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ME529 Combustion and Air Pollution

Topic 04b.  Combustion Equilibrium
So far, we have assumed that fuels react completely, that is, they burn to form fully oxidized species like carbon dioxide, sulfur dioxide (if S is present in the fuel), water, etc. For fuel-lean combustion at cooler temperatures (below about 1250 K), CO2, H2O and O2 are the usual products and are stable at this temperature so this is a reasonable assumption.  We can use element balances (stoichiometry) to determine the composition of the combustion products.  However, we have calculated adiabatic flame temperatures considerably higher than 1250 K.  At these high temperatures, the stable combustion products CO2 and H2O dissociate.   This causes lower mole fractions of CO2 and H2O in the products, and increasing larger mole fractions of CO, O2, and H2  - even though sufficient oxygen is available for complete combustion.

Chemical equilibrium allows us to find a first approximation to the composition of combustion products at high temperatures.  Still, this is only a first approximation since the equilibrium state is that which would be achieved if sufficiently long residence time in the flame existed for the chemical reactions to proceed.

During fuel-rich combustion, we must rely on equilibrium calculations to determine the adiabatic flame temperature and the product composition.

We can also use chemical equilibrium calculations to provide insight into pollutant formation.

4.2a Definition of Thermodynamic Equilibrium 

An isolated system in thermodynamic equilibrium experiences no macroscopically observed changes.

· uniform temperature

· no unbalanced forces

· no mass transfer between phases

· no further chemical reactions

4.2b Establishing an Equilibrium Criteria using the 1st and 2nd Laws 

Conservation of energy and the second law of thermodynamics can be used to develop criteria for when a system is or is not in thermodynamic equilibrium.

For systems with no KE or PE, the 1st law is
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If volume change is the only mode of work, and pressure is constant in the system, 
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.  Substitute and solve for 
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Since the system is isothermal, the entropy balance (2nd law - entropy production must always increase) is:
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(

 is the entropy production.  The entropy change is equal to the entropy transfer plus the entropy production.  See, for example, p. 218 in Moran and Shapiro.)

Eliminate
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 between the energy and entropy balances:
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Entropy approaches a maximum as a state of equilibrium is approached.

4.2c Gibbs Free Energy Function

Another way to state criteria for equilibrium is through the Gibbs function.
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Taking the differential and rearranging:


[image: image9.wmf]dT

S

dS

T

dp

V

dV

p

dU

dG

-

-

+

+

=



[image: image10.wmf](

)

dV

p

dU

dS

T

dT

S

dp

V

dG

-

-

-

=

+

-


Note that since 
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 EMBED EQUATION  [image: image13.wmf]0
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.  Note that the T and p of the system must be known although constant T and constant p are not required.

For a process taking place at a specified T and p (dT = 0 and dp = 0), 
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.  The inequality indicates that the Gibbs function decreases during an irreversible process, and reaches a minimum at equilibrium: 
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Also, note that the Gibbs free energy function is composed of T, p, S, etc. and that we could solve equilibrium problems using T, p, S, etc.  G is just a way to simplify the calculations.

The expression

dG = dH - TdS

is called the Gibbs-Helmholtz equation.  It states that the driving force for a chemical reaction (dG) depends on 1) the energy change due to making and breaking bonds (dH); and 2) the product of the change in randomness (dS) times the absolute temperature.

The two factors that make dG negative and, hence, lead to a spontaneous reaction are: 

1) negative value of dH.  Exothermic reactions (dH < 0) will tend to be spontaneous as they contribute to a negative value of dG.  On the molecular level this means that there will be a tendency to form strong bonds at the expense of weak bonds.

2) positive value of dS.  If the entropy change is positive, the term -TdS will make a negative contribution to dG.  Hence, there will be a tendency for reactions to be spontaneous if the products are less ordered than the reactants.

At a constant pressure, dH and dS are independent of temperature!  But dG is not since dG = dH - TdS.

4.2d Gibbs Function and Chemical Potential

For a single phase of a pure substance, the chemical potential is just the Gibbs free energy function per mole.
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(Recall that 
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for component i of an ideal gas mixture.)
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Where 
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 is the mole fraction of i and 
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 is the Gibbs free energy of i evaluated at T and p of 1 atmosphere.

4.2e Degree (or Extent) of Reaction

Consider a closed system with four species, A, B, C, and D subject to reaction at T and p.  The expression for their reaction is
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where the
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 are stoichiometric coefficients.  The equation tells us that at equilibrium, the tendency of A and B to form C and D is just balanced by the tendency of C and D to form A and B.  Changes in the number of moles of A, B, C, and D are related to the stoichiometric coefficients, that is,
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where the minus sign indicates that A and B are consumed when C and D are produced.  We can introduce a proportionality factor, 
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 is called the extent of reaction
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4.2f Equation of Reaction Equilibrium

Recall the Gibbs free energy function and take it’s derivative:
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The partial derivatives of the Gibbs function are the chemical potential:
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If the expressions for the extent of reaction are substituted for 
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Or,
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Recall that at equilibrium, 
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When written in a form resembling the stoichiometric chemical reaction,
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The above expression is the equation of reaction equilibrium.  The composition of the reactants and products at equilibrium for a given temperature and pressure can be found by solving this equation.  

4.2g Equilibrium Constant

To solve the equation of reaction equilibrium, introduce expressions for the chemical potential in terms of temperature, pressure and composition.
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Collect like terms and rearrange:
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The term on the LHS is simply 
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Note that only the entropies in the above equation are evaluated at T and p=1 atm; the enthalpy of an ideal gas is a function of T only.

Combine logarithmic terms and rearrange the following expression
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to obtain another form:
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More concisely,
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Where 
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 is the equilibrium constant defined in terms of partial pressures by
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Given the stoichiometric coefficients, the mole fractions of reactants and products, and the temperature, the Gibbs free energy change can be calculated and the equilibrium constant found.  Or, the equilibrium constant can be found from the stoichiometric coefficients and the mole fractions of the reactants and products.

For the reverse reaction, Kp* = 1/Kp.

Usually, log10Kp is tabulated vs. temperature.  Note that log10Kp* = - log10Kp
Finally, remember that xi = ni / n.  Hence,
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where n includes the number of moles of inert compounds present.  This includes background gases that take part in collisions but do not react themselves.

When the equilibrium constant is positive, the forward reaction as written is spontaneous.  When the equilibrium constant is negative, the reverse reaction is spontaneous and the forward reaction is not.  Also, the more negative 
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 is, the larger Kp will be and the more spontaneous the reaction.

The equilibrium constant can also be expressed in terms of the number of moles per unit volume:
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where 
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 (try rederiving this expression on your own).

4.2.h van’t Hoff Equation

The equilibrium constant is a function of temperature and this dependence is given by the van’t Hoff equation.  (extra credit - derive this)
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where 
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 is the enthalpy of reaction at T.  When 
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 is negative (exothermic reaction), Kp decreases with temperature.  When 
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 is positive (endothermic reaction), Kp increases with temperature.

For situations where the enthalpy of reaction 
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 is nearly constant over a wide range of temperatures, the van’t Hoff equation can be integrated to give
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Here, ln(Kp) is linear in 1/T.  Hence, plots of ln(Kp) vs. 1/T can be used to determine 
[image: image60.wmf]H
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 from experimental equilibrium composition data - the slope is equal to -(H/R.  Or, the equilibrium constant Kp can be determined using enthalpy data.

4.bi Determining equilibrium composition in gases - dissociation at high temperature

At the beginning of this topic we talked about the dissociation of stable combustion products at high temperature.  The dissociations we are interested in are represented by the reactions

H2O <==> H2 + 1/2 O2

and

CO2 <==> CO + 1/2 O2
The concentrations of CO, O2, and H2 are determined by the balance between those reactions that lead to their formation and those that consume them.
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4.bj Summary 

Let's return to the Free Energy change, (G

Heat flow in a reaction is related to the change in enthalpies of reactants and products.  If for a reaction HP = HR - 10 J, then (H = -10 J, the reaction is exothermic and it releases 10 J of energy to the surroundings.  Hence,
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Likewise, we can calculate the free energy change of a reaction, (G.
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The Gibbs-Helmholtz equation provides a way to calculate the Gibbs Free Energy:

(G = (H - T(S

where 
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(n = (molesproducts - (molesreactants
In summary, the table below tells in which direction a chemical reaction will proceed.

	
	(H
	(S
	(G = (H - T (S
	

	I
	-
	+
	-ve
	Spontaneous at all T, reverse reaction is always non-spontaneous

	II
	+
	-
	+ve
	Nonspontaneous at all T



	III
	+
	+
	+ low T
- high T
	Becomes spontaneous as temperature increases

	IV
	-
	-
	- low T
+ high T
	As temperature increases, the reverse reaction becomes spontaneous


Consider the oxidation of carbon monoxide at equilibrium.

CO + 1/2 O2 ((CO2
Write this with integer moles:

2 CO + O2 (( 2CO2
The following ratio of concentrations will be constant at a give temperature
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And in fact this is the equilibrium constant (in concentration form).

For any given gaseous chemical reaction:
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We can also describe a relationship between the free energy change and the equilibrium constant:

(G = - R T ln Kp
	(G < 0
	Kp > 1
	=> spontaneous

	(G = 0
	Kp = 1
	equilibrium  <=   =>

	(G > 0
	Kp < 1
	<= spontaneous


At equilibrium, (G = 0 = (H - T(S ( (H = T (S, or

T = (H / (S

This is the temperature at which the reaction will be in equilibrium.
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