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0HFKDQLFDO (QJLQHHULQJ 'HSDUWPHQW �'(0�((�8)5-�� &�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

MEUORXUHLUR#VHUY�FRP�XIUM�EU

'DQLHO GR $PDUDO 5RGULJXHV

0HFKDQLFDO (QJLQHHULQJ 'HSDUWPHQW �'(0�((�8)5-�� &�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

GDURGULJXHV#VHUY�FRP�XIUM�EU

0DUFLR &DWDOGL

0HFKDQLFDO (QJLQHHULQJ 3URJUDP �3(0�&233(�8)5-�� &�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

PFDWDOGL#VHUY�FRP�XIUM�EU

$WLOD 3� 6LOYD )UHLUH

0HFKDQLFDO (QJLQHHULQJ 3URJUDP �3(0�&233(�8)5-�� &�3� ������ ��������� � 5LR GH -DQHLUR � %UD]LO�

DWLOD#VHUY�FRP�XIUM�EU

$EVWUDFW� 7KLV SDSHU FRQFHUQV WKH XVH RI WKHUPDO DQHPRPHWU\ IRU VLPXOWDQHRXV PHDVXUHPHQWV RI YHORFLW\ DQG WHP�

SHUDWXUH nHOGV LQ ZLQG WXQQHO VLPXODWHG DWPRVSKHULF oRZV� 7KH H[SHULPHQWV ZHUH FDUULHG RXW LQ IDFLOLWLHV RI WKH /DERUDWRU\

RI 7XUEXOHQFH 0HFKDQLFV�3(0�&233(�8)5-�� DQG D GHWDLOHG GHVFULSWLRQ RI WKH ZKROH H[SHULPHQWDO DSSDUDWXV DQG

FDOLEUDWLRQ SURFHGXUHV LV JLYHQ� 7KLV ZRUN LV IRFXVHG RQ WKH LQYHVWLJDWLRQ RI WKH PRVW VXLWDEOH FDOLEUDWLRQ ODZV� DPRQJ

D VHW FODVVLFDO RQHV� IRU VLQJOH DQG ;�KRW�ZLUHV DV ZHOO DV FROG�ZLUHV IRU PHDVXUHPHQWV LQ ORZ 5H\QROGV QXPEHU DQG

VWUDWLnHG oRZV� 7KH DGYDQWDJHV DQG OLPLWDWLRQV RI WKH PHWKRGV ZLOO EH GLVFXVVHG� 7KH UHVXOWV DUH VKRZQ LQ WKH IRUP RI

WDEOHV� HTXDWLRQV DQG FDOLEUDWLRQ FXUYHV IRU WHPSHUDWXUH DQG YHORFLW\ GDWD� DQG IRU WZR FRPSRQHQWV RI YHORFLW\� $ FDUHIXO

XQFHUWDLQW\ DQDO\VLV RI WKH UHVXOWV LV DOVR JLYHQ� 6RPH PHDVXUHPHQWV RI VLPXODWHG VWUDWLnHG DWPRVSKHULF FRQGLWLRQV DUH

SUHVHQWHG VR DV WR LOOXVWUDWH WKH SRWHQFLDO RI KRW ZLUH DQHPRPHWU\ IRU H[WUDFWLQJ LQIRUPDWLRQ RQ YDULRXV DVSHFWV RI WKH

WXUEXOHQW PRWLRQ�

.H\ZRUGV� 7XUEXOHQFH� H[SHULPHQWDO PHWKRGV� KRW�ZLUH DQHPRPHWU\� WHPSHUDWXUH PHDVXUHPHQWV� FDOLEUDWLRQ� VWUDWLnHG

oRZV�

�� ,QWURGXFWLRQ

7KH DWPRVSKHULF ERXQGDU\ OD\HU KDV DOZD\V DURXVHG PXFK LQWHUHVW DQG VSHFXODWLRQ IURP VFLHQWLVWV� %HFDXVH

WKH ERXQGDU\ OD\HU RFFXSLHV WKH ORZHVW ��������P RI WKH HDUWK
V VXUIDFH ZKHUH WXUEXOHQW PRWLRQV DUH UHVSRQVLEOH

IRU VKDUS JUDGLHQWV RI PRPHQWXP� KHDW DQG ZDWHU YDSRXU LWV EHKDYLRXU PXVW EH ZHOO XQGHVWRRG LI WKH HmHFWV RI

VPDOO VFDOH SKHQRPHQD RQ ZHDWKHU SUHGLFWLRQ DQG FLUFXODWLRQ PRGHOV DUH WR EH DFFRXQWHG IRU� 'HVSLWH WKH JUHDW

LPSRUWDQFH DQG LQoXHQFH RI DWPRVSKHULF oRZV LQ KXPDQ OLYHV DQG DFWLYLWLHV� V\VWHPDWLF VFLHQWLnF LQYHVWLJDWLRQ

RI WKLV UHJLRQ LV FRQnQHG WR WKH ODWHVW �� \HDUV� $OPRVW DOO RI WKDW LQTXLU\� KRZHYHU� KDV EHHQ GHYRWHG WR VLPSOH

VLWXDWLRQV� DV ERXQGDU\ OD\HU oRZ RYHU oDW� RSHQ ODQG� :LWK VRPH LVRODWHG H[FHSWLRQV� WKH H[WHQVLRQ WR PRUH

FRPSOH[ VLWXDWLRQV VXFK DV oDW EXW KHWHURJHQHRXV VXUIDFH� oRZ RYHU KLOOV DQG YDOOH\V KDV EHHQ SXUVXHG RQO\

GXULQJ WKH ODVW �� \HDUV E\ D VPDOO JURZLQJ JURXS RI UHVHDUFKHUV�

7KH UHDVRQV IRU WKH VORZ DFFXPXODWLRQ RI XQGHUVWDQGLQJ LQ WKLV DUHD DUH EDVLFDOO\ WZR� GLpFXOWLHV LQ PHD�

VXUHPHQWV DQG GLpFXOWLHV LQ KDQGOLQJ WKH PDWKHPDWLFDO GHVFULSWLRQ� 7KH URRW FDXVH RI ERWK LV WXUEXOHQFH ^ WKH

FKDRWLF� HVVHQWLDOO\ XQSUHGLFWDEOH YDULDWLRQV LQ DWPRVSKHULF SURSHUWLHV� 7KH GHYHORSPHQW RI NQRZOHGJH LQ WKLV

DUHD FDPH RQO\ ZKHQ IDVW�UHVSRQVH PHDVXUHPHQW WHFKQLTXHV VWDUWHG WR EH XVHG�
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,Q WKH SDVW \HDUV� WKH /DERUDWRU\ RI 7XUEXOHQFH 0HFKDQLFV RI 3(0�&233(�8)5- KDV FRQWLQXRXVO\ LQ�

FUHDVHG LWV LQWHUHVW LQ JHRSK\VLFDO oRZV� SDUWLFXODUO\ LQ ODUJH VFDOH DWPRVSKHULF oRZV� 7KHUHIRUH� JUHDW HmRUW

KDV EHHQ GHGLFDWHG WR UHSURGXFH VXFK IHQRPHQD LQ D ODERUDWRU\ HQYLURQPHQW� 7KLV KDV QDWXUDOO\ OHG WR FRP�

SUHKHQVLYH UHVHDUFK DQG GHYHORSPHQW RI SURMHFWV RQ PHDVXUHPHQW WHFQLTXHV� DFTXLVLWLRQ DQG GDWD WUHDWPHQW�

1RUPDOO\� ZLQG WXQQHOV DUH DVNHG WR UXQ DW KLJK YHORFLWLHV� DV PRVW RI WKH H[SHULPHQWDO IDFLOLWLHV DURXQG

WKHVH GD\V ZHUH EXLOW DLPHG DW DHURQDXWLFDO DSSOLFDWLRQV� ,QVWUXPHQWDWLRQ� WKHUHIRUH� LQFOXGLQJ KDUGZDUH DQG

VRIWZDUH� ZHUH QRUPDOO\ GHYHORSHG IRU KLJK VSHHG oRZV� :LQG WXQQHOV IRU HQYLURQPHQWDO DSSOLFDWLRQV� KRZHYHU�

UXQ DW ORZ VSHHGV� $V VXFK� SDUWLFXODU WHFKQLTXHV KDYH WR EH GHYHORSHG WR KDQGOH WKLV W\SH RI oRZ� ,Q DG�

GLWLRQ� HQYLURQPHQWDO DSSOLFDWLRQV UHTXLUH DOPRVW DV D UROH WKH DQDO\VLV RI oRZV VXEMHFW WR DEUXSW FKDQJHV LQ

WHPSHUDWXUH�

,QYHVWLJDWLRQV RI WKH YHORFLW\ nHOG RQ WXUEXOHQW� XQKHDWHG� VWHDG\ oRZV FRQFHUQLQJ KRW ZLUH DQHPRPHWU\

KDYH DOUHDG\ UHFHLYHG FRQVLGHUDEOH DWWHQWLRQ� +RZHYHU� RQO\ D KDQGIXO VWXGLHV DUH DYDLODEOH IRU XQVWHDG\� KHDWHG

oRZV� 0RVW RI FROG�ZLUH DQHPRPHWU\ OLWHUDWXUH LV UHVWULFWHG WR VLWXDWLRQV ZKHUH RQO\ D VOLJKW FRPSHQVDWLRQ

IRU DPELHQW WHPSHUDWXUH GHYLDWLRQV LV QHHG WR FRUUHFW WKH KRW�ZLUH VLJQDO� %UHPKRVW������ UHYLHZHG GLpFXOWLHV

DQG PHWKRGV DVVRFLDWHG ZLWK FRUUHFW YHORFLW\ PHDVXUHPHQWV LQ KHDWHG oRZV XVLQJ KRW�ZLUH DQHPRPHWHUV DQG

SURSRVHG D PHWKRG IRU DXWRPDWLF FRPSHQVDWLRQ WR JLYH D FRUUHFWHG� LQVWDQWDQHRXV YHORFLW\ VLJQDO E\ XVH RI D

KRW DQG FROG�ZLUH DQHPRPHWHUV VLPXOWDQHRXVO\� 7KH PHWKRG ZDV OLPLWHG WR oRZV ZLWK D VSHFWUDO FRQWHQW EHORZ

WKH FRUQHU IUHTXHQF\ UHVSRQVH RI WKH FROG ZLUH�

1HYHUWKHOHVV� LQ DWPRVSKHULF oRZV� VWUDWLnFDWLRQ FRQGLWLRQV H[HUW D JUHDW LQoXHQFH RQ WKH YHORFLW\ nHOG� UH�

TXLULQJ WKH VLPXOWDQHRXV PHDVXUHPHQW RI LQVWDQWDQHRXV YHORFLW\ DQG WHPSHUDWXUH IRU D FRUUHFW FKDUDFWHUL]DWLRQ

RI DQ\ SKHQRPHQD XQGHU VWXG\� 7KLV ZRUN LV FRQFHUQHG ZLWK DQ H[WHQVLRQ RI UHVLVWDQFH ZLUHV IRU WKH LQYHVWL�

JDWLRQ RQ WKH LQoXHQFH RI WKH WHPSHUDWXUH nHOG LQ WKH SURSHUWLHV RI ERXQGDU\ OD\HUV� VR DV WR REWDLQ D EHWWHU

XQGHUVWDQGLQJ RI WKH PL[LQJ SURFHVVHV LQYROYHG LQ VXFK SUREOHPV�

,Q JHQHUDO� RQH RI WKH PRVW LPSRUWDQW DVSHFWV RI WKHUPDO DQHPRPHWU\ LV WKH DFFXUDWH LQWHUSUHWDWLRQ RI WKH

DQHPRPHWHU VLJQDO� 7KH PDLQ SXUSRVH RI DQ\ VHQVRU FDOLEUDWLRQ LV WR GHWHUPLQH� DV DFFXUDWHO\ DV SRVVLEOH� WKH

UHODWLRQVKLS EHWZHHQ WKH DQHPRPHWHU RXWSXW YROWDJH DQG WKH SK\VLFDO SURSHUW\ XQGHU FRQVLGHUDWLRQ� LQ WKLV FDVH

YHORFLW\ RU WHPSHUDWXUH� +RZHYHU� WKH GLUHFW RXWSXW IURP DOO SUDFWLFDO FDOLEUDWLRQ SURFHGXUHV LV UDZ FDOLEUDWLRQ

GDWD ZKLFK ZLOO FRQWDLQ PHDVXUHPHQWV XQFHUWDLQWLHV� $Q DGGLWLRQDO FRPSOLFDWLRQ LV WKDW WKH WUXH FDOLEUDWLRQ

FXUYH RI WKH SUREH LV QRW NQRZQ� DQG IXUWKHUPRUH LW GHSHQGV RQ SDUWLFXODU FKDUDFWHULVWLFV RI HDFK H[SHULPHQW�

7KH REMHFWLYH RI WKLV ZRUN LV WKHQ WR LQYHVWLJDWH WKH DSSURSULDWH PHWKRG RI FXUYH nWWLQJ WKH GDWD� IRU

PHDVXUHPHQWV RQ VSHFLnF FRQGLWLRQV RI ORZ YHORFLW\ DQG WHPSHUDWXUH JUDGLHQWV� 7KH ZRUN DOVR LQWHQGV WR

PLQLPLVH DQ\ H[SHULPHQWDO HUURU LI D JRRG DFFXUDF\ LV WR EH REWDLQHG� 7KRVH DVSHFWV ZHUH FRQVLGHUHG LQ ERWK

WKH YHORFLW\ DQG WHPSHUDWXUH PHDVXUHPHQWV� ZLWK WKH PDLQ SXUSRVH EHLQJ WR FRPSDUH VHYHUDO FXUYH nWWLQJ

PHWKRGV RQ D FRPPRP EDVLV� E\ XVLQJ WKH VDPH LQSXW GDWD� DQG WR LGHQWLI\ ERWK DFFXUDF\ DQG VXLWDELOLW\ IRU

LPSOHPHQWDWLRQ RQ D PLFURFRPSXWHU�

$ GHWDLOHG GHVFULSWLRQ RI WKH SURFHGXUHV XVHG WR FDOLEUDWH VHQVRUV IRU YHORFLW\ DQG WHPSHUDWXUH PHDVXUHPHQWV�

DQG DOVR WKH FDOLEUDWLRQ SURFHVV RI ; KRW�ZLUHV IRU PHDVXUHPHQWV RI WZR FRPSRQHQWV RI WKH YHORFLW\ YHFWRU LV

JLYHQ� 5HVXOWV DUH VKRZQ LQ WKH IRUP RI WDEOHV� HTXDWLRQV DQG FDOLEUDWLRQ FXUYHV� 0HDVXUHPHQWV RI VWUDWLnHG

ERXQGDU\ OD\HUV LOOXVWUDWHV WKH DFFXUDF\ RI WKH PHWKRG XVHG� $ GLVFXVVLRQ RI XQFHUWDLQW\ DQDO\VLV LV DOVR GRQH�

'HVSLWH WKH FHQWHUHG LQWHUHVW RI WKH SDSHU EH WKH WUHDWPHQW RI oRZV VXEMHFW WR FKDQJHV LQ WHPSHUDWXUH� IRU

WKH VDNH RI FRPSOHWHQHVV� GDWD RQ FRQVWDQW WHPSHUDWXUH oRZV ZLOO DOVR EH SUHVHQWHG�

�� 7KH ([SHULPHQWDO )DFLOLWLHV

���� :LQG 7XQQHOV

7KH /DERUDWRU\ RI 7XUEXOHQFH 0HFKDQLFV KDV WZR RSHQ�FLUFXLW ZLQG WXQQHOV� 2QH RI WKH WXQQHOV� DLPHG

DW HQYLURQPHQWDO oXLG PHFKDQLFV� LV WKH ORZ�YHORFLW\ VWUDWLnHG�oRZ ZLQG WXQQHO� WKDW KDV EHHQ GHVFULEHG LQ

&DWDOGL HW DO�������� 7KH WXQQHO
V PDLQ REMHFWLYH LV WR VLPXODWH VWUDWLnHG DWPRVSKHULF ERXQGDU\ OD\HUV� 6RPH

LPSURYHPHQWV KDYH EHHQ UHFHQWO\ PDGH LQ WKH WXQQHO WR DFKLHYH D EHWWHU UHSUHVHQWDWLRQ RI DWPRVSKHULF oRZV

DQG VLPLODULW\ FRQGLWLRQV� 7KH WHVW VHFWLRQ KDV QRZ DQ RYHUDOO OHQJWK RI ��P� ZLWK D FURVV VHFWLRQ DUHD RI ����

P [ ���� P� 7KH SRVLWLRQ RI WKH URRI FDQ EH DMXVWHG DW ZLOO VR DV WR SURGXFH GLmHUHQW SUHVVXUH JUDGLHQWV� ,Q

WKLV FDVH D VSHFLDO FDUH LV WDNHQ WR VHW WKH SUHVVXUH JUDGLHQW QHDU ]HUR�7KH SRWHQFLDO YHORFLW\ RI WKH ZLQG WXQQHO

YDULHV IURP ]HUR WR ��� P�V� DQG WKH IUHH VWUHDP KDV D WXUEXOHQFH LQWHQVLW\ RI DERXW ���

$ VWUDWLnFDWLRQ VHFWLRQ FRQVLVWLQJ RI �� HOHWULFDO UHVLVWDQFHV LV DEOH WR KHDW WKH oRZ GLmHUHQWLDOO\ XS WR ���

�
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R& � HDFK RI WKH UHVLVWDQFHV FDQ EH FRQWUROOHG LQGLYLGXDOO\� )ROORZLQJ WKH KHDWLQJ VHFWLRQ� WKH oRRU WHPSHUDWXUH

FDQ DOVR EH UDLVHG E\ ��� R& RYHU D �P ORQJ VXUIDFH� E\ D VHULHV RI UHVLVWDQFHV ZLWK D FRQWUROOHG YDULDWLRQ RI

�R&� 7KH WRWDO KHDWLQJ FDSDFLW\ RI HDFK SDQHO LV DERXW � N: P�� 7KH ZKROH IDFLOLW\ LV FDSDEOH RI GHYHORSLQJ

JUDGLHQWV RI XS ��R& DW XQLIRUP PHDQ VSHHGV LQ WKH UDQJH ���^��� P V� VR DV WR JHQHUDWH GLmHUHQW OHYHOV RI

LQVWDELOLW\�

7KH VHFRQG ZLQG WXQQHO LV D ORZ�WXUEXOHQFH ZLQG WXQQHO ZLWK WXUEXOHQFH LQWHQVLW\ OHYHOV RI WKH RUGHU RI �����

7KLV ZLQG WXQQHO FDQ EH VHW WR UXQ DW YHORFLWLHV WKDW FDQ UHDFK �� P�V� WKH WHVW VHFWLRQ LV �P ORQJ� WKH FURVV

VHFWLRQ DUHD LV ���� [ ���� P� 7KLV WXQQHO ZDV DGDSWHG IRU WKH FDOLEUDWLRQ RI WKH FROG�ZLUH ZLWK WKH LQFOXVLRQ RI

D QHZ KHDWLQJ VHFWLRQ� 7KH KHDWLQJ VHFWLRQ ZDV EXLOW ZLWK IRXU HOHFWULFDO UHVLVWDQFHV LQ VHULHV� HDFK RQH RI WKHP

FRQVLVWLQJ RI VWULQJV GLVWULEXWHG WUDQVYHUVDOO\ WR WKH oRZ�

%RWK WXQQHOV KDYH KRQH\FRPEV DQG VFUHHQV WR FRQWURO WKH WXUEXOHQFH OHYHOV DQG WR JDUDQWHH D XQLIRUP oRZ�

7KH FRPSXWHU�FRQWUROOHG WUDYHUVH JHDUV DUH WZR�GLPHQVLRQDO DQG FDSDEOH WR SRVLWLRQ VHQVRUV ZLWK DQ DFFXUDF\

RI ��� PP� 7KH H[SHULPHQWV DUH FRQGXFWHG LQ D FRQWUROOHG HQYLURQPHQW� ZLWK WKH ODERUDWRU\ WHPSHUDWXUH VHW

WR ���� R& h ��� R&�

���� ,QVWUXPHQWDWLRQ

,Q DOO H[SHULPHQWV� VLPXOWDQHRXV PHDVXUHPHQWV RI VWUHDPZLVH YHORFLW\ DQG oXFWXDWLQJ WHPSHUDWXUH ZHUH

REWDLQHG E\ XVLQJ WKHUPDO DQHPRPHWU\� 7KH PHDVXUHPHQWV DFFRXQWHG IRU DQ\ ODUJH WHPSHUDWXUH YDULDWLRQ LQ

LQWHUSUHWLQJ WKH VHQVRU UHVSRQVH� 7R SHUIRUP WKH PHDVXUHPHQWV D WHPSHUDWXUH�FRPSHQVDWHG 'DQWHF SUREH�

PRGHO ��3��� ZDV XVHG� 7KLV SUREH FRQVLVWV RI WZR VHQVRU HOHPHQWV� D KRW�ZLUH DQG D UHVLVWDQFH�ZLUH� XVXDOO\

FDOOHG FROG�ZLUH� VLWXDGHG � PP EHORZ DQG � PP GRZQVWUHDP RI WKH IRUPHU� %RWK VHQVRUV DUH 3W�SODWHG WXQJVWHQ

ZLUHV� � xP LQ GLDPHWHU� RYHUDOO OHQJWK RI �PP DQG VHQVLWLYH ZLUH OHQJWK RI ���� PP� 7KH\ DUH FRSSHU DQG

JROG SODWHG DW WKH HQGV WR DSSUR[LPDWHO\ �� xP� 7KH\ ZHUH FRQQHFWHG UHVSHFWLYHO\ WR D FRQVWDQW WHPSHUDWXUH

EULGJH� 'DQWHF ��0�� DQG WR D FRQVWDQW FXUUHQW EULJGH� 'DQWHF ��&���

)RU WKH PHDVXUHPHQW RI ERWK YHORFLW\ FRPSRQHQWV� X DQG Y� DQ ; KRW�ZLUH 'DQWHF SUREH� PRGHO ��3��� ZDV

XVHG ZLWK WKH VHQVRUV VHW LQ D SODQH SDUDOOHO WR WKH SUREH D[LV� 6XFK SURFHGXUHV DUH VFKHPDWLFDOO\ UHSUHVHQWHG

LQ )LJXUH ��

5HIHUHQFH PHDVXUHPHQWV IRU YHORFLW\ ZDV REWDLQHG IURP D 3LWRW WXEH FRQQHFWHG WR DQ LQFOLQHG PDQRPHWHU�

WHPSHUDWXUH UHIHUHQFH GDWD ZDV REWDLQHG IURP SUHYLRXVO\ FDOLEUDWHG PLFURWKHUPRFRXSOHV�

D a ntec   p r ob e  55 P 76
H o t-w ire  C old -w ire

D a nte c  5 5M 1 0  
C o n sta n t  T e m p er a tu re  

A ne m o m ete r

D a n tec  5 6C 20
C o n s tan t C u rre n t 

A ne m o m ete r

A na lo g F il ter  an d  
A m p lifie r

C o n v e rsio n  B o x  
C h  1 :  C h  2 :

U u ′

C o n v e rsio n  B o x  
C h  1 :  C h  2 :

T t′

D ata  A cq u isi to n B o ard
C I O -D A S 1 4 0 2 /16

D a ta A cq u isi to n   P ro g ra m

D a ntec   p r ob e  55 P 51
H o t-w ir e  ( + 45 0)  H o t-w ire ( - 45 0)  

D a nte c  5 5M 1 0  
C o n sta n t  T e m p er a tu re  

A ne m o m ete r

D a nte c  5 5M 1 0  
C o n sta n t  T e m p er a tu re  

A ne m o m ete r

A na lo g F il ter  an d  
A m p lifie r

C o n v e rsio n  B o x  
C h  1 :  C h  2 :

U u ′

C o n v e rsio n  B o x  
C h  1 :  C h  2 :

V v ′

D ata  A cq u isi to n B o ard
C I O -D A S 1 4 0 2 /16

D a ta A cq u isi to n   P ro g ra m

)LJXUH �� 6FKHPH RI GDWD DFTXLVLWLRQ SURFHGXUH IRU WHPSHUDWXUH DQG YHORFLW\ PHDVXUHPHQWV DQG WZR�FKDQQHO

YHORFLW\ PHDVXUHPHQWV�

�
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�� 7KHRUHWLFDO $QDO\VLV

$PRQJ WKH VHYHUDO SRVVLEOH PHWKRGV WKDW FDQ EH GHYLVHG WR FKDUDFWHUL]H WKH YHORFLW\ DQG WHPSHUDWXUH

GHSHQGHQFH RI WKHUPDO DQHPRPHWHUV VLJQDOV� LW LV SRVVLEOH WZR FODVVLI\ WKHP LQ WKUHH PDLQ FDWHJRULHV �)UH\PXWK�

������

�� 7KH OLQHDU FRUUHFWLRQ PHWKRG ZKHUH WKH KHDW WUDQVIHU IURP WKH SUREH LV DVVXPHG WR EH SURSRUWLRQDO WR D

SURGXFW RI WKH WHPSHUDWXUH GLmHUHQFH 7Zb7D DQG D IXQFWLRQ RI WKH YHORFLW\� ZKHUH 7Z LV WKH WHPSHUDWXUH

RI WKH KHDWHG ZLUH DQG 7D LV WKH DPELHQW WHPSHUDWXUH� 7KH RXWSXW YROWDJH� (� RI D FRQVWDQW WHPSHUDWXUH

KRW�ZLUH DQHPRPHWHU FDQ KHQFH EH UHSUHVHQWHG E\�

(�  I�8��7Z b 7D�� ���

�� 7KH FRQYHFWLYH KHDW WUDQVIHU LV H[SUHVVHG LQ D QRQGLPHQVLRQDO IRUP LQYROYLQJ D UHODWLRQVKLS EHWZHHQ WKH

1XVVHOW QXPEHU� 1X� WKH 5H\QROGV QXPEHU� 5H� DQG WKH 3UDQGWO QXPEHU� 3U�

�� 'LUHFW FDOLEUDWLRQ RI WKH YDULDWLRQ LQ WKH DQHPRPHWHU RXWSXW YROWDJH� (� ZLWK WKH YHORFLW\� 8 � DQG WKH

oXLG WHPSHUDWXUH� 7D� IRU D JLYHQ KRW UHVLVWDQFH VHWWLQJ� 5Z�

7KH WKLUG PHWKRG LV WKH PRVW FRPSOH[ WR LPSOHPHQW EXW LW LV DOVR WKH PRVW DFFXUDWH� DQG ZLOO EH DGRSWHG LQ

WKLV ZRUN� 7KH FDOLEUDWLRQ GDWD REWDLQHG E\ WKLV PHWKRG FDQ UHYHDO WR ZKDW DQ H[WHQW WKH RWKHU PHWKRGV FDQ

EH XVHG WR HYDOXDWH WKH WHPSHUDWXUH DQG YHORFLW\ VHQVLWLYLW\ RI D KRW�ZLUH SUREH RSHUDWHG LQ WKH &7 PRGH�

���� 7HPSHUDWXUH &DOLEUDWLRQ IRU WKH &ROG�:LUHV

)OXLG WHPSHUDWXUH PHDVXUHPHQWV DUH RIWHQ SHUIRUPHG ZLWK D KRW�ZLUH VHQVRU RSHUDWHG LQ WKH FRQVWDQW�FXUUHQW

PRGH DW YHU\ ORZ RYHUKHDW UDWLR� LQ RUGHU WR PLQLPLVH -RXOH KHDWLQJ� ,GHDOO\� WKH ZLUH VHQVRU EHKDYHV OLNH D

UHVLVWDQFH WKHUPRPHWHU�

7HPSHUDWXUH PHDVXUHPHQWV ZLWK UHVLVWDQFH ZLUHV UHTXLUH ERWK ORZ GULIW� ORZ QRLVH FRQVWDQW FXUUHQW DQHPRPH�

WHUV DQG KLJK TXDOLW\ DPSOLnHUV� ,I WKH UHVLVWDQFH ZLUH LV KHDWHG E\ D FXUUHQW ,  ����P$� WKHQ WKH ?KRW� UHVLV�

WDQFH 5Z ZLOO RQO\ GHYLDWH IURP 5D E\ �5Z b5D� 5D 
 ������� DQG WKH FRUUHVSRQGLQJ WHPSHUDWXUH GLmHUHQFH

�7Z b 7D� ZLOO EH OHVV WKDQ ���
R& �

7KXV� D FRPPRQ SUDFWLFH LV WR FRQVLGHU 5Z  5D� ZLWK

5D  5� >� � m��7D b 7R�@� ���

)RU SUDFWLFDO DSSOLFDWLRQV� LW LV UHFRPPHQGHG WKDW D WHPSHUDWXUH FDOLEUDWLRQ RI WKH UHVLVWDQFH�ZLUH LV XVHG

WR GHWHUPLQH WKH FDOLEUDWLRQ FRQVWDQWV LQ WKH UHODWLRQVKLS

5D  $�% 7D� ���

���� 7HPSHUDWXUH DQG 9HORFLW\ &DOLEUDWLRQ IRU +RW�:LUHV

7KH PRVW DFFXUDWH ZD\ RI HVWDEOLVKLQJ WKH YHORFLW\ DQG WHPSHUDWXUH VHQVLWLYLW\ RI D FRQVWDQW WHPSHUDWXUH

KRW�ZLUH SUREH� RSHUDWHG DW D n[HG KRW UHVLVWDQFH� 5Z� LV WR PHDVXUH WKH DQHPRPHWHU RXWSXW YROWDJH� (Z� DV D

IXQFWLRQ RI WKH YHORFLW\� 8 � DQG oXLG WHPSHUDWXUH� 7D� 7KLV W\SH RI FDOLEUDWLRQ LV RIWHQ FDUULHG RXW E\ SHUIRUPLQJ

D YHORFLW\ FDOLEUDWLRQ DW D QXPEHU RI GLmHUHQW oXLG WHPSHUDWXUHV�

7KH IXQFWLRQDO IRUP RI WKH FDOLEUDWLRQ GDWD PD\ EH HYDOXDWHG DV

(  ) �8� 7D�7Z FRQVW� ���

EXW� PRUH FRPPRQO\� WKH FDOLEUDWLRQ GDWD KDYH EHHQ LQWHUSUHWHG LQ WKH IRUP

(  ) �8� 7D b 7Z�7Z FRQVW� ���

7R HYDOXDWH 7Z LW LV QHFHVVDU\ WR PHDVXUH WKH KRW UHVLVWDQFH� 5Z� DQG WKLV UHTXLUHV D NQRZOHGJH RI WKH SUREH

DQG FDEOH UHVLVWDQFH� 7KH PHDQ ZLUH WHPSHUDWXUH� 7Z� FRUUHVSRQGLQJ WR 5Z LV QRUPDOO\ GHWHUPLQHG E\ WKH

HTXDWLRQ�

5Z  5� >� � m��7Z b 7��@� ���

ZKHUH WKH WHPSHUDWXUH FRHpFLHQW RI UHVLVWDQFH� m�� LV D SURSHUW\ WKDW LV XVXDOO\ JLYHQ E\ WKH PDQXIDFWXUHU RI

WKH SUREH�

�
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)RU VLQJOH QRUPDO SUREHV� LQ WKLV FDVH WKH KRW�ZLUH SUREH� WKH FODVVLFDO FRQYHFWLYH KHDW WUDQVIHU ODZ� .LQJuV

ODZ� FDQ EH ZULWWHQ DV

(�  $�%8Q� ���

ZKHUH $� % DQG Q DUH HPSLULFDO FRQVWDQWV�

(TXDWLRQ � LV D YHU\ JRRG DSSUR[LPDWLRQ WR WKH YHORFLW\ FDOLEUDWLRQ GDWD� REWDLQHG DW D FRQVWDQW YDOXH RI 7D�

SURYLGHG WKH FDOLEUDWLRQ FRQVWDQWV DUH GHWHUPLQHG E\ D OHDVW�VTXDUHV FXUYH nW� 7KLV SURFHGXUH KDV EHHQ DSSOLHG

E\ RWKHU DXWKRUV WR WKHLU YHORFLW\ FDOLEUDWLRQ GDWD XVLQJ WKH ZLUH YROWDJH UHODWLRQVKLS

(�
Z

5Z �5Z b5D�
 $�%8Q� ���

7KLV FXUYH�nWWLQJ SURFHGXUH JDYH WKH PRVW DFFXUDWH UHVXOWV� EXW $� %� DQG Q ZHUH IRXQG WR EH IXQFWLRQV RI

7D� :KHQ D FRQVWDQW YDOXH RI Q� ����� ZDV VHOHFWHG� $ DQG % DOVR EHFDPH FRQVWDQWV� DQG WKH LQFUHDVH LQ WKH

XQFHUWDLQW\ LV LQVLJQLnFDQW IRU PRVW KRW ZLUH DQHPRPHWU\ DSOLFDWLRQV�

$ VLPLODU DSSURDFK ZDV DGRSWHG E\ /HPLHX[ DQG 2RVWKXL]HQ������� 7KH\ H[SUHVVHG WKHLU FDOLEUDWLRQ UHOD�

WLRQVKLS LQ WKH IRUP

(�  $e �%e8Q� ���

DQG IRU HDFK YDOXH RI 7D WKH\ GHWHUPLQHG WKH YDOXHV RI $
e� %e DQG Q E\ D OHDVW VTXDUHV FXUYH nWWLQJ SURFHGXUH�

,Q WKHLU VXEVHTXHQW VLJQDO DQDO\VLV WKH RSWLPXP YDOXH IRU Q ZDV VHOHFWHG DV EHLQJ WKH DYHUDJH YDOXH IURP WKHLU

IRXU FDOLEUDWLRQ FXUYHV� 7KH FRUUHVSRQGLQJ FDOLEUDWLRQ FRHpFLHQWV $e DQG %e ZHUH IRXQG WR YDU\ OLQHDUO\ ZLWK

7D�

$e  $� �$�7D� ����

%e  %� �%�7D� ����

$ OLQHDU YDULDWLRQ RI (� ZLWK 7D KDV DOVR EHHQ UHSRUWHG E\ RWKHU DXWKRUV� ,Q FRQFOXVLRQ� PRVW H[SHULPHQWDO

LQYHVWLJDWLRQV RI WKLV W\SH� FRYHULQJ VPDOO RU PRGHUDWH YDULDWLRQV LQ 7D� KDYH GHPRVWUDWHG WKDW WKH RXWSXW VLJQDO

IURP D KRW�ZLUH SUREH RSHUDWHG LQ WKH FRQVWDQW WHPSHUDWXUH PRGH LV GLUHFWO\ SURSRUWLRQDO WR D SURGXFW RI WKH

WHPSHUDWXUH GLmHUHQFH �7Z b 7D� DQG D IXQFWLRQ RI WKH YHORFLW\�

���� ; +RW�ZLUH &DOLEUDWLRQ

7ZR�FRPSRQHQW YHORFLW\ PHDVXUHPHQWV DUH FRPPRQO\ SHUIRUPHG ZLWK D SUREH ZLWK WZR ZLUHV SODFHG LQ DQ

;�FRQnJXUDWLRQ� )RU VLJQDO DQDO\VLV SXUSRVH� RQH QRUPDOO\ DVVXPHV WKDW WKH WZR ZLUHV DUH FRQWDLQHG LQ WKH VDPH

SODQH� +RZHYHU� IRU SUDFWLFDO SXUSRVHV WKH WZR ZLUHV FDQQRW EH SODFHG WRR FORVH WRJHWKHU RU HOVH WKH WKHUPDO

ZDNH IURP RQH ZLUH ZLOO DmHFW WKH RXWSXW IURP WKH RWKHU ZLUH� -HURPH HW DO������� KDYH VKRZQ WKDW LI D ZLUH

VSDFLQJ RI DERXW � PP LV XVHG� WKHQ� WKH KRW�ZDNH HmHFW LV QHJOLJLEOH� 'HVSLWH VRPH RSHUDWLQJ GLpFXOWLHV VXFK

DV SURQJ�ZDNH SUREOHPV DQG DHURG\QDPLF GLVWXUEDQFHV HmHFWV� ;�SUREHV KDYH EHFRPH YHU\ SRSXODU RYHU WKH

\HDUV�

)RU FDOLEUDWLRQ DQG HYDOXDWLRQ SXUSRVHV WKH VWDQGDUG SURFHGXUH LV WR FRQVLGHU WKDW YHORFLW\ FRPSRQHQW

SHUSHQGLFXODU WR WKH ;�SUREH LV VPDOO FRPSDUHG WR WKH YHORFLWLHV LQ WKH WZR LQ�SODQH FRPSRQHQWV �8 DQG 9 � VR

WKDW WKH UHVSRQVH HTXDWLRQV IRU WKH WZR�ZLUHV FDQ EH H[SUHVVHG DV

(�  )��8� 9 �  )�� a9 � t� m�� ����

(�  )��8� 9 �  )�� a9 �bt� m�� ����

ZKHUH a9 GHQRWHV WKH PDJQLWXGH RI WKH oRZ YHFWRU� t WKH oRZ DQJOH DQG m WKH \DZ DQJOH RI WKH ZLUHV�

$ VLPSOLnHG FDOLEUDWLRQ SURFHGXUH DQG VLJQDO DQDO\VLV FDQ EH GHYHORSHG E\ LQWURGXFLQJ WKH HmHFWLYH�YHORFLW\

FRQFHSW ZKHUHE\ ZH FRQVLGHU

9H  a9 I�m�  a9 �FRV� m� N� VLQ� m�� �� ����

 �8�
1
� N�8�

7
�� �� ����
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7KHQ� WKH UHVSRQVH HTXDWLRQ IRU WKH WZR ZLUHV FDQ EH ZULWWHQ DV

(��  $�%9 Q

H�� ����

(��  $�%9 Q

H�� ����

7KXV IRU WKH FRPSOHWH YHORFLW\ DQG oRZ�DQJOH UDQJH WKH ;�SUREH FDOLEUDWLRQ UHODWLRQVKLS FDQ EH H[SUHVVHG

DV

(�  $�t� �%�t�9 Q�t�
H

� ����

7KH VR FDOOHG 9H�FDOLEUDWLRQ PHWKRG FRQVLGHU HDFK ZLUH LQ WKH ;�SUREH LQGHSHQGHQW� VR WKDW D VWDQGDUG

FDOLEUDWLRQ IRU D VLQJOH LQFOLQHG SUREH LV XVHG� 7KH UHVXOW LV WKDW D VLPSOH H[SUHVVLRQ IRU 9H FDQ EH FDVW DV

9H  I�m� >8 b J�m�Y@� ����

ZKHUH

I�m�  �FRV� m� N� VLQ� m�� �� ����

J�m�  
��b N�� FRV�

�FRV� m� N� VLQ� m�
WDQm� ����

7KH YDOXHV RI 8 DQG 9 FDQ WKHQ EH REWDLQHG E\ WKH PRGLnHG VXP�DQG�GLmHUHQFH SURFHGXUH� ZKLFK \LHOGV

8  
>9H� I��m��@J��m�� � >9H� I��m��@J��m��

J��m�� � J��m��
� ����

9  
>9H� I��m��@ � >9H� I��m��@

J��m�� � J��m��
� ����

)RU oRZV VXEMHFW WR WHPSHUDWXUH YDULDWLRQV� SDUDPHWHUV $ DQG % PXVW EH FRQVLGHUHG GHSHQGHQW QRW RQO\

RQ t EXW DOVR RQ 7 �

�� 5HVXOWV

���� &DOLEUDWLRQ

,Q WKH IROORZLQJ ZH ZLOO GHVFULEH WKH FDOLEUDWLRQ SURFHGXUH IRU ERWK WKH KRW�ZLUH DQG WKH FROG�ZLUH� HPSKDVLV

ZLOO EH SODFHG RQ WKH FROG�ZLUH SURFHGXUH�

7KH FDOLEUDWLRQ ZDV SHUIRUPHG LQ WKH ORZ�WXUEXOHQFH ZLQG WXQQHO VLWHG LQ WKH /DERUDWRU\ RI 7XUEXOHQFH

0HFKDQLFV RI 3(0�&233(�8)5-�

q &LUFXLW� RSHQ�

q 7HVW VHFWLRQ� ���� P KLJK� ���� P ZLGH DQG � P ORQJ�

q :LQG VSHHG� FRQWLQXRXVO\ YDULDEOH IURP ��� WR �� P�V�

q /RQJLWXGLQDO SUHVVXUH JUDGLHQW� DGMXVWDEOH WR ]HUR E\ PHDQV RI DQ DGMXVWDEOH FHLOLQJ�

q 7XUEXOHQFH LQWHQVLW\� EHORZ �����

q ,QFRPLQJ oRZ WHPSHUDWXUH� YDULDEOH IURP �� WR ��R& �

q 1XPEHU RI UHVLVWHQFHV XVHG WR KHDW WKH LQFRPLQJ DLU� ��

q 5HVLVWDQFHV FDSDFLW\� � N:�

$ JHQHUDO YLHZ RI WKH ORZ�WXUEXOHQFH ZLQG WXQQHO LV VKRZQ LQ )LJXUHV � DQG ��

�
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)LJXUH �� *HQHUDO YLHZ RI WKH ORZ�WXUEXOHQFH ZLQG WXQQHO DQG WKH KHDWLQJ HOHPHQWV�

)LJXUH �� 6FKHPDWLF YLHZ RI WKH ORZ�WXUEXOHQFH ZLQG WXQQHO DQG WKH KHDWLQJ HOHPHQWV�

)RU WKH SUHVHQW PHDVXUHPHQWV� D '$17(& ��0�� PDLQ XQLW WRJHWKHU ZLWK D ��&�� FRQVWDQW FXUUHQW EULGJH

ZDV XVHG� 7KH ERXQGDU\ OD\HU SUREH ZDV RI WKH W\SH ��3��� $ 3LWRW WXEH� DQ HOHFWURQLF PDQRPHWHU� DQG D

FRPSXWHU FRQWUROOHG WUDYHUVH JHDU ZHUH DOVR XVHG� ,Q JHWWLQJ WKH GDWD� ������ VDPSOHV ZHUH FRQVLGHUHG� 7KH

UHIHUHQFH PHDQ WHPSHUDWXUH SURnOHV ZHUH REWDLQHG WKURXJK D FKURPHO�FRQVWDQWDQ PLFUR�WHUPRFRXSOH PRXQWHG

RQ WKH VDPH WUDYHUVH JHDU V\VWHP XVHG IRU WKH KRW�ZLUH SUREH� $Q XQFHUWDLQW\ DQDO\VLV RI WKH GDWD ZDV SHUIRUPHG

DFFRUGLQJ WR WKH SURFHGXUH GHVFULEHG LQ .OLQH>��@� 7\SLFDOO\ WKH XQFHUWDLQW\ DVVRFLDWHG ZLWK WKH YHORFLW\ DQG

WHPSHUDWXUH PHDVXUHPHQWV ZHUH� 8  ������ P V SUHFLVLRQ� � ELDV �3 ������ 7  ��� R& SUHFLVLRQ� � ELDV

�3 ������

7R REWDLQ DFFXUDWH PHDVXUHPHQWV� WKH PHDQ DQG oXFWXDWLQJ FRPSRQHQWV RI WKH DQDORJLF VLJQDO JLYHQ E\ WKH

DQHPRPHWHU ZHUH WUHDWHG VHSDUDWHO\� 7ZR RXWSXW FKDQQHOV RI WKH DQHPRPHWHU ZHUH XVHG� 7KH PHDQ YHORFLW\

SURnOHV ZHUH FDOFXODWHG GLUHFWO\ IURP WKH XQWUHDWHG VLJQDO RI FKDQQHO RQH� 7KH VLJQDO JLYHQ E\ FKDQQHO WZR ZDV

��� .+] ORZ�SDVV nOWHUHG OHDYLQJ� WKHUHIRUH� RQO\ WKH oXFWXDWLQJ YHORFLW\� 7KH ODWWHU VLJQDO ZDV WKHQ DPSOLnHG

ZLWK D JDLQ FRQWUROOHG EHWZHHQ � DQG ��� DQG VKLIWHG E\ DQ RmVHW VR DV WR DGMXVW WKH DPSOLWXGH RI WKH VLJQDO WR

WKH UDQJH RI WKH $�1 FRQYHUWHU�

7KH W\SLFDO FDOLEUDWLRQ UDQJH IRU D FROG�ZLUH SUREH LV VKRZQ LQ 7DEOH ��

7KH GHSHQGHQFH RI WKH KRW�ZLUH YROWDJHV� (Z� RQ WKH DLU YHORFLW\� 8 � IRU GLmHUHQW DPELHQW WHPSHUDWXUHV LV

VKRZQ LQ )LJXUH ��

�
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7DEOH �� 7\SLFDO FDOLEUDWLRQ UDQJH IRU D FROG�ZLUH DQHPRPHWHU�

$XWKRU 9HORFLW\ 5DQJH �PP� 7HPSHUDWXUH 5DQJH R&

3HVVRQL DQG &KDR������ � WR � �� WR ��

.RSSLXV DQG 7ULQHV������ ��� WR � �� WR ��

)LHGOHU������ � WR �� �� WR ��

'HNH\HVHU DQG /DXQGHU������ ��� WR ���� �� WR ��

/HPLHX[ DQG 2RVWKXL]HU����� ��� WR � �� WR ��

%UHPKRUVW������ ��� WR �� �� WR ��

&233(�8)5- ��� WR ��� �� WR ��
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)LJXUH �� 7KH GHSHQGHQFH RI KRW�ZLUH YROWDJH RQ WKH DLU YHORFLW\ IRU GLmHUHQW DPELHQW WHPSHUDWXUHV�

7KH FDOLEUDWLRQ FRHpFLHQWV $e DQG %e FRUUHVSRQGLQJ WR WKH FXUYHV LQ )LJXUH � ZHUH IRXQG WR YDU\ OLQHDUO\

ZLWK 7D� $ OLQHDU YDULDWLRQ RI (
� ZLWK 7D DV EHHQ REVHUYHG E\ )XODFKLHU������� E\ &KDPSDJQH������ DQG E\

'HNH\VHU DQG /DXQGHU�������

7KH SUHVHQW GDWD ZHUH REWDLQHG ZLWK D � xP GLDPHWHU WXQJVWHQ ZLUH ZLWK DQ RYHUKHDW UDWLR RI ���� WKLV

FRUUHVSRQGV WR D WHPSHUDWXUH GLmHUHQFH 7: � 7D RI DERXW ���
R&�

,Q FRQFOXVLRQ� DQG DIWHU RWKHU DXWKRUV� ZH KDYH IRXQG WKDW WKH VLJQDO IURP D KRW�ZLUH SUREH RSHUDWHG LQ WKH

FRQVWDQW WHPSHUDWXUH PRGH LV GLUHFWO\ SURSRUWLRQDO WR D SURGXFW RI WKH WHPSHUDWXUH GLmHUHQFH DQG D IXQFWLRQ

RI WKH YHORFLW\�

)LJXUH � VKRZV WKH YDULDWLRQ RI WKH FDOLEUDWLRQ SDUDPHWHUV $e DQG %e ZLWK WKH oXLG WHPSHUDWXUH�
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)LJXUH �� 9DULDWLRQ RI WKH FDOLEUDWLRQ SDUDPHWHUV $e DQG %e ZLWK WKH oXLG WHPSHUDWXUH�

7KH ;�SUREH ZDV FDOLEUDWHG WKURXJK WKH 9H�FDOLEUDWLRQ PHWKRG ZKHUHE\ HDFK ZLUH LQ WKH SUREH LV FDOLEUDWHG

LQGHSHQGHQWO\� DQG WKH FDOLEUDWLRQ SURFHGXUH IRU WKH LQFOLQHG SUREH LV XVHG� 7KH FDOLEUDWLRQ RI ERWK ZLUHV ZDV

SHUIRUPHG VLPXOWDQHRXVO\ VR WKDW D OHDVW�VTXDUH FXUYH�nWWLQJ FRXOG EH XVHG WR nQG $�� %�� $�� %�� 7KH ;�SUREH

FDOLEUDWLRQ PDS LV VKRZQ LQ )LJXUH ��
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)LJXUH �� &DOLEUDWLRQ PDS IRU WKH ;�ZLUH SUREH�

���� 0HDVXUHPHQWV

%RXQGDU\ OD\HU PHDVXUHPHQWV ZHUH FRQGXFWHG LQ WKH VWUDWLnHG ZLQG WXQQHO RI &233(�8)5-� 7KH PDLQ

IHDWXUHV RI WKH ZLQG WXQQHO LV VKRZQ EHORZ�

q &LUFXLW� RSHQ�

q 7HVW VHFWLRQ� ���� P KLJK� ���� P ZLGH DQG �� P ORQJ�

q :LQG VSHHG� FRQWLQXRXVO\ YDULDEOH IURP ��� WR � P�V�

q /RQJLWXGLQDO SUHVVXUH JUDGLHQW� DGMXVWDEOH WR ]HUR E\ PHDQV RI DQ DGMXVWDEOH FHLOLQJ�
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q 7XUEXOHQFH LQWHQVLW\� ���

q 6XUIDFH KHDWLQJ FDSDFLW\� � N: P��

q /HQJKW RI ZDOO KHDWLQJ VHFWLRQ� � P�

q :DOO WHPSHUDWXUH� YDULDEOH IURP �� WR ���R&�

q 1XPEHU RI UHVLVWHQFHV XVHG WR KHDW WKH LQFRPLQJ DLU� ���

q 5HVLVWDQFHV FDSDFLW\� � N:�

q 9RUWLFH JHQHUDWRUV� URGV ZLWK ���� GLDPHWHU DQG �� PP OHQJKW VSDFHG E\ �� PP� 2QH RU WZR WUDLOLQJ

WUDQVYHUVDO WULSV ZHUH DOVR XVHG�

$ JHQHUDO YLHZ RI WKH VWUDWLnHG ZLQG WXQQHO FDQ EH VHHQ LQ )LJXUH � DQG �� WRJHWKHU ZLWK D SLFWXUH RI WKH

WKH KHDWLQJ HOHPHQWV�

)LJXUH �� *HQHUDO YLHZ RI WKH VWUDWLnHG ZLQG WXQQHO DQG WKH KHDWLQJ HOHPHQWV�

)LJXUH �� 6FKHPDWLF YLHZ RI WKH VWUDWLnHG ZLQG WXQQHO DQG KHDWLQJ HOHPHQWV�
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7KH PHDQ YHORFLW\ SURnOHV IRU WKH VWDEOH� QHXWUDO DQG XQVWDEOH ERXQGDU\ OD\HUV DUH VKRZQ LQ )LJXUH � LQ OLQHDU

DQG ORJDULWKPLF FRRUGLQDWHV UHVSHFWLYHO\� 7KH WHPSHUDWXUH SURnOHV DOVR LQ OLQHDU DQG ORJDULWKPLF FRRUGLQDWHV

DUH VKRZQ LQ )LJXUH ���

0 .4 0 .8 1 .2 1 .6 2 2 .4
U  (m /s )

0

4 0

8 0

12 0
Z  (m m ) N eu tra l B L

U nstab le  B L

S tab le  B L

0 0 .5 1 1 .5 2 2 .5
U  (m /s )

1

1 0

10 0

Z  (m m )

N eu tra l B L

U n stab le  B L

S tab le  B L

)LJXUH �� 9HORFLW\ SURnOHV LQ OLQHDU DQG ORJDULWKPLF VFDOHV� VWDEOH� QHXWUDO DQG XQVWDEOH FRQGLWLRQV�
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)LJXUH ��� 7HPSHUDWXUH SURnOHV LQ OLQHDU DQG ORJDULWKPLF VFDOHV� VWDEOH� QHXWUDO� XQVWDEOH FRQGLWLRQV�

7KH UHVXOWV VKRZ WKDW WKH ORJDULWKPLF ZLQG SURnOH LV VWULFWO\ YDOLG IRU QHXWUDO FRQGLWLRQV� )RU VWDEOH RU

XQVWDEOH DWPRVSKHUHV WKH SURnOH GHSDUWV IURP WKH ORJDULWKPLF VKDSH�

�� )LQDO 5HPDUNV

7KH SUHVHQW ZRUN KDV UHSRUWHG WKH UHFHQW SURJUHVVHV PDGH DW &233(�8)5- WR GHYHORS SDFNDJHV IRU WKH

PHDVXUHPHQW RI oRZV ZLWK FKDQJH LQ WHPSHUDWXUH� 5HVXOWV DUH SUHVHQWHG IRU WKH ORQJLWXGLQDO YHORFLW\ SURnOH DQG

��



3URFHHGLQJV RI WKH (1&,7 ����� &D[DPEX � 0*� %UD]LO � 3DSHU &,7�������

WKH WHPSHUDWXUH SURnOH LQ VWUDWLnHG HQYLURQPHQWV� 7KH PHDVXUHPHQW RI WXUEXOHQW TXDQWLWLHV ZLOO EH SUHVHQWHG

RSSRUWXQDO\�

$FNQRZOHGJHPHQWV� 7KH DXWKRUV DUH JUDWHIXO WR 3URI� /� -� 6� %UDGEXU\ IRU WKH PDQ\ KHOSIXO GLVFXVVLRQV

XQGHUWDNHQ GXULQJ WKH FRXUVH RI WKH SUHVHQW UHVHDUFK� 3URI� %UDGEXU\ WRJHWKHU ZLWK 3URI� 6X -LDQ KDYH KHOSHG

WR FRQVWUXFW WKH FRPSXWHU FRGH WKDW FXUUHQWO\ RSHUDWHV WKH KRW�ZLUH XQLWV� %RWK UHVHDUFKHUV KDYH� LQ IDFW� KDG

D OHDGLQJ UROH LQ GHYHORSLQJ WKH H[SHULPHQWDO IDFLOLWLHV FXUUHQWO\ LQ XVH DW &233(�8)5-� &13T WKURXJK JUDQW

����������� KDV nQDQFLDOO\ VXSSRUWHG WKH ZRUN� -%5/� '$5 DQG 0& DUH JUDWHIXO WR WKH &13T �%UD]LOLDQ

1DWLRQDO 5HVHDUFK &RXQFLO� IRU WKH DZDUG RI UHVHDUFK VFKRODUVKLSV� $36) LV DOVR JUDWHIXO WR &13T IRU WKH

DZDUG RI D UHVHDUFK IHOORZVKLS�

�� 5HIHUHQFHV

%UHPKRUVW� .�� (mHFW RI oXLG WHPSHUDWXUH RQ KRW�ZLUH DQHPRPHWHUV DQG DQ LPSURYHG PHWKRG RI WHPSHUDWXUH

FRPSHQVDWLRQ DQG OLQHDULVDWLRQ ZLWKRXW XVH RI VPDOO VLJQDO VHQVLWLYLWLHV� -� 3K\V� (� 6FL� ,QVWU�� ��� ������ �����

&DWDOGL� 0�� /RXUHLUR� -� %� 5�� 3LPHQWHO� /� &� *� H 6LOYD )UHLUH� $� 3��?'HVLJQ IHDWXUHV DQG oRZ PHDVXUHPHQWV LQ

D WKHUPDOO\ VWUDWLnHG ZLQG WXQQHO�� ;9, &RQJUHVVR %UDVLOHLUR GH (QJHQKDULD 0HFADQLFD �&2%(0�� 8EHUOADQGLD�

GH]HPEUR� �����

&KDPSDJQH� )� +�� 7KH WHPSHUDWXUH VHQVLWLYLW\ RI KRW ZLUHV� 3URF� '\QDPLF )ORZ &RQI�� 0DUFHLOOH� ��������

�����

'HNH\HVHU� ,� DQG /DXQGHU� %� (�� $ FRPSDULVRQ RI WULSOH�PRPHQW WHPSHUDWXUH�YHORFLW\ FRUUHODWLRQV LQ WKH

DV\PPHWULF KHDWHG MHW ZLWK DOWHUQDWLYH FORVXUH PRGHOV� 3URF� �WK 6\PS� RQ 7XUEXOHQW 6KHDU )ORZ� 8QLYUVLW\

RI .DUOVUXKH� ���������� �����

)LHGOHU� +�� 2Q GDWD DFTXLVLRQ LQ KHDWHG WXEXOHQW oRZV� 3URF� '\QDPLF )ORZ &RQI�� 0DUFHLOOH� ������� �����

)XODFKLHU� /�� +RW�ZLUH PHDVXUHPHQWV LQ ORZ VSHHG KHDWHG oRZV� 3URF� '\QDPLF )ORZ &RQI�� 0DUFHLOOH� ��������

�����

)UH\PXWK� 3�� +RW�ZLUH WKHUPDO FDOLEUDWLRQ HUURUV� ,QVWU� DQG &RQWU� 6\VWHPV� ��� ������� �����

-HURPH� )� (�� *XLWWRQ� '� (� DQG 3DWHO� 5� 3�� ([SHULPHQWDO VWXG\ RI WKH ZDNH LQWHUIHUHQFH EHWZHHQ FORVHO\

VSDFHG ZLUHV RI D ;�W\SH KRW�ZLUH SUREH� $HUR� 4XDUW�� ��� �������� �����

.OLQH� 6� -�� 7KH SXUSRVH RI XQFHUWDLQW\ DQDO\VLV� -� )OXLGV (QJ� ���� �������� ����� .RSSLXV� $� 0� DQG 7ULQHV�

*� 5� 0�� 7KH GHSHQGHQFH RI KRW�ZLUH FDOLEUDWLRQ RQ JDV WHPSHUDWXUH DW ORZ UH\QROGV QXPEHU� ,QW� -� +HDW DQG

0DVV 7UDQVIHU� ��� ��������

/HPLHX[� *� 3� DQG 2RVWKXL]HQ� 3� +�� $ VLPSOH DSSURDFK WR WKH FRPSHQVDWLRQ RI FRQVWDQW WHPSHUDWXUH KRW�

ZLUH DQHPRPHWHUV IRU oXLG WHPSHUDWXUH oXFWXDWLRQV� 3URF� ��WK ,QW� ,QVWUXPHQWDWLRQ 6\PS�� 'HQYHU� $,$$�

�������� �����

3HVVRQL� '� +� DQG &KDR� %� 7�� $ VLPSOH WHFKQLTXH IRU WXUEXOHQFH PHDVXUHPHQWV LQ QRQLVRWKHUPDO DLU oRZV�

3URF� �WK ,QW� +HDW 7UDQVIHU &RQI�� 7RN\R� ,60(� �������� �����

��


