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Devwudfw

Vhyhudo idfwruv � hfrqrplf/ hfrorjlfdo/ vdihw|/ uholdelolw|/ hwf1 � kdyh gulyhq wkh uhqhzhg lqwhuhvw

lq dhurvsdfh dssolfdwlrqv ri k|gurjhq shur{lgh +K2R2,1 Dowkrxjk frqvlghudeoh lqirupdwlrq kdv

ehhq sxeolvkhg rq wkh surshuwlhv dqg dssolfdwlrqv ri k|gurjhq shur{lgh/ wkhuh lv d ghduwk ri

sxeolf lqirupdwlrq rq ghvljq fdofxodwlrqv ri K2R2 ghfrpsrvlwlrq1 Lq wklv sdshu d whfkqltxh

lv glvfxvvhg iru fdofxodwlrq ri frpsrvlwlrq dqg wkhuprg|qdplf sdudphwhuv ri ghfrpsrvlwlrq

surgxfwv ri k|gurjhq shur{lgh dtxhrxv vroxwlrqv dw kljk frqfhqwudwlrqv1 Wkh uhvxowlqj htxdwlrqv

duh srwhqwldoo| ri juhdw ydoxh wr wkh urfnhw �hog/ dqg duh lq d irup wkdw fdq eh xvhg uhdglo| iru jdv

jhqhudwruv dqg urfnhw shuirupdqfh fdofxodwlrqv1 Vrph uhvxowv ri fdofxodwlrq duh vkrzq lq rughu

wr looxvwudwh wkh dssolfdelolw| ri wkh jlyhq phwkrg1 Ilqdoo|/ d xvhixo dqg vlpsoh wzr0sdudphwhu

irupxod iru wkh dgldedwlf ghfrpsrvlwlrq whpshudwxuh lv rewdlqhg e| �wwlqj wkh gdwd uhvxowlqj

iurp fdofxodwlrqv1

Nh|zrugv= K|gurjhq shur{lgh/ Kljk whvw shur{lgh/ Prqrsurshoodqw jdv jhqhudwru/ Prqrsur0

shoodqw ghfrpsrvlwlrq/ Wdqn suhvvxul}dwlrq1
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Frqfhqwudwhg k|gurjhq shur{lgh zdv rqh ri wkh ohdglqj urfnhw surshoodqwv xs wr hduo| 930ghfdgh

+Eorrp hw do1/ 4<83> Dqguhzv/ 4<<3> Rolyhlud/ 53330d,1 Wkhq/ surjuhvvlyho|/ lw ehfdph wr eh

vxevwlwxwhg/ lq vhyhudo ri lwv ixqfwlrqv/ e| oltxlg r{|jhq/ qlwurjhq whwur{lgh/ qlwulf dflg/ dqg

k|gud}lqh dqg lwv ghulydwlyhv1 Wkh idfwruv zklfk lq xhqfhg wklv dedqgrq ri k|gurjhq shur{lgh

zhuh/ vrphwlphv/ qrw vr uhdvrqdeoh/ dv srlqwhg rxw lq +Rolyhlud/ 53330d,1

Wkh uhvwruhg dqg lqfuhdvlqj lqwhuhvw lq xvh k|gurjhq shur{lgh lq dhurvsdfh dssolfdwlrqv dv

dowhuqdwlyh wr wkh zlgho| hpsor|hg fu|rjhqlf dqg k|shujrolf surshoodqw frpelqdwlrqv lv gxh wr

d ydulhw| ri idfwruv1 Wkhvh idfwruv lqfoxgh hqylurqphqwdo frqfhuqv/ shuvrqqho kd}dugv dvvrfldwhg

zlwk wr{lf surshoodqwv/ dqg khljkwhqhg vhqvlwlylw| wr frvw wr ghyhors dqg rshudwh v|vwhpv iru

wr{lf ru fu|rjhqlf surshoodqwv +Rolyhlud/ 53330d,1

K|gurjhq shur{lgh dtxhrxv vroxwlrqv zlwk kljk frqfhqwudwlrqv/ qrz frpprqo| uhihuuhg wr

dv kljk whvw shur{lgh ru KWS/ phhw doprvw doo ghvludeoh fkdudfwhulvwlfv iru dhurvsdfh sxusrvhv1 Lw

lv vshfldoo| dwwudfwlyh iru xvh dv prqrsurshoodqw ru r{lgl}hu lq d elsurshoodqw v|vwhpv ghyhorshg

lq dffrugdqfh zlwk ghvljq0wr0frvw phwkrgrorjlhv +Rolyhlud/ 53330d,1



Pdmru fxuuhqw hqg xvhv ri k|gurjhq shur{lgh lqfoxgh sxos2sdshu dqg wh{wlohv eohdfklqj/

fkhplfdo v|qwkhvlv/ hqylurqphqwdo wuhdwphqw dqg phwdov surfhvvlqj +Mh� 4<<<,1 Lw lv frpprqo|

xvhg lq orz frqfhqwudwlrqv +6(, dv dq dqwlvhswlf/ dqg lq voljkwo| kljkhu frqfhqwudwlrqv dv d kdlu

eohdfk1 Lq 63( frqfhqwudwlrqv/ lw lv frpprqo| xvhg dv d oderudwru| r{lgdqw dqg e| vhplfrq0

gxfwru lqgxvwu| +lq wklv fdvh/ zlwk kljk ohyhov ri sxulw|,1 Lq frqfhqwudwlrqv ri :3 wkurxjk <<(

e| pdvv lw lv ehlqj xvhg lq pdq| dssolfdwlrqv wrgd|1 Lw zdv �uvw xvhg lq urfnhwv lq 4<69 lq

;3( frqfhqwudwlrqv/ erwk dv d prqrsurshoodqw dqg dv dq r{lgl}hu1 Fxuuhqwo|/ <3( vroxwlrqv

duh frpprqo| xvhg/ dqg qrplqdo <;( vroxwlrqv duh frpphufldoo| dydlodeoh lq vrph frxqwulhv

+Rolyhlud/ 53330d,1

Lq Eud}lo/ vroxwlrqv zlwk frqfhqwudwlrqv xs wr :3( duh frpphufldoo| dydlodeoh1 Wkh pdlq

orfdo pdqxidfwxuhuv duh Shuö{lgrv gr Eudvlo +dvvrfldwhg wr wkh Vroyd| Lqwhur{,/ zlwk surgxfwlrq

fdsdflw| ri ;3/333 wrqv +h{suhvvhg dv 433( K2R2, lq sodqwv dw Vdqwr Dqguì0VS dqg Fxulwled0

SU/ dqg Ghjxvvd0Kxhov/ zlwk lqvwdoohg fdsdflw| ri 73/333 wrqv shu |hdu lq wkh surgxfwlrq sodqw

orfdwhg lq Dudfux}0HV +Rolyhlud/ 53330d,1 Wkh wrwdo dydlodelolw| lq Eud}lo pxvw eh lqyhvwljdwhg1

Krzhyhu/ xs wr qrz lw*v nqrzq wkdw wkh phqwlrqhg surgxfhuv frxog vhoo KWS pdqxidfwxuhg

lq dqrwkhu frxqwulhv/ zlwkrxw dq| uhvwulfwlrq1 Pruhryhu/ lq fdvh ri ghpdqg hqrxjk wr mxvwli|

wkh lqyhvwphqwv/ wkh orfdo surgxfwlrq sodqwv fdq eh dghtxdwh wr surgxfh urfnhw judgh vroxwlrqv

+deryh :3(,1

Wudglwlrqdoo|/ KWS kdv wkh iroorzlqj dssolfdwlrqv lq wkh dhurvsdfh �hog=

41 Dq r{lgdqw lq d urfnhw hqjlqh ru uhdfwlrq frqwuro v|vwhp zlwk ydulrxv ixhov/

51 D k|shujrolf r{lgdqw zlwk ixhov vxfk dv k|gud}lqh ru rwkhu vlplodu w|sh ri ixhov/ ru

61 D vrxufh ri kljk0whpshudwxuh jdv diwhu ghfrpsrvlwlrq lq d fdwdo|vw fkdpehu iru=

+d, Prqrsurshoodqw urfnhw hqjlqhv1

+e, Oltxlg elsurshoodqw ru k|eulg urfnhw hqjlqhv zlwk dxwr0ljqlwlrq ri wkh ixho fkdujh

dvvxuhg1

+f, Wxuelqh gulyhv1

+g, Vhuyr0phfkdqlvp xvdjh soxv rwkhu krw jdv gulyhv1

+h, Vhoi0suhvvxul}dwlrq ri K2R2 wdqnv/ ru suhvvxul}dwlrq ri rwkhu r{lgl}hu wdqnv1

+i, Surgxfwlrq ri khdw1

+j, R{|jhq jdv iru euhdwklqj dqg srwdeoh zdwhu iru gulqnlqj dv uhtxluhg iru vsdfh wudyho

dssolfdwlrqv1

+k, Vrxufh ri fohdq krw jdvhv iru whvw xvhv ru dssolfdwlrq sxusrvhv1

Wkh xvh ri oltxlg prqrsurshoodqwv vlpsol�hv hqjlqhhulqj sureohpv e| uhgxflqj wkh qxpehu ri

wdqnv dqg ihhg olqhv uhtxluhg/ exw d odujh shqdow| lv sdlg lq wkh uhgxfwlrq ri wkh vshfl�f lpsxovh

rewdlqhg1 Vlploduo|/ zlwk wuxh vrolg prqrsurshoodqwv/ wkhuh lv juhdwhu vlpsolflw| dqg qr sureohp

ri frpsdwlelolw|/ exw wkh vshfl�f lpsxovh lv djdlq orz1 Wkhuh duh pdq| dssolfdwlrqv/ krzhyhu/

zkhuh vpdoo urfnhw prwruv duh qhhghg iru dwwlwxgh frqwuro/ yhuqlhu prgl�fdwlrqv ri wudmhfwru|/

ru jdv jhqhudwru dssolfdwlrqv/ zkhuh kljk vshfl�f lpsxovh lv qrw lpsruwdqw1 Wkh orz fkdpehu

whpshudwxuh ri wkhvh v|vwhpv lv xvxdoo| ghvludeoh lq wkhvh dssolfdwlrqv/ dqg v|vwhp vlpsolflw|

lv xvxdoo| dq devroxwh uhtxluhphqw1 Pruhryhu/ wkhuh duh pdq| rwkhu v|vwhpv zkhuh wkh vshfl�f

lpsxovh lv qrw wkh pdlq �jxuh ri phulw/ dqg wkh shuirupdqfh lv ehwwhu hydoxdwhg lq whupv ri

ghqvlw|0lpsxovh +wkh surgxfw ri pdvv ghqvlw| e| vshfl�f lpsxovh, +Rolyhlud/ 53330d,1

Dq| frpsrxqg zklfk fdq eh pdgh wr ghfrpsrvh h{rwkhuplfdoo| lv wkhruhwlfdoo| deoh wr eh

xvhg dv d prqrsurshoodqw1 Krzhyhu/ wkhuh duh riwhq gl!fxowlhv lq rewdlqlqj vprrwk ghfrp0

srvlwlrq1 Lq dgglwlrq/ vrph frpsrxqgv vxfk dv xqv|pphwulfdo glphwk|o k|gud}lqh +XGPK,/

k|gud}lqh +Q2Ke,/ lvrsurs|o qlwudwh/ hwk|ohqh r{lgh/ dqg rwkhu vxevwdqfhv duh wrr wr{lf dqg2ru

kd}dugrxv wr eh xvhg zlwkrxw dqdo|vh dqrwkhu dowhuqdwlyhv1



KWS kdv ehhq xvhg dv prqrsurshoodqw jdv jhqhudqw lq pdq| dssolfdwlrqv1 Lw shuplwv d vlpsoh

jhqhudwru v|vwhp dqg grhv qrw uhtxluh pl{wxuh0udwlr dgmxvwphqwv1 Wklv v|vwhp lv uhodwlyho| hdv|

wr frqwuro dqg wkh jdvhv duh jhqhudwhg dw suhglfwdeoh whpshudwxuhv1 Xqohvv wkh prqrsurshoodqw lv

dovr hpsor|hg dv rqh ri wkh hqjlqh*v pdlq surshoodqwv/ krzhyhu/ wkh jhqhudwru v|vwhp lqwurgxfhv

d wklug surshoodqw/ riwhq uhtxlulqj vshfldo kdqgolqj dqg wdqndjh1

Lq prghuq dhurvsdfh yhklfohv wkh vlqjoh0frpsrqhqw jdv jhqhudwruv zrunlqj rq k|gurjhq shu0

r{lgh K2R2 duh sduwlfxoduo| dwwudfwlyh gxh wr lwv qrqwr{lf fkdudfwhulvwlf dqg dovr wr wkh hfrorjl0

fdoo| fohdq ghfrpsrvlwlrq surgxfwv +zdwhu dqg r{|jhq,1 Xvxdoo| lw lv xvhg rq dtxhrxv vroxwlrq

frqwdlqlqj dw ohdvw ;3�;8( e| pdvv ri k|gurjhq shur{lgh1 Vroxwlrqv zlwk orzhu frqfhqwudwlrq

|lhog d jdv zlwk d orzhu whpshudwxuh +dqg h!flhqf|,1

Wkh pdlq jrdo ri wklv sdshu lv ghvfuleh wkh phwkrg xvhg iru ghwhuplqh wkh dgldedwlf whp0

shudwxuh ri ghfrpsrvlwlrq ri k|gurjhq shur{lgh vroxwlrqv dw kljk frqfhqwudwlrqv1 Dgglwlrqdoo|

duh ghwhuplqhg rwkhu sdudphwhuv ri lqlwldo vroxwlrq dqg ghfrpsrvlwlrq surgxfwv1 Lw*v dvvxphg

frqfhqwudwlrq hqrxjk kljk lq vxfk zd| wkdw wkh ghfrpsrvlwlrq surgxfwv eh lq vxshukhdwhg

}rqh1 Wklv sdshu lv h{wudfwhg iurp +Rolyhlud/ 53330e,/ zkhuh d frpsxwhu surjudp dqg d ghwdlohg

glvfxvvlrq duh suhvhqwhg1
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Kljk whvw k|gurjhq shur{lgh +KWS, fdq eh ghfrpsrvhg uholdeo| lqwr vxshukhdwhg r{|jhq jdv

dqg zdwhu ydsru dw d suhghwhuplqhg whpshudwxuh ghshqglqj xsrq wkh KWS frqfhqwudwlrq dqg

wkh lqlwldo whpshudwxuh ri wkh vroxwlrq1

Oltxlg k|gurjhq shur{lgh fdq eh ghfrpsrvhg e| h{srvxuh wr khdw/ dv lq d urfnhw wkuxvw

fkdpehu/ e| h{srvxuh wr d oltxlg fdwdo|vw vxfk dv d srwdvvlxp shupdqjdqdwh0zdwhu vroxwlrq/

ru e| h{srvxuh wr d vrolg fdwdo|vw1 Wkh ghfrpsrvlwlrq fdwdo|vw xvhg wr wkh juhdwhvw h{whqw lv

wkh vrolg vdpdulxp r{lgh frdwhg vloyhu vfuhhq1 Krzhyhu/ ghfrpsrvlwlrq yld d oltxlg fdwdo|vw lv

ihdvleoh dqg lw kdv ehhq hpsor|hg lq v|vwhpv zkhuh vkruw �ulqj gxudwlrqv duh xvhg1 Zkhq xvlqj

d oltxlg fdwdo|vw wkh pdmru sureohp lv wkh qhfhvvdu| surylvlrq wr hqvxuh xqlirup pl{lqj ri wkh

wzr oltxlgv1

Wudglwlrqdoo|/ pdfurvfrslf phwdoolf vfuhhqv dqg frdwhg fhudplf shoohwv kdyh ehhq xvhg dv

fdwdo|vwv iru wkh ghfrpsrvlwlrq ri k|gurjhq shur{lgh dv dssolhg wr prqrsurshoodqw wkuxvwhuv/

oltxlg urfnhw hqjlqhv/ dqg k|eulg urfnhw v|vwhpv1 Fdwdo|vw dfwlylw| ghshqgv rq dydlodeoh fdwdo|wlf

vxuidfh duhd> hohphqwdo fdwdo|vwv fdq eh vhyhuho| ghjudghg e| r{lgdwlrq xqghu xvh frqglwlrqv1

Qhz dssurdfkhv wr iruplqj urexvw/ kljko| dfwlyh dqg vwdeoh ghfrpsrvlwlrq fdwdo|vw v|vwhpv iru

 ljkwzhljkw dssolfdwlrqv zhuh glvfxvvhg e| Uxvhn +4<<9,1 Pruh uhfhqwo|/ Uxvhn dqg Dqghuvrq

+4<<<, glvfxvvhg wkh v|qwkhvlv/ fkdudfwhul}dwlrq/ dqg hydoxdwlrq ri kljk vxuidfh duhd fdwdo|vw

ehgv/ dqg pdgh frpsdulvrqv zlwk wudglwlrqdo sursxovlrq fdwdo|vwv1

Iljxuh +4, vkrzv d vfkhpdwlf ri d w|slfdo prqrsurshoodqw jdv jhqhudwru xvlqj k|gurjhq

shur{lgh1 Wkh fdwdo|wlf ehg frqvlvwv ri dowhuqdwh od|huv ri vwdlqohvv vwhho phvk dqg vloyhu0sodwhg0

eudvv0zluh vfuhhqv vhfxuhg e| shuirudwhg hqg0sodwhv ru julgv/ zklfk duh dssolhg zlwk surshu

suhordg1

Wkh wuhdwhg vloyhu vfuhhq fdwdo|vw qrupdoo| lv duudqjhg lq d wljkwo| frpsuhvvhg sdfn1 Zkhq

wkh k|gurjhq shur{lgh sdvvhv ryhu dqg durxqg wkh zluhv ri wkh sdfn vfuhhqv/ vloyhu lrqv sdvv lqwr

wkh K2R2 vroxwlrq1 Wkhvh vloyhu lrqv uhdfw zlwk wkh K2R2 prohfxoh ghfrpsrvlqj lw lqwr r{|jhq

jdv dqg zdwhu ydsru zlwk khdw ehlqj olehudwhg1 Wklv khdw lqfuhdvhv wkh uhdfwlrq udwh e| udlvlqj

wkh whpshudwxuh ri wkh vfuhhqv dqg wkh K2R21 Lq d pdwwhu ri ploolvhfrqgv wkh K2R2 uhdfwlrq

udwh kdv lqfuhdvhg wr d srlqw zkhuh wkh dgldedwlf ghfrpsrvlwlrq whpshudwxuh ri wkh K2R2 lv

uhdfkhg1 Wklv uhdfwlrq udwh frqwlqxhv lqgh�qlwho| li uhtxluhg xqohvv iruhljq pdwwhu srlvrqv wkh

vloyhu1 Krzhyhu/ wkh rshudwlrqdo olih ri wkh fdwdo|vw sdfn lv olplwhg e| jdv suhvvxuh gurs/ zklfk

lq wxuq ghshqgv xsrq vhyhudo sdudphwhuv +Gdylv dqg PfFruplfn/ 4<93,1

K|gurjhq shur{lgh ghfrpsrvlwlrq lv d vljql�fdqwo| h{rwkhuplf surfhvv +<916 PM2nj0proh

ri K2R2 dw 58�F,1 Odujh yroxphv ri r{|jhq duh hyroyhg dv lw ghfrpsrvhv1 Li wkh shur{lgh

vwuhqjwk lv kljk hqrxjk/ wkh pdwhuldo zloo erlo dqg odujh yroxphv ri vwhdp zloo dovr eh jhqhudwhg1



injector plate

catalytic bed

monopropellant inlet valve

gas outlet

Iljxuh 4= Vfkhph ri d prqrsurshoodqw jdv jhqhudwru1

Iru frqfhqwudwlrqv xs wr 971:( K2R2/ wkh pd{lpxp dgldedwlf ghfrpsrvlwlrq whpshudwxuh wkdw

pd| eh h{shulhqfhg lv 433�F> l1h1/ wkhuh lv vx!flhqw zdwhu suhvhqw wr devrue wkh wrwdo khdw

ri ghfrpsrvlwlrq e| jhqhudwlrq ri vwhdp1 Iru frqfhqwudwlrqv deryh 971:(/ wkh �qdo dgldedwlf

whpshudwxuh wkdw pd| eh dwwdlqhg lqfuhdvhv zlwk lqfuhdvh lq lqlwldo K2R2 frqfhqwudwlrq1 Iru

:3( K2R2/ wkh khdw ri ghfrpsrvlwlrq lv 4<;715 nM2nj vroxwlrq dqg wkh dgldedwlf ghfrpsrvlwlrq

whpshudwxuh lv 573�F/ zlwk d yroxph h{sdqvlrq ri 5/8;3 wlphv wkh vwduwlqj yroxph1 Iru ;8(

K2R2/ wkh khdw ri ghfrpsrvlwlrq lv 5786 nM2nj zlwk d srwhqwldo dgldedwlf whpshudwxuh ri 953
�F

dqg d yroxph h{sdqvlrq udwlr ri 7/9331
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Wkh ghfrpsrvlwlrq ri k|gurjhq shur{lgh dozd|v lqyroyhv wkh ryhu0doo uhdfwlrq

K2R2 �$ K2R.
4

5
R2 �Kghf ? 3 = +4,

Khuh/ �Kghf ghqrwhv wkh hqwkdos| ri wkh ghfrpsrvlwlrq uhdfwlrq1 Iru dqk|gurxv K2R2 dw 3
�F

wkh hqwkdos| ri wkh ghfrpsrvlwlrq lv �Kghf @ �4597; nfdo2nj0proh1 Wkh zdwhu lq wklv fdvh lv

frqvlghuhg wr eh lq wkh jdvhrxv vwdwh1

Wkh phfkdqlvpv dqg udwhv ri ghfrpsrvlwlrq pd| gl�hu/ krzhyhu/ ghshqglqj rq wkh w|sh

ri ghfrpsrvlwlrq1 Wkh oltxlg0skdvh ghfrpsrvlwlrq kdv ehhq vwxglhg e| Zklwwdnhu dqg Guhz

+4<8:,/ zkr ghulyhg wkh udwh htxdwlrq

n @ 437 h{s+�47733@UW , proh2olwhu0v > +5,

dqg vxjjhvwhg wkdw wkh ghfrpsrvlwlrq lv qrw hqwluho| khwhurjhqhrxv1 Qxphurxv pdwhuldov vxe0

vwdqwldoo| fdwdo|}h wkh ghfrpsrvlwlrq1 Dv wkh fdwdo|vwv fdq eh xvhg shupdqjdqdwhv ri dondolqh

phwdov +QdPqRe/ NPqRe, ru julgv ri vloyhu zluh1 D uhylhz ri wkh h�hfwv ri ydulrxv pdwhuldov lv

jlyhq e| Vfkxpe/ Vdwwhu�hog dqg Zhqwzruwk +4<88,1

Wkh zrunlqj surfhvv ri wkh KWS jdv jhqhudwru frqvlvwv lq wkh fdwdo|wlf ghfrpsrvlwlrq ri

K2R2 lq dffrugdqfh zlwk wkh wkhuprfkhplfdo htxdwlrq +4,1 Wkh khdw uhohdvhg gxulqj wkh gh0

frpsrvlwlrq ri wkh K2R2 vroxwlrq lv xvhg wr ydsrul}h wkh edoodvw zdwhu/ dqg khdw wkh pl{wxuh ri

zdwhu ydsru dqg prohfxodu r{|jhq1
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Wkh fdofxodwlrq ri frpsrvlwlrq dqg wkhuprg|qdplf sdudphwhuv ri wkh vwhdp dqg jdv lv grqh dv

iroorzv1 Qrwh wkdw lw lv dvvxphg frqfhqwudwlrq kljk hqrxjk wr ydsrul}dwlrq ri doo oltxlg zdwhu

lq wkh ghfrpsrvlwlrq surgxfwv1 Wkxv/ wkh surgxfwv duh lq wkh vxshukhdwhg uhjlrq1
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Dvvxplqj wkdw wkhuh lv qr yroxph frqwudfwlrq diwhu wkh glvvroxwlrq/ wkhq wkh wrwdo yroxph ri wkh

oltxlg vroxwlrq lv wkh vxp ri wkh lqglylgxdo yroxphv ri zdwhu dqg shur{lgh/ l1h1/ Yv @ YK2R .

YK2R2
1 Wdnlqj lqwr dffrxqw wkdw wkh wrwdo pdvv ri wkh oltxlg vroxwlrq lv wkh vxp ri frpsrqhqw

pdvvhv +pv @ pK2R .pK2R2
,/ dqg frqvlghulqj wkdw Yv @ pv@�v/ wkhq wkh pdvv ghqvlw| ri wkh

vroxwlrq lv jlyhq e|

4

�v
@

4� f

�K2R

.
f

�K2R2

> +6,

zkhuh f dffrxqwv iru wkh shur{lgh pdvv frqfhqwudwlrq lq wkh dtxhrxv vroxwlrq/ l1h1/

pK2R2

pv

@ f >
pK2R

pv

@ 4� f = +7,
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Frqvlghulqj wkh idfw wkdw doo wkh jdvhrxv r{|jhq fdph iurp wkh K2R2 ghfrpsrvlwlrq/ vlqfh wkh

K2R glvvrfldwlrq lv qhjoljleoh dw wkh lqyroyhg whpshudwxuhv/ wkh ghfrpsrvlwlrq ri wkh dtxhrxv

vroxwlrq fdq eh h{suhvvhg dv iroorzv=

K2R2 � |K2R �$ +4 . |,K2R.
4

5
R2 �Kghf ? 3 > +8,

zkhuh | ghqrwhv wkh qxpehu ri prohv ri K2R shu 4 pro ri K2R2 suhvhqw lq wkh vroxwlrq1

Wkh pdvv frqfhqwudwlrq ri K2R2 lq wkh vroxwlrq/ f/ fdq eh h{suhvvhg dv ixqfwlrq ri |=

f @
67=349

67=349 . 4;=349 |
= +9,

Wkhuhiruh/

| @
67=349

4;=349

�
4

f
� 4

�
= +:,

��� ���� '"�(����� �� ��(�*+������� �"�!&(��

Lq dffrugdqfh zlwk htxdwlrq ri uhdfwlrq/ Ht1 +4,/ wkh pdvv iudfwlrqv ri zdwhu zK2R dqg r{|jhq

zR2
lq wkh ghfrpsrvlwlrq surgxfwv ri dqk|gurxv K2R2 duh

zK2R @
PK2R

PK2R2

@
4;=349

67=349
> +;,

zR2
@

4

5

PR2

PK2R2

@
4

5

65=333

67=349
@

49=333

67=349
> +<,

zkhuh PK2R/ PR2
/ dqg PK2R2

duh wkh prohfxodu pdvvhv ri zdwhu/ r{|jhq/ dqg k|gurjhq

shur{lgh/ uhvshfwlyho|1 Reylrxvo|/ zK2R .zR2
@ 41

Li wkh pdvv frqfhqwudwlrq ri K2R2 lq wkh vroxwlrq lv f/ 4 nj ri vroxwlrq frqwdlqv f nj ri sxuh

K2R21 Vlqfh wkh r{|jhq irupv rqo| iurp K2R2 lq wkh txdqwlw| 4913332671349 nj shu 4 nj ri



K2R2/ wkh pdvv iudfwlrq ri r{|jhq lq 4 nj ri k|gurjhq shur{lgh vroxwlrq zlwk frqfhqwudwlrq f

zloo eh

zR2
@

49=333

67=349
f > +43,

zkloh wkh pdvv iudfwlrq ri zdwhu lv

zK2R @ 4�zR2
@ 4�

49=333

67=349
f = +44,

Wkh whpshudwxuh ri wkh iruplqj vwhdp dqg jdv grhv qrw h{fhhg 4733 N/ dqg dw wklv whp0

shudwxuh wkh ghjuhh ri glvvrfldwlrq ri K2R dqg R2 lv qhjoljleoh1 Wkxv/ gxh wr wkhvh idfwv/ wkh

frpsrvlwlrq ri wkh vwhdp0jdv pl{wxuh grhv qrw ghshqg rq wkh suhvvxuh dqg lv ghwhuplqhg rqo|

e| wkh frqfhqwudwlrq ri wkh K2R2 vroxwlrq dqg/ ri frxuvh/ e| wkh lqlwldo whpshudwxuh ri vroxwlrq1

Fhuwdlqo|/ li wkh frqfhqwudwlrq lv ehorz d jlyhq ydoxh/ wkh uhohdvhg khdw frxog qrw eh hqrxjk wr

ydsrul}h doo wkh zdwhu/ dqg uhvxowv d khwhurjhqhrxv v|vwhp zlwk wzr skdvhv1

��� ��% '"�(����� �� ��(�*+������� �"�!&(��

Wkh pro iudfwlrqv ri wkh ghfrpsrvlwlrq surgxfwv duh rewdlqhg iurp +8,=

qK2R @
4 . |

4=8 . |
> +45,

qR2
@

3=8

4=8 . |
= +46,

��, ��"���% �"���&"�� �� ��(�*+������� �"�!&(��

Dvvxplqj Gdowrq*v Odz wr krog dffxudwho|/ zklfk lv wkh fdvh rqo| zlwk shuihfw jdvhv/ wkh iudf0

wlrqdo sduwldo suhvvxuh lv htxdo wr wkh pro iudfwlrq/ dqg

sK2R @ qK2R ss > +47,

sR2
@ qR2

ss @ ss � sK2R = +48,

Khuh/ ss ghqrwhv wkh suhvvxuh ri pl{wxuh dw uhdfwlrq fkdpehu1

��- ����"*������� �� � �"*�!���*�( �"�+�"����

Ghfrpsrvlwlrq ri wkh K2R2 vroxwlrq lq wkh  rz dw wkh jdv jhqhudwru rffxuv dw frqvwdqw suhvvxuh

dqg xqghu dgldedwlf frqglwlrqv1 Wkh lvredulf0dgldedwlf surfhvv lq wkh  rz lv dffrpsolvkhg/ dv

lw lv nqrzq/ zlwk frqvwdqw hqwkdos| ri wkh zrunlqj  xlg1 Wkhuhiruh/ wkh wkhruhwlfdo whpshudwxuh

ri wkh vwhdp0jdv Ws fdq eh ghwhuplqhg iurp wkh frqglwlrq ri frqvhuydwlrq ri wrwdo hqwkdos|=

Kv @ Ks > +49,

zkhuh Kv lv wkh wrwdo vshfl�f hqwkdos| ri wkh K2R2 vroxwlrq zlwk frqfhqwudwlrq f dw lqlwldo

whpshudwxuh Wv +dw wkh whpshudwxuh dw wkh jdv0jhqhudwru lqohw,> Ks lv wkh wrwdo vshfl�f hqwkdos|

ri vwhdp0jdv pl{wxuh dw wkh xqnqrzq whpshudwxuh Ws1

Wkh ohiw dqg uljkw vlghv ri Ht1 +49, duh fdofxodwhg dv iroorzv=

Kv @ fKK2R2
. +4� f,KK2Rco .�Kglv > +4:,

Ks @ zK2R KK2Rcj .zR2
KR2

> +4;,



zkhuh KK2R2
lv wkh wrwdo vshfl�f hqwkdos| ri dqk|gurxv K2R2 dw whpshudwxuh Wv> KK2Rco lv wkh

wrwdo vshfl�f hqwkdos| ri zdwhu dw whpshudwxuh Wv> �Kglv lv wkh khdw ri glvvroxwlrq ri vroxwlrq ri
K2R2 lq zdwhu/ d ixqfwlrq ri wkh vroxwlrq frqfhqwudwlrq f> KK2Rcj lv wkh wrwdo vshfl�f hqwkdos| ri
zdwhu ydsru dw whpshudwxuh Ws dqg suhvvxuh sK2R> KR2

lv wkh wrwdo vshfl�f hqwkdos| ri jdvhrxv
r{|jhq dw whpshudwxuh Ws dqg suhvvxuh sR2

1
Wkh ydoxhv ri wkh wrwdo hqwkdoslhv ri K2R2/ +K2R,,/ +K2R,}/ +R2,}/ dqg �Kglv duh wdnhq iurp

dssursuldwh kdqgerrnv1 Khuh/ �Kglv zdv hvwlpdwhg dv h{sodlqhg lq +Rolyhlud/ 53330e,/ dqg wkh
rwkhu qhhghg hqwkdoslhv zhuh hydoxdwhg e| xvlqj wkh �wwlqj fxuyhv suhvhqwhg rq QDVD VS05:6
+Jrugrq dqg PfEulgh/ 4<:9,1 Vxfk htxdwlrqv krog iru wkhupdoo| shuihfw jdvhv +dqg/ wkhuhiruh/
duh lqghshqghqw ri wkh suhvvxuh,1 Vr/ wkh uhvxowv ghyldwhv iurp wkh uhdo ydoxhv iru kljk suhvvxuhv
+ss A 53 edu,1

,� ���
��	�� '��
�.
	.����� �	��������� �����������

Wkh fdofxodwlrq lv grqh dffruglqj wr wkh irupxodv jlyhq lq wkh suhylrxv vhfwlrqv1 Vlqfh wkh
whpshudwxuh ri wkh vwhdp0jdv pl{wxuh Ws lv xqnqrzq ehiruh wkh fdofxodwlrq/ lw lv ghwhuplqhg e|
wkh wuldo0dqg0huuru phwkrg1 Wkh rughu ri rshudwlrqv lq wklv fdvh lv dv iroorzv= dvvxph f/ Wv dqg
ss> fdofxodwh wkh ydoxh ri Kv @ Kv+f> Wv, iurp uhodwlrqvkls +4:,> jlyh vhyhudo ydoxhv ri Ws/ forvh
wr wkh h{shfwhg ydoxh/ dqg fdofxodwh Ks @ Ks+Ws, e| uhodwlrqvkls +4;,1 Wkh wuxh ydoxh ri wkh
wkhruhwlfdo whpshudwxuh ri wkh vwhdp0jdv Ws zloo eh wkdw ydoxh iru zklfk Ht1 +49, lv vdwlv�hg1

Wkh frpsohwh dojrulwkp iru fdofxodwlrq ri wkh whpshudwxuh ri ghfrpsrvlwlrq surgxfwv lv jlyhq
ehorz1 Lw lv dvvxphg pdvv frpsrvlwlrq kljk hqrxjk iru ydsrul}dwlrq ri zdwhu lq wkh surgxfwv1

41 Dvvxph wkh pdvv frqfhqwudwlrq f/ wkh lqlwldo whpshudwxuh Wv ri wkh vroxwlrq/ dqg wkh
uhdfwlrq fkdpehu suhvvxuh ss1

51 Fdofxodwh wkh pdvv iudfwlrqv ri vwhdp dqg jdvhrxv r{|jhq lq wkh surgxfwv=

zR2
@

49=333

67=349
f >

zK2R @ 4�zR2
=

61 Fdofxodwh wkh wrwdo hqwkdos| ri wkh oltxlg vroxwlrq dw wkh lqlwldo whpshudwxuh Wv +wklv wkh
whpshudwxuh dw wkh lqohw ri wkh jdv jhqhudwru,=

KK2R2
@ KK2R2

+Wv,

KK2Rco @ KK2Rco+Wv,

�Kglv @ �Kglv+Wv,

Kv @ fKK2R2
. +4� f,KK2Rco .�Kglv =

71 Hvwlpdwh wkh sduwldo suhvvxuhv ri ghfrpsrvlwlrq surgxfwv xvlqj Gdowrq*v Odz=

sK2R @ qK2R ss

sR2
@ qR2

ss @ ss � sK2R =

81 Dvvxph Ws dqg fdofxodwh wkh wrwdo hqwkdos| ri wkh jdvhrxv surgxfwv=

KK2Rcj @ KK2Rcj+Ws> sK2R,

KR2
@ KR2

+Ws> sR2
,



Ks @ zK2R KK2Rcj .zR2
KR2

=

91 Uhshdw wkh vwhs 8 iru gl�huhqw Ws*v xqwlo phhwlqj wkh wrwdo hqwkdos| frqvhuydwlrq=

Kv @ Ks =

Wkh wuxh whpshudwxuh ri wkh vwhdp0jdv lv 6�8( orzhu wkdq wkh wkhruhwlfdo dgldedwlf whp0
shudwxuh gxh wr lqfrpsohwh ghfrpsrvlwlrq ri K2R21 Diwhu ghwhuplqlqj wkh frpsrvlwlrq dqg
whpshudwxuh ri wkh vwhdp0jdv/ lwv uhpdlqlqj sdudphwhuv duh fdofxodwhg dv wkh sdudphwhuv ri d
jdvhrxv pl{wxuh zkrvh frpsrvlwlrq lv nqrzq1

-� ���	.�� ��� '���. �����/�

Lq wklv sdshu d whfkqltxh zdv glvfxvvhg iru fdofxodwlrq ri sdudphwhuv ri KWS ghfrpsrvlwlrq1
Vrph uhvxowv duh vkrzq qh{w1

Iljxuh +50d, vkrzv wkh wkhruhwlfdo whpshudwxuh ri ghfrpsrvlwlrq +Ws, yhuvxv wkh pdvv frq0
fhqwudwlrq ri K2R2 +f,/ iru gl�huhqw vroxwlrq*v whpshudwxuhv +58�F dqg 93�F,1 Dv fdq eh vhhq/
�{hg Wv/ wkh ehkdylru Ws @ Ws+f, lv olqhdu1

Wkh wkhruhwlfdo yduldwlrqv ri whpshudwxuh ri ghfrpsrvlwlrq +Ws, gxh wr fkdqjhv lq wkh vrox0
wlrq*v whpshudwxuhv +Wv, duh suhvhqwhg rq Ilj1 +50e,1 Wkh uhvxowv duh sdudphwhul}hg e| wkh pdvv
frqfhqwudwlrq ri K2R2 +f,/ dqg Wv yduldwhv lq wkh udqjh iurp 58�F xs wr 93�F1 Wkhvh uhvxowv
vkrzq wkdw/ �{lqj f/ Ws fkdqjhv olqhduo| zlwk Wv1
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T s  =  2 5o C

T s  =  6 0o C

(a ) (b )

Iljxuh 5= Ghfrpsrvlwlrq whpshudwxuhv iru gl�huhqw frqfhqwudwlrqv ri k|gurjhq shur{lgh dqg

whpshudwxuhv ri vroxwlrq1

Wkh deryh ghfrpsrvlwlrq whpshudwxuh uhvxowv fdq eh vxppdul}hg lq wkh iroorzlqj h{suhvvlrq/

rewdlqhg e| fxuyh �wwlqj surfhvv/ dqg frqvlghulqj wkh olqhdu yduldwlrqv zlwk wkh vroxwlrq lqlwldo

whpshudwxuh dqg frqfhqwudwlrq=

Ws @ 4=76Wv . +5856=4; f� 49:9=7, = +4<,

Wklv irupxod frxog eh xvhixo gxulqj wkh suholplqdu| ghvljq ri d vsdfh v|vwhp zklfk xvhv k|gurjhq
shur{lgh ghfrpsrvlwlrq lq vrph ri lwv vxe0v|vwhpv1

Iru suhvvxuhv deryh 53 edu wkh zdwhu ydsru ghsduwv iurp wkh wkhupdoo| shuihfw jdv ehkdylru/
dqg wkh lq xhqfh ri suhvvxuh ehfrph lpsruwdqw1 Wklv idfw/ dowkrxjk frqvlghuhg lq wkh jlyhq
phwkrg/ zdv qrw wdnhq lqwr dffrxqw lq wkh deryh uhvxowv1

Diwhu fdofxodwlrq ri frpsrvlwlrq dqg whpshudwxuh ri wkh ghfrpsrvlwlrq surgxfwv ri KWS/
e| wkh jlyhq phwkrg/ dqrwkhu sdudphwhuv ri wkh jdvhrxv pl{wxuh fdq eh hydoxdwhg xvlqj wkh
irupxodh suhvhqwhg lq wkh dsshqgl{1



Wkh jlyhq phwkrg dqg uhvxowlqj htxdwlrqv ri frpsrvlwlrq dqg wkhuprg|qdplf surshuwlhv
duh srwhqwldoo| ri juhdw ydoxh wr wkh urfnhw �hog/ dqg duh lq d irup wkdw fdq eh xvhg uhdglo| iru
vsdfh yhklfohv shuirupdqfh fdofxodwlrqv1 Wkh| dsso| wr d jdv jhqhudwru iru= +4, prqrsurshoodqw
hqjlqh> +5, wdqn suhvvxul}dwlrq lq d oltxlg urfnhw hqjlqh +OUH, ru d k|eulg urfnhw hqjlqh +KUH,>
dqg +6, jdvhrxv r{lgl}hu lq d uhvwduwdeoh elsurshoodqw hqjlqh v|vwhp1

Ilqdoo|/ pxvw eh uhphpehuhg wkdw/ vrphwlphv/ KWS lv xvhg dv r{lgl}hu ri wkh edvlf surshoodqw
ri d OUH ru KUH> wkhuhiruh/ e| xvlqj KWS dv vxevwdqfh iru jdv jhqhudwlrq rqh fdq vlpsoli| wkh
ghvljq ri wkh hqjlqh/ lqfuhdvh lwv uholdelolw|/ dqg idflolwdwh urfnhw rshudwlrq1

����"��(��

^4` Dqguhzv/ Gdylg/ 4<<3/ �Dgydqwdjhv ri k|gurjhq shur{lgh dv d urfnhw r{lgdqw/� Mrxuqdo ri
wkh Eulwlvk Lqwhusodqhwdu| Vrflhw|/ Yro1 76/ ss1 64<�65;/ Mxo|1

^5` Eorrp/ U1 Mu1> Gdylv/ Qrdk V1 Mu1> dqg Ohylqh/ Vdpxho G1/ 4<83/ �K|gurjhq Shur{lgh dv d
Surshoodqw1� Mrxuqdo ri wkh Dphulfdq Urfnhw Vrflhw|/ Qxpehu ;3/ Pdufk1

^6` Gdylv/ Qrdk V1 Mu1> dqg PfFruplfn/ Mdphv F1/ 4<93/ Ghvljq ri Fdwdo|vw Sdfnv iru wkh

Ghfrpsrvlwlrq ri K|gurjhq Shur{lgh1 Suhvhqwhg dw wkh DUV Surshoodqwv/ Frpexvwlrq dqg
Oltxlg Urfnhwv Frqihuhqfh/ Wkh Rklr Vwdwh Xqlyhuvlw|/ Froxpexv 43/ Rklr/ Mxo| 4;04<1

^7` Jrugrq/ V1> dqg PfEulgh/ E1 M1/ 4<:9/ Frpsxwhu Surjudp iru Fdofxodwlrq ri Frpsoh{

Fkhplfdo Htxloleulxp Frpsrvlwlrqv/ Urfnhw Shuirupdqfh/ Lqflghqw dqg Uh hfwhg Vkrfnv/

dqg Fkdspdq0Mrxjxhw Ghwrqdwlrqv1 QDVD VS05:61

^8` Mh�/ Pduwlq/ 4<<</ �K|gurjhq Shur{lgh � Wkh Vdih Vxsso| dqg Kdqgolqj ri KWS1� 5qg Lq0
whuqdwlrqdo K|gurjhq Shur{lgh Sursxovlrq Frqihuhqfh/ Qryhpehu :043/ Sxugxh Xqlyhuvlw|/
Zhvw Odid|hwwh/ Lqgldqd/ X1V1D1

^9` Rolyhlud/ Xolvvhv F1/ 53330d/ Vwxg| ri Surshoodqwv iru Suhvvxuh0Ihg Sursxovlrq V|vwhpv1 LDH
Lqwhuqdo Whfkqlfdo Uhsruw +wr eh glyxojhg,1

^:` Rolyhlud/ Xolvvhv F1/ 53330e/ Frpsrvlwlrq dqg Wkhuprg|qdplf Surshuwlhv ri Kljk Whvw Shu0
r{lgh Ghfrpsrvlwlrq1 LDH Lqwhuqdo Whfkqlfdo Uhsruw +wr eh glyxojhg,1

^;` Uxvhn/ M1 M1/ 4<<9/ �Qhz Ghfrpsrvlwlrq Fdwdo|vwv dqg Fkdudfwhul}dwlrq Whfkqltxhv iru
Urfnhw0Judgh K|gurjhq Shur{lgh/� Mrxuqdo ri Sursxovlrq dqg Srzhu/ Yro1 45/ Qr1 61

^<` Uxvhn/ M1 M1> Dqghuvrq/ Q1 P1/ 4<<</ �Khwhurjhqhrxv Ghfrpsrvlwlrq ri Urfnhw Judgh K|0
gurjhq Shur{lgh1� 5qg Lqwhuqdwlrqdo K|gurjhq Shur{lgh Sursxovlrq Frqihuhqfh/ Qryhpehu
:043/ Sxugxh Xqlyhuvlw|/ Zhvw Odid|hwwh/ Lqgldqd/ X1V1D1

^43` Vfkxpe/ Z1 F1/ Vdwwhu�hog/ F1 Q1/ dqg Zhqwzruwk/ U1 O1/ 4<88/ �K|gurjhq Shur{lgh/� Qhz
\run/ Uhlqkrog Sxeolvklqj Frus1

^44` Zklwwdnhu/ D1 J1/ dqg Guhz/ F1 P1/ 4<8:/ M1 Sk|v1 Fkhp1/ 94/ 6;51



DSSHQGL[

DGGLWLRQDO SDUDPHWHUV RI GHFRPSRVLWLRQ SURGXFWV

Diwhu ghwhuplqdwlrq ri qR2
dqg qK2R

dqg Ws/ lw*v srvvleoh wr nqrz wkh rwkhu sdudphwhuv ri
jdvhrxv pl{wxuh uhvxowlqj iurp wkh ghfrpsrvlwlrq=

Ps @ qK2R
PK2R

. qR2
PR2

Us @
U

Ps

fRcs @ qK2R
fRcK2R

. qR2
fRcR2

f�cs @ fRcs �Us

ns @
fRcs

f�cs

f

W

@

yxxw 4

ns

�
ns . 4

5

� &sn�

&s3�

Us Ws

Lw zdv xvhg wkh qrwdwlrq= Ps � prohfxodu pdvv/ Us � jdv frqvwdqw/ fRcs � vshfl�f khdw dw

frqvwdqw suhvvxuh/ f�cs � vshfl�f khdw dw frqvwdqw yroxph/ ns � vshfl�f khdw udwlr/ dqg fW �

fkdudfwhulvwlf h{kdxvw yhorflw|1

Li Yv dqg �
v
ghqrwh/ uhvshfwlyho|/ wkh yroxph dqg pdvv ghqvlw| ri wkh vroxwlrq dqg/ vlqfh

wkh wkh pdvv ri surgxfwv ri ghfrpsrvlwlrq ps lv htxdo wr wkh pdvv ri wkh vroxwlrq pv/ wkhq

ps @pv @ Yv �v1

Dvvxph/ lq �uvw dssur{lpdwlrq/ wkdw wkh jdvhrxv pl{wxuh iruphg diwhu ghfrpsrvlwlrq ri

KWS kdv d wkhupdoo| shuihfw jdv ehkdylru1 Wkhuhiruh wkh udwlr ri wkh surgxfwv wr wkh vroxwlrq

yroxphv lv

Ys

Yv

@ �
v

Us Ws

ss
>

zkhuh ss lv suhvvxuh dw wkh ghfrpsrvlwlrq fkdpehu1


