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§1. 1 EEAMOBEY iav—vs vy EARBRCHTIES

AMoBENZHNEL*BERTIREY aVv—v s YR, TOFHELEL
roTKkK&E 2ok AFEN 3, VE-RMBLEWAKREOEH RS EX
(# % 4x-ZXb—22F5BRBR) s ehicET FEX (REFEX
%) %, HEXERS T 3FETHD, BEREY 2 v—va v (F14V
2 b+ v iab—vavy, DNS) EHEIH3E, COFHETRHYRELT IR
NBIKETHI2L2TORRY—VE2HERTCHOADISLENE B, THD
b, HEHABRUBTFREEORERC S » T,

(1) ElhoB KAy - VEHEHEBEP TS CNETE 3,

(2) HE2A>PMNEEORRr— Vv 2+ CBBTE 2,
A REST IS ENS B, BOBRKXYy—NV1 ERBPMRY—NV (ZVET T
X — ) OHB1I/n~Re*TdH3d (5v5Fy & V7ve v 1970)
CEDPL3RTODNSKBLWILEREFHEIN~R e LAERBZ L
BTED, COREBTHMAERe=50000HnBERS DI 0P
DA —F—OBRFEBBEELRD, BEDRA~ -3 vEa2—5—-0OENE
MATWwad, LoarlLakhs, BEv4 /7 v IXEBOUEROARIESINIETO
DNSHRERIZELTWVWEZODER, BHEgareTe 72y —101 0F0ELED
Ry —NTREAEEDPRDATVWE LWV EIFIKL > TW3B (Rogallo

and Moin 1984) o

b3V ESDODFEE (5 —-—YV2F 4 - vYyialb—vay) TRHERLEIETNO
5%%1*&#—@%%9%ﬁﬁb\ﬁn@ﬁﬁ%#«@mﬁﬁﬁﬁhkﬁ
BRE, ThoLV RERNFEHBEBECBR IR oL TR COSHER
ERSFERRc] LTEHOPHABEEZTICERL-TREN S, AHE



O (KEEMS S VIE0rid Scale Eddy) K2 VW TREHMABMENTHO
rAFERRCESVWCHEBEHEXFDODL, HFOR (NHERD DS VR Sud
Grid Scale Eddy) K2 WTREFNMIBTbOZ, COEFV{ELOHFEAKR
k> TDNSOBACRVHKERDI VAV VWIXHROFRIEME N3, &
fo. NEBATUBRIBERAEKBECHN T IREUESTC. TENTETFVIERL
Bwiehs, I¥LoBARBAECORALSHFTFIATVES, L2L
KL, BEEGEOARBCREARERCLODIEERRO 27 — VA
W20z r— e LTHBBRHUIENESS, v/ Vv XHBoEMEE b
cneox&—»mﬁﬁmﬁétbmmm@LEso&&ﬁw%bn(&ﬁ
Ylav—vavilTOMENEILT S, EANTIB» S5, BERER
EREBATIHMHRERAGE2EAL. BTFHEBHNT B2 LBLBEERD (

FTE 1990) o

Deardorff (1970). Schumann(1975)R+D i HF L L 2 RITF + * VNl
HO5—Y x4+ ¥av—vav (LES) %, % fGrotzbach and
Schumann(1979) 3. BEZ XAV 2 KT F + * VHEMOLES 27~ T
W3, cHOoOHEX*BELT, ALROISKETHENARTED., F+ 4+ VA
Ao SBELAEHILBI 2 W20 #EICHEHBETE S I EHR
Xt LOLEMBSIHALDY ab—vyaryTi, BEAEHFTORFTR
BEEHBEBRTCATINRCEATE Y, ANhoERFBRETOVMEN T AR
%mﬁmﬁﬁ;D%M@ﬂ¥%§$wKﬁﬁbt§@?55°
BHEHLTOBRERERSHE (BB LE&HE) O#&A I Moin, Reynolds
and Ferziger(1978)i2 & » TH A 51 /o C N i < Moin and Kim(1982) 3.
WEE L LTREBAEEDS 1609 00HERTFEHAVTZRTF + 2 VA

H# (Re,=13800., Ax*=62. 8, Ay*=1. 78~50. 1,
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Az*=15. 7)) ODLES%fT-fe T, HOBHEREDORL%:,

HAFEARER Ay FEHOEMOBBRALCEZI <7 PLrEEHVS I LERE
S THBITWVWD, TOHRE, BELEHBERCORTNBURIBRFOXRE T
— s BN —HKL. BEGI BT LX) -7 BEE (FA T, Kline

et al. 1967. Kim et al. 1971, Offen and Kline 1974) & & @ & i # & #°
HETE3¢%2R Lk, LBLUANS, ERF— S LOERBNA—K. &
CESXRYy— AV HEBA AL TVWE LD (AR Y -7 0FEHRB
A*=5100) 2R3bIKECHEONLTLED (L*5500) REOMME
HEBLAK ChodR—HRRBEFFORA ry—VET+HECBEELTVLAL
CEREBBODEELILONT VWS, COIIUHMBARAZRLEFSOBESD
Fem—spR—2RF0H%,. EHEIAKOBERBFOLDEHABEIH, ELO0THK
FHRLALEVE D, RUEMEMBELL - TASHIZEHNRLBOEME
E O (Kim 1983.1985) . EMERBEEcHME T 2R EEGRESROE
ENBERUCKTHUEE MY 32 H% (Moin and Kim 1985)  HEOKHF
HeambBiEr - THELNWAEYYREBOZMBECKE T 20X (Kin

and Moin 1986) . A M E (4 RBASHEE) K-> THLSNBFEY
MEEEOBBREO Y ¥ av—va v (Kin 1987) . Lumley(1870)IC & »
THRES N characteristic eddy decomposition® L ES ¥ — % ~X— X~
O BH (Moin 1984) . ORWRARBIFEORBECKEMLTHALALTAR 2D
ALl bic, KEH Y lav—vasvoP—s~—x0fBAELMHLTE

DEOHREICEL DR E2H X 12,

DNSIKEWLNEZZARI P VEOHRENFBBE~OEM E0rszagk 1.l
CtF BV —TRE-THEIHETbOhATWS (28, F28H) . &5

BEH - EHAEBEODNS (0Orszag and Kells 1980) « ¥4 53— - 7 U —
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v B OB (Brachet et al. 1983) iKMA. +FREBELAL2KRETF + *
VHAEKEODNS (Reg=194, Ax*=38., Ay*=0. 93~129,
Az*=19) bRATWS (Pelz et al. 1985) o TO2&KRXF v+ * VA
HHEODNS REBRBEOATHFRERVAT, HEKRCH T IHSORIK
bEHRHRIOIREEE - T W3,
+HRRRBEELXELL, BBLAEHEHK O DN S X Moser and Moin(19
84)ic k > TH B THbH (Moser and Moin 1987 S BH) o WS R F +
AABLHEEF + ANV EBRESLVA /7 VXK Re =299 00@»D
FrANLEREHLOOTORNY FAE—F (AXx*=18, Ay*=0.
2~8. 2. Az*=6) PHVWVTHHELTWVWZ, COHETRIEHERRDOH
EBENFHCREBIATVE ER VWA WH, Moin and Kin(1982)D L E

SORBIASGHEESZRYy—VOMEBERISAY, BEEOXRBERLOE
SHEEBNXESBLIOLTVWE, TRLIOHBER I TEHRFVF—-OD
HaBareET 7Ry —A015BUHEDXr—ATREIALEELADO
TWB I ENFahto ChiEL->Ts BIXORERRLT, CO LI UE
LA VAR OBEFILRODNS BREREDRA - -3 Y Ea—5—-0RNE
ETAfTH I LB RENLAR, TORDODNSORBRERETIERN
&t & WX B,

Kim, Moin and Moser(1987)ik. #14 0 0 F® X R b AV E— F Z RV,
Reo=3300D02KRTF+*VHERDODNS 2iT-7 (Ax*'=12,
Ay*=0. 05~4, 4, Az*=T7T), EOODHRXPEAFAETATWVWEEHE
FEELIEREBLOEMBRFEMACRSLTLIBLV—HERLTVE ERL
iumob@tmwe\ﬁﬁmsmﬁ@QMEﬁﬁﬁ%mmtﬁ%nMﬁ%
B (Nishino and Kasagi 1989, Re,=3755) 3. EEEHOHRXR® —

AV IREZ T TEinet al. OBEREEDLDOLTERVW—HZRLTED,
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DNSOEENERHUCLEER OB VWLIOTHEIEEXRMTTWY 2,

DNS %2 WHRLESTREANOHEDSKRIAREZILATOBELZHE
FEHRBIEIRNAET L ERBURS bRV, COBAERIVOEREHZ VDL
BV EA BN, BEMLRRABEY Lav - PR LTEERRL
B, COBWT_EHRMoTRACRELAAKBRIBRULIART XV T
BuBs—Hedd, choo2 fEAECHLTAMERKGOBEANZIL
BaFLwELWHhiBEwWd N TEB, . AMBERREFORMIC L -
T7—Yzx:z2<J7bABEORMASTEELID. BAEHEILFBRRANOERX
PDEHTKRERBHEILE LT EEDR, A—-N—a Y Ea—F—HEDT
AT Y XL AEFEABEPLELVHEOHRASR N Z, T b oFHE,
2T F v A VERBBRBIEMORRZ L LT Y Iav—vavyoxdRRELT
MECHRODEF SO TWBEBREREHEE > TV 3,0

Spalart (1986) R P HERBEABODNS 2T I LB » T, WOFEEL
ANBERGUHELZARAT IO CEEERRF T L~ TERFEXNRIEH
MahZ2FRETIEPETI I LR I-TERBOXEZRAL L
(Weak Formulation) o Spalart(1988)C O FHEE2HA VT EHEARERE D
DNSZ2RN24->DVv 4/ VZXHRegs225.300.670,14108 > W TIT W,

At BT a3 v/ VWXBOBEEEELTW 3,

iholEEYyIav—vas viAGEHOERFEX L LTHEA S0 2T
F4x R b—s2FBERACESTVWTTFDLDRE, TR, FHEHN RN
RRAFOLEEGETHI2HAEEKEH L LTERIKIRUEL., soCBRE
PLWIERNWECRRI A, BB HEEREAEORAKME (=2 —F YO

HERH) PEKOBARODRITAILVIRENEETLTWE, 0. BREO
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EEZEHI-OVWT., B2 LRI 2R VB LEAHKLEARCERNRESD
ZVHREHBAFEUCESSCbDTH B, COLINRIALBHISR, BHE Y3
ab—vasviid, AMEVIHRRERHLTERDO LI RUYENRED
LRI+ s HFENFERRE. s Bt L2 RBRITERNOEM,
ATHBRENBEREEOBRESEMATEMN RIS 2FELELLTHNES
Hohzd, LhLAEMS, Chick-THBONhIRR, BEFOXRBRERLEE
By, ERMICIV—HERT LIS, ARBRREREICHRATIFRE

CLToEMHIBPEZRZEINDD2H %o DES5SBEDNSODODERKRHARE~DHFE

&

R, BEMRKEhOFRFHELTTCRA. FETER - ZHBLE
ZEM (RERR) 2HKT 2 LiLd S,
DNSF—4~—2it. EA. BERCERN B I LR ERYESR
2 EABTHRNVBICET I BETHERMNCECRBT I IEVTE DS, OO
FAEEI LEEAABECH T 2HEASTERSCRENATVWE, REHD
2 HAEMIcE S HET W FEHE (stchastic estimation, characteristic
eddy decomposition) (X . Adrian and Moin 1988, Adrian 1990,
Moser 19980, Moin and Moser 1988) « VI TA (VIS A) . 4REGH
EEORMEN EMMBE (Johansson et al. 1990, Guezennec 1987) 7% &\
KRTo—TEEPCEARBELMB T 2FEEDNS F- s ~— X HHA
+3ltickoT, HBs 2RV BOoZHMNBEN L VFHBITASOL S &L
S otte $Hhe SREIVYEa—F - 3537457 2HALELREAN
#4080 E AL (Robinson et al. 1990) s EA O TV E, COFHT
HEBEBEBEO N¥MWRAER. HXOBZAOMHENMKA. 35VIBEROA
EKEdQﬁﬁ%?w@%%\ﬁﬁﬁﬁﬁﬁ«mﬁﬁﬁamﬁﬁwﬁéﬂf
B, CchoOBEICHLTDNSF— s "B EOKRIAATESZ»H

SHEOMABFHEELLTRKREV,
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DNSF—4 =R, k- EFVREANEFVREOHARRNETY
YIRS EBERELOEBEEAB S, T -2 oBOoNBEMT AN
FoD LA/ VZABHNORZFBEROBHEEFNVHEEOEREBRP AR L
B, tRoeFricdT28RES. FARBREEEMES I VIRE SNV
OERBEMBHLEHhTWS (Mansour et al. 1988, Rogers et al. 1889,
HARS 1989) o i, ENEHZ2AECHORGKNEHIKMEY ¥ 2 v — Vv
s VRESTHMHBTHSDPREOLWALSBDTH 5,0

Fh, DNSKI-TEHEXOQIWHAMNAERBCLFECLIIFER L -
TEHERWBVEWSIHEAEZELP LT, REREHOKFHFME (Moin and
Spalart 1989, Suzuki and Kasagi 1990) . R HENMIEC NHEECEI REF
M (A 1990 ¥AREEE 1990) R EHEHEROFMHICSDNS ¥ — 5 <
- 2B AT TV S,

NASA Ames/Stanford Univ. ®Center of Turbulence ReseachTiZ 1 9 8
7TEDR., YBBMCEEIWADNSF— s x—-—20FHELX2L2ELT—&
HRELORFHRE2FT-~THBH., ALAOBERER. 7Y v, BROE

NHFTBELoORBENHEESNTWS (Hunt 1988) o
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§1. 2

PH2FEeEIAITACRELARVB CETLTENBLLENAGED
ATCEHENIBABEHERT XA 2. PHHURENAEBFEE T 2 ¥
FOoOMHMEH - THRBEI2BABFEE ) = v PHREFEND, T C
noomEMLkh, W2 PEAHENEH L. PHENAIELFEY 25
Gy b BTAL2HTH B, FRRTCWMY LT KRB, FEAT X
f2HREI x5 b - KTX 4 2qEBTHS (B1. 2. 1), B1. 2.
1B VT I REROREEAEAR LN T2 TR TOPHEREAIREOLTSH
2, AWECTHR—HoFEEELT. K1, 2. 1R T LELETOEKREER
EF v 2 NVBREIBVA/JAVIEBRE—FERDZIEIRD, OB PEAL
F3k5cho 52— (2 PHOMMSEREEF + 2 VB XDV A/
VIHERUOBRTIEENWAEHAR) 2RE L, COC &R, 2 FHERB
B—EFDOF + 2 VT LELBY 2 PHEFIEE —ELR2LICENTE

rEBLAGS>TEOERE 2L S LI RRCHEETT 50

EhEFEoRRER. BREOBOVRLEE. BEEFTOREKEHO T
Oy YIS BRRE-THARNICELV S/ VXK T, BOWEEFHEZFT 2
fob, TORMF R EOD> TEHER LD L » TW B, Rogers and Moin(198
NR—BYWEREDNSKL-THERL, BEOFELRVWETLE~TE
CROBBESEET SO EERL, BEYHRIO~TEVYROERL DL
RERRBEEOBOIBLEKALLI-TIHERIINIBVWERAE TS 5 C
EEBMLUTV S, T/, Lee et al. (1890) 1. XhEBOWELHEKE &I —
BAEL T, AAOFRCECHOALR MY -7 BENFLEL, TLBVHEFT

BEHELBEEERLE, ChoOBIRE2BELT, BHEHAEFQCILRTEROE
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bWk, BEBRNEET I LI THbDUWIBEKONFEFNHE,
H 5.

(1) BEEF VA VIHBE

(2) BHEHEFHMOEEREESH O H

(3) BVWHEEANEOHR
DELAZECSDVWTEETHILEOEE®ENZERSI N 5,

AWML Tk, Hic kg (3) wEHLT. DNSTHBREIW3HAED4 &
PHNBOBTERETERILWIRRNIEHEFAEDOD T CORBER D
iAol E*HOLKTEIEIRE D, Kic, PHEMMBSEELZ W (Y
BEBLZ) BEAEFERBLHTIERAHRR. FIMRPHNABEROLE
BEIXMAKEVWREhB VW TASh AR b PDSTS, HEOERES
BEDLOLARBLTVWRE VLS, AHAETREINIFMAAERRI ORATHR
HOBFANBBEROLDILERRNLOIOTH B EE XS N 5o

ChichLb, EIBRBVWI2KREXT I 2ROFALRZLFTD
NEEREREOBVWEEALOWANELRRUERFODNSOHERELKT 2
CERE-TAMETHRLELZDNS I — FORIERIT I . 4EOX
HBaLA4/J VIXHKEODNSERORBIASOHIEAFREKENRO VL / VX

BEHECODVWTHEZIT 50
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ﬁﬁ@i4v7b-vi;v—v;y(DNs)m\:VE;—y—@x
ERNAMBEET I LLELDEBOMAKTHRTCHAEEZTOLDRIAIRS 9, &
BER+— A0 ETOLEVWVHELRRATOILENH S, CORPDNSTRE
. CZHACRELEVHEHESB O S AR PV (Gottlieb and Orszag
1977, Canuto et al. 1988, Boyd 1989) 2R WTfTbh b, A7 P VE
OMEDZH BB T2 EHcE T 2HMEI0rszagx P L ET BT — T
(Orszag 1971a. Orszag 1971b., Orszag 1971lc, Patterson and Orszag 19
71, Orszag 1972, Orszag and Israeli 1974) K- THARNILT T TL
2, Lbh Lo, 217 PVEREFCEVEELXF T KE. 3 -7 4
OB SHAVRBAAGHSBEEERCRIAWZ A ITHFNITIGHAMAR
D, MoBEHERE (228, AREXRE. BREXRERE) h~T
—RADERBEBL TV, COFRODVWTR, 27 b rvEKIEET 37+
ZEBERELEL, TAHREALTVE O BHENARTLEENZFC. 0D
FEECE > THTFULABEILBVEESE-TVWRWIEL—-HTH B L&
Zibhd, COREELITRRI FAVEOEETER L L TAPPENDIX (A)
. (B) 2HELK, £/, TOHBEELAAMNELLT, FETREY I 2 v
—va vy THVAEAFERODVTHELRL TW %,

2Ry P NVEEHOVCTN-SHFERX2MBAETIRRNTTEL LT,
(1) N—- S FERRUEHORET7 —Vx - 27 P AVERVUF = £ v
7 s vEErAVWCHEBRBIAT 35K (Moin and Kin 1980)

(2) EGEoR2HFN LK AT BEEMEEZA WA HE (Moser et al. 19
83)

(3) N-SHFERAZ2ZFLCERFEX»SENEHET 55 E (Kin
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et al. 1987)
BELEST 2. CCT (3) B, P2 HEEIAIRILOBAEICOSLEH
HERFETHIN, COMNOBALRBILBEVWHEDREBND LFE
Aoh,. AWETH (3) OFERLAB > TERIXOHBIILERT >TW 3,
27 PNV EEAVAEF2EPEBEOT R CRBLALEARODNS & LT
BREHEHET7 X4 2EHM (Kin et al. 1987) ( FHEHZ = » PEH (Lee 1989)
KoWTHFbhTW3, Leeic k3DNS TR, KO HEEEEE IR
VEREF + A VEBEBEOREER >~ AEUBFLEFBR SO, FEAR
2F v 2 VEDO8 7 (HW25) . 472 (H12. 6) FELLABAIC LR
NHHEAEEHo 2 AEMENHEEHEBERICHICBMBELAVEVWIERLE
HoTWde COBFR2VLABPBLELAFERT XA 2EROBEIRRS
BB VWbDTEBN, FHRETCIHF-hviarb—vary0oi>t2PHBM
HEHT 2B AcEBOBERNS O FETRIORAEEDL T, ST HEH
HoORURBEOEYMESIZVRBEERLDVWTORN 21T 2
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§2. 2 HEAE

2. 2. 1 EBgX
EEHBEFR GO EG L LB YT 5 Navier-StokesO FEAR U E K O K i),

ou ; ap , 1
— = ——+nh;+—V2u; i=1,2,3 (2.1.1)
ot 90X ; Re
Qui_ (2.1.2)
aX| o

ThHdo ROERTIALCRREESLELTF + 3 VvERBES. RERSELT
B, 2EEHAGESH LA VBACREGREEFE u 2. X EHTIH
SRt EEoXEu, ZHVWTED, TNENROBSIKD2>VWTRe=
ugd/v. Re=u,6/v Thdo T, AHMTRF + 2 VP REXx,=0¢&
L. X=* 1 CBEIFEETIERREAV 2,
BRAGEELTHR. RNFRRERANYHFEACRIBEF K TH S5 L2 5,
BHBERZEZEBT %,
u (X, X, Xzit)=u; (xy+Ly, x2, x3:t) = u ; (xy, Xz, x3+L3;t)
(2.1.3)
STy L lzRkEhEA, RAhAE. Ao FERRRELRAHREHEARER
bL.MOWKEATHEBAZr—VOBEHLTTHHRRKELKLEILENSD
%,
B LT D L g
uilxy, £1,x3:t)=0 (2.1.4a)
BL. 2FRPEIEHTI2HS I,
uixy, £1x:t) =+ 1 (2.1.4b)

BAYT %0
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h;, REBEHE TS, ARGk oBE 3V F—, EHRICMAT
BE*RET s REREEZH W,
hi=€eisjcusox—(Fuyuy) (2.1.5)

X, (LR CHEBMREEEEES Lt T, ROFEOXZEZHL L

BT E B,
8 1 ‘
—V2u,=h,+—V4u, (2.1.6)
at Re
0 hgt 1V2 (2.1.7)
—W2= - . 1.
At ° " Re we

(2.1.)R 1R, 2.1.DD i =20RKV2EMWT I ERL-THLNSE b0
T, QINABBREHESAOREFBRRANTH %,

g, BHHEOR(2.1.2) %,
u
f+——=0 (2.1.8)

XL LTHBL, HL C T T,

du; Jdug
f=— o (2.1.9)
d0x,; O0xg
601 6113 (2 { 10)
wE——— . 1.
2 aX3 aX1
no=——o Q1 Oy L ¢ ) h (2.1.11)
Y7 Bx, 8x; 8xs 8x 12 0x4? 2 C
© oh oh
hsuE—l———3 (2.1.12)
aX3 axl

AHECREBI LT L) QL. NERUTEKEOXN(2.1.)ZT AV %o
STy (2.1.68). (2.1.TDA TR, uy. ux uy DEMBTEBHKS (KB
M To(x,, X)) PECOFEHRAOERNTERT V. TNSFHRIE
BMLTHRN-SHFERQ.L.DEZEEMEHLEL, KAXETH W 3,
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—_— — U . 1.
at '"Re ax 22 ! (21 19)
0 =H, (2.1.14)
U3 1 & U

" =H, e 3x 2 3 (2.1.15)

2 L.
oP
H]E_‘a'—'T‘FEiJkUJ(Ok—('i'uJuJ)'i (2.1.16)

CHOLDREBULVITAXFERRUEA — ==, (x1.x3)PHTOE
BT EEbT 0L T 2. RO LINKREFTH (Ue=0) ORE
BELNTWVWE, /. AHETCRASNVYHAOFEHENAERIFELAZL
(3P /3x3=0) D& L %o

choorpRABRCHLTCEHECOBEBREME R, #B02UEHE (21 4),
#wHEoR(2.1.2) XD,

U (£1)=0. up2(x1)=0., wa(x1)=0

U;(£1)=0 (2 PEBHBLELTVWEES)

LI AN
Us(£1)==%1 (2 PEHSHEMNEHT 28B4&) (2.1.17)
Us(x1)=0

&R B,
ERAFREIABELT(2.1.6)~(2.1.8). (2.1.18)~ (2. 1.15) A Vw3 & &
FEEA2RPIBLENEEBMBESNRCN S, ENBPLEREGCRA
7V rAEEKX.

ve _6h1+ah2+ah3
P dx; 0O8xp, O0x3 (2.1.18)
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FIV 7 vVEEREH

(82 +y‘) Hl%i— f(+1) (2.1.19)

aX12 aX32 pA= Re X22 . o
sz, /4 vHEREXHE

0 gyt (1) (

s = x22u2 2.1.20)

DPVWEFERLIPOBERXEOTTRIETLIVN, ABRREATCRFETHVITY X4 L
o BVHEYENE A LW IEHT, N-SHEXR(Q2.1L.DDOHN
FR. 2y FEAKRDEENFPRLOFEACEIFLALSDOEMA S I &L Lo
THBLRARAZAVWTEABERD TW %0

of 0 0 dh,; 3hg 1
) pt—+t—+—V2f (2.1.21)

ot 0x 2 0x3° dx; 0x3 Re

L. ZEMTHRS CEL TR,

v2=p ' (2.1.22)
EECCENBERDT WDe AREAVZBAE. F 71 H R0
HE=AEE Uiy FHROSFHRIELL-TEBORIEABICENRVC & 2R

B Op ras RUARILEOWLENBORBRIR L > TEE LTV 3,
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2. 2. 2 i)W REEML

WHEIC 2 RIEE O Adans-Bashforthik . MM E ic Crank-Nicolson# %

HWw2 ER(Q2.I.HKRUT(2.1.16)D w e X+ 2 WA KM .

At At At
(1 =——9%)w"'=——@hs"-hs" HN+(1 +——V3w,
2Re 2 2Re

(2.2.1)

w2 (£1)=0

tExb¥E B,
BEEEAFHEAEFERSCETI4BoFERN(2.1L.OHRKRD X S3I22 >D2

BoSFERICOMLTHEL (Kin et al. 1987) o

t At At
(1—Jg—v2>¢“*=———whv“—hv*‘%+(1+———v2)¢"
2Re 2 ZRe

V2u2n+1=¢n+l

up"t! (2.2.2)
E _(+1)=0

u2n+1(__|:1)=
aX2

ST, BB FHAEABEBRALAEAEREESE R (2.2. 1) 5 Wik
p"tlic LTIz TWwWBE ZEiREBRYT %0

(2.2. )12, fRu,"*1,

b, Bu ', ¢,"""RUTFTRIRTLIIECHF—HKRBup"Y, p"tle—

ﬁﬁgu2an+1: ¢an+1\ u2bn+1’ ¢bn+‘®*ue:la'c;k@ch5‘:§§b'3‘c&i)§

T & %o,

U l=upp"™ i+ caug," '+ cpugy™!? (2.2.3)

P =gt cad" I+ Ccpdpt!? (2.2.4)

(&
[
]
4

At At t
(1 =——V3) ¢p"" ! =——0h"=h,"" )+ (1 +—V2) g"
e 2 2Re
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pp"i(x1)=0
2
V2ugp"'=gpn*!
(2.2.5a)

up"(£1)=0
(2.2
.2.5b),

(1--—Ai
TP

¢a"+1(1)=0
¢an+1(_1)=1
(2.2.6a)

V2u2°n+1_
="

Usg"t

2a 1('—{"-1)=0

(I—AE- (2.2.6b),

ZReVZ) $o"ti=0
¢bn+1(1
y=1
"t (—=1)=0
(2.2.1

.Ta)

Veu
N+l —
2p"t 1= p"!

uz™i(£1)=0
(2.2
.2.17b)

E B
C.E cpidBRAREKXY

du !

aX2

(—1) O 2. .
)

%1
-+ kI R EET N
%50
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KA ERUCRCYyAFRIKEB7—-Yx e« A7 bPVE, BEHEHRIIEF
x B Y7 . 79&5’2}%‘4\60

brYHER u %

No Nyj/2-1 Ngz/2-1 -~
U(Xi,X2,X3;t)~f i }.a Un(k1,k3;t)
m=0 ky=-Ny/2 k3=-N3/2

xexp {i2m (kyxq/Ly+ksx3/La)} Ta(x2)

(2.4.1)
DEIRERZI PARBBMTEML, (2.2.1). (2.2.5)~(2.2.1)DFE
RERALTBLWAIBRER2TN S —FvOoFETOLLTHRLINEIFTEAR
HhFERE Ry HEIC7—Y x « 27 FVE (APPENDIX(AM)EBH) %
BRAYTBCERE->-TOVTFNOIERNCROECRET %0

+
~ 1) “~(n+1) (R

U,.<2) +B'un =dn (242)
k1=—‘N1/2~N1/2_1
K3=—N3/2~N3/2‘-1

m=O~N2—-2

ChsoFEBEANRERENIC,

n+1)

capB (m+ 1) us  (4m(m—1)(m+1)

s S ({n+1) R S(n+1) ()
— 28 a,m}u, +B api2(m—1)upsz2 =Qp

(2.4.3)

“{n+1) “~(n) () “(n)
Qa =cCp-2{m+1)qp-2—2 a,mq, +aps2(m—1)qaez

k1=_N1/2~N1/2_1
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Kg=—Nj3/2~N3g/2-1
m=2~N;,
EEbFT BT ED (APPENDIX(B)) o & C T,
cpa=2 for m=20
=1 for m=21
ap,=1 for 0=Ems=N,—2
=0 for m2Nz—1
(2.2.1). (2.2.5)~(2.2.No&RXNkH LT, (2.43NIEBHDOLIEK. &
HEUBAGELROLIHMBAIXRBUTOLISILSHT & %,

Dwal(2.2.1). ¢p(2.2.50)0HAE. (2.4L.HNANDOHEAR.

“~(n) “(n)

m)
Qpn = Cp- 2(m+1)X,. 2 2a,mX, +a&u2(m—1)X ;.2

lcppr M+ 1) (Am(m—1)(m+1)—27 anlug”

“~~(n)

+7a,.+2(m—1)u,,+2] (2.44)

BERARZXHFEZERDLDT AR,

N -~ N/\
f(;l.ﬁ"m-:o\ f ety (2.4.5)
n:
n:even n odd
T,
B=—2Re/At

B =B— {(2mnki/L1)%+ (27 ka/L3)?}

y=—8— {(2mk1/L1)%+ (27 k3/L3)?}

o~ N

~m Bt  ~wm ~m-n
U=ws - x,."=,9;—(3h9,':—h9: ) for (2.2.1)



u=¢p

® ¢ o(2.2.6a).

“n)

Qa =0

“~{(n) At

“~(n) T (n-1)

v Xn =57(3hvn"'hvn

¢ (2.2.7Ta) 0B &

BR&E#EExRDLDT AR,

(2.2.6a)D B &

n
n=1
n:odd

(2.4.3) AP OoEKI.

B==—2Re/At

_1_\ P%’J(nn)_ 1
2

B'=B8— {(2nky/L1)2+ (27 k3/L3)?)

@ u,p(2.2.5a).

u=upgp
—~ ~~
U= Uz,a

Uz4(2.2.6a).

Rt

~ q=4¢p

)

~ qQ=¢,

TSN

~ a=4¢y

)

usp(2.2.7T2) 0B &

for

for

for

(2

(2

(2

.2.5b)

. 2.5b)

.2.5b)
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for (2.2.5a)

(2.4.6)

(2.4.7)

(2.4.8)
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BR&EHFERVWTFLOBE S,

No—~ No~

u "o, u "o (2.4.9)
n=0 n=1
n:even n:odd

(2.4. )X P oEHKIRZ.

B'=— {(2mki/Ly)%+ (27 ka/L3)?)

@U(2.1.13) RV U, (2.1.15) D B &

CHhHRKk =kz=00DBE&EDANHEHYT 3,

o e m+ DX 2 e m X ez (m—1)X o

(n)

—[cnw%m+1)unﬁ%4mhn—1Hm+1)—27aﬂum

+7 apgeo(m—1) uéfé] (2.4.10)

Z O T,
B=8"=—2Re/At
vy =—2Re/At

(n) A “>(n) T (n-1)

u="U, . —'ﬁ'—“'(3 Hin —Hja ) for (2.2.13)
-~ A(n) At “S(ny T (n-1)
u="Uj; N ﬁz-—-(3 H3pn — Hapn ) for (2.2.15)

BMAESHEIZ(2.1.5a,b) & D,

TR AN AR LW

NA + NA+
FYuimt_o. YUl = (2.4.11)

n=0 tn n=1
n:even n:odd



2EERBHENERT AHRE.

No~(n+ No~(n+
f‘“’o\ f jen (2.4.12)
neven nodd

T, WCTFHhoOoBEL.
No~ (n+ No~(n+
f (nn . f (ni) (2.4.13)
neven nodd
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BN Zt'a‘fﬁl:}?ﬁk\tfnf’il—\?ticb.é:qib\ Uzgt UZb@i'.jfl']:ﬁf%*Uﬁﬁ

LT ZEBR B Gas VaORDBERBOUT WS, 0, CHLSDRBIEOPWVT

R EBOFEZHVIARUTORBEMEEME > T b X Vo

2 _—exp {Vc(xa— 1)} +exp {—Vc(x—1)}
° exp(2 V¢c)—exp(— 2 V<)

(2.
E _exp {(VT(x2+ 1)} —exp {=Vc(xp+1))
g exp(2 V) —exp(— 2 V<C) (2
- _ At C exp {VS(x2—1)} —exp {—Vs(x,—1)}
22" 9Re exp(2 Vs)—exp(—2Vs)
+da ] (2.
~ At ' exp {VS(xp+1)} —exp {—VFS(x,+1)}
Uy = —
2b 2Re exp(2 Vs)—exp(—2Vs)
—~ ¢y ] (2.

r
(&
i
4

At
c=—+ (27 k1/L1)%+ (27 k3/L3)?
ZRe

.14)

. 15)

. 16)

S1T)
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s =(2m ky/L1)2+ (27 k3/Ls)?

M FOFREILL - TRE-L (D +1)XF » 7D Uzne ©o2ab 52 (2.1,

DR T (2.1 I0EZR~S P VEEBOTHBIELAREA VT, U1

~~ o~

G ape ©1n OsnEUTFTOFEMIE &> TR 350

~~

frn,=0- fn,-1=—2Nauegy,
cafa=farz—2(m+1)uz m=0,...,N,—2
~ (2mki/Ly) o+ (27 ka/L3) Wen
Uyp=— -
" (27 ky/Ly)2+ (27 kg/L3) 2
m=0,....N2
-~ . (Zﬂka/Ls)fn—(Zﬂk1/L1)w2n
Usa™" 2 2
(27Ik1/L1) +(27Ik3/L3)
m=0, ,N2
(Ua.z)N2=0\ (ug.2)n,-1=—2Naugy,
ca(uz.2)n=(uz.p)pset2(m+1)us m=20,...,Ns— 2
(U1.2)N2=0\ (U1.2)N,‘,—1=—2Nzum2
cn(ul_z),.=(u1‘2),,+2+2(m+1)u1n” m=0,..., N2—2



#L.

-~ —

win=(usz.2)a — 1 (2w ks/L3) usm

———

wsn=1(2rki/L1) uza—(uyg.2)n
i REHRBEA, F /2.
cpa=2 for m=0

=1 for m=1

_27_
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2, 2. 4 ALY XA« FFT - -%Dfl

HEcHWR e srSs a2GoRRER2. 2. 1 AT ¥REHO
HER, PEZECHEZT ). #BPEHERMHRLHA S 41V T Iy 75—~
EBI B bic, EEKRS. RERSIPHEZEHcER S Q% HICHEKBK
A0 2WMT s Lick->TLSERIEBENT WS (0rszag(l971),
APPENDIX(A) (B)) o

BREEA TR, HENEELTCHETT I EEEHFELUTHERHL LY,
CoBEIs—FvECR.

u 4

u 2 us

C=AT (|

|+ |+ 1
X A X, X 3

1) nax < 0. 38

2T bDTH » 7o

EHET— ) TEB®DOT v S5 ald, Temperton(1983a,b)D 7 VT Y X &%
Hic2, 3, 4. 6%2EHK LT B b0%, TALHEEF =LYy =T7EHBEOV
Tid. Swarztrauber(1986)D FHEZHAWVWT. WTFH b HIEL 7o
FHHEBIUVHEABHEOADOF - s WNER20 74 ALXF v THE
T » 1o
HEREIRAYANAHER Yy —HNOHITAC-S820,/80%8&
CHEHIRERBESINIBANDOS 820,/ 80EXHWReo 154427y
7’@%‘+ﬁl:ﬁ§ﬁcpuﬂﬁf‘aﬁti%’q4sec\ 1 AR bPNVE—-—FHLbHOD
cpuBsfi 2. 5 usecTHH. Kin et al. (1987)DK4 0 s e c/
10gzsec (CRAY-XMP) . Moser and Moin(1987)D 2 2 s e ¢

/20pusec (CRAY-XMP2/2) chlTtEgdERLyYy I av—va Vv

BEAETSH » 2o
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§2. 3 HEXH%#

AficiR, FA4BCERERTRKTIA2H] AR 72+ - FT X2

Ao EREE2RL. BELAETFHREE, FRBAHOZIRIC>VTR

HY 5o

2. 3. 1 BE/F X —9%

B TObRREEELIECERTILA 2HOBEEI v b« F7 X4 25D
atTlR., HELAVWAERRAOERTILOFENRERLT > TWVWBE, HIB, K
TXL 2R TCBERTILOLDOREZESELTF v 21 HES. RREE
ELTRAEAEEEF ueZ2HlWV. — A, 729 b FT7X AL 2aROBEGRCE
REEXELT, FravEBE. RXEFEELLT2EHROMEXNEE O FE
Uv/2 2BVWTW3, ChL0ERTILET-LBE. ROWOEFHZEED S
NS5 2 — sk, RTXAL 2HOBESIKIE. Reg=uzgd/v. 2 T v b« ®7
T4 2HOBEICIR. Re=Uyd/yv RUBKRTENAE. —(5/p U,2)(
BP/AX )T H %0 FT7T X4 2HOBACRERITLHEDLDLULIBERTENS
K. —(6/pUg2)BP/Bx)RTHECREBLALVOIRETCREAEEK
L 2PEEHE-T, — 1 EVWIEELELD, 52— LTOREBEHR,ZER
5, £2. 3. 1L ETNFAOF —IRODVWTHELL 54— %2FRTo
CET. Sy b ET XA KD A — S RERS > TR KDL
BERINLTW 3,

EEJEOBVWHOBREHEEEE L F + X VEBTERLAV A/
VIEERErr —Z2%2BLTRBEIXR—F LT 5,

Chitko-T, BEFEAKRODBVAHOER 5 A -9 TCRBALLERTT + *



VEBEYr - 2(BELTRIEI—FILK 3,
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2. 3. 2 PHELHERUREHE

Br—200B&RBERUTOXIKE X K
% r — 2 P
FHEIICIT > 72 Ree= 140 (Ny=Nz=N3=96. Ly=47 & L3z=2xz &)

Oviav—vavEREHEHELTOHMEHR L L 7o

*xr —ZCP1
¥ —ZCP3ORDEREZVMPEHFL LA, BL., ¥YEHRMXH

BERXZ2TI2TTRARI FVE— FE264x49x64& L 720

* % — 2 CP 3
hr —ZPOF—9%2F + 2 VHRTRET S IEREITZ7 2 v
PR LT E&EE L. PTHHORERR T LD BEORY

BRERCENAEEREE LD bKRELCE X o

B, PHABEIA T EEDERIEDOHERT v THBELE & h,
COBBTHELVHEA vy v a2 HV3tREFNcHMYORESFHE
N3, PHAINSLIEER2T I TH. AARENEBR T2 3BENT A

s v MERUTHERFTS CEHNBETS 5o

E‘Lﬁﬁi%bf'i‘ﬁ}h’-%iibtc&:%1‘-']%‘3‘67:&)&:12(?@5%62Lf:biof:o
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DF + 2 VEARCBT IR REN—F LU I L
QAYMMENAHHF+ 2 VBRbDEL-THERENXD I L
QEELZHo2XROPLE— A Y FBEEFNEAACELES L
K2. 3. 1~2,. 3. 4k&r—2kcdLlTc. KNS RLHYEEORTY
EEZEHIRAO2ROBLE— A Y PORMBMENAETRT. BPOFTRR,
50025 » 7 (FLBEoREERMcessLt30) MOoOBRZEMPYEEZ R
LTVw3, —BERE—A2Y PR ET o> EBREVE, OIMEHEL» S —
FTHEZ2EABR. ThPhoTHNREOEDLIRES > &, RENTEA
Raohtd s, REUBTHcHbLDLOoORLWAED, XA TRLE
GEOEZAVIHEHLEET»~ o COHSOHILELIT-» BT, B

BErBHIT - THBONABRX Y —VEKk/ e OBRKEELXLTBE XX

r— X P 45 (k/&) nax
¥ — X CP1 26 (K/&) nax
> — ZCP 2 20 (k/&) nax
¥ — X CP3 14 (K/&) nax

T&H 5o
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BENEdEcBLW, HEFABRUBEEEOTRHE RIS D S5 A —
sEFlLs e BoaCHERENAECEMALRIVWI LRI THRE SN 2
Lh LMo, BABHERER., CPURMBMEX*EITSDNS TR, 00X
SRNEBEFI3CERBALEOI Y EYa—sTREYOREL S,

LROB5EOMICDNSSSVWRLESTRIEEER,. BEEO+SHD
BEZELTXROoFEMBA WSO B (Kim et al. 1987, Moin and Moser 198
1) o

(VEEZHO 2 AHMERSHEOXHBE P THZEBHAT %o
(OBEEZEHO 7 -2 PLVOEHERKSB+LHECBREL. &
ERBREND ZRELT VI &L,

EoRKELVWEFMmME L TR

DMEDZRRZ PVOFEBEEIVPFRERFEL. BELTHLL
B EREBTWI &,

(N k2 FMEXHMPcHEIRREHL TS DidMoser and Moin(1984) i
YXZ2DNSODBETH . BOOERTRBMOEENTHRMALTIOTNS
ERVWARVWE, ARz 2V F-—0ABLEBRI S -—VRr—1VOREHIK

M 2EER/PMNEIVTHEII>IELTERENT W %,

HhbEBLUER Yy FHOFEHAR (BAER) R&ry —2k>20wTZX
hEhsbsnd. 276&ELko $he A7 PVE—-FHRRIBKOLER., BE
BEAERB. Ry FHEcEzhEFNT 28, 97. 128&Lko COLE. W
BERCTCOWRNLSBER.

whAHmE -« - 0.1236
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BEHE @ AHE - - - 0.0005358 ~0.08278
Zs¢ v HE -+ ¢+ 0.04918
Tdh Do
EEAEFELHHEEBRERAVTZRY - Y Y7 LABEOHEHREKE (BRK
E) RURBER2®r—k>owTHK2., 3. 2, 2. 3. 3ILiRTo.
REEO+HAUEFBET 2 AP CBRAEGHEBERTF + 2 v LI BT BE
ELXHOoORKRLER. A yHFEOIFVNF—RUHMBED 1IRITANT P VR
UF2bv-7FB0o28ELYER2. 3. 5~2. 3. 9 (¥yr—2P).
2. 8. 12~2, 3. 16 (¥y—z2zcP1). Kz2. 3. 19~2., 3.
23 (¥y—2CcP2). K2. 3. 26~2. 3. 30 (Xyr—2CP3) K
4o CCTITARNVNFEF—DIRITARY PIVE (RUBBEDOLI RTARS L
MDDy A, XY HFEHRARRIIPIVOBE, ROLIEERSIOTL

%o

; 1 ' . ’
EiJ(kz)=L—§z,u;(X,y,Z,t)uJ(x,y'z-},z"t)e|kzz d z
z

1 »
Dl.i(kz)=L—§z.U klx.y zot)u g, e(x,y,z4z ) e tkEZTd 27
z

TR AMFE—ZX T PG, %?&ﬁl:k‘h‘%15’6»#—'——'&‘&1)*{&?&&1‘@%11
m%tfuwwuteﬁﬁéﬁb\itﬁ&ﬁ%msﬁé;&arwoﬂh
PO RBEEINIBARLBVTIOLDREACBETEIEETH 5, A& R
&abwu%ﬁﬁmzuaﬁﬁﬁﬁ&ﬁ?@%nmﬂLrﬁﬁ@ﬂwmﬁﬁ
2F T, £ A FrANVPTRETCABEEEBRLBVCTD (yORERIETT
6(ﬁmw¥ﬁmmé)@ﬁﬁ66néoﬁnm\ﬁ¢xv—w®ﬁﬁﬁ§
B/ CRBBEEINTOVRVIEERLTW S M, COFERB I 5 HE

BRELTHY. HhiBtboBed s sEERNTVEDLEX LN %,
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FrEVvz7BBIER, WFHOYXr —Xb1I/IVTREOREXS S NS5, B
EEEBeBLVTABLCEOLTVWEN, CHhRERXE (BRI LEHE)
AP RET AL DEAMULASYS VEHIRLIZ DT H 5o

Kim et al. (198N icEHEhT VB LIk, M2 ryr— Vvl EHRELEER YT
3R ESTEHASWAHERR~OEER, LELOXRJ P VOBED
S0 TRIFDSICHUHLBAV, KinmbRBItHEEROBFRE®K IO WT,
BEoO2RRTF+FNVMKODNSIKBVWT, AXx*=11.8, Ay =0.05~4. 4,
Az*=T.10REEZHESBAEAX=1T.71. Ay *=0.05~4.4. A z *=1T.
TORREELH>BPEOLBEFV, HooXBheRELALHKNE (EE
ZHOEE. PHE. vA/ VIR ATOMEEHEZSL) KEXHEDLDOLLTL
CEERHELTVWE, AHETHELAREER, EEFJEOE W LB OE
W/t *2—% (ugs v) THEBMLABEARK imbsORBRBERCLET S b

ODTHdd (2. 3. 2)o

Ric, EELXHoRnFR., xcryFEaoZ@2aEBEER2. 3. 10,
2. 8. 11 (¥—=2P). . K2. 3. 17, 2. 3. 18 (r—xCP1)
2. 3. 24, 2. 8. 25 (¥—zxcCcPz2).K2. 3. 31, 2.
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P 0 150 - -
CP1 1800 - - 4.34x10"°8
CP2 2640 - - 1.86x1073
CP3 3000 - - 1.33x10°3
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2. 3. 2 HEHABERUIBRTIERLE
(LBoBEHR 7 A —sZHvic@XRxibic k%)
Maximum Period Resolution
Case
Stream | Normal Span Streanm Normal Span
p 2360 300 942 18.4 0.0803~4.91 7.36
CP1 2320 296 930 18.2 0.0792~4.84 71.26
CP 2 2390 304 955 18.17 0.0814~4.97 7.46
CP3 2420 308 968 18.9 0.08256~5.04 7.56
2. 3. 3 HEMABRUIBTIHHEE
(TEDOBER <5 A —sE2HA0ic@BRxibic & d)
Maximum Period Resolution
Case
Stream | Normal Span Streanm Normal Span
P 2360 300 942 18.4 0.0803~4.91 T.36
CP1 1240 148 496 9.69 0.0423~2.58 3.86
CP 2 770 98 307 6.01 0.0262~1.60 2.41
CP3 278 35 111 2.11 0.0095~0.579 0.8717
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§3. 1 E

ARTR, BEDOERSIIVRIDNSOEENELET 2 2REHXT X4 a
Bt (+HCRBLALZRTF v+ FVvVHERE) 20T, AWMEOHEELE
EZOF -5t HBEL, HEs—-—FoRLUELTHE T 3,

TR, VA NVIBORNLE2A4BEDODDNSFT—9 <X~ (Reg=10
0. 150(LlE. AFHEICXBZbD), 180 (Kinm et al. 1987), 3 9 5
(kim 1990)) DB BVWTH IS IEHHETIBO LV, /  VIBEKE IS
WTHET 5,

2RAEF v+ 2NVEHB, AHRAR BT IERN LK LhORFDO—DEL
THLC DSBS DODRHEBR SISO T VWS, vA4 /7 VI BEkEHCEELARE
& LTk, Laufer(1950). Comte-Bellot(1965). Clark(1968). Hussain
and Reinolds(1975). Wei and Willmarth(1989)MZEIF S5 h 3, L »mL I
5, CHOoDKEBERRHEELR—HFX35oh, B EBHEB I v REHE Y
LTR. U eI BEBFXNLBCEALTOS VA VIBROEKEREDBHD
tEHRTVR VW, TOEREELLT, BEHEBETO Y Y REOHER
(Johansson and Alfredsson 1983) . Yo v 7R, BEH~0HiBL b 3
WRHREBROHEHE (MBELE. BERXHMESX) BECO0BEBERESEXL SN 3,

—A. Kin et al. (1987T)R. B ODPDNS ORBERROERERE L LK
LTuvwady, EEBEHRCRMLFTLBRV—HERLTWVS WA KW, iFHE,
Nishino and Kasagi(1989)R . o DR L A3 R ERLBRES ZHV
T2RERXT X428l (Rez=205) DRE:XFTV. TOHEERED
Kimet al. (Rez=180) ODHERLEDLLD T I —HT I EEHELT
W3, CORRRDNSOEROERNGEEBLLHETIRIELLTHEAL S

DEZIAON BH, FHELEBERBYTIZ, B X I Nishino and Kasagio®
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UtrpeBKkin et al. DEBRBIECNWN L THEOER2 IR EDERBAEALN B,
AETCR. DNSORBRZ2EFETOLDhAEEHEOOREBVWERBRER :ERLTW
2, *ORIAGEHEBO VA /I WXBYBREZERIIVWh THEZEO —HK#

DTVWTRHEXMATW B,



_84_

§3. 2 ¥HEEH

EHARXTIHT L 2RRTHETXA 2 (Reg=150KC100. Reg=
1 00D HERXRFIIDWVWTIE, APPENDIX (C) 2B &) oHEIL & »
TR BOETERS. 2. 1, £%3. 2. 2ikRT, Th¥ho
MO LTHBOSNWALEBERBC =1 ./(+pUg2)it. Cripge=9. 5 8
Xx103(Regx=100). Cri56=8. 6 4x10"2(Reg=150)
T&H D, Deanic X 3 HBIR (1978).

C¢r=0.073R e ,~9-25 (3.2.1)
KE->THB LN B, Crige=9. 96 x 103 Cris9g=8. 8 8 x
104tﬁtrﬁﬁi—4%mﬁﬁﬁ—ﬁbruaoﬂs.2.1mnn
et al. (1987). Kin(1990) KR X B2 HEREZDLTDNSIKL->-THLSN 3
Croxnvsv4 /7 vIHiELBEIAEDeano HERN & & bic/RTo DNS
CE-oTHOSNBHER
Dean® MR K X2 FREEZTEHIRRLT > TWB N, TOZikDeanHH
BMAZBETIBCAVAZ(oEREOE S &Eo@HAR TR M 3
EEOLDOTH 3,

X 3. 2. 2P ERSHERERRRTR T X HEA.

1
U*=—1n (y*) +C (3.2.2)
K

OffMERCOBEIR. v/ rXHBomeEt bbbt sERIASH B
B, COBHRBREROEREROEE (K3, 2. 3) v dbREHEH
BEihsd, BEBVvA /7 BBV THHMERCHEKE WHE%E & 286 L.

Patel and Head(1969)iIC > THE I N TEBY, CCTEBLONTERLELER
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Mic—BLTW3, 5K, Rec=2680,. 33 000DNSOHEBER
Re¢=3250 (Niederschulte et al. 1990) . 3 7 5 5 (Nishino and
Kasagi 1989) O KKME R L. A Re,=78800DDNSOERIIReEe
o= 13800 (Hussain and Reynolds 1875) O ERBZER L, Th¥h Tl

HiItdb PR OO—HBBoNTWVWEI ENGH» D,

PTEHEERIHTEAE 52 —-96. U, TCEBELABAEKS3. 2. 4
Rt SHEBET b4 /7 WV XKEEHATRY 6 >0. 4 TU/U i}
VA /W ZHBRESTBTWHELE>TWE, T, BEERRBVWT LS 2 4 X
ﬁ(@iémé:&slcﬂziﬂﬁ&biﬁi&ﬁfﬁl‘iﬁ%c‘:6{&\[&?z)fDNS&U%!ﬁ%

BExEULCRENCHEREEIATY 3,

3. 2. 5icHERBLSHEEZRT. CCTOLRFEEHBEICIBTSZ LA/
VWABEERHER, ERERESYTRENCEHEDOATWVWS, 3. 2. 61

Ks3. 2. 5@:7#,6:!&%:9;*1,17%1,1:5@?560 Tt ERIA AL

1
——1n (y/é6) —C (3.2.3)
K

2R TIA4AYHERBRRLTH 2. HNEHCOEIDNSoER LT
Re,<3300T7iRC=0. 3. Reo=7880THC=02¢F3¢k
o THEERLTICHBTE. VA /WX BicL3KRGEHESBE XN 3 5,
RicrsdhitEBREROBHERE—BLTWB, /. CoOFEEXRIBNMEKIL
THHEEBER VA / VX HOEKRKELEDIRIESCE>TWS, T B, Nishino

and Kasagi D ERE R (1989)EDNSOHRICERHBENZ D S h 3 8,

Nishino and Kasagi®othH Ot (7 8. Omm/s ec) REERELLD
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OTREBL, F+ 32 VI RPoEFLSHEAFBLTRODLbOTEHE D, C O
HTARAEPEIBRATNBIHEENL>~-TWVWE, COEAX*PIL1I ¥BLEE2

CtiLE->T, HEOERN —FHERRKESUAFSIN 3,
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§3. 3 GAABE

3. 3. 1eBERRXRITEREEHIKNSORMS iXRYT, I T,
RicR & 72Nishino & Kasagi(1989) 0 F— s REBE X WMPicR&E 7
- :2XMP LRI FERE->-T/ A XHEEhbDTH B, DNS
ODHBRIEFZTWIRD EIbR VA /I AIHERESKET B CEERLT
W3, zvzi‘c—fi-*WSLiﬁicsh'Cu*,.,\ ViwsB L 4/ AV XH oMM
EoR o THMT 2 EBRERIZ. Vel and Willmarth(1989)ic & » THE &
NTW3B, £, Spalart(1988) R K 2 ELMEFAEODNS O RITbFEH
BLRIBOVALA /  VIBEEENRERTED, BHEH/*5 2 —9% (ug. v)
RE-~-TEBHELABAL, BEOIKEFLSLIDBRS VLV VXRHED
BbhaleBEHMEINANTOVWE:, utrpqsOBARKER VS 27 VXHBOoWmME &
biIcKER2MERTH, TOMNERY*s12THb, V4 /VIHE
R EFHERRBEAERVWEVWR S, BEREF EAVAEBEZOER 7 —
4% (Laufer 1950, Conte-—Be;lot 1965) i, ComMKENLVvAL /v XEo
MmeEEtdbic@BOL, FhxONEFEGILPLOBEOUIBEARNBASH BN, &
hi3vda /7 vV XHOoMREEDICHES A ~—2% (up. v) THMEL /- #
ROREIFHMNNERE(RYD, SREBOEHXZEMOCE YL T 3 &
LB2HMBTH B &HMJohansson and Alfredsson(1983)ic X » THFEah T
W% (Blackwelder and Haritonidis 1983, Suzuki and Kasagi 1990 & M
)o

Nishino and Kasagi D EBE R B, u*rpss V *rnss Whrns& b iCKin
et al. OEREMLTETHEOEEXRLTED, LBoVv 1/ VIYBEE
UhEBBEAEDBWVWERLEIE>TWB, —F., Niederschulte et al. (1990) &

XBERI. Kinet al] OHELEROERNRIEZHMNELTITF DO b0
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THH,. HEOVA /7 AVAIHRBEE—BLTVWAI3R LD SE., ut,as?®
HcHFRREBSBON B, TS5 E. Lyons et al. (1989)D DN ST & 3

U'rge DN, RO FEOBTRBECRCEKET ? (BBEOHMME L D
M4 3) EVIBREBEIAC. CCRRABASNBENDNSORBER
BRreElERT 32 b0 ERLTVWSE, COREWEHOhT BLDIcR, &5
ERBEEODNSHEZT 3N, HRBENOFHBLII2BHISHEAT
RITbhhTWitWw, —F. Niederschute et al. T & 3 u*,peM. 20 <
y *< 5 0 TNishino and Kasagi ORI LT RKREWVWEEXRT (iR
BOVA /I VZIHEFRERFOHERBTHZ) &, EREHEEL K LLRES

EBONBEPEETIEDLS., SR ELOERNETHNHBLE T 2,

3. 3. 2EiELEHORMSELXRFOLHAETEHEKX L L LBE
DR3HERT CHOoODEOFF R, BUBELS o YHoFE>x 20
F-—pk+ 2 EELEH 2 rvF—ohiclHYT 3, /. u,ras/Un
Weas/UDREHEMB EALTH R0V GE, fOGEORELES O EEEE
CHEHNSL. VENCEELRETH 3, CCTHFELY. FPHERF L LBE
TROLUBIBTHD, FIARBREREH CRREGRACZEORLE. XENH
ETCREBICIAIRNHOEE., S5 IKOS/NEOETR EIC L2 BEEHNE
ALBRTVWbLD LS (EREHEHHF. 1990) T, ChoofixrE
BHRKEBICRDOPZ2CERIFFCHERI IO LEL >TWVWE, Tho0EEIiR,
CEBELETOLRIREV e /UBFRBECHETI2RCBIRADOILTY 3,
Ric/R L7 Nishino and Kasagi(1988) D F — s B A Y F LD F -2t d
NBEV 4?0 BAEEES Y5225 - LTREHEHL ARSI SELEILCC
tek-THIESNHbDTEH 3 (Nishino and Kasagi 1989) o L 4 / N

ZHMDOEW, Rec=2680. 3300DDNSOERKLUNishino and
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Kasagiic X3 R R, y*'< 5T, U, pne/UEEKREEVWEZLIAEZRL
TEbDOTLELIL—HBLTWE, ¥/, DNSoOWHEODODERTIE. v4 /10X

HolgRKeEE dbimt+3KFEBIKLEbEHELREDOLTWY 3,

3. 3. 3 u’rass V'rnss W raa2y/6icfLTT 2 FLESD
ODTHdo COBBET-LBAE0aTHEBREBYZI VA  VXIEERERY
3. 3. 1 a3 ZFEHETHENEREPMIVWEIDEL>TW B,

3. 3. 4RHEELXEHORMSEE2F v+ xVhRBEU TEKRLILL.
y/6ieL T ey b LIEbDTHBe I THEBIEBY 3V ,0e/Uon
W ras/Ucids V%/lvx’ﬁ‘:?\]‘?‘éfﬁﬁ-ﬁﬁﬁ(ﬂ\ ThchonoEHILSE
FAALTOWEIRTHVHEZTE S, —H. uras/U BV A/ VXK oHMic
EPNR-STHBDL, BVA /I VIBEBBIRLEB>TF + 2 VFTRPCL

A/ NVZHNEBERIRTANEFLHALTBHBMPBRENT W 3,



_90_

§ 3. 4 VA NVZXIEHOBRHEHITES

VA VZXBHORBEHEXEHR, LREFTVORBRELORDPSREKREVH
ROWREN »TW B (Patel et al. 1985) o Hic, RIBPIW K EE ORI &
CHRPTFIHE TS v b v RGO RRTRIcBVWTR, EWmEFoRK B o
EHEERICES VAT I ESTFRBMEGLOBR L3 (Myong et al.
1989) o Chapman and Kuhn(1986) ik, &fﬂﬁﬁﬁczbnrﬁaﬁﬁﬁﬁ%ﬁﬁl,
THHEERBARTORIWEZEFVIEEL, COHERREHGE ELLTEX B3O L
Lo THUYEEBEBORE Y Iav—vav(2fT0, ElhoREHEEBH T
ZHMUEREIT>TWVWB, 7. Kin et al. (1987)ik. DNSOERILSH
\WT b Chapran and KubnO R B L BABOR VN AXHSBoh 3 - & % H
HFELTWS, LAL. WFHhLEEHEBFEBO VSV VI RT3 GFH
SVWTRMASHTVE W,

VA I VZXERDOHEEHERK3., 4. 1IERTe CHODOEHEMNEXR
BEETORD U LAE. ROERORD 5.

U'rps =21y "+ay*2+ . o . (3.4.1)
V' as =bay*24+bgy*3+ . ¢ & (3.4.2)
W'ims =C1y*+caytE+ . . - (3.4.3)
—u*vi=day*¥+dy i+ . .. (3.4.4)

EEDESIDM, 3. 4. 1 BhsoorFhoFTlEHEHBOOTRIEIWER
BHTHhB2EE2RLTWVWES, Ty CHoOFEHIRSE,. HEXFT L A
JNVZBOGHEHATHELELT 2B 3, . T dNishino

and Kasagi (1989) DRI EH R EEBEHN LV L / VW XHDODIT WD NS DR &R

DIKEFET U ras/V s —u*V/yOEREPBEVEERTRERLT

J:(-—ﬁLTL\Z:o
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K3. 4. 2icRALoiRK3. 4. 1 KALA-BRENILH (BhrS581
REOKBFETOE) 2vA4A/ VZXHREHRLT Ty P LEbDTH B, &
CTHEZ2T--HBOLEWVWLS V VXHE (Recc=7880) EXRicEWVWL
1 /7 VXH (Reo,=3300) offficiiiMMNicKEnNBrLoBEED, %
ODHHTOVA/ VWIXBEFHRIPESHLTRBTWHE, CIToOEREHMI
AFTsR., vIA/ Vv IHOMME > BEHEHEoOMMoERIZ., &5
EEBEVWLSA /7 VW XBEBLVTHOLHES NI ARBENSE2LE VW5, TONT
b-utv/yCOMRMELRIBROEFCEDATL 3,

3. 4. 3icmLAOiR, Re, =268 00D0HAI>2VWT(3.4.1)~
BANEEBRAOELAHB1H TR LA GO THY, ZSYVEREH LN ICEE
LEABOE1 HEBIPS EOBKE OEMICLDEA-TXENTHE2» 2 RTHE
BER B0 u'rpe/a 1 y'R, HUEBETRR—ETHh, COFBHIRBL
Tu ras PREREBEEMATZIILEERLTVE, LOLUENS, oY E
BoWTRERFAODKEENBDO (A AEHFILEITBLIATVWE, ERBic L
A/ NVXENOREBHREEHEIA IR B W opHESOHTVWE N, 4§
BOERBICOWSONMEEH L2 ERNCEZ T I LoRESEZME-TO

%o
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§3. 5 AMzrr¥-okm®

3. 6. 1l FrFNVF—DEKBORBEERT. T, A2
¥F—hBRROBRKEE LA/ W IBOoMMBELTHRSI. 5. 2kRto <&
KBLWTHOALVAS /V VX RICIZIEMABFAFLRERLDOA TS, COBRI.
Spalart(1988)%, ELAEARBOBESIC,. 0L< y*'<80TCHHEzx» Yy—1TX
DO TIKBHTESZLLAEERERBRUZOGDTH 5. £/, VA4 /7 VX
M3 o0ZtdRS3., 6. 2kR&NB LS5S4/ AV XHOMKE L
biLHETr2HMicd B, KBEH LS/ VW IHOBEVWF R RBLAERNSH I
BLWT, Bl NV F—-—DEKBiRHLT, COoOB B VAL, VIHEES D
BbhsCtHbTOL BB TEs. +HERELE2ZKREF v % VA
MTR, ROFEOVvAL /) VXFRAERPTEEIRE-T, EHYEKIG
e+ 2XROBERNNKILT 50

+

du *
dy *

Yy
)

= —u'v'+

(3.5.1)

+

CCT. . Uzl Fr ANEBSITERSNBLA J VIXHER e zic i
29 5% . ELR2HREHENAIEHIP/dx i8R L TAE Y 3 1F
Thd, CORIKR, ENAER I - TRHIHBI32KRTF+ 2 NMHETR, 2
MBI REEH»SCHAUICLAB->-TEBNEBRTT 239H LR 3, b
BTRERBVA/VIEO (§*B+HHRRKEV) BERBRy *B/Phswigh
KBEBVWTOBLNAOELAF2FHRIELRALE, BREGFT—CEYKIE HE O
PHBEDIULDHB, §*BHhIVEVLI /V  VWIXHOBECRIBHEREEZE BT 3
AYBENOECRT I LA/ VXBOBESBEF LR bONB & LK B,
B3. 5. 3kRAR&ENB3 LI, CCTCHBEEZTF-LKEhBo2YBEHD

BB LR EROFEOBFEFCLRDODATVWES, ., CO22HBETOLRY



-93-

BRAKHRELI->TVvSA /7 AXHBEARH LTS VS 2 VIXKOENE L
Bbhs (3. 6. 4)o Co&Hic, 5. 1NKRN0ELD2HOKIK &
STERENIEAR=FANVF-—DEREBEN VSV VIXBEFREERT LR
LRTHEBEVAZ, UHMIBEN—EBORENRIULTIE VA2 Vv XHKH
OHEGIR, ARz A VF-~ERRI, B.5.)D)RD0EZD2H (L4 /4
THEBEENDEHEYHE D) ¥, FLLWEO, 5 UM BicbVwT &3
0. 25TH %, Bl ANVNF—ODEKRRBBRELULSINELR2y =11,

EOoRCOMBRBWT - u*v*=3U*/3 y*" BRIUT B EEEET 2
E. (8. 5. 1) A»2 o

au*
ay*

(—u*v?* Jnex=0. 25 (1 —-11/6*%*) 2 (3.5.2)

ER LB TED, COXNEHHTIBORER. DNSORERIRBLT
EUMERILILTVWE D0 TH 3, BIAIE., (3. 5. 2) REAW3B ELE
Mz AN F-OBRRKEHYHIE N —EBOBSE (0. 25) D9 9% (0.
2475)aﬁ6u4/»z&ﬁawzzooamﬁ?$5°sém\
Dean® HBIR (3. 2. 1) »o>EEXEL D ZHER.

Reyg=14, 66 *'271.79 (3.5.3)
EFHOWBE, 6*=2200KkH8EBTBE V2 LL 7 VIHIEHL 2500

0 THIELRAEEIEBTE %,
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§3. 6 EEZBOFTHE - FIHAE

BEXOR20FERUCEHEHEE2NS3. 6. 1. W3. 6. 3 Tidy/é
exlT,. K3, 6. 2. 3. 6. 4TvRy*icxdlLTc,. *+h¥hRdo
SMRMUOXMHKEL DO LUIREBRTHY, HHBRERODIBOY v
TV VY 7BDEHRE L TEALBI LN TCES, CCTHLL I VI HERT
2B EBy LT Ty P LEBE, BESGEBUVWTHNO
FTHEEEHOEE, FHEOCERBOKSOEA S it L T/
IRHEDER>TW3B, o, FHEROVWFTFIhOoOBEEZHRKIicoD W T b L
A/ VZBOMMEL B ERBPTIHBERLTVWENE, ChlIvs s
HOMME: b BBERONIr — A REANWSHMT BRI LS &L 5
3,

CNSHRDE—AY P HLTHLSDNSORBR2RTF + R NVOER
fEEBRBVY—HERLTWSE L WX B, #&ic, Nishino and Kasagi (1989
)OF -3 RDNSORFT VA / VIBEEFREGBAH DI VWHRE L -
TWd, BEHEICEB\WT., Niderschulte et al. (1990)% U'Karlsson and
Johansson (1986, ELMERABE)DOS (v). F(V)DERc 55535 h.
DN S ®Nishino and KasagiOEE R Lt oflic KEREB A BN, Chid
R3. 3. 23603 &L5EvOERHicHTEZ/ A1 XO0BENKSESWRED

THBLEX SN 3,



#3. 2. 1 HHEKBIcET2ET (Reg=150)

U, =17.5 Cfnm =8.64x10"3
Un =15.2 Cft. =6.28xv10‘3
Re, =26 80 §7/6 =0.1740)%7
Re, =4560 6/6 =0.0874

Ue/Um =1.17 *8*/9 =1.68 - 47

£3. 2. 2 ¥BHEQLB BT B3EIL (Reg=100)

Ue =17.4 Cfn =9.58x10"8
Un =14.5 Cf, =6.61x10"3
Re, =1740 §'/6 =0.169
Re, =28090 | 6/6 =0.0904

Ue/Un =1. 2 6'/6 =1.817
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BEOEEHAEMT I LV IHETYr—2P (M4, 5. 6) LRI 3, B
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RE - ENAEHBARROISKEN - EREEHRLEALRHBE B T
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Iig=9¢ i+ JTpiy (4.5.5)

ii=2p s,y

Jpig=— (p(u;dyxtuyd x)) .«
HAE1E () HEARZAVF—OHSEHEE 6B IE L, EERBHET
DERT XNV F —DOREEH> TS (Hinze 1975) o TR EKHEBFLA 2K
TF+FNVEABROBERRBRENVSFBRO Ry FR~O —#Eic & » T,

Iy N33 HR2EHS 11 b T hFRRIPEELTI, M4, 5. 11
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(e )yt oTHTF>TWVWB, WFhOY—2RBVWTHINSDOHERRER
BETREREEZ LN, EN - FHMAECENLHEASIVWICER T 28K
Chd e ndid,

K4. 5. 13 CEHRLNOBLEHDOSHERTe Yy¥—APTRF +» %
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BOREBFILBVW TR, DENAERY, BHLEELTEFELHXRS» o B
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Kin(1982) R, COBRBHEBCEHIEAHIBHAHICLI 7o F v Vit k-
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$a3=1(1/83)(@ as— ¢ 11)+(1/3)(d 32— & 22)
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5C¢tpo, GLAORFARVNET I EEAL N 2R TOEHNL = x4 F

D EREERRDT L EABCENTED, R4, 5. 14ichddBh
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BLOFHFLO—RBEH->-TWVWBIEHRBREINEZ, Y¥—XCP1TR. ¥
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BPLEBS, y—ZCPITRABLOIEATIHOEEXNB(EDL, ¥
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DWTBRHEELIHANORVWVEHE*RMHM T ISt THBShIPHH LK
WBETHHBLA. T0FEELUTIRR TS
BRHCH» SHRGEHERHET 284
Yye=0. 05 08EIKBWVT.
VI(X,V4.2:t) < =2V, a8(yq)
o
v(X,¥4.23t) = min (v(x',ygq, 2z :t) ;
X-0.T46 < x "< x+0.7468,
z-0.7146 < z'< z+0.746}
(4.6.1)
PHAER, ZRBCHIBI <Y PERELAEHB LT, co4 <y b %
JEVWI,BBEBEX S, COA R bbb EHHREEE <u;(x

LY.z )>, EAB <p’(x.y.z)> 2.

<u;(x,y,z)>=

<p(x,y.z)> =

RE>TERLTVWS, CCTNR, RHEHEhALIxY P ¥8TH B, (4
b.)TR. RHMNE*FHRA LW BOoPILETIRENTDLDATVWE, AHO
HMHZREE>» SMOUIBMEEGHH B, v (X, ¥4,.2:t)>2 vV ,,8(y )%
RIBERODVWT STt WFHOBAORIMMUER | 6o, | BBAER
5y4¢=0. 05 & L7 MHRBRERTZ800025F97 (54 (k/e),
ax) PHEH, 2027 vy 7HIKfTo%e *ORHE. RHEhE2 I <}
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BEEE. Fv 2 VEBILLEBZ LS 2 VI
FUOULE, TEHBELBIZFEESGREKO I
Case uy; o ugzyd
Y V
P 150 150
CP1 148 79.0
CP 2 152 49.0
CP 3 154 17T
2. FPHEEDELO LB 3B

Case y ./ ¢ y "

P 1.0 150
CP1 0.52 220
CP2 0. 34 2538
CP 3 0.03 303
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=II'L {u(x)—:ﬁnizanexp(i Knx)} exp(ikex)dx
_lfl { K 1 ngz-1 L
—f o u(x)e xp( ..x)dx—f“g_maa,,.f‘l expl{i(kp,+ku)x}dx

=—J'Lu(x)exp(ik..x)dx—a_..
LB

=0
1
a-.~=—L-fau(x)exp(ik.x)dx (7)
vCTn=—m<‘:‘§"5&\ k.=2ﬂm/L=—27[n/L=k-n ckb\

1 v
— 5" uexp(-1kax) (8)

L "]
(2)£tm&r\ﬁa—*y&m;orﬁanaﬁﬁﬁ\n=wm~wwlmﬁLri@
BMuNEER7 -V I EREMLABAORBESLVERSEOh B EH0h 3,

an=

2\ 7N

XHx=0~LToBREDHFELYME
1

G(x)=—S"R(X)R () d x l (9)
L ]

BRNERZZEIC a ,Z2RET 3, Chid,
H{(x)=3G(x)/3d an=0 m=-N/2,..., N/2-1 - (10)
Al Etick-oTaEh 3,

(=) TE— AV b EE
XEx=0~LTRX)x"M0&H3XL5ICa  2RET 3,

1
H(x)EfJ'aLR(x)x"dx=0 m=0,..., N-1 (11)

ex.3)EAMNEBREZEZDO—BE (ex.20F & ®)
XKMx=a~BTERINIBEHuNEZEYSREEM¥ s (X\)EHWVWT.
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u ()~ 5 8.8 (12)

EEPL. RE |

RO)=u(0)- %, anéax) (13)

LESMHEONR (R(1), waln) B0 ERBES LHKa FRET Bo

(R, Walx)) = f ROOWadx=0 m=0.1,...81 (10
Wa) =8 (x—xa)  :BAE

5 (x)={1 for x =0
0 othervwise

wa(x)=3 R(x)/3 ap, :BRPERE

wWa(x)=x" T E—-A VM B
Wal(x)=va(x) dal(x) b
Vax): da(X)OERBERUEEZERT > ESMBHN
valx)=1/2nx 17—V x (ZHBK)
valx)=1,/(1 —x2)"172 tF 2BV 7OBIHER
valx)=1 VP e Yy FAVOBIRR

EEME G DR ~EHBEELTEI LV HO
(1) HEBEETHB & (AXMER. FFTHARATEZR )
(2) " THBCE (Nook LABAIERENO & X HHE)
(3) WEHEWIE MEUNTHEOBVWEMUSBOIAB L)

(B) A7 bWt

AR PNVEREANEREZEEZAVTRUSFERN X TM BT 3 FHETH 3,

marEX
Lu—f(x)=0 L: Mo EEF (15)
O, u(x)ZRiEiEEIHIc,. BECHEASLAEEEB s (x)2HVT

u(x)~uN(x)=&;an¢n(x) (16)

n=

T B, COEPUMER (15) TRATEICEICE-TESHIERE,
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R(x)=Luy— ¢ (117
m%br~ﬁﬁ&ﬂﬁ%
(R (x), wa(x)) =J'D<R(x)w.(x)dx=0 m=290,1,..,N-1 (18)

KXo THhHanyn 2RBEHET I IFEABEBONSE, CZT. FS5—FvEEZAVS
BAERARI bPVE, BAELHVIBALZEZ N2 PAVEEESR (HL, <27 b VE,
B2 P VEORBREBEHOBRB VIR ERLI-TRENEZBEALED., CCTOFE
BHEWE—DbOTRBTVWIEEZERBLTEL) .

ex. BENMBicBIz27—~Yx - H5—FyEOEAN

du d2u
-K =0 (0<x<z. t>0) (192)

at 3 x?2
B. C. u(0,t)=u(x,.t)=0 (19b)
C. u(x,0)=1 (x) (19¢)

AUD)OEREHEHRCHATHEs i n(n x)EAVT, u(n ) EEHT 3,
u L )~uy( =3 a,(t)s in(nx) (20)

(20) OERMMA BBFMIFT > S EHTE B,
aauN-=}f‘1{—nza.-.(t)sin(nx)} (21)

ax2z o

(20). 2N 2R (19a) IKRAT B Eick-TEBShIERER.

R(,)=F an®)sin(nx)+KZE (n2an(t)sin(nx)} (22
ChiRHFS—+vEE2BAT 3,0

J’:R(x.t)s in(mx)dx
=g1;n(t)ffsin(nx)sin(mx)dx (.):B%Faﬁﬁﬁ
+Kn2!_‘1 {naan(t)f:s in(nx)sin(mx)dx)

T 3 n
=?a..(t)+;Km2a, f;csin(nx)sin(mx)dx=?6,,,,

L.

az§t2+sza.=0 m=1, 2, ..., N (23)
o « < C B, (3K —FUVEZTHEHET I EIRE-T.

2
a.(0)=—f:f(x)sin(mx)dx (24)
i
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15&9—557{50
ECAT. (19) CREETEREELET 30

u(x.t)=§3°_1a,,(t)sﬁin(nx) (25a)

ap(t)=a,(0)exp(—Kn?t) (25b)
2 x

an(0)=—faf(x)sin(nx)dx (25¢)
n

(253) 2 (Q0) DX S EFRETT B V- THEPLABEOME R,

en =ulx,t)— uglx,t)
="§Han(°)exp(—Kn2t)sin(nx) (26)

~0 (exp(—KN2t))
ERESH,. NoHmME L EHBEBENCBRET I LN, 3,

ex.5)3|5ﬁUfZIE
w(x)=u(x) v (x) 2n
D7—-YxH5—FrikicksBKEV,
uN(x)=N’}:2-t apnexp(inx) (28)
n=-Ns2
v =¥ baexp(inx) (29)
__N/ -1
WN(x)—n__lec,,exp(lnx) (30)
¥ sE.
1 2r
ckx=—Jf uynvyexp(-i kx)dx (31)
2 g ®
=—IM{N, -1 a..exp(imx)}{N’Zz.1 bpexp(inx)lexp(-i kx)dx
2 7B 'mitNs2 nEtNs2
1 w,2- /2- T
=2_”_:__N12 :_::Za_nbnj‘azrexp{i(m+n—k)x}dx
= "?.‘.“gka,.bn (32)
~N72<{mn<Nr2

=Ns24{n<Nr2
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HREEX

(3 ks HEHE 0 (N3

BNZAWEHRE O (N1oggN)
@ENENRL->TYEZERTOuU, VERDTEEL LB OGDIRE> TEHERERD 3,
CHhoDERICFFTERAT S, HL, COFEZBHMICEAT 3 L BEYEKSHE
BEHEACEDLDAUIA YT IV 25~ MBELBE, COx5—-2RBRETBHELL
T3/20]l, iy 7 bR EDFENS 3,

ex.6)3 /2 H| y
(BDRXO7 -~V 2 EREMB 7 -V ERTCEEBALBE (FFTEHVWEES) i, -
UTFToXx3iciE 3,

~~

Ck

-1
?L_ounvne xp(-1ikxy)

1
N
1 nep-1 nmep- -1
N atnse n2in,o2nbn ?,,ex pli(m+n—k)x,}

= X apab + X aab

menek " " aencken "T° (33
-Ms2smeMr2 ~Ms2<meNs2
-Hs2&n<Ns2 -Ms2¢n<N,2

vhere X;=2n j /M

(BNOW2EHSZAUT Y FHTHBo c & c BSHET B, M>(3/2)N—1 &
L. (28)(29)ic k> TYBZERTOu, vERD BHTIC-M/22 k <-N/2. N/2< kK sM/2icd
LTs ay=by=0 2RMLTXRI FPALE—FEENDOOMIEHOTLERS 3,
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APPENDIX (B)
Feibye7 o0kt
1, F2ty:7%HR

ER
B—REBFzErv27BHEAT (X)) B, —"1ESxS1 TROESICERSIN S,
Tao(cos®) =cos (né@) (1. 1)
Bl x .

Te(x)=1, Ty(x)=x, Ta(x)=2x2-1, Ta(x)=4x3%-3x

BH
1
-J'lTn(x)T..(X)(l—xz)"’adx=(n/2)cn6n. (EXHE) (1. 2)

cg=2, ¢cp=1 (n>0)
1 D0HERICBWT,

It

Tp(x1) = (£1) " (1. 3)
a» ) m-1
Ta(£1)=(x1)"* "D (n%-k?2)/(2k+1) (1. 4)
dx?® k=0
d
—Ta(x1)=(x1)"*'n? (1. 4) "
d x
¥ 7=,
dll oo .
f(x)=2a,™T,(x)
dx*"® n=0 :
4B &,
Cpn-18n-1"M—a,y™M=2na, ‘"1 =1 (1. 5)
(oo}
Cha?’=273 k ay (1. 6)
k=n+l1

k+n:odd



=21%-

Z\f;E9m7'77E@%ﬁ

u(-1) =u(l) =0DHRAFXHKEOTTO2ROMSFEROHEA.
(TlvR(x;aB’---vaN))=0 m=0,...,N_2

N
Taa,Ta(x1) =0
n=0

3. BuergersHEA QIR Ml

du du 32u
+u v = (3. 1)
3t 9 x 3 x?
u(—1,t)=u(l1,t)=0 (3. 2)
cu(x,0)=ug(x) (8. 38)
(3. 1) XoFELHUBELUTOESIEEL.,
1 —
UN(x.t)—_'E(;ln(t)Tn(x), (3. 4a)
n=
au N N~
—) =2 u‘V (t)Ta(x), (3. 4b)
J X n=0
32u N N~
( )=2u‘2’..(t)T..(x), (3. 4 ¢c)
d x? m=0

(3. 1)k (3. 4) 2RALT, ¥5—FyEQUEZHT &

1 3 uN du N d2u N
I + u N( )— v ( )} Te(x)(1 —x2)"'"2dx=0 (3. 5)
-1 a3t 3 x 3 x?2

k=0, ..., N—2

BERXHE (1. 2) w3 (3. 5) i1
a/u\k au" ~~

+ (u M )Jk—-u ut®=0 (3. 6)

J X
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—h. WMR&HE (3. 2) i3,
uM(—1,t)=u®™(1,t)=0 (3. 7)

(1., 3) o EHEAWAS L,

N~ N -~
Zuk= \Eé—l)"uk=0 (3. 8)

(3. 6) LB BHBEFHR 22D OVERU, VOROBHRUBPALEXIZZ L
HTED,

1
JuMNvNT (x)(1 —x2)-1724 x

(uv)g=
TtCk‘l
1 ~ o~ A~ o~
=—73 U, vets U v, (3. 9)
2 l+m=k | 1-m | =k
N

d2u
+Au=f, u(+x1)=0 (4. 1) oRHE

dx?

(4. 1) RDOoF ¥ =27 298I,

uﬂ(z’.’.lun-_—fn n=0.1, ,N—2 (4 2)
Zun,=0, 2(—-1)"u,= (4. 3)
n=0 n=0

(4. 3) oA DO, ZX2 LB &icED (4, 3) BRoES>icBa;|E 2
LT E B,

N~ N~

Su,=0, T u,=0 (4. 4)
n=0 n=1

n:even n:odd

AT, (4. 2)X%En+1én-10HGco»0wTEL L,

—~ " ~~ -~

Un+1(2)+lun*i=fn¢1 n=—-—1,...,N—3

-~

Upt @+ A upoy=1 noy n=1,..., N-1
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DxiE, 5|HZTV, (1. 6) Om=2BE5O0REX LAV RABELH 3,

~~ -~ ~~ ~~ ~~

2n un“)'_"c n-l(fn—i_l un-l)"’(fn+1—2- un+1) n=1,..., N—38

BIHROBEEM=1HEc>VWTHIIET L, BEHNCXRABEBSH 3.

—~~

c,,-al(n-l—l)/u\,,-2+ {4n(n—-—1)(n+1)-22a,n} u,

-~

+ A aps2{(n—1)u,

~~ —~~

=Cp-2(n+1)fa2-2anpnf ,+ta@np2{m—1)1 4.2
..... N (4. 6)
a,=1(0=nsN-2). 0(n>N-2)

n

H
N
w

(4. 6) RUBRRBELZEZDLDT (4. 4) BuFhbBHEe—FEEHE—
MAILTWVWE, CORD, BHRE-FLHARE-FEREVICHICRLIESBTE
2o ChonHEIYFEIZADODERRIRKRDOLS I 3.,

(11 1., 1Y (ue ) (o0 )
X X X uz g8
X X X . Ug g2
X X X
X X X Upn-4 EN-8
X- X ' UN-2 EN-4
. X X Y, \UN ) \ 8N-2)
AR VROoOBAEREORSE
3du(x) 9 u(x)
R =a. —_— =B (4. 7)
J X x=-1 4 X x=1

(4. 3) XofRdbvic, (1. 4) "2HVT,
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N P N —
Tnlu,=8. IT(—-1)"'n2u,=a (4. 3) "
n=1 n=1

N ~ N ~ 1
Tn2up,=—(8—a). Sn2u,=—(8-a) (4. 4)°
n=2 n=1 2
n:even n:odd
5. ZFRMBEKROWVWT
N~
uM(x)=2 u,Ta(x) (5. 1)
n=0
d3u M N~
(—"') =2U(1’.T.(X) (5. 2)
0 X m=0

-~ ~~

DEE, ug Cu'VRHAER (1. 5) K-> THEMION B, BB, u Vi3,

Une1=0&EBE, (1. 5) BRE->-TEHXHLoHMILNITRDBZ I EHBTE B,

Eay —~

Cp-tUp-1'M"—ape1?’=2nu, n=1 (1. 8)°
FHEROKSKEOWT
w(x)=u(x)-+v(x)
N~
WN(x)=Z waTa(x) (5. 38)
n=0

5L, (3. 9) Adh o,

—~ 1 —~ o~ —~ o~
Wa=—2 U, ve+l u,va (5. 4)
2 1+n=k 1-n | =k

~~

CCT. (1. 5) OBBERICEL>TWR, VN EZRDEZIENTEBIN, WNe=0T
37 L<. W2N+1=0%Mﬂﬁ& LTEAZLENRD B,
b5V, (1., 6) OFEEEAHWVWT.

P N ~ o~

W= 2 k {Z U Vgl (5. 5)
k=N+1 k=1+nm
k+N:odd 0<I1, mg<N
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WN-1=2 K {2

k=N k=1+n
k+N-1:0dd 0<1,m<N
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e ~~ S~ o~ N

U]V.} +N(u'Vn+UNva) (5. 6)

ZYHEELT,. O~N-2KRDOFIESPWVWTIIR (1. 5) "ofFEIcL->TRD 3,

6. BiFbVr2 7RI EBEFOA4 YT VY

MO ELBRA (V5 —F i)

u(x)=2 :,T,(x)\

v(x)=2:..T..(x)
n=

N
w(x)=u(x)v(x)=20wk1‘k(x)

ET 5, wWX)DRRI PV (FxbEYy=T7HM .

—~ 1 1
W= JwW(x)Tk (x)————d x
T Ccyg —1 \/1—x2
2 0
= Jw(8)cos(k@)d 6
T Cy ~T
2 0 N N ~ ~
= J {2 2 u,vycos(l18)cos(m8)} cos(kg)d?e
# cy -% 1=0 m=0
2 N N~ ~ 0 .
= T 2 ujvaf {cos(l1 8)cos(m®8)cos(ko)} daeé
w Ccy 1=0 m=0 -n
1 —~ o~ o~ o~
2 k=1l4m 2 k=| 1-m|
ck=2fork=0\1fork>10\ 0=k, 1, mEN
BHEEa L3 ERIL
N ~
u;=u {cos(m j/N)} = fY,oulcos(zz 1 j/N)

vy=v {cos(m j/N)}

N ~
Zov,.cos(zrmj/N)
l:
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N~
wy=uyvy=w {cos(z j/N)} = l)?.owkcos(uk j/N)
~ N 2 N N ~ ~ T jl 7 jm T jKk
W= = ~——— {2 I u,vga cos( ) cos( )} cos(
j=0 Ncjcy 1=0 m=0
2 N N ~ ~ N 2 rjl T jm x jK
=— 3 I u;v, I — cos ) cos( ) cos( )
Ncyg 1=0 m=0 i=0 ¢y
= 3 uvet+— X u
2 k=1l+nm 2 k=|1-n|
1 ~ o~ 1 —~ o~
-— 3 U vey—— 2 U, v, (6. 2)
4 N=1l+m 4 N=| l-m|
1 —~ o~
+ — X U 1Vap
2 ¢y k==1-m+2N
k=-1+m+2N
k=1-n+2N

cy=2fork=0, N. 1for0< k<N, 0<k, 1, msN

(6. 2) A, BRIOEI~5HBTA VTP Y IYEThH>0 3/ 20T, u. v
DN+ 1~B/2)NRDOF by 7HPBICOLHETICLict-TE—-—FKEQ
JONRIRHWMPTIEIRE>T,. 0KXK<SKN-1OwW IS4 VTS rYEBROIBRL

~~

EHTED, WaHORESE(U/DunvNEELIICKHLESS 3,
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A Direct Numerical Simulation of
the Fully Developed Turbulent Channel Flow at a Very Low Reynolds Number

A. Kuroda, N. Kasagi and M. Hirata
The University of Tokyo, Tokyo, Japan

Introduction

The use of direct numerical simulation (DNS) of turbulent flow has proved to
be an effective tool for understanding the turbulent transport mechanism.
Recently, Spalart (1988) carried out the direct simulation of turbulent boundary
layers at Ree = 225 ~ 1410 and documented some significant Reynolds number ef-
fects on the turbulence statistics. At ‘low Reynolds numbers, the inertial
sublayer is very thin or even does not exist, so direct interaction between
outer- and wall-layers may take place. 1In this situation, the flow structures in
the wall-region may be different between boundary layers and internal flows. Kim
et al. (1987) (KMM, hereafter) simulated the turbulent channel flow, and reported
the turbulence statistics in detail. In the present study, a direct numerical
.simulation of the fully dgveloped two-dimensional turbulent channel flow at an
extremely low Reynolds number has been carried out. Statistical properties
including mean Veloéity, Reynolds stresses, skewness and flatness of three:
velocity fluctuations, vorticity components, and streamwise two-point correla-
tions are calculated and compafed with those obtained at a higher Reynolds number
by KMM. Thus, the universality of scaling laws for turbulent statistics is
examined.

Numerical Method

Referring to the numerical method used by KMM, a fourth-order equation for
v, & second-order equation for the wall-normél component of vorticity and the
continuity equation are solved using a spectral method: Fourier series in the
streamwise and spanwise directions, and Chebyshev polynomial expansion in the
normal direction (Chebyshev-tau method). For time integration, the second order'
Adams-Bashforth for the nonlinear terms and Crank-Nicolson for the viscous -terms
are adopted. The Reynolds number based on the channel half width 6 and the wall
friction velocity u_ is set to be 100. Two computational domains are wused: 1i.
e., the streamwise and spanwise computational periods are chosen to be 476 X 2n6
(Case I) and 816 x 216 (Case II), respectively. For these cases, 64 x 64 and 128
X 64 Fourief modes are respectively used to represent the veloéity field in the
x- and z-directions, while in the both cases Chebyshev polynomials up to order 64
are used in the y-direction. The effective grid spacings are ox" = 19.6 and Az
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= 9.8 in the streamwise and spanwise directions, respectively. The épacings in
"the wall-normal direction are varied as Ay+ = 0.12 ~ 4.9. The collocation grid
used to compute the nonlinear terms has 1.5 times finer resolution in each direc-
~tion to remove aliasing errors. _

The initial conditions of u and v at each grid point are generated in the
Fourier space with a filter which imitates the power spectrum distributions. The
u' and v' intensities and the mean velocity profile are given in accordance with
the numerical results of KMM, while w is calculated automatically through the
continuity equation. The velocity field obtained in Case I is extrapolated and
used as the initial condition for Case II. With these initial conditions, the
time advancement is repeated until the fully developed state is reached. This .
state 1s 1identified through a 1linear profile of total shear stress and also
stationary behavior of second, third, and forth moments of the three velocity
components at some distance from the wall. Further, the computation is continued
for about 24 §/u_(2400 v/uTz) in Case I and 12 6/u_ (1200 v/urz) in Case 1I,
respectively, in order to obtain the ensemble averages of various turbulence
properties. The computations were carried out on the HITAC-S820/80 at the
Computer Center of the University of Tokyo. For one time step advancement, 1.36
sec SPU (Scalar Processor Unit) time and 1.05 sec VPU (Vector Processor Unit)
time were required in Case II.

Results and Discussion
- In Case I, the streamwise two point correlation coefficient of u' does not
decrease to zero within half the length of computational domain, while it decays
satisfactorily in Case II which has two times a longer streamwise period than
that of Caée I (see Fig. 11(a)). In other statistics, e. g., rms values,
- skewnesses and flatnesses of the velocity fluctuations and vorticity fluctua-
‘tions, some differences are found between the results of Cases I and II. The
largest difference 1is found in the skewnesses of three velocity fluctuations,
which are shown in Fig. 1. A reason for these discrepancies is that full conver-
gence of statistics Is not reached yet, since the skewness of w' is not zero in
Fig. 1, but should be zero from symmetry condition. However, the time steps in
Cases I and II, over which the turbulence statistics are averaged, are comparable
“to 10 6/ur(1800 v/uTz) in the KMM's simulation and 6 6/uT(1008 v/urz) in the DNS
of a curved channel flow by Moser and Moin (1987). Hence, fluctuations of longer
periods may exist in the very low Reynolds number flow. Hereafter, the results>
of Case I are solely shown except for the two point correlations. Some global
parameters of the simulated flow are summarized in Table 1.
' Figure 2 shows the mean velocity profile, which has larger values in the
logarithmic region than that of KMM; this is well known as a low Reynolds number
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effect (e. g., Patel and Head, 1969). Strictly speaking, the log-layer, where
y+au /ay+ must be constant, almost disappears as shown in Fig. 3.

The rms velocity fluctuations are shown 1in Figs. 4 and 5. For the low
Reynolds number, u'’ is increased in the central region of the channel, while all
the components are decreased near the wall; thus, anisotropy is enhanced over the
whole channel cross section. This tendency is also found in the results of the
turbulent boundary layer flows (Spalart, 1988).

The vorticity fluctuations which represents the fine scale turbulence are
shown 1in Figs. 6 and 7. It is found that anisotropy remains even in the channel
central region in the present result, and this suggests - appreciably anisotropic
dissipation. The values of ui+ and wé+ near the wall are smaller than those of
KMM; this should be due to less turbulent production at a lower Reynolds number
(see also Fig. 10).

The skewness and flatness factors are shown in Figs. 8 and 9, respectively.
These values are often related to turbulent structures and their activity: e. g.,
a positive skewness of u' and a negative skewness of v' in the near-wall region
are related to the sweep motion, whilehp large flatness of v' is related to
intermittency of the event. Overall similarity between the present and KMM's
results suggests existence of the similar structure. _ _

The turbulent energy budget is compared in Fig. 10. The sum of turbulent
and pressure diffusions. is obtained as the residual of other terms. Overall
agreement is good between the two resulfs, but the production and dissipation
rates are slightly smaller in fhe lower Reynolds number case. Note that, in the’
turbulent boundary layer simulated by Spalart (1988), the turbulent production is
very weakly dependent upon the Reynolds number when it is normalized by the wall
variables and plotted versus y*, and the collapse of the production profiles at
Ree = 300 and 1410 is strikingly good at least in the region of y+ < 80.

Finally, the streamwise two-point correlations of velocity fluctuations at
two wall distances are shown in Figs. 11 and 12. In the lower Reynolds number
case, the correlation persists over a somewhat longer distance; 1i. e., the 1in-
tegral scales are larger. It is found that, on the whole, the correlations scale
with x* rather than with x/6. This is true even in the central -region of the
channel (Fig. 12). This should be a low Reynolds number effect: the inertial

sublayer is so thin that the wall can directly affect the turbulence dynamics in
the outer region. '

Conclusions

A direct numerical simulation of the fully developed two-dimensional tur-
bulent channel flow at Rem = 2890 has been carried out. The mean velocity, the
rms Yalues. skewnesses and flatnesses of velocity fluctuations, the vorticity
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fluctuatiohs, the turbulent kinetic energy éhd the stfeamwise two-point correla-
tions are calculated and compared with the DNS results of Kim et al. (1987) at
‘Rem = 5600. Although overall similarities are obtained between the present
results and those of Kim et al., some noticeable differences are found: for a low
'Reynolds number flow, anisotropy of normal stresses and vorticities is enhanced,
and the turbulent production rate scaled with the wall variables become smaller.
The latter leads to the fact that the turbulent kinetic energy as well as its
dissipation rate is smaller for lower Reynolds number flows. The distributions
of streamwise two-point correlation coefficients are scaled with the wall vari-
ables rather than with the outer layer variables.
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Xomenclature
F = flatness factor 6 = channel half width
S = skewness factor &' = displacement thickness
Rec = Reynolds number, Ucé/“ 6 = momentum thickness
Rem = Reynolds number, 2Um6/v v = kinematic viscosity
Ryy = Two-point correlation coef- w = vorticity
ficient f ( )1 = component in the i-th direc-
U, = centerline mean velocity tion (1 =1, 2, 3 denote the
U, = bulk mean velocity x-, y- and z-directions, .
u, v, w = velocity components in the respectively) , L
x-, y- and z-directions () fluctuating component or
u_= friction velocity root mean square value .
X, ¥, z = streamwise, wall-normal and ()" = normalized by the wall
spanwise coordinates variables, u_ and v
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Table 1 Paorameters of the flow

Uc/Ur=17.4, Un/Ur=14.5
Rec=uc8/v=1740, Rem=Umn28/v=2890
C¢=9.58x1073
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