
Agenda: TD Phenomenology of Real Matter, Gases etc.

• Fundamental ideal gas laws, 
          Equations of state (EoS)
          Isothermal expansion/compression

      Adiabatic expansion/compression

• Circular processes
     Work, heat, and entropy in Carnot processes
         Carnot, Kelvin/Clausius 2ndLTD

 Thermodynamic driving potentials
  Application chem reaction

• Equation of state of real matter
         Van der Waals gas & other gas models, applications
         Energy, activity, fugacity of real matter, gases & liquids
         Phase equilibria 

• Statistical Mechanics
 Quantum statistics
 Partition functions

Reading 

Assignments

Weeks 7 & 8

LN IV.4-7: 

Kondepudi Ch. 3.5-

3.7, 5, 6.1-6.3, 7. 

McQuarrie & Simon 

Ch. 5, 6

Math Chapter B, C 
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Effective Pressure of Real Gases/ vdW EoS

Without interaction: <E>=(1/2)kBT per d.o.f.→ K=(3/2)kBT 

Long-range part of L-J potential= attractive force, retards the 

motion of the particles→ K < (3/2)kBT → preal < pIG

 

 →  →   −   

2

2
2 2

2
0

Effective interaction rate volume for  particles:  

with  0

N

N
p p a ; pa

V

Observed pressure for real gas pmeas < pIG. 

( ) ( )1 8

meas IG

B IG eff meas

p p p

Nk T p V p p V 

= 

=  = −    −

+

( )
2

B

N
p a V Nb Nk T

V

  
 +  − =    

van der Waals EoS 

for real gases

Use experimental observables/parameters: p, V 

for fits to vdW EoS
L-G Coexistence Region
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Steam: Driving Gas for Cyclic TD Engines

To use dry steam (=gas) as work medium 
for thermal engines, energy must be 
transferred to water @ Tliquid (e.g., 250C),
by: 

1) heating it to (1000C)
2) Evaporating liquid H2O (@ 1000C) 
3) heating vapor from 1000C → Thigh  

After Andrews & Jelley, Energy Science

p = 1 atm (1 bar)= 101.33 kN/m2 
→  Water boils @ at 1000C
→ Need 419 kJ/kg H2O to heat  
     water from 00C to T= 1000C.

→ @ 101.33 kN/m2) and 1000C 
Specific enthalpy H2O: 
           hwater(1000C) = 419 kJ/kg.
Specific enthalpy of evaporation: 
           hevap(1000C)= 2,257 kJ/kg 
(not needed for ideal gas):

Latent heat required at p=const. to convert H2O to steam @1000C : 

hsteam(1000C) = (419 + 2,257)kJ/kg = 2,676 kJ/kg = 2.676 (MJ/kg) = 0.74 kWh/kg

L-G mixture hs (x) = (1-x)· hwater + x· hsteam                 Extensive

Similar:             us(x) = (1-x)·uwater + x· usteam  Quantities (U, H, S,..)

Heat 
transfer

Liquid Gas

Phase Diagram H2OT

S

0x =

1x =

1x =

1x =

Isothermal Heat transfer Q →

Gas Mole 
Fraction 

x=0

Tcrit
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Steam Tables

p = 1 bar= 101.33 kN/m2 

Water 00C → 1000C. 
→ 419 kJ/kg  

→ Specific enthalpy H2O: 
hwater(1000C) = 419 kJ/kg.

Specific enthalpy of 
evaporation: 
hevap(1000C) =2,257kJ/kg 

hsteam(1000C)=2.676MJ/kg

( ) ( )

( ) ( )

=
+

  = 

= 

Enthalpy

0

0

0

298

P

T K

T

T

H T C T dT

H T H H T

( ) = +  +  +0 2

P

Parameters from data fits

C T C a T b T

1atm
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Isotherms of Nuclear MatterReal Gas of Nucleons

Compression leads to 
liquefaction.

“Tie-line” pressure from 
Maxwell construction: 
+A=|-A|

V2

 p

 V
 V1 V3

 T=const

 Maxwell Construction

 ptl

+A
-A
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Spinodal

Better Model:
Tc=5.8MeV/kB

Tc=10MeV/kB



Real Gas Internal Combustion Engines: Otto Cycle

W. Udo Schröder, 2019

E
ne

rg
y:

 S
ci

e
nc

e
, 
T

e
ch

no
lo

gy
, 
S

oc
ie

ty
6

1) Intake stroke ( 1→2 ), gasoline vapor and air drawn into engine.

2) Compression stroke (2→3) . p,T increase. 

3) Combustion (spark) (3→4), short time, V= constant. Heat 

absorbed from high-T “reservoir”. 

4) Power stroke: expansion (4→5).

5) Valve exhaust: Valve opens, gas can escape.

6) Emission of heat (5→6) to low-T reservoir.

7) Exhaust stroke (2→1), piston evacuates cylinder. 

crank 
shaft

cams

fly 
wheel

fuel 
injection
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Turbine for Natural-Gas Power Plants

SGT-800 Power generation 
47.00MW(e)
Fuel: Natural gas*, Frequency: 
50/60Hz
Electrical efficiency: 37.5%
Heat rate: 9,597kJ/kWh 
(9,096Btu/kWh)
Turbine speed: 6,608rpm
Compressor pressure ratio: 19:1
Exhaust gas flow: 131.5kg/s 
Exhaust temperature: 544°C (1,011°F)
NOx emissions (with DLE, corrected to 
15% O2 dry): ≤ 15ppmV

Available for different power 
outputs (5-375 MW), revolutions 
3,000-17,000 rpm, 50/60 Hz 
electric.
Efficiencies 0.35- 0.60
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Internal Energy of Real Gases

Effect of interaction on internal energy URG(n,V,T). 
What to expect?
Evaluate: use knowledge

Estimate using vdW model: 

( ) ( )
2

= − IG, , , ,
n

U n V T U n V T a
V

( )

2

2
0; #

vdW

n a

V
s

n R
p with a n mole

V n b


=  =


−

− 

( ) ( )
→

⎯⎯⎯→, , , ,IGV
U n V T U n V T

Generic real-gas EoS

( ) ( ) ( ) ( )= +  IG G IG, , , , , , , ,RU n V T U n V T U n V T U n V T

2

2
0 = −  −  with  vdW IG

n
p p p a a

V
( )

2

0−    = −  , ,RG IG

n
U n V T V p a

V

( )
→

⎯⎯⎯→ IG , ,
V

U n V T
Real Gas Internal 

Energy (corrected for   
particle interactions)
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Internal Energy of Real Gases

Effect of interaction on internal energy URG(n,V,T). 
Estimate using vdW model: 

( )

2

2
0; #

vdW

n a

V
s

n R
p with a n mole

V n b


=  =


−

− 

Generic real-gas EoS

( ) ( )
2

= − IG, , , ,vdW

n
U n V T U n V T a

V
( )

→
⎯⎯⎯→ IG , ,

V
U n V T

2   
= = −   

    
,V V IG

V V

U n
C C a

T T V
= → =, ,V IG V V IGC C C

vdW Heat 
Capacity

( )2 → − =  p V TC C V TvdW EoS
vdW Heat 
Capacity

( )
IG

R=
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Free Energy of Real Gases: V and p Dependence

Use asymptotic equivalence 
of real and ideal gases, e.g.,

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
0

0



→

→

= + − ⎯⎯⎯→

= + − ⎯⎯⎯→





, , , , , ,

, , , , , ,

IG IG IG

IG

p

IG I

V

G

V

p

A n T A n V T p p dV A n V T

G n T G n p T V V dp G np p

V

T

( )

( )

= − 

= −  = + 

, ,

, ,

H

V

i

free energy

A n V T U T S

free r

elmholt

s ene gy

G n p T H T S

z

G b

p

b

A

( ) ( )
→

⎯⎯⎯→

 
= − 

 

, , , ,

and

IGV

T

A n V T A n V T

A
p

V

van der Waals EoS

solve A for S

Generic real-gas EoS

( )
( )

2

2
:

vdW IG

n b n a
p p n R T

V V
Insert vdW

n b V

  
− =   −  −  

n moles or particles

( ) ( )

( )
( )

2

0
0

1

−    
= −  −      

   

  −  −
=  − =  +  +    

     

, , , ,vdW IG

vdW vdW vdW V

n V n b
A n V T A n V T a V n R T Ln

V V

V n bT
S A U n s C Ln R Ln

T T V
5

R
2
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Chemical Potential of Real Gases: p Dependence

Use Compression Factor Z and asymptotic equivalence 
of real and ideal gases, G(p,T)→ 

( ) ( )
( )

( ) ( )
( )

1

0

00

0

1

1

 

 

− −
=    → = +  

  − 
= +   +    

  





Z

Z

Z , ,

, ,

: IG

I

p

G
I

p

G

V R T p p T p T R T dp
p

p
p T

One mol

p T R T Ln R T dp
p p

( )
( )


 

=  
  ,

,
,

p T

Chemical potential

G p T
p T

n

Virial coefficients B' and
C' from fit of Z to EoS.

Found in tables or can 
be calculated from EoS 
parameters. 

( )
( )

00

1
1

→

−


=


= 




Z
Pressure equivalent i" " f: : ;Fugac ty

p

p
f

Ln dp
p p

f pLim

Virial expansion
of real-gas EoS

( ) ( ) 21

2

 
   +  + → 

 
...

f
Ln B T p C T p

p

( ) ( ) ( ) ( ) 2
0

1

2
 

 
  +    +  

 
, ,IGp T p T R T B T p C T p

( ) ( ) ( )
0

  = + −, ,I G

p

G Ip T p T V V dp

=" " :Activity a f p
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Chemical Potential of Real Gases: T Dependence

Calculate chemical potential of real gases from relations to ideal gases @p0,T0 

( ) ( )
( )

0 0

0

1
 

  − 
= +   +    

   
, , IG
p

IG

Zp
p T p T R T Ln R T dp

p p

Tabulations are normally as Gibbs energies of formation  
@                                            → need to scale up.  Since  → G(p,T):  

( )0
0 0 = ,fG p T

0 01 298 15= =, .p bar T K

( )

2 2

1

 
= −  = +   

 

 
→ − + = − 

 

,
p

p

G
Per mol G p T H T S H T

T

G G H

T TT T

Gibbs-Helmholtz Equation

2

  
= − 

  

G H

T T T

( )0 0 ,p T ( )0 ,p T

( ) ,p TSequence for 
calculation
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Parameterizing the Chemical Potential

Calculate chemical potential of real gases from relations to ideal gases @p0 

( ) ( )
( )

0 0

0

1
 

  − 
= +   +    

   
, , IG
p

IG

Zp
p T p T R T Ln R T dp

p p

( )0 0 ,p T ( )0 ,p T

( ) ,p TRec. Sequence 
for calculation ( ) ( )

( )

( ) ( ) ( )

0
0 0 0 2

0 0

0

0

 

 


= − 



 = +





,
, ,

, , ,

T

T

p

p

H p TT
p T p T T dT

T T

p T p T V p T dp

( ) ( )
0

 = ,
T

pH p T C T dT

( ) 2 3 2−= +  +  +  + Molar heat capacity p A B T C T DC T TT E

NIST 
Data Base

2

  
= − 

  

G H

T T T



Effective Pressures of Liquids and Solids

Non-ideal behavior of gases (at high 
pressures) and of solutions.

Effective quantities simulating pressure of an 
ideal gas and all the associated laws.

0

: ( ) ln( )

( ) 1

/1

1

( / )

: 1

:

oActivity a G a G nRT a

G G standard state M

ideal gas a p atm

real gas a p activity coefficient

pure solidsor liquids a

solutions a c c concentration mol L

standard state like dilute solutions

solvent a

 





= + 

=

=

=  =

=

=  =

=

x x mole fraction=  =

c

a

real 

gas,
solution

Std. State

extrapol.

1

1

( )

0

1

1

 

− 
= → = 

 



 

"Fugacity" f: ;

:

:

k

k k k k

p

k
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mo

d

le f
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e
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t
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i
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o

d

n

i

x

Zf f
eal gas a Ln p

p p

Pur so i s n l qu
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d

h efficid ent

i s a

Solutions wit an a x

a

p; c
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Gibbs Energy in Chemical Reactions

( )

0

0

1

1

=

− 
= → = 

 





Meaning of activity : nominally replaces pressure in TD relati

, : ;

"Fugac

s

ity" f: ;

:

onk

k
k

p

k

k

p
Ideal gas partial pressure p a

p

y

Zf f
Real gas a Ln dp

p p p

Pure solid

S m

i

o

u

l

d

e

l

f

d

r

a

ao cu ti in ow nt x

q

a

s n i s a

l t o s i h a d activitn   :k k k kcoeffi acie t xn

( ) ( ) ( )
( ) ( )

( ) ( )

0
0

0 0

 
 



 − 
= +   → =  

  

= 

,
, exp

aStandard mol r Gibbs energy of formati ,on

k k
k k k k

k f

p T T
p T T R T Ln a a

R T

T G k T

0   + → + → + − − =C D A BGeneric reaction A B C D in equilibrium

( )
0 0 0 0     + − − 

= = − 
   

expC D C D A B

A B

a a
K T

a a R T

Equilibrium 
Constant (T)
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