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F1E FR

L1 BrRE M

FEk D B & ZFVUTHE O WEIEBEEOW B 7 v ' AL, SEEMBEC XD EVE, B—
N7 AT 2 FBIGOBLEG: EfE A2 RBIGORIR & 720, JBHEZER DN & D%z - gt
SR E IR RIATT . A ITELVEEE SN T AL S 4 5 ELTARARREE 1, #isbic sl 5
B REAIECA N T — R ICKREREBEL 5 DELDO— DO Th Do, HHMHERIC X
o TR S I T L 361 2 AR i ELiR B S 00 SLIR A S O #E 5 AP E L AR IS &
D RIMHIR~ DB LR T 5 2 & T, BBRBEMEOMIRN RO TE . Zo X H 7
FIATIX 2565 & LTcAFgediE & Uiy, JRWRABARSEER (Wind tunnel Experiment, WTE) X%
BRI, BAETEIAR T AT (Computational Fluid Dynamics, CFD) 72 EAHWHILD. EA
FHH S0 AR SE R e BN IS 1 A k6] & LC, Hagishimaetal. (2009)D 1%, EM#EED
BB SRAT: & B FE S B 70 D kR 2 72 8B i (T TR I A R S U2 BLIR R B 2t & L C, &)
ES O 100 FFLL LR OB T D RE, WE T w7 7 A )V, BEE ) 5340 % & w T
WL, BERBREDOZEIZ XL SRR R B TR TR OSBRIl 21T 72 o 72, S BT,
Inagaki and Kanda (2006)? %, &S5 MIZER & X 0 50 5L Lo B X 5 EIVE
HIH Ak COSMO (Comprehensive Outdoor Scale Model) Z 454 L, #BELITHE & 2 A5t L
TeBANDOMENFEFRIZ N T, EZEOELRGEIEDO A r— 1 & 7 RELiEE D 21T - 7.
ZOXEII, WHESEIZBIT 5 F v/ B —FOELRMHIR 2 @i 2B, RURBIR SRR
SEHRIDOBE, KE—FEERETELREICTORELEREEZNRLETHZ N K
HThH%.

BUEGR AT 2 DT 2 9 L7 B iUE 2 B8l 2 BRI, Rk 2 B IS4
% J51% (Okaze et al.?, Michioka etal. ¥, Nakajima et al®) <°, BN OHERED 5% fliH
L, AREFJEAMEE RSN 25T 2 & TRBIKE—EREERE 2 BBl 5 /15 (Coceal
etal.®, Ikegayaetal.”) 23& HALTWD. HIFEDLGE TIX, JRWRBRSEER OS2 EMEIZH
BT 2 0ENH LD, FRAER &R OB RS THSH. LarL, B A XADKE
PRFHRLEII T U C, KIS L7 ZEERG EE 2R EER B V), KRB R GRS LB L
Y FE X ST, 2K L, BEOES, RIEEMEHNT D LN TE, FE=
Z ORISR FTRE T H. £D—FT, FMIEBERFEZHMT 2546, BRICHKET 248
SLiRBE S E 2B 1T L EE EALEEE ICR DV, U & T DAV DOBRE ) AR ET D 4
Enbb.

Z OB /)& LT, Couette flow D X 9 IZFHRAEIK O FEIZ F9i 5 18] O — EFR L —E D
I EAE 29 1k &, Hagen—Poiseuille flow @ X 9 ([ZFHAEGEIRNEBICARE /1 & L CEIR
FHO—EENABLZRT TIED 2 5B L SHNSND. R L1 IBHBEREM 2 I 7BE
FEMIEICB T DEN IR E FEE LT L O TS, ZIDDOIILEIZIBVT, Reynolds s /7
DERE T 1 7 7 A VL, EEEAGEHEE LS S EENCE N O —IRESR D, Lien



-, Watanabe (2004)2® <> Ishida et al. (2018)27 2575 L7= 872 2 BREh J71k12 & 5 CFD f##HT
FERIT, ZOFFELESLTVD. LLARRD, 95 L7 CFD IZRIT HBRE) I X % i
FEERT, +oICROWIRERBEZ A 528 HERERE Th - Th, EURBRERO L5
2, TaFEITL TV DREDNRDE D IR & IS EW S MICIEET 2 558 o H) B
MEIXRDEEZLND. R E LT, FHRESCEILE = /L ¥ —, BL O, Reynolds Jit
F172 EOEGRFEIEICBWTERN RN Z EnPREIND. Lo T, FEHEMGZH
BT DLW BENDE L, BEYRERERSCEAGHITR O D +05E LR EIC
BIFHEHEMWHEA =X LZHBETILERDS.

£/, EEORREEHE OB A T, WMiTELREOMERIERIIER LT, MEOFEAHE
RGRE, ROBEOMEEEZ AW AW D Loy 2od 5. filZiT,
Tominaga et al. >2/% 5 8 E /L& Y5 7o MLBEBE 2 5of G2 JRURARAY 520k 2 520 L, JRUE K
O R 2 E L, SLRHEHECRUR OMEREEAM AR T2 2 & T, @ e/ ng
W JEL DHATE ZE M JRGR O R RPERIC B 2 2 B A PHA L T 5D, Hng etal. 301%, FEHX
Zxfgr b U= AR SR 2 2hE L, v / E—@ S OBGEMEREE 2 5HE L, Y RGE &
e i, KON EGEOFHEZTIAE L T\ A, i L, VRO K X ZREERICk
VT, Gauss A HHETE L7z Peak factor |2 X U BEUEZEE LSHEETEH LV, &
7o, BEMEAT &2 7o BRSNS S TR Y, FRIHEHEHE % 0 B2 BRI T,
—% 12 Reynolds Averaged Navier-Stokes simulation (RANS) % F\ 7= &% CFD fi##Ti2 & -
TREBREE THINITHOI TV D, Bl 21X, Takebayashi et al. 3Di%, KPR HLL AT Z b4 &
L 72 RANS (2 & 2 BEREE Tl - REf 21TV, B AP I i) 28807 m-ehg, JEL @ m S,
71 AR X D AR T RER BRI M AT T B A A L T, £7-, Misu and Ishihara
DIIIRENC K A BEEAE RO R A HE9 & L, RANS & W72 8KETR AR C O ER A= o T
B LU A Ik LU, % JE A o BERFEIZ R U 72 33 B L] 45 o B @A T F 1500 B o %
B L DHNEEE Y A7 IZT 2R ETE L T\ 5. £, IEFE T, FHEMEEIRORE
(RS, SRR U & F7AT FTBE 72 Large-Eddy Simulation (LES) (2 & % JEEH CFD g &
HEEMENHE L TR, HMMER 2 &% 55122 O RS 23 1T 2 BRSO R IZ BY
L CTHFEDM TN TV S, B 21X, Tkegaya et al. 1%, Z2JESCHS AL 72 & O KSR B HEEE A~
MZXFT DE AR~ DOEBEZH ST 5700, BT X v / B —Z %512 LES 5%
ML, EOERE R R A KD, AATHEZEM T ORUEDKFH VRS Z FRA L, L5 R & R
IR DMBEERE R L TV A. S 5IZ, Kawaminamietal 20X, LES W72 v
J =N KE NA D T —IRE ORISR G, RN A T T —RER T IZH S
THIEERLTWS. UL EORBEEED G002 L 912, AMEBTH 21T 5 BUE
DS PE A3 AT R0 B 3 A1 72 & 0 JRBRBEHRAE L, MO RMIER, BLO, £
ZfE D BT ARG DELRMEIR & B BAR AR o T D Z RTINS, #BEZ
DOELVEAFH R K & 8% 5 2 H8EE) 1%, #BiZEfN O BUEOfEREMER, OV T, &
BREEFHMI AR B A RIT T ATt A 5 .
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VLEIR L2 X908, BURANOBEMETT ¥ v/ B —0—# 280 Hox, AET R E 5
REMERUERSNIEERICH 7 a v 7 B2 R & LEERERE@Iricsn, 5%
DAL BEEN S, BTSN DT, BERBRICSZ KA Ba 5.2 2 aiEtErnd 5. 20 k9
IRECERT, ERTH ORMITAR N 52 HE TN O JREZE RN I 1T D A & ORI R0 Ze A~
DR EZ DRE, TORRICFGTHHREMENH 5. il 21E, Tkegaya et al. (2017) 391,
B 227 AR N EFEONL R A ONE IR T vy 7 AW EME T v ) E— &8 A
L7z LES #3hi L, #HTHZEMICIST 2 R D SRR E A0k i BUs 4 4 o> & L7 JElBR
BE ORI R L TR DS RE T 58 4 F04& LT\ 5. Yoshida et al. (2000) 313,
HAIERT ¥ v/ E—IZ L TRAET ASCEMET VAE AL, A0 LR GREA L BR
B R OEARNT & F2hE L, BIARDBIMREREE IS 2RI DWW THRFE %2 L T
B, BIAGREIC X 2 RIERKIRE TR0, TAUCHE D @E R EEE F2HE L Tnbd. £,
Adachi et al. (2020) 3%, @EEY ZERA L-BEMETH v ) E—&2 %5 L L7z LES & 3
L, EEEYORBELMECT 7y 7 BN K DEBEDNOBRTICE 2 D F LA LT
Wb, ZID DR E bR, JEMIBE RSN IR ST BUE IR A ARAT 238 U C R 22 o JE B
BEREM M T O TE R, Bk X 212, Fd—, AT 2EEESRMIIC L DiERA~OFEN
/Bond0ThiE, BET 2 ESRMZHUIEERET 2HERUEORENRAIRE LD
% 9. Watanabe (2004)290 L 512, BRENZAFITHE O FEHEOERE 7 1 7 7 A L OE LA Wil
L72FZEBE, iETHOR TV AR, SATEZEMOZERBIG 24t & Uiz L0 sH 722 GLt:
RADEBEIZONTTHE STV, INZ T, ZORENFEMIZEHL S LT RN 0,
K5 &I DB UE 2 ELT D BB OV T b RIEmET S TUHRu.

UL EDOBEFACHES &, ARBFETHE, BURBERIERZ R E L, Tha BET 2GR
BRI L, BREVSRIFICHE Y W% v / B —NIMC BRI 5 MEBRBE~ DB 2 AT 5.
FE SN D ERET BRI, o RVWMGERICEEEBEOME A RET 52 L THELE
BERENERIND EBESND. LML, oI E L E LTHERA RSO R
EAEL D720, FERBRICIBWDTARE— i & 1387 2 i B G R e
%, REFIETIE, 0 & 5 7B LR B I 1T B @B BAG A B = X A & HERIZ HT
L, BT 2N OIS OMELZIT Y. T 0%, 1BE LI-BRETiE % F 72 BAHT %
¥ ) E—mxB 45 LES 2EM L, fEROSHZE LT, BEFENSKITTERERN
HOELRMERSC, STEZ2H RIS 1T 2 A BRITRE SN D HEFHIME 72 S o
HEBETET D, B, AIFFEEE U T, HTRABREIIICBW TR LD, £
BB O MBI RS A A L, FN 2B BT 5 B A R



Table 1.1 Driving method in previous studies.

Canopy Calculation
Authors (Year) Momentum Source Type Method
Dwyer et al. (1997)® * Constant pressure gradient Vegetation LES
Kanda et al. (2004) 9 - Constant pressure gradient Cubical LES
Array
Xie et al. (2004) 10 - Constant pressure gradient Cubical LES
Array
Kanda (2006) 'V + Constant pressure gradient Cubical LES
Array
Coceal et al. (2006) '? - Constant pressure gradient CXE:;I DNS
. . Cubical LES
13) .
Xie and Castro (2006) Constant pressure gradient Array DNS
. . Cubical RANS
14) .
Santiago et al. (2008) Constant pressure gradient Array DNS
Leonardi and Castro (2010) !> - Constant pressure gradient C:l)rf;d DNS
Branford et al. (2011) '© - Constant pressure gradient C:Erl:;l DNS
Okaze et al. (2015) 17 - Constant pressure gradient Cubical LES
Array
. Cubical LES
18) .
Castro (2017) Constant pressure gradient Array DNS
Tkegaya et al. (2017) 1) - Constant pressure gradient Cubical LES
Array
Kawaminami et al. (2018) 20 + Constant pressure gradient C:Erl:;l LES
Kuwata and Nagura (2020) 2V - Constant pressure gradient Roughness DNS
surface
Liu et al. (2021)2? - Constant pressure gradient Cubical LES
Array
Su et al. (1998) %) « Shear stress at upper surface Vegetation LES
Su et al. (2000) 2% + Shear stress at upper surface Vegetation LES
+ Shear stress at upper surface
Yang et al. (2006) 25 * Apply constant-pressure gradient in only the | Vegetation LES
upper one-sixth of the domain
Boudreault et al. (2017) 2 + Mean velocity at upper surface Vegetation LES
Tshida et al. (2018) 27 + Constant pressure gradient Cubical LES
+ Shear stress at upper surface Array
Watanabe (2004) 28 + Constant pressure gradient Vegetation LES

+ Mean velocity at upper surface

LES: Large-eddy simulation, DNS: Direct numerical simulation, RANS: Reynolds averaged Navier-

Stokes simulation
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1.2. AR B R

AFRORERIZ OV TSN Z X 1-1 123 T. Kiwl, 27 B DO L.

91 B, P ORTRIRERIC £ 2o H OBy mICfiiiv, %O ECHEIETE AT 2 H
W7 JREREE TN 31T 2 BIRE RO e &5 U7z

B2 BT, HAEST 2 RIZUT, PRV BT E LRI O— EE AR CHREI T 5
FEE bl O—E s & A CTEEEN T 5 Tk % 72 B R & 5 3 Bl b A g AT %
FMaT 5. D%, VHREECELIET XL X —70 EOELH R EOE 7 1 7 7 A L0, U
LIRFFATICEE S S ELIEA N> &bl U, # s st oLt RIS 2 BEEh 1)ic K 2 5
BaHid 5.

%3 FETIE, MO BRAUCIE-S &, BURBR SRS MBI T R 6 i 5+ 56
U725 5YE T COBB EMAGHEEIZ W THEIZ E 21TV, LU W ABIEE R 5
T COWRNDOWEN A RET D.

B4 ETIE, B3 EICTRE SIS 2 A U Bl AT 2 4 5. £ 0
%, BEEFIE & OFLIRAEH B OB & ik L, BERE2RIC 1T 2 BB O LI G
9 LB B O BL AT 5.

%5 ECIE, BWORENC XV ML A TE REREE 6T 2 BRE) A O R A S
ICRAET 5. 61T, TEREREICKIT DA THIET LD r N2 MEZFHE L, #tE
& ZRRFEE & O RRABREN FIE IR FE T EEE 2 FFo 2 L 2R g L ki, THIET LD
FEEEIZOWT HREET 5.

556 FCIX, ATHEBIREEIZIST D ELIRSS ORI Rt 2 M9~ 2 72D, FrEAE R % H
WCKER e 7 1 — R E — O Z 1T, BREVFEMIC R oD 2R 25T 5. £,
K7 v 7zl LR T — 2 Of Rz 8 T, STHEERICRT 2 RBEBLICHS
T D EHERTNOARY =V EMHT 522 BET. S0, BonfRICEkSE, B
% BEEN FIENEAIGI G 2 DB ONWTEENFHMEZ TV, HOZEREZHOLMNMNIT 5.

¥ ETE, KR THROLNEIITIZOWTRIET 5.
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F2E EMHRzZHNRE LE-AYRREHZRAD-RIERERENT

2.1. #

iR A L2 REUZ -2 % Foreing DRATEAREKAFNESS, ST REY TR SN D 7 1
v 7 BEDSTERCT 288 T ELIREBE S8 O LIRS 2 xR & L7 RIC BV CiE,  LIE LIX L
fbanizgmtTr ABA I NS, BERICIE, HET a7 280100 K UECE L7
BHAE M X v/ E—Z2HWT, ZAC KV IBR S DE i ELREL S 2 x5 & LTt
FERIMTOND. YL EORER 218 U T, BHERE TR ELIRREES 7 v — R RIT T8
BRI T 5 L COREBNRMAESES Z L ATEETS (Hagishima et al. (2009) D, Hirose et al.
(2020)?). {51 2.1%, Cheng and Castro (2002) %, A7 v v 7 BEL VB S 5 ELTTEE R
J@a%t5E LT, 7oy 7 mE0200 5505 300 (FE TR 5 0% E LM iLiks
S o aGE & ELEHTEF & Scaling BN DWW Tigdm L 7. Hagishima et al. (2009) V<> Hirose et
al. (2020)2, Cheng and Castro (2002)%), Inagaki and Kanda (2006)%7¢ & 0 JRAJRAETR FZER <=4+
BUANC X 2 MBREEICET 2458 Cld, £ OFHAY A MZIsu TR CELAISRT:  BAlEmRE
2 K DWRGERRREZ 53 1 2RElR LT, IR E— R s 2 R L, BE5tE O Ry 72
LK DWBEEMINS < T5 2 LT, HTRMAIRIC L DN ORBREE~D ZE T
DIHRIZES T 2 o FIERH O TE 7.

29 L7 IR LEE S U7 @ REC K D ELiEEE g 2 CFD IZ L W 8L 54515, Okaze
etal. (2021)%, Michioka etal. (2019)®, Nakajima etal. (2018)7 ® J 912, LES % HV T Spire
<> Roughness 72 £ % & 72 B2 %2 F8L U 72 5HRMEI 2 <P (2 CFD #1795 HFiEbaA &
b, LanL, B EOREEMIZ L0 NLTANZELIVEIED & 9 ACRIEGR 25 2 x4 & L7z EL
AR TFEZZOEE CFD ICEMAT A Z &2z, WEROMAFMETE T Z2H/ET 5720
WCRIBE AR EL AR O SRR ZIT O 2 L1, R I 2K C I 5545720, BRI S
Bre DHDNES Th D EWVWIRRKOFENDH H—F5T, +o7eWERBEZRITL K572
JERAR 326k 2 819 % CFD f#fr & L TlReEBETH 220 CB LTI, EamDoRM»RH A 5.
Fo31 36 LB i ELIR S S & CFD TS aIZ 8T 2354, Kanda (2006)®), Coceal et
al. (2006)?, Ikegayaetal. (2017)!9, Ishidaetal. (2018)') 72 &, %< OEEAEMEICASND XK
T, BURRNOBRIFED—E 28] 0 k&, Eifim & 2 Il JAMER R 23T 2 &
T, FBRICKFE—RZFERLTEDREMET D HENIRNTHLILE DD, HIZIT,
Kanda (2006) ® 1%, 9% O ¥ 2 BRI 22 O LS E % LES 12 XV f#fr L,
DU RN 72 & DFEFHHITFEIC LD, SEHIREREIC K 5 LIRS IZ L & 4L 5 Sl Rk
1Pk & i L7z, $£72, Coceal et al. (2006) 9 [XJEJF A 77— /L DL FHIKRT 1 7 FEED A
@ Direct Numerical Simulation Z 3%fi U, Zfff& FHEELZ KD H 2 & T, AlELEE
FIENIZTERL S D L E 2 i b L7z, 2 9 L7= CFD fEfTOIERIC L v, EBRTIIR
#7p 2 SRR Ko C, AR ELIEE S PN O 5 s D 28 MRS D BRI EEA TV D &

i
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FDO—FT, BAMBERFMEERTZ LK D CFD fTORIR L H 5. #il 21X, Coceal et
al. (2006) ¥ 1%, SLHREMEE Lo G mEGED 2 SFEBERE A B L, HEEEA T
NS L 22 B2, NGRS SO 5 SREOHEMANETH L Z L ERL,
INE 7R EESIC B T A SRR S OB A ORMESR Z B LT\ 5b. F£72, Watanabe
(2004) 12 |, EHIBERSAE AW L- LES (2381 5 EiikiEh & /) AR BRE) O g 2170,
AV RS> Reynolds JETNTEWA R HND Z L AR L TWAD. 295 LIz JEHIEE R &M
WZBUT DBRENITIE, — RIS, &SR D RV G MO E ) AR %2R 3 515 (Kanda
(2006) ®, Ikegaya et al. (2017) 19) &, RigHEFUC —/EHE (Watanabe (2004) 12) LIEH) &
(Ishidaetal. (2018)'V) Z 52 2 HFIEBHNLIN TS, ZiubOFEE, d#py7e & i
\Z331F 5 Hagen—Poiseuille flow <> Couette flow (ZFHY4 L, £ Reynolds /17w 7 7 A )b
1%, GEENEI AN DO ME—IZIRE 5. Watanabe (2004) 12 <2 Ishida etal. (2018) ') 23R L
7o B DEREN RIS L D CFD fTHE SR, ZOFERELEAEL WD, LrLEnD, 29
L7o N LR BUERH R O 72 D OBRE 71 X 2B &G, +oIcEW 7=y TF2H75
B A E Th o T, EIRERO X 5 I2thx [CER T FICHEET 2508 OES) &
HEAGHERE L IIRE K ERD EEZ OND. FERE LT, MFICLHEGE, SRS, BXO,
Reynolds i /178 & OELFEFFHEICZIE, EVWNRAONL Z ERTREINS. EEIZ, +71IZ
FeWBRREZWGE U 7o 18 b S oo BURA S28R - (Harun et al. (2013) 19) SORAEAR T X % %f
41L& L7- CFD O#E%R (Inagakietal 2017)'9) TiX, K S5 Reynolds s /171 7 7 A )L
X, HEWAS Couette flow D EL LD G177 7 A )V E B RS,

LLRIZIR A2 1918, FEERICHE S D 43103853 LT iii & [l b S L= BREh SR T
28T 5 CFD OITIX, 677 7 AV EMhD, HAGOMERR, 250N, a7
PEICBWTERPE UL WREM N H 5. L, 0 & 9 ABREh I K9 5 REA TR
STV G, MRS 25 U 72 BB AT O BREN S E 23, BARIIC 22 D EL
AT ESCELIR AR, = BI2iE, WUSIRAEHNTICIE S\ 7= Sweep < Ejection D ELIEA > MZ
EDXITEET I FDICHER SN TR, BLEDZ End, RETIE, #AALEE
SE ZA8E L7z CFD (2B WTC, JE ) ARdERE) & FasBREh O BE) ) OFWA, #ifixy /v
— FZEDERBIC G2 DB ONTONT A L2 HINE T 5.
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2.2. HERRET

221. HEEFET S VI AORIZAHER

BREN I K 5 EE G~ DA BRI 2720, K 21 IRTEIF v/ E—)E
(Canopy Layer; CL), 7 7 % A& (Roughness Sub-layer; RSL), 7& 5 TNZ, 4@ (Outer Layer;
OL) /b7 2 # kL A E 2 8ET 5. Eiit, A 2, ESTMEZhLiw, y, z L&
#L, TNENOHEER S Zu, v, w £ T5. £, EBEBIOY, HEMDIZIi=1, 2, 3
Wt L TENE X, w; EFRFLT 5. CL, RSL, $25E (Boundary layer; BL) D& S & %41
i, H, &, 6§ LET. KEFMII KM I ERPERICKS 5HE, H 13x, y FWIZ
XL C—EEE R IND. —F, 6, 6 ldx FHZELT 2 ERHY, T72bb,
5, =8r(x) BLXD 6 =6() LREND.

(a) (b)

Free slip BC / Moving wall Flow (u)s Boundary layer §(x)
:Numerical domain height L, : V—,'
| |
I FI& I Periodic BC

- -
| Roughness sub-layer &, | Roughness sub-layer §,.(x) 7w
: Canopy height H : """""""" Ganopy height H |
[ 2 1 d X, Uu
TS /s TS iV
Roughness Roughness

Fig.2.1  Schematics of (a) a numerical domain with periodic boundary conditions and (b) a
developing boundary layer. The quantities of H, §,, and & are canopy layer, roughness sublayer,
and boundary-layer depths, respectively. L, is the numerical domain height for the situation when
the periodic boundary conditions are imposed, and (u)s is the temporally and spatially averaged

freestream streamwise velocity component.

fFH 6 K OE M7 M) S U R O SR T e N 8 5 720, (EEOER G 1TxF
LR Z U T O L D ICEET .

_ 1 (T
¢=;L¢&Mt @-1)

ZIT, TIRPHEEZRL, T 2 +HoRWVEMEI- 7256 (e T - o), ¢ ILFFHEE (2
LT —EMlE D, £z, BEEBKS G (= — @) ZEHRTH. FEICLT, ¢ DZ%ERH
A& YA TEET .
1
@0 = | gy )

K =2 T, AKEHFANC A REREWL L, 265, 7RB02EST IR EEEAz
T HRAMFE (Control Volume; CV) V = LyL,Az ZEM L, £ OEBIT L T2EMFEE %
115, Fiz, KQ)IZBT 2RO HHVE X CLUTABET L8, 2FERY Witk 2
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WO EEEREE LTERSNDS. £/, CL BT, Vp=V THD. KQ2-2)D k&
272V 12 Ko ThRT % F¥FIEIT Extrinsic Average & FEIXAL% (Bohmetal. (2013)' , Kono
et al. (2010 a,b) '0 "M IATF1L% Type-2 Exclusive Average &, Schmid et al. (2019) '® (Z,
Superficial Average & FEFRL TUNVD). ZAUIK LT, WA TER INDWMAEO HAEBEIZIR
TE ST FEIL, Intrinsic Average & FFIZAL%  (Hiraoka (1993) ', Finnigan (2000) 2,
Kono etal. (2010 a,b) 1917, Bohm et al. (2013)'> |X Type-1 Exclusive Average & F-FR L TUN%).
@) = 9 03)
Xy /i OXE A A E T DB, Intrinsic Average & V5354, CL N CIEtIR
KHERICVE )V 25D D VENH 578, Extrinsic Average & WSS, £ OMEMNR2 0, 0T
NOFETH L HFRROEH N AR TH Y, RUERITIFET H. RUFIETIL, ZEHFEY
& L C Extrinsic Average = 5. %7z, H%F'aﬁﬁi@f[ﬁﬂliﬂ“?‘é%Fﬁﬁ%%ﬁﬁﬁﬁz\%a” =¢ - (5)
LTEERTD.
K(2-1), (2-2) TESR SN FHHEIELZ FAWT, FEEMRMER AR IS 3 2 ki L O
Navier-Stakes F R Z KK TERT 5.
o, o(wm) 0w

= = = 2-4
axi axi axi ( )

o(w) |, 0(w) d(p) Oty
at + (u]> axj - axi axj fl (2-5)

ZIT, p BEKEBETHRINERENTHS. EBEY T v 7 A ZUTICERT .

— a(u;)

— A

T = <u{u]’> +Hw w)—v 3%,
Viscous

(2-6)

Dispersive

NE——
Reynolds

il 1, 2, 3HEIEZILZE, Reynolds iz 71, Dispersive It~ /), Molecular viscous s /] &35
Dispersive iz /) [XRFEEEEGEO MR ZAIZ L > THELDINITH Y, KFE—FReitih
T, ZOffIX 0 &72%. Molecular viscous Jis /) 1AL TxiG & 3 2 ELAR iR g ©
I% Reynolds Jits /JX° Dispersive J JJIZ% L TRE/NE L, ZORBIMETX 5.

ANQRHSNIBT LS 1%, F v/ ©E—ZERITHEM T D500 &AM 2R 9. AHU 7113 Navier-
Stokes FFFERUT X} % Pressure gradient term 33 &2 O Viscous term (Zxf L CTH(2-2) TEFEK S 4L
LEMEE A EAT D8, Mo MO DIRFEZ AIVEZ 5 Z & TALDRAEICL > TR
S, WATERLEND.

()—1f—w Ly AT
ﬁxi'k/%p Vg o 2-7)

Form drag Viscous drag
ZIT, S 3V NICBITAF v ) BE—EHEDL FRENTZ MThDH. KEANT LS
AN XY ) C—RBEm A IEE ERT D, 2L, ¥/ E—EmIZBWTIES; 1X
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ERSNLV. LIERNoT, v/ E—@RERWGS, IKEOKRI, 77205, 1,500) 12
BWTS, ORBIIEHTE DITE/NIV. ZORER, EBEHEY, TRINIBH Uz 1T
WA TERIND.

wt = | i@z — 133(0) = | iz +0 22 2-8)

0 o 0z Z
¥72, Scaling BEEOE U, Zu? = —113(zp) LK TERTD. B, z, lI13 DE— A
ELHmIThs.
Wiz, JENEERAFRO—EAR TH Dyx & ZMRED (T 5.

p(x) =plx;) —yx (2-9)
X(2-5), (2-9), 72HNT, FEHVEFEMEIC LY, 1 OFEEFEL AR TRIND.

%’ =- a(lf;'lf”" ) ?f Lty f (2-10)
F(2-10) X RFfE] « Z2[H -2 E 4172 Navier-Stokes FFER & [FAF TH 525, RAERBUZ X 0 wE S
MEENE T T v 7 A1; OIRENES L7725,

ZIT, AR TE =Sy Ne D, FEERSELBRIHE S —RAE2E 2 5. REHIC
BO TR ERTNENMUE SN D, %0, 2/, BEEY S-mEiE(e) 11, £
A, AN HFEARL(P)/0x, (p)/dy 1L 0 LD, ELTOE, W)=0 L725.
KREMET T, LyLy, >0 ZRET D20, KERANAEZ OFIIED G E AR O BEE L 72

52 L (9)=(p)(2) ZERL TS, ZOFER, 113 OIKRITLLFO L I ICEHKSND.

st 2-11)

222, NILIEBENT VR

BEAERFE FEIC BT D3RRI COER &N T A 2B RS 5720, XQ-11) %K
DB EESE B E T OBERH CEE T IR L, MEBEORE AT A2 /ET 5.
Q-1 BB EB ENNT AT TRILIND.

H
215(8) — 713(0) = 76 — j fdz (2-12)
0

TAVS EFR ST O —EE S AR L > THEEY X, 723700, FHREEE LI Free slip 5
R 2T 5 (Kanda et al. (2004) 2D, Kanda et al. (2006)®, Coceal et al. (2006, 2007ab) *
2223 Xie and Castro (2006)>Y, Konoetal. (2010ab))'917), 17,5(8) =0 L7205, L7en->T,
uZ TERINDIBHNL, ENHARICERT 24 TEHE RO LS IZERST L.

H
f fidz —1,3(0) = u? =yé (2-13)
0
—J5C, FHE M Limic i 5 @i THRE) S5 lid-driven flow D355 (Suetal. (1998,
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2000) 2929, Watanabe (2004)1?), y =0 D R A A U@ &L, (ZBWTt3(L,) #0 ThHDHT-
¥, Constant flux layer (CFL) MBS 5. Lo T, UNOBGEMNEHIND.

H
.fﬁdz—nﬁ®=u$=nﬂh) (2-14)

KE-ITHBWTIE, Kl TR SN DRERR, T7hobbRitns & Lt Ek
6:%%énfcfjj@ﬁa (yz) Lo ThHZONARERE LV ES ZLZ2RT. DFED, K
FMHTEFR S OESRE THREI SN D1 T EFETH D, —J5, R@-14)0%, BRE)
S LTBEIT S EZE Moving lib) 52 6N55E5TH Y, EEEIIHEKO Fimsi i
SERMEBEZNLTHBL TWVEZLE2RLTWS. Kr—2ADEE, BINOES)EJFIEN
fFAE L7\ 2, IR HAME S D IEB &1L, $hiE 7 M CHAE 3, K CHil &
L ORI SN DEBE LD A Y. ZNHDOr— 232U A TH Y, EEEOERT
DY Fax—rarERETLROIE, ZOPEINET HE&42BEBTH2LERHLH. L
L, BHEBFRICI W TIE, EH b 05 S —REICEKE EOELRZ BT 572 &
NTEY (Kanda et al. (2004)2), Watanabe (2004) 12, Coceal et al. (2006)?), |43 72 EHS %
FFOEBRKE R (Cheng and Castro (2002)?) & ST 5.

2.3. BERARITHE

2.3.1.  Large-eddy Simulation & ZEEHFER
ESTm,ﬁh%%ﬁ%%%%ii@k%&Gmﬂmumﬂ%“&%huT®Swm¢
mﬂe@GmJﬁ SBEL, GS BOMEERIINC, SGS FTITET b E B U CHUE R AR
% . %L&i 742 ) @ TThh, RAUTRT L ITEE OB
F(t,xy,x5,%5) &7 402 D 2 TBIERG(t, %1 — X1, %5 — X5, X3 — x3) DEHAHIADITE ST
EFRIND.

f(xy,%0,%x3) = J F(t,x1,%2,%3) G(t, X1 — X1, X3 — X3, X3 — x3)dV (2-15)

ZIZTCfIIF OGSO THD. —J, f D SGS Ky TH DS 1ZLLTFD X 9 e BfRM:%
Ffo

F=f+fS6s (2-16)
PLEDORFRIZEES &, ZRIEITRESMIZ T 23k O, Navier-Stokes HFE=IZxf L T2
M7 4 Z Y7 %id L, LES OREMBEHFEXIILTO L HICENIND.

aul-
L 2-17
ox; 0 (2-17)

ou; ou; op 0%u; 0ty
ot Yox T ox U ox o

si 1 EEEVJHETHY, Z7uRXy A—0T NHE; (LD TG MEHD Filtering Navier-

+ Si61j (2-18)
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Stokes HFERIC DAL SN D, 17 1L SGSISHHZRT . 170° 137 4 M HETIZ/RNE
HIR L OMEEE e, EHEMICBUEM Z KD DH Z LN TE T, Filtering I L7z XEL 2
RIZEA U7 FRRRR L1 > TR, D728, SGS BT MEDMLEND 5.

SGS JEHTIES 1T FHEL DT F ¥ —IC S < ARMEHOLEIC & > T, BHEET
Y (SGS HEARL) S ([CHBIT D EEL, ITOXICTET/MET D ENTES.

Tij — 3 04Tk = ~2VsgsSij (2-19)
Sy = (24 2% 2-20
b 2 aX] 6xi ( i )

Z 2T, vsgsld SGS BRI T H. ATV TIE, OB R v D E TV
{EIZBE L, #%%E Smagorinsky €7 V& L7-. SGS 28I 2 AW E & L T SGS #EH)
TR F ks DT egos & 7V v R A — VAR R, WICHNT & 0 UL T O BfRaAs
M.
1 4

Vsgs = £2,(CsA)3 (2-21)
Z 2T, C, Id Smagorinsky B THD. —F, kegs DL FRAEE X256, TDERK
HPy o [FUTFOXS ICRBlsND.

Prges = —TijSij (2-22)

ksgs DUHRERUTINT, RFTEH (Pygyg = &s6s) ZUE L, Q2K L TH(2-22)%
RAL, RQ-INCLDETMLEEAT D & T, vges FLATOLIICET LN TES.

vsas = (Cs0)?1S| (2-23)

PLEIC &Y, K@2-23) T Dvges ZAWT, 175 &I 2 2 & T SGS Moy & K4 2.

232,  EHEEH

HIRARFEIEIC IS\ 2 CED fi#ht Y 7 b7 =7 Td 5 OpenFOAM v1912 % V>, HHEY
BEEARE 2 x5 & LTz LES %0 L7z, X ARNTARo LB Th b, EtET /v
& L T Standard Smagorinsky model Z#:/H L, Smagorinsky E#(C, 130.12 (ZF%XE L7z, BE
UTf5ClE, van Driest BIEABE AL, vees 2D SH 5. HEFHEICBWTIE, FRRIET 2
YR LR IRZE Sy, ZERM ARLEIIMIAIRTIC & 0 BB L7z, BHR T LY X8, RER
@ SIMPLE (Semi-Implicit Method for Pressure Linked Equations) 5% FV, FEfIZIA0EI31073
e Lz, £, 3HEETICE, T TOERPE AR L TERESND 2 — MET A2
AL, Eifu, Ep BT AP L TERIND.
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2217 EHIC, —H=01 mDIHET 0y 7 4 0% TREFNCERE L7-FHE
WA %5 LES 2 FMid 5. FHAMEA4H x 4H x 4H & L, BREL, % 25% ICRREL
7o, Fiz, BEEMZE DEBBIC L, ERMGEZH/20 L35, KEBLONT 0 v 7 BEHIC
I% No Slip BER &M%, friEm_ BT Free slip B3R5, £72, A FEHmOSER
ANITE IS AR 2T 2 & T, KREHMICERICKHES 7 r v 7 2 BET 5.

BiERE 2200 PP L7, 300 REIOBIIFHZERT, x, y, z OFFEIIXL
T40 X 40 x 408 DORERIZBW TR T — 2 B I WENT —F ZHET 5. Z DR, W
Y7V v 7 EREEIF1000 Hz TRET S, 708, AFHE CEM U7-BhAERR, SRR IX
Coceal et al. 9 [T X VR I N HEETH 5200T £400T (T = H/u, (FHAERM, u, =
JyS TEEBSHEE) AWioT. TR, BEESEE, ([CNX, RIS huw Ov—2ETE
FLTeAT— Y UV EEEEEw ([Z X0 kb 5.

(@) (b)

Periodic B.C.

4H

Periodic
B.C—

Flow
|
[ 3H

]
|
| 1 } -
zZ,wW /L__ B v, v i [H
i

| 1

v —
¥ 1 2H 1
|Lx,u x,u

Fig.2.2  Calculation domain in (a) overview, (b) side view, and (c) plan view.

-——
|
I
f

233, HERS—R
ARETIE, 2 FEOBESE /€T MZB W LRI & O iR 417 5
[Casel] Moving wall model (MW model)

RZEEE U —E O F ST A B U, 2 5R LTI KD A BB T 5T L Th D, FHE
SRR R I3 —E O E W ARG S A, IR KOV =y 7 BEHIC No-Slip &b 4, £ 7z,
T HE LR AT 2 R 6 E0R, A/ 5 08 5 8 W5 R S A
M35,
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[Case2] Favorable pressure gradient model (FPG model)

FRAMOEN AR ZNSTHE L CRTET AV Th D, FHRMEE RUEIZIX Free-Slip 444
Z, KEB L7 o v 7BEmIZ No-Slip §&efF %, £7-, +oIl¥iE Lf_iﬁﬁg%ﬁfﬁ?‘é H
B2 B FEWR S, AN H R OESEIZJEER R 2 EH T 5. B Mo v 7 fdu,
EREL, ZhEWTmA, R R E ) AEop/oxE S EE L TREL, REHK
5.

2.4. RUMREE

FATIFFRICIE D EFHE S A E LTS, AR R OIS iﬁﬁmu@f\_&) LES OfEHR%

5D WTE D55 & el U P2 s Uiz, X 2.3 12K 4 R dl) 2 R 320
FHrEE %, K247 0y 7 EEICBT DR, ANy, ﬁ’ulﬁjffﬂﬁb_@t%ﬁﬁ%@%\p
a7y A I)VERT.

AHFZEDOFRER TIL, F v/ E—WIZBWTTRTO Case THEROBIFIAVE S 4L, 3 DD
HKEALE CTOFEEMNDORFENR T I 2 L —a U THZICHBEENTWD Z E RS
72. —HT, ¥/ —EHTIE, u/u, D707 7 A UIEBWTOT NRIEVRELZEIN
72. ZOZIL, Scaling /NT7 A—HZIZXoTHELTWDHEEZ LS.

Coceal et al. (2006)? 1%, HMEXZ xR E L C—EDEAE % AV CEEN X5 CFD
Z £ L, Reynolds i JJDRE S AICK L CHIETHH Z EI2L Y, Scaling IZHWHILD
BEEGEEIC B W TEMRAE T D I LTWD. 70, WARMEER & IRG EHGRL, =
z—dEHMBEDED 2 LT, FiEFAREO ) D Effective Scaling BEEGH FEuf/ 43
ML/, 220, d iFBvemBEfzmnrmL, STo XD eBEREE .

(a) (b) (c)
Z/H 40 — T Z/H 40— T Z/H 40—
30+ 3.0 30
20t 20 20
10¢ Flow 1.0 1.0
I |
H-_ N H m_-n
- [ ||
0.0 00 00
0.0 100 200 20.0 0.0 100 200
u/u, ufu,
—— Casel O WTE(Castro et al. 20086)

Fig.2.3  Vertical profiles of (a, b, ¢) temporally averaged streamwise velocity component u at
three horizontal positions. u, is the scaling friction velocity. The black line represents LESs, and
the red open circle indicates the WTE results (Castro et a. (2006) ).
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d<ﬁ) 1 / ) — 1 ol -
E:E —(UW>—m —<’U,W) (225)

Z 2T, k IE vonKarman EH A BT 5.
Casel |28V TIX Reynolds )& I DERIE 7 v 7 7 A W3—EEuZ % & 5728, X((2-25%
ENE AR T A Z & T, EFRGFIATEEEGE O RS A S T E 5.
) 1 —d
92=—h(z ) (2-26)

u, K Z

ZIZT, zp ITHESIEZTRT.
SRR, —EDIEN AETHE) S 115 Case2 D & 5 254, TG MEEKOE 7 0 7
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Fig.2.5 Vertical profiles of horizontally and temporally averaged streamwise velocity component.

25



2.52. Reynolds [551 & & U Dispersive i NIIxt g HEEE) D EE

2.6 VXK TP S 4172 Reynolds Ji/1—(w'w’) 72 & N Dispersive S /1—(uw'w')
DERET BT 7 A NVERT . TOOEITREEE Sy, CIEFLIN. KPR
ANQR-IDCHE D 193 DFRET BT 7 A L ThD.

Dispersive It 173, z=12H EZEIZBWTEDOMENR 0 L5 2 ERnbnd. DFD,
12H O, 773 A7 0y 7 OFBIZE Y ZREAENELCTEY, RSL Jaém“é.
RSL IZH\\TlE, Reynolds ii~/J, Dispersive i JIIZEREHAIC K& < b+ 5. £,
RSL FE##l2 T Reynolds i NI KMEZ &V, 26 OMIE Casel 2 IZHBE L TH LD
R ThD. AERICESE, D%, KPP TIXRSL bz s oord.

—7J5, RSL EZEiZHBW I, i — AT Reynolds Jis DDERE T v 7 7 A VK& < B
L. 2, X(2-13), Q-1 T LY, W5 — A CTaRiE I A7 BRE) /11T L - CTiEdH)
TBHRTAICE T D E N AR OREN R D120 TH D, 1453 FRQ-6)TrREND LI, 3
THIZ A3 T 5. RSL 22 CIIZEMifR 22705 K& /N S W72 8 Dispersive o /NIRRT 5 Z &
T&E%. E£72, Viscos e NIZDOWT Y, FZE TR RUEHOSREABLA KE /NS W28, [F]
FRICHERCX 5. F£72, v/ E—Hihf, [0 TIE, HARCLUATIHO &b, LiEX
0, E L CENABLOMEA T 5 Case2 Tid Reynolds fix /I ERIZIZIA 35 DTt L,
y=0 THD Casel TlE, FHEMEE FimE RO CTEEN IS A 720 728, Reynolds Ji /71E
&G — el AR

0 0.2 0.4 0.6 0.8 1.0
—Ff — 7

—(u'w)ul, (W) fu

Fig.2.6  Vertical profiles of horizontally averaged Reynolds and dispersive stress.
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Fig.2.9  Vertical profiles of horizontally averaged turbulent kinetic energy and variances of three
velocity components.
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Fig.2.10 Probabilistic density function of streamwise and vertical velocity components in (a, b)
ejection or (c,d) sweep events within RSL. (a, ¢) and (b, d) show results in Casel and Case2,
respectively.
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Fig.2.11 Probabilistic density function of streamwise and vertical velocity components in (a, b)
ejection or (c,d) sweep events above RSL. (a, ¢) and (b, d) show results in Casel and Case2,
respectively.
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BETHBERDD. LinL, ASUHROZEMEHEETHE L, - o 108 LTRETH
B, (P)= @) z) LD, UEDD, 1, OUERIE Ol Y R Shs.
Oua __0my 0w _omm)
0z 0x dx 0x 0z
fth /7 C, Navier-Stokes F7 22 OFHE 7 A BB/ 1% LT, H(3-1) &[RRI AR EA AT
9 ZETUTORBANEHSND.
op)_ 0ty 0ty _ 9@ @I _
0z 0z 0x 0x 0z 3
KB ZET NI D T 5D Z & TE) 1TRAXDOBRNENND.

y—h (-1)

(3-2)
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<6‘[31 0@@)) dz (3-3)

(P)Zour) — (P)(2) = —Ta3 + (W)? — f Tor 20X

5(x)

ZIT, zoye BEOD)Nzoy) 1FENE EZERICBT2mIBIOHTEEZRLTEY, (P) Zou)

WXERF AN —EEE 5. NE3)H L TA—F—§Hli 2925 Z & T Townsend DIE
(1976) I3 EHH X 5.

(P)(2) = 133 + (D) (Zour) (3-4)

KB4 Z2XKG-DRATHZ LT, +oRELEERBIZBT D13 OIERUILLTFO &
INCEXHZONS.

0743 a<a)2 o(u)(w) 6(‘[11 - T33)
- _ _ _ _ 3-5
oz ox 3z ax Y h (3-5)
KAERNS, TRELERBICBWO Ty OIKIE, K@-11) TRENZFEICNZ,
K(B3-5)DAHWE 1,2 THTHR I D EHFRO LN - $R1E ST OZAGIZHE ) EB &G, A5

3IHT/R SN DB IS CEB RGP FET 2 Z &85,

322, RBREAKBICEITSEMEHGLE

Fo3 R LRI BT, SAEAKICH T 2IEEE AT A A BT L. Jik o
WY, T3 LTEERE OGS, WAVGOAKE—RRIEE ERICIUET 2 Z L ITTE R0,
D=, X(3-5) ZEREEE (z=0~6) ITBWTHEST S Z LT, HERIUE 2554
5.

H
j frdz — 715(0) = w2
0

(3-6)

— 66@)2 60(713 — T33)
= )“/}é_<u>5(w>5_-[o o dz_jo sz

II 111

ZIT, S IFEREO FIREEZRLTEY, z=6 IZBIIAREIME T T v 7 A15(8) 130
Tdhb. Fiz, KR TOD No-slip EERLMIZ LY, (@iw) (IZoW TREMEIZENZRWD. G-
O LAUE, +4rFE L BB IC BT 2 W EHE COMIEBRWIUE, 40 3 D 0iEH)
EJFIHE NT AL TWA. Term I 1d Freestream WitiE(u)s DOIHRIZ K-> TH 2 B35 Ll
FEOENARBIER T 2 EBHEOMHEEZ R L TS (W)sd)s/dx =y) . TermIITHS
& BT D(w)s > 0 (SERT 2 EEEHEK L, (@) OF i mEeE IR T 5 EE) &
s o2 WS 5. TermIliZu &w OFELGTHREE O F 7 MBI HE S EB & O s £
7K EZR L TV D, Tkegaya (2022) V2 L 5 &, A—F —iEEIZ L Y TermIll D % 5-1% Term
MICHA_RTEHATCXLIRETHD.

Term IT O BRAIMERR 2 36T 2. BRSNS 2 Ei 7 M E RuElE, (w)s 1%
FERFENC—EE R END. £z, Q-5 TRENDHEHORITH L CTRED S BERE
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ST NT TERE S NSRS T 5 Z LIk -, (W) &2(u) O E LTERTHIZENT
&5, LEIZEY, TermIHZHIET DS, IFLFTREND.

8 de
- @5 | (1 o) 4o = @3 g G
I, 0 IEHRESARLTEY, 0= fo‘s(ﬁﬁl( —%)d TEREND. KRG

5, Sy 2% von Karman OFfEy XTI S o EER&UHEIHE - —H L Wb Z Enbn
5. ZOMRESHFENE, EEEE I N RGO > TRESNDSZ EERLTND.
von Karman OFE5y HRERUTHMRELC, = u2 /()3 CHETNEE X 7p K OB E 2R o B4R
PR ORGRE, BRENOEEE AT RISV THEICHIAL TR0, AGRAT
BEREOERENT A B EBICERET 572 OICHFRATHD. T, X3-6), B-7iZL
L EAT, BERE X OEHITEOBLICH: D EEBEMGAELD. 0F 0, %@%F
S OEWF MO, BEFED D OEB) SRS 23 TS s B RSy DR Sy B 72 R 1T
KT2ZLZRLTND.

FERRIZB W T Ho 2k SOMmBAER SN L5E, EWRFHFEEEEIC T 2 T
DWFEIIRZE/NEW, L, K(2-13), (2-14), B-6)DERALIZ L > T, EERSEM: T ToE
B EAE A ) = X503, JABIREE RS0 T TR BRI K o TERE) S D BUER
KIEMT FICRBIT D A= AL LT R R D Z e SN, ZO—F5T, EBRTCEHKIN
LEESE T, FRARPEEEGE L ELIE T T v 7 ZADOREED, K CTRIN S D EE RO
ORI THD Z ENEETH 5.

3.3.3. E@g1#ﬁ%%kbtmh%®imﬁﬁtwﬁﬁ
AR OIE Y, BRI ERICBIT 2EBRUGG A 7 =X 20, ShEEEEY T v 7 A0HE
I Ty A B E KIFT. ZOEE, BEOARL BT, RPTcETENT A2
WCHHELHEZ D ENREREND. KEEZWEET 5720, KEITCIX, HEEHHE7 T >
7 A &R EHHE OBRMEIC OV TR 5.
SRIE TR T T v 7 Aty OIS FRAUSEE &S, (z) 28 A LA T 5.

%B—&&@ f(x,2) (3-8)
s, FERB I 2 EB RIS RICEGFT 5. BlZE, FRGROLE AR CHREIT 58
B, s =y &R0, FEEEFIOERA, s;=0 &5, KG-8)EKH (z=0) "HIEEDOE

Sz (ZTTERESFMICHEST 52 L1282 T, 13 U TFTOX I IZKBLIND.
T13(x,2) = $1(x,2) — F1(x,2) (3-9)

ZZT, S, F FUTOMSRTERIND.
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&m@=jamoa (3-10)
0

ﬂm@=jﬁmoa—mwm (3-11)

EFRED, S 1 IE S0~z (TR HEFERORBEE, F, 1IE 30~z (2B 5%
AT F FESz<H ICBWCOREEZRD, 20O EETIE—EMlE 725, EHEMLGT
BICEDLLT, F, OMETr 7 7 A VRE—ThH D EET D &, KGB-9Idr; 23S, 18X
STRESTONS. 2F 0, EEEMETIENY; ZRESTL72DOXEN 2G4 TH
5.

72120, §/H BREW, DFVEWEFREOGE, S, E£1cids; D15 ICKITTEN CL

TTIHMNE 722 Z LB T ALER DS, 4T, ) s1(x,0) dl THOFENF, (k)
LTRSWEDTHY, K31ITRT I IChbThRERIIEAL TS, FlziE, EAk
TEE S - & EEBREIORND 2 r—2E2EZ 5. PEEE T T v 7 ATETED
ey, t13(H) = —F,(H) + u?H/§ L725D2x L, #%#&] irl3(H) —Fi(H) &72%. Aiko
otofoc{%b\f*‘ﬁE@%é.\ H/(S ~0 LT H72, CL BIRicB T 15 (d# 7 — 23k

FIFE-F(H) 725, BlziE, §/H 7510, 20, 30 DL, EHEFuZH/S 05X, Th
I 10%, 5%, 3%FREE LD,

s1, fir Si, Fi, 113 OBRMEZAREICT 572, X 3.0 EmbiEh, & ARERE), 4
i LT ERB IR 2N E R L TWaD. &2 2 77— A%, Couette flow <X°
Hagen-Poiseuille flow & LTI B 5 HHBYRENSMAETH Y, AlRO@EY , ﬁf@%l:%ﬁ
G & LT BUETRARRITIZ I W TR 22 56k & L TEA SN TE L ARHI TIX, +o%E
tﬁﬁ%k®@w%%%M¢ét@ﬁbhié.%%/EHW®%£7D774WiK@
A OO FEEHFE TIL/2) A%, Macdonald (2000) VX » TIRESNZHMF v/ E—I2BiF 57
Ry AVETIIESE, fi = C (w)? Lu=uyexp(a(z/H—-1)) ZIEL, fy ORI
TRESHTWD. 228, FUMREIE, Cp, =u?/uf TERSN, a=961, A 1TF¥/

BT DWERE, BLOEEREmERERT. £/, uy [EEIH IZB10 5 RE#T
5. 3.1 HIZOWTIE, EEE@‘@EE)%@%%@%@@&@@;@77 v 7 A DR 72 BIAR
Pz md 720, A =02 PMEREISETIN TN,

B4 3.1(a) Ti&, LEBEIOSE, EEEIIFHRERO LD OAME Sh, fhooEs) &
BITFEELRD. ZOZ 8L, 51=0 BE, S =0 2BHRLTEBY, TR E LTy =
u? L7225 CFLIMSERR S NS, —J7, X 3.1(b) IZBW\T, ZOWHIUL, EEOEIITB N T
sy =y =const. THOEDOENARIZ L > THEI IS, LEEB->T, S =yz &2V,
T13(2) (HMEEE Sz ([T 2.

B4 3.1(c) IZ-T LD e+5 %%%Ltfiﬁ)ﬁ@i“\ FPRIT NI > 7o T BE A7 O ELIE i
FEDOZEAITIRR LT, AT EB) BAGTEs, (XTI RE TE 20 WM TIER . L
L, %< OFEATHIZETIE, SRR 7R Reynoldsﬁfjj?uw DERE T T T 7 A T DN TR S
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NTWD. 728, D TIEEOE2T Reynolds IE/ICH L T CE 2RRETH D0, 58
7 ELREE A E TlX, RSL @ E#BIZHV Tz (E Reynolds Wi Wil E s, Bz id,
Raupach (1981)® (%, JEJFAFEISEER (ZH-S &, 1Bm-CHLE % & Toik 2 72K i _EIZ3s 1T 250
i xt4: L LT, Reynolds )& ) DERE T 1 7 7 A MZH1T H OL OFLMELZHE L T\ 5D.
THRHOE T v T 7 A, BE EFITHEO DU E B LT SR AR LT D, B
ML AE (2B LTI, Inagakietal. (2017)7 23X D Full-scale TOREZ %4 & LK
TEFRAARNT 2 F2ht L, Reynolds it N2 @ Sz 12k LTVl 7' 7 7 A VIR &2 F5 D, iR
JEDTEEBIZE D <AZHOMR &I 0 IZHnr L, MO #FRIZZE(bT 5 Z LavRaShTng. Z
DI, K 3.1(c) [T X9, ERBBO TEI S EEICHNT Trys ORBERH)
70T 7 A LIRS RO E U CHEG 92 Z E N ATRETS. L7eB 5T, S =13 +
F, BE Vs =dS;/dz 1313 mBREIND. BAREIC, 59 13S; OABRLIZ L > TIRES T
720, 13 OEME TRKRELFFOHHEIHEOLND (13.1(). ZNbDTrT 7 A LiX
ZFE1H 51X Reynolds BKAFE & RO RlHEME & & 5 A%, Raupach (1981)9 1%, ¥ < i idi
ZBWTC, vw IZBWTEMANEEMICEND Z 2R L T0A. Zhuk, FEEED
PR SCHETT J5 1A O ELI IR EE D ZARIZ X D EE E UGS, BEREN T — 7 laff>Z &
ZEHRLTEBY, X3.1c) IR EN TN 5D,

3LIWTRENDsy, Sy, T3 OEARZRBIRIEIR, +oFE L ERAEN TSNS
T3 BT 57201203, ShEEEIEG LT ERS RSN ETH D Z LA LT 5.
Z LB 1% Couette ! ¥ 72 1% Hagen-Poiseuille B OERE) ) Tl I 2 L —3 3 o TE RV, JE
AR X OB E EECOMBIEN NS D 2 ENBEXLND. 2, +oRELR
B8 OEB) R EAGIE A RG-0) DA LIEIC L > TRED =D TH Y, ZhbORETIELH
FHEOEFFMOEALR, FEREO PRSI AR TRONIC/RD ZEZREL TS, &
B, 3 OOFEMELLEKT 5 Z LT, Couette i35 L U Hagen-Poiseuille 2 DBRE) )73, iEH)
EHHGHD 0 £72IT—EDOGEIT, Min/R 5 & L THRNME LT 2 2 LA HEE 5.
L, 20X M52 OFEGREE TIEB 2. BEREO—HTE 0 X
DREMNEBENLGE, RFTHEE LGS 0 £ 725 CFL X°, —EOEH) &G
Ko THEE) S VEB & 7 7 v 7 AR R R 6D,

Eam A BT S L, HEBEMBELFNICL o TELZEHE YT v 7 ADHE T 1
7 7 A VOBBROEL, FAMBERSM A AW T 3E U RE 2 8k 5 Fik et
T DFULTERD. VUL, BMERAMENT T, EBEoMEFiEL VW) B b
T R— A1y OFRET O 7 7 A VP HEMIZRESIND. LN T, ERT—4
RBAGHT — 2 b HE I S BEESM 2 BRI E S o EB) &G Hs, % Navier-
Stokes TRERDANTEE L TH 2R, 113 DEE T 0 7 7 A MTEEGHC I R E 2K T
EEOIRICHBEATEETH S, 728, APIEE, —EREC—E0 £ J7H EGE CHEE) S
1% CFD (Xie et al. (2004, 2006)®, Coceal et al (2007ab)?19) |Z L > CTHEL ST 1 v 7 #f
L OFNGESET D HOTIERY. 2F 0, FEREDRONIGES, EREREO FiEx
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Fig.3.1  Schematics of difference in driving force and source term in the momentum equation, and

resultant momentum flux (al, b1, c1). Schematics of boundary layer (a2, b2, c2), vertical profiles of

source and drag terms (a3, b3, c3), vertical profiles of integrated source and drag terms, and resultant
vertical momentum flux.
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F4E BHIRRERABOIFRBEICHT IBBFEICSLLIZE

4.1. #E

JEBR A REREE, IRBREE DM B2 8 & BT, BRx 7efil T & 3t STl i AR & F
WG« Bl TIoN TE 7. KRS ORI 2 R & BREEDBIR 27 D 72, SL71K
mEDT Ty 7 & HMRNCRET D AT ¥ v ) =2 Wi Thns. 2ok
DN ACE L AN IR 2 < 7 1w 7 FEOREAE 2 PG & U CEUBIRIRIRNT 217 5 %5
A, Fel L@y, 2 X MEBOBLEN O EO—Ea N L, BRI 2 i3 &0
NESHWOBND. 2O, MARENHETE RN, a3 BEE 1 O E R D
HILD. BN, KEFFREATIC—E O ER T T AEL %7 Hagen-Poiseuille
flow |ZHET 2 BREY Tk &, BRI Bl 32507 a) JEEOIEB) B A6 4 317 Couette flow (2
WS LB TFIED 2 OICKBITE D, LavL, BIETHENZEY, 24 b OEREIFE,
FogE LR OB OEICESEBEFEAFEE TS CBL T, £hbT
BRED S N7 BALIBIT T 2 EBR B X e 2R EE R OB IUTILE b RV Al RetE 0 Rk S vz,
Bl Z X, BB RE & %5 & L7 Harun et al. (2013) D OBFZEICH W T, B rEAE FIZ
15 % Reynolds Jx TDERE T 1 7 7 A LR EFLTW S A, Biga Bix CFL AR S D
ES M —EEZRDITT TH 50y, #RITHRAR D, Okaze et al. (2022)? ([ZTHIE ST
Spire <X° Barrier, Block 7% & DFEEY) TR SN D HIX LEROT v 7 = VRIBREERIRIC
T, RE BRBEEL % OB AT T D Reynolds i /I, $RIE 7 AT HRIAE Ao— EE 2 TS 77,
Bh U727 a7 7 A VIR E © 2. 72, Inagakietal. (2017)% (345 1RV~ % (Lattice
Boltzmann method; BLM) % W\ CHEJEIICH T 2 BEREZ THIL TWAH A, +o%8EL
TR EICH 1T 5 Reynolds S NIFBEEFIED L 9 2 BiffiZr 7 v 7 7w A L &1 TR 5.

ZDOARFETIE, 4 BCEM I NI-H0RE LBE 2 5 U @B R s TEIc ko %,
WTE REHX 2 K5 L L7z CFD OfERZZ IR L, g oS ®itia 2 €7 b L3
Bl R OS EHIZ Y 72 5 @B EFHOMES AT 5. £z, EBRFHEAHM L7 CFD &
Fhi L, BEAEFRTIEOMEE L OLEEE U T, ZOMNWBIIHT 25 52H/ET 5.
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4.2. BUERERTHE

42.1. THEREL-BRBZERTLIEHFE

2 BT CHEN L7 Casel BX W Case2 (2MNZ, +oRELENELZ NG E LT
(CFD B LT WTE) IZBWTH 572 Reynolds I DERE 710 7 7 A LA FET 5 X 51
EEEJRARGEIL, U E o TEEI SIS 2 2D — AT DWW T LES 2% L7z,

W3 ETHRAZ@Y, ToyRE LIZEREICRIT S Reynolds Wi DERESARIL, BERE
JEHE 2 HTEEICNT TN BB LT 258 a2 Fi>. ZhbDBRE KRBT 2E7 /L
BD—>oL LT, HE)EJHIHEs, 1% Gauss BIEL & Error BOMAS O 2RI L, RIEES)
EHAGHS, U TFTO X ITEE L.

1 u? L, — u)?
s1(2) = \/T_nZ_EEXp (‘%) (4-1)
1-u
E=fﬁ%m@¥me (4-2)
V2o

DIT, o BENPRGEBRHO C— s (i, EERELETT 4 0T v IR
A5 Thh. Eio, B BBRAT A— 8 Thb. Ay —ATBOTIAEU T ORI &7
T 5 IR, A RET B

5
u? =J s1(2)dz (4-3)
0

FREoOEB R A W BB A A DT, BL IR 2 77— A D LES & F i L 7.
[Case3] Momentum source reproducing the developing boundary layer in Inagaki et al. (2017)
A —ATIX, Inagaki etal. (2017)3 (T TRSI e 038 E LA EIZI1T 5 Reynolds
I 15340 e BB A iEEh BRI 2 T 2 BE) L 72, Inagaki et al. (2017) 3 XTI
BT D EHEX (5X20km?) JELR T2 %5212 Lattice-Boltzmann LES % F N CEUBEFRARAEHT
wiTolz. ZORMRE, EiEE S, BERES, FHYRECELRE ER EOME T e 7 7
A V7R E ORI DRSS T H ISR - 72 2B 0T 2 2R Lz, AR T, EEA
=)V ORI AR E LTI RO —F & LT, T mE FHE T o A/ J51h 16-19km
HFaPHIZ T E 7= Reynolds i 715547 & Reference & L CERA L7-. 72k, BERER 12k
-3< Reynolds % (Res = ugé/v) 13f93.0 x 108 TH 5.
[Case4] Momentum source reproducing the developing boundary layer in Harun et al. (2013) "
ARr—AClX, Harun et al. (2013) D (& RS2+ 3% L7282 1T % Reynolds
I 15340 % B 2 iEEh &R 2 O it iLs 2 BE) L 72, Harunetal. (2013) D (33 i 2 %f
R L 3 OOENABLRETICBT 5 RGR, SLIHEHROME 7 v 7 7 A V&2t L
7=. 72k, BB R 1235 < Reynolds $tRes 148.3 X 10* Toh 5. 7233, Reyonlds Jix /113
3T—ADIHLEIRENT.
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Vertical profiles of (a, ¢) for the source term sq, (b, d) the total vertical total momentum

flux ;3. (a, b) and (c, d) are compared with reference data of Inagaki et al. (2017)* and Harun et
al. (2013) Y, respectively. The parameters of u and o in Eq. 23 were regressed with 7,5 for (c)
Case3 and (d) Case4. The vertical total momentum fluxes and source terms of Cases 1 and 2 are

drawn for the comparison.
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PRI T, BEEREJFIES, OE™ud 1I2h5< —F. —u'w’ I ez,
ZO7, EHEICERED Od(—u'w')/dz OIEZRET DO TIERL, R@d-1) 12H3<
WAFERAWD Z ENRYEERD.

422. HEEH

2 T A FHRERE & [FRE, B 2 x5 & L7 LBS 50 L7z, £ 4.1 ICAMFZET
KGLTDH 4 r—RA BT HHESLMEEE LD, Cased, Cased DFEEENEMIE, 4
B CHEEN X315 Case2 DSAIFITHED .

Table 4.1 Simulation conditions

Casel Case2 Case3 Case4
Packing density 25% 25% 25% 25%
Block Height 100 mm 100 mm 100 mm 100 mm
Domain size 4H X 4H x4H 4H x4H x4H 4H xX4H x4H 4H X 4H X 4H
Spatial resolution H/20 H/20 H/20 H/20
Boundary condition
Lateral boundary Periodic Periodic Periodic Periodic
Solid wall boundary No-slip No-slip No-slip No-slip
Fixed
Top boundary streamwise Free-slip Free-slip Free-slip
velocity U;
Eq. 23 Eq. 23
External force s (2) 0 —y Fittefi to Fitted to
(Pressure gradient) Inagaki et al. Harun et al.
(2017)%» (2013) D
Initial duration 200 s 200 s 200 s 200 s
Average period 275's 100 s 100 s 100 s
5 8 8
Friction velocity u? —(uW)| =255 J s1(2)dz j s1(2)dz j s1(2)dz
0 0 0
Scaling — — — —
_<uw)|peak —(uw) |peak _(UW>|peak _<UW)|peak

friction velocity u?2

L, = 4H : numerical domain height.
—(uw)|peqr indicates the peak values of —(uw) in the vertical direction.

47



423.  EFEZIMEE
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WZDWTIRRD, 4.2 X Case3, Case4, ZP7 —% (Inagaki et al. (2017)*, Harun et al.
(2013) M) B X, K@4-1) THRESNT=E T VEIEIZ IS < AKEWiE ¥ Reynolds fis /1D
iz Rd. 2L O, REEEHEY, CESMINTEY, FHRERICS 2 bk
EEI ST DR HEO R EZ R T. KB G372 0 |, Case3 35 L O Cased DFEATHRERIE,
ST — 2 BLOET VL RIFe—82 R L TR, ARBE)FEOELMN RSN,
F7, EBURIZ Ko Cu, BREOET MK L Cafilicig 24 5.2 2h0vrsh, 5
RIBNOEBNET T v 7 AD5AANE 2 b ER &GS U CEEICHEBE STy
L2 EDHERTED.

[4 4.2 TIE, Reynolds iz /) & Fifisy S 7o @ EJREO M 578 CL I THEEL L 72 H
MZ2rRLTHEY, FEONTEHT ISR EREZER L T, £72, Case3 3L Cased
® Reynolds JETJDERE T 1 7 7 A MZBIT DT RENE, B EHEJFHEAL 525
ZETHBLSNTWS., £72, 2D 7 a7 7 A 11X Casel BL T Case2 TREINDH KD
IR EESOHIERD 72 CEGRAICIRE SN b DO LIFRELS B2 D, ZTnHOfRICE -
T, +oRELEREN CORERRIC L 2 ESH &G B LG 2 b EE) &ifE
1%, 2RI Reynolds IS /I DERIE T 1 7 7 A V& IEFEICHBLTE 5 2 LAVRSINL TN S.
AAERIZ, HAEOESE T 7 v 7 AOWHNREZIE 2 5 BT, EEh &G E A E U
ETHZEDPMOTEHETHDLZ EEREBLTND.

KIFRAJIC CL NTTIE, fsr ShcEERJRE, ST —%, 74 v 7 4 V7 fRERIT—E L
TW5 (K41) . UL, HEFEMEITERIL, Wy —ACERNE . AR, 7
0y 7 WAERT B0k 7], Dispersive /173, CL NOREBHEOHEKESE & LT
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Fig.4.2  Vertical profiles of the horizontally averaged Reynolds stress calculated in computational

fluid dynamics (CFD), reference data (Inagaki et al. 2017 %, Harun et al. 2013 V), and source term
S1. The values are normalized by the total friction velocity u,. (a) Case3 and (b) Case4. The red dot
dashed line indicates the roughness height in LES.
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RERWELZRTTIZDTHD. BEFEL, LEOEBRERAHRT I LICKsTHEEST
LA0EENE T T v 7 ADME T v T 7 A VIBIREFBT 5 Z LR, L, CLINIZ
BT, Reynolds I 1L, MEEBNE 7 T v 7 AR LT X ) B —HiHeF v / B —[ET
DR L > TIREEND. TD®D, ZOZUMEK D 2DI21E, Fl—OERH&M51:
T TITONTERT — XK LT, HRAITOMERH L. D72, CLNIZHIT S CFD
fiRk & BT — 2 W ORRAEIL, CLNOEME S DENNIEI2bDEEZ LN, TOHEEZE
BRIl T 5 Z LT TE .
43 1%, FEME SN2 LES ER U7 vy 7S A x5 & Lz WTE fERICII1T 5 A0
AL JEGER & 3 Ry OIEMERADIRE. 7 1 7 7 A V&R, WS Scaling FEEH
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Fig.4.3  Vertical profiles of (a, b, ¢) temporally averaged streamwise velocity component u at
three horizontal positions and standard deviations of (d) streamwise, (¢) spanwise, and (f) vertical
velocity components at front of the cube. u, is the scaling friction velocity. The black line
represents LESs, and the red open circle indicates the WTE results (Castro et al. (2006))%.
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ZHWTERLSNTWS. 7'm 7 7 A LONLEIL Castro etal. (2006)Y ZZML7-. CLN
IZHB W TIE, LES [IFEFE T WTE O RES M2 HE L T\Wb. —F T, CL L2k
W, B 2B AR Oz, B2 EIOR LM@Y, 2 ORI Scaling i IZRINT 5.
—J5 T, Eift, ARNCHRABEGEOERRADOIE T 1 7 7 A X, $3TOD LES & WTE
DODHTRW—&Z/RL TV, xt LT, $hEHmEEIZIB W TIE WTE & LES fHT CL NI
BWTERNETL., ZoERIL, WTE TEWEUEGZ W CTRIENMT O, )7
RO TH A LT- Downwash iUk T 2 FHIZRORBIZ L5 b D EE X LD (Castro
etal. (2006)Y). AWFICOHPNTIE, LESIIF ¥ / E—NTO—EB L7-HANHERINTE
D, HBTEBBRE &5 OIS 2 BEE ) O R A BT 5 7o OIIEY Th 5.

4.3. BRBHNTOIERRHESFICHT BB AICLLIFE
43.1. FHRE - ELRHHEDOSRE IO I 7ML
43.1.1. PHEEHEOHE T 1T 7 A )L

B 4.4 1%, ZKEWE CHLE Sz 57 R EE BUE@) OShE 7w 7 7 A L AR
¥, BT 7 A LE E2H CTOREH] « AT - 25 07 1 B (), 18 K> TIESL
fbasid. X 25 EFEL @E3H LLFIZEBWTIERE Case TV R 7 7 A AnBiria—E
T5. —F, TR EOE ST, HEREEO LSO REEOFENC L REEN R ONS.
P bEnD, REIZEWTS, EESFERSFMORENTILEA LRz <3H OESZELLT
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Fig.4.4  Vertical profiles of horizontally and temporally averaged streamwise velocity component (u)
for Cases 1 to 4. U,y is the horizontally and temporally averaged wind speed at z = 2H.
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4.3.1.2. Reynolds /] + Dispersive Jis JJDERE 7 v 7 7 A L

4.5 13K PR P4 & 172 Reynolds Jis /) —(uw'w'), Dispersive Jis 1—(u'w') OFhE 7 v
T ANVERT. RKIE, BEEEE S X O Scaling FEEGEE 2 W CIEH{ES vz, LES
IZBNTIE, (2-6) I Subgrid-scale HilENits /) (vses0u/dz) ASMNZ HIH A, W72 Grid fif
BEZERMAL, kh>, KEKZU Reynolds HOWMNYG THh H7-8, TOHFGITFLL
NSV FORD, TR, —(wWw'), —(@'W") OFR LIz, 7k, 2 % L FIEE, Reynolds
ST RABE ALY, 72357 Dispersive Itz 173 0 £ 72 % &% RSL Einé L7z,

45@)X Y, Casel~4 OERET 17 7 A /LA RSL EZ 2BV CHHFIZ R DM AR
I L7z, Casel (2B TIE, Reynolds i /71Em & 1.2H~3.5H O TIRIE—E LD, —H,
Case2~4 [ZBWCIISRE T MR A R 65D . 7235, Case2 1XE DM FIE TH D
DIZxt LT, Case3, Cased TlE, SREAFIMIME DT NBIT 5. Fz, K 450b)IF
WX, ARE—RRPEIZ XV Dispersive his J1%, RSL B _EIZIBWTHENTEZ RO, AR
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Fig.4.5  Vertical profiles of horizontally averaged (a, ¢) Reynolds stress and (b, d) dispersive stress. (a,
b) and (c, d) are normalized by friction velocity and scaling friction velocity, respectively. The dot dashed
line indicates the roughness sublayer height.
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Ko TEFRSINDEE )1, 4.5(a) \Z/RSILD X 91T, Reynolds i 71 DR E ABLIZ B
N LE KITT 2 bbb,

F 72, Reynolds Ic/TDERE T 17 7 A L DZERIZINZ T, 4.5 {238 T Reynolds i~/
& Dispersive hits JJ® Scaling IZB L CHIRZ R LT\ 5. RSLINTIE, u, TEHILEZ L7
&, B — AN THRIR D Reynolds 5 /1701 7 7 A )VINHER T E 5. £72, Dispersive hix ]I,
BRENICEfR 72 B —E L TW5D (¥ 450b)). chcx LT, u, ORbvicu, A0
TIEH{ET % &, RSL NIZEKIT 5 Reynolds hix LT X TD 4 — A T—E7T %573, Dispersive
ST DN TS AR 22 BN L 5 D (X 4.5(c)). = OFERIL, Dispersive i /7 23R IENZ 230>
DRI E > TR S T b ivdu, AW TEEAIC Scaling TXAHZ EE2RLTWND.
Dispersive i NI PHEGE DO LM BIZ L > TEFR SN D72, CL WOFEHJRGE D22 MK
FEZRTHDOTHSD. £O—JT, Reynolds J& 711, BT ORERIFIAE) 2 £ T REH
BREBTHDU ICL - TEHRSNDTZD, RSLNICBWTCIHREHE Y 7 v 7 2D —7
ffity3(z,) &> TRESIT BD. 2T, Reynolds b /) ' — 7 fifl 4 FLIZ BEHGHE & &
#FT DHIEN, WTE, CFD, BAMBIIIC L > TRYTHLH I LEABERL TR, B,
u, ZMNDHZ L TEEN ) OERZZER L TONAIRETHD.

43.13. ELifmxF—, FEHOSBIZRIT 28E T 7 7 7 A v
46 FUKFITFA S U TKE (@) & 3 BAERA O () D87 o7 7 4 1%

RLTWS. 728, TKE & 4rHd Scaling FEEGHIE I L » CTIEHES D, WThodhE 7
277 AW T, RSL NIZBWT—E L, $hiEHricMBoOBRERL TS, Zh
1%, BEE IR ST uZ 1ITKT D TKE RGBOHENF—THLZ L EKRLTEY,
RSL IZ 1T D ELTEPERIZERE /) DB A 2 TORWZ L AR LTV D,

—J7, RSL 22T TKE 6 X GEUESHOSME 7' = 7 7 A WX, BREiIc k> TERZR S
e Z 7R L7z, Casel IZBWTIE, THHDOEET 17 7 A /L3 E S3HLL T TlEE—E DM
M Z R LIzDIEkt L, oy —2 T, @SICffEo TP T 2BRB RNz, 72721,
Case2~Case4 M TIETm 7 7 A VIBRICOT DHRIEVREALNTZHEOD, WTFhudr—2A
THEFEICIEFITELY LA R L. £, 2h b r—ADH4E, TKE U &
v’ OEGESBOMEIEL, RSL OTEHCEY— 7 2%, 2HLL FClE EmE oMl ra 7 7 4 v
Z, O LZETIIMEOT 07 7 A )VEmd. £, w O, RSL OIEH O L E2E
TE—27 %L, THALEZE SITh > THRIBRIDDFEEL L7 R 2 £ 572208 L3 5.

IIHO TKE BEODHOMET 7 7 7 A BT 5 72581T, BEIIC L AT 25 EH)
BT 5 v Aty OELEN LT, BREIR Z 5 O R F—D AR T I LI
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Fig.4.6  Vertical profiles of horizontally averaged (a) turbulent kinetic energy (TKE) (e;), variance of
(b) streamwise, (c) spanwise, and (d) vertical velocity components. The horizontal dot dashed line
indicates the roughness sublayer height.
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5 HW) 5 = PeATE+ T + D) — &l +T5% — PFSS (4-4)
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- - _[mem\ g Oued L app) oy 0%e v _ o, (0w o
2T, P = <uiujax]_>, TS = ox; T, = o Dy =v ox? and & =v o, 0%,
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Fig.4.7  Vertical profiles of horizontally averaged terms in TKE budget equation for (a) Casel, (b)
Case2, (c) Case3, and (d) Case4. The dot dashed line indicates the roughness sublayer height.
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Fig.4.9  Vertical profiles of horizontally averaged the breakdowns of the shear and wake production
terms, P; and P,, respectively. The horizontal dot dashed line indicates the roughness sublayer height.
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Fig.4.10 Vertical profiles of horizontally averaged terms in variance budget equation of streamwise
velocity component (u'?) (a) Casel, (b) Case2, (c) Case3, and (d) Case4. The horizontal dot dashed line
indicates the roughness sublayer height.
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Fig.4.11 Vertical profiles of horizontally averaged terms in variance budget equation of spanwise
velocity component (v'2) (a) Casel, (b) Case2, (c) Case3, and (d) Case4. The horizontal dot dashed line
indicates the roughness sublayer height.
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Fig.4.12 Vertical profiles of horizontally averaged terms in variance budget equation of vertical velocity
component {w'?) (a) Casel, (b) Case2, (c) Case3, and (d) Cased. The horizontal dot dashed line
indicates the roughness sublayer height.
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Fig.4.13 Vertical profiles of (a) production terms, (b) production and redistribution terms, and (c) the
ratio of the redistribution to the shear production of the streamwise variance. The production and
redistribution terms are normalized by u3/H. The horizontal dot dashed line indicates the roughness
sublayer height.
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Fig.5.1 Horizontal distribution of the temporally averaged wind speed v, for (a, b) Casel, (c, d)
Case2, and (e, f) Case4 at z/H = 0.1. The values are normalized by (a, ¢, ¢) the total friction
velocity u,; and (b, d, f) the scaling friction velocity u,.
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Fig.5.3  Correlation of the temporally averaged wind speed between Case2 and (a, b) Casel and
(c,d) Case4 at z/H = 0.1 used as the pedestrian level. The values in (a, ¢) and (b, d) are
normalized by the total friction velocity u; and the scaling friction velocity u,, respectively.
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Fig.5.4  Correlation of the standard deviation of wind speed between Case2 and (a, ¢) Casel and
(b,d) Case4 at z/H = 0.1 as the pedestrian level. The values in (a, b) and (c, d) are normalized by
the total friction velocity u, and the scaling friction velocity u,, respectively.
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4 5.5 13z = 0.1H 12815 %£99.9 %Gust factor GFegq DAFWIEI 34T & 8T . AHERITA
7 AT LT DG DI, GFygo IXEMRICEMIFIZ IZ W TRV MED S H L7z,
FEDO—F T, BWFERE T TIXE Gust factor 25 WL H AV 5 . KW 72478 O R IT A7 — A
FFIHEELTW2b DD, ZTOWY 5 DD KR/NIONTITIE R ZR P MR S .
Casel |3l r— A% LTl RMEZ R L, ZAUTIRUT Cased, Case2 & 7257, Gust factor
DRI D, 1%, K51 bbby, ELEMERE Scaling 7 %u, TIEHML L5
B, TONMORE SITHHERARNEL L. FEMITRE T 223, BIRMREZ R~ T v,y &
SEEN G & R T v, D Scaling DiEWVRAFERIZHE DW= LB HND.

[A#RIZ L CN %Peak factor PFy ZLLFD XD IZERT S.

!

PFy =

(5-2)

17a
Peak factor |Z-2DU T % Gust factor & [AARICH M EHZ HWCER S 7. 5.6 1%z =0.1H
BT 599.9 %Peak factor PFogq DKNVWIHI AT Z2 7R Y. GFog9 & RIERIZ, PFogq DZE[H ST
EM&~2ﬁfﬁwLkaﬁ,%@k%éﬁﬁ%@ﬁ@éwmiéﬁﬁﬁ6ﬂt.@ml
BIRBIIZPFygq DA KX, —JF5 T Case2 & Cased [JFELL LI=EE /R L7=. F£7=, Peak
(@)  Flow

Fig.5.5 Horizontal distribution of the gust factor, GFyq g4, for (a) Casel, (b) Case2, and (c) Case4
at z/H = 0.1.
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Fig.5.6  Horizontal distribution of the peak factor, PFy4 for (a) Casel, (b) Case2, and (c) Case4
at z/H = 0.1.
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£V, Case2 IZx19 % Casel Dvgg99 DIAIWMAITHI 30% T o 7. AitiRiL, CFL 2k
35 EmBREN SR T, @ EE T ORI Z R T u, TIERE L7 & LT HARMEAE T
AT HBDFHENIRR D Z L EZERLTWD. —J, Cased [IZ DWW TIEZ DfFZEIE 10%L4
L7220, Case2 (Zx L CHfLL LTCY}IL%%#%EXéZ}’Lé. Cased [T Case2 & ¥L7¢ % i) & fit
faH 2 FF O+ HE L?’:F‘ﬁ)% BT LMY Th D, AITHEZER O REREIZ DWW T
TP LIRS 6N 5. I E 2T, #iELREE e 25 & Lic—fik D WTE Ti3#l
Ry aWANTRY:: i H R S o %b\zé—ﬁé}—ﬁﬁﬁﬂ LXoTHEZ L72E LTHh, 5??%%
MOZERIR G % TR 20 IEMER VW E B2 5D, 2 b OB EED R
T Casel & Case2 DGFygq33 & UNPFgq o DK ARITIZBAE 0BV R 572, — 5T, Case2
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Fig.5.7  Correlation of the 99.9 percentile wind speed between Case2 and (a) Casel and (b) Case4
at z/H = 0.1. The values are normalized by the scaling friction velocity u,.

Fo, BEBKOERZTEEMICTHMEIT 5729, Case2 &l —ADZERZRTIEELE LT,
2 F LY THRERZE (Root mean square error; RMSE) # R TERT S.

RMSE = \] Z (ACase] — Acase)” (5-3)
Casez
ZZT, Ny [FTHRREREZE TR L, Acgse; V3 Case] ICHITHEHA 2EHKT .
£ 5.1 2R D RMSE % 7”7, Casel DAZELD RMSE (% Cased D 2~3 5D &\ ME %
RLTRY, LEBEEOSE, EDABERENI LT 10%LL EORE 2Hts 7R ER 24
LhHZEnbhol-. £, WFIDOZr —Z 2B N T HGFe9 @ RMSE [ZPFyge  RMSE
DR 2 D Z I D . AFEFIL, #Y)72 Scaling /X7 A — X K HHETHHIND. PFyq
[Tvgee Loy, &Ziofmﬁéhfio@, Wi#H & Hilu, (2T Scaling SNb. £DO—F T,
GFy99 DA, u, T Scaling AL Dvge Lu, T Scaling S5V, THAKIILD. Casel D
%A, W Scaling /X7 A —X OV 9 HEIT—ET 52, Case2, Cased DIy, u, <u, T
D, TOREFRE LT, GFygg IZBWTT —ABOBERZBRNAONTZEEZEZDND.
&I, ¥ 5.8 IZN %Gust factor 33 & O Peak factor [Z-DU T Case2 & o> r— A TLE#g
%759, Gust factor IZDOWTCIE, 99.9 %R EDE/R— U XA NVIIMER—F L Z A VKL
TIRAENKE . Case2 & Casel M TIEGFy99 7347 30%~-10%FLE D, Case2 & Case4 [T

Table 5.1. Root mean square error of each variable

Vg /U, Ty, [ U Vg999/Us GFy90 PFgq9
Casel 0.182 0.082 0.070 0.162 0.086
Case4 0.083 0.046 0.038 0.051 0.036
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Fig.5.8  Correlation of (a, b) the gust factor and (c, d) peak factor between (a, c) Case2 and Casel,
(b, d) Case2 and Case3 at z/H = 0.1.
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S, Weibull 34351 2 JBUE Offe =558 BEBE L (v,) 36 & ONBRREE LRI SLF (v,) 13K

TEESHD.
B va_qﬁ_l va_gﬁ
f(we) = E( o ) eXpl_( « )l Va2 ¢ (5-4)
0 v, <(
va_zﬁ
F(vy) = 1_6’“’[_( o )l Va2 ¢ (5-5)
0 v, <(

ZIZT, a>0, >0, { TFNEI, Weibull 734[IZ351F 5 Scale /X7 A —4, Shape /X7
A—%4, Location /N7 A —4% T 5. 723, Wangand Okaze (2022b) 12 [ZZ 45 D/NT A —
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fife 25 B BEEL S Weibull 7347 (206 D 6, & OBFHIRHBIC D X, SV, ERERZE, | R
F—AU MRADO LY IZERIND.

={+al (1 + %) (5-6)

1/2
oo =a(r(1+3)-r+(147)) g
Beo 0 ()1 (1 4) (1)

(R 0ed)

2T, T(2) = [, véi e vedv, 7% Gamma B R L TRV, (i, k) 132 R A LT
F70, TO—FT, BIHiTEALZN %Peak factor PFy TR TEIND.
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Fig.5.9  Correlation between the peak factor and (a) coefficient of variation o, /v,, (b) skewness
Sy, (¢) kurtosis K;, (d) Sth-order moment ms, and (e) 6th-order moment mg at z/H = 0.1. The
open circle, triangle, and square indicate the peak factor of the 99.9%, 99.0%, and 90.0% percentile
wind speed, respectively. The red, blue, and green symbols denote the values of Case 1, Case 2, and
Case 4, respectively. The black lines represent the relationships described by the Weibull
distribution.
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Fig.5.10 Correlation of the peak factor between Case 3 and (a) 2W model, (b) 3W-Si, (c) 3W-K,,
(d) 3W-mg, and (¢) 3W-m¢ at z/H = 0.1.
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Fig.6.1  Contribution rates of singular value
Table 6.1. Mode numbers with contribution rate
Driving method
Casel Case2 Case4
>1.0% 16 17 17
CR
>0.1% | 116 127 127
>99.0% | 1051 1382 1385
CCR > 90.0% | 188 242 239
> 80.0% | 78 103 102
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Fig.6.2  Statistics such as (a) mean and standard deviation, (b) skewness, and (c) kurtosis of the
left singular vectors.
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Fig.6.3  Probabilistic density function of the (a) 1st, (b) 2nd, (c) 3rd, (d) 4th, (e) 5th, (f) 6th, (g)
7th, (h) 8th, (i) 9th, and (j) 10th left singular vectors.
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Fig.6.4  Horizontal distribution of the 1st right singular vector of (a,b,c) streamwise, (d,e,f)
spanwise, and (g,h,i) vertical velocity components. (a,d,g), (b,e,h), and (c,f,i) show Casel, Case2,
and Case4 respectively.

92



4D =
i

30
:'\:zo t
1.0 r

00 10 20
x/H

Fig.6.5

3.

0 40

(b)

4.0

3.0 ‘
T E‘
>

1.0 20 30 40
x/H

3.0

(h)

4.0

1.0 20 30 40
x/H

3.0

0.0

1.0 20 30 40
x/H

(c) Yau
4.0 - 0.02
30 " - [
o)
; 2 - — 0.00
10 ' !
0.0
0.0 1.0 20 30 4.0 —0.02
x/H
(f) '/12,11
4.0 ‘ 0.02
3.0 [
o) E
?\ 20 — 0.00
1.0 i
0.0
0.0 1.0 20 30 4.0 —0.02
x/H
(M Yow
40 j 0.02
3.0 [
Jr e
?\ 20 — 0.00
¢ |
1.0
0.0
0.0 1.0 20 30 4.0 —0.02

x/H
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spanwise, and (g,h,1) vertical velocity components. (a,d,g), (b,e,h), and (c,f,i) show Casel, Case2,

and Case4 respectively.
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Fig.6.7 Horizontal distributions of the 99.9 percentile wind speed of (a) LES and (b,c,d,e,f) LRA
results for the case with H/20. L is equal to (b) 1, (¢) 17, (d) 103, (e) 242, and (f) 1382.
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