
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, 6.1-6.3, 7. 

McQuarrie & Simon 

Ch. 5, 6

Math Chapter B, C 
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Real Substances

Ideal gas approximation good: V > 5L/mol 
(diatomic), V > 20 L/mol (complex)

→ Real gas molecules interact with each 
other → motion is more or less free 

depending on density, pressure,  
temperature 

→ Different phases of substances: 
Low density → gas
High densities (small distances) → liquid or 

solid behavior.

→ Coexistence of different phases in 

specific regions density-temperature
Phase transitions can be sudden (fast)

→ EoS non-monotonic → liquid-gas 

instability, different solid crystal structures. 
Different mutual interactions:
Coulomb repulsion of atomic nuclei
Coulomb attraction of ions
Dipole-dipole interactions (both, qm)
Vander Waals interaction of atoms
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Effective Density of Real Gases

High densities = small distances) → excluded volume

Blocked volume V : not available for another particle 
V → Rblocked=2·R  → 23 times the specific volume,

R

Excluded Volume 

   Hard-sphere interactions

2R
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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
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Effective interaction rate volume for  particles:  
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van der Waals EoS 

for real gases

Use experimental observables/parameters: p, V 

for fits to vdW EoS

T=300K

T= 700K

·-·- pmin

Tcrit= 2890C



Real-Gas Equation of State

( )
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ideal volume

ideal pressure
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V

van der Waals: effects  taken into 
account

a) average volume taken by gas 
particles → available volume 
reduced.  → parameter b

b) collisions between particles reduce 
the actual pressure, attractive 
interactions.

 → Ncoll ∝ (density)2,                   
        → scaling parameter a



vdW EoS & Phases of Matter

0

Shaded: negative pressures, 
substance does not exist as gas, 
liquefaction, liquid-gas coexistence, 
freezing to solid.

 

solid 

 p (atm) 

373.1
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 T (K) 

 1 

 610
− 

273.15 273.16 

liquid 

vapor 

Tc= 

647.6 

pc = 

218.3 

Phase Diagram for Water 

T 

C 

A 

B 

6.10-3

≈00C

Water H2O 3206 221 705 374 1.32

Material Formula psia bar (abs) °F °C k = Cp/Cv

Critical pressure Pc Critical temperature Tc
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Model Parameterization of Real Gases

Ideal gas approximation good: V > 5L/mol (diatomic), V > 20 L/mol (complex)
Real-gas EoS non-monotonic → liquid-gas instability. 
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Useful Parameterizations

Van der Waals Parameters

For higher compression, real (vdW model) gases tend to collapse (p decreases with 
decreasing V) → liquifaction

Correct the EoS for instability (unphysical for single phase): Maxwell Construction



Maxwell Construction Outlining Coexistence Region
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pV p T V p

has roots V p T instability of configuration

Change in phase to include clusterization liquid droplets

Effects beyond the model space of consideration

Htached unstable p V region coexistence of g

− + + − =

→

→

− → as and liquid

VIII

pTL(T)

T

Maxwell Construction of PTL

Energy (pV work)
=integral BCDEF along vdW 
isotherm equals rectangle 
pTL·(VI-VII)
under “Tie-line” pressure PTL. 
Hatched energy regions BCD 
equal to DEF also defines PTL.
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Compressibility Factor: Virial Expansions

Related: 

300K

Attractive molecular forces 
→ gas more compressible 

p/RT < 1

Repulsive molecular forces 
→ gas less compressible 

p/RT > 1

(van der Waals model)

250K

350K

Ideal 
Gas 2

1
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Law of Corresponding States
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Compressibility Factor Z(Pr ,Tr)

Industrial and Engineering Chemistry, Vol 38, ACS 1946

Maxwell 
Construction 
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Critical TD Parameters for Real Gases
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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):

Total 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
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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
Tc=5.8MeV/kB



Ideal Otto Cycle
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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 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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