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oooooood

“A theory is the more impressive the greater the simplicity of its
premises, the more varied the kinds of things that it relates and the
more extended the area of its applicability. Therefore classical thermo-
dynamics has made a deep impression on me. It is the only physical
theory of universal content which I am convinced, within the areas of
the applicability of its basic concepts, will never be overthrown.”

- A. Einstein (1949) -

goooooboobboddddoooononooooooo
gooooooooooodooooooooooooooooooon
go0d0o0o0o0do0o0odooooooooooooooogoooog
O000000ooooooooooooooooooooOoOoooog
gooboooooobooooooboooodm
coooooooo

0000doooopooooooDOooooOoooooooooogo
00000doooooooooooo0oo00o0ooooooooooog
0000000000000000ZBHREE

1.1 OO0

00000000 (00)02000000000001000000
00000 (system) 00000000000000 (surroundings) O O
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0 1.1 Albert Einstein (1879/3/14—1955/4/18)

ggobgoooboooboobobooboobooboobooboobooboboobbooboboob
bobooboooobooboooo3obooboooogan

e UOODODO(closed system) D00 OO0OOOOOOOOOOOOOO
ooooboooooooooon

e J00ODODO(open system) 0000000000 DO0OOOOOOO
ooooooon

e 00D 0ODU (isolated system) 0000000000 UOOOOOOO
ooooboooooaoo

oboboobobooboboobobobooloboobo20000---0
000000000000000O00Ocomponent) 0000000000
gboboobooboooobobooooooboooo

000000000000 00O00000O00000oUOO0oOooOg (state
propery) 00000000 200000000 10000000000
0000000000 (intensive property) 00000000 10000
000000 (0000)000000000 (extensive property) 00O
obooboboboooobobobooboboobobobobobooon
ooooboobobobobooooobobooobobo200bO0bOon
gbooobooboobobobobooboobooboobooobon



1.1 00 3

00000o000o0oo0ooo0oo0(Dooooo)oooooo
goooo

0000000000000 000O00O00O00OOUOooOoon (single
phase system)J2 000000000 (multiphase system) 00000
0000000000 (homogeneous system) 000000000000
(heterogeneous system) 0 D0 00000000 (phase) 000000
obooboboooooooooobooboooooooooboboooon
ooobobooobobobo2000bobooobobooobobon
gogbobodbooobboobboobboobbbboobboon
gloooboobobobooboobooobooon

gooooobobbooooooooooooobbbooooooooon
000000000000 000000000000O0O0O0On (equilibrium
state) 0 0000000000000 0OO0O0OOOUOOOOOOOOO
gobbooooobooobooboooooooooboooooboooon
obooooooboooogn

0000000000000 0000000000000 (state vari-
able) 00000000000 DO0OO0O0ODOODOOOOODOOOOO
goboooboobbooooboooboboooobooobooobooooon
00000000 GibbsOO0O (Gibbs’ phase rule) D 00O

O=C+2-P (1.1)

goodée0O0OO0O0O0OO0OO0OOOODDODOODOOOOOOUODOOCO
Oo0OOopPOOOOOCOOOOOCOGIDbsOOOOOOOOOOOOOO
obobooobOoobooobooooobOoobooooobooboooon
gbooboooboobob eOOOO0OOO0ODOODODODODODODOD
ooooboobooobooboooooboobooooboo e+10000DO

oboooboooboooooobooooooboobOoooon
0000 (external constraints) 00 0000000000000 OOO
goooooboooooboon
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0O 1.2 James Prescott Joule (1818/12/24—1889/10/11)

1.2 0000004

obodbobobobobobobUooooooooboUobooboobo
000000000000000000000000 (internal energy) O
Uyoo000U0oU0ooooon (heat)D QUOUODO WOODOOODOOOO

aog
dU =dQ +dW (1.2)

goobbboboooouobbbooooobboooouobboboboo
uboboobobooobooboooooobooooobooboooooboan
00000000 (thermal energy) 0000000000000 OOO
obooobOoboooobooboooooboboooooboooooaon
gooboobbboooogoobbboodooobuoooouoobobo
oooboooobooobooobooobooobooobooooboooon
0000000000000 0 (Doooooo)yoooooooo (oo
000000000) 00000000 0o0o000ooo0ooooooooo
gobboobbooubooobooooobbuooooobboooo
0E=me(E:000000mO00ec00)0000 20000000
oobooobooobooooooboooobooobooobooooon
gogogbboooboboobobuooobboobuoooboobbooon
goboooobooobboobbooobuobboobbooboboooo
00000 (2)0bvooo00oo00duooooooooooo
0000 dO0000 (exact differential 00 O 0O total diferential) O O
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0 1.3 Julius Robert von Mayer (1814/11/25—1878/3/20)

gooooooowOoOooopoooooooooooooooooo
00000dDdW OOOO0ODDD0DO000000000000DOD
0000000000d00D00000000000 (inexact differential)
0000000 2000000000000 00o0DooooUooo
goooooo

ooooowgooboooooooooooooboooooooooo
000000000000 VOdvVvOoOooooooooo

dW = —p'dVv (1.3)

000000000000000000000000000000000
00000000000000000000000000000 p000
000000 @00 @)oooooo

dU =dQ — p'dv (1.4)

oooooodooooooooooooooooooogoooogn
CooooboobopdOobobOOOCOOdpOO0OO0OooOoOoooOoboOoOn
p000000000000000000000O00000000O00O0
(isobaric process) 00O 000000 (L0 p=p00O0O0

dU = dQ — pdV (1.5)

googood
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0 1.4 Rudolf Julius Emanuel Clausius (1822/1/2—1888/8/24)

1.3 00Oooood

obooooboboooboooobobooobooobooooboboooonn
gbooobOobooooboobo 200000

e DClavsinis 000 O0O0ODOOOODODOODODOOOODOD
ooooboooao

e O Kelvin(Thomson) 000000000000 O0OOO0OOOOO
0000000 (DO)ooooooo)ooooooo

dob0ooodoobobooooooouoooo 2000000000
ldddddoooobobooooooooooooobooooooooao
(spontaneous process) 0 0000000000000 O00O0OO0OOOO
000 (irreversible process) 000000 1 0000000000000
o000 oooooooooobooo
0000000000 (reversible process) 0000000000000
gbdooddoboobooooobouoobooobooooobooao
goooooooooobooooooooboboboooooooooon
dodoooooooddoooooooooooooooooooon
gddooouoooouooobood

godoobooouooooooobo 2000000000000 00
SOO00000DOoooOoooOoon



1.3 00OO00O0ooo 7

0O 1.5 William Thomson (Lord Kelvin) (1824/6/26—1907/12/17)

oooooooo

dQ
ooooooood B
dQ

= 1.

ds = 3 (1.7)

00000000 7000000000dQOO000000DOOn
gbobooobobooboooboobobooboooobooooon
gboboooooooobooboooooboobooobrooooon
T=7T'00000 (80 Clausius000000 (1) O Clausius O
gobooboobobobg 20b000bbo0oobboobboobboon
O0000000000000000000000 clausiuvs000000
OKevinOOOOODOOOOOOOOOOOOODOOOODOOO
gooobobood

ddoooooooooooooo sopoooooooooooooo
0000 (Carnot0000)0000 Q/T000000000OO Clausius
000000000000 000O00UD (ooooooo soo
0000000000000 (@oo0o0ooo0T00O0DOOoUOOOOO
oooooo)

0O @60 C@doooooooooooo

AU < T'dS — p'dV (1.8)
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0000000000 @)O0 @) 000000
AU = TdS — pdV (1.9)

gbooobooboooboobobobooogooo
000000o0du=00dv=00000000 (OO

ds >0 (1.10)

gboboboboboboooooooboobobobobobobobob
uboboobooboobooboooood

1.4 000000

oboodobooobobooobo0oobooobooobooboooonn
gobooooboobooooboooobooooooooboooboooon
000000d0O000odooOo0OO0o0oooooooooooooébbon
0600000000000 0000000DDOOOODODOOO0000
O Clawsius 0000 (8) 0000000000 O0O0O0O0UO0ODOOOOO
oobooooboobooooboooboooooooooooooooon
gboooboooooobooboooboobooon
0Q

T/
ooboooboooobooboooboooobooobobooboooboooooooon
ooooooo

35S # (1.11)

SU =6Q — p'ovV (1.12)
oooooon

T'5S # 6U +p'sv (1.13)
oooooo
oooooon

00000006 =006V =00000000 @I3)0O

55 %0 (1.14)
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0 1.6 Hermann Ludwig Ferdinand von Helmholtz (1821/8/31—1894/9/8)

ooboooooobboooooooboooboobboooooooboooon
goooooboooooao

gooobooooon
000000000000000T=7T0000000046V=00

0000 @O0
T§S # 6U (1.15)

goooogod
A=U-TS (1.16)

00000 HelmholtzOOUOOOOO (Helmholtz free energy) O O O
goooooo
JA L0 (1.17)

ooooboo0ooooOoo0TO000vVOoOooooOoOOoOoooDoOooOoo
OO0O0O0O0O0000000000 HelmholtzOOODOOODOOODOO
O0OO00O0O0HelmholtzOODODODOOO ADOOOOOOOOOO

gooooooogoon
000000000000000000000000T =7T0p =p0O
0000000000000 00O00UooO0oU0ooD @)oo

S(U+pV —TS) £0 (1.18)
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O 1.7 Josiah Willard Gibbs (1839/2/11—1903/4/28)

0000000000000000000000000 (enthalpy)H O
Gibbs D00 OO OO (Gibbs free energy)G 000000

H=U+pV (1.19)

G=U+pV-TS=H-TS (1.20)

GibbsOOOODOOO GUOOOOO (I8 O
3G 0 (1.21)

gbobooooooooooooTroob pobO0bODbDODbDODOn
OO0O00O000O00DOoODbOon0b GibbsOOOOOOOOODOO
O00000000000000D0 HOOO GibbsOOOODOOO GO
uboooboobooooooo

O0oo]

00 7TO000p000010000000000000000000
000000000000000000000000000000000
000T7T=000p=000000000000000000 @200
0000000000007 O000Gibbs00000000 0000
00D Gibbs 00000000 000000000000000 n,
000Gibbs 00000000 G,0000000 GibbsO0OODOOOD
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0G,0000

Gy =mGi(T,p), Gg=nyG,(T,p) (1.22)
goooooo
0000000 0000000000000 000000ODO0O0
0000 G,0000 émG(T,p) 0000G, 0000 dmGy(T,p) OO
000000000000 GibbsOOODODOOO GOOOO

6G = [Gy(T,p) — Gi(T, p)|om (1.23)
000000000 @DH0000000000
[Gy(T,p) — Gi(T,p)lon; £ 0 (1.24)

00000oogooooooooooooooo pOoOo0ooogogg
good

oobooooobooooooool1oobooboooobooooooon
O0000DoDoDoOOO00UDoD GibbsOODODODODOOOOOOOOO
gooooOoboooooaon

1.5 0000 ([@O0)

coo0O0O00oOoooooOT00o0ovooooooocoooTrTooo pd
0000000000000 COO0O000 HelmholtzOOOOODOO AO
GibbsOOOOOO0OO0 GOOOOOOOO0OOO0OO0ADOOOO GOOO
booooooooooooooboooooooooooooooagon
0(r,v)ooooo AoDOooooooo (T,p)OODOOD GOOOOO
O00000000oD0oD0o0o0ooooOo TOVOoOOOOoOO A(T,V)
0000000000o0oUo0o0o0 T0p000O00O G(T,p)OODO
ocoooooOOoOOO0OO0OO00OO00oOoO0OooooooTrovooooTop
00oo0o0oo0ooooooUooUooo (T,v)oooo AoO
00000000 (T,p) OO0 GUOOOO (characteristic function)
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0000000 (generating function) 00 0000000000000
00000000 (S,V)D0000000000 US,V)O0 (S,p)00
00000000 H(S,p) D000

o000
01.000000
| 0 |oooao |
(T,p) | G(T,p)
(T,V) | A(T,V)
(S,p) | H(S,p)
(S,V) | U(S,V)

0000

Ooooon

Gibbs 0000000 GOOOD ()00000000000
dG = AU + pdV + VdP — TdS — SdT (1.26)

ooobobodoooooo2b0pbDDOD0b0O0O0O0O000000000000
O0000o000ooo @yuooo

dG = Vdp — SdT (1.27)
00000000000

‘/:(2E>T (1.28)

A9:—(22>p (1.29)

0000000000 (Y0 GO000 @@)O000000oo0o
000 HOOODO

voa() (68, o

O0O0000O0000DDDOD Gibbs - HelmholtzOOOOOOOOO
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O 1.8 James Clerk Maxwell (1831/6/13—1879/11/5)

000000 HOOOO H=U+pV00000000000000
0@@ooooo

dH =TdS + Vdp (1.31)
ODO0000OO0oDOooo
0H oS
— ) =V+T(—— 1.32
<3p>T <3p>T (32
00000 @290 (2900
8V) 0?°G (65)
27 = = (= (1.33)
(BT » OpoT op ) r
0 Maxwell00OOOOD0OD000 (@32)0 (L33 00
0OH ov
il V-7 = 1.34
(@), =v-(ar), 134
00000000000
OH
— ) =V(Q@-aT 1.35
(%), —va-an) (1.35)

obooobO0bo0oobobedboooonoo

a %(‘;—;)p (1.36)
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0000
000000 @@OO

ou dp

) =—prT( 2 1.

(5v),=+(5t), 0
00000000000(0U/0V)r=p; 00000000 (internal pres-
sure) 0 (Op/0T)y = 0000000000 (thermal pressure coeffi-

cient) 1O 00O
pi=-p+10 (1.38)

goooo

0 @30 @3 O00000000 (thermal equation of state) O O
obobobooboooboooooooooboobobobobboobooboon
ggoobbobbooooobobbobboooogo

1.6 00O

obodooooboooobooboobooooooboooboooonn
gobooOoobooboooobooooboooooboooooooooon
oooooooooooooobooooboboboooobooooooooon
goocooio---ordr+10000000000O0r+1000000
000000000000 00000000000 (principal solvent) O
oooooooooooooooé(@=0,1,---,r) 00000 n; 000
obooooobonn0OODO

n= inz (1.39)
i=0

oood

1.6.1 00O00OO0OO0OOO0OOOOOOOOO

OO0 T7TO00O0pp0000 (T,p)UOODDOOOOOOUOOODOOO
YOoooovydo TOpOneOn,O---On, 0000000O000O0OO0ODOOO
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15

O00n; (i=0,1,---,n. 0000 N0000000Y O AOOOOOO

goooyd
Y(T7pa )\TLO,A’I’Ll,' : ',A’I’Lr) = AY(T?paTlOanl,' o ;n’r)

000000000000 (partial molar quantity)Y; O

Y
%= ()
i ) T pyng (4)

gbooobooobooboooboboo

Y = zr: niY;'
1=0

oboooy,00bo0oooboooocybooooooon

<wz($v qT+C§LW@+Z?mm
00000 @@O0O0000
Mf:ﬁjmﬂm+dﬁmg
=0
0000000200000

goooooTOpOOOODOOO
T
Z”i(in)Tm:O
i=0

00000000
> wi(dYi)r, =0
=0

00000000« (=n/n) 00000 (OO)ODOODO

(1.40)

(1.41)

(1.42)

(1.43)

(1.44)

(1.45)

(1.46)

(1.47)
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000000 Y 0000000000000 (;)r,0 20 2,0---0
¢, 00000000 _,2=10000000 200000000
00)oooooo

T 65/;
o e 1.48
(dY)1,p Z <8xj ) T,pak (k#]) v o

j=i

00000 @4oooooo

2:{§:xi(gm> ]dxj—o (1.49)
T3/ Top i (k5)

j=1Lti=0

DDDDDDDDdeDDDDDDDDDDD
r GY;
i=0 Lj ) Tpan (k)

oooooooboooooooooo«0000O0 Yy, 00000000
oboooobooooobobobooboobooooono

(5,V)OooooooouOoooooooooooooooo
dU =TdS — pdV + Y pidn; (1.51)
=0

000000000, 000+000000000 (chemical potential)
oooobooooooboooon

i = (5U> (1.52)
O ) 5,v.my )

000000000000000000000000000000 dUO
000000 dn; (i=0,1,2,---,7) 000000000Gibbs 0000
0000000 (B) 000w 000

ou
(%) a5




1.6 OO0 17

oU
p= _(W)s,m (1.54)

0oooooo
0 @@)oO00o0o0o

_1 b Tui_
dS—-TdU+—TdV' Z;ffdm

(85) mf+(3s> M/+§:(as> dn,
ou Ving ov Uni on; U,V,n; ()

1=0
(1.55)
Ooooooooo
8ni U,Vin; (j#1)
1 a8
2 _ (22 1.
a8
=T 1.58
b (8‘/) Umn; ( )
OooooO
Uooo000o0ooon
U:TS*pV+Z,U,in¢ (159)
=0
0000000000000000
dU = TdS + ST — Vdp — pdV + Y _ (psdn; + nidp;) (1.60)
1=0
00000 @500
SAT - Vdp+ Y midp; =0 (1.61)

=0
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0 1.9 Pierre Maurice Marie Duhem (1861/6/10—1916/9/14)

O0ooooTO0 p00O0oOOO0OO0ODOOOO

Z{Z n(?ZJ)Tp] dn; =0 (1.62)

oooooooobode, 0D0000DOOOODOOOOD

r

Zni<a‘“> =0 (1.63)
8nj Tp

i=0

00000000000 (C48)0 (L5000 (CEN)0(C63) 0 0 000 Gibbs
-Duhem 00000000

oood
(S,p) 0000000000 HOOOOOOOOO

dH =TdS + Vdp+ Y pidn; (1.64)
1=0

gooobogooobooo

s = (8H (1.65)

In; > S.pn; (ji)

V= (aH> (1.66)
ap S,n;



1.6 OO0
oH
()
as) .

(T,v)Oooooooooo ADoOo

goooog

dA = —8dT — pdV + > pdn;

=0
O0ooooooon
(04
= <8ni>T,V,nj(j;£i)
0A
s=-(57),..
0A
r=(ov),..

(T,p) DODOOOUOOOOO GOoOOOOOO

dG = —8dT + Vdp+ Y _ pidn;

=0
oo0ooooooo
i = (86‘)
i ) 1 pm; (G0)

oG
S=- (w)
- (%)

ap T,ni

goooooo

19

(1.67)

(1.68)

(1.69)

(1.70)

(1.71)

(1.72)

(1.73)

(1.74)

(1.75)

GibbsOOOOOOO GOOOOO0O0O00O0OOOOODOOCOOOO
oooooooGoooo G=U+py—-TSoooooooouounon

00 @@x@oooooo

I
G = Z T
i—0

(1.76)
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000000000 G=wun 000000 GibbsOOOOOOO Gy,
(=G/n) 000000000 wOOO0DO0DO0O0O0OO0OODODOOOOO
oooooooo

G, = Zﬂixi (177)
=0

000000000000 40 70 pOa(i=1,2,---,r) 0000y =
i (T,p, @1, 22, 2,) 0000

1.6.2 000000000

oobooOoobooooboooobboooboOoobooOoobboooon
gboooboboooboboooooboboooooboooo

1. 0000 (mole fraction)x; DO0O0D00000 n, 0000000 n
gooo
n;
= (1.78)

O0ooDo0Y, ,2;,=10000000000 00000

2. 0000 (weight fraction)w; 000 0000 00000000
¢000
_ qi
wzzg—m (1.79)
DDDDDDZ;ZO’LUZ-:1DDDDDDDDD r0000000ad
02 00000000:00000 (molar mass)d M; 0000
G =mM;00000
z; M; o wi/M;
ST owMy T S (wy /M)

w; =

(1.80)

ooood

3. 0000 (volume fraction)¢; D000 00000 (molar volume)
veOoOoOooooo (specific volume)vy (v =V,°/M;) 000000

7

Uil ;00000000 w;000obooooon

(biE T i‘ = T il o’ Z¢l:1 (181)
= = =0
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00000 -000000000V0000000000000 (par-
tial molar volume)V; 00 00O O (partial specific volume)v;(v; =
V;/M;)0000000000V; 0. 0000000000000
coobOO0O0000ooooobObOOoOo0ooooooooono Ve =Y
gooooooobobooood

4. 000000 (molarity)ym; 0000000000 OOOOOOOO
00 (0O0oo)oooooo

n; Zq
.= - 1.82
" noMo  xoMo (1.82)
my=M;' 0000000
o i — (1.83)

oMyt + Samy o YoMy
googo

5. 000000 (volume molarity)C; 00D OO00O0O0O0OO+00
00 (Do0ooo)oooooo

C. = = = 1.84
! Vv Vm UM ( )
0000V, 000000000 (=V/n)00vy O
|4
= 1.85
M = (1.85)

Oooooooooooobooooooooooooooo voo
ooooo v;,obooo

" 1%
V—;niw Vi = <5m

00000000000 neMeODODO

) (1.86)
T\pon; (j70)
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0 1.15 Walther Hermann Nernst (1864/6/25—1941/11/18)
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