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1 The First Law of Thermodynamics
U = Q+W
H = U + PV
A = U − TS
G = H − TS
CP =

(
∂H
∂T

)
P

QP = ∆H =
�
CP dT

CV =
(
∂U
∂T

)
V

QV = ∆U =
�
CV dT

Closed (∆ ≡ final − initial) : ∆Ep +∆Ek +∆U = Qin −Ws, by
Open (∆ ≡ out − in) : ∆Ep +∆Ek +∆H = Qin −Ws, by

1.1 Perfect Gases
P1V1

T1
= P2V2

T2

dU = CV dT dH = CP dT ČP − ČV = R
Monatomic: ČP = 5

2R ČV = 3
2R

Diatomic: ČP = 7
2R ČV = 5

2R

1.2 Isothermal Process: {∆T,∆H,∆U = 0}
1.2.1 Reversible Expansion
QT,rev,in = WT,rev,by = nRT ln V2

V1
= nRT ln P1

P2
= −PdV

1.2.2 Expansion Against External Pressure
−QT,in = WT,irrev,by = Pex∆V
Free expansion, {Pex = 0} : Q,W = 0

1.3 Isobaric Process: {∆P = 0}
∆H = QP = CP∆T
WP,by = P∆V = nR∆T
∆U = QP +WP = CV ∆T
∆H = ∆U + P∆V
∆T = P

nR (V2 − V1)

1.4 Isochoric Process: {∆V = 0}
WV = 0 ∆U = QV = CV ∆T = CV

nRV (P2 − P1)
∆H = ∆U + V∆P

1.5 Adiabatic Reversible Process (Isentropic): {∆Q,∆S = 0}
−dWon = dU = −CV dT = −PdV dH = CP dT
γ ≡ CP

CV
P1V

γ
1 = P2V

γ
2 T1V

γ−1
1 = T2V

γ−1
2

T2

T1
=

(
V1

V2

) R
ČV =

(
P2

P1

) R
ČP =

(
V1

V2

)γ−1

=
(

P2

P1

) γ−1
γ

=
(

ρ2

ρ1

)γ−1

WQ,by = ∆(PV )
γ−1 = nR∆T

γ−1

1.6 Reversible Polytropic Expansion
TV γ−1 = PV γ ≡ C

WQ,rev,by = C
V2�

V1

V −γ = nR(T2−T1)
1−γ

=
C[V 1−γ

2 −V
1−γ
1 ]

1−γ
= ČV (T2 − T1)

1.7 Process Equipment
Nozzle / diffuser: ∆H = Ek,in − Ek,out Ws = 0

Turbine / pump: ∆Ȟ +∆Ěk = ±W̌s,by W̌s =
� 2

1
V̌ dP

Heat exchanger: ∆Ȟ = Q̌in ∆P = 0
Throttling device: ∆Ȟ = 0 ∆P ̸= 0

1.8 Carnot Cycle (Figure 1)
W̌by : RTH ln V̌2

V̌1
→ ČV (TH − TC) → RTC ln V̌4

V̌3
→ ČV (TC − TH)

η = 1 + QC
QH

= 1− TC
TH

= TH−TC
TH

= QH+QC
QH

=
Wby
QH

QH
TH

+ QC
TC

= 0

W̌by,net = R(TH − TC) ln
(
V̌2/V̌1

)
Cooling CoP = TC

TH−TC

2 The Second Law of Thermodynamics
∆Suniv = ∆Ssys +∆Ssurr

dST,rev = dQrev
T ∆ST,P,rev = ∆H

T ∆Ssurr =
Qsurr
Tsurr

∆ST,sys = nR ln V2

V1
= −nR ln P2

P1

∆SP,sys = CP ln T2

T1
∆SV,sys = CV ln T2

T1

Ideal gas: ∆Srev,sys =
T2�

T1

CV

T dT + nR ln V2

V1
=

T2�

T1

CP

T dT − nR ln P2

P1

Solid / liquid: ∆SP,ρ,sys =
T2�

T1

CP

T dT =
T2�

T1

CV

T dT

Phase transition: ∆trsST,P,sys =
∆trsH
Ttrs

Solids in contact, adiabatic: ∆SP,V,sys =
∑

i(niČP,i ln
Teq
T0,i

)

Isentropic: nČP ln T2

T1
= nR ln P2

P1
nČV ln T2

T1
= −nR ln V2

V1

3 Thermodynamic Properties
3.1 Gibbs Equations

F ∈ {S, P, V, T} : dF (t, r) =
(
∂F
∂t

)
r
+
(
∂F
∂r

)
t

dUrev = TdS − PdV T = (∂U/∂S)V P = −(∂U/∂V )S
dHrev = TdS + V dP T = (∂H/∂S)P V = (∂H/∂P )S
dGrev = −SdT + V dP V = (∂G/∂P )T S = −(∂G/∂T )P
dArev = −SdT − PdV S = −(∂A/∂T )V P = −(∂A/∂V )T

dŠ = ČP

T dT −
(

∂V̌
∂T

)
P
dP

(
∂ G

T

∂T

)
P
= −∆H

T 2

∆Š(T, V̌ ) =
T2�

T1

ČV

T dT −
V̌2�

V̌1

(
∂P
∂T

)
V̌
dV̌

∆Š(T, P ) =
T2�

T1

ČP

T dT −
P2�

P1

(
∂V̌
∂T

)
P
dP

∆Ǔ(T, V̌ ) =
T2�

T1

ČV dT +
V̌2�

V̌1

[
T
(
∂P
∂T

)
V̌
− P

]
dV̌

∆Ǔ(T, P ) =
T2�

T1

[
ČP − P

(
∂V̌
∂T

)
P

]
dT−

P2�

P1

[
T
(

∂V̌
∂T

)
P
+ P

(
∂V̌
∂P

)
T

]
dP

∆Ȟ(T, P ) =
T2�

T1

ČP dT +
P2�

P1

[
−T

(
∂V̌
∂T

)
P
+ V̌

]
dP

∆Ȟ(T, V̌ ) =
T2�

T1

[
ČV + V̌

(
∂P
∂T

)
V̌

]
dT+

V̌2�

V̌1

[
T
(
∂P
∂T

)
V̌
+ V̌

(
∂P
∂V̌

)
T

]
dV̌

α(T, P ) = 1
V̌

(
∂V̌
∂T

)
P

κ(T, P ) = − 1
V̌

(
∂V̌
∂P

)
T

α
κ =

(
∂U
∂V

)
T
=

(
∂S
∂V

)
T
=

(
∂P
∂T

)
V

3.2 Maxwell Relations
dF = AdB + CdD → (∂A/∂D)B = (∂C/∂B)D
U : (∂T/∂V )S = −(∂P/∂S)V A : (∂P/∂T )V = (∂S/∂V )T
H : (∂T/∂P )S = (∂V/∂S)P G : (∂V/∂T )P = −(∂S/∂P )T

{S → P → V → T ⟲} :
(

∂F1

∂F3

)
F2

(
∂F2

∂F1

)
F3

(
∂F3

∂F2

)
F1

= −1

3.3 Departure Functions

Z = Z(0) + ωZ(1)

Č real
V = Č◦

V +
V̌�

V̌∞

T
(

∂2P
∂T 2

)
V̌
dV̌ Č real

P = Č◦
P −

P�

P0

T
(

∂2V̌
∂T 2

)
P
dP

Č real
P − Č real

V = T
(
∂P
∂T

)
V̌

(
∂V̌
∂T

)
P
= V̌ T

(
α2

κ

)
∆Ȟdep

T,P = ȞT,P −∆Ȟ◦
T,P

∆Ȟ(T1,P1)→(T2,P2) =
T2�

T1

Č◦
P dT +∆Ȟdep

T2,P2
−∆Ȟdep

T1,P1

∆Ȟdep
T,P =

(
∆Ȟdep

T,P

)(0)

+ ω
(
∆Ȟdep

T,P

)(1)

∆Šdep
T,P = ŠT,P −∆Š◦

T,P
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∆Š(T1,P1)→(T2,P2) =
T2�

T1

Č◦
P

T dT −R ln P2

P1
+∆Šdep

T2,P2
−∆Šdep

T1,P1

∆Šdep
T,P =

(
∆Šdep

T,P

)(0)

+ ω
(
∆Šdep

T,P

)(1)

3.4 Joule-Thomson Expansion
µJT =

(
∂T
∂P

)
Ȟ

µJT
>0:+∆V→−∆T
<0:+∆V→+∆T

4 Phase Equilibria
Tα = T β Pα = P β Ǧα

i = Ǧβ
i ⇔ µα

i = µβ
i ⇔ fα

i = fβ
i

4.1 Pure Species, 2 Phases

Clapeyron: dP
dT = Ȟβ−Ȟα

T (V̌ β−V̌ α)

Clausius-Clapeyron (VLE): ln psat,1
psat,2

=
∆vapȞ

R ( 1
T2

− 1
T1
)

V̌(g)≫V̌(l)
∆vapȞ ̸=f(T )

4.2 Non-reactive Multicomponent Multiphase Mixtures
4.2.1 Partial Molar Properties
F ∈ {H,U,G, S, V, CP }{T,P} : F =

∑
i niF̄i F̌i =

∑
i xiF̄i

∆mixF = F −
∑

i niF̌i =
∑

i ni(F̄i − F̌i)
∆mixF̌ = F̌ −

∑
i xiF̌i =

∑
i xi(F̄i − F̌i)

F̄i =
(

∂F
∂ni

)
T,P,n′

F =
∑

i F̄idni F̄∞
A = F̄A(xA → 0)

Gibbs-Duhem:
∑

i nidF̄i = 0
∑

i xidF̄i = 0

∆slnȞ = ∆mixȞ
xsolute

(∆mixF̄ )i = F̄i − F̌i

∆mixH
◦ = 0 ∆mixV

◦ = 0
∆mixS

◦ = −nR
∑

i xi lnxi ∆mixG
◦ = −T∆mixS

◦

4.2.2 Chemical Potential

µi =
(

∂G
∂ni

)
T,P,n′

µ⋆
i = Ǧi

∂µi

∂P = V̄i
∂(µi/T )

∂T = −H̄i

T 2
∂µi

∂T = −S̄i

4.3 Fugacity and Activity

f◦
i = yiP ϕi =

fi
yiP

ϕ⋆
i =

f⋆
i

P

γi =
fi,(l)

xif
⋆

i

ai = xiγi =
fi,(l)
f⋆

i

µi − µ⋆

i = RT ln

f⋆
i

f⋆

i

µβ − µα = RT ln
fβ
i

fα
i

4.3.1 Vapour, Pure

Ǧ− Ǧ⋆
 =
P�

Plow

V̌ dP = RT ln
f⋆

(v)
f⋆


(v)

∣∣
f⋆


(v) =Plow

{µi = Ǧi} : ϕ⋆
(v) =

f⋆

(v)
P = e

∆Ǧdep

RT = e
∆Ȟdep−T∆Šdep

RT

Table: Ǧ(T, P ) = Ȟ(T, P )− T Š(T, P ) f⋆ = Plowe
Ǧ−Ǧ⋆


RT

EoS: ln f
Plow

= 1
RT

P�

Plow

V̌ dP =
P�

Plow

Z
P dP

Z = PV
nRT = 1 +B′P + C ′P 2 + · · ·

lnϕ⋆ = ln f⋆

Psys
= B′P + C′

2 P 2 + · · ·

Correlation: lnϕ⋆ = ln
f⋆

(v)
P =

P�

Plow

Z−1
P dP

log ϕ = log ϕ(0) + ω log ϕ(1)

4.3.2 Vapour, Mixture: {T = T
, P = P
}

µi − µ⋆

i =

P�

Plow

V̄idP = RT ln
fi,(v)
yiPlow

Assume ideal, {ϕi,(v) = 1} : fi,(v) = yiP
Lewis rule, {γi,(v) = 1} : fi,(v) = yif

⋆
i,(v)

EoS + mixing rules: −
V�

V∞

(
∂P
∂ni

)
V,T,n′

dV = RT ln
fi,(v)
yiPlow

4.3.3 Liquid, Pure: {T = T
, P = P
}
{Psys = psat} : f⋆

sat,(l) = f⋆
sat,(v) = ϕ⋆

satpsat
{Psys > psat} : f⋆

(l) = f⋆
sat,(l)P = ϕ⋆

satpsatP

P ≡ f⋆
(l)

f⋆
sat,(l)

= e

(
V̌(l)

P−psat
RT

)

4.3.4 Liquid, Mixture: {T = T
, P = P
}
Lewis-Randall: f◦

i,(l) = xif
⋆
i,(l)

fi,(l) = γixif
⋆
i,(l) = γH,ixiHi

Hi = γ∞,if
⋆
i,(l) γH,i =

γi

γ∞,i

{γi → γ∞,i} : γH,i → 1 xi → 0
∂ ln γi

∂P = V̄i−V̌i

RT
∂ ln γi

∂T = H̄i−Ȟi

RT 2

4.3.5 Excess Properties
F ∈ {H,G, S, V } : F̌ E = F̌ − F̌ ◦ F̄ E

i = F̄i − F̄ ◦
i

F̌ E = ∆mixF̌ −∆mixF̌
◦

ǦE = ∆mixǦ−RT
∑

i xi lnxi =
∑

i xiḠ
E
i = RT

∑
i xi ln γi

ḠE
i =

(
∂[nTǦ

E]
∂ni

)
T,P,n′

= RT ln γi(
∂ǦE

∂P

)
T,n

= V̌ E
(

∂[ǦE/T ]
∂T

)
P,n

= −ȞE

T 2

(
∂ǦE

∂T

)
P,n

= −ŠE

4.4 Vapour-Liquid Equilibrium: {T = T
, P = P
, fi,(v) = fi,(l)}
L-R ref., {xi → 1} : ϕi,(v)yiP = γi,(l)xif

⋆

i f⋆


i = ϕ⋆
sat,ipsatP

Vap. & liq. ideal (Raoult’s law): P = 1 yiP = xipsat,i
Henry’s law ref., {xi → 0} : ϕi,(v)yiP = γH,ixiHi

Ideal vapour: yiP = xiHi

Bubble point (Raoult’s): P =
∑

i xie
(Ai−

Bi
T+Ci

) ⇒ yj =
xjpsat,j(T )

P

Dew point (Raoult’s): 1
P

∑
i

yi

e
(Ai−

Bi
T+Ci

)
⇒ xj =

yjP
psat,j(T )
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