Topic-12 2009

ME529 Combustion and Air Pollution

Topic 12. Internal Combustion Engines
History of ICE Development

	Year
	Milestone

	1876
	Nicolaus Otto builds his 4-stroke spark ignition engine

	1890
	50,000 Otto cycle engines sold in USA and Europe

	1897
	Rudolf Diesel builds his compression ignition engine

	1923
	Tetra ethyl lead used as anti-knock additive in the USA

	1952
	Smog problem in LA - the first demonstration of the connection between NOx  + HCs + sunlight = smog

	1957
	The first practical rotary engine built (Wankel)

	1960s
	First emissions standards for vehicles established

	1990s
	Zero emission vehicle standard in CA


ICE Engine Emissions (prior to 1990)
	Pollutant
	Impact
	Mobile Source Emissions (%)
	Old Car

(g/km)
	New Car Reduction (%)
	SI Truck

(g/km)
	CI Truck (g/km)

	NOx
	Photochemical smog

Acidic deposition
	40 - 60
	2.5
	75
	7
	12

	CO
	Toxic
	90
	65
	95
	150
	17

	HCs
	Photochemical smog
	30 - 50
	10
	90
	17
	3

	Particulates 
	Reduce visibility

Mutagen carriers
	50
	0.5*
	40*
	-
	0.5


* diesel fueled vehicles only

Implemented from 1994 to 1997

	Table 1
EPA Tier 1 Emission Standards for Passenger Cars and Light-Duty Trucks, FTP 75, g/mi

	Category
	50,000 miles/5 years
	100,000 miles/10 years1

	
	THC
	NMHC
	CO
	NOx
diesel
	NOx
gasoline
	PM
	THC
	NMHC
	CO
	NOx
diesel
	NOx
gasoline
	PM

	Passenger cars
	0.41
	0.25
	3.4
	1.0
	0.4
	0.08
	-
	0.31
	4.2
	1.25
	0.6
	0.10

	LLDT, LVW <3,750 lbs
	-
	0.25
	3.4
	1.0
	0.4
	0.08
	0.80
	0.31
	4.2
	1.25
	0.6
	0.10

	LLDT, LVW >3,750 lbs
	-
	0.32
	4.4
	-
	0.7
	0.08
	0.80
	0.40
	5.5
	0.97
	0.97
	0.10

	HLDT, ALVW <5,750 lbs
	0.32
	-
	4.4
	-
	0.7
	-
	0.80
	0.46
	6.4
	0.98
	0.98
	0.10

	HLDT, ALVW >5,750 lbs
	0.39
	-
	5.0
	-
	1.1
	-
	0.80
	0.56
	7.3
	1.53
	1.53
	0.12

	1 - Useful life 120,000 miles/11 years for all HLDT standards and for THC standards for LDT 

Abbreviations: 
 LVW - loaded vehicle weight (curb weight + 300 lbs) 
 ALVW - adjusted LVW (the numerical average of the curb weight and the GVWR) 
 LLDT - light light-duty truck (below 6,000 lbs GVWR) 
 HLDT - heavy light-duty truck (above 6,000 lbs GVWR)


NMHC = non methane hydrocarbon (THC analyzer is calibrated with methane)

FTP 75 = Federal Test Protocol; FTP 75 is the standardized urban driving cycle test on a variable speed chassis dynamometer.  Vehicles tested by FTP 75 must have emissions at or below the table values.

Phased in from 2004 – 2009 (note the ‘bin’ categories)
	Table 2
Tier 2 Emission Standards, FTP 75, g/mi

	Bin#
	50,000 miles
	120,000 miles

	
	NMOG
	CO
	NOx
	PM
	HCHO
	NMOG
	CO
	NOx*
	PM
	HCHO

	Temporary Bins

	MDPVc
	 
	 
	 
	 
	 
	0.280
	7.3
	0.9
	0.12
	0.032

	10a,b,d,f
	0.125 (0.160)
	3.4 (4.4)
	0.4
	-
	0.015 (0.018)
	0.156 (0.230)
	4.2 (6.4)
	0.6
	0.08
	0.018 (0.027)

	9a,b,e
	0.075 (0.140)
	3.4
	0.2
	-
	0.015
	0.090 (0.180)
	4.2
	0.3
	0.06
	0.018

	Permanent Bins

	8b
	0.100 (0.125)
	3.4
	0.14
	-
	0.015
	0.125 (0.156)
	4.2
	0.20
	0.02
	0.018

	7
	0.075
	3.4
	0.11
	-
	0.015
	0.090
	4.2
	0.15
	0.02
	0.018

	6
	0.075
	3.4
	0.08
	-
	0.015
	0.090
	4.2
	0.10
	0.01
	0.018

	5
	0.075
	3.4
	0.05
	-
	0.015
	0.090
	4.2
	0.07
	0.01
	0.018

	4
	-
	-
	-
	-
	-
	0.070
	2.1
	0.04
	0.01
	0.011

	3
	-
	-
	-
	-
	-
	0.055
	2.1
	0.03
	0.01
	0.011

	2
	-
	-
	-
	-
	-
	0.010
	2.1
	0.02
	0.01
	0.004

	1
	-
	-
	-
	-
	-
	0.000
	0.0
	0.00
	0.00
	0.000

	* - average manufacturer fleet NOx standard is 0.07 g/mi

a - Bin deleted at end of 2006 model year (2008 for HLDTs)
b - The higher temporary NMOG, CO and HCHO values apply only to HLDTs and expire after 2008
c - An additional temporary bin restricted to MDPVs, expires after model year 2008
d - Optional temporary NMOG standard of 0.195 g/mi (50,000) and 0.280 g/mi (120,000) applies for qualifying LDT4s and MDPVs only
e - Optional temporary NMOG standard of 0.100 g/mi (50,000) and 0.130 g/mi (120,000) applies for qualifying LDT2s only
f - 50,000 mile standard optional for diesels certified to bin 10 


MDPV = medium duty passenger vehicles

LDT4, LDT2 = light duty truck, 4WD or 2WD, respectively

NMOG = non-methane hydrocarbon
HCHO = you should know this organic compound from Topic 2.

President Obama announced (in May 2009) stricter fuel economy and emission standards to be phased in from 2012 – 2016 for light-duty vehicles.  As of late August, 2009, I have not seen any EPA published values for these new standards; we can only assume that the details are being worked out.

We also gained new designations for vehicles:
AT-PZEV – advanced technology partial zero emission vehicle

ILEV – inherently low-emission vehicle

LEV – low-emission vehicle

NLEV – national low-emission vehicle

PZEV – partial zero-emission vehicle

SULEV – super low-emission vehicle
ULEV – ultra-low-emission vehicle

Some of this is politics because of California’s ability to impose stricter vehicle emissions requirements than the federal EPA (e.g., PZEV’s give manufacturer’s partial credit for using technology that can also be used in ZEV’s vehicles sold in California).

Spark Ignition Engine

In the four-stroke cycle, two revolutions equal one thermodynamic cycle.  The strokes of the piston are: intake, compression, power and exhaust:
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In the two-stroke cycle, one revolution equals one thermodynamic cycle:

[image: image13.png]



As the fresh fuel-air charge is drawn into the crankcase, the existing fuel-air mixture is being compressed.  Ignition occurs at the end of this stroke.

During the power stroke, as the piston moves down, the exhaust port is uncovered first.  The intake port is uncovered next.  The piston head is shaped to deflect the incoming charge to reduce the loss of fresh fuel and air out the exhaust port.

Vehicles large enough to move people and goods have multi-cylinder 4-stroke engines.  Many small one-cylinder engines are in use: lawn mowers, chain saws, weed eaters, power generators, outboard motor boats, motorcycles, leaf blowers …

The compression ratio of an engine is defined as:
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Where:

Vd = swept volume

Vc = clearance volume (gap for the spark plug and valve clearance)

The total volume of the combustion chamber changes as the piston moves:
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Where:

l = piston rod length

c = length of crank arm

minimum Vtot occurs at ( = 0(  (TDC; top dead center)

maximum Vtot occurs at ( = 180( (BDC; bottom dead center)

The Pressure-Volume curve for the Otto cycle is shown in the figure below.

In the SI engine, premixed fuel and air still can have burned and unburned pockets within the cylinder because of flame propagation through the cylinder.  After ignition, the volume is constrained - the burning fuel does work on the rest of the cylinder contents and (W = p (V.  Usually, pressure is assumed to change uniformly through out the combustion chamber.
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The indicated work per cycle (IHP) is based solely on dimensions: 
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A dynamometer is used to measure engine torque:
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The brake horsepower is defined as:
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where N is the number of revolutions per minute.
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Specific fuel consumption:
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Mean effective pressure:
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The expansion stroke lasts ~20 msec (this is just an order-of-magnitude time).  Hence, it is essential for flame propagation to be turbulent.  Recall that ST = SL + u'.  The turbulent flame speed depends on the laminar flame speed, which depends on (. 

NO formation
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In the top plot above, peak pressure typically occurs after TDC as the burning fuel increases pressure.  Typical peak combustion temperatures of 2500K (2230C, 4040F) can be reached.  However, combustion continues during the power stroke.  The second plot shows that the mass fraction of burned fuel starts to asymptote near a crank angle of 45 degrees.

Recall from Topic 8 that the rate of NO formation from the thermal mechanism can be written as:
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where 
(=[NO]/[NO]e

(=R1/(R2+R3)

Typical values of R1, R2 and R3 at 10 atm and 2600K:

	(
	R1
	R2/R3
	(

	0.8
	5.80E-05
	1.2
	0.33

	1.0
	2.80E-05
	2.5
	0.26

	1.2
	0.76E-05
	9.1
	0.14


Where R1, R2 and R3 are the rates of reaction at equilibrium of the three elementary reaction of the extended Zeldovich (thermal NO) mechanism:

k+1[N2]e[O]e = k-1[N]e[NO]e = R1
N2 + O <===> NO + N

k+2[N]e[O2]e = k-2[NO]e[O]e = R2
N + O2 <===> NO + O

k+3[N]e[OH]e = k-3[NO]e[H]e = R3
N + OH <===> NO + H

For engines, however, we are interested in the NO formation as a function of crank angle:
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where ( is the crank rotation speed.

Formation of NO in a SI, 4-stroke engine:

· During flame propagation, NO is formed by chemical reactions in the hot, just-burned gases.

· As the piston recedes, the temperature of the burned gases drops, "freezing" NO at the levels formed during combustion.

· When the exhaust valve opens, the gases containing NO exit.

Using the mass faction of N2 as ~ 0.71, the characteristic formation time for NO can be written as:
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Because of the temperature sensitivity of NO formation by the thermal mechanism, kinetics usually controls NO formation.  At the maximum T and p in the combustion chamber, (NO can be on the same order as the time needed for combustion: it is possible to reach equilibrium NO concentrations in the cylinder.

· Highest NO concentrations occur nearest the sparkplug (when poor mixing is employed)

· NO levels freeze at a crank angle of ~ 60(, 1/3 of the way to the 180( of BDC at the end of the power stroke

To look at combustion based NO control, we first look at the variables that affect NO formation:

· (  ==> max NO formation occurs at (= 0.91 (A/F of 16.5 in gasoline engines)

· spark timing ==> spark advance (spark before TDC) and fuel lean conditions cause the highest NO formation

· the fraction of burned gas in the cylinder (affected by gross mixing)

All the above will affect the temperature in the cylinder, which in turn affects thermal NO formation:

	Action to Reduce NO formation
	Impact

	Retard spark (reduces Tmax, Pmax)
	Moderate

	Operate engine at as low an ( as possible
	Small

	Reduce the compression ratio
	Small

	Recirculate exhaust gas
	Large


Exhaust gas recirculation (EGR) is effective because carbon dioxide and water vapor have high specific heats (compared with air).  Hence, the energy used to heat these gases in the combustion chamber lowers the peak temperature.

The penalty for reducing NO formation is loss of power.  Hence, the engineer may have to increase the engine size to meet a power requirement.

CO formation in SI engines

The equilibrium [CO] is high, about 1% at Tmax in the cylinder, and CO formation kinetics are very fast.  In a mechanism similar to NO, expansion during the power stroke causes cooling that freezes the oxidation of CO to CO2: CO + OH <==> CO2 + H.  However, CO formation is controlled primarily by (.  Fuel lean combustion conditions lead to less CO formation.

Improvements in CO formation in SI engines can be realized by running the engine lean, and by improving mixing/turbulence in the cylinder.

HC formation in SI engines

At 0.7 < ( < 1.3, we would expect low HC emissions.  Higher than expected HC emissions occur because flames in cylinders fail to propagate within 0.1 to 0.7 mm of the cylinder wall because of quenching. 
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HC's emitted from the crankcase (because of blowby) are controlled by recycling them back into the air intake.  This is accomplished with the PCV valve (first used in 1963).

Evaporative emissions from the fuel tank are captured with a vapor recovery system, a charcoal canister, and sent to the air intake when the vehicle is operating.

Exhaust gas treatment
The most common catalytic control of NO, CO and HCs is achieved with 'three-way' catalysis.  Three-way catalytic converters operate efficiently at an extremely narrow range of ( near stoichiometry.  The catalyst is a blend of rhodium oxide, cesium oxide, platinum and palladium.  The need to maintain tight control of ( has fueled the replacement of carburetors with electronic ignition and fuel injection with semiconductor exhaust gas sensors for feedback.

The reason for tight ( control is the key overall reaction for simultaneous NO and CO removal:

NO + CO = => ½ N2 + CO2
Combustion must be maintained very close to stoichiometric to achieve the 1:1 NO:CO ratio and prevent excess O2 in the exhaust.  The stoichiometric limitations due to this reaction prevent its application for removing CO and NO in compression ignition engines, which typically operate under overall fuel lean conditions.

The catalyst can be poisoned - rendered ineffective - by lead in the fuel.

Any S in the fuel (150 to 600 ppm by wt in gasoline) burns to SO2, which oxidizes to SO3 in the catalytic converter, and combines with water to form H2SO4 aerosols.

During startup, when the catalyst is cold, HCs may be only partially oxidized.  This leads to the emission of oxygenated HCs like aldehydes.
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