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An assessment of compact schemes combined with

compact filters for nonlinear problems of flow acoustics

Abstract

Aerodynamic sound and shock waves are noise sources, measurement or prediction of
aerodynamic noise reduction is needed to obey increasingly stringent noise regulations.
The numerical method or approach to compute the mechanism of sound generation and
sound wave propagation is an aeronautic major field of study called as Computational
Aeroacoustics. Compact schemes have high resolution properties that are suitable for
the calculation of the differential terms in the governing equations. However, the
compact schemes have several shortcomings, especially, boundary treatments and
capturing unsteady shock waves or nonlinear steeping wave phenomena. Therefore, in
this study, specific calculation methods are proposed for the proper boundary
treatments and capturing of the propagating shock wave or the steeping wave
propagation. The new computational approach using compact schemes combined with
compact filters is adopted for the numerical treatments at the wall boundary where
nonlinear flow acoustics waves are emerged. Although the compact scheme is not
appropriate to calculate the propagating shock due to the Gibbs phenomena, the
appropriate combination of compact schemes and compact filters have shown a
reduction of the Gibbs oscillations and sharper shock waves than those by the
conventional shock capturing scheme such as the LAD (Localized Artificial Diffusivity)
scheme.

The present paper of this thesis is organized as follows
Chapter 1 describes the outline of this thesis.

Chapter 2 describes numerical characteristics of compact schemes, boundary schemes
and compact filters. Characteristic properties of boundary schemes are covered.
Characteristic properties of boundary filters for computations of aerodynamic sound are

discussed.



In chapter 3, the problem of computation of aerodynamic sound applying near boundary
filter (Visbal and Gaitonde(1998), Gaitonde and Visbal (2000)) are presented. Proper

boundary filters for computation of aerodynamic sound are presented.

Chapter 4 describes numerical implementations of compact schemes and compact filters
for shock capturing. Best combination of the compact scheme and the compact filter to
capture shock waves is presented with a comparison with Localized Artificial Diffusivity
(LAD) scheme. This combination provides a better result of the sharp shock profile than
the LAD scheme.

In chapter 5, concluding remarks of present study are given.
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ZITEE SIS TIRER SIS L7 Re R D WD EE L 72 D ZIVE Tk & IR B FUE 5
DAF—=LRT A VEOBMYPNPREINTVDLN, ZHEOFHREIZBWTED LI
BN THDDONH LN LIEFEIT o7, UTICERTHEDO A —L LT 4 V2D
LY UMD W T D EATIFFRIZ DN TR D,
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IEZE LTz, F7z, Ikeda, etal.(2009)1%, 3 YA GHIEEIN A F— A% 4 YOG Padé A % —
LABI 6 RIGEa L X7 FAX—LEHAAEDOE D HIEEZREL, HEVHORAETD
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72& 9218, 20 MAF—AICHAE DR DENRTED A X — Lo TIE, BE, fif
B, BRXORELEDHE N DRk A IR ITOI TS, LA LRnsb, BEREHEOAF
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%. Wang(2013)i%, IRITHIGIBIER N DRAETDHEIFEMGRE L, a LT T 44
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et al. (1999)ITMIALA A T —FHRRAITxtT a7 hAF—L b a7 N7 4 LZD
BIEIZOWTIIZE R T > TV A, & 512, Alquadi(2008)iX 5 ™7 &7 o 7L 2 DRI & %4
LT, Kim?D 4 WKEE = /%27 A %— A & Gaitonde and Visbal(2000) 7 10 YAERE = o /%
7 N7 4 W EE A LTGA ORHEIC OV TR 21T > T\ 5. Kawai and Fujii (2008)(3,
Visbal and Gaitonde ® 10 KAEE 2> /N7 N7 4 W Z DTV —/3T7 A—H a OEERE 23 HIC
52 5 WA FEMICEHA 7=, Visbal and Gaitonde(1999)1%, =2 /37 hAF— LB IRz 8
7 N7 4V E DRI E DR DL AR DORERCAIARR 22 ISR O B IR B IS 2 F OAsi
252 DB AP~ TN D, BIM(2015)1%, BRI CIRRKEE =37 b7 4 v %
WTCED T ) =T A=K % 045 BL V049 (2 LGB ADORET HZENE~DEBEE TN
TWb. BbkoXriz, a7 v 4 v LAY DEER T 4 VX BB
BT HIESEDREICE 2 BRI OW TR TG 21T - 72 BF22 1372 0.

Visbal and Gaitonde(1998) 23 24 L7z 2 v /37 k7 4 L X i, 5RO LN 1 LLF T
D72 DWEATIE OV T H IR E N D Z 37 <, MOEHR 0 Th Y EfE /B~ E
WIRNE AR H L. ZOoar Ry N7 4 Vv E2 EEFICEHAT 5256 T, BRI
ESINEE, av X N7 4 NETHWD ZENTEDLAT U UIVRRAITHIRS LD 7=
O, BRI ERREE L NI N T4V EEHCLMNENDD. DL /T N7 4
WE WG, PO X SICRWRIEH L 0D, FRIERLY 1 DNEITO /) — K
Tl 2 I T N7 4V EFEHND Z L &7 D IRKKEE @ 2 A2+ 20f &1 [ k@
EBIRLZTNER LR, Flo, 2037 N7 4 VX OREBEORE & L TR IEE
TR G £ T A VX DRBENRSZ ERETFHN5.
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N7 42T, @SSRS W T RERBOEN 1 LT & W) Rz o2
A Ko TEEESEIR O R DR SN D, EIAREBEBOETN 0 L2 benl &
IZ R > THIEASBICEEL G DL VI RADRD 5.

PLETHlA~R72 X 912, #kx K5, Transfer function ZFf> /87 N7 4 )L X DMER
ENTRY, B—0a 7 v 7 4 VEZ 2RO OREICOW T, (mEBEMEIC X
S TRER O e s TWD. UL, BER7 4 2 Elaa b TRV 5818
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and Shu, 1996)3 V5T X 72. WENO R 3— A3, Rl O - MERE 2 36 L,
DOEPIEEDOHENARETE BITIEBREBEENBEWE WY BRSNS D, [EfEIERE 2
F— AT D BRI T E T AUC B DD K O ICIER IS RIE CHIME e th B S &
ST EEE ZHET D720 IMO TEETH Y, Tl —~< 2 Y —DBF O
AT XN, 1.5 IR EHE B0 il =S & RO BRI ISR D AR EBR (I— 7
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TV, Kawai, et al.(2010)1%, =237 b AF—L4 & 237 b7 ¢ L Z(Gaitonde and
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T&EDHZ LaER L. NTIEBOFEIL Cook(2005) 1325 L= E ~— 2 & L CTHJE
EH7=bLDOTHD. £7-, Visbal and Gaitonde(2005) 1%, BT 2 Yk E O Gaitonde
DAy TN BEHEHAL, TORMMEEERL TV D.

ZO XS, B AL JEMERIICK T2 28 N7 ¢ VK Ol FTERFSEATED
SNTNDN, BbDar /) hAF—LR T AN FOMBAEDREIZE ST, EDLIHIC
IO ORFEIZ RPN AT D A JRANCTHRTAFIEHNT 2. Sz 5 &, 7 2R
72 EOBIERENOFEEIZOWTIE, a2 /37 hAF—LADOREORKSLa L /7 N7 4
NHEDT Y =T A= UEKIFT DN, BRI T T2 o7z,

F72, WENO A F — L0 N THRH A28 A U EMPERH R FIEZ L W CENE O
#A{T > -7 (Johnsen, et al., 2010)iXH 5723, T /7 FAF—LE ALy N7 4L ¥



DIHE DRI HOWTORHIIIAITHI TWH 2R o 7.

1.4 KX DIEK

B1ETIE, ARROME, Mo\ Tk~ 5.

B2ETE, v MAX—AEaL T T 4 NFIZOWNWTIRRS, a7 bR
F— A EBERICHE L2 N FAF—LA L DOMABDEIZOWTEHEAETELZRL, £0O
MAGDEICLDENEOFHFIZEGZ DFESWNTIRRD. ZIE CICRE SN AL
RAF— LT, FE, G, ZEEOHEN RN SN TWDN, ZZHEOHMEE
BACHEA L72E R 0o, SHER AT —LE2RE L AX— L 0OMMEEICEH LT
BRZEW NI L, BERITFICEOYIHEEY — A2 b0 )EHREICHEN ThH L &5
2 ONDMAGOEERLT.

H3ETIE, FEMLFICEOWHIEE Y — 22 b o581, EREFETOT 420
v # > (Visbal and Gaitonde(1998)35 X OF Gaitonde and Visbal(2000)) % 22 /3% D ¥fE
FHREICEE LG AOREREH LN L, ZHEHRICHEU TH S EEZXLNLMAE
YR LIZ.

FABETIE, WMEPORAET DREOERFEOIFMIEB SR & L TRENBREREICa N
I FAF—LE AT N T 4N EOMBEDEOFREFIELEN LIZSEIZ OV TURT.
ZOFMIC L > TRAEER/IMETE D Z R RSN a7 hAF—L L a7 K
74 EIEER STV S RFTA LI A F— L & OfRERZ I L, Z OFRERFEN
JRET AN TIER LV E RISy — 7 S el T —EDORIAFV T2 &2 A LT,

55 mTCIE, A THONIEERARARIEL TV 5.



E2F BRAX—LEOAUNY FRX—LOEHFED
EAENEDHIEAEIZEZ SEE

2.1 XEEHERX

Xl AT E AR R TRl STz 2 ot EfEtE B = « X =27 2 H5RATH 5.
ZIC, plXEEE, ulTEEE, plIET), IS, q I 3BNRR AT, Er IRV PNED
TARNF— L BB TR LF—DFZ R,

RUBOIRBEF ALY Lo LRGE LTz, KEOREARAIU FTOXNTRENDS. RIE
HAEKERYT. DM, ZHO—B#EY%E T, 74 VEENTTEENT, HRES OYEH
A TAEE 0w, H1HRE Ax TRT. WEITZERE L, JHHOMEERE Ry 2 b &I
L7z LA IV R Re=(poCoRo) e=1x10*, 75 o M AVE Pr=0.72, H#E\y=14 & L7=.

ap  o(pu;)
=0 -
ot ox; &
) olpuu; ot
8(pu.)+ (o J)z_a_hﬂ (2-2)
ot OX;| OXi  OXj
OE; +a(ETuj)z_a(pui)+a(ujfij)_% (2-3)
at GXJ 8)(] aXJ aXJ
1 p
Er =—pu:u; +— 2-4
T 2PU| IR (2-4)
or
R B -
U=y (2-5)
8ui 6”] 2 auk
S el Ot Iy i -
i =4 [ax T 37, (2-6)
p=pRT (2-7)
2.2 EFTEEH

2.2.1 #EXTIit
B EIT Ry, MERIESFIZH T HEIE ., FEMEARE 1, BE p, HJE T2 X - THER T
L7z, Roefb LA %E cx£T. BRIz,



g_X 5 _U ~ g o~ p = T T t = P
Xi:_’ ui:_’ =—, =—, T:—’ t: s =
RO Coo “ Hy r P Too RO /Coo p Iooocoi
el SN BT FOKIEORELEATIUTO L oItk sns.
ARWFFE T, BRI R(2-12) DFESERNCHE S & LT
op , o(pt;)
e :0 -
P (2-8)
opa) ;) o o[ E[(em aiy) 2. ag,
=+ = St = || = t——= ——5ijT (2-9)
ot OX; Ox;  oxj| Re|{ ox;  OX; 3 7 OX
OBy a(ETJJ)_ a(puj )+
ot 8%1 c’ﬂj
N N - _ B - (2-10)
O g A om M) 25 o || o a4 O
x| 'RelloX; o ) 3 "X || &X;| (y-1)RePréK;
AT
= 2-11
P== (2-11)
2
4-T3 (2-12)

2.2.2 ERERAF—LBLIUVO—/IRT 1)LA
ARWFFETIE, 227555 A % — HITLL T O Lele(1992)D 3 Exl g 6 AEE = L /80 N A% — L%
M\ 5.

%fi’_l n fi,+% fl.= 14 fi+l B fi—l +l fi+2 — fi—2 (2_13)

"T9 2Ax 9 4AX

UL s, Eiio 3B 6 WASE 287 25— AIEEFEE GERB L UBER LV
1RO, —R) THWAZENRTERY. TOH IO/ — RTEBIOE RIS Lz
AX—LERVDEMERS D, BERIIHETOAZT—LOR YT HONTIE 223 filCiE L <
NG, LB, AX—LOREERT O, FERE-HEREY 1 oWRlo /) — R-FHREERAE O 2
— R-HER LY 1 ORD ) — R-EFBOZNENOREEZ (31-4161-41-3) DX HIEKT. Fff
T IR TE, E B TEEZRT. 7272 L, Jordan(2007)F L OF Jordan(2009) D FEIZ B
L CIEREORTZ AW,

ZEMZES AT — LA TG CEX 7o W iE r — A7 4 V22X > CTRET H72%, Gaitonde
and Visbal (2000)?> 10 AL = /X7 b7 4 V2 & W Tz,



N
- - n a
ofi g+ fi+ofiyy = z%(fnn +fiq) (2-14)
n=0

ZIT, OWKEEa L RT N7 4 VEOBRBIIUTO L S1275.

193+126a 105 + 302« 15(-1+2a) 45(1-2) 5(-1+2a)
0= s P W T=F—(0 s & = y A3 = y Ay =,
256 256 64 512 256
a 1-2a
* 7 BI12

LLed D, ERd 10 RKEE 2 X7 N7 4 W ZIIEREE TIEHWD Z R TE 0.
T, BRNPOERLY 4 oNlE TOE /) — RIZBWTIEL, BIORIGNLE L 705, AR
T, R TIE T AV Z 2T, ERIEHETIE T AV OEELZKTFSEDLZ EICL > Tx
S BRIICIEEER LD LoD /) — RIZ2RKEEa X7 b7 o v, BER KD 2
OWRID 7 — RIZARIEE X7 7 4 VX BRI 35RO/ — R 6 RiEHEa 37
FZ a2 ERED AOHRID ) — RIZ8IRKEE = /" N7 4 M Z Z Wi, ZOHETIE,
& — RIZBWTC, T RTOEBMSIEMIEIND Z &30, LarL, K 2-312 0=0.45 D3
BEDWVWTRT LT A VN Z OREEORBPME T T HIEE, 7 4 VX OEENE L S EEHEHH
MRELRDE VI REERH 5.

2.2.3 RFEFEDRAF—L

AR L7 X912 SR 6 S22 /87 hAX— AL, BERBLOERL Y —oAMlO /) —F
TEHHAWDZENTET, E1DOAXF—LEHVHLERDHD. KR TIE, UTOAF—L40
MABDEIC L > TERCHHESE L. BER AT — L L 70— UL A F— NI FICENRE R
ERLTE 5. EBEOKMEE THOWAGEITIIETN O EZMARDLEDL Z ERRETH LN, BT
L INFE CTRESNTELER AT — LR EUNCENET D LIIRE RV, 2072, FET R
F—=2 ZAHRREML I ab—ra VIFEELTENLORELZEETINERS 5.

(a) (31-41-6,-4,-3))

S TIE, oD Adam(1977)D 3 PIFEEE R =237 R AF— A EH,
H+2f§=§%;G5fr+4Q4—g) (2-15)

BEHRPO—2NMD 7 — RTIEHKRAD 4 RIEE Padé A% — L&MW 5. 4 IRIEEE Padé A % — A

X, DIMNIATUUAT, ARKBEEZGROLNDZ LD, < O TEAEHCHN LT

W5, LLARS, Jordan(2007)IC &~ T, ZOMAEDLETIE, ERO/ — T, @k

SRR END Z EARER TS,

10



1 1 3f,—f
e fleo 22 3 1 -
ey &1
(b) (4-4-61-4,-4))
BERETARBEOERa L X7 hAXx—A, BRI —o2NEID /) — ]x““C“iﬁ(Z-lG)@ 4 ks

J& Padé A X — L EHWAHMAGDOETHD.

1(17, 3, 3, 1
fl'+3f2':E(——f1+—f2+—f3——f4] (2-17)

6 2 2 6
(c) (5g-5g-6,-5¢-5¢) Carpenter (1993)
R E LOBER L oWl 2 — RTINS 2 % — 5% 5. Carpenter(1993)(2 X ¥
BERAF—LOMAEDETH DL ZERREN TV LN, B0 HFBRAUTE L =88 OftHE
FERIZOWTIHR STV, 728, Co~C;, Dy~D; X Carpenter(1993)IZ 5t STV 5%
BEHND.

fl':Ai(c0 f,4Cy fy+Cyfa+Cyfy+Cyfs+Cote+Cofy+Cofy) (2-18)
X

% :Ai(Dof1+D1f2+D2f3+D3f4+D4f5+D5f6+D6f7+D7 ) (2-19)
X

(d) (6|_6|A_6|'6|A_6|)
Gaitonde and Visbal(1998)(Z L » TIE I 7= 6 IRFEEBE R 2237 M AX— L &L FIZRT.

1( 197, 5 5., 5 1
f+5F) = —| — = f, —— f, +5fy —— f, +— fg —— f 2-20
! 2Ax(601122 33“125206J (2-20)

Gaitonde and Visbal(1998)(Z X » TIRE S NIZHF R LD —>HMID 6 KT R = /37 F A
F—b (R(2-22) L KRIT D720 1A LK) ZLUFITRT.

3f1,+f2,+3f3, 1(_%1_§ 34 7 2f5 1f6j

=— +—f-——"f+—=f— 2-21
11 11 ° Ax 132 2 33 % 33 4 33 ° 132 (2-21)

(e) (6/-6/5-6,-615-6)
FERIIC(2-20)F FHV, BER LD — oMK D 6 WIEEER a2 37 F A% — 4 (KX(2-21)
EIXBIT A0 1B LKD) ZHWDS.

4% Axl 96t 62'8°% 6% 96 (2-22)

(f) (3E'4I'6I'4I'3E) Ikeda et al. (2009)
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BESUC TRLO B UK A — 22 IV, B &0 —oNl0D 7 — FIZX(2-16)D 4 YR
Padé 2 ¥ — L% M 5.

, 1
flz—EZ;@1H—18Q+9f3—2u) (2-23)

(9) (3%-4,-6,-4,-3%) Jordan(2007)
BRI TRORICBNTIWKEEE L /25 2087 F A% —2 (Jordan(2007)12 ik 4R % % i
M), BRUBER LD —2SHAO /7 — FIZK(2-16)IC73 7 4 IRIFJE Padé A F— L& V5.
f/+af, = ff + 1, +of 5 + A, + &5 +11f (2-24)

(h) (4%-4-6,-4,-4%)Jordan(2007)
BEFUCR(Q2-24) 2BV T 4 W & 7% /%y [ A% — 2 (Jordan(2007)(C Ll D4R 5 % fi
A, BRUER LY —2AID ) — FIZKQR-16)I277 4 4 WS Padé AF — A% NS,

(i) (4%-42-6,-4%-4%) Jordan(2009)

BERUC R (2-25) 1R 4 RIEIEDBE R a2 87 h 2% — L&A, S BICEER LD —SHHo
/= RFTHRE-26)\IRT A4 RIEEDENN a7 P AF—L%EHAWS. 723, Jordan(2009)iZ5C
WENTWAEEEZHWE. ZOAXF—ADOMAEDEIL, ERICEETIZRVN, —BEMSIC
B TR T B 72 I K 5 0 BERZ DR Z 5720 Z & 23 Jordan(2009)i2 L 1
RENTVD. ZIT, AF—LOBEERBOMITIL, =2 b—7 25RAUCHEH L1256
DAF— LD TRTH O TIER L, 22 FDIAER EDIREOBLIZ BV TITIERTE O
Baks 2N TELT TR b= 2AHBANCFEL TEORMERLNICT 2HERD D
ZLITEBBEWEER .

28 1 E OJUEF IRV T, FWORAET B3T6 TN F2RE L, FHOEHOH
DU BV TR 2 BLE T 2 NERIEHE T2 A0 2 08— TH 5. — iR A5
Rt TICBN T8 h AR = LOBR AT — L L OMBEDETEL S EERKICONT
FEHT L7ZBRZEIE 7220, 20728, ARFRICE VT, REHEE FE2 e b—2 20
FERUZ 6 YHIIE =22 /87 AR — A LEER AR — AOMBADE LM T 5 HA OOV
TR Z1T 9.

2.2.4 BREH
28 NG D NGB W T, MHEERCBW T, FROWMHICE L-BERSEE 2L 0

DIFE LN, Bk 72 FIENRE I TWA D, ARIFZEIZ BV CTIEEE R 44 121% Poinsot and
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Lele(1992)> NSCBC(Navier-Stokes Characteristic Boundary Condition)z FHv>, y=0 % #r#i§-~ b 72
LEEEBER & L, TOMOBEERICOW IR SRR & LTz,

RELT, x FTHOERFHCHONTERS.

Tompson(1987)iZ & 2 Rk ftr 2 ¢, FE= « 2 h—7 2 FRXEEET D &,

P g Ae), Ales) (2-27)
ot X, X
oE; 1 d
FT"'E(ukuk)dl +7/—_21+(/3U1)d3
B 0
+(PU2)d4 +(,0U3)d5 +87[(ET + P)‘12]+67[(ET + p)u3]= (2-28)
2 3
0 aq;
a—xi(ujfij)—g:
—(’gtul)+u1d1+,0d3+£(PU1U2)+£(PU1U3)= axljj (2-29)
a(pu2)+u d +pd +ﬂ(pu u )+i(pu u )+a—p=% (2-30)
ot PRI Tk, T ok Y kg
00Pt3) g+ pds -2 (pug, )42 (pugug ) - 0781 (2-31)
ot I o T ok U ok o

LR Nhic8insg, di~dsix, P X272 s

1 1
i, C—Z[Lz +E(L5 + Ll)}
L l(l_5 +14)
d=|d, |= 2 (2-32)
d _(Ls _Ll)
4 2pC
dS L3
L4
T,
/11 =u,—-C
Ay=Ay=2y =\,
As=U +C
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2=
yo,
L= ﬂ{j—fl— pcg—‘x‘ij (2:33)
L, = zz(cz 5—2—5—3 (2-34)
Ly = A ‘Z% (2-35)
Ly = A4 Z—L)‘(: (2-36)
L= ﬂ{j—& ’”Z_iij (2-37)

ABFFEZRBNTIE, 370 7 LR 3 X OMER SRR 2T b 0T, Znb
DEERGEN DR EFTECHOWTIHAEIT .
XU D 72 UIHrEMEE T/ T,

BEFI COBMER I OHREL 0 LRETD.
0, =0

U =u,=u;=0

LODI D&fEL Y,

L =L

L,=L=L,=0
EWVOBBRANELND. ZNEDHEMEE d D dIZRAT LI LICL > TRETED.
WA, MRS T, BIRE S COENEREL, UTFTOEFEEZRET 5.
07y,

a_Xl:

9t _

0%,

s _
0%,

AN TIE, BEEKHE LT, FHREERICA-STSDEE0 & L.

L, =0
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Ly, Ls, Ly LsZzZFNXK(2-34)01HXKQ2-3NETRDD &, WHITHERZRETES.

2.2.5 BERRE

[ R 1 4 YRS Runge-Kutta 5% V7.

7o, WERAZIAE, K578k 1681X 841 DA TIE At=0.005 & L, K715k 841X 421 5 L0
F& 158K 421X 211 O34 TIE At=0.01 & L7-.

2.2.6 #&FEE

AAFFENT I TUE, BARIBOBEEEZ2IZ X HWMETES LSS 2 EEICE DX DNERDHD.
ZEEDFAEEE L L T2 0IIE, ZZHEORAET HHEBICBNTHAWS Y v RORE A
DRENDD. —HT, ZEIEDET GO b RIS LERH D . FHEE 2 v
AT, BEHFGETHNINZ Y v RERY, BTEROWMRERLS. 2070, KL TIE,
BRI D UAF D I A N7 Y RIZL, @SN Yy FEHWD Z &2k - T, TR
BOYER Z TR FTRE 72 HPHICIN 2 7. B O PIHIERE Ry & BER S & L, FHAEIE -159.5R,
=X=159.5R,, 0=y=159.5R, & L7=. ZEMfHGEIC L 5B RS 5720, 3FEOK 1R
Nz (B AR N xNy=841x421 (#c/ M- IR Axmin=0.025), F&F- 4550 N,xN,=1681x841

(/K F- TR Axnin=0.0125) , #&7-mid NyxNy=421x211 (Fe/IM& - [HIR Axpin=0.05)) T
DFEA R DH AT E T BRI TH 2 < 725 L5 I F iR 21T 7.

ZEEI AT — LI T Ry P AF— L E W DGE T, FHREE - car s h2FxF—2A
EHWDMENRG D, O, AFZEICBOWTIER 2-1 8 X O 2-2 ISR T AREREE T (x
Z2fW, v Z2EM) ZEMEE T (8 ZER) 125/ LT,

a = A oo (2-38)
ox o0& ox
x = X o5 (2-39)
o 05 oy
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Fig.2-1 Grids in the X-direction in case of N, X N,=841X421.
160
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0 T 1 1
1 101 201 301 401
Grid number
Fig.2-2 Grids in the Y-direction in case of N, X N,=841 < 421.
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g g
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& 2
g 06 4th order 5 0.6
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Fig.2-3 Filtering transfer function (¢=0.45)

(This figure was reprinted from Wakamatsu,
et al. (2015), Transactions of the JSME

(in Japanese)).
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Fig.2-4 10th order compact filter’s filtering
transfer function (This figure was reprinted
from Wakamatsu, et al. (2015), Transactions
of the JSME (in Japanese)).
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Fig.2-5 Vorticity distribution on the wall at the time t=10 (¢=0.45).

2.2.7 BB BOMEEHDEZ A
PG L EAR D 2 S % TN ZFh(-0.5,3) & (05T E &, EARDIEDHE 45347 % Poinsot and
Lele(1992)IZFi# SN 7= X(2-40) TH XD Z LIC Lo TRE LT, ZOHIETHE, WO EN LS
FPADE DN OMWMOBIEFT R EDOE 2 L0 /NS TRV 0 &5 Z LIRS H 5. 22T
B 288 Re=0.5, OIS DR C=0.25 & L7z, {WOFBRBEE up kI3~ v %
M=ug/c,=0.1 & L7=. #¥IHIE I X OWIHIE ) o3 IR E S OB ER L OENT—EE Lz,
a_l// 2 2
[tj:% _%i ,W:Cexp(— XZ_F:CZy J (2-40)
oX

AEFFETIE, 7V =T A—X 0% 045 B L N049 ICEHE L, WH CORFRFRZ LTS
I VBRTBEOAFT—L2E 6 REE NI NAF—L EMAADEDZ LIk TE
U 2% @il B OB OB E R~ K 2-4 1R T X DI, 0=045 IZEETDH L, 0=0.49
WCRE L7236 £ 0 BAREHUIMN S 7 4 V2 ORBERBINLDIZH LT, 0=049 [ZERET H L
BB D IR 7 1 )V Z OB S . FREUESCHER(Gaitonde and Visbal, 2000) (2 5Lk < 41T
WHLDEMFEH L.

2.3. HRBLUEER

ABFRTIE, ()DOAF—LOMAEDELIEAEL L TERLITH. RS, BRIHED
A — LHR T HEER O S B B 1 2 B RN AE TS, 7o, 6 IR =
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NI NAX— LN EMMBEDLRTZHRICEBWNTHE /) — FCOBGRENREICHE KT S Z &
IR T & DMEIEIEE DO 43HTIZ BT Jordan(2009)iI2 L W R ENTWAH =D THDH. Zhk
MAG DR T-GE OBEEEER TOR ) — RIZB T 28 E2 i 5720, @ik
FLBRET DT 4N F(0=045)EBRE LRV T 4 L F (0=0.49)D _FEZ W CTHa 21T -
7o, BERAX—L%E 6 WKLY M AT — L LHMAEDEEETH R RMENE
L7220 (i) Tl 0=0.45 T a=0.49 THREZITW =B 0o72. —F T, (¢), (d), (), (9),
BLOOMWTHAERRZEL RV EBR L., 2025, (©), d), (@), @B LTO) TIE, 5
RAX—L% 6 KIFEL /N7 A —AITHAEDLED Z L2 X - THEEEER TR
WORMENE U L HEER SRS, IS, AX—LDORERELEDLETHY RND, v
TR =7 ZHRRUTHE AT 5 LR LIZC)D A F—HI2ONT, BERIESBER TS <
&, WX 2-5 Case(i)D & 5 \ZEER EOWMEEN 5T 503, X 2-5 Case(c)D X 5 1ZEER -
ICBWTEIEAZ2IREI N A L, BHICWTZ5. REMIZZE SN TWD N, mAardbil-
A TR BRI B W CRE g N AR Ul L HER SN D.

T DR ENMBIER S, BIZIE, 0=0.45 TIE, (9)IE t=24.57 T, (h)i%t=0.55 T¥
BL, 0=0.49 TIL, (g)IFt=177 T, (h)i%t=0.34 THEEL7=. ZhiL, 0a=0.49 Ti¥, 0=0.45
L L TR O LT 4 L ZIZ Lo TRESRT, ZREhoa 7 R A% —A
EHR ARy P AR — N Lo THE U0 e TE RV EEEER O 5 BERE L +4)
TANBIZE o TRETET, BHESAFT—LOMBEDLENE ORLENZ 32
ADZEMTERNPSILTLDTHHEZEXLINLD. ZITINLREE, BT 52 L742<
HENETH-72(), (b), (), BLOOICELTONEITI> L& L. £TRETS
ZENFIZODOWTHMEATVY, TDOZRENENFET DIRA & g o T REFRIZ O W T 21T
9. AWFFETIE, Jordan(2009) D A ¥ — ADFAEDEE MV, a7 N7 4 v 2D 7Y
—RTA—H o & 045 \TRE LTHA CTEMMGE L2 KRE S LA (/g TR
Axmin=0.0125) OFFEFEREZL 77 LU AT —H LT 5.

2-3-1 RETLHIEHBEDOLE

2-3-1-1 H/IHEFREFEO.025

X 2-6 B3 L2912, ENEH 0=0.45 B LV 0=0.49 DIHE D t=150 |28 5L L&Y
(PP)pZ T . K26 £V, a=045 DEEIE, AF—LAOMAG LTI L L ERITITL
INERLNRNZ ERbND. —J, K2-7X50, 0=049 OFAITHOWTIE, (@) &F) 1EIF
ERCZEEZRL, (b)&@) bIFIERUEEBZ TR, (@), OBLOO), ()ZkkdsE,
] Hp R (8 O BB O C, JEAEBIBICBHE R =Bl SN D, (a) & () TR
WFIZB W CEE DS N S0, (b) &) TIRARICEE DSy N Elsshns.
4 2-7 12, t=50, t=100, t=150 ® x=0 |Z331F D E /154 & B TRT . FHEIMERFIT LK
FLTWDEETF R0 5. £, K2-812, K 2-7 [ZHRKEITR LTz, g KEJE LR A (0,0)
B DFREE D BIR &R
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AWFFENT I T, BEmICEZET 2 X 2 MERIX, FAEGEEE CAEL 5720, JFURN
O OEEEZ AW, “RoTHBEICB VLT, BEERICIE, BAET HZENE XD (-1/2)F
(B DRER L 72 D03, AWFIE TR SNT222 0% b BEED (-12) BITIFIZ BT 2 fb H
LY, B Ea—R )y RTav Ry MAF—LLa Ry N7 gV EEHEH 2
LI E o THEMEMBELZE -T2 & FEOBHENMEZ DN TND Z E PR TE .
I EIRGEFHEIEORE CH Y, BELHCHERA AT — L L 7 4 W F AEUNTRIRT 2
Z & X0 RAT DI & F I OBREORRT- DRI 2 ST,

¥ 2-10 B8 L OV 2-11 12, SR A F— An3BEf Ik LERELT A (y 1) (sl 2 5O
AL L MEIRIC G 2 2B ZH O T H12DZE1 0=0.45 3 X X a=0.49 DIGH O[E
(0, 69.9)I281F 5 (), (b), (f), BLOG)DENETHOMERT.

AR CREE (0, 69.9) COEF W AABET 2B M & LT, AT (5L91(2009), H
JI[(2010)) (2 &V, BEREICEEICEZET DB O RAET 222 )5 1 4 EE TR 3CALHY
ThV, B L mERGFEICHRWVEEENEHNBREIND Z LB RENTNDHTH

Initial transient

Case (f) Case (i)
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Fig.2-6 Pressure field (p-p..)/p.. generated by vortex dipole rebound from a wall at t=150 in case of
0=0.45, (N,xN,=841x421, Axnin=0.025). In all cases, acoustic fields are almost the same
(This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in
Japanese)).
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Fig.2-7  Pressure (p-p.)/p.. at x=0 generated by vortex dipole rebound from a wall at t=50, 100 and 150 in
case of (i) and 0=0.45, (N,xN,=841x421, Axy=0.025).
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Fig.2-8 Attenuation of maximum sound pressure at t=50, 60, 70, 80, 90, 100, 110, 120, 130, 140 and 150 in
case of (i) and 0=0.45, (N,xN,=841x421, Axy=0.025).

F7z, BEEIZIR o7 10T bR & BE R TN & AR ENEBEZS LN, REL
T, EERQ,69.9) TOFENEEZ Y. [X2-10 LV, 0=045 DGHEIL, x%~A@ﬁﬁA
DHICEIDERITIZEALER NN RS, L7 7 LU AT =X LT 5 L,
DRESITEVTIEE A EBRENZ20 L ODONMFIC m@@urmésdamzn@wﬂ@
DA HONTE, WTHOBERZA X —AOMAEDLETHLEORESICHLUIL 77 LA
T—H LIFER URERE 25TV,

20



Initial transient

Case (a) Case (b)

Case (f) Case (i)

5004 -2 004 0.0e+00 2 5004 5 0e—004
Fig.2-9 Pressure field (p-p..)/p.. generated by vortex dipole rebound from a wall at =150 in case of a=0.49,
(N, xN,=841x421, Axyjn=0.025). Case (a) and (f) are almost the same, but they are different from Case (i). Case
(b) is almost the same as Case(i) (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the

JSME(in Japanese)).
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Fig.2-10  Acoustic waves observed at (0,69.9) in the case of a=0.45, (N,xN,=841x421, Axp=0.025).

Acoustic waves calculated by each scheme are almost the same (This figure was reprinted from Wakamatsu, et

al. (2015), Transactions of the JSME(in Japanese)).

0.0008
0.0006 a b f i
0.0004 ,
0.0002
0
& -0.0002
=~ -0.0004
-0.0006

-0.0008 L L
80 100 120 140 160 180 200

Referencs

Fig.2-11  Acoustic waves observed at (0,69.9) in the case of 0=0.49, (N,xN,=841x421, Axy,=0.025). Case (a)
and (f) are almost the same, but they are different from Case (i). Case (b) is almost the same as Case(i). (This

figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese))
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Fig.2-12  Acoustic waves observed at (69.9, 0) in the case of a=0.45, (NxN,=841x421, Axpi»=0.025) and

reference data. Acoustic waves calculated by each scheme are almost the same. (This figure was reprinted from

Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese))
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Fig.2-13  Acoustic waves observed at (69.9, 0) in the case of a=0.49, (NxN,=841x421, Axpi»=0.025) and
reference data. Case (a) and (f) are almost the same, but they are different from Case (i). Case (b) is almost the
same as Case(i). Case (a) and (f) are almost the same, but they are different from Case (i). Case (b) is almost
the same as Case(i) (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in

Japanese)).
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Fig.2-14  Acoustic waves observed at (0,69.9) in the case of 0=0.45, (NxxNy=421x211, Axy,=0.05).
Acoustic waves calculated by each scheme are almost the same (This figure was reprinted from Wakamatsu, et

al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-15 Acoustic waves observed at (0,69.9) in the case of 0=0.49, (NxxNy=421x211, Ax.;,=0.05). Case (a)
and (f) are almost the same, but they are different from Case (b) (This figure was reprinted from Wakamatsu, et

al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-16  Acoustic waves observed at (0,69.9) in the case of a=0.45, (NxxNy=1681x841, Ax,;=0.0125). Case

(@), (b), (f) and (i) are almost the same (This figure was reprinted from Wakamatsu, et al. (2015), Transactions

of the JSME(in Japanese)).
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Fig.2-17  Acoustic waves observed at (0,69.9) in the case of 0=0.49, (NxxNy=1681x841, Ax,;=0.0125). Case

(@), (f) and (i) are almost the same, spurious acoustic waves are observed in Case (b).
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Fig.2-18 Acoustic waves observed at point (0, 69.9) using combination schemes (i)with compact filter’s free
parameter 0=0.45. In this calculation condition, minimum spatial interval should be less than 0.025(This figure

was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-19 Vortex dipole and secondary vortex in the condition of 0=0.45, (N,xN,=841x421, Axq;;=0.025)
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s
maximum vorticity from t=0 to t=55, (3) The position of secondary vortex minimum vorticity from t=20 to
t=55, (4) Time evolution of secondary vortex’s minimum vorticity from t=20 to t=55. Calculation results are
almost the same (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in

Japanese)).
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Fig.2-20 Vortex dipole and secondary vortex in the condition of 0=0.49, (N,xN,=841x421, Axq;;=0.025)
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time
evolution of secondary vortex’s minimum vorticity. Time evolution of secondary vortex’s vorticity calculated
by each scheme is obviously different. On the other hand, the vorticity of vortex dipole is almost the same

(This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-21 The plot of (1) position of vortex dipole’s maximum vorticity and (2)Time evolution of vortex
dipole’s maximum vorticity from t=60 to t=100 in the condition of compact filter’s free parameter 0=0.49,

(N xN,=841x421, Axmi=0.025). Each maximum vorticity calculated by each scheme is almost the same (This
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figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-22 \orticity field generated by vortex dipole rebound from a wall at t=100 in the case of a=0.45,
(N xN,=841x421, Axin=0.025). Each vorticity field calculated by each scheme is almost the same (This figure

was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-23 \orticity field generated by vortex dipole rebound from a wall at t=100 in the case of a=0.49,
(N xN,=841x421, Axyjn=0.025). Case (a) and (f) are almost the same, but they are different from Case (i). Case
(b) is almost the same as Case(i) (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the
JSME(in Japanese)).
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Fig.2-24 \ortex dipole and secondary vortex in the case of a=0.45, (NxxNy=421x211, Ax,y=0.05). (1)The
position of vortex dipole’s maximum vorticity from t=0 to t=55, (2) Time evolution of vortex dipole’s
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time
evolution of secondary vortex’s minimum vorticity. Secondary vortex’s vorticity is computed weaker than
reference data (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in

Japanese)).
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Fig.2-25 \Vortex dipole and secondary vortex in the case of a=0.49, (NxxNy=421x211, Axy;;=0.05).(1)The
position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time
evolution of secondary vortex’s minimum vorticity. Time evolution of secondary vortex’s vorticity calculated
by each scheme is obviously different. On the other hand, the vorticity of vortex dipole is almost the same

(This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-26 \Vortex dipole and secondary vortex in the case of 0=0.45, (NxxNy=1681x841, Ax;;;=0.0125)
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time
evolution of secondary vortex’s minimum vorticity. The results computed by each scheme are the same (This

figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)).
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Fig.2-27 \Vortex dipole and secondary vortex in the case of 0=0.49, (NxxNy=1681x841, Ax;;;=0.0125)

(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2) Time evolution of vortex dipole’s

maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time

evolution of secondary vortex’s minimum vorticity. (5) The enlarged view of fig(4) in the time from t=22 to

t=29. In case of using (b), spurious vorticity is caused. (This figure was reprinted from Wakamatsu, et al.

(2015), Transactions of the JSME(in Japanese)).
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Fig.2-28 \orticity distribution in the case of 0=0.49, (NxxNy=1681x841, Ax,;=0.0125). Case(b) makes
spurious vortex at arrows (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the

JSME(in Japanese)).
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g5 L, JFHEEEQO,0)EFDOMRMENMICHE R AZNBIEIND. ZhiE, 0=049 TOH > |k
T 7 WENRKE WD, BRI D A — AFEO N I\ OIR S 1T 2% K
FT720ThD.

2.3.2.2 ZHEBBEZETIEL5HE (&/MEFRHERO0. 05)

X 2-24 IR T X DI, 0=045 TIEHERAFT—LICL 2 ERIIBESNR-TZ. ZOZ LT
B/ V& T-TERE 0.025 DA LREBETH Y, 0=0.45 TIHERAF— AL HERIIBR SN
CITZEMBIEIZ L O TIZERD 2L THDLEEADLND. L LR D, FrC ZIKIMOIRE D
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MRHEIZEA LTIV 7 7 L AT =2 LIFRES B DR L o7, T, BEmITEE O T
FMRARESTECHEA NI P AF—LDOMGETII R RIELE R D LN TER
Moleleh ThdEEZDBND. I HIT, BIBRBOBET t=20~40 TL 7 7 LU AT —Z LT
RESERDLERE -T2 WITH 2-25 1R T L 91, 0=0.49 DIHAITIBWTH I\ D /N
TR DAEHEI IR AR GE AR T S5 L/NELRY, L7 7 LU RT—Z LT REREDBILE
Entz. a=045 OHAE LT D L, TRI\BOREOHEHEIXL 7 7 LY AT —HZIZEL oo
TW5. ZHUE, =049 TlEa=045 &l L T7 1 /L& OIREREDIET I B R 5y D
ERETOIHETHHTOTHDLEBEZOND. KT, O)DAX—LZHWIEHEEITIE, (3),
OB L) & el LB AICBE R EICTE 5 RO R/ NMBEOHIHEZ /NS TRITH Z &
Bohrol.

2.3.2.3 ZTHBEBEZEMIELEE &/MEFREEO0.0125)

B 2-26 (TR L 91T, 0=0.45 TITARRIGC IR DIBE AT BER A F— L DFEEITBIE S
MRV, ZHUT Z DR FIMGEEICIBS W TR, ERAF—L L 6 REEa /T N AF—LlBE
DEICL > THOLNDEERBOFEIC L > TRONDFERDON, a=045I12L->ThHREIND
WHEIBRICOWTRIZ EAEEZNR 2 NWEEZ NS, K227 IR T X 51T, 0=0.49 TiX(b)d A
X — L DOFAE D & HNTZIGEIT O B, B R & b IR R MEER 255 Z L 03D o
2. 0=0.49 ([ZB VT, @),OBLVOICHOWTIE, ZMREEICELSPTICAFT—L20MAE DY
(R DB OMIANE, RO KIMEOHXHMELSN TIZED RN Liibhro Tz, T,
Z O TIRGEICB VT, iEEZ & 5 X D DICHBERRGEEZEER a7 P AF—L L6
WREEE 2 2 %) R AX—ADOWTHOMAGDE LR L TRBY, &5HIZ, «=049 THEIR
DWEL I LIS B WD TUIFFEIGE VDB S N WD Th D B2 bivD . [X2-27(4) t=22
N5 29 ZILR LK &K 2-27 DGNIRT. O)DERAF— L% 6 KIEE 2L /%7 FAF— L
(AL G DR T E DI, BEETLF IS W TEIEIREINAE L TWD Z E3gnnd. iz, X 2-28
2 t=26 (28T DI AT 2~ . (0)D A F— L& W55 120 B EE AT O R FIER 5y CHy
RMEDRTERL SV TND . 2O XD RBENTER S D Z LTV 2 EROBES I 2 L—
a DOATIIZE (72 & 21F Orlandi, 1990) IZB W T HR SN TNRW =8, RN ERK S
NoHDIE, )DEERa LT FAF—LE 6 WIEE AL NI N AF— LOFMBE DEDEIER
BOFEIZ L > TAUREN RN TH D LI D, BIRAUITIE, t=24 [TV CTHREE TS
THRBUCES R WREOHIEM RIEBNDO)D 2 X — 22 HWEHAICOARAE T TEY, 20k
DS TMOERNFRE SN D EEZEZ OGNS, U EDZ &6 0=0.49 Th)D A F— L4
DA G DOEEHND LiMEECENEZEYICHAT LI ENTERNI ENELXLNS.
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¥ 2ETIE, HEENEFETOREOOE S THIEMEEEREMED 5 b, BEREHEO A X
— L EMEZE TR 6 WEE D LY R A — AMCHAS DR T B
A b= 2GR U 723856 S EB 0% ) F OB R RT3 5 B DUV T
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O =27 b AF— A THoRETE DBEBRLISN 2+ 2R E T & D nER%o 7
4 NBEERND L, BEmm & E O AMEMNTA L 2EI R L OZEIC I AT D
22 )35 DOFFAEITEE R A 3 — LA DEWIC K BB E 1 7200,

Q@ T PAF—LTHARETELHEEBLD T o L EWEBDOAEZRETE D
RO T 4NV EERND &, IEECENIC L > THRAET HEEFITERAT— L
DB LR T D R holz. WHRAF—LDMAEDOEEH WD &, H
AT, MFHOTHNDRLHETED Z LNtz iR T Adam(1977)D 3 i
Wﬁﬁﬂyﬂﬁbxk%b BRIV 1L OWIT 4 RIBE Padé A — L& W50,
FAB DR AICB W T HEERE O RFE 2BEN A U2 EAREN TN D
Jmmﬂm%®4&%Eﬁﬁﬂ/A7%X%%A%%wégkﬂﬁﬂf%égkﬂb#
Sfc. —J, BEFUT Lele (1992) D 4 RAGEHE R 2 /7 M AF— A, R LD —2H1
D/ — RIT 4 WAEE Padé A ¥ — L& AV DIGAICIE, BERUTE CHBIER MBS 24 U
T, ZAUTHEWRR R IME A - BEG AR T 256050, Rt Ths.
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72 ))E OFAEFFEIZ BT 5 2B M7 A ¥ — A THSITRE T & 2V EiE ks O£
%, 74N 0>4BJ£E'§%W)%T$7§\ W &S, Vishbal and Gaitonde(1998) D 3 Exf 4 10 ¥k
FEEEa R N7 gV E X, SEA 6 RIEEa X7 T g Vv Z 20D 2 & D—ik
HCTHD. BERTOT 4 VZ DR TN DONTIL, 3 ERA T 4 L Z 22T, Gaitonde
and Visbal(2000), 5 Bk /4 6 RIGEE =1 /X7 R 7 1 )L Z 2DV T, Lele(1992), Zhanxin(2009)
Kim(2010)IZ L > TIRESNTWD b DD, ZE)1EOFEFEIZI T D A+ b
TWD LTV,

XUz, 3 Exfﬁa 0 RKEE N7 N7 4 VHIZI3ERA LT N T 4V F EflA
BTG AEORELBET S, BERLD 1,2,3,4 >N/ — RTIE EREO 3 HExHA 10
&%E:/ﬂyh74w&%%wé_eﬁf%&whw B1HITHRIR T DERA 27 4 V5
R, TORMAGERKIC L > THET 5. ek, RIS i74w&%#iﬁw.ﬁ
RT4NBEAL T VT 7 4 NVEOEZEBERITENENERTE, 31HEICTEHFIEERE
L<IBRD., EEOBEHAE CHWAEAIZIXZENL ZMARDLEDL Z ERLETH DD,
BT LS INETRESINTEERT 4V EHAEOEIGH D AT — L OfRGE L
7 4 VS DIRZERBREB ORI Ko TEUNCENEST 2 LIRS 2. ZDed, ez h
— 7 ZAHBEREM I 2 b= a VIZEEL TEROOREARET OLERS D.

I HREAUTE 2 mEF U< 2ouEMitET B2 A b =7 ZHBRATH 5.

ZEMIZE57 A% — LITIE, Lele(1992)D 3 Hxff 6 IRFGE = /"7 P AF—L 2 WD, B
SR CIE, 3 2 BEOMFZEAE LV Jordan(2009)12 & » TIRE SN THERITHED A X — LD
MHAGDE, T2R0BEREERID 1L ORNMAID /) — R L TENZEIUSKHS LT 4 K
FEEER a7 FAXF—LA WA,

FHARSEIRIE, 5 2 B & ARk 2 ROTH iR & L, BB ORIHI-RE Ry Z FEER S & L,
FEIE D K& & %-159.5Ry=Xx=159.5Ry, 0=y=159.5R, & L7=. BiJf &2 Poinsot and
Lele(1992)> NSCBC (Navier- Stokes Characteristic Boundary Condition) % F >, y=0 % W3-~
V7R LEEEEER & L, ZOMOEERIC O W TITERHEESR & L
nk, ZREEKFEZHOWEFRES —2 (RXTIRLUBEL 7 7 L AT =220 )H) T
%, BERITE — RISk L TRIREE 2 )7 v 7 4o v Z EZHG, BR ) — a3
TO /) —RIZBWTTZ V=T A —H% =045 & L7z, FFL X328k 35. WwWin
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Table 3-1 Computational condition

The number of grid points Minimum grid spacing A X Time step At
N, X Ny,
841 <421 0.025 0.01
421x211 0.05 0.01
1681 X 841 (Reference) 0.0125 0.005

Table 3-2 Notation of filtering method (N, <X N,=841<421).

Name The combination of filters Name The combination of filters

NF N-N-N-N-N-10¢g 45- 6HO0.46 N-6¢50.46-6cB0.45-6c0.45-8¢0.45-10¢0 .45
LOCO0.45 N'2CO.45'4CO.45'6C0.45'8C0.45'10C0.45' 6HO0.47 N'6CBO.47'6CBO.45'6C0.45'8C0.45'10C0.45'
LOCO0.46 N'2CO.46'4CO.45'600.45'800.45'1000.45' 6HO0.48 N'6CBO.48'6080.45'600.45'800.45'1000.45'
LOCO.47 N'2CO.47'4CO.45'600.45'800.45'1000.45' 6HO0.49 N'6CBO.49'6080.45'600.45'800.45'1000.45'
LOCO0.48 N'2CO.48'4CO.45'600.45'800.45'1000.45' 6HO0.495 N'6CBO.495'6CBO.45'600.45'800.45'1000.45'
LOCO0.49 N'2CO.49'4CO.45'600.45'800.45'1000.45' 6HO00.499 N'6CBO.499'6CBO.45'600.45'800.45'1000.45'
LOCO0.495 N'2CO.495'400.45'600.45'800.45'1000.45' 4HO0.45 N'4CBO.45'4CO.45'600.45'800.45'1000.45'
LOCO0.499 N'2CO.499'400.45'600.45'800.45'1000.45' 4HOO0.46 N'4CBO.46'4CO.45'600.45'800.45'1000.45'
EB N'4EB'4C0.45'6C0.45'8C0.45'10C0.45' 4HO0.47 N'4CBO.47'4CO.45'6CO.45'8C0.45'10C0.45'
10HOO0.45 N'10CBO.45'lOCBOAS'lOCBO.45'lOCBOAS'lOCOAS' 4HO0.48 N'4CBO.48'4CO.45'6CO.45'8C0.45'10C0.45'
6HO00.495-0.495 N'6CBO.495'6CBO.495'6C0.45'8C0.45'10C0.45' 4HO0.49 N'4CBO.49'4CO.45'6CO.45'8C0.45'10C0.45'
6HO00.499-0.499 N'6CBO.499'6CBO.499'6C0.45'8C0.45'10C0.45' 4HO0.495 N'4CBO.495'4C0.45'6C0.45'8C0.45'10C0.45'
6HO0.45 N'6CBO.45'6CBO.45'6CO.45'8C0.45'10C0.45' 4HO0.499 N'4CBO.499'4C0.45'6C0.45'8C0.45'10C0.45'

Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node.
Subscript “C” means compact centered filter, “E” means explicit filter, “B” means boundary filter, Arabic
number means the value of free parameter of compact filters at the node. “HO” means Higher Order boundary
filter, “LOC™ means Lower Order Centered filter. For example, “4H00.499” means 4™ order boundary filter (its

free parameter is set to be 0.499 at the first node away from the boundary).

REPEARI 1y, BB poo, W TS K o THEARGUE L2, WERITERE L, LA 2 VR
Re=(poCRo)/1t,=1x10*, 75 o R L Pr=0.72, tLEL y=1.4 & L7=. £7=, KiMEAREE Power
Law TITELL, p=T?® & L7=. BRI 2 3L FEEICE 272, 22T, HiloO¥AE Re=0.5,
ORI DIFEL C=0.25 & L7z, iMOFHEIEE ug lIEES< ~ v B M=uy/c,=0.1 & L7-.
BRI ZERICIE, 4 S E Runge-Kutta 745 % FHV 7=, 3 3-1 ICARRFZE THIW B S 2R 1
ZIT, TANEDEEDRBE NI N T 4 F - GHT  VZ 2 KR 5720, L
TOXICHROELERA D, NIXT A VZ EZDT RNV &, BTIIREEORE, AT
D ClE=z> /37 M(Compact) 7 4 V¥ Th % Z & &R L, EIZBERY(EXplicit) 7 1 L& 37,
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Table 3-3 Notation of filtering method in the present paper (N, X N,=421X211).

Name

The combination of filters

LOCO0.45-Coarse

N '2CO.45'4CO.45'600.45'800.45'1000.45'

LOCO0.49-Coarse

N '2C0.49'4C0.45'6CO.45'8C0.45'10C0.45'

LOCO0.495-Coarse

N '2C0.495'4CO.45'6C0.45'8C0.45'10C0.45'

LOCO0.499-Coarse

N '2C0.499'4CO.45'6C0.45'8C0.45'10C0.45'

LOCO0.4999-Coarse

N '2C0.4999'4C0.45'6C0.45'8C0.45'10C0.45'

EB-Coarse

N '4EB'4CO.45'6C0.45'8C0.45'10C0.45'

6HO0.45-Coarse

N'6CBO.45'6CBO.45'6C0.45'8C0.45'10C0.45'

6H00.499-Coarse

N'6080.499'6080.45'600.45'800.45'1000.45'

4HO0.45-Coarse

N'4CBO.45'4CO.45'600.45'800.45'1000.45'

4HO0.499-Coarse

N '4CBO.499'400.45'600.45'800.45'1000.45'

Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node.
Subscript “C” means compact centered filter, “E” means explicit filter, “B” means boundary filter, Arabic
number means the value of free parameter of compact filters at the node. “HO” means Higher Order boundary
filter, “LOC” means Lower Order Centered filter. For example, “4H00.499-Coarse” means 4" order boundary

filter (its free parameter is set to be 0.499 at the first node away from the boundary) is used on coarse grids.

Table 3-4 Filtering method for reference data in the present paper (N, X N,=1681 < 841).

Name The combination of filters

Reference

N'2CO.45'400.45'660.45'860.45'1060.45'

Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node.

Subscript “C” means compact centered filter.

Flo, BRTZT A NVEZEKBT L7290, ERTANZOHRBEHND. 2L 21E, BERTIE
TANEEPTT, BHRLY L ONMITIR4 RBERER a7 b7 vz, BERED 2
OHITIZARIGE 2 X7 N7 405, BRI 3 ONMITIL6 IRIEE = N7 F 7 4
NE, BRI 4 ONBITIE 8 RIEE 2 XY b7 40X, 2 X0 EEREEANED /
— RICI0OWKEEa NI 7 g VB2 NS Z &% (N-beg-dc-6c-8¢c-10c-) &K T . IRZTF
DEFIIZD ) — RIZBTF D237 874 VE DTV —3T A=K DfEERT. K5
THEZITS TSI HEDO 7 4 VX OMAEGDORHICONTE 32 B L OE 33 IIRT. £,
L7 7 LU AT —HIZBITDERIHED T 4 v Z OMAEDEIZONTE 3-4 1R 7.
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3.1 Visbal and Gaitonde @ > /N9 b7 4 JILZIZDLVT

(VEEFEEFCTT 4 V2 DRE OB AR T S 256

BRTIETZ 4 V2 E2TT, BRED LONRITIZ 2 REEa 37 7402, Bift
v 2oMNNZaREEa L Ry N7 oK, BRIY 3IONMNT6 KIEE= /7 F7
S VH, BERED A ONMNZ8 IRIEE a2 X N7 4 X, ZRLAD /) — R TIE 10 kK
FEa Ry N T4 NEERCDFETHD. TNENOREEOREIC X - TH(E-1) T D%
B D, 7— U I Ko TR B8R E (-2 . TiEhnoa N
7 N7 4 H ORI ECENCR O D Z ENTE L. RELTZDa XTI R T 400
Z DRI OB H % 7R,

N

A~ a a
ofi g+ fi +ofiy = 7n(fi+n + fi—n) (3-1)
n=0
> a, cos(m)
a, cos(nw
3-2
Tw)ois 42
1+ 2a cos(w)

n:%wmmJ ELTC, SRR T X = A LB
B-D)AUMRAL T
TANEFRL—aE ST LT,
5) ack exp(ik (j —1)Ax)+ &, ¢, exp(ikjax) + 5, ac, explik(j +1)Ax)
Z(; > (cy explik(j —n)Ax)+c, exp(ik(j +n)Ax))

32 % ¢, exp(ikjax) THIS &,

N
5, aexp(—ikax)+ 8, + 5, aexpl(ikax) = Za—z” exp(— nikAx) + exp(nikAx))

n=

N
Z% exp(— nikAx )+ exp(nikAx))
5 — n

X

=0
1+ a(exp(-ikAx) + exp(ikAx))
2T, =ABBOBER D explikax) = cos(kax)+isin(kax) TdH 1,

cos(kax) = exp(ikAX)+ZeXp(—ikAX) - sin(kax) = eXp(ikAx)—2 ?Xp(— ikAx)
N
Z a, cos(nkAx)
P = E—
¥ 1+ 2acos(kAx)
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ZOHETEDL, K3LWITRT X D REEEE L 25720, W 2SS 7«
WK THRIND ZENRVEWVWIRRRH L. LL, BRKBET 4 V2 20
5720, ARV 725 LRIROMENKE L 2D, 207w, &1 HREZERLE
THBITHN L THRERD D, I, M3LD)ITRTEIICaTL 7 7 4 v ZDFRT
o THEL7ZGE, RUKEEIZR 51T E, (R C bR EFBOERN 1 L /ha<k
D, T ANEOFENMEEHERIC LRSI ENRREELTHTOND. ZUCxET D
728, Visbal and Gaitonde (1998) TIFHLW A v ¥ =2 Z WD EAITIE, BER LD 1 Ao
J—RIZBI D 2IEEa L R N7 4 VH D o DIEZEY) R AE RS 2 LR S
TR ENE~OEBIIHALNIINT I oz, 22T, BRI 1AM /
— RIZBT D 7 4 V& OBEBBOERORHENZENFIC G2 DB LR L L HITkK
TARAGHE EBER LD 1 SAlD 7 — RICEB T 2 il 72 mEZBscx L ThH 2 288 L 0
FRICOWTHREZRIT O . Fo, B FREBEIDIG U CZE)E OBMER RIS #E Y 2528 o
BMENED DL ONERETD.

Q)EFEFEFTCORMBIEE T 4 V2 VD55

KEIITRTHER R FT7 4 v Z (77— U I L - TRD B sz Et
(3-4)) EHWIUE, FERER RFEER CTRR 10 RBED 7 4 V2 &2 5 2 L3 AEE
LD, LLeD S, BERa "7 T o v Z T, K321R-T K9, 74V ZDIn
BRI DT ORBEH OIS LU EL 7D 2 LI Y, @O OIS HIHEIE
ENTLEIEWVWIRERD D, TOHEBORREIZHOWTIE, WEOREE LW a DIEIC
Lo TEBORE ENEDD. K33 IR-T LI, MEEO—MOEKIZBNTT 4L
DAREEBIEEL DS 01272 B 72\, 7 4 )V X OARERIE O B TS B e B % 5 %,

B 3-3 DA, 7 4 VZ BRI 72 R EM A2 R, B OEIZ DWW T H I E ORES
F W a DEIEET 5. FlAIEEREHFICB T8 RIEERE R 2 X7 v 7 o v & Fwn
e (B, 8%, 2014) T, 7V =T A —% o OfE% 0.49 X° 0495 IZ L7 5H1CH
WL, BRI W TEIER 2 IRE) 2 MH CE TERENPALZE L > TS, 2D X
INTERIEEEE R 2 %7 b7 4 VB TIEE DAGERI O EEB & i o R k- CEHE
FERICERREERLIGERDH . 2T, ARICEW T, ZEHEOHEFICE
WT—I7R WO RBED 7 A NE A T VT 7402 LTHY, BREED7 V4
DOHLY Ik & LT Gaitonde and Visbal(2000)IZ B W THRE SN TV D ER I — >N/
TAYNEETER 23 N7 4 V% % 5 J7E@GHO) e OSRA X 0 — S PHIC 6 R EBE
Rar Xy b7 4 VE &5 J7156HO) TS D £ & i o Rt 22 1135 0

BICRITTHEEZTRD.

11
ofi g+ fi+aofi, = Zan,i f, (3-3)

n=1
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iam foos[(n— i+ 1 sinf(n—i ]

(3-4)
T(w)="
1+ 2 cos(w)
(1) )
1.2 1.2
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s 1 s 1

e e

& 0.8 +—2nd order 208 |

P P

& &

206 4th order 206 |

g g 0=0.45

=204 F =04 0=0.49

:,%, 6th order | QE, 4=0.495

=02 \ =02 0=0.499

iT {— 8th order T 4=0.4999

O 1 1 1 1 1 1 0 1 1 1 1 1 1
0 05 1 15 2 25 3 0 05 1 15 2 25 3
Wavenumber Wavenumber

Fig.3-1 (1) Filtering transfer function of compact filter (the free parameter is set to be 0.45) and (2) Filtering
transfer function of 2™ order filter.

1) (2
1.2 12
© ©
= c
208 | 208 |
€ a=0.4 5 B
<06 | - €06 | =0.4
s 0=0.45 @ 00,45
% 7 0.
- —| c
E 0.4 0=0.49 8 0.4 4=0.49
b= =0.4 =
202 | 00495 202 | 0=0.495
= 0=0.499 =
[<5] =
g O 1 1 1 1 1 1 E 0 o |049|9 1 1 1
L 0 05 1 15 2 25 3 0 05 1 15 2 25 3
Wavenumber Wavenumber

Fig.3-2 Filtering transfer function (Real part) at the first node away from the boundary of (1) 4" order boundary
compact filter and (2) 6" order boundary compact filter.
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1) (2)
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Fig.3-3 Filtering transfer function (Imaginary part) at the first node away from the boundary of (1) 4" order

boundary compact filter and (2) 6" order boundary compact filter.
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Fig.3-4 Filtering transfer function of 4™ order explicit boundary filter proposed by Lele(1992) (1) Real part, (2)

Imaginary part.

@)ER LY 1 H>AMD /) — R TARKEERLN T v 5 (Lele(1992)) AW 256
BRI 15N/ — R TREBNRT 4 WHEERE 7 ¢ v 4 (Lele(1992) # W5
FiETHD., 7=V T Lo TROBND, ZORELZK 34 1T7R-T. HEHRra 7 b
7 4V Z TOGERE L LT, RO T A N OREEZ T D, T4 FD
(R OFEITIX, 1L E LR DRSS 0, AR R o g Sh b 2 &
WD, Fiz, BEEMOEELE S HEEEFANANE LR a7 h 7 v s L g
LTIENWZ ERGhD. (1), T2 kT, EBOBEHAE 1T HAITE, a3
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WCOBEEZLZEL L. 22T, ZOEEBRENZEE OFRICKIETREICONT
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;3 1
f2=Zf2+E(fl+6f3—4f4+f5) (3-5)

3:2 LIZ7LURT—2OHY HFL
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ﬁﬁfﬂ/ﬂ?b74»&%%“%%£@%¢Méﬁfﬂﬁ%@&%tikﬁ%%ﬁok
(N-2:-4.-6.-8.-10.-). FtHAFERIE, 7V —/"TA—F a %4/ — FIZxt LT 045 XK 000.49
Laﬁbkﬁafﬁhl&maio_ﬁ@mmﬁgm_ B DIENEBHOME =807 5 t=200
T, IREHLEZEDND, LI 7 LU AT —H & LTHWD DI 72 22 IR )
HY, HEMENMEL TS R L., Lo, UK, L77 L AT —2 & LTHK
T B NexNy=1681x841 (Jie/ M 7-[HIBE Axin=0.0125) , a=0.45 |Z3% & L T3 B V7= GH G -
ZHAWS.

0.0008
0.0006
0.0004
0.0002

(P-P_)/P,,
o

-0.0002
-0.0004
-0.0006
-0.0008

80 100 120 140 160 180 200

Fig.3-5 Acoustic waves observed at (0, 69.9) in the case of a=0.45 and 0=0.49, (N,xN,=1681x841,

Axmin=0.0125). Acoustic waves calculated by each parameter are almost the same.
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Fig.3-6 Acoustic waves observed at (0, 69.9) in the case of LOC approach (Ny,xN,=841%421, Ax;=0.025). The
value of free parameter at the first point away from the boundary has serious effects on computations of
aerodynamic sound.
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Fig.3-7 Vortex dipole and secondary vortex in the cases of LOCO0.45, LOC0.495 and LOCO0.499
(N,xN,=841x421, Axi=0.025). (a) The position of vortex dipole’s maximum vorticity from t=0 to t=55,
(b)Time evolution of vortex dipole’s maximum vorticity from t=0 to t=55, (c) The position of secondary
vortex minimum vorticity from t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity
from t=20 to t=55.
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Fig.3-8 Acoustic waves observed at (0, 69.9) in the cases of 6HO0.45 and 6HO0.499 (N,xN,=841x421,
Axmin=0.025).The higher values of parameter at the first point away from the boundary are not
appropriate in this case.
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Fig.3-9 Vortex dipole and secondary vortex in the cases of 6H00.45 and 6H0O0.499. (a)The position of vortex
dipole’s maximum vorticity from t=0 to t=55, (b) Time evolution of vortex dipole’s maximum vorticity
from t=0 to t=55, (c) The position of secondary vortex minimum vorticity from t=20 to t=55, (d) Time
evolution of secondary vortex’s minimum vorticity from t=20 to t=55. 6H00.45 and 6H0O0.499
generate stronger secondary vorticity, its vortex motion is different from the reference.
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Fig.3-10 Acoustic waves observed at (0, 69.9) in the cases of 4H00.45 and 4HO0.499 (N,xN,=841x421,
Axyin=0.025). The value of free parameter of 4" order boundary compact filter has a little influence on
computations of aerodynamic sound.
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Fig.3-11 Vortex dipole and secondary vortex in the cases of 4H00.45 and 4HO0.499 (N,xN,=841x421,
Axmin=0.025). (a)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (b)Time
evolution of vortex dipole’s maximum vorticity from t=0 to t=55, (c) The position of secondary vortex
minimum vorticity from t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity from
t=20 to t=55. The value of free parameter of 4™ order boundary compact filter has a little influence on
vortex motion.
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Fig.3-12 Acoustic waves observed at (0, 69.9) in the condition of EB (N,xN,=841x421, Axp»=0.025). The
difference between EB and the reference is observed locally, the overall phase shift is small.

(@) (b)
35 2.3
——L0CO0.45 225 | ——L0OCO0.45
3 -
——EB 22 } —EB
25 1 — Reference 2.15 Reference
2t 2 21
> 2 2.05
15 g 2
1} 1.95
05 | 19
' 185
O 1 1 1 18 1 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 0 5 10152025 303540455055
X t
(c) (d)
25 0
2 -
15 f 2
(&)
> =
o
1 ——L0cC0.45 >
05 -
—— Reference 30 b EB
—— Reference
O 1 1 _35 1 1 1 1 1 1
0 0.5 1 15 2 25 20 25 30 35 40 45 50 55
X t

Fig.3-13 Vortex dipole and secondary vortex in the condition of EB(N,xN,=841x421, Ax,,=0.025). (a)The
position of vortex dipole’s maximum vorticity from t=0 to t=55, (b)Time evolution of vortex dipole’s
maximum vorticity from t=0 to t=55, (c) The position of secondary vortex minimum vorticity from
t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity from t=20 to t=55. Vortex
motion of vortex dipole and secondary vortex is similar to the reference. The vorticity of secondary
vortex computed in the case of EB is weaker than the reference.
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Fig.3-14 Acoustic wave observed at the point (0, 69.9) (NyxN,=421x211, Axy,=0.05).
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Fig.3-15 Vortex dipole and secondary vortex (N,xN,=421x211, Axy,;»=0.05). (a) The position of vortex dipole’s
maximum vorticity from t=0 to t=55, (b)Time evolution of vortex dipole’s maximum vorticity from t=0
to t=55, (c) The position of secondary vortex minimum vorticity from t=20 to t=55, (d) Time evolution
of secondary vortex’s minimum vorticity from t=20 to t=55.
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Fig.3-16 Acoustic wave observed at the point (0, 69.9) in the condition of LOC approach (N,xN,=421x211,
Axmin=0.05). LOC0.4999-Coarse is the most appropriate in this condition.
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Fig.3-17 Acoustic wave observed at the point (0, 69.9) in the condition of 4HO0.45-Coarse and
4HO0.499-Coarse (N,xN,=421x211, Axn,=0.05). 4HO0.499-Coarse is better than 4HO0.45-Coarse in
this condition.
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Fig.3-18 Real part of transfer function of compact filter developed by Kim and Zhanxin at the point of two
points away from boundary.
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Fig.3-19 Acoustic wave observed at the point (0, 69.9).
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BRIV 1IOAMO ) — RICBT 5 KiER 7V — T A—X a2 BETHZ L L7
7 VAT =2 L OO TN DIRVREEZSD Z LN TEDRRFIEZME L. 2
2L, TRBEDRELZZ T TWI LICHEBET 2 HERDD.

® BER LV 2 5NAIOIREEIE OB BV T 1B W TR 0 & 722 57
A2, T EEEm & OMAEERIC K > TRET DHIENEOMNMIT R ELD2LE0H

7.
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FTAZE AN FPRF—LEANT T4 ERALN

1= B BRI R 1 R OD ST

4.1 XEEAERK

Fd R RSB A A R TRl Sz L IRoEIEMEtEA 4 7 — iR Th 5. 72720, plit
SRS, Ul x IR, pldES), EridX@-4)IRT X O ICER T x X — L NER RV
— D% R

8—’O+a(’0u)=0 (4-1)
ot OX

ot OX OX

OE; +8(ETu)+ o(pu) _ 0 s
ot OX OX

1 p

E, =—puu+—— -
T ZPU y-1 (4-4)

4.2 Sod Problem

Sod Problem “Cix—Wk Tt OEER ENEALEZH 9. Sod(1978)I12 L D &R S ivlz, —RIC/EHENE
FA T — IR Ao A% — A ORI EMERRHIOME Ch 5. Z ORBEILFE FIEOH
BB Z AT D2RICZ < VO TNV D728, AF— ADOMREIC K - THEEN &M
REDIHXT I AIRE CH S, AMFEOHBITH D, a7 NAXF—LEaL T N T 4 VED
MAA DY OFE R HEMEREOFMICE L CW 2O TZoMEEHAWS Z Lz L. ZE5E
EL, WEby=14 & L7, 7—F 8 CFL=1.0 & L7, EEfIIBIRT 520 X 0 #Hiam
WZRDDHZENTE D, BEMITRILO 7 7 7h, BCTmRT.

4.3 Shu-Osher Problem

Shu-Osher MY, R L= br b —HOTWMETH L. = b =g, HfH
Bofelosf L CURTH D, 1 — 27 ¢ VL H IR SRR E 5 2 5 X O e
BEL D0, FREE2SHHACE T 50— 27 ¢ L Z OVERED KGRI EY) 72 [ T
b 5. PIAZME, Kawai and Lele(2008)I27EVy, FHREMEMIE-5= x =5 & L, MRk 7%
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VN, BT A5 N,=201, 401,1001 & L7z, a2 X7 R 74 NEDT Y —RT A —H D%
DT, 7V =T A—2 D% 0.4,045,049,0495,049 L L7=. L7 7 L AT —
B AT EE1000 TT Y —s3F A—% 045 DBA L L~ BERAA At=1.0X10" & L.
EREMEL, B y=14 L L7,

Shu-Osher FEFEICI W T, 8 IREEESER 287 N7 4 W H Z WA T, x=50
BRGELHCB W CHENRZEIZR Y, URFRERIGON b o oo, BRI
IFETAEE 2 X7 R T4V EERND Z Sl Lo TRS S E 2. E%%:i FRTI
T4 NEERANT, FEREY 1 ONMTIEZREE = "7 b7 v, BRED 2 O
MTXAREE= L RT N7 o, BRI 3 ONMNE 6 RIEE=a /"7 N7 4V E %
Mz, a7 b7 4 E 07 ) —R7 A= FIRFIHFICBNTS 8 IIEE=a /X7
FNZANEZTOT Y —/"T A =2 LR CICHRE L.

Table4-1 Initial conditions of Sod problem

0=x<0.5 05=x=1
Density 1 0.125
Pressure 1 0.1
Velocity 0 0
Table2-2 Boundary condition of Sod problem
x=0 x=1
Density 1 0.125
Pressure 1 0.1
Velocity 0 0
Table4-3 Initial conditions of Shu-Osher problem
5=x<-4 4=x=5
Density 3.857143 1+0.2sin(5x)
Pressure 10.33333 1
Velocity 2.629369 0
Table4-4 Boundary conditions of Shu-Osher problem
x=-5 X=5
Density 3.857143 1+0.2sin(5x)
Pressure 10.33333 1
Velocity 2.629369 0




4.4 HERHE

AIFFETIX, 2237 B AR — AORBEE/R BN a2 3T N7 4 VX OIRERE O Rtk
ISFERRTEAE DR AV RRIS, B8N % & T BRI OGRS R 5 2 2 B &
25720, £ 1UIRTHEAZEDET, Sod’s problem g2, & F & E 7R fRfgfE T
EATO T2, a7 hAXR—AI2IE, Lele lI2 k- THAR Sz 3 ExlfA 6 S, 3 Hxf
4 8 YKEHE, 5 A 10 AL /7 FAF—L4, BLOKmIZE-> TS5 &
X 4 WREFE =2 787 b A% — A(Kim, 2013) % V2. BRGICIZ 2.3 1 filcib 5. & &F
SFEREERB TR ZIT I 120, 337 M7 4V Z121E, Lele, Gaitonde, Zhanxin,
FOKIMIZE > TR SRIZa 37 b7 g v 2RV, BRI 232 filcih~ 5.

o, EMEN AT — DT IERMA 6 URIEFE /N FAF—AIZEEL, v—/ 27
VT B YNEE =787 N7 4 )V B % FVN T Shu-Osher [F1E % fig 7=

JEREYEA A T — H R OR R RIZIE, 4 K Runge-Kutta {E2 H, 237 7 ¢
JL 413 Runge-Kutta (DT X TOEIZB W THWE., 7 —F ¥ CFL=1.0 & L7=. ZERi%| %
Ax=0.01, #&7 5% Nx=101 ORI T & L.

AWFFETIX, LT O 4 FHOMR % I 5.

Dar 7 b7 4 FOEE (ZZRE, Lele D 3 X 6 KIEE /37 B AF— L4

(2 7E)

@z Ry N7 4 NH OB (ZERPRIE, Kim O 5 BExf G 4 WKEE 2 L7 R A% — Al
[i] 7€)

@av Ry NAF—LDOEEL (27 N7 4V H I, Gaitonde D 8 IRNKEE 2L/ v 7
# VB E)

@Da> Xy NAX—LORE2 (a7 R 74 0HF1E, KimDeREEa L RT N7+«
NG (T bAT7HHE0.887) ITEE)

Table4-5 The number of filters assessed in the present paper (This table was reprinted from Wakamatsu,
et al. (2014), Transactions of the JSME(in Japanese))

Compact scheme
Lele Kim
4th order
6th order (LS6) 8th order (LS8) 10th order (LS10)
(KS4)
Lele (LF) 3
Compact Kim (KF) 1 1 1 9
filter Gaitonde (GF) 4 4 4 4
Zhanxin (ZF) 5
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FEDIANT NT 4 VEDT Y —sNT A —%% 0.4,0.45,0.49, 0.495, 0.499 O 5 FEFHIZ L C,
TN =T A=F DB £, B A% 201,401,1001 @ 3FEIHIZ LT, #&F
fil A5 2 0D 52 % B~ T

LIRS, TIZ 1O B LN X7 v F ENT T EERT. AxIE, BTRERERT. A
X — LORGED 6 WHREE DL AL S6 DX HIZ, 74/ HDOREEN 8 IFE DAL F8 D
EOICHEFET 5. F7o, AF— A7 4 VX OFESEILBARHE OB CF THRELT % (Lele 1L L,
Gaitonde |Z G, Zhanxin 1% Z, Kim 1% K) . 5l 21X Lele @ 6 JAEE 222737 kA% — AL LSS,
Gaitonde D 8 IEFE /%7 N7 4 LV Z X GF8 L 72 5. 7B, KimD /R0 N7 (L4
TELITH Yy M T DTN R WIGEITIT I Y M4 7150887 ThH 5.

4.4.1 a2y FPRF—L

Lele D=2 /X7 F AF—AFIK@B)TEIND. AWFETIE, BEZ<OMRTHN LN
T2 3 EXFA 6 YRGB, 3 HxHf O Cle b MG EE D & 3 EXH 8 KEEE, fersi DR EE
b5 B 10 KAFE = L8y B AR — A& V-, KBFZE TR, SCik(Lele, 1992)i258
I TWDREE W, ZN 0 ONBRRZEORMMEZ X 4-1@)cRT. KXY, 203
Oy MAX—ATHE, FENN BT 21 EMEERM L35, SR, BRI
Kb U7z 4 KRS FE D A % — A % AV /=, Carpenter, etal.(1993)I2 X ¥, Z D 4 RIEFEEE R A
X —LDORLEEDRRH SN TVDD, AFRICEB W TIEBE LW, £, R LD 1
SHID 7 — R TIEE (4-6) IZRT 4 RIEE Padé A — 4, BER X 0 2 oNfld 7 — R TCik
XC-DITRT 3ENA 6 RBEAT—LEZHND Z LI L VBRI S E .

f.—f fo.,—fi f,—f.
S v+ raof .+ B =C i+3 i-3 +b i+2 i-2 +a i+1 i-1 4-5
ﬂfl—z i-1 i i+1 ﬂf|+2 BAX AAX 2AX ( )

BRI CATMBEDOERER 2y hAF—L, BRI —2HHlD /) — RTRT)D 4k
KEE Padé A ¥ — L& HW DA DLETH S,

.., 1( 17, 3. 3, 1
f1+3f2:§(—gfl+zf2 +Ef3—€f4j (4-6)

BERMNS —ONHID 2 — RTIER D 4 K Padé A — L% V5.

1 f/+ f2’+lf'—éﬂ
4

= 4-7
4 % 2 2Ax 40

BRIV ZoNMID ) — R TIXLATD 3 EXxlA 6 IRKEEa X7 hAF—LZ2HN5D.

67



i+2 i + i+l il (4-8)

Kim @ 4 RS 22287 N A% — A(Kim, 2013) 1%, R(4-12) TEIND. TOHHGREED
Btk 2 X 4-1@)IRT. Kim D 4 RIEE 237 hAF—40E, Lele D2/ F A% — A
LV BETBETIZH 505, AF—LOMGE 2 LS5 L) kL T\WD. HRT
1EXK(4-9), TR LY 1 >Nl 7 — FTiEX@-100B L0 2 o AlD 7 — R TIEX(4-11) 0%
N Kim OBEFUCHIE LTz 4 WIEEE DA X — A& FRIRFC AW, ARFE I b X
BR(Kim, 2013)IZFLf S LTV 6550 V-,

S S TR
£+ 01 filsy + 702 filio = iA_ zbOm(fH-m - fi) (4-9)
X
m=0,20
1 &
70 i+ fla + 2 fiio + 7 fibs = A_ Zb1 ivm — fis1) (4-10)
m=0,=1
raofi+trafin+ fiy +rasfiis + 724 fiy —+— zme iom — fi2) (4-11)
m 0,#2
13
Py + oy + 4oty + B, :Ezam(fnm ~fiin) (4-12)
m=1

4.4.2 22N LT 4ILA

Lele Dy /7 h7 4 &%, R4-13) TRIND. 6 KIFEa /7 b7 4V Z KDY 2
D 4 WHEE =2 %0 N7 4 v Z 0T, SRR, 4 RBEOBRIR 7 4 V2 %
iz, ABFZECIE, Wb ik (Lele, 1992) IZFE# SN TV A E W=, 7 4L
ZEREBORMEAE K 4-1 (D) IR T. KD, TNENOEERENER LD T 1 V5
IZ RV BRE SN DB OHIPHN 2 5.

b c d
ﬂfl 2 +af| gt f +df|+l+ﬂf|+2 _af (f|+1+ f—l) 2(fi+2 + fi—2)+5(fi+3+ fi—3) (4'13)

~ 15 1

f1:16f 16( f,-6f,+4f, - f.) (4-14)

}:Ef +— (f+6f —4f,+f.) (4-15)
4% 16

-~ 5 1

3:§f3+E(—f1+4f2+4f4—f5) (4-16)

Kim @ 6 RIEHE /37 h7 4 L H (T, Jﬁ(4-22)“6‘i§éirbé.Kim DALy T 4V H 1T Lele
DO UAGE T b T 4NV F 2B LIZITHE 2. 728, Lele D7 4 V23, a%k 7Y —
WRIA=BE LU THERED Ty NATWEBD a7 87 4 )V EAERL 5 208, Kim DRy
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F7 4B 0E, Lele D7 A VA EERTHZ LTk TEDBR, ZOT7V—NR_FA—Z([Th v
FNATRETH D, AFZEICE VT, KimRO)ICTEH SN TWAERTED D » b4 7 ik
DAL HE ERTIL0667, FRLY 2RO/ — KT 0715x, BERLY —S>AHIO
/—RTiH08257) (CHEE L. BEFEHENUAO /) — Rk TiE, M 4-1eI0RT L5 215
A 06x, 0657, 077, 0757, 087z, 0.857x, 0.887x, 097, BLV0957 D9
DDIy A7 HEE(Ke) & L.

EDT 4 VAR OREL, K 2-1)D L DT D,

3
BATi_y +abfiy + Af; + oAy + BAT, = ag (fig =2 + fip) (4-22)

m=1
TIIT, M =f-f,ThD.
0T 4 L FZITIEKIM D 6 YHEEE T L0 T 4 A2 &, RISV T Kim
DEERT 4 V2 &Nz

Afl + 7F01Af2 + 7F02Af3 =0 (4-23)
7F10Af1 + Afz + 7F12Af3 + 7F135f4 =0 (4-24)
~ ~ ~ . . 5
Veaolfy + Ve Afy + Afy + e Af + ye g Afs = szZm ( from — fs) (4-25)
m=0,%2

Gaitonde DEAFE Liza "7 v 7 o XL, XK@-17)THRIND.
~ ~ ~ N
afi—l + fi +afi+1 = za_zn(fnn + fi—n) (4-17)
n=0
ZIT, alZ7 V=TI A= ThHY —fkiCiF0.4 < a <0495 pr g c VS =
3%\, Kawai, et al.(2010)7% 8 YHEE T 0=0.495 Z FIV TV D Z &b, AIFFETS, 8
UWHEE 7 4 VX (0=0.4, 0.45,0.49, 0.495) & %5 & Lz, 22T, AUOFEEK ag~a 1ZLLTFD
XoricEasns.

93+ 70 7+18cx —7+14a 1-2« -1+ 2«
a, = = a, =——— a —

° 128 16 2032 2T 0 T 108
BESUIGEClE, BEREO RN REEIEIRICE VT L R s 2 L0 b — ol
FEE S, 20, GEEBOBEA 0 LV IFEEHRE LRV b, HESRLE
ET2EENRHH EBEHRSIN TN LD, FEEOH CEMERS D Z L1,
Gaitonde @ 8 IKEEDEEHR 7 4 NV Z AN 5. R ZERS T _XTD /) — R TR LT a D% H
W, HERTIETZ o Z 2R, 2D 7 4 )V HEZEBE O R Z X 4-1(c) 12T
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FV, a DIEA 05TES<IEE, FRE SN D BB O SEEBIICIRE S D 2 L2
GIIND.

O-'fi—l + fi +05fi+1 = Zan,i¢n (4-18)
n=1
@) (b)
35 1.2
LeleS6
. 3 F LeleS8 1
3 LeleS10 c
£ 25 r S
2 ——KimS4 *g 0.8
g 2t Exact >
] Lo
= — 0.6
5 15 <
= g 0.4
S 1 r = LeleF4a
= L
05 r 0.2 LeleF4b
O 1 1 1 1 1 1 0 1 1 1 1
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Wavenumber Wavenumber
(c) (d)
1.2 1.2
1 1
[ c
2 o
508 r 508 r ——F40=0.2n
c c
> >
'-'; 06 F L: 06 F F46=0.15n
& &
= 7] F46=0.1
S04t S04t o
= = ——F60=0.151
02 02 ——F806=0.15n
O 1 1 1 1 1 1 O 1 1 1 1 1
0 05 1 15 2 25 3 35 0 05 1 15 2 25 3 35
Wavenumber Wavenumber

Fig.4-1 Plots of modified wavenumber for first derivative approximations of compact scheme developed by (a)
Lele (Lele, 1992) and Kim (Kim, 2013) and filtering transfer function developed by (b) Lele (Lele, 1992) , (c)
Gaitonde (Gaitonde and Visbal, 2000), (d) Zhanxin (Zhanxin, et al., 2009). For instance, S6 means 6th order
compact finite difference scheme and F8 means 8th order filter. o is a free parameter of Gaitonde’s compact
filter. o is a halfwidth of Zhanxin’s compact filter (This figure was reprinted from Wakamatsu, et al. (2014),
Transactions of the JSME(in Japanese)).
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(e) 12

1
c
i)
g 08
2
. 06
2
2
s 04
S
l_
02
0 L :
0 0.5 1 15 2 25 3
Wavenumber
—Kc=0.6n Kc=0.65n Kc=0.7n Kc=0.75n Kc=0.8n
——Kc=0.85n Kc=0.88n Kc=0.9n Kc=0.95n

Fig.4-1 Plots of filtering transfer function developed by (e) Kim(Kim, 2013)

Zhanxin @ 27X K7 ¢ L& (Zhanxin, et al., 2009)1%, i(4-19) TR .

n
A R
Prig+ofi g+ fi+aofi g+, z?l

1=0

A+ fiy) (4-19)

B 21X 4 YR REFABIE 02 D /3T N7 4 )V % F4o=021 LMEFET 5. AMFFETIE, 4K
FEE 6=0.2m, 4 WK 6=0.15n, 4 KRS 6=0.1n, 6 WAEFE 6=0.15n, 8 KRG 6=0.15n % FHu 7z,
BESGITRE T, FHAGEIRPNEL & [R] CRSEE TRl U EE O BE R G OB 7 ¢ v & & HIn Tz, BEst
TIET AV Z H TR,

(52}
(2]

Zaim fm = bin fn (4'20)
m=1 n=1

5 R 6
Zaim fN+1—m = Zbin fn (4'21)
m=1 n=1

AWFGETIE, SCHk(Zhanxin, 2009)IZ 5L STV D45 & W 2. b D7 ¢ )V ZARTEER S
OFER X 4-1(d)IZRT. 4 IRFEE 6=0.15n, 6 KFEE 6=0.151, 8 YHE/E 6=0.15n 1ZIFIEF U
WMRAEH 2, ITIHER>TWAS.

4.4.3 BERE

REJE R 1 4 IRKSFE Runge-Kutta 5% V=, BURIOZREHE FIEIZLL T oMY TH 5. =
N7 N7 4V Z1% Runge-Kutta VDT X TOEIZIB W THW .

71



of
—=S(f,t):L
T _s(1)

Si=S(f", t,)

S=S(f'+ A tSy/2, t,+ A t/2)
Sy=S(f'+ A tS,/2, ty+ A t/2)
S=S(F'+ A 1Sy, ty+ A t)

=+ A (S, +2S5,+2S55+5,)/6

4.5 FAEHFR DM A A (Sod problem)

Sod [FIRE T DAFAHIZ 3T 2 MBHTREEE OFHMIZ I, BRI ORE DA —/N— 22—k,
RZBRIE AL ST 0 DRPE DA — N — 22— b, IR O E R & COME S DRz
DLL, L2 vk, BROERMM L., £9, WREGEGEOA—/\— 2 — ML, R
WOVEREE R I b AR D SHEERBETH D Z LB AW, RIT, IR % e

DA == a— ML, 237 N7 4V F OIRERE OB BRI IERR I AT RN
HMEIZ DD Z e W, Eiz, IERIEH D OB F T OME /5 DFREIZ DN

1%, TR E IR &’é&@éﬁ’jﬁﬂ@&;é*ﬁ > CIEAE LT BUE 22 IR B A3 72 6
BN ISR A RIE S WS ENEETH Y, EERNATHHETT ) DI A,

Linorm = Z‘u

i= IEE

| exact

¥

L2norm :\/

u —u

i i,exact

12
1 | Maximumovershootnearthe A~ & Maximum
08 | end of expansion wave ~ N/ overshoot near a
' shock
206 |
3 04
(&4
> 02 r
0 V“
02 F | SeLF6 —— Exact
_04 1 1 1 1
0 0.2 0.4 0.6 0.8 1
X

Fig.4-2 Performance index of Sod problem
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4.6 AN T R 74 L ADEEBRBDOFE (ZREMHIE, Lele d 3

EXA6REEI /N FRAF—LIZERE)

AEITIE, Sod FBEICIHWT, ZEMZES AR — L% 3EIA 6 RIEEa L X7 M ZAF%— LA
WZHEE L, mEEBORE (v —7&, by M7 SORBEDOREORL DA D
LN NI 4 VE BSOS A OEEE - IR MRS O W TR S

4.6.1 Lele@an\y b4 2EXIVCKIMDAVNNT T4 ILE (AY b+
7 7 %% 0.88n)

X 4-31Z, LS6LF6, LS6LF4a,LS6LF4b, LS6KF6 % AV /=354 DRt Hifk f 4 7.

TR DREIRIZIB N TIE, 74 VZOBERBICELT, L7 7L AT —F & k< —
BHLTHY, WEKOERIZIBWNTIE, 74 V2 OEERROEE T NSWEEZ BND.

IR IRIC BN T, WX —TiEdHE Y 7 4 VX OFEIEIC X 5 BI85 &
NN DD, £, EEOSWREICR L CIIBEM L 027 4V Z DIREREK
IC R DEBNBEIND. R % COME DA TIE, LS6LF4b L0 bR S 7
A NVH DRSNS LS6LF4a 2 b/ S < 72> T D, L L7235, LS6LF4a L Y H 1K
WD 7 4 VB DREEINFS J .5 LS6LF6 (235 Tl LS6LF4a & 0 & AR 4 i C D3
DA —=NR—2 a2 — " BREL o TWAS. KImD a7 7 4% (1 v A7 3% 0.88
) ZRWEEHETIE, Lele a7 b7 X LG LT, BRI SRS C Oz
MRELIRD T ENGND. ZHUL, LS6 OFMGEL IR L CRTED 0 v A7 E 7
DIREBBEFF O 7 A VA EBIR L ENRRTHL B2 NS, ZOZEhD, 5E
AL NI T 4N B2 b BT, WIREEG TORED S —/"—a— TS
DI, By M TEHE RS A — A THORB T E DBIRE IR ET D Z &N
R TH D Z LNy hoT-. BRI %N O BB F OO TIE, FFIZ LS6LF6 &
WA, BEE, WE, £, WA AX =W TIIUCE N THEAENRKE S RoTWn 5.
ZhUE, K2-1(0)IC A HAVD K HIT, LS6 DFFEEEIC T, LF6 ORI L - ThEk
SNHHIPIFIRNDIEEBICE TRATED, BRESNDIEEOFHN LD REWZHTHD
LEZLND.

F 7o, HWE RO R —OFERERICIBNT, FRIZ LS6LF6 2 FHU 5 & i
TOT = a— B REL DT &R holz. £7-, LS6LF4a, LS6LF4b, LS6LF6
E BT, WIERGRITEE COBMBEE N KRN <Mz bhd. —J, HRE o7 v
K —3 2 — NI LS6LF6 & LS6LF4a TR < 2R HHMICH D.
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4.6.2 Gaitondea/NU FT4ILA

[ 2-4 12, Gaitonde ® 8 RAEFE 2L /87 b7 4 V& & N6 O ERE R A2 R |
W OFEIZ B TIE, Gaitonde D7 4 L Z DTV —RTA—Z L5, L7 7 LU AT —
LI —HLTRY, WEKOMEKIZBWTIE, Gaitonde D> /X7 N7 4 VFZ DT Y —
RT A= DEIZ > THE L DEERAROEVOEEIT NI NWEEZEZIHND. LS6 &
Gaitonde D 8 IR¥FE /%7 h 7 4 NV H DBAEDETIE, 7V =T A—=Z D% 0.5
ESTHIFE, BE, HE, ES, N RF—OWF ISV T b IZRE % b 7
T®ﬁ1%%ﬁ%u@b<@é ENGoTz. FEZ, Kawai HOFHWTUV S LS6GES Ta
=0.495 & L7eA12iE, BUERBI SRR E 20, ZHuX, LS6 THIofiffs ¢ & ek
DI DRI Gmmmon/A7b74w&%%mfwéﬁxa@{#k%<@5ik,w
ET HEEOFADEEHOWICRESND72O, o’ 05125 I1EE, LS6 Tiffp T
RVVEDORERR T35 THDLEEZLND.

Lele D 6 RKEFE /%7 N AF—LA L Gaitonde DAL /X7 T 4 IV H BB OE T35
BDOaLNT NTANEDT Y —RT A=A RfEER Lo b a O T RIETE
B 4.3 {iTHP L7- Shu-osher [ A FWCTRRGE L7z, X 4-5 IZ/R 9 &L 9 ISHE 1455k 201
TlE, 7V =TI A=FOEENPFITBEIND. BAEMITIE, o=0.4 TiX, ERKE
i/%at~ﬁ&®$%ﬁ%%i<ﬁﬁf%fﬁgf L7 7 LU AT —H L R&EREN
BlEEIND. —F, aDEEZ0.5IESITTEMEEL L LT 7 L AT —ZTIRVER
NEOLND X 2ITD. Ziug, 74»&?%%#6&@%.%%&@@@&_@E¢5
ZEIZE ST, HIREWIEER T OFEE TAND ZENTEX O THLIEZ 2O
5. «=0.499 TIE, EHERITHIZIT DEERE NS ERRGE L7207 U —/"F A =X
TOFERBRICHERTRELRD I LICERN/LETHD. o =0.499 TiE, ZEMZED
— AL TH+5 m@f%&%&ﬁﬁ\%+“’H£T%Twﬁwtbf%é&%z%hé [
4-6 BL O A-TITRT L HIT, H7AE% 401, 1001 HEMSEL L, 70 —_F XA —X

%@idé<&é %%Eﬁan@ﬁAVﬁ,aw4%%ﬁ<& x>0. 8 IZHB W\ T

FENTNDO TV — T A —=H D% H =55 kwf%ﬁ”%%iV77V/xT~
HL—FHLTWAD., —J7, 0.5¢xK0.75 TIT 7 V=T XA—=HZDEENFRIN, 71 —xX
FA—=HZ 0.5 2D AIIEL T LU AT —HIIEWRERENE LN,
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Fig.4-3 Lele’s 6th order compact scheme(LS6) combined with Lele’s compact filters(LF)and Kim’s compact
filter(KF). (a) Density, (b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415.
Simulations are performed on a uniformly spaced grid with 101 grid points. The error of velocity and pressure
field from the end of expansion wave to shock is large incase using LS6LF6. The undershoot of velocity and
internal energy near shock is large in case using LS6LF6 and LS6LF4a. The numerical oscillation near the end
of expansion wave is small (This figure was reprinted from Wakamatsu, et al. (2014), Transactions of the

JSME(in Japanese)).
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Fig.4-4 Lele’s 6th order compact scheme (LS6) combined with Gaitonde’s 8th order compact filters(GF8). (a)
Density, (b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are
performed on a uniformly spaced grid with 101 grid points. The density, velocity and pressure errors at the end
of expansion wave are large (This figure was reprinted fr