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$%675$&7�
$Q�HQKDQFHG�YROXPH�RI�IOXLG��92)��EDVHG�QXPHULFDO�VLPXODWLRQ�IUDPHZRUN�WKDW�DFFRXQWV�IRU�FRQMXJDWH�
KHDW�WUDQVIHU�EHWZHHQ�VROLG�DQG�WZR�SKDVH�IORZ�UHJLRQV�DQG�SKDVH�FKDQJH�GXH�WR�ERLOLQJ�FRQGHQVDWLRQ��
LV�XWLOLVHG�LQ�RUGHU�WR�LQYHVWLJDWH�WKH�HIIHFW�RI�IORZ�RVFLOODWLRQ�DPSOLWXGH�DQG�IUHTXHQF\�RQ�WKH�OLTXLG�
ILOP�HYDSRUDWLRQ�DQG�LQVWDELOLW\�IRUPDWLRQ�LQ�VOXJ�SOXJ�IORZV�ZLWKLQ�KHDWHG�FKDQQHOV��LQ�VDWXUDWHG�IORZ�
ERLOLQJ� FRQGLWLRQV��9DULRXV� VHULHV� RI� SDUDPHWULF� QXPHULFDO� VLPXODWLRQV� DUH� SHUIRUPHG�� IRU� GLIIHUHQW�
YDOXHV� RI� IORZ�RVFLOODWLRQ� DPSOLWXGH� DQG� IUHTXHQF\� IRU� D� YDULHW\� RI�ZRUNLQJ� IOXLGV�� )RU� RQH� RI� WKH�
ZRUNLQJ�IOXLGV�WZR�GLIIHUHQW�FKDQQHO�GLDPHWHUV�DUH�DOVR�WHVWHG��7KH�RVFLOODWLRQV�LQ�HDFK�FDVH�DUH�LQGXFHG�
E\�DSSO\LQJ�DQ�RVFLOODWLQJ�SUHVVXUH�ERXQGDU\�FRQGLWLRQ�DW�WKH�LQOHW�RI�WKH�FKDQQHO��NHHSLQJ�WKH�SUHVVXUH�
FRQVWDQW�DW�WKH�RXWOHW��DIWHU�DQ�LQLWLDO�SHULRG�RI�FRQVWDQW�SUHVVXUH�GURS�EHWZHHQ�WKH�LQOHW�DQG�WKH�RXWOHW��
&DSLOODU\�ULGJHV�WKDW�DUH�LQLWLDWHG�DW�WKH�OLTXLG�ILOP��LQ�WKH�YLFLQLW\�RI�WKH�OHDGLQJ�HGJH�RI�WKH�FRQVLGHUHG�
YDSRXU�VOXJV��DUH�LGHQWLILHG�DV�D�UHVXOW�RI�WKH�LPSRVHG�RVFLOODWLRQV��ZKLFK�DUH�WUDQVODWHG�LQ�WKH�IRUP�RI�
FDSLOODU\�ZDYHV�WRZDUGV�WKH�UHDU�HQG�RI�WKH�EXEEOHV��,W�LV�VKRZQ�WKDW�WKH�IRUPDWLRQ�IUHTXHQF\�DV�ZHOO�DV�
WKH�JHRPHWULF�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWHG�ULGJHV��DUH�GLUHFWO\�UHODWHG�WR�WKH�FRUUHVSRQGLQJ�IUHTXHQF\�
DQG�DPSOLWXGH�RI�WKH�LQGXFHG�IORZ�RVFLOODWLRQV��)XUWKHUPRUH��LW�LV�VKRZQ�WKDW�LQ�WKH�LQLWLDO�VWDJHV�RI�WKH�
EXEEOH�IDWH�DIWHU�WKH�DSSOLFDWLRQ�RI�WKH�RVFLOODWLRQV�OLTXLG�ILOP�HYDSRUDWLRQ�LV�HQKDQFHG�ZLWK�WKH�LQFUHDVH�
RI� WKH� RVFLOODWLRQ� DPSOLWXGH� ZKLOH� LW� GHJUDGHV� DV� WKH� IUHTXHQF\� RI� WKH� RVFLOODWLRQ� EHFRPHV� KLJKHU��
+RZHYHU��IRU�ODUJH�RVFLOODWLRQ�DPSOLWXGHV�DQG�FKDQQHO�GLDPHWHUV��OLTXLG�MHWV�SHQHWUDWH�LQWR�WKH�HORQJDWHG�
EXEEOHV�OHDGLQJ�LQ�D�ORW�RI�FDVHV�WR�EXEEOH�EUHDN�XS��
Keywords:  volume of fluid, conjugate heat transfer, oscillating vapour slug, micro-channel. 

���,1752'8&7,21�
7KH�GHPDQG�IRU�LQFUHDVLQJO\�KLJKHU�SHUIRUPDQFHV�RI�HOHFWURQLF�HTXLSPHQW��KDV�SXVKHG�LQ�WKH�
GHYHORSPHQW�RI�D�QHZ�JHQHUDWLRQ�RI�KHDW�WUDQVIHU�V\VWHPV�EDVHG�RQ�WKH�ORFDO�SKDVH�FKDQJH�
RI�D�ZRUNLQJ�IOXLG��(IILFLHQW�WKHUPDO�FRQWURO��RI�GHQVHO\�SDFNHG�HOHFWURQLF�FRPSRQHQWV��KDV�
EHFRPH�RI� FUXFLDO� LPSRUWDQFH�� )ORZ�ERLOLQJ�ZLWKLQ�PLFUR�FKDQQHOV�� FRQVWLWXWH� RQH� RI� WKH�
PRVW�SURPLVLQJ�FRROLQJ�WHFKQRORJLHV�WR�GLVVLSDWH�KLJK�KHDW�IOX[HV�IURP�PLFUR�VFDOH�HOHFWURQLF�
FRPSRQHQWV��7ZR�SKDVH�FRROLQJ�GHYLFHV�XWLOLVLQJ�HYDSRUDWRUV�FRQVLVWLQJ�RI�PLFUR�FKDQQHOV�
WKDW�DUH�LQ�GLUHFW�FRQWDFW�ZLWK�D�PLFUR�FKLS��FDQ�UHPRYH�KHDW�IOX[HV�XS�WR�����:�FP��>�@��
+RZHYHU��WKH�IORZ�FRPSOH[LW\�LQ�FDVHV�RI�PXOWL�PLFURFKDQQHO�WZR�SKDVH�IORZ�HYDSRUDWRUV��
FDQ� OHDG� WR� KLJK�DPSOLWXGH� DQG�KLJK�IUHTXHQF\� WHPSHUDWXUH� DQG� SUHVVXUH� RVFLOODWLRQV� >�@��
6XFK�RVFLOODWLRQV��LQ�WKH�VOXJ�IORZ�UHJLPH��PD\�JHQHUDWH�VLJQLILFDQW�LQVWDELOLWLHV�LQ�WKH�OLTXLG�
ILOP�WKDW�VXUURXQGV�WKH�HORQJDWHG�YDSRXU�VOXJV��6XFK�IORZ�RVFLOODWLRQV�DQG�LQVWDELOLWLHV�DUH�
DOVR� SUHVHQW� LQ� WKH� FDVH� RI� RVFLOODWLQJ�� FORVHG� ORRS�� WZR�SKDVH� FRROLQJ� GHYLFHV�� VXFK� DV�
3XOVDWLQJ�+HDW�3LSHV�WKDW�PLJKW�FRQVLVW�RI�PLFUR���H�J��>�@��RU�PLQL�FKDQQHOV��H�J��>�@���
�����,Q� WKH� SUHVHQW� SDSHU�� DQ� HQKDQFHG�YROXPH� RI� IOXLG� �92)��EDVHG�QXPHULFDO� VLPXODWLRQ�
IUDPHZRUN�WKDW�DFFRXQWV�IRU�FRQMXJDWH�KHDW�WUDQVIHU�EHWZHHQ�D�VROLG�UHJLRQ�DQG�D�WZR�SKDVH�
IORZ�UHJLRQ�ZLWK�SKDVH�FKDQJH�GXH�WR�HYDSRUDWLRQ�DQG�RU�FRQGHQVDWLRQ��LV�DSSOLHG�LQ�RUGHU�WR�
LQYHVWLJDWH�WKH�HIIHFW�RI�JOREDO�IORZ�RVFLOODWLRQ�IUHTXHQF\�DQG�DPSOLWXGH�RQ�WKH�OLTXLG�ILOP�
HYDSRUDWLRQ� DQG� LQ� WKH� OLTXLG� ILOP� LQVWDELOLW\�JHQHUDWLRQ�� LQ� WKH� FDVH�RI� FRQILQHG� LVRODWHG��
HORQJDWHG�YDSRXU�VOXJV��LQ�VDWXUDWHG�IORZ�ERLOLQJ�FRQGLWLRQV��
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�����7KH�XWLOLVHG��HQKDQFHG��92)�EDVHG�QXPHULFDO�PRGHO��KDV�EHHQ�H[WHQVLYHO\�YDOLGDWHG�LQ�
WKH�SDVW� �E\� WKH� VDPH� UHVHDUFK�JURXS�DV� WKH�DXWKRUV�RI� WKH�SUHVHQW�ZRUN�� DJDLQVW� H[LVWLQJ�
DQDO\WLFDO� VROXWLRQV� DQG� H[SHULPHQWDO� GDWD� RQ� DGLDEDWLF� DQG� GLDEDWLF� EXEEOH� DQG� GURSOHW�
G\QDPLFV�>�@��>��@±>��@��6RPH��RI�WKHVH�YDOLGDWLRQ�UHVXOWV�DUH�UHSURGXFHG�LQ�)LJ�����$V�LW�FDQ�
EH�REVHUYHG��WKH�SURSRVHG�92)�EDVHG�QXPHULFDO�PRGHOOLQJ�IUDPHZRUN��DFFXUDWHO\�SUHGLFWV�
DGLDEDWLF�DQG�GLDEDWLF�EXEEOH�DQG�GURSOHW�G\QDPLFV�DV�ZHOO�DV�FRQMXJDWH�KHDW�WUDQVIHU�EHWZHHQ�
VROLG�DQG�IOXLG�GRPDLQV��7KHUHIRUH��VLQFH�DOO�XQGHUSLQQHG�PHFKDQLVPV�KDYH�EHHQ�YDOLGDWHG�
LQ�WKH�SDVW��LQWHUIDFLDO�G\QDPLFV��SKDVH�FKDQJH��FRQMXJDWH�KHDW�WUDQVIHU��LW�FDQ�VDIHO\�EH�XVHG�
IRU�WKH�SXUSRVHV�RI�WKH�SUHVHQW�LQYHVWLJDWLRQ��
�

�

)LJXUH������� �D��&RPSDULVRQ�EHWZHHQ�QXPHULFDO�VLPXODWLRQ�DQG�DQDO\WLFDO�VROXWLRQ�UHVXOWV�IRU�
D�EXEEOH�HYDSRUDWLQJ� LQ�D�VXSHUKHDWHG�GRPDLQ�>��@�� �E��1XPHULFDO�VLPXODWLRQ�
UHVXOWV� DQG� H[SHULPHQWDO� UHVXOWV� LQ� SRRO� ERLOLQJ� >��@�� DQG� �F��&RQMXJDWH� KHDW�
WUDQVIHU�QXPHULFDO�VLPXODWLRQ�UHVXOWV�DQG�H[SHULPHQWDO�PHDVXUHPHQWV�RQ�GURSOHW�
LPSDFW�FRROLQJ�>��@��

���,19(67,*$7,21�0(7+2'2/2*<�

�����1XPHULFDO�PHWKRG�

�������*RYHUQLQJ�HTXDWLRQV�
,Q�WKLV�VHFWLRQ��WKH�JRYHUQLQJ�HTXDWLRQV�IRU�PDVV��PRPHQWXP��HQHUJ\��DQG�YROXPH�IUDFWLRQ�
DUH� SUHVHQWHG�� ,W� VKRXOG� EH�PHQWLRQHG� WKDW� OLTXLG� DQG� YDSRXU� SKDVHV� DUH� ERWK� WUHDWHG� DV�
LQFRPSUHVVLEOH��1HZWRQLDQ�ÀXLGV��7KH�PDVV�FRQVHUYDWLRQ�HTXDWLRQ�LV�JLYHQ�DV��

׏ ή ൫ɏ�ሬሬԦ൯ ൌ ɏሶ �� ���

ZKHUH�8�LV�WKH�IOXLG�YHORFLW\�DQG�ȡ�LV�WKH�EXON�GHQVLW\��7KH�VRXUFH�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�
DFFRXQWV� IRU� WKH�SKDVH�FKDQJH��7KH�FRQVHUYDWLRQ�RI�PRPHQWXP�LV�JLYHQ�E\� WKH� IROORZLQJ�
HTXDWLRQ��
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μ� ቀɏ�

ሬሬԦቁ ൅ ׏ ή ቀɏ�ሬሬԦ�ሬሬԦቁ െ ׏ ή ൜Ɋ ൤׏�ሬሬԦ ൅ ቀ׏�ሬሬԦቁ
�
൨ൠ ൌ െ׏� ൅ �Ԧ�� ൅ �Ԧ��� ���

ZKHUH�S�LV�WKH�SUHVVXUH�DQG�ȝ�LV�WKH�EXON�G\QDPLF�YLVFRVLW\��7KH�PRPHQWXP�VRXUFH�WHUPV�RQ�
WKH� ULJKW�KDQG�VLGH�RI� WKH�HTXDWLRQ�DFFRXQW� IRU� WKH�HIIHFWV�RI� VXUIDFH� WHQVLRQ�DQG�JUDYLW\��
UHVSHFWLYHO\��7KH� VXUIDFH� WHQVLRQ� WHUP� LV�PRGHOOHG�DFFRUGLQJ� WR� WKH�FODVVLFDO� DSSURDFK�RI�
%UDFNELOO�HW�DO��>�@��7KH�FRQVHUYDWLRQ�RI�HQHUJ\�EDODQFH�LV�JLYHQ�E\�WKH�IROORZLQJ�HTXDWLRQ��

μ
μ� ൫ɏ���൯ ൅ ׏ ή ቀ�ሬሬԦɏ���ቁ െ ׏ ή ሺɉ׏�ሻ ൌ �ሶ �� ���

ZKHUH� FS� LV� WKH� EXON� KHDW� FDSDFLW\�� 7� WKH� WHPSHUDWXUH� ILHOG�� DQG� Ȝ� LV� WKH� EXON� WKHUPDO�
FRQGXFWLYLW\�� 7KH� VRXUFH� WHUP� RQ� WKH� ULJKW�KDQG� VLGH� RI� WKH� HTXDWLRQ� UHSUHVHQWV� WKH�
FRQWULEXWLRQ� RI� WKH� HQWKDOS\� RI� HYDSRUDWLRQ�FRQGHQVDWLRQ� RU� HOVH� WKH� FRROLQJ�KHDWLQJ�
DVVRFLDWHG�ZLWK�WKH�ODWHQW�KHDW�RI�WKH�SKDVH�FKDQJH��7KH�YROXPH�IUDFWLRQ�Į�LV�DGYHFWHG�E\�WKH�
IORZ�ILHOG�E\�WKH�IROORZLQJ�HTXDWLRQ��

μȽ
μ� ൅ ׏ ή ቀȽ�ሬሬԦቁ െ ׏ ή ሺȽሺͳ െ Ƚሻ��ሻ ൌ

ɏሶ
ɏ Ƚ�� ���

�����,QWHUIDFH�VKDUSHQLQJ�LV�YHU\�LPSRUWDQW�LQ�VLPXODWLQJ�WZR�SKDVH�IORZV�RI�WZR�LPPLVFLEOH�
IOXLGV��,Q�2SHQ)2$0�WKH�VKDUSHQLQJ�RI�WKH�LQWHUIDFH�LV�DFKLHYHG�DUWLILFLDOO\�E\�LQWURGXFLQJ�
WKH� H[WUD� FRPSUHVVLRQ� WHUP� ׏ ή ሺȽሺͳ െ Ƚሻ�୰ሻ� LQ� HTQ� ����� 8U� LV� DQ� DUWLILFLDO� FRPSUHVVLRQ�
YHORFLW\��7KH�GLYHUJHQFH�RI� WKH� FRPSUHVVLRQ�YHORFLW\�8U�� HQVXUHV� WKH� FRQVHUYDWLRQ�RI� WKH�
YROXPH�IUDFWLRQ�Į��ZKLOH�WKH�WHUP�Į���Į��OLPLWV�WKLV�DUWLILFLDO�FRPSUHVVLRQ�DSSURDFK�RQO\�LQ�
WKH�YLFLQLW\�RI�WKH�LQWHUIDFH��ZKHUH�����Į�����>�@��7KH�OHYHO�RI�FRPSUHVVLRQ�GHSHQGV�RQ�WKH�
YDOXH�RI�&Ȗ�>�@��>�@��)RU�WKH�VLPXODWLRQV�RI�WKH�SUHVHQW�LQYHVWLJDWLRQ��LQLWLDO��WULDO�VLPXODWLRQV�
LQGLFDWHG�WKDW�D�YDOXH�RI�&Ȗ� ���VKRXOG�EH�XVHG��LQ�RUGHU�WR�PDLQWDLQ�D�TXLWH�VKDUS�LQWHUIDFH�
ZLWKRXW�DW�WKH�VDPH�WLPH�KDYLQJ�XQSK\VLFDO�UHVXOWV��7KH�VRXUFH�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�
RI�WKH�HTQ�����LV�QHHGHG�EHFDXVH��GXH�WR�WKH�ORFDO�PDVV�VRXUFH�WHUPV��WKH�YHORFLW\�¿HOG�LV�QRW�
IUHH�RI�GLYHUJHQFH��)LQDOO\��WKH�EXON�IOXLG�SURSHUWLHV�Ȗ�DUH�FRPSXWHG�DV�WKH�DYHUDJHV�RYHU�WKH�
OLTXLG� �ȖO�� DQG� YDSRXU� �ȖY�� SKDVHV��ZHLJKWHG�ZLWK� WKH� YROXPH� IUDFWLRQ� Į��7KH�92)�EDVHG�
VROYHU� WKDW� LV�XVHG� LQ� WKH�SUHVHQW� LQYHVWLJDWLRQ�KDV�EHHQ�PRGLILHG�DFFRUGLQJO\� LQ�RUGHU� WR�
DFFRXQW�IRU�DQ�DGHTXDWH�OHYHO�RI�VSXULRXV�FXUUHQWV�VXSSUHVVLRQ��0RUH�GHWDLOV�RQ�WKH�SURSRVHG�
GHYHORSPHQW�DQG�YDOLGDWLRQ�DV�ZHOO�DV�RQ�WKH�SURSRVHG�LPSURYHG�92)�PHWKRG�FDQ�EH�IRXQG�
LQ�WKH�SDSHU�E\�*HRUJRXODV�HW�DO��>�@��
�����7KH�FRQVHUYDWLRQ�RI�HQHUJ\�HTXDWLRQ�LQ�WKH�VROLG�GRPDLQV�LV�GHILQHG�DV��

μ
μ� ൫ɏݏ����൯ ൌ ׏ ή ሺɉ׏ݏ�ሻ�� ���

�����7KH� FRXSOLQJ� DW� WKH� LQWHUIDFH� EHWZHHQ� WKH� VROLG� UHJLRQ� DQG� IOXLG� UHJLRQ� LV� DFKLHYHG�
LWHUDWLYHO\�WKURXJK�WKH�IROORZLQJ�FRQGLWLRQV��

݂ܶ ൌ ��ݏܶ ���

݂ߣ
߲݂ܶ
߲݊ ൌ ݏߣ

ݏ߲ܶ
߲݊ �� ���

�������3KDVH�FKDQJH�PRGHO�
7KH�XWLOL]HG�SKDVH�FKDQJH�PRGHO�WKDW�ZDV�LPSOHPHQWHG�LQ�WKH�LPSURYHG�2SHQ)2$0�92)�
VROYHU�WKDW�LV�XVHG�LQ�WKH�SUHVHQW�LQYHVWLJDWLRQ��ZLOO�EH�GHVFULEHG�EULHIO\�LQ�WKLV�VHFWLRQ��,Q�WKH�
FDVH�RI�HYDSRUDWLRQ��WKH�HYDSRUDWLQJ�PDVV�ÀX[�DW�WKH�OLTXLG±YDSRXU�LQWHUIDFH�MHYDS�LV�FDOFXODWHG�
IURP�WKH�IROORZLQJ�HTXDWLRQ��
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ZKHUH�7LQW� LV� WKH� WHPSHUDWXUH�RI� WKH� LQWHUIDFH��7VDW� LV� WKH�VDWXUDWLRQ� WHPSHUDWXUH��5LQW� LV� WKH�
LQWHUIDFLDO� KHDW� UHVLVWDQFH� DQG� KOY� LV� WKH� ODWHQW� KHDW� RI� HYDSRUDWLRQ� DW� WKH� VDWXUDWLRQ�
WHPSHUDWXUH�� 7KH� DPRXQW� RI� OLTXLG� WKDW� HYDSRUDWHV� LV� FDOFXODWHG� ORFDOO\� DQG� WKH� UHVXOWLQJ�
VRXUFH�WHUP�¿HOG�LV�VPHDUHG�RYHU�D�IHZ�FHOOV�LQ�RUGHU�WR�DYRLG�QXPHULFDO�LQVWDELOLWLHV��7KH�
HYDSRUDWLQJ�PDVV�LV�WDNHQ�DZD\�RQ�WKH�OLTXLG�VLGH�RI�WKH�LQWHUIDFH�DQG�UHDSSHDUV�RQ�WKH�YDSRXU�
VLGH��IROORZLQJ�WKH�SURFHVV�RULJLQDOO\�VXJJHVWHG�LQ�WKH�ZRUN�RI�+DUGW�DQG�:RQGUD�>�@��)XUWKHU�
GHWDLOV�RQ�WKH�SURSRVHG�GHYHORSPHQW�FDQ�EH�IRXQG�LQ�WKH�ZRUN�RI�*HRUJRXODV�HW�DO��>��@��

���$33/,&$7,21�2)�180(5,&$/�0(7+2'�

�����6HW�XS�RI�QXPHULFDO�VLPXODWLRQV�

,Q�WKH�FXUUHQW�VHFWLRQ�RI�WKH�SUHVHQW�ZRUN�WKH�SUHYLRXVO\�GHVFULEHG��92)�EDVHG��QXPHULFDO�
VLPXODWLRQ� IUDPHZRUN� LV� IXUWKHU� DSSOLHG� IRU� WKH� FRQGXFWLRQ� RI� SDUDPHWULF� QXPHULFDO�
VLPXODWLRQV��DLPLQJ�WR�LGHQWLI\�DQG�TXDQWLI\�WKH�HIIHFW�RI�JOREDO�IORZ�RVFLOODWLRQ�IUHTXHQF\�
DQG� DPSOLWXGH� RQ� WKH� OLTXLG� ILOP� HYDSRUDWLRQ� DQG� LQVWDELOLW\� IRUPDWLRQ�� DURXQG� LVRODWHG��
HORQJDWHG�YDSRXU�VOXJV��ZLWKLQ�D�KHDWHG�PLFUR�FKDQQHO��LQ�VDWXUDWHG�IORZ�ERLOLQJ�FRQGLWLRQV��
,Q�PRUH�GHWDLO��YDULRXV�VHULHV�RI�SDUDPHWULF�QXPHULFDO�H[SHULPHQWV�DUH�FRQGXFWHG��DSSO\LQJ�
D� FRQVWDQW� KHDW� IOX[� YDOXH� RI� ሶݍ �  � �����:�P�� LQ� WKH� KHDWHG� VHFWLRQ� RI� WKH� WZR� LQ� WRWDO�
FRQVLGHUHG�FLUFXODU�PLFUR�FKDQQHOV�ZLWK�H[WHUQDO�DQG�LQWHUQDO�GLDPHWHU�YDOXHV�RI�'R� ������
DQG������PP�DQG�'L� �����DQG������PP��UHVSHFWLYHO\��,Q�HDFK�VHULHV�RI�SDUDPHWULF�QXPHULFDO�
VLPXODWLRQV�� WKH� LPSRVHG�JOREDO� IORZ�RVFLOODWLRQ�DPSOLWXGH�DQG�IUHTXHQF\�DUH�YDULHG��7KH�
IORZ�RVFLOODWLRQV�DUH�JHQHUDWHG� LQGXFLQJ�DQ�RVFLOODWLQJ�SUHVVXUH�ERXQGDU\�FRQGLWLRQ�DW� WKH�
LQOHW�RI� WKH�FKDQQHO�ZKLOH�NHHSLQJ� WKH�SUHVVXUH�FRQVWDQW�DW� WKH�RXWOHW��7KH�VDPH�YDOXHV�RI�
RVFLOODWLRQ� DPSOLWXGH� DQG� IUHTXHQF\� DUH� WHVWHG� IRU� IRXU� GLIIHUHQW�ZRUNLQJ� IOXLGV�� 5���ID��
)&����HWKDQRO�DQG�ZDWHU�IRU�WKH�'L� ����PP�FKDQQHO��6HULHV�$��&��'�DQG�(�LQ�7DEOH����ZKLOH�
5���ID�RQO\�LV�WHVWHG�IRU�WKH�'L� ����PP�FKDQQHO��6HULHV�%�LQ�7DEOH�����(DFK�VLPXODWLRQ�LV�
FRQGXFWHG�LQ�WKUHH�VWDJHV��$W�WKH�ILUVW�VWDJH�D�VLQJOH�SKDVH�VLPXODWLRQ�LV�UXQ�ZLWK�RQO\�OLTXLG�
IORZLQJ�LQWR�WKH�FKDQQHO��DSSO\LQJ�D�FRQVWDQW�SUHVVXUH�GURS�RI�ǻ3� �����3D��,Q�WKH�VHFRQG�
VWDJH��DIWHU�WKH�VLQJOH�SKDVH�IORZ�KDV�UHDFKHG�D�TXDVL�VWHDG\�VWDWH�DQG�WKH�K\GURG\QDPLF�DQG�
WKHUPDO�ERXQGDU\�OD\HUV�KDYH�EHHQ�GHYHORSHG��W� �����V���DQ�HORQJDWHG�YDSRXU�VOXJ�LV�SDWFKHG�
XSVWUHDP�RI� WKH�KHDWHG�VHFWLRQ�RI� WKH�FKDQQHO�DW�D�FHUWDLQ�GLVWDQFH�IURP�WKH�FKDQQHO� LQOHW��
KDYLQJ�DQ�LQLWLDO�OHQJWK�RI��['L�DQG�DQ�LQLWLDO�OLTXLG�ILOP�WKLFNQHVV�RI�KILOP�LQLW�� ����ȝP��7KLV�
LQLWLDO�YDSRU�VOXJ� LV� WKHQ� OHIW� WR�EH�FDUULHG�DZD\�GRZQVWUHDP�E\� WKH�SUHYLRXVO\�GHYHORSHG�
OLTXLG�IORZ��WRZDUGV�WKH�KHDWHG�VHFWLRQ�RI�WKH�FLUFXODU�PLFUR�FKDQQHO��$W�WKH�WKLUG�DQG�ILQDO�
VWDJH�� DIWHU� DSSUR[LPDWHO\� ����� V� �GHSHQGLQJ�RQ� WKH�ZRUNLQJ� IOXLG� DQG�GLDPHWHU�� WKDW� WKH�
YDSRXU�VOXJ�IURQW�KDV�UHDFKHG�DSSUR[LPDWHO\�WKH�PLGGOH�RI�WKH�FKDQQHO�LQ�HDFK�FDVH��HQVXULQJ�
WKDW�LW�LV�DOPRVW�FRPSOHWHO\�FRQWDLQHG�ZLWKLQ�WKH�KHDWHG�UHJLRQ�RI�WKH�FKDQQHO���DQ�RVFLOODWLQJ�
UHODWLYH� SUHVVXUH� ERXQGDU\� FRQGLWLRQ� LV� LPSRVHG� DW� WKH� LQOHW� RI� WKH� FKDQQHO�� NHHSLQJ� WKH�
UHODWLYH�SUHVVXUH�DW�WKH�RXWOHW�FRQVWDQW�DW���3D��7KH�UHVXOWLQJ�SUHVVXUH�YDOXH�IRU�WKH�LQOHW�ZLWK�
UHVSHFW�WR�WLPH��FDQ�EH�GHVFULEHG�E\�WKH�IROORZLQJ�HTXDWLRQ�

�ሺ�ሻ ൌ ሺͳ ൅ Ƚ ���ሺɎ��ሻሻ ௥ܲ௘௙ ൅ ଴ܲ�� ���

ZKHUH�Į�DQG�I�DUH�WKH�DPSOLWXGH�DQG�IUHTXHQF\�RI�WKH�RVFLOODWLRQ��ZKLOH�3��DQG�3UHI�DUH�WKH�
LQLWLDO�SUHVVXUH�DQG�D�UHIHUHQFH�SUHVVXUH��UHVSHFWLYHO\��,W�VKRXOG�EH�PHQWLRQHG�WKDW�IRU�DOO�WKH�
VLPXODWLRQV�SUHVHQWHG�KHUH��WKH�UHIHUHQFH�SUHVVXUH�LV�WDNHQ�DV�XQLW\�DQG�WKH�LQLWLDO�SUHVVXUH�DV�
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]HUR��)RU�HDFK�FKDQQHO��DQ�D[LV\PPHWULF�FRPSXWDWLRQDO�GRPDLQ�LV�FRQVWUXFWHG�ZLWK�WKH�D[LV�
RI�V\PPHWU\�FRLQFLGLQJ�ZLWK�WKH�FHQWUDO�ORQJLWXGLQDO�D[LV�RI�WKH�FRQVLGHUHG�FLUFXODU�PLFUR�
FKDQQHOV�� 7KH� FRPSXWDWLRQDO� GRPDLQ�� PHVK� DQG� WKH� DSSOLHG� ERXQGDU\� FRQGLWLRQV� DUH�
LOOXVWUDWHG�LQ�)LJ�����IRU�HDFK�RI�WKH�FRQVLGHUHG�FKDQQHO�GLDPHWHUV��

7DEOH������ ,QOHW� SUHVVXUH� RVFLOODWLRQ� FKDUDFWHULVWLFV�� ZRUNLQJ� IOXLGV� DQG� LQWHUQDO� FKDQQHO�
GLDPHWHUV�IRU�WKH�FRQVLGHUHG�FDVHV��

&DVH� D�
�3D��

I�
�+]�� )OXLG� 'L�

�PP�� &DVH D�
�3D��

I�
�+]�� )OXLG� 'L�

�PP��
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
$�� ������� ����� 5���ID ���� '�� ������� ����� (WKDQRO� ����
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
$�� ������� ���� 5���ID ���� '�� ������� ���� (WKDQRO� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
%�� ������� ����� 5���ID ���� (�� ������� ����� :DWHU� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
%�� ������� ���� 5���ID ���� (�� ������� ���� :DWHU� ����
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ����� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�
&�� ������� ���� )&��� ���� ±� ±� ±� ±� ±�

�
�����7KH�FRPSXWDWLRQDO�GRPDLQ�FRQVLVWV�RI�D�VROLG�DQG�D�IOXLG�UHJLRQ�WKDW�DUH�FRXSOHG�DW�WKHLU�
LQWHUIDFH��7KH� IOXLG� DQG� VROLG�GRPDLQV� FRQVLVW� RI� D� WRWDO� QXPEHU�RI���������DQG���������
FRPSXWDWLRQDO� FHOOV� IRU� WKH� ���� PP� LQWHUQDO� GLDPHWHU� FKDQQHO� DQG� �������� DQG� �������
FRPSXWDWLRQDO�FHOOV�IRU�WKH�����PP�LQWHUQDO�GLDPHWHU�FKDQQHO��UHVSHFWLYHO\��7KH�PHVK�GHQVLW\�
LQ�HDFK�FDVH�ZDV�VHOHFWHG�DIWHU�DQ�DSSURSULDWH�PHVK�LQGHSHQGHQF\�VWXG\��$�VWUXFWXUHG�PHVK��
FRQVLVWLQJ�RI�KH[DKHGUDO�DQG�SULVPDWLF�HOHPHQWV�LV�XVHG��ZLWK�D�JULG�FOXVWHULQJ�WRZDUGV�WKH�
FRXSOLQJ� LQWHUIDFH� EHWZHHQ� WKH� VROLG� DQG� IOXLG� UHJLRQV�� 7KH� RYHUDOO� FRPSXWDWLRQ� GRPDLQ�
FRQVWLWXWHV�D����ZHGJH�RI�WKH�FLUFXODU�PLFUR�FKDQQHO�XQGHU�FRQVLGHUDWLRQ�LQ�HDFK�RI�WKH�WZR�
FDVHV��VLQFH�WKLV�LV�WKH�ZD\�WKDW��'�D[LV\PPHWULF�VLPXODWLRQV�DUH�FRQGXFWHG�LQ�2SHQ)2$0��
WKH� RSHQ�VRXUFH� &)'� SODWIRUP� WKDW� LV� XWLOL]HG� IRU� WKH� RYHUDOO� FRPSXWDWLRQV�� 7DEOH� ��
VXPPDUL]HV� WKH� LPSRVHG� RVFLOODWLRQ� FKDUDFWHULVWLFV�� WKH� ZRUNLQJ� IOXLG� DQG� WKH� FKDQQHO�
GLDPHWHU�IRU�HDFK�RI�WKH�H[DPLQHG�FDVHV��LQ�WKH�SUHVHQW�QXPHULFDO�LQYHVWLJDWLRQ��7KH�LQLWLDO�
VWDWH�RI�WKH�EXEEOH�MXVW�EHIRUH�WKH�DSSOLFDWLRQ�RI�WKH�RVFLOODWLRQ�IRU�HDFK�VHULHV�RI�SDUDPHWULF�
QXPHULFDO�VLPXODWLRQV�LV�GHSLFWHG�LQ�)LJ�����
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�

)LJXUH������� *HRPHWU\�� 0HVK� DQG� %RXQGDU\� FRQGLWLRQV�� IRU� HDFK� RI� WKH� FRQVLGHUHG�
PLFURFKDQQHOV��'L� �����LQ�WKH�WRS�OHIW�SDUW�DQG�'L� �����PP�LQ�WKH�ERWWRP�ULJKW�
SDUW�RI�WKH�ILJXUH���

�

)LJXUH������� ,QLWLDO�VWDWH�IRU�DOO�VHULHV�RI�SDUDPHWULF�QXPHULFDO�VLPXODWLRQ��6HULHV�$��%��&��'�
DQG�(���EHIRUH�WKH�DSSOLFDWLRQ�RI�WKH�IOXFWXDWLQJ�SUHVVXUH�DW�WKH�LQOHW�ERXQGDU\��

�����(IIHFW�RI�IORZ�RVFLOODWLRQ�IUHTXHQF\�

7KH�VSDWLDO�DQG� WHPSRUDO�HYROXWLRQ�RI� WKH�FRQVLGHUHG�YDSRXU�VOXJV� LQ� WKH�FDVH�RI�5���ID��
XQGHU�GLIIHUHQW�SUHVVXUH�RVFLOODWLRQ�IUHTXHQFLHV�DW�WKH�LQOHW�RI�WKH�FRQVLGHUHG�PLFUR�FKDQQHO��
DUH�GHSLFWHG�LQ�)LJV���DQG���IRU�WKH�'L� �����PP�DQG�'L� �����PP�FKDQQHOV�UHVSHFWLYHO\���
)LJ����GHSLFWV�WKH�QXPHULFDO�VLPXODWLRQ�UHVXOWV�IRU�FDVHV�$�±$���ZKLOH�)LJ����LOOXVWUDWHV�WKH�
FRUUHVSRQGLQJ�UHVXOWV�IRU�FDVHV�%�±%���,Q�PRUH�GHWDLO�� LQ�ERWK�FDVHV� WKH�DPSOLWXGH�RI� WKH�
SUHVVXUH�RVFLOODWLRQ�LV�NHSW�FRQVWDQW�WR�����N3D�DQG�WKH�IUHTXHQF\�LV�LQFUHDVHG�SURJUHVVLYHO\�
WDNLQJ� WKH� YDOXHV� RI� ����� ���� DQG� ����� +]�� $V� LW� FDQ� EH� REVHUYHG�� WKH� LPSRVHG� IORZ��
�
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�

)LJXUH������� 6SDWLDO� DQG� WHPSRUDO� HYROXWLRQ�RI� WKH� FRQVLGHUHG�YDSRXU� VOXJV� LQ� WKH� FDVH� RI�
5���ID�� XQGHU� GLIIHUHQW� SUHVVXUH� RVFLOODWLRQ� IUHTXHQFLHV� DW� WKH� LQOHW� RI� WKH�
FRQVLGHUHG�PLFUR�FKDQQHO��'L� �����PP���&DVHV�$���OHIW���$���PLGGOH��DQG�$��
�ULJKW���IURP�7DEOH����7KH�UHG�QXPEHUHG�VTXDUHV�PDUN�WKH�LQLWLDWLRQ�RI�FDSLOODU\�
ULGJHV��$�]RRPHG�YHUVLRQ�RI�WKH�ILUVW�LQVWDQFH�LQ�HDFK�FDVH�LV�DOVR�SURYLGHG��

�
�

)LJXUH������� 6SDWLDO� DQG� WHPSRUDO� HYROXWLRQ�RI� WKH� FRQVLGHUHG�YDSRXU� VOXJV� LQ� WKH� FDVH� RI�
5���ID�� XQGHU� GLIIHUHQW� SUHVVXUH� RVFLOODWLRQ� IUHTXHQFLHV� DW� WKH� LQOHW� RI� WKH�
FRQVLGHUHG�PLFUR�FKDQQHO��'L� �����PP���&DVHV�%���OHIW���%���PLGGOH��DQG�$��
�ULJKW���IURP�7DEOH����7KH�UHG�QXPEHUHG�VTXDUHV�PDUN�WKH�LQLWLDWLRQ�RI�FDSLOODU\�
ULGJHV��$�]RRPHG�YHUVLRQ�RI�WKH�ILUVW�LQVWDQFH�LQ�HDFK�FDVH�LV�DOVR�SURYLGHG��

RVFLOODWLRQV�DUH�UHVSRQVLEOH�IRU�WKH�SHULRGLF�JHQHUDWLRQ�RI�D�FDSLOODU\�ULGJHV�LQ�WKH�YLFLQLW\�RI�
WKH�OHDGLQJ�HGJH�RI�WKH�HYDSRUDWLQJ�YDSRXU�VOXJ��7KHVH�FDSLOODU\�ULGJHV��DIWHU�WKHLU�IRUPDWLRQ�
�VHH� IRU� H[DPSOH� WKH� QXPEHUHG� UHG� GRWWHG� VTXDUHV� LQ� )LJV� �� DQG� ��� DUH� WKHQ� WUDYHOLQJ�
GRZQVWUHDP�WRZDUGV� WKH� WUDLOLQJ�HGJH�RI� WKH�EXEEOH��JUDGXDOO\�DWWHQXDWLQJ��UHGXFLQJ� WKHLU�
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PD[LPXP�KHLJKW�DQG�LQFUHDVLQJ�WKHLU�RYHUDOO�OHQJWK��,W�LV�FKDUDFWHULVWLF�WKDW�IRU�ERWK�FKDQQHO�
GLDPHWHUV��WKH�SHULRG�RI�WKH�FDSLOODU\�ULGJH�IRUPDWLRQ��FRLQFLGHV�ZLWK�WKH�SHULRG�RI�D�FRPSOHWH�
SUHVVXUH�RVFLOODWLRQ�DW�WKH�LQOHW��L�H��HYHU\���PV�IRU�FDVHV�$��DQG�%���HYHU\������PV�IRU�FDVHV�
$��DQG�%��DQG�HYHU\���PV�IRU�FDVHV�$��DQG�%����,W�LV�DOVR�HYLGHQW�WKDW��WKH�LQFUHDVH�LQ�WKH�
SUHVVXUH�RVFLOODWLRQ�IUHTXHQF\�DW�WKH�LQOHW�RI�WKH�FRQVLGHUHG�PLFUR�FKDQQHO�LQ�HDFK�FDVH��LV�
DFFRPSDQLHG� E\� D� FRUUHVSRQGLQJ� UHGXFWLRQ� LQ� WKH� PD[LPXP� KHLJKW� RI� WKH� SHULRGLFDOO\�
JHQHUDWHG�FDSLOODU\�ULGJH��6RPH�LQWHUHVWLQJ�LQHUWLDO�SKHQRPHQD�DUH�DOVR�HYLGHQW��WKDW�UHVXOW�LQ�
OLTXLG�MHWV�SHQHWUDWLQJ�DW� WKH�UHDU�HQG�RI� WKH�EXEEOHV� OHDGLQJ�WR� WKH�HQFDSVXODWLRQ�RI�VPDOO�
OLTXLG�GURSOHWV�DQG�ILQJHUV�ZLWKLQ�WKH�HORQJDWHG�YDSRXU�EXEEOHV�DQG�RU�LQ�WKH�GHWDFKPHQW�RI�
VPDOO� VDWHOOLWH� EXEEOHV� IURP� LWV� OHDGLQJ� DQG�RU� LWV� WUDLOLQJ� HGJHV�� 7KH� SURSRVHG� LQHUWLD�
JHQHUDWHG�LQWHUIDFLDO�SKHQRPHQD�DUH�PRUH�HQKDQFHG�LQ�WKH�����PP�LQWHUQDO�GLDPHWHU�FKDQQHO��
WKDW�LQ�PRVW�FDVHV�OHDG�WR�WKH�FRPSOHWH�EUHDN�XS�RI�HORQJDWHG�YDSRXU�EXEEOHV�LQWR���RU�PRUH�
SDUWV�� 6LPLODU�� WUHQGV�ZHUH� DOVR� REVHUYHG� IRU� WKH� UHVW� RI� WKH�ZRUNLQJ� IOXLGV�� KRZHYHU� WKH�
YLVXDOLVDWLRQ�UHVXOWV�IURP�WKHVH�ZRUNLQJ�IOXLGV�DUH�QRW�SUHVHQWHG�KHUH�GXH�WR�VSDFH�OLPLWDWLRQV��
�����,Q�RUGHU�WR�TXDQWLI\�WKH�HIIHFW�RI�WKH�IORZ�RVFLOODWLRQ�IUHTXHQF\��LQ�WKH�HYDSRUDWLRQ�RI�WKH�
OLTXLG�ILOP�EHWZHHQ�WKH�HORQJDWLQJ�YDSRXU�VOXJV�DQG�WKH�KHDWHG�ZDOO�RI�WKH�FKDQQHO��WKH�YDSRXU�
VOXJ�YROXPH�LQFUHDVH�ZLWK�WLPH�LV�SORWWHG�IRU�HDFK�RI�WKH�FRQVLGHUHG�ZRUNLQJ�IOXLGV�LQ�)LJ�����
�
�

�

)LJXUH������� 9DSRXU�VOXJ�YROXPH�ZLWK�UHVSHFW�WR�WLPH�IRU�5���ID��$���$���$����)&����&���
&��DQG�&����HWKDQRO��'���'��DQG�'���DQG�ZDWHU��(���(��DQG�(���IRU�GLIIHUHQW�
RVFLOODWLRQ�IUHTXHQFLHV��

�����$V�LW�FDQ�EH�REVHUYHG��IRU�DOO�IRXU�VLPXODWHG�ZRUNLQJ�IOXLGV��WKH�LQFUHDVH�LQ�IORZ�RVFLOODWLRQ�
IUHTXHQF\�FDXVHV�D�VLJQLILFDQW�GHFUHDVH�LQ�WKH�OLTXLG�ILOP�HYDSRUDWLRQ��,W�VHHPV�KRZHYHU�WKDW�
DV�WKH�IUHTXHQF\�LQFUHDVHV�IXUWKHU�WKDW�WKH�SURSRVHG�HIIHFW�EHFRPHV�SURJUHVVLYHO\�OHVV�LQWHQVH�
�H�J��&��WR�&��LQ�FRPSDULVRQ�WR�&��WR�&��WUDQVLWLRQ���,Q�WKH�FDVH�RI�HWKDQRO�DQG�ZDWHU�DQG�IRU�
IORZ�RVFLOODWLRQ�IUHTXHQF\�RI�����+]��'��DQG�(����MXVW�DIWHU�DURXQG�W� ���PV�LQ�ERWK�FDVHV��D�
GHFUHDVH�LQ�WKH�YDSRXU�YROXPH�LV�REVHUYHG��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�VLJQLILFDQW�DPRXQW�
RI�OLTXLG�WKDW�KDV�EHHQ�HQFDSVXODWHG�LQ�WKH�IRUP�RI�OLTXLG�GURSOHWV��MHWV�DQG�ILQJHUV��ZLWKLQ�WKH�
HORQJDWLQJ�YDSRXU�VOXJV�LQ�WKHVH�FDVHV��
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�����(IIHFW�RI�IORZ�RVFLOODWLRQ�DPSOLWXGH�

7KH�VSDWLDO�DQG� WHPSRUDO�HYROXWLRQ�RI� WKH�FRQVLGHUHG�YDSRXU�VOXJV� LQ� WKH�FDVH�RI�5���ID��
XQGHU�GLIIHUHQW�SUHVVXUH�RVFLOODWLRQ�DPSOLWXGHV�DW�WKH�LQOHW�RI�WKH�FRQVLGHUHG�PLFUR�FKDQQHO��
DUH�GHSLFWHG�LQ�)LJV���DQG���IRU�WKH�'L� �����PP�DQG�'L� �����PP�FKDQQHOV�UHVSHFWLYHO\���
)LJ����GHSLFWV�WKH�QXPHULFDO�VLPXODWLRQ�UHVXOWV�IRU�FDVHV�$�±$���ZKLOH�)LJ����LOOXVWUDWHV�WKH�
FRUUHVSRQGLQJ�UHVXOWV�IRU�FDVHV�%�±%���,Q�PRUH�GHWDLO�� LQ�ERWK�FDVHV� WKH�IUHTXHQF\�RI� WKH�
SUHVVXUH�RVFLOODWLRQ�LV�NHSW�FRQVWDQW�WR�����+]�DQG�WKH�DPSOLWXGH�LV�LQFUHDVHG�SURJUHVVLYHO\�
WDNLQJ�WKH�YDOXHV�RI������������������DQG�����N3D��,Q�WKLV�FDVH�LW�LV�HYLGHQW�WKDW��WKH�LQFUHDVH�
LQ�WKH�SUHVVXUH�RVFLOODWLRQ�DPSOLWXGH�DW�WKH�LQOHW�RI�WKH�FRQVLGHUHG�PLFUR�FKDQQHO�LQ�HDFK�FDVH��
LV� DFFRPSDQLHG� E\� D� FRUUHVSRQGLQJ� LQFUHDVH� LQ� WKH� PD[LPXP� KHLJKW� RI� WKH� SHULRGLFDOO\�
JHQHUDWHG�FDSLOODU\�ULGJH��,Q�VRPH�FDVHV��WKH�KHLJKW�RI�WKH�IRUPHG�FDSLOODU\�ULGJH�ULFKHV�WKH�
FKDQQHO� UDGLXV� FDXVLQJ� WKH�EXEEOH� WR�EUHDN�XS� LQWR���SDUWV� DW� WKLV�SRLQW� �VHH� IRU� H[DPSOH�
KLJKOLJKWHG�UHG�VTXDUH�QXPEHU���LQ�)LJ����DQG�VTXDUHV�QXPEHU������DQG���LQ�)LJ������$OVR��
KHUH�LQHUWLDO�SKHQRPHQD�DUH�DOVR�HYLGHQW��WKDW�UHVXOW�LQ�OLTXLG�MHWV�SHQHWUDWLQJ�DW�WKH�UHDU�HQG�
RI�WKH�EXEEOHV�OHDGLQJ�WR�WKH�HQFDSVXODWLRQ�RI�VPDOO�OLTXLG�GURSOHWV�MHWV�DQG�ILQJHUV�ZLWKLQ�WKH�
HORQJDWHG�YDSRXU�EXEEOHV�DQG�RU�LQ�WKH�GHWDFKPHQW�RI�VPDOO�VDWHOOLWH�EXEEOHV�IURP�LWV�OHDGLQJ�
DQG�RU�LWV�WUDLOLQJ�HGJHV��
�����7KH�SURSRVHG�LQHUWLD�JHQHUDWHG�LQWHUIDFLDO�SKHQRPHQD�DUH�PRUH�HQKDQFHG�LQ�WKH�����PP�
LQWHUQDO� GLDPHWHU� FKDQQHO�� WKDW� LQ�PRVW� FDVHV� OHDG� WR� WKH� FRPSOHWH� EUHDN�XS� RI� HORQJDWHG�
YDSRXU� EXEEOHV� LQWR� WZR� RU� PRUH� SDUWV�� 0RUHRYHU�� WKHVH� EHFRPH� PRUH� LQWHQVH� DV� WKH�
DPSOLWXGH�RI�WKH�IORZ�RVFLOODWLRQ�LQFUHDVHV��6LPLODU��WUHQGV�ZHUH�DOVR�REVHUYHG�IRU�WKH�UHVW�RI�
WKH� ZRUNLQJ� IOXLGV�� KRZHYHU� WKH� YLVXDOLVDWLRQ� UHVXOWV� IURP� WKHVH� ZRUNLQJ� IOXLGV� DUH� QRW��
�

�
�

)LJXUH������� 6SDWLDO� DQG� WHPSRUDO� HYROXWLRQ�RI� WKH� FRQVLGHUHG�YDSRXU� VOXJV� LQ� WKH� FDVH� RI�
5���ID�� XQGHU� GLIIHUHQW� SUHVVXUH� RVFLOODWLRQ� DPSOLWXGHV� DW� WKH� LQOHW� RI� WKH�
FRQVLGHUHG�PLFUR�FKDQQHO��'L� �����PP���&DVHV�$���$���$���$��DQG�$���OHIW�WR�
ULJKW���IURP�7DEOH����7KH�UHG�QXPEHUHG�VTXDUHV�PDUN�WKH�LQLWLDWLRQ�RI�WKH�ILUVW�
FDSLOODU\�ULGJH�LQ�HDFK�FDVH��$�]RRPHG�YHUVLRQ�RI�WKHVH�LQVWDQFHV�IRU�HDFK�FDVH�
LV�DOVR�SURYLGHG��

Computational and Experimental Methods in Multiphase and Complex Flow X  135

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press



�

)LJXUH������� 6SDWLDO� DQG� WHPSRUDO� HYROXWLRQ�RI� WKH� FRQVLGHUHG�YDSRXU� VOXJV� LQ� WKH� FDVH� RI�
5���ID�� XQGHU� GLIIHUHQW� SUHVVXUH� RVFLOODWLRQ� DPSOLWXGHV� DW� WKH� LQOHW� RI� WKH�
FRQVLGHUHG�PLFUR�FKDQQHO��'L� �����PP���&DVHV�%���%���%���%��DQG�%���OHIW�WR�
ULJKW���IURP�7DEOH����7KH�UHG�QXPEHUHG�VTXDUHV�PDUN�WKH�LQLWLDWLRQ�RI�WKH�ILUVW�
FDSLOODU\�ULGJH�LQ�HDFK�FDVH��$�]RRPHG�YHUVLRQ�RI�WKHVH�LQVWDQFHV�IRU�HDFK�FDVH�
LV�DOVR�SURYLGHG��

�

)LJXUH������� 9DSRXU�VOXJ�YROXPH�ZLWK�UHVSHFW�WR�WLPH�IRU�5���ID��$���$���$��DQG�$����)&���
�&���&��DQG�&����HWKDQRO��'���'��DQG�'���DQG�ZDWHU��(���(���(���(��DQG�(���
IRU�GLIIHUHQW�RVFLOODWLRQ�DPSOLWXGHV��

SUHVHQWHG�KHUH�GXH�WR�VSDFH�OLPLWDWLRQV��,Q�RUGHU�WR�TXDQWLI\�WKH�HIIHFW�RI�WKH�IORZ�RVFLOODWLRQ�
DPSOLWXGH��LQ�WKH�HYDSRUDWLRQ�RI�WKH�OLTXLG�ILOP�EHWZHHQ�WKH�HORQJDWLQJ�YDSRXU�VOXJV�DQG�WKH�
KHDWHG�ZDOO�RI�WKH�FKDQQHO��WKH�YDSRXU�VOXJ�YROXPH�LQFUHDVH�ZLWK�WLPH�LV�SORWWHG�IRU�HDFK�RI�
WKH�FRQVLGHUHG�ZRUNLQJ�IOXLGV�LQ�)LJ�����
�

136  Computational and Experimental Methods in Multiphase and Complex Flow X

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press



�����$V�LW�FDQ�EH�REVHUYHG��IRU�DOO�IRXU�VLPXODWHG�ZRUNLQJ�IOXLGV��WKH�LQFUHDVH�LQ�IORZ�RVFLOODWLRQ�
DPSOLWXGH��IRU�WKH�LQLWLDO�VWDJHV�RI�WKH�EXEEOH�JURZWK��FDXVHV�D�FRUUHVSRQGLQJ�LQFUHDVH�LQ�WKH�
OLTXLG� ILOP� HYDSRUDWLRQ�� ,W� VHHPV� LQ� PRVW� FDVHV� WKDW� DV� WKH� DPSOLWXGH� RI� WKH� RVFLOODWLRQ�
LQFUHDVHV�IXUWKHU�WKDW�WKH�SURSRVHG�HIIHFW�EHFRPHV�SURJUHVVLYHO\�PRUH�LQWHQVH��H�J��&��WR�&��
LQ�FRPSDULVRQ�WR�&��WR�&��WUDQVLWLRQ���,Q�DOO�ZRUNLQJ�IOXLG�FDVHV�DSDUW�IURP�)&���DQG�IRU�
VSHFLILF�RVFLOODWLRQ�DPSOLWXGHV��DW�D�FHUWDLQ�LQ�HDFK�FDVH�WLPH�LQVWDQFH��ZKLFK�YDULHV�LQ�UHODWLRQ�
WR�ERWK�WKH�RVFLOODWLRQ�DPSOLWXGH�DQG�WKH�ZRUNLQJ�IOXLG��D�UHGXFWLRQ�LQ� WKH�YDSRXU�YROXPH�
ZLWK�UHVSHFW�WR�WLPH�LV�REVHUYHG��7KLV�FDQ�EH�DWWULEXWHG�WR�WKH�VLJQLILFDQW�DPRXQW�RI�OLTXLG�
WKDW� KDV� EHHQ� HQFDSVXODWHG� LQ� WKH� IRUP� RI� OLTXLG� GURSOHWV�� MHWV� DQG� ILQJHUV�� ZLWKLQ� WKH�
HORQJDWLQJ�YDSRXU�VOXJV�LQ�DOO�WKHVH�FDVHV��DQG�DOVR�WR�WKH�IDFW�WKDW�LQ�VRPH�FDVHV�WKH�EXEEOH�
KDV�DOUHDG\�H[LWHG�WKH�FKDQQHO�RXWOHW��

���&21&/86,216�
,Q�WKH�SUHVHQW�SDSHU��D�SUHYLRXVO\�YDOLGDWHG�DQG�RSWLPL]HG��HQKDQFHG��92)�EDVHG�QXPHULFDO�
PRGHOOLQJ�IUDPHZRUN�LV�DSSOLHG�LQ�RUGHU�WR�LGHQWLI\�DQG�TXDQWLI\�WKH�HIIHFWV�RI�JOREDO�IORZ�
RVFLOODWLRQ� IUHTXHQF\� DQG� DPSOLWXGH� RQ� WKH� OLTXLG� ILOP� HYDSRUDWLRQ� DQG� LQVWDELOLWLHV�
IRUPDWLRQ�� DURXQG� LVRODWHG�� HORQJDWHG� YDSRXU� VOXJV�� ZLWKLQ� KHDWHG� PLFUR�FKDQQHOV�� LQ�
VDWXUDWHG� IORZ�ERLOLQJ�FRQGLWLRQV��)RXU�GLIIHUHQW�ZRUNLQJ� IOXLGV�DUH�FRQVLGHUHG��)URP� WKH�
SRVW�SURFHVVLQJ� DQG� DQDO\VLV� RI� WKH� UHVXOWV� LW� LV� REYLRXV� WKDW� DIWHU� WKH� DSSOLFDWLRQ� RI� WKH�
LQGXFHG�IORZ�RVFLOODWLRQ��FDSLOODU\�ULGJHV�DUH�SHULRGLFDOO\�IRUPHG�LQ�WKH�OLTXLG�ILOP�EHWZHHQ�
WKH�YDSRXU�VOXJ�DQG�WKH�KHDWHG�ZDOO�RI�WKH�FKDQQHO��LQ�WKH�YLFLQLW\�RI�WKH�WUDLOLQJ�HGJH�RI�WKH�
HORQJDWLQJ�EXEEOHV��DV�WKH\�SUHIHUHQWLDOO\�PRYH�WRZDUGV�WKH�RXWOHW��,W�LV�VKRZQ�WKDW�WKH�SHULRG�
RI�IRUPDWLRQ�FRLQFLGHV�ZLWK�WKH�SHULRG�RI�WKH�LQGXFHG�IORZ�RVFLOODWLRQV�IRU�DOO�ZRUNLQJ�IOXLGV�
WHVWHG�DQG�WKDW�WKH�LQFUHDVH�LQ�WKH�IORZ�RVFLOODWLRQ�IUHTXHQF\��LV�DFFRPSDQLHG�E\�D�UHGXFWLRQ�
LQ�WKH�PD[LPXP�KHLJKW�RI�WKH�SHULRGLFDOO\�JHQHUDWHG�FDSLOODU\�ULGJHV��ZKLOH�WKH�LQFUHDVH�LQ�
WKH�IORZ�RVFLOODWLRQ�DPSOLWXGH��FDXVHV�D�FRUUHVSRQGLQJ�LQFUHDVH�LQ�WKHLU�PD[LPXP�KHLJKW�WKDW�
IRU�KLJK�RVFLOODWLRQ�DPSOLWXGHV�FDQ�HYHQWXDOO\�OHDG�WR�WKH�EXEEOH�EUHDN�XS�LQWR�WZR�RU�PRUH�
SDUWV��)LQDOO\��LW�LV�IRXQG�WKDW�WKH�OLTXLG�ILOP�HYDSRUDWLRQ�UDWH�LV�VLJQLILFDQWO\�HQKDQFHG�E\�WKH�
FRUUHVSRQGLQJ�LQFUHDVH�RI�WKH�IORZ�RVFLOODWLRQ�DPSOLWXGH��ZKLOH�LW�GHJUDGHV�E\�WKH�LQFUHDVH�RI�
WKH�IORZ�RVFLOODWLRQ�IUHTXHQF\��)RU�IXWXUH�LQYHVWLJDWLRQV�WKH�FRQWHQW�RI�WKH�SUHVHQW�SDSHU�FDQ�
EH� IXUWKHU� H[WHQGHG�E\�SHUIRUPLQJ� VLPLODU� SDUDPHWULF� QXPHULFDO� LQYHVWLJDWLRQV� IRU� ORQJHU�
FKDQQHOV�DQG�IRU�GLIIHUHQW�DSSOLHG�KHDW�IOX[HV�LQ�RUGHU�WR�H[DPLQH�WKH�HIIHFW�RI�IORZ�RVFLOODWLRQ�
FKDUDFWHULVWLFV�LQ�FDVHV�RI�GLIIHUHQW�LQLWLDO�EXEEOH�OHQJWKV��

$&.12:/('*(0(176�
7KH�DXWKRUV�ZRXOG�OLNH�WR�DFNQRZOHGJH�WKH�8.¶V�(QJLQHHULQJ�DQG�3K\VLFDO�6FLHQFH�5HVHDUFK�
&RXQFLO�VXSSRUW��WKURXJK�WKH�JUDQW�(3�3���������DV�ZHOO�DV�WKH�ILQDQFLDO�VXSSRUW�IURP�(6$�
0$3�3URMHFWV�,1:,3�DQG�(1&20����

5()(5(1&(6�
>�@� 0DJQLQL��0���3XOYLUHQWL��%��	�7KRPH��-�5���1XPHULFDO�LQYHVWLJDWLRQ�RI�K\GURG\QDPLFV�

DQG�KHDW�WUDQVIHU�RI�HORQJDWHG�EXEEOHV�GXULQJ�IORZ�ERLOLQJ�LQ�D�PLFURFKDQQHO��Int. J. 
Heat Mass Transf.������SS�����±�����������

>�@� 6]F]XNLHZLF]�� 6��� 0DJQLQL�� 0�� 	� 7KRPH�� -�5��� 3URSRVHG� PRGHOV�� RQJRLQJ�
H[SHULPHQWV��DQG�ODWHVW�QXPHULFDO�VLPXODWLRQV�RI�PLFURFKDQQHO�WZR�SKDVH�IORZ�ERLOLQJ��
Int. J. Multiph. Flow������SS����±�����������

>�@� /HH�� -�� 	� .LP�� 6�-��� (IIHFW� RI� FKDQQHO� JHRPHWU\� RQ� WKH� RSHUDWLQJ� OLPLW� RI� PLFUR�
SXOVDWLQJ�KHDW�SLSHV��Int. J. Heat Mass Transf.�������SS�����±�����������

Computational and Experimental Methods in Multiphase and Complex Flow X  137

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press



>�@� 0DQJLQL��'���0DPHOL��0���*HRUJRXODV��$���$UDQHR��/���)LOLSSHVFKL��6��	�0DUHQJR��0���
$�SXOVDWLQJ�KHDW�SLSH�IRU�VSDFH�DSSOLFDWLRQV��*URXQG�DQG�PLFURJUDYLW\�H[SHULPHQWV��
Int. J. Therm. Sci.������������

>�@� %UDFNELOO�� -���.RWKH��'��	�=HPDFK��&���$� FRQWLQXXP�PHWKRG� IRU�PRGHOLQJ� VXUIDFH�
WHQVLRQ��J. Comput. Phys.����������SS�����±�����������

>�@� +RDQJ��'�$���YDQ�6WHLMQ��9���3RUWHOD��/�0���.UHXW]HU��0�7��	�.OHLMQ��&�5���%HQFKPDUN�
QXPHULFDO� VLPXODWLRQV� RI� VHJPHQWHG� WZR�SKDVH� IORZV� LQ� PLFURFKDQQHOV� XVLQJ� WKH�
9ROXPH�RI�)OXLG�PHWKRG��Comput. Fluids������SS����±����������

>�@� 'HVKSDQGH��6�6���$QXPROX��/��	�7UXMLOOR��0�)���(YDOXDWLQJ� WKH�SHUIRUPDQFH�RI� WKH�
WZR�SKDVH�IORZ�VROYHU�LQWHU)RDP��Comput. Sci. Discov.��������S���������������

>�@� *HRUJRXODV�� $��� .RXNRXYLQLV�� 3��� *DYDLVHV�� 0�� 	� 0DUHQJR�� 0��� 1XPHULFDO�
LQYHVWLJDWLRQ�RI�TXDVL�VWDWLF�EXEEOH�JURZWK�DQG�GHWDFKPHQW�IURP�VXEPHUJHG�RULILFHV�
LQ�LVRWKHUPDO�OLTXLG�SRROV��7KH�HIIHFW�RI�YDU\LQJ�IOXLG�SURSHUWLHV�DQG�JUDYLW\�OHYHOV��Int. 
J. Multiph. Flow������SS����±����������

>�@� +DUGW��6��	�:RQGUD��)���(YDSRUDWLRQ�PRGHO�IRU�LQWHUIDFLDO�IORZV�EDVHG�RQ�D�FRQWLQXXP�
ILHOG�UHSUHVHQWDWLRQ�RI�WKH�VRXUFH�WHUPV��J. Comput. Phys.�����������SS������±������
������

>��@� *HRUJRXODV��$���$QGUHGDNL��0��	�0DUHQJR��0���$Q�HQKDQFHG�92)�PHWKRG�FRXSOHG�
ZLWK�KHDW� WUDQVIHU� DQG�SKDVH�FKDQJH� WR�FKDUDFWHULVH�EXEEOH�GHWDFKPHQW� LQ� VDWXUDWHG�
SRRO�ERLOLQJ��Energies���������������

>��@� 7HRGRUL�� (��� 3RQWHV�� 3��� 0RLWD�� $��� *HRUJRXODV�� $��� 0DUHQJR�� 0�� 	� 0RUHLUD�� $���
6HQVLEOH�KHDW� WUDQVIHU�GXULQJ�GURSOHW�FRROLQJ��([SHULPHQWDO�DQG�QXPHULFDO�DQDO\VLV��
Energies���������������

>��@� $QGUHGDNL��0���*HRUJRXODV��$���0LFKp��1��	�0DUHQJR��0���%UHDN�XS�PHFKDQLVPV�DQG�
FRQGLWLRQV�IRU�YDSRXU�VOXJV�ZLWKLQ�PLQL�FKDQQHOV��15th UK Heat Transfer Conference, 
UKHTC2017, %UXQHO�8QLYHUVLW\��/RQGRQ���±��6HSWHPEHU��������

138  Computational and Experimental Methods in Multiphase and Complex Flow X

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 123, © 2019 WIT Press


	Cover
	Computational and Experimental Methods in Multiphase and Complex Flow X
	Copyright Page
	Preface
	Contents
	SECTION 1 EXPERIMENTAL MEASUREMENTS
	DRAG OF SHOCK-ACCELERATED MICROPARTICLES
	DIRECT MEASUREMENT OF SOLID DRAG FORCE IN FLUID–PARTICLE FLOW
	EXPERIMENTAL STUDY OF THE INTERFACIAL WAVES PRODUCED IN UPWARD VERTICAL ANNULAR FLOWS WHEN VARYING THE LIQUID-PHASE SURFACE TENSION
	INFLUENCE OF THE ORIFICE SHAPE ON MASS FLOW MEASUREMENTS OF AIR–WATER MIXTURE
	COMPARISON OF THE EFFECTS OF EXPLOSIONS INITIATED AT DIFFERENT LOCATIONS IN MULTIPHASE MEDIA: AIR AND STRUCTURE
	TWO-PHASE FLOW PHENOMENA IN A HORIZONTAL PIPE WITH A SUDDEN CONTRACTION: EFFECTS OF CONTRACTION RATIO ON FILM BEHAVIOUR
	HIGH TEMPERATURE ALUMINIUM PLATE COOLING BY WATER IMPINGEMENT: NUMERICAL SIMULATION WITH ADAPTED CFD WATER COOLING MODELS AND EXPERIMENTAL VALIDATION

	SECTION 2 NUMERICAL METHODS
	MASS TRANSFER THROUGH FREE SURFACE BOUNDARY LAYERS USING A STATISTICAL APPROACH
	ANALYTICAL MODEL AND NUMERICAL STABILITY ANALYSIS FOR FALLING LIQUID FILM REGIMES IN VERTICAL PIPES
	LUBRICATION OF GEARBOXES: CFD ANALYSIS OF A CYCLOIDAL GEAR SET
	COMPUTATIONAL INVESTIGATIONS OF POLYMER SHEET BREAKUP FOR OPTIMIZATION OF DEVOLATILIZATION PROCESSES IN STEAM CONTACTORS

	SECTION 3 MULTIPHASE FLOWS
	NUMERICAL INVESTIGATION OF LIQUID FILM INSTABILITIES AND EVAPORATION IN CONFINED OSCILLATING SLUG-PLUG FLOWS
	INTERACTION OF A CAVITATION BUBBLE WITH AN ANTIBUBBLE
	FULLY DEVELOPED BUBBLY TWO-PHASE FLOW THROUGH A PIPE: AN ANALYTICAL SOLUTION
	EXPERIMENTAL INVESTIGATION OF PRESSURE AND VOID FRACTION CHANGES FOR TWO-PHASE FLOW THROUGH FLOW-RESTRICTING ORIFICES
	STUDY OF POLYMER ELASTIC BEHAVIOR IN THE DISPLACEMENT OF OIL DROPS AT PORE SCALE

	SECTION 4 FLOW IN POROUS MEDIA
	SWELLING DURING PYROLYSIS OF FIBRE–RESIN COMPOSITES WHEN HEATED ABOVE NORMAL OPERATING TEMPERATURES
	GEOMETRIC VERSUS KINETIC MODELLING APPROACH FOR CHARACTERIZING POROUS METAL FOAMS
	BED EXPANSION CHARACTERISTICS IN MICROJET AND VIBRATION ASSISTED FLUIDIZATION OF TIO2 NANOPARTICLES
	EXPANSION PROCESSES AND STRUCTURES OF TWO-PHASE FLOWS IN AERATED-LIQUID JETS DISCHARGED INTO A QUIESCENT ENVIRONMENT
	PROTON RADIOGRAPHY OF EXPLOSIVELY DISPERSED METAL PARTICLES WITH VARYING CARRIER FLUID

	Author index

