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Evaluation of Sound Absorption Coefficient by Numerical Analysis
of an Acoustic Liner with Glazing Flow

ENOMOTO Shunji, ISHII Tatsuya (JAXA)

ABSTRACT

In order to investigate the sound absorption phenomenon in sound-absorbing liners used to reduce the noise of aero-jet engines,
we simulated the sound absorption liner with glazing flow by the numerical analysis using the sponge region method, and
methods to calculate the required sound absorption coefficient was investigated. We compared the conventional method based
on sound pressure, the method of calculating the difference in sound power between the upstream and downstream sections
using sound intensity, and the method of directly calculating the sound power sucked into the hole. In the absence of glazing
flow, all the methods gave similar results. In the case with the glazing flow, it was found that the sound pressure method and
the method based on the sound power of the upstream and downstream cross-sections, i.e., the method to acquire the data at a
place not affected by the vortex, were more accurate for evaluating the sound absorption coefficient.

1. [FLC®IC

My =y bz v Y VERE ORI E BN E LCH
WHNBWHE T A I BUNefLAEA 7R &
BoRIJFE» ORI, ~vLadr Y HBICX 5T
FoE O JRBBOAE D EBRE I NS, Yoy b vy
YHOWE 7 4 FTIEIRE 7 4 F oI ERIC N
(L= v 7ZRWVBFEEL, L=V v IRnsE
WA L R TRERESRE T 2 2 E L T
b, L=V IRNOE LWE T A4 F OMREE HIE
T2 7m—x7 FABREE[1]IX. £ 7 PNICZER DR
NxEEY, X7 FEEMICRE 74 F22EEL. X7
WICHERZ AL, 28O~ 4 2707+ v CiHHlT 3
LI E-oTRBEXRENMEST 2, 7v—x7 bk
BEAWT, K2WE T4 F O ExFHI L 724 %
KR T, & 2T, R EIRETHEO A% A
L7256 % §E", s E 2R LA 5 T
WD CHIKEZ A L7Z2GEZ " EAR". T b
Eicm g o THEE AS L2GE % W5 L A
TV, MNOEI F~ v ~"N03THDL, F'L—V Vv
THRAB GG, BEAFRILCTL, X7 FNELEE
THEENT —BIEA R TIEIRE STl E <
25720, WERIINESF T T2 @A TIEER
IEMIEH 2, —77C, "R HRIGEBE E
RO —IBEBZDICH L, ZL—Y v 7 HFnrE 3
Bid, "MET T T e S ICIRE R D v — 2 Ak
Eo2Iicin b FREESILEEER > S a2

TR ¥ BRE(REE)
o o o o o o
N oW s @B o@m

e

o

500 700 200 1100 1300 1500
AR )

M1l 7O0—%7 FABOBRERDA

EOWERPMME-NT WS, 2DXHic, FL—¥
v IMNOH 5 5A . WEBRICIZT S 2> OB IE
BHELZIDEEZOLND, T THRA T, BIR % (i
L L = RITBROIED Fic 71— & 27 b RkEREE D
NG - w5 BT 2 BT [2] 21T o L L —
PV ITHRNDOHIWE T A FTRE T IHREHS
DT B BRHKRT,

RHRAER A b O FEOF T, AEMICIZ7 v —
X7 FRBCHOONTWRHRICHEL 2 L8 TE
%, L2 LEB TR ST R oFHI R cRE
M ORI Z1T 5 JTESH W & 1L 5 A3, BUET < i3E
BB EEO T — 2 % w3 2 B3I Z b Y Ich;
MIABICIIE T —Z2ih>TLE I EWIHIHEDE
WOMFTET %, D OBUYEEE T — X OALEE T,
EKECHWE HEZZ0EEAVE L0 b, FfEFE
DEFEICA b= EE W= BMRATH 5, A

This document is provided by JAXA.



12 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

WCIXBMEEI R R b IE R LB T 2 EICO W
THET 5,

2. BnIBOFE

2.1 BfEFTEa—F

ARl z nE cofst(3], [4] L Fkic, 2 v 3
7 b AF = LERGE3RTTHEMEENS AR Y vy —
Td 5 UPACS-LES% il \» 7z, WHfLIE O 22 W 2457 13 i
KCOXIEETH ) FREPIREALHEL VIR
19 T etk 3, WET IV v 7 - 7 v X [GRE
PHWT W3,

2.2. BTERT

ARSI SR E K2ICR T,

M2 HEHET

COFREMTIE 7 v — X7 b REE O & B L <
Y., RO S X 280mm, Lfllz=Y v 7
BT % AEREE L7z, X=0mmICWe&F 7 4 F % —D
FERE L. EFRANC300mm, Fifilic480mmo X
DX FELTWwE, ZJL—Y VY IRNEErbHIC
mns,

T
UM
Al
Ui
U

M3 FHE T

X313 7 4 F O OFHEE TR L KT
Hb, &7 4 FOFLONEIX1.9mm, FLOK X i¥4mm
TH 5 HBFEPFEAIHZEE I 72 5 X 5 ICe Dk
MZERE L 7z, TRBEEE - fL o NEEICBEEE 5 2 5HR

T ol FEAHE O [21 1BV Ti b, T
EHEEEE X CFHRTE 254 TH 50.006mm & L 7z,
2.3. RENT

JL—Y YV TRNDOTES ML, 7TV A FED
ML % 72, X=0D (L& CREI D~ v ~ELA) L
M/Y[1/mm] 2 1ic 72 X S ICHE L7z, KRDT T
7 A AL ) BB AR RE DR EE AT H D
Y DL DED T 2. 2 TR 7 7Y
7 A S OXST LD B2 AHET L CY IR0 & L,
BETHIEERRETWT IS IS8 0 & 5 HE I AIRL % 5 2 Tt
EER L. Cofinr bitH a2 THAICERIC
ol lHhk, B ANTIEHEOVNIAME L L 72,
2.4 BRDAST B XA PEE

T ZTHWE LTw3atRTld, WAMICEERE O
HESADE Y . MARD 5\ IZTHEE R A & &k
EABEEZERHES L LB, FHREEKDO P
LEFICD > CEDHEERE T2 2 & 7 SRINT
LRENHL, INLEEHTIEG RTiEE LTA
Ry VHEIE 5] % BV 720 © O F I EFEAE o i 1 3%
L7 RR Y CHEBICE VT, BEECE LN R
gz @A E L 7 BUE Ml e ICIR 2 12301 TIT <
HiETH B, FHECELNEE BT L - HICEH S
XA S DO RFIHHE X 2 53, Z %R % FF o 72 7HH
TIRAIWITS) e TR ZHV 2 T2 HETH D
ExB MRk, BWEERD THERD 2 ToOfE
EHET 0T, BREFE LT THAEE] Th
. FHEEBAN O ROMEDK L DT F ) 7 R L
TIT > =5 A 3 FHEREIR & 2K v D OB H o
BELZ, 2Habianizdil, FRICEFIGEL
NG %R OWMAfE & AR v O CHRET 2l &
LTHWE Z EREE L, gD IS X OHE Eq,e
132 77E EHE T R < SRIOFHR TIZIAWEHR
IR CHE OBRREE A O GH Z2fT > THOICE
WIOEL 72 BN 2T, ZoEELT Y E-
THWBR R EDTR%EIT> 7,

2KV TR, FHEoxT Yy I ICEE TS
bh7zfqic,
—¢(x) (4 = qrey)

EMA 5, ¢pld02> 5 1DfET, 01Z#E OFHEMHK, 1
FBUE S NAHICEE ST 2 2 &L 2 BRI 5,

M43 SR 729 DA TH 5, s HFEK D 47
> 5 100mm O FHIH % A R v P & L 7z, K itlog ¢

This document is provided by JAXA.



A SRl IEE R

=

M4 pnHt (Midflog g, BEEILP=0)

ZRLTH Y, SHEEHO Co=1, WHr oHth 2 &
FREE G U CHREBEEIN I IE L, —E o H#kEE N 7
LZAHTOL RS ME LT3,

2.5. BRD A5

ARV VBT, EWORNGOEICE K OEH)
RIS A 2 T & CTHED A 2Bt 5, HiK
52 2 5EE, SERIENOMPEHE LEL Y +
2 TH 5 LIET NIERIFIZITHETS 54, &
D7z DR L TH <,

p, p,u XBEEOET, BEE., WH. py, por U &
EHERDTES, HHE, JILE\ p,p,u BEICXDE
L35,

P=po+p
p=potp
u=uy+u

Ela e EWMOEEL 35,
I & ERARIRIE, W & ZZRERx & L Cfl
ZIELAT D X 5 ke 5,
p' = Asin(wt — kx)
pRuREL Y v LERET S L.

, 1
p - aoz p
! 1 ’
u =
QoPo

BEFtE AV 2 RIFE O FIC X 2 ZHKI) 13,
pu = pouo + (pu)" = (po + p") (o +u')
2D RO R WS T

1+M,
Ay p

(pw)' =
FIBkIC

_.r 1
pE—y_1+2pu

I K B EHE T

0B = (=5 +5 (A + Mo = 1})’

HHME L 2L —a J I AR T L 2020 0T A sl 13

EEEE]

(b) EH(T =Y FE)

M5 ZR > OEIFDRENME qrer

&b, TITT My=uy/a, T, HFHDOETTIAHPE
W WHE DA IRIMIZA L T 5,

2.6. ARy VEEEAWETEBER O

535 EOFHETHW 72qoPfEis L 2R v
FEIE D HUENE Grer T D 5 BEFE O BB JCITHTIG L T
JERFTRICE 2> TR LTW 3, JENRY RIS
FERIC—IE & T BIREIS 2 7201 13K & st R 28
PETHoT7®, YHMICEDHAAHE % g% 9
fER ARy CHEBOREEE LTHWSZ & & Lz,

(a) ~ v/ \E(BREFE)

(b) EH(EBEEFE, 7 — P FE)
M6 ZR>yoREEE AW EERR

—
00
-_— -
] )

1

M6 I D 2 K v PHEIC110dBDE I % 5 2 Cat
HEfTo 2ROl R T, ~ v Bt &k
BRONZWA, ENSHICIEE 2 b EEARN
T3, HloRF vy D CIIHFERIRKI T2 2L
72 SR E N HUEE DT 534 LR LI 722 T 2,
2.1 FIERROE

DX ST L TS N7 5RO & T DWRINHiE %
I7Uﬁ¢W%74%®ka@%Fﬁ?km&ok
BEchH b, L —Y v IRNRE LGE. WS T
F oL SEBFA L TR T 5%%7@%75’
L THICAT CIREWIEB IR L T 3,

H8IZ /L — v IR HBGED~= vy N ETH B, (a)
TSN OB RE IR ICHL - 28 (LI R S g,
AR L 7238138 TR D TH B 2 & hBah b

This document is provided by JAXA.



14 FHIZEWT T BB R B E B JAXA-SP-20-008

1 1 -...
s o o —
7|/ //7/)|Lﬂﬁ£(/’\/| OO

Soung Hunl-}

b)) 7L— v mngl (M:O.?))
M7 EE(FERE)

Mach number
0.1

Mach number
0.005

0.000 0.010

| |
(b) I~ v/ #: 0<M<0.01
X8 ~ v/

JL—=vrrpngl) (M=0.3)

7. b)iFavz—oL vy E#M=0.01ICHEL.
LOFOWEPREZ 2 LI LEKTH %, HORAT

13 1Im/sTH Y FFROFEHICIL R B LD TRV,

fLIEA1.9mmTH 2 & L 2 FRET 5 LHXNNICIZ 27
DOHRITHDEEEZDLHHKS,
3. REXRDFE

B E, B 7 A F BRI 72 T — D A G
Ltﬁ&» et ch b, EEETIE w472
07+ VTRl E N2 RERY T — 2 % FWwC, W& 7
AFOLEEBLEENRT L RETAFITLoT

X (mm)

X9 FEDSIRER
JL =Y v mENEL(M=0.0)

RE LT EEANT — % ANFEE T —pb5l
IC X o TR® 2 [1], BAEEHFE ik JTES IS bk~
x> CT — 2 UHEEIT) 2 e AHKL DT, W
{ OH DT %Al > TRE DG % 5l 4 72,

3L BEICKDIHER

HHED O WERE IR T 2 7K, REMICIIER
THWwZ KR TH 2, . MICRT LD
7 u—27 o BRI - BB o FED 75
7EGO—AMNEREE L CEEoWKRES 5 (2],
X<OmmoO#FHIZAF HF L KHAEVRELRVE->TnD
7o OB IC X o TIRIE 272 5, Omm<X O #HiPH 1357
W D B 75O THE IR O FTIRIEIE—ETH 5,
22T, A= ATERIE. B=AS & IRIE + K5 & ik
IE. C=E@EIRIE L 32 &, SR, FEEER
¢

A

HIERE =22
EIEBEE £ =2

D, 2 THhL, TXRLF—BER(FEEER)ITRD L
SICRD B EBHEKZ, MIZZL—Y v rHino<
v NTH B,

W] L ¥ — B — —C*mﬂi+ﬂ)

(1+M)?
w > . Mo sE _ (1+M)2 2 2
Al Ao - = 1 (Gh0r? 4+ t?)

EEClE~ A 7 DTEABFEE & T TR K
LA TCEHIITE 2 b ClrEVD T, FEDAL
T O AT & RSS20 HES 23R AMNEE L 72 528,
BUERNT O E X AS & & KA &3 E R 2 50O RK
HEERT 2L TCRBICEHET 2 LK S,
T, WEF 745 X0 b B0 EEENICEES

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 15

RRKERBMERETN R TE RS Rz D, Bl
o> FHEFEI 2 AB S DM D2, L LA
CEET B HENH B,

32 BEA VTV TA

KT, BlEFHECIIERHI L (X2 ) B ICEE
AvF vy T4 2 BT LB TELZDOT, Th%
o Tl ERERD L L EHAAT,

EHROT A2 FWAEIEL T RREDFESL v 7
VT ARRD XY ICkw Bz kS [6].p, p, U
BRI DOIES . B, T2 bl py, po, U % IE
TOIES) ., B, GFos~ 7 A p, ph U REICKD
LB LT 5,

P=po+p
p=potp
U=t +u
Flhak EFMOERE T 5,
eSOz vy 2ry H(J/kg)ld

y o 1 _,
H - ] —
y_1p+2( )
T ETWI T & BRI T MV EE D 2R D

1 zl«l_ﬂ)
Potp  Po Po
p_1r
Po VDo
DEREH WS L, BTV EAALVYHDPLEFROET
VRANLEHERELG\WZ, BT v 2L ORRIEE) 5
H'lZ,

Lixb,

KiT, WNOEEHRE<2Z M m=p (kg/m?s)

DIRIZE B 5rm 1AM ZE B D2RK DIE A BT 5 &
m' = potl’ + p'ts

L3,

HATER VDRIV AL YHEHBHRE~NZ |
LMD Hm (J/m? s)iZ&x v Z A ¥ DO HiHKE(W/m?)
Y ZDOERTS EREEE T 5 L0Ic R 5 %
s 72 BRI 22 B9 H'm? 13

!

H'm' = (p— +1g ?) (pou + p'tlg)
Po

b, THIC

4

P
p a2

FHVE L 2T XL ERROBELZED(W/m?) X

— P = -, 0
Hm' =|—+u"-u u +—u
(,00 0)<P0 2 0

Y75, C OEIXMEE B & u 572 T IR T 55
Bk, BEA v Ty T4z ] (W/m?) LI
ek s, EETE U AN G

=7
L, THE LR FEEIC X
50

o &

HETH 2 ERDH

(b) L= 7RnAE Y (M=0.3)

M10 €T %I ERhEOREZTH Y

ECEEA VTV 2T4)

M10I3E2EA v T v o T 4 (X7 b A DHEHiE) DRE
M CH 5, LMD R FE v DR RN E Lz
BWREFAFZBBHTE L CEHEA VT YT AR
WYL Twb, WE 74 FOERZRIFIEYFRIC—
BehoTwd, F'L—3 v Zmnsgg aEe. By
TAFDOILEHRAY T ERTFEEL L -2 v Iin
OEFREICHEL, bTHrTEELIPEBHRET S,
D7) TR THRICHEROMERR X %, 2D
L3I ic X 2 B op U It G TN BAIR, £
VAN TR O EEE I T EA v T vy T
A TERVEEZLND, EHIT, ZOMIHFELEHEL
JAREBCERT 20T, 7 — XU X o TR &
B EDHET 22 3LV, Dz, 22T
LIV A NN ORHZE 5 % BEICEEA v T
VIT A4 EIEER, FRRFREBKS OFEGAE TN T
WRTEHEM D B B Z L ICHET 2 LENE B,

This document is provided by JAXA.



16 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

33. LEF - THEMEOZTE/ 7 —DEICLZREXR
EEL T T4 (W md)aHBHE RS T2 L.
Z O RT3 EE Y —P(W)ERDd B2 s
%50

st _ERIRE T RATE

Sound Power

—
04 <l 1—
=
02 ) =]
0 L P
=300 =200 -100 0 100 200 300 400 500
X {mm)

11 XbrE % @8 5 FE /X7 —

BITTIC X Z2 @i 3 3 8 AT — %R g, Mok
I, R F v VREBICARTE & AN L ST A E O
HEANT —DfiE R LTS, ZOKTIRIL—Y
7 A (GrM=0.0) D A G237 — TR IT{L
LTEY, 7L =2y 7 dH 354(GrM=0.3) ® A%
FERY — 3T o T w3, ZhiF L —v v s
TND~ v NAMG I & > THEST —H3(1 + My)2 51
BB-OTH 5,

VR CIE AT & K E R o TH D, 20D
W DOEENRT — I AT EOFENT — L KEFEDE
BT —DELRoT WD, ZOMEBTIIHELOIRIE
LTI L > TREC B AR 2 (KIS 28 FE AT —
I-ETH2D, LOMHETT — X 2L THR
(A

W74 F X0 FililLE RS OFEAT—TH Y,
T =3 v IRNBECESIE, WE T4 F X0 TR
TESIC—EEE b, =, ZL—Y v IROnH
25EE. WS 7 4 F O TEE Y — O fERE)
LThY, BICX2Z8H2p dcaEInsg L
KeEZEz2bnbd, WET A T2 HEENLTX>200mmic
7% LIAEE L CEE AT — DA —EH IR L,
o ZOEPEEBEDOEENT %R LT HD
LEZOND, ZOMEEE THMImE TR LT3
&, B - THRBIH O EE AT —DEDP 6, WERIT

!
/

WeE s = (Rl - TURETE) /O ASEEST —
LLTkowrZentiks,

0.45

0.4

0.35
0.3

fio 0.25

850 900 950 1000 1051

58 R (Hz)

M12 L7 - ThRMEOZE N7 —0EICLD
k&R

M12ik, L - FTiRkimo ST —0EIc X 2%
EEEEHEICL2WMER LKL EZMTH L, 7L —
IV IRABECGE (NoGr) b 7L — 2 v Zfin s
256 M=0.3)%, WEIZIZISACMEEZRLTEY,
IO OWERF T HEIIFRETH 5 L HERTE
7o

IC, L=V vV ImMNeyE 55, MPARET S
i ¥ CHEN 25T CEEANY — 25t R T 2 L EBH
o7z, —H T, WEFET A4 ZAOWRER D720,
WS E DG ARET 2 E KL LT L,
D7D, XY RCTHE Tl E Rl 5 2 &2
Keiz B HET L THT,
34.ZFEA VT VIUT 4 DEE

BEA VTV T ARRET IR P AR T,
% Ot (divergence) (3 DAL HEE BERK T 5 13
TThH2, ZITHEAL VT VYT 4 DFRMEKIZIC
T, QD 7L =Yy ZDENEE, WS T4 F oAl
DA LEECHEES v T VT 4 DREAAIC B
SRR LN, MERRETHWIgEEZLNS, T
DIy e vk EIhTE b [2] HEEL
VX —PERICERINT-DEA S L wH Tk
BTEDL, —H. b)DIL =Y v IHnAE 354,
Lo T AT THRVADEEA R 6N 5,
T2 EROY=3mmid b ZH I IEDOFHIHA R & 41, &
LIl oicih - TIE & B OFEANEIE L T %,
ZoH b, YIAREFETT, Ennimic ks ey

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 17

---------------------------

div('intensity-vector)
0.0E+00

-2.0E-08 2.0E-08

(a) 7'L— v 7 mngE L (M=0.0)

fffffffffffffffffffffffffffff

[ i T
-1= - div('intensity-vector')

3 |
g 0.0E+00

-2.0E-08 2.0E-08

7q | | ' 1 i ' [ ! 1

(b) 7L—>vomngE Y (M=03)

K13 2T > %I ERROEBRZEEH S
(BEA VTV T 4)DHEY

ZOVETR DRI By 2 XA % 2 & XN 23,
D e b, WEFHHE E T B IGFTIIFEDS & D FEI
CEENTWR LHEET S L ldiks,

35, ALBBEE/NNT —ICLBREX

T, ZDEIRCEEIAFoILoEITRONS
BEA VT vy T 4 DRBOBAIZGIR T 5 LK
koo lpnHkschrobEILONG, BE T
A FDILDFADZTEAL v T v o T 4 DFELDIAIZ,
AU ADHKBCEM L Y, FLO A Y 0% FH T % fai 3
ZEEBA VT VYT AOHEBRICEERZ S &
¥z, 2 CTRIBIRT LY i, Lo AY LT TH

M14 FLEBEE/NT —ICL 2RER

HASK & 7 B D %R T ER S % T <. BRI 5 L
Bl 72 Y=0.5mm O (L 1< R4 T % 3%0E L 720 R L 72
RSN LA 5 4 F DREIIC Y - TR % 2 5E
U7e &% 2 i B AsHEnk & . BETE Lo i’ b ag
23072 O CRISMBEICHE Y 5 2 7\, T e fLEE G2
N — L BPBFRLIERZLICTEE, LT XS
IKRD B EHNTE B,

W = LBAEE T — ) N EE 7 —

O LTCRELZZRERZKI4IORT, L —Y v
RN NS (NoGr), fUBEEE Y — I X 5%
ERFETEICLDZMEREIZITECMHEEZ R L TV,
—Fi. TV =YV IIRNPE LEH5M=0.3)1k. T
WKEBWERIDVDREREZRLCNE, ZL—
VIORNDE %G, LORATHEARKEL, 2TV
ZNERKROKFEEBIFCEEA v T v T 4 S D
BarEaEnclEIs>ochsrritErbNDE, 0F
DIREFLOEFE D X 5 7l ol & & R 3 5
TLREELL, WETAF ORI EEYZ T
ROETTT — 2 B3T3 HESREREEE X <
Tl CE 2 HETH D LG0T,

4. by

My =y bz vy VERBREORKEZ B E LTH
WONZWME T4 FICE T 2NEHRRE RIS 2 2 L
ZHME LT, AFE Y SRR v 72 BN ik C
TV Y TRNOELWRETAF DY Ial—va

This document is provided by JAXA.



18 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

VEITO, T TRHEE R IWREREFENT 25k %
RET L 72,
HHEICX20EkDTE, HBEA VYT v T4 2Hn
T, Ly Tl o &8 o87 — o2 BT 2 771k,
Lz s 2 8T - EERN T 2 7E R R L
Teo L=V Vv IRNABREOEAIT, E0HEDFE
DIERZR LTz, L =YV IImNBE 325580, &
JEic X a7k B TR E& 7 —ic Xk 3
Jiik, Wb Mo E 22T R wBTTT — X 2 BfS
TEIED, WEREEER CFHEcE 3 2 &350
277,

E F3

AWTZEIT I, FHATEIT TR — v —a v e
a—2v 27 L []SS2]) PP, TPPY 27 L% FH L
L7,

SE Xk

[1] Takuya Harada, Kenichiro Nagai, Hideshi Oinuma,
Hirofumi Daiguji, Tatsuya Ishii, Validation of
Impedance Eduction Method for Acoustic Liner
Panel in Grazing Flow, AJCPP2018-001,

Proceedings of AJCPP 2018, Asian Joint
Conference on Propulsion and Power, March 14-
17, 2018

(2] BEARG, AIES, MHEBE, R,
HEER, 12 AR, 59, [REAFEHERICE
J W 7 A4 SR D BUEMAT | JSASS-2017-
2027-F/A, FARIFLIA S ¥ i & /5 35 I 22
FHEEY T2 —va vl vy RY Y L

[3] ARG, AFREs, RS, 5z, (7L
— YV RN EE S W T A ORUEET ] T
fitZe it se b SRR I Bk JAXA-SP-18-005

[4] Enomoto S, Ishii T, Nishizawa T, Toh H.
Numerical Analysis of Acoustic Liner Performance
in grazing flow. In 25th ATAA/CEAS Aeroacoustics
Conference 2019, AIAA 2019-2613

[5] Bodony DJ. Analysis of sponge zones for
computational fluid mechanics. Journal of
Computational Physics. 2006 Mar 1;212(2):681-
702.

[6] F.]J. Fahy, % v v F 4 vF vy 74,1998, 4 —
Lt

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 19

TTART I T o —HDOEIRIIN—Z NERENIZ 1B
BXEN R E R & 22 P Reck

AR R, KB el (PR RTRE), R dE (BRI

Intermittent burst driving of Plasma actuator for reduction of drive time and
improvement of aerodynamic performance

FUJIBAYASHI Hiroaki, OZEKI Yoshihiro, TEZUKA Asei (Waseda University)

ABSTRACT

Transient response from attached to separated boundary layer on a NACAOO012 airfoil at the angle of attack of 1.5° with
vortices induced by a dielectric barrier discharge plasma actuator (PA) was investigated experimentally. The PA was attached
on the surface of the airfoil at 65% of the chord length from the leading edge, and the Reynolds number based on the airfoil
chord was 5x10*. The height of separated flow from the airfoil was estimated using visualized flow images. When the PA was
operated at the burst frequency of 100 Hz, the height became quasi-steady for 50-60 ms after the begging of the PA driven, and
the height became quasi-steady for 150 ms after the PA stopped. Considering these transient responses of the separated boundary
layer, the PA was driven with the way which alternatively repeats continuous N times burst actuation and T ms stop. We
compared the lift coefficient when the PA driven with the way and the lift coefficient when the PA driven with the burst actuation.
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Parametric Characterization of Streamline Traced Intake Design for
Scramjet-Powered Ascent Flight

FUIJIO Chihiro (Kyushu University), OGAWA Hideaki (Kyushu University)

ABSTRACT
Streamline tracing is an effective technique to design efficient and robust three-dimensional intakes for scramjet
engines, a hypersonic airbreathing propulsion technology that offers promise for economical and flexible access-to-
space. A parametric study has been conducted to classify possible geometries and characterize the relations between
design variables and resultant geometries. Computational investigation has been performed for some representative
geometries of each class to evaluate the performance and geometries, and to identify key design parameters. The
physical insight gained in this study provides a guideline for the usage of the streamline tracing technique for high-

performance scramjet intake design.
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Identification by Regression Analysis of Rolling Moment of a
Delta Wing Model Moving
by Magnetic Suspension and Balance System
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ABSTRACT
A 60° delta wing model was subjected to forced sinusoidal oscillation test with an amplitude of 1.6° using JAXA 60 cm
magnetic suspension and balance system (MSBS) wind tunnel at a wind speed of 20 m/s and an AOA of 0-10° and aerodynamic
force were measured. The literal stability coefficients were identified from the regression analysis of the time history of the
literal aerodynamic forces with the roll angle, roll angular velocity, and lateral force as parameters. The time history of the literal
aerodynamic forces of the regression analysis were compared with that of experiment and showed good agreement at AOA of
10 degree. The delta wing model is statically and dynamically stable in the roll axis at all AOA.
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Preliminary Study on Reduction in Skin-Friction Drag by Riblets in
Hypersonic Flow Regime

FURUYA Motokazu, WATANABE Yasumasa and SUZUKI Kojiro (Univ. of Tokyo)

ABSTRACT

The riblet is the surface configuration that has tiny grooves aligned regularly in a flow direction. In a low-speed flow regime,
it is known that the riblet can reduce the skin friction drag by up to 10% by manipulating the vortices over the surface. Thanks
to the recent rapid advancement in micro-machining technology, putting the riblet over the surface of an aircraft will become
practical in the near future. Reduction in the skin-friction drag by the riblet is also expected in the hypersonic flow regime,
because the flow speed is essentially low near the bottom of the boundary layer over the surface even in such high-speed flight.
However, little amount of studies on the hypersonic riblet have been made so far. In the present study, the flow over the flat
plate model with the riblet was experimentally investigated at the Mach 7 hypersonic wind tunnel in the Kashiwa campus, the
University of Tokyo. The preliminary results were presented in this paper.
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Extension of FaSTAR-Move for Rotorcraft Analysis

FUSE Ryosuke (Ryoyu Systems Co., Ltd.) , YASUE Kanako (JAXA),
SUGAWARA Hideaki (JAXA), TANABE Yasutada (JAXA)

ABSTRACT
Currently, JAXA has been developing a rotorcraft analysis module, for a CFD solver “FaSTAR-Move” that enables analysis
of moving and deforming objects, in order to meet industrial demands. In this paper, the rotor blade control function is added to
the module, which is validated by analyses of the rotor/fuselage interactions based on IMRTS (JAXA Multi-purpose Rotor Test
System) experiments. The analyses were performed for a wide range of advance ratios. Compared with experiments and analysis

results by rFlow3D, it is shown that reasonable results are obtained.
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Accuracy Verification for the Inhomogeneous Wave Equation
Discretized by a Finite Difference Scheme on Homogeneous Cartesian Grid

IKEDA Tomoaki (JAXA ATD)

ABSTRACT
The inhomogeneous wave equation (IWE) solver has been developed in JAXA in the framework of discretization on homogeneous

Cartesian grid, to solve acoustic propagation with local convection effects, as well as acoustic interference with solid wall, such as

reflection, diffraction, and scattering. In this study, the order of accuracy of the present IWE solver is investigated. First, the practical

accuracy in the acoustic scattering on an isolated vortex is numerically evaluated as a verification study for the acoustic propagation in

inhomogeneous flow. The resultant order of accuracy is close to 6, which coincides with the discretization error of convection terms.

In addition, the accuracy of the immersed boundary method implemented in the present solver is assessed by using a one-dimensional

wall reflection problem. The supposed accuracy of immersed boundary is second order at most, as second-order accurate schemes

are used for the Neumann boundary condition, and linear interpolation is utilized to identify the wall location. However, the attained

accuracy in the one-dimensional problem is third order. Moreover, in some specific cases, fifth-order accuracy is obtained. The

third-order accuracy is also achieved in a two-dimensional problem with wall reflection.
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Fig. 1 Instantaneous view of acoustic scattering by an
isolated vortex. Dashed lines at x = 70 and y = —70
denote monitoring locations for discretization error.
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Fig.2 Discretization error dependence on grid resolu-
tion in acoustic scattering by an isolated vortex. Stan-
dard and optimized compact schemes are compared.
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blank circles indicate the acoustic field to be solved.
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Fig. 4 Discretization error dependence on grid reso-
lution in a one-dimensional wall reflection problem for
Tw = 0.
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Fig. 5 Discretization error dependence on grid reso-
lution in a one-dimensional wall reflection problem for
T, = 0,0.25,0.5,0.75, and 1.0.
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Fig. 6 The polar diagram of rms acoustic pressure
of two-dimensional acoustic scattering on the circular
cylinder, sampled at 7 = 10D. Numerical and analyti-
cal results are compared.
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Fig. 7 Grid resolution dependence of discretization
error for acoustic scattering on the circular cylinder.
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JAXA-ONERA-DLR: Results of Phase I
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ABSTRACT
A collaborative research on optimization of a main rotor blade for helicopters by JAXA, ONERA and DLR is underway. As
a first step, blade optimization method with five design variables is explored by dealing with hovering conditions. Optimizations
and simulations are carried out by each agency with their own analysis codes and these results are cross-validated. This paper
presents an overview of the project and an interim report on the results obtained so far.

1. Introduction

Helicopter blade design has advanced dramatically over
the past decade with the rise of optimization tools. The three
organizations, JAXA, ONREA and DLR, have been
engaging in the research and development of the blade
optimization —methodologies based on multi-fidelity
analytical tools for multi-objectives. A collaborative study is
currently underway to  share  knowledge and
recommendations for best practice guidelines on single- and
multi-objective optimization methods for aerodynamic and
acoustic design as applied to rotor design. As the phase I of
this trilateral study, we compared and verified the multi-
fidelity analytical tools and the optimizers in each agency.

In the field of high-fidelity aerodynamic rotor blade
optimization, there are currently two major routes observed:
The first approach relies on gradient based optimizations,
where the computational fluid dynamics (CFD) solution is
adjoint to cost-effectively retrieve the flow gradients. Recent
examples are given by Fabiano and Mavriplis P and Wang et
al. 2. Both of these examples optimize the HARTII rotor
using 95 and 79 design variables. As opposed to the gradient
based approach, which may be difficult for multi-objective
optimization, the surrogate based approach allows handling
multiple functions independently of each other. The idea of
the surrogate model is to approximate the simulation code
through simple mathematical relations. This allows us to
quickly search the optimal location in the surrogate model to
find the optimum. Often, this approach is applied iteratively,
where the surrogate model is successively improved by
adding more samples to it. This is the fundamental idea of
the EGO algorithm *. All three partners have applied their
versions of this approach in the past and thus these are briefly
reviewed for the second optimization approach.

In JAXA, optimization studies of blade shape have been
conducted basically based on high-fidelity CFD last few
years ¥ ¥ 9 Thanks to the Kriging surrogate model,
optimizations have been successful with a small number of
simulations necessary. Most recently, JAXA has improved
blade designs in forward flight with high advance ratios
using numerical optimization.

Since the last decade, ONERA has developed

aerodynamic optimization procedures including low fidelity
and high fidelity, thanks to the development of surrogate
models based on Kriging and Co-Kriging methodologies.
ONERA and JAXA set up their own optimization procedures
based on Kriging methodology conducting CFD calculations
for a hover configuration . More recently, for an advancing
flight configuration, Bailly ® has shown the importance of
taking into account three-dimensional unsteady effects to
correctly design a complex geometry blade planform (with
sweep evolutions), thanks to Co-Kriging method used in the
optimization procedure. This methodology appeared very
efficient to design a realistic blade, with a limited number of
CFD computations (based on CDS/CFD coupling).

On the DLR side, aerodynamic rotor optimization using
high-fidelity CFD dates back to the works by Imiela ?. He
was among the first to perform fluid-structural coupled
simulations during the optimization and proved that a
different rotor may be obtained if not considered. This
approach has been successfully applied Imiela and Wilke '?.
As the overall computational cost of the optimization is still
high despite the acceleration using surrogate models, Wilke
1D adopted a methodology to incorporate data from
simulations of different fidelities to accelerate the approach,
which could reduce the cost of the optimization by up to 69%.
He enhanced the optimization process to cope with multiple
objectives to retrieve a Pareto front.

In this paper, the results of phase I of the cooperative
research to date are summarized. That includes the cross-
validation of the performance prediction accuracy of the
low/high-fidelity analysis tools and optimization algorithms
owned by each agency.

2. Optimization methodologies

2.1. JAXA

JAXA uses a Genetic Algorithm (GA) optimization within
the Kriging surrogate model. The Kriging model can model
not only the distribution of the function values themselves
but also the uncertainties that may be included in the
estimated function values using algebraic expressions.
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An index called Expected Improvement (EI) is employed
to evaluate the location of the next sample point. The EI
balances the actual prediction value and surrogate model
error to exploration and exploitation. In the EGO ¥ method,
the response surface is reconstructed by adding new sample
points that are likely to be better than the current value. More
detailed settings of the GA and Kriging model are noted in
the references 1219

2.2. ONERA

ONERA has developed the KORRIGAN in-house code
which can build Kriging and Co-Kriging surrogate models ®.
The Kriging methodology is based on the statistical
interpolation method suggested by Krige!”, and
mathematically studied by Matheron'>. Within the
framework of this study, the Gaussian kernel is chosen as the
correlation function. The internal parameters of this function
are determined by a genetic algorithm implemented in the
code. This GA is also used to search for the minimum of the
model, and for the maximum of the Expected Improvement
(EI) '9, thanks to an Efficient Global Optimization (EGO)
algorithm. The sampling is enriched by the real evaluation of
these points, to improve the accuracy of the model.

The idea of the Co-Kriging is to use all available
information to estimate unknown high-fidelity simulation.
The basic Kriging formulation has been extended by many
authors to combine multiple levels of simulation to create a
more accurate or less expensive high fidelity model. ONERA
used the Kennedy and O’Hagan approach '”, based on an
auto-regressive model which consists in approximating the
high fidelity model by multiplying the low fidelity model by
a scaling factor, and by adding a Gaussian process
representing the difference between the low and high fidelity
data. As for the Kriging procedure, the sampling data are
updated with real high-fidelity estimations of the goal
function successively for the minimum point of the model,
and the maximum of the Expected Improvement point.

2.3.DLR

The method applied here is also based on the EGO
approach by Jones et al. ¥ and has been implemented into the
in-house Powerful Optimization Toolkit with Surrogate
Models (POT with SuMo) 'V. A hybrid optimization to find
the maximum Expected Improvement is used. First the
Differential Evolutionary algorithm by Storn and Price is
started '®, which locates the global optimum. It is then
further refined with the Simplex algorithm by Nelder and
Mead . Failing rotor designs are handled through the
‘crashmap’ approach. Instead of using a penalty function in
the goal function surrogate model, a separate surrogate
model is used which simply records whether the design has
been successful or not. When searching for the Expected
Improvement, it is then multiplied with the probability that
the simulation will be successful. In this scenario,
untrimmable rotor configurations have been considered as
failed designs. By using the crashmap approach, a failed
simulation is only inserted into the constraint surrogate
model, but not into the goal function surrogated model,
where only successful designs are recorded, keeping it
untainted.

3. Simulation Methodologies

In the process of optimization, a method to evaluate its
aerodynamic performance is necessary, and simulations of
various fidelity levels will be used. In this study, two levels
of simulation, low-fidelity and high-fidelity, are used to
evaluate and optimize the aerodynamic performance. In this
section, details about the simulation tools of each agency are
provided.

3.1. Low-fidelity method

3.1.1. JAXA

JAXA has developed a simple analysis method for rotor
performance based on blade element momentum (BEM)
theory. The aerodynamic forces are calculated by finding the
angle of attack based on the twist angles at each blade span
position and the inflow direction, and by referring to the
airfoil look-up table for the corresponding drag and lift
coefficients. From the calculated aerodynamic forces, the
induced velocities on the rotational plane are calculated
using the momentum relation and feedback is iterated until
converged. The blade lead-lag motion is set to zero and the
elastic deformation of the blade is not considered.

3.1.2. ONERA&DLR

Both  ONERA and DLR performed low-fidelity
simulations with the HOST comprehensive code developed
by Airbus Helicopter’”. The elastic model uses the
assumptions of a long and slender beam, discretized along
the pitch axis as an assembly of rigid segments with the
elastic properties contained in the joints connecting them.
The induced velocities are modeled with the finite state
inflow model, called FiSuW 2V, developed at ONERA.

During the optimization procedure, the blade planform is
modified, leading to a change of the structural data (mass,
inertia, stiffness par unit of length). ONERA developed an
updating procedure of these structural data 2%, based on
analytical polynomial laws that describe the evolutions of the
stiffnesses, the mass and the inertia per unit length with
respect to the chord and the thickness distributions of the
profiles of the blade. Some analytical corrections are also
performed to adjust the elastic axis and the gravity center
axis with respect to the pitch axis.

3.2. High-fidelity simulations (CFD)

The high-fidelity simulations are carried out by using CFD
solvers developed by each agency. From the point of view of
computational cost and sufficient accuracy, (U-)RANS
(Unsteady Reynolds averaged Navier-Stokes) was chosen to
carry out the simulations. Table 1 shows a summary of the
CFD conditions adopted by each agency in this study.

Each agency has a different CFD solver. So it is necessary
to prepare a computational grid of comparable quality to
obtain consistent results. Certain mesh standards have been
agreed upon, while the final implementations of them are
given in Table 2.
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Table 1 : Main difference of CFD methods between each

agency
JAXA ONERA DLR
(rFlow3D) (elsA) (FLOWer)
4% order
. 4" order 27 order cell-
S(f)r?itéil FCMT+SL center 2\2{?1
AU Jameson SLAU2
Implicit Euler 5 stage RK
Time LU-SGS scheme + + implicit
integration 4 stage RK Gear sub- residual
iterations smoothing
SA-R +
Turbulence SA-R Kok-SST ~ Empirical
model o
Transition
ot Rigid Elastic Elastic
. Chimera Monocoque
Chimera (blade+back el
Grid setting  (blade+back adetbackgr (single
d) ou‘nd). bl.ad§
groun Periodic periodic)

Table 2 : Grid settings used by each partner

JAXA ONERA DLR
Grid points in
chordwise 161 218 161
direction
Grid points in
spanwise 121 194 161
direction
bGrid points in 50 35 ~35-60
oundary layer
Y+ of the first
cell in the <1 <1 ~1
boundary layer
Farfield
distance 100R 6R 6R
above the rotor
Farfield
distance below 100R 6R 6R
the rotor
Farfield
distance in 100R 6R 2.5R
radial direction
9~100% | 100%
Grid resolution 20% in circumferential c1rcumferent
far wake region ~ all 11% vertical ]ga%
in chord length ~ directions 8% radial vertical
9 % radial
Total # of cells 16 M 10.3 M 44 M

3.2.1. JAXA : rFlow3D

The CFD Solver for rotorcraft (rFlow3D) has been
developed in JAXA. The governing equations are the
compressible  Navier—Stokes  equations, which are
discretized using a finite volume method. By adopting the
moving overlapped grid, rotational movement of blades can
be solved directly. By coupling an all-speed scheme mSLAU
) and 4th order spatial scheme FCMT Y, low dissipation
calculations are achieved over a wide Mach number range.
The total forces and moments in each spatial direction are

trimmed. Basically, a Chimera grid setup with a background
grid and a moving blade grid is used for calculations. For
time integration, a 4 stage Runge-Kutta is adopted for the
background grid and a dual-stepping LU-SGS implicit
method is used for the blade grids. The Spalart-Allmaras
turbulence model with rotational correction (SA-R) > is
used as the turbulence model for the RANS closure.

3.2.2. ONERA : elsA

The High fidelity computations are performed using a
loose coupling procedure between the HOST comprehensive
analysis code * and the CFD solver developed at ONERA,
called elsA 29. The HOST calculations provide the trim and
the elastic deformations to the elsA code, which feeds back a
three-dimensional correction on the airloads to HOST. The
three dimensional unsteady Navier-Stokes equations are
solved by the cell-centered second-order Jameson’s scheme.
The time integration is performed by an implicit Euler
scheme with Gear sub-iterations. The time step is equivalent
to 1 deg of blade rotation. The turbulence model is Kok’s k-
Q7?7 with Mentor’s shear-stress transport (SST) corrections
28 The flow is assumed to be fully turbulent. The grids are
generated using the Chimera technique. A multiblock
deformable mesh of O-H type is generated around an isolated
blade, containing almost 3 million points. This mesh is
immersed in a background quarter cylinder grid, containing
7.3 million points. The total mesh contains 10.3 million
points (considering an isolated blade). The following
boundary conditions are applied on the different surfaces of
the quarter cylinder : inviscid wall conditions on the internal
surface, Froude conditions on the external, lower and upper
surfaces to limit the recirculation areas in the computational
domain, and periodic conditions on the lateral surfaces.

3.2.3. DLR : FLOWer

The legacy CFD solver FLOWer 2” is applied here. A first
order dual time stepping approach is utilized with a 5 stage
Runge-Kutta scheme using implicit residual smoothing. The
spatial discretization of the inviscid fluxes is similar to
JAXA’s approach: The SLAU2 scheme by Kitamura et al.
is applied with the 4th order FMCT reconstruction by
Yamamoto et al. 2¥. To further reduce numerical dissipation,
the minmod limiters have been exchanged with van Albada
type limiters. The chosen turbulence model is SA-R by
Dacles-Mariani et al. 2. Empirical transition criteria
employed as suggested by Heister 3%,

The CFD simulations are fluid structurally coupled and the
whole process is depicted in Figure 1. The in-house grid
generation G3 generates a monocoque periodic rotor mesh
using transfinite interpolation. Then, HOST is called to
compute an initial trim state and deformations, which are
then coupled with FLOWer airloads using the delta airloads
approach 3V,
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Figure 1: DLR's rotor optimization process

JAXA (chimera, 2 backgrounds + blade)

ONERA (chimera, 1/4 periodic BK + blade)

outflow plane

inflow plane

Euler wall

DLR (split in the middle)

Figure 2 : CFD grid around blade

3.3. Reference rotor test
The blade of the HART 1I test *? was used for the baseline
simulation and optimization. The experimental setup of

HART 1I is described in Table 3. In this test, 40% down-
scaled model of the Bo105 main rotor was investigated in the
open jet test section of DNW (German-Dutch Wind Tunnels).

Table 3 : Specifications of HART II rotor 3?

Number of blades 4

Airfoil section Modified NACA23012
Radius R [m] 2.0

Solidity & 0.077

RPM 1042

Tip Mach number My, 0.641

Root cutout [m] 0.44

Chord length c.ef [m] 0.121

4. Baseline simulations

The accuracy of the BEM and CFD simulations were
cross-validated through the analysis of the HARTII rotor
described in chapter 3. In this study, the hovering condition
were analyzed and compared with the figure of merit.

4.1. Low-Fidelity Methods

The changes in thrust T and torque Q of the HARTII
rotor through the collective pitch angle sweep are organized
in Figure of merit (FoM), which is the hovering efficiency.
The formulation is shown in Eq. 1 and Eq. 2. Where, a,, is
the speed of sonic, Cr and Cq are thrust and torque
coefficients.

T Q

Cr= ————, Cq= —rs
' pnR?aZMZ,’ YT pmR3azMZ,  Eq.l
C3*
FoM = ——
Eq.2
V2., q

The thrust-FoM curve is summarized in Figure 3. The
thrust is expressed as thrust per blade area using solidity. The
design thrust (Cr/o = 0.1) to be optimized in this study is
illustrated as an auxiliary line. The overall trends in the
analyses are similar, and the design thrust values of FoM are
66.9% for JAXA, 65.4% for DLR and 67.6% for ONERA,
respectively. Compared with the experimental data 33, the
tendency of overestimation was observed in each case with
small thrust conditions. This is especially noticeable in
JAXA’s case and it is partly due to the fact that an ideal flow
tube is assumed in BEM that does not take the presence of
blades into account.

0.8
— L R e v~ e
=06 '
5 0.5
% 04 ----JAXA-BEM
3 03 ====-(0ONERA-Finite State
Lo ===-DLR-Finite State
Eﬁ 0.2 ——design thrust (CT/e=0.1)

0.1 —+— HARTII exp.

0

0 002 004 006 008 01 012 014 016
CT/o

Figure 3 : Figure of Merit by Low-Fidelity methods
(Experimental data are from3?)

The distribution of the thrust in the spanwise direction is
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compared using the blade loading coefficient C,M?, which
is defined in Eq. 3, where N is the normal force acting on
the blade element, c¢ represents chord length and dr is
width at each radial location.

N
CuM? =

5 pazcdr Eq.3

Figure 4 shows a comparison of C,M? distributions under
the design thrust condition (Cy/o = 0.1). Almost identical
solutions are obtained for the region from root cut (r/R=0.22)
to 1/R~0.9, indicating that the difference in FoM shown
earlier is caused by the treatment near the blade tip. The
JAXA BEM code assumes a rigid rotor, while the HOST
code used in DLR and ONERA takes into account the elastic
deformation of the beam model. This shows that for the
present rotor, the elastic deformation has small influence on
the performance.

0.3

025 | T JAXA-BEM .
----- DLR-Finite State 41

0.2 iy Pt

i ONERA-Finite State Yy 14
— = i
Q05 i
S o1 :
o 3
0.05 !
A ‘—‘,o ‘l

0 . L
0 0.2 0.4 0.6 0.8 1 1.2

/R [-]
Figure 4 : Blade loading coefficient C,M? (by BEM)

4.2. CFD

As with the low-fidelity methods, the Figure of Merit of
the hovering condition was calculated by CFD and is shown
in Figure 5. In addition to the design thrust of Cy/0=0.1, the
target thrust was set in increments of 0.02, and calculations
were carried out at each agency. Figure 5 shows good
agreement over a wide range from Ct/0=0.02 to 0.1 of the
design thrust. On the other hand, in the range Ct/0>0.1, the
collective pitch of the blade is large, it reaches detached flow
condition and quantitative differences can be seen. Despite
the same turbulence model applied between JAXA and DLR,
a clear difference is seen in the thrust range. However, the
result of ONERA shows a trend similar to that of JAXA,
regardless of the different turbulence closure. As will be
discussed later, the difference between DLR and JAXA for
the high thrust ranges may arise from the different vortex
preservation. The stronger vortex preservation of DLR leads
to a strong separation at the blade tip past the design point,
which is less severely captured by JAXA. Normally, the grid
resolution is relatively coarse for CFD based evaluation for
optimization to avoid increased computational cost, and the
results in such detached points are likely to have many
uncertainties. This should be kept in mind when setting the
target operating conditions for the optimization. The design
thrust values of FoM are 67.9% for JAXA, 68.9% for DLR
and 65.0% for ONERA, respectively.

0.8

— 0.7 |

= 06

—

g 0.5

= ooa —— JAXA-CFD

3 03 —8—DLR-CFD

!E:h 0':) —8— ONERA-CFD

> I A I B et design thrust (CT/g=0.1)
0.1

—a— HARTII exp.

0 002 004 006 008 01 012 014 0.16
CT/o
Figure 5 : Figure of Merit by CFD (Experimental data are
from 3?)

The blade loading distributions were then checked to
further discuss the differences in CFDs for each agency
under the target thrust condition of Ct/o = 0.1 (Figure 6).
The peaks are found at 95% of the span in all CFD cases,
with the DLR and ONERA cases being in good agreement
and the JAXA case having slightly smaller value. In the
80~90% of the span, the JAXA and ONERA cases gain more
thrust than the DLR. In addition, the ONERA case has
smaller values than the other two agencies in the low speed
region near the root of the DLR.

0.35
0.3 — JAXA-CFD
035 —DLR-CFD
— —— ONERA-CFD
L2
(]
= 015
=
© o
0.05
0
0 0.2 0.4 0.6 0.8 1 1.2

/R [-]
Figure 6 : CnM2 spanwise distribution (in design point
Cr/o =0.1)

One of the uncertainties included about the aerodynamic
performance near the blade tip should be the effect of tip
vortex interference. Figure 7 shows a visualization of the tip
vortices generated from the blade (In Cy/0=0.1) in terms of
vorticity. The tip vortices generated from the previous blade
passed around 1/R~0.9. The smaller peak of C,M? in
JAXA’s case in Figure 6 may be due to the relatively small
resolved vorticity. JAXA used coarse resolution of the
background grid of the vortices, where resolution was 0.2
times of the blade chord. Furthermore, the adoption of the
chimeric grid system reduced the vorticity due to data
interpolation between the coarse background grid and the
blade grid.

On the other hand, ONERA uses a higher background grid
resolution and DLR adopts a single quarter-periodic grid,
which results in a higher resolution. Assuming comparable
computational cost per grid point, the monocoque periodic
meshing approach has advantages of preventing the decay of
vorticity because there is no interpolation of data between
grids and a higher resolution is attained for the same number
of grid points.
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Figure 7 : Vorticity contour in 1/4 rotational plane at Z =
0.1m under design thrust condition (Cy/o =0.1)

Furthermore, the distribution of the blade loading is
investigated from the distributions of pressure coefficient Cj

and skin frictional coefficient C; on the blade surface at
r/R=0.87 as the representative span position (Figure 8). The
horizontal axis takes the chord direction coordinates from the
leading edge and is normalized by chord length. The
definition of each is shown in Eq. 4. They are normalized by
dynamic pressure at each span position,
P T
Cp=7"—"— (=5—""
2 PaLM2, pazmz, Bt
where M, is the local Mach number at the section. These
distributions show a significant difference in the use of the
turbulence model between JAXA and ONREA, which are
calculated under fully turbulent conditions, and DLR, which
used an empirical transition model.

Especially in the region of x/c<0.2, the skin friction in the
DLR case is noticeably smaller than the other two, and the
same trend is observed as the trailing edge is approached,
which indicates that the application of laminar flow
calculation through the use of the transition model reduces
the overall predicted torque. That is the main reason for
higher FoM than JAXA and ONERA’s case.

—JAXA-CFD
——ONERA-CFD
—DLR-CFD

-0.2 0 0.2 0.6 0.8 1 1.2

0.4
x/c[-]
Pressure coefficient

-0.2 0 0.2 0.6 08 1 1.2

0.4
x/c [-]
Skin frictional coefficient
Figure 8 : Chord wise aerodynamic distribution at r/R=0.87
under design thrust condition (Ct/o = 0.1)

5. Rotor optimization

5.1. Optimization parameters

When considering the design of the blade shape, there is a
wide variety of design variables which include chord length,
twist, dihedral/anhedral and forward/backward sweep angles.
In addition, these variables are usually distributed with
respect to the blade span, so there is an almost infinite
number of conditions.

Therefore, it is important to set up search conditions that
allow the objective function to vary significantly with fewer
design variables in order to solve the optimization problem.
For the hovering condition, the objective function is the
hovering efficiency (Figure of Merit).

In this study, the twist and the chord length at radial
positions are used as design variables that have a significant
impact on the hovering performance. This limits the degrees
of freedom. Cubic spline interpolation is applied for the
parameterization. The design variables are summarized and
shown in Table 4 and Figure 9.

Table 4 : Design variables

Variables Control Points Constraints
0, /R =0.875 -5~5°
0, /R=1.0 -10~10°
T - 0.65~0.85R
cq r=r, 1.0~1.5¢pef
[ /R=1.0 0.5~1.0¢ et
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Figure 9 : Design variables for optimization

5.2. Optimization results

An exterior view of the planar shape of the blades derived
by each agency is shown in Figure 10. All partners retrieve a
similar blade design.

Root <« — Tip

Baseline (HART II)

JAXA-opt (BEMT based)

ONERA-opt (Finite state based)

DLR-opt (Finite state based)

Figure 10 : Optimized shape by each agency

The values of the design variables derived from each
agency’s optimization tool are shown in Table 5 and the
chord length and twist angle distributions obtained through
the spline interpolation are shown in Figure 11.

The chord length distributions are almost identical with
only a slight difference in the design target section position
7.. The twist angle distributions are consistent with the trend
that the twist angle is sharply decreased toward the blade tip,
with values of -4.7° at the tip for ONERA, -5.7° for DLR and
-8.1° for JAXA. The larger value in the case of JAXA seems
to be the effect calculated in the rigid rotor condition as well
as the use of a different inflow model. When the angle of
attack is a positive value, the pitching moment lowers the
pitch angle and thus the elastic twist of -1.8° adds on top of
the rigid twist for DLR and ONERA.

Table 5 : Design variables derived by optimization (based
on low-fidelity methods, values are rounded off)

Variables JAXA ONERA DLR
6, -1.3° -0.85° -0.54°
0, -8.1° -4.5° -5.7°
T 0.68 0.65 0.65
c 1.0 1.0 1.0
[ 0.5 0.5 0.5

1.4
13
12
I
=11 \
E[ 1
Oooo T
_;5 08 ——ONERA
C 07 —JAXA
0.6 —HARTII
0.5
0.2 0.4 0.6 0.8 1
/R[]
Chord length

0.2 0.4 0.6 0.8 1
/R [-]
Twist angle
Figure 11 : Span-wise distribution of twist and chord length

Finally, the Figure of Merit of optimized shape and their
improvements from the baseline shape in design thrust are
shown in Figure 12 and Figure 13. There are no cases where
the FoM in the baseline shape exceeded 0.7 in both BEM and
CFD. However, in the optimized shapes, results exceeding
0.7 are confirmed over a wide range of thrust conditions.
Comparison in the design thrust condition shows significant
of hovering performance: 0.770 for JAXA, 0.770 for
ONERA and 0.775 for DLR respectively.

0.8 ____..+w:e'r'£-;?;_;;';;=-_‘
— 07 /f"" o
= 05 7
g 05 /
5 04 /2 JAXA-opt
@ 03 g - ONERA-opt
B 02 ;( ----DLR-opt
= o0l ;( —— design thrust (CT/g=0.1)
0 ¥
0 002 004 006 008 01 012 014 0.16
CT/o
Figure 12 : Figure of Merit of optimized shape (by JAXA’s
BEMT)

This document is provided by JAXA.



66 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

baseline ®optimized
0.8 0.770 0.770 0.775
0.75

=
-1

0.665 0.677

0.65 7

0.55

0.45 %
0.4

JAXA ONERA DLR

n

Figure of Merit [-]

Figure 13 : Improvement of FoM at design point C;/o =
0.1 through optimization

6. Concluding remark

As the first step in the optimization study of helicopter
blades by JAXA, DLR, and ONERA, mutual verifications
were performed as for low-fidelity (BEMT and finite state)
and high-fidelity (CFD) analytical tools and optimization
algorithms. Through validation calculations using the
HARTII rotor as a baseline, it is confirmed that the agencies'
low-fidelity and CFD aerodynamic evaluation methods show
similar trends under a wide range of thrust conditions. In
addition, quantitative comparison of the analysis results
confirmed the influence of differences in detailed condition
settings on the aerodynamic evaluation tools such as elastic
deformation, grid and turbulence modeling etc. in CFD. For
the validation of the optimization tools, the hovering
performance was optimized by using low-fidelity
aerodynamic evaluation tools. As a result, almost identical
blade planform geometries were obtained from each agency.
This means that a comparative validation of both the
optimization method and the analysis tool (BEM) was
possible. Although the optimization using CFD as an
evaluation tool was not performed at this time, it will be used
in the future when optimizing the geometry with more
complex parameters such as dihedral/anhedral and
forward/backward sweep angles.
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Various Combustion Modes in a Scramjet Engine Simulated by CFD

KODERA Masatoshi (JAXA), TOMIOKA Sadatake (JAXA),
MUNAKATA Tohsihiko (Hitachi Solutions East Japan), MITANI Tohru (ex-JAXA)

ABSTRACT
In this study, three-dimensional CFD analysis was carried out for a hydrogen fueled scramjet engine tested at the Ramjet
Engine Test Facility (RJITF) under Mach 6 flight conditions. As a result, for a fuel equivalence ratio of 0.3, various combustion
modes were observed depending on the combustor wall temperature, operation of igniter, presence of water vapor in air

conditions as well as initial solutions. Those combustion modes were classified into 4 groups: Partially-anchored, Fully-
anchored, Partially-blow-off and Blow-off modes, from the point of view of flame anchor point, and were investigated in detail.
In addition, it was demonstrated that several combustion phenomena occurred in the RJTF tests corresponded to one of them.

1.IXT®IC
FHBHRITI 72 R A I 2, RIS X BB AT
HALLTNDE, 20X ) REROT T, S5 FH
BRFE OIEME(LICIX, Wk AT ADOKRIEZ R 2 2 hHIE
DUHATHY, TOEEEZ LD ONEME LR
Th b, IAXATIE, B ARFTERLES AT LAOFL
REVDMEHDINDE LT AT T ALY 2y by
YOMFEREEIToTCNWD, AT AV vy MIns
v b & U CTARERITRBEENMELS . = v Uik
DEFMENIVELTHD, E-EAZ VU VA
TALELTRZy NEAGDEDLZ LITLY., FiE
Holbizalry hOBRBEEZIKR LEREEZ Mz &
LThH, A7 T ALV xy bOEEHEIZ XV Ekae
EHHFTHZ LM TE B,
IAXKATIIZNETCHEOY T A r— o P %
RIELABRTFHEE X—IlHDT7 LYy b PV
ABEEE (RITF) DI TRRBERBR 21T > T & 7=, ¥l
HAKB LR E T L DRI T DR, &
2 v D UMEREIC DWW CiEMitani H2 2 SR I -,
RITFIIRIT~ v~ T4, 6, I Y T D RIS &1

BT DT ENFRETH D, FEIT~ v N6R T OV T,

A& KBRITL<I2H Y, £RITFCIEERZER %4

9 72 DIEE L LT H/ORBENN s & ZEVA N
A EHWI2EORIE— N (ERENVEOSTE
— R) ZEIRTE 5720, BFIREVREERS N B S
Nz, ZZTVE— FOGEE | KEAIKEOMED T 0
IV B TeTEYR e, (vitiated air) T 5 72 ORBEIC 5%
B EZ DAReMN S DY, STE— ROBGAERARMIZZ Y
— VU IRRIETH D, Kanda b id, IR 22BN H
EHTHTUUUEIERGE LTESTE— RIZBIT 5%
BERABRICEE L, "ESHREHEEOE VI L W HE L~
INTEE (R 5 2R OBRBEIERE (39R0E K OSSR
BE) BIFET D Z & &2 L72Y, Mitani HIERIxT ¥
VTCSEVE— ROREBFERZ IR L, VE— REFOE
KMEBEIZOWTERIRT DT P HNLVDFEEICE D EL 7
HT EERLEY, £ LTHE— N TREEDORE -0 272
B e, BREEIISEAITIZIEAEEIZ R > TV
ZEETRBLE, FEAAY TV TICLDELN
ToIRBRY B L RN SR DA AR B . B IRBEI BT A
WNTOHEBEEKIZEIDEHSETHD & LTz, Tomioka s 1d
BBV CVE— ROEAICTRIREEIREICBIT 5
PREEE ) ERAIER TR 7 L2 SICER L,
IR T2 D, ZOJRIKN —21IVE— FORT
VEANLNE—=RIOENT L, ZLTH ) — DS

618.4 JOO‘ 160 ) 640 ) 330 )
4 = T 1 1 1 1 Topwall
2 X YL,A Diverging Nozzle
I\ Inlet solator Combustor
LS Cowl
i Const. Area Comb.
N Sidewall .
o L i o o
7?\:1}7’7'2{7;7 ;*-7”7'87 77777777777 R S 0 A
- Igniters | Step ] -
2098.4

X1 Elx=y iR

This document is provided by JAXA.



70

NZED25DTH D Z & ZFEIR LY, Kouchi b EEL &
B o Y UEAZBE T A RITRREERER IS LT,
SE— RO T3RITCEDIENT 2 Fhi L. 59 - JaBReE
M OES A B = R D% i ~_729, F U CHREEIT RS K
PEIZ L0 BB RBIE 23T TRBE L 72 0v o 72 2
RN TH D, IS A SEREHGE, SENEOFIEE
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DR ONT=D ., AR DOFEE 51T K 53R ILCFDIRHT DR
WH, BENEEN —EICHLEbL T, = U BEmiR
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W& D RE & IR BRBEFZRE DS AL S T, & 2 TARIFZE T,
CFDIZ CTHEBE SN TR REIC B L TR —BOIZ 2038
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L. RITFRBRFE R & DL 5D TEREITH 2R
IZOWTHET 5,

e e S
S v
Mach number 5.30 5.15
Velocity [m/s] 1620.7 1746.5
Static pressure [kPa] 53 5.8
Static temperature [K] 232 271
Density [keg/m*]  0.07929  0.06987
Stag. pressure [MPa] 4.78 4.52
Stag. temperature [K] 1480 1530
O, mass fraction 0.234 0.251
H,O mass fraction 0.000 0.114
N, mass fraction 0.766 0.635

2. VUK
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KA ANLEY | 2FER2m, FEEA DB T 250

mm X fg200mmT&H 5,
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N

22 LG HE2.86 D 2% S HUA

Case Air T . [K] Initial solution PJ Combustion mode
A S 300 Air only on PA
B S 300 Air only off BO
C S T Air only on FA
D S T Air only off BO
E S 300 Case C on FA
F \'% 300 Air only on PA
G v 300 Air only off BO
H \Y Ty Air only on FA
I A% T Air only off PB
J v 300 Case H on FA
K v 300 Case I off PB
1200 1200
1000 1000 -
800 - goor [
z z
o, 600+ @ 600 _
< < —Case F
400 + 400 + ---Case G
—— Case H
o~ Case |
2001 4 2001 )/ Case ]
[ AREEEEEEE A Case K |
0 |4 s . L ) 0 4 . " .
0 5 10 15 20 0 5 10 15 20
Time [ms] Time [ms]
(@ SE—F b)) VE—F
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Mach Number
YwOm]

5.300E+00

0.000E+00

Temperature
Y=0{m]

2.500E+03
0.000E+00

Mach Number
Y=0.025[m]

5.300E+00

Temperature
Y=0.025[m]

2.500E+03

0.000E+00

(@) Case A (f:y=0m, £5:y=0.025m, F: ~ v ¥ TF: EEK])

Mach Number
Y=0[m]

5.300E+00

0.000E+00

Temperature
Y=0fm]

2.500E+03
0.000E+00

Mach Number
Y=0.025[m]

5.300E+00

0.000E+00

Temperature
¥=0,025[m)

2.500E+03

0.000E+00

(b) CaseC (Z£:y=0m., £:y=0.025m, fF: <~ v ¥, F: HEEK])
3yl B~ B ONR Sy A
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MERT 2RI TEY, EAEEORT 7T
FE32 mm DAL E L RN 2E OBREHE S L (1481.5 mm)
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T5, MxT, "M ay MREEIEDZD, BEHLE
KA _E OB T g5 iz 6fE (10£20.5 mm)
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(a) Case A

(b) CaseC

0.000E+00

-1.000E+01

0.000E+00

-1.000E+01

Mass Fraction (OH)
on Phi=1 surface

2.000E-02

Flame Index
on Phi=1 surface

1.000E+01

Mass Fraction (OH)
on Phi=1 surface

2.000E-02

Flame Index
on Phi=1 surface

1.000E+01

X4 ¢=1%Hm EOOHE &% (L) K& UFlame Index (T) 237A
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4. FERROBE
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Pressure
Y=0.025[m]

1.500E+05
—
0.000E+00

(a) =1.1 ms

(b} r=1.4 ms

(c)i=1.6 ms

(d) r=1.8 ms

(e) =2.1 ms

(f) =2.7 ms

X5 y=0.025 mWr FDJE Ji[Pa]syAii (Case K)

ZERbMNDE, A7 T ALYy b OBREEILRTR D
Kouchi 594 54 L T 5 L O IZHEHURBE S R ©
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Z L TRETRD (Blow-off: BO) &FEFR LAY 5, &
2T ORI L TV D, WRIZEDFEMIC
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BB, ZZTIIRERWA, Case FEHS EMRIICFE T
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Case ADLE . IBEESAR £ 0 ERRBEFEIRIED. C. Tk
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IR R ENTEBY, FAT—FRKEEX D, £LT
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HEES 2L — gl F s VRO L 2020 Ao T4 i3 4E 73

Flame Index
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(b) r=1.4 ms
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————
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X6 3=0.025 m#iEH O Flame Index/y /i (Case K)

T VEER N AT S 2 LI k0 RRASE AR TR D K
FRELOBRFE KL, RELELOTHD, v v
AiERA & KSR ER AR L B, £
WIZRAHEDOD. C.FHgIZ®H 5, ZIITREEIC L AR
ELERICI D FHEIEINLERTHY ., EREOK
HBARHBEC L2 b0 TiEARY, B, /INEB A Rk
VERW AR D =2 —F —ZFET D,

—J7FAE— RiZ. CombustorBE &R E 2 &7 L. AIHK
BRENO I o VA OBEL R ZE K LT Z L3RR &7
D, BERBHEEOKE L FONETORS - BREEOMH
HAERSZ# LT, B KR 58 N OBREE % (it
ESETER, PAT— R OEBEBLTEL TS, <
N E LD & KRBy =0 mFrm Tix A T v
Mg D 2 AV AT E T, y=0.025 m#r TrxC.
C.EUD. CAZB W T KRB 2 i FHk 2 L Tk v |
F 720 UIVETRRAT UL §y=0.025 mif CHE HE
Roivd, T 6HEEEEEOWNIICHA A LT
B, BEREORBELHBEC L VBRI b DT
BB, RBIRENIE2EEE S mE R AT,
HPHZEITA U TORY,

PAE— R K UFAE— ROKBADOBRBEREIL T, /3
Aay MREHZE D KEBPREOFERTHD, —F
TFAE— RO U VAU O RGeS E R B e 36 &
CAT v 7 ER OB BIRROEBERTH D, =
DL EMRIT DD, KA IIRBERTRE 2T e il
E LT, BRBERTZIE L7 BT S Bk ¢ =1 0% fEE
\Z 35V 5 OHE & 43 38 75 4f o 'Flame Index'® 45 Afi %
Case AL CENEFIUIZONWTRT, Flame Index (Grp)
DEFRIILUTO®EY TH D,

Gro = VYy, - VYp, (1)

I CVLIIBIEFEOEESRAM TH 5, B I,
GroWIEDOBATIRA KK L2  AOEAIEE &
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t= 1.6 ms

t= 1.8 ms

|
0.000E+00

0.000E+00

Damkohler Number
on Phi=1 surface

1.000E+02
N

Damkohler Number
on Phi=1 surface

1.000E+02
-

7 =1l LD X Nr T —8557 (Case K)

725,

PAE— RDEE. D. CATHE DO RIIANZIE DGy 53
NROIN., ZOE FRICOHSAA NN - TWNWD Z &M
5, FIRAKENPERLESN TWHDEDORHERTE S, =
FUTNES SR NE CICEKEPTTRAR LR D
FTCREDETLZ LIZLD, —HFTANT v b EAIK
ORI H RIS TFIRAKEN AL D2, it A
7y MREIND RO DARICIES SN TRARICR
D, FOEFROPIZE > TS IBER ENT-H D
ThHd, ZOTIREKREKDN, Fb KO FRAEE S
ANOER SNTZKEEBERIE, BFANT v MR
BNLOEERICEVFEO NI LOD, THROTIR
BARRETT VNN EMGE LREEZIFHFLTND,

FAE— ROGE, JEHUAR BB TH D2, KRR
M OBRBEREIR O, FRBHER = v N D% TIRE
KENRRLN, TOHAICBWTRESNLTWS, %
LTENDIFIANA Yy MAREERLTEBY, REN
HEFF STV B, — 5 T 7 LRI O PRBERE R C 13RI
OHBEESERIBR L AT v 7% O G BRI OHSY
HBALN, FZTHRESH TV,

—HFAE— RNiZ7eo721% ., BFUTW=300K & LTk
RITMEFF SN, PAT— RIZCELTEZAT VT ANAS
iz, X2 X0 ETHD TR 228, Case EIZHWT
HCase C & [AREICFAT— REMERFL TV D Z &b
b, [MHBVE— FOFATHRETH 5, 2L, E
WD K 51T T AN DBRBEREI S R BRI TR K S
TWDHD BEERMET L THHRF SN 06 Th D,
ZORER, PlonTHHERY . KA OBREEREIL b HERF
b,

4.12. PR ERNE— K

X 2 T, KA VE—F, PJoff, &L Clw=Tu&
L7-Case IZBW T, AFIIfPCase D & [FAEDOMEH A 23
RoNDD, =3 msffif L V&R LFAE— NER L
NEloTnD, LLanbzokiREia A UEs
FRIZINR L2V RO ND, S 5iZCase KIZEW

TTw=300 K& L THCase FDO L 9 IZPAE— RIZITRE
59, ILICIEEEZE L TEHL WD, ZnkH Ak
KEEZ Z ZTIIPBE— N &5, ZHUIPIoffic X D K
A DO PRBEREIR DR RAERE T D31 1 v M RERD 2
W26, T OMEBICB W TRENRE RO A MY K4
ZEICEB, TS RON61Z, Case KIZEIT A=1.1,
14, 1.6, 1.8, 2.1, 2.7 msTDy=0.025 mWrik DL
KOG A% ZNTIR L, 2 DOBGROFE LR &
RAD, LB EHEBE BB TRL, B6IZ20TIE,
OHE B4y X 104, o BRBEfEI O L F R L Th
b, FTK2IZRENDEHIT, AFIE =1.1~1.6msT
TN L, =1.6~2.1 ms TIEEI, =2.1~2.7 ms TIELL#ER
H—E &7 oTW5D,

KM E 7 7 VRITRAE ORISR B O HBEC L 0 #
RS D 2 DOBEREEHN, MEmEm S FRTRETHZ
LI XY BIEEE A A E N, A TREER BN OB
BEREIR D SEBHICIE STV D FIRA kK & BRI 5
Z & T Z OB TORREE R OIS S g D HEkE A 55
B3 5 (=1.1ms) . TOBEEHERIT, BRBE & FIBED L
FEOMAMERIC XV IR ORE & R EFicBE) L.
FNIUZ X o TRIRMOBRBEREIR b BRI R L, Bk
EHALMEDEN S EFT25 (=1.1~1.6ms) ., L1
BRRLFOEEEENRESICAT v 7 Lk TS &
PREFA G SNV DHER LTI ED . ZORERXK
WA D BREE S LA IR DJE S WA ICEE T D (=18
ms) . JEAPME T 5 & KO THRA KKILE DY
FHZEEDLENTET, FTRICKERITEND
(=1.8~2.1ms) , FIDHRINTIR AT W DI FENL
BETMIND L., FERER S 912 m ANk
DK END (=2.7ms) , DL I ITKEMOREERE
WILEMIZ EFRICBEI L, REMROEHVIEL T
WEDNRDID, — 5 TH U ORBERIR X RT®R L
e X IR O HBEE RSB R A T v~ 7 E % OHFER
WMOFEICL Y R ZEIC—ERITICRE SN T
W5,

B 7\ KA D PRBEREIR 2N 2 7 > T biE5 <
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(a) CaseB

Ignition Distance
on Phi=1 surface

(b) CaseD

(c) CaseG

I
0.000E+00

1.000E-02
| )
0.000E+00
Ignition Distance
on Phi=1 surface
1.000E-02
I ____a )|
0.000E+00
Ignition Distance
on Phi=1 surface
1.000E-02

8 ¢ =15 L& Kk [m] /A7

=1.6, 1.8 msFFIZDWT, ¢ =15l LD ¥ A0 T—3%
(Da) BAi%ERT, T 2 TODa® EFHITRogers > D
reaction time (tz) V[s]Z WL FoOX @) Th 5,
Da = U/, )
Tz = 3.25 X 10~*p~16exp(—0.8T/1000)  (3)
ZZTUIRERERZ bV ORE E[m/s]. pidE I [atm],
TIXREK]TH D, BN OREREIZB T 53
FESIREEEARTEEN R EICED 572Dl mE
L7z, F7. trIFIRITTOBRBER S HREIZE W THIE
JE &R DFENS %D 595 %Il 72 B £ TORE T,
W B R AEEIZ BE L 0.5< ¢ <150 T10 %L 0%
W2 E 5,
t=1.6 msDFRFFEEE E S HRD AT » T HHIZ o =1 &
72 BIREMI AR DN S FENSIAA D . & ZIZDaD i\ OE
BaEFEFNTWS, TR GEBEL TG
PRBESEIR 2SR U, BRBHES >~ = » bRl ORI HEEk &
AT v T EROBERBEPEERLIZZ LD, L
L7273 5=1.8 msFRIZ I Z DEERIMET AR < A2 | RE)
DFNEAT v T EEDLIIEE L. BB = v b i
I TROBIZEEL TWD, ZDREDas DS &
MR KD ITHE G FLUT Tl frge LER RBEICREIT L T
Wb, —J T, BT EWDAEE MR- TEY . &
IR LB WIRRBICH D Z E b ind,

4.13. RERE— K

X 2 T, CaseB. CaseD. Case GIZEBWTAFD M
RUEWVIRERR OGN, ZOBOBRESRITZ U
HAOTZENRENL, 4, 1% Tholz, ZhH37r—2A1T
A TCPJoffOWFICIEL E TE Y | PJon TIXBEZE 2R BEN A4
CTWbhZ L et LT, BOE—RET5, Z0ikkE
DOFERIE. KB TIEPI offd 7267314 11 v b RKIT K
DURREEREN 22 . T I DE K - AR MERE
Bz bickd, £ CTRI8IZIFr—ADEH KMERES L
B9 570, o=1"%fEME EOLLTFTOXTER S NIE
KEEEE (X)) [m]oAn 2",

Xig =uUX Ty “4)
Z ZCulT TR R E [m/s] 1y, 1358 KEALRFI[s] T
Colket 5N FEERT — Z N HROTZLLTF OB LY
B LT,
Ty = 1.6 X 107 "*exp(19700/RT)[0,]* 5)
Z 2 CRIT— RS E B I/K/mol]. [0,]13BRsE £ L&
[mol/em®] CTdh 5, AFHEAZITp=1atm, T>1000 K THEER
FT—HERW—HKERL TS,

Case B} ’Case GTIED. C.}& UNozzle THiEEILKIZ
X BWE - JES O T RO OB X 0 KRR
EBREX N ARICEL R TV D, REIEA T v
kO 7 VR DS D OFEFE S O A QYK O BT R

This document is provided by JAXA.



FHTMTZE T B AR AR BIE B JAXA-SP-20-008

76
0.05 ¢
S-mode top —Case A
Case C
0.04 Case E
Exp.
Isolator
0.03 &
g Inlet C.C D.C
=
& 0.02
VL: """" - .‘anzlc,
0.01 i
-r.?‘-‘ | Ir\_a\ S N o
3 | U.'\J—-—-—f —
0 . ' .
0 500 1000 1500 2000
X [mm]
(@) SE—F (f&: RO, A D)
0.05 - T
V-mode top —Case F
Case H
0.04 Case J
ot Case K(t=2.2ms)
Solator
Exp.
o 0.03 & 2R
& Inlet C.C. D.C.
=
& 002}
j‘r | MNozzle
0.01 f ¢ f!ﬁ.l\\ .
(e e e O
ol || 1:.'\_,-- ~ 2
0 Fa¥s - b} .
0 500 1000 1500 2000
X [mm]

(b) VE—F (F : KPODRR, A B O

0.05 T : .
S-mode side —Case A
Case C
0.04 Case E
Isolator Exp.
0.03
g Inlet C.C D
= 113 A
&0.02 Ei
ili Nonle
0.01 + \
,J A /_/ \
0 @
0 500 10(}0 1500 2000
X [mm]
0.05 T - r
V-mode side Case F
Case H
0.04 Case J
Case K(1=2.2ms)
Isolator
003f .
g ' Inlet C.C. . DC
3 ~
002t N
R Nozzle
0.01 ‘!{”\\
0
0 500 1000 1500 2000
X [mm]

X9 CFD & RITFAESROBETE /34012 L 5 ki

J& DRI L 0 H X, 03 < KPR RS, /8
A7y MRRBRI2NTZDHREKTE R, —JFTCase D
T AMLD27r — 2 L L CD.C.HHR L W Fiob v
MAITX WL 725 T D, ZAUETwe=Taa TEESYE W
DLV RIS > TRIERUSPEA TR E LT, £
DOEBIZBWTRE - EONnER L0 THS, L
LM BREERE S LTIbT N TH Y, mial L7z
U PRI R BAR, L7223 o T o AR OB AN R e

WCEDHEEDOREICL > T ERO AT v 7 E % OEE
BRI E %LT%J{‘?‘%) ITESZ2V, 728, Case B&
Case G#x LIk L7 56, &REICEBI Lenfi & e
TV 53, Case G@jiybﬂ‘,%uwom%’ﬁ{m KU Xy 5T
B IR TWABDNbND, LIzd-> T, Case I ClIEE
RERTRIEN IV EWZ LICKDHERET, Iy
I DOBREIES ZRIC L VT WEFTTE K « BREEL . R
BE & HIBESR S DR R LR CIRRIEE 2 R L.
EHESIOPBE— R~ BB LT,

4.2. RITF R R DB

9 12 KM S OMEIRR HP D B D BEE 3 AR 12T
CFD & RITF B R o2 R~9, 2 2T, BEEIX
EFRE (P) TEXKTTL SN, RRSAIL. A RT >
N STFEET D5 TlE y=0.025m TOETH 5, £7=,
CFD {22\ TiX BO B— RZ < & TOMRBEZRRIZHY
TAHRERE TR L, PBE— FIZ DWW TIX CaseK @ z—2.2
ms BEOFERDOH AT LTWD, 728, RITF RBRITE

ABIZPIon & LCREBRESNL TV,

KF S T — ROEE, RITE RERIC IV THERIRM
BE L MIN TV BRIT, Aiwick )5 FA £— KT
H5, X9 XV CFD #EH D FA =— F (Case C XX
Case B) RITFfERE RS —HLTWHDOR LMD,
— 5 CRERFIIREE & FRIE N WV SIT, RERICH T
H5PAE—FRTHD, K9 LV Case A DPA E— RiZ
DWW, ARlOBREHRETIX RITF B & ix—# L T
W72 WS, BINROIE Y ZIRBER D TIREG KK L7 - T
W5 Z LB Kouchi B QDOAEIZ X 0 958 BEICH Y 5
%, VE—KRIZBIT D Case F LRETH D,

WIZZWEH V E— ROHE, RITF 3B ClrIfekin
RBECTH DD INENNH D & SN TWIZEHRIT, K
MZEBITH PB E—RNThHD, XKI9LVD FA E—RFD
CaseH XX Case] TlX, VE— FIZBIT 5 C.C.TOE
MR TFICBA L, RITF BRERFE R & R 55 o nvim ST
W5, Case ] DA, M A DR EOBREEIC LA E)
BB OEBIICOWTRITF R E —H L TWVAH A,
KA OHE E T C. CATBWTEAE T &/ 3
LTW5, CaseH Tlt., &SI F AR EIZBWT
H RITF F%@Fﬁi BNE—FHL T, ::
T, TOEMITET B RITF RBRICHOWTIE, EBIC
PJ N IEH | 1’!5@1 Lfoerbxo T Z EBHBIL TV 5, Lf_
235 T PJ off TRASIDEHZA T % PB £— RITH
T 5, FEEL. PB E— R Case K TIXBRHMETIZIH S
NEIITRENTWS X HIZ RITF R L —#+ 5

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 77

N D, 7272 L RITF#RERTIX PB — FIRFIZA T2
500Hz LA_EDZEENZ W THRRZEBEERITEIZ X 2 A,
W7 T RS OHIROCINEENICL Y RETH

ST,

5. 800
JIAXADWIZEIAK BB A T LY =y by

E1D~ v ~IRBERBRIZ /G L 72 3R SECFDARAT % S fi

L. BRERY 03D &M T, Rt BEmIREE . & K4R

(plasma jet igniter: PJ) & QYK H DK RSO HE, 4]

W OBE N L DMAEE TS —2ADHEZITO,

KRx R BEE B A BIEE LTz, 2 2 CRIRHICKAER A

BERVGENSE— T, FLHANVE—FTH D,

Z L CHRBRBEERE 2 IR R 8 OB 6 855 IR R

(Partially-anchored: PA) | 5E22f# % (Fully-anchored: FA) |

ERTR Z N (Partially-blow-off: PB) | MK Z RN (Blow-

off: BO) D4 5>DE— FNIZHHL, BLE&{T-72, L

TICHRBETEREDFIC SOV T E LD D,

(1) PAE—F:

*  Plon M OREEPMEWGAICAET D,

o TBREERENIIT VYU T IRO KB E PN D A
WZIFET 5, ZHUT El =V r O HFEEKMEN
RERNARNZ LITER L TS,

o NAmy MABHZ LD KKEPREDOEERTH
5

@) FAE—F:

*  Plon MORERMNEWEAIZAEL B,

o ERRBERENEITIAFEEHICAFAE L, KA & B o ARl
DOZFIRICREL I oD, THTEERD EF-
L. RS BN D A o7 AU DOBREE D K LT Z
ERERERY PAE— RNOEBLTAEL D,

o RHMOBRBEMEIR TIX, M vy MREHZ X Dk
RPRROFHERTH Y, —FTH UMD
FIRITHEREAE S LA T v 7 EROFIEER
BARROEERFRTH 5,

o UM OBRBEFRIR A P E BRI TR E STV
572, BERZE TS TH FA £— ROHER S
b,

(3) PBE—F:
e PJoff TR V E— R OBERENEWIESICAE
L5,

e PJoff \ZX Y KRB OBREEEIR DIREIEHE TH D
NA Ty MKRERIRNTZD . FOMmEIZ BTk
RV E RO E D K9,

e FATET— FLFEBEIC, BEIRZIKTFSETH PBE—
RIHERF S LD,

(4) BOE—FK:

o PJ off ZOBEEINMEVD, BEENRE L THEMN
SE— NOHFEIZAEL D,

o ZORFERAIE. KIMITIEPI off D72/ A 1T v b
KR L DIRRERER 2L, T UAAOE
Ko REMRE DR LTk B,

F7- RITF B CHIER S NBE L SRR L O

SHSXLL T oY Th D,

o KUIA S E— FOFE, WREE L X TV e8]
%13, FAE—RTh 5.

o FIRBE L MEIEN TWEBIUT . PA E— R TH D,
© RNV E— FOSE, MIMETH B B EURER
NHDHEENTHEHRIT, PBE—RThHD,

e
AHFFEIL, BifEEIT 23 FE 9 5 2RI
HEESIEE TPJ004596 DX EE=ZITT-HLDTH D,

BE R

() RITF BRI NV—F “TFT LV =y bVl
wfii,” W2 T BANAT JEAT @i, TR-1347, 2001.

(2) Mitani, T., Tomioka, S., Kanda, T., Chinzei, N., and
Kouchi, T., “Scramjet Performance Achieved in Engine
Tests from M4 to M8 Flight Conditions,” ATAA Paper
2003-7009, 2003.

(3) Kanda, T., Hiraiwa, T., Mitani, T., Tomioka, S., and
Chinzei, N., “Mach 6 Testing of a Scramjet Engine
Model,” Journal of Propulsion and Power, Vol. 13, No.
4, 1997, pp. 543-551.

(4) Mitani, T., Hiraiwa, T., Sato, S., Tomioka, S., Kanda, T.,
and Tani, K., “Comparison of Scramjet Engine
Performance in Mach 6 Vitiated and Storage-Heated
Air,” Journal of Propulsion and Power, Vol. 13, No. 5,
1997, pp. 635-642.

(5) Tomioka, S., Hiraiwa, T., Kobayashi, K., [zumikawa,
M., Kishida, T., and Yamasaki, H., “Vitiation Effects on
Scramjet Engine Performance in Mach 6 Flight
Conditions,” Journal of Propulsion and Power, Vol. 23,
No. 4, 2007, pp. 789-796.

(6) Kouchi, T., Masuya, G., Mitani, T., and Tomioka, S.,
“Mechanism and Control of Combustion-Mode
Transition in a Scramjet Engine,” Journal of
Propulsion and Power, Vol. 28, No. 1, 2012, pp. 106-
112.

(7) Kodera, M., and Tomioka, S., “Investigation of Air
Vitiation Effects on Scramjet Engine Performance,”
Proceedings of 32nd International Symposium on
Space Technology and Science, 2019-a-49, 2019.

(8) Kodera, M., Sunami, T. and Nakahashi, K., “Numerical
Analysis of Scramjet Combusting flows by
Unstructured Hybrid Grid Method,” AIAA Paper 2000-
0886, 2000.

(9) Wada, Y. and Liou, M.-S., “A Flux Splitting Scheme
with  High-Resolution and  Robustness  for
Discontinuities,” AIAA Paper 94-0083, 1994.

(10) Spalart, P. R., and Allmaras, S. R., “A One-Equation
Turbulence Model for Aerodynamic Flows,” AIAA
Paper 92-0439, 1992.

(11) Spalart, P. R., “Trends in Turbulence Treatments,”
ATAA Paper 2000-2306, 2000.

(12) Stahl, G. and Warnatz, J., “Numerical Investigation of
Time Dependent Properties and Extinction of Structure
of Methane and Propane Air Flame-lets,” Combustion
and Flame, Vol. 85, 1991, pp. 285-299.

(13) Takita, K., “Ignition and Flame-holding by Oxygen,
Nitrogen and Argon Plasma Torches in Supersonic
Airflow,” Combustion and Flame, Vol. 128, 2002, pp.
301-313.

(14) Pointwise, Version 18.1 Release 1, Pointwise, Inc.,
https://www.pointwise.com.

(15) ZHIR, /NSF, WG, “A 7 T ALV =y hm PO
IRA - RBETERBIC B+ 2 B 22— 89 RBED b SRIRGE

This document is provided by JAXA.



8 FHIMUZEATTE PR FEREAE R B TAXA-SP-20-008

~OEBIERR,” AN T i 2w S, Vol. 50,
No. 576, 2002, pp. 22-29.

(16) Yamashita, H., Shimada, M., and Takeno, T., “A
Numerical Study of Flame Stability at the Transition
Point of Jet Diffusion Flames,” Proceedings of the
Combustion Institute, Vol. 26, No.1, 1996, pp. 27-34.

(17) Rogers, R. C., and Schexnayder, C. J., “Chemical
Kinetic Analysis of Hydrogen-Air Ignition and
Reaction Times,” NASA TP-1856, 1981.

(18) Colket, M. B., and Spadaccini, L. J., “Scramjet Fuels
Autoignition Study,” Journal of Propulsion and Power,
Vol. 17, No. 2, 2001, pp. 315-323.

This document is provided by JAXA.



TR e es /M FE Bl 2L — S a Hiflis v RO A 2020 4o T4 i e 79

2253 IRER S D WA T O IR < L0 IAR
(CBI9 DM —EARIC T 1T T

NG TEZE CGRORED, $9K 72 B8 CROSHTiRiE)

Toward unified understanding on drag and shape of a body in fluid flow based
on variational principle

KOJIMA Naoyasu, SUZUKI Kojiro (The University of Tokyo)

ABSTRACT

The variational principle of the Stokes equations for low Reynolds number flow, and its relation to the drag force acting on a
body immersed in fluid are discussed. The steady Stokes equations are known to be derived by minimizing the integral of the
dissipation over the whole flow domain under the constraint of the equation of continuity. Considering the uniform flow at the
outer boundary and the no-slip condition on the body surface, it is shown that the minimization of the dissipation is equivalent
to that of the drag force acting on the body. Consequently, the drag force in the Stokes flow is smaller than that acting in the flow
governed by the Navier-Stokes equations. To check the validity of the above theory, the numerical simulation was conducted by
varying the Reynolds numbers.
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OK, LES. Tell Me the Answer for Turbulent Planar Jet

MATSUYAMA Shingo (JAXA)

ABSTRACT
“OK, Google. Tell me what the weather will be like in Tokyo tomorrow.” The Google Assistant tells me, “Clear skies in
Tokyo tomorrow.” How nice it would be if the LES could give us the answer (as the results of simulation) for turbulent flowfield
with the ease of Google Assistant telling us the weather. Unfortunately, the current LES seems to be difficult for non-
professionals to use. In this paper, we will show how the LES can provide a good result for turbulent flowfield with some

practical examples of simple turbulent planar jet.
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Analysis of far-field boundary conditions imposed for CFD simulation
using a drag decomposition element derived
from a wake-integration method

MIZUKAMI Sho, SETA Takeshi, MATSUSHIMA Kisa (Toyama University)

ABSTRACT

The present article performed drag calculations using two wake integration equations. First one came from the equation of
momentum conservation law; second one was based on total enthalpy variation. The drag calculation was applied to CFD
simulation results in order to identify the cause of peculiar behaviors on drag values by wake integrations as well as to devise
strategy for accurate drag values. One of the peculiar behaviors was enthalpy variation near far-field boundaries, which implied
unphysical phenomena. Those phenomena affected drag and lift values by the wake integral calculation. Through the
investigation, we found that the cause of enthalpy variation was the inconsistency in imposing boundary conditions on far-field
regions when CFD simulations were conducted.
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4.2. BT EGUREE
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Gz10, Gz50 [ J7 O FHH AL FIT I AKF UETH D
~ & Near-Field VECDyp & B IRAE 53VECD,, ([T H D,
ZOEEYEMICH DI TR NET U 2L E—KH
FRILCD, IO TN D LW ) I R fE RIC 2 - 72
CDyp & CD,,; DFEIL, BITBRADPHEN ORI NDHIEE
BT 5. W@, BhD 50C 37 £ TRt REm & el
T, EHFBER TR E A2 sihicie>T
Wb ETRIN, BHRERAGGE L TR0 E &
v MBI EMMTONDEDTHBN, %Y OB
TIIEELRXLETHL EEZLND.

WIZ, IR O x FEREN R X 2 KPR b % 38
B35, #Fe6, 7THIZENEFN Gz10, Gz50 ¥+ CFD
RT3 D BRI I IRE IR S E Wa O x JERENL & %
Bl LT/ 7TRT. 2%, F2XITIRLE x
JERED ST 2 12 HORE S AL E I TR oA
L 7245 R OB RS Near-Field DfECDy, (—) & 3k
IZRLTHh%. ANRCD,,;, ARCD,, ANCD,,;+ CD,D
AR LTWS. CDy,,; + CDLDIEIZCDyr & FEE 1%L
WNT—E L, BIRESED x BENEOREITITLE A
P —ElEThL L, £, EBHERMIENY
RIZIEVNE €D,y & CDNp DTEREIZR Z VA, 1 TR
A DRR7ZR <, BRI NLE DN EL G GBS 1%
EREENA KT W ENRTHENS.

4.3 EHER DL
5 8,9 XIT Gz10 (23517 2 i 23 GR(B) D e /3 B

O FHULIN & 2 OFAFIT & IER LTz AT K, 25 10,

11 XNIZ Gz50 123 1F DRI E R O ALK & 2 03T
TEPER LTl bX &2 oRd. £7255 12,13 X2 Gz10
BT Z L e —iKHE#E G O %)
ORI & Z ORI Z IR Lz "B, 56 14,
15 B2 Gzh0 1T BT DT v Z )L B — T EFE O A7
b & Z DB 2R L2 bR 2R, &I
BWT, EXkimE (yzifm), A28 ERICEATR x-z M
Thbd. 22T, WML LS E oMk E
MEIZ DN T T <. FERMOMITIL-103 05 103
ThDH. oFY, - 103 L TFOMITTTH, 1038 L
DT TRTRTTREND. L, ZOHFATRWN
L STEE AT OBPIER OF E RS DI
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BEHEHEITHEHE S LT 103D 10 5L L TH DS, 5
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P—EHEE —BIZIE P el A0, SISICENLEEN
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%5 RIS U 7= Wik
(et ®E A BRI A7)

%1 R BIEESETREGHER R (x=6.0C)

Zmax | CDyp CD,,; CD, CDy; + CDy,
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Gz10 ¥+ TlE, HEZEMEEZ =100 L, EiE
»H ETF@FECK 5C , y JFmcix 0GHFrE)~10C
O THENST A b D% Z=+5, F7-, RE»> LT

@F MK 2C , yIimicix 0GH#RE) ~7C OFE T
BOTDb0% =22 LR LIZTH. WazER
ZIUCRIE LTS d O|RPURIEA 5 2 RICHED -, &
512, GZ50 11, st ZEH 2R (Z=250)12x%F LTI,
Rifin b ET@HEICK 25C , v HANTIE 0GHFRIE)
~30C OEHTHEYTAIbDE Z=£25, BEEnbd k
T@HFMNCK 10C , y FIzid oG i) ~15C OFE
TS T 5 b0% Z=£10 LIRS, Zhbicz,
Z=%5 & Z=22 ZRHET D WAllB W CH &SR
HUgHa ko=, FOERE2H 3 £ITRT.

2R PRI RIF DEC K D RS (Gz10)

Zmax CDyp CD,,; CDy cD,,; + CDy,
Z=%+10 | 0.0185 | -0.0002 0.0188 0.0186
Z==*5 | 0.0185 | 0.0109 0.0075 0.0184
Z=*2 | 0.0185 | 0.0150 0.0025 0.0175

3R BRI DRI OE N K DHGUREIEE (G250)

Zmax CDyr CD,,; CDy, CD,,; + CDy,
Z=%50 | 0.0185 | 0.0110 0.0075 0.0185
Z=%25 1] 0.0185 | 0.0164 0.0023 0.0187
Z=%10 | 0.0185 | 0.0183 0.0003 0.0186
Z=%5 | 0.0185 | 0.0185 | -4.4E-05 0.0185

Z==x2 | 0.0185 | 0.0177 -0.0001 0.0175
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5 2C OHEETIIFE > TV B, 5C OB CIZM AT
LE-oTWBE/-DLND. DFED, SEIOK S KX
RHBED I WNVEF RO A, HRiES R Wa & LT
Z=*2 TIIELEEAARE L TRV, Z=+5 £ TR
NE+HnThArH> BN, —F, BmAERSEMNE
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DI, DRV RWEHREEIRIC KA TS, H3IEND
k45 & B RALE D B 45C BN 72 572 0 TIHIK
LTW5.
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KIFRH D B AR FANZIE TR E TO y EEIZ -
72, x=0.3 OALETOHEELTH 5. FIEAIZGDSIT
LTHD, y=0~25 FROHFAET IR THD. BED
B LB O BRI X v B oS iR,
T TIIEERINTEY, TOEAWIZERIZITIWVIZE
CEHETH D Z L5 % 17T BIT R EICiA
M HIRHEERICHmIDN - TO x FENIIR - 72 u DEARIR
MaERT. BORRREIL x=0 TH 52, Bhd 10C,
L 20C BN x=-10 B L1820 #1885 C IRk DO FH#
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~1.0 I EEDOIFET D x & TH 5. LB Y=10]
7R EORIMOBERT, HEE A LI TR (xz
Wil )0 yEREE T 5. BBFET D DI y=0~2.5
THDHOT, y=10 b y=20 LENLEENT-HFTTIEdH
DN, 512 KORER & Rk, ROPEEZZ TR kil
P CIEFEALIE S T CIIEEE S Tnb 2 &
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INHDTT 7D =10C DEREELNWEEZ BN
5. T, MinGomEE L LT x FREE

0 EF7=n, tMoOYEEOBERTE 2 E S Ko
ENBEL LA E o TWD EEZRTHIE R B 7
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HELTIE, 1%UTOETH DN, %S HE
BREICIIREREELE2 52 LN, 4 BOMED
LAamb. £, 5k, #HitER A2 E A T2 Power-on OIK
RECOBIIIREIT O LAICRERORBTCOFE R E
D= Z LV E— DB S A RDUTHRET 5 & T
»H5.

Wi, 4 FH 7T HOERNS, BEHEMEDEND
50C HEN-NEICRE LIZHBETY, mABEREM L
LT #fizty b5 &, ZOBEREMNTREIT T
LIPS A 5.2 5 Z LB ERTE L Z LD
1® 7R % 100C B L7=#721/Ek L, #Es 50C
BENT-ALEICR TS u ORI ERE LZ. 5 18 K&
B9 KNZENENE 16 KEFH 17T RICKHE L= T
TTHDH. u O—HEREN S OFTHIIIMNTH 508,
BT U NVE—AERITIIRESFEELTWND.
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7. CFD #HRICBIT 2 BEREHDOER

T Gz50 @ CFD &R, s 10C
NrEBEN 7. 3 IRoTHEIRCGE 4 X OFREDNLRER /) F 1
DEAGET USRI DB EGEE, £, KHERD) %
FiH L, Gz10 #7To CFD FEOETERSEMELS L
TEx, 8. (RUENBE Y I 2L —ar&i{ToT-.
FOVIab—a URERE RO RIRE SRR
DIFRBEE T 4 IoRT. MHYELEZ = RS
L LI —AERKHm X TIET 4V 7 L (Dirichlet) &
TEEREATND. T4 U7 LEBFD 7 —ADBWTIL
BEAICE Y 2 BR CDyr = CD,,; DKILLTHED,
NGO IEM B 2R BB A ORI BN S #E S
722 ERDMND. EBIZ, HXIIETZ X LE—/E
RO %Z, 5 21 KIZRf T 2R Lz &L
E—AER ORI, 22 KIZ FEom O x EREALE O
%L LoD, CD,E7 1y s L2/ T 7 &R
E T ERGI B A B0 H BT D Z & T,
BEFHE EOREEL LTRAELZEEZ N D Y
BIZRERANHIR LI 2 L R TE 5.

043 IRPGHEMS (=10, x=6.0C)
CDyr CD,; CD, CD,,; + CD,
—4EHE | 0.0185 | -0.0002 | 0.0188 0.0186
Dirichlet| 0.0185 | 0.0185 0.0001 0.0186
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HRPUR IR & 7] CAl oy sl Wy CHRIRE S 21T o 7.
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JFENT-5~5, y FTEINZ 0~10 DFEPHTH D Z=£5, z 1A
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FEY OIS\, EPUEHEE L (358> C, BHE
HYCUdE B S & BRI A A BRI R & WM T &R AR
ENFHHRENZZ E NS oz,

W55 RIS SEIDE OE T K B I IR 2K (GZ10)
Zmax | CLyg | CLy; |CLy; — CLyp

Z=%10 | 0.3675 | 0.2239 -0.1430
Z=%5 |0.3675 | 0.3692 0.0017
Z=%2 ]0.3675|0.3723 0.0047

FoFR BN FIE OB X 58155 1(GZ50)
Zmax | CLyg | CLy; |CLyi — CLyr
Z=+50 | 03669 [ 02704 | -0.0964
Z=+25 | 03669 | 0.3670 | 8.7E-05
Z=+10 | 03669 | 0.3683 |  0.0014
Z=+5 03669 | 0.3709 |  0.0039
Z=+2 | 03669 | 03718 | 0.0048
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Test and analysis of the rigid wing model in the
ISSAC / flutter technology development

SAITOH Kenichi, ARIZONO Hitoshi and SUGIOKA Yosuke (JAXA)

ABSTRACT
JAXA’s CFD code “FaSTAR” is being enhanced for flutter analysis and design in the ISSAC research frame work. The original
experimental data is acquired for verification with the wind tunnel scale model. The wind tunnel test with rigid model was

performed to obtain pressure distribution and deformation prior to the elastic model. Outline of the test and analysis are reported.
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Side-Wall Effects on the Global Stability of Swept and Unswept Supercritical
Wings at Buffet Conditions

Andrea SANSICA (), HASHIMOTO Atsushi V), KOIKE Shunsuke!" and KOUCHI Toshinori®
() Japan Aerospace Exploration Agency, 7-44-1 Jindaiji Higashi-machi, Chofu-shi, Tokyo 182-8522, Japan
@)Dept. of Mech. and Systems Engineering, Faculty of Engineering, Okayama University, Okayama, 700-8530 Japan

ABSTRACT

A fully three-dimensional (3D) RANS-based global stability analysis is performed on wings in the presence of side-walls
to study the complex interaction between buffet shock-oscillations, buffet cells and corner separations. A validation
of both the nonlinear and linear stability analysis solvers is given for a two-dimensional (2D) incompressible laminar
cylinder and for turbulent transonic buffet on a 2D OAT15A airfoil. The numerical setup is based on the experiments
conducted at JAXA 0.8 m x 0.45 m high Reynolds number transonic wind tunnel on a 2D Common Research Model
(CRM) profile. The CRM profile is extruded in the spanwise direction and flash mounted on lateral walls at its
extremities. An unswept and a swept configuration at sweep angle of 10° are considered. The effect of the angle of
attack (AoA) is studied for both configurations by selecting AoA =4 and 7°. The RANS solutions are compared against
the experimental oil-flow visualizations. Despite some differences in terms of size of the corner separation and shock
locations, the main flow features are captured. For the unswept case, the results show that the separation in the middle
wing section and corners increases with the AoA. Since the flow slows down near the side-walls, the shock is weakened
and moves upstream towards the leading edge. When a sweep angle is applied, the flow is distorted by a crossflow
velocity component that causes the corner separations to increase or decrease depending on the boundary-layer thickness
of the secondary flow created in the wing spanwise direction. Linear global stability calculations carried out on the
unswept wing at the lowest AoA show the presence of a 2D oscillatory mode at St ~ 0.06 that is spatially localized on
the shock. Another unstable mode at higher frequencies (St ~ 0.1) is located near the corner separations and perturbation
packets travel downstream along the shear-layer. For the highest AoA, the 2D mode no longer exists and two 3D modes
at higher frequencies appear (St ~ 0.07 and St ~ 0.2). These modes are organized in spanwise perturbation wavepackets
generated from the corner separation and convected downstream towards the wing middle section. In the separated region
in the wing mid-section, the perturbations travel upstream from the trailing-edge towards the shock. Future investigations
will focus on the effect of the sweep angle and detection of buffet cells.

1. Introduction first experimental evidence in 1947 [19], reveal that two
widely accepted but conflicting interpretations of the gov-

erning mechanisms exist. The first theory explains the

In high speed flight, shock-wave/boundary-layer in-
teraction (SWBLI) may have dramatic consequences on
the aero-thermodynamic loads and airplane performance.
Near the interaction region, flow separation, transition
to turbulence, unsteadiness and three-dimensional (3D)
effects can simultaneously occur, actively changing the
pressure and skin friction distributions of the flow field.
For these reasons, SWBLI has been one of the most im-
portant topics within the aeronautical scientific commu-
nity in the past 70 years [12]. For transonic airfoils
an additional complication is represented by the self-
sustained shock-wave oscillations of the so-called buffet
phenomenon. This instability is characterized by low-
frequency oscillations of the same order as the modal
structural ones, resulting in the limitation of the flight
envelope as well as representing a cause for potential
failure to fatigue. The extensive reviews on transonic
buffet [24, 14], that discuss the progress made since its

periodic shock oscillations as the consequence of a feed-
back mechanism involving downstream traveling pres-
sure waves emanated from the shock foot and upstream
traveling pressure waves generated at the trailing edge,
that provide energy to the shock and close the feedback
loop [23]. The second theory shows instead that a global
instability produces pressure perturbations in the direc-
tion normal to the profile and directly transfer energy
along the shock [7]. Despite the growing body of liter-
ature on the subject, a precise understanding of the com-
plex underlying physical mechanisms is therefore still
lacking. Another relevant and not fully understood aspect
of the buffet phenomenon concerns its intrinsic 3D char-
acter. Experimental investigations have clearly shown the
existence of a spanwise outboard propagation of the so-
called “buffet cells” [10, 22, 38] and although their main
features have been documented, many aspects are still un-
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Figure 1: Schematic top view (first column, the thick arrows indicate the flow direction), wind tunnel models (second
column, flow direction in the outward normal-to-the-paper direction), shadowgraph images (third column, flow direction
from left to right) and oil-flow visualization (fourth column, flow direction from top to bottom) at M=0.72 and AoA =7°
for the unswept (first row) and A=10° swept (second row) models. Adapted from [21].

clear. The numerical work has been extensively focusing
on two-dimensional (2D) configurations but recent 3D
calculations have been carried out on both full-aircraft or
extruded in the spanwise direction [11, 16, 34, 20, 27]
configurations and have verified the appearance of buf-
fet cells at different levels of simulation fidelity. Global
stability analysis has also been employed to better under-
stand the mechanisms governing the origin of buffet cells
[8, 30, 40] on swept wings but many aspects of the intrin-
sic three-dimensionality still need to be investigated.

The present work aims at performing a fully-3D global
stability analysis study on unswept and swept wings in
the presence of side-walls. The paper is presented as fol-
lows: a brief description of the experimental setup and
results is given in Sec. 2; the governing equations and the
stability problem are formulated in Sec. 3; the numeri-
cal method is presented in Sec. 4; nonlinear Reynolds-
Averaged-Navier-Stokes (RANS) calculation and global
stability results are described in Sec. 5; the conclu-
sions and perspectives for future work are summarized
in Sec. 6. A 2D validation for both nonlinear and linear
stability analysis in given in the Appendix A.

2. Experimental Investigations

The effects of side-walls on a 2D extruded wing were
experimentally investigated at JAXA 0.8 m x 0.45 m
high Reynolds number transonic wind tunnel JTWT?2).
A brief summary of the experimental setup and results is
here described. The wing cross-section is a NASA Com-
mon Research Model (CRM) blunt trailing-edge profile
[1] with chord ¢ = 0.10m and span width L, = 0.45 m.
Two separately manufactured models were considered for
unswept and swept configurations. The sweep angle (A)
for the swept model was A = 10°. A schematic represen-
tation of the unswept and swept configurations is repre-

sented in figure 1 (first column). Both models were flash-
mounted to the wind tunnel side-walls on both wing ex-
tremities (see second column of figure 1). The effect of
different Mach numbers (M) and angles of attack (AoA)
on turbulent shock-induced separation and shock-wave
oscillations was studied via high-speed camera shadow-
graph, oil flow visualizations and pressure measurements
at the mid-span wing section. Different types of shock-
wave oscillations were classified depending on the inter-
action with shock-induced and corner separations. For
the M = 0.72 and AoA= 7° case, the shadowgraph im-
ages (third column of figure 1) and oil-flow visualization
(fourth column of figure 1) are reported. At this condi-
tion, the frequency of the shock oscillations is f = 170Hz
and f = 244 Hz for the unswept and swept wings, respec-
tively. Further information about the experimental setup
and results can be found in [21].

3. Problem Formulation

The compressible 3D RANS equations for a perfect
gas can be written using Boussinesq hypothesis in the
non-dimensional form as:

dq

- A (q), ey
where q = [p, pu,pE,pV;]" is the state vector in the con-
servative form (with p, u, E and v; being fluid density,
velocity vector, total energy, and kinematic turbulent vis-
cosity, respectively) and ¢ is the time. The differential
nonlinear RANS operator .4 can be explicitly expanded
as

]T

pu
pu@u+pl—T—18
pEu+ pu—7Tu—TRu+q+qr
pv,u—%ﬁ"‘Vv,#—YM

A (@) =-V )
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with
p=(y—1)pE—ju-u
=p[(Veu+Veul)-%(V-u)]]
w[(VeoutVeu')-3(V-u)l] (3
q= ‘5T
qr = —“I’,—f[”VT

T
TR

being p the pressure, T the stress tensor, Tg the Reynolds
stress tensor, C), the heat capacity at constant pressure, [
the dynamic viscosity, y, the eddy viscosity, Pr and Pr;
the classical and turbulent Prantdl numbers, 7 the tem-
perature, q the heat flux and qg the flux of diffusion of
turbulent enthaply. The Prandtl numbers are considered
constant and equal to Pr = 0.72 and Pr; = 0.90. The dy-
namic viscosity is assumed to follow Sutherland’s law as

1+T
211 4)
T+T,

where Ty = 110.4K /T, with T the dimensional free-
stream stagnation temperature (the superscript * indicates
dimensional quantities). The array of the streamwise,
vertical and transverse directions is indicated by x =
[x,y,2z]". Note that all variables are Reynolds averaged,
except for u and E that are Favre (density-weighted) aver-
aged. The formulations of the coefficient 6y, and the tur-
bulent source terms .%)s depend on the turbulence model.

p=1

3.1. Stability Problem

The stability problem is based upon the use of the lin-
earized RANS equations. The first step to obtain this
linearized set of equations is to assume that the nonlin-
ear system in Eq. (1) admits an equilibrium solution, qp,
defined by .#(qp) = 0 and referred to as fixed point or
base flow. In this case, the steady RANS solution corre-
sponds to the base flow. The standard small perturbation
technique is used to decompose the instantaneous flow
into base flow and small disturbances q(x,¢) = q,(x) +
£q'(x,1), with &€ < 1. By assuming that the perturba-
tions are infinitesimal, all nonlinear fluctuating terms are
ignored and the linearized RANS equations can be writ-
ten as aq

!

o Zq, 4)
where q' = [p’, p'w, + ppu’, p'Ep + ppE',p'Vip + pp V| !
is the state vector of conservative perturbation variables
and . = d.4"/dq |q, is the Jacobian operator obtained
by linearizing the RANS operator .#" around the base
flow q;. By choosing the normal mode or wave so-
lution ¢'(x,7) = q(x)exp (At) + c.c., the eigenproblem
Z£q = Aq is obtained. The complex eigenvalue can be
split in its real and imaginary parts A = ¢ + i@, where
is the temporal growth rate and @ the pulsation. While
the pulsation characterizes the oscillatory behavior, the
temporal growth rate indicates whether the equilibrium

state bifurcates to another solution. This bifurcation is
expressed in a linear framework by the existence of eigen-
modes with a corresponding positive growth rate.

4. Numerical Method

While the calculation of the base flow solutions is car-
ried out by using a classical RANS (nonlinear) solver, the
global stability analysis requires of a RANS linearized
solver. The characteristics and numerical strategies used
for both solvers are described below.

4.1. Nonlinear Solver

As RANS nonlinear solver, JAXA’s unstructured-grid
flow solver FaSTAR [18, 20] is used. The governing
equations are the compressible Navier-Stokes equations.
The cell-center finite volume method is used for the
discretization. The numerical flux is computed by the
HLLEW scheme [29]. The WGG is used for the gradi-
ent computation. The dual-time stepping [41] method is
used to perform an accurate time calculation with an im-
plicit time integration scheme. The LU-SGS [35] scheme
is used for the pseudo time sub-iteration and the physical
time derivative is approximated by the three-point back-
ward difference. The Spalart-Allmaras turbulence model
[37] with rotation correction (SA-R) [9] and quadratic
constitutive relation 2000 version [36] is used to close the
averaged Reynolds stresses. The trip term f7, is also ig-
nored (SA-R-noft2). The boundary conditions used are:
no-slip velocity and adiabatic temperature on the pro-
file and side-walls; far-field boundary conditions are em-
ployed at the lateral boundaries and the AoA is applied
at the inflow of the numerical domain. All steady solu-
tions are computed by using a large Courant-Friedrichs-
Lewy (CFL) number equal to 10. The selective frequency
damping (SFD) method [31, 2] is used to further converge
the steady fixed point solution and filter any possible un-
steadiness.

4.2. Linearized Solver

The expression of .Zq’ is extremely complicated and
would mean a lengthy implementation / modification of
the existing nonlinear version of FaSTAR. To avoid this,
a strategy based on a finite difference method consists
of using the nonlinear solver in a black box manner and
approximate .#q’ via repeated evaluation of the residual
function .#'(q). A Taylor series expansion with a first
order approximation allows then

1
Zq = E[W(qweq’)*ﬂ(qb)], (6)

with € being a small constant. This method and selec-
tion of the € constant are further discussed in [39, 28].
A matrix-free method [13, 4] is used to solve the eigen-
problem .#q = Aq. Being L the discrete form of &, it
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is possible to introduce the exponential propagator M =
exp (LAT) that linearly advances the perturbation solu-
tion in time as q'(#"*!) = Mq' ("), with t"*! = " + AT
An Arnoldi algorithm [3, 25, 5] is coupled to the lin-
earized solver [26, 17, 32] to extract the leading eigen-
modes of M. All conservative perturbation quantities are
let evolving in time, including the perturbation eddy vis-
cosity in a “non-frozen turbulence” fashion.

A validation of the linearized solver is given in the Ap-
pendix A for a 2D laminar incompressible cylinder and a
2D turbulent transonic buffet case.

5. Side-Wall Effects on the Global Stability of
Transonic Buffet

The geometry in exam consists of a 2D CRM profile
extruded in the spanwise direction with both ends flash
mounted on vertical side-walls. Two wing configurations
are studied: an unswept wing, that is simply extruded
in the side-wall normal direction, and a swept one, for
which the extrusion is done by applying a sweep angle
of A =10°. For each configuration, two angles of at-
tack were considered as AoA =4 and 7°. An O-grid of
about 10 millions cells was similarly generated for both
unswept and swept configurations. The domain inflow is
set to be 3 m upstream of the profile in order to obtain a
boundary-layer 99% thickness of 34 mm at 150 mm up-
stream of the profile leading edge, based on some pre-
vious experimental measurements. It should be noted
that the actual experiments carried out for this study did
not report any measurement of the boundary-layer thick-
ness on the side-walls. The cells in the extruded di-
rection are symmetrically distributed with respect to the
center plane in the spanwise direction and clustered near
the side-walls. Due to the symmetry of the solution for
the unswept configuration, only half of the domain was
considered and symmetric boundary conditions applied.
The results are presented in two separated sections: the
first one reporting the base flow solutions obtained with
FaSTAR nonlinear solver, and the second one where the
global stability analysis carried out with FaSTAR lin-
earized solver is shown.

5.1. Base Flow Solutions

The 3D steady solutions are discussed for the unswept
and swept configurations separately. It is important to
notice that the solutions for the unswept configurations
were calculated on half of the domain and symmetry was
applied. The visualization are reported on the full wing
by simply mirroring the solution.

- Unswept Wing: A =0°

Fig. 2 shows the 3D visualization for the AoA =4 and
7° cases (top-row and bottom-row, respectively). While
the middle plots show the entire wing, the lateral plots
zoom on the wing extremities, providing a view of the

flow characteristics on the lateral walls. On both wing
and lateral walls, the streamlines (thin black solid lines)
are over-imposed to the pressure contours. Iso-surfaces
of zero-streamwise velocity (in gray) are added to iden-
tify the recirculation regions. Sonic Mach iso-lines (thick
white solid lines) are also shown to indicate the shock.
For both AoA, large corner separations appear and the
flow slowly recirculates on both wing and side-walls. The
flow gradually slows down towards the walls, the shock-
wave weakens and moves upstream. The corner sepa-
rations increases in size for increasing AoA, but a simi-
lar structure is preserved. In the middle section, for the
lowest AoA the flow is only separated in a small region
downstream of the shock-wave and on the trailing-edge.
For the highest AoA, the flow in the wing center is instead
fully separated from shock front to trailing edge.

- Swept Wing: A = 10°

Similarly to the unswept wing, the flow for the swept
configuration at A = 10° is visualized in Fig. 3. When a
sweep angle is applied, a crossflow velocity component
is introduced. This secondary flow in the wing spanwise
direction is formed and the thinner (thicker) boundary-
layer on the inboard (outboard) side-wall is less (more)
prone to separate. For this reason, smaller (larger) cor-
ner separation exists on the inboard (outboard) side-wall.
Similarly to the unswept wing, the corner separations in-
crease for increasing AoA and the flow is fully-separated
only for the highest AoA.

- Experimental Comparisons

The RANS solutions are compared against the exper-
imental oil-flow visualizations in Fig. 4. Although the
main features are reproduced in the numerical results,
it is important to notice that the corner separations are
over-estimated in the RANS solutions. This could be
due to the fact that the boundary-layer thickness set in
the RANS calculations may be different from the exper-
imental one. Also, suction was applied on the side-walls
during the experiments. Some turbulence sensitivity tests
(not shown here) show that the corner separations are re-
duced and more similar to the experimental ones when
EARSM or SST models are used. Future investigations
on the side-wall effects need to be addressed. By com-
paring the shock locations obtained on different sections
of the wings for both unswept and swept configurations
(Fig. 5), it is possible to see that the shock location also
present several differences. The current configurations
is very challenging to be accurately reproduced by the
numerical simulations. The co-existence of large sepa-
rations, shocks and turbulent boundary-layers make the
comparisons very complex. However, the main flow fea-
tures seem to be reproduced and these base flows are used
to carry out the global stability analyses.
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Figure 3: RANS solutions for the swept (A = 10°) wing configuration at AoA = 4 (top plots) and 7° (bottom plots).

FaSTAR Experiments Exp. Sketch

AoA =4°

AoA =T7°

AoA =4°

AoA =T7°

Figure 4: Comparison between RANS solutions and experimental oil-flow visualizations. A sketch of the oil flow vi-
sualizations reporting the experimental streamlines is also added. Unswept wing at AoA = 4° was not investigated
experimentally. Experimental results from [21].

5.2. Global Stability Analysis mains to be studied.
The eigen-spectrum obtained for the AoA =4 and 7°
The global stability analysis was carried out only for cases (blue and red circles, respectively) are reported in
the unswept wing configuration and the swept wing re- Fig. 6. Due to not sufficiently well converged base flow

This document is provided by JAXA.



114 T I TR BB JAXA-SP-20-008

y=1L,/4 y=1Ly/2 y=3L,/4
52 8
L oaf 2 o 1 *

o
o 04 o (6 &
—~ n o [ ] nu
I3 ?
- <0.2
u]

4 5 6 7 4 5 6 7 4 5 6 7
AoA AoA AoA

= Experiments oFaSTAR (3D)

Figure 5: Comparison between RANS and experimental
shock locations. Experimental results from [21].

solutions, some spurious modes appeared but were ig-
nored and not reported in the figure. Future work includes
a better convergence of the base flows to remove these
spurious modes from the stability calculations.

For the lowest AoA, two unstable modes were found
at St = 0.056, or dimensional frequency of f ~ 190 Hz
(indicated as MA°4=* in the figure), and St = 0.112,
or dimensional frequency of f ~ 380 Hz (indicated as
M4°A=%" in the figure). The corresponding eigenmodes
are reported in the first two top-plots of Fig. 7, where
white arrows are added to show the propagation direc-
tions and black dashed lines indicate the zero-streamwise
velocity iso-lines from the base flow solution. The low-
frequency M’l“""‘:40 mode is essentially 2D and localized
on the shock foot. This mode corresponds to the shock-
oscillations buffet mode. The higher-frequency M5 °A=4
mode presents instead an instability coming from the cor-
ner separation and moves downstream along the shear-
layer.

For the highest AoA, two high-frequency modes at
St = 0.067 and St = 0.198 are found to be unstable.
The corresponding eigenmodes in the last two bottom-
plots of Fig. 7 show that the 2D mode no longer ex-
ists. Both modes are 3D and organized in perturbation
structures that move from the corner separation towards
the wing center. At lower amplitudes, the perturbations
travel upstream from the trailing edge towards the shock
in the wing mid-section, where full separation exists.

Although 3D structures appear and the corresponding
non-dimensional frequencies match those of buffet cells
shown in the literature, it is difficult to conclude that they
are indeed buffet cells. The buffet cells wavelengths have
normally been reported to be around one profile chord,
but the presence of side-walls and corner separations may
affect this. Future investigations on swept configurations
might elucidate this point.

° .Mf"‘;""
0.2 AoA=T"
[ MAnA=4° s 2\/[2
0.1 . e o1 .Mz
o 0.0 _I_Unstable

: [ ] table ® o [ ]

Y ®e (X )
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-0.2 -0.1 0.0 0.1 0.2
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Figure 6: Unswept wing configuration. Global stability
analysis eigen-spectra for AoA =4 and 7° cases (blue
and red circles, respectively).
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Figure 7: Unswept wing configuration. Global stability
eigenmodes for AoA =4 and 7° cases (top two plots and
bottom two plots, respectively).

6. Conclusions and Future Work

The interaction between transonic buffet shock oscilla-
tions, corner separation and spanwise buffet cells is stud-
ied for an extruded 2D Common Research Model (CRM)
profile and flash mounted on lateral walls at its extremi-
ties. Both unswept and swept configurations at different
angles of attack are considered. The numerical setup is
based on the experiments carried out at JAXA 0.8 m x
0.45 m high Reynolds number transonic wind tunnel. Al-
though some differences exist with the experimental re-
sults, the RANS solutions capture the main flow features.
Corner separations appear on the side-walls and for high
angles of attack the flow in the wing mid-section fully
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separates from the shock-front to the trailing edge. Due
to the flow slowing down near the side-walls, the shock is
weaker in those regions and moves upstream towards the
leading edge. When a sweep angle is applied, the cross-
flow velocity component introduced in the swept con-
figurations induces a secondary flow in the direction of
sweep and large separation due to a thick boundary-layer
appears on the outboard corner. A linearized version of
FaSTAR has been developed and validated. The previ-
ously described RANS solutions are used as base flows
to perform global stability analysis. The linear global
stability calculations on the unswept wing show the ex-
istence of a 2D oscillatory mode at St ~ 0.06 that is spa-
tially localized on the shock and corresponds to 2D buffet
shock oscillations. A second unstable mode at St ~ 0.1 is
located near the corner separations and consists of down-
stream traveling perturbation packets that move along the
shear layer. When the angle of attack is increased, two
3D unstable modes appear and both are related to down-
stream traveling perturbations that move away from the
wall towards the wing center and upstream traveling per-
turbations that move from the trailing edge towards the
shock in the fully separated middle section. Although
convection features and non-dimensional frequencies are
close to those reported in the literature, it is difficult to
conclude that these structures correspond to buffet cells.
Fig. 8 shows a schematic representation of unswept and
swept wings in the presence of side-walls. It is well
known that a cross-flow velocity component is needed
to generate convected buffet cells. This cross-flow com-
ponent is naturally added in the presence of swept wing
configurations. However, in the case of an extruded wing
flash mounted on both extremities on side-walls, the ex-
istence of corner separations produces cross flow veloc-
ity components near the side-walls. This seems to cause
the convection of structures moving away from the side-
walls when the corner separation is sufficiently large even
for unswept wings. The interaction/competition of these
corner separation cross flow components and the main
cross flow in swept wings is part of future investigations.
As well as assessing grid and turbulence model sensitiv-
ity, further work also includes a better convergence of
the RANS base flow solutions, addressing the side-wall
treatment issue and study the effect of numerically re-
producing the whole test section (top and bottom walls
included).
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configurations.

Appendix A: Linearized Solver Validation

In order to provide a validation for both nonlinear and
linearized solvers, two validation test cases are selected.
The results obtained with FaSTAR are compared against
those of Giannetti & Luchini [15] for a 2D laminar in-
compressible cylinder and against those of Sartor et al.
[33] for a 2D turbulent transonic buffet case.

- 2D Laminar Incompressible Cylinder

The laminar incompressible flow past a 2D cylinder re-
mains stable and symmetric up to the critical Reynolds
number of Re ~ 47 (based on free-stream velocity and
cylinder diameter). If the Reynolds number is further in-
creased, the flow undergoes a Hopf supercritical bifur-
cation, the cylinder wake becomes unsteady and a pe-
riodic self-sustained von Karman vortex street is shed
behind the body. To approximate incompressible con-
ditions, the Mach number was set to M = 0.1 in FaS-
TAR. The numerical fluxes are calculated with the Roe
scheme. The GLSQ is used for the gradient computa-
tion. The dual-time stepping method is used to perform
an accurate time calculation with an implicit time integra-
tion scheme. The LU-SGS scheme is used for the pseudo
time sub-iteration and the physical time derivative is ap-
proximated by the three-point backward difference. The
turbulence models are switched off to perform a laminar
calculation. A structured O-grid of about 130,000 cells
is used. No-slip adiabatic conditions are applied at the
wall. Pressure is imposed on an arc of the domain bound-
ary in the downstream region of the cylinder. Far-field
boundary-conditions are applied on the remaining arc of
the boundary domain. Fig. 9 shows the comparison be-
tween the results obtained with FaSTAR and those of Gi-
annetti & Luchini [15]. The comparison of the nonlinear
Strouhal number evolution with the Reynolds number is
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done against [6]. In the left column, the results obtained
with FaSTAR nonlinear solver are shown. The top plot
shows the separation length, Ly, of the base flow solu-
tions while the bottom plot the Strouhal number of the
von Kérmén vortex street shedding when unsteady calcu-
lations are carried out. The relative percentage error is
at worst 1.3%. The middle column reports the Reynolds
number evolution of the (top) growth rate and (bottom)
Strouhal number predicted by the global stability analy-
sis performed with the linearized solver version of FaS-
TAR. Excluding the growth rate at Re = 50 (the value
of o is small, hence prone to a larger error), the relative
percentage error is always below 3%. In the right col-
umn, the whole spectrum (top) and the eigen-streamwise
velocity corresponding to the unstable mode (bottom) are
reported. A satisfactory agreement is obtained for various
Reynolds numbers and the laminar part of the linearized
solver can be considered validated.

- 2D Turbulent Transonic Buffet

The simulations by Sartor et al. [33], carried out on
the 2D OAT15A supercritical profile, at different AoA
to characterize buffet pre- and post-onset, have been se-
lected. The flow conditions correspond to those in [33]
and an OAT15A airfoil with sharp trailing edge and chord
of ¢ = 0.23 m was considered. The geometry used here
was however a blunt trailing edge profile. The stagna-
tion pressure and temperature are 101325 Pa and 300 K,
respectively. The Mach number is M = 0.73 and the
Reynolds number based on the chord length is Re =
3.2 x 10°. The numerical fluxes are calculated with the
SLAU scheme. The GLSQ is used for the gradient com-
putation. The dual-time stepping method is used to per-
form an accurate time calculation with an implicit time
integration scheme. The LU-SGS scheme is used for the
pseudo time sub-iteration and the physical time deriva-
tive is approximated by the three-point backward differ-
ence. The Spalart-Allmaras turbulence model with rota-
tion correction and quadratic constitutive relation 2000
version is used to close the averaged Reynolds stresses.
The trip term f#, is also ignored. The boundary con-
ditions used are: no-slip velocity and adiabatic temper-
ature on the profile and far-field boundary conditions
are employed at the domain boundaries. The same 2D
C-type structured grid counting about 120,000 cells is
been used for all AoA. The numerical domain extends
about 80c above, below and downstream of the profile.
The pressure coefficient, C), distributions corresponding
to the AoA =2.50 (blue), 3.50 (red), 4.50 (black) and
5.50° (magenta) are compared against those of [11, 33] in
Fig. 10 (top-left) and show good agreement on both air-
foil sides and in terms of shock positions. Contours of the
dimensional streamwise velocity for the steady solution
at AoA = 4.50° are plotted in Fig. 10 (top-right) along
with the sonic (black solid line) and zero-streamwise ve-
locity (white solid line) iso-lines, showing the supersonic

flow region/shock position and separation, respectively.
The steady solutions are used as base flow solutions for
the global stability analysis. Fig. 10 reports the full
spectrum (bottom-left) and the unstable eigen-pressure
(bottom-right) for the AoA = 4.5° case. Similarly to [33],
an unstable mode exists at St =~ 0.06 (f =~ 75 Hz) and
the eigenmode is localized on the shock, shock foot and
minorily on the mixing layer.
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Trial for Performance Improvement of Scramjet Engine
— Flow Separation and Fuel Equivalence Ratio Distribution

SATO Shigeru (Kakuda Space Center, Japan Aerospace Exploration Agency),
FUKUI Masaaki (Space Service), MUNAKATA Toshihiko, WATANABE Takahiro
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ABSTRACT

Japan Aerospace Exploration Agency has been investigating scramjet engines in Kakuda Space Center using RamJet
Engine Test Facility and another facility. 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 tap 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 on the cowl shock wave influence having on the fuel distribution. In this paper the authors
describe results of fuel distribution derived from combustion calculation to compare with the test result. Some
disagreement is found and considered to be caused by capturing flow separation in the calculation, though the separation
promotes fuel mixing and combustion. The mixing process is shown.
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Fig. 1 Outline of scramjet engine tested.(4) The engine is set
upside-down on the test bed.
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Fig. 2 Two types of struts. The 5/5H Strut (a) and the Boat-tail
Strut (b) are compared by means of CFD.
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Fig. 3 Calculated equivalence ratio ¢ distribution at the engine

exit in the combustion flow.
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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 Velocity vector distributions on the top walls.
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Fig. 6 Separation regions in the internal flows in the both engine configurations. The separation region is a region where the velocity is

less than -0.1mv/s, and the color gives the pressure on separation region surfaces. The separations appear on the top walls.
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Fig. 7 Separation origins and temperature distributions. The separation region is enclosed with white line.

temperature.  High temperature begins at the separation origin.
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Wind Tunnel Testing of a Multicopter with Box Wing

SHIMA Eiji (JAXA), YONEZAWA Koichi (CRIEPI),
NISHIDA Ryoma, SATO Makoto (Kogakuin Univ.),
TSUTSUMI Seiji, FUIIMOTO Keiichiro (JAXA)

ABSTRACT
The aerodynamic characteristics including high angle of attack condition up to 95 degrees of the Box wing, in which the
electric multicopter was surrounded by a duct like annular wing, were acquired by a wind tunnel test for use in a quiet Electric
Vertical Take Off and Landing (eVTOL) aircraft. The Box wing is expected to be quieter by shielding the aerodynamic noise
from the propeller. It was shown that the Box wing has a mild stall characteristic, the lift of the Box wing increases due to the
effect of the propeller thrust, and that the current Box wing has no effect of improving the hovering ability.
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The Study on Film Cooling Improvement Effect of One-Side FCD

SHISHIDO Masako (Iwate University Graduate School)

ABSTRACT
This study proposes a new flow control device (FCD), called one-side FCD or OFCD, to improve conventional cooling hole
film effectiveness of turbine airfoils for gas turbine. Detailed numerical investigations on the flat-plate model are executed
through RANS (Reynolds-Averaged Navier-Stokes equations) -based simulation using a commercial flow solver, calculating
film effectiveness for the type of OFCD. It is found that OFCD performs fairly well.
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Repl 0 1 1 5 25 4,11
Rep3 0 1 3 7 35 5,13
Rep5 0 2 2 6 35 5,11
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Unsteady Flow Simulation Around 30P30N High-Lift Airfoil
with Immersed Boundary Method on Hierarchical Cartesian Grid

SUGAYA Keisuke, IMAMURA Taro (The University of Tokyo)

ABSTRACT

In this study, the unsteady flow simulation around the 30P30N high-lift airfoil is conducted to investigate the noise
prediction capability of the hierarchical Cartesian-grid-based flow solver. To calculate the turbulent boundary layer,
the Immersed Boundary method and the wall function are used. The computational grid is refined around the slat and
the slat trailing edge to predict the noise from the slat accurately. The number of grid cells is over 100 million. The
time-averaged surface pressure coefficient distributions on the airfoil surface agree with the experimental data
quantitatively and qualitatively. The Power Spectral Density of the wall pressure obtained by this simulation agrees
with the experimental data. Furthermore, the effect of the angle of attack on the slat noise is simulated well.
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Modification of the Immersed Boundary Method
for Improving Drag Prediction Accuracy of NASA-CRM

SUGAYA Keisuke, IMAMURA Taro (The University of Tokyo)

ABSTRACT

Cartesian grid method and Immersed Boundary method is suitable for aerodynamic design of aircraft because of its fast,
automatic and robust grid generation. In this study, we propose a modification of the Immersed Boundary method for improving
the accuracy of pressure drag prediction. The key idea of the modified method is to choose the reference points which are used
for enforcing boundary conditions according to the primitive variables. The Image Point is used to determine the velocity
boundary conditions, and the cell which is closest to the wall is used for calculating the pressure boundary condition. The
capability of the modified method is evaluated through the two- and three-dimensional transonic flow simulations. The RANS
simulation around NASA Common Research Model shows that the drag coefficient calculated by the modified method is closer
to that of the body fitted grid than the original method. Therefore, the accuracy of drag prediction by using the modified method

is better than the original method.
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Aerodynamic Optimal Design of Mars Helicopter Rotor Blade Planform
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ABSTRACT
A conceptual study of Mars helicopter for the purpose of observation of the oval tunnels on the Mars has been carried out.
Mainly from the limit of the storage size together with the Mars rover, a hexa-rotor drone is proposed with a gross weight of 3
kg. Each rotor consists of 4 blades while the rotor diameter is 460 mm. Optimized design of the airfoil to achieve higher

hovering performance is being performed.
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Prediction of Pressure Loss in Injector for Rotating Detonation Engines
Using Single-element Simulations

SUZUKI Tomohito, MATSUO Akiko (Keio University), DAIMON Yu, KAWASHIMA Hideto (JAXA),
KAWASAKI Akira, MATSUOKA Ken and KASAHARA Jiro (Nagoya University)

ABSTRACT

Prediction of pressure loss in the injector for rotating detonation engine (RDE) needs to reproduce friction loss, entry loss,
and shock wave back-propagation in injectors. This is challenging because calculation cost is high when whole region of RDE
is studied. This paper proposes a new prediction method, "single-element simulation" to estimate pressure loss in injector with
lower computational load. The calculation domain is limited to single-element of injector and its plenum in this method. The
time-evolving boundary condition at injector outlet gives the effects of combustion chamber including the detonation
propagation. In this paper, the single-element simulations are carried out for the rectangle injector and the chamfered injector
for validation of the new method. The error of pressure loss prediction is less than 0.6%, which is 32-50 times faster than full-

scale simulation.
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Verification of analysis accuracy on a two-dimensional thin airfoil surface in the
immersed boundary method

TAKAKI Ryoji (JAXA), KAWAI Soshi, KUYA Yuichi, TAMAKI Yoshiharu (Tohoku Univ.)

ABSTRACT
In the immersed boundary method used in the hierarchical cartesian grid method, the geometry shape needs to be modeled by
an algorithm, etc., unlike the geometry-adaptive grid using general curvilinear coordinates, and it is necessary to discuss the
analysis accuracy near the geometry surface. In this paper, we will report the verification results of the analysis accuracy on the

surface of the two-dimensional thin airfoil (NACA4402).
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The effect of compressibility on the motion of a pair of interacting

two-dimensional circular vortices

TANIGUCHI Nobutaka, SUZUKI Kojiro (Univ. of Tokyo)

ABSTRACT

In this paper, the effect of compressibility on the motion of a pair of interacting vortices was investigated by numerical
analysis and eigensystem analysis. The numerical calculation showed that both inviscid incompressible and inviscid
compressible flows have similar vorticity evolution process. The eigenvalue analysis using Implicitly Restarted Arnoldi
Method revealed the characteristic pattern of the density distribution in the case of colliding vortices. The stability
condition for thermodynamically nonequilibrium state was applied to understand the behavior of colliding vortices in

terms of entropy and eigenmodes.
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Basic Investigation on Noise Generation Due to Interactions between Aircraft
Landing Gear Components and Gear Bay

YAMAMOTO Kazuomi (JAXA), YAN Yutaku (Skymark Airlines), MURAYAMA Mitsuhiro (JAXA),
NOZAKI Osamu (Kochi University of Technology), and HIRAI Tohru (Ryoyu Systems)

ABSTRACT
In order to understand the noise generation due to interactions between the side-brace wake and the gear-bay shear-
layer of the main landing gear, a simple numerical flow analysis on a rectangular open cavity including a circular cylinder
is conducted by using two-dimensional laminar flow computations. The results show that modification of the cylinder
location relative to the cavity leading edge drastically changes the oscillation modes and frequency characteristics of the
cavity flow. Although the computational model is too simple to clarify the interaction noise of the real aircraft landing-
gear, it provides a basic knowledge of the noise generation physics.
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