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'LUHFW�FXUUHQW�HOHFWURFKHPLFDO�'&(&��WUHDWPHQW�ZDV�DSSOLHG�WR�LURQ�R[LGH�FRQWDLQLQJ�VRGD�OLPH�VLOLFD�

JODVV�PHOWV��DQG�LWV�HIIHFWV�RQ�WKH�GHFRORUDWLRQ�WKH�UHGR[�HTXLOLEULXP�RI�LURQ��DQG�WKH�ILQLQJ�RI�EXEEOHV�LQ�

JODVV� ZHUH� LQYHVWLJDWHG�� 6RGD�OLPH�VLOLFD� JODVVHV� FRQWDLQLQJ� ����� DQG� ����PRO�)H2[� ZHUH� SUHSDUHG� E\�

PHOWLQJ�DW�����
R
&�IRU���K��7KH�TXHQFKHG�JODVVHV�ZHUH�UHPHOWHG�DW�����

R
&��DQG�'&�YROWDJH�RI�����9�ZDV�

DSSOLHG�IRU����K��7KH�UHVXOWDQW�JODVV�VDPSOHV�ZHUH�IRXQG�WR�EH�GHFRORUL]HG�ZHOO�E\�WKH�WUHDWPHQW�IRU����K��

7KH�RSWLFDO�DEVRUSWLRQ�DQG�HOHFWURQ� VSLQ� UHVRQDQFH� VSHFWURVFRSLHV� UHYHDOHG� WKDW� WKH�UHGR[�HTXLOLEULXP�RI�

LURQ�VKLIWHG�WRZDUGV�KLJKHU�YDOHQFH�VWDWH��)H
��
��DQG�WKH�IUDFWLRQ�RI�)H

��
�FDXVLQJ�EOXH�FRORU�GHFUHDVHG�EHORZ�

���E\��K�WUHDWPHQW��7KH�GLUHFW�REVHUYDWLRQ�RI�JODVV�PHOWV�XQGHU�'&(&�WUHDWPHQW�VKRZHG�WKDW�WKH�R[\JHQ�
EXEEOHV�ZLWK�D�GLDPHWHU����PP�ZHUH�FRQWLQXRXVO\�IRUPHG�RQ�WKH�DQRGH�HOHFWURGH��DQG�WKH�FRQYHFWLRQ�RI�

PHOW�ZDV�FDXVHG��

7KH�H[SHULPHQW�RQ� WKH�JODVV�PHOW� WR�ZKLFK�D� ORW�RI�ILQH�EXEEOHV�ZHUH�LQWHQVLRQDOO\� LQWURGXFHG�XVLQJ�

ILQH�FXOOHW�RI�VRGD�OLPH�VLOLFD�JODVV�VKRZHG�WKDW�WKH�QXPEHU�RI�EXEEOHV�GHFUHDVHG�IDVWO\�E\��K�WUHDWPHQW�DW�
����

R
&��DQG�WKH�HIIHFW�RI�ILQLQJ�DW�ORZ�WHPSHUDWXUH�ZDV�DOVR�REVHUYHG��)URP�WKHVH�UHVXOWV��'&(&�WUHDWPHQW�

ZDV�IRXQG�WR�KDYH�KLJK�SRWHQWLDO�DV�D�PHWKRG�WR�PDNH�WKH�GHFRORUDWLRQ�RI�JODVV�ZLWKRXW�WKH�GHFRORUL]LQJ�

FKHPLFDO�DGGLWLYHV�OLNH�VHOHQLXP�FRPSRXQGV��DQG�DOVR�UHILQH�WKH�JODVV�PHOW�DW�ORZ�WHPSHUDWXUH��

�

,QWURGXFWLRQ�

7UDQVLWLRQ�PHWDO� LRQV�ZLWK�XQILOOHG�G�RUELWDOV� WDNH�VHYHUDO�GLIIHUHQW�YDOHQFH�VWDWHV��DQG�
WKH�UHGR[�HTXLOLEULD�EHWZHHQ�GLIIHUHQW�YDOHQFH�VWDWHV�DUH�IRUPHG�LQ�JODVV��7KHLU�HTXLOLEULD�DUH�
NQRZQ�WR�EH�DIIHFWHG�E\�YDULRXV�NLQGV�RI�IDFWRUV��0HOWLQJ�WHPSHUDWXUH�LV�WKH�LPSRUWDQW�RQH�
WR� GHILQH� WKH� UHGR[� HTXLOLEULD� RI� WKH� WUDQVLWLRQ� PHWDO� LRQV� LQ� JODVV�� 7KH� KLJKHU� PHOWLQJ�
WHPSHUDWXUH��WKH�ORZHU�YDOHQF\�RI�WKH�PHWDO�LRQV�LV�WDNHQ�LQ�WKH�JODVV�PHOWV��
7KH�PRVW�W\SLFDO�FDVH�LV�LURQ�LQ�VRGD�OLPH�VLOLFD�JODVV��,URQ�FRPHV�IURP�WKH�EDWFK�PL[WXUH�RI�
WKH�UDZ�PDWHULDOV�DV�DQ�LPSXULW\��7KH�PHOWLQJ�WHPSHUDWXUH�RYHU�����R&�LQFUHDVHV�WKH�IUDFWLRQ�
RI�)H��� LRQV� LQ�VRGD�OLPH�VLOLFD�JODVV�PHOW�DQG�FDXVHV�D�EOXH�FRORUDWLRQ��7KH�WHPSHUDWXUH�RI�
ILQLQJ� RI� JODVV� PHOW� LV� DERXW� ���R&� ORZHU� WKDQ� PHOWLQJ� WHPSHUDWXUH�� ZKHUH� WKH� UHGR[�

HTXLOLEULXP�RI�)H��↔)H���WHQGV�WR�VKLIW�WRZDUGV�KLJKHU�YDOHQFH�VWDWH��+RZHYHU��LW�FDQ�QRW�EH�
DFFRPSOLVKHG�EHFDXVH�WKH�GLIIXVLRQ�RI�R[\JHQ�ZKLFK�ZLOO�EH�QHHGHG�WR�R[LGLVH�)H���LQWR�)H���
LV� TXLWH� ORZ�� ,Q� WKH� FDVH� RI� VRGD�VLOLFDWH� JODVV�� 3DXO� DQG� 'RXJODV � �UHSRUWHG� WKDW� WKH�
HTXLOLEUDWLRQ�EHWZHHQ� WKH�PHOW� DQG�DWPRVSKHUH� UHTXLUHG�PRUH� WKDQ���K�DW�����R&�HYHQ� LQ�
WKH�PHOW�RI�WKH�ODERUDWRU\�VFDOH���J���FP�GHSWK���$V�D�UHVXOW��WKH�UHGR[�HTXLOLEULXP�DW�KLJK�
WHPSHUDWXUH�LV�IOR]HQ�LQ�WKH�REWDLQHG�JODVVHV��
,Q� RUGHU� WR� GHFRORUL]H� WKH� LURQ�FRQWDLQLQJ� VRGD�OLPH�VLOLFD� JODVV�� WKH� FKHPLFDO� DJHQWV� OLNH�
VHOHQLXP�FRPSRXQGV�KDYH�EHHQ�LQWURGXFHG�LQWR�WKH�EDWFK��EHFDXVH�6H�IRUPV�FROORLGHV�LQ�WKH�
JODVV�ZKLFK� DEVRUE� FRPSOHPHQWDU\� FRORU�� DQG� DSSDUHQW� GHFRORUL]DWLRQ� FDQ� EH� FDUULHG� RXW��
+RZHYHU��PRVW�RI�VHOHQLXP�DERXW������HOLPLQDWH�IURP�WKH�JODVV�PHOWV��EHFDXVH�RI�WKHLU�ORZ�
YDSRUDOL]DWLRQ� WHPSHUDWXUH� DQG� ORZ� VROXELOLW\� RI� VHOHULXP� LQ� WKH� JODVV� PHOW�� 7KH� HPLWWHG�
VHOHQLXP� KDYH� EHHQ� WUDSSHG� LQ� WKH� HTXLSPHQW� IRU� WKH� H[KDXVW�JDV� SXULILHU�� DQG� ILQDOO\�
GLVSRVHG�DV�WKH�ZDVWH�RI�WKH�JODVV�SURGXFWLRQ�LQ�WKH�JODVV�LQGXVWU\��)URP�WKH�SRLQW�RI�YLHZ�RI�



WKH� UHFHQW� PRYHPHQW� WRZDUGV� ]HUR�HPLVVLRQ� SURGXFWLRQ� DQG�RU� WKH� SURFHVV� RI� ORZ�
HQYLURQPHQW�ORDG��WKH�XWLOL]DWLRQ�RI�VHOHQLXP�FRPSRXQGV�LV�DQ�XQIDYRUDEOH�SURFHVV��DQG�DQ�
DOWHUQDWLYH�SURFHVV�ZLOO�EH�UHTXLUHG��
,Q� WKLV� VWXG\��ZH�UHSRUW� WKH�HIIHFW�RI�GLUHFW�FXUUHQW�HOHFKWURFKHPLFDO�'&(&�� WUHDWPHQW�RQ�
LURQ� R[LGH�FRQWDLQLQJ� VRGD�OLPH�VLOLFD� JODVV� PHOW� DW� ����R&�� 7KH� LQGXFHG� SK\VLFDO� DQG�
FKHPLFDO�EHKDYLRUV�DUH�VKRZQ��ZKHUH�WKH�GHFRORUDWLRQ�RI�JODVV�WKH�VKLIW�RI�WKH�UHGR[�RI�LURQ��
ZLWKRXW�VHOHQLXP�FRPSRXQGV�KDV�EHHQ�REWDLQHG�DQG��LQ�DGGLWLRQ��WKH�HIIHFW�RQ�WKH�ILQLQJ�RI�
EXEEOHV�LQ�WKH�PHOW�LV�DOVR�VKRZQ��
�
�

(;3(5,0(17$/�

*ODVV�3UHSDUDWLRQ�

7KH� W\SLFDO� FRPSRVLWLRQ�RI� VRGD�OLPH�VLOLFD�JODVV�� ����1D�2�����&D2�����6L2��PRO���
ZDV�FKRVHQ��+LJK�SXULW\�UDZ�PDWHULDOV��6L2���&D&2��DQG�1D�&2��ZHUH�XVHG�DV�WKH�VWDUWLQJ�
PDWHULDOV��$V�DQ�LPSXULW\��)H2[�ZDV�LQWURGXFHG�LQ�WZR�OHYHOV�������DQG�����PRO��E\�XVLQJ�
)H�2���
7KH�PL[HG�UDZ�PDWHULDOV�IRU����J�JODVV�ZHUH�PHOWHG�LQ�D�SODWLQXP�FUXFLEOH�DW�����R&�IRU���K�
LQ� DLU�� LQ� RUGHU� WR� DWWDLQ� WKH� HTXLOLEUDWLRQ� ZLWK� D� SDUWLDO� SUHVVXUH� RI� 2�� LQ� DPELHQW�
DWPRVSKHUH��7KH�PHOW�ZDV�RQFH�TXHQFKHG�EHORZ�WKH�JODVV�WUDQVLWLRQ�WHPSHUDWXUH�E\�FDVWLQJ�

LQWR�D�JUDSKLWH�PROG�ZLWK� WKH�GLPHQVLRQ����PPφ� [���PP�� IROORZHG�E\� WKH� DQQHDOLQJ�DQG�
UDWH�FRROLQJ��

'LUHFW�&XUUHQW�(OHFKWURFKHPLFDO�'&(&��7UHDWPHQW�

$� ���J�JODVV� URG� ZDV� VHWWOHG� LQ� WKH� FUXFLEOH� RI� DOXPLQD������� SXULW\�� RU� VLOLFD� JODVV� IRU�
'&(&�WUHDWPHQW��7KH�DSSDUDWXV�LV�LOOXVWUDWHG�LQ�)LJ�����$�FRXSOH�RI�3W�HOHPHQWV�ZDV�XVHG�DV�
WKH� HOHFWURGHV�� 7KH� DQRGH� ZDV�
VHWWOHG� DW� WKH� ERWWRP� RI� WKH�
FUXFLEOH�� DQG� WKH� FDWKRGH� ZDV�
LQVHUWHG�LQWR�WKH�PHOW�VXUIDFH�VR�
WKDW� WKH� VXUIDFH� DUHD� RI� WKH�
HOHFWURGH� LQ� WKH� PHOW� EHFDPH�
DOPRVW�FRQVWDQW��7KH�JODVV�LQ�WKH�
FUXFLEOH� ZDV� KHDWHG� LQ� WKH�
HOHFWULF� UHJLVWDQFH� IXUQDFH�XS� WR�
����R&� RI� WKH� ILQLQJ�
WHPSHUDWXUH�� :KHQ� WKH�
WHPSHDWXUH� UHDFKHG� WR� WKH�
GHVLUHG�WHPSHUDWXUH��WKH�FDWKRGH�
ZDV�LPPHUVHG�LQWR�WKH�PHOW��DQG�
'&� YROWDJH� ����9� ZDV� DSSOLHG�
EHWZHHQ� WKH� HOHFWURGHV�� 7KH�
FRQGLWLRQV� RI� '&(&� WUHDWPHQW�
DUH�VXPPDULVHG�LQ�7DEOH����
$�VLOLFD�FUXFLEOH�ZDV�XVHG�IRU�WKH�
GLUHFW� REVHUYDWLRQ� RI� WKH�PHOW� EHWZHHQ� WKH� HOHFWURGHV��7KH� FKDQJHV� RFFXUULQJ� LQ� WKH�PHOW�
XQGHU�'&(&�WUHDWPHQW�ZHUH�PRQLWRUHG�E\�D�YLGHR�FDPHUD� WKURXJK�D�JODVV�ZLQGRZ�RI�WKH�
IXUQDFH��

Voltm eter

DC voltage 
   supply

Am m eter

Silica glass support
and Pt w ire

Electric registance 
furnace

Crucible(Alum ina
or silica glass)

Pt electrode 
(Cathode)

Pt electrode 
(Anode)

Glass m elt

Pt w ire

)LJ�� �� � 6FKHPDWLF� LOOXVWUDWLRQ� RI� WKH� HTXLSPHQW� RI� '&(&�

WUHDWPHQW�RQ�WKH�JODVV�PHOWV��
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2SWLFDO�0HDVXUHPHQW�DQG�(YDOXDWLRQ�RI�)H
��
�)H

��
�UDWLR�

2SWLFDO�DEVRUSWLRQ�VSHFWUD�RI�WKH�JODVV�VDPSOHV�ZLWK�D�WKLFNQHVV�RI��FP�ZHUH�UHFRUGHG�LQ�WKH�
ZDYHOHQJWK� UHJLRQ� EHWZHHQ� ��������QP�� (OHFWURQ� VSLQ� UHVRQDQFH�(65�� VSHFWURVFRS\�ZDV�
XVHG�WR�GHWHUPLQ�WKH�FRQFHQWUDWLRQ�RI�)H���LRQV�LQ�WKH�JODVV�VDPSOHV��,Q�RUGHU�WR�HYDOXDWH�WKH�
FRQFHQWUDWLRQ�RI�)H���LQ�WKH�JODVV�VDPSOHV��WKH�VLJQDO�LQWQVLW\�DW�J ����ZKLFK�LV�DWWULEXWHG�WR�
)H��� LRQ� LQ� WHWUDKHGUDO� IRUP�� ZDV� XVHG�� )H���)H��� UDWLR� ZDV� ILQDOO\� GHWHUPLQHG� IURP� WKH�
FKDQJHV�LQ�ERWK�WKH�DEVRUSWLRQ�EDQG�DW�����QP�DQG�(65�VLJQDO�LQWHQVLW\�DW�J �����7RWDO�)H�
FRQFHQWUDWLRQV�EHIRUH�DQG�DIWHU�'&(&�WUHDWPHQW�ZHUH�FKHFNHG�E\�;�UD\�IOXRUHVFHQFH�;5)��
VSHFWURVFRS\�DQDO\VLV��
�
�
7DEOH����&RQGLWLRQ�RI�'&(&�WUHDWPHQW�RQ�WKH�JODVVHV�DQG�WKH�OLVWV�RI�WKH�IUDFWLRQ�RI�)H

Q�
�LQ�WKH�VDPSOHV��

�

,QLWLDO�����
R
&���K

��
'&(&�����

R
&��K�� '&(&�����

R
&��K�� '&(&�����

R
&��K��

� )H
��
���� )H

��
���� )H

��
���� )H

��
���� )H

��
���� )H

��
���� )H

��
���� )H

��
����

����PRO�)H2[� ��� ��� �� ��� �� ��� ���� ����

����PRO�)H2[� ��� ��� �� ��� ���� ���� �� ���



5(68/76�

)LJXUH� �� VKRZV� WKH� FKDQJHV� RI� '&� FXUUHQW�
GXULQJ� '&(&� WUHDWPHQW� RQ� WKH� JODVV� PHOWV�
FRQWDLQLQJ������DQG�����PRO�)H2[��-XVW�DIWHU�
'&�YROWDJH�ZDV�DSSOLHG��WKH�FXUUHQW�DERXW����
��P$� ZDV� REVHUYHG� DQG� VWHHSO\� GHFUHDVHG��
$IWHU� ��PLQ�� WKH� FXUUHQW� VDWXUDWHG� QHDU� ���
��P$�� 7KH� VDWXUDWHG� FXUUHQW� YDOXHV� ZHUH�
DOPRVW�FRQVWDQW� LUUHVSHFWLYH�WR�WKH�FRQWHQW�RI�
)H2[��
%HIRUH� '&(&� WUHDWPHQW�� WKH� JODVV� VDPSOHV�
KDG�EOXH� FRORU�� HVSHFLDOO\� WKH� JODVV� FRQWDLQLQJ�
����PRO�)H2[� VKRZHG� GHHS� EOXH�� $IWHU� �K�
'&(&� WUHDWPHQW�� WKH� VDPSOHV� VKRZHG� WKH�
SURJUHVV� RI� WKH� GHFRORUDWLRQ�� 7KH� ORQJHU�
'&(&� WUHDWPHQW� WLPH�� WKH�PRUH� WKH� VDPSOHV�
ZHUH� GHFRORUL]HG�� )LJXUHV� �� DQG� �� VKRZ� WKH�
DEVRUSWLRQ� VSHFWUD� RI� WKH� VDPSOHV� FRQWDLQLQJ�
�����DQG�����PRO�)H2[��UHVSHFWLYHO\��'&(&�
GHFUHDVHG� WKH� DEVRUSWLRQ� EDQG� DURXQG�

����QP�DVVLJQHG�WR��7�→�(�WUDQVLWLRQ�RI�)H���
LRQV�� ZKLOH� WKH� DEVRUSWLRQ� QHDU� ���QP� E\�
�$�→�7�� LQ� )H

��� LRQ��LQFUHDVHG�� 7KH� GHFUHDVH�
RI�����QP�EDQG�GHFUHDVHG�WKH�DEVRUSWLRQ�WDLO�
LQ�WKH�YLVLEOH�ZDYHOHQJWK�UHJLRQ��DQG�GHFUHDVHG�
WKH�EOXH�FRORU�RI�WKH�VDPSOH�JODVVHV��
7DEOH���VXPPDUL]HV� WKH� IUDFWLRQV�RI�)H��� DQG�
)H��� LRQV� LQ� WKH� JODVV� VDPSOHV�� DQG� WKHLU�
GHSHQGHQFH�RQ�WKH�WUHDWPHQW�WLPH�DUH�SORWWHG�
LQ� )LJ�� ��� ;�UD\� IOXRUHVFHQFH� VSHFWURVFRS\�
UHYHDOHG� WKDW� WKH� WRWDO� DPRXQW� RI� LURQ� LQ� WKH�
JODVV�VDPSOHV�GLG�QRW�FKDQJH�EHIRUH�DQG�DIWHU�
'&(&� WUHDWPHQW��$V� VHHQ� LQ� WKLV� ILJXUH�� ILUVW�
���K� WUHDWPHQW� LV� HIIHFWLYH� WR� VKLIW� WKH� UHGR[�
HTXLOLEULXP�RI�LURQ�LQ�WKH�PHOWV��,Q�WKH�FDVH�RI�
�K� WUHDWPHQW� RQ� WKH� PHOW� ZLWK�
����PRO�)H2[��WKH�IUDFWLRQ�RI�)H���GHFUHDVHG�
WR� ���� ZKLFK� FRUUHVSRQGV� WR� )H���
FRQFHQWUDWLRQ�PXFK�OHVV�WKDQ�WKDW�RI�WKH�LQLWLDO�
JODVV� FRQWDLQLQJ� ����PRO�)H2[� EHIRUH�
'&(&�WUHDWPHQW��
7KH� GLUHFW� REVHUYDWLRQ� RI� WKH� PHOW� XQGHU�
'&(&� WUHDWPHQW� XVLQJ� D� VLOLFD� JODVV� FUXFLEOH�
PDQLIHVWHG� WKDW� WKH� EXEEOHV� ZLWK� D� GLDPHWHU�
�����PP� ZHUH� FRQWLQXRXVO\� IRUPHG� RQ� WKH�
DQRGH�HOHFWURGH�DQG�ULVHG�XS�WRZDUGV�WKH�PHOW�
VXUIDFH��7KH�REVHUYHG�EHKDYLRU�RI�WKH�EXEEOHV�

�

�

��

��

��

��

��

� �� ��� ��� ��� ��� ��� ��� ���

�K�����PRO�)H2[�
�K�����PRO�)H2[�
�K�����PRO�)H2[�
�K�����PRO�)H2[�

'
&
�F
X
UU
HQ
W�
�P
$
�

7LPH��PLQ�

)LJ�� �� 3ORWV� RI� '&� FXUUHQW� GXULQJ� '&(&�

WUHDWPHQW� ZLWK� ����'&9� RQ� WKH� JODVV� PHOWV�

FRQWDLQLQJ� ����� DQG� ����PRO�� )H2[� DW�
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R
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)LJ�� �� $EVRUSWLRQ� VSHFWUD� RI� WKH� JODVV�

VDPSOHV� ZLWK� ����PRO�)H2[� EHIRUH� DQG�

DIWHU�'&(&�WUHDWPHQWV��
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)LJ�� �� $EVRUSWLRQ� VSHFWUD� RI� WKH� JODVV�

VDPSOHV� ZLWK� ����PRO�)H2[� EHIRUH� DQG�

DIWHU�'&(&�WUHDWPHQWV��
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LQ�WKH�JODVV�PHOW�DUH�LOOXVWUDWHG�LQ�)LJ�����7KH�LQLWLDO�EXEEOHV��ZKLFK�ZHUH�IRUPHG�LPPHGLDWHO\�
ZLWKLQ��PLQ�DIWHU�WKH�DSSOLFDWLRQ�RI�'&�YROWDJH��ULVHG� LQ�WKH�YHORFLW\�RI����PP�PLQ��7KH\�
UHDFKHG�WR�WKH�PHOW�VXUIDFH�ZLWKLQ��PLQ�DQG�WKH�IROORZLQJ�EXEEOHV�ZLWK�DOPRVW�WKH�VDPH�VL]H�
ULVHG�DW�DERXW��������PP�PLQ��$���PLQ�'&(&�WUHDWPHQW�FDXVHG�EXEEOH�OD\HU�RQ�WKH�PHOW�
VXUIDFH��ZKHUH� WKH� EXEEOHV� KDG� DOPRVW� XQLIRUP� GDLPHWHU� DERXW� ���PP��7KH� FRQWLQXRXVO\�
IRUPHG�DQG�ULVLQJ�EXEEOHV�IURP�WKH�DQRGH�KDYH�EHHQ� LQGXFLQJ�WKH�FRQYHQWLRQ�RI� WKH�PHOW�
XQWLO�WKH�'&�YROWDJH�ZDV�WXUQHG�RII��
)LJXUH���D��VKRZV�WKH�SKRWRJUDSK�RI�WKH�JODVV�VDPSOH�DIWHU��K�'&(&�WUHDWPHQW�DW�����R&��
7KLV�JODVV�LQLWLDOO\�FRQWDLQHG�D�ORW�RI�ILQH�EXEEOHV�E\�WKH�UHPHOWLQJ�ILQH�FXOOHWV�VKRUWO\��)LJXUH�
��E�� LV� WKDW� RI� WKH� JODVV� VDPSOHV�� ZKLFK� ZDV�
UHPHOWHG� RI� WKH� JODVV� FRQWDLQLQJ� D� ORW� RI� ILQH�
EXEEOHV�DW�WKH�VDPH�WHPSHUDWXUH�IRU��K�ZLWKRXW�
'&(&�WUHDWPHQW��7KH�ODWWHU�RQH�VWLOO�FRQWDLQV�D�
ORW�RI�EXEEOHV�ZLWK�D�GLDPHWHU�UDQJLQJ�IURP�OHVV�
WKDQ��PP�WR��PP��ZKLFK�ZDV�DOPRVW�WKH�VDPH�
DV� WKRVH� RI� WKH� LQLWLDO� JODVV� EHIRUH� '&(&�
WUHDWPHQW�� 2Q� WKH� RWKHU� KDQG�� WKH� ILQLQJ� RI�
EXEEOHV� ZDV� IRXQG� WR� EH� LPSURYHG� ZHOO� E\�
'&(&�WUHDWPHQW�DV�LQ�)LJ���D����
�

',6&866,21�

5HGR[� HTXLOLEULXP� RI� LURQ� LQ� VRGD�OLPH�VLOLFD�
JODVV� PHOW� KDV� EHHQ� LQYHVWLJDWHG� E\� D� ORW� RI�
DXWKRUV�� 3DXO � �UHSRUWHG� WKH� HTXLOLEULXP�
FRQVWDQWV� RI� LURQ� LQ� YDULRXV� NLQGV� RI� DONDOL�
VLOLFDWH�DQG�VRGD�OLPH�VLOLFD�JODVV�PHOWV��,Q�)LJ�����
WKH� IUDFWLRQ� UDQJH� RI� )HQ�� LQ� VRGD� VLOLFDWH� DQG�
VRGD�OLPH�VLOLFD� JODVV� PHOWV� HTXLOLEUDWHG� DW�
����R&�DQG�����R&�DUH�DOVR�VKRZQ��7DNLQJ� LQWR�DFFRXQW� WKH� UHVXOWV�E\�3DXO�DQG�'RXJODV���
WKH� HTXLOLEUDWLRQ� RI�ZKROH� RI� ���J�PHOW����FP� LQ� GHSWK��ZLWK� WKH� DWPRVSKHUH�ZRXOG� WDNH�
PRUH�WKDQ��ZHHN�E\�MXVW�PHOWLQJ��+RZHYHU��'&(&�LV�IRXQG�WR�VKLIW�WKH�UHGR[�RI�LURQ�LQ�WKH�
JODVV�IDVWO\�IURP�WKH�HTXLOLEULXP�SRLQW�DW�����R&�WR�WKDW�DW�����R&�IDVWO\��
)DFWRUV�FDXVLQJ�WKLV�IDVW�VKLIW�RI�UHGR[�VKRXOG�EH�WKH�FRQWLQXRXV�IRUPDWLRQ�RI�EXEEOHV�DW�WKH�
DQRGH�HOHFWURGH�GXULQJ�'&(&��&RQWLQXRXV�DQG�FRQVWDQW�'&�FXUUHQW�GXULQJ�'&(&�RYHU��K��
UHYHDOV�WKDW�HOHFWURQ�FKDUJHV�PRVW�SUREDEO\�DONDOL�LRQV��ZRXOG�EH�PRYHG�WRZDUGV�WKH�FDWKRGH�
ZKLOH� WKH�QHJDWLYH�RQHV�PRVW�SUREDEOH�RQH�ZRXOG�EH�H[SUHVVHG�DV�2��� DSSDUHQWO\�� WRZDUGV�
WKH� DQRGH�� 7KH� HOHFWURFKHPLFDO� UHDFWLRQ� VKRXOG� DOVR� SURJUHVV� WR� FDXVH� WKH� EXEEOHV� DW� WKH�
DQRGH��,Q�DGGLWLRQ��WKH�R[LGDWLRQ�RI�WKH�PHOW�VKRXOG�SURJUHVV��EHFDXVH�;5)�DQDO\VLV�VKRZHG�
WKDW�'&(&�GLG�QRW�FKDQJH�WKH�WRWDO�DPRXQW�RI�LURQ�LQ�WKH�JODVVHV�EHWZHHQ�EHIRUH�DQG�DIWHU�
WKH�WUHDWPHQW��0RVW�SUREDEOH�UHDFWLRQV�DW�WKH�HOHFWURGHV�XQGHU�'&�YROWDJH�DSSOLFDWLRQ�ZRXOG�
EH�H[SUHVVHG�DSSDUHQWO\�DV�IROORZV��
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$W�WKH�DQRGH��WKH�UHDFWLRQ����LV�FRQVLGHUHG�WR�SURJUHVV�WRZDUGV�ULJKW�KDQG�VLGH��ZKLOH�RSSRVLWH�RQ�WKH�

FDWKRGH��&\FOLF� YROWDQPHWRU\� DQG� FKURQRSRWHQWLRPHWULF� VWXG\�E\�0DULF� HW�DO���UHYHDOHG� WKDW�

SODWLQXP� R[LGH� OD\HU� RQ� WKH� HOHFWURGH� LV� GHHSO\� UHODWHG� WR� WKH� HYROXWLRQ� DQG� IRUPDWLRQ� RI�
R[\JHQ�PROHFXOHV��

3W���2���→3W−2����H��→�3W������2��J���DQG�RU��3W−2���2���→3W���2��J�����H
��� ����������

&RQWLQRXV� IRUPDWLRQ� RI� R[\JHQ� EXEEOHV� DUH� FRQVLGHUHG� WR� EH� SDUWO\� FRQVXPHG� WR� R[LGL]H�
)H��� E\� LQWHUDFWLQJ�ZLWK� WKH�PHOW� GXULQJ� WKHLU� ULVH� WRZDUGV� WKH�PHOW� VXUIDFH��2Q� WKH� RWKHU�
KDQG��WKH�IXUWKHU�R[\JHQ� LQWURGXFWLRQ�IURP�RXWVLGH�WKH�PHOW�VKRXOG�EH�FRQVLGHUHG�EHFDXVH�
WKH�HTXLOLEULXP����VKLIWHG�WR�KLJKHU�YDOHQFH�VLGH�WRWDO\��7KH�UHYHUVH�UHDFWLRQ�RI�����ZRXOG�EH�
RQH�RI�WKH�DSSURSULDWH�PHFKDQLVPV�DV�FDWKRGH�UHDFWLRQ��'XULQJ�WUHDWPHQW��WKH�PHOW�VXUIDFH�
DURXQG� FDWKRGH� ZDV� IRXQG� WR� EH� VXUURXQGHG� E\� D� ORW� RI� EXEEOHV�IRDP� OD\HU��� 7KH� UDSLG�
WUDQVSRUW�GUDLQDJH��RI�PHOW�DW�WKH�EXEEOH�ERXQGDU\�LQ�IRDP��ZRXOG�EH�RQH�RI�WKH�LPSRUWDQW�
IDFWRUV�WR�HQKDQFH�LW��7KHUHIRUH��GHFRORUDWLRQ�LQ�'&(&�WUHDWHG�JODVV�FDQ�EH�VDLG�WR�EH�GXH�WR�
WKH�VKLIW�RI�UHGR[�E\�WKH�HIIHFWLYH�GLVVROXWLRQ�RI�R[\JHQ�IURP�DWRPVSKHUH�E\�HOHFWURFKHPLFDO�
SURFHVV��7KH�UDSLG�DWWDLQPHQW�WR�WKH�HTXLOLEULXP�SRLQW�DW�ORZ�WHPSHUDWXUH�HYHQ�LQ�WKH�PHOW�
ZLWK�KLJK�OHYHO�LURQ�LPSXULW\�LV�LPSRUWDQW�WR�FRQVLGHU�WKH�FRVW�RI�UDZ�PDWHULDOV��)XUWKHUPRUH��
LQ�JODVV�LQGXVWU\��GHFRORUDWLRQ�XVLQJ�VHOHQLXP�FRPSRXQGV�KDV�EHFRPH�RQH�RI�WKH�SUREOHPV�

�D�� �E��

)LJ��� � 2SWLFDO� PLFUR�SKRWRJUDSKV� RI� WKH� JODVV� VDPSOHV� DIWHU� UHPHOWLQJ� DW� ����
R
&�

�D�ZLWK�'&(&�WUHDWPHQW�IRU��K�IROORZHG�E\���PLQ�KROGLQJ�DQG��E�ZLWKRXW�'&(&�IRU�

�K��PLQ��%RWK�VDPSOHV�ZHUH�FRROHG�WR�URRP�WHPSHUDWXUH�DW�D�UDWH�RI����.�PLQ��

)LJ�����,OOXVWUDWLRQ�RI�WKH�EHKDYLRU�RI�EXEEOHV�LQ�WKH�PHOWV�GXULQJ�'&(&�WUHDWPHQW��6LOLFD�JODVV�

FUXFLEOH�ZDV�XVHG�IRU�REVHUYDWLRQ��

just after 1.35DCV
on

after 5min passed after 10min passed after 15min passed

9.9mm/min

7.4mm/min

downward
2.8mm/min

Convection
11mm/min 10mm/min

10min after DCV 
off



IRU�UHGXFWLRQ�RI�WKH�HQYLURQPHQWDO�ORDG�DQG�WKH�FRVW�RI�JODVV�SURGXFWLRQ��7KLV�UHVXOWV�ZRXOG�
JLYH�VRPH�LQIRUPDWLRQ�WR�FRQVLGHU�DQ�DOWHUQDWLYH�SURFHVV�RI�6H�IUHH�FRORUOHVV�JODVV���
&RQFHUQLQJ�WKH�ILQLQJ�HIIHFWV�IRXQG�LQ�'&(&�WUHDWPHQW��FRQYHFWLRQ�RI�EXEEOHV�LQ�WKH�PHOW�
VKRXOG�EH�WDNHQ�LQWR�DFFRXQW��'HWDLOHG�PHFKDQLVP�KRZ�WKH�ULVLQJ�EXEEOHV�LQWHUDFWHG�ZLWK�D�
ORW�RI�ILQH�EXEEOHV�ZKLFK�KDG�DOUHDG\�EHHQ�FRQWDLQHG�LQ�WKH�JODVV�PHOW�KDV�QRW�EHHQ�FODULILHG�
\HW��+RZHYHU�� WKH� ILQLQJ� RI� EXEEOHV� DW� ORZ� WHPSHUDWXUH�ZRXOG� EH� D� IDVFLQDWLQJ� IHDWXUH� WR�
ORZHU�WKH�PHOWLQJ�WHPSHUDWXUH��'HWDLO�DQDO\VLV�RQ�WKH�EHKDYLRU�RI�EXEEOHV�LQ�WKH�PHOW�VKRXOG�
EH�LPSRUWDQW�WR�FRQVLGHU�WKH�PHFKDQLVP���
�

&21&/86,21�

'&(&� WUHDWPHQW� KDV� EHHQ� DSSOLHG� RQ� VRGD�OLPH�VLOLFD� JODVV� PHOWV� FRQWDLQLQJ� )H2[� DV� DQ�
LPSXULW\�� 2[LGDWLRQ� RI� )H��� FDXVLQJ� DQ� DEVRUSWLRQ� RI� YLVLEOH� OLJKW� WR� FRORUOHVV� )H��� ZDV�
REVHUYHG�� DQG� GHFRORUDWLRQ� ZLWKRXW� FKHPLFDO� DGGLWLYHV� KDV� EHHQ� DFFRPSOLVKHG� LQ� VKRUW�
SHULRG�RI� WLPH����K��,W�ZDV�DOVR�VKRZQ�WKDW�'&(&�KDV�D�SRWHQWLDO� WR� UHILQH�WKH�JODVV�PHOW�
FRQWDLQLQJ� D� ORW� RI� ILQH� EXEEOHV� LQ� LW�� 7KH� FRQWLQXRXV� IRUPDWLRQ� RI� R[\JHQ� EXEEOHV� DQG�
LQWURGXFWLRQ�RI�R[\JHQ�IURP�DWPRVSKHUH�YLD�HOHFWURFKHPLFDO�UHDFWLRQ�DW�WKH�HOHFWURGHV�ZHUH�
FRQVLGHUHG�WR�FDXVH�WKHVH�SKHQRPHQD��
�
�
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�
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��&��5��.XUNMLDQ�DQG�(��$��6LJHW\��3K\V��&KHP��*ODVVHV����S�������������

��$��3DXO��-��1RQ�&U\VW��6ROLGV�����S��������������

��0��0DULF��0��3��%UXQJV�DQG�0��6N\OODV�.D]DFRV��-��1RQ�&U\VW��6ROLGV������S������������
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