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'HYHORSPHQW� DQG� (YDOXDWLRQ� RI�0XOWLOD\HU� $LU� )LOWHU�0HGLD

<RXQJ 2N 3DUN�� +\XQ�6HRO 3DUN� 6HRN -RR 3DUN� 6DQJ 'R .LP� +R .\XQJ &KRL DQG -HRQJ +ZDQ /LP

3DUWLFOH 7HFKQRORJ\ 5HVHDUFK &HQWHU� .RUHD ,QVWLWXWH RI (QHUJ\ 5HVHDUFK�
���� -DQJ�'RQJ� <XVXQJ�*X� 'DHMHRQ �������� .RUHD
�5HFHLYHG �� 0D\ ���� � DFFHSWHG �� -XO\ �����

$EVWUDFW−7KUHH W\SHV RI PXOWLOD\HU DLU ILOWHU PHGLD ZHUH GHYHORSHG DQG HYDOXDWHG� 7ZR RWKHU H[LVWLQJ ILOWHUV ZHUH

DOVR XVHG IRU FRPSDULVRQ RI ILOWHU SHUIRUPDQFH� 7KH SUHVVXUH GURS� WKH FROOHFWLRQ HIILFLHQF\� DQG WKH GXVW�KROGLQJ

FDSDFLW\ RI WKH WHVWHG ILOWHUV ZHUH PHDVXUHG� DQG WKH LQWHUQDO VWUXFWXUH RI WKH ILOWHU PHGLD ZDV DQDO\]HG E\ XVLQJ D

VFDQQLQJ HOHFWURQ PLFURVFRSH� 7KH PXOWLOD\HU ILOWHUV WHVWHG LQ WKLV VWXG\ DUH FRPSRVHG RI SUH�VXUIDFH OD\HU� VXUIDFH OD\HU�

DQG VXEVWUDWH OD\HU� $PRQJ WKRVH OD\HUV� WKH VXUIDFH OD\HU LV PDLQO\ UHVSRQVLEOH IRU SDUWLFOH FROOHFWLRQ� $V D WHVW UHVXOW� LW

ZDV IRXQG WKDW WKH WKLFNQHVV RI D VXUIDFH OD\HU KDV WKH JUHDWHVW HIIHFW RQ ILOWUDWLRQ SHUIRUPDQFH RI D PXOWLOD\HU DLU ILOWHU�

$GGLWLRQDOO\� ILOWUDWLRQ YHORFLW\ DQG HOHFWURVWDWLF IRUFHV VKRXOG EH FRQVLGHUHG WRJHWKHU DV LPSRUWDQW SDUDPHWHUV IRU

PXOWLOD\HU DLU ILOWHU GHVLJQ�

.H\ ZRUGV� 0XOWLOD\HU $LU )LOWHU� 3UHVVXUH 'URS� &ROOHFWLRQ (IILFLHQF\� 6XUIDFH /D\HU� )LOWUDWLRQ 9HORFLW\
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'XVW SDUWLFOHV LQ WKH LQWDNH DLU RI WXUERPDFKLQHU\ VXFK DV JDV WXU�

ELQHV RU KLJK FDSDFLW\ FRPSUHVVRUV FDQ GR VHULRXV GDPDJH WR WKH

PDFKLQHV� *HQHUDOO\� WXUERPDFKLQHV QHHG KLJK IORZ UDWH RI SUR�

FHVV DLU� VR WKH DPRXQW RI GXVW SDUWLFOHV LQ WKH DLU LV DOVR YHU\ ODUJH�

)XUWKHUPRUH� WKH IORZ YHORFLW\ LQVLGH WKH WXUERPDFKLQHV LV H[WUHPHO\

KLJK� DQG WKH DLU LV KHDWHG XS WR DERYH ����� R& DQG KLJKO\ FRP�

SUHVVHG� 7KHUHIRUH� WKH SDUWLFXODWH SROOXWDQWV FRQWDLQHG LQ WKH SUR�

FHVV DLU KDYH DPHFKDQLFDO IRUFH VWURQJ HQRXJK WR GRPDMRU GDPDJH

WR WXUELQH EODGHV� $FFRUGLQJ WR 6FKURWK >����@� WKH HURVLRQ� DEUD�

VLRQ� DQG FRUURVLRQ RQ WKH VXUIDFH RI WKH EODGHV FDQ EH FDXVHG E\

VXEPLFURQ SDUWLFOHV� 7KRVH PHFKDQLFDO SUREOHPV OHDG WR D SHUIRU�

PDQFH GHFOLQH RI WKH WXUERPDFKLQHV�

,Q RUGHU WR UHPRYH WKH GXVW SDUWLFOHV IURP WKH LQWDNH DLU RI WXU�

ERPDFKLQHU\� D KLJK HIILFLHQF\ DLU ILOWUDWLRQ V\VWHP LV QHHGHG� $LU

ILOWHUV XVHG IRU WKLV SXUSRVH DUH RI VHYHUDO GLIIHUHQW W\SHV LQFOXGLQJ

FDUWULGJH� SRFNHW� DQG FDVVHWWH W\SH ILOWHUV� 7KH DSSOLFDWLRQ RI WKRVH

ILOWHUV LV GHWHUPLQHG E\ ILHOG VLWXDWLRQV� WKH SDUWLFOH FRQFHQWUDWLRQ�

DQG QHFHVVLW\ RI D ILOWHU FOHDQLQJ SURFHVV� $V D JXLGHOLQH IRU ILOWHU

VHOHFWLRQ� WKH FROOHFWLRQ HIILFLHQF\ DQG SUHVVXUH GURS FKDUDFWHULVWLFV

DUH HTXDOO\ LPSRUWDQW IDFWRUV� $V PHQWLRQHG DERYH� WKH FROOHFWLRQ

HIILFLHQF\ RI D WXUELQH LQWDNH DLU ILOWHU FDQ GLUHFWO\ DIIHFW WKH SHUIRU�

PDQFH RI WKH WXUELQH� 'XVW FDNLQJ DV ZHOO DV WKH PHFKDQLFDO GDP�

DJHV RQ WXUELQH EODGHV GXH WR GXVW SDUWLFOHV FDQ EH HIIHFWLYHO\ UH�

GXFHG E\ D KLJK HIILFLHQF\ DLU ILOWUDWLRQ V\VWHP� 7KH KLJK SUHVVXUH

GURS DFURVV DQ LQWDNH DLU ILOWHU FDQ FDXVH D VLJQLILFDQW GHFOLQH RI WXU�

ELQH SHUIRUPDQFH� )RU H[DPSOH� DV WKH SUHVVXUH GURS RI D JDV WXU�

ELQH LQWDNH DLU ILOWUDWLRQ V\VWHP LV LQFUHDVHG E\ ��� 3D� �� GH�

FUHDVH RI WKH SRZHU RXWSXW DQG ���� UHGXFWLRQ RI WKH WKHUPDO HI�

ILFLHQF\ DUH EURXJKW RXW >6FKURWK� ����@� 7KH IDFW WKDW WKH FROOHF�

WLRQ HIILFLHQF\ DQG WKH SUHVVXUH GURS RI D ILOWHU KDYH RSSRVLWH SR�

VLWLRQV LQ WKH YLHZ RI WKH ILOWHU SHUIRUPDQFH LV ZHOO NQRZQ� 7KDW LV�

KLJK HIILFLHQF\ DLU ILOWHUV XVXDOO\ KDYH ORZ DLU SHUPHDELOLW\� 2Q WKH

RWKHU KDQG� WKH FROOHFWLRQ HIILFLHQF\ RI D ILOWHU KDYLQJ D ORZ SUHV�

VXUH GURS LV YHU\ ORZ� 9DULRXV VWXGLHV KDYH EHHQ FRQGXFWHG WR RYHU�

FRPH WKH WUDGHRII FKDUDFWHULVWLFV RI DLU ILOWHUV� (OHFWUHW ILOWHUV DUH WKH

UHSUHVHQWDWLYH UHVXOWV RI WKRVH VWXGLHV >%DXPJDUWQHU DQG /RHIIOHU�

����� /DWKUDFKH HW DO�� ����� .DQDRND HW DO�� ����@� ,PSURYLQJ WKH

ILOWHU PDWHULDO DQG WKH LQQRYDWLYH GHVLJQ RI ILOWHU VWUXFWXUH KDYH DOVR

EHHQ WULHG DV DQ DOWHUQDWLYH PHWKRG WR DFKLHYH WKH ORZ SUHVVXUH GURS

DQG WKH KLJK FROOHFWLRQ VLPXOWDQHRXVO\ >$EUDPV HW DO�� ����� %DFLQR�

����� &DOGZHOO� ����� 3DUN HW DO�� ����@�

7KLV VWXG\ KDV EHHQ SHUIRUPHG WR GHYHORS D KLJK HIILFLHQF\ WXU�

ELQH LQWDNH DLU ILOWHU� 7KH REMHFWLYH RI WKH SUHVHQW VWXG\ LV WR DQDO\]H

WKH HIIHFW RI WKH GHVLJQ SDUDPHWHUV IRU PXOWLOD\HU DLU ILOWHUV RQ ILOWUD�

WLRQ SHUIRUPDQFH� 7KH PHWKRGRORJ\ XVHG LV WR DQDO\]H WKH LQQHU

VWUXFWXUH RI VHYHUDO PXOWLOD\HU DLU ILOWHUV KDYLQJ GLIIHUHQW OD\HU IHD�

WXUHV� WR HYDOXDWH WKH ILOWUDWLRQ HIILFLHQF\ RI WKH ILOWHUV� DQG ILQDOO\ WR

ILQG RXW WKH HIIHFWV RI GHVLJQ SDUDPHWHUV RQ WKH SHUIRUPDQFH RI PXO�

WLOD\HU DLU ILOWHUV�

7(67(' ),/7(50(',$

7KUHH W\SHV RI DLU ILOWHU PHGLD FRPSRVHG RI V\QWKHWLF ILEHUV ZHUH

QHZO\ GHYHORSHG WKURXJK WKLV VWXG\� 7KH GHYHORSHG ILOWHU PHGLD

DUH DLPHG DW DSSOLFDWLRQ IRU JDV WXUELQH LQWDNH DLU ILOWHUV�

7KH QHZO\ GHYHORSHG ILOWHU PHGLD KDYH PXOWLOD\HU VWUXFWXUH� 2QH

KDV WZR OD\HUV� DQG WKH RWKHUV WKUHH OD\HUV� 7ZR�OD\HU ILOWHU PHGLD

DUH FRPSRVHG RI PHOWEORZQ SRO\SURS\OHQH �33� ILEHU VXUIDFH OD\HU

DQG FKHPLFDO ERQGHG SRO\HVWHU �3(7� ILEHU ZHE DV D VXEVWUDWH OD\HU�

7KRVH WZR OD\HUV DUH WKHUPDOO\ ERQGHG XVLQJ WKH SRO\HWK\OHQH �3(�

SRZGHU� 7KH RWKHU WZR PHGLD FRQVLVW RI WKUHH OD\HUV� WKH VSXQERQG

3(7SUH�VXUIDFH OD\HU� WKHPHOWEORZQ 33 VXUIDFH OD\HU� DQG WKH FKHP�

LFDO�ERQGHG 3(7 VXEVWUDWH ZHE� (DFK OD\HU LV ERQGHG E\ WKH XOWUD�

VRQLF ERQGLQJ PHWKRG� )LJ� � VKRZV WKH 6(0 LPDJHV RI WKH XS�

VWUHDP VXUIDFH RI WHVWHG ILOWHUV LQFOXGLQJ WZR H[LVWLQJ RQHV� )URP

)LJ� �� LW FDQ EH VHHQ WKDW .��� 5)��� DQG 5)�� KDYH QR SUH�VXU�

IDFH OD\HU� DQG WKH ILEHU VL]H UDQJH RI WKH ILOWHUV LV QHDUO\ WKH VDPH�
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7KH VDPH 33 ILEHU ZHE ZDV XVHG IRU .��� .��� DQG .�� ILOWHU

PHGLD DV D VXUIDFH OD\HU� EXW WKH WKLFNQHVV RI WKH OD\HU IRU HDFK ILOWHU

LV VOLJKWO\ GLIIHUHQW� )RU WKH FDVH RI .�� DQG .��� WKH SUH�VXUIDFH

OD\HU ZDV HPSOR\HG� 7KH PHOWEORZQ 33 ILEHUV DUH VR ZHDN LQ WKHLU

VWUHQJWK WKDW WKH\ FDQ EH HDVLO\ GDPDJHG IURP DQ H[WHUQDO LPSDFW

RU PHFKDQLFDO IRUFHV� 7KHUHIRUH� D SURWHFWLRQ OD\HU LV QHHGHG� ,Q

)LJ� ��E� DQG ��F�� WKH ODUJH DQG VWUDLJKW ILEHUV DUH RI WKH SUH�VXU�

IDFH OD\HU� 7KH LQIRUPDWLRQ RQ WKH ILOWHU PHGLD LV VXPPDUL]HG LQ

7DEOH ��

(;3(5,0(17$/ 352&('85(6

%DVLFDOO\� WKH SUHVVXUH GURS DFURVV WKH ILOWHU PHGLD ZDV PHDV�

XUHG E\ D PLFURPDQRPHWHU IRU WKH YDULRXV IDFH YHORFLWLHV� DQG WKH

FROOHFWLRQ HIILFLHQF\ ZDV DOVR PHDVXUHG E\ XVLQJ SDUWLFOH FRXQWHUV�

%DVHG RQ WKH 6(0 SKRWRV RI WKH WHVWHG ILOWHU PHGLD� WKH VWUXFWXUH

LQVLGH WKH ILOWHUV ZDV DQDO\]HG�

7KH VFKHPDWLF GLDJUDP RI WKH H[SHULPHQWDO VHWXS LV GHSLFWHG LQ

)LJ� �� $V D WHVW GXVW� 1D&O SDUWLFOHV ZHUH XVHG� 7KH 1D&O SDUWLFOHV

ZHUH JHQHUDWHG E\ DQ DHURVRO DWRPL]HU XVLQJ ���1 1D&O VROXWLRQ�

DQG SHUIHFWO\ GULHG E\ SDVVLQJ WKURXJK D GLIIXVLRQ GU\HU ZKLFK LV

ILOOHGZLWK VLOLFD JHO PDWHULDOV� 7KH JHRPHWULFPHDQ GLDPHWHU �*0'�

RI WKH 1D&O SDUWLFOHV LV DERXW ���µP� DQG WKH JHRPHWULF VWDQGDUG

GHYLDWLRQ �*6'� LV DERXW ���� 7KH SDUWLFOHV HQWHULQJ WKH HOHFWURVWDWLF

FODVVLILHU �0RGHO ����� 76, ,QF�� DUH FODVVLILHG LQWR D PRQRGLVSHUVH

DHURVRO KDYLQJ D SDUWLFOH VL]H UDQJLQJ �������µP� 7KH VL]H RI WKH
PRQRGLVSHUVH SDUWLFOHV FDQ EH VHOHFWHG E\ FRQWUROOLQJ WKH DSSOLHG

YROWDJH LQWR WKH FODVVLILHU�

)LJ� �� 6(0 LPDJHV RI XSVWUHDP VXUIDFH RI WHVWHG ILOWHUV� �D�� �E�� DQG �F�� QHZO\ GHYHORSHG ILOWHU PHGLD� �G� DQG �H�� H[LVWLQJ ILOWHUPHGLD�
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7KH ILOWHU WHVW FROXPQ LV D VWDLQOHVV VWHHO F\OLQGULFDO SLSH� DQG LWV

VL]H LV ��PP LQ LQQHU GLDPHWHU DQG ���PP LQ OHQJWK� 7KH VKDSH

RI WHVWHG ILOWHU VDPSOHV LV FLUFXODU� 7KH GLDPHWHU RI WKH ILOWHU VDP�

SOHV LV ��PP� EXW DFWXDOO\ RQO\ ��PP LQ GLDPHWHU FRQWULEXWHV WR

WKH ILOWUDWLRQ DUHD� 7KH ILOWHU VDPSOHV DUH LQVWDOOHG LQ WKH PLGGOH RI

WKH WHVW FROXPQ DQG SHUIHFWO\ VHDOHG�

$V IRU WKH H[SHULPHQWDO FRQGLWLRQV� WKH WHPSHUDWXUH ZDV PDLQ�

WDLQHG DW ����� R&� WKH UHODWLYH KXPLGLW\ ZDV ������� DQG WKH H[�

SHULPHQW ZDV FRQGXFWHG XQGHU DWPRVSKHULF SUHVVXUH� 7KH SDUWLFOH

FRQFHQWUDWLRQV DUH FDOFXODWHG E\ FRXQWLQJ WKH SDUWLFOH QXPEHUV GXU�

LQJ D SUHGHWHUPLQHG VDPSOLQJ WLPH� 7ZR FRQGHQVDWLRQ SDUWLFOH FRXQ�

WHUV �0RGHO ����� 76, ,QF�� FRXQW WKH XSVWUHDP DQG GRZQVWUHDP

SDUWLFOH QXPEHUV� UHVSHFWLYHO\� 7KXV� WKH IUDFWLRQDO FROOHFWLRQ HIIL�

FLHQF\ RI D WHVWHG ILOWHU PHGLXP LV FDOFXODWHG E\ WKH IROORZLQJ HTXD�

WLRQ�

���

ZKHUH

η � IUDFWLRQDO FROOHFWLRQ HIILFLHQF\

183 � XSVWUHDP SDUWLFOH FRXQWV

1'2:1 � GRZQVWUHDP SDUWLFOH FRXQWV�

5(68/76 $1' ',6&866,216

7KH FKDUDFWHULVWLFV RI SUHVVXUH GURS RI WKH WHVWHG ILOWHUV DW YDUL�

RXV ILOWUDWLRQ YHORFLWLHV DUH VKRZQ LQ )LJ� �� 7KH .�� ILOWHU KDV WKH

ORZHVW SUHVVXUH GURS� DQG WKH 5)�� VKRZV WKH KLJKHVW IORZ UHVLV�

WDQFH FKDUDFWHULVWLFV� ,W LV ZHOO�NQRZQ WKDW WKH SUHVVXUH GURS RI D

η �( ) =183
−1'2:1

183

���������������������������� ���×

7DEOH �� )LEHU PDWHULDOV DQG VWUXFWXUDO IHDWXUHV RI WKH WHVWHG ILOWHU PHGLD

)LOWHU PHGLD /D\HUV 0DWHULDOV 0DQXIDFWXULQJ SURFHVV %RQGLQJ PHWKRG 5HPDUN

.�� 6XUIDFH OD\HU 33 0HOWEORZQ 7KHUPDO ERQGLQJ

6XEVWUDWH OD\HU 3(7 &KHPLFDO ERQGHG XVLQJ 3( SRZGHU

.�� 3UH�VXUIDFH OD\HU 3(7 6SXQERQG 8OWUDVRQLF ERQGLQJ 1HZO\ GHYHORSHG

6XUIDFH OD\HU 33 0HOWEORZQ

6XEVWUDWH OD\HU 3(7 &KHPLFDO ERQGHG

.�� 3UH�VXUIDFH OD\HU 3(7 6SXQERQG 8OWUDVRQLF ERQGLQJ

6XUIDFH OD\HU 33 0HOWEORZQ

6XEVWUDWH OD\HU 3(7 &KHPLFDO ERQGHG

5)�� 6XUIDFH OD\HU 33 0HOWEORZQ 8OWUDVRQLF ERQGLQJ ([LVWLQJ

6XEVWUDWH OD\HU 3(7 &KHPLFDO ERQGHG

5)�� 6LQJOH OD\HU *ODVV ILEHU :HW ODLG

)LJ� �� 6FKHPDWLF GLDJUDP RI WKH H[SHULPHQWDO VHWXS�

)LJ� �� &RPSDULVRQ RI SUHVVXUH GURS FKDUDFWHULVWLFV RI WKH WHVWHG

ILOWHU PHGLD�
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ILOWHU LV OLQHDUO\ SURSRUWLRQDO WR LWV WKLFNQHVV� )RU D PXOWLOD\HU ILOWHU�

WKH VXUIDFH OD\HUPDLQO\ FRQWULEXWHV WR WKH SUHVVXUH GURS RI WKH ILOWHU�

7KHUHIRUH� LQIRUPDWLRQ RQ WKH VWUXFWXUH RI WKH WHVWHG ILOWHUV LV QHHGHG�

,Q WKLV ZRUN WKH WKLFNQHVV RI HDFK OD\HU IRU WKH ILOWHUV ZDV PHDV�

XUHG E\ XVLQJ D VFDQQLQJ HOHFWURQ PLFURVFRSH �6(0��

7KH WKLFNQHVV GDWD LV JUDSKHG LQ )LJ� �� $V FDQ EH VHHQ� WKH .��

ILOWHU KDV WKH WKLQQHVW VXUIDFH OD\HU� 7KH 5)�� KDV WKH WKLFNHVW VXU�

IDFH OD\HU� DV H[SHFWHG IURP WKH SUHVVXUH GURS GDWD� )RU WKH FDVH RI

.��� HVSHFLDOO\� WKH WKLFNQHVV RI WKH VXUIDFH OD\HU LV YHU\ WKLQ� )XU�

WKHUPRUH� LW LV QRW XQLIRUPO\ GLVWULEXWHG� 7KDW LV� WKH WKLFNQHVV LV QRW

HTXDO RYHU WKH VXUIDFHZHE� 7KLV QRQ�XQLIRUPLW\ RI WKH VXUIDFH OD\HU

FDXVHV WKH ORZ SUHVVXUH GURS� DQG LW PD\ DOVR EULQJ RXW WKH SRRU

FROOHFWLRQ HIILFLHQF\�

7KH SUHVVXUH GURS RI WKH 5)�� LV ORZHU WKDQ WKDW RI WKH 5)���

HYHQ WKRXJK WKH WKLFNQHVV RI WKH 5)�� LV JUHDWHU� 7KLV LV OLNHO\ GXH

WR WKH GLIIHUHQFH RI ILEHU PDWHULDOV XVHG DQG WKH SRURVLW\ RI WKH VXU�

IDFH OD\HU� 7KH .��� .��� .�� DQG 5)�� KDYH WKH VDPH ILEHU PD�

WHULDO IRU WKH VXUIDFH OD\HU� RQ WKH RWKHU KDQG� WKH 5)�� LV FRP�

SRVHG RI D VLQJOH OD\HU RI JODVV ILEHUV�

$QRWKHU SDUDPHWHU WR HYDOXDWH WKH ILOWHU SHUIRUPDQFH LV WKH FRO�

OHFWLRQ HIILFLHQF\� 7KH FROOHFWLRQ HIILFLHQF\ RI WKH WHVWHG ILOWHU ZDV

PHDVXUHG IRU VXEPLFURQ VRGLXP FKORULGH SDUWLFOHV� 7KH UHVXOWV DUH

VKRZQ LQ )LJ� �� 7KH.�� LV WKHPRVW H[FHOOHQW DPRQJ WKH ILYH ILOWHUV�

DQG WKH .�� KDYLQJ WKH ORZHVW SUHVVXUH GURS VKRZV WKH ZRUVW FRO�

OHFWLRQ HIILFLHQF\� 7KH HIILFLHQF\ RI WKH 5)�� LV ORZHU WKDQ .�� DQG

.��� ZKLFK KDYH D WKLQQHU VXUIDFH OD\HU� 7KLV UHVXOW LV RZLQJ WR WKH

HOHFWURVWDWLF HQKDQFHPHQW RI WKH QHZO\ GHYHORSHG ILOWHUV� 7KH .���

.�� DQG .�� DUH FKDUJHG E\ FRURQD GLVFKDUJLQJ PHWKRG� 7KLV LV

WKH UHDVRQZK\ WKH FROOHFWLRQ HIILFLHQF\ RI WKH.��DQG.�� LV KLJKHU

WKDQ WKDW RI 5)�� IRU SDUWLFOH VL]H XQGHU ���µP� ,Q WKH FDVH RI .���
LQ VSLWH RI HOHFWULFDO FKDUJLQJ� WKH HIILFLHQF\ LV ORZHVW� 7KLV LV GXH

WR WKH WKLFNQHVV RI WKH VXUIDFH OD\HU RI WKH ILOWHU DVPHQWLRQHG EHIRUH�

7KH HOHFWULFDOO\ WUHDWHG DLU ILOWHU PHGLD FDQ UHGXFH LWV WKLFNQHVV

FRPSDUHG WR WKDW RI XQWUHDWHG RQH� ,I WKH ILOWHU LV PXFK WKLQQHU OLNH

WKH FDVH RI WKH .��� KRZHYHU� WKH FROOHFWLRQ HIILFLHQF\ ZLOO EH ORZHU

UHJDUGOHVV RI WKH HOHFWURVWDWLF HQKDQFHPHQW�

7KH ILOWUDWLRQ YHORFLW\ DOVR DIIHFWV WKH FROOHFWLRQ HIILFLHQF\� IXU�

WKHUPRUH� WKH HIIHFWV RI WKH ILOWUDWLRQ YHORFLW\ EHFRPH JUHDWHU DV WKH

ILOWHU LV WKLQQHU DQG WKLQQHU� )LJ� � VKRZV WKH IUDFWLRQDO FROOHFWLRQ

HIILFLHQF\ RI WKH .��� 5)��� DQG 5)�� ILOWHUV� 7KHVH ILJXUHV VKRZ

WKH W\SLFDO ILOWUDWLRQ FKDUDFWHULVWLFV SUHVHQWHG E\ /HH DQG /LX >����D�

����E@� 7KH PRVW SHQHWUDWLQJ SDUWLFOH VL]H DW ZKLFK WKH PLQLPXP

HIILFLHQF\ RFFXUV EHFRPHV VPDOOHU DV WKH ILOWUDWLRQ YHORFLW\ LQFUHDVHV�

,Q WKH )LJ� ��D�� WKH HIILFLHQF\ GHFUHDVHV UDSLGO\ DW 9 ��P�PLQ

FRPSDUHG WR RWKHU FDVHV� 2Q WKH RWKHU KDQG� WKH HIILFLHQF\ RI WKH

5)�� DQG 5)�� ILOWHUV DW WKH VDPH YHORFLW\ LV JUDGXDOO\ UHGXFHG

ZLWK D QHDUO\ FRQVWDQW GHFUHDVLQJ UDWLR� 7KXV� WKH ILOWHU WKLFNQHVV

PXVW EH GHWHUPLQHG XQGHU WKH FRQVLGHUDWLRQ RI ILOWUDWLRQ YHORFLW\

UHTXLUHG IRU D VSHFLILF DSSOLFDWLRQ�

6800$5<

7KH WKUHH W\SHV RI PXOWLOD\HU ILOWHU PHGLD ZHUH QHZO\ GHYHORSHG

DQG HYDOXDWHG IRU WKH SXUSRVH RI DSSOLFDWLRQ LQWR WXUELQH LQWDNH DLU

ILOWUDWLRQ V\VWHPV� 7KH ILOWUDWLRQ SHUIRUPDQFH RI WKRVH ILOWHUV ZDV

FRPSDUHGZLWK WKDW RI H[LVWLQJ ILOWHU PHGLD� )RU WKH PXOWLOD\HU ILOWHUV

WHVWHG LQ WKLV ZRUN� WKH VXUIDFH OD\HU LV PDLQO\ UHVSRQVLEOH IRU ILO�

WUDWLRQ HIILFLHQF\� (VSHFLDOO\� DV D SULQFLSDO SDUDPHWHU IRU WKH PXOWL�

)LJ� �� 7KLFNQHVV GDWD RI WKH WHVWHG ILOWHU PHGLD�

)LJ� �� &RPSDULVRQ RI IUDFWLRQDO FROOHFWLRQ HIILFLHQF\ RI WKH WHVWHG

ILOWHU PHGLD DW YDULRXV ILOWUDWLRQ YHORFLWLHV�

�D� 9 � P�PLQ� �E� 9 �P�PLQ� �F� 9 ��P�PLQ
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