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Technical Objectives:

· Calculate adiabatic flame temperature for a closed or open system assuming complete combustion of reactants into saturated products.  

· Calculate the actual chemical composition of combustion products assuming equilibrium conditions at a prescribed final pressure and temperature by hand using equilibrium constants and using the NASA CEA computer program.
· Determine how the equilibrium composition will shift with varying pressure and temperature.

· Calculate the adiabatic flame temperature for a given set of reactants by hand (with no assumptions) using equilibrium constants or using the NASA CEA computer program.
1. The Adiabatic Flame Temperature (Assuming Complete Combustion)
We will begin by using the First Law of Thermodynamics to calculate the adiabatic flame temperature for a set of reactants, assuming that the system undergoes complete combustion and the only products present are the saturated products (e.g. CO2, H2O).  Although this is a terrible assumption, it is a useful way to show how chemical energy is transferred to thermal energy in combustion systems.  Once this concept is mastered, we will learn how to determine that actual dissociated product distributions and how to calculate a more accurate adiabatic flame temperature. 

Example 2.1. Consider the example of a methane/air Bunsen burner.  

Known: Methane is burned stoichiometrically with air in a Bunsen burner.  The initial temperature of the reactants is 298 K.

Find: The final temperature, T2.

Assumptions:  The process occurs adiabatically.  The only products produced are CO2 and H2O.

Schematic Diagram                                                              Chemical Formulation

Constructing a control volume around the Bunsen burner:

We can formulate the First Law of Thermodynamics on a molar basis for this control volume:

(n2.1)

Note:  In general, the heat transfer term would not be zero (the fact that you can see a flame means that at least some heat is being lost!).  If we set the heat transfer term to zero, then the final temperature that we calculate, T2, will be the Adiabatic Flame Temperature. 

The absolute enthalpy, hi (kJ/kmol) of each of the species in the above equation actually has two components:

· The Enthalpy of Formation of that species at 298 K, ho f,i(298)

· The enthalpy associated with heating (or cooling) the species from 298 K to its actual temperature, h s,i(T-298)

In equation form, the absolute enthalpy for each ith species becomes:
(2.34)

Equation 2.34 only makes sense if we define a standard reference state.  By convention, the standard reference state is: 

Also, by definition, the heat of formation for elements in their “naturally occurring states” at Tref and Pref are equal to zero:

Substituting the absolute enthalpy (2.34) into equation (n2.1) yields:

(n2.2)
Since, in our example, the inlet temperature was 298 K, the enthalpy difference terms on the LHS of the equation are all zero.  Furthermore, the Heat of Formation terms for N2, and O2 are also zero, by definition!

Canceling out these terms yields the following equation:

(n2.3)

The only problem is that we need to evaluate the h s,i terms.  The only way to do this is to know how specific heat for each species varies with temperature from 298K to T2.  

Recall from thermodynamics, the definition of enthalpy:

(2.7b)

Substituting (2.7b) into (n2.3) results in the following:

(n2.4)

Equation (n2.4) can be used to calculate the adiabatic flame temperature.  Note that the only assumption made so far was that of complete combustion.

How to obtain Heats of Formation and Specific Heats

· Appendix A contains the enthalpy of formation at 298 K for a variety of species, along with temperature variations of molar sensible enthalpy, molar enthalpy of formation, molar cp, etc.

· Table A.13 provides curvefits for Cp vs. T for a variety of combustion products.  

· Table B.1 provides heats of formation for a variety of fuels and Tables B.2 and B.3 provide curvefits for Cp vs. T for a variety of fuels. 
1.1 Solution of Example 2.1 Assuming Constant Specific Heat

If we assume constant specific heat for all of the sensible enthalpy terms (another terrible assumption!) we can readily evaluate the integrals in equation (n2.4) as follows:

(n2.5)

Substituting heats of formation and specific heats from Appendices A and B yields the following, where Cp was evaluated at T = 1000K, another bad assumption, but better than evaluating them at T = 298K.    

(n2.6)

Solving for the final temperature, T2, yields:  

The actual value (Table B.1) is 2226 K.  What went wrong?

1.2 Solution of Example 2.1 Allowing for Variation in Cp with Temperature:

Since polynomials are available in the Appendices, they can actually be plugged directly into equation (n2.4) and integrated, yielding the following equation:

(n2.7)
Solving for T2, yields the following:                                   Still not correct.  Why?

2. Chemical Equilibrium (Note: Slightly Different Technique from Book!)

The major assumption of example 2.1, that the combustion products were properly specified as CO2 and H2O is, in fact, not correct.  If, in fact, the reactants were allowed to come to equilibrium adiabatically, we would find significant quantities of other species as well.

The principles of chemical equilibrium (based on the first and second laws of thermodynamics) can be used to determine what species are present at equilibrium.  For purposes of this course, there are two main problems of interest, which can be solved using the concepts of chemical equilibrium:

A.

B.

2.1 The Temperature/Pressure Problem

Example 2.2

Consider once again the premixed stoichiometric mixture of 1 mole/s of methane and 2 moles/s of oxygen in a Bunsen burner.  Assume now, that we have measured the flame temperature and it is measured to be 2000K and 1 atm: 
The combustion products are NEVER only water and carbon dioxide.  Even, in the situation where a perfectly stoichiometric mixture is burned. Why not?

Chemical Equilibrium always requires some statistical distribution of the infinite number of molecular configurations of carbon, hydrogen and oxygen.  Furthermore, the distribution of products present at equilibrium is a function of temperature.  As we will see, as temperature increases, smaller molecules are favored. 

The products present at 2000K and 1 atm for the methane/oxygen example probably contain significant quantities of the following:

2.1.1 The Art of Equilibrium

Calculating equilibrium product compositions is a bit of an art.  But, there are several clues as to what molecules will be present in significant concentrations.  And, generally, a four-step process works pretty well: 

i. The Concept of Valence Numbers.  The valence number is the number of electrons that an element has available to share in a covalent bond.  In general, saturated compounds (those with a net 0 valence number) are preferred at equilibrium. 

Note: We already know that for carbon/hydrogen/oxygen systems, CO2 and H2O are saturated compounds and preferred at equilibrium.  But, what if we were reacting hydrogen and fluorine?  Or boron and oxygen?

Back to Example 2.2.  Based on valence numbers what major species do you expect?
ii. Size of molecule.  The size of a molecule is another clue to what will be there at equilibrium.

At T > 1500 K

At T > 3000  K
At T > 4000 K

Back to Example 2.2.  At 2000 K, what other species do you expect to be present?
(n2.8)
iii. Element Conservation.  The total number of atoms initially present, must equal the total number of atoms in the final equilibrium state.  
iv. The Chemical Equilibrium Constants, Kp.  No matter WHAT species are present at equilibrium, they are all in equilibrium with each other.  So, we can use the concept of chemical equilibrium constants to supply the final piece of information.

In Equation (n2.8), we have postulated that, at equilibrium, the following species will all be present, which means that they are all in equilibrium with each other!

(n2.8)

Recall from chemistry, if H2, O2 and H2O are in equilibrium with each other:

(n2.9)
Then, their concentrations are related by an equilibrium constant, Kc:

(n2.10)
Since concentration is defined as:

(n2.11)
The equilibrium constant can be rewritten as:

(n2.12)

In this form, the new equilibrium constant, Kp, is only a function of temperature.  And, for just about any molecule you will encounter, the variation in Kp with temperature has been tabulated in the JANAF tables.    (See Handout).

Summarizing the formulation of Kp, for a general equilibrium reaction:

Some examples: 

OH:

CO:

Note: To formulate the Kp relationships, the LHS molecules must be in their "reference state" at 25 oC and 1 Atm.  Carbon is a solid at these conditions!  Let n = 1.

Final note:  You can use Kp's to rule out the presence of certain molecules.  In other words, at a given temperature if one of the Kp's is very small, that means there is very little of that molecule in relation to the molecules on the LHS of the equilibrium reaction (See example 2 below).    

Example 2.2.  Now we can solve it! 

1 mole/s of CH4 and 2 moles/s of O2 are combusted in a premixed burner and the flame temperature is measured to be 2000K at 1 atm.  Assuming that the products have reached chemical equilibrium, calculate the equilibrium product mole fractions. 

i. Valence.  Based on the concept of valence, we expect a significant quantity of the saturated products:

ii. At T = 2000 K, there should be some presence of 2-atom molecules in addition to the 3-atom saturated products:

The overall reaction can now be formulated:

(n2.8)

Where ni are the unknown number of moles of each species present at equilibrium.  These are the unknowns in the problem.  There are 6 unknowns!

iii. Having come up with 6 candidate molecular configurations, we can formulate several equations using element conservation.

From element conservation (total carbon atoms in = total carbon atoms out, etc.)
Element conservation has provided 3 equations…we need 3 more…on to the Kp's.

iv. Using the Kp equilibrium constants, we can formulate three more equations.  

So, we have six equations, but we also added an additional unknown, the total number of moles, n.  Fortunately, this is just the sum of the ni.  But still, we have a problem with 7 equations and 7 unknowns.  And, it is non-linear!

In the T-P problem, since temperature is specified, we can pull the values for Kp right out of the JANAF tables.  Note: For adiabatic flame temperature calculations we don't KNOW the temperature, so they are harder to solve.

Summary of 7 equations and 7 unknowns.  The 7 non-linear equations can be solved using any method of choice.

Example 2.3  The NOx problem

Air is heated to 2000K at 1 atm.  How many ppm of NO will be present at equilibrium?

Homework Assignment #3





Due:
2.30 (Adiabatic flame temperature, assuming complete combustion)

2.32 (use polynomials in Table A.13 for Cp vs. T for combustion products)
3. The Space Shuttle Main Engines.  The Space Shuttle Main Engines (SSME’s) burn a fuel-rich mixture of hydrogen and oxygen. Calculate the equilibrium product distribution in the Space Shuttle main engines.  Assume a temperature of 3500 K, P= 100 Atm, and molar oxidizer to fuel ratio of 0.375.

Hint:  Consider H, O, H2, H2O, OH and O2 as equilibrium species.

4. The NOx problem.   Following example problem 2.3, repeat the calculations, but account for the presence of NO2, in addition to NO.  Calculate the equilibrium mole fractions of NO and NO2 at 1 atm and T = 1800, 2000, 2200 and 3000 K.   Comment on results.









