
APPLICATION OF COUPLED SIMULATION BETWEEN BES-CFD FOR 
NATURALLY VENTILATED RESIDENTIAL BUILDINGS 

�
+\XQJNHXQ�.LP���-XQJ�+DZ���7DH\HRQ�.LP��DQG�6HXQJ�%RN�/HLJK��

�

�&HQWHU�IRU�6XVWDLQDEOH�%XLOGLQJV��'HSDUWPHQW�RI�$UFKLWHFWXUDO�(QJLQHHULQJ��
<RQVHL�8QLYHUVLW\��6HRXO��5HSXEOLF�RI�.RUHD�

�
�
�

$%675$&7�
1DWXUDO�YHQWLODWLRQ�SHUIRUPDQFH�FDQ�EH�DVVHVVHG�ZLWK�
FRPSXWHU� VLPXODWLRQ��*HQHUDOO\�� WKHUH� DUH� WZR� W\SHV�
RI� FRPSXWHU� VLPXODWLRQ� PHWKRGV�� %(6� �%XLOGLQJ�
(QHUJ\�6LPXODWLRQ��DQG�&)'�VLPXODWLRQ��,Q�RUGHU�WR�
VXSSOHPHQW� HDFK� VLPXODWLRQ¶V� ZHDNQHVVHV�� WKH�
LQWHJUDWLRQ� RI� HQHUJ\� VLPXODWLRQ� DQG� WKH� &)'�
SURJUDP�ZDV�UHFRPPHQGHG���7KURXJK�WKH�LQWHJUDWLRQ�
RI�%(6�DQG�&)'�VLPXODWLRQ�� WKLV�VWXG\�DQDO\]HV� WKH�
WKHUPDO� HQYLURQPHQW�RI� DSDUWPHQW�KRXVLQJ� WR�ZKLFK�
QDWXUDO� YHQWLODWLRQ� LV� DSSOLHG�� 7KH� HIILFLHQF\� RI� WKH�
FRXSOLQJ� PHWKRG� LV� DQDO\]HG� E\� FRPSDULQJ� WKH�
UHVXOWV�RI�FRXSOLQJ�ZLWK�WKRVH�RI�%(6��$OVR�H[DPLQHG�
LV� WKH� XWLOLW\� RI� WKH� DLUIORZ� UDWH�� VHW� DV� WKH� WUDQVIHU�
HOHPHQW� JUHDWO\� LQIOXHQFLQJ� WKH� UHVXOWV� RI� FRXSOLQJ�
LQWHUSUHWDWLRQ�XQGHU�FHUWDLQ�FRQGLWLRQV��
'XH� WR� FHUWDLQ� QDWXUDO� YHQWLODWLRQ� FRQGLWLRQV� WKDW�
PDNH� LW� LPSRVVLEOH� IRU� %(6� WR� SHUIRUP� DQ� DFFXUDWH�
FDOFXODWLRQ� RI� DLUIORZ� UDWHV�� WKH� UHVXOWV� ZHUH�
FRPSDUHG�ZLWK�WKH�DLUIORZ�UDWH�WDNHQ�LQWR�DFFRXQW�DV�
DQ�LPSRUWDQW�IDFWRU��8QGHU�WKH�FRQGLWLRQ�ZLWK�KLJKHU�
DLUIORZ� UDWHV�� VLQFH� KHDW� WUDQVIHU� GXH� WR� DLUIORZ� LV�
GRPLQDQW�� WKH� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW�
GRHV�QRW�KDYH�D�VLJQLILFDQW�LQIOXHQFH��
�
Key-word :� %XLOGLQJ� (QHUJ\� 6LPXODWLRQ�%(6���
&RPSXWDWLRQDO� )OXLG� '\QDPLFV�&)'��� &RXSOHG�
VLPXODWLRQ��1DWXUDO�YHQWLODWLRQ�
�

,1752'8&7,21�
1DWXUDO� YHQWLODWLRQ� LV� RQH� RI� WKH� FRUH� HOHPHQWV� RI�
JUHHQ� EXLOGLQJV�� ,W� DLPV� WR� VHFXUH� D� ZKROHVRPH�
LQGRRU� DLU� TXDOLW\� DQG� HQKDQFH� FRROLQJ� HIILFLHQF\� LQ�
VXPPHU�� 1DWXUDO� YHQWLODWLRQ� VWUDWHJLHV� DUH� RIWHQ�
IRUPHG�ZLWK� D� IRFXV� RQ� LQGRRU� DLU� TXDOLW\�� EXW� WKHLU�
DSSOLFDWLRQ�� ZKHQ� H[SDQGHG� WR� FRROLQJ� HIILFLHQF\��
FDQ�KHOS�FUHDWH�D�SOHDVDQW� WKHUPDO�HQYLURQPHQW�ZLWK�
OHVV� HQHUJ\� FRQVXPSWLRQ� IRU� FRROLQJ�� 1DWXUDO�
YHQWLODWLRQ� SHUIRUPDQFH� FDQ� EH� DVVHVVHG� ZLWK�
H[SHULPHQWDWLRQ� DQG� FRPSXWHU� VLPXODWLRQ�� ,Q� UHFHQW�
\HDUV� WKH� ODWWHU� PHWKRG� KDV� EHHQ� XVHG� LQ� QXPHURXV�
VWXGLHV�� VLQFH� ILHOG� H[SHULPHQWV� WHQG� WR� LQFXU� KLJK�
FRVWV�� *HQHUDOO\�� WKHUH� DUH� WZR� W\SHV� RI� FRPSXWHU�
VLPXODWLRQ� PHWKRGV�� %(6� �%XLOGLQJ� (QHUJ\�
6LPXODWLRQ��DQG�&)'�VLPXODWLRQ���

%(6�LV�D�WRRO�WR�DVVHVV�EXLOGLQJ�HQHUJ\�SHUIRUPDQFH��
1DWXUDO� YHQWLODWLRQ� SHUIRUPDQFH� LV� FDOFXODWHG� WR�
DVVHVV� WKH� LQGRRU� WKHUPDO� HQYLURQPHQW�� ZKLFK� LV�
QHHGHG� WR� PHDVXUH� HQHUJ\� FRQVXPSWLRQ�� :LWK� HDFK�
URRP� VHW� DV� D� QRGH�� WKH� QDWXUDO� YHQWLODWLRQ� UDWH� SHU�
URRP�LV�FRPSXWHG�RQ�WKH�EDVLV�RI�WKH�DLUIORZ�QHWZRUN�
PRGHO� LQ� ZKLFK� RQH� URRP� LV� FRQQHFWHG� WR� DQRWKHU��
+RZHYHU�� JLYHQ�%(6�� LW� LV� LPSRVVLEOH� WR� DFKLHYH� DQ�
LQWHUSUHWDWLRQ�RI�DLUIORZ� WKDW�DFFXUDWHO\�UHIOHFWV�HDFK�
URRP¶V� VKDSH�� ZKLFK� LV� VLPSOLILHG� LQ� WKH� SURFHVV� RI�
FDOFXODWLQJ� QDWXUDO� YHQWLODWLRQ� SHUIRUPDQFH��
0RUHRYHU��LW�LV�GLIILFXOW�WR�PDNH�DQ�DFFXUDWH�DQDO\VLV�
RI�WKH�LQGRRU�WKHUPDO�HQYLURQPHQW�VLQFH�KHDW�WUDQVIHU�
FDQQRW�EH�DQDO\]HG�LQ�GHWDLO�=KDL�HW�DO���������
2Q�WKH�RWKHU�KDQG��&)'�VLPXODWLRQ�HQDEOHV�D�SUHFLVH�
LQWHUSUHWDWLRQ� RI� DLUIORZ� WKURXJK� D� JRYHUQLQJ�
HTXDWLRQ� ZLWK� WKH� JHQHUDWLRQ� RI� LQ�EXLOGLQJ� IOXLG�
GRPDLQ��$�PRUH� GHWDLOHG� DQDO\VLV� RI� DLUIORZ� FDQ� EH�
DWWDLQHG� ZLWK� VXFK� D� SUHFLVH� LQWHUSUHWDWLRQ�� 7KLV�
VLPXODWLRQ�ZLOO�\LHOG�UHVXOWV�UHJDUGLQJ�GHWDLOHG�LQGRRU�
DQG� RXWGRRU� DLUIORZ�� WHPSHUDWXUH�� FRQWDPLQDQW�
GLVWULEXWLRQ�� DQG� KHDW� WUDQVIHU�� 0XFK� UHVHDUFK� KDV�
UHFHQWO\� EHHQ� GRQH� RQ� WKH� LQGRRU� DQG� RXWGRRU� DLU�
HQYLURQPHQW�� &RPSDUHG� WR� %(6�� KRZHYHU�� DQ�
LQWHUSUHWDWLRQ� EDVHG� RQ� &)'� VLPXODWLRQ� WDNHV� D�
ORQJHU� WLPH� DV� IOXLG� GRPDLQ� JURZV� ODUJHU�� $QRWKHU�
VKRUWFRPLQJ�RI�WKLV�PHWKRG�OLHV�LQ�LWV�GLIILFXOW\�ZLWK�
GHILQLQJ� WKH� ERXQGDU\� FRQGLWLRQV� QHHGHG� IRU�
LQWHUSUHWDWLRQ��1HJUmR��������
,Q�RUGHU�WR�VXSSOHPHQW�HDFK�VLPXODWLRQ¶V�ZHDNQHVVHV��
WKH� LQWHJUDWLRQ� RI� HQHUJ\� VLPXODWLRQ� DQG� WKH� &)'�
SURJUDP�ZDV�UHFRPPHQGHG��&ODUNH�DQG�7DQJ��������
6LPXODWLRQ� LQWHJUDWLRQ� PDNHV� LW� SRVVLEOH� WR� DFKLHYH�
DQ� LQWHUSUHWDWLRQ� UHIOHFWLYH� RI� PRUH� UHDOLVWLF�
FRQGLWLRQV� E\� H[FKDQJLQJ� LQIRUPDWLRQ� EHWZHHQ�
VLPXODWLRQV�WKDW�UXQ�FRXSOLQJ�RQ�WKH�YDOXHV�WKDW�ZHUH�
LQWHUSUHWHG�FRQWLQJHQW�XSRQ�HDFK�VHSDUDWH�VLPXODWLRQ�
�'MXQDHG\� HW� DO�� ������� :LWK� WKLV� FRXSOLQJ� RI�
VLPXODWLRQV�� DQ� LQWHUSUHWDWLRQ� FDQ� EH� PDGH� E\�
XWLOL]LQJ� WKH� UHVXOWV� RI� &)'� LQWHUSUHWDWLRQ� DW� HDFK�
WLPHVWHS� RI� LQWHUSUHWDWLRQ� HYHQ� ZLWKRXW� LQWHUSUHWLQJ�
DQ� XQVWHDG\� VWDWH�� &RQVHTXHQWO\�� WKLV� LQWHJUDWLRQ�
RIIHUV�WKH�DGYDQWDJH�RI�UHGXFLQJ�D�VXEVWDQWLDO�DPRXQW�
RI� WLPH� FRQVLGHULQJ� WKH� GHJUHH� RI� DFFXUDF\� UHTXLUHG�
LQ�LQWHUSUHWDWLRQ��=KDL�HW�DO���������
�)LUVW��HQHUJ\�VLPXODWLRQ�FDQ�SURYLGH� LQIRUPDWLRQ�RQ�
WKH� ERXQGDU\� FRQGLWLRQV� QHHGHG� IRU� &)'�� LQFOXGLQJ�
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ZHDWKHU� GDWD� DQG� ZDOO� VXUIDFH� WHPSHUDWXUH�� $� &)'�
WRRO�FDQ�LQ�WXUQ�VHQG�DFFXUDWH�DLUIORZ�FRQGLWLRQV�DQG�
WKH�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�WR�WKH�HQHUJ\�
VLPXODWLRQ� ZLWK� D� PRUH� SUHFLVH� LQWHUSUHWDWLRQ� RI�
QXPHULFDO�YDOXHV�DQG� WKH�FDOFXODWLRQ�RI�D� WXUEXOHQFH�
PRGHO� WKDW� DUH� EDVHG� RQ� WKHVH� ERXQGDU\� FRQGLWLRQV�
UHFHLYHG�IURP�WKH�HQHUJ\�VLPXODWLRQ��=KDL�DQG�&KHQ�
�������7KLV�LWHUDWLYH�SURFHVV�IDFLOLWDWHV�DQ�DQDO\VLV�RI�
WKH� WKHUPDO� HQYLURQPHQW� IRU� PRUH� DFFXUDWH�
LQWHUSUHWDWLRQ�VSDFH��

+RZHYHU�� PHWKRGV� DUH� QHHGHG� WR� GHWHUPLQH� DQ�
HIILFLHQW� WLPHVWHS� LQ� DFFRUGDQFH� ZLWK� WKH�
LQWHUSUHWDWLRQ� UHVXOWV�� VLQFH� WKH� LQWHJUDWLRQ�VWLOO� WDNHV�
D� ORQJ� SHULRG� RI� VLPXODWLRQ�� =�� =KDL� DQG� 4�� &KHQ�
GLYLGHG� FRXSOLQJ� PHWKRGV� ODUJHO\� LQWR� VWDWLF� DQG�
G\QDPLF� FRXSOLQJ� �=KDL� DQG� &KHQ� ������� &RXSOLQJ�
EHFDPH� PRUH� HIILFLHQWO\� DSSOLHG� ZLWK� D� YDULHW\� RI�
VLPXODWLRQ�VWUDWHJLHV��
,Q� DGGLWLRQ�� LQWHJUDWLRQ� VWXG\� RI� PXOWL�]RQH� PRGHO�
DQG� &)'� VLPXODWLRQ� ZHUH� SHUIRUPHG� IRU� WKH�
HYDOXDWLRQ� RI� QDWXUDO� YHQWLODWLRQ� LQ� D� EXLOGLQJ�� �7DQ�
DQG� *OLFNVPDQ� ������ 7KHQ�� VWXG\� RI� LQWHUQDO�
FRXSOLQJ�PHWKRG�ZDV�SHUIRUPHG�WR�DQDO\]H�LQGRRU�DLU�
GLVWULEXWLRQ�DQG� WKHUPDO�FRQGLWLRQ��:DQJ�DQG�:RQJ�
������ ,Q� UHFHQW� \HDUV�� QDWXUDO� YHQWLODWLRQ�
SHUIRUPDQFH�ZDV�DQDO\]HG�WKURXJK�WKH�%(6�DQG�&)'�
VLPXODWLRQ�WKDW�LV�FRQQHFWHG�WR�WKH�FRXSOLQJ�LQWHUIDFH�
WR�SHUIRUP�ZLWK�H[WHUQDO�FRXSOLQJ�PHWKRG��:DQJ�DQG�
:RQJ�������
(YHQWXDOO\��HQHUJ\�SHUIRUPDQFH�RI�WKH�EXLOGLQJV�FDQ�
EH� SUHGLFWHG� PRUH� DFFXUDWHO\� XVLQJ� %(6�&)'�
FRXSOHG�VLPXODWLRQ��)DQ�DQG�,WR�������
7KURXJK�WKH�LQWHJUDWLRQ�RI�%(6�DQG�&)'�VLPXODWLRQ��
WKLV� VWXG\� DQDO\]HV� WKH� WKHUPDO� HQYLURQPHQW� RI�
DSDUWPHQW� KRXVLQJ� WR� ZKLFK� QDWXUDO� YHQWLODWLRQ� LV�
DSSOLHG�� 7KH� HIILFLHQF\� RI� WKH� FRXSOLQJ� PHWKRG� LV�
DQDO\]HG� E\� FRPSDULQJ� WKH� UHVXOWV� RI� FRXSOLQJ�ZLWK�
WKRVH� RI� %(6�� $OVR� H[DPLQHG� LV� WKH� XWLOLW\� RI� WKH�
DLUIORZ� UDWH�� VHW� DV� WKH� WUDQVIHU� HOHPHQW� JUHDWO\�
LQIOXHQFLQJ� WKH� UHVXOWV� RI� FRXSOLQJ� LQWHUSUHWDWLRQ�
XQGHU�FHUWDLQ�FRQGLWLRQV��
�

6,08/$7,21�675$7(*,(6�
BES model 
,Q� RUGHU� WR� DQDO\]H� WKH� WKHUPDO� SHUIRUPDQFH� RI�
DSDUWPHQW� KRXVLQJ�� WKLV� VWXG\� XWLOL]HV� (QHUJ\3OXV�
GHYHORSHG� E\� WKH� 86� '2(�'HSDUWPHQW� RI� (QHUJ\���

$V�IRU�WKH�DQDO\VLV�RI�LWV�LQGRRU�WKHUPDO�HQYLURQPHQW��
WKH� DLUIORZ� QHWZRUN� PRGHO� RI� (QHUJ\3OXV� LV� SXW� WR�
XVH��7KH�VDPSOH�EXLOGLQJ��GLYLGHG�LQWR�VHYHUDO�]RQHV��
LV� DVVHVVHG� LQ� WHUPV� RI� YHQWLODWLRQ� DQG� WKHUPDO�
SHUIRUPDQFH���
���)LJXUH� �� LOOXVWUDWHV� WKH� PRGHOLQJ� GHVLJQHG� WR�
LQWHUSUHW�WKH�HQHUJ\�RI�WKH�VXEMHFW�DSDUWPHQW�KRXVLQJ��
ORFDWHG� LQ� WKH� FLW\� RI� ,QFKHRQ�� .RUHD�� 7KH� ZHDWKHU�
GDWD� RI� WKH� DUHD� IRU� WKH� VWXG\� UHIOHFWV� ILHOG�
PHDVXUHPHQW� YDOXHV�� (DFK� URRP� LV� PDUNHG� DV� D�
VHSDUDWH�]RQH��WKH�FHLOLQJ�SOHQXP�GLVWLQJXLVKHG�IURP�
HDFK� URRP�� 7KH� EDOFRQ\� VSDFH�� ZLWKRXW� WKH�
LQVWDOODWLRQ� RI� RXWVLGH� ZLQGRZV�� LV� QRW� FRXQWHG� DV� D�
VHSDUDWH�]RQH��2QO\�LQ�FRQVLGHUDWLRQ�RI�VXQ�VFUHHQLQJ�
DUH�H[WHULRU�DZQLQJV�LQVWDOOHG�LQ�LW���
7KH� LQWHUSUHWDWLRQ� RI� VLPXODWLRQ� LV� FRQGXFWHG� WZR�
GD\V�LQ�VXPPHU�DQG�LQ�IDOO��UHVSHFWLYHO\��7KH�LQGRRU�
VSDFH�LV�WHVWHG�XQGHU�WKH�FRQGLWLRQ�RI�QRQ�RFFXSDQF\��
DQG�WKXV�WKH�VLPXODWLRQ�GRHV�QRW�UHTXLUH�DQ�DGGLWLRQDO�
LQWHUQDO� KHDW� ORDG� EHVLGHV� D� GHYLFH� IRU� ILHOG�
PHDVXUHPHQW�� 7DEOH� �� OLVWV� WKH� FRQGLWLRQV� IRU� %(6�
LQWHUSUHWDWLRQ� DQG� 7DEOH� �� VKRZV� WKH� PDWHULDOV� DQG�
GHWDLOV� RI� HDFK� EXLOGLQJ� SDUW�� (DFK� ZLQGRZ� KDV� D�
GLIIHUHQW� GHJUHH� RI� LQVXODWLRQ� SHUIRUPDQFH� GXH� WR�
GRXEOH�JOD]LQJ���

(QHUJ\3OXV� DOORZV� WKH� LQWHUSUHWDWLRQ� RI� LQGRRU�
WKHUPDO�SHUIRUPDQFH�E\�FDOFXODWLQJ�ERWK�VXUIDFH�KHDW�
WUDQVIHU� DQG� KHDW� WUDQVIHU� YLD� RWKHU� IDFWRUV� VXFK� DV�
YHQWLODWLRQ��7KH�IROORZLQJ�HTXDWLRQ�����LV�WKH�HQHUJ\�

PARAMETER VALUE 
6RODU�GLVWULEXWLRQ� )XOO�,QWHULRU�$QG�([WHULRU�
+HDWEDODQFH�
$OJRULWKP�

&RQGXFWLRQ�7UDQVIHU�)XQFWLRQ�

7LPHVWHS� ��PLQ�
5XQ�3HULRG� 6XPPHU���$XJ���VWa��QG��GD\V��

)DOO���2FW���WKa��WK��GD\V��
,QWHUQDO�*DLQV� /LYLQJ�URRP�������:�

5RRP��������:�
5RRP��������:�

LOCATION MATERIAL THICKNESS  
2XWHU�ZDOO� )LQLVKLQJ�FRDW� ���

0LQHUDO�ZRRO� ����
&RQFUHWH� ����
$LU�JDS� �
*\SVXP�ERDUG� ����

,QQHU�ZDOO� *\SVXP�ERDUG� �����
$LU�JDS� �
$/&� ����
$LU�JDS� �

𝑞 , 𝐴 + 𝑄 + 𝑄 − 𝑄 �

= 𝜌𝑉 𝐶 ∆𝑇
∆𝑡 �

����

𝑞 , = ℎ (𝑇 − 𝑇 )� ����

Figure 1. Simulation modelling for BES 

Table 2. Description of materials 

Table 1. Analysis parameters of BES 
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EDODQFH� HTXDWLRQ� XVHG� LQ� %(6�� 7KH� ILUVW� WHUP�
UHSUHVHQWV�FRQYHFWLYH�KHDW�WUDQVIHU�RQ�WKH�VXUIDFH��WKH�
UDWH� RI� ZKLFK� LV� FDOFXODWHG� IURP� WKH� IROORZLQJ�
HTXDWLRQ������
6LQFH�WKLV�VWXG\�LQWHQGV�WR�DQDO\]H�WKH�LQGRRU�WKHUPDO�
HQYLURQPHQW� GHSHQGLQJ� RQ� WKH� GHJUHH� RI� QDWXUDO�
YHQWLODWLRQ��KHDW�WUDQVIHU�GULYHQ�E\�QDWXUDO�YHQWLODWLRQ�
EHFRPHV�DQ�LPSRUWDQW�IDFWRU��,Q�WKLV�FDVH�WKH�DLUIORZ�
UDWH� DQG� LQGRRU� DQG�RXWGRRU� WHPSHUDWXUH�GLIIHUHQFHV�
KDYH� DQ� LPSDFW� RQ� WKH� WKHUPDO� HQYLURQPHQW�� +HDW�
WUDQVIHU� WKURXJK� QDWXUDO� YHQWLODWLRQ� LV� IRUPXODWHG� LQ�
WKH�IROORZLQJ�HTXDWLRQ�������
�

𝑄 = �̇� 𝐶 (𝑇 − 𝑇 )� ����

+HUH� LW� VKRXOG� EH� QRWHG� WKDW� WKH� DLUIORZ� UDWH� KDV� D�
JUHDW�LQIOXHQFH��,Q�%(6�VLPXODWLRQ��WKH�DLUIORZ�UDWH�LV�
FRPSXWHG�RQ�WKH�EDVLV�RI�SUHVVXUH�GLIIHUHQFHV�DPRQJ�
VHSDUDWH� ]RQHV�� 7KH� FDOFXODWLRQ� RI� WKH� DLUIORZ� UDWH�
DQG�SUHVVXUH�GLIIHUHQFHV�RI�D�EXLOGLQJ�DUH�PDGH�LQ�WKH�
IROORZLQJ�HTXDWLRQV�����DQG������

�̇� = 𝐶 𝜌 ∆𝑃𝜇  ����

∆𝑃 = 𝑃 + 𝜌𝑉
2 − 𝑃 + 𝜌𝑉

2
+ 𝜌𝑔(𝑧 − 𝑧 ) 

����

$FFRUGLQJ� WR� WKH� HTXDWLRQV� VKRZQ� DERYH�� SUHVVXUH�
GLIIHUHQFHV� JUHDWO\� LQIOXHQFH� WKH� FRPSXWDWLRQ� RI� D�
EXLOGLQJ¶V� DLUIORZ� UDWH�� ,Q� WKH� FDVH� RI� HQHUJ\�
VLPXODWLRQ��LW�PD\�EH�GLIILFXOW�WR�FDOFXODWH�WKH�DLUIORZ�
UDWH� XQGHU� FHUWDLQ� FRQGLWLRQV�� )LJXUH� �� LQGLFDWHV� WKH�
ZLQG� GDWD� RI� WKH� VXEMHFW� VLWH��7KH� RULHQWDWLRQ� RI� WKH�
EXLOGLQJ� LV� WR� WKH� VRXWKHDVW�� ,Q� WKH� WHVW� IRU� IDOO�� WKH�
PDLQ�ZLQG� EORZV� IURP� WKH� QRUWKZHVW�� SHUSHQGLFXODU�
WR�WKH�EXLOGLQJ��+RZHYHU��WKH�PDLQ�ZLQG��FKDQJLQJ�WR�
D� VRXWKZHVWHUO\� GLUHFWLRQ� LQ� VXPPHU�� EORZV� SDUDOOHO�
WR�LW��,Q�HQHUJ\�VLPXODWLRQ��D�EXLOGLQJ�LV�FRQVWUXHG�DV�
D� VLPSOH� UHFWDQJXODU� VKDSH�� ZKLFK� PDNHV� LW� KDUG� WR�

FDOFXODWH� WKH� SUHVVXUH� GLIIHUHQFHV� EHWZHHQ� D�
EXLOGLQJ¶V� IURQW� DQG� UHDU� VXUIDFHV�� ,Q� WKLV� FDVH��
WKHUHIRUH��D�FRXSOHG�VLPXODWLRQ�WKDW�WDNHV�WKH�DLUIORZ�
UDWH�LQWR�DFFRXQW�QHHGV�WR�EH�GRQH���

CFD model 
7KLV� VWXG\� DQDO\]HV� LQGRRU� DLUIORZ� DQG� WKH� WKHUPDO�
HQYLURQPHQW�ZLWK�WKH�DSSOLFDWLRQ�RI�&)'�VLPXODWLRQ��
&)'� PRGHOLQJ� LQYROYHV� VLPXODWLQJ� WKH� HQWLUH�
EXLOGLQJ� DQG� REVWDFOHV� LQ� WKH� YLFLQLW\�� DV� ZHOO� DV�
DSDUWPHQW� LQWHULRU� VSDFH�� LQ� RUGHU� WR� VLPXODWH� WKH�
LQWURGXFWLRQ� RI� QDWXUDO� YHQWLODWLRQ� YDU\LQJ� ZLWK� WKH�
RXWGRRU�ZLQG�HQYLURQPHQW��'HVSLWH�UHTXLULQJ�D�ORW�RI�
WLPH� DQG� FRPSXWHU� UHVRXUFHV�� WKH� LQWHUSUHWDWLRQ� RI�
LQGRRU� DQG� RXWGRRU� LQWHJUDWLRQ� LV� NQRZQ� WR� SURYLGH�
PRUH� UHOLDEOH� UHVXOWV�� 7KH� HQWLUH� IOXLG� GRPDLQ� LV�
PRGHOHG�LQ�D�ZD\�WKDW�WKH�VXUIDFH�RI�LQOHW�DQG�RXWOHW�
ERXQGDU\�FRQGLWLRQV�LV�VHSDUDWHG�IURP�WKH�RXWHUPRVW�
REVWDFOH� E\� ��� WLPHV� WKH� KHLJKW� RI� WKH� VWXGLHG�
EXLOGLQJ� DQG� WKH� VXUIDFH� RI� WKH� XSSHU� V\PPHWU\�
ERXQGDU\� FRQGLWLRQV� LV� DSDUW� IURP� WKH� EXLOGLQJ¶V�
XSSHUPRVW� SDUW� E\� IRXU� WLPHV� LWV� KHLJKW�� )RU� WKH�
DQDO\VLV�� WKH� JULG� RI� H[WHULRU� VSDFH� LV� JHQHUDWHG�
FRDUVHO\�� ZKLOH� WKDW� RI� LQWHULRU� VSDFH� UHTXLULQJ� D�
SUHFLVH� KHDW� DQDO\VLV� LV� FUHDWHG� GHQVHO\��

�
Figure 3. The CFD model of residential building 

Figure 2. Wind data 
�D��6XPPHU� �E��)DOO�
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Table 3. Boundary condition of CFD 

�)LJXUH� �� VKRZV� D� PHVK� PRGHO� RI� WKH� VSDFH� WR� EH�
DQDO\]HG��
�

,Q� RUGHU� WR� FRQGXFW� D� SUHFLVH� DQDO\VLV� RI� WKH� LQGRRU�
WKHUPDO�HQYLURQPHQW�� WKH�VWDQGDUG�N�ε� ORZ�5H\QROGV�
QXPEHU� PRGHO� LV� XVHG� WKDW� DOORZV� D� PRUH� SUHFLVH�
LQWHUSUHWDWLRQ�RI�KHDW�WUDQVIHU�RQ�WKH�VXUIDFH��7KH�ORZ�
5H\QROGV� QXPEHU� PRGHO� LV� D� PHWKRG� E\� ZKLFK� WKH�
HIIHFW� RI� VXUIDFH� YLVFRVLW\� LV� PRUH� DFFXUDWHO\�
DQDO\]HG� ZLWK� WKH� GHQVH� JHQHUDWLRQ� RI� D� VXUIDFH�
JULOODJH�� &RPSDUHG� WR� WKH� KLJK� 5H\QROGV� QXPEHU�
PRGHO�WKDW�FRPSXWHV�DQ�DSSUR[LPDWH�VXUIDFH�JULG�E\�
WKH� ZDOO� IXQFWLRQ� DW� WKH� VXUIDFH�� LW� WDNHV� D� ORQJHU�
FRPSXWDWLRQ� WLPH� EXW� DVVXUHV� D� PRUH� SUHFLVH� KHDW�
DQDO\VLV� FDOFXODWLRQ�� 7DEOH� �� OLVWV� RWKHU� FRQGLWLRQV�
DSSOLHG�WR�&)'�VLPXODWLRQ���

Coupling strategies 
�7KH� FRXSOHG� VLPXODWLRQV� RI� %(6� DQG� &)'� DUH�
SHUIRUPHG� LQ� RUGHU� WR� DQDO\]H� WKH� LQGRRU� WKHUPDO�
HQYLURQPHQW� DIIHFWHG� E\� QDWXUDO� YHQWLODWLRQ�� $V�
PHQWLRQHG�HDUOLHU��%(6�UHTXLUHV�GHWDLOHG�LQIRUPDWLRQ�
RQ� WKH�DLUIORZ�DQG� WKHUPDO�FRQGLWLRQ�RI�D�EXLOGLQJ¶V�
VXUURXQGLQJV� WKDW� FDQ� EH� FRPSXWHG� LQ� &)'�
VLPXODWLRQ�� LQ� RUGHU� WR� DFKLHYH� D� PRUH� DFFXUDWH�
DQDO\VLV� RI� WKH� LQGRRU� WKHUPDO� HQYLURQPHQW��
6LPXODWLRQV� DUH� FUHDWHG� ZLWK� %(6� DW� WKH� FHQWHU�� VR�
WKDW� WKH� &)'� SURJUDP� FDQ� SURYLGH� LQIRUPDWLRQ�

QHHGHG� IRU� WKH� IRUPHU�� &RXSOHG� VLPXODWLRQV� DUH�
FRQGXFWHG� ZLWK� WKH� TXDVL�G\QDPLF� FRXSOLQJ� PHWKRG�
GHVLJQHG�IRU�WKHLU�HIILFLHQW�LPSOHPHQWDWLRQ���
:LWK�WKH�WLPHVWHS�RI�%(6�VHW�DW���PLQXWHV��D�FRXSOHG�
VLPXODWLRQ�RI�%(6�DQG�&)'�LV�UXQ�HYHU\�KRXU�DW�WKH�
WLPH� ZKHQ� QDWXUDO� YHQWLODWLRQ� WDNHV� SODFH�� ,W� LV� WKH�
PRPHQW� WKDW� %(6� SURYLGHV� &)'� VLPXODWLRQ� ZLWK�
LQIRUPDWLRQ� RQ� WKH� ZLQG� GLUHFWLRQ� DQG� VSHHG� LQ� WKH�
VXUURXQGLQJV�RI�WKH�EXLOGLQJ��WKH�RXWGRRU�WHPSHUDWXUH��
DQG�WKH�VXUIDFH�WHPSHUDWXUH�RI�HDFK�LQGRRU�ZDOO��7KH�
&)'�SURJUDP�WKHQ�FRQGXFWV�DQDO\VLV�E\�DSSO\LQJ�WKLV�
LQIRUPDWLRQ� WR� WKH� ERXQGDU\� FRQGLWLRQV�� 2QFH� WKH�
VLPXODWLRQ� UHVXOWV� DUH� FRQYHUJHG�� &)'� VLPXODWLRQ�
LPSDUWV� WKH�DLUIORZ�UDWH�DQG�FRQYHFWLYH�KHDW� WUDQVIHU�
FRHIILFLHQW�� ,Q� WKH� FRXUVH� RI� WKLV� SURFHVV�� %&97%�
�%XLOGLQJ�&RQWUROV�9LUWXDO�7HVW�%HG���-XO\������������
WKH� LQWHJUDWLRQ� LQWHUIDFH� SURJUDP� FUHDWHG� E\� WKH�
/DZUHQFH�%HUNHOH\�1DWLRQDO�/DE�LQ�WKH�86��LV�XVHG���
$V�VWDWHG�EHIRUH��WKH�DLUIORZ�UDWH�LV�D�IDFWRU�FUXFLDO�WR�
WKH�DQDO\VLV�RI�WKH�LQGRRU�WKHUPDO�HQYLURQPHQW�LQ�WKH�
FDVHV� H[DPLQHG� LQ� WKLV� VWXG\�� 7KH� VSHHG� RI� LQGRRU�
DLUIORZ� WHQGV� WR� LQFUHDVH� DV� QDWXUDO� YHQWLODWLRQ� LV�
VPRRWKO\� DFKLHYHG�� ,Q� WKDW� FDVH�� KHDW� WUDQVIHU� E\�
ZLQG�GULYHQ� IRUFH� PD\� KDYH� D� JUHDWHU� HIIHFW� WKDQ�
VXUIDFH� KHDW� WUDQVIHU�� 7KHUHIRUH�� LW� LV� DVVXPHG� WKDW�
FRPSXWLQJ�WKH�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�LQ�
%(6� LWVHOI� DQG� WUDQVIHUULQJ� RQO\� WKH� LQGRRU�
YHQWLODWLRQ� FRXOG� EH� PRUH� HIILFLHQW�� 8QGHU� WKLV�
DVVXPSWLRQ�� WKLV� VWXG\� FDUULHV� RXW� WKUHH� FDVHV� RI�
VLPXODWLRQ��&DVH����HQHUJ\� VLPXODWLRQ��FRPSDUHV� WKH�
DFFXUDF\� RI� FRXSOHG� VLPXODWLRQ�� $QDO\VLV� LV�

CASE APPROACH TRANSFER 
ELEMENTS 

&DVH��� %(6� ��
&DVH��� %(6�&)'�FRXSOHG� ℎ ��DLUIORZ�UDWH�
&DVH��� %(6�&)'�FRXSOHG� DLUIORZ�UDWH�

7XUEXOHQFH�PRGHO� 6WDQGDUG�N�ε�ORZ�5H\QROGV�
QXPEHU�PRGHO�

7RWDO�FHOO�QXPEHU� 6XPPHU�����������
)DOO�������������

'RPDLQ�VL]H� ���P�×������P�×���P�
&RQYHUJHQFH�WROHUDQFH� ��(����
:LQG�SURILOH� U = 𝑈 × 𝑍

𝑍 �

Į� ������

Figure 4. Coupling strategies 

Table 4. Case analysis 
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Case 1

Case 2

Case 3

SHUIRUPHG� WR� ILQG�RXW� WKH� LPSDFW�RI�YHQWLODWLRQ�ZLWK�
FRXSOHG�VLPXODWLRQ�FODVVLILHG�LQWR�WZR�W\SHV��,Q�&DVH�
�� WKH� FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� DQG�
YHQWLODWLRQ� DUH� ERWK� WUDQVIHUUHG��ZKLOH� LQ�&DVH� �� WKH�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� LV� VHW� DQG�
H[HFXWHG�DV�D�%(6�LQWHUQDO�YDOXH�DQG�RQO\�YHQWLODWLRQ�
LV�WUDQVIHUUHG��

Field Measurement 
)LHOG� PHDVXUHPHQW� ZDV� FRQGXFWHG� LQ� WKLV� VWXG\� WR�
YDOLGDWH� WKH� VLPXODWLRQ� UHVXOWV�� $� OLYLQJ� URRP� DQG�
URRP� �� WKDW� LV� ORFDWHG� FORVH� WR� WKH� IURQW� RI� WKH�
DSDUWPHQWV�DUH�VHOHFWHG�IRU�WKH�VWXG\��DQG�WKH�LQGRRU�
DQG� UDGLDQW� WHPSHUDWXUHV� DQG� WKH� VXUIDFH�
WHPSHUDWXUHV� RI� ZDOOV�� FHLOLQJV�� IORRUV�� DQG� ZLQGRZ�
JODVV� DUH� PHDVXUHG�� )RU� WKH� URRPV� LQVWDOOHG� ZLWK�
GRXEOH�ZLQGRZV��WKH�WHPSHUDWXUH�RI�WKH�FDYLW\�VSDFH�
LV� DGGLWLRQDOO\� PHDVXUHG�� 5HODWLYH� KXPLGLW\� DQG�
DLUIORZ� VSHHG�DUH�PHDVXUHG�RQO\� LQ� WKH� OLYLQJ� URRP��
)RU�DQ�DGGLWLRQDO�DQDO\VLV��D�KRW�ZLUH�DQHPRPHWHU�LV�
LQVWDOOHG�LQ�EHGURRPV���DQG���LQ�WKH�VDPH�GLUHFWLRQ�DV�
WKH� PDLQ� ZLQG�� )LJXUH� �� VKRZV� WKH� PHDVXUHPHQW�
SRLQWV���
,Q� RUGHU� WR� DQDO\]H� WKH� LQGRRU� WKHUPDO� HQYLURQPHQW�
RI� DQ� LQWHUPHGLDWH� VHDVRQ�� WKLV� VWXG\� FRQGXFWV� ILHOG�

PHDVXUHPHQW� E\� VHOHFWLQJ� �� GD\V� LQ� PLG�2FWREHU�
GXULQJ� ZKLFK� WKH� RXWGRRU� WHPSHUDWXUH� LV� GLVWULEXWHG�
FORVH�WR�WKH�ORZHU�OLPLW�RI�WKH�LQGRRU�WKHUPDO�FRPIRUW�
]RQH��7KH�RSHUDWLRQ�RI�ZLQGRZV�LV�FDUULHG�RXW�ODUJHO\�
LQ�WKH�GD\WLPH�DQG�DW�QLJKW��DQG�WKH�ZLQGRZV�DUH�NHSW�
RSHQ�IURP�������D�P�� WR���S�P���D� WLPH�SHULRG�ZKHQ�
QDWXUDO� YHQWLODWLRQ� LV� H[SHFWHG� WR� RFFXU�� ,Q� WKLV� FDVH�
DOO�WKH�DZQLQJV�DUH�WDNHQ�GRZQ�WR�DXJPHQW�WKH�VXQ¶V�
UDGLDWLRQ��
7R� DVVHVV� WKH� LQGRRU� WKHUPDO� HQYLURQPHQW� RI�
VXPPHUWLPH�� ILHOG� PHDVXUHPHQW� LV� GRQH� ZLWK� WKH�
VHOHFWLRQ� RI� WZR� VFRUFKLQJ� VXPPHU� GD\V� ZKHQ� WKH�
VXQ¶V�UDGLDWLRQ�LV�JUHDWHVW�DQG�RXWGRRU�WHPSHUDWXUH�LV�
KLJK��)LHOG�PHDVXUHPHQW�LV�FDUULHG�RXW�LQ�WZR�VWHSV��D�
GD\�ZLWK�WKH�LQGRRU�VSDFH�WLJKWO\�VHDOHG�DQG�DQRWKHU�
RQH� XQGHU� PD[LPXP� YHQWLODWLRQ�� 7KH� VHDOLQJ� RI�
LQGRRU� VSDFH�� GRQH� ZLWK� DOO� WKH� ZLQGRZV� DQG�
HQWUDQFHV�FORVHG�DQG�WKH�DZQLQJV�SXW�XS��LV�DLPHG�DW�
HYDOXDWLQJ� FKDQJHV� LQ� WKH� LQGRRU� WKHUPDO�
HQYLURQPHQW�GHSHQGLQJ�RQ�WKH�DYDLODELOLW\�RI�QDWXUDO�
YHQWLODWLRQ��7KH�FRQGLWLRQ�IRU�PD[LPXP�YHQWLODWLRQ�LV�
VHFXUHG�ZLWK� WKH� YHQHWLDQ� EOLQGV� SXOOHG� DVLGH�� VLQFH�
WKH� EOLQGV� FDQ� KLQGHU� WKH� PD[LPL]DWLRQ� RI� QDWXUDO�
YHQWLODWLRQ���
�
�

Figure 5. Location of measuring points 

Figure 7. Indoor air temperature of room 2 in fall condition 

Figure 6 Airflow rate in fall condition 
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6,08/$7,21�5(68/76 �
Fall condition 
7KH�FRPSDULVRQ�RI�WKH�VLPXODWLRQ�UHVXOWV�LV�PDGH�E\�
H[DPLQLQJ� WKH� UHVXOWV� RI� URRP� ��� LQ� ZKLFK� QDWXUDO�
YHQWLODWLRQ�KDV�RFFXUUHG�UHODWLYHO\�VPRRWKO\��)LJXUH���
VKRZV�D�JUDSK�FRPSDULQJ�WKH�LQGRRU�DLUIORZ�UDWHV�LQ�
IDOO� XQGHU� WKH� FRXSOLQJ� PHWKRG� ZLWK� WKRVH� XQGHU�
%(6��$FFRUGLQJ� WR� WKH�JUDSK�� WKH�DLUIORZ�UDWH� LQ� WKH�
FRXSOHG� VLPXODWLRQ� LV� LQ� WKH� QHLJKERXUKRRG� RI�
���P��V��$OWKRXJK�%(6� UHFRUGV� D� ORZHU� DLUIORZ� UDWH�
WKDQ� WKH�FRXSOLQJ�PHWKRG��LW� LV�H[SHFWHG�WKDW�DLUIORZ�
ZLOO� QRW� KDYH� PXFK� LQIOXHQFH� EHFDXVH� RI� WKH� ORZ�
DLUIORZ�UDWHV��
)LJXUH���VKRZV�WKH�LQGRRU�WHPSHUDWXUHV�RI�HDFK�FDVH��
)URP� WKH� H[DPLQDWLRQ� RI� &DVH� �� �WKH� %(6� UHVXOWV��
DQG� &DVHV� �� DQG� �� �ERWK� WKH� FRXSOHG� VLPXODWLRQ�
UHVXOWV���LW�LV�OHDUQHG�WKDW�WKH�ODWWHU�WZR�FDVHV�LQGLFDWH�
UHVXOWV�FORVHU�WR� WKH�ILHOG�PHDVXUHPHQW�ILQGLQJV�WKDQ�
WKH� IRUPHU� FDVH�� ,W� LV� DVFHUWDLQHG� WKDW� WKH� UHVXOWV� RI�
&DVH��� DUH� JHQHUDOO\� VLPLODU� WR� WKH�RWKHUV��7KH�%(6�
UHVXOWV��KRZHYHU��WDNH�RQ�D�SDWWHUQ�GLVSDUDWH�IURP�WKH�
ILHOG� PHDVXUHPHQW� UHVXOWV� JDLQHG� DW� WKH� WLPH� RI�
QDWXUDO� YHQWLODWLRQ�� ZKHUHDV� WKH� FRXSOHG� VLPXODWLRQ�
UHVXOWV� H[KLELW� D� SDWWHUQ� FRPSDUDWLYHO\� VLPLODU� WR�
WKRVH�RI�ILHOG�PHDVXUHPHQW���
7KH� FRPSDULVRQ� EHWZHHQ�&DVH� �� �ZKHUH� WKH� DLUIORZ�
UDWH�DQG�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�DUH�ERWK�
SURYLGHG��DQG�&DVH����ZKHUH�RQO\�WKH�DLUIORZ�UDWH�LV�
VHW�DV�D�WUDQVIHU�IDFWRU��VKRZV�WKDW�ERWK�FDVHV�UHFRUG�
VLPLODU� YDOXHV� DW� PRVW� WLPHVWHSV�� 7KH� %(6� UHVXOWV��
WKRXJK�QRW�GHYLDWLQJ� WR�D�JUHDW�H[WHQW� IURP�WKH�ILHOG�
PHDVXUHPHQW� UHVXOWV�� DUH� IRXQG� WR� QRW� KDYH� WKHLU�
LPSDFW� FOHDUO\� UHIOHFWHG� DW� WKH� WLPH� ZKHQ� QDWXUDO�
YHQWLODWLRQ�RFFXUV����
,Q� IDOO� FRQGLWLRQ�� KRZHYHU�� LW� LV�GLIILFXOW� WR�FRQFOXGH�
WKDW�FRXSOHG�VLPXODWLRQ�LV�EHWWHU�SUHGLFWLRQ�WKDQ�%(6��
EHFDXVH� WKH� GLIIHUHQFH� DPRQJ� �� FDVHV� DUH� QRW� TXLWH�
QRWLFHDEOH��

Summer condition 
$V�PHQWLRQHG�HDUOLHU�� LW�ZDV�H[SHFWHG�WKDW�ZLWK�%(6�
VLPXODWLRQ�DQ�DFFXUDWH�FDOFXODWLRQ�RI�DLUIORZ�UDWHV�IRU�
VXPPHU� ZRXOG� QRW� EH� DFKLHYHG� GXH� WR� WKH� EXLOGLQJ�
RULHQWDWLRQ��)LJXUH���EHORZ�LQGLFDWHV�WKH�DLUIORZ�UDWHV�
RI� %(6� DQG� RI� FRXSOHG� VLPXODWLRQ� LQ� VXPPHU�� 7KH�
JUDSK� FRQILUPV� %(6� UHVXOWV� WKDW� DUH� LQGLFDWLYH� RI�
DLUIORZ�UDWHV�KRYHULQJ�DURXQG����$V�VWDWHG�DERYH��WKLV�
ODFN� RI� FOHDU� UHIOHFWLRQ� RI� DLUIORZ� UDWH� FDQ� EH�
DWWULEXWHG�WR�WKH�ZLQG�GLUHFWLRQ�EHLQJ�SDUDOOHO�WR�RSHQ�
ZLQGRZV�� 7KH� DLUIORZ� UDWHV� LQ� VXPPHU� DUH� JUHDWHU�
WKDQ� WKRVH� LQ� IDOO�� UHDFKLQJ� D� PD[LPXP� RI� ���P��V��
$V�D�UHVXOW��WKH�DLUIORZ�UDWH�FDQ�EH�YLHZHG�DV�D�PRUH�
LPSRUWDQW�IDFWRU���
)LJXUH���VKRZV�WKH�VXPPHUWLPH�LQGRRU�WHPSHUDWXUHV�
RI�HDFK�FDVH��$Q�H[DPLQDWLRQ�RI�&DVH����%(6�UHVXOWV��
DQG� &DVHV� �� DQG� �� �FRXSOHG� VLPXODWLRQ� UHVXOWV��
LQGLFDWHV�WKH�UHVXOWV�RI�WKH�ODWWHU�FDVHV�WR�EH�FORVHU�WR�
WKH� ILHOG� PHDVXUHPHQW� UHVXOWV� WKDQ� WKRVH� RI� WKH�
IRUPHU�FDVH��7KH�PDUJLQ�RI�HUURU�LV�ODUJHU�WKDQ�LQ�IDOO��
7KHUH� DSSHDUV� D� SDUWLFXODU� WLPH� RI� YHQWLODWLRQ� ZKHQ�
WKH� GLIIHUHQFH� EHWZHHQ� &DVH� �� DQG� WKH� ILHOG�
PHDVXUHPHQW�UHVXOWV�LV�JUHDWHU�WKDQ��℃���
$� FRPSDULVRQ� EHWZHHQ� &DVH� �� �ZKHUH� WKH� DLUIORZ�
UDWH�DQG�FRQYHFWLYH�KHDW�WUDQVIHU�FRHIILFLHQW�DUH�ERWK�
SURYLGHG��DQG�&DVH����ZKHUH�RQO\�WKH�DLUIORZ�UDWH�LV�
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Figure 8. Airflow rate in summer condition 
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Figure 9. Indoor air temperature of room 2 in summer condition 
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VHW� DV� D� WUDQVIHU� IDFWRU�� VKRZV� WKDW� ERWK� FDVHV� KDYH�
VLPLODU� UHVXOWV� DW� PRVW� WLPHVWHSV�� ([FHSW� IRU� FHUWDLQ�
SHULRGV� WKDW� H[KLELW� UHVXOWV� GLIIHUHQW� IURP� WKH� ILHOG�
PHDVXUHPHQW�ILQGLQJV�� WKH�UHVXOWV�JDLQHG�DW� WKH� WLPH�
RI� YHQWLODWLRQ� DVVXPH� QHDUO\� VLPLODU� SDWWHUQV�� ,W� LV�
DOVR�IRXQG�WKDW�WKH�PDUJLQ�RI�HUURU�IRU�&DVHV���DQG���
LV�QRW�JUHDWHU� WKDQ� LQ� IDOO�� D� ILQGLQJ�DWWULEXWHG� WR� WKH�
JUHDW�LQIOXHQFH�RQ�WKH�LQGRRU�WKHUPDO�HQYLURQPHQW�RI�
KHDW�WUDQVIHU�GULYHQ�E\�YHQWLODWLRQ���
�

&21&/86,21�
,Q�RUGHU�WR�DQDO\]H�WKH�XWLOLW\�RI�WKH�FRXSOLQJ�PHWKRG��
WKLV� VWXG\� FRQGXFWHG� ILHOG� PHDVXUHPHQW� DQG�
FRPSDUHG� %(6� DQG� FRXSOHG� VLPXODWLRQ� UHVXOWV�� 'XH�
WR� FHUWDLQ�QDWXUDO� YHQWLODWLRQ� FRQGLWLRQV� WKDW�PDNH� LW�
LPSRVVLEOH� IRU� %(6� WR� SHUIRUP� DQ� DFFXUDWH�
FDOFXODWLRQ� RI� DLUIORZ� UDWHV�� WKH� UHVXOWV� ZHUH�
FRPSDUHG�ZLWK�WKH�DLUIORZ�UDWH�WDNHQ�LQWR�DFFRXQW�DV�
DQ�LPSRUWDQW�IDFWRU��7KH�FRQFOXVLRQV�DUH�VWDWHG�LQ�WKH�
IROORZLQJ��
�� :LWK� %(6� LW� LV� GLIILFXOW� WR� DFFXUDWHO\� DVVHVV�

QDWXUDO� YHQWLODWLRQ� SHUIRUPDQFH�� 7KHUHIRUH��
FRXSOHG� VLPXODWLRQ� LV� QHHGHG� WR� FDOFXODWH� WKH�
LQGRRU� WKHUPDO� HQYLURQPHQW� XQGHU� QDWXUDO�
YHQWLODWLRQ�FRQGLWLRQV��

�� ,W� LV� GLIILFXOW� WR� DVVHVV� DLUIORZ� UDWHV� ZLWK� %(6�
ZKHQ� WKH� EXLOGLQJ� RULHQWDWLRQ� LV� SDUDOOHO� WR� WKH�
PDLQ�ZLQG�GLUHFWLRQ��

�� 8QGHU� WKH� FRQGLWLRQ� ZLWK� KLJKHU� DLUIORZ� UDWHV��
VLQFH�KHDW�WUDQVIHU�GXH�WR�YHQWLODWLRQ�LV�JUHDW��WKH�
FRQYHFWLYH� KHDW� WUDQVIHU� FRHIILFLHQW� GRHV� QRW�
KDYH�D�VLJQLILFDQW�LQIOXHQFH��
�

120(1&/$785(�
q = KHDW�WUDQVIHU 

Q = +HDW�ORDG�

A = $UHD�RI�VXUIDFH�

V = 9ROXPH�

C = VSHFLILF�KHDW�

T = 7HPSHUDWXUH�

h = KHDW�WUDQVIHU�FRHIILFLHQW�

m = PDVV�IORZ�UDWH�

𝜌 = GHQVLW\�

P = 3UHVVXUH�

𝜇 = DLU�YLVFRVLW\�

z = KHLJKW�

�
Subscripts, superscripts and indices 
c = FRQYHFWLRQ 

i = LQGH[�RI�WKH�]RQHV�RU�VXUIDFHV�

vent = YHQWLODWLRQ�
 

$&.12:/('*(0(17�
7KLV�UHVHDUFK�ZDV�VXSSRUWHG�E\�D�JUDQW�����+LJK�WHFK�
8UEDQ� *���� IURP� +LJK�WHFK� 8UEDQ� 'HYHORSPHQW�
3URJUDP� IXQGHG�E\� WKH�0LQLVWU\�RI�/DQG��7UDQVSRUW�
DQG�0DULWLPH�$IIDLUV�RI�.RUHDQ�JRYHUQPHQW�
�
7KLV� ZRUN� ZDV� VXSSRUWHG� E\� WKH� 1DWLRQDO� 5HVHDUFK�
)RXQGDWLRQ� RI� .RUHD�15)�� JUDQW� IXQGHG� E\� WKH�
.RUHD�JRYHUQPHQW�0(67���1R���������������
�

5()(5(1&(6�
%&97%�� -XO\� ���� ������ %XLOGLQJ� &RQWUROV� 9LUWXDO�

7HVW� %HG�� /DZUHQFH� %HUNHOH\� 1DWLRQDO�
/DERUDWRU\��

&ODUNH��-��$��DQG�'��7DQJ��������$Q��,QYHVWLJDWLRQ�RI�
WKH� )XQFWLRQDO� &RQIODWLRQ� RI� %XLOGLQJ� (QHUJ\�
6LPXODWLRQ�DQG��&RPSXWDWLRQDO�)OXLG�'\QDPLFV��
8QLYHUVLW\�RI�6WUDWKFO\GH��

'MXQDHG\�� (��� -�� /�� 0�� +HQVHQ�� DQG� 0�� *�� /�� &��
/RRPDQV�� ������ 7RZDUG� H[WHUQDO� FRXSOLQJ� RI�
EXLOGLQJ�HQHUJ\�DQG�DLUIORZ�PRGHOLQJ�SURJUDPV��
3DJHV����������.DQVDV�&LW\��02��

)DQ�� <�� DQG� .�� ,WR�� ������ (QHUJ\� FRQVXPSWLRQ�
DQDO\VLV� LQWHQGHG� IRU� UHDO� RIILFH� VSDFH� ZLWK�
HQHUJ\� UHFRYHU\� YHQWLODWRU� E\� LQWHJUDWLQJ� %(6�
DQG�&)'�DSSURDFKHV��%XLOGLQJ�DQG�(QYLURQPHQW�
����������

1HJUmR��&��2��5��������,QWHJUDWLRQ�RI�FRPSXWDWLRQDO�
IOXLG� G\QDPLFV� ZLWK� EXLOGLQJ� WKHUPDO� DQG� PDVV�
IORZ� VLPXODWLRQ�� (QHUJ\� DQG� %XLOGLQJV� �������
�����

7DQ��*�� DQG� /�� 5��*OLFNVPDQ�� ������$SSOLFDWLRQ� RI�
LQWHJUDWLQJ� PXOWL�]RQH� PRGHO� ZLWK� &)'�
VLPXODWLRQ� WR� QDWXUDO� YHQWLODWLRQ� SUHGLFWLRQ��
(QHUJ\�DQG�%XLOGLQJV���������������

:DQJ�� /�� DQG� 1�� +�� :RQJ�� ������ &RXSOHG�
VLPXODWLRQV� IRU� QDWXUDOO\� YHQWLODWHG� UHVLGHQWLDO�
EXLOGLQJV�� $XWRPDWLRQ� LQ� &RQVWUXFWLRQ� �������
�����

:DQJ�� /�� DQG� 1�� +�� :RQJ�� ������ &RXSOHG�
VLPXODWLRQV� IRU� QDWXUDOO\� YHQWLODWHG� URRPV�
EHWZHHQ� EXLOGLQJ� VLPXODWLRQ� �%6�� DQG�
FRPSXWDWLRQDO� IOXLG� G\QDPLFV� �&)'�� IRU� EHWWHU�
SUHGLFWLRQ� RI� LQGRRU� WKHUPDO� HQYLURQPHQW��
%XLOGLQJ�DQG�(QYLURQPHQW������������

=KDL��=��DQG�4��&KHQ��������1XPHULFDO�GHWHUPLQDWLRQ�
DQG� WUHDWPHQW� RI� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW� LQ� WKH� FRXSOHG� EXLOGLQJ� HQHUJ\� DQG�
&)'� VLPXODWLRQ�� %XLOGLQJ� DQG� (QYLURQPHQW�
��������������

=KDL��=���4��&KHQ��3��+DYHV��DQG�-��+��.OHPV��������
2Q�DSSURDFKHV� WR� FRXSOH� HQHUJ\� VLPXODWLRQ� DQG�
FRPSXWDWLRQDO� IOXLG� G\QDPLFV� SURJUDPV��
%XLOGLQJ�DQG�(QYLURQPHQW�������������
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=KDL��=���4��&KHQ��-��+��.OHPV��DQG�3��+DYHV��������
6WUDWHJLHV� IRU� FRXSOLQJ� HQHUJ\� VLPXODWLRQ� DQG�
FRPSXWDWLRQDO� IOXLG� G\QDPLFV� SURJUDPV�LQ�
3URFHHGLQJV� RI� �WK� ,%36$� &RQIHUHQFH�� 5LR� GH�
-DQHLUR��%UD]LO��

=KDL�� =�� -�� DQG� 4�� <�� &KHQ�� ������ 3HUIRUPDQFH� RI�
FRXSOHG� EXLOGLQJ� HQHUJ\� DQG� &)'� VLPXODWLRQV��
(QHUJ\�DQG�%XLOGLQJV�������������

�
�
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