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6H GHVFULEH XQ PuHWRGR SDUD VLPXODU HO FRPSRUWDPLHQWR DHURHOuDVWLFR LQHVWDFLRQDULR� QR OLQHDO� \ VXEVuRQLFR GH

XQ DOD GH DYLuRQ� (O oXMR GHO DLUH \ OD HVWUXFWXUD GHO DOD VRQ FRQVLGHUDGRV HOHPHQWRV GH XQ uXQLFR VLVWHPD

GLQuDPLFR� /DV HFXDFLRQHV JRYHUQDQWHV VRQ LQWHJUDGDV QXPuHULFDPHQWH� VLPXOWuDQHDPHQWH H LQWHUDFWurYDPHQWH� HQ

HO GRPLQLR GHO WLHPSR� 3DUD SUHGHFLU ODV FDUJDV DHURGLQuDPLFDV VH XWLOL]D QXHVWUD YHUVLuRQ GHO PuHWRGR JHQHUDO GH

UHG GH YuRUWLFHV GLVFUHWRV �9RUWH[�/DWWLFH 0HWKRG�� 3DUD PRGHODU OD HVWUXFWXUD VH XWLOL]D XQ PRGHOR GH HOHPHQWRV

nQLWRV OLQHDO� HO PLVPR IXH JHQHUDGR PHGLDQWH 06&�1$675$1� /RV GRV PRGHORV DQWHV FLWDGRV VRQ FRPELQDGRV

GH IRUPD WDO TXH ODV PDOODV HVWUXFWXUDOHV \ DHURGLQuHPLFDV SXHGHQ VHU HOHJLGDV DUELWUDULDPHQWH� (O FDPSR GH

GHIRUPDFLRQHV GHO DOD VH H[SUHVD FRPR XQD FRPELQDFLuRQ OLQHDO GH VXV PRGRV GH YLEUDU OLEUHPHQWH� ORV TXH VRQ

REWHQLGRV GHO PRGHOR GH HOHPHQWRV nQLWRV� \ ORV FRHnFLHQWHV GH HVWD FRPELQDFLuRQ OLQHDO VRQ FRQVLGHUDGRV FRPR

ODV FRRUGHQDGDV JHQHUDOL]DGDV GHO VLVWHPD GLQuDPLFR� 8Q PuHWRGR SUHGLFWRU�FRUUHFWRU HV DGDSWDGR SDUD REWHQHU

OD KLVWRULD HQ HO WLHPSR GH ODV FRRUGHQDGDV JHQHUDOL]DGDV \ GHO oXMR GH DLUH� /RV UHVXODWRV QXPuHULFRV PXHVWUDQ

FODUDPHQWH TXH� FXDQGR OD YHORFLGDG HV EDMD� OD UHVSXHVWD D FRQGLFLRQHV LQLFLDOHV QR WULYLDOHV GHFDH \ FRQWLHQH

PuDV GH XQD IUHFXHQFLD� 6LQ HPEDUJR DO DXPHQWDU OD YHORFLGDG \�R HO uDQJXOR GH DWDTXH� HO PRYLPLHQWR FRPLHQ]D

D RUJDQL]DUVH �OD HQHUJurD VH FRQFHQWUD DOUHGHGRU GH PX\ SRFDV IUHFXHQFLDV�� )LQDOPHQWH� FXDQGR VH OOHJD D OD

YHORFLGDG GH ?)OXWWHU� �OD YHORFLGDG FUurWLFD�� WRGRV ORV PRGRV� GHVSXuHV GH XQ WUDQVLWRULR� UHVSRQGHQ D OD PLVPD

IUHFXHQFLD� /DV VLPXODFLRQHV LQGLFDQ TXH HO IDFWRU FDXVDQWH GH ?)OXWWHU� HV XQ ELIXUFDFLuHQ GH +RSI VXSHUFUurWLFD�

$ YHORFLGDGHV PD\RUHV TXH OD FUurWLFD� OD DPSOLWXG GH ODV UHVSXHVWDV SDUHFH� LQLFLDOPHQWH� FUHFHU OLQHDOPHQWH FRQ

HO WLHPSR� OXHJR VH WUDQVIRUPDQ HQ FLFORV OurPLWHV� /D DPSOLGXG GH HVWRV FLFORV OurPLWHV DXPHQWD D PHGLGD TXH OD

YHORFLGDG DXPHQWD� \ HYHQWXDOPHQWH VXIUHQ XQD VHJXQGD ELIXUFDFLuRQ GH +RSI VXSHUFUurWLFD \ VH YXHOYHQ LQHVWDEOHV�

VXV DPSOLWXGHV \ IDVHV VRQ PRGXODGDV� (Q HVWH SXQWR OD UHVSXHVWD SXHGH VHU GHVFULSWD FRPR HO PRYLPLHQWR HQ

XQ WRUR�

$%675$&7

$ PHWKRG IRU VLPXODWLQJ XQVWHDG\� QRQOLQHDU� VXEVRQLF DHURHODVWLF EHKDYLRU RI DQ DLUFUDIW ZLQJ LV GHVFULEHG�

7KH oRZLQJ DLU DQG GHIRUPLQJ VWUXFWXUH DUH WUHDWHG DV WKH HOHPHQWV RI D VLQJOH G\QDPLF V\VWHP� DQG DOO RI

WKH JRYHUQLQJ HTXDWLRQV DUH LQWHJUDWHG QXPHULFDOO\� VLPXOWDQHRXVO\� DQG LQWHUDFWLYHO\ LQ WKH WLPH GRPDLQ� 2XU

YHUVLRQ RI WKH JHQHUDO QRQOLQHDU� XQVWHDG\� YRUWH[�ODWWLFH PHWKRG LV XVHG WR SUHGLFW WKH DHURG\QDPLF IRUFHV�

D OLQHDU nQLWH�HOHPHQW PRGHO RI WKH ZLQJ� ZKLFK LV GHULYHG IURP 06&�1$675$1� LV XVHG WR SUHGLFW WKH

GHIRUPDWLRQV RI WKH ZLQJ� DQG WKH PRGHOV DUH FRXSOHG LQ VXFK D ZD\ WKDW WKH VWUXFWXUDO DQG DHURG\QDPLF JULGV

FDQ EH FKRVHQ DUELWUDULO\� 7KH GHIRUPDWLRQ RI WKH ZLQJ LV H[SUHVVHG DV DQ H[SDQVLRQ LQ WHUPV RI WKH OLQHDU IUHH�

YLEUDWLRQ PRGHV REWDLQHG IURP WKH nQLWH�HOHPHQW PRGHO� DQG WKH WLPH�GHSHQGHQW FRHpFLHQWV LQ WKH H[SDQVLRQ

VHUYH DV WKH JHQHUDOL]HG FRRUGLQDWHV IRU WKH HQWLUH G\QDPLF V\VWHP� $ SUHGLFWRU�FRUUHFWRU PHWKRG LV DGDSWHG WR

VROYH IRU WKH JHQHUDOL]HG FRRUGLQDWHV DQG WKH oRZnHOG� 7KH UHVXOWV FOHDUO\ VKRZ WKDW� ZKHQ WKH VSHHG LV ORZ�

WKH UHVSRQVHV WR LQLWLDO GLVWXUEDQFHV FRQWDLQ PDQ\ IUHTXHQFLHV DQG GHFD\� EXW WKDW WKH UHVSRQVHV EHFRPH PRUH

RUJDQL]HG �HQHUJ\ FRQFHQWUDWHV DURXQG D IHZ IUHTXHQFLHV� DV WKH VSHHG DQG�RU WKH DQJOH RI DWWDFN LQFUHDVHV�

)LQDOO\� DW WKH RQVHW RI oXWWHU� DOO RI WKH PRGHV� DIWHU DQ LQLWLDO WUDQVLHQW SHULRG� UHVSRQG DW WKH VDPH IUHTXHQF\�

,W DSSHDUV WKDW WKH oXWWHU�FDXVLQJ LQVWDELOLW\ LV D VXSHUFULWLFDO +RSI ELIXUFDWLRQ� $W DQG DERYH WKH FULWLFDO VSHHG�

WKH DPSOLWXGHV RI WKH UHVSRQVHV DSSHDU WR JURZ OLQHDUO\ ZLWK WLPH LQLWLDOO\� EXW WKHQ EHFRPH OLPLW
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F\FOHV� 7KH DPSOLWXGHV RI WKH OLPLW F\FOHV JURZ DV WKH VSHHG LQFUHDVHV� DQG HYHQWXDOO\ LW DSSHDUV WKDW WKH OLPLW

F\FOHV H[SHULHQFH D VHFRQGDU\ VXSHUFULWLFDO +RSI ELIXUFDWLRQ DQG EHFRPH XQVWDEOH� WKHLU DPSOLWXGHV DQG SKDVHV

PRGXODWH� $W WKLV SRLQW WKH UHVSRQVH FDQ EH GHVFULEHG DV PRWLRQ RQ D WRUXV�

,1752'8&7,21

,Q WKLV DUWLFOH� ZH SUHVHQW D PHWKRG WR VLPXODWH XQVWHDG\� QRQOLQHDU� VXEVRQLF �PRUH SUHFLVHO\� LQFRPSUHVV�

LEOH�� DHURHODVWLF EHKDYLRU� DQG WR GHPRQVWUDWH WKH PHWKRG ZH IRFXV RQ ZLQJ oXWWHU� 2XU DSSURDFK LV WR

WUHDW WKH oRZLQJ DLU DQG WKH ZLQJ VWUXFWXUH DV HOHPHQWV RI D VLQJOH G\QDPLF V\VWHP DQG WR QXPHULFDOO\

LQWHJUDWH DOO RI WKH JRYHUQLQJ HTXDWLRQV VLPXOWDQHRXVO\ DQG LQWHUDFWLYHO\ LQ WKH WLPH GRPDLQ� ,Q VR GRLQJ�

ZH FDOFXODWH WKH oRZnHOG DQG WKH PRWLRQ RI WKH ZLQJ VLPXOWDQHRXVO\� :H GLG QRW ZDQW WR UHVWULFW WKH SUHVHQW

VLPXODWLRQ WR OLQHDU HTXDWLRQV RI PRWLRQ RU SHULRGLF UHVSRQVHV� KHQFH� WKH FODVVLFDO DSSURDFKHV WR UHVROYLQJ

WKLV GLOHPPD ZHUH QRW DSSOLFDEOH KHUH� 7KH SUHVHQW VLPXODWLRQ LV QRW UHVWULFWHG WR SHULRGLF PRWLRQV RU OLQHDU

JRYHUQLQJ HTXDWLRQV� DV D UHVXOW� LW FDQ SUHGLFW VXE� DQG VXSHU�FULWLFDO EHKDYLRU DQG LV D YHU\ HmHFWLYH WRRO

IRU GHVLJQLQJ FRQWURO V\VWHPV WR VXSSUHVV oXWWHU DQG UHGXFH JXVW UHVSRQVH�

7KH GHYHORSPHQW RI WKH FXUUHQW VLPXODWLRQ UHTXLUHG WKH GHYHORSPHQW RI IRXU HVVHQWLDO FRPSRQHQWV� ��� DQ

DHURG\QDPLF PRGHO WR SUHGLFW WKH ORDGV RQ WKH ZLQJ� ��� D VWUXFWXUDO PRGHO WR SUHGLFW WKH UHVSRQVH RI WKH

ZLQJ WR WKHVH ORDGV DQG WR SURYLGH WKH ERXQGDU\ FRQGLWLRQV IRU WKH oRZnHOG� ��� D PHWKRG WR FRPELQH WKH

WZR PRGHOV� DQG ��� D PHWKRG WR LQWHJUDWH DOO RI WKH JRYHUQLQJ HTXDWLRQV VLPXOWDQHRXVO\ DQG LQWHUDFWLYHO\�

7KHVH DUH EULHo\ GLVFXVVHG LQ WKH IROORZLQJ� WKHQ VRPH UHVXOWV DUH SUHVHQWHG� DQG nQDOO\ WKHUH DUH VRPH EULHI

FRQFOXGLQJ UHPDUNV�

,W ZRXOG EH LPSRVVLEOH WR UHYLHZ DOO WKH OLWHUDWXUH UHODWHG WR oXWWHU� %XW� VXpFH LW WR VD\ WKDW WKH SUHVHQW

ZRUN LV SDUW RI D QHZ DSSURDFK WKDW LV FXUUHQWO\ UHFHLYLQJ FRQVLGHUDEOH DWWHQWLRQ LQ D QXPEHU RI GLmHUHQW

SODFHV� ,W H[WHQGV WKH ZRUN RI 6WUJDQDF DQG 0RRN� DQG /XWRQ DQG 0RRN�� ,W LV QRW WKH nUVW WR XVH WKH

FRQFHSWV XQGHUO\LQJ WKH JHQHUDO XQVWHDG\ YRUWH[�ODWWLFH PHWKRG� EXW LW GRHV DGG VRPH LQQRYDWLRQV WR WKH

SURFHGXUH� ,W LV QRW WKH nUVW WR XVH D nQLWH�HOHPHQW PRGHO RI WKH ZLQJ� EXW� DV IDU DV ZH NQRZ� LW LV WKH nUVW

WR FRPELQH WKH JHQHUDO� QRQOLQHDU� XQVWHDG\ YRUWH[�ODWWLFH PHWKRG ZLWK DQ LQGXVWU\�VWDQGDUG� nQLWH�HOHPHQW

PHWKRG� 7KH UHVXOW LV D VLPXODWLRQ LQ WKH WLPH GRPDLQ WKDW FOHDUO\ UHYHDOV WKH SK\VLFV RI oXWWHU DPRQJ

RWKHU SKHQRPHQD�

,Q WKH ZRUN WKDW� SHUKDSV� LV PRVW FORVHO\ UHODWHG WR WKH SUHVHQW ZRUN� 7DQJ HW DO�
� UHFHQWO\ IRXQG OLPLW�

F\FOH RVFLOODWLRQV E\ XVLQJ QRQOLQHDU SODWH HTXDWLRQV WR PRGHO D ORZ�DVSHFW� UHFWDQJXODU ZLQJ��3UHLGLNPDQ

DQG 0RRN�� LQ DQ HDUOLHU VWXG\ RI oXWWHU RI ORQJ�VSDQ VXVSHQVLRQ EULGJHV� IRXQG OLPLW�F\FOH UHVSRQVHV ZKHQ

WKH VWUXFWXUH ZDV QRQOLQHDU�� 7DQJ HW DO� XVHG D FUXGH YHUVLRQ RI WKH YRUWH[�ODWWLFH PHWKRG WR SUHGLFW WKH

DHURG\QDPLF ORDGV� FDOFXODWLQJ WKH ORDGV RQ WKH XQGHIRUPHG oDW SODWH HYHQ ZKHQ WKHUH ZDV GHIRUPDWLRQ� :H

FDOFXODWH WKH DHURG\QDPLF ORDGV RQ WKH ZLQJ LQ LWV GHIRUPHG SRVLWLRQ XVLQJ D YHUVLRQ RI WKH YRUWH[�ODWWLFH

PHWKRG WKDW LV LQKHUHQWO\ QRQOLQHDU DQG VRPHZKDW PRUH UHnQHG WKDQ ZKDW 7DQJ HW DO� XVHG� 0RUHRYHU� ZH

LQFOXGH LQLWLDO FDPEHU LQ WKH GHVFULSWLRQ RI WKH ZLQJ� 7KHUH DUH RWKHU VLJQLnFDQW GLmHUHQFHV EHWZHHQ WKHLU

DSSURDFK DQG RXUV�

7KLV DUWLFOH GHVFULEHV SDUW RI WKH ZRUN WKDW ZDV LQFOXGHG LQ WKH nUVW DXWKRU
V GRFWRUDO GLVVHUWDWLRQ� 0RUH

GHWDLOV� VLPXODWLRQV RI ZLQG�H[FLWHG RVFLOODWLRQV RI ORQJ�VSDQ EULGJHV DQG WKH XVH RI DFWLYHO\ DQG SDVVLYHO\

FRQWUROOHG YDQHV DWWDFKHG WR WKH EULGJHV WR VXSSUHVV WKH ZLQG�H[FLWHG PRWLRQV� DQG D UDWKHU H[WHQVLYH

OLWHUDWXUH UHYLHZ FDQ EH IRXQG WKHUH��

7+( $(52'<1$0,& 02'(/

7KH ERXQGDU\ OD\HUV RQ WKH VXUIDFHV RI WKH DLUSODQH DUH YHU\ WKLQ UHJLRQV RI KLJKO\ FRQFHQWUDWHG YRUWLFLW\�

7KH EDVLF QRWLRQ XQGHUO\LQJ WKH JHQHUDO XQVWHDG\ YRUWH[�ODWWLFH PRGHO LV WR LPLWDWH WKHVH ERXQGDU\ OD\HUV
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DV ZHOO DV WKH ZDNHV WUDLOLQJ IURP WKH DLUFUDIW DV YRUWH[ VKHHWV� :H UHIHU WR WKHVH WZR W\SHV RI YRUWH[ VKHHWV

DV ERXQG DQG IUHH �ZDNH� YRUWH[ VKHHWV� +HUH ZH PHUJH WKH XSSHU DQG ORZHU VXUIDFHV DQG SODFH RQH ERXQG

YRUWH[ VKHHW RQ WKH FDPEHU VXUIDFH RI WKH ZLQJ� ,Q )LJXUH �� ZH UHSUHVHQW WKH IUHH DQG ERXQG YRUWH[ VKHHWV

XVHG WR PRGHO WKH ZLQJ RI D PRGHUQ EXVLQHVV MHW� ,Q WKH nJXUH� WKH ZDNHV� ZKLFK ZHUH FDOFXODWHG DV SDUW RI

WKH VROXWLRQ� DUH VKRZQ DW YDULRXV WLPHV VWHSV IROORZLQJ DQ LPSXOVLYH VWDUW�

7KH FLUFXODWLRQV HQFORVLQJ WKH HOHPHQWV RI YRUWH[ ODWWLFH UHSUHVHQWLQJ WKH ZLQJ� *M � DUH GHWHUPLQHG E\

LPSRVLQJ WKH QR�SHQHWUDWLRQ FRQGLWLRQ� 8VLQJ WKH %LRW�6DYDUW ODZ� ZH H[SUHVV WKH YHORFLW\ DVVRFLDWHG ZLWK

WKH ERXQG YRUWH[ VKHHW LQ WHUPV RI WKH FLUFXODWLRQV� REWDLQ D VHW RI OLQHDU DOJHEUDLF HTXDWLRQV� DQG VROYH IRU

WKH FLUFXODWLRQV�

7R JHQHUDWH WKH ZDNH� ZH LPSRVH WKH .XWWD FRQGLWLRQ E\ VKHGGLQJ YRUWLFLW\ IURP WKH WUDLOLQJ HGJH DQG

ZLQJWLSV� 7KHQ ZH FRQYHFW WKH VKHG YRUWLFLW\ DW WKH ORFDO SDUWLFOH YHORFLW\� XVLQJ D V\VWHP RI nUVW�RUGHU

RUGLQDU\ GLmHUHQWLDO HTXDWLRQV� NHHSLQJ WKH FLUFXODWLRQV DURXQG WKH YRUWH[ VHJPHQWV LQ WKH ZDNH FRQVWDQW� LQ

RUGHU WR UHQGHU WKH ZDNH IRUFH�IUHH� 7KXV� YRUWLFLW\ LQ WKH ZDNH QRZ ZDV JHQHUDWHG RQ� DQG VKHG IURP� WKH

ZLQJ HDUOLHU� $V D UHVXOW� WKH oRZ DURXQG� DQG WKH ORDGV DFWLQJ RQ WKH ZLQJ� QRZ GHSHQG RQ ZKDW KDSSHQHG

HDUOLHU� WKH\ DUH KLVWRU\�GHSHQGHQW DQG WKH �KLVWRULDQ� LV WKH ZDNH�

7KH ORDGV DUH FDOFXODWHG E\ PXOWLSO\LQJ WKH SUHVVXUH GLmHUHQFH DFURVV DQ HOHPHQW E\ WKH DUHD RI WKH HOHPHQW

DQG WKH XQLW YHFWRU QRUPDO WR WKH VXUIDFH� 7KHQ WKH PRPHQWV RI WKHVH HOHPHQWDO IRUFHV DUH FDOFXODWHG� 7KH

WLPH�YDU\LQJ SUHVVXUH LV FDOFXODWHG IURP WKH XQVWHDG\ %HUQRXOOL HTXDWLRQ WKDW KDV EHHQ PRGLnHG WR DOORZ

WKH HYDOXDWLRQ RI WKH WLPH GHULYDWLYH RI WKH SRWHQWLDO DW n[HG SRLQW LQ WKH PRYLQJ DHURG\QDPLF JULG LQVWHDG

RI DW D n[HG SRLQW LQ VSDFH�

7+( 6758&785$/ 02'(/

$Q DLUIUDPH PDQXIDFWXUHU JHQHUDWHG WKH VWUXFWXUDO PRGHO RI WKH ZLQJ XVLQJ 06&�1$675$1� 7KH\ PRGHOHG

WKH ZLQJ DV D QRQ�SULVPDWLF� OLQHDUO\ HODVWLF� XQGDPSHG� FDQWLOHYHUHG EHDP ZLWK WKH URRW ULJLGO\ FRQVWUDLQHG�

7KH EHQGLQJ DQG WRUVLRQDO VWLmQHVV GLVWULEXWLRQV LQ WKH QXPHULFDO PRGHO ZHUH DGMXVWHG VR WKDW WKH SUHGLFWHG

IUHH YLEUDWLRQV DUH LQ JRRG DJUHHPHQW ZLWK WKH REVHUYDWLRQV REWDLQHG LQ WKH JURXQG YLEUDWLRQ WHVW� 6LPSOH

WZR�QRGH (XOHU�%HUQRXOOL�EHDP �DOVR NQRZQ DV FXELF +HUPLWLDQ� nQLWH HOHPHQWV DUH XVHG WR PRGHO EHQGLQJ�

DQG OLQHDU HOHPHQWV DUH XVHG WR PRGHO H[WHQVLRQ DQG WRUVLRQ� ,Q 06&�1$675$1� WRUVLRQ� EHQGLQJ DURXQG

WZR D[HV� DQG H[WHQVLRQ DUH FRPELQHG LQWR D VLQJOH HOHPHQW FDOOHG �&%$5�� 7KH nQLWH�HOHPHQW PHVK XVHG

KHUH KDV �� QRGHV� WKH\ DUH RQ WKH HODVWLF D[LV DQG HDFK RQH KDV VL[ GHJUHHV RI IUHHGRP� &RQQHFWHG WR WKH

YDULRXV VWUXFWXUDO QRGHV DUH ULJLG FURVV VHFWLRQV WKDW KDYH ERWK URWDU\ DQG WUDQVODWLRQDO LQHUWLD� 7KH PDVV

FHQWHUV RI WKHVH VHFWLRQV GR QRW DOZD\V IDOO RQ WKH HODVWLF D[HV DQG WKH\ KDYH URWDU\ LQHUWLD� WKXV� WKHUH LV

G\QDPLF FRXSOLQJ DPRQJ WRUVLRQ� H[WHQVLRQ� DQG EHQGLQJ�

7KH VWUXFWXUDO DQG DHURG\QDPLF JULGV DUH UHSUHVHQWHG WRJHWKHU LQ )LJXUH �� 7KH VWUXFWXUDO QRGHV KDYH

VL[ GHJUHHV RI IUHHGRP DQG WKH DHURG\QDPLF QRGHV KDYH WKUHH� :H HPSKDVL]H WKDW WKH WZR JULGV FDQ EH

DUELWUDULO\ VHOHFWHG� 7R GHVFULEH WKH PRWLRQ RI WKH ZLQJ� ZH XVH DQ H[SDQVLRQ LQ WHUPV RI WKH IUHH�YLEUDWLRQ

PRGHV RI WKH EHDP� 7KH WLPH�GHSHQGHQW FRHpFLHQWV LQ WKLV H[SDQVLRQ DUH WKH JHQHUDOL]HG FRRUGLQDWHV IRU

WKH FRPSOHWH G\QDPLF V\VWHP�

,Q WKH QH[W VHFWLRQ ZH GHVFULEH KRZ WKH JHQHUDOL]HG VWUXFWXUDO IRUFHV DUH REWDLQHG IURP WKH DHURG\QDPLF

ORDGV� DQG KRZ WKH JHQHUDOL]HG FRRUGLQDWHV DUH XVHG WR REWDLQ WKH PRWLRQ RI WKH DHURG\QDPLF JULG�

&20%,1,1* 7+( 02'(/6

:H EHJLQ WKH GHVFULSWLRQ RI KRZ WKH VWUXFWXUDO DQG DHURG\QDPLF PRGHOV DUH FRPELQHG E\ UHODWLQJ WKH

GLVSODFHPHQWV RI DQ DUELWUDU\ SRLQW� % � LQ WKH DHURG\QDPLF JULG WR WKH JHQHUDOL]HG VWUXFWXUDO QRGDO GLV�
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Steady-State Solution

Wing-Tip Vortex

25 Time Steps

X

Y

Z

50 Time Steps

Starting Vortex

)LJXUH �� 7KH VROXWLRQV DIWHU �� DQG �� WLPH VWHSV� DQG WKH VWHDG\�VWDWH VROXWLRQ�

)LJXUH �� 7KH nQLWH�HOHPHQW PHVK DQG WKH DHURG\QDPLF JULG�
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SODFHPHQWV� $IWHU VHOHFWLQJ SRLQW % � ZH nQG SRLQW $ RQ WKH HODVWLF D[LV VXFK WKDW SRLQWV $ DQG % OLH LQ

WKH VDPH SODQH SHUSHQGLFXODU WR WKH HODVWLF D[LV� ,Q WKH HODVWLF UHIHUHQFH IUDPH ( � WKH FRRUGLQDWHV RI WKHVH

SRLQWV DUH �z$� s$� r$� DQG �z% � s% � r%�� %RWK SRLQWV KDYH WKH VDPH s�FRRUGLQDWH� :H DVVXPH WKDW VHFWLRQV

SHUSHQGLFXODU WR WKH HODVWLF D[LV DUH ULJLG DQG PRYH DQG WXUQ ZLWK WKH SRLQW RQ WKH D[LV ZKHUH WKH\ DUH

DWWDFKHG�

$IWHU WKH SURFHGXUH LV UHSHDWHG IRU HYHU\ VHOHFWHG SRLQW LQ WKH DHURG\QDPLF JULG� ZH DVVHPEOH D JOREDO PDWUL[

*$6 WKDW PDSV WKH JHQHUDOL]HG GLVSODFHPHQWV RI DOO RI WKH VWUXFWXUDO QRGHV LQWR WKH GLVSODFHPHQWV RI DOO RI

WKH VHOHFWHG SRLQWV LQ WKH DHURG\QDPLF JULG� :H XVH WKH VDPH SURFHGXUH WR nQG WKH YHORFLWLHV RI WKH FRQWURO

SRLQWV LQ WKH DHURG\QDPLF JULG ZKHUH WKH ERXQGDU\ FRQGLWLRQV DUH LPSRVHG RQ WKH oRZnHOG�

7R UHODWH WKH VWUXFWXUDO IRUFHV )6 WR WKH DHURG\QDPLF IRUFHV )$� ZH UHTXLUH WKH WZR IRUFH V\VWHPV WR GR WKH

VDPH ZRUN IRU DQ\ YLUWXDO GLVSODFHPHQW�

,17(*5$7,1* 7+( *29(51,1* (48$7,216

7KH QXPHULFDO SURFHGXUH LV EDVHG RQ +DPPLQJ
V IRXUWK�RUGHU SUHGLFWRU�FRUUHFWRU PHWKRG �VHH� H�J�� &DUQD�

KDQ HW DO���� 7KLV VFKHPH ZDV FKRVHQ IRU WZR UHDVRQV� ��� WKH DHURG\QDPLF PRGHO SURYLGHV EHWWHU UHVXOWV

ZKHQ WKH ORDGV DUH HYDOXDWHG DW RQO\ LQWHJUDO WLPH VWHSV� DQG ��� WKH DHURG\QDPLF ORDGV FRQWDLQ FRQWULEXWLRQV

WKDW DUH SURSRUWLRQDO WR WKH DFFHOHUDWLRQ� )RU ERWK UHDVRQV 5XQJH�.XWWD W\SH PHWKRGV DUH QRW VXLWDEOH� EXW

SUHGLFWRU�FRUUHFWRU PHWKRGV GR QRW UHTXLUH WKH ORDGV DW IUDFWLRQV RI WKH WLPH VWHS DQG� EHFDXVH WKH\ LWHUDWH�

FDQ WUHDW DFFHOHUDWLRQ RQ ERWK VLGHV RI WKH HTXDWLRQ� ,W WXUQV RXW WKDW WKH SUHVHQW QXPHULFDO VFKHPH� ZLWK

VRPH DGGLWLRQDO PRGLnFDWLRQV� LV DOVR LGHDOO\ VXLWHG IRU VKLS�G\QDPLF SUREOHPV �VHH� 3UHLGLNPDQ HW DO����

7KHUH DUH WZR PRWLRQV RFFXUULQJ VLPXOWDQHRXVO\� ERWK WKH ZLQJ DQG WKH ZDNH DUH PRYLQJ WR WKH SRVLWLRQV

WKDW WKH\ ZLOO RFFXS\ DW WKH HQG RI WKH QH[W WLPH VWHS� $QG� DV WKHVH PRYHPHQWV DUH WDNLQJ SODFH� WKH

GLVWULEXWLRQ RI YRUWLFLW\ RQ WKH ZLQJ LV FKDQJLQJ� :H FDOFXODWH WKH QHZ SRVLWLRQV RI ERWK WKH ZLQJ DQG WKH

ZDNH DV ZHOO DV WKH QHZ GLVWULEXWLRQ RI YRUWLFLW\ RQ WKH ZLQJ VLPXOWDQHRXVO\ DQG LQWHUDFWLYHO\�

5(68/76

,Q WKLV VHFWLRQ ZH FRPSXWH WKH XQVWHDG\ DHURHODVWLF UHVSRQVH IRU D ZLQJ RI WKH W\SH WKDW FDQ EH IRXQG RQ D

PRGHUQ EXVLQHVV MHW�

,Q )LJXUH �� WKH FRPSXWHG UHVSRQVH WR DQ LQLWLDO GLVWXUEDQFH LV UHSUHVHQWHG IRU WZR DQJOHV RI DWWDFN� WKH

VHYHQ PRGDO�JHQHUDOL]HG� FRRUGLQDWHV DUH SORWWHG DV IXQFWLRQV RI WLPH� 7KH VSHHG LV EHORZ WKH FULWLFDO oXWWHU

VSHHG� DQG DOO RI WKH DPSOLWXGHV GHFD\ WR WKH VWHDG\�VWDWH YDOXHV WKDW FRUUHVSRQG WR WKH VWDWLF GHoHFWLRQ

RI WKH ZLQJ� 7KH GLmHUHQFH LQ WKH WZR UHVSRQVHV LV YHU\ QRWLFHDEOH� KRZHYHU� LQ ERWK FDVHV WKH WKLUG PRGH

GHFD\V YHU\ VORZO\� 7KLV PRGH LV WKH IRUH�DQG�DIW� LQ�SODQH PRWLRQ� 7KHUH LV QR GDPSLQJ LQ WKH VWUXFWXUDO

PRGHO� DQG WKH DHURG\QDPLF IRUFHV SURYLGH YHU\ OLWWOH GDPSLQJ IRU WKLV PRWLRQ�

7KH UHVSRQVH RI WKH ZLQJ� ZKLFK LV D FRPELQDWLRQ RI DOO VHYHQ PRGHV� FOHDUO\ FRQVLVWV RI FRPSRQHQWV DW

PDQ\ IUHTXHQFLHV� $W WKH ORZHU DQJOH RI DWWDFN� WKHUH LV FRQVLGHUDEOH FURVV FRQWDPLQDWLRQ RI RQH PRGH E\

WKH RWKHUV� $W WKH KLJKHU DQJOH RI DWWDFN� WKH PRWLRQ LV D OLWWOH PRUH RUJDQL]HG� ZLWK HDFK PRGH KDYLQJ

LWV HQHUJ\ VRPHZKDW FRQFHQWUDWHG DURXQG RQH IUHTXHQF\� /DWHU ZH ZLOO VHH WKDW DV WKH oXWWHU ERXQGDU\ LV

DSSURDFKHG� WKH PRWLRQ EHJLQV WR RUJDQL]H� FRQFHQWUDWLQJ HQHUJ\ nUVW DURXQG D IHZ IUHTXHQFLHV DQG nQDOO\

DURXQG RQH� 7KLV UHVXOW VXJJHVWV WKDW DW D n[HG VSHHG LW PD\ EH SRVVLEOH WR LQGXFH oXWWHU E\ LQFUHDVLQJ WKH

DQJOH RI DWWDFN� ,Q WKH QH[W VHW RI nJXUHV� ZH VHH KRZ WKLV RUJDQL]DWLRQ HYROYHV DV WKH VSHHG LQFUHDVHV� 7KH

VWUHQJWKHQLQJ RUJDQL]DWLRQ LV D JRRG LQGLFDWRU WKDW WKH DLUFUDIW LV QHDULQJ WKH oXWWHU VSHHG�

,Q )LJXUH �� WKH ))7V DQG KLVWRULHV DUH JLYHQ IRU D VHULHV RI UHVSRQVHV DW GLmHUHQW VSHHGV DW WKH VDPH DQJOH

RI DWWDFN� 2QO\ WKH nUVW �EHQGLQJ� DQG IRXUWK �WRUVLRQ� PRGHV DUH VKRZQ LQ HDFK SORW� 7KH ZLQJ KDV EHFRPH
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XQVWDEOH EHWZHHQ WKH ODVW DQG QH[W WR ODVW FDVHV UHSUHVHQWHG� ,Q WKH ODVW FDVH� WKH IUHTXHQFLHV RI WKH WZR

PRGHV KDYH FOHDUO\ PHUJHG� ,Q IDFW� DOO VHYHQ PRGHV DUH QRZ UHVSRQGLQJ DW WKH VDPH IUHTXHQF\� +LJKHU

KDUPRQLFV DUH DSSDUHQW LQ WKH UHVSRQVHV RI WKH WKUHH KLJKHVW PRGHV� HVSHFLDOO\ LQ WKDW RI WKH VL[WK PRGH�

7KH PRWLRQ RI WKH WKLUG PRGH FRQWDLQV LWV VWURQJHVW FRPSRQHQW DW WKH PHUJHG WRUVLRQ�EHQGLQJ IUHTXHQF\�

WKDW LV� WKH LQ�SODQH PRWLRQ LV QRZ DOVR UHVSRQGLQJ DW WKH PHUJHG IUHTXHQF\� EXW WKHUH LV VRPH HQHUJ\ DW

D KLJKHU IUHTXHQF\� ZKLFK DOVR DSSHDUV WR EH D KDUPRQLF RI WKH PHUJHG IUHTXHQF\� 7KH WUDQVLWLRQV IURP

WKH QDWXUDO IUHTXHQFLHV RI WKH PRGHV WR WKH FRPPRQ IUHTXHQF\ RI oXWWHU DUH DOVR DSSDUHQW LQ WKHVH SORWV�

HVSHFLDOO\ LQ WKH RQH IRU WKH VHFRQG PRGH�

8QVWDEOH �DIWHU WKH RQVHW RI oXWWHU� UHVSRQVHV DUH UHSUHVHQWHG LQ )LJXUH �� 7KH\ DUH OLPLW F\FOHV� 7KH JURZWK

LQ WKH VWHDG\�VWDWH DPSOLWXGHV RI WKH OLPLW F\FOHV DV D IXQFWLRQ RI VSHHG LV QRW H[SORVLYH� EXW DSSHDUV WR VWDUW

DW ]HUR� WKHUHIRUH� WKH LQVWDELOLW\ LV PRVW OLNHO\ D VXSHUFULWLFDO +RSI ELIXUFDWLRQ� ,W LV TXHVWLRQDEOH ZKHWKHU

WKH nUVW WZR UHVSRQVHV VKRXOG EH FRQVLGHUHG XQVWDEOH� 7KH\ DUH QHDU WKH FULWLFDO DQG SHUKDSV ZRXOG GHFD\

FRPSOHWHO\ LI WKH VROXWLRQ ZHUH H[WHQGHG IRU PRUH WLPH� 7KH DPSOLWXGHV RI WKH UHPDLQLQJ UHVSRQVHV JURZ

OLQHDUO\ ZLWK WLPH� DW OHDVW LQLWLDOO\� DV RQH ZRXOG H[SHFW IURP WKH FODVVLFDO DQDO\VLV RI oXWWHU� )RU WKHVH

UHVSRQVHV WR EH WUXH OLPLW F\FOHV� WKH PRWLRQ PXVW HYROYH LQWR WKH VDPH VWHDG\�VWDWH UHVSRQVH IRU DOO LQLWLDO

FRQGLWLRQV� :H KDYH IRXQG WKDW VXFK LV WKH FDVH� 7KH PRWLRQ LV GRPLQDWHG E\ WKH nUVW� WKLUG� DQG IRXUWK

PRGHV� $V H[SHFWHG� IRU WKH UHDVRQV PHQWLRQHG DERYH� WKH UHVSRQVH LQ WKH WKLUG PRGH FRQWDLQV PRUH WKDQ

RQH IUHTXHQF\�

5HWXUQLQJ WR )LJXUH �� ZH QRWH WKDW� DV WKH VSHHG FRQWLQXHV WR LQFUHDVH DERYH WKH oXWWHU VSHHG� WKH DPSOLWXGH

RI WKH OLPLW F\FOH FRQWLQXHV WR JURZ DQG HYHQWXDOO\ EHJLQV WR PRGXODWH� VOLJKWO\ DW nUVW DQG WKHQ TXLWH

QRWLFHDEO\� 7KLV EHKDYLRU� ZKLFK LV nUVW QRWLFHDEOH LQ WKH WKLUG�IURP�ODVW UHVSRQVH UHSUHVHQWHG LQ WKH nJXUH�

LQGLFDWHV WKDW WKH PRWLRQ KDV SDVVHG WKURXJK D VHFRQG VXSHU�FULWLFDO +RSI ELIXUFDWLRQ� DQG WKDW WKH DPSOLWXGH

DQG IUHTXHQF\ RI WKH UHVSRQVH PRGXODWH� 7KH UHVSRQVH LQ WKLV FDVH LV RIWHQ GHVFULEHG DV PRWLRQ RQ D

WRUXV� 7KH ))7 RI WKH nUVW PRGH VKRZV VLGH EDQGV DQG H[WUD IUHTXHQF\ DVVRFLDWHG ZLWK PRWLRQ RQ D

WRUXV� 7KH QRQOLQHDU EHKDYLRU WKDW DSSHDUV KHUH LV VROHO\ WKH UHVXOW RI KDYLQJ D QRQOLQHDU DHURG\QDPLF

PRGHO� WKH VWUXFWXUDO PRGHO LV OLQHDU� $OVR� FRPSXWHU PRYLHV RI WKH PRGXODWHG UHVSRQVHV VKRZ UDWKHU ODUJH

GHIRUPDWLRQV� HVSHFLDOO\ LQ WRUVLRQ� DQG VXJJHVW WKDW WKH VWUXFWXUH ZLOO EUHDN EHIRUH VXFK EHKDYLRU GHYHORSV

LQ D UHDO DLUFUDIW� )LQDOO\� ZH HPSKDVL]H WKDW DOO RI WKH LQVWDELOLWLHV IRXQG LQ WKH SUHVHQW VLPXODWLRQV RFFXUUHG

ZHOO RXWVLGH WKH oLJKW HQYHORSH RI WKH DLUFUDIW XVHG LQ WKH QXPHULFDO H[DPSOH�

&21&/8',1* 5(0$5.6

$ PHWKRG IRU VLPXODWLQJ WKH XQVWHDG\ DHURHODVWLF EHKDYLRU RI ZLQJV KDV EHHQ GHYHORSHG� 7KH oRZLQJ

DLU DQG WKH GHIRUPLQJ ZLQJ VWUXFWXUH DUH WUHDWHG DV HOHPHQWV RI WKH VDPH G\QDPLF V\VWHP� 7KH SUHVHQW

GHYHORSPHQW LV FRQVLVWHQW ZLWK VXFK LQGXVWU\�VWDQGDUG SURJUDPV DV &$7,$ DQG 06&�1$675$1� 7KH

VLPXODWLRQ FRQVLVWV RI IRXU SDUWV� DQ DHURG\QDPLF PRGHO WR SUHGLFW WKH ORDG RQ WKH ZLQJ� D VWUXFWXUDO PRGHO

WR SUHGLFW WKH UHVSRQVH RI WKH ZLQJ WR WKLV ORDG DQG WR SURYLGH WKH ERXQGDU\ FRQGLWLRQV RQ WKH oRZnHOG�

D VFKHPH IRU WKH WZR PRGHOV WR FRPPXQLFDWH ZLWK HDFK RWKHU� DQG D PHWKRG WR LQWHJUDWH WKH JRYHUQLQJ

HTXDWLRQV RI WKH FRPSOHWH V\VWHP� 7KH GHIRUPDWLRQ RI WKH ZLQJ LV H[SUHVVHG DV DQ H[SDQVLRQ LQ WHUPV

RI LWV OLQHDU IUHH�YLEUDWLRQ PRGHV� ZKLFK DUH GHWHUPLQHG IURP WKH VWUXFWXUDO PRGHO� 7KH WLPH�GHSHQGHQW

FRHpFLHQWV LQ WKLV H[SDQVLRQ DUH WKH JHQHUDOL]HG FRRUGLQDWHV IRU WKH HQWLUH G\QDPLF V\VWHP� DQG WKH HTXDWLRQV

JRYHUQLQJ WKHP DUH LQWHJUDWHG QXPHULFDOO\ LQ WKH WLPH GRPDLQ� 7KH VLPXODWLRQ LV RUJDQL]HG LQ PRGXOHV VR

WKDW WKH DHURG\QDPLF DQG VWUXFWXUDO PRGHOV FDQ EH FKDQJHG ZLWKRXW FKDQJLQJ WKH EDVLF RUJDQL]DWLRQ RI WKH

VLPXODWLRQ�

$V D QXPHULFDO H[DPSOH WR LOOXVWUDWH WKH PHWKRG� ZH VWXGLHG WKH UHVSRQVH RI D ZLQJ ZKLFK LV UHSUHVHQWDWLYH

RI WKDW RI D PRGHUQ EXVLQHVV MHW� 7KH QXPHULFDO UHVXOWV SUHGLFW WKDW DW ORZ VSHHGV DOO LQLWLDO GLVWXUEDQFHV

GHFD\� WKDW DV WKH VSHHG LQFUHDVHV� WKH RUJDQL]DWLRQ RI WKH UHVSRQVH EHFRPHV PRUH RUJDQL]HG� DQG WKDW

HYHQWXDOO\ WKH IUHTXHQFLHV LQ WKH UHVSRQVH PHUJH LQWR D VLQJOH IUHTXHQF\� &RLQFLGHQW ZLWK WKH PHUJHU RI

IUHTXHQFLHV� WKH UHVSRQVH EHFRPHV XQVWDEOH� ,Q WKH LQLWLDO SRUWLRQ RI DQ XQVWDEOH UHVSRQVH� WKH DPSOLWXGH RI
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WKH PRWLRQ JURZV OLQHDUO\ ZLWK WLPH� VXEVHTXHQWO\ WKH UHVSRQVH GHYHORSV LQWR D OLPLW F\FOH� 7KH DPSOLWXGHV

RI WKH OLPLW F\FOHV DUH UDWKHU VPDOO LQLWLDOO\� EXW JURZ DV WKH VSHHG LQFUHDVHV� WKLV LV EHKDYLRU ZKLFK VXJJHVWV

WKDW WKH ELIXUFDWLRQ LV VXSHUFULWLFDO� ,I WKH VSHHG LQFUHDVHV VXpFLHQWO\� WKH UHVSRQVH DSSHDUV WR H[SHULHQFH D

VHFRQGDU\� VXSHUFULWLFDO +RSI ELIXUFDWLRQ DIWHU ZKLFK WKH DPSOLWXGH DQG WKH SKDVH RI WKH UHVSRQVH PRGXODWH�

$W WKLV SRLQW WKH UHVSRQVH FDQ EH GHVFULEHG DV PRWLRQ RQ D WRUXV�

7KH ULFK QRQOLQHDU EHKDYLRU RI WKLV G\QDPLF V\VWHP LV GXH HQWLUHO\ WR WKH DHURG\QDPLF PRGHO� ZKLFK LV

LQKHUHQWO\ QRQOLQHDU� (DUOLHU VWXGLHV IRXQG OLPLW F\FOHV LQ WKH UHVSRQVH ZKHQ QRQOLQHDU VWUXFWXUDO PRGHOV

ZHUH XVHG� +HUH WKH VWUXFWXUDO PRGHO LV OLQHDU DQG WKH DHURG\QDPLF PRGHO LV QRQOLQHDU� :KHQ QRQOLQHDU

VWUXFWXUDO PRGHOV DUH XVHG LQ IXWXUH VLPXODWLRQV� ZH H[SHFW WR VHH DQ HYHQ JUHDWHU UDQJH RI QRQOLQHDU

SKHQRPHQD�

5()(5(1&(6

>�@ 7� :� 6WUJDQDF DQG '� 0RRN� ?$ QXPHULFDO PRGHO RI VXEVRQLF DHURHODVWLF EHKDYLRU�� $,$$ -RXUQDO ���

SS� ���^���� �����

>�@ -� /XWRQ DQG '� 0RRN� ?1XPHULFDO VLPXODWLRQV RI oXWWHU DQG LWV VXSSUHVVLRQ E\ DFWLYH FRQWURO�� $,$$

-RXUQDO ������� SS� ����^����� �����

>�@ '� 7DQJ� (� 'RZHOO� DQG .� +DOO� ?/LPLW F\FOH RVFLOODWLRQV RI D FDQWLOHYHUHG ZLQJ LQ ORZ VXEVRQLF oRZ��

$,$$ -RXUQDO ������ SS� ���^���� �����

>�@ 6� 3UHLGLNPDQ DQG '� 0RRN� ?1XPHULFDO VLPXODWLRQ RI oXWWHU RI VXVSHQVLRQ EULGJHV�� $SSOLHG 0HFKDQLFV

5HYLHZV ��� SS� ���^���� �����

>�@ 6� 3UHLGLNPDQ� 1XPHULFDO 6LPXODWLRQV RI ,QWHUDFWLRQV $PRQJ $HURG\QDPLFV� 6WUXFWXUDO '\QDPLFV� DQG

&RQWURO 6\VWHPV� 3K' WKHVLV� 9LUJLQLD 3RO\WHFKQLF ,QVWLWXWH DQG 6WDWH 8QLYHUVLW\� �����

>�@ %� &DUQDKDQ� +� /XWKHU� DQG -� :LONHV� $SSOLHG 1XPHULFDO 0HWKRGV� :LOH\� 1HZ <RUN� �����

>�@ 6� 3UHLGLNPDQ� '� 0RRN� DQG $� 1D\IHK� ?2Q PRGLI\LQJ KDPPLQJ
V PHWKRG WR WUHDW oXLG�ERG\ LQWHU�

DFWLRQV�� LQ 3$&$0 9,�'<1$0( ��� �5LR GH -DQHLUR� %UD]LO�� -DQXDU\ �^� �����
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