Contents

1 An Introduction to Food Process Engineering . . . . . . . ... ... . ........ 1
2 Dimensions, Quantitiesand Units . . . . . . . ... .. ... ... ... ........ 5
2.1  Dimensionsand Units . . . . . ... ... L 5
2.2 Definitions of Some Basic Physical Quantities . . . ... ... .. ... ..... 7
2.2.1  Velocityand Speed . . . . . . . . ... 7

222  Acceleration . . . . ..ol 7

223 Forceand Momentum . . . . . . . .. . ... 8

224 Weight . . . . . . o 8

225 Pressure . . ... 9

22.6 WorkandEnergy . .. .. ... ... ... 10

227 Power . ... e 11

2.3 Dimensional Analysis . . . . .. .. ... L 11
2.3.1 Dimensional ConsiStency . . . . . . . . . . . ... 11

2.3.2 Dimensional Analysis . . . . . . . ... Lo 13

3 Thermodynamics and Equilibrium . . . . . . ... ... ... 000, 15
3.1 Introduction . . . . . . . .. e 16
3.1.1  Temperature and the Zeroth Law of Thermodynamics . . . . . . . .. .. 16

3.1.2  Temperature Scale . . . . . . . . ... 17

3.1.3 Heat, Work and Enthalpy . . . .. ... ... ... ... ......... 17

3.1.4  Other Definitions . . . . . . . .. .. ... 18

32 TheGaseousPhase . . . . . .. ... ... 18
3.2.1 Kinetic Theory of Gases . . . . .. ... ... ... ... ........ 19

322 PerfectGases . . . . . . . ... 19

3.2.3  Pure Component Vapour Pressure . . . . . ... ... .. ........ 23

3.2.4  Partial Pressure and Pure Component Volume . . . . .. .. ... .. .. 24

3.3 The Liquid-Vapour Transition . . . . . . . . . . . . .. ... 27
3.3.1  Vaporisation and Condensation . . . . . . ... ... ... ........ 27

3.3.2  Isotherms and Critical Temperature . . . . . . . . ... .. ... ..... 28

3.3.3 Definitionof Gasand Vapour . . . . ... ... ... ... ... 29

3.3.4  Vapour-Liquid Equilibrium . . . . . ... ... ... 0oL 30

3.4  First Law of Thermodynamics . . . . . . . . . ... ... .. ... ....... 34
35 HeatCapacity . . . . . . . . . . e 36
3.5.1  Heat Capacity at Constant Volume . . . . . . .. ... ... ....... 37

3.5.2  Heat Capacity at Constant Pressure . . . . . . .. ... ... ....... 37

3.5.3  The Relationship Between Heat Capacities for a Perfect Gas . . . . . . . 39

3.5.4  The Pressure, Volume, Temperature Relationship for Gases . . . . . . .. 40



Contents

3.6  Second Law of Thermodynamics . . . . . .. ... ... ... ... ....... 41
3.6.1  The Heat Pump and Refrigeration . . . . ... ... ... ........ 42
3.6.2 Consequences of the SecondLaw . . . . . ... ... ... ........ 43
Material and Energy Balances . . . . . . . . ... ... ... ... ... ........ 47
4.1 Process Analysis . . . . . . .. ... e 48
42 Material Balances . . . . . . .. ... 48
4.2.1  Overall Material Balances . . . . . . .. ... ... ... ... . ... 49
4.2.2  Concentration and Composition . . . . . . . . . . .. ... ... ... 49
4.2.3  Component Material Balances . . . ... ... ... ... ........ 51
424 RecycleandBypass . . . . . ... ... Lo 54
4.3  The Steady-Flow Energy Equation . . . . . . . ... ... ... .......... 56
4.4  Thermochemical Data . . . . . ... ... ... ... ... ... . ..., 58
44.1 HeatCapacity . . . . . . . . . it e 59
442 Latent Heat of Vaporisation . . . . . . . .. .. ... ... ........ 65
443 LatentHeatof Fusion . . . . . ... ... ... .. ............ 65
444 SteamTables . . . . . .. . .. 65
4.5 EnergyBalances . . . ... . ... ... 67
The Fundamentals of Rate Processes . . . . . . .. .. ... ... .. ......... 73
5.1 Introduction . . . . . . . ... 73
5.2 HeatTransfer . . . . . . . . . . e 74
5.3  Momentum Transfer . . . . .. . ... ... 75
54 MassTransfer. . . . . . . . . . e 75
5.5 Transport Properties . . . . . . . . . . ... 76
5.5.1  Thermal Conductivity . . . . . . . .. ... .. . 76
552 VISCOSItY . . . v v v v i i e 76
553 Diffusivity . . . . ... 77
5.6  Similarities Between Heat, Momentum and Mass Transfer . . . . . . . ... ... 77
The Flow of Food Fluids . . . . . . . . ... ... .. ... ... . . ......... 79
6.1 Introduction . . . . . . . ... 80
6.2  Fundamental Principles . . . . . . . .. ... L o 80
6.2.1 Velocityand FlowRate . . . . .. ... ... ... ... . ........ 80
6.2.2 Reynolds” Experiment . . . . . ... ... ... ... ... 81
6.2.3  Principle of Continuity . . . . . . .. . ... ... ... . 84
6.2.4  Conservationof Energy . . . . . . .. .. ... ... ... ... 86
6.3 LaminarFlowinaPipeline. . . . . . .. ... ... ... ... ... ... 87
6.4  Turbulent Flow inaPipeline . . . . . ... ... ... ... ... ... .. ..., 90
6.5  Pressure Measurement and Fluid Metering . . . . . . .. ... ... ....... 93
6.5.1 The Manometer . . . . . . . . .. . ... 93
6.52 TheOrificeMeter . . . . . . ... .. ... 94
6.53 TheVenturiMeter . . . . . . . .. ... ... 97
6.6 Pumpingof Liquids . . .. ... ... ... 99
6.6.1  The Centrifugal Pump . . . . . . ... ... ... ... L. 101
6.6.2  Positive Displacement Pumps . . . . . . . ... ... oL 103
6.6.3  Net Positive SuctionHead . . . . ... .. ... ... ... ... 103
6.6.4 HygienicDesign. . . . . . . . . . .. e 104
6.7 Non-NewtonianFlow . . . . . . . ... ... . . . 104
6.7.1 Introduction . . . . . . . . .. ... 104

6.7.2 Stress, Strainand Flow . . . . . . . . . . ... . ... ... 105



Contents xi
6.8  Time-Independent Rheological Models . . . . .. ... ... ... ........ 107
6.8.1 HookeanSolids . . ... ... ... ... ... .. 107

6.8.2 Newtonian Fluids . . . . . . . .. ... ... . 107

6.8.3 BinghamFluids . . . . . . . ... ... . ... 108

6.84 ThePowerLaw . . . . . ... ... ... ... ... 109

6.8.5 Laminar Flow of Power Law Fluids . . . . .. ... ... ........ 112

6.8.6  Other Time-Independent Models . . . . . . ... ... ... ....... 115

6.9  Time-Dependent Rheological Models . . . . . .. ... ... ... ........ 116
6.10 Visco-Elasticity . . . . . . . . . .. e 117
6.10.1 Introduction . . . . . . . . .. ... 117

6.10.2 Mechanical Analogues . . . . ... ... ... ... 118

6.11 Rheological Measurements . . . . . . . . . . . .. ... 122
6.11.1 Measurement of Dynamic Viscosity . . . . .. ... ... ... ..... 122

6.11.2 Rheological Measurements for Non-Newtonian Fluids . . . . . . ... .. 124

7 Heat Processingof Foods . . . . . . .. ... ... ... . ... 129
7.1 Introduction . . . . . . . . .. e e e 131
7.2 ConduCtion . . . . . . . . ... 131
7.2.1  Steady-State Conduction in a Uniform Slab . . . . . .. ... ... ... 131

7.2.2  Conductionina Composite Slab . . . . . .. ... . ... ... ..., 134

7.23 Radial Conduction . . . ... .. ... ... 136

7.2.4  Conduction in a Composite Cylinder . . . . . ... ... ... ... ... 138

7.2.5  Conduction Through a Spherical Shell . . . . ... ... ... ... ... 140

7.3 Convection . . . . . ... i i e e 140
7.3.1  Film Heat Transfer Coefficient . . . . . . ... ... ... ... . ... 140

7.3.2  Simultaneous Convection and Conduction . . . . . . .. ... ... ... 142

7.3.3 Radial Convection . . . . . . . . .. .. ... 144

7.3.4  Critical Thickness of Insulation . . . . . .. ... ... .......... 146

7.3.5  Correlations for Film Heat Transfer Coefficients . . . . . . . ... . ... 146

7.3.6  Overall Heat Transfer Coefficient . . . . . . . .. .. ... ... ..... 149

7.4  Heat Exchangers . . . . . . . . . . . . e 152
7.4.1  Types of Industrial Heat Exchanger . . . . . . ... ... ... .. .... 152

7.4.2  Sizing of Heat Exchangers . . . . . ... ... ... ........ ... 154

7.5 Boiling and Condensation . . . . . . . . .. ... ... 164
7.5.1 BoilingHeat Transfer . . . . . .. ... ... ... .. ...... . ... 164

7.5.2  Condensation . . . . . . .. ... 168

7.6 Heat Transfer to Non-Newtonian Fluids . . . . . .. ... ... ... ....... 169
7.7  Principles of Radiation . . . . . . . .. ... . L 172
7.7.1  Absorption, Reflection and Transmission . . . . . . . ... .. ... ... 173

7.7.2 BlackBody Radiation . . . . . ... .. ... ... . ... .. 174

7.7.3  Emissivity and Real Surfaces . . . . ... ... ... ... ... ..... 175

7.7.4  Radiative Heat Transfer . . . . . . ... ... .. ... ... . .... 177

7775 ViewFactors . . . . ... 178

7.8  Microwave Heatingof Foods . . . . . . . .. ... ... ... ... ........ 180
7.8.1  MICTOWAVES . . . . o v vt e e e 180

7.8.2  Generation of Microwaves . . . . . . . .. ... oo 181

7.8.3  Energy Conversion and HeatingRate . . . . . ... ... ... ...... 181

7.8.4  Microwave Ovens and Industrial Plant . . . . . .. ... ... ... ... 183

7.8.5  Advantages and Applications of Microwave Heating . . . . . . . ... .. 184

7.9  Temperature Measurement . . . . . . . .. ... 185



xii Contents
7.9.1  Principles of Temperature Measurement . . . . . . .. ... ....... 185
7.9.2  Expansion Thermometers . . . . . . . . . ... ... ........... 185
7.9.3  Electrical Methods . . . . . ... ... ... 186
7.9.4  Radiation Pyrometry . . . . .. ... ... ... 188
8 MassTransfer . . . . . . . . . . . . ... 193
8.1 Introduction . . . . . . . . . . .. 194
8.2  Molecular Diffusion . . . . . ... L 195
82.1 Fick’sLaw . . . . . . . e 195
822 Diffusivity . . . . ..o e 196
8.23  Concentration . . . . . . . . . . .o e e e 197
8.3  Convective Mass Transfer . . . . . . . ... .. ... ... ... ... ... 198
83.1 Whitman’sTheory . . .. ... ... ... ... ... .. .. ... ... 198
8.3.2  Film Mass Transfer Coefficients . . . . . .. ... ... ... ...... 199
8.3.3  Overall Mass Transfer Coefficients . . . . . . ... ... ... ...... 201
8.3.4  Addition of Film Mass Transfer Coefficients . . . . . . . ... ... ... 202
8.3.5  Resistances to Mass Transfer in Food Processing . . . . . .. ... ... 204
8.3.6  Effect of Solubility on Mass Transfer Coefficients . . . . . . .. ... .. 204
8.3.7  Alternative Units for Mass Transfer Coefficients . . . . . . .. ... ... 205
8.3.8  Unitsof Henry’sConstant . . . . . . . .. ... ... ... ........ 208
8.4 Binary Diffusion . . . . . . ... 208
8.4.1  General Diffusion Equation . . . . . . ... ... ... ... ... .. 208
8.4.2  Other Forms of the General Diffusion Equation . . . . . ... ... ... 209
8.4.3  Diffusion Through a Stagnant Gas Film . . . . . ... ... ... .... 210
8.4.4  Particles, Dropletsand Bubbles . . . . . . ... .. ... ......... 212
8.5  Correlations for Mass Transfer Coefficients . . . . . . .. ... ... ... .... 216
8.6  Mass Transfer and Food Packaging . . . . . ... ... ... ... ........ 218
9 Psychrometry . . . . . . . . . .. e 221
9.1 Introduction . . . . . . . . . . e 221
9.2  Definitions of Some Basic Quantities . . . . . . ... .. ... ... ....... 222
9.2.1  Absolute Humidity . . . . ... .. ... ... ... ... ... ... . 222
9.2.2  Saturated Humidity . . . . ... ... ... ... ... .. 223
9.2.3  Percentage Saturation . . . . . . .. ... 223
9.24 Relative Humidity . . . . . . . ... ... ... 223
9.2.5 Relationship Between Percentage Saturation and Relative Humidity . . . 224
926 HumidHeat . . . .. . ... ... ... ... 224
9.277 Humid Volume . . . . .. ... .. .. ... .. 225
928 DewPoint . . . . . . ... 225
9.3  Wet Bulb and Dry Bulb Temperatures . . . . . . . . ... ... ... ....... 225
9.3.1  Definitions . . . . . . . ... 225
9.3.2 The WetBulb Equation . . . . ... ... ... ... ... ........ 226
9.3.3  Adiabatic Saturation Temperature . . . . . . .. ... ... ... .... 227
9.3.4  Relationship Between Wet Bulb Temperature and Adiabatic
Saturation Temperature . . . . . . . . ... ... 227
9.4  The Psychrometric Chart . . . . . . ... ... . ... .. ... 228
9.4.1 Principles . . . . . . .. e 228
9.4.2  Mixing of Humid Air Streams . . . . . . .. ... .. ... ....... 231
9.5 Application of Psychrometry toDrying . . . . .. ... ... ... ........ 232

10 Thermal Processingof Foods . . . . .. ... ... ... .. ... ... ........ 235



Contents

11

xiii

10.1 Unsteady-State Heat Transfer . . . . . . . . ... ... ... ... ........ 236
10.1.1 Introduction . . . . . . . . . . .. L 236

10.1.2 TheBiotNumber . . . . .. . ... ... ... ... .. ... ... ... 236

10.1.3 Lumped Analysis . . . . . . . . . . e 237

10.2 Unsteady-State Conduction . . . . . . . . . ... . 240
10.2.1 Fourier’s First Law of Conduction . . . . .. .. ... ... .. ..... 240

10.2.2 ConductioninaFlatPlate. . . . . . . ... ... .. ... .. ...... 240

10.2.3  The Fourier Number . . . .. ... ... ... ... ........... 242

10.2.4 Gurney-LurieCharts . . . . . . . . ... ... ... 242

10.2.5 HeislerCharts . . . . . . . . ... e 248

10.3  Food Preservation Techniques Using Heat . . . . . . . ... ... ... ...... 249
10.3.1 Introduction to Thermal Processing . . . . . . . ... ... ... ..... 249

10.3.2 Pasteurisation . . . . . . . . ... 250

10.3.3 Commercial Sterilisation . . . . . ... ... ... .00, 250

10.4 Kinetics of Microbial Death . . . . . . ... .. ... oL 251
10.4.1 Decimal Reduction Time and Thermal Resistance Constant . . . . . . . . 251

10.4.2 Process Lethality . . . . ... ... ... ... . ... ... . ... 253

10.4.3 Spoilage Probability . . . . . . ... ... 255

10.5 The General Method . . . . . .. .. ... . . L 256
10.6 The Mathematical Method . . . . . . . .. ... ... ... ... ... ... 259
10.6.1 Introduction . . . . . . . . . .. L 259

10.6.2 The Procedure to Find Total Process Time . . . . . ... ... ... ... 260

10.6.3 Heat Transfer in Thermal Processing . . . . . . . . ... ... ... ... 263

10.6.4 Integrated F Value . . . . . . . . . . . .. ... 265

10.7 Retorts for Thermal Processing . . . . . . . ... ... ... ... ........ 268
10.7.1 TheBatchRetort . . . . ... ... ... ... . ... . .... 268

10.7.2 Design Variations . . . . . . . . . ... ... e 268

10.7.3 Continuous Retorts . . . . . . . .. . ... ... 269

10.8 Continuous Flow Sterilisation . . . . . . . . ... ... ... ... . 269
10.8.1 Principles of UHT Processing . . . . . . . . . .. ... .. ... ..... 269

10.8.2 Process Description . . . . . . . . . ... 270
Low-Temperature Preservation . . . . . . .. ... .. ... .. ............ 275
11.1 Principles of Low Temperature Preservation . . . . . . . . ... ... ... .... 276
11.2  Freezing Rate and Freezing Point . . . . . . ... ... ... ... ........ 276
11.3 The Frozen State . . . . . . . . . . . ... 279
11.3.1 Physical Properties of FrozenFood . . . . . . . . ... ... ... . ... 279

11.3.2 Food Quality During Frozen Storage . . . . . .. ... ... ... .... 281

11.4 Freezing Equipment . . . . . . . . ... .. ... 282
11.4.1 PlateFreezer. . . . . . . . . . . 282

11.42 BlastFreezer . . . . . . . . . .. .. e 283

11.43 Fluidised Bed Freezer . . . . . . . ... ... ... .. . ... . 284

11.4.4 Scraped Surface Freezer . . . . . . ... ... .. ... .... . ... 284

11.4.5 Cryogenic and Immersion Freezing . . . . . . .. . ... ... ... ... 284

11.5 Prediction of Freezing Time . . . . . . . . . .. .. ... ... ... ....... 285
11.5.1 Plank’s Equation . . . .. ... ... ... ... ... ... 285

11.5.2 Nagaoka’s Equation . . . . . . . . .. .. ... ... ... .. ... 289

1153 Stefan’sModel . . . . .. ... L 290

11.5.4 Plank’s Equation for Brick-Shaped Objects . . . . . .. ... ... ... 291

11.6  Thawing . . . . . . . . . . 293



xiv Contents
11.7  Principles of Vapour Compression Refrigeration . . . . ... ... ... ... .. 294
11.7.1 Introduction . . . . . . . . . . . . 294
11.7.2 TheRefrigerant . . . . . . . ... ... ... 294
11.7.3 The Evaporator . . . . . . . . . . . . . it 295
11.7.4 The COmMPressor . . . . . v v v v v v v e i e e e e e e e e e e 295
11.7.5 TheCondenser . . . . . . .. . .. ... 296
11.7.6  The ValveorNozzle. . . . . . . .. .. ... ... ... .. ....... 296
11.7.7 The RefrigerationCycle . . . . . . . .. .. ... .. ... .. ..... 296
12 EvaporationandDrying . . . . . . . . .. ... 299
12.1 Introduction to Evaporation . . . . . . .. ... ... ... . 300
12.2  Equipment for Evaporation . . . . . . . . ... ... ... ... 301
12.2.1 Natural Circulation Evaporators . . . . . . . .. ... .. ... ..... 301
12.2.2  Forced Circulation Evaporators . . . . . . ... ... ... ........ 302
12.2.3 Thin Film Evaporators . . . . . . . . ... .. ... ... ........ 303
12.3  Sizing of a Single Effect Evaporator . . . . . . .. ... ... ... ........ 303
12.3.1 Material and Energy Balances . . . . ... ... ... .......... 304
12.3.2 Evaporator Efficiency . . . . . . . .. .. ... 306
12.3.3 Boiling Point Elevation . . . . . . ... ... ... ... ... .. 308
12.4  Methods of Improving Evaporator Efficiency . . . .. ... ... ... ... ... 309
12.4.1 Vapour Recompression . . . . . . ... ... ... 309
12.4.2 Multiple Effect Evaporation. . . . . . .. ... ... ... ... . ... 310
12.4.3  An Example of Multiple Effect Evaporation: The Concentration
of TomatoJuice . . . . . . ... .. ... ... 312
12.5 Sizing of Multiple Effect Evaporators . . . . . . .. .. .. ... ... ... ... 312
126 Drying . . . . . o 316
12.6.1 Introduction . . . . . . . . ... 316
12.6.2 Water Activity . . . . . . . . . e 317
12.6.3  Effect of Water Activity on Microbial Growth . . . . .. ... ... ... 318
12.6.4 Moisture Content . . . . . . . . ... L. 318
12.6.5 Isotherms and Equilibrium . . . . . ... ... ... ... .. ... 319
127 BatchDrying . . . . . . . . . .. 320
12.7.1 Rateof Drying. . . . . . . . . . . . . e 320
1272 BatchDryingTime . . . .. . ... ... ... ... . ....... 321
128 Typesof Drier . . . . . . . . . . . e 325
12.8.1 Batch and Continuous Operation . . . . . . . . . ... . ... ... ... 325
12.8.2 Directand Indirect Driers . . . . . . . . ... ... ... ... 325
12.8.3 Cross-Circulation and Through-Circulation . . . . . .. ... ... ... 326
1284 TrayDrier . . . . . . . . . e 326
1285 TunnelDrier . . . . . . . . . ... 327
1286 RotaryDrier . . . . . . . . .. .. 328
12.8.7 FluidisedBedDrier . . . . . . ... ... ... ... ... ... 328
12.8.8 DrumDrier . . . . ... ... 328
12.8.9 SprayDrier . . . . . . . . . e 328
129 Freeze-Drying . . . . . . . . . 329
12.9.1 Stages in the Freeze-Drying Process . . . . . . . . ... ... ... ... 330

12.9.2  Prediction of Freeze-Drying Time . . . . . . ... ... ... ...... 330



Contents XV
13 Solids Processing and Particle Manufacture . . . . . . . ... ... ... ... ... 335
13.1 Characterisation of Particulate Solids . . . . . . . ... ... ... ........ 336
13.1.1 Particle Size Distribution . . . . . . . ... ... . 0oL 336

13.1.2 Mean Particle Size . . . . . ... ... ... 338

13.1.3 Particle Shape . . . . . . . .. .. 341

13.1.4 Methods of Determining Particle Size . . . . .. ... ... ... .... 342

13.1.5 Mass Distributions . . . . . . . ... 343

13.1.6  Other Particle Characteristics . . . . . . . . . .. ... ... ... .... 346

13.2 The Motion of a ParticleinaFluid . . . . ... ... ... ....... . ..... 347
13.2.1 Terminal Falling Velocity . . . . . ... ... ... ... .. ... ... 347

13.2.2 Particle Drag Coefficient . . . . . . ... ... ... ... ........ 350

13.2.3  Effect of Increasing Reynolds Number . . . . . . .. ... .. ... ... 351

13.3 Packed Beds: The Behaviour of ParticlesinBulk . . . . .. ... ... ...... 355
134 Fluidisation . . . . . . . . ... 358
13.4.1 Introduction . . . . . . . . . . ... e 358

13.4.2 Minimum Fluidising Velocity in Aggregative Fluidisation . . . . . . . .. 359

13.4.3 Gas-Solid Fluidised Bed Behaviour . . . . . . ... ... ... .. .... 365

13.4.4 Bubbles and Particle Mixing . . . . . ... .. ... ... L. 366

13.4.5 Heat and Mass Transfer in Fluidisation . . . . . . . ... ... ... ... 368

13.4.6  Applications of Fluidisation to Food Processing . . . . . ... ... ... 371

1347 SpoutedBeds . . . . . .. ... 373

13.4.8 Particulate Fluidisation . . . . . . . .. ... ... ... ... . ... . 374

13.5 Two-Phase Flow: Pneumatic Conveying . . . . . . . . . . .. ... ... ..... 376
13.5.1 Introduction . . . . . . . . . .. 376

13.5.2 Mechanisms of Particle Movement . . . . . . ... ... ......... 376

13.5.3 Pneumatic Conveying Regimes . . . . . . . . .. ... ... .. ..... 376

13.5.4 Pneumatic Conveying Systems . . . . . . . . . . ... . ... ... ... 377

1355 SafetyIssues. . . . . . . . . . . 378

13.6 Food Particle Manufacturing Processes . . . . . . . ... .. ... ... ..... 378
13.6.1 Classification of Particle Manufacturing Processes . . . . . . . ... ... 378

13.6.2 Particle-Particle Bonding . . . . ... ... ... ... ... ... ... 382

13.6.3 Fluidised Bed Granulation . . . . ... ... ... ... ......... 383

13.6.4 Other Particle Agglomeration Methods . . . . . . . ... ... ... ... 385

13.7 SizeReduction . . . . . . . . .. 387
13.7.1 Mechanisms and Material Structure . . . . . .. ... ... ... ... 387

13.7.2 Size Reduction Equipment . . . . . . .. ... ... ... ... .. ... 387

13.7.3 Operating Methods . . . . .. . ... ... ... ... . ... ..., 388

13.7.4 Energy Requirement for Size Reduction . . . . . . ... ... ... ... 389

14 Mixing and Separation . . . . . . . . . ... L o 397
4.1 MIXINg . . . . o o e e e e e 398
14.1.1 Definitionsand Scope . . . . . . . . . .. 398

14.1.2 Mixedness . . . . . . o v v it e e e 399

14.1.3 Mixing Index and Mixing Time . . . . . . . . .. ... .. ... ..... 400

14.1.4 Mixingof Liquids . . . . . . . .. . ... ... 405

14.1.5 Power Consumption in Liquid Mixing . . . . . . .. ... .. ... ... 408

14.1.6 Correlations for the Density and Viscosity of Mixtures . . . . . ... .. 412

14.1.7 Mixingof Solids . . . . . .. . ... ... 413

14.1.8 Equipment for Solids Mixing . . . . . . . ... ... ... ........ 414



XVi Contents
142 Filtration . . . . . . . . ... 415
142.1 Introduction . . . . . . . . . . . e 415

14.2.2 Analysis of Cake Filtration . . . . . ... ... ... ... ........ 416

14.2.3 Constant Pressure Filtration . . . . . . ... ... ... ... ....... 417

14.2.4 Filtration Equipment . . . . . . .. .. ... o 419

1425 Filter Aids . . . . . . . . . . 422

143 Membrane Separations . . . . . . . ... ... 422
143.1 Introduction . . . . . . . . . .. L 422

14.3.2 Osmosis and Reverse Osmosis . . . . . . ... ... ... ... ..... 423

14.3.3 General Membrane Equation . . . . ... ... ... ... ........ 424

14.3.4 Osmotic Pressure . . . . . .. . ... .. 425

14.3.5 Ultrafiltration . . . . . . . . . . . . L 426

14.3.6 Membrane Properties and Structure . . . . . . . . ... ... 426

1437 Membrane Configurations . . . . . . . ... ... ... ... ... 427

143.8 Permeate Flux . . . . . . ... . ... L 428

1439 Prediction of Permeate Flux . . . . . .. ... .. ... ... ....... 430
14.3.10 Some Applications of Membrane Technology . . . . ... ... ... .. 434

15 Mass Transfer Operations . . . . . . . . ... ... ... ... ... . .. ..., 437
15.1 Introduction to Distillation . . . . . . . .. . ... ... oo 438
152 BatchDistillation . . . . . . . . . . ... 438
15.2.1 Linear Equilibrium Relationship . . . . . .. ... ... ... ... ... 440

15.2.2 Constant Relative Volatility . . . . . . ... ... ... ... ....... 441

15.3 Ideal Stages and Equilibrium . . . . . . ... ... ... oo 442
15.4 Continuous Fractionation: The McCabe-Thiele Method . . . . . . .. ... ... 444
15.4.1 Material and Energy Balances . . . . . . ... ... ... ........ 444

15.4.2 Derivation of Operating Lines . . . . . ... .. .. ... ... ..... 446

15.43 Minimum RefluxRatio . . . . ... .. ... 0oL 450

15.5 Steam Distillation . . . . . . . . ... o 451
15.6 Leaching . . . . . . . . . . . e 453
15.6.1 Introduction . . . . . . . . . . ... 453

15.6.2 Process Description . . . . . . . . . .. ... 454

15.6.3 Typesof Equipment . . . . . . . . . . ... ... ... ... ... ... 455

15.6.4 Counter-Current Leaching: Representation of Three-Component Systems 456

15.6.5 Procedure to Calculate the Number of Ideal Stages . . . . . ... .. .. 458

15.7 Supercritical Fluid Extraction . . . . . . . . ... ... ... . ... ..., 462
15.7.1 Introduction . . . . . . . . . . . .. 462

15.7.2 The Supercritical State . . . . . . . .. ... oL 462

15.7.3 Process Description . . . . . . . . ... ... 462

1574 Advantagesof SCFE . . . . . . .. .. ... ... ... ... ... . 464

15.7.5 Food Applicationsof SCFE . . . . . ... ... ... ... ... ... 464

16 Minimal Processing Technology . . . . . . . . .. ... ... ... ... ........ 467
16.1 Introduction . . . . . . . . . . . . 467
16.2 Ohmic Heating . . . . . . . . . . . . . e 468
16.3 Radio Frequency Heating . . . . . . ... ... ... ... ... ... .. 470
16.4 Pulsed Electric Field Heating . . . . . . . .. ... ... ... ... ........ 471
16.5 High-Pressure Processing . . . . . . . . . ... . ... 473
16.6 Food Irradiation . . . . . . . . . ... 475
16.7 Ultrasound . . . . . . . . ... 477



Contents Xvii

Appendix A

List of Unit Prefixes; Greek Alphabet . . . . . . . . . . ... ... ... ........ 479
Appendix B

Fundamental and derived SI Units; Conversion Factors . . . . . .. ... ... ... 481
Appendix C

Derivation of a Dimensionless Correlation for Film Heat Transfer Coefficients . . . . 483
Appendix D

Properties of Saturated Water and Water Vapour . . . . . . ... ... ... ..... 487
Appendix E

Derivation of Logarithmic Mean Temperature Difference . . . ... ... ... ... 489
Appendix F

Derivation of Fourier’s First Law of Conduction . . .. ... ... ... ....... 491
Answers to Problems . . . . . ... ... 495



2 Springer
http://www.springer.com/978-1-4419-7661-1

Introduction to Food Process Engineering
Smith, P.G.

2011, XV, 510 p., Hardcover

ISBMN: 978-1-4419-7661-1



