Topic-09 2009


ME529 Combustion and Air Pollution

Topic 09. CO Formation
Hazards

Carbon monoxide is an intermediate but stable species formed during the oxidation of HC fuels to CO2 and H2O.  
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The oxidation of CO is a function of oxidation kinetics and cooling.

Carbon monoxide is a flammable gas.  It is better known as an air pollutant for its toxicity.  The mean volume fraction of CO in US cities ranges between 2 to 10 ppm.  Peak values recorded in US cities range between 3 to 300 ppm.  

Air pollution standards limit human exposure to CO to 9 ppm in any 8 hour average and 35 ppm in any 1 hour average.  Why this limit?  What are the physiological effects of this inorganic pollutant?

The human body uses hemoglobin to transport O2 in the blood.  Iron serves as a receptor site for oxygen in hemoglobin.  FeO2 is formed and delivered through arteries to the capillaries - one can measure the oxyHb content of the blood.  The problem with CO is that it has a greater affinity for the Fe hemoglobin sites than oxygen does.  Hence, FeCO is formed, and one can measure the carboxyHb content of the blood.

	% increase in carboxyHb
	physiological effect

	1.54%
	affects time discrimination in the brain

	20%
	ubiquitous headache

	25 - 30%
	lose consciousness

	>50%
	death


The kinetics of CO absorption and excretion have been measured empirically.  At sea level, the absorption of 1 to 500 ppm CO is described as (this relationship does not include body weight / blood volume):
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where CO = ppm of CO inhaled and t = exposure time (min).  The half-life of COHb in the blood is 128 to 409 minutes, with 320 minutes being the average.

With t1/2 = 320 minutes, the excretion of CO is described as:
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where t’ is the post-exposure time.

COHb is processed in the liver.  A person with CO poisoning has a cherry-red

complexion.  The most effective remedy is to administer pure O2 - quickly.

The toxicity of CO is one reason 3-way catalytic converters exist on cars, wood-burning bans are in effect during prolonged thermal inversions in places like Boise, and states are encouraged to test automobile emissions.

Mechanism

The predominant elementary reaction for CO oxidation is

CO + OH <===> CO2 + H

k+ = 4.4 T 1.5 exp(372/T) m3/mol s

The rate of CO production is

R+ = k+[CO][OH]

RCO = -R+ + R- = -k+ [CO][OH] + k-[CO2][H]
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	Tmax (K)

	1.0
	0.1 msec
	2600

	0.6
	1 msec
	1500

	0.35
	1 sec
	1100


Global CO oxidation model

The key problem in developing a global CO oxidation rate is finding [OH] and [H] in terms of major species that are easily measured.  These expressions can be derived from combinations of elementary reactions.  This works because of thermodynamics - thermodynamics is independent of the path - so it does not matter what path the species takes.

For OH, one possibility is as follows:

OH + OH ==> H2O + O

O + O + M ==> O2 + M

Take twice the 1st reaction, and add this to the 2nd (if a species appears as both a product and as a reactant, it cancels):

2 OH + 2 OH ==> 2 H2O + 2 O

O + O + M ==> O2 + M

---------------------------------------

4OH <==> 2 H2O + O2
Hence, the equilibrium of OH with H2O and O2 can be described by the reaction

OH ==> ½  H2O + ¼  O2
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Rearrange:

[OH]e = [H2O]1/2[O2]1/4 / KC-OH
To find [H], the following reactions will work (try to find a simpler combination):

O2 + H2O  <==> HO2 + H

HO2 + OH <===> H2O + O2
H2O <===> H2O + ½ O2
½ H2O + ¼ O2 ==> OH

--------------------------------------------

½ H2O <===> ¼ O2 + H
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[H]e = [H2O]1/2 [O2]-1/4 / KC-H
The rate equation for CO is

RCO = -k+ [CO] [H2O]1/2[O2]1/4 / KC-OH + k- [CO2] [H2O]1/2 [O2]-1/4 / KC-H
To find the equilibrium constants Kc when p = pref = 1 atm, write them in terms of their respective Kp's:
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where the (i's are the stoichiometric coefficients (refer to the notes on stoichiometry and thermodynamics for a refresher).

For [OH]:
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For H:
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let kf = k+ / KC-OH and kr = k- / KC-H, then

RCO = -kf [CO][H2O]1/2[O2]1/4 + kr [CO2][H2O]1/2 [O2]-1/4
In practical combustion, CO chemistry freezes, that is, CO fails to oxidize completely to CO2, due to

· improper mixing creating fuel-rich pockets 

· equilibrium problems because of T

· kinetic problems - insufficient time remains for complete oxidation

Finally, the dependence of CO oxidation time on the temperature is primarily because of the influence of temperature on the OH concentration.   As gases cool, the radical concentrations drop.  The quenching of the reactions associated with flame radicals strongly influences the CO oxidation rate.  You observe this in the equilibrium calculations at different temperatures - the concentrations of the major species change little from 1200 K to 2500 K, but you observe orders-of-magnitude changes in the radical concentrations.

Global CO Oxidation Rate Expressions, -RCO,ox (mol/m3 s)

	Model
	Temperature Range (K)
	Reference

	1.3E09[CO][H2O]1/2[O2]1/4exp(-22,660/T)
	1750 - 2000
	Fristrom & Westenberg (1965)

	1.3E07[CO][H2O]1/2[O2]1/2exp(-15,100/T)
	800-2360
	Howard, et al.

(1973)

	1.3E10[CO][H2O]1/2[O2]1/4exp(-20,140/T)
	1030-1230
	Dryer & Glassman 

(1973)

	1.3E08[CO][H2O]1/2[O2]1/4exp(-19,870/T)
	Equilibrium OH
	Dryer & Glassman 

(1973)


Source: Flagan and Seinfeld, Fundamentals of Air Pollution Engineering, Prentice Hall, 1988.

Notes:

The model reported by Fristrom & Westenberg was fitted to measured CO oxidation rates in postflame gases.

Howard, et al. used the same measured rate with the equilibrium assumption for OH.

Dryer & Glassman's 1st model was fitted to CO oxidation data measured in flames.

Dryer & Glassman's 2nd used the same CO oxidation data with the equilibrium assumption for OH.

The global CO oxidation rate model that we derived in class is fairly close to Howard's model and Dryer & Glassman's OH equilibrium model.
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