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��$�%�6�7�5�$�&�7�
7KLV� SDSHU� SUHVHQWV� D� UHYLHZ� RI� VROLG� SDUWLFOHV� VL]H� HIIHFW� RQ� WKHUPRFOLQH� VWRUDJH�
SHUIRUPDQFH� IRU� &RQFHQWUDWLQJ� 6RODU� 3RZHU� �&63�� VWRUDJH� V\VWHPV�� $IWHU� DQ�
RYHUYLHZ�RQ�WKH�GLIIHUHQW�SURFHVV�WR�VWRUH�WKHUPDO�HQHUJ\�ZH�IRXQG�WKDW�D�SDUWLFOH�
VL]H�RI��FP�GLDPHWHU�LV�EHWWHU�WR�DFKLHYH�D�JRRG�VHQVLEOH�KHDW�VWRUDJH�SHUIRUPDQFH�
ZLWKLQ� D� V\VWHP� FDOO� GXDO�PHGLXP� WKHUPRFOLQH� �'07��� 7KH� WKHUPDO� VWRUDJH�
SRWHQWLDOLW\�RI�GLIIHUHQW�VDQGV�IURP�%XUNLQD�)DVR�KDYH�EHHQ�FDUU\�RXW�WR�ORRN�DW�WKH�
SRVVLELOLW\�WR�PDNH�D�ILOOHU�PDWHULDO�ZLWK��FP�GLDPHWHU��+RZHYHU��WZR�GLIIHUHQW�VDQGV�
�PLQLQJ�DQG�GXQH��SURSHUWLHV�KDYH�EHHQ�DVVHVVHG��7KH�GHQVLW\�RI�WKH�WZR�VDPSOHV�LV�
PRUH�WKDQ�ʹͷͲ��Ǥ݉ିଷ�ZLWK�ORZ�PDVV�ORVVHV�DW�����ႏ�ZLWKRXW�DQ\�DJJORPHUDWLRQ�
DW� ����ႏ� DQG� ����ႏ�� 7KLV� LQGLFDWHV� WKDW� WKH� PLQLQJ� VDQG� VDPSOHV� IURP� %RER�
'LRXODVVR�DQG�'XQH�VDQG�IURP�6DKHO�UHJLRQ�LQ�%XUNLQD��2XUVL��KDYH�WKH�SRWHQWLDOV�WR�
EH�XVHG�WR�GHYHORS�DQ�HIIHFWLYH�WKHUPDO�HQHUJ\�VWRUDJH�PDWHULDO�RU�WR�VWRUH�WKHUPDO�
HQHUJ\�DW�KLJK�WHPSHUDWXUH���

,��,1752'8&7,21�
7KH� JOREDO� GHPDQG� IRU� HQHUJ\� LV� JURZLQJ� DQG�
FRQYHQWLRQDO� UHVRXUFHV� OLNH� FRDO� DQG� SHWUROHXP� DUH�
GHSOHWLQJ�� 5HQHZDEOH� UHVRXUFHV� LV� H[SHFWHG� WR� SOD\� D�
FUXFLDO� UROH� LQ� WKH� IXWXUH�� 2QH� SURPLVLQJ� RI� WKHVH�
UHQHZDEOH�UHVRXUFHV�WHFKQRORJLHV�LV�FRQFHQWUDWLQJ�VRODU�
SRZHU� �&63�� SODQWV� �8PPDGLVLQJX� DQG� 6RQL� �������
+RZHYHU��&63� WHFKQRORJ\� DIIRUGDELOLW\� LV� LQVXIILFLHQW�
ZKHQ�WKHUH�LV�QRQ�DYDLODELOLW\�RI�HQHUJ\�VWRUDJH�V\VWHP�
IURP� HOHFWULFLW\� GLVSDWFKLQJ�GXULQJ� WKH� QLJKW�WLPH� DQG�
FORXG�FRYHULQJ�GRPLQDWHV��7KLV�LV�H[SODLQ�WKH�LPSRUWDQW�
LQLWLDO� LQYHVWPHQW�RI����� WR�����GXH� WR� WKH� WZR�WDQN�
VWRUDJH�V\VWHP�DQG�WKH�KLJK�SULFH�RI�KHDW�WUDQVIHU�IOXLG�
�+7)��OLNH�PLQHUDO�RLO�DQG�V\QWKHWLF�RLO��ZKLFK�DUH�XVHG�
DV�VWRUDJH�PHGLXP�VLQFH������DW�6(*6�SODQW��+HUUPDQQ�
HW�DO����������7KH�PRVW�HIIHFWLYH�WKHUPDO�HQHUJ\�VWRUDJH�
PDWHULDOV�DUH�WKH�PROWHQ�VDOWV��ZKLFK�KDYH�KLJK�PHOWLQJ�
WHPSHUDWXUH�DQG�FRPSOH[�PDQDJHPHQW�RI�WKHLU�WKHUPDO�
VWDELOLW\��+XDQJ�HW�DO���������5DDGH�DQG�3DGRZLW]�������
+RIIPDQQ��������$OVR��PLQHUDO�RLO�DQG�PROWHQ�VDOW�KDYH�
ORZ� WKHUPDO� VWDELOLW\� DQG� LPSDFW� QHJDWLYHO\� RQ� WKH�
HQYLURQPHQW��+RZHYHU��VWXGLHV�KDYH�VKRZQ�WKDW�WKHUH�LV�
D�SRVVLELOLW\�WR�KDYH�D�EURDG�UHGXFWLRQ�RI�&63�FRVW������
WR������E\�XVLQJ�RQH�WDQN�DV�VWRUDJH�V\VWHP�DQG�XVLQJ�
HFR�PDWHULDOV��OLNH�QDWXUDO�URFNV�DQG�LQGXVWULDO�ZDVWH��DV�
ILOOHU� PDWHULDOV� �$QJHOLQL� HW� DO��� ������ 3DFKHFR� HW� DO���
������� :LWKLQ� WKLV� WDQN� D� WKHUPDO� JUDGLHQW� FDOO�
WKHUPRFOLQH�VHSDUDWHV�WKH�KRW�]RQH�IURP�WKH�FROG�]RQH��
7KH�VROLG�SDUWLFOH�VL]H�FDQ�DIIHFW�WKH�VWUDWLILFDWLRQ�RI�WKLV�
WKHUPDO� JUDGLHQW�� 7KH� IROORZLQJ� SDUDJUDSKV� JLYH� DQ�
RYHUYLHZ�RQ�GXDO�PHGLXP�WKHUPRFOLQH�LQ�WKH�OLWHUDWXUH�

DQG� KRZ� VROLG� SDUWLFOH� VL]H� FDQ� KDYH� HIIHFW� RQ� LWV�
SHUIRUPDQFH���
�����'XDO�PHGLXP�WKHUPRFOLQH�V\VWHP�
0RVW� RI� &63� SLORW� DQG� ODERUDWRU\� VFDOH� SURMHFWV� IRU�
WKHUPRFOLQH�VWRUDJH�VWXG\�DUH��GXDO�PHGLXP�WKHUPRFOLQH�
�ILJXUH� ��� �5DGRVHYLFK�� ������ =XQIW� HW� DO��� ������
2GHQWKDO�HW�DO���������)DXVW�HW�DO���������6FKOLSI�HW�DO���
������+RIIPDQQ� HW� DO��� ������ =DQJDQHK� HW� DO��� �������
'07�WDQNV�DUH�IDYRUHG�EHFDXVH�WKH\�KDYH�HFRQRPLFDO�
DQG�WHFKQLFDO�DGYDQWDJHV��7KH�ILOOHU�PDWHULDO�UHGXFHV�WKH�
TXDQWLW\�RI� WKH� OLTXLG�PDWHULDO� �RLO��PROWHQ�VDOW�RU� DQ\�
IOXLG�� �� 5DGRVHYLFK�� ������� ZKLFK� LV� RIWHQ� WKH� PRVW�
H[SHQVLYH� DPRQJVW� WKH� FRPSRQHQWV�� %XW� PDQ\�
SDUDPHWHUV�QHHG�WR�EH�FRQVLGHUHG�WR�KDYH�D�JRRG�WKHUPDO�
VWUDWLILFDWLRQ�� WKHUHIRUH� D� JRRG� H[WUDFWLRQ� RI� WKH�
WKHUPRFOLQH� GXULQJ� FKDUJLQJ� DQG� GLVFKDUJLQJ� WLPH� LV�
LPSRUWDQW�� $PRQJ� WKHVH� SDUDPHWHUV� DQG� WKH� PRVW�
LPSRUWDQW� LV� WKH� ILOOHU� PDWHULDOV� RU� VROLG� SDUWLFOHV�
�VRPHWLPHV�UHIHUV�WR�DV�VROLG���

�
Figure 1: DMT thermocline storage system �+RIIPDQQ��������
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����*RYHUQLQJ�HTXDWLRQV��

7R�HYDOXDWH�WKH�HIIHFW�RI�ILOOHU�PDWHULDO�SURSHUWLHV�RQ�WKH�
SHUIRUPDQFH�RU�WKH�EHKDYLRUV�RI�SDFNHG�EHG�WKHUPRFOLQH�
V\VWHP� XVXDOO\�� PRVW� RI� WKH� PRGHOV� GHYHORSHG� LQ� WKH�
OLWHUDWXUH�DUH�EDVHG�RQ�6FKXPDQ�HTXDWLRQV��ZKLFK�ZHUH�
GHYHORSHG� VLQFH� ����� �6FKXPDQQ�� ������� 7KLV� RQH�
GLPHQVLRQ�PRGHO�ZDV�XVHG�IRU�SRURXV�PHGLXP�PRGHOOLQJ�
DQG�FRPELQH�WZR�HQHUJ\�HTXDWLRQV��2QH�IRU�WKH�IOXLG�DQG�
RQH�IRU�WKH�VROLG�SDUWLFOHV��
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:KHUH�ܽ�LQ�݉ଶǤ݉ିଷ�UHSUHVHQWV�VROLG�VXUIDFH�SHU�
YROXPH�XQLW�RI�WKH�EHG��

)RU� EHWWHU� XQGHUVWDQGLQJ� WKHUPRFOLQH� EHKDYLRUV�� WKH�
WKHUPDO� ORVVHV�� WKH�HIIHFWLYH�FRQGXFWLYLWLHV�RI� WKH� VROLG��
DQG�WDQN�WKHUPDO�FDSDFLW\�KDYH�EHHQ�DGGHG�WR�6FKXPDQ�
PRGHO��(VHQFH��������+RIIPDQQ�HW�DO����������7KH�HQHUJ\�
EDODQFH�IRU�WKH�WDQN�ZDOO�KDV�EHHQ�FRQVLGHUHG��7KURXJK�
WKH� \HDUV�� LQ� RUGHU� WR� EHWWHU� DQDO\]H� WHPSHUDWXUH�
GLVWULEXWLRQ�EDVHG�RQ�FRQWLQXRXV�VROLG�SKDVH�DVVXPSWLRQ�
DQG�IOXLG�IORZ�WKH�WZR�GLPHQVLRQ��.OHLQ�HW�DO���������DQG�
WKUHH� GLPHQVLRQ� �%UXFK� HW� DO��� ������ )OXHFNLJHU� HW� DO���
������)DXVW� HW� DO�� ������0DKIRXGL�HW� DO���������PRGHOV�
KDYH� EHHQ� GHYHORSHG�� 7KH� JHQHUDO� GHVFULSWLRQ� RI� WKHVH�
PRGHOV�ZLWK�WKUHH�HTXDWLRQV�DUH�SUHVHQWHG�DV�IROORZ��

(QHUJ\�EDODQFH�IRU�WKH�IOXLG��
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௪ܿ௪Ǥߩ
డ்ೢ
డ௧

ൌ ௪ǡܭ൫ ௪ܶ൯ ൌ ௩ܷǡ௪൫ ܶ െ ௪ܶ൯ 

௩ܷǡ௪ሺ ௦ܶ െ ௪ܶሻ  ݄௩ǡ௫௧ሺ ௪ܶ െ ܶ௫௧ሻ������������������������������

:KHUH� ߝ �LV� WKH� SRURVLW\� RI� WKH� EHGߩ�� �WKH� GHQVLW\� LQ�
݇݃Ǥ݉ିଷǡ�ܿ�WKH� VSHFLILF�KHDW� FDSDFLW\� LQ�N-�NJႏ��K� WKH�
FRQYHFWLYH� FRHIILFLHQW� RI� KHDW� WUDQVIHU�� X� WKH� IOXLG�
YHORFLW\��.�WKH�WKHUPDO�FRQGXFWLYLW\�LQ�:�P�ႏ��8�JOREDO�
FRHIILFLHQW� RI� KHDW� ORVVHV� LQݓ�Ǥ݉ଶǤԨିଵ �� DQG� 7� WKH�
WHPSHUDWXUH��

$�SDUW�IURP�HQHUJ\�HTXDWLRQV��FRQWLQXLW\�HTXDWLRQ�DQG�
PRPHQWXP�HTXDWLRQ�ZKLFK�WDNHV�LQWR�DFFRXQW�WKH�
LQWULQVLF�SHUPHDELOLW\�RI�WKH�VROLG�SDUWLFOH�VKRXOG�EH�
DGGHG�;X�HW�DO����������7KLV�LQWULQVLF�SHUPHDELOLW\�FDQ�
EH�GHILQH�DV�IROORZV��
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:KHUH�݀�LV�WKH�VSKHULFDO�SDUWLFOH�GLDPHWHU�LQ�P��DQG�.�
LQ�݉ଶǤ�

)RU� D� JLYHQ� PRGHO� DQG� WDQN� VL]H�� VHYHUDO� QXPHULFDO�
PHWKRGV� OLNH� ILQLWH�YROXPH�RU� ILQLWH�HOHPHQW�KDYH�EHHQ�
XVHG� WR� UHVROYH� WKHVH� HQHUJ\� EDODQFH� HTXDWLRQV�
QXPHULFDOO\�� 7KH� LPSRUWDQFH� RI� QXPHULFDO� PRGHO� LV� WR�
KDYH�GDWD�IURP�DQ�LGHDO�V\VWHP�DQG�XVH�LW�IRU�H[SHULPHQWDO�
GDWD� YDOLGDWLRQ�� 7KH� WKUHH� HTXDWLRQ� PRGHO� SURYLGH� DQ�
HIIHFWLYH�WKHUPDO�SHUIRUPDQFH�VWXG\�RI�D�VWRUDJH�V\VWHP�
WKDQ�RQH�HTXDWLRQ��+RIIPDQQ�HW�DO����������7ZR�HTXDWLRQV�
PRGHO� FDQ� HIIHFWLYHO\� VWXG\� WKHUPRFOLQH�
EHKDYLRUV�(VHQFH�HW�DO���������OLNH�WKUHH�HTXDWLRQV�PRGHO�
E\�UHGXFLQJ�����RI�FRPSXWDWLRQ�WLPH��(VHQFH����������

�����7KHUPRFOLQH�HIIHFWLYHQHVV�

1.3.1. Thermal cycle effectiveness 

7KH�VWUDWLILFDWLRQ�HIILFLHQF\�FRXOG�GHSHQG�RQ�WKH�FKDUJH�
DQG�GLVFKDUJH�HIILFLHQF\��ZKLFK�LV�LQIOXHQFHG�E\�SRURVLW\�
RI�WKH�WDQN��SDUWLFOHV�VL]H��DQG�VWRUDJH�FDSDFLW\��/DXEH�HW�
DO����������0RUHRYHU��WKHUPRFOLQH�WKLFNQHVV�dX LV�GHILQHG�
DV�WKH�FRYHULQJ�OHQJWK�RI�WKH�WKHUPRFOLQH�UHJLRQ�GHSHQG�
RQ� FKDUJLQJ� DQG� GLVFKDUJLQJ� F\FOH� DQG� FDQ� EH� GHILQHG�
DFFRUGLQJ�WR�&KDQJ�DQG�FR�ZRUNHUV��&KDQJ�HW�DO��������
DV�E\��
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:KHUH� ܶ௧ǡ ൌ ܶ െ ͷ�DQG ܶ௧ǡ ൌ ܶ  ͷ�UHSUHVHQW�WKH�
FULWLFDO� ORZ� DQG� KRW� WHPSHUDWXUH� IRU� HYDOXDWLQJ� WKH�
WKHUPRFOLQH�WKLFNQHVV�UHVSHFWLYHO\���

)URP� WKHVH� HTXDWLRQV�� ZH� FDQ� UHDOL]H� WKDW� D� WKLQ�
WKHUPRFOLQH� FDQ� EH� DFKLHYHG�ZLWK� DQ� HIIHFWLYH� WKHUPDO�
VWUDWLILFDWLRQ�DQG�WKHUPDO�F\FOH���

$�ORZ�WKHUPRFOLQH�WKLFNQHVV�FRQGXFWLQJ�WR�D�JRRG�F\FOH�
HIILFLHQF\�LV�GHILQHG�DV�IROORZV��
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:KHUH� ߟ �LV� WKH� HIIHFWLYH� GLVFKDUJH� HIILFLHQF\�� ௗ௦ݐ ൌ
�ௗ௦ǡ�LV�WKH�WLPH�DW�ZKLFK�WKH�+7)�WHPSHUDWXUH�GURSV�WRݐ
D� WKUHVKROG� YDOXH"� 7KH� WKUHVKROG� YDOXH� LV� XVXDOO\�
GHWHUPLQHG� E\� WKH� DSSOLFDWLRQ� RI� WKH� LQWHUHVW� DQG� LV�
DUELWUDU\�FKRVHQ�OLNH� ܶ െ ͷ�� ܶ െ ʹͲ��HWF��

$Q� HIIHFWLYH� WKHUPDO� VWRUDJH� GHSHQGV� RQ� WKH� GLVFKDUJH�
HIILFLHQF\�DQG�WKH�GLVFKDUJH�WLPH��

1.3.2-Particles size effect on discharge effectiveness 

%DVHG� RQ� WUDQVLHQW� WZR�GLPHQVLRQDO� GLVSHUVLRQ�
FRQFHQWULF� �'�&�� PRGHO� IRU� KHDW� WUDQVIHU� DQG� IOXLG�
G\QDPLFV� LQ� D� SDFNHG�EHG� PROWHQ� VDOW� WKHUPRFOLQH�
WKHUPDO�VWRUDJH�V\VWHP��;X�HW�DO���������KDYH�VKRZQ�WKH�
SRVVLELOLW\� UHGXFWLRQ� GLVFKDUJH� HIILFLHQF\� ZLWK� ODUJH�
SDUWLFOHV�FRQILUPHG�E\�QXPHURXV�RWKHU�DXWKRUV��/DXEH�HW�
DO���������=DQJDQHK�HW�DO����������7KH�ILJXUH���VKRZ�WKH�
HIIHFW�RI�SDUWLFOH�VL]H�RQ�WKH�GLVFKDUJH�HIILFLHQF\��
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�
Figure2: Effect of particle size on discharge  efficiency �/DXEH�
HW�DO�������� 

7R�KDYH�D� WKLQ� WKHUPRFOLQH�ZLWK� DQ� HIIHFWLYH�GLVFKDUJH�
HIILFLHQF\��VPDOO�SDUWLFOH�GLDPHWHU�LV�UHTXLUHG��OHVV�WKDQ�
�FP��WR�DYRLG�EDG�WKHUPDO�GLVWULEXWLRQ�LQ�WKH�SDUWLFOH�DQG�
WR�SURYLGH�D�JRRG�KHDW�WUDQVIHU�SURFHVV�EHWZHHQ�WKH�IOXLG�
DQG�WKH�SDUWLFOH��%XW�ZKHQ�WKH�SDUWLFOH�GLDPHWHU�LV�VPDOOHU�
HQRXJK�� WKH� LQIOXHQFH� RI� SDUWLFOH� GLDPHWHU� RQ� WKHUPDO�
SHUIRUPDQFH�EHFRPHV�QHJOLJLEOH� �;X� HW� DO��� �������7KH�
LPSDFW�RI�SDUWLFOH� VL]H�RQ� WKHUPRFOLQH� WKLFNQHVV�FDQ�EH�
SUHVHQWHG�LQ�ILJXUH���DV�IROORZV��

�
Figure3: Variation of thermocline thickness with discharge 
time for quartzite rock particle diameters �;X�HW�DO��������. 

7R� VXPPDUL]H� VPDOOHU� SDUWLFOHV�� HQKDQFH� WKHUPDO�
VWUDWLILFDWLRQ�� UHGXFH� WKH� WKLFNQHVV� RI� WKH� WKHUPRFOLQH��
LPSURYH� GLVFKDUJH� HIILFLHQF\� WKHUHE\� WKH� VWRUDJH�
HIILFLHQF\��$Q�RSWLPDO�GLDPHWHU�YDOXH�FRXOG�EH���FP��7KLV�
LV�WKH�UHDVRQ�ZK\�WKLV�VWXG\�DLPV�WR�DVVHVV�WKH�SRWHQWLDOLW\�
RI�VDQG�WR�GHYHORS�DQ�RSWLPDO�VWRUDJH�PDWHULDO��%HFDXVH�
VDQG�KDV�JRRG�WKHUPDO�SURSHUWLHV�DQG�JRRG�WKHUPDO�LQHUWLD�
��3UL\D�HW�DO���������'LDJR�HW�DO���������0DKIRXGL���������
$OVR�VDQG�LV�D�PDWHULDO�XVH�LQ�EXLOGLQJ�DUHD�E\�PL[LQJ�LW�
ZLWK� ELQGHU� OLNH� FHPHQW�� +RZHYHU� VDQG� VDPSOHV� FDQ�
DJJORPHUDWH�ZKHQ�LW�LV�XVHG�DV�KHDW�WUDQVIHU�IOXLG�RU�LQ�WKH�
VWRUDJH�PHGLXP� NHHSLQJ� LWV� RSHUDWLQJ� WHPSHUDWXUH� ORZ�
�,QLHVWD�HW�DO���������7KLV�LV�WKH�UHDVRQ�ZK\�WKH�REMHFWLYH�
RI�WKLV�VWXG\�LV�WR�DVVHVV�WKH�WKHUPDO�VWRUDJH�SRWHQWLDOLW\�
RI�GXQH�DQG�PLQLQJ�VDQG�IURP�%XUNLQD�)DVR�WR�FKHFN�LI�
WKHVH�VDQG�VDPSOHV�FDQ�EH�XVHG� WR�GHYHORS�DQ�HIIHFWLYH�
ILOOHU� PDWHULDO� IRU� VHQVLEOH� KHDW� VWRUDJH� DW� KLJK�
WHPSHUDWXUH��7KLV�REMHFWLYH�FRXOG�EH�DFKLHYDEOH�WKURXJK�
VL]H�DQDO\VLV��GHQVLW\�DQG�KHDW� WUHDWPHQW�DQDO\VLV�RI� WKH�
GLIIHUHQW�VDQG�VDPSOHV���

,,��0$7(5,$/�$1'�0(7+2'6

�����0DWHULDO�VHOHFWLRQ�

7ZR�VDQG�VDPSOHV�IURP�VHOHFWHG�ORFDWLRQV�LQ�6DKHO�UHJLRQ�
�'XQH� VDQG�� DQG�+LJK�%DVLQ� �PLQLQJ� VDQG�� RI�%XUNLQD�
)DVR� ZHUH� VWXGLHG�� 7KH� VDPSOHV� ZHUH� FROOHFWHG� LQ� WKH�
VDQG� H[WUDFWLRQ� DUHD� �PLQLQJ� VDQG�� RI� %RURJRGRXJRX�
ORFDWHG�DW����NP�DZD\�IURP�%RER�'LRXODVVR�DQG�'XQH�
VDQG�RI�2XUVL��VDKHO�UHJLRQ���$W�D�ILUVW�JODQFH��WKH�PRVW�
VWULNLQJ�GLIIHUHQFH�EHWZHHQ�WKHP�LV�WKH�FRORXU��ZKLFK�LV�
OLJKW�FUHDP�IRU�PLQLQJ�VDQG�DQG�UHG�WRQHV�IRU�GXQH�VDQG��
)LJXUH���SUHVHQWV�D�FROOHFWLRQ�VLWH�PDS�RI�VDPSOHV��

�
Figure 4: Sampling site 

�����0DWHULDOV�IRU�FKDUDFWHUL]DWLRQ�

2.2.1. Particle size analysis 

(YHU\�VDQG�VDPSOH�ZDV�VHSDUDWHG�WKURXJK�D�VHULHV�RI�ZLUH�
PHVK�VLHYHV��7KH�FKRVHQ�VWDQGDUG�ZDV�1)3��������DQG�
WKH�VLHYHV�XVHG�KDG�QRPLQDO�DSHUWXUH�VL]HV�RI���������������
���������������������������������������������������������������
����������������������������������������DQG���������

7KH�SDUWLFOHV�VWRSSHG�EHWZHHQ�HDFK�SDLU�RI�VLHYHV�ZHUH�
ZHLJKWHG�DQG�UHFRUGHG�� �7KH�VDXWHU�PHDQ�GLDPHWHU�ZDV�
FDOFXODWHG�XVLQJ�HTXDWLRQ����DV�IROORZV��

60' σ ሺ݉݀௩ሻȀܯ ������������������������������������������������

:KHUH�mi LQ�J LV�WKH�PDVV�VWRSSHG�E\�D�JLYHQ�VLHYH�i��dav 
LQ PP LV�WKH�PHDQ�VL]H�EHWZHHQ�WKH�VWRSSLQJ�VLHYH�i DQG�
WKH� LPPHGLDWH� ODUJHU� RQH�� DQG�M� LQ�J LV� WKH� WRWDO�PDVV�
VLHYHG�IRU�D�JLYHQ�VDPSOH���

2.2.2. Density and porosity measurement 

7KH� EXON� GHQVLW\� KDV� EHHQ� PHDVXUHG� ZLWK� D� WDUH� RI� ��
OLWWHUV��7KH�VDPSOH�ZDV�SXW�LQ�WKH�WDUH�E\�SODFLQJ�LW�DW�OHDVW�
��PHWHU�DERYH�WKH�WDUH�RI�YROXPH�9��7KH�VXUSOXV�RQH�ZDV�
IODWWHQ�DQG�ZHLJKHG���7KH�PHWKRG�XVHG�FDQ�EH�SUHVHQWHG�
LQ�WKH�ILJXUH���DV�IROORZV��

 
Figure 5: Bulk density measure process. 

7KH�EXON�GHQVLW\�RU�DSSDUHQW�GHQVLW\�LV�JLYHQ�E\�

ߩ ൌ


����������������������������������������������������������������������

:KHUH�P�LQ�J�LV�WKH�VDPSOH�ZHLJKW�DQG�9�LQ�ܿ݉ଷ�LV�WKH��
YROXPH�RI�WKH�WDUH��

�
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$OVR�WKH�SDUWLFOH�GHQVLW\�KDV�EHHQ�GHWHUPLQHG�WKURXJK�D�
ZDWHU� GLVSODFHPHQW� S\FQRPHWHU�� 7KH� GLIIHUHQW� VDQG�
VDPSOHV�ZHUH�ZDVKHG��DQG�GULHG�DW����ႏ�ZLWKLQ�DQ�RYHQ�
GXULQJ� ��� KRXUV��$� EDODQFH�ZLWK� ���J� RI� DFFXUDF\�ZDV�
XVHG� WR�PHDVXUH� WKH� GLIIHUHQW�ZHLJKWV� DQG� DQ� DVSLUDWRU�
ZDV�XVHG�WR�UHPRYH�DOO�DLU�LQ�WKH�S\FQRPHWHU�GXULQJ�RQH�
KRXU��$QG�WKH�SDUWLFOH�GHQVLW\�LV�FRPSXWHG�DV�IROORZV��

ߩ ൌ
ೞ

൫శೞିାశೢ൯ିశೞశೢ
ൈ �����������������������௪ߩ

:KHUH�݉௦�LQ�J�LV�WKH�ZHLJKW�RI�WKH�VDPSOH��݉ା௦�LQ�J�WKH�
ZHLJKW�RI�WKH�S\FQRPHWHU�SOXV�WKH�VDPSOH��݉ା௪��LQ�J�WKH�
ZHLJKW� RI� WKH� S\FQRPHWHU� SOXV�ZDWHU��݉ା௦ା௪ �LQ� J� WKH�
ZHLJKW�RI�WKH�S\FQRPHWHU�SOXV�ZDWHU�SOXV�WKH�VDPSOH�DQG�
௪�GHQVLW\�RI�ZDWHU�LQ�݇݃Ǥߩ ܿ݉ିଷ�

7KH�IUDFWLRQ�RI�YRLG��SRURVLW\��LQ�WKH�GLIIHUHQW�VDPSOH�KDV�
EHHQ�DVVHVVHG�DV�IROORZV��

ߝ ൌ ఘିఘ್
ఘ

���������������������������������������������������������������

2.2.3. Loss on ignition and agglomeration analysis 

7KH�GLIIHUHQW�VDQG�VDPSOHV�RI�DURXQG���J�ZHUH�KHDWHG�DW�
�����&�LQ�D�SURJUDPPDEOH�PXIIOH�IXUQDFH�0RGHO��������
XQGHU� DLU� DWPRVSKHUH� WR� DVVHVV� WKH� PDVV� RI� YRODWLOH�
HOHPHQWV� ORVV�RI� LJQLWLRQ� LQ� WKH�GLIIHUHQW� VDQG� VDPSOHV��
7KH� WHPSHUDWXUH�ZDV�KROG�GXULQJ���KRXU�DW����ႏ��7KH�
/2,�ZDV�FRPSXWHG�XVLQJ�WKH�IROORZLQJ�UHODWLRQ��

ܫܱܮ ൌ బିభ
బ

ൈ ͳͲͲ������������������������������������������������������

:KHUH��݉�LQ�J�LV�WKH�ZHLJKW�RI�WKH�VDPSOH�EHIRUH�
FDOFLQDWLRQ�DQG�݉ଵ�LQ�J�WKH�ZHLJKW�DIWHU�FDOFLQDWLRQ��

,Q�WKH�VDPH�ZD\�WKH�ZDWHU�FRQWHQW�ZDV�GHWHUPLQHG��EXW�LQ�
WKDW�FDVH�WKH�GLIIHUHQW�VDPSOHV�ZHUH�GULHG�ZLWKLQ�DQ�RYHQ�
XQGHU�DLU�DWPRVSKHUH�GXULQJ����KRXUV�DW����ႏ����

7KH� GLIIHUHQW� VDQG� VDPSOHV�ZHUH� DOVR� KHDWHG� XQGHU� DLU�
DWPRVSKHUH�DW����ႏ�DQG�����ႏ�IRU�DJJORPHUDWLRQ�WHVW�
LQ� WKH� SURJUDPPDEOH� PXIIOH� IXUQDFH� 0RGHO� �������
�ILJXUH����ZLWK�DFFXUDF\�RI��ႏ�WR�REVHUYH�WKH�LPSDFW�RI�
KLJK�WHPSHUDWXUH�RU�WKHUPDO�F\FOH�RQ�VDQG��6R�DW�OHDVW����
J�RI�HDFK�VDPSOH�ZDV�KHDWHG�ZLWK�KHDWLQJ�UDWH�RI���ႏ�
�PLQ� DQG�KROG� DW� ���ႏ�����ႏ�GXULQJ���PQ� DQG� WKUHH�
KRXUV�DW����ႏ��$W�����ႏ�WKH�KHDWLQJ�UDWH�ZDV���ႏ�PLQ�
IURP� URRP� WHPSHUDWXUH� WR� ���ႏ�� DQG� �ႏ�PLQ� IURP�
���ႏ� WR� ����ႏ� DQG� KROG� GXULQJ� ��PLQ� DW� ���ႏDQG�
���ႏ� DQG� �� KRXUV� DW� ����ႏ�� ZLWK� D� FRROLQJ� UDWH� RI�
�ႏ�PLQ�� 2QH� FRROHG� WKH\� ZHUH� ODLG� RQ� D� IODW� ZKLWH�
VXUIDFH�DQG�D�SKRWRJUDSK�ZDV�WDNHQ��

� �
Figure 6: (a) Opened muffle Furnace, (b) opened muffle 
furnace with sample inside for heat treatment of the different 
sample. (�) Menu key use to fix the maximal temperature, the 

soak time and the heating and cooling rate; (2) Program 
run LED use to run the program; (3) Increase key: Use 
in this study to increase temperature, for calibration and 
increase the heating rate; (4) Decrease key: Use to 
decrease the temperature and cooling rate and for 
calibration; (5) Thermocouple give the temperature; (6) 
Power switch: Use to on and off the furnace; (7) Set 
temperature display; (8) Actual temperature display 
given by the thermocouple 

,,,��5(68/76��

�����3DUWLFOH�VL]H�

7DEOH� �� VKRZV� WKH� FDOFXODWHG� 6DXWHU� PHDQ� GLDPHWHU�
�60'��IRU�HDFK�VDPSOH��7KH�SDUWLFOHV� VWRSSHG�EHWZHHQ�
HDFK�SDLU�RI�VLHYHV�DQG�ZHLJKWHG�KDYH�EHHQ�UHFRUGHG�DQG�
SORWWHG� DV� VKRZHG� LQ� IJXUH��� 7KH� UHG� DQG� JUHHQ� SORWV�
UHSUHVHQW�UHVSHFWLYHO\�WKH�SURILOH�RI�GXQH�DQG�PLQLQJ�VDQG�
DFFXPXODWHG�ZHLJKW�LQ�SHUFHQWDJH���

Table1: The sauter mean diameter for the different sand 
sample 

6DPSOH� 'XQH�VDQG� 0LQLQJ�VDQG�
6DXWHU�PHDQ�
GLDPHWHU��60'��

����� ������

�

 
Figure 7: Recorded cumulated weight percentage of particles 
stopped between every given pair of sieves for samples 1 and 
2.  

�����'HQVLW\�DQG�SRURVLW\�

7KH� PHFKDQLFDO� SURSHUWLHV�� GHQVLWLHV� DQG� SRURVLW\�
PHDVXUHG� YDOXHV� DUH� SUHVHQWHG� LQ� WDEOH� ��� 7KH� EXON�
GHQVLW\� RI� GXQH� VDQG� LV� ORZHU� WKDQ� WKH� EXON� GHQVLW\� RI�
PLQLQJ�VDQG�ZKLOH�LW�LV�QRW�WKH�FDVH�IRU�SDUWLFOH�GHQVLW\��
7KH�SRURVLW\�RI�WKH�GXQH�VDPSOH�LV�KLJKHU�WKDQ�WKH�RQH�RI�
PLQLQJ�VDQG���

Table2: Density and porosity of the different sand samples 

6DPSOH� 'XQH�VDQG� 0LQLQJ�VDQG�
%XON�GHQVLW\�
�݇݃Ǥ݉ିଷ���

����� �����

3DUWLFOH�GHQVLW\�
�݇݃Ǥ݉ିଷ���

����� �����

3RURVLW\� ����� �����
�

�
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�����/RVV�RI�LJQLWLRQ�DQG�DJJORPHUDWLRQ�LVVXHV�

7KH�WDEOH���SUHVHQWV�WKH�UHVXOWV�RI�ORVV�RI�LJQLWLRQ��/2,��
DQG�ZDWHU�FRQWHQW��7KH�/2,�RI�GXQH�VDQG�LV�KLJKHU�WKDQ�
LWV�ZDWHU�FRQWHQW�ZKLOH�WKH�ERWK�/2,�DQG�ZDWHU�FRQWHQW�
DUH�WKH�VDPH�IRU�PLQLQJ�VDQG��

Table3: Results of LOI and water content 

6DPSOH� 'XQH� 0LQLQJ�VDQG�
/2,����� ����� �����
:DWHU�FRQWHQW����� ����� �����

7KH�ILJXUH��SUHVHQW�WKH�UHVXOWV�RI�KHDW�WUHDWPHQW��$�
FRORXU�FKDQJH�LV�REVHUYHG�IRU�HDFK�VDPSOH�EHFRPLQJ�
UHGGHU�IRU�WKH�WZR�VDPSOH�DW����ႏ�DQG�����ႏ 

Figure 8: Result before and after heat treatment at 900౯ of: 
a) dune sand, b) mining sand and at 1000౯ of: c) dune sand, 
d) mining sand. 

,9��',6&866,21�
�����3DUWLFOHV�VL]H�DQDO\VLV�
7KH� ILJXUH� �� VKRZV� WKDW�PRUH� WKDQ� ���� RI�'XQH� VDQG�
KDYH�D�GLDPHWHU�OHVV�WKDQ����PP�DQG�OHVV�WKDQ��PP�IRU�
WKH�PLQLQJ�VDQG��7KLV�FRXOG�H[SODLQ�E\�WKH�VDXWHU�PHDQ�
GLDPHWHU�ZKLFK�DUH�����PP�DQG�����PP�UHVSHFWLYHO\�IRU�
WKH�GXQH�DQG�PLQLQJ�VDQG��7KH�VPDOO�GLDPHWHU�RI� WKHVH�
VDPSOH�FRXOG�SURYLGH�D�JRRG�WKHUPDO�VWDELOLW\�RU�WKHUPDO�
UHVLVWDQFH� WR� D� UHIUDFWRU\� PDWHULDO� GHYHORSHG� IURP�
WKHP�6DZDGRJR� HW� DO��� ������� $OVR� LI� WKH� VL]H� RI� UDZ�
PDWHULDOV��VDQG�LQ�WKLV�VWXG\��LV�KLJK�LW�ZLOO�LQFUHDVH�WKH�
SRURVLW\�RI� WKH� IRUPXODWHG�PDWHULDO� �FHUDPLF�� UHIUDFWRU\�
EULFNV��URFNV�HWF���GULYLQJ�WR�LW�PHFKDQLFDO�SHUIRUPDQFH�
ORVVHV� �KDUGQHVV�� EXON� GHQVLW\�� �7LVNDWLQH� HW� DO��� �������
%DVH� RQ� WKDW�� GXQH� VDQG� FRXOG� EH� PRUH� VXLWDEOH� WR�
IRUPXODWH�UHIUDFWRU\�PDWHULDOV�IRU�VHQVLEOH�KHDW�VWRUDJH��
�����0HFKDQLFDO�SURSHUWLHV�DQDO\VLV�
7KHUPDO�HQHUJ\�VWRULQJ�GHSHQG�RQ�WKH�SDUWLFOH�GHQVLW\�RI�
WKH�VWRUDJH�PDWHULDO��7KH�VWRUDJH�FDSDFLW\�LV�EHWWHU�ZKHQ�
WKH�VWRUDJH�PDWHULDO�KDV�D�JRRG�GHQVLW\��EXW�GHSHQGV�DOVR�
RQ�WKH�VSHFLILF�KHDW�FDSDFLW\��,Q�WKH�OLWHUDWXUH�GXQH�GHVHUW�
VDQG��VDQG�KDV�D�PHDQ�KHDW�FDSDFLW\�EHWZHHQ����ႏ�DQG�
����ႏ�LV��Ǥܬ��� ݇݃ିଵିܭଵ���Ǥܬ��� ݇݃ିଵିܭଵ�DW����ႏ�DQG�
Ǥܬ����� ݇݃ିଵିܭଵ�IRU�ULYHU�VDQG��:DQJ�HW�DO���������3UL\D�
HW�DO���������(VHQFH�HW�DO����������,W�DVVXPHV�WKDW�WKH�WZR�
VDPSOH� XVHG� LQ� WKLV� VWXG\� VKRXOG� KDYH� DW� OHDVW�
��� Ǥܬ� ݇݃ିଵିܭଵ �DV� DYHUDJH� KHDW� FDSDFLW\�� 6R� ZLWK� D�
SDUWLFOH� GHQVLW\� RI� ���� �݇݃Ǥ݉ିଷ �DQG� ���� �݇݃݉ିଷ�
UHVSHFWLYHO\�IRU�GXQH�VDQG�DQG�PLQLQJ�VDQG��WKHLU�PHDQV�
VWRUDJH�FDSDFLWLHV�FRXOG�EHܬܯ������Ǥ݉ିଷǤ ݇ିଵ��ZKLFK� LV�

KLJKHU�WKDQି݉ܬܯ����ଷ݇ିଵ��WKH�PLQLPXP�VWRUDJH�FDSDFLW\�
UHTXLUHG�IRU�D�WKHUPDO�HQHUJ\�VWRUDJH�PDWHULDO��)HUQDQGH]�
HW�DO�����������&RPELQLQJ� WKHVH�SDUWLFOHV� WRJHWKHU�FRXOG�
DOORZ�WR�DSSURYH�WKHVH�GLIIHUHQW�SURSHUWLHV�DQG�WR�VKDSH�
WKH�VWRUDJH�PDWHULDO��LQFUHDVLQJ�WKHQ�WKH�SHUIRUPDQFH�RI�
WKH� VHQVLEOH� KHDW� VWRUDJH� LQ� FRQFHQWUDWHG� 6RODU� 3RZHU�
SODQW��
�����$JJORPHUDWLRQ�WHVW�DQDO\VLV�
7KH�DJJORPHUDWLRQ�DQDO\VLV�SURYLGHG�XV� LQIRUPDWLRQ�RQ�
WKH�SXULW\�VWDWH�DQG�WKH�WKHUPDO�VWDELOLW\�RI�WKH�VDQG��6DQG�
DJJORPHUDWLRQ�DW�KLJK�WHPSHUDWXUHV�LV�D�SUREOHP�WKDW�PD\�
DIIHFW�WKH�RSHUDWLRQ�RI�WKH�V\VWHP�ZKHQ�XVLQJ�RQO\�VDQG�
LQ� WKH� VWRUDJH� PHGLXP� �'LDJR� HW� DO��� ������� 7KHVH�
FRQJORPHUDWHV� FDQ� EORFN� WKH� IORZ� RI� VDQG� WKURXJK� WKH�
SDUWLFOH�VRODU�UHFHLYHU�ZKHQ�VDQG�LV�XVLQJ�DV�+7)��,QLHVWD�
HW�DO����������)RU�WKH�WZR�VDPSOHV�ZH�GLG�QRW�REVHUYH�DQ\�
DJJORPHUDWLRQ�DW����ႏ��VKRZLQJ�WKDW�WKH\�GLIIHUHQW�VDQG�
VDPSOHV� FRQWHQW� OHVV� LPSXULW\� OLNH� FDOFLXP� FDUERQDWH�
ଷሻܱܥܽܥ� �� FDOFLXP� K\GUR[LGH� ሻଶሻܱܪሺܽܥ� �� DOXPLQXP��
PDJQHVLXP��HWF��ZKLFK�PD\�EH��UHVSRQVLEOH�RI�VDQG�JUDLQ�
DVVHPEODJH� GXULQJ� KHDW� WUHDWPHQW� �'LDJR� HW� DO��� ������
,QLHVWD�HW�DO���������:DQJ�HW�DO����������-XVW�D�FRORU�FKDQJH�
KDV�EHHQ�REVHUYHG�GXH�WR�WKH�KHDWLQJ�SURFHVV��7KLV�UHVXOW�
FDQ�EH�FRQILUPHG�E\�WKH�PDVV�ORVV�RQ�LJQLWLRQ�DQG�ZDWHU�
FRQWHQW� RI� WKH� GLIIHUHQW� VDPSOHV�� 0LQLQJ� VDQG� ORVV� RI�
LJQLWLRQ�DW����ႏ�LV�VLPLODU�WR�LWV�ZDWHU�FRQWHQW�VKRZLQJ�
WKDW� LW�GRHV�QRW�FRQWHQW�RUJDQLF�HOHPHQWV��+RZHYHU�� WKH�
GXQH� VDQG� SUHVHQWV� D� ILUH� ORVV� RI� ������PRUH� WKDQ� WKH�
ZDWHU� FRQWHQW� ��������� 'XQH� VDQG� PD\� FRQWHQW� VRPH�
YRODWLOH�HOHPHQW�H[SODLQLQJ�LWV�ORZ�EXON�GHQVLW\�ZKLOH�LWV�
SDUWLFOH�GHQVLW\�LV�KLJKHU�WKDQ�WKH�PLQLQJ�RQH������
9��&21&/86,21�
7R�FRQFOXGH��WKHUPRFOLQH�VWRUDJH�V\VWHP�FDQ�SURYLGH�DQ�
HIIHFWLYH� FRVW� RI� &63�� EXW� UHPDLQ� LPPDWXUH�� ,Q� WKH�
OLWHUDWXUH� WKH�VROLG�SDUWLFOH�RI� WKH�VROLG� VWRUDJH�PDWHULDO�
LQIOXHQFHV�WKH�VWRUDJH�SHUIRUPDQFH�WKURXJK�LWV�VL]H��VKDSH�
DQG�WKHUPDO�SURSHUWLHV��7KH�DQDO\VLV�RI�WZR�GLIIHUHQW�VDQG�
VDPSOHV�SURSHUWLHV�IURP�%XUNLQD�)DVR�WR�IRUPXODWH�VXFK�
VROLG� SDUWLFOHV� ZDV� FRQGXFWHG�� 7KH� VL]H� DQG� SDUWLFOH�
GHQVLW\�DQDO\VLV�VKRZ�WKDW�GXQH�VDQG��GHVHUW�VDQG��FRXOG�
EH�PRUH�VXLWDEOH�WR�GHYHORS�DQ�HIIHFWLYH�VWRUDJH�PDWHULDO��
7KH� ORVV�RI� LJQLWLRQ�DW����ႏ�DQG�DJJORPHUDWLRQ� WHVW�DW�
���ႏ� DQG� ����ႏ� VKRZ� WKDW� WKH� VDPSOHV� KDYH� JRRG�
WKHUPDO�VWDELOLW\�DQG�GR�QRW�FRQWDLQ�HQRXJK�LPSXULW\��,Q�
DGGLWLRQ� WR� WKDW�� ZLWK� JRRG� GHQVLW\�� WKHVH� VDQGV� FDQ�
SURYLGH�D�JRRG�VWRUDJH�FDSDFLW\��6R��ZLWK�WKH�VPDOOHU�VL]H��
WKHVH� VDPSOH� VDQG� FRXOG� EH� XVHG� WR� VKDSH� WKHUPRFOLQH�
VWRUDJH�ILOOHU�PDWHULDO��VROLG�SDUWLFOH��ZLWK�D�JRRG�VWRUDJH�
GHQVLW\�� ZKLFK� FDQ� LPSURYH� WKH� SHUIRUPDQFH� RI� '07�
WKHUPRFOLQH�V\VWHP���
,Q�RXU�QH[W�ZRUNV��WKH�VDQG�DQG�RWKHU�UDZ�PDWHULDOV�OLNH�
FOD\�DQG�DVK�ZLOO�EH�XVHG�WR�GHYHORS�FHUDPLFV�EDOO�ZLWK�
DURXQG� �FP� GLDPHWHU� WR� VWRUH� VHQVLEOH� KHDW� IRU� &63�
DSSOLFDWLRQV�DIWHU�WKHLU�WKHUPDO�SURSHUWLHV�DQDO\VLV���
7KH� FRPELQDWLRQ� RI�&63� WHFKQRORJLHV� DQG� WKHUPRFOLQH�
VWRUDJH�IRU�GLIIHUHQW�HQHUJ\�V\VWHP�UHSRUWHG�E\�0XULWDOD�
HW��DO����������FRXOG�EH�DSSOLHG�IRU�HOHFWULFLW\��FKHPLFDOV��
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