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e 10 00O (quasistatic process) 10 0 0000000000000 O00O0OODOOOOO

(T;V,N) =% (T';V',N) (2.6.2)
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gboobooobobooboobooboobooboob

(T;V,N) & (T'; V', N) (2.6.3)
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3.1 0000 (adiabatic process)

e JOOOOLOODODODLOODLOODLOODLOOD
gobobbuoooobbbouoogobobbuoooobbbooooon

(T;V,N) = (T"; V', N) (3.1.1)

e 100 0IDODOO (quasistatic adiabatic process)J0 0000000000000 OOOO
Oo0o0000o00
(T;V,N) & (T'; V', N) (3.1.2)
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(T;V,N) % (T";V,N), (T'">T) (3.1.3)
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(T;V,N) = (T"; V', N) (3.1.4)

oooooooo
(T";V',N) % (T;V,N) (3.1.5)
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Waa((T; V,N) % (T'; V', N)) (3.1.6)

000000000000000000000000A0 (*)?

3.2 JOO0ooon
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0000000 UT;v,N)DO0OD0O0O0O000oooooooooooo
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U(T;V',N) = U(T;V,N) = Wa((T; V,N) % (T'; V', N)) (3.2.1)

e J0000OOOOOOOOOOOOOOOODOO
0000000 (T+V+5N)O (T;V,N)DDD00000

(T*V*,N) = (T;V,N) (3.2.2)
00000000
U(T;V,N) = Woa((T*;V*,N) = (T; V,N)) (3.2.3)
00000000 UO000000000000
(T;V,N) = (T*;V*,N) (3.2.4)
00000000
U(T;V,N) = —W,,(T;V,N) 5 (T*; V* N)) (3.2.5)
00000000 U000000000000 (321)0000000000
000000000000000000000000000000000
U(T';V,N) — U(T;V,N) = W,y((T;V,N) % (T';V,N)) >0 T'>T (3.2.6)
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1.0000400
O0000DO0o0oOoobooooooboobObOoOoooDbobOonJouled Gay-Lussacd OO
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U(T;V,N) = U(T; V', N) (3.3.1)
2.00000
000=000000000000000000000000000
oU
Cy = — 3.3.2
v T |y, x (3.3.2)

gbgoboobobooboobooboobobbom
=00o0b0oogobboobuoogbboboogobon

CV:%V’N:CNRDC:%:DDDDD CZ%ZDDDDD (3.3.3)
. 0000000
(3.3.3) 0000
U=cNRT +const. 00000 const. =0000) (3.3.4)
4.00000

gbogbooboobobobboobobobooboobbooboooboobod
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C,=Cy+NR=(c+1)NR Meyer0 OO (3.3.5)
gboooog
5.0 g o
1 1
I T . 3.3.6
Y=o, T e T (3.3.6)

6. Poisson 00 O O
00000000000 oUooUoouo

NRT

dU = c¢NRAT = —pdV — Tdv (3.3.7)
dTl’ dVv
— = ——Joooood

“T Vv

TV: = const.,, pV'*e = const.

pV7 = const. TV'™! = const. : Poisson 0 0 0O (3.3.8)




3.4 OJUOUdoooood

000000000000
U(T;V',N) =U(T;V,N) # W((T; V, N)=(T"; V', N)) (3.4.1)

0000

QUT;V.N)~(T';V',N)) = U(T; V!, N) = U(T; V,N) = W((T; V, N)~(T"; V', N)) (3.4.2)

0000000000000 0000000000 (342)0000000000000¢4

4 00000 HelmholtzOODODODODODOO

4.1 0000 (isothermal process)
e JOOOUOLOODDLDODLOODLOODLOODOODO

(T;V,N) = (T; V', N) (4.1.1)
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(T;V,N) & (T; V', N) (4.1.2)
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Weye (T; V,N) =5 (T; V,N)) >0 (4.2.1)

ooooooodoooooo w,e.oooooo0aoooo
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4.3 UOU0OOO

0000000000000000000000000000000000000000
0000000 w,,, 0000
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W((T; V, N) 5 (T V', N)) > Wipan (T3 V, N) 25 (T V', V) (4.3.1)
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4.4 HelmholtzOOOOOOOO

0000000 (T;V(T,N) = No(T),N)OO (T;V,N) 00 O0000000000000
000000000

F[T;V, N| = Wy (T; Vo (T, N), N) % (T V, N)) (4.4.1)

O HelmholtzD OOOOOOD FOODOOOOOOOOOOO0OO0O0OO00O0O00O0O0O0
D000 »(7)0000000000
0000 (T;V,N)%(T;V,N)DOOOD 000000000 000000 W, O

Winaa(T; V!, N) % (T; V, N)) = —Wyin(T; V', N) =5 (T V, N))
= Wi (T3 V,N) 5 (T; V', N)) = F[T; V', N] — F[T;V, N] (4.4.2)
0000000000000 000O0000000000000000000000000
D0000000000000000000000000000000000000000
ooooo
000000000 Q0000
Qmax (T3 V', N) 55 (T3 V, N))
= U(T;V',N)-U(T;V,N) — (F[T;V',N] — F[T;V,NJ)
= (U(T;V',N)—F[T;V',N]) — (U(T;V,N) — F[T;V,NJ) (4.4.3)

4.5 HelmholtzODDOUOOOOOOOODDOO

000000000000000000 (T3V,N) % (T;V+dv,N)D00OO0OO000000
0000000000442 00000000000000000

FT:V.N
_pdV = FIT,V +av,N] — FIT;v,N] = SELVNTE (4.5.1)
W o
OF[T;V,N]
= - ooooo 4.5.2
p Bi% (45.2)
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1%
FIT;V,N] = — / p(T5V, N)AV, Vo(T) = o(T)N (45.3)
Vo(T)
Jdd00dddoooodoooooooogn
ogoooon
V' NRT
F[T,V,N] = — 2 4V = —NRTIn 4.5.4
rvN == [ 5 7 (4.5.4)
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5.1 Carnot OO

00000 rorooooopoooooooooogoooooooooooooOooo
Oooboobooboobooobo

(T';Vg,N) % (T;V/,N) (5.1.1)
(T Vo, N) % (T;Vi,N) (5.1.2)

D00MO000000000000000000000000000(T;V,,N)O (T';V,N)
000000000000(T;V;,N)O (7";V/,N)000000000000

(T';V{,N) = (T;W,N) (5.1.3)
(T';Vg,N) =% (T;Vy, N) (5.1.4)
oogo
Qs (T5Vo, N) B (T, N)) o oy O(D) s
Quas (T Vi, N) 25 (T V!, N) T =8m) (19

f(T,T)00000000000000006(T00000000000000006(T)
00000000000(0000000)
0000000000000

Quar(T) = Quan((T; Vo, N) % (T3 V1, N))

anT(TI) = an?((Tla VH? N) g (Tla Vvllﬂ N))
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01 000000000T-VOOOOOp—-VOQOODO)

gbgobobobobooobooboobd

(T;Vi,N) 2 (T, V],N) Qma(T) 00000000 (0000000 (5.1.1))
“ (T;v,N) (0DDO0O000 (5.1.3))
8 (T;Vp, N) Qma(T) 0000000 (0000000 (5.12)0000)
“ (r;Vv{,N) (DODO0O00 (5.14)0000) (5.1.6)
Dooo0

gboooboobooog
e UUDOUODOODOODO

e UUDUODOUODOODODDODDO

Oo0Troo0ooooooorToooooo0ooooo00oooboDboOoooobOoOooo
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000000000000 ABOODOOOOOD)0000000000O00000 700
00000000000000000000000000000000000000000

Kelvin 0 0 0)0O
A B _
Wi W2 =0 (5.1.7)
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000000000000 0D0000O00000O0oooDooD 342)00000
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Qmam(Tl) . / QTMT(T”) 1" QTMT(T”) !
Oy TG iy ST gy AT (5-1.11)
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000 7000000000000 7T"000007,0000000006(T) = f(T,T))
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gogbboobobooooobboboooogbbboooooobbbbooooobbn
ooobooodg

AT, T) = (5.1.13)

oT) T
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D000000000000000000000000e((T)=70000000000
D00000000000000000

f(I,T) =

(5.1.14)
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000000000000 (@O07T)00000000 (Q)000(Q)0000 (007)0
00000000 W,, 0000000000
00000000000000000000000000000 50
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Dooboobgbobobbobooboobonobo
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i 520
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Qmaz((T;Vo, N) 3 (T;Vi,N)) T

Z. = — (6.1.1)
Qmaa (T V3, N) S (T3], N)) - T
0
Quuas (L5 Vo, N) % (T3Vi V) _ Quaaa (T3 Vg, N) 4 (T V7, N)) 61.2)
T 7' o
000000000000 Que,/TO000000000M4.3) 000000
U(T; Vi, N) — F[T; Vi, N|  U(T; W, N) — F[T; Vo, N]
T T
uIT;v{,N)—F[T,V/,N] U(T";Vj,N)— F[T";Vj, N|
= — (6.1.3)
1" T
(U-F)/rT0000000000ODO00DODOO
UHHUW;FEWAH:ﬂﬂwNﬂDDDDDDDDD (6.1.4)
S(T;Vi,N)—S(T;Vy,N)=S(T"; V|, N) = S(T"; V;, N) (6.1.5)
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0000000000000 000000oDw(TOODODOoooDoDoOOoOO

(T;V,N) & (T3V',N)0 0 S(T;V,N) = S(T"; V', N) (6.1.6)
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gobobooogbbodo

U(T;V,N) — F[T;V,N] |4
T o(T)N
S(T*;V* N) = §* (6.1.8)

ooooo (v N)ODOOOoOooooooooooo (TyV,N)OOd S(T,V,N) = S*O
PoissonO OO OO TV =T*V*0O000

S(T;V,N) =

= NR(c+In

) (6.1.7)

* *C

V*T*c S*
o(T) = o exp(—NR +¢) (6.1.10)
OoT)D0O0O0O0000D0O0O0oODOooOO
Ve

S(T;V,N)=S"+ NRIn (6.1.11)

V*T*c
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gobobobooooobboooooon

Quaa (T3 Vi, N) % (T5 VA, N)) = T(S(T; Vi, N) = S(T; Vi, N) (6.2.1)
00000000 =000000000000000000000000000 (T;V,N)—(T";V',N)
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e 0000000 (MOT,—»T,)000000000000
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000000000000 00 (Clausius0 0000 M
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¢ — / 19 < S(T";V!,N)—S(T;V,N) (6.3.1)
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0o00o0ooooooooooooooooonn
A ; (T’;V’,N)d
¢ — / 19 <0 Clausius0 00O (6.3.2)
e vy T

64 JUUOUOOUOOOOOOO
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dQ =TdS, aW = —pdV 000

dU[S,V,N] = T(S,V, N)dS — p(S,V, N)dV (6.4.1)
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Wiy D 0S|, (6.4.2)
0000000000000000000,000
oU
(% _ 6.4.3
oN |5, L (6.4.3)

x0000000000000000000000000000000000000
dU[S,V,N] = T(S,V,N)dS — p(S,V, N)dV + u(S,V, N)dN (6.4.4)
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= 00 U[S,V,N]000000000000000000

0000000 U[S,V,N|OS,V,NOOOODOOOO0O0O00000000000o0o0 p
(6.4.2)00

gng: %>0 (6.4.5)
00000000000000000000000000000000000000000
0000000000000000000
0000000000000000000000000000000
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000000000000000
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Cv oT oS oT oT (6-4.6)
doddodooooogoogoooooogooooogog
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1 p(U,V,N)  u(U,V,N)
dS|U,V, N| = dU dV — ——————=dN 6.4.7
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6.5 000000000 Nernst-Planck00)

000000000
lim S(T;V,N) = S, (000) (6.5.1)
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(T;V,N) % (T';V,N) (T >T") (6.6.1)
000000000000000000000000000000000
W((T;V,N) % (T';V,N)) <0 (6.6.2)

o0 (r;Vv,N)DOO0O0D0O0O0OTOODODODODODOOODOOOOODO (T V,N)ODODOOO
O00ob0bO0bOO0bOOobD0obDobOoo0bobO0ob0bODOoDO KelvinDOooO©
O0000 PlanckOODOOD KelvinOOOOOOOOOOOODODODOODOOOO

e JJUJ0DDODD (DODODODODODOUODOODDOD)

gboobgbobobobobobobobobobobbobobobobobobo
gooobooboooo
gboboobooboboboboboboobobobobboooobobobo
gooobooood

0ooo0
(T;V,N) = (T";V',N) (6.6.3)
0000000
S(T;V,N)< S(T;V',N) (0000000000000000) (6.6.4)
0ooooo

00)00000000000O0O0O00000OooooO

(T;V,N) % (T";V',N) & (T"; V,N) (6.6.5)
O00000O0OPlanck 00000 7T >TO0000000000000OO00OOOOOO
ooooooo

S(T;V,N)< S(T";V,N) (00D0D00000DO000000) (6.6.6)

0000000000000000000000
S(T";V,N) = S(T"; V', N) (6.6.7)
00
S(T;V,N)< S(T";V',N) (0000000000000000) (6.6.8)
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030000000
0000)S(T;V,N) <S(T;V',N)0 00
(T;V,N) = (T";V',N) % (T'; V', N) (6:6.9)

gboobobbobooboobuooboobobobobooboobon

S(T;V,N) = S(I"; V", N) (6.6.10)
00000
S(T;V,N)< S(T;V',N) (0000000000000000) (6.6.11)
000
ST V' N)< S(T';V',N) (0000000000000000) (6.6.12)

00000000000000000T'<7T0000 (T";V',N)% (T";V',N)0 0
00000000000000000000000000000 (669000000

gobboobobooogobbobooooobbbbooooobbbbooooobbn
oogo

ggboboogoobbodo

gbogoobobobobooobooboobod

(T;V,N) "5 (T;V/,N) (V' > V) (6.6.13)

OJoooooooooooono KelvinOoOooooono
goopoogogno
(T; V!, N)=(T;V,N) (V' >V) (6.6.14)

Ooooooboobobooboooboooboo roboooboboooboooboooDbo
(T;V/,N)DOOUOOU00O0U00o0oo0ooooo0ooooooooooooooooo
OO0DO00000000b0obD KelvinOOOOOoOOO

gbobooboobooboon

[

vT
T:-V.N)=5"+NRI
S(T;V,N)=S5"+ RHV*T*“

(6.6.15)
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o o TV NuNg o °
L]
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o o e

* e, o O ©

. o . L] o

U4 00000000

17Te cC !
;3;—NRm;$%:NRm%>w(V>V)@6%)
0000000000000000000000KelvinO0OO00OO case by case 0 0 O
00000000000000000000000000000000000000000
00000MO0000000000

00o0o000o0o0ooO

O0O00AO0BOOOOODOOOODOOOODOOODOOOODOOODOOOOO

S(T;V',N)—S(T;V,N) = NRIn

00 A: (T;Va,N) "5 (T;Va+ Vg, Na) (6.6.17)
00 B: (T;Vy,N) "5" (T;V4+ Vg, Ng) (6.6.18)
00000000000000
0o0oo
VaT® VTe
S(T;Va,Na) + S(T; Vg, Ng) = S + NyRln ——— + S + NgRln —2 (6.6.19)
V*T*c V*T*r
0o0oo
Vi + V) T¢ Vi + V) T¢
S(T: Vi + Vi, Ny Nig) = 85+ NaRIn VATVEIT® g oy WAt VBT 6 6 o)
V*T*c V*T*r
0ooooooo
VitV VitV
AS = NyRin VAEVE) gy VatVe) (6.6.21)
VA VR

0000000000000 000000000O0O00000 (pa =pr =p)

AS = NyRln NatNe) | opy Nat Ne)
Ny Npg
= —NR(calncy + cglneg) (6.6.22)
_ __ Y npoo, N=NG+N =1
Cqa = m, CB—m~ ) = Np+ N, ca+cp=

000000000000000000000000000000000000000000
0Oo0o0o000o0oO0 (T;V,N,) % (T, V',N,)0 0000000000000
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V,T EE— > V., T

[ ] [ ]

gsgobobog

T
00000000000 : S(TiN) =8+ Gl 000000000 (66.23)

TC
DooOoooooo :SMEMNQ:S}H%Rm%%E (6.6.24)
) T VT
000000000 : S=S8+Clnm+5 + N,Rno—
T VIT'e V/TI(3—|—(3’
CI = C()/NgR

(6.6.25)

VTote
77 0000 T <T0000000

gboooboooobogn ASs:ColnT%<ODDDDDDDDDDDDDDDDDDD
gooobooobooboboboobobobmoboboboobobobooooboobg
oooboobgd

=V >

6.7 LUUuudddoooooog -bpoobooooooooood

oododobooodooooooooooooooooooooooooooooooo
(U7‘/7N)T1>(U>V>N)TT (671)

1.0000000000000000000
e7: 000000000000 (Uy, Ny, V), (Us, No, V3)):0 000
e//:0000000000000000000O0

gbogbooboobobobboobooboobooboboboooboobod
gbooobooboboobooboobon

S[U,‘/,N][[>S[U,‘/,N][ (672)

00 0000000000 1020000
00000000000000000000000 0,00,0000U0 =0, + 0,

S[U, (Vi, Ny), (Va, Ny)| = S[(Uy, Vi, Ny), (U — Uy, Va, Ny)]
> S[(Ul,Vl,Nl),(U—Ul,VQ,NQ)] (DDD U1DDDD)
— S[Ul, Vi,Nl] —|— S[U - Ul, ‘/2, NQ] (673)
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S[U’ (‘/vl’Nl)7(‘/27N2)] = H%J?X(S[Ub‘/l?Nl] +S[U_U17‘/27N2]) (674)

6S[U17‘/17N1] + aS[U - Ul?‘/ZvNQ] -0
aUl Vi,N1 aUl V2,N2
1 aS[Ula‘/laNl] 8S[U27‘/27N2] 1
L _ 051U, Ny = DB U -, (675
T Ui |y Uy |y, T 7 1 (6:7:5)

00000000« 00000|

gbogobobbobooboobooboobobbobooboobd
goooboobooobo

8‘S((lea ‘/laNl)
ovi

_ aS(U2>‘/2>N2)
U1,N1 81/2

. P
Us,No Tl T2

(6.7.6)

000000000000
2.00000000000000000000000
00000000000000 (AU,L,AVLAN) OO0 (1= MNUs, (1 — A)Va, (1= A)Ns
000000000 (U,V,N)00O0000000000(U = AU, + (1 =AU,V =
AVi + (1= ANV, N = AN; + (1= A)Ny)
0000000000

SIAUL + (1 — NUs, AVi + (1 — A)Va, AN, + (1 — AN ]
NS Vi, N (1= N)S[Ts, Vi, Vo] (6.7.7)

ooooooobobo sSsoooovuovoNDOoUobOoooooboboboooooo
S[U,V,NJOD Uooooooooooooo

92S[U,V, N] o1 1 o7
L = — oo — ———
U2 avT =" 7290 ="
g% -~ 0000000000000000 (6.7.8)

gbbobboogoobbbodod «buouoobbobuooonobn

00000 S[U;, Vi, N+ S[U—-Uy, Ve, No)0 U, 00000000

4
(6.75)00000000D0ODOOOOOO0OOOODODOODOOO

OO0D00D00OD0U=const. JOOOODOO SODO

0

OO0D00D00O S=const. 0ODOODOOOOUODO

(0000000 00oODODODOOOoOoDOooOooooo
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7 HelmholtzUUOOOODOOO
7.1 HelmholtzOOOOODODOOOODOO

oT V.V oT VN oT VN
= CV—CV—S(T,‘/,N):—S(T,‘/:N) (711)
F|T:V. N
UT.V,N) = F[T:V.N] - TS(T:V,N) = F[r;v, N] - 7 220V
oT VN
—T2EM dodooooogoogogodg (7.1.2)
T T |y

Gibbs-HelmholtzO O OO0 OO O)

OFILVINI| - _ _rv.N) (moooo) (7.1.3)
oV TN
OF(T;V,N] _ U V.N)| 95TV, N)
ON v ON Ty ON Ty
QU(T;V,N)| | 9S(T;V,N)|  0U[S;V,N] dS(T; V,N)
ON S ON v 0S VN ON v
_ ULV.N)| | STVN)| o, 0S(T VI N)
N ON sv ON TV ON TV
~_umv,N)|
_ v, " (7.1.4)

F[T;V,N|OODOOOOODODOoOOoOOmM7,V,NOOOOOOOOOoOoOoOoooooo
Euler OO OO

AF[T;V,N] = F[T;\V,AN]
OF[T; \V,AN] _ OF[T;\V,AN] _OF[T; AV, \N]

ADOO FIT;V,N] = = — vt o
. _ OF[T;V,N]  _OF[T;V,N] ,

FITV,N] = Ve + N (A=10010)

= —Vp(T;V,N) + Nu(T;V,N) (7.1.5)
F[T;V,N] = —Vp(T;V,N)+ Nu(T;V,N) Eder0000  (7.1.6)
000000
4 vre
FITV,N] = —NRTIn oo = eNRT = NRTn g — TS
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(6.1.10)0 0007000000000 0O0O0O0DO0O0OOODOOO S*=cNROOO

Ve
F[T;V,N| = _NRTIHV*T*”
' B OF[T;V,N] B Ve NRT Ve
S(T;V,N) = —TV’N—NRIHV*T*C—&—C E _CNR_l_NRan*T*c (7.1.7)
B 0S(T;V,N) _ (I'NR
CV = Ta—TV’N— T =cNR (718)
OF[T;V, N] NRT
T-V.N) = — - 1.
OF[T;V,N] 0 VTe
™VN) = ——— = —(—NRT1 *=No'Oooooood
IV N) ON |y oy (VR nv*NT*“)T’V Vi=A )
VviTe NRT Ve
= _RTlnv*NT*“+ N _RT<1_IHU*NT*”) (7.1.10)
7.2 O0O0OOO0O0O0O
FIT;V,NJOOUOOOOOOoOoO
dF[T:V,N] — OF[T;V,N] dV+8F[T;V’N] dT+8F[T;V’N] AN
oV TN oT VLN ON TV
= —p(T;V,N)dV + S(T;V,N)dT + pu(T;V, N)dN (7.2.1)
oo ooooooboooooooooooooooooboooooo
oooooog]
0oooo)
d(f(z)g(z)) = f(z)dg(x)+ g(z)df (z) (7.2.2)
d(af(z) + Bg(x)) = adf(x)+ Bdg(z) (7.2.3)

00000000000000dQ,,,=7dS000 dW,,;,, =—-pdVOOOO0O000000
0000000 udN

N8
dU = TdS —pdV +pdN (OOOO) (7.2.4)
dFF = d(U—TS) =dU —T1dS — SdT
= TdS —pdV + pdN —TdS — SdT' = —pdV — SdT + pdN (7.2.5)
7.3 Gibbs-Duhem (1[0 [
dF = —pdV — SdT + udN

d(—Vp+ Np) = =Vdp — pdV + Ndp + udN
0 = SdT'—Vdp+ Ndu (7.3.1)
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oogd

dp N
T=00000 : =N — = — 3.2
Vdp dpy = ol =V (7.3.2)
_ R op| __S
p=00000 :SdT = Nmt:>an_ 5 (7.3.3)
7.4 MaxwellO OO
oF oF
p = _W’F,N, 5__8_TV,N (7.4.1)
2 2
o5, _ _OF __OF _0p (7.4.2)
V|1 y avoT ~— 9TaV ~ aT|

gboobbooboobooboboobbobboobooboobbobbooboboobobg

OOD00O MaxwellDOOODOOOOOOOOOOOODOODODODODODODOOOOOO

Dboobooboobobbobboboobooboobo
gboooboboboooobooboobdg

. 2 2
08TV N) _ Fp|l | | P (7.4.3)
v aT o2 |, OV |py - T2,y
7.5 O0O0OOO0OO0O0OO
oFy  _ ouy 08
WViw Wiy V|
oU op
|l = T 4.1)(7.42)0000 5.1
=5, = T ap| (an@a (75.)
D0DO0000000D000000000000000D0
0000000
oU ap NRT . NR
WV |y PrEar,, g i =0 (752)

O00000000o0o0o0oooooooooar
gbooobobooooooboobod

‘D0000000000000000000D0000000000000000000DOO00O00000D0
oood
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goooooooooobooooboboboboboboboboboobuoubobobo
U:u(T)VDDDDDDDDDDDDDDDDDDDDDDpz%DDDD(DDDDDD
gbobogoobobogootd

oUu op 1 ou
= = wD=—p+TZE| —Z(—us+7Z=2
v, — uD=-pt T |, x 3( v 6TV)
4 1
gu(T) = §T g—; y = 4InT = Inu + const.
u(T) o« T* (Stephan-Boltzmann 00 0) (7.5.3)

oboobooboobooboobobb=00000000

7.6 HelmholtzUOUUOUODOOOUODDOOOODODO -ODDOOO0ODLDOOO
good

gogooog

(T;V,N); = (T;V,N)is (7.6.1)
1.00000000000000o0o00oa0o

e/: 000000000000 (T;(Ny,V3),(Na,Va))
e//:00000000000000

0000000000000 00000000)0
0000 : Wan((T;V,N); 5 (T;V,N);;) <0=00000 (7.6.3)
F[T;V,N];; < F[T;V,N], (7.6.4)

gbgobooboboboobooboobooboobo
gb oboboooboobooon

0000000000000 WvO0WwOOoOoov =V, +V,
F[T;V,Ny, No| = F[T; Vi, Ny| + F[T;V — Vi, Ny

< F[T;Vi,Nj]+F[V —Vi,N,] (00O VOOOD) (7.6.5)
FIT;V, Ny, Np] = min(F[T3 Vi, Ny] + FIT;V = Vi, o)) (7.6.6)
—— b + =0

a‘/l T,N1 8‘/1 T,N2

F\T;V,,N F Y

6 [ a‘/la 1] _ 6 [‘/27 2] :O, ‘/2:‘/_‘/1
6‘/1 T,Ny 6‘/2 T,Ng

OF[T; Vi, Ny] OF[Vy, Ny]

_ - el gpooon
b1 oV, . v, -~ D2,
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ooooooooOoO
00000000000000 NVON,OOOON =N, + N,

< F[T;Vi,Ni|+ F[T;V,, N —N;] (OO0 MOO0ODO) (7.6.7)
FIT;VN) = min(F(T: Vi, Ni] + FIT: Va, N = M) (768
1
—_— + =0
ON; TV, ON, an
OF[T; Vy, Ny _ OF[Vy, Ny —0, Ny=N_N,
0Ny ™V ON, TV
OF[T; Vi, Nq] OF [V, Ns|
_ Sl S S = [1o, 7.6.9
& ON ™ N2 py, " (769

gboooboobgooobo

goboboogggobodggdoobogodoooooogoooogogdn

ggobobouooogooo

2.00000000000000000000 HelmhotzOOOOOOOOOOO
HelmholtzO OO OOOOOO

FIT;AVi 4+ (1 = A)Va, ANy + (L = A)Ny] < AF[T; Vi, Ny + (1 — A)F[T, Va, (Va.11)
(000D0D0O000HemholtzD0OOOOOOO FOOOO VO NOODOOOOOO

010 F[T; V4, Ni]+ F[T;,V —V;,N,] : ;00000000
020 F[T; Vi, Ny + FIT;, Vo, N—N,] : N0 ODOOO00O0
I
(7.6.5)(7.6.7)00000000000000000000000O000

FT;V,NJO VO NOOOOOOOOOOOOO

FPFIT;V,N]  9p(T;V,N)
—Sis— = —— s >@00000000000000 (7.6.12)
O’F[T;V,N] OWT;ViN) _

ON? N ON

(00000000000000000000)  (7.6.13)

gogoobobbooooobobobbuooooobboobobboooooobbbbuoooon
ogooooooon
gogbobobooooboboooooboboooobbbooooobobog
(Le Chaterier 0 0 0O)
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...V1'.' c vV, . ...N".' e N, * "
VLEYETHITS JLEYERERITD
* ...\71 . N A Sl ° ._.N| . '1 T AR

U6 00bbobugubobbbuoobobuooodmuooognobobboooobobod

O00oooo)

—

p=Mg/A h

O 700bodgboobgooboboboon

8 Luoboooond

81 GibbsOUIODOOOOOOODOOOOO
gooooboooooooooooooooooooooon
_ Mg, _

p = A,V—Ah

U = U(T;V,N)+ Mgh=U(T;V,N)+pV
F = F[T;V,N]|+ Mgh = F[T;V,N]+pV

00000FOD0O0O0O0O0O0OO0VOOOO
G[T, p; N] ZII%/in(F[T;V,NH—pV) : Legendre 0 O

G[T,p;N]: Gibbs 00000000
00000

OF[T;V.N]|
v oy
0000V =V(T,p;N)0OODO

G[T,p; N] = F[T;V(T,p; N),N] 4+ pV (T, p; N)

oooboood

H(T,p;N) = U(T;V(T,p;N),N)+pV(T,p; N):0O0OO0OO
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OGIT,p;N]| _ OF[T;V(T,p;N), N]

oT %N" oT N

OF[T;V,N] N OF[T;V,N] oV(T;p,N)

or p,N;V=V(T,p;N) WV T,N;V=V(T,p;N) oT

OF|[T;V,N] oV (T;p,N) oV(T,p;N)
»,N

OV(T,p;N)
oT

»,N

p,N

or p,N;V=V(T,p;N) or

_ OFILV.N] = —S(T;V(T,p; N), N) = —S(T,p; N)

oT p,N;V=V(T,p;N)

»,N

OG|T, p; N| OF[T;V(T,p; N), N]
Op TN Op
OF[T;V, N| oV(T;p,N)
ov T,N;V—=V(Tp;N) dp
oV(T;p,N) oV (T,p;N)
op Op
= V(T,p;N)

ov(T,p; N
p (T,p; N)
T,N op

TN
oV (T,p; N)
P—5
T,N p

T,N

+ V(T,p; N)

TN

TN

OG[T,p;N]| ~ OF[T;V(T,p; N), N|

ON T, ON T

OF[T;V,N| N OF[T;V,N] oV (T;p,N)
8N T,p;V:V(T,p;N) av T,N;V:V(T,p;N) aN

OF[T;V,N] . oV (T;p,N) » OV (T,p; N)

ON T,p;V=V(T,p;N) ON T,p ON

- ALy = W(T, V(L5 N),N) = (T3 )

ON T.p;V=V(T,p;N)

oV (T,p; N)
ON

T,p

Tp

T,p

p000000 u(T,p; N) = pu(T,p; AN)

\
pO T,p000000NDOOOOOOw(T,p;N)=w(T,p)

0oooo0o0o0oo
dG[T,p; N] = V(T,p; N)dp — S(T, p; N)dT + (T, p)dN
000000000000000000000000000000

dH[p; S,N] =V (p; S, N)dp + T (p; S, N)dS + pu(p; S, N)dN

oV (T,p; N)
oT

N

(8.1.7)

+ V(T,p;N)

+V(T,p;N)

(8.1.8)

OV (T,p;N)

ON

T.p

(8.1.9)

(8.1.10)

(8.1.11)

gbobboooooobbbuodoooobobouoooobbbbooooobboooog

ooobooboobooboobo
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OG|T,p; N]

H(T,p;N) = G[T,p;N|+TS(T,p;N)=G[T,p;N] =T
p,N
0 G[T,p;N|
-7 (8.1.12)
T T |
Gibbs-Helmholtz O O O
Euler OO OO
AG[T,p; N] = GI[T,p; AN|
. ' _ OG[T,p;AN]  _OG[T,p; AN]
ADOO :G[T,p;N] = Lo - N
A=1000
arp Ny = NELEN ) (5.1.13)
ON
G[T,p;N] = Nuw(T,p) Euler0O OO (8.1.14)

0000000000000000 GibbsO0O0O0O00000
NoQ@OO)Dp<adll0l00000)0000000 G v@oooooo)
0000000 Gibbs0OOOOOOO

VTe

FIT;V,N] = —NRTI (8.1.15)
0 NRT
0 5y L5V N +pV) TP
NRT
= V(TpN)=—"= (00000) (8.1.16)
G[T,p;N] = F[T;V(T,p;N),N]+pV(T,p; N)
NRT T° NRT
= —NRTI
R n P V*T*c +p
B p* c+1 . NRT*
' ~ OG[T,p;N] prTet! 1
B p*Tc—i—l
dG[T,p;N] NRT
V(T,p;N) = = 8.1.19
(T, ) - - (8.1.19)
_ OG[T,p;N] p*T \ _ G[T,p;N]
WT.p) = —G—=RT (1—1in*(6+1) = (8.1.20)
8.2 0O0OOOO
OH s 8°GIT, p; N|
c - 91 00 OGP 8.2.1
b oT oN oT o oT? o ( )
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9S(T,p; N) oS(T;V(T,p; N),N)

Co(T,;;N) = T

oT DN oT DN
_ p 95TV, N) L p 98TV N) oV (T,p; N)
or V,N;V=V(T,p;N) oV T,N;V=V(T,p;N) or p,N
ov T,N;V=V(T,p;N) or p,N
9S(T;V,N) PF[T;V,N] _ 9p(T;V.N)
_ = — = M nNoono 2.
WV |rx oV aT T |x (Maxwe ) (823)
Op(T:V, N OV (T, p; N
V,N;V=V(T,p;N) p,N

000 (x,y,2) 00000000 f(z,y,2) =0 z=2(y,2) ©y=y(z,z) < 2z=z(xy) 0
godd

Jdx(y,2)| Oy(z,z)| 0z(z,y)|
7an B e v 1 (000000) (8.2.5)
[(82.5)000]
z=2z2(z,y) 000000
5 = 22@y) i+ 0z(z,y) a
or y oy |,
0000 8xéy’z) 000000 dz=00000
Yy ol
Ox(z,y)| . _ _ 9x(zy)
or y oy |,
9z (y, 2) _ 02(z,y) / 0z(z,y)| _ _1/ Oy(z,z) | 9z(z,y)
oy |, oy |, or |, 0z or |,
copoog 2W2)| 9z 0z(zy)| _
oy |, 9z |, Oz |,
oooooo
Op(T;V.N)| - OT(p;V,N)|  oV(p,T:N)|  _ |
orT VN ov DN op T.N
op(T;V,N)| ~_ _oV(T,p;N)|  9p(T;V,N) (8.2.6)
oT VN oT DN ov TN -
(82.4)000
2
CTpN) — oy —1 | VLN Op(T;V, N)
8T p,N av T,N;V:V(T,p;N)
2
= CV + TVﬂ > Cv, (827)
voooar |y v ap -
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gbooobgd

oV(T,p;N)|  _ O NRT| _ NR (8.2.8)
oT oN or p |,y P

Op:V,N)| - _ O NRT\ _ NRT NRTp" __ p (g9q
WV ey OV V oy V2 N?RT? ~  NRT

NR\? p?
Cy(T,p;N) = CV_T(T) (—NRT):CV+NR Meyer 000 (8.2.10)

8.3 Joule-Thomson [ [

ZAEE

p_H] . I—p

'
WIE v [?

U8 goobbugoooo

(T";V',N) = (T;V,N) (8.3.1)
p(T;V',N) = pu>p(T;V,N)=p;, (8.3.2)
0000000000
00000000000 psV' —prV

00000000000U(T,V,N)-U(T;V', N)
ooooo

prV' —p V. = U(T;V,N)—-U(T;V',N)
UT;V,N)+p )V = UT;V',N)+pgV'
H(T,p,,N) = H(T',ps;N) 000000000 (8.3.3)
AT =T —-TOAp=pyg —p, 0000

. AT
T = Al;glo A_p Joule — Thomson O O (8.3.4)

H(T + AT,p+Ap, N) - H(T,p;N) = 0 (p=pz)
GIT+AT,p+ Ap,N] - G[T,p;N] = —(T+AT)S(T + AT,p+ Ap,N)



+ TS(T,p;N)
OG|T, p; N] OG|T, p; N] 9S(T,p; N)
AT Ap = —-T—1" 72
T Ty P aT
9S(T,p; N)
Op
_S(TapaN)AT+V(Tap7N)Ap = _TCP(TapaN)AT
oV(T,p; N)
+ T

U aS(T,p; N) OV (T,p;N)

AT

- T

- = —— = :MaxwellOO0O

Op oT

(wT,p;N)—TW) Ap = —TC,(T,p; N)AT

AT
A;}EO A_p
_ 1 (T(‘?V(T,p; N)
C, aT

My =
-V(T,p;N ))

ggobooood

(T% — V(T,p; N))
1 (TiNRT - NRT)

Cp or p p
1 ( NR NRT) 0

=

3

|
r—tEQ|r—t

T
p p

Cy

0000000000000 0000000000O00UOOp,=0)
000 van der WaalsO O

NRT N2
= T — a
P V_bN \V
4
_— %(27”0)3:DDDDDDDDDDDD,rO:DDDDD
4
a = %RSVO:DDDDD

Doobooboobuobobo Rybooboobobboobbo wooo
gbgobobooboooobooboobd

IR} A N2
AU ~ —N3 0y =2 Ry, 00000000
v 3V
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37



NL
%G,LW:DDDDDDDD

NL;c = HG(TapLG(T);N)_HL(TapLG(T);N)

gbogoboboboboobooboobooboobo

=000000000

dpra(T) L
— 94.6
a7 Tl ) = or(T)) (9-4.6)
O0-00000p—-VOOOoOoOoOoooOO
0o (S)—DD (L)DDDDDDDDDDDDDDDDDDDDDDDDDDDD
dpSL(T) Lgy,
= 4.
a7 T(or(T) — 05(D)) (9.47)

000 v,(T)<vs(T)(ODOO000)=0000-00000p-V0O000000000

10 OOOoooonon

10.1 OO0

e JOOODOODODODOOLOO M

e 000000 OOU[S, M|

e 10 POUDDDDD HelmholtzOODODOOOOOOFI[T, M]

e 00 HODODO HelmholtzOOOOOOOOO F[T, M| = F[T,M] — MH

A~

FIT,M|=F[T,M]-MHOOOOOOOOO MOOOO0O

OF [T, M|

OF[T, M)

; g —H=0 (10.1.1)
OF[T, M|

H = — (10.1.2)
dF[T; M) = HdM — SdT (10.1.3)
FY[T,H] = min(F[T,M] - MH) (Gibbs00000000000(10.1.4)

OF*[T, H
M = ——— (10.1.5)

nfufufinfals

gbor7rddb Aoboobobooboobooobo

e 000000000000 (uH)

38



e 000000000000 (ksT or RT)

gbobogoobobooobobboood

FT,H] = Tf(H/T) 0000 (f(z)0000)
_ _oF[1H]  _OfH/T) Sy
wo= A D iy o) =0
L OM(TH) O (HT)
X T RSV am T AS0 | 0H
— dim L (T = — 2 pr0) = € Cwien DD
T oHS0 T -7 T
P T H) 0
S = Tar e /WA

= T (H/T) ~ f(H/T) = o(H/T) g(x) = () - {(z)

oooo]

1.00T7T000 HOODO

2000000000 HDOOOOO

3.000000000000 «H/TOOOOOO
!

H
4.DDDT’:TFDDDD

10.2 OO0
e JJOUOODUOODUODDODDO P

e 000D0OOOOUS, P
e 0000 POOOOOOO HelmholtzO OO O OO0 0O F[T, P

e 00 EOOO HelmholtzD 00000000 F[T,P|]=F[T,P]— PE

A

FIT,P|=F[T,Pl- PEOOOOOOOOO POOOOO

OFT,P]  OFIT,P] B
op .~ op 70
_ OF[T, P]

E = —5p

dF[T;P] = EdP — SdT

(10.1.6)
(10.1.7)

(10.1.8)

(10.1.9)

(10.2.1)

(10.2.2)
(10.2.3)

F[T,E] = min(FIT,P] = PE) (Gibbs00000000000)(1024)

39



10,3 0000

e 00000OOOOOO0OODO A
e 000D0O0OOOU[S,A]

e 0 ADDDUDDOO HelmholtzO O O OO OO OO FI[T, A]

e J0I0c0UIDUODDOODMODUODUODOLNDO HelmholtzOODODOODODOO

F[T, A= F[T,A|—Ac 000000000 ADDOOO

Wmm__wmm__ﬂ
oA~ a4 77
_ OF[T, Al

Y

dF[T;A] = odA— SdT
G[T,0] = min(F[T,A] - As) (GibbsUDDOODOOO)

FIT)MA] = AFIT,A], FO ADDODO
FIT,A] = AF[T,1], A=1/A000
_ OF[T,A]
g = a—A—F[T,l]

gbooboobgobgobbobboboobd

40

(10.3.1)

(10.3.2)

(10.3.3)
(10.3.4)

(10.3.5)
(10.3.6)

(10.3.7)



