
2.43 ADVANCED THERMODYNAMICS 

Spring Term 2024
LECTURE 19

Room 3-442
Tuesday, April 16, 2:30pm - 4:30pm 

Instructor: Gian Paolo Beretta
beretta@mit.edu

Room 3-351d

© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics Slide 19.01

mailto:beretta@mit.edu


Systems with chemical reactions

Second law and state principle

Transition state model of chemical kinetics
Activated complex

Extension of the simple system model for large n
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Notation and stoichiometry:

proportionality relations, reaction coordinates
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Hatsopoulos-Keenan statement of the

Second Law of Thermodynamics
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Direct consequences of the Second Law in the presence of chemical reactions:

State principle and maximum entropy principle

compatible
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Bond 

parameters

Lennard

Jones H-H O=O H-O

Strength ɛ kJ/mol 432 494 459

Length r_min 10-12 m 74.1 120.8 95.8
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Enthalpy of formation and bond energies
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Collisions

© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Photo exposed on the 4th floor of MIT building 10, by H.E. Edgerton around 
1935. Contact between golf ball and club head lasts only 6 ms.

Take a look also at this YouTube video of golf ball bouncing on a hard wall  
https://www.youtube.com/watch?v=JcVEW2X_Nus
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Potential energy surface and the role of the activated complex
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Forward and backward half-reactions
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Extension of the simple system model + local equilibrium assumption:

Turning reactions “on” and “off” does not affect the local properties
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Extension of the simple system model: 

Family of partial SES’s and chemical SES
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Fundamental relation for CSES (CSES: chemical stable equilibrium states)
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Systems with chemical reactions

Necessary condition of chemical equilibrium
(from the maximum entropy principle)

Equilibrium and non-equilibrium forms of the
law of mass action

Complete chemical equilibrium
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Non-equilibrium law of mass action for ideal GD gas mixture
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Non-equilibrium law of mass action for ideal solutions
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Equilibrium law of mass action in terms of activities
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Temperature dependence of the equilibrium constants
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Equilibrium constants from properties of formation at STP 
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Non-equilibrium law of mass action for ideal GD gas mixture

Adapted from Example 30.5 of Gyftopoulos, Beretta, Thermodynamics. Foundations and applications, Dover, 2005
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Dissociation and NOx formation in combustion in IC engines

From Table 31.10 of Gyftopoulos, Beretta, Thermodynamics. Foundations 
and applications, Dover, 2005

Slide 19.20



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Detailed kinetic mechanism for the oxidation of hydrocarbons

Fig.10 in T. Lu and C.K. Law, Progress in Energy and Combustion Science 35, 192 (2009).

Reactions A b E

1 O+O+M=O2+M 1.20E+17 -1 0
2 O+H+M=OH+M 5.00E+17 -1 0
3 H+H+M=H2+M 1.00E+18 -1 0
4 H+H+H2=H2+H2 9.00E+16 -0.6 0
5 H+H+H2O=H2+H2O 6.00E+19 -1.3 0
6 H+OH+M=H2O+M 2.20E+22 -2 0
7 H+O2+M=HO2+M 2.80E+18 -0.9 0
8 H+O2+O2=HO2+O2 2.08E+19 -1.2 0
9 H+O2+H2O=HO2+H2O 1.13E+19 -0.8 0

10 OH+OH+M=H2O2+M 7.40E+13 -0.4 0
11 O+H2=H+OH 3.87E+04 2.7 6260
12 O+HO2=OH+O2 2.00E+13 0 0
13 O+H2O2=OH+HO2 9.63E+06 2 4000
14 H+O2=O+OH 2.65E+16 -0.7 17041
15 H+HO2=O+H2O 3.97E+12 0 671
16 H+HO2=O2+H2 4.48E+13 0 1068
17 H+HO2=OH+OH 8.40E+13 0 635
18 H+H2O2=HO2+H2 1.21E+07 2 5200
19 H+H2O2=OH+H2O 1.00E+13 0 3600
20 OH+H2=H+H2O 2.16E+08 1.5 3430
21 OH+OH=O+H2O 3.57E+04 2.4 -2110
22 OH+HO2=O2+H2O 1.45E+13 0 -500
23 OH+H2O2=HO2+H2O 2.00E+12 0 427
24 HO2+HO2=O2+H2O2 1.30E+11 0 -1630
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Alternative derivation of the chemical equilibrium conditions 

using the method of Lagrange multipliers
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Complete chemical equilibrium
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Image Credits

Slide 4: 

Portrait of Joseph H. Keenan courtesy MIT Museum.

Slide 7: 

Photo of golf ball compression during collision with club head © The Harold and Esther Edgerton Family Foundation. All rights reserved. This 
content is excluded from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

Slides 17–20: 

Figure 30.1, tables and text excerpt from the book Thermodynamics: Foundations and Applications courtesy of Elias P. Gyftopoulos and Gian 
Paolo Beretta.

Slide 21: 

Image showing size of selected detailed and skeletal mechanisms for hydrocarbon fuels, together with the approximate years when 
the mechanisms were compiled, courtesy Elsevier, Inc., https://www.sciencedirect.com. Used with permission.
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