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0DUN -� -DQVHQ

$<7 &RUSRUDWLRQ

%URRN 3DUN� 2KLR �����

:LOOLDP 5� -RQHV� -U�

1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ

*OHQQ 5HVHDUFK &HQWHU

&OHYHODQG� 2KLR �����

5RDPHU (� 3UHGPRUH

1DWLRQDO $HURQDXWLFV DQG 6SDFH $GPLQLVWUDWLRQ

*RGGDUG )OLJKW &HQWHU

*UHHQEHOW� 0DU\ODQG �����

6WXDUW +� /RHZHQWKDO

/RFNKHHG 0DUWLQ 6SDFH 6\VWHPV

6XQQ\YDOH� &DOLIRUQLD �����

6800$5<

$ YDFXXP VSLUDO RUELW UROOLQJ FRQWDFW WULERPHWHU �627� ZDV XVHG WR GHWHUPLQH WKH UHODWLYH OLIHWLPHV RI VHYHUDO

XQIRUPXODWHG VSDFH OLTXLG OXEULFDQWV� 7KH OXEULFDQWV WHVWHG LQFOXGHG D V\QWKHWLF K\GURFDUERQ �3HQQ]DQH ����$��

WKUHH SHUIOXRURSRO\HWKHUV �.U\WR[ ���$&� )RPEOLQ =��� DQG %UD\FR ���=�� WKUHH VLODK\GURFDUERQV �D WUL� D WHWUD�

DQG D SHQWD� DQG D SRO\DOSKDROHILQ �1\H 3$2������ 7KH 627 VLPXODWHV WKH EDOO PRWLRQV LQ DQ DQJXODU FRQWDFW

EHDULQJ DQG WULERFKHPLFDOO\ GHJUDGHV PLFURJUDP TXDQWLWLHV RI OXEULFDQW� 7HVW IDLOXUH LV GHWHUPLQHG ZKHQ D SUHVHW

IULFWLRQ FRHIILFLHQW LV H[FHHGHG� 5HODWLYH OLIHWLPH �RUELWV�µJ� LV GHILQHG DV WKH QXPEHU RI EDOO RUELWV WR IDLOXUH GLYLGHG

E\ WKH DPRXQW RI OXEULFDQW RQ WKH EDOO� &RQGLWLRQV LQFOXGHG� �� WR ��� 530 URWDWLRQDO VSHHG� a�� µJ OXEULFDQW� DQ

LQLWLDO YDFXXP ����[���� 3D� URRP WHPSHUDWXUH �a���&�� D PHDQ +HUW]LDQ VWUHVV RI ��� *3D� DQG ���& VWDLQOHVV

VWHHO VSHFLPHQV� /XEULFDWHG OLIHWLPHV IURP ORQJHVW WR VKRUWHVW ZHUH� 3HQQ]DQH ����$� WKH VLODK\GURFDUERQV DQG

WKH 3$2����� ���$&� =��� DQG WKHQ ���=� 5HODWLYH OLIHWLPHV FRPSDUH IDYRXUDEO\ WR IXOO�VFDOH YDFXXP JLPEDO

EHDULQJ WHVWV� 7KH HIIHFW RI YDU\LQJ WKH PHDQ +HUW]LDQ VWUHVV RQ WKH OLIHWLPH RI VRPH RI WKH OXEULFDQWV ZDV

H[DPLQHG�

,1752'8&7,21

+LVWRULFDOO\� OXEULFDQWV IRU VSDFH DSSOLFDWLRQV KDYH

EHHQ FKRVHQ XSRQ WKH EDVLV RI SDVW H[SHULHQFH ZLWK

WKH OXEULFDQW �KHULWDJH� UDWKHU WKDQ RQ WKH ODWHVW

WHFKQRORJ\ RU EHVW OXEULFDQW DYDLODEOH� 7KLV DSSURDFK

ZRUNHG ZKHQ PLVVLRQ OLIHWLPHV ZHUH VKRUW DQG GXW\

F\FOHV ZHUH OLPLWHG� EXW ZLWK UHFHQW LPSURYHPHQWV LQ

PDQ\ VSDFH V\VWHPV >�@� OXEULFDWLRQ KDV EHFRPH WKH

FDXVH RI PDQ\ PLVVLRQ IDLOXUHV DQG DQRPDOLHV >�@�

,Q RUGHU WR LQFRUSRUDWH QHZ OXEULFDQWV RU OXEULFDQW

DGGLWLYHV� HYDOXDWLRQ RI ORQJ�WHUP WULERORJLFDO

SHUIRUPDQFH LV QHFHVVDU\� ,GHDOO\� WHVWLQJ RI DFWXDO

FRPSRQHQWV XQGHU UHDOLVWLF FRQGLWLRQV ZRXOG EH

SUHIHUUHG� +RZHYHU WKH H[WHQGHG PLVVLRQ OLIHWLPHV

UHTXLUHG IRU PDQ\ VSDFHFUDIW VXFK DV GHHS VSDFH

SUREHV� ZHDWKHU VDWHOOLWHV� DQG VXUYHLOODQFH V\VWHPV�

PDNH WKHVH WHVWV XQIHDVLEOH� 7KHUHIRUH� DFFHOHUDWHG

WHVWV DUH UHTXLUHG WR TXDOLI\ OXEULFDQWV EHIRUH

FRPPLWWLQJ WKHP WR VSDFHFUDIW XVH�

3UHIHUDEO\� DV PDQ\ HOHPHQWV RI WKH DFFHOHUDWHG WHVW

DV SRVVLEOH VKRXOG PLPLF WKRVH RI WKH ILQDO

DSSOLFDWLRQ� 7UDGLWLRQDO� WULERORJLFDO WHVWLQJ KDV EHHQ

GHVLJQHG IRU WHUUHVWULDO DSSOLFDWLRQV DQG FRQVLVWV RI

IRXU�EDOO� SLQ�RQ�GLVN� &DPHURQ�3OLQW� DQG RWKHUV�

7KHVH WHVWV PHDVXUH EXON ZHDU SURSHUWLHV RU IULFWLRQ

LQ VOLGLQJ RQO\� $OVR� WKH\ DUH W\SLFDOO\ SHUIRUPHG LQ

DLU RU QLWURJHQ UDWKHU WKDQ XQGHU YDFXXP� $ QRWDEOH

H[FHSWLRQ LV WKH HFFHQWULF EHDULQJ WHVW GHYLFH

GHYHORSHG E\ $HURVSDFH &RUS� >�@�

7KH VSLUDO RUELW WULERPHWHU �627� XVHG IRU WKHVH WHVWV

PLPLFV FRQGLWLRQV VHHQ LQ DQ DQJXODU FRQWDFW EDOO

EHDULQJ� D SULPDU\ FRPSRQHQW RI PDQ\ VSDFH

PHFKDQLVPV� ,W LV HVVHQWLDOO\ D WKUXVW EHDULQJ ZLWK D

VLQJOH EDOO� ,W RSHUDWHV XQGHU YDFXXP DQG DW VLPLODU

VWUHVV OHYHOV DQG VSHHGV DV LQ DFWXDO DSSOLFDWLRQV�

2QO\ PLFURJUDP TXDQWLWLHV RI OXEULFDQW DUH XVHG DQG

FRPSOHWHO\ FRQVXPHG GXULQJ WKH WHVW� OHDGLQJ WR D

ILQLWH OLIHWLPH� 7KH 627 LV PRUH IXOO\ GHVFULEHG ODWHU

LQ WKLV SDSHU�
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7KH REMHFWLYH RI WKLV ZRUN LV WR HYDOXDWH VHYHUDO

FXUUHQW DQG SRWHQWLDO VSDFH OXEULFDQWV XVLQJ WKH 627�

7KH HIIHFW RI YDU\LQJ WKH PHDQ +HUW]LDQ VWUHVV RQ

VRPH RI WKH OXEULFDQWV ZDV DOVR VWXGLHG� ,Q DGGLWLRQ�

UHVXOWV IURP IXOO�VFDOH YDFXXP EHDULQJ WHVWV DUH

FRPSDUHG WR UHODWLYH OLIHWLPHV IURP WKH 627�

(;3(5,0(17$/

$33$5$786

7KH VSLUDO RUELW WULERPHWHU �627� DSSHDUV LQ )LJXUH ��

)LUVW LQWURGXFHG E\ .LQJVEXU\ >�@� WKH 627 LV

HVVHQWLDOO\ D WKUXVW EHDULQJ ZLWK IODW UDFHV �SODWHV�

DQG D VLQJOH EDOO� 7KH WULERPHWHU VLPXODWHV UROOLQJ�

SLYRWLQJ� DQG VOLGLQJ DV VHHQ LQ DQ DFWXDO DQJXODU

FRQWDFW EHDULQJ� $FFHOHUDWHG WHVWV DUH DFKLHYHG E\

RQO\ XVLQJ PLFURJUDPV RI OXEULFDQW RQ WKH EDOO�

'XULQJ WKH WHVW� WKH OXEULFDQW LV FRPSOHWHO\

FRQVXPHG� UHVXOWLQJ LQ VKRUW WHVW GXUDWLRQ� 7KH

DGYDQWDJH RI WKLV W\SH RI DFFHOHUDWLRQ LV WKDW

RSHUDWLRQDO WHVW SDUDPHWHUV� VXFK DV FRQWDFW VWUHVV�

VSHHG� DQG WHPSHUDWXUH DUH DV WKH\ ZLOO EH LQ WKH

ILQDO DSSOLFDWLRQ�

)LJXUH � ² 9DFXXP 6SLUDO 2UELW 7ULERPHWHU �627�

7KH WULERORJLFDO HOHPHQWV RI WKH V\VWHP DSSHDU LQ

PRUH GHWDLO LQ )LJXUH �� 7KH ORZHU SODWH LV VWDWLRQDU\

ZKLOH WKH WRS SODWH FDQ URWDWH DW VSHHGV XS WR ���

530� 7KH WRS SODWH URWDWLRQ GULYHV WKH EDOO LQ D VSLUDO

RUELW� (YHU\ RUELW� WKH EDOO FRQWDFWV WKH YHUWLFDO JXLGH

SODWH� ZKLFK UHWXUQV LW WR WKH RULJLQDO RUELW UDGLXV� 7KH

VWUDLJKW�OLQH UHJLRQ ZKHUH WKH EDOO FRQWDFWV WKH JXLGH

SODWH LV GHQRWHG DV WKH ´VFUXEµ� 7KH IRUFH WKDW WKH

EDOO H[HUWV RQ WKH JXLGH SODWH GXULQJ WKH VFUXE LV

PHDVXUHG IURP ZKLFK WKH IULFWLRQ FRHIILFLHQW FDQ EH

FDOFXODWHG� $IWHU OHDYLQJ WKH VFUXE� WKH EDOO·V VSLUDO

RUELW EHJLQV DJDLQ� 7KH VSLUDO RUELW DQG VFUXE

FRQVWLWXWH D WUDFN �)LJXUH �� WKDW LV VWDEOH� UHSHDWDEOH�

DQG LV WUDYHUVHG WKRXVDQGV RI WLPHV E\ WKH EDOO� $

GHWDLOHG GHVFULSWLRQ RI WKH WULERPHWHU DQG DQDO\VLV RI

EDOO NLQHPDWLFV DSSHDU LQ 5HIHUHQFHV � WR ��

)LJXUH � ² 'HWDLOHG YLHZ RI WKH 627 FRPSRQHQWV

0($685(0(17 $1' &21752/6

$ FRPSXWHU GDWD DFTXLVLWLRQ �'$4� DQG FRQWURO

V\VWHP GHYHORSHG LQ /DE9,(:� RSHUDWHV WKH

WULERPHWHU� $QDORJ WR GLJLWDO FRQYHUVLRQ LV GRQH

XVLQJ D ���ELW FRPSXWHU FDUG� 7KH '$4

DXWRPDWLFDOO\ LQLWLDWHV URWDWLRQ ZKHQ WKH YDFXXP OHYHO

UHDFKHV ���[���� 3D DQG WHUPLQDWHV URWDWLRQ ZKHQ D

SUHVHW IULFWLRQ FRHIILFLHQW LV H[FHHGHG�

/8%5,&$176

6HYHUDO FODVVHV RI OXEULFDQWV ZHUH VWXGLHG XVLQJ WKH

627� 7KH\ DUH IXOO\ GHVFULEHG EHORZ� /XEULFDQW

SURSHUWLHV DSSHDU LQ 7DEOH ��

6\QWKHWLF +\GURFDUERQV

3RO\DOSKDROHSKLQV DQG PXOWLSO\ DON\ODWHG

F\FORSHQWDQH �0$&� PDNH XS WKLV JURXS�

3RO\DOSKDROHSKLQV LV PDGH E\ WKH ROLJRPHUL]DWLRQ RI

OLQHDU α�ROHILQV KDYLQJ VL[ RU PRUH FDUERQ DWRPV�

0$&V DUH V\QWKHVL]HG E\ UHDFWLQJ F\FORSHQWDGLHQH

ZLWK YDULRXV DOFRKROV LQ WKH SUHVHQFH RI D VWURQJ

EDVH >�@� 7KHQ WKH SURGXFWV DUH K\GURJHQDWHG WR

SURGXFH WKH ILQDO SURGXFW >�@� 7KLV SDSHU IRFXVHV RQ

3HQQ]DQH ����$� ZKLFK LV D WUL���RFW\OGRGHF\O

VXEVWLWXWHG F\FORSHQWDQH >�@� 5HVXOWV LQ RWKHU WHVWV

>�� ��@ KDYH VKRZQ WKLV IOXLG WR EH D SURPLVLQJ QHZ

OXEULFDQW IRU VSDFH PHFKDQLVPV�

6LODK\GURFDUERQV

7KHVH PDWHULDOV� RULJLQDOO\ GHYHORSHG E\ WKH $LU

)RUFH 0DWHULDOV /DERUDWRU\ >��@� FRQWDLQ RQO\ VLOLFRQ�

FDUERQ� DQG K\GURJHQ� 7KHUHIRUH� WKH\ GR QRW H[KLELW

WKH SRRU ERXQGDU\ OXEULFDWLQJ SURSHUWLHV REVHUYHG
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ZLWK VLOLFRQHV� 7KH\ DUH XQLPROHFXODU� KDYH D ZLGH

UDQJH RI DYDLODEOH YLVFRVLWLHV� DQG KDYH H[FHOOHQW

YRODWLOLW\ FKDUDFWHULVWLFV >��@� 7KHUH DUH WKUHH W\SHV

�WUL� WHWUD� SHQWD� DYDLODEOH EDVHG XSRQ WKH QXPEHU RI

VLOLFRQ DWRPV SUHVHQW >��� ��@�

3HUIOXRURSRO\DON\OHWKHUV �3)3$(�

3HUIOXRURSRO\DON\OHWKHUV DUH WKH KHULWDJH VSDFH

OXEULFDQWV� XVHG VLQFH WKH LQFHSWLRQ RI WKH VSDFH

SURJUDP� 7KH\ DUH DYDLODEOH LQ WKH IRUP RI D

EUDQFKHG IOXLG� .U\WR[� PDQXIDFWXUHG E\ 'X3RQW� DQG

D OLQHDU IOXLG� )RPEOLQ =� PDQXIDFWXUHG E\

0RQWHIOXRXV >�@� %UD\FR ���= LV D OLQHDU IOXLG EDVHG

RQ WKH =��� VWUXFWXUH� EXW IXUWKHU SURFHVVHG E\ WKH

VXSSOLHU &DVWURO�

627 63(&,0(1 0$7(5,$/6

7KH EDOO� JXLGH SODWH� DQG GLVNV ZHUH PDGH IURP

KDUGHQHG �5Fa���� $,6, ���& VWDLQOHVV VWHHO� %HIRUH

HDFK WHVW� WKH JXLGH SODWH DQG GLVNV ZHUH SROLVKHG WR

DQ DYHUDJH VXUIDFH URXJKQHVV �5D� RI ���� PLFURQV

�� µLQ�� 7KH EDOO ZDV JUDGH �� DQG KDG D 5D RI ����

PLFURQV �� µLQ��

7DEOH � ² 3URSHUWLHV RI 7HVW /XEULFDQWV
9LVFRVLW\ �F6� 9DSRU 3UHVVXUH

/XEULFDQW ���& ����& �7RUU DW ���&�

3����$ ��� �� �����

7ULVLOD ��� �� ����

7HWUDVLOD ��� �� ����

3HQWDVLOD ��� �� ����

3$2 ��� ���� ��� 1RW 0HDVXUHG

���$& ��� �� ����

=�� ��� �� �����

���= ��� �� �����

352&('85(

35(3$5$7,21

7KH SDUWV ZHUH FOHDQHG XVLQJ D OHYLJDWHG DOXPLQD�

SROLVKLQJ FRPSRXQG DQG ULQVHG ZLWK WDS ZDWHU� 7KH

EDOO� GLVNV� DQG JXLGH SODWH ZHUH VHTXHQWLDOO\ SODFHG

LQ DQ XOWUDVRQLF EDWK IRU ILYH PLQXWHV XVLQJ HDFK RI

WKH IROORZLQJ VROYHQWV� KH[DQH� PHWKDQRO� DQG

GLVWLOOHG ZDWHU� 7KH\ ZHUH WKHQ ULQVHG XOWUDVRQLFDOO\

IRU RQH PRUH PLQXWH LQ PHWKDQRO� GULHG ZLWK QLWURJHQ�

DQG SODFHG LQWR WKH 89�R]RQH ER[ IRU ILIWHHQ PLQXWHV

>��@� 7KH EDOO ZDV URWDWHG HYHU\ ILYH PLQXWHV WR

HQVXUH WKDW WKH HQWLUH VXUIDFH KDG EHHQ WUHDWHG� 7KH

VDPSOHV ZHUH UHPRYHG� WKH EDOO ZDV OXEULFDWHG� DQG

WKH RWKHU SDUWV SODFHG LQWR D YDFXXP V\VWHP�

/8%5,&$7,21

7KH EDOO ZDV ZHLJKHG GU\� 7KHQ� D GLOXWH VROXWLRQ RI

OXEULFDQW ZDV GULSSHG RQWR WKH EDOO ZKLOH LW ZDV KHOG

DW D SRLQW FRQWDFW DQG VSXQ� 7KH VROYHQW ZDV

DOORZHG WR HYDSRUDWH DQG WKHQ WKH EDOO ZDV

UHZHLJKHG XVLQJ D VHQVLWLYH EDODQFH� 7KLV PHWKRG

DOORZHG IRU D UHSHDWDEOH OXEULFDQW FKDUJH RI

DSSUR[LPDWHO\ �� PLFURJUDPV�

7(67 6(783

2QFH WKH VDPSOHV KDG EHHQ FOHDQHG� WKH JXLGH SODWH

DQG GLVNV ZHUH LQVWDOOHG LQ WKH WULERPHWHU� 7KHQ� WKH

EDOO ZDV LQVHUWHG VR WKDW LW ZDV WRXFKLQJ WKH JXLGH

SODWH� 7KLV ZDV GRQH WR HQVXUH WKDW WKH EDOO ZDV

DOZD\V DW WKH VDPH WUDFN GLDPHWHU DQG WKHUH ZDV QR

¶UXQ�LQ· WLPH ² RU UHYROXWLRQV WKDW WKH EDOO GLG QRW KLW

WKH JXLGH SODWH� 7KH ORDG ZDV DSSOLHG DQG WKH

FKDPEHU HYDFXDWHG�

7(67,1*

7KH H[SHULPHQW ZDV DXWRPDWLFDOO\ VWDUWHG DIWHU WKH

YDFXXP OHYHO GURSSHG EHORZ ���[���� 3D� $OO WHVWV

ZHUH SHUIRUPHG XVLQJ D PHDQ +HUW]LDQ VWUHVV RI ���

*3D DQG D WRS GLVN URWDWLRQDO VSHHG RI ��� 530�

7KH '$4 FRQVWDQWO\ PRQLWRUHG JXLGH SODWH IRUFH�

ORDG� SUHVVXUH� UHYROXWLRQV� DQG FRQWDFW UHVLVWDQFH�

7KH WHVW ZDV WHUPLQDWHG ZKHQ D FRHIILFLHQW RI IULFWLRQ

RI ���� ZDV H[FHHGHG� )RU VRPH RI WKH OXEULFDQWV�

WHVWV ZHUH SHUIRUPHG ZLWK WKH PHDQ +HUW]LDQ VWUHVV

OHYHO DW ���� ���� DQG ��� *3D� $ W\SLFDO IULFWLRQ WUDFH

DSSHDUV LQ )LJXUH ��
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5(68/76

/,)(7,0( 5(68/76

1RUPDOL]HG OLIHWLPH ZDV GHWHUPLQHG DV WKH QXPEHU RI

EDOO RUELWV WR IDLOXUH� GHWHUPLQHG ZKHQ WKH IULFWLRQ

FRHIILFLHQW H[FHHGHG ����� GLYLGHG E\ WKH OXEULFDQW

FKDUJH RQ WKH EDOO� $ PLQLPXP RI IRXU WHVWV ZLWK

HDFK OXEULFDQW ZHUH SHUIRUPHG� 5HVXOWV DUH VKRZQ

JUDSKLFDOO\ LQ )LJXUH �� 3HQQ]DQH ����$ \LHOGHG WKH

ORQJHVW OLIHWLPH� IROORZHG E\ WKH VLODK\GURFDUERQV DQG

WKH 1\H 3$2����� ZKLFK VWDWLVWLFDOO\ \LHOGHG WKH

VDPH OLIHWLPHV� 2I WKH 3)3(V� .U\WR[ ���$& KDG

WKH ORQJHVW OLIH� IROORZHG E\ )RPEOLQ =��� %UD\FR

���=� 1RUPDOL]HG OLIHWLPHV DQG LQLWLDO IULFWLRQ

FRHIILFLHQWV DSSHDU LQ 7DEOH ��
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)LJXUH � ² 5HODWLYH OLIHWLPHV DW ��� *3D RI VHYHUDO VSDFH

OXEULFDQWV XVLQJ WKH 627

7DEOH � ² 1RUPDOL]HG OLIHWLPHV DQG LQLWLDO IULFWLRQ

FRHIILFLHQWV

/XEULFDQW

1RUPDOL]HG

/LIHWLPH

�2UELWV�µJ�

,QLWLDO )ULFWLRQ

&RHIILFLHQW

3����$ ���� � ���� ����

7ULVLOD ��� � ��� ����

7HWUDVLOD ���� � ��� ����

3HQWDVLOD ��� � ��� ����

3$2 ��� ��� � ��� ����

���$& ��� � �� ����

=�� �� � �� ����

���= �� � �� ����

675(66 /(9(/ 7(676

7KH HIIHFW RI VWUHVV RQ OXEULFDWHG OLIHWLPH XVLQJ WKH

627 ZDV SUHYLRXVO\ H[DPLQHG IRU .U\WR[ ���$& >��@

DQG 3HQQ]DQH ����$ >��@� 6LPLODU WHVWV ZHUH

SHUIRUPHG XVLQJ )RPEOLQ =��� 7HVWV ZHUH SHUIRUPHG

DW WKUHH PHDQ +HUW]LDQ VWUHVV OHYHOV� ���� ���� DQG

��� *3D� 5HVXOWV DUH VKRZQ LQ )LJXUH ��
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675(66 $1' /2$' /(9(/

$ VLPLODU WUHQG ZLWK DOO WKUHH OXEULFDQWV LV REVHUYHG

ZKHQ WKH\ DUH VXEMHFWHG WR YDU\LQJ +HUW]LDQ VWUHVV�

7KHUH LV DQ H[SRQHQWLDO GHFUHDVH LQ OLIHWLPH DV VWUHVV

OHYHO LV LQFUHDVHG� (QHUJ\ GLVVLSDWLRQ GXULQJ WKH

UROOLQJ�VOLGLQJ RI WKH EDOO DJDLQVW WKH SODWHV LV WKH

GULYLQJ IRUFH EHKLQG OXEULFDQW GHJUDGDWLRQ LQ WKH 627�

7KH WRWDO HQHUJ\ GLVVLSDWLRQ SHU XQLW WLPH LV WHUPHG

VHYHULW\� $ GHWDLOHG DQDO\VLV RI HQHUJ\ ORVV LQ WKH

627 DSSHDUV LQ 5HIHUHQFH � DQG RI WKH UROH RI

VHYHULW\ LQ OXEULFDQW GHJUDGDWLRQ LQ 5HIHUHQFH ���

/LIH YDULHV LQYHUVHO\ ZLWK ORDG WR WKH ��� SRZHU IRU

.U\WR[ ���$& DQG WR ��� SRZHU IRU WKH RWKHU WZR RLOV

DV VKRZQ LQ )LJXUH �� 7KLV H[SRQHQW LV VRPHZKDW

KLJKHU WKDQ XQLW\ IRU VLPSOH HQHUJ\ GLVVLSDWLRQ�

+RZHYHU� GHWDLOHG DQDO\VLV RI WKH NLQHPDWLFV LQ WKH

627 \LHOGV DQ HVWLPDWHG H[SRQHQW RI ²����� 7KLV

FRPSDUHV YHU\ ZHOO ZLWK WKH H[SHULPHQWDOO\

PHDVXUHG H[SRQHQWV�
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,QVWUXPHQW VFDQQHU EHDULQJ OLIH WHVWV ZLWK RLOV VLPLODU

WR WKRVH WHVWHG LQ WKH 627 KDYH EHHQ LQ SURJUHVV IRU

ILYH \HDUV >��@� 7KHVH WHVWV XVH KDUG SUHORDGHG

����� *3D PHDQ +HUW] VWUHVV� DQJXODU FRQWDFW�

WRUTXH WXEH W\SH� EDOO EHDULQJV� 7KH EHDULQJV

FRQWLQXRXVO\ GLWKHU RYHU D VLPXODWHG VFDQQHU F\FOH RI

± ��°� %HDULQJV FOHDQHG ZLWK WKUHH QRQ�R]RQH�

GHSOHWLQJ VROYHQWV SURYLGHG FRPSDUDEOH OLYHV WR WKH

EDVHOLQH )UHRQ VROYHQW�

5HVXOWV IRU D IRUPXODWHG 3HQQ]DQH ������ DQG %UD\

���= DSSHDU LQ )LJXUH � WRJHWKHU ZLWK ILYH SDLUV RI

.U\WR[ ���$% OXEULFDWHG EHDULQJV WKDW ZHUH ODWHU

DGGHG WR WKH WHVW� $OO HLJKW SDLUV RI ���= DQG IRXU RXW

RI ILYH SDLUV RI ���$% EHDULQJV KDYH IDLOHG WKXV IDU�

+RZHYHU� VL[ RXW RI WKH WHQ RI WKH �����OXEULFDWHG

EHDULQJV DUH VWLOO UXQQLQJ DW QHDUO\ ��� PLOOLRQ F\FOHV�

1R DSSDUHQW WUHQG ZLWK FOHDQHU ZDV REVHUYHG� 7KH

OLYHV ZLWK DOWHUQDWH VROYHQWV RIWHQ ZHUH EHWWHU WKDQ

WKH EDVHOLQH )UHRQ���� FOHDQHU�

,Q NHHSLQJ ZLWK WKH UHVXOWV IURP WKH 627� WKH ���� RLO

HQMR\V D VLJQLILFDQW OLIH DGYDQWDJH RYHU ERWK WKH

���$% DQG WKH ���= RLOV� &XUUHQWO\ WKH ���� WHVW

EHDULQJV VKRZ D VHYHQ WLPHV KLJKHU /�� OLIH ����

EHDULQJ VXUYLYDO UDWH� WKDQ WKH ���= EHDULQJV �VHH
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)LJXUH � ² 5HODWLYH /LIH RI 6FDQQHU %HDULQJ ZLWK 9DULRXV &OHDQHUV
DQG 3HQQ]DQH ����� .U\WR[ ���$%� DQG %UD\ ���= RLOV �


LQGLFDWHV WHVW LV VWLOO UXQQLQJ�

)LJXUH � ² /LIH RI 6FDQQHU %HDULQJV XVLQJ :HLEXOO 6WDWLVWLFV

7KH OLYHV RI WKH ���$% OXEULFDWHG EHDULQJV ZHUH

VWDWLVWLFDOO\ FRPSDUDEOH WR WKRVH OXEULFDWHG ZLWK ���=

RLO� 7KLV DOVR FRUUHODWHV ZLWK WKH 627 GDWD �VHH )LJV�

� DQG ��� ZKLFK VKRZV WKDW ERWK RLOV KDYH

FRPSDUDEOH OLYHV DW ORZHU VWUHVV OHYHOV �EHORZ �

*3D�� 7KLV LV LQ NHHSLQJ ZLWK WKH ���� *3D PHDQ

FRQWDFW VWUHVV OHYHO RI VFDQQHU EHDULQJ WHVW >��@� $W

WKHVH ORZHU VWUHVV OHYHOV� RQH PLJKW H[SHFW WKDW WKH

HQKDQFHG FKHPLFDO VWDELOLW\ RI WKH EUDQFKHG ���$%

3)3( RLO RYHU WKH OLQHDU ���= ZRXOG QRW EH DV

DSSDUHQW DV LW ZRXOG EH XQGHU PRUH VHYHUH

FRQGLWLRQV�
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6\QWKHWLF K\GURFDUERQ RLOV �3HQQ]DQH ����$ DQG

VLODK\GURFDUERQV� SURYLGH DQ RUGHU PDJQLWXGH OLIH

DGYDQWDJH RYHU WUDGLWLRQDO 3)3( VSDFH RLOV

DFFRUGLQJ WR WKH 627 UHVXOWV� 6LPLODU UHVXOWV ZHUH

REWDLQHG ZLWK IXOO VFDOH� VFDQQHU EHDULQJ OLIH WHVWV

ZKHUH D VHYHQ WLPHV OLIH DGYDQWDJH ZDV REWDLQHG

EHWZHHQ ���� DQG ���= RLOV� /LIH ZDV IRXQG WR YDU\

LQYHUVHO\ ZLWK ORDG WR WKH ²��� WR ���� SRZHU IROORZLQJ

DQ DSSUR[LPDWH HQHUJ\ GLVVLSDWLRQ UHODWLRQVKLS IRU

OXEULFDQW GHJUDGDWLRQ

5()(5(1&(6

1.  )OHLVKDXHU� 3�'�� +LOWRQ� 0�5�� ´$VVHVVPHQW RI WKH
7ULERORJLFDO 5HTXLUHPHQWV RI $GYDQFHG 6SDFHFUDIW
0HFKDQLVPVµ� $HURVSDFH &RUS� 5HSRUW 7��)����
�������� �����

2.  -RQHV� :�5� -U�� -DQVHQ� 0�-�� ´6SDFH 7ULERORJ\µ�
0RGHUQ 7ULERORJ\ +DQGERRN 9RO� ,,� SS ����������
&5& 3UHVV� 1HZ <RUN� �����

3.  &DUUp� '� -�� ´7KH 3HUIRUPDQFH RI
3HUIOXRURSRO\DON\OHWHU 2LOV 8QGHU %RXQGDU\
/XEULFDWLRQ &RQGLWLRQVµ� 7ULE� 7UDQV�� ��� �� ��������
�����

4.  .LQJVEXU\� (�� ´7ULERORJ\ LQ 6ORZ 5ROOLQJ %HDULQJVµ�
0DWHU� 5HV� 6RF� 6\P� 3URF� � ���� �������� �����

5.  -RQHV� :�5�� -U�� 3HSSHU� 6�9�� -DQVHQ� 0�-�� 1JX\HQ�
4�1�� .LQJVEXU\� (�3�� /RHZHQWKDO� 6�� 3UHGPRUH�
5�(�� ´$ 1HZ $SSDUDWXV WR (YDOXDWH /XEULFDQWV IRU
6SDFH $SSOLFDWLRQV ² 7KH 6SLUDO 2UELW 7ULERPHWHU
�627�µ� 6$( ,QW� 6SULQJ )XHOV 	 /XE� 0HHW� 	 ([SRV� �
SDSHU ������������� -XQH �����

6.  3HSSHU� 6�9�� .LQJVEXU\� (�� (ELKDUD� %�7�� ´$ 5ROOLQJ
(OHPHQW 7ULERPHWHU IRU WKH 6WXG\ RI /LTXLG /XEULFDQWV
LQ 9DFXXPµ� 1$6$ 73 ����� 2FWREHU �����

7.  9HQLHU� &�*�� &DVVHUO\� (�:�� ´&\FOR�DOLSKDWLFVµ�
6\QWKHWLF /XEULFDQWV DQG +LJK 3HUIRUPDQFH
)XQFWLRQDO )OXLGV� 5� 6KXENLQ� HG�� �������� �����

8.  9HQLHU� &�*�� &DVVHUO\� (�:�� ´0XOWLSO\�$ON\ODWHG
&\FORSHQWDQHV �0$&V�� $ 1HZ &ODVV RI 6\QWKHVL]HG
+\GURFDUERQ )OXLGVµ� /XEU� (QJU�� ��� �� ��������
�����

9.  &DUUp� '�-�� .DORJHUDV� &�*�� 'LG]LXOLV� 6�9��
)OHLVKDXHU� 3�'�� %DXHU� 5�� ´5HFHQW ([SHULHQFH ZLWK
6\QWKHWLF +\GURFDUERQ /XEULFDQWV IRU 6SDFHFUDIW
$SSOLFDWLRQVµ� $HURVSDFH 5HSRUW 75������������
�����

10.  %URZQ� 3�/�� 0LOOHU� -�%�� -RQHV� :�5�� -U��
5DVPXVVHQ� .�� :KHHOHU� '�:�� 5DQD� 0�� 3HUL� )��
´7KH &ORXGV DQG WKH (DUWK·V 5DGLDQW (QHUJ\ 6\VWHP
(OHYDWLRQ %HDULQJ $VVHPEO\ /LIH 7HVWµ� ��UG $HUR�
0HFK� 6\PS�� 3DVDGHQD� &DOLIRUQLD� 1$6$ &3������
������� �����

11.  6Q\GHU� &�(�� *VFKZHQGHU� /�-�� 5DQGROSK� %�%��
3DFLRUHN� .�-�/�� 6KLK� -�*�� &KHQ� *�-�� ´5HVHDUFK
DQG 'HYHORSPHQW RI /RZ�9RODWLOLW\ /RQJ /LIH
6LODK\GURFDUERQ�%DVHG /LTXLG /XEULFDQWV IRU 6SDFHµ�
/XEH� (QJU�� ��� �������� �����

12.  -DQVHQ� 0�-�� -RQHV� :�5�� -U�� *VFKZHQGHU� /�-��
6Q\GHU� &�(�� 6KDUPD� 6�.�� 3UHGPRUH� 5�(�� 'XEH�
0�-�� ´7KH 7ULERORJLFDO 3URSHUWLHV 2I 6HYHUDO
6LODK\GURFDUERQV IRU XVH LQ 6SDFH 0HFKDQLVPVµ�
1$6$ 70 WR EH SXEOLVKHG� �����

13.  3DFLRUHN� .�-�/�� 6KLK� -�*�� .UDW]HU� 5�+�� 5DQGROSK�
%�� 6Q\GHU� &�(�� ´3RO\VLOD�K\GURFDUERQ 6\QWKHWLF
)OXLGV� �� 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI
7ULVLODK\GURFDERQVµ� ,	(& 5HVHDUFK� ��� ����������
�����

14.  3DFLRUHN� .�-�/�� 6KLK� -�*�� .UDW]HU� 5�+�� 5DQGROSK�
%�� 6Q\GHU� &�(�� ´3RO\VLOD�K\GURFDUERQ 6\QWKHWLF
)OXLGV� �� 6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI
7HWUDVLODK\GURFDERQVµ� ,	(& 5HVHDUFK� ��� �����
����� �����

15.  9LJ� -�5�� ´89�2]RQH &OHDQLQJ RI 6XUIDFHVµ� -� 9DF�
6FL� 7HFKQRO� $� �� ���������� 0D\�-XQH �����

16.  -RQHV� :�5�� -U�� 3HSSHU� 6�9�� -DQVHQ� 0�-�� 1JX\HQ�
4�1�� :KHHOHU� '�5�� 6FKU|HU� $�� ´7KH (IIHFW RI
6WUHVV DQG 7L& &RDWHG %DOOV RQ /LIHWLPH RI D
3HUIOXRURSRO\DON\OHWKHU 8VLQJ $ 9DFXXP 5ROOLQJ
&RQWDFW 7ULERPHWHUµ� 1$6$ 70������������� 0DUFK
�����

17.  -DQVHQ� 0�-�� -RQHV� :�5�� -U�� 3HSSHU� 6�9��
:KHHOHU� '�5�� 6FKU|HU� $�� )O�KPDQQ� )��
/RHZHQWKDO� 6�+�� 6KRJULQ� %�$�� ´7KH (IIHFW RI 7L&
&RDWHG %DOOV DQG 6WUHVV RQ WKH /XEULFDQW /LIHWLPH RI D
6\QWKHWLF +\GURFDUERQ �3HQQ]DQH ����$� 8VLQJ D
9DFXXP 6SLUDO 2UELW 7ULERPHWHUµ� 1$6$ 70������
������� 2FWREHU �����

18.  /RHZHQWKDO� 6�+�� -RQHV� :�5�� -U�� DQG 3UHGPRUH�
5�(�� ´/LIH RI 3HQQ]DQH DQG ���=²/XEULFDWHG
,QVWUXPHQW %HDULQJV &OHDQHG :LWK 1RQ�&)&
6ROYHQWVµ� (6$ 63����� 3URF RI WKH �WK (XURSHDQ
6SDFH 0HFKDQLVPV 	 7ULERORJ\ 6\PSRVLXP� 6HSW�
����
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Relative Lifetimes of Several Space Liquid Lubricants
Using a Vacuum Spiral Orbit Tribometer (SOT)

A vacuum spiral orbit rolling contact tribometer (SOT) was used to determine the relative lifetimes of several unformu-
lated space liquid lubricants. The lubricants tested included a synthetic hydrocarbon (Pennzane 2001A), three
perfluoropolyethers (Krytox 143AC, Fomblin Z25, and Brayco 815Z), three silahydrocarbons (a tri, a tetra, and a penta)
and a polyalphaolefin (Nye PAO–100). The SOT simulates the ball motions in an angular contact bearing and
tribochemically degrades microgram quantities of lubricant. Test failure is determined when a preset friction coefficient
is exceeded. Relative lifetime (orbits/µg) is defined as the number of ball orbits to failure divided by the amount of
lubricant on the ball. Conditions included: 10 to 200 rpm rotational speed, ~50 µg lubricant, an initial vacuum
<1.3×10–6 Pa, room temperature (~23 °C), a mean Hertzian stress of 1.5 GPa, and 440C stainless steel specimens.
Lubricated lifetimes from longest to shortest were: Pennzane 2001A, the silahydrocarbons and the PAO–100, 143AC,
Z25, and then 815Z. Relative lifetimes compare favourably to full-scale vacuum gimbal bearing tests. The effect of
varying the mean Hertzian stress on the lifetime of some of the lubricants was examined.
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