FOOD REFRIGERATION PROCESSES
ANALYSIS, DESIGN AND SIMULATION

ANDREW C. CLELAND

Department of Biotechnology, Massey University,
Palmerston North, New Zealand

ELSEVIER APPLIED SCIENCE
LONDON and NEW YORK



CONTENTS

Preface .
Nomenclature

1 Introduction

1.1 The Importance of Refrigeration in Food Preservation
1.2 Design Requirements for Food Refrigeration Processes
1.3 Existing Design Practice

14 Benefits from Research into the Desxgn Process

2 Development of Models to Describe Freezing and Chilling

2.1 Introduction .

22 Formulation of Mathematlcal Models for Freezmg and
Chilling .

221 Unsteady State Heat Conductlon

222 Boundary Conditions

223 Moving Boundaries

224 Initial Conditions

225 Formulation

23 Thermal Properties durmg Freezmg and Chlllmg

231 The Mechanism of Freezmg

232 Calculation of Thermal Properties Wlthout Phase

Change

vii

xiii

B W =

~1

11
14
15
15
15
16

18



vili CONTENTS

233 Calculation of Thermal Properties With Phase Change

234 Measurement of Thermal Properties .

24 Formulation of Important Freezing and Chilling Sltuatlons

24.1 Chilling

242 Freezing '

25 Mathematical Solutlon Techmques

3 Factors Limiting the Accuracy of Freezing and Chilling Time
Prediction .

3.1 Introduction .

3.2 Imprecise Knowledge of Freezmg or Chlllmg Condmons

33 Imprecision in Thermal Data

34 Use of a Prediction Method Beyond its Range of

Applicability
35 Shortcomings in the Predlctlon Method
3.6 Published Data for Prediction Method Assessment

4 Freezing and Chilling Time Prediction by Numerical Methods .

4.1
42
43
4.4
4.5

4.5.1
452

453
454
4.6
47
4.8
49
4.10

4.11

Introduction .
Finite Difference Schemes for the Inﬁmte Slab
Finite Difference Schemes for Other Shapes .
Testing of Finite Difference Schemes for the Third Kmd
of Boundary Condition . .
The Finite Element Method for an Inﬁmte Slab
Space Grids
Accurate Evaluation of the Global Conductance
Matrix K . .
Accurate Evaluation of the Element Capacnance
Matrix C . .
Selection of Time Steps
Finite Element Schemes for Other Shapcs
_Testing of Finite Element Schemes for the Third Kind of
/Boundary Condition
Numerical Methods for Othe/r Boundary Condmons
Numerical Methods using the Moving Boundary Model
Testing of Numerical Methods for Time-Varying and
Non-Uniform Conditions
The Future for Numerical Predlctlon Method Research

22
27
29
29
30
31

33

33
34
39

41
41
42

47

47
49
54

57
61
63

64

65
66
66

68
72
75

76

76



CONTENTS

5 Chilling Time Prediction by Analytical and Empirical Methods

5.1
5.2

53

54

5.5
5.6

Introduction .

Analytical Prediction Methods for Regular Shapes Wrth
the Third Kind of Boundary Condition and No Respiration
Empirical Prediction Methods for Irregular Shapes With
the Third Kind of Boundary Condition and No Respiration
Prediction Methods for Other Boundary Conditions and
Situations

Temperature Fluctuatrons in Stored Produce

Future Needs for Chilling Time Prediction Research

6 Freezing Time Prediction by Analytical and Empirical Methods

6.1
6.2

6.2.1
622
6.3

6.3.1
632
6.4

6.5
6.5.1
6.5.2
6.5.3
654
6.6

Introduction .
Prediction Methods for Slabs Cylmders and Spheres
With the Third Kind of Boundary Condition
Analytically Derived Methods .
Empirical Methods
Prediction Methods for Other Regular Geometrrc Shapes
With the Third Kind of Boundary Condition
Analytically Derived Methods
Empirical Methods
Prediction Methods for Irregular Shapes wrth the Thrrd
Kind of Boundary Condition
Prediction Methods for Other Boundary Condmons
Radiation and Convection.
Convection and Evaporation
Time-Variable Conditions .
Non-Symmetrical Boundary Condmons
Summary

7 Thawing Time Prediction .

7.1
7.2
12.1
7122
723

Introduction .

Use of Numerical Methods
Slabs, Cylinders and Spheftes
Other Regular Shapes
Irregular Shapes

79
79

80

83

89
92
93

95
95

109
110
m

120
120
121

128
130
130
131
131
134
135

137

137
138
139
140
142



X

7.3
7.3.1

7.3.2

733
7.4

CONTENTS

Analytical and Empirical Methods
Slabs, Cylinders and Spheres With the Thlrd Kmd of
Boundary Condition .
Other Shapes With the Thlrd Kmd of Boundary
Condition . . . .
Other Boundary Condmons

Summary

8 The Dynamic Behaviour of Food: Refrigeration Systems

8.1
8.2
8.2.1
8.2.2
8.2.3
8.2.4
8.3
84
8.5
8.6
8.7
8.8
89
8.10
8.11

Introduction to Food Refrigeration Practice .
Freezing Systems

Plate Freezers

Batch Air Freezers

Continuous Air Freezers

Semi-Continuous Air Freezers
Chilling Systems .
Cold Storage and Cool Storage
Air-Conditioning .
Thawing .
Mechanical Refngeratlon Systems
Complete Refrigeration Systems
Time-Variability of External Loads
Buffering of Temperature Changes in Apphcanons
Influence of Contro!l Systems

9 A Modelling Process that can be Applied to Refrigeration Systems

9.1
9.2
- 93
94
9.4.1
942
9.4.3
944
9.4.5
9.5

Introduction .

Level of Detail in Models

Ordinary Versus Partial Differential Equat:ons

A System for Model Development
Mechanistic Model .
Nomenclature, Units, Classes. of Vanables
Derivation of Algebraic and Differential Equations .
System Input Data and Initial Conditions
Selection of Numerical Solution Technique

Model Formulation Example

144

144

149
151
151

153

153
155
155
157
158
159
160
161
164
164
164
167
167
168
168

171

171
172
175
177
177
178
180
183
184
185



CONTENTS

10 Models for Simulating the Performance of Food Refrigeration
Equipment

10.1 Introduction .

10.2 Models of System Components

10.2.1 Compressors

10.2.2 Delivery Pipelines

10.2.3 Condensers

10.2.4 Liquid Receivers

10.2.5 Liquid/Vapour Separator Vessels

10.2.6 Evaporators and Expansion Valves

10.2.6.1 Pump-Circulated Evaporators, Separators and
Control Valves

10.2.6.2 Flooded Evaporators, Surge Drums and Assoc1ated
Control Valves

10.2.6.3 Direct Expansion Evaporators and Thermostatlc
Expansion Valves

10.2.6.4 Future Needs—Evaporator and Control Valve
Models

10.2.7 Suction Pipelines

10.3 Applications Models

10.3.1 Heat Infiltration Through Wa]ls Floors etc.

10.3.2 Heat Input by Fans, Lights, People, etc. .

10.3.3 Heat and Water Vapour Input Through Open

Doors .
10.3.4 Heat Transfer Wrth the Product and Evaporatron from
the Product

10.3.4.1 Freezing .

10.3.4.2 Chilling . .

10.3.4.3 Cold and Cool Storage . .

10.3.5 Heat Transfer With Room Fittings and Structures

10.3.6 Water Vapour Transfer from Other Sources

104 Published Models for Complete Systems

10.5 Future Directions for System Modelling

11 Conclusions

1.1 Chilling Time Prediction

X1

191

191
194
194
195
196
199
199
203

203
208
208

211
211
212
214
215

215

217
217
220
221
222
223
223
230

233
233



xii CONTENTS
11.2 Freezing Time Prediction

11.3 Thawing Time Prediction

114 Modelling of Complete Plants

References

Index

£,

234
236
236
239

273



