astern
conomy
ition

Fundamentals o




Preface

Contents

1. Intreduction to Internal Combustion Engines

I.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

1.11
[.12
1.13
1.14

An Overview 1

Historical Development 2

Modern Developments 3

Engine Classifications 4

Classification of Reciprocating Engines by Application 6
Classifications of Engines by Cylinder Arrangement 6
Engine Components 9

Basic Terminology 14

Four-stroke Spark-ignition Engine 15

Valve-timing of Four-stroke SI Engine i7

1.10.1  Inlet Valve 18

1.10.2  Exhaust Valve 18

Four-stroke Compression Ignition (CI) Engines 19
Comparison of SI and CI Engines 20

Two-stroke Engines 21

Comparison of Four-stroke and Two-stroke Engines 23

Review Questions 24

2. Air-Standard Cycles and Their Analysis

2.1 Introducticn 25

2.2 Air-standard Cycle 25

2.3 Otto Cycle or Constant Volume Cycle 26

2.4 Diesel Cycle 30

2.5  Dual Combustion Cycle 34

2.6 Comparison of Otto, Diesel and Dual Combustion Cycles 37
2.7  Atkinson Cycle 41

Review Questions 59

Problems 60

xvii

1-24

25-61



3. Reactive Systems 62-105

3.1
32
33
34
3.5
3.6
3.7

38
39
3.10

Introduction 62

Properties of Air 62

Combustion with Air 63

Equivalence Ratio 65

Enthalpy of Formation 74

First Law Analysis for Steady-state Reacting Systems 75
Enthalpy of Combustion, Internal Energy of Combustion
and Heating Values 80

Adiabatic Combustion Temperature 86

Dissociation 93

Chemical Equilibriom 95

Review Questions 102
Problems 103

4. Fuel-Air Cycles and Their Analysis 106-142
4.1  Introduction 106
4.2  Fuel-air Cycle 106
4.3  Factors Affecting the Fuel-air Cycle 1067
4.3.1 Composition of Cylinder Gases 107
432 Variation of Specific Heats 108
43.3  Effect of Dissotiation 110
434 Effect of Number of Molecules 112
4.4  Effect of Engine Variables on the Performance of Fuel-air Cycles 113
4.5  Equilibrium Charts 126

4.5.1 Unburned Mixture Charts 126
452 Burned Mixture Charts 134
453 Relation between Unburned and Burned Mixtures 136

Review Questions 4]
Problems 142

5. TheActual Cycle 143-157

5.1
5.2

Introduction 143

Difference between the Actual Cycle and the Fuel-air Cycle 143
521 Leakage 144

522 Imperfect Mixing of Fuel and Air 144

523 Progressive Burning 145

524 Burning Time Losses 145

525 Heat Losses to the Cylinder Walls 146

52.6 Exhaust Blowdown Loss 146

527 Fluid Friction =~ I48

5.2.8 Gas Exchange or Pumping Loss 148



5.3

5.4  Effect of Spark-advance on the Actual Cycle of SI Engines 150
5.5 Power and Efficiency of the Actual Cycle 153
5.5.1 Effect of Compression Ratio 153
552 Effect of FuellAir Ratio 154
5.6  Frictional Losses 154
5.7 The Actual Cycle of Compression-ignition Engines = 155
5.8 Actual and Fuel-air Cycles of CI Engines 156
Review Questions 157

Effect of Engine Variables on Flame Speed 148
5.3.1 Fuel/Air Ratio 49

53.2 Inlet Pressure 149

533 Engine Speed 149

534 Engine Size 149

5.3.5 Residual Gas 150

6. Combustion in Spark-Ignition Engines

6.1
6.2

6.3

6.4

6.5
6.6
6.7
6.8
6.9

Introduction 158
Normal Coembustion 158
6.2.1 Stages of Combustion in SI Engine 159
6.2.2 Flame Speed Pattern 161
6.23 Fraction of Burned Mass 162
6.24  Pressure and Temperature Variation as a
Function of Crank Angle 163
6.2.5 Effect of Spark Timing on Indicator Diagram 163
6.2.6 Effect of Fuel/Air Ratio on Indicator Diagram 164
Factors Affecting Ignition Lag 165
6.3.1 Nature of Fuel and Air/Fuel Ratio ia5
6.3.2 Initial Temperature and Pressure 165
6.3.3 Compression Ratio 166
6.3.4 Spark Timing 166
6.3.5 Turbulence and Engine Speed 166
6.3.6 Electrode Gap of Spark Plug 166
Factors Affecting Combustion in Spark-ignition Engines 167
64.1 Composition of the Mixture Is7
6.4.2 Load 167
6.4.3 Compression Ratio 167
644 Speed 168
6.4.5 Turbulence and Shape of Combustion Chamber 168
6.4.6 Spark Plug Position 169
Cyclic Variation Ie9
Rate of Pressure Rise 170
Abnormal Combustion—Autoignition and Detonation 171
Detrimental Effects of Detonation 172
Theories of Detonation 173

158-197



6.10 Effect of Engine Variables on Knock 174

6.10.1  TYemperature, Pressure and Density Factors 174

6.10.2  Time Factors 176
6.10.3  Composition Factors 177
6.104  Effect of Design 179

6.11 Detection of Knocking 180

6.12  Uncontrolled Combustion 181
6.12.1  Preignition 181
6.12.2  Run-on Surface Ignition 182
6.12.3  Run-away Surface Ignition 182
6.12.4  Wild Ping 182
6.12.5 Rumble 182

6.13 Combustion Chambers for Spark-ignition Engines 183

6.13.1  Basic Requirements of a Good Combustion Chamber

6.14 Combustion Chamber Design Principles 185
6:15 Combustion Chamber Optimization Procedure 186
6.15.1  Geometric Considerations 186
6.15.2  Considerations for Cyclic Variations 186
6.15.3  Consideration for Proper Turbulence 187
6.16 Types of Combustion Chamber 187
6.16.1 T-head Type Combustion Chamber 187
6.162 L-head Type of Side Valve Combustion Chamber

6.16.3  Ricardo Turbulent Head Side Valve Combustion Chamber
6.16.4  Overhead-valve or I-head Type Combustion Chamber

6.16.5 F-head Type Combustion Chamber 191
6.16.6  Hemispherical Combustion Chamber 191
6.16.7  Piston Cavity Combustion Chamber 192
6.16.8 Combustion Chamber with a Pre-chamber
for Lean Burn Engine 193

6.16.9 Future Trends 194

0.17 Qctane Requirement 194

Review Questions 195

7. Combustion in Compression-Ignition Engines

7.1  Introduction 198

7.2 Air Motion in CI Engines 199

7.3 Spray Structure 200

7.4  Stages of Combustion 203

7.5  Heat Release Rate 205

7.6 Air/Fuel Ratio in CI Engines 206

7.7  Influence of Various Factors on Delay Period 207
7.8  Combustion Knock in CI Engines 211

7.9  Comparison of Knock in SI and Cl Engines 214
7.10  Methods of Controlling Knock in CI Engines 215

184

188

190

198-227



7.11 Combustion Chamber for CI Engines 216
7.11.1  Combustion Chamber Characteristics 216
7.11.2  Classification of CI Engine Combustion Chambers 216
7.12 Direct Injection (DI) Engines or Open Combustion Chamber Engines 217
7.12.1  Semiquiescent or Low Swirl Open Chamber 217
7.12.2  Medium Swirl Open Chamber 218
7.12.3  High Swirl Open Chamber (‘M’ type) 218
7.13 Indirect-injection (IDI) Engines or Divided Combustion
Chamber Engines 219
7.13.1  Swirl or Turbulent Chamber 219
7.13.2  Precombustion Chamber 221
7.13.3  Air Cells 221
7.13.4  Energy Celis 222
7.14 Comparison of Characteristics of Combustion Chambers of CI Engine 223
7.15 Starting Methods and Aids 223
Review Questions 226

8. Fuels for Internal Combustion Engines 228-257

8.1  Introduction 228
8.2  Classification of Fuels 228
8.3  Solid Fuels 229
8.3.1 Brief Description of Solid Fuels 229
8.3.2  Use of Solid Fuels in IC Engines 230
8.4  Liquid Fuels 230
8.4.1 Petroleum Fuels (Petra = rock + oleum = «il) 230
8.4.2 Refining Process of Petroleum 233
8.4.3 Petroleum-based Liquid Fuels 235
8.4.4 Non-petroleum Based Liquid Fuels 236
8.5.+ Gaseous Fuels 237
85.1 Natural Gas 237
8.5.2 Liquified Petrolenm Gas (LPG) 238
8.5.3 Producer Gas 238
854 Coal Gas 238
8.5.5 Hydrogen 238
8.6 Fuels for SI Engines 239
8.6.1 Volatility of Liguid Fuels 240
8.6.2  Effect of Volatility on the Performance of SI Engines 243
8.63 Sulphur Content 245
8.6.4 Gum Deposits 245
8.6.5 Carburettor Detergent Additives 245
8.6.6 Anti-knock Quality 246
8.7  Fuels for CI Engines 246
8.7.1 Ignition Quality 246
872  Volatlity 247



8.7.3 Viscosity 247

8.7.4 Specific Gravity 249

8.7.5 Corrosion and Wear 249

8.7.6 Handling Ease 250

8.7.7 Safety 250

8.7.8 Cleanliness 250
8.8  Knock Rating of Fuels 251

8.8.1 Knock Rating of SI Engine Fuels 251

8.8.2 Knock Rating of CI Engine Fuels 254
Review Questions 256

9, Carburetfors and Fuel Injection in SI Engines 258-305

9.1 Introduction 258
9.2  Limits of Flammability 258
9.3  Steady-running Mixture Requirements 259
9.3.1 Mixture Requirements for Maximum Power 259
0.3.2 Mixture Requirements for Minimum Specific
Fuel Consumption 260
9.3.3  Mixture Requirements for Various Outputs 260
934 Mixture Requirements for Idling, Cruising and High Power 261
9.4  Transient requirements 263
924.1 Starting and Wai:sm-up Requirements 263
9.4.2 Acceleration Requirement 263
9.5 Mixture Requirements in a Multi-cylinder Engine 263
9.6  Carburettor Requiremem‘s" 264
9.7 A Simple Carburettor 264
9.8  Calculation of the Air/Fuel Ratio for a Simple Carburettor 266
9.9  Air/Fuel Ratio Neglecting the Compressibility of Air 268
9.10 Comments on Air/Fuel Ratio Supplied by a Simple Carburettor 269
9.11 Deficiencies of the Elemenfary Carburettor 270
9.12 Essential Parts of a Modern Carburettor 270
9.121 Choke 270
9.12.2 Main Metering System 271
9.12.3  Idling System 274
9.12.4  Accelerating System 276
9.12.5 Economizer System and Power System 276
9.12.6  Antipercolator Valve 277
9.13 Types of Carburettors 277
9.13.1 Down-draught, Up-draught and Horizontal-draught
Carburettors 277
9.13.2  Concentric and Eccentric Carburettors 278
9.13.3  Multi-venturi Carburettor 279
9.14 Problems Associated with Carburettors 292
9.14.1 Ice Formation 292



10.

9.15
9.16
9.17

0.18

8.19
9.20

9.14.2 Vapour Lock in Fuel Systems 292

9.14.3  Backfiring or Popping in the Carburettor 293
Carburettor Drawbacks 293

Fuel-injection Systems in SI Engines 203

Types of Fuel-injection Systems in SI Engines 294
9.17.1 Continuous Injection System 294

9.17.2 Timed Injection System 295

Electronic Fuel-injection Systems (EFIs) 297

9.18.1  Single-point Throttle Body Injection 297
9.18.2 Multi-point Port Injection 297

Advantages of the SI Engine Fuel-injection System 301
Disadvantages of the SI Engine Fuel-injection System 301

Review Questions 302
Problems 304

CI Engines: Fuel-Injection System

10.1
10.2
10.3

10.4

10.5

10.6

10.7
10.3
10.9

Introduction 306

Requirements of Injection Systems 306

Injection Systems 307

10.3.1  Air-injection System 307

10.3.2  Airless- or Solid-injection System 308

10.3.3  Individual Pump System or the Divided Fuel-feed Device
10.3.4  Unit Injector System jor the Undivided Fuel-feed Device
10.3.5 The Distributor System 3u

103.6 Common-rail System 312

Fuel-injection Pumps 313

10.4.1  Jerk Type Bosch Fuel-injection Pump 313
10.4.2  Unit Injector 318

10.4.3  Distributor Type Fuel-injection Pump 319
Fuel-injector 320

10.5.1  Fuel-injection Holder 320

10.5.2  Fuel-injection Nozzle 320

Types of Nozzles 321

16.6.1 Pintle Nozzle 322

10.6.2  Single-hole (Orifice) Nozzle 323

10.6.3  Multi-hole Nozzle 324

10.6.4 Pintaux Nozzle = 324

Electronically Controlled Unit Fuel-injection System 325
CI Engine Governors 326

Spray Characteristics 327

10.9.1  Spray Formation 327

10.9.2  Atomization 327

10.9.3  Penetration 327

10.9.4  Dispersion 329

306-344

309
309



11.

12.

10.10 Rate of Fuel Injection in CI Engines 329
10.11 Fuel-line Hydraulics 330

10.11.1 Fuel Compressibility 330

10.11.2 Pressure Waves in Fuel Lines 330
Review Questions 341
Problems 342

Two-Stroke Engines

1.1 Introduction 345

11.2  Classification of Two-stroke Engines 345

11.3  Scavenging Arrangements 346
11.3.1  Return-flow Scavenging 346
11.3.2  Uniflow Scavenging 348

11.4  Scavenging Process 349

11.5  Scavenging Parameters 350

11.6 Ideal Models for Scavenging Process 354
11.6.1  Perfect Displacement Model 355
11.6.2 Cemplete Mixing Model 355
11.6.3  Short-circuiting 356

11.7  Relationship of Scavenging Ratio and Scavenging Efficiency 356

11.8 Measurement of Scavenging Efficiency 157
11.8.1  Tracer Gas Method 357
11.8.2  Gas-sampling Method 358

11.9  Flow-through Ports 359

11.10 Kadenacy Effect 362

11.11 Mathematical Analysis 362

11.12 Scavenging Pumps 364

11.13 Advantages and Disadvantages of Two-stroke Engines 3635

11.14 Comparison of Two-stroke SI and CI Engines 366
Review Questions 373
Problems 374

Ignition Systems

12.1 Introduction 376
12.2  Ignition System Requirements 376
12.3  Battery-ignition System 378
12.3.1  Battery 378
12.3.2  Ignition Switch 379
12.3.3  Ballast Resistor 379
1234  Ignition Coil 379
12.3.5  Contact Breaker Points 380
1236 Condenser 381
12.3.7  Distributor 381

345-375

376-395



13.

12.4  Firing Order 382
12.5 Dwell Angle 383
12.6 Spark Plugs 384 :
12.6.1 Requirements of a Good Spark Plug 385
12.6.2  Factors Affecting the Establishment of Spark 385
12.6.3  Spark-Plug Heat Range 385
12.7 Magneto-ignition System 386
12.8 Comparison of Battery- and Magneto-ignition Systems 387
12.9 Problems Associated with Conventional Ignition Systems 388
12.10 Electronic-ignition Systems 389
12.10.1 Transistorized-coil Ignition (TCI) System 389
12.10.2 Capacitive-discharge Ignition (CDI) System 391
12.1t Factors Affecting Spark-advance 391
12.12 Spark-advance Mechanisms 392
12.12.1 Centrifugal-advance Mechanism 392
12.12.2 Vacuum-advance Mechanism 393
Review Questions 394

Engine Friction and Lubrication 396-427

13.1 Introduction 396
13.2  Components of Engine Friction 396
13.2.1  Rubbing Losses 396
13.22  Pumping Losses 396
13.2.3  Auxiliary Component Losses 397
13.3 Total Friction Work 397
134 Some More Components of Engine Friction 398
13.5 Friction Mean Effective Pressure 398
13.6 Mechanical Friction 399
13.6.1 Hydrodynamic or Fluid-film Friction 399
13.6.2  Partial-film Friction 399
13.6.3 Rolling Friction 400
13.64  Dry Friction 400
13.7 Mechanical Friction in Major Engine Components 400
13.7.1  Piston Assembly Friction 400
13.7.2  Bearing Friction 401
13.7.3  Valve Train Friction 403
13.8 Blowby Losses 403
13.9 Effect of Engine Variables on Friction 403
13.10 Side Thrust on the Piston 405
13.11 Lubrication 407
13.12 Functions of a Lubricant 407
13.13 Lubrication Principles 408
13.13.1 Hydrodynamic Lubrication (Full Film or Thick Film) 408



14.

13.13.2 Boundary Lubrication (Thin Film) 409

13.13.3 Mixed-film Lubrication (Partial Film)
13.14 Bearings Lubrication 410
13.14.1 Rotating Journal Bearings 410
13.14.2 OQOscillating Journal Bearings 413
13.14.3 Reciprocating Bearings 413
13.14.4 Gear Teeth 414
13.15 Properties of Lubricants 414
[3.15.1 Viscosity 414
13.15.2 Viscosity Index (VD) 414
13.15.3 Pour Point 415
13.15.4 Flash and Fire Points 415
13.15.5 Stability 415
13.15.6 OQilness 415
13.15.7 Corrosiveness 415
13.15.8 Detergency 416
13.15.9 Foaming 416
13.16 Additives for Lubricants 416
13.17 SAE Viscosity Number 418
13.18 Lubricating Systems 419
13.18.1 Petrol Lubrication System 419
13.18.2 Wet-sump Lubrigation System 419
13.18.3 Dry-sump Lubrichtion System 427
13.19 Engine Performance and Lubrication 423
Review Questions 426

Heat Transfer in Engines and Coofing Systems

14.1 Introduction 428
14.2  Necessity of Engine Cooling 428
14.3 Disadvantages of Overcooling 429
14.4 Engine Temperature Distribution 429
145 Engine Warm-up 430
14.6 Gas Temperature Variation 431
147 Heat Transfer Considerations 432
1471  Conduction 432
14.72 Convection 432
147.3 Radiation 434
14.8 Heat Transfer in Intake System 435
14.9  Heat Transfer in Combustion Chambers 435
14.10 Heat Transfer in Exhaust System 437
14.11 Piston Cooling 437
14.12 Valve Cooling 438
14.13 Effect of Operating Variables on Heat Transfer
14.13.1 Mixture Strength 439

409

439

428-455



15.

14.13.2 Compression Ratio 440
14.13.3 Spark Timing 441
14.13.4 Engine Size 44]
14.13.5 Engine Speed 442
14.13.6 Load 443
14.13.7 Inlet Temperature 443
14.13.8 Coolant Temperature 443
14.13.9 Engine Materials 443
14.13.10 Knock 444
14.13.11 Swirl and Squish 444
14.14 Cooling Systems 444
14.15 Air-cooled System 444
14.15.1 Cooling Fins 445
14.16 Liquid-cooled Systems 446
14.16.1 Direct or Non-return System 446
14.16.2 Thermosyphon or Natural Circulation System 446
14.16.3 Forced or Pump Circulation System 447
14.16.4 Pressure Cooling System 449
14.16.5 Evaporative Cooling System 450
14.17 Comparison of Air- and Liquid-cooling Systems 451
14.17.1 Advantages of the Air-cooling System 451
14.17.2 Disadvantages of the Air-cooling System 451
14.17.3 Advantages of the Liquid-cooling System 452
14.17.4 Disadvantages of the Liquid-cooling System 452
14.18 Modern Cooling Concepts 452
14.19 Adiabatic Engines 453
Review Questions 454

Air Capacity and Supercharging

15.1 Introduction 456

15.2 Effect of Air Capacity on Indicated Power 456

15.3 Ideal Air Capacity 457

154 Volumetric Efficiency 458

15.5 Effect of Variables on Volumetric Efficiency 459
1551  Fuel 459
15.52 Heat Transfer in the Intake System 460
15.5.3  Valve Overlap 460
15.54  Viscous Drag and Restrictions 460
15.5.5 Timing of Intake Valve Closing 461
15.5.6  Intake Tuning 461
15.577  Exhaust Residual 461
15.5.8 Exhaust Gas Recirculation (EGR) 462

456-489



16.

15.6 Supercharging 462
15.6.1 Uses of Supercharged Engines 462

15.6.2  Factors which Increase the Power Qutput by Supercharging 462

15.7 Methods of Supercharging 463
15.7.1  Mechanical Supercharging 463
15.7.2  Turbocharging 463
15.7.3  Pressure Wave Supercharging 464
15.8 Thermodynamic Cycle with Supercharging 465
15.9 Supercharging of Spark-ignition Engine 468
15.10 Supercharging of Compression-ignition Engine 469
15.11 Advantages of Supercharging Over High Compression 469
15.12 Effects of Supercharging 471
15.12.1 Power Output 471
15.12.2 Fuel Consumption 471
15.12.3 Mechanical Efficiency 471
15.12.4 Volumetric Efficiency 471
15.13 Supercharging Limits 471
15.13.1 Supercharging Limits of SI Engines 472
15.13.2 Supercharging Limits of CI Engines 472
15.14 Engine Modifications for Supercharging 472
15.15 Types of Supercharger 473
15.15.1 Roots Blower 473
15.15.2 Vane Blower 474
15.15.3 Centrifugal Compressor 474
Review Questions 487
Problems 488

Engine Testing and Performance

16.1 Introduction 490
16.2 Measurement of Brake Power 490
16.2.1 Prony Brake 490
16.2.2 Rope Brake 491
16.2.3  Hydraulic Dynamometer 492
16.2.4  Eddy Current Dynamometer 493
16.2.5 Swinging Field DC Dynamometer 494
16.3 Indicated Power 494
16.3.1 Mechanical Indicator 495
16.3.2  Electronic Indicator 497
16.3.3 Willan’s Line Method 500
16.3.4 The Morse Test 501
16.3.5 Motoring Test 502
16.4  Fuel Consumption 502
16.4.1 Gravimetric Fuel-flow Measurement 503

490-539



17.

16.4.2  Volumetric Type Flowmeters 503
16.4.3  Rotameter 505

16.5 Measurement of Air Flow Rate 505
16.5.1  Air-box and Orifice Method 505
16.5.2  Viscous Flowmeter 507

16.6 Speed Measurement 507

16.7 Spark-timing Measurement 508

16.8 Combustion Photography and Flame Speed Detection 508

16.9 Performance Characteristics 509
16.9.1 Variable Speed Characteristics 509
16.9.2 Constant Speed Characteristics s
16.9.3  Performance Maps 514

16.10 Heat Balance Sheet 516

Review Questions 336

Problems 537

Exhaust Emissions 540-562

17.1 Introduction 540
17.2  Measurement of Exhaust Emissions 541
17.2.1  Non-dispersive Infra-red (NDIR)} Analyzer 541
17.2.2  Flame-ionization Detector (FID) 543
17.2.3  Chemiluminescence Analyzers (CLA) 544
17.24  Oxygen Analyzer 545
17.3 Measurement of Particulates 546
17.4 Measurement of Exhaust Smoke 546
17.4.1 Hartridge Smoke-meter 546
17.4.2 Bosch Smoke-meter 547
17.5 Gas Chromatography 347
17.6 Pollutant Formation 548
17.6.1 Hydrocarbons (HC) 548
17.6.2 Carbon Monoxide (CO) 549
17.6.3  Oxides of Nitrogen (NO,) 550
17.6.4  Particulates 550
17.7 Effect of Operating Variables on SI Engine Exhaust Emissions 551
17.8 Design and Operating Variables that Decrease HC Concentration
from the Exhaust of SI Engine 553
17.9 Design and Operating Variables that Reduce NO, Concentration
from the Exhaust of SI Engine 554
17,10 Effect of Operating Variables on CI Engine Exhaust Emission 554
17.11 Control of Exhaust Emissions 555
17.11.1 Catalytic Converters 555
17.11.2 Thermal Reactor 560
17.11.3 Particulate Traps 561
Review Questions 561



18. Alternative Potential Engines

18.1 Stratified-charge Engine 563
18.2 Wankel Engine 365
18.3 Free-piston Engine 567
18.4 Stirling Engine 569
18.5 Variable Compression Ratio (VCR) Engine 573
18.6 Duai-fuel Engines 575
18.7 Multi-fuel Engines 577
18.7.1  Suitability of Other Engines as Multi-fuel Units
Review Questions 578 '

Bibliography
Answers to Problems

Index

563-379

578

581-586
587-590
591-597



