
Contents

The Authors .............................................................................................. V

Preface....................................................................................................... VII

List of Symbols ........................................................................................ XIX
Greek Characters................................................................................................... XIX

Latin Characters ................................................................................................... XXI

Part 1 Introductory Fundamentals ................................................... 1

1 Introduction ..................................................................................... 3
1.1 The Importance of Energy Technology in Plastic Processing................  3

1.2 Plastic Processing Stages........................................................................... 5

1.3 Logic for Processing Design....................................................................... 6

1.4 Required Fundamentals............................................................................. 8

1.4.1 Overview.......................................................................................... 8

1.4.2 System Analysis.............................................................................. 9

1.4.3 Kinds of Systems............................................................................ 13

1.4.4 Methodology for Solving Thermal Systems Problems...............  13

1.5 Example B 1.1: Interaction with the Surroundings for System 
Boundaries A and B of System “Extruder”.................................... 16

2 Material Behavior of Plastics........................................................ 19
2.1 Chemical Basics ......................................................................................... 20

2.1.1 Polymer Raw Material(s)................................................................ 21

2.1.2 Additive(s)........................................................................................ 23

2.1.3 Classification of Plastics................................................................ 25

https://d-nb.info/1274851181


3.3.5 Specific Heat Capacity at Constant Pressure ............................... 122

3.3.6 Second T• ds Relation....................................................................... 123

3.3.7 First Law for Open Systems Subjected to Compression/
Expansion and Friction Work......................................................... 123

3.4 Plasticization of Plastics by Work.............................................................. 125

3.5 Chemical Reactions...................................................................................... 128

3.5.1 Introduction ..................................................................................... 128

3.5.2 Some Definitions ............................................................................. 129

3.5.3 Gibbs Free Energy in Reactions: Exergonic and Endergonic
Reactions........................................................................................... 132

3.5.4 Gibbs Free Energy in Reactions: Maximum Work....................... 135

3.6 Example B 3.1: Heat Pump .......................................................................... 136

3.7 Example B 3.2: Isentropic and Polytropic Changes of State of
Ideal Gases................................................................................................... 141

3.8 Example B 3.3: Filling a Compressed-Air Storage Tank ......................... 144

3.9 Example B 3.4: Thermodynamic Measurement Method for
Centrifugal Pump ....................................................................................... 151

4 Fluid Mechanics I ............................................................................ 155
4.1 Introduction.................................................................................................. 155

4.1.1 General Comments ......................................................................... 155

4.1.2 Basic Flow Types............................................................................. 158

4.2 Classification of Viscous Fluids.................................................................. 160

4.2.1 Simple Shear Flow and Shear Viscosity ....................................... 160

4.2.2 Elongational Flow and Elongational Viscosity .............................. 162

4.2.3 Physical Phenomena....................................................................... 163

4.2.3.1 Newtonian and Non-Newtonian Fluid Behavior,
Experimental Observations.............................................. 163

4.2.3.2 Remarks on the Tensorial and Vectorial Description .. 167

4.3 Introduction to Dimensional Analysis and Similarity Using the
Example of Pipe Flow................................................................................. 174

4.3.1 Basic Considerations...................................................................... 174

4.3.2 Moody Diagram .............................................................................. 177

4.3.3 Hydraulic Diameter........................................................................ 178



4.4 Fully Developed Laminar Flow of Newtonian Fluids in Channels of
Simple Geometry......................................................................................... 179

4.4.1 Circular Pipe..................................................................................... 179

4.4.2 Slit and Rectangular Channel of Finite Width ............................ 181

4.5 Pressure Loss of Newtonian Fluids in Piping Systems.......................... 183

4.6 Example B 4.1: Pipe Flow - Pressure Loss and Increase of Temperature
Due to Dissipation....................................................................................... 185

4.7 Example B 4.2: Comments on the Friction Factor A................................. 189

4.8 Example B 4.3: Comments on the Evaluation of Model Tests.................  191

5 Heat Transfer.................................................................................... 197
5.1 Overview and Definitions............................................................................ 197

5.2 Steady-State Conduction and Total Heat Transfer................................... 199

5.2.1 Fourier’s Law of Heat Conduction ................................................ 199

5.2.2 Total Heat Transfer through Plane Walls..................................... 200

5.2.3 One-Dimensional Radial Heat Conduction ............................... 201

5.3 Heat Exchangers and Logarithmic Mean Temperature Difference .... 204

5.4 Convection - General Comments .............................................................. 206

5.5 Forced Convection........................................................................................ 209

5.5.1 Internal Flow (Pipes, Channels)................................................... 209

5.5.2 External Flow (Flat Plate in Parallel Flow, Bodies in Crossflow). 214

5.5.3 Impinging Jets ................................................................................. 216

5.6 Free Convection............................................................................................ 219

5.7 Heat Transfer by Radiation ........................................................................ 222

5.7.1 Introduction and Definitions.......................................................... 222

5.7.2 Blackbody Radiation ...................................................................... 226

5.7.3 Emissivity, Absorptivity, Reflectivity, Transmissivity............... 228

5.7.4 Radiation Properties Interrelations............................................. 229

5.7.5 Radiative Exchange - Introduction ............................................. 231

5.7.6 The Geometric View Factor........................................................... 233

5.7.7 Blackbody Radiative Exchange..................................................... 236

5.7.8 Radiative Exchange between Diffuse-Gray Surfaces .................. 237

5.8 Example B 5.1: Critical Insulation Radius................................................. 241

5.9 Example B 5.2: Insulation of a Hot-Water Pipe......................................... 244



5.10 Example B 5.3: Cooling of a Sheet............................................................ 248

5.11 Example B 5.4: Heat Loss of an Injection Molding Tool......................... 253

5.12 Example B 5.5: Effect of Radiation Shields.............................................. 255

Part 2 Advanced Fundamentals......................................................... 261

6 Steady-State Heat Conduction..................................................... 263
6.1 Heat Transfer from Extended Surfaces: Fins.......................................... 263

6.1.1 Energy Rate Balance ....................................................................... 263

6.1.2 Long Fin ............................................................................................ 265

6.1.3 Fin of Finite Length with Insulated Tip......................................... 266

6.1.4 Fin Efficiency and Fin Effectiveness ............................................. 268

6.1.5 Longitudinal Conduction in Long Rods with Relative Motion ... 270

6.2 Example B 6.1: Fin and System Effectiveness............................................ 273

6.3 Example B 6.2: Cooling of a Polyamide Wire - Steady-State Analysis .. ZT]

7 Transient Heat Conduction............................................................ 281
7.1 Introduction and Fourier’s Equation of Heat Conduction....................... 281

7.2 Introduction to One-Dimensional Conduction, Biot Number and
Fourier Number........................................................................................... 286

7.2.1 Initial Phase (Early Regime)........................................................... 288

7.2.2 Late Phase (Late Regime) ............................................................... 289

7.2.3 Semi-Infinite Solid Body (Early Regime)....................................... 292

7.3 Contact Problem: Two Semi-Infinite Solids Brought into
Interfacial Contact....................................................................................... 295

7.4 Periodic Temperature Variations............................................................... 296

7.5 Unidirectional Conduction in Simple Bodies - Introduction ................. 299

7.6 Unidirectional Conduction in Simple Bodies - Plate............................... 302

7.7 Unidirectional Conduction in Simple Bodies - Cylinder and Sphere .. 308

7.7.1 Infinite Cylinder................................................................................ 308

7.7.2 Sphere................................................................................................ 309

7.8 Approximate Solutions for Plate, Cylinder, and Sphere ......................... 310

7.8.1 Introduction ...................................................................................... 311

7.8.2 Estimation of Cooling Time.............................................................. 312

7.8.3 Effective Thermal Diffusivity der .................................................... 315



7.9 Example B 7.1: Cooling of a Polyamide Wire - Transient Analysis .... 316

7.10 Example B 7.2: Wall Thickness versus Cycle Time .................................. 318

7.11 Example B 7.3: Cooling of a Tool ............................................................... 325

7.12 Example B 7.4: PVC Film Cooling on Roller ............................................ 331

8 Thermodynamics of Air-Drying .................................................... 337
8.1 Introduction.................................................................................................. 337

8.2 Psychrometries ............................................................................................ 339

8.2.1 Properties of Moist Air ................................................................... 339

8.2.2 Analyzing Elementary Processes................................................... 346

8.2.3 Characteristics of Moist Solids....................................................... 349

8.2.4 Mass and Energy Rate Balance....................................................... 350

8.3 Additional Aspects of Air-Drying................................................................ 351

8.3.1 (De)Sorption Isotherm..................................................................... 351

8.3.2 Cooling Limit, Dry-Bulb, Wet-Bulb, and Adiabatic Saturation
Temperatures................................................................................... 353

8.3.3 Time Course of Air-Drying Processes ........................................... 355

8.3.3.1 Qualitative Considerations............................................... 355

8.3.3.2 Simplified Analysis of Drying Phase I............................. 357

8.3.3.3 Analogy between Heat and Mass Transfer.................... 360

8.3.3.4 Analysis of Air-Drying of Solids in Through-Flow
and Overflow Arrangements (Conveyer Belt)................ 365

8.4 Example B 8.1: Granulate Drying................................................................ 369

8.5 Example B 8.2: Adiabatic Saturation Temperature ................................. 373

8.6 Example B 8.3: Conveyer-Belt Dryer......................................................... 375

9 Fluid Mechanics II .......................................................................... 381
9.1 Introduction.................................................................................................. 381

9.2 Power-Law Model (Ostwald-de Waele) ..................................................... 383

9.3 Plane Drag and Pressure Flow of Newtonian Fluids between
Parallel Plates ............................................................................................. 385

9.3.1 Velocity Profile................................................................................. 385

9.3.2 Temperature Profile of Pure Drag Flow......................................... 388

9.3.3 Consideration of Heat Flux in Pure Drag Flow............................ 391



9.4 Plane Pressure Flow of Non-Newtonian Fluids between Parallel Plates 393

9.4.1 Velocity Profile................................................................................. 393

9.4.2 Temperature Profile......................................................................... 396

9.5 Axial Pipe Flow of Non-Newtonian Fluids ............................................... 398

9.5.1 Velocity Profile................................................................................. 398

9.5.2 Temperature Profile......................................................................... 399

9.6 Newtonian Fluid in Axial Annular Flow.................................................... 400

9.7 Pumping Power and Dissipation................................................................ 404

9.8 Concluding Remarks.................................................................................... 404

9.9 Example B 9.1: Friction Pump .................................................................... 407

9.10 Example B 9.2: On the Similarity Theory of Non-Newtonian Fluids ... 411

9.11 Example B 9.3: Emptying a Container........................................................ 412

9.12 Example B 9.4: Viscous Pipe Flow: Pressure Drop and Temperature
Increase ........................................................................................................ 417

9.13 Example B 9.5: Temperature Profile for Viscous Pipe Flow ................. 420

10 Recycling of Plastics..................................................................... 425
10.1 The Most Important Facts in Brief............................................................ 425

10.2 Causes of Growth ...................................................................................... 426

10.2.1 The Petrochemical Industry as a Raw Material Supplier............ 427

10.2.2 Lightweight Plastics and Recycling............................................. 427

10.2.3 Energy-Efficient Behavior.............................................................. 428

10.2.4 Complex Molding Geometries and High Degree of Automation . 429

10.2.5 Exploiting Synergies...................................................................... 429

10.2.6 High Added Value of Petroleum................................................... 429

10.3 Sustainable Development Goals (SDGs) .................................................. 429

10.4 Waste Management and the Limits of Recycling................................... 431

10.4.1 Waste and Recycling Hierarchy ..................................................... 431

10.4.2 Plastics and the Environment......................................................... 431

10.4.2.1 Plastic Waste ..................................................................... 431

10.4.2.2 Service Life of Plastics ..................................................... 432

10.5 Waste Management and Recycling from the Point of View of the 
Plastics Industry............................................................................... 433

10.6 Three Recycling Routes ............................................................................. 434



10.6.1 Mechanical Recycling .................................................................... 434

10.6.1.1 The Crux of Mechanical (Materials) Recycling with
Thermoplastics ................................................................. 435

10.6.1.2 Additives .......................................................................... 436

10.6.2 Raw Material Recycling (“Depolymerization”)........................... 437

10.6.2.1 Thermochemical Processes/Pyrolysis........................... 437

10.6.2.2 Solvolysis.......................................................................... 438

10.6.2.3 Biotechnology.................................................................... 438

10.6.3 Energetic Recovery (E-Recycling)................................................. 439

10.6.3.1 Life Cycle Assessment (LCA)......................................... 440

10.6.3.2 Controlled Energetic Recovery....................................... 441

10.6.3.3 Energy Efficiency and Effectiveness of WTEs ............. 444

10.6.3.4 Cement Industry.............................................................. 445

10.6.4 Energy Balances............................................................................... 445

10.7 Summary and Conclusions ...................................................................... 446

10.8 Outlook........................................................................................................ 447

10.9 Example B 10.1: Energy Analysis of a WTE............................................. 448

Part 3 Practical Examples .................................................................. 451

11 Practical Examples........................................................................ 453
11.1 Energy Flow in Plastic Production ......................................................... 453

11.2 Energy Demand of Injection Molding Machines ................................... 456

11.3 Energy Balance of an Injection Molding Machine................................. 459

11.4 Characteristics of a Nozzle........................................................................ 466

11.5 Granulate Drying........................................................................................ 469

11.6 Friction Welding........................................................................................ 479

11.7 Energy Storage of Pneumatic Accumulators ......................................... 485

12 Appendix: Figures.......................................................................... 495

Index.......................................................................................................... 497


