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7KLV UHSRUW ZDV SUHSDUHG DV DQ DFFRXQW RI ZRUN VSRQVRUHG E\ DQ DJHQF\ RI WKH 8QLWHG

6WDWHV *RYHUQPHQW� 1HLWKHU WKH 8QLWHG 6WDWHV *RYHUQPHQW QRU DQ\ DJHQF\ WKHUHRI� QRU DQ\ RI

WKHLU HPSOR\HHV� PDNHV DQ\ ZDUUDQW\� H[SUHVV RU LPSOLHG� RU DVVXPHV DQ\ OHJDO OLDELOLW\ RU

UHVSRQVLELOLW\ IRU WKH DFFXUDF\� FRPSOHWHQHVV� RU XVHIXOQHVV RI DQ\ LQIRUPDWLRQ� DSSDUDWXV�

SURGXFW� RU SURFHVV GLVFORVHG� RU UHSUHVHQWV WKDW LWV XVH ZRXOG QRW LQIULQJH SULYDWHO\ RZQHG

ULJKWV� 5HIHUHQFH KHUHLQ WR DQ\ VSHFLILF FRPPHUFLDO SURGXFW� SURFHVV� RU VHUYLFH E\ WUDGH QDPH�

WUDGHPDUN� PDQXIDFWXUHU� RU RWKHUZLVH GRHV QRW QHFHVVDULO\ FRQVWLWXWH RU LPSO\ LWV

HQGRUVHPHQW� UHFRPPHQGDWLRQ� RU IDYRULQJ E\ WKH 8QLWHG 6WDWHV *RYHUQPHQW RU DQ\ DJHQF\

WKHUHRI� 7KH YLHZV DQG RSLQLRQV RI DXWKRUV H[SUHVVHG KHUHLQ GR QRW QHFHVVDULO\ VWDWH RU UHIOHFW

WKRVH RI WKH 8QLWHG 6WDWHV *RYHUQPHQW RU DQ\ DJHQF\ WKHUHRI�
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8QGHU W\SLFDO FRQGLWLRQV RI SXOYHUL]HG�FRDO FRPEXVWLRQ� ZKLFK LV FKDUDFWHUL]HG E\ ILQH

SDUWLFOHV KHDWHG DW YHU\ KLJK UDWHV� WKHUH LV FXUUHQWO\ D ODFN RI FHUWDLQW\ UHJDUGLQJ WKH LJQLWLRQ

PHFKDQLVP RI ELWXPLQRXV DQG ORZHU UDQN FRDOV DV ZHOO DV WKH LJQLWLRQ UDWH RI UHDFWLRQ�

)XUWKHUPRUH� WKHUH KDYH EHHQ QR SUHYLRXV VWXGLHV DLPHG DW H[DPLQLQJ WKHVH IDFWRUV XQGHU

YDULRXV H[SHULPHQWDO FRQGLWLRQV� VXFK DV SDUWLFOH VL]H� R[\JHQ FRQFHQWUDWLRQ� DQG KHDWLQJ UDWH�

)LQDOO\� WKHUH LV D QHHG WR LPSURYH FXUUHQW PDWKHPDWLFDO PRGHOV RI LJQLWLRQ WR UHDOLVWLFDOO\ DQG

DFFXUDWHO\ GHSLFW WKH SDUWLFOH�WR�SDUWLFOH YDULDWLRQV WKDW H[LVW ZLWKLQ D FRDO VDPSOH� 6XFK D

PRGHO LV QHHGHG WR H[WUDFW XVHIXO UHDFWLRQ SDUDPHWHUV IURP LJQLWLRQ VWXGLHV� DQG WR LQWHUSUHW

LJQLWLRQ GDWD LQ D PRUH PHDQLQJIXO ZD\�

:H SURSRVH WR H[DPLQH IXQGDPHQWDO DVSHFWV RI FRDO LJQLWLRQ WKURXJK ��� H[SHULPHQWV WR

GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI YDULRXV FRDOV E\ GLUHFW PHDVXUHPHQW� DQG ��� PRGHOLQJ RI

WKH LJQLWLRQ SURFHVV WR GHULYH UDWH FRQVWDQWV DQG WR SURYLGH D PRUH LQVLJKWIXO LQWHUSUHWDWLRQ RI

GDWD IURP LJQLWLRQ H[SHULPHQWV�

:H SURSRVH WR XVH D QRYHO ODVHU�EDVHG LJQLWLRQ H[SHULPHQW WR DFKLHYH RXU ILUVW REMHFWLYH�

/DVHU�LJQLWLRQ H[SHULPHQWV RIIHU WKH GLVWLQFW DGYDQWDJH RI HDV\ RSWLFDO DFFHVV WR WKH SDUWLFOHV

EHFDXVH RI WKH DEVHQFH RI D IXUQDFH RU UDGLDWLQJ ZDOOV� DQG WKXV SHUPLW GLUHFW REVHUYDWLRQ DQG

SDUWLFOH WHPSHUDWXUH PHDVXUHPHQW� 7KH LJQLWLRQ WHPSHUDWXUH RI GLIIHUHQW FRDOV XQGHU YDULRXV

H[SHULPHQWDO FRQGLWLRQV FDQ WKHUHIRUH EH HDVLO\ GHWHUPLQHG E\ GLUHFW PHDVXUHPHQW XVLQJ WZR�

FRORU S\URPHWU\� 7KH LJQLWLRQ UDWH�FRQVWDQWV� ZKHQ WKH LJQLWLRQ RFFXUV KHWHURJHQHRXVO\� DQG

WKH SDUWLFOH KHDWLQJ UDWHV ZLOO ERWK EH GHWHUPLQHG IURP DQDO\VHV EDVHG RQ WKHVH PHDVXUHPHQWV�

)RU WKH PRGHOLQJ SRUWLRQ RI WKLV VWXG\ ZH ZLOO FRPSOHWH WKH GHYHORSPHQW RI WKH

'LVWULEXWHG $FWLYDWLRQ (QHUJ\ 0RGHO RI ,JQLWLRQ �'$(0,�� ZKLFK VLPXODWHV WKH FRQYHQWLRQDO

GURS�WXEH IXUQDFH LJQLWLRQ H[SHULPHQW� 7KH '$(0, DFFRXQWV IRU SDUWLFOH�WR�SDUWLFOH

YDULDWLRQV LQ UHDFWLYLW\ E\ KDYLQJ D VLQJOH SUHH[SRQHQWLDO IDFWRU DQG D *DXVVLDQ GLVWULEXWLRQ RI

DFWLYDWLRQ HQHUJLHV DPRQJ WKH SDUWLFOHV� 3UHYLRXV UHVXOWV VKRZ WKDW WKH PRGHO FDSWXUHV WKH NH\

H[SHULPHQWDO REVHUYDWLRQV� DQG WKDW DGMXVWPHQWV WR WKH PRGHO SDUDPHWHUV SHUPLW D JRRG ILW WR

H[SHULPHQWDO GDWD� :H ZLOO FRPSOHWH WKH PRGHO E\ ��� H[DPLQLQJ WKH HIIHFWV RI RWKHU YDULDWLRQV

LQ SK\VLFDO SDUDPHWHUV RQ WKH PRGHO� ��� DSSO\LQJ WKH PRGHO WR SXEOLVKHG UHVXOWV LQ RUGHU WR

H[WUDFW UHDFWLRQ SDUDPHWHUV� DQG ��� H[WHQGLQJ WKH PRGHO IRU DSSOLFDWLRQ WR ODVHU�EDVHG LJQLWLRQ

VWXGLHV� VXFK DV RXU RZQ�



�

7$%/( 2) &217(176

',6&/$,0(5 ������������������������������������������������������������������������������������������������������������������������������������������������� �

$EVWUDFW ������������������������������������������������������������������������������������������������������������������������������������������������������������� �

7DEOH RI &RQWHQWV �������������������������������������������������������������������������������������������������������������������������������������������� �

([HFXWLYH 6XPPDU\���������������������������������������������������������������������������������������������������������������������������������������� �

,QWURGXFWLRQ������������������������������������������������������������������������������������������������������������������������������������������������������ �

3URMHFW 2EMHFWLYHV ������������������������������������������������������������������������������������������������������������������������������������������� �

5HVXOWV DQG 'LVFXVVLRQ����������������������������������������������������������������������������������������������������������������������������������� �

�� 3HUVRQQHO�������������������������������������������������������������������������������������������������������������������������������������������������� �

�� ([SHULPHQWDO 6HW�XS������������������������������������������������������������������������������������������������������������������������������ �

2YHUYLHZ��������������������������������������������������������������������������������������������������������������������������������������������������� �

&RDO 3UHSDUDWLRQ������������������������������������������������������������������������������������������������������������������������������������� �

*DV )ORZ 6\VWHP���������������������������������������������������������������������������������������������������������������������������������� ��

:LQG 7XQQHO ����������������������������������������������������������������������������������������������������������������������������������������� ��

)HHGHU������������������������������������������������������������������������������������������������������������������������������������������������������ ��

/DVHU DQG 2SWLFDO 6\VWHP������������������������������������������������������������������������������������������������������������������� ��

'HWHFWRU DQG 3\URPHWU\ 6\VWHP ������������������������������������������������������������������������������������������������������ ��

%ODFNERG\ ����������������������������������������������������������������������������������������������������������������������������������������������� ��

,JQLWLRQ 6LJQDO �������������������������������������������������������������������������������������������������������������������������������������� ��

�� ([SHULPHQWDO 5HVXOWV �������������������������������������������������������������������������������������������������������������������������� ��

,JQLWLRQ�)UHTXHQF\ 'LVWULEXWLRQ 'DWD�������������������������������������������������������������������������������������������� ��

,JQLWLRQ 7HPSHUDWXUH 0HDVXUHPHQWV ��������������������������������������������������������������������������������������������� ��

�� &RPSXWDWLRQDO 0RGHO�������������������������������������������������������������������������������������������������������������������������� ��

0RGHO )RUPXODWLRQ������������������������������������������������������������������������������������������������������������������������������ ��

%DVH &DVH ������������������������������������������������������������������������������������������������������������������������������������������������ ��

ODVHU ,JQLWLRQ ([SHULPHQW ������������������������������������������������������������������������������������������������������������������ ��

'URS�7XEH ([SHULPHQW ���������������������������������������������������������������������������������������������������������������������� ��

�� 0RGHOLQJ 5HVXOWV ��������������������������������������������������������������������������������������������������������������������������������� ��

5HVXOWV RI WKH %DVH &DVH RI WKH 0RGHO��������������������������������������������������������������������������������������������� ��

5HVXOWV RI 6LPXODWLRQ RI /DVHU ,JQLWLRQ ([SHULPHQW ������������������������������������������������������������������� ��

5HVXOWV RI 7KH 'URS�7XEH ([SHULPHQW������������������������������������������������������������������������������������������ ��

&RQFOXVLRQV����������������������������������������������������������������������������������������������������������������������������������������������������� ��

%LEOLRJUDSK\ ��������������������������������������������������������������������������������������������������������������������������������������������������� ��



�

(;(&87,9( 6800$5<

8QGHU W\SLFDO FRQGLWLRQV RI SXOYHUL]HG�FRDO FRPEXVWLRQ� ZKLFK LV FKDUDFWHUL]HG E\ ILQH

SDUWLFOHV KHDWHG DW YHU\ KLJK UDWHV� WKHUH LV FXUUHQWO\ D ODFN RI FHUWDLQW\ UHJDUGLQJ WKH LJQLWLRQ

PHFKDQLVP RI ELWXPLQRXV DQG ORZHU UDQN FRDOV DV ZHOO DV WKH LJQLWLRQ UDWH RI UHDFWLRQ�

)XUWKHUPRUH� WKHUH KDYH EHHQ QR SUHYLRXV VWXGLHV DLPHG DW H[DPLQLQJ WKHVH IDFWRUV XQGHU

YDULRXV H[SHULPHQWDO FRQGLWLRQV� VXFK DV SDUWLFOH VL]H� R[\JHQ FRQFHQWUDWLRQ� DQG KHDWLQJ UDWH�

)LQDOO\� WKHUH LV D QHHG WR LPSURYH FXUUHQW PDWKHPDWLFDO PRGHOV RI LJQLWLRQ WR UHDOLVWLFDOO\ DQG

DFFXUDWHO\ GHSLFW WKH SDUWLFOH�WR�SDUWLFOH YDULDWLRQV WKDW H[LVW ZLWKLQ D FRDO VDPSOH� 6XFK D

PRGHO LV QHHGHG WR H[WUDFW XVHIXO UHDFWLRQ SDUDPHWHUV IURP LJQLWLRQ VWXGLHV� DQG WR LQWHUSUHW

LJQLWLRQ GDWD LQ D PRUH PHDQLQJIXO ZD\�

,Q WKLV SURMHFW� ZH LQYHVWLJDWHG IXQGDPHQWDO DVSHFWV RI FRDO LJQLWLRQ WKURXJK ���

H[SHULPHQWV WR GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI YDULRXV FRDOV E\ GLUHFW PHDVXUHPHQW� DQG

��� PRGHOLQJ RI WKH LJQLWLRQ SURFHVV WR GHULYH UDWH FRQVWDQWV DQG WR SURYLGH D PRUH LQVLJKWIXO

LQWHUSUHWDWLRQ RI GDWD IURP LJQLWLRQ H[SHULPHQWV�

7KH VSHFLILF REMHFWLYHV RI WKLV SURMHFW ZHUH�

�� GHYHORS D QRYHO H[SHULPHQWDO IDFLOLW\ ZLWK H[WHQVLYH RSWLFDO�GLDJQRVWLF FDSDELOLWLHV WR

VWXG\ FRDO LJQLWLRQ�

�� GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI FRDOV XQGHU VLPXODWHG FRPEXVWLRQ FRQGLWLRQV E\

GLUHFW PHDVXUHPHQW ZLWK WZR�FRORU S\URPHWU\�

�� H[DPLQH WKH HIIHFWV RI YDULRXV H[SHULPHQWDO FRQGLWLRQV� LQFOXGLQJ FRDO UDQN� SDUWLFOH

VL]H� R[\JHQ FRQFHQWUDWLRQ DQG KHDWLQJ UDWH� RQ WKH LJQLWLRQ WHPSHUDWXUH�

�� GHWHUPLQH WKH LJQLWLRQ UDWH FRQVWDQWV RI YDULRXV FRDOV�

�� PRGLI\ RXU H[LVWLQJ LJQLWLRQ PRGHO WR H[DPLQH WKH HIIHFW RI SDUWLFOH�VL]H GLVWULEXWLRQ RQ

WKH LJQLWLRQ EHKDYLRU�

�� LQFRUSRUDWH� LI QHFHVVDU\� D VL]H GLVWULEXWLRQ LQWR WKH PRGHO�

�� DSSO\ WKH PRGHO WR H[WUDFW LJQLWLRQ UDWH FRQVWDQWV IURP SUHYLRXVO\ SXEOLVKHG GDWD IURP

FRQYHQWLRQDO H[SHULPHQWV�

�� PRGLI\ WKH PRGHO DQG DSSO\ LW WR RXU ODVHU�EDVHG LJQLWLRQ VWXGLHV IRU GHWHUPLQDWLRQ RI

LJQLWLRQ UDWH FRQVWDQWV�

$OO RI WKH SURMHFW REMHFWLYHV ZHUH DFKLHYHG LQ WKH SHULRG RI WKLV JUDQW� 6RPH VSHFLILF

ILQGLQJV IURP WKLV SURMHFW DUH�
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�� LJQLWLRQ WHPSHUDWXUHV PHDVXUHG XVLQJ RXU ODVHU�LJQLWLRQ H[SHULPHQW VKRZHG D ZLGH

UDQJH RI YDOXHV� GXH PRVW OLNHO\ WR WKH ZLGH GLVWULEXWLRQ RI UHDFWLYLW\ DPRQJ FRDO

SDUWLFOHV ZLWKLQ D VDPSOH�

�� WKHUH LV QR DSSDUHQW UHODWLRQ EHWZHHQ FRDO UDQN DQG UHDFWLYLW\ GLVWULEXWLRQ� DV

GHWHUPLQHG E\ RXU PRGHO RI LJQLWLRQ �'$(0,��

�� LJQLWLRQ WHPSHUDWXUHV ZHUH KLJKHVW IRU WKH 3LWWVEXUJK ��� KLJK�YRODWLOH ELWXPLQRXV

FRDO DQG ZDV ORZHU IRU ERWK WKH 3XVW OLJQLWH DQG :\RGDN VXEELWXPLQRXV FRDO� ERWK RI

ZKLFK VKRZHG VLPLODU LJQLWLRQ WHPSHUDWXUHV�

�� EDVHG RQ �� DERYH� LW LV FRQFOXGHG WKDW WKH LJQLWLRQ UHDFWLYLW\ LV KLJKHVW IRU WKH KLJK�

YRODWLOH ELWXPLQRXV FRDO� DQG LV ORZHU IRU WKH OLJQLWH DQG VXEELWXPLQRXV FRDOV�

FRQVLVWHQW ZLWK WKH FRPEXVWLRQ UHDFWLYLW\ RI WKHVH FRDO W\SHV�

�� WKH '$(0, EDVH FDVH VKRZHG WKDW WKH UHVXOWV DUH VHQVLWLYH WR WKH QXPEHU RI SDUWLFOHV

�0� FRQVLGHUHG LQ WKH PRGHO� DV H[SHFWHG�

�� WKH '$(0, EDVH FDVH VKRZHG WKDW WKH PRGHO LV LQVHQVLWLYH WR WKH SDUWLFOH VL]H

GLVWULEXWLRQ� DV D WRS�KDW GLVWULEXWLRQ JDYH VLPLODU UHVXOWV WR WKDW IRXQG XVLQJ D

FRQVWDQW SDUWLFOH VL]H�

�� WKH '$(0,� DOWKRXJK FDSDEOH RI FDSWXULQJ WKH EHKDYLRU RI WKH ODVHU�LJQLWLRQ

H[SHULPHQW� FRXOG QRW EH DGMXVWHG WR DFFXUDWHO\ PRGHO WKH UHVXOWV� GXH PRVW OLNHO\ WR

WKH ZLGH UDQJH RI LJQLWLRQ WHPSHUDWXUHV PHDVXUHG�

�� WKH '$(0, DFFXUDWHO\ PRGHOHG WKH UHVXOWV IURP D FRQYHQWLRQDO GURS�WXEH IXUQDFH

H[SHULPHQW EDVHG RQ WZR FRDOV DQG D ZLGH UDQJH RI SDUWLFOH VL]HV DQG R[\JHQ

FRQFHQWUDWLRQ� DQG ZDV VXFFHVVIXO LQ H[WUDFWLQJ WKH LJQLWLRQ UDWH FRQVWDQWV�
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7KH LJQLWLRQ RI SXOYHUL]HG FRDO KDV EHHQ WKH VXEMHFW RI UHVHDUFK IRU QHDUO\ ��� \HDUV� ZLWK

WKH LQLWLDO PRWLYDWLRQ EHLQJ WKH DYRLGDQFH RI FRDO�GXVW H[SORVLRQV LQ PLQHV� ,Q PRUH UHFHQW

WLPHV� GXH WR WKH ZRUOG·V LQFUHDVHG UHOLDQFH RQ FRDO IRU SRZHU JHQHUDWLRQ DQG WKH QHHG WR

PD[LPL]H HQHUJ\�FRQYHUVLRQ HIILFLHQF\� UHVHDUFK KDV VKLIWHG WR XQGHUVWDQGLQJ WKH IXQGDPHQWDO

PHFKDQLVP RI FRDO LJQLWLRQ DQG PHDVXULQJ LWV NLQHWLF UDWHV� 7KH LPSRUWDQFH RI LJQLWLRQ WR FRDO�

IODPH VWDELOLW\ LV REYLRXV ³ WKH PRUH HDVLO\ D SDUWLFXODU FRDO LJQLWHV DIWHU LQMHFWLRQ LQWR D ERLOHU

IXUQDFH� WKH EHWWHU LWV IODPH�VWDELOLW\ FKDUDFWHULVWLFV� $ OHVV REYLRXV UDPLILFDWLRQ RI WKH LJQLWLRQ

SURFHVV LV LWV UROH LQ HVWDEOLVKLQJ H[WHQGHG� IXHO�ULFK ]RQHV LQ FRDO IODPHV ZKLFK DUH UHVSRQVLEOH

IRU WKH GHVWUXFWLRQ RI 12[ DQG LWV FRQYHUVLRQ WR EHQLJQ 1�� &HUWDLQO\� WKH LJQLWLRQ SURFHVV LV

LQH[WULFDEO\ OLQNHG WR WKH IRUPDWLRQ RI WKLV 12[�UHGXFWLRQ ]RQH� DQG WKH LJQLWLRQ EHKDYLRU RI

FRDOV DQG FRDO EOHQGV ZLOO VWURQJO\ DIIHFW WKH HDVH DQG H[WHQW RI IRUPDWLRQ RI WKLV ]RQH� 7KLV

FRQQHFWLRQ LV GHVHUYLQJ RI IXUWKHU VWXG\ DQG LWV XQGHUVWDQGLQJ LV WKH JRDO WRZDUG ZKLFK ZH

KRSH WR DSSO\ WKH UHVXOWV RI WKLV SURSRVHG VWXG\� 6SHFLILFDOO\� ZH SURSRVH WR H[DPLQH

IXQGDPHQWDO DVSHFWV RI FRDO LJQLWLRQ WKURXJK ��� H[SHULPHQWV WR HOXFLGDWH WKH LJQLWLRQ EHKDYLRU

RI FRDOV DQG WR PHDVXUH WKH LJQLWLRQ WHPSHUDWXUH� DQG ��� PRGHOLQJ RI WKH SURFHVV WR GHULYH

DFFXUDWH DQG XVHIXO UDWH FRQVWDQWV DQG WR SURYLGH D PRUH LQVLJKWIXO LQWHUSUHWDWLRQ RI GDWD IURP

LJQLWLRQ H[SHULPHQWV�

352-(&7 2%-(&7,9(6

2XU REMHFWLYHV IRU WKLV SURMHFW DUH WR�

�� GHYHORS D QRYHO H[SHULPHQWDO IDFLOLW\ ZLWK H[WHQVLYH RSWLFDO�GLDJQRVWLF FDSDELOLWLHV WR

VWXG\ FRDO LJQLWLRQ�

�� GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI FRDOV XQGHU VLPXODWHG FRPEXVWLRQ FRQGLWLRQV E\

GLUHFW PHDVXUHPHQW ZLWK WZR�FRORU S\URPHWU\�

�� H[DPLQH WKH HIIHFWV RI YDULRXV H[SHULPHQWDO FRQGLWLRQV� LQFOXGLQJ FRDO UDQN� SDUWLFOH

VL]H� R[\JHQ FRQFHQWUDWLRQ DQG KHDWLQJ UDWH� RQ WKH LJQLWLRQ WHPSHUDWXUH�

�� GHWHUPLQH WKH LJQLWLRQ UDWH FRQVWDQWV RI YDULRXV FRDOV�

�� PRGLI\ RXU H[LVWLQJ LJQLWLRQ PRGHO WR H[DPLQH WKH HIIHFW RI SDUWLFOH�VL]H GLVWULEXWLRQ RQ

WKH LJQLWLRQ EHKDYLRU�

�� LQFRUSRUDWH� LI QHFHVVDU\� D VL]H GLVWULEXWLRQ LQWR WKH PRGHO�
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�� DSSO\ WKH PRGHO WR H[WUDFW LJQLWLRQ UDWH FRQVWDQWV IURP SUHYLRXVO\ SXEOLVKHG GDWD IURP

FRQYHQWLRQDO H[SHULPHQWV�

�� PRGLI\ WKH PRGHO DQG DSSO\ LW WR RXU ODVHU�EDVHG LJQLWLRQ VWXGLHV IRU GHWHUPLQDWLRQ RI

LJQLWLRQ UDWH FRQVWDQWV�

5(68/76 $1' ',6&866,21

�� 3HUVRQQHO

7KLV SURMHFW KDV VXSSRUWHG QXPHURXV XQGHUJUDGXDWH DQG JUDGXDWH VWXGHQWV GXULQJ LWV

SHULRG RI DFWLYLW\� ,Q DOO� ILYH XQGHUJUDGXDWH VWXGHQWV DFWLYHO\ SDUWLFLSDWHG LQ YDULRXV DVSHFWV RI

WKLV SURMHFW DQG WZR JUDGXDWH VWXGHQWV SOD\HG D PDMRU UROH LQ LWV FRPSOHWLRQ� %RWK JUDGXDWH

VWXGHQWV �0V� -LDQSLQJ =KHQJ DQG 0V� 9LGD 2KHQH�$J\HPDQ� UHFHLYHG WKHLU 0DVWHU RI 6FLHQFH

GHJUHH EDVHG RQ WKHLU ZRUN RQ WKLV SURMHFW�

�� ([SHULPHQWDO 6HW�XS

2YHUYLHZ

$ VFKHPDWLF GLDJUDP RI WKH H[SHULPHQW LV SUHVHQWHG LQ )LJXUH ���� 6LHYH�VL]HG FRDOV DUH

GURSSHG� EDWFK�ZLVH� LQWR D ODPLQDU XSZDUG�IORZ ZLQG WXQQHO ZLWK D TXDUW] WHVW VHFWLRQ� 7KH

JDV LV QRW SUHKHDWHG� DQG WKLV DOORZV IRU D GLUHFW RSWLFDO REVHUYDWLRQ RI LJQLWLRQ VHTXHQFH� 7KH

XQLIRUP JDV YHORFLW\ LV DGMXVWHG WR EH JUHDWHU WKDQ WKH SDUWLFOH WHUPLQDO YHORFLW\ VR WKDW WKH

SDUWLFOH HPHUJHV IURP WKH IHHGHU WXEH� IDOOV DSSUR[LPDWHO\ � FP� DQG WKHQ WUDYHOV XSZDUG RXW RI

WKH WXQQHO� 7KLV HQVXUHV WKDW WKH SDUWLFOHV PRYH VORZO\ GRZQZDUG DW WKH LJQLWLRQ SRLQW� FKRVHQ

WR EH ��� FP EHORZ WKH IHHGHU�WXEH H[LW�

$ VLQJOH SXOVH IURP D 1G� <$* ODVHU LV GLUHFWHG WR KHDW WKH FRDO SDUWLFOHV E\ IRFXVLQJ WKH

EHDP DQG GHIOHFWLQJ LW DW DQ DQJOH WKURXJK WKH WHVW VHFWLRQ� 7KH EHDP LV WKHQ GHIRFXVHG XSRQ

H[LWLQJ WKH WHVW VHFWLRQ� 7ZR DGGLWLRQDO SULVPV IROG WKH EHDP EDFN WKURXJK WKH LJQLWLRQ SRLQW

DQG WKLV DFKLHYHV VSDWLDO XQLIRUPLW\ LQ KHDWLQJ WKH FRDO SDUWLFOHV LQ WKDW WKH FRDO SDUWLFOHV DUH

KHDWHG RQ WZR VLGHV� +HDWLQJ WKH FRDO SDUWLFOHV LQ VXFK D PDQQHU DOORZV IRU KLJKHU HQHUJ\ LQSXW

WKDQ D VLQJOH ODVHU SDVV� )RU QHDUO\ HYHU\ FDVH� WZR WR ILYH SDUWLFOHV DUH FRQWDLQHG LQ WKH YROXPH

IRUPHG E\ WKH WZR LQWHUVHFWLQJ EHDPV� DV REVHUYHG XVLQJ WKH KLJK�VSHHG YLGHR�

$ VPDOO DOXPLQXP EORFN PRXQWHG RQ DLU�GULYHQ SLVWRQ LV XVHG DV D JDWH WR SHUPLW WKH

SDVVDJH RI WKH VLQJOH ODVHU SXOVH� 7KH JDWH LV HLWKHU RSHQ RU FORVHG E\ DSSO\LQJ SUHVVXUH RQ WKH

DLU FKDPEHUV RQ ERWK VLGHV RI WKH SLVWRQ� 7KH DLUIORZ WR WKH FKDPEHUV LV FRQWUROOHG XVLQJ DQ
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HOHFWURQLF YDOYH ZKLOVW D GLJLWDO SXOVH JHQHUDWRU LV HPSOR\HG IRU DFFXUDWH WLPLQJ� 7KLV V\VWHP

DOORZV IRU WKH FRQWURO RI WKH GHOD\ WLPH EHWZHHQ WKH ILULQJ RI WKH IHHGHU DQG WKH SDVVDJH RI WKH

ODVHU SXOVH� ZKLFK LV QHFHVVDU\ VLQFH FRDO VDPSOHV RI GLIIHUHQW VL]HV DQG�RU GHQVLWLHV UHTXLUHG

GLIIHUHQW WLPH SHULRGV WR IDOO WKURXJK WKH IHHGHU WXEH� $ SRODUL]HU SODFHG RXWVLGH RI WKH ODVHU

KHDG YDULHV WKH SXOVHG UDGLDWLRQ GHOLYHUHG WR WKH WHVW VHFWLRQ DQG YDULDWLRQ IURP ��� ²���P- SHU

SXOVH LV DFKLHYHG XVLQJ WKLV SRODUL]HU� )LQDOO\� LJQLWLRQ RU QRQ�LJQLWLRQ LV GHWHUPLQHG E\

H[DPLQLQJ WKH VLJQDO JHQHUDWHG E\ D KLJK�VSHHG VLOLFRQ SKRWRGLRGH FRQQHFWHG WR D GLJLWDO

RVFLOORVFRSH�

)LJXUH ���� 6FKHPDWLF RI WKH ODVHU LJQLWLRQ DSSDUDWXV

&RDO 3UHSDUDWLRQ

&RDOV ZHUH UHFHLYHG IURP 3HQQ 6WDWH &RDO 6DPSOH %DQN SDFNHG XQGHU DQ DUJRQ

DWPRVSKHUH� $SSUR[LPDWHO\ ���J RI FRDO ZDV WUDQVIHUUHG LQWR SLQW MDUV IRU YDFXXP GU\LQJ DW

�� LQ� +J DQG ��R& IRU � KRXUV� (DFK VDPSOH LV WKHQ GU\�VLHYHG� VWRUHG LQ ���R] MDUV� DQG NHSW LQ

GHVVLFDWRU FDELQHWV�

6DPSOHV LQ WKH DPRXQW RI DERXW ��J DUH VLHYHG LQ D VLQJOH SDVV XVLQJ D 5R�7DS VLHYH

VKDNHU� 7DEOH ��� EHORZ VKRZV D OLVW RI PHVK QXPEHUV DQG WKHLU FRUUHVSRQGLQJ RSHQLQJ
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GLDPHWHUV IRU WKH VLHYHV XVHG� 6LQFH WKH VKDNHU GLG QRW DFFRPPRGDWH DOO HLJKW VLHYHV DW D WLPH�

WKH VLHYLQJ ZDV GRQH LQ WZR EDWFKHV� 7KH ILUVW IRXU VLHYHV XVHG ZHUH VL]HV ��� ���� ��� DQG ���

PHVKHV ZLWK �� PHVK VL]H DW WKH WRS DQG ��� PHVK VL]H DW WKH ERWWRP� 7KH VLHYHV ZHUH VKDNHQ

IRU ILIWHHQ PLQXWHV DQG WKH XQGHUVLGH RI HDFK VLHYH LV YDFXXP VXFWLRQHG IRU DERXW D PLQXWH WR

UHPRYH DOO ILQH SDUWLFOHV WKDW FRXOG SRVVLEO\ EH DWWDFKHG WR WKH VLHYH� 7KH SDUWLFOHV RQ HDFK PHVK

ZHUH WKHQ HPSWLHG LQWR VPDOO ERWWOHV IRU VWRUDJH� $ VPDOO EUXVK ZDV XVHG WR JHQWO\ UHPRYH DQ\

SDUWLFOHV� ZKLFK ORGJHG LQ WKH PHVK WKDW FRXOG QRW EH UHPRYHG E\ VXFWLRQ� 7KH UHPDLQLQJ

VDPSOH� ZKLFK SDVVHG WKURXJK WKH ����PHVK VLHYH� ZDV WKH VWDUWLQJ VDPSOH IRU WKH VHFRQG VHW RI

VLHYHV ZLWK ��� PHVK DW WKH WRS DQG ��� DW WKH ERWWRP� 7KH VDPH SURFHGXUH ZDV UHSHDWHG IRU

WKLV VHW RI VLHYHV�

7KH FRDOV FROOHFWHG ZHUH LQ WKH IROORZLQJ PHVK VL]HV� ��������� ���������� ����������

���������� ���������� ���������� DQG ²��������� 7KH ��� DQG ²��� PHVK VDPSOHV ZHUH

QRW XVHG EHFDXVH WKH\ ZHUH QRW VL]H²FODVVLILHG� 7KUHH GLIIHUHQW FRDO VDPSOHV UDQJLQJ LQ UDQN

IURP OLJQLWHV WR ORZ YRODWLOH ELWXPLQRXV ZHUH SUHSDUHG LQ WKH VDPH PDQQHU DV GHVFULEHG DQG

WKHQ VWRUHG IRU XVH� 7DEOH ��� VKRZV WKH GLIIHUHQW W\SHV RI FRDOV DQG WKHLU FRPSRVLWLRQV WKDW

ZHUH XVHG�

7DEOH ���� 0HVK VL]HV DQG WKHLU UHVSHFWLYH VL]H UDQJHV

0HVK 6L]H UDQJH RI SDUWLFOHV UHWDLQHG �PP�

��� ��� DQG DERYH

���� ��� ² ���
���� ��� ² ���

���� ��� ² ���

���� �� ² ���
���� �� ² ��

���� �� ²��

���� �� ² ��
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7DEOH ���� 3UR[LPDWH DQG 8OWLPDWH $QDO\VLV RI &RDO 6DPSOHV

Dry wt% Dry, Ash-free wt%
Coal Type Volatile

Matter
Ash
Content

C H N O + S
(diff)

DECS 23
Pittsburgh
High volatile
bituminous

39.42 9.44 74.21 5.10 1.35 9.90

DECS 25
Pust
Lignite A

41.98 11.85 65.76 4.60 0.94 16.85

DECS 26
Wyodak
Sub-bituminous

44.86 7.59 69.77 5.65 0.94 16.07

*DV )ORZ 6\VWHP

7KH JDV IORZ V\VWHP LV VKRZQ LQ )LJXUH ���� 2[\JHQ DQG QLWURJHQ DUH VXSSOLHG WR WKH

ZLQG WXQQHO E\ GLUHFWLQJ WKHP WKURXJK IORZPHWHUV DQG SUHVVXUH UHJXODWRUV� 7KH WZR JDVHV DUH

HLWKHU EOHQGHG LQ WKH UHTXLUHG UDWLR DQG IORZ UDWHV WR REWDLQ D PL[WXUH RU SXUH R[\JHQ LQ WKH

UHTXLUHG IORZ UDWH LV GLUHFWHG WR WKH ZLQG WXQQHO WKURXJK DQ DOXPLQXP WXEH�

Valves

Flowmeter

Pressure Regulator

)LJXUH ���� 6FKHPDWLF VKRZLQJ JDV�KDQGOLQJ V\VWHP�
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:LQG 7XQQHO

7KLV LV FRQVWUXFWHG RI WKH IROORZLQJ� D ��R HOERZ� D ZLGH�DQJOH GLIIXVHU� WZR ZLUH PHVKHV

DQG D KRQH\FRPE� $V VKRZQ LQ )LJXUH ���� WKH LQLWLDO HOERZ ZLWK D FURVV VHFWLRQ RI �� PP LV

IROORZHG E\ WKH ZLGH�DQJOH GLIIXVHU WKDW KDV D VTXDUH FURVV�VHFWLRQ RI ��� PP DQG WKLV H[SDQGV

WKH IORZ LQWR WKH IORZ�FRQGLWLRQLQJ VHFWLRQ� 7KH WZR ZLUH PHVKHV DQG KRQH\FRPE DUH XVHG LQ

WKH IORZ FRQGLWLRQHU WR UHGXFH WXUEXOHQFH DQG WR VWUDLJKWHQ WKH IORZ� $ KRQH\FRPE XSVWUHDP RI

WKH WHVW VHFWLRQ HQVXUHG IORZ XQLIRUPLW\ IRU VRPH GLVWDQFH GRZQVWUHDP� 7KH JDV VWUHDP LV WKHQ

GLUHFWHG WR WKH WUDQVSDUHQW WHVW VHFWLRQ WKURXJK D FRQWUDFWLRQ VHFWLRQ WR SUHYHQW WKH FRDO

SDUWLFOHV IURP IDOOLQJ EHORZ WKH LJQLWLRQ SRLQW GHSWK� 7KLV JDV VWUHDP SDVVLQJ WKURXJK WKH

TXDUW] VHFWLRQ OHDYHV WKH ZLQG WXQQHO WKURXJK WKH GLIIXVHU DORQJ ZLWK WKH FRDO SDUWLFOHV WKDW

FRXOG QRW EH LJQLWHG�

)LJXUH ���� 6FKHPDWLF VKRZLQJ WKH ZLQG WXQQHO OD\RXW

)HHGHU

)LJXUH ��� VKRZV D VFKHPDWLF RI WKH IHHGHU� ,W FRPSULVHV D FDSSHG F\OLQGHU ��� PP ,'�

ZLWK D WDSHUHG ERWWRP FRQQHFWHG WR D ��PP WXEH� $ ZLUH PHVK LV VXVSHQGHG ZLWKLQ WKH IHHGHU

DQG WKLV VXSSRUWV D PRXQG RI SDUWLFOHV� $ MROW WR WKH IHHGHU UHVXOWV LQ SDUWLFOHV IDOOLQJ WKURXJK

WKH PHVK DQG LQWR WKH IHHGHU WXEH� $ VPDOO DLU�GULYHQ SLVWRQ� FRQWUROOHG HOHFWURQLFDOO\ WKURXJK
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VROHQRLG YDOYH� KLWV WKH IHHGHU DW HDFK SXOVH WR SURYLGH WKH UHTXLUHG MROW� ,Q RUGHU WR DOORZ RQO\ D

IHZ SDUWLFOHV WR IDOO WKURXJK WKH PHVK DW HDFK MROW� WKH PHVK XVHG KDG D VL]H ODUJHU WKDQ WKH

ILQHVW WKURXJK ZKLFK WKH SDUWLFOHV FRXOG SDVV� 7DEOH ��� SURYLGHV D OLVW RI PHVKHV XVHG IRU RXU

H[SHULPHQWV�

)LJXUH ���� &URVV�VHFWLRQDO YLHZ RI WKH FRDO IHHGHU�

7DEOH ���� 0HVK XVHG IRU IHHGHU

3DUWLFOH 6L]H�PP� 0HVK XVHG

��� ² ��� ��

��� ² ��� ��

�� ² �� ���

/DVHU DQG 2SWLFDO 6\VWHP

7KH ODVHU XVHG LV D 1G�<$* ODVHU WKDW RSHUDWHV DW D SXOVH UDWH RI �� +] ZLWK D SXOVH

GXUDWLRQ RI ��� PV� 7KH SXOVH HQHUJ\ HPHUJLQJ GLUHFWO\ IURP WKH ODVHU LV VHW DW ��� P- SHU SXOVH

LQ WKH SULPDU\ ����� QP� RXWSXW ZLWK D SXOVH�WR�SXOVH HQHUJ\ IOXFWXDWLRQ RI ��� 7KH UHTXLUHG

ODVHU SXOVH HQHUJ\ GHOLYHUHG LV DFKLHYHG E\ URWDWLQJ D SRODUL]HU ZKLFK LV ORFDWHG DW WKH GLVWDQFH

RXWVLGH WKH ODVHU KHDG� $W WKH LJQLWLRQ SRLQW� WKH EHDP GLDPHWHU QRUPDO WR LWV GLUHFWLRQ RI

SURSDJDWLRQ LV DSSUR[LPDWHO\ ��� PP RQ HDFK SDVV� 7KH ODVHU LV WULJJHUHG H[WHUQDOO\ E\ WKH

GLJLWDO SXOVH JHQHUDWRU� D VHFRQG SXOVH LV V\QFKURQL]HG ZLWK WKH ILUVW JHQHUDWRU WR FRQWURO WKH

GHOD\ WLPH EHWZHHQ ILULQJ RI WKH IHHGHU DQG WKH ODVHU JDWH� ZKLFK GHWHUPLQHV WKH GHOD\ LQ WKH

SDVVDJH RI WKH ODVHU SXOVH WKURXJK WKH WHVW VHFWLRQ�
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7KH ODVHU EHDP LV IRFXVHG WKURXJK WKH WXQQHO XVLQJ D FRQYH[ OHQV �IRFDO OHQJWK ���PP��

,W LV GHIRFXVHG XSRQ OHDYLQJ WKH WHVW VHFWLRQ XVLQJ D FRQFDYH OHQV �IRFDO OHQJWK ��� PP�� 7KH

GHIRFXVHG EHDP LV WKHQ IROGHG EDFN WR WKH LJQLWLRQ SRLQW DQG ILQDOO\ VWRSSHG E\ D EHDP GXPS�

7KLV LV SUHVHQWHG LQ )LJXUH ����

'HWHFWRU DQG 3\URPHWU\ 6\VWHP

)LJXUH ��� VKRZV D VFKHPDWLF RI WKH GHWHFWRU DQG S\URPHWU\ V\VWHP� 7KLV FRQVLVWV RI

VLPSOH OHQV WKDW FROOHFWV OLJKW IURP WKH LJQLWLQJ SDUWLFOHV DQG GLUHFWV LW WR D IDVW UHVSRQVH 6L

SKRWRGHWHFWRU WKURXJK DQ RSWLFDO ILEHU EXQGOH� 7KH FDSWXUHG OLJKW IURP WKH LJQLWLQJ SDUWLFOH LV

VSOLW XVLQJ D GLFKURLF EHDPVSOLWWHU DQG D FROOHFWLRQ RI OHQVHV� 7KH GHWHFWRU LV FRQQHFWHG WR D

1LFROHW GDWD DFTXLVLWLRQ FRPSXWHU� ZKLFK UHFRUGV WKH VLJQDOV� 7KLV S\URPHWU\ V\VWHP LV

FDOLEUDWHG EHIRUH HYHU\ H[SHULPHQWDO UXQ XVLQJ D EODFNERG\ VRXUFH�

)LJXUH ���� 6FKHPDWLF RI WKH GHWHFWRU DQG RSWLFDO V\VWHP

%ODFNERG\

7R FDOLEUDWH WKH S\URPHWU\ V\VWHP� WKH EODFNERG\ LV VHW WR D WHPSHUDWXUH RI DERXW ���R&�

$W WKLV WHPSHUDWXUH� OLJKW HPLWWHG IURP WKLV VRXUFH LV GLUHFWHG WRZDUGV WKH GHWHFWRU DQG

S\URPHWU\ V\VWHP DQG WKH VLJQDO LV WKHQ UHFRUGHG XVLQJ WKH 1LFROHW DFTXLVLWLRQ V\VWHP� 7KH
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OLJKW HPLWWHG LV SXOVHG XVLQJ D VPDOO SLHFH RI KDUG SDSHU WR EORFN WKH VLPSOH OHQV FROOHFWLQJ WKH

OLJKW LQWHUPLWWHQWO\�

,JQLWLRQ 6LJQDO

$ W\SLFDO VHW RI GDWD DQG REVHUYHG VLJQDOV DUH VKRZQ LQ WKH IROORZLQJ ILJXUHV� $Q LJQLWLRQ

VLJQDO LV FKDUDFWHUL]HG E\ WKH VKDUS VSDUN DV VKRZQ LQ )LJXUH ���D� ,Q WKLV LQVWDQFH WKH HQHUJ\

DEVRUEHG LV FRQFHQWUDWHG RQ WKH VXUIDFH RI WKH SDUWLFOH DQG WKLV HQHUJ\ LV FRQGXFWHG LQWHUQDOO\

ZLWK WLPH�

7KH VLJQDO IRU WKH VSDUN UHSUHVHQWV WKH HQHUJ\ UHFRUGHG RQ WKH VXUIDFH RI WKH SDUWLFOH� $V

WKH HQHUJ\ LV GLVWULEXWHG HYHQO\� WKDW RQ WKH VXUIDFH LV ORZHUHG DQG KHQFH WKH VLJQDO UHFRUGHG

GURSV VKDUSO\� ,I WKHUH LV HQRXJK HQHUJ\ WR LQLWLDWH LJQLWLRQ DIWHU WKH GURS� LJQLWLRQ RFFXUV DQG

PRUH HQHUJ\ LV JHQHUDWHG UHVXOWLQJ LQ WKH ULVH RI WKH VLJQDO DJDLQ� +HQFH )LJXUH ���E VKRZV

LJQLWLRQ ZLWK PXOWLSOH SHDNV EHIRUH ILQDOO\ GHFUHDVLQJ WR WKH ]HUR OLQH�

0

0.01
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(a) Non-ignition Signal   

)LJXUH ���D� 6LJQDO WUDFHV IURP SKRWRGHWHFWRUV VKRZLQJ QRQ�LJQLWLRQ IRU :\RGDN FRDO�
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0.010000

0.020000

0.030000

0.040000
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(b) Ignition Signal

Indicates ignition

)LJXUH ���E� 6LJQDO WUDFHV IURP SKRWRGHWHFWRUV VKRZLQJ LJQLWLRQ IRU :\RGDN FRDO�

�� ([SHULPHQWDO 5HVXOWV

7KH H[SHULPHQW SURYLGHV GDWD RI LJQLWLRQ IUHTXHQF\ IRU YDULRXV R[\JHQ FRQFHQWUDWLRQV�

SDUWLFOH GLDPHWHU DQG FRDO W\SH� 7ZR VL]HV RI WKUHH W\SHV RI FRDOV XQGHU WZR R[\JHQ

FRQFHQWUDWLRQV KDYH EHHQ H[DPLQHG� $W HDFK VHW RI FRQGLWLRQV� WKH LJQLWLRQ IUHTXHQF\� RU

SUREDELOLW\ RI LJQLWLRQ ZDV PHDVXUHG RYHU D UDQJH RI ODVHU SXOVH HQHUJ\ YDOXHV� 7KH LJQLWLRQ

WHPSHUDWXUHV IRU DOO WKH FRDO W\SHV XQGHU WKH VHW FRQGLWLRQV ZHUH DOVR PHDVXUHG IURP WKH

VLJQDOV�

,JQLWLRQ�)UHTXHQF\ 'LVWULEXWLRQ 'DWD

7KH H[SHULPHQWDO UHVXOWV ZHUH WUDQVODWHG LQ RUGHU WR H[SODLQ DQG GUDZ FRQFOXVLRQV IURP

WKH REVHUYDWLRQV� 7KH WDEOHV VKRZQ UHSUHVHQW WKH WUDQVODWLRQV REWDLQHG� ,Q HDFK WDEOH� ZH KDYH

WKH FRDO W\SH� WKH SDUWLFOH VL]H� SRODUL]HU DQJOH DQG LWV FRUUHVSRQGLQJ ODVHU HQHUJ\� DQG WKH

IUHTXHQFLHV LQ WHUPV RI SHUFHQWDJHV IRU HDFK H[SHULPHQWDO UXQ� 7KH LJQLWLRQ IUHTXHQF\ LV

REWDLQHG IURP WKH QXPEHU RI LJQLWLRQV REWDLQHG RXW RI �� H[SHULPHQWDO UXQV IRU HDFK FRQGLWLRQ

FRQVLGHUHG� 7KH HQHUJ\ YDOXHV ZHUH REWDLQHG IURP PHDVXUHPHQWV UHODWLQJ WKH SRODUL]HU DQJOH

WR WKH ODVHU HQHUJ\ YDOXHV� 7KH IUHTXHQFLHV WKXV REWDLQHG ZHUH PDSSHG DJDLQVW WKH

FRUUHVSRQGLQJ ODVHU HQHUJLHV IRU WKHVH FRDOV DV LJQLWLRQ�IUHTXHQF\ GLVWULEXWLRQV�
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7DEOH ���� ([SHULPHQWDO GDWD IRU :\RGDN FRDO

6L]H �PP� 2[\JHQ
&RQFHQWUDWLRQ ���

3RODUL]HU
DQJOH� R

/DVHU (QHUJ\
3XOVH� P-

)UHTXHQF\
���
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7DEOH ���� ([SHULPHQWDO GDWD IRU 3XVW FRDO

6L]H �PP� 2[\JHQ
&RQFHQWUDWLRQ ���

3RODUL]HU
DQJOH� R

/DVHU (QHUJ\
3XOVH� P-

)UHTXHQF\
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7DEOH ���� ([SHULPHQWDO GDWD IRU 3LWWVEXUJK �� FRDO

6L]H �PP� 2[\JHQ
&RQFHQWUDWLRQ ���

3RODUL]HU
DQJOH� R

/DVHU (QHUJ\
3XOVH� P-

)UHTXHQF\
���
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)LJXUHV ��� DQG ��� VKRZ WKH LJQLWLRQ�IUHTXHQF\ GLVWULEXWLRQ IRU WKH ������� PP DQG ����

��� PP KLJK YRODWLOH ELWXPLQRXV 3LWWVEXUJK �� FRDOV UHVSHFWLYHO\ DW YDULRXV R[\JHQ

FRQFHQWUDWLRQV� ,W FDQ EH VHHQ WKDW DW HDFK R[\JHQ FRQFHQWUDWLRQ� WKH LJQLWLRQ IUHTXHQF\

LQFUHDVHV DSSUR[LPDWHO\ OLQHDUO\ RYHU D UDQJH RI ODVHU SXOVH HQHUJ\� $W HDFK R[\JHQ

FRQFHQWUDWLRQ� WKHUH LV D ORZHU HQHUJ\ EHORZ ZKLFK WKH LJQLWLRQ SUREDELOLW\ LV ]HUR DQG D KLJKHU

HQHUJ\ DERYH ZKLFK WKHUH LV ���� LJQLWLRQ SUREDELOLW\� 7KH LJQLWLRQ IUHTXHQF\ LQFUHDVHV ZLWK

LQFUHDVLQJ ODVHU SXOVH HQHUJ\ VLQFH KLJK SXOVH HQHUJ\ WUDQVODWHV WR D KLJKHU SDUWLFOH

WHPSHUDWXUH� 7KXV� ZKHQHYHU WKH ODVHU SXOVH HQHUJ\ LV XVHG WR KHDW VHYHUDO UDQGRPO\ FKRVHQ

SDUWLFOHV IURP D EDWFK RI SDUWLFOHV GURSSHG LQWR WKH H[SHULPHQW� WKHUH LV DQ LQFUHDVLQJ

SUREDELOLW\ WKDW RQH RI WKH KHDWHG SDUWLFOHV ZLOO LJQLWH DV WKH SDUWLFOHV DUH KHDWHG WR KLJKHU

WHPSHUDWXUHV�

7KH VKLIWLQJ RI WKH GLVWULEXWLRQV WR KLJKHU ODVHU HQHUJLHV DV R[\JHQ FRQFHQWUDWLRQ LV

GHFUHDVHG LV H[SHFWHG� VLQFH DW ORZHU R[\JHQ OHYHOV� WKH DPRXQW RI KHDW JHQHUDWHG E\ WKH

SDUWLFOH LV GHFUHDVHG� 7KXV� LQ RUGHU WR DFKLHYH D FRQVWDQW LJQLWLRQ IUHTXHQF\ DV R[\JHQ

FRQFHQWUDWLRQ LV GHFUHDVHG� WKH SDUWLFOHV PXVW EH KHDWHG LQLWLDOO\ WR D KLJKHU WHPSHUDWXUH XVLQJ

KLJKHU ODVHU HQHUJ\�
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7KH JHQHUDO REVHUYDWLRQV GHVFULEHG DSSO\ WR DOO FRDOV VWXGLHG DQG WKHVH FKDUDFWHULVWLFV DUH

VKRZQ E\ )LJXUHV ���� ���� ���� DQG ��� UHSUHVHQWLQJ LJQLWLRQ IUHTXHQF\ GLVWULEXWLRQ IRU :\RGDN

DQG 3XVW FRDOV UHVSHFWLYHO\ LQ WKHLU YDULRXV FRDO VL]H GLVWULEXWLRQV�
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)LJXUH ���� ,JQLWLRQ IUHTXHQF\ GLVWULEXWLRQ IRU 3XVW /LJQLWH FRDO� ��� ������� PP SDUWLFOHV LQ

���� 2[\JHQ �i� ������� PP SDUWLFOHV LQ ��� 2[\JHQ�

)URP WKH )LJXUHV VKRZQ� LW FDQ EH VHHQ WKDW DV WKH SDUWLFOH VL]H GHFUHDVHV� WKH UDQJH RI

ODVHU HQHUJ\ QHHGHG WR VSDQ � WR ���� LJQLWLRQ IUHTXHQF\ EHFRPHV QDUURZHU� WKDW LV WKH VORSH RI

WKH LJQLWLRQ GLVWULEXWLRQ DW D JLYHQ R[\JHQ FRQFHQWUDWLRQ LV PRUH YHUWLFDO�
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7KH UDQJH RI ������ LJQLWLRQ IUHTXHQF\ IRU :\RGDN FRDOV VSDQ EHWZHHQ ��� DQG ��� P-

IRU ��� � 2[\JHQ FRQFHQWUDWLRQ� WKDW IRU 3XVW LV EHWZHHQ ��� DQG ��� P- ZKLOVW WKDW IRU

3LWWVEXUJK �� LV EHWZHHQ ��� DQG ��� P-� 6SHFLILF GLIIHUHQFHV DV VXFK LV GXH WR WKH YDULDWLRQV LQ

WKH UHDFWLYLW\ GLVWULEXWLRQV RI WKH FRDOV�

7KH UHJUHVVLRQ ILWV IRU WKH GDWD DUH SUHVHQWHG LQ 7DEOH ���� 7KLV WDEOH VKRZV WKH FRDO W\SH�

WKH FRUUHVSRQGLQJ SDUWLFOH VL]H� WKH R[\JHQ FRQFHQWUDWLRQ� WKH VORSHV REWDLQHG LQ WKH UHJUHVVLRQ

ILWV DQG WKH UDQJH ZLWKLQ ZKLFK WKH\ DUH REWDLQHG�

7DEOH ���� 5HJUHVVLRQ ILW IRU GDWD

&RDO 7\SH 3DUWLFOH 6L]H�

PP

2[\JHQ
&RQFHQWUDWLRQ� �

6ORSH 5DQJH RI /DVHU
(QHUJLHV
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,JQLWLRQ 7HPSHUDWXUH 0HDVXUHPHQWV

7KH LJQLWLRQ WHPSHUDWXUHV PHDVXUHG IRU DOO WKH FRDO VDPSOHV DUH SUHVHQWHG LQ WKH WDEOHV

VKRZQ� 7KH VL]H UDQJHV RI ������� PP RI WKH WKUHH FRDO W\SHV ZHUH FRQVLGHUHG IRU WKH

WHPSHUDWXUH PHDVXUHPHQW� 7KH WDEOH FRPSULVHV WKH PHDVXUHG LJQLWLRQ WHPSHUDWXUHV DQG WKH

FRUUHVSRQGLQJ ODVHU HQHUJLHV DW ZKLFK WKH FRDOV LJQLWH� (DFK WDEOH UHSUHVHQWV WKH WUDQVODWHG

H[SHULPHQWDO GDWD IRU HDFK FRDO W\SH DQG XQGHU DOO WKH FRQGLWLRQV WKDW WKH\ KDYH EHHQ VHW WR

RSHUDWH� 7KH GLIIHUHQW WHPSHUDWXUHV PHDVXUHG IRU HDFK ODVHU HQHUJ\ DUH WKRVH REWDLQHG IURP WKH

LJQLWLRQ IUHTXHQF\ GDWD� 7KH LJQLWLRQ WHPSHUDWXUH PHDVXUHG LV WKHQ PDSSHG DJDLQVW LWV

FRUUHVSRQGLQJ ODVHU HQHUJ\ SXOVH�
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7DEOH ���� /DVHU HQHUJ\ DQG FRUUHVSRQGLQJ ,JQLWLRQ WHPSHUDWXUHV IRU 3XVW FRDO�

Laser energy,
mJ

220 280 340 375 432.5

Ignition
temperature, K

(100% Oxygen
concentration)

������
2241.5

������
1857.3

������
������

1383.8
1956
1773.8

1568.8
1611.3
1633.8
1105.5
1949.5
1815.7
2133
1944.2
1836.6

Laser energy,
mJ

400 455 515 570

Ignition
temperature, K

(67% Oxygen
concentration)

1318.2
1604
1530
1410

1608.3
1579.8
1510.1
1511
1352.9

1723.6
1502.3
1723.2
1107.7
1114.4
1289.5
1546.8

1159.4
1247
1357

7DEOH ���� /DVHU HQHUJ\ DQG FRUUHVSRQGLQJ ,JQLWLRQ WHPSHUDWXUHV IRU :\RGDN FRDO

Laser energy,
(mJ)

240 280 340 400 455 515

Ignition
temperature, K

(100% Oxygen
concentration)

������
1573

������
2087.7
1504.2
1813.1
1718.4
2107.1
1117.9

������
1703
1700.9
1701.8
1414.2
1156.9
1658.4
1776.1

1273.2
1587
946.9
1602.5
2220.7
1480.9

1962
1245.3
1783.6
1527.8
1446.4

N/A

Ignition
temperature, K

(67% Oxygen
concentration)

N/A N/A 1917.6 1679.6
2006.0
1882.2
2255.2
3132.7
2144.2
2152.8
1779.3
1725.0

2816.6
2203.4
1882.2
2229.9
1885.2
2144.2
1942.7
1738.6
1924.9

1538.4
1557.8
1825.7
1687.5
1814.7
1560.0
1318.2
1861.4
2082.5
2104.2
1763.0
2139.1
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7DEOH ���� /DVHU HQHUJ\ DQG FRUUHVSRQGLQJ ,JQLWLRQ WHPSHUDWXUHV IRU 3LWWVEXUJK �� FRDO�

Laser energy,
(mJ)

220 280 340 455

Ignition temperature, K

(100% Oxygen
concentration)

2569.6
2759.0
2631.8
2805.9
2746.5
2827.7

������
2573.8
2835.1
2673.2
2669.8
2506.9
2565.1
2667.8
2773.5
2405.9
2334.3
2674.0

2705.6
2711.4
2660.7
2768.3
2391.4
2656.1
2816.1
2574.3
1970.1
2688.7
2785.5
2481.7
2746.9
2496.9

N/A

Ignition temperature, K

(67% Oxygen
concentration)

N/A 2534.3
2565.0
2469.9
1912.6
2637.2

2453.0
2451.8
2362.4
2389.1
2413.0
2240.7
2579.5
2450.6
2630.6
2470.2
2429.8
2385.2

2329.3
2503.6
2616.5
2507.8
2484.8
2490.8
2576.8
2394.2
2537.4
2447.4

)LJXUHV ���� ��� DQG ��� VKRZ WKH LJQLWLRQ WHPSHUDWXUH GLVWULEXWLRQ IRU DOO WKH WKUHH FRDOV

LQ WKHLU ���� DQG ��� 2[\JHQ FRQFHQWUDWLRQ� 7KH UDQJH RI WKH SDUWLFOH WHPSHUDWXUH

GLVWULEXWLRQ VKLIWV WR KLJKHU ODVHU HQHUJLHV IRU ORZHU R[\JHQ FRQFHQWUDWLRQ� 7KLV LV H[SHFWHG

EHFDXVH DW ORZHU R[\JHQ OHYHOV� WKH DPRXQW RI KHDW JHQHUDWHG E\ WKH SDUWLFOH LV GHFUHDVHG� 7KH

SDUWLFOHV DUH WKHUHIRUH KHDWHG LQLWLDOO\ WR D KLJKHU WHPSHUDWXUH XVLQJ KLJKHU ODVHU HQHUJ\ IRU

LJQLWLRQ WR RFFXU� 7KLV UHVXOWV LQ WKH VKLIW RI WKH GLVWULEXWLRQ WR VXFK KLJKHU ODVHU HQHUJLHV�

,W LV REVHUYHG WKDW WKH PHDVXUHG WHPSHUDWXUHV IRU ���� R[\JHQ FRQFHQWUDWLRQ DUH KLJKHU

WKDQ WKDW IRU ��� R[\JHQ FRQFHQWUDWLRQ IRU 3XVW DQG 3LWWVEXUJK �� FRDOV� +RZHYHU� :\RGDN

EHKDYHG GLIIHUHQWO\ LQ WKDW WKH PHDVXUHG WHPSHUDWXUHV IRU ��� R[\JHQ FRQFHQWUDWLRQ DUH

KLJKHU WKDQ WKDW IRU ���� R[\JHQ FRQFHQWUDWLRQ� 7KH PHDVXUHG PLQLPXP SDUWLFOH

WHPSHUDWXUHV RI 3XVW DQG :\RGDN FRDOV DUH ORZHU WKDQ WKDW RI 3LWWVEXUJK �� FRDO� 7KLV FDQ EH

DWWULEXWHG WR WKH YRODWLOH PDWWHU FRQWHQW RI WKH FRDOV� 3LWWVEXUJK �� KDV WKH ORZHVW YRODWLOH

PDWWHU FRQWHQW� IROORZHG E\ 3XVW DQG :\RGDN KDV WKH KLJKHVW� 7KH FRDO ZLWK WKH KLJKHVW
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PDWWHU FRQWHQW LV REVHUYHG WR KDYH WKH ORZHVW PHDVXUHG SDUWLFOH LJQLWLRQ WHPSHUDWXUHV DQG WKDW

ZLWK WKH ORZHVW YRODWLOH PDWWHU FRQWHQW ZKLFK LV 3LWWVEXUJK �� KDV WKH KLJKHVW PHDVXUHG

SDUWLFOH LJQLWLRQ WHPSHUDWXUH� 7KLV SRUWUD\V DQ LQYHUVH UHODWLRQ EHWZHHQ WKH YRODWLOH PDWWHU

FRQWHQW DQG WKH PHDVXUHG SDUWLFOH LJQLWLRQ WHPSHUDWXUH� 'LIIHUHQFHV REVHUYHG LQ GLVWULEXWLRQV

EHWZHHQ WKH FRDO W\SHV DUH DWWULEXWHG WR WKH YDULDWLRQV LQ WKH UHDFWLYLW\ GLVWULEXWLRQV RI WKH

FRDOV�
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)LJXUH ���� 'LVWULEXWLRQ RI LJQLWLRQ WHPSHUDWXUH YHUVXV ODVHU HQHUJ\ IRU 3LWWVEXUJK �� FRDO�

�� &RPSXWDWLRQDO 0RGHO

5HFHQWO\� &KHQ �&KHQ� -�&� ´'LVWULEXWHG $FWLYDWLRQ (QHUJ\ 0RGHO RI +HWHURJHQHRXV &RDO

,JQLWLRQ�µ &RPEXVW� )ODPH� ���� ��� ������� SUHVHQWHG D QHZ PHWKRG IRU WKH DQDO\VLV RI

KHWHURJHQHRXV LJQLWLRQ XVLQJ WKH 'LVWULEXWHG $FWLYDWLRQ (QHUJ\ 0RGHO RI ,JQLWLRQ �'$(0,��

7KH PRGHO DFFRXQWV IRU SDUWLFOH�WR�SDUWLFOH YDULDWLRQV LQ UHDFWLYLW\ E\ GHVFULELQJ D VDPSOH·V

UHDFWLYLW\ ZLWK D VLQJOH SUHH[SRQHQWLDO IDFWRU DQG D *DXVVLDQ GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJLHV

DPRQJ WKH SDUWLFOHV�

7KH '$(0, PRGHOV WKH FRQYHQWLRQDO� GURS�WXEH IXUQDFH LJQLWLRQ H[SHULPHQW E\ DOORZLQJ

IRU WKH SDUWLFOHV ZLWKLQ WKH FRDO VDPSOH WR KDYH D GLVWULEXWLRQ RI UHDFWLYLW\� ,W LV SUHVFULEH WKDW

DOO WKH SDUWLFOHV KDYH WKH VDPH SURSHUWLHV� LQFOXGLQJ WKH SUHH[SRQHQWLDO IDFWRU LQ WKH $UUKHQLXV

UDWH FRQVWDQW GHVFULELQJ WKHLU LJQLWLRQ UHDFWLYLW\� DQG WKDW WKHLU DFWLYDWLRQ HQHUJ\ LV GLVWULEXWHG

DFFRUGLQJ WR WKH *DXVVLDQ �RU QRUPDO� GLVWULEXWLRQ�

¸̧
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ZKHUH (� LV WKH PHDQ DQG V LV WKH VWDQGDUG GHYLDWLRQ RI WKH GLVWULEXWLRQ� 7KH H[SUHVVLRQ

³
'E

E
dEEf )( (4.2)

GHVFULEHV WKH IUHTXHQF\ RU SUREDELOLW\ WKDW SDUWLFOHV ZLWKLQ D VDPSOH KDYH DQ DFWLYDWLRQ HQHUJ\

LQ WKH UDQJH ( WR ( �'(� $FFRUGLQJO\� WKH GLVWULEXWLRQ VDWLVILHV WKH FRQGLWLRQ WKDW ��G(�(�I  ³
f

f�
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7KH '$(0, GLYLGHV D SUHVFULEHG GLVWULEXWLRQ LQWR GLVFUHWH HQHUJ\ LQWHUYDOV RI

'(  � N-PRO��� DQG FRQVLGHUV RQO\ WKH HQHUJ\ UDQJH RI (� ��V WR (���V UDWKHU WKDQ �f WR �f�

7KH ODWWHU VLPSOLILFDWLRQ VWLOO FRYHUV ������ RI WKH GLVWULEXWLRQ� 7KH PRGHO WKHQ FDOFXODWHV WKH

IUHTXHQF\ RI EHLQJ LQ HDFK RI WKHVH LQWHUYDOV E\ QXPHULFDOO\ LQWHJUDWLQJ (T� ����� IRU HDFK RI WKH

LQWHUYDOV�

$Q LJQLWLRQ H[SHULPHQW LV PRGHOHG E\ DVVXPLQJ WKDW ��� SDUWLFOHV DUH LQ WKH LQLWLDO EDWFK�

DQG WKDW WKH\ DUH GLVWULEXWHG DPRQJ WKH YDULRXV '( LQWHUYDOV DFFRUGLQJ WR WKH FDOFXODWHG

IUHTXHQF\ IRU HDFK LQWHUYDO� (DFK VLPXODWLRQ RI DQ H[SHULPHQWDO UXQ XQGHU D JLYHQ VHW RI

FRQGLWLRQV LV FRQGXFWHG RQ D EDWFK RI ��� UDQGRPO\ VHOHFWHG SDUWLFOHV IURP WKH VDPSOH� NHHSLQJ

LQ PLQG WKDW QR SDUWLFOH FDQ EH VHOHFWHG PRUH WKDQ RQFH� :KHWKHU RU QRW LJQLWLRQ RFFXUV IRU D

UXQ LV GHWHUPLQHG E\ WKH SDUWLFOH LQ WKH EDWFK RI ��� ZLWK WKH ORZHVW DFWLYDWLRQ HQHUJ\� ,I WKLV

SDUWLFOH·V UHDFWLYLW\ HTXDOV RU H[FHHGV WKDW GHWHUPLQHG E\ WKH FULWLFDO LJQLWLRQ FRQGLWLRQ �WKDW LV�

LWV DFWLYDWLRQ HQHUJ\ LV OHVV WKDQ RU HTXDO WR WKH FULWLFDO HQHUJ\ GHWHUPLQHG IURP WKH LJQLWLRQ

FULWHULD�� WKH EDWFK LV GHILQHG DV LJQLWHG� 7KLV LV FRQVLVWHQW ZLWK WKH REVHUYDWLRQ WKDW VLQJOH�

SDUWLFOH LJQLWLRQ LV GLVFHUQLEOH WR WKH H\H� DQG FHUWDLQO\ WR D SKRWRQ GHWHFWRU� 7KLV SURFHGXUH

ZDV UHSHDWHG �� WLPHV DW HDFK FRQGLWLRQ� MXVW DV LQ RXU DFWXDO H[SHULPHQWV� WR GHWHUPLQH DQ

LJQLWLRQ IUHTXHQF\ DW WKLV FRQGLWLRQ� )LQDOO\� WKH ODVHU SXOVH HQHUJ\ LV YDULHG VHYHUDO WLPHV DQG�

HDFK WLPH� �� VLPXODWLRQV ZHUH FRQGXFWHG� 7KH '$(0, H[KLELWV WKH H[SHULPHQWDO

FKDUDFWHULVWLF RI LQFUHDVLQJ LJQLWLRQ IUHTXHQF\ ZLWK LQFUHDVLQJ JDV WHPSHUDWXUH� 7KLV ZDV

H[SHFWHG VLQFH DQ LQFUHDVH LQ JDV WHPSHUDWXUH OHDGV WR DQ LQFUHDVH LQ WKH PD[LPXP DFWLYDWLRQ

HQHUJLHV ZKLFK D SDUWLFOH FDQ KDYH DQG VWLOO EH LJQLWDEOH� DQG WKHUHIRUH WR DQ LQFUHDVHG

SUREDELOLW\ RI KDYLQJ DW OHDVW RQH SDUWLFOH ZKLFK LV UHDFWLYH HQRXJK WR LJQLWH�

7KH '$(0, PRGHO FDSWXUHV WKH PDLQ FKDUDFWHULVWLFV RI DFWXDO H[SHULPHQWV� WKH JUDGXDO

LQFUHDVH LQ LJQLWLRQ IUHTXHQF\ ZLWK LQFUHDVLQJ JDV WHPSHUDWXUH DQG WKH YDULDWLRQ RI WKH VORSH RI

WKH LJQLWLRQ IUHTXHQF\ ZLWK 2� FRQFHQWUDWLRQ� )LQDOO\� LW KDV EHHQ VKRZQ WKDW DGMXVWPHQWV WR

WKH PRGHO SDUDPHWHUV FDQ EH XVHG WR ILW H[SHULPHQW GDWD DQG H[WUDFW UHDFWLRQ UDWH FRQVWDQWV�

$OWKRXJK LW ZDV DVVXPHG WKDW SXOYHUL]HG�FRDO LJQLWLRQ RFFXUV KHWHURJHQHRXVO\ ZLWKRXW

LQIOXHQFH IURP DQ\ YRODWLOH PDWWHU WKDW PD\ EH SUHVHQW� DQG HYHQ WKRXJK WKH UHVXOWV FORVHO\ ILW

WKH H[SHULPHQWDO GDWD� '$(0, GRHV QRW FRQILUP WKDW LJQLWLRQ LV SXUHO\ D KHWHURJHQHRXV

SURFHVV� 9HU\ IHZ PRGHOV RI KRPRJHQHRXV LJQLWLRQ KDYH EHHQ NQRZQ� DQG QRQH JDYH EHHQ

WHVWHG DJDLQVW WKH DYDLODEOH H[SHULPHQWDO GDWD EHFDXVH RI WKH LQKHUHQW GLIILFXOW\ DQG XQFHUWDLQW\

LQ PRGHOLQJ GHYRODWLOL]DWLRQ DQG WKH FRPELQHG VROLG�JDV DQG JDV�JDV UHDFWLRQV�
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0RGHO )RUPXODWLRQ

)LJXUHV ��� ² ��� VKRZ W\SLFDO GDWD REWDLQHG IURP RXU LJQLWLRQ H[SHULPHQW FRQGXFWHG E\

YDU\LQJ WKH ODVHU HQHUJ\ ZKLOH IL[LQJ R[\JHQ FRQFHQWUDWLRQ� SDUWLFOH VL]H DQG FRDO� 'DWD IURP D

FRQYHQWLRQDO� GURS�WXEH IXUQDFH H[SHULPHQW LV FRPSDUHG WR RXU GDWD LQ )LJXUHV ��� DQG ���� DQG

VKRZ WKDW LJQLWLRQ IUHTXHQF\ LQFUHDVHV DSSUR[LPDWHO\ OLQHDUO\ ZLWK ODVHU SXOVH HQHUJ\ RU JDV

WHPSHUDWXUH� 7KHVH DUH LQFRQVLVWHQW ZLWK WKH KHWHURJHQHRXV LJQLWLRQ WKHRU\ SUHYLRXVO\

GHVFULEHG� ,I DOO SDUWLFOHV RI D FRDO VDPSOH XVHG LQ DQ H[SHULPHQW KDYH WKH VDPH UHDFWLYLW\� WKDW

LV LI WKH\ DUH GHVFULEHG E\ D FRPPRQ $UUKHQLXV UDWH FRQVWDQW� WKHQ WKH GDWD ZRXOG VKRZ DQ

LJQLWLRQ IUHTXHQF\ RI �� XQWLO WKH FULWLFDO ODVHU HQHUJ\ FRUUHVSRQGLQJ WR WKDW DW WKH FULWLFDO

LJQLWLRQ FRQGLWLRQ LV UHDFKHG� $W DQ\ ODVHU HQHUJ\ RU JDV WHPSHUDWXUH DERYH FULWLFDO LJQLWLRQ

FRQGLWLRQ� WKH LJQLWLRQ IUHTXHQF\ ZRXOG EH �����

2QH RI WKH UHDVRQV ZK\ LJQLWLRQ IUHTXHQF\ LQFUHDVHV JUDGXDOO\ ZLWK LQFUHDVLQJ ODVHU

HQHUJ\ RU JDV WHPSHUDWXUH LV REYLRXV� :LWKLQ DQ\ FRDO VDPSOH� WKHUH H[LVWV D GLVWULEXWLRQ RI

UHDFWLYLW\ DPRQJ WKH SDUWLFOHV� 7KXV� LQ WKH ODVHU LJQLWLRQ H[SHULPHQW� LQ ZKLFK SHUKDSV WZR

SDUWLFOHV IURP D EDWFK ���� SDUWLFOHV RI D VDPSOH KHDWHG E\ D ODVHU SXOVH� WKHUH LV DQ LQFUHDVLQJ

SUREDELOLW\ �RU IUHTXHQF\� WKDW DW OHDVW RQH SDUWLFOH KDV D UHDFWLYLW\ WKDW PHHWV RU H[FHHGV WKH

FULWLFDO LJQLWLRQ FRQGLWLRQ VHW IRUWK LQ WKH WKHUPDO LJQLWLRQ FULWHULD DV WKH ODVHU HQHUJ\ LV

LQFUHDVHG� 7KLV LV WKH LGHD RI '$(0,�
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)LJXUH ���� 7\SLFDO GDWD IURP RXU ODVHU LJQLWLRQ H[SHULPHQW VKRZLQJ WKH UHODWLRQ EHWZHHQ
LJQLWLRQ IUHTXHQF\ DQG ODVHU HQHUJ\ IRU ELWXPLQRXV FRDO�

2I FRXUVH� WKHUH H[LVW RWKHU YDULDWLRQV DPRQJ WKH SDUWLFOHV ZLWKLQ D VDPSOH� VXFK DV

SDUWLFOH VL]H DQG VSHFLILF KHDW� 9DULDWLRQ LQ VL]H DORQH FRXOG DFFRXQW IRU WKH REVHUYHG LQFUHDVH LQ

LJQLWLRQ IUHTXHQF\ ZLWK WKH ODVHU HQHUJ\ SXOVH �RU JDV WHPSHUDWXUH�� ,W FDQQRW DFFRXQW IRU

RWKHU H[SHULPHQWDO REVHUYDWLRQ� QDPHO\� WKH YDULDWLRQ LQ WKH VORSH RI WKH LJQLWLRQ IUHTXHQF\

ZLWK R[\JHQ FRQFHQWUDWLRQ� $ GLVWULEXWLRQ LQ VSHFLILF KHDW ZRXOG RQO\ DIIHFW WKH UDWH DW ZKLFK D

SDUWLFOH DWWDLQV LWV HTXLOLEULXP WHPSHUDWXUH� EXW ZRXOG QRW FKDQJH WKH YDOXH RU WKH UHDFWLYLW\�

3HUKDSV RWKHU YDULDWLRQV FRXOG FDXVH WKH REVHUYHG EHKDYLRU RI LJQLWLRQ IUHTXHQF\� ,W LV RXU

SUHPLVH WKDW WKH GLVWULEXWLRQ LQ UHDFWLYLW\ DQG SDUWLFOH VL]H GRPLQDWHV DOO RWKHU YDULDWLRQV� :H

SURSRVH WR DGG WKH GLVWULEXWLRQ RI SDUWLFOH VL]H LQWR WKH '$(0,�

)LJXUH ��� VKRZV WKH GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJ\ YHUVXV IUHTXHQF\ IRU D VDPSOH IRU

ZKLFK (� �� N- PRO�� DQG V ��� N- PRO��� 7KH LQWHUYDOV RI DFWLYDWLRQ HQHUJ\ LV �N- PRO��

�'( �N- PRO����

7KH 'LVWULEXWHG $FWLYDWLRQ (QHUJ\ 0RGHO RI ,JQLWLRQ �'$(0,� VLPXODWHV WKH ODVHU

LJQLWLRQ DQG GURS�WXEH H[SHULPHQWV E\ DOORZLQJ IRU WKH SDUWLFOHV ZLWKLQ WKH FRDO VDPSOH WR KDYH

D GLVWULEXWLRQ RI UHDFWLYLW\� :H ILUVW FDOFXODWH WKH SUREDELOLW\ RI SDUWLFOHV IRU EHLQJ LQ HDFK RI

WKH LQWHUYDOV�

7KH GLVWULEXWLRQ RI SDUWLFOH VL]HV DVVXPHV WKDW LQ D VPDOO UDQJH RI SDUWLFOH VL]H� WKH

GLVWULEXWLRQ RI SDUWLFOH VL]H KDV D WRS�KDW GLVWULEXWLRQ DV VKRZQ LQ )LJXUH ���� 7KH LQWHUYDO RI
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SDUWLFOH VL]H LV �PP �''S ���u����P�� 3DUWLFOH VL]HV DUH JURXSHG LQWR WKUHH JURXSV� ��� WR ���
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%DVH &DVH

7KH KHDW JHQHUDWHG E\ D VSKHULFDO FDUERQ SDUWLFOH XQGHUJRLQJ R[LGDWLRQ RQ LWV H[WHUQDO

VXUIDFH LV JLYHQ E\ WKH NLQHWLF H[SUHVVLRQ�
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6LPLODUO\� WKH KHDW ORVV IURP WKH VXUIDFH RI D SDUWLFOH DW WHPSHUDWXUH 7S LV WKH VXP RI ORVVHV GXH

WR FRQYHFWLRQ DQG UDGLDWLRQ� 7KXV� KHDW ORVV IURP WKH VXUIDFH LV JLYHQ DV�

� �44)( gpbgp
loss TTSTThS
S

Q
��� HV (4.4)

For the convection-loss term, we assume that the Nusselt number equals 2, as is appropriate for

very small particles, which leads to pg dkh /2 .
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$W WKH FULWLFDO LJQLWLRQ FRQGLWLRQ� lossgen QQ  � ZH REWDLQ
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ZKHUH WKH UHTXLUHG SDUDPHWHUV IRU WKLV HTXDWLRQ ZHUH FDOFXODWHG DV IROORZV�

)RU EDVH FDVH RI WKH PRGHO� ZH DVVXPHG WKDW 7S ZDV REWDLQHG IURP WKH HTXLOLEUDWHG

WHPSHUDWXUH FDOFXODWLRQV E\ XVH RI D OLQHDU UHJUHVVLRQ WR ILQG 7S DV D IXQFWLRQ RI ODVHU HQHUJ\

�VHH DSSHQGL[ ��� )RU H[DPSOH� IRU �� PP� ��� PP DQG ��� PP FRDO SDUWLFOH WKH WHPSHUDWXUH

DUH JLYHQ DV IXQFWLRQV RI ODVHU HQHUJ\ DV�

22.3857266.0
)116(

� lasermp ET
P

(4.7)

08.4270707.1)70( � lasermp ET
P

(4.8)

57.3675505.0)165( � lasermp ET
P

(4.9)

)RU YDULDEOH SDUWLFOH VL]H� ZH XVH WKH IROORZLQJ LQWHUSRODWLRQ VFKHPH WR FDOFXODWH 7S�
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7KH JDV WKHUPDO FRQGXFWLYLW\ LQ WKH ERXQGDU\ OD\HU DURXQG D KHDWHG SDUWLFOH� NJ ZDV

JLYHQ E\ D OLQHDU ILW WR WKH FRQGXFWLYLW\ RI DLU�
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,W LV ZHOO NQRZQ WKDW WKH SURGXFW RI FDUERQ R[LGDWLRQ LV ERWK &2 DQG &2�� COCH ,' DQG

2,' COCH DUH WKH KHDWV RI FRPEXVWLRQ FRUUHVSRQGLQJ WR WKH IROORZLQJ R[LGDWLRQ UHDFWLRQ�

kgC

kJ
HCOOC

kgC

kJ
HCOOC

COC

COC

790,32';

210,9';
2

1

2,22

,2

 o�

 o�

(4.13)

Hc for ignition is defined by the equation [15]
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(4.15)

H� WKH HPLVVLYLW\ RI FRDO SDUWLFOHV ZDV WDNHQ DV ����

Q� WKH UHDFWLRQ RUGHU ZDV WDNHQ DV ��

FR� ZDV FKRVHQ WR EH ��� FRUUHVSRQGLQJ WR D ���� R[\JHQ FRQFHQWUDWLRQ�

)LJXUH ��� GHVFULEHV WKH VLPXODWLRQ SURFHGXUH IRU WKH EDVH FDVH ODVHU H[SHULPHQW� )LUVW�

WKH UHTXLVLWH SDUDPHWHUV �$�� Q� (� DQG V� DUH DVVXPHG� WKHQ WKH UDQJH RI ODVHU HQHUJ\ LV

VHOHFWHG VR DV WR REWDLQ DQ LJQLWLRQ IUHTXHQF\ IURP �� WR ����� 7KH SDUWLFOH WHPSHUDWXUHV DUH

HVWLPDWHG E\ HTXDWLRQ ������������� $ EDWFK RI ���� SDUWLFOHV LV UDQGRPO\ VHOHFWHG IURP WKH WRWDO

SDUWLFOHV ZLWK WKH GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJ\ DQG SDUWLFOH VL]H� 0 SDUWLFOHV WKDW DUH

DVVXPHG WR EH KHDWHG E\ SXOVH ODVHU UDQGRPO\ VHOHFWHG IURP ���� SDUWLFOHV� )RU HDFK RI 0

SDUWLFOHV� WKH SDUWLFOH VL]H �GS� DQG DFWLYDWLRQ HQHUJ\ �(PLQ� DUH UDQGRPO\ DVVLJQHG� 7KH

DFWLYDWLRQ HQHUJ\ �(PD[� LV FDOFXODWHG E\ HTXDWLRQ ������
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)RU HDFK SDUWLFOH� (PD[ LV FRPSDUHG ZLWK WKH H[SHFWHG DFWLYDWLRQ HQHUJ\ �(PLQ� RI D

SDUWLFOH� ,I (PD[ t (PLQ� WKH SDUWLFOH LV FRQVLGHUHG ´LJQLWHGµ� ,I (PD[ � (PLQ� WKH SDUWLFOH LV QRW

LJQLWHG� )RU HDFK ODVHU HQHUJ\� D QHZ EDWFK ZDV VHOHFWHG DQG WKH SURFHVV UHSHDW �� WLPHV� 7KH

�� UXQV DUH PDGH DQG WKH LJQLWLRQ�IUHTXHQF\ LV REWDLQHG DW WKDW ODVHU HQHUJ\� 7KH ODVHU HQHUJ\

LV WKHQ FKDQJHG DQG WKH SURFHVV UHSHDWHG�
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Figure 4.5.  Simulation procedure for base case of the laser experiment

)RU GLIIHUHQW H[SHULPHQW PHFKDQLVP� WKH SDUWLFOHV KHDWHG IRU D EDWFK DUH GLIIHUHQW� 6R ZH

DQDO\]HG WKH HIIHFW RI 0 RQ WKH LJQLWLRQ IUHTXHQF\ E\ FKDQJLQJ WKH YDOXHV RI 0 IURP � WR ����

7R DQDO\]H WKH HIIHFW RI WKH SDUWLFOH VL]H GLVWULEXWLRQ� ZH XVH ERWK RI GLVWULEXWLRQ DQG

DYHUDJH SDUWLFOH VL]H LQWR '$(0,� 7KLV LV GRQH E\ XVLQJ DYHUDJH SDUWLFOH VL]H ZKHQ VSHFLI\LQJ

RU UDQGRPO\ VHOHFWHG GS IURP WKH UDQJH GPLQ WR GPD[�

ODVHU ,JQLWLRQ ([SHULPHQW

7R PRGHO WKH LJQLWLRQ H[SHULPHQW� PHDVXUHG WHPSHUDWXUHV ZHUH XVHG LQ WKH '$(0, LQ

RUGHU WR ILW WKH H[SHULPHQW GDWD� 7KH H[SHULPHQW GDWD RI 7S ZDV UHDG GLUHFWO\ IURP GDWD ILOHV

�VHH DSSHQGL[ ��� DQG XVHG WR FDOFXODWH DYHUDJH WHPSHUDWXUH �7DYJ� DQG VWDQGDUG GHYLDWLRQ �7V��

EDVH RQ 1RUPDO GLVWULEXWLRQ�
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WR REWDLQ WKH UDQJH RI WHPSHUDWXUH� QDPHO\� 7DYJ��7V� 7S� 7DYJ��7V� E\ UDQGRPO\ FKRRVLQJ

SDUWLFOH WHPSHUDWXUH IURP WKH UDQJH WR REWDLQ FULWLFDO HQHUJ\ DW HDFK FRQGLWLRQ�

,Q WKLV H[SHULPHQW� D EDWFK ZLWK VHYHUDO KXQGUHG SDUWLFOHV LV GURSSHG LQ WR WKH WHVW VHFWLRQ

DQG RQO\ WKH ODVHU SXOVH KHDWV D IHZ SDUWLFOHV� 7KHUH LV DQ LQFUHDVLQJ SUREDELOLW\ �RU IUHTXHQF\�

DV WKH ODVHU HQHUJ\ LV LQFUHDVHG WKDW DW OHDVW RQH RI WKH KHDWHG SDUWLFOHV LV UHDFWLYH HQRXJK WR

LJQLWH XQGHU WKH JLYHQ FRQGLWLRQV� )RU QHDUO\ HYHU\ FDVH� RQH WR WKUHH SDUWLFOHV DUH KLW LQ WKH

WHVW VHFWLRQ E\ WKH WZR LQWHUVHFWLQJ ODVHU EHDPV� 7KLV LV GHWHUPLQHG E\ REVHUYDWLRQV ZLWK KLJK�

VSHHG YLGHR� )RU VLPXODWLRQ� WKLUWHHQ KXQGUHG SDUWLFOHV DUH VHOHFWHG UDQGRPO\ DV WKH IHHG LQWR

WKH WHVW VHFWLRQ DQG WZR SDUWLFOHV DUH IXUWKHU VHOHFWHG UDQGRPO\ IURP WKHVH ���� WR EH KLW E\ WKH

ODVHU SXOVH�

)LJXUH ��� GHVFULEHV WKH VLPXODWLRQ SURFHGXUH IRU WKH ODVHU H[SHULPHQW� :H FRQVLGHU

���� SDUWLFOHV DV D EDWFK VL]H UDQGRPO\ VHOHFWHG IURP WKH WRWDO QXPEHU RI SDUWLFOHV� 8VLQJ WKH

GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJ\ DQG SDUWLFOH VL]H� WZR SDUWLFOHV UDQGRPO\ VHOHFWHG IURP ����

SDUWLFOHV DUH DVVXPHG KHDWHG E\ SXOVH ODVHU� )RU HDFK SDUWLFOH UDQGRPO\ VHOHFWHG IURP WZR �0�

SDUWLFOHV� SDUWLFOH VL]H �GS� DQG DFWLYDWLRQ HQHUJ\ �(PD[� DUH UDQGRPO\ DVVLJQHG� 3UH�H[SRQHQWLDO

IDFWRU �$��� PHDQ RI *DXVVLDQ GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJ\ �(��� VWDQGDUG GHYLDWLRQ RI

*DXVVLDQ GLVWULEXWLRQ �V� DQG UHDFWLRQ RUGHU �Q� LQ (T� ����� DUH DVVXPHG� (PD[ LV FDOFXODWHG DV

WKH FULWLFDO �RU WKUHVKROG� DFWLYDWLRQ HQHUJ\ XQGHU WKH JLYHQ FRQGLWLRQV� 7KH UHVXOW �(PD[� LV

FRPSDUHG ZLWK WKH DFWLYDWLRQ HQHUJ\ �(PLQ� RI D SDUWLFOH� ,I WKH UHVXOW �(PD[� LV JUHDWHU WKDQ WKH

DFWLYDWLRQ HQHUJ\ �(PLQ�� WKHQ WKH SDUWLFOH LV FRQVLGHUHG LJQLWHG DQG WKH UXQ LV VXFFHVVIXO�

$W HDFK ODVHU HQHUJ\� D QHZ EDWFK LV VHOHFWHG DQG WKH SURFHVV UHSHDWHG �� WLPHV� WKH ��

UXQV DUH XVHG WR REWDLQ WKH LJQLWLRQ�IUHTXHQF\ DW WKDW HQHUJ\ OHYHO� $W HDFK VHW RI RSHUDWLQJ

FRQGLWLRQV �FRDO W\SH� SDUWLFOH VL]H DQG R[\JHQ FRQFHQWUDWLRQ�� WKH PRGHOLQJ UHVXOWV DUH

FRPSDUHG ZLWK WKH H[SHULPHQWDO UHVXOWV RYHU WKH UDQJH RI ODVHU HQHUJ\� ,I WKH PRGHOLQJ UHVXOWV

GR QRW ILW WKH H[SHULPHQW UHVXOWV� ZH PRGLI\ WKHVH SDUDPHWHUV �(�� V� $� DQG Q� DQG UHSHDW WKH

SURFHVV�
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Figure 4.6.  Simulation procedure for the laser experiment.
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,Q VLPXODWLQJ WKH GURS�WXEH LJQLWLRQ H[SHULPHQW� ZH DVVXPHG WKDW ��� SDUWLFOH DUH LQ WKH

LQLWLDO EDWFK� $ EDWFK RI ���� SDUWLFOHV RI D VDPSOH LV GURSSHG LQWR WKH IXUQDFH LQ HDFK

VLPXODWLRQ RI DQ H[SHULPHQWDO UXQ� 1R SDUWLFOH FDQ EH VHOHFWHG PRUH WKDQ RQFH� 1RZ� XVLQJ (T�

����� DQG (T� ����� ZH FDQ REWDLQ WKH KHDW JHQHUDWHG 4JHQ DQG 4ORVV�

,Q RUGHU WR GHWHUPLQH WKH FULWLFDO LJQLWLRQ WHPSHUDWXUH RI WKH SDUWLFOH� 7S� DQG FULWLFDO

DFWLYDWLRQ HQHUJ\� (� WKH FULWLFDO LJQLWLRQ FRQGLWLRQ� 4JHQ  4ORVV� DQG
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Note that the neglection of the Tp dependence in kg introduces a small error in Eq. (4.19).
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7KH GHQRPLQDWRU LV UHFRJQL]HG WR EH 4JHQ�6 LQ (T� ������ ZKLFK E\ 4JHQ  4ORVV LV DOVR

4ORVV�6 LQ (T� ������ 7KXV (T� ������ FDQ EH UHZULWWHQ DV�
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7KLV UHODWLRQ IRU (�57S LV VXEVWLWXWHG LQWR WKH H[SUHVVLRQ 4JHQ �4ORVV � WR REWDLQ D

IXQFWLRQ� )� ZKLFK LV D IXQFWLRQ RI 7S RQO\�
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7KH UHDVRQDEOH URRW RI )�7S� FRUUHVSRQGV WR WKH FULWLFDO LJQLWLRQ WHPSHUDWXUH RI WKH

SDUWLFOH� DQG VXEVWLWXWLRQ RI WKLV YDOXH LQWR HTXDWLRQ ������ SURGXFHV WKH FULWLFDO DFWLYDWLRQ

HQHUJ\ DW WKH FULWLFDO LJQLWLRQ FRQGLWLRQ�

NJ� WKH JDV WKHUPDO FRQGXFWLYLW\ LQ WKH ERXQGDU\ OD\HU DURXQG D KHDWHG SDUWLFOH ZDV JLYHQ

E\ HTXDWLRQ ������� FR� ZDV FKRVHQ WR EH ��� FRUUHVSRQGLQJ WR D ��� R[\JHQ FRQFHQWUDWLRQ� H�

WKH HPLVVLYLW\ RI FRDO SDUWLFOH ZDV WDNHQ DV ���� +F ZDV GHILQHG E\ WKH HTXDWLRQ IURP ������ WR

�������

)LJXUH ��� GHVFULEHV WKH VLPXODWLRQ SURFHGXUH IRU WKH GURS�WXEH H[SHULPHQW� )LUVW� WKH

UHTXLVLWH SDUDPHWHUV �$�� Q� (� DQG V� DUH DVVXPHG� :H FRQVLGHU ���� SDUWLFOHV DV D EDWFK VL]H

UDQGRPO\ VHOHFWHG IURP WKH WRWDO QXPEHU RI SDUWLFOHV XVLQJ WKH GLVWULEXWLRQ RI DFWLYDWLRQ HQHUJ\
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DQG SDUWLFOH VL]H� 0 SDUWLFOHV UDQGRPO\ VHOHFWHG DUH FRQVLGHUHG KHDWHG E\ WKH KRW JDV� )RU HDFK

RI WKH 0 SDUWLFOHV� WKH SDUWLFOH VL]H �GS� DQG DFWLYDWLRQ HQHUJ\ �(PLQ� DUH UDQGRPO\ DVVLJQHG�

6XEVWLWXWLQJ DOO WKH UHTXLUHG YDOXHV LQ HTXDWLRQ ������ SHUPLWV WKH FDOFXODWLRQ RI WKH SDUWLFOH

WHPSHUDWXUHV IURP WKH JDV WHPSHUDWXUHV� 6XEVWLWXWLQJ DOO WKH UHTXLUHG YDOXHV LQ HTXDWLRQ ������

WKH FULWLFDO �RU WKUHVKROG� DFWLYDWLRQ HQHUJ\ �(PD[� LV FDOFXODWHG IRU WKH JLYHQ LJQLWLRQ

FRQGLWLRQV� )RU HDFK SDUWLFOH� (PD[ LV FRPSDUHG ZLWK WKH DFWLYDWLRQ HQHUJ\ �(PLQ�� ,I (PD[ t

(PLQ� WKH SDUWLFOH LV VDLG WR EH LJQLWHG� DQG WKH UXQ DOVR LV FRQVLGHUHG VXFFHVVIXO� ,I (PD[ � (PLQ�

WKH SDUWLFOH LV QRW LJQLWHG�
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 Figure 4.7.  Simulation procedure for the drop-tube experiment.

Compare

Modify
requisite
parameters, if
necessary

Exp.
data

Ignition
frequency

Gas
temp. Tg

New E0, VE

New A0, n

Tg

)RU HDFK JDV WHPSHUDWXUH� D QHZ EDWFK LV VHOHFWHG DQG WKH SURFHVV UHSHDWHG �� WLPHV� WKH

�� UXQV HQDEOH WKH LJQLWLRQ�IUHTXHQF\ WR EH REWDLQHG� $W HDFK VHW RI RSHUDWLQJ FRQGLWLRQV �FRDO

W\SH� SDUWLFOH VL]H DQG R[\JHQ FRQFHQWUDWLRQ�� WKH PRGHOLQJ UHVXOWV DUH FRPSDUHG ZLWK WKH

H[SHULPHQWDO UHVXOWV RYHU WKH UDQJH RI JDV WHPSHUDWXUHV� ,I WKH PRGHOLQJ UHVXOWV GR QRW ILW WKH

H[SHULPHQW UHVXOWV� ZH PRGLI\ WKHVH SDUDPHWHUV �(�� V� $�� DQG Q� DQG UHSHDW WKH SURFHVV�

2WKHU VLPXODWLRQ PHWKRGV XVHG WKH DYHUDJH SDUWLFOH VL]H DQG UDQGRPO\ DVVLJQHG D SDUWLFOH

LQ WKH EDWFK RI ���� ZLWK WKH ORZHVW DFWLYDWLRQ HQHUJ\ �(PLQ�� 7KH UHVXOW �(PD[� LV FRPSDUHG
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ZLWK WKH ORZHVW DFWLYDWLRQ HQHUJ\ �(PLQ�� ,I WKH (PD[ LV JUHDWHU WKDQ WKH ORZHVW DFWLYDWLRQ

HQHUJ\ (PLQ DPRQJ WKH SDUWLFOHV WKDW LV KHDWHG LQ D UXQ� WKHQ WKH SDUWLFOH LV LJQLWHG

�� 0RGHOLQJ 5HVXOWV

5HVXOWV RI WKH %DVH &DVH RI WKH 0RGHO

)LJXUH ��� DQG )LJXUH ��� VKRZ WKH HIIHFW RI R[\JHQ FRQFHQWUDWLRQ DQG QXPEHU RI

SDUWLFOHV �0� RQ LJQLWLRQ IUHTXHQF\ IRU SDUWLFOH VL]H UDQJH RI �������PP DQG �������PP�

UHVSHFWLYHO\� ,W FDQ EH VHHQ WKDW DW HDFK R[\JHQ FRQFHQWUDWLRQ� LJQLWLRQ IUHTXHQF\ LQFUHDVHV

PRQRWRQLFDOO\ RYHU WKH UDQJH RI ODVHU SXOVH HQHUJ\� %HORZ WKLV UDQJH� WKH LJQLWLRQ IUHTXHQF\ LV

]HUR� DQG DERYH WKLV UDQJH WKH UHVXOW LV ���� LJQLWLRQ IUHTXHQF\� $V WKH QXPEHU RI SDUWLFOH �0�

WKDW LV VHOHFWHG IURP WKH EDWFK RI ���� SDUWLFOHV LV LQFUHDVHG IURP � WR ���� WKH IUHTXHQF\

GLVWULEXWLRQ VKLIWV WR ORZHU ODVHU HQHUJ\ YDOXHV� 7KLV EHKDYLRU LV GXH WR WKH IDFW WKDW� ZLWKLQ

DQ\ FRDO VDPSOH� D GLVWULEXWLRQ RI UHDFWLYLW\ H[LVWV DPRQJ WKH SDUWLFOHV�

$V WKH R[\JHQ FRQFHQWUDWLRQ LV GHFUHDVHG IURP ���� WR ���� WKH IUHTXHQF\ GLVWULEXWLRQ

VKLIWV WR KLJKHU ODVHU HQHUJLHV RU HTXLYDOHQWO\� KLJKHU SDUWLFOH WHPSHUDWXUHV� DV H[SHFWHG� 7KLV

LV FRQVLVWHQW ZLWK WKH LJQLWLRQ WKHRU\ VLQFH DW GHFUHDVHG R[\JHQ FRQFHQWUDWLRQ� KLJKHU

WHPSHUDWXUHV DUH QHFHVVDU\ IRU KHDW JHQHUDWLRQ E\ WKH SDUWLFOHV �GXH WR FKHPLFDO UHDFWLRQV� WR

H[FHHG KHDW ORVV IURP WKH SDUWLFOHV DQG OHDG WR LJQLWLRQ� 7KH VKLIW LQ GLVWULEXWLRQ FDQ EH YLHZHG

LQ WZR ZD\V� IRU D IL[HG ODVHU SXOVH HQHUJ\� D GHFUHDVH LQ R[\JHQ FRQFHQWUDWLRQ OHDGV WR D

GHFUHDVH LQ WKH LJQLWLRQ IUHTXHQF\� DOO HOVH EHLQJ HTXDO� 6HFRQG� D GHFUHDVH LQ R[\JHQ

FRQFHQWUDWLRQ LPSOLHV WKDW WKH KLJKHU ODVHU SXOVH HQHUJ\ LV QHHGHG� LQ RUGHU WR DFKLHYH WKH VDPH

LJQLWLRQ IUHTXHQF\�
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���� �D� 6ROLG�OLQH H[SUHVV SDUWLFOH VL]H GS ���PP� �E� 'DVK�OLQH H[SUHVV

GLVWULEXWLRQ SDUWLFOH VL]H GS LQ �������PP�
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5HVXOWV RI 6LPXODWLRQ RI /DVHU ,JQLWLRQ ([SHULPHQW

7KH VLPXODWLRQV IRU WKH H[SHULPHQWV ZHUH SHUIRUPHG YLD D )2575$1 FRGH� 7KH FRGH

ZDV GHVLJQHG WR SURGXFH IUHTXHQF\ GLVWULEXWLRQ GDWD IRU D JLYHQ SDUWLFOH VL]H UDQJH� R[\JHQ

FRQFHQWUDWLRQ� WHPSHUDWXUH RI SDUWLFOH� DQG ODVHU SXOVH HQHUJ\� $V GLVFXVVHG HDUOLHU� IRU HDFK

UXQ WZR SDUWLFOHV DUH VHOHFWHG UDQGRPO\ IURP ���� SDUWLFOHV� 7KH SDUWLFOH VL]H DQG DFWLYDWLRQ

HQHUJ\ DUH GHWHUPLQHG ZKHWKHU RU QRW LJQLWLRQ RFFXUUHG IRU WKH UXQ� )RU HDFK W\SH FRDO� WKH

SDUDPHWHUV UHTXLUHG DV LQSXW DUH WKH DYHUDJH DFWLYDWLRQ HQHUJ\ �(��� VWDQGDUG GHYLDWLRQ IRU WKH

*DXVVLDQ GLVWULEXWLRQ �V�� DQG SUH�H[SRQHQWLDO IDFWRU �$���

)LJXUHV ��� ² ��� VKRZ WKH H[SHULPHQW GDWD IRU WKH 3LWWVEXUJK �� FRDO ZLWK PRGHOLQJ

UHVXOWV� ZKLFK FDOFXODWH DYHUDJH WHPSHUDWXUH DQG VWDQGDUG GHYLDWLRQ WR REWDLQ WKH UDQJH RI

SDUWLFOH WHPSHUDWXUH DW HDFK FRQGLWLRQ� 7KH EHKDYLRU RI WKH PRGHO ZLWK UHVSHFW WR FKDQJHV LQ

HDFK RI WKH SDUDPHWHUV ZDV ILUVW REVHUYHG� 7KH SDUDPHWHUV DUH WKHQ PRGLILHG WR REWDLQ D ILQDO

VHW RI YDOXHV WR LPSURYH WKH PRGHO� 7KH ILQDO SDUDPHWHUV WKDW ILW RXU ODVHU LJQLWLRQ

H[SHULPHQWDO GDWD IRU WKH 3LWWVEXUJK �� FRDO DUH JLYHQ 7DEOH ���� 6LPXODWLRQV IRU RWKHU FRDO

W\SHV LV VLPLODU WR WKRVH VKRZQ LQ WKHVH ILJXUHV
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7DEOH ���� 6LPXODWLRQ SDUDPHWHUV IRU 3LWWVEXUJK�� FRDO LQ ODVHU LJQLWLRQ H[SHULPHQW�
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5HVXOWV RI 7KH 'URS�7XEH ([SHULPHQW

7KH UHTXLUHG VLPXODWLRQV IRU GURS�WXEH H[SHULPHQWV KDYH EHHQ SHUIRUPHG E\ D

)2575$1 FRGH� 7KH FRGH ZDV GHVLJQHG WR SURGXFH IUHTXHQF\ GLVWULEXWLRQ GDWD IRU D JLYHQ

DYHUDJH SDUWLFOH VL]H �GLDPHWHU GS� DQG WKH PD[LPXP GLDPHWHU �GS� PD[� DQG PLQLPXP

GLDPHWHU �GS� PLQ� RI SDUWLFOH VL]H UDQJH� R[\JHQ FRQFHQWUDWLRQ DQG� JDV WHPSHUDWXUH� )LJXUHV

��� ² ���� VKRZ WKH VDPH HIIHFW RI SDUWLFOH VL]H GLVWULEXWLRQ LQ ����� PP DQG DYHUDJH SDUWLFOH

VL]H �� PP RQ LJQLWLRQ IUHTXHQF\ IRU R[\JHQ FRQFHQWUDWLRQ IURP ��� WR ����� 5HVSHFWLYHO\�

)LJXUHV ��� ² ��� VKRZ WKH H[SHULPHQW GDWD IRU FRDO�� DQG FRDO�� ZLWK WKH PRGHOLQJ UHVXOWV

XVLQJ GLVWULEXWLRQ RI SDUWLFOH VL]H� )LJXUH ���� ² ���� VKRZ WKH H[SHULPHQW GDWD IRU FRDO�� DQG

FRDO�� ZLWK WKH PRGHOLQJ UHVXOWV E\ DYHUDJH SDUWLFOH VL]H� 7KHUH DUH DOO SDUDPHWHUV RI FRDO��

DQG FRDO�� LQ 7DEOH ��� DQG 7DEOH ����
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7DEOH ���� 6LPXODWLRQ SDUDPHWHUV IRU FROD�� LQ GURS�WXEH H[SHULPHQW� XVLQJ GLVWULEXWLRQ DQG
WKH DYHUDJH RI SDUWLFOH VL]H LQ FXUUHQW YHUVLRQ '$(0,�
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&21&/86,216

,Q WKLV SURMHFW� ZH LQYHVWLJDWHG IXQGDPHQWDO DVSHFWV RI FRDO LJQLWLRQ WKURXJK ���

H[SHULPHQWV WR GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI YDULRXV FRDOV E\ GLUHFW PHDVXUHPHQW� DQG

��� PRGHOLQJ RI WKH LJQLWLRQ SURFHVV WR GHULYH UDWH FRQVWDQWV DQG WR SURYLGH D PRUH LQVLJKWIXO

LQWHUSUHWDWLRQ RI GDWD IURP LJQLWLRQ H[SHULPHQWV�

7KH VSHFLILF REMHFWLYHV RI WKLV SURMHFW ZHUH�

�� GHYHORS D QRYHO H[SHULPHQWDO IDFLOLW\ ZLWK H[WHQVLYH RSWLFDO�GLDJQRVWLF FDSDELOLWLHV WR

VWXG\ FRDO LJQLWLRQ�

�� GHWHUPLQH WKH LJQLWLRQ WHPSHUDWXUH RI FRDOV XQGHU VLPXODWHG FRPEXVWLRQ FRQGLWLRQV E\

GLUHFW PHDVXUHPHQW ZLWK WZR�FRORU S\URPHWU\�



��

�� H[DPLQH WKH HIIHFWV RI YDULRXV H[SHULPHQWDO FRQGLWLRQV� LQFOXGLQJ FRDO UDQN� SDUWLFOH

VL]H� R[\JHQ FRQFHQWUDWLRQ DQG KHDWLQJ UDWH� RQ WKH LJQLWLRQ WHPSHUDWXUH�

�� GHWHUPLQH WKH LJQLWLRQ UDWH FRQVWDQWV RI YDULRXV FRDOV�

�� PRGLI\ RXU H[LVWLQJ LJQLWLRQ PRGHO WR H[DPLQH WKH HIIHFW RI SDUWLFOH�VL]H GLVWULEXWLRQ RQ

WKH LJQLWLRQ EHKDYLRU�

�� LQFRUSRUDWH� LI QHFHVVDU\� D VL]H GLVWULEXWLRQ LQWR WKH PRGHO�

�� DSSO\ WKH PRGHO WR H[WUDFW LJQLWLRQ UDWH FRQVWDQWV IURP SUHYLRXVO\ SXEOLVKHG GDWD IURP

FRQYHQWLRQDO H[SHULPHQWV�

�� PRGLI\ WKH PRGHO DQG DSSO\ LW WR RXU ODVHU�EDVHG LJQLWLRQ VWXGLHV IRU GHWHUPLQDWLRQ RI

LJQLWLRQ UDWH FRQVWDQWV�

$OO RI WKH SURMHFW REMHFWLYHV ZHUH DFKLHYHG LQ WKH SHULRG RI WKLV JUDQW� 6RPH VSHFLILF

ILQGLQJV IURP WKLV SURMHFW DUH�

�� LJQLWLRQ WHPSHUDWXUHV PHDVXUHG XVLQJ RXU ODVHU�LJQLWLRQ H[SHULPHQW VKRZHG D ZLGH

UDQJH RI YDOXHV� GXH PRVW OLNHO\ WR WKH ZLGH GLVWULEXWLRQ RI UHDFWLYLW\ DPRQJ FRDO

SDUWLFOHV ZLWKLQ D VDPSOH�

�� WKHUH LV QR DSSDUHQW UHODWLRQ EHWZHHQ FRDO UDQN DQG UHDFWLYLW\ GLVWULEXWLRQ� DV

GHWHUPLQHG E\ RXU PRGHO RI LJQLWLRQ �'$(0,��

�� LJQLWLRQ WHPSHUDWXUHV ZHUH KLJKHVW IRU WKH 3LWWVEXUJK ��� KLJK�YRODWLOH ELWXPLQRXV

FRDO DQG ZDV ORZHU IRU ERWK WKH 3XVW OLJQLWH DQG :\RGDN VXEELWXPLQRXV FRDO� ERWK RI

ZKLFK VKRZHG VLPLODU LJQLWLRQ WHPSHUDWXUHV�

�� EDVHG RQ �� DERYH� LW LV FRQFOXGHG WKDW WKH LJQLWLRQ UHDFWLYLW\ LV KLJKHVW IRU WKH KLJK�

YRODWLOH ELWXPLQRXV FRDO� DQG LV ORZHU IRU WKH OLJQLWH DQG VXEELWXPLQRXV FRDOV�

FRQVLVWHQW ZLWK WKH FRPEXVWLRQ UHDFWLYLW\ RI WKHVH FRDO W\SHV�

�� WKH '$(0, EDVH FDVH VKRZHG WKDW WKH UHVXOWV DUH VHQVLWLYH WR WKH QXPEHU RI SDUWLFOHV

�0� FRQVLGHUHG LQ WKH PRGHO� DV H[SHFWHG�

�� WKH '$(0, EDVH FDVH VKRZHG WKDW WKH PRGHO LV LQVHQVLWLYH WR WKH SDUWLFOH VL]H

GLVWULEXWLRQ� DV D WRS�KDW GLVWULEXWLRQ JDYH VLPLODU UHVXOWV WR WKDW IRXQG XVLQJ D

FRQVWDQW SDUWLFOH VL]H�

�� WKH '$(0,� DOWKRXJK FDSDEOH RI FDSWXULQJ WKH EHKDYLRU RI WKH ODVHU�LJQLWLRQ

H[SHULPHQW� FRXOG QRW EH DGMXVWHG WR DFFXUDWHO\ PRGHO WKH UHVXOWV� GXH PRVW OLNHO\ WR

WKH ZLGH UDQJH RI LJQLWLRQ WHPSHUDWXUHV PHDVXUHG�



��

�� WKH '$(0, DFFXUDWHO\ PRGHOHG WKH UHVXOWV IURP D FRQYHQWLRQDO GURS�WXEH IXUQDFH

H[SHULPHQW EDVHG RQ WZR FRDOV DQG D ZLGH UDQJH RI SDUWLFOH VL]HV DQG R[\JHQ

FRQFHQWUDWLRQ� DQG ZDV VXFFHVVIXO LQ H[WUDFWLQJ WKH LJQLWLRQ UDWH FRQVWDQWV�

%,%/,2*5$3+<

([SHULPHQW

�� (VVHQKLJK� 5� +�� 0DKHQGUD� .� 0�� DQG 6KDZ� '� :� ,JQLWLRQ RI FRDO SDUWLFOHV� $ 5HYLHZ�
&RPEXVWLRQ DQG )ODPH �������� �����

�� &DVVHO� +�0� DQG ,� /LHEPDQ� 7KH &RRSHUDWLYH 0HFKDQLVP LQ WKH LJQLWLRQ RI 'XVW
'LVSHUVLRQV� &RPEXVWLRQ DQG )ODPH ���������� �����

�� &KHQ� -�&�� 0DVD\XNL 7DQLJXFKL� .L\RVKL 1DUDWR DQG .D]X\XNL ,WR� /DVHU ,JQLWLRQ RI
3XOYHUL]HG &RDOV� &RPEXVWLRQ DQG )ODPH ����������� �����

�� %DQG\RSDGK\D\� 6�� DQG %KDGXUL� '� 3UHGLFWLRQ RI ,JQLWLRQ 7HPSHUDWXUH RI D 6LQJOH &RDO
3DUWLFOH� &RPEXVWLRQ DQG )ODPH ����������� �����

�� :DOO� 7� )� DQG *XUXUDMDQ� 9� 6� &RPEXVWLRQ .LQHWLFV DQG WKH +HWHURJHQHRXV ,JQLWLRQ RI
3XOYHUL]HG &RDO� &RPEXVWLRQ DQG )ODPH ����������� �����

�� *XSWD� 5� 3�� *XUXUDMDQ� 9� 6�� :DOO� 7� )�� DQG /XFDV� -� $� ,JQLWLRQ 7HPSHUDWXUH RI
3XOYHUL]HG &RDO 3DUWLFOH� ([SHULPHQWDO WHFKQLTXH DQG &RDO�5HODWHG ,QIOXHQFHV &RPEXVWLRQ
DQG )ODPH ������ ² ���� �����

�� :DOO� 7� )�� *XSWD� 5� 3�� *XUXUDMDQ� 9� 6�� DQG =KDQJ� '� 7KH ,JQLWLRQ� %XUQLQJ UDWH DQG
5HDFWLYLW\ RI 3HWUROHXP &RNH� 7ZHQW\�WKLUG 6\PSRVLXP �,QWHUQDWLRQDO� RQ &RPEXVWLRQ�
7KH &RPEXVWLRQ ,QVWLWXWH� 3LWWVEXUJK� ����� ������������

�� 7RJQRWWL� /�� 0DORWWL� $�� 3HWDUFD� /�� DQG =RQHOOL� 6� 0HDVXUHPHQW RI ,JQLWLRQ
7HPSHUDWXUHV RI &RDO 3DUWLFOHV 8VLQJ D 7KHUPRJUDYLPHWULF 7HFKQLTXH� &RPEXVW� 6FL� DQG
7HFK�� ����� 9RO� ��� ��������

�� %RXNDUD� 5�� *DGLRX� 5�� *LORW� 3�� 'HOIRVVH� /�� DQG 3UDGR� *� 6WXG\ RI WKH ,JQLWLRQ RI
VLQJOH FRDO DQG FKDU SDUWLFOHV LQ D GURS�WXEH IXUQDFH E\ D SUREDELOLW\ PHWKRG� 7ZHQW\�
IRXUWK 6\PSRVLXP �,QWHUQDWLRQDO� RQ &RPEXVWLRQ �&RPEXVWLRQ ,QVWLWXWH� 3LWWVEXUJK� �����
������������

��� 7RPHF]HN� -� DQG :RMFLO� -� $ 0HWKRG RI 'LUHFW 0HDVXUHPHQW RI 6ROLG )XHO 3DUWLFOH
,JQLWLRQ 7HPSHUDWXUH� 7ZHQW\�WKLUG 6\PSRVLXP �,QWHUQDWLRQDO� RQ &RPEXVWLRQ � 7KH
&RPEXVWLRQ ,QVWLWXWH� 3LWWVEXUJK� ����� ������������

��� .DUF]� +�� .RURG� :�� DQG 5\EDN� :� (YDOXDWLRQ RI .LQHWLF 3DUDPHWHUV RI &RDO ,JQLWLRQ�
)XHO� ����� 9RO� ��� 1RYHPEHU ����������

��� :DOO� 7� )�� *XSWD� 5� 3�� *XUXUDMDQ� 9� 6�� DQG 'RQJ�.H =KDQJ� 7KH ,JQLWLRQ RI FRDO
SDUWLFOHV� )XHO� ����� 9RO� ��� 6HSWHPEHU ������������

��� =KDQJ� '�� :DOO� 7� )�� +DUULV� '� -�� 6PLWK� Z�� &KHQ� -�� DQG 6WDQPRUH� %� 5� ([SHULPHQWDO
VWXGLHV RI ,JQLWLRQ EHKDYLRU DQG FRPEXVWLRQ UHDFWLYLW\ RI SXOYHUL]HG IXHO SDUWLFOHV� )XHO�
����� 9RO� �� 1RYHPEHU� ������������



��

��� 'RQJ .H =KDQJ� :DOO� 7� )�� DQG 7DWH� $� *� 7KH 5HDFWLYLW\ RI 3XOYHUL]HG &RDO &KDU
3DUWLFOHV� H[SHULPHQWV XVLQJ LJQLWLRQ� EXUQRXW� DQG '7* WHFKQLTXHV DQG SDUWO\ EXUQW FKDUV�
)XHO ������������� �����

��� 'RQJ .H =KDQJ� DQG :DOO� 7� )� ,JQLWLRQ RI FRDO SDUWLFOHV� WKH LQIOXHQFH RI H[SHULPHQWDO
WHFKQLTXH� )XHO� ���� 9RO� �� ������������

��� 3KRXF� 7� ;�� 0DWKXU� 0� 3�� DQG (NPDQ� -� 0� +LJK�(QHUJ\ 1G�<DJ /DVHU ,JQLWLRQ RI
&RDOV� ([SHULPHQWDO 2EVHUYDWLRQV� &RPEXVWLRQ DQG )ODPH� ��������� �����

��� =KDQJ� '� /DVHU ,QGXFHG ,JQLWLRQ RI 3XOYHUL]HG 3DUWLFOHV� &RPEXVWLRQ DQG )ODPH� �������
���� ����

��� +LOOV� 3� &�� =KDQJ� 3� -�� DQG :DOO� 7� )� /DVHU�,JQLWLRQ RI &RPEXVWLEOH *DVHV E\
5DGLDWLYH +HDWLQJ RI 6PDOO 3DUWLFOHV� &RPEXVWLRQ DQG )ODPH� ����������� �����

��� :RQJ� %� $�� *DYDODV� *� 5�� DQG )ODJDQ� 5� &� /DVHU ,JQLWLRQ RI /HYLWDWHG &KDU 3DUWLFOHV�
)XHO ���� 9RO� � ���� ² ����

��� &R]]DQL 9�� 3HUWDFD /�� 7RJQRWWL� /�� DQG 3LQWXV 6� ,JQLWLRQ DQG &RPEXVWLRQ RI VLQJOH
/HYLWDWHG &KDU 3DUWLFOHV� &RPEXVWLRQ DQG )ODPH� ������������ �����

��� 4X� 0�� ,VKLJDNL� 0�� DQG 7RNXGD 0� ,JQLWLRQ DQG &RPEXVWLRQ RI /DVHU�+HDWHG 3XOYHUL]HG
&RDO� )XHO ���� 9RO� �� ����� ² �����

��� 0XVWL� 6� 6� ,JQLWDELOLW\ RI 9DULRXV &RDOV DV 0HDVXUHG E\ /DVHU ,JQLWLRQ� 0DVWHUV 'HJUHH
RI &KHPLFDO (QJLQHHULQJ� 'HSDUWPHQW RI 1RUWK &DUROLQD $ 	 7 6WDWH 8QLYHUVLW\� �����

&RPSXWDWLRQDO 0RGHO

��� &DVVHO� +�0� DQG ,� /LHEPDQ� 7KH &RRSHUDWLYH 0HFKDQLVP LQ WKH ,JQLWLRQ RI 'XVW
'LVSHUVLRQV� &RPEXVWLRQ DQG )ODPH ���������� �����

��� :DOO� 7�)�� 5� 3� *XSWD� 9� 6� *XUXUDMDQ DQG 'RQJ�NH =KDQJ� 7KH LJQLWLRQ RI FRDO
SDUWLFOHV� )XHO� �����9RO ��� 6HSWHPEHU ������������

��� &KHQ� -�&�� 0DVD\XNL 7DQLJXFKL� .L\RVKL 1DUDWR DQG .D]X\XNL ,WR� /DVHU ,JQLWLRQ RI
3XOYHUL]HG &RDOV� &RPEXVWLRQ DQG )ODPH ����������� �����

��� =KHQJ� '�� :DOO� 7� )�� +DUULV� '� -�� 6PLWK� ,� :�� &KHQ� -�� DQG 6WDQPRUH� %� 5��
([SHULPHQWDO VWXGLHV RI LJQLWLRQ EHKDYLRU DQG FRPEXVWLRQ UHDFWLYLW\ RI SXOYHUL]HG IXHO
SDUWLFOHV� )XHO� ����� 9RO ��1RYHPEHU� ������������

��� %RXNDUD� 5�� *DGLRX� 5�� *LORW� 3�� 'HOIRVVH� /�� DQG 3UDGR� *� 6WXG\ RI 7KH LJQLWLRQ RI
VLQJOH FRDO DQG FKDU SDUWLFOHV LQ D GURS WXEH IXUQDFH E\ D SUREDELOLW\ PHWKRG� 7ZHQW\�
)RXUWK 6\PSRVLXP �,QWHUPDWLRQDO� RQ &RPEXVWLRQ � &RPEXVWLRQ ,QVWLWXWH� 3LWWVEXUJK�
����� ������������

��� &KHQ� -�&�� 'LVWULEXWHG $FWLYDWLRQ (QHUJ\ 0RGHO RI +HWHURJHQHRXV &RDO ,JQLWLRQ�
&RPEXVW� )ODPH ������������ �����

��� 'RQJ .H =KDQJ� 7� )� :DOO� ,JQLWLRQ RI FRDO SDUWLFOHV� WKH LQIOXHQFH RI H[SHULPHQWDO
WHFKQLTXH� )XHO� ����� 9ROXPH �� 1XPEHU � ������������

��� (VVHQKLJK� 5� +�� 0DKHQGUD� .�0�� DQG 6KDZ� '�:� ,JQLWLRQ RI FRDO SDUWLFOHV� $ 5HYLHZ�
&RPEXVWLRQ DQG )ODPH �������� �����



��

��� %DQG\RSDGK\D\� 6�� DQG %KDGXUL� '� 3UHGLFWLRQ RI ,JQLWLRQ 7HPSHUDWXUH RI D 6LQJOH &RDO
3DUWLFOH� &RPEXVWLRQ DQG )ODPH ����������� �����

��� .DUF]� +�� :� .RURG DQG :� 5\EDN� (YDOXDWLRQ RI .LQHWLF 3DUDPHWHUV RI &RDO ,JQLWLRQ�
)XHO� ����� 9RO ��� 1RYHPEHU ����������

��� :DOO� 7�)�� 9� 6� *XUXUDMDQ� &RPEXVWLRQ .LQHWLFV DQG WKH +HWHURJHQHRXV ,JQLWLRQ RI
3XOYHUL]HG FRDO� &RPEXVWLRQ DQG )ODPH ��� �������� ����

��� 'RQJ�NH =KDQJ� 7HUU\ )� :DOO DQG $QWKRQ\ *� 7DWH� 7KH UHDFWLYLW\ RI SXOYHUL]HG FRDO
FKDU SDUWLFOHV� H[SHULPHQWV XVLQJ LJQLWLRQ� EXUQRXW DQG '7* WHFKQLTXHV DQG SDUWO\ EXUQW
FKDUV� )XHO ������������� �����

��� =KDQJ� '� /DVHU�,QGXFHG ,JQLWLRQ RI 3XOYHUL]HG )XHO 3DUWLFOHV� &RPEXVWLRQ DQG )ODPH�
����������� �����

��� 3KXRF� 7� ;�� 0DWKXU� 0� 3�� DQG (NPDQQ� -� 0� +LJK�(QHUJ\ 1G�<DJ /DVHU ,JQLWLRQ RI
&RDOV� ([SHULPHQWDO 2EVHUYDWLRQV� &RPEXVWLRQ DQG )ODPH� ��������� �����

��� +LOOV� 3�&�� '� .� =KDQJ� 3� -� 6DPVRQ� DQG 7� )� :DOO� /DVHU ,JQLWLRQ RI &RPEXVWLEOH *DVHV
E\ 5DGLDWLYH +HDWLQJ RI 6PDOO 3DUWLFOHV� &RPEXVWLRQ DQG )ODPH� ����������� �����

��� 7RPHF]HN� -�� DQG :RMFLO� -� $ PHWKRG RI GLUHFW PHDVXUHPHQW RI VROLG IXHO SDUWLFOH LJQLWLRQ
WHPSHUDWXUH� 7ZHQW\�7KLUG 6\PSRVLXP �,QWHUQDWLRQDO� RQ &RPEXVWLRQ�7KH &RPEXVWLRQ
,QVWLWXWH� 3LWWVEXUJK� ����� ������������

��� /HRQDUGR 7RJQRWWL� $QGUHD 0DORWWL� /XLJL 3HWDUFD� DQG 6HYHULQR =RQHOOL� 0HDVXUHPHQW RI
,JQLWLRQ 7HPSHUDWXUH RI &RDO 3DUWLFOHV 8VLQJ D 7KHUPRJUDYLPHWULF 7HFKQLTXH� &RPEXVW�
6FL� DQG 7HFK�� ����� 9RO� ��� ��������

��� $�0XUW\ .DQXU\� ,QWURGXFWLRQ WR &RPEXVWLRQ 3KHQRPHQD

��� 0XVWL� 6�� ,JQLWDELOLW\ RI YDULRXV FRDOV DV PHDVXUHG E\ ODVHU LJQLWLRQ� 0DVWHU 'HJUHH WKHVLV
RI &KHPLFDO HQJLQHHULQJ GHSDUWPHQW 1RUWK &DUROLQD $	7 6WDWH 8QLYHUVLW\� �����

��� :DOO� 7� )�� *XSWD� 5� 3�� *XUXUDMDQ� 9� 6�� DQG =KDQJ� '� 7KH ,JQLWLRQ� EXULQJ UDWH DQG
UHDFLWLYLW\ RI SHWUROHXP FRNH� 7ZHQW\�7KLUG 6\PSRVLXP �,QWHUQDWLRQDO� RQ
&RPEXVWLRQ�7KH &RPEXVWLRQ ,QVWLWXWH� 3LWWVEXUJK� ����� ������������


