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7KLV� UHVHDUFK� IRFXVHV� RQ� WKH� LQIOXHQFH� RI� RXWGRRU�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� RQ� WKHUPDO� ORDG�
FDOFXODWLRQ�LQ�%XLOGLQJ�(QHUJ\�6LPXODWLRQ�SURJUDPV��
,Q�EXLOGLQJ�HQHUJ\�LV�FRPPRQO\�XVHG�WKH�RYHUDOO�KHDW�
WUDQVIHU� FRHIILFLHQW� YDOXH� �8�YDOXH�� WR� FKDUDFWHUL]H�
H[WHUQDO�ZDOOV�DQG�ZLQGRZV� LQ� WHUPV�RI�KHDW�JDLQ�RU�
ORVV� WKURXJK� WKHP��7KXV�� WKH� KLJKHU� WKH�8�YDOXH� WKH�
ORZHU� WKH� WKHUPDO� UHVLVWDQFH� DQG� WKH� ODUJHU� WKH� KHDW�
WUDQVIHU� WKURXJK� WKH� HQFORVXUH� HOHPHQW� DQG� YLFH�
YHUVD��&DOFXODWLQJ� WKH�PHQWLRQHG� YDOXH� LQYROYHV� QRW�
RQO\� WKH� OD\HUV�PDNLQJ�XS� WKH�EXLOGLQJ�HOHPHQW��EXW�
DOVR�WKH�LQWHUQDO�DQG�H[WHUQDO�VXUIDFH�UHVLVWDQFHV��7KH�
H[WHUQDO� VXUIDFH� UHVLVWDQFH� KDV� WKH� JUHDWHVW� OHYHO� RI�
XQFHUWDLQW\�� 7KLV� UHVLVWDQFH� LV� FDOFXODWHG� DV� WKH�
LQYHUVH� RI� WKH� VXP� RI� WKH� RXWGRRU� FRQYHFWLYH� DQG�
UDGLDQW� KHDW� WUDQVIHU� FRHIILFLHQWV�� 5HJXODWLRQV� DQG�
%XLOGLQJ� (QHUJ\� 6LPXODWLRQ� SURJUDPV� LQ� 6SDLQ�
�/,'(5� DQG� &$/(1(5�� XVH� D� FRQVWDQW� RXWGRRU�
FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�YDOXH��7KLV�VWXG\�
DQDO\VHV� WKH� LPSRUWDQFH� RI� D� GHWDLOHG� FDOFXODWLRQ� RI�
WKH� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQWV� RQ�
WKH� WKHUPDO� ORDGV� RI� EXLOGLQJV�� GLVWLQJXLVKLQJ�
EHWZHHQ� WZR� W\SHV� RI� HQYHORSH� HOHPHQWV�� IDFDGH�
ZDOOV� DQG� ZLQGRZV�� 7KH� H[WUDSRODWLRQ� RI� WKH�
GLPHQVLRQOHVV� QXPEHUV� TXDQWLI\LQJ� WKH� FRQYHFWLYH�
KHDW� WUDQVIHU� WR�RXWGRRU�DLU�YHORFLW\�DQG� WHPSHUDWXUH�
GLIIHUHQFH� EHWZHHQ� WKH� H[WHUQDO� VXUIDFH� DQG� RXWGRRU�
DLU� KDV� EHHQ� GRQH�� 7KHUHIRUH�� WKH� FRUUHVSRQGLQJ�
FRUUHODWLRQ�FDQ�EH�VHOHFWHG� LQ�RUGHU� WR�GHWHUPLQH� WKH�
RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� DV� D�
IXQFWLRQ� RI� HDVLO\� PHDVXUDEOH� SDUDPHWHUV�� 2QFH� WKH�
RXWGRRU�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�KDV�EHHQ�
FDOFXODWHG� E\� XVLQJ� WKH� DSSURSULDWH� FRUUHODWLRQ�� WKH�
UHODWLYH� HUURU�RQ� WKH� WKHUPDO� ORDG� FDOFXODWLRQ�GXH� WR�
DVVXPLQJ� D� FRQVWDQW� UHIHUHQFH� RXWGRRU� FRQYHFWLYH�
KHDW� WUDQVIHU� FRHIILFLHQW� YDOXH� LV� HVWLPDWHG�� )LUVWO\��
WKH�PD[LPXP� SRVVLEOH� UHODWLYH� HUURU� RQ� WKH� WKHUPDO�
ORDG� FDOFXODWLRQ� KDV� EHHQ� GHOLPLWHG�� 7KHQ�� WKH�
HVWLPDWLRQ� RI� WKH� UHODWLYH� HUURU� IRU� GLIIHUHQW�
UHSUHVHQWDWLYH� FDVHV� KDV� EHHQ� GHYHORSHG� IRU� IDFDGH�
ZDOOV� DQG� ZLQGRZV�� 7KH� UHVXOWV� VKRZ� WKDW� DERYH� D�
FHUWDLQ�8�YDOXH�RI�UHIHUHQFH��WKH�UHODWLYH�HUURU�RQ�WKH�
WKHUPDO� ORDG� FDOFXODWLRQ�GXH� WR� DVVXPLQJ� D� FRQVWDQW�
RXWGRRU�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�FDQ�UHDFK�
�������E\�RYHUHVWLPDWLRQ��
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,Q�EXLOGLQJ�HQHUJ\�LV�FRPPRQO\�XVHG�WKH�RYHUDOO�KHDW�
WUDQVIHU� FRHIILFLHQW� YDOXH� �8�YDOXH�� WR� FKDUDFWHUL]H�
WKH�EXLOGLQJ�HQFORVXUH�HOHPHQWV�LQ�WHUPV�RI�KHDW�JDLQ�
RU�ORVV�WKURXJK�WKHP��$�KLJK�8�YDOXH�FRUUHVSRQGV�WR�
D� ORZ� WKHUPDO� UHVLVWDQFH�� WKDW� LV�� DQ� HOHPHQW� WKDW�
DOORZV�D�ODUJH�KHDW�WUDQVIHU�WKURXJK�LW�DQG�YLFH�YHUVD��
&DOFXODWLQJ� WKH� PHQWLRQHG� YDOXH� LQYROYHV� QRW� RQO\�
WKH�OD\HUV�PDNLQJ�XS�WKH�EXLOGLQJ�HQFORVXUH�HOHPHQW��
EXW�DOVR�WKH�LQWHUQDO�DQG�H[WHUQDO�VXUIDFH�UHVLVWDQFHV��
7KH�H[WHUQDO�VXUIDFH�UHVLVWDQFH�KDV�D�JUHDWHU�OHYHO�RI�
XQFHUWDLQW\�� 7KLV� UHVLVWDQFH� LV� FDOFXODWHG� DV� WKH�
LQYHUVH� RI� WKH� VXP� RI� WKH� RXWGRRU� FRQYHFWLYH� DQG�
UDGLDQW� KHDW� WUDQVIHU� FRHIILFLHQWV�� 7KHUHIRUH�� WKH�
RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW�
LQIOXHQFHV�RQ�WKH�WKHUPDO�ORDG�WKURXJK�WKH�HQFORVXUH�
HOHPHQWV�� WKDW� LV�� RQ� WKH� KHDW� WUDQVIHU� UDWH� WKURXJK�
IDFDGH�ZDOOV�DQG�ZLQGRZV�ZKLFK�DUH�LQ�FRQWDFW�ZLWK�
WKH� RXWVLGH� DLU�� 5HJXODWLRQV� DQG� %XLOGLQJ� (QHUJ\�
6LPXODWLRQ� SURJUDPV� �%(6� SURJUDPV�� LQ� 6SDLQ�
�/,'(5�DQG�&$/(1(5��XVH�D�FRQVWDQW�YDOXH�RI����
:�P�.� �,'$(�� ������ IRU� WKH� RXWGRRU� FRQYHFWLYH�
KHDW�WUDQVIHU�FRHIILFLHQW��6LQFH�WKLV�FRHIILFLHQW�PDLQO\�
GHSHQGV� RQ� WKH� PRYHPHQW� W\SH� RI� WKH� IOXLG� DQG� LWV�
SK\VLFDO�SURSHUWLHV��WKH�DERYH�PHQWLRQHG�DVVXPSWLRQ�
LQYROYHV� DQ� HUURU� WKDW� LV� QHFHVVDU\� WR� TXDQWLI\� LQ�
RUGHU�WR�DVVHVV�KRZ�LW�DIIHFWV�WKH�FDOFXODWLRQ�PDGH�E\�
WKHVH� SURJUDPV� WR� HVWLPDWH� WKH� HQHUJ\� GHPDQG� RI�
EXLOGLQJV�� (VWLPDWLQJ� WKLV� HUURU� LV� HVSHFLDOO\�
LPSRUWDQW� XQGHU� WKH� ',5(&7,9(� ��������(8�
�2IILFLDO� -RXUQDO� RI� WKH� (XURSHDQ� 8QLRQ�� ������
ZKLFK�LPSRVHV�WKH�FHUWLILFDWLRQ�RI�H[LVWLQJ�EXLOGLQJV��
ZKRVH� HQFORVXUH� HOHPHQWV� KDYH� D� KLJKHU� 8�YDOXH��
)XUWKHUPRUH�� WKLV� HUURU� LV� PRUH� VLJQLILFDQW� LQ�
ZLQGRZV�EHFDXVH�RI�LWV�JUHDWHU�8�YDOXH��ERWK�LQ�QHZ�
DQG�H[LVWLQJ�EXLOGLQJV��
7KHQ��WKLV�VWXG\�DLPV�WR�HYDOXDWH�WKH�HUURU�FRPPLWWHG�
E\�WKHVH�%(6�SURJUDPV�E\�DVVXPLQJ�D�FRQVWDQW�YDOXH�
RI� WKLV� FRHIILFLHQW� LQVWHDG� RI� FDOFXODWLQJ� LW� LQ� GHWDLO��
7KDW� LV�� WKLV� SDSHU� LQWHQGV� WR� DQVZHU� WKH� IROORZLQJ�
TXHVWLRQ�� ¢LV� LW� LPSRUWDQW� WR� FDOFXODWH� LQ� GHWDLO� WKH�
RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� LQ� %(6�
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SURJUDPV"� 7KH� UHVXOWV� DUH� XVHIXO� WR� ERWK� QHZ� DQG�
H[LVWLQJ�EXLOGLQJV��
)LUVWO\�� WKH� H[WUDSRODWLRQ� RI� WKH� GLPHQVLRQOHVV�
QXPEHUV� TXDQWLI\LQJ� WKH� FRQYHFWLYH� KHDW� WUDQVIHU� WR�
RXWGRRU� DLU� YHORFLW\� DQG� WHPSHUDWXUH� GLIIHUHQFH�
EHWZHHQ� WKH� RXWHU� VXUIDFH� DQG� RXWGRRU� DLU� KDV� EHHQ�
GRQH��7KHQ��QLQH�GLIIHUHQW�UHJLRQV�KDYH�EHHQ�GHILQHG�
GHSHQGLQJ� RQ� FRQYHFWLRQ� W\SH� DQG� IOXLG� UHJLPH�� LQ�
VXFK�D�ZD\�WKDW�WKH�FRUUHVSRQGLQJ�FRUUHODWLRQ�FDQ�EH�
VHOHFWHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�RXWGRRU�FRQYHFWLYH�
KHDW� WUDQVIHU� FRHIILFLHQW� DV� D� IXQFWLRQ� RI� HDVLO\�
PHDVXUDEOH� SDUDPHWHUV�� $IWHU� WKDW�� WKH� H[SHFWHG�
YDOXHV� RI� RXWGRRU� DLU� YHORFLW\� DQG� RXWGRRU�
WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ�DLU�DQG�RXWHU�VXUIDFH�
KDYH�EHHQ�HVWLPDWHG�E\�PHDQV�RI�:HLEXOO�SUREDELOLW\�
GHQVLW\� IXQFWLRQ� IRU� IDFDGH� ZDOO� DQG� ZLQGRZ� XQGHU�
WKH�FDVH�VWXG\�FRQVLGHUHG�LQ�WKLV�SDSHU��
)LQDOO\�� RQFH� WKH� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW� KDV� EHHQ� FDOFXODWHG� E\� XVLQJ� WKH�
DSSURSULDWH� FRUUHODWLRQ� IURP� WKH� H[SHFWHG� :HLEXOO�
GLVWULEXWLRQV�� WKH� UHODWLYH� HUURU� RQ� WKH� WKHUPDO� ORDG�
FDOFXODWLRQ� GXH� WR� DVVXPLQJ� D� FRQVWDQW� RXWGRRU�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� YDOXH� LV�
HVWLPDWHG�� )XUWKHUPRUH�� WKH� PD[LPXP� SRVVLEOH�
UHODWLYH� HUURU� RQ� WKH� WKHUPDO� ORDG� FDOFXODWLRQ� KDV�
EHHQ�GHOLPLWHG��

7+(�287'225�&219(&7,9(�+($7�
75$16)(5�&2()),&,(17�
7KH� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW�
TXDQWLILHV� WKH� KHDW� WUDQVIHU� UDWH� E\� FRQYHFWLRQ�
EHWZHHQ�WKH�RXWGRRU�DLU�DQG�RXWHU�VXUIDFHV�RI�IDFDGH�
ZDOOV�DQG�ZLQGRZV��7KH�PHFKDQLVP�RI�KHDW� WUDQVIHU�
E\�FRQYHFWLRQ�RFFXUV�EHWZHHQ�WKH�IOXLG�LQ�PRWLRQ�DQG�
VROLG��,W�GHSHQGV�RQ�PDQ\�SDUDPHWHUV��EXW�PDLQO\�RQ�
WKH� PRYHPHQW� W\SH� RI� WKH� IOXLG� DQG� LWV� SK\VLFDO�
SURSHUWLHV�� )LUVWO\� LQ� WKLV� VWXG\�� WKH� H[WUDSRODWLRQ� RI�
WKH� GLPHQVLRQOHVV� QXPEHUV� TXDQWLI\LQJ� WKH�
FRQYHFWLYH� KHDW� WUDQVIHU� WR� RXWGRRU� DLU� YHORFLW\� DQG�
WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ�WKH�RXWHU�VXUIDFH�DQG�
RXWGRRU�DLU�KDV�EHHQ�GRQH��2Q�WKH�RWKHU�KDQG��ZH�FDQ�
GLVWLQJXLVK� WZR� PDLQ� W\SHV� RI� FRQYHFWLRQ�� IRUFHG�
FRQYHFWLRQ� DQG� QDWXUDO� FRQYHFWLRQ�� 7KH� GLIIHUHQFH�
EHWZHHQ� WKHP�UHVLGHV� LQ� WKH�RULJLQ�ZKLFK�FDXVHV� WKH�
PRYHPHQW� RI� WKH� IOXLG�� ,Q� WXUQ��ZLWKLQ� HDFK� W\SH� RI�
FRQYHFWLRQ��WKH�IOXLG�PD\�KDYH�WKUHH�W\SHV�RI�UHJLPH��
ODPLQDU�� WXUEXOHQW� RU� WUDQVLWLRQ�� $FFRUGLQJ� WR� WKH�
SUHYLRXV�FODVVLILFDWLRQ��QLQH�GLIIHUHQW� UHJLRQV�FDQ�EH�
GLVWLQJXLVKHG� DQG� WKH� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW� FDOFXODWHG� E\� XVLQJ� WKH� FRUUHVSRQGLQJ�
FRUUHODWLRQ� �,QFURSHUD�� ������ GHSHQGLQJ� RQ� DLU�
YHORFLW\� DQG� VXUIDFH�DLU� WHPSHUDWXUH� GLIIHUHQFH��
)LJXUH� �� VKRZV� WKH� QLQH� UHJLRQV� DERYH� PHQWLRQHG�
DQG� WDEOH� �� WKH� FRQYHFWLRQ� W\SH� DQG� IOXLG� UHJLPH�
FRUUHVSRQGLQJ�WR�HDFK�UHJLRQ�RI�ILJXUH����

 

�
Figure 1 Correlation applicability regions as a 

function of air velocity and surface-air temperature 
difference 

 

Table 1 
Convection type and fluid regime of correlation 

applicability regions 
 

Region Convection type Fluid regime 

�� )RUFHG� /DPLQDU�

�� )RUFHG� 7UDQVLWLRQ�

�� )RUFHG� 7XUEXOHQW�

�� 0L[HG� /DPLQDU�

�� 0L[HG� 7UDQVLWLRQ�

�� 0L[HG� 7XUEXOHQW�

�� 1DWXUDO� /DPLQDU�

�� 1DWXUDO� 7UDQVLWLRQ�

�� 1DWXUDO� 7XUEXOHQW�

&$6(�678',(6�
,Q�WKLV�SDSHU�� WKH�UHVXOWV�FRQFHUQHG�WR�D�K\SRWKHWLFDO�
EXLOGLQJ� ORFDWHG� LQ� 0DGULG� DUH� VKRZQ� IRU� WZR�
UHSUHVHQWDWLYH� HQFORVXUH� HOHPHQWV�� IDFDGH� ZDOO� DQG�
ZLQGRZ��$�IDFDGH�ZDOO�ZLWK�D�W\SLFDO�FRPSRVLWLRQ�LQ�
6SDQLVK�EXLOGLQJV��LQVXODWLRQ�WKLFNQHVV�RI����FP��DQG�
D� GRXEOH� JODVV� ZLQGRZ� DUH� FRQVLGHUHG�� ZLWK� DQ� 8�
YDOXH�RI���:�P�.�DQG�����:�P�.�UHVSHFWLYHO\��
7KHVH� HQFORVXUH� HOHPHQWV� DUH� FRQVLGHUHG� WR� IDFH� WR�
QRUWK�� VRXWK�� HDVW� DQG� ZHVW� RULHQWDWLRQ� DQG� FDQ� EH�
HLWKHU� IUHH� RI� REVWUXFWLRQV� RU�ZLWK� VKDGLQJ� HOHPHQWV�
EORFNLQJ� WKH� EHDP� VRODU� UDGLDWLRQ� RQ� LWV� VXUIDFH��
7KHUHIRUH�� LW� LV� DVVXPHG� WKDW� WKH� SUREDELOLW\� RI�
ILQGLQJ� D� IDFDGH� ZDOO� RU� ZLQGRZ� IDFLQJ� WR� DQ\� RI�
DERYH� PHQWLRQHG� RULHQWDWLRQV� DQG� IUHH� RU� QRW� RI�
VKDGLQJ�HOHPHQWV�LV�WKH�VDPH��7KH�FRQVLGHUHG�SHULRG�
LQ� WKLV� VWXG\� FRUUHVSRQGV� WR� ZLQWHU� VHDVRQ��
'HFHPEHU�� -DQXDU\� DQG�)HEUXDU\�� )XUWKHUPRUH�� LW� LV�
FRQVLGHUHG� DQ� LGHDO� V\VWHP� LQVLGH� WKH� VSDFH� ZKLFK�
PDLQWDLQV� WKH� LQGRRU� WHPSHUDWXUH� DW� ��� �&� GXULQJ�
WKHVH�PRQWKV��5,7(���������
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(67,0$7,1*�7+(�(;3(&7('�
287'225�$,5�9(/2&,7<�$1'�
287'225�7(03(5$785(�
',))(5(1&(�
7R� DVVHVV� KRZ� WKH� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW� LQIOXHQFHV� RQ� WKH� WKHUPDO� ORDG�� LW� LV�
QHFHVVDU\� WR� HVWLPDWH� ZKDW� YDOXHV� RI� RXWGRRU� DLU�
YHORFLW\�DQG�RXWGRRU�WHPSHUDWXUH�GLIIHUHQFH�EHWZHHQ�
DLU� DQG� RXWHU� VXUIDFH� FRXOG� EH� H[SHFWHG� XQGHU� WKH�
FDVH�VWXG\�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��
,W� FDQ� EH� GRQH� E\� PHDQV� RI� WKHLU� IUHTXHQF\�
GLVWULEXWLRQV�RQFH�KDYH�EHHQ�QRUPDOL]HG�E\�DGMXVWLQJ�
WR�WKH�:HLEXOO�SUREDELOLW\�GHQVLW\�IXQFWLRQ��'RGVRQ��
������E\�WKH�OHDVW�VTXDUHV�PHWKRG��

Outdoor temperature difference: facade wall 
$�SRVVLEOH�PHWKRG� WR� VLPXODWH� WKH� WUDQVLHQW� WKHUPDO�
SHUIRUPDQFH� RI� IDFDGH� ZDOOV� LV� WKH� ZHOO�NQRZQ�
WUDQVIHU� IXQFWLRQ� �0LWDODV�� ������� 7KH� WUDQVIHU�
IXQFWLRQ� GHWHUPLQHV� WKH� KHDW� WUDQVIHU� UDWH� E\�
FRQGXFWLRQ� LQ� HDFK� HOHPHQW� VXUIDFH�� RXWHU� 𝑞 � DQG�
LQQHU�𝑞 �VXUIDFH��(48$7,21�����

𝑞 = 𝑎(𝑖) ∙ 𝑇 (𝑡 − 𝑖) − 𝑏(𝑖) ∙ 𝑇 (𝑡 − 𝑖)

− 𝑑(𝑖) ∙ 𝑞 (𝑡 − 𝑖) �

𝑞 = − 𝑏(𝑖) ∙ 𝑇 (𝑡 − 𝑖) + 𝑐(𝑖) ∙ 𝑇 (𝑡 − 𝑖)

− 𝑑(𝑖) ∙ 𝑞 (𝑡 − 𝑖) �

����

:KHUH��
q��KHDW�WUDQVIHU�UDWH�E\�FRQGXFWLRQ�LQ�WKH�RXWHU�����RU�
LQQHU�����VXUIDFH�RI�WKH�HQFORVXUH�HOHPHQW�>:�P�@��
T �� RXWHU� ���� RU� LQQHU� ���� VXUIDFH� WHPSHUDWXUH�RI� WKH�
HQFORVXUH�HOHPHQW�>�&@��
a(i)��b(i)��c(i)��d(i)�� UHVSRQVH�IDFWRUV�RI� WKH�WUDQVIHU�
IXQFWLRQ� FDOFXODWHG� E\� ILQLWH� GLIIHUHQFH� PHWKRG�
�)'0���7KHVH�IDFWRUV�DUH�OLVWHG�LQ�WKH�WDEOH����

 

Table 2 
Response factors of the transfer function obtained by 

FDM 
 

𝒂(𝒊) 
[W/m2K] 

𝒃(𝒊) 
[W/m2K] 

𝒄(𝒊) 
[W/m2K] 

𝒅(𝒊) 
[-] 

����(���� ����(���� ����(���� ����(����

�����(���� ����(���� �����(���� �����(����

����(���� ����(���� ����(���� ����(����

�����(���� ����(���� �����(���� �����(����

����(���� ����(���� ����(���� �

����(���� ����(���� ����(���� �

7KH� KHDW� WUDQVIHU� UDWH� q � DQG� q � FDOFXODWHG� E\� WKH�
WUDQVIHU� IXQFWLRQ� LQ� HDFK� HOHPHQW� VXUIDFH�
�(48$7,21� ���� LV� WKHQ� PDGH� HTXDO� WR� WKH� KHDW�
WUDQVIHU� UDWH� E\� FRQYHFWLRQ�� ORQJ� ZDYHOHQJWK�
UDGLDWLRQ�DQG�VRODU�UDGLDWLRQ��(48$7,21�����

𝑞∗ = ℎ ∙ (𝑇 − 𝑇 )� ����

:KHUH��
q∗�� KHDW� WUDQVIHU� UDWH� LQ� WKH� FRUUHVSRQGLQJ� HOHPHQW�
VXUIDFH�>:�P�@��
h �� FRQYHFWLYH�UDGLDQW� KHDW� WUDQVIHU� FRHIILFLHQW�
>:�P�.@�FDOFXODWHG�DV�h = h + h ��ZKHUH�h �LV�WKH�
FRQYHFWLYH�KHDW� WUDQVIHU�FRHIILFLHQW� >:�P�.@�DQG�h �
WKH� ORQJ�ZDYHOHQJWK� UDGLDQW� KHDW� WUDQVIHU�FRHIILFLHQW�
>:�P�.@��
T ��VXQ�DLU�WHPSHUDWXUH�>�&@�FDOFXODWHG�DV�IROORZV��

𝑇 = 𝐼 ∙ 𝛼 + ℎ ∙ 𝑇
ℎ � ����

:KHUH��
I��JOREDO�VRODU�LUUDGLDWLRQ�RQ�WKH�VXUIDFH�>:�P�@��
α��DEVRUSWLYLW\�RI�WKH�VXUIDFH�>�@��
�T �� FRQYHFWLYH�UDGLDQW� WHPSHUDWXUH� >�&@� FDOFXODWHG�
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&RPSDULQJ� WKH� RXWHU� VXUIDFH� WHPSHUDWXUH� RI� WKH�
HQFORVXUH� HOHPHQW� ZLWK� WKH� RXWGRRU� DLU� WHPSHUDWXUH��
WKH� :HLEXOO� SUREDELOLW\� GHQVLW\� IXQFWLRQ� IRU� IDFDGH�
ZDOO�LV�REWDLQHG��ILJXUH�����
�

�
Figure 3 Weibull probability density function for the 

outdoor temperature difference in facade wall 
 

Outdoor temperature difference: window 
7KH�VHPL�WUDQVSDUHQW�HOHPHQWV��VXFK�DV�ZLQGRZV��FDQ�
EH�VLPXODWHG�LQ�VWHDG\�VWDWH��PDNLQJ�LW�SRVVLEOH�WR�XVH�
WKH�ZHOO�NQRZQ�VLPSOLILHG�PRGHO�RI���QRGHV�� ,Q� WKLV�
ZD\�� WKH� VXUIDFH� WHPSHUDWXUHV� RI� WKH� HQFORVXUH�
HOHPHQW�FDQ�EH�FDOFXODWHG�DV�IROORZV��
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&RPSDULQJ� WKH� RXWHU� VXUIDFH� WHPSHUDWXUH� RI� WKH�
HQFORVXUH� HOHPHQW� ZLWK� WKH� RXWGRRU� DLU� WHPSHUDWXUH��
WKH�:HLEXOO�SUREDELOLW\�GHQVLW\� IXQFWLRQ�IRU�ZLQGRZ�
LV�REWDLQHG��ILJXUH�����
�

�
Figure 4 Weibull probability density function for the 

outdoor temperature difference in window 
 

Outdoor air velocity 
%RWK� H[SHULPHQWDOO\� DQG� H[WUDFWHG� IURP� GLIIHUHQW�
FKDUDFWHUL]DWLRQV�� LW� LV� IRXQG� RXW� WKDW� ZLQG� YHORFLW\�
DERYH� DQG� EHORZ� WKH� KHLJKW� RI� EXLOGLQJV� GLIIHUV�
JUHDWO\�IURP�HDFK�RWKHU��2Q�WKH�RWKHU�KDQG��GXH�WR�WKH�
JUHDWHU� URXJKQHVV� LQ�XUEDQ�DUHDV� WKDQ� LQ� UXUDO�DUHDV��
WKH�ZLQG�YHORFLW\�LQ�WKH�ILUVW�RQHV�LV�JHQHUDOO\�PXFK�
ORZHU�� $OO� WKLV� LPSOLHV� WKH� QHHG� WR� WUDQVODWH� WKH�
DYDLODEOH� ZLQG� YHORFLW\� PHDVXUHPHQWV� DW� DLUSRUWV�

�%DUDMDV�LQ�WKLV�FDVH��,10����������WR�XUEDQ�DUHDV��,Q�
WKLV�SDSHU�� LW�KDV�EHHQ�FRQVLGHUHG� WKDW�ZLQG�YHORFLW\�
LQ� WKH� XUEDQ� DUHD� LV� DSSUR[LPDWHO\� ���� RI� WKH�
YHORFLW\� PHDVXUHPHQWV� DW� WKH� DLUSRUW� �6DQWDPRXULV��
������� )LJXUH� �� VKRZV� WKH� :HLEXOO� SUREDELOLW\�
GHQVLW\� IXQFWLRQ� IRU� RXWGRRU� DLU� YHORFLW\� LQ� WKH�
ORFDWLRQ�ZKLFK�KDV�EHHQ�FRQVLGHUHG�LQ�WKLV�VWXG\��
�

�
Figure 5 Weibull probability density function for the 

outdoor air velocity 
 

',6&866,21�$1'�5(68/7�$16/,6<6�
Estimating the influence of the outdoor convective 
heat transfer coefficient on thermal loads 
2QFH�WKH�H[SHFWHG�FRQGLWLRQV�RI�RXWGRRU�DLU�YHORFLW\�
DQG� RXWGRRU� WHPSHUDWXUH� GLIIHUHQFH� KDYH� EHHQ�
DVVHVVHG��WKH�UHODWLYH�HUURU�RQ�WKH�WKHUPDO�ORDG�FDQ�EH�
HVWLPDWHG��7KLV�UHODWLYH�HUURU�LV�REWDLQHG�DV�IROORZV��

𝑒% = 𝛥𝑞
𝑞 ∙ 100 = 𝑞 − 𝑞

𝑞 ∙ 100� �����

:KHUH��
q�� WKHUPDO� ORDG� WKURXJK� WKH� HQFORVXUH� HOHPHQW�
>:�P�@�LI�WKH�FRUUHVSRQGLQJ�RXWGRRU�FRQYHFWLYH�KHDW�
WUDQVIHU� FRHIILFLHQW� FRUUHODWLRQV� DUH� XVHG� XQGHU� WKH�
H[SHFWHG� RXWGRRU� DLU� YHORFLW\� DQG� RXWGRRU�
WHPSHUDWXUH�GLIIHUHQFH��(48$7,21������
q �� WKHUPDO� ORDG� WKURXJK� WKH� HQFORVXUH� HOHPHQW�
>:�P�@�LI�D�UHIHUHQFH�FRQVWDQW�YDOXH�IRU�WKH�RXWGRRU�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� LV� XVHG�
�(48$7,21������

𝑞 = 𝑈 ∙ ∆𝑇 = 1
1

ℎ + ℎ + 𝑅 + 1
ℎ + ℎ

∙ ∆𝑇�
�����

:KHUH��
U��RYHUDOO�KHDW� WUDQVIHU�FRHIILFLHQW�YDOXH�>:�P�.@�LI�
WKH� FRUUHVSRQGLQJ� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW� FRUUHODWLRQV� DUH� XVHG� XQGHU� WKH� H[SHFWHG�
RXWGRRU� DLU� YHORFLW\� DQG� RXWGRRU� WHPSHUDWXUH�
GLIIHUHQFH��
∆T�� WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� RXWGRRU� DLU� DQG�
LQGRRU�DLU�>�&@��
R �� VXUIDFH�VXUIDFH� UHVLVWDQFH� RI� WKH� HQFORVXUH�
HOHPHQW�>P�.�:@��
h �� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW�
FDOFXODWHG� E\� PHDQV� RI� WKH� FRUUHVSRQGLQJ�
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FRUUHODWLRQV� XQGHU� WKH� H[SHFWHG� RXWGRRU� DLU� YHORFLW\�
DQG�RXWGRRU�WHPSHUDWXUH�GLIIHUHQFH��>:�P�.@��
h �� RXWGRRU� �H��� LQGRRU� �L��� FRQYHFWLYH� �F��� ORQJ�
ZDYHOHQJWK� UDGLDQW� �U�� KHDW� WUDQVIHU� FRHIILFLHQWV� LI� D�
UHIHUHQFH�FRQVWDQW�YDOXH�LV�XVHG�>:�P�.@��
�
)LJXUH����SDJH����VKRZV�KRZ�WKH�RXWGRRU�FRQYHFWLYH�
KHDW� WUDQVIHU� FRHIILFLHQW� h � LQ� (48$7,21� ��� LV�
FDOFXODWHG��)RU�D�FHUWDLQ�YDOXH�RI�RXWGRRU�DLU�YHORFLW\�
�Y�� DQG� RXWGRRU� WHPSHUDWXUH� GLIIHUHQFH� �ǻ7�� WKH�
FRQYHFWLRQ� W\SH� DQG� IOXLG� UHJLPH� LV� IRXQG��7KHQ�� DV�
PHQWLRQHG� LQ� VHFWLRQ� ��� WKH� DSSURSULDWH� FRUUHODWLRQ�
FDQ� EH� VHOHFWHG� �,QFURSHUD�� ������ DQG� WKH� RXWGRRU�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� FDOFXODWHG��
)XUWKHUPRUH�� WKH� :HLEXOO� SUREDELOLW\� GHQVLW\�
IXQFWLRQ� JLYHV� LQIRUPDWLRQ� DERXW� WKH� PRVW� OLNHO\�
YDOXHV� RI� WKLV� FRHIILFLHQW� DQG�� WKHUHIRUH�� RI� WKH�
UHODWLYH�HUURU��

𝑞 = 𝑈 ∙ ∆𝑇 =�

= 1
1

ℎ + ℎ + 𝑅 + 1
ℎ + ℎ

∙ ∆𝑇� �����

:KHUH��
U ��RYHUDOO�KHDW�WUDQVIHU�FRHIILFLHQW�YDOXH�>:�P�.@�
LI� D� UHIHUHQFH� FRQVWDQW� YDOXH� IRU� HYHU\� KHDW� WUDQVIHU�
FRHIILFLHQW�LV�XVHG��
�
$FFRUGLQJ� WR� 6SDQLVK� 5HJXODWLRQV�� WKH� UHIHUHQFH�
FRQVWDQW� YDOXHV� IRU� WKH� GLIIHUHQW� FRHIILFLHQWV� DUH� WKH�
IROORZLQJ��
�

Table 3 
Reference constant values for heat transfer 

coefficients according to the Spanish Regulations 
 

Heat transfer coefficient 
Reference constant value 

[W/m2K] 

ℎ  ���

ℎ  ��

ℎ  ��

ℎ  ����
�

7KXV�� WKH�HUURU�RQ� WKH� WKHUPDO� ORDG�∆q� LV� FDOFXODWHG�
DV�IROORZV��
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:KHUH��
h �� FRQYHFWLYH�UDGLDQW� KHDW� WUDQVIHU� FRHIILFLHQW� LI�
UHIHUHQFH� FRQVWDQW� YDOXHV� DUH� XVHG� >:�P�.@��
FDOFXODWHG�DV�h = h + h ��
�
,QWURGXFLQJ� (48$7,21� ���� ��� DQG� ��� LQ�
(48$7,21� ���� WKH� UHODWLYH� HUURU� RQ� WKHUPDO� ORDG�
FDQ�EH�FDOFXODWHG�DV�IROORZV���
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⎟
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�
2QFH� WKH� UHODWLYH� HUURU� KDV� EHHQ� GHILQHG�� WKHQ� WKH�
OLPLW� FRUUHVSRQGLQJ� WR� WKH�PD[LPXP�RYHUHVWLPDWLRQ�
DQG�PD[LPXP�XQGHUHVWLPDWLRQ�FDQ�EH�FDOFXODWHG�IRU�
HDFK� W\SH�RI� HQFORVXUH� HOHPHQW� XQGHU� FRQVLGHUDWLRQ��
7KH� PD[LPXP� RYHUHVWLPDWLRQ� LV� REWDLQHG� ZKHQ� WKH�
RXWGRRU�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�YDOXH�h �
LV� ]HUR�� 7KH� PD[LPXP� XQGHUHVWLPDWLRQ� LV� REWDLQHG�
ZKHQ� WKH� YDOXH� RI� WKLV� FRHIILFLHQW� h � WHQGV� WR� DQ�
LQILQLWH� YDOXH�� 6XEVWLWXWLQJ� WKHVH� YDOXHV� LQ�
(48$7,21����� WKH�GHVFULEHG� OLPLWV� IRU� WKH�UHODWLYH�
HUURU�FDQ�EH�REWDLQHG��7KH�IROORZLQJ�WDEOH�VKRZV�WKH�
OLPLW�YDOXHV�IRU�ERWK�HQFORVXUH�HOHPHQWV��7KHVH�OLPLWV�
DUH�LQGHSHQGHQW�RI�WKH�ORFDWLRQ��RULHQWDWLRQ�DQG�VRODU�
UDGLDWLRQ��
�

Table 4 
Reference constant values for heat transfer 

coefficients according to the Spanish Regulations 
 

 Facade wall Window 

Maximum 
Overestimation -13.78 -35.90 

Maximum 
Underestimation 4.16 16.28 

�

2QFH� WKH� SRVVLEOH�PD[LPXP� UHODWLYH� HUURU� KDV� EHHQ�
GHOLPLWHG�� WKH� UHODWLYH� HUURU� RQ� WKHUPDO� ORDG� IRU� WKH�
FDVH� VWXG\�GHVFULEHG� LQ� WKLV� SDSHU� FDQ�EH� FDOFXODWHG�
DFFRUGLQJ� WR� WKH� H[SHFWHG� YDOXHV� RI� WKH� SDUDPHWHUV�
ZKLFK� TXDQWLI\� WKH� RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW��
�
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�
Figure 7 Relative error on the thermal load through 
facade wall as a function of outdoor air velocity and 

outdoor temperature difference 
 

)LJXUH� �� VKRZV� WKH� UHODWLYH� HUURU� FRPPLWWHG� RQ� WKH�
WKHUPDO� ORDG� WKURXJK� IDFDGH�ZDOO� YHUVXV�RXWGRRU� DLU�
YHORFLW\� DQG� WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� WKH�
RXWHU�VXUIDFH�DQG�RXWGRRU�DLU��'DVKHG�OLQH�VKRZV�WKH�
YDOXHV� RI� RXWGRRU� DLU� YHORFLW\� DQG� RXWGRRU�
WHPSHUDWXUH� GLIIHUHQFH� IRU� ZKLFK� WKH� UHODWLYH� HUURU�
FRPPLWWHG� E\� WKH� VLPXODWLRQ� SURJUDPV� LV� ]HUR��
$ERYH� WKLV� OLQH�� WKH� VLPXODWLRQ� SURJUDPV�
XQGHUHVWLPDWH� WKH� WKHUPDO� ORDG� WKURXJK� WKH�HOHPHQW��
DFFRUGLQJ� WR� WKH� GHILQLWLRQ� RI� WKH� UHODWLYH� HUURU�
�(48$7,21� ����� %HORZ� WKLV� OLQH�� WKH� VLPXODWLRQ�
SURJUDPV� RYHUHVWLPDWH� WKH� WKHUPDO� ORDG� WKURXJK� WKH�
HOHPHQW��)RU�IDFDGH�ZDOO��ILJXUH���VKRZV�WKDW�����RI�
FDVHV� WKH� UHODWLYH� HUURU� FRPPLWWHG� RQ� WKH� WKHUPDO�
ORDG�LV�OHVV�WKDQ����E\�RYHUHVWLPDWLRQ�DQG�OHVV�WKDQ�
��� E\� XQGHUHVWLPDWLRQ�� ,Q� ���� RI� FDVHV�� WKH�
VLPXODWLRQ� SURJUDPV� RYHUHVWLPDWH� WKH� YDOXH� RI� WKH�
WKHUPDO� ORDG� WKURXJK� IDFDGH� ZDOO� EHWZHHQ� DERXW� ��
DQG�����
7KH�VDPH�PHWKRGRORJ\�ZDV�FDUULHG�RXW� IRU�ZLQGRZ��
)LJXUH����7KH�UHODWLYH�HUURU�E\�XQGHUHVWLPDWLRQ�LV�QRW�
VLJQLILFDQW� DQG� OHVV� WKDQ� ���� +RZHYHU�� WKH� UHODWLYH�
HUURU�E\�RYHUHVWLPDWLRQ�PD\�EH�FORVH�WR������,Q�����
RI� FDVHV�� WKH� VLPXODWLRQ� SURJUDPV� RYHUHVWLPDWH� WKH�
WKHUPDO� ORDG� WKURXJK� WKH� ZLQGRZ� EHWZHHQ� �� DQG�
�����
�

�
Figure 8 Relative error on the thermal load through 
the window as a function of outdoor air velocity and 

outdoor temperature difference 
 

)LJXUH����SDJH����VKRZV�WKH�UHODWLYH�HUURU�RQ�WKHUPDO�
ORDG�YHUVXV�WKH�RYHUDOO�KHDW�WUDQVIHU�FRHIILFLHQW�YDOXH�
RI�WKH�HOHPHQW��8�YDOXH���7KLV�ILJXUH�VKRZV�KRZ�WKH�
UHODWLYH� HUURU� FRPPLWWHG� RQ� WKH� WKHUPDO� ORDG� E\�
VLPXODWLRQ�SURJUDPV�LQFUHDVHV�DV�GRHV�8�YDOXH�RI�WKH�
HOHPHQWV� XVHG� LQ� EXLOGLQJ� FRQVWUXFWLRQ�� )RU� HDFK�
HOHPHQW�� WKH�UHODWLYH�HUURU�RQ� WKHUPDO�ORDG�XQGHU�WKH�
H[SHFWHG� FRQGLWLRQV� KDV� EHHQ� UHSUHVHQWHG�� 'DVKHG�
OLQHV� UHSUHVHQW� WKH� PHDQ� UHODWLYH� HUURU� E\�
XQGHUHVWLPDWLRQ� DQG� RYHUHVWLPDWLRQ� DV� D� IXQFWLRQ� RI�
WKH� 8�YDOXH�� )RU� IDFDGH� ZDOO� WKLV� PHDQ� YDOXH� LV�
������ E\� XQGHUHVWLPDWLRQ�� DQG� ������ E\�
RYHUHVWLPDWLRQ�� )RU� ZLQGRZ�� WKH� PHDQ� YDOXH� E\�
XQGHUHVWLPDWLRQ� LV� DOVR� QHJOLJLEOH� DQG� HTXDO� WR�
������� +RZHYHU�� WKH� PHDQ� UHODWLYH� HUURU� ZKLFK� LV�
FRPPLWWHG�E\�RYHUHVWLPDWLRQ�LV���������

&21&/86,21�
7KLV� SDSHU� DLPV� WR� HVWLPDWH� WKH� UHODWLYH� HUURU�
FRPPLWWHG�E\�%XLOGLQJ�(QHUJ\�6LPXODWLRQ�SURJUDPV�
RQ�WKHUPDO�ORDGV�E\�DVVXPLQJ�D�FRQVWDQW�YDOXH�RI�WKH�
RXWGRRU�FRQYHFWLYH�KHDW� WUDQVIHU�FRHIILFLHQW��7KDW� LV��
WKLV� SDSHU� LQWHQGV� WR� DQVZHU� WKH� IROORZLQJ�TXHVWLRQ��
¢LV� LW� LPSRUWDQW� WR� FDOFXODWH� LQ� GHWDLO� WKH� RXWGRRU�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� LQ� WKHVH�
SURJUDPV"� )RU� WKLV� SXUSRVH�� WZR� W\SHV� RI� HQFORVXUH�
HOHPHQWV� KDYH� EHHQ� FRQVLGHUHG�� IDFDGH� ZDOO� DQG�
ZLQGRZ�� 7KHQ�� WKHUPDO� ORDG� E\� XVLQJ� D� FRQVWDQW�
RXWGRRU� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� LV�
FRPSDUHG� ZLWK� WKRVH� FDOFXODWHG� E\� PHDQV� RI�
HPSLULFDO� FRUUHODWLRQV�XQGHU� WKH�H[SHFWHG�FRQGLWLRQV�
RI� RXWGRRU� DLU� YHORFLW\� DQG� RXWGRRU� WHPSHUDWXUH�
GLIIHUHQFH� IRU� D� VSHFLILF� FDVH� VWXG\�� 7KH� UHVXOWV� DUH�
XVHIXO�WR�ERWK�QHZ�DQG�H[LVWLQJ�EXLOGLQJV��
7KH�UHVXOWV�VKRZ��
 7KH�PD[LPXP�SRVVLEOH�UHODWLYH�HUURU�RQ�WKHUPDO�

ORDG� LQFUHDVHV� DV� GRHV�8�YDOXH� RI� WKH� HQFORVXUH�
HOHPHQWV��)RU�D�IDFDGH�ZDOO�ZLWK�DQ�8�YDOXH�RI���
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:�P�.� WKH� PD[LPXP� SRVVLEOH� UHODWLYH� HUURU� LV�
������� E\� RYHUHVWLPDWLRQ� DQG� ������ E\�
XQGHUHVWLPDWLRQ��)RU�D�ZLQGRZ�ZLWK�DQ�8�YDOXH�
RI� ���� :�P�.� WKH� PD[LPXP� SRVVLEOH� UHODWLYH�
HUURU� LV� ������� E\� RYHUHVWLPDWLRQ� DQG� �������
E\� XQGHUHVWLPDWLRQ�� 7KHVH� PD[LPXP� SRVVLEOH�
UHODWLYH� HUURUV� DUH� LQGHSHQGHQW� RI� ORFDWLRQ��
RULHQWDWLRQ�DQG�VRODU�UDGLDWLRQ��

 )RU�D� IDFDGH�ZDOO�XQGHU� WKH�H[SHFWHG�FRQGLWLRQV�
LQ�WKH�FRQVLGHUHG�VWXG\�FDVH��D�UHODWLYH�HUURU�OHVV�
WKDQ� ��� E\� RYHUHVWLPDWLRQ� DQG� ��� E\�
XQGHUHVWLPDWLRQV�LV�REWDLQHG�LQ�����RI�FDVHV��$�
UHODWLYH� HUURU� EHWZHHQ� ��� DQG� ��� E\�
RYHUHVWLPDWLRQ� LV� REWDLQHG� LQ� ���� RI� FDVHV��2Q�
WKH�RWKHU�KDQG�� WKH�PHDQ�UHODWLYH�HUURU� LV�������
E\� RYHUHVWLPDWLRQ� DQG� ������ E\�
XQGHUHVWLPDWLRQ��

 )RU� D� ZLQGRZ� XQGHU� WKH� H[SHFWHG� FRQGLWLRQV� LQ�
WKH� FRQVLGHUHG� VWXG\� FDVH�� D� UHODWLYH� HUURU� OHVV�
WKDQ� ���� E\� RYHUHVWLPDWLRQ� DQG� ��� E\�
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�
Figure 6 Outdoor convective heat transfer coefficient as a function of the expected outdoor air velocity and 

outdoor temperature difference between air and enclosure surface 
 

�
Figure 9 Relative error on the thermal load as a function of the overall heat transfer coefficient 
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