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B k d M ti ti d Obj tiBackground, Motivation, and Objectives
gital-Analog Hyg g y
ConceptConcept
S t A hit tSystem Architecture

Technical element developments for Hybrid WTp y
WT

A l WT A l ti f d ti f fl i i d tAnalog WT: Acceleration of reduction of flow imaging data
gg

SummarySummary
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From EFD and CFD to Integrated EFD/CFDFrom EFD and CFD to Integrated EFD/CFDg

EFD: Analog, Real
Experimental Fluid Dynamics

g,
Experimental Fluid Dynamics
(Wind tunnel test)(Wind tunnel test)

JAXA 2mx2mJAXA 2mx2m
Transonic WT

Pressure measurement by PSPDigital VirtualCFD: yDigital, VirtualCFD:
Computational Fluid DynamicsComputational Fluid Dynamics

Two major methods for aerodynamic 
characteristics predictionp

I t ti f EFD/CFDIntegration of EFD/CFD Nakahashi (2004)g
or fusion synergyor fusion, synergy

More than simple collaborationMore than simple collaboration
Aiming a new world where 1 + 1 > 2Aiming a new world where 1 + 1 > 2

Motivation 1

Challenges of EFD & CFD in Aerodynamic Prediction
Motivation 1

Challenges of EFD & CFD in Aerodynamic Prediction

EFD side:EFD side:
Diff f l fli ht diti R b Wi d t lDifferences from real flight condition Re number, Wind tunnel

ll/ t M d l d f ti twall/support, Model deformation, etc.
Restriction of measurement items Mainly, force/moment/discrete y,
pressure. Additionally, flow visualizations and quantitative imagepressure. Additionally, flow visualizations and quantitative image
measurements (PIV PSP)measurements (PIV, PSP).

Diffi lti i d t di fl fi ld d t bl h tiDifficulties in understanding flowfield and troubleshooting
Relatively long period of a whole WT test campaign including model y g p p g g
manufacturing. Need for a unified platform tog Need for a unified platform to

i lt l l b th h llCFD side: simultaneously solve both challenges.
Reliability is always a concern especially in turbulence transitionReliability is always a concern, especially in turbulence, transition,
separation and reacting flowseparation, and reacting flow.

V lid ti b i t i dValidation by experiments required.
Long calculation time (low data productivity) for high-fidelity CFD.g ( p y) g y
Higher skill and long time for grid generation requiredHigher skill and long time for grid generation required.

This document is provided by JAXA.
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Motivation 2

Challenges in EFD/CFD comparison
Motivation 2

Challenges in EFD/CFD comparison

Ex ) Typical comparison Discrepancies due to wind Ex. ) Typical comparison
EFD

tunnel setting uncertainty

EFD pretest CFD
EFD
(PSP)

CFDEFD pretest CFD (PSP)

Mach number 0.904 0.9
Re number 2 1 106 2 0 106Re number 2.1 10 2.0 10
A l f tt k 2 6 2 0Angle of attack 2.6

(i l di d fl ti
2.0

(including deflection
of balance and sting)

(= setting angle)
of balance and sting)

M d l D i d fi D i dModel Designed config.
d f ti d

Designed
fi ticonfiguration + deformation due

t l d
configuration

to aero. load
Boundary With WT wall and Model alone in 
condition sting freestream -with deformation 

of balance/sting
-no deformation 
of balance /sting

Boundary layer Natural or forced Fully laminar/ 
of balance/sting
-with model

of balance /sting
-No modelBoundary layer

transition location transition
y

turbulent or fixed 
with model

deformation
No model

deformationtransition location
or predicted -with wall/sting

N t l t iti
-with sting
F ll t b l t

Uncertainty CD 0.0005 ???
-Natural transition -Fully turbulent

Uncertainty CD 0.0005 ???
U k if t d Methodology not establishedUnknown if not measured Methodology not established

Motivation 3
Prediction of Aero Characteristics at Real Flight

Motivation 3
Prediction of Aero. Characteristics at Real Flight

Goal of EFD & CFD in design: To predict aerodynamic characteristics at realGoal of EFD & CFD in design: To predict aerodynamic characteristics at real
flight condition accurately and effectivelyflight condition accurately and effectively

*I fl diti H b idDifferences: physics model,     Refined*Inflow condition,
WT wall model

Hybride e ces p ys cs ode ,
Boundary cond * model shape etc Matched

WT wall, model
support, etc. WTBoundary cond. , model shape, etc.support, etc. WT

EFD
CFD

(Wind Tunnel)
CFD

(Wind Tunnel)
High ReHigh-Re

Wind Tunnel
Differences: Differences: 

Wind Tunnel

flow condition (Re),  model shape,   
Real Flight

o co d t o ( e),
model shape

ode s ape,
physics model etcReal Flight

(i l Fli ht T t)
model shape,
Boundary cond

physics model, etc.
(incl. Flight Test)Boundary cond.,    

etcetc.
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Digital/Analog Hybrid Wind Tunnel: ObjectivesDigital/Analog Hybrid Wind Tunnel: Objectives

Innovation of both EFD and CFD technologiesg
through EFD/CFD integrationthrough EFD/CFD integration.

Reduction of cost and risk and improvement ofReduction of cost and risk and improvement of
accuracy and reliability of aerodynamic data in y y y
aerospace vehicle developmentaerospace vehicle development.

Improved contribution to developments of JapaneseImproved contribution to developments of Japanese
i l h MRJ d th JAXA j tairplanes such as MRJ and other JAXA projects.

Silent Supersonic Technology 
D t t S3TD (JAXA)

Courtesy of Mitsubishi Heavy Industries, Ltd.

Demonstrator, S3TD (JAXA)
Japanese Regional Jet MRJJapanese Regional Jet, MRJ

NASA Langley Virtual Diagnostics Interface (ViDI) SystemNASA Langley Virtual Diagnostics Interface (ViDI) System
R. Schwartz, G. Fleming 2008

Features and functions:Features and functions:
3D CAD based virtual diagnostics system- 3D-CAD-based virtual diagnostics system
for experiment designfor experiment design

O ti i ti f t l iOptimization of measurement planning
i i t l kusing virtual mockup Evaluation of 

i i dReal-time comparison and visualization viewing area and
shade prior to exp.

of CFD and WT data (LiveView3D) Evaluation of PSP setting
shade prior to exp.

- Similar systems are not known in other
Evaluation of PSP setting

using 3-D CADy
industrial wind tunnels in the world.
Superiority of the present Hybrid WT

ges:g
- Data comparison relatively difficult due toData comparison relatively difficult due to

different data formats for WT and CFDdifferent data formats for WT and CFD.
Unified data format etc

CFD h d l ( t il
Unified data format, etc.

- CFD has a secondary role (not necessarily
d t d)conducted). Pretest CFD always conducted.Real-time comparison of surface pressure

- No data fusion between WT and CFD data
Real-time comparison of surface pressure

distribution between EFD and CFD

EFD/CFD integrationEFD/CFD integration
This document is provided by JAXA.
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Digital/Analog Hybrid Wind Tunnel: ConceptDigital/Analog Hybrid Wind Tunnel: Concept
Model configuration design

EFD (Analog WT) CFD (Digital WT)EFD (Analog WT) CFD (Digital WT)
Optimization of test planning, 

technique, and model CFD considering both test 
model and wind tunnel

Risk reduction, Data productivity improvement

Virtual participation in

model and wind tunnel
(wall, model support)

Virtual participation in
WTT via internet

WT wall&sting correction

Accuracy improvementRisk reduction, test efficiency 
impro ement

Design of Experiment
improvement

Wind Tuning of CFD

Design of Experiment
Test efficiency improvement) Wind

Tunnel Hig peed reduction of 
Tuning of CFD

parametersEFD/CFD
comparison

Test
Reliability improvement

g p
2D/3D image 

measurement data
(Turb. model, grid, etc.)

co pa so

Automatic/adaptive
id ti

Reliability improvementmeasurement data
Data productivity improvement grid generationData fusion considering 

advantages and reliability of

Data productivity improvement

Fast CFD solver
advantages and reliability of

EFD and CFD
Reliability improvement

Database of both EFD and CFD

Expanding the technology integrating experimentExpanding the technology integrating experiment
and numerical simulation to other fieldsand numerical simulation to other fields

Digital/Analog Hybrid Wind Tunnel: System ArchitectureDigital/Analog Hybrid Wind Tunnel: System Architecture
- User access via Web.
- Raw EFD/CFD data stored in a self-descriptive data format with metaRaw EFD/CFD data stored in a self descriptive data format with meta

data stored in a XML-databasedata stored in a XML database.
UserUser outside JAXA) UserUser outside JAXA)

Module

Function

This document is provided by JAXA.
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Development of Digital Wind TunnelDevelopment of Digital Wind Tunnel
Requirements for Digital WTRequirements for Digital WT

Fastness Optimization of model and Fastness experimental planning by pretest CFD Generalized civil transport 
model: DLR F6Solution: Automatic grid generator model: DLR-F6

+ New high-speed solver (FaSTAR)
- Accurate correction of interaction by 

ll d ti i t tiwall and sting interaction
M t b bl h t i ti

Accuracy
- Most probable aero. characteristics
prediction based on both EFD/CFD

y
prediction based on both EFD/CFD

Solution: TAS* code (an existing RANS code) or FaSTAR
*TAS: Tohoku University Aerodynamics Simulation

Solution: TAS code (an existing RANS code) or FaSTAR
TAS: Tohoku University Aerodynamics Simulation

Status: Automatic grid generator usingg g g
Cartesian grid technique and FaSTAR

Grid around an airplane model with 107 grid points
g q

Grid around an airplane model with 10 grid points
can be constructed within ten min using a regular PC

Internal Flow Analysis
can be constructed within ten min. using a regular PC.
The capability of the grid generator has beenThe capability of the grid generator has been
expanded to internal flow calculationexpanded to internal flow calculation.

inletIn development of FaSTAR, a NS solver for laminar inlet

outletflow has been completed. outlet

High-speed data reduction of imaging techniquesHigh speed data reduction of imaging techniques
Objective: to improve data productivity of Analog WT by acceleratingObjective: to improve data productivity of Analog WT by accelerating

data reduction for PIV and PSP imagesdata reduction for PIV and PSP images.

Ex)
Present PIV system

Ex)

f IssuesAcceleration of
Several hours for

Issues

PIV data reduction Several hours for
data reductiondata reduction

CImage acquisition CameraImage acquisition
computer

A l i (PC l )Acceleration system (PC cluster)

Commercial PIV data processing software

AcceleratorAcceleration of Accelerator
Cell (High performance

Acceleration of
commercial softwarePreliminary test using Cell (High performance

CPU developed by
Preliminary test using

Cell shows a CPU developed by
IBM/Toshiba/Sony) isAccelerator

Cell shows a
possibility of ten-times IBM/Toshiba/Sony) is

the most promising(Cell, GPGPU, etc.)
possibility of ten times
faster data reduction. p g

candidate.Several minutes forGoal
faster data reduction.

Several minutes for
data reduction

This document is provided by JAXA.
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EFD/CFD Integration Techniques (1/3)EFD/CFD Integration Techniques (1/3)

Data comparison techniquesData comparison techniques
- Objectives Supporting rapid evaluation of the WT data during the test- Objectives Supporting rapid evaluation of the WT data during the test

Clarifying technical problems of both EFD/CFDClarifying technical problems of both EFD/CFD
- Quantitative comparison

1-D 2-D 3-D

EFD CFD
-1.5

Pressure Transducer
PSP EFD

(PSP)
CFD

-1

PSP

(PSP)
-0.5

C
p

0

0.5
0 0.2 0.4 0.6 0.8 1

x/Cx/C

Chordwise press. distribution Surface press. distribution Spatial velocity field (PIV)Chordwise press. distribution Surface press. distribution Spatial velocity field (PIV)

- Qualitative comparison Feature extraction methods such as edge detection, 
t l t t hi f t ti fl f t ( t ti h k t )template matching for extracting flow features (vortex, separation, shock, etc.)

Shock waveOriginal after edge detection Shock waveOriginal       after edge detection

Edge detection for a Schlieren image

EFD/CFD Integration Techniques (2/3)EFD/CFD Integration Techniques (2/3)

Data fusion techniquesData fusion techniques
P di ti t b bl h t i ti b d b th EFD/CFD- Predicting most probable aero. characteristics based on both EFD/CFD.

Ex: SFA (Sequential FunctionEx: SFA (Sequential Function
Approximation) Neural Network

CFD
Approximation) Neural Network
used to drag coeff. of SC1085

Neural Network
used to drag coeff. of SC1085
wing section (Meade 2004) Neural Network

estimation
g ( )

estimation

EFDEFD

CFD
- Optimum selection of turbulence modelOptimum selection of turbulence model
- Refinement of computational grid lRefinement of computational grid

m
od

el
ce

m
ul

en
c

Tu
rb

u
T

PIV used for turbulence model selection
(velocity field around a cranked-arrow wing)

This document is provided by JAXA.
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EFD/CFD Integration Techniques (3/3)EFD/CFD Integration Techniques (3/3)

CFD EFDCFD EFD
O f- Accurate correction of wind tunnel 

ll/ t i t ti i CFD
- Optimization of test model 

d i d WT t t l iwall/support interaction using CFD
including model and WT

design and WT test planning
based on pretest CFDincluding model and WT. based on pretest CFD.

Ex: Procedure of sting interaction correctionEx: Procedure of sting interaction correction
Ex: Utilization of response 

surface method in selection 
of WT test conditions

CL,CD,L/D

M d lModel

MM,
Dassult  Co., Sting support,

AIAA Paper 2008-835

SummarySummary

Di it l/A l H b id Wi dJAXA has started the development of Digital/Analog Hybrid Wind
Tunnel
system will be compy p

M i t h i l d l t itMain technical development items

integration ,
correction of wall/support interaction data fusion etc )correction of wall/support interaction, data fusion, etc )

Automatic grid generation and high-speed solver for Digg g g p g

A l ti f i d t d ti f d iAcceleration of image data reduction for aerodynamic

integration technology is a for increasing the value
of the Hybrid Wind Tunnel We will try to rigorous

ll b i i h d i d i d i f hicollaborations with academia and industries for thi

This document is provided by JAXA.
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As a graduate student working at NASA Ames Research Center I was well 
exposed to both the EFD and CFD communities. 

At the time, they didn’t always get along but we were on the same team.

Background

3

Despite 30 years of advances in CFD, we now understand that it is nothing more than 
the third approach. CFD synergistically complements pure theory and experiments but it can 
never replace either of these other approaches. 

4

Background

This document is provided by JAXA.
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Figure:  Notional NASA air breathing hypersonic aircraft design

The future advancement of fluid dynamics will rest upon a proper balance of all three methods.  

Design of future aircraft and spacecraft will require even greater coupling between physical disciplines 
and better fidelity of their respective models (e.g., hypersonic aircraft) 

Background

5

Inlet Compression
Lift

Pitching Moment Nozzle Thrust
Lift

Pitching Moment

Airframe
Fuel 

Payload

 Strong interactions between vehicle components
 Aerodynamics, propulsion, control, structure, tank, thermal protection, etc.
 Highly integrated engine and airframe
 Much

Hypersonic Aircraft Example : 

 of vehicle is engine inlet / nozzle
 Large propulsive lift and pitching moments – strong contributor to trim, stability & control
 Large Mach number and dynamic pressure variations in flight
 Severe aerodynamic heating
 Thermal protection must be integrated with structure
 High fuel mass fraction required - majority of volume accommodates fuel

Background

6
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We can develop a framework by which this synergy is accessible through the use of 
tools from scattered data approximation machine learning tools  and Generalized 
Regularization (GR) 

[A.N. Tikhonov and V.Y. Arsenin, , 1977]

[M. Ulbrich, TUM-M9810, 1998]

Solution of  Ill - Posed Problems

7

Background

Specifically, mathematical analysis of experimental data is treated as an ill-posed problem. 
Its regularization involves the introduction of additional information regarding the physical system. 

We can then utilize a-priori mathematical models of physical systems at appropriate orders of 
fidelity for regularization. We can then investigate its potential in reducing uncertainty in 
EFD and CFD. 

8

Background

This document is provided by JAXA.
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What are some of the potential applications of a fusion of mathematical models, computational methods, 
and experimental data? 

       Filling in the blanks in experiments (including reducing uncertainty in EFD)
       Accelerating through test matrices (steering and predicting the amount of data needed)
       Accelerating CFD solutions using data (including reducing uncertainty in CFD)
       Noise filtering of data 
       Knowledge discovery through parameter estimation 

9

Motivation

[Kurt Long, NASA Ames] [Gloria Yamauchi, NASA Ames] [Gary Sivak, Air Force Research Lab]

Approach

1, ,

th

To begin, define: 

            denotes the dimensionality of the approximation problem

          , ,  =  dimensional input

      basis function
           coefficients corresponding

i i d i

k

k

d

x x x d

x k
c  to the basis functions

      ( )  exact response of an unknown or underlying physical process 
      ( )  observable output 
            random noise of measurements at coordinate 
     ( )

i

e i

u x
f x F u f

x
f x  experimental data points ( )

     ( )  approximation of ( )  ( )

The function  is designed to pass approximately through the experimental 
data points  ( )

i i

a a k k
k

a a

e i

f x

u x u x u x x c

F u f
f x

10
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Approach

2

1

Basic Problem: 

The construction of a response surface from the minimization of the standard square error, 

                                      ( )

constitutes an 

s

e i a i
i

f x F u x

ill-posed problem since  is nonunique and sensitive to the noise in data . a eu f

11

-3
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-1
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1
2
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-2
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-2

0
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xy
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x,

y)

-3
-2

-1
0

1
2

3

-2

0

2

-5

0

5

x
y

u(
x,

y)

Approach
Solution: 

The general idea in GTR is the minimization of     

 is a scalar measure of the agreement between  and e

A B

A f F u . In Bayesian terms  is related to
  knowledge. 

 is a stabilizing functional (i.e. regularizing operator) and is related to  information. 

 is a positive scalar known as the regu

a A
a posteriori

B a priori

larization that controls the relevance of 
the  and  information to the approximation . aa posteriori a priori u

12

Generalized Tikhonov 
Regularization

Tikhonov
Regularization

Bayesian 
Estimation

This document is provided by JAXA.



第 2回 EFD/CFD融合ワークショップ 21

Approach

The regularizing operator, ,  is classified as either quantitative or qualitative.  

Can range from systems of time-dependent nonlinear 

A B

B

partial differential equations, 
to statistical correlations, to heuristics. 

Finding an approximate solution reduces to 
(a) finding regularization operators  and 
(b) determining the regularization par

B
ameter  from supplementary information pertaining 

to the problem, e.g., pertaining to the noise level in  . 

 is not unique and depends on the type of physical process and the data type. 

ef

B

13

Approach

In this context, the GTR formulation acts as a Swiss Army knife and gives us access to 
a number of popular methods in inverse problems. 

Popular inverse problem methods include: 
  Regularization by no

2

1

ise filtering
  Regularization by projection

  Conventional Tikhonov regularization ( ) and  is a  

    smoothing functional in variational form.  
  Scattered data approximation 

s

e i a i
i

A f x F u x B

for Response Surface Modeling RSM includes 
    support vector machines, radial basis functions, artificial neural networks
  Kalman Filter
  Bayesian Estimation 

14
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Approach

With  2 log | ,  2 log ,  and  1,  then  becomes the figure-of-merit 
function from Bayesian estimation theory. 
Therefore, one can think of the GTR framework as a 

a e aA p f f B p f

determ

Bayesian Estimation :

form of Bayesian estimation. 

Assume the measurement errors are Gaussian. The probability density functions act as if a 
differential operator is used to form B and operates on  

inistic

u

Kalman Filter :

0 0

0 0

,  where  is the solution 
to a mathematical model of the time-dependent physical system of interest. The solution 

to the resulting Euler-Lagrange equation is , where ,

a

a cor cor k e k k

u u

u u u u t F u t u t

2
0

.

The basis functions for  are the Green's function to a dynamic equation and  is 

computed to minimize during the time marching. 

cor

a

u

u u

15

Approach

0

Back to Generalized Tikhonov Regularization 

         ,       and        0,    

One approach to determining the correct value for  is assuming the error is random,

a a ef x f x f x f x

2
2 2 2

1 1 1

statistically independent and uniformly distributed in the interval ,  . This will give,

( ) ( ) Var
3

where  denotes the operat

s s s

e i a i e i a i i
i i i

f x F u x E f x F u x E s s

E or of mathematical expectation. 

Otherwise you can determine  such that  Max ( )

Note in both formulations,   is solved for iteratively and requires the solution of  ( ) 
within each itera

e i a i

a

f x F u x

f x
tion.

The direct solution of  is still an area of active research.

16
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Approach

0

Back to Generalized Tikhonov Regularization 

         ,       and        0,    

One approach to determining the correct value for  is assuming the error is random,

a a ef x f x f x f x

2
2 2 2

1 1 1

statistically independent and uniformly distributed in the interval ,  . This will give,

( ) ( ) Var
3

where  denotes the operat

s s s

e i a i e i a i i
i i i

f x F u x E f x F u x E s s

E or of mathematical expectation. 

Otherwise you can determine  such that  Max ( )

Note in both formulations,   is solved for iteratively and requires the solution of  ( ) 
within each itera

e i a i

a

f x F u x

f x
tion.

The direct solution of  is still an area of active research.

17

 0,    a0, fa0,    0, fa

Interesting
Property
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Approach

0

GTR can use physical model in nonvariational form in place of   A large class of
mechanics problems can be described by the equations: 

,    

B. 

L u x g x x

0

1

      0,          

Without a proxy, the minimum of   satisfies 

( ) ( )2  ,        

               0,       

a

s
e i a i

a i
i

a

u x x

u

u x u xL u x g x x x x

B u x

0Where  is the solution to the differential equation.  

x

u x
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Approach

1

0 0
1

,

The analytical solution to this modified mathematical model is  

1,     with     
2

where ,  is the Green's function to  ,  ,

s

a i i i e
i i

i j i j

u x u x G x x c c

G x x L G x x

G I u u

G

0

0

, and  is a diagonal matrix.

Note that with 0  we have    but the slope and curvature of  is used 

for interpolation. This means we can use the qualitative information from  and are

i

a i e iu x u x u x

u x

I

not
constrained by the quantitative properties. 

In other words, additional information of  fidelity can be used. any

19

Approach

GTR possesses a number of useful properties. However:

           The Green's functions for practical models are usually unavailable. Is it possible  
              to use existing numerical solutions i

2

n the literature for fusion?  

           Is it possible to find a value for  that satisfies  without the trouble of solving for 
3

               ( ) explicitly? 

           Rather than using a s

a

s

u x

ingle value for  is it possible to use a distributed one?
           Is the full data set required to accomplish data-model fusion?  
           Is it possible to do all of this with minimal user interaction?
           Can we accelerate through experiments with incomplete mathematical models or no 
              model at all Black-Box modeling ?  
           Can we reduce uncertainty in EFD and CFD?

20
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Approach #1

                                     

We can also determine the minimum of  through a conventional computational mechanics 
form using the Method of Weighted Residuals (MW

a

A B

u

1 1

1

R). 

2 ( ) ( ) ( ), ( ),  

                                                               2 ( ) ( ) , ( )   for  1, ,

with the constraint  ( )

N s

j i k i j k a k
j i

s

e i k i k
i

e i a i

x x c x L u x b x q

f x x g x k N

f x F u x
2

2

1 3

s

i
s
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The MWR can be described as a numerical approximation method that solves for the
coefficients  by setting the inner product of the weighted residual equation to zero: 

, 0,    1,  ...,      

where

i

k

c

R k s

   L[ ]     and    

weighting function  

a

k

u g R

Figure: Distribution of the equation residual R.

22

Approach #1
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In this context, the MWR gives us access to many of the popular computational methods 
in a single framework.

1 in  
Finite volume method:              

0 outside  
k

k
k

Collocation method:               where  is the Dirac delta function

Least-squares method:               

Method of moments:   

Generalized Galerkin method:

k k

k
k

k
k

x x

R
c

x

    finite elements

The form of the bases ( ) and the integration quadrature can also give us access to the 
finite difference and spectral methods. 

k k

i

F

x

23

Approach #1

2
2

1

So our numerical formulation can be written as the well-conditioned system 

   with ( )
3

       matrix containing the independent variable

s

e i a i
i

f x F u x sH M c e p

H information of the measurement points
       conventional discretization matrix from computational mechanics 
        vector representing the observational data
       forcing term vector of the a

M
e

p  mathematical model with boundary conditions

           You can use the numerical method of your choice
            acts as a penalty coefficient
           The data is embedded in the equatio

 priori

n solution and acts an initial and/or 
               boundary condition.  We have the potential to steer the CFD solution using EFD.

24

Approach #1
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2
2

1

So our numerical formulation can be written as the well-conditioned system 

   with ( )
3

CFD:
           We control the approximation method

s

e i a i
i

f x F u x sH M c e p

 and its discretization. 
           We use  to balance cost and fidelity of the  model against the cost of  
               the experimental data in the approximation.
EFD:
           We contr

a priori

ol the quality and distribution of the experimental data - DoE. 
           We balance the cost of the experimental data against the  model 

 in the approximation. 
a priori
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CFD EFD Fusion

Differential Equation Fused with Empirical Data
[B. Zeldin and A. J. Meade, AIAA J., 35 (11) (1997)]

Interpolation of data with noise. 
Dashed curve – regularized analytical solution. 
Dashed-dot curve – regularized ANN model 
with 7 RBFs

Interpolation with insufficient data

2

2

2
2

1

0

0,    0,1 ,    0 1 0    

   with
3

1.0 for  and 1.3 for  with 0.014.  

s

e i a i
i

i

d ua x x u u
dx

u x u x s

a u x a u x

H M c e p

26

Approach #1 Results

Response of regularized ANN system with insufficient 
data. 1 – response of the mechanical system, 
2 – regularized response = 0, 
3 – regularized response = 0.3, 
4 – regularized response = 3.0, 
5 –response of a-priori mathematical model
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The earliest and most common application of data/physical model fusion is in the dynamic modeling 
of weather. 

Recognition by V. Bjerknes in 1904 that weather forecasting is fundamentally an initial-value 
problem and basic system of equations already known 

  L. F. Richardson's (1922) attempt at practical Numerical Weather Prediction 

  Late 1940s: First successful dynamical-numerical forecast made by Charney et al. 

  1960s: Edward Lorenz shows the atmosphere is chaotic and its predictability 
    limit is about two weeks

  1980s: Kalman Filtering applied to meteorology

27

Approach #1 Results

Kalman Filtering for Numerical Weather Modeling
[SIAM News, 36 (8) (1997)]

Kalman filter are provably optimal if the 
differential equations for the system are linear. 
Excellent for real-time linear computations. 

SIAM 1997 article stated that the Kalman filter 
doesn't handle any serious nonlinearity 
and proposed remedies were just too complicated. 
This resulted in the modern Ensemble Kalman Filter. 

28

Approach #1 Results
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The Inhomogenous Duffing’s Equation Merged with Empirical Data
[A. J. Meade and R. Moreno, Intl. Journal of Smart Engineering System Design, 1 (1998)]

Chaotic phase space trajectory of the a-priori 
model for omega = 0.86

Response of the model empirical merging.Desired nonchaotic trajectory.

2
3

02

2 2

1

12 cos
2

   with     
3

s
e a

i i
i

d x dx x x F t
dt dt

dx dxt t s
dt dt

H M c e p
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Approach #1 Results

We have also had success with this formulation using a Thin-Layer Navier-Stokes solver in 
finite difference form fused with experimental surface pressure and boundary layer profile.

30

CFD Code Merged with Empirical Data
[W. Wang,  M.S. Thesis, August 1998)]

Approach #1 Results

  with data as the BCsH M c e p

This document is provided by JAXA.



30 宇宙航空研究開発機構特別資料 JAXA-SP-09-003

Approach #2

GTR questions:

           The Green's functions for practical models are usually unavailable. Is it possible  
              to use existing numerical solutions in the literature for fusion?  

2

  Is it possible to find a value for  that satisfies  without the trouble of solving for 
3

             ( ) explicitly? 

           Rather than using a single value for  is it possible to use a

a

s

u x

 distributed one?
           Is the full data set required to accomplish data-model fusion?  
           Is it possible to do all of this with minimal user interaction?
           Can we accelerate through experiments with incomplete mathematical models or no 
              model at all Black-Box modeling ?  
           Can we reduce uncertainty in EFD and CFD? 

31

Approach #2

An alternative method has been developed in hope of addressing the remaining concerns.

Starting with a straightforward reformulation using the solution to a numerical model, 
( ),  from the literaturCFDu x

1

e

( ) ( )               ( ) ( ) 0 2  ,        

               ( ) ( ) 0,         

where  and  are now 

s
e i a i

a CFD i
i i

a CFD

u x u xL u x u x x x x

B u x u x x

L B l  operators. inear

32
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Approach #2

1

If we define  ( ) ( ) ( )    

and use      , , 

then our solution to this modified form is  

( ) ( ) ( ) ( ) ( ) ( )  

This indicates that we need an approxima

e CFD

i i

N

i i a CFD CFD
i

e x u x u x

G x x x

x c u x u x u x u x e x x

1 2

tion technique that can also address ( ). 

We will construct a  i.e. response surface method  from 

the data ( ),  ( ),  , ( )  and build to a tolerance  equal to the mas

x

scattered data approximation

e x e x e x ximum 

estimated measurement error max | |  . i

33

Approach #2

    These scattered data approximation techniques include: 

  Kriging method trouble with over 20 inputs and over 1000 data sets

  Artificial neural networks, specifically radial basis function networks RBFN , 

    generalized regression neural networks GRNN ,  and support vector machines (SVM). 

  Greedy algorithms.  This includes algorithms like Proper Orthogonal Decomposition (POD). 
   We have developed our own greedy algorithm we call Sequential Function Approximation SFA .

34
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Approach #2

Our SFA algorithm is a variation of Orr's Forward Selection training method and 
Platt's Resource Allocating network from machine learning that seeks to improve the 
computational efficiency through the

2

 MWR. 

For convenience, we use the Gaussian radial basis function since it is unaffected by 
the dimensions  

We set 

          ( , , ) exp   so then

         (

n n
n n

n

n

d.

x x x x
x x

R ( ) ( 1)

1

, , ) ( ) ( ) ( ) ( ) ( , , )
                            

n n
n n a a n n n

n n n

x x u x u x u x u x c x x
R c
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Approach #2

2
1 1 1

The objective is to determine , ,  and  that minimize the residual . Through the MWR 
we can reformulate the residual equation as a minimization problem, 

, , 2 , ,   whi

n n n n

n n n n n n n n n n

c x R

R R R R c R c 1

2
1

12 2
1 1 1 1

1 2

,
ch for an optimum ;  

,

, ,
    becomes      1       or     sin

, , ,

where  is the angle between  and .  So this formulation should give 

n n
n n

n n

n n n n
n n n

n n n n n n

n n n n

R
c c

R R R
R R

R R R R

R R 1 2

as long as . 
2

n

n

R
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Approach #2
This formulation has characteristics similar to Proper Orthogonal Decompositon POD , 
empirical basis function method, and the Krylov method. 

We've used the SFA algorithm successfully with differential equations and conventional 
finite element basis functions in the mesh-free solution of differential equations. 

We plan on using this mesh-free approach to determine whether or not CFD solutions 
can be steered by EFD results during calculations. 

37

[A. J. Meade et al., Communications in Numerical Methods in Engineering, 13 (1997)]

Approach #2

38
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Discrete Ordinate Method (DOM) Thermal Radiation Problem

Non-dim. temp. approx. using 21 exp. 
bases by meshless method

Non-dim. temp. approx. using 40401 
finite volume bases
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Approach #2

[D.L. Thomson et al. International Journal of Thermal Sciences, 40 (6) (2001)]

39

Approach #2

2

The solution for  data sets is the nonlinear minimization of   

( ) ( )  1     with    ,   
( )( ) ( )

The parameters ,  ,  and  are solved for the 

n

n n n

discrete

c

c x

n 1 n n 1 n

n n n 1 n 1 n n

R R
R R

th  basis function sequentially. 

The iterative process continues until either a pre-determined tolerance is reached 

i.e., max     or     or     .  
3

A conservative estimation of the

n

s n sn n nR R R

1 2 convergence rate gives:      exp

This approach has been used successfully with RBF in the approximation and analysis of 
high-dimensional scattered data problems. 

C C nn nR R
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Use of Scattered Data Approximation in Side-Stepping 

Interpolation of data with noise ( 0.014) with a = 1.3. 
Dashed curve – regularized ANN model with 1 RBF using SFA

3 3

0 0
1

 ,  ,
6 6

N

a i i
i

x x x x
u x u x u x u x x c

a

41

Approach #2 Results

Interpolation  with noise ( 0.05 and 0.014) and a = 4. 
Dashed curve – regularized ANN model with 1 RBF using SFA

Regression / Fusion for An Airfoil Table 
[J. Navarrete and A. J. Meade, AIAA 2004-0952]

We have used this approach to combine experimental airfoil coefficient data with numerical 
data in an effort to construct airfoil performance tables (C81 Tables) given limited data sets. 

42

Approach #2 - Results
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Regression / Fusion of CFD Codes for Design 
[D. Toal et al., AIAA J., 46 5 (2008)]

The use of scattered data approximation in side-stepping  has also been quite popular 
in computational aerospace design where it has been used in the construction of models by 
the fusion of multiple CFD solvers. 

43

Approach #2 - Results

Approach #3

44

GTR questions:

           The Green's functions for practical models are usually unavailable. Is it possible  
              to use existing numerical solutions in the literature for fusion?  

2

  Is it possible to find a value for  that satisfies  without the trouble of solving for 
3

             ( ) explicitly? 

           Rather than using a single value for  is it possible to use a

a

s

u x

 distributed one?
           Is the full data set required to accomplish data-model fusion?  
           Is it possible to do all of this with minimal user interaction?
           Can we accelerate through experiments with incomplete mathematical models or no 
              model at all Black-Box modeling ?  
           Can we reduce uncertainty in EFD and CFD? 
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Approach #3

Bayesian estimation is by far the most popular technique in empirical information fusion 
Black Box problems, i.e., data fusion without mathematical models . This approach has 

been used in everything from defense related decision codes to condition-based maintenance. 

However, some practical difficulties do arise in a Bayesian framework in setting the 
 probabilities since noninformative priora priori s can cause erroreous bias to further reasoning. 

45

Approach #3
I am a strong supporter of using scattered data approximation for aerospace problems since:  
a  it is a more straightforward numerical technique 

b  we already have an idea of the reliability of the sensors used in measurements

c  setting the  probabilities are replaced with simply mapping the inputs to 
      the known outputs. 
d  we showed in a previous paper that for a set basis function, this

a priori

method should give us the 
      best approximation.  

We have applied our SFA algorithm to a Black-Box problem, a with proxy variable, 
in accelerating through an experiment. 

46
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Figures: HH-60H  and U.S. Navy 
Amphibious Assault Ship

Physical experiments, especially flight tests, can be very expensive and tedious. 

Design of launch/recovery envelope for a U.S. Navy helicopter requires:
4-5 days of ship-board flights
4 pilots, 2 aircrew, 4 test engineers, 5 maintenance personnel
Manuvering the ship to simulate various sea conditions
Hundreds of thousands of US$

Identification / Classification of Naval Rotorcraft Recovery 
[A. Srivastava et al. Proc. of the 2007 Infotech@Aerospace Conference, 2007. ]

Approach #3 - Results

47

Reverse and Separated Flow at Bow

Turbulent Gusts Separating 
from Unsteady Bow Flow

“Wingtip” Vortex Emanating from Deck Edge
(Generally at deck edge, for bow winds)

Turbulent Wake
Flow Behind Island

“Necklace” Vortex Around 
Base of Ship

(Generally below deck edge 
and very weak)

“Necklace” Vortex Around 
Base of Island

Approach #3 - Results

48
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Effort to replace the standard two-dimensional launch/recovery envelope.  The SFA approach is used 
to construct a response surface that approximates the quality ratings of several HH-60H command pilots 
after recovery from Navy amphibious carriers. 

 369 data sets
   13 dimensions
     4 classes 

CAUTION:
UNRESTRAINED FLIGHT DECK SAFETY
NETS MAY RISE UPRIGHT FOR WINDS
035-325 EXCEEDING 30 KTS.

Entire Envelope:  day.
Shaded Area:  night.

PITCH(+/-) 5
ROLL(+/-) 8

5

10

15

20

25

30

35

40 KT

STERN
APPROACH

345

330

280

245

125

070

030

020

270 090

PRS #
Pilot Effort Rating Description

1
Slight

No problems; minimal pilot effort
required to conduct consistently safe
shipboard evolutions under these
conditions.

2
Moderate

Consistently safe shipboard
evolutions possible under these
conditions.  These points define fleet
limits recommended by NAWCAD
Pax River.

3
 Maximum

Evolutions successfully conducted
only through maximum effort of
experienced test pilots using proven
test methods under controlled test
conditions.  Loss of aircraft or ship
system likely to raise effort beyond
capabilities of average fleet pilot.

4
Unsatisfactory

Pilot effort and/or controllability
reach critical levels.  Repeated safe
evolutions by experienced test pilots
are not probable, even under
controlled test conditions.

Table: Pilot Rating Scale (PRS) Figure: HH-60H Operational Recovery Envelope

Approach #3 - Results

49

Input
Index

Abbreviation Definition (Units)

1 Ship Type USN Ship Type: DD 967 (1), DDG 61 (2) DD 971 (3), DD976 (4)
2 WOD Spd Wind Over Deck Speed. Relative wind speed (kts).
3 WOD Dir Wind Over Deck Direction. Relative wind direction (degrees)
4 Long CG Longitudinal CG station of helicopter. Length aft of datum (in).
5 Wfuel Weight of fuel aboard helicopter (lb).
6 GW Gross Weight of helicopter (lb).
7 Qavg Average hover torque required during evolution (%).
8 Qmax Maximum hover torque required during evolution (%).
9 Pitch Pitch angle of ship during evolution (degrees)
10 Roll Roll angle of ship during evolution (degrees)
11 OAT Outside Air Temperature (degrees)
12 Hp Pressure altitude (ft).
13 Hd Density altitude (ft).

Table: Classification Model Inputs

Approach #3 - Results

This example was used to demonstrate that Black-Box fusion can be used for accelerating experiments 
and reducing uncertainty in experiments. This was thought to be a more rigorous test since there are
no known models for the launch and recovery problem to fuse with the data and we are using a proxy 
variable. 

We used DoE tools to select a small subset of the test matrix. 
We imaged that the results from this first day of tests were then used to map the PRS to the inputs. 

50
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Approach #3 - Results

The resulting approximation was then used to predict the results of the next subset. Errors in 
predictions were used to update the PRS model. Because the SFA is a numerical technique 
with a known convergence rate, we can use this convergence rate to conservatively estimate 
how many more data points are necessary for the surrogate to reach some desired accuracy. 

Applying sensitivity analysis to the PRS model we can also get an idea of which inputs are 
relevant to the test and eliminate those that have little effect on the PRS. 

Figure: Average input sensitivities 
in the prediction of pilot ratings.Figure: Decrease in error equivalent to the 

theoretical convergence rate.
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Approach #3 - Results

This convergence rate for black-box modeling also means that our prediction accuracy 
increases in a known manner, thereby reducing the uncertainty as more data is added 
to our approximation. 

Figure: Average input sensitivities 
in the prediction of pilot ratings.Figure: Decrease in error equivalent to the 

theoretical convergence rate.

52
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It has been demonstrated that through the use of regularization, scattered data approximation, and 
meshless methods it is possible to seamlessly fuse mathematical models, computational methods, 
and experimental data. Possible benefits include: 

       Noise filtering of data (reducing the error bars)   
       Filling in the blanks in experiments (including reducing uncertainty in EFD)
       Accelerating CFD solutions using data (including reducing uncertainty in CFD)
       Accelerating through test matrices (steering and predicting the amount of data needed) 
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Conclusions & Future Work

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x

y

The Generalized Tikhonov Regularization framework shows promise as a way to merge theory,
experimental observations, and computational fluid dynamics in a deterministic manner. 

Further investigation of the method and the applications are required: 

  Perform meshfree solution of ( ) with the  of ( ) combined with ( ).  
   This would produce meshless and data-driven computational m

a CFD e iu x solution u x u x
echanics solvers. 

  Investigate the method in designing better experiments and accelerating through them. 

  Investigate the method with aerodynamic proxy data. 

                                      Suggested reading :
Keane & Nair 

               and Kapio & Somersalo :

54
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I would like to see us as a community, using whatever tools become suitable, to routinely drive 
and merge experiments with various CFD solvers and have this become a regular part of our 
student's education and research thinking. 

In addition to archiving our CFD results in journals, these models can then be used as international 
databases that can be further refined with advances in CFD and EFD. As a result, work does not 
have to be needlessly reproduced and uncertainty can be reduced in future experiments. 

55

Conclusions & Future Work
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Conclusions & Future Work

Questions?
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Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Validation and Minimizing CFD 
Uncertainty for Commercial Aircraft 

Applications – The Integration of EFD and 
CFD

Edward N. Tinoco
Boeing Commercial Airplanes

Seattle, Washington, USA

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

• Scope: Validation experiences presented are limited to the 
application of Computational Fluid Dynamics (CFD) to high- 
speed (transonic) commercial transport vehicles 

Computational Fluid Dynamics 
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Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

• Scope: Validation experiences limited to high-speed (transonic) 
commercial transport vehicles 

• Motivation

• Validation for an Intended Purpose
Codes - CFD
Knowing the test data - EFD
Adventures in validation

• Minimizing CFD Uncertainty

• Case Study – 3rd Drag Prediction Workshop

• Concluding Remarks

Outline

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

To get value out of CFD you must get CFD into the Product.

• CFD must get into the hands of the engineers responsible for the 
development of the product.

• CFD must be predictive
– Predictive results must be timely.
– Predictive results must be consistent

• Management must believe in the use of CFD.
– Makes economic sense.
– Usable by the engineers on the project.
– Confidence that both CFD and Users are validated.

Motivation
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Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

50% Reduction in Wind Tunnel Testing for Lines Development!38
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High-Speed Wing
Design Cab Design

Engine/Airframe 
Integration

Inlet Design
Inlet Certification

Exhaust-
System Design

Cabin
Noise

Community Noise

Wing-Body
Fairing Design

Vertical Tail and 
Aft Body Design

Design For
Stability &

Control
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Use of CFD and therefore the Need for Validation has 
been driven by “Desperation”

• Not being able to meet high-speed drag design goals by traditional “cut & 
try” wing design in 1980’s led to “inverse design” via pressure matching

– Need - Validated accuracy of wing pressure distribution prediction
– Used on 777 and Next-Generation 737

• Not being able to meet high-speed drag design goals by “inverse design” 
wing design on 4-engine airplane in 1990’s led to “optimization” drag 
design

– Need – Validated prediction accuracy of configuration drag 
increments due to small geometry perturbations
– Used on Sonic Cruiser, 787, 747-8

• Increased market pressure to reduce airplane development cycle time
– Need – Validation of prediction accuracy of CFD for Loads and S&C
– Used on 787 and 747-8

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

• Scope: Validation experiences limited to high-speed (transonic) 
commercial transport vehicles 

• Motivation

• Validation for an Intended Purpose
Codes
Knowing the test data
Adventures in validation

• Minimizing CFD Uncertainty

• Case Study – 3rd Drag Prediction Workshop

• Concluding Remarks

Outline

This document is provided by JAXA.



第 2回 EFD/CFD融合ワークショップ 47

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Verification, Validation, Calibration, and Certification?

From a recent update from the AIAA committee on Standards for 
computational fluid dynamics we see verification and validation of CFD 
codes and calculations as the process of determining the level of 
confidence that can be placed in the resulting CFD data where:

Verification: The process of determining that a model implementation 
accurately represents the developer's conceptual description of the 
model and the solution to the model.
Validation: The process of determining the degree to which a model 
is an accurate representation of the real world from the perspective of 
the intended uses of the model.

These are necessary first steps leading to:
Validation for Intended Purpose

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Validation for Intended Purpose

• Instill “user confidence” that the “CFD processes” can deliver 
solutions that are “good enough”.
• “Good enough” depends on intended use and is in the eyes of the 
user.
• “Good enough” is frequently measured with respect to test data that 
has itself been deemed “good enough”

– CFD should not exactly match test – both have different limitations
– Matching data at 2 or 3 conditions is inadequate/misleading
– Need trends over multiple conditions and configurations

• CFD code by itself can never be validated for an intended purpose
– Too many variables – user accessible “knobs”
– Grids – too much dependence

• “CFD process” from lofts, grid generation, solver, post-processing, 
etc. must be focus of establishing “user confidence” in being “good 
enough”

This document is provided by JAXA.
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Computational Methods 
(addressed in this presentation)

TRANAIR
Full Potential with directly coupled Boundary Layer
Cartesian solution adaptive grid
Drela lag-dissipation turbulence model
Multi-point design/optimization

Navier-Stokes Codes
CFL3D – Structured Multiblock Grid 
TLNS3D - Structured Multiblock Grid - Thin Layer 
OVERFLOW – Overset Grid 

N-S Turbulence Models
S-A Spalart-Allmaras 
Menter’s k-w SST

Second Workshop on Integration of EFD and CFD
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Knowing the Test Data
Neither wind tunnel nor flight test data can be considered an absolute 
against which to compare CFD for validation. 

Flight Test Uncertainties 
• Flight Conditions – Mach number, angle of attack, slideslip calibrations.  Ability 
to hold conditions in flight.
• Forces – No direct measurements, inferred from flight characteristics, fuel burn.
• Pressures – limited in number, subject to significant instrumentation lag.
• Shape – Aircraft aeroelastics, control surface deflections.

Wind Tunnel Test Uncertainties
• Better control and measurement of flight conditions, forces, pressures, shape, 
etc. but:

– Generally at much lower Reynolds number than full scale flight
– Must be corrected for significant wall and mounting system effects to 
represent “free-air”.  Complete corrections not practical.

• Better statistical evaluation
– Short term and long term repeats within a test entry
– Test to test repeats
– Tunnel to tunnel repeats

This document is provided by JAXA.
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Wind Tunnel Data Corrections
Clear tunnel flow conditions are subject to small variations in pressure 
and flow direction.  The introduction of the wind tunnel model further 
disturbs these quantities away from “free-air”.
• Mach Number – Function of total and static pressure

– Centerline pressure vs. static measurement
– Static pressure change due to model presence – “Mach Blockage”

• Angle-of-Attack – A derived quantity – physical angle + corrections for:
– Flow angularity – “Up-flow”
– Lift interference – “ o” – Model to tunnel size, tunnel wall ventilation, Mach

• Drag – Measured force corrected for angle-of-attack, + corrections for:
– Clear tunnel buoyancy
– Solid blockage buoyancy
– Internal cavity pressures
– Normalized skin friction

• Tare and Interference – can effect all quantities, specific to model, 
tunnel, Mach number

Second Workshop on Integration of EFD and CFD
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Poor Validation Choice

The CFD development team struggled for nearly a year trying to get better 
agreement with test data. 

Shock Location ??

Data from repeats from 3 tunnel entries

Cp

X/C

Test Data

CFD

Pressure Cut

This document is provided by JAXA.
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Poor Validation Choice
Extreme Sensitivity of Shock Location to Flow Conditions

X/C

Cp

X/C

Cp
Sensitivity of the shock location to exact Mach and 
angle of attack is very high at this condition - the 
correlation will be very poor.

Shock Location ??

Shock Location

Data from repeats from 3 tunnel entries

Second Workshop on Integration of EFD and CFD
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• Apparent wing 
pressure agreement 
at given angle of 
attack raises question 
about lift force.

• Not enough 
information available 
to determine why

DLR F6 Wing-Body        Wing Cp’s – Match or CL?
Inconsistency between forces and pressures

From the 2nd AIAA Drag Prediction Workshop

CL

This document is provided by JAXA.
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NTF Test Data
TP 1844, 
CL=0.495

Zeus/CFL3D
CL=0.50

Zeus/CFL3D scaled to
Match inboard lift

Increasing the nose down twist on the outboard part of the wing will result in a 
higher angle of attack when matching CL thereby better matching the wind 
tunnel force and pressure data.

Inconsistency between forces and pressures
Probable cause – wrong wing twist in CFD model!

Second Workshop on Integration of EFD and CFD
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CL

CD

40 Count Off-Set Per Mach

20 Drag Counts

Wing-Body

Wing-Body-Strut- 
Nacelle

CL

CD

TRANAIR

20 Drag Counts

40 Count Off-Set Per Mach

Test Data

• A single drag tare added to all TRANAIR 
results

• Comparison made over a range of Mach 
and angle-of-attack

• Emphasis placed on incremental drag

• All parameters must make sense

Validation for Drag

Test data corrected 
for tare & 

interference

Test data corrected 
for tare & 

interference
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Total Lift

Total Pitching Moment

Pressure Distributions

Validation Must Make Sense for all Parameters
Section Lift and Pitching Moment
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Code to Code, Code to Test Comparisons
• Validation with multiple code adds to confidence
• A single drag tare added to results from each code
• Different levels predicted but same incremental delta

CD

CL

Configuration 1

Configuration 3

TRANAIR
Component Drag
Build-Up + Tares

Test Data

M - 0.81
Wing-Body Drag Polars

CD (Config. 3 - Config. 1)

CL

Test
Data

TRANAIR

Incremental Drag Due To
Thickness

10 Drag
Counts20 Drag Counts

TLNS3D

Configuration A

Configuration C

(Config. C – Config. A)

Wing-Body Drag Polars Incremental Drag between
Configurations
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Code to Code, Code to Test Comparisons
• Validation with multiple code adds to confidence
• Consistent processes yield consistent results =

Second Workshop on Integration of EFD and CFD
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Tail-on Trimmed to CM=0.

Tail-off

CL

CD

Test Data

Lines - TRANAIR

Consistency Builds Confidence in Validation

• Single drag tare added to 
all results
• Consistent processes 
yield consistent results
• Consistent results build 
confidence

Predictive CFD – The bulk of these results were obtained pre-test!

This document is provided by JAXA.
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CL

CM

Symbols - Test Data
Lines - CFD

Re=40M

Re=3M

Wing-Body-Strut-Nacelle

Angle-of-Attack

Re=40M

Re=3M

Section Lift

Section Moment

CL

CM

Symbols - NTF Test Data
Lines - CFD

Reynolds Number Effects
• Use CFD to provide Reynolds number corrections to conventional wind 
tunnel data
• Consistent gridding adjusted for Reynolds number 

Single tare added to CFD results
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The Importance of Wing Tunnel Model Aeroelastics

• Accounting for wind tunnel 
aeroelastics adds confidence 
to CFD validation

This document is provided by JAXA.
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• CFD Issues
– Large regions of separated flow
– Turbulence models
– Need URANS or DES?

• Testing Issues
– Close to Mach One
– Model aeroelastics
– Representative of “Free Air”?

Separated
flow

CFD at the Edges of the Envelope
Cp comparison at 

approximately 2.5g at Mach dive

Second Workshop on Integration of EFD and CFD
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• Scope: Validation experiences limited to high-speed (transonic) 
commercial transport vehicles 

• Motivation

• Validation for an Intended Purpose
Codes
Knowing the test data
Adventures in validation

• Minimizing CFD Uncertainty

• Case Study – 3rd Drag Prediction Workshop

• Concluding Remarks

Outline
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Minimizing CFD Uncertainty - Stable, Packaged 
Software Solutions – not just codes.

Product Development engineers must be able to focus on on 
engineering processes and have little time for manipulating CFD 
“process”, i.e. codes must be very user oriented. 

• Consistent, Repeatable Processes
– Enables fast results, reduces variation.

• Integrated Stable, Packaged Software Solutions
– Scripted Packages for “standard” configurations
– Geometry, Grid/Paneling Generation
– Solvers
– Post-processing
– Software Version Control

• Integrated Computing Resources
– High-end Computing Resources
– Mass Data Storage 
– Computing System Administration

Second Workshop on Integration of EFD and CFD
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Surface grid
generation

User input
Geometry lofts

Volume grid input
Surface grids

Connectivity file
Advancing
Front method

AGPS

Navier-Stokes
analysisPost-processing

Volume grid
Connectivity file

User input
Flow conditions

Flow solution
Grid files

CFL3D
TLNS3D

Tecplot
Ensight
Plot3d
Pegasus/TGS

Forces/moments
Section characteristics

Detailed flow field

Stable, Packaged Software Solutions – Zeus/CFL3D

Zeus/CFL3D usage is in the 
thousands of cases per year.
Similar usage for OVERFLOW.

Volume grid
generation

Driver for Surface Grid Generation, Volume Grid Generation, 
Navier-Stokes Analysis, and Post-processing 

Mach number
Angle of Attack
Reynolds number

This document is provided by JAXA.
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• Scope: Validation experiences limited to high-speed (transonic) 
commercial transport vehicles 

• Motivation

• Validation for an Intended Purpose
Codes
Knowing the test data
Adventures in validation

• Minimizing CFD Uncertainty

• Case Study – 3rd AIAA Drag Prediction Workshop

• Concluding Remarks

Outline
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DLR F6 Wing-Body

FX2B Wing-Body Fairing

Original Reference for base DLR- 
F6 geometry: AIAA 2001-2414.pdf

FX2B Reference: AIAA 2005-4730.pdf

NASA completed a test of these configurations at the NTF in October 2007

Case Study – 3rd AIAA Drag Prediction Workshop
An example of predictive CFD.  All CFD solutions completed at 

least a year prior to wind tunnel test!

This document is provided by JAXA.
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? ?

Zeus/CFL3D system – F6 with and without FX2B Fairing
Four Grids - 2.6 to 31 Million Cells
Four combinations     - SA or SST Turbulence Models

- Thin-Layer or Full Navier-Stokes Terms
Pressure Distributions Separation Bubble Extent

Drag Convergence Drag Increment Convergence

SST SA

Increasing Grid Size

Increasing Grid SizeIncreasing Grid Size
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Drag Increment Predictions by DPW3 Participants

These are results from codes that are considered 
validated!
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Impact of Separation Bubble Size on 
Wing Pressure Distribution

Extent of Separation Bubble from Various 
DPW3 Participants

Solutions at CL=0.50, Re=5M

Zeus/CFL3D
Comparison with Test 

Data

Structured          Unstructured         Overset

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Drag Increment Predictions  After Filtering Out
Predictions of Large Separation Bubble 
Pressure Distribution Anomalies

First presented in June 2006

This document is provided by JAXA.
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Drag Increment Predictions  After Filtering Out
Predictions of Large Separation Bubble 
Pressure Distribution Anomalies

NTF data confirms prediction!
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• Scope: Validation experiences limited to high-speed (transonic) 
commercial transport vehicles 

• Motivation

• Validation for an Intended Purpose
Codes
Knowing the test data
Adventures in validation

• Minimizing CFD Uncertainty

• Case Study – 3rd Drag Prediction Workshop

• Concluding Remarks

Outline
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Stumbling Block to Building Confidence
Key to developing the confidence to use CFD in a predictive manner is 
the on-going, never-ending, validation process.  Difficult to do in 
isolation and without access to a large experimental data base!

• Open workshops very valuable for information 
exchange

- CAWAPI F-16XL project
- AIAA Drag Prediction Workshop Series

• NASA Common Research Model
– Public domain geometry and test data
– Testing planned to start in 2009

•4th AIAA Drag Prediction Workshop
– June 20-21, 2009 – San Antonio, Tx

Second Workshop on Integration of EFD and CFD
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It is difficult if not impossible to put a precise numerical definition 
on what is CFD validation and when CFD is “good enough” but I 
know it when I see it.  And to know it requires seeing a lot of it to 
develop that confidence that it is “good enough.”

Concluding Remarks
• Validation for an intended purpose is absolutely necessary for confident 
“predictive” use

– Requires intimate knowledge of both CFD and experimental data
– Agglomeration of comparisons at multiple conditions, configurations, 
code-to-code, code-to-test

• Not just a code but the entire CFD process
– Geometry, grid generation, solver, post-processing
– Users

• Need consistent, repeatable CFD processes
– Packaged processes for “standard” configurations
– Minimize user “knobs”
– Standardized grid generation

This document is provided by JAXA.
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4th AIAA CFD Drag Prediction Workshop

Sponsored by the Applied Aerodynamics TC

2-Day Workshop Preceding the 27th APA Conference

San Antonio, TX 
June 20-21, 2009

http://aaac.larc.nasa.gov/tsab/cfdlarc/aiaa-dpw/
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Case 2 (Optional) – Mach Sweep:
1. Drag Polars at: 

- Mach=0.70, 0.75, 0.80, 0.83, 0.85, 0.86, 0.8
- CL=.400, .450, .500 (±0.001) 
- Untrimmed, Tail Incidence angle, iH = 0
- Medium grid 
- Chord Reynolds Number 5x106 based on c
275.80 in 

Case 1 – Grid Convergence and 
Downwash Studies:

1. Grid Convergence study
at Mach=0.85, CL=0.500 (±0.001) 
- Tail Incidence angle, iH = 0
- Coarse, Medium, Fine, Extra-Fine Grids 
- Chord Reynolds Number 5x106 based on c
275.80 in 

2. Downwash Study at M=.85
- Drag Polars for alpha= 0.0 , 1.0 , 1.5 ,
2.0 , 2.5 , 3.0 , 4.0  (?) 
- Tail Incidence angles iH = -2 , 0 , +2 ,
and Tail off 
- Medium grid 
- Chord Reynolds Number 5x106 based 
on cREF= 275.80 in 
- Drag delta tail off vs. on (trimmed, 
derived from the three polars at iH = -2 ,
0 , +2 )

Case 3 (Optional) – Reynolds Number 
Study:
Reynolds Number study at Mach=0.85, 
CL=0.500 (±0.001) 
- Tail Incidence angle iH = 0
- Medium grid 
- Rn=5x106, 20x106 based on cREF= 275.80 in

This document is provided by JAXA.
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• Backup

This document is provided by JAXA.



64 宇宙航空研究開発機構特別資料 JAXA-SP-09-003

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Stable, Packaged Software Solutions – TRANAIR

Scripted and Packaged for a 
“Standard” Class of 
Configurations

• Integral part of the engineering 
process
• Reduces solution flowtime
• Improves consistency and 
repeatability of results
• Uses common BCA processes
• Improves productivity

TRANAIR usage is in the 
10’s of thousands of cases per year

Second Workshop on Integration of EFD and CFD
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Wind Tunnel Data Corrections
Clear tunnel flow conditions are subject to small variations in pressure 
and flow direction.  The introduction of the wind tunnel model further 
disturbs these quantities away from “free-air”.
• Mach Number – Function of total and static pressure

– Centerline pressure vs. static measurement
– Static pressure change due to model presence – “Mach Blockage”

• Angle-of-Attack – A derived quantity – physical angle + corrections for:
– Flow angularity – “Up-flow”
– Lift interference – “ o” – Model to tunnel size, tunnel wall ventilation, Mach

• Drag – Measured force corrected for angle-of-attack, + corrections for:
– Clear tunnel buoyancy
– Solid blockage buoyancy
– Internal cavity pressures
– Normalized skin friction

• Tare and Interference – can effect all quantities, specific to model, 
tunnel, Mach number

This document is provided by JAXA.
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Symbols - Test Data
Lines - CFD

• Use CFD to determine initial 
loads prior to a wind tunnel entry 
• Consistent process yield 
consistent solutions 
• Consistency yields confidence

Single tare added to CFD results

Mach Number Effects on Section Lift

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

F6 Wing-Body - Wing Cp’s – Comparison with Original 
ONERA test at Re=3M – Solution at Re=5M also shown

This document is provided by JAXA.
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F6 Wing-Body - Wing Cp’s – Grid Convergence
Four Grids - 2.6 to 31 Million Cells for each configuration
Four combinations     - SA or SST Turbulence Models

- Thin-Layer or Full Navier-Stokes Terms

Second Workshop on Integration of EFD and CFD
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F6 WB Separation Bubble on Wing – Turbulence Modeling

Edge of Separation 
Bubble on Wing

Wind Tunnel Oil Flow Photo, Re=3M

Overlay of Computed Streamlines, 
SST Turbulence Model, Re=5M

Increasing Grid Size

This document is provided by JAXA.
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Drag Convergence with Thin-Layer CFL3D, M=0.75, CL=0.50

? ?

Increasing Grid Size Increasing Grid Size

Second Workshop on Integration of EFD and CFD
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Drag Increments between Configurations

Increasing Grid Size

This document is provided by JAXA.



68 宇宙航空研究開発機構特別資料 JAXA-SP-09-003

Second Workshop on Integration of EFD and CFD

Copyright © 2009 Boeing. All rights reserved.

Component Drag Increments

Drag increment 
variation is due to 
pressure drag 
changes we believe 
are related to the 
separation bubble 
prediction

This document is provided by JAXA.
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Push-Pull hybrid propulsion: A wave drag can be 
efficiently decreased with energy depositions ahead of a body.

-w/o energy deposition

-w/ energy depositions

Definition of Problem

2

(Power for propulsion) = (Drag) (Speed)

49% saved

This document is provided by JAXA.
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Configuration

Nd:YLF laser (PowerEdge co., wavelength; 1047nm, 
repetition frequency; 10 kHz max., average power; 80 W 
max., 5mm 5mm square beam) 3

BK7 window

Plane-convex lens 
(f=10-30mm)

20mm-dia. cylinder

Control parameters: Flow Mach number/Laser energy/ Laser pulse 
repetition frequency/Location of energy deposition

Results: Decrement in drag/efficiency of energy deposition

History

4

EFD CFD
Single laser pulse deposition

-Flow visualization
-Stagnation pressure 
history

-Stagnation pressure 
history was reproduced by 
fitting effectively deposited 
energy to experiment

-Improved design: truncated 
cone

-Determination of effectively
deposited energy

-Steady-state drag 
reduction was obtained

-New experiment w/ better 
laser performance (proposal)

-

Diagnostics

Measured data

Design

Repetitive laser pulse depositions

Diagnostics

Design

Measured data

This document is provided by JAXA.
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1st Step:
Single pulse operation 

(presented @ last workshop)

Data Fitting in Stagnation 
Pressure History

EFD: @operation 
temperature out of guarantee
(yet temporally accurate)

CFD: Effectively input energy 
should be given

t ( s)

St
ag

na
tio

n 
pr

es
su

re
 (k

Pa
)

Laser pulse

This document is provided by JAXA.
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Understanding drag reduction mechanisms

Design for even better performance

EFD/CFD Integration Gets More

EFD
Optical

visualization
Stagnation

pressure history

Drag measurement

CFD
Effectively input 

energy

Diagnostics
Design: prediction 

of drag reduction

2nd Step: In-Draft Wind Tunnel
Designed w/ method of characteristics

Boundary layer correction using CFD 
Experimental performance examination

8

Intake:
440mm 440mm

Test section:
80mm 80mm

Valve to vacuum
chamber:7m3

-Flow Mach number =2.0
-Run time = 5s
-Total pressure =101kPa
-Static pressure = 14.7kPa
(-Static temperature= 167K)

This document is provided by JAXA.
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3d Step: Steady-State Drag 
Measurement

• Experimental evaluation of steady-state (time-
averaged) drag reduction using up-to-10-kHz
repetitive laser pulses.
– More accurate than spatiotemporally integrating pressure 

field.
– Real performance with interactions among pulses 

• Understanding related flow mechanics through 
numerical & experimental diagnostics.

9

4th Steps: New Insight from 
CFD (Repetitive-Pulse Effect)
Single-pulse performance cannot be applied if the 

repetition frequency is high enough for interactions 
to be significant.

10

This document is provided by JAXA.
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New Design by CFD: Truncated
Cone (Sakai 2009):

Small drag & high efficiency
Quasi-steady flowfield
(Q=3mJ, f=100kHz)

Drag

Isopycnics

Streamlines

dt d
Efficiency

Summary: Do not forget/Let’s 
start basic EFD/CFD interactions

Brief History truncated cone in four months:
- Sakai & Sasoh discussed truncated cone idea.
- Sakai ran a computer for truncated cone operation.
- Sakai numerically obtained the truncated cone performances, which were pretty good!
- Sekiya designed a truncated cone for experiment.
- Sakai already started writing a paper.
- Sakai predicted drag reduction available with existing facility (10 kHz was not high enough, 50 

kHz would yield best efficiency) 
- Sekiya conducted experiments (Large drag reduction w/ flat nose;  drag reduction was too 

small w/ truncated cone – consistent to the prediction)
-Sekiya collected drag reduction data only with the flat nose, Sakai did numerical diagnostics, 

Sasoh started writing a proposal for a better performance laser, Kim proposed another 
idea for experiment, Matsuda supported arrangements for Kim’s experiment

A Dairy on a day w/o any disturbance:
-Morning: Coming to the lab. w/ casual dresses (no ties), discussions in office, preparing for 

experiment in lab.
-Lunch: Together (students do not want to talk on research even in lunch time every day like 

Sakai & Sasoh do. Matsuda & Kim have their own lunch box which their wives cook)
-Afternoon: Experiment and discussions in lab.
-Evening: Staff go home (Sakai comes back), students stays longer if necessary. 12

This document is provided by JAXA.
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Numerical Computation and 
Experimental Measurement of 

Aerodynamic Noise
Present and Future

21 9 3 2

Outline

Background
Numerical Prediction of Aerodynamic Noise
Applications at Present
Perspectives and Future Roles of 
Measurements

This document is provided by JAXA.
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21 9 3 3

Background

21 9 3 4

Prediction and Reduction of 
Aerodynamic Noise

Aerodynamic Noise
Generated from deformation of vortices
Drastically increase with increasing flow speed

Reduction of Aerodynamic Noise
Crucial in development of various fans, airplane, 
automobiles, etc.

Expectations for Numerical Predictions
Cost and/or time reduction for prototyping
Reduction of noise by identifying essential mechanism for 
noise generation
Prediction of noise under installation conditions

This document is provided by JAXA.
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21 9 3 5

Numerical Prediction of 
Aerodynamic Noise

21 9 3 6

Direct .vs. Decoupled Methods

Direct Computation of Aerodynamic Noise
Provide information regarding detailed mechanism of noise 
generation
Applicable to feedback noise
Limited to simple geometries, particularly for noise from low 
speed flows

Decoupled Methods
Based on acoustic analogy
No feedback assumed
Applicable to relatively complex geometories
Various methods have been proposed

This document is provided by JAXA.
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21 9 3 7

Applications at Present

21 9 3 8

Noise Generated from 
an Axial-flow Fan Subjected to Inflow 

Turbulence

Collaborator: Siegen University in Germany

This document is provided by JAXA.
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21 9 3 9

Computational Model

Ducted Fan Subjected to 
Turbulence Ingestion

Computational Grids on 
Blade Surface

21 9 3 10

Fluctuations of Instantaneous 
Streamwise Velocity

This document is provided by JAXA.
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21 9 3 11

Fluctuations of Instantaneous Static 
Pressure

21 9 3 12

Comparisons of Turbulence 
Statistics behind Grid 

This document is provided by JAXA.
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21 9 3 13

Comparison of Turbulence Intensity 
behind Grid 

Incoming Turbulence Intensity

Measured by Hot Wire Computed by LES

21 9 3 14

Comparison of Surface Pressure 
Fluctuations

Clean Inflow Case Turbulent Inflow Case

Root-mean-square Value of CP

This document is provided by JAXA.
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21 9 3 15

Comparison of Radiated Sound 
Pressure Levels 

Far-field Sound Pressure Level
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Exp: OASWL = 80.23 dB
LES: OASWL = 86.34 dB

Clean Inflow

10
2

10
3

10
4

f [Hz]

Exp: OASWL = 96.74 dB
LES: OASWL = 91.18 dB

Turbulent Inflow

21 9 3 16

Bypass Transition of Flat Boundary 
Layer and Resulting Sound

This document is provided by JAXA.
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21 9 3 17

Computational Model

Grid Resolution 

# of nodes Grid size

x 1134 +=14-38

y 70 +=1-76

z 76 +=15

Computational domain

Inflow Turbulence 

21 9 3 18

Instantaneous Vortical structure

This document is provided by JAXA.
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21 9 3 19

Comparison of Skin Friction and 
Shape Factor

Laminar

Turbulent

cf

Rex

Skin Friction Coefficient 

P3
P4

P5

P6 P7

Rex

H

Shape faction 

21 9 3 20

Scaled Sound Pressure Levels
(NACA0012 at 9deg, Re=2.0E5)
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B
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Measured

LES DSM8M Compact

LES DSM8M NonCompact

Vortical Structure near L. E. Comparison of Far-field Sound
Pressure Level

Prediction of Transitional Boundary 
Layer and Resulting Sound

NACA0012: Angle of attack=9 deg Re=2.0x105

This document is provided by JAXA.
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21 9 3 21

Effects of Reynolds Number on Transition
Process (left: 2.0 x 105, right: 2.0 x 106 )

21 9 3 22

Re = 2.0 x 105

(U0=20m/s,  C=0.15m)
Re = 2.5 x 106

(U0=50m/s,  C=0.75m)

Effects of Reynolds Number on Surface 
Pressure Distributions

NACA0012: Angle of Attack = 9 deg. 
Surface Pressure Distributions
(NACA0012 at 9deg / Re=2.0e5)
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This document is provided by JAXA.
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21 9 3 23

Comparison of Surface Pressure 
Fluctuations

Angle of Attack: 9 degrees

0
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Measured LES DSM8M

Re = 2.0 x 105

(U0=20m/s,  C=0.15m)
Re = 2.5 x 106

(U0=50m/s,  C=0.75m)

21 9 3 24

Comparisons of Frequency Spectra of 
Velocity Fluctuations in Near Wake

Angle of Attack: 9 degrees, Re = 2.0 x 105

x/C=1.1
(suction side)

x/C=1.1
(pressure side)

Power Spectral Densities of Velocity
(9deg / Suction Side RMS Peak)
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Power Spectral Densities of Velocity
(9deg / Pressure Side RMS Peak)
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This document is provided by JAXA.
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21 9 3 25

Approaching TBL and Flow in 
Actual Car Gap

21 9 3 26
26

Stretching of Vortices at the Edge

Stretching of Vortices and Acoustical 
Source on Surface

Aeroacoutsical Sources at 4. 8 Hz

This document is provided by JAXA.
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21 9 3 27

Sound Radiated from a Small 
Propeller Fan

21 9 3 28

Computational Model and
Boundary Conditions

Intel boundary 
Entire Domain 
(uniform flow)

Outlet Boundary 
(convective B.C.)

Entire Domain Near Fan Blades

This document is provided by JAXA.
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21 9 3 29

Instantaneous Flow Fields

Axial Velocity (top) and Tangential 
Velocity (bottom) 

COARSE2 P=3000

21 9 3 30

Effects of Grid Resolutions

Coarse Mesh Fine Mesh

This document is provided by JAXA.
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21 9 3 31

D/L = 0.5 (St = 0.8) D/L = 1.7 (St = 0.4)

21 9 3 32

Perspectives and 
Future Roles of 
Measurements

This document is provided by JAXA.
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21 9 3 33

Summary

Numerical Predictions of Aerodynamic Noise
will partially replace protoryping and/or model 
tests up to Reynolds number O(106)

Future Role of Measurements
Provide accurate and detailed data for validating 
numerical methods
Extract Essential Physical Phemomena

This document is provided by JAXA.
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Flow Visualization inFlow Visualization in 
Real and Time SpacesReal and Time Spaces

Takayuki Itoh

Department of Information Sciences
Ochanomizu University

1

It
o
La

b
.

Various visualizationVarious visualization
Scientific Visualization

Mainly scientific data
Mainly physical spaces

Information Visualization
Various data
Mainly non-physical spaces

This document is provided by JAXA.
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It
o
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Typical topic in Itoh lab.Typical topic in Itoh lab. 

(1) Protein surface analysis (1) Protein surface analysis 

Retrieval and comparison of similarly shaped 
protein surfaces 

1yee

1yec

Very similar, but
partially different proteins

Chemical properties are
also partially different

It
o
La

b
.

Typical topic in Itoh lab.Typical topic in Itoh lab. 

(2) Credit card fraud analysis (2) Credit card fraud analysis 

Discovery of trend and correlation among 
attributes of malicious transactions

Many of transportation- 
related frauds are in the 

morning

Many abnormal refunds 
from specific shops

Expensive jewelry 
in the midnight

This document is provided by JAXA.
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Typical topic in Itoh lab.Typical topic in Itoh lab. 

(3) Browser for many images (3) Browser for many images 

Zooming user interface for clusters of images

Zoom Out Zoom In

It
o
La

b
.

TodayToday’’s topics topic
Real space visualization

Integrated scalar & 
vector visualization

Time space visualization
Level-of-detail control for 
polyline charts

Towards integrated EFD/CFD visualization

This document is provided by JAXA.
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It
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Let me go to other charts Let me go to other charts ……

A Streamline Selection 
Technique for Integrated 

Scalar & Vector Visualization

Takayuki Itoh, Shiho Furuya

Ochanomizu University

This document is provided by JAXA.
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Background
… Scalar and vector visualization

Scalar field

2D
Contour lines

3D
Isosurface
Volume rendering

Vector field

2D
Arrow plots

3D
Streamline
Line integral convolution

Isosurfaces Streamlines

Background
Integrated scalar & vector data

Ex. Weather simulation data
Pressure, temperature, air flow…etc

Needs of integrated visualization to understand 
relationships between scalar and vector fields

?

Scalar vis. Vector vis. Integrated

This document is provided by JAXA.
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Target of this study: 
Integrated 3D scalar & vector visualization 

Isosurfaces for scalar
Streamlines for vector

Automated optimal 
selection of 
streamlines

Processing flow

STEP1: Generate many streamlines temporarily,
and calculate their information entropy

STEP3: Check if they are occluded by isosurfaces

Select the good streamlines
according to the 3-step evaluation 

This document is provided by JAXA.
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Processing flow

STEP1: Generate many streamlines temporarily,
and calculate their information entropy

STEP3: Check if they are occluded by isosurfaces

Select the good streamlines
according to the 3-step evaluation 

STEP1: Information entropy

Calculation for each streamline
Higher information entropy 

Uniformly long segments in 2D display space
To select “informative” streamlines

L
D

L
D

m
E jm

j

j
2

02
log

)1(log
1

L : Length of a streamline in 3D space
Dj : Length of j-th segment in 2D display space
m : Number of segments of the streamline

This document is provided by JAXA.
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STEP1: Information Entropy
Streamlines just uniformly 

generated

Too short, less 
informative

Streamline selected by 
information entropy

Globally visualized by 
informative streamlines

Air flow by a weather simulation

STEP1: Information Entropy

L
D

L
D

m
E jm

j

j
2

02
log

)1(log
1

L : Length of a streamline in 3D space
Dj : Length of j-th segment in 2D display space
m : Number of segments of the streamline

Straight
streamlines have 

higher information
entropy

Straight
streamlines have

higher information
entropy

Straight
streamlines have 

higher information
entropy

Streamlines
around vortex may 
have lower 
information
entropy

Streamli
around v
have lower 
information
entropy

Streamlines
around vortex may 
have lower 
information
entropy

Vortex is often
important and

interesting

This document is provided by JAXA.
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Processing flow

STEP1: Generate many streamlines temporarily,
and calculate their information entropy

STEP3: Check if they are occluded by isosurfaces

Select the good streamlines
according to the 3-step evaluation 

STEP2: Critical points

Where is a critical point?
Vector: velocity is zero
Scalar: local minimum/maximum, saddle

The technique divides streamlines
Going around critical points
Others

This document is provided by JAXA.
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STEP2: Critical points

WITHOUT STEP2

Local interesting 
features around critical 
points are missing

WITH STEP2

Better result by 
aggressively selecting 
streamlines around 
critical points

Red: around critical points Black: others

Processing flow

STEP1: Generate many streamlines temporarily,
and calculate their information entropy

STEP3: Check if they are occluded by isosurfaces

Select the good streamlines
according to the 3-step evaluation 

This document is provided by JAXA.
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STEP3: Occlusion by isosurfaces
Visually unnatural if many streamlines “behind” 
isosurfaces are selected
Aggressively select “near” streamlines

By assigning penalties to occluded streamlines

E
M
mE

M
mE )1)(()1('

New entropy: E’
Original entropy :E
Num. of segments :M
Num. of occluded segments: m
Opacity of isosurface: 

STEP3: Occlusion by isosurfaces

WITHOUT STEP3

Many invisible 
streamlines behind the 
isosurface

WITH STEP3

More number of visible 
streamlines are 
selected

This document is provided by JAXA.
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Conclusion & Future works
Conclusion

Automated streamline selection for integrated 
scalar and vector visualization

Higher information entropy
Around critical points
Less occlusion by isosurfaces

Future works
Selection of important critical points
Seamless visualization of time-varying data

FRUITS TIME: AN INTERACTIVE VISUALIZATION TECHNIQUE
FOR TIME VARYING DATA

Takayuki ITOH, Yumiko UCHIDA

Ochanomizu University

This document is provided by JAXA.
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TARGET: LARGE TIME VARYING DATA

Various data in our daily life

Stock prices, Weather measurements, Simulation results, etc.

•Easily discover features from large data
•Interactively extract interesting part of the data
•Easily discover features from large data
•Interactively extract interesting part of the data
•Easily discover features from large data
•Interactively extract interesting part of the data

Difficult to read large time varying data,
if it is simply drawn as polylines in a single chart space

and
for polyline based large time varying data visualization

+

OVERVIEW OF "FRUITS TIME"

Level of Detail Control of Polylines
Cluster similarly shaped polylines, and remain representative polylines

Sketch based query of polylines
Highlight representative polylines

Highlight non representative polylines Sketch

+
Overview while finding local interesting features
Interactive resetting of level of detail control

This document is provided by JAXA.
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RELATED WORKS

[D. Holten 2006][H. Hochheiser 2004] [M. Wattenberg 2001]

Hierarchical edge 
bundling

Problems for visualizing large amount of time varying data
Cluttering among polylines

Missing interesting features

Range-based query of 
time-varying data

Sketch-based query of 
time-varying data

Improved techniques for polyline based visualization

FEATURE 1: LEVEL OF DETAIL CONTROL

This document is provided by JAXA.



第 2回 EFD/CFD融合ワークショップ 107

SAMPLING, QUANTIZATION, AND GROUPING

1. Sample time steps 2. Quantize values

3. Group polylines

Belong to the same group if:
quantized values at t th and (t+1) th
values are equal

t t+1

CLUSTERING AND REPRESENTATIVE SELECTION

Clustering of polylines in the groups
based on original shapes

Representative selection
for each cluster

n time steps in a grid subspace
n dimensional vector from the
y coordinate values
Clustering of the n dimensional
vectors

Select the polyline that is closest to
the center of a cluster
Level of detail control by displaying
only representative polylines

Adjust the opacity of the polylines
based on numbers of polylines in
the clusters

n time steps

This document is provided by JAXA.
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FEATURE 2: SKETCH BASED QUERY INTERFACE

Extract specific polylines which drastically change at specific time

Interactive query & filtering of polylines by:
Sketching specific shapes
Picking specific points

Shape-based query system is required

Pick a specific point

Sketch a specific shape

Result

Intuitive
filtering of
polylines

RESULT 1: LEVEL OF DETAIL CONTROL

Interactive control of resolution of sampling/quantization with GUI

Number of polylinesMore (916) Few (273)

Flexible control of level of detail

Ex: Temperature measurement at various places in Japan

This document is provided by JAXA.
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RESULT 2: SKETCH INTERFACE (MOVIE)

Filtering by multiple query

Simultaneous display of multiple query results

User specified coloring of the query results

RESULT 3: POSITION IGNORANT QUERY

Highlight polylines which

"similarly shaped, but away from sketched position"

sketch

This document is provided by JAXA.
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AFTER LOD Control

RESULT 4: RESETTING LOD OF HIGHLIGHTING
POLYLINES

Control

BEFORE LOD Control

Highlight similarly-shaped 
representative polylines

SketchSketch

Highlight non-representative 
polylines belong to the clusters of 
highlighted representatives

APPLICATION TO WEATHER DATA

Temperature measured at 913 points by AMeDAS

Discovered two patters:
1) Ascended in daytime, and descended in
night
2) Not Ascended in daytime, but just
descended

Before LoD After LoD

This document is provided by JAXA.
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Sketch

Sketched polylines simply descended
Highlighted corresponding points on the Japan map

Bad weather
along Japan Sea

Weather did not ascend
in daytime

APPLICATION TO WEATHER DATA

Sketch

Sketched polylines ascended in daytime
Highlighted corresponding points on the Japan map

Fine weather
along Pacific Ocean

Temperature ascended
in daytime

APPLICATION TO WEATHER DATA

This document is provided by JAXA.
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SUMMARY & FUTURE WORKS

Summary: FRUITS Time
A polyline based time varying data visualization

[Feature 1] LOD Control of polylines

[Feature 2] Sketch based query & partial resetting of LOD

Future works
More case study with real data

User evaluation

Coordinate view with other visualization techniques
Volume visualization? Multi dimensional visualization?

Improvement of clustering process

3D techniques

Scalability test

It
o
La

b
.

Towards integratedTowards integrated 
EFD/CFD visualizationEFD/CFD visualization

Real space
Integrated EFD-scalar and CFD-vector visualization
Integrated EFD-vector and CFD-scalar visualization
Difference-based visualization between EFD/CFD

Time space
Similarity/Difference-based visualization mixing 
EFD and CFD
Sketch interface from EFD to CFD
Sketch interface from CFD to EFD

This document is provided by JAXA.
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It
o
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b
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ConclusionConclusion
Introduction of Itoh lab.
Topic 1 (Real space):
Integrated scalar & vector visualization
Topic 2 (Time space):
LoD-control for polyline charts
Towards integrated EFD/CFD visualization

It
o
La

b
.

Future worksFuture works
Train successors!!

Both works are done by graduating M2 students

More test cases
More experiments with EFD
Scalable algorithm development

Our test data is very small

“Really” integrated system development
Real, time, and other visualization techniques
EFD, CFD, and other data sources

This document is provided by JAXA.
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Thanks you, and any questions?Thanks you, and any questions?

This document is provided by JAXA.
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Current Status of EFD/CFD Techniques for Current Status of EFD/CFD Techniques for 
Road Vehicle Aerodynamics Road Vehicle Aerodynamics 

andand
Development of the Unsteady Aerodynamic Development of the Unsteady Aerodynamic 

SimulatorSimulator

Makoto.Makoto. TsubokuraTsubokura
(Hokkaido Univ.)(Hokkaido Univ.)

Second Workshop on Integration of EFD and CFDSecond Workshop on Integration of EFD and CFD

2009.2.24, JAXA2009.2.24, JAXA

Automotive DevelopmentAutomotive Development

CompetitiveCompetitive
More than 10 companies in Japan!, around 20 worldwide major.

FastFast
4 years from the kick-off to the market 
(About a year shorter than typical Europe or US company).

ParallelParallel
20 to 30 new models per year in Japan.
Every company develops several models in parallel.

Toward Green MobilityToward Green Mobility
Major source of CO2 emission 

(around 20% by vehicle driving in Japan).
Around 50% less for the next 10 years!

This document is provided by JAXA.
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Time history of Time history of CdCd

Still smaller Still smaller CdCd is required.is required.
CdCd=0.26 to 0.20 can reduce F.C. to 10% less at 100km/h drive.=0.26 to 0.20 can reduce F.C. to 10% less at 100km/h drive.
Cd~0.15 in 2030 by an active control or an innovative Cd~0.15 in 2030 by an active control or an innovative 
aerodynamic devices.aerodynamic devices.

Breakthrough is indispensable!Breakthrough is indispensable!

Severe Aerodynamic Development for Road VehicleSevere Aerodynamic Development for Road Vehicle

ComplexityComplexity
Bluff-body flow………………complicated turbulence.
Interactions among flow, heat and mass, vehicle body…

……complicated physics.
Wide variety of types………complicated geometry.

Wide range of problemsWide range of problems
Aerodynamic performance, engine cooling, ventilation, 
aerodynamic noise, soiling

Hucho, Aerodynamics of Road Vehicle

This document is provided by JAXA.
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Coupled effects to be considered from the initial stage.Coupled effects to be considered from the initial stage.

Requirement of Coupled AerodynamicsRequirement of Coupled Aerodynamics

Coupled analysisMonotonic analysis

Pitching

Rolling

Yawing

Side force

Drag

Lift

Integral forces and moments
Thermal management

Aero-acoustic noise

Vehicle body in motion

Road bump Steering action

Unsteady Aerodynamic SimulatorUnsteady Aerodynamic Simulator

Unsteady aerodynamics for innovative aerodynamic Design.

To provide additional data which wind-tunnel is difficult to measure.
To eliminate the gap between wind-tunnel and on-road measurements!

Large Eddy Simulation (LES) 

Uniform flow

Reynolds Averaged Navier-Stokes
(RANS)

Large Eddy Simulation
(LES)

Gusty wind

Crosswind

Road bump
Steering action
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HighHigh--Performance Computing for Vehicle AerodynamicsPerformance Computing for Vehicle Aerodynamics

Numerical MethodsNumerical Methods
Governing Equations and Physical ModelsGoverning Equations and Physical Models

Spatially Filtered Navier-Stokes Equation

Standard Smagorinsky’s model

Wall-layer models on the solid surface (Log-law)
First grid point with a log-layer (y+~100)

:Grid width

:Wall damping function (Van-driest)

Cs=0.15

This document is provided by JAXA.
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Numerical MethodsNumerical Methods
Unstructured Finite Volume MethodsUnstructured Finite Volume Methods

Vertex-centered Finite Volume Methods

Spatial discretization: 2nd-order central FD
Convective Term: Blend of upwind scheme (several %)
Time Marching Method: 2nd-order Adams-Bashforth
Pressure-Velocity coupling: SMAC method
Pressure-Poisson: ICCG
Front Flow/red

2
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tetrahedral pyramid

prism hexahedral
polyhedral

UnsteadySteady Steady
initialfinal intermediate

Sudden CrosswindSudden Crosswind
Problem and MethodProblem and Method

13
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1/20 scale model

Sudden CrosswindSudden Crosswind
Target and Validation (FixedTarget and Validation (Fixed--yaw cases)yaw cases)

234mm
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Fixed yaw: 0 degree Fixed yaw: 30 degree

Wind tunnel measurements at Toyama Univ.
Tanaka et al., #20 CFD Symp. A6-2 in Japanese
(2005)
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Sudden CrosswindSudden Crosswind
Eddy Structures around the VehicleEddy Structures around the Vehicle

Before subjected to a crosswind After subjected to a crosswind

Sudden CrosswindSudden Crosswind
FormulaFormula--car case (1)car case (1)

Before subjected to a crosswind After subjected to a crosswind

This document is provided by JAXA.
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Overshoot and Undershoot during rushing into crosswind

yaw

pitch

roll

Just before Nose rushing in Tail rushing in Whole body immersed in

Sudden CrosswindSudden Crosswind
FormulaFormula--car case (2)car case (2) Tsubokura et al., SAE Tech. paper 

No. 2009-01-0007(2009)

•Grids
type tetrahedron
nodes 6,579,897
elements 37,870,527

Eddy StructuresEddy Structures
Target and Experimental SetupTarget and Experimental Setup

Full-scale model with detailed 
geometry
length(L) 4.670[m]
width(W) 1.954[m]
hight(H) 1.594[m]
wheel base 2.666[m]

Tsubokura et al., Computers & Fluids, vol.38, 
981-990(2009)
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Experiments

250mm behind

Present LES

Eddy StructuresEddy Structures
Wake Structures (total pressure distribution)Wake Structures (total pressure distribution)

XY-section at 100mm
above the ground

B C

Experiments

Present LES

Eddy StructuresEddy Structures
Side and Underbody Structures (total pressure distribution)Side and Underbody Structures (total pressure distribution)
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Hucho (late 1970)

Side-body structure

Door mirror structure

Front pillar structure

Trailing edge vortices

under-body structure

Iso-surface of Cp=0.7

Several vortices appear, 
which rotate like gearwheels 
engaging each other!

Trailing vortices

Eddy StructuresEddy Structures
Schematics of Overall Structures around the VehicleSchematics of Overall Structures around the Vehicle

•Grids
type tetra+hexa hybrid
nodes 7,229,633
elements 39,285,753

Dynamic YawDynamic Yaw--angle Motionangle Motion
TargetTarget

Vehicle in yaw motion

Sliding Mesh

Snapshots of pressure distribution

This document is provided by JAXA.
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Rolling Moment (X-axis)Lateral Force (Y-direction)

Dynamic YawDynamic Yaw--angle Motionangle Motion
Transient Force and MomentTransient Force and Moment

T=0.1[s]

Structures above the 
rear window.

Rapid response to 
the vehicle motion!

0 deg. 0 deg.

5 deg.5 deg.

Dynamic YawDynamic Yaw--angle Motionangle Motion
Time Response of Flow StructuresTime Response of Flow Structures

This document is provided by JAXA.
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T=0.1[s]T=0.1[s]

T=0.15[s]

T=0.2[s]

T=0.25[s]

Structures under the 
body.

Slow response to the 
vehicle motion!

0 deg. 0 deg.

5 deg.5 deg.

Dynamic YawDynamic Yaw--angle Motionangle Motion
Time Response of Flow StructuresTime Response of Flow Structures

Two simplified models with different pillar shape.
Type A: Unstable
Type B: Stable
L 210mm x W 80mm x H 65mm

Type B

Dynamic PitchDynamic Pitch--angle Motionangle Motion
HighHigh--Speed StabilitySpeed Stability

Type A

Edged front-pillar
Rounded rear-pillar

Rounded front-pillar
Edged rear-pillar

Nakashima et al., SAE Tech. paper 
No. 2009-01-0006(2009)

This document is provided by JAXA.
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Type B (Stable)Type A (Unstable)

Dynamic PitchDynamic Pitch--angle Motionangle Motion
Flow Structures above the Trunk DeckFlow Structures above the Trunk Deck

ALE Method
Forced Sinusoidal oscillation:

Dynamic PitchDynamic Pitch--angle Motionangle Motion
Forced OscillationForced Oscillation

This document is provided by JAXA.
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Dynamic PitchDynamic Pitch--angle Motionangle Motion
Transient Pitch MomentTransient Pitch Moment

Type A (Unstable) Type B (Stable)

Quasi-stationary

Type A is more continuous, Type B is more intermittent?

Dynamic PitchDynamic Pitch--angle Motionangle Motion
Vortex Structures above the Trunk DeckVortex Structures above the Trunk Deck

Type A (Unstable) Type B (Stable)

This document is provided by JAXA.
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Summary and Acknowledgements

Severe process of road-vehicle development requires an 
innovative aerodynamic technique.

Reduction of drag, establishment of driveability and comfort.
Optimization to new power train (fuel cell…).
Weight saving enhances the importance of vehicle aerodynamics.

Establishment of the coupled analysis between 
aerodynamics and heat/mass, acoustics, vehicle motion is 
a current issue.
Unsteady aerodynamics will be a key for the innovation.

This document is provided by JAXA.
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Sequential Data Assimilation: 
Online Information Fusion Platform for 

Simulation and Observation DataSimulation and Observation Data

R h O i ti f I f ti d S tResearch Organization of Information and Systems

The Institute of Statistical Mathematics/JST CREST*f

Tomoyuki Higuchi

*Japan Science Technology Agency

Core Research for Evolutional Science and Technology
1

Core Research for Evolutional Science and Technology

TESD: Four Kind of Methodology of Science

Deductive
Approach

Inductive
ApproachApproach Approach

S:Simulation D Massive
(Axle)

Data Assimilation
Cyber-space

Data
AnalysisAnalysis

T:Theory E:ExperimentT:Theory E:Experiment
Drive Force for Science
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Outline

1. Simulations with uncertainties
2 Data Assimilation (DA)2. Data Assimilation (DA)
3. Modeling uncertainties
4 Sequential DA and generalized state space model4. Sequential DA and generalized state space model
5. Ensemble-based nonlinear filtering methods

1 Ensemble Kalman filter1. Ensemble Kalman filter
2. Particle filter

6. Applications with peta-scale computingpp p p g
1. Tsunami Simulation model
2. Ocean Tide Simulation 
3. Genome Science

7. Next generation of supercomputer
8 C l i

3
8. Conclusions

Construction of Simulation Model

simplified meteorological model around Japan

'
physical variable vector     is assigned i

2cxx PDE : Partial differential equation

'1

),,( iiii VUT
at each grid point. temperaturet

'
i

Wind vector
)( 1tt xFx

(time varying)
i

i

tx ' 1
1i

tv
i 1

Observation points and observed 

1i

),( 1 ttt vxFx
K'

4
variables are limited.
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State Vector Contact point between past and future

Past and P tPast and
Present

Present
and

State
xt

Future
t

)(xFx State of time t-1
State of time t )( 1tt xFx

Simulation Model
555

Simulation

Simulation model ,,,2,1,0
time

nt
ttn

Simulation model

1ttt xFx x : State vector

step timesimulation:
,,,,,

t

1ttt xt: State vector
(simulation variables)

Wh
givencondition,Initial:0x

122

11

xFx
Fx,When 0x

1TTT xFx 1TTT

tically.determinisobtainedis,,Sequence 21 Txxx

6
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Simulation including uncertainty

Si l i d l i h i l iSimulation model

1ttt xFx 1ttt xFx
with uncertain evolution

,When
conditionInitial:

0

0

x
x

,When 0x
with uncertain IC

11 ,
F
Fx

,0 ,0

11 ,
xFx

Fx

122 ,xFx 122 ,

F

xFx

1TTT xFx

tically.determinisobtainedis,2,1Sequence xTxx

1TtT xFx

ically.probablistevaluatedbeshould,,Sequence 21 Txxx y,2,1q xTxx yp,,q 21 T

What is Data Assimilation ?

E i bj t i t l d hEmerging subject in meteorology and oceanography.

d b d d tand observed data

e g Accurate weather forecast needs good initial conditionse.g. Accurate weather forecast needs good initial conditions.

Observation data have some physical/budgetary restrictions. 
Correct variables in numerical simulation model 
using observation datausing observation data.

= Data Assimilation

This document is provided by JAXA.
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Objects of Data Assimilation from a viewpoint of 
Meteorology and Oceanography

[1] To produce the best (better) initial condition for forecasting. It is actually 
realized in the real weather forecast (ex., Japan Meteorological Agency). 

Meteorology and Oceanography

[2] To find the best (better) boundary condition in constructing a simulation 
model. This procedure includes a setting of appropriate boundary conditions 

f d li ith l d hnecessary for dealing with a coupled phenomena.

[3] To attain an optimal parameter vector that appears in an empirical law 
( h ) l d f d ibi li t d h hi h(scheme) employed for describing complicated phenomena which possesses 
the different time and spatial scales. A validation of the empirically given 
values is regarded as this problem.

[4] To inter/extrapolate (estimate) an physical quantity at times and locations 
without observations based on a numerical simulation model. This procedure 

generation of re-analysis dataset (product)g y (p )
to discover a new scientific findings by general geophysical researchers.

[5] To conduct an experiment with a virtual observation network and perform a [ ] p p
sensitivity analysis in an attempt to construct an effective observation 
network system with less budgetary cost and less consuming time.

(ex. Kamachi et al., 2006)

Modeling uncertainties

R t id i t f t i t i hRepresent a wide variety of uncertainty in a research
target by distribution function.

statistics such as mean,,
directly.  

N i f P b bili Th hi f b biliNotion of Probability: The machinery of probability
theory is used to describe the uncertainty in model 

parameters or choice of model itselfparameters or choice of model itself.

Probability theory provides a framework for quantification and manipulation of 
uncertainty We will introduce a basic concept of probability theory nextuncertainty. We will introduce a basic concept of probability theory next.

This document is provided by JAXA.
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Bayesian View
Central Role in Pattern Recognition and Machine Learning

Data dist. likelihood function Prior dist.
It expresses how probable the observed dataset is for different settings of the parameter vector X.

g g

)()|()|( xpxypyxp X Parameter vector

It is independent of data Y, and describes a 
conviction degree against X numerically.

Posteiror

)()|(
)(

)|(

xpxyp
yp

yxp

Bay

a a ete vecto

Y Data
y Since data is 

dist.

),(
)()|(

yxp
xpxypy

Joint dist.

y
given (the actually observed one), it 
takes some value.

We are interested in estimating a posterior 
di t ib ti i t f i t

Jo t d st.

distribution in most of circumstances.
We would like to be able to quantify our expression of uncertainty and make a precise revisions of uncertainty in the light of new

evidence as well as subsequently to be able to take optimal actions/decisions as a consequenceevidence, as well as subsequently to be able to take optimal actions/decisions as a consequence.

Generative Model, Inversion with Bayes’ theorem, 
and Data Assimilationand Data Assimilation

ynObservatio

yxxyp )|(
Data distribution :Forward Posterior distribution:

Inverse yxyxp )|(xxp )(
Prior distribution :Forward

Build a generative model and Use Bayes’ theorem

xLatent Variables x
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Data Assimilation in Generalized State Space Model

State Vector Simulation variables
mapnonlinear:LL

tt
t

t

1
step timesimulation:

nsobservatioof timesampling:

ttt vxFx ),( 1
Stochastic simulation 

model

ttt wHxy Observation modelttty
Measurement model

Bayesian Approach

Simulation system Large-scale observation

y pp

Data Assimilation

x
tx ty ttx |

Recursive formula

)|(di ti d it

Conditional Distribution

)|(
)|( 1:1tt

xp
xp

y
ypredictive density:

filter density:

)|(
)|(

:1

:1

Tt

tt

xp
xp

y
yfilter density:

smoother density:
data up to today

by using all available data  when we )|( :1Ttp yy

)|( :1kjxp y j
y g

)|( 1:11 tt yxp )|( 1:1tt yxp
prediction },,{ 1:1 tt yyy
)|( 1:11 tt yp

k )|( :11 tt yxp

)|( 1:1tt yp

)|( :1tt yxp
filtering

)|( 1:11 nn yxp

141414smoothing )|( :11 Tt yxp)|( :1Tt yxp )|( :1TT yxp
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Prediction

1:1 )|( tt yxp

11:11

1:1

)|,( tttt
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dxyxxp
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11:111:11 )|(),|( tttttt dxyxpyxxp
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15
Filter pdf at time t-1
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tt yxp )|( :1 Posterior, Belief

ttt
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Smoothing
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Prediction Dist.

Sequential Data Assimilation

Estimate PDF of state vector     or its moments (mean, variance, …) 
sequentially on each observation

tx

),,,|()|( 21:1 kiki yyyxpyxp
1ty

)|( 1:11 tt yxp )|( 1:1 tt yxp

tySimulation

)|( 1yxp )|( 11 tt yxp)|( :1 tt yxp )|( :11 tt yxp
Simulation

1ty
18

1ty
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• Data Assimilation = Estimation problem of state vector     tx

tttt

H
xvxFx ),( 01

(system model)
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(observation model) tttt wxhyor
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Numerical representation of distribution
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Sequential DA Methodology

Ensemble Kalman Filter (EnKF) is widely usedEnsemble Kalman Filter (EnKF) is widely used.
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Filtering step of EnKF
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Projects in progress
Coupled Ocean-Atmosphere model

Genta Ueno (ISM/JST CREST)( )
T. Kagimoto (JAMSTEC, FRCGC), N. Hirose (Kyushu Univ., RIAM)

Tsunami model
Kazuyuki Nakamura (JST CREST)

N. Hirose (Kyushu Univ., RIAM)

Ocean tide
Daisuke Inazu (JST CREST)
T Sato S Miura (Tohoku Univ ) and others (Alaska Univ )

3D structure of ring current
Shin ya Nakano (JST CREST),

T. Sato, S. Miura (Tohoku Univ.), and others (Alaska Univ.)

Shin ya Nakano (JST CREST),
Y. Ebihara (Nagoya Univ.) M.-C Fok (NASA)
S.-I. Ohtani P.C.Brandt Johns Hopkins Univ.)

Genome informatics
25

Genome informatics
Ryo Yoshida (ISM/JST CREST)
Miyano lab. (Tokyo   Univ./IMS)

Near Earth Space Ocean and
1AU

1 000k

Near Earth Space
Ring Current

Ocean and
Atmosphere

1,000km Ocean
TideTsunami

1km
Data Assimilation in 

O d A h i

1m
Genome Informatics

Ocean and Atmospheric
Sciences Leading area 

in DA researches

1cm

Hour Day M th Y 100

(Measurement of gene and 
protein expressions)

262626

Hour Day Month Year 100 years

This document is provided by JAXA.
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Revisit : What is Data Assimilation?

Emerging subject in meteorology and oceanographyEmerging subject in meteorology and oceanography.

and observed dataand observed data

e.g.

physical/budgetaryp y g y
Correct variables in numerical simulation model 
using observation data.   = Data Assimilation

Tide gage data
27

model Tide gage data

Tsunami Simulation Model

Based on PDE et al 01]Based on PDE et al. 01]

4 physical variables at each grid i i4 physical variables at each grid
longitudinal/latitudinal

p ght i
ii VU

i
id

p g

longitude 240 latitude

bottom
Uncertainty in measured water depth!id

104.

P i d d d d hPropagati d depend depth.

28

This document is provided by JAXA.
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Numerical Simulation (Not DA)

29

Comparison of Sea Surface Displacement

SKKU
DBDBVDisplacement at       cm

10

20

10

00

-10-10

-20
10 20 30 40

Time minute

30

This document is provided by JAXA.
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Observation Data

Installation site

ex
Okushiri
tsunami
(1993) 20

40

( )

0

-20

Tide gage cm

0 50 100 150 200 250

20

-40
Time min

Application to Real Data

•The depths in and around  Yamato Rises 
(area A) varies among 4 bottom topography 
data setdata set.

•Uncertainty is introduced  into South 
Rises and around area as linear 
combination of 4 data setscombination of 4 data sets.

j : number of data sets

,25~, 2
, Nwdwd i

j
j

jm
i

j
i

m

j : number of data sets

Used tide gauge

This document is provided by JAXA.
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DA result

Shallow

Deep
•South Rise might be shallower than public data.

3333
•Deeper area exists in south slope.

Personalized Simulation
A boundary condition is assimilated to local information.

We introduce a local/personal information into a 
numerical simulation model and personalize the 
i l ti f h l ti /

)( 2A
H

g
t Hb v

vv
vfvvv

v

simulation for each location/person.

0H
t

Ht

v
Sea Bottom 
friction
coefficientt

2 di i l fl tv 2-dimensional flow vector
Water surface height 

H Water depth f Coriolis parameter

Ocean tide simulation by 
our CREST project

34Alaska Southeastern region

This document is provided by JAXA.
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Water level and Flow vectors

35
Sea level range is About 5 m. Current speed is (much) more than 1 m/s at the mouth

of Chatham Strait.

Water level and flow vectors Closeup

36

This document is provided by JAXA.
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Result with GINA
M2component tide

Result with GINA

GENA shows a great performance in
representing an ocean tide.representing an ocean tide.

1
2

3
4

5

Amplitude
5

6

7

Phase

37
ISM37

Genomic Data Assimilation

Statistical framework to link simulation model and data

+
Simulation model Biological data

P-P interaction
expression

Formulated by the generalized State Space Model

System modelttt vxfx ),( 1 System model

Observation model
ttt

ttt

wHxy
f ),( ,1

ftx : state vector at time

tv : system noise, : parameter vector,
: simulation devise,,t Tt ,,1

3838
ty : observation vector at time

),0(~ 2Nwt : observation noise

,t H : observation matrix,

This document is provided by JAXA.
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Circadian Rhythm Model with HFPN
HFPN (Hybrid Functional Petri Net) : A graphical programming language suitable
to model biological pathways and can be used for simulations

Circadian Rhythm Model
Circadian Model Represented by HFPN

Circadian Rhythm Model
of Mouse

Fujii et al 2005

Parameters

Fujii et al. 2005

)0(,),0( 121 mm

4321 ,,, kkkk
:Initial values

:Speeds

45 parameters (12 states), 

4 observations

3939
4321 ,,, ssss

22 ,
:Thresholds
:Noise variances

100,000,000 particles 100,000 particles:10

This document is provided by JAXA.
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100,000,000 particles 100,000 particles:10

Next-Generation of Supercomputer in Japan at Kobe

2008/11/26Japanese Government  will spend more than 
1 billion US$ for this national project.

Grand Challenge:     
-- Nanotech (Institute for Molecular Science) 

-- Life Science (RIKEN)

This document is provided by JAXA.
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Development for next-generation simulation 
software for whole human body

Next-Generation simulation R&D group for

software for whole human body

Next Generation simulation R&D group for
integrating life form simulations

1 M l l l

Riken Next-Generation 
Supercomputer R&D center

1.Molecular scale

2.Cell scale

3.Body organ scale
6 B i d N

4. Data analysis fusion
5. Upgrading of basic software

6. Brain and Neuron

5. Upgrading of basic software

Data analysis fusion Team

Univ. Tokyo (Prof. Miyano) ISM (Higuchi)

Estimation of large-scale 
gene network and its 

applications

Representative Development of data 
assimilation technique for 
life science simulations

Estimation
method for 
large-scale

gene network

Bayesian 
information

fusion
technique

Data
assimilation
technique

Genetic
linkage
analysis

Haplotype 
analysis 

technique

Prediction
technique for 

Protein

Tokyo Inst. Tech (Prof.
Akiyama)

Riken Genome Med. Inst. (Md.
and Dr Kamatani)

y q
network 

Akiyama)

Estimation of large-scale 
protein network and its 

applications

and Dr. Kamatani)

Development for associating 
polymorphic  data and phenotype  

data and its validation applicationsdata and its validation

PPT

This document is provided by JAXA.
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Attempt to realize personalization technique

Making a parallel computation scale larger enables us to carry out a 
data-dependent simulation, and results in drawing a scenariodata dependent simulation, and results in drawing a scenario

and in making a risk assessment.

Prior distribution ofPrior and posterior distributions for Prior distribution of
parameters

left 10^5 right: 10^8

Prior and posterior distributions for
three parameters among
parameters estimated PF are
demonstrated in 3-dimensional
space.

Although the PF withg
10^5 particles results in
the PDF with a small
number of particles, the
PF ith 10^8 particles

Posterior distribution of parameters

PF with 10^8 particles
leaves many particles.

Posterior distribution of parameters

Perspective of our Project

1. We automate a procedure searching for better simulation model to
describe real phenomena.

2. We develop a procedure to generate a new simulation model that
has greater ability of predictive performance than existing ones.

3. We give consistent view to assessment of simulation model that is 
said to be subsidiary problem in simulation science; Maximum 
Lik lih d P i i lLikelihood Principle.

4. We give a platform to design a measurement system in an attempt 
to enhance a scientific return together with reducing a total budgetary 
cost.

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

EFD/CFD Activities in Research for 
Reusable Launch Vehicles

EFD/CFD

Yasuhiro TANI, Shigeru ASO, Kentaro HAYASHI, Kei INOUE,
Kohei YAMAGUCHI and Takuro ISHIDA

Department of Aeronautics and Astronautics, Kyushu University
Fukuoka, Japan

Second Workshop of Integration of EFD and CFD, 23-24 Feb. 2009

Space Transportation Systems Engineering Laboratory, Kyushu University

Contents

1. Research Area in our Laboratory
2. Experimental Facilities and CFD Tools
3. Aerodynamic characteristics of RLV configuration
4. Aerodynamic heating reduction research
5. Fuel/Air mixing of SCRAM jet engine combustor

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Research Area in our laboratory

High and Low Speed Aerodynamic Characteristics of 
Reusable Launch Vehicle (RLV)

Reduction of aerodynamic heating during reentry phase 
for the RLVs

Future aerospace propulsion system (SCRAM-jet engin, 
PDE )

Ecological aircraft for future commuter air transportation

Space Transportation Systems Engineering Laboratory, Kyushu University

Research activities on RLVs

Aerodynamic characteristics

fuselage cross sectional configuration

Reduction of Aerodynamic heating

opposing jet, Film cooling

Engines for hypersonic flight

scramjet engine, Pulse detonation engine

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Experimental Facilities in use

Test facilities in Department of Aeronautics and 
Astronautics,  Kyushu univ.

Low Noise Low speed wind tunnel
Supersonic wind tunnel
Transonic wind tunnel

Test facilities in Space Transportation Systems Lab.
Detonation driven Expansion tube
Free piston shock tunnel
Shock Tube

Other test facilities in use
ISAS/JAXA Supersonic wind tunnel and Transonic wind tunnel

Space Transportation Systems Engineering Laboratory, Kyushu University

Former Wind tunnels in Hakozaki Campus

2m Low speed wind tunnel

15cm Supersonic wind tunnel (Mach 4)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Kyushu Univ. Low Noise Wind Tunnel 

Low Noise Test Section (No.1)
Göttingen type, in anechoic chamber
2 m width octagonal, 5 m length
Max 60 m/s, 65 dB at 40 m/s

L Closed Test Section (No.2)
3.5m x 3.5 m (max 15m/s), 
30m/s with 3.5m x 1.5m insert

Space Transportation Systems Engineering Laboratory, Kyushu University

Kyushu Univ. Transonic Wind Tunnel

Blow down type Transonic wind tunnel
Mach 0.3 1.3
150mm x 450mm closed test section with slit walls

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Kyushu Univ. Supersonic Wind Tunnel

Blow down type Supersonic wind tunnel
Mach 2.5 and 3.5
250x200mm closed test section

Space Transportation Systems Engineering Laboratory, Kyushu University

Kyushu Univ. Transonic Wind Tunnel

High enthalpy Flow test apparatus
Free piston shock tunnel
Detonation driven Expansion tube
Normal Shock Tube

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Free piston shock tunnel

High pressure tube : L 0.7 m, D 136.6 mm

Compression tube : L 3.0 m, D 70 mm

Piston : Mass 1.13 kg, L 49 mm

Shock tube : L 3.3 m, D 60 mm

Nozzle : Exit Diameter 270 mm,Area ratio 190, 
Design Mach 8

Test section : Volume 1m3

Space Transportation Systems Engineering Laboratory, Kyushu University

CFD Tools

2D / 3D Navier-Stokes code (in house)
Compressible Full Navier-Stokes / Euler
Structured grid with Multi-Block formulation
AUSM-DV scheme, LU-ADI
Turbulence models

Wilcox k- 2eq. model
Spalart-Allmaras 1eq. model
Baldwin-Lomax algebraic model

Chemical reaction

Grid Generation
Gridgen
Transfinite/Elliptic grid generator (In house)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

CFD Tools

Design tool
PANAIR
XFOIL
Vortex lattice code
Newtonian Flow code
DATCOM

Space Transportation Systems Engineering Laboratory, Kyushu University

Background (1)

http://www.rocketplane.com/

http://www.virgingalactic.com/

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Background (2)

Space Transportation Systems Engineering Laboratory, Kyushu University

Simplified fuselage models

Wind tunnel test models
simplified fuselage model
three different cross section

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

ISAS/JAXA Wind Tunnels
Transonic  : M = 0.3 1.3
Supersonic  : M = 1.5 4.0

Blow down type
Test section 600 mm 600 mm

Transonic Supersonic
Internal force balance

Sting

Transonic and Supersonic Wind Tunnel

Space Transportation Systems Engineering Laboratory, Kyushu University

Wind tunnel test result (subsonic)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Wind tunnel test result (transonic)

Space Transportation Systems Engineering Laboratory, Kyushu University

Wind tunnel test result (supersonic)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Wind tunnel test result (flow pattern)

Space Transportation Systems Engineering Laboratory, Kyushu University

Numerical analysis : scheme

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Flow condition and Computational Grid

Space Transportation Systems Engineering Laboratory, Kyushu University

75% 100%

50%25%

Comparison of CFD and Flow visualization

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

75% 100%

50%25%

Comparison of CFD and Flow visualization

Space Transportation Systems Engineering Laboratory, Kyushu University

75%
100%

50%25%

Comparison of CFD and Flow visualization

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

CFD          Experiment 

Stream lines on Upper Surface

Circle         Square       Triangle Circle           Square           Triangle 

Stream lines on Upper SurfacePressure Contour on Upper Surface

Space Transportation Systems Engineering Laboratory, Kyushu University

Requirement for CFD 
higher accuracy for estimation of flow separation, 
aerodynamic forces, etc.

reduction of computational time

Requirement for EFD
improvement of wall interference correction, base 
drag correction, etc.

spatial measurement
non-contact measurement

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Background .. again

Courtesy of JAXA

• In designing Reusable Launch Vehicle (RLV)
Aerodynamic Heating at reentry and supersonic flight

• Important Problems
– Aerodynamic Heating at stagnation point
– Increase of Aerodynamic Heating

by transition of boundary layer

Necessity of Aerodynamic Heating Reduction

Space Transportation Systems Engineering Laboratory, Kyushu University

Example of TPS

Liquid

Gas

Transpiration cooling

Film cooling

Heat absorption

Heat-resistant material

Passive method

Mass transfer cooling
Active method

Ablation

Intermediate method

Mechanical method Cooling by opposing jet

Nose region

Courtesy of JAXA

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

The governing parameters 
– The Mach numbers of free stream and jet
– The diameter of the jet orifice
– The ratio of the total pressure of jet to that 

of free stream, PR

0

0

p
p

PR j the ratio of total pressure
of opposing jet 
to that of free stream

The Flow Field of the Opposing Jet

Space Transportation Systems Engineering Laboratory, Kyushu University

Measurement of the heat flux

Visualization of the flow field with Schlieren method 

Kyushu univ. supersonic wind tunnel

Experimental Research

• Free stream (average on exp.
Mach Number 3.96
Stagnation Pressure 1.37 MPa
Stagnation Temperature 397 K, 497 K
Reynolds Number 2.1x106

• Secondary flow
Mach Number 1.0
Total Pressure Ratio, PR 0.0 - 0.8
Stagnation Temperature 300 K

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Experimental model : blunt body

• The calorimeter gauges are attached at  20 to 90 degrees 
(every 10 degrees)

• The model is installed into the free stream after the flow 
becomes steady flow. 

The diameter of the model : 50 mm
The diameter of the jet orifice : 4 mm
Mach number at the  jet orifice : .0

Space Transportation Systems Engineering Laboratory, Kyushu University

Numerical Analysis Method

• Governing Equation: Reynolds averaged axisymmetric 
Navier-Stokes equation (RANS)

• Time Integration : LU-ADI method
• Convection Term: AUSM-DV scheme with MUSCL 

interpolation
• Viscous Term: 2nd-order central difference scheme
• Turbulence model :   k- two equation model

– C term is introduced in order to prevent the excessive generation of k in
collision region. Craft et.al(1996). 

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Flow Conditions and Grid for supersonic flow

<Main flow>

Mach number 3.96

Total pressure [MPa] 1.37

Total temperature [K] 397

<Secondary flow>

Mach number 1.0

Pressure ratio 0, 0.4, 0.6, 0.8

Total temperature [K] 300

<Wall condition>

Wall temperature [K] 295

• Grid (242 160)

Diameter of body [mm] 50
Diameter of jet orifice [mm] 4

Space Transportation Systems Engineering Laboratory, Kyushu University

Flow Conditions and Grid for hypersonic flow

<Main flow>

Mach number 8.0

Total pressure [MPa] 4.5

Total temperature [K] 800

<Secondary flow>

Mach number 1.5

Pressure ratio 0.0251~0.0859

Total temperature [K] 300

<Wall condition>

Wall temperature [K] 300

• Grid (240 160)

This flow conditions and grid configuration are based on the 
experiment conducted by Tokyo Univ. in 1975.

Diameter of body [mm] 40
Diameter of jet orifice [mm] 4.34

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Flow field at each PR (Mach 3.96)

No jet PR = 0.40                PR=0.60                PR=0.80

Calculated

Experiment

Space Transportation Systems Engineering Laboratory, Kyushu University

 No jet
 PR=0.40
 PR=0.60
 PR=0.80

EXP

CFD
 No jet
 PR=0.40
 PR=0.60
 PR=0.80

q 
 (W

/m
 )

w
2

(degrees)
0 20 40 60 80

-20000

0

20000

40000

60000

80000

100000

120000

140000

160000

180000 Heat flux distribution of
CFD is very similar to
that of the experiments

Heat flux at each angles
decreases as PR 
increases

Boundary layer 
transition occurs

Heat flux decreases

in recirculation region

Heat flux increases

due to recompressed shock

Comparison of Heat Flux (Mach 3.96)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Flow field change by PR (Mach 3.96)

 No jet
 PR=0.40
 PR=0.60
 PR=0.80

EXP

CFD
 No jet
 PR=0.40
 PR=0.60
 PR=0.80

q 
 (W

/m
 )

w
2

(degrees)
0 20 40 60 80

-20000

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

Temperature contour

PR = 0.40 PR = 0.80

Heat flux decreases
in recirculation region

Heat flux increases
due to recompressed shock

Space Transportation Systems Engineering Laboratory, Kyushu University

PR=0.0251 PR=0.0549 PR=0.0859

Calculated

Experiment

Flow Field at each PR (Mach 8)

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Pressure Distributions (Mach 8)

Pressure Distributions

CFD pressure distribution shows good 
agreement with experimental measurement.

Heat Flux Distributions (CFD)

Heat flux decreased more  considerably than 
the case for supersonic.

Heat flux at each angles decreased as PR 
increases.

Space Transportation Systems Engineering Laboratory, Kyushu University

• High density in stagnation region

• Low temperature jet

Large heat capacity

• Low temperature recirculation region

Mach number Density

Temperature

• Remarkable reduction of aerodynamic heating

Mach 8
PR=0.0859

Understanding the flow field

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Consideration

• The opposing jet is useful to reduce 
aerodynamic heating in supersonic and 
hypersonic flow.

• To understand the mechanism of reducing 
aerodynamic heating by the opposing jet, 
detailed flow field should be clarified.

• CFD is very powerful tool to understand the 
flow field, but has to be validated.

Space Transportation Systems Engineering Laboratory, Kyushu University

Background .. Once again

Development of scram-jet engine is now in progress as a 
propulsion system of hypersonic transports and space planes. 

In scram-jet engine, the speed of air is very high. 
Hence rapid mixing and combustion of air and fuel is 
required. (Air residence time  in combustor is 10-3 10-4

sec)
At high Mach number, suppression of development of 
shear layer occurs and it makes mixing of air and fuel 
difficult .

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Objective of the present study

Investigation of the effect of  the injection 
angle of three-dimensional circular 
nozzle on supersonic mixing flow

Free Stream

Injection Angle( )

Space Transportation Systems Engineering Laboratory, Kyushu University

Schematic of experimental facility

Air reservoir

Compressor65m3

30kgf/cm2

Helium
cylinder

Traverse
equipment

Test section
Flat plate modelSampling probe

Sampling chambers

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Schematic of the experimental model

y

x

15
0

13
0

300
z

x

520
24

Mount

3

Free stream

Free stream

Test section

7.5

Secondary gas

Space Transportation Systems Engineering Laboratory, Kyushu University

Experimental conditions

Free stream

Secondary gas

Gas

Mach number

Total temperature

Gas

Mach number

Total pressure

Total temperature

Air

3.76

1. 12 MPa

286.9 K

286.9 K

Helium

1.0

0.40 MPa

Total pressure

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Flow visualization by Schlieren method 

(a) 30

(b) 90

(c) 150

separation shock wave
bow shock wave

As injection angle becomes large,
separation region becomes wider and
bow shock wave becomes stronger.

Space Transportation Systems Engineering Laboratory, Kyushu University

Numerical method

Governing equations : Reynolds averaged 3D full N-S
Convective terms : AUSM-Plus scheme
Viscous terms : 2nd order central difference
Time integration : LU-ADI method
Turbulence model : k- two equation model

with  Low Reynolds number effect

number of grid point : 116 42 75

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Stream line on surface

(a) =30

(b) = 90

(c) = 150

Free Stream

Injection Angle ( )

Space Transportation Systems Engineering Laboratory, Kyushu University

Wall pressure distribution at y=0

(a) =30

(b) = 90

Calculation
Experiment

(c) = 150

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Volume fraction distribution
Calculations

=30deg

=90deg

=150deg

Experiment
X=0.04m

Space Transportation Systems Engineering Laboratory, Kyushu University

Mixing efficiency and Total pressure loss

Mixing efficiency

A H

A

H

dAuf

dA
uf

x
2

2

)1),,( if(),,(
)1),,( if(1

zyxzyx
zyx

2

2

1
35),,(

H

H

f
f

zyx

Stoichiometric mass ratio ... Hydrogen : Air = 1 : 35 

A : Cross section of test section
: Mass fraction of hydrogen
: Local equivalent ratio in the cross section dA2Hf

dAupdAup

dAup
x

ji A tA t

xA t)(1)(

pt : Local total pressure
A : Cross sectional area at x
Ai : Cross sectional area at the entrance of the test section
Aj : Cross sectional area of the injector

This document is provided by JAXA.
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Space Transportation Systems Engineering Laboratory, Kyushu University

Considerations

1) Supersonic mixing phenomena can be fairly simulated not 

only in separated region but also in mixing.

2) Flow characteristics for injection angles shows good 
agreements between CFD and experiments.

3) Detailed measurement of flow field and reliability of CFD 
should be improved.

Space Transportation Systems Engineering Laboratory, Kyushu University

Conclusions

EFD and CFD in a university,

Research Education

This document is provided by JAXA.
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Second Workshop on Integration of EFD and CFD　
24th Feb 2009, JAXA

Static Aeroelasticity Analyisis 
of AGARD-B Wind Tunnel Calibration Model

Using Discontinuous Galerkin CFD Solver

Kanako YASUE*

and
Keisuke SAWADA

　　* Ph.D Student, Graduate School of Engineering,
 Dept.  of Aerospace Engineering, Tohoku University, JAPAN 

 Prediction of Aerodynamic Characteristic

 Accurate prediction of aerodynamic characteristics

 Affected by boundary layer transition and separation

 Required wind tunnel test with actual flight Re number

 Conventional wind tunnel test

 1 or 2 order lower Re number compared with actual flight
          due to model size restriction or facility restriction

 Putting roughness to promote turbulent transition at lower 
          Re number

 Extrapolation of the aerodynamic performance in actual
          flight from wind tunnel data (Re number scaling effect)

02
This document is provided by JAXA.
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03

 High Re Number Wind Tunnels

 National Transonic Facility (US, 1982)

 European Transonic Wind-tunnel (Germany, 1993)

 High Re number comparable to that of actual flight
          environment

 Lowering temperature of 
          pressurized airflow to that of
          cryogenic level

AIAA-2003-0754

NTF performance envelope

http://www.etw.de/img/grap.gif

ETW performance envelope

04

 Features of High Re Number Wind Tunnel

In NTF and ETW

 Independent control of total 
    pressure and total temperature

 Separate evaluation of Re number
    effect and model deformation effect

 Highly pressurized airflow

 Larger aerodynamic load on the model

 Model deformation of thin part

 Altering aerodynamic features

 Masking Re number scaling effect

http://www.etw.de/overview.html

ETW

http://www.aeronautics.nasa.gov/atp/facilities/ntf/gallery.html

NTF

This document is provided by JAXA.
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05

 High Re Number Wind Tunnel in Japan

Accurate prediction of aerodynamic performance in TWT

 Isolation of model deformation effect using CFD

 Small change in geometry of wind tunnel model causes
    small change in aerodynamic performance

 High-order CFD schemes 

 Trisonic Wind Tunnel (Japan, 2005)

 Highly pressurized airflow 
          (P0max=1.4 MPa, Remax=1x108 /m)

 Cannot control total pressure and
          total temperature independently

 Cannot isolate Re number scaling
          effect and model deformation effect

http://www.mod.go.jp/trdi/sapporo_test.html

TWT

 Objectives

06

 Explore effect of model deformation in TWT by fluid-structure 

interaction analysis

 Static aeroelasticity analysis of AGARD-B wind tunnel
          calibration model

 CFD analysis : Discontinuous Galerkin (DG) method

High order spatial accuracy on unstructured mesh

 Examination of model deformation and its influence to 
          aerodynamic characteristics 

This document is provided by JAXA.
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 Basis functions and dependent variables become discontinuous 
    at cell interface

 Numerical flux is given by approximate Riemann solver

 Viscous term is discretized using BR2 formulation

 Discontinuous Galerkin Method

07

∫∫∫
Ω

w(x)
(

∂Q

∂t
+ ∇ · F(Q)

)
dΩ =0

Q(x, t) =
∑

j

Qj(t)vj(x)

w(x) ← vi(x)

Qj(t): degree-of-freedom (DOF)

: basis function
  (Jacobi polynomial)

vj(x)

w(x) : test function

∑
j

dQj

dt

∫∫∫
Ω

vivjdΩ +
∫∫

∂Ω

viF(Q) · ndσ −
∫∫∫

Ω

F(Q) · ∇vidΩ =0

 Flux function is solely expanded
    by the change of DOFs in own
    computational cell

 Resulting algebraic equation is 
    pointwise

 Pointwise Relaxation Implicit Scheme

08

∑
j

dQj

dt

∫
Ω

vivjdΩ +
∫

∂Ω

viFn+1(Qh) · ndσ −
∫

Ω

Fn+1(Qh) · ∇vidΩ = 0

MnΔQj = Rn

Mn =
1

Δt

∑
j

∫
Ω

vivjdΩ

+
∑

j

∫
∂Ω

vi

(
∂Fn

∂Q
· n

)+

vjdσ −
∑

j

∫
Ω

vi

(
∂Fn

∂Q
∇vi

)
vjdΩ

= −
∫

∂Ω

viFn(Qh) · ndσ +
∫

Ω

Fn(Qh) · ∇vidΩRn

size of 　   = [(# of Dependent variables) (# of DOFs)]2Mn

Fn+1 ∼= Fn +
∂Fn

∂Q
ΔQ

= Fn +
∂Fn

∂Q

∑
j

vjΔQj

This document is provided by JAXA.
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 Aeroelasticity Analysis Procedure

09

Surface Mesh
[Gridgen ]

Nodal 
Displacement

Model 
Configuration

FEM Analysis
[NX/NASTRAN ]

CFD Spatial Mesh
[Gridgen ]

CFD Analysis
[DG solver]

Surface Pressure 
Distribution

Nodal Loads

Equilibrium 
Shape

Surface Mesh

unit=mm

Numerical Schemes

 RANS equations

 2nd order DG method

 Pointwise relaxation implicit scheme

 AUSM-DV upwind scheme

 BR2 formulation

 Spalart-Allmaras turbulence model

 Slope limiter

 CFL=105

 Supersonic Flowfield over AGARD-B Model

10

Parallelization

 METIS grid 
    partitioning 

 MPI Library

 Xeon Dual Core
    3.0GHz x2 (4cores)

Hybrid grid
356,201 cells (1.4 million DOFs)
198,131 tetrahedron, 158,070 prisms

AGARD-B model configuration

This document is provided by JAXA.
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 Flow Conditions (TWT)

11

Mach 
number

Angle of 
Attack
[deg]

Side Slip 
Angle
[deg]

Re number
x106

[1/m]

Total 
Pressure

[kPa]

Total
Temperature

[K]

Case1 1.4 0.098 -0.005 27.6 167.1 276.4

Case2 1.4 4.303 -0.003 27.8 167.0 274.5

Case3 1.4 8.535 -0.001 27.9 167.1 273.9

 Pressure and Mach Number Contours

12

Baseline Computations

Case1 ( =0.09) Case2 ( =4.30) Case3 ( =8.53)

This document is provided by JAXA.
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 Convergence Histories

13

Baseline Computations

 L2 residual and CL are converged within 3000 iterations

 L2 residual decreases only for 2 orders of magnitude
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 Aerodynamic Coefficients

14

Baseline Computations

0
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0.1

0.15

0.2

0 2 4 6 8 10

Present

Experiment

C
D
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Experiment

C
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 Using finer mesh and considering effect of turbulence 
    transition at trip location will be needed 

This document is provided by JAXA.
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 Aeroelasticity Analysis of AGARD-B Model

01

Structural computation by NX Nastran

 SUS304

 Same surface mesh with CFD

 Nodal load data converted from steady 
    state CFD solution at surface boundary

 Fixed condition at root plane boundary

15

Flowfield computation

 RANS equations

 2nd order DG method

 Pointwise relaxation implicit scheme

 AUSM-DV upwind scheme

 BR2 formuration

 Spalart-Allmaras turbulence model

 Slope limiter

 CFL=105

Sting

Nose

Wing & Body

Balance

Adapter

FEM model
40,000 nodes
quadratic element

 Obtained Model Deformation

16

Displacement [mm]

 Model deformation analysis is only considered for Case3 ( =8.5)

 Maximum wing tip displacement is 0.737 mm

This document is provided by JAXA.
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 Converged Deformation along Trailing Edge

17

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.2 0.4 0.6 0.8 1

1st iteration
2nd iteration
3rd iteration

D
is

p
la

ce
m

e
n

t,
 m

m

Spanwise location

 Convergence is obtained only within 3 iterations in this case 

 Aerodynamic Characteristics

18

 CL decreases 0.0047 due to model deformation

 CD decreases 0.0018 due to model deformation

 Even for small displacement, resulting change in aerodynamic
    coefficient cannot be ignored

0.38

0.39

0.4

0.41

0.42

8.2 8.4 8.6 8.8

Original shape

Experiment

Deformed shape

C
L

[deg]

0.08

0.1

0.12
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0.16

8.2 8.4 8.6 8.8

Deformed shape

Original shape

Experiment
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C
D
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 Concluding Remarks

19

 The aeroelasticity analysis of AGARD-B wind tunnel calibration
    model is successfully carried out

 Pointwise relaxation implicit discontinuous Galerkin 
          method for flowfield computation is coupled with
          NX/NASTRAN for structural analysis

 Maximum deformation of wing tip is less than 1mm 

CL and CD due to model deformation cannot be ignored

 DG solver is suitable for static aeroelasticity analysis

  Effect of model deformation should be isolated in  
  experimental data of TWT for higher Re number conditions

 Future Works

 Computation using finer mesh and considering turbulent 
    transition at the trip location

 Higher order approximation and boundary representation for
    flowfield computation 

 Considering internal structure for elasticity analysis

 Constructing techniques to isolate Re number effect and model
    deformation effect in TWT

20
This document is provided by JAXA.
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Hiroshi Kato, Takashi Misaka, Shigeru Obayashi
(Institute of Fluid Science, Tohoku University, Japan)( , y, p )

Izumi Yamada
(Electronic Navigation Research Institute, Japan)

Yoshinori Okuno
(Japan Aerospace Exploration Agency, Japan)

S d W k h I t ti f EFD d CFDSecond Workshop on Integration of EFD and CFD
February 23-24, 2009 (Chofu, Japan)

Background
Wake turbulenceWake turbulence
Data assimilation for realistic environmental simulation
Data utilization in CFD and NWP
Toward prediction of wake turbulenceToward prediction of wake turbulence

Objective of this research
Approach for wake turbulence simulation

l l d dDoppler lidar at Sendai airport
Attempt to predict of wake turbulence

Results
Retrieved background wind field
Behavior of a vortex pair in assimilated wind field

Conclusions

This document is provided by JAXA.
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J. R. Chambers, NASA SP-2003-4529 Discovery Channel

Wake turbulence 
Wake turbulence, which generated two vortices from wing tip stay behind,, g g p y ,

is dangerous for a following aircraft.
Strength of wake turbulence is  proportional to the lift and the inverse of 

velocity. That is, wake turbulence is most strong at takeoff and landing 
conditions, especially in the case of a heavy aircraft.

Wake turbulence-related accidents
Th id d i h h lf d d i J d

Vb
L : lift, : air density

: velocity, : wing span

There were 3 accidents during the past half decade in Japan, and 200 
accidents during the past two decades in the United States.

Calculation of whole aircraft

Detailed analysis of wake 

Difficulty in incorporatingDifficulty in incorporating
actual condition

With turbulenceWithout turbulence

K. Hueneche, AIAA2001-2427

Disturbance in a 
flow field significantly 
affects the decay of y
wake turbulence

This document is provided by JAXA.
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Developed in meteorological and 
oceanic from the 1990s onwardoceanic from the 1990s onward
Method for accurately estimating 
the complex time evolutional 

h h i hsystem, such as atmosphere, with
observations (experiments) and a 
numerical model

Data assimilation

method
Approach method to integrateApproach method to integrate
observation and numerical 
simulation research

Numerical

simulation

Observation

(Experiment)

Variational approach

( f di i l i ti l th d)(e.g. four-dimensional variational method)

i l hSequential approach

(e.g. ensemble Kalman filter) 

This document is provided by JAXA.
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Numerical Weather 
Prediction (NWP)

Computational Fluid 
Dynamics (CFD)

Flow scale
A few hundreds meters to 

several tens kilometer
A few millimeters to  
several tens meters

Application Weather forecast Aircraft designApplication Weather forecast Aircraft design

Relationship with
measurement data

Comparison (validation),
ASSIMILATION

Comparison
(validation of CFD code)

Can we effectively utilize measurement data 
to improve the reliability of CFD simulation?to improve the reliability of CFD simulation?

Previous 
method

Able to retrieve wake turbulence in
detail by using its lidar measurements  
after take offafter take off
Difficulty in wake turbulence before the 
takeoff of a following aircraft, due to the
large computational cost

Iso surface (Vorticity magnitude)
This document is provided by JAXA.
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Prediction of wake turbulence 
d l h dunder actual atmospheric conditions

before the aircraft’s take off

Approach : Data assimilation method (CFD + Experiment)
(f di i l i i l h d)(four-dimensional variational method)

If analysis of wake turbulence can finish before theIf analysis of wake turbulence can finish before the
aircraft’s take off, we can determine the separation time 
of a following aircraft’s take off or landing in advance.g g

Aerosol Tiny particle or dust    
which is floating on air

Aerosol moving velocity

Scanner

g y
= wind velocity

Distance resolution
30m (High accuracy compared to radar)

Maximum measurement wind velocity
more than equal to 30m/s

Laser wave lengthLaser wave length
less than equal to 0.5m/s

Scanning velocity
maximum 20m/s

Eye-safe wavelength
Available to measure in fine days

Doppler lidar (ENRI)
This document is provided by JAXA.
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220
200

Sendai airport

Radial velocityTake off at Sendai airport Radial velocityTake off at Sendai airport

This document is provided by JAXA.
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Advantage of this approach
When the change in atmosphere isWhen the change in atmosphere is
little for a long time, we can 
determine the separation time of a 
following aircraft’s take off or g
landing based on the simulation 
outcome of a few hours ago.
We don’t need high accurate wind g
detection system such as Doppler 
lidar because the target of data 
assimilation in this method is not  
vortex pair (wake turbulence) .

This document is provided by JAXA.
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1. Simulate lidar measurement 
process during CFD computation 
(Acquiring virtual lidar measurement)

2. The difference is defined as a cost function:

3. Minimization of the cost function 
using adjoint equation method

Retrieval of unsteady flow field
which agrees with time-serieswhich agrees with time series
lidar measurements

Observation date for data assimilation
December 11 2008 16:07 (For about 90[s])

Observation date for wake turbulence
December 11 2008  16:155

Target aircraft
Boeing 777-200 (relief service)

Weather conditionWeather condition
Weather   cloudy
Wind velocity    4[m/s]*
Wind direction SSW*

Boeing 777-200

Category HeavyWind direction SSW
Pressure 1007[hPa]**
Temperature 14.5 **

Category Heavy

Wing span 60.9 m

Length 63.7 m

*       Japan Meteorological Agency
**    METAR

This document is provided by JAXA.
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220
200

Sendai airport

Actual lidarActual lidar
measurement

(Radial velocity)

Pseudo lidar 
measurement

(Radial velocity)
This document is provided by JAXA.



202 宇宙航空研究開発機構特別資料 JAXA-SP-09-003

Iso surface (Velocity magnitude) XY plane (Velocity magnitude)

XZ plane (Velocity magnitude) YZ plane (Velocity magnitude)

(a)(b)(c)(d)(e)

220

Actual Doppler Lidar
200

Pseudo
(a) 200 (b) 205 (c) 210 (d) 215 (e) 220 

(a) 200 (b) 205 (c) 210 (d) 215 (e) 220 
This document is provided by JAXA.
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Iso surface (Velocity magnitude) Iso surface (Vorticity magnitude)

Superimposed simulation

Iso surface (Vorticity magnitude)

This document is provided by JAXA.
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Iso surface (Vorticity magnitude)
Uniform stream condition

Iso surface (Vorticity magnitude)
Assimilated initial condition

(a)(b)(c)(d)(e)

220

Doppler Lidar
200

Actual

(a) 200 (b) 205 (c) 210 (d) 215 (e) 220 
Pseudo

(a) 200 (b) 205 (c) 210 (d) 215 (e) 220 
This document is provided by JAXA.
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Wake turbulence has been simulated by using a back 
ground wind field prior to takeoff aiming to predict the
wake turbulence in advance.

Retrieval of a background wind field prior to takeoff was 
f d d b h f k b l dperformed to predict a behavior of wake turbulence in advance.

Advection of simulated vortex pair  was similar to the actual 
advection of wake turbulenceadvection of wake turbulence.

assimilated wind fields showed the effect of actual conditions.

Th k f ki d iThank you for your kind attention

This document is provided by JAXA.
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JAXAJAXA //

JAXA Digital/Analog Hybrid Wind Tunnel: JAXA Digital/Analog Hybrid Wind Tunnel: 
Development of Digital Wind TunnelDevelopment of Digital Wind Tunnel

Atsushi Hashimoto, Keiichi MurakamiAtsushi Hashimoto, Keiichi Murakami
and Takashi Aoyamaand Takashi Aoyama

Numerical Analysis Group (NAG)Numerical Analysis Group (NAG)
Japan Aerospace Exploration Agency (JAXA)Japan Aerospace Exploration Agency (JAXA)

digital/analog hybrid wind tunneldigital/analog hybrid wind tunnel

Concept ofConcept of digital/analog hybrid wind tunneldigital/analog hybrid wind tunnel

EFD analog wind tunnel

Automatic grid 
generation 

Automatic grid 
generation

Fast CFD solverFast CFD solver

Wind
tunnel
testing

Wind
tunnel
testing

EFD/CFD integrated 
database

EFD/CFD integrated 
database

Virtual testing 
participation

Virtual testing 
participation

Testing plan/ model 
manufacturing 

Testing plan/ model 
manufacturing

Wall/support
correction

Wall/support
correction

CFD parameter tuning
(turbulence model, grid)

CFD parameter tuning
(turbulence model, grid)

•Real-time
EFD/CFD

comparison

CFD analysis including wind 
tunnel wall, support 

CFD analysis including wind 
tunnel wall, support

Design of 
experiments
Design of 

experiments

CFD digital wind tunnel

EFD CFD data fusion

Model
shape

Start

Image flow 
measurements

2D/3D data analysis 
acceleration 

Image flow 
measurements

2D/3D data analysis 
acceleration

Goal

Technical
problems

300cases/20days

This document is provided by JAXA.



208 宇宙航空研究開発機構特別資料 JAXA-SP-09-003

Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

Fast System (NAG)

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ., Univ. of Alabama)

HexaGrid

Full Automatic
Hexahedron-base

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

FaSTAR

New fast solver
Cell-center
RANS
Multigrid

RANS, Cell-center
spacecraft application

Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

Fast System (NAG)

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ, Univ. of Alabama)

HexaGrid

Full Automatic
Hexahedron-base

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

FaSTAR

New fast solver
Cell-center
RANS
Multigrid

RANS, Cell-center
Mainly spacecraft application

Fast grid generation
Fast flow solver

High-quality grid generation
Fast flow solver

Fast grid generation
Reliable flow solver

High-quality grid generation
Reliable flow solver

This document is provided by JAXA.
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Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ, Univ. of Alabama)

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

FaSTAR

New fast solver
Cell-center
RANS
Multigrid

RANS, Cell-center
Mainly spacecraft application

Fast grid generation
Reliable flow solver

Fast System (NAG)

(1)HexaGrid

Full Automatic
Hexahedron-base

Feature of method
Improvement for NS simulation
Examples

•ONERA-M6
•DLR-F6

Features of Features of HexaGridHexaGrid

•Unstructured mesh based on Cartesian mesh
•Handles complex geometry
•Automatic operation (very few control parameters)
•Fast (within minutes)
•High quality elements (predominantly hexahedral)

• Input multi-component geometry in STL format 

•Run on ordinary PC

HexaGrid : 
Automatic grid generator based on hexahedral grid

This document is provided by JAXA.
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Input DataInput Data
•Triangulated surface in STL (STereo Lithography) format 

can be made by most CAD software

•Very tolerant to “dirty surface mesh”
•Unconnected triangles non-water-tight surface is OK
•Small gap, overlap & intersection are OK
•Any triangle size is OK

gap overlap

intersect
*2D illustration, the actual is 3D

Mesh Refinement ControlMesh Refinement Control

•Refine the element using 3 criteria
•Each criterion has a target element size (user-defined)

(1) Solid surface

(2) Solid surface with 
large curvature

(3) Refinement box

Example of 
Refinement box

This document is provided by JAXA.
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Feature capturing Feature capturing 

STL data

Grid surface

Previous version of Haxagrid

Latest version of Haxagrid

Prismatic Layer ControlPrismatic Layer Control
HexaGrid was developed for Euler computation.

Improvement of  prism layer quality for RANS computation

ONERA-M6 wing

We add two control parameters;
1)Thickness of first layer and 2)expansion factor 

The first layer thickness 1.5 10-5m
Expansion factor 1.2
The span is 1.2m

Thickness control off Thickness control on 

Non-uniform thickness Uniform thickness 

This document is provided by JAXA.
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Splitting of nonSplitting of non--flat cellflat cell

Center of the cell may 
be outside of the cell

Non-flat faces 
are split into 
triangles

If rectangular face is not flat, Split the 
rectangle-based prismatic cell into 
triangle-based prismatic cell.

Non-flat thin 
hexahedral cell

Grid Generation SpeedGrid Generation Speed

ONERA M6 (coarse grid)Coarse
grid

Fine
grid

Cartesian level 14 15
Number of layers 30 27
Number of cells 729,173 2,232,950
Number of nodes 619,662 1,958,430
Time to generate 
Cartesian cells

12 sec 32 sec

Time to generate 
prismatic layers 19 sec 63 sec

Very fast grid generation

Intel Core 2 Duo T7700 
2.4GHz CPU, 2 GB memory 

This document is provided by JAXA.
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Validation (ONERA M6) Validation (ONERA M6) 

Cp contours

HexaGrid MEGG3D
Structured grid
Bonhaus AIAA 1990

Comparison of drag coefficient 
with other results

Good agreement was obtained

UPACS, MEGG3D+JTAS (Murayama et al., AIAA 2007-258)
Number of grid: 9.3M(UPACS), 10.0M(MEGG3D), 4.5M(HexaGrid)

Validation (DLRValidation (DLR--F6 FX2B) F6 FX2B) 

HexaGrid agrees 
with other results.
The difference is 
10-15 counts

This document is provided by JAXA.
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Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

Fast System (NAG)

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ, Univ. of Alabama)

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

RANS, Cell-center
Mainly spacecraft application

(2)FaSTAR

New fast solver
Cell-center
RANS
Multigrid

Concept, Target 
Configuration, Plan 
Examples

HexaGrid

Full Automatic
Hexahedron-base

Gridgen
(structured & Unstructured Grid)

Target of Target of FaSTARFaSTAR

FaSTARFaSTAR (( FASTFAST AAerodynamicerodynamic RRoutines)outines)
We develop a new code from scratch.We develop a new code from scratch.

Target: 300cases/20days 
(300cases =1/5 of a wind tunnel test campaign) 

1 hour/case, 100CPU, 10M Grid 

1.5 hour, 96CPU, 15M Grid (NSU3D, Mavriplis) 

Agglomeration Multigrid (NSU3D)Third Drag Prediction Workshop(DPW3)
Vassberg, AIAA 2008-6918

Convergence acceleration technique 
(Multigrid method, GMRES) is necessary.

10M grid

5M grid

This document is provided by JAXA.
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FaSTARFaSTAR configuration(1)configuration(1)

Trac Lightning

FaSTARFaSTAR (( FASTFAST AAerodynamicerodynamic RRoutines)outines)

MEGG3D, HexaGrid
Gridgen(structured & unstructured grid)

Pre-Process

Solver

Post-Process

Aerodynamic force
Visualization Fieldview, Tecplot

Data structure conversion
Surface area, Volume 
Reordering
Cell quality check 

Flow solver 
(using minimum data)

Visualization data

Development tools
Subversion
Trac
Doxygen

Development based on 
coding rule

Separation of process
Compact design

Improvement of 
development efficiency 
and maintenance

FaSTAR data structure 

Cell

Face

face2cell

BD Face

Governing Equation Euler, Thin layer/Full N-S
Discretization Cell base
Data Structure Face base
Reordering Cuthill-Mackee
Flux Roe, HLLE, AUSM+
Turbulence model SA SST
Convergence acceleration Agglomeration Multigrid, 

Krylov method (GMRES)
Grid Partition Zoltan (METIS)
Parallel library MPI

Employed Schemes 

Almost all loops are 
written in face loop.

Gradient
Flux
LU-SGS sweep

Cuthill Mackee reordering
=Hyperplane reordering
(speed up by 20%)

FaSTARFaSTAR configuration(2)configuration(2)

JTAS
NSU3D
BCFD
EDGE
UG3
USM3D
FUN3D

Survey of well- 
known CFD code

This document is provided by JAXA.
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Domain PartitionDomain Partition

Zoltan tutorial

ZoltanZoltan toolkit includes the following methodstoolkit includes the following methods

RCB
HSFC Graph Partitioning 

Examples of partitioned grids 

PlanPlan

20092008 2010
2Q 3Q 4Q 1Q 2Q 3Q 4Q 1Q

Survey
Preparation Euler NS

Parallel

Zoltan

Tuning

RANS
Multigrid, GMRES

Validation

Tuning

Preliminary results using FaSTAR(Euler)
FaSTAR achieves 1.1GFlops on 1CPU of JSS (11% of theoretical peak performance)

ONERA M6
ONERA M5 DLR-F6

This document is provided by JAXA.
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Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

Fast System (NAG)

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ, Univ. of Alabama)

HexaGrid

Full Automatic
Hexahedron-base

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

FaSTAR

New fast solver
Cell-center
RANS
Multigrid

RANS, Cell-center
Mainly spacecraft application

(3)JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

Installation of RCM portal
Whole wind tunnel simulation
(Porous wall modeling)

RCM portal systemRCM portal system

Quatre-i science

RCM(R&D Chain
Management) is a 
middleware integrating web 
server, control server, and 
database server. 

HexaGrid+JTAS workflow system

User can make registration of grid and result data. 
User can search the data using the database.
User can submit and monitor jobs from the web.
User can visualize the result from the web.

Grid registration Pre-processing

Job submission

Job information

Visualization

Post-processing

Convergence history

http://www.i4s.co.jp/rcm/rcmabs.html

This document is provided by JAXA.
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Transonic wind tunnel simulation Transonic wind tunnel simulation 

Porous wall

Test section

Intake

ONERA M5 model

sting

strut

Experimental conditions: M=0.84, AoA=0deg
Re=1.67x106 (Re is based on MAC)

Computational conditions 
inflow conditions: P0/P=1.58, T0/T=1.14
Outflow condition: Pout/P=1.05~1.10(?) 
We have to adjust the outflow pressure to make M=0.84 flow 
at the test section.

1. Solid wall computation
2. Porous wall computation (modified Harloff model)

Transonic wind tunnel simulation Transonic wind tunnel simulation 

1. Solid wall computation

Blockage effect

M5

2. Porous wall computation

M5
Porous wall

Upper wall

Side wall

Lower wall

Porous wall effect can be reproduced 
using the Harloff model.

Streamwise pressure distribution 
becomes flat. 

This document is provided by JAXA.
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Transonic wind tunnel simulation Transonic wind tunnel simulation 

1. Solid wall computation

Blockage effect

M5

2. Porous wall computation

M5
Porous wall

Upper wall

Side wall

Lower wall

Mach number computed with 
isentropic relation

Transonic wind tunnel simulation Transonic wind tunnel simulation 

Velocity through the porous wall.
Inflow velocity is faster at the end of porous wall.

This inflow may interfere the downwash from the model.

2. Porous wall computation

M5
Porous wall

This document is provided by JAXA.
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Concept of Digital Wind TunnelConcept of Digital Wind Tunnel

Grid Generator Flow Solver

Fast System (NAG)

LS-Grid LS-Flow

Reliable System (APG, Tohoku Univ., Univ. of Alabama)

HexaGrid

Full Automatic
Hexahedron-base

MEGG3D

Semi-automatic
Tetrahedron-base

Full Automatic
Hexahedron-base

Fast System (JEDI)

JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

FaSTAR

New fast solver
Cell-center
RANS
Multigrid

RANS, Cell-center
spacecraft application

(1)HexaGrid

Full Automatic
Hexahedron-base

Feature of method
Improvement for NS simulation
Examples

•ONERA-M6
•DLR-F6

(2)FaSTAR

New fast solver
Cell-center
RANS
Multigrid

Concept, Target 
Configuration, Plan 
Examples

(3)JTAS
Reliable solver
(many practical 
accomplishment)
Cell-vertex
RANS

Installation of RCM portal
Whole wind tunnel simulation
(Porous wall modeling)

This document is provided by JAXA.
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JAXA /

JAXA Digital/Analog Hybrid Wind Tunnel:
Speed Up Technique of Analog Wind Tunnel

2009(H21) 2 24

Naoyuki FUJITA(JAXA)

12009/2/23 24 Second Workshop on Integration of EFD and CFD

Agenda

• What is ?

• Motivation of Speed Up

• Some candidates for Accelerator

• Speed Up Evaluation using Cell/B.E.

• Future Work on Speed Up

• Conclusion

Many Slides are in Japanese

2009/2/23 24 2Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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2009/2/23 24 3

•

•
(a)

5 or 7
LDV (Laser Doppler Velocimetry)

(b) PTV  (Particle Tracking Velocimetry)
PIV   (Particle Image Velocimetry

)
DGV (Doppler Global Velocimetry)

Second Workshop on Integration of EFD and CFD

2009/2/23 24 4

u

= /

t
tt ),(),( xxxu

x

2 ( )

PIV

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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2009/2/23 24 5

PIV

2D PIV2D PIV2D PIV

Second Workshop on Integration of EFD and CFD

2009/2/23 24 6

DOS (Dioctyl Sebacate, DEHS

0.5 1 m

((

Nd:YAG
(1 J or 200mJ/pulse @ 532nm 10 Hz)

CCD 2
(2048 2048pix, 12bit, 4 image pairs/sec)
(1280 1024pix, 12bit, 2 image pairs/sec)

PC 3.0GHz Dual Processor 
(OS: Windows XP)
LaVision DaVis7
(TSI Insight NT 3.34)

PIV

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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2009/2/23 24 7

•

( )

•
-
-
-
-

PIV

Second Workshop on Integration of EFD and CFD

2009/2/23 24 8

Single
slotted

flap

Jet

Freestream

SSTSST

BVIBVIBVI

JAXA PIV

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.



第 2回 EFD/CFD融合ワークショップ 225

2009/2/23 24 9

Motivation of Speed-Up 

PIV
• PIV (LaVision DaVis Ver.7.2)
• PIV (PIV 2 2k 2k )
• PIV

– 32 32 50% 2
• 1,000 (Intel Core2Quad 2.4GHz)

– 1CPU 18.8 8CPU 2.7

PIV
• (10 50 )
•
• PIV 2 4

• CFD
•

Second Workshop on Integration of EFD and CFD

2009/2/23 24 10

Motivation of Speed-Up (Cont.)

9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

( )

( )

( )
PIV
( )
PIV
( )

PIV
( )

•
• PIV 2 4

• CFD
•

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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PIV

PIV

( A)

2000pixel(124vector)

20
00

pi
xe

l(1
24

ve
ct

or
)

32pixel

32
pi
xel

( / )

50%

50%

x

y

PIV

PIV

112009/2/23 24

Accelar
ator

Second Workshop on Integration of EFD and CFD

2009/2/23 24 12

a) 2D
1

2 ,

b) 3D (Stereo)
- 2
- 3 u, v, w
-
-
-

2D PIV 3D (Stereo) PIV

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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PIV

Accelar
ator

PIV

132009/2/23 24

[ms]

(2D )

2D PIV

Second Workshop on Integration of EFD and CFD

Some candidates for Accelerator

142009/2/23 24

Speed-Up ability
Price
Stable Supply
Operation Cost
User Environment

Cell/B.E.

GPGPU

FPGA

PC Cluster

Study Items

2009 9 14-16

GPGPU, FPGA, CELL

Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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Speed Up Evaluation using Cell/B.E.(1/8)
1

2 Cell/B.E. GigaAccel180

3

152009/2/23 24 Second Workshop on Integration of EFD and CFD

Speed-Up Evaluation using Cell/B.E.(2/8)

16

DaVis ExampleWith Cell/B.E.Without Cell/B.E.

Input Adjuster

Output Adjuster

DLL

JAXA
Correlation
Algorithm
Original

JAXA
Correlation
Algorithm
Extended

DaVis
Correlation
Algorithm

(FFT)

JAXA
Correlation
Algorithm
Extended

8bit BMP

Vectors

Input Adjuster

Output Adjuster

im7 format
(16bit BMP)

Filters

Filters

DLL

DaVis

DaVis

vc7 format
(Vectors)

DLL

DLL

X86
processing

Cell
processing

Original: 8bit
Extended:16bit

2009/2/23 24 Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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17

DaVis on X86

Correlation Process 
on Cell/B.E.

Input Adjuster 
in CL language

PPU Program
in C language

Output Adjuster 
in CL language

DLL
in C++ language TCP/IP Socket

Image Data

Vector Data

im7 format
(BMP Images)

vc7 format
(Vectors)

SPU Program
in C language
SPU Program
in C language
SPU Program
in C language
SPU Program
in C language
SPU Program
in C language
SPU Program
in C language
SPU Program
in C language
SPU Program
in C language

Speed-Up Evaluation using Cell/B.E.(3/8)

1. Example 

2. Example DaVis

CL

3. 

4. DLL

5. Example DLL

6. DLL

2009/2/23 24 Second Workshop on Integration of EFD and CFD

18

Speed-Up Evaluation using Cell/B.E.(4/8)

1 Without Cell/B.E.

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

0 10000 20000 30000 40000 50000 60000 70000

PIV Calc

CPU avg(%)

MEM(%)

DiskWrite(%)

DiskRead(%)

TCP Send(%)

TCP Recv(%)

Host CPU 

[msec]

2009/2/23 24 Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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1 With Cell/B.E.

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

1200 1700 2200 2700 3200

PIV Calc

CPU avg(%)

MEM(%)

DiskWrite(%)

DiskRead(%)

TCP Send(%)

TCP Recv(%)

SPU(%)

[msec]

19

Speed-Up Evaluation using Cell/B.E.(5/8)

Host CPU 

2009/2/23 24 Second Workshop on Integration of EFD and CFD

1 DaVis Example

0.00%

20.00%

40.00%

60.00%

80.00%

100.00%

120.00%

0 2000 4000 6000 8000 10000 12000

PIV Calc

CPU avg(%)

MEM(%)

DiskWrite(%)

DiskRead(%)

20

Speed-Up Evaluation using Cell/B.E.(6/8)

Host CPU 

2009/2/23 24 Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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Accelar
ator

PIV

212009/2/23 24

Direct Correlation

2D PIV

Speed-Up Evaluation using Cell/B.E.(7/8)

Without 
Cell/B.E.

Processing Time [ms]

-

DaVis 
Original

With
Cell/B.E.

FFT

-

( )#

26.9

Second Workshop on Integration of EFD and CFD

22

Speed-Up Evaluation using Cell/B.E.(8/8)

(double) (float) 1.08
Cell/B.E. hostCPU 1Gbps Ethernet PCI Express

1.7
2011 5 PowerXCell32iv
Cell/B.E.

8MB Cell/B.E.

5 Cell/B.E. hostCPU 100Gbps
DaVis Example

PC

1 Cell/B.E.

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

1 4 16 64 256 1024

Cell/B.E.

2009/2/23 24 Second Workshop on Integration of EFD and CFD

This document is provided by JAXA.
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2009/1/15 23

Future Work on Speed-Up 
•GPGPU

CUDA Cell/B.E.
Scalar Processor(SP) Streaming Multi-Processor(SM) Device

Memory Shared Memory Block Thread WARP-unit GPGPU

•FY21Q1 DaVis

•

(
)

Second Workshop on Integration of EFD and CFD

Conclusion

point point point 242009/2/23 24 Second Workshop on Integration of EFD and CFD

Accelerator Point Speed Up Price Stable Supply Operation Cost User Env.

Cell/B.E.
26.9 1M JPY 3 suppliers

GPU
40 0.2 JPY 1 supplier

100+ 5M+ JPY E. HDL

PC
cluster

(7)
10 2M JPY PC De facto De Facto

• What is ?

• Motivation of Speed Up

the
check of effectual setup

To evaluation of
To realize with CFD results etc.

reflect result

• Candidate of and Evaluation of Cell/B.E

This document is provided by JAXA.
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Can EFD/CFD Integration Minimize Uncertainty?

Andrew Meade William Marsh Rice University, USA
Edward N. Tinoco Boeing Commercial Airplanes , USA

JAXA
JAXA

JAXA

EFD/CFD

JAXA

Meade
Tinoco

Can EFD/CFD integration 
minimize uncertainty? JAXA

Meade Andrew Meade Rice

EFD CFD
EFD/CFD

CFD CFD

Tinoco Edward Tinoco
CFD EFD

EFD

This document is provided by JAXA.
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12
3 CFD

CX PX

JAXA
CFD JAXA

CFD

10

Can EFD/CFD integration 
minimize uncertainty?

uncertainty
EFD/CFD 2

uncertainty
Tinoco

What is Uncertainty?

Discrepancy from True Value
EFD: measurement uncertainty (calibration, data acquisition,...)
CFD: computational uncertainty (grid resolution, convergence...)

Discrepancy from Flight Conditions
EFD: model deformation, wind tunnel interference,...
CFD: turbulence model,...

Can EFD/CFD integration minimize 
these uncertainties?

Discrepancy from true value

EFD/CFD
EFD

EFD

uncertainty EFD

data acquisition

data reduction

EFD

This document is provided by JAXA.
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CFD

CFD

CFD Discrepancy
from true value uncertainty

EFD/CFD
EFD

CFD

EFD

Discrepancy from 
flight condition
uncertainty

EFD

uncertainty

uncertainty
uncertainty

EFD/CFD
uncertainty minimize

What is EFD/CFD Integration?

Simple combination of EFD/CFD data
(e.g.) Double visualization of EFD/CFD data

EFD for CFD
(e.g.) Use of EFD data to CFD initial/boundary conditions

CFD for EFD
(e.g.) Wind tunnel interference correction using CFD

Complimentary use
(e.g.) ??

EFD/CFD

4

EFD CFD

This document is provided by JAXA.
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CFD EFD
CFD

EFD for CFD
CFD

EFD
CFD EFD

CFD
CFD for EFD

CFD

CFD
CFD for EFD EFD for 

CFD 2 EFD for CFD
CFD EFD EFD

CFD

complementary

Questions

Again, what is uncertainty?

Do you have a method to minimize uncertainty?
EFD        CFD
EFD        CFD
EFD        CFD

Do you have an example of minimizing uncertainty by 
EFD/CFD integration?

What is the challenging issue to realize EFD/CFD 
integration?

uncertainty

uncertainty
minimize

EFD CFD
CFD EFD

EFD CFD
3

EFD/CFD
uncertainty

EFD/CFD

Can EFD/CFD integration minimize 
uncertainty?

This document is provided by JAXA.
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CFD EFD

CFD EFD

Equivalent Relations?

A group can 
(should) do both 

together

Both do both

2

together
together

together
CFD CFD

together

?

This document is provided by JAXA.
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Meade
integration

well-posed
ill-posed
well-posed

1.4
well-posed

well-posed ill-posed
well-posed

shiogamalife.da-te.jp/e31507.html 

shiogamalife.da-te.jp/e31507.html 

25
ill-posed

well-posed

well-posed

Nd :
YAG
Laser

Circular
plate

Pressure
transducer

Pressure
transducer

Sub
chamber

Reservior

Lens
( =100 mm) 110 57

10
0

Slit : 2    200

Mesh
screen

Turbulent
slit jet

-80 -40 0 40 80
0

0.4

0.8

1.2

Velocity 
[ m/s ]

-80 -40 0 40 80
0

10

20

30

[%
]

Turbulence
intensity [%]

Can CFD obtain 
pressure?

This document is provided by JAXA.
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The Solution Is Not Unique.

0 20 40 60 80
 [ ]
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0 20 40 60 80
 [ ]
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]

wi th t urbulence
wi thou t tu rb ulence

0 20 40 60 80
 [ ]

-2

-1

0

1

2
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4

[k
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]

1

2 200 20

4 shear
flow

5
30

RMS

CFD

ill-posed

2
2

2
2 1

2

This document is provided by JAXA.
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3.5

CFD

The Answer Is

ill-posed well-posed
well-posed

100 CFD CFD

1
10

0.1

well-posed

10 CFD

CFD

CFD
CFD

This document is provided by JAXA.
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A B C D E
A

A
B B

B A C C
B C E

D E

CFD
B C

A

2

CFD

EFD
EFD CFD CFD

CFD

CFD

Tinoco

Both CFD and EFD have limitations and neither can be considered 
absolute, but together can produce greater understanding leading to a more 
competitive product.

CFD EFD

Full Potential Euler

Linear Navier-Stokes Wind Tunnel Flight Test
Structural Models

CFD is an Integral Part of the Aerodynamic Design 
Process in Partnership with the Wind Tunnel and Flight 
(EFD).

Tinoco CFD EFD

EFD

This document is provided by JAXA.
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Aerodynamic Design Cycle

Candidate
designs

Shortest cycle time given 
by synergistic use of 
wind tunnels and CFD

Flight characteristics

Performance 
characteristics

Airline
Require-

ments

Cost,
Ability to

manufacture

CFD
1 to 5 

Candidate
designs

Wind Tunnel

simulations

Weights,
Structures,

Systems

CFD

CFD

CFD

CFD

101 100 1,000 10,000

Number of Simulations

One Complete Airplane Development Requires

Cost and Flow Time Characteristics of Wind 
Tunnels and CFD

Wind Tunnel Use
(Typical Test)CFD Use

Typical Single
Configuration 
Performance

Database

Flow Time
or

Cost

EFD

100 1000

101 100 1,000 10,000

Number of Simulations

Technology Improvements in CFD and EFD
to Reduce Cost and Cycle Time while Expanding the 

Envelope in CFD

CFD Use
Typical Single
Configuration 
Performance

Database

?

Technology Improvements in CFD and
in EFD will Dramatically Reduce the
Cost and Timing of the Design Process
CFD will not eliminate the need for EFD!

?

Cycle Time
or

Cost
EFDCFD

CFD

CFD flight envelope

Stumbling Blocks
Fundamental questions about CFD on real geometries

Solution convergence or stagnation?
Grids, Grids, Grids

Grid generation
Grid convergence
Solution adaptive grids

Many questions about differences between CFD and EFD cannot be 
resolved because of the lack of detail test data.

Detail boundary layer measurements 
Wake data
Wind tunnel flow characteristics, walls, mounting system
Model or airplane aeroelastics, dynamics
Wind tunnel to flight correlations
Reynolds number correlations
Etc. 

 CFD

This document is provided by JAXA.
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Drag Prediction Workshop
2

3

LES CFD

EFD

3

CFD

CFD

CFD
CFD

Creating Aerodynamic Data for Full Flight Envelope
The Integration of CFD and EFD

WT   CFD WT   CFD WT     CFD

Past Progress Getting There

Little Interaction or 
Cooperation
- Animosity
- CFD seen as Inadequate 
- WT Full of Uncertainty & Low 
Fidelity

Truth

Heavy Cooperation
- Co-ownership / 
Collaboration

- CFD Feeding WT Design & 
Plan

CFD EFD

EFD/CFD

This document is provided by JAXA.
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CFD EFD
CFD EFD uncertainty EFD

CFD uncertainty
complete agreement

EFD/CFD
0.1

Tinoco
CFD EFD

CFD

CFD

CFD

CFD
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