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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)
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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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