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Aerospace Combustion
Lecture 5: 

Combustion: Basic Definitions 
and Equations Part 2
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• Standard Entropy and Enthalpy
• Chemical Potential and Chemical Equilibrium
• Propellant Mixtures
• Standard Enthalpy and Entropy and Changes
• Gibbs and Helmholtz Energies
• Fugacity

Content
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Standard Entropy

• Entropy is an extensive property (function of the number of moles)
• The more complex the molecule, the higher the standard entropy value
• Literature provides data for almost any substance 

• Standard means at standard pressure (1 atm) and temperature (298 K)
• Values can be found in the literature for almost any substance

Chemical Reactions
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Entropy Change in a Reaction

][][ 0
2

0
1

0
5

0
4

0
3 BAFEH SnSnSnSnSnS 

Using standard molar entropies you are able to predict the entropy change of  reactions

n1A + n2B  n3H + n4E + n5F

00
reactantsrproductsp SnSnS  

Phase changes lead to entropy changes which is important since 
propellants generally enter in liquid state and the products are 
gaseous.

Example:

Chemical Reactions
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Enthalpy of Formation
Law of Hess: “The sum of the enthalpy changes for a number of individual reaction steps 
equals the enthalpy change of the overall reaction. 

A B

YX

ΔHAX ΔHYB

ΔHXY

ΔHAB

ΔHAB = ΔHAX + ΔHXY + ΔHYB

A + B  C + D
K + C  G + H
D + G  E + F
A + B  H + E + F

This holds even for 
larger and more 
complex systems

Step 1:   elements  reactants  provides AHreactants

Step 2:   elements  products  provides AHproducts

Step 3:   AHreaction = AHreactants + AHproducts

OHCOOCH 2224 22 

kJ 74.80   2       

kJ 285.83-           21

kJ 393.50-                

0                 O                 

kJ 74.80  -                2

 24

222
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22

42



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
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HCCCH

OHO/H

CO OC 

O

CHHC

Combustion of methane

• Formation of an element from an element is Zero.

• The reactants have to appear on the left side of the equation.

Chemical Reactions
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Example
Let’s predict the standard entropy of the formation reaction of ammonia from the elements 
at standard conditions
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The formation entropy is negative since the reaction reduces the number of moles from 
four to two . 

Chemical Reactions
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Literature provides Data for ΔG°, ΔH°, S°, and cp°

Chemical Reactions



Professorship of Sustainable Future Mobility 
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Aerospace Combustion
Prof. Dr.-Ing. O. J. Haidn, Dr. -Ing Daniel Martínez-Sanchis, Dr. -Ing Andrej Sternin

Chemistry Basics Part 2                       8

Chemical equilibrium accounts for impact of pressure and temperature on the 
formation of reaction products
• Does not hold for slow chemical reactions, typically low temperatures where in the residence time of 

the propellants in the control volume won’t reach equilibrium 

• Such cases finite rate kinetic mechanisms 

• Chemical equilibrium represents exact thermodynamic limit

Chemical Equilibrium

Chemical Potential
Chemical potential is equivalent to the partial molar free Gibbs energy

Chemical Reactions
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Equilibrium Constants
Several ways to predict equilibrium constants

Use chemical potentials and apply
• Enthalpies of formation
• Entropies of formation 
• Specific heats

Use an approximation approach by neglecting temperature dependency of specific heat

Chemical Reactions
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Chemical Equilibrium, Chemical Potential
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Partial molar entropy of chemical species in an ideal  gas mixture
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with p0 = 1 atm
and 

and which depends only on temperature. Values for these are listed in tables.

The constant pressure heat capacity is a function of the temperature only and is usually 
represented by a power series in T.  
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Chemical Reactions
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Chemical Equilibrium, Chemical Potential
Free Gibbs energy for mixtures

Equilibrium is reached when Gibbs free energy is minimum, 
i.e. dG = 0

from total differential

follows and since 
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Chemical potential is equivalent to the partial molar free Gibbs 
energy

Chemical Reactions
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Generally an equilibrium constant can be 
predicted using the stiochiometric coefficients 
and the chemical potential of the species in 
question and the latter depends on their 
enthalpies and entropies of formation  and 
their specific heats

with

Prediction of Equilibrium  Constant
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Chemical Reactions
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For constant specific heats cpi

the approximate solution

finally reads:

* Values for πi,A and πi,B for some species can be found in the annex
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Chemical Reactions
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Gibbs free Energy
000 TdSHG 

• Allows to calculate the useful work obtainable from 
a closed system at constant temperature and 
volume 

• F is quite often used in explosives research where 
pressure changes come naturally.

Not to be mixed with 
Helmholtz free Energy TSUF 

• Allows to calculate maximum non-expansive, 
reversible work that can be performed by a 
thermodynamic system at constant (p,T)

• For a system is at equilibrium at (p,T constant) the 
free Gibb’s energy is a its minimum

U
Internal 
energy

H
enthalpy

F
Helmholtz 
free energy

G
Gibbs free 

energy

-TS

+pV

The four thermodynamic potentials U, F, H, 
and G are related by offsets of the energy 
from the environment term TS and the 
expansion work term pV. 

Chemical Reactions
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Let’s look at the reaction 

A + B  C + D

and formulate this in terms 
of free Gibbs energy

with ΔG = 0     

 
 
 
 DDD

CCC

BBB

AAA

pdRTGG

pcRTGG

pbRTGG

paRTGG

ln

ln

ln

ln

0

0

0

0





















b
B

a
A

d
D

c
C

reactprod

pp

pp
RTG

GGG

ln0

  



N

i
eip

sisipK
1

,
,, 

Large negative values of ΔG0 are meanly due to large equilibrium constant Kp which means 
that the reaction is faster. In case the free energy of reactants and products are the same, 
there will be no progress of the reaction and ΔG = 0.

Equilibrium  Constant
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Chemical Reactions
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Various Equilibrium  Constant Formulations
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Chemical Reactions
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Interrelation of Various Formulations
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for cases where

then  Kp is a function of 
temperature only,

all others are functions 
of pressure and 
temperature

Chemical Reactions
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Let’s consider the reaction of methane with oxygen to form carbon-monoxide and water

Quite often at high temperatures the chemical equilibrium may look like

due to a reaction called water-gas reaction

Question: Write the necessary mathematical relationships required to solve the equilibrium composition

Example 1:

OHCOOCH 224 25.1 

    22221 HCOOHCO  

222 HCOOHCO 

Chemical Reactions
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Example 1:
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Chemical Reactions
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Example 2:
Let’s heat 1 mole of nitrogen and 0.5 mole of oxygen to 4000 K at 1 bar and consider an equilibrium 
composition of N2, O2 and NO only.

Question: What is the final equilibrium composition?

Conservation of atoms yields:

From tables we know that Kp ~ 0.3:

Final mixture composition is then:

cNObOaNON  2222 5.0
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NOON    1825.040875.090875.0 22 

Chemical Reactions
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Fugacity  (f)
Fugacity is a quantity which represents the actual behavior of real gases

 pnRTddG lnFor ideal gases at constant temperature

for non-ideal gases

Fugacity may be considered a correction to the partial pressure

The proportionality constant  Γ is a function of many 
parameters such as temperature and pressure

For an ideal gas

 fnRTddG ln

 ,..., Tppf ii 

Chemical Reactions
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Fugacity  (f)
1lim

0









 p

f
p

For decreasing pressure real gases approach ideal gas behavior

Assuming an isothermal process at temperature T, the fugacity f
can be determined from the compressibility factor Z and the 
pressure p by

Integration at constant T from p = 0 to a certain finite pressure p
yields 

The right hand side is accessible from compressibility charts, see 
next page

    fdpdZ lnln  

Chemical Reactions
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Generalized Compressibility Chart
Chemical Reactions

Such charts are available for 
almost any common species

Z

Pr
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Type of Chemical Reactions
Order of Sample Reactions

AA
fk

22  tk
c

c

dt

dc
ck

dt

dc
f

tA

AA
Af

A 











,

0,2

2

2

2
ln22     nintegratio after     

A) 1st order reactions

CA

k

  c cDCA
f

     with    .constckckcck
dt

dc

dt

dc
CADAf

DA      since  constant  rate new      

BAAB
fk

 ABf
AB ck

dt

dc


While the decomposition of A2 is a uni-molecular reaction which obeys first order kinetics, the formation of D out of A+B 
is a bi-molecular reaction which again obeys first order kinetics.

 Uni-molecular reactions are always first order but not all first order reactions are mono-molecular.
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Type of Chemical Reactions
Order of Sample Reactions

ABBA
fk



22

2 22 ; BABf
AB

BABf
AB cck

dt

dc
cck

dt

dc
     

B. 2nd order reactions

C. 3rd order reactions

 DCA
fk

2

           BAf
AB

BAf
B

BAf
A cck

dt

dc
cck

dt

dc
cck

dt

dc
 ;;

22 22 ABBAB
fk



222 ;;2 Af
D

Af
C

Af
A ck

dt

dc
ck

dt

dc
ck

dt

dc
         

*2 2 MAAM
fk

 222 2; AMf
A

AMf
A cck

dt

dc
cck

dt

dc
      
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Type of Chemical Reactions
Order of Sample Reactions

DCABBA
ff kk


21

D. Consecutive reactions

1st reaction

2nd reaction

net reaction

           ;; 11 BA
BA

BA
AB cck

dt

dc

dt

dc
cck

dt

dc


           ;21 ABBA
net

AB ckcck
dt

dc









           ;; 22 AB
DC

AB
AB ck

dt

dc

dt

dc
ck

dt

dc

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E. Competing reactions 1st reaction

2nd reaction

net rate of disappearance of species  A

Quite often competing reaction may have different rates 
depending on temperature.

F. Opposing reactions (1st order / 1st order)

Note cX is the portion of A converted to B by the forward 
reaction with cA,0 the initial concentration

Type of Chemical Reactions
Order of Sample Reactions

DCBA

ABBA

f

f

k

k





2

1

           ;; 11 BA
B

BA
A cck

dt

dc
cck

dt

dc


         ;)( 21 BA
A cckk

dt

dc


           ;; 22 BA
B

BA
A cck

dt

dc
cck

dt

dc


BA
f

b

k

k


0;

;

0,

0,





BXB

XAA

ccc

ccc

   

          ;)( 0, XbXAf
X ckcck

dt

dc

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G. Opposing reactions (1st order / 2nd order)

H. Opposing reaction (2nd order / 2nd order)

I. Chain reaction  (formation of radical)  

According to Lindemann only a small portion of molecules will 
become energized by collisions A* and as long as their 
conversion rate into products is small the following relations 
hold.

Type of Chemical Reactions
Order of Sample Reactions

        ;2
0, XbXAf

X ckcck
dt

dc
CBA

f

b

k

k


         ;**
2*

AfAAbAf
A ckcckck

dt

dc 

DCBA
f

b

k

k
         ;22

0, XbXAf
X ckcck

dt

dc


(slow)         

(fast)
(fast)

      ;

productsA

AABA

f

f

b

k

k

k







*

*

AAbAf
A cckck

dt

dc
*

2 
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J. Chain branching reactions

General formulation of a chain-branching reaction

Type of Chemical Reactions
Order of Sample Reactions

           *5*4**3*21
* 10 RRMRMRM

R ckckcckcckck
dt

dc
 

*2

54**3

**3

1
M

MR
crit

MR
P

ck

kkcck

cck
dt

dc








species  enonreactiv

wall
5

4

3

2

1

*

*

**

***

*

)(
k

k

k

k

k

R

MR

PMR

MRMR

RA













Assuming steady-state condition

explosion no
explosion  branching-chain  

if




crit

crit



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J. Chain branching reactions

In a hydrogen oxygen mixture and in presence of an OH 
radical the following reaction cycle is plausible

Type of Chemical Reactions
Order of Sample Reactions















HOHHOH

HOHHO

OOHOH

22

2

2 chain-branching 

Let’s consider that the chain-carrying reaction is dominating and we have a volume of  1 cm3 which contains roughly 
1019 molecules and 1 radical. At a collision rate of 108 1/s it would take around 30000 years for all molecules to react.

Now let’s assume that 1 radical is able to generate 2 radicals (α‘=2) then all molecules will react within about 1 μs. 

If we assume that only 1% of the reactions are chain-branching (α‘=1.01) this time increase to about 40  μs. 

chain-carrying 
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What you should not forget
• Mole fraction, mass fraction, molar density, 
• Mixture fraction, stoichiometric value, equivalence ratio
• Why a cubic equation of state combustion is often necessary
• Difference between global and elementary reactions
• Reaction rate 
• Enthalpy, entropy at standard conditions and for formation
• Gibbs and Helmholtz energy
• Order of reactions
• Fugacity
• Chain reactions
• Explosions

Basics
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Annex
Content
• Properties of common species in combustion
• Enthalpies and entropies of formation of common 

species
• Relations to predict fluid properties
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Annex
Properties 
of Gases
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Properties 
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Properties 
of Gases
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Annex
Enthalpies of Alkanes
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Transport Coefficients

Momentum

Heat

Mass 






























































)(

2/)(
1028.26

  ;
)(

2/)(
103.8

;
)(

)/(2
1093.266

*)*1,1(2

3

8

*)*2,2(2
4

*)*2,2(2
8

ijijij

jiji

ij

ijijij

jiji

ij

ijijij

jiji

ij

Tp

MMMMT
D

T

MMMMT

T

MMTMM









Already rather 
complex but this is 
for binary mixtures 
only,  for multi-
component 
mixtures no 
general analytical 
solution exists.

Basic Thermodynamics
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Transport Coefficients

 




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
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
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l
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1

1
)(
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)!1(

1
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*






Collision integrals

However, the interaction 
potential ϕ (r) is still 
unknown and therefore 
approximations (functions) 
based on experiments 
with adjustable constants 
are used.

Basic Thermodynamics
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Interaction potential  rij

A
M

r

R
d

A1

A2

  
i

AAMA M
i

rR )(),( 

Method of Addition (represent physico-chemical properties of molecule by sum of its structural elements) 

Example for two linear molecules:

Basic Thermodynamics


