoBc	
  rates	
  of	
  convergence	
  
•  E.g.,	
  CL	
  to	
  within	
  0.0002,	
  or	
  0.02%	
  
•  E.g.,	
  CD	
  to	
  within	
  0.00001,	
  or	
  1/10th	
  drag	
  count	
  

alpha=10	
  deg	
  

Includes	
  addiBonal	
  analysis	
  
of	
  streamwise	
  grid	
  resoluBon	
  
influence	
  near	
  T.E.	
  



Summary	
  
•  TMR	
  seeks	
  to	
  bring	
  consistency	
  to	
  the	
  tesBng,	
  
verificaBon,	
  and	
  validaBon	
  of	
  RANS	
  turbulence	
  
models	
  for	
  the	
  CFD	
  community	
  

•  One	
  of	
  biggest	
  reason	
  for	
  its	
  success	
  may	
  be	
  its	
  
“openness”	
  
–  By	
  including	
  all	
  details	
  (equaBons,	
  grids,	
  BCs,	
  exisBng	
  
CFD	
  results),	
  it	
  encourages	
  quick	
  comparisons	
  and	
  
makes	
  inter-­‐organizaBonal	
  collaboraBons	
  easier	
  

– Mistakes	
  on	
  the	
  website	
  are	
  occasionally	
  found	
  by	
  the	
  
community;	
  its	
  openness	
  makes	
  the	
  process	
  of	
  finding	
  
and	
  fixing	
  them	
  more	
  efficient	
  

–  TMBWG	
  is	
  an	
  open	
  working	
  group;	
  anyone	
  can	
  join	
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Future	
  Plans	
  
•  ConBnue	
  to	
  add	
  relevant	
  validaBon	
  cases,	
  with	
  
help	
  from	
  the	
  TMBWG	
  

•  ConBnue	
  to	
  add	
  descripBons	
  of	
  new	
  models	
  as	
  
appropriate	
  

•  ConBnue	
  to	
  add	
  helpful	
  databases	
  as	
  available	
  
•  Verify	
  and	
  validate	
  addiBonal	
  models	
  on	
  the	
  
exisBng	
  test	
  cases	
  
–  This	
  is	
  the	
  most	
  Bme-­‐consuming	
  task	
  (15+	
  cases,	
  grid	
  
convergence	
  studies,	
  12	
  turbulence	
  models	
  and	
  
variants,	
  and	
  desire	
  for	
  at	
  least	
  two	
  independent	
  
codes	
  to	
  “agree”)	
  

–  SA,	
  SST,	
  SST-­‐V,	
  Wilcox2006,	
  and	
  SSG/LRR-­‐RSM-­‐w2012	
  
have	
  had	
  most	
  of	
  the	
  focus	
  to	
  this	
  point	
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Open	
  QuesBons	
  
•  How	
  to	
  find	
  the	
  Bme	
  to	
  verify/validate	
  addiBonal	
  
models	
  for	
  posBng	
  to	
  TMR?	
  
– Most	
  efforts	
  to	
  date	
  have	
  involved	
  author’s	
  collaboraBon	
  

•  How	
  to	
  create	
  stronger	
  connecBon	
  between	
  the	
  TMR	
  
and	
  researchers	
  with	
  new	
  RANS	
  ideas?	
  
–  Original	
  hope	
  for	
  site:	
  to	
  facilitate	
  the	
  disseminaBon	
  of	
  
new	
  turbulence	
  models	
  to	
  the	
  community	
  

–  To	
  date,	
  very	
  few	
  modelers	
  have	
  done	
  this	
  
•  How	
  to	
  handle	
  the	
  fact	
  that	
  codes	
  (and	
  their	
  results)	
  
might	
  change	
  over	
  Bme?	
  

•  Are	
  transiBon	
  models	
  appropriate	
  for	
  the	
  TMR?	
  
•  What	
  about	
  hybrid	
  RANS-­‐LES	
  models?	
  
–  They	
  can	
  be	
  described,	
  but	
  how	
  to	
  verify	
  them?	
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Backup	
  slides	
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ATB	
  Case	
  



ATB	
  Case	
  

Quan%ty	
   exp	
   SA	
   SST	
   SSG/LRR-­‐RSM	
  

(x/c)sep	
   0.70	
   0.69	
   0.65	
   0.66	
  

(x/c)rea_ach	
   1.10	
   1.16	
   1.16	
   1.05	
  

-­‐[(u’v’)/U2]min,	
  x/c=0.8	
   0.019	
   0.008	
   0.010	
   0.013	
  

Error	
  in	
  bubble	
  length	
   18%	
   28%	
   -­‐3%	
  

Error	
  in	
  peak	
  abs(u’v’)	
   -­‐58%	
   -­‐47%	
   -­‐32%	
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ATB	
  Case	
  

SST	
  

SSG/
LRR-­‐
RSM	
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Numerical	
  Analysis	
  –	
  Finite	
  Flat	
  Plate	
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•  Different	
  from	
  verificaBon	
  &	
  validaBon	
  cases	
  
because	
  wake	
  added	
  behind	
  plate	
  

•  New	
  finer	
  grids	
  (up	
  to	
  2561x769)	
  with	
  aspect	
  
raBos	
  approx	
  1	
  near	
  L.E.	
  and	
  T.E.	
  


