Index

a

absorption 293

— decrease of power 293

— of energy 283

- infrared drying 319-321, 338-340

— ultrasonic system 240

acoustic coupling, liquid media 245

acoustic energy 239

acoustic field 244

acoustic impedance, ultrasound waves
199, 240

acoustic pressure 239, 258-259

— dependence on air velocity 261

— variations of 260

acoustic stress, contact ultrasound 218

aerodynamic valves, pulse combustors 34-35

AFD. see atmospheric freeze-drying

agitation, levels in acoustic medium 258

air, for feed foaming 173

air circulation 238

air decontamination, ultrasound
applications 248

air drying

— contact ultrasound 218-221

— pretreatment 206-208

— processes 256

— time reduction by ultrasound 219

air heating, energy for 1

air relative humidity, AFD 149

air spaces, plant tissue composition 192

air temperature 2, 263-266

— as function of drying rate 18

— influence of drying rate, air velocity, and
nozzle diameter 20-21

air velocity

— AFD 149

— effect on ultrasonic drying 259

— influence on air temperature 20-21

airborne ultrasound 216

357

antioxidant properties, of Saskatoon
berries 150-151

apple juice, foam-mat drying 182-185

apple tissue

— air-drying time reduction 219

— continuous ultrasound 221

— drying curves 201, 220

— freeze-drying of 149

— impact of PEF on 198

— impedance measurement 201

— micrographs 203

— osmotic dehydration 206

— porosity levels 192

— temperature in microwave drying 298-299

— ultrasound treatment 200

— water distribution 215

Archimedes number

— and fluidization behavior 126

— spouted beds 94, 99-100

Arrhenius behavior, effective diffusivity 264

ascorbic acid content

— under LPSSD and VD 74-75

— of potato chips 62

— quality parameters 212

atmospheric freeze-drying (AFD) 132,
146-149, 237

— kinetics of 147

— sample composition dependence 271

— ultrasound-assisted 153, 265

atmospheric-pressure SSD 61-69

atomization

— foam production 165

—in PCD 37

—— secondary 38

atomizer, flux of liquid phase behind 41

attenuation

—intern 339

— ultrasound waves 240

average Nusselt number, of single nozzle 6
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Index

b

bacteria inactivation

— LPSSD 74, 77-78

— microwave drying 307

— ultrasound waves 200

banana chips, produced by LPSSD-FIR 76-82

banana foams

— drying curves 185

— foaming additives 186

bananas, evolution of moisture content

— LPSSD-FIR 79

- VACUUM-FIR 79

barriers, minimization of mass transfer
191-236

bed pressure drop, spouted beds 98

beetroot cubes, quality changes 305

bell pepper tissues, drying curves 220

biological surfactants 182

biomaterials, superheated steam-drying
of 57-82

black body, absorption of 320

boundary layer

— stripping of 38-39

— thickness reduction 256

boundary layer effects, ultrasound 242

30° brix sucrose solution

— acoustic pressure 258

— liquid-solid systems drying 253

bubble methods, foam production 164-165

bubbling fluidized bed design 86-87

bulk foams, drying of 163

bulk volume structure, of foam-dried
particles 166

burning, of products 302

c

calorimetric methods 251-252

capacity-controlled limiting case 120-121

carbon dioxide. see CO,

carbon emitter, electric radiatiators 333

B-carotene content, under LPSSD, VD, and
HD 74-75

B-carotene depletion, quality parameters 212

carrot cubes, optimal ultrasonic energy 261

carrots

— effective diffusivity 268

— effective moisture diffusivity 257

— freeze-drying of 151

— gas-solid system drying 256

— hot-air drying 207

— impact of pulsed electric fields (PEF) 198

— mass transfer coefficients 262

— osmotic dehydration 205

— temperature modeling 298

— undergoing LPSSD 71, 73

— undergoing VD 72-73

caseinate, foamed 169-170

caseinate powder 166

catalytic combustion 329

catalytic infrared (CIR) drying 329-332

cavitation 200

— contact ultrasound 217

— liquid-solid systems drying 253

— missing in gas-solid-systems 256

— stable 241

— transient 241

cell damage quantification 192-195

— frequency-conductivity spectra 194

cell disintegration

— air drying 207

— freeze drying 210

— methods 194

— osmotic dehydration 205

cell disruption, ultrasound waves 200

cell membranes, limiting mass transfer 191

cell permeabilization, plant tissue drying 193

cell rupture, measuring degree of 193

CFD. see computational fluid dynamics

chamber. see combustion chamber; drying
chamber; pressurized chamber, vacuum
chamber

chamber pressure, in primary freeze-drying
stage 136-137

chaotic ultrasonic field 247

cheese

— cottage 172-173

— quality changes 306

cheese-making processes 243

chewiness, relationship with diffusivity 271

chips

— banana 76-82

— potato 62

— SSD 61-64

— tortilla 61-62

CIR. see catalytic infrared drying

CO,, feed foaming 167

coffee, freeze-drying 138, 154

coffee powders, foam spray-drying 179

cold trap, microwave freeze-drying 290

color degradation 342

combined drying

— convective, compared to contact
drying 112

— freeze-drying 150-154

— infrared drying 318

— quality characteristics 224-226



combustion. see also pulse combustion

— catalytic 329

— continuous, versus pulse combustion 29-30

combustion chamber 27

combustor-dryer system, geometry of 30

complex permittivity, relative 283

compression tests 198

computational fluid dynamics (CFD) models,
PCD 42-48

condensation methods, foam production 164

condenser, exergy losses in 137

conduction, infrared drying 317

conduction-controlled limiting case 120-121

conical spouted bed 87, 96

— cylindrical 89

—— characteristic dimensions of 96

constrained optimization techniques,
microwave drying 308

contact heating, intensification by 112-126

— general principle 112-114

— main effects and influences 114-121

- modeling 121-126

contact ultrasound 216-217

contact ultrasound-assisted freeze-drying
system 224

contact ultrasound effects, on mass
transfer 204

continuous combustion, versus pulse
combustion 29-30

continuous (Eulerian) CFD 107

continuous freeze-drying 132, 154-155

continuous stirred tank reactor (CSTR),
ProCell units 103-106

convection

- hot gas 317

— infrared drying 346-347

— moisture removal 324

convective drying

— compared to contact drying 112

— equipment 286287

— hot-air 207

convective heat transfer, in PCD 42

conveyor belt, contact ultrasound 218

core, frozen, shrinkage of 266

cosolvents, organic, use in freeze-drying
144-146

cottage cheese powder 172-173

coupling, acoustic system and medium 245

cranberries, drying energy efficency 301

crispness, of banana chips 81

crispy product texture, microwave
drying 280-281

cryoprotectants 210-211

Index

CSTR. see continuous stirred tank reactor
cyclone, of Pulse-Dryer® 52

cyclone dryer 114

cylindrical bodies, nozzles for 14-16

d

damping coefficient, ultrasound waves 199

defoaming, ultrasound applications 248

dehydration 279

— osmotic 205-206, 217-218

— solar drying 325

dehydration rate, infrared and microwave
drying 347

DEM-CFD. see discrete particle modeling
(DPM)

density, of powders 181

design space method, freeze-drying 137-139

detergents, porous matarials as 175-180

dielectric breakdown 302-304

dielectric constant

— food materials 284

—ice 295

dielectric drying, infrared drying 324

dielectric heating, energy absorption 283

dielectric materials, volumetric heating 281

dielectric properties

— changes 304-305

— microwave-assisted drying 283-285

diffuser. see tailpipe

diffusion, cell membranes 191

diffusion coefficients, air drying 207

diffusion model

— mass load densities 262

— modelling air velocity 259

diffusivity. see also effective diffusivity

— for apple 248

— sample composition dependence 268

dipolar relaxation, microwave heating 282

direct-heat dryers, infrared drying 317

discrete element method (DEM) 107

discrete (Lagrangian) consideration, of particle
phase 107

discrete particle modeling (DPM), fluidized-
bed processes 107-111

disintegration indices, cell damage
measurements 193-194

disk-distributor spray-dryer 50

dispersed foams, drying of 163

dispersion methods, foam production 164

dissipation, of electrical energy 283

distilled water, contact ultrasound 218

DPM. see discrete particle modeling

dried cake, thickness of 134, 38-139
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Index

dried layer, thickness of 238

driving force, of PCD 38

droplet size. see Sauter mean diameter (SMD)

droplets

— foamed 163, 165, 169, see also foam
materials

— moisture content 47

drying chamber

— pressure in 133

—— primary freeze-drying stage 136-137

— vibrating 216

drying conditions

— effect on quality 307

— saskatoon berries 289

drying curves

— apple tissue 201

— comparison of different methods
293-295

— contact heating 116-121, 123

— single-particle 122

drying energy. see energy

drying equipment 285-292

— convective 286287

— microwave assistance 279-316

— spouted bed 291-292

drying intensification. see also specific drying
processes/techniques

— process variables 250-272

— sample composition dependence 268

drying kinetics

— dependence on acoustic power 257-258

— equation 343

— infrared 342

— temperature dependence 263

drying methods, comparison of different 294

drying processes

— combined 216-217

— microwave-assisted 279, 292-308

— multistage 66

drying rate

— catalytic 330

— constant microwave power 297

— energy consumption as function of
18-19, 21

— fluidized-bed dryer 349

— influence of nozzle diameter 22

— microwaves 293

drying stages 222

drying temperature. see temperature

drying time

— calculation 344

— carrots, dependence of acoustic power 256

— infrared and convective drying 346

— kinetics 257

— reduction 207

— relationship with power 299
dual-gas-entrance spouted beds 91
dyes, plant tissue drying 193

e

effective diffusivity 269

— atmospheric freeze drying 266, 271

— drying temperature 264

— frozen samples 271

— kinetics modeling 257

— modelling air velocity 260

— ultrasonic influence 268

— water 253

effective moisture diffusivity

— dependence on acoustic power 257

— modelling air velocity 260

egg albumin

— additive for banana foams 186

— as surfactant 182

egg white, foam-mat drying of 186

eggplant drying, kinetics modeling 257

electric emitter 327

electric field effects, during freezing 209

electric pulses 195

electric radiators, infrared drying 333-335

electrical conductivity response, cell damage
measurements 193

electrical consumption, microwave-assisted
drying 300-301

electroacoustic sensors, ultrasonic field
measurements 252

electrofreezing. 210

electromagnetic radiation, infrared
drying 318

electronic state, infrared energy
absorption 319

electropermeabilization, PEF
pretreatment 205

electroporation

— cell damage results 195

— freeze drying 210

emissive power 321-322

emitter types, infrared drying 327

energy

— for air heating 1

— required by freeze-drying 133

— specific drying energy 4

energy absorption

— infrared 319

— microwave-assisted drying 283

— by microwaves 282



energy consumption 237. see also specific
energy consumption

— for different methods 302

- in drying 279

— as indicator for ultraound efficency 251

— microwave-assisted drying 299-302

— nozzle array 1

- reduced 58, 69

— ultrasonic drying measurements 264

energy conversion, in dielectric materials 283

energy dissipation, ultrasound effects 241

energy efficiency

— infrared drying 324

— moisture dependence 300

— pulsed mode microwaves 301

energy loss, during ultrasound freezing 223

energy reflected, acoustic impedance 240

energy savings, optimzed infrared heaters 332

energy source, ultrasound drying 243-250

energy transformation, ultrasonic
equipment 243

enhanced quality. see quality improvement

enthalpy of vaporization 3-4

ethanol removal 266

European Process Intensification Center
(EUROPIC) 27

evaporating mass flux 2

evaporative freezing 132

excitation amplitude, ultrasound intensity 219

exergetic analysis, of freeze-drying 133-139

exergy losses, during primary freeze-drying
stage 136-138

expansion, food quality changes 305-306

external cavitation avoidance 225

f

far-infrared radiation (FIR)-assisted LPSSD
(LPSSD-FIR) 76-82

feed foaming

— effects on final product properties 172-181

— main methods 167

feedback temperature control 299

fiber-optical temperature measurements 295

fiber-optical temperature sensors 286

field intensities, pulsed electric field
(PEF) 195

field measurements, ultrasound drying 251

field strength distribution, local 196

fields, stationary 252

final product quality, effect of drying
temperature on 182

FIR. see far-infrared radiation

flameless catalytic infrared (CIR) drying 329

Index

flapper-type valves, pulse combustors 28,
33-34

flat products, drying by nozzle arrays 1

flow cytometry, plant tissue drying 193

flow design, intensification of fluidized-bed
processes by 86-111

flow patterns, spouted beds 88

fluidization, characteristic regions of 93

fluidized-bed processes 216

— AFD 147, 149

— discrete particle modeling 107-111

— drying curves 115-121

— infrared drying 349

— intensification of 85-127

—— by apparatus and flow design 86-111

—— by contact heating 112-126

— microwave systems 291

— spray zone of 107-111

foam-mat drying 163, 181-187

— of egg white 186

— foaming gas 182

- freeze-drying 185-187

foam spray-drying 163, 169-170

— final product properties 172-181

— microscopicimages of powders 166, 179-180

— milk powder 174-175

— processing principles 167-172

— structures of foamed particles 165

foamed materials

— drying of 163-187

— production methods 164-165

— properties of 164-166

foamed particles, structure of 165

foaming, effect on spray parameters 169

foaming additives, dying of bananas 186

foaming gas

— foam-mat drying 182

— foam spray-drying 169, 173

foaming system, gas-admixing 167-168

foams, of high stability 182

food industries, freeze-drying
intensification 131-156

food matrix, PEF performance 196

food products, penetration depths 285

foods

— combined heating dryers 350

— dielectric constant 284

— freeze-drying 151-152

— microwave-assisted drying 279-316

— physicochemical changes 305

— quality changes during drying 305-308

— superheated steam-drying 57-82

forced air system, microwave dryer 286
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Index

freeze-drying

— atmospheric (see atmospheric freeze-drying)

— chamber pressure in primary stage 136137

— combined technologies 150-154

— contact ultrasound 221-224

— continuous 154-155

— design space method 137-139

— electric field effects 209

— energy required by 133

— equipment 290-291

— exergetic analysis (and optimization)
133-139

— foam-mat 185-187

— infrared drying 348

— intensification of 131-156

— maximum product temperature 138

— microwave-assisted 150-152

— during primary drying stage 134

— pulsed electric field (PEF) 208-211

— reference temperature 134

— ultrasound-assisted 152-153, 224

— use of organic solvents and cosolvents
144-146

- vacuum 139-146

freeze-drying cycle, development of 137

freeze thawing 194

freezing, as one step in process
intensification 131-132

freezing currents 209

freezing tolerance improvement 211

freezing variables 208

frequency conductivity spectra 194

frequency range

— infrared drying 317

— microwaves 281

- sound 239

— ultrasound waves 240

frequency-tunable pulse combustors 35-36

— rotary kiln with 48

frozen foods, penetration depths 285

fructose distribution, quality parameters
213-215

fruit juice, foam-mat drying 182-185

fruit pulps, foam-mat drying 184

fruit tissues

— contact ultrasound 218

— drying 192

fuel flow rate, effect on NO, emission 31

fuel jet, pulse combustion 27

g

garlic
— drying energy efficency 301

— quality changes 305
- temperature in microwave drying 298
gas-admixing foam spray-drying 170
— moisture content after 171-172
gas-admixing foaming system 167-168
gas bubbles, foam production 164
gas-desorption foam spray-drying 169-170
gas-fired infrared emitter 327, 336
gas-heated infrared radiators 335-337
gas jet, pulse combustion 27
gas-solid systems, ultrasonic drying
effects 256
gas stream, heat transfer coefficient in 40
gas velocity, spouted beds 86, 94
gas volume flow rate, spouted beds 94-95, 97
gaseous emissions, from pulse
combustors 30
gaseous media, ultrasound drying 242, 247
gel materials, quality changes 305
ginseng, freeze-drying of 151
glass beads, microwave systems 292
gooseberry, comparison of LPSSD and
VD 74-75
graphical optimization techniques, microwave
drying 308
gray body 323
— net radiation 338
Groenewold experiments 114-121
— summary 125-126

h

HAD. see hot air-drying

hardness

— of banana chips 81

— relationship with diffusivity 269

heat absorption coefficient, fluidized-bed
dryer 349

heat flow rate, in contact drying 113

heat generation, infrared drying 317

heat pump drying (HPD), shrimps 66—69

heat-sensitive products, combined drying
technologies for 150-154

heat transfer 319

— dependent on relative nozzle distance 9

— in hole channel 13

— in individual nozzles 8, 18

— infrared drying 317

— in nozzle arrangements 10-11

— for perforated plates 14

— in ProCell units 100-107

— pulse combustion 38-42

— radiative 318-323

— ultrasound effects 242



heat transfer coefficient

— for circular area 5

— dimensionless 119

— heater-to-bed 118

— in nozzle array 11-12

— in oscillating gas stream 40

— ratio to mass transfer coefficient 2

— and specific enrgy consumption 4

— wall-to-bed 118

heating

— contact 112-126

— dielectric 283-285

— volumetric 280

heating shelf, temperature of 133, 137

Helmbholtz combustor 32

high-intensity ultrasound 199, 252-253

— process intensification 250

high-pressure air source, microwave
systems 292

high-stability foams 182

high temperatures, quality effects 237

hole channels

— nozzle arrays 1, 3, 12-13

— specific energy consumption 20

holes, in microwave oven 291

honey quality, infrared and microwave
drying 347

hot-air drying (HAD)

— bacteria inactivation 77-78

— B-carotene content 75

— convective 207

— shrimps 65

— sugar beet pulp 64

— ultrasound-assisted 153

— ultrasound waves 202

hot gas convection, infrared drying 317

hot spots, danger of 281

HPD. see heat pump drying

hybrid drying technologies 70-76

hybrid infrared emitter, electric
radiatiators 333

hydration, during ultrasonic drying 256

hydrodynamic mechanism, contact
ultrasound 217

hydrophones

— acoustic pressure measurements 259

— ultrasonic field measurements 252

hypertonic solutions 253

i

ice, dielectric constant 295
ice crystals

— fracture by cavitation 222

Index

— intracellular and extracellular 208

— removal, dielectric changes 304

ice nucleation, control of 140-143

ice sublimation 143, 145, 148

IMC. see intermediate moisture content

imitation cheese, quality changes 306

immersed tubes, for contact heating 112, 125

impedance difference

— gaseous media 247

- liquid media 245

— solid media 247-248

impedance measurement, apple tissue 201

impinging jet drying 1-24

— application 1-4

— nozzle field design 17-23

— nozzle fields 7-16

— Nusselt functions 16-17

- single nozzle 4-7

improved drying, mass transfer barriers
191-236

in-line arrangement, of nozzle arrays 8-11

individual nozzles, heat transfer in 8, 18

induction heating 126-127

infrared drying 317-356

— benefits 327-328

— catalytic 329-332

— combined with different methods 345-351

— convective drying 346-347

— different types of drying 348-351

— equipment 327

— freeze-drying 348

— kinetics of 342-345

— limitations 328-329

— microwave drying 347-348

infrared heaters, optimzed 332

infrared radiation, interaction with
matter 337-342

infrared radiators, gas-heated 335-337

infrared regions 324

infrared spectrum 321-323

infrared temperature measurements 295

intensification, of drying processes. see specific
processes/techniques

intensity zones, ultrasonic field
measurements 252

interaction, between ultrasound and
sample 266-272

interface microstirring, liquid-solid systems
drying 253-254

interfacial polarization effects, cell damage
measurements 193

intermediate moisture content (IMC) 66

intermittent heating 349
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Index

intermittent microwave-convective

drying 299
intermittent ultrasound treatment 225
inversion phenomenon, SSD 59-60
inversion temperature, SSD 60
investment costs, PEF systems 196
ion leakage, ultrasound treatment 200
ionic conduction, microwave heating 282

J

jet drying 1-24

k

kinetic energy, disordered 282
kinetics

— drying modeling 257, 296

— infrared drying 342-345
Kirchhoff's law 322

I

laboratory dryer system, CIR drying
329-330

Lambert-beer law 339

layer development, during freeze-drying 271

lemon peel

— effective diffusivity 268

— effective moisture diffusivity 257

— gas-solid system drying 256

liquid atomization, in PCD 37

liquid media, ultrasound drying 245

liquid phase, flux behind atomizer 41

liquid-solid systems, ultrasonic effects 253

liquid spray, pulse combustion 27

liquids

— quasi-adiabatic state 252

— vacuum freeze-drying of 139-146

local heat transfer, in nozzle arrangements 10

local Nusselt number 9

long wave burner, gas-fired infrared
source 336

“looseness” of powders 176

loss factor

— penetration depths 285

— temperature dependence 283

low-intensity ultrasound 199, 252-253

low-pressure superheated steam drying
(LPSSD) 69-76, 350

— compared to VD 70-76

— inactivation of microorganisms 74, 77-78

— quality improvement 76-82

low-temperature drying, mass trasnport
increase by ultrasound 265

lyophilization. see freeze-drying

m

magnetic resonance imaging (MRI)

— cell damage measurements 195

— quality parameters 213-214

magnetostrictive transducers 243

maltodextrin powders 176

— final properties 177

— microscopic images 166, 179-180

mass flow rate, in contact drying 113

mass flux, evaporating 2

mass load, dependence on ultrasonic
energy 261

mass transfer

— electroporation 205

— hydrodynamic mechanism 217

— in ProCell units 100-107

— pulse combustion 38-42

— ultrasound effects 241-242

mass transfer barriers

— process-induced minimization 191-236

— reduction 228

mass transfer coefficient 269

— atmospheric freeze drying 271

— diffusion model including resistance 262

— kinetics modeling 257

— ratio to heat transfer coefficient 2

mass transfer resistance, reduction by
temperature 263

mass transport

— increase by ultrasound, low-temperature
drying 265

- liquid-solid systems drying 253

material surface temperatures, infrared
drying 324

material temperature, microwave heating 283

matter, interaction with infrared
radiation 337-342

maximum product temperature, freeze-
drying 138

meat brining, contact ultrasound 217

mechanical cell disintegration 194

mechanical effects

— on tissues 227

— ultrasound efficency measurements 252

mechanical oscillations, ultrasound 239

mechanical valves, pulse combustors 32-34

mechanical waves, piezoelectric effect 244

medium, effect on acoustic waves 258

medium characteristics, ultrasonic
intensity 258

medium-wave burners, gas-fired infrared
source 336

melon cubes, contact ultrasound 218



membrane pores, mass transfer
processes 191

metal-sheath rods 332

metal-shielded thermocouples 295

metallic particles, inert, for contact
heating 126-127

microbial inactivation. see bacteria inactivation

microchannels, gas-solid system drying 256

microjets

— liquid-solid systems drying 254

— ultrasound effects 241-242

microorganisms, inactivation under
LPSSD 74, 77-78

microphones

— modelling air velocity 260

— ultrasonic field measurements 252

microstirring 250

microstreaming, water removal
improvement 203

microwave-assisted drying 292

— basic principles 281-283

— controlling factors 308-310, 309

— dryer systems 287-288

— electrical consumption 300

— equipment 285-292

— food quality changes 305-308

— foods 279-316

— inert medium fluidized-bed dryer
system 292

— infrared drying 347-348

— optimal operation 308-310

— process control and optimal operation
308-310

— techniques 238, 280

microwave convective drying (MWCD) 280,
286

— air-drying systems 287

microwave freeze-drying (MWFD) 150-152,
279, 290

microwave generator 286-287

microwave oven, holes 291

microwave power drying

— moisture loss 293-295

— temperature distributions 295-299

microwave power level, thermal runaway 298

microwave spouted bed drying (MWSD) 280,
291

microwave-vacuum dryers 287-289

— industrial-scale 289

microwave vacuum-drying (MWVD) 279

— rotary drum dryer 288

microwaves

— penetration depths 285

Index

— power density 283

— pulsed mode 298

— relative complex permittivity 283

milk, freeze-drying 154

milk powder, foam spray-drying 167, 174-175

milk protein, as surfactant 182

minimization, mass transfer barriers 191-236

modeling

—of AFD 147-148

— air velocity, microphone measurements 260

— contact heating 121-126

— discrete particle 107-111

—of PCD 42-48

modified quasi-stationary method (mqsm),
kinematic models 343

moisture content

— after infrared drying 330

— apple tissues 254

— of droplets 47

— as function of spray-drying time 171-172

— normalized 122

- pork loin 255

- reduction 237

— relationship with power 299

moisture diffusivity

— effective 257, 260

— temperature dependence 263

moisture loss 324

— microwave-assisted drying 293-295

moisture ratio 220

— drying time calculation 345

— modeling in infrared drying 343

moisture removal

— microwave heating 282

—rapid 280

moisture transfer 207

moisture uptake capacity, specific, of air 113

monochromatic emissive power 322

monochromatic radiation 321

MQSM. see modified quasi-stationary method

MRI. see magnetic resonance imaging

multistage drying processes 66

multistage heat pump 349

MWCD. see microwave convective drying

MWED. see microwave freeze-drying

MWSD. see microwave spouted bed drying

MWVD. see microwave vacuum-drying

n
N,, feed foaming 169, 175
NaCl concentration, penetration depths 285
NacCl transport, liquid-solid systems
drying 255
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Index

nano XP emitters, electric radiatiators 333

natural convection solar grain dryer 325

nitrogen. see N,

NO,, feed foaming 169

NO, emission, effect of tailpipe length 31

noise

— generated by pulse combustion 31

— intense with freeze-drying 265

noise level, modeling of 42-43

non-thermal permeabilization of cell
membranes, PEF technology 195

nozzle arrangements, heat transfer in 10-11

nozzle arrays

— characteristics 1

— compared to perforated plate 21

— for drying flat products 1

— drying principle 2

— heat transfer in 4, 9, 11-12

— in-line arrangement 8-11

— staggered arrangement 8-11

— types of, 3

nozzle diameter

— influence on air temperature 20

— influence on drying rate 22

nozzle distance, relative 6

— and heat transfer 9

nozzle-distributor spray-dryer 50

nozzle fields

— arrays of single nozzles 7-12

— cylindrical bodies 14-16

— design of 17-23

— hole channels 12-13

— perforated plates 13-14

— specific energy consumption 18-19

nozzle-surface distance, influence on
perforated plates 23

NTU. see number of gasside transfer units

nucleation

— effect on tissue structures 227

— freeze-drying 209

—— regulation of temperature 140-143

number of gasside transfer units (NTU) 103

numerical optimization techniques,
microwave drying 308

Nusselt functions

— for perforated plates 13

— for single nozzles 16-17

Nusselt number

— in array of individual nozzles 8

— for cylinders 16

—local 9

— PCD 40-41

— of single nozzle, 6

o

onions, quality in catalytic drying 331

opaque body 320

orange peel, freeze-drying 153

organic solvents and cosolvents, use in freeze-
drying 144-146

oscillating gas stream

— and atomization 37

— heat transfer coefficient in 38—42

— modeling of 43-47

oscillations

— particles from ultrasonic waves 191

—in PCD 27-28, 45

oscillatory electric charges 318

osmosis, ultrasound-assisted 216-217

osmotic dehydration

— combined drying processes 217-218

— mass transfer barriers 205-206

oxygen-free drying environment 57, 74, 79

p

Page equation 343

paper drying

— by nozzle arrays 1

— PCD 39-40

parameter optimization 227

parenchyma cells, plant tissue composition 192

particle dynamic analysis (PDA), in PCD
system 41

particle phase, discrete (Lagrangian)
consideration of 107

particle size influences, on contact
heating 115-126

particle velocity distributions, fluidized-bed
simulations 109

particles

— discrete particle modeling (DPM) 107-111

— foam-dried 166

— inert metallic 126-127

— moisture content of 47

— single-particle drying curves 122

— structure of foamed 165

PCD. see pulse combustion drying

PDA. see particle dynamic analysis

peak wavelength, infrared radiation 321

PEF. see pulsed electric fields

penetration depth 285

— low, in infrared drying 329

pepper tissue, osmotic dehydration 205

perforated plates

— influence of pitch 23

- nozzle arrays 1, 3, 13-14

—— specific energy consumption 21-23



permeability, cell membranes 191

permittivity, relative complex 283

persimmon, drying kinetics modelling 260

PFR. see plug flow reactor

pharmaceutical industries, freeze-drying
intensification 131-156

phase change, of water 237

phase controller, microwave drying 299

photons, electromagnetic radiation 321

physicochemical changes, food materials 305

piezoelectric effect 244

piezoelectric transducers 243-244

pillow-shaped expansion, quality changes 306

pitch, influence for perforated plates 23

Planck’s law 322

plant raw materials

— combined drying processes 216-217

— freeze-drying 208-211

— PEF technology 195-199

— pretreatment 204-216

— structural characterization of 192-204

— ultrasound 196-200

plant tissues

— freezing tolerance improvement 211

— PEF 195-199

— structure of 192

— ultrasound 200

plasma discharge problems, microwave-
assisted drying 303

plasmalemma, plant tissue drying 192

plug flow reactor (PFR), ProCell units
103-106

pneumatic dryers, pulse combustion 51

polar molecules, microwave heating 282

polychromatic radiation 321

polyethylene baskets 289

polymer polyvinyl chloride (PVC), contact
heating 114

poly(tetrafluoroethylene) (PTFE), contact
heating 114

pore formation, freeze drying 209

pore network, effects of soundwave 202

pores, effects on ultrasound drying 267

pork loin brining, liquid-solid systems
drying 254-255

porosity levels, plant tissue drying 192

porous matarials, as detergents 175-180

porous matrix, freeze drying 208

porous structure formation 350

potato chips, SSD 61-64

potato slices, dielectric changes 304

potato tissue

— diffusivity 248

Index

— micrographs 203

— PEF belt system 197

— porosity 202

— viscoelastic properties 198

powders

— caseinate 166

— cottage cheese 172-173

— density of 181

— “looseness” of 176

— maltodextrin, microscopic images
166

— milk, foam spray-drying 167

— spray-dried (see spray-dried powders)

power drying

— moisture loss 293-295

— temperature distributions 295-299

— temperature variations 296-298

power ultrasound 237-278

Prandtl number, PCD 40

predehydration effects 348

pressure-gain valveless pulse
combustor 35

pressure trace, in pulse combustor 29

pressurized chamber, pulse combustion dryer
with 51

pretreatment

— air drying 207

— plant raw materials 204-216

— quality characteristics 211-216

— ultrasound 218

primary cyclone, of Pulse-Dryer®, 52

primary freeze-drying stage 134

— chamber pressure in 136-137

— exergy losses during 136-138

prismatic spouted beds 91-93

— gas volume flow rate 97

ProCell units

— bed pressure drop 98

— mass and heat transfer in 100-107

— modeling of 108-111

— Schmidt number 106

— Sherwood number 103-106

— single-particle correlations 107

— stable operating range 99

— symmetrical 95

process control, microwave-assisted
drying 308-310

process intensification. see also specific drying
processes/techniques

— process streams 250

— process variables 250-272

— strategy for 309

processing times 238
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product characteristics, potential, of tailor
made products 215

product quality

— catalytic infrared drying 331

— microwave-assisted drying 279-316

— microwave drying 280

product temperature

— as function of drying rate 18

— measurement of 286

n-propyl acetate, retention of, foam spray-
drying 171

PTFE. see poly(tetrafluoroethylene)

pulse combustion

— aerodynamics 36—42

— versus continuous combustion 29-30

— definition 27

— heat and mass transfer 38-42

— noise generated by 31

— principle of 27-32

pulse combustion drying (PCD) 27-53

— driving force of 38

— liquid atomization in 37

— modeling of 42-48

— temperature and velocity oscillations
in 45

— water evaporation in 41-42

pulse combustion flash dryers, for wood
waste 51

pulse combustion pneumatic dryers 51

pulse combustion pressurized-chamber
dryers 51

pulse combustion spray-dryers

— basic differences to classical spray-dryers 50

— streamlines pattern in 44

— typical configuration of 49
pulse combustors

— with aerodynamic valves 34-35
— configurations 48-53

— design and operation 32-36

— with flapper valves 28, 33-34
— frequency-tunable 35-36, 48

— with mechanical valves 32-34
— operation of 28, 35

— pressure-gain valveless 35

— pressure trace in 29

— with rotary valve 32

— typical emissions from 30
Pulse-Dryer®, basic configuration of 52
pulsed electric fields (PEF) 191
— effects on freeze drying 209

— freezing 208-211

— impact of 192-204

— plant tissue structure 196-199

— system components 195

— technology 195-196

pulsed electric fields (PEF) performance,
dependence on tissue structure 196

pulsed electric fields (PEF) pretreatment
204-216

— effect on product quality 227

— quality parameters 212-213, 214

pulsed electric fields (PEF) treatment,
synergetic effects with ultrasound 228

pulsed mode microwaves 298

purple light 302

PVC. see polymer polyvinyl chloride

q

quality changes, food 305-308

quality characteristics

— microwave drying 280

— PEF pretreatment 211-216

— ultrasound combined drying 224-226

quality improvement, of foods and
biomaterials, by low-pressure SSD
(LPSSD) 76-82

Quarter-Wave combustor 32

quartz lamps 332

r

radiation drying

— classification, research, and applications
of 323-332

— infrared 317

radiation heat transfer 318-323

radiation intensity, slab thickness 328

radiation law 318

radiation properties, change during
drying 340

radiation spectrum 319

radiative heat exchange 338

radiator types

— electric 333-335

— gas-heated infrared 335-337

— infrared drying 332-337

rapid rate drying period, microwaves
293

rapid switching currents, ultrasonic
equipment 243

raw materials, structural characterization
192-204

Re-G-Ar-plot 99-100

reciprocity theorem 338

red bell pepper, osmotic dehydration 205

Reed-type valves, pulse combustors 33

reference temperature, freeze-drying 134



reflection

- infrared drying 319-321

— of ultrasonic waves on interface 259

reflectivity, infrared drying 338-339

rehydration

— contact ultrasound 226

— quality parameters 212

relative complex permittivity 283

relative nozzle distance 6

resistance

— increased, to water transport 293

— kinetics modeling 257

— to vapor flow 140

Reynolds number

— for cylinders 16

— exponent of, 7

— PCD 40-41

— spouted beds 94, 96, 99-100

Rijke-type combustor 32

ring sonotrode 247

rotary kiln, with frequency-tunable pulse
combustor 48

rotary valves, pulse combustors 32

— features 33

rotational state, infrared energy absorption 319

s

Salmonella anatum, inactivation under
LPSSD 77-78

salt. see also sodium chloride, NaCl

— addition during microwave drying 294

— osmotic dehydration 205

salt solution, evaporation of 46

sample overheating, contact ultrasound 223

sample scanning, x-ray microtomography 328

Saskatoon berries

— antioxidant properties of 150-151

— optimum drying conditions 289

saturated brine, acoustic pressure 258

saturation pressure 2-3

sauce industry 243

Sauter mean diameter (SMD) 37-38

scattering 320

Schmidt combustor. see Quarter-Wave combustor

Schmidt number

— PCD 40-41

— ProCell units 106

“second-order” phase transitions 122

secondary atomization 38

secondary effects. see specific energy
consumption

— ultrasound efficency measurements 252

sensors, electroacoustic 252

Index

shape factor, radiative heat exchange 338

Sherwood number

— PCD 40-41

— ProCell units 103-106

shockwaves, in tissue from ultrasound
waves 200

short-wave burners, gas-fired infrared
source 336

short-wave infrared emitter, electric
radiatiators 333

shrimps, SSD 65-69

shrinkage, food quality changes 305-306

simulations. see modeling

single nozzles

— arrays of 3, 7-12, 21

— heat transfer in 8

- impinging jet drying 4-7

— local heat transfer coefficients, 5

— Nusselt functions for 16-17

— Nusselt number of, 6

single-particle correlations, ProCell units 107

single-particle drying curve 122

siren systems, ultrasonic equipment 243

slab thickness, radiation intensity 328

slice thickness, effect on microwaves 294

SMD. see Sauter mean diameter

snack products 281

sodium caseinate, foamed 169-170

sodium chloride concentration, penetration
depths 285

sodium chloride transport, liquid-solid systems
drying 255

solar drying 325-326

solar tunnel dryer 325

solid food matrices, drying of 191

solid-liquid systems, mass transfer rate in
drying 238

solids, contact ultrasound 216

solutes distribution, plant tissue 215

solutes transport, liquid-solid systems
drying 253

solutions, containing sugar or salt 205

solvents, organic, use in freeze-drying
144-146

sonication time reduction 221

sonoluminescence, in tissue from ultrasound
waves 200

sonotrodes 245

— tip vibration 200

sound pressure level (SPL), pulse
combustion 31

soy protein isolate, additive for banana
foams 186
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specific acoustic impedance 240

specific drying energy 4

specific energy consumption (SEC). see also
energy consumption

— as function of drying rate 18-22

— microwave-assisted drying 300, 303

specific moisture uptake capacity, of air 113

spectral distribution 321

spectrum

— infrared 321-323

— radiation for drying 324

spinach, freezing resistance 211

SPL. see sound pressure level

sponge effect 23, 242

— contact ultrasound 218

— gas-solid system drying 256

— sample composition dependence 269

spouted bed drying, microwave 280, 291

spouted beds

— Archimedes number 94, 99-100

— bed pressure drop 98

— different types of 86-93

— discrete particle modeling (DPM) 107-111

— drying equipment 291-292

— flow patterns 88

— gas velocity 86, 94

— gas volume flow rate 94-95, 97

— operating characteristics of 93-100

— Reynolds number 94, 96, 99-100

spray-dried powders

— microscopic images 166, 179-180

— non-foamed 172

spray-drying

— AFD 147

— basic differences between classical and pulse
combustion 50

— foams 163, 169-170

— typical configuration of 49

spray zone, of fluidized bed 107-111

SSD. see superheated steam-drying

staggered arrangement, of nozzle arrays 8-11

stagnation point flows, definition 4

stagnation point region 5-7, 9, 17

staining methods, plant tissue drying 193

starch granules, freeze drying 210

stationary fields 252

statistical significance, of experiments
267-268

steady-flow drying, difference to PCD 38

steam-drying, superheated 57-82

Stefan-Boltzmann law 323, 338

stepped-plate transducers 216

— contact ultrasound 218

streamlines pattern, in pulse combustion
spray-dryer 44

stress-strain curves, tissue decomposition
198

stripping, of boundary layer 38

structural change stages, foods 306

sublimation, frozen food materials 282

sublimation flux

— AFD 148

— freeze-drying 133, 135

—— primary stage 138-139

sublimation improvement, volumetric
heating 290

sublimation interface 134

— AFD 146, 148-149

sublimation rate, freeze-drying 139-140,
143-144

— microwave-assisted 152

sucrose

— addition during microwave drying 294

— foamed 170-171

— freeze-dried 144-145

sugar, osmotic dehydration 205

sugar beet, air drying 207-208

sugar beet pulp, SSD 63-64

supercooled water 210

superficial gas velocity, spouted beds
94-95

superheated steam-drying (SSD) 57-82

— atmospheric-pressure 61-69

— drying rate 59

— inversion phenomenon 59-60

— low-pressure 69-76

— principle of 58-61

surface moisture transfer 207

surface roughness 320

surface temperature, gas burners 337

surfactants

— of biological character 182

— foam stability 164

synergetic effects, pulsed electric fields (PEF)
treatment and ultrasound 228

t

tailpipe 27

tailpipe length, effect on NO4 emission 31

tank vibrations, ultrasonic bath 247

temperature

— of air 263-266

— effect on final product quality 182

— microwave heating 283

temperature change, microwave power
drying 299



temperature control

— microwave drying 299

— microwave power drying 298-299

temperature distributions

— microwave-assisted drying 295-296

— thin chips 296

temperature measurement systems 295

temperature modeling, carrots 298

temperature oscillations, in PCD 45

temperature overrun 298

temperature runaway, danger of in microwave
drying 281

temperature sensors, fiber-optic 286

temperature stages, constant microwave
power 296-297

temperature variations

— microwave power drying 296-298

— variable microwave power drying
298-299

tert-butyl alcohol, as solvent in freeze-
drying 144-146

textiles, drying by nozzle arrays 1

texture, impact of PEF on 197-198

thermal effects, water evaporation 224

thermal radiation 318

— interaction with material 320

thermal runaway 298

thermal treatment 194

thermocouples

— metal-shielded 295

— temperature measurements 330

thin-layer solar drying 325

threshold

— for effects of ultrasound 221

— ultrasonic intensity 267

tiles, drying by nozzle arrays 1

time-adjusted power 299

tip vibration, ultrasound waves 201

tissue integrity, freeze drying 208

tissue structure

— analysis of 192-195

— pulsed electric fields (PEF) 195-199

tissues

— chemical changes 212

— contact ultrasound effects 204

— drying by nozzle arrays 1

tomato paste, foam-mat drying 184

tonoplasts, plant tissue drying 192

tortilla chips, SSD 61-62

total emissive power 321

total emissivity, different surfaces 323

total energy, ultrasonic system 239

transducer design 222

Index

transducer types 243

— with extensive radiators 248

— ultrasound drying 243-250

— ultrasound efficency measurements 251

transient cavitation 241

transmembrane potential 196-197

transmission, infrared drying 319-321

transmission medium, ultrasound waves 202

transmissivity, infrared drying 338-341

transparent body 320

transport kinetics increase 254

tubes, immersed, for contact heating 112, 125

tunnel dryer, freeze-drying 149

turbulence level, process intensification 250

turbulences, ultrasonic field reduction 259

turgor, plant tissue drying 192

twin-tube emitters, electric radiatiators
333-334

u

ultrasonic bath 247

— acoustic pressure variations 260

ultrasonic energy

— deployed in sample 251

— source 243

ultrasonic equipment 242-250

— for gaseous media 249

— for liquid applications 246

ultrasonic field

— chaotic 247

— measurement of 251

ultrasonic field effects, parameters 251

ultrasonic intensity 239, 252

— effects during drying 253

— medium characteristics influence 258

— threshold 267

— zones 252

ultrasonic power, drying applications
250-263

ultrasonic radiation effects, temperature
dependence 263

ultrasonic system components 219

ultrasound 199-204

— air drying 218-221

— combined drying processes 216-217

— effects in liquids 225

— effects on mass transfer 241-242

— freeze-drying 221-224

— high-intensity 199

— impact of 192-204

— intensity of 252

—— mass transfer effects 241

— intensity threshold 267
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— low-intensity 199

— osmotic dehydration 217-218

— plant tissue structure 200-204

— power ultrasound 237-278

— process variables 250-272

— quality characteristics 224-226

— synergetic effects with PEF 228
ultrasound-assisted drying

— freeze-drying 152-153

— power ultrasound 237-278
ultrasound-assisted osmosis 217
ultrasound drying

— effects of 252

— effects of sample composition 266-268
ultrasound pretreatment 218
ultrasound-sample interaction 266-272
ultrasound treatment, intermittent 220, 225
ultrasound waves 239-241

— power 239-240

— sonotrode tip vibration 201

— water removal improvement 202-203
uniform expansion, quality changes 306

v

vacuoles, plant tissue drying 192

vacuum, effect on microwaves 294

vacuum chamber, integration of ultrasound
transducer 223

vacuum-drying (VD)

— compared to LPSSD 70-76

— equipment 287-290

— FIR-assisted (VACUUM-FIR) 76-82

vacuum freeze-drying (VFD) 237

- of liquids 139-146

— ultrasound assisted 265

vacuum impregnation 211

vacuum rotary drum dryer 288

vacuum seal 288

valves. see specific types

vapor flow, resistance to 140

vapor pressure, at interface of
sublimation 140

vapor transfer, in PCD 42

vaporization, enthalpy of 3—4

vavuum drying (HAD), bacteria
inactivation 77

VD. see vacuum-drying

vegetable drying (VD) 192

— cryoprotectants usage 211

— microwave-assisted 150-151

velocity oscillations, in PCD 45

VFD. see vacuum freeze-drying

vibrating drying chambers 216

vibration characteristics, ultrasound
drying 219

vibrational state, infrared energy
absorption 319

viscous flow, ultrasound effects 241

vitamin C. see ascorbic acid

volatile aroma compounds preservation
307

volume changes, food materials 305, 307

volume flow rate, of heated air 1

volumetric heating, microwave drying 280

w

wall-to-bed heat transfer 118

water, effective diffusivity 253

water distribution, quality parameters 215

water evaporation

—in PCD 41-42, 46

— thermal effects 224

water films, spectral absorption 340

water removal

— improvement 202

— under vacuum 221

water transport, liquid-solid systems
drying 253

wave damping, ultrasound 191, 199

wave frequency, ultrasound parameters
251

wavelength, ultrasonic system 240

wet formulation, fluidized-bed processes 85

whey protein concentrate, additive for banana
foams 186

whistles, ultrasonic equipment 243

Wien’s displacement law 322

wood veneer, drying by nozzle arrays 1

wood waste, dried in pulse combustion flash
dryer 51

working width, electric radiatiators 333

Wurster equipment, spouted bed 90

— modeling of 108-111

X
X-ray microtomography, nondestructive
sample scanning 328

4
“Yankee dryers” 47



