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$%675$&7�
7KH� SXUSRVH� RI� WKLV� UHVHDUFK� LV� WR� HYDOXDWH� WKH�
WKHUPDO� HQYLURQPHQW� DURXQG� WKH� KXPDQ� ERG\� LQ� DQ�
HQYLURQPHQW� H[SRVHG� WR� VRODU� UDGLDWLRQ�� )LUVW�� ZH�
SHUIRUPHG� D� VXEMHFWLYH� H[SHULPHQW� LQ� RUGHU� WR�
XQGHUVWDQG� WKH� VXEMHFWLYH� DV� ZHOO� DV� WKH� URRP�
LQWHULRU¶V� WKHUPDO� HQYLURQPHQW�� ,Q� WKLV� UHSRUW�� ZH�
LQFOXGH� D� FRPSDULVRQ� RI� WKH�PHDVXUHPHQW� UHVXOWV� LQ�
RUGHU� WR� HYDOXDWH� WKH� XVHIXOQHVV� RI� LQFOXGLQJ� &)'�
DQDO\VLV� LQ� WKH� WKHUPRUHJXODWLRQ� PRGHO��
&RQVHTXHQWO\��ZH�ZHUH�DEOH�WR�JDLQ�DQ�XQGHUVWDQGLQJ�
RI� WKH� ORFDOL]HG� WKHUPDO� UHJXODWLRQ� IXQFWLRQ� RI� WKH�
KXPDQ� ERG\� LQ� D� VRODU� UDGLDWLRQ� HQYLURQPHQW� E\�
H[SDQGLQJ� WKH� ��01� PRGHO� WR� WKH� VXUIDFH� RI� HDFK�
FRPSRQHQW��

,1752'8&7,21�
,Q� WKH� SHULPHWHU� ]RQHV� RI� DQ� RIILFH� RU� LQ� SDUWLDOO\�
RXWVLGH�VSDFHV�VXFK�DV�D�EDOFRQ\��LW� LV�RIWHQ�WKH�FDVH�
WKDW� WKH� VXQ� FUHDWHV� QRQ�XQLIRUP� UDGLDQW� ILHOGV��
7KHUHIRUH��WKH�SXUSRVH�RI�WKLV�UHVHDUFK�LV�WR�HYDOXDWH�
WKH� WKHUPDO� HQYLURQPHQW� DURXQG� WKH� KXPDQ� ERG\� LQ�
QRQ�XQLIRUP� UDGLDQW� ILHOGV�� +RZHYHU�� DV� DQ�
H[SHULPHQWDO� PHWKRG�� LW� UHTXLUHV� D� ORW� RI� HIIRUW� WR�
FKDQJH� WKH� FRQGLWLRQV� LQ�RUGHU� WR� DVVHVV� WKH� WKHUPDO�
HQYLURQPHQW� RQ� RU� DURXQG� WKH� KXPDQ� ERG\� LQ� VRODU�
UDGLDWLRQ� ILHOGV�� ,Q� FRQWUDVW�� D� QXPHULFDO� DQDO\VLV��
FRPSDUHG�WR�SK\VLFDO�H[SHULPHQWV��GRHVQ
W�KDYH�VXFK�
OLPLWDWLRQV� ZKHQ� FKDQJLQJ� WKH� FRQGLWLRQV�� DQG� LW�
DOORZV�XV� WR�FRPSUHKHQVLYHO\�H[DPLQH�FKDQJHV�DV�D�
IXQFWLRQ�RI� WLPH�DQG�VHDVRQV��RU�YDULRXV�PHWKRGV�RI�
VFUHHQLQJ� VRODU� UDGLDWLRQ�� ,Q� WKLV� UHSRUW�� ZH� XVH� D�
VXEMHFWLYH� H[SHULPHQW� WR� XQGHUVWDQG� WKH� WKHUPDO�
HQYLURQPHQW� RI� WKH� VXEMHFW� DQG� WKH� WHVW� URRP� E\�
SODFLQJ� WKH� VXEMHFW� LQ� WKH�FHQWHU�RI� WKH� URRP��ZKHUH�
VRODU� UDGLDWLRQ� FDQ� SHQHWUDWH� DQG� DIIHFW� WKH� VXEMHFW
V�
ERG\�� 7KHQ�� LQ� RUGHU� WR� HYDOXDWH� WKH� YDOLGLW\� RI�
QXPHULFDO� DQDO\VLV�� WKH� UHVXOWV� DUH� FRPSDUHG� ZLWK�
FRPSXWDWLRQDO� IOXLG�G\QDPLFV� �&)'�� FRXSOLQJ�XVLQJ�
WKH� ��01� WKHUPRUHJXODWLRQ� PRGHO� DQG� QXPHULFDO�
ERG\�PRGHO��H�J��7DQDEH�HW�DO����������

68%-(&7,9(�(;3(5,0(17�6800$5<�
7KH� H[SHULPHQW� ZLWK� WKH� VXEMHFWLYH� H[SHULPHQW� UDQ�
IRU� WKUHH� GD\V�� IURP� 0DUFK� ��WK� WKURXJK� WKH� ��WK��
������LQ�D�FRQIHUHQFH�URRP�RQ�0HLML�8QLYHUVLW\�,NXWD�
&DPSXV����%XLOGLQJ��$�����WK���IORRU���.DZDVDNL��&LW\���

�
)LJ���$�0HDVXUHPHQW�5RRP�DQG�2XWVLGH�/RXYHU�

�
)LJ���3ODQ�RI�0HDVXUHPHQW�5RRP�

�
)LJ���(OHYDWLRQ�RI�0HDVXUHPHQW�5RRP�

�
7DPD� 'LVWULFW��� )LJ��� VKRZV� WKH� GHWDLOV� RI� WKH�
0HDVXUHPHQW�5RRP��/���P�×:���P×+���P��DQG�
WKH� FRQGLWLRQ� RI� WKH� ORXYHUV� SRVLWLRQHG� RXWVLGH� WKH�
URRP��)LJ���VKRZV�WKH�GHWDLOV�RI�PHDVXUHPHQW�SRLQWV�
RQ� WKH� ZDOO� VXUIDFH� DQG� SROHV� XVHG� WR� PHDVXUH� WKH�
LQGRRU�DLU�WHPSHUDWXUH��)LJ���VKRZV�WKH�GHWDLOV�RI�WKH�
SODFHPHQW� RI� WKH� VXEMHFW� LQ� UHODWLRQ� WR� WKH�
PHDVXUHPHQW� SRLQWV� RQ� WKH� ZDOOV� DQG� SROHV�� 7KHUH�
ZHUH����PHDVXUHPHQW�SRLQWV� VHW� DURXQG� WKH� VXEMHFW��
LQ� DUHDV� ZLWK� DQG� ZLWKRXW� VRODU� UDGLDWLRQ�� :DOO�
WHPSHUDWXUH�� DLU� WHPSHUDWXUH�� JORYH� WHPSHUDWXUH� DQG�
WKH�DPRXQW�RI�VRODU�UDGLDWLRQ�HQWHULQJ�WKH�URRP�ZHUH�
PHDVXUHG�EHWZHHQ�������DQG��������DQG�WKH�VXEMHFW
V�
ERG\� VXUIDFH� WHPSHUDWXUH� ZDV� PHDVXUHG� EHWZHHQ�
������ DQG� ������� ZKHQ� VRODU� UDGLDWLRQ� ZDV� RQ� WKH�
ERG\�� 0HDVXUHPHQWV� ZHUH� WDNHQ� RQFH� SHU� PLQXWH�
ZKHUHYHU� D� WKHUPRFRXSOH� ZDV� XVHG�� $OVR�� XVLQJ� D�
WKHUPDO� FDPHUD�� WKH� VXEMHFW
V� ERG\� WHPSHUDWXUH� ZDV�
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FDSWXUHG� DV� LW� FKDQJHG� ZLWK� WKH� PRYHPHQW� RI� WKH�
VRODU� UDGLDWLRQ�� 7KLV� UHSRUW� JLYHV� \RX� WKH� UHVXOWV� RQ�
WKH�VXEMHFWLYH�H[SHULPHQW�IURP�0DUFK���WK��

0($685(0(17�&21',7,216�
)LJ��� VKRZV� WKH� JORYH� WHPSHUDWXUH� LQ� WKH� FHQWHU� RI�
WKH�URRP��WKH�DPRXQW�RI�LQGRRU�GLUHFW�VRODU�UDGLDWLRQ��
DQG�WKH�DPRXQW�RI�RXWGRRU�KRUL]RQWDO�VRODU�UDGLDWLRQ��
2Q� 0DUFK� ��WK�� WKH� ZHDWKHU� ZDV� VXQQ\�� DQG� WKH�
PHDVXUHPHQWV� RQ� WKH� VXEMHFWLYH� H[SHULPHQW� ZHUH�
WDNHQ� EHWZHHQ� ������ DQG� ������� 7KH� VXEMHFW� ZDV�
ZHDULQJ� D� ORQJ�VOHHYHG� XQGHUVKLUW�� SDQWV� DQG� VRFNV��
7KH� SHULRGLFDO� FKDQJH� LQ� LQGRRU� VRODU� UDGLDWLRQ�ZDV�
FDXVHG�E\� WKH�RXWVLGH� ORXYHUV�EORFNLQJ� WKH� VXQOLJKW��
DV�VKRZQ�LQ�)LJ����

0($685(0(17�5(68/76�
$W��������RQ�WKH���WK��WKH�VXUIDFH�WHPSHUDWXUH�RQ�WKH�
VXEMHFW¶V� FKHVW� DQG� OHIW� IURQW� ORZHU� OHJ� H[FHHGHG�
���&�� $W� ������� WKH� VRODU� UDGLDWLRQ� EHJDQ� WR� FUHHS�
LQWR�WKH�URRP�EHFDXVH��ZLWK�WKH�VXQ�ORZHU�LQ�WKH�VN\��
WKH�ORXYHUV�IDLOHG�WR�EORFN�DOO�RI�LW��6XEVHTXHQWO\�WKH�
VXUIDFH�WHPSHUDWXUH�VWDUWHG�WR�JR�XS�RQ�WKH�VXEMHFW¶V�
IURQW�SHOYLV�DQG�ULJKW�IURQW�ORZHU�OHJ��$W��������DV�WKH�
DPRXQW�RI�VRODU�UDGLDWLRQ�LQFUHDVHG��LW�ZDV�FRQILUPHG�
WKDW� WKH� RYHUDOO� ERG\� WHPSHUDWXUH� URVH�� $OVR�� WKH�
WHPSHUDWXUH� ZDV� UHODWLYHO\� KLJK� LQ� WKH� FKHVW�IURQW�
SHOYLV� DUHDV�� VLQFH� WKH\� ZHUH� TXLWH� H[SRVHG� WR� WKH�
VRODU� UDGLDWLRQ��ZKLOH� WKH� VXUIDFH� WHPSHUDWXUH�RQ� WKH�
EDFN�RI� WKH� KLS� DQG�EDFN�GLGQ
W� VKRZ�PXFK�FKDQJH��
VLQFH� WKH\�UHFHLYHG�QR�KHDW� IURP�WKH�VRODU� UDGLDWLRQ��
7KH� UHDVRQ� ZK\� WKH� VXUIDFH� WHPSHUDWXUH� DW� WKH�
PHDVXUHPHQW� SRLQWV� XQGHU� WKH� LQIOXHQFH� RI� VRODU�
UDGLDWLRQ� VKLIWHG� SHULRGLFDOO\� ZDV� WKDW� WKH� ORXYHUV�
SHULRGLFDOO\� EORFN� WKH� VRODU� UDGLDWLRQ�� DQG� FUHDWH�
VKDGRZV�� :H� VDZ� WKLV� ORXYHU� DIIHFW� DW� HYHU\� SRLQW�
ZKLFK�UHFHLYHG�KHDW�IURP�WKH�VRODU�UDGLDWLRQ��

678'<�2)�68%-(&7,9(�(;3(5,0(17�
7KLV� UHVHDUFK� ZDV� WR� XQGHUVWDQG� WKH� WKHUPDO�
HQYLURQPHQW� VXUURXQGLQJ� WKH� KXPDQ� ERG\� LQ� DQ�
HQYLURQPHQW� H[SRVHG� WR� QRQ�XQLIRUP� UDGLDQW� ILHOGV��
VR� ZH� SODFHG� D� VXEMHFWLYH� H[SHULPHQW� LQ� DQ�
HQYLURQPHQW� ZKHUH� VRODU� UDGLDWLRQ� FRQWDFWHG� WKH�
KXPDQ� ERG\�� $FFRUGLQJ� WR� WKH� UHVXOWLQJ�
PHDVXUHPHQWV� RQ� WKH� VXEMHFWLYH� H[SHULPHQW�� WKH�
WHPSHUDWXUHV� RI� WKRVH� ERG\� SDUWV� WKDW� UHFHLYHG� KHDW�
GLUHFWO\� IURP� VRODU� UDGLDWLRQ�ZHUH� KLJKHU� WKDQ� WKRVH�
SDUWV�WKDW�GLG�QRW�UHFHLYH�KHDW��7KLV�SURYHV�WKDW�VRODU�
UDGLDWLRQ� KDV� D� VLJQLILFDQW� LPSDFW� RQ� KXPDQ� ERG\��
)URP� KHUH� RQ�� ZH� ZLOO� GLVFXVV� WKH� &)'� DQDO\VLV� LQ�
FRPSDULVRQ�WR�WKH�UHVXOWV�RI�WKH�PHDVXUHPHQWV�WDNHQ�
RQ�WKH�VXEMHFWLYH�H[SHULPHQW��

&283/,1*�0(7+2'�
7KLV� VWXG\� PDNHV� XVH� RI� WKH� ��01� PRGHO�
LQFRUSRUDWLQJ� &)'� EXVLQHVV� XVH� VRIWZDUH� FRGH�
67$5�&'�YHU����������� ZLWK� VRPH� XVHU� IXQFWLRQV��
6HH� )LJ��� IRU� WKH� FRQFHSWXDO� GLDJUDP� RI� WKH� ��01�
PRGHO����(DFK���OD\HU���WDNHV���WKH��EDODQFH��DPRXQW��RI��

�
)LJ���*ORYH�7HPSHUDWXUH�DQG�$PRXQW�RI�6RODU�5DGLDWLRQ�

�
)LJ���&RQFHSWXDO�GLDJUDP�RI�WKH���01�PRGHO�

�
7DE���+RZ�WR�([SDQG�RI�/DWHQW�+HDW�

�6LJQ�� L� �� 6HJPHQW� QXPEHU�� N� �� 6XUIDFH� HOHPHQW� QXPEHU�� TE�L����2UJ�� ��
0HWDEROLF� UDWH�RI�SUHVHQW� VWXG\��TE�L������01�� ��0HWDEROLF� UDWH�RI���01��
$�L�N��2UJ����$UHD�RI�WKH�VXUIDFH�HOHPHQW�RI�SUHVHQW�VWXG\��$�L�N����01����$UHD�RI�
WKH�VXUIDFH�HOHPHQW�RI���01�
�
KHDW� >:@� E\� WKH� DPRXQW� RI� KHDW� SURGXFHG� T�L�� M���
EORRG�WUDQVSRUW�E�L��M���KHDW�FRQGXFWLRQ�G�L��M��EHWZHHQ�
WKH�HDFK�OD\HU��%UHDWKLQJ�H�������LV�DGGHG�LQ�WKH�FRUH�
OD\HU�FKHVW�VLWH��VHQVLEOH�KHDW�ORVV�DPRXQW�TW�L�����DQG�
VZHDWLQJ� H�L�� ��� LV� DGGHG� WR� WKH� FXWDQHRXV� OD\HU��
)XUWKHU� FROOHFW� EORRG� FHQWHU� LQ� DOO� VLWHV� DUH� REWDLQHG�
E\� WKH� EORRG� EDODQFH� DPRXQW� >:@� RI� WKH� OD\HU�� ,Q�
DGGLWLRQ�� F�L�� ��� LV� KHDW� FDSDFLW\� >:K��&@��6HQVDWLRQ�
RI� KHDW� DQG� FROG� DUH� UHSUHVHQWHG� E\� WKH� FRQWURO�
V\VWHP�� DQG� WKH\� DUH� FDOFXODWHG� IURP� WKH� VXP� DQG�
GLIIHUHQFH�RI�WKH�VHW�SRLQW�WHPSHUDWXUH�WKDW�DUH�VHW�LQ�
DGYDQFH�� &RQWURO� UHDFWLRQ� DUH� WKUHH�� WKH\� DUH� EORRG�
YHVVHO�FRQWUDFWLRQ�DQG�H[SDQVLRQ��VZHDWLQJ��VKLYHULQJ�
WKHUPRJHQHVLV���
,Q�WKLV�VWXG\��WKH���01�PRGHO�ZDV�H[WHQGHG�LQ�RUGHU�
WR� XQGHUVWDQG� WR� WKH� HIIHFW� RI� VRODU� UDGLDWLRQ� RQ� WKH�
ORFDOL]HG� KHDWLQJ� RI� WKH� KXPDQ� ERG\�� )RU� WKLV�
SXUSRVH�� D� QXPHULFDO� PRGHO� RI� WKH� ERG\� ZLWK�
HOHPHQWV�RI� WKH�RXWHU� VXUIDFH�ZDV� FRQILJXUHG��7DE���
VKRZV� WKH� LQFUHDVH� LQ� TE� PHWDEROLF� UDWHV�� 7KH�
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H[SDQVLRQ�PHWKRG� LV� VLPLODU� WR� WKDW� UHIHUHQFHG� �H�J��
2]HNL�HW�DO����������7KDW� LV�� LQ�D�VKDSH�PRGHO�RI� WKH�
KXPDQ� ERG\� HDFK� VLWH�� ZH� FRUUHFWHG� E\� WKH� YROXPH�
FKDQJH� UDWH� ��HDFK� SDUW� VXUIDFH� DUHD� $�RUJ�� LQ� D�
QXPHULFDO� PRGHO� RI� WKH� KXPDQ� ERG\�VXUIDFH� DUHD�
$���01�� RI� WKH� SRUWLRQ� GHILQHG� E\� WKH� ��01�PRGHO�
FRUUHVSRQGLQJ��� WR� WKH� VXUIDFH� DUH� RI� HDFK��
)XUWKHUPRUH�� WKH� VXUIDFH� HOHPHQWV� WKDW� PDNH� XS� D�
VKDSH� PRGHO� RI� WKH� KXPDQ� ERG\� HDFK� VLWH�� WKH�
SK\VLFDO�DQG�SK\VLRORJLFDO�TXDQWLWLHV�FRUUHFWHG�HYHU\�
SDUW� ZHUH� GLVWULEXWHG� DFFRUGLQJ� WR� WKH� DUHD� UDWH��
+RZHYHU��IRU�YROXPH�RI�EORRG�IORZ�RI�WKH�VNLQ�GXH�WR�
WKHUPRUHJXODWLRQ� DQG� UDGLDWLRQ� DPRXQW� GXH� WR�
VZHDWLQJ�� WDNLQJ� LQWR� DFFRXQW� WKH� LQIOXHQFH� RI� WKH�
ORFDO� E\� HYDOXDWLQJ� WKH� VXUIDFH� HOHPHQW� IRU� HDFK�
FRQWURO�VLJQDO��
$V�VKRZQ�LQ�UHIHUHQFH��H�J��)XMLQDJD�HW�DO����������WKH�
VROXWLRQ� WR� WKH� HTXDWLRQ� RI� ZDWHU� YDSRU� WUDQVSRUW� LV�
FRXSOHG��KRZHYHU�LQ�WKLV�UHSRUW�ZH�XVHG�HTXDWLRQ���WR�
FDOFXODWH�WKH�ZDWHU�YDSRU�VDWXUDWLRQ�SDUWLDO�SUHVVXUH��

�
SVNV�:DWHU�9DSRU�6DWXUDWLRQ�3DUWLDO�3UHVVXUH�>NSD@、

WV�ERG\�VXUIDFH�WHPSHUDWXUH�>�&@�
)XUWKHUPRUH�� UHIHUULQJ� WR� WKH� ERG\� VXUIDFH�
WHPSHUDWXUH� WV� YDOXH� IRU� HDFK� FRPSRQHQW
V� RXWHU�
VXUIDFH��ZH�ZHUH�DEOH�WR�GHWHUPLQH�WKH�WUHQG�IRU�HDFK�
FRPSRQHQW�RI�WKH�RXWHU�VXUIDFH� 

$1$/<6,6�6800$5<�
Analytical Model 
7KH� H[SHULPHQW� ZLWK� WKH� VXEMHFWLYH� H[SHULPHQW� ZDV�
FRQGXFWHG� ������������ LQ� D� FRQIHUHQFH� URRP� ����×
���×���P��DW� WKH�0HLML�8QLYHUVLW\� ,NXWD�&DPSXV� LQ�
%XLOGLQJ� $� RQ� WKH� ��WK� IORRU�� DQG� ZH� FRPSDUHG� LW�
ZLWK� WKH� &)'� DQDO\VLV�� 6HH� )LJ��� IRU� WKH� DQDO\WLFDO�
PRGHO�� 7KH� DQDO\WLFDO�PRGHO� ZDV� SUHSDUHG�ZLWK� WKH�
ZLQGRZ� IUDPH� LQFOXGLQJ� WKH� H[WHUQDO� ORXYHUV�� 7KH�
EDVLF� FHOO� VL]H�ZDV���PP��EXW� LQ� WKH� YLFLQLW\�RI� WKH�
ZDOO�VXUIDFHV��WKH�FHOO�VL]H�ZDV�VXEGLYLGHG�WR����PP��
)RU�WKH�QXPHULF�YDOXHV�RI�WKH�ERG\�PRGHO��H�J��,WR�HW�
DO���������XVHG�D�SXEOLFO\�DYDLODEOH�PHVK�RI�D�VHDWHG�
PDOH� �KHLJKW�����P�� ERG\� VXUIDFH� DUHD�����P���7KH�
VXEMHFWLYH� H[SHULPHQW� KDG� D� KHLJKW� RI� ����P� DQG� D�
ERG\� VXUIDFH� DUHD� RI� ����P�� VR� LW� ZDV� VFDOHG� WR�
DSSUR[LPDWHO\� WKH� VDPH� OHYHO� XVLQJ� WKH� 'X%RLV�
HTXDWLRQ��)LJ���VKRZV�WKH�PHVK�V\VWHP�XVHG�IRU�WKLV�
VWXG\��,Q�WKLV�VWXG\��D�IRXU�OHYHO�OD\HU�PHVK�ZDV�XVHG�
IRU�WKH�ERG\�VXUIDFH��,Q�RUGHU�WR�PLQLPL]H�FDOFXODWLRQ�
HUURUV�LQ�WKH�RXWHU�JDS�DURXQG�WKH�ERG\��D�WULP�PHVK��
FRXSOHG�ZLWK�D�KH[D�PHVK��ZDV�XVHG�LQVWHDG�RI�D�WHWUD�
PHVK�� 7KH� ERG\� VXUIDFH� PHVK� KDV� ������� FHOOV�� WKH�
VXUURXQGLQJ�DUHD�KDV�DERXW�����������FHOOV��

Analytical Method 
)RU�WKH�WXUEXOHQFH�PRGHO��ZH�DGRSWHG�/RZ�5H\QROGV�
1XPEHU� N�İ �H�J�� /LHQ� HW� DO��� ������� WKH� 6,03/(�
�VWDWLF�� FRPSXWDWLRQDO� DOJRULWKP�� WHPSHUDWXUH�� DQG� N�
ZHOO� DV�İ� IRU�0$56��%XR\DQF\�PRGHOOLQJ�ZDV�XVHG�
9LROOHW� W\SH��$V�IRU�WKH�HPLVVLRQ�DQDO\VLV��D�GLVFUHWH�

���������������������������)LJ���$QDO\WLFDO�0RGHO�

�
+XPDQ�+HLJKW�����P�

+XPDQ�6XUIDFH�$UHD�����P��

7DE���$QDO\VLV�&RQGLWLRQ�

�)LJ���$QDO\VLV�&RQGLWLRQ�

 
 �D��

 
   

 *URXQG�)LJXUH�
��E��

)LJ���:DOO�%RXQGDU\�7HPSHUDWXUH��$YHUDJH����0LQXWHV��
�
EHDP�ZDV�XVHG�RQ� WKH�KXPDQ�ERG\
V� UDGLDWLRQ�SDWFK�
IRU� HDFK� FRPSRQHQW� RI� WKH� IURQW� VXUIDFH�� $OVR�� WKH�
QXPEHU�RI�HPLVVLRQ�LV�������

Analytical Conditions 
7KH� VXEMHFW� DQDO\VLV� ZDV� SHUIRUPHG� RQ� ������������
IRU� WHQ� PLQXWHV� ������～ ������� GXULQJ� RQH� KRXU�
PHDVXUHPHQW�SHULRG�EHWZHHQ������～�������
)RU� WKLV� VWXG\��ZH�SHUIRUPHG�D�VWDWLF�DQDO\VLV�RI� WKH�
DPRXQW� RI� VRODU� UDGLDWLRQ� DW� ������� 7KH� DPRXQW� RI�
GLUHFW�VRODU�UDGLDWLRQ�ZDV�������>:�P�@��WKH�DPELHQW�
VRODU� UDGLDWLRQ� RI� ����� >:�P�@� ZDV� FDOFXODWHG� E\�
VHSDUDWLQJ� WKH� DPELHQW� UDGLDWLRQ� RQ� DOO� KRUL]RQWDO�
VXUIDFHV� IURP� WKH� GLUHFW� VRODU� UDGLDWLRQ�� $OVR��
FRQVLGHUHG� ZHUH� WKH� VXQ
V� HOHYDWLRQ� RI� ����� >�@�� LWV�
D]LPXWK� RI� ����� >�@�� DQG� D� UDWLR� RI� ����� IRU� VRODU�
UDGLDWLRQ� WUDQVPLWWHG� LQWR� WKH� URRP� E\� WKH� JODVV�
IDFLQJ�GLUHFWO\�ZHVW��)RU�WKLV�VWXG\��LQ�DGGLWLRQ�WR�WKH�
DPELHQW� VRODU� UDGLDWLRQ�� ZH� DQDO\]HG� WKH� VFDWWHUHG�
OLJKW��
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Ceiling ①：21.3℃
Floor ①：22.1℃

Ceiling ②：20.6℃
Floor ②：22.7℃

Ceiling ③：20.7℃
Floor ③：19.9℃

Ceiling ④：20.5℃
Floor ④：20.0℃

Ceiling⑤：20.5℃
Floor⑤：20.8℃

Glass①：29.8℃

Glass②：30.3℃

Glass③：28.5℃

Glass④：28.5℃
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)LJ���'LVWULEXWLRQ�RI�\��>�@ )LJ����'LUHFW�6RODU�5DGLDWLRQ�>:�P�@ 

 �
<�6HFWLRQ��< ��� <�6HFWLRQ��< ���

)LJ����6FDODU�:LQG�6SHHG�RI�6HFWLRQ�3ODQH�>P�V@��&DVH��� )LJ����$LU�7HPSHUDWXUH�RI�;�3ODQH�>�&@��&DVH���

 
)LJ����3URILOH�RI�$LU�7HPSHUDWXUH��&DVH�� 

�
:H� DQDO\]HG� WKH� KXPDQ� ERG\� ERXQGDU\� FRQGLWLRQV�
IRU� WZR� GLIIHUHQW� FDVHV�� )RU� &DVH�� ZH� XVHG� WKH�
)DQJHU� PRGHO�� DQG� IRU� &DVH�� WKH� ��01� PRGHO�
DQDO\VLV�� )RU� WKH� ZDWHU� YDSRU� SUHVVXUH� 3D�UHI �����
>3D@��ZH� XVHG� WKH� )DQJHU�PRGHO� IRUPXOD� ���� IRU� WKH�
DQDO\VLV��

�
T�VHQVLEOH�KHDW�ORVV�YDOXH�>:�P�@�
WV��ERG\�VXUIDFH�WHPSHUDWXUH�>�&@�

)RU� WKH� ��01� PRGHO�� ZH� DQDO\]HG� WKH� FKDQJH� LQ�
SK\VLRORJLFDO� YDOXHV� LQ� SURSRUWLRQ� WR� FRUH�
WHPSHUDWXUH�� )RU� WKH� )DQJHU� PRGHO� DQDO\VLV�� ZH�
DVVLJQHG� D� IL[HG� YDOXH� RI� ����� >�&@� DQG� D� WKHUPDO�
UHVLVWDQFH�YDOXH�RI�������>P�.�:@��ZKHQ�QDNHG���)RU�
YDOXHV� ZLWK� FORWKLQJ� VHH� UHIHUHQFH� RI� $LU�
&RQGLWLRQLQJ� 6DQLWDWLRQ� (QJLQHHULQJ� $VVRFLDWLRQ� LQ�
-DSDQ�� IRU� WKH� VXUYH\� ZLWK� WKH� ERG\� LQ� D� FORWKHG�
FRQGLWLRQ�� FORWKHG� WKHUPDO� UHVLVWDQFH� YDOXHV� ZHUH�
HVWDEOLVKHG� �7DE����� 7KH� VRODU� UDGLDWLRQ� DEVRUSWLRQ�
UDWLRV��ZHUH��HVWDEOLVKHG��DV��IROORZV��IRU�ORQJ��VOHHYHV�
�EODFN�� ����� WURXVHUV� �JUD\�� ����� DQG� VNLQ� �IOHVK�
FRORUHG�������
$W�WKH�WLPH�RI�VXEMHFW�DQDO\VLV��ZH�REVHUYHG�WKHUPDO�
VFDWWHULQJ� LQ� WKH� VXUIDFH� WHPSHUDWXUH� RI� WKH� KXPDQ�
ERG\� DV� DQ� HIIHFW� RI� WKH� ORXYHUV�� ,Q� WKLV� UHSRUW�� WKH�
SURGXFHG�WHPSHUDWXUH�FKDQJH�RI�JUHDWHU�WKDQ����>�&@�
RQ�WKH�IURQW�SHOYLV�DQG�WKH�IURQW�RI�WKH�OHIW�ORZHU�OHJ��
ZHUH� RXWVLGH� WKH� &)'� DQDO\VLV� FRPSDULVRQ� WDUJHW��
7KLV� ZDV� WKH� ILUVW� VWHS� LQ� YHULI\LQJ� HYLGHQFH� RI� WKH�
XVHIXOQHVV���RI��&)'��DQDO\VLV��FRPSDUHG���ZLWK��VWDWLF��

�
FDOFXODWLRQV��EXW�DQDO\]LQJ�ZKHWKHU�WKLV�LV�DW\SLFDO�RU�
QRUPDO�LV�D�VXEMHFW�ZH�SODQ�WR�FRQVLGHU�ODWHU���
)LJ���VKRZV�WKH�ERXQGDU\�FRQGLWLRQ�DQDO\VLV�XVHG�IRU�
WKH� ZDOO� VXUIDFH� WHPSHUDWXUH� ���� PLQXWHV� LQWHUYDO�
DYHUDJH� YDOXHV��� 5HJDUGLQJ� WKH� IORRU�� FHLOLQJ�� DQG�
JODVV��EHFDXVH�RI�WKH��～��>�&@�H[WHQW�RI�YDULDQFH�LQ�
PHDVXUHPHQW� SRLQW� WHPSHUDWXUHV�� SDUWLWLRQLQJ� WKH�
ZDOO�VXUIDFH�ERXQGDULHV�HVWDEOLVKHG� WKH� WHPSHUDWXUHV�
VKRZV�LQ�)LJ����E���

$1$/<6,6�5(68/76�
Dimensionless Wall Range y+ 
:KHQ� XVLQJ� /RZ� 5H\QROGV� 1XPEHU� N�İ� IRU� WKH�
WXUEXOHQFH�PRGHO��LW�LV�QHFHVVDU\�WR�SXW�D�VXIILFLHQWO\�
ILQH� FRPSXWDWLRQDO� PHVK� LQ� WKH� YLFLQLW\� RI� WKH� ZDOO�
VXUIDFHV�� WR�VXIILFLHQWO\�UHGXFH�WKH�ZDOO� IDVW�PHVK�RI�
\��� )LJ�� �� VKRZV� WKH� UHVXOWLQJ� GLPHQVLRQOHVV� ZDOO�
UDQJH� RI� \��� 7KH� KXPDQ� ERG\�� DV� ZHOO� DV� WKH� ZDOO�
VXUIDFHV��ZHUH�ZLWKRXW�H[FHSWLRQ�� OHVV� WKDQ���� ,Q� WKH�
QHLJKERUKRRG� RI� WKH� FHLOLQJ�� SDUWLFXODUO\� WKH� SDUW�
DERYH�WKH�KXPDQ�ERG\��WKH\�UDQJHG�XS�WR�D�YDOXH�RI����

Amount of Direct Solar Radiation 
)LJ�� ��� VKRZV� D� GLVWULEXWLRQ� GLDJUDP�RI� WKH� DPRXQW�
RI� GLUHFW� VRODU� UDGLDWLRQ�� /RRNLQJ� DW� WKH� FKHVW�� WKLV�
H[WHQGV� WR� ���� >:�P�@�� :LWK� WKH� DPRXQW� RI� GLUHFW�
VRODU� UDGLDWLRQ� RI� ������ >:�P�@� DQG� WKH� UDGLDWLRQ�
WUDQVPLVVLRQ�UDWLR�RI�WKH�JODVV�EHLQJ�������LQ�JHQHUDO�
WKH� FRUUHFW� DQDO\VLV� UHVXOWV� ZHUH� REWDLQHG��
)XUWKHUPRUH��JLYHQ�WKH�IORRU�VXUIDFH��WKH�ORXYHUV��DQG�
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7KHUPDO�,PDJH��������� &DVH�� &DVH��

)LJ����'LVWULEXWLRQ�%RG\�6XUIDFH�7HPSHUDWXUH�>�&@�

 

 
)LJ����+HDW�%DODQFH�RI�%RG\�6XUIDFH�>:@��&DVH��� )LJ����%RG\�6XUIDFH�7HPSHUDWXUH�>�&@ 

�
WKH�HIIHFW�RI�WKH�ZLQGRZ�IUDPH�VRODU�UDGLDWLRQ�VFUHHQLQJ��WKH�
GLVWULEXWLRQ�RI�WKH�DPRXQW�RI�VRODU�UDGLDWLRQ�LV�FRUUHFW��

Wind Speed Scalar Distribution 
)LJ����VKRZV�&DVH��ZKHUH�< ���WKH�GLVWULEXWLRQ�RI�WKH�ZLQG�
VSHHG�LQ�WKH�VHFWLRQ�SODQH��7KH�PDMRULW\�IHOO�LQ�WKH�GLVWULEXWLRQ�
UDQJH� RI� ���� >P�V@�� WKXV� WKH� DLU� WHPSHUDWXUH� ERXQGDULHV� DUH�
UHODWLYHO\�FDOP��+RZHYHU��LQ�WKH�DUHD�DERYH�WKH�KXPDQ�ERG\��
WKH�DLU�FXUUHQW�GLVWULEXWLRQ�LV�LQ�WKH�QHLJKERUKRRG�RI�����>P�V@��
7KLV�LV�FRQVLGHUHG�WR�EH�FDXVHG�E\�WKH�KHDW�SOXPH�JHQHUDWHG�
DURXQG�WKH�KXPDQ�ERG\��

Central Section Plane Temperature Distribution 
)LJ���� VKRZV� &DVH�� ZKHUH� < ��� WKH� GLVWULEXWLRQ� RI�
WHPSHUDWXUH�LQ�WKH�VHFWLRQ�SODQH��7KLV�\LHOGV�WKH�HIIHFW�RI�VRODU�
UDGLDWLRQ�LQ�WKH�URRP�RQ�WHPSHUDWXUH�GLVWULEXWLRQ�IURP�WRS�WR�
ERWWRP��$JDLQ�� WKH�KHDW� JHQHUDWHG�E\� WKH�ERG\�FDQ�EH� VHHQ�
ULVLQJ�LQ�WKH�QHLJKERUKRRG�RI�WKH�ERG\�DQG�DERYH�LW��

Air Temperature Profile 
)LJ����VKRZV�WKH�DQDO\WLFDO�DV�ZHOO�DV�DFWXDO�PHDVXUHPHQWV��IRU�
&DVH��DQG�&DVH���LW�JLYHV�WKH�DFWXDO�WRS�WR�ERWWRP�WHPSHUDWXUH�
SURILOHV�IRU�SROHV���WKURXJK����,W�LV�DVVXPHG�WKH�VDPH�DV�WKRVH�
VKRZQ�LQ�)LJ���WKH�SROH�QXPEHU��/RRNLQJ�DW�WKH�WHPSHUDWXUH�
YDULDQFH�GLVWULEXWLRQ�IURP�WRS�WR�ERWWRP��IRU�ERWK�&DVH��DQG�
&DVH���WKH�PHDVXUHG�YDOXHV�IRU�DOO�WKH�SROHV�VKRZ�ODUJH�YDOXHV��
7KHVH�DUH DFWXDO�PHDVXUHPHQWV��KRZHYHU�WKH�FDXVH�LV�WKRXJKW�
WR� EH� GXH� WR� WKH� DOXPLQXP� IRLO� F\OLQGHU� VXUURXQGLQJ� WKH�
WKHUPRFRXSOH� KDYLQJ� DQ� XQDYRLGDEOH� HIIHFW� RQ� WKH� WKHUPDO�
UDGLDWLRQ�PHDVXUHPHQWV��)XWXUH��ZH�QHHG�WR�UHVHDUFK�VXUYH\LQJ�
WKH�DLU�WHPSHUDWXUH�WKDW�LV�EHORZ�WKH�VRODU�UDGLDWLRQ�ERXQGDU\��

�

Body Surface Temperature Distribution Diagram 
)LJ���� VKRZV� D� WKHUPDO� LPDJH� DV� ZHOO� DV� D� GLVWULEXWLRQ�
GLDJUDP� RI� WKH� DQDO\VLV� UHVXOWV� IRU� KXPDQ� ERG\� VXUIDFH�
WHPSHUDWXUH��)RU�ERWK�&DVH��DQG�&DVH���WKH�ERG\�WHPSHUDWXUH�
GLVWULEXWLRQ� WHQGHQF\� GXH� WR� WKH� ORXYHUV� DQG� WKH� ZLQGRZ�
IUDPH� FDQ� EH� REVHUYHG�� )XUWKHUPRUH�� LQ� &DVH��� DOO� ERG\�
VXUIDFHV� KDYH� PRYHG� WR� WKH� YLFLQLW\� RI� ��� >�&@�� %XW��
FRPSDULQJ� &DVH�� ZLWK� &DVH��� ZH� JHW� D� WHPSHUDWXUH�
GLVWULEXWLRQ�FKDUW�WKDW�WUHQGV�FORVHU�WR�DFWXDO�PHDVXUHPHQWV��

Body Surface Heat Balance (Case2) 
)LJ����VKRZV�WKH�KHDW�EDODQFH�TXDQWLWLHV�RI�ERG\�VXUIDFH�IRU�
&DVH��� /RRNLQJ� DW� WKH� VRODU� UDGLDWLRQ� KHDW� TXDQWLWLHV�� WKRVH�
QHDU� WKH� FKHVW� KDYH� D� ODUJH� YDOXH�� $OVR�� DW� DOO� SRVLWLRQV��
VZHDWLQJ� DFFRXQWV� IRU� D� ODUJH� SURSRUWLRQ� RI� WKH� WKHUPDO�
UDGLDWLRQ��

Body Surface Temperature 
)LJ����VKRZV�WKH�DFWXDO�VXUIDFH�WHPSHUDWXUH�LQVWUXPHQWDWLRQ�
PHDVXUHPHQWV� IURP� WKH� VXUYH\� IRU� HDFK� ORFDWLRQ� DQG� WKH�
DQDO\WLFDO�UHVXOWV��/RRNLQJ�DW� WKH�DQDO\WLFDO�UHVXOWV�� WKH� WUHQG�
GXH�WR�WKH�SUHVHQFH�RU�DEVHQFH�RI�VRODU�UDGLDWLRQ�RQ�WKH�IURQW�
DQG� UHDU� RI� WKH� KXPDQ� ERG\�� DQG� WKDW� RI� WKH� VXUYH\�� JLYHV�
LGHQWLFDO�UHVXOWV��)XUWKHUPRUH��FRPSDULQJ�&DVH��ZLWK�&DVH���
WKH�WHPSHUDWXUHV�RI�WKH�HQWLUH�ERG\�DUH�ORZHU��+RZHYHU��IRU�
WKH� WHPSHUDWXUHV� RI� WKH� UHDU� SDUWV� RI� WKH� ERG\�� WKH� VXUYH\�
SURGXFHV�D�GLVSDULW\��,W�LV�FRQVLGHUHG�WKDW�WKH�UHDVRQ�ZK\�WKH�
WHPSHUDWXUH�RI�WKH�&DVH��LV�ORZHU�RYHUDOO�WKDQ�LQ�&DVH���LW�LV�
FRQVLGHUHG�WKH�HIIHFW�RI�VZHDWLQJ�LQ�&DVH���WKH�WHPSHUDWXUH�LV�
ORZHUHG�LQ�WKH�HQWLUH�KXPDQ�ERG\� 
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&21&/86,21�
:LWKLQ� WKH�ERXQGDULHV�RI� WKH� VRODU� UDGLDWLRQ��YDOXHV�XVLQJ�D�
VXEMHFWLYH�H[SHULPHQW�ZHUH�FRPSDUHG�LQ�RUGHU�WR�HYDOXDWH�WKH�
XVHIXOQHVV� RI� FRPELQLQJ� WKH� ERG\� WKHUPRUHJXODWLRQ� PRGHO�
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