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•  Overview	  of	  grids	  and	  flow	  solver	  

•  Error	  analysis/predic1on	  method	  –	  Error	  Transport	  

•  Grid	  convergence	  studies	  –	  Case	  1	  results	  
–  Solu1on	  increments	  due	  to	  grid	  resolu1on	  
–  Assessment	  of	  error	  quan1fica1on/analysis	  

•  Presenta1on	  of	  results	  for	  Case	  2b	  and	  Case	  2a	  (α	  sweeps)	  
–  LiW	  curve	  and	  drag	  polar	  (2b	  and	  2a)	  
–  Pressure	  coefficient	  comparisons	  (2b	  and	  2a)	  
–  PIV	  comparisons	  (2a	  only)	  
–  Predicted	  errors	  from	  solu1on	  of	  Error	  Transport	  Equa1ons	  

•  Concluding	  remarks	  and	  ques1ons	  

Outline	  of	  Discussion	  



Grid	  Overview	  –	  Case	  1	  

•  D_UNS_MIX	  grid	  sequence	  employed	  for	  Case	  1	  studies	  in	  original	  
workshop,	  however	  these	  proved	  difficult	  to	  converge	  with	  solver	  

•  Revisited	  Case	  1	  using	  C_UNS_MIX	  grid	  sequence	  (4	  grids)	  
•  Mixed-‐element	  meshes	  with	  tetrahedra,	  pyramids,	  and	  prisms	  
	  



Grid	  Overview	  –	  Case	  2	  

•  D_UNS_MIX	  medium	  grid	  employed	  for	  Case	  2	  studies	  (presented	  
at	  1me	  of	  workshop)	  

•  Mixed-‐element	  mesh	  with	  tetrahedra,	  pyramids,	  and	  prisms	  
•  Version	  1	  of	  meshes	  used,	  translated	  into	  proper	  posi1on	  
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•  CRUNCH	  CFD	  node-‐centered	  unstructured	  Navier-‐Stokes	  solver	  
–  Upwind	  3-‐D	  finite	  volume	  formula1on,	  formally	  2nd	  order	  in	  space	  	  
–  Roe’s	  approximate	  Riemann	  solver	  for	  inviscid	  flux	  
–  Isotropic	  or	  edgewise	  TVD	  limi1ng	  

•  Control	  volume	  constructed	  from	  cells	  incident	  to	  each	  vertex	  
–  Solu1on	  stored	  at	  mesh	  ver1ces,	  polyhedral	  control	  volume	  
–  Edge-‐based	  flux	  computa1on	  

•  Low	  Mach	  number	  precondi1oning	  
•  Physical	  modeling	  features:	  

–  Spalart,	  k-‐ω	  SST	  turbulence	  models	  
–  k-‐ε	  model	  with	  compressibility	  extensions	  
–  LES	  and	  hybrid	  RANS/LES	  model	  
–  Finite	  rate	  chemical	  kine1cs	  
–  Mul1-‐phase	  gas/par1cle	  modeling	  
–  Formally	  incompressible	  version	  for	  liquids,	  low	  speed	  gases,	  and	  	  	  	  	  	  	  	  	  	  

two-‐phase	  flows	  with	  cavita1on	  

•  k-‐ω	  SST	  model	  used	  for	  all	  HiLiWPW-‐2	  cases	  

Flow	  Solver	  



•  In	  any	  CFD	  simula1on,	  numerous	  poten1al	  error	  sources	  
–  User	  and	  setup	  errors	  (incorrect	  inputs)	  
–  Itera1ve	  convergence	  (lack	  of)	  
–  Spa1al	  discre1za1on	  (grid	  resolu1on)	  
–  Inadequate	  physical	  modeling	  

•  Best	  prac1ces	  and	  proper	  training	  address	  usage	  issues	  
•  Solu1on	  verifica1on	  quan1fies	  spa1al	  resolu1on	  issue	  
Ø  Only	  when	  other	  error	  sources	  are	  quan-fied	  can	  physical	  

modeling	  deficiencies	  be	  properly	  addressed	  
•  Objec1ve	  of	  Case	  1	  clean	  wing	  study	  is	  to	  quan1fy	  increments	  in	  

the	  solu1on	  due	  to	  grid	  resolu1on:	  	  solu-on	  verifica-on	  
•  Objec1ve	  of	  Case	  2	  studies	  is	  to	  assess	  errors	  for	  no1onal	  

Medium	  resolu1on	  grid,	  given	  Case	  1	  lessons	  
•  Resolu1on	  errors	  bounded	  using	  solu1on	  of	  Error	  Transport	  

Equa1ons	  (ETE)	  

Our	  Objec-ves	




•  3D	  Error	  Transport	  Equa1on	  (ETE)	  Solver	  for	  unstructured	  grids*	  

–  Residual	  from	  leading	  terms	  of	  trunca1on	  error	  (upwind	  terms	  of	  Roe	  flux)	  

–  Spalart-‐Allmaras,	  k-ω,	  k–ε models	  supported	  
–  Recently	  expanded	  to	  support	  cell-‐centered	  solvers	  to	  solve	  ETE	  using	  

either	  cell-‐centered	  or	  node-‐centered	  discre1za1on*	  

•  Error	  Func1on	  Library	  
–  Propagates	  predicted	  errors	  into	  derived	  variables	  of	  interest	  
–  PLOT3D	  func1ons,	  integrated	  func1ons,	  etc.	  

•  Richardson	  Extrapola1on	  u1lity	  
Ø  Give	  CFD	  analyst	  reliable	  assessment	  of	  error	  due	  to	  resolu-on	  
Ø  Make	  error	  assessment	  an	  integral	  part	  of	  postprocessing	  
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* 	  Cavallo,	  P.A.,	  O’Gara,	  M.R.,	  Feldman,	  G.M.,	  and	  Liu,	  Z.,	  “Unified	  Error	  Transport	  Equa1on	  Solver	  for	  Solu1on	  Verifica1on	  on	  
Unstructured	  Grids,”	  AIAA	  Paper	  2012-‐3345,	  42nd	  Fluid	  Dynamics	  Conference,	  New	  Orleans,	  LA,	  June	  25-‐28,	  2012.	  

Error	  Predic-on	  Methodology	




•  Solu1on	  verifica1on,	  not	  valida1on	  
–  Predic1on	  of	  coarse-‐to-‐fine	  grid	  increments	  
–  Isolate	  grid	  resolu1on	  errors	  from	  other	  possible	  error	  sources	  
–  What	  por1on	  of	  discrepancy	  with	  data	  is	  due	  to	  grid?	  

•  Error	  bars	  predicted	  by	  ETE	  solu1on	  and	  Error	  Func1ons	  should:	  
1)  Contain	  fine	  grid	  results	  
2)  Contain	  results	  of	  Richardson	  extrapola1on	  
3)  Decrease	  in	  magnitude	  with	  grid	  refinement	  
4)  Not	  be	  overly	  conserva1ve	  as	  to	  be	  unusable	  

•  Provide	  a	  level	  of	  confidence	  in	  fidelity	  of	  results	  

Ø  If	  fine	  grid	  results	  fall	  outside	  predicted	  error	  bars,	  it	  poten-ally	  
indicates	  new	  flow	  features	  result	  from	  grid	  refinement	  

Ø  If	  test	  data	  falls	  outside	  predicted	  solu-on	  and	  error	  bars,	  it	  
poten-ally	  indicates	  a	  deficiency	  in	  physical	  modeling	  

What	  Are	  We	  Looking	  For?	




•  10	  spanwise	  sta1ons	  with	  pressure	  coefficient	  data	  	  
•  Selected	  sta1ons	  will	  be	  shown	  to	  highlight	  key	  points	  

Data	  Comparisons	  (1)	


PS01	  
PS02	  

PS04	  
PS06	  

PS08	  
PS10	  



•  PIV	  data	  available	  at	  low	  Reynolds	  number	  only	  
•  11	  cuts	  extracted	  at	  the	  3	  planes	  shown	  –	  selected	  cuts	  

presented	  to	  highlight	  key	  points	  
•  Profiles	  provide	  detail	  on	  both	  boundary	  layers	  and	  slat	  and	  

main	  element	  wakes	  

Data	  Comparisons	  (2)	


Plane	  1	  

Plane	  2	  

Plane	  3	  



•  To	  serve	  as	  valida1on	  of	  capturing	  increments	  in	  solu1on	  using	  
error	  transport	  (ETE)	  methodology	  
–  How	  well	  can	  error	  predic1on	  capture	  actual	  increments?	  
–  What	  levels	  of	  error	  can	  we	  expect	  for	  Medium	  grid	  in	  Case	  2?	  

•  Considering	  α=7	  and	  α=16	  only	  
•  Examining:	  

–  Integrated	  coefficients	  
–  Surface	  pressure	  coefficients	  
–  Velocity	  profiles	  

•  Overall	  observa1ons:	  
–  Errors	  in	  integrated	  coefficients	  tend	  to	  be	  conserva1ve,	  as	  

integra1on	  of	  errors	  over	  surface	  
–  Errors	  in	  surface	  Cp	  oWen	  well	  captured	  
–  Errors	  in	  velocity	  profiles	  generally	  overpredicted	  

Ø  Note:	  	  method	  cannot	  account	  for	  dissimilar	  solu-ons	  

Case	  1	  –	  Grid	  Convergence	  Study	




Case	  1	  –	  Forces/Moments	
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a) Lift b) Drag c) Pitching moment 
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a) Lift b) Drag c) Pitching moment 

 

7α = o

16α = o



Case	  1	  Cp	  Comparisons, α=7	  	
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Case	  1	  Cp	  Comparisons, α=16	  	
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Case	  1	  Velocity	  Profiles	


u/Uinf, w/Uinf

Z

0.6 0.8 1 1.2
-60

-50

-40

-30

-20

-10

Extra Coarse
Coarse
Medium
Fine

 u/Uinf, w/Uinf
Z

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50
Extra Coarse
Coarse
Medium
Fine

 u/Uinf, w/Uinf

Z

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-10

0

10

20

30

40

Extra Coarse
Coarse
Medium
Fine

 
a) Plane 1, Window B, Line 1 b) Plane 2, Window D, Line 1 c) Plane 3, Window E, Line 2 
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7α = o

16α = o



Predicted	  Errors	  in	  Cp, α=7	  	
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Errors	  in	  Velocity	  Profiles,	  α=7	
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a) Plane 1, Window B, Line 1 b) Plane 2, Window D, Line 1 c) Plane 3, Window E, Line 2 

 

•  Considerable	  overpredic1on	  of	  actual	  solu1on	  increment	  
•  Issue	  remains	  an	  unresolved	  outstanding	  item	  
•  Errors	  in	  velocity	  profiles	  for	  Case	  2	  need	  to	  be	  considered	  in	  light	  

of	  these	  results	  



•  Error	  analyses	  restricted	  to	  amached	  flow	  (steady)	  cases	  
•  Numerical	  error	  bars	  due	  to	  discre1za1on	  nearly	  span	  

difference	  between	  CFD	  results	  and	  test	  data	  –	  suggests	  
modeling	  may	  be	  suitable	  for	  cases	  considered	  

•  Magnitude	  of	  error	  tends	  to	  increase	  with	  α	


Error	  Analysis	  for	  Case	  2b	
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Cp	  Errors,	  α=7,	  Re=15.1(10)6	
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Cp	  Errors,	  α=16,	  Re=15.1(10)6	
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Cp	  Errors,	  α=18.5,	  Re=15.1(10)6	
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CFD	  predicts	  
separa4on	  

•  Example	  of	  value	  gained	  from	  error	  analysis	  –	  understanding	  
discrepancies	  with	  data	  

•  Test	  data	  falling	  outside	  predicted	  errors	  means	  something	  other	  
than	  resolu1on	  playing	  a	  role	  –	  geometry,	  physical	  modeling,	  etc.	  

•  Verifica1on	  answered,	  but	  valida1on,	  not	  yet	  



•  Numerical	  error	  bars	  do	  not	  quite	  span	  difference	  between	  CFD	  
results	  and	  test	  data	  

•  Suggests	  that	  modeling,	  not	  discre1za1on	  error,	  may	  account	  
for	  observed	  discrepancies	  

•  Comparison	  with	  experiment	  seems	  to	  confirm	  this	  conclusion	  

Error	  Analysis	  for	  Case	  2a	
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Cp	  Errors,	  Re=1.35(10)6	
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12α = o

18.5α = o
CFD	  predicts	  
separa4on	  
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•  Error	  bars	  are	  just	  one	  means	  of	  visualizing	  and	  interpre1ng	  
predicted	  errors	  

•  “Error	  Bubble”	  plot*	  provides	  for	  simultaneous	  rendering	  of	  a	  
variable	  and	  its	  associated	  error	  
–  Spherical	  glyphs	  sized	  by	  magnitude	  of	  error	  
–  Glyphs	  vanish	  in	  regions	  of	  negligible	  error	  

2D/3D	  Error	  Visualiza-on	


PS04	  

PS08	  

*	  	  Cavallo,	  P.A.,	  O’Gara,	  M.R.,	  and	  Schikore,	  D.R.,	  “SoWware	  System	  for	  Predic1on,	  Visualiza1on,	  Analysis,	  and	  Reduc1on	  of	  Errors	  In	  	  
	  	  	  	  CFD	  Simula1ons,”	  AIAA	  Paper	  2009-‐3649,	  19th	  AIAA	  Computa1onal	  Fluid	  Dynamics	  Conference,	  San	  Antonio,	  TX,	  June	  22-‐25,	  2009.	  



•  CRUNCH	  CFD	  results	  compared	  favorably	  with	  test	  data	  and	  were	  
consistent	  with	  results	  of	  other	  workshop	  par1cipants	  

•  Discre1za1on	  error	  predic1ons	  using	  ETE	  method	  were	  mixed	  
–  Cp	  errors	  capture	  mesh	  increments	  well	  
–  Errors	  in	  liW/drag/moment	  generally	  conserva1ve,	  but	  reasonable	  

across	  angle	  of	  amack	  sweeps,	  in	  right	  direc1on	  vs.	  data	  
–  Increments	  in	  velocity	  profiles	  not	  well	  captured,	  overpredicted	  

•  Effec1ve	  in	  solu1on	  verifica1on,	  in	  that	  discrepancies	  with	  data	  
confirmed	  as	  due	  to	  factors	  other	  than	  grid	  resolu1on	  

•  Ul1mately,	  accurate	  predic1on	  dependent	  on	  point	  placement	  
–  “C”	  grids	  show	  evidence	  of	  slat	  wake,	  “D”	  grid	  does	  not	  
–  Absence/presence	  of	  flow	  feature	  cannot	  be	  predicted	  by	  ETE	  
–  Error	  equa1ons	  solved	  on	  same	  discre1za1on	  as	  Navier-‐Stokes	  

equa1ons,	  subject	  to	  similar	  numerics	  issues	  

Ø  Not	  yet	  a	  solved	  problem!	  

Concluding	  Remarks	




•  Work	  conducted	  under	  Phase	  II	  SBIR	  program	  sponsored	  by	  
NASA	  Langley	  Research	  Center,	  Hampton,	  VA	  

•  Computa1ons	  performed	  at	  NAS	  facility	  (Pleiades),	  NASA	  
Ames	  Research	  Center	  

•  Ques-ons?	  

•  Contact	  info:	   Dr.	  Peter	  Cavallo,	  Senior	  Research	  Scien1st	  
CRAFT	  Tech	  
6210	  Keller’s	  Church	  Road	  
Pipersville,	  PA	  18947	  
(215)-‐766-‐1520	  
cavallo@cra;-‐tech.com	  
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