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ABSTRACT 
As part of the safety requirements of research reactors it is essential to assess the 

possibility of operating the reactor core under natural convection conditions (without 
operation of the cooling circuit's pumps) and insure that all operating parameters do not 
exceed safe limits. This study considers the possibility of operating the Tajoura Nuclear 
Research Reactor (TNRR) using the new low enrichment fuel under natural cooling 
regime. The main aim of the present study is to evaluate the longest operation time for 
different reactor powers ranging from 50 kW up to 1 MW, taking into consideration that 
the approved criteria for the safe operation of TNRR is for the coolant temperature not 
to exceed 52oC and the fuel surface temperature not to exceed 102oC, whichever occurs 
first [1]. The results obtained in this study showed that it is possible to operate the 
TNRR reactor safely with the new low enrichment fuel under natural cooling conditions 
at a power of 5 kW for about 47 hours; at a power of 200 kW for about 10.6 hours; 
However, it can be operated safely only for less than 2 hours at a power of 1 MW. The 
results also indicated that, from the thermal hydraulics point of view, it is safer to 
operate the reactor with the new low enrichment fuel compared to operating it with the 
old high enrichment fuel.  
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òäße@ ñŠì—i@ òäîÈß îjÛa@ ‡í�nÛa@Òë‹Ã@o¥ïÈ@@â‡Ç@åß@‡×dnÛaë@‡í�nÛa@ ‹öaë†@ÑÓìm@ òÛby@À
òäßa@ áîÔÜÛ@ ÝîÌ“nÛa@ Òë‹Ã@ Œëb¤@ @ N@ Þëbäníç‰@ òaŠ†@ ozjÛa@ aòîãbØßg@ ÝÇbÐß@ ÝîÌ“m@tì¢@

ðëìäÛa@õaŠìubmkî—ƒnÛa@Ðƒäß@‡í‡§a@†ìÓìÛa@âa‡ƒnbi@ïÈîjÛa@‡í�nÛa@Òë‹Ã@o¥@@Ò‡èië@
@‡í‡¥@ïÛgÝîÌ“m@åßŒ@ó—ÓcÝÇbÐàÜÛ@@paŠ‡Ó@ô‡ß@À@åß@ëa�í 50 ¶g@paë@ìÜî× 1 paëbvîß� 
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@ òäße@ ñŠì—i@ïÈîjÛa@ ‡í�nÛa@Òë‹Ã@o¥ ñŠ‡Ôi 50 ïÛaìy@ bçŠ‡Ó@ òîäßŒ@ ñ�ÐÛ@paë@ ìÜî× 47 

òÇb �ñŠ‡Ôië 200 ïÛaìy@ ÍÜjm@ òîäßŒ@ ñ�ÐÛ@paë@ ìÜî× 10.6 @ÝÇbÐ¾a@ ÝîÌ“m@åØº@ bàäîi@ [òÇb
ñŠ‡Ôi 1 µnÇb@åß@ÝÓc@ òîäßŒ@ñ�ÐÛ@paëbvîß@ Noäîi@ bà×@âa‡ƒnbi@ÝÇbÐ¾a@ÝîÌ“m@æc@wöbnäÛa@
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î—ƒnÛa@Ðƒäß@†ìÓëkN  
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�������  
ïrzjÛa@õaŠìubm@ÝÇbÐß )TNRR( @Êìã@åßi@áà—ß@ò×�Ûaôì—Ó@ÝîÌ“m@ñŠ‡Ô 10 paëbvîß@

ÍÜjí@ë cðŠa‹y@óãë�îã@îÏ@ó—Ó@@À×bÈÛa 1014× 2.2 æë�îã/á2.t. ë@õb¾bi@ÝÇbÐ¾a@†�í
@ÑîÐ©a@ÝàÈníë×bÈ×@âìîÜí�jÛa@N@ÝîÌ“m@�ÝÇbÐ¾a@âa‡ƒnbi@@âìîãaŠìîÛaïÛbÇì×@kî—ƒnÛa@†ìÓ@

òä@òíbèã@ónyë@ïšb¾a@æ‹ÔÛa@åß@pbîäîãbàrÛa@À@éöb“ãg@‰äß 2006 ïzîßNä—í@É@ïÛbÇ@†ìÓìÛa@
kî—ƒnÛa )80(%  �
�ÝØ“Ûbi@|šìß@ìç )2( @åß@µÇìã@åßkîibãþaòí×‹¾a@òÈi‹¾a@@[òÜ‚a‡n¾a@
@ ÊìäÛaÞëþa@ òqýq@åß@ Éä—í@kîibãcòí×‹ß@ òÈi‹ß@ )(3-TFA @ ÊìäÛa@ Éä—í@ bàäîiïãbrÛaß@@åòÈiŠc@
kîibãcòí×‹ß@òÈi‹ß@ ). (4-TFA òä@Þý‚ 2007 @kî—ƒnÛa@ïÛbÇ@†ìÓìÛa@Þa‡jna@�@ïzîß

@kî—ƒnÛa@Ðƒäß@†ìÓìi)20(% ä—í@åß@µÇìã@åß@ÉkîibãþaòÈi‹¾a@@ìç@bà×@òÜ‚a‡n¾a@òí×‹¾a@
ÝØ“Ûbi@|šìß )3(. æìØní@ÊìäÛa@Þëþa@åß@òn@kîibãcòí×‹ß@òÈi‹ß@  )(6-TFA @bàäîiØní@æì@ÊìäÛa

ïãbrÛaåß@kîibãc@òîãb�@òí×‹ß@òÈi‹ß@ )(8-TFA .@ÝàÈnm@óÜÇ@ñ‹îÜÛ@æëŠìjÛa@‡îi‹×@æbj›Ó
ÝÜn¾a@ÝÇbÐnÛaë@@âìîÜí�jÛa@Áî±×@†ìÓìÛbi×bÈN@Ýà“m@�Ûaë@ÝÇbÐ¾a@kÜÓ@pbãìØß@Éî»@@†ìÓìÛa
Çìšìß@âìîÜí�jÛaëò@À@ÝÐcÝÇbÐ¾a@�ìy@@ÍÜjíë@ÇbÐ¾a@kÜÓ@ÊbÐmŠaÝyaë@�ß@@‡@ÊbÐmŠa@ÍÜjí@bàäîi

@õb¾a@ôìnßÀ@ÝÇbÐ¾a@�ìy@ïÛaìy@òîãb�@Šbnßc@ëç‰@�Èí@aæc@ÝÇbÐ¾a@kÜÓ@ÖìÏ@õb¾a@ôìnß@@æìØí
@òÈj@ÊbÐmŠbiŠbnßcN@nÛa@æa£@Ò‹Èí@êbîß@æa‚@ÝÇbÐ¾a@kÜÓ@o¥@‡uìíd@�‚íëõb¾a@ÕÏ‡n@õbäqc@L

@LÝÇbÐàÜÛ@ð†bînÇüa@ÝîÌ“nÛaÔÏ‡mb@bíŠbjuga@åß@þ@óÜÇ¶gþa@@‹º@�@åßë@ÝÇbÐ¾a@kÜÓ@Þý‚@ÝÐ
@�ìy@�Ç�‚dnÛa@¶g@ †ìÈíë@pbƒ›¾a@¶gÝÇbÐ¾a@�ìy@N@@ bßbà–@‡uìí@ bà×Ûa@ ‡í�nÛa@ïÈîj

ìí@�ì¢@ÝÇbÐ¾a@�ìy@æý–�‚dnÛa ]2[.  
öa†@ æìØnm@ sîy@ L‡í�m@ ‹öaë†@ týq@ Õí‹ @ åÇ@ ÝÇbÐ¾a@ †�í@ ‡í�nÛa@ ñ‹¶ëþa@åß@ÉiŠc@

@pbƒ›ßòÈiŠcë‹y@pü†bjß@òíŠaNõbäqc@ÝÇbÐ¾a@kÜÔÛ@ð†bînÇüa@ÝîÌ“nÛa@L@‡í�nÛa@ñ‹öa†@ÝàÈm@¶ëþa@
@ÝÇbÐ¾a@kÜÓ@Þý‚@†�¾a@ÉíŒìm@óÜÇòÛaŒgëéîÏ@ñ‡Ûìn¾a@ñŠa‹¨a@ÞbÔnãa@áníë@ðëìäÛa@Šb“ãýÛ@òvînã@@

ñŠa‹¨a@@‡í�nÛa@ñ‹öa†@åß¶ëþapü†bj¾a@òaìi@òíŠa‹¨a@@¶gÛa@‡í�nÛa@ñ‹öa†@ròîãbNƒnbi@@âa‡
@åß@˜ÜƒnÛa@ání@‡í�nÜÛ@x‹i@ñŠa‹¨a�Ûa@�@bèjzÛa@‡í�nÛa@ñ‹öa†@åß@r@òîãb¶g@@òrÛbrÛa@ñ‹öa‡Ûa

¾a@Õí‹ @åÇŠa‹¨a@pü†bjòí ]2[.  
@ @

ÝÇbÐß@kÜÓ@pbãìØßÝÇbÐß@kÜÓ@pbãìØßÝÇbÐß@kÜÓ@pbãìØßÝÇbÐß@kÜÓ@pbãìØßõaŠìubm@õaŠìubm@õaŠìubm@õaŠìubm@  
±nóÜÇ@ÝÇbÐ¾a@kÜÓ@ðì 36 òîÜ‚@Lkîibãc@òÈàª@Êìã@åß@bíý‚@o@@†ìÓëòîãb�@ñ‹“Çë@

ãc@òÈàª@Êìã@åß@bíý‚kîibòîa‡@†ìÓë@ìç@bà×@âìîÜí�i@pa‡yë@åÇ@ñŠbjÇ@òîÓbjÛa@æë‹“ÈÛaë@ 
@|šìßÀÝØ“Ûa@ )1( ]2[.  

  
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 1 :†‡Èi@Ýà«@tb¢ÿÛ@õaŠìubm@ÝÇbÐß@kÜÓ†‡Èi@Ýà«@tb¢ÿÛ@õaŠìubm@ÝÇbÐß@kÜÓ†‡Èi@Ýà«@tb¢ÿÛ@õaŠìubm@ÝÇbÐß@kÜÓ†‡Èi@Ýà«@tb¢ÿÛ@õaŠìubm@ÝÇbÐß@kÜÓ 16 †ìÓë@ñ‡yë†ìÓë@ñ‡yë†ìÓë@ñ‡yë†ìÓë@ñ‡yë  
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ÝØ“Ûa )2( @ |šìí@ |šìí@ bàäîi@ kî—ƒnÛa@ ïÛbÇ@ †ìÓìÛa@ bíý‚ÝØ“Ûa )3( @†ìÓìÛa@ bíý‚
kî—ƒnÛa@ÐƒäßN@ †ìÓìÛa@ |öa‹’@ïÛbÇ@ kî—ƒnÛa@ìÛc@ òØîj@ åÇ@ ñŠbjÇß@ âìîãaŠìíë@ âìîä@bàäîi

@ bàçý×ë@âìîãaŠìîÛa@ ‡îb×cë@âìîäßìÛc@ òØîj@åÇ@ ñŠbjÇ@kî—ƒnÛa@Ðƒäß@†ìÓìÛa@|öa‹’ßòÐÜÌ@
@sîy@âìîãì¾þbi¸@|šìß@ìç@bà×@|öa‹“Ûa@µi@pbËa‹ÐÛa@Þý‚@åß@‡í�nÛa@êbîß@‹ÀÝØ“Ûa@ )4( 

]2[.  

  
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 2 :Ûa@ïÛbÇ@†ìÓìÛa@bíý‚Ûa@ïÛbÇ@†ìÓìÛa@bíý‚Ûa@ïÛbÇ@†ìÓìÛa@bíý‚Ûa@ïÛbÇ@†ìÓìÛa@bíý‚kî—ƒnkî—ƒnkî—ƒnkî—ƒn  

    
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 3 :kî—ƒnÛa@Ðƒäß@†ìÓìÛa@bíý‚kî—ƒnÛa@Ðƒäß@†ìÓìÛa@bíý‚kî—ƒnÛa@Ðƒäß@†ìÓìÛa@bíý‚kî—ƒnÛa@Ðƒäß@†ìÓìÛa@bíý‚  

  
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 4: ‡í�nÛa@ñbäÓë@†ìÓìÛa@|öa‹’‡í�nÛa@ñbäÓë@†ìÓìÛa@|öa‹’‡í�nÛa@ñbäÓë@†ìÓìÛa@|öa‹’‡í�nÛa@ñbäÓë@†ìÓìÛa@|öa‹’  

  

pbîÛepbîÛepbîÛepbîÛeõaŠìubm@ÝÇbÐß@‡í�m@õaŠìubm@ÝÇbÐß@‡í�m@õaŠìubm@ÝÇbÐß@‡í�m@õaŠìubm@ÝÇbÐß@‡í�m@tb¢ÿÛ@tb¢ÿÛ@tb¢ÿÛ@tb¢ÿÛ@@ @@ @@ @@ @
eeee@‡í�nÛa@òîÛ@‡í�nÛa@òîÛ@‡í�nÛa@òîÛ@‡í�nÛa@òîÛqcqcqcqc@ÝîÌ“nÛa@õbä@ÝîÌ“nÛa@õbä@ÝîÌ“nÛa@õbä@ÝîÌ“nÛa@õbäð†bînÇüað†bînÇüað†bînÇüað†bînÇüa  

ÝÇbÐàÜÛ@ ð†bînÇüa@ ÝîÌ“nÛa@ õbäqc@ Lpbƒ›ß@ ÝàÈmïÛëþa@ ‡í�nÛa@ ñ‹öa†@@†�¾a@ ÉíŒìm@ óÜÇ@
ÝÇbÐ¾a@kÜÓ@Þý‚@L@sîyÀ@pbƒ›¾a@ÝîÌ“m@òîÜàÇ@kjnmòÔäß@æìØm@@æa‚@o¥@�Ü@ÁÌš@

ŠaìÛaù@¶g@ÙÛˆ@ð†ûíëŠaìÛa@æa‚@åß@õb¾a@Íí‹Ðm@ùN@Ý‚‡m@@�Ûa@õb¾a@òîà×@ou‹‚@æa‚@åß@
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ŠaìÛa¶g@ù@bà×@ÝÇbÐ¾a@�ìy@@ìç@|šìßÀÝØ“Ûa@ )5(. ë@sîy@æg@ÝÇbÐ¾a@kÜÓ@Þý‚@õb¾a@êb¤a
@æìØí¶gþa@ÝÐLÏ‡ní@@ÝÇbÐ¾a@kÜÓ@Þý‚@õb¾a@Õ¶gnÛa@�ìy@d@‡Èië@�‚ˆ@ÙÛgpbƒ›¾a@¶@N@ÉÏ‡m

@õb¾a@òƒ›ß@Ý×¶gjß@bÞ†@ÝÔã@óÜÇ@ÝàÈí@ðŠa‹y@@ñŠa‹¨a@åß@ñ‹öa‡Ûa¶ëþa@¶g@ñ‹öa‡Ûa@òîãbrÛa@
@õb¾a@†ìÈí@�@åßëÛ@Þì‚‡Ü¶gÝÇbÐ¾a@kÜÓ@‡í�nÛa@ñŠë†@ÝànØm@a‰Øçë@ô‹‚c@ñ‹ß@ ]2[.  

 

 
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 5 :a@êb¤aa@êb¤aa@êb¤aa@êb¤apbƒ›àÜÛ@ð†bînÇüa@ÝîÌ“nÛa@õbäqc@ÕÏ‡nÛpbƒ›àÜÛ@ð†bînÇüa@ÝîÌ“nÛa@õbäqc@ÕÏ‡nÛpbƒ›àÜÛ@ð†bînÇüa@ÝîÌ“nÛa@õbäqc@ÕÏ‡nÛpbƒ›àÜÛ@ð†bînÇüa@ÝîÌ“nÛa@õbäqc@ÕÏ‡nÛ 

  
@õbäqc@‡í�nÛa@òîÛe@õbäqc@‡í�nÛa@òîÛe@õbäqc@‡í�nÛa@òîÛe@õbäqc@‡í�nÛa@òîÛe@Òë‹Ã@o¥@ÝîÌ“nÛa@Òë‹Ã@o¥@ÝîÌ“nÛa@Òë‹Ã@o¥@ÝîÌ“nÛa@Òë‹Ã@o¥@ÝîÌ“nÛa@‡í�nÛa@‡í�nÛa@‡í�nÛa@‡í�nÛaïÈîjÛaïÈîjÛaïÈîjÛaïÈîjÛa  

@ïÈîjÛa@‡í�nÛa@pbßbà–�‚dnÛa@�ì¢@ÝÇbÐ¾a@�ìy@Ái‹m@�Ûa äÇ@òyìnÐß@æìØm@bß‡
æìØm@æìØí@òÄzÜÛa@ÙÜm@Àë@ÝàÈÛa@åÇ@òÐÓìnß@¶ëþa@‡í�nÛa@ñ‹öa†@pbƒ›ß@@�ìy@À@õb¾a@ôìnß
¾aëbß@ÝÇbÐbíŠaìÛa@æa‚@À@õb¾a@ôìn¾@ù ÁÌ›Ûa@À@Òýn‚a@‡uìí@üë@ )p1=p2( @ìç@ bà×

@|šìßÀÝØ“Ûa@ )6(. @òvînã@æìØí@ïÈîjÛa@‡í�nÛa¨kji@ÝöbÛa@ò×‹@òîiˆb§a@òÜvÇ@ñìÓ@Ö‹Ï@
@À@Ö‹ÐÛa@åÇ@wmbäÛa@òÏbrØÛajèí@ð‰Ûa@†ŠbjÛa@ÝöbÛaë@óÜÇc@ïÛg@‡È—í@ð‰Ûa@å‚bÛa@ÝöbÛa@µiÁ 

ÝÐc@ïÛg ]3.[   
  

 
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 6 :òyìnÐß@ïÈîjÛa@‡í�nÛa@bßbà–òyìnÐß@ïÈîjÛa@‡í�nÛa@bßbà–òyìnÐß@ïÈîjÛa@‡í�nÛa@bßbà–òyìnÐß@ïÈîjÛa@‡í�nÛa@bßbà–.  
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ïÈîjÛa@Ýà¨bi@ÝÇbÐ¾a@‡í�nÛ@òí†‡ÈÛaë@òîšbí‹Ûa@ò§bÈ¾aïÈîjÛa@Ýà¨bi@ÝÇbÐ¾a@‡í�nÛ@òí†‡ÈÛaë@òîšbí‹Ûa@ò§bÈ¾aïÈîjÛa@Ýà¨bi@ÝÇbÐ¾a@‡í�nÛ@òí†‡ÈÛaë@òîšbí‹Ûa@ò§bÈ¾aïÈîjÛa@Ýà¨bi@ÝÇbÐ¾a@‡í�nÛ@òí†‡ÈÛaë@òîšbí‹Ûa@ò§bÈ¾a  
@Ýrß@ LÝöaìÛbi@ ñ†�¾aë@ ñŠa‹zÜÛ@ ñ‡Ûì¾a@ òî‡ä	a@ pbßìÄä¾a@ À@ ïÈîjÛa@ ‡í�nÛa@ d“äí

@ kji@ énÏbr×@ �ÌnÛ@ òvînã@ ÝöbÛa@ ò×‹y@ åß@ LòíëìäÛa@ pýÇbÐ¾a@éš‹ÈnÛ@ émŠa‹y@ òuŠ†@ ÊbÐmŠa
@ñŠa‹¨a@Š‡—ß@åÇ@‡îÈjÛa@†ŠbjÛa@ÝöbÛa@Ú‹¥ë@ðìÜÈÛa@ êb¤übi@é×‹¥@¶g@ð†ûí@ b¿@µƒnÜÛ

ïÈîjÛa@‡í�nÛa@ñŠë†@d“äm@ÙÛ‰ië@òÏbr×@óÜÇc@éãþ@ïÜÐÛa@êb¤übi ]4.[   
@Òë‹Ã@s¥@òíëìäÛa@tb¢ÿÛ@õaŠìubm@ÝÇbÐß@ÝîÌ“m@õbäqcïÈîjÛa@‡í�nÛa@†�¾a@lbäí@

Iõb¾a@H@�ìy@åß�‚dnÛaÝÇbÐ¾a@kÜÓ@�Ç@L@oîy@@éîÛg@ñŠa‹¨a@ÞbÔnãü@òvînã@émŠa‹y@òuŠ†@ÉÐm‹m
†ìÓìÛa@åßŠb“ãüa@òîÜàÇ@åß@ñ‡Ûìn¾a@ ñŠa‹zÜÛ@òvînã@@ @ÉÐm‹m@ÙÛa‰ië@†ìÓìÛa@Ý‚a†@ðëìäÛa@@òuŠ†

‡±ë@†ìÓìÛa@|@åß@òjí‹ÔÛa@õb¾a@ñŠa‹yt@Òýn‚a@À@òÏbrØÛa@Ç@wnäíéä@lbîãa@aõb¾å‚bÛa@@
óÜÇþa@ì®†ìÓìÛa@ñ‡yë@|@Þì @óÜÇ@@†ìÓìÛa@åÇ@a‡îÈi@†ìuì¾a@õb¾a@ñŠa‹y@òuŠ†@æìØm@ bàäîi@

òîiˆb§a@Ö‹ÐÛ@òvînã@ÝÐc@ïÛg@Ájèí@ÙÛ‰ië@�×c@énÏbr×@æìØmë@ÝÓcN  
@Ájm‹íðŠa‹¨a@ÞbÔnãüa@ÝßbÈßïÈîjÛa@‡í�nÛa@õbäqc@oÜã@†‡Èi@L Nu، ‡uìí@sîy@‡í‡ÈÛa@

ßpü†bÈ¾a@åòîjí‹vnÛa@@�Ûa@oÜã@†‡Ç@óÜÇ@Þì—zÜÛ@bèßa‡ƒna@åØº@ÀïÈîjÛa@‡í�nÛa@òÛby@ 
]5.[ ë@ òÛa†@ ïÈîjÛa@ ‡í�nÜÛ@oÜã@ †‡ÇÀÞ‡ã‹i@ †‡Ç@L Pr، ‹u@ †‡ÇëaÒì’ �Gr، @óÈí@ ð‰Ûa

òîÛbnÛa@òÓýÈÛbiZ@ @

2

3L)TsT(gGr
ν

−β
=

              (1)
 

sîy: L �nÛa@ñbäÔÛ@ÞbÈÐÛa@ÞìÛa‡í) m ( �� υ òîØînîßbäîØÛa@òuëÜÛa†�àÜÛ@ )m²/sec ( �ë  g 
@òÜvÇòîiˆb§a) m/sec² (� �  Ts †ìÓìÛa@|@ñŠa‹y@òuŠ† )C °( @åmìîã@æìãbÓ@åß@k¥@�Ûa

ë@‡í�nÜÛ T †�¾a@ ñŠa‹y@òuŠ† )C ° (�β @ðŠa‹¨a@†‡ànÛa@ ÝßbÈß†�àÜÛ@ïàv¨c) K-1( [5]. 
@ŠbjnÇbiæcÔß@†�¾a@lbîãa@@á¶g[µnÔäß@ŠìÛa@òÜßb×@òÔäß@)fully developed (@�Ë@ô‹‚cë

ŠìÛa@ òÜßb×) developing (@òÓýÈÛbi@óÈí@ŠìÛa@Ýßb×@�Ë@lbîãýÛ@ òjäÛbi@oÜã@ †‡Ç@éãhÏ
@òîÛbnÛa]6:[  

( ) 25.0Gr 25.0Pr952.0 5.0Pr  508.0zNu −+=             (2) 

@ òÛby@À@ bßc@ ŠìÛa@Ýßb×@lbîãüa@pbÓýÇ@ñ‡Ç@‡uìm@éãbÏ†b°@oÜã@†‡Ç@@pbÓýÇ@ bèäîi@åß@
@ â‡ƒnm@ Éaë@ Öbã@ óÜÇ@Êìã@ óÜÇ@ ‡ànÈmë@ LòîÛb¨a@ òaŠ‡Ûa@ À@ bà×@ L‡í�nÛa@ paìäÔÛ@ òjäÛbi

@éÏë‹Ãë@lbîãüa@pbÓýÈÛa@ê‰ç@µi@åßë ]6:[  
51

Pr *Gr 6.0zNu ⎟
⎠
⎞⎜

⎝
⎛ ×=

              (3) 

ïÔöbÓ‹Ûa@lbîãüa@òÛby@À@â‡ƒnmë (Laminar flow) ô‡¾a@À.105< Gr*Pr<1011  
22.0

Pr *Gr  568.0zNu ⎟
⎠
⎞⎜

⎝
⎛ ×=

            (4) 

ô‡¾a@À@l‹›¾a@lbîãüa@òÛby@À@â‡ƒnmë     .2×1013< Gr*Pr<1016  

sîy       .Gr* = Gr × Nuz 
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†ìÓìÛa@ |@ óÜÇ@ ñŠa‹¨a@ ÞbÔnãa@ ÝßbÈß@ òßìÜÈ·sh @|@ ñŠa‹y@ òuŠ†@ †b°g@ åØà¾a@ åß
†ìÓìÛasT ‡í�nÜÛ@ åmìîã@ æìãbÓ@ âa‡ƒnbi ]5[ ïzÛa@ ðŠa‹¨a@ îÐÛa@ òÛü‡i q ′′ @òuŠ†ë

†�¾a@ñŠa‹y T ïÛbnÛa@ìzäÛa@óÜÇ:  
)T-T(hq ss=′′              (5) 

†ìÓìÛaë@ÑÜÌ¾a@µi@Ý–bÐÛa@‡¨a@ñŠa‹y@òuŠ†@†b°g@åØº@bà× ) Tc ( @ñŠa‹y@òuŠ†@òÏ‹È·| 
†ìÓìÛa � Ts�  òîÛbnÛa@òÛ†bÈ¾a@âa‡ƒnbi ]7:[   

ck

qcx
sTcT

′′
+=

               (6) 

†ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc@bßc �TmòîÛbnÛa@òÓýÈÛa@âa‡ƒnbi@bç†b°g@åØàîÏ@@L:  

fk

qmx
cTmT

′′
+=

               (7) 
sîy :ck� fk ïÛaìnÛa@óÜÇ@†ìÓìÛaë@ÑÜÌàÜÛ@òíŠa‹¨a@òîÜ–ì¾a@bàç �(W/m –K) L ëcx  @Ù�
LÑÜÌ¾a (m ) L ëmx †ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc@ÉÓìß�(m ). 

‡í�nÛa@ñbäÓ@åß@xŠb©a@†�¾a@ñŠa‹y@òuŠ†ë�Tout   �òîÛbnÛa@òÓýÈÛbi@óÈm ]7[:   

pc×m
Q

+inT=outT
&              (8) 

sîy :Tin :L‡í�nÛa@ñbäÓ@¶g@Ý‚a‡Ûa@†�¾a@ñŠa‹y@òuŠ† Q  ë@ñbäÔÛa@åß@ò—Üƒn¾a@ñŠa‹¨apc 
ë@ †�àÜÛ@ òîÇìäÛa@ ñŠa‹¨a m& ‡í�nÛa@ ñbäÓ@ Þý‚@ †�¾a@ lbîãa@ Þ‡Èß I@ñŠë‹š@ òÄyýß@ Éß
@òãbvnß@pa‡yë@âa‡ƒnaòÔibÛa@pü†bÈ¾bi@ÝßaìÈÛa@Éîà§@NH@ @

@�Ìm@Ša‡Ôß@k±õb¾a@ñŠa‹y@òuŠ† )t(TΔ @Ý‚a‡Ûa¶g@ÝÇbÐ¾a@kÜÓ@‘bc@óÜÇòuŠ†@Áìnß@ 
ñŠa‹yòîäßÛa@ ñ�ÐÛa@ Þý‚@ÝÇbÐ¾aë@�‚dnÛa@ïšì¢@†ìuì¾a@ †�¾a@ tΔ @pbÓýÈÛa@ âa‡ƒnbi
òîÛbnÛa  ]7:[     

tΔ×)
WCVpρc
)t(Q

(-=)t(TΔ
             (9) 

DTVRPV=WCV +             (10)  
@sîyT(t))-Δt)+(T(t=TΔ  ë ∆t  åßÛa@Ö‹Ï) sec (ë  Q(t) ÝÇbÐ¾a@ñŠ‡Óë@WCV @ávy

óÜØÛa@õb¾aë@ VRP bÐ¾a@�ìy@À@õb¾a@ávyÝÇ )m3(  �VDT @õb¾a@ávyÀ@�ìy@dnÛa�‚ ]2[:  

CF
DTV

RPV=WCV +
            (11)  

sîy  CFçï@†ìuì¾a@†�¾a@òjã@ÀnÛa@�ìy@d@ÚŠb“m@�Ûaë@�‚ÀïÈîjÛa@‡í�nÛa@òîÜàÇ@N@ @
íìÈnÛbii@¾b@pü†bÈ)10 (ë )11( ÀòÛ†bÈ¾a@ )9( Ý—®óÜÇ@òÓýÈÛa@:  
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tΔ×

CF
DTV

+RPVpρc

Q(t)
-=TΔ

          (12)  
@ âa‡ƒnbii@ Ý¨a@‹Ûb@ ‡í�nÛa@ òÛb¨@ òîÜšbÐnÛa@ òÔíïÈîjÛa@õaŠìubm@ ÝÇbÐß@ †ìÓë@ ñ‡yìÛ@

ëòÜnØÛa@õbÔi@pü†bÈß@âa‡ƒnbië@@òÓbÛaë@âÈÛaÀ�Ë@òÛb¨a@¾a@þa@lbîãüaë@ñ‹Ôn†byð@êb¤üa             
(z-direction)  Ý—®pü†bÈ¾a@ ê‰	@ âbÇ@ Ýy@ óÜÇ@@@ Öë‹ÐÛa@ òÔí‹ @ âa‡ƒnbi@ñ†ë‡�a 

(Finite Differences) ÉíŒìm@À@Ýràní@†�¾a@òÇ‹ë@ñŠa‹y@òuŠ†@À‡í�nÛa@ñbäÓ@ïÛbnÛa@ìzäÛa@óÜÇ@@Z@ @
jq

k
1j

k
1jpc

tk
jT

z

tk
1ju

k
1jT)

z

tk
1ju

-1(1k
1jT ′′′

+ρ
+

Δ
+

Δ

Δ+
++Δ

Δ+
=+

+

        (13) 

 
)k

ju-k
1ju(

z
tk

1ju-)1kT-1k
sT(tgk

1ju1k
1ju +Δ

Δ
+

++Δβ++=+
+        (14)  

ò±‹–@òÔí‹Ûa@ê‰ç@æg@sîyë  (Explicit)æhÏòÓýÈÛa@ÕÔzni@Âë‹“ß@bçŠa‹Ôna@:u/zt Δ≤Δ.  
y@áníòîØîÛëŠ‡î	a@pa�Ìn¾a@lb@åß@pü†bÈ¾a@âa‡ƒnbi )5( ïÛg )8( @áîÓ@‹í‡Ôm@ání@ÙÛˆ@‡Èië@
uŠ†pbŠa‹y@ñ@†�¾a@ë@ÑÜÌ¾aë@wßbã‹i@âa‡ƒnbi@†ìÓìÛaÜi@�‹ÌÛa@a‰	@kn×@lìby@òÌÛaæa‹mŠìÐ@
ð‰Ûaë±@Ø“Ûbi@|šìß@ìç@bà×@ÝÇbÐàÜÛ@‡í�nÛa@ñbäÓ@Þì @óÜÇ@òíŠa‹yëŠ‡î	a@ÝßaìÈÛa@�Ìm@ï×bÝ 

)7( ÝØ“Ûa@|šìí@bàäîi )8( ¾aÁƒïibîãüa@@wßbã�Ûa@ÝàÈÛN   
  

  
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 7 :ïc‹Ûa@êb¤üa@À@‡í�nÛa@ñbäÓ@áîÔmïc‹Ûa@êb¤üa@À@‡í�nÛa@ñbäÓ@áîÔmïc‹Ûa@êb¤üa@À@‡í�nÛa@ñbäÓ@áîÔmïc‹Ûa@êb¤üa@À@‡í�nÛa@ñbäÓ@áîÔm@ @@ @@ @@ @

  

  ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 8: ÝîÜznÛa@À@â‡ƒn¾a@lìb¨a@wßbã�Û@ïibîãüa@Áƒ¾aÝîÜznÛa@À@â‡ƒn¾a@lìb¨a@wßbã�Û@ïibîãüa@Áƒ¾aÝîÜznÛa@À@â‡ƒn¾a@lìb¨a@wßbã�Û@ïibîãüa@Áƒ¾aÝîÜznÛa@À@â‡ƒn¾a@lìb¨a@wßbã�Û@ïibîãüa@Áƒ¾a 
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ò“Óbä¾aë@wöbnäÛaò“Óbä¾aë@wöbnäÛaò“Óbä¾aë@wöbnäÛaò“Óbä¾aë@wöbnäÛa  
ó×b±�‹ÌÛa@ a‰	@ kn×@ ð‰Ûa@ lìb¨a@ wßbã‹i@ jÛa@ õaŠìubm@ ÝÇbÐß@ ÝîÌ“m@o¥@ ïrz

@Ðƒäß@ ‡í‡§a@ †ìÓìÛaë@ kî—ƒnÛa@ ÉÐm‹ß@ áí‡ÔÛa@ †ìÓìÛa@ âa‡ƒnbi@ ïÈîjÛa@ ‡í�nÛa@ Òë‹Ã
åß@ ëa�m@ òÐÜn¬@paŠ‡Ó@ ‡äÇ@kî—ƒnÛa 50 ¶g@paë@ ìÜî× 1 paëbvîß@ N@ó—Óþa@ ŠbîÈ¾a@ æb×ë

@óÜÇ@˜äm@�Ûa@ïrzjÛa@ õaŠìubm@ÝÇbÐß@æbßc@pbjÜnß@óÜÇ@ a‡änß@ ñb×b�a@ÒbÔí@Œëb¤@â‡Ç
uŠ††�¾a@ ñŠa‹y@ò 52� °†ìÓìÛa@|@ñŠa‹y@òuŠ†@Œëb¤@â‡Çë 102�° üëc@t‡±@bàèíc ]1[. 

@†ìÓìÛa@âa‡ƒnbi@ÝÇbÐ¾a@ÝîÌ“m@õbäqc@bèîÜÇ@Þì—¨a@�@�Ûa@wöbnäÛa@áçc@�‹Ç@ïÜí@bàîÏ@ánîë
kî—ƒnÛa@ÉÐm‹ß@áí‡ÔÛa@†ìÓìÛa@âa‡ƒnbi@ÝÇbÐ¾a@ÝîÌ“m@wöbnã@Éß@bènãŠbÔßë@kî—ƒnÛa@ÐƒäßN    

íÝØ“Ûa@�‹È )9( @ÝîÌ“m@‡äÇ@åßÛa@Éß@‡í�nÛa@ñbäÓ@åß@xŠb©a@†�¾a@ñŠa‹y@òuŠ†@�Ìm
µi@ëa�m@òÐÜn¬@paŠ‡Ôi@kî—ƒnÛa@Ðƒäß@‡í‡§a@†ìÓìÛa@âa‡ƒnbi@ÝÇbÐ¾a 50 ë 1000 @ìÜî×

paëN ÝØ“Ûa@åß )9( ñŠ‡Ó@‡äÇ@éãdi@òÄyý¾a@åØº 50 @xŠb©a@†�¾a@ñŠa‹y@òuŠ†@oÜ–ë@paë@ìÜî×
Ó@åßñbä ¶g@ÝÇbÐ¾a@‡í�m 52م° ïÛaìy@Šë‹ß@‡Èi 48  ïÛaìy@åßÛa@@æb×@bàäîi@òÇb 23 ‡äÇ@òÇb 
100 ïÛaìyë@paë@ìÜî× 10‡äÇ@pbÇb@ 200 paë@ìÜî×@N@òuŠ†@Ý—m@æc@ÝjÓ@ÝîÌ“nÛa@åßŒ@æb×@bàäîi

‡ÔÛa@oãb×@bß‡äÇ@µnÇbÛa@åß@ÝÓc@éi@ìà¾a@‡¨a@†�¾a@ñŠa‹yñŠ 1 paë@bvîß.   
 

 
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 9 :òÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†�¾a@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†�¾a@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†�¾a@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†�¾a@ñŠa‹y@òuŠ†@�Ìm  

  
ÝØ“Ûa@|šìí )10( @âa‡ƒnbi@ÝÇbÐ¾a@ÝîÌ“m@õbäqc@†ìÓìÛa@|Û@ñŠa‹y@òuŠ†@ó—Óc@�Ìm

µi@ëa�m@òÐÜn¬@paŠ‡Ó@‡äÇ@kî—ƒnÛa@Ðƒäß@†ìÓìÛa 50 ë@paë@ìÜî× 1 paë@bvîßN ÝØ“Ûa@åß 
)10( ñŠ‡Ó@‡äÇ@éãdi@òÄyý¾a@åØº 50 î×@¶g@†ìÓìÛa@|Û@ñŠa‹y@òuŠ†@ó—Óc@oÜ–ë@paë@ìÜ

ïÛaìy 53�° ïÛaìy@Šë‹ß@‡Èi 48 ïÛaìy@@†ìÓìÛa@ñŠa‹y@òuŠ†@oãb×@bàäîi@òÇb 68�° @ñŠ‡Ó@‡äÇ
ÝîÌ“m 1 µnÇb@åß@ÝÓc@Šë‹ß@‡Èi@paëbvîß@NÝØ“Ûa@åß@Åyýã@bà× )10( @À@ÝîÌ“nÛa@ÒbÔíg@æc
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wnã@ kî—ƒnÛa@Ðƒäß@ ‡í‡§a@ †ìÓìÛa@ âa‡ƒna@ òÛby†�¾a@ ñŠa‹y@ òuŠ†@ Þì–ë@ åÇ@ � ��� 
@åßa@ ÝîÌ“nÜÛ@ †‡�a@ æbßþa@ åß@ l�Ôm@ �@ †ìÓìÛa@ |@ ñŠa‹y@ òuŠ†@ æcë@ éi@ ìà¾a@ æbßþa

ÝÇbÐàÜÛN 
Þë‡§a@µjí )1( @ïÛbÇ@†ìÓìÛbi@ÝÇbÐ¾a@ÝîÌ“m@òÛby@À@bèîÜÇ@Ý—zn¾a@wöbnäÛa@áçþ@òãŠbÔß

kî—ƒnÛa@Ðƒäß@ †ìÓìÛaë@ kî—ƒnÛa@ NÞë‡§a@ @ åß )1( @†ìÓìÜÛ@ ñŠa‹y@ òuŠ†@ ó—Óc@ æc@ |›ní
@Ðäi@ÝÇbÐ¾a@ÝîÌ“m@‡äÇ@kî—ƒnÛa@ïÛbÇ@†ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc@åß@ÝÓc@kî—ƒnÛa@Ðƒäß
@À@bèäß@�×a@kî—ƒnÛa@Ðƒäß@†ìÓìÛa@òÛby@À@‡í�nÜÛ@òš‹È¾a@pbyb¾a@æc@kji@a‰çë@ñŠ‡ÔÛa

@ †�¾a@ ñŠa‹y@òuŠ†@Þì–ë@¶g@ð†ûí@ b¿@kî—ƒnÛa@ïÛbÇ@ †ìÓìÛa@ìçë@ éi@ìàß@‡y@ó—Óc@¶g
52â° @ÝîÌ“nÛa@åßŒ@åß@ÝÓc@kî—ƒnÛa@Ðƒäß@†ìÓìÛa@À@ÝîÌ“nÛa@åßŒ@æc@‡−@a‰	ë@�×a@òÇ‹i

kî—ƒnÛa@ïÛbÇ@†ìÓìÛa@À.  

  
ÝØ“ÛaÝØ“ÛaÝØ“ÛaÝØ“Ûa 10 :òÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†ìÓìÛa@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†ìÓìÛa@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†ìÓìÛa@ñŠa‹y@òuŠ†@�ÌmòÐÜn¬@paŠ‡Ó@ô‡ß@À@åßÛa@Éß@†ìÓìÛa@ñŠa‹y@òuŠ†@�Ìm  

  
pbubnänüapbubnänüapbubnänüapbubnänüa@ @@ @@ @@ @

Ûa@a‰ç@À@bèîÜÇ@Þì—¨a@�@�Ûa@wöbnäÛa@Þý‚@åß@pbubnänüa@ïÛg@Þì–ìÛa@åØº@szj
òîÛbnÛa@@Z@ @

• @@@@@@@@@@@@@@Léäße@ñŠì—i@LïÈîjÛa@‡í�nÛa@Òë‹Ã@o¥@ïrzjÛa@õaŠìubm@ÝÇbÐß@ÝîÌ“nÛ@òîãbØßg@‡uìm
@ïÛg@Ý—m@ñŠ‡Ôi@bèi@ìà¾a@æbßþa@†ë‡y@ÝîÌ“nÛa@ÝßaìÇ@ô‡Ènm@æc@æë†1 bvîß paë @@@òîäßŒ@ñ�ÐÛ

@@@a@Ðƒäß@†ìÓìÜÛ@òjäÛbi@Ñ—ãë@òÇb@ïÛaìy@ïÛg@Ý—m@@@lŠbÔí@bß@¶g@Ý—m@ñ‡ß@ë@kî—ƒnÛ
kî—ƒnÛa@ïÛbÇ@†ìÓìÜÛ@òjäÛbi@µnÇbÛaN 
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• @@@@@@@@ñŠ‡Ó@‡äÇ@ÝÇbÐ¾a@ÝîÌ“m@ñ�Ï@æc@åß@áË‹Ûbi1@@@@@@@†ìÓìÛa@âa‡ƒna@òÛby@À@ÝÓc@paë@bvîß@
@@@@@@@@@@@@@@@@@@@@Ðƒäß@†ìÓìÛa@æc@üg@kî—ƒnÛa@ÉÐm‹ß@áí‡ÔÛa@@†ìÓìÛa@òÛby@À@bèäß@kî—ƒnÛa@Ðƒäß@‡í‡§a

@@@@@bã@@åß@bãbßc@‹r×c@kî—ƒnÛa@@@@@@�×c@kî—ƒnÛa@ïÛbÇ@†ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc@æg@sîy@‡í�nÛa@òîy
kî—ƒnÛa@Ðƒä¾a@†ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc@åßN  

  

Þë‡§aÞë‡§aÞë‡§aÞë‡§a 1 :ÝîÌ“m@ñŠ‡Ó@‡äÇ@wöbnäÛa@áçþ@òãŠbÔßÝîÌ“m@ñŠ‡Ó@‡äÇ@wöbnäÛa@áçþ@òãŠbÔßÝîÌ“m@ñŠ‡Ó@‡äÇ@wöbnäÛa@áçþ@òãŠbÔßÝîÌ“m@ñŠ‡Ó@‡äÇ@wöbnäÛa@áçþ@òãŠbÔß 1 paëbvîßpaëbvîßpaëbvîßpaëbvîß 
kî—ƒnÛa@Ðƒäß@†ìÓìÛa î—ƒnÛa@ïÛbÇ@†ìÓìÛak @ÝßbÇIñ‡yëë@HòãŠbÔ¾a 

20 80 kî—ƒnÛa@òjã (%) 
)(6-TFA@ë )(8-TFA )(3-TFAë@) (4-TFA †ìÓìÛa@kîibãc@Êìã 

68.10   108.55   †ìÓìÜÛ@ñŠa‹y@òuŠ†@ó—Óc Iâ°H  
1.53    1.92  @ÝîÌ“m@åßŒ@ó—ÓcIòÇbH 
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