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Short pre quiz

1. 4 stroke

2. CI

3. Fuel Injection

4. 2SSI

5. NSC

6. Lean burn

7. Reduction reaction

8. Stroke

9. Combustion Chamber

10. Torque

11. Engine Displacement

12. Scavenging

13. Reed valves

14. ICE vsRICE

15. Otto cycle

16. Oxy Cat

17. Diesel trap

18. HAPs

19. Intercooler

20. Turbocharger
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ÅBackground Information

ÅTheory and Operation

ÅAir/Fuel Delivery Systems

ÅReciprocating Engine Emissions  

ÅEmissions Control Methods

ÅRegulations

ÅInspecting Stationary ICEs

Course Overview





Stationary RICE at a Glance
Å~1.5 million stationary engines 

in the U.S. 

ï78% Cl, 22% SI

ï~900,000 used for emergency 
power

ÅMain HAPs emitted: 
formaldehyde, acetaldehyde, 
acrolein, methanol and PAH

ÅMain criteria pollutants emitted: 
Nox, CO, VOC, PM
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Internal Combustion Generators by State 2006
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Fuels

ÅNatural gas

ÅGasoline

ÅDiesel

ÅSewage gas

ÅLandfill gas 

ÅPropane gas

8



ÅGunpowder engines

ÅSteam engines

ÅAir engines

ÅPetroleum-fueled 

engines

History



Spark-Ignition (S-I)  or Otto Cycle

Compression-Ignition (C-I) or Diesel Cycle

Dual-Fuel (D-F)

Types of Reciprocating Engines



Reciprocating 
Engine Operating 

Theory



Reciprocating Engine
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Courtesy Waukesha
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ÅVery small engines (1.0-3.0 in; 2-16 hp)

ÅSmall bore (3.0-5.0 in; 3-50 hp)

ÅMedium bore (3.5-9.0 in; 50-1,200 hp)

ÅLarge bore (8.0-18.0 in; 40-13,000 hp)

Bore Stroke

Sizes
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Cylinder and Related Components
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Intake Compression Power Exhaust

Four-Stroke-Cycle Spark-Ignition Engine
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Figure 205.5

Two Stroke Cycle Engine

http://science.howstuffworks.com/two-stroke2.htm
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Crankshaft



Energy 
Conversions

Figure 206.1



What is Power?

ÅWork = Distance x Force
ǎƻΧƭƛŦǘƛƴƎ ŀ ƻƴŜ ǇƻǳƴŘ ǿŜƛƎƘǘ ƻƴŜ Ŧƻƻǘ ƻŦŦ ǘƘŜ ŦƭƻƻǊ 
= one ft-lb of Work

ÅPower = Work/Time
ǎƻΧƛŦ ƛǘ ǘŀƪŜǎ ƻƴŜ ƳƛƴǳǘŜ ǘƻ ŀŎŎƻƳǇƭƛǎƘ ǘƘƛǎΣ ȅƻǳ 
have applied 1 ft-lb/min of Power

ÅOne Horsepower = 33,000 ft-lb/min
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Rating Engine Power

ÅHorsepower 

ÅBrake Horsepower

ÅRated Brake Horsepower

ÅKilowatts

22



Ways to Determine Horsepower
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Mass flow rate of fuel 

(lb/hr or BTU/hr)

Specific fuel consumption 

(lb/hp-hr or BTU/hp-hr)

Torque (ft-lbs) x RPM

5252

HP = 

HP = 

Fuel 

Consumption

Engine 

Torque
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http://www.enginebasics.com/Engine%20Basics%20Root%20Folder/Images/HP%20vs%20torque.jpg


Comparison of S-I and C-I Engines

Air/Fuel:  C-I excess air only
S-I wide range of air/fuel

Compression:   C-I  >  S-I

Efficiency:     C-I  >  S-I 

Durability:     C-I  >  S-I

Emissions:   C-I: NOx & PM 
S-I: CO & NOx



ÅCarburetor

ÅGaseous Fuel Regulator

ÅFuel Injection

Air/Fuel Delivery Systems
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Natural Gas 

Carburetion System



Models of Fuel Injection

Indirect FI

Direct FI 
Spark Plug Glow Plug

Gas Engine Diesel Engine



Photo Series: Fuel Injectors
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Fuel Injection System
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Photo:

Electronic Solenoids



Increasing Air Intake

ÅTurbochargers

ÅSuperchargers

ÅBlower-Scavenging
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Picture Slides: Turbochargers
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Turbochargers
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Intercooler

ÅHeat exchanger 

ÅCools air compressed by 
turbocharger or 
supercharger

ÅUsed on most C-I engines
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Fuel (C, H, N, S)

H2O

CO2
CO

HC

NOx

SOx
Aldehydes

PM10

Air (N2 , O2)

+ 

Emissions From SREs
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National Baseline HAP Emissions from RICE Units
2005
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Type of Engine Baseline HAP Emissions 
from All RICE Sources
(tons/yr)

Baseline HAP Emissions
from Major Sources
(tons/yr)

Existing Engines:
2SLB Clean Gaseous Fuel 
4SLB Clean Gaseous Fuel 
4SRB Clean Gaseous Fuel
Compression Ignition 
Subtotal 

13,888
11,729

838
1,034
27,489

5,555
4,692
335
414

10,996

New Engines:
2SLB Clean Gaseous Fuel 
4SLB Clean Gaseous Fuel 
4SRB Clean Gaseous Fuel
Compression Ignition 
Subtotal 
Total 

1,565
15,685

785
1,165
19,200
46,689

626
6,274
314
466

7,680
18,676
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Temperature
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Oxygen



Stoichiometric Ration

Relative amounts of air and fuel that when burned 
together, will result in complete combustion with no 
excess oxygen.
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For Gasoline:

AIR FUEL

MASS 14.7           1

VOLUME    11,500         1

RICH   =   Less than 14.7:1  

LEAN  =   Greater than 14.7:1



Exhaust Emissions and A/F
(Natural Gas Engine)
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Stoichiometric Lean 
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Generalized NOx vs. PM 
όŦƻǊ Ψфс ŜƴƎƛƴŜǎύ
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Mechanisms of Formation
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Mechanisms of Formation for Some Common 
Chemicals

CO Incomplete Combustion

NOx High temperature combustion of N2

HC Unburnt or partially burnt fuel

SOx Oxidation of sulfur

PM10 Partial combustion of engine oil. 
Partially burn fuel
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Factors Affecting Emissions

ÅEngine Design

ÅFuel Type

ÅAtmospheric Conditions

ÅOperating Conditions

ÅTuning and Maintenance



ÅAlternate Fuels

ÅPositive Crankcase Ventilation

ÅAir/Fuel Ratio Adjustment

ÅIgnition Timing Retard

ÅTurbocharging or 
Supercharging with 
Intercooling

ÅPre-Chamber/Lean-Burn 

ÅExhaust Gas Recirculation

ÅPre-Stratified Charge 

ÅNon-Selective Catalytic 
Reduction

ÅSelective Catalytic Reduction

Emission Control Methods for Compression 
Ignited Engines



NOx Control
ÅAlternate Fuels
ÅInjection Timing Retard
ÅModified Injectors
ÅTurbocharging or Supercharging with Intercooling 
ÅExhaust Gas Recirculation
ÅLean-NOx Catalysts
ÅNOx Adsorbersόά¢ǊŀǇǎέύ
ÅSelective Catalytic Reduction

Emission Control Methods for Compression 
Ignited Engines



PM Control

ÅAlternate Fuels

ÅModified Injectors

ÅDiesel Oxidation Catalyst

ÅDiesel Particulate Filters

ÅFuel-Borne Catalyst

Emission Control Methods for Compression 
Ignited Engines



ÅGaseous Fuels

ÅDiesel

ÅLiquid Fuels

ÅAlternate Fuels

Fuel Type



from:  Emission Control Technology for Stationary Internal Combustion Engines, 

MECA, July 1997, p. 3

Reciprocating Engine Typical Emission 
Levels



Percentage of Gaseous Compounds in 
Gaseous Fuels
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Type of Gaseous Fuel

% in Fuel Natural Propane Digester Landfill

Methane 95% -- 65% 55%

Ethane 3% 4% -- --

Propane 1% 95% -- --

Butane + 1% 1% -- --

CO2 -- -- 35% 45%



ÅSome exhaust gases escape 
past pistons into crankcase of 
engine

ÅCrankcase gases used to be 
vented to atmosphere

ÅThese gases now recirculated 
to intake manifold through a 
hose

PCV

Valve

Crankcase

Intake Manifold

Gas

Flow

Positive Crankcase Ventilation (PCV) 
Systems



Air-Fuel Ratio Adjustment

Rich Adjustment 
Å Decrease Noxby decrease O2 + 

cooling by excess fuel

Å Increase HC, CO

Å May increase fuel consumption
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Lean Adjustment
Å Decrease NOX by decrease temp 

Å Increase fuel efficiency at mod. Lean 
operation

Å HC, CO, Fuel Consumption may 
increase at extremely lean

PPM
Volume

Air/Fuel Ratio

NOx

CO

NMHC
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NOx Reductions vs. Ignition Retard for Lean Burn Engines

IGNITION TIMING (BTDC)

NOx,

lb/hr

Figure 304.5
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Effects of Air/Fuel Ratio on NOx Reductions at Two Ignition Timing 
Retard Settings

AIR/FUEL RATIO, % OF STOCHIOMETRIC

1

NOx,

ppmv

@

15%

O2

Figure 304.4



Disadvantages

reduce max power output

reduce fuel efficiency

may increase PM (smoke) in C-I

may increase exhaust temps

Timing Retard

ÅNOx control by lowering combustion temperature

ÅIndicated by degrees of crankshaft rotation

ÅInjection TR for C-I / Ignition TR for S-I

Advantages

low capital, operating costs

easy to adjust

minimal increase in CO, HC
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Low-Emission Combustion or 

"CleanBurn®" Engine

Open Chamber          Prechamber
Courtesy Waukesha



Pre-Chamber System
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Spark plug

Fuel Injector

Courtesy Waukesha



Photo Series: Lean-Burn Retrofit

Lean-Burn 
Retrofit Kit



Photo Series: Lean-Burn Retrofit

Conventional Engine



Photo Series: Lean-Burn Retrofit

Lean-Burn Retrofit
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Engines with Prestratified Charge System


