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1. Motivation for Studying Combustion
Since the dawn of civilization, human beings have understood the significance of combustion - a self sustaining, high energy chemical reaction of oxygen with a fuel (usually containing hydrogen and/or carbon).  Indeed, it can be argued that civilization as we know it owes its existence to combustion.  But, combustion of fossil fuels might also lead to the downfall of civilization (climate change, depletion of natural resources) and unwanted fires are still one of the leading causes of human death and property loss.  
So, the following combustion related issues will continue to be at the forefront of society for years to come:
1.1  Climate Change (i.e. Global Warming).  What is the greenhouse effect and what is the role of anthropogenic carbon?
Schematic Diagram of the Greenhouse Effect
Wein’s Displacement Law



Absorptivity of CO2
The Master Equation
1.2 Energy Independence / Global Sustainability
1.3 Air Pollution

1.4 Fire Safety and Security

1.5 Micropower and Propulsion
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2.0  Course Overview 

2.1 Chemical Equilibrium.  We will start out by using the concepts of thermodynamics to solve for the equilibrium conditions in flames and reacting systems.  We will find that the first and second law of thermodynamics are all that you need to determine the final state of a system, given a certain set of conditions.

Consider the propanol flame that powers a Sterling engine.  

The concept of a final thermodynamic equilibrium state is an extremely important concept and, arguably, thermodynamics is the most powerful tool in understanding combustion.  We will find that the tools of thermodynamics alone are sufficient to determine the following:

A. 

B.

C.

All of this will be accomplished in the first several weeks of class!  Unfortunately, thermodynamics cannot accurately predict the rate at which fuel is consumed, pollutant emissions, flammability limits, stability of the flame, etc. etc.

2.2 Chemical Kinetics. Consider this cup of propanol in this room.  Using thermodynamics, I can tell you (without a doubt!) that if the room were completely sealed and we let the propanol sit here long enough, the final conditions would be as follows:

Chemical kinetics asks the question: Given a set of reactants (C3H8OH + O2), how long does it take them to react and reach their final equilibrium state?

Answer: Sometimes it happens very slowly.  Sometimes it happens very quickly.    

The rate at which things react is a function of:

Consider a mixture of H atoms and O2 molecules.  (H is called a radical, because it is so highly reactive.  When it is produced, it does not stay around too long.  O2 is oxygen, it is not considered a radical because it is stable and lasts a good long time under most conditions of interest to human beings)

For the reacting system:

We will be able to use the "law of mass action" and simple kinetic theory of gases to show that the rate of reaction (in this case the rate of disappearance of H radical can be written as follows: 

Unfortunately, things are not that simple.  Even for a simple system like H + O2, the reaction rate constant cannot be accurately described as shown above.  For most chemical reactions, the reaction rate constant is described as follows:

Where:

Usually, the three parameters (A, b and Ea) are experimentally valid over a specified temperature range.  

Note: The three parameters are really just glorified curve fits to experimental data.  Think about it, with a constant, an exponent and an exponential, you can fit just about any data! 

2.3 Hydrogen - Oxygen Explosion Limits.  Consider the mixture of H2 and O2 in a vessel.

Depending on the pressure and temperature, the mixture will explode (i.e. very fast reaction) or not explode.  

Whether or not the mixture explodes is a function of two competing chemical reactions:

If the former reaction dominates (chain branching!):

If the latter reaction dominates:

2. 4. Oxidation Characteristics of Hydrocarbons.   Consider the reaction of, say, heptane.  The overall chemical reaction in a heptane/O2 flame is:

In this case, the "law of mass action" suggests rate of depletion of heptane could be expressed in the following form:
But, the chemical reaction cannot be accurately described by such a simple one-step reaction.  

Why?

Gas phase chemical reactions only occur if molecules collide.  In fact, they have to collide in a certain orientation, stick together for a while and then they split apart as different molecules.

How often do you think that 11 oxygen molecules collide with a single heptane molecule, stick together for a while and then eject 7 CO2's and 8 H2O's?

Answer:

In fact, the collision of 3 molecules is extremely rare and 4 molecules probably never happens!

So what really happens?  There is not one chemical reaction occurring within the flame, but rather a whole bunch of simultaneous reactions.  There are probably an infinite number of possible reactions, but most systems can be accurately modeled by considering 100 to 1000 reactions.

For example, in the case of heptane flames:

Note:  The above chemical mechanism contains many more species (some are radicals, some are stable) than just the fuel, oxidizer and products.   To accurate model a combustion system, you usually have to consider on the order of 100, 1000 or 3000 species.  Uggh!

2.5 Premixed Flames.  Consider a premixed gas of say (methane/O2) in a long tube open at both ends.
If a spark is applied at one end, a flame will propagate through the mixture at a steady speed, called the laminar flame speed, sL.  The laminar flame speed is a fundamental property of a gas mixture!  

The laminar flame speed:

Notes: 

· It is a function of both transport properties and chemistry.

· It is not too fast (approx. 40 cm/s).

· There are certain mixtures for which a laminar flame will not propagate.  These are called the flammability limits. 
2.6  Premixed laminar flame structure. If we were to sit on a propagating premixed laminar flame (or if we were to zoom in on a stationary premixed laminar flame), and if we were to measure the temperature and species within the flame it would look like this:
2.7 Diffusion (a.k.a. non-premixed) Flames.   Most combustion systems in real life (wanted or unwanted flames) are non-premixed or "diffusion" flames.  

Examples of non-premixed flames



Examples of pre-mixed flames

In the case of non-premixed flames, the rate controlling parameter is not the rate at which the fuels can react, but rather the rate at which the fuel and oxidizer arrive at the flame front.  Consider a candle, for example:
Note:  In each of these cases the flame is free to position itself wherever it wants.  The flame positions itself so that the fuel and oxidizer mix stoichiometrically. 

2.8  Environmental considerations.   Since almost all of our combustion systems on earth utilize air as an oxidizer, nitrogen gets heated up to 2000 K, along with the oxygen.    From equilibrium considerations alone, if you were to heat 79% N2 and 21% O2 to 2000 K, you are going to create other species, such as NO:
From equilibrium calculations (which you will do next week), we can calculate the maximum NO that you would get as a function of temperature:

Fortunately, the rate of oxidation of nitrogen is pretty slow, or we would all be dead every time we burned anything.

Indeed, if one were to measure the NO being produced in a premixed flame, for example, you would probably measure the following:
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3.  Review of Property Relations for Gas Mixtures

In the study of combustion, we typically deal with mixtures of fuel, oxidizer, inert and radical species in the gas phase.  Thus, a review of mixture properties is necessary to get started.

For example, consider an internal combustion engine:

3.1 Equation of State.  Since flames occur in the gaseous state and result in high temperatures, almost all combustion modeling assumes ideal gas for the equation of state.  

(2.2d)

where P is the pressure in N/m2,   the density in kg/m3, T the temperature in K and R the specific gas constant in J/kg-K.  The specific gas constant is related to the universal gas constant R as follows:

(2.3)

3.2. Enthalpy, Internal Energy and Specific Heat.  Recall from thermodynamics that, for an ideal gas, enthalpy and internal energy are functions only of temperature and can be calculated directly from specific heat from the following equations:

(2.7a)

(2.7b)
where u is internal energy in J/kg, h is enthalpy in J/kg, Cv is the specific heat at constant volume in J/kg-K and Cp the specific heat at constant pressure in J/kg-K.  

Notes on specific heat:

3.3 Mole Fraction, Mass Fraction and "Parts per Million" (ppm)  

Mole fraction (Xi)  is the number of moles of a certain species divided by the total number of moles:

(2.8)

Mass fraction (Yi) is the mass of a certain species divided by the total mass of all species:

(2.9)

Note that, by definition, the summation of mole fractions and mass fractions of a gas mixture =1:

(2.10)

Parts per million (ppm) is actually the mole fraction multiplied by 1000000.
3.4  Molecular Weight of a Gas Mixture

Given either the mole fractions or mass fractions of a gas mixture, it is possible to calculate the average molecular weight of a gas mixture:

(2.12)

3.5  Conversion from Mole Fraction to Mass Fraction

To convert from mole fraction to mass fraction and vice versa, us the following relationships:

(2.11)

3.5  Partial Pressure

The partial pressure of a given species in a gas mixture is the pressure that would result if that species were isolated from the rest of the mixture at the same temperature and volume:

For ideal gases, the partial pressure is related to the mole fraction as follows:

(2.14)
Example:  

Given: The air in this room is 78.08% nitrogen, 20.95% oxygen, 0.93% argon, .04% carbon dioxide.  
Find: The density, mass, mass fractions, mole fractions, average molecular weight for the air in this room. 

3.6. Stoichiometry and Complete Combustion

Complete Combustion refers to the ideal condition where all of the carbon, hydrogen and oxygen are converted into CO2 and H2O.  A mixture with a fuel/air ratio that results in complete combustion is called a stoichiometric mixture.   Consider heptane combustion in pure oxygen:

3.7  Modeling Combustion Air

In practice, we model dry air as 21% O2 and 79% of N2.  Thus, for every 1 mole of oxygen burned, an additional 3.76 moles of nitrogen goes along for the ride.  Consider the case of heptane combustion in air:

In general, for any hydrocarbon, this becomes:

(2.30)

where

(2.31)

3.8 Fuel/Air Ratio and Air/Fuel Ratio 

The fuel/air ratio, F/A, is defined as the ratio of mass of fuel to mass of air:

For the heptane example:

3.9 Equivalence Ratio, 
Equivalence ratio is defined as the ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio: 

(2.33a)

3.10 First Law of Thermodynamics

Since the majority of combustion applications are motivated by the desire to convert chemical energy to another form of energy (e.g mechanical, electrical, etc.), the First Law of Thermodynamics is obviously a key.

For a closed system, the First Law of Thermodynamics (i.e the conservation of energy) is:







(2.20)

For an open system (or control volume), with one inlet and one outlet, the first law of thermodynamics is:







(2.28)
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