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F1 N1 Fkqj/ K1 \x/ dqg N1 J1 Oleeuhfkw ^4`

Qrupdq Eulgjh Oderudwru| ri Sk|vlfv/ Fdoliruqld Lqvwlwxwh ri Whfkqrorj| 597066/

Sdvdghqd/ FD <4458

^vxeplwwhg wr Uhylhzv ri Vflhqwl�f Lqvwuxphqwdwlrq/ Dxjxvw 64/ 4<<<`

Devwudfw1 Zh ghvfuleh d whfkqltxh iru phdvxulqj wkh zdwhu ydsru vxshuvdwxudwlrq ri qrupdo dlu

ryhu d whpshudwxuh udqjh ri �73�F � W � 3�F= Wkh phdvxuhphqwv xvh dq lqh{shqvlyh frpphufldo

k|jurphwhu zklfk lv edvhg rq d wklq0�op fdsdflwlyh vhqvru1 Wkh wlph uhtxluhg iru wkh vhqvru wr uhdfk

htxloleulxp zdv irxqg wr lqfuhdvh h{srqhqwldoo| zlwk ghfuhdvlqj vhqvru whpshudwxuh/ h{fhhglqj wzr

plqxwhv iru W @ �63�F> krzhyhu wkh zdwhu ydsru vhqvlwlylw| ri wkh ghylfh uhpdlqhg kljk grzq wr

wklv whpshudwxuh1 Diwhu fdoleudwlqj rxu phdvxuhphqw surfhgxuh/ zh irxqg uhvlgxdo vfdwwhu lq wkh

gdwd fruuhvsrqglqj wr dq xqfhuwdlqw| lq wkh devroxwh zdwhu ydsru suhvvxuh ri derxw 	48 shufhqw1

Wklv vfdwwhu zdv gxh pdlqo| wr orqj0whup guliw/ zklfk dsshduhg wr eh lqwulqvlf wr wkh fdsdflwlyh

wklq0�op vhqvru1 Wkh ruljlq ri wklv guliw lv qrw fohdu/ exw lw h�hfwlyho| olplwv wkh dssolfdelolw| ri wklv

lqvwuxphqw iru devroxwh phdvxuhphqwv1 Zh dovr irxqg/ krzhyhu/ wkdw wkh kljk vhqvlwlylw| ri wkh wklq0

�op vhqvru pdnhv lw udwkhu zhoo vxlwhg iru gl�huhqwldo phdvxuhphqwv1 E| frpsdulqj vxshuvdwxudwhg

dqg vdwxudwhg dlu dw wkh vdph whpshudwxuh zh rewdlqhg d uhodwlyh phdvxuhphqw xqfhuwdlqw| ri derxw

	4=8 shufhqw/ dq rughu ri pdjqlwxgh ehwwhu wkdq wkh devroxwh phdvxuhphqwv1

�� ������	
����

Rxu ghvluh wr rewdlq vlpsoh dqg dffxudwh phdvxuhphqwv ri wkh zdwhu ydsru vxshuvdwxudwlrq ri dlu

lv prwlydwhg e| rxu vwxg| ri wkh fu|vwdo jurzwk ri lfh iurp wkh ydsru skdvh1 Dowkrxjk wklv lv dq

h{wuhpho| frpprq phwhrurorjlfdo skhqrphqrq +uhvxowlqj lq wkh suhflslwdwlrq ri vqrz fu|vwdov lq

wkh dwprvskhuh,/ wkh sk|vlfv ri lfh fu|vwdo jurzwk lv yhu| srruo| xqghuvwrrg ^5`1 Wkh pruskrorj|

ri lfh jurzq iurp wkh ydsru skdvh lv grplqdwhg e| wzr sk|vlfdo h�hfwv � zdwhu ydsru gl�xvlrq

dqg lfh vxuidfh nlqhwlfv � dqg wkh wkhruhwlfdo pdfklqhu| wr glvhqwdqjoh wkhvh wzr h�hfwv lq uhdolvwlf

flufxpvwdqfhv kdv rqo| uhfhqwo| ehjxq wr dsshdu ^6/7 1̀ Oderudwru| phdvxuhphqwv wkhq uhyhdo wkdw wkh

vxuidfh nlqhwlfv ri lfh fu|vwdo jurzwk h{klelw d uhpdundeo| frpsoh{ ghshqghqfh rq whpshudwxuh ^5/

8/9 1̀ Wkhuh kdv ehhq frqvlghudeoh vshfxodwlrq dv wr wkh xqghuo|lqj sk|vlfdo phfkdqlvpv uhvsrqvleoh

iru wklv ehkdylru/ dqg lw lv zlgho| eholhyhg wkdw wkh suhvhqfh ri d glvrughuhg +ru suhphowhg, od|hu rq

wkh lfh vxuidfh sod|v d vljql�fdqw uroh lq wkh vxuidfh nlqhwlfv ^5/:/; 1̀ Xqghuvwdqglqj krz d glvrughuhg

od|hu lq jhqhudo d�hfwv fu|vwdo jurzwk g|qdplfv uhpdlqv dq dfwlyh uhvhdufk duhd1

Wkh lfh jurzwk udwhv ghshqg rq zdwhu ydsru vxshuvdwxudwlrq dv zhoo dv whpshudwxuh/ dqg phd0

vxuhphqwv ryhu d eurdg udqjh ri whpshudwxuhv/ vxshuvdwxudwlrqv/ dv zhoo dv lq gl�huhqw edfnjurxqg

jdvhv/ duh olnho| wr sod| d vxevwdqwldo uroh lq uhdol}lqj dq h�hfwlyh prgho ri lfh fu|vwdo jurzwk1 Zkloh
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whpshudwxuh dqg jdv suhvvxuh duh hdvlo| phdvxuhg lq dq lfh fu|vwdo jurzwk fkdpehu/ vxshuvdwxud0

wlrq lv pruh gl!fxow/ sduwo| ehfdxvh ri gl�xvlrq dqg frqyhfwlrq lq vxfk fkdpehuv/ dorqj zlwk wkh

erxqgdu| frqglwlrqv dw wkh zdoov ru zkhuhyhu wkhuh lv dq lfh vxuidfh1 Lq sduwlfxodu/ d vwdwlrqdu| zd0

whu ydsru vhqvru fdqqrw eh sodfhg lq d vxshuvdwxudwhg fkdpehu/ vlqfh wkh vhqvru zloo txlfno| ehfrph

frdwhg zlwk lfh dqg wkxv lwvhoi d�hfw wkh orfdo vxshuvdwxudwlrq ohyho1

Wzr vroxwlrqv wr wkh vxshuvdwxudwlrq phdvxuhphqw sureohp kdyh ehhq xvhg suhylrxvo|1 Wkh �uvw

lv wr fdofxodwh wkh vxshuvdwxudwlrq gluhfwo|/ iru h{dpsoh e| pl{lqj nqrzq txdqwlwlhv ri vdwxudwhg dlu

dw gl�huhqw whpshudwxuhv ^< /̀ e| prgholqj ydsru wudqvsruw lq d gl�xvlrq fkdpehu ^43 /̀ ru e| xvlqj d

vxshufrrohg zdwhu pl{wxuh ^44 1̀ Wkhvh whfkqltxhv kdyh vrph srwhqwldo iru huuru li wkh h{shulphqwdo

v|vwhp lv qrw h{wuhpho| zhoo fkdudfwhul}hg1

D vhfrqg vroxwlrq lv wr h{wudfw d vdpsoh ri vxshuvdwxudwhg dlu/ dqg vxevhtxhqwo| phdvxuh wkh

dprxqw ri zdwhu frqwdlqhg lq wkh dlu ^45/ 46 1̀ D yduldwlrq ri wklv vroxwlrq/ zklfk lv xvhg khuh/ lv wr

h{wudfw d vpdoo yroxph ri vxshuvdwxudwhg dlu/ zdup lw wr deryh wkh ghz2iurvw srlqw/ dqg wkhq phd0

vxuh wkh uhodwlyh kxplglw|1 Soxqjlqj d vpdoo zdup h{wudfwlrq wxeh lqwr d vxshuvdwxudwhg fkdpehu

surgxfhv rqo| d plqlpdo shuwxuedwlrq wr wkh vxshuvdwxudwlrq ohyho/ surylghg d vpdoo yroxph lv h{0

wudfwhg txlfno|1 Nqrzlqj wkh uhodwlyh kxplglw|/ vhqvru whpshudwxuh/ dqg wkh lqlwldo dlu whpshudwxuh/

wkh ruljlqdo vxshuvdwxudwlrq ohyho fdq lq sulqflsoh eh rewdlqhg/ dvvxplqj qr zdwhu lv orvw ru dgghg

wr wkh vdpsohg dlu lq surfhvvlqj1

Frpprq phwkrgv xvhg iru uhodwlyh kxplglw| phdvxuhphqwv lqfoxgh fkloohg pluuru k|jurphwhuv

dqg wklq0�op fdsdflwlyh vhqvruv/ dqg iru erwk ri wkhvh wkhuh duh d ydulhw| ri frpphufldo xqlwv

dydlodeoh1 Wkh devroxwh dffxudf| ri frpphufldo fkloohg pluuru k|jurphwhuv fdq eh dv kljk dv 	3=5�F

lq wkh phdvxuhphqw ri wkh ghz2iurvw srlqw ^47/ 48`/ dowkrxjk vxfk lqvwuxphqwv fdq vx�hu iurp

guliw li wkh pluuru vxuidfh ehfrphv frqwdplqdwhg ^49 1̀ Frpphufldo k|jurphwhuv edvhg rq wklq0�op

fdsdflwlyh vhqvruv w|slfdoo| txrwh vhqvlwlylwlhv ri 	406 shufhqw iru uhodwlyh kxplglw| phdvxuhphqw

qhdu urrp whpshudwxuh/ dqg zlwk guliw udwhv dv orz dv rqh0kdoi shufhqw shu |hdu ^4: 1̀ Rwkhu phwkrgv

lqfoxgh wkh xvh ri lqiuduhg vshfwurvfrs| ^4;�53` dqg vxuidfh0dfrxvwlf zdyh vhqvruv ^54 1̀

Zh fkrvh wr lqyhvwljdwh wkh vxlwdelolw| ri d frpphufldo wklq0�op vhqvru iru rxu vxshuvdwxudwlrq

phdvxuhphqwv/ dv wkhvh duh dydlodeoh iru yhu| orz frvw dqg h{klelw d kljk zdwhu ydsru vhqvlwlylw|

zlwk d yhu| vpdoo vhqvru +wkxv uhtxlulqj d orz jdv  rz,1 Wr rxu nqrzohgjh wkh xvh ri wkhvh vhqvruv

iru vxshuvdwxudwlrq phdvxuhphqwv kdv qrw ehhq zhoo fkdudfwhul}hg lq wkh sxeolvkhg olwhudwxuh1 Iru

fdoleudwlrq ri rxu lqvwuxphqw/ zh xvhg vdwxudwhg dlu dw whpshudwxuhv lq wkh udqjh �63�F � W �

43�F/ dv wklv zdv vx!flhqw iru phdvxulqj vxshuvdwxudwlrq ydoxhv iru dlu whpshudwxuhv lq wkh udqjh

�73�F � W � 3�F> fruuhvsrqglqj wr rxu lfh fu|vwdo jurzwk h{shulphqwv1 Wklq0�op vhqvruv duh

w|slfdoo| udwhg iru vxevwdqwldoo| kljkhu whpshudwxuhv/ exw zh glg qrw h{dplqh wkh shuirupdqfh ri

rxu vhqvru deryh 43�F=

Diwhu fdoleudwlrq/ zh irxqg wkdw wkh devroxwh dffxudf| ri rxu vhqvru zdv vrphzkdw xquholdeoh/

uhvxowlqj lq dq xqfhuwdlqw| ri 	48 shufhqw lq wkh phdvxuhg zdwhu ydsru suhvvxuh1 Krzhyhu wkh

lqvwuxphqw shuiruphg zhoo lq d gl�huhqwldo prgh/ frpsdulqj vxshuvdwxudwhg dqg vdwxudwhg dlu dw

wkh vdph whpshudwxuh1 Lq wkh odwwhu flufxpvwdqfh zh rewdlqhg vxshuvdwxudwlrq phdvxuhphqwv wkdw

h{klelwhg vfdwwhu dw wkh	4=8 shufhqw ohyho/ zklfk lv dghtxdwh iru rxu lfh fu|vwdo jurzwk lqyhvwljdwlrqv1
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Wkh k|jurphwhu xvhg iru wkhvh phdvxuhphqwv zdv dq lqh{shqvlyh kdqg0khog gljlwdo k|jurphwhu/

zklfk lv edvhg rq d wklq0�op fdsdflwlyh vhqvru ^55`1 Wkh lqvwuxphqw dffxudf| lv txrwhg dv 	6

shufhqw lq uhodwlyh kxplglw|/ zlwk rshudwlrq ryhu wkh whpshudwxuh udqjh �53�F ? W ? 83�F= Vlqfh

wkh lqvwuxphqw lv ghvljqhg wr rshudwh xqghu dpelhqw frqglwlrqv/ lw zdv qhfhvvdu| wr uhprxqw wkh

wklq0�op vhqvru dqg dffrpsdq|lqj whpshudwxuh vhqvru lq d vhsdudwh whpshudwxuh0frqwuroohg krxvlqj/

vkrzq vfkhpdwlfdoo| lq Iljxuh 41 Wkh vhqvru krxvlqj zdv lqvxodwhg iurp wkh rxwvlgh hqylurqphqw/

dqg lwv whpshudwxuh zdv frqwuroohg xvlqj wkhuprhohfwulf prgxohv frqqhfwhg wr d oltxlg0frrohg edfn

sodwh1 Wkh vhqvru whpshudwxuh zdv w|slfdoo| pdlqwdlqhg ehorz dpelhqw iru rxu phdvxuhphqwv1

Wkh vhqvru krxvlqj frqvlvwhg ri dq doxplqxp er{ zlwk d vpdoo vhqvru fdylw| +yroxph ? 318 fp6,

frqwdlqlqj wkh k|jurphwhu vhqvru dqg wkh wkhuplvwru whpshudwxuh vhqvru wkdw zdv sduw ri wkh wkhupr0

k|jurphwhu xqlw1 Zluhv ehwzhhq wkh vhqvruv dqg frqwuroohu zhuh srwwhg lq sodfh xvlqj orz ydsru0

suhvvxuh hsr{|/ dqg frqqhfwhg wr wkh k|jurphwhu frqwuroohu1 Wklq fkdqqhov pdfklqhg lqwr wkh

doxplqxp krxvlqj surylghg iru dlu  rz wr dqg iurp wkh k|jurphwhu vhqvru1 Wkh flufxlwrxv urxwh

wudyhohg e| wkh dlu hqvxuhg wkdw wkh k|jurphwhu vhqvru zdv dghtxdwho| lvrodwhg iurp wkh urrp0

whpshudwxuh hqylurqphqw1 Lq vslwh ri wkh lqvwuxphqw*v udwhg whpshudwxuh udqjh ri �53�F ? W ?

83�F> zh irxqg wkdw wkh exlow0lq k|jurphwhu frqwuroohu zrxog qrw lqglfdwh whpshudwxuhv ehorz

W @ �49=9�F1 Wkh k|jurphwhu uhdglqjv zhuh txlwh vhqvleoh ehorz wklv whpshudwxuh/ krzhyhu/

vxjjhvwlqj wkdw rqo| wkh frqwuroohu glvsod| zdv huurqhrxv1 Wr dpholrudwh wklv sureohp/ d vhsdudwh

fdoleudwhg wkhuplvwru whpshudwxuh vhqvru ^56` zdv dwwdfkhg wr wkh doxplqxp er{/ dqg wklv h{whuqdo

wkhuplvwru zdv xvhg iru doo rxu phdvxuhphqwv1

Gxulqj rshudwlrq ri wkh k|jurphwhu/ vdpsoh dlu zdv pryhg wkurxjk wkh krxvlqj xvlqj d vpdoo

dtxdulxp dlu sxps rshudwhg lq uhyhuvh dv d ydfxxp sxps/ zklfk sxoohg dlu wkrxjk wkh vhqvru uhjlrq

dw d  rz udwh ri w|slfdoo| 3135 olwhuv2plq/ uhsodflqj wkh dlu ryhu wkh vhqvru dssur{lpdwho| rqfh shu

vhfrqg1 Dlu zdv wudqvsruwhg iurp wkh vdpsoh uhjlrq wr wkh vhqvru xvlqj SH493 sro|hwk|ohqh wxelqj

+4147pp lqqhu gldphwhu,1

Uhprxqwlqj wkh k|jurphwhu vhqvru lqwurgxfhg vrph dgglwlrqdo vwud| fdsdflwdqfh zklfk fkdqjhg

wkh k|jurphwhu uhdglqjv vrphzkdw1 Lq sduwlfxodu/ d w|slfdo frqwuroohu uhdglqj ri 78 shufhqw uhodwlyh

kxplglw| dw urrp whpshudwxuh ehfdph 93 shufhqw diwhu wkh vhqvru zdv pryhg1 Wkxv wkh k|jurphwhu

uhdglqj/ U> qrplqdoo| uhodwlyh kxplglw|/ zdv wuhdwhg vlpso| dv dq lqghshqghqw yduldeoh uhodwhg wr

wkh zdwhu ydsru suhvvxuh dqg vhqvru whpshudwxuh/ zklfk zh wkhq qhhghg wr fdoleudwh1

Iljxuh 5 vkrzv d vfkhpdwlf ri rxu fdoleudwlrq vhw0xs/ zklfk frqvlvwhg sulqflsdoo| ri dq lqvxodwhg

whpshudwxuh0frqwuroohg 61:80olwhu mdu frqwdlqlqj d vrxufh ri vdwxudwhg dlu1 Fduh zdv h{huflvhg lq

rughu wr hqvxuh wkdw wkh mdu uhdfkhg d wuxh htxloleulxp vwdwh/ e| pdnlqj vxuh wkh zdwhu2lfh lq wkh

mdu zdv doo dw wkh orzhvw whpshudwxuh srlqw lq wkh mdu/ dqg e| zdlwlqj d wlph w O5@G> zkhuh O lv d

w|slfdo mdu glphqvlrq dqg G � 5�43�8 p5@ vhf lv wkh gl�xvlrq frqvwdqw lq dlu1 Fduh zdv dovr wdnhq

wkdw wkh dlu uhsodfhg lqwr wkh mdu glg qrw vxevwdqwldoo| shuwxue wkh htxloleulxp frqglwlrq1 Wklv zdv

dffrpsolvkhg e| gudzlqj dlu lqwr wkh mdu wkurxjk d 480phwhu ohqjwk ri W|jrq wxelqj wkdw zdv dovr

khog dw wkh whpshudwxuh ri wkh mdu1 Dw wkh orzhvw mdu whpshudwxuhv wkh uhsodfhphqw dlu zdv �uvw

gulhg lq d vhsdudwh fkdpehu/ dv vkrzq lq Iljxuh 51

Iru d jlyhq fdoleudwlrq uxq/ wkh dlu sxps zdv wxuqhg rq dqg wkh k|jurphwhu uhdglqj zdv uhfrughg
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dv d ixqfwlrq ri wlph/ zlwk d w|slfdo uhvxow vkrzq lq Iljxuh 61 Wkhvh gdwd zhuh �w wr wkh ixqfwlrqdo

irupU$ U3.f3 h{s+�w@�,> zlwk �w frqvwdqwv U3> f3> dqg �= Wkh wlph frqvwdqw � zdv irxqg wr vkrz

d qhduo| h{srqhqwldo ghshqghqfh rq vhqvru whpshudwxuh/ zklfk lv vkrzq lq Iljxuh 71 Dowkrxjk wkh

wlph frqvwdqw h{fhhghg 5 plqxwhv iru W @ 63�F/ wkh zdwhu ydsru vhqvlwlylw| ri wkh ghylfh uhpdlqhg

kljk grzq wr wklv whpshudwxuh1 Wkh wlph frqvwdqw h{klelwhg d plqlpxp ri derxw irxu vhfrqgv/

zklfk pd| kdyh ehhq gxh wr wkh uhvsrqvh wlph ri wkh gljlwdo frqwuroohu1 Zdlwlqj vhyhudo wlph

frqvwdqwv zlwk wkh dlu sxps rq uhvxowhg lq d vwdeoh k|jurphwhu uhdglqj/ dowkrxjk rq rffdvlrq zh

revhuyhg vrph xqh{sodlqhg vorz guliw lq wkh vhqvru uhdglqj1

�� ���� �������� ��� ���
	�����

K|jurphwhu gdwd zhuh dftxluhg xvlqj vdwxudwhg dlu dw gl�huhqw vrxufh whpshudwxuhv dqg gl�huhqw

vhqvru whpshudwxuhv/ zlwk wkh uhvxowv vkrzq lq Iljxuh 81 Wkh vdwxudwhg zdwhu ydsru suhvvxuh ri

wkh lqsxw dlu lv d nqrzq ixqfwlrq ri wkh vrxufh whpshudwxuh/ zklfk iurp wkh Fodxvlxv0Fodsh|urq

uhodwlrq lv dssur{lpdwho| s
vrxufh

+W
vrxufh

, @ s3 h{s+�W3@Wvrxufh,/ zlwk s3 @ 6=: � 4343 pedu dqg

W3 @ 9483N ^57`1 Li wkh vhqvru fdoleudwlrq zhuh lghdo/ wkhq zh zrxog h{shfw wr phdvxuh d uhodwlyh

kxplglw| ri

UK+shufhqw, @ 433 h{s^�W3+4@Wvrxufh � 4@Wvhqv,`

dv d ixqfwlrq ri wkh vrxufh whpshudwxuh Wvrxufh dqg wkh vhqvru whpshudwxuh Wvhqv1 Vlqfh prylqj

wkh k|jurphwhu vhqvru fkdqjhg lwv fdoleudwlrq/ wkh phdvxuhg ydoxhv U+W
vrxufh

> W
vhqv

, gl�huhg iurp

wklv wkhruhwlfdo ydoxh1 Wr ghulyh d qhz fdoleudwlrq iru wkh vhqvru/ wkh gl�huhqw fxuyhv lq Iljxuh 8

zhuh �w wr wkh ixqfwlrqdo irup U+W
vrxufh

> W
vhqv

,$ D+s
vrxufh

, h{s+W4@Wvhqv, .E+svrxufh,> zkhuh D

dqg E duh �w sdudphwhuv1 Zh fkrvh wr �{ W4 lq rughu wr uhgxfh wkh qxpehu ri �w sdudphwhuv/ dqg

irxqg wkdw W4 @ W3 glg qrw jlyh wkh ehvw uhvxowv1 Zh rewdlqhg txlwh jrrg �wv wr doo wkh gdwd xvlqj

d frqvwdqw W4 @ 7333N/ dqg wklv ydoxh zdv xvhg iru wkh vxevhtxhqw dqdo|vlv1

Zh wkhq ixuwkhu �w wkh deryh �w sdudphwhuv wr wkh ixqfwlrqdo irupv D+s,$ F4 .F5s
4@5 . F6s

dqg E+s, $ G4 . G5s/ zkhuh s lv wdnhq wr eh lq plooledu/ dqg rewdlqhg wkh ehvw ydoxhv Fl @

+�5=8� 43�9> 4=39� 43�8> 5=;4 � 43�9, dqg Gl @ +<> 3=5,> dv lv vkrzq lq Iljxuh 91 Wkh fdoleudwhg

k|jurphwhu uhdglqj +lq shufhqw, lv wkxv jlyhq e|

U @
�
F4 . F5s

4@5 . F6s
�
h

W4

Wvhqv . +G4 .G5s,

@
�
F6h

W4

Wvhqv .G5

�
s.

�
F5h

W4

Wvhqv

�
s4@5 .

�
F4h

W4

Wvhqv .G4

�
+4,

dv d ixqfwlrq ri wkh vhqvru whpshudwxuh dqg wkh ydsru suhvvxuh ri wkh lqsxw dlu1 Iurp wklv htxdwlrq

wkh zdwhu ydsru suhvvxuh ri wkh lqsxw dlu/ s> fdq eh ghwhuplqhg iurp wkh phdvxuhg U dqg Wvhqv=

Jrlqj edfn wr wkh gdwd lq Iljxuh 8/ zh fdofxodwhg d ydoxh sfdof iru hdfk +U> Wvhqv, gdwd srlqw e|

vroylqj wkh txdgudwlf htxdwlrq +Htq1 4,/ zklfk frxog wkhq eh frpsduhg zlwk wkh nqrzq ydoxh ri

svrxufh1 Wkh gl�huhqfh zdv h{suhvvhg dv �s@s � +svrxufh � sfdof,@svrxufh/ zklfk lv vkrzq lq Iljxuh

: sorwwhg djdlqvw U dqg djdlqvw wkh whpshudwxuh gl�huhqfh Wvrxufh � Wvhqv1

Zh �qg iurp Iljxuh : wkdw wkh xqfhuwdlqw| lq wkh devroxwh ydsru suhvvxuh phdvxuhphqwv lv

derxw 43053 shufhqw/ dqg wkh gl�huhqfh �s@s lv kljkhu iru orzhu U dqg iru orzhu +Wvrxufh � Wvhqv,1

Lw dsshduv wkdw wkh vfdwwhu lq wklv fdoleudwlrq gdwd dulvhv iurp lqwulqvlf guliw lq wkh fdsdflwlyh wklq0
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�op vhqvru/ dqg pd| eh k|vwhuhwlf lq qdwxuh1 Rxu oderudwru| frqglwlrqv zhuh qrw hvshfldoo| fohdq/

zklfk pd| kdyh frqwulexwhg wr wkh vhqvru guliw1 Zh gr qrw xqghuvwdqg wkh ruljlq ri wkh revhuyhg

guliw/ qru krz wr frqwuro lw/ dqg lw wkxv h�hfwlyho| olplwv wkh dssolfdelolw| ri wklv lqvwuxphqw iru

devroxwh phdvxuhphqwv1

Krzhyhu/ vlqfh wkh wklq0�op vhqvru zdv vhhq wr kdyh d kljk zdwhu ydsru vhqvlwlylw| grzq wr

txlwh orz whpshudwxuhv/ zh irxqg wkdw wkh lqvwuxphqw lv zhoo vxlwhg iru gl�huhqwldo phdvxuhphqwv/

hyhq lq wkh suhvhqfh ri vrph orqj0whup guliw1 Lq sduwlfxodu/ zh rewdlqhg jrrg uhvxowv frpsdulqj

vxshuvdwxudwhg dlu zlwk vdwxudwhg dlu dw wkh vdph whpshudwxuh1 Iru rxu dssolfdwlrq zh surgxfh

vxshuvdwxudwhg frqglwlrqv lqvlgh d qhduo| lvrwkhupdo frsshu jurzwk fkdpehu +790fp gldphwhu dqg

940fp ohqjwk,/ dqg wkh irupdwlrq ri lfh surgxfhv d erxqgdu| frqglwlrq ri }hur vxshuvdwxudwlrq

dw wkh zdoov ri wkh fkdpehu1 Wklv erxqgdu| frqglwlrq zdv ixuwkhu hqirufhg +dqg surwhfwhg iurp

frqyhfwlrq fxuuhqwv, e| lqvwdoolqj d ohqjwk ri W|jrq wxelqj lqvlgh wkh fkdpehu uxqqlqj durxqg lwv

flufxpihuhqfh1 Dlu gudzq vorzo| iurp wklv ohqjwk ri wxelqj zdv wkxv dw wkh lfh vdwxudwlrq ohyho

iru wkh whpshudwxuh ri wkh fkdpehu zdoov/ vlqfh wkh htxloleulxp wlph +� O5@G, lv vkruw lqvlgh wkh

wxelqj1

D gl�huhqwldo phdvxuhphqw zdv rewdlqhg e| gudzlqj vxshuvdwxudwhg dlu iurp wkh fhqwhu ri wkh

fkdpehu/ jlylqj d srlqw +Uvrxufh> Wvhqv> Wvrxufh,> dqg wkhq lpphgldwho| gudzlqj vdwxudwhg dlu wr

rewdlq d vhfrqg srlqw +Uvdw> Wvhqv> Wvrxufh,= Wkh zdwhu ydsru suhvvxuh dw wkh fkdpehu fhqwhu zdv

wkhq rewdlqhg e| vroylqj wkh htxdwlrq

Uvrxufh �Uvdw @
�
F6h

W4

Wvhqv .G5

�
+svrxufh � svdw, .

�
F5h

W4

Wvhqv

�
+s4@5

vrxufh
� s

4@5

vdw
,

iru wkh ydsru suhvvxuh svrxufh xvlqj wkh �w frh!flhqwv Fl dqg G5 ghwhuplqhg deryh1

Zh phdvxuhg wkh uhvlgxdo xqfhuwdlqw| lq wkh gl�huhqwldo phdvxuhphqwv e| suhsdulqj vwdeoh vx0

shuvdwxudwhg frqglwlrqv lq wkh jurzwk fkdpehu/ dqg phdvxulqj wkh vxshuvdwxudwlrq dv d ixqfwlrq

ri wlph ryhu vhyhudo krxuv/ xvlqj gl�huhqw vhqvru whpshudwxuhv1 Wkh fkdpehu whpshudwxuh zdv

pdlqwdlqhg dw �8=3�F/ dqg wkh vhqvru whpshudwxuh zdv lq wkh udqjh 3�F � W � 58�F/ |lhoglqj

k|jurphwhu uhdglqjv lq wkh udqjh 68( � U � ;3(1 Iurp wkhvh gdwd zh lqihuuhg d phdq vxshu0

vdwxudwlrq ri dssur{lpdwho| 43 shufhqw/ zlwk uhvlgxdo vfdwwhu ri 	4=8 shufhqw1 Dovr wkh lqihuuhg

vxshuvdwxudwlrq ydoxh zdv lqghshqghqw ri wkh vhqvru whpshudwxuh1

�� ���
�	�����

Wkh whfkqltxhv ghvfulehg deryh surylgh d vlpsoh dqg dffxudwh phdvxuhphqw ri wkh zdwhu ydsru

vxshuvdwxudwlrq ri dlu lq wkh whpshudwxuh udqjh �73�F � W � 3�F/ zklfk lv vxlwdeoh iru ixuwkhu

vwxglhv ri wkh fu|vwdo jurzwk ri lfh iurp wkh ydsru skdvh1 Wkh surfhgxuh lqyroyhv h{wudfwlqj d vpdoo

yroxph ri vxshuvdwxudwhg dlu/ zduplqj lw eh|rqg wkh ghz2iurvw srlqw/ dqg phdvxulqj wkh zdwhu

ydsru frqwhqw xvlqj d frpphufldo k|jurphwhu edvhg rq d wklq0�op fdsdflwlyh vhqvru1 Wkh wlph

frqvwdqw ri wkh vhqvru zdv irxqg wr ydu| udslgo| zlwk vhqvru whpshudwxuh/ h{fhhglqj 5 plqxwhv iru

W ? �63�F> exw wkh zdwhu ydsru vhqvlwlylw| ri wkh ghylfh uhpdlqhg kljk grzq wr wklv whpshudwxuh1

Wklv whfkqltxh kdv vrphzkdw xquholdeoh devroxwh dffxudf|/ zlwk dq xqfhuwdlqw| ri dssur{lpdwho|

	48 shufhqw lq wkh phdvxuhg zdwhu ydsru frqfhqwudwlrq1 Krzhyhu/ lw shuirupv zhoo lq d gl�huhqwldo

prgh/ surgxflqj vxshuvdwxudwlrq phdvxuhphqwv zlwk d uhvlgxdo xqfhuwdlqw| ri 	418 shufhqw1
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�� �
�������������

Zh dfnqrzohgjh �qdqfldo vxssruw iurp wkh Vxpphu Xqghujudgxdwh Uhvhdufk Ihoorzvkls surjudp

ri wkh Fdoliruqld Lqvwlwxwh ri Whfkqrorj|1

�� �� ����
��

^4` Dgguhvv fruuhvsrqghqfh wr njoCfdowhfk=hgx> vhh kwws=22zzz1lwv1fdowhfk1hgx2�dwrplf21

^5` Lfh fu|vwdo jurzwk iurp ydsru lv uhylhzhg e| W1 Nred|dvkl dqg W1 Nxurgd/ lq Pruskrorj| ri

Fu|vwdov/ Sduw E +L1 Vxqdjdzd/ hg1, +Whuud Vflhqwl�f 4<;:,1

^6` N1 J1 Oleeuhfkw/ Sk|v1 Uhy1 H 93/ 4<9: +4<<<,1

^7` H1 \rnr|dpd dqg W1 Nxurgd/ Sk|v1 Uhy1 D 74/ 536; +4<<3,> H1 \rnr|dpd/ M1 Fu|vw1 Jurzwk

45;/ 584 +4<<6,1

^8` D1 \dpdvklwd/ Nlvkr Nhqn|x Qrwr/ Phw1 Vrf1 Mdsdq 456/ 7: +4<:7,1

^9` E1 I1 U|dq/ H1 U1 Zlvkduw/ dqg G1 H1 Vkdz/ M1 Dwprv1 Vfl1 66/ ;75 +4<:9,1

^:` W1 Nxurgd dqg U1 Odfpdqq/ M1 Fu|vw1 Jurzwk 89/ 4;< +4<;5,> W1 Nxurgd/ M1 Fu|vw1 Jurzwk <</

;6 +4<<3,1

^;` M1 Qhovrq dqg F1 Nqljkw/ M1 Dwp1 Vfl1 88/ 4785 +4<<;,1

^<` W1 Nred|dvkl/ Sklo1 Pdj1 9/ 4696 +4<94,1

^43` M1 Kdoohww dqg E1 M1 Pdvrq/ Surf1 Ur|1 Vrf1 D57:/ 773 +4<8;,> Q1 Fkr dqg M1 Kdoohww/ M1 Fu|vw1

Jurzwk 9</ 64: +4<;7,1

^44` M1 Qhovrq dqg F1 D1 Nqljkw/ M1 Fu|vw1 Jurzwk 49</ :<8 +4<<9,1

^45` P1 Kdqdmlpd/ Orz Whps1 Vfl1/ D4/ 86098 +4<77,1

^46` W1 Nred|dvkl/ M1 Phw1 Vrf1 Mdsdq/ 564056; +4<93,1

^47` Jhqhudo Hdvwhuq Lqvwuxphqw Surgxfwv/ kwws=22zzz1jhlqhw1frp2Lqvwuxphqw2LqvwKrph1kwp/Prg0

hov H7/ P5/ P6/ dqg P7 +4<<<,1

^48` Exfn Uhvhdufk/ kwws=22zzz1exfn0uhvhdufk1frp2surgxfwv1kwp/ Prghov FU04/ FU05/ dqg 4344E

+4<<<,1

^49` P1 Krhqn/ sulydwh frppxqlfdwlrq +4<<<,1

^4:` Ydlvdod Frus1/ kwws=22zzz1ydlvdod1frp2lqf2vvgfdw +4<<<,1

^4;` Z1 Fkhq/ F1 Su}|jrg}nl/ K1 Ghoeduuh/ S1 Sh}h/ M1 Exulh/ G1 Erxfkhu/ Lqiuduhg Sk|v1 ) Whfk1/

6</ 748 +4<<;,1

^4<` W1 D1 Fhuql/ M1 Dwp1 dqg Rfhdqlf Whfk1/ 44/ 7780795 +4<<7,1

^53` P1 S1 Duur|r dqg U1 N1 Kdqvrq/ Dsso1 Rswlfv/ 65/ 9437 +4<<6,1

^54` P1 Krhqn/ sulydwh frppxqlfdwlrq/ dqg kwws=22plvknlq1mso1qdvd1jry2vsdfhplfur2PZVbSDSHU

+4<<<,1
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^55` Pdqql{ Frus1/ Wkhupr0k|jurphwhu Prgho &ODP;;3G2;:361

^56` \VL Lqfrusrudwhg +\hoorz Vsulqjv/ RK 786;:,/ Suhflvlrq Wkhuplvwru Prgho &773661

^57` Wkh frqvwdqwv s3 dqg W3 zhuh rewdlqhg e| �wwlqj wkh Fodxvlxv0Fodsh|urq uhodwlrq wr gdwd iru

wkh vdwxudwhg zdwhu ydsru suhvvxuh ri lfh1

:



Iljxuh 41 Vfkhpdwlf wrs dqg vlgh ylhzv ri wkh whpshudwxuh0frqwuroohg vhqvru krxvlqj/ zklfk frq0

wdlqhg wkh wklq0�op k|jurphwhu vhqvru dv zhoo dv wkhuplvwru whpshudwxuh vhqvruv1 Wkh 430fp0orqj

vhqvru krxvlqj zdv lqvxodwhg iurp wkh rxwvlgh hqylurqphqw/ dqg lwv whpshudwxuh zdv frqwuroohg xv0

lqj wkhuprhohfwulf prgxohv frqqhfwhg wr d oltxlg0frrohg edfn sodwh1 Wklq dlu fkdqqhov pdfklqhg

lqwr wkh doxplqxp krxvlqj surylghg iru dlu  rz wr wkh vhqvru1

Insulated Cold Jar

Chiller

Pump
Sensor

Controller

Room Air

Output air

Saturated Air

Dry Air

Iljxuh 51 Vfkhpdwlf gudzlqj ri wkh vhw0xs xvhg wr fdoleudwh wkh kxplglw| vhqvru1 Dq lqvxodwhg

whpshudwxuh0frqwuroohg 61:80olwhu mdu surylghg d vrxufh ri vdwxudwhg dlu zklfk zdv gudzq wkurxjk

wkh vhqvru krxvlqj xvlqj d vpdoo ydfxxp sxps1 Dv ghvfulehg lq wkh wh{w/ uhsodfhphqw dlu  rzlqj

lqwr wkh frog mdu zdv fduhixoo| frqglwlrqhg vr dv qrw wr glvwxue wkh zdwhu ydsru htxloleulxp1

;
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Iljxuh 61 D w|slfdo sorw ri uhodwlyh kxpglw| uhdglqj U yhuvxv wlph/ lq wklv fdvh iru

+W
vrxufh

> W
vhqv

, @ +575=5N> 5;7=5N,= Wkh �w olqh vkrzv dq h{srqhqwldo ghfd| ri wkh irup

U @ U3 . f3 h{s+�w@�,1
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Iljxuh 71 Sorw ri wkh phdvxuhg vhqvru wlph frqvwdqw � dv d ixqfwlrq ri vhqvru whpshudwxuh Wvhqv1

Wkh olqh vkrzv dq h{srqhqwldo ghshqghqfh � @ 8=;� 43; h{s+�W@49N, vhfrqgv1

<
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Iljxuh 81 K|jurphwhu uhdglqj U yhuvxv vhqvru whpshudwxuh Wvhqv> iru vdwxudwhg dlu dw d ydulhw|

ri gl�huhqw vrxufh whpshudwxuhv W
vrxufh

= Wkh jhqhudo wuhqg ri wkh gdwd lv wkdw h{shfwhg iurp wkh

Fodxvlxv0Fodsh|urq uhodwlrq/ dowkrxjk wkhuh duh vljql�fdqw gl�huhqfhv frpsduhg wr wkh wkhruhwlfdoo|

h{shfwhg ydoxhv1 Qrwh wkdw uxqv rq gl�huhqw gd|v |lhoghg vrphzkdw gl�huhqw uhvxowv/ uhyhdolqj vrph

guliw lq wkh lqvwuxphqw1

43
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Iljxuh 91 Ydoxhv ri wkh �w frh!flhqwv D dqg E glvfxvvhg lq wkh wh{w/ dv d ixqfwlrq ri zdwhu ydsru

suhvvxuh/ rewdlqhg iurp wkh fdoleudwlrq gdwd1
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Hygrometer Reading R

Iljxuh :1 Uhvlgxdo vfdwwhu lq wkh fdoleudwlrq gdwd/ h{suhvvhg dv �s@s � +s
vrxufh�

s
fdof

,@s
vrxufh

/ dqg

sorwwhg yhuvxv k|jurphwhu frqwuroohu uhdglqj U dqg yhuvxv whpshudwxuh gl�huhqfh Wvrxufh � Wvhqv1

Olqhv lqglfdwh 	48 shufhqw uhvlgxdo huuru1
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