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3DQ ' < +X * + &KHQ 6 3KDQ 7KLHQ 1 OHVRVFRSLF PRGHO
PXOWLSKDVH IOXLGYV 'LVVLSDWLYH SDUWLFOH G\QDPLFV '3' PHWKRG DQ(
-ECHANICS

"SIMF X )» Y "dPES *6A&é GU O -*x/n 7DQJ :/ <X 06 :DQJ % 7KHRU\

Rl K\GURG\QDPLF QRLVH %HLMLQJ 6FLHQFH 3UHVV

$EGHO ODNVRXG 0 +IQHO ' /DQWHUPDQQ 8 ORGHOLQJ DQG FRPSXWDWLF
IORZ )NT A A(EATAANDA&LUIDA&LOW

$GDPD ODLJD 0 &RXWLHU 'HOJRVKD 2 %XLVLQH $ QHZ FDYLWDWLRQ PR
LOQWHUDFWLRQV OHYS A&LUIDS

$GDPD ODLJD 0 &RXWLHU 'HOJRVKD 2 %XLVLQH ' $QDO\VLV RI VKHHW FD
LQWHUDFWLRQ PRGHOV OHYS A&LUIDS

$NWDV % $WODU 0 7XUNPHQ 6 HW DO 3URSHOOHU FDYLWDWLRQ QRLVH
XVLQJ PHGLXP VL]H FDYLWDWLRQ WXQQHO WHVWV DQG IXO0 VFDOH WULDOV
$ODPp . ODKHVK . (I 'lHFW Rl JDV FRQWHQW RQ FDYLWDWLRQ QXFOHL * A&

$00DQ ( 6 & %DUEDFD / 9HQQLQJ - $ 5XVVHOO 3 6 3HDUFH % : %UDQGQHU
FDYLWDWLRQ LQFHSWLRQ LQ KLJK 5H\QROGV QXPEHU VKHDU OD\HUV OHYS A&
$PLQL $ 5HFODUL 0 6DQR 7 ,LQR 0O 'UH\HU 0 )DUKDW 0 2Q WKH SK\VLFD(
FDYLWDWLRQ K\WWHUHVLV %XP A&LUIDS

$PURPLQ ( / ORGHOLQJ RI WKH LPSDFW RI ODPLQDU WXUEXOHQW WUDQVL'
ICEANA2ES

$QGR . &RORQLXV 7 %UHQQHQ & ( 1XPHULFDO VLPXODWLRQ RI VKRFN
EXEEO\ OLTXLG )NT A* A-ULTIPHASEA&LOW

$QJpOLO 5 'LHPDQG - 7DQDND .. 7DQDND + SURSHUWLHY Rl OLTXLG FOX
G\QDPLFV QXFOHDWLRQ VLPXODWLRQV * A#HEM AOHYS

$SIHO 5 ( 7KH UROH RI LPSXULWLHV LQ FDYLWDWLRQ WKUHVKROG GHWHL

$UDNHUL 9 + 9LVFRXV HIIHFWV RQ WKH SRVLWLRQ Rl FDYLWDWLRQ VHSD
-ECH

$UQGW 5 ( $ &DYLWDWLRQ LQ YRUWLFDO IORZV INNU A2EV A&LUIDA-ECH
$VQDJKL $ )H\PDUN $ %BHQVRZ 5 5 ,PSURYHPHQW RI FDYLWDWLRQ PDVV
ORFDO IORZ SURSHUWLHY )NT A* A.ULTIPHASEA&LOW

$WFKOH\ $$ 3URVSHUHWWL 7KH FUHYLFH PRGHO RI EXEEOH QXFOHDWLRC
$XJLHU ) *LOOL ( 5DLPXQGR 3 0 2QH HTXDWLRQ PRGHO WR DVVHVV SF
WXUEXOHQW EXEEO\ IORZV #HEM A%NG A3ClI

$]RX]L 0 5DPER] & /HQDLQ - &DXSLQ ) $ FRKHUHQW SLFWXUH RI ZDW
SUHVVXUH AT AOHYS

%DL ; 5 &KHQJ + < -L % /(6 LQYHVWLJIJDWLRQ RI WKH QRLVH FKDUDFWHU
YRUWH[ FDYLWDWLQJ IORZV )NT A* A-.ULTIPHASEA&LOW

%DODFKDQGDU 6 (DWRQ - . 7XUEXOHQW GLVSHUVHG PXOWLSKDVH IORZ

%DXHU $ $ 3DWHO 6 URSHUWLHV RI ZDWHU DORQJ WKH OLTXLG YDSRL
G\QDPLFV VLPXODWLRQV XVLQJ WKH SRODUL]DEOH 7,3 3 4'3 /- ZDWHU PRGHO
%YHGHDX ' .MHOVWUXS 6 ,ZUUHYHUVEEODRRWKWMR RR-GARDIPHF\S KDVH WUDQVLYV
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JOREDO HTXLOLEULXP #HEM A%NG A3CI

%HODKDGML % )UDQF - 3 OLFKHO -0 &DYLWDWLRQ LQ WKH URWDWLRQDC
&LUIDA-ECH

%KDWW $ *DQHVK + &HFFLR 6 / &DYLWDWLQJ IORZ EHKLQG D EDFNZDUG
&LOW

%LU\XNRY ' $ *HUDVLPRY ' 1 <XULQ ( , &DYLWDWLRQ DQG DVVRFLDWHG
%ODNH - 5 *LEVRQ ' & &DYLWDWLRQ EXEEOHV QHDU ERXQGDULHV INNU A:
%RUNHQW % 0 *HNOH 6 3URVSHUHWWL $ /RKVH ' 1XFOHDWLRQ WKUHVKF
Rl QDQRVFRSLF FDYLWDWLRQ QXFOHL OHYS A&LUIDS

%RXVVRQQLQUH $ /LX 4 ; 7VDL 3 $ &DYLWDWLRQ QXFOHL UHJHQHUDWLR
OHYS A2EV A ETT

%UDQGDR ) / ODKHVK . /DUJH HGG\ VLPXODWLRQ RI FDYLWDWLRQ LQFH
-ULTIPHASEA&LOW

%UDQGQHU 3 $ 9HQQLQJ - $ 3HDUFH % : 1XFOHDWLRQ HIIHFWV RQ FDYL\
-ECH $

%UHQQHQ & ( YXQGDPHQWDOV RI PXOWLSKDVH IORZ &DPEULGJH 8QLYHUVI
&DIOLVFK 5 ( OLNVLV 0 - 3DSDQLFRODRX * & 7LQJ / D (IITHFWLYH HTXDWL
EXEEO\ OLTXLGV * A&LUIDA-ECH

&DIOLVFK 5 ( OLNVLV 0 - 3DSDQLFRODRX * & 7LQJ / E :DYH SURSDJDWLRQ
YROXPH IUDFWLRQ * A&LUIDA-ECH

&DL < /LX < 4 :DQJ % / 7DNDJL 6 6RXQG SURSDJDWLRQ WKURXJK LQKRPTF
EXEEOH FORXGV $ GHFRXSOLQJ DSSURDFK )NT A* A-ULTIPHASEA&LOW
&DUULFD 3 0 %RQHWWR ) 'UHZ ' /DKH\ 5 7 $ SRO\GLVSHUVH PRGHO IR
DURXQG D VXUIDFH VKLS )NT A* A-ULTIPHASEA&LOW

&HFFLR 6 *RZLQJ 6 6KHQ < 7 7KH HIIHFWV Rl VDOW ZDWHU RQ EXEEOH |
&KDKLQH * / 1XPHULFDO VLPXODWLRQ RI EXEEOH IORZ LQWHUDFWLRQV *
&KDQ + &KHUXNDUD 0 - 1DUD\DQDQ % HW DO ODFKLQH OHDUQLQJ FRDUV
#OMMN

&KHQ -/ ;XH % ODKHVK . HW DO D OROHFXODU VLPXODWLRQV SURELQJ W
KRPRJHQHRXVO\ VWUHWFKHG DQG EXEEO\ ZDWHU V\VWHPV * A#HEM A%NG AS$/
&KHQ -/ 3UHOHVQLN -/ /LDQJ % HW DO /[DUJH VFDOH PROHFXODU G\
FROODSVH LQ ZDWHU (IIHFWV RI VIVWHP VLIH ZDWHU PRGHO DQG QLWURJHQC
&KHQ / .DQJ 4 - 0X <7 +H </ 7DR : 4 $ FULWLFDO UHYLHZ RI WKH SVHX(
ODWWLFH %ROW]PDQQ PRGHO OHWKRGYV DQG DSSOLFDWLRQ )NT A* A(EATA-AS
&KHQ / < =KDQJ / ; 3HQJ ; ; B6KDR ; O E ,QIOXHQFH Rl ZDWHU TXDOLW
FDYLWDWLRQ LQFHSWLRQ OHYS A&LUIDS

&KHQ < +X < :DQJ % / &KX ; 6 =KDQJ / : ,QWHUIDFLDO WKHUPDO IOXF!
QDQREXEEOHV OHYS A2EV AETT

&KLDSROLQR $ %RLYLQ 3 6DXUHO 5 $ VLPSOH SKDVH WUDQVLWLRQ UHOTL

JNT A* AAUMER A-ETH A&LUIDS
&RPPDQGHU . : 3URVSHUHWWL $ /LQHDU SUHVVXUH ZDYHV LQ EXEEO\ C
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WKHRU\ DQG H[SHULPHQWV * AlcoUsT A3ocC AIM

&ULDOHVL (VSRVLWR 0 %RIIHWWD * %UDQGW / &KLEEDUR /
WXUEXOHQW PXOWLSKDVH IORZV O0HYS A2EV A&LUIDS /

OXVDFFKLR 6
&ULIJKWRQ " * )IRZFV :LOOLDPV - (

6RXQG JHQHUDWLRQ E\ WXUEXOHQW W
&UXP | $ 7HQVLOH VWUHQJWK RI ZDWHU .ATURE

'DUPDQD ' 'HHQ 1 * .XLSHUV - $ 0 3DUDOOHOL]DWLRQ RI DQ (XOHU /DJL
GRPDLQ GHFRPSRVLWLRQ DQG D PLUURU GRPDLQ WHFKQLTXH $SSOLFDWLR(
IORZ * A#OMPUT AOHYS

'LHPDQG - $QJpOLO 5 7DQDND . . 7DQDND + /[DUJH VFDOH PROHFXODU
KRPRJHQHRXV QXFOHDWLRQ * A#HEM AOHYS
GH *UDDI ./ %UDQGQHU 3 $ 3HDUFH
&LUIDA-ECH

% 6SHFWUDO FRQWHQW RI
5
GTI$JRVWLQR /

FORX(
%UHQQHQ & (

/ILQHDUL]HG G\QDPLFV RI VSKHULFDO EXEEO
'X 7 = :DQJ < : /LDR / - HW DO

$ QXPHULFDO PRGHO
FDYLWDWLRQ FORXG OHYS A&LUIDS
(OJKREDVKL 6

IRU WKH HYROXWL
7TUXHVGHOO *

& 2Q WKH WZR ZD\ LQWHUDFWLRQ EHWZHH
GLVSHUVHG VROLG SDUWLFOHY , 7XUEXOHQFH PRGLILFDWLRQ OHYS A&LUIDS
(SVWHLQ 3 6 30HVVHW 0 6

2Q WKH VWDELOLW\ RI JDV EXEEOHV LQ OLTXL
)DUUHOO

(XOHULDQ /DJUDQJLDQ DQDO\VLV IRU WKH SUHGLFWLRQ R
JHUU\ -

F
%DODFKDQGDU 6

JUDQF - 3 OLFKHO - 0
YXUQHVV 5 $
FDYLWLHV
)XVWHU

*DQHVK +

$ IDVW (XOHULDQ PHWKRG IRU GLVSHUVH WZR

C

fo

YXQGDPHQWDOV RI FDYLWDWLRQ 1HWKHUODQGYV
+XWWRQ 6 3
* ARLUIDA%NG

.0

([SHULPHQWDO DQG WKHRUHWLFDO VWXGLH

&RORQLXV 7 ORGHOOLQJ EXEEOH FOXVWHUYV LQ FRPSUHVVLEOH
OINLKDUMX 6 $ &HFFLR 6 /

WUDQVLWLRQ RI SDUWLDO FDYLWLHYV

*DOOR 0O ODJDOHWWL )

%XEEO\ VKRFN SURSDJDWLRQ DV D
-ECH

* A&LUIDA-ECH
&RFFR '

HW DO I1XFOHDWLRQ DQG JURZWK G\QDHF
$
*DOOR 0 ODJDOHWWL ) &DVFLROD & O +HWHURJHQHRXYV EXEEOH QXFOHDYV
$
*DR = X :; DQJ %

7KH HIIHFWV Rl QDQRVFDOH QXFOHL RQ FDYLWDWLRQ
*DUUHWW & /L 0O )DUPHU ' 7KH FRQQHFWLRQ EHWZHHQ EXEEOH VL]H VSHF
LQ WKH XSSHU RFHDQ * AOHYS A/CEANOGR

*D\OR ' % +HQGULFNVRQ . <XH ' . 3
* A&LUIDA-ECH

6YHQQEHUJ 8

FDVFDGHYV

(ITHFWV RI
*H 0 <

SRZHU ODZ HQWUDLQPHQ!
5
%HQVRZ 5 (

,PSURYHG SUHGLFWLRQ RI VKHHW FDYL\
WUDQVLWLRQ VHQVLWLYH WXUEXOHQFH PRGHO DQG FDYLWDWLRQ PRGHO
*H 0 < 6YHQQEHUJ 8 %HQVRZ 5 (

* A
,QYHVWLIDWLRQ RQ SUHGLFWLRQ RI
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DFRXVWLF DQDORJ\ ZLWK LQFRPSUHVVLEOH IORZ LQSXW /CEANA®%NG
*QDQDVNDQGDQ $ ODKHVK . 1XPHULFDO LQYHVWLJDWLRQ RI QHDU ZDNH F
RYHU D FLUFXODU F\OLQGHU * A&LUIDA-ECH

*KDKUDPDQL ( $UDEQHMDG 0 + %HQVRZ 5 ( 5HDOL]DELOLW\ LPSURYHPE
EXEEOH PRGHO IRU VLPXODWLRQ RIGFMILWDSVLQJ IORZ #OMPUT A
*KDKUDPDQL ( $UDEQHMDG 0 + %HQVRZ 5 ( $ FRPSDUDWLYH VWXG\ EHW;
VLPXODWLRQ RI FDYLWDWLQJ EXEEOHV )NT A* A-ULTIPHASEA&LOW
*KDKUDPDQL ( 6WU|P + %HQVRZ 5 ( 1XPHULFDO VLPXODWLRQ DQG DQDO
IORZV * A&LUIDA-ECH $

*LDQQDGDNLV ( *DYDLVHV 0 $UFRXPDQLV & ORGHOOLQJ RI FDYLWDWLRQ |
-ECH

*UDQGMHDQ + -DFTXHV 1 =DOHVNL 6 6KRFN SURSDJDWLRQ LQ OLTXLG
FRQWLQXXP DSSURDFK * A&LUIDA-ECH

*UR 7 ) %DXHU - /XGZLJ * HUQDQGH] 5LYDV ' 3HO] 3) %XEEOH QXFOHD
LQ D VKHDU IORZ %XP A&LUIDS

*UR 7 ) 3HO] 3) "LIIXVLRQ GULYHQ QXFOHDWLRQ IURP VXUIDFH QXFOHL
&LUIDA-ECH

*XQVWHQVHQ $ . 5RWKPDQ '+ =DOHVNL 6 =DQHWWL * IDWWLFH %ROW]PL
OHYS A2EV Al

+DEL\DUHP\H 9 .XHUWHQ - * 0 )UHGHUL[ ( 0 $ &RPSDULVRQ RI SRSXODW
SRO\GLVSHUVH EXEEO\ IORZ #HEM A%NG A3CI

+DOOHU * /DJUDQJLDQ FRKHUHQW VWUXFWXUHV INNU A2EV A&LUIDA-ECH
+HUEHUW ( %DOLEDU 6 &DXSLQ ) &DYLWDWLRQ SUHVVXUH LQ ZDWHU OHY
+RYHP - O ODULQH DFRXVWLFV 7KH SK\WLFV RI VRXQG LQ XQGHUZDW
3XEOLVKLQJ &DOLIRUQLD 3S

+VLDR & 7 3DXOH\ / / 6WXG\ RI WLS YRUWH[ FDYLWDLRQ LQFHSWLRQ XVLQ
EXEEOH G\QDPLFV PRGHO !3-%A* AQLUIDA-ECH

+VLDR & 7 9KDKLQH * / [/LX + [/ 6FDOLQJ HIIHFW RQ SUHGLFWLRQ RI FD
YRUWH[ IORZ 13-%A* AQLUIDA%NG

+VLDR & 7 :X ; OD - &KDKLQH * / 1XPHULFDO DQG H[SHULPHQWDO VWXC
GXH WR D KRUL]JRQWDO SOXQJLQJ MHW )NT A3HIPBUILDINGAOROGRESS

+VLDR & 7 0D - &KDKLQH * / OXOWLVFDOH WZR SKDVH IORZ PRGHOLQJ R
JNT A* A-ULTIPHASEA&LOW

+VLDR & 7 &KDKLQH * / 0D - "\QDPLFV RI GLVSHUVHG EXEEO\ IORZ RYF}
GLIIXVLRQ DQG EXEEOH EUHDNXS HIIHFWV /CEANA%NG

+XOEXUW + .DW] 6 6RPH SUREOHPV LQ SDUWLFOH WHFKQRORJ\ $ VWD
#HEM A%NG A3Cl

,EHQ 8 ,YDQRY 1 * ,VDHQNR ,
4ECH AOHYS A ETT

,OLQVNLL < $ +DPLOWRQ 0) =DERORWVND\D ( $ OHHJDQ * ,QIOXHQFH R
LQWHUDFWLRQ !)OA#ONF AOROC

,QDQF 6 6K\ : ,QWHUIDFLDO G\QDPLFV EDVHG PRGHOLQJ Rl WXUEXOHQW
GHYHORSPHQW DQG VWHDG\ VWDWH FRPSXWDWLRQV )NT A* A UMER A-ETHODS

, BFKPLGW $ $ $ (XOHULDQ /DJUDQJLDQ GH
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-L % :DQJ ; & %DL ;5 HW DO &DYLWDWLRQ LQFHSWLRQ QRLVH H[FLWH
YDULRXV JDS VL]HV $ (XOHULDQ /DJUDQJLDQ LQYHVWLJDWLRQ OHYS A&LUIDS
-L % :DQJ = < &KHQJ + < %HQVRZ 5 ( &DYLWDWLRQ UHVHDUFK ZLWK FRP
JURP (XOHU (XOHU WR (XOHU /DJUDQJH DSSURDFK * A(YDRODYNAMICS
-LPpQH] - &RKHUHQW VWUXFWXUHV LQ ZDOO ERXQGHG WXUEXOHQFH * A&
-RQHV 6 ) (YDQV * 0 *DOYLQ . 3 %XEEOH QXFJd$DWHYR QI 2URPVIAHOEDD LIV
JNTERFACEA3CI

-RVKL 6 < 'HVKPXNK 6 $ $ UHYLHZ RI DGYDQFHPHQWY LQ FRDUVH JUI
VLPXODWLRQV -OLE A3IMUL

-RVZLDN 0 1 'XIl 1 'RKHUW\ 0 ) 3HWHUV % 6L]JH GHSHQGHQW VXUIDFH
FRUUHFWHG GURSOHW QXFOHDWLRQ RI 7,3 3 ZDWHU OHYS A#HEM A ETT
.DSLOD $ . OHQLNRII 5 %G]JLO - % HW DO 7ZR SKDVH PRGHOLQJ RI C
WUDQVLWLRQ LQ JUDQXODU PDWHULDOV 5HGXFHG HTXDWLRQV OHYS A&LUIDS
.KOLID , +RFHYDU 0 9DEUH $ )H]ID . )X]JLHU 6 &RXWLHU 'HOJRVKD 2
FDYLWDWLQJ IORZV %XPA&LUIDS

.LPPHUO - OHUWHYV 3 $EGHO ODNVRXG 0 $SSOLFDWLRQ RI ODUJH HGG\ VLI
QRLVH RI PDULQH SURSXOVRUV 3DUW &DYLWDWLRQ G\QDPLFV * A-AR A3cCI .
.DORYi - ODUHA 5 6L]H GHSHQGHQFHV RI VXUIDFH WHQVLRQ DQG PHDVXU'L
.DW] - &DYLWDWLRQ SKHQRPHQD ZLWKLQ UHJLRQV RI IORZ VHSDUDWLRQ
.DPHGD 0 ODWVXPRWR < 6KRFN ZDYHV LQ D OLTXLG FRQWDLQLQJ VPDOO J
.DWDRND , 6HUL]DZD $ %DVLF HTXDWLRQV RI WXUEXOHQFH LQ JDV OLTXL
&LOW

.DZDQDPL < .DWR + <DPDJXFKL + 7DQLPXUL + 7DJD\D < OHFKDQLVP D
FDYLWDWLRQ * A&LUIDA%NGNG

.DZDNDPL "7 4LQ 4 $UQGW 5 ( $ :DWHU TXDOLW\ DQG WKH SHULRGLFLW)
$60( )OXLGV (QJLQHHULQJ 'LYLVLRQ 6XPPHU OHHWLQJ DQG ([KLELWLRQ +RXVWV
.DZDNDPL ' 7 )XML $ 7VXMLPRWR < $UQGW 5 ( $ $Q DVVHVVPHQW
HQYLURQPHQWDO IDFWRUV RQ FDYLWDWLRQ LQVWDELOLWLHV * A&LUIDA%NG !
. KRR 0 7 9HQQLQJ - $ 3HDUFH % : HW DO 1DWXUDO QXFOHL SRSXODW
WXQQHOV %XP A&LUIDS

. KRR 0 7 9HQQLQJ - $ 3HDUFH % : HW DO 1XFOHDWLRQ DQG FDYLWDWLR
FDYLWDWLRQ G\QDPLFV DQG QRLVH %XP A&LUIDS

.LWDJDZD $ OXUDL < <DPDPRWR ) 7ZR ZD\ FRXSOLQJ Rl (XOHULDQ /DJUD/!
PXOWLSKDVH IORZV XVLQJ ILOWHULQJ IXQFWLRQV )NT A* A-ULTIPHASEA&LOW
.RXPRXWVDNRYV 3 OXOWLVFDOH IORZ VLPXODWLRQV XVLQJ SDUWLFOHV IN
X * &KHRQJ & 3DUN , B6HRO + 1XPHULFDO LQYHVWLJDWLRQ RI WLS YR

QRLVH RI XQGHUZDWHU SURSHOOHUV RI VXEPDULQH XVLQJ VHTXHQWLDO (XO|

.XERWD $ .DWR + <DPDJXFKL + $ QHZ PRGHOOLQJ RI FDYLWDWLQJ I10OF
XQVWHDG\ FDYLWDWLRQ RQ D K\GURIRLO VHFWLRQ * A&LUIDA-ECH
.XQ] 5) %RJHU " $ 6WLQHEULQJ ' 5 &K\FJHZVNL 7 6 /LQGDX - : *LEHOLQJ +
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*RYLQGDQ 7 5 $ SUHFRQGLWLRQHG 1DYLHU 6WRNHV PHWKRG IRU WZR S
FDYLWDWLRQ SUHGRAWLROHFOMPUT A

/IDYLQR $ ' B6PLWK ( 0DJQLQL 0 HW DO 6XUIDFH WRSRJUDSK\ HIIHFWV
HTXLOLEULXP PROHFXODU G\QDPLFV VLPXODWLRQV ,ANGMUIR

/HLIKWRQ 7 * 7KH DFRXVWLF EXEEOH $FDGHPLF 3UHVV 6DQ 'LHJR

/HKU ) OLOOLHV 0 OHZHV ' %XEEOH VL]H GLVWULEXWLRQV DQG IORZ IL|
*OURNAL

/HUR\ 9 &KDVWUHWWH 1 7KLHXU\ 0 /RPEDUG 2 7RXULQ $ $FRXVWLFV RI
E\ WKH GLSROH UHVSRQVH RI EXEEOHV &LUIDS

/JHVQLN 6 $JKHOPDOHNL $ OHWWLQ 5 %UHQQHU * ORGHOLQJ DFRXVWLF
SRO\GLVSHUVH EXEEOH SRSXODWLRQ RQ D ODUJH VFDOH 5LTRASON A30ONOCH
/L' 4 +DOODQGHU - -RKDQVVRQ 7 SBUHGLFWLQJ XQGHUZDWHU UDGLDWH
PRGHO WHVWLQJ DQG QXPHULFDO PHWKRGV /CEANA%NG

/L - - &DUULFD 3 0 $ SRSXODWLRQ EDODQFH FDYLWDWLRQ PRGHO )NT A*
/L - - &DUULFD 3 0 1XPHULFDO VWXG\ RI WKH FDYLWDWLQJ IORZ RYHU
SRO\GLVSHUVH WZR SKDVH IORZ PRGHO OHYS A&LUIDS

/L /0 :DQJ ="' /L ; - =KX = & OXOWLVFDOH PRGHOLQJ RI WLS OHDNDJF
FRPELQHG YROXPH RI IOXLG DQG GLVFUHWH EXEEOH PRGHO OHYS A&LUIDS

/L <+ /LO% =KDQJ/: :DQJ % / D %ULGJLQJ WKH JDS 8QUDYHOLQJ WKH
LQ WKH QRQ HTXLOLEULXP ZDWHU YDSRU SKDVH WUDQVLWLRQ )NT A*x A(EATA.
/L < + /L O % =KDQJ / : :DQJ % / &DYLWDWLRQ LQFHSWLRQ WULJJHUH
SUHVVXUHV LQ HOHFWURO\WH VROXWLRQV OHYS A2EV A&LUIDS

/L <+ =KDQJ /: :DQJ % / E 5ROH RI PXWXDO GLIIXVLRQ LQ WKH GLVVROXMW
EXON JDV QDQREXEEOH LQ OLTXLG $ PROHFXODU G\QDPLFV VWXG\ ,ANGMUIR
/L0 % /L <+ *DR<: 6XQ & :DQJ % / E (IIHFW Rl QDQRVFDOH QXFOHL RQ
LQGXFHG FDYLWDWLRQ OHYS A&LUIDS

/ILDR < ; [XFDV ' $ OLWHUDWXUH UHYLHZ Rl WKHRUHWLFDO PRGHOV IR
WXUEXOHQW GLVSHUVLRQV #HEM A%NG A3CI

/ILGWNH $ . 7XUQRFN 6 5 +XPSKUH\ 9) &KDUDFWHULVDWLRQ RI VKHHW FD
WKH )IRZFV :LOOLDPYV +DZNLQJV DFRXVWLF DQDORJ\ #OMPUT A&LUIDS

/LQ & 6 OD[H\ O /L = .DUQLDGDNLV * ( $ VHDPOHVV PXOWLVFDOH RSH
LQIHUULQJ EXEEOH G\QDPLFV * A&LUIDA-ECH $

/ILX < 4 :DQJ % / ‘“\QDPLFV DQG VXUIDFH VWDELOLW\ RI D F\OLQGULFDO FD
YRUWH[ * A&LUIDA-ECH

/ILX < 4 =KDQJ + =KDQJ : HW DO %XEEOH VL]H GLVWULEXWLRQ DW HDUC
FDYLWDWLRQ OHYS A&LUIDS

/IRKVH ' 3URVSHUHWWL $ +RPRJHQHRXV QXFOHDWLRQ SDWFKLQJ WKH Z

QDQRVFRSLF GHVFULSWLRQ OROC A.ATL AicD A3cCl A53!
/XOOL 0 %LIHUDOH / )DOFXFFL * 6EUDJDJOLD 0 6KDQ
OHQJWK OHYS A2EV A%

/XOOL 0 %LIHUDOH / )DOFXFFL * B6EUDJDJOLD 0 <DQJ ' 6KDQ ; : OH\
K\GURG\QDPLFV LQ PXOWLSKDVH ODWWLFH %ROW]PDQQ OHYS A2EV A%

/INX ; ; 3DQ 6 & +X ; < $GDPV 1 $ 1XPHULFDO LQYHVWLJDWLRQ RI KRF

. OHVRVFDOH ¢
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QXFOHDWLRQ LQ D PLFURFKDQQHO OHYS A2EV A&LUIDS

IA\X ; ; =KX < - =KDQJ & +X ; < $GDPV 1 $ ORGHOLQJ RI FDYLWDWLRQ
GLVFUHWH /DJUDQJLDQ WUDFNLQJ 7ATER

0D - 2EHUDL $ $ +\PDQ 0 & 'UHZ ' $ /DKH\ -U 5 7 7ZR IOXLG PRGHOLQJ
DURXQG VXUIDFH VKLSV XVLQJ D SKHQRPHQRORJLFDO VXEJULG DLU HQWUDLQ
0D - +VLDR & 7 &KDKLQH * / $ SK\VLFDO EDVHG PXOWLVFDOH PRGHOLQJ
&LUIDS

0D 7 /XFDV ' -DNLUOLU 6 )U|KOLFK - D 3URJUHVV LQ WKH VHFRQG PRPHQV
RQ GLUHFW QXPHULFDO VLPXODWLRQ GDWD * A&LUIDA-ECH $

0D 7 /XFDV ' %UDJJ $ ' E ([SOLFLW DOJHEUDLF UHODWLRQ IRU FDOFXODW
IORZV GRPLQDWHG E\ EXEEOH LQGXFHG WXUEXOHQFH OHYS A2EV A&LUIDS

0D 7 6DQWDUHOOL & =LHJHQKHLQ 7 /XFDV ' )U|KOLFK - '"LUHFW QXPHULF
DYHUDJH FORVXUH IRU EXEEOH LQGXFHG WXUEXOHQFH OHYS A2EV A&LUIDS
ODGDEKXVKL $ ODKHVK . $ FRPSUHVVLEOH PXOWL VFDOH PRGHO WR VLP
-ECH $

ODHGD . &RORQLXV 7 (XOHULDQ /DJUDQJLDQ PHWKRG IRU VLPXODWLRQ
OHYS

ODHGD . &RORQLXV 7 %XEEOH FORXG G\QDPLFV LQ DQ XOWUDVRXQG ILHO
ODR < - +X = : $FRXVWLF DQDORJ\ IRU PXOWLSKDVH RU PXOWLFRPSRQH(

ODUFKLVLR '/ 3LNWXUQD -7 )R[52 9LJLO 5' %DUUHVL $ $ 4XDGUDWXU
SRSXODWLRQ EDODQFH HTXDWLRQV I!)#H%A*

ODUFKLVLR '/ )R[ 5 2 BROXWLRQ RI SRSXODWLRQ EDODQFH HTXDWLRQ
PHWKRG RI PRPHQWYV !EROSOLA3CI

ODUVFKDOO + % OjUFK . $ .HOOHU $ 3 .MHOGVHQ 0 &DYLWDWLRQ LQFHS
SDUWLFOHV LQ ZDWHU OHYS A&LUIDS

ODUWtQH] %D]iQ & 5RGUtJXH] 5RGUtIJXH] - 'HDQH * % ORQWDxpV - / /DVKHUD\
RQ EXEEOH IUDJPHQWDWLRQ PRGHOV * A&LUIDA-ECH

OHODQG 5 )UH]JRWWL $ <WUHKXV 7 +DIVNMROG % 1RQHTXLOLEULXP PR
QHW HYDSRUDWLRQ DQG QHW FRQGHQVDWLRQ DQG HYDOXDWLRQ RI WKH .
LQWHUIDFH OHYS A&LUIDS

OLVKUD 6 . 'H\PLHU 3 $ OXUDOLGKDUDQ . J)UDQW]VNRQLV * 3DQQDOD 6 6LPX
FRXSOLQJ RI UHDFWLRQ NLQHWLFV DQG K\GURG\QDPLFV LQ D FROODSVLQJ F

ORHHQGDUEDU\ ( 1J 7 < =DQJHQHK 0 'LVVLSDWLYH SDUWLFOH G\QDPLFV\
DQG FRPSOH[ IOXLG DSSWOH¥DWLRQV A AlPPL A-ECH

ORUFLDQR 0O )DVDQR 0 1ROG $ HW DO 1RQHTXLOLEULXP PROHFXOD
QDQRFRQILQHG IOXLGY DW VROLG OLTXLG LQWHUIDFHV * A#HEM AOHYS
0-OOHU ($ OHMtD $ 5HVROYLQJ GLVFUHSDQFLHVY LQ WKH PHDVXUHPHQW\
&2 +2 PL[IWXUH E\ FRPSXWHU VLPXODWLRQ OHYS A#HEM A ETT

3DL 0 * 6XEUDPDQLDP 6 $ FRPSUHKHQVLYH SUREDELOLW\ GHQVLW\ IXQF

IORZV * A&LUIDA-ECH
3DQ ' =KDR * /LQ < 6KDR : OHVRVFRSLF PRGHOOLQJ RI PLFUREXEEOH L
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UDWLR RI JDV WR OLTXLG %0,A%UROPHYS A ETT

3DUN . 6HRO + &KRL : /HH 6 1XPHULFDO SUHGLFWLRQ RI WLS YRUWH] |
FRQVLGHULQJ QXFOHL VL]H DQG GLVWULEXWLRQ !PPL AICOUS

3HQJ & 7LDQ 6 & /L * 6 B6XNRS 0 & 6LQJOH FRPSRQHQW PXOWLSKDVH OD
Rl IUHH EXEEOH DQG FUHYLFH KHWHURJHQHRXV FDYLWDWLRQ QXFOHDWLRQ O
3HQJ & 7LDQ 6 & /L * 6 B6XNRS 0 & 6LPXODWLRQ RI PXOWLSOH FDYLWDW
VLQJOH FRPSRQHQW PXOWLSKDVH /IDWWLFH %ROW]PDQQ PHWKRG )NT A* A(EA
3HQJ & 7LDQ 6 & /L *6 B6XNRS 0 & D 6LPXODWLRQ RI ODVHU SURGXFHG VI
K\EULG WKHUPDO ODWWLFH %ROW]PDQQ PHWKRG )NT A* A(EATA-ASSA4RANSFI
3HQJ + 1 +H ;/ =KDQJ -0 :DQJ < 5 E &DYLWDWLRQ EXEEOH FROODSVH EH
ZLWK WKH WKUHH GLPHQVLRQDO PXOWL UHOD[DWLRQ WLPH SVHXGRSRWHQ
IDVANCES

3HQJ + 1 =KDQJ -0 +H ;/ :DQJ < 5 7KHUPDO SVHXGR SRWHQWLDO ODWW
VLPXODWLQJ FDYLWDWLRQ EXEEOHY FROODSVH QHDU D ULJLG ERXQGDU\ #OM
3HQJ ; ; -L % &KDR < 7 HW DO &RPELQHG H[SHULPHQWDO REVHUYDWLRZ(
WKH FORXG FDYLWDWLRQ ZLWK 8 W\SH IORZ VWUXFWXUHV RQ K\GURIRLOV )N~
3HQJ ; ; :DQJ % / /L + < *HQHUDWLRQ RI DEQRUPDO DFRXVWLF QRLVH ¢
YRUWH[ OHYS A2EV A&LUIDS

3KDP . OHUFLHU - ) )XVWHU ' ODULJR - - ODXUHO $ 6FDWWHULQJ RI DFR
UHVRQDQW EXEEO\ VFUHHQ * A&LUIDA-ECH $

BULQFH 0 - %ODQFK + : %XEEOH FRDOHVFHQFH DQG EUHDN XS LQ DLU VSI

BURVSHUHWWL $ &UXP / $ &RPPDQGHU . : 1RQOLQHDU EXEEOH G\QDPLF

4L < ODVXN $ 80 1L 5 7RZDUGV D PRGHO RI EXEEOH EUHDNXS LQ WXUEX(
FRQVWUDLQWY )NT A* A_.ULTIPHASEA&LOW
5DKPDQ $ 6WLOOLQJHU ) + OROHFXODU G\QDPLFV VWXG\ RI OLTXLG ZDW

5DKPDQL ) :HDWKHUV 7 +RVDQJDGL $ &KLHZ < & $ QRQ HTXLOLEULXP PR
VXEFULWLFDO VXSHUFULWLFDO DQG WUDQVFULWLFDO PL[LQJ RI OLTXLG JDV
5DP 2 $JDUZDO . .DW] - 2Q WKH PHFKDQLVPV WKDW VXVWDLQ WKH LQFHS
&LUIDA-ECH 5

5HLV 7 3KLOOLSV 7 1 IDWWLFH %ROW]PDQQ PRGHO IRU VLPXODWLQJ LPP
I A-ATH A4HEOR

5HLVPDQ * ( :DQJ < & %UHQQHQ & ( 2EVHUYDWLRQV RI VKRFN ZDYHV LQ
-ECH

SHXWHU ) 'HLWHU & 2KO &' &DYLWDWLRQ HURVLRQ E\ VKRFNZDYH VH(
5LTRASON A3ONOCHEM

5LVVR ) )DEUH - 2VFLOODWLRQV DQG EUHDNXS RI D EXEEOH LPPHUVHG L

5LYLqUH $ ORVWHUW : 3HUUDUG 6 'HLNH / 6XE +LQ]J]H VFDOH EXEEOH SLU
EUHDN XS * A&LUIDA-ECH $
5RVVHOOyY - 0 2KO & &OHDQ SURGXFWLRQ DQG FKDUDFWHUL]DWLRQ RI
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GHSRVLWLRQ 5LTRASON A30ONOCHEM

5XWK ' - ORVWHUW : 3HUUDUG 6 'HLNH / %XEEOH SLQFK RIl LQ WXUEXO!
3 Al

6DQWDUHOOL & )U|KOLFK - '"LUHFW QXPHULFDO VLPXODWLRQV Rl VSKH
FKDQQHO IORZ )NT A* A-ULTIPHASEA&LOW

6DXUHO 5 3HWLWSDV ) $EJUDOO 5 ORGHOOLQJ SKDVH WUDQVLWLRQ LQ
FDYLWDWLQJ DQG IODVKLQJ IORZV * A&LUIDA-ECH

6FKQHUU * + B6DXHU - 3K\WLFDO DQG QXPHULFDO PRGHOLQJ RI XQVWHDG
,QW &RQI OXOWLSKDVH )ORZ 1HZ 2UOHDQV /D 86%

6HNLQH 0 <DVXRND . .LQMR 7 ODWVXPRWR 0 /ILTXLG YDSRU QXFOHDWLRC
IOXLG E\ PROHFXODU G\QDPLFV PHWKRG &LUIDASYN A2ES

6HR - + /HOH 6 . 7U\JJYDVRQ * ,QYHVWLIJDWLRQ DQG PRGHOLQJ RI EXEEC(
KRPRJHQHRXV EXEEO\ IORZV OHYS A&LUIDS

6HWKL 6 . .DGLDQ 6 ODQLN * $ UHYLHZ Rl UHFHQW SURJUHVV LQ PROHFX
VLPXODWLRQV DVVLVWHG XQGHUVWDQGLQJ Rl ZHWWDELOLW\ IRCH A#OMPT A-
6KDPV ( )LQQ - $SWH 6 9 $ QXPHULFDO VFKHPH IRU (XOHU /DJUDQJH VLI
FRPSOH[ VIVWHPV )NT A* A AUMER A-ETH A&LUIDS

6KDQ ; &KHQ + /IDWWLFH %ROW]PDQQ PRGHO IRU VLPXODWLQJ IORZ'
FRPSRQHQWY OHYS A2EV A%

6KDQ ; &KHQ + 6LPXODWLRQ RI QRQLGHDO JDVHV DQG OLTXLG JDV SK
%ROW]PDQQ HTXDWLRQ OHYS A2EV A%

6KLHD 0 %XIIR $ 9DQQL 0 ODUFKLVLR ' 1XPHULFDO PHWKRGYV IRU WKH V¥
HTXDWLRQV FRXSOHG ZLWK FRPSXWDWLRQDO IOXLG G\QDPLFV INNU A2EV A#t
6KLQRGD : 'H9DQH 5 .OHLQ 0 / OXOWL SURSHUW\ ILWWLQJ DQG SDUDPF
PRGHO IRU DTXHRXV VXUIDFWDQWYV -OL A3IMUL

6LPRQ - 0 %HGHDX[' .MHOVWUXS 6 :X - -RKDQQHVVHQ ( ,QWHUIDFH IL(
PDVV WUD@QWHUUDO UHODWLRQV YHULILHG E\ QRQ HTXLOLEULXP PROHFXOD!

6LQJKDO $ . $WKDYDOH 00 /L + < HW DO ODWKHPDWLFDO EDVLV DQG YL
PRGHO * A&LUIDA%NG

6ROLJR * 5RFFRQ $ 6ROGDWL $ 7XUEXOHQW IORZV ZLWK GURSV DQ
VLPXODWLRQV i@ MPHDAQOV¥KRODU OHFWXUH * A&LUIDA%NG

6WUDVEHUJ 0 2QVHW Rl XOWUDVRQLF FDYLWDWLRQ LQ WDS ZDWHU * A!CC
6XEUDPDQLDP 6 6WDWLVWLFDO PRGHOLQJ RI VSUDU\V XVLQJ WKH GURSOI

6XEUDPDQLDP 6 /DJUDQJLDQ (XOHULDQ PHWKRGV IRU PXOWLSKDVH IORZV

6XNRS 0 & 2U " /IDWWLFH %ROW]PDQQ PHWKRG IRU KRPRJHQHRXVY DQG KH
2EV A%

6ZLIW 0 5 2U0DQGLQL ( 2VERUQ : 5 <HRPDQV - 0 /IDWWLFH %ROW]PDQQ
DQG ELQDU\ IOXLG VI\VWHPV O0HYS A2EV A%

7DQL * 9LYLDQL 0 )HOOL 0 HW DO 1RLVH PHDVXUHPHQWY RI D FDYLWDW!
5HVXOWV Rl WKH URXQG URELQ WHVW SURJUDPPH /CEANA%NG
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7HVWD & ,DQQLHOOR 6 6DOYDWRUH ) $ JIRZFV :LOOLDPYV DQG +DZNLQJV
DQDO\VLV RI SURSHOOHU VKHHW FDYLWDWLRQ * ABOUNDAGIB

7LDQ % & +XDQJ % /L / O ,QYHVWLJIJDWLRQ RI WUDQVLHQW VKHHW FORXC
PXOWLVFDOH SHUVSHFWLYH OHYS A&LUIDS

7LDQ % & +XDQJ % /L / 0 :X < (XOHULDQ /DJUDQJLDQ PXOWLVFDOH
PXOWLPRGDO SDUWLDO VKHGGLQJ G\QDPLFV )NT A* A-ULTIPHASEA&LOW
7KRPDV 5 0 %XEEOH FRDOHVFHQFH LQ WXUEXOHQW IORZV )NT A* A-ULTIPI
7RPDU * )XVWHU ' =DOHVNL 6 3RSLQHW 6 OXOWLVFDOH VLPXODWLRQV R
&A&LUIDS

7U\JJYDVRQ * 'DELUL 6 $ERXOKDVDQ]DGHK % /X - & OXOWLVFDOH FRQVL
VLPXODWLRQV RI PXOWLSKDVH IORZV OHYS A&LUIDS

9DQ :LMQJDDUGHQ / 2Q WKH HTXDWLRQV RI PRWLRQ IRU PL[WXUHV RI O
-ECH

9HQQLQJ - $ 3HDUFH % : %UDQGQHU 3 $ 1XFOHDWLRQ HIIHFWV RQ FORX
* A&LUIDA-ECH $

:DQ & 5 :DQJ % / :DQJ 4 HW DO B3URELQJ DQG LPDJLQJ RI YDSRU ZDWHU
SDUWLDO FORXG FDYLWDWLQJ IORZV * A&LUIDSA%NG

:DQJ % / /LX =+ /L + < HW DO 2Q WKH QXPHULFDO VLPXODWLRQV RI YRU
YDULRXV K\GURIRLOV * A(YDRODYNAMICS

:DQJ 4 < :DQJ % / :DQ & 5 =KDQJ + /LX < 4 D ORGHOLQJ WKH GLVWULEXW
YDSRU EXEEOHV LQ FDYLWDWLQJ IORZV OHYS A&LUIDS

:DQJ 7 ) :DQJ - ) -LQ < $ QRYHO WKHRUHWLFDO EUHDNXS NHUQHO IXQFW
WXUEXOHQW IORZ #HEM A%NG A3ClI

:DQJ ; & %DL ; 5 &KHQJ + < -L % 3HQJ ; ; E 1XPHULFDO LQYHVWLJDW

LQIOXHQFHY WLS OHDNDJH YRUWH[ FDYLWDWLRQ LQFHSWLRQ XVLQJ D (XOHU

:DQJ = - 9DOHULDQL & )JUHQNHO +RPRJHQHRXV EXEEOH QXFOHDWLRQ
PROHFXODU G\QDPLFV VWXG\ * AOHYS A#HEM A"

:DQJ = < &KHQJ + < -L % (XOHU /DJUDQJH VWXG\ RI FDYLWDWLQJ WXUE X!
OHYS A&LUIDS

:DQJ = < &KHQJ + < -L % 3HQJ ; ; F 1XPHULFDO LQYHVWLJDWLRQ RI L
IRUPDWLRQ PHFKDQLVP RI FORXG FDYLWDWLQJ IORZ )NT A* A-ULTIPHASEA&LO
:DWDQDEH + B6X]XNL 0 ,WR 1 &XPXODWLYH GLVWULEXWLRQ IXQFWLRQV D
SURFHVVHV LQ FDYLWDWLRQ OHYS A2EV A%

:LOOLDPV ) $ 6SUD\ FRPEXVWLRQ DQG DWRPL]DWLRQ OHYS A&LUIDS

:RRG $ % :HVWRQ ' ( 7KH SURSDJDWLRQ RI VRXQG LQ PXG !CUSTICA

:X - '"HLMOHQ / %KDWW $ *DQHVK + &HFFLR 6 / &DYLWDWLRQ G\QDPLFV
ZDNH RI D EOXII ERG\ * A&LUIDA-ECH $

:X - *DQHVK + &HFFLR 6 OXOWLPRGDO SDUWLDO FDYLW\ VKHGGLQJ RQ D
LWV UHODWLRQ WR WKH SUHVHQFH RI EXEEO\ VKRFNV %XP A&LUIDS

:X . &DL + 3 =KDQJ = = HW DO ([SHULPHQWDO LQYHVWLJDWLRQ RI WLS

VWDWLF DQG G\QDPLFV VWDWHY OHYS A&LUIDS
X % /LX </ =KDQJ $ 0 /LX 11 /LX /7 I1XPHULFDO LQYHVWLIJDWLRQ RQ
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FDYLWDWLRQ FKDUDFWHULVWLFVY QHDU ZDWHU ZDYH /CEANA%NG

<DPDVKLWD . 'DLJXML + &RDUVH JUDLQHG PROHFXODU G\QDPLFV VLPXOD
ZDWHU FRQILQHG LQ K\GURSKLOLF PHVRSRUHV -OLECULARAOHYS

<DQJ < 6KDQ 0/ .DQ ;) 6KDQJJIJXDQ < 4 +DQ 4 % 7KHUPRG\QDPLF RI FR
EXEEOH LQYHVWLJDWHG E\ SVHXGRSRWHQWLDO DQG WKHUPDO 057 /%0 5LTRA
<RRQ 6 : &UXP / $ 3URVSHUHWWL $ /X 1 4 $Q LQYHVWLJIJDWLRQ RI WKH
EXEEOH FORXG * AlCOUST A30C A!M

<RXQJ ) 5 #AVITAION ,PSHULDO &ROOHJIH 3UHVV 35S

<X - [/LX - + :DQJ + . HW DO 1XPHULFDO VLPXODWLRQ RI XQGHUZDYV

FKDUDFWHULVWLFVY EDVHG RQ SKDVH WUDQVLWLRQ PRGHO LQ FRPSUHVVLEO}

=KDQJ <1 *XR =< 'X ; = :DYH SURSDJDWLRQ LQ OLTXLGV ZLWK RVFLOOD\
AHERMALA®%NG
=KDQJ + /LX < 4 :DQJ % / D 6SDWLDO WHPSRUDO IHDWXUHV Rl WKH FRKH

FDYLWDWLRQ IORZV XVLQJ D IUHTXHQF\ ZHLJKWHG G\QDPLF PRGH GHFRPSR)

=KDQJ * =KDQJ ' *H 0 3HWNRYVHN 0O &RXWLHU '"HOJRVKD 2 ([SHULPHQW
GLVWLQFW PHFKDQLVPV IRU WKH WUDQVLWLRQ IURP VKHHW WR FORXG FDYL

=KDQJ /; =KRX = & 'HQJ - 6KDR ; 0O E $ QXPHULFDO VWXG\ RQ WKH GUDJ C
G\QDPLF ERG\ IRUFH PHWKRG OHYS A&LUIDS

=KHQJ 4 'XUEHQ ' - :ROI * + $QJHOO & $ /LTXLGV DW ODUJH QHJDWLYH
KRPRJHQHRXV QXFOHDWLRQ OLPLW 3CIENCE

=ZDUW 3 - *HUEHU $ * %HODPUL $ WZR SKDVH IORZ PRGHO IRU SUHGLFW
JNT A#ONF A-ULTIPHASEA&LOW <RNRKDPD -DSDQ

(CS +5F : )» ..)



=2
>
p=2
|

p=2
>
b2
T

b~
>
b2
o]

852 E 1\ 8§

)XQGDPHQWDO PHFKDQLVP DQG PXOWLVFDOH V
K\GURG\QDPLF FDYLWDWLQJ IORZV

GVWpS ,tjBt ~ Ny=SOZtJ$sB
et $t,,,$t S8,{Yst${R S7Yst Ys$SF$sBSqBt S=t$%,,R$ k S7Yst Ys$S1(

$SEVWUDFW <kI,Blkts8%${S{s%$ s $BtS$RSsS},, %sj,t S}IYKR${sjS}Y,tB8,tBtS$
l,,bs ,,S%,Y${j,R SgBSs{{Z,s ,S},.I1${ $BtSBPS{s%$ s $BtStB$R,S},,I${ $BtSs
$t S Y$RS}s},.S.,%$,bRS,, kSs1%st{,RSB%,,S Y,S}sR S bBSI,{sI,RUStZ{j,$S
{s%$ s $Bt S},,RRZ,,SPjzZ{ Zs $BtRSstISs{BZR ${S},B}s s $BtSs{,BRRS{jBZI
A, b, tS{s%$ s $BtSstlS Z,AZj,t{, S ,stR$,t S$8}s{ SIkts8${RSIZ,$t S{s%$ kS
t,,s $Bt S]Z,,,t S,,R,s,{YSR s ZRSstISj$8% s $BtRSs,,SI$R{ZRR,IS Y,BZ Y S
,StR$ $BtS8BI,j S8Zj $}YsR,SPjBbSR$8Zjs $BtS8, YBIBjB k SstIS{s%$ s $B
{Bt{$R,SB%,,%$,bS$RS},,R,t ,ISBtS8Zj $TR{sj,SR$8Zjs $BtS8, YBIBjB $,RSF
$t S,,{,t S$tR$ Y RS$t BS8%$-,IT}YsR,S8,1$28S{Ys,s{ ,,$R ${RSh$ Y$tS{s%$ ¢
sjS,%Bjz $BtSP,s Z,,RSBP S{s%$ kSP$,jIRSI,,$%,ISP,B8S8,RBTR{sj, SR$8Z]j
8Zj $TR{sj,S8BI,j$t SstIS,t $t,,,$t SPB,,{SR $t SBPS{s%$ s $t SPjBbR S Y, ¢
Y,B,, ${sjS{Ysjj,.t ,\RS,,JZ$,$t SIZst $ s $%,S{Ys,s{ ,,$9s $BtUSWAD SPZtIs8
,,S8%- Z,,S}.B},, $,RS$tS{s%$ s $t S,, $BtR SstISwiDS},,{$R,S,.}..R,t s $Bt
BPS{s%$ s $t SPjBbR

H\ZRUGV }YsR,S ,stR$ $Bt S{s%$ s $BtS$t{,} $Bt S{jBZIS{s%$ s $Bt S8Zj $
js $Bt

i,{,$%,IUS1SFstZs, kS1(1x Ss{{,} ,IUS;S s,{YS1(1x SBtj$t,USES skS1(1x
~1SeT8s$jUSA,tjBt bst oR™ Z ,1Z {t
EIL1(1xS &8#0%'5S+0S "% *#0+%5
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