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$%675$&7�
1XPHULFDO� UHVXOWV� RI� D�Q HZ� VLPSOLILHG� PRGHO� DUH�
FRPSDUHG�WR�WKRVH�RI�D�GHWDLOHG�PRGHO�IRU�KRUL]RQWDO��
OLTXLG�EDVHG� ODWHQW� HQHUJ\� VWRUDJH� WDQNV� ILOOHG� ZLWK�
HQFDSVXODWHG� 3&0V� RI� UHFWDQJXODU� JHRPHWU\�� 7KH�
VLPSOLILHG� PRGHO� LV� LPSOHPHQWHG� DV� D�7 516<6�
FRPSRQHQW� DQG� WKH� GHWDLOHG� PRGHO� LV� EXLOW� LQ�
&2062/� 0XOWLSK\VLFV�� 1XPHULFDO� UHVXOWV� DUH�
FRPSDUHG�WR�HVWDEOLVK�WKH�FRQVLVWHQF\�RI�WKH�G\QDPLF�
EHKDYLRXU� HVWDEOLVKHG� IURP� HDFK� PRGHO�� 5HVXOWV�
LQGLFDWH� WKDW� WKH� VLPSOLILHG� PRGHO� LV� FDSDEOH� RI�
SUHGLFWLQJ� WKH� G\QDPLF� SHUIRUPDQFH� RI� WKLV� W\SH� RI�
ODWHQW� HQHUJ\� VWRUDJH� WDQN� ZLWK� UHDVRQDEOH� DFFXUDF\�
LQ�FRPSDULVRQ� WR� WKH�GHWDLOHG�PRGHO��7KH�YDOLGLW\�RI�
WKH� DVVXPSWLRQV� PDGH� LQ� WKH� VLPSOLILHG� PRGHO� LV�
FRQILUPHG��6RPH� OLPLWDWLRQV� DVVRFLDWHG�ZLWK� WKH�XVH�
RI�VXFK�D�PRGHO�LQVWHDG�RI�D�PRUH�SK\VLFDOO\�DFFXUDWH�
DQG�FRPSXWDWLRQDOO\�LQWHQVLYH�PRGHO�DUH�H[DPLQHG��

,1752'8&7,21�
$Q� REVWDFOH� WR� WKH� XVH� RI� SKDVH� FKDQJH� PDWHULDO� LQ�
EXLOGLQJ� HQHUJ\� V\VWHPV� LV� WKH� ODFN� RI� PRGHOOLQJ�
WRROV�DYDLODEOH�WR�+9$&�V\VWHP�GHVLJQHUV��5HVHDUFK�
LQ� WKDW� DUHD� KDV� OHG� WR� PDQ\� GHWDLOHG�� FRPSXWDWLRQ�
LQWHQVLYH� PRGHOV� ZKLFK� FDQ� WUDFH� WKH� HYROXWLRQ� LQ�
VSDFH� DQG� WLPH�RI� WKH� VROLG�OLTXLG� LQWHUIDFH�ZLWKLQ� D�
YROXPH�� 6\VWHP�OHYHO� SHUIRUPDQFH� VLPXODWLRQ� LQ�
EXLOGLQJV�GRHV�QRW�UHTXLUH�VXFK�D�OHYHO�RI�GHWDLO��DQG�
UHGXFHG�FRPSXWLQJ�WLPH�LV�HVVHQWLDO�WR�SHUIRUP�ORQJ�
WHUP�DQDO\VHV�DQG�RSWLPL]DWLRQ�VWXGLHV���
%RQ\�HW�&LWKHUOHW��������KDYH�PRGLILHG�D�SUH�H[LVWLQJ�
VWUDWLILHG� KRW� ZDWHU� VWRUDJH� WDQN� PRGHO� IURP�
7516<6�� QDPHG�7\SH� ���� WR� LQFOXGH� WKH� HIIHFWV� RI�
3&0� FDSVXOHV� RI� YDULRXV� JHRPHWULHV��0RGHO� UHVXOWV�
IRU� 3&0� ILOOHG� F\OLQGHUV� LQ� D� YHUWLFDO� F\OLQGULFDO�
VWRUDJH�WDQN�DJUHH�TXLWH�ZHOO�ZLWK�H[SHULPHQWDO�GDWD�
RQFH�LQWHUQDO�FRQYHFWLRQ�LQVLGH�WKH�3&0�OLTXLG�SKDVH�
LV� FRQVLGHUHG��7KH�PRGHO� XVHV� D� YDULDEOH�QXPEHU�RI�
QRGHV� RYHU� WKH� 3&0� WKLFNQHVV� DQG� FRQVLGHUV� KHDW�
WUDQVIHU� EHWZHHQ� WKH� DGMDFHQW� 3&0� QRGHV� ZKLFK�
OLNHO\� LQFUHDVHV� SUHFLVLRQ� LQ� HPXODWLQJ� WKH� SKDVH�
FKDQJH� SURFHVV� EXW� DOVR� LQFUHDVHV� FRPSXWLQJ� WLPH��
7KH� PRGHO� DOORZV� VRPH� IOH[LELOLW\� LQ� GHILQLQJ� WKH�
WDQN� DQG� 3&0� FDSVXOH� JHRPHWU\� EXW� OLPLWDWLRQV�
UHVXOW�IURP�WKH�FKRLFH�RI�D�FRQYHFWLRQ�FRUUHODWLRQ�IRU�
YHUWLFDO�SODWHV�DQG�LQKHUHQW�OLPLWDWLRQV�LQ�7\SH������

$� ��'� PRGHO� ZDV� SURGXFHG� E\� /LX� DQG� DO� �������
EDVHG� RQ� +DODZD¶V� SKDVH� FKDQJH� SURFHVVRU� ���������
7KH� PRGHO� UHSUHVHQWV� WKH� FDSVXOH� JHRPHWU\� E\� D�
VLPSOH� UHFWDQJOH� DQG� GRHV� QRW� FRQVLGHU� DQ\� WKHUPDO�
UHVLVWDQFH�IRU�WKH�3&0�PDWHULDO�QRU�DQ\�KHDW�WUDQVIHU�
EHWZHHQ� DGMDFHQW� 3&0� QRGHV�� ([SHULPHQWDO� WHVWV�
KDYH�GHWHUPLQHG� WKHUH� LV�D�FORVH�DJUHHPHQW�EHWZHHQ�
WKH� H[SHULPHQWDO� DQG� VLPXODWHG� RXWOHW� IOXLG�
WHPSHUDWXUH�� WKRXJK� WKH�PRGHO� KDV� VRPH�GLIILFXOWLHV�
DGHTXDWHO\� UHSUHVHQWLQJ� H[SHULPHQWDO� UHVXOWV� DW� WKH�
EHJLQQLQJ�RI�WKH�PHOWLQJ�SURFHVV���
$V� SRLQWHG� RXW� E\� 'XWLO� HW� DO�� �������� LW�LV � QRW�
DGYLVDEOH� WR� XVH� SDVW� VWXGLHV� WR� PDNH� JHQHUDO�
FRQFOXVLRQV� RQ� ZKDW� DVVXPSWLRQV� DUH� UHDVRQDEOH� LQ�
PRGHOOLQJ�3&0V��7KLV�SDSHU�FRPSDUHV�WKH�QXPHULFDO�
UHVXOWV� RI� D� QHZ� VLPSOLILHG� PRGHO� WR� WKRVH� RI� D�
GHWDLOHG� PRGHO� IRU� KRUL]RQWDO�� OLTXLG�EDVHG� HQHUJ\�
VWRUDJH� WDQNV� ILOOHG� ZLWK� HQFDSVXODWHG� 3&0V� RI�
UHFWDQJXODU�JHRPHWU\���

2%-(&7,9(6�
7KH� REMHFWLYHV� RI� WKH� VWXG\� SUHVHQWHG� LQ� WKLV� SDSHU�
DUH�WR�GHWHUPLQH�WKH�YDOLGLW\�RI�WKH�DVVXPSWLRQV�PDGH�
LQ�WKH�VLPSOLILHG�PRGHO�DQG�WR�LGHQWLI\�WKH�OLPLWDWLRQV�
DVVRFLDWHG�ZLWK�WKH�XVH�RI�VXFK�D�PRGHO� LQVWHDG�RI�D�
PRUH� SK\VLFDOO\� DFFXUDWH� DQG� FRPSXWDWLRQDOO\�
LQWHQVLYH� PRGHO� IRU� EXLOGLQJ� HQHUJ\� SHUIRUPDQFH�
VLPXODWLRQV�WKDW�W\SLFDOO\�XVH�V\VWHP�OHYHO�PRGHOV�WR�
SHUIRUP� \HDUO\� RU� PXOWL�\HDU� DQDO\VHV�� 6LJQLILFDQW�
FKDQJHV� ZHUH� PDGH� WR� WKH� PRGHO� SUHVHQWHG� LQ�
'¶$YLJQRQ�	�.XPPHUW� ������� DQG� WKH� QHZ�PRGHO�
VWUXFWXUH� LV� SUHVHQWHG�� 7KH� SDSHU� WKHQ� SUHVHQWV� WZR�
VWXGLHV�WKDW�ZHUH�SHUIRUPHG�ZLWK�GHWDLOHG�&2062/�
PRGHOV� WR� DVVHVV� WKH� YDOLGLW\� RI� VRPH� DVVXPSWLRQV�
PDGH� LQ� WKH� VLPSOLILHG� PRGHO�� )LQDOO\�� WKH� SDSHU�
SUHVHQWV� D�FR PSDULVRQ� EHWZHHQ� WKH� 7516<6� DQG�
&2062/�PRGHOV�DQG�D�GLVFXVVLRQ�RI�WKH�UHVXOWV��

6,03/,),('�02'(/�
7KH� VLPSOLILHG� PRGHO� ZLOO� EH� XVHG� LQ� IXOO� EXLOGLQJ�
SHUIRUPDQFH�VLPXODWLRQV�WR�WHVW�FRQWURO�VWUDWHJLHV�DQG�
HVWDEOLVK� DFFXUDWH� GHPDQG� DQG�RU� HQHUJ\� VDYLQJV�
UHODWHG�WR�WKH�XVH�RI�D�ODWHQW�HQHUJ\�VWRUDJH�WDQN��,W�LV�
GHVLJQHG� IRU� PD[LPXP� FRPSXWDELOLW\� LQ� DQQXDO�
VLPXODWLRQV�ZLWK�VPDOO�WLPH�VWHSV��IURP���KRXU�GRZQ�
WR� D� IHZ� PLQXWHV�� DQG� DLPV� WR� GHWHUPLQH� WKH� ODWHQW�
KHDW� VWRUDJH� WDQN� RXWOHW� IOXLG� WHPSHUDWXUH� ZLWK�
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VXIILFLHQW� DFFXUDF\�� RQ� WKH� WLPH� VFDOH� RI� W\SLFDO�
EXLOGLQJ�V\VWHP�UHVSRQVH���
7KH�QXPHULFDO�PRGHO�XVHV� WKH�FRQWURO�YROXPH�EDVHG�
ILQLWH�GLIIHUHQFH�PHWKRG�UHIHUHQFHG� LQ�)LJXUH����7KH�
KHDW�WUDQVIHU�IOXLG�IORZV�LQ�WKH�YHUWLFDO�VSDFH�EHWZHHQ�
WZR�3&0�FDSVXOHV�ZKLFK� LV� GLYLGHG� LQ� D� QXPEHU�RI�
FRQWURO�YROXPHV�LQ�WKH�GLUHFWLRQ�RI�IORZ��(DFK�FRQWURO�
YROXPH�HQFRPSDVVHV�RQO\�KDOI�WKH�KHLJKW�RI�WKH�IOXLG�
SDVVDJH� DQG� VLPLODUO\� HDFK� 3&0� FRQWURO� YROXPH� LV�
KDOI� WKH� KHLJKW� RI� WKH� 3&0� FDSVXOH�� $V� FRQGXFWLRQ�
EHWZHHQ�DGMDFHQW�3&0�FRQWURO�YROXPHV�LV�QHJOHFWHG��
WKH� PRGHO� LV� ��'� LQ� WKH� GLUHFWLRQ� RI� IORZ�� KRZHYHU�
HDFK� VOLFH�RI� WKH�GRPDLQ� HQFRPSDVVHV� D� IOXLG� DQG� D�
3&0�FRQWURO�YROXPH����

�
Figure 1: Schematic of the modelled section of the 

latent energy storage tank in the 2D model 
7KH�PRGHO�LV�LPSOHPHQWHG�DV�D�7516<6�FRPSRQHQW�
DQG� LV� EDVHG� RQ� WKH� IROORZLQJ� WKHUPRG\QDPLF�
DVVXPSWLRQV��

 1DWXUDO�FRQYHFWLRQ�ZLWKLQ�WKH�OLTXLG�SKDVH�RI�
WKH�3&0�LV�QHJOHFWHG��

 1R�GHJUDGDWLRQ�RU�VXEFRROLQJ�RI�WKH�3&0�LV�
FRQVLGHUHG��

 +HDW� WUDQVIHU� RFFXUV�RQO\� WKURXJK� WKH�XSSHU�
DQG�ORZHU�IDFHV�RI�WKH�3&0�FDSVXOHV��ODWHUDO�
IDFHV�DUH�FRQVLGHUHG�DGLDEDWLF��

 +HDW�WUDQVIHU�EHWZHHQ�DGMDFHQW�3&0�FRQWURO�
YROXPHV�LV�QHJOHFWHG���

/DWHQW�HQHUJ\�VWRUDJH�WDQNV�IXQFWLRQ�LQ�WKUHH�PRGHV��
)LUVW��WKH�VWRUDJH�WDQN�PXVW�EH�³FKDUJHG´�E\�PHOWLQJ�
RU�VROLGLI\LQJ�WKH�3&0�GHSHQGLQJ�RQ�ZKHWKHU�KHDW�RU�
FROG� LV� WR� EH� VWRUHG��:KHQ� WKH� GHPDQG� RFFXUV�� WKH�
WDQN¶V�HQHUJ\� LV� WKHQ�³GLVFKDUJHG´�DV� WKH�3&0�JRHV�
WKURXJK�WKH�UHYHUVH�FKDQJH�RI�SKDVH��7KH�WKLUG�PRGH�
HQFRPSDVVHV� DOO� WKDW� KDSSHQV� LQ� EHWZHHQ�� WKDW� LV�
GXULQJ� WKH� SHULRG�ZKHQ� WKH� WDQN� LV� QRW� GRLQJ�PXFK�
EXW� NHHSLQJ� WKH� VWRUHG� HQHUJ\�� WKH� ³ZDLWLQJ´� PRGH��
7KH�ILUVW�WZR�PRGHV�IXQFWLRQ�YHU\�PXFK�LQ�WKH�VDPH�
ZD\��IRUFHG�FRQYHFWLRQ�EHWZHHQ�WKH�FDSVXOH�ZDOO�DQG�
WKH�IOXLG�LV� WKH�SUHGRPLQDQW�PHWKRG�RI�KHDW�WUDQVIHU��
7KH� ³ZDLWLQJ´� PRGH� XVXDOO\� LPSOLHV� QR� IOXLG� IORZ�
FRPLQJ�LQ�RU�RXW�RI�WKH�ODWHQW�HQHUJ\�VWRUDJH�WDQN�DQG�
QDWXUDO�FRQYHFWLRQ�LQ�WKH�KHDW�WUDQVIHU�IOXLG�EHFRPLQJ�
LPSRUWDQW�� ,Q� RUGHU� WR� RSWLPL]H� WKH� PRGHO¶V�
FRPSXWDELOLW\�� VHSDUDWH� PDWKHPDWLFDO� IRUPXODWLRQV�
DUH� XVHG� GHSHQGLQJ� RQ� WKH� UHODWLYH� LPSRUWDQFH� RI�
DGYHFWLRQ� DQG� GLIIXVLRQ�� XVLQJ� WKH� WKHUPDO� GLIIXVLRQ�
3HFOHW�QXPEHU��ܲ݁��DV�D�FULWHULD��
Important flow conditions | Pe > 100 
)RU�FDVHV�ZLWK�KLJK�3HFOHW�QXPEHU�� WKH� IOXLG�IORZ�LV�
LPSRUWDQW� HQRXJK� WR� IRUFH� HQHUJ\� WUDQVIHU� EHWZHHQ�
IOXLG�QRGHV�WR�RFFXU�PDLQO\� LQ�WKH�GLUHFWLRQ�RI� IORZ��
,Q� WKLV�FDVH�� WKH� LQIOXHQFH�RI�GRZQVWUHDP�FRQGLWLRQV�
RQ� WKH� IOXLG� WHPSHUDWXUH� LV� ORZ� DQG� VSDFH� LV�
FRQVLGHUHG�D�RQH�ZD\�FRRUGLQDWH��3DWDQNDU���������
�

�
�

PCM capsule

Fluid node

PCM node

Figure 2: Simulation flow chart 
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$V�FDQ�EH�VHHQ�RQ�)LJXUH����D�VROXWLRQ�LV�REWDLQHG�E\�
PDUFKLQJ�LQ�WKH�GLUHFWLRQ�RI�IORZ�DQG�VROYLQJ�IRU�WKH�
IOXLG�QRGH�WHPSHUDWXUH�DQG�LWV�DVVRFLDWHG�3&0�QRGH�
VWDWH� WR�ZLWKLQ� WKH� OLPLWV� RI� WKH� FRQYHUJHQFH� FULWHULD�
EHIRUH�PRYLQJ�RQ�GRZQVWUHDP� WR� WKH�QH[W�QRGH��)RU�
HDFK� IOXLG� FRQWURO� YROXPH� FRQVLGHUHG�� WKH� HQHUJ\�
EDODQFH�UHVXOWV�LQ�(TXDWLRQ����

�ఘ,ௗ்
ௗ௧ = ሶ݉ ܿ,( ܶ െ ܶ௨௧) + ݄ܣ൫ ܶ െ ܶ൯        [1]��

7KH�WHUP�RQ�WKH�OHIW�UHSUHVHQWV�WKH�QHW�UDWH�RI�HQHUJ\�
VWRUHG�LQ�WKH�IOXLG�FRQWURO�YROXPH�RYHU�D�FHUWDLQ�WLPH�
VWHS�� ZLWK� �ܿ,ܸߩ EHLQJ� WKH� IOXLG¶V� KHDW� FDSDFLW\��
7HUP� ሶ݉ ܿ,( ܶ െ ܶ௨௧)� UHSUHVHQWV� WKH� QHW� UDWH� RI�
HQHUJ\� WUDQVSRUW� LQWR� WKH� FRQWURO� YROXPH� WKURXJK�
DGYHFWLRQ�� 7HUP� ݄ܣ൫ ܶ െ ܶ൯� UHSUHVHQWV� WKH� QHW�
UDWH� RI� HQHUJ\� H[FKDQJHG� EHWZHHQ� WKH� IOXLG� DQG� WKH�
3&0� WKURXJK� FRQYHFWLRQ�� ZLWK� heq� WKH� HTXLYDOHQW�
KHDW�WUDQVIHU�FRHIILFLHQW�DQGܣ��WKH�VXUIDFH�DUHD�RI�WKH�
KHDW�H[FKDQJH��
8VLQJ� EDFNZDUG� WLPH� GLIIHUHQWLDWLRQ� WR� VROYH� IRU�
(TXDWLRQ� �� ZRXOG� UHVXOW� LQ� DQ� LPSOLFLW� IRUPXODWLRQ�
WKDW� ZRXOG� RIIHU� VRPH� DGYDQWDJHV� UHJDUGLQJ�
QXPHULFDO� VWDELOLW\��+RZHYHU��7516<6� IXQFWLRQV� LQ�
VXFK� D� ZD\� WKDW� WKH� LQIRUPDWLRQ� SDVVHG� DORQJ�
EHWZHHQ�FRPSRQHQWV�GXULQJ�DQ�LWHUDWLRQ�DUH�WKH�WLPH�
DYHUDJHG� YDOXHV� RYHU� WKH� WLPH� VWHS� FRQFHUQHG��
7KHUHIRUH�LW�LV�PRUH�FRQYHQLHQW�WR�XVH�WLPH�DYHUDJHG�
WHPSHUDWXUHV�� തܶ��IRU�WKH�3&0�DQG�IOXLG�ZKLFK�UHVXOWV�
LQ�D�VHPL�LPSOLFLW�VFKHPH�LOOXVWUDWHG�LQ�(TXDWLRQ����

ܶ =
(ܽ െ ܾ െ ܿ) כ ܶ

 + ܾ כ ܶ(పିଵ)തതതതതതതത + ܿ כ ܶതതതതതത
ܽ + ܾ + ܿ       [2]�

+HUH� ܶ� LV� WKH�WHPSHUDWXUH�RI�D�JLYHQ�IOXLG�QRGH�DQG�
VLPLODUO\�� ܶ� LV� WKH� WHPSHUDWXUH� RI� D�J LYHQ� 3&0�
QRGH�� ,Q� WKLV� IRUPXODWLRQ�� D= ܿ,ܸߩ οݐΤ � ܾ =
ሶ݉ ܿ, 2Τ � ܿ = ݄ܣ 2Τ �� YDOXHV� IURP� WKH� SUHYLRXV� WLPH�
VWHS� DUH� LQGLFDWHG�ZLWK� VXSHUVFULSW� �0�� ZKLOH� YDOXHV�
IURP� WKH� SUHVHQW� WLPH� VWHS� EDUH� QR� DQQRWDWLRQ�� 7KH�
XSVWUHDP� FRQWURO� YROXPH� LV� LQGLFDWHG�ZLWK� VXEVFULSW�
�(݅ െ 1)�� DQG� WKH� DFWXDO� FRQWURO� YROXPH� EHDUV� QR�
VXEVFULSW���
7KH� WKHUPDO� PDVV� RI� WKH� FDSVXOH� ZDOO� LV� QHJOHFWHG�
DQG DQ� HTXLYDOHQW� KHDW� WUDQVIHU� FRHIILFLHQW�� ݄ �� LV�
GHWHUPLQHG� WR� DFFRXQW� IRU� DOO� WKHUPDO� UHVLVWDQFHV�
EHWZHHQ�WKH�IOXLG�DQG�3&0��FDOFXODWHG�LQ�(TXDWLRQ����

1
݄

= 1
݄

+ ο2/ݕ
݇

                                [3]�

:KHUH�݄� LV� WKH�FRQYHFWLYH�KHDW� WUDQVIHU�FRHIILFLHQW��
οݕ� LV� WKH� 3&0� QRGH� WKLFNQHVV� DQG� ݇� WKH� 3&0�
WKHUPDO� FRQGXFWLYLW\�� 7KH� FRQYHFWLYH� KHDW� WUDQVIHU�
FRHIILFLHQW�XVHG��݄��LV�WKH�VDPH�IRU�HYHU\�QRGH�DQG�LV�
SURYLGHG� E\�$ZDG¶V� FRUUHODWLRQ� IRU� D�W KHUPDOO\� DQG�
K\GUDXOLFDOO\� GHYHORSLQJ� ODPLQDU� IORZ� EHWZHHQ� WZR�
SODWHV� DW� FRQVWDQW� WHPSHUDWXUH� �$ZDG�� ������� 7HUP�
(ο2/ݕ) ݇Τ � LPSOLHV� WKH� FRQGXFWLRQ� UHVLVWDQFH�
EHWZHHQ�WKH�FDSVXOH�ZDOO�DQG�3&0�LV�HYDOXDWHG�RYHU�
ò�RI�WKH�3&0�QRGH�KHLJKW��WR�WKH�FHQWHU�RI�WKH�3&0�
FRQWURO�YROXPH���

7R�GHWHUPLQH�WKH�IOXLG¶V�LPSDFW�RQ�WKH�3&0�QRGH��D�
YDULDQW� RI� WKH� VR�FDOOHG� HQWKDOS\�PHWKRG� LQWURGXFHG�
E\�9ROOHU��������LV�XVHG�ZKHUH�WKH�WHPSHUDWXUH�ILHOG�
LQ� WKH� 3&0� LV� QRW� FDOFXODWHG� H[SOLFLWO\� EXW� WKURXJK�
HQWKDOS\�WHPSHUDWXUH� FRUUHODWLRQV�� 7KXV� WKH� FKDQJH�
LQ� WKH� 3&0� VWDWH� LV� GHWHUPLQHG� E\� FDOFXODWLQJ� WKH�
FKDQJH� LQ� HQWKDOS\� SURGXFHG� E\� WKH� HQHUJ\� IOX[�
EHWZHHQ�WKH�IOXLG�DQG�3&0�QRGHV��

ܪ = ܪ + ݄ܣ൛ ܶഥ െ ܶതതതതതതൟο[4]                    ݐ�
:KHUHܪ�� LV� WKH�FXUUHQW�3&0�HQWKDOS\�DQGܪ�� LV� WKH�
3&0�HQWKDOS\� IRU� WKH� VDPH�QRGH� IURP� WKH� ODVW� WLPH�
VWHS�� 7KH� QHZ� 3&0� FRQWURO� YROXPH� WHPSHUDWXUH� LV�
WKHQ� IRXQG� WKURXJK� LQWHUSRODWLRQ� RI� WKH� HQWKDOS\�
WHPSHUDWXUH�FXUYH���
$W�HYHU\�WLPH�VWHS��D�VWDEOH�VROXWLRQ�LV�IRXQG�IRU�HDFK�
FRQWURO� YROXPH� WKURXJK� WKH� FRPSDULVRQ� RI� WKH�
GLIIHUHQW� WDQN� WHPSHUDWXUHV� DW� WKH� FXUUHQW� DQG� SDVW�
WLPH� VWHSV�� 7KH� DEVROXWH� FKDQJH� LQ� WHPSHUDWXUH�
EHWZHHQ� WZR� LWHUDWLRQV�PXVW� EH� OHVV� WKDQ������°&� IRU�
WKH� 3&0� WHPSHUDWXUH� DQG� +7)� WHPSHUDWXUH� IRU�
FRQYHUJHQFH� WR� EH� UHDFKHG�� 7KLV� PHWKRG� HQVXUHV� D�
PLQLPDO�QXPEHU�RI�LWHUDWLRQV�DUH�UHTXLUHG���

Negligible flow conditions | Pe < 100 
)RU� FDVHV�ZLWK� ORZ�3HFOHW� QXPEHU�� WKH� KHDW� WUDQVIHU�
EHWZHHQ�WKH�IOXLG�DQG�3&0�QRGHV�LV�FRQVLGHUHG�WR�EH�
FDXVHG�VROHO\�E\�QDWXUDO�FRQYHFWLRQ�RFFXUULQJ� LQ� WKH�
IOXLG�� &RQGXFWLRQ� EHWZHHQ� IOXLG� QRGHV� EHFRPHV� DQ�
LPSRUWDQW� KHDW� WUDQVIHU� PRGH� DQG� VR� WKH� IOXLG� QRGH�
KHDW�EDODQFH�EHFRPHV���
ܿ,ܸ݀ܶߩ

ݐ݀ = ሶ݉ ܿ,( ܶ െ ܶ௨௧) + ݄ܣ൫ ܶ െ ܶ൯

+ ݇ܵ
οݔ ൫ ܶ,(ିଵ) െ 2 ܶ+ ܶ,(ାଵ)൯ [5]�

:KHUH�6�LV�WKH�VXUIDFH�DUHD�SHUSHQGLFXODU�WR�WKH�IOXLG�
SDVVDJH�� ݇� LV� WKH� WKHUPDO� FRQGXFWLYLW\� DQG� οݔ� WKH�
OHQJWK� RI� WKH� IOXLG� QRGH�� 8VLQJ� EDFNZDUG� WLPH�
GLIIHUHQWLDWLRQ�DQG�WLPH�DYHUDJH�YDOXHV�RYHU�WKH�WLPH�
VWHS� IRU� WKH� 3&0� DQG� IOXLG� WHPSHUDWXUHV� UHVXOWV� LQ�
(TXDWLRQ� ���ZKHUH�݀ = ݇ܵ οݔΤ �� 7KH� FRQYHFWLYH� KHDW�
WUDQVIHU� FRHIILFLHQW� LV� SURYLGHG� E\� *OREH� DQG�
'URSNLQ¶V� � FRUUHODWLRQ� IRU� QDWXUDO� FRQYHFWLRQ� LQ� D�
KRUL]RQWDO� FDYLW\� �,QFURSHUD�� 'HZLWW�� %HUJPDQ�� 	�
/DYLQH���������

ܶ = 1
ܽ + ܾ + ܿ + ݀ (ܽ െ ܾ െ ܿ െ ݀) ܶ

 + (ܾ + ݀) ܶ(పିଵ)തതതതതതതത

+ ܿ ܶതതതതതത + ൬1
2݀൰ ܶ(పାଵ)തതതതതതതത൨                   [6] �

%RWK� WKH� XSVWUHDP� DQG� GRZQVWUHDP� IOXLG� FRQGLWLRQV�
ZLOO�LQIOXHQFH�WKH�IOXLG�WHPSHUDWXUH�DQG�VR�D�VROXWLRQ�
LV� REWDLQHG� IRU� HYHU\� IOXLG� QRGH� DQG� LWV� DVVRFLDWHG�
3&0�QRGH�EHIRUH�YHULI\LQJ�ZKHWKHU�WKH�FRQYHUJHQFH�
FULWHULRQ�LV�VDWLVILHG�IRU�HYHU\�QRGH�RI�WKH�HQWLUH�WDQN��
$V� FDQ� EH� VHHQ� RQ� )LJXUH� ��� WKLV� PHWKRG� UHTXLUHV�
PRUH�LWHUDWLRQV�SHU�WLPH�VWHS�WKDQ�WKH�PDUFKLQJ�WLPH�
SURFHGXUH� XVHG� LQ� VLJQLILFDQW� IORZ� FRQGLWLRQV� DQG�
QHJDWLYHO\�DIIHFWV�FDOFXODWLRQ�WLPH��
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$668037,21�9(5,),&$7,21��12�
&21'8&7,21�%(7:((1�3&0�12'(6�
Simulation 
7KH�ILUVW�JRDO�RI�WKLV�FRPSDULVRQ�H[HUFLVH�LV�WR�YHULI\�
ZKHWKHU� LW� LV� MXVWLILHG� WR� DVVXPH� WKHUH� LV� QR�
FRQGXFWLRQ�EHWZHHQ�DGMDFHQW�3&0�QRGHV��,Q�RUGHU�WR�
GR� VR�� D� GHWDLOHG� PRGHO� LV� EXLOW� LQ� &2062/�
0XOWLSK\VLFV� ZKLFK� DOORZV� HDV\� PRGHOLQJ� RI�
DGGLWLRQDO� WKHUPRG\QDPLF� SKHQRPHQD�� LW� LV� QDPHG�
WKH� ³�'´� PRGHO�� ,Q� WKLV� FDVH�� 3&0� FDSVXOHV� DUH�
PRGHOHG� DV� D� UHFWDQJXODU� JHRPHWU\� DQG� VROHO\� WKH�
SDUW� RI� WKH� WDQN� ZKHUH� WKH� 3&0� FDSVXOHV� OD\� LV�
PRGHOHG�� KHUHE\� QHJOHFWLQJ� DQ\� LPSDFW� IURP� WKH�
UHVWULFWLRQ�RI�WKH�IOXLG�FRPLQJ�LQWR�WKH�VSDFH�EHWZHHQ�
WKH� FDSVXOHV�� $V� FDQ� EH� VHHQ� RQ� )LJXUH� ��� RQO\� WKH�
KDOI�KHLJKW�RI�WKH�3&0�FDSVXOH�DQG�KDOI�KHLJKW�RQ�WKH�
SDVVDJH� EHWZHHQ� WZR� FDSVXOHV� DUH� PRGHOHG� IRU�
LQFUHDVHG� FRPSXWDELOLW\� �GDVKHG� DUHD��� +HQFH�� WKH�
PRGHOHG� JHRPHWU\� LV� H[DFWO\� WKH� VDPH� DV� WKH� RQH�
DVVXPHG�E\�WKH�VLPSOLILHG�7516<6�PRGHO��
7KH� GHWDLOHG� &2062/� PRGHO� XVHV� ILQLWH� HOHPHQWV�
RYHU� WKH�ZKROH�3&0�DQG� IOXLG�GRPDLQV�VR� WKHUH�DUH�
QR� ³QRGHV´� WR� VSHDN� RI�� $UWLILFLDO� QRGHV� KDG� WR� EH�
FUHDWHG� WR� DOORZ� D� FRPSDULVRQ� WR� WKH� QRGDO� YDOXHV�
FDOFXODWHG�E\� WKH� VLPSOLILHG�7516<6�PRGHO��7KHVH�
QRGHV� DUH� VLPSOH� UHFWDQJOHV� RI� WKH� VDPH� ZLGWK� DQG�
KHLJKW�DV�WKRVH�XVHG�LQ�WKH�VLPSOLILHG�7516<�PRGHO��
7KH\� KDYH� RQO\� D� JHRPHWULFDO� UHSUHVHQWDWLRQ� LQ�
&2062/�� WKH\� DUH� VWLOO� FRPSRVHG�RI� D� ILQHU� ILQLWH�
HOHPHQW� PHVKLQJ� DQG� DUH� VROYHG� IRU� FRQFXUUHQWO\��
,QWHJUDWLQJ� D�Y DOXH� �WHPSHUDWXUH�� IRU� H[DPSOH�� RYHU�
WKH�JHRPHWULFDO�GRPDLQ�RI�DQ�DUWLILFLDO�QRGH��SURYLGHV�
D�UHSUHVHQWDWLRQ�RI�WKH�YDOXH�FDOFXODWHG�E\�&2062/�
IRU�WKDW�FRQWURO�YROXPH�DQG�WLPH�VWHS�DQG�FDQ�WKXV�EH�
FRPSDUHG� WR� D� QRGDO� YDOXH� IURP� WKH� VDPH� SRVLWLRQ�
DQG� WLPH� VWHS� IURP� WKH� VLPSOLILHG� 7516<� PRGHO���
:KHQHYHU� QRGDO� YDOXHV� IURP� WKH� &2062/�PRGHOV�
DUH� GLVFXVVHG�� LW� UHIHUV� WR� WKH� LQWHJUDWHG� YDOXH� RYHU�
WKH�DUWLILFLDO�QRGH�JHRPHWU\��

Table 1: Material characteristics 
�

FLUID PROPERTIES VALUE UNITS 
6SHFLILF�KHDW�� ����� -�NJ�°&�
'HQVLW\�� ������ NJ�P��
7KHUPDO�FRQGXFWLYLW\�� �������� :�P�°&�
'\QDPLF�YLVFRVLW\�� ��������� 3DV�
PCM PROPERTIES VALUE UNITS 
6SHFLILF�KHDW�FDSDFLW\�� ����� -�NJ�°&�
9ROXPHWULF�KHDW�FDSDFLW\�� ���� 0-�P��
'HQVLW\�� ����� NJ�P��
7KHUPDO�FRQGXFWLYLW\�� ������ :�P�°&�
/DWHQW�KHDW�RI�IXVLRQ�� �������� -�NJ�
0HOWLQJ�WHPSHUDWXUH�� ����� °&�
)UHH]LQJ�WHPSHUDWXUH� ����� °&�
,QLWLDO�WHPSHUDWXUH� ����� °&�
�
$� IODW� YHORFLW\� SURILOH� FRQGLWLRQ� LV� LPSRVHG� WR� WKH�
IOXLG� FRPLQJ� LQWR� WKH� YHUWLFDO� VSDFH� EHWZHHQ� WZR�
FDSVXOHV�� 7KH� HYROXWLRQ� RI� WKH� IOXLG� IORZ� SURILOH�

WKURXJKRXW� WKH� OHQJWK� RI� WKH� 3&0� FDSVXOH� LV�
GHWHUPLQHG�WKURXJK�WKH�XVH�RI�WKH�FRQWLQXLW\�HTXDWLRQ�
DQG�WKH�KHDW�HTXDWLRQ��
7KH�VLPXODWLRQ�FUHDWHG�XVHV�ZDWHU�DV�WKH�KHDW�WUDQVIHU�
IOXLG� ZLWK� WKHUPDO� SURSHUWLHV� KHOG� FRQVWDQW� DW� WKH�
YDOXHV� IRXQG� LQ�7DEOH����7KH�SKDVH�FKDQJH�PDWHULDO�
XVHG� LV� 3&0� 3URGXFWV¶V� VDOW� K\GUDWH� 6��� ZKLFK� LV�
VDLG�WR�KDYH�WKH�VDPH� WKHUPDO�SURSHUWLHV�IRU�ERWK�LWV�
SKDVHV��3&0�3URGXFWV�/WG���������7KH�3&0�FDSVXOH�
PRGHOHG� LV�����P� ORQJ�������P�ZLGH�DQG�������P� LQ�
KHLJKW�� ZLWK� D� VSDFLQJ� RI� ������P� EHWZHHQ� WZR�
FDSVXOHV�WR�DOORZ�IOXLG�SDVVDJH���
7ZR� WHVW� FDVHV� �VHH�7DEOH� ��� DUH� FUHDWHG� WR� DFFRXQW�
IRU� D�Y DULHW\� RI� FLUFXPVWDQFHV� FRPELQLQJ� HLWKHU� RI�
WZR�GLIIHUHQW�IORZ�VSHHGV�DW�WKH�HQWUDQFH�RI�WKH�IOXLG�
SDVVDJH��$V�SURSHUWLHV�DUH�WKH�VDPH�IRU�WKH�OLTXLG�DQG�
VROLG�SKDVHV�RI�WKH�3&0��D�FRROLQJ�SURFHVV�ZLWK� WKH�
3&0� UHPDLQLQJ� LQ� LWV� OLTXLG� SKDVH� DQG� D� KHDWLQJ�
SURFHVV�RI�WKH�3&0�UHPDLQLQJ�LQ�LWV�VROLG�SKDVH�JLYH�
WKH� VDPH� UHVXOWV� DQG� VR� RQO\� KHDWLQJ� FDVHV� DUH�
GLVFXVVHG�KHUH��$OO�VLPXODWLRQV�ZHUH�UXQ�IRU�����V��

Table 2: Data for simulation test cases 
TEST CASE 1 : HEATING, LOW FLUID SPEED 

,QLWLDO�IOXLG�DQG�3&0�WHPSHUDWXUH� ���°&�
,QFRPLQJ�IOXLG�WHPSHUDWXUH� ���°&�
/RZ�IOXLG�VSHHG�� �����P�V�

TEST CASE 2 : HEATING, HIGH FLUID SPEED 
,QLWLDO�IOXLG�DQG�3&0�WHPSHUDWXUH� ���°&�
,QFRPLQJ�IOXLG�WHPSHUDWXUH� ���°&�
+LJK�IOXLG�VSHHG�� �����P�V�
�

7KH� GHWDLOHG� &2062/� PRGHO� XVHV� 3&0� QRGHV�
WLJKWO\� VTXHH]HG� DJDLQVW� HDFK� RWKHU� DQG� WKH�
FRQGXFWLYLW\� RI� WKH� 3&0� LWVHOI� DSSOLHG� DW� WKH�
LQWHUIDFH�EHWZHHQ�WZR�QRGHV��7KLV�GHWDLOHG�&2062/�
PRGHO�LV�FRPSDUHG�WR�DQ�DOWHUQDWLYH�YHUVLRQ�ZKHUH�D�
WKLQ� WKHUPDOO\� UHVLVWLYH� OD\HU� �775/�� RI� ��PP� LQ�
GHSWK�DQG�D�WKHUPDO�FRQGXFWLYLW\�RI�������:�P�.�LV�
LQVHUWHG�EHWZHHQ�3&0�QRGHV��

Results and discussion 
7KH�UDWLR�RI�WKH�HQHUJ\�IORZLQJ�WR�DQG�IURP�DGMDFHQW�
3&0�QRGHV� WR� WKH� WRWDO�HQHUJ\�HQWHULQJ�RU� OHDYLQJ�D�
3&0�QRGH�LV�HYDOXDWHG�IRU�HDFK�VLPXODWLRQ�WHVW�FDVH��
,W� LV� IRXQG� WKDW� KHDW� WUDQVIHU� ZLWK� DGMDFHQW� 3&0�
QRGHV�EHFRPHV�LQFUHDVLQJO\�LPSRUWDQW�DV�WLPH�SDVVHV��
LWV�FRQWULEXWLRQ�SHDNLQJ�DW�������RI�WKH�WRWDO�HQHUJ\�
WUDQVIHUUHG� WR�IURP� WKH� 3&0� QRGH� IRU� WHVW� FDVH� ���
+RZHYHU�� WKH� KLJKHVW� HQHUJ\� IOX[HV� EHWZHHQ� 3&0�
QRGHV� RFFXU� DW� WKH� EHJLQQLQJ� RI� WKH� VLPXODWLRQ��
VSHFLILFDOO\� DW� WKH� ILUVW� PRPHQW� WKH� HQWHULQJ� IOXLG�
WHPSHUDWXUH�IURQW�UHDFKHV�HDFK�IOXLG�QRGH��+HQFH��DV�
LOOXVWUDWHG�RQ�)LJXUH���� WKH�PRPHQW� WKH� FRQWULEXWLRQ�
RI� WKH� KHDW� WUDQVIHU� ZLWK� DGMDFHQW� 3&0� QRGHV�
EHFRPHV�VLJQLILFDQW�LQ�SURSRUWLRQ��LWV�DEVROXWH�YDOXHV�
DUH� H[FHVVLYHO\� VPDOO�� 7KH� KLJKHVW� UDWLRV� DUH�
DVVRFLDWHG�ZLWK� WKH� ILUVW� 3&0�QRGHV� HQFRXQWHUHG� LQ�
WKH�GLUHFWLRQ�RI�IORZ��ZKLFK�LV�FRKHUHQW�ZLWK�WKH�IDFW�
WKDW� WKHVH� QRGHV� DUH� VXEMHFWHG� WR� KRWWHU� IOXLG�
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WHPSHUDWXUHV� DQG� WKXV� KLJKHU� WHPSHUDWXUH� JUDGLHQWV�
EHWZHHQ�DGMRLQLQJ�IOXLG�DQG�3&0�QRGHV��

�
Figure 3: Results for the 2nd PCM node in test case 1 
&RPSDULQJ� WKH� HYROXWLRQ� RI� WKH� RXWOHW� IOXLG�
WHPSHUDWXUH�WKURXJK�WLPH�IRU�ERWK�PRGHOV���'�PRGHO�
ZLWK� DQG�ZLWKRXW� WKH� 775/�� LQ� DOO� WHVW� FDVHV� \LHOGV�
QHDUO\� LGHQWLFDO� UHVXOWV�� WKH� PD[LPXP� DEVROXWH�
GLIIHUHQFH� EHWZHHQ� WKH� WZR� GDWDVHWV� EHLQJ� OHVV� WKDQ�
������ GHJUHHV� &HOVLXV�� 7KXV�� WKRXJK� KHDW� WUDQVIHU�
EHWZHHQ�DGMDFHQW�3&0�QRGHV� LV� XQGHQLDEO\�SUHVHQW��
QHJOHFWLQJ�LWV�FRQWULEXWLRQ�UHPDLQV�MXVWLILDEOH�IRU�WKH�
VLPSOLILHG� 7516<6� PRGHO� DV� LWV� LPSDFW� RQ� WKH�
HYROXWLRQ� RI� WKH� RXWSXW� IOXLG� WHPSHUDWXUH� LV�
QHJOLJLEOH��

$668037,21�9(5,),&$7,21��121�
'(9(/23('�9(/2&,7<�352),/(�$1'�
6,03/,),('�*(20(75<�
Simulation 
,Q� WKH� VLPSOLILHG� 7516<6� PRGHO�� WKH� IOXLG� VSHHG�
XVHG�LQ�FDOFXODWLQJ�WKH�5H\QROGV�QXPEHU�DQG�ODWHU�WKH�
1XVVHOW� QXPEHU� DQG� KHDW� WUDQVIHU� FRHIILFLHQW� ݄� LV�
REWDLQHG� IURP� WKH� IOXLG�PDVV� IORZ� UDWH� HQWHULQJ� WKH�
WDQN�DVVXPLQJ�D�XQLIRUP�IOXLG�YHORFLW\�SURILOH�DFURVV�
WKH� KHLJKW� RI� WKH� IOXLG� SDVVDJH�� 7KH� LPSDFW� RI� WKLV�
DVVXPSWLRQ� LV� HYDOXDWHG� E\� FRPSDULQJ� WKH� UHVXOWV�
IURP� WKUHH� &2062/� PRGHOV�� 7KH� �'� PRGHO�
GHVFULEHG� SUHYLRXVO\� LPSRVHV� D� QXOO� IOXLG� YHORFLW\�
FRQGLWLRQ� DW� WKH� FDSVXOH�ZDOO�� IRUFLQJ� WKH� IOXLG� IORZ�
WR� GHYHORS� LQWR� D� ERXQGDU\� OD\HU� IROORZLQJ� WKH�
FRQWLQXLW\� HTXDWLRQ� DQG� WKH� 1DYLHU�6WRNHV� HTXDWLRQ��
7KH�³VOLS´�PRGHO�LV�D�GXSOLFDWH�RI�WKH��'�PRGHO�EXW�
WKH� ERXQGDU\� FRQGLWLRQ� DW� WKH� FDSVXOH� ZDOO� LV�
PRGLILHG� WR� IRUFH� IOXLG� IORZ� WR� ³VOLS´� DORQJ� WKH�
FDSVXOH� IDFH�� WKXV� NHHSLQJ� WKH� IOXLG� YHORFLW\� SURILOH�
XQGHYHORSHG�RYHU�WKH�OHQJWK�RI�WKH�FDSVXOH��/DVWO\��D�
�'� PRGHO� LV� FUHDWHG� WKDW� KDV� WKH� VDPH� QXOO� IOXLG�
YHORFLW\� FRQGLWLRQ� DW� WKH� FDSVXOH� VXUIDFH� DV� WKH� �'�
PRGHO� EXW� DOVR� FRQVLGHUV� WKH� LPSDFW� RI� WKH� UHDO�
FDSVXOH�JHRPHWU\�RQ�WKH�IORZ�YHORFLW\�SURILOH���
7KH� VLPSOLILHG� 7516<6� PRGHO� XVHV� D� VLPSOH�
UHFWDQJOH�WR�UHSUHVHQW�WKH�3&0�FDSVXOH�JHRPHWU\��$V�
FDQ�EH�VHHQ�RQ�)LJXUH����WKH�FDSVXOH¶V�WRS�DQG�ERWWRP�
VXUIDFHV� DUH� LQ� IDFW� FRYHUHG� ZLWK� D�V HULHV� RI� HPSW\�
SURWUXVLRQV�WKDW� ILW� WRJHWKHU�WR�KROG�WKH�FDSVXOHV�DW�D�
VSHFLILF�GLVWDQFH�DZD\�IURP�RQH�DQRWKHU��7KH�WRS�DQG�
ERWWRP� VXUIDFHV� KDYH� D�V HULHV� RI� KROHV� ZKLFK�
SHQHWUDWH� WR� WKH� FDSVXOH� FHQWHU�� 7KH� FDSVXOH¶V�

GRZQVWUHDP� ODWHUDO� IDFH� DOVR� LQFOXGHV� D�G HSUHVVLRQ�
ZKHUH� WKH� VHDOHG� ILOOLQJ� RULILFH� LV� ORFDWHG�� EXW� WKLV�
JHRPHWULFDO� IHDWXUH� LV� QRW� FRQVLGHUHG� KHUH�� 7KH�
UHDOLVWLF�JHRPHWU\�LQFUHDVHV�WKH�3&0�YROXPH�E\�RQO\�
�������FRPSDUHG�WR�WKH��'�PRGHO�EXW�LQFUHDVHV�WKH�
KHDW� WUDQVIHU� VXUIDFH� E\� ������� 7KHUPRK\GUDXOLF�
VLPXODWLRQV� RI� &DVH� �� GHVFULEHG� SUHYLRXVO\� DOORZHG�
WR� HYDOXDWH� WKH� IOXLG� YHORFLW\� DV� LW�F LUFXODWHV� LQ� WKH�
VSDFH�EHWZHHQ�WZR�3&0�FDSVXOHV��

�
Figure 4: Capsule geometry of 3D model 

Results and discussion 
5HVXOWV�IURP�WKH��'�PRGHO�LQGLFDWH�WKH�IOXLG�IRUPV�D�
IXOO\�GHYHORSHG�SURILOH�ZKLFK�UHDFKHV�VSHHGV�RI�XS�WR�
�������P�V�� 7KH� IORZ� SURILOH� HYROYHV� UDSLGO\�
EHFRPLQJ� IXOO\� GHYHORSHG� LQ� OHVV� WKDQ� ���V�� DW� D�
GLVWDQFH�RI�����P�IURP�WKH�OHDGLQJ�HGJH�RI�WKH�3&0�
FDSVXOH��,Q�WKH�FDVH�RI�WKH�VOLS�PRGHO��WKH�IORZ�SURILOH�
UHPDLQV�FRQVWDQW�DORQJ�WKH�KHLJKW�RI�WKH�IOXLG�SDVVDJH�
DQG�DORQJ�WKH�OHQJWK�RI�WKH�3&0�FDSVXOH�DW�D�YDOXH�RI�
�����P�V��

�
Figure 5: Velocity profile [m/s] at the half-height of 

the fluid passage for the 3D model 
)RU� WKH� �'� PRGHO�� )LJXUH� �� LOOXVWUDWHV� WKH� YHORFLW\�
SURILOH�RI�WKH�KHDW�WUDQVIHU�IOXLG�DORQJ�WKH�KDOI�KHLJKW�
RI� WKH� IOXLG� SDVVDJH� DW� W �����V�� ,Q� WKH� VHFWLRQV�
EHKLQG� WKH� SURWUXVLRQV�� IORZ� YHORFLW\� WHQGV� WRZDUGV�
]HUR�� :KHUH� QR� SURWUXVLRQV� LQWHUIHUH�� WKH� IORZ�
YHORFLW\�LV�PXFK�KLJKHU�WKDQ�WKH������P�V�LPSRVHG�LQ�
WKH�VLPSOLILHG�7516<6�PRGHO��UHDFKLQJ�YHORFLWLHV�DV�
KLJK�DV��������P�V���
7KH� FDSVXOH� JHRPHWU\� DOVR� KDV� LPSRUWDQW� LPSDFW� RQ�
WKH� KHDW� WUDQVIHU� LQWR� WKH� 3&0� DQG� LV� DQDO\]HG� DW�
VSHFLILF� VHFWLRQDO� YLHZV�� $V� VKRZQ� RQ� )LJXUH� ���
6HFWLRQ�$�LQWHUVHFWV�WKH�SURWUXVLRQV�SHUSHQGLFXODU�WR�
WKH�GLUHFWLRQ�RI�IOXLG�IORZ�DQG�6HFWLRQ�%�FXWV�WKURXJK�
WKH�ILUVW�KROH�DORQJ�WKH�FDSVXOH¶V�FHQWHUOLQH��7KHUPDO�
DQDO\VLV� RI� 6HFWLRQ�$� IRU� W �����V�� VKRZQ� LQ�)LJXUH�
��� LQGLFDWHV� WKH� SURWUXVLRQV� DFW� DV� WKHUPDO� EDUULHUV��
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LPSHGLQJ� KHDW� WUDQVIHU� WR� WKH� 3&0� EHORZ� DQG� WKH�
VDPH� FDQ� EH� VDLG� RI� WKH� IOXLG� WUDSSHG� LQVLGH� WKRVH�
SURWUXVLRQV�� 7KRXJK� WKH� KROHV� DORQJ� WKH� FDSVXOH�
FHQWHU�VHH�OLWWOH�IORZ��6HFWLRQ�%�LQGLFDWHV�WKH\�DFW�OLNH�
WKHUPDO�EULGJHV�WR�WKH�FHQWHU�RI�WKH�FDSVXOH��=RQHV�LQ�
)LJXUH� �� ZKHUH� WKH� IOXLG� VSHHG� LV� KLJKHVW� DUH� DOVR�
WKRVH� ZKHUH� WKH� 3&0� WHPSHUDWXUH� LV� KLJKHVW� LQ�
)LJXUH� ��� LQGLFDWLQJ� WKH� KLJKHU� IORZ� YHORFLWLHV� KDYH�
ORFDOO\�LQFUHDVHG�KHDW�WUDQVIHU�WR�WKH�3&0�FDSVXOH��

�
Figure 6: Temperature distribution inside the PCM 

capsule after 1500 seconds 
7KH�WHPSHUDWXUH�GLVWULEXWLRQ�YLVLEOH�RQ�VHFWLRQDO�FXWV�
IURP� )LJXUH� �� LQGLFDWHV� D� VLJQLILFDQW� WHPSHUDWXUH�
JUDGLHQW� RYHU� WKH� KDOI� KHLJKW� RI� WKH� 3&0� FDSVXOH��
(YHQ� JUHDWHU� WHPSHUDWXUH� JUDGLHQWV� RFFXU� RYHU� WKH�
KDOI�KHLJKW�RI�WKH�3&0�FDSVXOH�QHDU�WKH�EHJLQQLQJ�RI�
WKH� VLPXODWLRQ��$�YHUWLFDO� OLQH�&�FXWWLQJ� WKURXJK� WKH�
3&0�LV� ORFDWHG�DW�KDOI� WKH�ZLGWK�RI� WKH�FDSVXOH�DQG�
RQH� HLJKWK� RI� WKH� ZD\� DORQJ� WKH� FDSVXOH� OHQJWK�� DV�
LOOXVWUDWHG� LQ� EOXH� RQ� )LJXUH� ��� 7KH� WHPSHUDWXUH�
JUDGLHQW� HYDOXDWHG� DORQJ� OLQH� &� LV� SUHVHQWHG� IRU�
YDULRXV�WLPH�VWHSV�RQ�)LJXUH�����

��
)RU� W ��V� WR� W ���V�� WKH� WHPSHUDWXUH� JUDGLHQW� DORQJ�
WKH�KHLJKW�RI�WKH�3&0�LV�JUHDWHU�WKDQ����&��UHDFKLQJ�
D� YDULDWLRQ� RI� DV� PXFK� DV� ������&� DW� W ���V�� 7KH�
VLPSOLILHG�PRGHO� DVVXPHV�RQH�QRGH� DORQJ� WKH�GHSWK�
RI� WKH� 3&0� VODE�� L�H�� D�X QLIRUP� WHPSHUDWXUH� LQ� WKH�
FXUYHV� VKRZQ� LQ� )LJXUH� ��� 7KH� VWURQJ� WHPSHUDWXUH�
JUDGLHQWV� VKRZQ� LQ� WKH� &2062/� UHVXOWV� VKRZ� WKDW�
WKLV�DVVXPSWLRQ�FRXOG�FDXVH� VLJQLILFDQW�HUURUV� LQ� WKH�
LQVWDQWDQHRXV� KHDW� WUDQVIHU� EHWZHHQ� HDFK� 3&0� DQG�
IOXLG� QRGHV�� 7KH� WHPSHUDWXUH� DOVR� YDULHV� DORQJ� WKH�
ZLGWK� RI� WKH� 3&0� FDSVXOH� EXW� RQO\� LQ� WKH� DUHDV�
VXUURXQGLQJ� WKH� SURWUXVLRQV� DQG� KROHV�� ,Q� WKH�
7516<6� PRGHO�� WKHVH� SURWUXVLRQV� DQG� KROHV� DUH�
UHSODFHG� E\� DQ� HTXLYDOHQW� KRUL]RQWDO� VXUIDFH� VR� WKH�
XVH� RI� D� VLQJOH� QRGH� RYHU� WKH� ZLGWK� RI� WKH� 3&0�
FDSVXOH�VKRXOG�EH�DGHTXDWH��

7KH�HYROXWLRQ�RI�WKH�RXWOHW�IOXLG�WHPSHUDWXUH�WKURXJK�
WLPH� IRU� WHVW�&DVH� �� LV� SUHVHQWHG� LQ� )LJXUH� �� IRU� DOO�
WKUHH� PRGHOV�� $� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH�
�'� DQG� 6OLS� PRGHOV� RFFXUV� DW� WKH� EHJLQQLQJ� RI� WKH�
VLPXODWLRQ� ZKHQ� D�G LIIHUHQFH� RI� RYHU� �°&� LV� VKRZQ�
EHWZHHQ�W ��V�DQG�W ��V��UHDFKLQJ�D�PD[LPXP�YDOXH�
RI� �����°&�� +RZHYHU�� WKH� PHDQ� DEVROXWH� GLIIHUHQFH�
EHWZHHQ� WKHVH� WZR� VLPXODWLRQV� LV� RQO\� �����°&� RYHU�
WKH� OHQJWK� RI� WKH� ZKROH� VLPXODWLRQ�� 7KH� IOXLG� IORZ�
SURILOH� DSSHDUV� WR� KDYH� VLJQLILFDQW� LPSDFW� RQ� WKH�
RXWOHW� IOXLG� WHPSHUDWXUH� RQO\� IRU� WKH� IHZ� WLPH� VWHSV�
VXUURXQGLQJ�WKH�PRPHQW�ZKHQ�WKH�KRW� IOXLG�HQWHULQJ�
WKH�WDQN�ILUVW�UHDFKHV�WKH�WDQN¶V�RXWOHW��

�
Figure 8: Outlet fluid temperature for Case 1  

7KH� GLIIHUHQFHV� EHWZHHQ� WKH� PRGHOV� DUH� PRVW�
VLJQLILFDQW� DW� WKH� EHJLQQLQJ� RI� WKH� VLPXODWLRQ�
�EHWZHHQ� W ��V� DQG� W ��V��� 7KH� PRPHQW� ZKHQ� WKH�
RXWOHW� IOXLG� WHPSHUDWXUH� EHJLQV� WR� LQFUHDVH� DERYH�
��°&�DQG� WKH�VSHHG�ZLWK�ZKLFK� LW� VWDELOL]HV�DW�DERXW�
��°&� LV� GLIIHUHQW� IRU� DOO� WKUHH�PRGHOV�� 7KH� RQVHW� RI�
WKH�RXWOHW� IOXLG� WHPSHUDWXUH� KHDWLQJ�XS�RFFXUV� IDVWHU�
IRU� WKH� �'� DQG� �'� PRGHOV� GXH� WR� WKH� IDFW� WKDW� WKH�
GHYHORSHG� IORZ� SURILOH� DOORZV� KLJKHU� IOXLG� VSHHGV�
RYHU�SDUWV�RI�WKH�SDVVDJH�EHWZHHQ�WZR�FDSVXOHV��VRPH�
KRW� LQOHW�ZDWHU� WKXV� UHDFKLQJ� WKH� HQG� RI� WKH� FDSVXOH�
IDVWHU� WKDQ� LQ� WKH�6OLS�PRGHO��7KH� LQFUHDVH�RI� RXWOHW�
IOXLG� WHPSHUDWXUH� LV� FHQWHUHG� DW� ��V� IRU� WKH� 6OLS�
PRGHO�� ZKLFK� LV� FRQVLVWHQW� ZLWK� WKH� �����P�V� IOXLG�
YHORFLW\��,Q�WKH�FDVH�RI�WKH��'�PRGHO��WKH�LQFUHDVH�LQ�
RXWOHW�IOXLG�WHPSHUDWXUH�LV�FHQWHUHG�DURXQG����WR���V���
7KRXJK� WKH� UHDO� FDSVXOH� JHRPHWU\¶V� LPSDFW� RQ� WKH�
IORZ� DQG� WHPSHUDWXUH� GLVWULEXWLRQ� LV� HYLGHQW� RQ�
)LJXUH� �� DQG� )LJXUH� ��� WKH� PD[LPXP� DEVROXWH�
GLIIHUHQFH� EHWZHHQ� UHVXOWV� IURP� WKH� �'� DQG� �'�
PRGHOV�LV�RQO\�����°&��7KH�PHDQ�DEVROXWH�GLIIHUHQFH�
EHWZHHQ�WKHVH�WZR�PRGHOV�LV�RQO\������&��FRQFOXGLQJ�
WKH� UHDO� FDSVXOH� JHRPHWU\� LV� UHDVRQDEO\� ZHOO�
UHSUHVHQWHG� E\� WKH� VLPSOH� UHFWDQJOH� XVHG� LQ� WKH� �'�
&2062/� PRGHO� DQG� VLPSOH� 7516<6� PRGHO�� 7KH�
�'�PRGHO�KDV�WKH�PRVW�VODQWHG�SURILOH��OLNHO\�FDXVHG�
E\� WKH� HQKDQFHG� KHDW� WUDQVIHU� IURP� WKH� IOXLG� WR� WKH�
3&0� GXH� WR� DQ� DXJPHQWHG� FDSVXOH� VXUIDFH� DQG�
LQFUHDVHG� IOXLG� VSHHGV�� )XWXUH� H[SHULPHQWDO� UHVXOWV�
ZLOO� FRQILUP� ZKHWKHU� WKLV� EHKDYLRXU� LV� REVHUYHG� LQ�
SUDFWLFH� DQG� ZKHWKHU� WKH� VLPSOLILHG� PRGHO� QHHGV� WR�
EH�DGDSWHG�WR�WDNH�WKHVH�HIIHFWV�LQWR�DFFRXQW���

Figure 7: Temperature gradient over line C 

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

- 2945 -



02'(/�&203$5,621�
Simulation 
$Q� LPSRUWDQW� JRDO� RI� WKLV� FRPSDULVRQ� H[HUFLVH� LV� WR�
YHULI\� ZKHWKHU� WKH� VLPSOLILHG� PRGHO� UHSUHVHQWV� WKH�
SKDVH� FKDQJH� SURFHVV� LQ� D� UHDVRQDEOH� PDQQHU�� ,Q�
RUGHU� WR� GR� VR�� WKH� �'� GHWDLOHG� PRGHO� EXLOW� LQ�
&2062/� 0XOWLSK\VLFV� LV� PRGLILHG� WR� DFFRXQW� IRU�
SKDVH� FKDQJH� LQ� WKH� FDSVXOH�PDWHULDO�� 3RURXV�PHGLD�
SK\VLFV�DUH�XVHG�WR�PRGHO�WKH�3&0�DV�D�VROLG�SRURXV�
PDWUL[� ZLWK� D� OLTXLG� PHGLD� IORZLQJ� WKURXJK� LW�� 7KH�
WLPH�YDU\LQJ� SURSRUWLRQ� RI� WKH� IOXLG� WR� WKH� SRURXV�
PDWUL[��D�N�D� WKH� OLTXLG�IUDFWLRQ�� LV�FRQWUROOHG�E\� WKH�
HYROXWLRQ� RI� WKH� GRPDLQ¶V� HQWKDOS\� DORQJ� WKH�
HQWKDOS\�WHPSHUDWXUH� FXUYH�� DV� LW� LV� GRQH� LQ� WKH�
VLPSOLILHG� 7516<6�PRGHO�� � 7KH� KHDW� HTXDWLRQ� DQG�
FRQWLQXLW\� HTXDWLRQ� FRQWURO� WKH� KHDW� IORZ� DV� LQ� WKH�
SUHYLRXV�PRGHOV��7KH�3&0�SURSHUWLHV�XVHG�DUH�WKRVH�
RI�7DEOH����

Table 3: Phase change test case detail 
MODE 1 : HEATING 

,QLWLDO�IOXLG�DQG�3&0�WHPSHUDWXUH� ���°&�
,QFRPLQJ�IOXLG�WHPSHUDWXUH� ���°&�
/RZ�IOXLG�VSHHG�� �����P�V�
'XUDWLRQ� �����V�

MODE 2 : WAITING 
,QFRPLQJ�IOXLG�WHPSHUDWXUH� ���°&�
1R�LQFRPLQJ�QRU�RXWJRLQJ�IOXLG�� ��P�V�
'XUDWLRQ� �����V�

MODE�3 : COOLING�
,QFRPLQJ�IOXLG�WHPSHUDWXUH� ���°&�
/RZ�IOXLG�VSHHG�� �����P�V�
'XUDWLRQ� �����V�
�
$�WHVW�FDVH�LV�IRUPXODWHG�LQFOXGLQJ�DOO�WKUHH�PRGHV�RI�
W\SLFDO� HQHUJ\� VWRUDJH�� HDFK� PRGH� LV� GHVFULEHG� LQ�
7DEOH� �� DERYH�� $V� QHLWKHU� WKH� VLPSOLILHG� 7516<6�
PRGHO�QRU�WKH��'�&2062/�PRGHO�DV�RI�\HW�LQFOXGH�
DQ\�ORVVHV�WR�WKH�WDQN¶V�VXUURXQGLQJ�HQYLURQPHQW��WKH�
VHFRQG�PRGH� �³WKH�ZDLWLQJ�PRGH´�� DOORZV� WKH�3&0�
WDQN� WHPSHUDWXUH� WR� HYHQ� RXW� EXW� WKH� WRWDO� HQHUJ\�
ZLWKLQ�WKH�WDQN�UHPDLQV�FRQVWDQW���

Results and discussion 
)RU� +9$&� V\VWHPV� GHVLJQHUV�� WKH� PRVW� VLJQLILFDQW�
LQIRUPDWLRQ�DFTXLUHG�IURP� WKH�QXPHULFDO�PRGHO�RI�D�
ODWHQW� HQHUJ\� VWRUDJH� WDQN� LV� WKH� HQHUJ\� H[LWLQJ� WKH�
WDQN��$V�WKH�IOXLG�IORZ�LV� LPSRVHG�E\� WKH�UHVW�RI�WKH�
V\VWHP� DQG� QRW� PRGLILHG� E\� WKH� VWRUDJH� WDQN�� WKH�
WHPSHUDWXUH� RI� WKH� IOXLG� H[LWLQJ� WKH� WDQN� LV� WKH�
VLJQLILFDQW� YDULDEOH� WKH� PRGHO� QHHGV� WR� EH� DEOH� WR�
VLPXODWH�DGHTXDWHO\�DQG�LV�LOOXVWUDWHG�LQ�VHFWLRQ�$��RI�
)LJXUH� ��� IRU� ERWK� PRGHOV�� 1RWH� WKDW� GXULQJ� WKH�
³ZDLWLQJ�PRGH´� �IURP� W ����V� WR� W ����V��� WKHUH� LV�
QR� IOXLG� IORZ� DQG� VR� WKH� ³RXWOHW� IOXLG� WHPSHUDWXUH´�
GRHV�QRW�H[LVW��7KH�WHPSHUDWXUH�RI�WKH�ODVW�IOXLG�QRGH�
LV� UHSUHVHQWHG� LQ� WKH� )LJXUH� IRU� WKHVH� SHULRGV�
�KLJKOLJKWHG�E\�D�JUH\�EDFNJURXQG��
5HVXOWV� LQGLFDWH� WKH� PDLQ� GLIIHUHQFHV� RFFXU� FORVHO\�
DIWHU� WKH� RQVHW� RI� D� ODUJH� FKDQJH� LQ� LQOHW� IOXLG�

WHPSHUDWXUH� RU� YHORFLW\�� FORVH�XSV� FDQ� EH� VHHQ� LQ�
)LJXUH���DW�ERWK�PRPHQWV�ZKHQ�VXFK�FKDQJHV�RFFXU�
LQ�WKH�WHVW�FDVH��+RZHYHU��ERWK�FXUYHV�DUH�FHQWHUHG�DW�
��V�LQ�WKH�KHDWLQJ�PRGH�DQG�DW�����V�IRU�WKH�FRROLQJ�
PRGH�� 7KH� &2062/� PRGHOV� VWDELOL]HV� DW� D� PXFK�
ORZHU� WHPSHUDWXUH� WKDQ� WKH� 7516<6� PRGHO� LQ� WKH�
KHDWLQJ� PRGH� DQG� DW� D� KLJKHU� WHPSHUDWXUH� LQ� WKH�
FRROLQJ�PRGH�LQGLFDWLQJ�LQFUHDVHG�KHDW�WUDQVIHU�IURP�
WKH�IOXLG�WR�WKH�3&0��

�
Figure 9: Close-up of outlet fluid temperature for the 
simplified TRNSYS model and 2D COMSOL model 
$V�WKH�VHFRQG�PRGH�WHVWHG�LQYROYHV�QR�RXWJRLQJ�IOXLG�
IORZ�� WKH� VLJQLILFDQW� RXWSXWV� VWXGLHG� IURP� ERWK�
PRGHOV� FDQQRW� EH� OLPLWHG� WR� WKH� RXWOHW� IOXLG�
WHPSHUDWXUH��7KHUHIRUH�� WKH�3&0�OLTXLG�IUDFWLRQ�DQG�
WKH� DYHUDJH� 3&0� WHPSHUDWXUH� DUH� DOVR� FRPSDUHG� LQ�
VHFWLRQV�%��DQG�&��RI�)LJXUH������

�
Figure 10: Results from the simplified TRNSYS 

model and 2D COMSOL model 
7KH� HYROXWLRQ� RI� WKH� OLTXLG� IUDFWLRQ� WKURXJK� WLPH�
FRQILUPV�WKH�GLIIHUHQW�RXWOHW� WHPSHUDWXUH�SURILOHV�DUH�
FDXVHG� E\� JUHDWHU� KHDW� WUDQVIHU� WR� WKH� 3&0� LQ� WKH�
&2062/�PRGHO��$V�QDWXUDO�FRQYHFWLRQ� LQ� WKH� IOXLG�
LV�QHJOHFWHG�LQ�WKH�VLPSOLILHG�PRGHO�ZKHQ�ܲ݁ > 100��
WKH� UHGXFHG� KHDW� WUDQVIHU� FRHIILFLHQW� FRXOG� EH� WKH�
FDXVH�RI�WKH�OHVVHQHG�KHDW�WUDQVIHU�EHWZHHQ�WKH�IOXLG�
DQG� 3&0�� $J\HQLP� HW� DO�� ������� FODLPV� PRGHOV�
EDVHG� RQ� HLWKHU� SXUH� FRQGXFWLRQ� RU� SXUH� FRQYHFWLRQ�
ZLWKLQ� WKH� 3&0� KDYH� QRW� EHHQ� DEOH� WR� SUHGLFW�
DFFXUDWHO\� WKH� PHOWLQJ� UDWHV� LQ� HLWKHU� WKH� VROLG� RU�
OLTXLG�SKDVH�RI�WKH�3&0��7KRXJK�=LYNRYLF�DQG�)XMLL�
������� FRQFOXGHG� QDWXUDO� FRQYHFWLRQ� LQ� WKH� 3&0¶V�
OLTXLG� SKDVH� FRXOG� EH� QHJOHFWHG� IRU� ORQJ�� WKLQ�
FDSVXOHV�� WKLV� GHILFLHQF\� LQ� WKH� VLPSOLILHG� PRGHO�
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FRXOG�DOVR�H[SODLQ�SDUW�RI�WKH�UHGXFHG�KHDW�WUDQVIHU�LQ�
FRPSDULVRQ�WR�WKH�GHWDLOHG�PRGHO��
,W� LV� DOVR� DSSDUHQW� WKDW� ILQLWH�YROXPH� PRGHOOLQJ�
UHVWULFWV� WKH� YDULDWLRQ� RI� WHPSHUDWXUH� LQ� WKH� 3&0�DV�
WKH� ZKROH� YROXPH� RI� HDFK� 3&0� QRGH� LQ� WKH�
VLPSOLILHG� PRGHO� LV� FRQVLGHUHG� WR� EH� DW� WKH� VDPH�
WHPSHUDWXUH�� 7KH� HIIHFW� ZRXOG� EH� DWWHQXDWHG� ZHUH�
WKHUH� WR� EH� PRUH� QRGHV� RYHU� WKH� KDOI� KHLJKW� RI� WKH�
3&0� FDSVXOH�� 7KH� HIIHFW� RI� WKH� PRUH� GHWDLOHG�
PRGHOOLQJ� FDQ� DOVR� EH� VHHQ� LQ� WKH� FDOFXODWLRQ� WLPH��
:KHUH� WKH� &2062/� PRGHO� UHTXLUHV� �� KRXUV� DQG�
��PLQV�WR�FRPSXWH�WKH�WHVW�FDVH�UHVXOWV��WKH�7516<6�
PRGHO�UHTXLUHV�RQO\����V���

',6&866,21�$1'�&21&/86,21�
$�VLPSOH�PRGHO�VLPXODWLQJ�WKH�WUDQVLHQW�EHKDYLRXU�RI�
D� ODWHQW� HQHUJ\� VWRUDJH� WDQN� ZLWK� UHFWDQJXODU� 3&0�
FDSVXOHV� LV� GHYHORSHG� LQ� 7516<6�� )ROORZLQJ� WKH�
DQDO\VLV�RI�WKH�UHVXOWV�REWDLQHG�E\�GHWDLOHG�&2062/�
PRGHOV�� LW� LV� FRQFOXGHG� WKDW� QHJOHFWLQJ� FRQGXFWLRQ�
EHWZHHQ� DGMDFHQW� 3&0� QRGHV� GRHV� QRW� LQWURGXFH� D�
VLJQLILFDQW� HUURU� LQ� WKH� SUHGLFWLRQ� RI� WKH� RXWOHW� IOXLG�
WHPSHUDWXUH� DQG� WKDW� WKH� FDSVXOH� JHRPHWU\� FDQ� EH�
DGHTXDWHO\� UHSUHVHQWHG� E\� D� VLPSOH� UHFWDQJOH�� 7KH�
XVH�RI�D�VLQJOH�3&0�QRGH�RYHU�WKH�KDOI�KHLJKW�RI�WKH�
FDSVXOH� LQWURGXFHV� VLJQLILFDQW� HUURUV� DIWHU� D�V KDUS�
WUDQVLWLRQ�LQ�WKH�LQFRPLQJ�IOXLG�VSHHG�RU�WHPSHUDWXUH��
VR� DGGLWLRQDO� 3&0� QRGHV� ZLOO� KDYH� WR� EH� LQFOXGHG��
7KH� H[SHULPHQWDO� YDOLGDWLRQ� SKDVH� RI� RXU�ZRUN�ZLOO�
KHOS� ILQH�WXQLQJ� WKH� SRVLWLRQLQJ� RI� WKHVH� QRGHV� DQG�
WKH�FKRLFH�RI�FRQYHFWLRQ�FRHIILFLHQW�FRUUHODWLRQV��7KH�
OHYHO� RI� DFFXUDF\� DQG� WKH� FRPSXWDWLRQDO� HIIRUW�
DVVRFLDWHG� ZLWK� WKH� GHYHORSHG� 7516<6� FRPSRQHQW�
DUH� LQ� OLQH� ZLWK� WKH� REMHFWLYH� RI� REWDLQLQJ� D� PRGHO�
VXLWDEOH�IRU��V\VWHP�OHYHO�DQDO\VHV���
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