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$%675$&7�
7KH� SDSHU� GHDOV� ZLWK� VLPSOLILHG� PRGHOLQJ� RI� KHDW�
VRXUFHV� LQ� WKH� LQGRRU� HQYLURQPHQW� EDVHG� RQ� WKH�
UHSODFHPHQW� RI� KHDW� VRXUFH� E\� VLPSOH� ERXQGDU\�
FRQGLWLRQV��7KH�DLP�RI�WKLV�DSSURDFK�LV�WR�FDSWXUH�WKH�
LQIOXHQFH� RI� D� UHDO� KHDW� SOXPH� RQ� RYHUDOO� DLU� IORZ�
SDWWHUQ�LQ�WKH�URRP�XVLQJ�D�PRGHO�ZKLFK�LV�HDV\�WR�VHW�
XS� DQG� FDQ� TXLFNO\� SURGXFH� VLPXODWLRQ� UHVXOWV�� 7KH�
UHSODFHPHQW�ERXQGDU\� FRQGLWLRQV� FDQ�EH�GHWHUPLQHG�
IURP� D� GHWDLOHG� &)'� VLPXODWLRQ� �RU� IURP�
D�PHDVXUHPHQW�� RI� FRQYHFWLYH� IORZ� DERYH�
D�FRPSUHKHQVLYH�PRGHO�RI�WKH�KHDW�VRXUFH��
$�VLWWLQJ�WKHUPDO�PDQLNLQ�LQ�HQFORVHG�URRP�LV�XVHG�DV�
DQ�H[DPSOH�WR�GHPRQVWUDWH�WKH�LQIOXHQFH�RI�GLIIHUHQW�
FRPSXWDWLRQDO� PRGHO� DVSHFWV� RQ� WKH� VLPXODWLRQ�
UHVXOWV�� 7KLV� LQFOXGHV� SRVLWLRQ� RI� WKH� UHSODFHPHQW�
ERXQGDU\� FRQGLWLRQV�� W\SH� RI� WXUEXOHQFH� PRGHO� DQG�
DLU�WHPSHUDWXUH�LQ�WKH�URRP��6WXG\�HODERUDWHG�LQ�WKLV�
SDSHU�LV�EDVHG�RQ�WKH�UHVXOWV�RI�&)'�VLPXODWLRQV�ERWK�
ZLWK� GHWDLOHG� DQG� VLPSOLILHG� PRGHOV�� ZKLFK� DUH�
PXWXDOO\�FRPSDUHG��

,1752'8&7,21�
)RU�DQ�HIIHFWLYH�XVH�RI�FRPSXWDWLRQDO�IOXLG�G\QDPLFV�
�&)'��LQ�+9$&�GHVLJQ�LW�LV�HVSHFLDOO\�YLWDO�WR�UHGXFH�
WKH�WLPH�WR�EH�VSHQW�RQ�WKH�PRGHO�VHW�XS�DV�ZHOO�DV�RQ�
WKH�VLPXODWLRQV��2QH�RI�WKH�SRVVLEOH�ZD\V�WR�DFKLHYH�
WKLV� LV� WR� VLPSOLI\� FRPSXWDWLRQDO� PRGHOV� SURYLGLQJ�
WKDW� WKH� UHVXOWV� DFFXUDF\� ZLOO� QRW� EH� VLJQLILFDQWO\�
ORZHUHG��
+HDW� VRXUFHV� DUH� YHU\� FRPPRQ� HOHPHQWV� RI� WKH�
LQGRRU� HQYLURQPHQW�� 7KHLU� PDLQ� LPSDFW� RQ� WKH�
VXUURXQGLQJ�DLUIORZ�LV�FDXVHG�E\�FRQYHFWLYH�FXUUHQWV�
RFFXUULQJ�DURXQG� WKHP��:DUP�DLU� LV�GULYHQ�XSZDUGV�
E\�EXR\DQF\�IRUFHV�DQG�IRUPV�D�ULVLQJ�WKHUPDO�SOXPH�
DERYH� WKH� KHDW� VRXUFH�� &)'� PRGHOLQJ� DQG�
VLPXODWLRQV�RI�QDWXUDO�FRQYHFWLYH� IORZV�JHQHUDWHG� LQ�
YHQWLODWHG� DQG� DLU�FRQGLWLRQHG� VSDFHV� DUH� TXLWH�
GHPDQGLQJ�IRU�FRPSXWLQJ�SRZHU�DQG�WLPH��<HW��WKH\�
KDYH� WR� EH� FRQVLGHUHG� DV� WKHLU� PRPHQWXP� PD\� EH�
FRPSDUDEOH� ZLWK� PRPHQWXP� RI� DLU� IORZV� IURP�
YHQWLODWLRQ� GLIIXVHUV� DQG� WKH\� FDQ� VLJQLILFDQWO\�
LQIOXHQFH� DLU� IORZ� GLVWULEXWLRQ� LQGRRUV� DV� ZHOO� DV�
LQGRRU� HQYLURQPHQW� TXDOLW\�� SRVVLEO\� LQ� D� QHJDWLYH�
ZD\� �$ZEL�� ������ =ERĜLO� HW� DO��� ������ =XNRZVND��
������� &RUUHFW� &)'� VLPXODWLRQV� FDQ� DOVR� FRQWULEXWH�
WR� PRUH� HIIHFWLYH� UHPRYDO� RI� KHDW� JDLQV� IURP� WKH�

LQGRRU� KHDW� VRXUFHV� ZKLFK� FDQ� ORZHU� HQHUJ\�
FRQVXPSWLRQ� RI� YHQWLODWLRQ� DQG� DLU�FRQGLWLRQLQJ�
V\VWHPV��
7KH� SDSHU� HYDOXDWHV� WKH� UHVXOWV� RI� &)'� VLPXODWLRQV�
RI� WKHUPDO�SOXPHV�DERYH�D� VLPSOLILHG�PRGHO�RI� KHDW�
VRXUFH� �VLWWLQJ� WKHUPDO� PDQLNLQ�� ZLWK� GLIIHUHQW�
OD\RXWV� RI� UHSODFHPHQW� ERXQGDU\� FRQGLWLRQV� DQG�
GLIIHUHQW�DPELHQW�FRQGLWLRQV��7KH�UHVXOWV�DUH�PXWXDOO\�
FRPSDUHG� DQG� GLVFXVVHG� LQ� RUGHU� WR� HYDOXDWH�
LQIOXHQFH�RI�WKH�SDUDPHWHUV�RQ�WKH�VLPXODWHG�WKHUPDO�
SOXPH�ULVLQJ�DERYH�WKH�KHDW�VRXUFH��

0(7+2'�'(6&5,37,21�
$�QHZ�PHWKRG�WR�VLPSOLI\�PRGHOV�RI�KHDW�VRXUFHV�KDV�
EHHQ� GHVLJQHG� DQG� WHVWHG�� 7R� WHVW� WKLV� DSSURDFK� ZH�
XVHG� D� PRGHO� RI� VLWWLQJ� WKHUPDO� PDQLNLQ� DV� DQ�
H[DPSOH�RI�LQGRRU�KHDW�VRXUFH��,Q�JHQHUDO��RFFXSDQWV�
DUH� XVXDOO\� SUHVHQW� LQ� LQGRRU� HQYLURQPHQWV� DQG� LW� LV�
QRW� SRVVLEOH� WR� HIIHFWLYHO\� UHGXFH� WKHLU� KHDW� RXWSXW��
7KHLU� UHODWLYH� FRQWULEXWLRQ� WR� WKH� WRWDO� KHDW� JDLQV� LQ�
YDULRXV� EXLOGLQJV� LV� ULVLQJ� �=XNRZVND�� �������
0RUHRYHU�� WKH� VXUIDFH�RI� KXPDQ�ERG\�KDV� UHODWLYHO\�
FRPSOH[�JHRPHWU\�ZKLFK�PXVW�EH�XVXDOO\�VLPSOLILHG�
LQ�&)'� VLPXODWLRQV��2XU� FKRLFH�ZDV� DOVR� GULYHQ� E\�
WKH�SRVVLELOLW\� WR�XVH�WKH�VDPH�PDQLNLQ�LQ�ODERUDWRU\�
H[SHULPHQWV� IRU� IXUWKHU� WHVWLQJ�DQG� LPSURYHPHQWV� RI�
RXU�DSSURDFK��
0RGHO� RI� D� WKHUPDO�PDQLNLQ�ZLWK�GHWDLOHG� JHRPHWU\�
DQG� ERXQGDU\� FRQGLWLRQV� RI� FRQVWDQW� KHDW� IOX[� IURP�
WKH�PDQLNLQ�ERG\�ZDV�FUHDWHG�DV� WKH� ILUVW� VWHS��+HDW�
DQG�PRPHQWXP�WUDQVIHU�QHDU�WKH�PDQLNLQ�VXUIDFH�ZDV�
PRGHOHG� XVLQJ� GHQVH� ERXQGDU\� OD\HU� PHVK� �L�H��
ZLWKRXW� ZDOO� IXQFWLRQV��� ZKLFK� LV� DFFXUDWH� EXW� LW�
VLJQLILFDQWO\�LQFUHDVHV�FRPSXWDWLRQDO�GHPDQGV�RQ�WKH�
FRPSXWHU�PHPRU\�DQG�SURORQJV�FRPSXWDWLRQDO� WLPH��
&)'� VLPXODWLRQV� ZHUH� SHUIRUPHG� ZLWK� WKH� GHWDLOHG�
PRGHO� WR� REWDLQ� YHORFLW\� DQG� WHPSHUDWXUH� ILHOGV�
DURXQG� WKH� PDQLNLQ� ZLWK� IRFXV� RQ� WKH� JHQHUDWHG�
WKHUPDO�SOXPH��
7KH� UHVXOWV� RI� GHWDLOHG� VLPXODWLRQ� ZHUH� XVHG� WR�
GHWHUPLQH� WHPSHUDWXUH� DQG� YHORFLW\� SURILOHV� LQ� WKUHH�
KHLJKWV� RI� WKH� WKHUPDO� SOXPH�� 7KHVH� SURILOHV� ZHUH�
VXEVHTXHQWO\� XVHG� DV� WKH� UHSODFHPHQW� ERXQGDU\�
FRQGLWLRQV�LQGXFLQJ�DQ�DUWLILFLDO�WKHUPDO�SOXPH�ULVLQJ�
DURXQG�D�VXEVWLWXWLYH��JHRPHWULFDOO\�VLPSOLILHG�REMHFW�
ZLWK�DGLDEDWLF�VXUIDFH��
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$� VLPSOLILHG� PRGHO� RI� WKH� KHDW� VRXUFH� FDQ� EH�
UHSHDWHGO\� XVHG� LQ� GLIIHUHQW� VLPXODWLRQV� �H�J�� ZLWK�
YDULDWLRQ� RI� ERXQGDU\� FRQGLWLRQV��� RU� DV� D� PXOWLSOH�
REMHFW�LQ�D�VLQJOH�VLPXODWLRQ��PXOWLSOH�RFFXUUHQFH�RI�
DQ�LGHQWLFDO�KHDW�VRXUFH�LQ�WKH�FRPSXWDWLRQDO�PRGHO���
7KH� SURSRVHG� PHWKRG� LV� DOVR� DLPLQJ� WR� ORZHU�
FRPSXWDWLRQDO�WLPH�RI�WKH�VLPXODWLRQ�FRPSDUHG�WR�WKH�
FDVH� ZLWK� D� GHWDLOHG� PRGHO� RI� WKH� KHDW� VRXUFH�� 7KH�
LQIOXHQFH� RI� KHDW� VRXUFHV� RQ� WKH� VXUURXQGLQJ�
HQYLURQPHQW� VKDOO� EH� VWLOO� UHIOHFWHG�� +RZHYHU�� LW� LV�
QHFHVVDU\� WR�FDSWXUH� WKH� WKHUPDO�SOXPH� ULVLQJ�DERYH�
WKH�KHDW�VRXUFH�LQ�WKH�GHWDLOHG�VLPXODWLRQ�DV�SUHFLVHO\�
DV�SRVVLEOH��

*(20(75<�2)�7+(�02'(/6�
7KH� FRPSXWDWLRQDO� PRGHOV� RI� WKHUPDO� PDQLNLQ�
UHVHPEOLQJ�D�VLWWLQJ�RFFXSDQW�ZHUH�EDVHG�RQ�SUHYLRXV�
ZRUN�RI�.RLã��������ZKR�DVVHPEOHG�D�PHWDO�WKHUPDO�
PDQLNLQ� DFFRUGLQJ� WR� WKH� SUHYLRXV� SURWRW\SH� RI� WKH�
&HQWUH� IRU� ,QGRRU�(QYLURQPHQW� DQG�(QHUJ\� DW�'78�
LQ� /\QJE\��'HQPDUN�� 7KH� JHRPHWU\� RI� WKH�PDQLNLQ�
GLIIHUV� IURP� WKH� VKDSH� RI� D� KXPDQ� ERG\�� +RZHYHU��
VXFK� VLPSOLILHG� PRGHOV� RI� RFFXSDQWV� DUH� IUHTXHQWO\�
XVHG� LQ� LQGRRU� HQYLURQPHQWDO� VWXGLHV�� 3UHYLRXV�
H[SHULPHQWV� RI� =XNRZVND� HW� DO�� �����D�� LQGLFDWHG�
WKDW�VLPSOLILFDWLRQ�RI�WKHUPDO�PDQLNLQ�JHRPHWU\�VXFK�
DV�XVHG�E\�.RLã��UHJDUGLQJ�WKH�VKDSH�RI�KXPDQ�ERG\��
VKDOO�QRW�VLJQLILFDQWO\�DIIHFW�FKDUDFWHU�RI�WKH�WKHUPDO�
SOXPH�IRUPHG�DERYH�WKH�PDQLNLQ��7KH�UHVXOWV�RI�&)'�
VLPXODWLRQ� ZLWK� GHWDLOHG� PRGHO� RI� WKHUPDO� PDQLNLQ�
ZHUH� FRQVHTXHQWO\� XVHG� DV� WKH� EDVLV� IRU� GHVLJQ� RI�
PRUH�VLPSOLILHG�FRPSXWDWLRQDO�PRGHOV��
)RXU�FRPSXWDWLRQDO�PRGHOV�RI�D�VHDWHG�PDQLNLQ�ZHUH�
GHVLJQHG�� D� EDVLF� �GHWDLOHG�� PRGHO� RI� WKHUPDO�
PDQLNLQ��D�PRGHO�ZLWK�WKH�KHDW�VRXUFH�VXEVWLWXWHG�E\�
D� VLQJOH� VLPSOLILHG� ERXQGDU\� FRQGLWLRQ� DQG� WZR�
PRGHOV� ZLWK� WKH� KHDW� VRXUFH� VXEVWLWXWHG� E\� WZR�
VLPSOLILHG� ERXQGDU\� FRQGLWLRQV� GHILQHG� DW� WZR�
GLIIHUHQW�ORFDWLRQV��
*HRPHWULFDO�PRGHOV�IRU�DOO�FRPSXWDWLRQDO�WDVNV�ZHUH�
FUHDWHG�LQ�WKH�SUHSURFHVVRU�*DPELW������WKH�QXPHULFDO�
JULGV�ZHUH�JHQHUDWHG�LQ�WKH�SUHSURFHVVRU�7*ULG�������

Model of thermal manikin 
*HRPHWU\�RI�WKH�EDVLF�PRGHO�LV�D�GHWDLOHG�FRS\�RI�WKH�
WKHUPDO� PDQLNLQ� FRQVWUXFWHG� E\� .RLã� ������� ±� VHH�
)LJXUH����7KH�PRGHO�RI�WKH�PDQLNLQ�IRUPV�DQ�HPSW\�
VKHOO��LWV�LQQHU�YROXPH�LV�QRW�GHILQHG���
7KH�PDQLNLQ�ZDV�SODFHG�LQ�WKH�PLGGOH�RI�DQ�HQFORVHG�
URRP� ZLWK� WKH� IORRU� GLPHQVLRQV� ����P�[�����P� DQG�
FHLOLQJ�KHLJKW� RI� ��P��7KH� URRP�GLPHQVLRQV� DQG�QR�
REVWDFOHV�DURXQG�WKH�PDQLNLQ�SURYLGHG�HQRXJK�VSDFH��
IRU� WKH� WKHUPDO� SOXPH� WR� GHYHORS� VXIILFLHQWO\�� 7KH�
VDPH�GLPHQVLRQV�RI� DQ� HQFORVXUH�XVHG�%RUJHV� HW� DO��
������� LQ� WKHLU� H[SHULPHQWV� IRFXVHG� RQ� WKHUPDO�
SOXPH�DERYH�D�KXPDQ�ERG\��
7KH� FRPSXWDWLRQDO� GRPDLQ� ZDV� PHVKHG� ZLWK�
RUWKRJRQDO� JULG�� RQO\� WKH� DUHDV� RI� PRUH� FRPSOH[�
JHRPHWU\� �FORVH� WR� WKH� PDQLNLQ�� ZHUH� PHVKHG� E\�
WHWUDKHGUDO�DQG�SULVPDWLF�FHOOV��7KH�PRGHO�RI�WKHUPDO�

PDQLNLQ� ZDV� VXUURXQGHG� E\� FHOOV� ZLWK� HGJH�
GLPHQVLRQ� RI� �����PP��ZKLFK�ZHUH� IROORZHG� XS� E\�
FHOOV� ZLWK� HGJH� GLPHQVLRQ� RI� ��� PP� DQG� LQ� PRUH�
GLVWDQW�DUHDV�E\�FHOOV�ZLWK�HGJH�GLPHQVLRQ�RI����PP�
ZKLFK� ILOOHG� WKH� UHPDLQLQJ� YROXPH� RI� WKH� PRGHOHG�
URRP�� 7KH� FRPSXWDWLRQDO� PHVK� ZDV� UHILQHG� LQ� WKH�
FORVH�YLFLQLW\�RI�WKH�WKHUPDO�PDQLNLQ�VXUIDFH�LQ�RUGHU�
WR�VLPXODWH�WKH�KHDW�WUDQVIHU�SUHFLVHO\��'LPHQVLRQOHVV�
ZDOO�GLVWDQFH�\��ZDV�OHVV�WKDQ���IRU�WKH�ILUVW�ILYH�FHOO�
OD\HUV� QH[W� WR� WKH� PDQLNLQ� VXUIDFH�� 7KH�
FRPSXWDWLRQDO� PHVK� ZDV� UHILQHG� DOVR� LQ� WKH� FORVH�
YLFLQLW\�RI�WKH�ZDOOV�RI�WKH�URRP���
7KH� ERXQGDU\� FRQGLWLRQV� DW� WKH� WKHUPDO� PDQLNLQ�
VXUIDFH� ZHUH� FRQVLGHUHG� DV� FRQVWDQW�� 7KH� XQLIRUP�
KHDW� IOX[� IURP� WKH� VXUIDFH� ZDV� VHW� WR� �����:�P���
ZKLFK�\LHOGHG�WKH�WRWDO�VHQVLEOH�KHDW�RXWSXW�RI����:���
�

�
)LJXUH���0RGHO�RI�WKHUPDO�PDQLNLQ�

�

Substitution of the heat source by simplified 
boundary conditions 
7KH� ULVLQJ� WKHUPDO�SOXPH� LV� LQ� WKLV� FDVH� LQGXFHG�E\�
YHORFLW\� DQG� WHPSHUDWXUH� SURILOHV� VHW� DV� ERXQGDU\�
FRQGLWLRQV� DW� VXEVLGLDU\� ]RQHV� FUHDWHG� DW� FKRVHQ�
KHLJKWV� LQ� WKH� SODFH� RI� RULJLQDO� PRGHO� RI� WKHUPDO�
PDQLNLQ�� $V� WKH� VKDSH� RI� WKH� VXEVLGLDU\� ]RQH�
UHVHPEOHV�D�ER[� IRU�SL]]D�� LW� KDV�EHHQ�QDPHG�SL]]D�
ER[�ZKLFK�LV�XVHG�LQ�WKH�IROORZLQJ�GHVFULSWLRQ���
7KUHH� FRPSXWDWLRQDO� FDVHV� ZLWK� GLIIHUHQW�
FRQILJXUDWLRQV� RI� VXEVLGLDU\� ]RQHV� ZHUH� VROYHG�� ,Q�
WKH� VLPSOHVW� FDVH�� RQO\� RQH� ]RQH�ZDV� FUHDWHG� DW� WKH�
KHLJKW� ����PP�DERYH� WKH�KHDG�RI� WKH�PRGHO�� LQ� WKH�
UHJLRQ�ZKHUH� WKH� WKHUPDO� SOXPH� LV� FRQVLGHUHG� WR� EH�
IXOO\� GHYHORSHG� �=XNRZVND�� 0HOLNRY�� 	� 3RSLROHN��
����E��� ,Q� WKH� RWKHU� WZR� FDVHV�� WKH� YHORFLW\� DQG�
WHPSHUDWXUH�SURILOHV�ZHUH�DVVLJQHG�WR�WKH�VXUIDFHV�RI�
WZR� SL]]D�ER[HV�� VHH� )LJXUH� ��� 7KH� XSSHU� RQH� ZDV�
FUHDWHG� DW� WKH� KHLJKW� RI� ���� PP� DERYH� WKH� PRGHO�
KHDG�� IRU� WKH� UHDVRQV� PHQWLRQHG� DERYH�� 7KH� ORZHU�
RQH�ZDV�GHILQHG�HLWKHU�DW� WKH�KHLJKW�RI�FDOYHV�RI� WKH�
WKHUPDO�PDQLNLQ�RU�DW�WKH�KHLJKW�RI�LWV�ZDLVW�LQ�RUGHU�
WR� DVVLVW� WKH� XSSHU� SL]]D�ER[� LQ� FUHDWLQJ� WKH�
FRQYHFWLYH� FXUUHQW� DURXQG� WKH� PDQLNLQ¶V� ERG\�� 7KH�
DLP�ZDV� WR� VKRZ� WKH� LPSRUWDQFH�RI� WKH� ORZHU�SL]]D�
ER[�SRVLWLRQ��,WV�RSWLPXP�ORFDWLRQ��KRZHYHU��ZDV�QRW�
V\VWHPDWLFDOO\�VWXGLHG����
�
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�
)LJXUH���6LPSOLILFDWLRQ�RI�WKH�KHDW�VRXUFH�
�VXEVWLWXWLRQ�E\�WZR�ERXQGDU\�FRQGLWLRQV��

�

7KH� RULJLQDO� PRGHO� RI� KHDW� VRXUFH� �L�H�� PRGHO� RI�
WKHUPDO� PDQLNLQ�� VHH� )LJXUH� ��� ZDV� VXEVWLWXWHG� E\�
VLJQLILFDQWO\� VLPSOLILHG� REMHFW�� ZKRVH� VXUIDFH� ZDV�
DGLDEDWLF��&\OLQGULFDO�OHJV�DQG�KHDG�ZHUH�UHSODFHG�E\�
UHFWDQJXODU� EORFNV�� 7KH� REMHFW� DFWV� RQO\� DV� DQ�
REVWDFOH�WR�WKH�LQGRRU�DLU�IORZ�DQG�LW�GRHV�QRW�UHOHDVH�
KHDW� WR� WKH� VXUURXQGLQJV�� 7KLV� EULQJV� ORW� RI�
DGYDQWDJHV�HVSHFLDOO\� LQ� WKH�SURFHVV�RI�PHVKLQJ�±� LW�
LV� QRW� QHFHVVDU\� WR� JHQHUDWH� GHQVH� ERXQGDU\� OD\HU�
PHVK� VXUURXQGLQJ� WKH� REMHFW¶V� VXUIDFH� DQG� WKH�
FRPSXWDWLRQDO� FHOOV� LQ� WKH� YLFLQLW\� RI� WKH� REMHFW� FDQ�
EH�ELJJHU��$OVR�QHJOHFWLQJ�WKH�F\OLQGULFDO�SDUWV�RI�WKH�
PRGHO�PDNHV�PHVKLQJ�HDVLHU��
7KH� YHORFLW\� DQG� WHPSHUDWXUH� SURILOHV� LPSRVHG� RQ�
SL]]D�ER[HV� ZHUH� GHWHUPLQHG� IURP� WKH� SUHYLRXV�
VLPXODWLRQ� ZLWK� WKH� GHWDLOHG� PRGHO� RI� WKHUPDO�
PDQLNLQ��+RUL]RQWDO�JULGV�RI�����SRLQWV�FRYHULQJ�WKH�
DUHD������[�����PP�ZHUH�VHW�DW�WKUHH�KHLJKWV�±�DW�WKH�
OHYHO�RI�FDOYHV��ZDLVW�DQG�����PP�DERYH�WKH�KHDG�RI�
WKHUPDO�PDQLNLQ��(DFK�RI�WKH�YHORFLW\�FRPSRQHQWV�X[��
X\��X]��WHPSHUDWXUH�7�DQG�WXUEXOHQFH�SDUDPHWHUV�N�DQG�
�ZHUH�REWDLQHG�DV�DQ�DYHUDJH�RI�����YDOXHV�DFTXLUHG�
GXULQJ� ����V� RI� FRPSXWDWLRQDO� WLPH�� VHH� EHORZ��7KH�
DYHUDJHG� SURILOHV� RI� YHORFLW\�� WHPSHUDWXUH�� N� DQG�
�ZHUH� LPSRUWHG� LQWR� WKH� VLPSOLILHG� FRPSXWDWLRQDO�
FDVHV�DQG�VHW�DV�ERXQGDU\�FRQGLWLRQV�RQ�HDFK�SL]]D�
ER[���

&)'�6,08/$7,216�$1'�0(7+2'�2)�
5(68/76�(9$/8$7,21�
&)'� VLPXODWLRQV� ZHUH� VROYHG� XVLQJ� WKH� VRIWZDUH�
)OXHQW�����DV�QRQ�LVRWKHUPDO� IORZ�RI� LQFRPSUHVVLEOH�
DLU�ZLWK�WKH�LQIOXHQFH�RI�WKHUPDO�H[SDQVLRQ��VR�FDOOHG�
%RXVVLQHVT�DSSUR[LPDWLRQ����
7KH� ERXQGDU\� FRQGLWLRQV� ZHUH� HTXDO� IRU� DOO� WKH�
VLPXODWLRQV�LQ�RUGHU�WR�HQDEOH�PXWXDO�FRPSDULVRQ�RI�
WKH� UHVXOWV�� 7KH� VXUIDFH� WHPSHUDWXUH� RI� WKH� URRP�
ZDOOV� ZDV� ��� �&�� WKHLU� HPLVVLYLW\� ZDV� ����� DQG� WKH�
HPLVVLYLW\�RI�WKH�WKHUPDO�PDQLNLQ�VXUIDFH�ZDV��������

7KH� IORZ� LQ� WKH� SUR[LPLW\� RI� WKH� ZDOOV� ZDV� VROYHG�
XVLQJ� GHQVH� ERXQGDU\� OD\HU� PHVK� �ZLWKRXW� ZDOO�
IXQFWLRQV�� FRQVLGHULQJ� WKH� LQIOXHQFH� RI� WHPSHUDWXUH�
DQG� EXR\DQF\� RQ� WKH� WXUEXOHQFH�� 7ZR� HTXDWLRQ� N��
WXUEXOHQFH� PRGHO� E\� 6KLK� HW� DO�� ������� ±� VR� FDOOHG�
UHDOL]DEOH�±�ZDV�XVHG�IRU�WKH�VLPXODWLRQV�HYDOXDWHG�LQ�
WKLV� SDSHU�� +HDW� UDGLDWLRQ� ZDV� VLPXODWHG� XVLQJ� WKH�
VXUIDFH�WR�VXUIDFH��6�6��PRGHO��)OXHQW����������
7KH�%RG\�)RUFH�:HLJKWHG�VFKHPH�ZDV�FKRVHQ�IRU�WKH�
GLVFUHWL]DWLRQ� RI� SUHVVXUH� HTXDWLRQ� DV� LW� LV�
UHFRPPHQGHG� IRU� VROYLQJ� EXR\DQF\� GULYHQ� IORZV�
�)OXHQW���������7KH�FRQYHFWLYH�WHUPV�RI�WKH�HTXDWLRQ�
ZHUH� VROYHG� XVLQJ� VHFRQG� RUGHU� XSZLQG� VFKHPH��
3UHVVXUH� DQG� YHORFLW\� ILHOGV� ZHUH� FRXSOHG� E\� WKH�
6,03/(� DOJRULWKP� DQG� WKH� IORZ� ZDV� FRQVLGHUHG� DV�
XQVWHDG\�� ��� LWHUDWLRQV� IRU� HDFK� WLPH� VWHS� RI� ���� V�
ZHUH� FRPSXWHG� LQ� DOO� WKH� VLPXODWLRQV��7KH� UHVLGXDOV�
ZHUH�LQ�RUGHU�RI�PDJQLWXGH�RI������RU�ORZHU��
$OO� WKH� FRPSXWDWLRQDO� FDVHV� ZHUH� HYDOXDWHG� LQ� WKH�
VDPH� PDQQHU�� 7KH\� ZHUH� VLPXODWHG� IRU� D� VWDUW�XS�
SHULRG�RI�����V�DIWHU�ZKLFK� WKH� IORZ�ZDV�FRQVLGHUHG�
DV�IXOO\�IRUPHG�DQG�WKH�UHVXOWV�ZHUH�WKHQ�UHFRUGHG�IRU�
IXUWKHU�����V�RI�VLPXODWHG�WLPH�ZLWK�WKH�WLPH�VWHS�RI��
�� V��7KH� RXWFRPH� RI� HDFK� VLPXODWLRQ�ZHUH� ���� GDWD�
ILOHV�� 7KH� YDOXHV� RI� WHPSHUDWXUH� DQG� YHORFLW\� ZHUH�
UHFRUGHG�DW�DSSURSULDWH�SRLQWV��7KH�ILQDO�WHPSHUDWXUH�
DQG�YHORFLW\�SURILOHV�ZHUH�DYHUDJHG�RYHU�WKH�WLPH�RI�
����V���
,PDJHV�RI�DLU�IORZ�LQ�WKH�URRP��YHORFLW\�LVROLQHV���DV�
SUHVHQWHG� LQ� )LJXUH� ��� ZHUH� UHFRUGHG� IRU� HYHU\�
FRPSXWDWLRQDO�FDVH�DW�WKH�WLPH�����V��L�H��WHUPLQDWLRQ�
RI�WKH�VLPXODWLRQ��ZKHQ�WKH�IORZ�FDQ�EH�FRQVLGHUHG�DV�
IXOO\� GHYHORSHG��� 7KH� LVROLQHV� ZHUH� UHFRUGHG� LQ� WKH�
SODQHV� [�\� DQG� ]�\� LQWHUVHFWLQJ� WKH� FHQWHU� RI� WKH�
WKHUPDO�PDQLNLQ¶V�KHDG��
7KH� HYDOXDWLRQ� RI� WKH� UHVXOWV� ZDV� DLPHG� DW� WKH�
LQIOXHQFH�RI�KHDW�VRXUFH�VXEVWLWXWLRQ�RQ�WKH�IRUPDWLRQ�
RI� WKH� WKHUPDO� SOXPH� DQG� DOVR� DW� WKH� LQIOXHQFH� RI�
VXEVLGLDU\�]RQH�SRVLWLRQLQJ�RQ�WKH�VLPXODWLRQ�UHVXOWV�
�L�H�� WKUHH�FDVHV�ZLWK�GLIIHUHQFH�SRVLWLRQLQJ�RI�SL]]D�
ER[HV� ZHUH� FRPSDUHG��� 0RUHRYHU�� WKH� LQIOXHQFH� RI�
DPELHQW� WHPSHUDWXUH�DQG� WKH� LQIOXHQFH�RI� WXUEXOHQFH�
PRGHO�ZHUH�DVVHVVHG��

,1)/8(1&(�2)�7+(�+($7�6285&(�
68%67,787,21�
,PDJHV� RI� VLPXODWHG� YHORFLW\� ILHOG� LQ� WKH�
H[SHULPHQWDO� FKDPEHU� ZHUH� UHFRUGHG� IRU� HDFK�
FRPSXWDWLRQDO� FDVH�� 7KH� LVROLQHV� RI� YHORFLW\�
PDJQLWXGH� LQ� WKH� YHUWLFDO� SODQH� ]�\� �VLGH� YLHZ��
LQWHUVHFWLQJ�WKH�FHQWHU�RI�WKH�WKHUPDO�PDQLNLQ¶V�KHDG�
DUH� GLVSOD\HG� LQ� )LJXUH� ��� 7KH� VLPXODWLRQV� ZLWK� WKH�
KHDW� VRXUFH� VXEVWLWXWHG� E\� SL]]D�ER[HV� ZHUH�
FRPSDUHG� WR� WKH� VLPXODWLRQ� ZLWK� WKH� PRGHO� RI�
WKHUPDO� PDQLNLQ�� ZKLFK� LV� FRQVLGHUHG� WR� EH� WKH�
UHIHUHQFH� FDVH� �DV� DOO� WKH� VLPSOLILHG� ERXQGDU\�
FRQGLWLRQV�ZHUH�GHWHUPLQHG�IURP�WKLV�FDVH���
7KH� WKHUPDO�SOXPHV�SDWWHUQV� DUH� FORVH� WR� HDFK�RWKHU�
LQ�DOO� WKH�FRPSXWDWLRQDO�FDVHV�DW� WKH� OHYHO�DERYH� WKH�
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XSSHU�SL]]D�ER[HV��7KH�WKHUPDO�SOXPHV�DGKHUH�WR�WKH�
FHLOLQJ�RI�WKH�URRP�DQG�VSUHDG�IXUWKHU�WR�WKH�YHUWLFDO�
ZDOOV�LQ�D�YHU\�VLPLODU�ZD\�LQ�DOO�WKH�VLPXODWLRQV��
7KH� IRUPDWLRQ� RI� WKHUPDO� SOXPHV� XQGHU� WKH� XSSHU�
SL]]D�ER[HV� GLIIHUV� PRUH� VLJQLILFDQWO\� LQ� WKH�
LQGLYLGXDO� VLPXODWLRQV�� 7KHUH� LV� QR� FRQYHFWLYH� IORZ�
IRUPHG� DURXQG� WKH� PDQLNLQ� LQ� WKH� VLPXODWLRQ� ZLWK�
MXVW�RQH�SL]]D�ER[��)LJXUH����FDVH�%���7KLV�LQDFFXUDF\�
ZDV�VROYHG�E\�SODFLQJ�DQRWKHU�VXEVLGLDU\�]RQH�WR�WKH�
ORZHU� OHYHO� DERYH� WKH� IORRU� RI� WKH� URRP�� 7KH�
FRQYHFWLYH�FXUUHQW� JHQHUDWHG�E\� WKH� ORZHU�SL]]D�ER[�
IOHZ� DURXQG� WKH� REMHFW� VXEVWLWXWLQJ� WKH� WKHUPDO�
PDQLNLQ�DQG�HQWHUHG�WKH�XSSHU�]RQH��ZKLFK�JHQHUDWHG�
WKH�IROORZLQJ�SOXPH�ULVLQJ�WRZDUGV�WKH�URRP�FHLOLQJ���
�

�

�
)LJXUH���7KHUPDO�SOXPH�DURXQG�GHWDLOHG�DQG�

VXEVWLWXWHG�PRGHO�RI�KHDW�VRXUFH�
�9HORFLW\�LVROLQHV�>P�V@��

�

7KH� IORZ� LQ� WKH� FRPSXWDWLRQDO� FDVH� ZLWK� VHFRQG�
SL]]D�ER[�SRVLWLRQHG�DW�WKH�KHLJKW�RI�FDOYHV��)LJXUH����
FDVH�&�� LV� IRUPHG� DOVR� LQ� WKH� DUHD� XQGHU� WKH� KLJKHU�

SL]]D�ER[�� +RZHYHU�� WKLV� IORZ� LV� VLJQLILFDQWO\�
GLIIHUHQW�IURP�WKH�UHIHUHQFH�IORZ��DV�REVHUYHG�LQ�WKH�
VLPXODWLRQ�ZLWK�GHWDLOHG�PRGHO�RI�WKHUPDO�PDQLNLQ�±�
)LJXUH����FDVH�$���7KH�WKHUPDO�SOXPH�LQGXFHG�E\�WKH�
VLPSOLILHG� ERXQGDU\� FRQGLWLRQ� ULVHV� RQO\� DERYH� WKH�
NQHHV�RI� WKH�PDQLNLQ�DQG�SDUWO\�DGKHUHV� WR� LWV� IURQW��
7KHUH�LV�D�YHU\�ZHDN�IORZ�DERYH�WKH�KHDG�XQGHU�WKH�
XSSHU� SL]]D�ER[� DQG� QR� IORZ� DORQJ� WKH� EDFN� RI� WKH�
PRGHO���
)ORZ�LQ�WKH�FDVH�ZLWK�VHFRQG�SL]]D�ER[�SRVLWLRQHG�DW�
WKH�OHYHO�RI�ZDLVW��)LJXUH����FDVH�'��LV�WKH�FORVHVW�WR�
WKH� UHIHUHQFH� IORZ�� 7KH� JHQHUDWHG� WKHUPDO� SOXPH�
ULVHV� DERYH� WKH� WKLJKV� DQG� DSSURSULDWHO\� DGKHUHV� WR�
WKH� PDQLNLQ�� 7KH� IORZ� DERYH� WKLJKV� VLJQLILFDQWO\�
LQIOXHQFHV� WKH� ULVLQJ� WKHUPDO� SOXPH�� ZKLFK� LV� LQ�
DFFRUGDQFH�ZLWK�ILQGLQJV�RI�=XNRZVND�HW�DO����������
7KH� LPSHUIHFWLRQ� LQ� WKLV� FDVH� LV� FDXVHG� E\�
LQVXIILFLHQW� IORZ� DORQJ� WKH� EDFN� RI� WKH� PDQLNLQ��
ZKLFK�ZRXOG��DIWHU�PHUJLQJ�ZLWK� WKH�IORZ�DERYH� WKH�
OHJV��EHQG�WKH�UHVXOWLQJ�WKHUPDO�SOXPH�PRUH�WRZDUGV�
WKH�PDQLNLQ¶V�EDFN���

Velocity profiles 
,PDJHV�RI� YHORFLW\� ILHOG�JLYH� D� JRRG�SUHYLHZ�RI� WKH�
VLPXODWLRQ� UHVXOWV�� +RZHYHU�� IRU� PRUH� H[DFW�
HYDOXDWLRQ� RI� WKH� WKHUPDO� SOXPHV� LW� LV� EHWWHU� WR�
FRPSDUH� YHORFLW\� DQG� WHPSHUDWXUH� SURILOHV�� 7KH\�
ZHUH� GHWHUPLQHG� IRU� HYHU\� FRPSXWDWLRQDO� FDVH� LQ�
VHYHUDO�KHLJKWV�DERYH�WKH�PDQLNLQ��7KH�UHVXOWV�DW�WKH�
KHLJKWV� RI� ������P� DQG� ������P� DERYH� WKH� WKHUPDO�
PDQLNLQ� LQ� WKH� YHUWLFDO� SODQH� \�]� �VLGH� YLHZ��
LQWHUVHFWLQJ� WKH� FHQWHU� RI� WKH� PDQLNLQ¶V� KHDG� DUH�
GLVSOD\HG�EHORZ��
�

�
�

�
)LJXUH���9HORFLW\�SURILOHV�LQ�YHUWLFDO�SODQH�\�]��KHLJKW�

\� �������P��XSSHU��DQG�\� �������P��ORZHU��
�

7KH�YHORFLW\�SURILOHV�GHWHUPLQHG�IRU�HDFK�VLPXODWLRQ�
DUH�FORVH�WR�HDFK�RWKHU�HVSHFLDOO\�DW�WKH�KLJKHU�OHYHOV�
RI�WKH�URRP��VHH�)LJXUH����7KHUH�DUH�DSSDUHQW�ELJJHU�

$�

%�

&�

'�
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GLIIHUHQFHV� EHWZHHQ� LQGLYLGXDO� VLPXODWLRQV� DW� WKH�
ORZHU� OHYHOV� �DURXQG� WKH� WKHUPDO�PDQLNLQ�DQG� XQGHU�
WKH�XSSHU�SL]]D�ER[���7KH�VLPXODWLRQ�ZLWK�WZR�SL]]D�
ER[HV��ZKHUH�WKH�ORZHU�RQH�LV�SRVLWLRQHG�DW�WKH�ZDLVW�
OHYHO��LV�WKH�PRVW�FRUUHVSRQGLQJ�WR�WKH�UHIHUHQFH�FDVH��
+RZHYHU�� WKH� WKHUPDO� SOXPH� LV� VWLOO� LQIOXHQFHG� E\�
LQVXIILFLHQW�IORZ�DORQJ�WKH�EDFN�RI�WKH�PDQLNLQ��7KH�
IORZ� YHORFLW\� LV� WRR� KLJK� DERYH� WKH� OHJV� RI� WKH�
PDQLNLQ� DQG� RQ� WKH� RWKHU� KDQG� WRR� ORZ� DERYH� LWV�
KHDG���

Temperature profiles 
7HPSHUDWXUH�SURILOHV�RI�WKHUPDO�SOXPHV�DW�WKH�KLJKHU�
OHYHOV�FRUUHVSRQG�WR�HDFK�RWKHU�LQ�DOO�WKH�VLPXODWLRQV��
VHH� )LJXUH� ��� +RZHYHU�� LQ� WKH� ORZHU� OHYHOV� WKHUH� LV�
DJDLQ� DSSDUHQW� WKH� LQDFFXUDF\� RI� LQGXFHG� WKHUPDO�
IORZV��7KH� WKHUPDO�SOXPH�VLPXODWHG�ZLWK� WZR�SL]]D�
ER[HV�ZKHUH�WKH�ORZHU�RQH�LV�SRVLWLRQHG�WR�WKH�KHLJKW�
RI�ZDLVW��LV�WKH�FORVHVW�WR�WKH�UHIHUHQFH�FDVH��
�

�
�

�
)LJXUH���7HPSHUDWXUH�SURILOHV�LQ�YHUWLFDO�SODQH�\�]��
KHLJKW�\� �������P��XSSHU��DQG�\� �������P��ORZHU��

�

Computational demands 
7DEOH� �� VXPPDUL]HV� WKH� WRWDO� QXPEHUV� RI�
FRPSXWDWLRQDO� FHOOV� LQ� DOO� WKH� FDVHV� DQG� FRPSX�
WDWLRQDO� WLPHV� QHFHVVDU\� IRU� ��� LWHUDWLRQV�� $OO� WKH�
VLPXODWLRQV� ZHUH� FDOFXODWHG� LQ� WKH� VDPH� ZD\� DQG�
ZLWK� LGHQWLFDO� VHW�XS� GXULQJ� WKH� WHVWLQJ� FDOFXODWLRQV��
7KH� IORZ� ZDV� FRQVLGHUHG� DV� XQVWHDG\� DQG� ���
LWHUDWLRQV�ZHUH�FDOFXODWHG�IRU�HDFK�WLPH�VWHS�RI�����V��
7KLV� WHVW� ZDV� SHUIRUPHG� RQ� WKH� FRPSXWHU� ZLWK� ��
&38V�$0'�2SWHURQ�������IUHTXHQF\�����*+]��DQG�
���� *%� RI� RSHUDWLRQDO� PHPRU\�� )URP� WKH�
VXPPDUL]HG�YDOXHV�LW�LV�SRVVLEOH�WR�VHH�WKH�DGYDQWDJH�
RI� VXEVWLWXWLQJ�KHDW� VRXUFH�E\�D� VLPSOLILHG�ERXQGDU\�
FRQGLWLRQ��7KH�VL]H�RI�WKH�FRPSXWDWLRQDO�FDVH�DV�ZHOO�
DV� WKH� FRPSXWLQJ� WLPH� QHFHVVDU\� IRU� VLPXODWLRQ� DUH�

OHVV� WKDQ� KDOI� RI� WKH� FDVH� ZLWK� GHWDLOHG� PRGHO� RI�
WKHUPDO�PDQLNLQ��

7DEOH���
&RPSDULVRQ�RI�PHVK�FHOO�QXPEHU�DQG�FRPSXWLQJ�WLPH�
�

COMP. CASE MESH CELLS COMP. TIME 
7KHUPDO�PDQLNLQ� ���������� ����V�
��SL]]D�ER[� ���������� ���V�
��SL]]D�ER[HV�
�FDOI�DERYH�KHDG�� ���������� ���V�

��SL]]D�ER[HV�
�ZDLVW�DERYH�KHDG�� ���������� ���V�
�

)$&7256�$))(&7,1*�63(&,),&$7,21�
2)�6,03/,),('�%281'$5<�
&21',7,216��
7KH�GHWDLOHG�PRGHO�RI�D�KHDW�VRXUFH��ZKLFK�VHUYHV�DV�
WKH�EDVLV� IRU�WKH�UHSODFHPHQW�ERXQGDU\�FRQGLWLRQV�WR�
EH�DIWHUZDUGV�XVHG�ZLWK�WKH�VLPSOLILHG�PRGHO�VKRXOG�
EH�DV�UHDOLVWLF�DV�SRVVLEOH��7KH�IDFWRUV�DIIHFWLQJ�ERWK�
SK\VLFDO�EHKDYLRU�RI�WKH�WKHUPDO�SOXPH�DV�ZHOO�DV�LWV�
VLPXODWLRQ�VKRXOG�EH�WDNHQ�LQWR�DFFRXQW���

)RU�D�JLYHQ�KHDW�VRXUFH��WKH�JHQHUDWHG�WKHUPDO�SOXPH�
LV�PDLQO\�LQIOXHQFHG�E\� WKH�DPELHQW�DLU� WHPSHUDWXUH��
,Q�&)'�VLPXODWLRQ��GHYHORSPHQW�RI�WKHUPDO�SOXPH�LV�
LQIOXHQFHG� E\� WKH� FKRLFH� RI� D� WXUEXOHQFH� PRGHO��
7KHVH� IDFWRUV� FDQ� DIIHFW� WKH� SURILOHV� RI� YHORFLW\��
WHPSHUDWXUH�DQG�WXUEXOHQFH�SDUDPHWHUV�ZKLFK�DUH�VHW�
DV�ERXQGDU\�FRQGLWLRQV�RQ�WKH�SL]]D�ER[HV��

Influence of turbulence model on simulated 
thermal plume 
7ZR�HTXDWLRQ� WXUEXOHQFH� PRGHOV�� VXFK� DV� N�İ� DQG�����
N�Ȧ�� DUH� WKH� PRVW� IUHTXHQWO\� XVHG� IRU� &)'�
VLPXODWLRQV� LQ� WKH� ILHOG� RI� LQGRRU� HQYLURQPHQWDO�
HQJLQHHULQJ�� 7KH� SHUIRUPDQFH� RI� IRXU� WZR�HTXDWLRQ�
WXUEXOHQFH�PRGHOV� LQ� WKHUPDO� SOXPH� VLPXODWLRQ�ZDV�
DVVHVVHG� LQ� WKH�VWXG\�SXEOLVKHG�HOVHZKHUH� �=HOHQVNê�
HW� DO��� ������� 7KH� VLPXODWLRQV� ZLWK� GLIIHUHQW�
WXUEXOHQFH�PRGHOV�ZHUH�FRPSDUHG�PXWXDOO\�DQG�DOVR�
ZLWK� PHDVXUHPHQWV� E\� D� WKHUPDO� LPDJLQJ� FDPHUD��
EHFDXVH� VROHO\� LQWHU�PRGHO� FRPSDULVRQ� FDQQRW�
LQGLFDWH�ZKLFK�WXUEXOHQFH�PRGHO�JLYHV�PRUH�UHDOLVWLF�
UHVXOWV��
7KH�PDLQ� RXWFRPH� RI� WKH� VWXG\�ZDV� WKDW� WXUEXOHQFH�
PRGHOV�RI�N�İ�W\SH�DUH�PXFK�PRUH�DSSURSULDWH�IRU�WKH�
VLPXODWLRQ�RI�WKHUPDO�SOXPHV��WKHQ�N��PRGHOV�±�VHH�
)LJXUH���DV�DQ�H[DPSOH�RI�UHVXOWV���
7KH� FKRLFH� RI� D� SDUWLFXODU� WXUEXOHQFH� PRGHO� DIIHFWV�
HVSHFLDOO\� WKH� VSUHDGLQJ� UDWH� RI� WKHUPDO� SOXPH� DQG�
FRQVHTXHQWO\� WKH� D[LDO� YHORFLW\� PDJQLWXGH� DQG� DOVR�
WKH�D[LDO�YHORFLW\�GHFD\�ZLWK�LQFUHDVLQJ�KHLJKW�DERYH�
WKH�KHDW�VRXUFH���
7KH� WKHUPDO� SOXPH� VLPXODWHG� ZLWK� N�Ȧ� WXUEXOHQFH�
PRGHO�ZDV� VLJQLILFDQWO\�QDUURZHU� WKDQ� WKH�PHDVXUHG�
RQH�� $OVR� WKH� YHUWLFDO� GHFD\� RI� WHPSHUDWXUH� ZDV�
VORZHU� LQ� VLPXODWLRQV� ZLWK� N�Ȧ� PRGHO� WKDQ� LQ�
PHDVXUHPHQWV��
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�
)LJXUH���1RQ�GLPHQVLRQDO�WHPSHUDWXUH�SURILOHV�LQ�

YHUWLFDO�SODQH�[�\��KHLJKW�\� �������P��
�

Influence of ambient air temperature on 
simulated thermal plume 
2QH� FDQ� H[SHFW� WKDW� WKH� DPELHQW� WHPSHUDWXUH�
LQIOXHQFHV� WKH� YDOXHV� RI� DLU� WHPSHUDWXUH� LQ� WKH�
WKHUPDO�SOXPH��1HYHUWKHOHVV��WKH�ERXQGDU\�FRQGLWLRQ�
DW� SL]]D�ER[� FRXOG� EH� GHILQHG� LQGHSHQGHQWO\� RI�
GLIIHUHQW� WKHUPDO� HQYLURQPHQWV� ZKHQ� XVLQJ� QRQ�
GLPHQVLRQDO� WHPSHUDWXUH� SURILOHV�� 7KLV� FRXOG� PDNH�
RXU� DSSURDFK� XQLYHUVDO� ZLWK� UHVSHFW� WR� GLIIHUHQW�
DPELHQW�WKHUPDO�FRQGLWLRQV���
7R�SURYH�WKLV�ZH�FRPSDUHG�YHORFLW\�DQG�WHPSHUDWXUH�
SURILOHV�IURP�WZR�VLPXODWHG�FRPSXWDWLRQDO�FDVHV�ZLWK�
GLIIHUHQW�DPELHQW�WHPSHUDWXUHV�����&�DQG�����&��VHH�
)LJXUHV��� WR����7KH�VLPXODWLRQV�ZHUH�SHUIRUPHG�DQG�
HYDOXDWHG� LQ� WKH� VDPH� PDQQHU� DV� WKH� RWKHU�
VLPXODWLRQV� GHVFULEHG� LQ� WKLV� SDSHU�� XVLQJ� WKH�
µUHDOL]DEOH¶�N�PRGHO�RI�WXUEXOHQFH��
,W�LV�DSSDUHQW�WKDW�WKH�DLU�WHPSHUDWXUH�SURILOHV��ZKLFK�
DUH�FRPSDUHG�LQ�WKH�)LJXUH����UHIOHFW�WKH�GLIIHUHQFH�LQ�
WKH� DPELHQW� WHPSHUDWXUH�� 7KH� KLJKHU� LV� WKH� DPELHQW�
WHPSHUDWXUH�� WKH� KLJKHU� DUH� DLU� WHPSHUDWXUHV� LQ� WKH�
WKHUPDO� SOXPH�� 2Q� WKH� RWKHU� KDQG�� WKH� YHORFLW\�
SURILOHV�DUH�DOPRVW�LGHQWLFDO��VHH�)LJXUH�����
7KH�SUREOHP�ZLWK�DLU�WHPSHUDWXUH�VKLIW�FDQ�EH�VROYHG�
E\� XVLQJ� QRQ�GLPHQVLRQDO� WHPSHUDWXUH� SURILOHV��
)LJXUH� �� VKRZV� WKH� QRQ�GLPHQVLRQDO� SURILOHV� RI� DLU�
WHPSHUDWXUH� GHILQHG� DW� JLYHQ� KHLJKW� DERYH� WKH� KHDW�
VRXUFH�DV���

�
DPE

DPE

77
7[7

7
7








PD[PD[

�� � ����

ZKHUH���
7�[�� LV� WKH� WHPSHUDWXUH� DW� WKH� GLVWDQFH� [� IURP� WKH�

YHUWLFDO�D[LV�\��
7PD[� LV� WKH� PD[LPXP� WHPSHUDWXUH� LQ� WKH� SOXPH� DW�

WKH�JLYHQ�KHLJKW��
7DPE� LV�WKH�DPELHQW�WHPSHUDWXUH��
�

7KH� QRQ�GLPHQVLRQDO� WHPSHUDWXUH� SURILOHV� DUH� QRW�
VLJQLILFDQWO\� LQIOXHQFHG�E\� WKH� DPELHQW� WHPSHUDWXUH��
DV� WKH� WHPSHUDWXUH� SURILOHV� REWDLQHG� IURP� WKH�
VLPXODWLRQ�ZLWK�DPELHQW�WHPSHUDWXUH�����&�DUH�FORVH�
WR� WKH� WHPSHUDWXUH�SURILOHV� IURP� WKH� VLPXODWLRQ�ZLWK�
DPELHQW�WHPSHUDWXUH�����&��
�

�

�

�
)LJXUH���WHPSHUDWXUH�SURILOHV�LQ�YHUWLFDO�SODQH�[�\��

KHLJKW�\� �������
�

�

�
)LJXUH���9HORFLW\�SURILOHV�LQ�YHUWLFDO�SODQH�\�]��KHLJKW�

\� �������P�
�

�
)LJXUH���1RQ�GLPHQVLRQDO�WHPSHUDWXUH�SURILOHV�LQ�

YHUWLFDO�SODQH�[�\��KHLJKW�\� �������P�
�

&21&/86,21�
)RXU� GLIIHUHQW� FRPSXWDWLRQDO� PRGHOV� RI� D� VLWWLQJ�
WKHUPDO�PDQLNLQ�ZHUH� FRPSDUHG� LQ� RUGHU� WR� WHVW� WKH�
SHUIRUPDQFH� RI� SURSRVHG� PHWKRG� WR� VLPSOLI\� KHDW�
VRXUFHV� E\� WKHLU� VXEVWLWXWLRQ� ZLWK� VLPSOH� ERXQGDU\�
FRQGLWLRQV� JHQHUDWLQJ� DUWLILFLDO� WKHUPDO� SOXPH�� 7KH�
PRGHOV�ZHUH�FUHDWHG�LQ�WKUHH�OHYHOV�RI�VLPSOLILFDWLRQ���
7KH� SURSRVHG� PHWKRG� WR� VXEVWLWXWH� KHDW� VRXUFHV� E\�
VLPSOLILHG� ERXQGDU\� FRQGLWLRQV� ZKLFK� DUH� VHW� DW� WKH�
VXUIDFHV� RI� VXEVLGLDU\� ]RQHV� LQ� WKH� DUHD� RI� RULJLQDO�
WKHUPDO�SOXPH��VXEVWLWXWLRQ�E\�SL]]D�ER[HV��FRXOG�EH�
XWLOL]HG�IRU�VLPXODWLQJ�WKH�HIIHFW�RI�KHDW�VRXUFH�RQ�WKH�
VXUURXQGLQJ�HQYLURQPHQW�DV�D�ZKROH��,W�ZRXOG�QRW�EH�
DSSURSULDWH� WR� XVH� WKH� PHWKRGRORJ\� IRU� VLPXODWLQJ�
DLUIORZ� LQ� WKH� FORVH� YLFLQLW\� RI� KHDW� VRXUFHV�� DV� WKH�
JHQHUDWHG� DUWLILFLDO� WKHUPDO� SOXPH� LV� VKRZLQJ� ELJ�
LQDFFXUDF\�LQ�WKLV�UHJLRQ��
7KH� VLPSOLILFDWLRQ� LQ� WKH� OD\RXWV� GHVFULEHG� LQ� WKLV�
SDSHU�FRXOG�EH� VXLWDEOH�HVSHFLDOO\� IRU� WKH�HYDOXDWLRQ�
RI� DLU� IORZ� LQ� WKH� KLJKHU� OHYHOV�� ZKHUH� WKH� WKHUPDO�
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SOXPHV� LQ� VLPSOLILHG� FDVHV� FRUUHVSRQG� YHU\� ZHOO� WR�
WKH� UHIHUHQFH� IORZ� DERYH� WKH� GHWDLOHG� PRGHO� RI� WKH�
KHDW� VRXUFH��7KH� VLPSOLILFDWLRQ� FRXOG�EH� DSSOLHG� IRU�
H[DPSOH� WR� VWXG\�KRZ� LQGRRU�KHDW� VRXUFHV� LQIOXHQFH�
IRUFHG� IORZ� IURP� WKH�YHQWLODWLRQ� LQOHWV�SODFHG�EHORZ�
FHLOLQJ� DQG� KRZ� WKLV� DIIHFWV� WKH� ZKROH� LQGRRU�
HQYLURQPHQW���
)URP�WKH�FDSWXUHG�YHORFLW\�LVROLQHV�LW�LV�DSSDUHQW��WKDW�
WKH� SRVLWLRQLQJ� RI� VXEVLGLDU\� ]RQHV� KDV� D� ELJ�
LQIOXHQFH�RQ� WKH� VLPXODWLRQ� UHVXOWV��7KHUPDO�SOXPHV�
IURP�LQGLYLGXDO�FRPSXWDWLRQDO�FDVHV�GLIIHU�IURP�HDFK�
RWKHU� HVSHFLDOO\� DW� ORZHU� OHYHOV� �XQGHU� WKH� XSSHU�
VXEVLGLDU\�]RQH�DQG�DURXQG�WKH�REMHFW�VXEVWLWXWLQJ�WKH�
KHDW� VRXUFH��� 7KH� WKHUPDO� SOXPH� LQ� WKH� PRGHO� ZLWK�
ORZHU�VXEVLGLDU\�]RQH�SODFHG� LQ� WKH� OHYHO�RI�ZDLVW� LV�
WKH� PRVW� FRUUHVSRQGLQJ� WR� WKH� UHIHUHQFH� FDVH�� HYHQ�
WKRXJK�WKDW�LW�LV�VWLOO�SDUWO\�LQDFFXUDWH��+RZHYHU��DIWHU�
IXUWKHU�DPHQGPHQWV�WKLV�LQDFFXUDF\�FRXOG�EH�UHGXFHG�
DQG� WKH� SURSRVHG� PHWKRG� FRXOG� OHDG� WR� PRUH�
HIIHFWLYH� &)'� VLPXODWLRQV� RI� LQGRRU� HQYLURQPHQWV�
ZLWK� KHDW� VRXUFHV�� 7KH� SURSRVHG� PHWKRG� HQDEOHV�
VLPSOLILFDWLRQ� RI� WKH� KHDW� VRXUFH� JHRPHWU\� DQG� DOVR�
RI�WKH�FRPSXWDWLRQDO�PHVK�DURXQG�LW��EXW�LW�SUHVHUYHV�
WKH�WKHUPDO�SOXPH�SDWWHUQ�DERYH�WKH�KHDW�VRXUFH��
/RZHU�GHPDQG�IRU�FRPSXWLQJ�WLPH�RI�WKH�FDVHV�ZLWK�
VLPSOLILHG� PRGHOV� RI� WKH� KHDW� VRXUFH� �FDVHV� ZLWK�
SL]]D�ER[HV�� LV� DSSDUHQW� IURP� WKH� FRPSDULVRQ� RI�
FRPSXWDWLRQDO� WLPHV�QHFHVVDU\�IRU���� LWHUDWLRQV��7KH�
SURSRVHG� PHWKRG� FRXOG� EH� WKHUHIRUH� XWLOL]HG� IRU�
VLPXODWLRQV� RI� HQYLURQPHQWV� ZLWK� KLJK� QXPEHU� RI�
KHDW� VRXUFHV�� 7KHDWUH� KDOOV�� OHFWXUH� URRPV� DQG�
VWDGLXPV�FDQ�EH�PHQWLRQHG�DV�H[DPSOH�DSSOLFDWLRQV��
'HWDLOHG�&)'�VLPXODWLRQV�RI� WKHVH�HQYLURQPHQWV�DUH�
GLIILFXOW� GXH� WR� KLJK� FRPSXWDWLRQDO� GHPDQGV� ±� LW� LV�
QRW� YLDEOH� WR� PRGHO� HDFK� KHDW� VRXUFH� LQ� GHWDLO� DQG�
FDOFXODWH� WKH� FRQYHFWLYH� IORZ� DURXQG� HDFK� RI� WKHP�
VHSDUDWHO\�� +RZHYHU�� WKH� WKHUPDO� SOXPHV� IRUPHG�
DERYH� WKHP� VKRXOG� EH� VLPXODWHG� DV� SUHFLVHO\� DV�
SRVVLEOH�� EHFDXVH� WKHUPDO� SOXPHV� ULVLQJ� DERYH�
PXOWLSOH� KHDW� VRXUFHV� FDQ� PHUJH� DQG� IRUP� D� VLQJOH�
WKHUPDO�SOXPH�ZLWK�UHODWLYHO\�KLJK�PRPHQWXP��,W�FDQ�
DIIHFW�� SRVVLEO\� LQ� D� QHJDWLYH� ZD\�� DLU� IORZV� IURP�
YHQWLODWLRQ�GLIIXVHUV�DQG� FRQVHTXHQWO\� WKH� LQGRRU�DLU�
IORZ�SDWWHUQV�DQG�LQGRRU�HQYLURQPHQW�TXDOLW\���

120(1&/$785(�
X[��X\��X]� �YHORFLW\�FRPSRQHQWV�� >P�V@�
7�  �WHPSHUDWXUH� >.@�
N�  �WXUEXOHQFH�NLQHWLF�HQHUJ\� >P��V�@�
�  �WXUEXOHQW�GLVVLSDWLRQ�UDWH� >P��V�@�
�  �VSHFLILF�GLVVLSDWLRQ�UDWH� >��V@�
�

$&.12:/('*(0(17�
7KLV�SURMHFW�ZDV�VXSSRUWHG�E\�UHVHDUFK�JUDQW�RI�&78�
3UDJXH�QU��6*6�������2+.���7�����

5()(5(1&(6�
$ZEL�� +�� %�� ������9HQWLODWLRQ� RI� %XLOGLQJV�� �QG� HG��

/RQGRQ��6SRQ�3UHVV���
%RUJHV��&��0���4XLQWHOD��'��$���%ULWHV��*��1���*DVSDU��

$��5���	�&RVWD�� -�� -�� ������$QDO\VLV� RI� WKHUPDO�
SOXPHV� JHQHUDWHG�E\� D� VHDWHG�SHUVRQ�� D� WKHUPDO�
PDQLNLQ� DQG� D�GXPP\�� 3URFHHGLQJV� RI� WKH� �WK�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�$LU�'LVWULEXWLRQ� LQ�
5RRPV� ±� 5RRPYHQW� ������ &RSHQKDJHQ��
'HQPDUN���������������

)OXHQW�,QF��������)OXHQW�����8VHUµV�*XLGH��/HEDQRQ��
)OXHQW�,QF��

.RLã�� *�� ������ $QDOê]D� SURXGĤ� Y� NOLPDWL]RYDQpP�
SURVWRUX� >06F� WKHVLV�� LQ� &]HFK@�� &]HFK�
7HFKQLFDO� 8QLYHUVLW\� LQ� 3UDJXH�� 'HSDUWPHQW� RI�
(QYLURQPHQWDO�(QJLQHHULQJ��

=ERĜLO��9���0HOLNRY��$���<RUGDQRYD��%���%R]KNRY��/���
	� .RVRQHQ�� 5�� ������ $LUIORZ� 'LVWULEXWLRQ� LQ�
5RRPV�ZLWK�$FWLYH�&KLOOHG�%HDPV��3URFHHGLQJV�
RI� WKH� ��WK� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $LU�
'LVWULEXWLRQ� LQ� 5RRPV� ±� 5RRPYHQW� ������
+HOVLQNL��)LQODQG���±���

=HOHQVNê��3���%DUWiN��0���	�+HQVHQ�� -��/��0��������
0RGHO�VHGtFt�RVRE\�MDNR�]GURMH�WHSOD�YH�YQLWĜQtP�
SURVWĜHGt�>LQ�&]HFK@��9\WiSČQt��YČWUiQt��LQVWDODFH��
�����±����

=HOHQVNê�� 3��� %DUWiN�� 0��� +HQVHQ�� -�� /�� 0�� 	�
9DYĜLþND�� 5�� ������ ,QIOXHQFH� RI� WXUEXOHQFH�
PRGHO� RQ� WKHUPDO� SOXPH� LQ� LQGRRU� DLU� IORZ�
VLPXODWLRQ�� 3URFHHGLQJV� RI� WKH� ��WK� 5(+9$�
:RUOG� &RQJUHVV� Ä(QHUJ\� (IILFLHQW�� 6PDUW� DQG�
+HDOWK\�%XLOGLQJV³�±�&OLPD�������3UDJXH��

=XNRZVND��'��������$LUIORZ� LQWHUDFWLRQV� LQ� URRPV� ��
&RQYHFWLYH�SOXPHV�JHQHUDWHG�E\�RFFXSDQWV�>3K'�
WKHVLV@��7HFKQLFDO�8QLYHUVLW\�RI�'HQPDUN��

=XNRZVND�� '��� 0HOLNRY�� $��� 	� 3RSLROHN�� =�� ������
7KHUPDO�SOXPH�DERYH�D�VLPXODWHG�VLWWLQJ�SHUVRQ�
ZLWK� GLIIHUHQW� FRPSOH[LW\� RI� ERG\� JHRPHWU\��
3URFHHGLQJV� RI� WKH� ��WK� ,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� $LU� 'LVWULEXWLRQ� LQ� 5RRRPV� ±�
5RRPYHQW�������+HOVLQN\��)LQODQG��������������

=XNRZVND�� '���0HOLNRY�� $��� 	� 3RSLROHN�� =�� ����D��
,PSDFW� RI� ERXQGDU\� FRQGLWLRQV� RQ� WKH�
GHYHORSPHQW� RI� WKH� WKHUPDO� SOXPH� DERYH�
D�VLWWLQJ� KXPDQ� ERG\�� 3URFHHGLQJV� RI� WKH� ��WK�
5(+9$� :RUOG� &RQJUHVV� Ä6XVWDLQDEOH� (QHUJ\�
8VH�LQ�%XLOGLQJV³�±�&OLPD�������$QWDO\D���±���

=XNRZVND�� '���0HOLNRY�� $��� 	� 3RSLROHN�� =�� ����E��
'HWHUPLQDWLRQ� RI� WKH� LQWHJUDO� FKDUDFWHULVWLFV� RI�
DQ� DV\PPHWULFDO� WKHUPDO� SOXPH� IURP� DLU�
VSHHG�YHORFLW\� DQG� WHPSHUDWXUH� PHDVXUHPHQWV��
([SHULPHQWDO�7KHUPDO�DQG�)OXLG�6FLHQFH���������
����±�������

�
�
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