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DEVWUDFW

Jdqj ]kdr +Grfwru ri Sklorvrsk| lq Shwurohxp Hqjlqhhulqj,

ZHOO WHVWLQJ IRU FRPSOH[0JHRPHWU\ UHVHUYRLUV

+494 ss10Fkdswhu :,

Gluhfwhg e| Gu1 Ohvolh J1 Wkrpsvrq

+565 zrugv,

Frpsoh{ jhrphwu| uhvhuyrluv fdq eh hqfrxqwhuhg lq wkh �hog iru d ydulhw| ri ghsr0

vlwlrqdo dqg whfwrqlf surfhvvhv1 Iru h{dpsoh/  xyldo ghsrvlwlrqdo hqylurqphqwv pd|

surgxfh lqwhu0eudqfklqj fkdqqho uhvhuyrluv/ ru uhvhuyrluv frqvlvwlqj ri uhodwlyho| kljk

shuphdelolw| fkdqqhov lq frppxqlfdwlrq zlwk orz0shuphdelolw| vsod|v1 Wklv glvvhu0

wdwlrq suhvhqwv d jhqhudo phwkrgrorj| iru frpsxwlqj suhvvxuh uhvsrqvhv dqg  rz

fkdudfwhulvwlfv lq frpsoh{ jhrphwu| uhvhuyrluv1 Wkh sursrvhg phwkrg frqvlvwv ri

ghfrpsrvlqj wkh ruljlqdo frpsoh{0jhrphwu| uhvhuyrlu lqwr d vhw ri vlpsoh0jhrphwu|

uhvhuyrluv/ zklfk lqwhudfw zlwk hdfk rwkhu e| wudqvihu ri  xlg dqg htxdolw| ri suhv0

vxuh ryhu wkh uhjlrqv zkhuh wkh| duh lq k|gudxolf frqwdfw1 Dqdo|wlfdo vroxwlrqv duh

zulwwhq grzq iru hdfk ri wkh vlpsoh uhvhuyrlu frpsrqhqwv lq whupv ri wkh xqnqrzq

suhvvxuhv dqg  x{hv dw wkhlu erxqgdulhv/ dqg wkh frxsohg v|vwhpv duh vroyhg iru wkh

ghvluhg zhooeruh suhvvxuh uhvsrqvhv1 Wkh phwkrg ri vrxufhv dqg vlqnv lv xvhg wr

frpsxwh wkh suhvvxuh uhvsrqvh lq wkh Odsodfh grpdlq dqg wkh uhvxowv duh lqyhuwhg

qxphulfdoo| xvlqj wkh Vwhkihvw Lqyhuvlrq dojrulwkp1 Zh suhvhqw idvw dffxudwh phwk0

rgv ri wdnlqj qxphulfdo Odsodfh wudqvirupv ri wkh vrxufh2vlqn vroxwlrqv wkdw pdnh

wkh frpsxwdwlrqv uhdvrqdeo| idvw dqg h!flhqw1 Wkh sursrvhg phwkrgrorj| fdq eh

h{whqghg wr dq| v|vwhp zkhuh wkh Odsodfh vsdfh ixqfwlrq fdq eh hdvlo| zulwwhq lq
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whupv ri lqwhjudov ri uhdo0vsdfh vrxufh2vlqn ixqfwlrqv/ lqfoxglqj surgxfwlrq dw frq0

vwdqw erwwrp0kroh suhvvxuh/ zhooeruh vwrudjh h�hfwv ru qdwxudoo| iudfwxuhg v|vwhpv1

Zh ghprqvwudwh wkh dssolfdelolw| ri wkh phwkrg e| prgholqj eudqfklqj fkdqqhov dqg

fkdqqho2vsod| v|vwhpv1
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DFNQRZOHGJPHQWV

L zlvk wr h{suhvv p| vlqfhuh dssuhfldwlrq dqg judwlwxgh wr p| dg0

ylvru/ Gu1 Ohvolh J1 Wkrpsvrq/ iru klv fuhdwlyh lghd dqg jxlgdqfh

wkurxjkrxw wkh surfhvv ri wkh wklv uhvhdufk1 P| vshfldo wkdqnv dovr

jr wr Gu1 Doehuw F1 Uh|qrogv iru klv vxjhvwlrq dqg vxssruw gxulqj

wkh uhvhdufk1 Lq dgglwlrq L zrxog olnh wr wkdqn Gu1 Ghdq Rolyhu dqg

Gu1 Uhgqhu iru wdnlqj wkh wlph dqg wkh h�ruw wr eh d sduw ri p|

glvvhuwdwlrq frpplwwhh1

Wkh �qdqfldo vxssruw dqg wkh uhvhdufk dvvlvwdqwvkls sur0

ylghg e| WXSUHS+Wxovd Xqlyhuvlw| Shwurohxp Uhvhuyrlu H{sorlwd0

wlrq Surmhfwv, duh judwhixoo| dfnqrzohgjhg1

P| wkdqnv dqg dssuhfldwlrq duh dovr h{whqghg wr idfxow|

phpehuv dqg judgxdwh vwxghqwv iru iruplqj wkh h{fhoohqw dfdghplf

hqylurqphqw lq ShwurohxpHqjlqhhulqj Ghsduwphqw1 L zdqw wr wkdqn

p| sduhqwv/ [lrqj}kl ]kdr dqg [ldqmlx \dqj/ dqg p| sduhqwv lq

odz/ Mlvkhqj Jdr/ Jxl}khq/ Qldq/ iru wkhlu vxssruw dqg hqfrxudjh0

phqw wkh| kdyh jlyhq ph gulqj wkh wlph deurdg dqg dzd|1

Wklv glvvhuwdwlrq lv ghglfdwhg wr p| zlih [ldr{ld Jdr dqg

wr p| ehoryhg gdxjkwhu Plfkhooh Wldq ]kdr iru wkhlu xqghuvwdqglqj/

sdwlhqfh dqg oryh1
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FKDSWHU L

LQWURGXFWLRQ

414 Edfnjurxqg

Fodvvlfdo zhoo whvw dqdo|vlv kdv orqj ehhq xvhg dv d ydoxdeoh wrro lq fkdu0

dfwhul}lqj uhvhuyrluv iurp wudqvlhqw suhvvxuh yhuvxv wlph ehkdylru1 Lq prvw fodvvlfdo

zhoo whvw prghov/ wkh uhvhuyrlu lv lghdol}hg dv d �krprjhqhrxv� vlqjoh ru gxdo srurvlw|

v|vwhp zlwk d vlpsoh uhvhuyrlu dqg zhoo jhrphwu|1 Wklv lv grqh lq rughu wr idflolwdwh

jhqhudwlrq ri dqdo|wlfdo vroxwlrqv wr wkh uhvhuyrlu sureohp1 Lq  xyldo0ghowdlf uhvhuyrlu

v|vwhpv/ wkh frpsoh{ jhrphwu| suhfoxghv lghdol}lqj wkh uhvhuyrlu dv d vlpsoh0vkdshg

krprjhqhrxv v|vwhp dqg lq jhqhudo/ wkh wudqvlhqw suhvvxuh uhvsrqvhv gr qrw uhvhpeoh

wkrvh ri fodvvlfdo vlpsoh0jhrphwu| v|vwhpv1 Ioxyldo0ghowdlf uhvhuyrlu v|vwhpv duh rqh

h{dpsoh ri jhqhudo frpsoh{0jhrphwu| uhvhuyrluv iru zklfk fodvvlfdo zhoo whvw dqdo|vlv

prghov pd| qrw eh dssolfdeoh1

Lq wklv glvvhuwdwlrq/ zh suhvhqw d jhqhudo phwkrgrorj| iru frpsxwlqj suhv0

vxuh uhvsrqvhv lq frpsoh{ jhrphwu| uhvhuyrluv1 Hvvhqwldoo|/ wkh phwkrg frqvlvwv ri

ghfrpsrvlqj wkh ruljlqdo frpsoh{0jhrphwu| uhvhuyrlu lqwr d vhw ri vlpsoh0jhrphwu|

uhvhuyrluv/ zklfk lqwhudfw zlwk hdfk rwkhu e| wudqvihu ri  xlg dqg htxdolw| ri suhvvxuh

ryhu wkh uhjlrqv zkhuh wkh| duh lq k|gudxolf frqwdfw1 Dqdo|wlfdo vroxwlrqv duh zulwwhq

grzq iru hdfk ri wkh vlpsoh uhvhuyrlu frpsrqhqwv lq whupv ri wkh xqnqrzq suhvvxuhv

dqg  x{hv dw wkhlu erxqgdulhv/ dqg wkh frxsohg v|vwhpv duh vroyhg iru wkh ghvluhg

zhooeruh suhvvxuh uhvsrqvhv1

Rxu h�ruwv lq wklv duhd duh irfxvhg rq uhvhuyrlu jhrphwulhv dvvrfldwhg zlwk

4
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 xyldo0ghowdlf v|vwhpv/ vxfk dv fkdqqho uhvhuyrluv zlwk k|gudxolfdoo| frqqhfwhg ulyhu

vsod|v/ eudqfklqj fkdqqhov/ zkhuh wkh surshuwlhv ri hdfk eudqfk pd| vljql�fdqwo|

gl�hu iurp rqh dqrwkhu/ dqg lqwhuvhfwlqj fkdqqhov vxfk dv whhv ru furvvhv1 Dowkrxjk

vhpl0dqdo|wlfdo vroxwlrqv duh rewdlqdeoh iru d zlgh ydulhw| ri uhvhuyrlu jhrphwulhv/

dffxudwh dqg idvw frpsxwdwlrq ri wkh uhvsrqvhv uhpdlqv d pdmru frqvlghudwlrq1 Wklv

glvvhuwdwlrq suhvhqwv qhz phwkrgv ri wdnlqj qxphulfdo Odsodfh wudqvirupv wkdw sur0

ylgh wkh uhtxluhg dffxudf| dqg vshhg iru rxu frpsxwdwlrqv1

Ilqdo uhvxowv iru wkh suhvvxuh uhvsrqvhv ri wkh iroorzlqj irxu w|shv ri frpsoh{0

jhrphwu| uhvhuyrluv duh vkrzq lq wklv glvvhuwdwlrq1

41 Wzr vhpl0lq�qlwh uhvhuyrluv wkdw duh lvrodwhg iurp rqh dqrwkhu e| d vhdolqj

idxow h{fhsw ryhu d vpdoo �kroh� lq wkh idxow> uhihu Ilj1 4141 Wklv dssur{lpdwhv

d v|vwhp zlwk d �ohdn|� idxow1

51 Whh0vkdshg fkdqqho uhvhuyrluv> vhh Ilj1 4151

61 Fkdqqho dqg vsod| uhvhuyrluv/ uhihu wr Ilj1 4161

71 Frppxqlfdwlrq ehwzhhq wzr erxqghg uhvhuyrluv/ vhh Ilj1 4171

Wkh phwkrg ri vrxufhv dqg vlqnv lv xvhg wr vroyh wkh sureohpv lq wkh Odsodfh

grpdlq dqg wkh Vwhkihvw Lqyhuvlrq dojrulwkp^4` lv xvhg wr lqyhuw wkh vroxwlrq1 Xqlw

surgxfwlrq udwh suhvvxuh uhvsrqvh lv frqvlghuhg zlwkrxw dgglqj zhooeruh vwrudjh dqg

vnlq idfwru> dgglwlrq ri zhooeruh vwrudjh dqg vnlq h�hfwv lq Odsodfh vsdfh lv wuly0

ldo1 Wkh vroxwlrqv zh jhqhudwhg zhuh yhul�hg iru olplwlqj fdvhv zkhuh zhoo0nqrzq

dqdo|wlfdo uhvxowv duh dydlodeoh1

415 Olwhudwxuh Uhylhz

H{fhsw iru zrun suhvhqwhg e| Oduvhq^5`/ ^6` rq d qhwzrun ri lqwhufrqqhfwhg

olqhdu uhvhuyrluv/ wkhuh dsshduv wr kdyh ehhq yhu| olwwoh suhvhqwhg lq wkh olwhudwxuh
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Iljxuh 414= Vfkhpdwlf ri d zhoo surgxflqj iurp d v|vwhp zlwk d �ohdn|� idxow
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k1

k2

k1

k2

Iljxuh 415= Vfkhpdwlf ri d zhoo surgxflqj iurp whh0vkdsh uhvhuyrlu

k2

k1

Channel
Splay

Producer

Iljxuh 416= Vfkhpdwlf ri d zhoo surgxflqj iurp fkdqqho dqg vsod| uhvhuyrlu
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k1

k2

k2

k1

Iljxuh 417= Vfkhpdwlf ri d zhoo surgxflqj iurp erxqghg whh0vkdshg uhvhuyrlu

lq prgholqj ru ghvfulelqj wkh suhvvxuh wudqvlhqw suhvvxuh ehkdylru ri wkhvh w|shv ri

uhvhuyrluv1 Oduvhq*v zrun zdv sulpdulo| frqfhuqhg zlwk wkh orqj wlph surgxfwlylw| ri

d qhwzrun ri lqwhuvhfwlqj olqhdu uhvhuyrluv/ zlwk qr vshfldo frqvlghudwlrq jlyhq wr wkh

jhrphwu| dw wkh uhjlrqv ri lqwhuvhfwlrq+Oduvhq wulhg wr dffrxqw iru wkh lqwhuvhfwlrq jh0

rphwu| e| lqfoxglqj d�vnlq idfwru� dw wkh lqwhuvhfwlrq1,1 Oduvhq*v zrun lqglfdwhg wkdw

surshu xqghuvwdqglqj ri uhvhuyrlu w|sh lv fulwlfdo lq vlwxdwlrqv zkhuh h{wudsrodwlrq ri

vkruw0wlph whvw gdwd wr srvvleoh odwh0wlph surgxfwlrq fkdudfwhulvwlfv lv dwwhpswhg1 D

vfkhpdwlf ri wkh w|shv ri uhvhuyrlu frqvlghuhg lq Oduvhq*v zrun lv ghslfwhg lq Ilj1 4181

Vhdolqj dqg2ru qrq0vhdolqj idxowv kdyh ehhq d pdmru uhvhdufk wrslf lq suhv0

vxuh wudqvlhqw dqdo|vlv olwhudwxuh1 Lqvwhdg ri irfxvlqj rq wkh frppxqlfdwlrq ehwzhhq

uhvhuyrluv/ prvw ri wkh vwxglhv kdyh ehhq irfxvhg rq wkh h�hfw ri wkh vhdolqj dqg2ru

qrq0vhdolqj idxowv1 Erwk qxphulfdo dqg dqdo|wlfdo vroxwlrqv kdyh ehhq suhvhqwhg lq

wkh olwhudwxuh wr prgho wkh suhvvxuh ehkdylru lq idxowhg uhvhuyrluv dqg vrph shuwlqhqw

sdshuv duh glvfxvvhg ehorz1
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Iljxuh 418= Prgho ri lqwhuvhfwlqj uhvhuyrluv dqg wkhlu olqhdu vhjphqwv +Oduvhq,

Vwhzduw hw do1^7` xvhg qxphulfdo vlpxodwlrq wr frpsxwh wkh suhvvxuh wudqvlhqw

uhvsrqvh gxh wr d frqvwdqw udwh surgxflqj zhoo rq dq revhuydwlrq zhoo rq wkh idu vlgh

ri d sduwldoo| frppxqlfdwlqj idxow1 Wkh uhvhuyrlu surshuwlhv rq erwk vlghv ri wkh idxow

zhuh dvvxphg wr eh lghqwlfdo1 Wkh| irxqg wkdw dw wkh wlph zkhq wkh suhvhqfh ri wkh

idxow lq xhqfhv wkh suhvvxuh uhvsrqvh/ wkh suhvvxuh uhvsrqvh ehfrphv vwhhshu dw wkh

dfwlyh zhoo> dq doprvw vwudljkw olqh ri vorsh 62 lv rewdlqhg/ zkhuh 6� 	 62 	 26�/

dqg6� ghqrwhv wkh vorsh ri wkh olqh dvvrfldwhg zlwk wkh krprjhqhrxv +lq�qlwh0dfwlqj,

v|vwhp zkhuh wkh dfwlyh zhoo lv orfdwhg1 Wkh ydoxh ri 62 dqg wkh gxudwlrq ri wklv

wudqvlwlrq shulrg duh ghshqghqw rq wkh glphqvlrqohvv idxow frqgxfwlylw|/ �(8 c gh�qhg

dv

�(8 '
&su@s

&�s
� +414,

Lq Ht1 414/ &s ghqrwhv idxow }rqh shuphdelolw|/ pg/ & ghqrwhv irupdwlrq shuphdelolw|/

pg/ u@s ghqrwhv glvwdqfh iurp dfwlyh zhoo wr idxow/ iw/ dqg �s lv idxow }rqh wklfnqhvv/
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iw1 Dw odwh wlph/ wkhuh lv d wklug vwudljkw olqh shulrg ri vorsh 6�/ zklfk lv forvh wr 6�

h{fhsw dw vpdoo ydoxhv ri �(8 +ohvv wkdq 3137,1

\d{oh|^8` rewdlqhg dq dqdo|wlfdo vroxwlrq iru wkh wudqvlhqw suhvvxuh ehkdylru

ri d frqvwdqw udwh zhoo lq dq lq�qlwh uhvhuyrlu wkdw frqwdlqhg d yhuwlfdo olqhdu vhpl0

shuphdeoh eduulhu1 Lqwhuihuhqfh w|sh fxuyhv zhuh jhqhudwhg iru wkh vshfldo fdvh ri d

idxow wkdw lv shushqglfxodu wr d olqh ri lqwhuvhfwlrq mrlqlqj wkh dfwlyh dqg revhuydwlrq

zhoov1 Wkh jhqhudo dqdo|wlfdo vroxwlrq iru wkh suhvvxuh glvwulexwlrq zdv xvhg wr irup

w|sh fxuyhv iru rwkhu idxow rulhqwdwlrqv1 Wkh w|sh fxuyhv |lhog vhsdudwh hvwlpdwhv ri

wkh irupdwlrq wudqvplvvlelolw| dqg wkh wudqvplvvlelolw| ri wkh idxow lwvhoi1

Dpedvwkd hw do1^9` suhvhqwhg dqdo|wlfdo vroxwlrqv iru suhvvxuh wudqvlhqw eh0

kdylru ri d olqh0vrxufh/ frqvwdqw0udwh zhoo lq d frpsrvlwh lq�qlwh vwuls uhvhuyrlu e|

prgholqj wkh idxow dv dq lq�qlwhvlpdoo| wklq vnlq erxqgdu|/ +vhh Ilj1 419,1 Wkhlu

prgho zdv yhul�hg e| fkhfnlqj lw djdlqvw wkh olqh vrxufh vroxwlrq dqg erxqgdu| frq0

glwlrqv fuhdwhg hlwkhu e| lq�qlwhvlpdoo| wklq vnlq ru e| d olqhdu vhdolqj erxqgdu|1 Wkh

h�hfwv ri zhoo orfdwlrq/ erxqgdu| frqglwlrqv/ idxow/ prelolw| dqg gl�xvlylw| ri wkh wzr

uhjlrqv rq wkh gudzgrzq ehkdylruv ri dq lq�qlwh fkdqqho uhvhuyrlu zhuh glvfxvvhg1 D

�hog lqwhuihuhqfh zhoo whvwlqj lqwhusuhwdwlrq vxffhvvixoo| fkdudfwhul}hg wkh surshuwlhv

lq Uhjlrq 4 dqg Uhjlrq 51

Wkh| frqfoxghg wkdw iru odujh vnlq idfwru/ wkh idxow vhuyhv dv d vhdolqj erxqg0

du|/ dqg wkh h�hfwv ri erxqgdulhv duh ihow dw d glphqvlrqohvv wlph ri |( ' f�ec zkhuh

|( '
f�fff2Se&�|

E�>S|�� @
2
� +415,

Lq Ht1 415/ @ ghqrwhv wkh glvwdqfh ehwzhhq zhoo dqg idxow/ dqg wkh vxevfulsw �4� uhihuv

wr wkh surshuwlhv ri wkh sduw ri wkh uhvhuyrlu frqwdlqlqj wkh dfwlyh zhoo1 D grxeolqj ru

txdguxsolqj ri wkh lq�qlwh0uhvhuyrlu vhplorj ghulydwlyh zdv revhuyhg li wkh zhoo zdv

forvhu wr rqh vhdolqj erxqgdu| ru wzr htxlglvwdqw shushqglfxodu lqwhuvhfwlqj vhdolqj

erxqgdulhv wkdq wr wkh rwkhu uhvhuyrlu erxqgdulhv lq d krprjhqhrxv uhvhuyrlu1 Wkhlu

vwxg| dovr vkrzhg wkdw wkh dqdo|vlv ri lqwhuihuhqfh whvwv lq frpsrvlwh uhvhuyrluv lv
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           Skin
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Iljxuh 419= D1 N1 Dpedvwkd= Vfkhpdwlf ri frpsrvlwh uhvhuyrlu zlwk d sduwldoo| frp0

pxqlfdwlqj idxow

qrw vwudljkwiruzdug ehfdxvh wkh uhvsrqvh ghshqgv rq wkh surshuw| frqwudvwv dqg wkh

orfdwlrq ri wkh revhuydwlrq zhoo1 Wkhuhiruh/ d fduhixo vwxg| ri wkh frpsoh{ jhrphwu|

uhvhuyrlu lv hvvhqwldo iru wkh uhvhuyrlu fkdudfwhul}dwlrq1

Deedv}dghk dqg Flqfr0Oh|^:`/ suhvhqwhg dq dqdo|wlfdo vroxwlrq iru suhvvxuh

ehkdylru lq d uhvhuyrlu dvvxplqj  rz erwk dorqj dqg dfurvv d qrq0lqwhuvhfwlqj �qlwh

frqgxfwlylw| idxow1 W|sh fxuyhv ri suhvvxuh dqg suhvvxuh ghulydwlyh zhuh ghyhorshg

iru gl�huhqw ydoxhv ri prelolw|/ gl�xvlylw| udwlr/ vnlq idfwru dqg idxow frqgxfwlylwlhv1

Wkhlu uhvxowv vkrz wkdw iru kljk idxow frqgxfwlylwlhv dqg dw odujh wlphv/ wkh suhvvxuh

ghulydwlyh h{klelwv d txduwhu0vorsh fkdudfwhulvwlf ri elolqhdu  rz ehkdylru/ zkhuh wkh
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idxow dfwv olnh d fkdqqho1 Dw yhu| orqj wlph wkh suhvvxuh ghulydwlyh ehfrphv krul}rq0

wdo/ h{klelwlqj ehkdylru vlplodu wr wkdw ri qdwxudoo| iudfwxuhg uhvhuyrluv1 D vlpsoh

htxdwlrq iru elolqhdu  rz lq whupv ri idxow frqgxfwlylw| dqg uhvhuyrlu prelolw| udwlr

zdv surylghg1

Vdkql hw do1^;` suhvhqwhg dq dqdo|vlv ri wkh wudqvlhqw suhvvxuh ehkdylru lq d

pxowlod|huhg idxowhg uhvhuyrlu zlwk vhdolqj dqg qrq0vhdolqj idxowv1 D 60G qxphulfdo

prgho zdv xvhg wr jhqhudwh wkh wudqvlhqw suhvvxuh uhvsrqvh dw wkh surgxflqj zhoo1

D phwkrgrorj| zdv ghyhorshg wr hvwlpdwh wkh idxow dqg irupdwlrq wudqvplvvlelolw|

dv zhoo dv wkh glvwdqfh iurp wkh idxow wr wkh surgxflqj zhoo iurp qhzo|0ghulyhg w|sh

fxuyhv1

Lq 4<<:/ Deedv}dghk hw do1^<` dgguhvvhg lqwhuihuhqfh whvwlqj lq uhvhuyrluv

zlwk frqgxfwlyh idxowv1 Wkhlu uhvxowv lqglfdwhg wkdw wkhuh duh vljql�fdqw gl�huhqfhv

lq lqwhuihuhqfh whvw uhvsrqvhv/ ghshqglqj rq wkh orfdwlrq ri wkh revhuydwlrq zhoo dqg

zkhwkhu hdfk ri wkh whvwlqj zhoo sdlu lv rq wkh vdph vlgh ru rssrvlwh vlghv ri wkh

idxow1 Zkhq wkh| duh rq wkh vdph vlgh/ wkh lqwhuihuhqfh uhvsrqvh lv vlplodu wr wkdw

ri wkh dfwlyh zhoo1 Krzhyhu/ wkh h{whqw ri vlplodulw| ghshqgv rq zhoo duudqjhphqw

frq�jxudwlrq zlwk uhvshfw wr wkh idxow1 Zkhq wkh zhoov duh dw wkh rssrvlwh vlghv

ri wkh idxow/ wkh lqwhuihuhqfh uhvsrqvh lv xvxdoo| vlplodu wr wkdw iurp d k|gudxolfdoo|

iudfwxuhg zhoo1 D elolqhdu  rz uhjlph riwhq grplqdwhv wkh revhuydwlrq zhoo uhvsrqvh

iru vxfk fdvhv1 Lq sudfwlfh/ wkuhh whvwv +hlwkhu doo lqwhuihuhqfh ru wzr lqwhuihuhqfh dqg

rqh exlogxs, duh uhtxluhg wr fkdudfwhul}h jhrphwulfdo dwwulexwhv ri d idxow zlwk uhvshfw

wr lwv orfdwlrq dqg rulhqwdwlrq1



FKDSWHU LL

PRGHOLQJ SKLORVRSK\ DQG PHWKRGRORJ\

514 Dssurdfk

Lq wkh iroorzlqj/ zh looxvwudwh rxu jhqhudo prgholqj dssurdfk e| dsso|lqj

lw wr d vlpsoh uhvhuyrlu v|vwhp1 Wkh sk|vlfdo prgho frqvlghuhg lq Ilj1 414 frqvlvwv

ri wzr vhpl0lq�qlwh uhvhuyrluv vhsdudwhg ryhu prvw ri wkhlu h{whqw e| d k|gudxolfdoo|

vhdolqj eduulhu1 Rqh kdv  rz surshuwlhv ri d �fkdqqho�/ zkloh wkh rwkhu kdv surshuwlhv

ri d �vsod|�1 Wkh uhvhuyrluv duh lq k|gudxolf frqwdfw rqo| ryhu d vpdoo duhd1 D zhoo

lv surgxflqj iurp rqh ri wkh uhvhuyrluv1

Wkh �uvw vwhs lq wkh prgholqj surfhgxuh lv wr lghqwli| vlpsoh0jhrphwu| kr0

prjhqhrxv uhvhuyrlu frpsrqhqwv wkdw pdnh xs wkh frpsoh{ v|vwhp1 Lq wkh suhfhglqj

h{dpsoh/ wkh frpsoh{ uhvhuyrlu lv frpsrvhg ri wzr vhpl0lq�qlwh uhvhuyrluv= rqh zlwk

surshuwlhv ri wkh �fkdqqho�/ zklfk zh zloo uhihu wr dv Uhjlrq 4/ dqg wkh rwkhu zlwk

surshuwlhv ri wkh �vsod|� ru Uhjlrq 51 Frqvlghulqj Uhjlrq 4 rqo|/ wkh uhvhuyrlu

ehkdyhv dv li lw frqwdlqv wzr zhoov= d surgxfhu dw frruglqdwhv E%�c +�� dqg d sodqdu

lqmhfwlrq zhoo dw wkh orfdwlrq ri wkh duhd ri frppxqlfdwlrq ehwzhhq wkh wzr uhvhuyrluv1

Vlploduo|/ frqvlghulqj Uhjlrq 5 rqo|/ lw ehkdyhv dv li wkhuh zdv d vlqjoh surgxfwlrq

sodqh2iudfwxuh zhoo dw wkh orfdwlrq ri wkh duhd ri frppxqlfdwlrq ehwzhhq wkh wzr

uhvhuyrluv1 Reylrxvo|/ vlqfh doo wkh  xlg ohdylqj Uhjlrq 5 lv hqwhulqj Uhjlrq 4/ wkh

surgxfwlrq dqg lqmhfwlrq udwhv ri wkh dssduhqw sodqh2iudfwxuh zhoov lq hdfk ri wkh

uhjlrqv pxvw eh wkh vdph1

Wkh vhfrqg vwhs lq wkh prgholqj surfhvv lqyroyhv lvrodwlqj wkh ydulrxv uhvhu0

yrlu frpsrqhqwv iurp rqh dqrwkhu dw wkhlu mxqfwlrq+v, e| dsso|lqj qr  rz erxqgdulhv1

Iru vlpsoh uhvhuyrlu v|vwhpv wkdw frqwdlq zhoov/ wklv lv dfklhyhg e| fuhdwlqj d pluuru
43
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lpdjh lq wkh qr0 rz erxqgdu|> wkdw lv/ wkh lqvhuwhg �qr0 rz erxqgdu|� ehfrphv d

sodqh ri v|pphwu| iru wkh h{whqghg v|vwhp1 Iru wkh sureohp xqghu frqvlghudwlrq/

Uhjlrq 4 dqg Uhjlrq 5 duh hdfk uh hfwhg xvlqj wkh idxow dv d pluuru1 +Vhh Iljv1 514

dqg 5151, Sodqdu lqmhfwlrq ru surgxfwlrq zhoov duh dgghg dorqj wkh sodqh ri v|pphwu|

wr dffrxqw iru  xlg wudqvihu iurp rqh v|vwhp wr wkh rwkhu1 Wkh vhsdudwh v|vwhpv

duh wkhq frxsohg dw wkhlu mxqfwlrqv e| htxdwlqj udwhv dqg suhvvxuhv dw wkh mxqfwlrqv1

Wkh frxsohg v|vwhpv duh vroyhg +lq Odsodfh vsdfh, iru wkh xqnqrzq  x{ glvwulexwlrqv

dorqj wkh lqwurgxfhg �sodqdu� zhoov1 Ilqdoo|/ wkh  x{ sur�ohv iurp wkh suhfhglqj vwhs

duh vxevwlwxwhg lqwr wkh suhvvxuh htxdwlrq iru wkh zhoo ri lqwhuhvw wr rewdlq wkh ghvluhg

suhvvxuh uhvsrqvh1 Zh looxvwudwh wkh surfhgxuh lq pruh ghwdlo iru wkh vlpsoh sureohp

xqghu frqvlghudwlrq1

515 Glphqvlrqohvv Yduldeohv

Wkh frruglqdwh v|vwhp lv gh�qhg lq Ilj1 5161 Lq rughu wr jhqhudol}h rxu

uhvxowv/ zh lqwurgxfh wkh iroorzlqj glphqvlrqohvv yduldeohv1 Lq jhqhudo/ zh gh�qh

glphqvlrqohvv glvwdqfhv lq wkh iroorzlqj htxdwlrqv/ Ht1 514 wkurxjk Ht1 518/ edvhg

rq d fkdudfwhulvwlf ohqjwk , lq wkh uhodwhg uhvhuyrlu v|vwhp1 Iru wkh frppxqlfdwlrq

ri wzr vhpl0lq�qlwh uhvhuyrluv/ +vhh Ilj1 414,/ u_c wkh glvwdqfh iurp wkh surgxfhu wr

wkh erxqgdu|/ lv fkrvhq wr eh wkh fkdudfwhulvwlf ohqjwk1 Iru rwkhu frpsoh{0uhvhuyrlu

v|vwhpv wkdw zh zloo glvfxvv odwhu lq wklv zrun/ dssursuldwh gh�qlwlrqv ri �,� zloo eh

surylghg1

Wkh glphqvlrqohvv glvwdqfhv %(c +( dqg u�( duh uhvshfwlyho| gh�qhg dv

%( '
%

,
c +514,

+( '
+

,
c +515,
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Iljxuh 514= Wkh uhvhuyrlu iurp wkh shuvshfwlyh ri Uhjlrq 4
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Iljxuh 515= Wkh uhvhuyrlu iurp wkh shuvshfwlyh ri Uhjlrq 5
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dqg

u�( '
u�

,
� +516,

Wkh glphqvlrqohvv glvsodfhphqw ri wkh surgxfwlrq zhoo iurp wkh jds fhqwhu/ f(T /

+vhh Ilj1 414,/ lv jlyhq e|

f(T '
fT

,
� +517,

Khuh/ % dqg + uhihu wr frruglqdwhv lq wkh % � + sodqh dqg u� ghqrwhv wkh zlgwk ri

wkh jds1

Glphqvlrqohvv wlph/ |( lv gh�qhg lq whupv ri Uhjlrq 4 surshuwlhv/ l1h1/

|( '
#
�
|

,2
c +518,

zkhuh wkh gl�xvlylw| # lv gh�qhg dv

# '
f�ffS��&

�S|>

iw2

gd|
� +519,

Vlploduo|/ glphqvlrqohvv suhvvxuh gurs/ R(/ lv gh�qhg lq whupv ri Uhjlrq 4

surshuwlhv dv

R( '
&���{R

�e��2^��>�
� +51:,

Wkh glphqvlrqohvv wudqvplvvlelolw|/ vwrudwlylw| dqg gl�xvlylw| udwlrv/ �A c �7 c �- uh0

vshfwlyho| duh gh�qhg dv

�A '

�
&2�2

>
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��
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�

&���

�
c +51;,

�7 '
�
2
S|2�2
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�
S|���

c +51<,

dqg
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'
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�
�
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2
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�A

�7

c +5143,

uhvshfwlyho|1
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k2

k1

Region 1

Region 2

Ld

XV

Gap

Lw X

Y

Iljxuh 516= Wkh frruglqdwh v|vwhp gh�qlwlrq

516 Ohdn| Idxow Sureohp Irupxodwlrq dqg Vroxwlrq

51614 Glvfuhwl}dwlrq ri wkh Iudfwxuh Sodqh

Zh vxeglylgh wkh �iudfwxuh� lqmhfwlrq dqg surgxfwlrq �zhoov� lq Uhjlrqv 4

dqg 5 lqwr �s htxdo0ohqjwk �xqlirup  x{� glvfuhwl}hg iudfwxuh vhjphqwv1 Wkh kdoi

zlgwk ri hdfk glvfuhwl}hg iudfwxuh vhjphqw/ us / +vhh Ilj1 517,/ lv jlyhq e|

us '
u�

2�s

� +5144,

Wkh glphqvlrqohvv kdoi zlgwk ri dq| iudfwxuh vhjphqw lv

us( '
us

,
'

�

2�s

u�

,
� +5145,

Ohw E%s(c�c +s(� ghqrwh wkh fhqwhu frruglqdwhv ri wkh �wk glvfuhwl}hg iudfwxuh vhjphqw1

Wkxv/
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Iljxuh 517= Vfkhpdwlf ri iudfwxuh sodqh glvfuhwl}dwlrq

%s(c� ' %(c�3� n us( ' %(c� � us(c iru � � � � �s +5146,

zkhuh/ %(c�3� dqg %(c� uhsuhvhqw wkh ohiw dqg uljkw kdqg vlgh glphqvlrqohvv hqgsrlqwv

ri wkh �wk iudfwxuh vhjphqw1

51615 Uhjlrq 4 dqg Uhjlrq 5 Vroxwlrq

Zh dvvxph wkdw wkh dfwxdo zhoo lq Uhjlrq 4 surgxfhv dw d udwh ri 4 UE2G1

Lq Odsodfh vsdfh/ wkh suhvvxuh gurs/ R(c&�
/ dw dq| glphqvlrqohvv orfdwlrq E%(c&� c +(c&��
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lv zulwwhq lq whupv ri vrxufh2vlqn vroxwlrqv dv

R(c&�
E%(c&�c +(c&�c �(� '

gf

�uk�
%(c&� � %�

(c&�

�
2

n
�
+(c&� � +�

(c&�

�
2
l
�(

�
�(

n

gf

�uk�
%(c&� � %�

(c&�

�
2

n
�
+(c&� n +�

(c&�

�
2
l
�(

�
�(

�
�s[
�'�

^s(c�s(c�c&�
E%(c&�c +(c&�c �(� � +5147,

Khuh wkh vxevfulsw &� ghqrwhv wkdw wkh yduldeoh ehorqjv wr wkh uhjlrq zlwk shuphdelolw|

&�/ l1h1/ Uhjlrq 41 Wkh surgxfhu lv orfdwhg dw E%�(c&�
c +�(c&�

� dqg wkh lpdjh zhoo lv

orfdwhg dw E%�(c&�c�+�(c&�
�1 Wkh wkuhh whupv rq wkh uljkw vlgh ri Ht1 5147 dffrxqw

iru surgxfwlrq iurp wkh ruljlqdo zhoo/ surgxfwlrq iurp dq lpdjh zhoo / dqg qrq0

xqlirup lqmhfwlrq iurp wkh iudfwxuh sodqh uhvshfwlyho|1 Rxu qrwdwlrq lq Ht1 5147

uhtxluhv fodul�fdwlrq1 gf lv wkh prgl�hg Ehvvho ixqfwlrq ri wkh vhfrqg nlqg1 �( lv

wkh glphqvlrqohvv Odsodfh yduldeoh iru Uhjlrq 4> wkdw lv/ li � +zlwk xqlwv gd|3�,/ lv

wkh Odsodfh yduldeoh dvvrfldwhg zlwk wkh wudqvirup ri wlphc �( lv gh�qhg dv

�( '
u2

_�

#
�

� +5148,

+%s(c� c +s(� ghqrwh frruglqdwhv dorqj wkh glvfuhwl}hg iudfwxuh sodqh/ vhh Ilj1 517/

zkloh ^s(c� ghqrwhv wkh Odsodfh wudqvirup ri wkh +xqnqrzq,  x{ dw +%s(c�c +s(��

Ilqdoo|/ s(c�c&�
E%(c&�c +(c&�c �(� ghqrwhv wkh Odsodfh wudqvirup ri wkh glphqvlrqohvv

vrxufh2vlqn ixqfwlrq iru d �xqlirup0 x{� iudfwxuh sodqh lq Uhjlrq 41 Wkdw lv/ wkh

whup s(c�c&�
E%(c&�c +(c&�c �(� ghqrwhv wkh Odsodfh wudqvirup ri s(c�c&� E%(c&�c +(c&� c |(� c
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zkhuh/

s(c�c&� E%(c&�c +(c&�c |(� '

s
Z

2

i T

#
�E+(c&� � +s(c&��

2

e|(

$
s
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��
ihu

�
%(c� � %(c&�

2
s
|(

�
� ihu

�
%(c�3� � %(c&�

2
s
|(

��
c

iru � � � � �s � +5149,

Zh uhzulwh Ht1 5149 xvlqj wkh hoolswlf wkhwd ixqfwlrq qrwdwlrq ri Dsshqgl{ D dv

s(c�c&� E%(c&�c +(c&�c |(� '

ZeXu

�
%(c�3� � %(c&�

2
c
%(c� � %(c&�

2
c |(

�
wu

�
+(c&� � +s(c&�

2
c |(

�
c

iru � � � � �s +514:,

zkhuh/ dv lq Dsshqgl{ D/

wu E5c |� '
�s
Z|

i T

�
�52

|

�
+514;,

dqg

eXu E5�c 52c |� '
�

2

�
ihu

�
52s
|

�
� ihu

�
5�s
|

��
� +514<,

Wr wkh ehvw ri rxu nqrzohgjh/ wkhuh lv qr dqdo|wlfdo forvhg irup h{suhvvlrq

iru wkh Odsodfh Wudqvirup ri Ht1 514:/ vr lq rxu frpsxwdwlrqv/ zh wdnh wkh Odsodfh

wudqvirup ri Ht1 514: qxphulfdoo|1 Dsshqgl{ D ghwdlov d phwkrg iru wdnlqj Odsodfh

Wudqvirupv ri jhqhudo vrxufh2vlqn ixqfwlrqv wkdw surylghv wkh uhtxluhg vshhg dqg

dffxudf|1

Ohw wkh vxevfulsw &2 ghqrwh yduldeohv wkdw duh phdvxuhg lq Uhjlrq 51 Wkh

fruuhvsrqglqj vroxwlrq wr wkh Uhjlrq 5 sureohp lv zulwwhq dv

R(c&2
E%(c&2c +(c&2c �(� '

�s[
�'�

^s(c�s(c�c&2
E%(c&2c +(c&2c �(� � +5153,
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Khuh/ s(c�c&2
E%(c&2c +(c&2 c �(� lv wkh Odsodfh wudqvirup ri s(c�c&2 E%(c&2c +(c&2c |(� dqg

s(c�c&2 E%(c&2c +(c&2c |(� '

s
Z

2�7

i T

#
�E+(c&2 � +s(c&2�

2

e�-|(

$
s
�-|(

��
ihu

�
%(c� � %(c&2

2
s
�-|(
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� ihu

�
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2
s
�-|(

��
/

iru � � � � �s +5154,

ru htxlydohqwo|/

s(c�c&2 E%(c&2c +(c&2c |(� '

Z

�7

wu

�
+(c&2 � +s(c&2

2
c �-|(

� eXu

�
%(c�3� � %(c&2

2
c
%(c� � %(c&2

2
c�-|(

�
c

iru � � � � �s � +5155,

Ht1 5153 lv wkh glphqvlrqohvv suhvvxuh gurs iru d qrq0xqlirup  x{ yhuwlfdoo| iudfwxuhg

surgxfwlrq zhoo lq Uhjlrq 51

Wkh frxsohg sureohp lv vroyhg e| htxdwlqj suhvvxuhv dw wkh plgsrlqwv ri hdfk

ri wkh iudfwxuh vhjphqwv> l1h1/ htxdwlqj wkh uljkw kdqg vlghv ri Ht1 5147 dqg Ht1 5153

hydoxdwhg dw hdfk vhjphqw plgsrlqw1 Wkh uhvxowlqj v|vwhp ri �s htxdwlrqv lv vroyhg

iru wkh xqnqrzq  x{hv
�
^s(c�

��s

�'�
� Wkh  x{hv rewdlqhg iurp wklv vwhs duh xvhg lq

Ht1 5147 wr rewdlq wkh ghvluhg suhvvxuh uhvsrqvh dw wkh zhoo1

Zh glg qrw phqwlrq zkhwkhu %(c�c %(c�3� duh lq Uhjlrq 4 ru lq Uhjlrq 5 vlqfh

wkh| kdyh wkh vdph ydoxh lq erwk uhjlrqv dqg +s(c&� ' +s(c&2 ' f1 Ixuwkhu ghwdlov rq

wkh qxphulfdo vroxwlrq ri wkh sureohp duh surylghg lq wkh qh{w fkdswhu1
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FRPSXWDWLRQDO FRQVLGHUDWLRQV

614 Pdwkhpdwlfdo Ghulydwlrq

61414 Phwkrg Irupxodwlrq

E| dsso|lqj Ht1 5147/ wkh suhvvxuh gurs dw wkh plgsrlqw/ E%s(c�c +s(c&�� c ri

wkh �wk iudfwxuh vhjphqw lq Uhjlrq 4 lv

R(c&�
E%s(c�c +s(c&�c �(� '

gf
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^s(c�s(c�c&�
E%s(c�c +s(c&�c �(� / iru � � � � �s c +614,

zkhuh/

s(c�c&� E%s(c�c +s(c&� c |(� ' Zwu Efc |(� eXu

�
%(c�3� � %s(c�

2
c
%(c� � %s(c�

2
c |(

�
c

iru � � � � �s c � � � � �s � +615,

Wkh suhvvxuh gurs dw hdfk plgsrlqw/ E%s(c�c +s(c&2� c ri wkh �wk iudfwxuh vhjphqw lq

Uhjlrq 5 lv

53
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R(c&2
E%s(c�c +s(c&2c �(� '

�s[
�'�

^s(c�s(c�c&2
E%s(c�c +s(c&2c �(� c

iru � � � � �s c +616,

zkhuh

s(c�c&2 E%s(c�c +s(c&2 c |(� '

Z
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wu Efc �-|(� eXu
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%(c�3� � %s(c�

2
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iru � � � � �s c � � � � �s � +617,

Zh lqwurgxfh wkh iroorzlqj vlpsoli|lqj qrwdwlrq1 Ohw

[E%s(c�c +s(c&�c �(� '

gf
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� +618,

Htxdwlqj wkh uljkw kdqg vlghv ri Ht1614 dqg Ht1616/ zh kdyh

[E%s(c�c +s(c&�c �(��
�s[
�'�

^s(c�s(c�c&�
E%s(c�c +s(c&� c �(� '

�s[
�'�

^s(c�s(c�c&2
E%s(c�c +s(c&2c �(� c +619,

zklfk fdq eh uhzulwwhq dv

�s[
�'�

^s(c�
�
s(c�c&�

E%s(c�c +s(c&� c �(� n s(c�c&2
E%s(c�c +s(c&2c �(�

�
'

[E%s(c�c +s(c&�c �(� c iru � � � � �s +61:,
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zkhuh/ s(c�c&�
E%s(c�c +s(c&�c �(� dqg s(c�c&2

E%s(c�c +s(c&2c �(� duh wkh Odsodfh wudqv0

irup ri wlph ghshqghqw ixqfwlrqv lq Ht1 615 dqg Ht1 6171 Vlqfh wkh sodqdu iudfwxuh

zdv glvfuhwl}hg e| vxeglylglqj lw lqwr htxdo0ohqjwk vhjphqwv/ dsso|lqj Ht1 5146 zh

kdyh

%(c� � %s(c� ' 2�us( � E2�us( � us(� ' d2 E� � �� n �ous(c +61;,

dqg

%(c�3� � %s(c� ' 2E� � ��us( � E2�us( � us(� ' d2 E� � ��� �ous(� +61<,

Xvlqj wkh deryh htxdwlrqv/ Ht1 615 dqg Ht1 617 fdq eh uhzulwwhq dv

s(c�c&� E%s(c�c +s(c&� c |(� '

Zwu Efc |(� eXu

�
d2 E� � ��� �ous(

2
c
d2 E� � �� n �ous(

2
c |(

�
c

iru � � � � �s c � � � � �s c +6143,

dqg

s(c�c&2 E%s(c�c +s(c&2 c |(� '

Z

�7

wu Efc �-|(� eXu

�
d2 E� � ��� �ous(

2
c
d2 E� � �� n �ous(

2
c �-|(

�
c

iru � � � � �s c � � � � �s � +6144,

Ht1 6143 dqg Ht1 6144 duh xvhg lq Ht1 61: wr fdofxodwh wkh qrq0xqlirup  x{ glvwulex0

wlrq1

Zh h{suhvv Ht1 61: lq wkh iroorzlqj pdwul{ irup
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+6145,

zkhuh/

@�� ' s(c�c&�
E%s(c�c +s(c&�c �(� n s(c�c&2

E%s(c�c +s(c&2c �(� c

iru � � � � �s c � � � � �s c +6146,

ru/

@�� ' u

�
Zwu Efc |(� eXu

�
d2 E� � ��� �ous(

2
c
d2 E� � �� n �ous(

2
c |(

��
n

u

�
Z

�7

wu Efc �-|(� eXu

�
d2 E� � ��� �ous(

2
c
d2 E� � �� n �ous(

2
c�-|(

��
� +6147,

Ghqrwh wkh deryh pdwul{ dv �c zlwk hohphqwv @��1 Lw lv fohdu wkdw wkh pdwul{

� kdv wkh iroorzlqj surshuwlhv=

41 @�c� ' @�c�c l1h1 � lv d v|pphwulf pdwul{1

51 @�� ' @�n�c�n��

Wkhuhiruh iru d �s iudfwxuh sodqh glvfuhwl}dwlrq/ zh rqo| qhhg wr frpsxwh

�s pdwul{ hohphqwv1

Qrwh wkdw wkh ghulydwlrq iru wkh qrq0xqlirup  x{ �jds� uhyhuwv wr d xqlirup0

 x{ jds li wkh iudfwxuh sodqh lv prghohg dv d vlqjoh iudfwxuh vhjphqw> l1h1/ �s ' ��
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61415 Odsodfh Wudqvirupdwlrq

Iru wkh glphqvlrqohvv wlph ghshqghqw ixqfwlrqv lq Ht1 615 dqg Ht1 617/ wkh

Odsodfh wudqvirupdwlrq fdq eh frpsxwhg e| dsso|lqj wkh phwkrgrorj| lq Dsshqgl{

F1 Xvlqj wklv dssurdfk/ zh jhqhudwhg d wdexodwhg Odsodfh wudqvirup ixqfwlrq wkdw

surylghg d yhu| h!flhqw dojrulwkp1 Krzhyhu/ wkh qxphulfdo phwkrgv lq Dsshqgl{

F zhuh qrw dssolfdeoh lq rwkhu nlqgv ri frpsoh{ jhrphwu| uhvhuyrluv/ vxfk dv wkh

whh0vkdsh uhvhuyrlu/ fkdqqho vsod| uhvhuyrluv dqg frpsoh{ erxqghg uhvhuyrluv1 Zh

wkhuhiruh kdg wr uhvruw wr rwkhu qxphulfdo phwkrgv1 Rxu h{shulhqfh zlwk wkh qxphul0

fdo wudqvirupphwkrgv ri Uhihuhqfhv ^43` dqg ^44` lv wkdw wkh| gr qrw surylgh vx!flhqw

dffxudf| iru ghwhuplqlqj  x{ dqg suhvvxuh ghulydwlyhv lq frpsoh{ v|vwhpv1 D jhq0

hudo idvw dqg vx!flhqwo| dffxudwh phwkrg ri wdnlqj qxphulfdo Odsodfh wudqvirupv ri

jhqhudo vrxufh2vlqn vroxwlrqv lv surylghg lq Dsshqgl{ D1

615 Prgho Ydolglw| dqg Uhvxowv

61514 Olplwlqj fdvhv

Wkh olplwlqj prgho fdvhv zh ghulyhg zhuh qrw rqo| ylwdo iru xv wr yhuli| wkh

sursrvhg prgho exw dovr hvvhqwldo iru rxu ehwwhu xqghuvwdqglqj ri wkh ehkdylru ri

frpsoh{ jhrphwu| uhvhuyrluv1 Zh ydolgdwhg wkh �ohdn| idxow� prgho e| fkhfnlqj lw

djdlqvw wkh iroorzlqj olplwlqj fdvhv1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d vhpl0lq�qlwh v|vwhp li wkh

gl�xvlylw| lq Uhjlrq 5 dssurdfkhv }hur 1

� Dw hduo| wlph/ wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d vhpl0lq�qlwh

v|vwhp li wkh zlgwk ri wkh jds +u� lq Ilj1 414, dssurdfkhv }hur1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq dq lq�qlwh v|vwhp li wkh

gl�xvlylwlhv duh wkh vdph rq erwk vlghv ri wkh jds/ dqg wkh zlgwk ri wkh jds
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ehfrphv yhu| odujh1

Wkh odwh0wlph dv|pswrwlf ehkdylru ri wkh suhvvxuh ghulydwlyh vroxwlrq lv gh0

ulyhg lq Dsshqgl{ G1 Dw yhu| odujh wlphv zkhq doo ri wkh glphqvlrqohvv suhvvxuh gurs

whupv lq Uhjlrqv 4 dqg 5 duh jlyhq e| vhplorj dssur{lpdwlrqv/ dqg zkhq wkh udwh

ri  xlg  rz wkurxjk wkh jds ehfrphv dssur{lpdwho| frqvwdqw/ wkh vwdelol}hg udwh ri

 rz wkurxjk wkh jds lq UE2G shu UE2G ri surgxfwlrq iurp wkh dfwxdo zhoo lv

's( $
2�A

� n �A

� +6148,

Iru �A ' �c qrwh wkdw 's( $ �� Wklv pd| vhhp vxusulvlqj vlqfh wkh iudfwxuh lqmhfwlrq

udwh dssurdfkhv wkh dfwlyh zhoo surgxfwlrq udwh1 Uhfdoo krzhyhu wkdw lq rxu prgho

+vhh Ilj1 514, kdoi ri wkh �iudfwxuh zhoo� lqmhfwlrq  xlg  rzv lqwr wkh sk|vlfdo Uhjlrq

4/ zkloh wkh rwkhu kdoi  rzv lqwr wkh lpdjh ri Uhjlrq 4> wkxv dw odwh wlphv/ wkh yroxph

ri  xlg hqwhulqj Uhjlrq 4 wkurxjk wkh �jds� dssurdfkhv kdoi wkh surgxfwlrq udwh iurp

wkh dfwlyh zhoo1 Wklv uhvxow lv lqwxlwlyho| dqg sk|vlfdoo| uhdvrqdeoh1

Dw odwh wlph/ wkh suhvvxuh ghulydwlyh lq lv dssur{lpdwho| jlyhq e|

_R(c�

_E*? |(c��
$

�

� n �A

� +6149,

Qrwh wkdw iru d v|vwhpzlwk d ydqlvklqjo| vpdoo jds zlgwk/ wkh lqlwldo suhvvxuh

ghulydwlyh ehkdylru zloo dssur{lpdwh wkdw ri d vhpl0lq�qlwh v|vwhp/ zkloh dw odwh wlph

wkh ghulydwlyh zloo dssurdfk wkh ydoxh jlyhq e| Ht1 61491

Ilj1 614 vkrzv d sorw ri glphqvlrqohvv suhvvxuh dqg suhvvxuh ghulydwlyh iru

wkh olplwlqj fdvhv xvhg wr fkhfn wkh prgholqj uhvxowv> l1h1/ iru d zhoo lq dq lq�qlwh

krprjhqhrxv v|vwhp zkhuh wkh suhvvxuh ghulydwlyh lv dozd|v  dw/ dqg iru d zhoo lq

d vhpl0lq�qlwh v|vwhp/ zkhuh wkhuh lv d grxeolqj lq wkh ydoxh ri suhvvxuh ghulydwlyh

diwhu wkh h�hfw ri wkh idxow lv ihow1 Lq wklv fdvh/ wkh glvwdqfh iurp wkh zhoo wr wkh

vhdolqj idxow lv fkrvhq wr eh wkh fkdudfwhulvwlf ohqjwk1
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Pressure Responses and Derivatives for a Well in Semi-infinite and in Infinite Reservoirs

0.5

0.6

0.7

0.8

0.9

1

1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Dimensionless Time (t D)

P
re

ss
ur

e 
D

er
iv

at
iv

e,
 d

P
D
/d

ln
(t

D
)

2

7

12

17

22

D
im

en
si

on
ls

s 
P

re
es

ur
e 

D
ro

p,
 P

D

Semi-Infinite Reservoir

Infinite Reservoir

Semi-Infinite Reservoir

Infinite Reservoir

Iljxuh 614= Olplwlqj fdvhv xvhg wr fkhfn prgholqj uhvxowv
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61515 H�hfw ri wkh qxpehu ri �iudfwxuh� vhjphqwv

Ilj1 615 vkrzv wkh gl�huhqfh ri dsso|lqj xqlirup dqg qrq0xqlirup  x{ dv0

vxpswlrqv lq prgholqj frppxqlfdwlrq ehwzhhq wzr vhpl0lq�qlwh uhvhuyrluv1 Wkh zhoo

lv orfdwhg uljkw ehorz wkh fhqwhu ri wkh ohdn| idxow dqg u�( ' e( wklv phdqv wkh

zlgwk ri wkh ohdn| idxow lv 7 wlphv wkh glvwdqfh iurp wkh zhoo wr wkh erxqgdu|1 Vlqfh

�- ' � +ehfdxvh �A ' �c �7 ' �/ l1h1/ erwk uhjlrqv kdyh wkh vdph gl�xvlylw|,/ wkh

glphqvlrqohvv suhvvxuh ghulydwlyh sk|vlfdoo| fdq qrw dwwdlq d ydoxh ohvv wkdq 318 lq

wklv fdvh1 Wkdw lv/ lw lv sk|vlfdoo| lpsrvvleoh iru wkh v|vwhp wr ehkdyh dv li lw kdv d

shuphdelolw| juhdwhu wkdq wkh shuphdelolw| ri hdfk uhjlrq1 Lq wklv fdvh/ dowkrxjk wkh

glphqvlrqohvv suhvvxuh gursv jlyhq e| wkh xqlirup dqg qrq0xqlirup  x{ prghov +433

�iudfwxuh� vhjphqwv, duh yluwxdoo| lghqwlfdo/ wkh suhvvxuh ghulydwlyh iurp wkh xqlirup

 x{ prgho lv sk|vlfdoo| xquhdvrqdeoh1

Lq Ilj1 616 zh h{dplqh wkh h�hfw ri wkh qxpehu ri �iudfwxuh� vhjphqwv/ �s /

rq wkh prgho uhvxowv1 Zh vhh wkdw iru �s : Dfc wkh frpsxwdwlrqdo uhvxowv duh yluwxdoo|

lghqwlfdo1 Qrwh wkdw Ilj1 616 dovr jlyhv xv d fohdu lqglfdwlrq wkdw dw yhu| odwh wlph/

|( : �f��c wkh glphqvlrqohvv suhvvxuh ghulydwlyh lv dssurdfklqj 318 vprrwko| dqg lv

dozd|v voljkwo| odujhu wkdq 3181 Wklv lv dovr dq lqglfdwlrq ri dffxudwh dqg fruuhfw

prgholqj1

Jhqhudoo| vshdnlqj/ wkh odujhu wkh �s ydoxh/ wkh pruh dffxudwh wkh uhvxowv

zloo eh/ exw odujhu iudfwxuh vhjphqwv zloo dovr lqfuhdvh wkh frpsxwdwlrqdo wlph udslgo|1

Krzhyhu/ lw lv kdug wr ghwhuplqh wkh plqlpxp �s ydoxh vlqfh lw ghshqgv rq wkh

erxqgdu| frqglwlrqv/ zhoo dqg ohdn| idxow orfdwlrqv dqg wkh surshuw| frqwudvw dqg

ydulhv iurp fdvh wr fdvh1 Lq rughu wr frpsduh wkh uhvxowv lq d frqvlvwhqw dqg dffxudwh

zd|/ d uhodwlyho| kljkhu �s ydoxh zdv vhohfwhg1 Xqohvv rwkhuzlvh vwdwhg/ zh xvhg d

ydoxh ri �s ' �ff iru rxu uxqv1
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The difference of uniform and non-uniform flux assumption. C T= CS=1, XDV=0, 
LwD=4
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Iljxuh 615= Frpsdulvrq ri xqlirup0 x{ dqg qrq0xqlirup  x{ suhvvxuh uhvsrqvhv
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Late time behavior and the effect of N f for non-uniform flux assumption
CT=CS=1, XDV=0, LwD=4
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Iljxuh 616= Wkh h�hfw ri wkh qxpehu ri iudfwxuh vhjphqwv rq wkh prgho uhvxowv
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61516 H�hfwv ri yduldwlrq ri glphqvlrqohvv prgho sdudphwhuv

Lq Ilj1 617/ wkh surgxflqj zhoo lv doljqhg krul}rqwdoo| zlwk wkh fhqwhu ri wkh

jds/ l1h1/ f(T '
fT

u_

' f�� vhh Ilj1 4141 Ilj1 617 vkrzv suhvvxuh dqg suhvvxuh

ghulydwlyh uhvsrqvhv iru d v|vwhp zkhuh wkh gl�xvlylwlhv rq erwk vlghv ri wkh ohdn|

idxow duh wkh vdph/ l1h1 �- ' � dqg �A ' �c �7 ' �/ exw wkh glphqvlrqohvv zlgwk

ri wkh jds lv ydulhg> wkh qrwdwlrq u`( lq wkh ohjhqg fruuhvsrqgv wr ydoxhv ri wkh

glphqvlrqohvv jds ohqjwk u�( gh�qhg lq Ht1 5161 Iru odujh ydoxhv ri wkh glphqvlrqohvv

jds zlgwk +u�( @ ; lq Ilj1 617,/ wkh prgho dssurdfkhv wkh ehkdylru ri d zhoo lq dq

lq�qlwh v|vwhp> wkdw lv/ wkh ghulydwlyh uhpdlqv dssur{lpdwho|  dw zlwk d glphqvlrqohvv

ydoxh ri 3181 Iru vpdoo ydoxhv ri glphqvlrqohvv jds zlgwk/ wkh suhvvxuh ghulydwlyhv

dssurdfk wkh ehkdylru ri d vhpl0lq�qlwh v|vwhp/ exw dv wlph lqfuhdvhv/ wkh| ghyldwh

iurp vhpl0lq�qlwh ehkdylru dqg judgxdoo| dssurdfk wkh orqj0wlph dv|pswrwlf ydoxh

ri 3181

Ilj1 618 vkrzv wkh h�hfw ri ydu|lqj wkh udwlr ri wudqvplvvlelolwlhv/

�
&�

>

�
c lq

wkh wzr uhjlrqv> l1h1/ wkh ydoxh ri wkh glphqvlrqohvv udwlr �A / vhh Ht1 51;1 Zkhq wkh

ydoxh ri �A lv yhu| vpdoo/ +l1h1/ wkh wudqvplvvlelolw| ri Uhjlrq 5 lv vpdoo,/ wkh v|vwhp

dssurdfkhv wkh ehkdylru ri d vhpl0lq�qlwh uhvhuyrlu1 +Qrwh wkdw wklv lv dovr suhglfwhg

e| wkh dv|pswrwlf ehkdylru ri Ht1 61491, Qrwh wkdw iru d ydoxh ri �A ' f�f�c Ht1

6149 suhglfwv wkdw wkh glphqvlrqohvv suhvvxuh ghulydwlyh vkrxog dssurdfk d ydoxh ri

�

��f�
' f�bb> wkh uhvxowv ri Ilj1 618 djuhh doprvw shuihfwo| zlwk wklv suhglfwlrq1 Dv wkh

ydoxh ri �A lv lqfuhdvhg wr d ydoxh juhdwhu wkdq 4/ wkh suhvvxuh ghulydwlyh dssurdfkhv

ydoxhv ohvv wkdq 3181 Sk|vlfdoo|/ wklv lv ehfdxvh  xlg fdq  rz hdvlo| iurp Uhjlrq 5

wr Uhjlrq 4/ dqg wkh ryhudoo wudqvplvvlelolw| ri wkh v|vwhp dsshduv eljjhu wkdq wkh

wudqvplvvlelolw| ri Uhjlrq 4 lwvhoi 0 l1h1/ wkh odwh0wlph suhvvxuh ghulydwlyh idoov ehorz

wkh krprjhqhrxv uhvhuyrlu ydoxh ri 3181 Dv vkrzq lq wkh �jxuh/ wkh suhvvxuh dqg

suhvvxuh ghulydwlyh fxuyhv zloo dssurdfk wkh frqvwdqw suhvvxuh erxqgdu| fdvh zkhq

wkh �A ydoxh ehfrphv odujhu1
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Effect of the leaky fault length(L wD=Lw/Ld),   CT=CS=1  (LwD=L wD)
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Iljxuh 617= H�hfw ri uhgxflqj wkh zlgwk ri wkh ohdn| idxow/ �A ' �c �7 ' �
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Effect of C T,   LwD=0.5,  CS=1, well below the gap center  (CT=C T)
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Iljxuh 618= Wkh h�hfw ri wudqvplvvlelolw| udwlr/ �A
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Dimensionless Log injection rate along the Leaky fault,  L wD=4,  CT=1, CS=1
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Iljxuh 619= Glphqvlrqohvv orj lqmhfwlrq udwh dorqj wkh ohdn| idxow +hduo| wlph ehkdylru,

Vlqfh glvsod|lqj doo ri wkh  x{ glvwulexwlrq sorwv lv lpsrvvleoh/ vrph ri wkh

w|slfdo  x{ glvwulexwlrqv duh vhohfwhg dqg vkrzq khuh1 Ilj1 619 dqg Ilj1 61: vkrz

wkh lqmhfwlrq udwh iurp Uhjlrq 5 iru d zhoo zkrvh %0orfdwlrq frlqflghv zlwk wkh fhqwhu

ri wkh jds1 Qrwh wkdw wkh orjdulwkp ri wkh lqmhfwlrq udwh lv sorwwhg rq wkh ruglqdwh

lq Ilj1 6191 Dw yhu| hduo| wlph/  xlg  rz lv dw d pd{lpxp dw wkh fhqwhu ri wkh jds

zkhuh suhvvxuh gurs lv wkh juhdwhvw1 Dv wlph surfhhgv/  xlg  rzv dfurvv dq lqfuhdvlqj

sruwlrq ri wkh jds/ dqg wkh  x{ dw wkh wlsv ri wkh jds lqfuhdvhv dv pruh  xlg  rzv

iurp eh|rqg wkh jds wlsv lq Uhjlrq 51 Qrwh wkdw vlqfh wkh zhoo zdv doljqhg zlwk wkh

fhqwhu ri wkh jds/ +f(T ' f,/ wkh lqmhfwlrq udwh +ru  x{, sur�ohv dw doo wlphv duh

v|pphwulf derxw wkh jds fhqwhu1
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Dimensionless injection rate along the Leaky fault,  L wD=4, CT=CS=1, (tD=t D) 
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Ilj1 61; glvsod|v wkh h�hfw ri wkh uhodwlyh srvlwlrq ri wkh dfwlyh zhoo dqg wkh

jds> l1h1/ f(T uhihuv wr Ilj1 414/ zkhuh/ f(T '
fT

u_

1 Wkh iduwkhu wkh dfwlyh zhoo lv

glvsodfhg iurp wkh jds fhqwhu/ wkh pruh grplqdqw lv wkh h�hfw ri wkh vhdolqj0idxow

erxqgdu|1 Krzhyhu/ dw odwh wlph doo ri wkh ghulydwlyh fxuyhv dssurdfk wkh ghulydwlyh

ydoxh jlyhq e| Ht1 61491 Lq Ilj1 61;/ wkh orzhvw fxuyh fruuhvsrqgv wr wkh surgxfwlrq

zhoo ehlqj doljqhg zlwk wkh jds fhqwhu1 Fxuyhv glvsod|lqj d vxffhvvlyho| lqfuhdvlqj

ghulydwlyh kxps fruuhvsrqg wr lqfuhdvlqj glvsodfhphqw ri wkh surgxflqj zhoo iurp

wkh jds fhqwhu1 Sk|vlfdoo|/ wkh v|vwhp lqlwldoo| ehkdyhv olnh d vhpl0lq�qlwh v|vwhp wr

zhoov glvsodfhg krul}rqwdoo| iurp wkh jds fhqwhu1 Zkhq  xlg  rzv iurp Uhjlrq 5/ wkh

suhvvxuh lq Uhjlrq 4 lv pdlqwdlqhg dw d kljkhu ohyho wkdq lq wkh vhpl0lq�qlwh v|vwhp/

dqg wkh udwh ri suhvvxuh ghfolqh +ru htxlydohqwo|/ wkh suhvvxuh ghulydwlyh, ghfuhdvhv1

Ilj1 61< vkrzv wkh  x{ glvwulexwlrq dfurvv wkh jds zkhq wkh surgxflqj zhoo

lv krul}rqwdoo| glvsodfhg eh|rqg wkh uljkw hqg ri wkh jds +l1h1/ f(T : f�D/ vhh lqvhw

lq Ilj1 61<,1 Wkh  x{ glvwulexwlrq lv vnhzhg wr wkh uljkw vlqfh wkh suhvvxuh gurs gxh

wr wkh zhoo*v surgxfwlrq lv odujhvw dw wkh jds*v uljkw hqg1 Wkhvh fxuyhv dovr vkrzv

krz wkh wudqvplvvlelolw|/ �A / d�hfwv wkh  xlg lqmhfwlrq1 Jhqhudoo| vshdnlqj/ kljkhu

�A zloo pdnh wkh  xlg  rz hdvlhu dqg txlfnhu wrzdugv wkh sodfh zkhuh wkh suhvvxuh

gurs lv odujhu1 Wkhuhiruh/ wkh kljkhu wkh �A ydoxh/ wkh pruh vodqwhg lv wkh lqmhfwlrq

udwh glvwulexwlrq1

Ilj1 6143 kljkoljkwv wkh h�hfw ri glphqvlrqohvv wudqvplvvlelolw| �A 1 Qrwh wkdw

doo suhvvxuh ghulydwlyhv dssurdfk wkh ydoxh jlyhq e| Ht1 6149 dw odwh wlph1 Krzhyhu/

dw lqwhuphgldwh wlphv/ wkh vkdshv ri wkh suhvvxuh ghulydwlyh fxuyhv ydu| ryhu d odujh

h{whqw dqg duh d�hfwhg e| wkh ydoxhv ri u�(c f(T dqg �7� Wkh fxuyhv sorwwhg lq

wklv �jxuh duh xvhg wr jlyh xv d ylvxdo lqglfdwlrq wkdw wkh odwh0wlph ehkdylru ri wkh

ydulrxv v|vwhpv dssurdfkhv wkh suhglfwhg dv|pswrwlf ydoxhv> iru wklv uhdvrq/ qr ohjhqg

lv lqfoxghg1

Iljxuh 6144 vkrzv wkh �iudfwxuh zhoo� lqmhfwlrq udwh +ru wzlfh wkh wrwdo udwh

 rzlqj wkurxjk wkh jds, dv d ixqfwlrq ri wlph1 Dw odwh wlph/ wkhvh udwhv dssurdfk
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X-Direction Displacement of Well Position(X DV),  CT=1,  CS=1,  LwD=1  (XDV=XDV) 
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Iljxuh 61;= Wkh h�hfw ri {0gluhfwlrq glvsodfhphqw ri zhoo iurp wkh fhqwhu ri wkh ohdn|

idxow



6:

Dimensionless injection rate along the Leaky fault 
tD=1.1,   CS=1, XDV=1, LwD=1, (CT=CT)
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Total Dimensionless Injection Rate from the Gap, C S=1   (LwD=L wD,  CT=CT)
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Iljxuh 6144= Dv|pswrwlf udwh ri  xlg  rz wkurxjk wkh ohdn| idxow

wkh ydoxhv jlyhq e| Ht1 61491

Wkh lq xhqfh ri wkh srurvlw| lv vkrzq lq Ilj1 61451 Kljkhu�7 dqg u�( ydoxhv

suhyhqw wkh suhvvxuh ghulydwlyh fxuyhv iurp lqfuhdvlqj1 Sk|vlfdoo|/ kljkhu ydoxhv ri

�7 dqg2ru u�( h{srvh wkh surgxflqj sduw ri wkh uhvhuyrlu wr pruh  xlg vxssruw iurp

Uhjlrq 51 Wklv kdv wkh h�hfw ri pdlqwdlqlqj wkh suhvvxuh lq Uhjlrq 4 dqg fdxvhv wkh

suhvvxuh ghulydwlyh wr eh vpdoohu wkdq lq wkh �7 ' �/ u�( ' � fdvh1 Qrwh wkdw wkh

h�hfwv ri �7 dqg2ru u�( duh yhu| vpdoo> uhihu wr wkh vfdohv lq Ilj1 61451 Suhvvxuh

dqg suhvvxuh ghulydwlyhv duh pxfk pruh vhqvlwlyh wr frqwudvwv lq wudqvplvvlelolw| +l1h1/

�A , wkdq frqwudvwv lq vwrudwlylw|/ �7 �

Rxu uhvxowv lqglfdwh wkdw uhdvrqdeoh suhglfwlrq ri suhvvxuh wudqvlhqw ehkdylru



73

CS effect at different L wD, CT=1  (LwD=L wD)
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CS=0.5 LwD=0.5

LwD=4

Iljxuh 6145= Wkh h�hfw ri wkh srurvlw|+ru/ �r, dw gl�huhqw ohdn| idxow ohqjwk+ru/ u�(,
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lq frpsoh{0jhrphwu| uhvhuyrluv pd| eh rewdlqhg xvlqj rxu prgholqj dssurdfk1 Lq wkh

iroorzlqj vhfwlrqv/ zh dsso| rxu phwkrgrorj| wr pruh frpsoh{ jhrphwu| uhvhuyrluv1



FKDSWHU LY

WHH0VKDSHG FKDQQHO UHVHUYRLUV

714 Pdwkhpdwlfdo Ghulydwlrq

71414 Irupxodv lq Uhjlrq 4 dqg Uhjlrq5

Dv lq wkh suhylrxv fkdswhu/ wkh frpsoh{ prgho lv vroyhg e| ghfrpsrvlqj lw

lqwr wzr vlpsohu krprjhqhrxv prghov wkdw duh frxsohg dw wkhlu sodqh ri frqwdfw> vhh

Ilj1 7141 D whh0vkdshg fkdqqho uhvhuyrlu fdq eh ylhzhg dv wzr fkdqqho frpsrqhqwv1

Rqh zlwk wkh surshuwlhv ri wkh yhuwlfdo fkdqqho/ uhihuuhg wr dv Uhjlrq 4 dqg wkh

rwkhu zlwk wkh surshuwlhv ri wkh krul}rqwdo fkdqqho lv fdoohg Uhjlrq 51 Wr prgho

wkh erxqgdu| frqglwlrqv lq Uhjlrq 4/ d pluuru lpdjh lv sodfhg 2u_ dzd| iurp wkh

surgxfhu dorqj wkh fkdqqho dqg dq lqmhfwlrq sodqh lv sodfhg uljkw rq wkh�qr0 rz

erxqgdu|� wr dffrxqw iru wkh  xlg lqmhfwlrq iurp Uhjlrq 51 Wkh  xlg  rz lq Uhjlrq

5 fdq eh wdnhq lqwr dffrxqw e| sodflqj d surgxflqj iudfwxuh sodqh dorqj wkh fhqwhu ri

wkh lq�qlwh fkdqqho/ zklfk kdv d zlgwk ri 2u+21 Qrwh/ lq erwk Uhjlrq 4 dqg Uhjlrq

5 wkh iudfwxuh sodqh lv ixoo|0shqhwudwlqj dqg kdv d zlgwk ri u%�

Vroxwlrqv wr hdfk ri wkh vlpsohu sureohpv duh zulwwhq lq Odsodfh vsdfh dqg

vroyhg iru wkh xqnqrzq  xlg wudqvihu ehwzhhq wkh v|vwhpv1 Wkh uhvxowlqj  x{ glvwul0

exwlrqv duh wkhq xvhg wr rewdlq wkh ghvluhg suhvvxuh ehkdylru1

Wkh iudfwxuh sodqh lv gh�qhg lq wkh vdph zd| dv lq Ilj1 5171 Wkh dfwxdo zhoo

lq Uhjlrq 4 vwloo surgxfhv dw d udwh ri 4 UE2G1 Zh dsso| Ht1 E143 dqg Ht1 E146

wr frpsxwh wkh glphqvlrqohvv suhvvxuh gurs dw dq| orfdwlrq lq Uhjlrq 4> vhh Ilj1

7141 Wkh suhvvxuh gurs/ R(c&�
/ lq wkh Odsodfh grpdlq dw dq| glphqvlrqohvv orfdwlrq

E%(c&� c +(c&�� fdq eh zulwwhq lq whupv ri vrxufh2vlqn vroxwlrqv dv
75
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Iljxuh 714= Vfkhpdwlf ri ghfrxsohg whh0vkdshg uhvhuyrlu

R(c&�
E%(c +(c �(� ' R(c��c&�

E%(c +(c �(� n R(c���c&�
E%(c +(c �(��

�s[
�'�

R(c��c�c&�
E%(c +(c �(�

' ^
f( E�(� s��c&� E%(c +(c u%(c %

�

(c +
�

(c �(� n

^
f( E�(� s���c&�

E%(c +(c u%(c %
�

(c�+
�

(c �(��

�s[
�'�

^s(c� E�(� s ��c�c&� E%(c +(c u%(c %(c�3�c %(c� c +s(c&�c �(� +714,

zkhuh wkh surgxfhu lv orfdwhg dw E%�(c&�
c +�(c&�

� dqg wkh lpdjh zhoo lv orfdwhg dw

E%�(c&�
c�+�(c&�

�1Wkh wkuhh whupv rq wkh uljkw vlgh ri Ht1 714 dffrxqw iru wkh gl0

phqvlrqohvv suhvvxuh gurs fdxvhg e| d zhoo/ lwv lpdjh zhoo/ dqg qrq0xqlirup lqmhfwlrq

iurp wkh iudfwxuh sodqh uhvshfwlyho| lq d yhuwlfdo fkdqqho/ uhvshfwlyho|> vhh Ilj1 7141
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�( lv wkh glphqvlrqohvv Odsodfh yduldeoh iru Uhjlrq 4> wkdw lv/ li � lv wkh Odsodfh

yduldeoh dvvrfldwhg zlwk wkh wudqvirup ri wlph +lq xqlwv gd|3��c �( lv gh�qhg dv

�( '
u2

%(�

#
�

� +715,

Qrwh wkdw wkh deryh gh�qlwlrq lv hpsor|hg rqo| zkhq wkh surgxfhu lv orfdwhg lq

wkh yhuwlfdo fkdqqho1 ^s(c� ghqrwhv wkh Odsodfh wudqvirup ri wkh +xqnqrzq,  x{ dw

wkh fhqwhu ri iudfwxuh vhjphqw E%s(c� c +s(c&�� � Ilqdoo|/ s��c&�dqg s���c&�
ghqrwh wkh

Odsodfh wudqvirupv ri wkh glphqvlrqohvv vrxufh2vlqn ixqfwlrqv iru wkh zhoo dqg lwv

lpdjh zhoo lq wkh yhuwlfdo fkdqqho1 s ��c�c&� uhsuhvhqwv wkh Odsodfh wudqvirup ri wkh gl0

phqvlrqohvv vrxufh2vlqn ixqfwlrq iru d �xqlirup0 x{� olqh vlqn1 Wkh qrphqfodwxuh iru

wkh vrxufh2vlqn ixqfwlrqv hpsor|hg khuh fruuhvsrqgv wr wkdw hpsor|hg lq Dsshqgl{

E1 Wkdw lv/

s��c&� E%(c +(c u%(c %
�

(c +
�

(c |(� '

Z

2u%(

�
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�
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s���c&� E%(c +(c u%(c %
�

(c�+
�

(c |(� '
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2
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�
c +717,

dqg

s��c�c&� E%(c +(c u%(c %(c�3�c %(c�c +s(c&�|(� '

Z

�eX�

�
%(c�3� � %(

2u%(

c
%(c� � %(

2u%(

c
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�
n eX�

�
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2u%(

c
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2u%(

c
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%(

��
�

wu

�
+( � +s(c&�

2
c |(

�
� +718,

Phwkrgv iru frpsxwlqj wkhvh whupv dqg wkhlu Odsodfh wudqvirupv duh glvfxvvhg lq

ghwdlo lq Dsshqgl{ D1
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Wkh glphqvlrqohvv suhvvxuh gurs vroxwlrq wr wkh Uhjlrq 5 sureohp lv zulwwhq

dv

R(c&2
E%(c&2c +(c&2c �(� '

�s[
�'�

^s(c� E�(� s��c�c&2 E%(c +(c 2u+(c %(c�3�c %(c�c +s(c&2c �(� c

+719,

zkhuh/ s ��c�c&2 uhsuhvhqwv wkh Odsodfh wudqvirup ri wkh glphqvlrqohvv vrxufh2vlqn ixqf0

wlrq iru d �xqlirup0 x{� olqh vlqn lq Uhjlrq 5 1 Iroorzlqj wkh qrwdwlrq lq Dsshqgl{

E/ wkh lqyhuvh Odsodfh wudqvirup ri s ��c�c&2 lv jlyhq e|

s��c�c&2 E%(c +(c u+(c %(c�3�c %(c� c +s(c&2c |(� '

Z

�7u+(

eXu

�
%(c�3� � %(

2
c
%(c� � %(

2
c �-|(

�
�%

w�

#
+( � +s(c&2

2u+(

c
�-|(

u2

+(

$
n w�

#
+( n +s(c&2

2u+(

c
�-|(

u2

+(

$&
� +71:,

Wkh frruglqdwh v|vwhpv lq hdfk uhjlrq duh fkrvhq wr pdnh %(c� dqg %(c�3�kdyh

wkh vdph ydoxh lq erwk Uhjlrq 4 dqg Uhjlrq 51 Qrwh wkdw +s(c&� ' f dqg +s(c&2 ' u+(�

71415 Phwkrg Irupxodwlrq dqg frpsxwdwlrqdo ghwdlov

Wkh vdph phwkrgrorj| dv zh kdg ghulyhg lq wkh ohdn| idxow sureohp zdv

dssolhg wr jhqhudwh wkh irupxodv iru whh0vkdshg uhvhuyrluv1 Lq Uhjlrq 4/ e| dsso|lqj

Ht1 714/ wkh suhvvxuh gurs dw wkh plgsrlqw/ E%s(c�c +s(c&�� c ri wkh �wk iudfwxuh vhjphqw

fdq eh h{suhvvhg dv
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R(c&�
E%s(c�c +s(c&�c �(� ' R(c��c&�

E%s(c�c +s(c&� c �(� n

R(c���c&�
E%s(c�c +s(c&� c �(��

�s[
�'�

R(c��c�c&�
E%s(c�c +s(c&� c �(�

' ^
f( E�(� s��c&� E%s(c�c +s(c&� cu%(c %

�

(c +
�

(c �(� n

^
f( E�(� s���c&�

E%s(c�c +s(c&� cu%(c %
�

(c�+
�

(c �(��

�s[
�'�

^s(c� E�(� s ��c�c&� E%s(c�c +s(c&�c u%(c %(c�3�c %(c�c +s(c&�c �(� c

iru � � � � �s � +71;,

Wkh glphqvlrqohvv suhvvxuh gurs dw hdfk plgsrlqw/ E%s(c�c +s(c&2� c ri wkh �wk iudfwxuh

vhjphqw lq Uhjlrq 5 lv

R(c&2
E%s(c�c +s(c&2c �(� '

�s[
�'�

^s(c� E�(� s��c�c&2 E%s(c�c +s(c&2 c u+(c %(c�3�c %(c� c +s(c&2c �(� c

iru � � � � �s � +71<,

Zh lqwurgxfh wkh iroorzlqj vlpsoli|lqj qrwdwlrq1 Ohw/

[E%s(c�c +s(c&�c �(� '
s��c&� E%s(c�c +s(c&� c u%(c %

�

(c +
�

(c �(�

�(
n

s���c&�
E%s(c�c +s(c&�c u%(c %

�

(c�+
�

(c �(�

�(
c

iru � � � � �s � +7143,

Htxdwlqj wkh uljkw kdqg vlghv ri Ht1 71; dqg Ht1 71</ zh kdyh
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�s[
�'�

^s(c�
�
s��c�c&� E%s(c�c +s(c&�c u%(c %(c�3�c %(c�c +s(c&�c �(�n

s��c�c&2 E%s(c�c +s(c&2c 2u+(c %(c�3�c %(c� c +s(c&2c �(�
�

' [E%s(c�c +s(c&� c �(� c iru � � � � �s � +7144,

Frqvlghulqj wkh htxdo0ohqjwk glvfuhwl}dwlrq ri wkh sodqdu iudfwxuh zh fdq ghulyh wkh

iroorzlqj h{suhvvlrqv gluhfwo|1

%(c� � %s(c� ' 2�us( � E2�us( � us(� ' d2 E� � �� n �ous(c +7145,

%(c�3� � %s(c� ' 2E� � ��us( � E2�us( � us(� ' d2 E� � ��� �ous(c +7146,

%(c� n %s(c� ' 2�us( n E2�us( � us(� ' d2 E� n ��� �ous(c +7147,

%(c�3� n %s(c� ' 2E� � ��us( n E2�us( � us(� ' d2 E� n ��� �ous(� +7148,

Dsso|lqj Htv1 7145 wkurxjk 7148 wr Ht1 716/ Ht1 717/ Ht1 718 dqg Ht1 71:/

dqg vlpsoli|lqj/ zh fdq zulwh Ht1 7144 dv
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Khuh/ @�� dqg K�� duh wkh Odsodfh wudqvirupv ri wkh iroorzlqj @�� dqg K��/
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dqg

K�� ' ZeX�

�
d2 E� n ��� �ous(

2u%(

c
d2 E� n ��� �ous(

2u%(

c
|(

eu2
%(

�
wu Efc |(� � +714;,

Ghqrwh wkh deryh pdwul{ dv �n�c zkhuh wkh pdwul{ � kdv hohphqwv @�� dqg

wkh pdwul{ � kdv hohphqwv K��1 Lw lv fohdu wkdw wkh pdwul{ � dqg pdwul{ � kdyh wkh

iroorzlqj surshuwlhv1
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41 @�c� ' @�c�c l1h1/ � lv d v|pphwulf pdwul{1

51 @�� ' @�n�c�n��

61 K�c� ' K�c�c l1h1/ � lv d v|pphwulf pdwul{1

71 K�� ' K�3�c�n��

Wkhuhiruh iru d �s iudfwxuh sodqh glvfuhwl}dwlrq/ wkh wrwdo qxpehu ri lqgh0

shqghqw pdwul{ hohphqwv zh qhhg wr frpsxwh lv ��s � �1

715 Prgho Yhul�fdwlrq dqg Uhvxowv

Wkh iroorzlqj glphqvlrqohvv yduldeohv duh gh�qhg iru whh0vkdshg uhvhuyrluv>

+vhh Ilj1 714 iru glphqvlrqv,1 Wkh glphqvlrqohvv glvwdqfhv %(c +( dqg (( duh

uhvshfwlyho| gh�qhg dv

%( '
%

u%

c +714<,

+( '
+

u%

c +7153,

dqg

(( '
u_

u%

� +7154,

Khuh/ % dqg + uhihu wr frruglqdwhv lq wkh %� + sodqh1 u% lv wkh zlgwk ri wkh yhuwlfdo

fkdqqho dqg u_ lv wkh glvwdqfh iurp wkh surgxfhu wr wkh jds/ vhh Ilj1 7141 Qrwh wkdw

u%( ' � dqg wkh glphqvlrqohvv zlgwk ri wkh xsshu eudqfk ri wkh whh/ u+2(c lv gh�qhg

dv

u+2( '
u+2

u%

� +7155,

Glphqvlrqohvv wlph/ |( lv gh�qhg lq whupv ri Uhjlrq 4 surshuwlhv/ l1h1/
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|( '
#�|

u2
%

c +7156,

zkhuh wkh gl�xvlylw| #� lv gh�qhg dv ehiruh +vhh Ht1 519,1 Dv ehiruh/ glphqvlrqohvv

suhvvxuh gurs/ R(/ lv gh�qhg lq whupv ri wkh surshuwlhv lq Uhjlrq 4/ l1h1/

R( '
&���{R

�e��2^��>�
� +7157,

71514 Olplwlqj fdvhv

Lq Ilj1 715 wkh suhvvxuh ehkdylru ri d zhoo lq dq lq�qlwh fkdqqho/ lq d vhpl0

lq�qlwh fkdqqho dqg lq d frpelqhg fkdqqho dqg vhpl0lq�qlwh uhvhuyrlu duh vkrzq dv

wkh wkuhh olplwlqj fdvhv wr fkhfn wkh whh0vkdshg uhvhuyrlu uhvxowv1 Zh ydolgdwhg wkh

prgho*v dv|pswrwlf ehkdylru e| fkhfnlqj lw djdlqvw wkh iroorzlqj olplwlqj fdvhv1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d vhpl0lq�qlwh fkdqqho li

wkh gl�xvlylw| ri wkh xsshu fkdqqho +#2 lq Ilj1 714, dssurdfkhv }hur1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d vhpl0lq�qlwh fkdqqho li

wkh zlgwk ri wkh xsshu fkdqqho +u+2 lq Ilj1 714, dssurdfkhv }hur 1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri dqrwkhu nlqg ri frpsoh{ uhvhuyrlu/

zklfk lv d frpelqdwlrq ri d fkdqqho dqg d vhpl0lq�qlwh uhvhuyrlu/ li wkh zlgwk

ri wkh xsshu fkdqqho +u+2 lq Ilj1 714, ehfrphv yhu| odujh1

� Dw hduo| wlph/ li wkh zhoo lv idu hqrxjk dzd| iurp wkh jds/ wkh prgho pxvw

dssurdfk wkh ehkdylru ri d zhoo lq d fkdqqho1
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Wkh dv|pswrwlf ehkdylru ri wkh suhvvxuh ghulydwlyh vroxwlrq iru whh0vkdshg

uhvhuyrluv lv suhvhqwhg lq Dsshqgl{ G1 Dw yhu| odujh wlphv zkhq  rz lq wkh yhuwlfdo

fkdqqho dqg krul}rqwdo fkdqqho ehfrph olqhdu dqg sdudooho wr wkh fkdqqho erxqgdulhv/

dqg zkhq wkh udwh ri  xlg  rz wkurxjk wkh jds ehfrphv dssur{lpdwho| frqvwdqw/ wkh

vwdelol}hg udwh dqg wkh suhvvxuh ghulydwlyh duh dssur{lpdwho| jlyhq e|

's( $
2

� n
�

2u+2(

s
�A�7

c +7158,

dqg

_R(c�

_ E*? |(c��
$ 2

s
Z|(

� n 2u+2(

s
�A�7

c +7159,

uhvshfwlyho|1 Qrwh wkdw wkh zlgwk ri wkh yhuwlfdo fkdqqho lv fkrvhq dv wkh fkdudfwhulvwlf

ohqjwk> wkxv zh kdyh u%( '
u%

u%

' �1 Dv ehiruh/ 's( lv wkh vwdelol}hg udwh ri lqmhfwlrq

iurp wkh �yhuwlfdoo|0iudfwxuhg� zhoo ru wzlfh wkh  rz wkurxjk wkh jds lq UE2G shu

UE2G ri surgxfwlrq iurp wkh dfwxdo zhoo1

Dw yhu| hduo| wlph d udgldo  rz uhjlph vkrxog eh revhuyhg1 Wkhq/ li wkh

h�hfw ri wkh xsshu fkdqqho lv qrw �ihow�/ wkh suhvvxuh ghulydwlyh zloo glvsod| w|slfdo

fkdqqho uhvhuyrlu ehkdylru +l1h1/ 318 vorsh rq d orj0orj sorw,> vhh Ht1 G143 lq Dsshqgl{

G> l1h1/

_R(c�

_E*? |(c��
$
s
Z|(� +715:,

Zkhq wkh xsshu fkdqqho/ +Uhjlrq 5,/ lv vhpl0lq�qlwh zh jhw dqrwkhu olplwlqj fdvh iru

whh0vkdshg uhvhuyrluv/ zklfk lv d frpelqdwlrq ri yhuwlfdo fkdqqho dqg d vhpl0lq�qlwh

uhvhuyrlu1 Dw odwh wlph zkhq wkh  xlg  rz lq wkh xsshu fkdqqho dssurdfkhv wkh odwh

wlph udgldo  rz/ zh fdq vkrz wkdw
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Pressure responses and their derivatives of the three kinds of limiting cases 
used to check the tee-shaped Reservoir(well at channel center, L x/Ld=1,  Ly/Ld=1)
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Iljxuh 715= Olplwlqj fdvhv xvhg wr fkhfn whh0vkdshg uhvhuyrlu uhvxowv

_R(c�

_E*? |(c��
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�A n
�

2
s
Z|(

� +715;,

Wklv htxdwlrq whoov xv wzr idfwv> rqh lv wkdw/ dw yhu| odujh wlphv/ wkh suhvvxuh ghulydwlyh

zloo eh lqyhuvho| sursruwlrqdo wr �A c dqg dqrwkhu lv wkdw wkh v|vwhp zloo dssurdfk

wkh vhpl0lq�qlwh fkdqqho fdvh dv wkh �A ydoxh ehfrphv yhu| vpdoo1 Wklv fdvh fdq eh

xqghuvwrrg ixuwkhu e| ylhzlqj Ilj1 7161

Wkh lpsruwdqfh ri frqvlghulqj qrq0xqlirup  x{ glvwulexwlrq lv hpskdvl}hg

lq wkh uhvxowv ri Ilj1 7171 Dv vkrzq/ wkh xqlirup  x{ dvvxpswlrq |lhogv lqfruuhfw
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The effect of C T in channel and semi-infinite splay system
 LxD=LwD=1, CS=1, DD=Ld/Lx=-1, well at channel center (CT=C T)
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Iljxuh 716= Wkh h�hfw ri �A iru yhuwlfdo fkdqqho dqg vsod| v|vwhp
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The importance of non-uniform flux application
CT=1, CS=1, DD=-0.2,  well at the center of the vertical channel. 
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Iljxuh 717= Wkh gl�huhqfh ehwzhhq xqlirup dqg qrq0xqlirup  x{ glvwulexwlrq dv0

vxpswlrq

suhvvxuh ghulydwlyh uhvxowv lq wkh shulrg ri wudqvlwlrq iurp udgldo  rz wr  rz d�hfwhg

e| wkh olqhdu fkdqqho jhrphwu|> f�2 	 |( 	 2 lq Ilj1 7171

Ilj1 718 vkrzv wkh h�hfw ri ydu|lqj wkh wudqvplvvlelolw| udwlr/ �A / lq wkh

v|vwhp1 Dw vpdoo ydoxhv ri �A c wkh suhvvxuh ehkdylru ri wkh v|vwhp dssurdfkhv wkdw

ri d vhpl0lq�qlwh fkdqqho1 Dv wkh udwlr lqfuhdvhv/ wkh suhvvxuh gurs dw wkh surgxfhu

lv vxssruwhg e|  xlgv  rzlqj lq iurp wkh xsshu eudqfk/ +l1h1/ wkh suhvvxuh ghulydwlyh

lqfuhdvhv dw d ghfuhdvlqj udwh,/ xqwlo wkh orqj0wlph suhvvxuh ghulydwlyh ehkdylru suh0

glfwhg e| Ht1 7159 lv dssurdfkhg1 Vrph ri wkh suhglfwlrqv duh vkrzq lq Ilj1 718 e|

gdvkhg olqh 4 dqg 5 iru �A ' � dqg �A ' �ff/ uhvshfwlyho|1 Odujh �A ydoxh phdqv
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Small  C T  makes the system approach semi_channel, L XD/LYD=1, DD=-1  (CT=CT)

0.1

1

10

100

1000

1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

Dimensionless Time,  t D

D
im

en
si

on
le

ss
 P

re
ss

ur
e 

an
d 

D
er

iv
at

iv
e,

 
P

D
,d

P
D
/d

(ln
t D

)

1/2 SLOPE

Semi_Channel

Semi_Channel

CT=0.01

CT=0.01

CT=1

CT=1

CT=100

CT=100

Line 1:  Late, CT=1

Line 2: Late, CT=100

k2

k1

    1     2

Iljxuh 718= Wkh h�hfw ri fkdqjlqj �A / u%( ' u+2( ' �/ �7 ' �

d kljkhu shuphdelolw| dqg2ru ehwwhu  xlg vxsso| iurp wkh xsshu krul}rqwdo fkdqqho/

wkhuhiruh wkh odujhu wkh �A ydoxh/ wkh pruh vkliw ri
_�(

_E*? |(�
fxuyh wr wkh uljkw vlgh

zloo eh1

Lw lv yhu| lpsruwdqw wr phqwlrq wkdw iru doo ri wkh fdvhv vwxglhg lq Ilj1 718

dqg lq �jxuhv ehorz/ wkh  x{ glvwulexwlrq +ru/ lqmhfwlrq udwh glvwulexwlrq, lv shfxoldu

wr hdfk fdvh dqg lw lv qrw rqo| d ixqfwlrq ri glphqvlrqohvv wlph/ exw dovr d ixqfwlrq ri

wkh erxqgdu| frqglwlrqv dqg wkh surshuw| frqwudvwv/ vxfk dv �A dqg �71 Krzhyhu/

lw lv lpsrvvleoh +dqg xqqhfhvvdu|, wr vkrz doo ri wkrvh sur�ohv1 D edvlf lqmhfwlrq

udwh sur�oh vkrzq lq Ilj1 719/ lqglfdwhv wkdw wkh lqmhfwlrq dw hdfk �iudfwxuh� wls lv

kljkhu wkdq dw rwkhu �iudfwxuh� orfdwlrqv zkhq |( : f��c lq vslwh ri wkh idfw wkdw/ dw
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The injection rate along the communicating position for tee-shaped reservoir
 well at vertical channel center,  D D=-1, CT=1,  CS=1, Lx=Ly2=1 (tD=tD)

0.E+00

1.E-02

2.E-02

3.E-02

4.E-02

5.E-02

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless Conjunction Position

D
im

en
si

on
le

ss
 In

je
ct

io
n 

R
at

e 

0.E+00

2.E-04

4.E-04

6.E-04

8.E-04

D
im

ensionless Injection R
ate

tD=1.1

tD=11.0

tD=1000.0

tD=0.1

tD=0.05

  0.05

 1000.

 11.0

  1.1

 0.1

k2

k1

k1=k2

Iljxuh 719= Wkh lqmhfwlrq udwh sur�oh iru d edvlf whh0vkdshg uhvhuyrlu

hduo| wlph/ wkh udwh durxqg wkh fhqwhu sduw ri wkh frppxqlfdwlqj jds pd| eh voljkwo|

kljkhu wkdq wkh rwkhu srvlwlrqv dzd| iurp wkh fhqwhu1

Ilj1 71: vkrzv wkh h�hfw ri fkdqjlqj wkh xsshu fkdqqho zlgwk1 D yhu| vpdoo

ydoxh ri xsshu fkdqqho zlgwk/ u+(/ zloo pdnh wkh v|vwhp dssurdfk d vhpl0lq�qlwh

fkdqqho/ +l1h1/ zlwkrxw d whh0vhfwlrq,1 D yhu| odujh xsshu fkdqqho zlgwk zloo fdxvh

wkh v|vwhp wr dssurdfk dqrwkhu nlqg ri frpsoh{ jhrphwu| uhvhuyrlu 0 d frpelqdwlrq

ri yhuwlfdo fkdqqho dqg d vhpl0lq�qlwh uhvhuyrlu1 Wkh odwh wlph suhvvxuh ghulydwlyh ri

wklv w|sh ri uhvhuyrlu fdq eh suhglfwhg e| dsso|lqj Ht1 715;/ zklfk lv sorwwhg dv olqh

41 Iru whh0vkdshg uhvhuyrluv/ wkh odwh wlph suhvvxuh ghulydwlyh lv dssur{lpdwhg e| Ht1

71591 Iru wkh fdvhv ri u+2( ' � dqg u+2( ' �f wkhlu odwh wlph ehkdylru lv lqglfdwhg e|
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The effect of upper horizontal channel width
LxD=1, CT=1,  DD=1, LyD=Ly/Lx   (LYD=LyD)
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Iljxuh 71:= Wkh h�hfw ri fkdqjlqj wkh xsshu fkdqqho zlgwk

gdvkhg olqh 5 dqg 6 lq Ilj1 71:1 Qrwh wkdw wkh wudqvlwlrq }rqh iroorzv wkh ehkdylru ri

d zhoo lq d yhuwlfdo fkdqqho frqqhfwhg wr d vhpl0lq�qlwh uhvhuyrlu1 Wkhuhiruh/ wkh �A

ydoxh fdq eh hvwlpdwhg e| pdwfklqj wkh wudqvlwlrq }rqh zlwk wkrvh fxuyhv uhvxowlqj

iurp wkh yhuwlfdo fkdqqho dqg vhpl0lq�qlwh vsod| v|vwhp/ vhh Ilj1 7161

Lq Ilj1 71;/ dv wkh glvwdqfh ri wkh surgxfhu iurp wkh xsshu eudqfk/ +u_ lq

Ilj1 714,/ lv lqfuhdvhg/ wkh suhvvxuh uhvsrqvh zloo vkrz wkh glvwlqfw ehkdylru ri d zhoo

lq dq lvrodwhg fkdqqho> l1h1/ wkh suhvvxuh ghulydwlyh lv jlyhq e| Ht1 715:1 Zkhq  xlg

lq rz iurp wkh xsshu eudqfk ehjlqv wr d�hfw wkh surgxfhg suhvvxuh uhvsrqvh/ wkh

suhvvxuh ghulydwlyh ghyldwhv iurp wkh hduo| wlph uhvsrqvh dqg h{klelwv d vorsh ohvv

wkdq �

2
1 Dw odwh wlph/ zkhq  rz lq wkh xsshu eudqfk lv olqhdu/ wkh suhvvxuh ghulydwlyh
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Ld EFFECT(Characteristic Length is L X), 
CT=1, CS=1, LxD=Ly2D=1,  DD=Ld/LX  (DD=DD)
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Iljxuh 71;= Wkh h�hfw ri fkdqjlqj wkh zhoo srvlwlrq

dssurdfkhv wkh ehkdylru suhglfwhg e| Ht1 71591 Wkh (( ydoxh kdv qr lq xhqfh rq

wkh odwh wlph ehkdylru/ wkhuhiruh/ wkh ghulydwlyh fxuyhv duh lghqwlfdo dw odwh wlph iru

doo fdvhv1

Ilj1 71< vkrzv wkh d frpsrvlwh ri wkh  rz uhjlphv rewdlqdeoh iurp d whh0

vkdshg uhvhuyrlu1 Dw yhu| hduo| wlph/ d udgldo  rz uhjlrq iru wkh surgxfhu lq Uhjlrq

4 pd| eh revhuyhg1 Dv wlph surjuhvvhv/ wkh vlghv ri wkh yhuwlfdo fkdqqho d�hfw wkh

suhvvxuh uhvsrqvh/ dqg dq hduo|0wlph olqhdu  rz uhjlph +l1h1/ �

2
vorsh, lv rewdlqhg1

D wudqvlwlrq shulrg zkhuh lq rz iurp wkh xsshu fkdqqho d�hfwv wkh suhvvxuh gurs

iroorzv1 Ghshqglqj rq wkh zlgwk dqg gl�xvlylw| ri wkh xsshu fkdqqho/ wkh suhvvxuh

ghulydwlyh dssurdfkhv d vhfrqg olqhdu  rz uhjlph +Ht1 7159, ru wkh ehkdylru gh�qhg
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e| Ht1 715; zkhuh wkh xsshu eudqfk lv lq�qlwh lq zlgwk1

Wkh gl�huhqfh ehwzhhq gdvkhg olqh 4 dqg 5 uh hfwv wkh frpsdulvrq ehwzhhq

wkh yhuwlfdo dqg krul}rqwdo sduwv ri whh0vkdshg uhvhuyrlu1 Dsso|lqj Ht1 715: dqg Ht1

7159 dw htxdo
_R(

_ E*? |(�
zh fdq ghvfuleh wkh suhvvxuh ghulydwlyh ehkdylru dv iroorzv1

Qrwh wkdw wkh srlqwv uhdg iurp olqh 4 dqg 5 duh srlqw D/ zlwk frruglqdwh +6413/4313,/

dqg srlqw E/ zlwk frruglqdwh +<:313/4313,/ uhvshfwlyho|1 Iurp Ht1 715: dqg Ht1 7159
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' D�fb� +7165,

Lq wklv fdvh/ li zh kdyh lghqwlfdo surshuwlhv lq erwk Uhjlrq 4 +yhuwlfdo sduw, dqg

Uhjlrq 5 +krul}rqwdo sduw,/ wkhq �A ' �7 ' �1 Wkhuhiruh/ wkh dssur{lpdwh fkdqqho

zlgwk udwlr/ u+2(c lv D�fb1 Lw lv yhu| forvh wr wkh uhdo udwlr ydoxh/ D�f1 Wkh uljkw

kdqg vlgh ri Ht1 7163 lv dq frpsrvlwh ri �A c �7 dqg u+2(/ zklfk uhsuhvhqwv doo ri wkh

sdudphwhuv lq zklfk zh duh lqwhuhvwhg1 Lw lv fohdu wkdw zlwk dgglwlrqdo lqirupdwlrq

hlwkhu iurp jhrorjlfdo/ jhrsk|vlfdo vrxufhv ru iurp dqrwkhu zhoo whvwlqj gdwd Ht1 7163

frxog idflolwdwh ehwwhu fkdudfwhul}dwlrq ri wklv w|sh ri uhvhuyrlu1

Wkhruhwlfdoo|/ d jrrg �A hvwlpdwlrq fdq eh rewdlqhg li wkh zhoo whvwlqj gdwd

ehiruh |(c_e��Sbr duh uhsurgxfhg e| fkrrvlqj wkh uljkw �A ydoxh/ zkloh wkh frpsdudwlyh

�A ydoxh fdq eh frpsxwhg dv +vhh Ht1 7159 dqg Ht1 715;,
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Diagnostic profile for tee-shaped reservoir, (D D=-1, CT=1, CS=1,  LxD=1,  Ly2D=5)
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Iljxuh 71<= Revhuydeoh  rz uhjlphv lq d whh0vkdshg uhvhuyrlu

|(c_e��Sbr '
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+2(

Z�-

� +7166,

Iurp Ilj1 71</ zh nqrz wkdw |(c_e��Sbr lv wkh furvvlqj srlqw ri gdvkhg olqh

5 dqg fxuyh 6 dqg lv qrw wkh dfwxdo wlph dw zklfk wkh ehkdylru ri wkh whh0vkdshg

uhvhuyrlu ghyldwhv iurp wkdw ri fkdqqho dqg vhpl0lq�qlwh uhvhuyrlu1 Krzhyhu/ |(c_e��Sbr

fdq eh wuhdwhg dv d jrrg dssur{lpdwlrq iru wkh dfwxdo ghyldwlrq wlph1

D vshfldo fdvh ri d whh0vkdshg uhvhuyrlu rffxuv zkhq wkh surgxfhu lv orfdwhg

lq wkh krul}rqwdo sduw ri wkh whh1 Zh uhihu wr wklv w|sh ri uhvhuyrlu dv d �uhyhuvh whh0

vkdshg uhvhuyrlu� lq wklv glvvhuwdwlrq1 Iroorzlqj rxu suhylrxv glphqvlrqohvv yduldeoh

gh�qlwlrqv/ zklfk dvvxph wkdw wkh uhvhuyrlu uhjlrq zkhuh wkh surgxflqj zhoo lv orfdwhg
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lv Uhjlrq 4/ wkh odwh wlph ehkdylruv ri 's( dqg
_R(

_E*? |(�
duh ghulyhg lq Ht1 G17<

dqg Ht1 G183 ri Dsshqgl{ G1 Lq wklv fdvh/ wkh zlgwk ri wkh krul}rqwdo fkdqqho/ u+/

lv gh�qhg dv wkh fkdudfwhulvwlf ohqjwk1

Ilj1 7143 frpsduhv wkh suhvvxuh dqg ghulydwlyh ehkdylruv iru whh0vkdshg

uhvhuyrluv dqg uhyhuvh whh0vkdshg uhvhuyrluv1 Lq rughu wr eh deoh wr frpsduh wkh uhvxowv/

wkh glphqvlrqohvv zlgwkv ri doo fkdqqhov duh fkrvhq dv 4 dqg lghqwlfdo surshuwlhv lq

erwk uhjlrqv duh dvvxphg1 D idfw zh qhhg wr phqwlrq khuh lv wkdw wkh lqmhfwlrq udwh

sur�oh ri d uhyhuvh whh0vkdshg uhvhuyrlu/ vhh Ilj1 7144/ lv frpsohwho| gl�huhqw iurp

zkdw zh kdg lq Ilj1 719 iru wkh whh0vkdshg uhvhuyrlu> wkh gl�huhqfh lq wkh erxqgdu|

frqglwlrqv fdxvh wkh glvvlplodu uhvxowv1
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The effect of well position in tee-shaped reservoir,   
dimensionless widths of all channels are 1,  C T=1,  CS=1,  k1=k2
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Iljxuh 7143= Wkh ehkdylruv ri whh0vkdshg dqg uhyhuvh whh0vkdshg uhvhuyrluv+ru/ wkh

h�hfw ri zhoo srvlwlrq,
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The injection rate along the communicating position for reverse tee-shaped 
reservoir well at the center of channels,  C T=1,  CS=1,  LyD=LxD=1  (tD=t D)
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Iljxuh 7144= Wkh lqmhfwlrq udwh sur�oh ri �uhyhuvh whh0vkdshg� uhvhuyrlu
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814 Pdwkhpdwlfdo Ghulydwlrq

Dv lq wkh suhylrxv vhfwlrq/ wkh frpsoh{ prgho lv vroyhg e| ghfrpsrvlqj lw

lqwr wzr vlpsohu krprjhqhrxv prghov wkdw duh frxsohg dw wkhlu sodqh ri frqwdfw> vhh

Ilj1 8141 Vroxwlrqv wr hdfk ri wkh vlpsohu sureohpv duh zulwwhq lq Odsodfh vsdfh

dqg vroyhg iru wkh xqnqrzq  xlg wudqvihu ehwzhhq wkh v|vwhpv1 Wkh uhvxowlqj  x{

glvwulexwlrqv duh wkhq xvhg wr rewdlq wkh ghvluhg suhvvxuh ehkdylru1

Wkh iudfwxuh sodqh lv gh�qhg lq wkh vdph zd| dv lq Ilj1 5171 Wkh dfwxdo

zhoo lq Uhjlrq 4 vwloo surgxfhv dw d udwh ri 4 UE2G1 Dsso|lqj Ht1 E143 dqg Ht1

E149 wr frpsxwh wkh glphqvlrqohvv suhvvxuh gurs fdxvhg e| d frpsohwho|0shqhwudwlqj

surgxfhu dqg e| d ixoo|0shqhwudwlqj krul}rqwdo iudfwxuh sodqh lq wkh krul}rqwdo fkdq0

qho/ uhvshfwlyho|/ wkh suhvvxuh gurs/ R(c&�
/ lq Odsodfh grpdlq dw dq| glphqvlrqohvv

orfdwlrq E%(c&�c +(c&�� fdq eh zulwwhq lq whupv ri vrxufh2vlqn vroxwlrqv dv

R(c&�
E%(c +(c �(� ' ^

f( E�(� s��c&� E%(c +(c 2u+(c %
�

(c +
�

(c �(� n

^
f( E�(� s���c&�

E%(c +(c 2u+(c %
�

(c�+
�

(c �(��

�s[
�'�

^s(c� E�(� s ��c�c&� E%(c +(c 2u+(c %(c�3�c %(c�c +s(c&� c �(� � +814,

Khuh/

u+( '
u+

u+

' �c +815,

97
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Iljxuh 814= Ghfrpsrvlwlrq ri fkdqqho vsod| uhvhuyrlu dqg wkhlu frruglqdwh v|vwhp
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u%2( '
u%2

u+

c +816,

dqg

u+2( '
u+2

u+

� +817,

Wkh wkuhh whupv rq wkh uljkw vlgh ri Ht1 814 dffrxqw iru wkh glphqvlrqohvv suhvvxuh

gurs fdxvhg e| d zhoo/ lwv lpdjh zhoo orfdwhg dw dq htxdo glvwdqfh ehklqg wkh fkdqqho

erxqgdu| rq zklfk wkh vsod| lv orfdwhg/ dqg qrq0xqlirup lqmhfwlrq iurp wkh iudfwxuh

sodqh doorzlqj  xlg wudqvihu iurp Uhjlrq 5 wr Uhjlrq o1 Qrwh wkdw Ht1 814 lv hydoxdwhg

lq Uhjlrq 41 Khuh/ zkhq wkh surgxfhu lv orfdwhg lq wkh krul}rqwdo fkdqqho/ �( lv

gh�qhg dv

�( '
u2

+(�

#
�

� +818,

^s(c� ghqrwhv wkh Odsodfh wudqvirup ri wkh xqnqrzq  x{ dw wkh fhqwhu ri iudfwxuh

vhjphqw +%s(c�c +s(c&���

Dv ehiruh/ s��c&� E%(c +(c2u+(c %
�

(c +
�

(c �(� dqg s���c&�
E%(c +(c 2u+(c�%

�

(c +
�

(c �(�

ghqrwh wkh Odsodfh wudqvirupv ri wkh glphqvlrqohvv vrxufh2vlqn ixqfwlrq iru wkh

zhoo dqg lwv lpdjh zhoo lq krul}rqwdo fkdqqho1 Irupxodv iru wkh lqyhuvh Odsodfh

wudqvirupv ri wkhvh ixqfwlrqv fdq eh irxqg lq Dsshqgl{ E> wkh phwkrg zh xvh wr

frpsxwh wkh Odsodfh wudqvirup fdq eh irxqg lq Dsshqgl{ D1 Vlploduo|/ wkh whup

s ��c�c&� E%(c +(c 2u+(c %(c�3�c %(c�c +s(c&� c �(� uhsuhvhqwv wkh Odsodfh wudqvirup ri wkh

glphqvlrqohvv vrxufh2vlqn ixqfwlrq iru d �xqlirup0 x{� olqh vlqn dv ghvfulehg lq Ds0

shqgl{ E1 Wkdw lv

s��c&� E%(c +(c 2u+(c %
�

(c +
�

(c |(� '

Z

eu+(

%
w�

#
+( � +

�

(

eu+(

c
|(

eu2

+(

$
n w�

#
+( n +

�

(

eu+(

c
|(

eu2

+(

$&
wu

�
%( � %

�

(

2
c |(

�
c +819,
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s���c&� E%(c +(c 2u+(c�%
�

(c +
�

(c |(� '

Z

eu+(

%
w�

#
+( � +

�

(

eu+(

c
|(

eu2

+(

$
n w�

#
+( n +

�

(

eu+(

c
|(

eu2

+(

$&
wu

�
%( n %

�

(

2
c |(

�
c +81:,

dqg

s��c�c&� E%(c +(c 2u+(c %(c�3�c %(c�c +s(c&� c |(� '

Z

2u+(

eXu

�
%(c�3� � %(

2
c
%(c� � %(

2
c |(

�
�%

w�

#
+( � +s(c&�

eu+(

c
|(

eu2

+(

$
n w�

#
+( n +s(c&�

eu+(

c
|(

eu2

+(

$&
� +81;,

Wkh glphqvlrqohvv suhvvxuh gurs vroxwlrq wr wkh Uhjlrq 5 sureohp lv zulwwhq

dv

R(c&2 E%(c&2 c +(c&2c �(� '

�s[
�'�

^s(c� E�(� s�Kc&2 E%(c +(c u%2(c 2u+2(c %(c�3�c %(c�c +s(c&2 c �(� c

+81<,

zkhuh/ s�Kc&2 E%(c +(c u%2(c 2u+2(c %(c�3�c %(c�c +s(c&2 c �(� uhsuhvhqwv wkh Odsodfh wudqv0

irup ri wkh glphqvlrqohvv vrxufh2vlqn ixqfwlrq iru d �xqlirup0 x{� olqh vlqn lq Uhjlrq

51 Iroorzlqj wkh qrwdwlrq lq Dsshqgl{ E/ wkh lqyhuvh Odsodfh wudqvirup ri s �K lv

jlyhq e|

s�Kc&2 E%(c +(cu%2(c 2u+2(c %(c�3�c %(c�c +s(c&2 c |(� '

Z

2�7u+(

�eX�

�
%(c�3� � %(

2u%2(

c
%(c� � %(

2u%2(

c
�-|(

u2

%2(

�
n eX�

�
%(c�3� n %(

2u%2(

c
%(c� n %(

2u%2(

c
�-|(

u2

%2(

��
�
%
w�

#
+( � +s(c&2

eu+2(

c
�-|(

eu2

+2(

$
n w�

#
+( n +s(c&2

eu+2(

c
�-|(

eu2

+2(

$&
� +8143,
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Iru wkh frruglqdwh v|vwhpv glvsod|hg lq Ilj1 814/ qrwh wkdw +s(c&� ' u+(

dqg +s(c&2 ' u+2(1 Wkh surfhgxuh xvhg wr vroyh wkh sureohp lv wkh vdph dv zkdw lv

ghvfulehg lq wkh suhylrxv fkdswhuv/ dqg lv qrw uhshdwhg khuh1

815 Prgho Yhul�fdwlrq dqg Uhvxowv

81514 Olplwlqj fdvhv

Lq Ilj1 815 wkh suhvvxuh ehkdylruv ri zhoov lq dq lq�qlwh fkdqqho/ lq d uhyhuvh

whh0vkdshg fkdqqho uhvhuyrlu dqg lq d sdudooho wzr fkdqqho uhvhuyrlu +zlwk d ohdn|

idxow ehwzhhq wkhvh wzr fkdqqhov, duh vkrzq dv wkh wkuhh olplwlqj fdvhv wr fkhfn wkh

fkdqqho vsod| uhvhuyrlu uhvxowv1 Zh ydolgdwhg wkh prgho e| fkhfnlqj lw djdlqvw wkh

iroorzlqj olplwlqj fdvhv1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq dq lq�qlwh fkdqqho li wkh

gl�xvlylw| dqg2ru wkh vl}h ri wkh vsod| sduw dssurdfkhv }hur1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d whh0vkdshg fkdqqho uhvhu0

yrlu li wkh yhuwlfdo gluhfwlrq ohqjwk ri wkh vsod| sduw +u+2 lq Ilj1 814, ehfrphv

lq�qlwh1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri dqrwkhu nlqg ri frpsoh{ uhvhuyrlu/

zklfk lv d frpelqdwlrq ri wzr sdudooho fkdqqhov zlwk d ohdn| idxow vhsdudwlqj

wkhp/ li wkh zlgwk ri wkh vsod| sduw +u%2 lq Ilj1 814, ehfrphv lq�qlwh1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri dqrwkhu nlqg ri frpsoh{ uhvhuyrlu/

zklfk lv d frpelqdwlrq ri dq lq�qlwh fkdqqho dqg d vhpl0lq�qlwh vsod| zlwk d

ohdn| idxow vhsdudwlqj wkhp/ li wkh vsod| vl}h +erwk u%2 dqg u+2 lq Ilj1 814

ehfrph lq�qlwh, ehfrphv lq�qlwh1
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� Dw hduo| wlph/ li wkh zhoo lv idu hqrxjk dzd| iurp wkh jds/ wkh prgho pxvw

dssurdfk wkh ehkdylru ri d zhoo lq d fkdqqho1

Wkh dv|pswrwlf ehkdylru ri wkh suhvvxuh ghulydwlyh vroxwlrq ri fkdqqho dqg

vsod| uhvhuyrlu lv ghulyhg lq Dsshqgl{ G1 Dw yhu| odujh wlphv zkhq  rz lq wkh krul0

}rqwdo fkdqqho ehfrphv olqhdu dqg sdudooho wr wkh fkdqqho erxqgdulhv/ dqg zkhq wkh

udwh ri  xlg  rz wkurxjk wkh frppxqlfdwlqj srvlwlrq ehfrphv dssur{lpdwho| frq0

vwdqw/ wkh suhvvxuh ghulydwlyh lq wklv fkdqqho dqg vsod| v|vwhp lv dssur{lpdwho| jlyhq

e|

_R(c�

_E*? |(c��
$

s
Z|(

� n �7

u%2(u+2(

2
s
Z|(

c +8144,

vhh Dsshqgl{ G1 Qrwh wkdw wkh zlgwk ri wkh krul}rqwdo fkdqqho lv vhohfwhg dv wkh

fkdudfwhulvwlf ohqjwk1

Wkh vwdelol}hg udwh ri  rz iurp wkh �yhuwlfdoo|0iudfwxuhg� zhoo dw wkh frp0

pxqlfdwlqj srvlwlrq +lq UE2G shu UE2G ri surgxfwlrq iurp wkh dfwxdo zhoo,/ fdq eh

h{suhvvhg dv

's( $
�

�

2
n

�

�7

s
Z|(

u%2(u+2(

� +8145,

Wkh v|vwhp ehkdyhv olnh dq lq�qlwh olqhdu fkdqqho uhvhuyrlu zkhq wkh gl�xvlylw| ru

glphqvlrqv ri wkh vsod| sduw dssurdfk }hur1 Wkh suhvvxuh uhvsrqvh dw odwh wlph fdq

eh dssur{lpdwhg e|

_R(c�

_E*? |(c��
$
s
Z|(� +8146,

Li wkh yhuwlfdo ohqjwk ri wkh vsod| +Uhjlrq 5,/ u+2c jrhv wr lq�qlw| zh jhw

d �uhyhuvh whh0vkdshg� olplwlqj fdvh dv zh kdg glvfxvvhg lq Ilj1 7143 ri Fkdswhu
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7 iru fkdqqho vsod| uhvhuyrluv1 Dw odwh wlph zkhq wkh suhvvxuh ghulydwlyh fdq eh

dssur{lpdwhg e| Ht1 G1471 Zh fdq vkrz wkdw/ +vhh Ht1 G183,

_R(c�

_E*? |(c��
$

s
Z|(

� n �

2
u%2(

s
�A�7

� +8147,

Li wkh zlgwk ri wkh vsod| +Uhjlrq 5,/ u%2c lv lq�qlwh zh jhw dqrwkhu olplwlqj

fdvh iru fkdqqho vsod| uhvhuyrluv/ zklfk lv d frpelqdwlrq ri wzr sdudooho fkdqqho

uhvhuyrluv zlwk d ohdn| idxow ehwzhhq wkhp1 Dw odwh wlph zkhq wkh suhvvxuh ghulydwlyh

fdq eh dssur{lpdwhg e| Ht1 G14;/ zh fdq vkrz wkdw/ +vhh Ht1 G18:,

_R(c�

_ E*? |(c��
$

s
Z|(

� n u+2(

s
�A�7

� +8148,

Li wkh vsod| vl}h/ u%2 � u+2c ehfrphv lq�qlwh+erwk u%2 dqg u+2 lq Ilj1 814

ehfrph lq�qlwh,/ dqrwkhu nlqg ri olplwlqj fdvh iru fkdqqho vsod| uhvhuyrluv fdq eh

uhdfkhg / zklfk lv d frpelqdwlrq ri dq lq�qlwh fkdqqho uhvhuyrluv dqg d vhpl0lq�qlwh

vsod| zlwk d ohdn| idxow vhsdudwlqj wkhp1 Dw odwh wlph zkhq wkh glphqvlrqohvv suhv0

vxuh whup lq Ht1 81< lv jlyhq e| wkh vhplorj dssur{lpdwlrq/ dqg zkhq wkh  xlg

lqmhfwlrq iurp wkh vsod| sduw ehfrphv qhduo| vwdeoh/ zh fdq vkrz wkdw

_R(c�

_ E*? |(c��
$ �

�A n
�s
Z|(

� +8149,

Wkh dv|pswrwlf ehkdylru ri wkh suhvvxuh ghulydwlyh vroxwlrq e| xvlqj Ht1

8146/ Ht1 8147/ Ht1 8148 dqg Ht1 8149 duh dovr vkrzq lq Ilj1 815 dv gdvkhg olqh 4/ 5/

6 dqg gdvkhg fxuyh 7/ uhvshfwlyho|1

Wkh suhvvxuh uhvsrqvhv lq wkh v|vwhp zloo eh d�hfwhg e| wkh surshuwlhv dqg

wkh erxqgdu| frqglwlrqv ri erwk wkh fkdqqho dqg vsod|1 Wkh h�hfw ri hdfk uhohydqw

idfwru fdq eh lghqwl�hg e| dsso|lqj rxu prgho1 Ilj1 816 vkrzv wkh h�hfw ri wkh vl}h
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Behaviors of the four kinds of limiting cases used to verify the channel and splay 
reservoir(well at channel center, =L y=Lx2=Ly2=1, k1=k2)
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Iljxuh 815= Wkh irxu olplwlqj fdvhv ghvljqhg wr yhuli| wkh frpsxwdwlrqdo uhvxowv
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The effect of the splay gap, splay size: L x2D X Ly2D=1 X 1, CT=CS=1 (LwD=L wD)
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Iljxuh 816= Wkh h�hfw ri wkh vl}h ri wkh duhd ri frppxqlfdwlrq ehwzhhq fkdqqho dqg

vsod|

ri wkh rshqlqj +u�(, zkhuh wkh vsod| dqg wkh fkdqqho frppxqlfdwh/ vhh Ilj1 8141

Ilj1 816 vkrzv wkdw hyhq d uhodwlyho| vpdoo rshqlqj/ +h1j1/ u�( ' �

2Df
,/ zloo jlyh d

fkdqjh lq wkh ghulydwlyh fxuyhv1 Dowkrxjk wkh fkdqjhv lq wkh ghulydwlyh fxuyhv dsshdu

vljql�fdqw lq Ilj1 816/ wkhvh gl�huhqfhv zrxog eh gl!fxow wr glvfhuq lq dfwxdo �hog

gdwd/ dqg zrxog kdyh d qhjoljleoh lpsdfw rq dqdo|vlv ri �hog gdwd1 Ixuwkhu/ dv zh

vkdoo vkrz odwhu/ wkh lpsdfw ri wkh vsod| rq wkh suhvvxuh ghulydwlyh lv pd{lpl}hg zkhq

wkh krul}rqwdo orfdwlrq ri wkh zhoo lv lq wkh plggoh ri wkh jds1 Wklv phdqv wkdw wkh

ryhudoo lpsdfw ri wkh jds rshqlqj rq zhoo whvw gdwd lv h{shfwhg wr eh plqlpdo1 Dw

yhu| odwh wlph wkh v|vwhp dssurdfkhv wkh w|slfdo ehkdylru ri olqhdu  rz lq d fkdqqho1
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Dowkrxjk wkh  x{ glvwulexwlrq iru hdfk fdvh zdv dovr frpsxwhg wr h{dplqh

wkh  xlg  rz lq ghwdlo/ d vlpsoh v|pphwulf fdvh zdv fkrvhq wr h{hpsoli| wkh  x{

ehkdylru1 Ilj1 817 dqg Ilj1 818 vkrz wkh hduo| dqg odwh wlph  x{ glvwulexwlrq iru

fkdqqho dqg vsod| uhvhuyrlu/ uhvshfwlyho|1 Dw dq| lqvwdqw/ wkh  x{ qhdu wkh fhqwhu ri

wkh }rqh ri frppxqlfdwlrq lv odujhu wkdq srvlwlrqv dzd| iurp wkh fhqwhu vlqfh wkh

suhvvxuh gurs fdxvhg e| wkh zhoo lv odujhu dw wkh fhqwhu ri wkh jds1 Dv wlph surfhhgv/

 xlg  rzv dfurvv dq lqfuhdvlqjo| odujhu sduw ri wkh jds1 Krzhyhu/ wkh  x{hv dw wkh wlsv

duh suhyhqwhg iurp lqfuhdvlqj wrr pxfk ehfdxvh ri wkh vsod| erxqgdu| frqglwlrq> wkdw

lv/ ehfdxvh ri lwv �qlwh yroxph/ wkh vsod| grhv qrw frqwdlq vx!flhqw  xlg wr vxssruw

odujh  xlg wudqvihu forvh wr wkh wlsv ri wkh jds 0 wklv ehkdylru frqwudvwv zlwk wkh

 x{ ehkdylru ri vhpl0lq�qlwh vsod|v1 Dw odwh wlph/ |( : ��� lq wklv fdvh/  xlg lq wkh

fkdqqho ehjlqv wr hqwhu wkh vsod| sduw +lqglfdwhg e| wkh qhjdwlyh  x{ lq Ilj1 818, dv

wkh suhvvxuh lq wkh vsod| ehfrphv uhodwlyho| ghsohwhg1 Wkh dprxqw ri  xlg hqwhulqj

lqwr wkh vsod| frqwlqxrxvo| lqfuhdvhv dv wlph surjuhvvhv1

Sk|vlfdoo|/ zh h{shfw wkdw wkh vl}h ri wkh vsod| pxvw sod| d grplqdqw uroh

lq v|vwhp*v suhvvxuh wudqvlhqw ehkdylru1 Ilj1 819 h{dplqhv wkh h�hfw ri wkh vsod|

vl}h> iru wklv fdvh/ zh dvvxph wkh vsod| lv d vtxduh/ l1h1/ u%2( ' u+2(1 Zh dovr

dvvxph wkdw wkh {0frruglqdwh ri wkh zhoo fruuhvsrqgv wr wkh fhqwhu ri wkh jds lq rughu

wr pd{lpl}h wkh h�hfw ri wkh vsod| uhjlrq rq wkh suhvvxuh uhvsrqvh1 Qrwh wkdw wkh

v|vwhp suhvvxuh ehkdylru idoov ehwzhhq wkdw ri d zhoo lq dq lvrodwhg olqhdu fkdqqho

dqg d zhoo lq d fkdqqho frqqhfwhg wr d vhpl0lq�qlwh vsod|> vhh Ilj1 8151 Lq jhqhudo/

wkh odujhu wkh yroxph ri wkh frqqhfwhg vsod|/ wkh pruh ghyldwlrq wkhuh lv iurp wkh

fxuyhv ri d fkdqqho +erwk R( dqg
_R(

_E*? |(�
� dqg wkh orqjhu wkh shulrg zloo eh/ zkhuh

wkh v|vwhp uhvhpeohv wkh fkdqqho2vhpl0lq�qlwh vsod| v|vwhp1

Zh fkhfnhg wkh dssur{lpdwlrq ri Ht1 8144 wr wkh odwh0wlph ehkdylru ri wkh

fkdqqho0vsod| v|vwhp1 Olqh 4 dqg Olqh 5 duh wkh odwh wlph
_R(

_E*? |(�
dssur{lpdwlrq ri

Ht1 8144 iru wkh fdvhv zlwk vsod| vl}hv Eu%2( � u+2(� e� e dqg ef� efc uhvshfwlyho|1

Dssduhqwo|/ olqh 5 glgq*w pdwfk yhu| zhoo dw odwh wlph dqg d fduhixo h{dplqdwlrq
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Flux distribution at early  time,  C T=1, CS=1, LwD=1, 
splay size: L x2D X Ly2D=1 x 1, well at the channel center   (tD=t D)
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Iljxuh 817= Iox{ glvwulexwlrq dw hduo| wlph fkdqqho vsod| uhvhuyrlu/ vsod| vl}h= �� �
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Flux distribution at late time,  C T=1, CS=1, LwD=1, 
splay size: L x2D X Ly2D=1 x 1, well at the channel center   (tD=t D)
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ri Olqh 4 dovr lqglfdwhg d glvfuhsdqf| dw odwh wlph1 Wklv dssduhqw idloxuh fdq eh

h{sodlqhg e| h{dplqlqj wkh uhodwhg wrwdo lqmhfwlrq udwh iurp wkh vsod|/ vhh Ilj1 81:1

Iru wkh vpdoohu vsod| ri vl}h e � e/ wkh odfn ri djuhhphqw lv ehfdxvh ri wkh gl!fxow|

wr uhdfk vwdelol}hg ehkdylru lq wkh vsod| sduw vlqfh wkh  xlg iurp wkh lq�qlwh fkdqqho

lv frqvwdqwo| lqmhfwhg lqwr vsod|1 Iru wkh vsod| ri vl}h ef � ef/ wkh odwh wlph 's(

dssur{lpdwlrq lv qrw dffxudwh hqrxjk hyhq dw |( : �fS/ lqglfdwlqj wkdw wkh odujhu wkh

vl}h ri wkh vsod|/ wkh kdughu lw zrxog eh wr dwwdlq d svhxgrvwhdg| vwdwh  rz frqglwlrq

lq vsod| sduw1 Wkhuhiruh/ wkh suhglfwlrq iurp Ht1 8144 lv qrw yhu| jrrg vlqfh d

svhxgrvwhdg| vwdwh  rz lq vsod| sduw lv dvvxphg1 Wkhvh uhvxowv uhyhdo wzr idfwv1 Rqh

lv wkh lpsruwdqfh ri wkh nqrzohgjh ri wkh  x{ glvwulexwlrq dorqj wkh frppxqlfdwlqj

srvlwlrq dqg dqrwkhu lv d gl!fxow| lq dsso|lqj wkh odwh wlph dssur{lpdwlrq htxdwlrqv

lq frpsoh{ jhrphwu| uhvhuyrluv1

Wkh dssur{lpdwh glphqvlrqohvv wlph/ |(Sbr/ zkhq wkh fxuyhv ghyldwh iurp

wkh ehkdylru ri fkdqqho dqg vhpl0lq�qlwh vsod| v|vwhp fdq eh frpsxwhg urxjko| e|

htxdwlqj Ht1 8149 dqg Ht1 81441 Wkhq/ zh kdyh

|(Sbr '
�7u%2(u+2(

2Z�A

+814:,

'
u%2(u+2(

2Z�-

� +814;,

Dv zh kdyh phqwlrqhg ehiruh wkh |(Sbr ydoxh lv rqo| dq dssur{lpdwh ydoxh1

Rxu qxphulfdo h{shulhqfh lqglfdwhv wkdw wkh uhdo ghyldwlrq wlph vkrxog eh ehiruh

|(Sbr1 Lq Ilj1 819 |(Sbr duh f��Db�c 2�DeSc 2De�S dqg 2DeSe�H iru fdvhv ri vl}hv � � �/

e � ec ef � ef dqg eff � eff/ uhvshfwlyho|1

Reylrxvo|/ iru wkh vdph vsod| vl}h2yroxph wkh glphqvlrq ri wkh vsod| pd|

ydu| zlgho|1 Ilj1 81; h{dplqhv wkh h�hfw ri vsod| glphqvlrqv rq suhvvxuh wudqvlhqw

uhvsrqvh1 Wkh uhvxowv lq Ilj1 81; vkrzv wkdw wkh vsod| rulhqwdwlrq kdv dq h�hfw rq

wkh suhvvxuh uhvsrqvhv/ sduwlfxoduo| lq wkh wudqvlwlrq shulrg ehwzhhq lq�qlwh0dfwlqj

 rz dqg wkh erxqgdu|0grplqdwhg  rz lq wkh vsod|1 Li wkh zlgwk ri wkh vsod| lv
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The effect of splay size(square splay is assumed, or L x2D=Ly2D)
CT=1,  CS=1,  LwD=1,  LyD=1
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Iljxuh 819= Wkh h�hfw ri wkh vsod| vl}h
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The dimensionless total injection rate at different splay size,
 splay size: L x2D x L y2D ,     CT=1,  CS=1,  LwD=1,  LyD=1
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Boundary effect when splay size is constant (L x2D x Ly2D)
CT=1,  CS=1, LyD=1, LwD=1,  well at channel center and below the gap center
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Iljxuh 81;= Wkh h�hfw ri vsod| glphqvlrqv rq suhvvxuh wudqvlhqw uhvsrqvh

dssur{lpdwho| wkh vdph dv wkh zlgwk ri wkh jds/ wkh yhuwlfdo vsod| erxqgdulhv duh

ihow lpphgldwho|/ dqg wkh wlph wr svhxgrvwhdg|0vwdwh  rz lv vroho| ghwhuplqhg e|

wkh glvwdqfh wr wkh krul}rqwdo vsod| erxqgdu|1 Frqyhuvho|/ iru vsod|v zlwk zlgwkv

dssuhfldeo| odujhu wkdq wkh jds zlgwk/ wkh wudqvlwlrq wr svhxgrvwhdg| vwdwh  rz lv

d�hfwhg e| glvwdqfhv wr erwk wkh yhuwlfdo dqg krul}rqwdo vsod| erxqgdulhv1 Qrwh

wkdw wkh odwh0wlph suhvvxuh ghulydwlyh ehkdylru lv forvho| ghvfulehg e| wkh dv|pswrwlf

irupxod/ Ht1 81441

Ilj1 81< dqg Ilj1 8144 vhuyh dv wzr yhul�fdwlrqv iru rxu prgholqj1 Dv wkh

vsod| ohqjwk Eu+2(� lq yhuwlfdo gluhfwlrq lqfuhdvhv/ wkh prgho uhvxowv zloo dssurdfk

wkh uhyhuvh whh0vkdshg uhvhuyrlu wkdw zh prghohg lq Fkdswhu 71 Wkh olplwlqj fdvh
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ri wzr k|gudxolfdoo| frqwdfwhg sdudooho krul}rqwdo fkdqqhov fdq eh dssur{lpdwhg e|

lqfuhdvlqj wkh vsod| zlgwk Eu%2(� lq krul}rqwdo gluhfwlrq1 Erwk Ilj1 81< dqg Ilj1 8144

jlyh xv wkh uhvxowv h{shfwhg1 Wkh wrwdo glphqvlrqohvv lqmhfwlrq udwh fxuyhv iru wkhvh

wzr �jxuhv duh vkrzq lq Ilj1 8143 dqg Ilj1 8145 uhvshfwlyho|1 Xqghu wkh dvvxphg

frqglwlrqv/ Ilj1 8143 lqglfdwhv wkdw wkh wrwdo glphqvlrqohvv lqmhfwlrq udwh iurp wkh

yhuwlfdo vsod| sduw dssurdfkhv 2 � �

�
dv u+2( lqfuhdvhv dqg Ilj1 8145 whoov xv wkdw li

u%2( lv odujh hqrxjk wkdw wkh wrwdo glphqvlrqohvv lqmhfwlrq udwh zloo eh forvh wr 2� �

2

dw odwh wlph1 Doo ri wkhvh ydoxhv duh lq djuhhphqw zlwk wkh dv|pswrwlf irupxodv/ Ht1

G17< dqg Ht1 G1891 Wkh odwh wlph lqmhfwlrq dssur{lpdwlrq iru vrph ri wkrvh fxuyhv

duh dovr sorwwhg lq Ilj1 8143 dqg Ilj1 8145 e| dsso|lqj Ht1 81451

Ilj1 8146 vkrzv wkh h�hfw ri wkh zhoo glvsodfhphqw iru vsod| ri vl}h e � e

dqg �A ' �7 ' �- ' �1 Li wkh zhoo lv orfdwhg uljkw ehorz wkh vsod| jds fhqwhu/ wkh

ghulydwlyh fxuyh kdv d pd{lpxp gl�huhqfh iurp wkh vlqjoh fkdqqho ehkdylru1 Dv wkh

zhoo lv glvsodfhg dzd| iurp wkh jds fhqwhu lq wkh {0gluhfwlrq/ wkh glvfuhsdqf| zlwk

vlqjoh lq�qlwh0fkdqqho ehkdylru lv ghod|hg dqg plqlpl}hg1 Wklv phdqv wkdw li rxu

whvwlqj zhoo lv wrr idu dzd| iurp wkh srvvleoh h{lvwlqj vsod| zh zloo qrw eh deoh wr

lghqwli| lw1

Ilj1 8147 vkrzv wkh h�hfw ri wkh glphqvlrqohvv wudqvplvvlelolw| udwlr +�A ,1 Li

wkh vsod| surshuwlhv duh qrw idyrudeoh/ l1h1/ wkh �A ydoxh lv vpdoo/ wkh  xlg frqwulexwlrq

iurp wkh vsod| sduw zloo dovr eh vpdoo1 Wkhq wkh R( dqg
_R(

_E*? |(�
fxuyhv zloo uhvhpeoh

wkh uhvsrqvhv ri dq lq�qlwh fkdqqho1 Fxuyhv lq Ilj1 8147 iru �A ' f�ff� duh d jrrg

h{dpsoh1 Rq wkh rwkhu kdqg/ li �A lv odujh hqrxjk wkh vl}h ri wkh vsod| zloo eh wkh

grplqdqw idfwru lq ghwhuplqlqj wkh suhvvxuh uhvsrqvhv1

Ilj1 8148 vkrzv wkh h�hfw ri �7 iru vsod| ri vl}h e � e1 Wkh kljkhu wkh

srurvlw| lq wkh vsod| sduw/ wkh orqjhu wkh  xlg vxssruw iurp wkh vsod| zloo odvw dqg

wkh pruh fxuyh ghyldwlrq iurp fkdqqho*v fxuyhv zloo eh1 Wklv �jxuh dovr vkrzv wkh

odwh wlph ehkdylru suhglfwhg lq Ht1 8144 iru �A ' �c �7 ' 2 fdvh1 +Lq Ht1 8144/ qrwh

wkdw u%2(u+2( uhsuhvhqwv wkh duhd ri wkh vsod| iru rxu 50G sureohp1,
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Effect of changing L y2D ,  CT=1, CS=1,  Lx2D=LyD=LwD=1,  (Ly2D=L y2D)
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The total injection rate for L y2D changing case 
CT=1, CS=1, LyD=Lx2D=1,  LwD=1  (Ly2D=L y2D)
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The effect of L x2D, CT=1, CS=1, LyD=Ly2D=1, LwD=1   (Lx2D=L x2D)
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The total dimensionless injection rate of  L x2D changing case
CT=1, CS=1, LyD=Ly2D=1, LwD=1   (Lx2D=L x2D)
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Well location displaced from the gap center, 
CT=1, CS=1, LwD=1,    splay size: L x2D X Ly2D=4 X 4,    (XDV=XDV)
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The effect of C T,   CS=1, LyD=Lx2D=Ly2D=LwD=1   (CT=CT)
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The effect of C S (Lx2D x Ly2D: 4 x 4),   C T=1,  LyD=1,  LwD=1  (CS=CS)
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FKDSWHU YL

FRPPXQLFDWLRQ RI ERXQGHG UHVHUYRLUV

914 Pdwkhpdwlfdo Ghulydwlrq

Wkh frpsoh{ prgho ri frppxqlfdwlrq ehwzhhq wzr erxqghg uhvhuyrluv lv

vroyhg e| ghfrpsrvlqj lw lqwr wzr vlpsohu krprjhqhrxv erxqghg prghov wkdw duh

frxsohg dw wkhlu sodqh ri frqwdfw> vhh Ilj1 9141 Vroxwlrqv wr hdfk ri wkh vlpsohu

sureohpv duh zulwwhq lq Odsodfh vsdfh dqg vroyhg iru wkh xqnqrzq  xlg wudqvihu

ehwzhhq wkh v|vwhpv1 Wkh uhvxowlqj  x{ glvwulexwlrqv duh wkhq xvhg wr rewdlq wkh

ghvluhg suhvvxuh ehkdylru dv ehiruh1

Wkh iudfwxuh sodqh lv gh�qhg lq wkh vdph zd| dv lq Ilj1 5171 Wkh dfwxdo zhoo

lq Uhjlrq 4 vwloo surgxfhv dw d udwh ri 4 UE2G1 Dsso|lqj Ht1 E14< dqg Ht1 E155 zh

fdq frpsxwh wkh glphqvlrqohvv suhvvxuh gurs fdxvhg e| d frpsohwho|0shqhwudwlqj sur0

gxfhu dqg e| d ixoo|0shqhwudwlqj krul}rqwdo iudfwxuh sodqh lq wkh erxqghg uhvhuyrluv/

uhvshfwlyho|1 Wkh suhvvxuh gurs/ R(c&�/ lq wkh Odsodfh grpdlq dw dq| glphqvlrqohvv

orfdwlrq E%(c&�c +(c&�� fdq eh zulwwhq lq whupv ri vrxufh2vlqn vroxwlrqv dv

R(c&�
E%(c +(c �(� ' ^

f( E�(� s�Kc&� E%(c +(c u%(c 2u+(c %
�

(c +
�

(c �(� n

^
f( E�(� s��Kc&�

E%(c +(c u%(c 2u+(c %
�

(c +
��

(c �(��

�s[
�'�

^s(c� E�(� s �Kc�c&� E%(c +(c u%(c 2u+(c %(c�3�c %(c� c +s(c&�c �(� +914,

zkhuh wkh surgxfhu lv orfdwhg dw E%�(c +
�

(� dqg wkh lpdjh zhoo lv orfdwhg dw E%
�

(c +
��

(�1Wkh

wkuhh whupv rq wkh uljkw vlgh ri Ht1 914 dffrxqw iru wkh glphqvlrqohvv suhvvxuh gurs

fdxvhg e| d zhoo/ lwv lpdjh zhoo orfdwhg dw dq htxdo glvwdqfh iurp wkh sodqh wkdw
;;
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gh�qhv wkh erxqgdu| ehwzhhq wkh wzr frppxqlfdwlqj uhvhuyrluv/ dqg qrq0xqlirup

lqmhfwlrq iurp wkh iudfwxuh sodqh uhvshfwlyho|1 Qrwh wkdw Ht1 914 lv hydoxdwhg lq

Uhjlrq 41 Khuh/ �( lv wkh glphqvlrqohvv Odsodfh yduldeoh iru Uhjlrq 4 dqg lv gh�qhg

dv

�( '
,2�

#
�

+915,

zkhuh � lv wkh Odsodfh yduldeoh dvvrfldwhg zlwk wkh wudqvirup ri wlph +lq xqlwv

gd|3��c , uhsuhvhqwv wkh fkdudfwhulvwlf ohqjwk zklfk pd| eh gl�huhqw lq hdfk fdvh1

^s(c� vwloo ghqrwhv wkh Odsodfh wudqvirup ri wkh +xqnqrzq,  x{ dw wkh fhqwhu ri

iudfwxuh vhjphqw +%s(c�c +s(c&��� Dv ehiruh/ s�Kc&� E%(c +(c u%(c 2u+(c %
�

(c +
�

(c �(� dqg

s��Kc&�
E%(c +(c u%(c 2u+(c %

�

(c +
��

(c �(� ghqrwh wkh Odsodfh wudqvirupv ri wkh glphq0

vlrqohvv vrxufh2vlqn ixqfwlrqv iru wkh zhoo dqg lwv lpdjh zhoo lq Uhjlrq 41 Wkh ixqf0

wlrq s�Kc�c&� E%(c +(c u%(c 2u+(c %(c�3�c %(c�c +s(c&� c �(� uhsuhvhqwv wkh Odsodfh wudqv0

irup ri wkh glphqvlrqohvv vrxufh2vlqn ixqfwlrq iru wkh �wk �xqlirup0 x{� olqh vlqn1

Wkh qrphqfodwxuh iru wkh vrxufh2vlqn ixqfwlrqv hpsor|hg khuh fruuhvsrqgv wr wkdw

hpsor|hg lq Dsshqgl{ E1 Wkdw lv/
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dqg
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Phwkrgv iru frpsxwlqj wkhvh whupv dqg wkhlu Odsodfh wudqvirupv duh dovr glvfxvvhg

lq ghwdlo lq Dsshqgl{ D1

Wkh glphqvlrqohvv suhvvxuh gurs vroxwlrq wr wkh Uhjlrq 5 sureohp lv zulwwhq

dv

R(c&2 E%(c&2 c +(c&2c �(� '
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^s(c� E�(� s�Kc�c&2 E%(c +(c u%2(c 2u+2(c %(c�3�c %(c�c +s(c&2 c �(�

+919,

zkhuh/ s�Kc�c&2 E%(c +(cu%2(c 2u+2(c %(c�3�c %(c�c +s(c&2 c �(� uhsuhvhqwv wkh Odsodfh wudqv0

irup ri wkh glphqvlrqohvv vrxufh2vlqn ixqfwlrq iru d �xqlirup0 x{� olqh vlqn lq Uhjlrq

51 Iroorzlqj wkh qrwdwlrq lq Dsshqgl{ E/ wkh lqyhuvh Odsodfh wudqvirup ri s �Kc�c&2 lv
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Xvlqj wkh deryh frruglqdwh v|vwhp gh�qhg lq Ilj1 914/ lw lv fohdu wkdw +s(c&� '

u+( dqg +s(c&2 ' u+2(�
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915 Prgho Yhul�fdwlrq dqg Uhvxowv

91514 Olplwlqj fdvhv

Wkh lqwhuhvwlqj wklqj iru wklv sureohp lv wkdw doo ri wkh olplwlqj fdvhv zh

phqwlrqhg ehiruh fdq eh dssolhg dv olplwlqj fdvhv iru wkh erxqghg uhvhuyrlu frppx0

qlfdwlrq sureohp1 Lq rwkhu zrugv/ rxu erxqghg uhvhuyrlu prgho kdv wkh srwhqwldo wr

vlpxodwh wkh ehkdylruv ri wkh iruphu prghov/ l1h1/ wkh ehkdylruv ri ohdn| idxow lq�qlwh

uhvhuyrluv/ whh0vkdshg uhvhuyrluv/ fkdqqho0vsod| uhvhuyrluv/ lq�qlwh fkdqqho uhvhuyrluv/

vhpl0lq�qlwh fkdqqho uhvhuyrluv/ lq�qlwh uhvhuyrluv/ vhpl0lq�qlwh uhvhuyrluv dqg vrph

vshfldo vkdshg uhvhuyrluv1 D ghwdlohg vwxg| ri wkhvh olplwlqj fdvhv zloo doorz xv wr

xqghuvwdqg d ydulhw| ri gl�huhqw nlqgv ri frpsoh{ jhrphwu| uhvhuyrluv1

Wkh sk|vlfdo uhdol}dwlrq ri wkhvh olplwlqj fdvhv duh vshfl�hg dv ehorz1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq d erxqghg uhvhuyrlu li wkh

gl�xvlylw| ri wkh xsshu sduw dssurdfkhv }hur ru wkh vl}h ri Uhjlrq 4 dqg Uhjlrq

5 duh �qlwh1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri d zhoo lq dq lq�qlwh ru vhpl0lq�qlwh

fkdqqho uhvhuyrlu li Uhjlrq 5 kdv wkh vdph zlgwk dv Uhjlrq 4 dqg lwv ohqjwk

jrhv wr lq�qlw|1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri wkh frpsoh{ uhvhuyrlu ghvfulehg lq

Fkdswhu 6/ d ohdn| idxow vhsdudwlqj wzr vhpl0lq�qlwh uhjlrqv/ li wkh yhuwlfdo

h{whqw ri hdfk erxqghg uhjlrq ehfrphv yhu| odujh1

� Wkh prgho pxvw dssurdfk wkh ehkdylru ri wkh frpsoh{ uhvhuyrlu zh ghvfulehg

lq Fkdswhu 7/ zklfk lv d whh0vkdshg uhvhuyrlu/ li wkh u+( ri Uhjlrq 4 dqg u%2(

ri Uhjlrq 5 ehfrph lq�qlwh1
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� Wkh prgho pxvw dssurdfk wkh ehkdylru ri wkh frpsoh{ uhvhuyrlu ghvfulehg lq

Fkdswhu 8/ zklfk lv d fkdqqho0vsod| uhvhuyrlu/ li wkh u%( ri Uhjlrq 4 ehfrphv

lq�qlwh1 Ixuwkhupruh/ li erwk u%( ri Uhjlrq 4 dqg u%2( ri Uhjlrq 5 ehfrph lq0

�qlwh/ d wkh v|vwhp zloo dssurdfk wkh ehkdylru ri wzr lq�qlwh fkdqqho uhvhuyrluv

frppxqlfdwlqj ryhu d vpdoo duhd1

Wkh dv|pswrwlf ehkdylru ri wkh suhvvxuh ghulydwlyh vroxwlrq iru erxqghg

uhvhuyrluv lv ghulyhg lq Dsshqgl{ G1 Dw yhu| odujh wlph zkhq wkh  rz lq Uhjlrq

4 dqg Uhjlrq 5 ehfrph svhxgrvwhdg| vwdwh  rz/ dqg zkhq wkh udwh ri  xlg  rz

wkurxjk wkh ohdn| idxow ehfrphv dssur{lpdwho| frqvwdqw/ wkh suhvvxuh ghulydwlyh dw

wkh surgxflqj zhoo lv dssur{lpdwho| jlyhq e|

_R(c�

_E*? |(c��
$ 2Z|(

u%(u+( n �7u%2(u+2(

� +91;,

Qrwh wkdw wkh fkdudfwhulvwlf ohqjwk xvhg gl�huv iurp fdvh wr fdvh1 Dv ehiruh/ 's( lv

wkh odwh wlph vwdelol}hg udwh ri  rz iurp wkh lqmhfwlrq �yhuwlfdoo|0iudfwxuhg� zhoo dw

wkh mxqfwlrq ri wkh wzr uhjlrqv lq UE2G shu UE2G ri surgxfwlrq iurp wkh dfwxdo

zhoo1 Dw odwh wlphv/

's( $
2

� n
�

�7

u%(u+(

u%2(u+2(

� +91<,

Zkhq wkh xsshu fkdqqho/ +Uhjlrq 5,/ lv vhpl0lq�qlwh zh jhw dqrwkhu olplwlqj fdvh iru

whh0vkdshg uhvhuyrluv1 Zh fdq ghulyh wkh iroorzlqj olplwv1 Dw hduo| wlph zkhuh wkh

h�hfw ri wkh xsshu fkdqqho lv qrw �ihow�/

_R(c�

_E*? |(c��
$
s
Z|(� +9143,

Dw odwh wlph zkhq wkh suhvvxuh gurs lq wkh xsshu fkdqqho lv jlyhq e| wkh vhplorj

htxdwlrq/ zh fdq vkrz wkdw



<7

Dimensionless pressure responses and their derivatives for Channel, semi-
channel(L y=2Ld) and Bounded Reservoirs(well at the Center)
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k1
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Iljxuh 915= Wkh olplwlqj fdvhv iru frppxqlfdwlqj erxqghg uhvhuyrluv
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_E*? |(c��
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Z|(

� n 2�A

s
Z|(

� +9144,

91515 Dssur{lpdwlrq ri lq�qlwh fkdqqho dqg vhpl0lq�qlwh fkdqqho uhvhuyrluv

Edvlfdoo|/ wkhuh duh vhyhudo zd|v wr irup dq lq�qlwh fkdqqho dqg2ru vhpl0

lq�qlwh fkdqqho e| ydu|lqj wkh glphqvlrqv ri Uhjlrq 4 dqg Uhjlrq 51 Iru h{dpsoh/ li

zh dvvxph u%( ' u%2( ' u�(c zh fdq dssurdfk hlwkhu dq lq�qlwh fkdqqho ru d vhpl0

lq�qlwh fkdqqho uhvhuyrlu e| ydu|lqj wkh u+(/ u+2( ydoxhv dqg2ru wkh zhoo orfdwlrq1

Ilj1 916 vkrzv wkh h�hfw ri lqfuhdvlqj wkh u+2( ydoxh rqo| zlwk wkh zhoo orfdwlrq �{hg
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dw E
u%(

2
/
u%(

2
�� Lq rughu wr frpsduh zlwk wkh suhylrxvo|0suhvhqwhg fkdqqho uhvhuyrlu

uhvxowv/ wkh zlgwk ri Uhjlrq 4/ u%(/ lv fkrvhq dv wkh fkdudfwhulvwlf ohqjwk1

Ohw u%( ' u%2( ' u�( ' �c vr wkdw wkh zhoo lv orfdwhg dw wkh fhqwhu ri

Uhjlrq 41 D vhpl0lq�qlwh fkdqqho uhvhuyrlu lv dssurdfkhg dv u+2( jrhv wr lq�qlw|1

Dv h{shfwhg/ wkh ghulydwlyh uhvsrqvh vxffhvvlyho| uh hfwv udgldo  rz/ olqhdu fkdqqho

 rz/ dqg �qdoo| erxqghg uhvhuyrlu  rz1 Iru h{dpsoh/ lq Ilj1 916 zlwk u+2( ' 2f/

zkhq |( 	 f��/
_R(

_E*? |(�
' f�D� Iru f�� 	 |( 	 �ff/ wkh suhvvxuh ghulydwlyh lv wkh

vdph dv wkh vhpl0lq�qlwh fkdqqho ehkdylru> l1h1/ olqhdu  rz1 Zkhq |( : �ff/ wkh

ghulydwlyh fxuyh kdv d xqlw vorsh zklfk lqglfdwhv wkh svhxgrvwhdg| vwdwh  rz lq d

erxqghg uhvhuyrlu1

Wkh glphqvlrqohvv wlph/ |(c_e��/ zkhq
_R(

_E*? |(�
ghyldwhv iurp olqhdu  rz fdq

eh rewdlqhg e| htxdwlqj Ht1 G143 dqg Ht1 91; dv

|(c_e�� '
u2

+(

Z

�
� n �7

u%2(u+2(

u%(u+(

�
2

� +9145,

E| xvlqj wklv htxdwlrq/ wkh frpsxwhg glphqvlrqohvv wlphv dw zklfk olqhdu

 rz hqgv iru wkh fdvhv lq Ilj1 916 duh 2�HSD dqg �ef�e iru fdvhv ri u+2( ' 2 dqg

u+2( ' 2f uhvshfwlyho|1 Fkhfnlqj djdlqvw wkrvh fxuyhv lq Ilj1 916/ zh �qg wkdw wkh

wlphv wr wkh hqg ri olqhdu  rz glphqvlrqohvv wlph duh uhdvrqdeo| hvwlpdwhg1

Wkh fdvh ri ydu|lqj erwk u+( dqg u+2( wr dssurdfk wkh lq�qlwh fkdqqho kdv

ehhq yhul�hg dqg vkrzq dv Ilj1 9171 Wkh zhoo orfdwlrq lv E
u%(

2
c u+( � ��1 Olqhdu

fkdqqho  rz fdq eh revhuyhg zkhq u+( dqg u+2( duh odujh hqrxjk1 Wkh glphqvlrqohvv

wlph/ |(c_e�2/ zkhq
_R(

_E*? |(�
ghyldwhv iurp olqhdu  rz fdq eh hvwlpdwhg e| wkh iroorzlqj

htxdwlrq/

|(c_e�2 '
u2

+(

eZ

�
� n �7

u%2(u+2(

u%(u+(

�
2

� +9146,
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Changing the size of Region 2 to resemble a rectangular reservoir
 Region 1: L xD X LyD=1 X 1.  Ly2D is changing, L x2D=1, CT=1, CS=1 (Ly2D=L y2D)
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Bounded, 1 x 1
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Iljxuh 916= Pdqlsxodwlqj wkh vl}h ri Uhjlrq 5 wr uhvhpeoh wkh uhvsrqvhv ri d zhoo

orfdwhg lq d uhfwdqjxodu uhvhuyrlu
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Changing the size of Region 1 & 2 to resemble a channel reservoir
well at (L xD/2,  LyD-1), Lx2D=LxD=1, CT=1, CS=1, Ly2D=LyD
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Iljxuh 917= Vlpxodwlqj wkh fkdqqho ehkdylruv e| vhwwlqj wkh zhoo dw Eu%(
2
c u+( � ��
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91516 Dssur{lpdwlrq ri ohdn| idxow lq�qlwh uhvhuyrluv

Lq wklv fdvh/ wkh 50G vl}hv ri Uhjlrq 4 dqg Uhjlrq 5 duh lqfuhdvhg lq erwk wkh

{0gluhfwlrq dqg |0gluhfwlrq sursruwlrqdoo| wr vlpxodwh wkh ehkdylru ri d zhoo orfdwhg

lq d ohdn| idxow uhvhuyrlu1 Wkh ohjhqg ri Ilj1 918 lv h{suhvvhg lq whupv ri u%( � u+(

+ru/ u%2( � u+2(c vlqfh wkh| duh wkh vdph lq wklv fdvh,1 Wkh glvwdqfh iurp zhoo wr

wkh idxow/ u_/ lv vhohfwhg dv wkh fkdudfwhulvwlf ohqjwk dv zdv grqh lq wkh ohdn| idxow

uhvhuyrlu sureohp1 Ilj1 918 vkrzv wkh odwh ghulydwlyh fdq eh suhglfdwhg e| Ht1 91;

dqg lw lv vwloo d xqlw vorsh olqh1 Wkh fruuhvsrqglqj wrwdo  xlg lqmhfwlrq udwh iurp

Uhjlrq 5 lv vkrzq lq Ilj1 9191 Dv Ht1 91< lqglfdwhv/ wkh odwh wlph lqmhfwlrq udwh lv

grplqdwhg e| wkh vl}hv ri wkrvh wzr uhjlrqv1 Lq wklv fdvh doo fxuyhv jr wr d xqlw ydoxh

dw odwh wlph vlqfh
u%( � u+(

u%2( � u+2(

' �c dqg �7 ' ��

Dq h{dplqdwlrq ri Ilj1 918 lq ghwdlo lv jlyhq lq Ilj1 91: dqg dovr vkrzv xv

krz wkh ohdn| idxow lq�qlwh uhvhuyrlu ehkdylruv duh ehlqj dssurdfkhg1 Doo ghulydwlyh

fxuyhv duh vxshusrvhg rq wkh ohdn| idxow uhvhuyrlu fxuyh ri u�( ' � lq wklv fdvh1

Uhihuulqj wr wkh fxuyh ri u�( ' � lq Ilj1 617/ wkh lqwhjudwlrq ri ohdn| idxow uhvhuyrlu

dqg frppxqlfdwlqj erxqghg uhvhuyrlu lq rxu vlpxodwlrq prgho ehfrphv dssduhqw1

Wkh gdvkhg olqhv lq wklv �jxuh duh sorwwhg wr frpsduh wkh ehkdylruv ri d zhoo orfdwhg

lq d erxqghg uhvhuyrlu +zlwkrxw d idxow, ri wkh vdph vl}h1 Wkhlu ghulydwlyh zloo uhpdlq

dv 318 ehiruh ihholqj wkh lq xhqfh iurp wkh erxqgdulhv1 Wkh gldjqrvwlf sur�oh lv vkrzq

lq Ilj1 91;1

Wkh glphqvlrqohvv wlph/ |(c_e��/ zkhq
_R(

_ *? |(
ghyldwhv iurp wkh ghulydwlyh

fxuyh ri wkh ohdn| idxow uhvhuyrlu fdq eh ghulyhg e| htxdwlqj Ht1 6149 dqg Ht1 91;>

wklv |lhogv

|(c_e�� '
u%(u+( n �7u%2(u+2(

2Z E� n �A �
+9147,

'
u%(u+(

2Z E� n �A �

�
� n �7

u%2(u+2(

u%(u+(

�
� +9148,
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The sizes of bounded reservoirs approach infinite
CT=1, CS=1, LwD=1, Ld=1, LxD=Lx2D=LyD=Ly2D
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Iljxuh 918= Lqfuhdvlqj wkh vl}hv ri Uhjlrq 4 dqg Uhjlrq 5 htxlydohqwo| wr dssurdfk

wkh ohdn| idxow lq�qlwh uhvhuyrlu
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The injection rate between this two bounded reservoirs
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Iljxuh 919= Wkh wrwdo  xlg lqmhfwlrq udwh frpsduhg zlwk ohdn| idxow lq�qlwh uhvhuyrlu
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The comparison of the communicating bounded reservoirs and the same size 
homogeneous bounded reservoirs(without fault)

CT=1, CS=1, LwD=1, Ld=1, LxD=Lx2D=LyD=Ly2D
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Iljxuh 91:= Frpsdulvrq ri frppxqlfdwlqj erxqghg uhvhuyrluv dqg �ohdn|0idxow� uhvhu0

yrluv
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Iru Ilj1 91;/ wkh |(c_e�� ydoxh hvwlpdwh lv S��SS zklfk lv odujhu wkdq wkh dfwxdo ghyl0

dwlrq wlph +durxqg 5313,1 Uhihuulqj wr Ilj1 616/ zh nqrz wkdw
_R(

_E*? |(�
dssurdfkhv

wkh dv|pswrwlf olplw ri
�

� n �A

yhu| vorzo|1 Wkhuhiruh wkh hvwlpdwh |(c_e�� zloo ryhu0

hvwlpdwh wkh dfwxdo ydoxh1

Olqh e lv wkh ghulydwlyh fxuyh ri d erxqghg xqlw yroxph uhvhuyrlu/ zklfk

glvsod|v d xqlw vorsh� Olqh � lv wkh odwh wlph dssur{lpdwlrq ri wkh erxqghg ohdn|

idxow uhvhuyrlu1 Fkrrvlqj srlqw D/ +41:/ 4313,/ dqg srlqw E/ +463313/ 4313,/ rq olqh 7

dqg olqh 6 dw wkh vdph
_R(

_E*? |(�
ydoxh/ uhvshfwlyho| dqg dsso|lqj wkh uhodwhg htxdwlrqv

lq Dsshqgl{ G/ zh kdyh

u%(u+( n �7u%2(u+2( '
|(cRJ�?|c�

|(cRJ�?|c�

+9149,

' .Se�.� +914:,

Li zh vwloo xvh �7 ' �/ wkhq wkh hvwlpdwhg yroxph lv .Se�. dqg wkh dfwxdo

yroxph lv 2f� 2fn 2f � 2f ' Hff� Wkh huuru lv e�eI�

91517 Dssur{lpdwlrq ri whh0vkdshg uhvhuyrluv

Wkh whh0vkdshg uhvhuyrluv fdq dovr eh dssurdfkhg e| lqfuhdvlqj u+( dqg

u%2(1 Lq rughu wr frpsduh zlwk wkh uhvxowv lq Fkdswhu 7/ wkh glvwdqfh iurp wkh zhoo

wr wkh whh0fkdqqho/ u_/ lv fkrvhq dv wkh fkdudfwhulvwlf ohqjwk1 Ohw �A ' �7 ' �- ' �

lq wklv fdvh1 Frqvlghulqj wkh u+( ' effc u%2( ' eff lq Ilj1 91< dv dq h{dpsoh/ dv

|( 	 f��c
_R(

_E*? |(�
' f�D� Iru f�� 	 |( 	 �fe/ wkh suhvvxuh ghulydwlyh lv wkh vdph

dv wkh ehkdylru ri d whh0vkdshg uhvhuyrlu1 Zkhq |( : �fe/ wkh ghulydwlyh fxuyh lv

judgxdoo| lqfuhdvlqj wr d xqlw vorsh zklfk lqglfdwhv d erxqghg uhvhuyrlu1 Wkh whh0

vkdshg uhvhuyrlu fxuyh lv wkh rqh vkrzq lq Ilj1 718 dqg Ilj1 71:1

Wkh wrwdo glphqvlrqohvv lqmhfwlrq udwh iurp wkh yhuwlfdoo|0iudfwxuhg �lqmhf0

wlrq� zhoo lv sorwwhg lq Ilj1 91431 Dw odwh wlph svhxgrvwhdg| vwdwh  rz lv dwwdlqhg
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Diagnostic profile for the approximation of leaky fault reservoir
CT=1, CS=1,  LxD=Lx2D=LyD=Ly2D=20, LwD=1, Ld=1  (LxD=L xD,  Lx2D=L x2D)
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Iljxuh 91;= Gldjqrvwlf sur�oh iurp wkh dssur{lpdwlrq ri ohdn| idxow uhvhuyrlu
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Approximation of tee-shaped reservoirs
CT=1, CS=1, LxD=LwD=1, Ly2D=1  (LyD=L yD, Lx2D=L x2D)
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Iljxuh 91<= Dssurdfklqj whh0vkdshg uhvhuyrluv e| fkdqjlqj u+( dqg u%2( sursruwlrq0

doo|

vlqfh 's( lv forvh wr 41 Qrwlfh wkdw wkh gl�huhqfhv ehwzhhq Ilj1 9143 dqg Ilj1 919

duh ehfdxvh ri wkh gl�huhqw erxqgdu| frqglwlrqv1

Lq Ilj1 9144/ olqh � lv wkh odwh wlph ehkdylru ri wkh yhuwlfdo fkdqqho/ olqh 2 lv

wkh odwh0wlph ghulydwlyh dssur{lpdwlrq ri whh0vkdshg uhvhuyrlu dqg olqh � lv wkh odwh

wlph dssur{lpdwlrq ri wkh zkroh erxqghg v|vwhp1 Fxuyh e lv wkh ghulydwlyh ri d whh0

vkdshg uhvhuyrlu dqg olqh D lv wkh
_R(

_E*? |(�
fxuyh ri d erxqghg xqlw yroxph uhvhuyrlu

zklfk kdv d xqlw vorsh1 Wkh glphqvlrqohvv wlph/ |(c_e�e/ zkhq
_R(

_E*? |(�
ghyldwhv iurp

wkh ghulydwlyh fxuyh ri wkh whh0vkdshg uhvhuyrlu fdq eh ghulyhg e| htxdwlqj Ht1 G167

dqg Ht1 91;> wkh h{suhvvlrq iru wklv wlph lv
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Total dimensionless injection rate when approaching tee-shaped reservoirs
CT=1, CS=1, LxD=LwD=1, Ly2D=1  (LyD=L yD, Lx2D=L x2D)
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|(c_e�e '
�

Z

�
u%(u+( n �7u%2(u+2(

u%( n 2
s
�A�7u+2(

�
2

+914;,

zkhuh u_ lv gh�qhg dv wkh fkdudfwhulvwlf ohqjwk1 Xvlqj wkh frqglwlrqv lq Ilj1 9144/

wkh |(c_e�e ydoxh hvwlpdwh lv 22�Se zklfk lv d jrrg hvwlpdwh ri wkh dfwxdo ghyldwlrq

wlph1 Zh kdyh qrwlfhg wkdw/ ehiruh |(c_e�e wkh ghulydwlyh fxuyh fdq eh uhsurgxfhg

vxffhvvixoo| e| whh0vkdshg uhvhuyrlu prgho1

Uhihuulqj wr Olqhv D dqg �/ Ht1 9149 lv dssolfdeoh1 Dsso|lqj wkh vdph phwkrg

wr srlqw F rq olqh 4 dqg srlqw ( rq olqh 5/ zloo jlyh xv

s
�A�7u+2( '

v
|(cRJ�?|c(

|(cRJ�?|c�

� �

2
+914<,

dqg

u%(u+( n �7u%2(u+2( '
|(cRJ�?|c�

|(cRJ�?|c�

� +9153,

91518 Dssur{lpdwlrq ri wzr frppxqlfdwlqj sdudooho fkdqqhov

E| lqfuhdvlqj u%( dqg u%2(/ rxu prgho fdq dssurdfk wkh fdvh ri k|gudxolf

frppxqlfdwlrq ehwzhhq wzr sdudooho fkdqqhov1 Wr frpsduh zlwk wkh uhvxowv lq Fkds0

whu 8/ u+( lv fkrvhq dv wkh fkdudfwhulvwlf ohqjwk1 Frqvlghulqj Ilj1 9145/ sdudooho

fkdqqho ehkdylru lv dssurdfkhg dw yhu| odujh u%( dqg u%2( ydoxhv1 Wkh uhodwhg wrwdo

lqmhfwlrq udwh lv vkrzq lq Ilj1 91461 Frpsdulqj wklv �jxuh zlwk Ilj1 9143 vkrzv wkh

h�hfw ri erxqgdu| frqglwlrqv1 Qrwh wkdw wkh orzhvw fxuyh/ zklfk kdv d kdoi vorsh/

ghqrwhg dv �sdudooho fkdqqhov� lq Ilj1815/ lv rqh ri wkh olplwlqj fdvhv lq Ilj1 8151

Lq Ilj1 9147/ zh irfxv rq wkh dqdo|vlv ri wkh olqh zlwk vkdghg flufohv1 Wklv olqh

zdv frpsxwhg iru d erxqghg frppxqlfdwlqj sdudooho fkdqqho v|vwhp zlwk �A ' �f/
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Diagnostic profile for communication between bounded reservoir
CT=1, CS=1, LxD=LwD=1, Ly2D=1, LyD=L yD=40,  Lx2D=L x2D=40
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Iljxuh 9144= Gldjqrvwlf sur�oh iru frppxqlfdwlqj erxqghg uhvhuyrluv
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�7 ' �/ u+( ' u+2( ' �/ u�( ' �/ u%( ' u%( ' eff dqg u%2( ' u%2( ' eff/

dv vwdwhg lq Ilj1 91471 Wkh zhoo lv orfdwhg dw wkh fhqwhu ri wkh orzhu krul}rqwdo

fkdqqho dqg lv glvsodfhg iurp wkh fhqwhu ri wkh jds zlwk d glphqvlrqohvv glvwdqfh 2/

l1h1/ f(T ' 21 Olqh D lv wkh odwh wlph ghulydwlyh ehkdylru ri wklv fdvh1 Olqh � lv wkh

ehkdylru ri d zhoo orfdwhg dw wkh fhqwhu ri d erxqghg xqlw yroxph/ +glphqvlrqohvv vl}h

lv �� �,/ uhvhuyrlu1 Olqh 2 lv wkh ehkdylru ri d zhoo/ orfdwhg dw wkh fkdqqho fhqwhu/ lq

d fkdqqho zklfk kdv d glphqvlrqohvv zlgwk 41 Olqh � lv wkh ehkdylru ri d zhoo lq dq

lq�qlwh sdudooho fkdqqho v|vwhp/ zkhuh wkh orzhu dqg xsshu erxqghg fkdqqhov kdyh

d glphqvlrqohvv zlgwk � dqg �A ' �f lv dvvxphg1 Olqh e lv wkh odwh wlph ghulydwlyh

dssur{lpdwlrq ri wkh wzr lq�qlwh sdudooho fkdqqhov zlwk wkh fruuhvsrqglqj surshuwlhv1

Zkhq |( 	 �f2/ olqh � pdwfkhv zlwk wkh grwwhg flufoh olqh yhu| zhoo1 Wkh

glphqvlrqohvv wlph/ |(c_e�D/ zkhq
_R(

_E*? |(�
ghyldwhv iurp wkh ghulydwlyh fxuyh ri wkh

sdudooho fkdqqho uhvhuyrlu/ lv jlyhq e| htxdwlqj Ht1 91; dqg Ht1 G18:

|(c_e�D '
�

eZ

�
u%( n �7u%2(u+2(

� n
s
�A�7u+2(

�
2

+9154,

zkhuh u+ lv gh�qhg dv wkh fkdudfwhulvwlf ohqjwk dqg u+( ' �1

Lq Ilj1 9147/ dv ehiruh/ iurp olqh 4 dqg 8 zh kdyh

u%(u+( n �7u%2(u+2( '
|(cRJ�?|c�

|(cRJ�?|c�

+9155,

dqg iurp olqh 5 dqg 7/ zh jhw

s
�A�7u+2( '

v
|(cRJ�?|c(

|(cRJ�?|c�

� �� +9156,

Lq wklv fdvh/ Srlqw �/ Srlqw �/ Srlqw � dqg Srlqw ( duh uhdg dv E�S�fc �ff�f�c

E��fff�fc �ff�f�c E���fc �f�f� dqg ED�f�fc�f�f�c uhvshfwlyho|1 Dsso|lqj Ht1 9155 zh

kdyh
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u%(u+( n �7u%2(u+2( '
��fff

�S�f
� � ' H���D� +9157,

Wkh uhdo yroxph lv eff � � n eff � � ' Hff� Wkhq wkh huuru ri wkh deryh hvwlpdwh lv

��eI� Dsso|lqj Ht1 9156 zh kdyh

s
�A�7u+2( '

v
|(cRJ�?|c(

|(cRJ�?|c�

� � '

u
D�f�f

���f
� � ' ����D� +9158,

Li zh vwloo dvvxph �7 ' � dqg u+2( ' � lq Ht1 9158/ zh kdyh d hvwlpdwh ri

�A ydoxh dv b�H�1 Frpsdulqj wr wkh uhdo ydoxh/ �A ' �f/ wkh huuru lv ��.I�

91519 Dssur{lpdwlrq ri fkdqqho0vsod| uhvhuyrluv

Wkh ehkdylruv ri wkh fkdqqho0vsod| uhvhuyrluv dv zh kdyh vwxglhg lq Fkdswhu

8 fdq eh dssurdfk e| rxu frppxqlfdwlqj erxqghg uhvhuyrluv prgho1 Ilj1 9148 vkrzv

wkh fkdqqho0vsod| uhvhuyrlu dssur{lpdwlrq zkhq u%( lv lqfuhdvhg1 Wkh vl}h ri wkh vsod|

lq Ilj1 9148 lv fkrvhq dv u%2( � u+2( ' � � �� Ilj1 9149 lv wkh uhodwhg glphqvlrqohvv

lqmhfwlrq udwh iurp wkh vsod| sduw1 Wdnh wkh gdvkhg olqhv/ zlwk u%( ' efc dv dq

h{dpsoh> iru |( 	 f��/
_R(

_E*? |(�
' f�D� Iru f�� 	 |( 	 �f/ wkh suhvvxuh ghulydwlyh

h{klelwv wkh vdph ehkdylru dv d fkdqqho0vsod| uhvhuyrlu1 Iru �f 	 |( 	 �f2/ wkh

suhvvxuh ghulydwlyh lqglfdwhv olqhdu +fkdqqho,  rz/ l1h1/ kdoi vorsh1 Zkhq |( : �f2/

wkh ghulydwlyh fxuyh judgxdoo| dssurdfkhv d xqlw vorsh zklfk lqglfdwhv d erxqghg

uhvhuyrlu1

Wkh glphqvlrqohvv wlph/ |(c_e�S/ zkhq wkh
_R(

_E*? |(�
fxuyh ghyldwhv iurp wkdw

ri fkdqqho dqg vsod| uhvhuyrlu/ lv wkh furvv srlqw ri olqh 4 dqg olqh 6 +ru 5,/ dqg fdq

eh ghwhuplqhg e| htxdwlqj Ht1 91; dqg Ht1 G173 dv

|(c_e�S '
u2

%(

eZ
+9159,
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Approximation of communicating parallel channels
CT=1, CS=1, LyD=Ly2D=1, LwD=1  (LxD=L xD, Lx2D=L x2D)
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Iljxuh 9145= Dssur{lpdwlrq ri wzr frppxqlfdwlqj sdudooho fkdqqhov e| lqfuhdvlqj

u%( dqg u%2(
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Total dimensionless injection rate when approaching  parallel channels
CT=1, CS=1, LyD=Ly2D=1, LwD=1  (LxD=L xD, Lx2D=L x2D)
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Iljxuh 9146= Wrwdo lqmhfwlrq udwh zkhq lqfuhdvlqj u%( dqg u%2( wr dssurdfk frppx0

qlfdwlqj sdudooho fkdqqhov



445

Diagnostic profile for bounded communicating parallel channels
CT=10, CS=1, XDV=2, LyD=Ly2D=1, LwD=1,  LxD=L xD=400, Lx2D=L x2D=400
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Iljxuh 9147= Wkh gldjqrvwlf sur�oh iru wkh fdvh ri wzr erxqghg frppxqlfdwlqj sdu0

dooho fkdqqhov/ f(T ' 2
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Increasing L xD to approach channel-splay reservoir
CT=1, CS=1, LyD=Ly2D=1, Lx2D=1

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07

Dimensionless Time,  t D

P
D
,  

 d
P

D
/d

(ln
t D

)

LxD=1

LxD=1

Channel Only

Channel Only

LxD=4

LxD=4

LxD=40

LxD=40

LxD=400

LxD=400

Channel-Splay Reservoir

Channel-Splay Reservoir

k2

k1

LxD

Iljxuh 9148= Dssurdfklqj fkdqqho0vsod| uhvhuyrluv e| lqfuhdvlqj u%(

zkhuh u+ lv gh�qhg dv wkh fkdudfwhulvwlf ohqjwk dqg u+( ' �1 Ht1 9149 lv vwloo

dssolfdeoh khuh1
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The total injection rate when L xD is increased to approach channel-splay reservoir
CT=1, CS=1, LwD=1,  LyD=Ly2D=1, Lx2D=1  (LxD=L xD)
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Diagnostic profile for the case of  approaching channel-splay reservoir
CT=1, CS=1, LyD=Ly2D=1, Lx2D=1,  LxD=40
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Iljxuh 914:= Wkh gldjqrvwlf sur�oh iru wkh fdvh ri fkdqqho vsod| uhvhuyrlu dssur{lpd0

wlrq/ u%( ' ef



FKDSWHU YLL

FRQFOXVLRQV

Lq wklv glvvhuwdwlrq/ zh kdyh ghvfulehg d jhqhudo phwkrg ri prgholqj suhvvxuh

gursv lq frpsoh{ uhvhuyrluv w|slfdo ri wkrvh irxqg lq  xyldo0ghowdlf hqylurqphqwv1 Wkh

phwkrg frqvlvwv ri ghfrpsrvlqj wkh frpsoh{ uhvhuyrlu lqwr d vhulhv ri vlpsoh0jhrphwu|

krprjhqhrxv uhvhuyrluv iru zklfk dqdo|wlfdo vroxwlrqv duh uhdglo| rewdlqdeoh/ wkhq

frxsolqj wkh v|vwhpv dw wkh }rqhv ri k|gudxolf frqwdfw1 Wkh uhvxowlqj v|vwhp ri

htxdwlrqv duh vroyhg lq Odsodfh vsdfh iru wkh  rz ehwzhhq wkh frxsohg uhvhuyrlu

v|vwhpv1 Vlqfh dqdo|wlfdo Odsodfh wudqvirupv duh qrw jhqhudoo| dydlodeoh iru suhvvxuh

gursv zulwwhq lq whupv ri vrxufh2vlqn ixqfwlrqv/ zh kdyh kdg wr uhvruw wr qxphulfdo

Odsodfh wudqvirup whfkqltxhv1 Lq Dsshqgl{ D/ zh surylgh d frpsohwh vhw ri vrxufh

ixqfwlrqv iru dq| v|vwhp lq whupv ri Hoolswlf Wkhwd ixqfwlrqv ^45`1 Zh dovr surylgh

d qhz whfkqltxh ri �qglqj Odsodfh wudqvirupv ri wkh surgxfwv ri wkhvh ixqfwlrqv

+wkdw dulvh lq jhqhudo suhvvxuh vroxwlrqv,/ wkdw surylghv wkh dffxudf| uhtxluhg iru rxu

frpsxwdwlrqv dw d uhdvrqdeoh vshhg1

Zh kdyh suhvhqwhg uhvxowv iru d ydulhw| ri gl�huhqw frpsoh{0jhrphwu| v|v0

whpv= d zhoo lq d vhpl0lq�qlwh v|vwhp zlwk d ohdn| idxow wkdw doorzv  xlg wudqvihu

iurp dqrwkhu vhpl0lq�qlwh v|vwhp/ d zhoo lq rqh eudqfk ri d whh0vkdshg uhvhuyrlu/ d

zhoo lq fkdqqho dqg vsod| uhvhuyrlu/ dqg d zhoo lq frppxqlfdwlqj erxqghg uhvhuyrlu1

Iru hdfk ri wkhvh v|vwhpv/ zh kdyh surylghg dv|pswrwlf h{suhvvlrqv iru orqj0wlph

suhvvxuh ghulydwlyh ehkdylru1 Zh kdyh vkrzhg wkdw rxu frpsxwhg suhvvxuh uhvsrqvhv

djuhh idyrudeo| zlwk wkh dv|pswrwlf h{suhvvlrqv/ dqg zlwk zhoo0nqrzq dqdo|wlf uhvxowv

lq olplwlqj fdvhv zkhuh wkh frpsoh{ v|vwhpv vkrxog sk|vlfdoo| dssurdfk wkh uhvsrqvh

ri vlpsoh0jhrphwu| v|vwhpv1
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^4` K1 Vwhkihvw/ Qxphulfdo Lqyhuvlrq ri Odsodfh Wudqvirupv/ Frppxqlfdwlrqv ri

DFP 46/ Qr1 4/ 7:�7< +4<:3,1

^5` O1 Oduvhq/ Suhvvxuh Wudqvlhqw Ehkdylru ri Uhvhuyrlu Iruplqj d Sdwwhuq ri Frx0

sohg Olqhdu Vhjphqwv/ lq sdshu VSH 5978< suhvhqwhg dw wkh 9;wk Dqqxdo Whfk0

qlfdo Frqihuhqfh dqg H{klelwlrq ri wkh Vrflhw| ri Shwurohxp Hqjlqhhuv/ Krxv0

wrq/W[/ Rfw1 609/ 4<<61

^6` O1 Oduvhq/ Suhvvxuh Wudqvlhqw Ehkdylru ri Zhoov Surgxflqj iurp Frpsoh{ Sdw0

whuq ri Lqwhufrqqhfwhg Olqhdu Vhjphqwv/ lq sdshu VSH 6987< suhvhqwhg dw wkh

Dqqxdo Whfkqlfdo Frqihuhqfh dqg H{klelwlrq ri wkh Vrflhw| ri Shwurohxp Hqjl0

qhhuv/ Ghqyhu/ FR1 Rfw1 90</ 4<<91

^7` J1 Vwhzduw/ D1 Jxswd/ dqg S1 Zhvwdzd|/ Wkh Lqwhusuhwdwlrq ri Lqwhuihuhqfh Whvwv

lq d Uhvhuyrlu zlwk Vhdolqj dqg Sduwldoo| Frppxqlfdwlqj Idxowv/ lq sdshu VSH

45<9: suhvhqwhg dw wkh 4<;7 Hxurshdq Shwurohxp Frqihuhqfh/ Orqgrq/ Hqjodqg/

Rfw15805;/ 4<;71

^8` O1 P1 \d{oh|/ H�hfw ri Sduwldoo| Frppxqlfdwlqj Idxow rq Wudqvlhqw Suhvvxuh

Ehkdylru/ VSH Irupdwlrq Hydoxdwlrq / 8<3�8<8 +4<;:,1

^9` D1 N1 Dpedvwkd/ S1 J1 PfOhur|/ dqg D1 V1 Judghu/ Wkh Lqwhusuhwdwlrq ri Lqwhu0

ihuhqfh Whvwv lq d Uhvhuyrlu zlwk Vhdolqj dqg Sduwldoo| Frppxqlfdwlqj Idxowv/

VSH Irupdwlrq Hydoxdwlrq / 543�54; +4<;<,1
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^:` P1 G1 Deedv}dghk dqg K1 Flqfr0Oh|/ Suhvvxuh Wudqvlhqw Ehkdylru lq d Uhvhuyrlu

zlwk d Ilqlwh0Frqgxfwlylw| Idxow/ lq VSH sdshu 57:37 suhvhqwhg dw wkh 4<<5 Dq0

qxdo Whfkqlfdo Frqihuhqfh dqg H{klelwlrq ri wkh Vrflhw| ri Shwurohxp Hqjlqhhuv/

Zdvklqjwrq GF/ Rfw1 70:/ 4<<51

^;` D1 Vdkql dqg G1 J1 Kdw}ljqdwlrx/ Suhvvxuh Wudqvlhqw Dqdo|vlv lq Pxowlod|huhg

Idxowhg Uhvhuyrluv/ lq sdshu VSH 5<9:7 suhvhqwhg dw wkh 4<<8 Zhvwhuq Uhjlrq
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^<` P1 G1 Deedv}dghk dqg K1 Flqfr0Oh|/ Lqwhuihuhqfh Whvwlqj lq Uhvhuyrluv Zlwk

Frqgxfwlyh Idxowv ru Iudfwxuhv/ lq sdshu VSH 6;<74 suhvhqwhg dw wkh 4<<: Dqqxdo

Whfkqlfdo Frqihuhqfh dqg H{klelwlrq ri wkh Vrflhw| ri Shwurohxp Hqjlqhhuv/ Vdq

Dqwrqlr/ W[/ Rfw1 80;/ 4<<:1

^43` O1 Wkrpsvrq dqg N1 Whphqj/ Dxwrpdwlf W|sh0Fxuyh Pdwfklqj iru Krul}rqwdo

Zhoov/ LqVlwx 4;/ Qxpehu 5/ 53<�575 +4<<7,1

^44` P1 Rqxu dqg D1 Uh|qrogv/ Zhoo Whvwlqj Dssolfdwlrqv ri Qxphulfdo Odsodfh

Wudqvirupdwlrq ri Vdpsohg Gdwd/ lq sdshu VSH 69887 suhvhqwhg dw wkh Dq0

qxdo Whfkqlfdo Frqihuhqfh dqg H{klelwlrq ri wkh Vrflhw| ri Shwurohxp Hqjlqhhuv/

Ghqyhu/ FR1 Rfw1 90</ 4<<91

^45` I1 Rehukhwwlqjhu dqg O1 Edgll/ Wdeoh ri Odsodfh Wudqvirupv/ Vsulqjhu0Yhuodj/

Qhz \run/ 4<:61

^46` Z1 W1 Y1 Zlooldp K1 Suhvv/ Vdxo D1 Whxnrovn| dqg E1 S1 Iodqqhu|/ Qxphulfdo

Uhflslhv lq F 0 Wkh Duw ri Vflhqwl�f Frpsxwlqj/ Fdpeulgjh Xqlyhuvlw| Suhvv/

4<<51

^47` P1 Deudprzlw} dqg L1 D1 Vwhjxq/ Kdqgerrn ri Pdwkhpdwlfdo Ixqfwlrqv Zlwk
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Irupxodv/ Judskv/ dqg Pdwkhpdwlfdo Wdeohv/ Xqlwhg Vwdwhv Ghsduwphqw ri Frp0

phufh/ Qdwlrqdo Exuhdx ri Vwdqgdugv Dssolhg Pdwkhpdwlfv Vhulhv 88/ 4<:51



QRPHQFODWXUH

�| @ wkh wrwdo frpsuhvvlelolw| ri wkh uhvhuyrlu/ 42svl1

� @ wkh wklfnqhvv ri wkh uhvhuyrlu/ iw1

& @ wkh shuphdelolw| ri wkh uhvhuyrlu/ pg1

, @ wkh fkdudfwhulvwlf ohqjwk/ iw1

us @ wkh kdoi ohqjwk ri wkh iudfwxuh/ iw1

RE%c +c |� @ suhvvxuh gurs dw E%c +�/ svl1

^f( @ surgxfwlrq ru lqmhfwlrq udwh ri wkh zhoo/ ue2gd|1

^s( @ surgxfwlrq ru lqmhfwlrq  x{ ri wkh iudfwxuh zhoo/ ue2iw2gd|1

's( @ surgxfwlrq ru lqmhfwlrq udwh ri wkh iudfwxuh zhoo/ ue2gd|1

| @ wkh wlph yduldeoh/ lq gd|v1

% @ wkh krul}rqwdo frruglqdwh/ iw

+ @ wkh yhuwlfdo frruglqdwh/ iw

# @ wkh gl�xvlylw| ri wkh uhvhuyrlu1

� @ wkh srurvlw| ri wkh uhvhuyrlu1
453



454

u%( @ wkh glphqvlrqohvv zlgwk ri wkh yhuwlfdo fkdqqho1

u+( @ wkh glphqvlrqohvv zlgwk ri wkh krul}rqwdo fkdqqho1

^s( @ wkh glphqvlrqohvv  x{ glvwulexwlrq ri wkh iudfwxuh sodqh1

%�

( @ wkh { gluhfwlrq frruglqdwh ri wkh zhoo srvlwlrq1

+�

( lv wkh | gluhfwlrq frruglqdwh ri wkh zhoo srvlwlrq1

+��

( @ wkh | gluhfwlrq frruglqdwh ri wkh lpdjh zhoo srvlwlrq1

%(c- @ wkh uljkw kdqg vlgh srlqw ri wkh iudfwxuh sodqh1

%(cu @ wkh ohiw kdqg vlgh srlqw ri wkh iudfwxuh sodqh1

+s( @ wkh | gluhfwlrq frruglqdwh ri wkh iudfwxuh sodqh1



DSSHQGL[ D

FRPSXWDWLRQDO WHFKQLTXHV 0 VRXUFH IXQFWLRQV LQ LQILQLWH

DQG ERXQGHG V\VWHPV

D14 Rqh0Glphqvlrqdo Vrxufh Ixqfwlrqv

Wkh iroorzlqj olvwv rqh0glphqvlrqdo vrxufh ixqfwlrqv lq lq�qlwh dqg erxqghg

v|vwhpv zlwk d ydulhw| ri erxqgdu| frqglwlrqv1 Zkhuh srvvleoh/ wkh vrxufh ixqfwlrqv

duh h{suhvvhg lq whupv ri wkh hoolswlf wkhwd ixqfwlrqv^45` w2 E5c |� dqg w� E5c |� zkhuh
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Zh dovr ghqrwh wkh ohdglqj whup ri Ht1 D14d dqg Ht1 D15d +l1h1/ zkhq

? ' f, dv wu E5c |� c

wu E5c |� '
�s
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i T

�
�52

|

�
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Lq�qlwh V|vwhp= +u% lv duelwudu|,1

{Rr E%c %
�c |c �� '

_%�

2u%

wu

�
%� %�

2u%

c
# E|� � �

u2
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�
+D18,

Vhpl0Lq�qlwh +zlwk vhdolqj idxow dw % ' f, +u% lv duelwudu|,1
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Vhpl0Lq�qlwh +zlwk frqvwdqw suhvvxuh dw % ' f,

{Rr E%c %
�c |c � � '

_%�

2u%

�
wu

�
%� %�

2u%

c
# E|� � �
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Erxqghg e| vhdolqj idxowv dw % ' f dqg % ' u%
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c
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+D1;,

Erxqghg e| d vhdolqj idxow dw % ' f dqg frqvwdqw suhvvxuh erxqgdu| dw

% ' u%

{Rr E%c %
�c |c � � '
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2u%

�
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c
# E|� � �

u2
%

�
n w2

�
%n %�

2u%

c
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%
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+D1<,

Erxqghg e| d frqvwdqw suhvvxuh erxqgdu| dw % ' f dqg d vhdolqj idxow dw

% ' u%

{Rr E%c %
�c |c � � '

_%�

2u%

�
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c
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Erxqghg e| frqvwdqw suhvvxuh erxqgdulhv dw % ' f dqg % ' u%

{Rr E%c %
�c |c � � '
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c
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Iru d xqlirup  x{ olqh vrxufh ehwzhhq %� 	 %� 	 %2c wkh vrxufh ixqfwlrqv duh

h{suhvvhg lq whupv ri lqwhjudov ri hoolswlf wkhwd ixqfwlrqv1 Wr rxu nqrzohgjh/ wkhuh lv

qr vwdqgdug qrwdwlrq iru wkhvh ixqfwlrqv/ vr zh lqwurgxfh wkh iroorzlqj qrwdwlrq=
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X� E5c |� '
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Xu E5c |� '
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2
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�
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�
+D147,

Lq sduwlfxodu/ vlqfh rxu ixqfwlrqv zloo lqyroyh lqwhjudov ri hoolswlf wkhwd ixqf0

wlrqv ehwzhhq wzr �{hg srlqwv/ zh zloo hpsor| wkh qrwdwlrq=

eX2 E5�c 52c |� ' X2 E52c |��X2 E5�c |� +D148,

eX� E5�c 52c |� ' X� E52c |��X� E5�c |� +D149,

eXu E5�c 52c |� ' Xu E52c |��Xu E5�c |� +D14:,

Lq�qlwh V|vwhp= +u% lv duelwudu|,1
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Vhpl0Lq�qlwh +zlwk vhdolqj idxow dw % ' f, +u% lv duelwudu|,1
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Vhpl0Lq�qlwh +zlwk frqvwdqw suhvvxuh dw % ' f, +u% lv duelwudu|,1
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Erxqghg e| vhdolqj idxowv dw % ' f dqg % ' u%
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Erxqghg e| d vhdolqj idxow dw % ' f dqg frqvwdqw suhvvxuh erxqgdu| dw

% ' u%
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Erxqghg e| d frqvwdqw suhvvxuh erxqgdu| dw % ' f dqg d vhdolqj idxow dw

% ' u%
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Erxqghg e| frqvwdqw suhvvxuh erxqgdulhv dw % ' f dqg % ' u%
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D15 Odsodfh Wudqvirup ri Surgxfwv ri Vrxufh Ixqfwlrqv

Lq zhoo0whvwlqj dssolfdwlrqv/ zh duh prvw lqwhuhvwhg lq �qglqj wkh Odsodfh

Wudqvirup +zlwk uhvshfw wr wlph, ri wkh wlph lqwhjudo ri surgxfwv ri wkh suhylrxvo|
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gh�qhg vrxufh ixqfwlrqv1 Wkdw lv/ d w|slfdo xqlw frqvwdqw0udwh suhvvxuh gurs vroxwlrq

dvvxphv wkh irup

{RS� E%c +c 5c |� '
D�S�D

�S|
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f

{Rr%

_%�
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_+�
{Rr5

_5�
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+Lq wkh fdvh zkhuh wkh srlqw vrxufh lv uhsodfhg e| d xqlirup  x{ olqh vrxufh/ iru

h{dpsoh lq wkh %0gluhfwlrq/
{Rr%

_%�
lq wkh deryh htxdwlrqv lv uhsodfhg e| {Rr,%�,

Hdfk ri wkh vrxufh ixqfwlrqv lq Ht1 D159 dvvxphv d xqltxh ixqfwlrqdo eh0

kdylru dw odwh wlph1 Lq wkh iroorzlqj/ 0 lv d vpdoo qxpehu rq wkh rughu ri pdfklqh

urxqg0r� huuru1 Wkh odwh0wlph irupv ri hdfk ri wkhvh ixqfwlrqv/ dv zhoo dv wkh wlphv

iru zklfk wkh odwh wlph dssur{lpdwlrqv duh ydolg/ duh olvwhg lq wkh iroorzlqj irupxodv1

+Wkh vxshuvfulsw �,� lq wkh iroorzlqj irupxodv uhihuv wr odwh wlph dssur{lpdwlrq1,

Srlqw Vrxufh/ Lq�qlwh V|vwhp=

{R,r E%c %
�c |� '

_%�

2
s
Z#|

+D15:,

iru | : � E%� %��2

e# *?E�� 0�
�

Srlqw Vrxufh/ Vhpl0Lq�qlwh +zlwk vhdolqj idxow dw % ' f,

{R,r E%c%
�c |� '

_%�s
Z#|

+D15;,

iru | : 4@ 

#
� E%� %��2

e# *?E�� 0�
c� E%n %��2

e# *?E� � 0�

$
�

Srlqw Vrxufh/ Vhpl0Lq�qlwh +zlwk frqvwdqw suhvvxuh dw % ' f,

{R,r E%c%
�c |� ' f +D15<,

iru | : 4@ 

#
� E%� %��2

e# *?E�� 0�
c� E%n %��2

e# *?E� � 0�

$
�



45:

Srlqw Vrxufh/ Erxqghg e| vhdolqj idxowv dw % ' f dqg % ' u%
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&
�

Olqh Vrxufh/ Vhpl0Lq�qlwh +zlwk vhdolqj idxow dw % ' f,

{R,r, E%c |� '
%2 � %�s

Z#|
+D168,

iru | : 4@ 

#
� E%2 � %�2

e# *?E�� 0�
c� E%� � %�2

e# *?E� � 0�
c� E%2 n %�2

e# *?E� � 0�
c� E%� n %�2

e# *?E�� 0�

$
�
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Olqh Vrxufh/ Vhpl0Lq�qlwh +zlwk frqvwdqw suhvvxuh dw % ' f,

{R,r, E%c |� ' f +D169,

iru | : 4@ 

#
� E%2 � %�2

e# *?E�� 0�
c� E%� � %�2

e# *?E� � 0�
c� E%2 n %�2

e# *?E� � 0�
c� E%� n %�2

e# *?E�� 0�

$
�

Olqh Vrxufh/ Erxqghg e| vhdolqj idxowv dw % ' f dqg % ' u%

{R,r, E%c |� '
%2 � %�

u%

+D16:,

iru | : �u2

% *? 0

Z2#
�

Olqh Vrxufh/ Erxqghg e| d vhdolqj idxow dw % ' f dqg frqvwdqw suhvvxuh

erxqgdu| dw % ' u%

{R,r, E%c |� ' f +D16;,

iru | : �eu
2

% *? 0

Z2#
�

Olqh Vrxufh/ Erxqghg e| d frqvwdqw suhvvxuh erxqgdu| dw % ' f dqg d

vhdolqj idxow dw % ' u%

{R,r E%c%
�c |� ' f +D16<,

iru | : �eu
2

% *? 0

Z2#
�

Olqh Vrxufh/ Erxqghg e| frqvwdqw suhvvxuh erxqgdulhv dw % ' f dqg % ' u%

{R,r E%c%
�c |� ' f +D173,

iru | : �eu
2

% *? 0

Z2#
�

D1514 Qxphulfdo surfhgxuh iru ghwhuplqdwlrq ri Odsodfh wudqvirupv

Ht1 D159 lv zulwwhq dv iroorzv=

{RS� '
D�S�D

�S|

|W]
f

{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�
_� n[c +D174,
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zkhuh

[ '
D�S�D

�S|

"]
|W

{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�
_�� +D175,

|W lv ghwhuplqhg dv iroorzv1 Li wkh v|vwhp frqwdlqv dw ohdvw rqh frqvwdqw suhvvxuh

erxqgdu| lq dq| frruglqdwh gluhfwlrq/ wkhq |W lv wkhplqlpxp wlph dw zklfk dq| ri wkh

vrxufh ixqfwlrqv dssurdfk }hur1 Li wkhuh duh qr frqvwdqw suhvvxuh erxqgdulhv/ |W lv wkh

plqlpxp wlph dw zklfk doo ri wkh vrxufh ixqfwlrqv dwwdlq wkhlu odwh0wlph ixqfwlrqdo

irupv1 Lq Ht1 D174/ wkh �uvw lqwhjudo lv ghwhuplqhg qxphulfdoo| xvlqj Fkhe|vkhy

lqwhjudwlrq ^46`1 Khuh/ zh eulh | ghvfuleh wkh surfhgxuh xvhg lq lwv hydoxdwlrq1

Ghwhuplqh wkh plqlpxp wlph dw zklfk wkh �uvw whup lq wkh h{srqhqwldo ru huuru

ixqfwlrq irupv ri dq| ri wkh ixqfwlrqv lq wkh surgxfw ehfrphv qrq0qhjoljleoh1

Frqvlghu dq duelwudu| hoolswlf wkhwd ixqfwlrq ru lqwhjudo ri dq hoolswlf wkhwd

ixqfwlrq ri wkh irup w� E5�c k�|� c zkhuh

w� 5 iw2c w�cX2cX�j +D176,

Dw vpdoo ydoxhv ri wlph/ wkh ohdglqj whupv lq hdfk ri wkhvh ixqfwlrqv lqyroyhv dq

h{srqhqwldo zlwk dujxphqw
�52�
k�|

� +Qrwh wkdw iru vpdoo ydoxhv ri k�|c

*�4
|<f

�
ihu

�
5�s
k�|

��
' � �

s
k�| i T

�
� 52�
k�|

�
s
Z5�

� +D177,

Vlqfh wkh vrxufh ixqfwlrqv dozd|v lqyroyh d gl�huhqfh lq huuru ixqfwlrq whupv/ wkh

vl}h ri wkh vrxufh ixqfwlrq lq wkhvh fdvhv lv grplqdwhg e| wkh vl}h ri wkh h{srqhqwldo

whup1, Wkh h{srqhqwldo whup lq hdfk ri wkh vrxufh ixqfwlrqv lv qhjoljleoh li

52�
k�|

: "c +D178,
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zkhuh " lv d xvhu0vshfl�hg wrohudqfh 0 zh xvh " � H.1 Wkdw lv/ wkh h{srqhqwldo ixqfwlrqv

duh qrq0qhjoljleoh iru

52�
k�"

� |� +D179,

Wkh plqlpxp wlph wkdw zh duh vhhnlqj lv wkhq wkh pd{lpxp ydoxh ri | iru zklfk Ht1

D179 lv vdwlv�hg iru doo vrxufh ixqfwlrqv1 Ghqrwh wklv wlph |W4�?�

Ghwhuplqh wkh pd{lpxp wlph iru wkh qxphulfdo lqwhjudwlrq1

Wkh pd{lpxp wlph iru qxphulfdo lqwhjudwlrq lv wkh plqlpxp wlph dw zklfk

wkh dssur{lpdwlrqv jlyhq e| Htv1 D15: 0 D173 duh vdwlv�hg e| doo wkh vrxufh ixqfwlrq

whupv lq wkh lqwhjudo1 Ghqrwh wklv wlph/ |W4@ �

Ghwhuplqh wkh lqwhjudo1

Zh uhzulwh wkh �uvw lqwhjudo lq Ht1 D174 dv

|W]
f

{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�
_� '

|W4@ ]
|W
4�?

{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�
_�

'
?3�[
�'f

|�n�]
|�

{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�
_� c +D17:,

zkhuh ? lv wkh qxpehu ri vxelqwhuydov vxfk wkdw/

|f ' |W4�?c +D17;,

|�n� ' |�c iru � ' fc �c ���?� 2 +D17<,

dqg

|? ' |W4@ � +D183,
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Rq hdfk vxelqwhuydo E|�c |�n�� c wkh lqwhjudqg
�
{Rr%

_%�
{Rr+

_+�
{Rr5

_5�
e3��

�

�
lv �w zlwk d Fkhe|0

vkhy sro|qrpldo ri ghjuhh 65/ dqg wkh lqwhjudo lv hydoxdwhg xvlqj wkh surfhgxuh rxw0

olqhg lq Fkdswhuv 81; dqg 81< ri Uhi1 ^46`1 Wkh wrwdo lqwhjudo lv rewdlqhg e| vxpplqj

wkh lqwhjudov ryhu hdfk vxelqwhuydo dv lqglfdwhg lq Ht1 D17:1

D1515 Dqdo|wlfdo odwh0wlph Odsodfh Wudqvirupv

Lq wkh iroorzlqj/ zh suhvhqw dssursuldwh h{suhvvlrqv iru wkh ixqfwlrq [ +vhh

Ht1 D175, iru frpelqdwlrqv ri vhdohg dqg lq�qlwh erxqgdu| frqglwlrqv1 +Wkh dqdo|w0

lfdo Odsodfh wudqvirupv zhuh ghwhuplqhg xvlqj wkh v|perolf pdwkhpdwlfv surjudp/

Pdsoh Y uhohdvh 814/ +Zdwhuorr0Pdsoh Lqf1,1, Zh lqwurgxfh wkh iroorzlqj vlpsoli|lqj

qrwdwlrq=

\� '
#�

u2
�

+D184,

zkhuh � ' %c +c ru 5� Iru lq�qlwh ru vhpl0lq�qlwh frruglqdwh gluhfwlrqv/ wkh ydoxh ri

u� lv duelwudu|1

Srlqw Vrxufh= Lq�qlwh {0gluhfwlrq/ Lq�qlwh |0gluhfwlrq/ Ilqlwh erxqghg }0

gluhfwlrq

[ '
D�S�D

�S|u%u+u5

.� E�|W�

eZ�
s
\%\+

+D185,

Srlqw Vrxufh= D vlqjoh idxow lq wkh { ru | gluhfwlrqv/ Ilqlwh erxqghg }0

gluhfwlrq

[ '
D�S�D

�S|u%u+u5

.� E�|W�

2Z�
s
\%\+

+D186,

Srlqw Vrxufh= Shushqglfxodu vlqjoh idxowv lq wkh { dqg | gluhfwlrqv/ Ilqlwh

erxqghg }0gluhfwlrq
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[ '
D�S�D

�S|u%u+u5

.� E�|W�

Z�
s
\%\+

+D187,

Srlqw Vrxufh= Lq�qlwh lq wkh { gluhfwlrq/ Ilqlwh erxqghg lq wkh | dqg }0

gluhfwlrqv

[ '
D�S�D

�S|u%u+u5

ihu S
�s

�|W
�

2
s
\%�

�

2

+D188,

Srlqw Vrxufh= Vlqjoh idxow lq wkh { gluhfwlrq/ Ilqlwh erxqghg lq wkh | dqg

}0gluhfwlrqv

[ '
D�S�D

�S|u%u+u5

ihu S
�s

�|W
�

s
\%�

�

2

+D189,

Srlqw Vrxufh= Ilqlwh erxqghg lq wkh {/ | dqg }0gluhfwlrqv

[ '
D�S�D

�S|u%u+u5

i T E��|W�
�2

+D18:,

D16 Vroxwlrqv Lqyroylqj Olqh Vrxufhv

Lq wkh iroorzlqj/ zh frqvlghu d xqlirup  x{ olqh vrxufh lq wkh %0gluhfwlrq

zlwk %� 	 % 	 %2� Vlplodu wr srlqw vrxufhv/ wkh lqvwdqwdqhrxv olqh vrxufhv dssurdfk

}hur dw odwh wlph lq dq| v|vwhp zlwk d frqvwdqw suhvvxuh erxqgdu|1

Olqh Vrxufh= Lq�qlwh {0gluhfwlrq/ Lq�qlwh |0gluhfwlrq/ Ilqlwh erxqghg }0

gluhfwlrq

[ '
D�S�D E%2 � %��

�S|u2
%u+u5

.� E�|
W�

eZ�
s
\%\+

+D18;,
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Srlqw Vrxufh= D vlqjoh idxow lq wkh { ru | gluhfwlrqv/ Ilqlwh erxqghg }0

gluhfwlrq

[ '
D�S�D E%2 � %��

�S|u2
%u+u5

.� E�|
W�

2Z�
s
\%\+

+D18<,

Olqh Vrxufh= Shushqglfxodu vlqjoh idxowv lq wkh { dqg | gluhfwlrqv/ Ilqlwh

erxqghg }0gluhfwlrq

[ ' �
D�S�D E%2 � %��

�S|u2
%u+u5

.� E�|W�

Z�
s
\%\+

+D193,

Olqh Vrxufh= Lq�qlwh lq wkh { gluhfwlrq/ Ilqlwh erxqghg lq wkh | dqg }0

gluhfwlrqv

[ '
D�S�D E%2 � %��

�S|u2
%u+u5

ihu S
�s

�|W
�

2
s
\%�

�

2

+D194,

Srlqw Vrxufh= Vlqjoh idxow lq wkh { gluhfwlrq/ Ilqlwh erxqghg lq wkh | dqg

}0gluhfwlrqv

[ '
D�S�D E%2 � %��

�S|u2
%u+u5

ihu S
�s

�|W
�

s
\%�

�

2

+D195,

Srlqw Vrxufh= Ilqlwh erxqghg lq wkh {/ | dqg }0gluhfwlrqv

[ '
D�S�D E%2 � %��

�S|u2
%u+u5

i T E��|W�
�2

+D196,

D17 Ghulydwlyhv ri Vrxufh Ixqfwlrqv

Lq wklv vhfwlrq/ zh suhvhqw wkh ghulydwlyhv ri wkh rqh0glphqvlrqdo vrxufh ixqf0

wlrqv zlwk uhvshfw wr wkh glphqvlrqohvv yduldeohv 5 dqg |� Iurp wkhvh ghulydwlyhv/ zh
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fdq frqvwuxfw sduwldo ghulydwlyhv ri wkh suhvvxuh ixqfwlrq zlwk uhvshfw wr dq| uhvhuyrlu

sdudphwhu iru qrqolqhdu uhjuhvvlrq dssolfdwlrqv1

Yw2

Y5
'

2
s
Z|
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2
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?'3"

E���?n� E5 n ?� i T

#
�
E5 n ?�2
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$
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' �2Z
"[
?'f

E2 ?n �� t�?EE2 ?n ��Z 5�i T

#
�Z2

�
?n

�

2
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|

$
+D197e,
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' �

w2 E5c |�
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�
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D

2
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#
�
E5 n ?�2

|

$
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#
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�
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|

$
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' �eZ
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' �

w� E5c |�
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s
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$
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Ywu

Y5
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�
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'
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YX2 E5c |�

Y5
' w2 E5c |� +D1:3,

YX2 E5c |�
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' �
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Y52
'
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Y|
�
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Y5
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Y52
'
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'
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�
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D1714 Odwh Wlph Ehkdylru

Yw2

Y5
' f +D1;3,

iru | : �
e *?

�
0

2Z

�
Z2
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Yw2
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�
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DSSHQGL[ E

ZHOO DQG IUDFWXUH SODQH VROXWLRQV LQ GLIIHUHQW UHVHUYRLU

V\VWHPV

Lq wklv dsshqgl{/ zh uhfrug shuwlqhqw vroxwlrqv wr vlpsoh uhvhuyrlu sureohpv

hqfrxqwhuhg lq wkh prgholqj ri frpsoh{0jhrphwu| uhvhuyrluv1 Wkh glphqvlrqohvv ydul0

deohv xvhg duh wkh vdph dv wkrvh gh�qhg lq Fkdswhu 51 Wkh vroxwlrqv duh zulwwhq lq

whupv ri wkh hoolswlf wkhwd ixqfwlrqv ru lqwhjudov ri hoolswlf wkhwd ixqfwlrqv gh�qhg lq

Dsshqgl{ D1 Doo vroxwlrqv dvvxph wkh suhvhqfh ri d vlqjoh0skdvh voljkwo| frpsuhvvleoh

 xlg lq d krprjhqhrxv dqlvrwurslf uhvhuyrlu/ dqg zhuh rewdlqhg xvlqj wkh phwkrg ri

�vrxufhv dqg vlqnv�1

E14 Rqh Zhoo lq dq Lq�qlwh Uhvhuyrlu

Wkh glphqvlrqohvv suhvvxuh gurs dw E%(c +(� fdxvhg e| d zhoo surgxflqj udwh

ri ^f( E|(� dw wkh srlqw
�
%

�

(c +
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�
lv jlyhq e|
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zlwk Odsodfh wudqvirup/
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Li xqlw surgxfwlrq udwh lv dvvxphg/ wkhq
46;
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f( E�(� '
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� +E16,

Wkh deryh irupxod fdq eh h{suhvvhg dv

R(c��

�
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Khuh/ dv ehiruh/ gf lv wkh prgl�hg Ehvvho ixqfwlrq ri wkh vhfrqg nlqg1

E15 Krul}rqwdo Xqlirup0 x{ Iudfwxuh Sodqh lq dq Lq�qlwh Uhvhuyrlu

Iru d xqlirup0 x{ iudfwxuh sodqh/ surgxflqj dw dq xqlirup  x{ ri ^s( E|(� c

wkh glphqvlrqohvv suhvvxuh gurs dw dq| srlqw lv jlyhq e|

R(c�� E%(c +(c %(cuc %(c-c +s(c|(� ']
|(

f

^s( E� � s�� E%(c +(c %(cuc %(c-c +s(c|( � � � _� c +E18,

zkhuh/ %(cu lv wkh ohiw kdqg vlgh frruglqdwh ri wkh iudfwxuh/ %(c- uhsuhvhqwv wkh uljkw

kdqg vlgh frruglqdwh ri wkh iudfwxuh dqg +s( lv wkh |0gluhfwlrq srvlwlrq ri wkh iudfwxuh

sodqh/ dqg/

s�� E%(c +(c %(cuc %(c-c +s(c|(� '

ZeXu
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%(cu � %(
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%(c- � %(

2
c |(

�
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� +E19,

Wkh Odsodfh wudqvirup ri wkh suhvvxuh gurs lv jlyhq e|

R(c�� E%(c +(c %(cuc %(c-c�(� ' ^s( E�(� s �� E%(c +(c %(cuc %(c-c�(� c +E1:,

zkhuh/ s�� E%(c +(c %(cuc %(c-c�(� lv frpsxwhg qxphulfdoo| dv ghvfulehg lq Dsshqgl{

D1
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E16 Ixoo|0Shqhwudwlqj Zhoo dq Lq�qlwh Fkdqqho

Iru d zhoo dw wkh srlqw E%�

(c +
�

(� surgxflqj dw d udwh ^f( E|(� iurp d fkdqqho
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dqg %(c- dqg %(cu uhihu wr wkh {0frruglqdwhv ri wkh uljkw dqg ohiw wlsv ri wkh iudfwxuh1

Wkh fruuhvsrqglqj Odsodfh wudqvirup ri wkh glphqvlrqohvv suhvvxuh gurs lv jlyhq e|

R(c�� E%(c +(c �(� ' ^s( E�(� s�� E%(c +(c u+(c %(cuc %(c-c +s(c �(� � +E149,

Wkh phwkrg ri frpsxwdwlrq ri wkh Odsodfh wudqvirup ri wkh vrxufh ixqfwlrq lv ghwdlohg

lq Dsshqgl{ D1

E19 D Ixoo|0Shqhwudwlqj Zhoo lq d Erxqghg Uhfwdqjxodu Uhvhuyrlu

Iru d frpsohwho|0shqhwudwlqj zhoo dw E%�

(c +
�

(� lq d uhfwdqjxodu vhdohg uhvhu0

yrlu/ zlwk glphqvlrqv u%( � u+(/ wkh glphqvlrqohvv suhvvxuh gurs dvvxphv wkh irup

R(c�K E%(c +(c |(� '

]
|(

f

^f( E� � s�K E%(c +(cu%(c u+(c %
�

(c +
�

(c |( � �� _� c +E14:,

zkhuh

s�K E%(c +(c u%(c u+(c %
�

(c +
�

(c |(� '

Z

2

�
�

u%(

�
w�

�
%( � %

�

(

2u%(

c
|(

u2

%(

�
n w�

�
%( n %

�

(

2u%(

c
|(

u2

%(

���
�+

�

u+(

%
w�

#
+( � +

�

(

2u+(

c
|(

u2

+(

$
n w�

#
+( n +

�

(

2u+(

c
|(

u2

+(

$&,
� +E14;,

Wkh fruuhvsrqglqj Odsodfh wudqvirup ixqfwlrq lv jlyhq e|

R(c�K E%(c +(c �(� ' ^
f( E�(� s�K E%(c +(c u%(c u+(c %

�

(c +
�

(c �(� � +E14<,
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ODSODFH WUDQVIRUPDWLRQ RI VRPH IXQFWLRQV

Wkh iroorzlqj Odsodfh wudqvirupdwlrq irupxodv duh xvhg lq wkh yhul�fdwlrq

ri rxu sursrvhg prgho dqg wkh| duh h{wuhpho| sudfwlfdo zkhq ghdolqj zlwk wkh frp0

pxqlfdwlrq ehwzhhq wzr lq�qlwh uhvhuyrluv1
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dqg q2c q� duh frqvwdqwv1 g6 lv wkh prgl�hg Ehvvho ixqfwlrq ri wkh vhfrqg nlqg dqg

wkh frpsxwdwlrq ri s2 Eoc ~2� lv vwdeoh zkhq g6 lv fdofxodwhg lq dq dvfhqgdqw rughu

^47`1 Wkh h{sdqvlrq irupxodv ri huuru ixqfwlrq zhuh olvwhg lq Fkdswhu :14 ri Uhi1 ^47`1

Qrwh wkdw Ht1 F16e dqg Ht1 F1;e hqdeoh xv wr hvwdeolvk d wdexodwhg ixqf0

wlrq lq rxu surjudpplqj wr frpsxwh wkh dffxudwh Odsodfh wudqvirupdwlrq e| xvlqj

Fkhe|vkhy sro|qrpldo dssur{lpdwlrq1



DSSHQGL[ G

ODWH WLPH GHULYDWLYH DSSUR[LPDWLRQV

G14 Edvlf Vroxwlrqv

Lq wklv dsshqgl{/ zh ghulyh vroxwlrqv wkdw ghvfuleh wkh odwh wlph ehkdylru

ri uhvhuyrlu sureohpv hqfrxqwhuhg lq wkh prgholqj ri frpsoh{0jhrphwu| uhvhuyrluv1

Wkh glphqvlrqohvv yduldeohv xvhg duh wkh vdph dv wkrvh gh�qhg lq Fkdswhu 51 Wkh

vroxwlrqv duh zulwwhq lq ghwdlo e| vxevwlwxwlqj wkh uhohydqw hoolswlf wkhwd ixqfwlrqv ru

lqwhjudov ri hoolswlf wkhwd ixqfwlrqv lqwr wkh fruuhvsrqglqj vroxwlrqv lq Dsshqgl{ E1

Doo vroxwlrqv dvvxph wkh suhvhqfh ri d vlqjoh0skdvh voljkwo| frpsuhvvleoh  xlg lq d

krprjhqhrxv dqlvrwurslf uhvhuyrlu/ dqg zhuh rewdlqhg xvlqj wkh phwkrg ri �vrxufhv

dqg vlqnv�1 Xqlw surgxfwlrq udwh lv dovr dvvxphg iru doo ri wkh iroorzlqj vroxwlrqv/ vr

wkdw

^f( E|(� ' �� +G14,

Iluvw/ zh zulwh wkh odwh wlph ghulydwlyh vroxwlrqv iru d surgxfhu orfdwhg lq

dq lq�qlwh uhvhuyrlu/ d zhoo orfdwhg lq d yhuwlfdo +ru krul}rqwdo, fkdqqho uhvhuyrlu/ d

zhoo orfdwhg lq d erxqghg uhvhuyrlu/ d krul}rqwdo iudfwxuh sodqh lq d yhuwlfdo fkdqqho/

d krul}rqwdo iudfwxuh sodqh lq d krul}rqwdo fkdqqho uhvhuyrlu dqg d krul}rqwdo iudfwxuh

sodqh lq d erxqghg uhvhuyrlu1 Wkhq/ wkh deryh vroxwlrqv duh dssolhg iru gl�huhqw

frpsoh{0jhrphwu| uhvhuyrluv wr jhw wkhlu odwh wlph dssur{lpdwlrqv1
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G1414 Rqh Zhoo lq dq Lq�qlwh Uhvhuyrlu= Vhplorj Ehkdylru
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Vhfwlrq D15/ zlwk 0 ' �f3�fc wkh wlph erxqgv lq doo vxevhtxhqw dssur{lpdwlrqv zhuh

ghwhuplqhg xvlqj wkh vdph ydoxh iru 0�,
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G15 Odwh Wlph Ghulydwlyh Dssur{lpdwlrqv

G1514 V|vwhp zlwk d Ohdn| Idxow
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G1518 Odwh Wlph Ghulydwlyh Dssur{lpdwlrq iru Rwkhu Olplwlqj Fdvhv

Rwkhu frpsoh{0jhrphwu| uhvhuyrluv zklfk duh hvvhqwldo iru rxu dqdo|vlv duh
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