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Abstract

This thesis investigates the physical mechanics of shock wave oscillation phenomena in
airflow around an aircraft. We analyze the results of numerical simulation for studying
the physical insight of the unsteady motion of the shock waves.

Firstly, we investigate an oscillation phenomenon of the shock wave system on the
supersonic intake known as "buzz.” We employed the unsteady Reynolds-averaged
Navier-Stokes (URANS) method to simulate a series of wind tunnel tests in which
an external-compression intake model at a Mach number of 2.0. The experimental
and numerical results indicate that the MFR (Mass Flow Rate) through the diffuser is
closely tied to the onset of buzz. Based on this finding, we model a time variation of the
mass on a control volume (CV), which is located at the rear part of the diffuser. The
modeling suggests that the buzz phenomenon can be described by a delay differential
equation (DDE). Mathematical and numerical analysis shows that the proposed model
could predict the buzz onset by the bifurcation of the solution of the equation.

Secondly, we perform a resolvent analysis on a two-dimensional transonic flow over
a NACAO0012 to identify the origin of shock oscillation phenomenon around an airfoil
called "transonic buffet.” Numerical simulation to obtain the base flow for resolvent
analysis is conducted at a cord-based Reynolds number of 2000 and a free-stream
Mach number of 0.85. This flow condition is quite lower than what traditionally has
been considered in previous researches. Resolvent analysis allows us to find that the
appropriate forcing input could trigger the shock oscillation even at a low-Reynolds
number flow. The source of buffet is identified to be at the shock foot. We also
comment on the role of perturbations in the vicinity of the trailing edge.

Consideration of a transonic buffet on a three-dimensional wing used for regular air-
craft is the final part of our discussion. We employ a NASA-CRM (Common Research
Model) wing as a test model for an investigation. Zonal-DES (Detached Eddy Sim-
ulation) method allows us to simulate complex unsteady flow fields. A comparison

between the numerical and experimental results suggests that our calculation simulates



the three-dimensional buffet with reasonable accuracy. A spectrum analysis about the
pressure field on the wing indicates that the three-dimensional buffet could be un-
derstood as a superposition of two types of shock oscillation with different frequency
ranges. Also, we found that the shock oscillation on the NACA-CRM airfoil could be

categorized into three patterns.
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1.1

1.2

Flow patterns on an airfoil for different Mach numbers. Flow around
an airfoil could be categorized into three types: (a) subsonic flow, (b,
¢) transonic flow (d) supersonic flow. In the transonic case, the normal
shock waves, which stand in the middle of the airfoil, interact with
the boundary layer and could trigger the flow separation. The normal
shock would move to downstream with increasing Mach number, and
a new shock wave, called the bow shock, appears in the front of the
airfoil (Anderson Jr, 2010). . . . . . . . .. ...
The supersonic intake consists of a shock wave system at the rear parts
of the intake and subsonic diffuser. The airflow which passes through
the intake is firstly decelerated from supersonic to subsonic by the shock
system. The subsonic diffuser recovers the air pressure and leads the air
to the engine. The decrease of MFR through the diffuser could trigger
the violent oscillation of the shock systems known as “supersonic intake

buzz.” ..
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The operating condition of supersonic intake depends on the mass flow
rate (MFR) through the subsonic diffuser. (a) A supercritical condition
is characterized by the terminal shock waves that appear inside the
diffuser as a result of excessive MFR. (b) In a case of critical condition,
the normal shock is generated at the cowl rip position. This state serves
large MFR and a high total pressure recovery rate. (c) Excessively low
MFR poses a subcritical condition. The normal shock travels away
from the cowl rip due to excessive backpressure, and the strong shear
layer extends from the shock triple point. . . . . . . .. .. ... .. ..
Ferri & Nucci (1951) and Dailey (1955) have suggested two type of
models explaining the physical mechanism of buzz. (a) Ferri & Nucci
(1951)has argued that the strong shear layer extends from the shock
triple point trigger a small amplitude, high-frequency shock oscillation
called little buzz. (b) On the other hand, in the model of Dailey (1955),
the flow separation at the foot of the normal shock causes flow blocking
and results in large scale shock oscillation called big buzz. . . . . . ..
A normal shock wave in a transonic flow around an airfoil would oscil-
late violently within certain angle of attack and Mach number condi-
tion. This shock oscillation phenomenon, known as transonic buffet, is
an example of the self induced oscillation of shock wave. . . . . . . ..
Lee (2001) have argued that the pressure wave radiated from the trail-
ing edge of an airfoil, called Kutta wave, act an important role for

sustaining shock oscillation. . . . . . . .. ... oL
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24

A transonic buffet on a three-dimensional wing has a different nature
from the two-dimensional buffet. (a) The shock wavefront of the two-
dimensional buffet oscillates uniformly in the streamwise direction re-
gardless of the spanwise position. This means that there is no oscil-
lation mode in the spanwise direction. (b) On the other hand, the
three-dimensional buffet oscillates not only in the streamwise direction

but also in the spanwise direction. . . . . . . . .. ... 0L

The scaled model of supersonic intake for the wind tunnel test at M, =
2.0. The model is designed as the external compression type. The major
dimensions in (a) are listed in Table 2.1. The five Kulite transducers
are mounted at the bottom of the diffuser to capture unsteady pressure
data. In this study, the data from the PS3 sensor mounted at x,, =
115 mm and bps =20 mmisused. . . . . .. ...
Experimental results from the wind tunnel test. (a) Horizontal position
of flow plug z,, (b) Unsteady pressure measured at port PS3, (c) RMS
of pressure fluctuation, and (d) Spectrogram. Here, x, = 0 indicates
that the exit area of the diffuser is fully closed. The width of the time
window for obtaining (c) and (d) is 0.128s. . . . . . ... ... .. ..
Schlieren images at some instants. (a) At the beginning of the shear
layer ingestion (11.22 s), (b) just before the onset of buzz (20.38 s), and
(c) and (d) during buzz (c: 23.96 s, d: 24.16 s). Pressure-time histories
around ¢t = 23.96 s and ¢ = 24.16 s are displayed. The red broken lines
are the times of snapshot (c¢) and (d). . . . . . ... ... ... ... ..
A computational model is built to simulate the wind tunnel test de-

scribed in section 2.2. . . . . ..
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Time history of unsteady pressure of the diffuser at the same position
as the PS3 Kulite transducer installed in the wind tunnel test. Two
computational grids, the total numbers of which are 3 x 10% (3M) and
24 x 10% (24M), are used in this calculation. . . . .. ... ... ....
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The computational grid used for numerical simulation and resolvent
analysis. (a) The whole computational domain. The enlarged views
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1.1 AEXDHAETHR
1.1.1 MEROBBICHEKET HEHER

2R e BET 2HEEE D iz EZ 5, M D oRnGE, RO Mach
B My = Voo /oo DIEIZFEDTE DL DD —VICHHIND, TIT, Voo Wizt
DIMND—HIESE, a0, F—IRRERTH 2. ZNZNOHEICE T 23 D RGD
EHoz, K110, —RREESEEREL D D TaISB UL, MauUIIREM & 2% 2
EMTES, AR EBIOED 1200, EROEMIEOMESHEZF BN S X9 I
%%, KID Mach BHM4a 0.8 < My, < 1.2 OHiFHDHL L E R (transonic speed)
LRI G, BUEOHIZEEDS <13 OB CMRIT L T 5, iR TlE, HFEImIC
o TR S LS EE 2 2, HO MmN 2 E sl Is s, 2o
HEEEDOWNNE DRI D > THIEE £ THGE T 288 T, HoPRICEER 74
T2 (REMEY) . mEMFEEIE, RO Mach B35 72 21220, D P mic
BEIL, LU TUERORIGSES 5, Z O, VRO I O (HbiE ) 23
FET D, Mo > 1 OB (3, BEMKELFEND, Zo kI, EEE oM
BT, MIZERIckke 8 4 T OEEREIFET 2.

o ORZERER D ICFEA§ 2 BEI0IE, FAofing & T L TEMEZRIEBER Z27m
T, plZE, EBEEEICE ) 2 BEHRKIERORMOERE L T 2 (Delery, 1985).
C O ER - BIRE T (SWBLI: Shock Wave Boundary Layer Interaction) (%, 5%
DR AR JH I & § 2N oMz 5 S 9. Hizeo 1R CEER - TRUET
B DmnIECHEL, SnzKiirBEICHEE T 5 L, N7 2y T 14 v 7 (Buffetting,
Ericsson (1975)) & WX 2 B OMEEIRBI 2356 E T %, BEREM DI EIT £ 7, MR
PLORMERX & 7 % (Anderson Jr, 2010), FEEEENHL L WX 5 2 DL, FEPIC X
525D Ly buE— ERICHEWIET 2ERIETITH D, BEBRKEE T2 E D
20 % ICHET EHADD 5.
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Fig. 1.1

(a) M < 1
(b) M =0.85 «— Normal shock
Super sonic

region I

Separation

(c) M =0.95

Qoo

(d) M = 1.05

/ Subsonic region

Bow shock

Flow patterns on an airfoil for different Mach numbers. Flow around an airfoil
could be categorized into three types: (a) subsonic flow, (b, ¢) transonic flow
(d) supersonic flow. In the transonic case, the normal shock waves, which
stand in the middle of the airfoil, interact with the boundary layer and could
trigger the flow separation. The normal shock would move to downstream
with increasing Mach number, and a new shock wave, called the bow shock,

appears in the front of the airfoil (Anderson Jr, 2010).
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112 FEEROBMRENIRR

% DL, FIORICCEAIAR DRI E 5 T HIUSHIZEE M b O B8 iE b
EHTHS, LrL, HEREDT — AT, KMPCEREBIRIERTHIHEAICEB VT
b, BERESIEERICIREIT 2 2 LB TS, MiEEIcB ) 2 HRIIREIBIR DR
B E LT, "EEHRS T — 278K (Delery, 1985; Seddon & Goldsmith, 1985)” &7 &
FHN7 2y b (Lee, 2001)" 23 P 6505, N6 OMBEIEIREIBIR L, K[IEPHZERED
REEVIDIHRENNTH 2 AT, WA AN RALENIC X D FEH S 02 HIREBIR
TH 2, MNORHHGER TH 2 EHEEOREZ, ZDOFUAORIDOE L WIREI% FFHT 5.
% DA UL, BEREEDICNbD 2 028 A8 % ER T % 7o, B [ HRE)
BRI O RITOR 2 AL ) B A BHR L L THshiTw» 3,

BEEA > T—7I\X (supersonic intake buzz)

HEHRA v 7 — 7 N, HEEEERE (SST: SuperSonic Transport) DRI D—
DTHHHEERICE W THAET 2 WHEPIRBIHRTH 2. fERIT 2y Py vz
DATNA A %GR, Z ORRIESHEROMENRICKE CRET 2. M121087
HEH A >~ 7 — 72 (Seddon & Goldsmith, 1985) (X H#EMER Z K 2 AL WE T N4 2
D—oTH Y, MEEDIMELILL S BLA 2 A, vy v NEEMICEGT 5 %H
29, BEHRA VT — 73RN, Y2y Y (wedge) EATNLVY Y T (cowl rip) 5
FET DD O T DEE S A T 4 (shock system) & EIRIEHOHEET 4 7 22—
' — (subsonic diffuser) 2SRRI NT V5, HEP S 2 7 L 2 5@l L 7 ifidu 3 iE s %
TSN, T4 72— FNTENEEI NS, SHEKROREL 74 7 2 —FHREBICE
\J AR ISR RHE R LS, EHE LA VT — 7 OWRIRETH 5.

HEHA V7 — 7 N RE, EHEES AT LOREBBREZIHET. BEEA VT -7 XD
FEEIE, MR OIRENICHE) T4 7 2 —FNKROW L WEF 2 &, REOLEIFL Y
YOEILRTEE TR T 5, NAORERET 50, HETHEA VT — 7 OFGHIB VT
FATNY y ThEZRET BB, BEOREMEEIC M = 022X, 7=y o4l
R OMEP L ATV vy TOMICEEREZ BT T % (Seddon & Goldsmith, 1985). 241
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Wedge Subsonic diffuser

Shock oscillation = Buzz ~Cowlrip

Fig. 1.2 The supersonic intake consists of a shock wave system at the rear parts of
the intake and subsonic diffuser. The airflow which passes through the intake
is firstly decelerated from supersonic to subsonic by the shock system. The
subsonic diffuser recovers the air pressure and leads the air to the engine. The
decrease of MFR through the diffuser could trigger the violent oscillation of
the shock systems known as “supersonic intake buzz.”

BAE L —UiiaONz i g, fRMCHEER TRET 2 iz s ¥ 3,

BEHA v 7 — 7 OFFHREBIEHEEET « 7 2 — Y NOERTEIC L > T2MkL, K
L3R T & Hic, BIC3MEBICHBTES, 74 72— FHOHBRBEIEIEME L DK
FVEaE, A v 7 — 7 I3HEEFEEREE (super critical condition) 1272 1), #& Nl B )%
(terminal shock) 237 4 7 2 —FWIMIZER SN2, ZORETIE, T4 7 2—FHEHD
KB cHEHICE 5, BEREOETICX 2 ED ERICE vy, KumE ez Bk
iz Ehd %, EERAFENREE (critical condition) &, &IMMEENE2IG x5 EAT L) v S
(cowl rip) DALEICH 2IRETH 5. HFEEIRE ZE CRIERIER RS 2EH R EZ
FEET LI ENTEL, A v T— 7 HHEBPECIRETH S, T4 7 2 —FNHOEERED
BRSMEEREE X D K& CIRT S 5 &, HERAEENRED A 5, dHEESEEIREICE VT
IR EE DS T 4 7 2 — D S i, B A T AR T 2l E = H A (STP:
Shock Triple Point) 7° & i@\ ¥ AWIED T4 § 2. EEEOHIZEHDOETICEWTIE, T4
7 2a—FHOERREIZFICZ Y Y Y OFFIREBIC K > TRES NG, 2D T3,
L2 D ARATIRRBICIE U CTlid 22 (EBIRE 2 PR D 7 o, BIME 2 ZTEBENG 12 & D ST IR 2
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Large

<Terminal shock

Engine
‘\‘ M<1 L
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shock \*~ Normal shock
(a) Supercritical condition 3
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kS
Q
<
Flow 5o
— M<1 Engine 3
M> 1 — =
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[
=
(b) Critical condition
Flow Shear layer _
— ————— M<1 Engine
M>1 L
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i ] Cowl rip
Shock triple point

(c) Subcritical condition

Fig. 1.3 The operating condition of supersonic intake depends on the mass flow rate
(MFR) through the subsonic diffuser. (a) A supercritical condition is char-
acterized by the terminal shock waves that appear inside the diffuser as a
result of excessive MFR. (b) In a case of critical condition, the normal shock
is generated at the cowl rip position. This state serves large MFR and a high
total pressure recovery rate. (c) Excessively low MFR poses a subcritical
condition. The normal shock travels away from the cowl rip due to excessive
backpressure, and the strong shear layer extends from the shock triple point.
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(a) W/edge
W
Flow Shear layer
N 4
M>1 - M=l
Shock triple point  \jJ/0o1 chock
(b) Wedge

Normal shock

Fig. 1.4 Ferri & Nucci (1951) and Dailey (1955) have suggested two type of models
explaining the physical mechanism of buzz. (a) Ferri & Nucci (1951)has
argued that the strong shear layer extends from the shock triple point trigger
a small amplitude, high-frequency shock oscillation called little buzz. (b) On
the other hand, in the model of Dailey (1955), the flow separation at the
foot of the normal shock causes flow blocking and results in large scale shock
oscillation called big buzz.

HlfH 9 2 EHA v 7 — 7 PEA IR I N T,

HERA VT =7 NRE, T4 72—V NIRERD 2% IR FFEIREIC S »THRA
T2, RAZOYHNEEFTNVIEIINETEIC 2 MEREINTE D, Feri 7 (X
1.4(a), Ferri & Nucci (1951); Fisher & Brooks (1970)) & Dailey € 7V (Xl 1.4(b),
Dailey (1955)) 2L AS T 5, Ferri €7 VT, K 1.4(a) IR $ X910, HEK=
HEPOFHELTT 4 7 2 —PHICHAT 25 AWIED, NA2FEHT 5L ST
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%. Ferri & Nucci (1951) 12X % &, HAWIEDWAIHES THRET 53 XI3HRIEH LY
INE L OERBEETH D, ZDY A 7D liitle buzz £ MEHENTW S, —JF, Dailey
(1955) DE TV (1.4(b)) TlF, EEHRDORAMITIZE VW THET 2D HER N D
FAERKTH % & ZINTWS, Dailey (1955) 1Fifdid i < BEIHE S TiEE OPHZEIC X 2 T
D LA, HEPIRGOGIEETH L LEFRL TS, ZOXAZALITHEITOTIHET
BZANRIRESRE , HEHD RV EEZ 5 TED, big buzz EWEENT W3,
DX, AT =7 NRIE 2 DOFBEINAET 5 LI BRI, BIED S XD
FRTHD. —HT, FaLfrbiiz Chen et al. (2018) DFEEETIE, JA K HIS LT 2 Hlfig
EIXE 7D, little buzz & big buzz YT 2 2 LRI NT WS, HE#EA v T — N
RDYF 2 X A = R LR E LTHEADONRTH D, ELBPIREIBIR D FE A H K % 3
W19 2 €T NI EEEDRMPIKRE CODBURTH 2.

BEE/INTZ v b (transonic buffet)

KT B3 6 ) =D OB BPHREBIGRE, BEEN7 = v FHIRTH L. HM
DEHHERATIE, K 151037 &) ICHOPRICEERERDER S, HERK - SRE
THREAET 2, BEEAN7 2y ME, ZOEREHRHEOREFERTHS, Y72y b
HI D BEERNDTAR I EN AR LZEEIC XD AT TE D, KA EOME SRR I
ZE) L GO FET 2 AIREIBIR TH 5 (Lee, 2001). EHH N7 = v FFAET S
ERLIIFN OB L WEFNC X O BARE) L, BB E Ao h e <.
D, BEHENT7 2y FOTFHNZ, BIZEOBFEICH Do THETH 5, HHENZ

HHEANT7 2y P ONFTIE, HIZEEOKHRIEICE W TH RS Cp #5T 30% D~ —
TPy EBET % (Dandois et al., 2014). HIRE Cp ITNT 2~ —2 13, HiZEKD 7 5
A rzrNn—=72HRL, RABERROBRICEDS.

EHHNT7 =y PBEROWELREO—D1F, ZORBAMORIICH 5. ERDOITHRE
KOHMEY 2 2L — a v ZHW%E (Deck, 2005; Jacquin et al., 2009; Dandois, 2016)
TlE, WEPARE O WAL, HiIKR L 2HMEL $2 2 ba— VB St = fL./Ve IC
BWT, 0.06 < Sty, <007THRETHZEINTVE, ZHEHL, BEHEAN7zy bO
PREN A HRR ] ¢V /L. = 1/Sty, HHET 14 <tV /L. < 16 IZ#ET 5 Z L2 H®K T
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Fig. 1.5 A normal shock wave in a transonic flow around an airfoil would oscillate
violently within certain angle of attack and Mach number condition. This
shock oscillation phenomenon, known as transonic buffet, is an example of
the self induced oscillation of shock wave.

2. RNRIC, EERSIE C BEEIRN O OIREN L 0.1 < St < 1 & (Sartor
et al., 2014) TH Y, EEENT7 = v  OIREFAPIMOIEEFHIR & i L TEZ> TR
v, Fio, BEEANT 2y FERIEIBE  OWGIHREGEATH S, BIZE, EEORE

LRI (Lee et al., 1994; Jacquin et al., 2009; Crouch et al., 2009), 5 - B A
Tz & 2 BERUEREE (Seegmiller et al., 1978; Levy, 1978; Grossi et al., 2014; Iovnovich
& Raveh, 2012a; Fukushima & Kawai, 2018) %Tdh 5.

N7y PRROYPIN A A AL EFAT 2TV, T EFCHEIREINTY
%, Lee (2001) IC X DRESI NI A=A LTI, K 1.6 1237 &I ic, BT oRE
U CHIBESEIRNS 2 Tilic 8§ 2 A H) &, BEZTRAET 2 Kutta S HEE L
#2729, Lee (2001) OFHITIR, EEHHE N7 = v b ORI RSN L, H¥ L EE
BENCE D74 —FRNy 70— ko THERF SN T %, N7 = v + OYBRIIEERE 1B
T 289 —ODRER, RGO LERLEEDOHGRICHE ST WS, SRCEERITIE,
Al Navier-Stokes &L — ¥ D A7 b VHRICESWTED, b 2REEERAEICE
2 REE DA OBILOREREZ RS 2 L2 TE %, Crouch et al. (2009) 1%, RANS
v Ial—va v ERRBPZEREITOMATIEICL D, 2R500 NACA0012 HAYR H
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Shock oscillation

Fig. 1.6 Lee (2001) have argued that the pressure wave radiated from the trailing edge
of an airfoil, called Kutta wave, act an important role for sustaining shock
oscillation.

EEHRN O RARLEN: 2 FHE L 72, B4 2230 - Mach 80U & 17 2 i D RIEZE 1
fEpTic X bR o7 = v FEAELZ McDevitt & Okuno (1985) D FEERAGH & ik L,
N7 vy P OIFFEZ IEMEICPHITE 2 E FIRLTWA, %7, Crouch et al. (2009) O
WFoEIcht &, MIPLEEMGRmZ Y X — b T 2WMEPMF ST WS, Sartor et al. (2014) (3
NACA0012 #JH h EHFFER N D2 2 €7 Y THOBEAET I X D, Crouch 5D
ReY F— PR Z2HRTVS, MNGOMPLEEDOHGRIZESTENT7 2 v FBIROD
W72 X ) = A b2 LB L Tw 3, —F, BIPZEEEGRTRHIIIL S Tuian
BIR b EEE 2 TE D (Nitzsche, 2009; Iovnovich & Raveh, 2012b), BEHO I 5% 2%
LR RETH 5,

INFETOEZH N7 =y MIFZEIE, AV I EMZ D 2 XTDBRICE T
ZHMEDRICHEL T 225, K REOHIZERICIT 3 KILRICK T 237 = v b 23t
RELEMEBHZODH % (Koike et al., 2016; Dandois, 2016; Ohmichi et al., 2018;
Sugioka et al., 2018; Crouch et al., 2019; Paladini et al., 2019). 3 XILED/N7 = v b
BIRICE T 2R ORIE, 2 RIEDNT7 = v b EFRARD, AV TROARLEELB
NHRUCH 2. 2R6N7 =y b EZRILNT7 2 v MBI 2 MM 22 MR IHRE) O B) 2
DB ZIK 1.7 137, 285037 = v + OB A IS PARE) ORHIE 23V TIaIc 4
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(b) Three-dimensional wing

Fig. 1.7 A transonic buffet on a three-dimensional wing has a different nature from
the two-dimensional buffet. (a) The shock wavefront of the two-dimensional
buffet oscillates uniformly in the streamwise direction regardless of the span-
wise position. This means that there is no oscillation mode in the spanwise
direction. (b) On the other hand, the three-dimensional buffet oscillates not
only in the streamwise direction but also in the spanwise direction.
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LAY —REICHREY L, 2 OIRBYH B0 HEBSR (St ~ 0.07). —H, 3 KGHEIC
BIFBN7 2y B TRANYHIANHRE 2 #3815 S 1 5 (Koike et al., 2016). DA
28 H7 D ARG VE D IR B e 503 OB RS <, St ~ O(1071) £ T % 2 (Dandois,
2016; Sugioka et al., 2018), 3 XJG/N7 = v MZEWTHN S AV FRIDALEMT,
N7z v bl (buffet cell) EMFIFNTVRS, 2D XIHIT, 3RILHEITE/N7 = v FBIR
E2X70N7 = b EHBRL TIHBUCEMETH 5. 3 RIGN7 = v P DOIFRIZRIEIC R -
TREZTEHZEDRO -3 TH D, YHBHROFMICE L TERBHZ H23% v,

1.2 WHEEHN

AT, 11 CRREHEE RS VT — I NXLEBEEHN7 2y PERRELT,
W2 D IS B T B BRI O HINIRBIBIR 2 AT L, VBN RA A= XL %2 E%T 5, i
KoavEa—¥rIal—vayv (CFD) ZHWVTHR L & 2 EERIIREIBILR % 181§
5. Fonkyrial—raryr—8z2NRELTRNGDOI 2T\, HRICWET S
VI EZHO P T L2 HNE T S,

HERA T — 7 N EEEHEANT7 v ME, TN Mo ARG D 2 24
NN OW L VAT ZHE, L0 Yy OFIECHEE - IARE ORI R 5150 T
BRABRELTHIONT WS, Z0d, HZEEORITERBETINS DBROIA %2 P
L, iFHcKmd 2 2 &3, MEEOFICE Tl TRETH 2. FEE M2
CEWTIE, EBParEa—4%y oL —a vy 2o TEBERIES ORE 2 K%
KPHT 2RO DI, BENARLE—Y 2V I LK) ZOMBEICRHLL TWE
(Seddon & Goldsmith, 1985; Dandois et al., 2014). N5 D2 — ¥ DRI, WizehE
DUEROETICED 2, HREIREBIRD X = X LOFHIE, 2 OFADREE ¥l %
L 7 etk be % e RAL T 2 7- © O G O BT, BIRA LR OBE 2 BIN T 2 Fik
DFFEICHEIRT 2 LB o5,

F - EEIE O QIREIBISRE, 2 AERPYEIIC RSN R TL H 5. EHEH
A VT = NAPLEEHANT =y FTIE, IHBRIRCEARE SR HIOERE TH 212
BIb &9, R LA OB CEEBERAIRET 5. Jiud, ZOWMIUGOMEAOMHE &
LT, MEDRBEEICZANX —DPEFTLL)BADRLDEET LI E2ERLT
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W3, HLOEEINE, o7 4 — Ny VEBEOHEEZ R LTS, HEROH
JRENER R OYELN 72 A = X L OISR, KO ALEBRRICN T 2HE2ED S 2 &
BN D,

1.3 ZFHX DB

EFTH2ETIE, BEERS VT — I NZXOYHN G A DAL ZHEIZT 570, N
AFMES T2 —va v EBROETY v I M, FHMIZEMTERE AR (DUF,
JAXA: Japan Aerospace EXploration Agency) IZ & > THEIEI 117z, HHTR D A
AT E A~ T — 7 B o JRIH R % MR & L 2T 2 ST 5. RIS & B 2,
URANS Z W22 EEHEMEY S 2L — a v of 2 Rma+ 2, B8EES v 57— 2
2, T4 7 2—FHNOERRED NN T v AHBER ) = X LD B SIERICZ g - I
FEDPLLINTO L EDRED T THRDET Y v I Z2iT\V, NXF vty b Z2 M
J 287 e T RERZRET 5. S5, BESINLETVIEXZRG L T
RROMBMEZMEREL, BANBBRITIC L ONZXOREZELT 52X — 7 XA —F %RT,

B3 ETIE, ANNVFRICKIETROZAD T, 2 RuoRE Dz R E L7E
N7 2y FEIROMHTICHD T, 2 Xoud NACA0012 FRALE O B & 2 x5
WY S 2 L= a v R, RIVGOVENEREEZ 0T 2. AfE T, B
N7z FRROWPLRA H = XL E BT 272012, 20 TREIE (origin) 4 IKEH L%
SN LTS . O, Sartor et al. (2014) 3RIIGDOMIGLEMICTE D W B E H W T,
NACA0012 38 h OB EH A % T L 72, Sartor et al. (2014) 12 &k % &, fEEEHARE)
DO IREIE” (F R AR BT 2 HBPRAMHETH 5. 03, FFEBEIRE) I3 5 R AR
FHEICE T 2 EELICESHEI NG T L2 B8R T 5. REIFEOREIZEGEN7 2 v + D
WB 22 A H = A L2 PfRT 2 L CEETH L LEZ 6N D, KK TIE, WMGOMKRIY
LEMED W FIETH % resolvent fEHT (Trefethen et al., 1993; Yeh & Taira, 2019) % H
W, 2 %60 NACA0012 B D BEERIUG 2R E L@ITE21T9. WhsgoLr 4
)V ABEECRET D (Re ~ O(10%)) 2 & TN ZESIZL, & 0% OIRBIE % K&
T2ILEHET. BoNKIREFEOVIHN L E®KEZEZL, BEHEAN7 v FMHROY
MR A D= AL % #E52T 5, £72, resolvent EHTIC X - TH 6 1L IRENIF HI T | i g
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BRB 25 S § 2 2R T 270, DNSICKBMGEES S 2L —2 a v 2179,

FATTHE, &) EEOMERITIL Y 3 IOLRICKE T 2 EHE N7 = v PERZG L
%. K7 Tl3, NASA-CRM (Common Research Model) % HW»T 3 XIuHEICE T %
BEHEN7 2y FOFfEY S 2L —> a ¥ 2179, NASA-CRM &, 7 XY AfiZes i
2 (ATAA: American Institute of Aeronautics and Astronautics) 2334 L 7z 5th Drag
Prediction Workshop (DPW5, Levy et al. (2014)) THWHNET L TH 5, NASA-
CRM kg2 fiffe L Tikit Stk b, IRVFED ZUin <, FRICE T 28
REBHT 20IT#E L T2, RIS, 30087 = v b CFD 1213 2 Xouné L
LT, M TRMKDRE ZGtEZ2ET T 20E03H 5. AitFE TR, FHEOBIELZ JIH
L O OERE R R Z 15 % 7212, Zonal-DES (Detached Eddy Simulation, Spalart
et al. (1997); Deck (2005); Brunet & Deck (2008)) Z 25, 36 L7z IEEH DI
T8 %ML, 3RILHEICEIT D7 =y MRER ARV FAOARLEEL, 2 Rou#E
ICBF 27 2y PBREDFLURICOWTEET 2,

HHETIE, A THONHMAEZREL, fMinzidxs,



B2E

BEEA VT —7INXT

Sy g

ARETIE, HEEA VT — I NX2NRE LEEGEE X OHRPHAREHSRO€ 7
Y 7RI . MR ORI A > T — 71281 2 N RRHEITE O 72 & o JEGH FE R %
WRELTURANS ICX 28y S 2L —v a v 2EML, HETIREBIRZ LHL T
LYBBIR2EHET S, £F, HEEA VT — I AN T 14 7 2 — P NEBOE R L
CBET2HRCTH S I E2HERICTE. RTT 4 7 2 —FPHNOHBROKHFEEZ %
L, BIEMS /X (DDE: Delay Differencial Equation) 12 & D RS 41 5, NAZH %
MBS 2 H7 e T V28, £, ETAVOBEROEANLRIIIC LD, BEHRS »
T — 7 N AFEEOMFARIEZ ST 5 DD 8T A =8 2R T,

TPublished as: [Yamamoto, J., Kojima, Y., Kameda, M., Watanabe, Y., Hashimoto, A. & Aoyama,
T. Prediciton of the onset of supersonic inlet buzz, Aerospace Science and Technology, Vol. 96,
p. 105523, (2019)].
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21 BR

AR, R ECR AR of EEXE R (SST: SuperSonic Transport) DOWFJERHFEH
HRLL T, FETIE, KBS 2T HEEDO T ED 72 ® 12, Drop test for the
Simplified Evaluation of Non-symmetrically Distributed sonic boom (D-SEND, Yoshida
& Honda (2016)) &4 6N 7-GHlinsZ T S 1, B TR TN Tw5, XK
Elcsw bRk 7ay =7 & LT, Quiet Supersonic Transport (QueSST, Coen
et al. (2017)) 2HEfTHTH 5.

WA, 1950~60 FRIT 1T, SST I2fR % Bl O KBS E Tl A ITfTbit 7,
1970 ERICiE, A XY R L7 7 v AHEBHFEICK 5 SST £ LT, 2 a)F (Concorde,
Rettie & Lewis (1968)) 23t L 7-. L2L, a2y an FicfEIn s HIER D SST 14,

AR IR OB ISR 2 18 (Y = 7 7' — 4t sonichoom) D7- &2, FRMLATHE 22 i
DM TR SN T, MAT, BERRIT 2R 2 7-olcm el hznEe L, 2
TUCKEDOMBZHE E Lic, 2O X9 RHHD 5 IR D SST I3#EFIN /7 + —< v
ADME L, Wizt X 2 ICH#E D > 72, KA SST DFEHEIX, oD RE%
AT 22 LICdH B,

SST DEZHMD—>Th 2MERIE, Yy b2V EZDORBATNA R ER,
IREVERBICKRE (BT %, BEEA v 7 —7 (X 1.2, (Seddon & Goldsmith, 1985)) (&
HEER DRERER D—DTH D, BLAZIND AN, T v NEMICHEGT 5 %&H 2 H-
T2 HELMMBEETH 2. BEERA T — 73— RN, HRE2REIEE200
7z v (wedge) LENEEHDO T 4 7 2 —% — (diffuser) 226K INTV5, 7= v
DI K B 2 L AU E R E O I N, T4 7 a—YINTEAREIN S,
R I MR 2 BT T 5 7 I, IR AEBI SRS B i Y) 2 ki 2 LE IS T
CVILHHET 5 2 ETED, RELAEEEA v T — 7 OEGHB R B\, 2 OIEHERY
REEHEATIE 1950~60 N E TICHEZ ST % (Seddon & Goldsmith, 1985). IT4EIC
X, avEa—2 2Lty >EETEDORTE (Slater, 2016) *, HEEERITR DO E6E
%3 (Berra et al., 2015), ¥V =v 7 7' — LA D&% E DA% Z4TWw 5 (Conners &
Howe, 2006).
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HEERA VT —7ICk ) vy riciaIn s &, KRE LRFHEZEID 2% WEERN
bOTRFNER SR, LaLl, T4 72—V NBOERE ROEEERAEZ T E -
THEESVIREE (X 1.3(c)) 1272 &, %W 2 7 L DIFEHIRE T L, LEN L5
DHERF DI 2 2856035 5, HEEA ¥ T — 7 NXEWMIEN 5 2 OEER O H RS
BRI, 74 7 2 —VPWEEROB L WAH 25 S I L, REDLARL Y Y Y DFIEP
ez CERAIR E LTAIS T %,

HEEA v 7 — 27313 1950 FARBK, T4 - BB 2 Ml 2 S ig)A C e S et v
%, P OWZEIE FICEERIC X 2 5D TH 5, 1980 ALK 13 B fiEififk /142 (CFD:
Computational Fluid Dynamics) 12 & 2 #H#ERNDIEER > S 2 L — a A3, #lEdEA
YT = I NZADMAICIA FHE TV 5, Newsome (1984) 1& Mo, = 2 IZ BT 2 Hilixt
RIGIRDINBEAFLA ~ T — 7 OBHEGTRE %2, FEEH Reynolds *1-¥ Navier-Stokes /5 &
# (URANS: Unsteady Reynolds Averaged Navier-Stokes equation) & MacCormac A
¥ — 2 (MacCormack, 2003) OfiAafbRICk VD FERL 2. 2 OfEHE, BB [k
o CFD 23 n[ig T 5 Z & Z/n L7z, Lu & Jain (1998) 1& Newsome (1984) & 1%
R BWRDA 57— 7128 L, URANS & Chakravarthy & Osher (1985) @i I TVD
(Total Variation Diminishing) A ¥ —AIC k%3 S 2L —3 a ¥ 2T\, Dailey (1955)
O RGBS R 2 X CHBET 2 REH 0 S, S 5ICRETIE, Trapier et al. (2008)
DIFETEMTE O, 2 RO IR G MM A v T — 7 0> S a L —>v a v &2fiok, ZOv
S 2L —¥ 3 v TlE, Spalart-Allmaras (SA) €7 /L (Spalart & Allmaras, 1992) X— 2
@ Delayed Detached-Eddy Simulation (DDES, Spalart et al. (2006)) 23w o017z, %
DR, FEBE (Oh et al., 2005) IZF T 2 ENZEFHD A XY P ILOE RS FHBUIEI LT
v»%, Trapier et al. (2008) 1& URANS fE#H7 b [ 1217V, N A DR LA 742 LA H)
i¥ URANS T CHHBIARETH 2 EMEL T %, L Liads, MEdES 77—/
RIZBA$ 2 8% < D% (Shi et al., 2010; Herges et al., 2012; Kwak & Lee, 2013; Hong
& Kim, 2014; Candon et al., 2016; Soltani & Sepahi-Younsi, 2016; Chen et al., 2017,
2018; Shi et al., 2019) PHHEAM (Chang et al., 2012; Farahani et al., 2019) (B9 %
2% {ATbNTw2ICHH 6T, CFD IC X 2 VA5 D FHITTRENE (2147 TG &
LT\, Trapier et al. (2008) I3 ORE T, %5 OBUMEFHHE TIE/ N AT DRl



18

2 IR Y7 — 2 AR

ZIEREICET 5 2 L I3HEL VW EBRT W3,

DLED X9 R#ERA v T — I NZDOFMOREES X, ZDOWINL X H =X L OBfFED
AaTHL I EICERLTwS EEZ6N S, 11268 ThR LI, NARENA
PIBLE FUI21E Ferri €71 (X4 1.4(a), Ferri & Nucci (1951); Fisher & Brooks (1970))
& Dailey €7V (X 1.4(b), Dailey (1955)) 3% %. Ferri € 7L T, NAIdHAWE
DOFAAE) FHR E S, MR - SRS liitle buzz & WX 5 i HARE 235
2 ELTWw3, —J, Dailey (1955) D€ 7L TlE, BEREORAMEIICEOTHET 2
NDIF S HEDBNZDFEAEHKTH % L SN, big buzz & WX 5 KRIRNE - K8 80 7 i
BEIREIZ5 ST EEZONTVE, ZDXIHIE, ¥y T—72R12iF 2 DOEENF
T2 L) FZERTN, BUEDONNAMED TR TH 5, —1T, miltfTb sz Chen et al.
(2018) DFEEETIX, JALAISN TV L IEfE L 13574 D, little buzz & big buzz MEET %
CEDRENT VG, NZOYIN L A A = A LIFKRE L CGERONRTH D, EEH
IRENHR DR AT %2 3T 2 € T VICIFSEEDORILIK E o,

KREFFETIE, #FEA T — 7 AR ERNRE U LEEGEE & OB IREIHER O e
FV Y I RETH . MR OINEIEMERIA 5 — 212 B 2 N RS R O 555 % K
RELTURANSICE B28flis S aL—> a vy 2L, HERGRESTHSZ KA L T3
VHBIRZEET D, NANRT 4 7 2—FHNOEHENT v AICBBET 28R TH % L
DIRED TT, HRE LT EHETTIVICOWTERE TS, ZoEZZEL T, #©{H
YT INZXDEFH R VT 5700 W I BEETNVEEL. £, ETNAVGEAOK
PN KD, BERS VT — 7 NAOEFAIREZ XRLT 2D DT X — 5 ZiRT,

2.2 BEERAYT—I7I\ZAFERE AR

AffgeTld, JAXAFIAD 1 m x 1 m B®EEEAICE Wbk, SHBEMHRA >~
7 — 7 O N ZRPER R GRERE S SWT1-05-09, RN24104, 2005 4 11 H 15 HIZHE
i) ZfEHTRIRE§ 5, AREITIE, MHITRIROFEBFRNE L ZDFERICOWTHHAT %,
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Variable wall

Subsonic diffuser
by Wedge / / PS3 sensor
[ i i 7 |
Flow plug
[T 11 0 , /
. L // 7 -
N N éa
bys Xps )

b
¢ Cowl lip

(a) Schematic diagram of the intake model

Flow plug

Subsonic diffuser

(b) The scaled model installed in the 1 m x 1 m supersonic wind tunnel at the JAXA
chofu research center

Fig. 2.1 The scaled model of supersonic intake for the wind tunnel test at M., =
2.0. The model is designed as the external compression type. The major
dimensions in (a) are listed in Table 2.1. The five Kulite transducers are
mounted at the bottom of the diffuser to capture unsteady pressure data.
In this study, the data from the PS3 sensor mounted at x,s = 115 mm and
bps = 20 mm is used.
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221 WHRETIL

4 2.1 12, AWFRECHRITNRLE T 2EERA v 7 — 7 BEEOMER (X 2.1 (a) &, &
BRI B 1 2 REEGH (M 2.1 (b)) 2377, K21 (a) IR T BRI, #
21IZRY, ZoA4 vy T—r7ETNE, ROEERERMNDOY 2 v (wedge) &, KD
JIEHE & G O FETZ T % Rf DM 7 ¢ 7 2 — (subsonic diffuser) 2> 5 Ji% % SHiBH
WHDOA v T =07 Thb, T4 7 2—FO®REICIT70—7"7 7 (flow plug) DIFRIEI 1T
BY, 74 7 2—F»oOHREZFHEL TS, 204 v 75— 7ERIcEB T 2 ES
Mach #ld Moo =20 TH S, FMIZET, V= v P06 ET 2ROMEER T M = 1.64
FTHHS N, ROTT 4 7 2—FHIGICHET 2 MEMERICEID M = 0.66 £ ThlH
IND, [QIET 4 7 2—VFOIARFEIC K D I o g I n, HOMETIE M =0.43
E%, AMERETATIEY 2y P74 7 a— Yool ginickEIhTtwes,
i, 7y PRAEDERED T 4 7 2 —F~OFAI & 20O ML (Chen et al.,
2018) ZFilk T 27 TH D, £, TDA Y T—7TIEY =y PHEICEWTHRIULIE B
Y, BCELAZELTH T4 7 2 —FHORKIMITHEL 2\ 7%, Dailey (1955)) o
NRFFRELFREW I LICERINL Y, T4 7 2—Y O LB IZ Bk >TE
D, L2747 2—FME2MELZRBELPHRBICAZ>Tw5S, 74 7 2 — Y ORIEBHIEE
IRBEWEMBH N TE D, NEROBZEI TR THS, Y2y PRUET 4 72—
PRI DY 2 ) — L VIR DSEMREZ F L A A 5 (Nikon D-2) 12 X 1 1/8000 s k&<
R INTws, 7, HORAAARDIFEHTEIL Y (Kulite XCQ-062-50A) %3 [ iFEE
HICREINTE S, 361, HEIEHDHET2 Y (Pressure Systems Inc., ESP-64
HD-DTC) $IFEHE 2y HDZIRITREI N T 5, Kulite *2 3 4 O ST
32 kHz TH 3.

222 K%k

JRGEER F, JAXA FfMiZegdit v & —ICERE S T\ 2 -EE AR (SWT: Super-
sonic Wind Tunnel) 12 Cfib iz, SWT IEHIEHWIRA 1 m x 1 m DIEHETH 5 HIR
ez L AoEE#EERTH D, HIEHEZ% Mach £ IE 1.4 < M < 4.0, Reynolds %X
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Table 2.1 Main dimensions of the intake model. The definitions of the symbols are
given in Fig. 2.1 (a).

Symbol 1) Z Zo L bg b, «

[deg.] [mm] [mm] [mm] [mm] [mm] [deg]

Value 10 30 40 240 60 200 70

HiPAIZ 2 x 107 < Re <6 x 107 TH 2. ARBEOLMSM I, S Mach $0% My, = 2.0,

FIRIE - MERZNZN T, = 220 K, poo = 287 kPa TH 5.

BB IC BT, 70 =77 JhiiEid r, = 30 mm ICEE S H, HIOEREIZRAIC
%%, WERBG®IE 70— 77 SN EPIRLICBEL, HOEEZNSST52LETT4
7 a—YHNOWEREZRD S ¥ 2. 70—7 7 S OBEBIARZNIREREGE 2s TH Y, B
A% 25 s ICB W Tz, =0mm &% D, 74 72—l T 2. 208, 70—7
7 7 EHBOBEL, WY %,

223 HERER

RABRIC BT 2IEHES & 30 6 QMBI RIS 7 — 2 2K 2.2 (IR T, K22 (a)
26 (d) BENZEN, 70—775 FOKRVALE z,, PS3 i & O llE SN IEEHE
Jifg5, HEJ1D RMS (Root Mean Square) DIRINT—%, BXOHEIDARZ ta s
FLTHS, PS3 Y DEIIN 2.1 (a) IKHRENTVS, K22 (b) 25, 70—7
7 70 X 2 OO I, T4 7 2 —FNEROEESTRZ 1ML Tw 5 2 Lad
3%, JEJIO RMS (K2.2 (¢)) ISHEHT 2 &, RHl20.5 s ICB W THE O L WiRE)A
FELTWBE WD, COLE, 70—7"7 7#EH 2, 135 mm 2*5 4 mm XD
LTw3, AX7 a2l 507—5%13, EANZEHORMBEENL 273 Hz T, HEHZEH Ok
HFUIIEE—ETHE I EZRLTw5, £/, K155 55 20 s DHIPAD A7 Fu s 7
LEFRLUTCHAS L, BOENEBCIN > THOENEBPEEL TWD L0705
COFCEHD WS F X% 270 Hz TH 5.

FERRICEOW TR LY 2 ) =L YlifROAFy 7y ay VEEZK 2.3 ISR T. KXl
t=11.22s (M 23 (a)) CHEHT 2 &, ROMEEKEBEFREOTHICIDELEA
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Fig. 2.2 Experimental results from the wind tunnel test. (a) Horizontal position of
flow plug z,, (b) Unsteady pressure measured at port PS3, (¢) RMS of pres-
sure fluctuation, and (d) Spectrogram. Here, x, = 0 indicates that the exit
area of the diffuser is fully closed. The width of the time window for obtaining
(c) and (d) is 0.128 s.
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Wild 237 4 7 2 —FNFHNRALIBO T 5, —J5, ZORZICE W THE R ZH) IE
FELTEST (K22 (c) &), TAMEDOIAIL X 2MNDARLENDHE LN
v, BTERR OB ICEE D W CEHRT 5 L, R iR & i R 2 EE T A LT,
XTI D 88% £ T T 5, —J7, MEMRKOAZBEET 2 LTI, RIER
FWD 72% £ THAT 2, ZoLE, TAMEDO L TICE T 2REDEIZ 16% TH 5.
Fisher & Brooks (1970) & Ferri B /N X554 X /1 = X I (Ferri & Nucci, 1951; Fisher &
Brooks, 1970) %312, NZX%F| I T AWIE LT CORELBOMEFMEE, 7% & L
7o, t=11.22 s T8 2 AWE LT ORREZLH) I Fisher 5 DAEHEL D § RIFICKE <,
Ferri (Fisher) 12 & 2 €7 VIEAMEICE T 2 NAOFRAEZ EMICTFHTE T RWL I L3
35,

Rl t = 2028 sicBIF 2> 2y —L Vil (23 (b)) IKHEHT 2 &, EABIED
T4 7 2= NOWMABRBICE VT, HEES AT LM EREZR>Twa, £,
23 (a) & (b) DHBICE D, T4 7 2 —FHOMBEOIA TR, 753 = 5 AL A
(STP: Shock Triple Point) 23k 4 12 EICREEIL T2 2 30005, Z DR, MHEER >
AT LD GIRBIDFEL (2.3 (0), (d), BRF 4 7 2 —FHORBIAEL %55
t = 2834 s OB T 2. K 2.3 (c), (d) IIET 2 BZIELIZ B 2 ENEHHO
I Z, 2.3 (e), () ICZNZIURT. BMEMRWNT 4 7 2 —FIED LIESD
REL Y, HICEHBERPIRI D5 EENZHDT 5.

23 HEVZI1L—YI3YV

AEiTIZ, 55 2.2 HiCHI L 2HEEA v 7 — 7 N RS S 2 FE T 3 72 0 D%l
YIalb—yarvaEir)., BlEEHEFE L HESEMICOWTHHT 5,

231 ¥EFHERSAYT—IVFETI

9 2.1 ©F L 7 IR ABR BT & 51, SR 0 FL (R12.4) 2R L7, F5EH
EFATR, BREEHORALBEEETERS TS, R 2 ZE N T 2 7
W, Y xy SRS ER (12,1 (b)) 2o AMBICEREINTED, $£774 72—
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Fig. 2.3 Schlieren images at some instants. (a) At the beginning of the shear layer
ingestion (11.22 s), (b) just before the onset of buzz (20.38 s), and (c) and (d)
during buzz (c: 23.96 s, d: 24.16 s). Pressure-time histories around ¢ = 23.96 s
and t = 24.16 s are displayed. The red broken lines are the times of snapshot
(c) and (d).
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FHOBR O EATERD S5 AAZHOLTBICEEIN TS, s OBIREEIZ N D
RUEICERESCHE LV EEZEZOoNS, 72y POELKRENIROMERDOFEETHD,
BEIRE CUCIEBIR CH 5. F7o, NADOFA - EREFTICT 4 7 2 —FNOE R
HIZHKAF L T 5D T (Seddon & Goldsmith, 1985; Lu & Jain, 1998), 'E & i % #t]
Way te—nTENE, BRIGEZE TRV, $7, GBI E WTIE, TH)
BE ((REBEEM) & MIEER OIS 0.5 mm BREORGERHEL S 2. Z ORED S DI
ZRBT 5720, BHEGEHETLVOT 4 7 2 —FHBRIEMBICAY v P ZHEL .
SAIEHET VO TR TR 24 (a) IWREINTWEEDTHS, 2T, fliEmE A,
FR 21128 S byz ICHELW, £/, 74 72— HIIHE A, 37v0—77 7574
7 a—Y L TEEMOR/NAETH 5. AV v M A, ($EGFEAERE 7 OVICEB T 2 KRR
EFELAREINTV S, HEMNMOIEY =y PM§ & FER Mach 8 Mo, DEEETH 5.
Xy 7 Ay &7 4 72— DA 7 VY v 7 (coul rip) & RDMEER DIERH & DEE
HEtChH 2., K7 —RICB T 2ZNZTND/NT X —5 O BRI BUEIZE 2.2 H#iCHilH L
7 ATRBIC DV TE D, 0 =40°, M, =20, 6§ =10°, Ay/A.=0.2, A,/z =0.11
TH5.

232 BEEEFE

JEA P Navier-Stokes 75 f3 o JEE & BUHFH R 2 17 > 72, BN Y Loy —I1T i3,
JAXA THIF ST 3 EAMEETAE Y VN D FaSTAR (FAST Aerodynamic Routines,
Hashimoto et al. (2012)) Z M7, BUEFREOFETICIR, JAXAFHEDA—,—a v
Y2 —% JSS2 (JAXA Supercomputer System generation 2) Zffi/H L7z, XA/
URANS & L, #LfE 7V E L TSA-R (Spalart-Allmaras with Rotation collection) &
7V (Dacles-Mariani et al., 1995; Lei, 2005) % 72, JEREHEREOFHRICIIRES
HHLLEW X ¥ — 24 (Obayashi & Wada, 1994; Obayashi & Guruswamy, 1995) %z H\»,
MUSCL (Monotone Upwind Scheme for Conservation Laws) 12 & 1 Z2ff] 2 XAEHE %
MR L 72, ZBOZEBIARDFHIZIE GLSQ (Green-Gauss based weighted least square)
% (Shima et al., 2013) Z fH\>7c, AJRCHIPREY%ICI1E van Leer B A ) & F VAT %
fEH L 7. W5 12 1d LU-SGS ¥ (Yoon & Jameson, 1988) & dual time stepping i
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(a) Schematic diagram with the definitions of the parameters

Wedge Flow plug

(b) Surface grids

Fig. 2.4 A computational model is built to simulate the wind tunnel test described in
section 2.2.

(Hashimoto et al., 2012) ZflaEbHE TN CIFEFHEZIT).

BB S 7 5 TiE, K24 (b) 185172 EF Atz BT 2 oy Wil % LR & L
T, PHETNVICNT 2 EMEGI R 29247 L 72, H-H BLo/NIEE T 2 v CEFR 22 2 i
BAL L 72, BEGHR OWISM L, KAia oML L 72t & L 7.
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Fig. 2.5 Time history of unsteady pressure of the diffuser at the same position as the
PS3 Kulite transducer installed in the wind tunnel test. Two computational
grids, the total numbers of which are 3 x 10 (3M) and 24 x 10° (24M), are
used in this calculation.

2.3.3 EEOZYMRET

FEROFEMICHLE, Y22 —vavOZYELZIRT 2720, FHEBROK IR
WEMERT 5, R—A 74 VT L L TRIETRE300 TROKT BMI&T) , MR
T & U TR T R 2400 1T R of& T (24M) 16T %2 2 N2 ER L 72, BMETFIRIZ WS
NOKTS 3.0x 1070 m & L7, RHEZIAMEIE 1.98 x 1077 ICRREL 7. K 25127 4
7 2a—Y THICB T 2 [ENEH %2, 2 DOEFHTHE L K233, NAOREZHBLT 3
729, r,=1mm, A./A.=0.039, Ay/A. =0 & L7, HEIOEFHIEIX, K21 (a) T
AL PS3 kv LAMETH S, K255, SMIET & 24M 112 & 2R ORI
FEAEEREOIERTDSE. ZOZEDS, SMBETEHVS 2 &ETAR%E 40
TELEEZoN5, DEOBMEGFIZ AT, Mg 2w T3T7 5,

S OICEHR DY 2 ED D 570, BB X T LOBRZEH E CFD THKL 7.
X 2.6 ZEBRTHSNAL 2 —L VilifRe, CFDICX 280> 2 ) — L Vli{Ro i
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Fig. 2.6 Comparison of schlieren images of the shock system obtained by CFD (color)
and wind tunnel experiment (gray scale). The position of flow plug is x, =
5 mm for both cases.

Thb., EFOT 2 —L VlifIZ ¢t =19.98 s KB 2 MHIRTH 2. CFD DR LEM X
z, =5mm (A./A. =0.191) , Ay/A.=0.2, Ay/z =0.11 £ L7, FEEit CFD O5fF
Fognd, NRFEEERORETH S, 2.6 205, NAFEAEBEFCE T SEEES AT L
DIGRD, FEhL CFD TIRIFE LU TH S Z &30 h 5. DEORER» S, KFRICET 3
CFD ¥ S al—varyoifRIiIZYch s 2 LBWRFcE 3.

24 HEBRBLVEER
241 NKZXDYATI

RIS, EEREE B EA2HIKL, CFD ¥ 2 2L — a vITk D N X DA DS IEHE
ICHBHTETWE I L2MEID D, K271, NRREIZEBITS T4 7 2 —YHTEHES
%Z, 9t CFD TR L 72XTh 2. ENEFHOHESMEIX, K22 EFRUTHD, H

Bk T, RMS D KDRREICE T 2 KK TH D, t = 24.5 s DD LB EIE

ZRLTHS, CORAET270—77 7f#EI, 2, =1 mm THY, HHMEHEIE
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Fig. 2.7 Time histories of pressure by numerical simulation and wind tunnel test with
zp =1 mm (A./A. = 0.039).

Table 2.2 Characteristic quantities of inlet buzz obtained by numerical simulation using

a wind tunnel test.

Parameter Simulation | Experiment | Error %
Mean Pressure [kPal 167 166 0.5
Frequency [Hz] 276 279 1

A JA. =0.039 TH B, ZOENEHEEZBERT 2 X 91, CFD IZBIT 254,

AcJA, =0.039, Ay/A. =02, Ay/z =011 & L7, K275, CFDIckhiEsnik

JENBBE X ERR R Z X 22— LTWBR I ERNTD 2, 1k, [ENESHOREF
Bfi & LR FEBk L CFD THIR L 22/ %2 £ 2.2 1R T, IKHEPPGED) L DR
BIAMEICBWT, FEiiE CFD OFRICIFEAEEVIZEL, AFRICEEY I 2L —
va vIFEBRR 2 ERNICECHBILTWE EFR 5.

M28 1% ¥yIalb—ravickhBonftls o) —L ol chd s, K2.8H
OfHEIGRIL, EERELS 1AET 2M0b 20O 70y FTH 5,
ERRRIC, Ao/A.=0.039 TH 5. X 2.7 (a) IZEEBIEEN 2R S EFRANCALE L T 5

AIRSEMEIIIX 2.7 DGR
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Fig. 2.8 Pseudo schlieren profiles at some instants around the inlet during a cycle of
buzz for A./A. = 0.039. The times are assumed to be (a) 0 ms, (b) 0.77 ms,
(c) 1.02 ms, (d) 2.08 ms, (e) 2.97 ms, and (f) 3.47 ms.

FNTHHG L T %, Rl &, MERATSE LY FIANCEI§ 2 L i, T4 72 —FA
PRSI CFA L MDY T 4 7 2 —F N TlcERE L v (2.7 (b)) . RS
T4 7 a—YHIOGET 2L, 70—77 7fhEcHbmbk L, RRciERd2 (2.7
(¢) . LMD > TEET 2 EMilE, 74 7 2 —F A TR 2 @
EEBETIEIE & T 2 (2.7 (d)) . RIS X DRSS N, BRI o TR R
O 2, BHOBRRE LRI T ¢ 7 2 —FNE THRANCERE T2 (2.7 (e) ) . WK1
I, BEBGETERIF R D RRMOME S TR S (K2.7 (f)) . DAE2S, NXD 144 7L
TEIZE I N DT & IR DZEH TH %,

2.9 1%, 4FEOMITHNE A /A FMFITB T 2, T4 7 2 —YHNEORZ N % R
LTw3, [EHONHIEIX, PS3 ey Y OfiiEL[d—CThHs, X295, HHMEI K
bIEW A /A, = 0.191 (z, = 5 mm) DHARFENZITERTH S 2 LBTh 5. —7,
TS Ac /A, = 0.153 (2, = 4 mm) K DPNIOEETENABFHEL TS, 20D
DB, NAREDERIE A /A, =0.191 (z, =5 mm) THBEEZOLND.
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Fig. 2.9 Variety of pressure fluctuation due to difference in A./A..

242 INXDHEREER

NADFET R %, % —H i (STP: Shock wave Triple Point) OfiZiEIc & b K-
F2ZzikA s, @REZHNZ, 7oy o RETIROERE L, T4 72—
TCHAET ZRENME S O R L L TE#EI NS, STP 13EEEE CFD Dli )7 TREDE
5ThHY, MHFHTOHKIEL T3 EEZ 505, STP OFEESIA (y) fLiElx, 74
7 2 —FHNOE R ICE KA T 5. STP MCEIMECE AL, BEEERS T 7 2 —
PADGEN Z EZFRLTE D, HREEIZARE », Wi, ERRES T 21250,
STP fziEld EAmMICEET%, 22 TRKI2.10 IR LI, ALYy 7MiEE 0%,
T4 7 2—FAY D BififEE 100% & E#L T, EBE CFD O J5< STP firjif% &
HL 7.

% 2.11 1%, STP OFEESLE E PS3 & v HAZEICE T 2 ENEHHD RMS (X2.2 (¢)) &

DEfRZR I TH S, 2T, FEBICKET S STPE (HkEo7ay 1) 1%, K23 T
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Fig. 2.11 STP obtained experimentally and by numerical simulation.
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2%
Control volume €

Fig. 2.12 Control volume and mass flux in the diffuser.

AL 7 H OB 2 R L7, CFD B % STP i (B 7wy ) ik
FHIZ K> TR FEMETH . X 2.11 226, STP HZED 40% LN o8gA1%, HE

BENDIZEALEREL TRV EWah 5, —7, STP HiiE?’ 45% ML EOBETIE,
FENZE8o RMS 3280 2, Co k)i, N7y FOFRAETRIE STP 7iEIC X
DELRT B EDITESL, DT LIdEl, BEERA VT —INZXORAED, T4 72—V
ZilE T 2 HEMEICRCBERLTWwE 2 L2 L Tw 5,

25 BEERAVT—INIXDETIVY

2.4 BICB 2, WITEA VT — I ANROERYER T 4 7 2 — VR SR T 2 HE
i EECBERL TV I 2R LTS, ZOREDT, CFDIckhEonikr—5%
O THBEEIRBHER O € T v 721w, #BEEA v T — 7 N2 XT %€ TV
Az2HEL,

25.1 BEETFTILOEH

NADPIE TNV EMEST 272012, T4 7 2 —VPHBMBICK 2.12 1273 F X 9 BRAEE
f (CV: Control Volume) Z#EL, CVICB 2 ERINLZ2#E22%, CVIEFF1 71—
HEBICKITIERDORALREZRRT DL SICKETINELHD. FHFETIF, CV
BF4 72—V OHOKLTRAY Y M ZERLICBESLSICERELRE., 22T, K212
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QR EEEA T =N

DELFIFZENZEN, gy, BT 4 7 2 —% B2 6 CV NIZRA T 2 EEiE, me &
T4 7 2a—YHOZEBT 20E, my ZA) y b2dEwdT3HERETCHS. 22T,
mout = me + mb &- j_% &-a CV [j\]@%f% m(t) O)H§F’Hﬂ§'ﬂﬁciu—ﬁ‘@ﬁ 2.1 %(ﬁf:j_

2 — i) o (1) 2.1)

CV Wi Diiatd Mach 0% 0.2 Kl cd b, JEMIEZETE S, TDLEE, my, *
The 1& CV HDIEN S X OVERE (BE) 1T 2 L 220605, LEDSS>T, Mew & m
DB CEE T %,

—J7, mn 12 CV NOHET) (HE) OBIICEVWEP T2 EE2I605, LA,
213 TR T & 91T, EBITIE 1y, & m ORNCIEMHZENSEET 5. X 2.8 & 1y, DI
JEIEZ WS 5 &, t =0.75 ms IZB 2 1y, DR EAIE, EfD GBI L 2D CV
ANDFFEIHE L TWB 2 ERTD5, £/, t=1.9ms 225 t = 3.4 ms IZ0FTD 1y,
DWAE, BREDEHICLE2bDTH S, my, & m BEHTES T2 LKE L THA
BT Z21T9 &, 2 DOZEBOMICIZE X Z 1.2 ms ORFFEENDIEET 5 2 L300 5.
DIRETIE, BRI Z 7 & FHWTET,

214 FFRHN L ITB T 2 m(t) & i (t+7), BE K ring, ODEIRZRTHAKI TS 5.
L, 22Tl T=12ms £ LTWw3, ¥, RHbolEREznzno 7aey Mt 3
ERIHFRTH 2. 1w (t) DETNZEZS, K214 955355 K 91T, 1hew(t) oc m(t)
DOBIRDIH D, MHlEEITHOmE A, JE IR e 3 —ElTH L. ZNETNOELERD
YR DWMEE m, £ T B E, gy DRANE L TRAZ2E2.

mout(t) = Cout(m(t) - mn) (22)

CV 26 Ot A 8 5 d i iC A § 2 @R g’ F a — 7§57, HBIER
Cout WFHIHERE A, DB % (Anderson Jr, 2010). X 2.14 25, Coyut 13 A, DHGH
WM TH 2 2 Lo s, e, EHMERD m IR, CVAEAET 7 2—H4
EADBTIDESREICEITS CVRNEETH .

RIZ, M (t) DETIMMEEEZ S, K214 6 1y, 13 1.2 ms BIO m BT 25 2 &
DBoah b, £T, HBIEEE Cy\ LT5L, ZOMEIF A ITXST—ETH S, ELEMRD
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Fig. 2.13 Time histories of 71, (red line) and m (blue line), where A./A. = 0.038
(p = 1 mm) whose contour of the density gradient has been displayed in
Fig. 2.8. Points (a)-(f) on the red line indicate the time of the pseudo
schlieren images in Fig. 2.8. The broken line indicates the mass time history
delayed by 1.2 ms.

Y& me 32, Bt ICBT 3 OV ADRANE i, (t) BXRTEIND,
T (t) = Cin(m(t — ) — mg) (2.3)

ZOLE, Cp ZADMEICE D, X CV NEEOMIN (BXOEIDER) kD
My, WD T 27D THLEEZ NS,

DhoEgicinfFonsk22 232021 AT 2L, CVNEE m DR
Fg I % R ERIEM 5y /72t (DDE: Delay Differential Equation) 23§ 5413,

dm(t
ﬂ;i) = Cin(m(t — 1) — mg) — Cout(m(t) — my,) (2.4)
BIEM HERIE, T A=Y DMAADLEIC X D SRAMIENE Z LN TV D
(Smith, 2011). #lZ21F5% &, 7 =0 OHAICIFN 2.4 FHIC 1 BEFHOGTRALE R,
REEIB N2, LaL, BEERA YT = "2 T AVABRRELToOX 24 1387
A= DB AEDE (Cipp <02 7> 0) KEATZEHD7 4 — PNy Z7HEZ R <

B, REELGON LR SH 5, FREEN 7 ZIENEDT 4 7 2 —FWICE T 515
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Fig. 2.14 Scatter plots between (a) m(t) and 14,4 (t) and between (b) m(t) and i, (t+
7).

FBICER L w5720, T Lidf v 7 — 7 NN ADEMERNVCREOBIRTH S Z &
ZRRLTWS,

NG A=% Ciny Couts mo, my BEW 7 OFEIXN 2.14 OERIERD & RN FEIETEL
ICEDRDZENTE, K23IRTLEEBNTHSE., INEDIRTX—=F DN, Cip, my,
My, TIFA VT — 7 ORMEN TR & RS I T 2 THE LEZ NS, A,
DEITH 2 Cour 7, ETFNHBR 2.4 OME—DHZENT X =515 5. Ciny Cour 3%
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Table 2.3 Summary of the parameters for the buzz model (Eq. (4)).

[mm] | [x10% s | [x1073 kg] | [x10% s71] | [x1073 kg] | [ms]

Zzz [(a)wp=5mrﬂ:Cm,,,:1-26x103s*‘] [(b)wl,:élmm:COw:l.lﬁ 103571] -
SR . O o
ot LA A A A LR
SPTRIRTRTRTRVAVRVRYAVAVAY RIRIRISVRIRTAVRISNAVAIR
el LYV VYUY IRIAIRIRIAIRIRAIR
v vy v vy vy vy

1:22 () 2, =3mm: Gy =1.08x10° 5! (@ 2, =2mm: € =0876x10°s 1] /\ ”
% n L]
CIRVVaVaVaVaVaVAVAVAVAVAYRVAVAVAVAVAVARANAYATRY
Wi
1.00 U

Time ¢ [ms]

Time ¢ [ms]

Fig. 2.15 Numerical solution of the buzz model (Eq. 2.4) by the 4th-order Runge-Kutta
method. The dominant frequency of these solutions is 283 Hz.

nEN, CVWER () O LRI 20A - RIEE L #RTE 5. 2hSDRED

B! THH, HERSLEHEMOENOTRERBMLTWS, F/, £2305, A

YT =7 N ADEFEFEIX 1.16 x 10° > Coyre > 0.88 x 103 OHIFHICH 2 LHEEI NS,
EFNSBRR 2.4 #BMEOICHE, HROFIELZHERT 2. K 2.15 13 Cou 2 EAL
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I, 24 % 4 XD Runge-Kutta I THREOWZEMEHETH 5. Chyy UHDRTF X =%
WFER23ICRLLEBDTHS, KElt = 01BIT2EE m((0) 1, —~HRIREE po 2
A I NZERTH S, K215 005, TFNVABERICIRBMBFET 5 2 LDHED» D
505, Cou = 1.26 x 10° s71 TRHIRIFWMA L TED, Copr = 1.16 x 103 s71 TI
BB o N TV S, s Dfifld, FEANREBICHIELTwE EEZ oD, —T],
Cout < 1.08 x 103 s~ TIHIRIEZML TE D, NRREBISHIELT0S, 216 DED
IR PORIE 283 Hz TH D, BB L O CFD 2 & W5 67 " XOmRBAHK (2.2) &
D78 DT,

ZD &I, T NARRIIMD Hopf /7l2ic & D N X4 - JEFsA: & IRE AR % 1
BlLTws, —7, €7 NVIBRAOMITIIMRY A 7 V3MEERE T, ADEREIBINTY
5. Ztud, EFTNVHEAIRETCH Lo TH L, MR, HEXOMIRRY A 7 L%
v, HRADERVEEZ S BLENSH 2 2 EHHISN TV S (Strogatz, 2018).

252 NZXHREDERSRIE

TNV IR 2.4 2 BEENTRNT L, N X OEFIRE T T 2R 2 E BT 5, IRH)
BEREL, m(t) =exp(At) ZR 24 1ICRAT 2 &, BHABRANE NS,

A= Cipexp(—71\) — Cour (2.5)

2T, A=a+ i 3RERTHD, o ZROBRER, B I IRORE)MAMEEERL T»

5. E51T, exp(if) = cos —isin @ DEIRZ VTR 2.5 2 A LIEFIC 1T 5 &, K3
BRoNns,

0 = Cip €XP (—TQ) COS (T[3) = Cloty +#+ v v rnermemmeameeeeieeeaein (2.6)
B = —Clip €XP (—TQ) SHL(T[B) . ++ v e veeeemeeee e (2.7)

0 = Cip €08 (TBe) — Cloye =+ + e e eeeee e eem et (2.8)
Be = —Clipy SIL(T[B) ++ v+ v e v e e e ettt (2.9)
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22T, Bek Coure BZNZEN, B L Coy DEFUETH 3.
r=12ms & Cj, = —2.14 x 103 s71 % ERIRAT 2 L, NXDEFE L L TROMH
2135,

Be = 1.79 x 103, Cout.e = 1.12 x 10%. (2.10)
Cout.c DIEIZF 2.4 DHFNEE (K2.15 (¢)) ICBITF 237 X —F Dffi, Cpyy = 1.16 x 103 571
EObIPINZ 0, F, B, DRSS NDEREEEE f. = B./(27) =285 Hz L 72
5. N5 DfEiXX 2.15 X h kD 6N BN XOERE & IREIFE B HEAFE L, KX 2.91EF AR
DIFFUREZEYNICRIIL T2 L5235, 7, X2.925, Ciy Cour BEO 7 2 FBR
F2IECFDICE D RDZ 2 EVBTENL, NADFEFMEEZHEETE L LB 0h 5,

2.6 HEDESE

KHFZETIE, BERS ¥ T — 7 N XOMRME PN BT 2 JA# A a2 175 7. iR
DHBHERERLA v 7 — 27 2R E L 7 JBIaER RS R 2 W 4Ic, URANS I2 &k 2 5(fEis S =
L—yaryuafiolk, f6 03RRI IR RE K CHBLTED, ¥IaL—
avick DilEEHEA v T — N R R EMICTFHITE L 2 L ER LT,

STP MLEDIHTIC X D, NWRADEEFUEIL T ¢ 7 2 — W %@ 2 B i i i 1 25 2 1 Bl
LT3 ENghotz, ZORED FTRADOYER H = A LIHT 2558 %2T 0, N
DETFNHERE U CHMABIEM Y HERE2 G, CoRBRET 1+ 7 2 —FRifics
JERMEONEZREL Tws, 7Lk, T4 72 —THICEBTBENHED
FEICEDAEC ZREENLE, AD 74— FANYy JOREHEATYE, ZOAEDT 4 —
FoSy 7 XA =R 8E, N ZAOEEPIRE) % MR 2 KENAREHTH 2.

NADETNHBAFFIC 3 DDRFIX=FITLVREOTens, —DF74 72—
FHNOENFEOHEIC L DAL 2B 7 TH 2, HHDZDFZNETNT 4 72—V
WIZERE S Ll CV NDWHAEEE C;py Cour TH D, T2l —va VFiRICKD Th
5DINT A= %KD, BTN E RN L KGR, AR X D5 S 7By /i R
R & O AN DEFE & IRB B2 BEFICHEECE 2 2 ot E5ICETFILS
A Z AT HHTL, NADOERFIRE TR T 2 AR EZ R L 7%,






BI3E

2 RITEEEINT v M

RETIE, A8V EICWIETAR O ZEAME, 2 RIGDORRM DN 2R & L 7285
N7y FEROMBHHICHY flEe. 2 Xt NACA0012 ZAIE O B HH L% o R B
YIalb—vaveire, mMWGoMBNLREEZ N5, 22 TR, EFENT7 2y
FRKOYBLR S = R LR BT 2012, 20 TR (origin) o ICEH LW & 1T
I, MG ORIELZENEDIHTF1:TH % resolvent T (Trefethen et al., 1993; Yeh &
Taira, 2019) ZH\W T, 2 XD NACA0012 HAH D EHERASG 2 IR ET 5. Wi
NWEDOLA ) N AEEELSHEET D (Re ~ 0(10%)) T & TRITERAICL, XhEL DR
BE2RET S L2 HET. BonKIREEOYINLER L, EHEEN7 = v FEE
DAAZAL%ZEET S, £z, resolvent EHTIC X - THE & N7 IRENJF DI TR I T B R
BEnl ST L 2R T 5720, DNSICXBMGEEY S 2L —y a vy %1719

tPublished as: [Kojima, Y., Yeh, C. A., Taira, K. & Kameda, M. Resolvent analysis on the origin
of transonic buffet, Journal of Fluid Mechanics, Vol. 885, (2020)].
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BEETFICH 2R Y O TIE, BEEICH - 2RO IEIC X D FREDRTI IS

T L, HOPRRICHEERESRAET S, Z OEEKIIFEOWRNY LML, KA
BRMBHRZ R T I EBAONT VS, B LEOBE»GE ) &, BITBIT 2HEKD
FEEIZEYIOMMZ R E, £ 7-HBROERTHAET 2IMNOHEEE, HZEEOIRE) D5
K& 7 2 WEEED D % (Delery, 1985; Anderson Jr, 2010). Z OEEEH L, FiE 0llfy -
Mach B OEPANTHL CIREIT 2 2 LS54T % (Lee, 2001).

BEHEHANT7 2y b (R 15) LIPS C OEREREIRS S, BE D ESERAOE
TN BALEEIC L DAL TE D, [P ROMESRFHEICEZH L 2 wiaic brad
T2 HRBIBIR TH % (Crouch et al., 2009). EHFHAN7 = v FBFET 2 L, B
M 32251 I IRENT 2 720, BEARGE 20 L, BiZeo itz EalicE
5, MRELT, BEEN7 2y FREMEHEO7 74 bz Ru—7Z2HlRY 2 EZED
=Dt oTWw5, I6IT, BHEHEN7 = v PHRIIBEL K OWGBERZEA TS, #i
ZAE, IEEE S ERPOES), HE - BREMH A TSI X 2 SRR R, o FEE
ERETH S, BEGEN7 = v MILEW, FEENZBELZIELCEOTE D, BH4E
WS TIHAS I N T WS, BEH A7 2 v MIAIBET 25080451, Giannelis
et al. (2017) DL E a2 —fiicE LD H6NTW S, HEDOHE (Deck, 2005; Jacquin et al.,
2009; Dandois, 2016) 12 X % &, EEEPHRBIO ML, Bk L, 25#EL T2 bo—
NVELStL, = fLe Voo I2EWT, 0.06 < Str, < 0.07 FETH 2. MR, HERP
HIBEFEI N DN DIRBY AL 0.1 < Str, < 1 I (Sartor et al., 2014) TH H, EE
N7 2y b OIRB BT D IEE FBIGR & Hl L CTHEZ > TR,

BEHENT7 2y P TIE, WL O OEBEEOFENERPHRE SN T0 D, BHEAN
7 xy MROUCE T 2 b EEAFENIZ, HoBmcd s, R - BIRETBICXD
AU 2 HIBEREIR N O JEE H 2 ASEB O KGR, OB & Kutta I & MHIEN 5 K
DFAET L. T o Kutta #H1E, BOBEHTERAAICEREL, @REETHT 5 (Lee
et al., 1994). % 7- Jacquin et al. (2009) (&, BROEERZ ) Tk C EEmEIZE LT
Kutta 235D ERANCERE L Twd 2 %, FEBRIWICHS 212 L7, Crouch et al.
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(2009) 1& Kutta B OTFERFIC O LTHE L TR D, BEHORITTRE L ENEL
HER I > TeiB L, EER O Rl RRlicmE 2282, Z0RMET 5 & L7,

BEEN7 xy FRRCBETEZ L) —DOBEELBIR), HRIK - BRETHIC
k2N oMEETH 2. EEDOWIE (Seegmiller et al., 1978; Levy, 1978; Grossi et al.,
2014; Tovnovich & Raveh, 2012a; Fukushima & Kawai, 2018) (&, 5 - H5E T
IS & D AU 2 BRI DS, BRI ORBNICKECEETZILERL TS, W0 FEER
fG 9 (Seegmiller et al., 1978; Levy, 1978) 1%, 5% O MEEFIROILKIC X b &
HWNT7 2y PR AETHIE2WMEL T 5, £/, HBEHEBORIE X EEZRIRE) O 2
WKk TRESCET 2., Hflis T 2L —v avic X 2MAEDHE (Grossi et al., 2014;
Tovnovich & Raveh, 2012a; Fukushima & Kawai, 2018) IC k % &, 5L Rl &
TN B T 254 @RI A D, EREEROMBEERIZNE <R, KRN,
EEER DY M & FIICEE) T 2 56 I3RS < & 0, AR OER CRHMEESFHE LT
%, BETIE, BBADD LR ETHAET 2 200NN 7 =y FRRICE W T, FEfEH
WNDY A F 27 ADREETH % LI Hid (Tovnovich & Raveh, 2015; Ohmichi et al.,
2018) B ENTH Y, HEEFKNEZ 2 HEICEHT 237 = v k&)L (buffet cell)
PRI NT W3,

N7 xy PEROYEN G X ) 2 X L2 FAT 25, N TEEREIN TV,
Lee (2001) I2 & W IRE I N A H = A LT, EEIEMIC A L CHBFEIBINGE %2 ik
MR T 2 BEEH) &, BBECRET 2 Kutta WA B A H % £/ 3, Lee (2001)
DOFHITIR, EHFENT = v b ORI LRIREN, TR EEEEICLET7 4 —F Ny 7
=TI k> THEFF ST 3, Lee (2001) (&, D 7 4 — KNy 71230 BRI
X0, BEEENT7 2y b OIRBIFEREBEIEMHEICPHTCE S L FRELA, BEHEAN7 2y O
VIFERRERE ISR 2 b 9 — D DIREE, MG DML ENEICHED VTS, BB LRENEMR
Bri3# L Navier-Stokes 4 XL — % OEAEITEICHEIWTE D, b2 PR ics
F BRED BB OBEORZEHFE 2 T2 Z L3 TE %, Crouch et al. (2009) 1%, RANS
v Ialb—¥a v IR REERITHAGDE, 2 R0 NACA0012 SRR b & & i
DAERLENER MM U 72, B4 230if8 - Mach $C 81 2 iU o k2@ T X b &
5N N7 =y MilEFEE McDevitt & Okuno (1985) O FEERfEHE & gL, N7 = v b
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Bifik EfEICPHICE 2 2 L %R L7z, £/, Crouch et al. (2009) DHFFEICHE &, BIFK
EVERGRZ R — T2 WMEMF SN TV S, Sartor et al. (2014) 13 NACA0012 HE D
BEANO2EY 27 VITHIOEAMEIRICE D, Crouch 5 DFEREY R— 1§ 54
REB/BT0S, MNGOMIBLEEDOHGRIZEGTE N7 = v FBROYIRN 7 X A = X L
ZECEHHL TR,

I 51T, Sartor et al. (2014) FBYELEMEMNT O ICHED E, MHEEPREIO” IREHE"
ZREEL T3, BEFEENT, ¥ X O resolvent it % H\»C, NACA0012 3JH H &
TAUG 2 RITORSRIC X 2 &, BERIEIREI O RENE, 13 REAFERICE T 2 BEEBEARARA
LEThD, i, BESEPIRE)IIEEERAMIICE T 2BEICROEEINS L2 R
Ry 5. REFORE IZEGHENT 2 v b OV A H = A L% IRT 2 L THETH
5 LEZ6ND, BIVLEEMHTP resolvent fEHTD X 9 % € — FEHTFE (Taira et al.,
2017, 2019) &, IRENHROFFE IR G FEDO—DTH S, —77, E—FETICLS %0
IRENHOLER HITHI T %, Nitzsche (2009) 135fH 2 2L — a v 2V 7HTIC &
D, 77y 7OIRE, Ry FAOIRE), ROVITHEE2HERIREZFXT 272y b
DIRBYI & L THEL T 5,

COEIC L THRESINLEEEN7 = v P OIRENFIE, N7 =y FOYHING A A
ZRLDBFITELODA R ST, HEBEPIREO 2 Fr— LI HITE %, Vortex
generator (VG) A CHI SN TR 3 MNDHIHFRED—>THY, EHFEN7 2 v F D
NS BRI TH 2 & v ) WGBS T3 (Caruana et al., 2005), # EICHES N
72 VG 5 FET 2 X D BREN OB REEG 0 2, B8 - BRE T &
2N OHEEZ MG T 2 2 L3 TE S, VG OFKEITEKHIRBIC BT 250N E 2%
(Kusunose & Yu, 2003) 7z%, VG ORPE, BLEDORENMVPELETH 5, Kk VG
BB ZPES 35 A + ) v 7 28 5 4 — (Dandois et al., 2010) ¥ VG D&% & b K123t
W3 2 FEERFLE O (Kouchi et al., 2016) 2 fTbNTws, 9 —20F %k
BEHAN7 2y FORIHIFE L LT, trailing edge defrector (TED) O#fZE2MTH LT
%. TED 3 VG L3840, Gz E8mcfigise s 7774 7HlHFEO ETH
h, BBRICHE SN TO MR Z B2 2 L CEBREHRBI OHI#H % 17> T3 (Despré
et al., 2001; Caruana et al., 2005). Gao et al. (2017) (& TED & PN — 77l 2 #l A&
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bELFEICLD, SIRNSESEN7 =y Pzt sl L zmrmL7.

AWFETIE, BEBENT7 = v FBEIROYBRX A= AL ZGHT 272012, 20 TREE
(origin) y ICEH L2 7). EHEAD O 2 XuEEHRNZWNRE LT, MIVGDE—
RN FEDO—FETdH % resolvent % (Trefethen et al., 1993; Yeh & Taira, 2019) % >
7RIS AT L3247 9. Resolvent ¥ 1d, RLEEMNT &350, MEEIRNE D
AR LTHIEY AT 4 E LTOWNED AT (forcing) €— F & HiJ) (response) €— F %
it d 2 2 &3 TE % (Trefethen et al., 1993; Jovanovié¢ & Bamieh, 2005; Yeh & Taira,
2019; Taira et al., 2017, 2019). AWFZE T, 2 XILD NACA0012 HIJE O & HH i
ENREL, ZORIIFZAERNICKET 5. G NTREFEOVINLERZ ELL, &
BT 2y FEHROYBNGERA A Z AL %2ERT 5, £, WABGOL A 7 )V AEZEAL
HET S (Re~ O(10%) 2L T, MMELRY 2L —vavfiREBoN2 L9172,
ZDZEIZED resolvent T2 A ZICL, K DE DIREFZFET 22 L2 HIET. &
512, resolvent MEHTIC X - TG 6 L7 IREYIHHYFERE I B PRI 2 5] S 2 9 2 & 2 il
$ %7, DNSICLBHGES S 2L —2a vy 2179,

3.2 BBWhAE
3.2.1 BRITNR

AR TIE, ARV HAORBEMIE N 2 KITEF D DK Reynolds 08 ¥ #i 1
ZRFTHRE T 5. 2 ROnROWHEMIRICIE, NACA0012 A2 AT 5. Kkt i,
T3 Mach 808 My = Us /a0 = 0.85, HiXE L. ZHHE L L Z2iii1d Reynolds 13
Rep, = UsLe/Vso = 2000 £ § 5. WNDMA o 1 3° ICRET 2. TIT, as EER
HIH, Voo ZEROBHAERETH 5., DT 7Y P ABUE Pr=0.7 & L7,

3.22 BEEE

2 RIuHEAMiE Navier-Stokes SR OBUEFHFLIC X 2, R D EHHETR Y OIRE HN
By 2alb—ya v, BiEiE Y L N—i21F, Cascade Technologies #:23BH% L
TV EREREY V=D CharLES % M\ 7z (Bres et al., 2017). CharLES D Z2[HfE
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Fig. 3.1 The computational grid used for numerical simulation and resolvent analysis.
(a) The whole computational domain. The enlarged views around the airfoil
are shown with the (b) instantaneous magnitude of normalized vorticity and
(c) time-averaged velocity fields.
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BRI 2 R, WERIREEEIX 3 RCHh 5. EHEMEMED D, R TIE 2 KAEE O IERERK T
1 ENO (Essentially Non-Oscillatory) ¥ (Shi et al., 2002) 12 & b £V NOY# R % FH
DA

ZeMMEBAL D72 @, CHIDNHEE T 2R T 5. FHEEFOMER %X 3.1 ([<RT, §F
RIS OIA S EE KR D 100 f5FE L L, 2./L. € [-50,50] 8 X y./L. € [-50,50] DH#i
T ZIBE L7, 22T, 2. &y 202N, BEiKIiE X B EE TN O BEEE %
F LT3, NACA0012 FANF MR P A I BLE L, FEESR O 55 % B R &
T2, FHERETOREERIZ® < 70000 BFEE L, ®o LN, BEEOMES S L OB
iz ZznZn 100 i, 90 1, 80 DR THHEIL 7. BEMICE T 2 R/ PR Aymin 13,
AyYmin = 1.42 x 1073 & L7z, RFETIZE 72, BAEEZEP O 3018 o E i
ICBI) 2 EREEDPRE CERRER T2 ER L 72, BRIOHEICE T 2X—2 7 4 VI
T OMTRIE Ar =0.88 x 1073L, THBDIZH L, HHEEHKTTIZ Ar =0.44 x 1073L,
TH5.

Bt LT, 3.1 TERIN D RSt 2w TR Tt T,

p Poo
Voo | _ Us c?sa (3.1)
Uy, Uso sin a

T Teo

I, p b TIEZNENEE LRETH S, ROBEEIFICI, WA I L REELE
(R 3.2) T

c1=0 (3.2)
Uy,

v,T
22T, V, BEFAEERGTEONYL TS 2, WHHEIICE VT, ATHAREDO K
WEMT27-0AR LAY (Freund, 1997) @2 &E L 7. ARV Y LA Y OHIHIE
xe/Le € [40,50] £ L, tUs/L. =1 DRI TYREZREFE U7, BUEFHE ORI 2
&%, CFL (Courant-Friedrichs-Lewy) 8431 &7 % & 9 ICERE L 7.
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3.2.3 Resolvent f&#f

R D EEBFND AN > 2T L2 {7, EEEIRE IR OIRBIF 2 FE T % 7
&, resolvent i#HT (Trefethen et al., 1993) 2479 . N7 = v MIRHD St ~ 0.06 FLEE
DA e 75 il BEPARE) 1 2 KOG A BIR TH % (Iovnovich & Raveh, 2012a; Sartor et al.,
2014; Ohmichi et al., 2018) 7z &, AWFETIE 2 XILD resolvent T D A ZLTH . 772
L, resolvent EHT HIRIZ 3 XKIGOBIRZ 07T % Z LWA[RETH D, 3 RILHEICKH 72 A8
Y HRDOALEE— F (Iovnovich & Raveh, 2015; Dandois, 2016; Ohmichi et al., 2018)
ZHiicE s EELLN S,

Resolvent f&HT1%, #5721l Navier-Stokes & XL —% OHEHUA R 7 b IV ERIZEED VT
%, —#iz, AN F(x,t) 252 Navier-Stokes HfERlZ, XD X HI1cEIT 3.

0

o= Nlg(@,1) + F(a.1 (3.3)
22T, q(z,t) = [p,vs, vy, T) FHRNIHDLEE, N & Navier-Stokes F XL —%FTdh 5,
q(z,t) % Reynolds 77 L, WRfIFS&R q(x) &, HRHNICER R LEE ¢/ (z,t) DL L

T, RATEHRTE2 LIRET 3.
q(z,t) = q(x) + q'(x,t) (3.4)

A 3.4 233 AL TEIY 2 &, MIVGORRZLEIEICE 2 —XDHDIHFEE %
RILT 2821t Navier-Stokes /2= (3 3.5) 2153,

aq'(t)
ot

= Laq'(t) + Bu'(t) (3.5)

22T, Ly BRREPFERNG g 123§ % #IEAL Navier-Stokes & XL —% (McKeon &
Sharma, 2010) TH 5. v’ 13#JEAL Navier-Stokes ifeX DS EHTH H, K 3.3 Do)
H F(z,t) Ofic, Reynolds /D & 9 ZIFHIZBHICBI§ 2 XD LOIIBIH G & %
NTw3, ZoOX) BIEMBEIEZ, MBS ATLD7 4 —F Ny ZEEEZHERIL Tw 24t
T EERTE % (McKeon & Sharma, 2010). %7z, B 35 o 2227 4 L5 )
YIS LoD BETH S, X35 FEMEREILINTE D, FAIRBIN T2, ZEH
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HERAI, By S a v —2a YO L ZEHREKR LA UK T (K3.1) 2L %<, 2
[IEERCLICER LT, BB KA TCRBE I N 2 BRS M2 L 7%,

I 0
!
0
e | = (3.6)
Uy, 0
VT’ 0
IRl ROBRGAZL 7.
I 0
!
0
Vo | 7| = (3.7)
vy, 0
T’ 0

KRR TIE E 72, WAVGORIZBIHE ¢/ (t) ICxT 2 8HA C 2L T, ¢ (t) DELHIME
yxy=Cq(t) LRT. BIHERCITLY, FEDREMEICEIT 2 A 1> AT L5HT

TH b, BfZE resolvent fE#HT (Jeun et al., 2016; Schmidt et al., 2018) %2179 .
X 3.5 DRHIZEIHD Fourier 241%179 . I ® Fourier 23X TEIN S,

o0

[q'(,1), v (z, 1)] =/ (4, (@), G ()] dw (3.8)

— 00

CoZEfz kY, K35 BB EMICE T 2L GO NS,
—iwq, = Lgq, + B, with ¢, =Caq, (3.9)

X 3.9 2T 2L, FEOAABEH w ICBT 28 25 LD AT (forcing) 4, & HH
(response) gy, DRIRZRTANG NS,

¥y, = Rg(w)t,, where Rg(w)=C[—iwl Ly 'B (3.10)

ZIT, Rg(w) & Ly @ resolvent XL —8 LIFENL4THITH D, ¥ AT LD (Ffl
REpOME LTRETE %) A 4, DWW (=) &, h g, ~OHRE2EL T35,
F 7, TIIHNATIITH 5. AL T, resolvent ARV — ¥ ZRESET 2 72 DI T 2
N— 2 g FFoicEFE S TE D, #IBIL Navier-Stokes & XL —% Lg DIl
BEITZENTH S, 207D, MABPEE w 1FFEHE LTS (Jovanovié, 2004; Yeh
& Taira, 2019).
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Resolvent fEfTCld, KTHI NS K91, resolvent AL —% Rg(w) DRFEMESY
fzfr) 2 eicky, FEOH) g, BR 3.5 TRINBZHBL AT 406 K1 SN,
Ry(w) I X 2ME R D RE VAT 4, 21525 2 L TE S,

R,(w) = YSU* (3.11)

FREMEMOMEICK D, Y & U IZESATIE %5 5. X IMEDRENEICI O 2 & i b
BEGHTHL. U U DNINE=T7vTHS. Y LU ZZNTh, FEDREEK
wliZBIT 2, W AT L0220 & AT1Z2R O IEMIERIEE 2 R TI71 LRI TE 5.
Y DI F v

Y: (@17@27"‘7ym) (312)
3ZENEFN, AT LOHNEEDOIEETH S, Fikc, U DI L
U = (1,02, ..., Uy) (3.13)

BENZETN, SATLDANEMOIEERTHS, ZNoDREEIZE—FEMIENS, F/-,

Fe BYEATH 2 DX IRy
3 = diag(o1,09,...,0m) (3.14)

&L DA - = FIZWHELTED, ARIEDOZ 3L XF—HiER (751 ) LN
TE5., Wb, AT LNDAN 4, DWREDOXRZ PLELTEZGNS L, w, ZATIZE
BOME U Ichgsn, MIST 20 5EE S X S e, HAOEMY icaEsn
%, KRR o) IWHIET 2T —F [4y,9,] 3XRE—FEFEhTw5, AfFETIR
EEHANT7 2y FERROREIE 2T T 270, KiLE— FICKICER L Toefr).

q, \CBIT 2 EME C 13, ARSI EE eV Ic T 2 EAZREOMMAITIE LTS
N3, AR, EHARRK34IRINTVS X IT, AEHICE T 2 EHEIHRE % i
B2 X9 Ic@RET 2, RIS, SATLDANRY bL a, 12T 3 EME B L1751
IORBTZILDTEL, AETEB=T L, AT VD7 4 V5 ) v 73T
bz, BNEC 2HOEER 74V ) v 702k, BTN E S IRE I 5T 5 A
R PNV RGHEIENTEDL LIRS,
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AHiTIX, resolvent 7 RV —% 2T 2RI T2 XGOS T 2L —> 3
RERICOWTHAT 2. RIS, RGO TINRIEZ S 5, £270m L7 2 fM
DIEFRMEAL 72> S aL—vavicBi 2, AEHD RSO iK% X 3.3 1
R, K3.3(b) 225, base line #&F & fine #FDFHERTIRIZIZIE L TE D, base line
rEHviyIab—vavickh, FoRIRLA@E2Rons L5215, DEOR
134T, base line 151

NACA0012 #JA b & Reynolds BoEB & Hii N OB O LK% K] 3.2(a) (CR T,
i D OEREESEIC X 2 IE T, HBHT Karmén WO MIREI24E LT w3, K1
3.2(b) 12, (z,y)/Le = (2.10, —0.11) IZ BV 2 IERIT AR v, DT — AT P VEED
BB A 2R T, BB 2 MIRB O EBUZA b r— VT St = fL./Us = 1.0
Thh, KN T 2y FEHER St~ 007 kD 24 —F—EOfETH B,

X 3.2 O T, MRERBEKIBHSI N2, L2 LAYS, RGIE
WOBAITEWTH, HE D EZERNIGAN ORI E R E 2 5] Zifd 2 3. Nitzsche
(2009) I3 EERARBIBIR O FRBOSEREZ TR, MAGIRHNICEE Th->ThH, H
Ji O FEEEGR AN OB 2 IR H R AR B 2 5 E e 2 & W5 L T\ 5. Nitzsche 12 &
%L, MBEPIREIO 7 A 13N 7 2y MREFUNECRAMEICES S, Zol Lid, EEEAN
7 v FPBRDPMNG OIS AT LICHES B L 2BRTH B L 2nmRLTw5, £
722D ED S, resolvent FEITICK A AN AT LK > TN 7 =y FERKDOAT - H
HNE—FZMBTEs I L3005,

Resolvent RV —% Rg(w) Z2WET 2I1cHh, BREPEERAS 2L 2. K
PR, SRR tUL, /L. 23T 350 AL EORERIT», FoicieRE 7, +
FICROIFMZEZBE L 22 LIk D, resolvent ENTIC & b it © X 2 Fe (R 83
St =29x103 &b, N7y FHROWMBNLFMHTH S St ~ 0.07 (Jacquin
et al., 2009; Sartor et al., 2014) 2B T2 E— PO ZRER T 2 ENTE 5, K

1
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Fig. 3.2 Unsteady transonic flow over a NACAQ012 airfoil. (a) Instantaneous vorticity
field (2;Lc/as). (b) Power spectral density of vy, /as probed at (z,y)/L. =
(2.10,—0.11).
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Fig. 3.3 (a) Time-averaged streamwise velocity (v, /a~) field around the NACA 0012
airfoil. Lines L1, L2, and L3 indicate the locations of the velocity distribution

shown in (b) obtained from the standard (red) and fine (blue) grids
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Fig. 3.4 Time-averaged flow field around the NACA(0012 airfoil. (a) Streamwise ve-
locity (vy/as0). (b) Numerical schlieren with density gradient magnitude
(IIVpl|Le/pso)- Regions enclosed by the solid and broken curves represent
the supersonic and recirculation regions, respectively. The dashed-dotted
box depicts the spatial window for the filtered resolvent analysis.
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TG O BT ATEE v, EHES 2 ) — L v ougkKE, X 3.412R7, K341
BUI2FERBLOEREIZNEN, M =18LWP v, =0 DFHEHEEELL T2, ML, E
FICPH F 0T\ 2 PHIESUE S HI B D, RO £ 4T 2 BTSSRI T H 5.
X 3.4 (b) %6, HEBEFEROHEILI THOEREIRAEL T0E Ly n5,. HA
HHIZB WL, fERICER S 2O ENAERIC LD, MOOREEREL Tw5b, 2 off
B\ RO ME Y (Delery, 1985) TH O, HEEW - BIFE T OME & L CTHEEIRRA
fHEDFND LAICHIT 65 2 EIc X D EL T2, BE T O R R &
BRI NTE D, BERIINREOBE K TOALE LTV S

3.3.2 RBEDOBBHERND resolvent BT

KEiTIE, 5 3.2.3 Hi T X7z resolvent T2 VT, B D EHFHRNSL DG 2 T
LMZBF AT AT LM%, K 3.4 T L RRPEEFi ;% F v T resolvent
ARL—% Rg(w) ML, ANE—FEHE— F2EET 3.

BHNC, Rg(w) DRESMESIRIC X 06 M KRS (K7 A V) oy OB
MY %, K3.5(a) i, X3.101CBWTC =1 & LEEA (BT, original &MY 2)
DIRKRT A v DAWBA AR ZRT, RRTA ¥ oy 1F St =10 1BV TIEFHICKE %fHE
WHELTWR 22005, JORMBEIIK 3.2(b) ICEWTRI N, BIROMIRE) DM
BEERUTH S, FEE, K3.61Cmd St=1.0I1CEJ 5 resolvent E— FzH5E, 2D
BB TE SN B AT — FIZH S 20, RERICE T 2 Karmén #RENC S L T
VB I EDIDD, COMIREBIRIEHAGOALERICEIR L Tw 2o, Ao
VX (=R A V) B CAERHE R, £, ANE— FREEHFCET 5
EOFA L CHRNANTOIMDEE WG L T2 (Zhang & Samtaney, 2016; Yeh
& Taira, 2019). T DOX—ZPNIBITE T 5 R L AN ZEBIR T Karman IHIREITH %
LT E B, AN N7 2y FREBHETH 3 St~ 0.07 IKBVThH, M 3.5(a) T
BHM - E—= 27 13BETE R,

T, BAFE resolvent FENTDFERICOWTRN S, KAWL TIE, BHIEEES C &L
T 3.4 ORLAEEBEZRHA L., C 2T, B 27 L0 % BRI FHLD &4
CBRE LGSR, 74 v afilz C = I o8é (BUF, &Y 2 F )b resolvent f#HT) & Hik
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Fig. 3.5 (a) Original and (b) windowed resolvent gains over St.
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Fig. 3.6 Response and forcing modes normalized by the velocity magnitude for St = 1.

LT, mR7A v o DE=7MENZT 5. K 3.5 (b) ISR TENE resolvent f#HT D
TA VMR RS L, E— I St =006 THDIENTNDL. UL, BEOLF
Reynolds £d5# (Rey, > O(10°)) I B 2 FEBE L OBEM@ITIC K > TR o7 = v
L (Deck, 2005; Jacquin et al., 2009; Dandois, 2016; Sartor et al., 2014) & X <
—HLTVwAETH 2. 7, RRTZA Y o UHDTF A VICEHTSE, N7y M
BHEDOEREDIPHTCE =7 IELTW LI EDah 5, £, St=10ICEBVT b
K7LV o1 DIRFINZBE =7 BBIEETE S, L LAHS, HREIRE O SR 72 RE)
JABEIE St ~ O(0.01) REDEMEE TH 2 LFERA 5. ZHUE, KWIED X 9 IcHied T
flKv> Reynolds ¢ (O(10%)) I2B W TIE, N7 = v b BIRICRA ORFEBEUIC B 1 2 B
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BRSNS 2 L2RBL TV 2, RFETIEI 6T, HHE C OEHICKHT 2 846
& resolvent AT O TN R PR PR, R C L L CROAERIEHZ T 2R
(z. € [0,1] and y. € [0,00)) ZEH L TERA Z resolvent T 2 FEfi L 72455H, X 3.5 (b)
EARDRERPG S 7. L3> T, KIFED resolvent AT IZZER-IZA C DTN L
TENALTHDELEFAA.

F VT FNE LORENZ resolvent lEITD 7 A V3 AIC L > TRE I NN 7 = v b AT
(St =0.06) IZH)ES % resolvent € — F2ABULL, N7 = v FRROYPZE X /=
AL%EBET LD, N7 2y FEBEEICEET % resolvent € — FiE, K 3.7 2R T L9 I,
St =1.012&1J 5 resolvent E— FERKES EE>Tw3, St=1.0DE—FIFEICHD

TRABIZ BT 2 0% A1 ) IIREIBRISE L T Zzoic L, St =0.06 DE— FIZ#RD

Wit & BN FAOIRBICAIG L T3, KR, X 3.7 (IS § &AM E resolvent /1€ —F
W, EEEEAREIBIGUCHIG L TV B 2 E RS,

Resolvent ANE—F 2R, N7y FBIRZH| SR TIRBEZRET 5. K3.7(C
A9 resolvent AJJE— P, ZHBOGMICEO ST, BLHFOEAEGNTTRKE Wiz
ALTWwS, Zhd, HEPAREIBIRAEAE N ORI E T 5 iRICE C seBSn d
TERBERLTED, ZOHEBSN7 2y FOIREBIETHS I EERL TS, K, &
ft & resolvent AJJE— FODAH» 63025 & 912, MEEPHRENIAEMAMIICE T %
IRENCHUBIC KBS 5. 24U, Sartor et al. (2014) 23 Reynolds $¢ (Re = 3 x 109) (2
BU2E—FEITICL > TR LR EFEL TV 2, %mﬂdaZQMQ%%Uﬁf®
W%t (Deck, 2005; Grossi et al., 2014; Fukushima & Kawai, 2018) T, fiEHEHRAIK
\F % Sl S ORI A E T (SWBLI: shock wave boundary layer interaction) &

NI MDD CEELFAELTEY, IO3N7 =y PRRICE W CEBALE 2L
7L TWw3 EEZONTEL, L LANEICE T %24 resolvent BEHTOREFIE, FE D
DEFREN IR TR Z OB E (Re ~ O(10%)) 128\ T, BAEREGEEIC B ) 2 L
BAREI A A = A LBFEEL T B 2R LTWwS, MAT, K34 TREDIELHICE
WS BRI SBETE 208, K 3.7 TR ZDIRENCHIET 2 € — FidfiticE Tuwkn,
i, EIEEEICE T 2 EBEPIRE O = 2L X — 8RB T 2 Z U HR TR »
CEZRLTVEEEZLNS,
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Fig. 3.7 The original (top) and the windowed (bottom) resolvent modes normalized
by the velocity magnitude for St = 0.06. The dashed-dotted lines depicts the
position of the shock on the suction side.
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3.7 1287 resolvent A€ — N2 613, MHEWRIRENIZROBILIED AL T TR,

BB IEADE D EE B S HURICSIET 2 £\ 2 e 5. AU P F L resolvent A
NE—FOFHMHICERT %L, £— FORIKIZHROEHEMNIIT THRAMIEL TWw3E L
DM B, Fte, AU P F ) resolvent ANTE— FIZEOBBAER T TR, RHakz
BoTws, ZoNfE, ROMBERORENICNIGL TWw5 LRt 2, BEETTYY
)V resolvent AJJE — FOIRIEDRICKE VLI, RogRoymngorR®ichbh, #
DIEBABH B E 220 TH D EEZSND. ZOFFIE, Nitzsche (2009) I
£ 2 HM Y EFERND P BISEREICBI T 2 K558, Gao et al. (2017) I2& %2 TED
(Trailing Edge Deflector) # H\» 7z N7 = v FHINCE T 2RO R ERET 2. 7
7 v 7% TED T X 2 BEFMNIT TOWRIIGOIRE)NE, MOERZZLIES, Dk
12, ABFROENMNE B LAY 2 F L resolvent T OFERIE, 1 & OEFEIHRE) O IRE)
2 cETWw» 3,

Resolvent fRHTIC & o> CTRE S (L IRBI IR S E BRI R R B 2 5 S 9 2 & & fif
B 7-®IZ, resolvent AJJE— FOMEIHEELZEHZ MM L 72 8fEHY 21— a v
EEMT 2. ROB~OMRIEARS froq, & LTERBT 3. RBHORMI M, K
3.TICAR L%, St=0.06ICE}2 resolvent AJJE— FDOIARICHE) L LT 5, K
D DYRIE I3 E OB ) O FIEHTIEICE T 2098 (Munday & Taira, 2018) 25%
12, Cu = 1 fvoayll/(3pscUZ Le) = 0.003 12> THRET 2. 12, WLEIRL 7Z25HD
Yial—vaviERERT. (a), (b) ISRTHEEAROMHED A OREIZLD 5,
W) froqy PO THVIZS b 6T, EEEREHPIEHI SN TS, finGo
Reynolds B TIK <, HA D OBEREBEROGAICE TS, #YI 2RI X b &
B O RMB R IREI AR AET 2. MAGBOMIRE, 24U k> TH Ei# 2 S 2 B R E)
DD T ZL X —RIEEZ T 2 72012, T = 6| tems || /|| Froay | PEZFT 2.
2T, Allttems|| = [|tems]|forced — |[Urms|[unforceds £ = poofT TH S, A U ¥ F )L resolvent
HITE—FOMBEIWCIRL 7256, T =94 23507z, —F, BfE resolvent H7]
E— FOMEICIRL 285481, T=70Tho7%. K35CRT LI, St=006I18
J 274 OfilE, &Y T T resolvent IEHTIC K 2 b DDTNRE, GHO T 2L —
Yavitk o T 32X —HIEROFEHRIL, resolvent ITDORER LEFEL T3,
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Fig. 3.8 Transonic flows over the airfoil with perturbations added in the form of the
dominant forcing modes from original (left column) and windowed resolvent
analysis (right column). The motions of the shock wave are visualized in
(a-b) with the blue contour lines in four phases ¢ with respect to the forced
buffet cycle, on top of the red lines for unforced case. Both contour lines
display levels of ||Vp||L¢/pso. Visualized in (c-d) are differences of the rms
of streamwise velocity fields Avymg z/oo, Where AvVpmgy = Urms,a forced —

Urms,z,unforced -
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72720, (c), (d) DD 5702 & 92, EEPIREO T 30X — A, BRI
ISR L TIR L 7225 ABic L D RE A5,

PLED X912, resolvent AJJE— FIZ & 0G5 N 7<iRBhEIL, SHEERICEEENRE) 2 5] &
9. Reynolds #AIEF IR AT W T, HEREMNRILINLE X ORBKRMEICE
V2R E 3B D EEER ORGSR T LB L THIEI NS 2 LT3,

3.4 KXEODESE

AFETUE resolvent f#HT %2 FV>T, 2 RI6D NACA0012 #JH 1 {€ Reynolds it D i
s A7 LM% FEhi L 7. ARBFE TR L L 72 Reynolds £ (Re =~ O(10%)) I2E W T
&, HRDEFEFERNGICE T 5 7 2 A LEBIRIZEERITICE T 5 Karméan O R
FERCTH -7, —J5T, N7 v b BIGRITRHEIN 2 R 5 2 M SRR B B R 1 Bl S
720572, Resolvent fRNTIZ X D, ZdD X9 %MK Reynolds B&M: T icB»ThH, Mo
IS A7 LCBIET ZHIE X ) = R LDEET 2 2 LAVR SNz, EAHE resolvent fEHT
kD, EEBARE) O IREIF IR O ATER NI AT 2 EERIERITTANIEICH 2 2 Lo
7z, BAFE resolvent FENTIC X 2774 v 3fih &, MEEEAITAUTIC 2 R, JA#EEK
St =0.06 ICBWTRD RSMIEI N2, WBREIRINE F 72, REGRMTICE T 2882 H)
CLBBICEIET 2. O, Bo7 7y 7RGEAT 2 v FHETE (TED) 1B
THMADREREFFEL T3,

Resolvent fEHTIC & DR 617237 = v T OIRENFEZWGES 2 720, G OEHhR %
HIrviav—varvz2¥Efil. ZOHRE, Reynolds BHD TERWIHEIZE VLT,
IRENI Y] 2 JlC & 0 R E NG 2R I ND 2 EB g o, Mo k)i, Z
o OIRENEIZ, FF D EFERNGOME S A T L ICECBE L TE D, resolvent fRHT
EHOCTHET 22 EBTEL LB T,
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AETIE, BEOMERICE Y 3 XRILBICBITI2EEFENN7 2 v FEHRZWL 5.
NASA-CRM (Common Research Model) %z H\>T 3 RILRICE T 2EHFENN7 = v D
Bz 22— arzfr). NASA-CRM &, 7 XY AmiZ2e5 %2 (ATAA: American
Institute of Aeronautics and Astronautics) 23F:4# L 7z 5th Drag Prediction Workshop
(DPW5, Levy et al. (2014)) THW SN 72T TN TH %, NASA-CRM I3 HREHE % fiffE L
TalSNTE Y, WRPEED ZUiE <, ERICE T 22 NBRZ2ERT 2 DI L
Tw3, —fRINIC, 3RITN7 = v F @ CFD I2i3 2 XILDH6 & il LT, Mo THIE
DREGFHEZRITT 20803 5, ARFE TR, RO ZINHI L > >m ki 2455
fiR 215 72912, Zonal-DES (Detached Eddy Simulation, Spalart et al. (1997); Deck
(2005); Brunet & Deck (2008)) Z 5%, o nIFEH DML T—% 2oL, 3X
TLRICBIT BN 7 2y MIRER ARV TAOALELE, 2 RIGEICEITFE N7 2y FE
REDPBRIZOWTEET 5. £/, 3TN 72y PO I 2 =7 1 BT B RIL
DRz B L, R RHVEIC O W TR L 5.

tPublished as: /NER%E, fHA%, FILMEL, BEIER, “SXOURICE T 2B5HEN7 2 v MREED 2
FHmZEfl.” BARMEFEHERANE, Vol. 66, No. 1, pp. 39-45 (2018).] .
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41 BE

B BEPH 3E TR X I 1T, EEEANT7 2y FPHREMEEOFICE WTHA
T LEEBRDOIRIBIRTH 5. ZDFRLRFIEAHEOF L WiRE 25 S 2 L, Mo
TTOREMEZFEANH L S 720, RISV & ML TH T Z 72 (Giannelis
et al., 2017). KR, A SV HANCHWIEARDZE L 2\v 2 Xous 2 iR & LRiE I
ETHEL (b T &, 9 (McDevitt & Okuno, 1985; Benoit & Legrain, 1987), £ X
O¥tfis S 2L —3 3 ~ (Goncalves & Houdeville, 2004; Thiery & Coustols, 2005; Deck,
2005; Raghunathan et al., 1999) I Xk 2 8%  OFEDH SN TWSE, £, N7z v b
DYBI I A A = AL 2T 2 TV S EEILEL I N TS (Lee, 2001; Crouch et al.,
2009; Tovnovich & Raveh, 2012a). 2D Xk 912, 2 RILDEZHE N7 = v MBI 2%
FIEFEICARFEL TS,

— AR, K D) EEEOMIZERIE Y 3 RITEICE T 2B EHENT7 = v FBIRHILAL
HEHZEO TS, 3RXILEDN7 = v MCBT 2 ERENAMFE L LT, ONERA (Office
National d’Etudes et de Recherches Aérospatiales) TfT# 31T &7z CAT3D € 7 LI
T %928 (Caruana et al., 2003; Molton et al., 2013) %, FHifiZ2FZ7EpAFEHERE (JAXA)
TiTbh o IRE R R EH RS (Koike et al., 2016), % L T Sugioka et al. (2018)
% Lawson et al. (2016) 12 X 2 IEEH PSP (Pressure Sensitive Paint, Kameda et al.
(2005)) IC& 2N7 = v FEMAISEEED D 5, 206 DR, 3 RICHICEITF ST = v b
OWEPAREY 13 2 ROLHOLE L 130, REABED 70— PNy FIgofid s LW
HLTWS, BEEh, 02 <5t <0.6DHIFICHMT2EINTED, BRI
(0.06 < St < 0.07) DADBHFET 2 2 RILHED N7 = v b ERFWHWTH S, 51T
iilt, Dandois (2016) 1%, ZHDIFEFHI € v %2 H i 3 Rous A O HJIEHES
R o, EHEBDPREHOATIEEL, BEHANSERT 2 2R LA, FHkD
B3, Koike et al. (2016) % Sugioka et al. (2018) IZ k> THIHEMIN T35, KT,
Sugioka et al. (2018) IZFESEH PSP 12 X 237 — & 20T L, BRMECHRAE L 2EH
EEDHEIGAIANGRT 2 LR L 2. 202 Eid, 3RILETIF A SV FADOREEED
ETSHIE2ZRLTwS, £/, ZOWREMIEEIL 2 RGRICEITZ37 = v b & H
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L THMABETH 5.

F7, SHKLRICBIT2EEEN7 2y P2RRE LIEES S 2L —2 a v OO
BHIS T %, Brunet & Deck (2008) 12 &k % CAT3D €7 V2R E L 7155 Sartor
& Timme (2015) 12 & 2 K&K Z SR & L %L, Tovnovich & Raveh (2015) DI
HEeWNRE Lo HE ST %, Brunet & Deck (2008) 5 Sartor & Timme (2015)
DR T, EAMDPOFERBEREEY S 2L — a v %179 2012, RANS/LES A 7
Vv FEHTFD—>7TdH % DES (Detached Eddy Simulation, Spalart et al. (1997)) 23
Hwv50Tw 3, Brunet & Deck (2008) % Sartor & Timme (2015) (%, FEERICE VTR
INTWwBDLFERRIC, 3RILHEICKT /N7 =y P OIRBA PRI 70— F v Fick
%L LTw3, Tovnovich & Raveh (2015) %, HBEIIK L THIBAZKRLZ ICELE T
N7 zy FOEHZRE LT3, 7% Iovnovich & Raveh (2015) % Sartor & Timme
(2015) 1%, A8V ITAIDEERRM DO RN LZEBRRIT OV THBRRTW: 2,

FH EDEGE» S, X0 FEEOMZERIEFIPIRZ R E LEHFENT7 = v P OB
biTbni w5, Koike et al. (2016) % Sugioka et al. (2018) (%, NASA-CRM (Common
Research Model) Z W CGEHH N7 = v F OFHIFEE%Z1T> TWwb, NASA-CRM I,
7 A ) AMIZEFEH A (ATAA: American Institute of Aeronautics and Astronautics) %3
FfE L 7z 5th Drag Prediction Workshop (DPW5, Levy et al. (2014)) THw SN 7€ T
LV TH %, NASA-CRM 1F, REEDZIRZ B L TREFS N Tx D, CFD f5ROMBEE
WK I Tw5, ONERA THW 5#1Tw % CAT3D € 7 /L% lovnovich & Raveh
(2015) DIH W7 AEIEER & 82 ) FERIZIRIEC, FERICB T 22N BIRZ2 BT 2 0 I12iE
LTw3,

—/i T, NASA-CRM H 0 & ) ¥R HEIPZ MR & L7, 2 X087 = v b
MR L 3R L>NEES2ZH L T2, 3R D OWRNPEEI ORI X X3V T
ZAT 5. 2O BEIIERICE W TIE, schlieren 5% H o 72 B HHE O ME 2, PIV
(Particle Image Velocimetry) % > 72 ifidr D 22[EHEE O nl I3 Mk TIHEETH 5. 3 K
TRICBT 2EBEHEN7 v FOEBTRONS T —42 13, BURTRERAICE T 25
filclRon T2, £7, 3RLRM N EEFERNORMES S 2 L — 3 vid, JIEEH &
BPARE) & SLRESEO TH 2 ) ) BB H 5 2 L oitEDOBIBNIREI s, 2
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DIz, FEEIRIDCEMEIREICE T 237 = v MEHRD CFD @ v £ 2 AR 11
BEFINTORVODBEIRTH S, U ED L) LHE2 G, 3XI0H, FICHEOMHIZK
GEWEMERTPR DT E T 5 EEBARB) O RIHL YL 72 X = A L1313 & A EPIE S
NTVi,

Z ORI T, 3RILRICE T 57 2 v b DIRBI O 2 MR %2 51 2
ZEERHAMNET S, FEEOIRERL 72 NASA-CRM 2R E L TEEHEAN7 29 FD
CFD i 217\, ZOREZW 61§ 5, ABIZE T, FHEOBBIZIH L > o8k
RS R 213 2 72012, Zonal-DES (Detached Eddy Simulation, Spalart et al. (1997);
Deck (2005); Brunet & Deck (2008)) ZH\>%. R OIREHER % 90T L, Kk
ReEmed s Licky, sHRORLEZERT 5. 7, BonfIEEROWNG T —5
2N L, 3KILEICE T 237 2 v MIRARA SV HAOAREZER L, 2 KTEITE T
537 vy PBIREDFRFICOWTEE T L, REIL, 3R 72y FOWZEa I 2=
TACBT BREDREEBE L, FRNZFEICOWTERL 5.

42 BUERRE
421 FHENR

AWFZETIE, 4.1 K2R T NASA-CRM O EEL € 7TV % TR 2175 . A
JETHM %2 CRM B EMAN 23008 X VKISl 13 Koike et al. (2016) DEERIC
LS 2, CRM OfRER S ITIZE D2 3K (MAC : Mean Aerodynamic Chord,
Abbott & von Doenhoff (2012)) DRI ZMH\>, cpac = 15131 mm & T35, HDORANY
HDEZIE b =>570.31 mm TH 2. BBMIZA =235 Thb, RRICET S TR
TETNERENERZZE L kW L L, HBPRIEIREINICERTH 5. AHFAICE T
2 %St 1%, MAC £ Reynolds #%° Re, = 1.515 x 105, Fif Mach #&i3 M., = 0.85,
WAE o = 5.37°, TR T = 323 K, THMIEIR Py = 80 kPa £ T 5.
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(a) Overall view

b =570.31 mm

(b) Top view

Fig. 4.1 NASA-CRM (Common Research Model) wing. The model emulates a three-
dimensional wing that is integrated with regular commercial aircraft for val-
idating CFD results.
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422 EERBF

ARG TICIE, C-O PR Y —oAHEERETEH V. —BRINIC, BZEEE D OB R
T AT BRI, EGERICE T 2 W EO N TR 7% R 2 kT 5 72 O IS EHES 2
Mo TR RET 5. AHRICE VTR, FHEEHRDIEZ MAC & cpac D 100 fHEREICE
ET S, FENTHEIR & RIS BT 2 Fo0ikE S 4.2 RICRT, ®ERICE T 2187
RBUZ, BE5gAm, BEiEGm, BRESMESICZNZN 171 x 351 x 122 KThH 5. %
WHOIRE) Z LR &6 2 5701g, B BT %2 #&iifks & ORI RIL D 0.2-0.4
5 & 2RI 2% CRLIET 5. RigFRBUE, BE 22800 TRt L7, BERSMAL
LT, BRMEICH D % L QBRI S0, BROXFRRNICH D BERIZEME, Z ofhoiii
[N 3Tk S e

{

423 BIERRE

AFETIE, FHMZEITRFZEERE (JAXA: Japan Aerospace eXploration Agency) %%
FAFE &2 4T > TV 2 AEREHE Y VN —TdH % FaSTAR(Hashimoto et al., 2012) % H\»TIHE
WY S 2l —y a9, FaSTARIZ, ZERIBHEALT 1 2L p DG IR AR L
5TV 2 IEREES FH OWMAEI Y VN —"C, FIHEOZEMKEL 2 REETHh 5. XA
fCIE, 3 RouEMETE Navier-Stokes iz v 5, RS LEEOMIILLICiZZn g
NMAC E ¢paec & FMDEE ase 22, JERMERR ORI, BEHOFHRICN
v 5405 AUSM (Advection Upstream Splitting Method Liou & Steffen Jr (1993)) %
HR L7, EKEGROHEA ¥ — L ThH % SLAU (Simple Low-dissipation AUSM-family
scheme, Shima & Kitamura (2011)) A¥ —2A %223, 7, AV HNTBICE T 28 ED
HlLz R T 58121, GLSQ % (Green-gauss based weighted-Least-SQuares method,
Shima et al. (2013)) Z/H\>%, F7, HEHIRBEIEICIZ van Leer DA Y F LY & v
F M5, RFEREEIC1E LU-SGS ¥ (Yoon & Jameson, 1988) & dual time stepping
% (Hashimoto et al., 2012) zZiflAafaby, FEHS I 2L —2arv2i7). £/, il
SO FATIC U7 > TUE, JAXA DT 3 A— =2 v Ea—5Th5 JSS2 (JAXA

Supercomputer System generation 2)” % fv>7z,
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(a) Overall view of calculation domain

(b) Grid distribution around the CRM wing

Fig. 4.2 The computational grid for the three-dimensional buffet simulation is con-
structed by hexahedra elements with C-O type topology. The grid is dens
where 0.2¢pac < & < 0.4¢mac for achieving high resolution of shock wave.
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AWML, SLfMENTIE & LT Spalart-Allmaras € 7L (Spalart & Allmaras, 1992) X —
A D Zonal-DES(Deck, 2005; Brunet & Deck, 2008) ZH\>%. Zonal-DES (%, RAN/LES
NA Ty FREDO—fE LTAISNTWS, RANS/LES N4 77 v FFiklE, RANS @
FLIRE TS E T 2B D DR S A7 —)VTH % BEMEHE d 2Hlf§ 2% 2 & T, RANS
¢ LES DiR&FIHRZFEBLL T3, Spalart-Allmaras €7 VO8E, d L BHELRENRYE
(R¥ 0 DI Dy ORI, Dy oc d™? OBIRD S 2. EHOTLAE T VT, dHIRE
WEE D & T CIHBIEDV NS K & D, 0 2B ZivTw 5, DES T, B
HADETIRIHBIHDO R S 27 —)L & U CHEREE d 2 v, BEHZ> S W IGHTC I 1 iR
AIZHESL 2 =2 H\w3, BARIZIX, Spalart-Allmaras € 7V DIEIRIE D, 1281
DREAT=NAdZRDE)ICEET 5.

d— dDES = min{d, CDESA} (4.1)

ZZT, Cprs =0.65ThHs. ZOLHEICLD, ELIHE TV ZEERD & & ORI B W T
Sub Grid Scale €7V (SGS €7 V) HIcHk\>, RANS/LES ~NA4 7'V v REHE2EB L T
V2%, Spalart et al. (1997) I2& 34 ¥ F )L dD DES Tix, RANS/LES O] b # Z iz
FRFT MR A 2k > TikE 5. —77, Deck (2005) 12 & > TRE I N7z Zonal-DES
Tlx, RANS/LES Y] ) # 2 0718 % BERIERE dingerface 1C & > CTHNICERET 5. BB, H
WY Dy DRI A7 — )V dpgs ZRAUTE > TEHT 5,

d if d< dinterface
dpgs = (4.2)
min{d, CpgsA} otherwise

Deck (2005) &, Yl D% Z A0 dinterface € HUNICFHEET Z 2 LICK D, ZRILHEICE
F21R7 2y bEBEICHBITTZ2IERTES EFERL TS, Deck (2005) 18] D
B 208 dinterface & LT, BEPPRICAEOEREE S 2L Tw 5, Kif%E T,
Deck (2005) O J5i5% 551U D 8 Z A8 dingerface 2 RE L7, CRM ZRETNVICE
2 N IR IR A M O BIREIE S 3 RIEAAMEIC X D R s, 20k, #
7 AZE n = 0.2, 0.5, 0.8 IZE T % EH R ITTAHE DB REE & 0 Bl FHETH 2
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740 X 107 3¢ pae ZYID AN E Lz, 72720, n ZROBIECHIEL S 217 RIE 7 147
ETHY, n=y/bTHD. yINFHEEIEL L RIFSAMETS 2.

43 HEBERELVEER
431 RBEREOLE

B 4.3 ICRAERIC BT 2 ETRE Cp = (p — poo)/(0.5pUs) @ RMS (Root Mean
Square) fED 34X %R T, 5 4.3 X (a) 1213, HHHT RMS EDO AR DK% — 84
Momd. U, — A8 L CEERIEREIDRHICORLCREEL TwE 2R R LTS,
Koike et al. (2016) DI & AGFFDFFERSH2 il L 225 4.3 (b) I0R$. 21
Fh, n=0443 £ n=0.555 285 RMS izl LT3, 22T, z 38 ilE»5
DY, c, 132N NORIEHAME y 1B 2 REETH 5. H43R (b) 25, AW
ZEDFIERG R, WP OMEZ FERER LD D00 RN FPHIL Tw 5 2 L3005,
Zhnid, HER - ILRBERETSHICLZERENRZEXICTFASH, FEREROTRAD
ERICED D, ERELVFELHEEZSND. ), BIFHANE y ORINCHE S i
PAED TP~ OBELIEHEICFHITETWS, £/, RMSOE—Z{HIZOWTh,
SRR R ERSRE 2 LCHBLTWE, 20X IHIT, KIFROMITHEIZ N7 v bIC
£ 2 ESR% D RMS 7541 2 EMEICHBITETW S L F A 5.

432 BEEROFRERIZEE

CRM #IZE 1 2 EEEWARB ORFRII 2 2B 2 T2, BELHEICE T 5 C), 7740 D
Wi %5 4.4 RUSRY, 944 RIS, @HREEZFTERRS HbE TR, F44 KT
KD RO H 571 H LT, Sz AHTRd. 2 0oy ORI & 281k
ZRTHDE, FERIN SR O & HICHIFHIABE L T 2723905, FHik
DBIRIZ, Tovnovich & Raveh (2015) %> Dandois (2016), Koike et al. (2016), Sugioka
et al. (2018) ICX > THMESINTE D, AWIZEICK T 2HfE> T 2L —>avicdkD, 3
KICHNT7 = v MCRELRBIRPHBIEN TV 5,

C OB EBEPARBBIR D 3 Kot a2 X DFEL SR ois, [EIRE C), D2
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(b) Experimental results by Koike et al. (2016) and current CFD result.

Fig. 4.3 Root mean square (RMS) of the pressure coefficient C), on the suction side
of the CRM wing.
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Fig. 4.4 Snapshots for pressure coefficient C,, on the suction side of the wing. The
dashed lines display the shock wave fronts at the surface.
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Fig. 4.5 Spatial-temporal diagram of (), at the dashed-dotted line displayed in fig.
4.3.
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4.4 BNR L 2 BRI O RF T H~NOBENC L 25D TH S, n> 055 TlE, N7y
F DZEEDIEFICHEHMEIC R > T B, 0.25 < i < 0.55 L FIBRIC, FEIDZEE 3B IE 51
CBEILCw2, $, REPEMTH D, H—OXRMBEBIRAEL R, 20X I,
NASA-CRM #IC B 1) 2 HEB I ORBI ORI 13 28 S ic k> T8 a b, a3
BUICHBEINS, 3RLRICEIT A7 =2y FBIRIE, 2 RIGREICET 5 24 L il L TH%
BiciMcd %,
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Fig. 4.6 Power spectral density of the pressure coefficient on three dimensional wing.
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433 N7 xv SDORIRESFLE

SRILHICEIT 227 2 v P DJHMBERMEZTARS 702, 5 4.5 MR L LENEET)
DA BIENT 24T . B A5 K2ZHT, [ENREC, D37 — A7 P VEE (PSD:
Power Spectral Density) Zit5 L 74§52, 25 4.6 MIZR ¥, #Eflid Strouhal BTH D,
St = femac/Uso TEZRI NS, H46ME2HZ L, n<0.55 TlE, St=0.09 5 E—
IHBBNT WS, —J, n>0.55 OHiIPHZ L2 L, H—ORBEEUIAAEE T, RE)H
BRI 70— PNV FIZamLTw5 I EBTh 5,

B 46X (b)ld, n=061C81F7% PSD Z2RLAZKTHZ. n=0.6 7Tl N7xvy
FOEEFPEE 7R — PN FIZaHLT0 5 I L3 0h 5, FRBEROE— 713,
St=0.09 ZFr< &, 0.2 < St <04 DHEPHICHAHL TB, “RILHEICEITEZ N7 2y b
DIRBHAP DS 70— PNy FiT/k 3 e ) @i, #EOIE Tt T % (Caruana
et al., 2003; Molton et al., 2013; Koike et al., 2016; Dandois, 2016). %7z, A#tFu5EIH
MR E L7 Koike et al. (2016) DEBTIX, N7 = v M ORHEFREENX 0.2 < St < 0.6 2
B INTw3, F4.6KTRINZ, n>0.5512B1) 2 HREFEE (0.2 < St <0.4)
DIENZEBZ, 3RIGHEICE T 5357 = v FBIRICKA 70 232 75 10 D i B LEE P TR
(BH#LTw3EEILNS,

434 3RFTIN7 Y FODRNRYARFREMY

9 4.3.2 filis X O 4.3.3 i O/ S N7 EEEPHRE) D 28V TR DOANLENEZR X D ERIN
ICHNDB 70, ENRBOWZEMZEE) O BT 217> 72, 85 4.5 TR L EZEH)
WX LT, R & 22 0 & T AN BERL Fourier Z2#az2 179 &, 55 4.7 KN/ K22 A X
J VBB ONDG, 2T, ki cpae THREIIUE I N R S 2 H W 72 R0 D 22
(27 Cmac/ (b)) TH B, H 47K (a) 1F 0.25 < < 1.0 DRIPH, (b) 13 0.55 <7 < 1.0 D
PR CRIBUARNT 2 T > 7 F5 R Ch 5. BRI OBEHEE L, HIZBE OO & 5L v
EEZoNS, ENEBOMMMEEEL, IREFBE f & 2R E 2T, =2nf/k
LERINDG, ZOBREHCT, FATHICEITE AT PV TD 6, BRI OB
FEz R 5.
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Fig. 4.7 Spatial-temporal spectrum of the pressure coefficient on the CRM wing.
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£, %433 Hi ORI N HENERBEBOENEE 2R E LT, ARV TRAORE
EWZTRD, F47H (a) D 0.2 < St <04 DHFFHOFMITHEHL T, AXZ FLDOE—
0o BRI OBERELZHE T2, k=5 St=04 T2, ZOREEHICETS
BB v, = 04ace BETH 2 2 NI 5, $, k=3, St=0.09 DAZEICHHL
E—IMBHEEL TS, TOE—72URL T2 BEIEEIL v, = 0200 BETH S, 5
2, AT (b)) 2RBE, k=0, St=0.09 fHEICMOE—=BEEL TS, Zhld,
0.55 <n < 1.0 IZEWT St = 0.09 DD A8 FFANDALEMRIFFAERET, 2 KIS
REILC02720THS, 47K (a) & (b) ZHET 2L, (b) Tldk=3, St=0.09D
PEICE—= 7 DFEL R\, 2O D6, 0.25 < n < 0.55 128 2 A8 o FE /5 1
NOBEHIEL L 0.2a0 TRETH S 2 L2305, (Dandois, 2016) DFEERIC X 5 &, 3k
TIENDIENEH DAAEIEL 0.19a0 BRETH 5. £72, Koike et al. (2016) DEERT
13 0.30a0, BEETH B, N6 DFEBICB T 2 OB, ABITEICE T 2T L -4 —
Y—ThH5.

435 3RTICBIFRINTzy NRROAHDZX LA

% 4.3.4 Hioiiw» S, NASA-CRM #I2 B 2 @BIIRBIFRIZ, FIiC St = 0.09 D
PR R R e iR B &, 0.2 < St < 0.4 DI E R LRI o s &£ 5 2
%, St =0.09 DR, 1< 0.25 TIHRENE 2 R0 TH D, EE B O RiE 5 I~ D
BENIFEEL v, 0.25 <1 < 0.55 TR OEA R VIFTHNOBERFHAEL TE
D, ZDOMNMHEER v, = 0200 BETH S, 055 <n < 1.0ICHBVTIE, HY2XuWH
ZIRENZ RS, F72, 0.2 < St <04 DIRENZ 055 < n < 1.0 DATEHLZEI N, HANS
YT vy = 0200 BEDMMBEEZ K>, FEOKIFIZ, NASA-CRM #ickF 53
7y FEMLE L7, Ohmichi et al. (2018) DHYE — R4 (DMD: Dynamic Mode
Decomposition, Schmid (2010); Sirovich (1987)) 12 &k 2f5 R THHEI N TV 5,

DMD T3, RN ORFIENH 252 AT Lk > TERE NS 2 & 2REL, i
NGOFELIREE— F2MEL w3, DMDIZX D 3XIGN7 = v b ORI 2 iR E)
BEDIETE 2 & v ) HIHIE, BRI D 28 JT ARG E DS DRI LT I
CBILTW3B Z ERRL TS, HEKIZ, Crouch et al. (2019) % Paladini et al. (2019)



4.3 FHAERIR B L OEE

Div. of vel.

T 20
1.0
0.0

-1.0

-2.0

Div. of vel.
1 2.0

1.0
0.0
-1.0
-2.0

Div. of vel.
[ 2.0

1.0
0.0
-1.0
-2.0

(©n=07

Fig. 4.8 Kutta waves radiated from the trailing edge of the wing.
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Ik BEGEDOWME T, HIEMA % R0 Bl I RANC N § 2 SUBLEMRITIC X D, A
WRH (St ~ O(107))) DEEIHRB I3 2> HUORLEREET 5 2 EARENTL
%. %7, Paladini et al. (2019) 1R BEL (St = O(1072)) OEEEPARE L R <> Fi i)
DARLEE— FEF77, REDI2RICMICH 2L LTw5, ZDI L, 3RILRICET
2BEHEANT7 2y PRHRICBWL TS, EEAREAIRE € — FIE 2 R0RICEIF 57 2y

FER L FRRDOYI I A A = AL DR SN TOE I LR RBL T3,

Lee (2001) DEFT AT, N7 x2y MCXZENL xS ALPEREANEZEHEL, H
B CFEAE L7 Kutta JEZ2 B L CHFEREIC7 4 — PNy 732535, 3 4.8 M,
n:&1&407®¥@ BT 2D 2BEOHEL; OO 28T, 4 4.8 Kz H

, B O THIC Kutta WSS BAEEL TW5E 2 L3005, 2o DL
Kouchi et al. (2016) DFEERIZ X % focusing-shlieren % F\ > 72 E BB OBEFER L b
FRLTw2, DI Eid, 3XTHEICEVLTHHEOEE L HEIIRBI ORI/ S 0
T 4= F Ny VBEBFAET 2 2 L2RBLTw5, FEEE, Ao CRM #ixn = 0.3
HEICF > 7 EE L, BBBROBBAPRECEML TS, ZofiEE, fHOERS
FHAEL TS =025\, 2O EICK)BERAIOBEIZELEEZLONS.

4.4 EBEODIERE

AWt TIR, FEHICE TN 7 2y FOEFHZHIHNE L 2HIWE LT, NASA-CRM
ZIRE LT Zonal-DES 12 & 2 IRE R MNT 24T > 7o, EHTHGH & /Nith & % Dandois & D
EFEWKT 22 Lick D, FERBRICET N7 2y PERZEEHWICHHETETHS
RN,

7, MBS, REHFRICH LT, o0 R% 2R % RoMHE»H 2
T EDoyiro e, BERAHE (np < 0.25) KB 537 = v b OfRENZ, 2 RonHE L FHED
St = 0.09 DA ZBIREITH 5. ZDIHIl (0.25 < n < 0.5) BV T, HEFZROE
BANZENT 2 LIck D, EAEBHOREGHNDIBIESFKET 5, IRE) O EHU
St=0.09ThH 3. I5ICZDIMI (0.55 <n < 1.0) IZBWTIE, St=0.09 DIRFDERE
DR 72 0, BN AEENS %%, £, St=0.2-0.4 OHPAD 70— KAV F
BIREDFETZ, N7 2y FME, TS0 2 ODREBOERGDLEICL DIREIL T3
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¥Ialb—vav (CFD) ZHWTHRE & 2 M EIREBIR 2 BB L 72, Boh/s3a
L—yav7 =9 z8Re L TR I 2T, BIRICHIET 226 00T 5
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FTH2ETE, HEERA VT — I N AOYBNR A A= AL EZHOPIZT 570, N
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PNOETFEOHEBIC L DAL 2N 7 TH 2. EHDOZ 23 Z0ZNT 4 7 2—¥
WIZERE S il CV NDTUBARE Cipy Coue TH S, ¥ Ial—vavffRickh In
5DINT A= %R, BT NHERAZMHT L AR, ARIFZEIC X D156 0BTy /R
R & O AN DEFE & IRB B2 BEFICHEECE 2 2 ot E5ICETF LN
A ZBEATHHTL, NADOERFIRE TR T 2 AR E2 R L 7%,

B3 ETIE, ASVHANCHITTIR D Z23 v, 2 RIGOREM Y iz R E L 78
HHN7 2y PBRONTZ2T o 72, 2 XIu0 NACA0012 HAIE D B % SR ICE
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resolvent Tz HVT, 2 Xud NACA0012 EJH D K Reynolds BUNL DL > A 7 L 77
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