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Outline

=CFD Vision 2030
= Current Landscape
= AIAA CFD2030 Integration Committee
= Activities
= Progress Towards CFD Vision 2030
= CFD Grand Challenges

» Community Collaboration Opportunities
= High Lift Common Research Model (CRM-HL) Ecosystem
= High Lift Prediction Workshop
= Certification by Analysis (CbA)

*Summary
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CFD Vision 2030

» Emphasis on physics-based, predictive modeling

Transition, turbulence, separation, unsteady/time-accurate, chemically-reacting flows, radiation, heat transfer,
acoustics and constitutive models

» Management of errors and uncertainties

Quantification of errors and uncertainties arising from physical models, mesh and discretization, and natural
variability

= Automation in all steps of the analysis process

Geometry creation, meshing, large databases of simulation results, extraction and understanding of the vast
amounts of information

» Harness exascale HPC architectures
Multiple memory hierarchies, latencies, bandwidths, programming paradigms and runtime environments, etc.

= Seamless integration with multi-disciplinary analyses and optimizations
High fidelity CFD tools, interfaces, coupling approaches, the science of integration, etc.

Slotnick, et al., “CFD Vision 2030 Study: A Path to Revolutionary Computational Aerosciences,” NASA/CR-2014-218178, 2014
@’ N soEve ‘ (8 KUY A
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Landscape
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CFD2030 Integration Committee (IC) Computational Science

Venn Diagram
= Established in 2017
= Hosted by AIAA

= Paid membership in AIAA is not required for participating as a
member of IC

= Objective: Promote a community of practice engaged in
developing methods, models, physical experiments, software,
and hardware for revolutionary advances in computational
simulation technologies for analysis, design, certification, and
qualification of aerospace systems

= hitp://www.cfd2030.com/index.html

= Chair: Dimitri Mavriplis, Univ. of Wyoming

= 44 current members (48% government, 36% industry, 16%
academia)

= All US-based, but the IC is open to international participation

Copyrght © 2021 Bosing. Al ights eserved a0zt | 5
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Future CFD Technologies Workshop

= January 6-7, 2018 — Proceeded AIAA SciTech conference

= First event hosted by CFD2030 e e e s e

= Objectives: Beigig Mtk wnd Compatr Sebeno fo dvumsrd e mpace Simalaion Tovl
= Bridging fundamental disciplines for advanced aerospace T
simulation tools: e e

Xakan Finals ami ol

— Applied Mathematics/Computer Science/Physical Modeling
= Coordination/collaboration/interaction with government
agencies/professional societies/technical communities

= Raise awareness of importance of intersecting disciplines
in Aerospace community

= Multiple sessions held over 2 days: o I Mo s
= Basic research
= Application drivers

= Math/algorithmic drivers Precesdin e A Scech 391 Confrence
= Technology drivers bt Plns et o8 Canvinbon ot
- HPC .

= Emerging Technologies

7132021 | 6
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Progress Towards CFD Vision 2030

Special Session: Progress Forum 360: HPC

Towards CFD Vision 2030 2020 (SciTech)

2019 (AVlatlon) Jeffrey Slotnick (Boeing, Moderator)
Roy Campbell (DoD-HPCMP)

John Cavolowsky (NASA-TAC Program) Doug Kothe (DoE-ECP Program)

Jeffrey Slotnick (Boeing) Eric Nielsen (NASA-LaRC)

Gorazd Medic (UTRC) Scott Morton (CREATE-AV Program)

Eric Nielsen (NASA-LaRC)

Discussion Focus
Scott Morton (CREATE-AV Program) . X N\ . . o
Dimitri Mavriplis (Univ of Wyoming) Drivers: Virtual testing, streamlined product acquisition

John Chawner (Pointwise) / Nigel Taylor (MBDA) « Hardware: Shift_to exascale, GPUs, Ioad/sy_stem balancing, capabilit}_/ Vs capacity
Philippe Spalart (Boeing) / Michael Strelets (NTS) + Software: Toolkits-> stacks—> apps, strategic/long-term code refactoring, .

i ) ) « Algorithms: Asynchronous communication, concurrency, strong scaling, mixed-precision
Discussion Topics
* Role of NASA Aeronautics

+ Industry (airplane/propulsion) perspectives Forum 360: Physical Modeling
* Importance of HPC A
+ Geometry and Mesh Generation 2021 (Aviation) — Planned

+ Turbulence prediction Brian Smith (Lockheed Martin, Moderator)
Florian Menter (Ansys)
Oriol Lehmkuhl (BSC)
Meelan Choudari (NASA)
Venkat Raman (Univ of Michigan)

Discussion Focus
« Scale-resolving simulations and high-fidelity modeling of combustion and flow transition

« Error control and UQ
Roadmap Update * Use of AI/ML and data fusion with limited test data

« CFD validation requirements

Copyrght © 2021 Bosing. Al ights eserved st | 7
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Original CFD Vision 2030 Roadmap (2014)
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o ilestone achieve ccelerate
Road map Update (2021) D Detoratiomanes  Now
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CFD Grand Challenges

F360: Aerospace Grand Special Session: CFD 2030

Grand Challenge Problems for

Challenge Problems for
Revolutionary CFD Capabilities Numerical Simulation in

Aerospace Engineering

2020 (Aviation) :
Juan Alonso (Stanford, Moderator) 2021 (SCITeCh)
John Cavolowsky (NASA-TAC Program) Jeffrey Slotnick (Boeing)
Ray Gomez (NASA-JSC) David Schuster (NASA-LaRC) ST B,
“Oﬂlcathowaf(dU(TSsg)j'a) M. S. Anand (Rolls Royce) ! ]
m Sharma Michelle Munk (NASA-LaRC ! i 1
Steve Wells (Boeing) Robert Meakin((CREATE-AV)Program) i Working Groups i
T a— Doug Kothe (DoE-ECP Program) i Grand Challenges ]
* Need and value of Grand Challenge Discussion Topics \ ;
(GC) problems to drive technology + Described details of 3 GCs: high-lift, full Temmeeees -
innovation engine simulation, and space access
+ Overview of 4 GCs described: high-lift, + Highlighted key technical obstacles, and
full engine simulation, space access, the quantified benefit to industrial
and hypersonics product development in overcoming
* Highlights key technical obstacles and those obstacles.
the quantified benefit to industrial + Experience with GCs within research and
product development in overcoming government labs

those obstacles.

Copyright © 2021 Boeing. All rights reserved a1 | 10
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Advancing High Lift Aerodynamic Prediction
Series of Technical Challenges

: Multi-Disciplinary
| Validation

1 Sub-Challenge #3
6-10+ years

1 Grand Challenge
| 15+ years
1
1

LOW-SPEED WIND-UP TURN

|
1 Ground-Based NASA X-56A MUTT*
i Experimental Sub-Challenge #2
| Testing 3-6 years
: ~ I
2 I

I hallEngi - |
| 1-3 years : 1
|
I Representative WT | | NASA ArSTAR" [l

\\ _ Geometry 1 1
| " S&C (tail/control ] o . .

T et i [T | Goneri righe vetice
1 - - Cross-flow effects | | WTio Flicht Ra | Full scale flight gamsiry
I F. - Engine propulsion effects' 1 Quasi-stegady flight Flight Re
A celefioct Basic maneuver | gynam!c, Tm gt
Dynamic structural response s L
I // CFD-generated data | ! 1 Environmerfsf effects
| B wT CornEEd o catE 1 | CFD-generated data at specific points in the 1 Engine power effects
| g T Sorill g il + 1 1 z:,’,zzgz;:?j ectoricompapaldiectiiilioh 1 Data from (vumencal srmulaflon of
, pressurized, cryogenc 1 the dynamic maneuver fed into CFD-
1 environments) L 1 based flight simulation, then proof-
1 i flow physics ion, vortex flow) ST TTEsEEEEEEEEEEE= of-match between flight simulation
Static aeroelastics . . X . and flight experience

| | * Potential flight test vehicle configuration
| CFD-generated data compared to WT data 1

Slotnick, J., and Mavriplis, D. “A Grand Challenge for the Advancement of Numerical Prediction of High Lift Aerodynamics”, AIAA 2021-0955, https://doi.org/10.2514/6.2021-0955

Copyright © 2021 Boeing. All rights reserved. 713021 | 11
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Propulsion Grand Challenge Problem

inlot/Fan/b 1 Tull-gngine Inclusding
Combusbor Turbine & Turbine/Exhasst wysberm | e
E =ty

/A-Full Engine Simulation h
Less Than 1 Week

From model build to results
enabling...

* meeting performance,
operability, emissions,
durability metrics

+ with geometric fidelity &
accuracy of physies to

Enablers: » reduce/eliminate testing
= Tast Duta [Comman + and deliver billions of
(NP, T, LY, fesearch Madels) _/
(Dt arer, Fusel
priirayrysiary Exhaust Sysbars] M‘) gulhr: savings per year
2020 2025 2030 2035 2040

3

Anand, M. S,, et al.,. “Vision 2030 Aircraft Propulsion Grand Challenge Problem: Full-engine CFD Simulations with High Geometric Fidelity and Physics Accuracy”, AIAA 2021-0956, https://doi.org/10.2514/6.2021-0956
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CFD-in-the-Loop Monte Carlo Flight Simulation for Space Vehicle Design

Detailed analysis is required in two primary flight phases
for space vehicles: Ascent/Abort and Entry Descent

and Landing (EDL).
+ Vehicles not optimized for aerodynamics.

+ Prediction of unsteady flows, plume/surface/aerodynamic

interaction, shock effects, heating, and vehicle flight
stability are prime requirements.

Designers regularly deal with unsteady flow —

» Steady CFD is prone to large variations.

« Community increasingly turning to DES and LES-based

methods for select cases.

CFD-in-the-loop MC simulation has potential to
significantly reduce design development time and lessen
the cost and schedule impact of vehicle design changes

and/or block upgrades

Challenges to realizing this capability are significant and
well-aligned with the goals proposed in the CFD Vision

2030 Study.

The grand challenge is partially scalable and could be
initially demonstrated on only a segment of a flight

simulation.

+ EDL may be a good choice for demonstrating capability;
several initial efforts in free-flight CFD EDL analysis are

underway.

ROM and Machine Learning techniques may be
required for near-term implementation of CFD tools

capable of simulating space vehicle flows of interest.

Copy

Schuster, D. “CFD 2030 Grand Challenge: CFD-in-the-Loop Monte Carlo Flight Simulation for Space Vehicle Design”, AIAA 2021-0957, https://doi.org/10.2514/6.2021-0957
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Community Collaboration Opportunities

Success requires coordinated collaboration within engineering and simulation communities

byright © 2021 Boeing. All rights

Courtesy NASA

CFD Validation Partnerships CFD Prediction Workshops Future Activities

Encourages pooling of critical
resources (people, time, $) to
develop appropriate configurations
and/or platforms (e.g. CRM-HL)

Drives community consensus on
data requirements (type, location,
etc.)

Enables joint sharing of data and
lessons learned

Establishes steering of future CFD
validation activities

Growing number within aerospace
community — several (e.g. HLPW)
directly address issues associated
with Grand Challenges (e.g. high lift
GC)

Focuses attention on specific
problems of interest

Encourages newcomers to get
involved

Increasingly tied to the development
and testing of common research
models (e.g. CRM-HL)

021 | 13

Courtesy DLR

= Increasing emphasis on
engine/propulsion simulation
technologies > CRMs, workshops

= Integration of simulation and test
data to enhance/accelerate product
development

= “Digital Flight” workshops focusing
on multi-disciplinary coupling
strategies using building block
approaches

= Formation of Grand Challenge
Working Groups

a0zt | 14
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High Lift Common Research Model (CRM-HL) Ecosystem

= Community-sourced collaboration of international
partners established in 2018

= Partners fund activities within the ecosystem (e.g.
building/testing wind tunnel models, providing flow
measurement technology, etc.) and share the results
(e.g. test data, CFD results, etc.)

» Partners decide if/when to make any of the data
publically available (e.g. for community workshops)

= ~12 organizations from industry, government, and
academia, representing 5 countries (US, UK, France,
Germany, Japan)

= Serves as an effective example for future community
collaboration efforts

Lacy, D. and Sclafani, A, “Development of the High Lift Common Research Model: A

p ive High Lift C ion for Transonic Transports” AIAA-2016-0308,
https://doi.org/10.2514/6.2016-0308.

Copyright © 2021 Boeing. All rights reserved. 713021 | 15
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High Lift Common Research Model Ecosystem — Benefits

» Provides industry-relevant configuration(s) and consistent models.

» Enables direct assessment and comparison between CFD flow
solvers and modelling approaches.

* Provides a common standard to assess the predictive capabilities of
emerging computational tools.

» With proper controls, enables the design and fabrication of nearly
identical models in multiple facilities (for data repeatability).

* Provides a challenging open-source configuration(s) to demonstrate
advanced measurement and sensing techniques

* Provides a freely-sharable geometry, which enables new, and
strengthens existing, partnerships to accelerate technology
development.

* Provides a geometrically-relevant testing platform to jointly develop,
assess, and share pre-competitive aerodynamic technology (e.g.
Active Flow Control, noise, etc.) with external partners (e.g. NASA, etc.)

* Drives development of enabling technologies which provide indirect
benefits, like improved test facility capability/utilization and
workforce development (e.g. industry/university collaboration).

Copyright © 2021 Boeing. All rights reserved 73021 | 16
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High Lift Common Research Model Ecosystem — Test Plan

HLPW-4

NASA 10% SS (14x22/Q, 1atm / 3atm)
+ Confirm CRM-HL design features

+ Data for reference configurations

+ NASA research (AFC, noise)

* Tie in to NTF-derived Re # trend data

NASA 5.2% SS cryo (NTF/ETW/others)

« Primary model for Re # trends

+ SS/FS model issues deemed Re # dependent

* Wall effects

= NASA research (Flow measurements, AM,
others)

NASA 2.7% SSIFS cryo (NTF/ETW/others)

+ SS/FS model issues deemed Re # dependent

+ NASA research (Flow measurements, AM,
others)

Boeing 6.0% SS/FS 3atm (Q/F1/others)
« Configuration variation data

* SS/FS model issues

* Tie in to NTF-derived Re # trend data

* Mounting system effects (T&I)

» Wall effects (collaboration with ONERA)

« Configuration-level PIV data

Boeing/UK 4.1% SS (Academic)
* Flow
« Platform for UK aerodynamic research

ONERA 5.1% FS 3.85atm (F1/Q)

+ Wall effects (collaboration with QinetiQ)

+ Exploit unique data collection opportunities
* Tunnel Standard Model

KHI 3.23% FS
+ Aerodynamic and noise research
* Tunnel Standard Model

JAXA 5.5% FS
+ CFD validation
+ Aerodynamic research
* Tunnel Standard Model

Copyright © 2021 Boeing. All rights reserved.

MODEL

NASA 10% SS

NASA 5.2% SS cryo
NASA 2.7% FS cryo
NASA 2.7% SS cryo

<

Boeing 6.0% FS 3atm
Boeing/UK 4.1% SS
ONERA 5.1% FS 3atm gy ly

KHI 3.23% FS

JAXA 5.5% FS

LA

1. Reference Configuration

2. Optimization/Sensitivity Data

3. Reynolds Number Effects

4. WT Modeling Effects

5. Flow Physics CFD Validation Data
6. Ice Effects

7. Acoustics

8. Trailing Wake

9. Propulsion / Airframe Integration

oA
c m. e

W A Foraran i

A
('@ 2018 [ 2019 [ 2020 | 2021 |

HLPW-5 *
A
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June 2021
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4th High Lift Prediction Workshop (HLPW-4)

= Closely aligned with geometry/mesh generation community

(GMGW)

= First in series to utilize CRM-HL configuration data directly from

ecosystem testing

= NASA 10% semi-span model tested in QinetiQ in 2019

= Test cases focus on flap effectiveness, CLmax

New approach — accelerate learning through collaborative
Technology Focus Groups (TFGs)

= Geometry
* Fixed Grid RANS

= Higher-order CFD
Hybrid RANS-LES
= WMLES

» Emphasis on in-tunnel simulations using “more complete” WT

Adaptive Meshing RANS

facility CAD definitions and run procedures

Copyright © 2021 Boeing. All rights reserved.

https://hiliftpw.larc.nasa.gov

HL = High Lift

SS = Semi-Span
FS = Full Span

atm = Atmosphere

@ NASANTF
Q@ ETW
O asm
@ NASA 14x22
QO NASATDT

* @ ONERAF1

@ DNW-NWB
O Imperial College

* @ KHI3.3m
Q JAXA6.5x5.5

k =3 Design/Fab

* K TestObjective

i’ %  Proposed

\/ Completed
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A of fhe vorkshap. based o commenty feedted.
« The HLPW.-4 test casea will utilize the High Lift Common

JifLIC. ... Dala abtaine: fing of the NASA
I0% semispan motiel in the QinetiQ 5-metre wind tunnel wil
s e o commparison.

Far facvs: Eformation st e HLPW ssoss:
[ ———— e
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Certification by Analysis — Recent Community Efforts

[ Rucomeunaes Fracie [0

Requirements far Aircraft
Yobuer g Momling = Unest . Rechuce. Centificatian by Analysis
Pl Tkt Sogupirireg Aariiaft e v Vo g g i
==
o
_ —
AlAA-hosted Community of Interest (Col) NASA Research Announcement (NRA) - “CbA2040”
= Started in 2018 * Awarded to Boeing in 2018
= Report published in 2021 * Report published in 2021
= International participation between industry, government + Coordination between industry, government research labs,
research labs, academia, and regulatory agencies academia, and regulatory agencies through online survey and
(50+ contributors) technical workshop
= 6 recommended practices identified » Technology roadmap developed

» 9technical / logistical / programmatic recommendations
American Institute of Aeronautics and Astronautics, "When Flight Modelling Is Used to
Reduce Flight Testing Supporting Aircraft Certification,” Reston, VA, R-154-2021. https://ntrs.nasa.gov/citations/20210015404

Copyright © 2021 Boeing. All rights reserved.
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CbA Vision 2040

Coartfication by Anshysiy = I=tegrated Fosdoan

= The ability to numerically simulate the I = e R T
integrated system performance and Hopteisoon ——— POV -
response of full-scale airplane and engine — — .._T_._.__:,.___.._':'
configurations in the flight and/or ground-test —— T ——TT
environment in an accurate, robust, and P e ———a
computationally efficient manner. ! - .

= The development and implementation of T e e
quantified flight and engine modeling l o o e———
uncertainties to establish appropriate R e

confidence in the use of numerical analysis for

certification. _ —
= ]
. __-F_"‘

» The rigorous validation of flight and engine — el SN
modeling capabilities against full-scale data e o | ——
from critical airplane and engine testing. ] _____ Bt
. , , —— —
* The use of flight and engine modeling to enable l o — 3 *
Certification by Simulation. - :
y L = =
m——— - _—u—_—
naroz1 | 20
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Summary

= An AIAA Integration Committee (CFD2030) has been established to promote and advance the
findings and recommendations from the CFD Vision 2030 report.

= CFD2030 actively engages the aerospace community through AlIAA-sponsored panel
discussions and special sessions on topics directly related to CFD Vision 2030 goals.
= The CFD Vision 2030 roadmap has been updated to reflect progress to date.

= Several Grand Challenges (GCs) in key focus areas have been developed and published.
Working groups to drive progress towards the GCs will be forming in the near future.

= CFD validation collaborations, in combination with CFD prediction workshops and focused

technology roadmap development (CbA), are being established to accelerate learnings and
progress.

» The CFD2030 IC steering committee strongly encourages international
participation to help shape and drive efforts to advance CFD simulation
technology

= Desire to leverage specialized expertise and knowledge
= Desire to promote cross-fertilization of ideas
= Desire to assist with national activities (e.g. Japan CFD Vision 2040)

@aafﬂva

Copyright © 2021 Boeing. Al rights reserved
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“Computers vs. Wind Tunnels” Compuationst Actodymamics eschopment s Outkook

for Aerodynamic Flow Simulations
Dean R. Chapman, Hans Mark, and Melvin W. Pirtle
(NASA Ames Research Center)
AIAA Aeronautics and Astronautics,
Vol. 13, No. 4 1975

“To displace wind tunnels as the principal source of flow i
simulations for aircraft design....the required computer
capability would be available in the mid-1980s.” !

“_..within a decade computers should begin to
supplant wind tunnels in the aerodynamic design and
testing process...”

(U—4 —R&Ege]
supplant (fth#hza) :(5REE - [2ER/QREDFEE - NT) ICBO>TEDD;
BOBXS,; 978X ; BRTEE(CITS.
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The Japan Sechety lu Arrsmaniienl “d, Wl" Skt https://mtkbirdman.com/tr797-explanation
W—ZF—A (@mtk_birdman) / Twitter
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NASA Ames
UPWT 11ft TWT
14t TWT ;

80x120ft NFAC, etc.

BABKEADSOH ’a
}

AEDC

PWT 16ft T, 16ft S $
4ft TWT, etc. =
NASA Langley

NTF, 0.3-m TCT

8ft PTWT, etc.
NAE (Canada)
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‘giﬂmiﬁl (Cryogenic WT) . i% I/4J )bz‘ﬁw*ﬁ};ﬁ NASA Langley Research Center
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7,

a=+yRT
7IK] Re " Power 1 o Y g Dr. R.A.Kilgore
300 1 11 1=5P7 =5P
200 1.76 1 0.82 1
150 2.64 1 0.71 Power o« —mV?
100 4.65 1 058 2 }
77 6.71 1 0.51 - -N2D &L EE@latm

National Transonic
Facility (NTF)
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1982483 : HKE1TH S

T DHD Ly

ﬁAg (Ada ptlve Wal I) nl” t computerwﬁm = NASA Ames Research Center

W.R. Sears, R.J. Vidal, J.C. Erickson, Jr. and A. Ritter, “Interference-Free Wind-Tunnel Flows by
Adaptive-Wall Technology” ICAS Paper No. 76-02

* NASA Ames: Slotted Wall > Segmented Plenum
+ AEDC: Perforated Wall - Variable Porosity
. NASA Langley Solid Wall > Streamlined Wall

Dr. E.M. Kraft AEDC 4ft TWT

O REFDDRN : BHRE, (F<B, BERQREZSTEMIIRN
- BAifE (Analog Simulator) T#<,

ONEPDFRN : EIRET U L SEHNEOICRDR
>CFD (Digital Simulator) T#&<.

WMED ] HEEE F T8I DET. BUAED 2] 2ZREtEd
(interface matching) #

Hybrid Simulation

E
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STOLEERE RS | DOERERGIER (1987-89) %

NASA AmeséDEERED O TV b STOLEERS [TRE| 7 Yk piany e
(1) ﬁ%éQSRAo)} \rf_D“J h3zit E)Hi&E#E (Turbine Powered Simulator), X (65),£/H1FL(220R), ZEX(125:)
(2) REIRBLDEEEFER N TR o5,

Upper Surface Blowing (USB) :

QSRA (XE)

(*) https://commons.wikimedia.org/wiki/NASA_QSRA
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e
e _\;ulbéﬁ(;cté
X Illhniﬁﬁ/ﬁl

AIAA Paper 1987-0455
EABENEE (HRFKHI)
([CkD [STOLRE] @
PHEEUlersTE

L

[
-
- i

loh LedSlLan & O SSaduring
nactisna. (W = WTH

FTRILESEHNEDIR |

EHAE ! Im’i’ E>=

> [EZ=E5(20bar)
*
;" IRIMRIEHS
L (windmill)
IRGMRE 5
- (max power)
Sawada, K. and Takanashi, S. “A numerical investigation
on wing-nacelle interferences of USB configuration,”
ATAA Paper 87-0455, 25th AIAA Aerospace Sciences

Meeting (1987) https://doi.org/10.2514/6.1987-455
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“Cryogenic Approach”
RE: SEWENTRWS T Y hZEIEET D!

\&

T, 1000K 333K

T, 300K 100K

Fl:

(1) v MEIET DHENR
(RF U L AP T7 IV ZEETRESMEN D)

(2) LA IRz ETCHHRIT DETOES A -5
DFTEIMEREN AT HE

(3) 1 DDIRELTILERABBU S A =B H/I-TED

Upper Figure:

NASA Lewis Research Center

10 x 10-foot Supersonic Wind Tunnel
(Ethylene/air combustion)
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ES3MANFRES /3oL FEHE

Lower Figure:

NASA Langley Research Center
National Transonic Facility (1% scale
model with solid plume simulator)

Ffis RSO A
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RIZERAT REAEIMARE
NASA Langley Research Center
Transonic Aerodynamics Division
Experimental Techniques Branch

Head: Dr. Robert A. Kilgore

3 DDFTEERRFATDIAZT -
(1) Cryogenic Wind Tunnel
(2) Adaptive wall

(3) Magnetic Suspension and
Balance System (MSBS)
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TOMOKY

Basic similarity rule
Buckingham Pi Theorem
Stepl: Identify all important quantities associated with the problem.

F(p;p VT, Cp,, Cv s k0, VT, Cp, Cvy k) = 0 (n=16)

209

Hot-Jet Simulation in Cryogenic Wind Tunnels

S

T i S L

Here, the primary dimensions are [M] [L] [T] [0] (m=4).

p/poo :ﬂ%oa Mooa Reoco Prooa 7’,, Alin Rei, Pr‘

]

9pi/poo I/i/I/oo’ Z/Too)

Group 1 (simulation of external flow) : y,,M_, Re_, Pr_,
Group 2 (simulation of internal flow): 7p M, Re;, Pr,
Group 3 (simulation of interaction between the two ): pj/pw’Vj/Vw, Tj/Tw

ES3MRANFBES /HBLNEFEHMES 2L —

2021/7/2 E|

Then, from the Buckingham pi theorem, the number of pi parameters is n-m =12. Grbup 2
Step2: choose /, p_, V_, T, as the base for forming each dimensionless
parameter p; _ 3
_7a byy e d y_ a —1p—21b —17c d P4 .Q7P 9p/poo 'Q:pr—)prTw/sz .Qilunoel'leao/lI)oo
7 =L VLML T YL TITI0) G= 112 oo S 1S Lol i
Step 3: determine the exponents so that the 7’s are dimensionless. 0=V, > V/V,.0=C, >C,T /2 0=k, >k Jp,V,
Step 4: Rearrange the obtained 7 parameters into a more general form.  *9=71; 2> T/T, «p- Cy> CT V2 0=k kTJIpV,

T v hE—HRROTFHRRKE
ENL, #EELE, REEED
3DDOEMER(CSZicEND.
—fRRICALWSNS / XILEDLE
(NPR) Y° EEN=RE (Cu)ixE,
CNSDEHENSETHEIND.

BAfi= >RSI
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Hot-Jet Simulation in Cryogenic Wind Tunnels &%

TOMOKY

Simulation capability: cryogenic approach

Tunnel equilibrium condition:

Model size: 10% of full scale —
Hain Flow [Atr] @ Pe=f.0[Bar] Te=300 K] Uoin Flew [Hg ] @ py= 4.0 [bar] T, = 150 [K] - ] st
Jot Flow  [44F] @ Pted 0[bar] Te=300 K1 St Flow[Mg] @ py= 180 [bar] T, =500 [K] -
M

i Mo

HJ Mg .|t by
Re Re: e : m;
.., g j u// R

meior Fusn mactian

mass conservation
—thg +m, +m; =0

: i L energy conservation
/Yo . ¥/to ifVo o 1o ~titgh, + it B, + 1k + Opyy + Oconp =0
T/To  Py/Pg TWTa  Pi/Po . '
Conventional (compressed air) Cryogenic (compressed N,) » [mG} _ 1 i, (=) + O+ Ocon
t I\jj‘ < Eﬁwbuﬁwﬁ—c — N“I \y I\b‘\*ﬁ};‘it ga th ht - ha mj (hj — h[) + QFAN + QCOND
- E— SiEI= S Ci=im >/ : S .
- STy MICH,/N,ZRVNISHRILE ST SERFIE mass equilibrium of contaminant (CH|

- {KIREFE TIILN,DIESHC KD TCH, ICKDBRIIW|RTES

2021/7/2

Xerao = (mj /mG)xCH4,j

SESMMANFRES /MM EFEHIES =1L —> 3 VRS >RSI L

BRAREAVERSTY h 1L —2 3> @ SRR (9

T i S L

NAL 0.1-m Transonic Cryogenic WT Test article (base model)

A
= o

Model material ... SUS 304

Jet Flow Conditions

* Gas: N,, N,/CH, (0-60%),
N,/Ar (0-60%), N,/He (0-60%)

* NPR = off to 6.0

Specification

e T.T..=10to 3.6
Type ... Fan-driven, Closed-circuit 1/ to 0
Test section size ... 0.1 x 0.1 x 0.3m * Rj=23610611 [J/kg-K]
Mach range ... up to 1.02 *%4=13t0153
Pressure ... up to 200 kPa . _
Temperature ... 90K to ambient FEALE, 75’-51:[:' Lozt LSRR (C A%

> 1Y MNROFENRE/ISA—FHZRE

ES3MAANFBES /HBLMEFHAES 2L —>3
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E N\ ~ —_— ~ ~ . = E . —
BeREZzRAWCER> TY b2 =1L —>32 SR Q{?
s
TOMOKY
M, =0.814, P,, = 110 kPa, T,, = 140 K Similarity rule for jet-temperature effects
on transonic base pressure K. Asai, AIA4 Journal, Vol. 33(2), Feb. 1995
P;=288kPa, T;= 138K P, =288 kPa, T;; = 385K Pl h .
Gas=N, Gas = N,/CH, (40%) ume shape parameter ————
NPR = 4.04, TR = 0.98 (cold jet) NPR=4.03, TR =2.75 (hot jet) ~Max plume to nozzle exit diameter ratio (d,/d,) ‘e
d, _ Al
du_v M,(4,14) "T20,-1
.05
et Gias = R CHAND o009 o diidesLi
THTio = L b0 38 {mas} & dlidenll
LN o dlidsslis
% dlideslT
Cpb .
LN
EREECHTIDTY MNBEEMER: MR E DR Ak
(C,H,/air combustion) mng o
020 [
& NACA (RS [ s ‘ Bl=0.H14
O Prosesi Experimes PR30 e Y Pl kPs
[ - Tre100 & 140K
L 3 2a* i 5w b 10 20 1.0 40 50
L1 I ‘
i | ﬂp"ﬂJ gV,
T e e ww w owow TN—LBXRELEERELO 2 DTRETES !
T T Ty (Blockage) (Entrainment)
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BRRRERVEEESTY hSS1L—> 3>  BREL (5

T i S L

Asai, K., “Hot-Jet Simulation in Cryogenic Wind Potential applications:
Tunnels”, NASA RP-1220, July 1989. o Development test
=== ASai, K., “Propulsion simulation potential” * Basic similarity research
—— NATO STO/AVT-328 Technical Course  CED validation
Pubicaton “Impact and Advanced Implementation of
Cryogenics in Aerodynamic Testing,” Subjects:
- e NASA Langley RC, June 26, 2019 * Afterbody flow
-Jen Sirmadation in .
Cryogenic Wind Tunnels S ot A iy sy 8| *Jetsin cross flow

Ra——— V/STOL, thrust reverser,
thrust vectoring,

" Propulsion simulation potential reaction control,
abort system, etc.

Presentation to * Mixing, heat transfer, ...
I AR WA At . Aeroacoustlcs
Cryogenics in Aerodynamic Testing * etc. T e ———
BEOEOCH TS

Keisuke ASAI, Japan

i
[

v MNEEMR

l

.‘
i

v
P L — 'd A
d o |
¥ ®m om w3 R o w m
H. K. Tanna, “An Experimental Study of Jet Noise Part I: Turbulent Mixing e =)
Noise,” Journal of Sound and Vibration (1977) 50(3), 405-428 Figrs & Bilemn. of T4T, o Svacuieary of ceesrull imsaity: yiag = 0%
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ZNE> S 2 IMFRE (1993-) %

=}

BEOYAHOTLY FO=HR, DSE1—5—, L—Y—1EDRMDRRI I
FEZREDIEDNHDET. ZNICHFENST, MEERZEILHETDIELD -
ZERIIFEERFFHT1950-60F DI CHKIF L TVD LD ICHUFT. BV, SnChBRLY. RARRIESET I BERISRNRRE S 11 hof I
EEE, BN TIE, MOEFOH UV MZEFEOZEDEHAISEREINDLS(C . e . e semmrmres e ran L
RO TERFELURE. Fz, BECSVWTERLICUMBLSNA S EEEN, &> s T :.;-:ﬁ--ul:ill:- wentia

B s THEEE R R VA e

Bl ESUEDFEDS NI T, 2Kt - 3IRTDEEMRAECFIA N DD vamrs s imaTs
HDFEYT. INSOFMUWENEHADEL L2 2#4(E, BAETERERT(CH i el et et i
WTRELTVWRHDHETY. oniF, ZHt > > IMOmFIThERIREmM S B R P i
WSBERTEARZTLHRT S vILZER > TLWBS LB RUTWET. T

i maan I:“r—:a::i‘:- A L T,
TIT, MBMATEINFZORRICHE T DARE CTEHEHARG(CEAT RS ) 'I'_I'"u-":;h - h;'_‘:_":__ I
BB EERELEVEBNET. FBEFREVOTIN, HEIFEFHHBNTZHL DT e e e
EIRMEBREUTRY— ML, TORAFTHIRR 'E%’&?ﬁ&)fﬁ%?’:b\c‘:%ifb\ JLOMNCRALEERS siie 4L NS TS, WA TS . A
FY.  (1288)

ENAE EERAN NE TR
EROTE N G 6

PIV/PTV (EELS) , Psp/TSP (REENE/EESR)
IR CRE®) , OilFilm (BAMIEE) | Light

LTy e T

|— B i v e ¥ i
Scattering (R[#27310), PLIF CREL, ’f‘ﬂﬁyﬁj\*ﬁ) XA R e it
. RI1—w bR waacan pmscanivems -pEscesn
Global Measurement = [15] DAL o e

BEIVEMICHITD, TARTHAFMDERRDIE

2021/7/2 Es3EFRA N FRER / FE39EIMMZEFE

IRIEZEH] (Pressure-Sensitive Paint [PSP]) %

STOLSEERHY [7RES) REZRI(PSP)DIRHE
7 %{ER1EE (1987)

T i S L

Excitation Luminescence
(UYV, visible) (Intensity and lifetime) SIpC

uenching Excited Singlet State
;dbc,rs 1 (O,/Thermal) K \\\ Excited Triplet Statc
enon lamp absorpfion — i
Thefmal ""Ioz
Gas deadtivation
o

Oxygen
molecules P
Sensor hosphorescence

coatings Ground State

Jablonski Diagram

@ Oxygen Quenching
Luminescence - O, concentration
(partial pressure) > Pressure

I
L=1+KP,

(1) BEEOIHIDMMNBETES
(2) FHEMDATEETHD
* (3) EEMRECE R EE TR

2021/7/2 SES3MTMANFBER /3 MMEFEMIES =1L —> 3 DRl RSO A

This document is provided by JAXA.



55 53 [ AR ) R 5 39 B4

S =2 —a Hifi ROy LGs 27

[RAEZEHIEI4] 1993-1999 &

F1208 I FERERICDTS
HBFA A= T T3 —-SA)
1B

cElR s

IREZENSK]

RHEN
(|ILKZF [GTNALD

20165118548
IAXATHTIRZESE Y5 —

[RRAF]

- EFOMNFEBENMLE

- BIIIFAXEEZAMS
- B8R IRLI1 U]
- $H' B HfE

- MOSAICHI®

JAXADRepository CHIETZET (7)) .
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R
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IRBEZERFR] SOMFESEFTNLES &5

19904 2H
“Aviation Week and Space Technology”
FRICINTECOfE (fR) DILEN#HD.
TSAGI(52 )N BEFE LI RREZE R

19914F5A, 1993414
INTECO#A SNALFE CICH A L hXA—)L
EHFOTNELS. BAZRF T EIC.

?

By AR B2
or
B

i
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—DIDECS : T2 FARFENASA Ames (K)

T i S L

[ERE(ZER

M990 (CHFFR LT
Kavasds J, Callis JE, Gosternian MP, Khalil G, Wright [, Geeen E. Bums [, MeLachlan B
{1950} Lumimescent barcmeery in wisd mnnels, Rev Sci Instrumm 61011 ): 33:00-3347

Washington AZ/b%#8}: Gouterman®i%, J. Kavandi(KZEBE)
NASA Amesift5ttz> % —: Blair McLachlan

837 : platinum-octaethylporohorin (PtOEP)
EEzRIB @R < —: GP-197 (Genesee Company)
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[REZNER] BRIEIFAGEES RS &
1993478 GifE[ ey 8]
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BALIRXY
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Eackation spectrum

Emipsion spectrum
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K. Nakakita, T. Yamazaki, K. Asai, N. Teduka, A. Fuji, and M. Kameda,

“Pressure Sensitive Paint Measurement in a Hypersonic Shock

Tunnel,” AIAA Paper 2000-2523 0.44m*“jﬂ§£1§i¥miﬁl@JAXA
REZMO B (RS FEfED—7—1&8 (M=10, T=1,200K, P,,=8,000Pa)
By R SE T D, XEEN3)

PBABEE 7 )L = 0, o0, o
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BESRSD T ODHLEY
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JEERFfE=0(10us)

Response Time=40ys

60 80 100 120
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K. Nakakita and K. Asai, “Pressure Sensitive Paint Applicatio
in a Hypersonic Shock Tunnel,” AIAA Paper 2002-2911

Shear
Layer
Impinging
Shock Expansion
Impinging Shock
Bow Shock

Bow Shock

a=20deg.
Multi view
measurement

Es3EFAS / EE39[EIfN 2 S e

Type VI Interaction

BiRiAD I —T - BMach#N\ Dk

n to a Wing-Body Model

S
-
-~ Shear Layer
- -

@_.--" -

=. Expansion

Referred by B. Edney, FFA Report 115, 1968
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European Transonic

Windtunnel GmbH (ETW)

0 K- Ah - - EANHEETES
UTe RBUERRR

o FEROREIMZEERFE(CE
ESNBFReHENZHBIR
TED

ETW®DEREE
BITESB : 2.4mx2.0m
Nw/\# : 0.15-1.35
MEHIES : 115-450kPa
/IE(77",“\/1:|:|1}_._ 110-310K
ERi=) |/’I//}|/X .
50x106 (£HARELDIZE)
85x106 (FHIRELDIHT)

Mach number [-]
ETW s parfarmance .I‘I!!lbﬁﬂ

https://www.etw.de/wind-tunnel/overview
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U. Fey, R. H. Emflu Y. lijima, Y. Egami, K. Asai, U. Jansen, and J. Quest, 20" ICIASF, DLR, Géttingen, Germany, Aug.25, 2003.

EERERD—PH (Re¥IFIR) M=0.785, C;=0.5

Re=t6x 10% Foes 1 0 10 Re=12x110¢ Re=17x11¢
P=l2dkPa P=2 40lPa P=ldalkPa
T=170K T=1MK T=1MK
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(LN2IEgE=
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TaMomy
T. Niimi, M. Yoshida, Y. Oshima, H. Mori, Y. Egami, R
K. Asai, H. Nishide, Application of pressure sensitive . e
paints to low-pressure range. J. Thermophys. Heat e Lo
Transf. 19(1), 9-16 (2005) | e
Optical Diagnostic Technigues
for High Knudzen MNumber Flows
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PSMF (Pressure-Sensitive Molecular Film)
Langmuir-Blodgett Method

Component of PSMF

PIOEF (Pdill) Octasthylporphine)
-comvantional PSP composad of PAOER
high sanstivity i low pressure regime.
-hydrophobic molecule -
difficult to fabricate a stable LB film
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Yed brves
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s b
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-stable LB film can be oblained “ N - -
“ w ] — | ] ;
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2003£E : Wright Brothers’ First Flight Centennial &%

TOMOKY

Wright Flyer I (1903)
First powered flight in human history

Wilber (1867-1912) Orville (1871-1948)

JEVlR 2 FRATHEDERET (CHISH THIA LT
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20034F : FHILAF THRE 5 LS %
HEESKSHERRE Tomgxu
e EIHAED
Experimental Aerodynamics Lab. f; 3 ARZEP R
(EBRE RN FHAREE) smoms

@ Simulation of real flow conditions
Reynolds number, Mach number, Knudsen

® Flow diagnostics techniques (molecular-based)
2D (surface, planner), 2D+time (unsteady)
# high information density 4 real time analysis
@ Integration of EFD with flight dynamics
Dynamic wind-tunnel testing using a robotic manipulator
# hybrid simulation 4 parameter identification

FEHCKD3IDOMRARIN—T %453
(1) SEtEstHRIGroup (2) EXRGroup (3) ENEYEEHKGroup
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S, =1 ¥ . o —_ — =1 2
FetEsHMOIL—2 | PSPIC K BDIEEEETE ~
al " (- al/~ = y
TaMony
BRI 32BA5
EBEERZEAA-PSPOIATERH
Shota Fujii, Daiju Numata, et al AIAA Paper 2013-0485 (2013)
Daiju Numata, et al: "Ultrafast-Response Anodized-Aluminum
Pressure-Sensitive Paints for Unsteady Flow Measurement"., AIAA J.,
Vol. 55, Issue 4 (2017)
-8
. . ' ." rf - \ O =40 s
oo «,A kg b
i‘ ' Q,K:_J [ e | Tipepoin
% ; 20 40 60 80 100 120 Shock s,
PBA P [kPa] < sou
e W
f(t)=1—¢ 3 L . T=——oC h?
P = b sl
oy - m
L .'I. F; r
[ 17— Eweimesd dns 1 D= DD, < d
M / " —— Experimental dma 2y Dk+Dg
Iy # Experimensal data 45 »
_iI . Estimited dats Ips D, : BCHLERER
[ 7, Exienned das s Di: DRV TALERE
[ Erimmed daia 4ga
4 — Oviginal repomis curve Kameda, et al, Meas. Sci. Tech.
Time response curves 15 (2004) 488-500.
BEROKTENE = 0.35 ps | HREE
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EEE} (7 T “J Ixiﬁ,gﬁa)ﬁﬂﬂﬂ AN 1815 (2018), Y. Sugioka, et al. (2018) AIAA Journal (FH
RUR/ lﬁlf*ﬁ?@'ﬁil’_sp _SPC PSP) NASA CRMiZBIER FDIEEEE NI

Phase shift
Ref

a=29° (L/D,,) a=45°

Upper: Cp, Lower :RMS of AC component
(M =0.85, Re. = 1.54 x 106, fs = 2 kHz)
Sugioka, et al, AIAA 2016-2018
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SeHESHAI D IL—T : PSPIC K DEEIEEF A

BAREADIEEEEHDHDRE
(EE : 50m/s)

Singular Value Decomposition (SVD)

BEREDHE (SVD) = BEERS#E (POD)

M. Pastuhoff, D. Yorita, et al. Meas. Sci Tech (2013), Y. Sugioka, K. Hiura, et al (ExIF 2019)

+ B 5

kL

+ SVD(POD)Z L\ THYS LTz RF | E{§a B S ZERDE— RICH#ER
- YIENICEE ERDNSE— ROFHZHH U TENSZEEM

(REICKLDE—R, DASREFARDRE (BRE—R) ZKE)
« COIFETESHELZELELETE3 T LN .

TOMOKY

Raw images SVD (50 modes)
S ".1.l'!]gm ¥ e m”
e L
(3R -:'*'_ 1000
E ¥ Pl
[ 4o g2 B 300
Table 8.2 Noise redoction methods
Mo Refovences
Conditional image {phase) averaging MG ot al. (2006}, Yorita o al. (2010 b),

Grondeyey of al. (2004); Singh et al. (2001} Davis
ol all (J015)

Pixel-ty-pinel FFT

Maknkcit (2007, 200 1, 3043), Goliling e al. (20030}

Singular vales docomposition (FYD,
proper cabogonal decompoation (POD)

Peastulsalll @ al, (2003 Condeyev et al, (PO 14), Peng
ol all (J016h), Rocsehooss of al. (20046} Cralien
et al, (200 7s), Hives et sl {200 7), Wen 1 sl (2 E),

Sugaeks e al. 2094

Dhymamis: pode decomposition (DD Al et al, Q01E), Crafion e al. (200 7a), Goliling
o all (020)

Coheresi ouipui power $008) Mo ei al. {2018). Nakakiia & U (2030

Balman fiher- Bared DIV (KFTNMDN

Nonomurs e sl (2015)

Cross: specirall cornelation (C30)

e e al. (2019
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Global Luminescent Oil-film Method (GLOF) meekjin Lecfotiise (2020) @
BRESOFERTAMISHAHOMNE (EE : 30m/s)

¥
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Thin-oil-film equation

I L L B
ot ZHT o~ P9 3uf

(for small h)
G it
at 2,uT B

I=ahl

al 7 I? .
at Zaut -
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Luminescent intenSity is T. Lee, T. Nonomura, et al, Rev. Sci. Instr.
proportional to oil thickness 9 (6), (2018)

K 1k
I I
k=1 k=1

LLS-method (Lee, et al)
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Prof. Mark Drela (MIT)

Prof. Mark Drela (Massachusetts Institute of Technology)
> MITHYRE IS [Wright Brothers Wind Tunnel] ®Director
> HHHRPOARE - BEEMERAL TVDIREFFTY J N XFOIL"OMREE
> FRATIEBEOHR LR ZHRE I D ANRITH [Daedalus] DREHE

8

TOMOKY

Low-Reynolds Number
Aerodynamics DIERL

The 8th International Conference on Flow Dynamics (ICFD 2011)
Hotel Metropolitan Sendai, Sendai, Japan, Nov. 9t-11th, 2011

Wright Brothers

FES3ETRAD =/ E39[OMMEFEHIES =

>

Wind Tunnel

AL—2 32K MRS DA
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Mark Drela “Transonic Low-Reynolds Number
Airfoil,” 3. Aircraft, Vol. 29, No.6 (1992)

"BH

Altitude (70,000 to 100,000 ft)
Reynolds No. (200,000 to 700,000)
Mach number (0.5 to 0.65)
Turbulent intensity (0.02 % or less)

Tramsoni: Lo Reymolds Mamber Airfoils

. D
b e e ¥ L 1 i e 1

T H 1 = AR

|
1

Figurs 1. AFEX mssson peolilk

Greer, Hamony, et al, Design and Predictions for a
High-Altitude (Low-Reynolds-Number) Aerodynamic
Flight Experiment, NASA/TM-1999-206579 (1999)
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Fig. 2 Limits of available airfoil data
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TZEFIEZ B3R (2011)EFH

-l

=3
-
Mars Airplane
(JAXA/ISAS)
' - Mars Helicopter
y \ (NASA/Caltech)

O Air mode and CO2 mode
O Total Pressure: 1kPa ~60 kPa

10° 10 10°
Reynolds Number
2021/7/2

10°
CO2 Supply
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¢rfM8Mmm
(4 SUS304

Supersonic Ejector

Bl@g tank
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?acuum chamber
volume=12.7m3)

-~ (volime=11m°)

HHES S2L—> 3>RS RSO A

M. Anyoji, et al, AIAA Journal,
Vol. 53, No. 6 (2015)

5%-thick Flat Plate (a=0deg)

Re = 4.9x10°
A |

50 mm
‘r |
[ [ 25mm ’
Reynolds¥{%h &
M =0.20

Re = 4.9x10° ~ 4.1x10*
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Re=61x10¢ Re= LIxl®

ALADFEA A

Re= Lbxl(¥

Re= 4 1x10F
t

Mach#zh £

LRI DT
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M =049 M =065

]I]

A =033
M =0.21~0.65 ! 1
Re =1.1x104
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\S
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Si(CHg); =4 S
Poly(TMSP) i 4
PdTFPP s N IH_:!.-:=1= '
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Separation
Laminar Reattachment

A)
AY
‘\ Laminar Reattachment

Transitim& ‘\ Turbulent Reattachment
\
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’
/\/'Turhulent Reattachment
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J/Turbulcnt Reattachment
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: Turbulent Reattachment
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|\ Laminar Reattachment
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\
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BREAXKII—T : {KReynolds#izE 7Y

a ﬁ'l':ﬁ”iﬁﬁo)ﬂﬂ% s M. Anyoji, et al. JOV (2015) (&73\ %
:::>‘<\,7]9€7|f¥, REZER (PSP) |, BMRALRET : : ,
O alix (BR) .
FARR, > ) UFETHR, NACA-00128(FH. ___ "

E;:F> (E ) Vi _% (jD/\j) 3% Circular Arc
Ishii airfoil 6% Circular Arc -
FCAAP » OMNERA, -
3% trlangular —— — £
T M=0.5 '
U ) w@w coe [$38 7
- FHR KLERR A | —— SUPAERD
TeARPR KR {?P o=10deg
Ny ..._ y oy gl

A‘n E "1 TRagEN rde é
NETRAT =

- = I —
P. M. Munday, K. Taira, T. Suwa,, D. Numata,
S E R THER (2016 6) K. Asai, J. Aircr., Vol. 52, No.3 (2015) NASA(;%%T—QEH%’\ !
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O EHATDRIFE - Concave mirror

- IETEEREERR] (UPSP) SVD/DMD Plane mirror g |
ILJ\ + . N h
CEEEI - A=UZV' =3 uoy,
O AEAE: - Vacuum chamber .,-QIE
- Basic shape: ¥4k, FAtE, @i, 7ILYE i

Test section

* Passive flow control (Biomimetics):
Serration, mini-flap, corrugation...
- Active flow control: DBD plasma actuator

O |:|| || Cunmw_:-’ Hnifeedgn? B T

mirror J Imaging lens

Plasma reglon - ,

Duct
Electrodes .
: D1e1ectrlc y Plane mirror
T. Nagata, A. Noguchi, et al. JFM (2020), E. Mongeol, et al. ExIF (2020) , K. Kusama et al (2020), i Schematic of Schlieren System
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REXKIIN—T : THEMHEReECHRN(H)

5% AR fiE(B/A=2,3)

IES At

8
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IEE

O Re=10,000, =03 O Re=1,000, M=0.5 O Re=2,000, =03 O Re=5,000,M=04 PSP,

O Re=10,000, M =0.45 O Re=4,000, M=0.1

0.5

-0.5

Nagata, T., Noguchi, A., Kusama, K., et al., Journal of Fluid Mechanics, 2020, 893, A13
Kusama, K., Nagata, T., Anyoji, M.,, et al., Fluid Dynamics Research, 2021, 53(1), 015513
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. Pekardan and A.A. Alexeenko, “Rarefaction Effects for Transonic Aivfoil
* ALdA Journal 3620, pp. 1-14 (2017}

T i S L

Flows ar Low Reviolds Nuembers, .
DO 102514 1.J056051 / s " =
Knd Slip Il,lg T :{=l=E

0.1

’ - Re>100 - Sqquare: Exgeriment (Sec. il

¢ _+""Mars Wind Tunnel b
! o (Tohoku Univ.) Boeing 737 w1 :i: 1w et f
& # _—
: I.'r.r’ -hﬁ-{ Fig. 15 Smmmary of the differenos in drag for the NACA OLE, 00407
N i_.! Car w411 2 amd .ll',f.‘lm i consiami D,
i
)
0.001 ] 4 4 »  Knudsen layer: g, = Kn
01 0s KT Mach Nufmber Yer z KnvRe = JH_ <001
{d

Fig. 1 Knudsen number vs Mach number chart for some applications in
aerospace and transportation (N/MEMS, nano/microelectromechanical

systems).
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Fanstary |acomotion—BETEE LIRS

BRI, KIFRH,

s NSk

Planetary Locomotion-iji 1 1DAELE]

“Planetary Locomotion — 2% /2 FEFL D #i
Vol. 60(11) 2012, pp. 421-426.
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L WATREM:,”
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H AR 2% 51 e avns
XKEINHS -
(XBER)
=E WE ALY
A (hPa) 92,100 0.7 1,470
BE (K) 740 210 94
BNIINHRE (m/s?) 9.80 8.87 3.71 1.35
N,(78.1%) C0,(96.5%) | CO,(95.3%) N, (98.4%)
S 15%a) 0,(20.9%) N,(3.5%) N,(2.7%) CH, (1.6%)
Ar(0.93%) | SO, (0.015%) Ar(1.6%)
CO,(0.03%) | Ar (0.007%) 0,(0.13%)
H,0 (0.002%)
"E IKDMFLE | super rotation | A ~DFE | LEDEE
[HERI] HSETEILY | R ETESRRTHOX(E
TRI3HRFERKREFUNT S
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L=1.00m, V=100m/s

BECHE

158
1--]
258
L

Gravity [m/szl

Sound of Speed [m/s]
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EHSUR: -179°C(94K)
http://dragonfly.jhuapl.edu/
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2235 Vol. 31, No.351 (1983)
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National Transonic Facility (NTF)
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BRERI I —T  RMTEBERAOF LS 5

T J. Mueller, “Fixed and Flapping Wing Aerodynamics for Micro Air Vehicle Applications,” -
Progress in Astronautics & Aeronautics, AIA4 (2002) gcgl(“ iah!':l ;I;ﬁggﬁgla_i j% 5 'ﬁﬂ“
Wy RNOZEEREREIC  Strouhal
WIBZRr—) )L (FRRTERE)
T
L
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PA10 (Serial Link) HEXA (Parallel Link) mox

Robotlcsd)Expert

ALl B Je4
T 2584 (BRIEK)
EREAH:
. B :
' il?ﬂ'ﬁr; PA10 HEXA
= Type Serial Link Parallel Link
f L * Wide range of motion * High frequency motion
k=—— Characteristics | * Limited frequency * High rigidity motion
U performance
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BRI I : /Ry bBYZ_E2L—YDREFE %
HEXA-X2 : 6-Do

. ! b,

F Robotic Manipulator [wotor type: sHa20A51SG

o i (Torque 340Nm Geared motor)
: Weight (Base+motors) 158kg

Achieved Roll Oscillation with amplitude
of 10 deg and at frequency of 4Hz

2021/7/2 ES3EFRANFRER / FEEMEFEHLUES =2 L —> 3 VRIS DRSO A

BRERIIV—T : BHFFRITERE (MSBS) &

- o . . . Organizer:
SW @ Special Session: Magnetic Suspension and Balance Systems f Colin P. Britcher
o for Wind Tunnel Testin Professor, ODU
9 i (usa)

AHEE (BFFEiE) 2021.1.13 !

An Overview of MSBS Activities at Tohoku University ® 0.1-m MSBS

Shigeru Obayashi,” Taku Nonomura,? Keisuke Asai? Low-speed
linstitute of Fluid Science D .
Department of Aerospace Engineering ynamic

Tohoku University, Japan g - - Supersonic

® 0.3-m MSBS 1
Low-speed =

Dynamic

Advanced

measurements il
it

® 1.0-m MSBS

Low-speed

Comparison of M5BSs

Sopyght by s CBayas’s Tiblied by B Complex of Magnetic Suspension and Balance i H -
e it B} Tohe Unhroraity Dynamic / High-a

Low-turbulence
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Dr. R.A. Kilgore

Prof. Eugene E.
(NASA Langley)

Covert (MIT) ETB, NASA Langley RC
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(MSBS)

NASA Langley MSBSF—LA

Mark Schoenenberger
Aerospace Engineer

Colin P. Britcher W.A. Kilgore

Deputy Directer
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Professor, ODU
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> Amplitude 2 deg (pitching)
f=0.6Hz
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Forced oscillating test ~ 1 D.O.F. ~ (0.3-m MSBS)

> Amplitude 1 deg (pitching)
£=0.6Hz

f=2Hz

f=2Hz

HHES =1

f=10Hz
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BRGSO IL—T : MSBSI(C K DRI D& H MR

Example of Multi-DoF Motion ~ 2 D.O.F.
0.3-m MSBS

f=3Hz, coning motion f=5Hz, coning

(pitching+yawing)
e
KR, KUBEE, SEEFX, “HINZRIFEE A\ BRI,
EFETT, KIBEE, ZIRT5, AR, SBABK, * MSBSIC K BIEEHZRNHRDEIA <388,

ERIEX
SESIETHANFBER /HFEEMEFEHES T2 L —>3 RIS SRS O A

2L7, ¥Rk 26 FE fMZEFH
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1.0-m MSBS

(pitching+yawing)

RN RS T, KF(2015)
SE53ERATIES >R I, #2LL (2015)
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EEYEEKD IL—T : Hybrid Simulation®ER
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FREH f8K, BaTE shz, fRiE SR, A% 2,
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Investigation of the Effect of the Change in the Cross-Sectional Area
of the Flow Field between the Engine and the Fuselage
on the Aerodynamic Performance of an Over-the-Fuselage-Nacelle Aircraft

ARAI Haruki, OGINO Shoya and KANAZAKI Masahiro
(Tokyo Metropolitan University Graduate School),
ITO Yasushi, MURAYAMA Mitsuhiro and YAMAMOTO Kazuomi (JAXA)

ABSTRACT

The over-the-fuselage-nacelle aircraft has been expected to be a silent aircraft. In the design of this type aircraft, the
aerodynamic interference between the nacelles and the fuselage should be reduced for the fuel economy. To investigate the
interaction, the flow field surrounded by the nacelles and the fuselage was considered as a nozzle. The relationship between
the aperture ratio and the flow separation was investigated. Numerical simulations were carried out for the aircraft with
different aperture ratios by deforming the nacelle shape and the fuselage shape. As a result, it was confirmed that there was
drag varied by the location of the local shock which influenced the pressure distribution. The simultaneous designs of the
fuselage and nacelle were effective to minimize separation.
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JSS3/TOKI Overview and Large-Scale Challenge Breaking Report

FUJITA Naoyuki (JAXA)

ABSTRACT
All systems of the third generation HPC system JSS3 of Japan Aerospace Exploration Agency (JAXA) started operation on
December 1%, 2020. This is an outline of TOKI, which is the computer infrastructure part of JSS3, which also has J-SPACE as
an archiver infrastructure. In addition, the purpose and the selected challenges of Large-scale Challenge performed at a time

when it is easy to secure large-scale computational resources in the early days of TOKI operation will be introduced.

1. Introduction

JAXA has been researching and developing numerical
simulation technology and its indispensable supercomputer
since the days of its predecessor organization (Figure 1). In
1977, FACOM 230 -75APU was introduced, and in 1993, the
world's fastest Numerical Wind Tunnel (NWT) was installed
to raise Computational Fluid Dynamics (CFD) to the top
level in the world. In the 2000s, numerical simulation began
to be used in earnest in design, and entered the era of
practical use. In 2009, the first JAXA supercomputer JSS/

ormance Of

puter Perf

pDerc

started operation, and after JSS2, the third generation JAXA
supercomputer JSS3 started operation in December 2020.
The outline of TOKI, which is computer infrastructure part
of JSS3, is described. JSS3 also has J-SPACE as an archiver
infrastructure. In addition, we will introduce the purpose and
selected three challenges of the Large-scale Challenge that

was implemented at the timing when it was easy to secure a

relatively large-scale computing resource at the beginning of
TOKI operation.

Lo
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T-TSAPU
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Figure 1 Numerical Simulation and Supercomputer
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2. Abstract of JSS3/TOKI

JSS3 consists of TOKI: TOkyo and ibaraKl, which is a
computer infrastructure, and J-SPACE: Jaxa's Storage
Platform for Archiving, Computing and Exploring, which is
an archiver infrastructure. J-SPACE is not the subject of this
paper, so details are not shown, but it is a large-scale storage
system that manages the disk cache 3PB and tape cartridge
70PB in a hierarchical manner using the software HPSS:
High Performance Storage System (. It is interconnected
with TOKI via supercomputer network named JSSnet with a
total bandwidth of 80 Gbps.

2.1. Abstract of TOKI

As mentioned above, CFD, which has been developed
together with supercomputers, has entered the era of practical
use, and as usage fields of supercomputers have expanded
not only to CFD but also to data processing such as earth
observation data processing and machine learning. The
introduction of JAXA's third generation supercomputer has
been promoted as a system that plays the following three
roles.

(1) Numerical simulation implementation platform to
strengthen international competitiveness in the aerospace
field

(2) Data center function as a large-scale data analysis
platform

(3) Research and development platform to meet new needs

Figure 2 shows the system configuration diagram of TOKI

and J-SPACE. The meaning of each system name is as shown
in Table 1.
Next, the role and features of each system will be

described.

(1) TOKI-SORA

It is a system for ultra-high parallelism, long-time
computation and data processing. It is a Fujitsu FX1000 with
5,760 nodes, peak computational performance 19.4PFLOPS,
and total main memory capacity 180TiB. The CPU is an Arm
architecture A64FX.

(2) TOKI-RURI

It is a system to calculate large-scale problems that are
parallelized in a short time, run many small-scale jobs per
unit time, perform processing that requires a large amount of
main memory in a single job, run commercial applications,

etc. There are four types of nodes (2a) to (2d) shown below,

which consists of Fujitsu's PRIMERGY with a total of 416
nodes. The CPU has an intel architecture. In addition, the
system configuration is designed with consideration for
cooperation with external activities and convenience of use,
such as virtualization support for Singularity and VMware,

login with remote desktop, etc.

(2a) TOKI-ST

A node with a standard configuration of TOKI-RURI. It
has two CPUs in one node and has 192GiB DDR4 memory
and one GPU board for visualization processing. The

interconnect has one InfiniBand HDR100 port.

(2b) TOKI-GP

Equipped with 4 GPGPUs (NVIDIA V100?) per node, the
main memory is 384GiB DDR4, and the interconnect has 2
InfiniBand EDR ports. It is a node responsible for computations
that require medium-scale main memory and machine learning
using GPGPU.

(2¢) TOKI-XM

A node that uses intel's Optane DC Persistent Memory
(DCPMM®) to achieve a 1-node main memory capacity of
6TiB. DDR4 used for the main memory cache implements
768GiB, which is 1/8 of the DCPMM capacity. This node is
used for processing that requires a larger main memory
capacity than computing power and processing that requires

very huge amount of main memory capacity.

(2d) TOKI-LM

The role and features are the same as TOKI-XM, but it is
a node with 1/4 of the main memory capacity. It is equipped
with DCPMM 1.5TiB and DDR4 192GiB.

(3) TOKI-LI
It is a TOKI login node and there are a total of fourteen
nodes. Users login with ssh to compile programs and operate

the file system.

(4) TOKI-FS

Until now, JAXA's supercomputer system has been
configured to provide performance with sequential access,
which is often used in numerical simulations, but TOKT's file
system TOKI-FS has also designed as a file system with high
random-access performance. SSD: Solid State Drive device
has a capacity of 10PB and HDD: Hard Disk Drive device

This document is provided by JAXA.
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Table 1 Name of each system

Lustre-based software FEFS: Fujitsu Exabyte File System™ Name Meaning
manages these devices. JSS3 Jaxa Supercomputer System generation 3
TOKI TOkyo and ibaraKI, and
(5) TOKI-Txx Time (TOKI-SORA means time and space),
(1) to (4) are installed at the JAXA Chofu Aerospace Solve, Crested ibis, in Japanese
Center (CAC), but similar system with a reduced scale SORA Supercomputer for earth Observation
except for (1) TOKI-SORA and (2¢) TOKI-XM are installed Rockets. and Aeronautics
at JAXA Tsukuba Space Center (TKSC). By installing it in RURI all-RoUnd Role Infrastructure
TKSC, the processing capacity will be reduced compared ST STandard
with TOKI-RURI, non-stop supercomputer operation can be GP GPepu
realized, c.aven if CAC is power outage or Chofu s?/stem is XM eXtra large Memory
under maintenance. The system installed at TKSC is called
LM Large Memory
TOKI-TRURI /-TLI/-TFS. B
. . . FS File System
Table 2 shows the introduction of each system introduced
. . LI Logln
in Section 2.1.
-Txx -Tsukuba xx
J-SPACE | Jaxa’s Storage Platform for Archiving,
Computing and Exploring

JAXA Supercomputer System Generation 3 JSS3

[Computing Infrastructure] TOKI: TOkyo and ibaraki |kl

Chofu Aerospace Center

Desc, 181, 2020
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Figure 2 System configuration diagram of TOKI/J-SPACE
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2.2. Usage of TOKI

Not to mention TOKT, JAXA supercomputers are installed
and operated to contribute to the steady implementation of
JAXA projects and to maximize research and development

results. This contribution includes the followings; joint

balloons) etc. , a system for paid use by private companies,
universities, research institutes, etc. in the aerospace-related
field. Table 3 summarizes the usage system. The
Supercomputer Division is the contact point for inquiring to

regard the use of TOKI (https://www.jss.jaxa.jp/en/inquiry/).

research and development with outside organizations, space
science research activities closely related to inter-university

aerospace-craft project (scientific satellites, rockets,

Table 2 Introduction to each system of TOKI

stem name TOKI-SORA TOKI-ST TOKI-GP TOKI-XM TOKI-LM
Introduction [TOKI-TST] [TOKI-TGP] [TOKI-TLM]
Number of nodes 760 375 32 2 !
[46] (2] (1]
Total peak calculation 19.4PFLOPS TOKI-RURI totally 1.24PFLOPS
performance [TOKI-TRURI totally 145TFLOPS]
Total main memory 180TiB TOKI-RURI totally 104TiB
[TOKI-TRURI totally 10.8TiB]
Model name PRIMEHPC PRIMERGY PRIMERGY PRIMERGY PRIMERGY
FX1000 RX2540 M5 CX2570 M5 RX2540 M5 RX2540 M5
A64FX Intel Xeon Intel Xeon Intel Xeon Intel Xeon
cPu Gold 6240 Gold 6240 Gold 6240L Gold 6240
Number of cores/CPU 48 18
Number of CPUs/node 1 2
Main memory/node 32GiB 192GiB 384GiB 6.0TiB 1.5TiB
GPU 0 NVIDIA Quadro NVIDIA Tesla NVIDIA Quadro NVIDIA Quadro
P4000 x1 V100(SXM2) x4 P4000 x1 P4000 x1
Table 3 TOKI usage system
Usage system name Overview Target users

Specified Project Use Use on strategic themes It can be used by companies, universities, research institutes, etc. for

joint research and development related to the JAXA business.

General Use Standard use

Small scale Use Experimental and sprouting JAXA staff only

use

JSS Inter-University Use as Inter-University joint Researchers belonging to universities and national and public

Research research research institutes nationwide, or researchers equivalent thereto.
Research members are limited to graduate students and those of
equivalent or higher.

Facility Utilization Paid use by aerospace-related | It can be used by companies, universities, research institutes, etc.

field organizations. We based on JAXA's facility service system.

prepare a trial use.
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3. TOKI Large-scale Challenge

When introducing TOKI, we carried out Large-scale
Challenge computations that cannot be performed in normal
operation. The purpose is to produce impactful results for
society through applications in the aerospace field. To JSS
users, including inside and outside JAXA, we recruited the
theme. As a result, the following three research have been
selected and TOKI was being used in a truly challenging
manner. The allocated computational resource was less than
967,680 [node*hours] per theme (2,880 nodes (9.7 PFLOPS),
memory 90Tib, 14 days). In addition to the analysis
execution period for Large-scale Challenges, a program
preparation period was set about one month, and the
minimum number of nodes required for debugging was
allocated.

In this part, we will briefly quote from the JSS usage result
report® and some application materials, and introduce the

challenges that each research aims for.

3.1. LES of Full-scale Liquid Rocket Engine Combustor

Focusing on the spatial distribution and time fluctuation of
the wall heat flux assumed in the actual machine, by
performing a complete 3D analysis of the actual shape,
acquire knowledge that cannot be obtained by conventional
simplified analysis (one to several injectors, cake-cut shape
assuming symmetry in the circumferential direction). The
analysis target is the full-scale combustor (528 injectors) of
the LE-X engine. A large-scale combustion LES analysis was
performed using an efficient table-referenced combustion
model. There has never been an example of such analysis
with more than 100 injectors. This will be possible for the
first time by combining the computing performance of JSS3
with the next-generation large-scale high-speed solver LS-
FLOW-HO that has been developed so far.

3.2. Large-scale analysis of multi droplet evaporation
by Interface-resolved DNS

Reduction of NOx emissions is required in aircraft engine
development, and combustion with a homogenized fuel
distribution is the key. However, in the spray model used for
the analysis of fuel "atomization" = "dispersion" =
"evaporation", it is necessary to adjust parameters by
combining with experiments to obtain an analytical solution

of the fuel distribution that can be compared with the current

measured values. This is one of the major reasons why the
use of numerical analysis is not progressing in combustor
development. In this challenge, "evaporation", which is
particularly difficult to measure and is not sufficiently
modeled, will be modeled from a detailed numerical analysis
approach, and a spray evaporation model that can be used in

the upstream stage of combustor design will be established.

3.3. 3D visualization of large-scale full-color tomography
data: Break through the resolution of the human
retina

Visualization technology to convert meteorites and
various rocks of the earth into large-scale data has been
developing, but the amount of information contained in this
high-resolution data is enormous and cannot be processed by
laboratory workstations. In addition, it is a size that could not
be accommodated by the computing power normally
available at supercomputers. Therefore, we aim to overcome
this bottleneck by this Large-scale Challenge and achieve

ultra-high resolution 3D visualization.

4. Conclusion

JSS3 / TOKI, which plays three roles, was prepared and
started full-system operation in December 2020. At the
beginning of operation, three challenges aiming for the
world's first results have been adopted as Large-scale
Challenges.

One of the roles of JSS3 / TOKI is to strengthen the
international competitiveness of the aerospace field. Not
only will it contribute to the steady implementation of the
JAXA project, but also it will continue to work with JAXA
software to make it a powerful tool for the aerospace industry.
We will meet demand through various system operations
such as joint research, JSS Inter-University research, paid
use. If you have any questions or concerns, please feel free

to contact us ©.
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Plasma-Surface Interaction Modeling Utilizing Particle-In-Cell Code for
Solar wind in the Solar Corona Region

Jorge Alberto Garcia Perez, SUZUKI Kojiro (The University of Tokyo, Japan)

ABSTRACT

With the intention of studying the heat up process in the Solar Corona, current scientific efforts involve in-situ
measurements with Solar Probes, such as PSP (Parker Solar Probe) mission. In this study, a new Particle-In-Cell code,
SCSI (Solar Corona-Satellite Interaction), is developed and tested, with the intention of exploring the phenomena involved
in the interaction between the solar wind present in the Solar Corona and the surface of a spacecraft. SCSI is developed
with an Object-Oriented approach, allowing features such as several numerical schemes in a single domain, and multigrid
meshes. The present program probed successful in replicating the spatial distribution of the species involved and the electric
currents present in the system, among other parameters. The floating potential calculated on the probe surface as well as
the electric barrier generated around it also show similarities with previous studies on the subject.

1. Introduction

In the area of Solar Physics, one of the biggest mysteries
that remains unsolved is to understand the mechanisms
through which the Solar Corona, the outermost layer of the
Sun before the Heliosphere, can reach up to temperatures
that surpass 1 million degrees”, a phenomenon that
conditions the solar wind that engulfs the Solar System and
thus affects the Earth.

At the core of this mystery lies the dynamics of the Solar
Magnetic field. Current research tries to understand
through which mechanisms the energy that is contained in
the magnetic lines in the convection zone of the Sun is
liberated to the outer layers, and furthermore, how the
interaction between the magnetic field and the Solar
Plasma that fills the Solar Corona takes place, allowing the
particles in plasma state to reach supersonic velocities and
the aforementioned high temperatures".

In order to solve these questions, currents efforts are
directed towards taking in-situ measurements of the
parameters of the solar plasma and the magnetic field in the
region of the Solar Corona. Missions such as Parker Solar
Probe (PSP) and Solar Orbiter (SolO)" are currently
orbiting the Sun up close and are sending back invaluable
information on the characteristics of the Solar Corona.

Under these circumstances, another question arises:
which kind of effects can we expect from the interaction
between a probe that is immersed in the Solar Corona, and
its surrounding environment? Trying to solve this question
will allow us both to understand any possible bias in the
plasma measurements due to the presence of the spacecraft,
and to anticipate any possible hazards that would put these
missions at risk.

Table 1 shows the expected environment that the
spacecraft PSP will encounter during its closest fly-bys
around the Sun (~8.5R)?. Under these conditions the
solar wind is in super-sonic regime. The protons in the
plasma, being comparatively heavy, behave almost in
ballistic trajectories and thus a wake without protons is
formed behind the probe.

Table 1. Reference parameters for this study. In order:
density of electrons, protons, electron temperature, proton
temperature, solar wind velocity, magnitude of magnetic

field, current density of photoelectrons.

Parameter Value
ne =n, 7 x 10° m?
T, 85eV
T, 82eV
Vsw 300 km/s
Brag 2uT
JpuE 16 mA/m?
Distance to Sun surface 8.5Rg

On the other hand, the electrons respond fast to the
changes in the local electromagnetic field and thence are
significantly affected by the presence of the probe.
Previous research® have predicted the formation of a
negative floating potential in the surface of the probe, with
values around -10 ~ -30 V depending on the dimensions of
the probe. This negative value in the potential prevents the
fraction of the electron population with the lowest energies
to reach the probe, therefore already generating a bias in
the temperature and velocity measurements of the plasma.

As for the fraction of electrons that reaches the probe,
these electrons interact with the material of the surface and
produce the so-called Secondary Emission Electrons (SEE).
This new species encompasses new electrons that escape
from the atoms of the material thanks to the energy
deposited by the impinging electrons, together with the
primary electrons that are not absorbed by the surface but
still lose some of their energy (non-elastic collision).
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The collision of the protons with the surface also
generates electrons, but this process is considered
insignificant in comparison with the other species in the

environment and therefore is generally ignored in analysis?.

Besides the positive and negative particles in the plasma,
and the SEE, yet another new species plays a role in the
interaction between the solar wind and the probe: the
photoelectrons (PHE) produced in the surfaces of the
spacecraft that face the incoming light of the Sun.

Whereas the protons and electrons in the solar wind have
high temperatures, PHE and SEE populations are expected
to have temperatures less than 10 eV?, and therefore these
two species are highly affected by the local
electromagnetic field.

In the present study, a full-PIC simulation is built and
tested, with the purpose of investigating the interaction of
these four species (protons and electrons from the solar
wind, PHE and SEE), the surface of the spacecraft, and the
local electric field, under the physical conditions expected
at the closest approaches of the PSP mission to the Sun, as
listed in Table 1.

2. Simulation Description

The software developed in-house by the authors for this
study, called SCSI (Solar Corona - Spacecraft Interaction),
is a full-PIC, object-oriented program that aims to simulate
the interaction between the Solar Corona plasma and a
Spacecraft. However, the code was purposefully created to
be highly modular and reusable, with the intention of
increasing its application to other plasma-surface
interaction set ups.

Since plasma is multi-scale by nature and might involve
very different phenomena depending on parameters such as
its species composition, the particular characteristics of
these species, or external electromagnetic forces, it is
convenient in terms of physics or computational
performance to use different numerical approaches
depending on the particular situation that needs to be
analyzed?.

In order to make a program that can incorporate different
numerical approaches without fundamentally changing the
code each time, an Object-Oriented-Programming
methodology was carried out. Several key factors of a
plasma simulation, such as the mesh type, the field solver,
or the species treatments at the boundaries, were
considered objects that are linked through class attributes
and parent-child relationships in tree structures.

Through this approach, the program acquired several
functionalities such as the implementation of multigrids or
the possibility to host different mesh types and field solvers
in a single domain.

The architecture of the program is explained in detail in
the next subsection.

2.1 Code Architecture

The program SCSI is entirely written in Python, and it
consists of several classes which represent each of the main
components of the numerical simulation, a System class
that contains all these previous classes, a main.py file that
uses the System object to execute the program, and several
auxiliary files.
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The separation of the program into classes, and the design
of the necessary functions for the code as class functions,
help to keep generality as much as much as possible at the
moment of writing the code, which translates into increased
generality and reusability. Moreover, the use of the
concepts of abstract classes and interfaces enforces a clear
communication among the different classes, giving
robustness and modularity to the code in overall.

As an example of the advantages of this approach,
currently the program includes several implementations of
electrostatic fields, including constant electric field, time
dependent electric field, electric field solved with
Successive-Over-Relaxation for the mesh and a Capacity
Matrix Method (see 2.3.) for an internal object, among
others, and each different mesh inside the domain can have
several of these implementations applied to it.

The principal classes of the code are the ones that in total
contain all the information necessary for the simulation to
execute. These classes are: System, Boundary, Mesh, PIC,
Field, Motion_Solver and Species. At the beginning of the
execution, one or several objects of each of the classes are
created, and they are stored as attributes of the object
derived from System. Then, the calling of the functions of
these classes is what executes the flow of the code.

Since some of the simulation classes are conceptually
different but they are still closely linked in terms of the
numerical methods, some classes contain other class
instances as attributes, thus facilitating the programming of
the class methods. For example, all the Particle-In-Cell
functions are contained in the PIC class, but since the
implementation of these functions depend on the mesh,
Mesh is stored as an attribute of P/C. In the same order of
ideas, Mesh objects carry one or several Boundary objects
in a list, and Field objects contain a PIC object as attribute.

Now, in addition to the connections between classes, the
code also hosts connections among objects of the same
abstract class for the abstract classes Mesh, PIC and Field.

For two objects of the same abstract class, if one of them
acts over a physical region that is contained inside the
region of the other object, the two objects are said to have
a parent-child relationship, where the child object cannot
access the parent object but the parent have full access to
the child object. This is translated into the code as a tree
structure, where each object can have an arbitrary number
of children, and each child in itself can be a parent of other
objects.

With this additional relation among objects, an object
Field which acts on a region 1, for example, has as attribute
the PIC object that acts on the same region, and it also has
as attribute a list of children, which are the Field objects
acting on the smaller regions inside the region 1.

Since these relationships are dependent on the
configuration of the simulation domain, they are particular
of each set up. Moreover, each conceptual “region” in the
domain needs to have associated its own Mesh, PIC and
Field classes. This allows for each region to have a
different numerical method, mesh style, etc., and makes the
execution flow inside each region similar to a typical
plasma simulation with only one mesh.

For a particular class, the added characteristic of having
children objects is represented in the code by creating a
new class that inherits both the old class and an abstract
class that adds the “recursion” feature, forcing the new
class to rewrite or add the necessary functions for the
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recursion to work.

In practice, all the classes with this feature mostly operate
as if they had no children, using the same numerical
methods as before; the change is that now some methods
are executed before or after the “core” functions in order to
deal with the existence of children objects.

As an example of this methodology, let us describe the
implementation of the function computeField for the class
Electrostatic 2D _rm_sat_cond_recursive, which inherits
from the classes Electrostatic 2D rm_sat cond and
Field recursive.

First, the Field object that acts as the root of the tree
executes a modified version of the Capacity Matrix Method
from the class Electrostatic 2D _rm_sat_cond, where not
only the nodes of the underlying mesh but also the nodes
of the children meshes in contact with the probe are taken
into account. After this, the field in the nodes of the mesh
is calculated through a SOR algorithm with Chebyshev
Acceleration?, identically as the case without children. In
the next step, the method modifies the values of the field in
the nodes of the boundaries of its children fields, through a
2D interpolation of the field values of the parent mesh.
Finally, through recursion, the method computeField is
called for each one of its children.

2.2. PIC

The program SCSI simulates the plasma through the
numerical method called Particle-In-Cell (PIC)Y. In this
method, the intention is to model the interactions among
particles as close as possible from first principles. In this
way, the method is more suitable to study new phenomena,
with the drawback of being more computationally
expensive.

In PIC, the species present in the plasma are modeled as
individual particles that interact with each other. Due to the
high number of particles involved in a simulation of this
nature, particles are lumped together into “Super-particles”
that move with the average velocity of the lumped particles
and account for the mass of all of them. As for the
interactions, there are two ways of considering the forces
present in the system, either by manually summing the
interaction of the rest of the particles over each individual
particle, or by using Mean-field theory. In the latter, the
fields are computed in the nodes of a mesh, and then an
interpolation from the node values to the positions of each
particle is performed.

In SCSI the second methodology is used, and its
computational flow is as follows:

1. From the physical position of particles, particle
moments such as density, velocity and
temperature are calculated in the nodes of a mesh
that overlaps the physical space.

2. The fields are solved from the quantities in the
nodes. In the case of SCSI, a finite-difference
Poisson solver is used to calculate the
electrostatic potential.

3. From the values in the nodes, field values are
calculated in the physical positions of each super
particle.

4. The particles move forward with a time integrator.

2.3. Numerical schemes

The architecture of SCSI allows to easily switch among
different styles of PIC implementations and Poisson
solvers; nonetheless, in this section it will be explained the
set of numerical schemes that were used for validation of
the code, i.e. the simulation shown in sections 3 and 4.

For the time integrator, a Leap-Frog scheme was used.
This method is second order accurate in space and time,
and it conserves the energy of the system due to its
symplectic nature?.

As for the mesh, a 2D rectangular mesh was used,
whereas for the Poisson solver a Successive-Over-
Relaxation (SOR) scheme with Chebyshev acceleration
was implemented?.

Both the outer and inner borders of the mesh had a
Dirichlet boundary condition, where the outer border of the
mesh was kept at 0 V, and the nodes of the inner border, i.e.
the surface of the satellite, were computed with the
Capacity Matrix Method for conductive surface used in
codes such as EMSES® and Ptetra®.

In this approach, at the beginning of the simulation a
capacity matrix is calculated for the nodes of the surface of
the probe. In this procedure, 1 C of charge is assigned to a
node and then the potential generated in the rest of the mesh
is solved; the values of the potential for the rest of the nodes
on the probe are recorded, and the procedure is repeated
over each node of the probe.

Later, while the simulation is executed, the particles that
hit the probe are deleted and their charge is stored as
accumulated charge at the two closest nodes to the impact
location. Then, before the Poisson solver is executed at
each step, the accumulated charge and the induced charge
generated by the surrounding electric potential are added,
and by using the equation (T) = (§ the potential at each
node is computed.

The above procedure only accounts for a dielectric
surface, where each node can have a different electric
potential. Because the satellite is considered conductive the
same potential must be established in all the nodes and a
redistribution of the accumulated charge is also necessary.
This step is carried out by solving the aforementioned
capacity equation under the constraint 0 = )}; §g;, being
6q; the change in the charge at node i. This leads to
equation 1, ¢, being the probe floating potential.

_ 2iqi
b= 22 Cij )

Regarding the PIC interpolation scheme, which connects
the values in the physical space to the values in the nodes
of the mesh, a linear first-order first-neighbor approach was
implemented. If a particle is at a position (x,y) inside the
cell denoted by the corners {(i, ), (i + 1,j),(i,j + 1), (i +
1,j + 1)}, the field f in the particle is calculated with
equation 2. In the equation, di and dj denote the relative
position of the particle within the intervals {i,i + 1} and
{j,J + 13}, respectively. With the opposite process, where
the values of the particle are distributed over the
neighboring nodes, a similar weighted procedure is used.

fl,y) = fi,;(1=di)(A — dj) + fi4q,;di(1 —dj) +
fij+1(L —diD)dj + fiiq j41didj (2)
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3. Simulation setup

dx = 0.5m

Figure 1. Domain used in the simulation. Each rectangle
represents a different mesh, with the distance between
nodes as indicated in the image. The probe is the black
rectangle situated close to the center of the domain.

The domain used for the results shown in this paper is
presented in Fig. 1. The domain is a W X H = 35 m X
30 m rectangular box with a rectangular probe of
dimensions W X H = 2m X 1 m. For the calculations of
volumetric-related parameters, a depth of 1.0467 m was
used in all the domain, with that value chosen to
approximate the surface area and light-sided area of the
satellite to the values found in the paper by R. Marchand et
al®. The Sun is located in the left side of the domain;
therefore, only the left border of the satellite is illuminated
(produces photoelectrons), and the Solar wind direction
goes from left to right.

In this set up no magnetic field was considered in order
to simplify the validation, but this effect is expected to be
of minor significance as the gyroradii of the electron
populations are in general larger than the dimensions of the
satellite”.

Since the goal is to capture all the possible phenomena
that can happen around the spacecraft, in zones where the
density of PHE and SEE is predominant a small mesh size
is necessary, since the Debye length for SEE and PHE have
values around 3cm. On the other hand, in the regions of the
domain where the principal source of electrons is that of
the solar wind a coarser mesh can be used, as the Debye
length for Solar wind electrons is approximately 0.8 m.

For determining the multigrid structure, a first simulation
was executed, the Debye length of the three electron
species was calculated, and then the mesh configuration
was set up accordingly, with the result being what is
displayed in Fig. 1. Besides the aforementioned coarse
mesh with grid size Ax = Ay = 0.5 m, two nested mesh
were considered, the first one with Ax = Ay = 0.1 m, and
the innermost one with Ax = Ay = 0.02 m.

The Solar wind in the simulation is modeled as composed
by solely protons and electrons, both entering the domain
with a Maxwellian distribution according to the parameters
shown in Table 1. The particles are loaded into the
simulation by creating a thin buffer zone, or “dummy box”,
around the outer boundary; then, the particles that manage
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to enter in each time step into the domain are the ones
added to the simulation.

The protons, as they hit the spacecraft, are deleted from
the simulation and are accounted as charge that
accumulates in the surface, while the electrons have a 5%
chance of simply reflecting back into the domain without
energy loss.

As to the other 95% of the electrons that are absorbed by
the spacecraft, they produce Secondary Emission Electrons
(SEE) with a yield of 2.9 SEE per incident electron. These
new electrons enter the domain from the same location
where the incident electrons hit the surface, with random
velocity directions that follow in magnitude a Maxwellian
distribution of 2 eV of temperature.

As for the photoelectrons (PHE), they are generated
uniformly along the left border of the spacecraft, with a rate
that produces a flux of 16 mA/m?. The particles are injected
at the surface of the spacecraft, and like the SEE, with
random velocity directions and a Maxwellian distribution
of 3 eV. The parameters used for SEE and PHE are the
same as those found in previous literature on the subject?,
in order to make a more direct comparison of the results
and thus validate the code.

4. Results and Discussion

The flow of the SCSI simulation is principally a loop that
makes the system advance in time. Thus, the program is
kept running and the results are continuously checked, until
a stationary state is reached and maintained for some time.
Therefore, the results presented here on are temporal
averages of the stationary regime of the simulation.

4.1. Potential

i
L=}
Electric potential [V]

“A50

Figure 2. Contour plot of the electric potential. The probe
is visible as a blue rectangle in the center, with a potential
of -36.4 V.

Fig. 2 shows the distribution of the electric potential in
the whole domain. Firstly, it can be observed that the
electric potential drop due to the presence of the probe is
almost unnoticeable at a distance of ~10 m from it. This
indicates that the presence of the spacecraft is damped by
the plasma and affects only locally, as expected. The value
of the floating potential reached by the spacecraft
is -36.4 V, and a region of even lower potential can be
observed surrounding its surface. Both phenomena have
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been previously described in literature®*”, albeit with
different quantitative values.

For example, the potentials achieved by the simulations
reported in the paper by R. Marchand et al? are found in
the range -7.6 V to -12.2 V. The reason for this discrepancy
might be due to several differences between the set-up of
the codes presented in the referenced paper and SCSI.
Among those, SCSI considers only a 2D system, whereas
the rest of the programs simulated a 3D environment. This
implies that the particles simulated with SCSI have only
two components of velocity and thus less kinetic energy in
comparison with the other simulations. Additionally,
although the illuminated and exposed area of the probe in
SCSI are almost identical to their counterparts in the
aforementioned paper, the geometry of both probes is
considerably different.

Now, regarding the region surrounding the probe with
lower potential, or potential barrier, this phenomenon can
be seen more easily in Fig. 3 and 4, where 1D profiles of
the potential are displayed.

Fig. 3 shows a section of a horizontal cut of the mesh that
goes through the center of the satellite, as well two of the
results found in the paper of R. Marchand et al®, where for
ease of comparison the dimensions of that satellite were
scaled to match the front and rear parts of the spacecraft
modeled in SCSI.

The profile of the potential in all cases exhibits a constant
floating potential in the region occupied by the satellite and
a steep potential barrier both in the ram and wake regions.

As for the ram section, this phenomenon occurs due to
the high concentration of electrons that are created in the
front side, counting both PHE and SEE populations. In this
region, the density of both populations exceeds that of the
free stream Solar wind, and because of this, a net negative
potential with respect of the satellite floating potential is
generated. As expected, the plasma gets to screen this local
effect around a couple of Debye lengths away from the
barrier location. In this case, the predominant electron
populations are PHE and SEE, meaning a value of 1, =
3 cm, which goes in agreement with the position of the
barrier around 12 cm away from the surface of the probe.

In the wake, however, a different analysis is necessary.
In the rear part of the spacecraft a SEE population is also
generated, but its density is not enough to generate a
potential barrier as deep and wide. In this case, there is an
absence of Solar wind protons due to the probe presence in
the fluid. The unbalance of charges generated in the region
is what creates the potential well, and as it can be seen in
Fig. 5.a), the plasma potential starts to stabilize itself as
soon as the proton population appears again.

On the other hand, Fig. 4 displays the electric potential
for a 1D vertical cut that traverses the center of the satellite,
thus showing the potential barrier generated at the sides of
the probe. These potential barriers at each side of the
spacecraft are almost identical and have a value of -1.4 V.
In this case, the only species that contributes to the
formation of the barrier is the Secondary emission
electrons, which explains why the barrier at the sides have
less amplitude than the ram and wake barriers.

It is interesting to notice how, despite the discrepancy of
values in the floating potential between SCSI and the two
references from literature, the profiles of the three
simulations are reasonably similar. This suggests that the
main physical processes are simulated in SCSI to a good
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Figure 3. Zoom up of a 1D horizontal cut of the Electric
potential, going through the center of the probe. The image
shows the result of the potential as well as the results from
the softwares SPIS and PTetra extracted from R. Marchand
et al?. The reference potentials are rescaled to match the
size of the SCSI probe.
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Figure 4. Electric potential for a zoom up of a 1D vertical
cut through the center of the probe.

extent, and that the difference in the potential result is
considerably dependent on some minor effects. This will
be explored in more detail in the next subsection.

4.2. Currents

The electric currents established at the stationary state are
a major indicator on how the equilibrium was achieved.
This is because the stationary state is reached when the net
current into and from spacecraft equals 0. Furthermore, the
system behaves as a physical system reaching a minimum
of energy: if the potential is more negative, the spacecraft
attracts more positive charges and less negative charges,
making the incoming current positive and thus charging the
surface with more positive charges, which in turn generate
a more positive potential. The same process happens if the
potential is more positive than expected. Thus, a balance
among the incoming protons and electrons from the Solar
wind, and the emitted and recollected PHE and SEE
populations has to be achieved in order to get a stable
potential.

Table 2 shows a comparison between SCSI and SPIS
results? for the incoming and outgoing currents for all the
species, the recollection rate for PHE and SEE species, and
the important parameters of the electric potential.

As observed, all the parameters related with the currents
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are similar between the two simulations, with the biggest
difference being the proton incoming current with a
difference in value of 13%. This suggests that although the
system is very stable and seems to always reach a
stationary floating potential value, the value in itself is
highly dependent on the parameters of the system; for
example, the physical properties of the surface, the
spacecrafts’ geometry, or the exposed area to the sunlight.

Table 2. Comparison of the results in current, SEE and
PHE recollections, and potential parameters, for the codes
SPIS? and SCSI.

Parameter SPIS SCSI
I, (in) [mA] 0.62 0.54
I, (in) [mA] -8.4 -7.03
Ispg (out) [mA] 21.2 20.4
Igpg (in) [mA] -16.2 -15.72
Ipyg (out) [mA] 16 16.76
Ipyge (in) [mA] -13.3 -14.38
SEE in/out [%] 76.4 77.61
PHE in/out [%] 83.12 85.83
Satellite Pot. [V] -7.6 -35.5
Ram pot. [V] -5~-6 -4.3
Wake pot. [V] -10 -5.1

It is also worth to notice the small effect that the variation
of the probe potential had in the fraction of Solar wind
electrons that reach the surface. This is because, for the
distribution function of Solar wind electrons, which in
literature is usually assumed to be Maxwellian?, cutting off
the fraction of the population with less than a certain
energy produces similar results in the range 10-30 eV.

Additionally, it is also important to mention that the PHE
and SEE populations are largely regulated by the potential
barrier, which in itself is mostly regulated by the density of
these two species. These two effects mentioned above,
together with the fact that the protons are negligibly
affected by the potential, is what makes the final floating
potential so easy to vary without affecting the whole
equilibrium of the system.

4.3. Species densities

Fig. 5 shows a series of density distributions for the 4
species included in this simulation. In order, from top to
bottom: a) Protons, b) Solar wind electrons, c)
Photoelectrons, and d) Secondary emission electrons. For
protons and electrons, the parameter plotted is the local
density over the free stream density (n, = 7 X 10° m™3),
whereas for PHE and SEE populations the local density
was divided over the maximum density found in the mesh.
These values are, respectively, 1.1 X 10'* m~3 and 3.0 x
101m=3. The images presented are close-ups to the
vicinity of the probe.

The protons, as mentioned in the introduction, behave
almost ballistically. The temperature of this species (82 eV)
implies a velocity distribution with mean speed of
1.35 X 10° m/s that is added in random directions to the
population, which already has a velocity of 3 X 10° m/s in
the +x direction due to the Solar wind. Moreover, owing
to their comparatively high mass, the protons are almost
negligibly affected by the potential distribution around the
spacecraft. Because of this and the fact that the bulk
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velocity component is higher than the temperature velocity
component, this population simply creates a wake behind
the spacecraft as it can be seen in the image, and the
nominal value of free stream density is reached already
around 10 m downstream.

The absence of protons that is observed right behind the
spacecraft is what creates the local unbalance of charge in
the plasma and therefore the potential barrier present in the
wake region.

In the case of electrons, it is more visible the effect of the
negative potential in its spatial distribution. Since electrons
are lighter than protons and thus more susceptible to the
electric field, and their temperature component of the
velocity (6.70 X 10° m/s) is around 20 times bigger than
the Solar wind component, the satellite basically behaves
as an electrode set at a negative potential that repels the
fraction of the population with insufficient energy.
Actually, according to the Boltzmann model, for an
electron temperature of 85 eV and a floating potential of
¢sc = =364V, only exp(e¢ps./kgT.) ~ 0.65 of the
population will be able to reach the probe, which is in
agreement to what is found in the Fig. 5.b).

Another aspect of the plasma behavior that can be
verified in Fig. 5.b) is the screening of the probe potential
after a couple of Debye lengths. In the —y/+y sides of the
spacecraft, we can observe this phenomenon happening at
3-4 meters away from the spacecraft surface, which is
around 4-5 Debye lengths for the Solar wind. This effect is
less clear in the front and rear sides of the spacecraft
because in these regions other phenomena are involved.

Fig. 5.c) shows the density distribution for the
photoelectron species. As expected, most of the particles
are concentrated in the front side of the probe, and due to
the presence of the potential barrier, a significant fraction
of the generated particles ends up being recollected by the
surface and thus the PHE population depletes quickly as we
move further from the surface. Indeed, the potential barrier
is located around 12 cm away from the surface, and at
20 cm, the PHE density is approximately 4% of the
maximum density.

It is also interesting to notice how the PHE population
extends to the sides of the probe. The reason for this effect
is that although the photoelectrons injected at the surface
of the probe have no negative values in the x component of
the velocity, the potential barrier generated at the front
reflects back the particles, and, in general, most of them
end up being recollected by the probe. However, a portion
of the PHE population has sufficient velocity in the
component along the surface and the particles manage to
escape the probe by crossing the barrier at the sides, which
is significantly lower in value.

A similar effect can be observed in the distribution of the
SEE species, displayed in Fig. 5.d). Since the electrons
from the Solar wind are almost unaffected by the
differences in the potential barrier between the front, rear,
and side regions of the probe, it is reasonable to assume
that all surfaces of the spacecraft receive similar amounts
of electron flux; this, in turn, implies that a similar rate of
SEE particles are created at all sides of the probe.

Consequently, the concentration of the SEE population at
the sides of the probe obeys to the lower potential barrier
that these particles need in order to cross in these regions.

This document is provided by JAXA.
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Figure 5. Close-ups of the relative density distribution of
species. From top to bottom: a) protons, b) electrons, c)
photoelectrons, d) secondary emission electrons.

Moreover, although the ram and wake potential barriers
are similar in magnitude, the fact that the wake potential
barrier extends in a greater area causes that almost no SEE

S =2 —a Hifi ROy LGs

population can be found in the rear side of the probe, as
opposed to the front side, where the potential barrier is
mostly one-dimensional.

4.4. Cylindrical mesh set up

As mentioned in section 4.1., a possibility for the
discrepancy between the satellite potential found in SCSI
and previous codes might lie on the use of a 2D mesh
instead of a 3D one. In particular, considering the velocity
of the particles in 2D reduces the amount of kinetic energy
that they contain. In order to check the impact of this effect
in the results, another simulation was performed where
only the velocity was considered in a 3D fashion.

The domain was a W X H = 22 m X 10 m rectangular
box with a rectangular probe of dimensions W x H =
1.2 m X 0.6 m. However, the mesh represents a system
with cylindrical symmetry with the axis on the bottom
border, thus transforming the actual shape of the probe to a
cylinder.

For the time integrator, a modified Leapfrog scheme was
implemented which could work in the 2D-3D approach
mentioned above. The velocities of the particles were
considered in three dimensions: (z, 7, ¢), and the positions
in two dimensions: (z,1). At the moment of advancing the
particle, as in a typical Leapfrog scheme, the velocity is
modified depending on the forces acting in the particle.
Despite the velocity having three components, since the
mesh is considered cylindrically symmetric, there is no
force acting in the ¢ component, and thus only the (2, 7)
components are modified.

After the velocity update, the position is further updated
by being temporarily considered in three dimensions. Let
us call the position in the previous step 7y = (73, 7;.), the
new velocity at the half-step ¥, , = (v,, v, vg), and the
time step At. It is important to recall that the component v,
of the velocity is in Cartesian coordinates, rather than
angular coordinates, and therefore its units are m/s. With
this, the temporary 3D position will take the form 7* =
(rZ + v,At, 1 + VAt 17¢At) = (17,717,74) . Because the
mesh actually stores the information of the (z,7)
components instead of the components of a Cartesian
coordinate system, a transformation between these two
systems is necessary, being performed as 7 =

(ry, |r* +13%,0). In this manner, the particle is moved

back to the plane (z,7) depicted by the 2D mesh and this
7, position is the one stored in the simulation.
In a similar way, the velocity ¥y , is rotated by an angle

T . .
0 = tan™( 4’/7.*) such that v,, v, are contained in the
T

(z,7) plane and vy is perpendicular to the plane. This
rotated version of the velocity is the one stored in the
simulation.

This modified Leapfrog method, since it still acts in time
as a normal Leapfrog scheme, keeps the second order
accuracy in space and time, and it conserves the energy of
the system.

The results with the new simulation are shown in Fig. 6,
making a comparison with the previous results presented in
Fig. 2. In this case, the satellite potential reached a value of
-15.4 V, suggesting that the consideration of the velocity of
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the particles in 2D was the major issue for the difference in
potential with the previous set up.

| ~ f PTatra
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Figure 6. 1D horizontal cut of the Electric potential, going
through the center of the probe. The image shows the
previous results in Fig. 3, in addition to the potential
achieved with the 2D cylindrical mesh simulation,
indicated as “Update”.

4.5. Summary of SCSI code

A new PIC-based program called Solar Corona — Satellite
Interaction (SCSI) has been built, with the intention of
studying the physical processes that govern the interaction
between the surface of a satellite and the solar wind in the
region of the Solar Corona. The code has been developed
with an Object-Oriented-Programming approach, in order
to make it adaptable to different numerical schemes in
Plasma Physics and thus expand its usage to include new
physical phenomena and model other problems of interest
that involve plasma-surface interactions.

As a benchmark problem to validate SCSI, we have
modeled the scenario of a probe immersed in the Solar
Corona region at a distance of 8.5 R from the surface of
the Sun, inspired in the circumstances that PSP will
encounter in its closest approaches to the Sun.

The results of SCSI have been mostly compared to the
modeling setup described in the paper by R. Marchand et
al?. The SCSI simulation showed good agreement with the
literature in relation with the important parameters of the
system, including the probe surface potential, the density
distribution of the species included (protons and electrons
from the solar wind, photoelectrons and secondary
emission electrons), as well as the currents established in
the stationary regime.

However, there was a small discrepancy in the value of
the floating potential reached in the stationary state, with
the SCSI value being -15.4 V and the values achieved by
the softwares in R. Marchand et al” in the range -7.6 V ~
-12.2 V. This difference may be attributed to dissimilarities
in the geometry of the probes in both studies, as well as the
fact that the SCSI code simulated the scenario in a
cylindrically symmetric 2D mesh, as opposed to the 3D
fashion used in R. Marchand et al. softwares.

5. Conclusions

The appearance of this discrepancy in the surface
potential, in contrast with the similarities in the rest of the
physical parameters, suggests a high dependence of the
final value of the potential on the parameters of the
physical situation, such as the probe’s geometry or the type
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of surface material. However, SCSI proved to be capable
of reproducing the main physical processes in this scenario
up to current standards.

The variance in the surface potential, as well as the
changes in the spatial distribution of density for the
particles in the solar wind, suggests: 1. There is room for
improvement in the field area of surface potential
calculation, as currently many of the simulators still differ
in their results?, and the final value of the potential may
affect the performance of the missions. 2. The existence of
a floating potential as well as PHE and SEE populations
may hamper the accuracy of instrument measurements; as
such, these phenomena have to be taken into account when
considering new space missions with the Sun as their target.

6. Future work

Current efforts are being made on including the
interaction of neutral species generated by the ablation of
the heat shield with the already present particles. The
ionization of these neutral species may also play a role in
the precision of the instruments on board, and thus it
becomes relevant to study this phenomenon in more detail.
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ABSTRACT

109

Compound helicopter based on a single main rotor has a fixed wing under the main rotor. It is known that in high advance

ratio flight, acrodynamic interaction between the rotor and the wing mainly occurs under the advancing side of the main

rotor. However, since the flow field around the rotor heavily depends on the flight speed, it is necessary to investigate the

effect of the interaction in a wider speed range. A computational model of compound helicopter is constructed with a main

rotor of UH-60A helicopter and a winged-body configuration where the fuselage is designed by JAXA and the wing form

is rectangular. This paper investigates the influence on aerodynamic performance of the rotor/winged-body configuration

due to change of advance ratio through numerical simulations. As a result, the total lift-drag ratio of the rotor and winged-

body with aerodynamic interaction is reduced compared to that without aerodynamic interaction. At the same time, the lift

share of the rotor with aerodynamic interaction increases compared to that without aerodynamic interaction. The amount

of increase of the lift share by the rotor is almost constant for the advance ratios from 0.3 to 0.7.
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An Artificial Neural Network-Assisted Genetic Algorithm with Application to
Multi-Objective Transonic Airfoil Shape Optimization

HARIANSYAH Muhammad Alfiyandy, SHIMOYAMA Koji (Tohoku University)

ABSTRACT
Evolutionary algorithms (EAs) have been widely used in design optimization that often requires expensive evaluations

(e.g., computational fluid dynamics: CFD). An artificial neural network (ANN) based surrogate model is used in the EA

optimization routines to reduce the time for these expensive evaluations. The ANN can model the relationship between

many design variables and objective functions in a single surrogate model, unlike other surrogate models (e.g., Kriging).

In this study, a genetic algorithm (GA) coupled with a dynamically retrained ANN is proposed and applied to multi-

objective transonic airfoil shape optimization where aerodynamic performances are evaluated with CFD. The proposed

method is shown to converge more quickly towards the Pareto-optimal front with fewer CFD evaluations compared to a

stand-alone GA, proving the efficacy of ANN as the surrogate model in the GA.

I Introduction

Aerodynamic design of transonic wing is important
since most of commercial aircrafts today cruise at transonic
speeds, near the speed of sound. The aerodynamic
characteristics of the wing are strongly affected by the
shape of its airfoil section.! Aerodynamic shape
optimization of transonic airfoil (ASO-TA) thus becomes
a crucial task to find candidates of shapes with optimum
aerodynamic performance, given the set of design variables,
objective, and constraint functions. One objective of ASO-
TA is drag minimization to reduce fuel consumption at
cruise. However, it comes with a tradeoff with lift, for
example. The induced drag increases in proportion to the
square of lift. Zero induced drag means zero lift. This study
includes several ASO-TA problems with two objectives:
drag minimization and lift maximization.

Population based metaheuristic approaches, such as
evolutionary algorithms (EAs)?, have been used to solve
multi-objective optimization problems (MOPs) due to their
ability to find multiple tradeoff solutions. The obtained
tradeoff solutions are called non-dominated solutions that
approximate unknown Pareto-optimal solutions (the ideal
solutions in which no other solutions in the design space

are better than them in terms of all the objectives).

The discipline of aerodynamic shape optimization
(ASO) has benefitted from the increasing use of multi-
objective EAs (MOEAs). Among MOEAs, multi-objective
genetic algorithms (MOGASs) are gaining popularity in
recent years (e.g., NSGA-II algorithm®). However,
MOEAs require a considerable number of objective and
constraint function evaluation calls. This is a drawback if
applied to ASO, where computational fluid dynamics
(CFD) is wused as (often

computationally expensive). Alternatively, surrogate (or

function evaluation
meta) models are used as approximate models that
analytically map inputs to outputs based on a sample
dataset given. All direct calls to the expensive evaluations
are replaced with the surrogate models, hence called
surrogate-based optimization (SBO).* To improve the
accuracy of the surrogate models, they often need to be
updated with additional sample datasets given by infilling
criteria in a sequential process.

The use of surrogate models is nothing new in the field
of engineering design optimization and exploration,
especially ASO. Palar et al. pointed out several key issues
concerning the applications of SBO techniques in real-
world problems.5 Of several surrogate models, Kriging® is

arguably the most popular surrogate model relied in
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Bayesian optimization approach.” Kriging provides the
function prediction along with its estimation error. Zuhal et
al., for example, did the benchmarking multi-objective
Bayesian global optimization for aerodynamic designs
with ordinary Kriging as the surrogate model.® One Kriging
model, however, can only do mapping for one function.
This is a pitfall in MOPs since K Kriging models must be
constructed for K expensive objective functions. It gets
worse when dealing with high number of design variables
which translates to high number of hyperparameters to be
optimized leading to longer model generation time.

Artificial neural network (ANN), on the other hand,
can do mapping between many design variables (input) and
multiple functions (output) in a single model. ANN thus
has a great potential to be a surrogate model for
optimization problems that have multiple expensive
functions (e.g., MOPs) and many design variables.

In this paper, we develop an ANN-assisted NSGA-II
(NN+GA) with application to several multi-objective
ASO-TA problems. The objective is to investigate the
efficacy of the proposed method in the field of aerospace
systems that have low to moderate number of design
variables. This paper describes a preliminary study before
the proposed method is used in high dimensional problems.
The performance metric used is hypervolume (HV) that
measures both the convergence and the spread of the
obtained non-dominated solutions. We also compare the
results obtained using NN+GA and standard NSGA-II by
tracing the history of HV values per iteration.

The remainder of this paper is structured as follows:
Section II explains the basic of ANN surrogate model.
Section III elaborates the flow and the techniques used in
the SBO procedure. Section IV details the multi-objective
ASO-TA problems. Section V presents the results along
with the discussions. Finally, conclusions and future works

are summarized in Section VI.

II. Artificial Neural Network
ANN is an abstract computational model of the
human brain (a highly complex, nonlinear, and parallel
ANN
models the relationship between the input variables x =
{x1, x5, ..
design variables, and the output f = {f}, fo -\ )}’ >

where m

information-processing  system). analytically

,X,}7, where n is the dimensionality of the

is the number of expensive-to-evaluate
functions to approximate in a single model. Unlike
Kriging that interpolates data, ANN is a regression type
model and thus has the potential to be inherently fault
tolerant or capable of robust computation.’

Artificial neuron is a building block of ANN that
consists of an adder and an activation function. The
former acts as a linear combiner that sums the input
signals while the latter allows ANN to map nonlinear
functions. An externally applied bias b;, can be applied
to the adder. A set of neuron makes up a layer. Each
neuron is connected to other neurons via links
characterized by weight values, as in Figure 1.
kth artificial neuron

Xy e

=~ Wik
xz Wiz

b

“"y:

i k '

Fig. 1: A mechanism of an artificial neuron

The net of aneuron k can be represented as follows:
nety = XyWyq + XoWyp + -+ + X, Wy, + by
n
net, = Z XiWy; + by @)
i=1
Then the neuron computes the output y, as a certain
function f of net, value as follows:
Vi = f(nety) (2)
The function f is called the activation function. Some
popular activation functions include logistic sigmoid,
hyperbolic tangent, and rectified linear unit (ReLU).

The regression model is constructed by learning a set
of data samples consisting of input x (design variables)
and target output t (in this case, CFD). A loss function
is a measure of how good the model in terms of predicting
the desired response. One type of loss function that works
in regression tasks is mean squared error (MSE). MSE

loss function is defined as follows:

J
Ew) = Y 1ity =31 ®
j=1

where y; is the predicted value vector, &; is the desired
response vector, J is the number of samples trained in
one batch (batch size), and w represents the weight
values of the network. Equation (3) can also be divided
by J to obtain the mean value.

The learning process is conducted by minimizing the
loss function by updating the weight values sequentially.
The weight adjustment is conducted by error back-

propagation technique!® with gradient descent method!!.
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1. Surrogate Based Optimization using NN+GA
An MOP includes more than one objective f to be
simultaneously optimized with respect to some constraints
g and h, if any. The search space is done on the design

space x. The formulation is generally written as follows.

Minimize f,(x), m=12,..,M;
subject to g;(x) <0, i=12,..]
he(x) =0, k=12 ..K

x® <x <x®, i=12,..,1

Maximization problem can be treated the same way as
minimization problem by multiplying the objective
function with —1. Many kinds of EAs have recently been
introduced to solve MOPs. Deb wrote a good summary of
most of the methods in his book.'

Many EAs guarantee the findings of global optimum,
but then again, they typically require numerous calls to
function evaluation, which is not favorable when the
function evaluation is expensive to evaluate. It thus drives
the development of SBO method to reduce the number of

evaluations which translates to low computational cost.

1T A.

1. Geometry parameterization is done as the first step.

General procedure of SBO

The geometry is characterized by a set of design
variables that determine the shape of a design.

2. Latin hypercube sampling (LHS)" is done as the
initial sampling in the design space. N is chosen as
the number of initial LHS points. If the geometry
parameterization has any inexpensive constraints,

the LHS is combined with a constraint handling

Yes

-

B. Stopping
Criteria

10. Pareto-optimal
approximations
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technique to obtain geometrically feasible shapes.

3. The objective f, constraint g and h are evaluated
using true function evaluations (e.g., CFD, etc).

4. The so-far obtained solutions are compiled in a
database containing x and expensive-to-evaluate
functions from f, g, h to approximate.

5. ANN based surrogate model is constructed by
training using design database. An approximate
model f(x), g, Tl(x) that can do analytical
evaluation is obtained.

6. Multi-objective optimization is done using NSGA-II
algorithm, coded in Python." Any call to expensive
evaluation from f, g, h is replaced using the model
F(x),§(x), h(x). At the end of NSGA-II procedure,
a set of non-dominated solution Xxj. is obtained
which correspond to fpese.

7. K-means algorithm'® for clustering data is used as an
infilling criterion to down-select K points from
Xpest t0 be used as the new design points. The
clustering is done on the objective space.

8. Ifthe computational budget is still available, proceed
to Step 9. If not available, proceed to Step 10.

9. The new design points are prepared to be evaluated
by the true evaluations. Step 3-8 are repeated.

10. A set of solutions Xjqs; gen Which correspond to the
best N non-dominated solutions from the design
database are obtained. They are then sorted to find
solutions that lie on the first non-dominated front to
approximate the Pareto-optimal front (POF)

Figure 2 illustrates the SBO procedures applied to
the multi-objective ASO-TA problems.

6. Multi-objective optimization

7. Infilling Criteria
using NSGA-Il on the NN model

Fig. 2: Surrogate-based optimization procedure applied to multi-objective ASO-TA problems
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11.B.

This study uses a fully connected feedforward neural

Neural network configuration

network with five layers consisting of an input layer,

three hidden layers, and an output layer, shown in Fig. 3.

e OvOy e

] » [

: L] - 1 - :
RO ACSC i
Input Hidden Hiddan Hidden Cutput
Layes Layar 1 Layer 2 Layer 3 Layer

Fig. 3: Fully connected feedforward neural network

The design variables are fed into the input layer,
while the expensive-to-evaluate functions are fed into the
output layer. The three hidden layers play a vital role to
map the input to output. It has been reported that three
hidden layers of neural network are enough to map any
highly non-linear function (e.g., Shen et. al.!6).

This study uses LeakyReLU activation function
which is the extended version of ReLU activation
function. The activation functions are embedded to every
layer in the hidden layers. ReLU always outputs zero in
the negative range leading to saturation (also called dying
ReLU problem). LeakyReLU is preferable since it avoids
this saturation which often happens in a dense network.
Equations 4 and 5 explain how they work.

ReLU(x) = max(0, x) 4)

LeakyReLU(x) = max(0,x) + 0.01 min(0,x) (5)

11I.C.

Firstly, the design variable x and the objective

Data treatment prior to training

functions f are normalized between 0 — 1. To do this,
x® and x@

boundaries for x, while min(f) and max(f) of the

are used as the lower and upper

current sample dataset are the lower and upper boundary
for f. This process can speed up the training.!’
Secondly, Euclidean distances between samples in
the design variable domain are calculated. If there are two
samples that have a distance < 0.001, one of them will
be deleted. Lastly, the K-means algorithm is used on the
x domain to cluster the samples into K clusters. The
value of K is chosen using a method called gap statistics!®.
The samples are duplicated so that the number of samples
allocated to each cluster is evenly distributed. In other
words, sample points in a less dense cluster region are

oversampled. Suppose N is the largest number of

training data that belongs to a cluster and n; is the
number of training data that belongs to l-cluster. Then,
the sample points that belong to [-cluster are duplicated
round(N/n;) times. The last two steps prevent the
network from adding more weights to the crowded

samples, leading to overfitting them.

1II.D.

The design database is first divided into two sets:

Training the neural network

training set and validation set. The former is used to train
the model while the latter is used to validate the model.
This method is called cross-validation. In this study, the
training and the validation set are chosen randomly from
the design database with ratio 4:1.

The neural network model is constructed by training
it using the training set. The term ‘training’ refers to the
process of sequentially updating the weight values of the
network so that the model can match the training data.

The training is done in two phases: feedforward and
back propagation. In the feedforward phase, the training
set is passed into the network. The network with initially
random weight values predicts the output. In the back
propagation phase, gradient descent is used to calculate
the slope of the function and uses this value to update
weight values using the Widrow-Hoff rule as follows,
- a(fvi:? ©)

where wy,; represents the weight value that connects

Wil i= Wi,

neuron k inalayer and neuron [ in the nextlayer, 7 is
the learning rate, and E(w) is the cost function. Adam'?,
a gradient based optimizer, is used to do the gradient
descent task, which is to find a set of weight values w
that minimizes the cost function E(w).

This study adopts a mini batch gradient descent
method in which only a portion of the training set is used
at a time to calculate the cost function. This portion is
called a batch size which is set to 5% of the training set.
The cost function calculation is done until all the training
set has been used. The average cost function is then
obtained, and the weight values are updated.

The validation process only includes the feedforward
phase, where the validation set is passed into the network
to calculate the cost function. As the training progresses,
the cost function with respect to the training set decreases,
while the cost function with respect to the validation set
eventually increases. This is the sign of overfitting. The
training is stopped whenever this sign is observed. If not
observed, the training progresses, indicating an epoch.

The maximum epoch is set to 2000.
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Iv. Transonic Airfoil Shape Optimization

We aim to apply our proposed algorithm (NN+GA)
introduced in Section III to several ASO-TA problems.
The same problems are also solved using standard
NSGA-II algorithm with different configurations. The
obtained results are compared to investigate the efficacy
of the NN+GA as well as to show its superiority over the
standard NSGA-II in this real-world problem.

IV.A.  Airfoil parameterization

We use two techniques to parameterize the airfoil:
PARSEC*® and B-Spline, illustrated in Figure 4. All
airfoils in this study have a sharp trailing edge. The nine
design variables for the PARSEC airfoil are listed in
Table 1. For the B-Spline airfoil, the 18 control points are
selected from the coordinates of RAE2822 (the baseline)
that are listed in Table 2.

BAPLNE
Figure 4. Airfoil parameterization

Table 1: The boundaries of PARSEC variables

No Variables Lower bound Upper bound

1. Tip 0.0065 0.0092
2. Xop 0.3466 0.5198
3. Yup 0.0503 0.0755
4. Yyxup -0.5094 -0.3396
5. X 0.2894 0.4342
6. Y, -0.0707 -0.0471
7. Yixio 0.5655 0.8483
8. arg -0.1351 -0.0901
9. Bre 0.1317 0.1975

Table 2: The boundaries of B-Spline control points

No X Vars. Lower bound Upper bound
1. 0.928864 Y, -0.009306 0.010694
2. 0.853553 Y, -0.024314 0.015686
3. 0.777785 Y, -0.032689 0.007310
4. 0.668445 Y, -0.048139 -0.007814
5. 0.549009 Ys -0.064642 -0.024642
6. 0.426635 Ye -0.076979 -0.036979
7. 0.308658 Y, -0.078459 -0.038459
8. 0.202150 Ye -0.071694 -0.031694
9. 0.071136 Yy -0.053169 -0.013169
10.  0.071136 Yio 0.012644 0.052644
11.  0.202150 Y14 0.031885 0.071885
12. 0.308658 Yi, 0.039629 0.079629
13. 0.426635 Yi3 0.042779 0.082779
14.  0.549009 Yi4 0.040194 0.080194
15.  0.668445 Yis 0.030993 0.070993
16. 0.777785 Yie 0.017847 0.057847
17. 0.853553 Yy, 0.065540 0.046554
18.  0.928864 Yig 0.037689 0.023769

1IV.B. Computational fluid dynamics
We use CFD to

performance (i.e., Cs and C)) of the transonic airfoil shape

evaluate the aerodynamic
in a 2D inviscid flow which was solved by SU2 open-
source code.?! Using the inviscid Euler solver is not
realistic to simulate real-world aerodynamics with
viscosity and thermal conductivity. Nevertheless, it is
cheap and allows us to perform numerous function
evaluations in the present numerical experiments to

compare the efficacy between optimization algorithms.

IV.C.  Problem definitions

The complexity of a problem is influenced by the
dimensionality, the governing physics, the presence of
constraints, etc. We define the following three multi-
objective ASO-TA problems, aiming at presenting
different complexities. Note that we transform the

maximization of C; to the minimization of —C,.

ASO-TAI: (2 objectives, 0 constraint, 9 variables)

minimize : Cgand — (G
with respect to : PARSEC variables in Table 1
subject to : -

@ a=2° M=0.73

ASO-TA2: (2 objectives, 0 constraint, 9 variables)
: Cgand — (G

with respect to : PARSEC variables in Table 1
subject to T -

@ a=2° M=0.80

minimize

ASO-TA3: (2 objectives, 3 constraints, 18 variables)
: Cgand — (
with respect to : B — SPLINE control points in Table 2

minimize

subject to 1 0.8 * Apggerine — A <0
Y1 -Y5=<0
Y, =Y; <0

@ a=2° M=073

The above problems are in an order of increasing
complexity. All problems have two expensive objective
functions. ASO-TA1 and ASO-TA2 have no constraint
functions, but the latter has a slightly larger Mach number.
This is done to present a more complex problem since the
shock wave is expected to be more intense. ASO-TA3 has
higher dimensionality with addition of three cheap
constraints. The area constraint prevents the airfoil from
going too slender compared to baseline, and the trailing

edge constraints ensure geometrically feasible shapes.

This document is provided by JAXA.



120 FHML 2T TE B AR B TAXA-SP-21-008

V. Results and Discussions
In this section, we present the computational results.
To ensure the computational accuracy, we first conduct
grid convergence study (GCS). We then apply the NN+GA
and NSGA-II to the three ASO-TA problems. Finally, we

compare the results using the HV metric.

V.A. Grid convergence study

The CFD results are dependent on the grid resolution.

Thus, we should conduct GCS to decide our mesh
configuration so that our aerodynamic values of interest
are grid independent. In this study, the grid independence
is marked by the convergence of C; and C;. The GCS is
done on the RAE2822 in a 2D inviscid flow condition with
a=2° M =0.73. We used a standard C-grid topology
and surveyed five types of grid resolution. The GCS results
are shown in Table 3 and in Figure 5.

Table 3: The results of grid convergence study

Types Mesh size Cyq C,
Extra coarse 3,344 0.0093040 = 0.8373201
Coarse 7,714 0.0080846 = 0.8470053
Medium 17,688 0.0076633 = 0.8488699
Fine 38,016 0.0075925 = 0.8504628
Extra fine 89,496 0.0075496  0.8505103

Fig. 5: Grid convergence for C; and C

We can observe that C; and C; have converged
between fine and extra fine grids. The CFD on the fine
grid took about 1 minute and 10 seconds while it took
about 2 minutes 47 seconds for the extra fine grid. The
CFD was done on an Intel(R) Xeon(R) CPU E5-1630 v4
3.70 GHz with 4 cores. Based on this result, we decide to
use the fine grid. Figure 6 shows an example of the
structured grid used in this study. All the meshes are

created using Pointwise, a commercial meshing software.

Fartaid Haaiekd

Fig. 6: An example of the fine grid used in this study.

V.B. Optimization algorithms

We use NN+GA algorithm and three different
configurations of NSGA-II algorithm to approach the
ASO-TA problems. The same exact initial samples found
by LHS are used as the initial population for all algorithms
so that we can do a fair comparison. The number of initial
samples is 100.

In the NN+GA, an initial surrogate model is obtained
by training the network based on these 100 initial samples.
The training parameters are listed in Table 4. NSGA-II
with the configuration listed in Table 5 is used with the NN
model replacing all the expensive function evaluations (Cy
and C;). After obtaining 100 optimized samples predicted
by the NN+GA, K-means algorithm is used to cluster these
samples into Ny, riying clusters. The samples closest to the
centroids are chosen as the next sample points (infilling
points). For ASO-TA1 and ASO-TA2, 20 infilling points
are added 5 times, while for ASO-TA3, 10 infilling points
are added 30 times. Thus, if the optimization is done until
nt" generation, the number of CFD evaluations using
NN-+GA can be written as follows:

Nepp = 100 + Ninfilling * (ngen - 1) @)

Table 4: The training parameters

ASO-TA1 ASO-TA2 = ASO-TA3
Naeuron 9 9 18
(input layer)
N
higasron 128 128 2048
Nieuron 2 2 2
(output layer)
Learning rate 0.001
Nepoch 2000

80% of the current database
5% of the training set

Train ratio
Batch size

Table 5: Parameter values for NSGA-II inside the NN+GA

Population size 100

Max num.ber of 250
generations
Crossover 1., = 15, rate = 0.9

Mutation Nm = 15, rate = 1/100

In the second algorithm, NSGA-II is used with a
population size of 100 that participates in the genetic
process, producing the next 100 sample points to be
evaluated. Due to the budget limitation, the NSGA-IT100pop
is run until 10™ generation (1000 CFD evaluations).

In the third and fourth algorithm, NSGA-II with fewer
population size is used. Now, only a population size of 20

participates in the genetic process, producing the next 20
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sample points to be evaluated. Since we have to start with
the same 100 initial LHS samples, the K-means algorithm
is used to down-select 20 out of 100 initial LHS samples.
The K-means algorithm is run on the design space x for
the third algorithm, and on the objective space f for the
fourth algorithm. The fourth algorithm is the least efficient,
because the 100 LHS samples must be evaluated first.
Since only 20 samples are chosen, the remaining 80
samples are redundant. For ASO-TA3 only, the population
size is set to 10. Thus, if the optimization is done until nt"
generation, the number of CFD evaluations using NSGA-

II can be written as follows:
Nepp = 100 + Ny * (ngen - 1) ®)

The parameters for the second, third, and fourth

algorithm are listed in Table 6.

Table 6: Parameter values for the three NSGA-II algorithms

The second The third The fourth
algorithm algorithm algorithm
Pop size
for prob 1 & 2 100 20 20
Pop size
for prob 3 100 10 10
Max n
gen
for prob 1 & 2 10 1 1
Max n
gen
for prob 3 10 31 31
n. =15 n. =15 n. =15
Crossover rate = 0.9 rate = 0.9 rate = 0.9
Ne =20 ne =20 ne =20
Mutation - re 1/100 i, =1/20 i, =1/20
- r; =1/10 r; =1/10
K-M K-M
Initial pop LHS samples eans eans
on X on f

The HV indicator is used as the performance metric
for each optimization. For NN+GA, the HV of current
population is calculated every time the infilling points are
evaluated, while for NSGA-II, it is calculated every time
the new generation is evaluated. To calculate HV, two
[0.0,—1.5] and [0.1,0.0], in the
objective space are used to normalize both C; and C;.

reference points,

Due to the stochastic nature of the algorithms, each
optimization problem is solved three times with different
initial populations (LHS was done three times). Thus, the

HV value is averaged among three optimization runs.

V.C Results of ASO-TA1
Figure 7 shows the average HV history for all
algorithms performance in ASO-TAL. It basically shows

how the HV value progresses as the number of true
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evaluations increases. Since the HV values represent the
proximity towards the POF and its spread, the higher the
HYV value is, the better.

It can be observed from Figure 7, that the proposed
method (NN+GA) can achieve higher HV value with
significantly fewer number of CFD evaluations compared
to the standard NSGA-II without surrogate model. We
defined our budget for ASO-TAI to be: 3 x 200 = 600
evaluations for NN+GA; 3 x 1000 = 3000 evaluations for
the second algorithm; and 3 x 300 = 900 evaluations for
the third and fourth algorithm.

With only 600 CFD evaluations, the NN+GA
achieves an HV value of around 0.675 while NSGA-II
(2" algo) can only achieve 0.650 with 3000 CFD
evaluations. We can say that the proposed method is
superior to the rest of algorithms in solving ASO-TAI.

HV Histo
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0.525 1 w= N5GAZ-[3ed sigal-ava
—w= NSGAZ-[4th algol-avg
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w00 200 30 400 500 60D RGO BOD B0 1000
Huimber af toes CAD evaluata

Fig. 7: Average HV history for ASO-TA1

The NSGA-II 3™ and 4" algorithms are used to
eliminate the doubt that claims the superiority of NN+GA
is because of lower Ny fiyjing = 20 compared to Ny, =
100. Even with Np,,= 20, as in the third and fourth
algorithm, there is no significant improvement that can
make them compete with NN+GA.

These results are visualized in Figure 8 that shows
the plot of all solutions found by NN+GA and NSGA-II
(2™ algo) and the attainment surface of their non-
dominated sets. The plot of the initial population and the
non-dominated set indicates the complexity of the
problem. From Figure 8(a), we can observe that most of
the initial population lie on the low C; region (C; = 0.4
- 0.6). The only task of the optimizer is then to expand the
search to cover the high C; region.

The CFD results of the optimized solutions are
presented in Figure 13-15. Note that the low-drag airfoils
have less intense shock, shown in the pressure contours,

which in turn reduces the wave drag.
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Fig. 8: Plot in the objective space for ASO-TA1 solved by NN+GA and NSGA-II (2™ algo)
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Fig. 9: Plot in the objective space for ASO-TA2 solved by NN+GA and NSGA-II (2" algo)
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Fig 10: Plot in the objective space for ASO-TA3 solved by NN+GA and NSGA-II (2" algo)

V.D. Results of ASO-TA2

Both ASO-TA1 and ASO-TA2 have all identical
conditions, except for the slightly higher Mach number in
the latter. This slight difference results in a higher
complexity of the latter compared to the former. This is

Attainment Surface
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0% ®  RAEZEZZ - baseline
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.04

o

003

0.02

0.0

0,00 4

14 13 —1.a —08 a8
-

(b) Attainment surface

indicated in the plot of the initial population and the non-
dominated set (Figure 9(a)). In ASO-TA2, the optimizer’s
task now is to find both extreme regions. A slightly higher
Mach number induces a more intense shock wave, as
found from a comparison between Figure 13 and 14. This
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shock wave induces higher wave drag, increasing the drag
coefficient Cy. This is why the initial population in ASO-
TA2 does not lie in the low C; region as in ASO-TAI.
Figure 11, again, shows the average HV history for
all algorithms’ performance in solving ASO-TAZ2. In the
same way, it shows the superiority of NN+GA over the
standard NSGA-II in solving ASO-TA2. With only 3 x
200 = 600 CFD evaluations, the NN+GA achieves an HV
value of around 0.535, while the NSGA-II (2™ algo) can

only achieve 0.505 with 3 x 1000 =3000 CFD evaluations.

The third and fourth algorithms give a slight
improvement for NSGA-II, with the same 3 x 300 = 900
evaluations, but are still inferior to the NN+GA.
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Fig. 11: Average HV history for ASO-TA2

V.E. Results of ASO-TA3

Unlike the PARSEC wvariables that ensure the
smoothness of the airfoil, the B-Spline control points
offer much more flexibility that allows the creation of
rough surfaces. The existence of constraints also makes
some obtained solutions infeasible. Thus, ASO-TA3 is
the most complex problem among the three problems. It
can be observed in Figure 10(a) that the initial population
is located far away from the PO and some solutions are
infeasible. It is expected to be difficult for the optimizer
to find the POF. That is why we defined the budget to be:
3 x 400 = 1200 CFD evaluations for NN+GA, the third
and fourth algorithm and 3 x 1000 = 3000 CFD
evaluations for NSGA-II (2" algo). Both algorithms can
find better solutions than the baseline.

Figure 12 corroborates the superiority of NN+GA
over standard NSGA-II even in a more complex problem.
We can observe from Figure 13-15, that the shock waves
seem to be not realistic and too intense. It is because of
the use of Euler solver, which in its nature, is not realistic
and this nature is exploited by the optimizers that have no

information about the physics.
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Fig. 12: Average HV history for ASO-TA3

Fig. 13: Pressure contours of two extreme solutions
found by NN+GA and NSGA-II on ASO-TAI

Fig. 14: Pressure contours of two extreme solutions
found by NN+GA and NSGA-II on ASO-TA2

Fig. 15: Pressure contours of two extreme solutions on
ASO-TA3 and the baseline with their geometries
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Although this study focuses on the comparison
between optimization algorithms (not on the CFD results)
and only uses Euler solver, it is sufficient to say that the
use of ANN makes the GA more efficient. This finding,
however, must be further justified in high-fidelity CFD.

VI Conclusion and Future Works

In this study, we proposed a state-of-the-art surrogate-
based optimization methodology called NN+GA that uses
an artificial neural network-assisted genetic algorithm. The
NN-+GA and the standard NSGA-II were applied to three
multi-objective aerodynamic shape optimization of
transonic airfoil problems with different complexities. The
NN-+GA was shown to converge more quickly towards the
POF compared to the standard NSGA-II in all problems.

Although we only used problems with low (<10) and
moderate (10-50) dimensionality, the NN+GA algorithm
has the potential to be used in multi-objective optimization
problems that have many design variables. We are
planning to use the proposed method in a problem with
much higher dimensionality (>100) and high-fidelity CFD.
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Experimental Study on Static Aerodynamic Characteristics of

Badminton Shuttlecocks with Vertical Wind Tunnel

ITAKURA Yoshiya, ENDO Kaho, SHIGETA Miho (Chiba University)

ABSTRACT

According to many badminton players, there are some differences in impact feeling and flight trajectory between feather and

synthetic shuttlecocks. The stiffhess of the structural materials must affect the impact feeling. The difference in-flight trajectory

is thought to be causally related to the Reynolds number dependency. In the present study, using the vertical wind tunnel, static

axial force and rolling moment acting on shuttlecocks were measured for a range of Reynolds number 10,000 < Re < 43,000.

Typical results are as follows: (1) Axial force of the feather shuttlecock declined sharply as the Re number decreased, and

differences of axial force between feather and synthetic became remarkable. (2) Contribution of wind-milling drag to the total

drag was estimated. The contribution ratio of windmill drag was about 15 ~ 40 %.
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Low Noise Design of Regional Jet Two-Wheel Main Landing Gear

ITO Yasushi, TKAISHI Takehisa and SHOJI Hirokazu (JAXA), SHIMADA Akihisa (SPP),
HAYASHI Kensuke (MHI) and UENO Yosuke (KHI)

ABSTRACT
Low noise design concepts have been applied to regional jet two-wheel main landing gear to reduce airframe noise during
landing approach. Those concepts were initially developed for the main landing gear of the JAXA’s experimental aircraft,
“Hisho,”

investigation of flow fields around it with computational fluid dynamics simulations, far-field noise measurements with a 10%-

based on the Cessna Citation Sovereign, and were tailored to the two-wheel main landing gear after a careful

scale wind tunnel model and an evaluation of the structural feasibility. The initial design was then improved upon by further
investigations with a 20%-scale wind tunnel model and additional computational simulations. Six types of low noise devices
were prepared: a porous cover around the tire axle and the lower half part of the strut, a plate between the mid door and strut, a

porous plate on the side brace, wheel holes sealed with aluminum tape, a door arm with porous plates. Significant noise reduction,

5.5 dB(A) in overall sound pressure level at a position directly below the main landing gear and 4.5 EPNdB, was achieved.
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Mean Velocity Measurements of Turbulent Boundary Layer at Reo=14,000
Developed on a Supersonic Wind Tunnel Wall

KAIHARA Ryoya (Okayama University), KUROSE Akihiro (Okayama University),
KOUCHI Tosinori (Okayama University)

ABSTRACT

We constructed a suction-type supersonic wind tunnel to obtain accurate and high-spatial resolution data, mainly velocity

data hopefully including wall shear stress, of shock-wave boundary layer interaction (SWBLI) at a high-Reynolds number

condition. The wind tunnel had 50 mm-width and height at the exit of the nozzle, and the length of the test section was 800 mm.

The nozzle designed Mach number was 2. One of the walls of the test section was diverging by 0.8° to cancel the displacement

of the developing boundary layer on the wall. To confirm whether the wind tunnel is suitable for the SWBLI experiments at a

high-Reynolds number condition, we measured the velocity data in the boundary layer at 697-mm downstream from the nozzle

exit by using the Pitot pressure measurement and evaluated Reynolds number based on the momentum thickness and freestream

value. The Reynolds number was about 14,000, which barely reached our target value. However, the velocity data near the wall

has the problem, and we need to improve in the future.
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Numerical Investigation of Aerodynamic Characteristics
around Hexacopter “HAMILTON” for Martian Exploration
Using Moving Overlapped Grid

KISHI Yuki, KANAZAKI Masahiro, SUGIURA Masahiko, TANABE Yasutada,
Oyama Akira, SATO Makoto

ABSTRACT

In this paper, aerodynamic characteristics around the blade of the hexacopter “HAMILTON (HexAcopter for Martian plt crater
exploraTiON)” for Mars exploration are investigated to obtain design knowledge regarding multicopter drone flying in Martian
atmosphere. Reynolds-averaged Navier-Stokes simulation with the moving overlapped grid was employed for aerodynamic evaluation
of two cases; one is hexa-rotor case and the other is single rotor case in order to compare single rotor case and hexa-rotor case and
reveal unique characteristics of multirotor case. According to computational results, in both cases, hexa-rotor and single rotor, the
maximum figure of merit could be observed at higher hovering thrust conditions. It is suggested that the baseline blade geometry
could generate thrust efficiently at higher thrust conditions. The flow structure around the hexa-rotor can be classified into three
groups; turn-in side where the flow was drawn the inside by blades rotation, turn-out side where the flow was put out to the outside
by blades rotation, and the center side which was located between the turn-in and turn-out sides. The rotors of the center side took the
low figure of merit compared with the other rotors because of aerodynamic interference from the turn-in side and the turn-out side
rotors. Therefore, the total figure of merit of all rotors increased when the distance among rotors is increased.
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Numerical Analysis on Axial Force Characteristics of Double-Cone Reusable
Launch Vehicle at Flight Condition
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ABSTRACT

The axial force characteristics of the reusable vehicle "RV-X" was predicted using numerical flow analysis under the flight

condition, in contrast with most of past related studies using only scale models. We focused on the return phase (150-180 degrees

angle-of-attack), and validated our simulations by comparing the solutions against the wind tunnel test data. At 180 degrees, in

particular, our results demonstrated that the absolute axial force value (i.e., drag working as aecrodynamic brake) at the flight

condition (Re = 9.0 x 10°) can be 87% smaller than that at the wind tunnel condition (Re = 6.6 x 10%). Its mechanism was

then explained in detail using the computational flow solutions at different Reynolds numbers.
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SGS Model is Just a Decoration. Users Can’t Understand It

MATSUYAMA Shingo (JAXA)

ABSTRACT
What kind of effects do you expect from the SGS model? The author feels that this is not an easy question to answer. The
title of this paper is a bit of an odd one, but the author does not mean to imply that the SGS model is just a decoration and that
users do not need to use it. However, after many years of experience in conducting LES, there are many situations where the
SGS model seems to be nothing more than a decoration. In this paper, the author would like to explain the dilemma that the
author feels about the SGS model and discuss what the SGS model should be.
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Shape Optimization Problem for Time Fluctuation Velocity Fields
of the Two-Dimensional Jet-In-Cross Flow

NAKAZAWA Takashi (MMDS, Osaka University), MISAKA Takashi (AIST)

ABSTRACT

This paper presents a versatile and Snapshot POD-based shape optimization method, to delay laminar-turbulent transition

and to promote a mixing. The main problem is the nonstationary Navier-Stokes problem and eigenvalue problem for Snapshot

POD, ad more the eigenvalues of Snapshot POD is defined as the cost function. Based on Lagrange multiplier method, the

objective cost functional is obtained, and by using Adjoint variable method main problem and adjoint problems are solved to

evaluate the sensitivity. The two-dimensional Jet-In-Cross flow used as an initial domain is reshaped iteratively.
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BB, FEB LR EZRAQADICRATHZ & T £ 1 FHREICHANWSTA—Z—
TRROXIITBIREENELND. AT > 7 At = 0.001
AN/ ] IS T, =8,T,=10
L($, &40, 41, 6] TR
= Li(¢o, {D[@] + Lo (¢, 8) 9] (18) ST OTE S 38288
TERER D AT v 7Y €=05
3.3. Regularization of Sensitivity SR
AR L72 & 918, BRIIWL2(Q; ROBZEE ST LA ) RH Re = 2500

W55, A8 TH LN L THKAEE @3 W (4, RY) &
725 TV DIRGEIX 72\ & 2 C, HYA)EL 1L (Azegami and 5. Bl E s
Wu*?) ZTEHT 5 2 & TR O ERIMEZ R T 5.

5.1. Initial domain

FFTHIDIZ, PRIV CTIEE R Navier-Stokes

f E(p) : E(@)dx RRE % fi# %, SnapshotPOD %1T->7-. Fig.2 i%, I
@ _ WRICBNTH 1~ 5 Epl2 b L7 Streamline
= 190 G0l ~ L:(¢.8)le] (192) TV, EANER POD HEEE A TR L7 TR AR
% Fig. 3IZPI/RLTW5A. & ZAT, Jet-In-Cross flow

E(u) = % VT + (VuD), o0) 13Ty N TpsdTH5 TR AR FEA L, W22 A

WAL NBRISNS., 202 Lx2EETH L, Fig.3»
HTpy N TpsiTfF TREWEIRIEE AR SN TE Y, Z
D L DRI Jet-In-Cross flow DRFAENS %0
HTAHZEICERNELEEZLND.

BN, BT A —F —eBEBITREL, ¢p(Q) =
Go(Q) + ep(IT L > THBAZLTHIED., ZDE)
7Rt A B ABEEAIR 35 & T D k3 2 & CTh
2 NS oY (N

4. BEHER X — A

ARHFFECIL, FETH Navier-Stokes BN EFT I N7
FEIKC, Fig. 1 IZXR L CW D BEREMO & TR
ZRD DD, Freefem++39% AV THEEFH 217> T
D, WL RN OZEM G D EER{LIZIE, P1-P1
element pair % HV 7z,

FETE | Navier-Stokes TFER A FHH I B BRIZIE, KEfE
FNCARESEE AW CEE L=, ®IZ, Notsu
and Tabata®™ % o2, FpME#EZ AW CEMYTEE
HAEAIZ Tl L 2> Brezzi - Pitkaranta’s Pressure
Stabilization (2 K-> THENZLEICMHE, UMFPACK
solver?® % T4 IEZ] D 3 45 % f# M7= Snapshot
POD D [EAERFIREIZ DU TiX lapack solver % FV 7z,
FEAERIEIZ DWW TiE, ERMRE & FERIZ P1-P1 element
pair % H\», UMFPACK solver’®% I\ THiEz K& T\
L. BAERH RN M E /R R T A — X — % FRLICFLEk L T
W5,

(a) The 1* primary component.

(b) The 2™ primary component.

(c) The 3" primary component.
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(d) The 4" primary component. Reshaping Step

Fig.4 Cost function with reshaping step.
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(e) The 5" primary component.
Fig.2 Streamline in the initial domain. 4.4
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34
0 2000 4000 6000 8000 10000
Time Step
Initial Optimal
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(a) Momentum energy.
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4
(b) Zoom View. 2
Fig.3 Shape sensitivity in the initial domain. 0
2 4 6 8 10
5.2. Optimal Shape \ ) Nodal mode
WA, BEREOELRIBE Z iR &, Fig. 4 [R50
T 5 EMEEE R L. LT, 6 A7 v 7HTH o— [nitial e— Optimal
ShR/MELTEZ AR LTS, £ LT, Fig.5 Tk
WA & IR 31T DB = R L ¥ — & [E A (b) Eigenvalue.
ZHLTRY, RHESGEZIH L TWD 2 enb Fig.5 Comparison between the initial and the optimal
72%. Fig. 6 (IREKROFRERA v 2ThHD, domains.

Fig.7 I3 IRIC I 1T 5 Streamline TH 5. Fig. 2 &
R L CHIEEDSM/ N L TV D Z E DR INS.
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(a) Wide View.

(b) Zoom view.

Fig.6 finite element mesh in the optimal domain.

(a) The 1* primary component.

(b) The 2™ primary component.

(c) The 3™ primary component.
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(d) The 4" primary component.

(e) The 5" primary component.

Fig.7 Streamline in the optimal domain.

6. /S
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{LRRE-2B303D DO ZE A 7R L, 2Uk 5T Jet-In-Cross flow!Z
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T, RERIEESOEMHEEZ BN E LT,
Snapshot POD % i F L 7= it L35 DR i (L R % &
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H AIB%% & 7% L, Reynolds Average Navier-Stokes [/
& Snapshot POD O [ A B RE Z il KBS % & L7z, =L
T, LagrangeAEFHIE & AIRERIEICHK S E HIOIL
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Y, ERIE LRt A R T t%, BEZFHET 5.
OB, BEOFMC—BIFE S EZFA L, EHbE L
TH'WEEE WS, £ LT, BB KR/IMET 2
FCRRANCHERER 21T 5. &#%IZ, ZORIREE
(LR Z 27k Ttlet-In-FlowZ £ H L7- &£ = A, KA #)
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BE 3R

(1) Pironneau, O., “On optimum profiles in Stokes flow,”
JFM, 59 (1973), pp.117-128.

(2) Pironneau, O., “On optimum design in fluid
mechanics,” JFM, 64 (1974), pp. 97-110.

(3) Pironneau, O., “Optimal shape design for Elliptic
System,” Springer Series in Computational Physics,
Springer-Verlag New York inc., (1984).

This document is provided by JAXA.



182 FHIMUZEATTE PR FEREAE R E B TAXA-SP-21-008

(4) Haslinger, J. and Makinen R, A. E., “Introduction to
Shape Optimization: Theory, Approximation, and
Computation,” SIAM, Philadelphia, (2003).

(5) Moubachir, M and Zolesio, J. P., “Moving Shape
Analysis and Control: Applications to Fluid Structure
Interactions,”, Chapman and Hall / CRC Pure and
Applied Mathematics. Boca Raton, (2006).

(6) Sokolowski, J. and Zolesio, J. P., “Introduction to
Shape Optimization: Shape Sensitivity Analysis,”
Springer Series in Computational Mathematics,
Springer-Verlag Berlin Heidelberg New York, (1991).

(7) Haung, E. J, Choi, K. K. and Komkov, V., “Design
Sensitivity Analysis of Structural System,”
Mathematics in Science and Engineering, Academic
Press Inc., 177 (1986).

(8) Allaire, G., “Shape Optimization by the
Homogenization Method,” Applied Mathematical
Science, Springer-Verlag New York Inc., (2002).

(9) Allaire, G., “Numerical Analysis and Optimization,”
Applied Mathematical Science, Oxford University
Press, (2007).

(10) Mohammadi, B. and Pironneau, O., “Applied Shape
Optimization for Fluids,” Oxford University Press,
(2001).

A1y mE EF5sE - sl LR O —fflk, B AR
S (A W) . 60, pp. 1479-1486, 1994.
(12) g Ha, WEEF o REIRER-E & TiEICS0n
T, BASHEE S FSCE, 16, pp. 143-156.

2006.

(13) Mg W8 - 2 b —27 ARJBEICIB T 2 i R R
& RPEIRAT 22 NI IRESRE, BT AT 2T
ihJEgk, 1556, pp. 158-169, 2007.

(14) W 1755 - JRIRRE LRRE, ARACHIRR, 2016.

(15) Theofilis, V., “Advances in global linear instability of
nonparallel and three-dimensional flows,” Progress in
Aerospace Sciences, 39 (2003), pp. 249-315.

(16) Theofilis, V., “Global linear instability,” Annual
Reviews of Fluid Mechanics, 43 (2011), pp. 319-352.

(17) Nakazawa, T and Azegami, H., “Shape optimization of
flow field improving hydrodynamic stability,” Jpn. J.
of Indust. And Applied Math., 33 (2016), pp. 167-181.

(18) Kiriyama, Y., Katamine, E. and Azegami, H., “Shape
optimisation problem for stability of Navier—Stokes
flow field, ” Int. J. of Comp. Fluid Dyn., 32 (2018), pp.
68-87.

(19) Brewster, J., Junipier, P. M., “Shape sensitivity of

eigenvalues in hydrodynamic stability, with physical

interpretation for the flow around a cylinder,” E. J. of
Mechanics-B/Fluids, 80 (2020), pp. 80-91.

(20) Martinez-Cava, A., Valero, E., Vicente, Javier de,
Ferrer, E., “Sensitivity gradients of surface geometry
modifications based on stability analysis of
compressible flows,” Phys. Rev. Fluids, 5 (2020),
063902.

(21) Nakazawa, T., “Shape Optimization of Flow Fields
Considering Proper Orthogonal Decomposition,”
Math.1 Anal. of Cont. Mech. and Indust. Appl., 3
(2020), pp.125-145.

(22) Nakazawa,T. and Nakajima, C., “Optimal Design by
Adaptive Mesh Refinement on Shape Optimization of
Flow Fields Considering Proper Orthogonal
Decomposition,” IIS, 25 (2019), pp.147-160.

(23) Nakazawa, T., “Flow control by the fusion between
mathematical and data science,” JAXA Special
Publication, (2019), JAXA-SP-18-005.

(24) Ohtsuka, K., “Generalized J-integral and three-
dimensional fracture mechanics 1,” Hiroshima Math.
J., 11 (1981), pp. 21-52.

(25) Ohtsuka, K., “Generalized J-integral and its application
1-Basic theory-”, Jpn. J. Appl. Math. J., 2 (1985), pp.
329-350.

(26) Ohtsuka, K., “Generalized J-integral and three-
dimensional fracture mechanics 2,” Hiroshima Math.
J., 6 (1986), pp. 327-352.

(27) Ohtsuka, K and Khludnev, A., “Generalized J-integral
method for seisitivity analysis of static shape design,”
Control and Cybernetics, 29 (2000), pp. 513-533.

(28) Ohtsuka, K and Khludnev, A., “shape differentiability
of Lagrangians and application to Stokes problem,”
SIAM J. Control Optim., 56 (2018), pp. 3668-3684.

(29) Kimura, M., “Shape derivative of minimum potential
energy: abstract theory and applications,” Jindfich
Necas Center for Mathematical Modeling Lecture
notes Volume IV, Topics in Mathematical Modeling,
(2008), pp.1-38.

(30) Nakazawa, T., “Generarized Shape Optimization with
Snapshot POD,” JSCAM, 75 (2019), pp.135-143.

(31) Nakazawa, T., “Shape Optimal Problem based on the
sensitivity evaluated by the Generalized J Integral
considering RANS and Snapshot POD,” JFST,
14(2019), page JFST0015.

(32) Nakazawa. T., Misaka, T. and Poignard, C., “Shape
Optimization for Suppressing Coherent Structure of

Two-dimensional Open Cavity Flow”, JFST, 16(2021),
page JFST0002.

This document is provided by JAXA.



55 53 IR Rl 5 39 M2 T BB S 2L — 2 a Bl s AR DD La U 183

(33) Azegami, H. and Wu, Z.: Domain Optimization
Analysis in Linear Elastic Problems: Approach Using
Traction Method, JSME Int. J. Ser. A 39, pp. 272-278,
1996.

(34) Hecht, F.: New development in FreeFem++, J. of
Numerical Math, 20, pp. 251-265, 2012.

(35) Notsu, H. and Tabata, M.: Error estimates of a
pressure-stabilized characteristics finite element
scheme for Oseen equations, J. Sci. Comput, 65, pp.
940-955, 2015.

(36) Davis, T.: Algorithm 832: UMFPACK, an
unsymmetric-pattern multifrontal method, ACM Trans.
on Math. Software, 30, 196-199, 2004.

This document is provided by JAXA.



55 53 VRIS Al e /5 39 [fiZe

HHEPIEZEHEE 0 (12

S =2 —a Hifi ROy LGs 185

BT DD Atk

B EER, R ORI (BRI LZERFERZRD , AU —8 (B I2ERY)

Visualization of Flow Field around the Flapping Wing of Beetles

NOSE Yuta and HASEGAWA Junta (Graduate School, Dept. of Mechanical Engineering,
Aichi Institute of Technology),
KITAGAWA Kazutaka (Dept. of Mechanical Engineering, Aichi Institute of Technology)

ABSTRACT
The insect flight is given by flapping flight properties necessary for micro-air-vehicle (MAV). Therefore, studies of insect

flight are important to be developed MAV. This study is aimed to investigate the flapping flight properties of the scarab

beetle. The velocity field around the flapping wing of the scarab beetle and the generation mechanism of vortex formation

were visualized with smoke-wire method and particle-image-velocimetry (PIV). The flapping flight of the scarab beetle

can be divided into 4 phases: upstroke, feathering (high angle of attack-low angle of attack), downstroke and feathering

(low angle of attack-high angle of attack). Measured frequency in this experiment is of 92.4+2.8Hz. Streamlines show

that the vortexes are generated during the upstroke and downstroke process. PIV shows that the velocity of downstroke

process is larger than upstroke ones. These results indicate that the scarab beetle is produced substantial lift and thrust

forces during the downstroke.
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Fig.1 Low speed blow-down wind tunnel
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Fig.4 Tethering method of insects

2-3 EBREMH

Tablelid, KERTEM LTy 7 T4 MEIZLD
ET— g VIR, AE—27 A VY —IEKRUPIVIC L D
NGO FHUIZ I T 2 BRI R O A T &tk
OB ERT. RERICBWTE—Y 3 UIREE D
A= A Y —ETRHEREHE T+ b &
FASTCAM Mini AX100, PIV CI3tkR &M T v 7 1 2
— 277 ) nY—HMEMRECAM ACS-1 M60% fii [
L.

Tablel Experimental conditions

Exprrimenl WWimg moliom Snws ke wire meilsod FIV
Camera positien A A. B B
D o | e | 4TR Az 4TR, Brsédl 305
Framse rute|fps] L, el
Sl spead[sec] R L
Tod=5318 TER=TER

Resalurian]pine]

{57 o] 60| m m ] 67| | 4T [

Lenz[mm) ONLEcTe
Aperiurne 18 a— —
Velocitrim | Mowrind 150 112
2-4 DADER

Fig.51%, IRV EIFEBRCIRY F 5 LEBRFIZE

JHEMADERERT. A b —2HERZEOM
DAREZAMETEH. 2D, A vu—rlixkEk
ML L, FFEEIY ZIEE T2, DK, 0°=0=90°%
R, 90°<0=180°% & llf &3 5.

Cherd line

Stroke plame

Wing stroke

Angle of incidence, 6

(a) Upstroke
Stroke plane

Chaord line

Angle af incid B
ngle of incidence Wing stroke

(b) Downstroke
Fig.5 Definitions of angle of incidence

3. BRROELE
3-1 PiFrz&®— 3 v OFHL

Fig.6l%, a7 o " LT YDy 7 T4 MEIZ
LFoWMFEEE—2 3 VIREOFEMLE®R Z R T
TOLE, vuFuanFAS VITEEMNI X ES
REETH Y, PL 7z Z HB)BALARF O AT L E 5 Tl
RV AT T A Y —{EKROPIVEE, AR THS.
THI A 2 E ook L7252 7R LT*=0.00, 1.00%
3t s (Bottom Dead Center : LA FB.D.C), T*=0.37-0.46
% E%Es(Top Dead Center : L FT.D.O)E 5. Z D
L EOPLT- & I HIL89.3+03HzTH D, v a7
YONF AT Y OATIAE (Elytron) & FEIE N DRI &
%W (Hind wing)IZ SN 5. RLabdx LT FBH
MTHD FTHRRLHN T b AT THME -
SEEBEZTOTVEN, YaTunFar el
T OBEIEN T B A ITORVOBEHMTH
5. BWMOINET- X EB)E, T*=0.00-0370O#EY Eif
EBN(EAA), T*=0.37-0.460D 7 =% U o 7V 1EH (&
WA ARHA), T*=0.46-091DIE Y A LESZHUKD
), T*=0.91-1.000 7 =%V > FiEE) (K44 -5
EYDMTRETHR S TWD. B0 IS & OYE
DA LEBNL, EFICBET LY — -7 JiEH),
ETFRBBTA 7S v VEIHEZ S DY ET
Thby, 7=V Y o 7@ENE, WA R~ DI
XL CRERT 2EE THD.

This document is provided by JAXA.



55 53 [N ) EaiE s 5 39 ML AE Tl B =L — T a BT AR T M U 187

T*=0.00 T*=(.55 Fig. 713, PT 7z @B EG ) B 15 5 72 Bihmiud.
[ HDH. xFIIER D LA ~2mmEE, %5~
14mmAR & OFFH CINI /- ZEB A L, yHIERME
B EJ~15mmARE, TJ7~13mmfzE O FiPH TR
X7 xiE#hZ LD, e, RO e T o
FTAZ U TIEEOREABMGE U L 5 2B HIE % i
WTHEY, EEAMETEOFITENEELZ LTS
TERGD. MMFEBROALTIZENTEDY,
T*=0.09 T*=0.6: 1 OO EEY OEEBTH D, HBOP L X iEH
IEWPEEE 2> TR Y, —IICRE o@D dh T
WML T GPafEEE TH DY, £7=, Fig7lIcBIF 5 A b
7 — 7 b (Upstroke/Downstroke)(30.69 TH 5. VD T
A LEEBIF I EEA TH Y, BIIERBIE L%
FBEEBE2LND. ZOEHIEY TA LEBFER O
FRES B EZZLND.

10[mm]

T*=0.18 T*=0.74 150
* Upstroke ﬁ
10,0 «» Downstroke ‘& \
|
Iru
] lri T
) e
£ 0o .
= ars
3 ]
T ri—
-5 i ‘
- i
. T
100 Fe
o
1580 L
IS (I o 50 ma 150 o
x-axis[mm]|

Fig.7 Trajectory of wingtip of Protaeria orientalis
submarmorea at x-y plane
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Fig.6 The wing motion of Protaeria orientalis
submarmorea
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T*=0.00 I*==0.00

(d) Downstroke (d) Downstroke
Fig.9 Smoke wire visualization of airflow around a Fig.10 Smoke wire visualization of airflow around a
flapping wing of Protaeria orientalis submarmorea at flapping wing of Protaeria orientalis submarmorea at
wing center wing tip
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T*=0.00

I*={L.00

T*=0.46

T*=0.46

T*=0.91 T*=0.91

(d) Downstroke (d) Downstroke

Fig.11 Smoke wire visualization of airflow around a Fig.12 Smoke wire visualization of airflow around a
flapping wing of Protaeria orientalis submarmorea at flapping wing of Protaeria orientalis submarmorea at
wing center wing tip
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Table2 Type and size of insects and dimensionless parameters
Protaetia oriemiolis

Agrins comvelvali Apis mellifera sEbmarmaned
Body lemgth|mm) 37~ 43 1516 19~ 28
Wingtip lengibjmm] 4552 93-9.8 23-28
Mass|mg] 1800+ 2040 4.5+ 7.35 B0 £ 200
Flapping frequency [Hz| P ] 130 E10 L4+ 2LE
Stroke amplitadefdeg] 113+2.0 GLELRE ant 4
R'[L';;::‘:::;: ]"" 600011000  1123+813 3680+ 420
Reduced frequency ) .29 = 0.02 0,25 + 002 034 =008
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, Tr& ~LZ L L TW5. Fig.11(a)B.D.C(T*=0.00)
ICBWTHEMBRTRTLEVE TVOIRBSIMNHERTE 5.
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(d) Downstroke (d) Downstroke
Fig.12 Velocity distribution of flow around the flapping Fig.13 Velocity distribution of flow around the flapping
wing of Protaeria orientalis submarmorea at wing center wing of Protaeria orientalis submarmorea at wing tip

Table2 Result of calculation

Protaetia orientalis submarmorea

parameter
Upsiroke Downstroke
Angle of downwash|deg] 14+9 39+14
Downwash velocity[m/s] 2.46+0.38 2.56+0.81
Vertical velocity [m/s] 0.57+0.39 1.62+£0.73
Horizontal velocity [m/s] 2.36+0.39 1.91 = 0.67
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Trial for Performance Improvement of Scramjet Engine
—Flow Separation Domain Affecting Engine Performance

SATO Shigeru (Kakuda Space Center, Japan Aerospace Exploration Agency)
FUKUI Masaaki (Space Service)
MUNAKATA Toshihiko, WATANABE Takahiro and TAKAHASHI Masaharu
(Hitachi Solutions East Japan)

ABSTRACT

Japan Aerospace Exploration Agency has been investigating scramjet engines in Kakuda Space Center using RamJet Engine

Test Facility and others. The engine tested at the flight condition of Mach 6 showed very steep fuel distribution. The fuel

injected from the vertical injector on the side wall stays near the side wall and the top wall along the engine. The steep fuel

distribution is an obstacle for the engine performance completion.

In order to solve the problem, the authors are focusing the

influence of cowl and strut shock waves on the fuel distribution. In this paper the authors describe results of combustion

calculation to compare with the test result. It is found that a flow separation occurs in the corner of internal flow, and that the

separation causes inclined shock wave to promote the combustion.

L 3B9IZ

AP TRV xy b2 Py B ERR O IAK BT
#ABET > 2 (Supersonic Combustion Ramjet Engine) @ Z
EThHY | PEROMmEE HEAEEREE L LT, KE. FERK,
a7 BN AR, PEETIFESED S, R
e B IRITHRR E CTIAFEICE > T 5, RITHRBR T
2013 4 5 FIZK[E NASA 3% Hi L 7= X51A OFRITHRERD
bo O, Fio, FMETIIEBELFAMFESERETHY | T
Tz Em L b oD, F—HHEsn Ty

HETTIEA v RTHTRITRBAIThI TWAEFTH B,

YFEHTMZEAFJEBR RS A BT v ¥ — (LR [T
EBERD) TiX, A7 T4V =y bV O & B
L. BMEFEHEFRFTUKRT LYz y b= VU
Bl (Ramlet Engine Test Facility : RITF) @% v 7= 2 m
WA 7 A — xR E HL & LCORIT S Mach
4, 6, 8HOMEELENRTE, ZLOHMAE/TNL,
— ¥l A& STk IR,

Z® RITF =2 VU BOBRIZE VT, =2 ¥l
O IEEICHE S A BEHT = v ¥ B W AR
FER ST MO RIUCEE D A < BRZRTRVE Y 28595 2

EREBLTNAY, BTy DU RE A~ EE &
o TW5D,

ERESIT, YT CEBD A Y T LY =y bz VUil
DR REEE 2, = VU PICET DB S 0 Y &
W R B 2 258 A ik /)% (CFD) M TR~
< E) (16)~(23)O

KRz, 2 b7y NROH UL OMBE RN ZIRITTHIC
TEAE 2 B E R = ¥ L NTRN DA YE 2 P BT C
BV, ZTOFHME CFD ICTHEITLTWE, ZOWRFETA
FF v hORERH L, ZRAEAL LISHEZ BT L
TWpHE® = ARETANT v NEAYOFNSED
ERELITH) B L LCIHRBRO LR O Y 15 (81 1-7E)
EEZRL, YERHSAUGEIZET 2RO H 2% R
ML, Zhz TEDR] EAEM T 7249,

T UV UMBNTESHE (BEHE : pu) OBFR
TR F AT B 2 IR Z0A IR, FABE ORI N5
TH D IAHTIOm EICET D AMREMEN T 5, Z O Rl
PHBHANTy MNEABORNGICER LTWD, LT, &
EEOGHREE @ pu % [DEEER] LIEHT 5,

RHETIE, 4B ECOEBRLEEE 2 TR HE 2D

This document is provided by JAXA.



194 FHIMUZEATTE PR FEREAE R E B TAXA-SP-21-008

THY ., AENTMREEE S OB A RERL L, =
VURBRER L O AT, U UAIZAE T TN S
BED KDL E R STHICHER T & 3k, RIBEPERRIC KIE
TREEEET D,

2. 2 b T v MBI BHNEOHE

A NTy ME= 2 ¥ 2B R IA BRI FE O Wi
REDZED T BN D 0T, K, ERforsizs
DD, 2K L EEERAZELS LS. 1
&= Do/, RO TR EALIZE N 5 E0F|
WA D, HBFTD RITF RERAEROBEIZ L W kO %
R LTW2, OFER=AROERD, @A N7 v bk
DOWEREFE oK @ @A b T v M5O Tkl 2
DEHRTH B, O MRIR=AK] &1k, 2 N7 v bk
S OB 2N B T OVETRR S OF B & =k TAICE
720 G o TR EIN D mIRESAI T, =2 ¥ NIREES H
IR T D EBBEEICBAT S 5 DICH N RIBESH T
HbH, QA N7 v NERITER SN D HBIEOFEIC LD
BHIERHIARE S BRURRICEDI TH D, @Fc, AT
v N %O BRI AL S 2 TR 6 130 H 1% o Bk
DIRGIEIZENTH D, ZNODIEHART VU HHRED
mECET B0 L HEHERD,

A RNTy FOBEIZOWTTBEIITYFT TESIZ X
0 I NRURBE IR & W2 LR BRIC TA R T v 2B D
IRBHE S DR HER ST 5@,

W FLOFRENLE DO ZIRIITIZA N T v MIA RS
RETHDEHEZD,

3. U VUTBRR L MR

B UEEFTCHR L= DT v by b OABIEE.
PRBEZRTEATER . BRBEARILRES, / AV LV Y | EwEWiE
A3 200mm, & S 250mm T, 2R 2100mm, KA 4E
BRI 45 EO%IBAEZR L, KK - WK - 7 oo 41
LR ENAERHRAEO LD TH S, SO NIC
ITEMEXOBRENH Y, FOEBZED T 32mm OFTIZFLE
1.5mm ORRBIEEMEE LS 12 AL, £i2, =P Uik
BRI RIRIC A N7 v MR S, YTERE Ik
ERICHEESDSSEEANT v MREZEINTWS, RITF
R CITRABE S M6S43 E—HO b DI YT 5, M,
ZDARNT Y NEFRIZA P T v hOE S EE 2 HRER (1/5
B B{To7-Z Ltk b, BEIZ, BT HR— T
ANFEARNT > M UHSNCED THER TH 5,
RITF (281 A R BREAF1E, AT Mach 6 1Y (=
¥ A Mach5.3) ., ¥R 1500K, #IR T 5E g iA L% C
H5,

IO 55 EBEARNT v b U UIBREIX, RITF R
(M6S43 %) |2 TP RIRIRBERAT & S WIRBERN R % %

R U, AR S BT AHES) 1620N & L, LhisfE
MARFETHD Z ERHERENTWAY, F7-, BIEFARM
BE & RN D BRI OV TIRAEE S ST LS LT
5(20, 26)O

4. IEBTEIR —RBRIEA TR L (AR RR
4.1. FHEXIG:

B212iX 55 mE A NF v MERBRE ZIICKT 28—
NTFANEANT v MEREBOFEMZRT, %E LS BEE
R0 ThY SYEHEICBOWTIMEERETH 5, WA
FZ7 o FBEIRKERICLEESDOANT v M THEL DN, Y
LTI EORRIZFEN T 5, 5/5 mE A N T v MI%E
NBERTHY ., R— T ANEA T v MNIBETEIT
gonzEThHY 2ELE Y, 2RIT. 55 BSANT Y
h23393mm (¥ 2a), R— b T A VA T > FE 30Imm
ThD (X2b), ZOWRKRE LW ITHZEEK Y HLHE
TF5Z & E%B NI CRIBOMARM 2T 5 2
LD TH DD,

4.2, BAEFHR IR

SR ITIL R BGRARARAT ) LN Fluent % VM=, IR/
TFAHEIEA b T v METEELSEO 0.lmm Th B, FHETIET
N PSR SV N TR R P EY VA - RS - Sl DN
K203 503 U7, RFFEEAE M O AL AUSM™, HiBRE
BT OB, RERIRE X BARE . SLRET VT k-0 T
b5, BEMITHEEE & E LT,

RIREMT, A~ v 8K 5.3 5 RITF =¥ Uik
PEICHTZ TN D, HEIR NSRRI Y 9 2 BRAWEE s &
ABRTEH D,

RBERHRIZBA L CIiX, SE 7 /Ui Petersen and Hanson
DL % Ik FE-FEFE DGR % Fluent [ZFHEAA L
b DEHNTWD, #RBEET /LI Finite Rate Chemistry
CH MRS S . BROEIE 9 20 FBRGETH 5,

W, BERRIIIYEEORAE A — R —a o —%
“J8S2” &V,

Comberilos Paialel

Cembirdon [abeision —
e
=]

Main Vet sl Fos-d iigston

Bahowand Facing Slep [12baes x 2)

S Wall

fop Wall

Fig. 1 Outline of scramjet engine tested.) The engine is set

upside-down on the test bed.
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b) Boat-tail Strut configuration

The 5/5H Strut (a) and the
Boat-tail Strut (b) are compared by means of CFD.

Fig. 2 Two types of struts.
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b) Boat-tail Strut configuration

Fig. 3

engine exit in the combustion flow.

Calculated equivalence ratio ¢ distribution at the
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Fig.4 Measured equivalence ratio ¢ distribution at the engine
exit.” This is the test result of M6S43 and corresponds to
Fig.3a.
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Fig. 5 Pressure distributions on the side wall in M6S43.  The

orange circles are of measurement, the solid lines are of CFD.
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Fig.6 Separation and pressure on the side wall. The separation shock wave runs to the cowl and promotes the combustion.
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Fig.7 Separation and temperature on the side wall. The separation shock wave runs to the cowl surface and promotes the

combustion.
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Caradonna-Tung [AIHA3 D IEE 7 HLITTHEHT
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Unsteady Turbulent Flow Simulation of Caradonna—Tung Rotor
Using Immersed Boundary Method

SUGAYA Keisuke, IMAMURA Taro (The University of Tokyo)

ABSTRACT

The purpose of this study is to investigate the influence of the grid setting and the numerical scheme on the unsteady turbulent
flow analysis of the Caradonna—Tung rotor using the moving Cartesian grid with the immersed boundary method. Two types of
grids with locally refined regions around the rotor wake are used; the shape of the refinement of one grid is cylindrical, and that
of the other is rectangular. Meanwhile, the conventional second-order scheme and the high-order scheme are used to evaluate
the inviscid flux. In all simulation results, helical vortices from the blade tips appear. Furthermore, the secondary vortex that
entangles two tip vortices is observed by using the high-order scheme. However, when the grid with the cylindrical refined
region and the high-order method are combined, unphysical vortices are observed around the cell faces where the cell size
changes. By contrast, this phenomenon is not observed in the simulation using the grid with the rectangular region and high-
order scheme. Therefore, the grid with a rectangular refined region is more appropriate for the numerical simulation of rotor

blades than the grid with a cylindrical refined region.
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Formations of Air Shock Waves with Simplified Forced-rupture Devices

TAJIMA Naoki, ISHII Shota, FUNATSU Masato, NAKAZAWA Nobuaki
(Graduate School of Science and Technology, Gunma University)

ABSTRACT

In our laboratory, the characteristics of radiation behind air shock waves have been studied systematically by using a

diaphragm-type shock tube. In previous studies, a simplified forced-rupture device with nichrome wire was introduced in the

diaphragm-type shock tube. Shock waves were generated by the forced-rupture method. However, the rupture process of the

forced-rupture method was different from the one of the natural rapture. In this study, the forced-rupture device was improved

so that the diaphragms can be ruptured from one point in the center of the diaphragms. The shock waves were generated by

using the improved forced-rupture device, and the pressure waveforms of the shock waves were obtained by using pressure

sensors. The incident shock fronts were visualized by the Schlieren method.
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Study on Speed-up Tuning for Structured Grid Based CFD Solver on
PRIMEHPC FX1000

TAKAKI Ryoji (JAXA)

ABSTRACT
JAXA has started operation of TOKI-SORA, which is a core system of JAXA supercomputer system generation 3:JSS3.
TOKI-SORA consists of FUIITSU Supercomputer PRIMEHPC FX1000, which is many-core based scalable parallel

cluster. Each compute node has one A64FX chip which contains 48 computational cores and 2 assistant cores, and 32GiB

HBM?2 memory. Many-core and SIMD architecture are key features of FX1000 and it is important to utilize those features

to bring out the performance on FX1000. This paper makes a study on how to increase computational speed of CFD solver,
based on the structured grids on PRIMEHPC FX1000 (JSS3:TOKI-SORA).
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real(8), dimension(:,:,:) :: a3d,b3d,c3d

!$omp parallel
1$omp do collapse(2)
do k=1,N
do j=1,N
do i=1,N
a(ij,k) = b(ij,k) = S * c(ij.k)
enddo; enddo; enddo
!$Somp end do
!$omp end parallel

X 3 ZEN—TFDERE (Fa—= 75

real(8), dimension(:,:,:) :: a3d,b3d,c3d
call kernel(a3d,b3d,c3d)

contains
subroutine kernel(a,b,c)

real(8), dimension(*) :: a,b,c

!$omp parallel

!$omp do

do Ib=lbsrt,Ibend,lbsize <7 & v 7 D/L—

-
locl loop_fission_target(LS)
locl loop_fission_threshold(40)
do I=Ib,lb+lbsize-1 <71 v 7 DFE

a() =b(1) + S * c(1)

enddo

enddo

!$omp end do

!$omp do

locl loop_fission_target(LS)

locl loop_fission_threshold(40)

do I=lbsrt_rest,lbend rest <7 17 DLV
a() =b() + S * ¢(1)

enddo

!$omp end do

!$end parallel

end subroutine kernel
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Effect of Turbulence Models on Aerodynamic Characteristics of Slender Body
with Protuberance

TSUTSUI Fumiya, KITAMURA Keiichi (Yokohama National University) and NONAKA Satoshi (JAXA)

ABSTRACT
A slender-bodied vehicle with asymmetrically arranged protuberance generates strong side force due to asymmetric vortices,
even at a low angle-of-attack. We investigated effects of the well-known RANS turbulence models [SA-R (C:=0.0, 1.0, and
2.0), SST, and SST-2003] by comparing the numerically obtained side force values on supersonic slender-body, along with the

flow structure. As a result, all the SA-R models showed good agreement with the experiment regardless of the Crot (Which

controls the degree of modification from the original SA model), although a separation point on the protuberance side slightly

changed depending on the Crot value. On the other hand, as for the SST models, when the vorticity was used to evaluate eddy

viscosity (original SST) the side force exhibit 44% deviation from the experiment, whereas SST-2003, in which the strain rate

was employed instead, significantly reduced the discrepancy to 0.7%.
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The Principle and Characteristics of a Three-dimensional BOS Method using an
Optical Image Fibre

UKAI Takahiro (Osaka Institute of Technology)

ABSTRACT

A telecentric Fibre BOS technique consisting of a telecentric optical system, several optical image fibres, and a camera is

proposed in this study for reasonable time-resolved three-dimensional density measurements. The effects of the fibre’s

components: a core and a clad, on the estimation accuracy of a pixel displacement were experimentally investigated. The

experimental results show that it is important to adjust a background-dot size based on the core size if the core size is larger than

the pixel size on the image sensor. The background-dot size, which is more than twice as large as the core size, provides good

estimation accuracy. Additionally, the effectiveness of the proposed telecentric Fibre BOS technique has been demonstrated for

the time-resolved three-dimensional density measurement using a single high-speed camera with 5.5 kfps.
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Numerical analysis of detonation wave propagation inside RDRE by using
turbulent combustion analysis code CHARIOT:
Two-dimensional analysis of detonation wave propagation

WANG Faming, MIZUKAKI Toshiharu (Tokai University), MATSUYAMA Shingo (JAXA)

ABSTRACT

To clarify the effect of detonation propagation by incomplete fuel mixing in a rotating detonation engine (RDE), constructed

a linear combustion chamber and carried out a numerical analysis of the detonation propagation in the premixed fuel of
Ethylene(C2H4) and Oxygen(O2). The numerical analysis results show that when the mass flow rate increases, the detonation

velocity increases and approaches 92% of the Chapman-Jouguet condition.
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Fig. 2 Device mode with Numerical analysis model.
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Table 1 Injection conditions.

Nurmber of grid RO01x 1001
grid width 30 pm
Fuel-oxidizer Ethylene-oxygen premixture

Equivalent ratio 1.0

Filling pressure
{detonation tube) 0.1 MPa
Combustion flow path 1.0 atm
pressure ’ ’
Mlass flow rte 0 gis o) p's 90 pis
4. BIEMRATRE RS L OB
4.1. &M 1

SAE 1 DEBAENTHE B % Table 235 & UFig. 412777
IRELD RUKIZEE U, B8 1 3HER L TIsiE 45, L
L, TRERZRY, BEEESENTS L, 1B
HENFIKL 72 5.

PRI E T ORI O ML, EEAESEL RS &,
W S D REBFOBFER K& <720 (Fig. 542 M),
BMAKICE VL DR VIR EE S, Ko TR
HEMELS 225, ENEMGET 2729, mUKOREIE)
HWET) %150 kPa 12 EIF TRk XX HITH, LT
FMETm=90g/s DFHEZFEITLE, EORERILFig .6
WART . IBFEEENRKE S LR L LR Tx .

Table 2 Detonation velocity results for mode 1.
Mass flow rate A0 gls ol gfs 90 gfs
Detonation velocity 2107 m/s| 1976 m/s

2439 m's

C-1 velocity

o ‘f“‘ I-_-:_‘“*: Detonation
ﬂiq’ CEE——-
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(a) Pressure distribution of =30 g/s
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Fig. 4 Numerical analysis results of mode 1.

o

Fig. 5 Fuel injection height comparison at the same time.
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Fig. 6 Pressure distribution of #1 =90 g/s of ignition
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Table 3 Detonation velocity results for mode 2.

Mass flow rate 30 gls 60 g's 90 g/s

2439 m's

C-J velocity

Detonation
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| —

260 280

200 220 . 240

(a) Pressure distribution of =30 g/s
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120 240
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ﬂ]l'||i|;|1||,' shock BE 08
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I 240 260 280 300

(c) Pressure distribution of =90 g/s
Fig. 7 Numerical analysis results of mode 1.
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The Method to Determine the Electron Temperature and Density of

Argon Plasma behind a Shock Wave Using Spectroscopy and
Collisional-Radiative Model

YAMADA Gouji (Tokai University)

ABSTRACT

The electron temperature and electron number density of argon plasma behind a shock wave are determined based on

collisional and radiative (CR) model. Excited state population distribution of argon atoms is numerically deduced by solving

rate equations with considering all elementary processes as functions of the electron temperature and electron number density.

The theoretical spectra calculated using the excited state population distribution are fitted to experimental ones, giving the

predicted electron temperature and electron number density of experimental spectra. The spectra are partly in good agreement

with each other depending on the spectral lines. The spatial profile of the electron temperature and electron number density

obtained by the CR model is compared to the calculated ones obtained by CFD simulation considering argon thermochemistry.

Qualitative agreements are seen in their tendencies. There are, however discrepancies in their values which might be caused by

precursor heating. None the less for the discrepancies, the present result has showed the applicability of this method to the

diagnostics of argon plasma behind a shock wave.
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Research and Development of a Moving Overset Grid Method for
theUnstructured Flow Solver FaSTAR-Move

YASUE Kanako (JAXA), FUSE Ryosuke, HISHIDA Manabu (Ryoyu Systems),
SUGAWARA Hideaki, TANABE Yasutada (JAXA)

ABSTRACT

Overset grid method is widely used for simulating flowfield around moving/rotating objects such as rotorcraft. However,

one of disadvantages for the overset grid method is its extremely high computational costs especially in unstructured grid

methods. This is because extra process is needed for constructing database which is used for hole cutting and for

communicating physical quantities between multiple grids. In this study, novel approach is proposed for reducing

computational costs of the hole cutting process, and implemented in FaSTAR-Move which is an unstructured CFD solver

developed at JAXA. The proposed approach is applied to several typical test cases of rotorcraft analyses and the effect of

reducing computational costs of this novel approach is examined.
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Acceleration of the FaSTAR Solver on GPU with OpenACC
Zehner Paul (JAXA), Hashimoto Atsushi (JAXA)

ABSTRACT

Over the past few years, GpGPU has proven to be a major hardware improvement in high performance computing, and
hence to be a way to reach exascale. Gpu has found an application in the domain of cFp, where it allows to run larger,
more detailed, and more complex simulations at an affordable computational time. However, because Gpu programming
has its own paradigm, adapting an existing solver with a large source code can be quite challenging. In this aspect, a
directive-based language such as Openacc offers an interesting compromise to obtain good performances without having
to alter the solver structure. In this paper, we propose to accelerate the Fastar solver, developed by jaxa, and make it run
the NASA-CRM case on a single Gpu with a speedup of 23 compared to a single cpu core execution.

1 Introduction

General-Purpose computing on Graphics Processing Unit
(cpgpu) has induced a consequent change in High Perfor-
mance Computing (Hpc) with excellent speedups. Devices
running hundred of thousand of threads on the same chip
have made massive parallelization more accessible. This
makes GPGPU a promising path to the exascale (10'® FLop/s).
Such devices are now frequently used on supercomputers !> 2
and will be an important part of upcoming ones>.

However, gpGgpu programming requires a specific care
from the programmer, as a Gru, also called accelerator, is
not directly accessible by the program®. Several techniques
to program for gpu have emerged and are now widespread,
such as cupa®, OpencL or Openacc®.

On the other hand, Computational Fluid Dynamics (cFp)
has gained from the evolution of Hpc to compute larger, more
detailed and more complex simulations. The benefits of gpu
have been investigated for a long time, notably by nasa”,
and whilst promising, this technique requires to either adapt
existing crp codes, or to create new ones. We also studied
the use of gpu® and concluded it is a promising technology,
capable to offer better performances than Openmp and MP1
at a similar development cost.

In order to combine the advantages of cFb computations
and wind tunnel experiments aimed to improve aerospace ve-
hicle development, jaxa started its Digital/Analog Hybrid
Wind Tunnel project” in 2010. The project required a fast
solver to improve coupling of the two approaches and hence
increase productivity. This leaded to the development of the
Fastar solver'? 1D-12)in 2012, Accelerating this solver on
Gpu would improve the integration with wind tunnel experi-
ments.

This paper proposes to accelerate the jaxA cFp solver
Fastar on gpu. We will first present the main ideas of Gpu
programming and select our approach in section 2, then in-
troduce the target solver in section 3. We will present the
adaptation of the solver in section 4, and benchmark its ef-
ficiency on a test case in section 5. We will conclude in
section 6.

2 GPU programming

Compared to the traditional cpu, Gpu presents important
architectural differences¥. Featuring a large number of
threads, it runs kernels, i.e. Gpu subroutines, in a Single
Instruction Multiple Threads (simT) fashion. From an hard-
ware point of view, threads are grouped in warps, which are
grouped in streaming multiprocessors, whereas from a soft-
ware point of view, threads are executed in blocks, which
are executed in grids. Threads are managed by the hardware
directly, which improves performances. As it supports less
instructions than cpu, Gpru is simpler to manufacture, hence
offering an interesting performance to cost ratio, as well as
performance to power consumption ratio.

However, gpu comes with important limitations. It can-
not run an entire program by itself, input/outputs are not
possible, and exceptions support is limited. Consequently, a
part of the program still requires to be executed on cpu. The
most critical limitation is memory management, as GpU has
its own, distinct, memory. The device is accessible for the
host trough the Peripheral Component Interconnect Express
(pcie) bus, which is considerably slower than the cPu-DRAM
memory bus. Data exchanges through this bus should be
minimized to not drop performances. A Gpu has different
kind of memories, ranging from a large, slow global mem-
ory, and fast, small, registers immediately accessible to the
threads. Moving data between the different memories re-
quires some care from the developer, in order to minimize
its impact on performances. Last but not least, some clas-
sic programming patterns have poor performances on Gpu,
especially branches in loops.

Programming for Gpu initially required to use graphic
libraries, which was not practical. The release of cupa®
by nvipia in 2007 gave to developers a consistent GPGPU
hardware and software environment, hence improving de-
velopment. Cupa designates at the same time a computing
platform, an ap1, and often any compatible programming
languages. This technology is however proprietary and can
only be used on NvipIia devices. In contrary, the OpencL
standard, released in 2009, aims to cover any parallel archi-
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tectures (Gpu, multicore cpu and FPGA), from any vendor. For
the developer, both cuba and OpencL compatible languages
(C and C++ for both, Fortran for cupa) offer to program
kernels directly, giving access to all the low-levels details.
This approach gives good speedups'?, but is complex, often
requires to rethink the program structure entirely, and lim-
its compilation with compatible compilers only. Also, the
cupa approach has serious portability limitations, as a cupa
program will only run on a cpu, and especially only on a
NVIDIA One.

The Openacc standard® was released in 2011, and tar-
gets both Gpus and multicore cpus. It consists in language
annotations that an aware compiler will transpose into Gpu
pseudo-instructions, or ignore in the other case, similarly
to Openmp. Openacc can be used on C, C++ and Fortran;
most compilers currently target Nvipia devices only how-
ever. This approach has the advantage to be more high-level
than cupa and Openct, hence simpler to use, and to remain
cpu-compatible, resulting in the maintenance of a single
codebase. Performances, however, are known to be lower
than low-level approaches'®. Nevertheless, this intermedi-
ate GpGPU approach has been successfully used in several
computational physics domains. McCall and Roy'# acceler-
ated the senser 3p Navier-Stokes solver of 123 000 Fortran
lines of code, they report speedups ranging from 3.7 to 4.2.
Yamaguchi et al.'> accelerated a crust-deformation equation
solver and obtained speedups from 4 to 5.5. Caplan et al.'®
accelerated the magnetohydrodynamics solver mas. They re-
port that the added annotations represent 1.5 % of the 50 000
lines of code of the solver and observed speedups ranging
from 3.1 to 8.

Since Openacc is more suited for the acceleration of ex-
isting codes without having to restructure them, we will use
this technique to port Fastar on Gpu. In the next section, we
will present key aspects of this solver.

3 Description of the FaSTAR code

The Fastar code (Fast Aerodynamic Routines) solves
the compressible Navier-Stokes equations on unstructured
meshes, using the finite volume method. It has differ-
ent models for turbulence (RANS-SA, RANS-SST, etC., DES,
LES), transition (sst), transport scheme (HLLEwW, HLLE, Roe,
etc.), time integration method (LU-SGS, RK, GMRES), gradi-
ent method (GLsQ, Green-Gauss, Least-square), slope lim-
iter (Hishida, Venkatakrishnan, etc.), and reconstruction
(muscr, u-muscr). It uses the Cuthill and McKee algo-
rithm for cells reordering. The solver can use cell-center or
vertex-center method, and uses a face-based data structure.

It has been designed for performance, with the objective
to run a RANs simulation on 10 million cells with 1000 cpu
cores in two minutes.!?) The solver is coded in Fortran and
has about 80000 lines of code. It can run sequentially or
in parallel with mp1, and uses Metis for domain decomposi-
tion. It has been optimized for jaxA supercomputers yss2
and 1ss3.

The face-based data structures implies that face loops
have a gather, compute, and scatter paradigm, which requires

some care for acceleration, as race conditions can occur. The
LU-sGs time integration method!” is a well known algorithm
commonly used on crD solvers. It is simple and efficient, as
it can be applied in one step, but is known to be difficult to
parallelize'®, due to its strong data dependency.

Now the solver is presented, we will start its acceleration
on GPU in the next section.

4 Acceleration of the solver

We decided to use the free access NVIDIA HPC sDK compiler
version 21.2' (formerly known as pG1 compiler), as it is the
most common and most mature Openacc compiler when
writing this paper.

As we could not accelerate the whole solver at once, we
had to restrict our approach. We chose to accelerate sub-
routines called in the time integration loop, for a specific
selection of models: the rRans-sa model for turbulence, no
transition model, the HLLEW transport scheme, the LU-sGs
time integration method, the GLsQ reconstruction method,
the Hishida slope limiter and the muscL reconstruction. Es-
pecially, the main restriction is to not handle mpr1 paralleliza-
tion, which makes the solver run on only one device for
now.

Accelerating the solver on Gpu should not compromise
its accuracy. To this aim, we continuously ran the solver on
simple test cases and compared the results with sequential
execution. To track the speedup evolution, we profiled the
program with Nvipia Nsight Systems.

4.1 Acceleration approach

As explained in section 2, data transfers between the host
and the device can take a lot of time and hide the benefits of
porting a program to Gpu. Accelerating all the subroutines
called in the integration loop was necessary to negate these
transfers and gain performances. A popular approach when
developing with Openacc is to use the unified memory (also
known as Unified Virtual Addressing), which lets the com-
piler manage memory transfers by itself. This approach is
convenient, but we preferred to manage it manually using
data constructs for better performances.

We accelerated functions ones by ones using the
kernels and loop constructs, each time defining the mem-
ory flow, starting with the most time-consuming subroutines.
At the end of this step, the program was running slower, as
data were intensively transferred between kernel calls, often
in un-optimized way (e.g. the same variable being copied
back and forth from the device to the host between two ker-
nels), as sketched in fig. la. The remaining code executed
on host mainly corresponds to branches that select which
subroutines to call according to the selected models.

Then, we started to rationalize memory flow with data
constructs that would encapsulate the accelerated code, as
illustrated in fig. 1b. Little by little, we encapsulated the dif-
ferent data constructs. We use the advantage that data are
copied only if not already present. We eventually obtained
a top-level data construct, as sketched in fig. 1c, in the time
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(a) Initial.

(b) Partial.

(c) Complete.

[ Code executed on host [[] Kernel executed on device [[] Copy host to device [[] Copy device to host [[] Execution within a data construct

Figure 1: Reduction of memory flow with data constructs.

integration loop, at which point data stays permanently on
the device memory.

The advantage of this encapsulation approach is that ker-
nels or groups of kernels in the same data construct can
still be called anywhere, their data being transferred if not
present on the device. The disadvantage is that within data
constructs, data are not synchronized anymore between the
host and the device. This can cause a problem: by instance
in fig. lc, if subroutine 1 updates an array managed by any
data construct, this modified array on host memory will not
be visible for kernel b, which has access to the version of
this array copied when entering the data construct. Sym-
metrically, if kernel a updates the same array, this modified
array on device memory will not be visible by subroutine
1. This problem is solved by using update constructs, that
allow to manually copy data to the host or to the device,
hence keeping it synchronized. In practice, however, this
is not often needed as at this point of acceleration very few
subroutines/host code would interact with data.

During execution, data are initially prepared on the host,
then copied on the device. The computation during the time
integration loop takes place on the device exclusively. We
manually copy data to the host to transfer residuals for logs
and primary variables for intermediate solution files.

4.2 Technical difficulties

We faced several difficulties during the acceleration of
Fastar. Some were due to the NVIDIA HPC SDK com-
piler: we faced a bug when calling the internal function
matmul for matrix-vector product in an accelerated loop,
which was returning incorrect values. We solved the prob-
lem by writing the matrix-product manually, which is less
efficient. We had a problem with sub-contained subrou-
tines (i.e. a subroutine following a contains in a parent
subroutine) we wanted to run as device subroutine, as
they hold a pointer to the parent subroutine, located in the
host. We found a solution by transforming them as module
subroutines and passing their arguments explicitly.

Some other difficulties were due to part of the Fastar
code not compatible with acceleration. Some allocated ar-
rays were passed with inaccurate size, which resulted in seg-
mentation faults when trying to copy the data to the device.
The problem was solved by setting accurate array sizes. An
error-checking subroutine was checking the validity of com-
puted data (especially negative values in density and pressure
fields) and printing error messages accordingly. However,
performing input/output operations is not possible in accel-
erated code. We simply split the subroutine in a pre-analysis

part on the device, where the smallest value of the fields is
gathered by the accelerated code, and a detailed inspection
on the host, if one of these minimal values are negative.

To finish, we also faced difficulties caused by the algo-
rithms themselves, which is a pretty common situation when
accelerating a solver. Due to the face-based data structure,
we observed several cases of race conditions, that we fixed
with atomic constructs. The data dependency in the loops
of the LU-sGs time integration method makes it not trivial to
parallelize'®. This required us to use the hyperplane color-
ing technique as described by Sharov and Nakahashi??.

4.3 Hyperplane algorithm

The Sharov and Nakahashi algorithm consists in coloring
the mesh such as cells of one color do not have dependency
between them and hence can be computed in any order. With
this algorithm, we would loop sequentially over the colors,
and loop in parallel over the cells of this color. For cpu
builds, we use pre-processor macros to not use coloring as
this approach is not necessary.

When we implemented it, we found out that in some
cases, cells were colored in such a way that they would be
updated in the incorrect order compared to serial execution.
The step 4 of the algorithm, which consists in assigning a
color to cells of the same hyperplane not connected to each
other, has no constraints regarding already assigned colors in
the same hyperplane. This leads to the situation illustrated
in fig. 2a, where cells 2 and 3 are colored in reverse or-
der. When applying the cell coloring to edges for an upward
sweep (i.e. taking the largest color number of the neighbor-
ing cells as specified in step 5 of the algorithm), we see on
the right of the sub-figure that edge a will update cell 3, then
at the same time edge b will update cell 3 and edge ¢ will
update cell 4 with cell 3. The order of the two last updates
is not defined and can occur in reverse order, resulting in
discrepancies that we detected in test cases. Consequently,
we added a constraint at the end of step 4 of the initial al-
gorithm: “Make sure that colors are in same order as cell
indexes.” With this alteration, cells are correctly ordered, as
illustrated in fig. 2b. We see on the right of the sub-figure
that edge @ and edge b will update cell 3 at the same time,
then edge ¢ will update cell 4. We could reduce discrepan-
cies to a normal value in test cases, but the trade-off was
the generation of a larger number of colors, hence lowering
performances. We could not find similar observations on
codes using this algorithm?", however.
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(a) Initial algorithm. Cells 2 and 3 are colored in reverse order.

(b) Altered algorithm. Cells are colored in correct order.

[ Color 1 [ Color 2 [ Color 3 [ Color 4

Figure 2: Hyperplane coloring problem. On the left of each sub-figure, the cell coloring, on the right, the edge coloring

for an upward sweep.

4.4 Observations

As stated in Openacc documentation and as reported in the
literature, we confirm the ease of application of this tech-
nique. We had to adapt some parts of the code, but the im-
pact remains minimal. Acceleration annotations and extra
code to manage hyperplane coloring account for respectively
about 0.7 % and less than 0.5 % of the number of lines of
code. Accelerating the solver took about one month, with no
prior experience with Openacc. Dealing with the explained
technical difficulties took a couple of days. The investigation
and implementation of the hyperplane algorithm, however,
took about one month and half.

We will investigate the speedup induced by such an ac-
celerated solver in the next section.

5 Simulation of a test case

We will benchmark the solver on the Nasa-crm??) test case,
as it is a well-known research model used for validating crp
codes and is representative of consequent cFp simulations.

5.1 Initialization of the simulation

We simulate a cruise flight at Mach number M = 0.85, angle
of attack @ = 2.5deg and Reynolds number Re = 5 - 10°.
The upstream temperature is 7o, = 100 °F and the ratio of air
specific heats is y = 1.4.

We simulate the flow with a semi-coarse unstructured
mesh made with HexaGrid whose numbers of cells are de-
tailed in table 1. The boundary layer cells have a height
of 9.85-10*in and the dimensionless wall distance is
y* = 0.665. Cells have a minimum width of 3in and a
maximum width of 6in.

We will perform a steady state simulation with a Courant-
Friedrichs-Lewy number CFL = 50. As we focus on the
speedup gained from Gpu acceleration, the simulation will
last 10000 iterations.

We run the simulation on the jaxa Meteor workstation,
which features a double Intel Xeon Gold 6150 cpu, totalizing
36 cores (72 threads), and a NvipiA Tesla V100 Gpu, total-
izing 5120 cupa cores (163 840 threads). The workstation
runs on Centos Linux 7, we use the NVIDIA HPC SDK compiler
version 21.2 and the Openwmpi library version 3.1.5.

We will compare the timings obtained when running the
simulation on a single cpu core and on a single gpu. How-
ever, as this comparison is not very fair given the parallel
nature of the solver, we will also run the simulation on all the
cores of a single cpu (i.e. 18 cores) with the mpr1 parallelized
version of the solver. Note that we can only spawn one MPI
thread per physical core.

5.2 Performance analysis

We use the gNU time command to measure the execution
wall clock time. The obtained timings are listed in table 2,
expressed in seconds and in hours. The single gpu simu-
lation is run 23 times faster than the single cpu core one
and 1.32 times faster than the single cpu 18 cores one. Dur-
ing the Ggpu simulation, one cpu core is used. We clearly
see that the Gpu accelerated version of the solver has better
performances than the cpu parallelized version.

We investigate the performance to cost ratio and per-
formance to consumption power ratio in table 3. We list
hardware characteristics in table 3a for the Thermal Design
Power (Tpp), furnished by constructor datasheet, and for the
recommended price’??». We measured the power con-
sumption and hardware use during simulations and reported
the results on table 3b. For the cpu, power consumption
was measured using the powerstat program and system
load with the htop program. For the Gpu, both values were
measured with the NviDIA nvidia-smi command and aver-
aged. We observe that cpu power is higher than the Top. We
compute the performance per cost ratio as:

ne =22 (1)
with ¢ » the costs and #1 > the timings, and the performance
per power consumption as:

_(P2= Pyt

= 2
(Pl _Pl())tl ( )

np
with Pj > the measured powers and P », the measured idle
powers. We display the performance ratios of the single Gpu
simulation compared to the single cpu core and single cpu
18 cores on table 3c. We see that a simulation on GpuU is
clearly more interesting compared to on a single cpu core in
terms of cost and power. It is still more profitable compared
to a single cpu 18 cores simulation, but less clearly. The
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Table 1: Number of cells in the mesh.

Type of cell ~ Number
Tetrahedron 258724

Pyramid 1040044
Prism 27424
Hexahedron 5260349
Total 6586541

Table 2: Simulations execution time and speedup.

Simulation Execution time Speedup
[s] (h]

CPU 1 core 158116 43.92 1
CPU 18 cores 9034  2.51 17.50
GPU 6821 1.89 23.18

Table 3: Performance to cost and performance to power consumption.

(a) Hardware characteristics.

Model Price [USD] TDP [W]
Intel Xeon Gold 6150 3358 165
NVIDIATesla V100 7374 250

(b) Measured power consumption.

Simulation to compare to  Idle power [W]  Power [W]  Use [%]

CPU 1 core 50 113 6
CPU 18 cores 50 260 100
GPU 24 76 75

(c) Performances of single gpu simulation compared to the other ones.

Simulation to compare with  Speedup Per cost Per power

CPU 1 core 23.18 10.56 28.08
CPU 18 cores 1.32 0.63 5.35
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speedup is closer to one and the performance per cost is not
in favor of Gpu. Better performances of the accelerated code
and lower prices of future gpu devices will have a positive
impact on performances.

5.3 Accuracy analysis

We observed the good performance of the accelerated solver,
but we want to assess that it does not come at the price of
accuracy. We first compare the simulations by analyzing
the history of the L> norm of the residual of the density p,
plotted on fig. 3. We see the residuals behave very similarly
for the three computations and reach 10~ at the end of the
10000 iterations. Residuals for the simulation on one cpu
core and one Gpu are almost identical.

Solution files are compared cell to cell with the results
of the single cpu core simulation using an absolute compari-
son. The simulation on the single pu differs by O (1073) of
the different units, and the simulation on the single cpu 18
cores by O(1072), which is acceptable.

We visualize the obtained aerodynamic results using the
pressure coefficient Cp, as plotted on fig. 4. Figure 4a shows
the field on the suction side for the simulation on Gpu and
is in agreement with results from the literature. Figure 4b
displays the pressure coefficient at 50 % of the span (starting
from the symmetry plane). Values generated from the three
simulations are in perfect agreement with each other and in
good agreement with reference values from the experimental
campaign of Rivers and Dittberner?>, except for one point
at x/C = 0.5 on the suction side.

5.4 [Iteration profiling

As we want to have a good understanding of the simula-
tion execution, we profiled a short simulation on Gpu using
NvIDIA Nsight Systems.

The execution timeline of one iteration is displayed on
fig. 5. The first row on the graph represents the activity of
all kernels, then the ten most time consuming kernels are
represented on the following ten rows. One iteration lasts
870.6 ms, the figure represents the second iteration. As ex-
pected from the conclusion of section 4.3, the accelerated
and colored Lu-sGs algorithm has poor performances and
represents alone 58 % of the iteration computation time. On
the figure, we clearly see the execution of each color kernel.
In comparison, for the sequential code, the same subroutine
represents less than 10 %. Power consumption and load mea-
sured in table 3b also indicate the GpuU is not running at its
full potential.

We analyzed the outcome of our implementation of the
hyperplane coloring algorithm for the test case. It generated
11041 colors and the largest color contains about 0.37 % of
all cells of the mesh. This means that we parallelize the LU-
sGs time integration method on relatively few cells at once.
This kernels occupies at maximum only 14 % of the threads
on the device. On the other hand, cells contained in small
colors (i.e. containing each 10 cells or less) represent about
0.22 % of all cells. During development, we made the same
observations on other smaller test cases.

On the other hand, we also notice on the figure that the
kernels for writing residuals and rus for each iteration take
both 9 % of iteration time, totalizing 18 % which is not neg-
ligible. They are mostly used for logging purpose and do
not take actively part in the simulation.

We conclude that the hyperplane coloring approach was
interesting for cpu parallelization, as the number of threads
was small, but not anymore for Gpu acceleration, given the
larger amount of threads available. A different time integra-
tion scheme, easier to parallel, could be used, such as the
Data-Parallel Lower-Upper Relaxation method (pp-LUR)?®.
We also conclude that kernels used for logging should be opti-
mized to reduce their impact. Running them asynchronously
could be a promising approach.

6 Conclusion

We accelerated the Fastar solver on gpu. We introduced
the key points of gpu computing and selected the Openacc
technique. We identified parts of Fastar that would require
caution for acceleration: the gather, compute, and scatter
paradigm, and the LuU-sGs time integration method. We used
the NvIDIA HPC sDK compiler and tools for development
and accelerated a subset of subroutines. We used kernels
constructs to accelerate code and reduced the memory flow
between host and device with data constructs. We had
to manage some limitations of the compiler and adapted
some parts of the code not suited for acceleration. Accelera-
tion of the LU-sGs time integration method requested to use
the Sharov and Nakahashi hyperplane coloring algorithm.
Our implementation required an additional constraint for
its 4th step. We overall observed the ease of operation of
Openacc. We tested the performance and accuracy of the
Gpu-accelerated solver on the NAsA-cRM case. Simulations
were run on a single cpu core, on a single cpu 18 cores and
on a single gpu. Simulation on Gpu runs 23 times faster than
on a single cpu core and has clear performance to cost and
performance to power advantages. It runs 1.32 times faster
than on a single cpu 18 cores and has a poor performance
to cost ratio and a good performance to power ratio. Norm
of the residuals for density were checked and are very close
for the three simulations. Aerodynamic values were checked
with the pressure coefficient at 50 % of span, data are almost
identical and in good agreement with the literature. The
profiling of one iteration was analyzed and reveals that the
accelerated version of the Lu-sGs time integration method
has poor performances and represents more than half of the
iteration time. Kernels that analyze data to log residuals and
RHS values represent about one fifth of iteration time. Those
parts of the code should be optimized in priority.

This Gpu acceleration of FasTar is promising given the
performances we obtained without compromising solution
accuracy for the amount of modified code. Better perfor-
mances against a single cpu are however expected. The
slow parts we identified in the accelerated code represent
76 % of the iteration time, we have good hope to reduce this
impact. Supporting Mp1 commands in order to use several
cpus would also be interesting to either run larger simula-
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Figure 4: Analysis of the pressure coefficient.
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Figure 5: Execution timeline of one iteration with the ten most time consuming kernels.
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tions or improve computational speed. Therefore, further
development is needed to obtain better performances.
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Development of an Automated Test Suite for a CFD Solver

Zehner Paul (JAXA), Hashimoto Atsushi (JAXA)

ABSTRACT

As cFD solvers have evolved to become more complex, they have also become more complicated to maintain. Especially,
complex codes are vulnerable to regressions, where a modification in the code can involuntarily break parts of its previous
behavior. Testing a solver automatically on a selection of cases helps to reduce regression risks and increases reliability.
In this paper, we propose a test suite for the Fastar solver, developed by 1axa, that can be run manually by developers, or

automatically in a continuous integration fashion.

1 Introduction

Computational Fluid Dynamics (cFp) solvers have evolved
over the course of the sixty passed years from very special-
ized programs, able to solve only one hard-coded problem, to
more flexible programs, managing different parameters and
adapting to data input. This increase in flexibility came with
an increase of features, and hence a larger number of lines
of code. Modern cFp solvers typically have a couple of hun-
dreds of thousands of lines of code, some like FUN3D have
about height hundred thousands?. However, it is expected
that a larger code base will be affected by more bugs.

Programming languages have evolved to offer more func-
tionalities to the programmer®. The main languages used
for crp, namely C, C++ and Fortran, have all their latest stan-
dard been published in the last three years, with respectively
C17, C++20 and Fortran 2018, and have all planned up-
coming standard. But as languages become more complete
and complex, errors made by programmers are expected to
increase.

These bugs of different origin need to be detected be-
fore the developed program is used on production. In the
worst case, but the easiest to detect, they can make the pro-
gram to crash. They can also introduce regressions, i.e.
degradations of program precision without crashing, which
are harder to detect on production. To this aim, coding
practices in software development have evolved to take into
account quality assurance in the form of testing®, extreme
programming®, automated tests generation® or continuous
integration®. Alongside, tools have emerged to reduce the
development cost of using such practices, the most famous
being GitLab”/GitLab c1® or Jenkins. The extra develop-
ment required to use those tools in a project can be named
as test suite development.

The development of crp solvers, and scientific programs
in general, have not always benefited from these practices
and tools. Manual benchmarks remain a standard process to
test the accuracy of a solver, but they are rarely systematic.
It appears that more scientific programs could benefit from
having an automated test suite.

This paper proposes the development of a test suite for
the 7axa cFD solver Fastar”- !9, The solver is used for aero-

dynamic simulations, it is written in Fortran and can run
sequentially or in parallel with mp1. We will use the already
existing test cases for this solver. This paper is organized as
follows: we will present an introduction to software testing
in section 2, then we will explain the test suite developed in
section 3 and describe the chosen storage strategy of the test
cases in section 4. We will present how this test suite can be
operated automatically by a continuous integration server in
section 5. Then, we will conclude in section 6.

2 Testing approaches and tools

Testing a program during its development makes sure it be-
haves as expected?. Especially, this helps to assert that new
code not only runs correctly, but also does not break other
functioning parts of the code, since all tests are run alto-
gether. Tests that focus individual subroutines or functions
are named unit tests. As illustrated in fig. 1a, they consist in
executing functions ones by ones with different arguments
to assert their returned value. They are typically fast to run
(Iess than ten milliseconds) and numerous. This approach
is easier to use when functions are not too long and have no
side effects (e.g. pure Fortran subroutines). On the other
hand, tests that consider the program as a whole are named
integration tests. As described in fig. 1b, they run the entire
program (or large parts of it) on test cases and compare the
outputted results with reference values. In contrast, they are
slow to run (more than a second) and usually less numerous.
Other more specific testing approaches exist, but the two
presented are the most common ones.

Some developer tools have been created to implement
tests in a project whilst keeping the testing development ef-
fort low, we will present a few of them. Test frameworks are
libraries that provide test layout and assertion functions that
will make the test fail if one of them is not successful. They
are more targeted for unit tests, but can also be used for in-
tegration tests. Boost.Test for C++!'D, pFunit for Fortran'?
and the standard Unittest module for Python are well known
frameworks. Collaborative development tools allow to run
tests to validate modification proposals in a project (named
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Program Unit test suite ' .
File 1 Test file 1 Pro.gram Integration test suite
File 1 Reference
i Result 1 Result 1
Function 1 (Casel ) Resultl — Result
Function 2 (Case2 ) Result2 —— Result2
F%le 2 File 2 ( Case3 ) Result3 Result3
File 3 Test file 2 , 6D
File 3

Test file 3

(a) Unit tests.

(b) Integration tests.

Figure 1: Description of tests.

merge requests, MRr). GitLab”) is one of the most known of
them.

Execution of tests can be performed manually, but as
testing can be fully integrated in collaborative development
tools, it is more commonly performed automatically. This
approach is named continuous integration (cr). GitLab pro-
vides the GitLab c1 module to this aim. Alternatives, such
as Jenkins, also exist.

In this paper, we chose to develop our own testing pro-
gram from scratch for regression tests. The reasons are we
want an end-to-end approach: to manipulate Fastar from a
user point of view. We also want to focus the test on numeri-
cal data comparison, such as simulation result files. We will
use the existing GitLab repository of the laboratory and will
use GitLab cr for automated execution of tests.

Let us first describe the developed testing program.

3 Description of the testing suite

We decided to write the testing program, named FasTesT, in
Python 3, as this language is fast to develop and to deploy.
This testing program is aimed to run the solver on inde-
pendent test cases and to compare the simulation outcome
with reference data, known to be valid. In order to analyze
numerical data generated by FasTar, either binary solution
files or text log files, we will use the Pandas library'®, in
addition to Numpy!¥. We will execute the solver and the
different pre/post-processing tools through processes using
the Python standard Subprocess module.

Let us start by describing the expected structure of a test
case directory. We use the one directory per case approach,
as it allows to isolate cases and to run them individually. We
wanted to not alter the usual Fastar case structure and to
avoid adding Fastest-only configuration file, in order to ease
the creation of new cases by developers. As listed in fig. 2,
a case directory contains a few files. The file PARAMDAT is
the Fastar configuration file, using an internal text format.
This file is mandatory to consider the parent directory as a
test case. The GRID.tar* file is a tarball containing the
grid file for the simulation, which has a format supported by
the solver. The tarball is usually compressed to save disk
space. The REFERENCE. tar.* file is a tarball containing
a directory of reference files to compare. The file is also

compressed to gain disk space. Cases without grid file or
reference file are ignored with a warning message. As the
test data already existed before this work, we had to adapt
them to the chosen structure.

case/
GRID.tar.* .......couunnn. Archive of grid file
PARAMDAT ..oviii i iieeenns Parameter file

REFERENCE. tar.*.. Archive of files to compare

Figure 2: Test case directory structure.

When cases have been identified by the program, they
are loaded and prepared for execution. Especially, a working
directory is created in each case folder, where the simulation
will run in order to not pollute the case folder. The flowchart
of this loading process is illustrated in fig. 3a for each case:
the configuration file is first parsed, then the working direc-
tory is created, or re-created if it existed already. Required
simulation files are copied to the destination. Especially,
tarballs are decompressed to the working directory.

The different steps of the simulation process, namely pre-
processing, computation, and post-processing, are managed
by different executable files of the solver. In the testing pro-
gram, they are executed through processes, inside functions
that verify input arguments, check return value, and analyze
standard output and standard error streams to detect error
messages. This function encapsulation "Pythonifies" those
external calls, i.e. it makes them behave like normal Python
functions. Sequential and mp1 execution of those binary files
are hence handled in a safe way. Execution flowchart of
the simulation process is presented in fig. 3b for each case:
for each step, a Fastar binary is called and its outcome is
analyzed, any failure will prevent to move to the next step
and will display an error message.

Data to compare during test execution are simulation
files content and numerical values of logs files (such as resid-
uals or intermediate values). We can compare them using a
relative comparison:

< €rel (D
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or an absolute comparison:
Advs = [vs = V| < €aps (2

with vy the simulation value, v, the reference value, €. the
relative tolerance and €, the absolute tolerance, which has
the same unit as v,.. Relative comparison has the advantage
to be dimensionless, but is difficult to use for small values,
whilst absolute comparison can be used for any order of mag-
nitude, but depends on the unit. By instance, for vy = 1076
and v, = 1077, we have €] = 9 and €, = 9 - 1077, The two
comparison values differ considerably, but in our context, it
is acceptable to consider vy and v, close: a difference of
9-1077 is small enough for any unit used in aerodynamics
(ms~!, Pa, etc.). Consequently, we chose to use an absolute
comparison, with a tolerance € = €y = 10~%4 with u the
corresponding unit.

Interestingly, Pandas offers the comparison func-
tion pandas.testing.assert_frame_equal which uses
since version 1.1.0 the two comparison approaches: absolute
for small values, relative otherwise. We could not use this
function during the initial development, as this version of
Pandas could not be installed on some target platforms.

In case of discrepancies, a summary of over-tolerance
data values, location, and ratio is printed on screen. The
check flowchart is displayed in fig. 3¢ for each reference file
of each test case: the reference file is first opened, then the
result file. If this file does not exist, an error message is
displayed and the test is aborted. Otherwise, data of both
files are compared.

The steps of complete test execution are represented as a
flowchart in fig. 3d. The process is straightforward: at first,
the program is initialized (notably to detect the available mp1
implementation), then test cases are detected from the path
passed in arguments. Cases will be loaded and prepared.
They will be run one by one, or concurrently (one case per
cpu thread) if specified in the arguments and if possible.
Finally, cases results will be compared with reference val-
ues. The outcome of each step for every case is printed on
screen. If there was no failure in any step, the execution is
successful.

To ensure the testing program behaves correctly, unit
tests were written using the standard Unittest module, they
are executed against Python versions 3.6 to 3.9 and cover
99 % of the code. We may have to run the program in
environments that forbid outgoing Internet requests, which
would prevent to download dependencies for installation. In
order to handle this case, we can get dependencies on another
machine and deploy the program using a Python Executable
(PEX) file'™).

Now the testing program has been introduced, we will
focus on the test case data.

4 Storage of test cases

Regression test cases are listed in appendix A. As we dis-
cussed previously, test cases contain each a grid file and a
reference file, that can be voluminous. Even compressed,
these files can weight several hundred of megabytes: the en-

tire FasTaR test cases directory represents 1.33 GB of data.
Storing these data directly in the solver Git repository would
be unpractical. Not only it would slow down the pull/clone
process, but also not all developers are interested in getting
the test cases. Consequently, we decided to store them in a
separate repository.

The different cases for Fastar are organized in subcases,
often sharing the same grid file. In order to avoid redun-
dancy, we use the advantage of symbolic links, supported by
Git, but only usable on *NIX systems.

In order to facilitate access to this repository, we con-
nected it to the solver’s as a Git submodule'®. A submodule
is a folder in a repository pointing to another repository that
can be cloned and kept synchronized if requested. This en-
sures that only developers who want to have access to test
data (and also the ones who are allowed to) will download the
files. Otherwise, the local submodule directory will remain
empty.

Git was designed to handle text data, especially it uses
the advantage to only keep differences when updating a file.
This is not possible when manipulating binary files, that are
completely re-defined when updated. This creates a prob-
lem if they are frequently modified: they accumulate in the
Git history, which is critical for heavy files, as the amount
of data to clone/pull can increase quickly. We consequently
chose to use Git Large File Storage (LFs), which is a Git
extension that will store heavy files differently!®. Only a
pointer of the file is kept in the Git history, whilst a different
repository will transparently store the binary files versions.
When cloning/pulling data out of the repository, only the
latest version of the files handled by Git Lrs will be down-
loaded, saving bandwidth and time. For the FasTar project,
we decided to manage all tarballs with this mechanism.

Test case data being stored, we can now use the testing
program on them, either manually, which consists in call-
ing it, or automatically, which will be discussed in the next
section.

5 Automation of tests

Integrating tests automatically in the development process
makes sure the solver is completely tested. This is especially
useful to detect side effect bugs, when the developers are fo-
cused on the feature to implement. In order to automatize
test execution, we use GitLab c1, which is a GitLab module,
installed on a dedicated server on Centos 7 with a Docker
image. This extension allows to run commands in single-use
Docker container, i.e. in a clean, isolated environment. The
server is monitored using Grafana'”.

The testing process necessitates two steps, also called
jobs: building the solver, then running the test suite. We
compile Fastar with the NvIDIA HPC sDK compiler'®), using
its official Docker image. Running tests is done in a differ-
ent container, but based on the same image, in about half an
hour. The testing program is run using Python 3.8.

We decided to run tests when a commit is pushed to the
master branch, or to a branch that has a merge request target-
ing the master branch, as illustrated in fig. 4 with branches

This document is provided by JAXA.



276 FHML 2T TE B AR B TAXA-SP-21-008

Read con-
figuration
|
<G>
Read ok?
Create execu- Display
tion directory details
] |
Copy files End failure

End success

.

(a) Load (for each case).

Open ref-
erence file

{

o

Open re-
sult file

Y

!

End success

End failure

(c) Check (for each reference file of each case).

Start

8

Pre-process

ék

Compute

ék

Post-process

No

No

End success

Display
details

End failure

.

(b) Run (for each case).

Start

I

Initialize

!

Get cases

!

Load cases

!

Run sim-
ulations

!

Check results

End failure

i

(see fig. 3a)

(see fig. 3b)

(see fig. 3¢)

No

End success

i

(d) Complete test.
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Push
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Push, run

(&)

®

Push, run

®

master and branch-1. Consequently, a branch without a
merge request to the master branch, like branch-2 in the
figure, will not be tested. Developers can then have an auto-
mated feedback when pushing code to GitLab.

In order to guarantee that merge requests are valid, we
configured GitLab to require a successful test execution be-
fore merging.

6 Conclusion

We developed an automated test suite for the crp solver
Fastar. We chose to run integration tests, using an existing
base of test cases. We implemented our own testing pro-
gram in Python 3, using third party libraries to manipulate
numerical data. We defined a test case directory structure
to store simulation files and reference files. The testing
program loads cases, run them with Fastar, then compare
results with reference data using an absolute tolerance. It
has unit tests. FasTAr test cases data are stored in a separate
repository, connected as a Git submodule, that has a size of
1.33 GB. Heavy files are managed using Git Lrs. We have
installed a testing server running GitLab c1. During test,
the solver is built with the NvipIA HPC sDK compiler, then
tested with our testing program. Total test execution is about
35 min. We defined a test execution policy, where tests are
run when pushing a commit to the master branch, or to a
branch having a pull request to the master branch. Merge
requests to the master branch require a valid test execution.

Using such an automated test suite improves code qual-
ity and reliability. It benefits to all developers of the project,
who do not have to run tests themselves, a strategy that can
be named setup and forget. The test suite development cost,
however, should be taken into consideration. It could be
lowered with more generic test frameworks, that could also
be used for end-to-end integration tests.
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A List of test cases

This is the list of all regression test cases used for Fastar:

o NACA 0012

o

o

o

Default

Move

o Oscillation

Transition

o y-Re;

Turbulence

o EARSM
o Ko2005a
o LES
o Smagorinsky
o WALE
o None
o DNS
o Euler
o SA
o Noft2
Noft2 R DDES
Noft2 R DES
Noft2 R IDDES
o Noft2 R QCR 2000
o SST
o 2003
o 2003 SUST
o 2003 SUST DDES
o 2003 SUST DES
o 2003 SUST DTSB
o 2003 SUST IDDES
o Default
o SUST
oV
o VSUST

[e]

(o}

o

o Wall treatment

o Wall treatment

o Shock tube

o Default

o Flux

o AUSM = up
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o AUSM +up?2 o GG

o HLLE o LSQ

o Hyper AUSM = up o WGG

o Hyper SLAU o WLSQ

o Roe o Time integration

o SLAU o GMRES

o SLAU2 o Runge-Kutta
o Limiter o U-MUSCL

o BJ o 0.5

o Hishida-van Albada

o Minmod o Uniform flow

o Venkatakrishnan o Odeg
o Precision o a-f45deg

o 1st o Body-axis 45 deg
o Slope o Low quality 45 deg
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