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Û±D1Ü

Ecv = Ucv + Ekin,cv + Epot,cv56L�7�0:R1@oV¬`U.1Þã.1LB^<91æ
dScv

dt
=
∑
çéè:êKë{ì ṁisi −
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Ẇc

ØyRG08×�iP0�./7:9_R/SÇØ�RG0:×Â^<RGLUXBcU^A7:9<X�7:ZU0:R1cU?GZ�.1LW.dá|Þh91iB;:ZP./S®7<iP0:RfXMiU9�7�^13
z

ZU\h?GZ�7�.1`~R�,G9¥0:9�Sb9<089<LU^A9°Þ]9A,G9AÞ�� Q-�
. ���/�/01���	�
�2�/��

∆
^KZP.1LU?G9

δ
;:Q*.1ÞhÞ4^KZP.1LU?G9/i�;:Q*.1ÞhÞ4âfcU.1L�7�\]7îV

ε = E/m iP;8@49A^<\��U^_9�á|9<0:?/V�����I/×o?��
εch = Ech/m

iB;:@~9<^<\��P^_^KZU9<Q�\h^<.1ÞM9�á|9A0:?1V�����Id×f?��

D



εf
;:@~9<^<\��P^¥9�á|9<08?1V¬\hL!ÚPR�Ø R1S�Q*./787�9<0,����I/×o?��

σ̇
0�./7:9aR1S�9AL�7�0:R1@oV¬@B0:RfXUcU^A7:\hRGL�����IUÛb;3#_Ü4�

57698 
:;����<=��
^A, 7�ZP./7k@~9<0=7K.1\]LU;r7�R(7:ZU9¥;8Vf;87:9<Q Û»^ARGL�7�0:R1ÞM,GRGÞ]cUQ*9CÜ
e

@49A087K./\hLU;r7:R�R/7:ÚPR�Ø°Û»;�Ü
i

@49A087K./\hLU;r7:R�\]LBÚPR�Ø°Û»;�Ü
◦ @49A087�.1\hLU;r7:R�;87K.d7�9¥R1S 7�ZU9¥9<L�,f\h08RGLUQ�9<L�7
×o\hL ×f\]LU9A7:\h^�ÛbR1S�9ALU9<08?1VBÜ
@~R17 @4R17:9<L�7�\h.1ÞgÛbR1S�9ALU9<08?1VBÜ

> ?ÑÎ[Ô/Ð¥ÅTÃ Á!ËAÄ¥Ò=@�Ð Ì Ð_ÔàÒ9A!Î ÎCB�Á¬Ä¥Ò=@�Ð°ÌWÏ Ô/Ð¥Å ÏMÒ Ä¥ÒÓÎ ÍDA¬Ä°ÌFE_ÎkÏ

Y[ZU9¬9<âocP.d7�\hR1LU;�.1`~R�,19¬.10:9�Øk08\]787�9<L�RGL 0:./7�9�SbR10:QW3�Y[ZP./7�\];<i 7�ZU9!^KZP./LU?G9<;�\]LU;:\]XU9Â7�ZB9HGJI ./LUX
9�á|^KZP./LU?G9<;
R�,G9<0k\¢7�;[`~RGcULUXP./08V¬.1089_.1^<^ARGcUL�7�9AXå@~9<0[cULU\¢7kR1S 7�\hQ�913
K ^KZP.1LB?G9¥R1S ;87K.d7�9aZP.1;k.(;=7K.10=7k.1LUXW.1L¬9<LBXM3 K �PLU\¢7�9�^KZP./LU?G9aSb0:RGQ ;87�./7�9�Û�ð�Ü�7�R(;=7K./7:9�Û±DGÜ�7�.1×19A;
@UÞh.1^<9a\]L¬7:ZU9LGJI i�.1LBXM�PLB\]7�9¥./Q*RGcBLo7:;[R1SÇQÂ.1;8;<iP9ALU9<08?1VGi�9<L�7:0:RG@�V¬.1LBX�9�áB9A0:?1VW./0:9a9�á|^KZP./LU?G9<X�3
Y[ZU9�Q*./7:Z�R1S 7�ZB9�0:9�SbRG0:Q cBÞã./7:\hRGL�\h;�Q*RG089#^ARGQ*@BÞh9�á4if`UcB7r7:ZU9#SbRGÞ]ÞhR�Øk\hLB?_^<.1L!`~9�cU;:9AX¬.1;[. 08cUÞh9
R1S
Q�9<Q�RG08V~æ
K XU9<08\],/./7:\],G9a`~9<^ARGQ�9<;�.(^KZP.1LU?G9/æ d( )cv

dt
→ ∆( )cv = ( )cv,2 − ( )cv,1

3
Y[ZP./7�\];<iBØkZP.d7
\];r7�ZU9A0:9_./S®7:9<0r7�ZB9_^KZU.1LU?G9_Q*\]LocU;rØkZP./7kØy.1;[7�ZU9A0:9¥`49�SbRG0:9a7:ZU9¥^KZP.1LU?G9/3
NPRG0[\hLB;87K./LU^<9 dmcv

dt
[
×o?oI/;

]→ ∆mcv = mcv,2 −mcv,1 [
×o?

]
3

N�Þ]R�Øk;�I/0�.d7�9<;_Ûb9�á|^KZP.1LB?G9 @~9<0[cULB\]7kR1S 7�\]Q*9CÜ�`49A^<RGQ�9(�PLU\¢7�9aâocP.1L�7�\¢7�\]9<;<æ
(˙) → ( )

i
SbRG0[\]LU;87�.1LU^<9
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dmcv

dt︸ ︷︷ ︸
(1)

=
∑
çéè:ê�ë{ì ṁi

︸ ︷︷ ︸
(2)

−
∑
ëîí:ï]ê�ë{ì ṁe

︸ ︷︷ ︸
(3)

Û±H1Ü

ò
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dEcv

dt︸ ︷︷ ︸
(1)

=
∑
çéè:êKë{ì ṁi(hi + 1

2
~V 2
i + gzi)

︸ ︷︷ ︸
(2)

−
∑
ëîí8ï]êKë»ì ṁe(he + 1

2
~V 2
e + gze)

︸ ︷︷ ︸
(3)

+ Q̇cv︸︷︷︸
(4)

− Ẇcv︸︷︷︸
(5)

Û��GÜ

Û=ð�Ü�æB7:9<Q�@4RG0:.1ÞM^KZP./LU?G9*Û»\]LU^<089C.1;891iP;87:RG0�./?G9�ÜyR1S�9<LU9A0:?1V�\hL!7�ZU9LGJI iP^AS�3�56â�3 Û��GÜ
Û±D1Ü�æU0:./7�9¥R1SÇ9<LU9A0:?1V!Øk\¢7�Z!7�ZB9_Q*.1;8;kÚUR�Ø \hL�7�R(7:ZU9LGJI�yP9<L�7:ZP.1Þh@�V1iP×f\]LU9A7:\h^¥.1LBX�@~R17�9AL�7�\ã./ÞM9<LU9A0:?1V
R1S 7�ZU9¥Q*.1;:;[7:ZP./7k^<08RG;:;89<; 7�ZU9¥;=V|;=7�9AQ `~RGcULBXP.108V1iU;:cBQ R1ST./ÞhÞ�\]LBÚPR�Øk;
Û{ñGÜ�æU0:./7�9¥R1SÇ9<LU9A0:?1VÂØk\]7�Z¬Q*.1;:;[ÚPR�Ø RGcB7kR1SÇ7�ZU9LGJI
Û»ò�Ü�æU0:./7�9¥R1SÇZU9C.d7[7�0�./LU;8Sb9A0:0:9AX�7:R�7:ZU9LGJI iP^�S�3�5gâ�3 Û»N�Ü
Û±H1Ü�æU0:./7�9¥R1S ØyR10:×�^ARGLUXUcU^�7�9AXå`�V!7�ZU9LGJI iP^AS�3P56â�3ÇÛ���Ü
Y[ZU9g9<LB9<0:?/Va\hLU;8\hXU9Ç7�ZU9g^<R1Lo7:0:RGÞ/,GRGÞ]cUQ*9�^C.1L¥`~9TØk0:\]787�9AL°./; \hL�7�9A0:LP.1Þ19<LU9A0:?1V1i�×f\]LU9A7:\h^6./LUX¥@4R17:9<LU;8\ã.1Þ
9<LB9<0:?/V¬R1SÇ7:ZU9¥QÂ./;:;[\hLB;:\hXB9 7�ZU9LGJI æ

Ecv = Ucv + Ekin,cv + Epot,cv = mcv(u+ ekin + epot)cv
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Ü

Ẇcv = Ẇc + p◦
dVcv

dt
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Q̇cv =
∑

j

Q̇j =
∑

j

∫

Tj

δQ̇j
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dScv

dt︸︷︷︸
(1)

=
∑
çéè:ê�ë{ì ṁisi

︸ ︷︷ ︸
(2)

−
∑
ëîí:ï¢êKë{ì ṁese

︸ ︷︷ ︸
(3)

+
∑

j

∫

Tj

δQ̇j

Tj
︸ ︷︷ ︸

(4)

+ σ̇cv︸︷︷︸
(5)
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j = 1, 2, . . .
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dEcv

dt︸︷︷︸
(1)

=
∑
çéè:êKë{ì ṁiεf,i

︸ ︷︷ ︸
(2)

−
∑
ëîí:ï¢êKë{ì ṁeεf,e

︸ ︷︷ ︸
(3)

+
∑

j

∫

Tj

(
1− T◦

Tj

)
δQ̇j

︸ ︷︷ ︸
(4)

−
(
Ẇcv − p◦

dVcv

dt

)

︸ ︷︷ ︸
(5)

−T◦σ̇cv︸ ︷︷ ︸
(6)

Û=ðGð�Ü
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Ecv = (U − U◦)cv + p◦(V − V◦)cv − T◦(S − S◦)cv + Ekin,cv + Epot,cv + Ech
cv

Û=ð�DGÜ
RG0[RGL¬7�ZB9_`U.1;:\];[R1S�Q*.1;8;<i

εcv =
Ecv

mcv
= (u− u◦)cv + p◦(v − v◦)cv − T◦(s− s◦)cv + ekin,cv + epot,cv + εch

cv.
Û=ð�ñ�Ü

Y[ZU9¥;:@~9<^A\��P^_9�á|9A0:?1V!R/STQ*.1;:;[^A0:RG;8;:\hLB?�7:ZU9¥;8Vf;87:9<Q `~RGcULUXP./08V!\]Lo7:R(7�ZU9LGJI æ
εf,i = (h− h◦)i − T◦(s− s◦)i + 1

2
~V 2
i + g(z − z◦)i + εch

i

Û=ðCòoÜ
.1LUXW^<R10:0:9A;:@~RGLUXU\]LU?GÞ¢V

εf,e
SbRG0[RGcB7=Ý-ÚPR�Øk;A3
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(
dEcv

dt
+ p◦

dVcv

dt

)
− T◦

dScv

dt
− (u◦ + p◦v◦ − T◦s◦)

dmcv

dt
=
dEcv

dt
.
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