Topic-05b

ME529 Combustion and Air Pollution

Topic 05b. Chemical Kinetics - Mechanisms
5.7 Elementary reactions and detailed combustion mechanisms

The above introductory comments about chemical kinetics have been largely addressed towards an overall reaction or individual, elementary reactions.  In reality, combustion can involve hundreds of intermediate, or elementary, reactions.  The thermodynamics and kinetics of each elementary reaction must be known to fully specify the overall reaction - a formidable task when some of the intermediate species are highly reactive radicals with very short lifetimes.  This task is currently impractical for many practical fuels (e.g., fuel oil, wood, coal) since their precise chemical structure is not known.  However, an understanding of detailed kinetics will help you understand pollutant formation, the general combustion process, and extinguishment.

Hydrocarbon fuel combustion mechanisms share four types of elementary reactions:

1. Ignition (initiation)

2. Propagation - chain carrying

3. Propagation - chain branching

4. Termination (extinction)

1. Ignition

In the presence of ignition sources, the combustion reactions are said to initiate by the abstraction of an H atom/radical from the RH molecules by an O2 molecule (RH means any generic hydrocarbon fragment plus one H atom; hence for methane, R means CH3):

RH + O2 ==> R* + HO2*

Or by thermally induced dissociation (R and R’ are two parts of a hydrocarbon molecule)
RR' + M ==> R* + R'* + M

Either a C-H or a C-C bond must be broken for these reactions to occur.  The table below lists bond strengths for a number of bonds in HC combustion.  Both the above reactions are endothermic.

H abstraction involves breaking a C-H bond with a strength ranging from 385 to 453 kJ/mol, and forming the hydroperoxyl radical HO2 for a net enthalpy of reaction between 190 to 250 kJ/mol.

Thermally induced dissociation involves breaking a C-C bond; a single C-C bond requires 369 kJ/mol with double or triple bonds requiring even more energy.  In addition, the net enthalpy of reaction is high since no new bonds are formed when the initial bond is broken.

Typical bond strengths (Flagan and Seinfeld)

	Bond
	kJ/mol

	Diatomic molecules

	H-H
	437

	H-O
	429

	H-N
	360

	C-N
	729

	C-O
	1076

	N-N
	950

	N-O
	627

	O-O
	498

	Polyatomic molecules

	H-CH
	453

	H-CH2
	436

	H-CH3
	436

	H-C2H3
	436

	H-C2H5
	411

	H-C3H5
	356

	H-C6H5
	432

	H-CHO
	385

	H-NH2
	432

	H-OH
	499
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	964

	H2C=CH2
	699

	H3C-CH3
	369

	O=CO
	536


This large enthalpy of reaction makes ignition rates - reaction rates in the endothermic direction - strong functions of temperature.

FOR ELEMENTARY REACTIONS ONLY,
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That is, if the reaction rate constant for the forward (reverse) reaction and the equilibrium constant is known, then the reaction rate constant for the reverse (forward) reaction can be calculated.

The temperature dependence of the equilibrium constant can be approximated using a variation of van't Hoff's equation:
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Hence, the rate constant in the forward direction is:
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Let's take a look at the temperature dependence of H abstraction from methane:
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The reverse reaction rate constant for the recombination of H and CH3 to form CH4 is known:
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Using thermodynamic data and the modified van't Hoff expression, the equilibrium constant is:
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and we calculate the forward reaction rate constant for the decomposition of CH4 into H and CH3:
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In the Arrhenius plot above, you can see that the decomposition reaction is far more sensitive to temperature than the recombination reaction.  The highly endothermic decomposition reaction is slower than the exothermic recombination reaction except at high temperatures.

Because ignition starts out 'cold,' the relatively low reaction rates of the endothermic ignition reactions cause slow generation of radicals.  After the radical concentration increases, faster radical chemistry becomes important.  The wait for radicals to accumulate is called ignition delay.  After this delay, other reactions dominate fuel oxidation and ignition reactions are not as important.

2. Propagation - chain carrying reactions

HC radicals react rapidly (because of low activation energies) with oxygen to produce either peroxy radicals
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or olefins (remember these are alkenes, aliphatic HCs with double bonds) and the hydroperoxyl radical
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The olefin then is oxidized like the original fuel was (for example, starting with H abstraction).

The peroxy radicals undergo dissociation at high temperatures to form aldehydes:


[image: image10.wmf]M

R

CHO

R

M

RO

+

×

+

Þ

+

×

'

'

'

2


These are called chain-carrying reactions because the number of radicals produced is the same as the number consumed.

3.  Propagation - chain branching

The aldehydes (RHCO) formed from the peroxy radicals in the last reaction may react with oxygen:
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This reaction is a branching reaction since it increases the number of free radicals. 

You could say that the single most important reaction in combustion is the chain branching reaction
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because both the OH and O radicals needed for fuel oxidation are produced.  We'll discuss the importance of these radicals more below.

4. Extinction

Extinction can occur with terminal reactions that destroy free radicals - a reaction that forms stable products, or a collision between a radical and a surface (quenching).  The major stable products are carbon dioxide and water vapor. 

H, O and OH Chemistry

The highly reactive OH radical created by the reaction
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reacts readily with fuel:
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At temperatures higher than ~1,200K, the OH radical population is high enough to participate in several reversible, mildly exothermic reactions that generate much larger amounts of H, O and OH radicals than encountered at lower temperatures:
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The O and H radicals are also highly reactive and react with fuel and HC intermediates:
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The free radicals generated by these reactions rapidly drive the combustion process once ignition occurs.

Detailed mechanisms for specific fuels involve literally hundreds of elementary reactions.  However, note that the most important reactions in combustion - the chain-branching reactions - do not involve fuel molecules.  Consequently, it is possible to develop mechanisms for different fuels that involve common submechanisms.

Combustion of CO in the presence of hydrogen or water vapor involves the reactions of the hydrogen-oxygen mechanism.  The combined CO-H2-O2 mechanism is part of the mechanism for formeldehyde oxidation - which is a subset of methane oxidation.  In the combustion of methane under fuel-lean conditions, the C atom follows the sequence: CH4==>CH3==>HCHO==>HCO==>CO==>CO2.

Once the mechanisms of simpler fuels are developed, mechanisms for more complicated fuels can use the simpler fuel mechanisms as a starting point.

Detailed mechanisms require the solution of many simultaneous first order ODEs.  Conservation of energy must be applied continuously throughout the combustion process because of the large temperature changes.  Large temperature changes cause large changes in the numerous reaction rate constants.  Integrating the system of ODEs is taxing since some reactions occur rapidly - short time scales for radical reactions - whereas others are longer - ignition reactions.  The usual practice of forming a finer time discretization when rapid changes occur in the equations being numerically integrated will cause accumulation of errors when the same mesh is applied to slower changing equations.  The result is a set of stiff equations.

5.8 Explosions

Explosions can be divided into two categories:

a) branched chain explosion: the reaction rate increases without limit because of chain branching

b) thermal explosion: the reaction rate increases exponentially because exothermic reactions release heat, thus causing orders-of-magnitude increases in reaction rate constants as temperature increases

To appreciate the impact chain branching has, let's estimate the time is takes to react a 1cm3 volume containing 1019 molecules of A.  Furthermore, let's say that we start with just 1 free radical, and that the molecular collision rate is 108 collisions per second (a molecule suffers a billion or so collisions at atmospheric pressure).

If only a chain carrying reaction can occur (one radical reacts to form one radical, (=1 where ( tells us the yield of free radicals from the reaction), then the time required for all the molecules to react is:

Time = 1019 molecules / 108 collisions per second = 1011 sec ( 3,000 years

This time scale is a bit slow for combustion.

If only a chain branching reaction can occur (one radical reacts to form two radicals, (=2 where ( tells us the yield of free radicals from the reaction), then first we have to calculate the number of cycles or generations the reaction must go through for all the molecules to react.

If we write our reaction as: A + H( ==> H( + H(
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Then we can see from the above diagram that after only 3 generations, (23-1) / (2 - 1) = 7 molecules of A have reacted.  After N generations, (2N-1) / (2 - 1) molecules will have reacted.  We can find the number of generations it takes to react all our molecules:

(2N-1) / (2 - 1) = 1019 ==> N(64 generations. Hence:

Time = 64 generations / 108 generations per second = 0.64 (sec

This time scale is a bit faster than the previous calculation.

We can't expect all the reactions to be chain branching.  If only 1% of the reactions are chain branching ((=1.01), then the number of generations the reaction must go through for all the molecules to react is: ((N-1) / (( - 1) = (1.01N-1) / 0.01  = 1019 ==> N(3,935 generations.  Hence:

Time = 3,935 generations / 108 generations per second ( 40 (sec

This is still a very fast reaction.

The classic example of a branched chain explosion is for the H2 - O2 system (see Figure below from Lewis and von Elbe, 1987).  The explosion limit is a reverse S-shaped curve.  

[image: image23.emf]
(from Lewis and Von Elbe, Combustion, Flames and Explosions of Gases, 2nd Ed., p. 8, 1987)
In the explosion region, the rate of chain branching exceeds the rate of chain breaking.  The reverse is true in the region of no explosion.  At the limit, the two rates are equal.

Note the paradigm of the limit curve.  Increasing pressure from the 1st or 3rd limit curve causes explosion; what happens when pressure is increased from the 2nd limit curve?  Furthermore, as pressure increases along the 1st and 3rd limit curves, temperature decreases; temperature increases as pressure increases along the 2nd limit curve.

These conflicting phenomena can be explained by looking at the explosion mechanism.  Chain branching occurs with
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and the frequency of collisions between the hydrogen radical and the oxygen molecule increase if pressure increases - because this increases the concentration of O2 molecules (increase is linear in pressure).

However, the 2nd explosion limit curve exists because of an H consuming reaction that increases with pressure faster (as the square of the pressure) than the chain branching reaction:
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and the hydroperoxyl radical is not as reactive as the H radical; at these lower temperatures and moderate pressures, the hydroperoxyl radical has the opportunity to diffuse to the walls before it undergoes further collisions/reactions.  Furthermore, the differences in the activation energies of the reactions explains why the branching reaction is less frequent at moderate pressures and lower temperatures.  The range of temperatures and pressures where these reactions proceed at the same rate creates the 2nd explosion limit curve.

At pressures above the 2nd explosion limit, the hydroperoxyl radical is assumed to start participating in the reaction
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followed by
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and thus rapidly increases the free radical population.  The critical pressure where this starts defines the 3rd explosion limit.

Also note that while the general shape of the explosion limit curve remains the same, the size of the vessel where the experiments occur alters the exact temperature and pressure of the inflection points.  This is because of reactions between radicals and the walls - and the dynamics of species diffusion to the walls.  Furthermore, the relative reactivity of the walls also alters the curve.  A larger reaction vessel pushes diffusion-dependent 1st and 3rd limits further to the left as would a vessel coated with a less reactive surface.

Once ignition occurs at a location in an explosive gas mixture, a small volume with a high-temperature and high-concentration of free radicals is generated within the flame.  This flame kernel initiates a wave of chemical reaction that propagates by thermal and free-radical diffusion.  If there is sufficient time and interest, we can discuss these waves and detonation waves later in the class.

Note that the explosion limits vary with temperature and pressure.  The flammability limits vary with stoichiometric ratio. 

5.9 Global mechanisms

Global mechanisms are an attempt to represent combustion kinetics with approximate expressions.  These expressions are derived from detailed mechanisms using simplifying assumptions (steady state or partial-equilibrium).  The global models presented here were derived from fitting curves to flammability limits and flame velocity measurements.

Global mechanisms simplify kinetic calculations.  They usually involve major stable species.  They can adequately calculate the net rate of heat release during combustion, but will not be able to provide pollutant concentrations since pollutants are minor species.

1. One-step global model for hydrocarbon combustion
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This is the simplest model available.  The subscript 'ov' refers to 'overall.'  From experimental data, the rate of the above reaction is expressed as:

[image: image37.png]



The constants A, Ea, a, and b are usually found by matching Rov to experiments with flame speed or the rich and lean limits of flame stability.  This model does not include intermediate hydrocarbon species or carbon monoxide.

2. Two-step global model for hydrocarbon combustion 

During combustion, the oxidation of hydrocarbons occurs quickly.  The oxidation of CO to CO2 is slower.  The difference in these general reaction rates is accounted for in two-step models:
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This mechanism combines all HC combustion into one reaction and separately addresses CO oxidation.  The rate for reactions A and B are usually expressed as:
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Why is the concentration of water included in the CO oxidation mechanism?  Recall the water-gas shift reaction.  Most CO reacts with OH that can be considered to be in equilibrium with water. 

For the two-step mechanism, global CO reaction rate constants have been reported for flames:
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Hence, 
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Combining all the reactions that comprise CO oxidation does not accurately describe what actually happens soon after ignition.  As stated above, HC oxidation occurs faster than CO oxidation and propagation (continuous ignition) requires a buildup in radical concentration, so there will be little CO formed during the ignition delay of HCs.   This model is adequate if you are interested in processes that occur later in combustion.

3.  Quasi-global model

Researchers have worked to include additional reactions in quasi-global mechanisms to improve agreement between models and data.  For example, the oxidation of fuel to form an intermediate hydrocarbon (ethene in this case) and H2 is modeled by a single reaction.   Then, detailed mechanisms are used to describe the oxidation of ethene and H2 (see p. 156 in the text and Table 5.2).
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Other quasi-global models start by representing the oxidation of fuel to form CO and H2 with a single reaction.   Then, detailed mechanisms are used to describe the oxidation of CO and H2.
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4. Tabulated data (Flagan and Seinfeld, 1988; Westbrook and Dryer, 1981):

Rate parameters for three combustion models were determined from experimental data and are listed for several fuels in the following table.  The rate of hydrocarbon combustion has been fit to the following form for all three of the models:
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[Note:  There is no Tc factor here!]

These models and data are adequate for first approximations to combustion.

Rate parameters for quasi-global reaction mechanisms giving best agreement between experimental and computed flammability limits (Flagan and Seinfeld, 1988; Westbrook and Dryer, 1981) (units: m, s, mol, K)

	
	Single-step Mechanism
	Two-step Mechanism
	Quasi-global Mechanism
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	Fuel
	A x 10-6
	Ea/R

x10-3
	a
	b
	A x 10-6
	Ea/R

x10-3
	a
	b
	A x 10-6
	Ea/R

x10-3
	a
	b

	CH4
	130
	24.4
	-0.3
	1.3
	2800
	24.4
	-0.3
	1.3
	4000
	24.4
	-0.3
	1.3

	C2H6
	34
	15.0
	0.1
	1.65
	41
	15.0
	0.1
	1.65
	63
	15.0
	0.3
	1.3

	C3H8
	27
	15.0
	0.1
	1.65
	31
	15.0
	0.1
	1.65
	47
	15.0
	0.1
	1.65

	CH3OH
	101
	15.0
	0.25
	1.5
	117
	15.0
	0.25
	1.5
	230
	15.0
	0.25
	1.5

	C2H5OH
	47
	15.0
	0.15
	1.6
	56
	15.0
	0.15
	1.6
	113
	15.0
	0.15
	1.6

	C6H6
	6
	15.0
	-0.1
	1.85
	7
	15.0
	-0.1
	1.85
	13
	15.0
	-0.1
	1.85

	C2H4
	63
	15.0
	0.1
	1.65
	75
	15.0
	0.1
	1.65
	136
	15.0
	0.1
	1.65

	C2H2
	205
	15.0
	0.5
	1.25
	246
	15.0
	0.5
	1.25
	379
	15.0
	0.5
	1.25
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