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A System Concept for EFD/CFD Integration:
Digital/Analog Hybrid Wind Tunnel

Shigeya Watanabe

Wind Tunnel Technology Center
Aerospace Research and Development Directorate
Japan Aerospace Exploration Agency (JAXA)

The 2" Workshop on EFD/CFD Integration
Feb. 23, 2009 at JAXA Chofu Aerospace Center, Tokyo, Japan
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Contents

B Background, Motivation, and Objectives
B “Digital-Analog Hybrid Wind Tunnel”
» Concept
» System Architecture
B Technical element developments for Hybrid WT
* Digital WT
* Analog WT: Acceleration of reduction of flow imaging data
* Integration of EFD and CFD
B Summary
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From “EFD and CFD” to Integrated EFD/CFD

HMEFD: Analogv, Real
Experimental Fluid Dynamics
(Wind tunnel test)

#"‘ | ‘f’f

JAXA2mx2m J"h \
Transonic WT o @b ; & Ny

. C F D . : ~d s . l- e | Pressure measurement by’PSP
. |Digital, Virtual
/ % ‘

Computatf&mal Fluid Dynamics

Two major methods for aerodynamic
characteristics prediction

M |ntegration of EFD/CFD:

(or fusion, synergy)
-More than simple collaboration
-Aiming a new world where 1 +1 > 2 O

Japan Aerospace Exploration Agency 2

Nakahashi (2004)

| Motivation 1|

Challenges of EFD & CFD in Aerodynamic Prediction

BEFD side:

v'Differences from real flight condition: Re number, Wind tunnel
wall/support, Model deformation, etc.

v'Restriction of measurement items: Mainly, force/moment/discrete
pressure. Additionally, flow visualizations and quantitative image
measurements (PIV, PSP).

= Difficulties in understanding flowfield and troubleshooting
v'Relatively long period of a whole WT test campaign including model

manufacturing. | Need for a unified platform to
BCFD side: simultaneously solve both challenges.

v'Reliability is always a concern, especially in turbulence, transition,
separation, and reacting flow.
= Validation by experiments required.
v'Long calculation time (low data productivity) for high-fidelity CFD.
v'Higher skill and long time for grid generation required.

FHEHMEHF RS

Japan Aerospace Exploration Agency 3
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| Motivation 2|

Challenges in EFD/CFD comparison

E Tvpical . Discrepancies due to wind
X. ) ypical comparison tunnel setting uncertainty

EFD
EFD /p/retest CFD CFD
Mach number 0.904 0.9 .
XI.]GI’"T\EI'I.“Vg
Re number 2.1%x108 ~ 2.0x 106
Angle of attack  |2.6° 2.0°
(including deflection |(= setting angle)
of balance and sting)
Model Designed config. |Designed onerams | I
configuration + deformation due |configuration M, =0.34 dhobbution
to aero. load
Boundary With WT wall and [Model alone in
condition sting freestream -with deformation  -no deformation
: of balance/sting of balance /sting
Boundary layer |Natural or forced (Fully laminar/ -with model No model
transition location ransition turbulent or fixed deformation deformation
or predicted -with wall/sting -with sting
- -Natural transition  -Fully turbulent
Uncertainty Cp: +£0.0005 777
—— == T gy m ol
Unknown if not measured Methodology not established Eﬂ%ﬁﬂﬂﬂ%ﬁﬁ 4
| Motivation 3 |

Prediction of Aero. Characteristics at Real Flight

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

L’Qﬁ":{;ﬁ?ﬁ;}gﬁ Differences:[physics model, —— Refined || Hybrid
support, etc. Boundary cond.*, model shape|'etc. — Matched ||,

EFD CED

(Wind Tunnel) g\ \
ED
Wind Tunnel
Differences: ~—— Differences:

flow condition (Re), i modelshape,
-rrodetshape: Real Flight physicsmodel: etc.
ffﬂda%end-’ (incl. Flight Test)

AT PR

Japan Aerospace Exploration Agency
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Digital/Analog Hybrid Wind Tunnel: Objectives

B Innovation of both EFD and CFD technologies
through EFD/CFD integration.

B Reduction of cost and risk and improvement of
accuracy and reliability of aerodynamic data in
aerospace vehicle development.

= Improved contribution to developments of Japanese
airplanes such as MRJ and other JAXA projects.

ourtesy of Mitsubishi Heavy Industries, Ltd. Silent Supersonic Technology
Demonstrator, S3TD (JAXA)
Japanese Regional Jet, MRJ
FEMZH AR

Japan Aerospace Exploration Agency 6

NASA Langley: Virtual Diagnostics Interface (ViDI) System

R. Schwartz, G. Fleming 2008

» Features and functions:

- 3D-CAD-based virtual diagnostics system -
for experiment design

v Optimization of measurement planning —¥ B
using virtual mockup Evaluation of

v’ Real-time comparison and visualization vieylng area ang
i i shade prior to exp.
of CFD and WT data (LiveView3D) \

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

using 3-D CAD

industrial Wlnd tunne|s in the W0r|d_ LiveView3D Real-Time Data Visualization
Superiority of the present Hybrid WT ‘suissssssuss

» Technical disadvantages:
- Data comparison relatively difficult due to
different data formats for WT and CFD.
= Unified data format, etc.
- CFD has a secondary role (not necessarily

conducted).= Pretest CFD always cond{gted. : '
éal-time comparison of surface pressure

- No data fusion between WT and CFD data distribution between EFD and CFD
= EFD/CFD integration FHEAMEHTEE

Japan Aerospace Exploration Agency 7
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Digital/Analog Hybrid Wind Tunnel: Concept

| Model configuration design

EFD (Analog WT)

CFD (Digital WT)

Optimization of test planning,
technique, and model

(Risk reduction, Data productivity improvement)

CFD considering both test
model and wind tunnel
(wall, model support)

Virtual participation in
WTT via internet  w

) (Risk reduction, test efficiency
improvement)

| WT wall&sting correction

(Accuracy improvement)

Desian of Exneriment
vesign of oxperiment

(Test efficiency improvement) Wind
Tunnel

Test

High-speed reduction of
2D/3D image
measurement data

(Data productivity improvement)

Data fusion considering

EFD and CFD

(Reliability improvement)

advantages and reliability of

Tuning of CFD
parameters
(Turb. model, grid, etc.)

(Reliability improvernt)

Automatic/adaptive
grid generation

| Fast CFD solver

—

| Database of both EFD and CFD |

Expanding the technology integrating experiment
and numerical simulation to other fields

T F TR

Japan Aerospace Exploration Agency

Digital/Analog Hybrid Wind Tunnel: System Architecture

- User access via Web.

- Raw EFD/CFD data stored in a self-descriptive data format with meta

data stored in a XML-database.

User(outside JAXA) User (JAXA)  Administrator (JAXA)
() Module
@ @ [_] Function
A
F/W
) ] |
WEB Module
System Management| | User management | | Control
A \4
Visualization Test Planning/
DB Module Module CFD Module EFD Module CAD Module Analysis Module
DB Interpolation Pretest CFD Data Data Optimizing
Management - Reduction Transformation Test Model
Detailed CFD Format
DB omparison Format Transformation Configuration Optimizing
Registration Transformation ] | Modification Test Condition
Visualization = i
Automatic Optimizing
\ﬂ‘ Grid Generation Parameters
_E
-
A A,
e | Generation of Meta Data | | Backup/Restore |
eneration of Meta Data ackup/Restore
s
n Agency 9
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Development of Digital Wind Tunnel

BRequirements for Digital WT

= || Optimization of model and
asiness experimental planning by pretest CFD Juays

B Status: Automatic grid generator using

Solution: Automatic grid generator
+ New high-speed solver (FaSTAR)

- Accurate correction of interaction by

Accurac -" wall and sting interaction
y - Most probable aero. characteristics

prediction based on both EFD/CFD

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

Cartesian grid technique and FaSTAR
v'Grid around an airplane model with 107 grid points

v'The capability of the grid generator has been
expanded to internal flow calculation.

AL

v'In development of FaSTAR, a NS solver for laminar

flow has been completed. o

o
uuuuuuu
ot
o

can be constructed within ten min. using a regular PC. I"

g322¢

Corkoursof Statc Previure (puscal (Tima=0 0000es00) i 09, 2008
FLUENT 82 00, on, coupen g, ke |

High-speed data reduction of imaging techniques

BObjective: to improve data productivity of Analog WT by accelerating

data reduction for PIV and PSP images.

Present PIV system

Ex)

.
) ) Issues
Acceleration of , -

PIV data reduction f Several hours for
data reduction

Image acquisition
computer

Camera

Acceleration system (PC cluster)

Commercial PIV data processing software

Preliminary test using

possibility of ten-times

Cell shows a
Accelerator

(Cell, GPGPU, etc.)

faster data reduction.

Accelerator:

Cell (High performance
CPU developed by
IBM/Toshiba/Sony) is
the most promising

Several minutes for = candidate.
data reduction FEMZERZ MRS

Japan Aerospace Exploration Agency 1
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EFD/CFD Integration Techniques (1/3)

« Data comparison techniques
- Objectives: -Supporting rapid evaluation of the WT data during the test
» Clarifying technical problems of both EFD/CFD

- Quantitative comparison:

15 A
O Pressure Tra
— PSP
4 -

nsducer

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

- Qualitative comparison: Feature extraction methods such as edge detection,
template matching for extracting flow features (vortex, separation, shock, etc.)

(a) - Original ... (b) after edge detection _ Shock wave
_ S o 72
-:-‘\1_ — <
Richard J. Schwartz, 3
Gary A. Fleming, ICIASF2007 $ﬁﬂﬁ§ﬁﬁ%ﬂﬂ%ﬁ*§
Edge detection for a Schlieren image lapan Aaraspace Exploratian Agency

EFD/CFD Integration Techniques (2/3)

» Data fusion techniques
- Predicting most probable aero. characteristics based on both EFD/CFD.

Re(10%6)= 1116, M=0.90
050

Ex: SFA (Sequential Function

Approximation) Neural Network ) - ' S
used to drag coeff. of SC1085 ) CFD -/ it
wing section (Meade 2004) \ / Neural Network

Cs LA 025

oz /o~ estimation

ol 01
| m——————— .
Lo — . 0.10

e e e e e o e e 00!

250 200 -150 -100 50 0o 50 100 150 200
a (deg.)

« EFD =CFD B = o
. . ‘G.‘(p. Ll ) ,r_—L
- Optimum selection of turbulence model s
- Refinement of computational grid 5 s LY —_
é’ I
Ssarc L
o} LD
2 S
2 ssT I .,
] o g

PIV used for turbulence model selection
(velocity field around a cranked-arrow wing) 13
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EFD/CFD Integration Techniques (3/3)

« CFD =EFD
- Accurate correction of wind tunnel - Optimization of test model
wall/support interaction using CFD design and WT test planning
including model and WT. based on pretest CFD.

Ex: Procedure of sting interaction correction

Ex: Utilization of response

Mhdobotbez | iy Ry [ — H H
MR R Siing oniy surface method in selection
! L . [ Upstream | of WT test conditions
Upsl:lrlearn Upstreamreq.li\falem conditions | | conditions |
Cf_\lr}dlllﬂﬂ‘i M.+AM @ +Ax I | M. . a. |
bl == -
S s ) e CuCp /D
CFD2
\ Flow disturbance at PMR: l
Remove axial buoyancy force AM, Ag
due to far-fiald effect

I Distributicn of pressure on
T model centreline (30, ) ()

Figure 8: Computation procedure for tf

Dassult Co., [~ L -
AIAA Paper 2008-835 #  inside the ETW test section [2.4*2 m?]

mounted on the blade sting

Japan Aerospace Exploration Agency 14

Summary

B JAXA has started the development of “Digital/Analog Hybrid Wind
Tunnel” as a prototype realizing EFD/CFD integration. The initial
system will be completed in 2011.

B Main technical development items:

v EFD/CFD integration techniques (comparison/visualization,
correction of wall/support interaction, data fusion, etc.).

v'Automatic grid generation and high-speed solver for Digital WT.

v'Acceleration of image data reduction for aerodynamic
measurement such as PIV.

B EFD/CFD integration technology is a key for increasing the value
of the Hybrid Wind Tunnel. We will try to make rigorous
collaborations with academia and industries for this purpose.

FHEHMEHF RS

Japan Aerospace Exploration Agency 15
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Background

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.

3 A
Q§ RICE ¢ iversity

Background

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.

41. THE COMPUTER: RUIN OF SCIENCE
v i AND THREAT TO MANKIND (1980/1982)

C@mputers

Because within a decade computers should begin
to supplant wind tunnals in the asradynamic design
and testing process, the nation needs integrated
planning of both to acquire the most effective
overall capability for the 1980s and beyond

2 -\; patial Flight would have been Impossible withor
Equations of Motion . .., 506

3, Caleulation without € Imu '|| n||l.ﬂ||\ i Ihngu TS, ‘. Com-
puter is Incapable of Setting its own Sandards........... 54

4. Computers have Harmed Science Already ...

5. Mathematics s the Science of Infinitie

Essentially asus . 60

Wln@ 6. Computers Bring Power anc dithe Al 5
of r| sroy Ma |[!|r| 1athcs. bl 1

7. Computing Prome wal Fraud, It has Harmed Experi-

mental and Applied Science in the Past and is Continuing

w do so. By its Emphasis on Application of the Already

Known, it can Delay Basic Discovery and thus Reduce

the Field of Application in the Future .. ... < B15
8. Classic Theories used Inductive and Deductiv ‘“ ‘l| r
s Floating Models .. .......... 22
1 med 10 Confirm False Theory can Destroy Mankind ...... 625
for Aerodynamic
Thought, Language, Science, and the Survival of Man. Like

any other Dangerous Tool, they should be Put under Serict

Hans Mark, et. al. 1975 Clifford Truesdell, 1984
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Background

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

Physical [ Pure
Experiments | Theory

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)

Figure: Notional NASA air breathing hypersonic aircraft design

Background

Hypersonic Aircraft Example :

e Strong interactions between vehicle components

e Aerodynamics, propulsion, control, structure, tank, thermal protection, etc.
e Highly integrated engine and airframe

e Much of vehicle is engine inlet / nozzle

e Large propulsive lift and pitching moments — strong contributor to trim, stability & control
e [arge Mach number and dynamic pressure variations in flight

e Severe aerodynamic heating

e Thermal protection must be integrated with structure

e High fuel mass fraction required - majority of volume accommodates fuel
Airframe

Fuel
Payload

Inlet Compression
Lift
Pitching Moment Nozzle Thrust

Lift
Pitching Moment

6 @
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Background

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, Solution of Il - Posed Problems, 1977]

[M. Ulbrich, TUM-M9810, 1998]

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 =N

\
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Motivation

What are some of the potential applications of a fusion of mathematical models, computational methods,
and experimental data?

e Filling in the blanks in experiments (including reducing uncertainty in EFD)

e Accelerating through test matrices (steering and predicting the amount of data needed)
e Accelerating CFD solutions using data (including reducing uncertainty in CFD)

e Noise filtering of data

e Knowledge discovery through parameter estimation

402

1500

425003

T AHx-03

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

9 &

Approach

To begin, define:

d = denotes the dimensionality of the approximation problem
X, = (xl,i,...,xd’i) = d dimensional input
¢, (x) = k" basis function
¢, = coefficients corresponding to the basis functions
u(x) = exact response of an unknown or underlying physical process
/(x)= observable output = F(u)= f
4 = random noise of measurements at coordinate x,

f.(x,) = experimental data points = f(x,)+ 1,

u,(x) = approximation of u(x) = u,(x)=) ®,(x)c,
k

The function F (ua) = f. is designed to pass approximately through the experimental
data points f(x;)

10 )
RAYRICE v
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Approach

Basic Problem:

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

£ g[fe (xi)_F(ua(xi)):r

constitutes an ill-posed problem since #, is nonunique and sensitive to the noise in data f,.

\
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Approach

Solution:

Generalized Tikhonov
Regularization

Tikhonov Bayesian
Regularization Estimation

The general idea in GTR is the minimization of
e=A+AB

A is a scalar measure of the agreement between /, and F (u, ). In Bayesian terms A4 is related to

a posteriori knowledge.
B is a stabilizing functional (i.e. regularizing operator) and is related to a priori information.

A is a positive scalar known as the regularization that controls the relevance of

the a posteriori and a priori information to the approximation u,.

12 ~'
Y RICE 700005
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Approach

e=A+AB
The regularizing operator, B, is classified as either quantitative or qualitative.

Can range from systems of time-dependent nonlinear partial differential equations,

to statistical correlations, to heuristics.

Finding an approximate solution reduces to

(a) finding regularization operators B and

(b) determining the regularization parameter A from supplementary information pertaining

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

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

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:

e Regularization by noise filtering

e Regularization by projection
e Conventional Tikhonov regularization = 4= Y"[ f.(x,) - F (u, (xl.))]2 and B is a
i=1

smoothing functional in variational form.

e Scattered data approximation for Response Surface Modeling (RSM) —includes
support vector machines, radial basis functions, artificial neural networks

e Kalman Filter

e Bayesian Estimation

14 @
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Approach

Bayesian Estimation :
With 4=-2logp(f,|/.), B=-2logp(f,), and A =1, then & becomes the figure-of-merit
function from Bayesian estimation theory.

Therefore, one can think of the GTR framework as a deterministic form of Bayesian estimation.

Kalman Filter :
Assume the measurement errors are Gaussian. The probability density functions act as if a
differential operator is used to form B and operates on u, —u_, where u, is the solution

to a mathematical model of the time-dependent physical system of interest. The solution
to the resulting Euler-Lagrange equation is u, = u, +u,,,, where u,, (¢,)=F ((u8 () —u, (2, )),r).

The basis functions for _, are the Green's function to a dynamic equation and 7 is

computed to minimize Y (u, —u, )2 during the time marching.

Approach

Back to Generalized Tikhonov Regularization

Ao, f(x)> fi(x) and A—>0, f(x)> f(x)

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

statistically independent and uniformly distributed in the interval [—r, r]. This will give,

i=1

s s s 2
S L1 )] = £ S )= Flo)] = S =5 var(u) =55
i=1 i=1

where £ [I]] denotes the operator of mathematical expectation.

Otherwise you can determine A such that Max

fe(xl.)—F(ua(xl.))| <r
Note in both formulations, A is solved for iteratively and requires the solution of f, ()

within each iteration.

The direct solution of A 1is still an area of active research.
16 ~
o Neanen
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Approach

Interesting
Property

'
A — oo, fa(x)—>f0(x) and

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

Back to Generalized Tikhonov Regularization

statistically independent and uniformly distributed in the interval [—r, r]. This will give,

2

S5 Pl )] = £ S5 Fla )] |2 S | s vl =55

i=1

where £ [I]] denotes the operator of mathematical expectation.

Otherwise you can determine A such that Max

()= F(u, (o) <7
Note in both formulations, A is solved for iteratively and requires the solution of f, (xx)

within each iteration.

The direct solution of A 1is still an area of active research.

17

Approach

GTR can use physical model in nonvariational form in place of B. A large class of

mechanics problems can be described by the equations:

L[u0 x]zg(x), xeQ
ﬂ[uo x]z , x €0Q

Without a proxy, the minimum of & (u,) satisfies

L[u J g(x _[M} S(x-x,), xeQ

B[ua x]:O, xeoQ
Where u, (x) is the solution to the differential equation.

18
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Approach

The analytical solution to this modified mathematical model is

n, ()=, (x) + 3G (x.x )¢, with ¢, = {(G +%AI)I (u, - u, )}-

where G(x,x,) is the Green's function to L[[] , G(x X, ) = {G}i’l_ , and Al is a diagonal matrix.

O Note that with A — 0 we have u, (x,) > u,(x,) but the slope and curvature of u, (x) is used
for interpolation. This means we can use the qualitative information from u, (x) and are not

constrained by the quantitative properties.

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

Approach

GTR possesses a number of useful properties. However:

e The Green's functions for practical models are usually unavailable. Is it possible

to use existing numerical solutions in the literature for fusion?
2
. : . Tt .
e [s it possible to find a value for A that satisfies s? without the trouble of solving for

u,(x) explicitly?

e Rather than using a single value for A is it possible to use a distributed one?

o Is the full data set required to accomplish data-model fusion?

e [s it possible to do all of this with minimal user interaction?

e (Can we accelerate through experiments with incomplete mathematical models or no
model at all (Black-Box modeling)?

e Can we reduce uncertainty in EFD and CFD?

20
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Approach #1

c=A+AB

We can also determine the minimum of 8(ua) through a conventional computational mechanics
form using the Method of Weighted Residuals (MWR).

22(2@ =), (x,-)Jc,- + Ay, (0, L[u, (x)])+ A by, (x), q) =

j=1\Ui=l

23 1w () + A goy, () for k=1....N

i=1

s 2
with the constraint Y[ £.(x,)~ F (u, (xi))]2 < s%
i=1

21

Approach #1

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:
<R,1//k> =0, k=1, ..,s
where L[u,]-g=R and

v, = weighting function

Figure: Distribution of the equation residual R.

” B,
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Approach #1

In this context, the MWR gives us access to many of the popular computational methods

in a single framework.

o lin Q,
Finite volume method: v, = ,
0 outside €,
Collocation method: v, =6(x—x,) where & is the Dirac delta function
R
Least-squares method: L = R
oc,
Method of moments: y, =x"

Generalized Galerkin method: y, = F(®,) = finite elements

The form of the bases @,(x) and the integration quadrature can also give us access to the

finite difference and spectral methods.

23

Approach #1

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

2

(H+AM)c=e+Ap with Zs:(fg(xl_)—F(ua(xl.)))st%

H = matrix containing the independent variable information of the measurement points
M = conventional discretization matrix from computational mechanics
e = vector representing the observational data

p = forcing term vector of the a priori mathematical model with boundary conditions

e You can use the numerical method of your choice

A acts as a penalty coefficient

The data is embedded in the equation solution and acts an initial and/or

boundary condition. We have the potential to steer the CFD solution using EFD.

24 A
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Approach #1

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

CFD:
e We control the approximation method and its discretization.
e We use A to balance cost and fidelity of the a priori model against the cost of

the experimental data in the approximation.

e We control the quality and distribution of the experimental data - DoE.
e We balance the cost of the experimental data against the a priori model

in the approximation.

>

X
e
0:0"0“.‘

uiEyh

Approach #1 Results

Differential Equation Fused with Empirical Data o "
[B. Zeldin and A. J. Meade, 4144 J., 35 (11) (1997)] 007 o |
2 cloa-. % :
u
a 7 +x=0, xe(O,l), u(O)zu(l):O 005
004- i ]

0.03-

(H+AM)c=e+Ap with Zsl(ue(xl.)—ua(xi))zss? 002}

i=l
001

a=1.0 for u(x) and a =1.3 for u, (x) with |1, <+0.014.

- — — : I e
st 2 Sish
B (1

=001 - 7
0 01 02 03 04 05 08 o7 08 08 1

(a)

Interpolation of data with noise.

Dashed curve — regularized analytical solution.
Dashed-dot curve — regularized ANN model
with 7 RBFs

U T T T I T I T R T R T I T

Response of regularized ANN system with insufficient
data. 1 — response of the mechanical system,

2 — regularized response /\ =0,

3 — regularized response A =0.3,

4 — regularized response A\ = 3.0, .
5 —response of a-priori mathematical model 26 / 1\

(b)
Interpolation with insufficient data
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Approach #1 Results

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.

Fow e
/ 1
28 I@ |
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Approach #1 Results

29

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

d? dx 1
I;C+2,uE—5(x—x3)=E)cos(a)t)

s 2 2
(H+AM)c—e+Ap with z("z‘;(@)-ﬁ(g)} <5t

i=1

1™
AN

AN ol m

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

Desired nonchaotic trajectory.

29

Approach #1 Results

oy

I

sinusoidal
exciting force

[

Response of the model empirical merging.

0 oz

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

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.

Case A Cyr, | error

_ . Experiment | -.1210
(H+AM)c=e+Ap with dataasthe BCs -} ~BeBi | 18,09
Fused -.1215 | 0.39%

E—
= e
al & o Em

Comparison of Pressure Coefficient Distribution for
the RAE 2822 Airfoil at Mu = 0.725, ayum = 2,10,
Re =6.5x 10°

Comparison of Velocity Profile for the RAE 2822

z=0.179

30

Airfoll at M. = 0.676, auum = —2.30, Re = 5.7 x 10°,

i

—

B3 83 B4 o8 &8 8F a8 8§

Comparison of Velocity Profile for the RAE 2822

Airfoil at M.. = 0.676, apem =

2.30, Re = 5.7 x 10%,

x = 0.90 where no experimental data are used for

fusing, but exist

@
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Approach #2

GTR questions:

e The Green's functions for practical models are usually unavailable. Is it possible

to use existing numerical solutions in the literature for fusion?
2
. . : Tt .
Is it possible to find a value for A that satisfies s? without the trouble of solving for

u,(x) explicitly?

e Rather than using a single value for A is it possible to use a distributed one?

e Is the full data set required to accomplish data-model fusion?

e s it possible to do all of this with minimal user interaction?

e Can we accelerate through experiments with incomplete mathematical models or no
model at all (Black-Box modeling)?

e 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,

Uorp (x), from the literature

L[ua(x)—uCFD(x)]=0+2i{M} §(x—x,.), xeQ

1

Blu,(x) = ey (x)] =0, x € 0Q

where L[] and B[] are now linear operators.
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Approach #2

If we define e(x)=u,(x) —ugpp(x)
anduse  G(x,x,)=4(x),

then our solution to this modified form is

N

> (x) ¢ = 1, (6) = g (¥) 0 6(x) =ty () = €(x) = a(x)

i=1
This indicates that we need an approximation technique that can also address (x).

We will construct a scattered data approximation (i.e. response surface method) from
the data {e(x,), e(x,), ..., e(x,)} and build to a tolerance 7 equal to the maximum

estimated measurement error (max [z < 7).

33 @

Approach #2

These scattered data approximation techniques include:
e Kriging method (trouble with over 20 inputs and over 1000 data sets

e Artificial neural networks, specifically radial basis function networks (RBFN),

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

e 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 MWR.

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

the dimensions d.

We set

2
n

#(x,0,,x,) = exp[_(x_x” )[(x—xn)] so then
o

R (x,0,,x,)=u(x)— u;") (X)=u(x)— uf,"_l’ (x)—c,d(x,0,,x,)

= Rn—] - cn¢n

35 @

Approach #2

The objective is to determine c,, o,, and x, that minimize the residual R . Through the MWR

we can reformulate the residual equation as a minimization problem,

<Rn, Rn> = <Rn_1,Rn_1> -2c, <Rﬂ_1, ¢n> +c <¢n, ¢n> which for an optimum ¢, ; ¢, = %
2
becomes = (R,.R,) =1- (R.-14,) or |R,[,=[R,.|,siné,
<Rn—l’Rn—l> <¢n’¢n><Rn—l’Rn—l>
where 6, is the angle between R _, and ¢,. So this formulation should give |Rn L, <R, |2

as long as 6, # %

36
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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

()
15 T r

[

81 (4
—
—
e
—
I
)
R
/:P
g
=
T—
81

Figure 4.2 Basis [unctions distributions [or the one-dimensional
.,

Poisson problem: (a) standard uniform and (b) optimal
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Approach #2

[A. J. Meade et al., Communications in Numerical Methods in Engineering, 13 (1997)]
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Figure 4.4 Two-dimensional Poisson’s equation: (left) uniform grid
finite element solutions and (right} associated squared error distributions
for (top to bottom) N = 9, 49, and 441 bilinear Lagrangian shape

solutions and (right)
functions.

Figure 4.3 Two-dimensional Poisson’s equation: (left] proposed method

sociated squared error distributions for (top to
bottom) N =1, 10, and 100 optimal basis functions
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Approach #2

[D.L. Thomson et al. International Journal of Thermal Sciences, 40 (6) (2001)]
Discrete Ordinate Method (DOM) Thermal Radiation Problem

1

0.9
0.8
0.7
0.6

> 0.5

Non-dim. temp. approx. using 40401 Non-dim. temp. approx. using 21 exp.
finite volume bases bases by meshless method

* % iz

Approach #2

The solution for discrete data sets is the nonlinear minimization of

(Rn—l i q)n )2

- _R,,-2,)
(q)n '(Dn )(Rn—l 'Rn—l)

with ¢, = ,
(q)n : ®n)

The parameters c,, o,, and x, are solved for the n™ basis function sequentially.

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

. T
(1.e., max|Rll < 7 or R"[R"SSEJ or n = s.

A conservative estimation of the convergence rate gives: R [R, <C, exp[-C,n]

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

& B
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Approach #2 Results

35

Use of Scattered Data Approximation in Side-Stepping /\

(x3 + x) (x3 + x) N
u(x = p , Uy (x :6— , ua(x)zuo(x)+z¢i(x)cl
a i=1
008 — , oos : — —
: ¢ A : : : :
007 007t o o Sl
: : : A 4’; \\A A
005 o8- : /&./ Aim N 1
005_ 005} Af‘;’/ A A ﬂ\\\ i
- : - & A %
@054_ Lo 5004» et T
[ af A 5
03k 0.03f AB S <2k »
A
0.0z oo2f s e
A 2 \\‘
oot} ok |
a A
] o ﬂl1 0‘2 0‘3 ﬂl¢ DI5 0‘6 0'7 DIE 0‘9 1
X
Interpolation of data with noise (£0.014) with a =1.3. Interpolation with noise (£0.05 and *0.014) and a = 4.
Dashed curve — regularized ANN model with 1 RBF using SFA Dashed curve — regularized ANN model with 1 RBF using SFA
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Approach #2 - Results

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.

NACA 0012 AIRFOIL TESTCASE

Re(10°6)= 347, M= 028
100

2%

- J
LY ¥
v |
Spo—1"

S0 s 00 (1]

a [deg)

0 a0 00 10

Cyvs afor NACA 0012 Test Run 29 with &=0.
Re=3.47x 10°, M=0.28.

42
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Approach #2 - Results

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 A 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.

c o
?é
=
E Y5 ar a3 83 &4 a8 o 67 &1 68
T/ e o ’_; s i
o e e e o it
. . . Tﬁ_ a) by
o e et ,MMJ Fig. 7 Best airfoll design obiained with the nine-variable optimization using the a) 75-sinolation bodget and b) 150-simuolation bodget.
1 Y o—
E_‘:_ J E
Fig. 1 Overview of the benchmark procedure.
43 i A
Approach #3
GTR questions:
e 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 A that satisfies s? without the trouble of solving for

u,(x) explicitly?

e Rather than using a single value for A is it possible to use a distributed one?

o s the full data set required to accomplish data-model fusion?

e s it possible to do all of this with minimal user interaction?

e (Can we accelerate through experiments with incomplete mathematical models or no
model at all (Black-Box modeling)?

e (Can we reduce uncertainty in EFD and CFD?

44 A
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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

a priori probabilities since noninformative priors can cause erroreous bias to further reasoning.

\ Sansors
.‘-‘———____

Alrcraft radar detects
presence of the submarine %

Well-Informed
Dacision

Ship receivis observation data and
fusas it with a reference database
to'idantify submarine

Feature Classification  Fusion

Extraction

Coordination of input from multiple
sonars is used o track the subma
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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 a priori 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 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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Approach #3 - Results

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

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$

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

47

Approach #3 - Results

Reverse and Separated Flow at Bow

Turbulent Gusts Separating
from Unsteady Bow Flow

“Necklace” Vortex Around
Base of Island

Turbulent Wake
Flow Behind Island

“Necklace” Vortex Around
Base of Ship

(Generally below deck edge
and very weak)

“Wingtip” Vortex Emanating from Deck Edge

(Generally at deck edge, for bow winds)
48
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Approach #3 - Results

39

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

PRS #

Pilot Effort Rating Description

No problems; minimal pilot effort

1 required to conduct consistently safe
Slight shipboard evolutions under these
conditions.

Consistently safe shipboard

2 evolutions possible under these
Moderate conditions. These points define fleet
limits recommended by NAWCAD
Pax River.

Evolutions successfully conducted
only through maximum effort of

3 experienced test pilots using proven
Maximum test methods under controlled test 280
conditions. Loss of aircraft or ship
system likely to raise effort beyond

capabilities of average fleet pilot. Endie Envelope: day

Shaded Area: night.

Pilot effort and/or controllability 245

4 reach critical levels. Repeated safe CAUTION: . .
Unsatisfactory | evolutions by experienced test pilots NETS MAY RISE UPRIGHT FOR WINDS
are not probable, even under
controlled test conditions.

NETS MAY RISE UPRIGHT FOR WINDS
035-325 EXCEEDING 30 KTS.

Table: Pilot Rating Scale (PRS)

49

Approach #3 - Results

APPROACH

PITCH(+/-) §
ROLL(+/-) §

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.

Input | Abbreviation | Definition (Units)

Index

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).
S Wiuel Weight of fuel aboard helicopter (Ib).

6 GW Gross Weight of helicopter (Ib).

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).

50

Table: Classification Model Inputs

‘This document is provided by JAXA.



40

TR TR FE AT BB

JAXA-SP-09-003

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.

log(Pementage misdassitation emof

P~

L
Al

L
100

| , , , ,
B0 200 0 300 38 400
Number of training points

Figure: Decrease in error equivalent to the
theoretical convergence rate.
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Approach #3 -

Figure: Average input sensitivities
in the prediction of pilot ratings.

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.

log{Pementage misdassitation emor)

Lainch
Reomery

///

L
100

L L L
150 200 20 300 ) 400
Mumber of t@ining points

Figure: Decrease in error equivalent to the
theoretical convergence rate.
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Figure: Average input sensitivities
in the prediction of pilot ratings.
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Conclusions & Future Work

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:

e Noise filtering of data (reducing the error bars)
e Filling in the blanks in experiments (including reducing uncertainty in EFD)
e Accelerating CFD solutions using data (including reducing uncertainty in CFD)

e Accelerating through test matrices (steering and predicting the amount of data needed)

] v
| oy | 13 - ey
E: 4 ] §
At i i
\\ id a//’-\\\\ ] g 1
|
A n
A i,
\ I | ¥
') [t}
e W W e W @m0 ® W0 W W
2 Lamsar tearang e
)
" Comparison of Pressure Coefficient Distributien for
the RAE 2822 Alrfoil at M = 0.725, apu = 2.10,
Re = 6.5 x 10°

Conclusions & Future Work

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:

e Perform meshfree solution of u,(x) with the solution of u,,,(x) combined with u_(x,).

This would produce meshless and data-driven computational mechanics solvers.

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

e Investigate the method with aerodynamic proxy data.

Argbed
Computational Y| o Kaipio
ApproacheS 160  Ericki Somersalo
ino . for Aeros Statistical and
Suggested reading : L =T0Space Computational

Inverse Problems

Keane & Nair

and Kapio & Somersalo :
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Conclusions & Future Work

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.
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42508
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Conclusions & Future Work

Questions?

A
rovided by JAXA.



552 [0 EFD/CFD g —2 v aw 43

%ﬂ Japan Aerospace Exploration Agency @ﬂﬂflﬂﬂ

Second Workshop on Integration of EFD and CFD

Validation and Minimizing CFD
Uncertainty for Commercial Aircraft
Applications — The Integration of EFD and
CFD

Edward N. Tinoco

Boeing Commercial Airplanes
Seattle, Washington, USA

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

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

Computational Fluid Dynamics

PHYSICAL MODEL SIMPLIFIED
[rest riow] —- — [ acal

INVISCID INVISCID
TRANSONIC POTENTIAL

// | FLOW EQ'NS
\ W” e o —
| K ) serannon URE BV AR

i,
INTERPRETATION]] === | RESULTS —— LﬂunEmcM. SOLUTIONI

.‘ g c
PHYSICAL MODEL
MATH MODEL
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Second Workshop on Integration of EFD and CFD

Outline

» 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 — 374 Drag Prediction Workshop

» Concluding Remarks

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

Motivation
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.

Copyright © 2009 Boeing. All rights reserved.
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The Impact of CFD on Configuration Lines Development Wind
Tunnel Testing

FLO22 Cartesian HSR& TLNS3D-MB  CFL3D

PANAIR A411 Grid Tech. TLNS3D IWD QVER£|_QW OVERFLOW

Unstructured

Boeing CFL3D/ZEUS : "
o) AS02  A488 TRANAIR TRANAIR TLNS3D- OVERFLOW Ad;'?,‘,"’,f_g rid
B Optimization MB/ZEUS  CFD++
Boeing
Products'

1980 1985

1990 1995 2000
767 757 737-300

1980 state of the art Modern close coupled 21% thicker faster

Highly constrained Successful Faster and CFD for
77 nacelle installation, wing than 757, wing design multipoint opti- more efficient Loads and
0.02 Mach faster than 767 technology Faster wing than mization design than previous Stability and
%) 3 737-200 737-300 aircraft Control
S| 4
.él 'ﬁ} 50% Reduction in Wind Tunnel Testing for Lines Development!
3 £l
> £ 18
¢ m

-

-
-
-
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Second Workshop on Integration of EFD and CFD

CFD Contributions to 787

Plantorm
Design ngh-Speed Wing Flutter
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Second Workshop on Integration of EFD and CFD

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

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

Outline

» 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 - 3 Drag Prediction Workshop

» Concluding Remarks
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Second Workshop on Integration of EFD and CFD

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

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

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”

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

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-Alimaras
Menter’s k-w SST

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

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

Copyright © 2009 Boeing. All rights reserved.
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Second Workshop on Integration of EFD and CFD

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 — “5,” — 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

Copyright © 2009 Boeing. All rights reserved.
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Poor Validation Choice

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

"
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Test Data
Cp

Pressure Cut
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Second Workshop on Integration of EFD and CFD

Poor Validation Choice
Extreme Sensitivity of Shock Location to Flow Conditions

Sensitivity of the shock location to exact Mach and , “*shock Location
angle of attack is very high at this condition - the co I
correlation will be very poor.
.
S . ion ??
Shock Location ?7 (( XIC \j
Cp o
o
d
I N €
g
#
& J0adeg
Jﬁ
¥

 Data from repeats from 3 tunnel entries

ANGLE OF ATTACK
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Inconsistency between forces and pressures

DLR F6 Wing-Body Wing Cp’s — Match o or CL?
EEEEEE F6 Wing-Body ﬁﬁng Maich AOA
SRR Mach = 0075 S * Apparent wing
\ [
T ER BN i alon o pressure agreement
ey I ez at given angle of
‘_A i Lifl gl 3\ attack raises question
o " ' : /@@i e \ \ about lift force.
...... | FE o 1FR FEE S R 4
_ el e } * Not enough
0.6 ! 1 LR Lt EE - . i Station 3 . . -
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Angle-of-Attack

From the 2nd AIAA Drag Prediction Workshop
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Inconsistency between forces and pressures
Probable cause — wrong wing twist in CFD model!

0.8
Zeus/CFL3D scaled to
Match inboard lift
— 0.6 B —p-—~--r_
— Sy
ny
s
3 0.4 Zeus/CFL3D
CL=0.50 NTF Test Data
TP 1844,
o CL=0.495
0.0 0.2 0.4 0.6 0.8 1.0

ETA - Span Fraction

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.
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Validation for Drag

| M=0.70 {—ar
o

* A single drag tare added to all TRANAIR
results

H 20 Drag Counts
Test data corrected

for tare &
interference

» Comparison made over a range of Mach

CL TRANAR and angle-of-attack

* Emphasis placed on incremental drag

Test Data _? o

+ All parameters must make sense

20 Drag Counts

Wing-Body
O

0
]

o ] L

o o @

40 Count Off-Set Per Mach

Wing-Body-Strut-
Nacelle
A———

Test data corrected
for tare &
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Validation Must Make Sense for all Parameters

Total Lift
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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

Wing-Body Drag Polars

TRANAIR
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Code to Code, Code to Test Comparisons
+ Validation with multiple code adds to confidence \ \
- Consistent processes yield consistent results A = A}\\— _%
Deolft_aMAtnagclke— | Delta Pitching Moment I
4 Counts '—)
| TRANAIR I
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Consistency Builds Confidence in Validation

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

Tail-off

Test Data
oA

Lines - TRANAIR
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« Single drag tare added to
all results

» Consistent processes
yield consistent results

» Consistent results build

confidence
Tail-on Trimmed to C,,=0.
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Reynolds Number Effects

» Use CFD to provide Reynolds number corrections to conventional wind

tunnel data

» Consistent gridding adjusted for Reynolds number
Symbols - NTF Test Data

Section Lift Lines - CFD
Wing-Body-Strut-Nacelle
A @ o a CL
Symbols - Test Data A
Lines - CFD N
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Single tare added to CFD results
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The Importance of Wing Tunnel Model Aeroelastics

» Accounting for wind tunnel B
aeroelastics adds confidence W
to CFD validation i

Section Normal Force
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CFD at the Edges of the Envelope

Cp comparison at

« CFD Issues approximately 2.5g at Mach dive
— Large regions of separated flow |
— Turbulence models ]
— Need URANS or DES? ®

* Testing Issues (/L

— Close to Mach One
— Model aeroelastics 0'07. 0.2 0.4 06 08 1.0 $2 o&lcd.s 0.8 1.
— Representative of “Free Air”? 1

\i\Separated

“‘\x’/ flow
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Outline

» 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 — 3 Drag Prediction Workshop

» Concluding Remarks
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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

Copyright © 2009 Boeing. All rights reserved.
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Stable, Packaged Software Solutions — Zeus/CFL3D

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

User input
Geometry lofts /:
: AGPS

oA = l Volume érid
. V o E é Connectivity file
Forces/moments E \L g Navier-Stokes | .

Volume grid input
. Surface grids .
Surface grid Connectivity file olume grld

Advancing
Frént method

. T L) = .
Section characteristics #« *'Dost-processmg low conditions

Detailed flow field g~ % Fk(,;v:_jc;!:::;on analysis .
» I I .
. Tec!)lot CFL3p - Mach number
: Ensight TLNS3D ¢ Angle of Attack
... Plot3d . Reynolds number
Zeus/CFL3D usage-is.in.the...... Pegasiis s e

thousands of cases per year.
Similar usage for OVERFLOW.
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Outline

» 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 — 34 AIAA Drag Prediction Workshop

* Concluding Remarks
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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!

DLR F6 Wing-Body

4

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

FX2B Wing-Body Fairing &

N

Copyright © 2009 Boeing. All rights reserved.
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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
| » o “(\\“\ 'm ‘ OUTBOARD EDGE OF SEPARATION BUBBLE ON WING ]
AN :a:mnﬂ: -g;"'ril'l'lia"f'
r ey s X fhin-Layer
e w "
ol SIDE OF:I— L |
e r AN g oo i i V ‘ }
= " 1 =) EDGE 0.00000  0.00001 0.00002 0.00003 0.00004  0.00005
Drag Convergence : Drag Increment Convergence
O T 6FLaD with 887 Turbulance Modsl BEEEESEET™™ | GFL3D with SA Turbulence Model TR R i gt i

T [ cFLap with T Turbulence Wodel |

anr -
ce Model - TLNS |

! | - i |
,.0272 L SST 0272 J— SA i 0.0002
E 2 Counls ounts
s R Temw ] T i

| [ -

0.02¢8 0.0001

0.0264 0.0000

Delta Total Drag
x_.l §=‘
i
v
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—
t"
-
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t u-paee
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0.0260

Increasing Grid Size
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o v e s e | v ol ew - aw | | GRIDFAC = 1/ (GRIDSIZE)42/3
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0.0260

%A Japan Aerospace Exploration Agency @ﬂﬂf]ﬂﬂ

Second Workshop on Integration of EFD and CFD

Drag Increment Predictions by DPW3 Participants

F6 Wing-Body w/wo FX2, MACH = 0.75 [Delta CD (WB - WB w/FX2) I
Re = 5 Million, Fixed CL=0.50

These are results from codes that are considered
validated!

£ _ o] Overset grids Structured Unstructured
= o o
3¢ b By
E :% 3; 0.0012 0.0012 0.0012 d l!//l
oo s \ % | | 2Drag Counts
; N « 0.0008 0.0008 0.0008 N I
= X 5 \}'.j T
g W = \\ 'y
!

5 0.0004 I 0.0004 0.0004 "
D’ ° l\l\
O c e
D : = = W“-:_-@‘N
© ; 0.0000 0.0000 SRR R R 0.0000 F
> 2
o ©

0.0004 v y -0.0004 } 1 -0.0004 t ¥
0.00000  0.00002  0.00004  0.00006  0.00000 0.00002  0.00004  0.00006 0.00000 0.00002  0.00004  0.00006

1/(GRIDSIZE)2/3)
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__Impact of Separation Bubble Size on
' Wing Pressure Distribution

Extent of Separation Bubble from Various Solutions at CL=0.50, Re=5M
DPW3 Participants i s —— .
> -| 2= ‘:':_':' T L
Structured Unstructured Overset
120 1 120 P 120 1 i

110

F
E

/ Zeus/CFL3D,

Comparison with Test
-1.0 Data =-1.

Zeus/CFL3D

60 50 . 50 |
210 220 230 20 210 220 230 240 210 220 230 240
X-EYE X-EVE X-EVE
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Drag Increment Predictions After Filtering Out
Predictions of Large Separation Bubble
Pressure Distribution Anomalies

F6 Wing-Body w/wo FX2, MACH = 0.75
Re = 5 Million, Fixed CL=0.50

Edge of Separation Bubble \ Delta CD (WB - WB w/FX2) I
0.0012

G CFL3D TLNS - SA

H CFL3D TLNS - S§T —m—m———
w | | CFL3D ENS - SA ~ ————
S —
2 90— ror S o008 J CFL3D FNS -SST ~ ——
J EEEEEEENEEEEEEENEEEEEEEN F
> Pressure [Taps J g O EDGE = K-Omega =S
|j'| o Q NSU3D - SA —_————
e N % f N TAU - SA —_————
1
80 © 0.0004 -
= N\\
[=] G"——'Q\.__ ~
QR B e e Sy e (v | s i
o
70 = 0.0000
— [aton] [ row] [ew] =
60 -0.0004 * * .* ¥ ¥
210 220 230 240 0.00000 0.00001 0.00002 0.00003 0.00004 0.00005 0.00006
X-EYE GRIDFAC = 1/(GRIDSIZE)*2/3

First presented in June 2006
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Drag Increment Predictions After Filtering Out
Predictions of Large Separation Bubble
Pressure Distribution Anomalies

F6 Wing-Body w/wo FX2, MACH = 0.75
Re = 5 Million, Fixed CL=0.50

Edge of Separation Bubble I | Delta CD (WB - WB w/FX2) |
0.0012
G CFL3D TLNS - SA _—
H CFL3D TLNS - SST
w _ | | CFL3D FNS - SA _
& 90 5T Fow S 40008 J CFL3D FNS -SST —_—
> “Bressure Maps [JIIITIIITITIITIN E 5 2 Counts “ : :gﬁgﬂ- K-t::ena ——
2 2 -
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80
&t P N
‘,;o“n‘ s
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[=1
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Outline

» 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 - 3 Drag Prediction Workshop

» Concluding Remarks
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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 \h
- AIAA Drag Prediction Workshop Series -

-
. \x\“‘x.
* NASA Common Research Model < \
— Public domain geometry and test data
— Testing planned to start in 2009 /

*4th AJAA Drag Prediction Workshop
—June 20-21, 2009 — San Antonio, Tx

Copyright © 2009 Boeing. All rights reserved.
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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

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

Copyright © 2009 Boeing. All rights reserved.
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4th AIAA CFD Drag Prediction Workshop

http://aaac.larc.nasa.gov/tsab/cfdlarc/aiaa-dpw/

Copyright © 2009 Boeing. All rights reserved.
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Case 1 - Grid Convergence and Case 2 (Optional) — Mach Sweep:
Downwash Studies: 1. Drag Polars at:
1. Grid Convergence study - Mach=0.70, 0.75, 0.80, 0.83, 0.85, 0.86, 0.i
at Mach=0.85, C,=0.500 (+0.001) - C.=.400, .450, .500 (+0.001)
- Tail Incidence angle, iy = 0° - Untrimmed, Tail Incidence angle, iy = 0°
- Coarse, Medium, Fine, Extra-Fine Grids - Medium grid
- Chord Reynolds Number 5x10° based on ¢ - Chord Reynolds Number 5x10° based on ¢
275.80 in 275.80 in

2. Downwash Study at M=.85

- Drag Polars for alpha= 0.0°, 1.0°, 1.5°, .
20°. 250, 300, 40 (2 Case3 (Optional)—Reynolds Number

- Tail Incidence angles iy = -2°, 0°, +2°, Study:

and Tail off Reynolds Number study at Mach=0.85,
- Medium grid C.=0.500 (x0.001)

- Chord Reynolds Number 5x10° based - Tail Incidence angle iy = 0°

on CREF= 275.80 in - Medium grid

- Drag delta tail off vs. on (timmed, - Rn=5x10°, 20x10° based on crer= 275.80 in
derived from the three polars at iy = -2°,

0°, +2°)
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@__EHEI/VG
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* Backup
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Stable, Packaged Software Solutions — TRANAIR

Scripted and Packaged for a
“Standard” Class of
Configurations

AGPS
Geometry Creation, Repair
Water-tight Lofts

* Integral part of the engineering
process
* Reduces solution flowtime

AGPS
Input Deck Set-up
Grid and Solution Strategy
cripted for “Std” Config

AGPS
Surface Paneling

ikl For UOHAT nnfina
fipied for "Sta- Gonfigs

* Improves consistency and s T i
repeatability of results o, BesgOptimezer
* Uses common BCA processes

* Improves productivity Solution Files

Forces & Moments

_Section Properties
Pressures

Scripted “Std” Plots

“tgraf’
- TRANAIR Graphics Tool

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

1
1
1
1
1
L]
]
1
1
ob Control Set-up 1
1
1
1
L]
]
1
1
1
1

. Common BCA Process.

BCA Plotting Tools
PEGESUS, ADAPT, VGS
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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 — “5,” — 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

Copyright © 2009 Boeing. All rights reserved.
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Mach Number Effects on Section Lift

* Use CFD to determine initial
loads prior to a wind tunnel entry

» Consistent process yield

consistent solutions Lines - CFD 00
» Consistency yields confidence 4

(&}

c

)

k3

[}

(7))

Vool

cruise cruise cruise
Single a tare added to CFD results

Angle of Attack
+0.11
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F6 Wing-Body - Wing Cp’s — Comparison with Original
ONERA test at Re=3M - Solution at Re=5M also shown

-1.0 -1.0 -1.0 -1.0

j
;
j
;

0.2 0.4 0.5 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 |0} 0.2 0.4 0.6 0.8
!
0.2] xic \“..h.z rie \.‘}0,2 F xe 0.2 xe \j

0 | F6 Wing-Body Contiguration MACH = 0.75 08 rz)
L] test CL=0.498, a=0.49 Re=3M Test TP L AOA
2ol ————— - CFL3D  CL=0.541, a=0.49 Re=3M, SST model ol orerasam 27 0.ss 0.e%
CFL3D  CL=0.553. a=0.49 Re=5M, SST model
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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 —a
- Thin-Layer or Full Navier-Stokes Terms *

- Coarss'grid I F6 - Wing-Body ' Mach = 0.75, CL=0.50

e :zglg;"ﬂlns arid Re=5M, SST Model

—_ ———— . Fine grid f

o'oumw.m. 0.2 0.4 us>.m. 0.2 0.4 06>.02I0 0.2 0.4 0.6 >.o

3 /\ /\ /\ /\
q 0. 0.4 0.6 0.8 \.m 0.2 04 U . OC. 0.2 04 CI .0(. 0.2 0.4 0. 0.8 \.0
X/C X/C
Y=241 Y=301 Y=373 Y=496
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F6 WB Separatlon Bubble on Wing — Turbulence Modeling

‘ OUTBOARD EDGE OF SEPARATION BUBBLE ON WING l

FIRST ROW
OF WING 90
PRESSURE [
TAPS

w
bod
o
W
o=

SIDE OF
BODY AT
WING

TRAILING
EDGE

|
| 31.6u L[ﬂ.zu [_l 6. 1M ‘l 3.0M [1 2.5”_‘
0 AN N A N
0.00000 0.00001 0.00002  0.00003  0.0000¢  0.00005
EI“DFAC = 1/(GRIDSIZE)A2/3

~ Increasing Grid Size

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

Edge of Separation
Bubble on Wing
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Drag Convergence with Thin-Layer CFL3D, M=0.75, CL=0.50

F6 Wing-Body w/wo FX2, MACH = 0.75
Re = 5 Million, Fixed CL=0.50

0.0276 80276
| GFL3D with SST Turbulence Model | | | CFL3D with SA Turbulence Model |
,0.0272 | . L glere] l . G - , /
Sl
0.0268 1 o268
0.0264 -
.
il ., : 1
0.0260 1" e {0260
[atow | [ 11aw] eom| [aom| |28m] [srem || 11am] 6w | aom| [28m]
0.0256 ! ‘ ‘ * * 60256 * ¢ : - *
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~ Increasing Grid Size ~ Increasing Grid Size
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Drag Increments between Configurations

'Delta Drag (F6 WB) - (F6 WB w/FxX28) |
F6 Wing-Body w/wo FX2, MACH = 0.75 I

Re = 5 Million, Fixed CL=0.50

mfee 55T Turbulence Model - TLNS
= =J=— — SA Turbulence Model - TLNS
b SST Turbulence Model - FNS
Fe — SA Turbulence Model - FNS o

0.0002 o =
Y
=
= .
8 0.0001 f 1 Count ‘ Ed |
5 S
= 1 ;:'T I T B T B
= 0.0000 - . .
E 316 | | 1.2 | Lo | | 3.9 e
o Y Y YV YV YV

0.00000  0.00001 0.00002 0.00003  0.00004 0.00005
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P

~ Increasing Grid Size
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Component Drag Increments
Delta = (F6 WB) - (F6 WB w/FX2B) |

0.0002 7 - - . . .
= F6 Wing-Body w/wo FX2, MACH = 0.75
s Re = 5 Million, Fixed CL=0.50
=1 | |
= 0.0000 K -
s Delta Skin Friction | hemmed
= |
& 00002 1 o SST Turbulence Mode! - TLNS *
= — =T— —SA Turbulence Model - TLNS | Seeat
= ——F— SST Turbulence Model - FNS Y
= vl F o . SA Turbulence Model - FNS

" 0.00000  0.00001 0.00002  0.00003  0.00004  0.00005

0. 0004 Delta Skin Friction Drag .

Delta Pressure Drag l l Drag increment
- variation is due to
2 0.0002 - pressure drag
: changes we believe
= o hon are related to the
= | R | . | | separation bubble
= [atem| [ 12w | [em| [aom| [ 2.u b .
Ty Y v Y v prediction
-0.0002

0 u :
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This is Our Usual EFD/CFD Collaboration
— An Example in Supersonic Drag Reduction Study -

AHERFEXRFREIFHREMEFTEIFER
£k FEish, SBHKE, 1XEE, BARF T, Jae Hyung Kim
SASOH, SAKAIl, MATSUDA, SEKIYA, KIM

(EFD) (CFD/EFD) (EFD) (EFD) (EFD/CFD)

Definition of Problem

Push-Pull hybrid propulsion: A wave drag can be
efficiently decreased with energy depositions ahead of a body.
(Power for propulsion) = (Drag) X (Speed)

-w/0 energy deposition

4E——
Drag Pus_h

L 2 1T 49% saved <
Drag Pull Push

(drag reduction) (engine) 2
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Configuration

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

Results: Decrement in drag/efficiency of energy deposition

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

| i 14
SupDersonic:
tunnel

mirror

BK7 window
20mm-dia. cylinder

o mm o mm o o e e o Em EE EE Em Em O Em Em Em o Em Em Em o Em Em Em ~

I Nd:YLF laser (PowerEdge co., wavelength; 1047nm, !

I
|
\ _ _ max., Smm X 5mm square beam) J

Single laser pulse deposition

Repetitive laser pulse depositions
065\9“®

easured dat
|

Diagnostics
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1st Step:
Single pulse operation
(presented @ last workshop)

Data Fitting in Stagnation
Pressure History

-
o
o

——Measurement
----- Calculation

oo
o

D
o

S
o

N
o

o

Stagnation pressure (kPa)

N
o

70 50 100 150 200 250 300
)
Laser pulse t (us)

. @operation
temperature out of guarantee
(yet temporally accurate)

CFD: Effectively input energy
should be given
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EFD/CFD Integration Gets More

EFD CFD

- Optical - Effectively input
visualization energy
- Stagnation

pressure history

—————— — — -Diagnostics™= ===

-Drag measureme - Design: prediction
of drag reduction

-

- Understanding drag reduction mechanisms

- Design for even better performance

2nd Step: In-Draft Wind Tunnel

Designed w/ method of characteristics
— Boundary layer correction using CFD
— Experimental performance examination

Test section:
' 80mm X 80mm E
ﬂ\ i ) \\+ i 577
[OW J % X :>
— v V.
/ﬁ N 77— Valve to vacuum
- throat - chamber:7m?®

! Y
Intake:’

440mm X 440mm -Flow Mach number =2.0
-Run time = 5s
-Total pressure =101kPa
-Static pressure = 14.7kPa 8
(-Static temperature= 167K)
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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.

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.

=10kHz

el bbb L E L]

Q=3mJ, =25 "~
o F250KHZ

Drag, N

f=100kHz

o

0 500 1000 1500

Time, ps 1 O
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New Design by CFD: Truncated

Cone (Sakai 2009):
~Small drag & high eff|C|ency~

Quasi-steady flowfield Dra R .
(Q=3mdJ, =100kHz) 9 |y
== ¥ .

-

1//

%.../ﬁ__._/

t’:‘IUUkHZ,UdFZ 5 ]
——Q=3mJ
—&— (=4 5mJ
—+—Q=6mJ

i

Isopycnics

55
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1
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dfd

Efficiency

F=50kHz.

f=100kHz
M o
'A,WW/

=10kHz |

Q=3mJ, 1/]=25

., N 0 500 1000 1500
S04 -0.02 [0 Time, 15
®,

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

Chisachi Kato,
University of
Tokyo

Center for Research on
Innovative Simulation Software

| Outline

B Background
B Numerical Prediction of Aerodynamic Noise
B Applications at Present

B Perspectives and Future Roles of
Measurements

FRi2149A38 2

This document is provided by JAXA.
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Background

TrR2149A3R 3

Prediction and Reduction of

f Aerodynamic Noise

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

B Reduction of Aerodynamic Noise

» Crucial in development of various fans, airplane,
automobiles, etc.

B 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

Fri2149A30 4

This document is provided by JAXA.
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Numerical Prediction of
Aerodynamic Noise

| Direct .vs. Decoupled Methods 3

B 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

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

TR2149A3R

This document is provided by JAXA.
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Fr2149A38 7

Noise Generated from
an Axial-flow Fan Subjected to Inflow
Turbulence

Collaborator: Siegen University in Germany

FRi2149A38

This document is provided by JAXA.
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| Computational Model

Ducted Fan Subjected to Computational Grids on
Turbulence Ingestion Blade Surface
ER2149A 38 9

' Fluctuations of Instantaneous

1,000

Fr2149A30 )

This document is provided by JAXA.
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Fluctuations of Instantaneous Static &
UPressure

30,0 1
M Exp.
25,0 1 ELES G1
OLES G2
20’0 .. .
15,0 1
10,0 1~
5,0
0,0 -
P1 P2 P3 P1 P2 P3 P1 P2 P3
TR2149A3H

12
This document is provided by JAXA.




552 [0 EFD/CFD g —2o v aw 7/ 81

,Comparison of Turbulence Intensity &\

'behind Grid

B Incoming Turbulence Intensity

2 015

oisf
18

0.4 16

i 1.4
9 oosf
12

1 e o

0.8

ost oy
008 | -

0.4 o 0.4

0.2

-0.18

o
-00z2 0 002 004 008 008 071 012 014

Measured by Hot Wire Computed by LES

Fr2149A38

, Comparison of Surface Pressure
| Fluctuations

Root-mean-square Value of C;

Clean Inflow Case Turbulent Inflow Case

TR2149A3H 14

This document is provided by JAXA.
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F Comparison of Radiated Sound
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Fr2149A38 m

Bypass Transition of Flat Boundary
Layer and Resulting Sound

TH2159A838 16
This document is provided by JAXA.
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|Computational Model

I

Re, = 426000

# of nodes Grid size
X 1134 A*=14-38
y 70 A*=1-76
z 76 =15

Inflow Turbulence

FH2140538 Grid Resolution

|

Side-view

Transitioin end-point
(Re,=1.5X10%)

FRi21F9A38 18
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|
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FHi21F9A3H

Prediction of Transitional Boundary &
\Layer and Resulting Sound S

Instantansous Vorticity Figld
NAGAQO12 at 9deg / Re=2.0e5 / 8M Grid DSM, Scaled Sound Pressure Levels

1Dme sl (NACAO0012 at 9deg, Re=2.0E5)

— Measured

~o- LES DSM8M Compact

O LES DSM8M NonCompact

Scaled-SPL [dB/Hz]

1000

Frequency [Hz]

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

TR2149A3H 20

This document is provided by JAXA.



%52 [0l EFD/CFD @57 — 27 3 v 7 85

Effects of Reynolds Number on Transition
H Process (left: 2.0 x 105, right: 2.0 x 10°)

Visualized Vortical Struclures » Visualized Vortical Structures m!
MACAQDZ al Odeg / Re=2.0e5 / BM Grid DSM| M oo (Goigy| (NACADDI2 al 9dey / Re=2.5¢8 / BM Grid DSM) 8 oo copgr

Inslantansous Varlicity Fisld i Inslanianaous Varticity Fiold
Gidog [ Fo=? Sdog / Res?.5e8

HNAGAQOQIZ ol Do / BM Gid DSM ; NACADDIZ al § /M Grid
z

FRi21F9A3H

|

Surface Pressure Distributions
(NACAO0012 at 9deg / Re=2.0e5)

——LES DSM 8M LES DSM 2M Low Res © Measured e Measured — LES DSM8M

B Re=20x10° B Re =2.5x106
(Uy=20m/s, C=0.15m) (Uy=50m/s, C=0.75m)

FRi21F9A38 A
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Comparison of Surface Pressure

" Fluctuations

Angle of Attack: 9 degrees

Distribution of Cp' at 9deg
(Re=2.5e6)

i

x/C

B Re=20x10° H Re =2.5x 106
(Uys=20m/s, C=0.15m) (U,=50m/s, C=0.75m)

FRi21F9A38

F Comparisons of Frequency Spectra of

Power Spectral Densities of Velocity Power Spectral Densities of Velocity
(9deg / Suction Side RMS Peak) (9deg / Pressure Side RMS Peak)
1.E+02 1.E+02
1.E+00
1.E-02
1.E-04
1.E-06
1.E-08
1.E-10
1 10
Frequency [-] Frequency [-]
— Measured — LES DSM 8M — — Slope -5/3 —— Measured — LES DSM 8M — — Slope -5/3
H x/C=1.1 H x/C=1.1
(suction side) (pressure side)

FRi2149A38

24
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. Approaching TBL and Flow in
. _Actual Car Gar

[SO(LapP=10)

TR2149A3R 25

otretching of Vortices and Acoustical
Source on Surface

Stretching of Vortices at the Edge Aeroacoutsical Sources at 4. 8 Hz

26

Fr2149A30 i)

This document is provided by JAXA.
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Sound Radiated from a Small
Propeller Fan

FH2149A38 27

Computatlonal Model and

WSS T T T T O T T T TTTTR

3 i
TR —

Intel boundary

Entire Domain  Qutlet Boundary
(uniform flow) (convective B.C.)
Entire Domain Near Fan Blades
THR2149530 28
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| Instantaneous Flow Fields

Coarse Mesh Fine Mesh

FH2149A3H q
This document is provided by JAXA.
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B J4—RN\YOBE O MAZEA

DIL = 0.5 (St = 0.8) DIL =1.7 (St=0.4)

TR2149A3R

Perspectives and
Future Roles of
Measurements

TR2149A3H 32
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B Numerical Predictions of Aerodynamic Noise

» will partially replace protoryping and/or model
tests up to Reynolds number O(109)

B Future Role of Measurements

» Provide accurate and detailed data for validating
numerical methods

» Extract Essential Physical Phemomena

This document is provided by JAXA.



552 [0 EFD/CFD g —2o v aw 7/ 93

Flow Visualization in
Real and Time Spaces

Takayuki Itoh

Department of Information Sciences
Ochanomizu University

Various visualization

O Scientific Visualization 0 Information Visualization
O Mainly scientific data O Various data
O Mainly physical spaces O Mainly non-physical spaces

This document is provided by JAXA.
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Typical topic in Itoh lab.
(1) Protein surface analysis

O Retrieval and comparison of similarly shaped
protein surfaces

Very similar, but Chemical properties are
partially different proteins also partially different

Typical topic in Itoh lab.
(2) Credit card fraud analysis

O Discovery of trend and correlation among
attributes of malicious transactions

Expensive jewelry
in the midnight

Many of transportation-
related frauds are in the
morning

Many abnormal refunds
from specific shops

This document is provided by JAXA.
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Typical topic in Itoh lab.
(3) Browser for many images

O Zooming user interface for clusters of images

AEe NN
oW E e e

Zoom Out Zoom In

Today’s topic

O Real space visualization O Time space visualization

O Integrated scalar & O Level-of-detail control for
vector visualization polyline charts

O Towards integrated EFD/CFD visualization

This document is provided by JAXA.
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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 Vector field
2D 2D
m Contour lines m Arrow plots
3D 3D
m Isosurface m Streamline
m Volume rendering m Line integral convolution

Isosurfaces

Background
Integrated scalar & vector data

Ex. Weather simulation data
m 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

o Isosurfaces for scalar
o Streamlines for vector

Automated optimal
selection of
samlines

Processing flow

Generate many streamlines temporarily,
and calculate their information entropy

\/

STEP2: Check if they go through critical points

¥ 5

STEP3: Check if they are occluded by isosurfaces

\/

Select the good streamlines
according to the 3-step evaluation

STEP1:

This document is provided by JAXA.
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Processing flow

STEpPq: Ccnerate many streamlines temporarily,

and calculate their information entropy

STEP2: Check if they go through critical points

a5

Check if they are occluded by isosurfaces

\/

Select the good streamlines
according to the 3-step evaluation

STEP3:

STEP1: Information entropy

4 | n DD )
E=- Z log>—
log2(m+1) = L L
L : Length of a streamline in 3D space
D; : Length of j-th segment in 2D display space
k m : Number of segments of the streamline

o Higher information entropy
= Uniformly long segments in 2D display space
o To select “informative” streamlines

o Calculation for each streamline LD
0

This document is provided by JAXA.
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STEP1: Information Entropy

Streamlines just uniformly Streamline selected by
generated information entropy

.
[

o Too short, less o Globally visualized by
informative informative streamlines

Air flow by a weather simulation

STEP1: Information Entropy

FE=— 1 Z Dj log 2 &
(Vortex is often loga(m+1) = L L
important and

- - — L : Length of a streamline in 3D space
mterestlng, D; : Length of j-th segment in 2D display space

m : Number of segments of the streamline
g
i

N

Straight
streamlines have

Streamlines
higher information | around vortex may /
have lower

information

_/

This document is provided by JAXA.
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Processing flow

Generate many streamlines temporarily,

STEP1: ond calculate their information entropy

STEP2: Check if they go through critical points

STEP3: Check if they are occluded by isosurfaces

\/

Select the good streamlines
according to the 3-step evaluation

STEPZ2: Critical points

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

0 The technique divides streamlines
m Going around critical points
m Others

This document is provided by JAXA.
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STEPZ2: Critical points

WITHOUT STEP2 WITH STEP2

o Better result by
aggressively selecting
streamlines around
critical points

o Local interesting
features around critical
points are missing

Red: around critical points Black: others

Processing flow

Generate many streamlines temporarily,
and calculate their information entropy

\/

STEP2: Check if they go through critical points

STEP1:

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

o Visually unnatural if many streamlines “behind”
isosurfaces are selected

o Aggressively select "near” streamlines
m By assignhing penalties to occluded streamlines

RN
E'= (1= VE+( (1= a)E

New entropy: E’

Original entropy :E

Num. of segments :M

Num. of occluded segments: m
Opacity of isosurface: «

STEP3: Occlusion by isosurfaces

WITHOUT STEP3 WITH STEP3

o Many invisible o More number of visible
streamlines behind the streamlines are
isosurface selected

This document is provided by JAXA.
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Conclusion & Future works

o Conclusion

m Automated streamline selection for integrated
scalar and vector visualization

o Higher information entropy
oAround critical points
oLess occlusion by isosurfaces

o Future works

m Selection of important critical points
m 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.



52 B EFD/CFD @7 —2o > a v/ 105

TARGET: LARGE TIME-VARYING DATA

OVarious data in our daily life
[0 Stock prices, Weather measurements, Simulation results, etc.

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

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

OVERVIEW OF "FRUITS TIME"

/DLeveI-of-DetaiI Control of Polylines \

O Cluster similarly-shaped polylines, and remain representative polylines

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

O Sketch-based query of polylines
O Highlight representative polylines

i fﬂ K \

O Highlight non-representative polylines Sketch

\_

This document is provided by JAXA.
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&

RELATED WORKS <

COProblems for visualizing large amount of time-varying data
0 Cluttering among polylines
0 Missing interesting features

/ Improved techniques for polyline-based visualization \

Smm Dacm N an
[Eonsver iy =] [rrwhertcicm. =] [arwPE El re—

5o o ke e, Dotk e are Fol s chose.

e m TR TY W
Range-based query of Sketch-based query of Hierarchical edge
time-varying data time-varying data bundling
[H. Hochheiser 2004] [M. Wattenberg 2001] [D. Holten 2006] /

FEATURE 1: LEVEL-OF-DETAIL CONTROL

1. Sampling & Quantization

2. Clustering

3. Representative selection

This document is provided by JAXA.
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SAMPLING, QUANTIZATION, AND GROUPING

1. Sample time steps 2. Quantize values
3. Group polylines

t t+1

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

CLUSTERING AND REPRESENTATIVE SELECTION /r:";
Clustering of polylines in the groups Representative selection
based on original shapes for each cluster
e ntime steps in a grid subspace e Select the polyline that is closest to
o n-dimensional vector from the the center of a cluster
y-coordinate values e Level-of-detail control by displaying
e Clustering of the n-dimensional only representative polylines
vectors e Adjust the opacity of the polylines

based on numbers of polylines in
the clusters

n time steps

- W R

& )

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

CExtract specific polylines which drastically change at specific time
‘ Shape-based query system is required

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

Result

Pick a specific point
Intuitive
filtering of

Sketch a specific shape polylines

RESULT 1: LEVEL-OF-DETAIL CONTROL

Olinteractive control of resolution of sampling/quantization with GUI

Ex: Temperature measurement at various places in Japan

More (916) Number of polylines Few (273)

Flexible control of level-of-detail

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

OFiltering by multiple query
OSimultaneous display of multiple query results
OUser-specified coloring of the query results

RESULT 3: POSITION-IGNORANT QUERY

COHighlight polylines which
"similarly-shaped, but away from sketched position"

sketch

This document is provided by JAXA.
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OHighlight similarly-shaped
representative polylines

OHighlight non-representative
polylines belong to the clusters of
Khithiqhted representatives j

APPLICATION TO WEATHER DATA

Temperature measured at 913 points by AMeDAS

After LoD

;mLeLed_tMLQI patters:

1) Ascended in daytime, and descended in
night

2) Not Ascended in daytime, but just
descended

This document is provided by JAXA.
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APPLICATION TO WEATHER DATA

OSketched polylines simply descended
OHighlighted corresponding points on the Japan map

Weather did not ascend Bad weather
in daytime along Japan Sea

APPLICATION TO WEATHER DATA

OSketched polylines ascended in daytime
OHighlighted corresponding points on the Japan map

Sketch

Fine weather
along Pacific Ocean

Temperature ascended

in daytime

This document is provided by JAXA.
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SUMMARY & FUTURE WORKS

OSummary: FRUITS Time
1 A polyline-based time-varying data visualization
[1 [Feature 1] LOD Control of polylines

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

OFuture works
1 More case study with real data
1 User evaluation
1 Coordinate view with other visualization techniques

1 Volume visualization? Multi-dimensional visualization?

[ Improvement of clustering process

1 3D techniques
1 Scalability test

Towards integrated
EFD/CFD visualization

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

O Time space

O Similarity/Difference-based visualization mixing
EFD and CFD

O Sketch interface from EFD to CFD
O Sketch interface from CFD to EFD

This document is provided by JAXA.



552 [8] EFD/CFD @ig T —2o v a v/ 113

Conclusion

O Introduction of Itoh lab.
O Topic 1 (Real space):
Integrated scalar & vector visualization
O Topic 2 (Time space):
LoD-control for polyline charts
O Towards integrated EFD/CFD visualization

Future works

O Train successors!!
O Both works are done by graduating M2 students

O More test cases

O More experiments with EFD

O Scalable algorithm development
O Our test data is very small

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

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

This document is provided by JAXA.
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Current Status of EFD/CFD Techniques for
Road Vehicle Aerodynamics
and
Development of the Unsteady Aerodynamic
Simulator

Makoto. Tsubokura
(Hokkaido Univ.)

Second Workshop on Integration of EFD and CFD

2009.2.24, JAXA

* Automotive Development

= Competitive
» More than 10 companies in Japan!, around 20 worldwide major.

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

= Parallel
» 20 to 30 new models per year in Japan.
» Every company develops several models in parallel.

= Toward 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 Cd
g T

Py

06

05

04

03

0.2

os | I I

1
1820 3o 40 50 60 70

= Still smaller Cd is required.
= Cd=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

aerodynamic devices. o
Breakthrough is indispensable!

Severe Aerodynamic Development for Road Vehicle

= Complexity
» Bluff-body flow.................. complicated turbulence.
» Interactions among flow, heat and mass, vehicle body...
...... complicated physics.
= Wide variety of types......... complicated geometry.

= Wide range of problems

» Aerodynamic performance, engine cooling, ventilation,
aerodynamic noise, soiling

Performance , Stability Flow Field in Detail

Hucho, Aerodynamics of Road Vehicle

This document is provided by JAXA.
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Requirement of Coupled Aerodynamics

= Coupled effects to be considered from the initial stage.

Monotonic analysis Coupled analysis

Side lorce / C ,D
I Road bump Steering action

LY e i Vehicle body in motion

Drag ‘ [

“Rolling
Thermal management

Integral forces and moments
Aero-acoustic noise

Unsteady Aerodynamic Simulator

= Unsteady aerodynamics for innovative aerodynamic Design.

Uniform flow w 1 T T I
A am W -am
- Crosswind
—CQLR — -
oad bump

Steering action

= 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)

Reynolds Averaged Navier-Stokes Large Eddy Simulation
(LES)

(RANS)

This document is provided by JAXA.
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High-Performance Computing for Vehicle Aerodynamics

T Peta—Computer
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~ Earth Sinulato/rva'
“ IBM ASCI Wh/ftﬂ 2
1 TFlops /’ sIntel ASCI Red/9152
g | . _ Fujitsu T | Hitachi SR2201
Y . 7
£ - 5k SIXE\';:?’ocmx
S - a ve 43
SaE o ETAG-4/8
a 1 GFlops 4 e - Crar—1 4, Cray X-WP/4
ILLIAG IV 3 HITAC S-81
1 MFlops 4
o o o o o o o
=T w o P~ w (o2} o
2 2 = = < = 5

J2010-

RSS2,

Bavolatosary Smutation Sotwirs SIMULATOR -~

Numerical Methods
Governing Equations and Physical Models

= Spatially Filtered Navier-Stokes Equation
ou; .
8.’13i =0

ou; o _ _ oP 0 -

ot or; (ui;) = “an T 2873, (v +vsas) Sij

» Standard Smagorinsky’s model

vsas = (CsfsD)*1/28:;5;; C=0.15
_t
fs=1—exp % :Wall damping function (Van-driest)

A = (AzAzoAzy)'? :Grid width

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

Unstructured Finite Volume Methods

s Vertex-centered Finite Volume Methods

tetrahedral pyramid

7

,’3 v

1 1

_Prism hexahedral
Spatial discretization: 2nd-order central FD

Convective Term: Blend of upwind scheme

Pressure-Velocity coupling: SMAC method
Pressure-Poisson: ICCG
Front Flow/red 85821

Bavaatiosary Semudatian Saftware

Sudden Crosswind
Problem and Method

!
ing Vertices

: “~
Neighbor

polyhedral

(several %)

Time Marching Method: 2nd-order Adams-Bashforth

119

AT N
PLLVLV VLI L Lty -
PLLLL VL bbL by

\_ ;aeady Unsteady Steady )

ae® TS
0‘099 k/, ,,\ Side T_o'lp Outh.:it.
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E~L - - e

A

5W Log-law,~

Main flow
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Sudden Crosswind

model

[
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—_ 3}
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A
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-300—!

_Fixed yaw: 0 degree

0 degree(Cal.)
¢ 0 degree(Exp.
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Distance [m]

Sudden Crosswind
Transient forces and moments

0.5

0.6

o
Side force and Lift [N]
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Target and Validation (Fixed-yaw cases)

Wind tunnel measurements at Toyama Univ.
Tanaka et al., #20 CFD Symp. A6-2 in Japanese

(2005)

Fixed yaw: 30 degree
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Sudden Crosswind
Eddy Structures around the Vehicle

Before subjected to a crosswind After subjected to a crosswind

Sudden Crosswind
Formula-car case (1)

Before subjected to a crosswind After subjected to a crosswind
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Sudden Crosswind
Formula-car case (2) N 2008 010007000y

» Overshoot and Undershoot during rushing into crosswind
-300 2000 P —_—

=

= d Roll .
Z 400l : 150f ——— Yaw | il
B 4000 "~ A0 TR :Pltch ‘\. J@ ‘?w-
£ - = [
3 £ 100 aw
= 300 S & ~ ' 4 y
3 T 1 2 F sof """’-f‘., o
= 200 -600— g ! . ]
g ! A = 0 m
& —c ""f\ ‘“’ = [ T‘ E a2 i
g 100 n‘r '-,f‘ =700 50 . il‘l‘\‘ E ‘_n' q,\’.\'\‘!‘.r
_]00-|l| 111 |Ll|~]tl!ﬁ'|ll I |

roll

L]

1
0.1 0.2 0.
tail in

R

Just before T Nose rushing in Tail rushing in Whole body immersed in
Eddy Structures
Target and Experimental Setup
Full-scale model with detailed «Grids
geometry type :tetrahedron
length(L) :4.670[m] nodes : 6,579,897
width(W):1.954[m)] elements 37,870, 527

hight(H) :1.594[m]
wheel base:2.666[m]

Tsubokura et al., Computers & Fluids, vol.38,
981-990(2009)
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Eddy Structures
Wake Structures (total pressure distribution)

Experiments

| 250mm behind
«glgs | -

Present LES

Eddy Structures
Side and Underbody Structures (total pr

[]

XY-section at 100mm
above the ground

Experiments
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Eddy Structures
Schematics of Overall Structures around the Vehicle

Trailing edge vortices

Iso-surface of Cp=0.7
Front pillar structure

-
Side-body structure

under-body structure

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

Dynamic Yaw-angle Motion
Target

= Vehicle in yaw motion 6
Sliding Mesh % 2
0 0.05 o Lim:';;ec_] 0.2 0.25 0.3
*Grids
type :tetra+hexa hybrid
nodes : 7,229,633 v
elements: 39,285,753 Snapshots of pressure distribution
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Dynamic Yaw-angle Motion
Transient Force and Moment

Lateral Force (Y-direction) Rolling Moment (X-axis)
1000
| E £
g 5 = 500
o 1 | =
b ' —= @
2 pg A1 - E o
¥ : s
b : 2
© 1 o
— 500 : E 500
. LT | . |
=R 0.1 _ 02 By : , 0.2
time [sec.] time [sec.]

Dynamic Yaw-angle Motion

Time Response of Flow Structures

T=0.2 [s] i iii

T=0.15 [s] 5 deg.

u

Rapid response to
- the vehicle motion!

Structures above the
rear window.

0 deg. 0 deg.

e ——
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Dynamic Yaw-angle Motion
Time Response of Flow Structures

5 deg.

5deg. T1=02

T=0.15[s]

Slow response to the
@ vehicle motion!
\j_ JF

Structures under the 5.

z
body. ;| -
0 deg. i

"
Tims

0 deg.

T=0.25[s]

T=0.1[s]

Dynamic Pitch-angle Motion
High-Speed Stability No-2006.01 0006(2008) ©

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

Type A Type B

Edged front-pillar Rounded front-pillar
Rounded rear-pillar Edged rear-pillar
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Dynamic Pitch-angle Motion
Flow Structures above the Trunk Deck

Type A (Unstable) Type B (Stable)

Dynamic Pitch-angle Motion
Forced Oscillation

= ALE Method
= Forced Sinusoidal oscillation: ¢ = 6, + 6, + sin 27 ft

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

1 S - 0= 4.0 de;
6=2.0ldeg] | [ 6=4.0ldeg] | [ 6=2.0ldeg] | [ 6=0.0ldeg] | [6=2.0ldeq] QS'—-’L'"’““” J 0-00dc.
pugr . ar _Ugf 1ar i

N, N kg

0.020 g ;
E i E
Z 0.015 f &
g 0.010 f g (
& x )
g 0.005 |/~ —'g
=9 [ =1 A

0000 Lo b o w100 1 0000 Loeate oo a8 auoat oo,

0 90 180 270 360 0 90 180 270 360
Phase ¢ [deg] Phase o [deg]
Type A (Unstable)

Type B (Stable)

Dynamic Pitch-angle Motion
Vortex Structures above the Trunk Deck

= Type A is more continuous, Type B is more intermittent?
Type A (Unstable) ~Type B (Stable)

Time: 0.2556[sec] Time: 0.2556(sac]
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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.

@ @ QSI.I:IL(I m;n.
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Sequential Data Assimilation:

Online Information Fusion Platform for
Simulation and Observation Data

Research Organization of Information and Systems

The Institute of Statistical Mathematics/JST CREST*

Tomoyuki Higuchi

‘ @ ﬁ%%&lﬁﬁﬁﬁﬁ *) apan Science Technology Agency

Core Research for Evolutional Science and Technology

0 ezt

TESD: Four Kind of Methodology of Science

Deductive Inductive
/ TOATH
W | (Axie) | C@Fber-space
Q1 {Data Assimilatio : qsive
S:Sim N © Move/with thge} 1%%%5%/
Fron heel DH@E&
L Data Centric -%%hé%’é"‘ 4

T:Theory  Xperiment

rive Force for Scie

AFAEPEREEA AN

0l wsr e m
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Outline

Simulations with uncertainties
Data Assimilation (DA)
Modeling uncertainties

SNk =

1. Ensemble Kalman filter
2. Particle filter

Applications with peta-scale comp
1. Tsunami Simulation model
2. Ocean Tide Simulation

3. Genome Science

7. Next generation of supercomputes
8. Conclusions

i

Sequential DA and generalized state space model
Ensemble-based nonlinear filtering methods

AFHAPRRME A AN LATLRTRN

st BIRZE PR

Construction of Simulation Model

(simplified meteorological model around Japan)

PDE to approximate real pk

-

(continuous time/s

o _ o +... | TDE:Partiald ariable vector &, ‘is assigned
ot rid point.
temperature
Discrete simulation ' s :((T)@
(discrete time/spac 5 ; = Wind Vector
Y= F(xt_l) (e x — (] T /‘71—\\
\lllllc t — g .
—— Boun i+1 ( )
. S\t 1
Nonlinear state spac ] \\_/
(discrete time/space, stoq K &
x, =F(x_,v,) 1 points and observed
9 e limited.
— - ﬂ*mﬁl‘ﬁ.\ AN 22T ARTRR
Al st B %

This document is provided by JAXA.




52 B EFD/CFD @7 —2o > a v/ 133

State Vector: Contact point between past and future

State of time 7 4—@ F Y (@ State of time 7-/

Simulation Model

'5’1 St RPN NS ATARRN

Al grstroemoe,

‘Simulation model !
X, = E(xz—l) ...................................

X State vector
x, : Initial condition, given ~ (simulation variables)

When x, =«, X, = Fl(a)
Xy = Fz(xl)
xp =Fp (xT—l)

Sequence (x1 Xyttt Xy ) 1s obtained deterministically.

gaTey mﬁl‘ﬁ?ﬂlvsﬁﬁ'&lm

Wl IR
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X

When x, =, —> When x, = «,
x, = F(a), X ~ F(a)
xzze(x1): ‘ xzze(xl)a
x, = F (x,.,) X, = F(x)

Sequence (xl Xyt Xy ) should be evaluated probablistically.

Simulation including uncertainty

= E (xt—l ) ‘ xt ~ E ()Ct_l ) BC, parameters, ...

x, : Initial condition

0l s e

* Emerging subject in meteorology and oceanography.
» Methodology to synthesize numerical simulation model

and

What is Data Assimilation ?

observed data

— |Simulation model|can not represent real phenomena accurately.

« (e.g.) Accurate weather forecast needs good initial conditions.

* Uncertainty in the model (boundary condition, initial condition, unknown
parameters, unknown dynamics...) exists.

—|Observation datalhave some physical/budgetary restrictions.

SN

Correct variables in numerical simulation model
using observation data.

= Data Assimilation

0l st s g

This document is provided by JAXA.



%62 [0 EFD/CFD @g T —27 v a v/ 135

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).

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

[3] To attain an optimal parameter vector that appears in an empirical law
(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
is called “a generation of re-analysis dataset (product)”. This dataset is used
to discover a new scientific findings by general geophysical researchers.

[5] To conduct an experiment with a virtual observation network and perform a
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

*Represent a wide variety of uncertainty in a research
target by distribution function.

*Understand a complex targets, NOT from its simple
statistics such as mean, BUT from its distribution
directly.

Notion of Probability: The machinery of probability
theory is used to describe the uncertainty in model
parameters 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 next.

0l st
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Bayesian View

Central Role in Pattern Recognition and Machine Learning

| It expresses how probable the observed dataset is for different settings of the parameter vector X. |

Data dist. (likelihood function)  Prior dist.

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

Po(s;eiror P ‘ = p(y | x) 2 (x) X:Parameter vector
ist.

p(y) ™~ Y:Data

Bayes, Theorem p . \ Probability of data (Since data is
(X: & y | 'x : p(x) given (the glctually observed one), it

takes some value.)

= (x’ y ) | Joint dist.

We are interested in estimating a posterior
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 consequence.

0l = re

Generative Model, Inversion with Bayes’ theorem,

and Data Assimilation

Observation: y
Simulation Fitness of Simulation to Data
Prior distribution :Forward Data distribution :Forward Posterior distribution:

Inverse

p(ylx) x>y p(x|y) x<y

p(x) —>x

Build a generative model and Use Bayes’ theorem

P -t

‘ Latent Variables: y |

0l =t s
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Data Assimilation in Generalized State Space Model

At :sampling time of observations
ot : simulation time step
At=1>> 0t

State Vector (Simulation variables)
L = L:nonlinear map

Stochastlc simulation

é %F(x 5 V,) fation

y / Hx / + W y Observation model
Measurement model

|
Bayesian Approach

Data Assimilation |

Large-scale observation

| Simulation system |

Fep | i
X Vi EE= 4
f E s
0] et BT

Conditional Distribution Re CurSive formula

Pleslebic deniny, plx g o e o1

. . Today’ nomic situation
s e s e
: data up to today

Today’s economic situation analyzed

Smo Other denSity: p(xt le) by using all available data when we
look back on the today in future

J :

yl:t = {yl7"’9yl}

P 1 ¥y)

prediction

P [ V)= P, | Yy)
| filtering

k p(x, | y,) =p(x "y )

p( n+1 |y1:n+1) NS

moothm
< P(X, | Vi) € Xt | Vi) <+ p(xT|y1T)
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Prediction

p(xt | yl:t—l)
= J‘p('xl‘ s xt—l | yl:t—l )dxt_l
- _[ p (xt | X5 Vi )p(x,_l | Va1 )dxt_l
m

p(x, | X, 1, ,1) = p(x, | x,,)] Markov property (1)

v
a ECAET EORE
Z

Filter pdf at time #-/

15

filtering

JZEARN Posterior, Belief
=p(X | Y Vi)
_ P, Y, [ V)
P Vi)
_ PO X V) PO | V)

p(yt | xtﬂylzt—l) = p(yt | xt)
P, | Vi) 2
ASARANZCA R

PO, | Vi)
_ p(yt |xt)'p(xt |y1:l—1)
[EEARD AR r

Markov Property (2)
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Smoothing

p(x, | yir)

= [ P %, | Y1)l

= [ P05 [5003y)- P i e,
= | (x| xm,yt) PO | M),y
[ P0G %, 0 [ )

p(x,,
[ p(xt | yl:t) ’ p('xt+l | xt,’-yl:t)

- p(X | Vi Y,
1 | y lzt)

Filter Dist.

- P(X | Vi ddx,
P | V) /
Smoothing Dist.

= p(xt |y1:t)

P | X,)
i J 1 V) p(xt - |y1:T)dxt+1
p (xt+1 | y lzt) Prediction Dist. 17

Sequential Data Assimilation

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

}— Vi

P(X [ Vi)

(p('xi | Vi) = p(x Iyl,yz,---,yk))

il ﬂﬁmﬁ&ﬂl'sﬂf&lm
il #=r e mT o
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Challenging problem: Huge dimension and inversion

 Data Assimilation = Estimation problem of state vector X,

(system model) X, = F; (x,_l@‘@

(observation model) )V, = H,xt +W, or yl‘ — hl‘ (xl‘ )+Wt

— X, : All variables in simulation model
— ), : All observed variables

— v, : Stochastic part to represent uncertainty of model (boundary

condition, ...)
— W,: Observation error
— V., W, : Normally Gaussian  xo: Initial condition

dimension | X,:1 )4~1(06 V: 102~10° dim(x,) >>dim(y,)

i ﬂnmﬂ“&?ﬂl&ﬂ&i’hlm
9 ez ramme

Numerical representation of distribution

p (‘xt | y l:t—l)’ p ('xt | y l:t)’ p (‘xt | y LT ) T'IAe distribution

Monte Carlo approximation

Represent pdf by the actual realizations. -

N: # of particles

~
(N)

~ —|+D )
P (xz | Y 1:t—1) = )(t|t—1 = xt|t—1 ft-12°* ’9xt|t—1
~ — (2) (N)
p(xt |y1:t):)(t|t =[x IR
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Sequential DA Methodology

» Ensemble Kalman Filter (EnKF) 1s widely used.

— Conditional PDF is approximated by a set (ensemble) of
realizations.

— Kalman Filter is used for filtering.
» Application of Particle Filter (PF) is rare.
— This 1s also ensemble based.

I th member

!
MR S 0y U x(l)
p(xfl;vl;z_l):N; (% = X0 {x(’) } )t

tlt—1 i=1
] & . AN Time Time step of used
p(xt | yl:t) = NZé‘(xt — x;;)) {xt(|lt) } step observations
i=1 i=1
21
IcM

Prediction Step (Common in EnKF and PF)

(i) (i) i
State X f;(xt71|t,1,Vt ) — xt(l?—1
(i) }N W
{xt—llt—l i=1 {xtlt—l i=1
, 4 2
X
0 V-1
X1 ! "
@ ‘
xt—l\t—l;’

i . : ensemble member of predictive PDF
1.(D) . ,
’xt|t—1 ' : ensemble member of filtered PDF

) |

xt—1|t—1‘\‘ ,,' (N) —
‘ K1 Prediction step
> Time
_t —_ 1 22
IcM

This document is provided by JAXA.



142

FHIMTZEWITIRA R R AR TAXA-SP-09-003

State X

A

Filtering step of EnKF

‘ : ensemble member of filtered PDF

: ensemble member of predictive PDF

~

nln—1

\

Observation: V,,

/@: - 1H (Hz oy b +R)_

Kalman Ga|n

2
% Sample Covariance Matrix : |/
/
T 1
X (l) (l) (i) _ (l)
t|t - t|t l@yt +W t|t 1)

X

Filtering Step

> Time
23

IcM

Filtering Step of PF

State X

A

N .
4, lIkelihood

. : ensemble member of filtered PDF

Calculate
likelihood for
each particle

: ensemble member of predictive PDF

Observation: )/,

P X))
Z p(yz | xz(\;)l

Filtered by a resample proportional to likelihood

Filtering step

- I > Time

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

* Genome informatics

Ryo Yoshida (ISM/JST CREST) R
Miyano lab. (Tokyo Univ./IMS) %.I—I s BRI PR

Time and Spatial Scale
1AU
Near Earth Space Ocean and
Atmosphere
1,000knT—

\ Data Assimilation in

Ocean and Atmospheric
Sciences <—Leading area
Im in DA researches)
Genome Informatics

lecm nd

prote essions) | | |

T 1 —>

|
Hour Da Month Year 100 years

T ﬂﬂmﬁ.&?ﬂﬂ'ixﬂklm
9l wsr s amm
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Reuvisit : What is Data Assimilation?

* Emerging subject in meteorology and oceanography.

» Methodology to synthesize numerical simulation model
and observed data
— |Simulation model|can not reflect real physics accurately.

* (e.g.) Accurate weather forecast needs good initial conditions.

* Uncertainty in the model (boundary condition, initial condition,
unknown parameters, unknown dynamics...) exists.

—|Observation datalhave some physical/budgetary restrictions.
Correct variables in numerical simulation model
using observation data. = Data Assimilation

Simulation model Observation data

Shallow water equations

Tide gage data

i ﬂnmgl&]nwsxﬂmm
i e = e o

Tsunami Simulation Model

* Based on PDE—Shallow water equations [Choi ef al. 01]

Normal sea surface

» Discretized temporally and spatially.

— 4 physical variables at each grid 7 .
* Flow vector (longitudinal/latitudinal) : (U, V) 4. Tunami :c}med
« Displacement of sea surface height: 77; N
* Water depth at each grid: ¢ «— Uncertainty in measured water depth!

— # of grid points: 192 (longitude) X 240 (latitud °

e Half of them are on the sea.

 Dimension of state vector is about 9 X 10*
» Propagation speed depends on water depth.
— Deep water makes tsunami propagation faster.;

Ml st e RR
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Numerical Simulation (Not DA)

e Simulation of Okushiri Tsunami

— Simulation based on topographies made by different
organizations.

— It looks similar, but time series of sea surface displacement  (From Japan Coast Guard)

at a point (@) is ...

Okushiri SKKU : 1
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Observation Data

» Tide gage data:
— (Linear/Nonlinear) Response to

sea surface displacement at
instrument installation site.

— One dimensional time series.

» Number of tide gage stations:

— 30 points
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Application to Real Data

* Analysis by real tsunami occurred in the Japan Sea in 1993.

*The depths in and around Yamato Rises
(area A) varies among 4 bottom topography 45

*Uncertainty is introduced into South h
Rises and around area as linear

combination of |4 data sets.
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DA result

Deep
*South Rise might be shallower than public data.

-Deeeer area exists in south sloee.

i ﬂﬂmﬂlé}ﬂ.'ﬁlfh"m
P

Personalized Simulation:

A boundary condition is assimilated to local information.

We introduce a local/personal information into a

numerical simulation model and personalize the
simulation for each location/person.

Motion Eq.:v 8—V+(V°V)V+fXV=—gV77
t

-‘—g‘ + A4, Vv

P Sea Bottom Sea depth
_ | fricti
Continuous Eq.: 877 +V. (VH) :|§| riction

{

coefficient

Time=0.00(hour)

2-dimensional flow vector
Water surface height

V:
n:
H: Water depth, f: Coriolis parameter

Ocean tide simulation by
our CREST project
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Water level and Flow vectors

Time=0.00(hour)

Sea level range is About =5 m. Current sBeed is Smuch! more than 1 m‘s at the mouth

of Chatham Strait. %ﬁ %g}ﬁ;ﬂﬁ%?ﬁ

Water level and flow vectors (Closeup)

Time=0.00(hour)
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M,component tide

Result with GINA z
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Genomic Data Assimilation

Statistical framework to link simulation model and data

P-P interaction

expression

Simulation model Biological data

Formulated by the generalized State Space Model
X, = f(x,_l,v,ﬂ) System model

y, = th +w, Observation model

: state vector at time t, f @ simulation devise, 1= 1’ e, T

y. : system noise, @ - parameter vector,

y ; . observation vector at time A ,» [ : observation matrix,

w, ~ N(0,057): observation noise i ol b

| Bt IR
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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 Model Represented by HFPN

Circadian Rhythm Model
of Mouse $ o
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Prediction

100,000,000 particles (11&) 100,000 particles:105
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Next-Generation of Supercomputer in Japan at Kobe

Japanese Government will spend more than
1 billion USS$ for this national project.
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B Grand Challenge:
-- Nanotech (Institute for Molecular Science)

:. -- Life Science (RIKEN)
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Development for next-generation simulation

software for whole human bod

TEAP—RAR

(BAERE BARNIZRAI

.Next-Generation simulation R&D group for

Riken Next- G neratio 1ntegrat1ng llfe form simulations
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Data analysis fusion Team

Univ. Tokyo (Prof. Miyano) ISM (Higuchi)
Al Estimation of large-scale Development of data
gene network and its assimilation technique for
applications life science simulations

—
A _JEstimatio Bayesian
method fdr information

large-scal fusion
Qne network TSJechnique

,.

\

Prediction

inkage analysis technique for
analysis technique Protein
network

Riken Genome Med. Inst. (Md. Tokyo Inst. Tech (Prof.

and Dr. Kamatani) Akiyama)
Development for associating Estimation of large-scale
polymorphic data and phenotype protein network and its
data and its validation applications

0l =t
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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 scenario
and in making a risk assessment.

Prior distribution of

parameters
(left : 1075 right: 1018)

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

Although the PF with
1075 particles results in
the PDF with a small
number of particles, the
PF with 1078 particles
leaves many particles.

108 particles

Posterior distribution of parameters

0l =t 2

Perspective of our Project

“Creation of meta-simulation model”

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
Likelihood 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.

0l st
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EFD/CFD Activities in Research for
Reusable Launch Vehicles

BEAEFHEEMEICEIT-MRIZE T HEFD/CFDME Y ##4

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

B RE, WE . MEXER. FE B, WWOMF., GHAR

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 e

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Research Area in our laboratory AMAE

-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

@U Research activities on RLVs AA

uuuuuuuuuuuuuuuuu

Aerodynamic characteristics
fuselage cross sectional configuration

-Reduction of Aerodynamic heating
opposing jet, Film cooling

*Engines for hypersonic flight

scramjet engine, Pulse detonation engine

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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‘@‘) Experimental Facilities in use AR

YUSHU UNIVERSITY
100th Anniversary

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  umx=

USHU UNIVERSITY
100th Anniversary

2m Low speed wind tunnel

15cm Supersonic wind tunnel (Mach 4)

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Kyushu Univ. Low Noise Wind Tunnel ANE

KYUSHU UNIVERSITY

Ll L B e

Krusuu Usiversimy 2011
100th Anniversary

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

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

No.2 Test Section P
i Prepargtion room

: i
i T contr
Silencers | foomal : ﬂl" m

4 =

0

No.1 Test Sect
Workshop and
Preparatlon room Space Transportation Systems Engineering Laboratory, Kyushu University

e Kyushu Univ. Transonic Wind Tunnel N

usHY
100th Anniversary g T T T T T T T T T T T T T T T T T T T T T T T T T T T T sy UNIvERsITY

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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e Kyushu Univ. Supersonic Wind Tunnel Nk

W00th Anniversary g T T T T KYUSHU UNIVERSITY

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

i st Kyushu Univ. Transonic Wind Tunnel e

100th Anniversary g T T T T T T T T T T T T T T T T T T T T T T T T T T T T sy UNIvERsITY

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Free piston shock tunnel nA

First diaphragm Second diaphragm
Compression tube(3 m)\ Shock tube(3.3m)

Pressure transducer

High pressure tube(0.7m)

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

1D CED Tools

YusHuU Uni
100th Anniversary

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-w 2eq. model
- Spalart-Allmaras 1eq. model
-Baldwin-Lomax algebraic model
-Chemical reaction

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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D
CFD Tools Ak

Design tool
PANAIR
-XFOIL
*Vortex lattice code
*Newtonian Flow code
-DATCOM

Space Transportation Systems Engineering Laboratory, Kyushu University

Background (1) AR

Space tourism market has been more active.

*VIRGIN GALACTIC

— Space Ship Two and White Knight Two
-ROCKET PLANE [GLOBAL]

— Rocket Plane XP

New Technology and Development are required B =N
for Space Transportation System http://www rocketplane.com/

‘Expendable Rockets’ & ‘Space Shuttle (partly reuse)’

High Economic Efficiency
Global Environment

Reusable Launch Vehicle (RLV)

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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D W
I@L) Background (2) e

Considering the aerodynamic heating
and structural weight '

§

*Worse aerodynamic characteristics in subsonic region
*Fuselages have more effects on aerodynamic performance

/ Required aerodynamic characteristics & performance for RL V\
“High CLmax -« = Low landing speed, rate of descent

Shallow flight path angle
*High (L/D)max """ (Increment of downrange & cross range)
Low rate of descent

\_"Maneuverability, Safety, & Reliability -

Space Transportation Systems Engineering Laboratory, Kyushu University

- Simplified fuselage models ALK
Wind tunnel test models  Top view unit : mm
-simplified fuselage model I
-three different cross section U
344. 8
Cross ! =
section I T 7T Y ™

60 | 60 60

Space Transportation Systems Engineering Laboratory, Kyushu University
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- 1FA@NSONIC and Supersonic Wind Tunnel A

YusHU UNr
100th Anniversa;

ISAS/JAXA Wind Tunnels

Transonic : M_=0.3 ~1.3
Supersonic : M_=1.5~4.0

Blow down type
Test section : 600 mm X 600 mm

Space Transportation Systems Engineering Laboratory, Kyushu University

Wind tunnel test result (subsonic) AT

Kyushu U
100th Anniversa

Significant differences on aerodynamic characteristics,

highest Lift for triangle model. o/ .
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Space Transportation Systems Engineering Laboratory, Kyushu University
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Wind tunnel test result (transonic) A

L [T 4 N
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C, vs AoA (M=1.3) Cp vs AoA (M=1.3) L/D vs AoA (M=1.3)

Space Transportation Systems Engineering Laboratory, Kyushu University

Krusuu Uy
100th Anniversa;

Wind tunnel test result (supersonic) MR
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Cannot observe the significant differences on aerodynamic
characteristics compared to subsonic region

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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sl Wind tunnel test result (flow pattern) A

[Top View]

Oil Flow Visualization (M=0.3, AcA=30deg)

.

Should be clarify the effect of the separated vortices
on the aerodynamic forces

Space Transportation Systems Engineering Laboratory, Kyushu University

i e Numerical analysis : scheme AR

vusHy Uy
100th Anniversa

Governing Equation 3D Full Navier—Stokes Equation (RANS)
Convective terms AUSM-DV scheme
Viscous terms 2nd order central difference
Time integration Euler Explicit method

Turbulence model k—-w two equation model

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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.. Flow condition and Computational Grid MK

100lh Am‘\ iversary

Free Stream Mach Number 0.29
Total Pressure 1.51 X 10°Pa
Total Temperature 293.2 K
Angle of Attacks 30 deg

LB ] ]
LT T . X

\ ] Overview ﬁ
L

Grid Points : 167 X 70 X 59

Space Transportation Systems Engineering Laboratory, Kyushu University

e GOMparison of CFD and Flow visualization s
(Circle Fuselage, AA—30deg)

100%

5g50$25’¥

Aerodynamic Forces
Exp.: C,=0.14, C,=0.10
CFD: C,=0.14, C,=0.12

- Smoke : 3.5 m/s (Re=86x10") CFD : M = 0.3 ( Re=3.2 10°)

Space Transportation Systems Engineering Laboratory, Kyushu University

Growth of vortices & surface pressure

This document is provided by JAXA.
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Comparlson of CFD and Flow visualization s

IDﬂlA

(Square Fuselage, AoA=30deg)

100% 75%

50% 25%

Aerodynamic Forces
Exp.: C_=0.19, C,=0.14
CFD : C,=0.22, C,=0.17

S 002

Growth of vortices & surface pressure

Space Transportation Systems Engineering Laboratory, Kyushu University

- GOMparison of CFD and Flow visualization s
25% (Triangle Fuselage, AoA=30deg)
75%
50%
100%

Aerodynamic Forces
Exp. : C,=0.30, C,=0.16
CFD: C,=0.31, C,=0.18

Growth of vortices & surface pr€

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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rhay s Stream lines on Upper Surface A

Stream lines on Upper Surface

Pressure Contour on Upper Surface

¥
] L]
N

P(KPa)

1.5
I 140.25
139
137.75
136.5

RN
Square Triangle

Circle Square Triangle Circle

Largest low pressure region

Space Transportation Systems Engineering Laboratory, Kyushu University

-
X e
Kyusnu UsiversiTy 2011
100th Anniversary

ek

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Background .. again nx

h Anniversary

* 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

Courtesy of JAXA

Necessity of Aerodynamic Heating Reduction

Space Transportation Systems Engineering Laboratory, Kyushu University

Example of TPS A

Passive method
Heat absorption

Heat-resistant material

> B = h

Courtesy of JAXA

— Transpiration cooling

Active method Liquid
Mass transfer cooling

Gas —— Film cooling

Mechanical method

Cooling by opposing jet

Intermediate method .
Nose region
Ablation

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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" The Flow Field of the Opposing Jet s

Fecirculation Region

Kyusku UsiversiTy 2011
100th Anniversary

Tot Layer

Mach Disk

M= Pow L M; Py
-+

Detached Shock

Inter Face

The governing parameters
— The Mach numbers of free stream and jet
— The diameter of the jet orifice Recompressed Shock

— The ratio of the total pressure of jet to that
of free stream, PR

PR

Po; | the ratio of total pressure
= of opposing jet
pOoo

to that of free stream
Space Transportation Systems Engineering Laboratory, Kyushu University

Experimental Research AR

ssHU UNIVERSIT
100th Anniversary

Measurement of the heat flux
Visualization of the flow field with Schlieren method

Kyushu univ. supersonic wind tunnel

* Free stream (average on exp.)

Mach Number 3.96
Stagnation Pressure 1.37 MPa
Stagnation Temperature 397 K, 497 K
Reynolds Number 2.1x1068

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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N,

The diameter of the model : 50 mm
The diameter of the jet orifice : 4 mm
Mach number at the jet orifice : 1.0

* 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.

Space Transportation Systems Engineering Laboratory, Kyushu University

Numerical Analysis Method AR

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

* Time Integration : LU-ADI method

e Convection Term: AUSM-DV scheme with MUSCL
interpolation

* Viscous Term: 2nd-order central difference scheme

e Turbulence model : k-w two equation model

— C, termis introduced in order to prevent the excessive generation of k in
collision region. Craft et.al(1996).

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Flow Conditions and Grid for supersonic flow s

100\!1 An ‘«.mr

<Main flow>

Mach number 3.96 ¢ (jfld (242 X 160)

Total pressure [MPa] 1.37

Total temperature [K] 397

<Secondary flow>

Mach number 1.0

Pressure ratio 0,0.4,0.6,0.8

60

Total temperature [K] 300

50
Diameter of jet orifice [mm] | 4

<Wall condition> Diameter of body [mm]

Wall temperature [K] 295

Space Transportation Systems Engineering Laboratory, Kyushu University

an %

- FlIOW Conditions and Grid for hypersonic flow s

<Main flow>

« Grid (240 X 160)

Mach number . of

60 F

Total pressure [MPa]

50 F

Total temperature [K] ol

<Secondary flow> 30

Mach number 1.5
Pressure ratio 0.0251~0.0859

Total temperature [K] 300

<Wall condition> Diameter of body [mm] | 40

Wall temperature [K] 300 Diameter of jet orifice [mm] | 4.34

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

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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CCO Flow field at each PR (Mach 3.96) AR

Calculated ==

Krusuu Unr
100th Annives
e
= mang
7 0
72
A i
f

/

Experiment

No jet PR =0.40 PR=0.60 PR=0.80

Space Transportation Systems Engineering Laboratory, Kyushu University

e GOMparison of Heat Flux (Mach 3.96) A

YUSHU U
100th Annive

180000F T T+ T ™ T " T ' 5
L n EXP E
| --- ---®-- Nojet ]
1600007 e ] | Boundary layer
140000 | —o-- . transition occurs
120000 |- -
g 1000007 Heat flux increases
= 80000f %
%3 | ] due to recompressed shock
S 60000 [ =
40000 |- =
20000 - - Heat flux decreases
0 . in recirculation region
200004,/ o0y
0 20 40 60 80
0 (degrees)

Space Transportation Systems Engineering Laboratory, Kyushu University
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180000 T T T T T
160000

140000

Heat flux decreases 120000}

in recirculation region

Heat flux increases
due to recompressed shock

Space Transportation Sy

Calculate

KT G AN 7 B A B8 Ik

PR=0.0251 PR=0.0549 " PR=0.0859

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Pressure Distributions (Mach 8)

175

uuuuuuuuuuuuuu

Pressure Distributions

Heat Flux Distributions (CFD)

. I
Exp

— -0— - Nojet
- -A— - PR~=0.0251
0.8 — -0= - PR=0.0966 -]
CFD
Nojet
0.6 PR=0.0251 -

PR=0.0966

PPy

0.4

0.2

0 (degree)

= CFD pressure distribution shows good
agreement with experimental measurement.

250000 T T T T T L) T v T x
—— Nojet
200000 = PR=0.0251
——— PR=0.0549 |
= PP=0,0859
150000 -
£
=
. 100000 2
&
50000 2
U - -
g 1 1 1 1 1
30000 0 20 40 60 80
6(degree)

= Heat flux decreased more considerably than
the case for supersonic.

= Heat flux at each angles decreased as PR
increases.

Understanding the flow field

Space Transportation Systems Engineering Laboratory, Kyushu University

Mach number

Temperature

Density

Mach 8
PR=0.0859

* High density in stagnation region

U]

< L Large heat capacity

* Low temperature jet

<L

* Low temperature recirculation region

JL

* Remarkable reduction of aerodynamic heating

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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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 AR

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

U

-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 .

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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e Objective of the present study s

Krusuu Usivegsity 2011
100th Anniversary

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

Free Stream /

=

X(/

Injection Angle()

Space Transportation Systems Engineering Laboratory, Kyushu University

D Schematic of experimental facility AR

YUSHU UNIVERSITY 2011
100th Anniversary

Air reservoir

Compressor

Test section

Sampling probe
Flat plate model
~——— =_I

=
PG CC R =l

TSampIin chambers

Helium
cylinder

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.



178 FHITZENTFERA TR R IR TAXA-SP-09-003

[ . .
‘@J Schematic of the experimental model

Test section ¢ 3

Secondary gas

Free stream

Free stream

\ \ .Y
\\/ 0 0O 0 0 0 O
& . X B
T Mount o
300 lil
z
<
) X N
X o/
7.5° 520

Space Transportation Systems Engineering Laboratory, Kyushu University

D . L N/
Experimental conditions e
Gas Air
Mach number 3.76

Free stream

Total pressure 1. 12 MPa

Total temperature 286.9 K

Secondary gas

Gas

Helium

Mach number 1.0

Total pressure 0.40 MPa

Total temperature 286.9 K

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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D

e Flow visualization bV Schlieren method Rk

(c) B=150°

- separation shock wave
*bow shock wave

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

Space Transportation Systems Engineering Laboratory, Kyushu University

Numerical method ik

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-w two equation model

with Low Reynolds number effect

z

number of grid point : 116 X42 X 75

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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Stream line on surface e
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Volume fraction distribution

181

=0ln

=00l =

Calculations

015

=30deg

w0 03e

0.4 =

Experiment

X=0.04m

ook
Moo

0,005

0.015

B =90deg

o0z

0.00%

001s
b 1]

B =150deg

0.005

oms

Space Transportation Systems Engineering Laboratory, Kyushu University
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Mixing efficiency and Total pressure loss

—30deg
—90dog
— 150deg

BanE

r e
A4
i

* (mm)
-[4

%dA
LpuszdA

10 20 30

(x) =2

. { 1 (f ¢(x,y,z) <)
e(xy,2) Gf lx,p,2) > 1)

#(x,9,2) = 35x f ‘]’;Hz

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

A : Cross section of test section
: Mass fraction of hydrogen
¢ " Local equivalent ratio in the cross section dA

2ER%S

b d
W
MR
T [—30des bl
~——90deg
—150deg 508
7 i /
g P
=30 -20 =10 . ] 10 20 30 40
x {mm)
.., PP
(x)
z(x)=1-

J, pupida+ L/ pup dA

p; : Local total pressure

A : Cross sectional area at x

A, : Cross sectional area at the entrance of the test section
A, : Cross sectional area of the injector

Space Transportation Systems Engineering Laboratory, Kyushu University

This document is provided by JAXA.
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@U Considerations ke

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

\CU Conclusions ke

EFD and CFD in a university,

Research Education

Space Transportation Systems Engineering Laboratory, Kyushu University

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 Characteri

* 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)

This document is provided by JAXA.
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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
120
100

s> @
008

Rc (millions)

15 psia

N
o

o

0.0 0.2 04 06 08 1.0 1.2

Mach Number
Rc = (Re/ft)*(0.1)*(test section area)*0.5=(Re/Mft)*(0.82)

NTF performance envelope

90

80
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Chord Reyno lds Number fmillion]
N w S (4] D
[=] (=] o o o
| | | | |

-
o
|

o

0

Take-off
and

Envelope /

Landing

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

o Semi-span
~ A380 e models

P

Cl7e eBT47
A350

Full-span
models

Conventional Wind Tunnels

02 04 06 08 10 12

Mach Number

ETW performance envelope

Features of High Re Number Wind Tun

* Highly pressurized airflow

* Larger aerodynamic load on the model

* Model deformation of thin part
* Altering aerodynamic features
* Masking Re number scaling effect

In NTF and ETW

* Independent control of total
pressure and total temperature

* Separate evaluation of Re number

effect and model deformation effect

This document is provided by JAXA.
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High Re Number Wind Tunnel in Japa

* Trisonic Wind Tunnel (Japan, 2005)

— Highly pressurized airflow
(POmax=1.4 MPa, Remax=1 X108 /m)

— Cannot control total pressure and
total temperature independently

— Cannot isolate Re number scaling
effect and model deformation effect

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

Objectives

* Explore effect of model deformation in TWT by fluid-structure
interaction analysis

— Static aeroelasticity analysis of AGARD-B wind tunnel
calibration model

e CFD analysis : Discontinuous Galerkin (DG) method
= High order spatial accuracy on unstructured mesh
e Structural analysis : NX/NASTRAN®

— Examination of model deformation and its influence to
aerodynamic characteristics

This document is provided by JAXA.
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Discontinuous Galerkin Method

[ v (249 -0(@) a0

X, 1) = Z Q;(8)w; (%) w(x) : test function
' Q;(t): degree-of-freedom (DOF)
w(x) « v;(x) v;(x): basis function
(Jacobi polynomial)

ng /// UZWQ+//@\Q% Q).ndg_///QF(Q)-deQ:0

*x 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

Pointwise Relaxation Implicit Scheme

* Flux function is solely expanded

by the change of DOFs in own e %PC; AQ
computational cell )2

* Resulting algebraic equation is =F+ 0Q ZUJAQJ
pointwise ’

Z@/Wﬂm*/ viF"“(Qh)-nda—/F”H(Qh)'VvidQ:O
— dt Jg o9 Q
M'AQ; =R

size of M"= [(# of Dependent variables)x(# of DOFs)]2

M= Aitz/ vy dQ
+Z/ <8F” n) v;do — Z/UZ (aFanZ> v;dS)

Rn:_/aQUZFn<Qh> nda—l—/Q F"(Qp) - Vv;dQ

This document is provided by JAXA.
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Aeroelasticity Analysis Procedure

:" Model

* Surface Mesh :
. [Gridgen®]

CFD Spatlal Mesh
C [Gridgen®] )(—( Surface Mesh )(—(

CFD Analysis

[DG solver]

Shape

187

Nodal
Displacement

FEM Analysis
[NX/NASTRAN®]

Surface Pressure
C Distribution )_)( Nodal Loads

Supersonic Flowfield over AGARD-B

Numerical Schemes

* RANS equations

* 2nd order DG method

* Pointwise relaxation implicit scheme
* AUSM-DV upwind scheme

* BR2 formulation T
i 356,201 cells (1.4 million DOFs)
e Spalart. A!Imaras turbulence model AR AL bl i,
* Slope Ilmlter | 19485 AGARD-B model configuration
* CFL=10°
. . 60deg - -

Parallelization g 2
* METIS grid = o = |8 |R

partitioning
*x MPI Library 62.5 10515
* Xeon Dual Core I 2508 i

3.0GHz x2 (4cores) ) 6375 T 53734 ’ unit=mm

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

Angle of  Side Slip Re number Total Total
Mach 3
number Attack Angle x10 Pressure Temperature
[ded] [ded] [1/m] [kPa] [K]
Casel 14 0.098 -0.005 27.6 167.1 2764
Case2 14 4.303 -0.003 27.8 167.0 274.5
Case3 14 8.535 -0.001 279 167.1 2739

This document is provided by JAXA.
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Convergence Histories

Baseline Computations

-1 1.2
=4 =Casel (¢=0.098) —Ar =Casel (a=0.098)
15 ={1-=Case2 (0=4.303) 1 p={]-=-Case2{¢=4.303)
T2 [=0=Ca863((=8.535) —0O—Case3 ((=8.535)
= 0.8
S
] -2
= 0.6 L
$ O \
o
= 2.5 [N 0.4 §
2 > ‘\‘l" :1\/
| ) —— N - -
A -"'------1}.- e pim[ lan i@ 0.2 "-E = L gt
_3 -
h\.gﬁv...‘. Mow ¢ o d N viin s 04 0 B Ay Ao a
-3.5

-0.2
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Iteration Iteration

* L, residual and C; are converged within 3000 iterations
* L, residual decreases only for 2 orders of magnitude

Aerodynamic Coefficients

Baseline Computations

0.5 : 0.2 :
—@—Present —&—Present
—[* -Experiment —[F -Experiment

0.15

0.4

0.3 7
~
0.2 g / P o
/ R - = <
0.05 e
0.1 ng

0
b" 2 4 6 8 10 0 2 4 6 8 10
a [deg] o [deg]

H

&

\

o

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

14
This document is provided by JAXA.




190 THMTZEWI R ER TAXA-SP-09-003

Aeroelasticity Analysis of AGARD-B

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

A
Yo" “Adapter
Flowfield computation ”

* RANS equations AFL(E)Z\(/)‘Or(T)]%%Gc_\iIes

* 2nd order DG method quadratic element
* Pointwise relaxation implicit scheme
* AUSM-DV upwind scheme

* BR2 formuration

* Spalart-Allmaras turbulence model
* Slope limiter

* CFL=10°

* Model deformation analysis is only considered for Case3 (x=8.5)
* Maximum wing tip displacement is 0.737 mm

This document is provided by JAXA.
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Converged Deformation along Traili

0.8
—A¢ = 1st iteration
0.7 Fuiew2nd-iteration
0.6 =—O=3rd iteratian

05 /.

0.4

0.3

Displacement, mm

0.2

0.1

—
0 0.2 0.4 0.6 0.8 1
Spanwise location

* Convergence is obtained only within 3 iterations in this case

0.42 T 0.16
® Deformed shape —@—Deformed shape
-V -Originalgshape =W =Original:shape
0.41 ={]-=Experiment 0.14 L-{-=Experiment
B 4
' 4
v~ 04 5Tty oS 0.12
’ "
P - ""
’ ,l"- _______ -9
0.39 |- T n? 0.1
ad
-'
-
----------- —'--_---G
0.38 0.08 =
8.2 8.4 8.6 8.8 8.2 8.4 8.6 8.8
o. [deg] o. [deg]

* C, decreases 0.0047 due to model deformation
¥ Cpdecreases 0.0018 due to model deformation

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

This document is provided by JAXA.
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Concluding Remarks

* 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 Tmm
— AC. and ACp 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

This document is provided by JAXA.
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Prediction of Wake Turbulence
under Actual Atmospheric Condition

Hiroshi Kato, Takashi Misaka, Shigeru Obayashi
(Institute of Fluid Science, Tohoku University, Japan)
lzumiYamada
(Electronic Navigation Research Institute, Japan)
Yoshinori Okuno
(Japan Aerospace Exploration Agency, Japan)

Second Workshop on Integration of EFD and CFD
February 23-24, 2009 (Chofu, Japan)

Outline

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

Objective of this research
Approach for wake turbulence simulation
Doppler 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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Backg Frou I"Id -Wake turbulence-

/— Wake-
generating
aircraft

= 7
>—Roll-up
region

4 - Plateau

/, region
== Trailing aircraft \_

(axial encounter)

Decay
region

J.R. Chambers, NASA SP-2003-4529 Discovery Channel

Wake turbulence
B Wake turbulence, which generated two vortices from wing tip stay behind,
is dangerous for a following aircraft.

B 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.

L: lift, p: air density
V: velocity, b: wing span

Wake turbulence-related accidents
B There were 3 accidents during the past half decade in Japan, and 200
accidents during the past two decades in the United States.

Backg round -Need for realistic conditions-

Calculation of whole aircraft

» Detailed analysis of wake
turbulence’s behavior

» Difficulty in incorporating
actual condition

K. Hueneche, AIAA2001-2427

Without turbulence With turbulence

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

This document is provided by JAXA.
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Backg I"OUI"ICI -Data assimilation method-

Developed in meteorological and
oceanic from the 1990s onward

Method for accurately estimating
the complex time evolutional
system, such as atmosphere, with
observations (experiments) and a
numerical model

| Data assimilation
method

\ Approach method to integrate
\ observation and numerical

simulation research

' : I ’ Numerical
(Experiment) simulation

Background

-Two major approach for data assimilation-

e |nitial flow state is modified based on measurements

wrikrhi 4+~ inA AF +;
Witnin Ceéitain perioa Oi time
Flow State
Measurements

Modification of
initial flow state

e .
Sequential approach
(e.g. ensemble Kalman filter)

e Flow field is modified when measurement are obtained

Flow State Measurement i .
\ Trajectories of
Reproduced Tow state ensemble members

Real flow
Assimilation

This document is provided by JAXA.
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Back gl"OUI"ld - Data utilization in CFD and NWP -

A few hundreds meters to A few millimeters to

Flow scale .
several tens kilometer several tens meters

Application Weather forecast Aircraft design

Relationship with Comparison (validation), Comparison
measurement data ASSIMILATION (validation of CFD code)

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

Back ground

- Toward prediction of wake turbulence -

=)

Previous P

method Assume
Initial, Boundary

conditionand
Vortex parameter

» Able to retrieve wake turbulence in
detail by using its lidar measurements
after 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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Objective of this research

Prediction of wake turbulence
under actual atmospheric conditions
pefore the aircraft’s take off

» Approach : Data assimilation method (CFD + Experiment)
(four-dimensional variational method)

If 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.

Approach for wake turbulence simulation
- Doppler lidar at Sendai airport -

® Aerosol : Tiny particle or dust

e which is floating on air
[ J

s . -

Aerosol moving velocity

= wind velocity
Scanner

B Distance resolution
3om (High accuracy compared to radar)
B Maximum measurement wind velocity
more than equal to 3om/s
B |aser wave length
less than equal to 0.5m/s
B Scanning velocity
maximum 2o0m/s
B Eye-safe wavelength

B Available to measure in fine days
Doppler lidar (ENRI)

This document is provided by JAXA.
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Measured velocity distribution
at Sendai airport

Sendai airport

Measured velocity distribution
at Sendai airport

Take off at Sendai airport Radial velocity

This document is provided by JAXA.
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199

Approach for wake turbulence simulation
- Attempt to predict of wake turbulence -

Present approach

] ([ )y

VRHI

r 4D-Var

Simulation

Assume

Calculation by

)

Set
Vortex model

Initial, Boundary
condition

Previous approach

Calculation by
4D-Var
(bogus vortex
method)

Shemd

Assume
Initial, Boundary
conditionand
Vortex parameter

=
Z
LES

Approach for wake turbulence simulation
- Attempt to predict of wake turbulence -

Advantage of this approach

When the change in atmosphere is
little for a long time, we can
determine the separation time of a
following aircraft’s take off or
landing based on the simulation
outcome of a few hours ago.

We don’t need high accurate wind
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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Flowchart of 4D-Var method

— 1. Simulate lidar measurement PN
process during CFD computation o e

(Acquiring virtual lidar measurement)

v

2. The difference is defined as a cost function:
n &W r
v

3. Minimization of the cost function
. . . . Flow State
using adjoint equation method Messuements

-> Retrieval of unsteady flow field Modification of e 4
. . . . initial flow state 1 ~Reproduced flow
which agrees with time-series ;

lidar measurements

“Real flow

Measurement conditions for data assimilation

Observation date for data assimilation
December 11 2008 16:07 (For about 9o[s])
Observation date for wake turbulence
December 11 2008 16:15
Target aircraft
Boeing 777-200 (relief service)
Weather condition
Weather cloudy Boeing 777-200
Wind velocity 4[m/s]*
Wind direction SSW¥* Category Heavy

Pressure 1007[hPa]**

il 60.
Temperature 14.5° ** ing span 0.9m

Length 63.7m

*  Japan Meteorological Agency
** METAR

This document is provided by JAXA.
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Setting of computational domain
and lidar azimuth angle

Sendai airport

Results - minimization history of cost function -

Actual lidar
measurement
(Radial velocity)

Objective fl.ndi?n

4
Iteration

Pseudo lidar
measurement

(Radial velocity)
This document is provided by JAXA.
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Results -Assimilated background wind field-

Iso surface (Velocity magnitude)

XZ plane (Velocity magnitude) YZ plane (Velocity magnitude)
(@) b)) d)e)

Results

-Assimilated wind field
on measurement plane-

200°
Actual Doppler Li

(a) 200 °
Pseudo

This document is provided by JAXA.
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Wake turbulence simulation under actual condition
- Superposition of a vortex pair on assimilated wind field -

=

a

==
=3

‘ - . ul
z
— N Dl mo—

T N
coococooooo—
[N TY= St =Y =

Iso surface (Velocity magnitude) Iso surface (Vorticity magnitude)

‘ﬁ__,

Superimposed simulation

Iso surface (Vorticity magnitude)

This document is provided by JAXA.
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Results

-Comparison between vortices under uniform and assimilated wind field-

Iso surface (Vorticity magnitude)  Iso surface (Vorticity magnitude)
Uniform stream condition Assimilated initial condition

(@) b)) (d)e)

Results

-Velocity distribution
on measurement planes-

Actual

(@) 200 °
Pseudo

This document is provided by JAXA.
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Conclusions
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
performed to predict a behavior of wake turbulence in advance.

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

Difference of vortex pair’s decay between in uniform and
assimilated wind fields showed the effect of actual conditions.

Thank you for your kind attention

This document is provided by JAXA.



%62 [0 EFD/CFD @g T —27 v a v/ 207

2008/02/24 Second Workshop on Integration of EFD and CFD %‘4

JAXA TO)LITZFA8 4T YyRRAR:
TOR)LER D B F

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

Atsushi Hashimoto, Keiichi Murakami
and Takashi Aoyama
Numerical Analysis Group (NAG)
Japan Aerospace Exploration Agency (JAXA)

Concept of digital/analog hybrid wind tunnel A |

[ digital/analog hybrid wind tunnel _}

A

—| EFD(analog wind tunnel) | CFD(digital wind tunnel) [
300cases/20days

Testing plan/ model

manufacturing

Virtual testing Wall/support

participation correction

Design of
experiments

Image flow tngl CFD parameter tuning
measurements : (turbulence model, grid)

2D/3D data analysis testing
acceleration

EFD.”CFD data fusion

@ EFD/CFD integrated

| database

Technical .
Automath grid
generation

Fast CFD solver

2
This document is provided by JAXA.
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Concept of Digital Wind Tunnel %4

Grid Generator Flow Solver

b~

( Fast System (NAG)

| FaSTAR
HexaGrid
New fast solver
Full Automatic Cell-center
Hexahedron-base RANS
\ Multigrid

It

/| Reliable System (APG, Tohoku Uniyv., Univ. of Alabama)

- - =

Reliable solver
(many practical
accomplishment)
Cell-vertex

RANS
%

Semi-automatic
Tetrahedron-base

P e B B B B B R S e e e e e e B O
'l Fast System (JEDI) |
I : RANS, Cell-center 1
, . Full Automatic LS-Flow . =

i LS-Grid  Hexahedron-base SIpRIEEET i Gl IEE :
N o o e e e e e e e e o e e o e e o - o - - o o o e =

Concept of Digital Wind Tunnel *#4

Grid Generator Flow Solver

I

( Fast System (NAG)
HexaGrid

FaSTAR

Fast grid generation
Fast flow solver

New fast solver
Cell-center

Full Automatic
RANS

Hexahedron-

\ High-quality grid generation Itigrid
L Fast flow solver
/| Reliable System (APG, Toho Univ. of Alabama)
Fast grid generation
M EGG 3 D Reliable flow solver JTAS
Reliable solver
(many practical
Semi-automatic accomplishment)
Tetrahedron-base Cell-vertex
High-quality grid generation RANS
\ Reliable flow solver
S e e e B e e B e e B R B R A ) e B e e e e e e e N e p e e s ) BN
: FeEis sy (IEL) RANS, Cell-center I
. Full Automatic LS-Flow . > =0 =
i |
] LS_Gnd Hexahedron-base Mainly spacecraft applice tlc}m
NS — -

This document is provided by JAXA.
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Concept of Digital Wind Tunnel #¢#4

Grid Generator Flow Solver
_ FaSTAR
(1)HexaGrid
New fast solver
Full Automatic Cell-center
Hexahedron-bas RAN.S .
Multigrid
‘/Feature Of methOd Univ. of Alabama)
vImprovement for NS simulation Fast grid generation JTAS
\/Examples Reliable flow solver Reliable solver
*ONERA-M6 (many practical
*DLR-F6 accomplishment)
Cell-vertex
\ RANS /
‘| Fast System JEDI) E R =
: LS_Gr|d EZIJ(:#(:SE?mt-IEase LS'F'OW Mainly spacecraft applicz ti?n
Features of HexaGrid LPXA
HexaGrid :

Automatic grid generator based on hexahedral grid

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

e Input multi-component geometry in STL format

e Run on ordinary PC

This document is provided by JAXA.
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Input Data LKA

e Triangulated surface in STL (STereo Lithography) format
= can be made by most CAD software

e\/ery tolerant to “dirty surface mesh”
e Unconnected triangles = non-water-tight surface is OK
e Small gap, overlap & intersection are OK
e Any triangle size is OK

ga overla

intersec

*2D illustration, the actual is 3D

Mesh Refinement Control 44

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

] Y Reﬂnementbox
(1) Solid surfac_e:_if-'ﬁ -------- A

i Example of
mEEammmERE: T Refinement box
(2) Solid surface w1th. EENENEENEE )
large-curvature -1

This document is provided by JAXA.
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Feature capturing LXA

Previous version of Haxagrid

STL data
Latest version of Haxagrid

Grid surface

Prismatic Layer Control LKA

HexaGrid was developed for Euler computation.
= Improvement of prism layer quality for RANS computation

e ONERA-M6 wing

The first layer thickness=1.5x10->m
Expansion factor=1.2
(The spanis 1.2m)

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

ess control off Thicknes

[

This document is provided by JAXA.
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Splitting of non-flat cell %™

Non-flat thin
hexahedral cell

e

Y

Center of the cell may
be outside of the cell

Hexahedron on Pyramids and
Non-flat faces

top of prism stack « tetrahedra
L)
are split into

= triangles

Quadrangle- w#
based prism Solid surface

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

Grid Generation Speed XA

Coarse Fine
grid 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 12 sec 32 sec intelcare2 bag 17700
> g 2.4GHz CPU, 2 GB memory

Cartesian cells
T'T“e to.generate 19 sec 63 sec
prismatic layers

— Very fast grid generation

This document is provided by JAXA.
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Validation (ONERA M6) ¥4

Comparison of drag coefficient
with other results

Good agreement was obtained

0.0200
0.0180

CcD

0.0000

00160 [
00140 T
00120 £~
00100 27
00080 F_
00060 —
00040 F—
00020 [—

OTotal Drag é

W Friction Drag E

EPressure Dragf ==

HexaGrid
{coarse)

HexaGrid MEGG3D TLN3D CFL3D

(fine)

(fine)

HexaGrid HexaGrid MEGG3D TLN3D CFL3D

(fine) (fine) \ f

(coarse)

0.1

!

HexaGrid MEGG3D

\ [
T T Structured grid
(Bonhaus. AIAA 1990)

Validation (DLR-F6 FX2B) %4

0.7

06

05

03

D04 [

02 [

R

******************************

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

—=— UPACS

—4&— MEGG3D+JTAS
—o—HexaGrid(Coarse)+JTAS
—#— HexaGrid(Fine)+JTAS

|

| |

—————————————— s UPACS
—4— MEGG3D+JTAS
””””””” —o—HexaGrid(Coarse)+JTAS
0
-3 -2 -1 0 1 2 0.0150

AOA

0.0200

0.0250 0.0300 0.0350  0.0400

CD

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

This document is provided by JAXA.
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ital Wind Tunnel %64

Flow Solver

Gridgen
(structured & Unstructured Grid

| —

( Fast System (NAG)
HexaGrid

(2)FaSTAR

New fast solver
Cell-center
RANS

Multigrid

Full Automatic
Hexahedron-bas

(1%

\
N
| — v'Concept, Target
/| Reliable System (APG, Toho v'Configuration, Plan
v’ Examples
M EGG 3 D Reliable solver
(many practical
Semi-automatic accomplishment)
Tetrahedron-base Cell-vertex
RANS
N
S R —— =5 I — =
'l Fast System (JEDI) i
i . RANS, Cell-center 1
: LS-Grid Eiligﬁgggi?;ase LS-Flow Mainly spacecraft applice ti«})n
Target of FaSTAR :5#4

FaSTAR ( FAST Aerodynamic Routines)
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)

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

n.c2s I —L

v

: 5M grid
1£W9Ty /32/

CD-CL*2/(PIAl
R
n
y

K

| NTF DATA, Run 96, CL=0.50 |

TS IS A A S P S W |
1E-DE 2E05 3E-06 4S.0E EE-0F AE-0R
GRIDFAC=1/(GRIDSIZE)"2!3

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

This document is provided by JAXA.
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FaSTAR configurati

215

i

on(1)

FaSTAR ( FAST Aerodynamic Routlnes)

__________________________________________________________________________

MEGG3D HexaGrid
_EF_'_F’9?!!_(§_t__r_l_{9t_‘_{_r_‘?9__?}__L_JI‘_?’EFH_‘?F_HFP?_‘?'_9.['9'_)___
[ -Data structure conversion
-Surface area, Volume

-Reordering
Cell quality check

Pre-Process

-Flow solver
(using minimum data)

Solver

V

Post-Process

4

*Visualization data

. Aerodynamic force
' Visualization (Fieldview, Tecplot)

Improvement of
—— development effic
and maintenance

FaSTAR configurati

Separation of process
Compact design

Development tools
v'Subversion

vTrac

v'Doxygen

Development based on
coding rule

[ - st - e - e
STy

@ -c
Trac Lightning

ol

ot

Trac Lightning

iency

on(2) A

Employed Schemes

Governing Equation:
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

Euler, Thin layer/Full N-

Survey of well-
known CFD code

JTAS

S

NSU3D
BCFD
EDGE
UG3
USM3D
FUN3D

Cuthill Mackee reordering
=Hyperplane reordering

FaSTAR data structure
Cell Almost all loops are
written in face loop.
face2cell »Gradient
> Flux
Face »LU-SGS sweep
BD Face

(speed up by 20%)

This document is provided by JAXA.
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Domain Partition LHXA

Zoltan toolkit includes the following methods

Recursive Coordinate Bisection (Berger, Bokhari)
- . E A 3 i i
- Recursive Inertial Bisection (Taylor, Nour-Omid)

- - s
- e:zim]

. [
. = . - Space Filling Curves (Peano, Hilbert)
Refinement-tree Partitioning (Mitchell)

Graph Partitioning
ParMETIS (Karypis, Schloegel, Kumar)
Jostle (Walshaw)

3

Hypergraph Partitioning & Repartitioning
(Catalyurek, Aykanat, Boman, Devine, ¥}
Heaphy, Karypis, Bisseling)

PaToH (Catalyurek)

(Zoltan tutorial)
Examples of partitioned grids

Plan LKA

2008 2009 5010
20 30 40 10 20 30 40 10
Survey
reppration Euler s = Multigrid,|GMRES
—> Parjallgl
Zgltan Validation
_£qitan .
Tyning Tuning
>

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

This document is provided by JAXA.
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Concept of Digital Wind Tunnel %4

Grid Generator Flow Solver

[N

Fast System (NAG)

- s
\&

/| Reliable System (APG, Tohoku LU

- A

FaSTAR

New fast solver

Full Automatic Cell-center
Hexahedron- RANS .
Multigrid

llnivy nf Alabama)

(3)JTAS

Reliable solver
(many practical
Semi-automatic accomplishment)

Tetrahedron-base Cell-vertex
\ RANS
Er T TR~ v'Installation of RCM portal
' | Fast System (JE[ﬁI) v'Whole wind tunnel simulation
. Full Automatic ;
i
| LS-Grid Hexahedron-base (Porous wall modeling)
S
HexaGrid+JTAS workflow system
RCM(R&D Chain
ot v e Fetes . iz .
s R | En— — - Management) is a
_,ﬁj‘“”‘l—"‘“‘“j%— ‘ i Visualizaéion_[ . j middleware integrating web
=k E[EEE | e _hj_jr__ Ija:__wus = server, control Server, and
: A database server.
e Mﬁ
Job submissiDE=TE b et rofeReing @%#m Baih mn\
Q # | . /'::”“ P fa
Grid registration |Pre-processing e "i%
..;... Co JiI”LE't;L‘g_encahistary
Ny { SO
::E;‘:—f:;;:m ';:________ - ROMT 74 1l H = 3 RCM-Con troller
i -am-h:-u - "/:/ \‘\‘lﬁ}*ﬁpc
_ [ SErR | N
Job information e S EEIARE
jx Tr—Brt— A= —
o [l RCM-CE

il [ e . \ 225 LAERED /

v'User can make registration of grid and result data.
v'User can search the data using the database.
vUser can submit and monitor jobs from the web. Quatre-i science
v'User can visualize the result from the web.

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

This document is provided by JAXA.
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Transonic wind tunnel simulation %‘4

ONERA M5 modél

2

i

Test section

Intake
Porous wall

Experimental conditions: M=0.84, AocA=0deg
Re=1.67x10% (Re is based on MAC)

Computational conditions

inflow conditions: P,/P=1.58, T,/T=1.14

Outflow condition: P, ,/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 ’5#‘4

1. Solid wall computation

08
016 |

014 |
012t
& 01 P

008

Blockage effect

pr el | ] f
| ,-_.:..-.’,.» | i d_#____‘ 1
side wall | f
— [E-.— M5 N

004
—>
1]
5000 6000 7000 8000 9000 10000

STA

L

02

18 T H

016 i 1
Porous wall effect can be reproduced . : : |

2. Porous wall computation

using the Harloff model.

& o1
Streamwise pressure distribution = W it
becomes flat. oos ol | MO
| p Porous wall
DSIOC(J ;000 7000 8000 9000 = 10000

STA
This document is provided by JAXA.
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Transonic wind tunnel simulation ’%*A

1. Solid wall computation

Blockage effect

5000 6000 1000 8000 S000 10000
STA

Lower wall _
2. Porous wall computation

085

Mach number computed with ~__»
isentropic relation

= - = ‘:‘I
. Porous wall R
Transonic wind tunnel simulation ’94'*‘4

014

o0s Lo | MD
o2 " Porous wall

5000 6000 7000 8000 9000 10000
5TA

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

This inflow may interfere the downwash from the model.

This document is provided by JAXA.
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Concept of Digital Wind Tunnel %4

Grid Generator

(2)FaSTAR

New fast solver
Cell-center
RANS

Multigrid

(1)HexaGrid

Full Automatic
Hexahedron-base

v'Concept, Target
v'Configuration, Plan
v Examples

v'Feature of method
vImprovement for NS simulation

=TT

(3)JTAS |

v’ Examples
*ONERA-M6 Reliable solver
-DLR-F6 (many practical
accomplishment)
Cell-vertex
\ RANS
] _F_a_st_éy_sze_n; ZJ_EEJE) _________ | vInstallation of RCM portal
: ., Full Automatic v'Whole wind tunnel simulation
S LS-Grid  Hexahedron-base (Porous wall modeling)

This document is provided by JAXA.
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4K

IAXATRIL/7FHas -4 T1)yRREH:

7FraJ REROLES R
JAXA Digital/Analog Hybrid Wind Tunnel:
Speed-Up Technique of Analog Wind Tunnel

2009(H21)&F2 A 24H
FEMENTFFEEE FAEFRRED
BEHEET
Naoyuki FUJITA(JAXA)

Agenda

What is PIV?
Motivation of Speed-Up PIV
Some candidates for Accelerator

Speed-Up Evaluation using Cell/B.E.
Future Work on Speed-Up PIV
Conclusion

>¢Many Slides are in Japanese

This document is provided by JAXA.
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ZELEE 5T A A

- MEFHEEFAZERVRARRICET2ZEREEISETRIOBEMS

- HARYDRENGEOEHRGERUHEEDOERE
- AL FBMFOERRARERBZAD-OOERT —4F

. HETE

(a) RETAl  BREEET
5% (or 77L) EN—&E (E¥EREIZD H)
LDV (Laser Doppler Velocimetry)

(b) EETAl PTV (Particle Tracking Velocimetry)
PIV (Particle Image Velocimetry;
L F B TRIRAN E )
DGV (Doppler Global Velocimetry)

2009/2/23-24 Second Workshop on Integration of EFD and CFD 3

PIVD I 5E [R I8 :ﬁm

L—HHRDL—FHF~D
2[(0 @ )DEST

& —HF D ER

u

iR = fFHENEERE / i E P

Ax L—4—F

2009/2/23-24 Second Workshop on Integration of EFD and CFD 4
This document is provided by JAXA.
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PIVORT LDEKRER KK

2D PIV
BEAXKE
SRR
e ——
-— 2 5. Y %
Y- 4 m%ﬁ[ REAR { J
—/—1=
BB/ LB EE
2009/2/23-24 Second Workshop on Integration of EFD and CFD 5

PIVETRIFIEES R T LFERL ’%#

= oBatd s |- 2—E: DOS (Dioctyl-Sebacate, DEHS) <5

HIFEEAT D (FERMREK, FHHFE 05~1umiZE)
l . L—H—: A TIL/VLAND:YAGL—H—
RFZHELED (1 J or 200mJ/pulse @ 532nm. 10 Hz)

l

. CCDAAS: ME/AXAYL—LavhirS 28&

AFERERET D (2048 x 2048pix, 12bit, 4 image pairs/sec)
l (1280 x 1024pix, 12bit, 2 image pairs/sec)
K FEREZBRRTS PC: 3.0GHz Dual Processor
1 (OS: Windows XP)
Y2k x7: LaVision DaVis7

THREST 43 (TSI Insight NT 3.34)
(FEHiR. i)

2009/2/23-24 Second Workshop on Integration of EFD and CFD 6
This document is provided by JAXA.
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PVDR| - R =

- SFEARETA

- S D BB SR FE 15 VR B AT A
TSN LA T SIFREAF

—_ Ly 24

E(EEHAID A UR)

—  REE (BR, EF—B) L ~FRIRFE A2

y 92

D"’ﬁsﬁ MiERE . FEXTEYIZIE
- ‘/—F*_L?§mfm, IJ:I:/-\T%)Z‘
-ty TAaVT . XX )TL—ar ERARNEH

2009/2/23-24

Second Workshop on Integration of EFD and CFD

—AHEL—F: B (BRINEBICEFREE)

7

JAXAIZE 1T HPIVETEI5I S

- \FH

JOo oM E
ya

~[

2ZvIEAYFN

=

952087 0—8’
HHEBRN

BEHS VN F SR |

L1 1 L L 1 22
=500 -400 -300 -200 -100 0

X (mm|
BEROT Y

-

: 6.5mx5.5m1E X &

: 2mx2miK R &

-: 2mx2mB & &R &R

2009/2/23-24

S-op on Integration of EFD and CFD

8
This document is provided by JAXA.
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Motivation of Speed-Up PIV #

BIERTLAPIVY RT L
« ERAPIVY Ik 7 (LaVisionttDaVis Ver.7.2)
o RFTLAPIVALIE(PIVAAS2E ; 2k X 2k[H 3K)
s PIVALIE/ NS A—4A
- MEEBRYAX:32x32EF. ;F—/\—5vT:50%. BIRANIE: 20
« 1,000ty AUNIRIZEF LB (Intel Core2Quad 2.4GHz)
— 1CPU:18.8H%fH. 8CPU:2.7HFH

IEH:O)PN&ME%JILE

REREARSI R VA VIR DA (10~50t v DA THSEHE)
o TADIELDOFEX, ANGOHMTMIIEH=>IET —FDESHHEZEDH
o HEKRT®HR ERXGPIVILIE LB T (I2~4ERE

FEI
ut%ﬁq: CFD%i%%to) ni%mtti)ko) n¥1ﬁ7b\®¥ﬁ

o FHRFERZRBRLIZEMET R AR 2

Motivation of Speed-Up PIV(Cont)%#A

158 B 2:8H HE~
PIVT — 5 ILEE
() -
9:00 10:00 11:00 | 12:00 | 13:00 14:00 15:00 16:00 | 17:00 \/
AHERE R i ——— I I
_(;_iﬂgér@z%) EIZRVN
B RS
(F—S IS T 4ER5R) 1 -
BET— SR / — 1
(RAL =Y ~DERAF)
PIV?‘_G‘@ ﬁ/
9498 ME\
PIVT—
T ] [ | ]

EZRVN
e AREIL BT —ADREMHERDH

IEXGPIVALED# T (F2~4BfE &
fERE =
« ER+. CFDRERF LD LLE D FTM A E 2
o FHRIRERZERBRLUIBIEHRIA R EE

This document is provided by JAXA.
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S E L OHRETEIVOREEE A

SHE X R DPIVALIEE 4
HE HAZ
IL—LY AR 2000 X 2000[pixel]
BAGREEE) 32 x 32[pixel]
BREEHDEHEE 50%A—/3—5vF
EEEE 17X 17(-8=x=8/-8=<y=8)[pixel]
ZB(Ei# AL 48 x 48[pixel]
LpixelDF—HHAX 16,3843 38] (14bit-E/~0)
ket . B2 EPifix R OPIVALIE R
B AT \ l,‘l J 2000pixel(124vector) |
HAZFEDI/F @W@@ W& ‘7 T -
DaVis 50%A—/"—F v
< "\\ _ 32pixel
I AR LEALLEE DA
= = S | Ak ;
MRS [ pil | GBA) | T hmeadil o)
P i AT A e '
! E =| E A4 : _
«— 8 — >
Accelar AR AL 5
ator 3 50%A—"—F v 7
< =
FHRE A e §
N
l‘. ! 3CqkaE
2009/2/23-1 PIV%EEE;?‘%*@T%M Workshop on Integratiem¥etB—sae-c-= 1

2D PIV&3D (Stereo) PIVD EEER A

220 me
-HAS 18

-ERE 265 u, v (L——L—FER)
- BELE TN (L— ——MIEE)

0

b) 3D (Stereo)
-hAS 28 ’
-RE 3k u, v, w
- BRELL UL G A SE OER)
-AASHREMENOEHHES
-BEIRATYUTL—arh o0 EM

2009/2/23-24 Second Workshop on Integration of EFD and CFD 12
This document is provided by JAXA.



%62 [0 EFD/CFD @g T —27 v a v/

EIRIEDOFRET HPIVDALIE

A7

227

A0

J e F 2D PIVIZE T2 K AIR 0 B
RAID7 427 (47—

ALBRIER T eI — T
DaVis PIVALEEIE H [ms] LUA DB OEHES
TER g A LE AL
H Al TR AL B 33.2 Bl
[LIESiZ U]
- i 25T AL (2D L) ke
Accelar [ AR/
ator ¥ I 10619.5 W
[ DavistOyE R AR
TR -/ A LR 99.1 HAH
3C{kinEs
3C khnss @2DD7=HHEL) e
B PIVLEZERBE
2009/2/23-24 Second Workshop on Integration of EFD and CFD 13

Some candidates for Accelerator A

200949A 14-16H
BEFRF

HAEHBFESERKRE

FHE IR

FIRER M IA—5 L

S E O -ER
—GPGPU, FPGA, CELLa>Ea—F4245 —]

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

Study Iltems

- Speed-Up ability
*Price

- Stable Supply
Operation Cost
-User Environment)

PC Cluster

14
This document is provided by JAXA.



FHITZERTFE R TR R

JAXA-SP-09-003

Speed-Up Evaluation using CeII/B.E.(l/S?i
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Speed-Up Evaluation using CeII/B.E.(‘:‘»/S)fj
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Speed-Up Evaluation using CeII/B.E.(5/8)£d
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Speed-Up Evaluation using CeII/B.E.(7/8)7£j
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Speed-Up Evaluation using CeII/B.E.(8/8)3‘!j
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Future Work on Speed-Up PIV S
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Conclusion A

e Whatis PIV?
* Motivation of Speed-Up PIV

At the measuring time= =+ ‘
> From check of effectual measurement setup
To evaluation of phenomenon
>To realize comparison with CFD results etc.
> Additional measurement reflect from measurement result

* Candidate of Accelarator and Evaluation of Cell/B.E
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[Can EFD/CFD Integration Minimize Uncertainty?]
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Pane! Discussion
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HELFE LZ, “Can EFD/CFD integration
minimize uncertainty?” & % A F/L23EEIRE LT
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DEFRZEZL-OMV T HTEDIT,
EFD/CFD fit& &9 2 SO EHED EFRZ AN
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What is Uncertainty?

mDiscrepancy from True Value
EFD: measurement uncertainty (calibration, data acquisition,...)
CFD: computational uncertainty (grid resolution, convergence...)

mDiscrepancy from Flight Conditions
EFD: model deformation, wind tunnel interference,...
CFD: turbulence model,...
Design: Reynolds number,...

:> Can EFD/CFD integration minimize
these uncertainties?
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S s Ui bt |
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FHUDO RIS LD Z & TT, BEFD L3l 213
JEGRFER 72 & EWRFUER Tf ©H 22O PRELS 4 311
THLNH T ETIR, FHENCIIRI TS O
MNPIZEALTVET LV STZERTO
uncertainty T3, TIZEAEIZ EFD TE 5\ o
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OYBRETHET 2 L IO PO RHENS 25
tre Vo z LI HORPE T B EADHFH TEA
RN S ERDR > TENNEALEAERI N
TV EWn ) ZADEERIZ EFD 28154
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OV ERREN o7 L LTH, 21X EFD
WZOW TN ~ & i f 22 < AR CFHIT
TTNHLELTH.CFDIZD&EELThEhbAl
FREALHH L L THEREXEBNTEbALIEL
WEZBRH TS ELTH, ZENNFEBRICE L D
RKOTNDEZRDONEND LT LHZhEE
ITIHARNWIEAI LWI 2L b b ET, MRF
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DIIMZZ 53R L TH 2T FERATRIFIZ BT
HIEENMHREL WO Z LT D LS DTT D,
EFD TIELKHNTHZNNERMET T A =
VT4 a VCEB LTS ENWD T EEST L
HE RV E W) EBETO Discrepancy from
flight condition T, ZH AR H H —DODRKE 77
uncertainty (2725 D TlI7en bt BTk D %
o

L EMEICEVET L EFDICSEELT
IREVHFRER & SV TH RV & B E 3753,
JEWAFRER CTIE L < FHIITE 72 & L TH ERRIZITR
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TOT, THA U LR & ITE TR R -
TLE I, TIADD THFEMO X OB ITEEA
b ETOTEORENBEH TR, Z00D
PR - 28 PR e D & ST R 22 0 TRCRR R
THRDUENRD D, TOXFHENRHD E VD D
FETHICT7 T4 b ETaED K CTEHHIZIT> T
WHEWH ZETEND, WiHRARE 774 H &
DEIZIEF Y v TRHDHEND ZETT, TR
— D@ uncertainty (2725 W95 Z &L TT, £h
2 5 JEGREER TIIAT RO LA /N R B
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721 OO uncertainty E WO HLOHLEENTWD
LWnwH ZE, Z?DX 9T uncertainty 08 L T
HIZDTT R, METZERZ/NS LT 581213 L
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EFD/CFD # EFEHHAEDLEDLZ LIZL ST
7% % @ uncertainty % minimize 3 5 Z & 3 Hi2k
HOTERNNE NI ZLEZBZLNORSHD
EFR— 3 TT,

What is EFD/CFD Integration?

ESimple combination of EFD/CFD data
(e.g.) Double visualization of EFD/CFD data

BEFD for CFD
(e.g.) Use of EFD data to CFD initial/boundary conditions

BCFD for EFD
(e.g.) Wind tunnel interference correction using CFD

EComplimentary use
(e.g.) ??

W FHRATETR RN
S b i by

wIiZZ %t EFD/CFD @i &9 o=
REWVWHZETT, ThbBxREXTNRHD L
BODTTN, RESZITDHE 4D BV
BNDHDTIHRNNEBZTWET, —FHMR
DX EFD ®F —4 & CFD OF — % % Bl &1k
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EHLClRT 5 &0, v 2 Y — L U BE|Z CFD
BA—N—T T IHDH LT Ko THEBEE ONL
ENENSLWVESTWNDEMNEN, £o0oT2Z
EBNRLNET, Thicx L EFD for CFD
EWVWIHIFWEHELE LS, ZHUIET 512 CFD
DIEEZED D512 EFD 25 LvwH 2 &, A
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CFD |[ZIZ EFD I L » TREZZITE7 2, EFD
H&IX CFD 1oxf L T b BEEZ T v & -
Lol TR 7o 22 E®R L TEY £
o FAUTK L THx BEMIICHIE LW &
ZTCWDHDIE, BHWD complementary 72, M
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Questions

MAgain, what is uncertainty?

HDo you have a method to minimize uncertainty?
EFD — CFD
EFD <« CFD
EFD <« CFD

mDo you have an example of minimizing uncertainty by
EFD/CFD integration?

E\What is the challenging issue to realize EFD/CFD
integration?
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minimize 7% X 9 2 BRI HIERHHOMNE
IMmEVH L, EFD /5 CFD ~7 ¢ — KXy
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F* 9 “Can EFD/CFD integration minimize
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Equivalent Relations?

Usuallyone |
person doe

One person does
both

person doe one_|
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Well-Posed Problem

What is the oblique shock wave angle over a 10-
degree wedge in uniform Mach 3 flow (w/
constant specific heat) ?

No need for EFD (even CFD)!
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ill-Posed Problem (1)

- Boundary conditions
- Experiment

- Can computer obtain
the solution?

No, we don’t know
sufficient information
(even the basic equation)!

shiogamalife.da-te.jp/e31507.html

ill-Posed Problem (1)

- Boundary conditions
- Experiment

- Can computer obtain
the solution?

No, we don’t know
sufficient information
(even the basic equation)!

shiogamalife.da-te.jp/e31507.html

ZHUIRER —AERmIEo e DTN, SR
AR 25 LN DEHS TWET N2 I
ill-posed DRJE T, B 21X Z DL H VO Lo
Rz Z &7 TTAUMER RS - A2 &
LT, TIHTOETL LD Vo SN D
RO TIHROEBNET, 22 TH 2R
ZLTHD, DLAfifbEZ L THD, £97T5&
DLEFZOL b W0gmnolal, 2O B0V
FUSFERERIE D022 O TRV ER S D TT,
INTHHEBREWV OIFETOERE 52 TND
BT TIERY, TR TIRZORMTEZRELTWD
N, A 2—F Ty Ialb—varyLlizboh
DINEWVD L ZHUTHERIZ DR, £ L

Aﬂ%&w#k%ﬁ&\:hﬁfmﬁﬁf

WCRELRNWZ L 2R AITATWDI DI T
ﬁo%%: IADOFEEDNEND DIXZ 2T A
UK RS EB S OTTR, TIEZ OB
TR S TWVDENEWND & ZNTIEHDND

DIFRRNOTY, EERIZITZUIRED Tt
Q%Emfwégﬁfﬁw\__if<ék Hh
well-posed (2725, S EIFTMIZZ ZDRNEZA
D=y R LT o726, 223070
well-posed 727 HE Z TR L BEILTHTH 0
HEWHIZ LT B EBVET,

ill-Posed Problem (2)
Shock Wave-Slit Jet Interaction

Can CFD obtain

pressure?
Turbulent. v Circular
it plat
L l Pressure
transduce
(/:IOOmQ 1o
Slit: 2X200 g
-
) x
Mesh
Sub )\1
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The Solution Is Not Unique.
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The Answer Is
ill posed

Well posed

EFD is necessary to define the problem ?
to improve the resolution & accuracy

EFD

Start with EFD to move right
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CFD is an Integral Part of the Aerodynamic Design
Process in Partnership with the Wind Tunnel and Flight
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(EFD).

A\
[NavierStokes | | Wind Tunnel | |Flight Test |

[Full Potential | [Euler |

* Both CFD and EFD have limitations and neither can be considered

| Linear |

| Structural Models |

absolute, but together can produce greater understanding leading to a more
competitive product.
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Weights,
Structures,
Systems

Cost,
Ability to
manufacture,

Airline
Require-
ments

CFD
1to 5
Candidate
designs

Candidate
designs

Flight characteristics

Aerodynamic Design Cycle

Wind Tunnel
10,000’s

Performance
char isti

Shortest cycle time given
by synergistic use of
wind tunnels and CFD
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Technology Improvements in CFD and EFD
to Reduce Cost and Cycle Time while Expanding the
Envelope i |n CFD
Y

Cycle Time _ozz=2°7

Number of Slmulatlons
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1 CFD Use

Typical Single
Technology Improvements in CFD and ? Configuistion
g 5 ; Performance
in EFD will Dramatically Reduce the Bata e
Cost and Timing of the Design Process

CFD will not eliminate the need for EFD!
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Cost and Flow Time Characteristics of Wind
Tunnels and CFD

Flow Time

One Complete Airplane Development Requires
10’s of Tl of
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CFD Use | Wind Tunnel Use |
Typical Single
— Configuration
Performance
Database

Stumbling Blocks

*Fundamental questions about CFD on real geometries
—Solution convergence or stagnation?
—Grids, Grids, Grids
Grid generation
*Grid convergence
*Solution adaptive grids
—Turbulence models — are they adequate?
—Steady or unsteady — when and why?

« Many questions about differences between CFD and EFD cannot be
resolved because of the lack of detail test data.

—Detail b dary layer

—Wake data

—Wind tunnel flow characteristics, walls, mounting system

—Model or airplane aeroelastics, dynamics

—Wind tunnel to flight correlations

—Reynolds number correlations

—Etc.
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Creating Aerodynamic Data for Full Flight Envelope
The Integration of CFD and EFD
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