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DUHD��VHPL�DULG�UHJLRQ���FKDUDFWHUL]HG�E\��KLJK�OHYHOV�
RI� GLUHFW� VRODU� UDGLDWLRQ�� +DUPDWWDQ� GXVW� EORZLQJ�
IURP� WKH� QRUWKHDVW� � 6DKDUD� GHVHUW�� DQG� PRVTXLWRHV��
KDYH� PDGH� WKH� VWUDWHJLHV¶� WR� DFKLHYH� DFFHSWDEOH�
LQGRRU�DLU�TXDOLW\�GLIILFXOW���
5HVXOWV� LQGLFDWH� WKDW� ���RSHQLQJ� DUHD� LQ� UHODWLRQ� WR�
WKH� VSDFH� IORRU� DUHD� LV� UHTXLUHG� WR� DFKLHYH� WKH�
DFFHSWDEOH�YHQWLODWLRQ�UDWH�LQ�KRVSLWDO�ZDUGV� 
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VRXUFHV� RI� FRQWDPLQDQWV� LQ� KRVSLWDOV�� LQFOXGLQJ�
EXLOGLQJ�PDWHULDOV��XWLOLW\�FKHPLFDOV��H[WHUQDO�VRXUFHV�
DQG� SDWLHQWV� WKHPVHOYHV�� 7KH� H[WHUQDO� VRXUFH� RI�
SROOXWDQWV� LQ� VHPL�DULG� FOLPDWHV� LQFOXGHV� +DUPDWWDQ�
GXVW�DQG�PRVTXLWR�LQVHFWV��ZKLFK�PDNHV�LW�GLIILFXOW�WR�
DFKLHYH� HIIHFWLYH� QDWXUDO� YHQWLODWLRQV�� 0RUHRYHU��
QDWXUDO� YHQWLODWLRQ� DV� D� SDVVLYH� DQG� QRQ�HQHUJ\�

FRQVXPLQJ� VWUDWHJ\� LV� UHOHYDQW� WR� WKH� SUHYDOHQW�
HQHUJ\�VKRUWDJH�LQ�1LJHULD���

,Q�1LJHULD��WKH�HOHFWULFLW\�GHPDQG�H[FHHGV�WKH�VXSSO\��
DQG� HYHQ� WKH� VXSSO\� UHPDLQV� XQUHOLDEOH� �6DPER��
�������7KH� WRWDO� JULG� LQVWDOOHG� FDSDFLW\� SURGXFHG�E\�
1LJHULDQ� SRZHU� VWDWLRQV� ZDV� ������ 0:� ZLWK� RQO\�
������0:�DYDLODEOH�DV�DW�'HFHPEHU�������PHDQLQJ�
WKH� DYDLODEOH� SRZHU� VXSSO\� LV� OHVV� WKDQ� ���� RI� WKH�
WRWDO� LQVWDOOHG� FDSDFLW\� �(PRYRQ�� HW� DO�� �������
0RUHRYHU�� $FFRUGLQJ� WR� WKH� ����� ,QWHUQDWLRQDO�
(QHUJ\�$JHQF\��,($��UHFRUGV��WKH�HOHFWULILFDWLRQ�UDWH�
IRU� WKH�ZKROH�FRXQWU\�ZDV�DERXW����� WR������ WKXV��
GHSULYLQJ�DSSUR[LPDWHO\����PLOOLRQ�SHRSOH�DFFHVV�WR�
HOHFWULFLW\� �(,$���������$FFRUGLQJ� WR� D�:RUOG�%DQN�
UHSRUW�� WKH� \HDUO\� �����±������ DYHUDJH� SRZHU�
RXWDJHV�H[SHULHQFHG� LQ�1LJHULD�ZDV����GD\V��DQG�DQ�
RXWDJH�ODVW�IRU�DERXW���KRXUV�RQ�DYHUDJH�� ,Q�DGGLWLRQ�
WR� SUREOHPV� VXFK� DV� LQVXIILFLHQW� PDLQWHQDQFH��
LQDGHTXDWH� IHHGVWRFN� DQG� LQVXIILFLHQW� WUDQVPLVVLRQ�
QHWZRUN�� KLJK� SRSXODWLRQ� JURZWK� FRPELQHG� ZLWK�
XQGHULQYHVWPHQW� LQ� WKH� HOHFWULFLW\� VHFWRU� KDYH� DOVR�
UHVXOWHG� LQ� LQFUHDVHG� SRZHU� GHPDQG� ZLWKRXW� DQ\�
VXEVWDQWLDO�JURZWK�LQ�SURGXFWLRQ��(,$����������
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'XH� WR� WKH� GLVSDULW\� LQ� FOLPDWLF� DQG� ZHDWKHU�
FRQGLWLRQV�� WKH� HQYLURQPHQWDO� SDUDPHWHUV� IRU�
EXLOGLQJ�GHVLJQ�IRU�WURSLFDO�FRXQWULHV�VXFK�DV�1LJHULD�
DUH� TXLWH� FRQWUDU\� ZLWK� WHPSHUDWH� UHJLRQV�� &OLPDWH�
UHIHUHQFHV�DUH�UHTXLUHG�IRU�WKH�GHVLJQ�RI�EXLOGLQJV�LQ�
VHPL�DULG� FOLPDWHV� WR� DFKLHYH� DFFHSWDEOH� LQGRRU� DLU�
TXDOLW\� DQG� WKHUPDO� FRPIRUW�� 7KHUHIRUH�� WR�
DFFRPSOLVK� LQGRRU� DLU� TXDOLW\� DQG� WKHUPDO� FRPIRUW�
UHTXLUHPHQWV� ZLWK� WKH� SUHVHQFH� RI� PRVTXLWRHV� DQG�
+DUPDWWDQ� GXVW� LQ� KRVSLWDO� ZDUGV�� WKH� FOLPDWLF�
SDUDPHWHUV� KDYH� WR� EH� FRQVLGHUHG� ULJKW� IURP� WKH�
GHVLJQ� VWDJH�� 7KUHH� PDMRU� SDUDPHWHUV� VKRXOG� EH�
FRQVLGHUHG�ZKHQ�GHVLJQLQJ� IRU�QDWXUDO�YHQWLODWLRQ� LQ�
VHPL�DULG� FOLPDWHV� LQFOXGLQJ� +DUPDWWDQ� GXVW��
0RVTXLWRHV�DQG�KLJK�DPELHQW�WHPSHUDWXUHV���

+DUPDWWDQ� LV� D� IXJLWLYH� GXVW� RULJLQDWLQJ� IURP� WKH�
)D\D�/DUJHDX�DUHD�LQ�WKH�&KDG�EDVLQ�DQG�WUDQVSRUWHG�
E\� GU\� 1RUWK�(DVW� WUDGH� ZLQG� WKDW� XVXDOO\� EORZV�
DFURVV� 1LJHULD� EHWZHHQ� 1RYHPEHU� DQG� 0DUFK�
DQQXDOO\� DQG� GLPLQLVKLQJ� VRXWKZDUGV�� 7KH�
FRQVHTXHQFHV�RI� WKLV�GXVW�DUH�KLJKHU� LQ� WKH�1LJHULDQ�

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 1827 -

mailto:a.m.mohammed@ncl.ac.uk
mailto:steven.dudek@ncl.ac.uk
mailto:neveen.hamza@ncl.ac.uk


VHPL�DULG� FOLPDWLF� ]RQH� EHLQJ� VLWXDWHG� LQ� WKH�
1RUWKHUQ� ERDUGHUV� RI� WKH� FRXQWU\�� 7KH� UHODWLRQVKLS�
EHWZHHQ�GXVW�SDUWLFOHV�FRQFHQWUDWLRQ�DQG�LWV�HIIHFW�RQ�
KXPDQ�KHDOWK� LV�HVWDEOLVKHG�LQ�OLWHUDWXUH��SDUWLFXODUO\�
OLQNLQJ� FDUGLRYDVFXODU� DQG� UHVSLUDWRU\� GLVHDVHV� WR�
'XVW�RXWEUHDNV��.ZRQ�HW�DO��������&KHQ�HW�DO��������
0HQJ� DQG� /X�� ������� 7KH� GXVW� SDUWLFOHV� VL]H� YDULHV�
ZLWK� ORFDWLRQ�� GHSHQGLQJ� RQ� WKH� SUR[LPLW\� RI� WKH�
FROOHFWLRQ� FHQWHU� IURP� WKH� GXVW� RULJLQ� LQ� WKH� 6DKDUD�
GHVHUW�� � 7KH� DPRXQW� FROOHFWHG� DOVR� YDULHV�
VLJQLILFDQWO\� IURP� \HDU� WR� \HDU� ZLWK� SDUWLFOH�VL]H�
EHFRPLQJ�ILQHU�WRZDUGV�WKH�VRXWK�ZLWK�DQ�LQFUHDVLQJ�
DPRXQW�LQ�RUJDQLF�PDWWHU��7KH�GXVW�PHGLDQ�GLDPHWHU�
ZDV�PHDVXUHG�WR�EH�VOLJKWO\�DERYH�����P�FORVH�WR�WKH�
HSLFHQWHU�DQG����P�DW�WKH�SHULPHWHU�RI�WKH�GXVW�]RQH��
ZLWK�RUJDQLF�FDUERQ�FRQWHQW�RI����DQG��������LQ�WKH�
1RUWK�DQG�6RXWK�RI�1LJHULD�UHVSHFWLYHO\��$ZDG]L�DQG�
%UHXQLQJ�0DGVHQ�� �������0RUHRYHU�� WKH�PHDQ� VL]HV�
RI� GXVW� VDPSOHV� FROOHFWHG� LQ� 1LJHULD� IRU� WZR�
+DUPDWWDQ� VHDVRQV� DUH� ����P� DQG� ���� �P��
UHVSHFWLYHO\� �&KLQHNH� DQG� &KLHPHND� ��������
+RZHYHU�� WKH� HOHPHQWDO� FRPSRVLWLRQ� RI� +DUPDWWDQ�
GXVW� LQ� 1LJHULD� ZDV� PHDVXUHG� XVLQJ� QHXWURQ�
DFWLYDWLRQ�DQDO\VLV�WR�GHWHUPLQH�WKH�FRQFHQWUDWLRQV�RI�
��� HOHPHQWV�� ZLWK� LURQ� �)H��� DOXPLQXP� �$O��� DQG�
SRWDVVLXP��N��EHLQJ�DPRQJ�WKH�KLJKHVW�DW����PJ�J����
����PJ�J����DQG����PJ�J���� UHVSHFWLYHO\��$GHSHWX�HW�
DO���������

0RVTXLWRHV� DUH� FROG�EORRGHG� LQVHFWV� WKDW� KDYH� WKH�
VDPH� ERG\� WHPSHUDWXUH� DV� � WKH� VXUURXQGLQJ�
HQYLURQPHQW�� 7KHUH� DUH� RQO\� WKUHH� VSHFLHV� RXW� RI�
PRUH� WKDQ� ������ VSHFLHV� RI� PRVTXLWRHV� WKDW� DUH�
ODUJHO\� UHVSRQVLEOH� IRU� WKH� VSUHDG� RI� KXPDQ�
LQIHFWLRQV� LQFOXGLQJ�� $QRSKHOHV�� &XOH[� DQG� $HGHV��
7KH� $QRSKHOHV� PRVTXLWRHV� DUH� IRXQG� LQ� WKH� VWXG\�
DUHD� �0DLGXJXUL�� 1LJHULD��� DQG� DUH� WKH� RQO\� VSHFLHV�
NQRZQ�IRU�WUDQVPLWWLQJ�WKH�PDODULD�SDUDVLWH��1DWLRQDO�
*HRJUDSKLF�� ������� 7KH� DYHUDJH� OLIHVSDQ� RI� D�
0RVTXLWR� LV� IURP� �� ZHHNV� WR� �� PRQWKV� DQG� LWV�
DYHUDJH� VL]H� LV� ���� WR��� FP��ZLWK� DYHUDJH�ZHLJKW� RI�
���� PJ�� �1DWLRQDO� *HRJUDSKLF�� ������� +DELWXDOO\��
0RVTXLWRHV�FDQQRW� VXUYLYH�RXWVLGH� WKH� UDLQ\� VHDVRQ��
ZKLFK�LV�EHWZHHQ�-XQH�DQG�6HSWHPEHU��EXW�GXH�WR�WKH�
ODFN� RI� SURSHU� VHZDJH� DQG� GUDLQDJH� V\VWHPV� LQ� WKH�
VWXG\�DUHD��PRVTXLWRHV�FRXOG�EH�IRXQG�WKURXJKRXW�WKH�
\HDU�� ,Q� WURSLFDO� FRXQWULHV� ZKHUH� WKH� FDVHV� RI�
LQIHFWLRQV�IURP�PRVTXLWRHV�DQG�RWKHU�LQVHFW�ELWHV�DUH�
SUHYDOHQW�� ZLUH� JDX]H� LQVHFW� QHWWLQJ� V\VWHPV� DUH�
HPSOR\HG��+RZHYHU�� WKH� LQVWDOODWLRQ� RI� VXFK� QHWWLQJ�
PDWHULDOV�ZLOO�UHVXOW�LQ�UHVLVWDQFH�WR�WKH�GLUHFW�DLUIORZ�
LQ�DQG�RXW�RI� WKH� LQGRRU� VSDFHV� WKURXJK� WKH�DIIHFWHG�
RSHQLQJV�WKHUHE\��UHVXOWLQJ�LQ�LQVXIILFLHQW�YHQWLODWLRQ�
UDWHV���

7KH� FRQVLGHUDWLRQ� RI� KLJK� RXWGRRU� DLU� WHPSHUDWXUHV�
WKDW� H[FHHG� KXPDQ� FRPIRUW� WKUHVKROGV� FUHDWHV� D�
FKDOOHQJH� LQ� GHVLJQLQJ� QDWXUDO� YHQWLODWLRQ� VWUDWHJLHV�
IRU�DFFHSWDEOH�WKHUPDO�FRPIRUW�LQ�VHPL�DULG�FOLPDWHV��
,Q� WKH� GU\� VHDVRQ� WKH� WHPSHUDWXUH� LQ� 0DLGXJXUL�

�6WXG\� DUHD�� SHDNV� ZLWK� ZLGH� GLXUQDO� DQG� DQQXDO�
UDQJHV� RI� GU\� EXOE� WHPSHUDWXUHV�� ZLWK� WKH� KRWWHVW�
PRQWKV� RI� $SULO�� 0D\� DQG� -XQH�� 'U\� EXOE�
WHPSHUDWXUHV�FDQ�H[FHHG���R&�EXW�IDOOV�WR�D�PHDQ�RI�
��R&�RU���R&�ZLWK� WKH� VWDUW�RI� WKH�UDLQIDOO� �0D[ORFN�
*URXS�1LJHULD����������

6LQFH�� WKH� WKHUPDO� FRPIRUW� DQG� KXPDQ� SUHIHUHQFHV�
DUH� UHODWHG� WR� DFFOLPDWLVDWLRQ� WR� ORFDO� FRQGLWLRQV� WKH�
QHXWUDOLW\� WHPSHUDWXUH�RI� WKH� VWXG\�DUHD� �0DLGXJXUL��
KDV� EHHQ� HVWLPDWHG� XVLQJ� WKH� RXWGRRU� DYHUDJH�
DPELHQFH�WHPSHUDWXUH�XVLQJ�WKH�IRUPXOD�7Q� ��������
����7RDY� �6]RNROD\�� ������� 7KH� WKHUPDO� QHXWUDOLW\�
WHPSHUDWXUH�RI�0DLGXJXUL�LV�IRXQG�WR�EH�����R&��DQG�
FRQVLGHULQJ� D� WHPSHUDWXUH� EDQG� RI� ����� DV�
UHFRPPHQGHG�LQ�6]RNROD\��6��9����������WKH�WKHUPDO�
FRPIRUW� ]RQH� ZLOO� IDOO� EHWZHHQ� ����R&� DQG� ����R&��
)LJXUH���LOOXVWUDWHV�WKH�DQQXDO�DPELHQW�WHPSHUDWXUH�LQ�
WKH�VWXG\�DUHD�LQ�UHODWLRQ�WR�WKH�QHXWUDOLW\�WHPSHUDWXUH�
UDQJH�� � �7KH� � DPELHQW� DYHUDJH� WHPSHUDWXUHV� WKDW� DUH�
ZLWKLQ� WKH� FRPIRUW� ]RQH� LQFOXGHV� )HEUXDU\�� $XJXVW�
DQG�1RYHPEHU��ZKLOH�WKH�UHPDLQLQJ�QLQH�PRQWKV�DUH�
RXW�RI�WKH�FRPIRUW�WHPSHUDWXUH�]RQH���

�
Figure 1: Total Average Ambience Temperature of the 
Study Area in Relation to Neutrality Temperature Zone 

,1'225�$,5�48$/,7<�$1'�
1$785$/�9(17,/$7,21�,1�
+263,7$/�:$5'6��
7KH�TXDOLW\�RI�LQGRRU�DLU�GLFWDWHV�WKH�KHDOWK�VWDWXV�RI�
D� VSDFH� DQG� LWV� RFFXSDQWV�� DV� IUHVK� DLU� TXDOLW\� LV�
FULWLFDO� IRU� KHDOWK\� LQGRRU� HQYLURQPHQW��3RRU� LQGRRU�
HQYLURQPHQWDO� TXDOLWLHV� DUH� UHVSRQVLEOH� IRU� PDQ\�
KHDOWK� SUREOHPV� GXH� WR� FRQWDPLQDQWV� FRQFHQWUDWLRQ�
LQFOXGLQJ� DOOHUJLHV�� H\H� LUULWDWLRQV�� DQG� UHVSLUDWRU\�
SUREOHPV��<DX��HW�DO���������7KHVH�FRQWDPLQDQWV�DUH�
YHU\� GLIILFXOW� WR� SUHGLFW� DV� WKH\� JHQHUDWH� IURP� ERWK�
LQGRRU� DQG� RXWGRRU� VRXUFHV�� DQG� FRQWDLQ� GLIIHUHQW�
W\SHV�RI�VXEVWDQFHV��+REGD\��5����������
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1DWXUDO�YHQWLODWLRQ�LV�XVXDOO\�GULYHQ�E\�QDWXUDO�IRUFHV�
VXFK� DV� ZLQG�� WKHUPDO� EXR\DQF\� IRUFH� RZLQJ� WR�
YDULDWLRQV� LQ� LQGRRU� DQG� RXWGRRU� DLU� GHQVLW\�� ZKLFK�
IRUFH�LQ�IUHVK�DLU�IURP�RXWVLGH�WKURXJK�FXVWRP�PDGH�
EXLOGLQJ� HQYHORSH� RSHQLQJV� �$WNLQVRQ�� ������� ,W�
UHOLHV� RQ� WKH� SUHVVXUH� GLIIHUHQFHV� FDXVHG� E\� HLWKHU�
ZLQG� RU� WKH� EXR\DQF\� HIIHFW� FUHDWHG� E\� WHPSHUDWXUH�
RU� KXPLGLW\� GLIIHUHQFH� WR� PRYH� IUHVK� DLU� WKURXJK�
EXLOGLQJV��7KH�XVH�RI�QDWXUDO�YHQWLODWLRQ�LQ�EXLOGLQJV�
EHFRPHV� DQ� LQFUHDVLQJO\� DWWUDFWLYH�PHDQV� RI� FXWWLQJ�
HQHUJ\� FRVW� DQG� DFKLHYLQJ� DFFHSWDEOH� TXDOLW\� RI�
LQGRRU� HQYLURQPHQW�� GXH� WR� WKH� LPSURYHPHQW�RQ� WKH�
FRVW� DQG� HQYLURQPHQWDO� FRQVHTXHQFHV� RI� HQHUJ\�
XWLOL]DWLRQ� �:DONHU�� ������� +RZHYHU�� WKH�
SHUIRUPDQFH�DQG�FRQGLWLRQ�RI�YHQWLODWLRQ�LQ�KRVSLWDOV�
KDYH�JUHDW�LPSDFW�RQ�WKH�SHUFHLYHG�LQGRRU�DLU�TXDOLW\�
�+HOODJUHQ��8��HW�DO����������

7KH�DFKLHYHPHQW�RI�DFFHSWDEOH�LQGRRU�DLU�TXDOLW\�DQG�
WKHUPDO�FRPIRUW�SDVVLYHO\��ZKLOH�H[FOXGLQJ�XQZDQWHG�
SDUDPHWHUV�VXFK�DV�PRVTXLWRHV�DQG�+DUPDWWDQ�GXVW�LQ�
WKH�VHPL�DULG�FOLPDWHV�LV�D�GLIILFXOW�WDVN�WKDW�UHTXLUHV�
D�KROLVWLF�DSSURDFK��7KH�H[FOXVLRQ�RI�WKHVH�XQZDQWHG�
SDUDPHWHUV�DUH�HDV\�WR�UHDOL]H�ZKHQ�XVLQJ�PHFKDQLFDO�
PHDQV�IRU�YHQWLODWLRQ��DV��WKH�QHHG�IRU�RSHQLQJ�ODUJH�
YHQWLODWRUV�WR�WKH�RXWVLGH�LV�QRW�UHTXLUHG��5HJUHWWDEO\��
WKHUH�LV�LQVXIILFLHQW�HQHUJ\�LQ�WKH�VWXG\�DUHD�WR�FDWHU�
IRU� VXFK�GHPDQGV��7KHUHIRUH�� WKHUH� LV� D� VDOLHQW� QHHG�
WR�H[SORUH� WKH�SRVVLELOLW\�RI� XVLQJ�QDWXUDO�PHDQV� IRU�
DFKLHYLQJ� DFFHSWDEOH� LQGRRU� DLU� TXDOLW\� DQG� WKHUPDO�
FRPIRUW��

&$6(�678'<��
Description of the Studied Hospital Wards  

$�PXOWL�EHG�KRVSLWDO�ZDUG�DW�WKH�8PDUX�6KHKX�8OWUD�
0RGHUQ� +RVSLWDO� 0DLGXJXUL� �868+0�� ZDV� FKRVHQ�

IRU� WKH� SXUSRVH� RI� WKLV� VWXG\�� ,W� LV� D� VLQJOH� VWRUH\�
EXLOGLQJ� VXUURXQGHG� E\� RWKHU� EXLOGLQJV� DQG�
YHJHWDWLRQ�� 7KH� UHFWDQJXODU� VKDSH�ZDUG�ZLWK�1RUWK�
VRXWK�RULHQWDWLRQ�KDV�IORRU�DUHD�RI�������P��DQG�IORRU�
WR� FHLOLQJ� KHLJKW� RI� ���� P�� ,W� KDV� FDSDELOLW\� RI�
DFFRPPRGDWLQJ� ��� EHGV�� 7KH� ZDUG� KDV� HLJKW� LQVHFW�
VFUHHQ� LQVWDOOHG� VOLGLQJ� ZLQGRZV� RI� ���� P� [� ���� P�
VL]H�DV�VKRZQ�LQ�)LJXUH����

The Full Scale Measurement Description 
$� GHWDLOHG� IXOO�VFDOH� PHDVXUHPHQW� RI� DQ� H[LVWLQJ�
KRVSLWDO�PXOWL�EHG�ZDUG�ZDV� FRQGXFWHG� LQ� WKH� VHPL�
DULG� FOLPDWH� RI� 1LJHULD� �0DLGXJXUL��� 7KH�
PHDVXUHPHQW� ZDV� FDUULHG� RXW� XVLQJ� WUDFHU� GHFD\�
WHFKQLTXHV� ZLWK� &2�� DV� WKH� WUDFHU� JDV�� 7KH� UHVXOWV�
REWDLQHG� IURP� WKHVH� PHDVXUHPHQWV� ZHUH� XVHG� WR�
HVWLPDWH� WKH� DLU� FKDQJH� UDWHV� RI� WKH� KRVSLWDOV� ZDUGV�
XVLQJ�WKH�PDWKHPDWLFDO�H[SUHVVLRQ�LQ�HTXDWLRQ�����

�������������������������������������
:KHUH 
1� �$LU�&KDQJH�5DWH��
&� �7UDFHU�*DV�&RQFHQWUDWLRQ�LQ�5RRPV�
Ĳ� �7LPH��K��

7KH� UHVXOWV� IURP� WKH� IXOO�VFDOH� PHDVXUHPHQW� ZHUH�
FRPSDUHG�ZLWK�VLPXODWLRQ�DQG�WKH�HUURU�ZDV�IRXQG�WR�
EH�DERXW������7KHVH�HUURUV�DUH�GXH� WR�PDQ\� IDFWRUV�
LQFOXGLQJ� FOLPDWLF� FRQVLGHUDWLRQV� VXFK� DV� ZLQG�
GLUHFWLRQ��WHPSHUDWXUH��UHODWLYH�KXPLGLW\�DQG�EXLOGLQJ�
RULHQWDWLRQ�� 0RUHRYHU�� WKH� H[LVWLQJ� RI� FUDFNV� DQG�
JDSV�LQ�WKH�EXLOGLQJ�DOVR�DIIHFWV�DLUIORZ�UDWHV���

�

�
Figure 2: The Plan of the Studied Multi-bed Ward 
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The Multi-bed Ward Simulation 

7KH�VLPXODWLRQ�ZDV�FDUULHG�RXW� XVLQJ�D� VWDWH�RI�WKH�
DUW� &)'� VRIWZDUH� )OXHQW�� 7KH� �'� VWHDG\� 5$16�
HTXDWLRQV�ZHUH� VROYHG� WRJHWKHU�ZLWK� VWUHVV� WUDQVSRUW�
UHDOL]DEOH� k-� WXUEXOHQFH� PRGHO�� DQG� 6,03/(�
DOJRULWKP� ZHUH� DSSOLHG� IRU� SUHVVXUH� YHORFLW\�
FRXSOLQJ��6HFRQG�RUGHU�ZHUH�XVHG� IRU�ERWK�SUHVVXUH�
LQWHUSRODWLRQ� DQG� GLVFUHWLVDWLRQ� VFKHPHV�� � $�
FRPSXWDWLRQDO�GRPDLQ�RI�GLPHQVLRQ������P�[������P�
[� ����� P� �O� [� Z� [� K�� ZDV� XVHG� DFFRUGLQJ� WR� WKH�
JXLGHOLQH� VXJJHVWHG� E\� )UDQNH� HW� DO�� ������� DQG�
7RPLQDJD�HW�DO���������� LQ�ZKLFK�PLQLPXP�GLVWDQFH�
RI���WLPHV�WKH�EXLOGLQJ�KHLJKW�DUH�VSHFLILHG�WR�DYRLG�
GRPDLQ�VL]H�LQWHUIHUHQFH�RQ�WKH�QXPHULFDO�VLPXODWLRQ�
UHVXOWV��6LPXODWLRQ�FRQYHUJHQFH�ZHUH�DFKLHYHG�ZKHQ�
WKH�VFDOHG�UHVLGXDOV�UHDFKHG�WKH�OLPLWV�RI������IRU�[��\��
DQG�]�PRPHQWXPV������� IRU�k-� �DQG�FRQWLQXLW\��7KH�
VFDOHG� UHVLGXDO� IRU� WKH� VLPXODWLRQ� LV� LOOXVWUDWHG� LQ�
)LJXUH�����

,Q�RUGHU�WR�HYDOXDWH�WKH�FKDUDFWHULVWLFV�RI�WKH�ZLQGRZ�
VFUHHQ� PDWHULDO� WR� GHWHUPLQH� WKHLU� SHUPHDELOLW\� .��
DQG� LQHUWLDO� IDFWRU� <�� WKH� FRUUHODWLRQ� GHULYHG� E\�
0LJXHO�HW�DO���������UHODWLQJ�WKH�VFUHHQ�SHUPHDELOLW\�
DQG�LQHUWLDO�IDFWRU�WR�WKH�SRURVLW\�KDV�EHHQ�DGRSWHG�DV�
VKRZQ�LQ�HTXDWLRQV���DQG���UHVSHFWLYHO\���

.� ������[�����Į���� �������������������������������������

<� �����[�����Į�����������������������������������������������������

:KHUH�Į�LV�WKH�VFUHHQ�SRURVLW\��

$�W\SLFDO�LQVHFW�VFUHHQ�RI�SRURVLW\������DQG�WKLFNQHVV�
����PP� ZDV� XVHG� IRU� WKH� FDOFXODWLRQ� RI� WKH� VFUHHQ�
SHUPHDELOLW\� DQG� LQHUWLDO� ORVV� IDFWRU�� 7KH� LQVHFW�
VFUHHQ� ZDV� VLPXODWHG� DV� D� SRURXV� MXPS� ERXQGDU\�
FRQGLWLRQ��7KH�DLU�FKDQJH�UDWHV��$&5��ZDV�HVWLPDWHG�
IRU�WZR�VFHQDULRV��ILUVW�ZLWK�LQVHFW�VFUHHQ�LQVWDOOHG�WR�
LPLWDWH�WKH�RULJLQDO�EXLOGLQJ�DQG�WKH�VHFRQG��ZLWKRXW�
WKH�LQVHFW�VFUHHQ��7KH�PRGHO�ZLWK�WKH�LQVHFW�VFUHHQ�LV�
WKH�UHSOLFDWLRQ�RI�WKH�H[LVWLQJ�ZDUGV�VLPXODWHG�IRU�WKH�
SXUSRVH� RI� YDOLGDWLRQ�� WKH� UHVXOW� VKRZV� WKDW�� WKH�
GLIIHUHQFH� LQ� $&5� EHWZHHQ� WKH� IXOO�VFDOH�
PHDVXUHPHQWV� ����� $&+��� DQG� WKH� VLPXODWLRQ� �����
$&+��LV�����$&+��ZKLFK�LV�DERXW������7KHVH�HUURUV�
DUH� SRVVLEO\� DFTXLUHG� IURP� WKH� IXOO�VFDOH�
PHDVXUHPHQW�� DV� UHVHDUFKHUV� KDYH� DJUHHG� ZLWK� WKH�
SRVVLELOLWLHV� RI� H[SHULHQFLQJ� HUURUV� LQ� WKLV� W\SH� RI�
PHDVXUHPHQWV��7KH�(UURUV�REWDLQDEOH�IURP�IXOO�VFDOH�
PHDVXUHPHQWV� FRXOG� EH� ODUJHU� WKDQ� ZHOO� FRQWUROOHG�
ZLQG� WXQQHO� WHVW� �(DVRP���������$FFRUGLQJ� WR�<DQJ�
�������� WKH� HUURU� UDQJH� REWDLQDEOH� ZLWK� IXOO�VFDOH�
PHDVXUHPHQW� FRXOG� UHDFK� ��� ±� ����� ZKLOH�
:LOOHPVHQ� DQG� :LVVH� ������� DIILUP� WKDW�� HUURUV�
LPSODQWHG� LQ� IXOO�VFDOH�PHDVXUHPHQWV� FDQ� H[WHQW� XS�
WR� ����� 7KHUHIRUH�� WKH� ���� HUURU� H[SHULHQFHG�
EHWZHHQ� WKH� IXOO�VFDOH� PHDVXUHPHQW� DQG� WKH�
VLPXODWLRQV� UHVXOWV� LQ� WKLV� VWXG\� LV� ZLWKLQ� WKH�

DFFHSWDEOH�HUURU�OLPLW�DQG�FRXOG�SRVVLEO\�EH�IURP�WKH�
IXOO�VFDOH�PHDVXUHPHQW���

0RUHRYHU�� WKH� PHDQ� $&5� LQ� WKH� ZDUG� ZLWKRXW� WKH�
LQVHFW� VFUHHQ� KDV� EHHQ� VLPXODWHG� DQG� IRXQG� WR� EH�
�����$&+��ZKLFK� LV� IDU� DERYH� WKH�$6+5$(¶V� WRWDO�
$&5�VSHFLILFDWLRQ�RI���$&+�LQ�KRVSLWDO�ZDUGV��7KH�
UHVXOW�FRPSDULQJ�WKH�IXOO�VFDOH�PHDVXUHPHQW�DQG�WKH�
VLPXODWLRQV� ZLWK� DQG� ZLWKRXW� VFUHHQV� LV� VKRZQ� LQ�
)LJXUH�����
�

�
Figure 3: Air Change Rates obtained for Full Scale 
Measurement and Simulation 

�
Figure 4: Scaled Residuals showing convergence history 

:LQG� LQGXFHG� FURVV� YHQWLODWLRQ� VWUDWHJLHV� ZLWK�
GLIIHUHQW� RSHQLQJ� DUHDV� ZHUH� WHVWHG� XVLQJ� UHIHUHQFH�
ZLQG� VSHHG�RI�����P�V� DW� ���P�DERYH�JURXQG� OHYHO��
7KH�ZLQG�VSHHG�GDWD�ZDV�FROOHFWHG�IURP�WKH�QHDUHVW�
PHWHRURORJLFDO�VWDWLRQ��7KH�SHUFHQWDJH�RI�RSHQLQJ�LQ�
UHODWLRQ� WR� WKH� ZDUG� IORRU� DUHD� UHTXLUHG� WR� SURYLGH�
DFFHSWDEOH� YHQWLODWLRQ� UDWH� WR� DFKLHYH� WKH� $6+5($�
VWDQGDUG� RI� �� $&+� �1LQRPXUD� DQG� %DUWOH\�� ������
KDV�EHHQ�VLPXODWHG�DQG�LGHQWLILHG�DV����DV�LOOXVWUDWHG�
LQ� )LJXUH� ��� 7KH� YDULDWLRQ� LQ� DYHUDJH� DLU� YHORFLW\�
ZLWK� RSHQLQJ� DUHD� ZLWKLQ� WKH� VLPXODWHG� VSDFH� LV�
VKRZQ�LQ�)LJXUH����,W�KDV�EHHQ�REVHUYHG�WKDW��WKH�DLU�
YHORFLW\�LQFUHDVHV�ZLWK�LQFUHDVH�LQ�RSHQLQJ�VL]H���
�
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Figure 5: Air change Rates of different cases Simulated 

Figure 6: Air velocity inside the wards of different cases 
Simulated 

7KH�LQVWDOODWLRQ�RI�LQVHFW�VFUHHQV�RQ�WKH�RSHQLQJV�RI�
WKH� PXOWL�EHG� ZDUG� WR� SUHYHQW� PRVTXLWRHV� LV�
UHVSRQVLEOH� IRU� DERXW� ���� UHGXFWLRQ� LQ� DLU� FKDQJH�
UDWH�� � � 6LQFH� WKH� DLU�FKDQJH� UDWH� PHDVXUHG� LQ� WKH�
ZDUGV� IRU� FDVHV� ZLWK� LQVHFW� VFUHHQV� DQG� ZLWKRXW�
VFUHHQ� LV� ���� $&+� DQG� ����� $&+� UHVSHFWLYHO\��
+HQFH��LI�DQRWKHU�VWUDWHJ\�IRU�H[FOXGLQJ�GXVW�LV�DGGHG�
WKH� DLU� FKDQJH� UDWH� ZLOO� GHFUHDVH� IXUWKHU�� OHDGLQJ� WR�
GLVFRPIRUW� ZLWKLQ� WKH� LQGRRU� HQYLURQPHQW�� 7KH�
DLUIORZ� SDWWHUQ� IRU� WKH� ZDUG� VLPXODWHG� ZLWK� DQG�
ZLWKRXW� LQVHFW� VFUHHQ� LV� VKRZQ� LQ� )LJXUH� ��� 7KH�
KRUL]RQWDO�SODQH�FXWWLQJ�DFURVV�WKH�ZDUG�DW�DERXW�����
P� DERYH� JURXQG� OHYHO� LOOXVWUDWHV� DLUIORZ� SDWWHUQ�
ZLWKLQ� WKH� ZDUG� HVSHFLDOO\� DW� WKH� LQOHWV� DQG� RXWOHWV��
7KH� SUHVHQFH� RI� LQVHFW� VFUHHQ� LQ� WKH� RSHQLQJV� LQ�
)LJXUH��E�UHVXOWHG�LQ�ORZHU�DLUIORZ�DW�ERWK�LQOHWV�DQG�
RXWOHWV� FRPSDUHG� WR� )LJXUH� �D�� ZKHUH� QR� VFUHHQ� LV�
XVHG��7KH�GLIIHUHQFH�LV�FOHDU�IURP�WKH�MHWV�OHQJWK�DQG�
VL]H�DW�WKH�LQOHWV�DQG�RXWOHWV���

)LJXUH� �� LOOXVWUDWHV� DQG� FRPSDUHV� DLUIORZ�SDWWHUQ� LQ�
WHUPV�RI�MHW�FKDUDFWHULVWLFV�EHWZHHQ��������DQG����
ZLQGRZ�RSHQLQJV� LQ� UHODWLRQ� WR� WKH�ZDUG� IORRU�DUHD��
7KH�GLIIHUHQFH�EHWZHHQ� WKH� WKUHH� VWUDWHJLHV� LQ� WHUPV�
RI�MHW�VL]H�DQG�OHQJWK�LV�PRUH�SURPLQHQW�LQ�WKH�RXWOHWV�
FRPSDUHG� WR� WKH� LQOHWV�� � 0RUHRYHU�� WKH� DLUIORZ�
FKDUDFWHULVWLFV�DFURVV� WKH� LQOHWV�DQG�RXWOHWV�RSHQLQJV�
LQ�WKH�ZDUG�IRU�WKUHH�GLIIHUHQW�RSHQLQJ�VL]HV�RI�����[�
����P������[����P��DQG�����[�����P��Z�[�K��KDV�EHHQ�
LOOXVWUDWHG�LQ�)LJXUH����7KH�MHW�DW� WKH�RSHQLQJV�LQ�DOO�
WKH� WKUHH� FDVHV� PRYHV� GRZQZDUG� GLUHFWLRQ� DQG� WKH�
GLIIHUHQFH� LQ� WKH� VL]H� DQG� OHQJWK� RI� WKH� MHW� LV� PRUH�
QRWLFHDEOH�LQ�WKH�RXWOHWV�FRPSDUHG�WR�WKH�LQOHWV��
�
�

�
Figure 7: Airflow characteristics of opening with and without screen 

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 1831 -



�
 

Figure 8: Airflow pattern in relation to different opening sizes on horizontal plane 
�

�
Figure 9: Airflow pattern and jet direction in relation to different opening sizes on vertical plane 

0(7+2'2/2*<�)25�6,08/$7,1*�
1$785$/�9(17,/$7,21�,1�
+263,7$/�:$5'6�
7KH� PHWKRGRORJ\� HPSOR\HG� WR� DFKLHYH� DFFHSWDEOH�
LQGRRU� DLU� TXDOLW\� LQ� KRVSLWDOV� RI� VHPL�DULG� FOLPDWHV�
LQGLFDWH� WKH� GLIILFXOW\� RI� DFKLHYLQJ� HIILFLHQW� QDWXUDO�
YHQWLODWLRQ�� :KHQ� IDFWRUV� OLNH� PRVTXLWRHV� DQG�
+DUPDWWDQ� GXVW� DUH� SUHYHQWHG� WKURXJK� LQVHFW� ILOWHUV�
DQG� GXVW� VHSDUDWLRQ� WHFKQLTXHV�� WKH� FRQVHTXHQFHV�
ZLOO� OHDG� WR� WKH� UHGXFWLRQ� LQ� YHQWLODWLRQ� DQG� DLU�

FKDQJH� UDWHV�� 7KHQ�� WKH� TXHVWLRQ� UHPDLQV�� ZKDW�
RSHQLQJ�VSDFH�LV�UHTXLUHG�WR�PDNH�XS�IRU�WKH�SUHVVXUH�
GURSV� GXH� WR� LQVHFW� QHWV� DQG� GXVW� ILOWHUV"� 7KLV�
RSHQLQJ�DUHD�LV�HVWDEOLVKHG�WR�EH����RI�WKH�EXLOGLQJ�
IORRU� DUHD� �VHH� )LJXUH� ����+RZHYHU�� WKLV� DUHD�PLJKW�
FKDQJH� ZKHQ� VLPXODWHG� ZLWK� KLJKHU� RU� ORZHU� ZLQG�
VSHHG� WKDQ� WKH� RQH� XVHG� LQ� WKLV� VWXG\�� 7KH�
PHWKRGRORJLFDO� IUDPHZRUN� WR� DFKLHYH� DFFHSWDEOH�
LQGRRU� DLU� TXDOLW\� DQG� WKHUPDO� FRPIRUW� WKURXJK�
1DWXUDO� YHQWLODWLRQ� LQ� KRVSLWDO� ZDUGV� RI� VHPL�DULG�
FOLPDWHV�LV�LOOXVWUDWHG�LQ�)LJXUH������
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,Q�RUGHU�WR�DFKLHYH�DFFHSWDEOH�LQGRRU�DLU�TXDOLW\�DQG�
WKHUPDO�FRPIRUW�LQ�WKH�KRVSLWDO�ZDUGV��VLPXODWLRQ�KDV�
WR� EH� FDUULHG� RXW� FRPSDULQJ� GLIIHUHQW� QDWXUDO�
YHQWLODWLRQ� VWUDWHJLHV�� WDNLQJ� LQWR� FRQVLGHUDWLRQ� WKH�
WKUHH�PDMRU�PLOLWDWLQJ� IDFWRUV�RI� GXVW��PRVTXLWR� DQG�
KLJK�RXWGRRU�WHPSHUDWXUHV��7KH�SRVVLEOH�VROXWLRQV�IRU�
WKHVH� WKUHH� KXUGOHV� DUH� SURYLVLRQ� RI� LQVHFW� QHWWLQJV��
GXVW� VHSDUDWLRQ� WHFKQLTXHV�� DQG� HIILFLHQW� YHQWLODWLRQ�

UDWH�� +RZHYHU�� WKH� PDMRU� FRQVHTXHQFH� RI� WKH� WZR�
WHFKQLTXHV� LQFOXGLQJ� LQVHFW� QHWWLQJV� DQG� GXVW�
VHSDUDWLRQ�LV�SUHVVXUH�GURS�DQG�VXEVHTXHQW�UHGXFWLRQ�
LQ�YHQWLODWLRQ��ZKLFK�UHTXLUHV�LQFUHDVLQJ��WKH�RSHQLQJ�
VL]HV�WR�DFKLHYH�UHTXLUHG�YHQWLODWLRQ�UDWHV��0RUHRYHU��
GXH� WR� WKH� HQHUJ\� VKRUWDJH� LQ� WKH� VWXG\� DUHD�� WKHVH�
WKUHH�VROXWLRQV� VKRXOG�EH�DFKLHYHG�ZLWK� OHVV�RU�]HUR�
HQHUJ\�WHFKQLTXHV��

�
�

�

)LJXUH�����0HWKRGRORJLFDO�)UDPHZRUN�IRU�1DWXUDO�9HQWLODWLRQ�VLPXODWLRQ�LQ�0XOWL�%HG�:DUGV�RI�6HPL�$ULG�&OLPDWHV��

&21&/86,21��
7KH� VWXG\� DQDO\VHV� DQG� VXEVHTXHQWO\� H[SORUHV� WKH�
SRVVLELOLW\� RI� XVLQJ� QDWXUDO� YHQWLODWLRQ� VWUDWHJ\� IRU�
DFKLHYLQJ� DFFHSWDEOH� LQGRRU� DLU� TXDOLW\� DQG� WKHUPDO�
FRPIRUW�DQG�WR�DVFHUWDLQ�WKH�PDMRU�LQIOXHQWLDO�IDFWRUV�
DIIHFWLQJ�WKHVH�VWUDWHJLHV��,W�KDV�EHHQ�HVWDEOLVKHG�WKDW��
PRVTXLWR� LQVHFWV��+DUPDWWDQ� GXVW�� DQG� KLJK�RXWGRRU�
DLU� WHPSHUDWXUHV� DUH� WKH� WKUHH� PDMRU� IDFWRUV�
FKDOOHQJLQJ�WKH�GHVLJQ�RI�QDWXUDO�YHQWLODWLRQ�LQ�VHPL�
DULG�FOLPDWHV��7KH�VWXG\�VKRZV�WKDW��WKH�DYHUDJH�WRWDO�
DPELHQW� WHPSHUDWXUHV� LQ� WKH� VWXG\� DUHD� DUH� KLJKHU�
WKDQ� WKH� FRPIRUW� QHXWUDOLW\� WHPSHUDWXUH� WKURXJKRXW�
WKH�\HDU�H[FHSW�IRU�)HEUXDU\��$XJXVW�DQG�1RYHPEHU��
LQ�ZKLFK�WHPSHUDWXUHV�IDOOV�ZLWKLQ�WKH�FRPIRUW�OLPLWV��
0RUHRYHU�� WKH� YHQWLODWLRQ� UDWHV� LQ� WKH� H[LVWLQJ�
KRVSLWDO� ZDUG� PHDVXUHG� LV� EHORZ� WKH� VWDQGDUG�
PLQLPXP� OLPLWV� RI� �$&+�� )OXHQW� &RPSXWDWLRQDO�
)OXLG� '\QDPLF� �&)'�� 6RIWZDUH� KDV� EHHQ� XVHG� LQ�
PRGHOOLQJ� WKH� QDWXUDO� YHQWLODWLRQ� VWUDWHJLHV�� 7KH�
UHVXOW�VKRZV�WKDW��WKH�LQVWDOODWLRQ�RI�LQVHFW�VFUHHQ�ZLOO�
UHVXOW� LQ� ���� UHGXFWLRQ� LQ� DLU� FKDQJH� UDWH� DQG� ���

RSHQLQJ� DUHD� LQ� UHODWLRQ� WR� EXLOGLQJ� IORRU� DUHD� LV�
UHTXLUHG�WR�DFKLHYH�DFFHSWDEOH�YHQWLODWLRQ�UDWH��2WKHU�
QDWXUDO� YHQWLODWLRQ� FRQILJXUDWLRQV� DSDUW� IURP� WKH�
FURVV�YHQWLODWLRQ�ZLOO�EH�LQYHVWLJDWHG��ZLWK�WKH�DLP�RI�
LQFUHDVLQJ� WKH� DLU� H[KDXVW� IURP� WKH� ZDUG� DQG�
VWUDWHJLHV� IRU� ORZ� HQHUJ\� GXVW� UHPRYDO�� 7KH� VWXG\�
PDLQO\� IRFXVHV� RQ� PRVTXLWR� SUHYHQWLRQ� VWUDWHJLHV��
ZKLOH� WKH� UHVHDUFK� RQ� +DUPDWWDQ� GXVWV� SDUW� RI� WKH�
SUREOHP� LV� LQ� SURJUHVV�� � � 7KHUHIRUH�� D�PHWKRGRORJ\�
KDV� EHHQ� GHYHORSHG� WR� VLPXODWH� 1DWXUDO� YHQWLODWLRQ�
VWUDWHJLHV� IRU� DFFHSWDEOH� LQGRRU� DLU� TXDOLW\� DQG�
WKHUPDO� FRPIRUW�� H[FOXGLQJ� PRVTXLWRHV� DQG�
+DUPDWWDQ�GXVW�DQG�ZLWKRXW�FRPSURPLVLQJ�RFFXSDQWV�
FRPIRUW��
�

5()(5(1&(6����
$GHSHWX� -�� $��� $VXELRMR� 2�� ,�� ,VNDQGHU� )�� <��� DQG�

%DXHU� 7�� /�� �������� Elemental Composition of 
Nigerian Harmattan Dust.� -RXUQDO� RI�
5DGLRDQDO\WLFDO�DQG�1XFOHDU�&KHPLVWU\��$UWLFOHV��
9RO�������1R��,����������
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$NHUHGROX� )�� �������� $WPRVSKHULF� (QYLURQPHQW�
3UREOHPV�LQ�1LJHULD��$Q�2YHUYLHZ��$WPRVSKHULF�
(QYLURQPHQW�9RO������1R�����SS���������

$WNLQVRQ��-���������1DWXUDO�9HQWLODWLRQ�IRU�,QIHFWLRQ�
&RQWURO� LQ� +HDOWK�FDUH� 6HWWLQJV�� :RUOG� +HDOWK�
2UJDQL]DWLRQ� SXEOLFDWLRQ�JXLGHOLQHV�� :+2�
SUHVV��
KWWS���ZZZ�ZKR�LQW�ZDWHUBVDQLWDWLRQBKHDOWK�SXEO
LFDWLRQV�QDWXUDOBYHQWLODWLRQ�HQ�LQGH[�KWPO�

$ZDG]L� 7�� :�� DQG� %UHXQLQJ�0DGVHQ� +�� ��������
+DUPDWWDQ� 'XVW� 'HSRVLWHG� LQ� *KDQD� ZLWKLQ�
����±������ :HVW� $IULFD� -RXUQDO� RI� $SSOLHG�
(FRORJ\��9RO�������������SS�����±����
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