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EHSNE=RY PLVBTORFREZHNR E LE-RABEBERTORT

BHE, BERBE, /NEEUK, PR, SEOVEA, NERE, SRR, R,
FISE—, DR, Sarrgeds, LR CRACRZAIRFBE A IERD
FRERNIE (R 3R & v 7 —/ FOR R R KU AT/ RGBT FERT) , it 540 (RGATFERT)

HARBZMRE LImBEORSELEHEATLIT VT~ 7 o v & IR ER
BT ) X D E AR & o S 72X b Lk (SX-Aurora TSUBASA) ET3#E4TL7=, 2018
FETADO 1A ZSRE LT, [H#(SX-ACE) IC L D EITRE R LB L& 2 A, IEFICEE
THZENMERTE T, B E R, /— FE01/32 T RWERESHRICFTTE 2, 5% 2 4FE
JE TR 60 4 D 5 B 0O RESS FEARAT 23 ST AT RE /R BRBE NI o 7=, A 14 1E, AR D B ARIC R 5 Mtk
SEOEBOHREEZ B L. EMEREMRIT O FZIT2ED T, £o, B 5%E L ERE
fENT D= DIz, TV T RN IREO— D TH D,

1. [FL®HIC

Fexid, BARBZ SR E LEREB 2 RHRICh 0 afgE HoMERS HETL 2
RIS, REIGEEAITICIRY A TV D, RIS 28 U T, BABIZIR T 2T FE 0K %
EEOEROHIR, BED R Y A7 — /UBIKEO 5T, PRCREE, =xvX—, KEJREH
772 ETORGYFENE RO ER T - AR ORAE, BIER G T /A ET S AT LD
BRICET DR OMSR &2 AR,

i EBBNCINZ, 7YY T mE BN R G ST D 60 ELL BRI LT, &
DN BEKE THET AT —F FUEFRIERN, FHEEOREIZ L > TEEIZHm ELTEE[1],
ZOLTEERIZE - T, FHEINTBN & L IN T BE TR 2 A2 G b, Bl cEk
WERHEOLERERORZOED b LWREEZ RO o THEET 2 RIS, RO
FEKEHEICL > TEMEIND L O, MENLBIZEMNAE T, K48 - [EICED LR~
B TCIEH STV D,

LU, EHHEZR B O R L 2 2 kG EC A Y A — VR R EXR ET 51T, RERFE
HrciZsmob D (e.g. ERAS[2]) TH MG 3040km #FHEY TH LA+ Th D,
ZHVET, fRBEORMBICKHET 272012, AR EOERKEE T V2R W2 Pl Ew v A
TN EiINTE7Z, Lo, EORMAENE AT v 7ORBENAE T, Sy
FF N RV & BT VN O FHME SRR & FRIZERMEE L CHE A8 00BEL T LE S M
A Z TWD, BT X ARG 721 TldZe < SR O BRI O [RAL © 1T 5 RIS AT 12
LoT, ERORMENEE T 5 Z LMD,

THETIT, AT AR Z 3G & U7 KR 1R Skm O R FIREMIT OO0 > 27 A
AREE L, ST T VDI LD IR T o R — VSRR R IO 2 Aok A R LT
72131, L L. StREMEOMEREDOIRFUC X » T, O R BEEE 2 AT 2 /-0 Ic 0B RHIE (&
HHELLE) x5 b U8k AT O SEATIIREECH - 72, 2021 4F 10 A IZHIERFEY A —H
AT U A — KBRR R R S AT AR SIUERES M R Lz, ZOFEHIIHEY, EHE
RN OFEATNFREIC /2D Z DRI TE 5D, 22T, AT, TNETHEEL TCXEY
TESRFEARNT > AT D OBEE 2P L, 2018 45 7 H 2 %t5 & U 7= tEI AT 2 B CoAT L2 fE 3
IR CIITS N RER el L bRtk 95,

2. THEBEFIOATLA

FW - BEI AT o A T D E. REREMAT JRA-55[4) % 55 FUEIC 5- 2 72 S B AR T IR )1%T
FILINHM[SHIC & » CTHER R Z KD, JFTT v v 7B v~ 7 4 )L 2 (LETKF[6])IZ &
> CTEBT — % Z b T DT T8 A 7 V&3 TT 5, AKPEA&7lEIZ. NHM-LETKF % —
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FHRA RESELHZ LIk -T, 25km THT7Z 7%, Skm CHARBZ AR ETHLIREL
7eo [FET 2@INIE, REIB AT R EXUEEII, 704y U7 mEeifl, KoV Eich 5
BEOFDLEICBRE L, TS 78> CTEIMEN i S - L— Z o 212 K28R H L
W, ZhUE, REEE Y 7S AR T 510, BEE T AKROT — 2 FEHEFECM AR 5
BHSHMRTOPM T EBESEDZENFITHDLINLTH DT, RV AT L TIE, BEREL
fit < NHM Tl | KOEHET > L 30 KADOEEY T > &% T L, LETKF TIIEHET o OfER 428 —
HEEME E L CHW, TS MAER 7 o6+ s L oic Lz, B HEEE LT,
LETKF T—fRICHWSNDEBEN T o O T 3 0 T AEIIRIA Lo T=DlE KA AT A TlE
FENTIG DS AR L SNBIFEN 2 BENHBL CE R R 502 BET 5720 Th 5, lmE S EEIC
SUNVT, 25km #&F- NHM-LETKF OfE#)Z > 1213, JRA-55 % EOF fi#t#r L Ti& &= A7 30 &
—RNETUFLIEZRDEIIT LT, FITIE, 6FFM4A 134 71 & LT, BALAIFAIZ 25km #%
- NHM-LETKF % 6 5 20 H 12UTC, 5km ¥%¥-0 NHM-LETKF % 6 A 29 H 12UTC 5 & L7z,
6 AHiZAY 7 v 7HIR & LT, HlRITIE 7 H OFMNT SR 2 v,

3. R

Btk & AR 2 AN CRER U 7 SEIRE AT O FRBLAE SR A L4 5, X 11, 2018 4F 7 A Ok
IESEIZ DT JRA-55, Hii K ONABE O BEI FHIRAT ] © RMSD % 713 L T\ %, JRA-55 & O RMSD
IE. B L PR O SEIE AT T AR O A 0.7hPa TRIFREZ - 7= DIk LT, ik & i
DFEBEARAT R O3 L, Y 0.4hPa & JRA-55 D RMSD (2~ FREE TN E - 72, Hiiic s
WTHBERIBE TORE L FEORBSE 2 HH TE TR Y ., FEIEMNT > AT A0NEHEIZB W T
HIHEE & FEEOENELZ T 5 2 LD MERE T 7, 7238, 7 H 22 HJEZ T RMSD R E < e o 72 H
M- 7208, Z OMNIIERNICHIT SN2 B RO EIC TN H 72 2 EICEK LT,
BEVE, TR EEN Y v — 7 et 2 B 5 72 OICALE A RMSD (R S 030, 512,
BROB D 22 AARDOFE HHE LSBT 512D ORHERENRKE N L E2RBRT 5, 2, K
VAT ADT YT AN HIT30 EIRONTEY YT T — OB TRT
VW, KV AT AT, SERE#E T VX L5 2 TWAHDT, Hitko £ & IO FEE L CTEH)
DEIRD | FENTOBRIENELTZO LY 5, ZTOZ EE, BT U T VEN DI E
IZBWT, ET2ET— RIS X SIS O X 0 28 LT HBM 2 R T 5729
2, ESERIEE O 5 2 N EECTH D i fENEE BT D,

MRS R O FF & LT, Sk 30 45 7 H SR OFHEIC BT 2 HERE R 2R3, K 21X, 2018 47
ASHNLD 2 FFFEEREEZ R L7 b DO TH D, 1L — 22 X 2 BRI OB Z2 H -CTo
Rk BEOEBBINCHIE LT EIC L D &, 72 BEAEE AT & 200mm % 8 % 5 F 23 LM
2 B RIS O BN 23T THROYCER Y, FUNAEE-CU E oA, ik B IRAEER 72 £ Cid 500mm
% % D MUB S R FTRCAFAE L 72 (1K1 2a), K FHS 7RI FEAT SOkm FH XY D 5 5 D 2 ER FEAFAT JRA-55
Tl P HARICHRRIEDSIAD > TO TR FIE B TE TV AR, Rt ofmid+ozx s 2 &
P TE TR 2b), —F., KT Skm OFEIEFEMAIT CIX, 2T LLEHE T 50
TRV, R D &0 TR BT 2 2 LR TE T, MEIREMENT Tk, &g
BEETNLEHND Z LT, MPWHITEZ DB A Y 27— )V OREIKRITEE D TR BEK O FRELME
M 27N olo B2 bND, B, 2D ORHEIL, [BF CTOARZERF O RN #E (8] & &
BICThotz, BHINTAZ M ETH, KREREHIT S 27 AP EEOEET 5 2 & 3R
T&E7,

FHEICE LI EIREICOW T RHERE O BRI TGS 2,1 4 7L (6 FE > O FfRT) O
FATICE LRI IARE CIE 32 7 — R 1.9 BERICKT L ¢, HifETiX 1 / — R@QVE)TF
PIR 1.6 B & 70 o 72, BEERE O T EE, 1/32 OB IRE T 12%F2E mE I FEATRIRE L 7r o 72,
ZHUEL 1 = RN OEEMREO R LN EERTH DA, 1/ — NICHEH I D A E U AN
L2 &T/— RHBEZETICHERAEICR- T2 b —HFELTWD, 1A 7 LDk



B SNy MVETOH A Z 0 R & L 72 RIS AT O 9247 — 3 —

IAE20 M OMIERT DD 7 NVETR CHOERICFITR[RE L 72 o 72 2 & T, HEOFHEA MY — L%
ITULEFEITHLHENE o7z, TNICE - T, IEDOKIELE 24 2 5 728D O-F W sEIL T 5
TR A BB CRIRERBRE N S T2,

4. F&OH

H A A XESRIZ 2018 427 A O 1 22 A 43 ORISR 2 B S e~ 2 h i ECF4T L IHEE
TORITRER LR L, EFICEET 2 Z LR T, B L — ¥ 1/32 T 12%7F2
JEERIZIAT T E o, A% 2 AR TR 60 400 K I O Sk B ARAT 23 5817 "I RE 7R BRBE N HE 5 7=,
IO BRICEB T 2 kK EO LB OREZ B L. EHESEMITOET2HED 5 2 L RE5%
OIETH 5,

F7o. X 0RE LT HEMEICHT T ES AT A T AR L EERRETH D, —Do L L
T, BAELGBOWEDEOY 7 v F 2T —52BWNR b5, ZOHIZ, T Uo7 VEiE
W Z b BICKE LEEBEFES OB ANE T 5NDG, Vo7 7T —I2 LD
Mz onbd—70, FEEAEEZR L CLE D R bR TE U, HIEE L L CRELMRN
ERMFTE S, b, BEARLEEERAENE L L0, BHEEO—EOMRER b O
TYEEND,

BT

WAL KRFY A N—P A T AL H—DA— 8~ B a— X OS2 HEE (F2 1) HLEHF
TeD— R & U TR I M L=, Rt ¥ —BRENLICA 2 ZHRE L T 1202720
Too Fo. AW, HALKS: & KBTREM T O KRN TEO—ER L L TITo 72, ALK (J5
TEENLKTF) 2B 2 KE RN > 7 LU eI K D B &2 1) 7=,
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I8 % EELT-Flamelet approach [cE <

Mt S aL—2 32 &N ERDOTAE
LTI R B | W o 2 T e i v
INEEBERE - AL KRR LA se Rt
DINEAEE2 NI B | NG P NE & e 21 i o
AT ST BARTR R AR LA Ze
HAR  FZ o WAL PR LRt

Weeratunge Malalasekera : Loughborough University

ABFIETIE, BB S & 6 G 5 < MR EUC K 5 BBk & 5 L 7= Flamelet approach (2
DSIRE I 2 b—ra UV EER L, ~BIEERENOAERD Tl L7z, & ORESE, RIED Large Eddy
Simulation |2 & ¥V FE 22 b7l L IR O EE 2R THIT 5 Z &3 T& 7. £72, Enthalpy
defect LFRIN D FELEATLHZ LT, S<HBEC K DBVERIZMHE I IRER T2ERET 52
EINTE . L LRy 5, NO KD THIEE X Enthalpy defect KV ©2e L A NO ARk I T
EEEOBEDO T RRE T,

1. #8

BT[] TIEA X DA vy F k% TH % Sandia Flame D [2-4]% %f 5212 Flamelet/Progress
-Variable approach (FPV) [5]1Z &5 < BABED Large Eddy Simulation (LES)% 550 L 7=. & DOfES, th
DWFFE[6] & FERIZHEN L IR A 5T RO BERPFEIZ T TR OB ITTERICHIAT L L
INT&E. F7o, FEMEFERICNZTT P HNFER E DO~ A F—(LEFREO PR ORI FHEIC
DNTHIRTERICTRFTHZ N TE . 2D, FPV TS LES OF AL #HRT 5 2
EWTEILEEARD.

BITE, Flamelet approach & L C Flamelet model [7,8], Flamelet-Generated Manifolds method (FGM)
[91& FPV [SIBAS HWHATWD . £ 6 HIRHREE L x5 & LT % Flamelet model Tl
Flamelet library /X7 A —Z | TIRE /35 & AT 7 —{HEEE, FPV TR DR EEITEHTH D,
WTINDOET MIZEBWTH T ¥ L E—{X Flamelet library /37 A — X TlL7e\. D728,
Flamelet model [7,8]X° FPV [S]IZB W TEMRER 2B [ET 572 0I121%, Flamelet library D/37 A — X
ELTCE AN E—miBIT 208N DS, —T7, TIRAMBEZ NS L LTS FGM [9] T
Flamelet library D/3XF A —Z [ J#ETER o Z LV E—THY, = %)L E—|X 7 TIZ Flamelet
library D/XT A =X ThbH. ZTD-H, FGM IR LZ KRB AETH 5. L L7 5, FGM
[91% FEHURBEIZ A 5354, Flamelet library D/XT A — X (TIRAWDHREBINT HLENHD.
PLEX D, WI D Flamelet approach & Z D F £ W T HEMERZE[E L2 IEHUABES I = L —
varEFEETDHIEITTE R, 22F, FPV [5]® Flamelet library D/ A — X |ZT 2 X)L E
—ZBML7ET /L FGM [9]D Flamelet library D/37 A — X\ TIRAHFE BN LT-ET VT
FPV [5]? Flamelet library % %} A yEHCA 280> 5, FGM [9]@ Flamelet library % TG KK NS %
NWENREES 5 Z L DS, KL Flamelet library D /X7 A —X 72 EIXEl— L 70 5.

AWFIETIL, KB OWEFEOELIRIEHUA A To 5 HS Flame [10]% %4212 Flamelet approach {235
<PABED Large Eddy Simulation & %V % Reynolds-Averaged Navier-Stokes % Z£fii9°%. Flamelet
approach (Z!% Flamelet-Generated Manifolds method [9]d % VML & [AEEIC Flamelet/Progress
-Variable approach [5]% V%, AWFFETIL, S HIZ Enthalpy defect [11,12] & FEE 2 EGEA 5
JERTREZR FIEZFTIZBIN L T, S <HMBEUC K 28R R A2 B8 L 727K 3 OWE R O LTI Bk &
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ERIBE LIZRIEY R 21—y a v 2T 5. £, FaxDOFEEZHWCILRILEUREIZBT
HERBIEYE D 1 D Th 5 —BLEEHR NO AR D Tl bR A S.

2. BWFE

2.1 BHIRREBHEY

FEHT KT 513K T OMEFR O ELIEEE Ak % T&H 5 HS Flame TH 5. NEED =8 mm D31 775 295
K DEHZTHINLIZAKFEE 21.7m/s T, FEPFHID co-flow & LT 295K DZE5 % 0.3 m/s TENZE
AT 5. MM I 1IR3 —F EE OBk ZE12.5D X 12.5D x 70D TH Y, BREF =
v NEHED LA L REUE 6,200 Th B

L LD a0 mm
§ T N
5 R

ﬁ§> ] \§®

4 1 b E

@?_______* pa

J -
b Ji\‘\ - EENTAAE SRR 1

Diam. lz‘) mim

X1 AS—F &K [10]

2.2 Flamelet library Q@S
2.2.1 Flamelet/Progress—Variable approach (FPV)

Flamelet/Progress-Variable approach (FPV) [5](3 Flamelet model DZ27E L 7= BRBEDIRBEIZIN
TAN T —{HHER TIE—BIZRE TERWARLERIRBEDIRIEE TERIAFRETH H 2 L 1%
o 5. FPV TlZ, Flamelet model & [FIREIZ K FFRIETCK A % %512 Flamelet library % {ERK
THHDD, REZFEDT 537 A—H N A1 7 —{HHEF Tld/e < Progress Variable (PV)
EPRIEN D HEITES L 95 2 L3 Flamelet model & %72 5. 7233, ARMFFETIE PV & H,0 O
BESRETEFRT D, BARMIZIL, Flamelet model & [RIEEIZFE % D A B T —{HHCRIZK L Txf
FRILBCK R 2R BIATIRBES S 2 L—a U aFER L, BEHERE AN T —HEERICH LT
PV OIER DA RGEE 2 & e 2 A LIZRRICA D 7 — IR 2 PV ICEH|T 5 2 L T, IR
BrEE L PV ICKT L TE % Flamelet library (ZfR77 9 %.

2.2.2 Flamelet-Generated Manifolds (FGM)

Flamelet-Generated Manifolds Method (FGM) [9](%, —RICORAFRILEHUK SR TidZe < TiREG
K% % %8312 Flamelet library % {EA% 9% 2 C Flamelet model <° FPV & %725, Z Z T, &
BUREE R R G e LT EL R 2 L —2 a2 FGM 2T 52 L5252 5. BARMIZIT
HEDBRBES X 2 L— a3 NS, Fix O EIICH L T—RITO TIRA KK DOREES
R b—yaraFE L, HEE% Controlling Variable (CV) & MEZI D HEITESIC, HEILE
BEDRIZENENERL, RESDZFEE CV I LT CV OIEMOAERKSEE 2 & te 5%
Flamelet 11brary RAET D, 7ok, CVIIPV EAMBELRL OO, REMITIEFR /T 2



BIR % % L 72 Flamelet approach (250 < — 7 —
BREES I 2L — 3 v & NO &Rl

— X Th s [11].

2.2.3 Enthalpy defect

Flamelet approach {23\ Th < MRV B K 2 BB RZZ 8T 256, — %I Enthalpy defect
ERETI D FEDH W S ILS . Enthalpy defect TiX, Zi1E Tt L 7= Flamelet library Z #2595
RMETMAT, HONCOBIREEHE AT —RICOBREBEY T 2 b —3 a 2 %Ei L, Flamelet
library Z 5T 5. FHOLDOHMDIRY, BHRAEZ 5 2 2 FIEITIE, FRERITH L T—RRICBYEK
% 5.2 % J5{¥(scheme 1) [12], 1ERRDEFE A (Heat release rate)l 1 K 0 /NS UM% 3 U CEVE
K& bz 5 J5ik(scheme 2) [13], AL S HBEEE 2 5 2 L TEWR KL 5 2 5 F71k(scheme
N[Md L. REBIRITK LT —HRICEME R & 5 2 5 J7¥E(scheme 1)IXEJE) T Flamelet library %
MEELOTWVWLOD, BETLHZENTELBHREICRANDHY, RERBELLH2LHZ L
NTER. IEROBEAEREIC 1 LW/ SWELZ R C TEMAZ G X 5 JFiiki(scheme 2), A TH)
RSB EEZ D Z L THIRAZ 5 2 5 Jith(scheme 3) TIIRERBMRR L H A D Z &N T
XHHOD, BMERNAY)— L2578, Flamelet library OFEZENEMEIZ 72> TLE D . AWH3E
ClZ, Flamelet library OAEEL% S 72 scheme 1 2 W CTEVE L 25 8 L 7= Flamelet library % #5458
T5.
2.3 ZRTOBKEIaL—aVOENAE

K& DML DYEEC K2 (HS Flame) [10]% xf 5 & L 7= ELiE 4L & Flamelet-Generated Manifolds
method (FGM) & Flamelet/Progress-Variable approach (FPV)® Large Eddy Simulation @ J&AEAT 3 K

JED T 7 —T IR ElE Lisd 0, EEIERFEX, BAEDERILEEITERCORTFENTHD.
ap 0

§+a—xj(l3ﬁ]):0 W
o e P) al ou; 2 o1l
9 [ u 0z
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1. Introduction

The well-known “ion wind” induced by a dielectric barrier discharge plasma actuator (DBD-
PA) has been extensively used as an active flow control device to avoid flow separation thanks to the
high availability and feasibility. DBD-PA only consists of two electrodes with a dielectric layer
between them, see Fig. 1(a). Due to the thin and light structure, DBD-PA can be attached on any flat
or curved surfaces, corner, or edge, where flow separation control' *is considered without changing
the original shape of the body surface. A review conducted by Wang et al.” shows a number of flow
control applications of DBD-PA till the year 2013. The applications include not only on separation
control shown in Fig. 1(b,c)*” but also on noise reduction,” skin-friction reduction,’and else.

DBD-PA for flow separation control is typically installed on the suction surface near the leading
edge' % It can generate a wall-jet flows with the maximum velocity up to around 10m/s, when the
peak-to-peak voltage (V},,) and the base frequency of operating alternating current (AC) are 5-20kV
and 1-10kHz, respectively. The ionization effect is largely determined by the applied voltage as well
as electric permittivity and thickness of the dielectric layer. The mechanism of plasma-assisting flow
control is described as the interaction of the ionized gas and the neutral air, which results in an
electrohydrodynamic body-force field coupling with the momentum transfer in the external flow
downstream of the exposed electrode.!!

Massines et al.'> and Roth et al.,'* proposed the early model of body force field generated by a
single DBD-PA, which was one-dimensional (1-D) based on static formulation and neglected the
presence of the charged particles, therefore it barely fitted two-dimensional (2-D) or three-
dimensional (3-D) applications. Semi-empirical models of 2-D plasma flow modelling, using linear,'*
exponential functions,'® !" and Gaussian distribution” of the spatial decay for the 2-D body force
component were reviewed by Corke et al.'> Numerous studies have made great efforts on the body-
force modelling.> '*'
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Figure 1. (a) Sketch of DBD-PA. (b) Wind tunnel test on airfoil*. (c) DBD-PA attached on the
leading edge of a small model plane (wingspan of 3m) in a flight test’.

The phenomenological such as Suzen-Huang (S-H) model® and Shyy model'* were largely
employed because of the simplicity in the computational flow simulations of Asada et al.'®'” and
Visbal et al.,' respectively. The well-known analytical S-H model is an electrostatic (semi-empirical)
model derived from Enloe et al.’s work,'" the body force vector can be expressed as,

fi=0QcE; =Q.(-V9), €Y

where E; is the electric field vector. The force is contributed by two different parts: the external
electric potential ¢ and the electric field created by the net charged density Q.. The net body force
obtained by the closed-form solution of the S-H model was well validated in the experimental study,”’
by calibrating the nondimensional plasma parameter D, representing the scaling of the electrical to
inertial forces, which also describes the strength and the scale of body force from another
perspective.'®!7 2122 These studies indicated that the flow control authority of the plasma actuators
are well realized by the simulations using these models. Airfoil stall characteristics are well simulated,
and the computational and experimental pressure distributions over an airfoil agree pretty well.

Despite the low cost of using the analytical model, it is true that the S-H model neglects the
complex plasma chemistry which usually causes the highly unsteady forcing on the plasma flow. On
the other hand, the charged-particle models associated with the fully-coupled approaches consider the
ordinary force diffusion, drift motion, Coulomb acceleration of electrons, and positive and negative
ions, respectively. Drift-Diffusion (D-D) model was first developed from the physical modelling, >
which focused on the electric-field effects on the charged particles. More recently the D-D model was
used to simulate the discharge plasma evolution and the DBD-PA-induced body-force field.’*°
However, due to the time-consuming computation, few studies applied the D-D model in flow control
simulations. Gaitonde et al.”’ conducted plasma-based stall control simulations with coupled
approaches that largely reduced the complexity of the broad-spectrum problem, nonetheless, the
induced flow field of high temporal resolution during a single discharge cycle still remains unclear.

In the present study, the body-force field was obtained by the S-H model, as well as by the D-D
computation of high temporal resolution. A high-fidelity Navier-Stokes solver is employed to simulate
the DBD-PA induced flow with the incorporating body force field. Based on the published results by
Chen et al.,”® this report summarizes the nature of the S-H model and the D-D model, clarifies the
difference between the two models from the viewpoint of the DBD-PA flow control authority, and
finally provides several suggestions in using the body-force models for plasma actuator-assisted flow
control simulations.
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2. Methodology

2.1 Body force modelling
2.1.1 Suzen-Huang model

As we introduced in Eqn. (1), the body force vector is computed by multiplying the charge
density Q. and electric field vector E;, which are solved in the Maxwell’s equations of the external
electric potential ¢ and the charged particle potential, respectively, as follows

V- (&Vg) =0, (2)

V- (&VQ) = /%C 3)
where &, denotes the relative permittivity of the dielectric layer, and 4; denotes the Debye length.
In Fig. 2(a), the boundary conditions for solving Eqn. (2) and (3) on the exposed electrode and the
wall above the covered electrode can be written as
() = ¢"f (D), Q)
Qew(x,t) = Q"G f (1), )
respectively, where ¢™** and Q*** are the maximum values of the external electric potential and
the charge density, respectively. Consequently, the time variation of the non-dimensional S-H body
force is given as follows
Si(x:y,zr t) = Dc Sinz(anbaset) SSH(x'y'Z)' (6)
where Fp,. 1s the nondimensional base frequency of the AC power, Sgy is the non-dimensional
body-force vector of S-H model. Sgy follows a half Gaussian function G(x) in two-dimensional
spatial distribution described in Fig. 2(b).? The magnitude of the S-H body force is manipulated by
the nondimensional plasma parameter D., which is given empirically as
ErorL
.= Qc,ref ref ZTef- (7)
Pre f U ref
However, it needs further calibration by experiments and numerical simulations according to the
induced flow field.”'

2.1.2 Drift-Diffusion model

Notwithstanding the capability of the D-D model in the 3-D body force simulation by Nishida
et al.,”® the model comparison is conducted in 2-D simulations for convenience and simplicity in this
study. The electron, the positive ion, and the negative ion are considered with basic plasma chemistry
including electron impact ionization, attachment, and recombination. The ionization and attachment
coefficients and electron mobility are calculated by BOLSIG+’ a free electron Boltzmann equation
solver, assuming the ambient gas is air (N2:0>= 0.8:0.2).
Here the governing equations to be solved are explained in detail in the previous studies,
the computational electrohydrodynamic (EHD) force regarded as the two-dimensional body
force is expressed as the rate of momentum transfer per unit volume due to collisions,

9, 24-26,
28, 30

D, D, D,
f=ec(np—ne—nn)E— —Vn, + —Vn, + —Vn,|, (€))]
Hp He Hn
where n is the plasma density, y is the charged particle mobility, and their subscript e, p, n denote
the electron, the positive ion, and the negative ion, D is the coefficients of diffusion. The first term on
the right side of Eqn. (8) plays a dominant role and corresponds to the expression used in S-H model
in Eqn. (1), while the second term represents the diffusion effect. The obtained 2-D body force in Eqn.
(8) is first averaged in phases, then input into the N-S solver for the 2-D simulation of the induced
flow, however the spanwise uniformity of body-force distribution is assumed in the 3-D simulation
for simplicity.
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(2)

() Qc.w(x) = Q" exp[——5——

Figure 2. (a) Boundary condition of charged particle in S-H model, following a half
Gaussian distribution.? (b) Spatial and temporal distribution of body force in S-H
model.

2.2 Computational fluid dynamics (CFD)

Two typical flows are considered. First, the flow field is assumed to be globally quiescent and
laminar over a flat plate, then the strength of the induced flow is investigated. Second, the body-force
models are applied and examined in practical flow control simulations, where the separated flow over
a NACAO0015 airfoil with a light-stall angle of attack of 12" in turbulence transition state (Reynolds
number is 63,000) is investigated. The Mach number is 0.2, the specific heat ratio (y) is 1.4, and the
Prandtl number (Pr) is 0.72, those are keeping the same as the previous simulation'® and the
experiment setup.”’ On the surface of the flat plate and the airfoil, no-slip and adiabatic conditions
are imposed.

The flow field is described by the 3-D compressible Navier-Stokes equations as below,
augmented by the term §; representing the local forcing on the ionized region by DBD-PA. The non-
dimensional forms of the continuity, momentum, energy equations, as well as ideal gas equation are
written as follows:

dp  Opuy
g axk - 0’ (9)
dpu;  d(pujuy +pby) 1 0ty
ot T ax;, = Reox, Si 10
d d((e+pu 1 /oyt 1 d
—e+ ((e+p) k)=_( 1Tkt ﬂ)_l_skuk 1)
ot axk Re axk (y - 1)PTM°20 axk
p = — (e — 0.5pwu) (12)

where x; is the position vector, u; is the velocity vector, q is the heat flux vector, p is the
density, p is the static pressure, e is the total energy per unit volume, t;, is the viscous stress
tensor, &;; is the Kronecker delta, S; is the body force vector, y is the ratio of specific heats, ¢ is
the time. In S-H model, §; is directly given by Eqn. (6) with a proper D, value, while f; in D-D
model (Eqn. (8)) is normalized as

1

P = mf i (13)
2.3 Numerical schemes

To solve the governing equations in Eqn. (9) — (12), this research employs a compressible Navier-
Stokes flow solver LANS3D,*"*2 which is extensively used and well validated in recent 30 years. The
implicit large-eddy simulations (LES) are conducted for solving the more complex flow field above
the airfoil in turbulent transition state.'® All the spatial derivatives are obtained with a sixth-order
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compact difference scheme.’” Lower-upper symmetric alternating direction implicit and symmetric
Gauss-Seidel (ADI-SGS) method is utilized for time integration. 10th order filtering® is applied with
a filtering coefficient of 0.42.

The current numerical schemes in D-D force computation largely follow Nishida et al.’s previous
studies.’ 2% ** given by the formula in Eqn. (6). The input time interval of the S-H and the D-D force
match the time step of CFD simulation in real scale.

2.4 Computational grids

The information of the computational grid systems for the body force computation and the CFD
are listed in Table 1. In the 2-D simulation of the quiescent air, the 2-D computational domains and
grids are shown in Fig. 3(a), the D-D force (red zone) is computed and interpolated into the CFD grids
(white background). In the 3-D simulations of the separated flow above the airfoil, the C-type grid is
designed, the near and far field are shown in Fig. 3(b) and (c), respectively. The spanwise length of
the computational region is set to 0.2 times the chord length. The D-D force is interpolated into the
actuator zone (highlighted in green). A message passing interface (MPI) between the fluid zones is
employed for the parallel computing in CFD simulations.

@

10L,f

20,y
()

Figure 3. Domain incorporation of the D-D body force (in red) into CFD (in white) for the flat
plate (a), and the NACAO0015 airfoil (b), the green grids denote the overset actuator zone, the
exposed electrode is highlighted in the zoom-in snip; (¢) Computational domain of the airfoil and
the schematic of inflow, L. = ¢ = 0.1m.

Table 1. Grid density of the body-force computation and CFD

Computation domain & Ui 4 Total points
D-D body force (red in Fig. 3a, b) 600 3 250 450,000
Flat plate (white in Fig. 3a) 873 3 416 1,089,504

Airfoil surface (white in Fig. 3b) 759 134 179 18,205,374
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Airfoil actuator (green in Fig. 3b) 149 134 111 2,216,226
* In curvilinear coordinates (£, 1, {), ¢ and { denote wall-parallel and wall-normal directions,
respectively, 1 denotes the spanwise direction in the airfoil case.

2.5 DBD-PA setup

Fig. 4(a) shows the configuration of DBD-PA in the D-D computational domain, which is
consistent with Sekimoto et al.’s experiment.** The physical parameters as shown in Fig. 4(a) are
precalculated in the previous numerical studies using D-D model.”**’ The plasma actuator consists
of a 160um thick Kapton dielectric layer and two 50um thick copper electrodes. The thickness of
the exposed electrode can be neglected in CFD simulations. A sinusoidal form 0.5 V,,sin (27 f}4st)
of AC power is applied on the electrodes, the peak-to-peak voltage (V,,) amplitude is from 7kV to
20kV and the base frequency (fjqse) is set to 10kHz. In the quiescent flow simulation, the continuous
mode is applied, therefore the flow is permanently driven by the DBD-PA.

In the separated flow over the airfoil, the exposed electrode of DBD-PA is placed at 5% chord
length from the leading edge, the DBD-PA is periodically activated in the duty cycle as shown in Fig.
4(b). It is called burst mode actuation compared to the continuous mode actuation generally used. The
burst frequency f* = 500Hz and the burst ratio BR = 0.1. The burst mode with a proper F* is well
known to have better performance in flow separation control than the continuous mode.'>!¢ 192234
F* and F,. are the normalized values of burst and base frequency, respectively.

(@ Ly =01m (b)

L . B Ton Toff
Recombination coefficients: 2.0x10713 Ton
Ton mobility: 21/p (+), 24/p (-) m2V ~1 571 BR = - = 0.1;
b Ambient pressure (p) and temperature:
=
2 101.3kPa, 300K = fLyes 5
< i ittivity: = —_—=;
= Relative permittivity: 3.0 (Kapton) Vpp Uye 7
0.02L
. ref J 0.0016L,f F _ JoaseLrer _ 100
——Y¥-_ 0.0005L,, v -~ Phase =Ty -
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o T=1/f*

0.07Lyes

Figure 4. (a) PA configuration and physical parameters in the D-D computation, including
electrodes and dielectric layer highlighted in yellow and grey, respectively (L,.r = 0.1m);
(b) Schematic diagram of a bursting wave in burst actuation mode.

2.6 Computational resources

To obtain the time-varying D-D force fields which are necessary as an input data for the flow
field simulations, an in-house computation server is used. It takes around 90 hours using one node
per case, which computes 4.5 discharge cycles. For the CFD simulations, the supercomputer
subsystem named AOBA-A of the Cyberscience Center in Tohoku University is used. 8 nodes are
used for computing the flow fields in the divided subdomains with MPI techniques, it takes around
26 hours per case (non-dimensional time tUyqf/Ly.r = 80) of the flat-plate flow simulation, and

around 70 hours per case (non-dimensional time tU,,/c = 9.6) of the airfoil flow simulation.

3. Results

3.1 Body force fields of DBD-PA

The body force terms on the right side of Eqn. (10) and (11) are computed by the D-D model
and the S-H model. Fig. 5 show the time history of the wall-parallel EHD net force within 3 cycles,
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the D-D force computations are conducted at the V,,,, from 7kV to 20kV. In the case of S-H model,
the nondimensional plasma parameter D, is set to 0.0117 referred to the previous parametric
studies,”' in which the near-field induced flow agrees well with the experiment of Vop = 7kV. Due
to the lack of strong evidence relating the controlling parameter D, to the applied voltage, we only
plot the results of the S-H model of D, = 0.0117 (SH-Dc0.0117) at the corresponding voltage of
7kV for all the following comparisons.

As shown in Fig. 5 the time variation of body force in S-H model which was developed by Asada
et al.'®!7 assumes to follow the function of sin(27Fy4s.t) in Eqn. (14). The net force is positive all
the time and symmetrical between negative- and positive-going phases, that probably overestimates
the input power when the body force peak is approximately same with that in the D-D case of 7kV.
The time-averaged value of the net body force in Fig. 5(c) are 10.2ImN for D-D model at 7kV,
18.45mN for 10kV, 21.07mN for S-H model with D, = 0.0117. The power law of V,,,"** agrees
with Nishida et al.’s 2-D simulation results*® in a range of Vyop from 10kV to 24kV when the relative
permittivity of the dielectric layer (glass epoxy) is set to 5.0.
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Figure 5. Time history (three periods) of the dimensional EHD net force computed in the entire
body-force domain using the D-D model at 7kV, 8kV, 9kV, 10kV (a), and 12kV, 15kV, 20kV (b),
as well as the S-H model with D, = 0.0117; (c¢) Time-averaged D-D body force .vs. peak-to-
peak voltage and S-H body force.

3.2 Induced flow in quiescent field

When the body force fields are obtained by D-D or S-H model, it is quite straightforward to
relate the force production to the induced flow structure in quiescent air over a flat plate. The time-
varying body force terms are incorporated into the right-hand side of the N-S equations, the induced
flow fields are then computed by the CFD solver. The time-averaged wall-parallel velocity contours
using the D-D model from 7kV to 9kV are compared with the corresponding experimental results,**
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as well as the S-H model with D, = 0.0117 in Fig. 6(a), which is determined based on the previous
study, where Aono et al. conducted showed the guideline of Dc values by the comparison of
experimental and computational result with S-H model.”’ Fig. 6(b) shows the maximum velocity
measured at 20mm downstream (position A), the far-field numerical and experimental results are
compared. The current results are obtained in the flow field averaged from 0.4s to 0.8s.

(1) 200 . (b)
7KV EXP-7kV
e Us/Uref *U,op = 10m/s
A 025
i v 4 SH-Dc0.0117
— I 02 [ . DD
DD-8kV EXP-8kV o015 |_—e=EXP

0.10 } &
I -
- s |
005 }
DD-9kV EXP-9kV
0.00 +
5 10 15 20

“
—
s

SH-Dc0.0117
U./Uref = a
-0.15  0.15

—

Figure 6. (a) Wall-parallel velocity fields in the present CFD simulations (left) and our previous
experiments’® (right); (b) Far-field velocity (u,) at 20mm downstream.

The induced flow structures and the downstream velocity (u,) computed by the D-D model show
very good agreement with the experiment. Compared to 8kV, the velocity decline at 9kV is probably
caused by the less body force production in Fig. 5(c) due to the unstable EHD force pushing fluid
towards downstream in positive-going phase. However, the induced flow of S-H model is much
stronger than those of D-D models from 7kV to 9kV, the local velocity at 20mm downstream is even
higher than the D-D case of 12kV in Fig. 6(b).

Fig. 7 further shows the near-field velocity profiles in a range of x/L,.; = 0.02 to 0.08 (2mm
to 8mm) in the downstream of the exposed electrode, as shown in the top of Fig. 7(b). The experiment
of 9kV shows the remarkable unsteadiness, which is the potential cause of the reversed induced flow
at x/Lyer = 0.02, and the exceeding velocity compared to the D-D result at the other downstream
positions. On the other hand, the near-field velocity profiles of the S-H model show the much smaller
gradient of the velocity field, compared to the D-D results.
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Figure 7. (a) Wall-parallel velocity profiles in the near field; (b) Thrust at 6mm downstream.

3.3 Flow separation control over NACAO0015 airfoil

The PA-assisted flow control have gained great interest in a variety of separated flow fields over
the Reynolds number from 103 to 10 “and the angle of attack of pre-to-post stall from 10 degrees
to 16 degrees. In this report, a comparative study among the D-D model, S-H model and experiment
is conducted in the separated flow over a NACAO0015 airfoil at a light-stall angle of attack of 12°
and a transitional Reynolds number of 63,000. Burst actuation (F* = 5, BR = 0.1) is set to maximize
the separation control effect.”>*” In the following results, “EXP-7kV” denotes the experimental result
with the same setups of flow filed and DBD-PA in Asada et al.’s work,”” “NOACT” is the case without
control.

Fig. 8 shows that the flows are almost completely attached in all the three controlled cases, it
also shows little difference between the S-H and the D-D cases either in velocity field or in 7KE
(turbulent kinetic energy) field. The TKE has overshoot in the transition position of the shear layer,
and the overshoot becomes larger when the transitional shear layer is thick.*® The chordwise locations
of TKE,,,, peaks in Fig. 8(c) show very good agreement with the reattachment positions in Fig.
9(b). However, the S-H case shows the relatively larger 7TKE overshoot compared to the D-D cases,
due to the delay of turbulent transition. On the contrary, the early and smooth transition process in the
D-D cases results in the smaller 7KE overshoots.
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Figure 8. Distribution of chordwise velocity (a), turbulence kinetic energy (b); Spatial
development of maximum turbulent kinetic energy (c) obtained from (b).

Distributions of the aerodynamic coefficients in the chordwise direction are further shown in Fig.
9. In the cases with PA control, the time- and span-averaged pressure coefficient (C,) shows the
suction peaks as well as the plateau distributions which corresponds to the so-called laminar
separation bubble. The C,, curves indicate the lift increase in the cases with PA control, while the
skin-friction coefficient (Cr) shows the reduction of pressure drag, as well as the flow-separated
regions shown in the bottom of Fig. 9(b). Better agreement of €, distribution can be observed
between the D-D cases and the experiment at 7kV, compared with the S-H case. As to the C¢ curves
in Fig. 9(b), it is found that the reattachment points in the D-D cases move closer towards the leading
edge compared to the S-H case. The discrepancy of the reattachment position is partly caused by the
different location of the maximum induced velocity in the quiescent flow simulation, which is
discussed in detail by Chen et al.”®
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Figure 9. Pressure coefficient (a), skin-friction coefficient (b) along the airfoil chord.

4. Summary and suggestions

In computational studies of PA-assisted flow control, S-H model can be quickly implemented
because of the low cost, it has been widely used and also well validated by experiments. On the other
hand, D-D model as a high-fidelity body force model has never been employed before in practical
flow control simulations. The study shown in Ref. 28 and summarized in this report by the present
authors first shows the usage of the two models, as well as the result comparison in the quiescent flow
and airfoil flow simulation. Using the different body force model, the effect of separation control is
almost the same in the separated airfoil flow, despite the large discrepancy of the induced flow in the
quiescent air.

When we consider the cost reduction of the body force computation, for the current flow
condition in light separated and turbulent transition state, S-H model is acceptable within the
reasonable range of computational accuracy so far as discussions are qualitative. However, it is
probably necessary to use the D-D model of high temporal fidelity in fully turbulent flows, as the
body-force unsteadiness within the duty cycle may not be neglected.
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HA U DR ST DN BGOMT 217> C, AFEOBEHAMEICOWTHE L. 5%I1T%
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5. &EY—/\0OTA UAE
51. 3—IFIILY T bOERE (FMEAY A VB
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HRE LIS AIE, DB IT DR A MM EFARZ T TE S0,

(g7 A H—nx) login
(Zayv b=y FHh—N) front
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User FIAEES
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OF —# kY — BRI % 12D ORTE
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User FIAEES

IdentityFile ~/.ssh/id_rsa cc
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Host hpecif
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User FIHEES

IdentityFile ~/.ssh/id_rsa_cc

(%) Windows OI&. 7ur by Ry ="~ A VBRI TO LY =T —H
DEENHY 9,

$ ssh front
CreateProcessW failed error:2

posix_spawn: No such file or directory
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FIFHE A — % /L : https://www.ss.cc.tohoku.ac.jp/portal/
(2) NAU—RFER] K2 %7 ) v LET,
(3) FIHFEAR—Z N OBEHEOFINLE, HLUVWIRAT — FERELET,
(4) UTFTHERATI AT — FREEINET,
cFRHER—Z N ~DO T A L IRAT— R
KT =TV EDTY BN Dr A
0TS,V VDERREONAT — R

7. BhHYIC
ARTIE, BT OERE 07 A VHECOWTIRALELE, B2 —DT AT A
EEBICTHAWE T EENTYT, SRR, ZEMEZSVWELLESL, BRERIC
& — (R £TBMWEbEIZIN,
FIFAFEFR - httpsi//www.ss.cc.tohoku.ac.jp/consultation/
£, BV A= bOEMLEE, V=T YA MITIMRRZEW,
v % —7 7% A b : httpsi//www.ss.cc.tohoku.ac.jp/
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[KIRERFFHARE AT L]

A ML= RTFLORAAE
TR AR R IR TS 4% LI S %

1 FLC®IC

AT, A——a2F¥a2—% AOBA DR ML —I 27 ADFHFEZOWTHEALET. X b
V=VRBICHZ2HR—0T 4L 7 M) LREEBOBRRMERTIEL ET LR 7 A VEDT -4
APV =VRE) Z0— ANV PCAET 2 HEBLICa -V PC LR ML —VRIEATIES 277
BIZOWTHALET.

2 AFL—CRE

21 FKR—=LT+< L% kY (uhome)

TarI L7 7 AN EERBEL BSEHOFR—LFT 4 L2 b UIZkD, ScaTeFS ¥7 > + L, AOBA-A
¥ AOBA-B Ofi it L TWE T,

F 4127 FU% . Juhome/FHEERZS
7 x—& (KE) IR . 5TB

74— ZHRZEEL5E, FHOEZAANTERI R TTOTIEELLES V. 7 —Xil
RETEZ L5 AR ZHITIUIFHEE ZIAALDAEEICZD 7.

e R—LT 4 L7 M) OARREZ A~V

front$ uquota

oA

Disk quotas for user FIfi& &5

Filesystem used(KB) quota(TB)
fuhome/FIAHEHE S 4 5

R—ALT 4 L7 FUDOERBBIHBFICOWVWTIE, 23FE2ISEIFIW

22 FREMEE (shoryZ7OP T FO—K)

MBI ENRRE e R D, A—7uY 27 b a— FoFMHABEMTARELR T -2 AR ARSI N
BEEBICKD £T. HEEZHEINIIE, A PL—VBBRORRAEVWDH D 50T, TFAHHEK
(https://www.ss.cc.tohoku.ac.jp/consultation/) 7> 5 ZHF{IZ ZEEEBEWL 3.

BRICOWTIE, HHENAT 4 22 AR (quota )R D £F. K—AF 4 L2k VFEEIC AOBA-
A ¥ AOBA-B D FICHAL TV T,




AL =YY AT LAORBE — 43 —

HEEBOFERICOWTIX, UTOa~<y Fd quota(TB) #fn % CHEZRBEWL .

o REEEOAEMEa~ Y

front$ uquota -A Yuy 7 ba—F

e

Disk quotas for project B> = 7 Fa— K

Filesystem used(KB) quota(TB)

/short/ 7R =2 ha—FR 10 20
s FIAAE

- F—="vyz7 ba—FORHEMETT—2%2HLFT 5.
- XHR T4 LI VYATHHERZRFTNLOERY 7T 4L 27 b)Y (=2 v >3y 1 700) %
TERLUER S 5.

FIAFED—HI
Juy =z ka—Fk :xx200001 DBFE
axy FlO) Yuy = ta— FOFMER-T share Z/ER L 7 — X 2 HAH
front$ cp K — 27 4 L2 + U 7 —& [short/xx200001/share/

axy Fle) FMAEOHMAY 7T 4L 27 MY Z/ERLIEA
front$ mkdir /short/xx200001/F| & &=
front$ chmod 700 /short/xx200001/F| &&=
front$ cp K— 247 4 L2 b U F—& [short/xx200001/F|HEHE S/

(A EHIH]

- 77 ANRAa~<Y R (sync a~<w Y K), a—avw Y R (pa~vy ) 2HERTIEE 7
N—THRERFRET 24 7Y a YEFRERTICIHALZ XV, A7y a V2T 5E,
A—7mYzr ba— ROV —-FIC X2 ARHBTELSEHETERLLRZ2BNDH D
F9. %/, BEla< R (mvavxyR) K&37 74 VOBEIRIT- 12856, TD7 7
ANDIN—THERBEFFENTLEVWETODT, rsync a~x > F, cpa~y FEHMHT 3
E2IZLTLEX W,

- REEEE YEEETOCHHORE, BEEZT -2 RELZToTVELA. HTHRIE,
STRFFETESZHIR L ET DT, B—HILPC DT 4 RAZABITEHPLHPITHED TLEE W

23 XKML —HEE

7 7 AVERDBINE 1TB B4 5 HFERRETT. A—247 4 L2 b, FREER Y & ICFHaHEE
BREELETOT, F#LIE FIHAES) (hitps://www.ss.cc.tohoku.ac.jp/charge/) % TS 72 & W,

HEEHMEIE, TR L —YREHFEE) (https://www.ss.cc.tohoku.ac.jp/application-form/) % ffi\ > FIEE
EBEVWLET.
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3 T—REZXAGIE

F—REEEY —ANAB AL, SSH T kX 2851t %17 5 scp(Secure CoPy), SFTP(Ssh
File Transfer Protocol) # M L £ 3. M A ERX DWW Tk THHFFE»5 w74 > F T
(https://www.ss.cc.tohoku.ac.jp/first-use/) % TS L 72X W,

“ q = T

Cr—smey—nD Pa:’i"é

1 ]

F—ZaE—

K1 778X X=

3.1 Powershell(Windows) * MAC ¢ Linux

FHECSSH 754 7Y MDA VAP —AENTVWET. f VAP —LENTWS% Terminal ¥ 7 + T
F— REEEF —"AT T A Y LET.

e scp ANV K
SSHFFAL, v V=2 « KX MATT7 7 A VERRIAL—F237HDav >y FTT.

O—AILPCHH5UE— M (R ML—URE) ICEX
$scp-i BB T 7 A L B — AL PC D7 7 4 V& FIFEHES @file.cc.tohoku.ac.jp: U E— - DR
(EE AP S

scp 2% ¥ K DHEITHI

(B—=AVPC RiZdH % sample.txt 7 7 A V%2 h—LT 4 L7 b U ANELK)

$ scp -i ~/.ssh/id_rsa_cc sample.txt | # &5 @file.cc.tohoku.ac.jp:sample.txt
NRRAZ L =X %ZEPNETDOTANLET.

JE— M (RFL—=2FEB) B50O—H)L PC ICERX
$ scp -i B 7 7 4 1 FIFHE B S @file.cc.tohoku.ac.jp: 7 7 4 V& 1 —H )L PC DIRFFHE A

scp 2= > F DEITHI
(F—2uF 4 L7 bV EICH B sample.txt & 10— H )L PC NHL5%)
$ scp -i ~/.ssh/id_rsa_cc F|f#& %= @file.cc.tohoku.ac.jp:sample.txt ./

FHLVAFNZOWTIE man 2= Y FEZRAL, scp a~v> PO = a7 VHEZBBEVL E
7.

$ man scp



A ML =YY AT AOFHEE

o sftp AV K
SSHAH L, MR T 7 A VKR ZITS 28N TELa~<v Y FTY.

O—AI PCHS5YUE—F (R FL—IRIER) ICERE

$ sftp -i M 7 7 4 v FIHEH S @file.cc.tohoku.ac.jp
NRRAT VL —RZBEPNETOTANILET.

sftp> £ RR SN2 LI TT.

sftp> put 7 7 A V&G REFHRT + VK

sftp 2~ > K DT
(B—=AVPC RizdH % sample.txt 7 7 A V%2 h—LT 4 L7 b U ANELK)
sftp> put > 2 $4/sample.txt ./

JE—F(RFL—2FREB) B5O—H)L PC ICERX

$ sftp -i WS 7 7 £ L FIFEH S @file.cc.tohoku.ac.jp
NRRATZ V=X %Z@PNETDTANLET.

sftp> L RSN ST .

sftp> get 7 7 A V& R T + VX

sftp 2~ > K DEITH
(F=274 VL 27 bV EICH B sample.txt & B —H L PC NE5%)
sftp> get ./sample.txt ./

FLVHAFNCOWTIE man a2~ > FEEZFIAL, sftp a~v>Y FO~v=a 7 VEER BEVL F

ER
$ man sftp

3.2 WIinSCP(Windows ¥/ 7 )

FEHET sep, sftp ICHIE LY 7 b7 27054 Y A b= &R TWARWED, FLHIL YA =L

TORENDHD T

ZIZTE, WY 7 b0 27 THS WinSCP ZFIFA L7 7 A VEEHIEZHAL 7.

B 071y - x

G LA iy
EEI0 MULE)
SFTP ~

hAlea) (1) A-ESR)
file.cc.tohoku.ac.jp 1| 2]

21—ty (2) RA0-kE)
[FE=== |l |

f#77E |+ #EE).. ) (3)
Yy
SED). (4
ENEFEERER)..
£ESE
04
ym v M v oi{ > Gl ANFH) ‘

2 WinSCP % Him



o=

WinSCP Zi&Z# L 7.
FZ M4 (ER (1)) 12 file.ce.tohoku.ac.jp £ AT L £ 7.
2—9% (LXK () FAEESEANLET.

HE (EXK (3) OFNEY v X=a—po@E (KK 4) 227V v 2L %7,

BESTMBE

[z ssH2 MEZEEE/ V82T 3E:

SSH1 T TIS 3 CryptoCard EREFEFST 95D
mEERN
Or-¥rs - OEEEFT 56
HERK

?

X

LEEERTO) @ oow

GSSAPI
GSSAPI/SSPI FEZEAET=1 9% (S5H-2(E)
[essapijssel SEAEOMEF IERETTIHO

(7)

eQ -

e T

izl

3.2

3 WinSCP S8R %

SENAC Vol. 55, No. 2(2022. 4)

riz70-7027 - R
Y- j(zEEE- -
Y (EELTNET
FELTET -
1-v= il ==EE

NS B

iei]  DilieblRDd

(8)

(o[>

Fl)l ALAH)

4 WinSCP $#EE

5 Efllresr—yaryX=a—0ffEE (LXK (5)) Z#RLET.
6. MERDTINVLET XA =a— (LK (6) 27V v 2L, arA VIHHAT2MEREEELE
3. MWEHE (ppk 7 7 4 V) BERAERDEE, 3.2.1 BE ISV,

.OK (EX (1) 27V vy2rL, #BORELREFLET.

8. LDHEHHEICER LETODT, I/ A 27w 7 LTI,

L RRATZ7 L —XDOANEHEBHETOT, SZA7L—X%2 AN (EX ) L7=ET, OK (kX

(9) 227V v 7 LTLEIW. BIILEF L WinSCP DEEIARREINT 7 4 VIRIEHATREIC

)

A

9.

WinSCP B D#4ERFIR

1. WinSCP ZiiEBj L7z, TV —iy 227V v 7L, TPuTTYgen 2517 Z#ERL 7.

Moad) #7 Vv 27 LET.

B 0oty

(=i VAL 1

yay
270HE)

HANBH

H-rFSER)

2|

2-45V) R27-KE)

REE)

v |

g3 v Blos v mw

EED

SRIEP).

=MD
—-METO
BEOLIAR-
WinSCP 75 0HF (e
Pageant EE73(P)
PuTTYgen EET(G)
WinSCP OEFHERE

1(-Sa/BER)..

EFT(S)

]
i

ANTH)

PuTTYgen % i2# 3 % ¥, IPuTTY Key Generator| X4 7R 7Ry 7 ANKRRINETDT,

MItyIPIT ()

B 5 WinSCP #JHARY & BT

[E® PuTTY Key Generator

Eile Key Conversions Help
Key
Mo key.

Actions

Generate a public/private key pair
Load an exdisting private ey fle
Saue the genersted key
Parameters

Type ofkey to generate:

®RSA O DsA
Mumber of bits in a generated key.

(L ECDSA

X
Generate
Save public key Save private key
() Ed25518 ) 85H-1 RSA)
2048

6 PuTTY Key Generator [H[f]



AL =YY AT LAORBE — 47 —

3. 77 A VOBEIRBENPERINET DT, R—KLHY A MTIER L 7-MEHE Tid_rsa_cc) %i#ER
52, RAT7L—XDANZRDLNET.

4. AT L —XDNEB—ET % ¥ Notice(lFH) X v —IMNHRRENZDT, OKEZZVw 7L
7.

5. Save privatekey) 227 Vv 27 L, 77 ANVZERELET.

6. FENFET LEL725, IPuTTY Key Generator] DEHEIXEA T TL 72X,

4 HBHDHIC

AT, APL—Y Y27 LOHMAEERNLELL. TAWLN, ZHMEIIWE
L7zs, BABICEtYyZ2—FTEMwEbLELIEIV., MlugbiLicown ik THAMEZ
(https://www.ss.cc.tohoku.ac.jp/consultation/) % ZSHHF X\,
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[KIRERFFHARE AT L]

TV r—23a v —ERDBN
TR AR AR AL R SR R

1 XLHIC

At v & —RKBERIYEEIR Y 27 AT, 77l E, B0, 72 WHE0R7 7Y 7 —
YavY 7 b7 EY—ELRALTVET, AETIE, R——a P a21—%— AOBA TH—E %
ToTWBE 7NV r—2aryy 7 vv=270MNMELET,

TV —2aryy 7 27 OME. LR URL OAt ¥ X — KIEERZEZE S 25 4 Web ¥4
MZBIEHLTVET,

W77V r—> 3> —EX  https://www.ss.cc.tohoku.ac.jp/software-service/

#£1 77V r—2aryyI7hya27Y—ERAKRZb

TIVr—aryYy 7 7 H$—E AKX b
IR T FHOERT R S0 75 A Gaussian16 AOBA-B
FGHES BERER 70 75 A GRRM17 % 1 AOBA-B
MEBEREY 7 vy 27 Mathematica % 2 Juy by RH—n
Blifgtry 7 v =7 MATLAB % 1 7y by FH—2"E XU AOBA-B
BRI Y 7 b 27 OpenFOAM AOBA-B
M ERG Sy = Quantum Espresso AOBA-A 1 X Uf AOBA-B
DFMHESIaL—vay GROMACS AOBA-B
MM FENER R T S5 A LAMMPS AOBA-B
AVTFF Ty M T —4 Singularity AOBA-B
TS A EE TR Jupyter Notebook Jry by F¥—n
RIST {327 7V r—>aryy7+v =7 AOBA-A B X f AOBA-B

X 12MENTOMA GEEMAAA) DARTRETT,
X2 WALKRFE DA D AFAFRET S,

2 CHFADEIC
21 YE—bOJTIY

TV r—arvENETAEDICE. Jay by R —N12 SSH (Secure SHell) #FHWTUY
E— u AT ARERHDET, 70V PV R —NICUE— BRI A T B HEIIOWTIE,
REEIS R=Y THER v 4 VI 2SI IW,

BAARENSOT 1V FT  hitps://www.ss.cc.tohoku.ac.jp/first-use/

2.2 TJ7AILEnX

O—HNLVPC TR LAY Y b 77 ANBRA ML=V AT AREE LD, 7YV r—2a >
TERITLEER 7 74 %20 —H) PC ICHGET Z5EE. 7 7 A NIEENKBEICRDE ST, 77400
TEEICOWTIEARE N =Y TR ML =YY 27 L0FHE) 2B,

B5—4%%X (RFL—)  https://www.ss.cc.tohoku.ac.jp/storage/



TN = a - A0

2.3 NyFOaIEATORITAHE

Ny FTaTBATEITT L7 7V —> a vid, WIBOIETT R E0ETEES a2 > oA il
HAL7Zar L 212X TRED 73, FLRZFREEKOFHAT~ =27 1% TS RLTES W0,

W 3 7 DERTAZE  https://www.ss.cc.tohoku.ac.jp/nqgs/
BMAOBA-A DBIE L FIAAE  https://www.ss.cc.tohoku.ac.jp/sx/

BMAOBA-B DBIE L FIAAZE hitps://www.ss.cc.tohoku.ac.jp/Ix/

24 GUI7ZF7Vr—23>oflHE
GUIL 7 7V #—3 a » (Mathematica 3 £ ¢ MATLAB) 2 FIH3 25413, v —#/1 PC 12 X Window

System BHRE DR E D HET T,

2.4.1 Linux h5DF A
FE#ET X Window System 234 Y A b =L ENTVWET, B—HILPCHLYVAM1IDEIIT-X AT
Yay (FRBY A Tvay) 2HITrIZ4 Y LTLEE W,

U2 L1 GUI 7 AV r—>ary2HAT388500 74 V%

(MEBRBDI77AILB%Eid_rsa_cce LTA—AIPCO"/.sshIATFICERLLIBSE)

[O—AhPchBOF 1> —/NICSSHIES]
localhost$ ssh -i “/.ssh/id_rsa_cc -X B #& & S@login.cc.tohoku.ac.jp

(A1 —NDB5IC70Y FIT Y RY —/NICSSHIES]
login$ ssh -X front

X Forwarding iI2& b o — AL PC OEEIZZ 0 Y b2y FH—ANTEETZ GUI 7 SV r—>a >
HHEAFERINE T,

2.4.2 macOS h5DFIA
macOS TlE X Window System EREED XQuartz] %4 > A b =)L LT HFE W, Linux 2256 OF|HE
FRRICHIFATRET 3, #Hi/TEIE Y A+ 1 EFBRT T,

e XQuartz (https://www.xquartz.org/)

2.4.3 Windows H*5DFIA
BEREO7 75— 2 FBT38E8 Windows FH X —NF, X =AY 7 2 LTV DM
DX —=HDBRBEINTVET,

e ASTEC-X (http://www.astec-x.com)
* OpenText Exceed (https://www.macnica.net/opentext/exceed.html/)
WEEOT7 ) r—>a > EFBAT3HBE  VeXsry Windows X Server MR TR TE £ 3, VeXsrv

DA VAR =2 WSL2 3B C i b 37,

* XcXsrv (https://sourceforge.net/projects/vexsrv/)

* WSL2 (https://docs.microsoft.com/ja-jp/windows/wsl/)
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3 JERERMYFIESTHE O > L Gaussiani6

Gaussian 1%, Carnegie-Mellon K*2® Pople ZHur& UL CHFE I N0 FHUERIHE S0/ J 4%y
r =TT, RSOz 2IFEBRIE T LB X UOEREBNET LR R—F L TVET,
ARt > X — AOBA-B TD Gaussian DFEITICIE, UTD LI RKEENHD 3,

o K 128 WA £ TOMINLIHEDT 2. FEATRRE D REHMED AT RET 5

* 256GB OE# A TV ZHWT, KHIBRET NV OBNTHAIRET T,

RV TF T AN(TYRTIV I 7 40) BEHESSD 74 AZICEL Z L&D, 77400
AR EE X N E S,

B —E XK+ AOBA-B

BM/\—< 3> Gaussianl6 C.01

31 MAEFE
LURE Gaussian FIFHGEOME T,

311 EfFATUE
Gaussian DA > 7y F 7 7 4 WE, WEEF% com & LTHERLEST, (VAR 2:e2-0l.com)
A>T v b7 74 0% Windows DLT 4 X TER L 725G, #LiRF.com D7 7 4 Lk Windows T
WEFEIT7 7 AN ERBMEND 7D, BRoTXINI VNV IRETAY Ty V7 7 A NVEETLRVED
THELAEIW, /o, 77 ANEGEY T R TA ML =YY AT ARCA YTy N7 7 A VL RHET BB
W, 7AF—E—FZIEELTIEL TSV,
Jay by RY—nNiZa 4 %, subgle a~r RiZF a—% (Ix) e A — FE(D). BETA
NTar s BB/ ETHILIED, AOBA-B DAYy FY 7T 2 M LTEITEINET, (VAL 3)
Ny FYZITZMIOWTIE, Y a 7OFEITHIE 2 ZBB X,

B> 3 7DETAHZE  hitps://www.ss.cc.tohoku.ac.jp/ngs/

YZ+2 H¥F7 74 e2-0l.com

%NProc=128 #1351 8
%Mem=128Gb #ERXEVE
# RHF/6-31G(d) Pop=Full Test
Formaldehyde Single Point

1

0

C 0. 0. 0.
0 0. 1.22 0.
H .94 -.54 0.
H -.94 -.54 0.

(RRTICBDETHHBE)

YR+ 3 e2-0l.com Zf#fid 252 a 7R A~ R

[frontl “]$ subgl6 -q 1x -b 1 e2-01 (subgl6AIY Y RICANT 7 ILEHETIBIILERF.con2ETET)
ARSIV F3—F un0000ICU I RMERALET
Request 12345.job submitted to queue: 1x.




TN 3 v — EAORS — 51 —

3.1.2 RITHRDHER
FREPET T2, ATy 7 7 A VAIHERT log 3D HNTAERT 7 4 L (B 1 e2-01.1og )
PERENE T, FHEMEREII TS, CPU KA YOI EMEHRICET 21EHMS 2 2B ENE T,
EEERTZBIE. 207 74V DKREIZ Normal termination of Gaussian 16.] £\ 5 X vt — I
HMAOEhEd, 77 AVORBERRT S tail a~v > FTHETE T, (VR 4)

YR b4 FATREROMRR

[frontl "]$ tail e2-01.log

Job cpu time: 0 days O hours 0 minutes 10.9 seconds.

Elapsed time: 0 days O hours 0 minutes 0.7 seconds.

File lengths (MBytes): RWF= 72 Int= 0 D2E= ® Chk= 8 Scr= 8
Normal termination of Gaussian 16 at Fri Apr 1 12:00:00 2021.

WR7 7 A NVOFEMERTIE, =27 VFEE2 ITSHIIZE W,

313 A—-FT«a4UT<1470OJ3 L4
formchk 2 ¥ D2—7 4 V7 4 70275 L, /mnt/stfs/ap/gle LNICHIB I N TWE T, FITAD
REZRATD Iy MR SATA=T 4 VT4 a7 62FTLET,

32 ¥=Za7IJl
Kt v & —KEE 1 B FHEKRBICUATOERZHATHH £9,

o ETHEMIC & 2 (LFOHK B 3R, AV > 7 »4t, 2017

* Gaussian 16 Online Manual, https://gaussian.com/techsupport/

* Gaussian 7127 ZZ X 3B FLEEIT R~ = 2 70 D JEER, ALBEHR

s IRTEZRFAFAFRELF F—X~v=a 70 | RSN, fEakAt

e ILTEZNFYIal—Yare¥Fr—Av=a7)L . RFIER, #EHtt
* Gaussian 7’10 7' J A TENERILY: - FHEACHEER L JEROR, AL HIRR

3.3 FAAEICOVLWTOREE

AOBA-B TOHHIEIZOWTDO ZEMIX, A NN—F A T2t Z—DOFRMEHKT +— 2% ZF|
AT,

WF B  hitps://www.ss.cc.tohoku.ac.jp/consultation/

3.4 Gaussian. GaussView U1 51> X

HALK ATl Gaussian 3B X 8 GaussView D% A4 b7 4 £ X EHFLTE D, BHILKENDa ~
Pa—RIZA VA= LTEIEDNTEET,

FALKFEFE O BB £ 723 FEOF AN ARET T, #ATHHT 23 a2 —RICA YA =1
TEHILRTEFEA, HILKENTA VA=A LzarPa— & 2#chibtlhT e d T
A,

3.41 HRAHAE
A VAPV ERIEREBHSELETOT, AHAEFLEZINZ HETA b T4 22 IR HFGHE
BER 7 + — 2o (FHILKERNDS DA T 7 & A0
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https://www.ss.cc.tohoku.ac. jp/sscc/Gaussian-media/gaussian_license.html T PDF
77 ANVEERL, HE (721394 >) ok, HEMBAXERE TR L TIEML XN,
B, HIFICEEAAX =1 (Gmail) 7 FLABRBETT,

4 RIGEREENEETIOJ 5L GRRM17

GRRM X, NPO EAN BTL2ERRSEAT  (https:/figee.jp/) THIFR SN2 MICEK HHHFER 0 o
5L TY, FHOAE, SHFIEHRICOWTIE https://igee jp/GRRM/ % ZH IR L & W,

B —EXRIX b+ AOBA-B

41 MAFE

Jay by Ry —nNiZulf4 ok Jad A2V NI AN EANTFT—&Z 7 740 (com) &A1E
KEFIZT7y Fae—FL, AOBA-BDOANyFY I X+ LTEITLES,
Ny FYTZZZAMZOWTIE, [¥a 7OETHE 222 TX W,

B> 3 7DETAZE  https://www.ss.cc.tohoku.ac.jp/ngs/

411 2a3FRIVT T 71 IILDER
GRRM 7 a5 A% FITT2120DDRA7 ) T+ 7 7 A VDIERHITT, VAT SOHITIEZ 741
ZZruncsh L LTTFFA P77 ANLVTHRIEL E 9,

YZX+5 YaTdAZYVT N7 74 runsh

#!/bin/sh
#PBS -q 1lx -b 1 #AT I Fa -/ —FHzEEE (BE)
#PBS -1 elapstim_req=1:00:00 #RITITIRHEEREE
#PBS -N grrm-test #UVIJIZAMR2ZEE. BELBAWHEERIVIIILIESHEESIND
source /usr/ap/etc/GRRM17/config.sh #GRRM17DBEBER I 71 I EHARAT
cd $PBS_O_WORKDIR #FVIIZXFERALETALIMVICBY
GRRMp test -pl6 -hl #GRRMZ i &)
#ZDF Tldtest.comZ 7 ILERITL. GRRUDIOBLEFFMN16., HERBMOLEBEHINIBHICH S

412 AHNT—2T 7 (com) DIER. F£71=13 7 71 L DERE

ANT =527 7 A VOHEREFIF.com iZLET, VA M6 Tldtest.com 7 7 A Va2 HNfFHL E T,
testcom 7 7 A ME 7BV P Y R =BT A Y LTTFRA VLT 4 XCIERT B0, 2 —AL PC
D GaussView R ETER L7 b D%, APV =YY AT LALCTFAME-RT7 vy 7R—FLET,

Y2+ 6 ANT—ZXT 74 test.com

# GRRM/MP2/6-31G

1

-0.000000000000 -0.000000000000 -0.549482561269
0.000000000000 0.000000000000 0.708343639882
0.000000000000 0.934113144104 -1.131025039307
-0.000000000000 -0.934113144104 -1.131025039307
Options

GauProc=2

ZmonNne

==}

(RRITICHDEFTHIBE)

CDOANT—=&7 74 VOHE. Gaussian DUHIEIE 2) 1272 D £3, GRRM D%l JOB £ & D
875 AOBA-B1 / — FOF|HAHENFIEL (128) 2 WX S WCHER L TREW, testcom % [P a7
27T 77 ANDIER) TIER L7z runsh TP a 72 %A LRGA. HAEEMU T X 51k
£7,

(Gaussian WAFE 2) X (GRRM ifi%1] JOB %% 16) = (%1% 32)



T = a = 20

413 T aJD/A. WHRESS. BOEL - Bk
front Da<w>y F7uy 7 ET, UTFOa~vy RTY 72 A M 2HALES, (VXM T)

VRA+T YaddiA

[frontl “]$ gqsub run.sh
7O TV F3—F un0000ICU Y IRFERALET
Request 12345.job submitted to queue: 1x.

Pa 7 PRAIN, FFBIEIE-TY 7T A MRETEINET, VIZRAMEHRALLET 4L Z MY
12 test.com BMRIFEINTWARENDH D 5, F/z, dtEMERDO 7 7 A VBFELT 4 L7 b VIT/ERE
nEd,

BAL) 722+ ORWHERE . RO E LG FOa< Yy FTVWET, (VR 8)

VA8 VIR FORIMEZRE. WMDIEL
[frontl "]$ regstat (VI9IZZA+ORREDR., VIITXIESOER

[frontl “]1$ qdel 12345.job (WU T X bW bDEL - B

4.1.4 FITHRROER. 77 1ILOEX

regstat 37 Y RTETLAV 7 Z X PBRFRREINBRITIUIETHRT L TVET, ETHRO 7 7 4
NMEIVIZZRAPERALLT A L7 PVIMERENE T, 7FAMZT 4 ZTT 7 4 VONEZHER
20, B—=HANLPCIRAXYua—FLTREW,

415 ETICOVWTOZEFEE

EXET 4 L2 b VT Ttestlog) DFEET 2IKET. ZdD GRRM JOB 2B T 2BICHRA LD D
RO 2 AR 7 ) 7 BEEAT S 2, B GRRMp 25EEEI X1, GRRM JOB A EMXNE T,
GRRM DY a2 7Z2HEH1r 6 D ET L Zid, EET 4 L2 MU 2 oFHIFHlog arm 027 7 A L
EFHEL T 5 (B2VWEH LT 4 L2 MY ERERL O TH5REDRHD 3,
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Mathematica {% Stephen Wolfram I X > TIES NIz, 70T I VI FRER A BEVLE S 27 4

T,
M—RE o THWRT WA V& 7 2 — 228 L TVWET,

BH—EXRXA+ 7Y by FH—N

WM/X\—> 3> version 13.0

51 FARHZE

5.1.1 Mathematica Di2Eh

Mathematica D#EREIX, BUERTE., SCEE. /7974 v 7R WS 3 D1ICKITE, ZD 3D

BGUI iR GUI fi® Mathematica DFEENIZ, 70> b B9 — N8 T 3 BIC X forwarding D

REZTORBENDHD 55, 24HEZSH)
YR 9 GUI RS 5k

’[frontl 1% mathematica

GUI ki Mathematica 25E#H L £3, (K1)

000 '\ Wolfram Mathematican&>Z %

1 > > L TWolfram
CloudiZ7 7 £ 29 3.

B B<

WOLFRAM

FFaxX>hk WolframaZ 2 =5

MATHEMATICA13.0

1 GUI hik Mathematica O & H|[H

BCUI R GUI #fHE3, a~r o4 v EolE#T228TEE3, (VX 10)

VAR F10 7FR MROZE T

[frontl "]1$ math
Mathematica 12.2.0 Kernel for Linux x86 (64-bit)
Copyright 1988-2021 Wolfram Research, Inc.

In[1]:=

52 YZ=a7I - -&sEZE88

Mathematica DfFWVFIX, v =27 « ZEER ., Web % TS ZX 0,

 Wolfram #t https://www.wolfram.com/

ARt v & —AHE 1B FIAMEGEIC, LFTOoBRZHATHD $£73,



«
od

=

77— a v — Y ADF

o X5 4 —7 W)L 75 ;s Mathematica 7'y 27 (HAZER) : + vt

» Mathematica JFIEX G [ IW. LA, 34> F 4 X Mt

¢ Mathematica 702277 I Y JHiE { R. A=K —, bvv

AF9 Mathematica : H7 Mathematica = —¥ —2%, HIEMKZEHIRE
I bh ) Mathematica : Al 53, 37 AR

% o & Mathematica TE# % | B HZEZ, HEELH

6 BUEREINTY 7 kU x 77 MATLAB

MATLAB (3@ t&6E 72 BUERT FALRE & 2R R AU BEZ A = BUfist B Y 7 v v = 7 TF, Bl
HI, T2 DB OR & e BUERH R (FRCATPIEE), 7 — &, > Ialb—>ay, BLPEY a7 7
A -2 a v ODDMEREZEMAL TV T, REtSH 22 TD Toolbox HFIHAIRET T,

Bt —EXRXF 7vry bz FH—, AOBA-B

BN—23> R2022a

6.1 FAHE

6.1.1 MATLAB DiZ&)

BGUI KR GUI iR MATLAB D)X, 70>y by R — 12§ % BIC X forwarding DR E
EITORMEDRDHH £F, Q4HESR)

YZ k11 GUI i MATLAB D& /5%
’ [frontl ~]$ matlab H

GUI i MATLAB & L %9, (X2)

@\ MATLAB R20223 - academic use - m] X
BiEEeenee] )

E B g O e & @Y Bverebe- » ) L nehes code e [0 @feeenes @ (g & communiy

g Sawe workspace [ Set Path [ Request Support

& Run and Time
v Simulink  Layout

Mew Hewr New Open ] compare Import Clean Favorites Add-ons  Help
Script Live Script - Data Data [Zp Clear Workspace + ~ | Clear Commands « - Il Farallel+ - ~ [l Learn MATLAR
FILE VARIABLE CODE SIMULINK EMYVIROMMENT RESQURCES
<A E il B 7 mnt v ostfs » uhome ¥ ~ 0
Cur... ® Command Window @
4 Mew to MATLAB? See resources for Getting Started. =

[EmD
-| Ready

2 GUI ik MATLAB OitC &



BCUI kR GUI €3, a~r oA v ETolEEITA228TEES, (VX 12)

U Z T+ 12 CUI K MATLAB O8I/ %

[frontl “]$ matlab -nojvm -nosplash -nodesktop -nodisplay

<MATLAB (R) >
Copyright 1984-2022 The MathWorks, Inc.
R2022a (9.12.0.1884302) 64-bit (glnxab64)
February 16, 2022

For online documentation, see https://www.mathworks.com/support
For product information, visit www.mathworks.com.

>>
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6.2 NyFTaJET

MATLAB D 5ILFEMHEE# I L. AOBA-B @ 1 / — F&FIFH LT 128 ifiF F TOMHEAFEET
T AXEY D 256GB E THIFHATRET S, KRHIRZFHHEICZRIA L 2 E 0,

Ny FPa TFTTIRT I 7MER CEERNIOD 2 70 27 a0, MEERZAEIZITZ 24 Ao

Ny FYITITRAMIOWTIE, [PVa 7OETHE 2ISHETIWL,

W3 JDEITAE  https://www.ss.cc.tohoku.ac.jp/ngs/
function & U TER L7z test (VA b 13) ZHETT272DIWETa TRV T b7 740 (YR 14)
ZERL £,

YZXM13 H¥FN7 7 AL testm

function test

p=parpool(’local’,128) % W% F — )L Z EMK (1281@)

n = 1024;
A = 500;
a = zeros(l,n);
parfor i = 1:n
a(i) = max(abs(eig(rand(A))));
end

poolobj = gcp(’nocreate’);
delete(poolobj) %It 5 7 — JL % Bl BR

YA+ 14 NoFUYZIZZAFMT7 74/ runsh

#!/bin/sh

#PBS -q 1lx -b 1 #AT I Fa—Re/ —F#8zEE (AE)
#PBS -1 elapstim_req=1:00:00 #¥ TI2HMZETE

cd $PBS_O_WORKDIR ) O TR+ E/ALETALIMUICES
matlab -batch test #I\/?‘/E7‘ﬁ5ﬁf¥1_

MFoa<y TV IZZ X MR ALET,

VRAF15 NyFUVIZTXOEAFIE

[frontl “]$ gsub run.sh
7O TV =K D un0000ICU I RMEHR/ALET
Request 12345.job submitted to queue: 1x.

6.3 Parallel Server IC & 28/ — RE1T

Parallel Server DHEREIC & D, AOBA-B OEE/ — REFIH L 72FETHARET T, FMAHEICOWT
B RO~ =27 1% ISR EX W,

BAOBA-B T®M MATLAB Parallel Server DfELVA
https://www.ss.cc.tohoku.ac.jp/pdf/AOBA-B-Parallel-Server.pdf



TN 3 v — EAORS — 57 —

6.4 HFNTOTIL

MATLAB 3B ERLRTENH D FTDT, THHLES W, MATLAB LT, demo 2> F&%EfT
THe, TEHEIHEET,

65 ¥Za7Il - &EEH
MATLAB OffVgid, =27 - ZEERREZ ISR E W,
BYZa7)l HEAFEA Y74 <= a 7 ARRMERTOVET, UTOR-I % ISR E W,

* https://www.mathworks.co.jp/help/ja_JP/techdoc/index.html

B2EER At X —AKEH 1 FAAMERKEIC, UTOBERZHATHD 23,

* MATLAB 2 X % fill{#HEm O H6E - FFidim. s mEER e iR

MATLAB I & 2D 7= D> 27 AFE © RIIE—. HEERKEHIRS
A Thbh b MATLAB : Rz, BmEAH

Zebhh MATLAB 55 2 bR © BEFE—, A7 HAR

BHT MATLAB N> R 7'y 785 300 /ME—1T. BRI 27 4

MATLAB 75 7 4 v 7 2% /pE . SHEESE

MATLAB & FIHDER : /NE J1. $ 4 = 2t

MATLAB DFEIGH © mARHR, LR

BH#Z % | MATLAB : H1L#E M, ikt

o {#2 % | MATLAB/Simulink v 25 2 > 2 HilEM, ikt

MATLAB (Z & % Hiff & E(E 5L | MIRIEE. CQ Hifk

Matlab 12 & % 275 7 i : PiRfFE—  (JR¥iaS SENAC Vol.37 No.1 (2004-1))
ESBERUEET L - FIHULESEEY 7 + MATLAB QAN @7 | BHERE fib (A#REE SENAC
Vol.46 No.3 (2013-7))

6.6 FAAEICOVWTOMEE
FIRAFFEICOWTO ZERIE, MathWorks R — MR, 23227 4 Q&A ¥4 b &2 TFHT X W,
BMMathWorks #7R— FZO  https://jp.mathworks.com/support/contact_us.html

B3 a2=7 QA B b https://jp.mathworks.com/matlabcentral/answers/
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7 BHRAERITY 7 kU 7 OpenFOAM

OpenFOAM (Open source Field Operation And Manipulation DESHR) (X EMEMHTEEFE. K OEUETRIR
T % S Bl A S ORTEZRUEH O C++ BY — LRy 7 A TT,
FEWHIZOWTORMEHIIFET Web ¥4 b1 —HFaI2=7 1 ZZFHTI W,
7.1 OpenCFD Rk
WBEHTT Web ¥ 1 b htips://www.openfoam.com
B —EXRI b AOBA-B
BN—>3> V2112

EERAI> /N1 Intel OneAPI
OpenFOAM DEFTXZFLIR L 7P a 7R 7V T+ 7740 (VRN 16) ZEHK LT gsub 2= > F
TUVZZRAMEHRALET,

VR +16 Ya 7 ATV T b7 740 job.sh

#!/bin/sh

#PBS -T intmpi

#PBS -1 elapstim_req=24:00:00

#PBS -q 1lx -b 1

source /usr/ap/etc/OpenFOAM/v2112/config.sh
cd $PBS_O_WORKDIR

+ + OpenFOAMEITX + « -

URDa~vwYy FTCY A MERALET,

VR M17T NyFYIZIRDRATTE

[frontl "]$ gqsub job.sh
7O TV b= F D un0000ICU IR FERALET
Request 12345.job submitted to queue: 1x.

7.2 The OpenFOAM Foundation hiz
WEIRIT Web - hutps:/openfoam.org
B —EXERX b+ AOBA-B
EN—->3> 9

B{ERA > /N1 S Intel OneAPI
OpenFOAM DOETX LR L7z a TRV T 7740 (VRN 18) ZEKLTqsub a~w > K
TYZZXME2HALET,

YR+ 18 YadRZ )T+ 77 A0l job.sh

#!/bin/sh

#PBS -T intmpi

#PBS -1 elapstim_req=24:00:00

#PBS -q 1x -b 1

source /usr/ap/etc/OpenFOAM/9/config.sh
cd $PBS_O_WORKDIR

© + OpenFOAM®EITX * * -

MRoasxy TV 7R b 2RALET,



TN = a =¥ Z0fir — 59 —

YRAM19 Ny FUYIZIRDORATTE

[frontl “]$ qsub job.sh
7OV 2= F D un0000ICU IR FEH/RALET
Request 12345.job submitted to queue: 1x.

Ny FYZIZAMIOWTE, T2 a 7OFTHIE 2T FE 0,

B> 37 DEITAHZE  hitps://www.ss.cc.tohoku.ac.jp/ngs/

8 HE—RIEBHBEHRS/Vv7— Quantum Espresso

Quantum ESPRESSO &, H—JRME FHEEEIE MR ET ) Y 7DD+ =Ty —XfE Sy
b_“_:\/“yc‘j—o
ENHIZOWTOMERIIFFETT Web 4 b2 —HF a3 a =74 ZZFHTXW,

MRBE3IT Web -1 |k  https://www.quantum-espresso.org

B —E XKk AOBA-A 3 X U AOBA-B

8.1 AOBA-A TDR{T

BNA—3Y 6.3 (pwx DADIE)
Quantum Espresso DFEITLEFR LY a T7RAZ VT 7740 (VR F 20) Z/ER LT qsub a2~
YRTYVIZ TR ZH|ALETD,

YR +20 Ya7ARZYT 77404 job.sh

#!/bin/sh

#PBS -1 elapstim_req=24:00:00

#PBS -q sx --venode=1

source /usr/ap/etc/QE/SX/6.3/config.sh
cd $PBS_O_WORKDIR

+ + Quantum Espresso®R{TX + ¢

UToa<vyFTYV 7R M 2RALET,

YR 21 NyFYIZIRDRATTE

[frontl “]$% gqsub job.sh
A IV F3—F un0000ICU I RMERALETY
Request 12345.job submitted to queue: sx.

8.2 AOBA-B TOER{T
BN—>3>y 70

BfEAO> /N1 S Intel OneAPI
Quantum Espresso DFETL R L7z a 7AZ YV TS+ 7 740 (VAR b 22) ZAEKL T qsub 2%
YRTUVIZZ A EHALET,

YR b22 YaT7ARZYT b7 7404 job.sh

#!/bin/sh

#PBS -T intmpi

#PBS -1 elapstim_req=24:00:00

#PBS -q 1lx -b 1

source /usr/ap/etc/QE/LX/7.0/config.sh
cd $PBS_O_WORKDIR

+ + Quantum Espresso®R{TX + * -

MUTFDa~<w Yy RTYV 7R EHRALE T,



YA 23 Ny FUYIZIRDRATTE

[frontl "]$ gsub job.sh
7Rz F3—F D un®000ICY Y ITRMERALET
Request 12345.job submitted to queue: 1x.

SENAC Vol. 55, No. 2(2022. 4)

Ny FYTIZAMZOWTIE, ¥a TOEFTHE 228BTFI WV,

W 3 JDERTAZE  https://www.ss.cc.tohoku.ac.jp/nqgs/

9 SFEMHNEIZIal—> 3> GROMACS

GROMACS 3. 7 FE1H% MD) ftE 7025 ATF, MPLH 2 WEAL v RTOERD X LWifisl
FHEE AW T ERNBIA A RET T,
ENFIZ DN TORIERIZBEFEIL Web A b2 —HFaIa=574 2 TFHTXW,

WRHIT Web 1 b https://www.gromacs.org/
B —EXRZI b+ AOBA-B
BN—-3> 20212

BERA /X1 S  Intel OneAPI
GROMACS OFEfTXEdb L7z a 7AZ V7740 (VR b 24) Z{ELTqsub 2~ FT
VT ZAMERALET,

YA b24 Ya7ZR7Y 7757 A0LH job.sh

#!/bin/sh

#PBS -T intmpi

#PBS -1 elapstim_req=24:00:00

#PBS -q 1lx -b 1

source /usr/ap/etc/GROMACS/2021.2/config.sh
cd $PBS_O_WORKDIR

* GROMACS®R{TX * * -

MUTFDa<w Yy RTYV IR EHRALE T,

YRE25 NyFUITXOEAFIE

[frontl “]$ qsub job.sh
7Oz =K D un®00O0ICY IR MEBRALET
Request 12345.job submitted to queue: 1x.

Ny FYTIZZAMZOWTIE, [¥a TOEFTHE 228B TV,

B> 3 7DETAHZE  hitps://www.ss.cc.tohoku.ac.jp/ngs/

10 HEPFHAFHETOI S L LAMMPS

LAMMPS 13 &7 815> T8 /1% (MD) 1 70 275 A T3, B8R Y oK, £ FeRY
R=REDY T FYR— XV RAVy FRYHALEIHIELZERART V¥ v VHAHESIATY
S

EVH IOV TOBAEBTIIBEFEIT Web ¥4 b —HFaIa=5 4 %2 THHRTIW,

MBI IT Web 1 ;  https://www.lammps.org/
B —E XKk AOBA-B

BN—23> 29Sep2021



TN = a - A0

BERI /NS Intel OneAPI
LAMMPS OFE/TX Rk L7z a 7R Z VT b7 740 (VRS 26) R{EKLTqsub 2> KT
VI A MRALET,

VR +26 Ya T ATV T b7 740 job.sh

#!/bin/sh

#PBS -T intmpi

#PBS -1 elapstim_req=24:00:00

#PBS -q 1lx -b 1

source /usr/ap/etc/LAMMPS/29Sep2021/config.sh
cd $PBS_O_WORKDIR

¢ « LAMMPS®ETX * -« *

URoa~vwYy FTCY A MERALET,

VRF2T RNyFVIZTXOEAFIE

[frontl "]$ gqsub job.sh
7O TV b= F D un0000ICU I IR FERALET
Request 12345.job submitted to queue: 1x.

N FYTZIZZAPMIOWTIE, ¥ a 7OFETHE 228 FXW,

W2 37 DETAHZE  https://www.ss.cc.tohoku.ac.jp/ngs/

11 A5+ 75w b7 #x—L Singularity

Singularity (& HPC (High Performance Computing) BIRANF G S iz A —F v Y —2Da v 77
WTT9 M7+ —LTF, ART TV r—2avDAR=I T 7 ANHA4 R —Fy + ETREAEH
TED, A VA= NAPEHR T TV r—2a V THORGICEITREEHETZ BN TEE T,

B —EXRX b+ AOBA-B
Singularity ORMAFTIEIZOWTIE, UTFDOY =27 1% TSR TS0,

M Singularity ®FIEFZE  https://www.ss.cc.tohoku.ac.jp/pdf/AOBA-B-Singularity.pdf

12 7075 LXIFEERIRITIRIE Jupyter Notebook

Jupyter Notebook (P 2V &X— -/ —+7v2) &, 79 U¥ ETEET 27025 4 ONGEREST
BRIETY,

=N T 2MEINB T 7 AW python BED T v 7T AEFB L. FEITHREZZXRIER L 2D
5. F—X0NiEED L B TEET, Jupyter Notebook LT, ¥A2#% 54 75 VR[S Z T
&, TensorFlow (7> Y1 7u—) REDEMFERLT 4+ =77 —=VTHDI7477) bEMESE S
TENTEZET,

WY —EXRZX b 7Ry FZY FH—N
Jupyter Notebook DFIFHHIEICOWTIZ, UROY =27 L% TSHTE W,

M Jupyter Notebook DFIFAZE  https://www.ss.cc.tohoku.ac.jp/pdf/AOBA-jupyterNotebook.pdf
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13 RISTHREIZDT7FVIr—>3>VI+ozx7

RIST Tid M&&) ZH#%e L7z HPCI KBWTHHANZ W 0OSS (A—F VY —AY 7 b v x7)
P, RRAb ] EEFE7 SV —ya VvERBCET2 ey o7 b X hiffEXN-, FE®Z
WERRSEBIFEINZAARTHEEIN 7 TV —>a Y 7 b7 20R e LT, VAL VA
P ARHHFICHRLIERERE L. BHICHH T2 X5 ZBHLTVE T,

PAN—HFA LV ALY R—TEZO—OT7 TV r—>a >V 7 by = 7IZOWTHARRE 212
BLTWET, FHGECOWTE, UTDV v 7EofERze 2SI,

HRIST AE8EI 257 SV r—>3>Y 7 o7 hips://www.hpci-office.jp/pages/appli_software

EH—EXERZX b+ AOBA-A
BN 955 ABINIT-MP H ©

B —EXFRX b+ AOBA-B

HEINL A9FF ABINIT-MP PHASE/0 GENESIS MODYLAS NTChem SALMON
H® OpenMX SMASH

CAE 9% FrontFlow/blue  FrontISTR
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[# &]

REKREENEC, RTUTFILNAXATIT—2a v RTLICE SMERASE
BEMHAR S AL—2 a3 v —EXRERHEMI~RA—/\—a 2V Ea1—4
ZERAL. BREMHBRRICER~

YA NR—P AL AV H—DA—/R—a L Fa—HF ABA ZiEHA LY a2 —v g o —
B2 DORMENBIG S E LT,

AN T, BAERSFHP L0 TR R,

[ bR HP)
https://www. tohoku. ac. jp/japanese/2022/03/press20220318-02-service. html
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[R—/\—aVEa1—% ABAOEHMOE K Y]
WIERFZYIANR—=P A = R U X —KBBRFEHR S AT LA =2 7Y A4 Mo En-BmbEo—zisziE L CWET,

https://www. ss. cc. tohoku. ac. jp/information/

THAFEFRAREERICONT

SRAEEOHHAHSIZONWTEBHOY LET, SFMIILL T2 B &N,

BIFE 1 AR A [ RF- iR
X 5 H H FIH EFREE N OV 4 ek 2 1 R
FERE
A S VR 1 (S, TR OB ekt
WO | orva—x | (ER) ) i
AR ARG R RIRERE] =
HA (R VE #0+8 Z8) EiF 7250 X #aEisR (7))
GER) | amosrsgumen 1 weIc > % 125 [
Hf AHHEE 10 7D X §R ARSI 800 WREf 435 FH 7T 6E
(T%H)
HA FIH VE % 8 FIRAMM 3 » HlcHo X 270, 000 [
i HA AR TR = R — FEcx SOl (7))
I a—X (e ARG REER 1 Rl o & 22 M
AT | R 10 5S> & B G 4, 600 R 4y AT AE
(E%8)
HA FMAH— 1 FIHEHR 3 » HlcHox 47,000 1
7 7 A VAR H 5TB & CHERL, B & 1TB (2D X 4F4A 3,000 [
HA 10TB % THEL, BINAE 1TB [2> & F44 3,000 1
Hi7) KUTV 22X R T7—=7D 0 74 MR Lo & 600 1]
AR A=V B Yok 1,200 [
ik
1 AHENERLRZ0IFHEAOF 2 —TCEITSNZbD L L, HIREE 2B 2 /=858 13 74
%
2  HEABRRE OSBRI OWTIEEHE @A AD 9 ARON10 A0S 3 A)ICAFRHL. 1 KR

A 2 8] B TRIBEZFERT 5,
3 HEAHREIZOWTCEHERIZRR LG EEA—"\—arta—Z RSa s va—F 2
BRI OFEPHN T TE 5,
4 HAFAHFEHTEEZBL2VbO L L, BIFPICEE, AT T AMEERBAE LGB

TH, FAFIHBIREOIERIT L,
5 Z7yANLAEREIZONTITH

A H YRR E CORME L T2, EAYIM 1T 7Z 7220

L. AR AL o TR LIZELE T 5,




A== Ea1—% AOBA OBHILE LD — 65 —

BFE 2 AR AHES [REEERH (AR ]
X E E FIH BHHAE K DR 46 G e ]
ﬂ:/-l—\b
S ol R VE B LCRATR, TR BIA) skl
?;-ﬁ. kﬁ/\: ::/]:01_57 (,ﬂ?ﬁ:*;l') ;%TT N ;%'TT ST IH P
AR E AR B =
Eic) (FIF VE $0+8 Z0) BiF7=%0) X Bl ()
(T &)
VOB oo 1 iRz > % 250 1
HE ?ﬁiOﬁHZO%ﬁéﬂﬁﬁﬁ&mﬁ%%@%ﬂ%
(FE%E)
HA FIH VE %8 FIAER 3 » Aloo& 540, 000 [
A HH PRSI = FIH 7 — R X FalRE ()
ArEa—H | ()| e gbmrsi 1 BEEIC o X 44 1
HH BHHEAE 20 7D X FRA kIR 4, 600 FRERE 26E A AT HE
(FE%E)
HA FIH 7, — F&1  FAHBME 3 » Alco& 94, 000
7 7 A VAR Bl 5TB £ CHERL, JBMAE 1TB (2> X H4H 6, 000 [
HA 10TB & Tkl BINA & 1TB 2> X 4F4H 6, 000 4
H KTV BB T—TV b 74 MR L o 1,200 [
RS ZA-EST: (4t 2,400 [1
ik
1 BHEEANERE DT HEHOF 2 —THEITEINT=bD L L, HIRRER 28 2 =58 135 T4

D

2 HRAHEREOREIREERCOWTIIEEE W@ A6 9 AKRTN10 A2D 3 A)ICEEHL, 1 K
Kz B CRMEEZERT D,

3 HEAMRKREIZOWTELENZEINLZGAIFA——ar Pa— X FOar Ba—F &2
&t ORPAN T TE 5,

4  SEFAYPEITEEZBZ R0 b 0L L, HIFPICREE, 2 07 o AEENRE LTZGEIZBND
ToH., FAF AR OER T L220,

5 774Wﬁﬁﬁ%u0wfi$ H S YUEsEE R E CORME L35, AN 1 FEITH 7720
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