Contents

Foreword. ... . .. . . xi
Acknowledgments ... Xiii
Introduction ....... . XV
Chapter1 Engine Emissions .. ... . ... .. ... ... 1
1.1 Characteristics of Engine Exhaust Gas. ... 1
1.1.1 Major Components of Engine ExhaustGas . .................... 1

1.1.2 Units Used for Exhaust Gas Components. .................. ... 1

1.1.3 Concentration Variations of Exhaust Gas Components .. .........2

1.1.4 Exhaust Gas as Fluid (Physical Characteristics) ................. 2

1141 Density ..o 3

1.1.4.2 Viscosity (Coefficient of Viscosity) .. .......... ... ..., 3

1143 SpecificHeat ... oo 4

1144 Temperature. . ... . i 4

1.2 Major Air Pollutants in Engine Exhaust. .........................0 0 >
1.2.1 Inorganic Compounds..... ... ... ... i 5

1.2.2 Organic Compounds . ... 6

1.22.1 Hydrocarbons ... ... ... ... oo 6

1222 Aleoholsand Carbonyls. ... ..o oo 6

1.2.3 Engine Exhaust Particulates ................. ..o 7

1.3 Greenhouse Gases in Exhaust Emissions. ......... ... ... ..o o000 7
R e eomCes. - oot e 7
Appendix A.1 Calculations of Engine Exhaust Gas Composition .. .. ... ... .. 9
A1l Combustion ReactionFormula ... .. ... ... ... . 9
A12 Calculations of Gas Component Concentration ................... ... 1
A.1.3 Excess Air Ratio and Gas Component Concentration ................. 12
Chapter 2 Gaseous Emissions Measurement ............... ... .. 13
2. VIV W . L ot o e 13
7211 Direct Sampling Method ... ... 13

2.1.1.1 Gas Sampling with the Direct Sampling Method. . ... .. 14

2.1.1.2 Equations of Mass Emission . ....................... 14

2.1.2 Dilution Sampling Method . . ................coo oo 15

22 Constant Volume Sampler ... ... 15
2.2.1 Overview of the Constant Volume Sampler. .. ................. 15

222 System Structure. ... ... 16

2221 MixingTee .. ... 16



Contents

2222 Flow Controller. .. ... . e 18
2223 GasSamplingBags . ... cee 20
2,23 Calculation of Mass Emission. . . ......... .. ... . . . . .. .. .. 21
224 System Setup and System Check . ... oo 22
2241 Setting the Diluttion Flow Rate ........... ... .. ... 22
2.2.42 Calibration of the Dilution Flow Rate ........... ... .. 24
2243 Total System Verification ........... ... ... .. L. 26
2.3 Measurement of Ultra-Low-Emission Vehicles

by the CVSMethod ... ... . o 27
2.3.1 Compensation of Background (Dilution Air). ............ ..... 29
2311 ActiveCarbonFilter.............. ... .. ... ........ 29
2312 DilutionAirRefiner ... ... .. ... .. ... . . 29
2.3.1.3 Proportional Ambient Sampling Method . .......... .. 30
232 Optimization of Dilution Ratio. ................ooo 0o e 31
2.3.2.1 Variable-Flow CVS ... .o o 31
2322 Heated CVS .. o e 31
2.3.2.3 Dehumidification of the Dilution Air. . ............... 32
233 Preventing HC Hang-Up.... .. ......... ... ... ... ..., 32
2331 Selectionof Materials. . ......... ... .. .. .. ... .. ..., 32

2.3.3.2 Separate Sample Lines for Low-Concentration
Measurement. .. ... ... . L e 32
2333 EBExtensivePurging.................. ... .. L 32
2334 BlankTests . ... .. 33
24 BagMiniDiluter.......... . ... .. o i 34
241 System Configuration and Features. .. ........................ 34
2.4.2 Mass Emission Calculation . ........ ... .. .. ... ... ... . ..., 36
2.5 Exhaust Flow Rate Measurement .......... ... . .. ... ... ... 36
25.1 Summary of Exhaust Flow Measurement. ..................... 36
2.5.2 Direct Measurement Method ........ ... ... .. ... ......... 36
2521 Ultrasonic Flow Meter . ........ . ... 36
2522 PitotTube Flow Meter .. ... ... ... . i 39
2.5.3 Indirect Measurement Method. . ............ .. ... ... ... . ... 40
2531 Intake Air Flow and FuelFlow . ... ... ... ..... .. 40
2.5.3.2 Intake Air Flow and Air-to-Fuel Ratio................ 41
2533 TracerMethod ... .. . . . 41
R O OmCes. . o oot e 43

Chapier 3 Measurement of Particle Emissions and

Black Smoke ... . ... 45
3.1 PM Mass Filter Weighing (Balance) Method .. ...... ... ... .. ... .. .. 47
311 PMSampling fromaTunnel........ ... ... .. ... ... ... ..., 47

3.1.1.1 Full-Flow Dilution Tunnel .......... . ... . .......... 47

3.1.1.2 Micro Dilution Tunnel ........ ... ... . . . 48

312 Filter Weighing .. ... ... .. ... .. 51

Vi



Contents

3.1.3 Separate Analysis of Soluble Organic Fraction .................53
3.2 Other Methods for Exhaust Particle Mass Measurement ................53
3.2.1 Filter Combustion Method for Measuring Low-Mass PM ... ... 533
3.2.2 Continuous Measurement of PM Mass Concentration. ..........55
3.3 Particle Number Measuremenit ... oo L DB
3.3.1 Continucus Measurement of Solid Particle Number ... ......... 56
3.3.2 Particle Size Distribution Measurcment ... ... ... oL 57
34 Measurement of Black Smoke .. ... 60
3471 Opacity Meter . ... .. 60
342 Light Reflection. ... ... ... 61
REfErences. . o vt 61
Chapter 4 Evaporative Emissions Measurement ................. 63
4.1  OQutline of Evaporative Emission Regulation ............ ... ... .. .. 63
4.2  Evaporation Test of Parked Vehicles. . ....................o000 oo 64
421 Outlineofthe Test. . ... o o s 64
4211 Variable Pressure Absorption System ................ 66
4.2.1.2 Calibration and HC Retenttion Test. .. ............. ... 66
4.2.2 Analyzer for Evaporative Emission Measurement . ............. 67
42271 Analyzer...... ... . . i oo 67
4222 Calculation of Evaporation Rate. .................... 67
4.3 Running Loss EvaporationTest. ........... ... oo 67
431 Evaluation of the Entire Vehicle . . ... ... o i 68
43.1.1 SHED Configuration.........................o0. 68
43.1.2 Fuel Temperature Profile .. ... oo 69
4.3.2 Evaluation of Evaporative Emission by the

Point-Source Method . ... ... .. . . 70
44 Evaporative Test After Vehicle Driving ............ ... oo o 71
RofOrenCes. « o vt e e e e 71
Chapter 5 Principles of Exhaust Gas Analyzers................... 73
5.1 Analytical Principles for Regulated Emission Components of Interest. .. .. 73
5.2 Non-Dispersive Infrared Detection. ... 74
53271 Principle. ... o 75
5.2.2 Infrared Detector. ... 76
5.22.1 Pyroelectric-Type Infrared Detector.................. 77
5.2.2.2 Pneumatic Cell-Type Detector. .. .......... ... .. 78
5.2.2.3 Detector Using Lead Selenide. . ..................... 7G
5.2.3 Application to Exhaust Gas Analyzers ........................ 80
5.23.1 Interference Compensation by ASMethed. . .......... 80

5.2.32 Adjustment of Water Concentration in
Calibration Gas . . oo i e 81
5.3 Flame lonization Detecton. . ... .. e e 32
5.3.1 Principle of Flame lonization Detection . ...................... 82

vii



Contents

5.3.2 Application to Exhaust Gas Analvzer . .............. .. ... .., 83
5.32.1 Separate Measurement of Methane ........... .. .. .. 83
5.3.2.2 Compensation of Oxygen Interference ............. . .84
5.4  Chemiluminescence Detection. ... ... .. . 85
5.4.1 Principle of Chemiluminescence Detection .................. .. 86
54.2 Application to the Exhaust Gas Analyzer......... ... .. ... ... 87

5421 Atmespheric Pressure-Type and Vacuum
Pressure-Type NOx Analyzers .............. ... . ... 87
54.2.2 Options of Sample Dehumidification ................ 88
5.5 Paramagnetic Detection ......... .. ... ... oo 89
5.6 Zirconia Solid Electrolyte Method. . ............... .. ... oo 91
5.6.1 Zirconia-Type Air-to-Fuel Ratio Sensor. ... .......... ... . ... 91
5.6.2 Zirconia-Type Nitrogen Oxide Sensor. . ... ... .. 92
5.7  Pourier Transform Infrared Spectroscopy ............. .. ... ... ... 93
5.7.1 TFrinciple of Fourier Transform Infrared Gas Analyzer....... ... 93
5.7.2 Analyzer Configuration and Target Gas Components . .......... 94
5.8 Mid-Infrared Laser Spectroscopy ... i 96
3.9 GasChromatography ... ... .. ... ... ... 97
5.9.1 Principle of Gas Chromatographv................. . ... ... 97
5.9.2 Systemn Components and Conditions ............ ... . ... ... 98
5921 Column. .. ... . ... 98
5922 OvenTemperature ................................ 99
5923 Detector ....... . ... 99
5924 Samplelnjector .............. . . ... il 99
References. .. ... . 100
Chapter 6 Testing Equipment for Vehicle Emissions........ ... .. 101
6.1 General Configuration ... ... ... .. ... ... . ... ... ... 101
6.2 Equipment for Simulating Actual Driving Conditions .............. ... 103
6.3 Equipment for Gas Component Analysis. ............................ 103
6.3.1 Constant Volume Sampling System.......................... 103
6.3.2 ExhaustGasAnalyzer ... ... ... ... . . e 104
6.4 Particle Measurement Equipment. ............. ... ... ... .. 105

6.5 Driving Aid Equipment/Automatic

Driving Equipment . ....... ... ... ... . o 105
. 651 Driver'sAidSystem...............o oo 105
6.52 RobotDriver ... ... ... . ... 105
6.6 Automation System. .......... ... 107
6.6.1 Laboratory Automation System.................. ... ... ... 107
6.6.2 Full-Automatic Unmanned Testing System . .................. 108
Chapter 7 Practical Measurement of Engine Emissions.......... m
7.1 Emission Measurements for Powertrain Development................. 1m
7.1.1 Air-to-Fuel Ratio and Excess AirRatio . .................. ... 111

viii



Contents

7.1.1.1 Calculating from Exhaust Gas Concentrations. . ...... 111
7.1.1.2 Real-Time Measurement Using Zirconia Sensor ., .... 114
7.1.2 Exhaust Gas Recirculation Ratio .......... ... ... ... ... ... 115
7.1.2.1 Calculation from CO, Concentrations............. .. 115
7.1.2.2 Transient Measurement of EGR Ratio ... ... ... 116
713 FuelConsumpton .. .. ..o o o i i 117
7.1.3.1 Vehicles Using Combustion Engine for
PowerSource. ... .. ... 117
7132 Hybrid Vehicles. ...... ... ... i 118
714 Engine Ol Consumption. . ........... .. ... o 120
7141 StraceMethod. ... ... .. 121
7.14.2 Calculation of Oil Consumption.................... 122
7.1.5 Catalytic Converter Evaluation .. .................. . .. .. 124
7.15.1 Three-Way Catalytic Converter Evaluation .......... 124
7.1.5.2 Evaluation of Aftertreatment System for Nitrogen
Compounds . ............... o i 125
7.1.53 Ewvaluation of Diesel Particulate Filter .. ............. 128
7.1.5.4 Evaluation of Aftertreatment Catalyst Using
ModelGas ... ... 128
7.1.6 Measurement of Oxvgenated Hydrocarbons., ............... .. 129
7.1.6.1 Quantitative Estimation of Alcohols ... .. ... ... 129
7.1.6.2 Quantitative Estimation of Carbonyl Compounds . ... 131
7.1.6.3 Measurement of Non-Methane Organic Gases ....... 133
7.1.7 Measurement of Greenhouse Gases. ......................... 136
7.1.8 Modal Mass Analysis. . ......... ... 137
7.1.9 Onboard Emission Measurements. ............ ... ... ..... 140
7.2 Emission Test for Type Approval. ... ... oo 146
7.2.1 Scope of Regulation and Test Procedures. .................. .. 146
722 Common Test Procedure . ......... ... .. ... ... ... 147
7221 TestCyeles ... oo 148
72272 Off-CycleEmission Tests .. ...........o0 .o s 149
7.3 Emission Test for Production Vehicles . ........ ... ... ... .o . 151
7.3.1 Random Sampling Inspection on Production Line ............. 151
7.3.2 In-Use Vehicle Measurement . ......... ... .. ... ... ....... 151
REfCTenCes, o e 152

Chapter 8 Emission Regulations Around the World and

Worldwide Harmonization of Technical Regulations ... ... ... 157
8.1 Emission Regulations Around the World. .. ........ ... 157
8.1.1 Japanese Emission Standards . ............ ... ... 157

8.1.1.1 History and Regulatory Process . ................... 157

8112 RecentTrend ... ... 159

8.1.2 United States Emission Standards ... ..... ... . ... .. 160

8.1.2.1 History and Regulatory Process . . .................. 160



Contents

8122 RecentTrend ....... .. ... ... ... ... oL 161
8.1.3 European Union Emission Standards ........................ 163
8.1.3.1 Histary and Regulatory Process.................... 163
8132 RecentTrend ....... ... . ... .o . 164
814 Other Natdonsand Regions. . ... ... .. ... o . 164
8.2  Worldwide Harmonization of Technical Regulations and
Mutual Recognitionof Approval. ... ... . oo 165
82.1 1958 Agreement and ECE Regulation .. ........ ... ...... ... 166
822 1998 Agreementand gir........... ... ... o 166
References. .. ... e 167

T (=) G PR |1



