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c %LULP�HNVHUMLQLQ�RUWDODPD�IL\DWÕ����JM� 
C %LULP�HNVHUML�DNÕQÕPÕQ�IL\DWÕ����K� 
c 7DKULS�RODQ�HNVHUMLQLQ�ELULP�HNVHUMLVLQLQ�RUWDODPD�IL\DWÕ����JM� 
CD Tahrip olan ekserjLQLQ�ELULP�DNÕPÕQÕQ�IL\DWÕ����K� 
cf <DNÕWÕQ�ELULP�HNVHUMLVLQLQ�RUWDODPD�IL\DWÕ����JM� 
cL .D\ÕS�HNVHUMLQLQ�ELULP�HNVHUMLVLQLQ�RUWDODPD�IL\DWÕ����JM� 
CL .D\ÕS�HNVHUMLQLQ�ELULP�DNÕPÕQÕQ�IL\DWÕ����K� 
cp 6DELW�EDVÕQoWD�|]J�O�ÕVÕ��NM�NJ.� 
cv Sabit hacimde ö]J�O�ÕVÕ��NM�NJ.� 
e Özgül ekserji (kj/kg) 
ech .LP\DVDO�DNÕú�HNVHUMLVL��NM�NJ�� 
et 7RSODP�YH\D�WHUPRPHNDQLN�YH�NLP\DVDO�DNÕú�HNVHUMLVL��NM�NJ� 
 xe  7HUPRPHNDQLN��IL]LNVHO��DNÕú�HNVHUMLVL��NM�NJ�� 
CELF Sabit düzeltme faktörü 
CRF KapLWDO�JHUL�ND]DQÕP�IDNW|U� 
E Enerji (kj)  
E Ekserji debisi (kW) 
ED Tahrip olan ekserji (kW) 
EL .D\ÕS�HNVHUML��N:�� 
Ek Yok edilen ekserji (kW) 
Ei Yayma gücü(W/m2) 
Fij ùHNLO�IDNW|U�� 
f Termoekonomik faktör (%) 
G *HOHQ�ÕúÕQÕP�:�P2) 
g Özgül gibbs fonksiyonu (kj/kg) 
h Özgül entalpi (kj/kg) 

h  Toplam molar entalpi (kj/kg) 
h 7DúÕQÕP�NDWVD\ÕVÕ��:�P2K) 
ieff *HUL�|GHPH�RUDQÕ���� 
J *LGHQ�ÕúÕQÕP 
K .XOODQÕODELOLUOLN��NM� 
k g]J�O�NXOODQÕODELOLUOLN��NM�NJ�� 
k %LU�GH÷HUH�JHWLULOPLú�IL\at düzeltme faktörü 
k ,VÕ�LOHWLP�NDWVD\ÕVÕ��:�P.� 
KE Kinetik enerji (kj)  
L uzunluk (m) 
m Kütlesel debi (kg/s)  
N 0RO�VD\ÕVÕ�  
Nu 1XVVHOW�VD\ÕVÕ 
.

N  7RSODP�DNÕú�RUDQÕ 
P %DVÕQo��N3D� 
PE Potansiyel enerji (kj) 
Pr SUDQGWO�VD\ÕVÕ 
Q ,VÕ��JHoLúL�NM� 
rn Eslakasyon (%) 
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ri )DL]�RUDQÕ���� 
R Gaz sabiti (kj/kgK) 
Re 5H\QROG�VD\ÕVÕ 
s Özgül entropi (kj/kgK) 
s  Toplam molar  entropi (kj/kgK) 
S Entropi (kj/K) 
Süret. Entropi üretimi (kj/K) 
t Zaman (s)  
T 6ÕFDNOÕN��.�� 
u Özgül iç enerji (kj/kg) 
x 0RO�RUDQÕ  
v Özgül hacim (m3/kg) 
V Hacim (m3) 
V +Õ]��P�V�  
w PRO�NHVUL�RUDQÕ 
W øú��NM�  
y <RN�HGLOHQ�HNVHUML�RUDQÕ���� 
yD 7DKULS�RODQ�HNVHUML�RUDQÕ���� 
yL .D\ÕS�HNVHUML�RUDQÕ���� 
z Yükseklik (m) 
Z %LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU����K� 
ZLú øúOHWPH�PDOL\HWL����K� 
Zyat <DWÕUÕP�PDOL\HWL���� 
0 <D\PD�RUDQÕ 
! <DQVÕWPD�RUDQÕ 
. <XWPD�NDWVD\ÕVÕ 
1 Stefan-Boltzman sabiti 
% 0DNVLPXP�YHULPOLOLN�RUDQÕ 
- %D÷ÕO�QHP  
� Kimyasal potansiyel 
�II øNLQFL�\DVD�YHUimi 
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ÖNSÖZ 
 
'�Q\DPÕ]GD�HQHUML�ND\QDNODUÕQÕQ�W�NHQPHVL�JLGHUHN�GDKD�JHQLú�oHYUHOHUFH�HQHUML�WDVDUUXIXQXQ�
|QHPLQLQ� EHQLPVHQPHVLQH� QHGHQ� ROPDNWDGÕU�� %X� G�ú�QFH� ELOLPVHO� SODWIRUPODUGD� GD�
NRQXúXOPDNWD�YH�YDU�RODQ�HQHUMLQLQ�QDVÕO�GDKD�YHULPOL�NXOODQÕODELOHFH÷L�LOH�LOJLOL�oDOÕúPDODUÕQ�
\DSÕOPDVÕQÕ�VD÷ODPDNWDGÕU� 
 
(QHUMLQLQ� ELU� W�UGHQ� GL÷HU� ELU� W�UH� G|Q�úW�U�OPHVL� LoLQ� WHUPRGLQDPLNWHQ�
\DUDUODQÕOÕU�WHUPRGLQDPL÷LQ� ELULQFL� \DVDVÕ� HQHUMLQLQ� QLFHOL÷L� LOH�� LNLQFL� \DVDVÕ ise enerjinin 
QLWHOL÷L�LOH�LOJLOLGLU��7HUPRGLQDPLN�GL]D\Q�\DSÕOÕUNHQ�HQ�oRN�LNLQFL�\DVD�NXOODQÕOPDNWDGÕU� 
 
(QHUMLQLQ� WHUPRGLQDPLN� VLVWHPOHUGH� YHULPOL� NXOODQÕOPDVÕ� LoLQ� NXOODQÕODQ� DUDoODUGDQ� ELULGH��
NXOODQÕODELOLU� HQHUML� DQDOL]L� \DQL� HNVHUML� DQDOL]LGLU��%X� oDOÕúPDGD�ELU� YDNXP� ÕVÕO� LúOHP� RFD÷Õ�
LoLQ�HNVHUML�DQDOL]LQLQ�QDVÕO�X\JXODQDELOHFH÷LQLQ�DoÕNODPDVÕ�DPDoODQPÕúWÕU� 
 
%X�oDOÕúPD�VÕUDVÕQGD�GHVWH÷L�YH�\|QOHQGLUPHOHUL�LOH�EDQD�\DUGÕPFÕ�RODQ�VD\ÕQ�KRFDP�3URI��'U��
*DOLS� 7HPLU¶H�� \DUGÕPODUÕ� LoLQ� $OSHU� 7H]FDQ¶D� YH bana her zaman destek olan aileme 
WHúHNN�UOHULPL�VXQDUÕP� 
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ÖZET 
 
9DNXP�ÕVÕO�LúOHP�RFD÷ÕQÕn termRHNRQRPLN�DQDOL]LQL�LUGHOH\HQ�EX�oDOÕúmada termRGLQDPL÷LQ�
��� YH� ��� \DVDODUÕQÕQ� ELUOHúWLULOGL÷L� ELU� \|QWHP� NXOODQÕOPÕúWÕU��9DNXP� RFD÷ÕQÕQ� ÕVÕtma ve su 
verme (quenching) prosesleri içLQ� D\UÕ� D\UÕ� DQDOL]OHU� \DSÕOPÕú� YH� EXQODUÕQ� VRQXoODUÕ�
\RUXPODQPÕúWÕU� 
 
(NVHUML� DQDOL]L� LNL� DGÕPGD� JHUoHNOHúPHNWHGLU�� %XQODU� HNVHUML� DQDOL]L� YH� HNVHUJRHNRQRPLN�
DQDOL]GLU��(NVHUML�DQDOL]LQGH��ÕVÕtma ve su vermH��TXHQFKLQJ��SURVHVL�LoLQ�KHU��QLWH�LoLQ�D\UÕ 
D\UÕ� KHVDSODPD� \DSÕOPDNWDGÕU�� IVÕWPD� SURVHVLQGH� UDG\DV\RQ� YH� NRQYHNVL\RQ� LOH� ROXúDQ� ÕVÕ�
WUDQVIHUOHULQLQ�HNVHUMLOHUL�KHVDSODQPÕúWÕU��$\UÕFD�JLULú�YH�oÕNÕú�HNVHUMLOHUL�KHVDSODQÕS�WDEORODU�
KDOLQGH� VXQXOPXúWXU�� (NVHUJRHNRQRPLN� DQDOL]GH� LVH� SDUDVDO� JLGHUOHU� EHOLUOL� HúLWOLNOHU 
\DUGÕPÕ\OD� KHVDSODQPÕúWÕr. Parasal giderlerden \ROD� oÕkarak tahrip olan. ekserji ve 
termRHNRQRPLN� IDNW|U� KHVDSODQPÕú� YH� EX� GH÷HUOHU� \RUXPODQDUDN� VLVWHPGHNL� L\LOHútirme 
RODQDNODUÕ�EHOLUOHQPLúWLU� 
 
%X�oDOÕúPada termRHNRQRPLN�DQDOL]�YH�HNVHUML�DQDOL]LQLQ�ELU� VLVWHP��]HULQGH�X\JXODQPDVÕ�
LUGHOHQPLúWLU��%XUDGD�DPDo�HQHUMLQLQ�PDNVLPXP�NXOODQÕPÕQÕ�VD÷OD\DELOPHNWLU��ø\LOHútirmenin 
QDVÕO� \DSÕODFD÷Õ� \RUXPODPDN� LoLQ� HNVHUML� ND\ÕSODUÕQÕ yada termoekonomik faktörleri 
LQFHOHPHN� JHUHNPHNWHGLU�� %XUDGD� J|]� DUGÕ� HGLOPHPHVL� JHUHNHQ� ELU� GL÷HU� KXVXV� HQHUML\L�
PDNVLPXP� NXOODQPDN� LoLQ� VHoLOHQ� HNLSPDQODUÕQ� |PU�Q�Q� X]XQ� V�UHOL� ROPDVÕQÕQ�
JHUHNOLOL÷LGLU� 
 
Anahtar Kelimeler: Ekserji analizi, ikinci kanun analizi, termoHNRQRPLN�DQDOL]��9DNXP�ÕVÕO 

LúOHP�RFD÷Õ 
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ABSTRACT 
 
A method combining 1st and 2nd laws of thermodynamics was used for this study which 
examines the economic analysis of the vacuum heat treatment furnace. Separate analyses were 
performed for heating and quenching processes of the vacuum furnace and their results were 
interpreted. 
 

There are two steps in the exergy analysis. These are exergy and exergo-economic analyses. 
Separate ca1culations for each unit were performed for heating and quenching processes in 
the exergy analysis. The exergies of heat transfers that are generated via radiation and 
convection during heating process were calculated. Moreover input and output exergies were 
calculated and presented in the forms of tables. On the other hand, financial expenses were 
calculated by utilizing relevant equations in the exergo-economic analysis. The damaged 
exergy and thermodynamic factor were calculated by means of financial expenses and 
improvement opportunities in the system were determined by evaluating these values. 
 
The implementation of the thermodynamic and exergy analyses on a system was examined in 
this study. The objective is to ensure maximum utilization of the energy. Exergy losses or 
thermodynamic factors should be examined in order to interpret how the improvement would 
be made. Another point that should not be disregarded is the necessity of the equipments 
selected for the maximum utilization of energy having longevity. 
 
Keywords: Exergy analyse, Second law analyse, coastal law, Thermoeconomic analyse, 
 Vacuum heat treatment furnace 
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7HUPRGLQDPL÷LQ� ELULQFL�NDQXQX� HQHUMLQLQ� QLFHOL÷L� LOH� LOJLOLGLU� YH� ELU� VLVWHPH�JLUHQ�� �UHWLOHQ��
oÕNDQ�YH�GHSR�HGLOHQ�HQHUML�PLNWDUODUÕQÕQ�WRSODPÕQÕQ�VÕIÕU�ROGX÷XQX�LIDGH�HGHU��%LULQFL�NDQXQ�
HQHUMLQLQ�QLWHOL÷L�LOH�LOJLOL�KHUKDQJL�ELU�GH÷HUOHQGLUPH�\apmaz. 

 

7HUPRGLQDPL÷LQ�LNLQFL�NDQXQX�LVH�HQHUMLQLQ�QLWHOL÷L�LOH�LOJLOLGLU�YH�HQHUMLQLQ�QLWHOL÷L�LOH�LOJLOL�
GH÷HUOHQGLUPHOHU�\DSÕOPDVÕQÕ�P�PN�Q�NÕODQ�DUDoODU�LoHULU��øNLQFL�NDQXQ��HQHUMLQLQ�ELU�úHNLOGHQ�
GL÷HU� ELU� úHNOH� G|Q�ú�P�� VRQXFXQGD� WRSODP� PLNWDUÕQGD� GH÷LúLNOLN� ROPDVD� ELOH� QLWHOL÷LQGH�
GH÷LúLNOLNOHU� RODFD÷ÕQÕ� LIDGH� HGHU�� gUQH÷LQ� ÕVÕQÕQ� WDPDPÕQÕQ� G|QHQ� PLO� LúLQH�
G|Q�úW�U�OPHVLQLQ� P�PN�Q� ROPD\DFD÷ÕQÕ�� ÕVÕQÕQ� ELU� NÕVPÕQÕQ� G|QHQ� PLO� LúLQH� G|Q�ú�UNHQ�
NDODQ�NÕVPÕQÕQ�GDKD�G�ú�N�VÕFDNOÕNWDNL�ELU�RUWDPD�YHULOPHVL�JHUHNWL÷L�WHUPRGLQDPL÷LQ�LNLQFL�
NDQXQXQXQ�ELU�VRQXFXGXU��$\UÕFD��ÕVÕQÕQ�G�ú�N�VÕFDNOÕNWDNL�ELU�RUWDPGDQ�\�NVHN�VÕFDNOÕNWDNL�
ELU�RUWDPD��GÕúDUÕGDQ�KHUKDQJL�ELU�Lú�HWNLVL�DOPDGDQ�WUDQVIHU�ROPDVÕQÕQ�LPNDQVÕ]�ROGX÷X�\LQH�
WHUPRGLQDPL÷LQ�LNLQFL�NDQXQXQXQ�ELU�VRnucudur. 

 

7HUPRGLQDPL÷LQ� LNLQFL� NDQXQXQD� J|UH� ÕVÕQÕQ� LúH� G|Q�úW�U�OPHVL� LoLQ� NXOODQÕODELOHFHN�
oHYULPOHU� DUDVÕQGD� G|Q�úW�UPH� YHULPL� HQ� \�NVHN� RODQ� oHYULP� &DUQRW� oHYULPLGLU�� &DUQRW�
oHYULPL� ÕVÕQÕQ� \�NVHN� VÕFDNOÕNWDNL� ELU� RUWDPGDQ� G�ú�N� VÕFDNOÕNWDNL� ELU� RUWDPD geçmesini 

VD÷OD\DUDN� Lú� �UHWLU�� &DUQRW� oHYULPL� WHUVLQLU� ELU� oHYULPGLU�� GROD\ÕVÕ\OD� WHUVLQH� oDOÕúPDVÕ� GD�
P�PN�QG�U��&DUQRW�oHYULPL�WHUVLQH�oDOÕVWÕUÕOÕUVD��GÕúDUÕGDQ�Lú�DODUDN�ÕVÕQÕQ�G�ú�N�VÕFDNOÕNWDNL�
ELU� RUWDPGDQ� \�NVHN� VÕFDNOÕNWDNL� ELU� RUWDPD� JHoPHVLQL� VD÷ODU�� 7HUVLQH� oDOÕúDQ� &DUQRW�
oHYULPLQH�³7HUV�&DUQRW�dHYULPL´�YH\D�³øGHDO�6R÷XWPD�dHYULPL´�DGÕ�YHULOLU� 
 

&DUQRW�oHYULPLQGH�ROGX÷X�JLEL�YHULPL�HQ�\�NVHN�VR÷XWPD�oHYULPL�7HUV�&DUQRW�oHYULPLGLU�YH�
7HUV�&DUQRW�oHYULPLQLQ�GH�SUDWLNWH�X\JXODQPDVÕ�oRN�]RUGXU�YH�HNRQRPLN�GH÷LOGLU��%X�QHGHQOH�
7HUV�&DUQRW�oHYULPL�VR÷XWPD�oHYULPOHULQLQ�NDUúÕODúWÕUÕOPDVÕQGD�ELU�UHIDUDQV�RODUDN�NXOODQÕOÕU� 
 

7HUPRGLQDPLN�VLVWHPOHULQ�DQDOL]LQGH�VDGHFH�ELULQFL�NDQXQ�DQDOL]L�LOH�HOGH�HGLOHFHN�VRQXoODUÕQ�
GH÷HUOHQGLULOPHVL� ED]Õ� KDWDODUD� QHGHQ olabilir. Bu nedenle birinci kanun analizi ile birlikte 

LNLQFL�NDQXQ�DQDOL]L�\DSÕOPDVÕ�GDKD�GR÷UX�VRQXoODU�YHUHFHNWLU� 
 

øNLQFL� NDQXQ� DQDOL]L� HQWURSL\H� GD\DOÕ� �HQWURSL� DQDOL]L�� YH\D� NXOODQÕODELOLU� HQHUML\H� GD\DOÕ�
�NXOODQÕODELOLU� HQHUML� DQDOL]L�� RODELOLU�� (QWURSL� DQDOL]LQGH�� HQWURSL� GH÷LúLPL� YH� HQWURSL�
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�UHWLPLQLQ� KHVDSODQPDVÕ� NDUPDúÕN� LúOHPOHU� JHUHNWLUHELOLU�� D\UÕFD� HQWURSL� HQHUMLQLQ� VDGHFH�
QLWHOL÷LQL� YH� NDOLWHVLQL� LIDGH� HGHU�� PLNWDUÕ� KDNNÕQGD� ELOJL� LoHUPH]�� .XOODQÕODELOLU� HQHUML��
analizinde ise kontrol hacmL� VÕQÕUÕ� X\JXQ� VHoLOLUVH� LúOHPOHU� oRN� EDVLWOHúHELOLU�� D\UÕFD�
NXOODQÕODELOLU�HQHUML��HNVHUML���HQHUMLQLQ�QLWHOL÷L�LOH�ELUOLNWH�PLNWDUÕQÕ�GD�EHOLUWLU� 
 

%XUDGD� \DSÕODQ� oDOÕúPD� WDPDPHQ� NXOODQÕODELOLU� HQHUML� DQDOL]LQH� GD\DQGÕUÕODFDN� ROXS�� EX�
oDOÕúPDQÕQ� NXOODQÕODELOLU� HQHUML� DQDOL]LQLQ� VR÷XWPD� VLVWHPOHULQH� X\JXODQPDVÕ� NRQXVXQGD�
|QHPOL�ELU�|UQHN�WHúNLO�HWPHVL�DPDoODQPDNWDGÕU� 
 

.XOODQÕODELOLU�HQHUML�DQDOL]L�PHWRGXQ�WHPHOOHUL�RQ�GRNX]XQFX�\�]\ÕOÕQ�LNLQFL�\DUÕVÕQGDQ�VRQUD�
DWÕOPD\D� EDúODQPÕúWÕU�� ����� \ÕOÕQGD�� 0D[ZHOO� LON� RODUDN� ³NXOODQÕODELOLU� HQHUML´� WHULPLQL�
NXOODQPÕúWÕU�������\ÕOÕQGD�*LEEV��³P�PN�Q�RODQ�HQ�ID]OD�QHW� Lú� �G|QHQ�PLO� LúL�´�DGÕ�DOWÕQGD�
NXOODQÕODELOLU� HQHUML� LoLQ� DQDOLWLN� ELU� KHVDS� \|QWHPL� YHUPLúWLU�� ����� \ÕOÕQGD� \LQH� 0D[ZHOO��
kendisinin “Theory of Heat” DGOÕ� NLWDEÕQÕQ� G|UG�QF�� EDVNÕVÕQGD� ³P�PN�Q� RODQ� HQ� \�NVHN�
EU�W�Lú´�LVPL�LOH�oRN�EDVLW�ELU�DQDOL]�\DSPÕúWÕU�������\ÕOÕQGD�*XR\¶LQ�DNÕú�ROPD\DQ�VLVWHPOHUGH�
NXOODQÕODELOLUOLNOH�LOJLOL�oDOÕúPDODUÕ�\D\ÕPODQPÕúWÕU��$QFDN��EXUDGDNL�LIDGHOHU�*LEEV¶LQ�YHUGL÷L�
ifadeOHUGHQ� GDKD� EDVLWWL�� ����� \ÕOÕQGD� 6WRGROD�� DNÕú� ROPD\DQ� ELU� LúOHPGH� P�PN�Q� RODQ� HQ�
ID]OD�EU�W�Lú�LOH�LOJLOL�ELU�LIDGH�YHUPLúWLU��6WRGROD��EX�oDOÕúPDVÕQGD�ND\ÕS�EU�W�Lú�SRWDQVL\HOL�LOH�
HQWURSL�DUDVÕQGD�ELU�LOLúNL�ROGX÷XQX�J|VWHUPLúWLU� 
 

2Q� GRNX]XQFX� \�]\ÕOGDQ� EHUL� NXOODQÕODELOLU� HQHUML� DQDOL]L� SUHQVLSOHUL� NRQXVXQGD� ELU� oRN�
LQVDQÕQ� oDOÕúPDODU� \DSPÕú� ROPDVÕQD� UD÷PHQ�� NXOODQÕODELOLU� HQHUML� NDYUDPÕ� P�KHQGLVOLN�
X\JXODPDODUÕQD������YH�����¶ODUGD�JLUPLúWLU�������\ÕOÕQGD�-��.HQDQ��*LEEV¶LQ�YHUPLú�ROGX÷X�
VRQXoODUÕ�GDKD�EDVLW�YH�GDKD�NXOODQÕúOÕ�NDYUDPODUOD�LIDGH�HWPLú�YH�P�PN�Q�RODQ�HQ�\�NVHN�QHW�
Lú� �G|QHQ� PLO� LúL�� LoLQ� ³NXOODQÕODELOLUOLN´� WHULPLQL� NXOODQPÕúWÕU�� ����� \ÕOÕQGD� 5DQW��
%RVQDMNRYLo¶LQ� GDKD� |QFH� NXOODQGÕ÷Õ� ³Lú� \HWHQH÷L´� WHULPL� \HULQH� ³H[HUJ\´� WHULPLQLQ�
kullanÕOPDVÕQÕ�|QHUPLúWLU� 
 

.XOODQÕODELOLU� HQHUML� DQDOL]L� PHWRGXQGD�� |]HOOLNOH� ����¶OHUGHNL� SHWURO� NUL]LQGHQ� VRQUD� KÕ]OÕ�
JHOLúPHOHU� ROPXúWXU�� )�� %RVNDMNRYLF�� -�� .HHQDQ�� =�� 5DQW�� -�� 6]DUJXW� YH� 5�� *DJJLROL�
NXOODQÕODELOLU�HQHUML�DQDOL]OHUL�PHWRGXQXQ�JHOLúPHVLQGH�|QHPOL�UROOHU�R\QDPÕúODUGÕU� 
 

.XOODQÕODELOLU�HQHUML�DQDOL]LQLQ�JHOLúPHVLQLQ�|]HWOHUL�����¶OHULQ�VRQ�\ÕOODUÕQGD�.RWDV��������YH�
6]DUJXW� ������� WDUDIÕQGDQ� RUWD\D� NRQXOPXúWXU�� *HoHQ� RQ� \ÕO� LoHULVLQGH� $60(� øOHUL� (QHUML�
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6LVWHPOHUL�%|O�P���\HOHUL�JHOLúPHOHUGH�|Q�VÕUDODUGD�ROPXúODUGÕU��.RQX\OD�LOJLOL�RODUDN�DQDKWDU�
QLWHOL÷LQGHNL�oDOÕúPDODU������¶OÕ�\ÕOODUGD�7VDWVDURQLV�YH�0RUDQ�WDUDIÕQGDQ�\DSÕOPÕúWÕU��0RUDQ��
NXOODQÕODELOLU� HQHUML� DQDOL]LQLQ� WHUPRGLQDPLN� VLVWHP� DQDOL]LQGH� NXOODQÕODQ� WHPHO� LIDGHOHUL�
EHOLUOHPLú�� 7VDWVDURQLV� GH� NXOODQÕODELOLU� HQHUML� DQDOL]L� PHWRGXQD� GD\DQDQ� WHUPRHNRQRPLN�
RSWLPL]DV\RQX��H[HUJRHFRQRPLF�RSWLPL]DWLRQ��NRQXODUÕQGD�oRN�|QHPOL�oDOÕúPDODU�\DSPÕúWÕU� 
 

�����\ÕOÕQGD�%RHKP�NXOODQÕODELOLU�HQHUML�DQDOL]L�\|QWHPLQLQ�WHUPRGLQDPLN�VLVWHP�VL]D\QÕQGD�
uygulDQDELOLUOL÷LQL� J|VWHUPLúWLU�� .XUHPHQRV� YH� 7VDWVDURQLV� ������� WHUPDO� YH� HQHUML�
VLVWHPOHULQLQ�DQDOL]LQGH�NXOODQÕODELOLU�HQHUML�DQDOL]LQL�NXOODQPÕúODUGÕU��6WHFFR�YH�0RUDQ��������
NXOODQÕODELOLU� HQHUML� DQDOL]L� \|QWHPL� LOH� '�Q\D� HQHUML� UH]HUYOHULQLQ� JHOHFHNWHNL� GXUXPODUÕQÕ�
WHVSLW� HWPH\H� oDOÕúPÕúODUGÕU�� 9DOHUR� YH� 7VDWVDURQLV� ������� NXOODQÕODELOLU� HQHUML� DQDOL]LQL�
kullanarak enerji sistemlerinde verimlilik ve maliyet optimizasyonu ve simülasyonu 

NRQXODUÕQGD� ELU� oDOÕúPD� \DSPÕúODUGÕU�� ����� \ÕOÕQGD� 0�� -�� 0RUDQ� YH� (�� 6ciubba, ekserji 

DQDOL]OHULQLQ� WHPHO� SUHQVLSOHULQL� DoÕNOD\DUDN�� IL]LNVHO� YH� NLP\DVDO� HNVHUML� NDYUDPODUÕQÕ�
WDQÕPODPÕú� YH� EXQODUÕ� IRUP�OL]H� HGHUHN� J�o� VLVWHPOHULQH� QDVÕO� X\JXODQDELOHFH÷LQL�
DQODWPÕúODUGÕU�� %XQODUGDQ� EDúND�� $NVHO� g]W�UN� ������� &ODVLXV� HúLWVL]OL÷L� \HULQH� HQWURSLGHQ�
ED÷ÕPVÕ]�ÕVÕQÕQ�YH�LúLQ�NXOODQÕODELOLUOL÷LQH�GD\DQDQ�\HQL�ELU�HúLWVL]OLN�WDQÕPODPÕúWÕU��g]W�UN�EX�
\HQL� HúLWVL]OL÷H� GD\DQDUDN� HQWURSL� LoHUPH\HQ� ELU� NXOODQÕODELOLU� HQHUML� GHQJHVL� LIDGHVL�
\DUDWPÕúWÕU� 
 

*|U�OG�÷�� JLEL� NXOODQÕODELOLU� HQHUML� NDYUDPÕQÕQ� oRN� HVNL� ELU� WDULKL� ROPDVÕQD� UD÷PHQ��
P�KHQGLVOLN� X\JXODPDODUÕQGD� EXJ�QH� NDGDU� oRN� NXOODQÕOPDPDVÕ� LOJLQoWLU�� 7DULKVHO� V�UHo�
J|VWHUL\RU�NL��NXOODQÕODELOLU�HQHUML�DQDOL]L��HQHUMLQLQ�SDKDOÕ�ROGX÷X�]DPDQODUGD�\DSÕOPÕú��IDNDW�
XFX]�YH�ERO�ROGX÷X�]DPDQODUGD�\DSÕOPDPÕúWÕU� 
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7HUPRGLQDPL÷LQ�ELULQFL�NDQXQX�HQHUMLQLQ�\RNWDQ�YDU�HGLOHPH\HFH÷LQL�YH�YDU�RODQ�HQHUMLQLQ�GH�
\RN�HGLOHPH\HFH÷LQL�V|\OHU��<DQL��ELULQFL�NDQXQ�ELU�VLVWHPGH�HQHUMLQLQ�ELU� úHNLOGHQ�GL÷HULQH�
G|Q�ú�P�� LOH� LOJLOLGLU�� %X� G|Q�ú�POHU� VRQXFXQGD� VLVWHPLQ� WRSODP� HQHUMLVLQLQ�
GH÷LúPH\HFH÷LQL�LIDGH�HGHU��7HUPRGLQDPL÷LQ�ELULQFL�NDQXQXQXQ�JHQHO�LIDGHVL�úX�úHNLOGHGLU� 
 

(¦:¦���¦ =Q          (2.1) 

 

7HUPRGLQDPLN� VLVWHPOHULQ� DQDOL]LQGH� VÕQÕUODUÕ� EHOLUOHPHN� oRN� |QHPlidir. Belirlenen sistem 

VÕQÕUÕQD� J|UH�� VLVWHP� NDSDOÕ� VLVWHP� YH\D� DoÕN� VLVWHP� RODUDN� LQFHOHQHELOLU�� 6LVWHP� VÕQÕUODUÕQÕ�
X\JXQ� úHNLOGH� EHOLUOHPHN� KHVDSODUÕ� NROD\ODúWÕUÕU�� 7HPHO� RODUDN�� VLVWHP� VÕQÕUODUÕ� LoHULVLQGHQ�
VLVWHP�LoLQH�YH\D�GÕúÕQD�N�WOH�WUDQVIHUL�ROX\RUVD�VLVWHP�³DoÕN�VLVWHP´�RODUDN��ROPX\RUVD�VLVWHP�
³NDSDOÕ�VLVWHP´�RODUDN�WDQÕPODQÕU� 
 

����.DSDOÕ�6LVWHPOHU�øoLQ�%LULQFL�.DQXQ�$QDOL]L 
 

9HULOPLú�ELU�NDSDOÕ�VLVWHP�LoLQGHNL�ûP�N�WOH�HOHPDQÕQÕQ�ELULP�N�WOHVLQLQ�WRSODP�HQHUMLVL� 
 

gz
2
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e

2

��X�          (2.2) 

 

HúLWOL÷L� LOH� YHULOLU�� +DO� GH÷LúLPLQLQ� EDúÕQGD� YH� VRQXQD� VLVWHP� GHQJH� KDOLQGH� ROGX÷X� LoLQ�
sistemin bütününe ait toplam enerji ifadesi; 

 

mgz
2

mV
UE

2

��          (2.3) 

 

LIDGHVL�KDOLQL�DOÕU� 
 

7HUPRGLQDPL÷LQ� ELULQFL� NDQXQXQXQ� JHQHO� LIDGHVLQGHQ� \ROD� oÕNDUVDN�� �� GHQJH� KDOLQGHQ� ��
GHQJH�KDOLQH�JHoHQ�KHUKDQJL�ELU�NDSDOÕ�VLVWHP�LoLQ�EX�LIDGH�úX�úHNOL�DOÕU 
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oÕNDQ 

2 

1 1 

2 

giren 

��4�- ��:� �(1 – E2         (2.4) 

 

� � � � � ������������� 3(���3(�.(���.(��8��8 �:��4 �� � � � (2.5) 

� � � ���
�
�

�
��������� ]���]PJ���9���9P��8��8 �:��4 �� � � � (2.6) 

 

 

����$oÕN�6LVWHPOHU�øoLQ�%LULQFL�.DQun Analizi 

 

2.2.1 Kütlenin Korunumu 

 

.�WOHQLQ�NRUXQXPXQXQ�DoÕN�VLVWHPOHU�LoLQ�JHQHO�LIDGHVL� 
 

�� J
�P  - �� o

�P =          (2.7) 

 

úHNOLQGHGLU�� 
 

6�UHNOL� DNÕúOÕ� DoÕN� VLVWHPOHUGH�� NRQWURO� KDFPL� LoLQGHNL� WRSODP� N�WOH� ]DPDQOD� GH÷LúPH]������
(mKH� �VDELW���%X�GXUXPGD��N�WOHQLQ�NRUXQXPX�LONHVL�X\DUÕQFD�NRQWURO�KDFPLQH�JLUHQ�WRSODP�
N�WOHQLQ�� NRQWURO� KDFPLQGHQ� oÕNDQ� WRSODP� N�WOH\H� HúLW� ROPDVÕ� JHUHNLU�� %X� LIDGH� DúD÷ÕGDNL�
gibidir: 

 

�� J
�P  = �� o

�P          (2.8) 

 

������$oÕN�6LVWHPOHU�øoLQ�%LULQFL�.DQXQXQ�*HQHO�øIDGHVL 
 

�� J]�9�
��KP ��

- �� J]�9�
��KP ��

+ Q – W =     (2.9) 

úHNOLQGHGLU� 
 

6�UHNOL� DNÕúOÕ� DoÕN� VLVWHPOHUGH�� NRQWURO� KDFPLQLQ� WRSODP� HQHUMLVL� VDELWWLU� �(�  � VDELW�. Bu, 

NRQWURO�KDFPLQLQ�WRSODP�HQHUMLVLQGH�GH÷LúLP�ROPDGÕ÷Õ�DQODPÕQD�JHOLU��%|\OHFH�V�UHNOL�DNÕúOÕ�
DoÕN�VLVWHPOHUGH��NRQWURO�KDFPLQH�ÕVÕ��Lú�YH\D�N�WOH�DNÕúÕ�RODUDN�JLUHQ�HQHUMLQLQ�oÕNDQ�HQHUML\H�

�W 

�W 
�P 

�( 
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HúLW� ROPDVÕ� ]RUXQOXGXU�� %XQD� J|UH� V�UHNOL� DNÕúOÕ� DoÕN� VLVWHPOHUGH� WHUPRGLQDPL÷LQ� ELULQFL�
\DVDVÕQÕ�ú|\OH�\D]ÕOÕU� 
 

�� J]�9�
��KP ��

- �� J]�9�
��KP ��

+ Q – W = 0    (2.10) 

 

Q – W = �� J]�9�
��KP ��

- �� J]�9�
��KP ��

    (2.11) 
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���7(502'ø1$0øöø1�ø.ø1&ø�KANUNU 

 

7HUPRGLQDPL÷LQ�ELULQFL�NDQXQX�KHUKDQJL�ELU�KDO�GH÷LúLPLQGH�VLVWHPOH�oHYUH�DUDVÕQGDNL�DOÕQDQ�
YH�YHULOHQ� Lú�YH� ÕVÕ� LOH� Lo�HQHUMLGH�PH\GDQD�JHOHQ�GH÷LúPH�DUDVÕQGDNL�ED÷ÕQWÕ\Õ�YHUPHNWHGLU��
)DNDW�EX�\DVD�EL]H�WDVDUODQDQ�ELU�KDO�GH÷LúLPLQLQ�JHUoHNOHúLS�JHUoHNOHúPH\HFH÷L�KDNNÕQGD�ELU�
ELOJL� YHUPHPHNWHGLU��2\VD� NL� GR÷DGDNL� KDO� GH÷LúLPOHULQLQ� YH� HQHUML� G|Q�ú�POHULQLQ� VDGHFH�
EHOLUOL� \|QOHUGH� NHQGLOL÷LQGHQ� JHUoHNOHúHELOHFH÷LQL� J|VWHUPHNWHGLU�� 7HUPRGLQDPL÷LQ� LNLQFL�
NDQXQX� EL]H� ÕVÕ� G|Q�ú�POHULQLQ� KDQJL� RUDQGD� RODELOHFH÷L� KDNNÕQGD� ELOJLOHU� YHULU�� øNLQFL�
NDQXQD�J|UH�ÕVÕ\Õ�G|Q�úW�UHQ�KLoELU�J�o�PDNLQDVÕQÕQ�YHULPL������RODPD]��\DQL�ÕVÕQÕQ�WDPDPÕ�
LúH�oHYULOHPH]� 
 

����7HUPRGLQDPL÷LQ�øNLQFL�.DQXQX¶QXQ�*HOHQHNVHO�øIDGH�%LoLPOHUL 
 

&ODVLXV�øIDGHVL���,VÕ�KLo�ELU�]DPDQ�NHQGLOL÷LQGHQ�VÕFDNOÕ÷Õ�G�ú�N�RODQ�ELU�FLVLPGHQ�VÕFDNOÕ÷Õ�
daha yüksek olan bir cisme geçemez. 

 

.HOYLQ� øIDGHVL� �� 6�UHFH� NDWÕODQ� FLVLPOHUGH� EDúNDFD� ELU� GH÷LúLNOLN� ROPDNVÕ]ÕQ� ELU� WHN� ÕVÕ�
ND\QD÷ÕQGDQ�ÕVÕ�oHNHUHN�EXQX�WDPDPHQ�LúH�G|Q�úW�UHQ�ELU�PDNLQD�\DSPD�RODQD÷Õ�\oktur. 

 

Kelvin-3ODQFN� øIDGHVL� �� 3HUL\RGLN� RODUDN� oDOÕúDQ� YH� ELU� WHN� ÕVÕ� ND\QD÷Õ� LOH� ÕVÕ� DOÕúYHULúL�
\DSDUDN�V�UHNOL�RODUDN�Lú�YHUHQ�ELU�PDNLQD�\DSPD�RODQD÷Õ�\RNWXU� 
 

%X�LIDGHOHULQ�KHSVL�� ÕVÕQÕQ� W�P�Q�Q�LúH�oHYULOHPH\HFH÷LQL�V|\OHPHNWHGLUOHU�� øNLQFL�NDQXQ�EX 

JHUoH÷L�GLOH�JHWLULUNHQ�QHGHQLQL�GH�V|\OHU��'R÷DO�RODQ�KLo�ELU�V�UHo�oHYUH�YH�VLVWHPGH�ELU�HWNL�
EÕUDNPDNVÕ]ÕQ�JHUL\H�GR÷UX�LúOHWLOHPH]��<DQL�oHYUH�YH�VLVWHPGH�ELU�HWNL�ROXúPDNVÕ]ÕQ�KLo�ELU�
V�UHo�JHUoHNOHúPH]� 
 

����7HUVLQLU�YH�7HUVLQPH]�+DO�'H÷LúLPOHUL 
 

HaO�GH÷LúLPOHUL�EHOLUOL�ELU�\|QGH�JHUoHNOHúPHNWHGLU��%X�KDO�GH÷LúLPOHUL�JHUoHNOHúWLNWHQ�VRQUD��
VLVWHPLQ� oHYUH\OH� D\QÕ� HWNLOHúLPOHUL� WHUV� \|QGH� JHUoHNOHúWLUHUHN� \HQLGHQ� LON� KDOLQH� G|QPHVL�
RODQDNVÕ]GÕU��%X�W�U�KDO�GH÷LúLPOHULQH�³WHUVLQPH]�KDO�GH÷LúLPL´�GHQLU� 
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1 

2 

 

 

 

ùHNLO�����%LU�JD]ÕQ�VDQNL-GHQJHOL�JHQLúOHWLOPHVL�YH�VÕNÕúWÕUÕOPDVÕ 
 

%LU� \|QGH� JHUoHNOHúWLNWHQ� VRQUD�� oHYUH� �]HULQGH� KLoELU� L]� EÕUDNPDGDQ� WHUV� \|QGH� GH�
JHUoHNOHúHELOHQ�KDO�GH÷LúLPLQH�³WHUVLQLU�KDO�GH÷LúLPL´�GHQLU��ùHNLO�������%LU�EDúND�GH\LúOH��WHUV�
y|QGHNL� KDO� GH÷LúLPLQGHQ� VRQUD� KHP� VLVWHP� KHP� GH� oHYUH� LON� KDOOHULQH� JHUL� G|QHUOHU�� %X�
DQFDN�� KHU� LNL� \|QGHNL� KDO�GH÷LúLPL�ELUOLNWH� HOH� DOÕQGÕ÷Õ� ]DPDQ�� QHW� ÕVÕ� JHoLúL� YH� QHW� Lú� VÕIÕU�
olursa mümkündür. 

 

Bir sistem, ister tersinir ister tersinmez olsun, bir dL]L�KDO�GH÷LúLPLQGHQ�JHoHUHN�\HQLGHQ�LON�
KDOLQH�G|QHELOLU��9XUJXODQPDVÕ�JHUHNHQ�KXVXV��oHYULPLQ�WHUVLQLU�KDO�GH÷LúLPOHULQGHQ�ROXúPDVÕ�
GXUXPXQGD��oHYUHGH�QHW�ELU�GH÷LúLPLQ�ROPDPDVÕGÕU��7HUVLQPH]�KDO�GH÷LúLPOHULQGH\VH��oHYUH�
VLVWHP��]HULQGH�ELU�PLNWDU�QHW�Lú yapar ve bu nedenle ilk haline ger dönmez. 

 

'R÷DGD� WHUVLQLU� KDO� GH÷LúLPOHULQH� UDVWODQPD]�� 7HUVLQLU� KDO� GH÷LúLPOHUL�� JHUoHN� KDO�
GH÷LúLPOHULQLQ�NXUXPVDO�EHQ]HUOHULGLU��%D]Õ�JHUoHN�KDO�GH÷LúLPOHUL��WHUVLQLU�KDO�GH÷LúLPOHULQH�
\DNODúDELOLU�� IDNDW� KLoELU� ]DPDQ� WHUVLQLU� RODPD]�� %LU� EDúND� GH\LúOH�� GR÷DGDNL� W�P� KDO�
GH÷LúLPOHUL�WHUVLQPH]GLU� 
 

3.3 Entropi 

 

(QWURSL�� HQHUMLQLQ� NDOLWHVLQL�� NXOODQÕODELOLUOL÷LQL� EHOLUOH\HQ� ELU� WHUPRGLQDPLN� |]HOOLNWLU��
7HUPRGLQDPLN�VLVWHPOHULQ�HQWURSL�GH÷LúLPLQLQ�ELOLQPHVL��VLVWHPLQ�HQWURSisinin bilinmesinden 

GDKD�|QHPOL�YH�GDKD�NXOODQÕúOÕGÕU� 
 

%�W�Q�WHUVLQLU�KDO�GH÷LúLPOHUL�LoLQ�HQWURSLQLQ�JHQHO�LIDGHVL� 
 

dS =            (3.1) 

 

6LVWHP���KDOLQGHQ�WHUVLQLU�ELU�KDO�GH÷LúLPL�LOH���KDOLQH�JHOLUVH� 
 

S2 – S1 =    �� 7
G4

         (3.2) 

T 

dQ 

tersinir 
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2 

1 

2 

1 

2 

1 

burada; 

 

�����G4���(OHPHQWDO�ÕVÕ�JHoLúL 
 

��������7���6LVWHPLQ�PXWODN�VÕFDNOÕ÷Õ 
 

S2 – S1���6LVWHPLQ���YH���KDOOHUL�DUDVÕQGDNL�HQWURSL�GH÷LúLPL 
 

3.4 Entropi Üretimi 

 

øNL�KDO�GH÷LúLPLQGHQ�ROXúDQ�ELU�oHYULPGH��ùHNLO��������-��KDO�GH÷LúLPL�WHUVLQLr veya tersinmez 

KHUKDQJL�ELU�KDO�GH÷LúLPL���-��KDO�GH÷LúLPL�LVH�WHUVLQLUGLU� 
 

 

 

 

 

ùHNLO�����7HUVLQLU�YH�WHUVLQPH]�KDO�GH÷LúLPOHULQGHQ�ROXúDQ�ELU�oHYULP 

 

%X�GXUXPGD�������LIDGHVL��������KDOLQH�G|Q�ú�U� 
 

S2 – S1 ������ 7
G4

         (3.3) 

 

������ LIDGHVLQGHNL� HúLWVL]OLN� GHQNOHP� KDOLQH� JHWLULOPHOLGLU�� 7HUVLQPH]� KDO� GH÷LúLPL� VÕUDVÕQGD�
bir miktar entropi üretilir veya var edilir, entropi üretimi tamamen tersinmezlikle ilgilidir. Bir 

KDO�VÕUDVÕQGD��UHWLOHQ�YH\D�YDU�HGLOHQ�HQWURSL��³HQWURSL��UHWLPL´�RODUDN�DGODQGÕUÕOÕU�YH�6üretim ile 

J|VWHULOLU��%X�GXUXPGD�������LIDGHVL�GHQNOHP�RODUDN�\D]ÕODELOLU� 
 

S2 – S1 =   �� 7
G4

 + Süretim         (3.4) 

 

Süretim =  (S2 – S1)  -  �� 7
G4

        (3.5) 

<XNDUÕGDNL�LIDGHOHUGHQ�DúD÷ÕGDNL�VRQXoODU�oÕNDUÕODELOLU� 

1 

2 
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� 7HUVLQLU�LúOHPOHUGH�HQWURSL��UHWLPL�VÕIÕUGÕU� 
 

� 7HUVLQPH]�LúOHPOHUGH�HQWURSL��UHWLPL�VÕIÕUGDQ�E�\�NW�U� 
 

� %LU�LúOHPGH�HQWURSL��UHWLPL�QH�NDGDU�E�\�NVH��LúOHPLQ�WHUVLQPH]OL÷L�R�NDGDU�ID]ODGÕU� 
 

� (QWURSL� �UHWLPL� KDO� GH÷LúLPL� VÕUDVÕQGD� L]OHQHQ�\ROD� ED÷OÕGÕU� YH� WHUPRGLQDPLN� ELU� |]HOOLN�
GH÷LOGLU��(QWURSL�GH÷LúLPL�LVH�\ROGDQ�ED÷ÕPVÕ]GÕU�YH�WHUPRGLQDPLN�ELU�|]HOOLN�ROXS�HQWURSL�
�UHWLPL�LOH�NDUÕúWÕUÕOPDPDOÕGÕU� 

 

� (QWURSL��UHWLPL�VÕIÕUGDQ�N�o�N�RODPD]� 
 

� Verimi en yüksek çevrimler terVLQLU�KDO�GH÷LúLPOHULQGHQ�ROXúDQ�oHYULPOHUGLU��'ROD\ÕVÕ\OD��
ELU� oHYULPLQ� YHULPLQL� \�NVHOWPHN� LoLQ� oHYULPGHNL� WHUVLQPH]OLNOHULQ� D]DOWÕOPDVÕ�� \DQL�
entropi üretiminin minimize edilmesi gereklidir. 

 

� 7HUPRGLQDPL÷LQ�ELULQFL�NDQXQXQGDQ�³HQHUML�\RN�HGLOHPH]�YH�\RNtan var edilemez” sonucu 

oÕNDUNHQ�� WHUPRGLQDPL÷LQ� LNLQFL�NDQXQXQGDQ�³HQWURSL�\RNWDQ�YDU�HGLOHELOLU� DPD�DVOD�\RN�
HGLOHPH]´�VRQXFX�oÕNDU� 

 

����.XOODQÕODELOLU�(QHUML 
 

%LU� VLVWHP�� LoLQGH� EXOXQGX÷X� oHYUH� LOH� WHUPRGLQDPLN� GHQJHGH� LVH� oHYUH� LOH� VLVWHP� DUDVÕQGD�
heUKDQJL�ELU� ÕVÕ�YH� Lú�HWNLOHúLPL�RODPD]��%X�KDOH�³|O��KDO´�DGÕ�YHULOLU��gO��KDOGHNL�VLVWHP�Lú�
�UHWHPH]��gO��KDOGHNL�|]HOOLNOHU����VÕIÕU��LQGLVL�LOH�J|VWHULOLU��70, P0, S0 gibi). 

 

%�W�Q�LúOHPOHULQ�WHUVLQLU�ROGX÷X�LGHDO�KDO�GH÷LúLPOHUL�LOH�HOGH�HGLOHQ�LúH�WHUVLQLU�Lú�DGÕ�YHULOLU��
*�o� �UHWPH� VLVWHPOHULQGH� WHUVLQLU� Lú�� ELU� VLVWHPLQ� LON� KDOGHQ� VRQ� KDOH� JHoHUNHQ� \DSWÕ÷Õ�
PDNVLPXP�LúOHU��6R÷XWPD�VLVWHPOHULQGH�WHUVLQLU�Lú�LVH�EHOLUOL�ELU�PLNWDU�VR÷XWPD\Õ�\DSDELOPHN�
LoLQ�JHUHNOL�PLQLPXP�LúWLU� 
 

Bir sistemin hareketli VÕQÕU�LúLQLQ�ELU�NÕVPÕ�FLYDUD�NDUúÕ�\DSÕOGÕ÷ÕQGDQ��VLVWHPLQ�LON�KDOGHQ�VRQ�
KDOH� JHoHUNHQ� \DSWÕ÷Õ� PDNVLPXP� LúWHQ� �WHUVLQLU� Lú��� FLYDUD� NDUúÕ� \DSÕODQ� Lú� oÕNDUÕODUDN�
³PDNVLPXP�ID\GDOÕ�Lú´�EXOXQXU� 



 11 

9HULOHQ�ELU�KDOGHNL�VLVWHPLQ�VDGHFH�oHYUHVL�LOH�HWNLOHúLPGH�EXlunarak ölü hale geçmesi sonucu 

HOGH�HGLOHELOHFHN�PDNVLPXP�ID\GDOÕ�LúH��VLVWHPLQ�NXOODQÕODELOLU�HQHUMLVL��NXOODQÕODELOLUOL÷L�YH\D�
HNVHUMLVL�GHQLU��%X�GXUXPGD��ID\GDOÕ� LúLQ�PDNVLPXP�ROPDVÕ� LoLQ�VLVWHPGHNL�E�W�Q� LúOHPOHULQ�
WHUVLQLU�ROPDVÕ�JHUHNWL÷L�J|U�O�U� 
 

(QHUML�LOH�NXOODQÕODELOLU�HQHUML��HNVHUML��DUDVÕQGD�ED]Õ�IDUNODU�YDUGÕU� 
 

� (QHUML�\RN�HGLOHPH]��NXOODQÕODELOLU�HQHUML�LVH�\RN�HGLOHELOLU� 
 

� .XOODQÕODELOLU�HQHUML��VLVWHPLQ�E�W�Q�KDOOHUL�LoLQ�VÕIÕUGDQ�E�\�N�YH\D�VÕIÕUD�HúLW�ROXU� 
 

� .XOODQÕODELOLU�HQHUML��VLVWHPLQ�EXOXQGX÷X�KDOLQ�|O��KDOH�J|UH�VDSPDVÕQÕ�J|VWHULU� 
 

� .XOODQÕODELOLU�HQHUML�� VLVWHPOHU� DUDVÕQGD� WUDQVIHU�HGLOHELOLU� YH� LoOHULQGHNL� WHUVLQPH]OLNOHUGH�
yok edilebilir. 

 

������.DSDOÕ�6LVWHPOHUGH�.XOODQÕODELOLU�(QHUML� 
 

6DGHFH�oHYUHVL�LOH�ÕVÕ�DOÕúYHULúLQGH�EXOXQDQ�DNÕúVÕ]�ELU�NDSDOÕ�VLVWHPGH�WHUPRGLQDPL÷LQ�ELULQFL�
kanunu: 

 

�4�- �:� �G(          (3.6) 

 

WHUVLQLU�LúOHPOHUGH 
 

�4� �7�G6          (3.7) 

 

Buradan; 

 

T.dS - �:� �G(         (3.8) 

6LVWHP�VDGHFH�oHYUH�LOH�ÕVÕ�DOÕúYHULúLQGH�EXOXQGX÷XQGDQ� 
 

�:� �70dS – dE         (3.9) 
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V0 

V 

<XNDUÕGDNL�LIDGHGH�YHULOHQ�KDOGHQ�|O��KDOH�JHoLúWH�VD÷ODQDFDN�PDNVLPXP�WHUVLQLU�LúL�EXOPDN�
LoLQ�LQWHJUDO�DOÕQÕUVD��PDNVLPXP�WHUVLQLU�Lú� 
 

� � � ����PD[�WU 6���67���(���( :         (3.10) 

 

olarak bulunur. 

 

6LVWHPLQ�oHYUH\H�NDUúÕ�\DSWÕ÷Õ�Lú� 
 

 :oHY ��SG9� � �S  ��G9� � � �9���9S ��       (3.11) 

 

dHYUH\H� NDUúÕ� \DSÕODQ� Lú�� PDNVLPXP� WHUVLQLU� LúWHQ� oÕNDUÕOÕUVD�� DNÕúVÕ]� NDSDOÕ� VLVWHPOHUGH�
NXOODQÕODELOLUOLN� 
 

� � � � � �9���9S���6���67���(���( . �����        (3.12) 

 

 

úHNOLQGH�EXOXQXr. 

 

g]J�O�N�WOH�LoLQ�NXOODQÕODELOLUOLN� 
 

� � � � � ��Y��YS���V���V7���H���H N �����        (3.13) 

 

olur. Burada J]��9�X H � ¶GLU��%|\OHFH��������GHQNOHPL�úX�úHNOL�DOÕU� 
 

� � � � � � J]��9��Y��YS���V���V7���X��X� N �
�����      (3.14) 

 

.XOODQÕODELOLUOLN��NDSDOÕ�VLVWHPOHU�LoLQ�WHUPRGLQDPLN�ELU�|zelliktir. 

6DGHFH�oHYUH�LOH�ÕVÕ�DOÕúYHULúLQGH�EXOXQDQ�ELU�NDSDOÕ�VLVWHPGH�LNL�KDO�DUDVÕQGDNL�NXOODQÕODELOLU�
HQHUML�GH÷LúLPL�LVH�DúD÷ÕGDNL�LIDGHGHQ�EXOXQXU� 
 

� � � � � ����������� 9���9S���6���67���(���( .���.      (3.15) 

 

Wçev Wtr, max 
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������$oÕN�6LVWHPOHUGH�.XOODQÕODELOLU�(QHUML� 
 

$NÕúVÕ]�GXUXPGD�PDGGHQLQ�NXOODQÕODELOLUOL÷L��N�� 
 

� � � � � ��Y��YS���V���V7���H���H N �����        (3.16) 

 

$NÕú�KDOLQGHNL�PDGGHQLQ�|]J�O�NXOODQÕODELOLUOL÷L��Na); 

 

� �YS���SY��N N �D          (3.17) 

 

� � � � � � � �YS���SY��Y��YS���V���V7���X���H N ������D      (3.18) 

 

� � ���X���J]��9�X N �
�

D � � � �YS���SY��V���V7 ���      (3.19) 

 

SY�X K  ve ���� YS�X K  denklemleri (3.19)’da yerine konulursa; 

 

� � J]��
9�V���V7���K���K N

�
���D        (3.20) 

 

Ölü halde Gibbs fonksiyonu; 

 

������ V7���Y3�X J          (3.21) 

 

böylece; 

J]��
9�J���V7���K N

�
��D         (3.22) 

olur. 

 

$oÕN�VLVWHPOHUGH�LNL�KDO�DUDVÕQGDNL�NXOODQÕODELOLU�HQHUML�GH÷LúLP�LIDGHVL� 

� � � � � ���
�
�

�
�

�����D��D ]���]J��
9���9�V���V7���K���K N���N     (3.23) 
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3.6 Ekserji Analizleri 

������$NÕúVÕ]�6LVWHPOHU 

 

N1, N2,..., Nn¶H� NDGDU� Q�DGHW�PRO�Q�NDUPDúÕN� NDUPD�\Õ÷ÕQÕQÕ� J|]� |Q�QGH�EXOXQGXUDOÕP��%X�
\Õ÷ÕQÕ�NDUPD�VLVWHP�RODUDN�HOH�DODFD÷Õ]��6LVWHPLQ�EDúODQJÕo�GHQJH�GXUXPXQGD�oHYUHQLQ�\HULQL�
WXWDQ�\R÷XQOX÷XQGDQ�IDUNOÕ�RODUDN� ( )n,02,01,000 ,...,,,P,T µµµ ��VÕFDNOÕN��7���EDVÕQo��3��YH�Q�WDQH�
NLP\DVDO� SRWDQVL\HO� ���� NDUDNWHUL]H� HGLOLU�� %DúND� ELU� GH÷LúOH�� EX� \Õ÷ÕQ� VLVWHPL ve çevre 

NDUúÕOÕNOÕ�RODUDN�WHUPDO��PHNDQLN�YH�NLP\DVDO�GHQJHGH�GH÷LOGLU� 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ùHNLO�����$NÕúNDQ�ROPD\DQ�VLVWHPOHULQ�oHYUH�LOH�XODúWÕ÷Õ�WHUPLN��PHNDQLN�YH�NLP\DVDO�GHQJH 
 

 

ùHNLO����¶GH�J|VWHULOHQ�EDúODQJÕo�YH�ELWLú�KDOL�SURVHVOHUL�� EL]LP�RULMLQal sistemimizle çevreyi 

GHQJH� KDOLQH� JHWLUPHN� LoLQ� WDVDUODQPÕúWÕU�� %XUDGD� VRQ� KDOGH� oHYUH� úDUWÕ\OD� VLVWHP� úDUWODUÕ�
DUDVÕQGDNL�HúLWOL÷H�GLNNDW�HWPHN�JHUHNLU��$\QÕ�]DPDQGD�E�W�Q�HNVWHQVLI�|]HOOLNOHULQ���KDOLQGHQ�
��KDOLQH�GH÷LúWL÷LQH�GLNNDW�HGLOPHOLGLU��%X�|]HOOLNOHUL�PRO�VD\ÕODUÕ�GD�NDSVDU�1i (i=1, 2,…,n). 

%X� Q� ELOHúHQOL� GH÷LúHQ� VD\ÕODU� VLVWHP� LOH� oHYUH� DUDVÕQGDNL� \DUÕ� JHoLUJHQ� ]DUGDQ� \D\ÕOÕUODU��
$NÕúVÕ]� FLKD]� ROPDVÕQD� UD÷PHQ�� ��� KDOGHQ� ��� KDOH� N�WOH� WUDQVIHU� HWNLOHúLPOHUL� ROGX÷XQGDQ�
VLVWHP�DoÕN�VLVWHPGLU� 

7��3���i 

U(1), S(1), V(1), Ni
(1)  

<DUÕ�JHoLUJHQ�]DU��L� 

Çevre (T0, P0���0,i) 

Sistem 

øON�KDO���� 

W 

Ew P0 dV/dt 

P0 

N0, i �0, i 

(i=1, 2,…, n) Q0 
 
T0 

U(t), S(t), V(t), Ni(t) 

Orta hal 

T0, P0���0,i 

U(2), S(2), V(2), Ni
(2)  

Çevre (T0, P0���0,i) 

Son hal (2) 
  (ölü hal) 
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HHU�ELOHúHQ�LoLQ�N�WOHQLQ�NRUXQXPXQX�YHUHQ�GHQNOHPOHU� 
 

( )Q��������L���� == i

.
i N

dt

dN
        (3.24) 

i,0

n

1i

i

..

0

.

hNWQ
dt

dU −

=
∑+−=         (3.25) 

0sN
T

Q

dt

dS
S i,0

n

1i

i

.

0

0

.

gen

.

≥−−=
−

=
∑        (3.26) 

 

Bu denklemlerde, i,0h
−

 ve i,0s
− �NDUÕúÕPÕQ�oHYUH�VÕQÕUÕQGDQ�JHoHQ�L¶LQFL�ELOHúHQLQ�PRODU�HQWDOSLVL�

YH�HQWURSLVLGLU��=DPDQ�LoLQGH����KDOGHQ����KDOH�LQWHJUH�HGLOHQ�YH�E|O�úW�U�OHQ�LúH�� .

W ��NDUúÕOÕN�
oHYUHGH� \DSÕODQ� Lú� ( )dt/dVP0 DUWÕ� NXOODQÕODELOHQ� XQVXUX� W

.

E ¶\L� �� HNVHUML� RODUDN� DGODQGÕUÕOÕU��
verir. 

 

∫=−
2

1

.

i
)1(

i
)2(

i dtNNN             )n,...,2,1i( =       (3.27) 

( ) dtNhVVPEQUU
2

1

i

.n

1i

i,0
)1()2(

0W0
)1()2( ∫∑

=

−

+−−−=−     (3.28) 

∫∑
=

−

−−−=
2

1

i

.n

1i

i,0

0

0

.

)1()2(
gen

.

dtNs
T

Q
SSS        (3.29) 

 

0Q ¶Õ�LKPDO�HGLS�� ∫ dtN i

.

 integralini çözersek; 

gen0

n

1i

)2(
ii,0

)2(
0

)2(
0

n

1i

)1(
ii,0

)1(
0

)1(
0

)1(
W

STNVPST

NVPSTUE

−







µ−+−

µ−+−=

∑

∑

=

=

���8�����������
    (3.30) 
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Burada i,00i,0i,0i,0 sThg
−−−

−==µ ’dir. Sonuç olarak,T0, P0� YH� �0,i� JLEL� NDUÕúÕPÕQ� LQWHQVLI�
|]HOOLNOHULQLQ� VRQ� GXUXP� KDOLQGH� ROGX÷XQD� GLNNDW� HGLOPHOLGLU� �ùHNLO� ������ (XOHU�
HúLWVL]OL÷LQGHQ���������GHQNOHPLQLQ�SDUDQWH]�LoLQGHNL�LIDGHVL�VÕIÕUD�JLGHU��<DQL� 
 

0NVPST
n

1i

)2(
ii,0

)2(
0

)2(
0 =








µ−+− ∑

=

���8       (3.31) 

 

�������GHQNOHPLQLQ�LON�G|UW�WHULPL�PDNVLPXP�NXOODQÕODELOLU�LúL�J|VWHUPHNWHGLU��d�QN���NDUÕúÕP�
ve çevre tersinir prosesin en sonunda dengeye gelir. Yani; 

 

( ) ∑
=

µ−+−=
n

1i
ii,000revW NVPSTUE       (3.32) 

 

Buradaki ( )n21 N,...,N,N,V,S,U �NDUÕúÕP�VLVWHPLQLQ�RULMLQDO�HNVWHQVLI�|]HOOLNOHULGLU� 
 

.DSDOÕ�VLVWHPGHQ�DOÕQDFDN�PDNVLPXP�Lú�PLNWDUÕ�VDGHFH�WHUPDO�YH�PHNDQLN�HúLWOLNWHQ�VD÷ODQDQ�
DNÕúVÕ]�HNVHUML��(��NDGDUGÕU� 
 

( ) ( )*
0

*
0

* VVPSSTUUE −+−−−=        (3.33) 

 

%X� \HQL� URWDV\RQOD� �
�� LúDUHWOHQHQ� |]HOOLNOHU�� VDGHFH� X\JXQ� oHYUHVHO� GH÷HUOHUOH� X\JXQOXN�
J|VWHUHQ� EDVÕQo� YH� VÕFDNOÕ÷ÕQ� NDUÕúÕP� VLVWHPLQLQ� VÕQÕUODQGÕUÕOPÕú� |O�� KDOLQH� EHQ]HWLOLU��
6ÕQÕUODQGÕUÕOPÕú�|O��E|OJHGHNL�(XOHU�WHRUHPL� 
 

∑
=

µ+−=
n

1i
i

*
i

*
0

*
0

* NVPSTU        (3.34) 

dHYUH�WHUPDO��PHNDQLN�YH�NLP\DVDO�RODUDN�GHQJHGH�ROGX÷XQGD��VÕQÕUODQGÕUÕOPÕú�|O��E|OJHGHNL�
kimyasal potansiyel ( )00

*
i P,Tµ QLKDL�|O��E|OJHGHNL�NDUÕúÕPD�\DNÕQ�NLP\DVDO�SRWDQVL\HOH� ( )i,0µ  

HúLW�ROPDN�]RUXQGD�GH÷LOGLU���������GHQNOHPLQGHQ��������GHQNOHPLQL�oÕNDUWÕUVDN� 
 

( ) ( ) ( ) ( )∑ µ−µ+−+−−−=
2

1
ii,0

*
i

*
0

*
0

*
revW NVVPSSTUUE    (3.35) 
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veya (3.33) denklemine bakarsak; 

 

( ) chrevW EEE +=          (3.36) 

 

 

Ech�DNÕúVÕ]�NLP\DVDO�HNVHUML�RODUDN�WDQÕPODQÕU�YH�úX�úHNLOGH�J|VWHULOLU� 
( )∑ µ−µ=

2

1
ii,0

*
ich NE         (3.37) 

6RQ�SURVHVWHQ�|QFH�YH�VRQUD� VDELWOHúPLú�RODQ�70 ve P0�� VÕFDNOÕN�YH�EDVÕQo� V�UHVLQFH�DNÕúVÕ]�
VLVWHPGHQ�DOÕQDFDN�PDNVLPXP�Lú�PLNWDUÕ�LNL�ELOHúHQGHQ�ROXúXU��%XQODU�(�LOH�J|VWHULOHQ�DNÕúVÕ]�
HNVHUML��VÕQÕUODQGÕUÕOPÕú�|O��E|OJHGHNL��LOH�(ch ile gösterilen kimyasal ekserjidir. 

 

E’den Ech¶Õ�D\ÕUÕUVDN��RULMLQDO�VDELW�N�WOH�YH�VDELW�ELOHúHQ�VLVWHPL� ( )n21 N,...,N,N,V,S,U  için 

DNÕúVÕ]� WHUPRPHNDQLN� HNVHUML� �DNÕúVÕ]� IL]LNVHO� HNVHUML�� RODUDN� WDQÕPODQÕU� �%HMDQ� YG��� ������
Moran., 1989; Kotas, 1995; SzarJXW� YG��� ������� 'LNNDW� HWPHOL\L]� NL�� IRUP�OH� HGLOPLú�
PDNVLPXP�ER\XWXQ�NXOODQÕODELOLU�LúL�(�RODUDN�WDQÕPODQDQ�VLVWHP�YH�oHYUH��WHUPDO�YH�PHNDQLN�
GHQJH\H� DQFDN� XODúDELOL\RU�� %X� EDNÕú� DOWÕQGD�� GHQNOHP� ������¶GD� J|VWHULOHQ� DNÕúVÕ]�
termomekanik ve kimyasal ekseUML�NÕVDFD�RULMLQDO�NDUÕúÕP�\Õ÷ÕQÕQÕQ�WRSODP�HNVHUMLVL�(t olarak 

WDQÕPODQÕU� 
 

cht EEE +=           (3.38) 

 

3URIHV|U� (YDQV¶ÕQ� GRNWRUD� WH]L� RODQ� HNVHUML� YH� X\JXQOX÷XQ� JHQHOOHúWLULOPLú� NDYUDPODUÕQGDQ�
VRQUD�� EX� HúLWVL]OLN� NDUÕúÕPÕQ� DNÕúNDQ� ROPD\DQ� HNVHUMLVL� RODUDN� WDQÕPODQÕU� �(YDQV�� �������
6RQXo� RODUDN� WRSODP� DNÕúNDQ� ROPD\DQ� HNVHUML� GHQNOHP� ������¶GH� WDQÕPODQDQ� ( )revWE ’ye 

HúLWWLU� 
 

∑
=

µ−+−=
n

1i
ii,000t NVPSTUE        (3.39) 
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������$NÕúOÕ�6LVWHPOHU 

 

Çevre ile termal, mekanik ve kimyasal�GHQJH\H�XODúDQ�G�]J�Q�DNÕúWDQ�oÕNDUWÕDOFDN�PDNVLPXP�
NXOODQÕODELOLU� J�F�� LQFHOH\HFH÷L]�� .RQWURO� KDFPL� LoLQGH� DNDQ� DNÕúNDQ�� ( )n21 N,...,N,N  olan 

EDúODQJÕo�DNÕúNDQ�\Õ÷ÕQODUÕQD�VDKLSWLU��ùHNLO����¶GH�Lo�DNÕúÕQ�PLNWDUÕ�LOH�PRODU�DNÕúNDQÕQD�RODQ�
süperpo]LV\RQX� J|VWHULOPLúWLU� ( )n,...,2,1iN giriú,i

.

= �� .RQWURO� KDFPL� LoLQGH�� oHYUH� LOH� NDUÕúÕP�
DUDVÕQGDNL� N�WOH� GH÷LúLU�� ù|\OH� NL�� JHQHOOLNOH�� GÕú� DNÕúWDNL� NDUÕúÕP� IDUNOÕ� WDQÕPODQÕU��

( )n,...,2,1iN çÕÕNÕ,i

.

= ��dHYUH�YH�NRQWURO�KDFPL�DUDVÕQGDNL� L¶LQFL�\DUÕ�JHoLUJHQ�]DUÕQ�DNÕú�RUDQÕ��

G�]HQOL�E|OJHGH�NRUXQDQ�KHU�|÷H�� giriú,i

.

,i

.

NN −oÕNÕú ) ile garanti edilir. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ùHNLO�����.DUÕúÕP�DNÕúÕQÕQ�oHYUH�LOH�WHUPLN��PHNDQLN�YH�NLP\DVDO�GHQJHGH�ROGX÷X� 
G�]HQOL�DNÕú�FLKD]Õ�� 

 

 

.RQWURO�KDFPL�LoLQ�G�]J�Q�DNÕúÕQ�WHUPRGLQDPL÷LQ�ELULQFL�YH�LNLQFL�NDQXQXQD�J|UH�LIDGHOHUL� 
 

∑∑∑
=

−

=

−

=

−







 −+






−






+=

Q

L
JLULú�L

�
oÕNÕú�L

�
L�

Q

L oÕNÕú
L

�
L

Q

L JLULú
L

�
L

�
:

� 11K1K1K4(
1

0

11
0    (3.40) 

�0, i 

giri ú,içÕÕNÕ,i

�� 11 −  

(i = 1, 2,…,n) 

∑
=

Q

�L

�

�YH\D

�1

çÕÕNÕ,i

.

çÕÕNÕ

N

 

∑
=

Q

�L

�

�YH\D

�1

giri ú,i

.

giri ú

N

 

EW 

Q0 
 
T0 

oÕNÕú JLULú 

Ölü Hal 
 
(T0, P0���0, i)oÕNÕú 
 

Çevre 
 
(T0, P0���0, i) 

 

øON�+DO 
 
�7��3���i)JLULú 
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∑∑∑
=

−

==

−







 −+






−






−−=

Q

L
JLULú�L

�
oÕNÕú�L

�
L�

Q

L oÕNÕú
L

�
L

�Q

L JLULú
L

�
L

�

JHQ
� 11V1V1V7

46
1

0

110

0   (3.41) 

 

Burada, :
�( � HNVHUML�GD÷ÕWÕP�RUDQÕ� YH\D�NRQWURO� KDFPL� WDUDIÕQGDQ�DoÕN� VLVWHPPLú� JLEL� GÕúDUÕ�

DWÕODQ�PHNDQLN�J�oW�U��'HQNlem (3.40) ve (3.41)’den 0

�4 ’ eler ve 





 −

−−

L�L� V7K 000 yerine L�0µ  

yazarsak denklem; 

 

JHQ
�Q

L
oÕNÕú�L

�
L�

oÕNÕú
L

�
L

Q

L
JLULú�L

�
L�

JLULú
L

�
L:

671V7K����������

1V7K(

0
1

00

1
00

−







µ−






 −−









µ−






 −=

∑

∑

=

−

=

−

     (3.42) 

 

dHYUH�LOH�WHUPDO��PHNDQLN�YH�NLP\DVDO�GHQJHGH�RODQ�GÕú�DNÕú�NDUÕúÕPÕ� 

L�L�
oÕNÕú

L
�

L JV7K 000 µ==





 −

−−

        (3.43) 

 

%XGD�GHPHN�ROX\RU�NL���������GHQNOHPLQGHNL�LNLQFL�HúLWOLNWHNL�E�W�Q�WHULPOHU�ND\EROXU��6RQXo�
RODUDN��DNÕú�FLKD]�IRQNVL\RQODUÕ�WHUVLQLU�ROGX÷XQGD�PDNVLPXP�HNVHUML�GD÷ÕWÕP�RUDQÕ�ROXúXU� 
 

∑
=

−

µ−−=





 Q

L
JLULú�L

�
L�

�B�

UHY
:

� 11V71K(
1

00       (3.44) 

 

Burada 
�1 �JLULúWHNL�|Oo�OHQ�WRSODP�DNÕú�RUDQÕGÕU� 

 

∑
=

=
Q

L
JLULú�L

�� 11
1

          (3.45) 

 

$\UÕFD� −K  ve 
−V �LoHUGHNL�NDUÕúÕP�LoLQ�WRSODP�PRODU�HQWDOSL�YH�HQWURSLGLU� 

 

∑∑
=

−

=

−−−

==
Q

L
JLULú�L

�
JLULú�L�

Q

L
JLULú�L

�
JLULú�L� 1V

1
V���������1K

1
K

11

11
     (3.46) 
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MaksiPXP�HNVHUML�GD÷ÕWÕP�RUDQÕ���������KHU��QLWHQLQ�HVDV�WRSODP�DNÕú�RUDQÕ�LoLQ�DúD÷ÕGDNL�JLEL�
\D]ÕOÕU� 
 

∑ ∑
= =

−−−−

µ−−=





 µ−−=









Q

L

Q

L
LL�LL�JLULú�LJLULú�L�

UHY
�

[V7K[V7K
1

(
1 1

0000     (3.47) 

 

Burada xi� LoHUGHNL� NDUÕúÕPGDNL� L¶LQFL� ELOHúHQLQ� PRO� NHVULGLU� YH� �
JLULú��L

� 1�1  ile ifade edilir.   

Denklem (3.47�¶QLQ�VD÷�WDUDIÕ��NDUÕúÕP�DNÕúÕQÕQ� �1 ¶VLQLQ�WRSODP�PRODU�DNÕú�HNVHUMLVL� WH− ; 

 

∑
=

−−−

µ−−=
Q

L
LL�W [V7KH

1
00         (3.48) 

 

%XUDGDQ��KHU��QLWHQLQ�HVDV�WRSODP�DNÕú�RUDQÕ�LoLQ�VÕQÕUODQGÕUÕOPÕú�|O��E|OJHGHQ�úX�VRQXo�oÕNDU� 
 









−−−=

−−−−− 

[ VV7KKH 0         (3.49) 

 

Burada, 
−

K  ve 

−

V VÕUDVÕ\OD� |O�� E|OJHGHNL� WRSODP� PRODU� HQWDOSL� YH� HQWURSL\L� LIDGH� HGHU� YH�

DúD÷ÕGDNL�JLEL�J|VWHULOLU� 

L
Q

L
L

 [KK ∑

=

−−

=
1

, L
Q

L
L

 [VV ∑

=

−−

=
1

       (3.50) 

 

'HQNOHPOHU��������YH�������¶GHQ��WRSODP�\D�GD�WHUPRHNRQRPLN�YH�NLP\DVDO�DNÕú�HNVHUMLVLQLQ�
WRSODPÕQÕ�EXOXUX]� 
 

FK[W HHH −−−

+=           (3.51) 

 

Burada FKH− ��VÕQÕUODQGÕUÕOPÕú�|O��E|OJHGHQ�|O��E|OJH\H�NDGDU�RODQ�DNÕú�GH÷LúLPLQLQ�PRODU�DNÕú�
HNVHUMLVLGLU�YH�DúD÷ÕGDNL�JLEL�LIDGH�HGLOLU� 
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( )∑
=

−

µ−µ=
Q

L
LL�



LFK [H

1
0          (3.52) 

 

6ÕQÕUODQGÕUÕOPÕú�|O��KDO�LoLQ�(XOHU�GHQNOHPL� 
 

∑
=

−−−

µ+−=
Q

L
L



L




 [Y3V7X
1

00         (3.53) 

 

Sonuç olarak, 







−

−− 
L
 V7K 0 �LoLQ�NÕVDOWÕOPÕú�RODQ�VÕQÕUOÕ�|O��KDl kimyasal potansiyellerinin 

Lµ , 

������� GHQNOHPLQGHNL� JLEL� D\QÕ� DQODPD� VDKLS� ROGX÷XQD� GLNNDW� HGLOPHOLGLU�� .LP\DVDO� DNÕú�
ekserjisi FKH− ��GHQNOHP�������¶GHNL�DNÕú�ROPD\DQ�NLP\DVDO�HNVHUMLQLQ�PRODU�NRS\DVÕQD�HúLWWLU��
Buradan; 

 

ch
ch

ch e
N

E −−

==ξ          (3.54) 

 

1�úHNLO����¶GHNL�DNÕú�ROPD\DQ�VLVWHPLQ�EDúODQJÕo�KDOLQGHNL�WRSODP�PRO�VD\ÕVÕGÕU� 
 

����*HQHOOHúWLULOPLú�(NVHUML�$QDOL]OHUL 
 

%X� E|O�PGH�ELOLQHQ� HNVHUML� DQDOL]OHUL� JHQHOOHúWLULOHFHNWLU�� ùHNLO� ���¶LQ� ELULQFL� YH� Lkinci yasa 

DQDOL]OHULQL�LVSDW�HWPHN�]RU�GH÷LOGLU� 
 

gen

.

0

r

1k k

t

.q

1j j

t

.p

1l l

Q

.
t

W

.

STeNeNE
dt

dE
E ∑∑∑

=

−

=

−

=

−





−






+






+−=     (3.55) 

 

+HU� ÕVÕ� WUDQVIHUL� HWNLOHúLPL\OH� LOLúNLOHQGLULOPLú� HNVHUML� EXQGDQ� |QFH� WDQÕPODQPÕúWÕU�� $NÕú�
ROPD\DQ�GXUXP�YH� DNÕú� VRQXoODUÕ� ������� YH� ������¶GH�� VÕUD\D� J|UH� \XNDUÕGD� OLVWHlenen genel 

VRQXFXQ�LNL�|]HO�GXUXPX�RODUDN�RUWD\D�oÕNDU� 
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( )

( )q,...,2,1j

,P,T

N

inci'j

ji

.

jj
i

=

µ

∑
=

Q

�L

� ��YH\D1

DJ]Õ�JLULú�

 

 

 

 

 

 

 

 

ùHNLO�����dHYUH\OH�ÕVÕ��Lú�YH�N�WOH�GH÷LúLPL�\DSDQ�JHQHO�DoÕN�VLVWHP 

 

(NVHUML� WHUPLQRORMLVLQLQ� DNÕP� oL]JLOHQGLULOPHVL� D\UÕFD� /ÕFFD� WDUDIÕQGDQ� WDUWÕúÕOPÕúWÕU� �/XFca, 

�������/HZLQV�QHPOL�KDYD�LoLQ�|O��KDO�GXUXPODUÕQGD� &7 R250 = , EDU3 10 = ve 10 =φ  olarak 

|QHUPLúWLU��/HZLQV�������� 
 

 

 

 

 

 

 

 

 

ùHNLO�����$NÕúVÕ]�WRSODP��NLP\DVDO�YH�IL]LNVHO�HNVHUMLOHU�DUDVÕGDNL�LOLúNL 
 

 

 

 

 

(l=1, 2,…, p) 

l’inci T0¶GDQ�IDUNOÕ�ÕVÕ�ND\QD÷Õ 
Ew 

N0, i �0, i 

(i=1, 2,…, n) 

Çevre (T0, P0���0,i) 

Tl 

Tl 
 
Ql 

P0 dV/dt 

P0 Q0 
 
T0 

( )

( )r,...,2,1k

,P,T

N

ÕQFÕ'k

ki

.

kk
i

=

µ

∑
=

Q

�L

� ��YH\D1

DJ]Õ�oÕNÕú�

 

U(t), S(t), Ni�W����i(t) 

 
7��3���i 

 
T0, P0���i 

 
T0, P0���0,i 

E Ech 

Et 
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ùHNLO�����$NÕúOÕ�WRSODP��IL]LNVHO�YH�NLP\DVDO�HNVHUMLOHU�DUDVÕQGDNL�LOLúNL 
 

7RSODP��NLP\DVDO�YH�IL]LNVHO�HNVHUMLOHU�DUDVÕQGDNL�ED÷ODQWÕ�úHNLO����¶GD�DNÕú�ROPD\DQ�VLVWHPOHU�
LoLQ�� úHNLO� ���¶GH� DNÕú� RODQ� VLVWHPOHU� LoLQ� |UQHNOHUOH� J|VWHULOPLúWLU�� +HU� LNi grafikte de 

LúDUHWOHPHQLQ�H÷HU�NDUÕúÕP�LoHULVLQGH�LNL�YH\D�GDKD�ID]OD�ELOHúHQ�EXOXQX\RUVD��\DQL� 2≥Q ise 

GR÷UX�ROGX÷XQD�GLNNDW�HGLOPHOLGLU��7HN�ELOHúHQOL�N�WOH�GXUXPXQGD�VDGHFH�NLP\DVDO�SRWDQVL\HO�
7� YH� 3¶GHQ� ED÷ÕPVÕ]� RODUDN� GH÷LúPH]�� 7HN� ELOHúHQOL� ELU�PDGGHQLQ� RUWDP� LOH� EHOLUOHQHQ� |O��
GXUXPD�QDVÕO�XODúWÕ÷ÕQÕQ�ELU�|UQH÷L������¶GH�YHULOPLúWLU� 
 

 

 

����+DYD�ùDUWODQGÕUPD�8\JXODPDODUÕ 
 

%X� X\JXODPD� VÕQÕIÕQGDNL� oDOÕúPD� DNÕúNDQÕ� VX� EXKDUÕ� �Y�� YH� NXUX� KDYDQÕQ� �D�� LNL� ELOHúLP�
NDUÕúÕPÕ�RODUDN�J|U�OHFHN�RODQ�DWPRVIHULN�KDYDGÕU��dR÷X�KDYD�úDUWODQGÕUPD�X\JXODPDODUÕQÕQ�
DPDFÕ��QHPOL�KDYD��D���Y��NDUÕúÕPÕQÕ�LoLQGH�EXOXQGX÷X�DWPRVIHULN�úDUWODUGDQ�D\ÕUDQ�ELU�ELOHúLP�
YH� VÕFDNOÕN� GXUXPXQD� JHWLUPHNWLU�� %X� VHEHSOH� WRSODP� HNVHUML� YH� NLP\DVDO� HNVHUML�� JHUoHN�
termoGLQDPLN�X\JXODPD�VÕQÕIODUÕQÕQ�GH÷HUOHULQL�|OoPHGH�oRN�|QHPOL�ELU�URO�R\QDU� 
 

������+DYD�YH�6X�%XKDUÕ�.DUÕúÕPODUÕ 
 

1HPOL� KDYDQÕQ� |]HOOLNOHULQL� WDULI� HWPHQLQ� NODVLN� \ROX�� QHPOL� KDYD\Õ� WHN� RODUDN� LGHDO� JD]�
GDYUDQÕúODUÕ� VHUJLOH\HQ� LNL� ELOHúHQGHQ�ROXúDQ� LGHDO� JD]�RODUDN� J|UPHNWLU��dR÷X� úDUWODQGÕUPD�
KHVDSODUÕQGD� NXOODQÕODQ� \DNODúÕN� oHYUHVHO� VÕFDNOÕN� YH� EDVÕQo� GH÷HUOHUL� LoLQ�� EX� LNL� ELOHúHQLQ�
X\JXQ�VDELWOHU��G�ú�N�EDVÕQo�OLPLWLQH�YH� .7 300≅ �GH÷HULQH�X\DQ�GH÷HUOHUGLU��%HMDQ��������� 
 

7��3���i T0, P0���i T0, P0���0,i 

Ex Ech 

Et 
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Kuru hava Su buKDUÕ 
NJ.�NM������5 D =  NJ.�NM������5 Y =  

NJ.�NM������F D�S =  NJ.�NM������F Y�S =  

NPRO�NJ������0D =  NPRO�NJ�������0 D =  

  

 

 

6X� EXKDUÕ� YH� KHUKDQJL� ELU� NXUX� KDYD� GXUXPX� �o� úHNLOGH� EHOLUOHQLU�� gUQH÷LQ�� VÕFDNOÕNOD� 7��
EDVÕQoOD�3�YH�ELOHúLPOHU��øNL�PRO�NHVULQL�EHOLUOHPHGHNL�VRQUDNL�VDELWOHU� D[ ve Y[ ¶GLU��%XQODUÕQ�
WRSODPÕ��¶H�HúLWWLU� 
 

�[[ YD =+           (3.56) 

 

,VÕO� P�KHQGLVOLNWH� NHQGL� EDúÕQD� NDODQ� ELU� DNWLYLWH� RODUDN� KDYD� úDUWODQGÕUPD� VDKDVÕ� YH�
psikometri, D[ ve Y[ � WHULPOHULQL� ELU� DOWHUQDWLI� RODUDN� NRQXúPDN�P�QDVHEHWL\OH� QHPOL� KDYD�
ELOHúLPLQL� WDULI� HWPHN� LoLQ� NHQGL� WHUPLQRORMLVLQL� JHOLúWLUGL�� %LU� \ROGD� |]J�O� QHP� YH\D� QHP�
RUDQÕ�RODUDN�DGODQGÕUÕODQ��YHULOHQ�NDUÕúÕPGD���NJ�VX\XQ�NDUúÕOÕ÷Õ�RODQ�VX�NJ�PLNWDUÕQÕ� WHPVLO�
HGHQ�N�WOH�RUDQÕ� 
 

a

v

m

m
w =           (3.57) 

 

%DúND� ELU� \RO� GD�� NDUÕúÕPGDNL� NXUX� KDYDQÕQ� �� PRO�QH� LúDUHW� HGHQ� VX\XQ� PRO� PLNWDUÕQÕ�
J|VWHUHQ�PRO�NHVLU�RUDQÕ� 
 

a

v

x

x
w =
.

          (3.58) 
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w ve 
�Z �DUDVÕQGDNL�RUDQ� 

 

ww
Mm

Mm

N

N
w

aa

vv

a

v 608.1
015.18

97.28
====

−

     

 (3.58) 

 

−Z �JLEL�ELU�RUDQ�LOH�|]HO�PRO�NHVLUOHUL�DUDVÕQGDNL�LOLúNL��0RUDQ�������� 
 

�D
Z�

�[
+

=                −

−

+
=

Z�
Z[ Y        (3.59) 

 

+DYD� NDUÕúÕP� YH� VX� EXKDUÕ� ELOHúLPL� WDQÕPODPDQÕQ� DOWHUQDWLI� ELU� \ROX� GD� ED÷ÕO� QHPOLOL÷L�
göstermektir; 

 

( )[ ]
[ ]NDUÕúÕP�GR\PXú�LGH÷HULQGHN�3�YH�7�D\QÕ[

3�7�NDUÕúÕPGD�J�QFHO[
Y

Y=φ      (3.60) 

 

%X�WDQÕPODPD��NDUÕúÕPGD�EXOXQDQ�VX�EXKDUÕ�7�–�V�GL\DJUDPÕQD�EDNÕOGÕ÷ÕQGD�oRN�DQODPOÕGÕU��
%X�GL\DJUDPGDNL�L]REDUODU�VX�EXKDUÕQÕQ�VDELW�NÕVPL�EDVÕQFÕQÕ��3v) gösterir. Diyagram, T sabit 

WXWXOGX÷XQGD��NÕVPL�EDVÕQFÕQ�3� LOH� WHPVLO�HGLOHQ� WDYDQ�GH÷HULQL�JHoPHGL÷LQL�J|VWHUPHNWHGLU��
�7�33 VDWY = �ROGX÷X�OLPLWWH��QHPOL�KDYD�NDUÕúÕPÕ�GR\PXú�RODUDN�DGODQGÕUÕOÕU�YH�DúD÷ÕGDNL�JLEL�

gösterilir; 

 

3
3[ Y

Y =           (3.61) 
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ùHNLO������6X�EXKDUÕ�YH�VÕYÕ�KDOGHNL�VX\XQ�GXUXPXQX�J|VWHUHQ�7�–�V�GL\DJUDPÕ 
 

 

$\QÕ�]DPDQGD�ED÷ÕO�QHP�DúD÷ÕGDNL�JLEL�J|VWHULOHELOLU��%HMDQ�vd., 1996); 

 

�W�3
3
VDW

Y=φ           (3.62) 

 

%XUDGD�7��J|U�OHQ�VX�EXKDUÕ�YH�NXUX�KDYD�VÕFDNOÕ÷ÕGÕU�� 
 

������1HPOL�+DYDQÕQ�7RSODP�$NÕú�(NVHUMLVL 
 

(÷HU� ������� GHQNOHPLQL� NDUDUOÕ� GXUXPGD� ELU� YH\D� GDKD� ID]OD� QHPOL� KDYD� EXOXQGXUDQ� ELU�
sisteme uygularsaN��LKWL\DFÕPÕ]�RODQ�úH\��KHU�DNÕúÕQ�WRSODP�HNVHUMLVLQL�KHVDSODPD\Õ�VD÷OD\DQ�
ELU�\ROGXU��%X�SUREOHPOH�6W\U\OVND��������YH�:HSIHU��������X÷UDúPÕúODUGÕU�YH�0RUDQ��������
WDUDIÕQGDQ�|]HWOHQPLúWLU��(NVHUML�NDYUDPÕ�GLNNDWH�DOÕQDQ�QHP�LoLQ�ELU�|O��GXUXP�WDQÕPODPDVÕ�
JHUHNWLULU�� ùX� DQGDNL� GXUXPGD�� |O�� KDO� DWPRVIHULN� úDUWODUGD� �� 3�7  ve bundan sonraki 

DQDOL]OHUGH�VDELW� ROGX÷X�YDUVD\ÕODQ��YHULOHQ�NDUÕúÕPD�X\DQ�|]HOOLNOHUGHQ� ( )φ�3�7 � IDUNOÕ�RODQ�







φ

−

���� Z�YH\D�Z�YH\D �DWPRVIHULN�úDUWODU�WDUDIÕQGDQ�EHOLUOHQLU� 

 

1HPOL�KDYD�NDUÕúÕPÕQÕQ�KHU�PRO��LoLQ�WRSODP�DNÕú�HNVHUMLVL��������– (3.51)’den türetilir; 

 

6DELW�K��HQWDOSL��H÷ULVL 
v 

g f w 

s 

T 

Pv 

Psat (T) 

P 
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




 µ−µ+





 −−−+




 µ−µ+





 −−−=

−−−−−−−−−

Y��


Y


YY�

YYYD��



D


DD�

DDDW VV7KK[VV7KK[H  (3.63) 

 

øON� N|úHOL� SDUDQWH]� LoHULVLQGH� LGHDO� JD]� PRGHOLQL� NXOODQGÕUÕ\RUX]� YH� 
� VLPJHVLQLQ� EHOLUWWL÷L�
G�ú�QFH�70 ve P0�|]HOOLNOHUOH�GH÷HUOHQGLULOHQ�YH�oHYUH\OH�PHNDQLN�\D�GD�ÕVÕO�GHQJHGH�RODQ�KHU�
dengeye dikkat çekmektedir. 

 

( ) ( ) ( )�D�S�


DD


DD 77F7K7KKK −=−=−
−−−−−

      (3.64) 

( ) ( )
��

D�S��


DD


DD 3
3OQ57

7OQF3�7VS�7VVV −−−−−−

−=−=−      (3.65) 

( ) ( )
D��
D

�D����D��D��


DD��



D [

[OQ75[�3�7[�3�7 −−−−−

=µ−µ=µ−µ     (3.66) 

 

������� GHQNOHPLQLQ� LNLQFL� N|úHOL� SDUDQWH]L� LoLQGHNLOHU� EHQ]HU� RODUDN� GH÷HUOHQGLULOHELOLU� YH�
E�W�Q�VRQXoODUÕ�EHUDEHU�NR\DUDN� 
 











++

+







−−






 +=

−

−−−−

Y��
Y

Y
D��
D

D�

�
�

��
�Y�SYD�SDW

[
[OQ[[

[OQ[75�������

3
3OQ757

7OQ�7
77F[F[H

    (3.67) 

 

0�KHQGLVOLN�KHVDSODPDODUÕQGD�EX�VRQXFXQ� LNL�GH÷LúLN�YHUVL\RQX�GDKD� L\L�NXOODQÕODELOLU��gO��
KDO� YH� JHUoHN� NDUÕúÕP� ELOHúHQLQL� WDQÕPODPDN� LoLQ�PRO� RUDQODUÕ� RODQ� −Z  ve �Z− ¶Õ� NXOODQDUDN�
denklem (3.67) ve (3.60)’dan (moran, 1989); 

 















+
+

+

+
+

+







−−

+

+
=

−

−

−

−

−

−
−

−

−

−−−
−

�

�
�

�
�

��
�

Y�SD�S
W

Z
ZOQ

Z�
Z

Z�
Z�OQ75�������

3
3OQ757

7OQ�7
77

Z�
FZFH

     (3.68) 
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.XUX�KDYDQÕQ���NJ¶Õ�LoLQ�WRSODP�DNÕú�HNVHUMLVLQL�EHOLUWPHQLQ�GL÷HU�\ROX� 
 

( )

�����

3
3OQ75Z��������

Z
ZOQZ

Z�
Z�OQZ�757

7OQ�7
77ZFFH

�
�

�

�
�

��
�Y�SD�SW















 ++














+

+

+






 ++








−−+=

−−

−

−
−

−

−
−−

 (3.69) 

'HQNOHP�������¶GHQ�GHQNOHP�������¶D�JHoPHN����PRO�NDUÕúÕPÕQ�NDUúÕOÕ÷Õ�RODQ� DD[0  kg kuru 

KDYDQÕQ�YH�KHU�PRO�NDUÕúÕP�LoLQ�WRSODP�DNÕú�HNVHUMLVLQL�VXQDQ��������GHQNOHPLQLQ�Ht�PLNWDUÕQÕQ�
gözlenmesiyle olur. 

 

%LU� NXUX� KDYD� DNÕPÕQÕQ� WRSODP� HNVHUMLVL� GHQNOHP� ������¶GD� −Z � YH� Z� GH÷HUOHULQL� VÕIÕUD�
HúLWOH\HUHN�NXUX�ELU�KDYDQÕQ�DNÕPÕQGDNL�WRSODP�DNÕú�HNVHUMLVL�LoLQ� 
 

���Z�OQ753
3OQ757

7OQ�7
77FH ��D

�
�D

��
�D�SW 






 +++








−−=

−−−

   (3.70) 

 

6RQ�WHULP�NLP\DVDO�HNVHUML�YH\D�NXUX�KDYD�DNÕPÕ�oHYUH�NDGDU�QHPOL�ROGX÷XQGD�WHRULN�RODUDN�
WRSODQDELOHQ�LúWLU� 
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���,6,�75$16)(5�(.6(5-ø/(5ø 
 

4.1 Radyasyon  

 

������(úLW-'D÷ÕOÕ�<D\DQ��*UL�<�]H\OHUGHQ�2OXúDQ�.DSDOÕ�oHUoHYHOHUGH�,úÕQÕPOD�,VÕ�*HoLúL 
 

%LOLQHQ� \|QWHPOHULQ� ÕúÕQÕPOD� ÕVÕ� JHoLúLQLQ� o|]�POHPHVLQGH� \DrarODUÕ� ROVD� ELOH�� VL\DK� \�]H\�
NÕVÕWODPDVÕ� LOH� VÕQÕUOÕGÕU��6L\DK� \�]H\� WHRULN� ELU�PRGHOGLU�� EX�QHGHQOH�JHUoHN� \�]H\OHU� VL\DK�
\�]H\H� \DNÕQ� GDYUDQÕú� J|VWHUVHOHU� GH� WDP� RODUDN� VL\DK� GH÷LOOHUGLU�� 6L\DK� ROPD\DQ� \�]H\OHU�
DUDVÕQGD� ÕúÕQÕPOD� ÕVÕ� JHoLúL� KHVDSODQÕUNHQ� J|]� |Q�QH� DOÕQPDVÕ� JHUHNHQ� ELU� ROJX�� \�]H\lerde 

JHUoHNOHúHQ�\DQVÕPDODUGÕU��ùHNLO�����GH�J|VWHULOHQ�NDSDOÕ�oHUoHYHGH�ROGX÷X�JLEL��ÕúÕQÕP�ELUNDo�
\�]H\GHQ�ELUGHQ�\DQVÕ\DELOLU�YH�EX�\�]H\OHUGH�ELU�E|O�P��\XWXODELOLU� 
 

.DSDOÕ�oHUoHYHGH�ÕúÕQÕPOD�ÕVÕ�JHoLúLQLQ�o|]�POHPHVL�ED]Õ�NDEXOOHUOH�EDVLWOHúWLULOHELOLU��.DSDOÕ�
oHUoHYH\L�ROXúWXUDQ�KHU�\�]H\GH�JHOHQ�YH�JLGHQ�ÕúÕPPODUÕQ�G�]J�Q�GD÷ÕOÕ�ROGX÷X��\�]H\OHUGH�
VÕFDNOÕ÷ÕQ� ELU� QRNWDGDQ� GL÷HULQH� GH÷LúPHGL÷L� NDEXO� HGLOLU�� $\UÕFD� \�]H\OHULQ� JUL� YH� GRQXN�
ROGXNODUÕ�� HúLWda÷ÕOÕ� \D\GÕNODUÕ�� NDSDOÕ� oHUoHYHQLQ� LoLQGHNL� RUWDPÕQ� ÕúÕPPOD�HWNLOHúPHGL÷L� GH�
\DSÕODQ�NDEXOOHU�DUDVÕQGDGÕU��3UREOHPGH�JHQHOOLNOH�KHU�\�]H\LQ�VÕFDNOÕ÷Õ�7i verilir ve yüzeyler 

DUDVÕQGDNL�ÕúÕQÕPOD�QHW�ÕVÕ�JHoLúL��Ti´�
QLQ�EXOXQPDVÕ�DPDoODQÕU. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

T1 , A1, 01 Tj , Aj, 0j 

Ti , Ai, 0i 

Ji qi Gi 

Ji Ai Gi Ai 
Gi Ai 

!iGiAi 

Ei Ai 

.iGiAi 

Ji 

1-01 

0iAi 

qi qi qi 

Ebi 

a 

b c d 



 30 

ùHNLO�����(úLW-GD÷ÕOÕ�\D\DQ��JUL�\�]H\OHUGHQ�ROXúDQ�YH�LoLQGH�ÕúÕQÕPOD�HWNLOHúPH\HQ�ELU�RUWDP�
EXOXQDQ�NDSDOÕ�oHUoHYHGH�ÕúÕQÕPOD�ÕVÕ�JHoLúL���D��.DSDOÕ�oHUoHYHQLQ�úHPDVÕ���E��������QXPDUDOÕ�
GHQNOHPH� J|UH� ÕúÕQÕP� GHQJHVL�� �F�� ������ QXPDUDOÕ� GHQNOHPH� J|UH� ÕúÕQÕP� GHQJHVL�� �G�� %LU�
\�]H\GHQ�ÕúÕQÕPOD�ÕVÕ�JHoLúLQL�VLPJHOH\HQ�HOHNWULN�GHYUHVL� 
 

��������%LU�<�]H\GH�OúÕPÕPOD�1HW�,VÕ�*HoLúL 
L�\�]H\LQGHQ�ÕúÕQÕPOD�RODQ�QHW�ÕVÕ�JHoLúLQL�J|VWHUHQ�Ti�WHULPL��\�]H\GHNL�ÕúÕQÕP�HWNLOHúLPOHULQLQ�
net etkisini gösWHULU� �ùHNLO� ���E��� %X� E�\�NO�N�� \�]H\L� D\QÕ� VÕFDNOÕNWD� WXWPDN� LoLQ� \�]H\H�
EDúND�\ROODUOD�YHULOPHVL�JHUHNHQ�HQHUML\H�HúLWWLU��%X�GH÷HU�D\QÕ�]DPDQGD�JLGHQ�ÕúÕQÕPOD��JHOHQ�
ÕúÕQÕP�DUDVÕQGDNL�IDUN�RODUDN�LIDGH�HGLOHELOLU: 

)GJ(Aq øøii −=           (4.1) 

 

ùHNLO����F�YH�JLGHQ�ÕúÕPPÕQ��-i��WDQÕPÕQGDQ, 

iiii GEJ ρ+≡           (4.2) 

 

\D]ÕODELOLU��<�]H\GHQ�ÕúÕQÕPOD�RODQ�QHW�ÕVÕ�JHoLúL�\�]H\LQ�\D\PD�J�F��YH�\XWXODQ�ÕúÕQÕPOD�GD�
gösterilebilir: 

)GE(Aq iiiii α−=           (4.3) 

 

HúLW-GD÷ÕOÕ�\D\DQ��Gonuk, gri bir yüzey için !i= 1 – .i= 1 – 0i ROGX÷XQX�QRW�HGHUHN� 
iibiii G)1(EJ ε++ε=          (4.4) 

 

ED÷ÕQWÕVÕ�\D]ÕODELOLU��%X�GHQNOHPGH�*i bulunur ve (4.1)QXPDUDOÕ�GHQNOHPGH�\HULQH�NRQXUVD� 
 

iii

ibi
i

A/)1(

JE
q

εε−
−

=           (4.5) 

(4.5) QXPDUDOÕ�GHQNOHP��\�]H\GHQ�ÕúÕQÕPOD�QHW�ÕVÕ�JHoLúLQL�KHVDSODPDN�LoLQ�NXOODQÕODQ�EDúOÕFD�
ED÷ÕQWÕGÕU��%X�ÕVÕ�JHoLúL��ùHNLO����
GH�J|VWHULOHQ�HOHNWULNVHO�GHYUH�HOHPDQÕ�LOH�GH�J|VWHULOHELOLU��
Burada, etkin potansiyel (Ebi -L���GLUHQo�LVH�\�]H\�ÕúÕQÕQÕ�GLUHQFL����-0i)/Ai0i olPDNWDGÕU�� 
 

Böylece, yüzey si\DK�ROVD\GÕ�\D\DFD÷Õ�ÕúÕQÕP�J�F�Q�Q��\�]H\GHQ�JLGHQ�ÕúÕQÕPÕ�DúPDVÕ�GXUX-

PXQGD�\�]H\GHQ�ÕúÕPPOD�QHW�ÕVÕ�JHoLúL�YDUGÕU��7HUVL�GXUXPGD�\�]H\H�ÕúÕQÕPOD�QHW�ÕVÕ�JHoLúL�
RODFDNWÕU� 
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��������<�]H\OHU�$UDVÕQGD�,úÕPÕPOD�,VÕ�*HoLúL 
(4.5) QXPDUDOÕ�GHQNOHPL�NXOODQDELOPHN�LoLQ�JLGHQ�ÕúÕQÕPÕ��-i) bilmek geUHNLU��*LGHQ�ÕúÕQÕPÕ�
KHVDSOD\DELOPHN�LoLQ�NDSDOÕ�oHUoHYH\L�ROXúWXUDQ�\�]H\OHU�DUDVÕQGDNL�ÕúÕQÕP�DOÕúYHULúL�
incelenmelidir. 

 

L� \�]H\LQH� JHOHQ� ÕúÕQÕP�� NDSDOÕ� oHUoHYHQLQ� W�P� \�]H\OHULQGHNL� JLGHQ� ÕúÕQÕPODUGDQ�
KHVDSODQDELOLU�� ùHNLO� IDNW|U�Q�Q� WDQÕPÕ� NXOODQÕOÕUVD�� L� \�]H\LQH�� L� \�]H\L� GH� LoLQGH� ROPDN�
�]HUH��W�P�\�]H\OHUGHQ�JHOHQ�ÕúÕQÕP� 

j

N

1J
jjiøi JAFGA ∑

=

=           (4.6) 

 

úHNOLQGH�\D]ÕODELOLU��.DUúÕOÕNOÕOÕN�NXUDOÕQGDQ�\DUDUODQDUDN�EX�HúLWOLN�ú|\OH�GH�J|VWHULOHELOLU� 

j

N

1J
ijjøi JFAGA ∑

=

=           (4.7) 

 

(úLWOL÷LQ�KHU�LNL�WDUDIÕQGD�\HU�DODQ��$i�oDUSDQODUÕ�VLOLQLU�YH�*i (4.1) QXPDUDOÕ�GHQNOHPGH�\HULQH�
konursa, 









−= ∑

=
j

N

1j
ijiii JFJAq          (4.8) 

 

HOGH�HGLOLU�9H\D�WRSODPD�NXUDOÕ�NXOODQÕODUDN� Incropera (F. P.,DeWitt D. P2001) 

 







−= ∑∑

==
j

N

1j
iji

N

1j
ijii JFJFAq          (4.9) 

 

\D]ÕODELOLU��%|\OHFH� 

∑ ∑
= =

=−=
N

1j

N

ij
ijjiijii q)JJ(FAq                    (4.10) 

 

%X�VRQXo�L�\�]H\LQGHQ�ÕúÕQÕPOD�RODQ�QHW�ÕVÕ�JHoLúLQL��Ti���L�LOH�GL÷HU�\�]H\OHU�DUDVÕQGD�ÕúÕQÕPOD�
JHUoHNOHúHQ� QHW� ÕVÕ� JHoLúOHULQLQ� �Tij�� WRSODPÕ� RODUDN� J|VWHUPHNWHGLU�� 7RSODPÕQ� KHU� WHULPL�������
(Ji-Jj)'nin potansiyel, (AiFij)

-1�LQ�GLUHQo�ROGX÷X�ELU�HOHNWULN�GHYUH�HOHPDQÕ�RODUDN�HOH�DOÕQDELOLU��
%X�EHQ]HWPH�ùHNLO�����GH�DoÕNODQPÕúWÕU� 
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ùHNLO�����.DSDOÕ�%LU�dHYUHGH�L�<�]H\L�øOH�'L÷HU�<�]H\OHU�$UDVÕQGDNL�,VÕ�*HoLúL�øoLQ�(OHNWLULN�
Benzetmesi 

 

������YH��������1XPDUDOÕ�GHQNOHPOHUL�ELUOHúWLULOLUVH� 

( )∑
=

−

−
=

εε−
− N

1j
1

iji

ji

iii

ibi

FA

JJ

A/)1(

JE
                   (4.11) 

 

HOGH�HGLOLU��ùHNLO��-�
GH�J|U�OG�÷��JLEL��EX�ED÷ÕQWÕ�\�]H\�L�LOH�LOLúNLOL�G�÷�P�QRNWDVÕQGD�ÕúÕQÕP�
GHQJHVLQL� J|VWHUPHNWHGLU�� L� G�÷�P� QRNWDVÕQD� \�]H\� GLUHQFLQL� \HQHUHN� JHOHQ� ÕúÕQÕP� DNÕVÕ�
�HOHNWULN�DNÕPÕQÕQ�EHQ]HUL���L�G�÷�P�QRNWDVÕQGDQ�W�P�GL÷HU�\�]H\OHUH��JHRPHWULN�GLUHQoOHUGHQ�
JHoHUHN�JLGHQ�ÕúÕQÕP�DNÕODUÕQÕQ�WRSODPÕQD�HúLWWLU� 
 

(4.11 )QXPDUDOÕ�ED÷ÕQWÕQÕQ�|]HOOLNOH�\�]H\� VÕFDNOÕ÷Õ� �7i böylece Ebi��ELOLQGL÷L�]DPDQ�\DUDUOÕ�
ROGX÷X� YXUJXODQPDOÕGÕU�� %X� JHQHOOLNOH� E|\OHGLU�� DQFDN� \�]H\� VÕFDNOÕ÷ÕQÕQ� ELOLQPHGL÷L�
GXUXPODU�GD�YDUGÕU��%D]Õ�SUREOHPOHUGH�\�]H\�VÕFDNOÕ÷Õ�7i yerine, \�]H\GHNL�ÕúÕQÕPOD�ÕVÕ�DNÕVÕ�
qi verilebilir. Bu duUXPGD� DúD÷ÕGD� J|VWHULOGL÷L� JLEL� G�]HQOHQHQ� (4.10) QXPDUDOÕ� ED÷ÕQWÕQÕQ�
kullaQÕOPDVÕ�WHUFLK�HGLOPHOLGLU: 
 

( )∑
=

−

−
=

N

1j
1

iji

ji

i
FA

JJ
q                      (4.12) 

 

.DSDOÕ� ELU� oHUoHYHGH� ÕúÕQÕPOD� ÕVÕ� JHoLúLQLQ�� HOHktrik devre benzetmesi ile çözümü ilk olarak 

2SSHQKHLP�WDUDIÕQGDQ�|QHULOPLúWLU��<|QWHP�NDSDOÕ�oHUoHYHGH�ÕúÕQÕPOD�ÕVÕ�JHoLúLQL�J|]|Q�QGH�
FDQODQGÕUPD\D� \DUGÕPFÕ� ROXU� YH� HQ� D]ÕQGDQ� EDVLW� oHUoHYHOHU� LoLQ� ÕúÕQÕPOD� ÕVÕ� JHoLúLQL�
KHVDSODPDQÕQ�HWNLQ�ELU�\ROXGXU��)DNDW�GDKD�GR÷UXGDQ�ELU�\DNODúÕP�(4.11) ve (4.12) QXPDUDOÕ�
denkOHPOHUL�NXOODQPDNWÕU��6ÕFDNOÕ÷ÕQ��7i��ELOLQGL÷L�KHU�\�]H\�LoLQ�(4.11) QXPDUDOÕ�GHQNOHP��ÕVÕ�

qi1 

(AiFi(N-1)
-1 

(AiFi3)
-1 

(AiFi1)
-1 

(AiFi2)
-1 

Ji Ebi 

1-01 0iAi 

JN 

JN-1 

J3 

J2 

J1 

qi 

qi2 

qi3 

qi(N-i) 

qiN 

(AiFiN)-1 

Yüzey i ile 
LOLúNLOL�G�÷�P�
QRNWDVÕ 
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JHoLúLQLQ� Ti� ELOLQGL÷L� KHU� \�]H\� LoLQVH� (4.12) QXPDUDOÕ� GHQNOHP� \D]ÕOÕU�� (OGH� HGLOHQ�1� DGHW�
GR÷UXVDO� FHELUVHO� GHQNOHP� WDNÕPÕ�� ELOLQPH\HQ�1� DGHW�JLGHQ� ÕúÕQÕP�� -Õ� �� -2 , ... , JN� GH÷HULQL�
bulmak için çözülür. Jø� ELOLQGL÷L� ]DPDQ�� (4.5) QXPDUDOÕ� GHQNOHP� ÕVÕ� JHoLúLQLQ� YHULOGL÷L�
yüzeylerde Ti�GH÷HULQL��VÕFDNOÕ÷ÕQ�YHULOGL÷L�\�]H\OHUGH� ÕVÕ�JHoLúL�Ti�GH÷HULQL�KHVDplamak için 

kulODQÕODELOLU� 
 

 

��������øNL�<�]H\OL�.DSDOÕ�dHUoHYHOHU 
.DSDOÕ� oHUoHYH\H� HQ� EDVLW� |UQHN�� VDGHFH� ELUELUOHUL\OH� ÕúÕPPOD� ÕVÕ� DOÕúYHULúLQGH� EXOXQDQ� LNL�
\�]H\GLU��6DGHFH�LNL�\�]H\�V|]�NRQXVX�ROGX÷XQGDQ����\�]H\LQGHQ�ÕúÕQÕPOD�RODQ�QHW�ÕVÕ�JHoLúL��
q1,� �� \�]H\LQH� ÕúÕQÕPOD� RODQ� QHW� ÕVÕ� JHoLúLQH�� -q2�� HúLWWLU�� +HU� LNL� GH÷HU� GH� �� YH� �� \�]H\OHUL�
DUDVÕQGDNL� ÕúÕQÕPOD� ÕVÕ� JHoLúLQH� HúLW� ROPDN� GXUXPXQGDGÕU�� %X� GXUXP� DúD÷ÕGDNL� GHQNOHPOH�
gösterilebilir: 

 

q1 =  -q2 = q12                     (4.13) 

 

,úÕPPOD� ÕVÕ� JHoLúL�� (4.11)QXPDUDOÕ� GHQNOHPL� �� YH� �� \�]H\OHULQH� X\JXOD\ÕS�� HOGH� HGLOHQ�
GHQNOHPOHUL� -Õ� YH� -2 için çözdükten sonra hesaplanabilir. BöyOHFH�� -Õ� YH� -2� GH÷HUOHUL�
bulunduktan sonra (4.5)�QXPDUDOÕ�GHQNOHPH�NRQDUDN��TÕ��YH\D�T2) belirlenir.  

 

<�]H\OHU�DUDVÕQGDNL�ÕúÕQÕPOD�QHW�ÕVÕ�JHoLúL�ú|\OH�\D]ÕODELOLU���)��3��'H:LWW�'��3������ 
 

( )

22

2

12111

1

4
2

4
1

1rad

A

1

FA

1

A

1

TT
Q

ε
ε−

++
ε

ε−
−σ

=                   (4.14) 

 

<XNDUÕGDNL� VRQXo�� NDSDOÕ� oHUoHYH� ROXúWXUDQ� KHUKDQJL� LNL� JUL�� HúLW-GD÷ÕOÕ� \D\DQ� \�]H\� LoLQ�
NXOODQÕODELOLU. 
 

4.1.2 Radyasyon Ekserjisi 

 

5DG\DV\RQ� HNVHUMLVLQLQ� KHVDSODQPDVÕ�� HNVHUMLQLQ� oHYUHGH� �UHWLOHELOHQ� PDNVLPXP� Lú� PLNWDUÕ�
RODUDN�WDQÕPODQGÕ÷ÕQGDQ�EHUL�VRUJXODQDPD]�ELU�ROJXGXU��'H÷LúLN�\D]DUODU�WDUDIÕQGDQ�VRQXoODUÕ�
VXQXODQ� GH÷LúLN� oDOÕúPDODUÕQ� ROPDVÕQD� UD÷PHQ� EXQODUÕQ� KHSVL� GLNNDWH� GH÷HU� oDOÕúPDODUÕGÕU��
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dR÷X� DUDúWÕUPDFÕ� J�QHú� HQHUMLVL� oHYULPL� LoLQ� P�PN�Q� RODQ� ELU� FDUQRW� oHYULPLQGHQ�
EDKVHGHUOHU�� ED]ÕODUÕ� LVH� GLUHN� YH� � GLI�VH� UDG\DV\RQ� DUDVÕQGDNL� TXDQWDWLI� ELU� IDUNÕ� YH\D�
atmosferik ve çevre seviyesi radyasyonunu kolay DQODúÕODELOLU� SDUDPHWUHOHUH� LQGLUJH\HUHN�
DQODWPD\D�oDOÕúÕUODU� 
 

 

4.1.2.1 Siyah Cismin Ekserjisi: 

 

Çevre içerisinde T0� VÕFDNOÕ÷ÕQGD�� VL\DK� FLVLP� WDUDIÕQGDQ� \D\ÕODQ� � 7� VÕFDNOÕ÷ÕQGD� � G2-�:��
enerjili ve d2*�JHRPHWULN�DODQOÕ�ELU�ÕúÕQ�G�ú�QHOLP��%X�DNÕ�DúD÷ÕGDNL�VÕFDNOÕNOD�LOLúNLOLGLU� 
 

Gd
T

Gd)T(Ld 2
4

202

π
σ

==Φ   (W)                  (4.15) 

Burada L0��7���7�VÕFDNOÕ÷ÕQGDNL�VL\DK�FLVPLQ�ÕúÕQÕP�úLGGHWLGLU� 

9HULOHQ� ]DPDQ� DUDOÕ÷ÕQGD� oRN� D]� ELU� IDUN� RODQ� 7-G7� VÕFDNOÕ÷ÕQD� VDKLS� ELU� VL\DK� FLVPLQ� EX�
DNÕQÕQ� WDPDPÕQÕ� DEVRUEH� HWPHVL�P�PN�QG�U� �ùHNLO� ������EX� VL\DK�FLVLP�GDKD�VRQUD� JHUHNOL�
RODUDN�JHUHNOL�RODUDN�D\QÕ�DODQGD�YH�D\QÕ�SHUL\RWWD�/0( T – dT ) d2*�\D\ÕQÕP�\DSDU� 

 

 

 

 

 

 

 

ù(.ø/�����øú�øoLQGHNL�5DG\DV\RQXQ 7HUVLQLU�*HoLúLQLQ�øON�%DVDPD÷Õ 

 

 

dQ        T-dT 

TER6ø1ø5�0$.ø1$ 

T0 

TERMOSTAT 

dW 

L0(T) 

ÇEVRE 
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1HW�ND]DQÕODQ�HQHUML 

L0( T ) - L0( T-dT )                     (4.16) 

GdTdT
4

Qd 233

π
σ

=  ( W )                   (4.17) 

Birim alan için 

dTT
4

Gd

Qd
dQ 3

2

3

π
σ

==   (W/m2 .sr)                   (4.18) 

G4��P�NHPPHO�ELU�úHNLOGH�7-dT ve T0�DUDVÕQGD�oDOÕúDQ�YH�YHULPL
dTT

T
1 0

−
−  oODQ�WHUVLQLU�ÕVÕ�

PDNLQHVÕ�WDUDIÕQGDQ�RSWLPDO�RODUDN�G|Q�úW�U�OHELOLU� 

%|\OHFH��UHWLOHQ�Lú�ELULP�DODQ�YH�ELULP�]DPDQ�LoLQ� 









−
−=

dTT

T
1dQdW 0                    (4.19) 

dTT
T

T
1

4 30 





 −

π
σ

=    (W/m2.sr)                   (4.20) 

WHUPRVWDW�WDUDIÕQGDQ�WHNUDU�\D\ÕODQ�DNÕ�7-�G7�VÕFDNOÕ÷ÕQGD�RODQ�LNLQFL�ELU�WHUPRVWDW�WDUDIÕQGDQ�
DEVRUEH�HGLOHELOLU�YH�SURVHV�WHUPRVWDW�\DQL�UDG\DV\RQ�VÕFDNOÕ÷Õ�70¶D�XODúDQD�NDGDU�YH�G4¶QXQ�
LúH�DUWÕN�G|Q�úHPH\HFH÷L�OLPLWH�NDGDU�E|\OH�GHYDP�HGHU��úHNLO����� 

Birim alan için toplam iú�E�W�Q�SURVHV��]HULQGH�WRSODPGDQ�oÕNDUÕOÕU���<YHV�&DQGDX������ 







 +⋅−

π
σ

=θ⋅θ







θ
−

π
σ

= ∫ 4
0

3
0

43
T

T

0 T
3

1
TT

3

4
Td

T
1

4
W

0

               (4.21) 

yada  

( ) ( )3
0

3
0

4
0

4 TT
3

4
TTTW −

π
σ

−−
π
σ

=                   (4.22) 
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ùHNLO������2SWLPDO�øúL�9HUHQ�5DG\DV\RQXQ�7HUVLQLU��*HoLúLQLQ�7DPDPÕ 

 

<XNDUÕGDNL� G|Q�ú�P� DoÕN� RODUDN� WHUVLQPH]GLU�� 2� ]DPDQ� EX� Lú� JHOHQ� UDG\DV\RQGD�
G|Q�úW�UHELOHQ�PDNVLPXP�PLNWDUGÕU�\DQL�UDG\DV\RQ�HNVHUMLVLGLU� 

5DG\DV\RQGDQ�RODQ�HQWURSL�ND\EÕ�YH�WHUPDO�PDNLQHOHUGHQ�RODQ�YH�oHYUH�WDUDIÕQGDQ�ND]DQÕODQ�
entroSL\L�GHQNOHPOHúWLULUVHN� 

( )3
0

33
T

T

0

00

çev TT
3

4
d

T

T

1

3

4
d

T

dQ
S

0

−
π
σ

=θ⋅θ







θπ
σ

=θ=∆ ∫∫                (4.23) 

\DGD�VÕNÕúWÕUÕODPD\DQ�DNÕúNDQ�LoLQ�JHQHO�HNVHUML�LIDGHVLQL�NDUúÕODúWÕUDUDN��<YHV�&DQGDX������ 

Ex = A-A0                      (4.24) 

dQ 

dQ        T-dT T0 

dW 

L0(T) 

       T-2dT T0 

dW 

       T0 
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Burada A=U-T0S dir. ( )3

3

4
T

π
σ

 ifadesini 7� VÕFDNOÕ÷ÕQGDNL� VL\DK� FLVPLQ� UDG\DV\RQ� HQWURSLVL�
RODUDN� WDQÕPOD\DELOLUL]�� %X� LIDGH� GHQJH� UDG\DV\RQ� HQWURSLVL� LoLQ� LVWDWLWLNVHO� WHUPRGLQDPLN�
LIDGH�LOH�X\XPOXGXU�YH�]DWHQ�oR÷X�\D]DU�WDUDIÕQGDQ�YHULOHQ�LIDGH�LOH�D\QÕGÕU� 

 

4.1.2.2 Siyah Olmayan Cismin Ekserjisi: 

5LFKDUG� 3HWHOD� WDUDIÕQGDQ� DQD� KDWODUÕ� oL]LOPLú� HNVHUML� DQDOL]OHUL� JHQHOOLNOH� SURVHVLQ� NDOLWH�
WDQÕPÕ� LoLQ� HN� ELU� WHPHO� YHULU�� *|]� |Q�QH� DOÕQDQ� VLVWHPOHU� LoLQ�UDG\DV\RQ� \D\DQ� HNVHUML�
YHULPOHUL� VLVWHPOHUGH� WHUVLQPH]� HOHPDQ� IHQRPHQL� ER\XQFD� HNVHUML� ND\ÕSODUÕ�
KHVDSODQPÕúWÕU�6L\DK�ROPD\DQ�FLVPLQ�HNVHUMLVL�PD[��YHULPOLOLN�RUDQÕ�RODQ�DGODQGÕUÕODQ� ψ  ile 

UDG\DV\RQ�LOH�ÕVÕ�JHoLúL�oDUSÕPÕ\OD�KHVDSODQÕU� 







−






+=ψ

T

T

3

4

T

T

3

1
1 0

4

0                    (4.25) 

PDNVLPXP�YHULPOLOLN�RUDQÕ�LOH�KHVDSODQÕU��(Petela R.2003) 

Böylece radyasyon ekserjisi 

Erad  �%�4rad                        (4.26) 

 

4.2 Konveksiyon 

7DúÕQÕP��NRQYHNVL\RQ��LOH�ÕVÕ�JHoLúL��DNÕúNDQODUÕQ�ELU�NDWÕ�FLGDU��]HULQGH�YH\D�ELU�NDQDO�LoLQde, 

FLGDUGDQ� IDUNOÕ� ELU� VÕFDNOÕNWD� KDUHNHW� HWPHVL� KDOLQGH� J|U�O�U��2OD\GDNL� DNÕúNDQ� KDUHNHWL� ELU�
SRPSD�YH\D�YDQWLODW|U�LOH�ROXúX\RU�LVH��EX�GXUXPD�©]RUODQPÕú�WDúÕQÕPª��EXQD�NDUúÕOÕN�DNÕúNDQ�
LoLQGHNL� VÕFDNOÕN� IDUNÕQÕQ� QHGHQ� ROGX÷X� \R÷XQOXN� IDUNÕQGDQ� GROD\Õ� RUWD\D� oÕNDQ� NDOGÕUPD�
kuvvetleUL�DNÕúNDQ�KDUHNHWLQL�ROXúWXUX\RU�LVH��EX�GXUXPD�GD�©GR÷DO�WDúÕQÕPª�DGÕ�YHULOLU� 
0�KHQGLVOLN�X\JXODPDODUÕQGD�WDúÕQÕP�LOH�ÕVÕ�JHoLúL� 
Q = h A (T0 - T�)                   (4.27) 
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©1HZWRQ
XQ�VR÷XPD�NDQXQXª�RODUDN�ELOLQHQ�EDsit bir formül ile ifade edilebilir 

4� �FLGDUGDQ�DNÕúNDQD�WDúÕQÕP�LOH�ÕVÕ�JHoLúL��:�� 
K�� �ILOP�NDWVD\ÕVÕ��:�P2K), 

$� �ÕVÕ�WDúÕQÕPÕQÕQ�\DSÕOGÕ÷Õ�DODQ��P2) 

T � , To� �DNÕúNDQ�YH�FLGDU�VÕFDNOÕNODUÕ��.� 
DQODPODUÕQGDGÕU� 
 

*HUoHNWH�ÕVÕ�WDúÕQÕPÕQD�HWNL�HGHQ�JHRPHWUL��DNÕúNDQ�KÕ]Õ��DNÕúNDQÕQ�IL]LNLVHO�|]HOLNOHUL�JLEL�bir-

oRN�IDNW|U��K� ILOP�NDWVD\ÕVÕ� LoLQGH�JL]OLGLU��%DVLW�ELU� HúLWOLN� LOH� LIDGH�HGLOPHVLQH� UD÷PHQ�� ÕVÕ�
WDúÕQÕPÕQGD� HQ� E�\�N� J�oO�N� LVWHQLOHQ� JHRPHWULGH� YH� NRúXOODUGD� K� ILOP� NDWVD\ÕVÕQÕQ�
belirlenebilmesiGLU�� %X� GH÷HU� DQFDN� G�]OHP� OHYKD� HWUDIÕQGD�� VLlindirik boru içinde laminer 

DNÕú�JLEL�ED]Õ�EDVLW�JHRPHWULOHU�LoLQ�WHRULN�RODUDN�KHVDSODQDELOLU��2OD\GDNL�HWNHQOHULQ�ID]ODOÕ÷Õ�
nedeniyle birçok duUXPGD�DQDOLWLN�o|]�P�LPNDQVÕ]GÕU��%X�GXUXPODUda deneysel bulgulardan 

\DUDUODQÕOÕU� 
 

)OLP�VÕFDNOÕ÷Õ�RODUDN�DGODQGÕUÕlan Tf�RUWDODPD�ELU�VÕFDNOÕN�KHVDSODQÕU� 

2

TT
T 21

f

+
=                      (4.28) 

ÕQ'h KHVDSODQPDVÕ� LoLQ� X\JXQ� WDúÕQÕP� ED÷ÕQWÕVÕQÕQ� EHOLUOHQPHGHQ� |QFH� UH\QROGV� VD\ÕVÕ�
EXOXQPDOÕGÕU� 

ν
= ∞LU

ReL                     (4.29) 

/DPLQHU� DNÕP� LoLQ� G�]�ELU� OHYKD��]HULQGHQ� ]RUODQPÕú� WDúÕQÕP�ED÷ÕQWÕVÕ� �)��3��'H:LWW�'�� 3�
2001) 

3/12/1
LL PrRe664,0uN =                      (4.30) 

 

%X�GXUXPGD�RUWDODPD�WDúÕQÕP�NDWVD\ÕVÕ 

L

kuN
h L=                      (4.31) 

 

Böylece konveksi\RQ�LOH�JHoHQ�ÕVÕ�PLNWDUÕ 
)TT(AhQ 21kon −=                      (4.32) 

KHVDSODQÕU� 
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Konveksiyon ekserjisi ise 









−=

1

0
konkon

T

T
1QE �LOH�KHVDSODQÕU�� (Petela R.2003)              (4.33) 
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���d(/ø./(5'(�,6,/�øù/(0 

5.1.  Y�NVHN�+Õ]�dHOLNOHULQLQ�,VÕO�øúOHPL 
,VÕO�LúOHP�VÕUDVÕQGD�SURVHVLQ�GLUHNW�J|]OHPH�DoÕN�ROPDPDVÕ�QHGHQL\OH�NRQWURO��ROGXNoD�J�oW�U��
,VÕO� LúOHP�VÕUDVÕQGD�JHOLúHQ�ROD\ODUÕ�DQFDN�SURVHV�SDUDPHWUHOHULQLQ�NRQWURO��YH� LúOHP�J|UP�ú�
PDPXOGHQ�QXPXQH�DOÕQDUDN��Lo�\DSÕVÕ�LQFHOHQHUHN�GHQHWLP�DOWÕQGD�WXWXODELOLU��dL]HOJH�����  
 

%X� QHGHQOH� ÕVÕO� LúOHP� VÕUDVÕQGD� X\JXODQDQ� oHYULPOHU� YH� PDO]HPHQLQ� Lo� E�Q\HVLQGH� JHOLúHQ�
ROD\ODUÕ�D\UÕQWÕOÕ�RODUDN�LQFHOHPHN�JHUHNPHNWHGLU� 
 

5.1.1. Tavlama 

 

<�NVHN�KÕ]�oHOLNOHUL�NODVLN��UHWLP�\|QWHPL�RODQ�G|N�P�YH�DUGÕQGDQ�G|YPH�YH\D�KDGGHOHPH�
LúOHPLQGHQ� VRQUD� W�P� NHVLWLQLQ� WDPDPHQ� WDYODQPDVÕ� JHUHNOLGLU�� 7DYODPD� LúOHPL� X]XQ� V�UHOL�
X\JXODQDQ� ELU� LúOHP� ROGX÷X� LoLQ� GHNDUE�UL]DV\RQD� QHGHQ� ROPDPDN� LoLQ� oHúLWOL� |QOHPOHU�
DOÕQPDOÕGÕU�� %X� VHEHSOH� WDYODPD� LúOHPL� oHOL÷LQ� VÕNÕFD� NDSDWÕOPÕú� NXWXODUGD� \DSÕOPDVÕ�
JHUHNOLGLU��$\UÕFD�EX�NXWXODUÕQ�LoLQH�PDQJDO�N|P�U���RGXQ�N|P�U���LOH�NDUÕúWÕUÕOPÕú�NXUX�NXP�
YH� NLUHo� NRQXOPDOÕGÕU�� .XWX� LoLQH� NRQXODQ� EX� PDO]HPHOHU� GHNDUE�UL]DV\RQX� |QOHPHNOH�
ELUOLNWH�VR÷XPD�KÕ]ÕQÕ�GD�G�ú�UHUHN�L\L�ELU�WDYODPD�\DSÕOPDVÕQÕ�VD÷ODU� 
dHOLN�WDYODPD�VÕFDNOÕ÷ÕQD�oÕNDUÕOGÕNWDQ�VRQUD�NXWX�PDO]HPHVLQLQ�KHU�LQFK�NDOÕQOÕ÷Õ����LQFK� �
������PP�� LoLQ�ELU� VDDW� WXWXOPDOÕ�� GDKD�VRQUD�VDDWWH���o&
OLN�ELU�KÕ]OD� IÕUÕQ� LoLQGH����oC'ye 

NDGDU�VR÷XWXOPDOÕGÕU��%X� VÕFDNOÕN�\�NVHN�KÕ]� oHOLNOHULQLQ� \DSÕVÕQÕQ� GH÷LúWL÷L� VÕFDNOÕN� DUDOÕ÷Õ�
ROGX÷X�LoLQ�EX�VÕFDNOÕ÷ÕQ�DOWÕQGDNL�VR÷XWPD�KÕ]Õ�|QHPOL�GH÷LOGLU�YH�VR÷XWPD�KÕ]Õ�DUWWÕUÕODELOLU� 
 

�������gQ�,VÕWPD 

2VWHQLW�ROXúXPX�����o&
GD�EDúODU�YH�EX�VÕFDNOÕ÷ÕQ�oRN�D]��VW�QGH�\DSÕODQ�|Q�ÕVÕWPD�GDKD�|QFH�
ROXúDQ� JHULOLPOHUL� PLQLPXPD� LQGLULU�� (÷HU� NÕVPL� ROXúDFDN� GHNDUE�UL]DV\RQ� |QHPOL� LVH� |Q�
ÕVÕWPD� VÕFDNOÕ÷Õ� ���� LOH� ���� o&� DUDVÕQGD� ROPDOÕGÕU�� %X� ROXúDQ� GHNDUE�UL]DV\RQXQ� |QHPOL�
ROPDGÕ÷Õ�GXUXPODUGD�LVH�VÕFDNOÕN�����LOH�����o&�DUDVÕQGD�VHoLOHEilir. 

 

øNL�NDGHPHOL�\DSÕODQ�|Q�ÕVÕWPD�ELULQFL�IÕUÕQGD�����LOH�����o&�DUDVÕQGD�LNLQFL�IÕUÕQGD�����LOH�����
o&� GH÷HUOHULQH� oÕNÕODUDN� X\JXODQÕU�� (÷HU� WHN� NDGHPHGH� |Q� ÕVÕWPD� X\JXODQÕ\RUVD� W�P�7� WLSL�
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�9ROIUDP�<�NVHN� +Õ]� dHOL÷L�� \�NVHN� KÕ]� oHOLNOHUL� ���� LOH� ���� oC'de ve M tipi (Molibden 

<�NVHN�+Õ]�dHOL÷L��\�NVHN�KÕ]�oHOLNOHULGH�����LOH�����o&
OHU�DUDVÕQGD�ÕVÕWÕOÕU�� 
 

%�W�Q� \�NVHN� KÕ]� oHOLNOHULQH� |Q� ÕVÕWPD� NDGHPHVL� X\JXODQPDVÕ� ]RUXQOX� ROPDVÕQD� UD÷PHQ��
N�o�N�SDUoDODUÕ�YH�PDWNDS�XoODUÕQÕ�GLUHNW�RODUDN�RVWHQLWOHPH�IÕUÕQÕQD�NRQXOPDVÕ�WHRULN�RODUDN�
WDYVL\H� HGLOLU�� %XQXQOD� ELUOLNWH� JHULOLPOHULQ�PLQLPXP� ROPDVÕ� YH� WHPSHUOHPH� VRQXFXQGD� EX�
JHULOLPOHULQ� WDNÕPÕQ� SHUIRUPDQVÕQÕ� ROXPVX]� \|QGH� HWNLOHPHVL� VHEHEL\OH� NHVLFL� WDNÕPODUD�
PXWODND�|Q�ÕVÕWPD�NDGHPHOHUL�X\JXODQPDOÕGÕU� 
 



Çizelge  5.1:�dHúLWOL�\�NVHN�KÕ]�oHOL÷L�PDO]HPHOHULQLQ�ÕVÕO�LúOHP�úDUWODUÕ 
 

,VÕO�øúOHP 

Standart 6ÕFDN <XPXúDWPD Tavlama 6HUOHúWLUPH�øúOHPOHUL Temperleme Temperleme 

No. 
øúOHP 

oC 
7DYODPDVÕ 

oC 
6HUWOL÷L 
HB 30 

,VÕWPD 
oC 

���gQ�,VÕ 
oC 

���gQ�,VÕ 
oC 

6HUWOHúWLUPH 
oC 

YD÷ 
550oC'de 
6R÷XWPD 

Hava 
6ÕFDNOÕ÷Õ 

oC 
6HUWOL÷L 
≥ HRc 

1.3202 1100 - 900 780 - 810 240 - 300 450 - 600 850 1050 1220 - 1260 • • • 560 - 580 65 

1.3207 1100 - 900 800 - 830 240 - 300 450 - 600 850 1050 1210 - 1250 • • • 550 - 570 65 

1.3243 1100 - 900 790 - 820 240 - 300 450 - 600 850 1050 1210 - 1250 • • • 550 - 570 64 

1.3246 1100 - 900 770 - 840 240 - 300 450 - 600 850 1050 1180 - 1220 • • • 540 - 570 64 

1.3247 1050 - 900 770 - 820 240 - 300 450 - 600 850 1050 1180 - 1210 • • • 510 - 540 67 

1.3249 1100 - 900 790 - 820 235 - 300 450 - 600 850 1050 1190 - 1230 • • • 550 - 570 64 

1.3255 1150 - 900 820 - 850 240 - 300 450 - 600 850 1050 1260 - 1300 • • • 560 - 580 64 

1.3257 1150 - 900 820 - 850 240 - 300 450 - 600 850 1050 1260 - 1300 • • • 560 - 580 64 

1.3265 1150 - 900 820 - 850 240 - 300 450 - 600 850 1050 1260 - 1300 • • • 560 - 580 64 

1.3302 1100 - 900 780 - 810 240 - 300 450 - 600 850 1050 1220 - 1260 • • • 560 - 580 65 

1.3318 1100 - 900 780 - 810 225 - 280 450 - 600 850 1050 1230 - 1270 • • • 550 - 570 64 

1.3333 1100 - 900 760 - 790 225 - 280 450 - 600 850 1050 1180 - 1220 • • • 530 - 550 64 

1.3342 1150 - 900 770 - 820 230 - 280 450 - 600 850 1050 1180 - 1220 • • • 540 - 560 65 

1.3343 1100 - 900 790 - 820 225 - 280 450 - 600 850 1050 1200 - 1240 • • • 540 - 560 64 

1.3344 1100 - 900 770 - 820 230 - 280 450 - 600 850 1050 1200 - 1240 • • • 550 - 570 64 

1.3346 1100 - 900 790 - 820 225 - 280 450 - 600 850 1050 1180 - 1220 • • • 530 - 550 64 

1.3348 1100 - 900 780 - 810 230 - 280 450 - 600 850 1050 1190 - 1230 • • • 540 - 560 64 

1.3355 1150 - 900 820 - 850 240 - 300 450 - 600 850 1050 1250 - 1290 • • • 550 - 570 64 
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5.1.3. Ostenitleme 

<�NVHN� KÕ]� oHOLNOHULQLQ� |]HOOLNOHUL�� VÕFDNOÕN� GD\DQÕPODUÕ�� NHVPH� NDELOL\HWOHULQL� VD÷OD\DQ� YH�
ostenitleme süresince oOXúDQ�GDKD�|QFH�EDKVHGLOHQ�NRPSOHNV�DODúÕP�NDUE�UOHUL� o|]�Q�UO�÷��
LOH�\DNÕQ� LOJLOLGLU��dHOLN�HUJLPH�QRNWDVÕQD�\DNÕQ�ELU� VÕFDNOÕ÷D� ÕVÕWÕOPD]VD�EX�NDUE�UOHU�HUL\LN�
LoLQH�JLUPH]OHU��%X�\�]GHQ�\�NVHN�KÕ]�oHOLNOHULQLQ�RVWHQLWOHQPHVLQGH�oRN�KDVVDV�ELU�VÕFDNOÕN�
kRQWURO��JHUHNLU��9DQDG\XP�LoHUL÷L�����YH��]HULQGH�RODQ�oHOLNOHU��G�ú�N�YDQDG\XP�LoHULNOL�
oHOLNOHUH�RUDQOD�RVWHQLWOHPH�VÕFDNOÕ÷ÕQGD������GDKD�ID]OD�WXWXODELOLU��9DQDG\XPNDUE�U�oHOL÷LQ�
PLNUR\DSÕVÕQGD� HUJLPH� VÕFDNOÕ÷ÕQÕQ� DOWÕQGDNL� VÕFDNOÕNODUGD� o|]�QPH]�� WDQH büyümesini 

HQJHOOH\LFL� URO� R\QDU� YH� E|\OHFH� oHOL÷H� ]DUDU� YHUPHGHQ� X]XQ� V�UH� RVWHQLWOHPH� VÕFDNOÕ÷ÕQGD�
WXWXODELOPHVLQL�VD÷ODU� 
 

<�NVHN�NHVPH�NDELOL\HWL�LoLQ�RVWHQLWOHPH�VÕFDNOÕ÷Õ�WDEORODUGD�YHULOHQ�VÕFDNOÕNODUGDQ���LOH����oC 

daha yüksek seçilebilir. Yüksek VÕFDNOÕN�� DODúÕP� NDUE�U�PLNWDUÕQÕ�� WHPSHUOHPH� GLUHQFLQL� YH�
NÕ]ÕO�VHUWOL÷L�DUWÕUÕU��%XQXQOD�ELUOLNWH�oHOL÷LQ�WRNOX÷XQGD�ELU�PLNWDU�D]DOPD�J|U�O�U�� 
 

2VWHQLWOHPH� VÕFDNOÕ÷Õ� LOH� LOJLOL� GL÷HU� G�]HQOHPHOHU� NXOODQÕODQ� ÕVÕWPD� HNLSPDQODUÕQÕQ�
|]HOOLNOHULQH� ED÷OÕGÕU�� %�W�Q� PXIOH� WLSL� IÕUÕQODU� NDUERQPRQRNVLWoH� ]HQJLQ� DWPRVIHUOHUL�
QHGHQL\OH�|QHULOHQ�VÕFDNOÕNODUÕQ�GDKD��]HULQGHNL�VÕFDNOÕNODUGD�oDOÕúWÕUÕOÕUODU��7X]�EDQ\RODUÕ�LVH�
|QHULOHQ�VÕFDNOÕN�DUDOÕ÷ÕQÕQ��VW�OLPLWLQLQ����– 30 o&�DúD÷ÕVÕQGD�oDOÕúWÕUÕOPDOÕGÕU� 
 

5.1.4. So÷XWPD 

<�NVHN�KÕ]�oHOLNOHUL�KDYDGD��\D÷GD�YH�VXGD�VR÷XWXODELOLU��%XQXQOD�ELUOLNWH�KDYDGD�VR÷XWXODUDN�
oHOL÷LQ� LoHULVLQGHNL� DODúÕP� HOHPHQWOHULQLQ� HWNLVL� LOH� SDUoDODU� LVWHQHQ� NXOODQÕP� VHUWOL÷LQH�
HULúHELOLUOHU�� 7X]� EDQ\RVXQGDQ� VR÷XWPD� \DSÕOÕUNHQ�� SDUoDQÕQ� EDQ\R� LOH� D\QÕ� VÕFDNOÕ÷D�
XODúPDVÕQGDQ�VRQUD�EHOLUWLOGL÷L�JLEL�KDYDGD�VR÷XWPD�\DSÕOÕU�� 
 

<�NVHN�KÕ]�oHOLNOHUL�JHQHOOLNOH�VR÷XWPDGDQ�VRQUD�oRN�PLNWDUGD�NDOÕQWÕ�JHULOPHOHU�LoHULUOHU�YH�
oDWODPD�PH\GDQD�JHOPH�RODVÕOÕ÷Õ�oRN�\�NVHNWLU��%XQX�|QOHPHN�LoLQ�SDUoD�VR÷XWPD�VÕUDVÕQGD�
65o&
ÕQ� DOWÕQD� LQPHGHQ� WHPSHUOHPH� IÕUÕQÕQD� NR\XOPDOÕGÕU�� %X� LúOHP� JHQHOOLNOH� \�]H\� DODQÕ�
E�\�N��JHQLú�YH�NDUPDúÕN�úHNLOOL�SDUoDODUD�X\JXODQÕU� 
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5.1.5. Temperleme 

6HUWOHúWLULOPLú�IDNDW�WHPSHUOHQPHPLú�\�NVHN�KÕ]�oHOL÷LQLQ�Lo�\DSÕVÕ�RGD�VÕFDNOÕ÷ÕQGD üç fazdan 

ROXúXU�� 
1- d|]�QPHPLú�DODúÕP��NDUE�UOHUL������- 12) 

2- Martenzit (% 58 - 80) 

3- .DOÕQWÕ�RVWHQLW�������- 30) 

%X�GXUXPGD�oHOL÷LQ�\DSÕVÕ�oRN�VHUW�YH�NÕUÕOJDQ�ROXS�DúÕUÕ�Lo�JHULOLPOHUH�PDUX]GXU��7HPSHUOHPH�
LúOHPLQLQ� DPDFÕ�� VHUWOL÷LQ� GÕúÕQGD� Lo� JHULOLPOHUL� YH� NÕUÕOJDQOÕ÷Õ� JLGHUPHN�� oHOL÷H� ER\XWVDO�
NDUDUOÕOÕ÷ÕQÕ�ND]DQGÕUPDNWÕU��6HUWOLNWH�WHPSHUOHPHGHQ�ROXPOX�\|QGH�HWNLOHQLU� 
6HUWOHúWLULOPLú� oHOLNOHUGH� Lo� JHULOLPOHULQ� LNL� QHGHQL� YDUGÕU�� %LULQFLVL� PDO]HPHQLQ� VR÷XPD�
VÕUDVÕQGD� Lo� YH� GÕú� NÕVÕPODUÕQÕQ� GH÷LúLN� VÕFDNOÕNODUGD� ROPDVÕ� QHGHQL� LOH� ÕVÕVDO� Lo� JHULOLPOHU��
LNLQFLVL�VR÷XPD�VRQXFX�ROXúDQ�GRNXODUÕQ�PH\GDQD�JHWLUGL÷L�Lo�JHULOLPOHUGLU��0DO]HPH�VR÷XPD�
VÕUDVÕQGD� \�]H\LQGHQ� PDUWHQ]LW� ROXúXPX� EDúODU�� <�]H\� GDKD� oDEXN� VR÷XGX÷X� LoLQ� LON�
PDUWHQ]LW� ROXúXPX� \�]H\GH� EDúODU�� 0DUWHQ]LWLQ� \R÷XQOX÷X� RVWHQLWWHQ� GDKD� D]� ROGX÷XQGDQ�
PDUWHQ]LW� ROXúXPX� KDFLPVHO� ELU� DUWÕú� PH\GDQD� JHWLULU�� 6R÷XPD� VÕUDVÕQGD� oHOLN� |QFH� Lo�
NÕVÕPODUÕQ�E�]�OPHVL��VÕFDNOÕN�G�ú�ú��QHGHQL�LOH��\�]H\LQ�JHQOHúPHVL���PDUWHQ]LW�ROXúXPX�Lo�
NÕVÕPODUGD� EDúODGÕ÷Õ� ]DPDQ�� \�]H\LQ� VDELW� NDOPDVÕ� VRQXFX� DúÕUÕ� Lo� JHULOLPOHULQ� HWNLVL�
DOWÕQGDGÕU�� 6HUWOHúWLUPH� VRQUDVÕ� HOGH� HGLOHQ� PDUWHQ]LWLN� GRNXQXQ� \DSÕVÕ� WHWUDJRQDOGLU��
6�QHNOLOL÷L�KHPHQ�KLo�ROPD\DQ�ROGXNoD�JHYUHN�ELU�GRNXGXU��%X�WHWUDJRQDO�PDUWHQ]LW�YH�NDOÕQWÕ�
ostenit iç gerilimOHUOH� ELUOLNWH� oHOL÷LQ� ER\XWVDO� NDUDUOÕOÕ÷ÕQÕ� ROXPVX]� \|QGH� HWNLOHU��
7HPSHUOHPHQLQ� ELU� DPDFÕ� GD� EX� NDOÕQWÕ� RVWHQLWL� PDUWHQ]LWH� G|Q�úW�UPHNWLU�� <�NVHN� KÕ]�
oHOL÷LQLQ�WHPSHUOHQPHVL��PDO]HPHQLQ�ELU�YH\D�ELUNDo�GHID�����– 590 o&��DUDVÕQGD�ELU�VÕFDNOÕ÷D�
ÕVÕWÕOPDVÕ��ELU�V�UH�EHNOHWLOPHVL�YH�KDYDGD�VR÷XWXOPDVÕ�úHNOLQGH�\DSÕOÕU��7HPSHUOHPH�VRQUDVÕ�
\�NVHN�KÕ]�oHOL÷LQLQ�GDKD�GD�VHUWOHúWL÷L�J|U�O�U��%X�VHUWOL÷H�LNLQFLO�VHUWOLN�DGÕ�YHULOLU� 
 

�ùHNLO� ���� 
� GH� J|VWHULOGL÷L� JLEL� ����� o&
GD� RVWHQLWOHQPLú� 0�� ��������� oHOL÷LQLQ� oHúLWOL�
WHPSHUOHPH� VÕFDNOÕ÷Õ� YH� V�UHVL� LOH� VHUWOL÷LQGHNL� GH÷LúLP�J|U�OPHNWHGLU�� ùHNLOGHNL� H÷ULOHUGHQ�
J|U�OG�÷��JLEL�0��oHOL÷L�����o&
GD�WHPSHUOHPH�VHUWOL÷L�PLQLPXPD�LQPHNWH�YH�RUWDODPD�����
o&
GD� LVH� PDNVLPXP� LNLQFLO� VHUWOL÷H� XODúPDNWDGÕU�� %XUDGD� LNLQFLO� VHUWOHúPH� úHNLOGHQ� GH�
J|U�OG�÷��JLEL�]DPDQD�YH�VÕFDNOÕ÷D�ED÷OÕ�GH÷LúPHNWHGLU��%X�VÕFDNOÕNODU�SHN�oRN�WHPSHUOHPH�
RSHUDV\RQX� LoLQ� \DNODúÕN� SUDWLN� GH÷HUHOHUL� YHUPHNOH� ELUOLNWH�� WHPSHUOHPHQLQ� NDGHPHOL�
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\DSÕOPDVÕ� GDKD� X\JXQGXU�� ���� o&� JLEL� G�ú�N� VÕFDNOÕNODU� LNLQFLO� VHUWOHúPH\L� PH\GDQD�
JHWLUPHPHNOH�ELUOLNWH��\�NVHN�VÕFDNOÕNODU�GD�LNLQFLO�VHUWOHúWLUPH\L�G�ú�U�F��HWNL�\DSPDNWDGÕU�� 
 

 

 

 

 

 

 

 

 

 

ùHNLO���.1:�7HPSHUOHPH�VÕFDNOÕ÷Õ�YH�V�UHVLQLQ��0����������oHOL÷LQH�HWNLVL 
 

<�NVHN�KÕ]� oHOLNOHUL� JHQHOLNOH�����– 590 o&�VÕFDNOÕNODUÕ�DUDVÕQGD�HQ�D]� LNL�D\UÕ� WHPSHUOHPH�
LúOHPLQH�WDEL�WXWXOXUODU��%XUDGD�GLNNDW�HGLOPHVL�JHUHNOL�QRNWD��oHOLN�QH�NDGDU�oRN�WHPSHUOHQVH�
GDKL�ELU�JHULOLP� WDúÕ\DFD÷Õ� LoLQ�� VRQ� WHPSHUOHPH�NDGHPHVLQGH� LON�NDGHPHOHUGHQ�GDKD�G�ú�N�
(30 o&�� ELU� VÕFDNOÕN� VHoLOPHVLGLU�� %X� LúOHPOHUGHQ� KHUELUL� HQ� D]� ��� GDNLNDOÕN� V�UHOHUGH�
\DSÕOPDOÕGÕU��øON�WHPSHUOHPH�NDGHPHVL�NDOÕQWÕ�RVWHQLW�PLNWDUÕ�DoÕVÕQGDQ�oRN�|QHPOLGLU��%XUDGD�
GD� LON� WHPSHUOHPH� NDGHPHVLQLQ� VRQ� WHPSHUOHPHGHQ� GDKD� \�NVHN� VÕFDNOÕNWD� \DSÕOPD�
QHGHQOHULQGHQ� ELU� GL÷HULGH� J|U�OPHNWHGLU�� øNLQFL� WHPSHUOHPH� LVH� LON� WHPSHUOHPHGHQ� VRQUDNL�
VR÷XWPD� VÕUDVÕQGD� ROXúDQ� PDUWHQ]LWLQ� WHPSHUOHQPHVL� LoLQ� \DSÕOÕU�� 6HUWOHúWLUPH� VRQUDVÕQGD�
oHOLNWH�PXWODND�NDOÕQWÕ�RVWHQLW�ROPDVÕ�QHGHQL\OH�WHPSHUOHPH�LúOHPL�\LQH�NDGHPHOL�ELU�úHNLOGH�
ve her kaGHPHGHQ�VRQUD�RGD�VÕFDNOÕ÷ÕQD�VR÷XWXODUDN�\DSÕOÕU�� 
 

2VWHQLW� G|Q�ú�P�� VR÷XPD� VÕUDVÕQGD� ROXU�� .DOÕQWÕ� RVWHQLW� PDUWHQ]LWH� G|Q�ú�U�� %X� \�]GHQ�
D\QHQ� VHUWOHúWLUPHGH� ROGX÷X� JLEL� Lo� YH� GÕú� NÕVÕPODU� DUDVÕQGDNL� VR÷XPD� IDUNÕ� E�Q\HGH� DúÕUÕ�
JHULOLPOHULQ� ROXúPDVÕQD� \RO� DoDU�� +Õ]OÕ� VR÷XPD� IDUNÕQÕ� DUWWÕUGÕ÷Õ� JLEL� oHOL÷H�� G|Q�ú�POHU�
VRQXFX�PH\GDQD�JHOHQ�KDFLPVHO�GH÷LúLPOHUH�DGDSWH�ROPDVÕ�LoLQ�IÕUVDW�YHUPH]��%X�GD�WDNÕPÕQ�
oDWODPD� RODVÕOÕ÷ÕQÕ� DUWWÕUÕU�� $\UÕFD� WHN� WHPSHUOHPH� X\JXODQGÕ÷ÕQGD� G|Q�ú�P� VRQXFX� DoÕ÷D�

����R�&
�GD�2VWHQLWOHQPLú
��

��

��

��

��

��� ��� ��� ��� ��� ��� ��� ���
7HPSHUOHPH�6ÕFDNOÕ÷Õ�R&

6H
UWOL

N�+
5F

0.1 saat 

0.5 
saat 

1.0 
saat 

2.5 
saat 

10 
saat 

100 saat 
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oÕNDQ�LNLQFLO�PDUWHQ]LW�WHPSHUOHQPHPLú�RODFD÷ÕQGDQ�GRNX�ROGXNoD�NÕUÕOJDQ�ROXU��*|U�O�\RUNL�
565 oC'de 2 1/2� VDDW� PHQHYLúOHQPLú� 7�� oHOL÷L� HQ� L\L� IL]LNVHO� |]HOOLNOHUH� VDKLS� GH÷LOGLU��
7HPSHUOHPH� LNL� YH\D� GDKD� ID]OD� WHNUDUODQGÕ÷Õ� ]DPDQ� WDNÕPÕQ� SHUIRUPDQVÕQÕ� |QHPOL� |Oo�GH�
arttÕUPDN�P�PN�QG�U��gUQH÷LQ����oC'de 2 1/2 ve 1 1/2�VDDWOLN�LNL�PHQHYLú�\DSÕOGÕ÷Õ�]DPDQ�LON�
PHQHYLúWH�VHUWOHúWLUPH�VRQUDVÕ�DoÕ÷D�oÕNDQ�SULPHU�PDUWHQVLWLQ�PHQHYLúOHQGL÷L��Lo�JHULOLPOHULQ�
JLGHULOGL÷L�YH�NDOÕQWÕ�RVWHQLWLQ�WDPDPHQ�PDUWHQVLWH�G|Q�úW�÷��J|U�O�U�� 
 

7HPSHUOHPH� VÕFDNOÕ÷Õ� \�NVHOGLNoH� Lo� \DSÕGDNL� NDOÕQWÕ� RVWHQLW� PLNWDUÕ� D]DOPDNWD� DQFDN�
PDO]HPHQLQ�VHUWOL÷LQGH�G�úPH�ROPDPDNWDGÕU�� 
 

dRN� VD\ÕGD� \DSÕODQ� WHPSHUOHPHQLQ� HWNLVL� LOH� NDOÕQWÕ� RVWHQLW� PLNWDUÕ� GH÷LúPHNWHGLU�� %LULQFL�
WHPSHUOHPHGHQ�VRQUD�\DSÕODQ� LNLQFL� üçüncü ve daha fazla temperlemenin etkileri  tablo 4.2 

‘de incelenecektir. 

Çizelge 5.2 : 1220 oC'da ostenitlenip 107 o&�
GDNL�EDQ\RGD�VR÷XWXOPXú��������oHOL÷LQLQ� 
  565 o&
GDNL�WHPSHUOHPH�VRQUDVÕ�Lo�\DSÕGDNL�NDOÕQWÕ�RVWHQLW�PLNWDUÕ�YH�VHUWOLN 

��GH÷HUOHUL� 
 

 

 

 

 

565oC’da 1. Temperleme 2. Temperleme dRN�6D\ÕGD�7HPSHUOHPH 
Toplam 

Süre 

% Ostenit HRc 

6HUWOL÷L 
% Ostenit HRc 

6HUWOL÷L 
% Ostenit HRc 

6HUWOL÷L 
2 Dakika 37 60.8 --- --- --- --- 

6 Dakika 32 62.8 32 62.4 --- --- 

15 Dakika 25 64.16 19 65.1 19 65.1 

30 Dakika 19 64.9 10 65.8 9 65.8 

1 Saat 15 66.0 4 66.2 2 66.4 

2 1/2 Saat 10 66.3 2 65.8 0 65.7 

5 Saat 9 66.1 1 65.1 0 65.2 

10 Saat 8 66.0 0 64.6 0 64.0 
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1RUPDO� RODUDN� VHUWOHúWLULOPLú� \�NVHN� KÕ]� oHOLNOHULQH� WDWELN� HGLOHQ� WHN� YH\D� oRN� VD\ÕGD�
WHPSHUOHPH� D\QÕ� HWNL\L� \DSDU�� $QFDN� VHUWOHúWLUPH� VR÷XPDVÕ� RGD� VÕFDNOÕ÷ÕQÕQ� �]HULQGH�
GXUGXUXOGX÷X� ]DPDQ� X\JXODQDQ� WHN� YH\D� oRN� VD\ÕGD� WHPSHUOHPH� DUDVÕQGD� EHOLUJLQ� ELU� IDUN�
RUWD\D�oÕNPDNWDGÕU��7DEORGD�EX�IDUN�DoÕN�RODUDN�J|U�OPHNWHGLU�� 
 

Tek temperlemede numuneler, 1 defa 565 o&
GD� EHOLUOL� V�UHOHU� WXWXOPXúODUGÕU�� dLIW�
WHPSHUOHPHGH�LVH��ELULQFL�WHPSHUOHPH�VÕFDNOÕ÷ÕQGDQ�RGD�VÕFDNOÕ÷ÕQD�VR÷XPXú�QXPXQHOHU�\LQH�
565 o&
D� ÕVÕWÕOPÕú�� DQFDN� WXWPD� V�UHVL� ELU� VRQUDNL� WRSODP� V�UH\L� WDPDPOD\DFDN� úHNLOGH�
D\DUODQPÕúWÕU�� dRN� VD\ÕGD� \DSÕODQ� temperlemede ise numuneler birçok defa 565 oC'a 

ÕVÕWÕOPÕúODU� YH� KHU� GHIDVÕQGD� EX� VÕFDNOÕNWD� JLWWLNoH� DUWDQ� V�UHOHU� ER\XQFD� WXWXOPXúODUGÕU��
7HPSHUOHPH� VHUWOL÷L� EX� NDGHPHOHU� ER\XQFD� EHOLUOL� ELU� RSWLPXP� GH÷HUH� XODúPDNWDGÕr. 
$úD÷ÕGDNL� WDEORODUGD� �WDEOR��.3 ) eQ�oRN�NXOODQÕPÕ�RODQ�\�NVHN�KÕ]� oHOLNOHULQH�DLW� ÕVÕO� LúOHP�
GH÷HUOHUL�YH�Lo�\DSÕODUÕ�J|U�OPHNWHGLU� 
 

g]HW� RODUDN� \�NVHN� KÕ]� oHOLNOHULQGH� VHUWOHúWLUPH� VR÷XPDVÕ� RGD� VÕFDNOÕ÷ÕQD� LQPHGHQ�
GXUGXUXOGX÷X� ]DPDQ� PDNVLPXP� PHNDQLN� |]HOOLNOHU� HOGH� HWPHN� LoLQ� �o� GHID� WHPperleme 

\DSÕOPDVÕ� JHUHNOLGLU�� %LULQFL� WHPSHUOHPH� Lo� JHULOLPOHUL� YH� NDOÕQWÕ� RVWHQLWLQ� ELU� NÕVPÕQÕ�
PDUWHQ]LWH�G|Q�úW�U�U��øNLQFL�WHPSHUOHPH��LON�WHPSHUOHPHGH�PH\GDQD�JHOHQ�PDUWHQ]LWL��LNLQFLO�
PDUWHQ]LW�� WHPSHUOHU�� Lo� JHULOLPOHUL� JLGHULU� YH� JHUL\H� NDODQ� NDOÕQWÕ� RVWHQLWLQ� PDUWHQ]LWH�
G|Q�úPHVLQL� VD÷ODU�� ho�QF�� WHPSHUOHPH� LVH� LNLQFL� WHPSHUOHPHGH� ROXúDQ� PDUWHQ]LWL�
WHPSHUOH\LS�Lo�JHULOLPOHUL�JLGHULU��+HU�WHPSHUOHPHGH�ROXúDQ�Lo�JHULOLPOHU��RVWHQLWLQ�PDUWHQ]LWH�
G|Q�úPHVL�VRQXFX�KDFLPVHO�GH÷LúLNOHU�LOH�PDO]HPHQLQ�Lo�YH�GÕú�NÕVÕPODUÕ�DUDVÕQGDNL�VR÷XPD�
IDUNODUÕQGDQ� PH\GDQD� JHOPHNWHGLU�� 6HUWOHúWLUPH� VR÷XPDVÕ� RGD� VÕFDNOÕ÷ÕQD� NDGDU�
GXUGXUXOPDGDQ�GHYDP�HWWLULOHQ�\�NVHN�KÕ]�oHOLNOHULQGH�Lo�\DSÕGD�DúÕUÕ�PLNWDUGD�NDOÕQWÕ�RVWHQLW�
ROPD\DFD÷ÕQGDQ��o�QF��WHPSHUOHPH\H�JHUHN�ROPD\DELlir.  
 

<�NVHN�KÕ]�oHOLNOHUL� ÕVÕWÕOPDODUÕ�VÕUDVÕQGD�NULWLN�VÕFDNOÕ÷ÕQ��]HULQH�oÕNÕOGÕ÷ÕQGD�IHUULW�RVWHQLWH�
G|Q�ú�U��%X�G|Q�ú�P�EDúODQJÕo�IHUULWLN�GRNXQXQ�G|Q�ú�P�QH�HQ�X\JXQ�QRNWDODUÕQGD�EDúODU��
VÕFDNOÕN� YH� ]DPDQ� HWNLVL� LOH� EX� QRNWDODUÕQ� HWUDIÕQGD� E�\�U�� )HUULW� LoLQH� VHUSLúWLULOPLú� N�o�N�
RGDFÕNODU�úHNOLQGH�J|U�OHQ�RVWHQLW� WDQHOHUL�VÕFDNOÕ÷ÕQ�HWNLVL� LOH�E�\�\HUHN�GRNXQXQ�WDPDPÕQÕ�
ROXúWXUXUODU�� 



Çizelge 5.3: �������oHOL÷LQH�DLW�ÕVÕO�LúOHP�úDUWODUÕ�YH�Lo�\DSÕ�GH÷LúLPOHUL 
 

 

DIN Malzeme No 
Kod 

1.3207                               AISI ≈ T 42 
S 10 - 4 - 3 – 10 

Kimyasal Kompozisyonu C Cr Mo V W Co   
��$QD�$ODúÕP�(OHPHQWOHUL��
% ) 

1.23 4.1 3.5 3.3 9.5 10.0   

Malzeme Özellikleri <�NVHN�SHUIRUPDQVOÕ�\�NVHN�KÕ]�oHOL÷L��LoHUGL÷L�DODúÕP�
HOHPHQWOHUL�LOH�\�NVHN�VÕFDN�VHUWOL÷H�VDKLS�X]XQ�oDOÕúPD�
V�UHOHULQGH�VHUWOL÷LQL�NRUXU� 

8\JXODPD�$ODQODUÕ .DED�LúOHPHGH�YH�ELWLUPH�LúOHPOHULQGH�PDNVLPXP�WDNÕP�
|PU��VD÷ODU��.HVLFL�WDNÕPODUGD�YH�\�NVHN�VWUHVOL�IUH]HOHUGH�
NXOODQÕOÕU� 

6ÕFDN�ùHNLO�9HUPH ùHNLO�9HUPH�6ÕFDNOÕ÷Õ�oC 6R÷XWPD 
 1100 – 900 <DYDú��IÕUÕQ�LoLQGH 
,VÕO�øúOHP 7DYODPD�6ÕFDNOÕ÷ÕoC 6R÷XWPD 7DYODPD�6HUWOL÷L�+% 

 820 – 860 )ÕUÕQGD 240 - 300 

���gQ�,VÕWPD 
  

 oC 

2. ve 3. Ön 
,VÕWPD� 

oC 

6HUWOHúWLUPH�
6ÕFDNOÕ÷Õ� 

oC 

Ortam Temperleme  
 

oC 

Temperleme 
6RQUDVÕ�6HUWOLN�

HRc 
ortalama 400 
oC'nin 
üzerinde 
hava 
sirkülasyonlu 
IÕUÕQ 

a ) 850 
b ) 850 ve 
1050 

1160 - 1200 D���VÕFDN�
banyo 
550oC'de 
hava veya 
E���\D÷ 
c) hava 

minimum üç 
defa  
540 - 570 

65 - 67 

 

.RPSOHNV�úHNLOOL�WDNÕPODUGD�VHUWOHúWLUPH�VÕFDNOÕNODUÕ�YHULOHQ�GH÷HUOHULQ�DOW�OLPLWOHUL�RODUak 
seçilmelidir.   

 
 

     
 
�����<XPXúDN  �����6HUWOHúWLULOPLú  �����7HPSHUOHQPLú 
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6��9$.80�,6,/�øù/(0�2&$./$5, 
 

9DNXP�IÕUÕQODUÕ��\�NVHN�DODúÕPOÕ�oHOLNOHUGHQ�\DSÕOPÕú�NDOÕS�YH� WDNÕPODUÕQ�VHUWOHúWLULOPHVLQGH�
YH� EUD]LQJ� LúOHPLQGH� NXOODQÕOPDNWDGÕU�� g]HOOLNOH�� oRN� úHNLOOL� YH� KDVVDV� WROHUDQVOÕ� |Oo�OHUGH�
�UHWLOPLú� YH� ÕVÕO� LúOHP� JHUHNVLQLPL� RODQ� SDUoDODUD�� YDNXP� RFDNODUÕQGD� ÕVÕO� LúOHP� \DSÕODUDN��
RSWLPXP�PDO]HPH�NDUDNWHULVWLNOHUL� YHULOPHVL� VD÷ODQÕU�� ø\L� ELU�PLNUR� \DSÕQÕQ� \DQÕ� VÕUD�� IRrm 

GH÷LúLNOLNOHUL�GH�HQ�D]D�LQGLUJHQLU�YH�\�]H\LQ�WHPL]�YH�SDUODN�ROPDVÕ�VD÷ODQÕU� 
 

,VÕO�LúOHPLQ�GR÷DO�ELU�VRQXFX�RODQ�úHNLO�GH÷LúWLUPHOHULQLQ��UHVLP�VÕQÕUODUÕ�LoLQGH�ROPDVÕ�JHUHNLU��
ùHNLO� GH÷LúLNOL÷LQGHQ�� SDUoDQÕQ� ER\XWX� YH� JHRPHWULVL� HWNLOHQPHNWHGLU�� )ÕUÕQD� NR\XODQ� úDUM�
PLNWDUÕ�� IÕUÕQ� LoLQGH� SDUoDQÕQ� NRQXPX�� LúOHPH� úHNOL� YH� PDO]HPH� NDUDNWHULVWLNOHUL� úHNLO�
GH÷LúWLUPH\L� HWNLOH\HQ� IDNW|UOHUGLU�� ,VÕO� LúOHP� YDNXP� IÕUÕQODUÕQGD� \DSÕODUDN�� EX� IDNW|UOHULQ�
HWNLOHUL�D]DOWÕOPDNWDGÕU��ùHNLO�GH÷LúWLUPH\L�HWNLOH\HQ�IDNW|UOHUGHQ�ELULVL�GH��VR÷XPD�VÕUDVÕQGD�
SDUoDQÕQ� \�]H\L� YH� oHNLUGH÷L� DUDVÕQGDNL� VÕFDNOÕN� IDUNÕ� QHGHQL\OH�� PDUWHQ]LW� G|Q�ú�P�Q�Q�
IDUNOÕ� ]DPDQODUGD� ROPDVÕGÕU�� %XQX� HQJHOOHPHN� DPDFÕ\OD� YDNXP� IÕUÕQODUÕQGD�� PDUWHQ]LWH�
G|Q�ú�P� VÕFDNOÕ÷ÕQÕQ� �]HULQGH� NHVLQWLOL� VR÷XWPD� \DSÕODUDN� SDUoDQÕQ� oHNLUGH÷L� LOH� \�]H\L�
DUDVÕQGDNL�VÕFDNOÕN�HúLWOHQHELOPHNWHGLU��3DUoDQÕQ�oHNLUGH÷L�YH�\�]H\LQGH�D\QÕ�DQGD�PDUWHQ]LW�
G|Q�ú�P�� ROXU�� %|\OHFH� PDUWHQ]LW� G|Q�ú�P�� VÕUDVÕQGD� RUWD\D� oÕNDQ� JHULOPHOHU� |QOHQHUHN��
úHNLO�GH÷LúWLUPH�HQ�D]D�LQGLULOLU��%X�LúOHP�ELU�PDUWHPSHUOHPH�VLP�ODV\RQXGXU�� 
 

9DNXP� IÕUÕQODUÕQGD� VR÷XWPD� VÕYÕ� \HULQH� JD]� LOH� \DSÕOÕU�� 6R÷XWPD� JD]Õ� RODUDN�� ÕVÕ� LOHWLP�
NDWVD\ÕODUÕ�IDUNOÕ�RODQ�D]RW��KLGURMHQ�YH�KHO\XP�JLEL�JD]ODU�NXOODQÕODELOLU��<D\JÕQ�RODUDN�D]RW�
NXOODQÕOPDNWD� YH� \�NVHN� KÕ]�� VÕFDN� Lú� YH� VR÷XN� Lú� oHOLNOHULQGHQ� LPDO� HGLOPLú� NDOÕS� YH�
WDNÕPODUÕQ�GLUHNW�VHUWOHúWLULOPHVL� LoLQ�X\JXQ�ROPDNWDGÕU��6R÷XWPD�JD]Õ�RODUDN�NXOODQÕODQ�D]RW�
��������VDIOÕNWDGÕU��,VÕO� LúOHPLQ�SURVHV�NRQWURO��ELOJLVD\DUOD�\DSÕOPDNWD��]DPDQ��VÕFDNOÕN�YH�
EDVÕQo� |Oo�POHUL� ND\GHGLOPHNWHGLU�� 7�P� ÕVÕO� LúOHP� oHYULPL� ELWWLNWHQ� VRQUD�PDO]HPHOHU� RGD�
VÕFDNOÕ÷ÕQD�VR÷XWXOXS�IÕUÕQGDQ�DOÕQPDNWDGÕU�� 
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���7(502(.2120ø.�dg=h0/(0(�<g17(0ø 
 

7HUPRHNRQRPLN� o|]�POHPH� \|QWHPL� LNL� DGÕPGD� JHUoHNOHúLU�� %X� DGÕPODU�� HNVHUML� DQDOL]� YH�
H[HUJRHNRQRPLN�DQDOL]GLU��%LULQFL�DGÕPGD�WHUPRGLQDPL÷LQ�ELULQFL�YH�LNLQFL�\DVDODUÕ�NXOODQÕOÕU��
.XOODQÕODQ� EX� \DVDODUOD� HOH� DOÕQDQ� VLVWHPGH�� WHUVLQPH]OLNOHU� QHGHQL\OH� ND\ERODQ� HNVHUML�
PLNWDUODUÕ�YH�\HUOHUL�EHOLUOHQLU��(NVHUML�ELU�VLVWHPLQ�oHYUH�KDOLQH�JHOLUNHQ�\DSDELOHFH÷L�HQ�ID]OD�
\DUDUOÕ� LúWLU�>�@��(QHUMLQLQ�WHUVLQH�HNVHUML�NRUXQPD]��(NVHUMLQLQ�YHULP�ND\EÕQÕQ�JHUoHN�|Oo�V��
SURVHVWH�ND\ERODQ�HNVHUML�PLNWDUÕ�YH�\HULGLU�� 
 

.XUX�KDYDQÕQ�HNVHUMLVL�JHQHO�RODUDN�GHQNOHP�������¶GD�J|VWHULOGL÷L�JLELGLU� 
 

���Z�OQ753
3OQ757

7OQ�7
77FH ��D

�
�D

��
�D�SW 






 +++








−−=

−−−

 

 

Saf maddenin fiziksel ekserjisi ise genel olarak; 

 

( ) ( )��� VV7KKH −−−=         (7.1) 

 

úHNOLQGH� YHULOLU� �dHQJHO�YG��� �������%XUDGD�K0 ve s0� ELU�PDGGH�DNÕPÕQÕQ� ÕVÕ� ND\QD÷Õ� RODUDN�
kabul edilen T0�VÕFDNOÕ÷ÕQGDNL�HQWDOSL�YH�HQWURSL�GH÷HUOHULGLr.  
 

7RSODP�HNVHUML�DNÕVÕ� 
 

HP( ×=           (7.2) 

 

øNLQFL� DGÕPGD� VLVWHPLQ� HNRQRPLN� RODUDN� LQFHOHPHVL� \DSÕOÕU�� 3DUDVDO� JLGHUOHU� LoLQ� DúD÷ÕGDNL�
HúLWOLNOHU�\D]ÕODELOLU��%HMDQ�YG���������� 
 

%LU�GH÷HUH�JHWLULOPLú�G�]HOWPH�IDNW|U��N� 
 

HII
Q

L�
U�N

+
+

=           (7.3) 
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$QDSDUD�JHUL�ND]DQÕP�IDNW|U��&5)� 
 

( )
( ) �L�

L�L&5) Q
HII

Q
HIIHII

−+

+
=          (7.4) 

 

Eskalasyon düzeltme faktörü CELF; 

 

( )&5)N�
N�N&(/)

Q

−
−

=         (7.5) 

 

%LU�GH÷HUH�JHWLULOPH�IDNW|U��0� 
 

LU�
&(/)0

+
=           (7.6) 

 

Bir dH÷HUH�JHWLULOPLú�SDUDVDO�JLGHU�=� 
 

( )0=== Lú\DW +=          (7.7) 

 

dHYUHVL\OH� ÕVÕ�� Lú� YH\D� PDGGH� DOÕúYHULúLQGH� EXOXQDQ� VLVWHPOHUGH� \RN� HGLOHQ� HNVHUML� YHULP�
ND\EÕQD�\RO�DoDU��%X�ND\EÕQ�SDUDVDO�RODUDN�QH�NDGDU�RODFD÷ÕQÕ�EXOPDOÕ\Õ]� 
 

(NVHUML�DNÕVÕQÕQ�IL\DWÕ�&��ELULP�HNVHUML�IL\DWÕ�LOH�HNVHUML�DNÕVÕQÕQ�oDUSÕPÕGÕU� 
 

HPF(F& ××=×=          (7.8) 

 

Herhangi bir komponent için maliyet denge denklemi; 

 

∑ ∑ ++=+ JLULúJLULúTZoÕNÕú =&&&&       (7.9) 

 

\D]ÕODELOLU��%HMDQ�YG��������� 
 

6LVWHPLQ�KHUKDQJL�ELU�HOHPDQÕ�LoLQ�ELULP�]DPDQGD�\RN�HGLOHQ�HNVHUML�PLNWDUÕ�(k; 
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oÕNÕúJLULúN ((( −=          (7.10) 

∑ ∑∑ −+−





 −=

oÕNÕú
oÕNÕúoÕNÕú

JLULú
JLULúJLULú

�
N HPHP:47

7�(     (7.11) 

$\UÕFD�(k; 

 

/'N ((( +=          (7.12) 

 

úHNOLQGH� LIDGH� HGLOLU�� %XUDGD� (L� VÕFDNOÕN� ND\EÕ� RODQ� HOHPDQGDNL� ND\ÕS� HNVHUML� DNÕVÕQÕ�� (D 

WHUVLQPH]OLNOHU�QHGHQL\OH�W�NHWLOHQ�YH�EDúND�KLoELU�\HUGH�NXOODQÕOPD\DQ�WDKULS�RODQ�HNVHUML\L�
ifade eder. ED��QLWH\H�JLUHQ�HNVHUMLQLQ�oÕNDQ�HNVHUML\H�RODQ�IDUNÕGÕU��(L ise ünitedeki kütlesel 

GHELQLQ�HNVHUML�DNÕVÕ\OD�oDUSÕPÕGÕU� 
 

oÕNÕúJLULú' ((( −=          (7.13) 

HP( / ×=           (7.14) 

 

7DKULS�RODQ�YH�ND\ÕS�HNVHUML�DNÕVÕQÕQ�IL\DWODUÕ�VÕUDVÕ\OD�&D ve CL; 

 

''' (F& ×=           (7.15) 

/// (F& ×=           (7.16) 

 

úHNOLQGH� LIDGH� HGLOLU�� %XUDGD� FD tahrip olan HNVHUMLQLQ� ELULP� HNVHUML� IL\DWÕQÕ�� FL� LVH� ND\ÕS�
HNVHUMLQLQ�ELULP�HNVHUML�IL\DWÕQÕ�LIDGH�HGHU� 
 

Tahrip olan ekserji (ED��JHQHOOLNOH�VLVWHPLQ�E�W�Q��QLWHOHULQGH�EXOXQXU��'L÷HU� WDUDIWD��ND\ÕS�
ekserji (EL��VDGHFH�VÕFDNOÕ÷ÕQ�GH÷LúWL÷L��QLWHOHUGH�EXOXQXU��7DKULS�RODQ�HNVHUMLQLQ�RUDQÕ� '\  ve 

ND\ÕS�HNVHUML�RUDQÕ� /\ �EX�GH÷HUOHU�\DUGÕPÕ\OD�KHVDSODQÕU� 
 

N
'

' (
(\ =           (7.17) 

N
/

/ (
(\ =           (7.18) 
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3DUDVDO�JLGHUOHU�LNL�JUXS�DOWÕQGD�WRSODQDELOLU��%LULQFLVL��HNVHUML�KDULFL��\DWÕUÕP��LúOHWPH��EDNÕP�
RQDUÕP�� PDVUDIODUÕ�� LNLQFLVL� LVH� \RN� HGLOHQ� HNVHUMLQLQ� SDUDVDO� JLGHULGLU�� %LU� �QLWH\L�
GH÷HUOHQGLULUNHQ� EXQODUGDQ� KDQJLVLQLQ� GDKD� D÷ÕUOÕNOÕ� ROGX÷XQX� ELOPHN�� R� �QLWHQLQ�
L\LOHúWLULOHELOPHVL� LoLQ� QHUH\H� RGDNODQÕOPDVÕ� JHUHNWL÷LQL� J|VWHULU�� %X� GH÷HUOHQGLUPH� NULWHUL�
WHUPRHNRQRPLN� �H[HUJRHNRQRPLN�� IDNW|UG�U�� I� LOH� J|VWHULOLU� YH� DúD÷ÕGDNL� JLEL� WDQÕPODQÕU�
(Bejan vd., 1996); 

( )/') ((F=
=I

++
=          (7.19) 

 

7HUPRHNRQRPLN� IDNW|U�Q� QLVSHWHQ� E�\�N� GH÷HUOHUL�� HOH� DOÕQDQ� �QLWHQLQ� SDUDVDO� JLGHUOHULQLQ�
D÷ÕUOÕNOÕ�RODUDN�\DWÕUÕP�� LúOHWPH�PDVUDIODUÕQGDQ�ND\QDNODQGÕ÷ÕQÕ�J|VWHULU��hQLWHQLQ�YHULPLQLQ�
\�NVHOWLOPH\H�oDOÕúÕOPDVÕ�SHN�GH�JHUoHNoL�ROPD\DFDNWÕU��.�o�N�I�GH÷HUOHUL� LVH�EXQXQ� WHUVLQL�
J|VWHULU��<DWÕUÕP�YH�LúOHWPH�PDVUDIODUÕQÕ�DUWWÕUPDN�SDKDVÕQD�GD�ROVD�\�NVHN�YHULPOL�HNLSPDQODU�
seçilmelidir. 
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���%ø5�9$.80�,6,/�øù/(0�2&$ö,1,1�7(502(.2120ø.�$1$/ø=ø� 
 

����,VÕWPD�3URVHVL� 
 

9DNXP� RFD÷ÕQGD�PDO]HPHQLQ� VHUWOHúHELOPHVL� LoLQ� VHUWOHúWLUPH� VÕFDNOÕ÷ÕQD� �EX� VÕFDNOÕN�+66�
malzemelerGH� �����&¶GLU�� JHOPHVL� JHUHNPHNWHGLU�� ,VÕWPD� LúOHPLQL� JHUoHNOHúLUNHQ� D\QÕ�
]DPDQGD� RUWDPGD� EXOXQDQ� YH� NRUR]\RQ� HWNLVL� \DSDQ� RNVLMHQ� YH� GL÷HU� JD]ODUGD� � YDNXP�
SRPSDVÕ� \DUGÕPÕ\OD� HPLOLU�� %HOOL� ELU� V�UH� VRQUD� RUWDPGD� YDNXP� RUWDPÕ� ROXúXU�� %X� \�]GHQ�
GROD\Õ� ÕVÕWPD� SURVHVL� LNL� DúDPDGDQ� ROXúPDNWDGÕU�� %XQODUGDQ� ELULQFLVL� ����&¶\H� NDGDU�
NRQYHNVL\RQ�YH�UDG\DV\RQ��LOH�ÕVÕ�WUDQVIHUL��LNLQFLVL�LVH�����&¶GHQ������&¶\H�NDGDU�UDG\DV\RQ�
LOH�ÕVÕ�WDUQIHULGLU� 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ùHNLO������9DNXP�2FD÷ÕQÕQ�ùHPDWLN�*|VWerimi 

 

,VÕWPD� SURVHVLQGH� �� DQD� HOHPDQGDQ� ROXúPDNWDGÕU�� %X� HOHPDQODU�� ÕVÕO� LOHWNHQOL÷L� ID]OD� RODQ�
JUDILW� LOH� NDSODQPÕú� ÕVÕWÕFÕ� ����� RFDNWDNL� RNVLMHQ� YH� JD]ODUÕQ� HPLOPHVLQH� \DUD\DQ� YDNXP�
SRPSDVÕ�YH�NRQYHNVL\RQ�LOH�ÕVÕWPD�VÕUDVÕQGD�GHYUH\H�JLUHQ�IDQ���GÕU� 
 

 

 

1 

2 

3 
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8.1.1 ,VÕWPD�øoLQ�(NVHUML�.D\ÕSODUÕ 
 

 

 

 

 

 

 

 

 

ùHNLO����  9DNXP�2FD÷ÕQÕQ�ùHPDWLN�*|VWHULPL 
 

1. Ocak: 

 

9DNXP�RFD÷Õ�����&¶\H�NDGDU�NRQYHNVL\RQ�YH�UDG\DV\RQ��LOH�ÕVÕWPD�\DSPDNWDGÕU� 
,VÕWÕFÕGDQ� ÕVÕO� LúOHP� J|UHFHN� PDO]HPH\H� JHOHQ� UDG\DV\RQ� için radyasyon ekserjisi 

denklemlerinden (4.25)  ve (4.26)  

 







−






+=ψ

T

T

3

4

T

T

3

1
1 0

4

0  

 
Erad  �%�4rad 

 

Radyasyon için; 

 

 

 

 

 

 

 

 

 

ùHNLO����  5DG\DV\RQ�LoLQ�RFDN�J|U�Q�ú� 

 

9DNXP�3RPSDVÕ 
2

3 

����������������,VÕWÕFÕ� 
Fan                                 

   
 

 

�,VÕWÕFÕ������������������ 

,VÕO�LúOHP�\�]H\L�������� 

T1 = 923 K 
01 = 0,71 ( grafit için bejan 1996 ) 
A1 = 0,54 m2 

T2 = 306 K 
02 = 0,40 ( çelik için bejan 1996 ) 
A2 = 0,54 m2 

1 
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3DUDOHO�LNL�OHYKD�DUDVÕQGDNL�ÕúÕQÕPOD�ÕVÕ�JHoLúL�GHQNOHP��������GHQ 

( )

22

2

12111

1

4
2

4
1

1rad

A

1

FA

1

A

1

TT
Q

ε
ε−

++
ε

ε−
−σ

=  

 

( )

54,0x40,0

40,01

1x54,0

1

54,0x71,0

71,01

30692310x67,5
Q

448

1rad −
++

−
−

=
−

 

 

=1radQ 7,551 kW 

 







−






+=ψ

923

306

3

4

923

306

3

1
1

4

 

=ψ 0,563 

 

Radyasyon ekserjisi 

Erad1  �%�4rad 

Erad1 = 0,563 x 7,551  

Erad1 =4,258 kW 

 

,VÕO�LúOHP�J|UHFHN�PDO]HPH\H�NRQYHNVL\RQ�LOH�JHOHQ�ÕVÕQÕQ�HNVHUMisi 

 

 

 

 

 

 

 

 

ùHNLO����  .RQYHNVL\RQ�øoLQ�2FDN�*|U�Q�ú� 

 

 

 

 

T2 = 306 K 

U� = 20 m/s 
T1  = 923 K   

0,9 m 
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.RQYHNVL\RQ�LoLQ�HNVHUML�ED÷ÕQWÕVÕ denklem (4.33)den 

 









−=

1

0
konkon

T

T
1QE  

 

%LU�OHYKD�LoLQ�OHYKD\D�WDúÕQÕOPD�ÕVÕ�JHoLú�1HZWRQ�VR÷XPD�\DVDVÕQGDQ 

)TT(AhQ 21kon −=  

úHNOLQGH�\D]ÕODELOLU� 
 

)OLP�VÕFDNOÕ÷Õ�RODUDN�DGODQGÕUÕODQ�7f�RUWDODPD�ELU�VÕFDNOÕN�KHVDSODQÕU� 

2

TT
T 21

f

+
=  

K614
2

306923
Tf =

+
=  

 

Tf�VÕFDNOÕ÷ÕQD�J|UH�KDYD�LoLQ�|]HOOLNOHU 

6864,0Pr

Km/W10x67,47k

s/m10x79,54

23

26

=

=

=ν
−

−

 

 

ÕQ'h KHVDSODQPDVÕ� LoLQ� X\JXQ� WDúÕQÕP� ED÷ÕQWÕVÕQÕQ� EHOLUOHQPHGHQ� |QFH� UH\QROGV� VD\ÕVÕ�
EXOXQPDOÕGÕU� 

ν
= ∞LU

ReL  

6L
10x79,54

9,0x20
Re −=  

=LRe 328527 < 5 x 105�ROGX÷XQGD�ODPLQHU�DNÕP 

/DPLQHU�DNÕP�LoLQ�X\JXQ�ED÷ÕQWÕ 
3/12/1

LL PrRe664,0uN =    

3/12/1
L 6864,0x328527x664,0uN =  

72,335uN L =  
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%X�GXUXPGD�RUWDODPD�WDúÕQÕP�NDWVD\ÕVÕ 

L

kuN
h L=  

9,0

10x67,47x72,335
h

3−

=  

Km/W78,17h 2=  

 

%|\OHFH�NRQYHNVL\RQ�LOH�JHoHQ�ÕVÕ�PLNWDUÕ 
)TT(AhQ 21kon −=  

)306923(x54,0x78,17Qkon −=  

kW923,5Qkon =  

 

KonveksL\RQ�LoLQ�HNVHUML�ED÷ÕQWÕVÕ 









−=

1

0
konkon

T

T
1QE  









−=

923

306
1923,5E kon  

=konE 3,95 kW 

 

6LVWHP�����&¶GHQ������&¶\H�NDGDU�UDG\DV\RQ�LOH�ÕVÕWPD�\DSPDNWDGÕU��5DG\DV\RQ�LoLQ�HNVHUML�
ND\EÕ�LIDGHOHUL� 
 







−






+=ψ

T

T

3

4

T

T

3

1
1 0

4

0  

 
Erad  �%�4rad 
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Radyasyon için; 

 

 

 

 

 

 

 

 

 

 

 ùHNLO����  5DG\DV\RQ�LoLQ�RFDN�J|U�Q�ú� 

   

 

( )

22

2

12111

1

4
2

4
1

2rad

A

1

FA

1

A

1

TT
Q

ε
ε−

++
ε

ε−
−σ

=  

 

( )

54,0x40,0

40,01

1x54,0

1

54,0x71,0

71,01

673147310x67,5
Q

448

2rad −
++

−
−

=
−

 

 

=2radQ 42,551 kW 

 







−






+=ψ

1473

306

3

4

1473

306

3

1
1

4

 

=ψ 0,724 

 

Radyasyon ekserjisi 

Erad2  �%�4rad 

Erad2 = 0,724 x 42,551  

Erad2 =30,832 kW 

 

 

�,VÕWÕFÕ������������������ 

,VÕO�LúOHP�\�]H\L�������� 

T1 = 1473 K 
01 = 0,71 ( grafit için bejan 1996 ) 
A1 = 0,54 m2 

T2 = 923 K 
02 = 0,40 ( çelik için bejan 1996 ) 
A2 = 0,54 m2 
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,VÕO�LúOHP�J|UHQ�PDO]HPH\H�JHOHQ�WRSODP�HNVHUML� 
EWÕRS= Erad1 +Ekon + Erad2 

EWÕRS= 4,258 + 5,9 + 30,832 

EWÕRS=35,095 kW 

 

���1RNWDVÕ� 

%X�QRNWD�RFDNWDQ�oÕNDQ�KDYDQÕQ�YDNXP�SRPSDVÕQD�JLUGL÷L�QRNWDGÕU�� 

 

.XUX�KDYDQÕQ�HNVHUjisi genel denklemi (3.70) den  

   w1lnTR
P

P
lnTR

T

T
ln1

T

T
Tce 00a

0

0a

00

0a,pt 







+++








−−=  

%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL� 
 

 

 

 

 

 

( )

kg/kj823,2e

032674,01lnx306x287,0
285,101

285,101
lnx306x287,0

306

306
ln1

306

306
306x005,1e

1

1

=

+++





 −−=

 

���1RNWDVÕ� 

%X�QRNWD�RFDNWDQ�oÕNDQ�KDYDQÕQ�YDNXP�SRPSDVÕQD�JLUGL÷L�QRNWDGÕU�� 

 

.XUX�KDYDQÕQ�HNVHUMLVL�JHQHO�GHQNOHPL  (3.70) 

   w1lnTR
P

P
lnTR

T

T
ln1

T

T
Tce 00a

0

0a

00

0a,pt 







+++








−−=  

 

 

T0 =306 K P0 = 101.285 kPa 

T1= 306 K P1=101,285 kPa 

cpa= 1,005 kj/kgK Ra = 0.287 kj/kgK 

w0=0.032674  
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%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL� 
 

 

 

 

 

 

( )

kg/kj01,672e

032674,01lnx306x287,0
285,101

0005,0
lnx306x287,0

306

923
ln1

306

923
306x126,1e

2

2

=

+++





 −−=

 

���1RNWDVÕ� 

%X�QRNWD�RFDNWDQ�oÕNDQ�KDYDQÕQ�YDNXP�SRPSDVÕQD�oÕNWÕ÷Õ�QRNWDGÕU�� 
.XUX�KDYDQÕQ�HNVHUMLVL�JHQHO�GHQNOHPL  (3.70) 

   w1lnTR
P

P
lnTR

T

T
ln1

T

T
Tce 00a

0

0a

00

0a,pt 







+++








−−=  

%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL� 
 

 

 

 

 

( )

kg/kj175,112e

032674,01lnx306x287,0
285,101

5,0
lnx306x287,0

306

1123
ln1

306

1123
306x163,1e

3

3

=

+++





 −−=

 

Çizelge 8.1 ,VÕWPD��6LVWHPGHNL�1RNWDODUÕQ�)L]LNVHO�'H÷HUOHUL 

 

T0 =306 K P0 = 101.285 kPa 

T2= 923 K P2=0,5 Pa 

cpa= 1,126 kj/kgK Ra = 0.287 kj/kgK 

w0=0.032674  

T0 =306 K P0 = 101.285 kPa 

T3= 1123 K P3=0,5 kPa 

cpa= 1,163 kj/kgK Ra = 0.287 kj/kgK 

w0=0.032674  

 T (K) P (kPa) cpa (kj/kgK) e (kj/kg) m (kg/s) E (kj/s) 

1 306 101,285 1,005 2,823 3,7 10,44 

2 923 0,005 1,126 672,01 3,7 2486,4 

3 1123 0,005 1,163 112,175 3,7 415,04 
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8.1.2 Exergoekonomik Analiz 

 

7HVLV�|PU��Q� ����\ÕO��J�QO�N�oDOÕúPD�VDDWL�����IDL]�RUDQÕ��Ui������HVNDODV\RQ�RUDQÕ��Un) %4, 

JHUL� |GHPH� RUDQÕ� �Leff) %6 kabul edilirse parasal giderler için Bejan, Tsatsoronis ve Moran 

������¶ÕQ�NLWDEÕQGDQ�\DUDUODQÕODUDN�KHVDSODPD�\DSÕOÕU� 
 

Bu YDNXP�RFD÷Õ�LoLQ�GH÷HUOHUL�KHVDSODUVDN� 
 

   CRF = 087.0
1-)06.01(

)06.01(06.0
20

20

=
+

+
 

 

   98.0
06.01

04.01
=

+
+

=k  

 

   416,1087.0
98.0-1

)98.0-1(98.0 20

==CELF  

 

   374,1
03.01

416.1
=

+
=M    olarak bulunur. 

 

 

 

1.Ocak  

 

 

 

 

 

 

 

ùHNLO���� 2FD÷ÕQ�ùHPDWLN�*|U�Q�P� 

 

 

 

 

            Wfan         WÕVÕWÕFÕ 
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%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = Zocak + Zfan + ZÕVÕW+ ZGKP + ZLú 

 

Zyat  = 125.000 + 1750 +25.000 +1.611 + 1.111 

 

Zyat  = 154.472 $ 

 

ZLúOHW =Zocak + Zfan + Zser + Zper + Zver 

 

ZLúOHW = 31.104 + 760,32 + 222 + 333 + 2.015 

 

ZLúOHW� ���������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
36512

34434

3651220

154472
×





×
+

××
 

 

Z = 13,22 $/h 

 

2FDN�LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
C1 + CW  + Z = C2 + Ctras 

c1E1 + cw(Ewfan + EZÕVÕWÕFÕ) + Z =c2E2 + cwEtop       c1=0 

0.10,44 +0,1(2,2 + 90 ) +13,22 = c2 x 2486,4 + 0,1 x 35,095 

c2 =0,075 $/gj 

 

Tahrip olan ekserji; 

EDocak = E1 –E2+Wfan+WÕVÕWÕFÕ 
EDocak = 10,44-2486 + 2,2+ 90 kW 

EDocak = - 2383,36 kW 

 

Tahrip olan ekserjinin maliyeti 

C Dkomp1 = 0,1EDocak 
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C Dkomp1 = 0,1 x 2383,36 

C Dkomp1 = 238,336 $ / h 

 
.D\ÕS�HNVHUML� 

topLocak EE =  

kW095,35ELocak =  

 
.D\ÕS�HNVHUMLQLQ�PDOL\HW� 

h/$ 5095,3C

095,35x1,0EcC

Locak

LocakLLocak

=

==
 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

985,0
455,2418

36,2383

E

E
y

Top

Docak

Docak ===  

 

.D\ÕS�RODQ�HNVHUML�RUDQÕ� 

015,0
2418,455

2383,36

E

E
y

Top

Locak

Locak ===  

 

Termoekonomik faktör; 

051,0f

)455,2418(1.022,13

22,13
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

2.9DNXP�SRPSDVÕ 
 

 

 

 

 

ùHNLO���� 9DNXP�3RPSDVÕQÕQ�ùHPDWLN�*|U�Q�P� 

 

 

9DNXP�3RPSDVÕ 
2 

3 
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%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  =Zvakum + ZGKP + ZLú 

 

Zyat  = 2.000 + 1.611 + 1.111 

 

Zyat  = 4722 $ 

 

ZLúOHW =Zvakum + Zser + Zper + Zver 

 

ZLúOHW = 1.036 + 222 + 333 + 2.015 

 

ZLúOHW� �������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
36512

3606

3651220

4722
×





×
+

××
 

 

Z = 1,204 $/h 

 

9DNXP�SRPSDVÕ�LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
C2 + CW + Z = C3 

c2E2 + cwEw + Z = c3E3 

0,075 x 2486,4 + 0,1 x 3 + 1,204 = c3 x 415,04  

c3 = 4,49 $/gj    

    

Tahrip olan ekserji; 

EDvakum = E2 –E3+Wvakum 

EDvakum =2486 – 415,04 + 3 

EDvakum = 2074 kW 
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Tahrip olan ekserjinin maliyeti; 

C Dvakum = cDEDvakum 

C Dvakum = 0,1 x 2074 

C Dvakum = 207,4 $ / h 

 
.D\ÕS�HNVHUML� 

kW04,415E

175,112x7,3E

)e(mE

Lvakum

Lvakum

3havaLvakum

=

=

=

 

 

.D\ÕS�HNVHUMLQLQ�PDOL\HWL� 

h/$ 504,41C

04,415x1,0EcC

Lvakum

LvakumLLvakum

=

==
 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

833,0
04,2489

2074

E

E
y

Top

Dvakum

Dvakum ===  

 

.D\ÕS�RODQ�HNVHUML�RUDQÕ� 

167,0
2489,04

415,04

E

E
y

Top

Lvakum

Lvakum ===  

 

Termoekonomik faktör; 

0048,0f

)04,2489(1.0204,1

204,1
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=
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Çizelge 8.2 Sistemdeki nokWDODUÕQ�IL]LNVHO�GH÷HUOHUL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tahrip 
olan 

ekserji 
ED (kW) 

.D\ÕS 
ekserji 

EL 
(kW) 

Tahrip 
olan 

ekserji 
RUDQÕ 
YD 
(%) 

.D\ÕS 
ekserji 
RUDQÕ 
YL 
(%) 

Bir 
GH÷HUH�

JHWLULOPLú�
\ÕOOÕN�

toplam 
GH÷HU 

Z ($/h) 

Tahrip 
olan 

ekserjinin 
maliyeti 
CD ($/h) 

.D\ÕS�
ekserjinin 
maliyeti 
CL ($/h) 

Termo 
ekonomik 

faktör 
f (%) 

Ocak -2383,36 35,095 0,985 0,015 13,22 238,336 3,5095 0,051 

Vakum 
SRPSDVÕ 2074 415,04 0,833 0,167 1,204 207,4 41,504 0,0048 
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8.2 Su Verme ( Quenching) Prosesi  

 

6HUWOHúWLUPH� \DSÕODFDN� PDO]HPH� VHUWOHúWLUPH� VÕFDNOÕ÷ÕQD� JHOGLNWHQ� VRQUD�� VHUWOLN� GH÷HULQL�
kazanabilmHVL�LoLQ�NRQWURO�DWÕQGD�VR÷XWXOPDVÕ�JHUHNPHNWHGLU��%X�VR÷XWPD�LúOHPL�D]RW�JD]Õ�LOH�
JHUoHNOHúWLULOLU�� 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ùHNLO����  6X�YHUPH���4XHQFKLQJ���SURVHVL�úHPDWLN�J|VWHULPL 
 

Su verme�SURVHVLQGH��D]RW����QROX�NRPSUHV|U�YDVÕWDVÕ�LOH�RFD÷ÕQ�IDQÕQD�JHOLU��)DQ�\DUGÕPÕ\OD�
RFDN� LoHULVLQGH� KRPRMHQ� RODUDN� GRODúDQ� D]RW� JD]Õ� ÕVÕQGÕ÷Õ� LoLQ� VR÷XWXOXU�� %X� VR÷XWPD�
VÕUDVÕQGD� 5���D� LOH� oDOÕúDQ� ELU� NDGHPHOL� EXKDU� VÕNÕúWÕUPDOÕ� ELU� VR÷XWPD� VLVWHPL�
kullanÕOPDNWDGÕU�� � ,VÕQDQ� D]RW� � EXKDUODúWÕUÕFÕGDQ� JHoHUHN� LVWHQLOHQ� VÕFDNOÕN� GH÷HULQH� XODúÕU��
,VÕQDQ� 5���D� JD]Õ� LVH� NRPSUHV|UGHQ� JHoWLNWHQ� VRQUD� \R÷XúWXUXFXGD� WHNUDU� VR÷XWXOXU�� 6RQ�
ROUDN�NÕVÕOPD�YDOILQGHQ�JHoHUHN�oHYULPL�WDPDPODU� 
 

%X�SURVHV�JHUoHNOHúLUNHQ�RUWDP�VÕFDNOÕ÷Õ����&�YH�RUWDP�EDVÕQFÕ���������N3D�DOÕQPÕúWÕU�� 

12 

Fan 

4 
 

5 

Ocak 
1 

2 3 

Azot 
7DQNÕ� Kompresör 1 

5 4 
 

.ÕVÕOPD�YDOIL 

9 

<R÷XúWXUXFX 

8 

6 

7 

10 

%XKDUODúWÕUÕFÕ 

Kompresör 2 

Azot 
Hava 
R134a 11 
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8.2.1�6X�9HUPH�øoLQ�(NVHUML�.D\ÕSODUÕ 
 

 

Çizelge 8.3 6R÷XWPD��6LVWHPGHNL�1RNWDODUÕQ�)L]LNVHO�'H÷HUOHUL 

 

ùHNLO� ���� GH� HOH� DOGÕ÷ÕPÕ]� VX� YHUPH� SURVHVLQLQ� LúOH\LúL� J|VWHULOPLúWLU�� %X� VLVWHP� �]HULQGH�
EHOLUOHGL÷LPL]�QRNWDODUÕQ�HNVHUML�ND\ÕSODUÕQÕ�KHVDSOD\DFD÷Õ]�� 
 

��1RNWDVÕ�LoLQ� 
 

%X�QRNWD�D]RW�JD]ÕQÕQ���¶QROX�NRPSUHV|UH�JLUGL÷L�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306  K    T1 =  220 K   

h0 = 76,5 kj / kg   h1 = 225,77 kj/kg 

s0 = 0,2887  kj / kgK   s1 = 5,9837 kj/kgK 

     P1 = 600 kPa 

 
6ÕFDNOÕN 

T,(K) 
Entalpi 

h,( kj / kg) 
Entropi 

s,(kj / kgK) 
%DVÕQo 

P,(KPa) 

1 220 225,77 5,9837 600 

2 238 254,73 5,9789 800 

3 253 259,37 5,9775 1000 

4 345,8 357,44 6,3229 1000 

5 238 254,73 5,9789 800 

6 277 245,512 0,9490 176,8 

7 383 352,4 1,2345 320 

8 330 282,2 1,2690 300 

9 261 282,2 1,3160 186,6 

10 347 347,04 1,8480 101.285 

11 306 76,5 0,2887 101.285 

12 306 317,40 6,8658 101.285 
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%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e1 = (  h1-h0)- T0(s1-s0) 

e1 = (225,77- 76,5) – 306 (5,9837- 0,2887) 

e1 = - 1593,4 kj /kg olarak bulunur. 

 

��1RNWDVÕ�LoLQ� 
 

%X�QRNWD�D]RWXQ��RFDN�LoLQGHNL�IDQD�JLUGL÷L�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306  K    T2 =  238 K   

h0 = 76,5 kj / kg   h2 = 254,73 kj/kg 

s0 = 0,2887  kj / kgK   s2 = 5,9789 kj/kgK 

     P2 = 800 kPa 

 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e2 = (  h2-h0)- T0(s2-s0) 

e2 = ( 254,73 – 76,5) – 306( 5,9789- 0,2887 ) 

e2 = - 1562,97 kj /kg olarak bulunur. 

 

 

3.NRNWDVÕ�LoLQ� 
 

%X�QRNWD��D]RWXQ�IDQGDQ�RFDN�LoLQH�GD÷ÕOGÕ÷Õ��QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306 K    T3 =  253 K   

h0 = 76,5 kj / kg   h3 = 259,37 kj/kg 

s0 = 0,2887  kj / kgK              s3 = 5,9775 kj/kgK 

     P3 = 1000 kPa 
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Buradan,�������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e3 = (  h3-h0)- T0(s3-s0) 

e3 = ( 259,37 – 76,5 ) – 306( 5,9775-,0,2887 ) 

e3 = -1557,90 kj /kg olarak bulunur. 

 

��1RNWDVÕ�LoLQ� 
 

%X� QRNWD� D]RWXQ� VR÷XWPD� JUXEXQGDNL� EXKDODúWÕUÕFÕ\D� JLUGL÷L� QRNWDGÕU�%X� QRNWDQÕQ� IL]LNVHO�
özellikleri;  

 

T0 = 306 K    T4 =  345,8 K   

h0 = 76,5 kj / kg   h4 = 357,44 kj/kg 

s0 = 0,2887  kj / kgK   s4 = 6,3239 kj/kgK 

     P4 = 1000 kPa 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e4 = (  h4-h0)- T0(s4-s0) 

e4 = ( 357,44 – 76,5 ) – 306( 6,3239- 0,2887 ) 

e4 = - 1565,83 kj /kg olarak bulunur. 

 

��1RNWDVÕ�LoLQ� 
 

%X� QRNWD� D]RWXQ� EXKDUODúWÕUÕFÕGDQ� oÕNÕS� IDQD� WHNUDU� JLUGL÷L� QRNWDGÕU�� %X� QRNWDQÕQ� IL]LNVHO�
özellikleri;  

 

 

T0 = 306 K    T5 =  253 K   

h0 = 76,5 kj / kg   h5 = 254,73 kj/kg 

s0 = 0,2887  kj / kgK   s5 = 5,9789 kj/kgK 

     P5 = 800 kPa 
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%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e5 = (  h5-h0)- T0(s5-s0) 

e5 = ( 254,73 – 76,5) – 306( 5,9789- 0,2887 ) 

e5 = -1562,97 kj /kg olarak bulunur 

 

6.NRNWDVÕ�LoLQ� 
 

%X�QRNWD�D]RWX�VR÷XWPDN�LoLQ�NXOODQÕODQ�VR÷XWXFX�JD]ÕQ�EXKDUODúWÕUÕFÕGDQ��oÕNWÕ÷Õ�QRNWDGÕU��%X�
QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306 K    T6 =  277 K   

h0 = 76,5 kj / kg   h6 = 245,512kj/kg 

s0 = 0,2887  kj / kgK   s6 = 0,9490 kj/kgK 

     P6 = 176,8 kPa 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e6 = (  h6-h0)- T0(s6-s0) 

e6 = ( 245,512 – 76,5 ) – 306( 0,9490- 0,2887 ) 

e6 = -33,03 kj /kg olarak bulunur. 

 

��1RNWDVÕ�LoLQ� 
 

%X�QRNWD�VR÷XWPD�VR÷XWXFX�JD]ÕQ��¶QROX�NRPSUHV|UGHQ�oÕNWÕ÷Õ�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�
özellikleri;  

 

T0 = 306 K    T7 =  383 K   

h0 = 76,5 kj / kg   h7 = 352,4kj/kg 

s0 = 0,2887  kj / kgK   s7 = 1,2345kj/kgK 

     P7 = 320 kPa 

 

 

 



 73 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e7 = (  h7-h0)- T0(s7-s0) 

e7 = ( 352,4 – 76,5 ) – 306( 1,2345- 0,2887 ) 

e7 =  -13,51  kj /kg olarak bulunur. 

 

��1RNWDVÕ�LoLQ� 
 

%X�QRNWD�VR÷XWXFX�JD]ÕQ��\R÷XúWXUXFXGDQ�oÕNWÕ÷Õ�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306K    T8 =  261 K   

h0 = 76,5 kj / kg   h8 = 282,2 kj/kg 

s0 = 0,2887  kj / kgK   s8 = 1,2690 kj/kgK 

     P8 = 300 kPa 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e8 = (  h8-h0)- T0(s8-s0) 

e8 = ( 282,2 – 76,5 ) – 306( 1,2690- 0,2887 ) 

e8 =- 94,27 kj /kg olarak bulunur. 

 

 

��1RNWDVÕ�LoLQ� 
 

%X� QRNWD� VR÷XWXFX� DNÕúNDQÕQ� NÕVÕOPD� YDOILQGHQ� oÕNWÕ÷Õ� QRNWDGÕU�� %X� QRNWDQÕQ� IL]LNVHO�
özellikleri;  

 

T0 = 306 K    T9 = 261 K   

h0 = 76,5 kj / kg   h9 = 282,2 kj/kg 

s0 = 0,2887  kj / kgK   s9 =1,3160 kj/kgK 

     P9 = 186,6 kPa 
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Buradan, (�����GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e9 = (  h9-h0)- T0(s9-s0) 

e9 = (282,2 – 76,5 ) – 306( 1,3160 - 0,2887 ) 

e9 = -180,65 kj /kg olarak bulunur. 

 

 

���1RNWDVÕ�LoLQ� 
 

%X�QRNWD�KDYDQÕQ�\R÷XúWXUXFXGDQ�oÕNWÕ÷Õ�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]Hllikleri;  

 

T0 = 306 K    T10=  347 K   

h0 = 76,5 kj / kg   h10= 347,04 kj/kg 

s0 = 0,2887  kj / kgK   s10= 1,8480 kj/kgK 

     P10= 101,285 kPa 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e10 = (  h10-h0)- T0(s10-s0) 

e10 =  (347,04 – 76,5 ) – 306( 1,8480- 0,2887 ) 

e10 =- 206,60  kj /kg olarak bulunur. 

 

 

���1RNWDVÕ�LoLQ� 
 

%X�QRNWD�KDYDQÕQ�\R÷XúWXUXFX\D�JLUGL÷L�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306 K    T11 = 306 K   

h0 = 76,5 kj / kg   h11 = 76,5 kj/kg 

s0 = 0,2887  kj / kgK   s11 = 0,2887 kj/kgK 

     P11 = 101,285 kPa 
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%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\HULQH�NR\DUVDN� 
 

e11 = (  h11-h0)- T0(s11-s0) 

e11 = ( 76,5– 76,5 ) – 306( 0,2887- 0,2887 ) 

e11 = 0 kj /kg olarak bulunur. 

 

���1RNWDVÕ�LoLQ� 
 

Bu nokta azotun  RFDNWDQ�DWPRVIHUH�oÕNWÕ÷Õ�QRNWDGÕU��%X�QRNWDQÕQ�IL]LNVHO�|]HOOLNOHUL�� 
 

T0 = 306 K    T12 = 306 K   

h0 = 76,5 kj / kg   h12 = 317,409 kj/kg 

s0 = 0,2887  kj / kgK   s12 = 6,8658 kj/kgK 

     P12 = 101,285 kPa 

 

%XUDGDQ��������GHQNOHPLQGHQ�JHUHNOL�GH÷HUOHUL�\Hrine koyarsak; 

 

e12 = (  h12-h0)- T0(s12-s0) 

e12 = (317,40– 76,5 ) – 306( 6,8658- 0,2887 ) 

e12 = -1171,68 kj /kg olarak bulunur. 
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Çizelge 8.4 �6LVWHPGHNL�QRNWDODUÕQ�IL]Lksel�GH÷HUOHUL��HNVHUHMLOHUL�KHVDSODQPÕú� 

 

 

8.2.2�6X�9HUPH�øoLQ Exergoekonomik Analiz 

 

7HVLV�|PU��Q� ����\ÕO��J�QO�N�oDOÕúPD�VDDWL����IDL]�RUDQÕ��Ui������HVNDODV\RQ�RUDQÕ��Un) %4, geri 

|GHPH� RUDQÕ� �Leff) %6 kabul edilirse parasal giderler için Bejan, Tsatsoronis ve Moran 

������¶ÕQ�NLWDEÕQGDQ�\DUDUODQÕODUDN�KHVDSODPD�\DSÕOÕU� 
 

Bu YDNXP�RFD÷Õ�LoLQ�GH÷HUOHUL�KHVDSODUVDN� 
 

   CRF = 087.0
1-)06.01(

)06.01(06.0
20

20

=
+

+
 

 

   98.0
06.01

04.01
=

+
+

=k  

 T (K) P (kPa) h  (kj/kg) s (kj/kgK) e (kj/kg) m (kg/s) E (kj/s) 

1 220 600 225,77 5,9837 1593,40 0,437 696,316 

2 238 800 254,73 5,9789 1562,97 0,437 683,018 

3 253 1000 259,37 5,9775 1557,90 0,437 680,802 

4 345,8 1000 357,44 6,3229 1565,83 0,437 684,268 

5 238 800 254,73 5,9789 1562,97 0,437 683,018 

6 277 176,8 245,512 0,9490 33,03 0,828 27,349 

7 383 320 352,4 1,2345 13,51 0,828 11,186 

8 330 300 282,2 1,2690 94,27 0,828 78,056 

9 261 186,6 282,2 1,3160 180,65 0,828 149,578 

10 347 101,285 347,04 1,8480 206,60 3,1 640.,460 

11 306 101.285 76,5 0,2887 0 0 0.,000 

12 306 101.285 317,40 6,8658 1171,68 0,437 512,024 
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   416,1087.0
98.0-1

)98.0-1(98.0 20

==CELF  

 

   374,1
03.01

416.1
=

+
=M    olarak bulunur. 

 

,QFHOHQHQ� VX� YHUPH� SURVHVL� �� HOHPDQGDQ� ROXúPDNWDGÕU�� %XQODU�� NRPSUHV|U� ��� IDQ�� RFDN��
EXKDUODúWÕUÕFÕ��\R÷XúWXUXFX��NRPSUHV|U���YH�NÕVÕOPD�YDOILGLU� 
 

 

 

Kompresör 1 : 

 

 

 

 

 

 

ùHNLO���� .RPSUHV|U��¶LQ�ùHPDWLN�*|U�Q�P� 

 

 

 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = Zkomp1 + ZGKP + ZAzot + Ztank + ZLú 

 

Zyat  = 16.000 + 1.611 +1000 + 2833 + 1.111 

 

Zyat  = 22.555 $ 

 

ZLúOHW =Zkomp1 + Zser + Zper + Zver-si 

 

ZLúOHW = 12.672 + 222 + 333 + 2023,6 

 

1 

2 
W 
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ZLúOHW� �����������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

242.15

365820

555.22
×





×
+

××
 

 

Z = 7,702 $/h 

 

.RPSUHV|U���LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
C1 + CW + Z = C2 

c1E1 + cwEw + Z =c2E2     

c1 =62,38 $/gj 

6,38 x 696,316 + 0,1 x 55 +7,702 = c2 x 683,018 

c2 =17,788 $/gj 

 

Tahrip olan ekserji; 

EDkomp1 = E1 – E2+Wkomp1 

EDkomp1 = 696,316 – 683,018 + 55  

EDkomp1 = 68,29  kW 

 

Tahrip olan ekserjinin maliyeti; 

C Dkomp1 = cD .EDkopm1 

C Dkomp1 = 0,1 x 68,29  

C Dkomp1 = 6,829 $ / h 

 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

5,0
29,68

29,68

E

E
y

Top

Dkomp1

D 1komp
===  
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Termoekonomik faktör; 

 

53,0f

)29,68(1.0702,7

702,7
f

)E(cZ

Z
f

DF

=

×+
=

+
=

 

 

Fan : 

 

 

 

 

 

 

 

 

 

ùHNLO�����  )DQ¶LQ�ùHPDWLN�*|U�Q�P� 

 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = ZFan + ZGKP + ZAzot + Ztank + ZLú 

 

Zyat  = 3.500 + 1.611 +1000 + 2833 + 1.111 

 

Zyat  = 8.945$ 

 

ZLúOHW =ZFan + Zser + Zper + Zver-si 

 

ZLúOHW =1276+ 222 + 333 + 2023,6 

 

ZLúOHW� �������\ÕO 
 

2 

3 

5 

W 
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Z= (Zyat  +  ZLúOHW )M 

Z= 374,1
3658

3845

365820

8945
×





×
+

××
 

 

Z =2,024 $/h 

 

)DQ��LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
C2 + C5 + CW + Z= C 

c2E2 + c5E5 + cwEw + Z =c3E3  

17,778 x 683,018 + 17,778 x 683,018 + 0,1 x 2,2 +2,024 = c3 680,802 

c3 =35,67 $/gj 

        

Tahrip olan ekserji; 

EDfan = E2 + E5 – E3 + Wfan 

EDfan = 683,018 + 683,018 – 680,802 + 2,2  

EDfan = 687,434 kW 

 

Tahrip olan ekserjinin maliyeti; 

C Dfan = cDEDfan 

C Dfan = 0,1 x 687,434 

C Dfan = 0,1 x 68,7437 $ / h 

 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

1
7434,68

7434,68

E

E
y

Top

Dfan

Dfan ===  

 

Termoekonomik faktör; 

227.0f

)7434,68(1.0024,2

024,2
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=
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Ocak : 

 

 

 

 

 

 

 

 

 

ùHNLO����� 2FD÷ÕQ�ùHPDWLN�*|U�Q�P� 

 

 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = ZOcak + ZGKP + ZAzot + Ztank + ZLú 

 

Zyat  = 125.000+ 1.611 +1000 + 2833 + 1.111 

 

Zyat  = 131.555 $ 

 

ZLúOHW = Zser + Zper + Zver-si 

 

ZLúOHW = 222 + 333 + 2023,6 

 

ZLúOHW� ����������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

6,2578

365820

 131.555
×





×
+

××
 

 

Z = 4,30 $/h 

3 

4 

12 
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Ocak için maliyet denkOHPL�\D]ÕOÕUVD� 
C3 + Z  = C4  + C12 

c3E3  + Z = c4E4 +c12E12  

35,67 x 680,802 + 4,30 = c4 x 684,268 + c12 x 512,024 c4 = c12 

c4 = c12= 20,30 $/gj 

 

Tahrip olan ekserji; 

EDocak = E3 –E4-E12 

EDocak =  680,802 – 684,268 – 512,024 

EDocak =  -515,49 kW 

 

Tahrip olan ekserjinin maliyeti; 

C Docak = cDEDocak 

C Docak = 0,1 x 515,49  

C Docak = 51,549 $ / h 

 
.D\ÕS�HNVHUML� 

[ ]
[ ]

kW 024,512E

1171,68 437,0E

emE

Locak

Locak

12LocakLocak

=

=

=

 

 

.D\ÕS�HNVHUMLQLQ�PDOL\HW� 

h/$ 2024,51C

024,5121,0EcC

Locak

LocakLLocak

=

×==
 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

501,0
51,1027

49,515

E

E
y

Top

Docak

Docak ===  

 

.D\ÕS�RODQ�HNVHUML�RUDQÕ� 

499,0
1027,51

10394,08

E

E
y

Top

Locak

Locak ===  
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Termoekonomik faktör; 

04,0f

)5,1027(1.030,4

30,4
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

%XKDUODúWÕUÕFÕ� 
 

 

 

 

 

ùHNLO����� %XKDUODúWÕUÕFÕ��ùHPDWLN�*|U�Q�P� 

 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = ZBuh + ZR134a + ZGKP + ZLú 

 

Zyat  = 8.500 + 750 + 1.611 + 1.111 

 

Zyat  =11.972 $ 

 

ZLúOHW = Zbuh + Zser + Zper + Zver-si 

 

ZLúOHW = 20,736 + 222 + 333 + 2023,6 

 

ZLúOHW� ����������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

314.23

365820

972.11
×





×
+

××
 

 

6
 

9 

4 

5 
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Z = 11,25 $/h 

%XKDUODúWÕUÕFÕ��LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
C4 + C9 + CW + Z = C5 + C6 

c4E4 + c9E9 + cwEw + Z = c5E5 + c6E6 

20,30 x 684,268 + c9 x148,578 + 0,1 x 90 +11,25 =17,778 x 683,018 + c6 x 27,349      

c9 = c6 =14,5 $/gj 

 

Tahrip olan ekserji; 

EDbuh. = E4 + E9 – E5– E6 + Wbuh 

EDbuh = 684,268 + 149,578 -683,018 -27,349 + 90 

EDbuh = 213,479 kW 

 

Tahrip olan ekserjinin maliyeti; 

C Dbuh = cDED 

C Dbuh = 0,1 x 213,479 

C Dbuh = 21,3479 $ / h 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 
1

479,213

479,213

E

E
y

Top

Dbuh
Dbuh ===  

 

Termoekonomik faktör; 

345,0f

)479,213(1.025,11

25,11
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

Kompresör 2 : 

 

 

 

 

 
6 

7 
W 
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ùHNLO����� .RPSUHV|U��¶LQ�ùHPDWLN�*|U�Q�P� 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = Zkomp2 + ZGKP + ZR134a + ZLú 

 

Zyat  = 10.500 + 1.611 +750 + 1.111 

 

Zyat  = 13.972 $ 

 

ZLúOHW =Zkomp2 + Zser + Zper + Zver-si 

 

ZLúOHW = 9300 + 222 + 333 + 2023,6 

 

ZLúOHW =11.��������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

6,878.11

365820

972.13
×





×
+

××
 

 

Z = 5,907 $/h 

 

.RPSUHV|U���LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
 

C6 + CW + Z = C7 

C6E6 + cwEw + Z =c7E7     

c6=14,5 $/gj 

14,5 x 27,349 + 0,1 x 40,37 + 5,907 = c7 x 11,186 

c7 =36,34 $/gj 

 

Tahrip olan ekserji; 

EDkomp2 = E6 – E7+Wkomp2 

EDkomp2 = 27,349 – 11,186+ 40,37  

EDkomp1 = 56,533  kW 
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Tahrip olan ekserjinin maliyeti; 

C Dkomp2 = cD .EDkopm2 

C Dkomp2 = 0,1 x 56,533  

C Dkomp2 = 5,6533 $ / h 

 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 

1
533,56

533,56

E

E
y

Top

Dkomp2
2Dkomp ===  

 
 

 

Termoekonomik faktör; 

 

510,0f

)533,56(1.0907,5

907,5
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

<R÷XúWXUXFX�� 
 

 

 

 

 

ùHNLO����� <R÷XúWXUXFX�ùHPDWLN�*|U�Q�P� 

 

%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = Z\R÷�+ ZR134a + ZGKP + ZLú 

 

Zyat  = 6.500 + 750 + 1.611 + 1.111 

 

7
 

8 

10 

11 
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Zyat � ��������\ÕO 
ZLúlet = Z\R÷ + Zser + Zper + Zver-si 

 

ZLúOHW = 31.650 + 222 + 333 + 2023,6 

 

ZLúOHW� ���������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

6,228.34

365820

972.9
×





×
+

××
 

 

Z = 16,36 $/h 

 

<R÷XúWXUXFX�LoLQ�PDOL\HW�GHQNOHPL�\D]ÕOÕUVD� 
 

C7 + C11 + CW + Z = C8 + C10 

c7E7 + c11E11 + cwEw + Z = c8E8 + c10E10 

c7 = c8 =36,34 $/gj , c11 = 0 

36,34 x 11,186 + 0 x 0 + 0,1 x 137,37 +16,36 =36,34 x 78,056 + c10 x 640,460      

c10 = 3,74  $/gj 

 

Tahrip olan ekserji; 

E'\R÷� = E7 + E11 – E8– E10 + W\R÷ 

E'\R÷�= 11,086 + 0 - 78,056 – 640,460 + 137,37 

E'\R÷�= - 204,34kW 

 

Tahrip olan ekserjinin maliyeti; 

C�'\R÷ = cDED 

C�'\R÷�= 0,1 x 204,34 

C�'\R÷�= 20,434$ / h 
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.D\ÕS�HNVHUML� 
 

[ ]
[ ]

kW 460,640E

6,2061,3E

eemE

Lyo÷

Lyo÷

1011havaLyo÷

=

=

−=

 

 

.D\ÕS�RODQ�HNVHUMLQLQ�PDOL\HWL� 
C�/\R÷ = cDED 

C�/\R÷�= 0,1 x 640,460 

C�/\R÷�= 64,046$ / h 

 

 

Tahrip oODQ�HNVHUML�RUDQÕ� 

24,0
8,844

34,204

E

E
y

Top

Dyo÷
Dyo÷ ===  

 

.D\ÕS�RODQ�HNVHUML�RUDQÕ� 
76,0

8,844

46,640

E

E
y

Top

Lbuh
Lbuh ===  

Termoekonomik faktör; 

162,0f

)8,844(1.036,16

36,16
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

.ÕVÕOPD�YDOIL� 
 

 

 

 

ùHNLO����� .ÕVÕOPD�YDOIL�ùHPDWLN�*|U�Q�P� 

 

 

8 9 
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%LU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�JLGHU� 
 

Zyat  = ZNÕVÕO�+ ZR134a + ZGKP + ZLú 

 

Zyat  = 4.500 + 750 + 1.611 + 1.111 

 

Zyat  =7.972 $ 

 

ZLúOHW = Zser + Zper + Zver-si 

 

ZLúOHW = 222 + 333 + 2023,6 

 

ZLúOHW� �����������\ÕO 
 

Z= (Zyat  +  ZLúOHW )M 

 

Z= 374,1
3658

6,2578

365820

972.7
×





×
+

××
 

 

Z = 1,40 $/h 

 

 

Tahrip olan ekserji; 

E'NÕVÕO� = E8 - E9  

E'NÕVÕO��= 78,056 – 149,578 

E'NÕVÕO��= - 71,52 kW 

 

 

Tahrip olan ekserjinin maliyeti; 

C�'NÕVÕO = cDED 

C�'NÕVÕO�= 0,1 x 71,52 

C�'NÕVÕO�= 20,434 $ / h 
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.D\ÕS�HNVHUML�� 
E/NÕVÕO�= mR134a [e8 – e9] 

E/NÕVÕO�= 0,828[94,27 – 180,65] 

E/NÕVÕl = -71,52 

 

7DKULS�RODQ�HNVHUML�RUDQÕ� 
 

y'NÕVÕO�=                                   =  0,5                                    

 

Termoekonomik faktör; 

15,0f

)52,75(1.04,1

4,1
f

)EE(cZ

Z
f

LDF

=

×+
=

++
=

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E'NÕVÕO�����������75,52 

E'NÕVÕO�������������75,52 

= 
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Çizelge 8.5 9DNXP�2FD÷ÕQÕQ�+HU�%LU�(OHPDQÕ�øoLQ�+HVDSODQDQ�Termoekonomik 

'H÷HUOHU 

 

 

 

 

 

 

Tahrip 
olan 

ekserji 
ED 

(kW) 

.D\ÕS 
ekserji 

EL 
(kW) 

Tahrip 
olan 

ekserji 
RUDQÕ 
YD 
(%) 

.D\ÕS 
ekserji 
RUDQÕ 
YL 
(%) 

Bir 
GH÷HUH�

JHWLULOPLú�
\ÕOOÕN�

toplam 
GH÷HU 

Z ($/h) 

Tahrip 
olan 

ekserjinin 
maliyeti 
CD ($/h) 

.D\ÕS�
ekserjinin 
maliyeti 
CL ($/h) 

Termo 
ekonomik 

faktör 
f (%) 

Kompresör 1 68,29 - 100 - 7,702 6,829 - 0,530 

Fan 687,43 - 100 - 2,024 68,743 - 0,227 

Ocak 515,49 512,02 50,1 49,9 4,30 51,549 51,2024 0,04 

%XKDUODúWÕUÕFÕ� 213,47 - 100 - 11,25 21,3479 - 0,345 

Kompresör 2 56,533 - 100 - 5,907 5,6533 - 0,510 

<R÷XúWXUXFX� 204,34 640,46 24 76 16,36 20,434 64,046 0,162 

.ÕVOPD�YDOIL� 71,52 - 100 - 1,40 7,152 - 0,15 
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8.2.3. Maliyet  

 

��������9DNXP�,VÕO�øúOHP�2FD÷ÕQÕQ�øON�<DWÕUÕP�0DOL\HWL 
 

Çizelge 8.6 SiVWHP�(OHPDQODUÕQÕQ�øON�<DWÕUÕP�0Dliyetleri 

 

No 6LVWHP�HOHPDQODUÕ Maliyet ($) 

1 .RPSUHV|U����\�NVHN�EDVÕQo�����N: 16.000 

2 .RPSUHV|U����DOoDN�EDVÕQo��������N: 10.500 

3 <R÷XúWXUXFX��������N: 6.500 

4 %XKDUODúWÕUÕFÕ����N: 8.500 

5 5���D�JD]Õ 3.000 

6 .ÕVÕOPD�YDOIL 4.500 

7 Fan (2,2 kW) 3.500 

8 $]RW�WDQNÕ�YH�WDPDPOD\ÕFÕ�HNLSPDQODU 8.500 

9 Ana güç kontrol paneli 14.500 

10 Azot  3.000 

11 2FDN�J|YGH�YH�GL÷HU�HNLSPDQODU 250.000 

12 øúoLOLN 10.000 

13 9DNXP�SRPSDVÕ����N:� 2.000 

14 ,VÕWPD�HOHPDQODUÕ����N:� 25.000 

Toplam  365.500 
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��������6HQHOLN�øúOHWPH�%DNÕP�2QDUÕP�0DVUDIODUÕ 
VLVWHP�J�QGH����VDDW�oDOÕúPDNWD�EX�oDOÕúPDQÕQ���VDDWL�VX�YHUPH��TXHQFKLQJ������VDDWL�LVH�
ÕVÕWPD�RSHUDV\RQXQGD�JHoL\RU��$\GD�oDOÕúPD�V�UHVL����J�Q��ROGX÷XQGD� 
Su verme (quenching)  = 24 x 8 x 12 = 2304 saat/\ÕO 
,VÕWPD�    � ����[����[���� ������VDDW��\ÕO 
 

Çizelge 8.7 �6LVWHP�(OHPDQODUÕQÕQ�LúOHWPH�PDVUDIODUÕ 
 

No 6LVWHP�HOHPDQODUÕ Maliyet 

���\ÕO� 
1 Servis 2.000 

2 .RPSUHV|U�¶LQ�W�NHWWL÷L�HQHUML�>�������N:K�[����N:�[����VDDW@ 12.672 

3 .RPSUHV|U�¶QLQ�W�NHWWL÷L�enerji [( 0,1$/kWh)x (40,37kW)x2304saat] 9.300 

4 <R÷XúWXUXFXQXQ�W�NHWWL÷L�HQHUML�>�������N:K�[��������N:�[����VDDW@ 31.650 

5 %XKDUODúWÕUÕFÕQÕQ��W�NHWWL÷L�HQHUML�>�������N:K�[����N:�[����VDDW@ 20.736 

6 Fan [( 0,1$/kWh) x (2,2kW) x 5760saat] 1.267 

7 VakuP�SRPSDVÕ�>�������N:K��[���N:��[�����VDDW@ 1.036 

8 ,VÕWÕFÕ�>�������N:K��[����N:��[�����VDDW@ 31.104 

9 3HUVRQHO�����NLúL�� 3.000 

10 Vergi -VLJRUWD��øON�\DWÕUÕP�maliyetinin %5’i)  18.137 

Toplam  130.902 
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ùHNLO�����SiVWHP�HOHPDQODUÕQD�J|UH�WDKULS�RODQ�HNVHUML (ED) 
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ùHNLO�����6LVWHP�HOHPDQODUÕQD�J|UH�ND\ÕS ekserji(EL) 

 

 

 



 95 

�
�
�
�
�

��
��
��
��
��

RF
DN


�

RF
DN


�

YD
NX

P
SR

PS
DV

Õ

NR
PS

UHV
|U�

� IDQ

EX
KD

UOD
úWÕ

UÕF
Õ

NR
PS

UHV
|U�

��

\R
÷X

úWX
UXF

X

NÕV
ÕOP

D�Y
DOI

L

ELU�GH÷HUH
JHWLULOPLú
\ÕOOÕN�RSODP
GH÷HU

 

ùHNLO�����6LVWHP�HOHPDQODUÕQD�J|UH�ELU�GH÷HUH�JHWLULOPLú�\ÕOOÕN�WRSODP�GH÷HU��=� 
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ùHNLO�����SLVWHP�HOHPDQODUÕQD�J|UH�WDKULS�RODQ�HNVHUML�PDOL\HWL�&D 
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ùHNLO�����SLVWHP�HOHPDQODUÕQD�J|UH�ND\ÕS�RODQ�HNVHUML�PDOL\HWL�&L 
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 ùHNLO������Sistem elemanODUÕQD�J|UH�WHUPRHNRQRPLN�IDNW|U�I 
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ÕVÕWPD
���

VX�YHUPH
���

ÕVÕWPD
VX�YHUPH

 
 

 ùHNLO������,VÕWPD�YH�VX�YHUPH�SURVHVOHULQH�J|UH�ND\ÕS�RODQ�HNVHUML�RUDQODUÕ 
 
 
 

6LVWHPH� EDNÕOGÕ÷ÕQGD� HQ� oRN� HNVHUML� ND\EÕ� VX� YHUPH� SURVHVLQGH� ROXúPDNWDGÕU�� 6X� YHUPH�
prosesinde bulunan� \R÷XúWXUXFXGD� YH�VR÷XPD�VÕUDVÕQGD�RFDNWD� HNVHUML� ND\EÕ� J|U�OPHNWHGLU��
%XQXQ� VHEHEL� VR÷XWPD� LúOHPLQGH� NXOODQÕODQ� D]RWXQ� WDPDPHQ� GÕúDUÕ\D� DWÕOPDVÕ� YH� \�NVHN�
VÕFDNOÕNWD�RODQ�D]RWXQ�VR÷XWXOPDVÕ�LoLQ�VR÷XWPD�VLVWHPLQGHQ�HNVHUMLQLQ�ND\EROPDVÕGÕU� 
 

�,VÕWPD� SURVHVLQGH� LVH� ÕVÕO� LúOHP� J|UHQ� oHOL÷LQ� ÕVÕQPDVÕ� VHEHEL\OH� ROXúDQ� ND\ÕS� YH� YDNXP�
SRPSDVÕQÕQ� RUWDPGDQ� KDYD\Õ� oHNHUNHQ� PH\GDQD� JHOHQ� HNVHUML� ND\EÕ� |QHPOL� ELU� GH÷HU�
ROXúWXUPDNWDGÕU�� 7RSODP� HNVHUML� ND\EÕ� ����� N:� ROXS� EX� HNVHUMLQLQ� WRSODP�PDOL\HWL� VDDWWH�
160,2 $ olmDNWDGÕU�� 
 

7DKULS� RODQ� HNVHUMLOHUH� EDNWÕ÷ÕPÕ]GD� HQ� ID]OD� ÕVÕWPD� VÕUDVÕQGD� RFDNWD� �������� N:� HNVHUML�
WDKULS�ROPDNWDGÕU� 
 

7HUPRHNRQRPLN� IDNW|UOHUH� EDNWÕ÷ÕPÕ]GD� HQ�G�ú�N� I� GH÷HUOHUL� YDNXP�SRPSDVÕ� YH� RFDNWDGÕU��
%X�\�]GHQ�L\LOHúWLUPH�oDOÕúPDODUÕ�EX�LNL�HOHPDQGDQ�EDúODQPDOÕGÕU��%XUDGD�VÕQÕUOD\ÕFÕ�ELU�HWNHQ�
L\LOHúWLUPH� G�ú�Q�OHQ� VLVWHP�ELOHúHQLQLQ� JHUoHN� L\LOHúWLULOHELOLUOL÷LQLQ� YDU� ROXS� ROPDPDVÕGÕU��
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øQFHOHQHQ� NRPSRQHQW� \HWHULQFH� L\LOHúWLULOHPL\RUVD� GL÷HU� HNLSPDQODU� �]HULQGH� oDOÕúPDODU�
\DSÕOPDOÕGÕU� 
 

6LVWHPGH� ÕVÕWPD�VÕUDVÕQGD� ÕVÕO� LúOHP�RODQ�PDO]HPH\OH�RODQ�ND\EÕQ�|Q�QH�JHoLOPHVL�P�PN�Q�
ROPDVD� GD� YDNXP� SRPSDVÕ� WDUDIÕQGD� GÕúDUÕ\D� DWÕODQ� ÕVÕWÕOPÕú� KDYDQÕQ� EDúND� ELU� VLVWHP�
WDUDIÕQGDQ�NXOODQÕODELOPHVL�QLVSHWHQ�PDOL\HWL�G�ú�UHELOLU�� 
 

6R÷XWPD�VLVWHPL�LOH�GÕúDUÕ�DWÕODQ�D]RWXQ� LVH� WHNUDUGDQ�NXOODQÕODPDPDVÕ�GD�HNVHUML�ND\ÕSODUÕQÕ�
DUWWÕUPDNWDGÕU��%X�\�]GHQ�D]RWXQ�WHNUDU�NXOODQÕOPDVÕQÕ�VD÷OD\DQ�ELU�VLVWHP�JHOLúWLULOHELOLU� 
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