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Outline   

I.  A	  look	  back	  at	  some	  of	  the	  advances	  made	  over	  15	  years	  (‘84	  –	  
’99)	  in	  and	  around	  the	  MAE	  Department	  or	  more	  precisely	  my	  
incredible	  life	  journey	  with	  Antony	  

II.  A	  path	  forward.	  
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The Beginning   
Summer	  1984:	  	  I	  joined	  Antony’s	  group	  

Assigned	  Reading	  of	  	  
	  	  	  	  	  	  Transonic	  Flow	  CalculaOons,	  Princeton	  University	  Report	  MAE	  

1651,	  March	  1984,	  in	  Numerical	  Methods	  in	  Fluid	  Dynamics,	  
edited	  by	  F.	  Brezzi,	  Lecture	  Notes	  in	  MathemaOcs,	  Vol.	  1127,	  
Springer-‐Verlag,	  1985,	  pp.	  156-‐242.	  

Departure	  point	  for	  research	  

	  	  	  	  	  	  Development	  of	  a	  Navier-‐Stokes	  Method	  Based	  on	  a	  Finite	  
Volume	  Technique	  for	  the	  Unsteady	  Euler	  EquaOons	  (with	  W.	  
Haase	  and	  B.	  Wagner),	  Proceedings	  of	  5th	  GAMM	  Conference	  on	  
Numerical	  Methods	  in	  Fluid	  Mechanics,	  Rome,	  Italy,	  October	  
1983.	  

Assignment:	  Demonstrate	  the	  MulOgrid	  Time	  stepping	  scheme	  for	  
RANS	  
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Steady State Solvers Built  
on Time Evolution 

•  Integrate	  the	  Ome	  
dependent	  equaOons	  
unOl	  a	  steady	  state.	  	  

•  The	  true	  Ome	  dependent	  
equaOons	  reach	  a	  steady	  
state	  very	  slowly	  	  

•  Modify	  equaOons	  in	  
order	  to	  accelerate	  the	  
evoluOon	  to	  the	  steady	  
state.	  

dw

dt
+ R(w) = 0

Explicit	  methods	  facilitate	  vector	  
and	  parallel	  processing	  

Lax-‐	  Wendroff	  

Steady	  state	  	  depend	  on	  the	  Ome	  
step	  

MulOstage	  
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Multigrid Time Stepping 

	  	  	  	  	  	  The	  underlying	  idea	  of	  a	  mulOgrid	  
Ome	  stepping	  scheme	  is	  to	  transfer	  
some	  of	  the	  task	  of	  tracking	  the	  
evoluOon	  of	  the	  system	  to	  a	  
sequence	  of	  successively	  coarser	  
meshes.	  	  

Advantages.	  	  

	  	  	  	  	  	  The	  use	  of	  larger	  control	  volumes	  on	  
the	  coarser	  	  grids	  tracks	  	  the	  
evoluOon	  on	  a	  larger	  scale,	  with	  the	  
consequence	  that	  global	  equilibrium	  
can	  be	  more	  rapidly	  adained.	  

	  	  	  	  	  	  	  In	  the	  case	  of	  an	  explicit	  Ome	  
stepping	  scheme,	  this	  manifests	  itself	  
through	  the	  possibility	  of	  using	  
successively	  coarse	  meshes,	  without	  
violaOng	  the	  stability	  bound.	  	  

Special transfer operations need to be defined. First the solution vector on grid
k must be initialized as

w(0)
k = Tk,k−1wk−1 (1)

where wk−1 is the current value on grid k−1, and Tk,k−1 is a transfer operator.
Next it is necessary to transfer a residual forcing function such that the solution
on grid k is driven by the residuals calculated on grid k − 1. This can be
accomplished by setting

Pk = Qk,k−1Rk−1(wk−1)−Rk(w(0)
k ) (2)

where Qk,k−1 is another transfer operator.
Then Rk(wk) is replaced by Rk(wk) + Pk in the time stepping scheme.
Finally one sets

w+
k−1 = wk−1 + Ik−1,k

�
w+

k −w0
k

�
(3)

where wk−1 is the solution on grid k − 1 after the time step on grid k − 1 and
before the transfer from grid k, and Ik−1,k is an interpolation operator.
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Barriers 
In	  house	  Computa.onal	  Resources.	  

IBM	  4341	  	  Masscomp	  	  Celerity	  

Laminar	  CalculaOon	  (Low	  Reynolds)	  

Grid	  genera.on	  for	  highly	  stretched	  viscous	  meshes.	  

UlOmately	  	  they	  were	  	  both	  overcome	  with	  	  the	  help	  of	  Paul	  Rubbert’s	  group	  at	  Boeing	  

who	  hosted	  me	  in	  December	  of	  1985	  for	  a	  month	  and	  allowed	  me	  access	  to	  their	  

Cray	  XMP,	  and	  Larry	  Wigton’s	  hyperbolic	  grid	  generator.	  
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Lesson Learned 

Luigi	  Mar)nelli	  	  

Care	  must	  be	  taken	  to	  counteract	  the	  negaOve	  
Effects	  of	  high	  aspect	  raOo	  meshes	  



Conclusions from my thesis - 1987 
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3D - Solvers 

Luigi	  Mar)nelli	  	  

• 	  Mohan	  Jayaram	  	  first	  effort	  to	  extend	  FLO57	  
• 	  Veer	  Vatsa	  	  extension	  of	  FLO57	  	  at	  Langley	  
• 	  Feng	  Liu	  Ph.D.	  work	  	  with	  emphasis	  on	  turbomachinery	  
• 	  Antony’s	  work	  with	  H.	  Rieger	  on	  LU	  schemes.	  

• 	  UlOmately	  AJ	  and	  LM	  re-‐wrote	  both	  single	  block	  cell	  centered	  (Flo107)	  	  and	  cell	  
vertex	  formulaOon	  (Flo97).	  
• 	  ‘93	  –	  ’94	  LM	  developed	  	  a	  mulOblock	  version	  Flo107-‐MB	  which	  was	  iniOally	  
debugged	  by	  J.	  Farmer	  and	  later	  parallelized	  by	  J.J.	  Alonso.	  

MulOgrid	  Navier-‐Stokes	  CalculaOons	  for	  Three	  Dimensional	  Cascades,	  F.	  Liu	  and	  A.	  
Jameson,	  AIAA	  Paper	  92-‐0190,	  AIAA	  30th	  Aerospace	  Sciences	  MeeOng,	  Reno,	  
January	  1992	  and	  AIAA	  Journal	  1993,	  Vol.	  31,	  No.	  10,	  pp.	  1785-‐1791.	  

Numerical	  SimulaOon	  of	  Three-‐Dimensional	  Vortex	  Flows	  over	  Delta	  Wing	  
ConfiguraOons,	  L.	  MarOnelli,	  E.	  Malfa,	  A.	  Jameson,	  Proceedings	  of	  the	  13th	  
InternaOonal	  Conference	  on	  Numerical	  Methods	  in	  Fluid	  Dynamics,	  Rome,	  July	  
1992.	  



Game Changers - I 

Luigi	  Mar)nelli	  	  

 	  Jameson	  Local	  Extremum	  Diminishing	  Theory:	  SLIP	  –	  USLIP	  construcOon	  (1994)	  

Design,	  ImplementaOon,	  and	  ValidaOon	  of	  Flux	  Limited	  Schemes	  for	  the	  SoluOon	  of	  
the	  Compressible	  Navier-‐Stokes	  EquaOons,	  	  S.	  Tatsumi,	  L.	  MarOnelli	  and	  A.	  Jameson	  
AIAA	  Paper	  94-‐0647,	  AIAA	  32nd	  Aerospace	  Sciences	  MeeOng	  and	  Exhibit,	  Reno,	  
January	  1994;	  Flux	  Limited	  Schemes	  for	  the	  SoluOon	  of	  the	  Compressible	  Navier-‐
Stokes	  EquaOons,	  AIAA	  Journal,	  Vol.	  33,	  No.	  2,	  pp.	  252-‐261,	  February	  1995	  	  S.	  
Tatsumi	  ,	  L.	  MarOnelli	  and	  Jameson.	  

A	  New	  High	  ResoluOon	  Scheme	  for	  Compressible	  Viscous	  Flows	  with	  Shocks	  ,S.	  
Tatsumi,	  L.	  MarOnelli	  and	  A.	  Jameson,	  	  AIAA	  Paper	  95-‐0466,	  AIAA	  33rd	  Aerospace	  
Sciences	  MeeOng	  and	  Exhibit,	  Reno,	  January	  1995.	  



Shock Capturing 

Luigi	  Mar)nelli	  	  
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Game Changers - II 

Luigi	  Mar)nelli	  	  

 	  IBM	  –	  SP	  system	  provided	  us	  with	  a	  quantum	  leap	  in	  the	  computaOonal	  
Power	  available,	  thus	  enabling	  us	  to	  adack	  several	  more	  	  
complex	  problems,	  including	  Ome-‐resolved	  flow.	  

J.J.	  Alonso	  	  took	  the	  lead	  on	  developing	  parallelizaOon	  strategies	  	  for	  the	  
Flo-‐codes	  using	  an	  SPMD	  approach.	  

A	  Two-‐Dimensional	  MulOgrid	  Navier-‐Stokes	  Solver	  for	  MulOprocessor	  
Architectures,	  J.J.	  Alonso,	  T.J.	  Midy,	  L.	  MarOnelli,	  and	  A.	  Jameson.	  
Proceedings	  of	  Parallel	  CFD	  ‘94,	  Kyoto,	  May	  1994,	  Parallel	  ComputaOonal	  
Fluid	  Dynamics:	  New	  Algorithms	  and	  ApplicaOons	  (ed.	  Satofuka,	  Periaux	  ),	  
Elsevier	  Science	  B.V.,	  1995.	  	  



The idea is to use an implicit scheme with a large stability region (A-stable
or stiffly stable) and to solver the implicit equations at each time step by inner
iterations using an accelerated time evolution scheme in artificial time. The
second order BDF is

3
2∆t

wn+1 − 2
∆t

wn +
1

2∆t
wn−1 + R(wn+1) = 0 (1)

With dual time stepping solve

dw

dt∗
+

3
2∆t

w − 2
∆t

wn +
1

2∆t
wn−1 + R(w) = 0 (2)

in pseudo time t∗ to reach a steady state satisfying equation (2).

	  Time	  Dependent	  CalculaOons	  Using	  MulOgrid,	  with	  ApplicaOons	  to	  Unsteady	  Flows	  Past	  
Airfoils	  and	  Wings,	  A.	  Jameson	  ,AIAA	  Paper	  91-‐1596,	  AIAA	  10th	  ComputaOonal	  Fluid	  
Dynamics	  Conference,	  Honolulu,	  June	  1991.	  

MulOgrid	  Unsteady	  Navier-‐Stokes	  CalculaOons	  with	  AeroelasOc	  ApplicaOon,	  	  J.	  Alonso,	  L.	  
MarOnelli,	  A.	  Jameson.	  AIAA	  Paper	  95-‐0048,	  AIAA	  33rd	  Aerospace	  Sciences	  MeeOng	  and	  
Exhibit,	  Reno,	  January	  1995.	  



RANS Results Using FLO107-MB For Drag Prediction 
Workshop 

•  Accurate	  drag	  predicOon	  for	  complex	  geometries	  in	  transonic	  flow	  is	  sOll	  very	  hard	  
•  FLO107-‐MB	  has	  been	  thoroughly	  validated.	  

•  Results	  of	  right	  figure	  were	  obtained	  with	  CUSP	  scheme	  and	  k	  -‐	  	  	  	  	  turbulence	  model	  

StaOsOcal	  EvaluaOon	  DPW1	  –	  All	  ParOcipants	   Flo107-‐MB	  (DPW2)	  

€ 

ω
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RANS Results for DPW-V 
Medium Mesh 

Luigi	  Mar)nelli	  	  

Good	  correlaOon	  with	  experimental	  
Data	  (corrected)	  



Evolution Trajectory of CFD 

Mature	  and	  
accepted	  
methods	  

AppeOte	  for	  
even	  more	  
complex	  
configuraOons	  

Complex	  
codes	  which	  
require	  large	  
teams	  

CFD	  –	  
Solware	  
Engineering	  

CFD	  -‐	  Research	  

Design	  
OpOmizaOon	  

More	  Efficient	  
Aircral	  (cruise)	  

MDO	  

Algorithms	  for	  
Ome-‐dependent	  

flow	  

Fluid-‐Structure	  
InteracOon	  

NASA	  CFL3D	  –	  
OVERFLOW	  
DLR	  –TAU	  
….	  

Luigi	  Mar)nelli	  	  

Flo107-‐MB	  	  	  TFLO	  	  SuMB	  	  at	  Stanford	  University	  under	  ASCI	  program.	  



Number of Design Variables is Large  

Shape	  OpOmizaOon	  
For	  Detailed	  Design	  

High-‐fidelity	  	  
flow	  models	  

Large	  
ND	  

Gradient-‐
based	  

Adjoint	  
Variable	  

discrete	   conOnuous	  



Application of Control Theory 

Drag	  Minimiza+on	   Op+mal	  Control	  of	  Flow	  Equa+ons	  
subject	  to	  Shape(wing)	  Varia+ons	  	  

€ 

≡

€ 

Define the cost function                                                  
I = I(w,F)

and a change in F results in a change                              

δI =
∂I
∂w
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 

T

δw +
∂I
∂F
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 

T

δF

Suppose that the governing equation R which expresses
the dependencd of w and F as                                         

R(w,F) = 0
and                                                                                   

δR =
∂R
∂w
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
δw +

∂R
∂F
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
δF = 0

GOAL	  :	  Dras.c	  Reduc.on	  of	  the	  Computa.onal	  Costs	  
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Application of Control Theory (Cont.)  

€ 

Since the variation δR is zero, it can be multiplied by a Lagrange Multiplier ψ
and subtracted from the variation δI without changing the result.                      

δI =
∂IT

∂w
δw +

∂IT

∂F
δF −ψT ∂R

∂w
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
δw +

∂R
∂F
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
δF

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

    =
∂IT

∂w
−ψT ∂R

∂w
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
δw +

∂IT

∂F
−ψT ∂R

∂F
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
δF

Choosing ψ to satisfy the adjoint equation                                                         

∂R
∂w
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 

T

ψ =
∂I
∂w

the first term is eliminated, and we find that                                                      

δI =
∂I
∂F

T

−ψT ∂R
∂F
⎡ 

⎣ ⎢ 
⎤ 

⎦ ⎥ 
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
δF

One	  Flow	  Solu.on	  +	  One	  Adjoint	  Solu.on	  

(Adjoint)	  

(Gradient)	  
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Adjoint – Viscous Terms 

Luigi	  Mar)nelli	  	  

∂Fvi

∂ξi
=

∂

∂ξi

�
Sijfvj

�
.

�

B
ψT

�
δS2jfvj + S2jδfvj

�
dBξ −

�

D

∂ψT

∂ξi

�
δSijfvj + Sijδfvj

�
dDξ,

w̃T = (ρ, u1, u2, u3, p)T δw = Mδw̃, δw̃ = M−1δw

(L̃ψ)1 = − p
ρ2

∂
∂ξl

�
Sljκ

∂θ
∂xj

�

(L̃ψ)i+1 = ∂
∂ξl

�
Slj

�
µ

�
∂φi

∂xj
+ ∂φj

∂xi

�
+ λδij

∂φk

∂xk

��

+ ∂
∂ξl

�
Slj

�
µ

�
ui

∂θ
∂xj

+ uj
∂θ
∂xi

�
+ λδijuk

∂θ
∂xk

��
for i = 1, 2, 3

− σijSlj
∂θ
∂ξl

(L̃ψ)5 = 1
ρ

∂
∂ξl

�
Sljκ

∂θ
∂xj

�
.



The pinnacle of our efforts with 
Compressible RANS  

•  Solver	  based	  on	  my	  work	  with	  Antony	  1984-‐1994	  

•  Viscous	  Adjoint	  first	  successfully	  implemented	  in	  a	  
coding	  blitz	  in	  the	  summer	  of	  1995	  (MDXX	  Project)	  
together	  with	  Antony	  and	  and	  Niles	  Pierce	  	  and	  
refined	  over	  a	  decade.	  

Luigi	  Mar)nelli	  	  

Paradigm	  Shil	  In	  Aerodynamic	  Design	  	  

	  Aero-‐Design	  OpOmizaOon	  

CFD	  Complements	  
Wind	  Tunnel	  	  

Reduces	  TesOng	  by	  
10-‐fold	  

Compressed	  Design	  
cycle	  

Beder	  Performance	  

Solvers	  for	  Viscous	  Flow	  

Finite	  Volume	   MulO-‐grid	  Time-‐Stepping	  
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Lidle	  or	  no	  penetraOon	  

Luigi	  Mar)nelli	  	  

“A	  FINISHED	  THEORY?	  ARE	  YOU	  CRAZY?	  DON’T	  YOU	  WANT	  AN	  ACADEMIC	  CAREER?”	  
Professor	  Marvin	  Bressler	  	  



Drag Minimization (High Lift) 

Three	  	  	  	  448x64	  blocks	  
321	  points	  on	  each	  element	  
M	  =	  .15	  
Re=	  8x10^6	  

Arron	  Melvin	  ,	  Ph.D.	  2007	  	  



Drag Minimization    
Ground Effect   

Arron	  Melvin	  ,	  Ph.D.	  2007	  	  
(won	  F1	  –	  Championship	  with	  	  Brawn	  GP	  2009)	  
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UQ – Iced Airfoils 
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Iced Airfoils 
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Iced Airfoils - Validation 

Luigi	  Mar)nelli	  	  



UQ – Montecarlo Method 
A. Beebe and E. Meland Senior Project 
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Ridge – Results for several  
Bi-variate Distributions 

Luigi	  Mar)nelli	  	  

Output	  for	  	  9	  different	  
Bivariate	  distribuOons	  

Mean	  locaOon	  20%	  c	  
Mean	  radius	  1.4%	  c	  

4,500	  polar	  	  
10	  angles	  of	  adack	  per	  polar	  

Fast	  solvers	  make	  this	  kind	  of	  
StaOsOcal	  analysis	  feasible.	  



Ancillary Applications (Solver) 

•  Ship	  Hydrodynamics	  	  	  

Luigi	  Mar)nelli	  	  

CalculaOons	  performed	  with	  G.	  Cowles	  (Ph.D	  ‘01)	  
In	  Support	  to	  the	  successful	  Alinghi	  2003	  Challenge	  



Ancillary Applications(Opt.) 

•  Inverse	  Design	  of	  Impellers	  (Pumps/Propulsion)	  

Luigi	  Mar)nelli	  	  

HIgh	  REynolds	  number	  axial	  flow	  Pump	  test	  
facility	  at	  ARL	  Penn	  State	  
2	  blade	  rows:	  	  IGV	  (13),	  Rotor	  (7)	  

Ph.D.	  	  J.	  Dreyer	  –	  Penn	  State	  



Ancillary Applications(Opt.) 

•  Inverse	  Design	  of	  Impellers	  (Pumps/Propulsion)	  

Luigi	  Mar)nelli	  	   October	  22,	  2010	  

TARGET	  INITIAL	  DESIGN	  



Ancillary Applications(Opt.) 
Low	  CavitaOon	  Foils	  

Luigi	  Mar)nelli	  	  

Pathology	  of	  a	  cavitaOon	  “bucket”	  

a.	  LE	  pressure-‐side	  surface	  

b.	  SucOon-‐side	  traveling	  bubble	  

c.	  LE	  sucOon-‐side	  surface	  

! (deg.)

"
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a.
b. c.

“Floor”	  of	  bucket	  (b.)	  
surrounded	  by	  steep	  sides	  
(a.	  &	  c.)	  

ObjecOve:	  
For	  a	  given	  blade	  secOon,	  increase	  
the	  width	  of	  the	  floor	  and,	  if	  
possible,	  decrease	  the	  steepness	  of	  
the	  sides	  

Floor	  is	  due	  to	  benign	  sucOon	  face	  
pressure	  distribuOon	  

Steep	  sides	  are	  due	  to	  the	  formaOon	  
of	  LE	  sucOon	  peaks	  

At	  right:	  
Computed	  cavitaOon	  bucket	  for	  
a	  NACA	  65410	  blade	  secOon	  

Non-‐cavitaOng	  

CavitaOng	   CavitaOng	  



•  CavitaOon	  Cost	  FuncOon:	  

	  Reduc)on	  of	  Problema)c	  Suc)on	  Peaks	  
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High-incidence

•  Efficiency	  Cost	  FuncOon	  

Minimiza)on	  of	  Axial	  Force	  

	   	  	  

When	  combined	  with	  a	  fixed	  transverse	  force,	  this	  is	  
analogous	  to	  maximizing	  thrust	  at	  fixed	  power	  for	  

a	  thruster	  
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Baseline-3D corr.

Baseline NACA 65410 & Optimized Section Performance:
Comparison of 2D RANS with Measurements
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Low Cavitation Foil 



–  Menter’s	  	  SST	  Turbulence	  Model,	  	  5	  	  Million	  grid	  points.	  

–  About	  256	  CPU-‐hours	  per	  revoluOon	  –	  10	  Omes	  	  faster	  than	  industrial	  CFD	  codes.	  

VAWT simulation basics 



Retreating blade stall 

t=0	   t=0.13s	   t=0.26s	  

t=0.38s	   t=0.51s	   t=0.64s	  



ISO-SURFACES PRESS. LOSSES 



 13M	  cells	  
 48	  Ome	  steps	  per	  revoluOon,	  12	  hours	  on	  24	  cpu	  cores	  for	  one	  revoluOon	  
 Op	  raOo	  =	  3	  	  (1.5	  rad/s)	  
 freestream	  =	  10m/s	  
 Re	  (core	  diameter)	  =	  728,000	  
 Menter	  SST	  w/	  wall	  funcOons,	  y+=30	  first	  grid	  point	  
 Computed	  mean	  power	  out	  =	  255kW	  



Current Research Thrust 

Luigi	  Mar)nelli	  	  

ComputaOonal	  
Sciences	   Fluid	  Mechanics	  

Engineering	  	  	  

Improve	  Modeling	  	  
of	  Separated	  flow	  

URANS	  +	  DES	  

Design	  OpOmizaOon	  for	  Control/MiOgaOon	  
of	  Separated	  Flow	  

Object	  Oriented	  
rewrite	  of	  	  solware	  for	  
ease	  of	  code	  maintenance.	  

Improve	  upon	  the	  
simulaOon	  capabiliOes	  
for	  problems	  with	  large	  
mesh	  deformaOon	  
	  (i.e.	  fluid-‐structure	  
interacOon	  problems)	  


