Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



A CFD MODELLING SYSTEM FOR
AIR FLOW AND HEAT TRANSFER
IN VENTILATED PACKING SYSTEMS
DURING FORCED-AIR COOLING OF
FRESH PRODUCE

A thesis presented in partial fulfilment of the requirements for
the Degree of Doctor of Philosophy in Food Engineering
at Massey University

Qian Zou
M.AppSci.(Hons)

2002



Abstract 1

ABSTRACT

Forced-air cooling is the common method for precooling horticultural produce.
Ventilated packaging systems are often used to facilitate cooling efficiency. A
computational fluid dynamics (CFD) modelling system was developed to simulate
airflow and heat transfer processes in the layered and bulk packaging systems during

the forced-air cooling of fresh produce.

Airflow and heat transfer models were developed using a porous media approach. The
areas inside the packaging systems were categorised as solid, plain air, and produce-
air regions. The produce-air regions inside the bulk packages or between trays in the
layered packages were treated as porous media, in which the volume-average transport
equations were employed. This approach avoids dealing with the situation-specific
and complex geometries inside the packaging systems, and therefore enables the
development of a general modelling system suitable for a wide range of packaging

designs and produce.

The calculation domains were discretised with a block-structured mesh system that
was referenced by global and local grid systems. The global grid system specifies the
positions of individual packages in a stack, and the local grid system describes the
swcuctural details inside individual package. The solution methods for airflow and
heat wransfer models were based on SIMPLER (Semi-Implicit Method for Pressure-
Linked equations Revised) method schemes, and the systems of linear algebraic

equations were solved with GMRES (Generalised Minimum Residual) method.

A prototype software package CoolSimu was developed to implement the solution
methods. The software package hid the core components (airflow and heat solvers)
from user, so that the users without any knowledge of CFD and heat transfer can
utilise the software to study cooling operations and package designs. The user
interaction components in CoolSimu enable users to specify packaging systems and
cooling conditions, control the simulation processes, and visualise the predicted

airflow patterns and temperature profiles.



Abstract '

When the predicted and measured product centre temperatures were compared during
the forced-air cooling of fresh fruit in several layered and bulk packaging systems,
good agreements between the model predictions and experimental data were obtained.
Overall, the developed CFD modelling system predicted airflow patterns and

temperature profiles with satisfactory accuracy.



Acknowledgements m

ACKNOWLEDGEMENTS

I would like to thank the following persons for their guidance and help during the

course of this project:

Dr Linus U. Opara, formerly Senior Lecturer, Institute of Technology and

Engineering, Massey University, Chief Supervisor.

Professor Robert McKibbin, Institute of Information and Mathematical

Sciences, Massey University, Chief Supervisor.

Professor Donald Cleland, Institute of Technology and Engineering, Massey

University, Supervisor.

I would like to acknowledge the advice and assistance of Dr David Tanner, formerly

Director of Fresh Technology, Massey University.

Finally, I wish to express my gratitude to my family, my parents and parents-in-law
for their help and encouragement, and especially my wife Binglan for her endless

support, understanding, and love.



Abstract

Table of Contents

TABLE OF CONTENTS

Acknowledgements

Table of contents

List of figures

List of tables
Chapters
1. Introduction
2. Literature review
2.1.  Introduction
2.2.  Modelling methodology

2.3,

2.4.

2.5.

2.6.

2.7.

2.2.1. Modelling procedure

2.2.2. Types of models

Principles of Computational Fluid Dynamics

2.3.1. Fundamental fluid transport equations

2.3.2. Discretisation methods

2.3.3. Computational grids

2.3.4. Solution method of discretisation equations

2.3.5. Presentation and verification of CFD results
Porous media models

2.4.1. Structural properties of packed beds

2.4.2. Modelling Transport phenomena in porous media
Modelling airflow in agricultural and food engineering
2.5.1. Modelling airflow patterns in agricultural buildings
2.5.2. Modelling airflow patterns in refrigerated spaces
Modelling heat transfer during product cooling

2.6.1. Product heat conduction models

2.6.2. Product heat conduction plus cooling media models
Summary

3. Initial analysis and research objectives

3.1.
3.2.

3.3.

Introduction

Analysis of forced-air cooling systems for horticultural crops
3.2.1. Ventilated packaging systems

3.2.2. Forced-air cooling systems

3.2.3. Transport processes

3.2.4. System to be modelled

Research objectives

4. Development of airflow models

4.1.
4.2.

Introduction
Conceptual models
4.2.1. General analysis of airflow transport processes

14

ar
w
2004

46
46
46
46
48
51
51
52

54
54
54
54



4.3.

4.4.

4.5

Table of Contents

4.2.2. Analysis of airflow transport in bulk packaging systems
4.2.3. Analysis of airflow transport in layered packaging systems
4.2.4. Analysis of domain boundaries

4.2.5. Summary of conceptual models

Model formulation for airflow in bulk packaging systems
4.3.1. Conservation of air mass

4.3.2. Conservation of air momentum

4.3.3. Auxiliary equations

4.3.4. Boundary conditions

Model formulation for airflow in layered packaging systems
4.4.1. Conservation of air mass

4.4.2. Conservation of air momentum

4.43. Auxiliary equations

4.4.4. Boundary conditions

Summary

Developments of heat transfer models

5.1.
5.2.

5.3.

5.4.

5.5.

Introduction

Conceptual models

5.2.1. General analysis of heat transfer processes

5.2.2. Analysis of heat transfer in bulk packaging systems
5.2.3. Analysis of heat transfer in layered packaging systems
Model formulation for heat #ransfer in bulk packaging systems
5.3.1. Energy conservation in plain air region

5.3.2. Energy conservation in solid region

5.3.3. Energy conservation in produce-air region

5.3.4. Auxiliary equations

5.3.5. Boundary conditions

Model formulation for heat transfer in layered packaging systems
5.4.1. Energy conservation in plain air region

5.4.2. Energy conservation in solid region

5.4.3. Energy conservation in produce-air region

5.4.4. Auxiliary equations

5.4.5. Boundary conditions

Summary

Solution of airflow and heat transfer models

6.1.
6.2.

6.3.

Introduction

Grid generation

6.2.1. Coordinates and cell index convention

6.2.2. Global grid system

6.2.3. Local grid systems

6.2.4. Vents across more than one local cells

6.2.5. Treatments of boundaries between packages

Discretisation equations for PDEs in the airflow and heat transfer

models

6.3.1. Discretisation equations for PDEs in the airflow model
for bulk packaging systems

6.3.2. Discretisation equations for PDEs in the airflow model
for layered packaging systems

56
57
62
64
65
67
68
69
71
73
73
74
76
76
76

77
77
77
77
79
80
83
84
84
85
87
90
92
93
93
94
95
95
96

97
97
98
98
98
105
106
107

108

112

113



Table of Conrtents

6.3.3. Discretisation equations for PDEs in the heat transfer
model for bulk packaging systems

6.3.4. Discretisation equations for PDEs in the heat transfer
model for layered packaging systems

6.4.  Solution of systems of discretisation equations

6.4.1. Solution of systems of discretisation equations in
airflow models

6.4.2. Solution of systems of discretisation equations in

heat transfer models
6.5.  Summary
7. Model implementation and software CoolSimu development

7.1.  Introduction

7.2.  CoolSimu Overview
7.3.  System designer

7.4 Airflow and heat solvers
7.5.  Solution monitor

7.6 Visualization tool
7.7 Summary
8. Simulation results and model validation

8.1. Introduction
8.2. Simulation results of layered packaging systems
8.2.1 Sensitivity analysis
8.2.2. Forced-air cooling in a single Z-Pack apple carton
8.2.3. Forced-air cooling in a single Pre-1996 'Standard'
6-layer apple carton
8.2.4. Forced-air cooling in a pallet layer of Z-Pack apple cartons

8.3. Simulation results of bulk packaging system
8.3.1. Forced-air cooling in a pack bed
8.4. Summary
9. Conclusion
References

Appendix I Derivation of discretisation equations

A.l1. Discretisation equations for PDEs in the airflow model
for bulk packaging systems
A.1.1. Numerical schemes
A.1.2. X-momentum discretisation equations
A.1.3. Y-momentum discretisation equations
A.1.4. Z-momentum discretisation equations
A.1.5. Pressure correction and pressure discretisation equations
A.2. Discretisation equations for PDEs in the airflow model
for layered packaging systems
A2.1. Numerical schemes
A.2.2. X-momentum discretisation equations

114

115
116

116

118
119

121
121
121
122
126
127
127
128

129
129
129
129
136

149
164
172
172
177

178

180

204

204
204
209
224
225
227

236
236
237

Vi



Table of Contents 171

A.2.3. Y-momentum discretisation equations 239

A.2.4. Z-momentum discretisation equations 241

A.2.5. Pressure correction and pressure discretisation equations 247
A.3. Discretisation equations for PDEs in the heat transfer model

for bulk packaging systems 251
A.3.1. Numerical schemes 251
A.3.2. Energy discretisation equations for scalar cells
in produce-air region 255
A.3.3. Energy discretisation equations for scalar cells
in package walls 266
A.4. Discretisation equations for PDEs in the heat transfer model
for layered packaging systems 271
A.4.1. Numerical schemes 271
A.4.2. Energy discretisation equations for scalar cells
in produce-air region 273
A.4.3. Energy discretisation equations for scalar cells
in package walls 278
A.S. Convergence criteria 278

Nomenclature 280



2.1

3.1
3.2
33
3.4
3.5
3.6
3.7

4.1
4.2
43
4.4

4.5

4.6
4.7
4.8

5.1
52

6.1

6.2
6.3
6.4
6.5
6.6

List of Figures

LIST OF FIGURES

Sequence of model development

Example of bulk packages — ventilated apple bin

Example of layered packages — ventilated apple carton and tray
Pallet of fruit carton

Types of forced-air cooling systems — tunnel cooling

Types of forced-air cooling systems — cold wall cooling

Types of forced-air cooling systems — serpentine cooling

Research objectives and their interrelation

Regions in the bulk packaging systems
Regions in the layered packaging systems

Illustration of the porous media approach for a bulk package

vii

46
47
47
48
50
51
53

55
55
57

Illustration of the porous media approach for a layered package without a top-

covering tray

Illustration of the porous media approach for a layered package with a top-

covering tray
Illustration of airflow between produce layers in layered package
[llustration of boundaries in the domain of bulk package

Illustration of boundaries in the domain of layered package

[llustration of heat transfer processes in a bulk package

Illustration of heat transfer processes in a layered package

59

60
61
63
64

79
81

Coordinate system used in this study and local grid system of a single package

with its length along x-axis

Conventions for specifying the positions in calculation domains
Global grid system of the domain of individual package

Global grid system of the domain of a layer of packages
Illustration of grid generation processes for layered packages

Illustration of grid generation processes for bulk package

99
99
100
100
102
103



6.7
6.8
6.9
6.10

6.11

6.12

6.13

6.14
6.15

7.1
7.2
7.3
7.4

7.5
7.6

7.7

7.8

8.1

8.2

8.3
8.4

List of Figures IX

Local grid system of a single package with its length along y-axis 106
[llustration of the treatment of the vents across several cells 107
Illustration of the treatments of the boundaries between packages 108
Conventions for the positions in the calculation domain referenced by scalar
cells and x-momentum cells 109
Conventions for the positions in the calculation domain referenced by scalar
cells and y-momentum cells 110
Conventions for the positions in the calculation domain referenced by scalar
cells and z-momentum cells 111
Discretisation of single produce item 114
Solution procedure of systems of discretisation equations in airflow models 117
Solution procedure of systems of discretisation equations in heat transfer models

120
Components of simulation software package — CoolSimu 122
Interface structure of simulation software package CoolSimu 123

Definition of individual package in simulation software package CoolSimu 124
Definition of vents on package surface in simulation software package
CoolSimu 124
Definition of a package in a stack in simulation software package CoolSimu 125
Definition of cooling conditions and simulation settings in simulation software
package CoolSimu 126
Control and monitoring of solution processes in simulation software package
CoolSimu 127
Visualization of predicted velocity and pressure field in simulation software

package CoolSimu 128

Forced-air cooling of apples in the layered package used for sensitivity analysis
129
Dimensions and positions of vents on the front and back surfaces of the layered
package used for sensitivity analysis 131
Forced-air cooling of apples in a single Z-Pack, count-100 carton 136
Dimensions and positions of vents on the front and back surfaces of Z-Pack,

count-100 carton 136



8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

8.17

8.18

8.19

8.20

8.21

List of Figures X

Dimensions and positions of vents on the side surfaces of Z-Pack, count-100
carton 137
Predicted airflow pattem and pressure distribution in the gaps between front
package wall and tray edges (YZ surface, X=1) in a single Z-Pack carton 140
Predicted airflow patterm and pressure distribution in the gaps between back
package wall and tray edges (YZ surface, X=95) in a single Z-Pack carton 140
Predicted airflow pattem and pressure distribution in the gaps between side
package walls and tray edges (XZ surface, Y=1 or Y=5) in a single Z-Pack
carton 141
Predicted airflow pattemm and pressure distribution in the bottom produce layer
(XY surface, Z=1) in a single Z-Pack carton 141
Predicted airflow pattem and pressure distribution in the lower middle produce
layer (XY surface, Z=2) in a single Z-Pack carton 142
Predicted airflow pattem and pressure distribution in the upper middle produce
layer (XY surface, Z=3) in a single Z-Pack carton 142
Predicted airflow pattem and pressure distribution in the top produce layer (XY
surface, Z=4) in a single Z-Pack carton 143
Predicted temperature profile in the bottom produce layer (XY surface, Z=1) in
a single Z-Pack carton after 1 hour of cooling 144
Predicted temperature profile in the lower middle produce layer (XY surface,
Z=2) in a single Z-Pack carton after 1 hour of cooling 145
Predicted temperature profile in the upper middle produce layer (XY surface,
Z=3) in a single Z-Pack carton after 1 hour of cooling 145
Predicted temperature profile in the top produce layer (XY surface, Z=4) in a
single Z-Pack carton after 1 hour of cooling 146
Predicted and measured temperature profiles in the centres of produce items in
bottom layer of Z-Pack apple carton during forced-air cooling 147
Predicted and measured temperature profiles in the centres of produce items in
lower middle layer of Z-Pack apple carton during forced-air cooling 147
Predicted and measured temperature profiles in the centres of produce items in
upper middle layer of Z-Pack apple carton during forced-air cooling 148
Predicted and measured temperature profiles in the centres of produce items in
top layer of Z-Pack apple carton during forced-air cooling 148
Forced-air cooling of apple in a Pre-1996 Standard’ 6-layer apple carton 149



8.22

8.23

8.24

8.25

8.26

8.27

8.28

8.29

8.30

8.31

8.33

8.33

8.34

Listof Figures X7

Dimensions and positions of vents on the front and back surfaces of in Pre-1996
‘Standard’ 6-layer apple carton 149
Predicted airflow pattern and pressure distribution in the gaps between front
package wall and tray edges (YZ surface, X=1) in a Standard’ 6-layer apple
carton 152
Predicted airflow pattern and pressure distribution in the gaps between back
package wall and tray edges (YZ surface, X=5) in a Standard’ 6-layer apple
carton 152
Predicted airflow pattern and pressure distribution in the gaps between side
package walls and tray edges (XZ surface, Y=1 or Y=5) in a Pre-1996 ‘Standard’
6-layer apple carton 153
Predicted airflow pattern and pressure distribution in the bottom produce layer
(XY surface, Z=1) in a Pre-1996 ‘Standard’ 6-layer apple carton 153
Predicted airflow pattern and pressure distribution in the 2™ produce layer (XY
surface, Z=2) in a Pre-1996 ‘Standard’ 6-layer apple carton 154
Predicted airflow pattern and pressure distribution in the 3 produce layer (XY
surface, Z=3) in a Pre-1996 ‘Standard’6-layer apple carton 154
Predicted airflow pattern and pressure distribution in the 4™ produce layer (XY
surface, Z=4) in a Pre-1996 Standard’ 6-layer apple carton 155
Predicted airflow pattern and pressure distribution in the 5™ produce layer (XY
surface, Z=5) in a Pre-1996 ‘Standard’6-layer apple carton 155
Predicted airflow pattern and pressure distribution in the top produce layer (XY
surface, Z=6) 156
Predicted air and produce temperature profile in the bottom produce layer (XY
surface, Z=1) in a Pre-1996 Standard’6-layer apple carton after 1-hour cooling
157
Predicted air and produce temperature profile in the 2nd produce layer (XY
surface, Z=2) in a Pre-1996 ‘Standard’ 6-layer apple carton after 1 hour of
cooling 157
Predicted air and produce temperature profile in the 3™ produce layer (XY
surface, Z=3) in a Pre-1996 ‘Standard’ 6-layer apple carton after 1 hour of
cooling 158



8.35

8.36

8.37

8.38

8.39

8.40

8.41

8.42

8.43

8.44
8.45

8.46

8.47

List of Figures Xi1I

Predicted air and produce temperature profile in the 4™ produce layer (XY
surface, Z=4) in a Pre-1996 Standard’ 6-layer apple carton after 1 hour of
cooling 158
Predicted air and produce temperature profile in the 5™ produce layer (XY
surface, Z=5) in a Pre-1996 Standard’ 6-layer apple carton after 1 hour of
cooling 159
Predicted air and produce temperature profile in the top produce layer (XY
surface, Z=6) in a Pre-1996 Standard’ 6-layer apple carton after 1 hour of
cooling 159
Predicted and measured temperature profiles in the centres of produce items in
the bottom layer of Pre-1996 ‘Standard’ 6-layer apple carton during forced-air
cooling 161
Predicted and measured temperature profiles in the centres of produce items in
the 2™ layer of Pre-1996 Standard’ 6-layer apple carton during forced-air
cooling 161
Predicted and measured temperature profiles in the centres of produce items in
the 3™ layer of Pre-1996 Standard’ 6-layer apple carton during forced-air
cooling 162
Predicted and measured temperature profiles in the centres of produce items in
the 4™ layer of Pre-1996 Standard’ 6-layer apple carton during forced-air
cooling 162
Predicted and measured temperature profiles in the centres of produce items in
the 5™ layer of Pre-1996 Standard’ 6-layer apple carton during forced-air
cooling 163
Predicted and measured temperature profiles in the centres of produce items in
the top layer of Pre-1996 Standard’ 6-layer apple carton during forced-air
cooling 163
Forced-air cooling of apple in a layer of Z-Pack apple cartons 164
Predicted airflow pattern and pressure distribution in the bottom produce layer
(XY surface, Z=1) in a pallet layer of Z-Pack apple cartons 166
Predicted airflow pattern and pressure distribution in the lower middle produce
layer (XY surface, Z=2) in a pallet layer of Z-Pack apple cartons 166
Predicted airflow pattern and pressure distribution in the upper middle produce

layer (XY surface, Z=3) in a pallet layer of Z-Pack apple cartons 167



8.48

8.49

8.50

8.51

8.52

8.53

8.54

8.55

8.56

8.57
8.58

8.59

8.60

8.61

8.62

List of Figures X

Predicted airflow pattern and pressure distribution in the top produce layer (XY
surface, Z=4) in a pallet layer of Z-Pack apple cartons 167
Predicted air and produce temperature profile in the bottom produce layer (XY
surface, Z=1) in a pallet layer of Z-Pack apple cartons after 1 hour of cooling

168
Predicted air and produce temperature profile in the lower middle produce layer
(XY surface, Z=2) in a pallet layer of Z-Pack apple cartons after 1 hour of
cooling 168
Predicted air and produce temperature profile in the upper middle produce layer
(XY surface, Z=3) in a pallet layer of Z-Pack apple cartons after 1 hour of
cooling 169
Predicted air and produce temperature profile in the top produce layer (XY
surface, Z=4) in a pallet layer of Z-Pack apple cartons after 1 hour of cooling

169

Predicted and measured temperature profiles in the centres of produce items in
carton 1 of the pallet layer during forced-air cooling 170
Predicted and measured temperature profiles in the centres of produce items in
carton 2 of the pallet layer during forced-air cooling 171

Predicted and measured temperature profiles in the centres of produce items in
carton 4 of the pallet layer during forced-air cooling 171

Predicted and measured temperature profiles in the centres of produce items in
carton 6 of the pallet layer during forced-air cooling 172
Forced-air cooling of apple in a package bed 173
Predicted airflow pattern and pressure distribution in the top or bottom layer of a
packed apple bed (XY surface, Z=1 or 3) 175
Predicted airflow pattern and pressure distribution in the middle layer of a
packed apple bed (XY surface, Z=2) 175
Predicted air and produce temperature profile in the bottom or top layer of a
packed apple bed (XY surface, Z=1 or 3) after 40 minutes of cooling 176
Predicted air and produce temperature profile in the middle layer of a packed
apple bed (XY surface, Z=2) after 40 minutes of cooling 176
Predicted and measured temperature profile of produce item centre in the centre

of the packed bed during forced-air cooling 177



List of Figures Xrv

A.1 Convention for representing a quantity in a location of the calculation domain
205
A.2 Grids for the x-momentum discretisation equations in bulk packaging systems
209
A.3 Treatment of x-momentum cell at the boundary between produce-air region and
west package wall 216
A.4 Treatment of the x-momentum cell next to the x-momentum cell at the boundary
between produce-air region and west package wall with vent 219
A.5 Treatment of the x-momentum cells between the vented east wall in one
package and the vented west wall in another package 222
A.6 Grids for the y-momentum discretisation equations in bulk packaging systems
224
A.7 Grids for the z-momentum discretisation equations in bulk packaging systems
226
A.8 Grids for the pressure correction and pressure discretisation equations in bulk
packaging systems 227
A.9 Treatment of the scale cells in produce-air region and next to west package wall
with vents for derivation of pressure correction and pressure discretisation
equations 231
A.10 Treatment of the scale cell in the west package wall with vent for derivation of
pressure correction and pressure discretisation equations 233
A.11 Treatment of the scalar cell in a vented east package wall next to a west wall in
another package for derivation of pressure correction and pressure discretisation
equations 235
A.12 Grids for the x-momentum discretisation equations in the layered packaging
systems 237
A.13 Grids for the y-momentum discretisation equations in the layered packaging
systems 240
A.14 Grids for the z-momentum discretisation equations in the layered packaging
systems 242
A.15 Treatment of the z-momentum cells next to package walls in layered packages
243



Listof Figures XV

A.16 Treatment of the z-momentum cell at west-south package comer in layered
packages 245
A.17 Grids for the pressure correction and pressure discretisation equations in the
layered packaging systems 247
A.18 Treatment of the scale cells in produce-air region and next to west wall in
layered package with vents for derivation of pressure correction and pressure
discretisation equations 249
A.19 Grids for deriving the energy discretisation equations in the bulk packaging
systems 254
A.20 Treatment of scalar cell next to west package wall with vent for deriving energy
discretisation equations 264
A.2]1 Treatment of the scalar cell in a vented east wall of one package next to a vented
west wall of another package for deriving energy discretisation equations 267

A.22 Treatment of the scalar cell in a vented west wall where air enters the package

270
A.23 Treatment of the scalar cell in a vented west wall where air leaves the package
271
A.24 Grids for deriving the energy discretisation equations in layered packaging
systems 272
A.25 Heat transfer within the scalar cell in produce-air region 274

A.26 Treatment of scalar cell next to west wall in layered package with vent for

deriving energy discretisation equations 277



2.1
22

3.1

4.1

4.2

4.3

4.4

4.5

5.1
5.2

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

List of Tables XvI

LIST of TABLES
Packed bed porosities for different packing arrangement 17
Values of parameter a and b in Equation (2.5) 18
Features of the packaging system to be modelled 52
Geometric parameters of the bulk packaging systems 58
Geometric parameters of the layered packaging systems 62
Conceptual model for airflow in the bulk packaging systems 65
Conceptual model for airflow in the layered packaging systems 66
Empirical constant in porous media model 71
Heat transfer processes in the bulk packaging system 80
Heat transfer processes in the layered packaging system 81

Data of packaging system and cooling conditions for forced-air cooling of apple
in the layered package used for sensitivity analysis 130
Predicted product centre temperature after four hours of cooling for different
inlet air velocities 132
Predicted product centre temperature after four hours of cooling for different air
velocities along the outside package walls 133
Predicted product centre temperature after four hours of cooling for different
vent areas 133
Predicted product centre temperature after four hours of cooling for different
vent positions 134
Predicted product centre temperature after four hours of cooling for different
widths of the gaps between trays and package walls 135
Data of packaging system and cooling conditions for forced-air cooling of
apples in a single Z-Pack carton 138
Data of packaging system and cooling conditions for forced-air cooling of apple
in a Pre-1996 ‘Standard’ 6-layer apple carton 150
Data of cooling conditions for forced-air cooling of apples in a pallet layer of Z-

Pack cartons 164



List of Tables xvir

8.10 Data of packaging system and cooling conditions for force-air cooling of apple

in a packed bed 174
A.1 Types of x-momentum cells in bulk packaging systems 210
A.2 Types of y-momentum cells in bulk packaging systems 225
A.3 Types of z-momentum cells in bulk packaging systems 226
A4 Types of scalar cells in terms of pressure correction and pressure 228
A.5 Types of x-momentum cells in layered packaging systems 238
A.6  Types of y-momentum cells in layered packaging systems 241
A.7 Types of z-momentum cells in layered packaging systems 242
A.8 Types of scalar cells in terms of pressure correction and pressure 248

A.9 Types of scalar cells in terms of derivation of energy discretisation equations in
bulk packaging systems 255
A.10 Types of scalar cells in terms of derivation of energy discretisation equations in

layered packaging systems 273



