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al., 2@1; Tu, 2019;Grlj et al., 2023, dzdBts Wodzr 2 EkEZyvyl otOh jdadW
[Dhineshetal., 2010; Zhang 2010;BugalskiandHoffmann 2011;Paiketal., 2013; Liefvendahl
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3. [yjdSd BsOMhlsOBdr 7 ‘WWjClkse HdY ctjBdr 7 o
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fsfRtsh! o &jbsHJN)BEEE § sdi@®esEpeAtfdle: ofjr MEC
Cosdzdzj 6 dL RdzMlsdlsklsO Isjtstejlsdyd ME 52 -Id RBAIHjedzO Is
Codzdzj 6 dL A Jul cster dzso M d2 cGtsm@H Oisfglicd H dzdzy
f sligsh .
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| ZO9a Pj BsHJSC O ydiFipdz] diatgticdste Odzd v oas @ s dzd Wz
9 ovwLEB2 dMmMydqdzOj iss2 Y dHEBMIs

11. J 9 jH]ded

t Offuydls tBlIsj ¢ Oded W Ctcj Bdzcets oddzs©O fftoj H Ml
o ydmdzd s j dz' dats 2 GdHtesHddzONd € d, Istcj B8 h 28
Ydrduyuimeédr WOCIkttetse: Iskztos kzdzj igabdisintsH dzrlsrj g figd v
LIsts Mo d3j Misdets]y otOh jdzdj ocGjBdesets oaddasO d
dzj MStsdz S5 Misjfjdgj?2 MmeseH' ), Htsyjmm ¢ Osdl
9 tsdzdzj dzd J . b dzts )y dzOW GjBdjIstcd W kst Ofmis j@fis H St
dimf sdz! L s9 Odzed W dzj MistczC sztcd totso Odadze - tcOMmyJ Isdz
stcj Btsoa Odegdw ¢ Efmlksts2ydetsfmisd d bktydsimisd ydmdzj d

I HOdzdzs?2 G dzOo Jf todf of B)AR[YBCiOLAd]] B ssHdSCd d
sBlsj Caotegdedz’ = o ddzstse, st & Ghatzezl - dz@ to Beef 1Sl YA
SMted Hdzj dedz" = f 5 t¢ QB2 EisCOSfiplstc " ) SHiESo §8 s dzdzts fi)
YdLrduyd M e, @ ois@QI MMHoOoftcj HMIsOo dzj dz0 BB W § E2DW
ZtOo daj @atpdtsld fCds j BOIs d W J fCas?  taishinjdgafiscias] o¢ dzO ) O

J f Otc OG Wi QR Ofeso €O L OHOYd Blsj ¢ Oded W
ow LG22 )dHES HiEstafOtf e PV ff) OC asddjLitisa GH§Ods | d3OIs d yj ¢ Ow
CdHtesHd OB S d, tj OdzdL tso OdgdzOW o  OC j ldnid Mifsts tel3s
tcOo 2z @afes s MBMtcj H dzj daedze’ = Mifste d3j Jridati@sedzipyHdpdzj, &3 B
Hsdzd WOL i3g lSVOREERDE yjlsO Motk @eDAPRBRE fj ik bt
s dohPds tsddpj@iediso 52 -BOG Y BOsd U ME 52 BEHdzzd to Gj) 54
sBlsj COded ¥ ¢ to fizes olfj dit® dyddodisadians 2 dzj dzls dzts g-tRe i §3ts yog teH C
COodlsOydd) zdeficizp e Ols stc © ff tso j tnIiclisein 5 dzbs B @ Teds izdz,
Gicj B dzs G sl ofd@s@cHeOfimMOldz BN 2 Ydmdzj dzdz" 2 3J Is
EtcOo dzf tz R Mis @ pg tePlsd L Oy dnw {f bstede) ds@sSs(d®j ydz' -, 5B
ftedotsHwismw did fsdg" L O df tejt€ shiglgp g A Uscich dzts 65 h)ifiaPfg @
Odze stedIlsdz tcOMh j §f dzj dedetsc & tdf JOWEERISE jtedD {5 S MGME] € O y ¢
yd mdgjedgg ssH O Hdzv t©OMyjlsO Bl $Oded™w Gtej Bdz =
Odzé sted s dztmG®©j dzd v ocdtaiglss@izts clftds | H tisldnoyte @HAD Y dxd W
d Odkctstedbsdsj I bEEOsEO stesMisd, § L o s MnhoH2] disomnjls
O OS] BfdMOdzO d&sHJW d<¢ OWydnkatakidhrzd WOEFlimiterg tc O dz
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ClsteOw Ekydlsr o 0jls Md @ usO g oo g jsthdae ids |j . o ©
65 (o] L kdsds O Oddidds) Hso Odzd 2 .
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12. 1 5MsOdso COB PR O™ CojBdscts oddks0 St

[fdh jo&s ffsOdsaSlk LOHOY] otOdh jdd¥ ctoj B dat
dzj sBRsSHd A" jJ Isj tod3d dz" d teBfsL dzOYJ dzd v . ] t6d B dzts 3
wodzw s bR pvS udaly Qzj &) &sOdkd, J ©OMYsEOc o]l
Ho dX 4 dzd 4 mMkHutser @3 HoOodeOlsj dzj 3. 1 H d Gdsjyloipgs  t
Yomsmletsdh Oj IsMw otsCtclze Mot 2 hdv,d Jjfipd ke MhOF K
oHBd dzjy. 10 Mujls ©OLdJy' HOodjdd?2 O L Of
9 Mbsstetsdzz Hoady jdedw, d dOGdzjIsOsh j2, otsmy tod dac
ML HOj MY ki 5t d¢ taadRpfiess dz6 dgds 0200217 .

10 todfZdS jf cIC.0L Odz0 § cflsOdsa CO L OHOY] GBI,

D n
N §§VA
x)Q
\T
t dMzd2d¢) dMlsOdzso C O L OH Oyd B Newh@@L} ctcj B dz
J k!, fosoisHdd 2 Ctoj B dzOH w6 dzfs ez o L Gs Mk
RZOLT 90 jlsiw §sfmiskg: s [rddSdds 2002] :
h,=v,/n. (12.1)

l1jtej2Hw ¢ BJjLWOL A3 tedets?2 o jdzdyddzsj, L OfdhJc
odH ] :

h v
J:BA :r% (1.2.2)

[ IsdesmdlIsj dz dzOW T JosGpisdzjf2 h Ow Cddzj ©30Isdyd Mms OV
sftcjHjdvshoOw tojydds cOBBIsT ctojBdetse s o ddzlsO.

{Mdzso dz" d&3d GdHtesHd OB Y MSddsd ~OwLOCIS] tedf
CL W Vdudikils Efg@Pdils dHgdd) Rl W% dydj das f zf L dz
Cslster | tOMMydlilsr 9 O sy Mse dzOfmdes Mmdzj Hizs M ddg W
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T Q =2 &

Ki=———, 2 Kf=—— =

Tor» O o m 20 K,

1 QoadMmddsmMisd 1 Isdrn R OwOSIjtedMmisds Gls slsdatst
Hi2Mseadw cGtojBdtets addzs©O, dr22sBh d2 odH ¢ OL

(12.3)

J

J

tdmMezd2Rtsttdor j HJj2Mlsoadw ctjBdsets o ddzlsO

{hdBS¢d o BftejHjdjddd {bdn U OLOMEkEdE) dadht
9" MsC 82 dBsh desfisd, SClststcOW dzj sBriBSBHJMBO HAW HE
o s syjtietg o 5H dIsL dzCyd s dz' dz" d3 HiY sdzdzed Is § dz' «
LOstcPlEd@dg sh dr 2, 2020]

J zOB tstcOlstste dz' A Emdztse dw A L Sy J tod d3d dzls O dz
BsHj dz desd3 BBOMh IsOBj, dr HJRE BSGREAG $[QSO o daéd@zedd 108s
dmf r H@ssdh j dz' dzr = cteiBdz' » oddzlstse, Ctesd®g] o' ff s
f sHOSBAdz) SBRtSH d3ts ftsB dz8 H OIs! Cdded B3O yd ME 54 1
tcOo j dzMiseo | ldsmdlsjd d' -~ f§ohmiskzfj?2 &sHjdd d
OVWLEBS?2 NydHSEBMISd, ydmddzs t J2desdzr HMO SOCHJ Woi
dz0 7 ts HIASM W[ r, GOBA]: d dz

Re=> & N3 (1.24)
A U

Y4

GHZ T ydmdzts dzts%@ﬁq]hme]sstscj tslsdztsh j dzd § , L O dMmwh j

oddzBDS ddzj BOIsdyj MEOw owL CtsMmils: MejHT .

[ Oo j dafisfipjtstz t J Rdes dzeks mPadzd d dzOlslzter  dzf qLoS Y §
dzj sBr SHYWHRBMiEHtcdzts o MsC dr MEtetsMmis 2 ), d {ftiscadstisddzt
BSH J dz detsd3 | SfiptteCepddgyddald s v o ' f Regzdaieded § &3ts lizthtea

sBjMfjudoOjls kktwslkdjdsd 2 6] wd6ddadsussdyy i
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ftesyjHiied Z dzOtetsH dzets?2 € tsdzW § toj dayIld L) ds iz Isl3®eiz: Hiztsg O fn
t J 2 dets dgisiny @ o AT TIC, 2D17.

sOC k) BTzt EZY sk dkzlsts tcOdzg b B fzts &) is O dzg Qels &
Isj Mlsr 9 OS¢ dZOL "9 0Oj 3" n kfmdazsedwr fotBtsH dzts?
cOBtsSlIsOjIs ©® BJjLGEOdzd ydzts?2 Y dHEC tsMisd, d MmModtsn t
tcOBBISOjIs LO SCttfbkzmtsd MkzHdzO I[ Bfejrtt o tstdnts 2 BDEBED;
ZOMlsswh j2 HdMMjtelsOydtsdadets? tcOBTSIST BHjls tOf
GdHtesHd OBy MSdr ROOCIsjtedmisdS ctoj BdzsGts ¢
sfemisdd sfdmoddj MOk B v § ) ¢z0 Is Qfdfipdzj H dz
HdMMJ telsOydd.
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1.3. 1 OL s¥dOd-BRIs j O dyj ME OV &sHj d

[BljSOdd] ctkjBdsct o daozsOd s tahxdis | ustisdsi§
dzj fMls Oyt BhggOdslg iic Oo dzj dzd P s 3OO o dL sIsj tedzd yd MEt
Woo dzW jsif)fdets adztsR OC j Isd ff tots cre@dipio Ve [ iz fiplinie 3O MisMmis s
MR teOdzj dedv &OMMT d LwOodzsj ded™ Misd sc@EQ dzdf s to df
HiCOklso' 7 CttHddOLOR d&jjls MdjHEZEhd2 odH

1
lu”;u ”u ; ’ (13.1)
=2+ = (ruu) = &= —" ,
Pt 4( ) XH mﬁ ¥
CHfT otej dBWj T dedydedd ddznjCfyr, EZCOLT 908N dj dzO

Codf sdzj dzls € Hj S Ol fso{X, §5 3;Cus istes A fdaOdsjOds © o j € s Bt
xT Codytd) dZsO »jCltt0 hHj Kk Ojiisst R o ¢ sSERIIdOS fo
Codfsdzj dels® 0 jSlsteO kM6 i GBd vz Apfoztsls dasiglds'  f iPs

stk sdzj dzgls’™ Isj dzL stcOH Wi € J dg ABAffs T ¥ § dedbY ts dzts ¢
L OC sdzO Ferzigertsadd®eric, 2002

t, = %E oz h (13.2)
S 3 op

GHAiTHJAOBR] uj ME Vi fpdvdg oSt Iss' gdfs=dzj 1 g =0 o j).

Il Mmkzky0j ®Blj¢OddY ctjBdscts oddlda" isH dts
AN dHGsde MY  BOHEBIs jIBAG 6 &Y teistd Opj dsHND':

ey,

qu
II t"+ r:i(u,u]):—;pu iwt av

e j HO, o GOttt deOedifils - OttOCIsjtcdL 59 Ols
WaL v0¢, d&Ofteddzjtc, o COodlOydtsdsdzr = bkfMmdzse dw A
otcOh jdedd @Edodls@segmsdzdL d o tsH dptisH Off 5o jotdsLdamiAfls. d |
BdYWOLA 2 ©WOLHjd&Z fted L Istsd3 dzOLT' 9 O ls Mo tsB SH
f 59 j ton dats ' pdsOA OO IsdE df © S lalgling ) MC 2 dssH | dz

[ dzv s H j dzdtetso Odegd W dZdese W OL dz = Isg yJ dzd 2
fOCIkdSj ¢ SHA H NOF (VohrdeofjFlsit) fHirtdggdNithels 1981 . 1 dzj d
COyd Mlso M zaOtwMidtc o Miskzf Oj Is OB H fzeldzQV st dz¥j H Y @zj
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bcOodzj dzdj §jtj desmO. 1 t6jdskzh jlso Ok kOCBEE
ybsts tdz dzj ddi3jjls BetwOddyj dzd?2 dz0 ddzlsj dzmd e dz
stej nd3jtedy j daj MistekSlsktedetse Odede' j Mj BOdey dedglsds
fedC &OHdr & §0Cj @Dk BBWEDEHBRE oo dzj dzddls § Oipad |
(131)H s Sdzdz" j sfyw EZtcOodzj dzgdj o3 f jt6j desMO ts5BI v d3dats 2

5
T£+—“(rui) 9,

TH K

£%+%(ruiuj) = —;pu q);tlﬁ s 3 (1.3.49)

iwx v Myr, a) »,

I M ¥
GHXTddzH j €y, ECOLT" 908 h d2 dzO ¢ tod dzgOHsoRJ ¥ digstaply: HOS
X2 WonirtejLblzd Isqtelzes h Ov f dzslsdzgsfyls: , ftcj HMlsOo dzw

f dzslsdzsfisd 5 ofjjd % OL O&:

[ ¢ (13.5)

Q:=

=
1

>
[

CHNICBddyjMmsats WOL.
1 Oy desls' WH G jslss® fise j tor dats fipsasdets  Epyipdz g vdzd o
L dzgOygj dedv ydmdz© 1 jBjJ 6O, Cobstets] ROOCIsjtedL b
ftso jtorn desMisdesets dzOlsw y j dad v :
rn’D?
S
GHTSBL WWdyd] dzls ftso jtern dzsMmisdzse s dzOIsw ) J ded W . 1 «
OB ls] fWEF200j ot ssdk 1 W% jCkOokd o jten dzsf
i to j dzJ BYwrjandGhassemi2016;Yvin et al., 2017].
sdMmlsj 30 Ik tcG.d)dnEPRdzO( 1B." Is HisY sdzdzj dz2O GO
LOadMmwh ddizd Bl ttOMmMdzOlstcdeo Oj d3s?2 L OH OvaddPerid,n s
2002].] HdMMJjtlsOydsdzdes?2 tOBsls] dMfsd L ks Isw ¢

s OB dABG.j

We= (1.3.6)
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v OB dzdn1 Dy & O dzd In Biptzs o d W

_ ]l J dzd ud dzO
1 8 Oded ydesd tC Bl [ O dzj dz I B j d&3dzO™ ¢
wlsj €O B| - bp _ Ha, _
ftesMC Odz L' u=0 pn_o 1N =0
u
dlsj dz€ O f “—w;=0, w_g ha, _ g
ftesmMC Odz! L' W =0 N un_
a
1dztsfr]gtsfnls.l fi Un:O @:O UX:O
KN S
Ha,
] AsH/ 8" At izl W_y un -0y ed,>0
HSLo ZC 5ot KN a=a,ftdc¢o
Ha,
_ =0f tod, >0
0o dzj dzdj| M=o P=n T
Hn aX: abtj'teq1¢0

I kOB Ayl sd' L £ Isfyw  fydzj H 2 whid [ O dises, sz g0
C s 3t 5 dzj dzls Qu, fdtstsdsa& §dgd s dzj dzls On ipEsEdaCifitsdzs Y d Is j dz?
ZOf 0o dzj dzd j Oy bk ©ls t@fifpdgChsldasle Off WSt tsih Is dizj
CteOdzpy H,00 dzj dzed j , L OH Oagditisjs | Gr@zdaOB DAY L OH O dzdzO
GteOdzed yJ .

rdzv f OO dagls®C ) L OHOEIsMw dr dOyoOdz dzr |

[BlsjCOdzdj ctojpdr & oddzisteOS lff Folsfisf@sa® tofteits ofsifF
sztes kdzj dzls dztf ds ¢ ts Joeisthtsj H5tc O o dzd B2 (IFMh sz dz'  tsj h O
o 3j Misj -dgd £OC dfHsEY Baftcso Odzd v .16 Iz ta & tdgjj delis dats)fq Isdizdz
dmf sdz' L 2JIsmw Mt H daj lsits(S) ) @ tefOEnds) Jd2d dts ¢z'Oe ! §

sdMlsj B8O LOodzjded? [ j2dzsdz' HNO By jls BT Is!
Bj MsOydsdzOtedzr & Istej & d3j 8T f@.c 08 dzjf dzdh s 51080 off! jjts
fejHfctkOCOjsMY HEeMisOltydss Bd "dd& 5 Moo
skts kdzj dzls dz Fdts o s dzs iftsid Mz lsflso s h g2 o  toOf
HeMisOlssydss GO 5 5 MeOodej dzd¥ M HOwLOCIs toda
sjuj &2®6e PekC §. HEpdY FoEGcsl' BEHjd& ©OMMAEOIL
o ddzs O GHAEYOLd & (ckstcdEasddy vlsB88MGO HuERS ] H d,
{j2dssdz Hink, dsekls BT ls! ftojHmlsOo dzj dz¥ o fMdzj H L
d HOo dzj dzd v FetzigdmAdOeris 8PP |
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W, Hiry) 0,

J\

iuu;u Hu (13.7)
P =— j 7

[oHt M(fUU )?U %t( )“' J

GHY TIsj doL ste toj 2 desdz? Hipse ' 7 dzOf W y j dzd 2 .

o dflsj B30 E63Tp dzf olzdp? j BBy cjQ Q@EISddpaIgERIs dets? Mo
Isj dzL sSte©O tojddetsdz HMMtse ™ 7 dzZOf oWy jded?2 M Mte] H dzj
slstcOy O h OW 9 C ZOH IskteB zdzj dzlsdz’ &y {f lsdzB By d & Mds Of
f sdstsh 1 s Hisf sdzdzd Is§ dz' dzr = Mtsslsdetsh j dzd 2, dzOL " 9
IskzteB Iz dzj dzls dzts s d .

Il dzOfmlstswh jj otcjddw Mmkh jMmMlsokjl etetsdgdets €
ZOdetsdzy § fJtedd3d deddzr &5d dz2O YOS Isd<Cj  Whpfdrvde lsfrjzve
LR dtedud MSCdd Mssisdash jddw Hdv ¢4 Y d ypddifdedss
1 emMMddzei ME O 8 dzddzgj 2des?2 MoewrL d dBiYHE Isj daL stetso
MestesMisj2 KW sEBOyd?

t}jﬁtg@j %%”9 §dlg: ”u);u,
GHKTCddzj sdyj MSOw 1 dgjtecdw IskteB lzdzj dzls detsfyls d .
s0OC sC0RO&PY sz s gz@PB ] | tc OHdze tsLNBGHo@WZ] wiad
G B dz' n [ aapdzisctdfatigatmcik et al., 2016; Dong 2018;T u , 2019; sk
U OtcOdetsa, 2022] kwu 88T (SteayStresdimanspatf j dzls jMer@erefal.,
2003. CWW jClIlsdo detsfyls HOdzdzts?2 BtsH jdzd §tsHIse jtoy HOJ
tej M § ded W hdJesCsets Ctolzeg O L OBy dz'[ 5 s dtedf T ts20,H dzr2:
BisHj Zdeso Odzdj Mo jtenLokCSotscets tBljCOddY Isjd
tcORE Or dOfmMstswh jets dMimdzj Hse Odzdw MY sdz! L 2] Isfy
2003 GEBHO, tjOddL s OdzdzOW o o @k HsSQy dcéf tsHEdsn é te
CdzOmMMmtse L OH Oy, 9 btd3 ydmdzj d 31 w0y tagotg frHejta
ftejHo OtcdlIsj dz dz" J tOMmyjl™ d OdzOdzdL fpj Istsydats?
fsMisOodzj degdzr 7 o ©0OB&IS] Yyjdzj?2 6 ByjdSj dds

(13.8)

H O dzdats 2 R Dj tzg O s MW Hisfls Ols sy dzts ) Mew L d
My JydoOodzdL dictso Odzdzr » fsftcOQoass [RMOjJjO d HE. , =
dMmfmdzj Hise Odad W tcjh jdes oL HJtY Ols! w ., vl @3 daj

fitemfjSlkdoeder 8 dzOf tc ®edc2j dfcnifddzy Hideo OHIR[R!, dzjd2Of O o
OOz L d&s5S Od des? MistekSlskter Ikt kdj dasdzsflsd o
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[ sHj BST ftcj HiNlsOo dzv j Is B 52 CsdsB d dzOy(d®
IskzteB Iz dzj dzlp dz® filpls Qltc Is dgts B j [dz@ Iz dzHu jif tds@izH [ alzcd€rand Spalding;
1974]1d k- W d3tsH j dzd v dMilcOxs $9BEO S [ dzf-2( i3S H j dz ¥ st sz dzd
Is j e BdklzDRd tedj dzlsdtctso OdzO 20 tw©WOLtejh jdadj d3j dz€
9 dzj h dzj 2 sB dzOMls d f sk, 0, f tQ H EAAHGE®RRY | dzdzOW |
Ctokf dets 3OMh sOB dzts?2 IskteBlzdzj delsdetsflsd, dMmftsd L 2]k
BSHjdzj 2 ol Higdasdigfis v + dgf d toff wiHRSEH] d ¢ it
sBiMfjudeOjls BdzdL s5fis! Mkd3dpOHo@EsR Shds HI§ aizff to ' ~d
BsH jkizdve Htod misj desydes?2 B dZOMIsd  slstsC O:

u(rk) , Hru;k)

e ku 9
=Lam s p= 4P+ D-
X 1

Ht K X}ié‘ (1.3.9)
u(r y By, o Hg(m t WS_JP[ b'r W )0,
ut K XHg N g B

GHW=eki kznjdz dOv Misteshis! HdMdy RUdd dg 6 &y 5 ¢ ug
WdzjOgmb riwi ndimmdyf Olsdpsiarsy, bydzjydzi 4 dsf died uj MG dj Ct
B H § dzd
t OfmMyudls @6jdzj cOydtsdzdztsets ydzj H3O) of telaste/Q oo dajHdEds
W s te d3iz dzj
P =min(mS,10 b k ), (1.3.10)

CHS=2SSidHbd Isjdl SEQEBAYGESMIS]2 HjWE

I sdzj Hdzd 2 udzj dz o 1 WOQousRcetPAg 5 d § b @ s Gy ozl s s
D, =2/ S WK W (13.12)
wo KX M
sz 6B Iz dejweizks iz GHPSS T s2G QAR CsHO sffts] o j &Y st
L dzOyjkzff v jtcjL Mstsisdetsh j dzd

__ rak
= , 1.3.12
& max(@w,SE) ( )

GHE 1 & dted Uj MS Avs iy ls' 0 Oj kv 5 ¥ stsdldzj

F, =tanh(arg |, (13.13)
. a2/k soom . . _
GHajrgz—ma%y—W/ythOfr]fr]lSBWdZdJ H S ff]lSJ. dzgd
¢
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Chf dteduyd MSdj CtdMmlsOdidsr &BtsHjdd tftejHjdvis
K—Cdk—¥ &ssH jdzj 2 M) §tsdEh s WikdSydd
sc=hs €1 F) s
s,=hRs, f1 F) %, (1.3.14)
b=F b« F) b

by

e & .k 500m &r sk
F, =tanh(arg ),arg = mig maxg— :
A g).arg s & wy win,y . (13.15)

CcD ,,=max{ D, 10"}

RAdZH j S clé.2H) cRedmhwEhy Mmostlke j kkiyed kedks ¢
BsHj dzj 2 :

5,=0.85, 5, =05 6 9.075

S, =1 s, $0.856, b ©.0828 . (1.3.16)

b =009,k =0.413 D3La b/ b K&

] dMmMmdzj Hise Oded W n H d $8T @ tpdiaf L 2SNy dz! Mse
Zdzdo j emMOdz! dzf@ 3d ftedMmisd desydze d3d W EzdzC ydw dsd, ¢ sls
ssydesmisd tjhjddj Htd fsdLotd dsd Mnjlsydsd
AsteBzdzdtetso €O ftodMlsj dsydy o WkdS yd?2 s HePts i
sfdeso dgts?2 9 C dzOH o dasmwWils owLCdj dgOfftewy jdedw d
e OLdy B uj MSsd Mos) Heddddebks s dadgdrang dzd v
Spalding 1974; SmirnowandZaitsev, 200bff tc d Mils § detsydzr j Wk dzC y D E o ¥i3ts
sBteOL sd3, yYybt MEstesMmis! , o Bddy 02" j2 s Milsj dzb

81, 5 Kk 0
¢ (13.17)

_ 09
SRR Sy 28
wm;ﬁ'r M OB W ME O, N6 EES Nk 6EdE DR GO 1 dd

fso j ol desfisd quu:t%ﬂ 6aHsj LB PwER] tdzs] ts Offlasi dd j

Cddzj &30Isd yd MS B Jj,HEX04AL SRISEMNISOdzIsO Es D@ d yd M6
Cdzls Odels @ OC j IsJ 5t tf tiparftat@{dggid 7 glsi 3 V.

RIsjtcOlsdo dzt817)cj h @Y tcf & j dzwus, Is fLsdzQ@lz)jjdslizd jdzO R SH W IS
MHodesoats] &OFf Cwxisdzécj EOfuSdISoi: I§ tcOdzd ydzsets
Yydzj detse EtcOo dzgj BF)v. Hlotgdy jleA VWS KB 1f SHAtSH] © dBBHj dz

Mesesmis! HdMMdfOuydd ¥ o §jwos? ©OMUjlsds2 Ist
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2

n g0.075¢" 2 By ¢

[ dzv  Cddgj sdud mS 52 1 dzjkt®c 4O ugjArdseelzj dz j dizis @iztadimisdit
Misy dz2¢§ LOHOj MW dezdzj o 82 GtOHJJ dzls.

{ ¥ dMOdzdzO"“d3Oisqf Ldxfstsf Y 4 ME OW  BsH jekz! §f O jdty jj st
¢J SO f s @O dzo Gz H Oyds d f ted d3j dzv j sV
tcOL dzd ydz' ~f stBOMdzj RzdzsMisd, LOJIYEL LREB DO od OB
Kozelkov etal., 2024, tcO¢ jUstsifipdzd yj M OW [¢ Cofjsjtetidsmpdz d ],Hts. ,
Oo Istsi3ts B d dzfjsfitdls tg i aap), QIOttfdzPleg®€IO0] @S s  Hte. , 2
d Hte.],, 2@ 1190¢ Y] HdA&v tj" KodalkdyvetalP20IBozelkpvwetald L d ¢
2017; Kozelkov etal,, 2023. 1 d MMJ telsOdzls  ted dzd 3Oz =y Cemdsdddj H Coy
BjlssHdSd HdzW EBsHj zdtcsd © @& 1,3 R6dzdz Oy BAsd@Edgdj [L
cOL cBRBIPLZdH @ dzjj XOIsStcO ff o jton desMmisdzg" = GtcOo s
L OH O9 Ols! dZzOyodz: dz" § d GtOdzdydz § EMmdzsedw o
dzj SBRtSHJ B BSH j-ozt tztzs ©dzg | dzesgi sjk0Bis 2]1 dzO

[ dzv BtsH j dzdtetso Odzd Vv  tc @O tezr@1 e ydifeds 5 30 § dzig O f
BsH jdz2 HBsdy dzO BT Is! tcOMhddeq wizExtfife ) fedets s Y j B @
fesy MOEzr yOjls o MmjBW:

HSY tsdzdhjl@dgH Otols dzts 2 B H j dkf- WIsZSEB I [dzj dizlis fidts @) s dist
ZO 5 Az e tizts 2 ozj dzls disE@y- Ref, j iogz®  EujlsO  §jtej R SH
ZOBd ZOtedz’ 7 EZyOMlsStses dz0 dzsf OMlswR; Gtej B dz' m
HsB O dzj dzd j o EZtOodzjdzdj fjtoj desmO tsBi j 3z
sfdmr o0 hdn BOMMGY jtoj dsf), Hdv sUsjelsiGs Mds® ef
BBSHJ dzd ¥ -y @4 ictis®

Gjdzj cOltstc ftso jtondatsilsdzgr n otsczdz HdzW bEyj O
bujls o9tOh jdzdw cGtojBdzsEts o ( dats@is jodsO oy jrfn e -
CORS OR Wodsets fBHABSHO, tfkh jMiseo dv j Bsct |
md € d.

(1.3.18)
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14rnd L -&BIs j BOIsdyj MO uEs®] tzelsj S Odd™ ctcj B dz’ 7

bUudl fjtejrntsHde n LBBdz d dzOd3d dzOtedz' » EZyoOmils ¢

[ Mdidete B Is j §OmEddzts 30 ) "eldel) BB dAssCEists & tef QatzdOy dzru ¥ Is 1§ dzts I
f sdzdetsmis' & Isktes zdzj dalsde’ d3, &G drts fd§EplgpEz dzte dizts 630 §
ftodmMkzlsMmlse s Ols tcOL dzr § toj ) da3 Isd ud ded w : 1 @O d3cC
tcd Mzl sC OL Odets fm j BOdydesy dLtsBOY jdzdi 1 56
fsojtorndasih@®ijlsd BEsHj dz' desects Gtoj Bdesc s  o[Taier) o
2007]

E

TE

i MRt MOt OC Isj to § 56 tc O ddYQ itets & B thpigdter ddsTndshigls d

BtsH j dz' dats ¢ v aizsfdkedatingBdge)i f j toj Hdz2" W C tosd3C O dzfs

TE (Trailing Edggi L OH dgw v € tc ts [B&ri@n, @8 OMmis d

10 fijtejHdzei?2 Ctotsd3¢ ] dtsfOmlsd, GEH] dzOctkzL ¢
dzO dzd dz0O tc dz' ABADHE, O figses@®fndsdzw j sy  f jtoj - BH dzs2 L tSdzs!
2O dzj S Blsstesds wWOMMisswdedd s jtejHd 2 Ctesd3scd
IskztcB Iz d2] dAfstdas tc Oded ydzr 2 Mmdzts?2 . t OmMf sdztsy J dzd § Istsy,
GtejBdzsets 9 ddzs©O d dzOctekzL $d dzO dzgjets, O IsOC Y

] RANSY SHAtfsHtgj mnsHdzr | L sdzf d dgOdidtslzGogdg’ fijls + 2 Y
dMmy sdz' L s Odiaf] ¥ § s ~ ts HdD ¢ B s @jijdfdes.iflg tc @dzjSds tc OB §
GdHEtSH d dOBEgE Y | dz0" d®dkdode@ tdapptizls dzts ¢ 5 - jRg,j [ManterO (|
and Langtry, 2009 |, ftcdodzj € Olsj dz detsfyls! Colststets? o' tcOy
S jteOyYP? SO0Cx | ot dd yd » hidzdaOdt j
BO2Y§ Ofmdese s . tlstc’ 9 dzts@ 5)
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[ SHjfdslg- Re, L OL t OGNS lSsAaly § dzls O d § Is o @@dsip ] dnfiptitass
BisHj & ¢kt S S ez B g b5 O DeseioH USE®e dz dzd j  f J
CiWWduydj dzZlsO f gitej osj 4 O dEsMisd

u(r g ur g P E, 4%77 m, 09’ (14.1)

pt M e s, Ou
GHE, T L Bfdted yd ME OV P, YsEzhjlsPigdstOy dzd € tso r | ¢ tstOe O
BftjHjdvs v Meslsdsh | ddv dgd
P = FngiCal § Foned (L -C. ). (14.2)

E,=Co/ WFn(c, &) . (14.3)
Ld d2j 6Oy d s dadzsp, 1) Ean@ ek oo Odets SOC T3 58160

Gdzjotsj LdOUjddj o ORI &ZOLdsd § ¢t ded ydes d
] jezduyddz0 1 bsets M&OCO] dsets Stdstesddielzshy

Slso jIslse j dzdz®@ L O o ts5LREGC,BEO | dRERC OY todpls st dd oz |
EPyuomise 0 FwiEEBH®Phis sy k]S Bo CBstdRY daay dis Ow Y
Fup, Bls9 4 WOJ s L O f t5H Ootfizj tdaf dsd >k @ dstw iflaydf J alzls @O d3d dz0O
fpdztsy d o oW, 50508, fcisa ha2)s A3+ &Y d to d K isigdhls O dzls

sLWWdydd dls {4tk Pgwiskisy ¢ O0¢ sisdtsh § ded
Cchsieses o ©OMMEOstds O B2 ksySj §slssCO dzO

o tcj A3 ded dzOg=dB, H jtidzed ¥ OC d i3 tsBYEOIs jsq3j dzd je W o dzv j Isfpw
O Bd dzOtc dzy=&si  Wdedfsfils' v Ilskics Weyg debifly ok - ©OH dz'tods.

VicQodzj dedj f jtojdetsMO Hdzw Ctst WWdydjdasO | to,
onBBH] © w©OMyYJj bdzkzsg BB dzQfifslds'B ' L daO ) Holte| j S S TditesH g Cdd
skzteB zdzj dzls dgsflsd tcOBtSlsOdzZO B" ©® dMraHAdSE adH] .
GrdtesffLotHds?2 5 dsttkOdd $ flsj dSj.

vOCY | dusRgAMNEH | e daf getfj ZsMO Hdzw  Stedlsd
tj2dsdzr HNO ¢ SRejited Y Edzr MO

u(rRe,) it o Rey) u e Re 1.4
T :P"‘#@e?s"(mﬁ_ﬁ’ 39

GHRB, 16 j dej 8OYd RISy @) dgOZ s5H JIsMw ¢ OC
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Pm:cU%(Retq-het)q(l.O F), ( 35
Re, 1 CtedlduiMets) udhds (j2dasd 1O f(skjed d
O B daS e tizts 2 iz dzls oz Re, i § g Edui NS ) uydmds {2 ds
Cstets) v ydsdedy 5 M dsh j dadw dsd, SY§dMr o O b d dsg

d odejhdzajcts Izthsadth=57(2§1£'thI§,C&fdiJm5dn§ﬂ]d$¢Btsledzl dzts ¢ O

¢ tste efpistddsy d to @G JSTANG Dzl £ dzC yd v fdsj h d o Oded v

[SHj@ Re, ftejHftOcOjls oo jHjddj LOsdmddsh
tcOo dzj dzd W A BsH j dd sz to B lzick Vkdls CbitsofnalS s GWisS 6 T  § b
fd4ted di3j ¥ Qg d3ssMisd

3

x = O B (14.6)
D, :min(ma><(geﬁ ,0.) ,1.9)Dk h

_ _a €& Re 0.8 0 ry?*s

G H gy =MaXx( g .8 Gsep = MiNgs Mmaxg0 & 1 freatach 2 , Re = ,
! ° é@ & c3.235Re, & " 87 m

kM1 § 11 &Y dtc@EishEnGOdtsded Ul B dzy yqgte

Rr/20)* r
m

F =gl

reattach —

, Rep =

CodzmilsOdzlsT BtsH j [zle ftcg o sanmilrangtry, 20097 .

I s Of ¢sefgts v jod® d3d dza® s tizis Iz dzj dzls dzts gsReff © e P &tfu B9 Od
f OC 4 Isd tcfots catpuidisdsf dz0], . 20 2 2

RMY sdz' L sEsGdeflgd dz@&dzdede@teapsizis dzts cos Reff o te jte @) Is
sBlsj ¢ @dedj"s dz' ~ oddzlstse fsLotsdY jls ftsor mMdls:
CdHEBHd OB Ud MSdr ROLOSIsjtedMmisdsS [} Odzse d HIk
al.,, 2017] dzts fmdzj v Iz j Igls Sdsadigjplidsiod Mifyts dz! L is@ OdiAfdils tsls L
ontSHd n tf ReEsdgidEe o dzsisd skt lzdzj dzsdztsmisd § slsts
HddZOBd ud MEts2 SO0 CHERBEPROMs o [ uvOttOdztsoa2l]dl Hts.
cOMYjlsOn f ydfiRestl, { F DO&syig@ &3 Hdzv Bl ¢ Od
oddzlstse tc] Sz dzHtso Odets dMf sdz' L 59 Ols! fMdzj HIz®
i Otc O d3jTetca500, 1/ m100 [Baltazar et al., 221].

lteddzj dedIsj dz' dets € tsBlsj COdzed® cGtcjBdzr = 9-ddzlst
szteBlzdzj dzZlsdzse s f jtoj - SHOWE@ ez SHd s HEB] B OB
LOCdz¢ ydilsj dz' dets?2 yOfilsd HOdzdzsects §f O OCtOW O.
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Lydls §0eadlsOydd

t OBSIsO ctojBdsEts o ddzls O qdstOnidlds daghs foiets o to oz @s("
LOCdzg yos Ismw o fowoedzijdedd  EMlssis, L Of tsdzdzj dzdz
fsdedy jdzdw HOodzj dzgdWw o Y dHES cMds@dztog . dzjPCPBICEsa]t
fsfdzj HMMlsoedw, Ctltster | Mftctsotsy HOs s B80OMgzg Y dz? §
odetOyd:, hkd d fOHjdd] bkftttOf By p ks fsdib) g dzk
sOQoadlsOydndedzr §j Isjyddedvw 5 Moty fJtedtesHi BYJ
COadlsOydd C€0O0¢ kLMt CsoOW,; { dzj dats yde@ye, ts toBdZGa
Hts. (tcdMpr s O0guow dL Ctltster i btejBkjls tfft]
dimimdzj Hse OdgdW . stesd3j Isets, COoadlOydbdads j 1 tot
ftetslsj COdzdw, BOdzr &3 tOL B eORBd d BOds?2 HAzdIsJ
Htc. , 2017], ikt dr ftocecdetsL dqtetso Odedj W o dzw

Propeller hull
vortex cavitation

Cloud cavitation

Sheet cavitation

Bubble cavitation
Blade root
cavitation

t dMzddRE) B di3j e Isdf tse ¢ OdgafdsPRrantyr 2@EBDCadtdsj 200

J Mz y 0oy COadlOydbdedetsets Isj yjdedvw ROl B3O
wOoLtse" 2 fheddpEdld §Owttetsy dM®deiv . § pEHY] Mo
(dmyf Otej dzd™ d CtsdeH j demOydd) o dgOfMmlstswh j2  HdMf
COodlsOyded zdSeBer@ndSauer, 2068 Pk sl ®dOY o  OC
¢J] se[sg&lsw ¢ 50021 dfs fiHdis 0,0 d20  dzO© tej M | dddij firfipelmez] [dzq
200§, ssfdmreOshjets HJZOBIJSE BHdydktsests § Otcts:e
Mdmisj &8Bj4) ( lIztcOo dzj ded § dztf 2 t6 HABEAJO tSEBERZS2 R JLOLEO IS 2
Hf sdzdgw j Isiqpw dMmistsydzd S s " 3 MdzOe O d3" d3q :
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s _;(fu) 9,
I
T LM »
u) =2 ; 7 147
1 rgtron) = e 4o (147
‘W, g
| — . :
= ) ROR

GHAT® HOdzgdes 3 Mdzz yOj] tOMMBOEdo OjIsmw COC tojL |
M2 bEMtej Hdy dedzetsj L dzOuj ded 3 7 aff dzisgls dzisthdsidy dgdzOH o He
(videdy dzed?2 ddznj €, EZCOLTM o0 h d2 dzOIitfiad of dif R dzjd >paizt
ZCOLT 90 2 dz2O0 §tod dzOH dzj ¥ BRSRS 0% M wasHjv dztg I ls &
sfdMmr o0 hdj cjdaj teOyds d tOLtlzh jddd 4§ Ottser A

rdzv sftejujdjddy §O0Od]Istetss  SRs dzR Jodzfpo@yHdjddzc
z dzj @izt 6 O d i tep'H izEiuggsdzts h § dzd g1 jd3kdes Lz wsts dzj 2
ygdmazsds gz r e Stse o jHddedyd GBI j BO:

a=—3___, (14.8)
1+ ngprB3

GHRTYdMmdzs § HLO @O jCHtsfeded YidsO 3 dH Csflsd (udmdzts, § izt
RLitcOHdEM fE2L" 60 CO.
ltejHY sdzOG Oj svw , Yybsts tBi j B3dz2OY Htsdzw f OO
gL d&3j dgj dedv tOHdEMO kL' te! SO, IsSBEHO:
da, _ndpr;  dry, 3

a,)

dr
Al —B 149
dt o 4 5 26 dt r,B_q( @ dt ( )
endors 3
C 3 b2

] Mz 4O, , CSGHO HOodzjdzdj o Oty OHMOjpXZ]
dzOfMmr M j dgdz' By JH Qs df tcsyj M § OtctstsBtcOL s Odgd Wry,d [z
9 ftesldodesdz Mz yoOj dHyl ftesyjmMm CdzH j dzglMOydd
ttajd Mn) 0 B Beeddaf @EepiEpsoL 0Of MOl < OC:

é 2 -

TPy pep,
dr, _1 3
s _| (1.4.10)
Y I RS

} 3"

b by 4Bk g1 By dzs L Of MOIs! btwOodsj dedj 1§ j
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Ha, B8 r((& R). (14.11)

Mt ¥ 7
1 HI MRARZY MY sdz L s Isfpw Mdzj Hizs " dj orf Oy j ded v
:rv( 1 - Eng_p
R, p a,( 4%8 3( q,,),IO e (14.12)
A AN R o o)
R . a,l @%B 3( r ), P B, (14.13

GHE, dr T dzisls dztsyls fOtecsots?2 d YdqHE2 WOL' Mtstsls
f smistsw dzedz’ o3 .

r dzw Isd ud dzd 2, ) Clstster n ftiedmMkzlsmlse ¥ Is
sftcjHjdveh jets f OtcOd3j Ste . Mdzizky d Is Oy Pmydzts B IsQ & dPIsiAD
Jedstsy dets syJ dzgd Is! fMdBerttam d2d9 OB tc @ Lcftdd§  dz, 200 2]

— (p' pB)
S =—-. 1.4.14
/’Va2/2 ( )

vdmds CO0sdlOydd o df ] B @zizq “ich o5 detsias sifdz Js I§ 3"
f sded y p g Wz] dzdv BC g @Lh p dH dzs d L 1AWt Is dasj" df dalf v d
tcOL dzd yoO dj Y HEZ HOodzjded jd3 tSCtelzy O h j2 MmMejH" d
yd mdzs S Ok fiftistOlyed jdls, @O 8 fizdzez® j Is v & ©dzjd js Ote)@ LsalzflzOO W ¢

CBfdedud MEdy § OO Ik ard sy jfdzd " GO & dwle(@ Fd d (
nOt0OCIsj todz” Ig) BOLLARPHO YO R sBlsj COdgdwW C @hcj Hfdg'COL
d mfdzj v BYdntadaf &l., 2019;ZhuandGag 2019 , dzj Mddz deiB i g dzcpf Ol
tcOMyYjtfstdF ' Bstej flsdchdzn Otols dzr 3 1017 - 14§ daff 10°- 10°ck
Mstslse j sMise j dzdzts.

[ v dmY tsdinyd fisle QALY sL #8dER?  &sHj &zdtese Ols: ¢
fesyj Mipr ©OMUJ s Octe j EmidjigeGdady | dzj sBrBSHJ B
ZtcOo ddj dzf ¥ j stsd3, o ta@tsj dede'H j Is tOfMMmdstsistcj dgts o L OF
f OtOc O O.

VUj s Emdzse d2 o tsdzdzj dad v

[ dzv ftetso j HJ dzd 9 daff fry ffadf ) H OO 2PB sls 2 W doLi B sy s
wOCIststcO, COC dBstemOIstfo OMs dzdgj 25y d € © yd mdzj dzdzts 6
Hisf sdzdzy dzdv o o dHj MdickisHGESPi@ dashdzdz] dzd W

tickdvtcdets] dsteMEts] otdd ddi rOLOSIjtedL kz
fjtiedsHBdR, (Bt MRrtOdvels Mo s wieshcidl figdzia
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fso jtendesiisdy | otddy GftejHjdve sy ¢ OC o tsdds ,
cOmMmBz3Osted o O Is iy W[Mdnef azR00§ MaBse/@ME y d d

I OdOdkdlsdyuimSd) otddserj kjstdd oRBHWI
BSHj ek lsfY &sens Ow  tlo j 1 ddadgide Somp Hifal20 ot
osHl $OC (sCOL@dEd dzO0 todfikds |

{ d MEzHASE) Ot Odp Is iz

ltesfisj 2 dd3  d30 Istj teigOHsiyflauQ e jdof § &3 BstemC 2 f ¢
dd dzj 2 &ZOW BsH jdzr otsdzdz, OSH§ dLojMsdOv €OC Ik
sjndduifMSdj LOHOY] M HeMsObsyds?2 ksydshls: ¥
ddzj 2des? Isjstdd Wo dvj KR jls O diwsts et zd's o
o sdzdzr d ftej Hdzj d3f dedejsddizjjdls estsddzr. & sl Md dzkz i
Clser &j dzv jlsmY ofs ostejdijdd 5 L OSSddE

h :%cos«x - W), (1.4.15)

q ng:% i o s dzdzts o ts;W:aZTPq'mﬁdmgz;c S50 OV ¢ WYOIdsHsHsHD.

rdmf jtemdtsdedets] Misslsdetsh jdedj, Mmow Lo rad®s | fydzts
or ydmdzw j sw Mmdzj Hks h dd3 SBEKLOL 53:
w? = gktanh(kd) (1.4.16)
| BtedL sdzlsOdz! dzOY d o jtlsd ¢ Odz' dzO W14 V) ep(EsTBYS d L
Mstslse j IsMise j dzdzts:
H coshk (y+d)]

V, :EW sinh&d) coskx - ur), (1.4.17)
v, = 2SIk O Do - ), (1.4.18)
o2 sinhkd)

CHyj f sdztsy jded ] o tsdzdeso 52 ftso jtomdetsfisd, lsmydlsT o
] jtOd dg & bkfmisedwrh ftsH osddvddjd ojlte® d
L dz2Oydlsj dz' dets tslsdzd yOls' mwv I MddkzmsdHr . & tosiml
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shister B, ihtughio f cdscddd. d&v t§fdhMOdkdw kOSJ!
sistdd o''MwEEHS, faseyofsdshlsd, Isjstedy alssSmno
1CodoOdzy delsder deddzj2der &5 MddzkmMsdH Od dzr o5 o tsdzdz
oBLIOMSOjls OL Zdyud) ®BiyHbE O®f ddskHt2 o jth dd
[ &zv B H | dzdtctseo Odzdw o flstcj ydetse s o tsdzdgj ded W ¢
dlssCMO fwhkssets §BEYWHSO dzON dzd dzOdetd " jj o
ftodedzdy jd ¢ toj Od dFedtond®8E Lk d o zez®dgdzr u s s
fsteWHCO it HjddWidsmw o Oy
1
h:E[ los ¢{ °B,, +Bj)cos2 #B,, / °B, )¢os3 | (1.4.19)
+/*B,,cos4 g+ °B, cos5 ]g
GH/cj:k?H'l'QtleWq’uq’cjdzls ¢ tag=liod 1 e Oa tsdzdz?; k¢ 5 dz.
) OOdj Ister  daj dzd dzj 2 dets2 o 5 @4 242D & M ls d
2
H=Zl/ 8,7 (8 BY T, (1.4.20)

W =gktanhkd)[L +G # € 7. (1.4.21)
IBtedL SdlsOdz! 2O d o jtlsdC Ocd zOW @ &R s d
(1423 stslse j lsflse j dzdzts :
V.=d(/ A, +7/A, +/A)cosh[Kd ylcos g +
+2(/?A, +/A,)cosh[kd ¥)lcos2q 3(°A, ° )cosh[B d y )cos3 (1.4.22)
+4/*A,, cosh[& @ +y)]cosdq +5°/A. cosh[6 d v )]cos5 ¢,
V,=d(/ A, +F7A, +/A)sinh[Kd Wsin g +

#2(/2A, +FA)sinh[k(d ¥)]sin2 g3 A, S#L)sinh[kd y)sin3 (1.4.23)
+4/ *A,, sinh[& (d +y)]sin4g B °/A, sinh[kd W)]sin5 g

GHq:%Tﬁ]QBtGISﬁ]ISJ ptsdkzdy (WOLGOoOW MCBshls! ) .

sl WWdydj dasr 90 BHWN (14.19)(0.4.23) % tf tedfllatfrdsO ¥ Is f
fndzd H &z ¥ [Lid, @0]:
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(2ch2+1)ch (272cK -504ch 19K  32x2h 24l
4sh? B 384sH ’
3(&h’ +1) _8812&H* - 2082241 +708481°
A4si? Bss 1228&H? (6¢H- 1)
,540oah’ - 218161 +6264f -56f 81
12288&Hh? (6ch - 1) ’
(76ch® - 448k -4k 4&cH 106K 24xh
384sh (6¢it - 1) ’
19200@h'®- 262726n“ + 8368tH> +20160° - 7286 N
1228&H° (6ch - 1)(&H - 1R )
,_716Ch’ - 180@H - 105@H +225
1228&H° (6chf- 1)(&H - 1kR 1)

BZ 2

By =

(1.4.24)
B44 =

By =

_8ch*- 8cit 49
:3840:H2- 409&¢h° +2592H +1008F H£94ef  183th H

? 512sh° (6¢Hf + 1)

(1.4.25)

1 _ ch* (5eH+ 1)
All__’AlB - SSH )
1184 cH’- 1440ch - 1992¢h +1992th - 24%ch +18
1536sh’
192ch- 424ch - 312¢h +4808h -17 13 -Zct
h4’A2“ 768sH s 64sh ’
512cH2+ 4224cK - 6800¢h - 12808th +16704cB154cH +1o7
4096sh® (6¢ch- 1)
_ 80cH- 816cH +1338¢h -197
P = 1536sR° (6ch 1)
2880cH°- 72480ch + 324000&h - 432000ch + 163470 ch -4%6
61440sh (6¢ch  1)(8ch- 11éh + 3) ’

¢ Hgh=coshkd), sh=sinh(kd).
ltod d3j ded disfyls:  Ists2 ddzd ddets?2 o sdzdatso 52 Isj tsted
[vd3 dbkzBtss201§ ,Hi.cC 0L Odeczb®4 dz0 tod fkz dz€

As =

A, =
(1.4.26)

Ao =

A5 =
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18
0 0.2 0.4 0.6 a/L.
t dimizbasiy d Oc e PBdRIB] dedodsiximiistxio " ~[ visd] ysciexfe3is 2016
sO¢ odqHds dL Hd OG tcOdiRA" H dzw H dzd dzdz" ~ )

f ted d3j ded dsts My ls ! dzd dzj 2 des?2 Isjtstedd s0,tcOtfizg q i &G dzfy
o' Mtslst o tsdzdz HEL>Q.Q6 dzpp tee BzsH d s d M sz L 59 Ols !
dlstsC MO. 10 d3j dzS sotsH! § dzlz yh j J ftcd B dzd % 4 dzthd
ZOMIstswh j2 HdMMilsOydd OSd) Efmdassesdw daj tOf
s d MAdedhjQdz! dzj 2 M dr ttOMyd sOn M sdhi)ty) Otso B dzd &zF dz
d odzdzr wlstsCMO fwilssets §f StWHCO.

ltedojHjdedzr | © HOdzgdesd3 tcOL HJ dzi W tsted3lzdzr H C
tcOL dzdydz" = Isdftse o tsdzdz ( Mmiff sl te Azdztsfiplyaizal © jDokiox
dzOy O dz! aties Qdzdffyde’ = EZMmdztse d 2 .

VUudls ot@Mgjjdedlatse s o d dzls O

[ BH]j dzdtctso Odzed j tcOBtslsr ctojBdatsets o9 ddalsO dzj f t
JGB otOh jddw. [ tydsts o' B jc@f ©s jma diafsjf dsdi'F sle Odz@
dL SCtbtiprBdks] 6§B800gfededzw L " Yydets?2 dzd s tcOtmdeiteyj d fr
referenceframe2 i ff sH o d 3 dzOv M d MkijLdz al., =200 yY IS10 d [IsOC s5d3
fMtse jtoh OjIsmw fjtojrtsH o dgj ddzj toyd Odz! dzlz® f sH O
fsdztsy j dzdj o d dzls O s fip las@njlslashigwdznds jo dsLdsiz jddpde tsddz! L 59 O dzd
CotsteH d dgOls wWodzv jIsfqw tslsmikzlsmisedj dgj sBRSHJ BsMisd
otoj i3] dedas BOPOXF jf sHAtsH h dJests w©OMY tetsMmistcOdzj dz
dmfr sOdedw ctej Bdz' =« o d dzlstso[Guoethl iRid;Badfaratetai 80RIB 5 H d
Tu, 2019;Grljetal., 2022 [ H 2OC B8 o MAzEyOj d&Oddydwy MmisOydd tsda
Cstef MO MEkzH dzO) o3j Istel s §. dfizted 5 o tc ON j dzd W

l ststes? fsHatH ftojHYftsdZOGOjls dMmf sdz' L ts9 Oded §

LO Mmydl Hodyj ddf do@@)d]ol)Cxsdt dipgos © dec dzis™ L 7 Y dats 2
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1 CodoOdzj dzlsdz” s BB 5L dzO Y dzdslidizg nreSkezdiE< caxiz! d3 v IS 5{Hj © )
v OCts?2 Btk zdzd o s Qdz' dE'md iz’ L 59 Ols! MW o L OH (
oddzs O, { tcd mklsnBdHngdbet ., RAd0f Zhdng A IO BugalskiandHoffmann

2011; Paik et al., 2013; Liefvendahl and Bensow 2014; s Otc O dztsg., 1204 Bd3 M
9" Hj dzw j Isv & tdzpoddztf dzib @ dzda dS slsstets?2 tsizh j Mise dzw
CO¢ tMisOdz dzOv tsB dzZOMiIs! MIAO)] smw dzj f SH o d ) dzs?2

Bpamaromascs |\ /| [ e

00I1acTh - HEIIOABIKHAA

o0racTh

t  MzHASTue R j 3O Ydeg HMisOo dzj dedj BB dZOMIsj 2 fteod
roedyd dzd J mMdilsCd o sB dzOfMisd otcOn j dedw Zzud I
[ 52 yw dzi9sqd 2
q

dj _uj . W
dt

YAy (1.427)
T

GH%]‘fnlzsfr]lsOdzuq’lsdz(Ddzl ZOvw fetsdL o See@OKM o f § B gz

ViejClstste MCtstesmisd §jtjdihjddy ©Onmyjlsds? fjls

g Zyflisiggz MmdMmisj 30 Zwe@bwg @2 ©@®B] g dej dzdz’ ~ |
EtcOodzj ded j O3 1 j toj dets MEOj L ts Bl 1 jdisifs 2 ¢ GrasdisO Y sdflatdg IS
fmMdzj Hizs P d2 o dH:

}edd_tf-ki(r(u' n)) 4;“([4 Jno,=

fd'(ry), n u B T

L dt Kj(rui(uj ’17)) 'V_H(H' ) ‘)@_}J(LJWJ ty) #9. (14B)
Yo (r

A g e

¢ dzOdztse d Yydats f  § sd3sh 2h)  dzrytg By jwdadd'y jdAl V4 . 6O
sfizh j Mise dzv j sMmvw di3msH jlxi Qo dzlp zef B B i) izl diSsibtizis|iz dzd dzls dz
ity ~nBHO.
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RIS t5 ¢ Wpd@yls ] 30 ktOo dzj dzgd2 fteqasjls fdzj Hizs h g2 ¢

S
2

fq+i(f(U. ) -f(u )n0,=

%d*(dft‘%)mxij(rul(uj 7)) qu%“(q Jn ——;il-—)](ﬁ ) g ¥

%d*(dft% %( 4u - ) -F;é(u ) R=R

%d*g:khi(fk(u 1) 'ff:(u .)ﬂ—);%( mﬁ)s—;“éfi’ B (1.4.29
i ) - AR ) e R e,
T, ‘o ~

%dfﬁg ol =) - S I
%d*(ffe"‘)ﬁ(rfeem(u. 1) ﬁeﬁ;‘(u ez 8 o @l

[ OdzdzOW md milsj &30 ZtcOo dzj dzd ? tejh Oj smw 9 3,
ftcdo jHjddzr 3 3.8 EOB®djj 4. ktcOolddj28d i3t dhtd dhis i fd€
Codzmis Odzls 36 Hsjodzjj 22w it B Iz dzj dzlslsidstinds x| dz jd dzlsio@sizy tslz Otftc
sOCgPMmser § dimissyded ¢ d dBsH | dzdf £ Op td ds eyl Jf deds Ods)
tcOdijtgsilsdztsh jdzdw d3 BJ L dL d3d dzd dzd 2 .

vO0Cddi3 sBtcOL tsd3, dlstsetso OV fiidsfids)jCdgtizdizvtc Geotalg | BdrY
9Cdzt yojls o MmjsBw:

PtcOo dzj dzduls 3 CCpO,J tsMtej Hdzgj dgdzr | 5 t J2detsdz H

toOo dzj ded § Y J toj detsthBIs ts s bzl E30zts B) dz@ites@ugl dgiydsck O o d |

Z dzj @iz tc O;

FtcOo dzj dzdWw d3tsH j dzd IslzteB Iz dzj dzls dztffnjlsa]j d§iHTO jfrpiz A

tcOo dzj dedv  j toj dets O -ls s B E3dz 1 Qelelzdppts giAfRezl] 2@ jo <idts H

Il My kEttOodzj dzdWw L OfdmOder o Wtstedy], Euydlsr o9 Ot
Yylsts fsLotsdzw jIs diIsH j dzdtetso Ols' o tcOh jdzdj ctej B dztse

4 W i dggls o OdzdzOW ) SOC =ki®Ils § dgOI$ d Y dnCHPR sy |gtzH |
udls' wipdets sidf'Lid ud MS dJ tshtss fpezzs HBded ¥ to & f jsHplpE dstsh3
owLECts?2 YdHC sledh j @Gd § d3§& degls isss tsdz joddlsddls @, - Otc O ¢ |
dzO dzddzapdQd3d dzOtc dz Bo Z Ol tc J 2@ H dzts feQdy isWiiats ¢ 58 &) dzlzig O
BsHJ dz! dets ¢ 5 WPk 5BPBOF ] Mo 5B G H fzts 2 o Kotzds ARG S ds
COodlsOydesdzdz. » sy Mo
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15, vydMmdzj @&dzd3j Is s H

rdzv  fesmajnkeh jets dL oy jsdedg™  futd i lszzd d3 H
ZtcOo dzj ded IOBJ OBH yj ME 822  upth ) gzgededets e s g " J ded W
1 Oo-¢ I§ sSSP s dz! Lddg jlslssfimw € sdzj ydzm ~ sBi J ik 9 , Cilstst
Ctsdzmj tco Olsd o dzr d3qd Mo s2 Mise Odzd g Bty sy M
dzj MstezC sztcdtetso Odadz" » Mj Iss ¢ M [Jsakj 29960 Eedziget| amts d L
Peric, 2002] [ Odzdzr 2 @ d3j IstsH  Htodd3j dgv j Isfqw @ Btsdz: h (¢
tcOMyd Isdz" F¢ ki@, s ftescteOBB ¢f sectsme

t OmMMissistedds dmy sdselzj dsdzz s 6 G 3fzsd L Oydd &
1 OLtso" 3 ZteOo dzj dzed § o3 § & d4 )te j¥hojoredidls frfn'd fridstg @iy dzj(dzd. J
o 4 dzd yd dzf

Wi, M0 =M e 15.1
m Nj(r,uj) il @ (15.1)

l sz yj dedetsy ERZtOodzj dzdj n OtOCIsjtedL zj/ls §Bjztaj C
st ¢ t5d3® fisQizg tdalsmls d 5Bl jJ d@3dzOW Htsdzw Jdzd Isktes kzdzj
FtcOodzj BAJd ftcj HMisOoa dzv jIs MBB B2 dzj MisiGEysdzodziidsdeftsejc
fMdzOe O BtsijH d WHAejdis dzdzts ] M dzO6 O d3tdis ¢ UsO Sitg d ez Is i
diistsyddcd d MmissSd, {§tof HMmisOQ.dnjjdede &5teh tf isfntdzj dfi ls
ftosMistcOdzMise j deder § HtetsdL o sSH Oz HiZW 1 to tsffilji€ diisdigigfic3O J 45

t = -

j t9
lZzHjd&3 ttOMMdzOIstcd 9 Ols ftoesdL o sdz! dzlz® dzj Mis to kL
ftoj HiMlsOo dzj dg5.ti0 tod mMbkzdeC j 1.
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fdmzddEcuj?2¢d ©OMyjbds?2 Mjikcd
CUJ 2B jIs dBdetsy j Hls o s letwtOdzj 20 C dzs yoOs s o Mmj
Ko d ©dzj " dzd K, CtgQuipR T O dzv j IsTyw Mt Hdzd 2 K s fip delz
dzts e 30z )* Hdzw PyjROmMisHY detfjc OB M2 QYd delste®™ vy
©ZOS sHJIsfgy, =r$ @ LOMMissw dzd j sl Ry Hdsls 6@) dastpj0? Cafd
Gt Okigdi doyo=hioe 10 T dp dr TEOHPEH IS ¢ yYPdddIcOd
d vyj dastelz o dig Mipsjsds ocjtisAsth j dzdzts. ¢ dzO@dzts ¢ f Ydzts dzO R
wWYyiREMEC yjdastelz o dzzkfed dzdzj 2 G te Odzd
lojHjd cjodjlsteduj S d27 g & d2OW daddyj ddszr 2 H &z
o jdzduydde dL yjdestese wWyjjS dzO o dglzlstcj dzdzt 8 @ tcOd
Jwine= 1 d & =) Iy, (15.2)
CHljsftojHjdv jlsw fdzjlasik1996T 5 sBtOL 53 |
- Te|
rdmStejisdL oydw ¢t o5d) dxies] iz tcO ldz] dafmiz( JMiso
qLejmlsdzr = Majd3z GCIBKL" J HJ dzvIsmwis ipg® dzjovde dg' Jd
Mded BOs h dj N jiMmsSdj BetOdduj ddy dO h o ddsj ¢t
{ Hdzts 2 gL dzOd B tsdzj J cOmMf esMmistc Odzy dzdz" ~ mad

ptoj Bj dedzs e s MZOC O) BsEts Yo fshiy 1&80o dzOW M5 j d
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MY E RS W
g d

CHfjidzsdzj .6 h Oc O Mtsh O i dzg toj d5j dzd .
[tz OW MR j &30 dltihklts§ 6z +MPN WOk td B W[d3MIO9 8
3 o iyl YLy
: 2Dt : glij(”u’ "
rdzv k2§ el galsdiy dzed v ftod w©OMMdslstejddd ftsh
BHjd& dimfsd L 5o Qs ts{iphbdphy Qadaizjjtc @ dzH j S s O,
SudodHdats. 1 dzv HJIMS 651 dLYAY dfdic tstAndsQeoCtgidsch iz (i ite. ts

Bl JdBBz PUYj Y®=d Isj stej Bi - ObBBCtcOy K Batprds ¢ d dal
§ dztsh OHd Hdzw QisdzaJQqu’adztscts d HgWWEkL doddses f

j+l
H 4
g

I,1+111 :
v[i - v s rn/u ds - ﬁd‘,s \é QAVf. (15.6)
GH, 1Bl jJd&3 PUup2Fdgo jtorn dzsmBY wyuj?29ed
[ dzw Of ftetsC Nd 3Oy dp | jdalRdzts T s ddy julsifts Cisdzo j CIs
LOfdMmr e Ot Is o odH]:

ﬁl’ I{desj ° a klk 34,k TQ',k ° a Ay (15.7)
S k k

cHP i ojCHuash On' KeRpadas j &z 2 sk, yj b d
9§ dzd yd dz"  fzOts ff cetg Gicpofizvte ff 183 iz § BT Bd d ME B BIS d30SOmylxfts(te ©
BEHEkl twOmMMBslstej d HOM] |

rdmStejlbdz 2 OdzOdzse HAWW kL dsdzdzse s M dzOGE O dBis ¢
1996]:

o W .a |y o . & Yo
fimds © 4 %mﬂ g5 =a - 3 g, (15.8)
s M k¢ K

B = koo¢ M

GHILT deste 3Oz’ K. s tc A czdlf e OO0 52 Y Oflsd ftsH L &zOStsd flkz

ftotsdL ® SH dzOW qﬁ’n;,dz@qmmmmsdzqas Mz yO] Bl e tsdzO dz
k

sftej H]dzdls! MdzjHkzehdd3 SBtOL A3

Y |$| =L |C;k|/'°|§| (15.9)
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[ dzv  d My sdgl. tHo. Gdpd vdzO dzj Stels s ¢ S0z® Qe SzelzP 1 Mg B F K

Mz Hokp it (slststsr nd.f OtcOdzdzj dzj dz o j S Is ks
S, =] *%, (15.10)

LH{ M SifCOs0azdzj dzj dedo skststeli sMisokzjls Skl e s dO dz

alzh j Misdelzf Sts dzd & O L dzts y G3dzdey B3O k! @] Mipgum
correction approach, tstels ts 6 5 dADtsIAS teZOuggonal correction approach d d3j Is s H
9 Jj ton tz] 22O ¢ fr{Ovgrdethxed approach [Jasak 1996]. J dZzoOMmlstswh j 2 Hdfr
dmf sdz! L2 smw BjlsBH o jtends 2 t©j ZOSMOYdd, ¢§tod
MdzOc O] BBsets Bsy dets ftoj HMIsOadlIls! Mmdzj Hize h Jd3 tsB t6C

G

& gsl=(u A)S +E B (1511
Gp‘nk K+ I& k=
S8 ele SuS g
G H 3( S“J q(yj 1 S(,I $,| S(J q<'] Q,I -

LEOnd ] dls o dzq%/efoéﬂzoazm d s Bdzd dzd dzj 2 dztsB. 2 dpldf jist
CHY

LdOyjddvds ctcOHdjdasO o wyj26¢iJ, Cslstster 2, o f
dL o j Misde'tstbe, 3y gl telsOydd o iyfftasdepz@ HAAfFELIger andBers,ts H
2002]d oBjde@siRj dz' M d & [Barth@3ORI Ols s 0

rdmStejlsdL Oydw dMmlstsyded S O o' ff sdzdgw j Isfyw  fydzj H

RAV=Q\. (15.12)

# dMmftsd! L 5o OdedJ d3 H Ceded@®dz] &l f ¢ LeQ Ui dz"Ojyisf figf v
dzd dzj 2dzr = OdzeiBWOdqUIMEdre EZOodzjdzd?2 (4 dv) ,
(O fedii® “uj?2¢d

AD/P+¢:;'[ Acint it R ps (1513

GHA 1T HJ OG sdg&d1dgr dry cf\j,délsdzj H Oc B dz0dz! dz' § R BL W W

Codsfdelslly o j ClsstcO . ff te @azs s aednsj sfMfvy 5 oMmMj &
CLOd" i3 Puj@dyy d &3d M MsiM.HddBd vyj?2sodd
td"ddedj wHfOpmedisi2” j fls dndzvfjusdgsnj '~ ddzd ddzg" = dls
tj " Olsjdzj2. 1 HddMMjelsOydd Hdv ofmjr wf ov dhy
(Al gebraic multigrid method) [Id&kzits d Ht. ,
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)| L OHOYO-~A odzgj hdzgjcts tBlsj ¢ Oded O tfstg € e BGP:
Ctdzo j Csdodetse s  MdzOdz@ y B gids sginy sdz L 2] o3
HdMCtjlsdL Oydd

dtejHd Majd3 HdMEtjlsdL Oydd, ftodd3j dd 3" » dzO
mMilk¢On, dzO d B B:dzjtgifs Is i &t fz &8 & dztlzO W fMa J BBO (Upwi
foslsdo s sSlstsydzOwW fMnead B0 M dzddzj 2 dets? ddzlsj teff sdzw
Y J dzls o @@L dizgs fls dzOv fMnr j B3O (Central Differencing
Interpolation for Convective Kinemasc) , e a3 My &34 2 Mlsea © NVD
Diagram) d cedBtedHds j Mmnaj& (o' "Mjfjtejudid dac
Mrd BB2 Hdzv ko jdzd yuj dzdW B detslstsdzdetsMisd) . s O HOW
L dzOyd ded ™ dMEsis?2 o jdzd yd dz" dzelzB de@Pgi" j d A d fipigg
o 52 fifflswHGs ts B ddaspk, 198§; Jasak et al, 1999; Leonard, 1979; Gaskell].1988
zOMmilsswh j2 Hd MMJ tels Oy d d Upwirig f Diffezencitig«d IsLipear Upwindd3’
Differencing  SHBd&MREZ CtOlt tfdh j & Odae tstadnls fogkafdgiC s d

t OmMmdisslstsdd3 wyd29¢d ftesdL o sdzt dzts 2 dzj Mistelz ¢
sBl j BBdzsc B, WikdymClAfsQ @@L Odzts @AR. tod flz dz j

t dimMzdeRE] Qf tcOo dzj dzdy T BIBCO o wyj2¢

ltoslsdo s slsdpHzOwY fHENBOf tcsMisj 2h j2 Mo Bs2

sdz0 EMlsts2yde O dz0 dzj MstekzCskztcdtetso Odzde" =« MjIsC OR
[Jasak 1994:

. _&je F>0
(/k)uo_%/-M’ F, <0, (15.149
GHJAj TLdOUJ ddi jodzdouldOzfs dzlz yj dedetsj k2 ly jods iy dedissiadt

YYJRB gM.
4o jBO IO s olttes? §osteWHEBS ksydshlsd, do
toj CodzmbstezS yde o j dzdyddzr dz0 GtwOdz ) dzd dzj 2 dzts 2
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) e/t D ({Dk’ F. 03

(/k)LUD_:,/-M+ pj, &, F O (1.5.15
GHG, dd, TeOmMMmissw ddv GlsP M dlistctsg dbteP] LOL H jkizw & h
B/odB/y TGOHdj dzls’ jeoj il M -

1 tod d3j daj dzd J Mrd B3 HdMSilsdL Oydd olststeseBs
stejBlZjls dMfsd Ltso Odzd W sO¢ dzOL " 9 O d3" = W Iz dz¢
Gjdej eOyYdd dzjwdLduds -« BHydddk? yd? sd z@isds fm o
sfmdese dzr = 9 J dzd yd dez:

bj. = b O}, (15.16)

GHR/, dD/ i tscteOdzd yj dzdzr 2 d dzj scteOdzd yJ dzizhh & dz& g OW «
56 tcOdzad ydlsj dzv .

ANzdzC ydw ceteOdzdydlsj dzv HBdzy dzO BT Is! tc © 9 dzO
fsdzzydls! MmMaojdkkz fjtcosects fBGYHSO, CtkttOwY ¢ Ot
fslstsC O toj SsdzimlstezS ydw L dzOyj dzd?2 &0 cEteOdzd Hsd

Z d t€ists tcOMY esMistc Odzj dzdz" 3 weo dzw j Ismyw 56 te
[ Venkatakrishnan, 1993], Ctltster 2 tOmmydlsr 9 C
2, +1 (15.17)

(e +1) 4

1HIM 1 REQdGjBEEY]IshY COC

O

“HdDY >
max , (1.5.18
HdDY ¢

mim

1H D, . @ dp T tOMMistsw dad § ISP Y fsdzlsig Gals wk@j 2ty dedfizts 2
fsng Hdzj 2 BLUFEC G2 Dy, 757 % /o d /5" 1T BOC M dsOdz! dzts
B dzd BOdz detsj L dzQugHedy Mpd dzbfmbfjglzn dedr wyj 2 € OR, ¢
woyd P

rdzv offtesCmdBOoydd ¢ wdso jiz%lOd aipsfpO fifiEdc jOdsdgs
dMmy sd'mizyd Odz! dz' § OS dzOL " o O] [fJuzgferijg f>pld dPO8; " d j
Waclawczykand Koronowicz, 200B R » titsB j dzdets s ! LOCdz¢g yO  Ismw
sBj M jydoe Ols! Ho O € dzt yJ o 3G dzdipipCxi2: fipiste Oo 5 L fiylttsy talEk
GteOdzd Y- cOLHJ]d&ZO MmMtedH (. J. ftcjHiSlso tcOh j dad J
sBi jJ d3dets? Htsdzd of Wjdits) tcdlOdafL § PMisde] = ¢ My d B3O8 M d
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HRIC (High Resolution Interface Capturing schemé, f sHtchkBdABE &z tcso C 2 €
Bs ) dets dz@Muzaderijaset al., 1998],H O dzdzOVW (fifAf Jsd3O L bdgQshfjsvsw § | |
HdMMmielsOydd.

{fdmodzdzr P NHEF BN BOYdd ¢ tsdzo jdS lésds stedatsia s fisdy iz
dmf sdz! L s smw Jted tjhjdedd L OHOYMMfJ tcls®Qdztsdzilzis'?

Il tOmyj sOr BBISj SOddY GctjBdtseGts o9ddzZlsO ftedd
slsmizlsMisoady LOsadMmMditsmisd f dzclsdzsMmisd s HO8 dzj dz
fcdotsHdls € HBYBdzddlsj d' d' &3 o d@dddunas) da’ dads Bl
mMdMmisjla@d) @@rBHdIs dzdh!' ojClktte MEBtesMmMisd, yYykt
HOo dzj dzd j d3, S BIststOWw 9o MAzEyoj MYy dBOJ d3" = Is§ yd d

l HdMmMmjtelsOydd Hdzvw MmMewrLd HOeodzjdedw d MC stet
ftejH)dzjdzedd i sdzw HOodzj dzdvw, BJMJjyuyde O h jet
ftedosHdl ¢ tojhjdad® EktcOo dzj dadPerzigedandPeri200R jlsdexcy |
dzOL ' 9 O HIMPLE O dzG ts tc GdsnegmpliCit Method for Pressurd.inked Equation$
[ AdzjIsyjte, 1991]

r dzv W tstcdzlz dzd tc s SIMPLE Cof e tgiddls dfic O o dzj dzd j Mtsa 6O
HodXJddY fRdGk)l nEMStjlsdL Oydyj 2 ¢ 6Hdzs ] Bled@i <
sfzmMsdd ©OL dztsy Jded § Isj dzL steO dzOftew y jJded?2 d GteC

—r”u{”;-t 'jqj+ H (r”u”+1u“) = P 4&(‘*), (15.19)
X, LTRSS
CHgTtdNjddj M fjHr jE8iR] dej tHyfidsh zsets " O¢
Gjhjddv {ltets ktOodz dzdWw HOodzjdzgdy d MS B!
urt=yt o4y
p*t=p" w, (p"t P) B g+d”
GHQta, Wi OLO®B)sts t6j ZOCMOYd]. ) SHsO&ES) COOF Is

(15.20)

rnuin+1' ,’qj + H (/'nun+1u”) = p H dp“ l flf

Dt M, X
]l sHMMsOdzs 9 & O fJtcots8) o8 wIANL.didyL o kW j Is i
ftcj Ho OtcdIsj dzi dzPyj e y ZHE stesisd dzgO Mmdzj HEzs h j g h

'y p bosy Y ph
5 +|x](fuu) 41({) D x (15.22)

(15.21)
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[ dzj SEdzw tcdzOW d IskzteB kzdzj dgls dzOW Mismis Qo dzw s h
(1522 OSCYJ orf ydfdws Isfipro fy Iststeds@h ‘fils OH d d o yd fd
M stesmsddldzgPtceOydd fkzlsjdd Ctstetej CIsdtesoCd, dhmy tsd

dn+1
PR G} (1523
(258

HOBO i ToftOoCO € HOo dzj dzdh.23) dffyttshdef 19 five OCfl
PHiso dzj Iso stej dzd W EMmdzsoW™. dsjGLQdE " t®els@lsts(ds, H davL W
sBjdma YOMmilsji?2 HtmdzjHdzj 65 t0Oo j dzMiseo O, § sdzzydd

é dn+1 0 *
iae“_( P"™) gL Hu (15.24)
e w0 Dy

[ OdzdzOW  d Is | etOtyq jsHizeiz®® L oV jIs f sdzizydls:
EHso dzj seostews h dn Md3aP)sj &35j EZtcOo dzj ded?2 (1.

{ Mt j dzdetslsd tej OzGIMELEd d | O&g S d JdsBEB S te OB3d3 ¢
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16. [ SHAY JCQAfez) dedese s 3j sSHO H&Y ©OMUjlsO Bls

dbdzetstedlsds tOMYUd sO B §j ddder 7 f dstisjsE dgte 6 8 dav d dzls

[ dzv HOdz dgj2h jets sfdmModzdw ydmdzj dedztse s O dze
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rdmnc s dusOytej d3j dzd (1i8.1 @dzdzjjligih jwiddfotsdz dag el o d3
¢ 2 dzJ % @ K80

e j
a'i'aé’lwi(a(ui v,)) aT:l(q Y) § Q, (16.2)
CHILIBBI | B3dzOY HEdY P dQ]kbGlE" ¥ dgid k) saks ikt
Hsdzw o vy j dEsded tviayjHRrSHizh j O3 otej d3j dzdzs s M OG j .

[y HdMStejlsdL OWMEL § tztc @dzitzEOdhise £ totsd dak
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fiti2HjdB ¢ ddelsj ¢ Rk tof i) fdmtpy Jjtc Afddsiff €™ B EHJ O
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MDD~ (D

Na] _ j'l ~
nPT@dVP” Au v)dS- .a(yfyrds o. (16.3)
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r dzv O ftesC iMd B3O dplats X tsfigj plzais € sdzo j € Isd o dzts
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CHKT dets3j to G ei@dek fEAs " OH ' K, &lei@ied j d3dzOV  H tkdzK i dzO |
sBi jBdz 2 kst K,yj €l sEte0dsftej njdyjlshv L
dzj 6OL ter o dzsMisd d Mk teOdzj B(ivEs BY t§ digfal j2M Isfotls o, d yf
Ho d j ded | Bz (33 &9 Odzed jISY BEg By g B@RIZY 5 ¥ yj2¢d
[ dzv dzOR Sh'Hgsdgdias d MY sdz! L s59 Ols! iBCG dzts 0 | dzdzlz ©
fsstsCO o yJjdastey cGteOded:
V=W, (16.5)
CHFTojChstt ke cFEROMOBBEBE]S HOddzs2 IsySj ¢
tcOMf sdztsy j dzdzs e s5 20 M otcOh jded¥ f Bd&®~ tsH dilsizO
fsctej h datsmls d ) sf e HJ dzd dzd d f slstsC O, Blsdg,
fMdzj Hs9 Olsj dz' dzts, € oL dBzh jded¥ ydMmdzj dedesets toj h j
RZOY] Fhgs§ds ®&O2kd O0dOddlsdujmsd Istyds
Cbste’ 2 LOMBjOj MY cOd 162l Oo O] dediafOre 1 @z
Clbies? 58KF4OY dEe €OL K jfdrd? jgB iojudh j dafd o €t
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{ MEHARE [ B j 5, GBKOL 5o Odzdz'k? o t6ON j dzd j

] slssE’ &y dzts z02 Isd, f sfdzj Hise Ols j dz' dats i tc
sCteOded yj dzdzr = tso jtondetsflsw dzd o tcOh jdzdWw toj B to ©
w N
F'=—aV , 1.6.6
k an=1 n- n+l ( )

CHTfsteWHCser 2 desMjiccdzrd g iflslm s tcj B J to.
rdzw 1 stsets dzO2Hjd&3 yddzddznted ud MSdyj C tsteH d dzaC
pjteh ddzr Z: §5 i

z=d 9, (16.7)
CHY, i COH e tsls yj deste® o t6Oh Ji,didjvH qSdzd aujlas @ d dajj € 1
o tcON juded W
sEsteHddzZOISO o jtwwhddzr 1 6 tMd
= {d] z, ﬁwk (16.8)

CHRio jClstste, fjtfjdadSbdyed 2 g
O ZOdsE d ydzets sy dets @PTIsh j Btz d RO [ B j o,
o160 j ded j @2 ,to jdBoi@zl § sMudlsOls! yjtkjL ddadsj ¢ wod:

V,,= Z;’prz(z) dz, (16.9)
G HIZ) =1, @(z z).
) tots d dzls j G(lt.@fgtsdsa@&)BL%ézi\{:cba f ts dzlz v d o

V,,=p(z, -z)getf Wz 3 S Bz ¥ (16.10)
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ClojBdasdts2p qdals@® & OCtOHEZMEsSs, O IsO{WogkshopeniGlDj tc d d
in Ship Hydrodynamics2015.
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ClojBdsets oqddzsO dzO 8 cCwOHEMBe, O KOk 7 s dat
L Odzdy j dgUdE® O] &' ° SO©OSkjtedmisds, M kdjdz !
slsC dtsdzaj ded j  Mipddd ) PR Bez L 50 Odedd OdkesedlsiBO HE

fsslse jlsflse 2y h dj
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T OEOClkjtdilsds
cOMMdsls e deder

M stesmisd d

BJL

v OB dzff.6BD | d wted@iERd Y j MS d J

stej &3 wOL dzd ydz' o

OB d2pHOEB f toj HMlsOo dzj dz
Bis H JKBED5 o to g B dztisdsts dzis dzglztiz@ v
o jdzdyddz otcj d3j dedzr R

dzj ¢ 5.

L 2Oy j ded W

ot B deds’ &3
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f sdzlz ydJ ¢

h O s
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. dmi

T Ow©0S s ted fls d KE505dts Hjadzd

SIsC dzsdzy dzdw I M jtedd3d degsO Hdzv "N OO 5 9t
GteOHEMO, BJL dMftd Lo OddY OdesStedlsdO HBO BSEE
MOtOSIsjtedmisdS d [ 18§ dztsdzj dzd | ,

J Kr 10Kg d Kr 10Kg d

0.2 0.442 0.623 0.226 -3.3 -1.6 -1.8

0.3 0.394 0.564 0.334 4.1 2.1 2.1

0.4 0.342 0.501 0.434 -4.0 -2.2 -1.7

0.5 0.288 0.438 0.523 -3.4 -2.4 -0.9

0.6 0.233 0.371 0.601 2.1 -1.9 -0.5

0.7 0.178 0.301 0.659 -0.3 -0.3 0.0

0.8 0.124 0.229 0.687 1.8 2.6 -0.4

0.9 0.068 0.152 0.644 9.1 10.2 -1.7

nOtcOSCIsjtcd MisPSApd 3R j
hOeO s ofts

v OB dzi[.GHO | d e dZO B Uj MS d 4§
slsC dztsdzj dedw  tsls S MY jteddi3j dels©® H dzw

GteOHEMO, BJjL dMftd Lo OddY OdesStedlsdO HBo BStEE
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J Kr 10Ko d Kr 10Kg d

0.2 0.434 0.613 0.225 -1.4 0.1 -1.3
0.3 0.387 0.556 0.332 -2.3 -0.7 -1.5
0.4 0.336 0.496 0.431 -2.2 -1.2 -1.0
0.5 0.284 0.434 0.52 -1.9 -1.5 -0.3
0.6 0.23 0.368 0.597 -0.8 -1.0 0.2
0.7 0.177 0.301 0.655 0.2 -0.3 0.6
0.8 0.124 0.231 0.684 1.8 1.7 0.0
0.9 0.069 0.154 0.643 7.8 9.0 -1.6
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tsls ¢ dztsdzj ded W
CGicOH EZMtse ,
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HS9 Bk

MOEBOCI ] wdMmisd ¢ d

[ IsC dztsdzj ded | ,

J Kt 10Ko d Kr 10Kq d
0.2 0.387 0.555 0.222 9.6 9.5 0.1
0.3 0.352 0.513 0.327 7.0 7.1 0.1
0.4 0.315 0.47 0.429 4.2 4.2 -0.5
0.5 0.268 0.416 0.512 3.8 2.7 1.2
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0.7 0.174 0.298 0.649 1.9 0.7 15
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MOEBOCISj wdMmlsd ¢ d [ IS¢ dzts dzj dzq §
J K+ 10Ko q Kt 10Kq d
0.2 0.443 0.624 0.226 35 17 1.8
0.3 0.394 0.564 0.333 41 21 1.8
0.4 0.341 0.500 0.434 37 2.0 17
0.5 0.287 0.436 0.524 3.0 1.9 11
0.6 0.232 0.367 0.601 17 0.8 05
0.7 0.178 0.300 0.660 0.3 0.0 0.2
0.8 0.123 0.228 0.687 2.6 3.0 0.4
0.9 0.068 0.152 0.644 9.1 10.2 17
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J Kt 10Ko q Kt 10Kq d
0.2 0.443 0.625 0.226 35 1.9 18
0.3 0.394 0.564 0.333 41 21 1.8
0.4 0.341 0.501 0.434 37 22 17
0.5 0.284 0.432 0.524 1.9 1.0 11
0.6 0.233 0.370 0.601 21 16 05
0.7 0.178 0.301 0.660 0.3 0.3 0.2
0.8 0.124 0.229 0.687 1.8 2.6 0.4
0.9 0.068 0.152 0.644 9.1 10.2 17
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0.6 0.233 0.371 0.601 2.1 -1.9 -0.5
0.7 0.178 0.301 0.659 -0.3 -0.3 0.0
0.8 0.124 0.229 0.687 1.8 2.6 -0.4
0.9 0.068 0.152 0.644 9.1 10.2 -1.7
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dzsf Ofmilsj 2. J=I0 . dfjodsXIgH dzts?2 5o jton desisd BB OL SO
f sHimts oeBLHERO, zsf OMmMiIsd ctej Bdetsc s o d dalsHdj frpzd
gz y dzts lsdzj Isdls Ylsts Hdzv  BsHj dzd tdGum Etddg 20140 tc O N
dmyf sdz' L dzp PdzPEHG Y ezoddpf) d MECiHstcH d dzOls, o ¢ tsdsdzlec 2
sMisOo Odzts! dzj dL d3j dzdz’ d3, ybts dzj MseaMmjds Ctstete]
s tets d3g sts¢ ts, tsls dzd yd § By 4§ Is B' Is Mo w L Odzts
nOtcOCIsjtcdMmisd ¢ ORI ¢ to KBSAR'5- dodgthtfis® bfs j 238 wogsttll j dz-
20147 4, HdOdj KRS 0t Hijtsdds Oy, dzvdjisBudetaR 014710 . 179 &) .

vsO0Cdds tsBtLOL 53, odzdwdzdj MotBBHAM?2 o jtn
slsdgsh j dzd v Gz ddz 4§ tsctelky j dzfWD=08 , H qulsds) |Stadds tog) te
tc O BsR[Suo et al., 2014]. 10dBtdz " jj dLdBjdejdedj & dH
BtsH j dz! detséts CGtojBdesets oddzlsO dzOB dz¥ HOJ Isfw dzO
slsdgsh jazgdd h/ D=0.6 fOHjdd" EftseO J &Bsdj dzlsO

HsfMisdeOsls 31. 7% d 33% ofMmdzj HMmisad,j otsL ded ¢ datso j
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25. RMMdzj Hise Odzd 4§ 9 dzd W ded W Mo sB BH dats 2 ftso jtcn
~nOtcOCIsjtedMmMisdSd ctojBdzsets o9 ddzs O dzOskztcdztsa ts

0CzOd dF &5 osfesisds o CteOBj d dgs? G dHISEH
LWWjiClk@MmMisists Msf sMisOo dlsj dz' dz" § tcOfmyd s H dzw
LMy jteddsd dels O d dg©B@Ltcdlzyd [Bdzise (s G OLdzizO yie/Asdejd
GOBOtdIstso o ddzlstse Mo o d3J dedz’ < tdsQizigif) s & O dztizh
dz0 s z te dz' A dimyfr lsOded?2 o qz@s sfct®@B®Sslcdizy F )¢l dazj o
1My jtod i3 dels Odz! detsj dMMdzj Hse Odedj dr tWOBKSIST 5
dmfsdz! L so Odedj 3 sfrIstsoer 7 BOMMJ 2 dats g ,ts5 dedzdynj telzsiziztyg I
BsHjdvr tjLizd O LOIjd 1 6O sdEGicl € isfyw fr
COL dzdydz' = &3 ssmEHEY (i3 mus QI MCd) BilbsHT 1o
~nOtcOCIsjtedMmisde hdustts fteddgd dzv e lsmw o Mtsote] d3j ¢
Bsckzls Zydlsr o Ols! fdztsy dz'[Bugaldkizimh, B0D3 Hizimaet al., 28]. ¢ Is '
1 st dzj sfstedd &3 ftej dizh jmlsetsd o' ydmdzdls,
sdzO0 ftsLotsdvjls ftosotsHdls! tOMyjlsr ROwOCIsjtedf
o d dzld®B ztodzr = tOL dB3j tetso Hdzw tsyjdeCd o dzdw dedw B3O
L yg det j odzdwWw dzgdwVw BOMhIsOBdsets 1 W¥WWjiClsO dzO
GtojBdese s o d dzls © {Paik)2017Dpripet al. (@M% Griget al., 2022 [Grlj et
al., 2022]f tets ® s H didgstfj 'H 5 Ocdzd j BOMh kOB datsets L W jCIsO
o ddas Ono sB sHikzsPDoemsgjet al ., 2018] By ddoe Odztsf
)] OS dzsdzdz’ BB L OCtdzytso S OB &O jcEts ¢ dHtetsHJ dC
tcOMMdzOIsted o OdzOM* tOBSISO o9BddLd MotsBBHAdES2 (o
BOMhtseO,B SHRZOSE dzgf tOMMBOIstcdo Oz ctej Bdes?2 o (d
1l dzOMmilstsw h j d3d fif iPdejOs s jOI fijfiy o tseBdadHvdelBR)  tso j torn datsfr
Gtcj BAdzSGKHPS 6 f dzlizO s ztocdzsets tcOL d3j O, jGeEts HJOM] Ists
r dzv  tyj &z d o dzdw dzdw Bdzd L sfds@  dn Hsts tisH (fizz@ d3«
nOteOCIsjtedMmMisdSd CctjBdatsdts oaddasO wWOMMBOIstedo O,
ftej HMIsOo dzj dzdz’'54. ® IsOBdZdqYj 2.

v OB dzd5l Dl R Odzls e dzksddzr §tsctely jdzdw ctoj B dzSE 1S

i t OfmMmistswdzdj Bls ot . .
LIAdB "y wfd o O dais®) {sazst J Bed
1 6.32 0.8
2 4.74 0.6
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Yy Ofissls O ¢ ts @dtizis dz ) helstjpedristsetsts o d dzls Oy tefg W i gz
Mtsslsdatsh j dgd v :
Ny
\//—;
GHN,TYyoOmlssls©O© otOh jdadWw ¢ tcj B dats @ isi dg@ffipizlds@ BAzs H J dz!

t OMmyd Is dzOVv { fg jiziez& G5O i tEstOjBRdEBEESs o d dzls O  j toj Mis
BOMh IsOB O, BOLBO "™ 2 tOL di3j to/ w@Lj,?2 ¢ s dfrgdicidrds 9 d avOL
fedL 5Od Ui MCset fdswdt o i) EAE@ OGS i d@uj ded v b
tcOMmMmistsw dzd Wy . His MMisj deS d

1 0 tod BEMCESC OGdzYy B jL tcOL 3] B dpgezbdsiintais)trsdiyls
tcOMyj Is dats 2H dtesdzQ fighs flzs e s d  ff s dzdes 3O MM 6 @ g odE0Rs ¢ &«
fpdziz y @20.6)hY j todzts 2  dzPpdzdigid2m bz dzC § 2 . § ts dizts ysjsded jds@fg § tz
ftso jten deslsd.

n, = (25.1)

u/Va
I .
0 3.0 6.0

{ dMEz2Bdst OMftejHjdzjdzdj BjLBOL d3j t6] dagedd dME Sto
Oy sdets?2 15 B d®rnjs dff 7t Gepi@E®@n h Is OB

RL tdmMEdS @ dH.dets, yYlsts mOwOCIsjtc tOMmftoj Hj dzj
sBtsdrn Mzzyowrs MmMaty, IIsOCYJ cticyrBt A Wiktezkd dp ®Lsd
Mz y O BsH j dz! dese s BOMh sOBO ktetse j dg e tsB ts1
dzOB dz¥ H Bfp'lshnvy Bsetsdzy dzdy dzsf OfMmisd ¢ tf jSeAscIO M & d@lis
tOMmY) ssd
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10 ©dRREE] 2 .YS5ej3H MlsOo dzj dzs  te O idf ed j1dilst) dzf jo |
@O LOMOMr 00 h j2 d dzOcdejlsOsh j2 {§tsojth dsmlsw
f 56tk yyDOa toj FO2B v j todzts 2 dzQizd tizd HREA @OL O dzts {15 dzt
o sBGHAGES2 o tn dshlsd.

0 0.05 0.10

t dMEzdes€t @MBLRH j dzj dzd j S td2OW ¢ QRO ® Ols & j &d Y ts-
& OftzifioddH j d' d2 2 O § Is Qe Offfflu®o O

\ T

Cr
. ] e
0 0.05 0.10

t dmMkzdes €t @Mtpbte BH j dzj dzadj S 1 WWIdydj dalsO Istej dad W
s Ombzfiag®H j dz dzr 2 O ks Gredy@ffjf|4c@Bo O

RL tdmMz@BYsdaBoPr d&ts, Ylsts o dBsHj dz' detsdz dzgOMmh Is

orh g, ytfj slalzdzls 30 Mh @ eztlzss 5 9 d dzls O. 1 d2®Osytg iz v

Csi WWJdylstg jdalsdoy dzOd o5 dz' " dj k2 Ctstedy dzs§ Ofiged] 6

fjtejHdzsgj 2 Cttsdkk¢j. 10 CtOwWrn s Ofglsj 2, 9" AtSHW
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1 J SHdzstetsH dzetsisd o twOMmMftcjHjdzjdedd Sts1 WWdyd, dals
Mowrnfipdz s dzOd3d -@eRHd dzPdzldztzsc s § j t6j - BH O.

10 HfteO®lhC j ®Ji2Msodwy  sdzdsdkOmhIlsOB dsets ¢
MotsBBHMS?2 e jtendesmisd ftej Hj dzv s Isfinyy Hnkz destedssH d
stsdaW jtojdeydd J[frIsser & ifQdyfpgvlsdasers (ol TT O J Mise
Ms®@cis ®c dzOMdets ITHECBEHEC YW Jydjdes™ Efste® d Bsdj
ZOsktedtscts ©OL B3j 6O dzOR SHTTAGEPYT]: Mdzj Hizs h i3 SBELOL

K,.=K, 0.3 2029[%08 Loy (2.5.2)
¢l =07 D
.3C. 0
Koo =Kom 9.25 zcg%ob Co, (253)
(; r=;0.7

GHLTSCtsdzd yj Miseo P i@ mistg 25 dets ¢ 5 dzef de@zls DisStcH ™ dztstf C
COHdEMO ctoj BD@RSEs @ d dlsd, 6000 dzO0 St WWdydjd
GtejBdzsets o ddzlsO:

4 .t 50§44 5
quzcéﬁ. 2 9% =3 - (2.5.4)
& dc 60
p- t . Cc
Up2Gd 2 GEBO 1.62loge ~ 3 . (2.5.5)
¢ c T Cche §9

CHUT BOC fd BOd dzOw Istdh d 0 &St Q hipdsd o ©jsasdgtsd 5 f &

CojBdscdts oddZsO, Cbswow3diidddkojlshy 5 kd&sd

1 O toOM5ER 56 t6j HinlsOo dzj dz C E OB Y HYdeistizbgo k1 ts
d f sdzj L dzts ¢ tBis w jj @ mdiptefisdztszO i h dstOjs el  teb dzv ) dzlz y C
f 5¢ tok yhiDdR6'd h/D=08, |SCRO jcLOY SO ftedotsHwIsMmw L
" OO Is jftaffiy iz lsfilse d Mo tseBHAE2 o jtkh dshlsd
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0.4

0.3

0.2

0.1

0
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

J

t dmMz2aB"dCs st WW dydJ defsB H jlzdf sdiss 5 f sdzdzs dzOMmh Is OB d
—~—BJL MosBBHAM?2 { o-hDdpdhEEH (-o-Bb/PF082 J| dstsH § dz
—+—|TTC,—+—B j L MosBBHMES?2 (o jttmndtsmisd ( ff ScC
-#-h/D=0.6( §f sdzdz" 2 (. A-HDOOB [ f Sdzdz" 2 dBwOMh IsOB)

10K,

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
J

t dMz2aAESTs 54 WW dydJ dzlsdzts Hizisdlzj dilsddts d f s dzdzts &3O fmh Is OB
—~—B JL MotBtHAdE?2 {6og-hDdShHEH (-~ k/P7082' | @BsH j dz
—#—|TTC,—+—B jL MotBBHM?2 e jteandasMmisd ( {f tscC
-#-h/D=0.6( §f sdzdz" 2 (A MHDIWBB] f cdzdz" 2 @ BOM" IsOB)
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0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
J

t ME2ABSTCs ) d3tsH j dz! desets d f sSdzdzs B3OMN IsOB dzts G 15
—~x—B J L MotBBHAdS?2 {to-hDddShHEEH -2 H/P7j0&z' | dstsH § dz!
—#—|TTC,—+—B J L MotsBBHS?2 e jterndasMmisd ( § S
-#-h/D=0.6( §f sdzdg" 2 (. A-HDHWOB ) f sSdzdz" 2 BOMh IsOB)

UG ZOMds L SOy sdYydd | TTC, St WW¥dydj
f sdzdzs 3O0M" E®p Aztes &8s 9 d dzls O, tcOBSIsOs h jes o z fr
O tSHBSILOL Hj dzO, orhj, yd @3 € tedztisr jusisdize dzRE § 54 W W
ftetso JHJdedzr = ydfmdzj dedz" = t€OMYd Or Ytsdzzyj dzO IsO¢
slr, L dzOyj dzd v € s W W didgts g @iz "'Ols O wizisjcdsls O teffj B dzfs ¢ s
slsdzsmdls §f ez w =, GHY ojdzdeé¢t oddwdsdd] MmMotBts
BsH | dz' detisdsEzs e f ez fw n, JBOidedz®Y . Mu OC x j dzj t
slsdsj Isdls: Ylsts L Oadimd dissmis: IFTICH,dzf 16 tizdzls 3P iztiz® © B
GtcjBdesects o ddzgls©O, dziydls or hj 1 Ooydifgf dstfiyls, d tfHoEPE
f ts dzdats 3O M " s PR dzsdigdets di3 e @Uts ] dsiifts B § dedzts L Od3j Is dzts
slsdesd s lsZz thw n. Clsts dBsy jIs BT Is! ITHG e dOdddsdz igw Is
fsftcO@oCd dzO h jshitsoOksMmls:, O o dOMswh jd dHf
o d dzls .

[ dzv Ctsdzd yj Mlsoe j dedets?2 tsyj degSd o dzdwdedw Mo tsB tsH
TOEOCkjtedMisdSd ctjBdsets oddzsO eeotHWISMY fsls dat
d dBsdj dlsO. Clsd dLdgjdzj dzedv twwOMMydlsr 9 08 Isfypw  t
Mo BBSHAS?2 oBHT (B4 L odzdwdzdWw oBHMS?2 (o jten

pjdduddlz oL SO hdn (i)t
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GH@K;), T S84 W
(Ko TEBLW

tOMmMMmudlsr o O Isfw
sOB &zd yon~a 2.

)

DK J(KT)O_(KT)h/D l(#
T K, |

Wdydjdzs EZftste® ctojB dsets
Wdydj dzs EftsttO ctojB dsets

Odz0 dzts ¢ d y dats .
50&Rdzjddz 2 . thls d3ts frffdtdsjj HoifA Isiz"  §

(2.5.6)

oddzs© ff tod
o d dzls © Dif,ted d

qL d3j o

b ste® d oisdj dlsO isHj & dses J § tddskonh s0s dts

h/ D=0.6 d h/ D=0.8. )dOyjddw ftedotsHWIsmWw H dzw
CBlsster n dzOB dz6 HOJj sV &BHBaAS W 5o j ozdzsd . Mo s
v OB dzd yo 1 R.L5BiAzj dzd W Csi WWdydj dzlstse Ef stcO d
f sdzdzs BOMh sOB dzsets ctejBdzr » oddzstse o MAzkyoOj ¢ &
[ 5H j dz ] sdzdgr 2 d3OMh Is

J DK, DK, DK DK,

0.2 31.8 33.0 27.3 29.2

0.3 18.6 19.5 17.5 17.9

0.4 10.2 11.3 8.0 8.2
s OB dzd yo i R.L5RjAzj ded W CL WWdydj dzlstse Ef stc© d
f sdzdzs BOMh sOB dzsects GtejBdzr » oddzstse o Mz yoOj ¢ &

[ BHj & ) sdzdz’ 2 BOMNh Is

J DK, DK, DK, DK,

0.2 14.1 15.2 9.7 11.3

0.3 6.5 7.2 3.0 3.8

0.4 4.6 4.4 0.9 0.4

RL IOBdzdy 2.5.2 d 2.5.3 odHdas, Ylsts ®BOC
Bz ZePBdz'r » oddzlsse Holkm BOMhIsOBBO dzOB dz¥ H O
fsmiskzy d. 1 tehfD=0.65OE o jyddd of L d3j dzj dzd 2 St W W dydgc
f sdzdes BOMh sOB dese s GtejBder » o dzlstsle0 92 Mkl MO P o dris

©OL dzd YOz d§iEajW ¥ dydj delsO CHL&%h | § Bd BE g kP d

4. 4%

l totso j H | dzdats |

3. 9%

LWW iSO (g

o dzd W fdat3 B S H dats 2
f sdzdes BOMN s OB dzts G 5
(h/ D=0.6)

33%).

OB BIsj
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26. 1T 9tSHT

l o ststes? tc @ oEddpjimiiise j dzdzsisd t©WOMyJ IsO dsH § dz!
Eidzse v R fposwdsHEaBRs s d B jL oG OH j D d s @d
o Odzd L s9 Odzdets?2 ydmdzj dzdets?2 BJlssudscd dzO L OHOYO
HOdzdz' @ , Is O Qprjindzj dzdglg tso O datizd W dzd j fno sB S H dats 2 it
CdHtesHd OB Ui MSdd rOLOSCIjtedmisdS d disk j BzzEzsE (S
O ztcdzs G t5.

IsC OL Odzts, Yybsts sigjcls z ddgOdisiddsdesizts f jtoj - BH O
ssydesmils! ftotscdetsL qtelzj F' 7 cHEdEswddz®da §J i dids ts-
tcOL d3jMetish . sBIsj COdedd dBSHjdzd ctojBdztse s o ddals O
MisOdzH Otcls dzts?2 B H j dzf BSBEB If deffcdelisdefisls £ k Oo ' M j dadk
stcjdzd® d, GCOC MmdzjHfmlsadj, ¢ Btsdz' h d dgsjLdalz@yj did
W dzW j Isfyw i toed ud dats 2 L dzOydlsj dz' dats 2 s tc B sdizts ) g
slsdzsmdlsj dz' dzgr &5¢ fdesh) Islzqfos ~indtz yOJ € Oo dlsOyd tsdzdzets G t
CtcjBdesects o ddzls O Blsdzdydwy Jjets G dHcsH @gEOdgdy] M
SSTd k-y SSTM f j toj AsmdpsBisdzi J o' (ctOQdiafi yoO ©lIs§ dzts dz,
mMtsmils Oy j Is

dtcQo dgfn@ed iz O f tesSC Md BOYdd 5 (tosistcOdzmise Iz
CtojBdesdts oaddzasO tSHdestetsHdz 3 f slssCtsdz § 5C OO Olezs,
BdzdL G OMHf tif 5 L dz2Oyj dedWw d3 ddzlsj cteOdz! dzF = G dHUES)
(St wiwdydjdadstse EkZ§tstcO,[ HBOKBEdEMY Gdzsld 59 Oded §
fjtcosets fstW"HECO ftcdotsHdl € twwOL i Isds MistckzC Isk
fr j d3" olststese ts st HE€ Otc pkakajakdstindnf B j L dzj 6 5,
fsLotsdzw jIs tcOLtcjh Ols! oL ded C O h dj L O Gtcj BC
COodlsOydsdzdzsdy tsBlsj C Odzd d dBtsH J dzd GBigljLB diEscEtdsO dadd
st osHdls ¢ dzj Emss2 ydo stk yd mdzj dedets sz te,
ts ¢ tc O dzd y Ydekptdktishnan d VOF-limiter, §f ¢ OL O dzds s tcOL dzd y O t
cdHtetsH d dzOBd Uj MS d A B Gzs @ & s jotg[ddidsa S o & €RO fiffuj Is @& A
ftcjorhOjl 0.5 %.

RMMdzj H 5odOVddddjv oBddzd L SMisd Mo BSHAMS?2 (o] ttn
nOOCkjtedmisdCd f 68 P @ztsts  at tzls BO OV ¢ dzkz B d dzO
oddzsO® Mddz dgj j oeMmjcets odzdwWjls dzO cSdHtetsH d dzOd3d
slsdsidlsj dz dzf B-L @ 88 bztize § dzof. 1GOBjtd0dm g . + W W jSls
f 5o j tontsifis@Us’ o @ZGAsy @M h fded WY 6 dzkzB d dz'  { ts5 ¢ sias|cjdzd
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o d dzl/D=0.8 } todsls dzsh Q6 § OH j ded j d b fdigstale) dzls ©  dzO  dz
sldesmdlsj dz dets?2 f sIhyBobdf d3 3% Mg & ©g jsls ils o j dedets o
ClojBdzSC @R 70 @S @ 92 9 @BY O] 1 5 dzdaselrP M Is GRS 2 d
f OHj dzd jO bi§EigiQizls © dzO dzOyOdz' dzts W) ts fy ks @t fly [ Js izl dats 2
Hdzw  BsHjdd d 9. 7% d 11 M3190 sl sfgdelz Ogdzs §f  dade
fsHiso jteHdds dzOdzdudj of 6Oy j dzdzgsc s BOMh Is OB dafs & &
%O CqdHESHdBROBIUIMSd) ROLOSkjtdmisdSd ShHdkos jo
{jLEd OIT HOdEs?2 ddDs! 1.610Fes &dSso Odz o
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| ZOo PYBjHjdzjdedj CdHEBHd OB Y] MSIR & Ot
tOBEBOsh jets LO Cfbkmsd fkH dO

31. JojHjdd

t Odzy §  d3" cOMMdzOIstcd o Odzd ctej Bdzs?2 o ddzls o
tcj Odz! GelhPlBSISOJjIs o Mddz! dets dzj SHdStSH detsd3 f SISt5E
CGdHteBHdd&ZOBd yd MEsy oL OddisHj2Mlsady dBIYHE Hod>
dL o34 dzj ded d i sdzj 2 MestesMmisd d HOo dzj dzd W )
GdHtEetH OB uj MC di oHOus@X Is j i@ EEslE/@ s, Msjlscds] WO O Is f§ s
sOCtsor n o MotBtHME?2 oBHJ, ISOCYJ dL d&j dwv jlsmw
Hod)ydlsjdzvw [ 1 Oo ddy dstHidg). H, j dAj U] . f Ot OBy Isteso o |
Gtej Bdesets o d dzls O, o dzd W sHhoddrmy J diZf V¥ o inkk i Yd®E e dz68 M Is O
ftocsotsHWYIS MOBS-atsHd | &BsHJ st WdJdd i) BHodkdgs. K
yd mdzj dedzetsy dBtsH j dzdtetso Odzdy YtsL otsdzw jIs o fgfdaiz] H tsEC
COYHT 2 1dzj 3gd dzls 5 BIsH | dz' dzi§ e, O S tsHj jtedfdfrpls dt& i

1 Offlstswh OW G dzOo O Mz dls dsecdyj MSdd3 ttOL o d
St g cdHEBSHIRZOBIUIMEd] ~~OL@Lld] ideiPsd & @B |
Cstcf Ml MBREDSHAE 7 dMfr sOddvr, O OS]
WOCkistetse d dB@BOMhIsOBdcets 1 WW iSO o 1Ists?2 € d3fd

) f OlcOctcOW j 3.2 ftwdojHjdO &BIissHISO ydf
dimf " s0dd?2, ©sfdmody {§sihsOdzsef Hdzd "OH ) Epedz@Ldzids] |
odzdwdgd SHWY] SO HodyjddwV MikzHdO 9o o fdHtc-ABHITED Waj
fsHdlsMY MtcOodzj dzdj BIISBHO HJWBLtdBOYdd ttOmud
2O L OHOYOs M § dzOd 04 Odkak bidyidantd 4 dzdH O3p 15 yd ) dz]
CGtcOHd J dzZs© o jdzdydder o wyj2¢] ¢sydarhisd d tcfp & 1 ez
sBlIsj COdzdVY i slstsCtsdz oWl C.EY toy ofij Uy fddea] j 3B H § @) j fiple
B IssHr d fOLOKRIIster  ydmdzj dedz" = M & dMY ts5dz
dmmdzj H o dRAROGtOW j 3.5 dhfmdziHEjIsMw o ddWw dzd
CGdHtesHd OB Ui MSdd ~ROtOCIsjtodMmisd®itHH dEteri B diApi tsls (
ftocsotsHW sy M smMlsOoadlsj dzt dz" §j tOMmMyjlsr Hdzv &G
BOMBEHB G s 1 M W jQdsjOich O h j &5 f OtcOctcOW j 3. 6 W stedzkz
G &zOo9o j .
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32. [jBHACO dB(oHj Zdttse Odzd" MOBSRBsHA R My’ IsC

1 Oydej 3  Jus@HsGwEs o G Bts -~ SH dz" n d IS Hisj Gtttz § s
SBtOM jdzdetsj Hody jdedj, Ists jMmls! ¢ ] tejd3isjnnji@iis dz®
MORts MEHdts B Yydets dd3j JIs HeJ Misjfjdzd MeotsBBHT
COYeO) d HWWjtoj del© (R HEEY OO @E .  5C OL Od;
LOHOYd MOdBtsatsHdz 7 dMmfr IsOdzd 2 .
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1 ’Bepﬂmaﬂb“‘m
cC
Tlentp M2 . \ R
10 oCTh c‘}fliﬂ \ I ,
Cxop
Geralonier© -~
pal
a
noToK
@
____1_{_-——-" { Kunesas K
1
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t dMEAIL) sMisOdesoa €O L OHOYd MOdis- tsH dz" -
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GHU, T Hdd dzO d3j > H zd* fiejOretifj dHzch WO .
] mOoOdBsrasHd » dMfrlsOddwrs §oBddts EdHiEHJO
o d dzls O, cOBBISOE N jegts L O ¢ st j tod iyl3g Gof ¢ Ish
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B3 d3j dzls s ddzi eydd . 1 OyOdz' dzOw fiy G tdstdryy'fy Is © q tc tt
B H | dzd o SlotOiffftydzr C & fMkH dedzEo HY @isdgs2 oftsj H §
Euydisr ea0jIsimw wHji2Mmlsody odzzlstej dzdzd = G  HHigtRA ISt
ddzls j ctcOdz dets s oafMmj2 e jtondatsMmisd Isj d&zO Mts Misk
J tojLEzdz sOIsj ddesjctcdtetso Odegdw™w ktcOo dzjodzad?
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stsL jd&z¢ &P, 2024
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fdlsCk. rdv tBifMfjujddy fsyjmMmo oL O0ddtsHj 2 M
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GteOdzd Yy’ sBj M jyde 08 Is Csd3dzlz dzd ¢ Oy d ts dzdzts | oL C
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107



Mo j BOdydets ftojHilsOodzj dz WicOC dBj dzls(iy b &G & tizs o GO
iSO ofMmj2 OMY] sSidsRls S® dOESE ¢ s ez @ 5
Jdzs j b sdz" ydsdzdzsc s h OB desdz@  Slsdsj yj d7F shdzase d

Henponnnaemas
obmacTe

Axnentop ceTku 1

AxrenTop ceTkn 2

Horop ceTku 1

Hurepdeiic cetxn 1

Homop ceTkn 2 Hurepoeiic cetkn 2

SR
5 e
i a
T 4 T
2 -

'

\q
\

—ir—

t dMEYARXLER dzls j toff Sdzv yd sdzdz' 2 h OB dzisdz
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qdd3j vty MC sdz? S5 Mis Wt iddg Bl &fts ® § Wlzdzlz © C g Mp L O
detcOsls dBBjIstsH™ dBsH jjdetie s O G H PP ) Bsclzls f
zO tojL kzdz IsOIs ydmdzy dedetsets tcOMy sO ffSs.10€ y diztg fpls B *
slsdzd yd dzts tcOdzj 4 , zOdetsdzj j §tflzdwidsr i3dd M shts
wodzwe Isipw 3] ssH sty IS [ Balfjicg &8tcet al ., 2010;
2015; Wang J. et al.,, 2015;31 1]0 d d&Jj IstsH H J W e &30 Ygfdendahtafiphy j Is d
Bensow 2014;5 O tc O dzts oKrasilBikbvdefa]., 2022} 31 10 Istsdls sOC 3 J Blsdid
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fsHodyd &3 Isj dzORd d fortie™ts Hitsialhjlsdftfsfs ezg dsStirpsfidslss c
COYHBE dL d3J Is s H tstedz! € & fudgdsHs@ d3fy dzf fip© o O M d dzd
ftotsMmisj 2h j@d ¢ sl lisdg] tcdzs?2 § sMisOdzso Cd, o €Ctsdzyy
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