# pd o b od

=AAR c Dre
FOOD & PROCESS

! + Vl= = p
ENGINEERING
1E

SHINDLOGY!

Luther R. Wilhelm, Dwayne A. Suter,
Gerald H. Brusewitz




Contents

INtroductory COMIMEIILS ......ociirrerieeerereeeereresareesreaeserereersnnesraeessanenas viil
Chapter 1 Introduction: Problem-Solving Tools..........ccoccoeiiiiiiinnn. |
L1 INErOQUELION ..ottt nb e et 1
1.2 Significant DS ....ooevveeiieie et 1
L3 UBE FACHOTS ..t nie sttt e ettt sttt 2
1.4 Algebraic EQUALIONS........covioreoiir ettt 3
1.5 Exponents and Logarithms ...t 4
151 EXPONENTS c.oiivoiiiiieisiic ettt eis et se et st eene e e e eneeen 4
1.5.2 Logarithms ..ot 5
1.6 Graphs and Coordinate SYSIEmS . ..cooiveriiiriiiiice e eestee st e e )
1.6.1 General (Cartesian) Coordinates......cc.ooiveeeeeierieeieeeeeeeeeee e e e 7
1.6.2 Logarithmic Graphs ..ot ena 7
1.6.3 Plotting Graphs ... 8
1.7 Presentation of InfOrmation ... reeeereeeens 9
1.8 Interpolation of Tabular Data ..o 11
1.9 Mass and Energy Balances .....coooo oo e 12
1.10 The Rate EQUAIOM ....ooviiuiioiee ettt e st e e a e e sraers b e 15
1.11 Spreadsheets—A Problem-Solving Tool ... 15
List Of SYMBOIS .ociii et s et et ea e 19
RETETENEES .ottt a et a et e re e 19
ProbBIemS ..ot ettt et 19
Chapter 2 Physical Properties of Food Materials ..........cc.oovevieeieniinnns 23
2.1 IDEEOAUCHION ettt 23
2.2 Physical Properties Appleations ..o e 24
2.3 Physical CharaClemisties o oo oot eenee e e eee e eaceaes 25
2.4 SUTTACE ACIVITY -ooneeee ettt e et e e st ee s encenes 29
2.5 Moisture i1 FOOUS ..ot 29
2.6 Solid-Fluid BeRavior .....coooooiee et 34
2.6 1 TILFOAUCHION. ...ttt ee et e e ey eanener saanis 34
2.6.2 Newtonian and Non-Newtonian Fluids............oi, 35
2.7 Thermial PrODEITIES. ... .o ceeeieei et eeieeee e e eaeeaeet s e evsssserrasbaereesaerarssesternsnsrenens 39
2.8 Electromagnetic PrOPETties ....ooicvvivvnieeirreeisieeevresnieeeresrsieesssassssesssnsessresssneesnnes 44
2.9 Sources of Physical Properties Data ...........coovvvnrvvnnirin e crrecevresresneenns 47
List 0Ff SYMDBOIS. .. e v e s e s e s ee s sne e s sanee s s e snr e e res 49
L s 1o T T 50

50 (0100 =20 - U 51



iv Food & Process Engineering Technology

Chapter 3 Texture of Food Materials..........ccovevvveiceivcieiieccieien e, 53
3.1 Introduction 10 TEXIUTE .......cooi ettt 53
3.2 Sensory or Subjective Measurements ........o.oooovireoe e 53
3.3 Instrumental or Objective Measurement Methods.........ccccooeeiieiiiiiciicieencnn, 54

3.3.1 Fundamental Concepts and Definitions ...........c.ccooiiir i 54
3.3.2 Stress-Strain Behavior ..., 56
3.4 Compression Test of Food Materials of Convex Shape...............cocooiiiii 61
3.5 COnCIUSION ..ottt 62
List OF SYIMBOIS. ..o 62
RETETENEES ..ottt as s e 62
PrOBLEIMIS o ettt e a e s e 62
Chapter 4 FIuid FIOW ..o, 65
4.1 Characteristics of FIUIAS .......ccoooiiiiiiiii e 65
4.2 Pressure vs. Depth ..o e 66
4.3 Conservation Bquations ...........oc.ooeoeeeceeeeecee e 68
4.3.1 Continuity Equation (Conservation of Mass) .........ccoeeeeeeeeieeecceeeene. 68
4.3.2 Conservation 0f ENETEY ... 71
44 FIUld FLiCTON .ottt se b ean e 76
4.4.1 Factors Affecting Friction LOSSES ..o oo e 76
4.4.2 Calculation of Friction LOSSES ......c.oooviieeieee et 78
4.5 Losses in Pipes With FIttings ... seieaee e ers s v sseees 80
4.6 Selecting the Correct PIPE SIZe....coov ettt 83
4.7 Power Requirements for PUmping............o.occeienciiinniiicrveeneeionn, 83
4.8 Pump Types and CharacteriStics .......ccoceeivrivreenrioreencesreeteenssneresesessesessesseeens 88
4.8.1 INTOAUCHION. ....cccrvirriiiiecce et sses e e e sse s nesnes e ss e s enesns 88
4.8.2 SUCHON PUMPS ...vovoei e e nrassnssessesssssrssessrssansssstrarersssssssssssssnsssss 88
4.8.3 Positive Displacement PUIMPS........coocovrieeiivnicne e 89
4.8.4 Centrifitgal PUMPS .....cccooeiei e sess e e e sre e sr msesersrseanessens o1
4.9 Selecting @ PUMP ..ot 92
4.10 Pump Performance vs. System CUIVES ....oveiveeieiieecccccccceecseeeceeee e 94
LT FADS .ottt ettt ettt ettt et re e 95
4. 111 INTOAUCHON. ... e e 95
4.11.2 Fan Power ReqUITEIMIENTS .......ooeeviiieieciceste e 96
G L3 Fan Laws. ..ot ettt ssien e r s e bar e eaes e s aesmaemsrns s ebs e 97
4.12 Flow MEASULSIMEIIT ....oveveieirieeiieeeeeirsereeeeesseeese s e ese s s esessesesesnesnssaneasens 98
4121 INTrOAUCTION. ...cveietiieeieieeetet sttt ettt bbb bbb ens 98
4.12.2 Collection MethodsS........c.ooovieeiiireiierieee et 98
4.12.3 Positive Displacement Meters...........c.ocoooioeioeeeeeeee e, 99
4.12.4 ObSIIUCHION METEIS ..ottt sttt st 99

O R 0] = 1T =T S 102
4.12.6 Approximate Pipe Flow Measurements ........ocoooooeiiiicimnnniesecese e 102
4.12.7 Open Channel FIOW .......ccooov i e 103
4.12.8 Velocity MEaSUICINENE ... ..o..iveeeeeieeeeeccieiceieete e cete et e eateees s eeaneeeeaennens 104

4129 Other Methods ... ...t 105



Contents v

List 0F SYMbBOolS. ..ot 106
RETEICICES ..ottt et s e et s e s et s 107
ProbLemms oottt 108
Chapter 5 Heat Transfer.........coccoeovioiiiincciinicieces e eeeecneene 111
5.1 Thermodynamic CONCEPLS .....cvovvveeieiereereeir et nas 111
5.1.1 Introduction to Thermodynarmics. .....ccccooereimins et 111
5.1.2 Energy and POWeET ... ..ottt e 112
5.1.3 Heat Transfer— An Application of Thermodynamics...........c..ccceevnennen. 113
5.2 Conduction Heat Transfer. ... 114
5.3 Convection Heat Transfer ... 115
5.4 Radiation Heat Transfer...........cccuvvinniiseee e 115
5.5 “Practical” Heat Transfer........covorieeirieee e 116
5.6 Heat Transfer through Walls.........cccooireieiicee e 116
5.7 Heat Transfer through Pipe Walls (Radial Heat Transfer).......ccoccovovinienenenn.. 118
3.8 Heat Transfer through Composite Pipes and Cylinders.......ccoovoeiiviiivicinnnnne. 120
5.9 Dimensionless Parameters .......ocoeeviiii e 123
5.10 Heat Transfer to Flowing Fluids ........c.ccoooiiiiic s 125
511 Heat EXChangers .......ccicveriieiiiniie ettt 128
5.12 Analysis of a Simple Heat Exchanger........ocooooooiiioeiieecc s 130
5.13 Thermal Resistance in a Heat EXChanger ...........coccooevveeeeeeeseeecveoerors 133
List 0f SYMBOIS.....oriiiiieeee et 137
RETEIEIICES ..ottt s r s 138
Problems ... 139
Chapter 6 Transient Heat Transfer...........c.cccceviiiiniinniveer e, 143
6.1 Factors Affecting Transient Heat Transfer ........cocoooovviiiinneceicceiece 143
6.2 Transient Heat Transfer with Uniform Internal Temperature
(Newtonian Heating) .........oovcrivriererrieeiececeeeeeeee e eae e aeese e e eaeeeeanan 144
6.3 Materials Having High Thermal Resistances.........coovivvveoreceeeieenceiecinas 146
6.4 Use of the Solution CHArtS ... 147
6.4.1 Parameters Used in the SOIUHOn ..o 147
6.4.2 Steps in Use of Solution Charts ..o 150
List 0f SYMBOIS. ..ot 160
RETBICICES ..ottt e e ere s 160
ProbBlemms ..c.ceoee s 161
Chapter 7 Thermal Processing........ccccovreereeiireceiesnereesieneesieaenenns 163
T.1 INEOQUCEION ..ottt st e eseme e en e 163
7.2 MICTOOTZANISIIIS .. cueiiaiite ettt sttt st s esemnse s eme s s s ees 164
7.3 Thermal ProCeSSING .......cooovveeieceeee ettt ee e eeeaee e neees 165
7.3.1 SteriliZation . ...ooooeeeee e es 106
7.3.2 Thermal Death Calculations «.......cocoovveeie e 167
- 7.3.3 Sterilization Equipment (Retorts) ........ccoovoieeineie e 172
7.4 Heat Penetration DUuring ProCessing .......oevveieeeeinenne e veeens 176

7.5 Adequacy of Sterilization .......coove i 182



vi Food & Process Engineering Technology

7.6 UHT—Ulirahigh Temperature (Aseptic) Processing........ccccecvveeevvcneneenens 186
List OF SYMIDOLS .. .cevrreeecr e e e 189
RETBIEICES ..ot sttt e e 196
PIOBIEIMS ..ottt b e 190
Chapter 8 Refrigeration SyStems .........cccccvveveiieveiciese s e 193
8.1 INErOQUCTION .ttt 193
8.2 Refrigeration Cyeles ..o 194
8.3 Analysis of the Vapor-Compression Refrigeration Cycle.....ovviiivineiinieanins 196
8.3.1 Heat PUmMPS ....ccoiiiiiee ittt 199
8.4 Refrigeration Capacity .......ccociieeeeiecieieie vt 200
8.5 Refrigeration Loads ..ot 201
8.0 FOOU FIEEZING .....ooviiieiieeeiee et sn s b st s b tssas s 202
List 0f SYMIBOIS....cciiiiiieeeee et 206
RETEIIICES ..ttt ettt e 206
PIODIRITIS .ottt e 207
Refrigerant Charts and Tables .........oovvvvvninniiiississsss s 209
Chapter 9 PSyChrometrics .......c..cevveirieieiivenrieee e 213
9.1 INtrOdUCHION ...t 213
9.2 Relationships Derived from the Perfect Gas Law....coocoeeiviniieiiiciiienenn 213
9.3 Other Important Parameters........o.ocveeeveeeieeicccee e e e 216
9.4 Psychrometric ChartS..........ooovi it ee et e e eene e 216
9.4.1 Psychrometric Tables. ... ...ooovveeiieeiece e e ane e 219
9.5 Processes on the Psychrometric Chart..................ooeecviveir e eeeseeens e, 224
9.6 Iee-Water-StEaIM ..ottt 234
9.7 Steam Tables.....ccov et 238
9.8 Steam -Ail MIXIULES ..o v vt nssssss et ennas 240
List 0f SYMBOIS ..ottt 253
RELEIENCES .ottt ettt eeenenean 254
PIOBLEMIS (.o e bbbttt anna 254
Chapter 10 Drying and Dehydration............cccocoeeeivieeivveiiiniiee. 259
10,1 TAIEOAUCTION cveiiiiiciiieei ettt er et e st st 259
10,2 MOISTUIE COMLENT ..ottt er s s b st 259
10.3 Equilibrium Moisture COntent .......c.ccoovecveivreeivireeerr e sesserissesss s s 261
10.4 Water ACHVILY (@) oviieveereeerieiereeeeets et irsves s srsssstssesssrassesse et sesassbssass st 265
10.5 Controlling Factors for DIVING ........ccovvevvvvvveccce e s s 266
10.6 Air Drying Methods........c.coooiiiiiiinir et 267
10.6.1 BN DIVING oot e ve st ebese s bers e 267
10.6.2 Cabinet DryINg.........ccoovvrvrvrerirorrrrvsnesvsesisssesssissessssessssessseesseree s 267
10.6.3 Tunnel DIVING.....ccocimiiireree ettt 268
10.6.4 Drum DIYING ..o et sesa e ers s rese e 268
10.6.5 Other DIVINZ ... sa et ee e rene e 270
10.7 Special Drying Methods ........cco.oieveiiiiiciicie e 270

10.7.7 Spray DIVING....cccooviiiircreri ettt ettt e aean 270



Contents vii

10.7.2 VAculrmt DIVITE ..ocoieiiieece st se s s rerr st et s re s 271
10.7.3 FTEEZE DIIYIIIE c-eeviiiiieieeieecvrsst s se s s e ssnsssssss et s resne e srbesessee st sressans 271

10.8 Introduction to EVAPOTALION ...c..oocerieaoeic i e 274
10.8.1 Open (Atmospheric) and Vacuum Evaporators ..o 274
10.8.2 Controlling Factors for Evaporation ...........ccoevccvvrveivincccncncccecnnn 21
10.8.3 Multiple Effect Evaporators..........ccocovviiieinnnciimn e 278
10.8.4 Mass and Energy Balances ...........ccococevveinniiicininnennn e 279

LSt OF SYMBOIS .o 282
RETETEIICES ...cviiiiiiii ettt 282
PLOBIBITIS ....ceiee itttk a sttt e e en et me s eaeeaeenee e e 283
Chapter 11 Energy Use in Food Processing .........cccceveiveiviciveecininnen. 285
T1.1 INtrodUCHION ..ot esrer e e raes e e sr e aeren e e e sreneasrs 285
11.2 Energy Used by US IndUsStry cvv v snesesss s 286
11.3 Energy Used by Various Food INdustries .......cccco e cvmrsiennvseessee e 288
11.4 Post-Processing ENergy USE .....ivciviviiiiienee e rressrer s see s s ssnsesnnee s 290
RETBIEnces ..ot 290
PrOBIBINS ..ttt b et b 291
APPENAIX 1ot 293
A Precautionary NOe! ... s 293

ST {MELTIC) UTLS coeoeeeieie et eee ettt et e e s e sea et re et ers s eser et rsnasseereeseesernrerersrses 293
RETETEICES ..ottt s e et ee e 294
Comprehensive Nomenclature List..........cocoeoiiviiiinricicie e, 305



