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Systems with chemical reactions

Activated complex
Extension of the simple system model for large n

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

Equilibrium and non-equilibrium forms of the
law of mass action
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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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Affinities and the non-equilibrium law of mass action
here for a Gibbs-Dalton mixture of ideal gases
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Chemical equilibrium of self-ionization of pure liquid water
pH and pOH
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Systems with chemical reactions

Chemical kinetics
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Potential energy surface and the activated complex (Eyring, 1935)
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The gif is from Wikipedia 
(Boltzmann_distribution), 
Dswarts4, CC BY-SA 4.0
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Maxwell-Boltzmann distribution of velocities at SES
determines the probability of collisions with sufficiently high kinetic energy to be chemically effective 

after which it is rapidly reestablished by non-chemical collisions
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Arrhenius activation barrier
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Forward and backward reaction rates 
model based on collision probabilities considerations

Slide 20.11



© 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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Principle of detailed balance and degree of disequilibrium
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Sign of the affinity, direction of reaction, and fluctuation relation
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Forward and backward reaction rates 
model based on hypothetical half-equilibrium concentrations of the activated complex
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Partial shifting chemical equilibrium
assuming some reactions equilibrate much faster than the others
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Ma =1
T = 3000 K

p = 2.5 MPa

Shifting Local

Complete 

Thermodynamic 

Equilibrium 

All Reactions 

Frozen

Full Detailed Kinetic Model 

(8 species, 24 reactions)

Rate Controlled Costrained 

Equilibrium Model

(8 species, 2+2 constraints)
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Nonequilibrium build up in rapid supersonic nozzle expansion 
of high-temperature products of hydrogen oxy-combustion

Ma ~ 4
T ~ 1000 K
p ~ 10 kPa

Products of H2-O2 combustion enter nozzle at 
chemical equilibrium: 
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all DoD’s = 0

The composition is thrown out of 

equilibrium due to rapid expansion

Ma ~ 4
T ~ 1000 K
p ~ 10 kPa
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DoD build up in rapid supersonic nozzle expansion 
of high-temperature products of hydrogen oxy-combustion

Short residence time (few ms).
Chemistry does not keep up.
Composition goes off equilibrium.
Degrees of disequilibrium build up.

Ma =1
T = 3000 K

p = 2.5 MPa

Products of H2-O2 combustion enter nozzle at 
chemical equilibrium: 

M=-1, FO-FV=0

7 H+O2+M=HO2+M

8 H+O2+O2=HO2+O2

9 H+O2+H2O=HO2+H2O

10 OH+OH+M=H2O2+M

M=0, FO-FV=2

12 O+HO2=OH+O2

15 H+HO2=O+H2O

16 H+HO2=O2+H2

17 H+HO2=OH+OH

19 H+H2O2=OH+H2O

22 OH+HO2=O2+H2O

24 HO2+HO2=O2+H2O2

M=0, FO-FV=0

11 O+H2=H+OH

13 O+H2O2=OH+HO2

14 H+O2=O+OH

18 H+H2O2=HO2+H2

20 OH+H2=H+H2O

21 OH+OH=O+H2O

23 OH+H2O2=HO2+H2O

M=-1, FO-FV=2

1 O+O+M=O2+M

2 O+H+M=OH+M

3 H+H+M=H2+M

4 H+H+H2=H2+H2

5 H+H+H2O=H2+H2O

6 H+OH+M=H2O+M

3B: Three-body reactions2B: Two-body reactions
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In the stagnation region, most of the energy is associated with the random translation and rotation of the gas molecules and 10 percent 
(or less) is associated with vibration. As the gas is expanded through the supersonic nozzle, the random translational and rotational 
energies are converted into the directed kinetic energy of flow. The vibrational energy, if it remained in equilibrium with the gas 
temperature, essentially would disappear downstream of the nozzle. Because of the rapid expansion, however, the excited vibrational 
energy levels take longer to equilibrate than the translational/rotational degrees of freedom, and so a “population inversion” obtains 
about 1 cm downstream of the throat and remains for about 1 m downstream. With inverted population, stimulated emission prevails on 
absorption, leading to amplification of the beam of coherent photons.

Figures and text adapted from: E.T. 
Gerry, Gasdynamic Lasers, IEEE 
Spectrum, Vol.7, 51 (1970).
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Nonequilibrium gasdynamic N2-CO2 infrared power laser
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Figures and text adapted from: E.T. Gerry, Gasdynamic Lasers, 
IEEE Spectrum, Vol.7, 51 (1970).

Symmetric stretch 
modes

…
(1000)  1388 cm-1 
           = 7.20 µm

Lowest energy 
structure

Bending modes
…

(0310)  3x667 cm-1

           = 5 µm
(0200)  2x667 cm-1

           = 7.5 µm
(0110)  667 cm-1

           = 15 µm

Lasing wavelength
(2349-1388) cm-1

           = 10.4 µm
(infrared)

(visible 3.8—7.4 µm)

Asymmetric stretch 
modes

…
(0001)  2349 cm-1

           = 4.26 µm

Spontaneous
emission

Stimulated
emission

Absorption

There are three mechanisms by which vibrational energy levels of 
the molecules interact with radiation:
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Vibrational levels of the CO2 molecule

GIF by Darekk2 from Wikipedia
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Gerry at AVCO Everett in 1970 reports a continuous output of 60kW.
Nitrogen, a simple diatomic molecule, has only one vibrational mode. 
Energy can be lost from this mode by collisions with nitrogen, CO2, and 
H2O, returning the energy molecule excited directly to the ground state. 

Carbon dioxide, being a 
linear triatomic molecule, 
has three basic modes of 
vibration: asymmetric 
stretch, which forms the 
upper laser level; 
symmetric stretch, which 
forms the lower laser level; 
and bending.

There are three mechanisms by which vibrational energy levels of 
the molecules interact with radiation:

Figures and text adapted from: E.T. Gerry, Gasdynamic 
Lasers, IEEE Spectrum, Vol.7, 51 (1970).

Spontaneous
emission

Stimulated
emission

Absorption

© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Nonequilibrium gasdynamic N2-CO2 infrared power laser
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Image Credits
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Slide 9:

Gif animation showing Boltzmann distribution courtesy of Dswartz4 on Wikipedia. License: CC BY-SA. This content is excluded from our 
Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.

Slide 12:  

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.

Slides 19–21:

Figures and text excerpt from IEEE Spectrum © IEEE. All rights reserved. This content is excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use.

https://commons.wikimedia.org/w/index.php?title=User:Dswartz4&action=edit&redlink=1
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