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ME529 Combustion and Air Pollution

Topic 08. NOx Formation
Even if there is no nitrogen in the fuel, a combustion process can form nitrogen oxides by reaction of atmospheric nitrogen at the high temperature and conditions of combustion.  This is termed “fixation” of atmospheric nitrogen.

The nitrogen oxides are a family of N and O compounds:  NO is the major species produced in combustion systems.  At ambient conditions, once it leaves the smokestack or tailpipe, it is easily converted to NO2.  A characteristic of gas turbines is a high production of NO2, due to the conditions of combustion in these devices (we will return to this later). Other nitrogen oxides exist, but we will limit the discussion to NO and NO2; they are what we refer to as NOx.  

NOx is a greenhouse gas and an ingredient in photochemical smog (as discussed when we talked about chemical kinetics; Idaho DEQ has measured summer time ozone levels that exceed EPA Clean Air Act levels in the Treasure Valley). NOx plays a role in the depletion of stratospheric ozone:
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The mechanism from the above figure:

CFC-12 + hv ===> CF + Cl

Cl + O3 ===> ClO + O2
ClO + NO2 ===> NO3Cl

NO3Cl + HCl ===> NO3H + Cl

NOx contributes to secondary aerosol formation.  Both nitrogen oxide and nitrogen dioxide can form nitric acid (HNO3) in the atmosphere:

2 NO + H2O + 3/2 O2 ( 2 HNO3
2 NO2 + H2O + ½ O2 ( 2 HNO3
Nitric acid and ammonia (NH3, most likely from agricultural sources in SW Idaho) can form ammonium nitrate (NH4NO3) in the atmosphere.  
HNO3 + NH3 ( NH4NO3
This secondary aerosol is small and accounts for much of the PM2.5 in the Treasure Valley airshed.   Idaho DEQ has measured winter time PM2.5 levels that exceed EPA Clean Air Act levels in the Treasure Valley.
Finally, NOx contributes to acid rain.  As shown above, both nitrogen oxide and nitrogen dioxide can form nitric acid (HNO3) in the atmosphere.  Acid rain is not a major environmental concern in Idaho because our soil is alkaline and has a large buffer capacity (we will talk more about acid rain later).  Other areas of the USA and the world are less fortunate.  Acid rain damages crops and sterilizes lakes in New England, Scandinavia, Northern Europe, and Japan.
There are four identified NO formation mechanisms, and we will discuss each: thermal, prompt, N2O, and fuel.

8.2 NO Formation mechanism: thermal mechanism (Zeldovich mechanism)

The overall reaction for thermal NO formation is:

1/2 N2 + 1/2 O2 ===> NO   - 90 kJ/mol

This overall reaction is highly endothermic, hence NO is produced only at high temperatures.  The reaction actually occurs in two distinct steps:

N2 + O <===> NO + N

k+1=1.8E08exp(-38,370/T)  
m3/ mol s 






k-1=3.8E07exp(-425/T) 
m3/ mol s

N + O2 <===> NO + O

k+2=1.8E04 T exp(-4680/T)
m3/ mol s






k-2=3.8E03Texp(-20,820/T)
m3/ mol s

The major sink for the N atom is the OH radical:

N + OH <===> NO + H

k+3=7.1E07exp(-450/T)
m3/ mol s






k-3=1.7E07exp(-24560/T)
m3/ mol s

The high activation energy for the first reaction (a result of breaking the strong triple bond of N2) makes this the rate-limiting step.  Because of the high activation energy, the rate of this reaction is slower than the oxidation of the fuel and is very temperature sensitive. 
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The reverse of Rxn 2 is slow.
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The rule of thumb for NO formation is that the combustion temperature must be greater than ~1800 K. 

Because NO production is slower than fuel oxidation, it forms behind the flame front where the highest T and extra residence time are (because the gas wants to expand but can’t and there has not been enough time to conduct heat away yet).

The net rates of formation of NO and N are

RNO =  k+1[N2][O] - k-1[N][NO] + k+2[N][O2] - k-2[NO][O] + k+3[N][OH] - k-3[NO][H]

RN = k+1[N2][O] - k-1[N][NO] - k+2[N][O2] + k-2[NO][O] - k+3[N][OH] + k-3[NO][H]

Assume that [O], [H] and [OH] are equilibrium values since NO formation occurs after the combustion reactions.

At equilibrium, the forward and reverse reactions are balanced:

k+1[N2]e[O]e = k-1[N]e[NO]e ≡ R1
k+2[N]e[O2]e = k-2[NO]e[O]e ≡ R2

k+3[N]e[OH]e = k-3[NO]e[H]e ≡ R3

Define
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Substitute the above 5 abbreviations into the rate equation:

RNO = R1 - R1 
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EMBED Equation.3[image: image8.wmf]b

 + R2
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 - R2
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 + R3
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RN = R1 - R1
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EMBED Equation.3[image: image14.wmf]b

 - R2
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Since N reacts with abundant O2, N atoms are consumed as rapidly as they are generated. Therefore, we assume a quasi steady-state:

RN = 0  ====>   
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where 
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At constant temperature and pressure,
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Separate variables and integrate:
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where 
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From the above plot of the approach of the dimensionless NO concentration to equilibrium, it is clear that the characteristic time for NO formation, τNO, corresponds to the time required if the reaction had continued at its initial rate and was not slowed by reverse reactions.

We can check the validity of our assumption that d[N]/dt ~ 0.  Consider only the forward reactions involved with the N atom formation.  Then,
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Separate variables and integrate:

===> 
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where 
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For the SS [N] assumption to be valid, this characteristic time must be much smaller than τNO.  It turns out that the comparison of the two time scales for adiabatic combustion indicates that τN is several orders of magnitude smaller than τNO.  Only when 
[image: image31.wmf]f

 is much greater that 1 (extremely fuel rich) do the time scales become comparable – but in this regime, other NO forming reactions are important.

Example: Thermal NO formation for aviation kerosene, Mathcad and EES files with thermodynamic calculations using STANJAN.

8.3 NO formation mechanism:  prompt mechanism

Another mechanism of fixing atmospheric nitrogen is:

CH + N2 <===> HCN + N  ==> goes on to form NO, or N2.

Prompt NO formation is negligible except where [CH] is high, i.e., in fuel rich flames or in fuel-rich pockets in diffusion flames.  The reaction has a low activation rate; it proceeds at the SAME RATE as the fuel oxidation.  Because of this “immediate” formation of NO, it is called “prompt” NO.   If the residence time in the flame is sufficiently long and the equivalence ratio is fuel-rich, the NO formed can be converted back to atmospheric nitrogen.

In the flame front or at 
[image: image32.wmf]f

 > 1.2, prompt NO is important.  At longer residence times and at 
[image: image33.wmf]f

 < 1.2, the Zeldovich mechanism controls NO formation.

Unfortunately, the coupling of prompt NO chemistry to HC oxidation in fuel-rich flames precludes the development of a simplified model (one like the thermal NO formation model).  However, burners can be designed to avoid prompt NO formation and we will discuss this later.

8.4 NO formation mechanism:  N2O mechanism

This NO formation mechanism starts out looking like the thermal mechanism in that an O radical reacts with atmospheric nitrogen.  However, the presence of a third body causes nitrous oxygen formation:

N2 + O + M <===> N2O + M

Nitrous oxide can then form NO:

N2O + O <===> 2 NO
Ea = 97,000 J/mol

This reaction would be the dominant pathway for NO formation in burners where fuel lean conditions (no prompt NO forms) and low temperatures (no thermal NO forms) prevail.

Note that nitrous oxide is commonly known as laughing gas.  It is used by dentists to anesthetize patients for dental surgery.  A common error is to confuse nitrous oxide with nitrogen oxide or nitrogen dioxide.  

8.5 NO formation mechanism:  fuel N mechanism
Fossil fuels contain organically bound nitrogen that is easily oxidized to NO during combustion.   The following table lists the mass percent of organically bound N typical of fossil fuels:

	Fuel
	N (mass %)

	Crude oil
	0.1 – 0.2

	Shale oil
	2 – 4

	Coal
	1.2 – 1.6
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Formation of NO from nitrogen is demonstrated in experiments where fuels are burned in mixtures of O2, Ar and CO2 in a manner that achieves the same adiabatic flame temperature at the same equivalence ration as if the fuels were burned in air.

Conversion of fuel N to NO starts with HCN (like prompt NO formation mechanism) and eventually leads to NO.

HCN + O <===> NCO + H

NCO + H <===> NH + CO

NH + H <===> N + H2
Then, the nitrogen radical leads to NO:

N + OH <===> NO + H

N + O2 <===> NO + O

The NO produced in this way may be recycled with HC radicals to form HCN:

NO + C <===> CN + O

NO + CH <===> HCN + O

NO + CH2 <===> HCN + OH


Ammonia may be produced as an unwanted byproduct:

HCN + OH <===> HNCO + H

HCNO + H <===> NH2 + CO

NH2 + H2 <===> NH3 + H

Then, NO and NH species can form molecular nitrogen or the N-N bond:

NO + N <===> N2 + O (the reverse of the 1st reaction in the Zeldovich mechanism

NH + N <===> N2 + H

NH + NH <===>N2H + H

NO + NH <===>N2O + H

NO + NH2 <===> N2 + H2O

NO + NH2 <===> N2 + H + OH

NO + NH2 <===>N2O + H2
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8.6 Thermal NOx Control

Poorer mixing reduces the maximum thermal NO formation but extends the formation to lower equivalence ratios.

To control thermal NOx:

 lower T:  reduce 
[image: image37.wmf]f

, inject steam, inject CO2 (FGR or EGR)

 increase 
[image: image38.wmf]f

:  operate rich, T also drops

 increase s (segmentation parameter):  decrease mixing, change in 
[image: image39.wmf]f

 is neutralized in that NO formation increases at 
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 +/- 1; it is beneficial only if operating at 
[image: image41.wmf]f

 = 1 to have poor mixing; good mixing at 
[image: image42.wmf]f

 = 1 accelerates combustion and provides no time for heat transfer, creating a very adiabatic process - as opposed to a “lazy” flame that allows time for heat transfer to slow it down.

FGR/EGR:  The injection of diluents absorb heat; CO2 in particular has a high Cp and can absorb a lot of heat to cool the combustion process.

You can retard injection timing in CI engine (or spark in SI engine) to lower engine NO.

Example:  injection of H2O to reduce thermal NO.

8.7 Prompt NOx Control

Altering the burner design to create a long, lazy, fuel-rich flame followed by a lean burnout zone will control prompt NO formation.  This is referred to as “staged” combustion.

8.8 N2O-NO Control 

Control of NO produced in the cool, lean combustion of gas turbines can be achieved by using Pt or Pd catalyzed combustion of some of the fuel.  The design temperature limit for catalyzed combustion is that of the oxidation and vaporization of these noble metals at ~1500K.

The remainder of the fuel is injected into the products of catalysis where auto-ignition occurs.

8.9 Fuel NOx Control 

Control of fuel N conversion to NO can be achieved by maintaining fuel-rich combustion and slowing down combustion (increasing the residence time).  Hence, the long, lazy flames that control prompt NO will also control fuel NO.
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In pulverized coal combustion, N is either released during volatile combustion or remains in char and is released during char combustion.  As the diameter of the coal particle increases, less char N is released.  This is due to the restricted penetration of O2 into the larger coal particle.  Hence, a larger coal grind size will release less fuel N.

SUMMARY OF COMBUSTION CONTROL OF NO FORMATION:

As stated earlier, as mixing improves, NO formation increases.  Decreasing mixing with long, slow, lazy flames decreases NO formation:

  radiation from the flame to the environment decreases thermal NO formation

 increased residence time decreases fuel and prompt NO formation

 decreased turbulence decreases mixing

To minimize NO formation:  maintain fuel-rich conditions long enough for N2 forming reactions to proceed, i.e., divide the combustion process into two separate fuel-rich and fuel-lean regions.  The overall 
[image: image44.wmf]f

 will be stoichiometric.  The fuel-lean zone is intended to burn completely CO and HCs to CO2 and H2O.  This is “staged combustion” and the temperature of both stages is low.

The caveats:  the heat transfer to the boiler tubes is decreased, and HCs and CO may still be released.

8.10 Post-combustion NOx control

There are four different categories of post-combustion NO control that can be combined:

o selective reduction:  targeted towards and effective for NO removal

o non-selective:  affects species besides NO

o catalytic:  uses a catalyst to facilitate reactions at reduced temperature

o non-catalytic:  does not use a catalyst

8.10.a Non-selective, non-catalytic removal of NO: secondary fuel injection
The reactions that convert NO to N2 during combustion can be used to remove NO in the post-combustion gases.  Wendt (1973) showed that by injecting and oxidizing secondary fuel in partially cooled combustion products, NO could be reduced to N2.  For example, if sufficient methane is injected at 1800 K (1530 C), it decomposes and creates a fuel-rich environment.  The decomposition radicals promote reactions like

NO + H <===> N + OH

and the N then reacts with NO to form N2.  Think of this as a competition for oxygen:  the decomposition HCs  want O so then can form stable compounds like CO2.  If insufficient free O2 is available, the O is stripped from NO.  The secondary fuel injection zone must be followed by a the injection of air to finish formation of CO2 and H2O.  Compounds like HCN may also be formed in the fuel-rich secondary injection zone and hence some NO may be formed upon the injection of the burn-out air.  In this situation, NO acts as an oxidizer.

8.10b Selective, non-catalytic removal of NO:  Thermal De-NOx
Ammonia, NH3, injected at T ~ 1500 K (1230 C), decomposes to NH2 which can react with NO to form N2 and H2O:

NH2 + NO <===> N2 + H2O
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At too high temperatures, NO will form:

NH2 + O <===> NO + H2
NH3 will not break down at temperatures that are too low.  The extreme temperature sensitivity of the reaction mechanism makes the location of NH3 injection very important; NO is effectively reduced in a narrow temperature window around 1200 K (930 C).  The temperature drop through the post-combustion portion of the boiler changes with the boiler load, thus compromising an optimal injection point.

Experiments demonstrated the injection of urea also as a selective non-catalytic reduction agent for NO reduction.  However, enough N2O (nitrous oxide or laughing gas) was released as a byproduct that urea injection has been banned in Germany.

8.10c Selective catalytic reduction, SCR

Catalytic NO reduction is popular in some countries, especially Japan.   Again, NH3 is used to reduce NOx in the presence of O2 over a heterogeneous catalyst.

4NO + 4NH3 + O2 ===> 4N2 + 6 H2O

Catalysts include Pt, alumina, and titanium dioxide.  There are problems with catalyst fouling when sulfur dioxide is present.  Dual SO2-NOx removal schemes will be discussed later.
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Schematic of FGR in a coal fired power plant for thermal NO control during combustion.
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Schematic of secondary fuel injection for NO control after combustion.
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