
THE EFFECT OF WIND VELOCITY DISTRIBUTION ON UNGLAZED 
TRANSPIRED COLLECTORS 

�
1HHWKD�9DVDQ��7KHRGRUH�6WDWKRSRXORV�
&RQFRUGLD�8QLYHUVLW\��0RQWUHDO��&DQDGD�

�
�
�
�

$%675$&7�
+LJK�ZLQG�YHORFLW\�DIIHFWV�WKH�HIILFLHQF\�RI�XQJOD]HG�
WUDQVSLUHG� FROOHFWRUV� �87&�� E\� HIIHFWLQJ� FRQYHFWLRQ�
ORVVHV�DQG�VXFWLRQ�LQ�WKH�SRUHV��/RFDO�ZLQG�YHORFLWLHV�
LPSLQJLQJ�RQ�D�VXUIDFH�GLIIHU�IURP�WKH�DSSURDFK�ZLQG�
YHORFLW\� GXH� WR� REVWUXFWLRQV� DQG� UHGLUHFWLRQ� FDXVHG�
E\� VXUURXQGLQJ� VWUXFWXUHV�� 7KLV� SDSHU� GHVFULEHV� DQ�
H[SHULPHQWDO� VWXG\� LQ� D� ZLQG� WXQQHO� DQG� DQDO\WLFDO�
SDUDPHWULF� VWXG\� WR� DVVHVV� WKH� VLJQLILFDQFH� RI� XVLQJ�
DFWXDO�QRQ�XQLIRUP��UDWKHU�WKDQ�DQ�DVVXPHG�XQLIRUP��
ZLQG� VSHHG� GLVWULEXWLRQ� LQ� 87&� SHUIRUPDQFH�
FDOFXODWLRQV�� 7KH� DVVXPSWLRQ� RI� XQLIRUP� ZLQG�
YHORFLW\� GLVWULEXWLRQ� WKURXJKRXW� WKH� 87&� DUHD�
UHVXOWHG� LQ� WKH� XQGHUHVWLPDWLRQ� RI� FRQYHFWLYH� KHDW�
WUDQVIHU� FRHIILFLHQWV� E\�XS� WR������7KH� VLJQLILFDQFH�
RI� XVLQJ� SUR[LPLW\� PRGHOV� LQ� ZLQG� VLPXODWLRQ� IRU�
87&�DQDO\VLV�LV�GLVFXVVHG��

,1752'8&7,21�
87&V� DUH� RQH� RI� WKH� PRVW� HIILFLHQW� VRODU� KHDWLQJ�
WHFKQRORJLHV� DYDLODEOH� WRGD\�� ,W� FRQVLVWV� RI� DGDUN�
DEVRUEHU�FODGGLQJ��RI������ �����SRURVLW\��'\PRQG��
HW� DO��� ������� LQVWDOOHG� DERXW� ��� WR� ��� FP� RII� WKH�
HTXDWRU�IDFLQJ�ZDOO�RI�D�EXLOGLQJ�� IRUPLQJ�D�SOHQXP�
EHKLQG�WKH�FODGGLQJ�±�VHH�VFKHPDWLF�LQ�)LJXUH����+HDW�
DEVRUEHG� E\� WKH� PHWDO� FODGGLQJ� IRUPV� D� OD\HU� RI�
ZDUP� DLU� RQ� HLWKHU� RI� LWV� VLGHV� WKDW� LV� GUDZQ� LQ�
WKURXJK� WKH� SHUIRUDWHG� FODGGLQJ� XVLQJ� D� IDQ� DQG�
VXSSOLHG�IRU�EXLOGLQJ�KHDWLQJ��7KH�8��6��'HSDUWPHQW�
RI� (QHUJ\� FODLPV� WKLV� WHFKQRORJ\� WR� EH� WKH� PRVW�
HIILFLHQW� DLU� KHDWLQJ� V\VWHP� DYDLODEOH� WRGD\� ±� ����
HIILFLHQF\� DV� FODLPHG� E\� 6RODUZDOO�� �+HLQULFK��
�������

�
)LJXUH����6FKHPDWLF�RI�D�87&�

+LJK�SHUIRUPDQFH�RI�VRODU�WKHUPDO�GHYLFHV�LV�DWWDLQHG�
E\�UHGXFLQJ�KHDW�ORVVHV�WR�D�PLQLPXP��,Q�WKLV�UHJDUG��
ZLQG�LQGXFHG�FRQYHFWLRQ�KHDW�ORVV�LV�D�PDMRU�FRQFHUQ�
DQG� H[WHQVLYH� VWXGLHV� ZLWK� LPSURYHG� ZLQG�
VLPXODWLRQV� DUH� QHFHVVDU\� WR� DUULYH� DW� JHQHUDOL]HG�
JXLGHOLQHV� IRU� HIILFLHQW� V\VWHP� GHVLJQ�� ,Q� FRPSXWHU�
VLPXODWLRQV�RI�VXFK�V\VWHPV��LW�LV�FRPPRQ�SUDFWLFH�WR�
KDYH�ZLQG�YHORFLW\�WR�EH�UHSUHVHQWHG�E\�RQH�RU�D�IHZ�
QXPHULFDO�FRQVWDQWV�RYHU�WKH�HQWLUH�FROOHFWRU�DUHD�GXH�
WR� SURJUDPPLQJ�� WLPH� RU� GDWD� VL]H� FRQVWUDLQWV�� ,Q�
UHDOLW\��WKH�ORFDO�ZLQG�YHORFLW\�GLVWULEXWLRQ�DW�RU�QHDU�
WKH� VXUIDFH� RI� EXLOGLQJV� LV� GLIIHUHQW� IURP� WKH�
DSSURDFK�ZLQG�YHORFLW\��PDLQO\�GXH�WR�ZLQG�GLUHFWLRQ�
DQG� WKH� LQIOXHQFH� RI� LPPHGLDWH� VXUURXQGLQJV�� 7KH�
SUHVHQW�VWXG\�DLPV�WR�DVVHVV�WKH�VLJQLILFDQFH�RI�XVLQJ�
D�UHDOLVWLF�QRQ�XQLIRUP�ZLQG�YHORFLW\�GLVWULEXWLRQ��DV�
RSSRVHG� WR� D� XQLIRUP� YHORFLW\� GLVWULEXWLRQ� IRU�87&�
DQDO\VLV��

%$&.*5281'�.12:/('*(�
Convective heat transfer coefficients (CHTC) on 
vertical façades 
7KH� JHQHUDO� PHWKRGRORJ\� IRU� IXOO� VFDOH� VWXGLHV� RI�
&+7&� RQ� EXLOGLQJ� VXUIDFHV� LQYROYHV� WKHUPDO�
PHDVXUHPHQWV�RQ�KHDWHG�PHWDO�VWULSV�SRVLWLRQHG�KLJK�
RQ� WKH� ZDOOV� RI� WDOO� EXLOGLQJV� DQG� ZLQG� YHORFLW\�
PHDVXUHPHQWV�DW�DW�DWOHDVW�WZR�ORFDWLRQV�±�𝑉௥௘௙  DERYH�
WKH�EXLOGLQJ�URRI�DQG�𝑉௟௢௖ �DW�D�VPDOO�GLVWDQFH������WR���
P��IURP�WKH�WHVW�ZDOO��$OWKRXJK�D�QXPEHU�RI�&+7&�
ZLQG�YHORFLW\�UHODWLRQV�DUH�DYDLODEOH�LQ�OLWHUDWXUH��,WR�
HW� DO��� ������ 6KDUSOHV�� ������ &,%6(�� ������ /LX� 	�
+DUULV�� ������ %ORFNHQ� HW� DO��� ������� WKH� VWXGLHV�
GLIIHUHG� LQ� WHVW�SDUDPHWHUV�VXFK�DV�SODWH�GLPHQVLRQV��
YHORFLW\� PHDVXUHPHQW� ORFDWLRQV�� VXUURXQGLQJV�� HWF��
7KHUHIRUH�� RQH� KDV� WR� EH� PLQGIXO� RI� WKH� WHVW�
FRQGLWLRQV� ZKHQ� VHOHFWLQJ� RQH� RU� PRUH� RI� WKHVH�
UHODWLRQV���

Wind effects on UTC  
2QH�RI�WKH�ILUVW�VWXGLHV�RI�ZLQG�HIIHFWV�RQ�87&V�ZDV�
E\� .XWVFKHU� ������� IROORZHG� E\� .XWVFKHU�� HW� DO��
������� ZKR� WKHRUHWLFDOO\� H[DPLQHG� GLIIHUHQW� PRGHV�
RI� KHDW� ORVV� IURP� 87&V� DQG� GHULYHG� UHODWLRQV� IRU�
87&�WKHUPDO�HIILFLHQF\�Ș��
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ZKHUH��ϵ��LV�WKH�SODWH�KHDW�H[FKDJH�HIIHFWLYHQHVV��$LU�
H[LWLQJ�DW�WKH�EDFN�RI�WKH�SODWH��L�H��WKH�RXWOHW�DLU��LV�DW�
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D�ORZHU�WHPSHUDWXUH�WKDQ�WKH�SODWH�VXUIDFH��3ODWH�KHDW�
H[FKDQJH� HIIHFWLYHQHVV�� WKH� DLU� KHDWLQJ� HIIHFW� RI� WKH�
SODWH��UHODWHV�WKH�RXWOHW�DLU�WHPSHUDWXUH  𝑇௕௔௖௞�ZLWK�WKH�
SODWH� VXUIDFH� WHPSHUDWXUH� 𝑇௖௢௟௟ � DQG� DPELHQW� DLU�
WHPSHUDWXUH�𝑇௔௠௕ ��

ϵ =
𝑇௕௔௖௞ − 𝑇௔௠௕

𝑇௖௢௟௟ − 𝑇௔௠௕
� ����

9DQ�'HFNHU�HW� DO�� �������GHYHORSHG�D�PRUH�GHWDLOHG�
H[SUHVVLRQ�IRU�ϵ��(TXDWLRQ����EDVHG�RQ�H[SHULPHQWDO�
VWXGLHV�DQG�WKHRUHWLFDO�PRGHOV�IURP�OLWHUDWXUH��

𝜖 = ൥1 − ቆ1 + 𝑅𝑒௦ 𝑚𝑎𝑥 ቈ1.733𝑅𝑒௪
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�
)OHFN��HW�DO�� �������� WKURXJK�ILHOG� WHVWV�RQ� WUDQVSLUHG�
VRODU� FROOHFWRUV�� VKRZHG� WKDW� WXUEXOHQW� IOXFWXDWLRQV�
RXWVLGH�WKH�ERXQGDU\�OD\HU�HQKDQFH�FRQYHFWLYH�ORVVHV�
RQ� WKH� 87&� VXUIDFH�� 7KH� VWXG\� DGGUHVVHG� FHUWDLQ�
GUDZEDFNV� LQ� .XWVFKHU¶V� VWXGLHV� YL]�� WKH� XVH� RI�
ODPLQDU�XQLIRUP�IORZ�SDUDOOHO�WR�WKH�JURXQG��ZKLFK�LQ�
UHDOLW\� LV� QRW� WKH� FDVH� RI� IORZ� DURXQG� EOXII� ERGLHV��
)OHFN��HW�DO���������DOVR�FRQFOXGHG�WKDW�DERYH�FHUWDLQ�
YHORFLWLHV�� GHSHQGLQJ� RQ� WKH� DLU� LQWDNH� UDWH� RI� WKH�
FROOHFWRU�� ZLQG� SDUDOOHO� WR� WKH� FROOHFWRU¶V� VXUIDFH�
FDXVHV� VXFWLRQ� LQ� WKH� SRUHV�� DQG� KHQFH� RXWIORZ��
UHVXOWLQJ� LQ� ORVV� RI� XVHIXO� KHDW� EHLQJ� FDUULHG� E\� WKH�
SOHQXP� DLU�� 8VLQJ� &)'� VLPXODWLRQV�� *XQQHZLHN�� HW�
DO���������UHFRPPHQGHG�PLQLPXP�VXFWLRQ�YHORFLWLHV�
WR�DYRLG�VXFK�UHYHUVH�IORZ���
$WKLHQLWLV�� HW� DO�� ������� GHYHORSHG� D� SURWRW\SH�
39�WKHUPDO��39�7��V\VWHP�FRQVLVWLQJ�RI�D�87&�ZLWK�
����RI�LWV�DUHD�FRYHUHG�E\�39�SDQHOV��2
1HLOO�HW�DO���
�������9HQWLODWLRQ� DLU� LV� SUHKHDWHG�E\� KHDW� IURP� WKH�
39� DQG� 87&�� 7KLV� V\VWHP� ZDV� LQWHJUDWHG� LQWR� WKH�
IDoDGH� RI� WKH� -RKQ� 0ROVRQ� 6FKRRO� RI� %XVLQHVV�
�-06%�� EXLOGLQJ� LQ�0RQWUHDO�� &DQDGD�� 3UHGRPLQDQW�
ZLQGV� LQ�0RQWUHDO� DUH� DFWXDOO\� SHUSHQGLFXODU� WR� WKH�
IDoDGH�LQWHJUDWHG�39�7�V\VWHP��+RZHYHU�� WKH�GHVLJQ�
DQG�LQLWLDO�DQDO\VLV�RI�WKH�39�7�V\VWHP�DVVXPHG�WKDW�
ZLQG� IORZ� ZDV� SDUDOOHO� WR� WKH� 39�7� VXUIDFH�� ZKLFK�
KDV� DOVR� EHHQ� D� FRPPRQ� DVVXPSWLRQ� LQ� PDQ\�
SUHYLRXVO\� SXEOLVKHG� VWXGLHV� WKDW� GHDOW� 87&� KHDW�
ORVV�� :LQG� HIIHFW� RQ� WKH� SHUIRUPDQFH� RI� WKLV� 87&�
ZDV�VWXGLHG�E\�9DVDQ�DQG�6WDWKRSRXORV��������XVLQJ�
ZLQG�WXQQHO�H[SHULPHQWV��SUHOLPLQDU\�UHVXOWV�VKRZHG�
WKDW�ZLQG�GLUHFWLRQ�GLG�LQGHHG�KDYH�DQ�LPSDFW�RQ� LWV�
HIILFLHQF\��
7KH�REMHFWLYH�RI�WKH�VWXG\�GHVFULEHG�LQ�WKLV�SDSHU�ZDV�
WR�LQYHVWLJDWH�WKH�VLJQLILFDQFH�RI�LQFOXGLQJ�SUR[LPLW\�
PRGHOV� LQ� ZLQG� VLPXODWLRQ� IRU� 87&� DQDO\VLV� E\�
DVVHVVLQJ� WKH� HUURU� LQ� DVVXPLQJ� D� XQLIRUP� ORFDO�
YHORFLW\� GLVWULEXWLRQ� RYHU� WKH� 87&� VXUIDFH� IRU�
FDOFXODWLRQV� UHODWLQJ� WR� LWV� SHUIRUPDQFH� SDUDPHWHUV��
'HWDLOHG� ZLQG� VSHHG� GLVWULEXWLRQ� LQ� IURQW� RI� WKH�
-06%� EXLOGLQJ�� ZDV� PHDVXUHG� E\� PHDQV� RI� ZLQG�

WXQQHO�H[SHULPHQWV�RQ�D�UHGXFHG�VFDOH�PRGHO�DQG�WKH�
LQIRUPDWLRQ� REWDLQHG� ZDV� DSSOLHG� WR� H[LVWLQJ�
DQDO\WLFDO�PRGHOV�RI�87&�SHUIRUPDQFH�HYDOXDWLRQ���

(;3(5,0(176�
7KH�%XLOGLQJ�$HURG\QDPLFV�/DERUDWRU\�DW�&RQFRUGLD�
8QLYHUVLW\�� 0RQWUHDO�� ZDV� XVHG� IRU� WKLV� VWXG\�� ,W�
KRXVHV�DQ�RSHQ�FLUFXLW�ZLQG�WXQQHO�WKDW�KDV�D�ZRUNLQJ�
FURVV�VHFWLRQ�RI����P�î�����P��OHQJWK�RI����P�DQG�DQ�
DGMXVWDEOH� URRI� WKDW� UHQGHUV�DQ\�SUHVVXUH�JUDGLHQW�RI�
WKH� IORZ� UHDFKLQJ� WKH� WHVW� VHFWLRQ� QHJOLJLEOH�� 7KH�
-06%� EXLOGLQJ� LV� ��� P� WDOO� DQG� KRXVHV� D� ���� P��
EXLOGLQJ� LQWHJUDWHG� 39�7� V\VWHP� RQ� WKH� VRXWKZHVW�
ZDOO� �DOVR� UHIHUUHG� WR� DV� VRODU�ZDOO�� ±� VHH� )LJXUH� ���
)RU�VLPSOLFLW\�RI�WKH�FDVH�VWXG\��LW�KDV�EHHQ�DVVXPHG�
WKDW�WKH�87&�LV�D�IODW�SODWH�W\SH�DQG�LV�QRW�FRYHUHG�E\�
39� SDQHOV�� $� ������ VFDOH� ZRRGHQ� PRGHO� RI� WKH�
-06%�EXLOGLQJ�ZDV�FRQVWUXFWHG��)LJXUH����DORQJ�ZLWK�
DOO� VXUURXQGLQJV�ZLWKLQ� D� IXOO�VFDOH� UDGLXV� RI� ����P�
IRU� D� PRUH� UHDOLVWLQJ� ZLQG� IORZ� VLPXODWLRQ�� 7HUUDLQ�
URXJKQHVV�EH\RQG�WKH�PRGHOOHG�DUHD�ZDV�FRQILJXUHG�
XVLQJ� URXJKQHVV� HOHPHQWV� ZKHUHE\� ZLQG� YHORFLW\�
SURILOH�GHYHORSHG�DW�WKH�WHVW�VHFWLRQ�KDG�D�SRZHU�ODZ�
H[SRQHQW� RI� ����� ZKLFK� UHSUHVHQWHG� WKH� H[SRVXUH� LQ�
0RQWUHDO�WR�VXIILFLHQW�DFFXUDF\���
�

�
�D��

�
�E��

)LJXUH����D��7KH�-06%�EXLOGLQJ�VKRZLQJ�WKH�ORFDWLRQ�
RI�WKH�%XLOGLQJ�,QWHJUDWHG�39�7�ZDOO��

�E��6FKHPDWLF�SODQ�RI�WKH�-06%�EXLOGLQJ�VKRZLQJ�WKH�
EXLOGLQJ¶V�RULHQWDWLRQ�DQG�WHVW�ZLQG�GLUHFWLRQV�
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�

)LJXUH���-06%�EXLOGLQJ�PRGHO�DW�������VFDOH�
�
7ZR�SUR[LPLW\�PRGHO�FDVHV�
 &DVH����7HVW�EXLOGLQJ�ZLWK�SUR[LPLW\�PRGHO��
 &DVH����7HVW�EXLOGLQJ�ZLWKRXW�SUR[LPLW\�PRGHO��
VKRZQ� LQ�)LJXUH� �D� DQG��E�� UHVSHFWLYHOH\�� DQG� WKUHH�
ZLQG� GLUHFWLRQV� ZHUH� FKRVHQ� EDVHG� RQ� WKHLU�
SUHGRPLQDQFH� LQ� 0RQWUHDO� DQG� UHOHYDQFH� WR� WKH�
EXLOGLQJ�RULHQWDWLRQ��VHH�7DEOH���DQG�)LJXUH��E���
�

9HORFLW\� PHDVXUHPHQWV� ZHUH� PDGH� ZLWK� D� &REUD�
3UREH� �)LJXUH� ��� ±� D� ��KROH� SUHVVXUH� SUREH� WKDW�
PHDVXUHV�YHORFLW\�YHFWRU�FRPSRQHQWV��PHDQ�YHORFLW\�
YHFWRU�DQG�VWDWLF�SUHVVXUH��5HDGLQJV�ZHUH�WDNHQ�DW����
PHDVXUHPHQW�SRLQWV�RQ�DQ��î��JULG�ORFDWHG���PP�RII�
WKH� 87&� DUHD� �)LJXUH� ���� ,Q� DGGLWLRQ�� UHIHUHQFH�
YHORFLW\� DW� ����� PP� DERYH� WKH� URRI� RI� WKH� PRGHO��
KHUHDIWHU�UHIHUUHG�WR�DV�WKH�UHIHUHQFH�KHLJKW��ZDV�DOVR�
PHDVXUHG� IRU� HDFK� FRQILJXUDWLRQ�� 7KLV� KHLJKW��
FRUUHVSRQGLQJ�WR�����P�DERYH�WKH�URRI�LQ�IXOO�VFDOH��LV�
WKH�ORFDWLRQ�RI�WKH�DQHPRPHWHU�WKDW�SURYLGHG�WKH�IXOO�
VFDOH�UHIHUHQFH�ZLQG�YHORFLWLHV��
�

7DEOH���
:LQG�GLUHFWLRQV�XVHG�IRU�H[SHULPHQWV�

�

DESCRIPTOR DIRECTION 
RELATIVE TO 

THE UTC 

CARDINAL 
DIRECTION 

��� 3HUSHQGLFXODU� 6���:�
���� 2EOLTXH�DW����� 6���(�
���� 3DUDOOHO� 1���:�

�
�

� �
�D�� �E��

)LJXUH���7HVW�ZLQG�GLUHFWLRQ��������D��&DVH����7HVW�EXLOGLQJ�ZLWK�SUR[LPLW\�PRGHO��E��&DVH����7HVW�EXLOGLQJ�LQ�
WKH�DEVHQFH�RI�SUR[LPLW\�PRGHO�

�

�

�

)LJXUH����&REUD�3UREH�XVHG�IRU�YHORFLW\�
PHDVXUHPHQWV�LQ�WKH�ZLQG�WXQQHO�

)LJXUH����6FKHPDWLF�RI�WKH�WHVW�DUHD�VKRZLQJ�YHORFLW\��
PHDVXUHPHQW�SRLQWV�

13
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 c
m
�

2 cm�

$OO�GLPHQVLRQV�DUH�LQ�FP��
0RGHO�VFDOH���������

Indicates height �
above ground�
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5(68/76�$1'�',6&86,621�
7KH� UHVXOWV� SUHVHQWHG� SHUWDLQ� WR� IRXU� YHORFLW\�
GLVWULEXWLRQV� IRU� HDFK� SUR[LPLW\� PRGHO� FDVH� ±
DVVXPHG� XQLIRUP� GLVWULEXWLRQ� �URRI� OHYHO� YHORFLW\��
𝑉௥௘௙ ��DFWV�QRUPDO� WR� WKH�VXUIDFH�DQG�XQLIRUPO\�DW�DOO�
SRLQWV��DQG�WKH�DFWXDO�GLVWULEXWLRQV�IRU�WKH�WKUHH�ZLQG�
GLUHFWLRQV�WHVWHG��

Local velocity distribution near the UTC area 
)LJXUH� �� VKRZV� WKH� GLVWULEXWLRQ� RI� ORFDO� YHORFLW\�
FRHIILFLHQWV�±�GHILQHG�DV�WKH�UDWLR�RI�WKH�PDJQLWXGH�RI�
𝑉௟௢௖ � WR�𝑉௥௘௙ � ±� IRU� DOO� WHVW� FRQILJXUDWLRQV�� ,Q� JHQHUDO��
EORFNDJH� LQ� WKH� IRUP� RI� EXLOGLQJV�� ODQGVFDSLQJ��
YHJHWDWLRQ� HWF��� FDXVHV�PHDQ�ZLQG� VSHHG� UHDFKLQJ� D�
WDUJHW� EXLOGLQJ� WR� EH� ORZHU� WKDQ� ZKDW� ZRXOG� EH�
H[SHFWHG�LQ�DQ�RSHQ�DUHD�ZLWKRXW�DV�PXFK�EORFNDJH��
7KLV� FDQ� EH� VHHQ� LQ� WKH� 𝑉௟௢௖  GLVWULEXWLRQ� IRU� �����
ZKHUH� WKH� WHUUDLQ� LV� YHU\� OLJKWO\� EXLOW�XS�� 2WKHU�
GLUHFWLRQV�� KRZHYHU�� DUH� PRUH� EXLOW�XS� DQG�
VXUURXQGLQJ� VWUXFWXUHV� UHGLUHFW� ZLQG� IORZ�� FUHDWH�
WXUEXOHQFH� DQG� WKHUHE\� UHVXOW� LQ� KLJKHU� ORFDO�
YHORFLWLHV�� ,W� FDQ� EH� VHHQ� IURP� )LJXUH� �� WKDW�𝑉௟௢௖  LQ�
&DVH� �� DUH�� RQ� DYHUDJH�� DERXW� ���� WR� ���� KLJKHU�
WKDQ� LQ� &DVH� ��� 7KLV� TXDQWLILHV� WKH� LPSDFW� RI�
VXUURXQGLQJ� VWUXFWXUHV� RQ� WKH� ZLQG� IORZ� QHDU� WKH�
-06%� EXLOGLQJ�� 𝑉௟௢௖  QHDU� EXLOGLQJ� HGJHV� DUH� XS� WR�
���� KLJKHU� WKDQ� 𝑉௥௘௙ � GXH� WR� IORZ� DFFHOHUDWLRQ��
KLJKHVW�YDOXHV�EHLQJ�IRU�WKH�����ZLQGV��
7\SLFDO� ZLQG� VSHHGV� DW� WKH� -06%� EXLOGLQJ� ZHUH� RI�
WKH�RUGHU�RI���P�V�DV�UHFRUGHG�E\�WKH�URRI�PRXQWHG�
�

DQHPRPHWHU�� 5HVXOWV� LQ� WKH� IROORZLQJ� VHFWLRQV� KDYH�
EHHQ�FODVVLILHG�DV�SHUWDLQLQJ�WR�UHIHUHQFH�ZLQG�VSHHGV�
RI���P�V��ORZ�ZLQG�FRQGLWLRQ��DQG���P�V��KLJK�ZLQG�
FRQGLWLRQ���7KHVH�WZR�YDOXHV�ZHUH�FKRVHQ�VR�DV�WR�EH�
DEOH� WR� FRPSDUH� WKH� UHVXOWV� RI� WKLV� VWXG\� ZLWK�
SUHYLRXV�VWXGLHV�WKDW�ZHUH�UHODWHG�WR�WKH�-06%�VRODU�
ZDOO��

Convective heat transfer coefficient (CHTC) KF 
&+7&�ℎ௖�IRU�WKH�87&�ZDV�HVWLPDWHG�E\�DSSO\LQJ�WKH�
H[SHULPHQWDO� UHVXOWV� RI    𝑉௟௢௖  LQ� WKH� &+7&�  𝑉௟௢௖ �
UHODWLRQV� GHYHORSHG� E\� /LX� 	� +DUULV� ������� ±�
(TXDWLRQV� ���� WKRXJK� ����� 7KHVH� UHODWLRQV� DUH� EDVHG�
RQ� UHJUHVVLRQ� ILWV� RQ� IXOO�VFDOH� GDWD� WKDW� ZDV�
FDWHJRUL]HG� LQWR� GLIIHUHQW� ZLQG� GLUHFWLRQ� VHJPHQWV��
1DUURZ� GLUHFWLRQDO� VHJPHQWV� UHGXFHG� VFDWWHU� LQ�
&+7&� YHUVXV� YHORFLW\� SORWV� DQG� UHVXOWHG� LQ� EHWWHU�
UHJUHVVLRQ�ILWV���

���� ℎ௖ = 5.90𝑉௟௢௖ + 3.95�� ����

���� ℎ௖ = 6.42𝑉௟௢௖ + 3.17� ����

���� ℎ௖ = 7.42𝑉௟௢௖ + 2.98� ����

7KH�WHVW�EXLOGLQJ�LQ�WKDW�VWXG\�IDFHG�WKH�SUHGRPLQDQW�
ZLQG�GLUHFWLRQ��/LX�	�+DUULV��������DQG�ZLQG�VSHHGV�
ZHUH� VLPLODU� WR� WKRVH� DW� WKH� -06%� EXLOGLQJ�� &+7&�
IRU�WKH�DVVXPHG�XQLIRUP�QRUPDO�GLVWULEXWLRQ�FDVH�ZDV�
REWDLQHG�E\�UHSODFLQJ�𝑉௟௢௖ �LQ�WKH�HTXDWLRQV�ZLWK    𝑉௥௘௙���
(UURUV�LQ�VXUIDFH�DYHUDJHG�&+7&�DV�D�UHVXOW�RI�XVLQJ�
WKH�DVVXPHG�XQLIRUP�YHORFLW\�GLVWULEXWLRQ�LQ�SODFH�RI�
DFWXDO�GLVWULEXWLRQV�DUH�SUHVHQWHG�LQ�7DEOH����7KHVH��

�
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9DOXHV�ZHUH�FDOFXODWHG�DV�IROORZV���

%𝐸𝑟𝑟𝑜𝑟 = 
(𝑉𝑎𝑙𝑢𝑒  𝑓𝑜𝑟  𝑎𝑠𝑠𝑢𝑚𝑒𝑑  𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛
−𝑉𝑎𝑙𝑢𝑒  𝑓𝑜𝑟  𝑎𝑐𝑡𝑢𝑎𝑙  𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)
𝑉𝑎𝑙𝑢𝑒  𝑓𝑜𝑟  𝑎𝑐𝑡𝑢𝑎𝑙  𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛

× 100� ����
�

3RVLWLYH�YDOXHV�LQGLFDWH�DQ�RYHUHVWLPDWLRQ�DV�D�UHVXOW�
RI�WKH�DVVXPSWLRQ���
�

7DEOH���
(UURU�LQ�VXUIDFH�DYHUDJHG�&+7&�XVLQJ�XQLIRUP�ZLQG�
VSHHG�GLVWULEXWLRQ�DVVXPSWLRQ�DV�FRPSDUHG�WR�WKH�

UHVXOWV�IRU�DFWXDO�GLUHFWLRQDO�GLVWULEXWLRQV�
�

DESCRIPTOR 

CASE 1: WITH 
PROXIMITY 

MODEL 

CASE 2: 
WITHOUT 

PROXIMITY 
MODEL 

1 m/s 3 m/s 1 m/s 3 m/s 
���ZLQG� ���� ���� ���� ����
����ZLQG� ����� ����� ��� ����
����ZLQG� ���� ���� ��� ����

�

7KH� DVVXPHG� XQLIRUP� GLVWULEXWLRQ�� OHG� WR� DQ�
RYHUHVWLPDWLRQ�RI�WKH�VXUIDFH�DYHUDJHG�&+7&�E\�XS�
WR�����IRU�����DQG�����IRU����LQ�&DVH����)RU�WKH�����
GLUHFWLRQ�KRZHYHU��UHVXOWV�IURP�WKH�DFWXDO�GLVWULEXWLRQ�
DUH� KLJKHU� WKDQ� WKH� DVVXPHG� FDVH� E\� ���� IRU� ORZ�
ZLQG�VSHHGV�DQG� WKH�HUURU� LV� DOPRVW�GRXEOH� IRU� KLJK�
ZLQG�VSHHG��������7KLV�LV�D�GLUHFW�UHVXOW�RI�WKH�KLJK�
ORFDO� ZLQG� VSHHGV� FRUUHVSRQGLQJ� WR� WKLV� DQJOH� RI�
DSSURDFK���
)LJXUH� �� VKRZV� D� JUDSKLFDO� UHSUHVHQWDWLRQ� RI� WKH�
UHVXOWV�� 7KH� SUHVHQFH� RI� VXUURXQGLQJV� VHHPV� WR�
HIIHFWXDWH� KLJKHU� FRQYHFWLRQ� KHDW� WUDQVIHUV� GXH� WR�
IORZ� DFFHOHUDWLRQ�� 7KH� YDOXHV� IRU� &DVH� �� ZHUH�� RQ�

DYHUDJH�� DERXW� ���� ORZHU� WKDQ� LQ� &DVH� ��� L�H��
VLPXODWLRQ�ZLWKRXW�SUR[LPLW\�PRGHOV��XQGHUHVWLPDWHG�
&+7&� E\� DERXW� ����� ,W� FDQ� DOVR� EH� VHHQ� WKDW� WKH�
JUDSKV� IRU� WKH� WKUHH� ZLQG� GLUHFWLRQV� GR� QRW� YDU\�
HTXDOO\� EHWZHHQ� WKH� WZR� &DVHV�� WKLV� LV� EHFDXVH� WKH�
VXUURXQGLQJ� VWUXFWXUHV� RIIHU� GLIIHUHQW� OHYHOV� RI�
EORFNDJH�DW�GLIIHUHQW�DQJOHV�GHSHQGLQJ�RQ�WKH�WHUUDLQ�
EXLOG�XS�� 7KLV� YDULHV� IURP� EXLOGLQJ� WR� EXLOGLQJ� DQG�
FDQQRW�EH�JHQHUDOL]HG��

UTC thermal efficiency Ș 
7KHUPDO�HIILFLHQF\�𝜂�RI�D�87&�GHILQHV�KRZ�PXFK�RI�
WKH� DYDLODEOH� VRODU� WKHUPDO� HQHUJ\� LV� FRQYHUWHG� LQWR�
XVHIXO� IRUP� E\� KHDWLQJ� DLU�� 𝜂� ZDV� FDOFXODWHG� XVLQJ�
.XWVFKHU¶V�PRGHO��������IRU�87&�WKHUPDO�HIILFLHQF\�
±� VHH�(TXDWLRQ� �����7KH�HUURUV� LQ�XVLQJ� WKH�DVVXPHG�
GLVWULEXWLRQ� DV� RSSRVHG� WR� DFWXDO� GLVWULEXWLRQV� DUH�
VKRZQ�LQ�7DEOH����7KH�UHVXOWV�DUH�VKRZQ�JUDSKLFDOO\�
LQ�)LJXUH����ZKHUH� LW� LV�FOHDU� WKDW�� WKHUH� LV�D� JHQHUDO�
XQGHUHVWLPDWLRQ�RI�WKHUPDO�HIILFLHQF\�E\�WKH�XQLIRUP�
ZLQG�YHORFLW\�GLVWULEXWLRQ�DVVXPSWLRQ��
�

7DEOH���
�(UURU�LQ�WKHUPDO�HIILFLHQF\�XVLQJ�XQLIRUP�ZLQG�
VSHHG�GLVWULEXWLRQ�DVVXPSWLRQ�DV�FRPSDUHG�WR�WKH�

UHVXOWV�IRU�DFWXDO�GLUHFWLRQDO�GLVWULEXWLRQV�
�

DESCRIPTOR 

CASE 1: WITH 
PROXIMITY 

MODEL 

CASE 2: 
WITHOUT 

PROXIMITY 
MODEL 

1 m/s 3 m/s 1 m/s 3 m/s 
���ZLQG� ���� ����� ����� �����
����ZLQG� ��� ���� ��� ���
����ZLQG� ���� ���� ���� ���

�

�
� �

�D� :LWK�SUR[LPLW\�PRGHO�
�

�E� :LWKRXW�SUR[LPLW\�PRGHO�
�)LJXUH����&RPSDULVRQ�RI�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�IRU�GLIIHUHQW�UHIHUHQFH�ZLQG�VSHHGV�DQG�GLUHFWLRQV�
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)RU� &DVH� ��� ZLWKRXW� SUR[LPLW\� PRGHOV�� WKH�
XQGHUHVWLPDWLRQ� LV� PRVW� SURPLQHQW� IRU� ���� �DERXW�
����RQ�DYHUDJH��HVWLPDWHG�IURP�7DEOH���DQG�)LJXUH�
����7KH�H[FHSWLRQ�LV�����GLUHFWLRQ�ZKHUH�GXH�WR�KLJK�
ORFDO� YHORFLWLHV�� DQG� KHQFH� KLJK� &+7&�� WKHUPDO�
HIILFLHQF\�LV�ORZHU�WKDQ�IRU�RWKHU�GLUHFWLRQV��
&RPSDULQJ� WKH� WZR� SUR[LPLW\� PRGHO� FDVHV� �VHH�
)LJXUH�����𝜂� LQ�&DVH���LV�ORZHU�GXH�WR�KLJKHU�&+7&�
DV� D� UHVXOW� RI� KLJKHU� ORFDOL]HG� ZLQG� DFFHOHUDWLRQ�
EURXJKW� DERXW� E\� WKH� VXUURXQGLQJ� VWUXFWXUHV�� )RU�
ERWKFDVHV��WKHUH�LV�D�UHGXFWLRQ�LQ�𝜂�E\����SHUFHQWDJH�
SRLQWV� IRU� WKH� UDQJH� RI� ZLQG� VSHHGV� PHDVXUHG� DW�
-06%����WR���P�V���)RU�D�87&�ZRUNLQJ�XQGHU�W\SLFDO�
FRQGLWLRQV� DW� VD\�� ���� HIILFLHQF\� LQ� D� JHRJUDSKLF�
UHJLRQ� UHFHLYLQJ� DQ� DYHUDJH� ���� :�P�� RI� VRODU�
LUUDGLDQFH� DW� SHDN� KRXUV�� UHGXFWLRQ� RI� WKHUPDO�
HIILFLHQF\� WR� ���� ZRXOG� translate to about 160 
W.hr/m2 of heat loss through convection. �

Comparison of wind tunnel and solar simulator 
results (Bambara, 2012) 
%DPEDUD� ������� FRQGXFWHG� H[SHULPHQWDO� VWXGLHV� RQ�
WKH� -06%� VRODU�ZDOO� LQ� D� VRODU� VLPXODWRU� DW�
&RQFRUGLD�8QLYHUVLW\�ZKHUHE\� WKH�HIIHFWV�RI�SDUDOOHO�
����� ZLQG� RQ� WKH� VRODU�ZDOO� ZDV� LQYHVWLJDWHG�� 7KH�
VRODU� VLPXODWRU� LV� DQ� LQGRRU� UHVHDUFK� IDFLOLW\� WKDW�
UHSURGXFHV�QDWXUDO�VXQOLJKW�DQG�DOORZV� IRU� WHVWLQJ�RI�
VRODU� V\VWHPV� LQ�FRQWUROOHG� ODERUDWRU\�HQYLURQPHQWV��
7KH� H[SHULPHQWDO� VHWXS� LQFOXGHG� D� IDQ� IL[HG� EHORZ�
WKH�87&� WHVW� SDQHO�� XVHG� HPXODWH� ZLQG� VSHHGV� RI� ��
DQG� �� P�V�� � 𝜂� ZDV� SUHVHQWHG� DV� D� IXQFWLRQ� RI� DLU�
VXFWLRQ�UDWH�9V�RI�WKH�87&��7KH�VWXG\�VKRZHG�WKDW�D�
ZLQG� VSHHG� LQFUHDVH� IURP� �� WR� �� P�V� UHGXFHG� 𝜂� E\�
DERXW����SHUFHQWDJH�SRLQWV�±�WKLV�KDV�EHHQ�FRQILUPHG�
LQ�WKH�SUHVHQW�ZLQG�WXQQHO�VWXG\��7KH�UHVXOWV�IURP�WKH�
WZR� VWXGLHV� DUH� FRPSDUHG� LQ� )LJXUH� ���

�
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�
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�

�
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�
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2Q�FRPSDULQJ�WKH�WZR�VWXGLHV��VHH�)LJXUH������LW�FDQ�
EH�VHHQ� WKDW� WKH� VRODU�VLPXODWRU� UHVXOWV��DUH�FORVHU� WR�
WKH� YDOXHV� IRU� WKH� DVVXPHG� XQLIRUP� ZLQG� VSHHG�
GLVWULEXWLRQ� LQ� WKH� SUHVHQW� VWXG\�� HVSHFLDOO\� IRU� WKH�
KLJK�ZLQG�FRQGLWLRQ��7KLV�ZDV�H[SHFWHG�EDVHG�RQ�WKH�
DVVXPSWLRQ� RI� XQLIRUP� GLVWULEXWLRQ� LQ� WKDW� VWXG\��
%DPEDUD��������DVVXPHG�D�YHUWLFDO�SDUDOOHO�IORZ�RYHU�
WKH�87&�EDVHG�RQ�EOXII�ERG\�DHURG\QDPLFV�DQG� WKH�
SUHVHQFH�RI�D�VWDJQDWLRQ�SRLQW��+RZHYHU��WKLV�LV�RQO\�
WUXH�IRU�ZLQGV�WKDW�DSSURDFK�WKH�EXLOGLQJ�ZLWKRXW�WKH�
LQIOXHQFH� RI� DQ\� REVWUXFWLRQV�� )RU� EXLOGLQJV� ORFDWHG�
LQ� DQ� XUEDQ� VHWWLQJ�� VXUURXQGHG� E\� VWUXFWXUHV� RI�
VLPLODU� KHLJKWV�� WKLV� LV� VHOGRP� WKH� FDVH��7KH�SUHVHQW�
VWXG\� DGGUHVVHV� WKLV� DVSHFW� E\� WKH� LQFOXVLRQ� RI�
SUR[LPLW\�PRGHOV�IRU�PRUH�DFFXUDWH�IORZ�VLPXODWLRQ��

35$&7,&$/�,03/,&$7,216�	�
%8,/',1*�6,08/$7,21�
7KH�PRVW� FULWLFDO� HIIHFW� ZLQG� FDQ� KDYH� RQ�87&V� LV�
WKH�UHPRYDO�RI�XVHIXO�KHDW�OHDGLQJ�WR�UHGXFHG�WKHUPDO�
HIILFLHQF\��0RVW� UHVHDUFK� VWXGLHV� LQ� WKH�SDVW� GHDOLQJ�
ZLWK�ZLQG�GLVWULEXWLRQ�RQ�YHUWLFDO�ZDOOV�ZHUH�OLPLWHG�
WR� WHUUDLQ� FRQGLWLRQV� ZLWK� OLWWOH� RU� QR� REVWUXFWLRQ� WR�
WKH�IORZ��WKLV�LV�VHOGRP�WKH�FDVH�LQ�UHDOLW\��7KHUHIRUH�
H[LVWLQJ� FRUUHODWLRQV� IRU� ORFDO� ZLQG� YHORFLWLHV��
DOWKRXJK� EURDGO\� DFFHSWHG� IRU� DSSOLFDWLRQ� WR�
FRQGLWLRQV� VLPLODU� WR� WKRVH� WKH\� ZHUH� GHYHORSHG� LQ��
FDQQRW� EH� JHQHUDOL]HG�� $� PHWKRG� WR� LQFRUSRUDWH�
WHUUDLQ� FRQGLWLRQ� IDFWRUV� LQWR� WKHVH� FRUUHODWLRQV� LV�
GHVLUDEOH� IRU� JUHDWHU� DFFXUDF\� LQ� HVWLPDWLRQ� RI� ORFDO�
ZLQGV���
'XH� WR� WKH� IDFW� WKDW� WKH� QDWXUH� RI� LPPHGLDWH�
VXUURXQGLQJV�FDQQRW�EH�JHQHUDOL]HG��LW�LV�DGYLVDEOH�WR�
XVH� D� FRPELQDWLRQ� RI� DSSURSULDWH� URXJKQHVV� OHQJWKV�
DQG� VFDOHG� SUR[LPLW\� PRGHOV� LQ� VWXGLHV� FRQFHUQLQJ�
ORFDO�IORZ�DURXQG�EXLOGLQJV��7KLV�ZLOO�DOORZ�IRU�ORFDO�
ZLQG� WXUEXOHQFH� DQG� IORZ� DFFHOHUDWLRQV� WR� EH� EHWWHU�
VLPXODWHG�DV�FRPSDUHG�WR�WKH�XVH�RI�URXJKQHVV�OHQJWK�
DORQH�WR�JHQHUDWH�WKH�YHORFLW\�SURILOH��7KLV�PHDVXUH�LV�
VLPSOHU�LQ�IORZ�VLPXODWLRQ�SURJUDPV�ZKHUH�SUR[LPLW\�
PRGHOV� FDQ� EH� VLPXODWHG� DV� VHSDUDWH� HQWLWLHV��
+RZHYHU��LQ�WKHUPDO�VLPXODWLRQ�WRROV�OLNH�'2(��(63�
5� HWF�� ZKHUH� WKH� H[WHUQDO� HQYLURQPHQW� LV� VLPXODWHG�
EDVHG�RQ�UHSUHVHQWDWLYH�QXPHULFDO�LQSXWV��WKH�WDVN�RI�
XVLQJ�DFFXUDWH�ZLQG�GLVWULEXWLRQV�PD\�EH�GLIILFXOW�DW�
WKLV� SRLQW�� ([WHUQDO� FRXSOLQJ� RI� IORZ� DQG� WKHUPDO�
VLPXODWLRQ�SURJUDPV�E\�ZKLFK�ERWK�GRPDLQV�PD\�EH�
V\QFKURQL]HG� DQG� FRXSOHG� �'MXQDHG\� HW� DO��� ������
0LUVDGHJKL�HW�DO���������FRXOG�EH�D�ZD\�WR�JHW�DURXQG�
WKLV�OLPLWDWLRQ���

&21&/86,216�$1'�)857+(5�
7+28*+76�
7KLV� VWXG\� LV� DQ� DWWHPSW� WR� GHPRQVWUDWH� WKH�
VLJQLILFDQFH� RI� XVLQJ� SUR[LPLW\� EXLOGLQJ� PRGHOV� LQ�
ZLQG� IORZ� VLPXODWLRQ� DQG� DFWXDO� YHORFLW\�
GLVWULEXWLRQV� RQ� ODUJH� DUHDV� IRU� 87&� DQDO\VHV��
6XUURXQGLQJ� VWUXFWXUHV� ZHUH� VHHQ� WR� KDYH� D� QRWDEOH�
LQIOXHQFH�RQ�WKH�IORZ�DURXQG�WKH�-06%�EXLOGLQJ��KDG�
WKHUH�EHHQ�QR�VXUURXQGLQJ�VWUXFWXUHV�� WKH� ORFDO�ZLQG�

YHORFLWLHV�ZRXOG�KDYH�EHHQ�DERXW�����WR�����ORZHU�
WKDQ� WKH� SUHYDLOLQJ� FRQGLWLRQV�� 7KH�PRVW� VLJQLILFDQW�
HIIHFWV�ZHUH� IRU����ZLQGV��ZKLFK� LV� WKH�SUHGRPLQDQW�
GLUHFWLRQ� LQ� WKH� -06%� DUHD��/RFDO� IORZ�SDWWHUQV� DUH�
KLJKO\�GHSHQGHQW�RQ�LPPHGLDWH�VXUURXQGLQJV�DQG�DUH�
YHU\� GLIILFXOW� WR� JHQHUDOL]H�� 7KLV� HPSKDVL]HV� WKH�
LPSRUWDQFH� RI� LQFOXGLQJ� SUR[LPLW\� PRGHOV� LQ� ZLQG�
UHODWHG�VWXGLHV� IRU�PRUH�DFFXUDWH�VLPXODWLRQ�RI�ZLQG�
IORZ� DURXQG� WKH� WHVW� EXLOGLQJ� LQ� ERWK� H[SHULPHQWDO�
DQG�FRPSXWDWLRQDO�VWXGLHV��
2WKHU�FRQFOXVLRQV�IURP�WKLV�VWXG\�DUH��
�� /RFDO� YHORFLWLHV�� HVSHFLDOO\� WKRVH� QHDU� EXLOGLQJ�
HGJHV�� FRXOG� EH� XS� WR� ���� KLJKHU� WKDQ� WKRVH�
PHDVXUHG� DERYH� WKH� URRI� RZLQJ� WR� IORZ�
DFFHOHUDWLRQ�DW�WKHVH�DUHDV��

�� :LQGV�DSSURDFKLQJ� IURP�����DQJOH�ZHUH�VKRZQ�
WR�KDYH�WKH�JUHDWHVW�HIIHFW�RQ�&+7&���DERXW�����
KLJKHU�WKDQ�WKRVH�IRU� WKH�DVVXPHG�XQLIRUP�ZLQG�
VSHHG�GLVWULEXWLRQ��

�� $�QDUURZ�UDQJH�RI�ZLQG�VSHHGV��EHWZHHQ���DQG���
P�V�� ZDV� IRXQG� WR� UHGXFH� WKH� 87&� WKHUPDO�
HIILFLHQF\�E\�XS�WR����SHUFHQWDJH�SRLQWV��

$OWKRXJK� WKLV� VWXG\� UHIHUV� WR� D� SDUWLFXODU� EXLOGLQJ� ±�
WKH�-06%�±�WKH�TXDOLWDWLYH�UHVXOWV�DUH�H[SHFWHG�WR�EH�
DSSOLFDEOH�WR�RWKHU�EXLOGLQJV�LQ�VLPLODU�FRQGLWLRQV�RI�
H[SRVXUH��$Q�LGHDO�VWXG\�VHW�XS�ZRXOG�EH�RQH�ZKHUH�
WKH� VLPXODWLRQ� IXQFWLRQV� RI� D� ZLQG� WXQQHO� DQG� VRODU�
VLPXODWRU�FRXOG�EH�FRPELQHG�WR�LQYHVWLJDWH�WKH�ZLQG�
HIIHFWV� DQG� FRUUHVSRQGLQJ� WKHUPDO� FKDQJHV�
VLPXOWDQHRXVO\�� )XUWKHU� LQYHVWLJDWLRQ� WKURXJK� IXOO�
VFDOH� VWXGLHV� DQG� &)'� PRGHOOLQJ� FRXOG� SURYLGH�
GHWDLOHG� LQVLJKWV� LQWR� WKH� ZLQG� HIIHFWV� RQ� 87&�
SHUIRUPDQFH��

120(1&/$785(�
cp�  � VSHFLILF�KHDW�RI�DLU�DW�FRQVWDQW�SUHVVXUH�

�-�NJ.��
'�  �87&�KROH�GLDPHWHU��P��
KF�  � FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW��:�P�.��
KU�  � UDGLDWLYH�KHDW�WUDQVIHU�FRHIILFLHQW��:�P�.��
3�  �87&�KROH�SLWFK��P��
5H�  �5H\QROGV�QXPEHU�� 𝑅𝑒௪ =

𝑉ஶ𝑃
𝜈

�

� � 𝑅𝑒௦ =
𝑉௦𝑃
𝜈
� 𝑅𝑒௕ =

𝑉௦𝑃
𝜈𝜎

� 𝑅𝑒௛ =
𝑉௦𝐷
𝜈𝜎

�

�W�  �87&�SODWH�WKLFNQHVV��P��
7DPE�  � WHPSHUDWXUH�RI�DPELHQW�DLU��⁰&��
7EDFN� � WHPSHUDWXUH�RI�WKH�DLU�FRPLQJ�RXW�DW�WKH�EDFN�

RI�WKH�FROOHFWRU��⁰&��
7FROO�  � WHPSHUDWXUH�DW�WKH�FROOHFWRU�VXUIDFH��⁰&��
𝑉ஶ�  � IUHH�VWUHDP�YHORFLW\�SDUDOOHO�WR�WKH�87&��P�V��
9ORF�  � ORFDO�ZLQG�YHORFLW\��P�V��
9UHI�  �PDJQLWXGH�RI�UHIHUHQFH�ZLQG�YHORFLW\�

PHDVXUHG�DERYH�WKH�URRI��P�V��
9V�  � VXFWLRQ�YHORFLW\�LQ�WKH�87&�SRUHV��P�V��
� � �
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Į�  �ZLQG�SURILOH�SRZHU�ODZ�H[SRQHQW�
ĮV�  � VRODU�DEVRUSWDQFH�RI�WKH�FROOHFWRU�VXUIDFH�
ϵ�  �87&�SODWH�KHDW�H[FKDQJH�HIIHFWLYHQHVV��
Ș�  �87&�WKHUPDO�HIILFLHQF\�
Ȟ�  � NLQHPDWLF�YLVFRVLW\�RI�DLU��P��V��
ȡ�  � GHQVLW\��NJ�P���
ı�  �87&�SRURVLW\�

�
&)'�  � FRPSXWDWLRQDO�IOXLG�G\QDPLFV�
&+7&�  � FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�
-06%�  � -RKQ�0ROVRQ�6FKRRO�RI�%XVLQHVV�
39�7�  � SKRWRYROWDLF�WKHUPDO�
87&�  � XQJOD]HG�WUDQVSLUHG�FROOHFWRU�
�

5()(5(1&(6�
$WKLHQLWLV��$�.���%DPEDUD��-���2
1HLOO��%��	�)DLOOH��-���

������ $� SURWRW\SH� SKRWRYROWDLF�WKHUPDO� V\VWHP�
LQWHJUDWHG� ZLWK� WUDQVSLUHG� FROOHFWRU�� 6RODU�
(QHUJ\���������SS���������

%DPEDUD��-���������([SHULPHQWDO�6WXG\�RI�D�)DoDGH�
LQWHJUDWHG�3KRWRYROWDLF�WKHUPDO�6\VWHP��0�$�6F�
WKHVLV��&RQFRUGLD�8QLYHUVLW\��0RQWUHDO��&DQDGD��

%ORFNHQ��%���'HIUDH\H��7���'HURPH��'��	�&DUPHOLHW��
-��� ������ +LJK�UHVROXWLRQ� &)'� VLPXODWLRQV� IRU�
IRUFHG� FRQYHFWLRQ� KHDW� WUDQVIHU� FRHIILFLHQWV� DW�
WKH� IDFDGH� RI� D� ORZ�ULVH� EXLOGLQJ�� %XLOGLQJ� DQG�
(QYLURQPHQW����������SS�����������

&,%6(�� ������ &KDUWHUHG� ,QVWLWXWH� RI� %XLOGLQJ�
6HUYLFHV�(QJLQHHUV�*XLGH�%RRN�$�� 6HFWLRQ�$���
/RQGRQ��&,%6(��

'MXQDHG\��(���+HQVHQ��-�/�0��	�/RRPDQV��0�*�/�&���
������&RPSDULQJ� LQWHUQDO�DQG�H[WHUQDO� UXQ�WLPH�
FRXSOLQJ�RI�&)'�DQG�EXLOGLQJ�HQHUJ\�VLPXODWLRQ�
VRIWZDUH�� ,Q� 3URFHHGLQJV� RI� WKH� �WK�
52209(17� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� $LU�
'LVWULEXWLRQ� LQ� 5RRPV�� ���� 6HSWHPEHU� ������
8QLYHUVLW\�RI�&RLPEUD��&RLPEUD��3RUWXJDO��

'\PRQG��&��	�.XWVFKHU��&���������'HYHORSPHQW�RI�D�
IORZ�GLVWULEXWLRQ�DQG�GHVLJQ�PRGHO�IRU�WUDQVSLUHG�
VRODU� FROOHFWRUV�� 6RODU� (QHUJ\�� ������� SS�����
�����

)OHFN��%�$���0HLHU��5�0��	�0DWRYLF��0�'���������$�
ILHOG� VWXG\� RI� WKH� ZLQG� HIIHFWV� RQ� WKH�
SHUIRUPDQFH� RI� DQ� XQJOD]HG� WUDQVSLUHG� VRODU�
FROOHFWRU��6RODU�(QHUJ\���������SS����������

*XQQHZLHN��/�+���+ROODQGV��.�*�7��	�%UXQGUHWW��(���
������ (IIHFW� RI� ZLQG� RQ� IORZ� GLVWULEXWLRQ� LQ�
XQJOD]HG� WUDQVSLUHG�SODWH� FROOHFWRUV�� 6RODU�
(QHUJ\���������SS���������

+HLQULFK�� 0��� ������ 7UDQVSLUHG� 6RODU� &ROOHFWRUV� ��
5HVXOWV� RI� D� )LHOG� 7ULDO�� %5$1=� 6WXG\� 5HSRUW�
�����-XGGJHIRUG��1HZ�=HDODQG��%5$1=�/WG��

,WR�� 1��� .LPXUD�� .�� 	� 2ND�� -��� ������ $� ILHOG�
H[SHULPHQW�VWXG\�RQ�WKH�FRQYHFWLYH�KHDW�WUDQVIHU�
FRHIILFLHQW� RQ� H[WHULRU� VXUIDFH� RI� D� EXLOGLQJ��
$6+5$(�7UDQVDFWLRQV���������SS���������

.XWVFKHU�� &�)��� ������ $Q� LQYHVWLJDWLRQ� RI� KHDW�
WUDQVIHU� IRU� DLU� IORZ� WKURXJK� ORZ� SRURVLW\�
SHUIRUDWHG� SODWHV�� 3K'� 7KHVLV�� 8QLYHUVLW\� RI�
&RORUDGR��&RORUDGR��86$��

.XWVFKHU�� &�)��� &KULVWHQVHQ�� &�%�� 	� %DUNHU�� *�0���
������8QJOD]HG� WUDQVSLUHG� VRODU� FROOHFWRUV�� KHDW�
ORVV� WKHRU\�� -RXUQDO� RI� 6RODU� (QHUJ\�
(QJLQHHULQJ����������SS���������

/LX�� <�� 	� +DUULV�� '�-��� ������ )XOO�VFDOH�
PHDVXUHPHQWV� RI� FRQYHFWLYH� FRHIILFLHQW� RQ�
H[WHUQDO� VXUIDFH� RI� D� ORZ�ULVH� EXLOGLQJ� LQ�
VKHOWHUHG�FRQGLWLRQV��%XLOGLQJ�DQG�(QYLURQPHQW��
�������SS����������

0LUVDGHJKL�� 0��� %ORFNHQ�� %�� 	� +HQVHQ�� -�/�0���
������9DOLGDWLRQ�RI�H[WHUQDO�%(6�&)'�FRXSOLQJ�
E\� LQWHU�PRGHO� FRPSDULVRQ�� ,Q� 0XUDNDPL�� 6�
�(G���� ������ ��WK� $,9&� &RQIHUHQFH�� ������
2FWREHU�������.\RWR��-DSDQ��

2
1HLOO��%���&KHQ��<��	�.R]LRO��$���������'HVFULSWLRQ�
RI� WKH� -06%� %,39�7� VRODU� V\VWHP�� PRQLWRULQJ�
DQG� GDWDEDVH�� 0RQWUHDO�� 6RODU� %XLOGLQJV�
5HVHDUFK�1HWZRUN��

6KDUSOHV�� 6��� ������ )XOO�VFDOH� PHDVXUHPHQWV� RI�
FRQYHFWLYH� HQHUJ\� ORVVHV� IURP� H[WHULRU� EXLOGLQJ�
VXUIDFHV�� %XLOGLQJ� DQG� (QYLURQPHQW�� �������
SS��������

9DQ� 'HFNHU�� *�:�(��� +ROODQGV�� .�*�7�� 	� %UXQJHU��
$�3��� ������ +HDW�H[FKDQJH� UHODWLRQV� IRU�
XQJOD]HG�WUDQVSLUHG�VRODU�FROOHFWRUV�ZLWK�FLUFXODU�
KROHV� RQ� D� VTXDUH� RU� WULDQJXODU� SLWFK�� 6RODU�
(QHUJ\���������SS��������

9DVDQ�� 1�� 	� 6WDWKRSRXORV�� 7��� ������ :LQG� 7XQQHO�
$VVHVVPHQW� RI� WKH� :LQG� 9HORFLW\� 'LVWULEXWLRQ�
RQ� 9HUWLFDO� )DFDGHV�� ,Q� 3URFHHGLQJV� RI� H6LP�
������ 7KH� &DQDGLDQ� &RQIHUHQFH� RQ� %XLOGLQJ�
6LPXODWLRQ������0D\�������+DOLID[��&DQDGD��

�

�
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