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$ 6WXG\ RQ WKH OHFKDQLFDO 3U
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621* DQG -LQ <DQJ 1,(

,QVWLWXWH RI $GYDQFHG ODQXIDFWXULQJ DQG ,QWHO!
THFKQRORJ\ %HLMLQJ &KLQD

'LQMLDQJ 3URGXFWLRQ &RQVWUXFWLRQ &RUSV .H\ /
'HYHORSPHQW DQG (IILFLHQW 8WLOL]DWLRQ RI 6WUDWHJL
DQG $XWRPDWLRQ (QJLQHHULQJ ;LQMLDQJ 8QLYHUVLW\ R
&KLQD

&RUUHVSRQGLQJ DXWKRU

7LH 1HQJ *82 ,QVWLWXWH RI $GYDQFHG ODQXIDFWXULQJ
8QLYHUVLW\ RI 7THFKQRORJ\ 1R 3LQJI\XDQ &KDR\DQJ 'L
(PDLO JXRWQ# FRP



$SEVWUDFW

'LWK WKH UDSLG GHYHORSPHQW RI SRODU HQJLQHHULQ
FRQWDFW PHFKDQLFDO EHKDYLRU RI PHFKDQLFDO LQWHU/
EHFRPH D NH\ IDFWRU GHWHUPLQLQJ V\WWHP UHOLDELOL
PRGHOV DUH ODUJHO\ OLPLWHG WR DVVXPSWLRQV DW UR
HIKLELW QRQ SK\VLFDO VXGGHQ GURSV LQ VWLIIQHVV DW
GLIILFXOW WR DFFXUDWHO\ GHVFULEH WKH DFWXDO FRQW
DGGUHVV WKLV LVVXH WKLV SDSHU FRQGXFWV D IXOO\ SI

/| DXVWHQLWLF VWDLQOHVYVY VWHHO VSKHUHV LQ D ORZ \
WR . JLUVW E\ LQWURGXFLQJ IXQFWLRQV IRU WKH F
G\QDPLFDOO\ HYROYH ZLWK WHPSHUDWXUH DQ LPSUR)
IUDPHZRUN LQFRUSRUDWLQJ WHPSHUDWXUH JUDGLHQWYV
VXGGHQ GURS LQ FRQWDFW VWLIIQHVY DW WKH WUDQVLW
VWDJIHV & LQ WKH RULJLQDO PRGHO D ORFDO ERX(
+HUPLWH LQWHUSRODWLRQ SRO\QRPLDOV ZDV SURSRVHG
HIITHFWV VLJQLILFDQWO\ LQFUHDVH WKH PDWHULDOYJV HO
RYHUDOO HYROXWLRQ Rl WKH FULWLFDO \LHOG SDUDPHW
,Q SDUWLFXODU ZKHQ LQYHVWLJDWLQJ WKH FRXSOHG HII
LQFUHDVLQJ WKH UDGLXV RI EXUYDWXUH RI WKH FRQW
VWUHQJWKHQLQJ HIIHFW RI ORZ WHPSHUDWXUH HQYLURQ
WHPSHUDWXUH GHFUHDVHV WKH FULWLFDO FRQWDFW OF
XSZDUG LQIOHFWLRQ LQ WKH ORZ WHPSHUDWXUH UHJLRQ
FXUYDWXUH FDQ DFKLHYH D PRUH VLJQLILFDQW LQFUHI
FU\RJHQLF FRQGLWLRQV )XUWKHUPRUH WKH PRGHO PRGI
RQO\ DFKLHYHV VWULFW ILUVW RUGHU FRQWLQXLW\ DW \
WKHUHE\ FRPSOHWHO\ HOLPLQDWLQJ VXGGHQ FKDQJHV L
WKHRUHWLFDO YDOXHV LQ WKH KLJK VWUDLQ UHJLRQ ZLW
ULJRURXV WKHRUHWLFDO IRXQGDWLRQ IRU WKH DQDO\V
RSWLPL]DWLRQ Rl VWUXFWXUDO ORDG EHDULQJ SHUIRUP
VHUYLFH HQYLURQPHQWYV

.H\ZRUGRQWDFW PHFKDQLFV /RZ WHPSHUDWXUH HQYLUR
LOQWHUSRODWLRQ &RQWDFW VWLIIQHVV



, QWURGXFWLRQ

'LWK WKH UDSLG GHYHORSPHQW Rl HQJLQHHULQJ LQ
H[SORUDWLRQ DQG FU\RJHQLF HTXLSPHQW WHFKQRORJ\
PHFKDQLFDO LQWHUIDFHV LQ FU\RJHQLF HQYLURQPHQW
GHWHUPLQLQJ V\WWHP RSHUDWLRQDO DFEXUDF\ DQG VH
PHFKDQLFV FRQWDFW EHWZHHQ URXJK VXUIDEHV LV W\!
EHWZHHQ DQ HTXLYDOHQW VLQJOH PLFUR SURWUXVLRQ V
VXFK DV WKH +HUW] > @ HODVWLF PRGHO DQG WKH $EERW
GHVFULEH D VLQJOH GHIRUPDWLRQ VWDWH 7R FRYHU D E
(WVLRQ > @ SURSRVHG WKH ZHOO NQRZQ .( FRQWDFW PR
)(0 7KLV PRGHO GLYLGHV WKH FRQWDFW SURFHVV LQWIE
DQG IXOO\ SODVWLF +RZHYHU EHFDXVH WKH .( PRGHO F
GLVFRQWLQXLWLHYV GXULQJ WKH HODVWRSODVWLF HYROY
GURS LQ FRQWDFW IRUFH DQG FRQWDFW VWLIIQHVV DW W
OHDG WR FRPSXWDWLRQDO GLYHUJHQFH GXULQJ FRXSOHC

7R RYHUFRPH WKH GLVFRQWLQXLW\ LVVXHV LQ SLHFF
FRQGXFWHG LQ GHSWK LQYHVWLIJDWLRQV =KDR > @ HW
TXDUWLF SRO\QRPLDO IXQFWLRQV WR VPRRWK WKH HOD\
-DFNVRQ DQG *UHHQ -* PRGHO > @ IXUWKHU SRLQWHG R
FRQWDFW SUHVVXUH LQ WKH IXO0O\ SODVWLF UHJLRQ LV Q
RI WKH FRQWDFW JHRPHWU\ DQG PDWHULDO SURSHUWLH\
PRGXOXV B6XEVHTXHQWO\ 6KDQNDU DQG OD\XUDP 60 PR
HYROXWLRQ Rl WKH HODVWLF FRUH DQG SODVWLF UHJLRQ
WKH LQWHUIHUHQFH DPRXQW )XUWKHUPRUH QRQOLQHD
UHVLGXDO VWUHVVHV DIWHU XQORDGLQJ LQWHUDFWLR
LQFOXVLRQV ZLWKLQ WKH PDWHULDO2KDYH DOO EHHQ
PHFKDQLFDG EHKIDYLRU

$OWKRXJK WKH DIRUHPHQWLRQHG PRGHOV KDYH \LH
PHFKDQLVPV Rl FRQWDFW PHFKDQLFV H[LVWLQJ FODVVLF
DQG WKH -* PRGHO DPRQJ RWKHUV DUH ODUJHO\ OLPLYV
BWXGLHYV KDYH VKRZQ WKDW DPELHQW WHPSHUDWXUH K
SURSHUWLHV RI PDWHULDOV > @ IRU H[DPSOH LQ Wl
KDUGQHVV RI PDWHULDOV DQG WKH HYROXWLRQ RI FRQW
FKDQJHV LQ WHPBHUDW XU XVWHQLWLF VWDLQOHVV VWH
HQJLQHHULQJ ORZ WHPSHUDWXUH HQYLURQPHQWYV VLJQI
VWUHQJWK KRZHYHU WKHUH UHPDLQV D VLJQLILFDQW U}
PRGHO XQGHU ORZ WHPSHUDWXUH JUDGLHQWY FKDQJHYV
RI JHRPHWULF GLPHQVLRQV



7R DGGUHVV WKHVH LVVXHV WKLV SDSHU FRQGXFWV |
PHFKDQLFDO SURSHUWLHV RI / DXVWHQLWLF VWDLQO
HQYLURQPHQW UDQJLQJ IURP . WR . J)LUVW E\ LQ
PRGXOXV DQG \LHOG VWUHQJWK WKDW G\QDPLFDOO\ HYRC
PHFKDQLFV WKHRUHWLFDO IUDPHZRUN LQFRUSRUDWLQJ W
WR DGGUHVV WKH VKRUWFRPLQJ RI WKH RULJLQDO .( PRG
ERXQGDU\ EHWZHHQ WKH HODVWLF DQG SODVWLF HYROXW
ERXQGDU\ FRUUHFWLRQ PHWKRG EDVHG RQ FXELF +HUPL\
HQVXUHV VWULFW FRQWLQXLW\ Rl WKH ILUVW RUGHU GH
FRPSOHWHO\ HOLPLQDWHV WKHRUHWLFDO GLVFRQWLQXL
WKHRUHWLFDO YDOXHV LQ WKH KLJK GHIRUPDWLRQ UHJLF
WKRURXJKO\ LQYHVWLIJDWHY WKH FRXSOHG HYROXWLRQ ¢
WHPSHUDWXUH JUDGLHQWY 7KH UHVHDUFK UHYHDOV WK
LQWHUIDFH FDQ HIIHFWLYHO\ DPSOLI\ WKH VWUHQJWKHQL
PDWHULDO \LHOG VWUHQJWK UHVXOWLQJ LQ D PRUH VLJC
XQGHU FU\RJHQLF FRQGLWLRQV 7KLV VWXG\ SURYLGHV D
DQDO\VLV RI PLFURVFRSLF FRQWDFW PHFKDQLVPV DQG V
WHPSHUDWXUH VHUYLFH HQYLURQPHQWYV

'"HYHORSPHQW RI D OHFKDQLFDO ORGHO |
IRZ THPSHUDWXUH (QYLURQPHQWYV

6SKHULFDO MRLQW VXUIDFHV DV D W\SLFDO IRUP RI
ZLGHO\ IRXQG LQ ORZ WHPSHUDWXUH YDOYH VHDOLQJ SD
QDWXUDO JDV /1* WUDQVPLVVLRQ HTXLSPHQW VXSHU
FRPSRQHQWY RSHUDWLQJ LQ H[WUHPH KLJK DOWLWXGH H
FKDUDFWHULVWLFV GLUHFWO\ GHWHUPLQH WKH FRQWDFW
WKH HQWLUH V\VWHP XQGHU ORZ WHPSHUDWXUH RSHUDW
YDULDEOH ORDGYV DQG FU\RJHQLF HQYLURQPHQWY WKH I
FRQWDFW LQWHUIDFH VHUYHV DV WKH FRUH IRXQGDWLR(
FDSDFLW\ SUHGLFWLQJ FROG EULWWOH IDLOXUH DQG RE
ODUJHO\ IRFXVHG RQ DQDO\WLFDO VROXWLRQV IRU LGHD
FRQWDFW DW URRP WHPSHUDWXUH KRZHYHU WKH WHPSH
DQG \LHOG VWUHQJWK LQ FU\RJHQLF HQYLURQPHQWYV W]
WKHUPDO IRUFH LQWHUDFWLRQV LQ FU\RJHQLF HQYLURQC

7R WKLV HQG WKLV VHFWLRQ WDNHV WKH FRQWDFW V
VWXG\ %DVHG RQ +HUW]TV WKHRU\ DQG WKH IXQGDPHQ
PHFKDQLFV LW LQWURGXFHV WHPSHUDWXUH FRUUHFWHG
SDUDPHWHUV GHULYHV WKH UHODWLRQVKLSY EHWZHHQ



DUHD $ DQG WKH QR UPSDWLGQWMHUUHQOMQEHIRQPOMWLRQ VW]
HIIHFWV DQG HVWDEOLVKHV DQ DQDO\WLFDO PRGHO IR
LQWHUIDFH WKDW DFFRXQWYVY IRU ORZ WHPSHUDWXUH HIIH
DQDO\VLYV Rl HODVWRSODVWLF GHIRUPDWLRQ DW WKH VSt
HQYLURQPHQWY DQG IRU YHULILFDWLRQ WKURXJK ILQLWH

)XOO 3DUDPHWULF 6WXG\ SDUDPHWHUYV

7R FRPSUHKHQVLYHO\ LQYHVWLJDWH WKH FRXSOHG HII
JHRPHWULF GLPHQVLRQV RQ WKH FRQWDFW LQWHUIDFH E
SDUDPHWHUL]HG VWXG\ 7KH FRUH JHRPHWULF GLPHQVLF
PDWHULDO SURSHUW\ SDUDPHWHUV DQG ILQLWH HOHPHC
ZHUH V\VWHPDWLFDOO\ YDULHG DFURVYVY D EURDG UDQJH |
SDUDPHWHU VHWWLQJVY DUH VKRZQ LQ 7DEOH

7TDEOH 6XPPDU\ RI .H\ 3DUDPHWHUV IRU WKH )XOQ

Parameter Categorie Parameter Name Values and Ranges
Environment Temperature Gradient Range 1 200 K to 300 K
Geometry Equivalent Radius of Curvature 5, 10, 15, 20 mm
Materials Material Grade 316L Austenitic Stainless Ste:
Finite Element Mesh Minimum grid size 4.47x10% mm

$ 6HPL $QDO\WLFDO OHFKDQLVP IRU &RQWDFW
WKH /RZ THPSHUDWXUH 6WUHQJWKHQLQJ (IIHFW

KHQ H[WHQGLQJ URRP WHPSHUDWXUH FRQWDFW PRG
VLPSO\ VXEVWLWXWLQJ FRQVWDQWY LQWR WKH ILQDO PHI
HODVWRSODVWLF EHKDYLRU RI PDWHULDOV XQGHU FRPSC
(WVLRQ .( FRQWDFW PRGHO LV W\SLFDOO\ GHULYHG ED
WHPSHUDWXUH FRQGLWLRQV +RZHYHU LQ ORZ WHPSHU
WHPSHUDWXUH JUDGLHQWY WKH PHFKDQLFDO SURSHUW|
HYROXWLRQ 7R DGGUHVV WKLV WKH 3VHPL DQDO\WLFDO
DEVWUDFW LV QRW PHUHO\ D VLPSOH QXPHULFDO VFDOLQ
VWDUWYV |IURP WKH FRQVWLWXWLYH UHODWLRQV RI FR
PHFKDQLVPV WR PLFURVFRSLF GLVORFDWLRQ UHVLVWDQF
\LHOG ERXQGDU\ RI WKH FRQWDFW GRPDLQ



(IWHQVLRQV DQG $SSOLFDELOLW\ RI WKH 7HPSHUL
&ULWHULRQ

JRU WKH / DXVWHQLWLF VWDLQOHVV VWHHO VWXGLH
FHQWHUHG FXELF )&& FU\WWDO VWUXFWXUH WKH PDW
WRXJKQHVV EULWWOHQHVYVY WUDQVLWLRQ WHPSHUDWXUH
VWDLQOHVYV VWHHOV LV ZHOO EHORZ . RU HYHQ ORZHU

DQG QHLWKHU PDUWHQVLWLF WUDQVIRUPDWLRQ QRU
WHPSHUDWXUH UDQJH > @ 8QGHU WKHVH SK\VLFDO FRQ
GHIRUPDWLRQ UHPDLQV GLVORFDWLRQ VOLS ZLWKLQ WK
HTXLYDOHQW VWUHVV DVVXPSWLRQ ZLWKLQ WKH PDFURVF
VWULFWO\ YDOLG +RZHYHU WKH RULJLQDO URRP WHPSHI
VWDWLF LQ VWUHVV VSDFH ,Q H[WUHPHO\ FROG HQYLURQ
HQHUJ\ OHDGV WR D VLJQLILFDQW LQFUHDVH LQ WKH UHVL
> @ QHFHVVLWDWLQJ WKH LOQWURGXFWLRQ RI D WKHUPR

7KLV SDSHU UHWDLQV WKH VWUHVV GLVSODFHPHQW IU
LQWURGXFHV D WHPSHUDWXUH VEDODU ILHOG 7 WR GHUL
WKDW DFFRXQWY IRU ORZ WHPSHUDWXUH HIIHFWV

@.)=Vs —o()=0 ®

,Q WKLV HIXMBBSUWRQH@WY WKH G HYL DWHSWLHY VY WK VW KWHH
OLPLW WKDW HYROYHV G\QDPLFDOO\ ZLWK WHPSHUDWXU
WKH FRUH PHFKDQLVP RI ORZ WHPSHUDWXUH FRQWDFW W
\LHOG EHKDYLRU XQGHU D PXOWLD[LDO VWUHVV VWDWH
WHPSHUDWXUH WHUP EXW UDWKHU GULYHV DQ LVRWURS
LQ VWUHVV VSDFH E\ G\QDPLFDOO\ \DP SFOQ IWLKQH WK WOKRZC
WKH HTXDWLRQ

&ULWLFDO 'LVSODFHPHQW (YROXWLRQ 'ULYHQ E\ 3%

7R VROYH IRU WKH \LHOG ERXQGDU\ RI WKH DIRUHPHQYV
RI WKH FRQVWLWXWLYH SDUDPHWHUYV ZLWKLQ WKLV WHPS
bDv D PDFURVFRSLF SDUDPHWHU FKDUDFWHUL]LQJ WKH 1
LQFUHDVHY DV WKH WHPSHUDWXUH GHFUHDVHV WKH SK\V
IURP WKH UHGXFWLRQ LQ WKH YLEUDWLRQDO HQHUJ\ RI V
DGRSWV WKH VHPL HPSLULFDO IRUPXOD SURSRVHG E\ 9DU
> @

()= o-

(2)
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*LYHQ WKDW WKLV VWXG\ IRFXVHV RQ WKH WHPSHUDW)

PDWHULDOYV SK\VLFDO SURSHUWLHYVY KDYH QRW \HW H[KLE



WKLV UHODWLYHO\ QDUURZ WHPSHUDWXUH UDQJH 7R ED
ZLWK WKH HIILFLHQF\ RI HQJLQHHULQJ FDOFXODWLRQV L
H[SRQHQWLDO PRGHO ZDV SHUIRUPHG QHDU . DQG UH
UHOHYDQW H[SHULPHQWDO GDWD SRLQWV WR HIWUDFW W
PRGXOXV LQ WKLV WHPSHUDWXUH UDQJH ZKLFK LV DSSU
VKRZ WKDW ZLWKLQ WKLV UDQJH WKH FRUUHODWLRQ FR
PRGHO DQG WKH FRPSOH[ HISRQHQWLDO PRGHO LV Z
IXOO\ PHHWLQJ HQJLQHHULQJ DFFXUDF\ UHTXLUHPHQWYV
VLPSOLILHG OLQHDU DSSUR[LPDWLRQ IRUPXOD
()= 203[1+40x10™* 71(293 - )] 3)

,Q WKLV HTXDWLRQ (w~x LV WKH HODVWLF PRGXOXV RI W

&RPSDUHG WR WKH PRGXOXV RI HODVWLFLW\ WKH \LF
WHPSHUDWXUH VHQVLWLYLW\ %DVHG RQ DQ DQDO\VLV RI
VWHHO IURP WKH 1,67 > @ GDWDEDVH WKH \LHOG SRLQW
DW ORZ WHPSHUDWXUHY GXH WR D VKDUS ULVH LQ WKH UL
WR . UDQJH GHILQHG LQ WKLY SDSHU LWV HYROXWLRC
SHUIRUPLQJ D OLQHDU ILW RQ WKH 1,67 H[SHULPHQWDO G|
FRHIILFLHQW 590 WKH WHPSHUDWXUH FRHIILFLHQW .
RQ WKLV WKH IROORZLQJ FRUUHFWHG PRGHO ZDV HVWDE
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,Q WKLY HTXDWLRQ 1Vw~Xx UHSUHVHQWV WKH \LHOG VWUH

7KH OLWHUDWXUH LQGLFDWHY WKDW WKH 3RLVVRQTV
IDSODQFKH > @ HW DO UHSRUWHG WKDW WKH 3RLVVRQY

“ RYHU WKH WHPSHUDWXUH UDQJH RI * . ZL
ODWHULDOV VXFK DV /| DXVWHQLWLF VWDLQOHVYV VWHHC
WKLV VWXG\ WUHDWV WKH 3RLVVRQYVY UDWLR DV D FRQVW

'"HULYDWLRQ RI (ODVWR 30DVWLF &RUUHFWI
/HPSHUDWXUH 6SKHULFDO &RQWDFW ORGHO

(TXLYDOHQW *HRPHWU\ DQG 7THPSHUDWXUH "HSHQG

/HW WKH UDGLL Rl WZR / DXVWHQLWLF VWDLQOHVV V\
HTXLYDOHQW UDGLXV RI FXUYDWXUH DW WKH SRLQW RI F
MRLQWO\ E\ WKHLU JHRPHWULF GLPHQVLRQV

1 1 1 1o
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JRU WKH VDNH RI DQDO\VLVY WKLV SDSHU H[DPLQHV Wt
6LOQFH WKH WZR VSKHUHY KDYH HTXDO UDGLL L H 5v 5v
6LQFH ERWK FRQWDFWLQJ ERGLHY DUH PDGH RI WKH VI
DW DQ\ JLYHQ ORZ WHPSHUDWXUH77 WKHLY HO DWML W Kk




SRLVVRQTYV UDWLRV6ERBWWLWXWLQJ WKHVH YDOXHV LQWR
HODVWLF PRGXOXV \LHOGY DQ HTXLYDOHQW PRGXOXV WK

O
=500 ©)

,QLWLDO <LHOG 7KUHVKROG

KHQ WKH QRUPDO GHIRUPDWLRQ EHWZHHQ WZR VSKHU
PD[LPXP HTXLYDOHQW VWUHVYVY DW WKH FRQWDFWIVXE VX
DXVWHQLWLF VWDLQOHVY VWHHO DW WKH FXUUHQW WHP.
I[IURP SXUHO\ HODVWLF WR HODVWRSODVWLF 6XEVWLWXYV
FULWLFDO SDUDPHWHU IRUPXOD > @ WKH FULWUFIFOQQW
EH H[SUHVVHG DV

2 2
0w()= C (1_:))0()) @
KHUH & LV D IXQFWLRQ RI WKH 3RLVVRQ V UDWLR IRU
EDVHG RQ WKH YRQ OLVHV WMHO®& FULWHULRQ &
7KH FULWLFDO FRQWDFW ORDG 3F 7 FDQ EH H[SUHVVH!
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7KH FULWLFDO FRQWDFW DUHD $F 7 FDQ EH H[SUHVVHC
m(1-v)o ().
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$V FDQ EH VHHQ IURP (TXDWLRQ WKH FULWLFDO Ol
WHPSHUDWXUH GHSHQGHQW PDWHULDO SURSHUW\ UDWLI
LQFUHDVH LQ WKH \LHOG VWUHQJWK RI /| DXVWHQLWLF
LQFUHDVH LQ LWV PRGXOXV RI HODVWLFLW\ ZKLFK PHDQ
KDUGHU WLPH HQWHULQJ WKH SODVWLF \LHOG VWDJH

6HIPHQWDO &RQWDFW OHFKDQLFV (TXDWLRQV

$ GLPHQVLRQOHVV GHIRUPDWLRQ SDUDPHWHU & WKDW
WKH FRUH LQGLFDWRU IRU beVV:HO;Q#LQ/d_BQ\UHWKFHQFWQWEFD/D

HODVWRSODVWLF FRQWDFW PRGHO DQG WKH GLPHQVLRQC
WHPSHUDWXUH HIITHFWV WKH PHFKDQLFDO HYROXWLRQ
WHPSHUDWXUHY FDQ EH VWULFWO\ GLYLGHG LQWR IRXU V

3 DQRG WKH WUXH FRQWDFW DUHD $ DV D IXQFWLRQ RI WKF

K=:—(Z IRU HDFK VWDJH DUH DV IROORZV

3XUHO\ (ODOVWLEBWDJH

$W WKLV VWDJIJH WKH PD[LPXP YRQ OLVHV VWUHVV LQ
UHDFKHG WKH PDWHULDOYfV \LHOG VWUHQJWK DQG IX0OO0



FRQWDFW UHJLRQ 7KH FRQWDFW ORDG DQG DUHD IROOR

JRYHUQHG E\ WKH WHPSHUDWXUH PRGXODWHG HODVWLF F

2 () tw (10)

(w)=m (11)

(12)

JLUVW 6WDJH Rl (ODIVWR S®DVWLF &RQWDFW
'KHQ WKH GLPHQVLRQOHVV LQWHUIHUHQBRH>TIXDQWHW\
PLFUR FRQYH[ ERG\ EHJLQV WR \LHOG DQG D SODVWLF Q
VXUURXQGHG E\ DQ HODVWLF UHJLRQ %DVHG RQ WKH ILQ
ORDG DQG DUHD IRUPXODV WDNLQJ WHPSHUDWXUH HIIHF

w 1425

1 w)y= ()x103 (w—()) (13)
W 1.136

1 w)y= ()x093 (T) (14)

() w _0425
1( w)—103><1425ﬁ(w())
6HFRQG 6WDJH RI (OOWWR=3DPVWLF &RQWDFW

$V WKH H[WUXVLRQ LQWHQVLILHV IXUWKHU WKH LQWH
PLFUR EXOJH DQG WKH FRQWDFW J]RQH JUDGXDOO\ EHFRP
HODVWLF UHFRYHU\ IRUFH VWLOO UHPDLQV $W WKLV SR

WUXQFDWHG DW WKHIBRXQGDU\ SRLQW
1.263

(15)

(@)= ()% 140 (— “(’)) (16)
1.146
L( @) = 1.40 x 1.263 L(L oo (18)

() w()
) YXOO\ 30DVWLF(&RQM)DFW 6WDJH

‘KHQ WKH GHIRUPDWLRQ H[FHHGV WKH FULWLFDO YDO X
IXOO\ SODVWLF \LHOG VWDWH $FFRUGLQJ WR WKH $EER
FRQWDFW SUHVVXUH DW WKLV SRLQW LV DOZD\V HTXDO W
DWY=28c 7KH FRQWDFW DUHD DQG WKH ORDG H[KLELW D \

( ,w)=56m o () (19)
(w) =2n (20)
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$QDO\WLV RI WKH OHFKDQLFDO 3URSHUWIL
IRZ THPSHUDWXUH (QYLURQPHQWY DQG D &l

7KH (IIHFW Rl /RZ THPSHUDWXUH (IIHFWV RQ W
6SKHULFDO &RQWDFWYV

(YROXWLRQ RI &8RQWDFW /RDG DV D )XQFWLRQ RI
THPSHUDWXUHYV

JLJIXUH VKRZV WKH FRQWDFW ORDG YHUVXV QRUPDO L
VWDJH WR WKH PD[LPXP HODVWRSODVWLF VWDJH IRU ILYH

WR . $V WKH QRURDQFIWHDNUHM UMIQF FRQWDFW ORDG
PRQRWRQLFDOO\ LQ WKH UDQJH RI VPDOO LQWHUIHUHQF!I
DOPRVW FRLQFLGH LQGLFDWLQJ WKDW FRQWDFW EHKDYL
WKH HODVWLF PRGXOXV ( VLQFH ( YDULHV OLWWOH ZLWEk
VLIQLILFDQW DV WKH LQWHUIHUHQFH DPRXQW LQFUHDVH
WKH FXUYHV JUDGXDOO\ GLYHUJH WKH ORZHU WKH Wt
FRUUHVSRQGLQJ WR WKH VDPH LQWHUIHUHQFH DPRXQW |
WR ZLEH@MWHDVHY 7KH XQGHUO\LQJ SK\VLFDO PHFKDQL\
\LHOG KDV DOUHDG\ RFFXUUHG LQ WKH FHQWUDO FRQWDF
LV QRZ GRPLQDWHG E\ WEW ORID & WRSHUDIWXKY ED\H D\ K HWIR
JUHDWHU UHVLVWDQFH WR SODVWLF GHIRUPDWLRQ FRQV
IRU WKH VDPH LQWHUIHUHQFH DPRXQW )XUWKHUPRUH W
ZLWK LQFUHDVLQJ LQWHUIHUHQFH DPRXQW IXUWKHU DPS
FDQ EH REVHUYHG WKDW WKH ORZHU WKH WHPSHUDWXUF
EHFRPHV DQG WKH JUHDWHU WKH FULWLFDO ORDG 3F UH"

Theoretical Load-Interference Curves at Low Temperatures
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=213 K (Theoretical value)
=233 K (Theoretical value|
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J)LIXUH &XUYHV VKRZLQJ WKH UHODWLRQVKLS EHWZHHQ
GLITHUHQW ORZ WHPSHUDWXUHYV

THPSHUDWXUH 5HVSRQVH RI WKH &&ULWLFDO &RQWEL

J)LIXUH VKRZV WKH HYROXWLRQ RI WKH FULWLFDO FRC

. WR . /TKH FULWLFDO FRQWDFW DUHD LV WKH FRQW|
\LHOG LW GLUHFWO\ FKDUDFWHUL]HVY WKH PD[LPXP FRQW
HODVWLF FRQWDFW SKDVH $V VKRZQ LQ WKH ILIJXUH $F
WKH WHPSHUDWXUH GHFUHDVHV DQG WKH FXUYH GLVSOD
RI GHFUHDVH LV UHODWLYHO\ UDSLG DW WKH ORZ WHPSHI

DW WKH URRP WHPSHUDWXUH HQG * . 6SHFLILFDOO
DW . DQG ULVHV WR i qfi PP DW . UHSUHVHQWL
WR . 7TKH SK\WWLFDO PHFKDQLVP EHKLQG WKLV W

WHPSHUDWXUHY WKH PR WORWBDDMWLFADBV WU MKHVRUL W |
FRQWDFWLQJ ERGLHV PXVW ZLWKVWDQG D JUHDWHU H[WF
SRLQW WKH FRQWDFW VSRW KDV DOUHDG\ H[SDQGHG WR
LQFUHDVHG VORSH RI WKH FXUYH DW WKH ORZ WHPSHUD
FDXVHG E\ WKH QRQ®DQ MLHP S@ BOMDNHH IGHEUHDVHV 7KH L
WKH HODVWLF FRQWDFW SKDVH DW ORZ WHPSHUDWXUHV F
LV WKH HODVWRSODVWLE VHIJPHQW LV ORQJHU DQG WKHFH
FRQVLVWHQW ZLWK WKH GHOD\HG LQIOHFWLRQ SRLQW DW
WKH HODVWLF VROXWLR@AQUWHH DIRUHPHQWLRQHG 3%

%1073 Evolution of Critical Elastic Area
68 T 1 1 1
Continuous Theoretical value
\ O Discrete Theoretical value
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Temperature, T (K)

J)LIXUH &ULWLFDO FRQWDFW DUHD $F FXUYH XQf



THPSHUDWXUH 5HVSRQVH RI WKH Oip[LPXPVERIQWDHN Y
SODVWLF 6WDJH

JLIXUH VKRZV WKH HYROXWLRQ RI WKkb(PRULF 3R HLUQEF
FRQWDFWVY LQ WKH WHPSHUDWXUH UDQJH RI . WR .S
PD[LPXP HODVWRSODVWLF VWLIIGHRIWIKH GH BL G K G YDV DWK W
PD[LPXP HODVWRSODVWLFLW\ ZKLFK FKDUDFWHUL]JHV WK
GHIRUPDWLRQ DW WKH HQG RI WKH HODVWRBSK[KV®ILE W
PRQRWRQLFDOO\ LQFUHDVLQJ WUHQG DV WHPSHUDWXUH C
WHPSHUDWXUHY DQG D IODWWHU WUHQG QHDU URRP WHP
01 P DW . DQG ULVHV WR 01 P DW . UHSUHVHQW
IURP . WR . 7KH SK\VLFDO PHFKDQLVP EHKLQG WKL
WHPSHUDWXUHY WKH PDWREBUBOI\H VYL @G WKHUR Q BIWKKD @ G
FULWLFDO ORDG 3F DQG H[WHQGVY WKH HODVWLF UHJLRQ
RQO\ DIWHU XQGHUJRLQJ JUHDWHU GHIRUPDWLRQ RQ WKH
GHIRUPDWLRQ UHVXOWV LQ D VWHHSHU ORDG GHIRUPDWL
FRUUHVSRQGLQXQ) LIOHF WQBVHPN HG VORSH RI WKH EXUYH
UHIOHFWV WKH DPSOLILFDWLRQ HIIHFW RQ VWLIIDWHVV |
WHPSHUDWXUH GHFUHDYHWQGILKHD WEFUWMRIW LRW. ORZ WHF
ERG\ FDQ PDLQWDLQ D KLJKHU UHVLVWDQFH WR GHIRUPD
FRQVLVWHQW ZLWK WKH SUHYLRXVO\ PHQWLRQHG SDWWH I
HODVWLF DUHD $F DQG VKK XBH UG O/KZ IWVHRIS WK BIVBXU H V

Max Stiffness before Fully Plastic
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Continuous Theoretical value
Discrete Theoretical value
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J)LIXUH (YROXWLRQ RI WKH PDhjlLBXRRFR@QWRDWWHVNXDIOQ



XQGHU D WHPSHUDWXUH JUDGLHQW

7KH (I ITHFWV RI *HRPHWULF 'LPHQVLRQV DQG 7
6SKHULFDO &RQWDFW DQG )LQLWH (OHPHQW 9DOL

7KH &RXSOHG (IIHFW RI 7THPSHUDWXUH DQG 5DGLXV

7KH FULWLFDO \LHOG ORDG 3F LV D NH\ LQGLFDWRU FK
PLFUR FRQYH[ ERGLHV $V VKRZQ LQ (TXDWLRQ WKH FUL
GXULQJ VSKHULFDO FRQWDFW LV JRYHUQHG E\ WKH FRX
WHPSHUDWXUH GHSHQGHQW PDWHULDO SDUDPHWHUV ,Q
LQGLFDWLQJ WKDW DQ LQFUHDVH LQ WKH VSKHUHYV UD«
UHTXLUHG IRU LQLWLDO \LHOGLQJ VXJJHVWLQJ D BURQR
WHUPV Rl WHPSHUDWXUH 3F H[KLELWYV D FXELG G5 B SHQI®M\
TXDGUDWLF GHSHQGHQFH RQ WKH HODVWLF PRGXDXV ( 7
EHLQJ GRPLQDQW DQ LQFUHDVH LQ WKH PDWHULDOTYV \L
QRQOLQHDU LQFUHDVH LQ 3F )RXU VHWV RI VSKHUHV ZL\
ZHUH VHOHFWHG IRU WKHRUHWLFDO FXUYH HYROXWLRQ I

. WR
JLIXUH VKRZV WKH WKHRUHWLFDO FXUYHVY DQG GLVFU
IRU WKH IRXU VSKHUH UDGLL 5 DQG PP LQ WKH

, W FDQ EH REVHUYHG WKDW DQ LQFUHDVH LQ WKHLNVNRIQWDF
WKH DEVROXWH YDOXH RI WKH ORDG EXW DOVR FDXVHV W
VWHHSHU LQ WKH FU\RJHQLF UHJLRQ DOO IRXU FXUYHV H
WHPSHUDWXUH GHFUHDVHV UHIOHFWLQJ WKH IXQGDPHC
LOQFUHDVHY DW ORZ WHPSHUDWXUHY UHTXLULQJ D JUHDYV

ORZASHUDWXUH HQG 7 . WKH GLITHUHQFHV LQ 3F DP!
SURQRXQFHG IRU 5 PP LW LV RQO\ 1 ULVLQJ WR

DW 5 PP DQG IXUWKHU LQFUHDVLQJ WR 1 DWH5 F
WKH 3F YDOXHV IRU UDGLL WKDW DUH DQG WLPHV WI

UHVSHFWLYHO\ VWULFWO\ DGKHRJL®QJ WR HWKHE T XD GH PWQ F
WKH VFDOLQJ ODZ RI WKH JHRPHWULF WHUPV LQ WKH
WHPSHUDWXUHV DPSOLI\ WKH DEVROXWH GLVSDULW\ RI W
. WR . WKH DEVROXWH LQFUHDVH LQ 3F IRU D VSKHI
WHQ WLPHV WKDW RI D VSKHUH ZLWK 5 PP 7KLV VWHPY
LV UHODWHG WR WKH WHPSHUDWXUH/GHO®RQESHD\® & D G HA
H[SUHVVLRQ $W ORZ WHPSHUDWXUHV FKDQJHV LQ PDWHL
WHUP 58 PDNLQJ WKH FULWLFDO ORDG RI ODUJHU VSKHUF
JRRG DJUHHPHQW EHWZHHQ WKH GLVFUHWH WKHRUHWLFI
LQGLFDWHY FRQVLVWHQF\ LQ WKH FRPSXWDWLRQDO UHV;
ZLWK ODUJH UDGLL Rl FXUYDWXUH FDQ PRUH VHQVLWLYH¢



RI ORZ WHPSHUDWXUHYV

Coupling Effect of Size & Temperature
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*LYHQ WKDW WKH JHRPHWULF FRQILIXUDWLRQ RI WKH
WKH PDWHULDO SURSHUWLHY DUH DOO URWDWLRQDOO\ V\
VWUHVY DQG VWUDLQ ILHOGYV ZLWKLQ WKH FRQWDFW ]JRQF
WKUHH GLPHQVLRQDO VSKHULFDO FRQWDFW SUREOHP FDC
PRGHO IRU DQDO\VLV E\ XWLOL]JLQJ WKLV D[LV\PPHWU\ ,Q

| DXVWHQLWLF VWDLQOHVY VWHHO ZLWK WKH IROORZLC
<RXQJTV PRGXOXV ( T k03D 3RLVVRQITWUDWQRD

$V VKRZQ LQ )LIXUH WKH VWROG-HHOFRRSVW™RAW BRIQHAH X UL
PHVK DURXQG WKH FRQWDFW LQWHUIDFH UHILQHG WR D Pl
LQ )LIXUH WKH ERXQGDU\ FRQGLWLRQV DUH VHW VXFK
VIPPHWU\ FDQQRW PRYH UDGLDOO\ DQG WKH QRGHV DW
GLUHFWLRQVY (ODVWR SODVWLF FRQWDFW VLPXODWLRC
WHPSHUDWXUH DQG JHRPHWULF FRQGLWLRQV

D2YHUDOO *ULG Ol E /RFDO *ULG 0ODS

JLIXUH JLOQLWH (OHPHQW OHVK 'LDJUDP

X N NG NG TN

VAN "ANIN VANIN VAN VAN

J)LIXUH 6FKHPDWLF RI WKH PRGHO DQG ERXQGDU\ F



7R YHULI\ DQG FRPSDUH UHVXOWYV GLIITHUHQW VSKHUH
HOHPHQW VLPXODWLRMRIYIKINXOWRQRIDAMNBEKIHW HD ORZ WHPS
IRXU HTXLYDOHQW UDGLL RI FXUYDWXUH 5 DQC
3((4 ZDV XVHG DV WKH LQLWLDO \LHOG FULWHULRQ WR GF
ILUVW RFFXUUHQFH RI SODVWLF GHIRUPDWLRQ DW WKH
FRQWRXU SORWV RI D WZR GLPHQVLRQDO D[LV\PPHWULF I
ORDG D SODVWLF UHJLRQ ZLWK 3((4 ! DSSHDUV GLUHF
LQZDUG IURP WKH FRQWDFW VXUIDFH LQ DQ DSSUR[LPDWH
\LHOGLQJ KDV RFFXUUHG DW WKH FRQWDFW FHQWHU $V
GLVSODFHPHQW FRUUHVSRQGLQJ WR \LHOG LQFUHDVH VL

DSSUR[LPDWHO\ 1 DQG WKH QRUPDO LQWHUIHUHQFH L
WKH FULWLFDO ORDG LQFUHDVHV WR DSSUR[LPDWHO\
P )XUWKHUPRUH ZKHQ 5 PP HQWHUV WKH HODVWRS(

VLIJQLILFDQWO\ JUHDWHU WKDQ WKDW RI WKH RWKHU WKU
WKRURXJK SODVWLF GHIRUPDWLRQ RI WKH ODUJHU FRQV
ZLQGRZV IRU WKH ORDG GLVSODFHPHQW FXUYHV LQ HDEK
\LHOG SRLQW2WKH FXUYHV H[KLELW QRQOLQHDU JURZWK
XSRQ HQWHULQJ WKH SODVWLFWRIQ HRAL WK MFKKH FIRHJKUDHWLSRR_
3((4 FRQWRXU SORW

PEEQ
(Avg: 75%)
+2.795e-04

+9.492e-05
+7.119%-05
+4.746e-05
+2.373e-05

+0.000e+00 +0.000e+00

PEEQ
(Avg: 75%)
+3.020e-04
+2.76%e-04
+2.517e-04
+2.265e-04
+2.014e-04 &
- +1.762e-04
+1.510e-04
- +1,258e-04
+1.007e-04
+7.551e-05
+5.034e-05
+2.517e-05

+0.000e+00 +0.000e+00

F5 PP G5 PP

J)LIXUH J)LQLWH (OHPHQW 9HULILFDWLRQ RI WKH &ULWLF
5DGLL DW



7DEOH SUHVHQWY D FRPSDULVRQ RI ILQLWH HOHPFH
DQDO\WLFDO YDOXHV IRU FULWLFDO ORDGV XQGHU IRXU |
PP 2YHUDOO WKH VLPXODWLRQ UHVXOWYV DJUHH ZHO
HUURUV UDQJLQJ IURP W R YHULI\LQJ WKH FRUUH
WKHRUHWLFDO DQDO\WLFDO PRGHO DQG WKH ILQLWH H
GLVWULEXWLRQ WKH VLPXODWHG YDOXHV DUH VOLJKWC
RSHUDWLQJ FRQGLWLRQV LQGLFDWLQJ WKDW WKH ILQLW
WR IDFWRUV VXFK DV WKH SHQDOW\ IXQFWLRQ VWLIIQH
GLVFUHWL]DWLRQ DFFXUDF\ LQ WKH QXPHULFDO VLPXOD
PRQRWRQLFDOO\ GHFUHDVLQJ WUHQG DV WKH VSKHUH UD
ZKLOH DW 5 PP LW LV RQO\ LQGLFDWLQJ W

IRU ODUJHU VL]HG FRQWDFW PRGHOV DUH PRUH DFFXUDW!|
FRQGLWLRQV DUH SULPDULO\ GXH WR WKH FRQWDFW SDW
LQVXIILFLHQW QXPEHU RI HOHPHQWYVY ZLWKLQ WKH FRQWD
WKH FRPSXWDWLRQDO DFFXUDF\ LQ VWUHVV FRQFHQWUD\
DOVR DSSUR[LPDWHO\ IR0 GR ZI \NWKHKWEDPR QWL OPIZQJ WKH T
JHRPHWULF GLPHQVLRQV RQ WKH FULWLFDO ORDG ,Q VX
UHSURGXFH WKH WKHRUHWLFDO SUHGLFWLRQV DFURVV W
ERWK WKH WKHRUHWLFDO DQDO\WLFDO PRGHO DQG WKH C

7TDEOH &RPSDULVRQ RI 6LPXODWHG DQG 7TKHRUHWLFDO
5SDGLL RI &XUYDWXUH

(TXLYDOHQW ¢« 6LPXODWLF 7KHRUHWLEF

(UURU
5DGLXV 5 P 1 1

$ ORGLILHG &RQWDFW OHFKDQLFV ORGHO %
, QWHUSRODWLRQ

ILPLWDWLRQV RI WKH .( &4RQWDFW 6WLIIQHVYV ORGH

$V FDQ EH VHHQ IURP (TXDWLRQV DQG WK F
H[SUHVVLRQV IRU WKH HODVWLF DQG HODVWRSODVWLF V\
WKH& HHODWLRQVKLS GXULQJ WKH WUDQVLWLRQ SKDVH R
WKH HYROXWLRQ FXUYHV RI WKH FRQWDFW VWLIIQHVV . |
QRUPDO LQ®XQGHWHWRHHH ORZ WHPSHUDWXUH FRQGLWLF
VKRZQ LQ WKH ILJXUH DOO WKUHH FXUYHV H[KLELW D V



GHIRUPDWLRQ VWDJH . LQFUHDVHV VKDUSO\ ZLWK & UHI
01 P DW & § P 6XEVHTXHQWO\ WKH VWLIIQHVWV GURSYV
01 P ZLWKLQ DQ H[WUHPHO\ VKRUW GHIRUPDWLRQ UDC
LQIOHFWLRQ SRLQW 7KH PDJQLWXGH RI WKLV VXGGHQ GU
RI WKH VWLIIQHVYVY YDOXH DW WKDW SRLQW DIWHU SDVVL
OLQHDUXRQMMX WKH PD[LPXP HODVWRSODVWLF GHIRUPDW
VXGGHQ GURS OLHV LQ WKH GLVFRQWLQXLW\ RI WKH ILUV
WKH WZR VWDJH DQDO\WLFDO IRUPXODV ZKLFK FDXVHV D
WKH HIIHFW Rl WHPSHUDWXUH WKH WKUHH FXUYHV JHQH
KLIJKHU VWLIIQHVV 2IRU WKH VDPH LQWHUIHUHQFH DPRXQ
. FXUYH LV LQ WKH PLGGOH DQG WKH . FXUYH LV WK}
LV DSSUR[LPDWHO\ 01 P DW . DQG DSSUR[LPDWH
WHPSHUDWXUHY LQFUHDVH WKH FRQWDFW VWLIIQHVV E\ I
WHPSHUDWXUH YDULDWLRQV WKH SKHQRPHQRQ RI D VXG
WKLV GHIHFW LV DQ LQKHUHQW SURSHUW\ RI WKH PRGH
FRQGLWLRQV
,Q LPSOLFLW ILQLWH HOHPHQW VROXWLRQV FRQWDFW
-DFRELDQ PDWUL[ LWV GLVFRQWLQXLW\ OHDGV WR VLQ
RVFLOODWLQJ LWHUDWLYH UHVLGXDOV ZKLFK LQ VHYHUH
3DUWLFXODUO\ LQ SDUDPHWULF DQDO\VHV LQYROYLQJ
WHPSHUDWXUH UDQJH WKLV 10DZ VLJQLILFDQWO\ LQFU
UHOLDELOLW\ Rl UHVXOWV 7KHUHIRUH WR HQVXUH WKI
FRPSXWDWLRQDO FRQYHUJHQFH LQ ORZ WHPSHUDWXUH
FRQGXFWYV DQ LQ GHSWK DQDO\VLV RI WKH ORFDOL]HG V)
%DVHG RQ D FRPSDULVRQ RI YDULRXV QXPHULFDO LQWHL
FRUUHFWLRQ PRGHO EDVHG RQ FXELF +HUPLWH LQWHUSR



Original KE model
45 T T T

293 K
— 253 K| |
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w (ppm)

JLIXUH 9DULDWLRQ RI FRQWDFW VWLIIQHVY . EDVHG RQ
LQWHUIHUBRWHGR QHWH QW WHPSHUDWXUHYV

7KLUG 2UGHU +HUPLWH  QWHUSRODWLRQ &RUUHFW

7R HOLPLQDWH WKLV VXGGHQ FKDQJH LQ VWLIIQHVV RC
VSOLQH LQWHUSRODWLRQ 7KLV PHW&RG.BERQBRWURF®V D
G& A ZLWKLQ HDFK VXELQWHUYDO DQG VROYHV LW XVLQ
GHULYDWLYHVY DW DGMDFHQW QRGHV 7KH DGYDQWDJH RI
DFKLHYH &8 OHYHO JOREDO VPRRWKQHVV WKHUHE\ FRP S
+RZHYHU LWV OLPLWDWLRQV DUH HTXDOO\ VLJQLILFDQW
LQWHUSRODWLRQ DOJRULWKP ZLWK ZHDN ORFDO DGMXVW
VPRRWKQHVV FRQVWUDLQW WKH LQWHUSRODWHG FXUYH
QRGHV DQG FDQQRW QDWXUDOO\ JXDUDQWHH WKDW WKH
ZLWK WKH GHIRUPDWLRQ )XUWKHUPRUH WKH VORSHV H
FDQQRW SUHFLVHO\ PDWFK WKH DQDO\WLFDO GHULYDWL"
UHVXOWLQJ LQ D GLVFRQQHFW IURP WKH LQKHUHQW SKDV
$QRWKHU FRUUHFWLRQ PHWKRG FRPPRQO\ XVHG LQ H
GHFD\ RU WKH VLQJOH SRZHU ODZ PHWKRG $VVXPLQJ WK
D& WKH FRQWDFW VWLIIQEVVHKN DGWHD@Q\EDJIJHWRE &KLV Pt
H[SUHVVLRQ LV H[WUHPHO\ FRQFLVH WKH SDUDPHWHUV C
KLJK RUGHU FRQWLQXLW\ IDFLOLWDWLQJ UDSLG HQJLQH!
OLHV LQ WKH IDFW WKDW D JOREDOO\ XQLIRUP SRZHU OD
HYROXWLRQ RI FRQWDFW 7KH LQWHUQDO GLVOREFDWLRQ
VSKHUH GLIIHU PDUNHGO\ DFURVYV WKH SXUHO\ HODVWLF



IXOO\ SODVWLF VWDJHV 8VLQJ D VLQJOH SRZHU ODZ H[SR
FRPSHQVDWLRQ WHUP PDNHV LW GLIILFXOW WR DFKLHYF
VLPXOWDQHRXVO\
7R RYHUFRPH WKH VKRUWFRPLQJV RI WKH WZR PHWKR(

LOQWHUSRODWLRQ PHWKRG LV LQWURGXFHG WR FRQVWUXF
RIl SRLQWYV IURP WKH RULJLQDO .( PRGHO DUH VHOHFW
PRQRWRQLF LOQWHUSRODWLRQ DOJRULWKP RRMWLG XIRG M M
VWULFWO\ PRQRWRQLFDOO\ LQFUHDVLQJ WKHUHE\ HOLPL
LQ WKH RULJLQDO PRGHO )LUVW WRKH ERRUH EQD\WX® DRV H

1RGH LQLWLDO SRLQW &

0=0
1RGH LQLWLDO \LHOG SRLQW &
1:%\/5“0—3 w =10989 ()V5x103w

1RGH 3KDVH 3KDVH WUDQVLWLRQ SRLQW &

6LQFH WKH RULJLQDO .( PRGHO LV GLVFRQWLQXRXV D
PHDQ RI WKH QRGH YDOXHV IURP WKH SUHFHGLQJ DQG IR
L H

6 =05x > [1.46775 x 60425 + 1.7682 x 6°263] = 3.0215 o

7KLV YDOXH LV QRW XQLTXHO\ GHULYHG IURP WKH R
UHSUHVHQWY DQ HQJLQHHULQJ DSSUR[LPDWLRQ XVHG WR
SXUSRVH RI XVLQJ WKH DYHUDJH YDOXH LV WR SRVLWLRQ
HQYHORSH LQWHUYDO EHWZHHQ WKH OHIW DQG ULJKW
FRQVWLWXWLYH EHKDYLRU RI HLWKHU VLGH2WKHUHE\ UHG
WKH +HUPLWH WUDQVLWLRQ VKDSH 7R HYDOXDWH WKH \
SDUDPHWWEWEH LQWURGXFHG H[SUHVVLQJ WKH QRGHH K DO)
" " LQ WKLV SDSHU LV WDNHQ DV WKH EDVHOLQH
QRGH LQ WKH RULJLQDO .( PRGHO LV DSSUR[LPDWHO\ #
WKH QRGH YDOXH UHODWLYH WR WKH WKHRUHWLFDO YD¢
DSSUR[LPDWHO\ KDOI Rl WKH VXGGHQ FKDQJH L H DERX
VFDOH 7KHUHIRUH WKLV WUHDWPHQW GRHV QRW LQWURC
RULJLQDO MXPS )XUWKHU H[DPLQDWLRQ RI WKH WKUHH 2
WKDW WKH QRGH YDOXHV DUH FRQVLVWHQW @QER ®IQGQHG
WKH FRUUHFWLRQ HIIHFW SURSDJDWHV RQO\ WKURXJK W
RULJLQDO .( WKHRUHWLEDO EDVHOLQH IRU & ! UHPDLQ
UHTXLUHPHQW RI PRQRWRQLF +HUPLWH LQWHUSRODWLROQ
QRGH DYHUDJLQJ VWUDWHJI\ DV ORQJ DV WKH QRGH YDOXt
QRGHV 7KHUHIRUH WKH DYHUDJH YDOXH DW 1RGH KDV
WUDQVLWLRQ JRQH EXW GRHV QRW DOWHU WKH ORDGz*VW



PDLQ FRQFOXVLRQV WKURXJKRXW WKH SDSHU UHJDUGLC
FRQWLQXLW\ 7KLV SDSHU H[SOLFLWO\ GHILQHV WKLV LQI
DYRLG SUHVHQWLQJ LW DV D VWULFWO\ XQLTXH WKHRUF
DOQDO\VLV RI QRGH YDOXHV DUH DV IROORZV LV XV

VHUYLQJ DV OHIW DQG ULJKW RIIVHW FRQGLWLRQV Ul
WUDQVLWLRQ ]JRQH DUHD DQG PRQRWRQLFLW\ RI WKH FXL
7KH FRUH Rl WKH FRUUHFWLRQ VWUDWHJ\ LQ WKLV SDSHL
YDOXH DW D FHUWDLQ VWDJH ~ EXW UDWKHU WR FRQVWU
HOQGSRLQWY DQG WR XVH D +HUPLWH ORFDO FRQVWUXFW|I
QRGH ZHLJKWV SULPDULO\ DIIHFW WKH ORFDO FXUYDWXL
WKHRUHWLFDO EDVHOLQH LQ WKH LQWHUYDOV & DQG
RI 1RGH FDQ EH UHJDUGHG DV D ORZ VHQVLWLYLW\ ORF
FRQWUROOLQJ WKH JOREDO UHVXOWYV

1RGH (QG RI WKH VHFRQG WUDQVLWLRQ ]JRQH &

10 = 1.7682 x — x 100263 = 3.2393 —
W W
1RGH HODVWR SODVWLF VWDELOLW\ FXWRII SRLQW
110 = 1.7682 x — x 110°263 = 6,0683 —
w W

7KH ILQDO PDWKHPDWLFDO H[SUHVVLRQ LV DV IROORZ
ZLWKLQ WKHW VWKW QWHWYDFRUUHFWHGE&Y WVYIHIBVMVVHG L
RI FXELF +HUPLWH EDVLV IXQFWLRQV DV
(w) = o)+ 41 100)+ 0a( )+ a1 () (22
,Q WKH IRUPXOB w\{WIS VL]H

1RUPDOL]HG /RFDO=&RRUYGILQDWHYV

¢ DbQG BUH WKH GHULYDWLYHYVY FDOFXODWHG DW WKH
PROQRWRQLF LQWHUSRODWLRQ DOJRULWKP

+V LV WKH VWDQGDUG FXELF +HUPLWH EDVLV IXQFWLI

w()=23-32+1 (23)

10()=-23%+372 (24)

()= 3-22+ (25)

u()=3-2 (26)
7TDEOH FRPSDUHV WKH GLITHUHQFHY LQ FKDUDFWHUL\
SRZHU LQGH[ IXQFWLRQ PHWKRG DQG FXELF +HUPLWH LQ
,Q WHUPV RI FROQOWLQXLW\ FXELF VSOLQH LQWHUSRODWLR
IXQFWLRQ PHWKRG PDLQWDLQV RQO\ &h FROWLQXLW\ DO
&1 FRQWLQXLW\ ,Q WHUPV RI PRQRWRQLFLW\ JXDUDQWH
QXPHULFDO RVFLOODWLRQV WKH H[SRQHQWLDO IXQFWLR
FXELF +HUPLWH LQWHUSRODWLRQ PHWKRG HQVXUHV VYV



UHJDUGLQJ SK\VLFDO QRGH PDWFKLQJ WKH ILUVW WZR F
+HUPLWH LQWHUSRODWLRQ PHWKRG SHUIHFWO\ PDWFKHV
FRUUHFWLRQ FDSDELOLW\ FXELF VSOLQH LQWHUSRODWL
SRZHU LQGH[ IXQFWLRQ PHWKRG DOWHUV WKH FXUYHYV
+HUPLWH LOQOWHUSRODWLRQ PHWKRG SRVVHVVHYVY H[WUHPH
SKDVLF UHSUHVHQWDWLRQ WKH ILUVW WZR PHWKRGV

LOQWHUSRODWLRQ PHWKRG SHUIRUPV VWURQJO\ 2YHUDO
RXWSHUIRUPVY WKH RWKHU WZR PHWKRGV LQ WHUPV RI
DJUHHPHQW ORFDO FRUUHFWLRQ FDSDELOLW\ DQG VWH
FKDUDFWHUL]LQJ WKH FXUYH FKDUDFWHULVWLFV RI SK\VL
YDU\ FROQWLQXRXVO\ ZLWK WHPSHUDWXUH DQG GLPHQVLR

7TDEOH &RPSDULVRQ RI WKH &KDUDFWHULVWLFV RI

&XELF 6SO 3RZHU )X &XELF +HUF
,QWHUSRO OHWKR( LQWHUSRO
&RQWLQXL) *OREDOR®QWL & &RQWL' /RFDOGRQWL
ORQRWRQI 6WULFWO\ OR
3URQH WR Y % HWW I
*XDUDQW ,QFUHDVL!
3K\VLFDO
‘HDN ‘HDN SHUIHEW
ODWEKLQ
/IRFDO FRU! &KDQJIH *
ORGHUDW (IWUHPHO\ €
FDSDELO 3URSHU
3KDVHG ([S! ‘HDN ‘HDN 6WURQJ

$V VKRZQ LQ )LIXUH WKH FRPSDULVRQ FXUYHV RI WE
GHPRQVWUDWH WKH VXSHULRU SHUIRUPDQFH RI WKH FXEI
OLQH LQ WHUPV RI QXPHULFDO FRUUHFWLRQ 7KH RULJL
VWHHS QRQ SK\WVLFDO FOLII OLNH GURS DW WKH UKHROR
OLQH ZKHUHDV WKH FXELF VSOLQH LQWHUSRODWLRQ R
FORVH WKH GLVFRQWLQXLW\ SURGXFHV D QRWLFHDEOH
WKHUHE\ GLVUXSWLQJ WKH PRQRWRQLF LQFUHDVH LQ VW
WKH SRZHU ODZ ILWWLQJ FXUYH \HOORZ VROLG OLQH UF
VXEVHTXHERNRUPDWIHRQ UHJLRQ & ! P FRPSOHWHO\ GL
FDUU\LQJ FKDUDFWHULVWLFVY DW WKH IDU HQG ,Q FRQWUI
D VPRRWK RVFLOODWLRQ IUHH DQG VWULFWO\ PRQRW
FKDUDFWHULVWLF VOLW EXW DOVR RYHUODSY VHDPOHVVC
WKH WUDQVLWLRQ ]JRQH VXFFHVVIXOO\ VXSSUHVVLQJ
PDLQWDLQLQJ VWULFW ORVVOHVV ILGHOLW\ WR WKH JOR



Comparison of four models at 293 K
45 T T T T T T T

== = Original KE
5 Cubic spline | _|

Power-law
m—— Cubic Hermite
O 1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
w (pm)

J)LIXUH &RPSDULVRQ RI 7TKUHH '"LITHUHQW &RUUHFWL

&RQFOXVLROQ

7KLV SDSHU SUHVHQWV D IXO0O\ SDUDPHWHUL]HG VWX
| DXVWHQLWLF VWDLQOHVY VWHHO LQ D ORZ WHPSHUDMW

$Q LPSURYHG .( FRQWDFW PHFKDQLFV WKHRUHWLFDO IU
JUDGLHQWY ZDV HVWDEOLVKHG DQG D PHWKRG IRU FRUL
+HUPLWH LQWHUSRODWLRQ SRO\QRPLDOV ZDV SURSRVHG
IROORZV

7KH ORZ WHPSHUDWXUH VWUHQJWKHQLQJ HIIHFW V
UHVLVWDQFH DQG ORDG EHDULQJ FDSDFLW\ RI WKH FRQW
PDWHULDOYVY HODVWLF PRGXOXV DQG \LHOG VWUHQJIWK LC
FRQWDFW DUHD $F DQG PD[LP X3 SHQ B VWRF GIIWYHLUFL § W M K
VWDJH2WR DOO H[KLELW D QRQOLQHDU PRQRWRQLFDOO\ |
GHOD\ WKH RQVHW RI LQLWLDO \LHOGLQJ HQDEOLQJ WKH
RYHU D EURDGHU UDQJH RI FRQWDFW VEDOHV

7KHUH LV D VWURQJ FRXSOLQJ DQG DPSOLILFDWLRQ
WKH ORZ WHPSHUDWXUH HQYLURQPHQW 7KH FULWLFDO F|
SURSRUWLRQDO WR WKH FRCRQIW \F XERGIWHXU BL WKGQ B W J3
DEOH WR PRUH VHQVLWLYHO\ FDSWXUH DQG DPSOLI\ WKH
WKH PDWHULDOYV \LHOG VWUHQJWK WKHUHE\ DFKLHYLQ.
EHDULQJ FDSDFLW\ XQGHU FU\RJHQLF FRQGLWLRQV

7KH FXELF +HUPLWH LQWHUSRODWLRQ PHWKRG VXFF
GHIHFWV LQ WKH FODVVLEFDO PRGHO 7KH RULJLQDO .( PR
VWLIIQHVV DFFRXQWLQJ IRU DSSUR[LPDWHO\ + DW W



HODVWRSODVWLFELW\ & &RPSDUHG WR WKH FRQFDYH
WKH WKHRUHWLFDO GLVWRUWLRQV DW WKH IDU HQG RI W
FRUUHFWHG PRGHO PGRVNYRARQWREXQWA DQG VWULFWO)
EHKDYLRU ZKLOH VHDPOHVVO\ RYHUODSSLQJ ZLWK WKH F
WUDQVLWLRQ JRQH 7KLV PHWKRG SHUIHFWO\ DFKLHYHV \
GLVFRQWLQXLWLHY DQG WKH ORVVOHVV SUHVHUYDWLRQ |
,Q VXPPDU\ WKH ILQGLQJV RI WKLV VWXG\ QRW RQO\ Ul
PHFKDQLVP IRU VSKHULFDO MRLQW VXUIDFHV LQ WKH OR:
ULJRURXV WKHRUHWLFDO PRGHO WR VXSSRUW WKH HYDC
SUHFLVH VWLIIQHVV SUHGLFWLRQ DQG FRXSOHG ILQLV
HQJLQHHULQJ DQG FU\RJHQLF VHUYLFH HTXLSPHQW

'HFODUDWLRQ RI &&RQIOLFWLQJ  QWHUHVWYV

7TKH DXWKRU V GHFODUHG QR SRWHQWLDO FRQIOLFW
DXWKRUVKLS DQG RU SXEOLFDWLRQ RI WKLV DUWLFOH

)XQGLQJ

7KH DXWKRU V GLVFORVHG WKH UHFHLSW RI WKH IRO
DXWKRUVKLS DQG RU SXEOLFDWLRQ Rl WKLV DUWLFOH
*UDQW 1RV DQG

'‘DWD DYDLODELOLW\

7KH GDWDVHWY JHQHUDWHG GXULQJ DQG DQDO\WVHG GX
FRUUHVSRQGLQJ DXWKRU RQ UHDVRQDEOH UHTXHVW

SHIHUHQFHYV

\Y

@8, : &+(1 + =+$2 - HW DO 3URJUHVVHV RQ FU\R WULE
GHWHFWLRQ PHWKRGVY DQG DSSOLFDWLRQV>-@ ,QWHU
'2, DFF ID
@KHQ < DQG %DR 5 $GYDQFHV LQ VWXGLHV RQ DVSHUL)
+
@+$('1,$+ :$1*: 6$+$6 HW DO $ UHYLHZ RI HODVWLEF S
$SSOLHG OHFKDQLFV 5HYLHZV ‘2,
@2*87 | (76,21 , (ODVWLF SODVWLF FRQWDFW DQDO\VL

\%

\Y

V



\Y

\Y

\Y

\%

V

\%

-RXUQDO RI $SSOLHG OHFKDQLFV ‘2,

@+%$2 < 0%$,(77%$ "' 0 &+%$1*/ $Q DVSHULW\ PLFURFRQWDF)

WUDQVLWLRQ IURP HODVWLF GHIRUPDWLRQ WR IXOO\
>y

@%$&.621 5/ *5((1, $ILQLWH HOHPHQW VWXG\ RI HODVYV

DJDLQVW D ULJLG IODW>-@ -RXUQDO RI 7ULEROR

@+%$1.$5 6 0%$<85%$0 0 0 $ ILQLWH HOHPHQW EDVHG VW
WUDQVLWLRQ EHKDYLRU LQ D KHPLVSKHUH LQ FRQWDF
>y

@%$&.621 5/ &+862,3,1, *5((1, $ILQLWH HOHPHQW VW X(
GHIRUPDWLRQ LQ KHPLVSKHULFDO FRQWDFWV>-@ -RX!
>y

@=+%$2 < &+%$1*/ $ PRGHO RI DVSHULW\ LQWHUDFWLRQV
VXUIDFHV>-@ -RXUQDO RI 7TULERORJ\ "
@8 </ =+%1*;; <8%1 < HW DO (IIHFW RI VSKHULFDO LQ
PHFKDQLFDO SURSHUWLHV RI VSKHUHV >-2/@ &KLQI

@/7<6,$. 5 (IIHFW Rl WKH ORDG FKDUDFWHU DQG FU
SURSHUWLHVY RI 7L $O 9 WLWDQLXP DOOR\>&@ (QJ
 QWHUQDWLRQDO &RQIHUHQFH 6YUDWND &]JHFK 5HSXE

@Q -LQJ =KDQJ /DQ =KDQJ *XRTLDQJ HW DO $ &RQWD

%RG\ &RQVLGHULQJ 7HPSHUDWXUH (IITHFWV DQG ,WV )L

+DUELQ (QJLQHHULQJ 8QLYHUVLW\ + '2,

@())(5,1.5: 8QGHUVWDQGLQJ DQG WXQLQJ VOLGLQJ IUL

YDQ $PVWHUGDP

@$1*6 -,$6 =+$2 < HW DO 7ULER G\QDPLF LQYHVWL]J

FRQVLGHULQJ YDU\LQJ WUDFWLRQ SDUDPHWHUV>-@

OXEULFDQWYV

@9,6 - 5 $60 6SHFLDOW\ +DQGERRN 6WDLQOHVV 6WHH

,QWHUQDWLRQDO

@26 HW DO /RZ &\ FOH )DWLJXH %HKDYLRU DQG OLFUF
/ $XVWHQLWLF 6WDLQOHVYV 6WHHO DW &U\RJHQLF 7H!

&5,//,) - $5067521*5: 'LVORFDWLRQ PHFKDQLFV EDVH
PDWHULDO G\QDPLFVY FDOFXODWLRQV >-@ -RXUQDO RI
#BUVKQL <3 7THPSHUDWXUH GHSHQGHQFH RI WKH HODV

@67 THFKQLFDO 1RWH THPSHUDWXUH GHSHQGHQW F



>

>

IRUPXODWLRQ RI WKH VWUHVYV VWUDLQ FXUYHV>5@ 1D

@SODQFKH * *DGDXG 3 +RUVW 2 HW DO 7HPSHUDWX!
DQG WKHUPDO H[SDQVLRQ FRHIILF