Topic-13 2009

ME529 Combustion and Air Pollution

Topic 13. Internal Combustion Engines - CI Engines
We usually think of diesel engines when we talk about compression ignition engines.  Compared with SI engines, CI engines have no spark plug, no carburetor, fuel and air are not pre-mixed, and they operate over a wider range of fuel-lean (.  CI engines are available as 4-stroke or 2-stroke (new Boston city buses are 2-stroke diesel engines).
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Rudolph Diesel, shown in a 1912 photograph, invented an engine in 1893 that was more efficient than the gasoline engine but more complex as well.
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The Pressure-Volume curve for the Diesel cycle is shown above.  How does this P-v curve differ from that for an Otto cycle?

CI engines are either direct injection (DI) or indirect injection (IDI) regarding the manner of fuel delivery.  IDI engines include a pre-chamber with a glow plug.

The fuel injected in the cylinder must be atomized, vaporized, mixed with air, and undergo thermal decomposition (build up the radical pool) before autoignition occurs.  Autoignition tendency is partially a fuel characteristic described by the cetane number. The cetane number is measured in a dedicated engine by comparison to reference fuels.  Hexadecane has a cetain number of 100.

Atomization of droplets in the fuel spray is one key to optimal engine operation, and is characterized by the Weber number:
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where (g is gas density, v is the relative velocity between the gas and the droplets, D is the nozzle orifice diameter, and ( is the surface tension of the liquid.  When We > 10, the formation of small droplets is promoted.

Pollutant formation:

· fuel rich gases mixed with hot combustion gases in the core of the fuel spray generate soot

· stoichiometric combustion within the spray promotes high temperatures that lead to thermal NO production

· both these pollutant formation pathways exist despite large amounts of excess air and an overall lean stoichiometry

Emission control:

· the burning of the fuel injection jet reduces flame quenching which results in lower HC emissions

· because ( < 1, there is lots of excess oxygen which results in low CO emissions - and also renders impractical the use of post-combustion catalysts for NO reduction

· NO emissions are lower than uncontrolled emissions from gasoline engines

Particulate emissions from diesel engines are high and, together with NO, are the major emissions problems.

Factors that influence emissions:

· timing and rate of fuel injection

· (
· compression ratio

· engine speed

· piston and cylinder design (e.g., use of prechamber)

Particulate emissions are largely a mixing issue: slow mixing causes pyrolysis which produces high molar mass HCs.

Current reduction catalysts for NO are not practical because of the high oxygen content of diesel exhaust.  Alternate catalysts are possible and S (known to poison catalysts) is being removed from diesel fuel.
EGR is one method to drop the flame temperature and therefore lower NO emissions.  First, however, filtration or particle trapping technology must be used to remove particulates. In addition, exhaust gases are acidic and engine components such as intake valves are subject to corrosion.
1970’s automobiles with diesel engines typically emitted 0.2 to 0.6 g/km (0.33 to 1.0 g/mile) of particulates.  Compare this with the Tier 1 standards in Topic 12.  Prior to the late 1980s, large trucks emitted 0.5 to 1.5 g/brake kW-hr (0.35 to 1.12 g/bhp-hr) of particulates.  Compare this to the emissions standards for MY 1988 – 2006 (Table 1; only the CO and particulate emissions are for 1988 – 2006.  New standards for NO and HC were introduced in 2004).
	Table 1
EPA Emission Standards for Heavy-Duty Diesel Engines, g/bhp·hr

	Year
	HC
	CO
	NOx
	PM

	Heavy-Duty Diesel Truck Engines

	1988
	1.3
	15.5
	10.7
	0.60

	1990
	1.3
	15.5
	6.0
	0.60

	1991
	1.3
	15.5
	5.0
	0.25

	1994
	1.3
	15.5
	5.0
	0.10

	1998
	1.3
	15.5
	4.0
	0.10

	Urban Bus Engines

	1991
	1.3
	15.5
	5.0
	0.25

	1993
	1.3
	15.5
	5.0
	0.10

	1994
	1.3
	15.5
	5.0
	0.07

	1996
	1.3
	15.5
	5.0
	0.05*

	1998
	1.3
	15.5
	4.0
	0.05*

	* - in-use PM standard 0.07


In MY 2007 large trucks, particulate emissions must drop to 0.01 g/bhp-hr.  In addition, on-road diesel fuel is cleaner with sulfur removal (sulfur acts as a fuel injector lubricant).
Off-road diesel emissions lag behind those for on-road vehicles.  Construction equipment, generators, fork lifts, and farm implements now face increasingly stringent emissions levels (Tiers 1, 2, 3 and 4). Mining equipment, marine engines, and railroad locomotives must meet a separate set of emission standards.
	Table 1
EPA Tier 1-3 Nonroad Diesel Engine Emission Standards, g/kWh (g/bhp·hr)

	Engine Power
	Tier
	Year
	CO
	HC
	NMHC+NOx
	NOx
	PM

	kW < 8
(hp < 11)
	Tier 1
	2000
	8.0 (6.0)
	-
	10.5 (7.8)
	-
	1.0 (0.75)

	
	Tier 2
	2005
	8.0 (6.0)
	-
	7.5 (5.6)
	-
	0.8 (0.6)

	8 ≤ kW < 19
(11 ≤ hp < 25)
	Tier 1
	2000
	6.6 (4.9)
	-
	9.5 (7.1)
	-
	0.8 (0.6)

	
	Tier 2
	2005
	6.6 (4.9)
	-
	7.5 (5.6)
	-
	0.8 (0.6)

	19≤ kW < 37
(25 ≤ hp < 50)
	Tier 1
	1999
	5.5 (4.1)
	-
	9.5 (7.1)
	-
	0.8 (0.6)

	
	Tier 2
	2004
	5.5 (4.1)
	-
	7.5 (5.6)
	-
	0.6 (0.45)

	37 ≤ kW < 75
(50 ≤ hp < 100)
	Tier 1
	1998
	-
	-
	-
	9.2 (6.9)
	-

	
	Tier 2
	2004
	5.0 (3.7)
	-
	7.5 (5.6)
	-
	0.4 (0.3)

	
	Tier 3
	2008
	5.0 (3.7)
	-
	4.7 (3.5)
	-
	-†

	75 ≤ kW < 130
(100 ≤ hp < 175)
	Tier 1
	1997
	-
	-
	-
	9.2 (6.9)
	-

	
	Tier 2
	2003
	5.0 (3.7)
	-
	6.6 (4.9)
	-
	0.3 (0.22)

	
	Tier 3
	2007
	5.0 (3.7)
	-
	4.0 (3.0)
	-
	-†

	130 ≤ kW < 225
(175 ≤ hp < 300)
	Tier 1
	1996
	11.4 (8.5)
	1.3 (1.0)
	-
	9.2 (6.9)
	0.54 (0.4)

	
	Tier 2
	2003
	3.5 (2.6)
	-
	6.6 (4.9)
	-
	0.2 (0.15)

	
	Tier 3
	2006
	3.5 (2.6)
	-
	4.0 (3.0)
	-
	-†

	225 ≤ kW < 450
(300 ≤ hp < 600)
	Tier 1
	1996
	11.4 (8.5)
	1.3 (1.0)
	-
	9.2 (6.9)
	0.54 (0.4)

	
	Tier 2
	2001
	3.5 (2.6)
	-
	6.4 (4.8)
	-
	0.2 (0.15)

	
	Tier 3
	2006
	3.5 (2.6)
	-
	4.0 (3.0)
	-
	-†

	450 ≤ kW < 560
(600 ≤ hp < 750)
	Tier 1
	1996
	11.4 (8.5)
	1.3 (1.0)
	-
	9.2 (6.9)
	0.54 (0.4)

	
	Tier 2
	2002
	3.5 (2.6)
	-
	6.4 (4.8)
	-
	0.2 (0.15)

	
	Tier 3
	2006
	3.5 (2.6)
	-
	4.0 (3.0)
	-
	-†

	kW ≥ 560
(hp ≥ 750)
	Tier 1
	2000
	11.4 (8.5)
	1.3 (1.0)
	-
	9.2 (6.9)
	0.54 (0.4)

	
	Tier 2
	2006
	3.5 (2.6)
	-
	6.4 (4.8)
	-
	0.2 (0.15)

	† Not adopted, engines must meet Tier 2 PM standard.


Diesel fuel particles are agglomerated spherules.  The particles may contain 4,000 spherules that are 10 to 80 nm (most are 15 to 30 nm).  The gross particulate size can range from 50 to 220 nm (0.01 to 0.2 (m).  The soot is a mostly carbon-based particle that has absorbed other compounds (PAH, which are mutagens and carcinogens) and trace minerals from lubrication oils (Zn, Ph, Ca, Zn, S, Si, Ch, Fe).

Biodiesel
Biodiesel is a fuel comprised of mono-alkyl esters of long chain fatty acids derived from vegetable oils or animal fats.
Alkyl refers to alkane radicals and thus we know methyl and ethyl to be mono-alkyls.  Esters have the COO group included within the C chain (refer to our discussion of organic compounds in Topic 2).  

Fatty acids are carboxylic acids (the COOH group is at the end of the molecules).
The reaction of a carboxylic acid with an alcohol produces an ester plus water left over.  This is called esterification.  

CH3COOH + CH3OH ( CH3-COO-CH3 + H2O
acetic acid + methanol ( methyl acetate (ester) + water

Transesterification converts one ester to another.

CH3-COO-CH3 + C2H5OH ( C2H5-COO-CH3 + CH3OH
methyl acetate (ester) + ethanol ( ethyl acetate (ester) + methanol
For the manufacture of biodiesel, vegetable oils are reacted with an alcohol.  A catalyst is used.  Chemically, vegetable oils are esters of glycerol (glycerin) blended with fatty acids.  Glycerol is an alcohol with three Cs and 3 OH groups.

The chemical pathway for a methyl biodiesel is sketched below:
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The general process causes the glycerin side (left side in the sketch above) of the triglyceride molecule to separate when the C-O bonds break.  The methanol C-O bond breaks to supply the missing OH, thus creating glycerol and the methyl radical to create three separate methyl esters from the remnants of the triglyceride as shown below:
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Triglycerides or fatty acids from plants include palmitic acid, stearic acid, oleic acid, and linoleic acid (indicated by the organic groups R attached to the ester).  KOH is potassium hydroxide and has a very high pH.  You know it as lye, used for cleaning clogged drains.  It acts as a catalyst of the oil-alcohol reaction.  However, it partakes in a side reaction with free fatty acids to create soap.
Soap is a fatty acid salt – that is, a carboxylic acid group COOH with the H replaced by K.

Achieving complete transesterification is key to a quality biodiesel product.  Excess alcohol must be removed.  Leftover glycerol can remain suspended, clogging fuel filters, or settle out and leave a residue in fuel tanks.   Glycerol can also absorb water from the air, which reduces storage life of biodiesel because microorganisms can grow. The ASTM D 6751 specification says total glycerol content must be below 0.24%, which means 98% conversion of vegetable oil to biodiesel.
Leftover alcohol can lower the flashpoint of biodiesel.

Biodiesel fuel quality can be high with a cetane number greater than diesel.  Recall that cetane number is related to autoignition tendency.  A fuel with a high cetane number will have a shorter ignition delay.
	Fuel
	Cetane Number

	Diesel
	42 - 46

	Soy based biodiesel
	48 – 52

	Used cooking oil based biodiesel
	>60

	18 carbon methyl esters
	

	Ester
	No. double bonds
	

	Methyl sterate
	0
	79

	Methyl oleate
	1
	55

	Methyl lineoleate
	2
	42

	Methyl linolenate
	3
	23


Biodiesel energy content is about 8% less by volume than petroleum diesel.  This is of concern because fuel is injected volumetrically.  Power loss and increased fuel consumption (miles per gallon) will result.
Wax molecules in fuel (diesel and biodiesel) crystallize at low temperature.  The crystals can plug fuel filters.  This is quantified by pour point and cloud point tests.  Eventually as temperature drops, both fuels gel.  Additives are used to avoid this (arctic diesel) and/or operators use engine block heaters.

	Biodiesel and Fuel Oil #2 Comparison

	
	
	Transient emissions, g/bhp-hr

	
	
	
	
	 
	Particulates

	Engine
	Fuel
	HC
	CO
	NOx
	PM
	VOF
	Soot

	Cummins N-14
	B100
	-95.6
	-45.3
	13.1
	-28.3
	42.8
	-60.9

	Cummins N-14
	B20
	-17.4
	-14.7
	4.2
	-3.8
	31.4
	-20.3

	DDC Series 50
	B100
	-83.3
	-38.3
	11.3
	-49.0
	10.3
	-71.4

	DDC Series 50
	B20
	0.0
	-7.4
	3.6
	-13.7
	13.8
	-23.8

	Cummins B5.9
	B100
	-74.2
	-38.0
	4.3
	-36.7
	14.6
	-62.9

	Cummins B5.9
	B20
	-32.3
	-21.5
	1.9
	-14.8
	-8.3
	-20.0

	
	
	
	
	
	
	
	

	Sharp, C. A., Howell, S. A., and Jobe, J., "The Effect of biodiesel fuels on transient

	emissions from modern diesel engines," SAE 2000-01-1967, 2000.

	
	
	
	
	
	
	
	

	VOF = unburned fuel
	
	
	
	
	
	


In general, use of B100 will result (in comparison with petroleum diesel) in:

70 – 80% reduction in HCs
38 – 45% reduction in CO

4 – 11% increase in NOx

28 – 49% reduction in particulates

10 – 40% increase in less harmful VOF


60 – 70% reduction in soot

Why the increase in NOx?  One reason may be that differences in physical properties (density, for example) can lead to advanced injection timing with the same injector pressure.  More advanced timing correlates with high NOx emissions. 

	Effect of Ignition Timing on 
NOx Emissions

from Soy Based Biodiesel

	Degrees 
before TDC
	NOx 
(gm/kW-hr)

	3
	11

	5.5
	13

	8
	15

	10
	17

	20
	20


Exhaust after treatments have the potential for 90% NOx reductions.  These systems can include an oxidative catalyst for HC and CO conversion to CO2 and H2O, a particle filter that must be regenerated, and a NOx trap that during regeneration reduces NO to N2.
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