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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.
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Chapter 1 Introduction 1

CHAPTER 1
INTRODUCTION

The horticultural industries make significant contributions to the New Zealand
economy. In the last two decades horticultural export eamings increased from less
than $200 million in 1980 to $ 1,700 million in 1999 (Ministry of Agriculture and
Forestry, 2000). Recent industry studies have predicted that export returns will more
than double again by 2010 (Ministry of Agriculture and Forestry, 2000). To maintain
and increase their share of the highly competitive global market, the New Zealand
horticultural industries have to produce and market products with the highest possible

quality.

Effective temperature management is essential to maintain product quality. The
temperature of horticultural produce at harvest is close to that of ambient air. Rapid
reduction of produce temperature to the optimum storage condition results in the
desired produce quality and prolonged storage life. Rapid cooling after harvest is
generally referred to as precooling (Wills et al., 1998). Forced-air cooling (pressure
cooling) is often adopted for precooling of horticultural produce. Forced-air cooling
involves creating a pressure gradient to force cold air through container vents. The
rate of cooling is significantly increased as the surface area available for heat transfer
is enlarged by forcing air through packages and thus around each item of produce
rather than only over the package surfaces. The time needed for forced-air cooling is

only 10-25 percent of that for room cooling (Mitchell 1992; Watkins, 1989).

During forced-air cooling, it is crucial to achieve fast and uniform cooling throughout
stacks of bins or pallets. The cooling rates of products inside the packages depend
mainly on heat transfer between cooling medium (air) and products in the packages.
The heat wansfer processes are closely related to airflow transport within the

packaging systems.

Apart from its influence on the heat #ransfer processes, air distribution plays a crucial
role in produce weight loss due to water vapour mass transfer between product and

air. Other important quality-related factors, such as the concentrations of gases
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(oxygen, nitrogen, carbon dioxide, ethylene, etc.) in the storage atmosphere and inside

the produce, are also affected by air movement.

The heat and airflow transport processes are affected by the following factors:

e Materials and configurations of the produce packaging systems (trays, cartons,
bins, palletisation patterns, stacking patterns, etc.)

e Characteristics of produce (dimensions, thermal properties, etc.)

e Cooling conditions (inlet airflow rates, inlet air temperature, inlet air moisture

content, etc.)

Forced-air cooling requires the produce packages to be ventilated. Effective container
venting is essential for efficient forced-air cooling. Cold air must be able to pass
through all parts of the package so that all items of produce can be cooled evenly. As
packages are usually stacked or palletised during forced-air cooling, the stack patterns
should also allow a substantial amount of the airflow to be uniformly distributed over

the whole packaging system.

A packaging system needs to be carefully evaluated before implementation to ensure
the most efficient cooling operation. Ventilated packaging has been used by the New
Zealand fresh fruit industries for a long time. A recent trend is to apply different
packaging designs for different markets and consumer groups; consequently more new
packaging systems need to be assessed in shorter periods of time. The traditional trial-
and-error method for packaging re-development is no longer suitable. Prediction tools
are therefore needed to examine the effects of a newly-proposed package on the

cooling rate of the produce.

It is usually considered expensive, time-consuming and situation-specific to use only
experimental methods for studying heat and airflow transfer processes. Furthermore it
may be difficult to achieve a complete understanding of the phenomena by examining
a large amount of experimental data. Alternatively, mathematical modelling is,
overall, a cost-effective strategy for predicting the airflow patterns and temperature
variation in controlled environments such as ventilated packages. If information on
packaging systems, cooling conditions, and produce properties are used as model

input data, the results obtained can predict the effects of these factors on the airflow
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patterns and the product cooling rate. In this case, experiments may still have to be

conducted for model verification.

Computational Fluid Dynamics (CFD) provides a sophisticated but economic tool for
modelling airflow and heat transfer. CFD employs numerical methods to solve the
fundamental fluid transport equations that are derived from the laws of conservation
of mass, momentum and energy. The increasing capacity and decreasing cost of
modem computers have made the application of CFD modelling more and more

efficient and popular.

The overall aim of this project is to develop a CFD modelling system for simulating
airflow and heat transfer processes to predict airflow patterns and temperature profiles
in ventilated packaging systems during the forced-air cooling of fresh produce. Such a
modelling system will find practical applications in evaluating forced-air cooling
operations and assessment of cooling performance of alternative packaging designs
for a range of horticultural commodities. In order to facilitate wider applications and
use of the proposed system, user-friendly interfaces will be designed and incorporated,
such that even users without any knowledge of CFD can find the prediction tools easy

to use.

The rest of this thesis is organised as follows:

Chapter 2 reviews the literature on CFD, porous media methods, and the mathematical

models for airflow and heat transfer in the air-based cooling of fresh produce.

Chapter 3 discusses the forced-air cooling systems for horticultural crops, and defines

the exact system to be modelled in this study.

Chapter 4 presents the conceptual models for airflow in layered and bulk packaging

systems, and then develops the corresponding CFD models for airflow.

Chapter 5 presents the conceptual models for heat transfer in layered and bulk
packaging systems, and then develops the corresponding CFD models for heat

transfer.
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Chapter 6 deals with the solution methods of the air and heat transfer models.

Chapter 7 describes the user-friendly software package ‘CoolSimu’, which

implements the solution procedures of the airflow and heat transfer models.

Chapter 8 presents the predicted airflow patterns and temperature profiles, and
compares the predicted temperature profiles with experimental data for model

validation.

Chapter 9 concludes this thesis by summarising the model development,
implementation, and validation, and discussing the further work needed for model

improvement and industrial applications.

Appendix A presents the details on how the algebraic discretisation equations are

derived from the partial different equations in the airflow and heat transfer models.
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CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

This review focuses on the principles of Computational Fluid Dynamics (CFD), transport
phenomena in porous media, and the mathematical models for airflow and heat transfer
processes in air-based cooling of fresh produce. Five classes of relevant literature were
reviewed: (a) general modelling methodology; (b) basic principles of CFD; (c) porous
media approach; (d) modelling of airflow; (¢) modelling of heat transfer during produce

cooling.

2.2 Modelling Methodology

Harper & Wanninger (1969) defined mathematical models as the equations that simulate
real world situations, because they behave in a manner analogous to the actual situations.
Application of mathematical models reduces the scope and cost of experimentation, as
modelling allows more alternatives to be considered which may be difficult or expensive

to test (Levine, 1997).

2.2.1 Modelling Procedure

Meerschaert (1993) identified five main stages in a modelling process: asking the
questions, selecting a modelling approach, formulating the model, solving the model, and
answering the questions. The starting steps are to examine the real world system to be
modelled, and to identify the problems to be solved. These would enable the modeller to
decide on the objectives of modelling, the required accuracy, and the type and size of
computer envisaged (Touber, 1984). Cleland (1990) introduced a general system for
equation development suitable for modelling in the area of refrigeration. The sequence of
model development for complex problems in engineering science is summarised in

Figure 2.1 (Kleinsteuer, 1997).
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Project statement Math modelling Expected results

e Problem recognition o  Literature search e Model validation

e Data availability e  Assumptions, e Model predictions

o Computational resources | basic equations, closure | [ o  Enhanced system

e Time requirements e Nondimensionalisation understanding

¢ Cost analysis and scale analysis e Model applications (new
e Fundamental analytic correlations, system

solution design, and  system
e Numerical solution improvement
| I !
Feedhack

Figure 2.1 Sequence of model development (Kleinsteuer, 1997).

2.2.2 Types of Models

e Steady-state and unsteady-state models

According to whether the modelled systems change with time or not, models can be

classified as steady state and dynamic (unsteady-state).

Steady-state models are suitable for modelling systems whose major parameters do not
change with time. Steady-state models are also used to assess the performance of a
system under different sets of operating conditions (Touber, 1984). Steady-state
modelling may be applied to describe time-averaged behaviour of a transient system,
while heat and mass accumulation in the system is negligible. Steady-state models
generally demand less computational time and a small amount of input data, as the time-

variability in system parameters is not considered.

Dynamic models are applied to assess how the time-variable effects, such as heat load,
environmental conditions and start-up transients, influence normal system operation;
accordingly advanced control strategies or detailed controllers may be developed
(Cleland & Cleland, 1989). Dynamic models are usually considered closer to real world
situations because most of them are time-dependent. However, as one more dimension

(time) has to be dealt with mathematically, the dynamic modelling approach requires
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more input data (initial conditions) and more computational capacity while solving the

models.

e Zoned and fully distributed models

Based on the approaches for modelling positional variation of variables (space

discretisation), models are divided into zoned and fully distributed models.

In zoned models, the space to be modelled is divided into several zones. For each zone an
ordinary differential equation is adequate for each variable as the conditions within the
zone are assumed to be uniform. Movement of fluid within a region may be defined by a
plug-flow pathway, and the position of zones is arranged along the flow pathway through
the system in a sequential fashion (Amos, 1995). Generally, only temperature and fluid
concentration are solved in zoned models, while fluid velocity is defined with
experimental data instead of by solving the momentum conservation equations. A single-
zoned model is the simplest case in which the whole calculation region is #reated as

uniform.

Fully distributed models are also called fluid dynamic models, and use partial differential
equations (PDEs) to formulate the full position-variability. These PDEs describe heat,
mass, and momentum conservation within the considered region. This approach is
usually able to simulate the real world more accurately than the zoned models, since
fewer assumptions are needed to develop a fully distributed model. Finite-difference,
finite-element, and finite-volume methods are the most commonly used numerical tools
for solving the transport equations. Fully distributed modelling requires much larger

computer memory and computational time than zoned modelling.

2.3 Principles of Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) modelling is the process of representing a fluid
flow problem by mathematical equations based on the fundamental laws of physics, and
then solving those equations numerically using computer to predict the variation of the

relevant parameters within the flow field (Jones & Whittle, 1992). The use of CFD
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involves three main steps: the definition of problem, its solution, and analysis of the

results (Scott & Richardson, 1997).

To define a problem, one firstly defines the boundary and/or initial conditions of a fluid
field, and determines the flow characteristics that include dimensionality,
compressibility, viscosity, dependence of time, variation of temperature, and existence of
turbulence, etc. Based on the analysis, proper differential and auxiliary algebraic
equations are chosen to formulate the transport phenomena of interest. The process of
CFD solution consists of two stages: (a) discretisation in which the continuous partial
differential equations and auxiliary (boundary and initial) conditions are converted into a
discrete system of algebraic equations; (b) solution process in which an equation solver is
used to solving the system of algebraic equations (Fletcher, 1988a). While analysing a
CFD prediction, the output data are usually presented in graphic forms that are easily
interpreted. Experimental validation is considered essential before final application of

simulation results.

2.3.1 Fundamental Fluid Transport Equations

The starting point of CFD is the fundamental equations of fluid dynamics that describe

the transport phenomena based on the conservation laws.

e General transport equations

All the conservation equations, also known as field equations, represent the variation of
solution variables in space and time. These basic equations for incompressible, viscous

flow and the energy equation for solid are presented as follows (Yuan, 1967; Fletcher,
1988a, 1988b; Ferziger & Peric, 1997).

(a) Continuity equations (mass conservation equation)

V.v=0 @2.1)

where:

\% = velocity vector (m-s).
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(b) Navier-Stokes equations (momentum conservation equations) for fluid with constant

viscosity
ov 2
pf5;~+,ofV°(vv)=p,g—Vp+ﬂV v (2.2)
where:
t = time (s).
or = fluid density (kg m™).
g = gravitational constant (m s?).

= fluid pressure (N m™).

= fluid dynamic viscosity (N s m’).

(c) Equation for energy conservation

pfcp%+pfcpv-(v'}}) =V-(K,VT;) (2.3)
where:

Iy = fluid temperature (K).

or = fluid density (kg m™).

Cp = fluid constant-pressure specific heat capacity (J kg'K™).

K, = fluid thermal conductivity (W m™'K™).

(d) Fourier equation for heat conduction (equation for energy conservation in solid)

pSCJ?E—:V-(KSVTj) (2.4)
ot

where:

T; = solid temperature (K).

Ps = solid density (kg m™).

Cs = solid specific heat capacity (J kg'l K™h.

K, = solid thermal conductivity (W m™ K™').
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e Auxiliary conditions

Many transport phenomena in the area of agricultural and food engineering may be
described by the same set of equations. Differences in the results obtained stem from
auxiliary conditions, e.g. boundary and initial conditions of the problem. Only unsteady
flow modelling requires the initial conditions that specify initial values of velocity
components, temperature, turbulence quantities for turbulent flows, and other solved-for
quantities everywhere in solution region. The boundaries that are commonly encountered
in practical flows are inflow, outflow, and wall (Awbi, 1989; Versteeg & Malalasekera,

1995; Ferziger & Peric, 1999).

For an inflow boundary, distribution of all solved-for variables (velocity components,
temperature, turbulence quantities, etc.) must be given. It is often better to obtain the inlet
conditions from experimental data than to use assumed values (Awbi, 1989; CHAM,

1995; Versteeg & Malalasekera, 1995).

Outflow boundaries are usually positioned at locations where flow is approximately
unidirectional and where surface stresses take known values. The common outflow
boundaries include external flows far from solid objects and fully-developed internal
flows out of a duct. In these cases, boundary conditions are the specified pressure and
zero gradients of velocity, temperature, and turbulence quantities along the flow
direction. The longitudinal velocity may be derived from mass conservation for the
whole flow field. The pressure may be fixed at a certain value, e.g. atmospheric pressure.
The exit temperature can be calculated from the energy conservation of the entire domain
of interest by taking into account the heat transfer across all boundaries (Awbi, 1989;
CHAM, 1995; Versteeg & Malalasekera, 1995).

The no-slip boundary condition is used to specify the fluid velocity on a wall, i.e., the
fluid moves at the same velocity as the wall (Awbi, 1989; CHAM, 1995; Versteeg &
Malalasekera, 1995).
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2.3.2 Discretisation Methods

After the mathematical model has been established, a suitable discretisation method is
selected to approximate the differential equations with systems of algebraic equations.
The most important discretisation methods are the finite difference (FD), finite volume
(FV), and finite element (FE). In practice, all of the above methods can be applied to
discretise spatial derivatives, but only the finite difference method is used for time

discretisation (Fletcher, 1988a).

e Finite difference method

When applying the finite difference method, the solution domain is mapped with a grid.
At each grid point, the partial derivatives in the PDEs are replaced by algebraic
approximations in terms of nodal values of the solution functions. The result is one
algebraic equation per grid node for each variable, in which the variable values at the
node and a number of its neighbour nodes are unlowns in the equation. The
approximations to the first and second derivatives of the variables are usually obtained by

Taylor series expansion or polynomial fitting (Anderson et al., 1984).

The FD method has only been applied to structured grids. The grid lines serve as local
coordinates. This method is considered the easiest one for simple geometries. It is
especially easy to employ high-order schemes on regular grids. The disadvantages of the
FD method are that the conservation is not automatically enforced, and the resiriction to

simple geometries makes it difficult to deal with complex flows (Ferziger & Peric, 1999).

e Finite volume method

Patankar & Spalding (1972) firstly proposed the finite volume method. Patankar (1980)
and Versteeg & Malalasekera (1995) introduced the details on the application of the FV
approach in CFD. In the FV method a computational field is divided into a number of
non-overlapping control volumes (also known as cells) such that each control volume
surrounds a grid point. The transport PDEs are integrated over each control volume, and
the surface and volume integrals are approximated using suitable quadrature formulae.

The resulting convection and diffusion fluxes across the volume’s faces are approximated
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by the piece-wise profiles expressing the variation of dependent variables between the
grid points. The discretisation equations obtained in this manner represent the

conservation principle for the dependent variables over the control volume.

The FV Method can be used for any type of grid, so it is suitable for complex geometries.
The FV discretisation equations maintain a close link with the original PDEs because the
method is conservative by construction. The conservative nature makes it simple to
understand and to program. It is also easy to carry out model changes and to evaluate the
modelling results while using FV method. The disadvantage of the FV method is the
difficulties encountered in applying high-order schemes, as two levels of approximations
(interpolation and integration) are used in derivation of discretisation equations (Ferziger
& Peric, 1999).

o Finite element method

The use of finite element method in CFD has been well documented by Peyret & Taylor
(1985), Fletcher (1988a), and Reddy & Gartling (1994). The finite element method
(FEM) divides the calculation domain into a number of discrete volumes or finite
elements that are generally unstructured. For two-dimensional domains, the finite
elements are usually triangles or quadrilaterals, while for three-dimensional domains they
are commonly tetrahedra or hexahedra. The solution of a PDE can be expressed
approximately in terms of the variable values in the corners of each element and an
interpolation function within the element. Piecewise polynomials of relatively low orders
are used as the interpolation functions. Both the weighted-residual (Galerkin) and
variational (Rayleigh-Ritz) approaches can be adopted to derive discretisation equations,
but the former is far more popular in the area of CFD. In the weighted-residual method,
the solution function is substituted into a weighted integral of conservation law, while the
weight function is usually of the same form as the solution function. The algebraic
equations to be solved are derived by requiring the derivative of the integral with respect

to each nodal value to be zero.

The most important advantage of the finite element method is the ability to handle
complex geometries and highly non-uniform grids. However, the finite element approach

is significantly more intensive in computing requirements, and it can be cumbersome
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while applying high-order schemes or changing model input data (Collins & Ciofalo,
1991).

2.3.3 Computational Grids

Jones & Whittle (1992) discussed the important aspects of computational grids. Small
cells or elements and the resulting overall fine grid provide more details on the variation
of the variables over a calculation domain, and also ensure greater accuracy of solution.
Theoretically, grids should be fine enough to generate accurate results with an
appropriate level of detail. However, computational costs would be prohibitive in order to
generate so-called ‘grid independent results’, particularly for three-dimensional buoyant
flows (Jones & Whittle, 1992). Fine grids should be applied in the areas where the
solution variables have large space gradients, such as inlets, outlets and near-wall
regions. The grids that are too coarse may lead to convergence difficulties and inaccuracy
resulting from false diffusion, particularly when the local flow direction is inclined to the
grid directions (Patankar, 1980; CHAM, 1995). The commonly used grids are structured,

block-structured, and unswuctured grids.

Regular or structured grids consist of families of grid lines with the property that
members of a single family do not cross each other and cross each member of other
families only once. The simplest structured grid is the rectilinear (Cartesian) one, in
which the cells are formed by rectangles or cubes. Another type of structured grid is the
curvilinear grid (body-fitted coordinates, BFC) that can be thought of as a distorted
Cartesian grid. While defining a grid, the cell aspect ratios have to be kept as close to
unity as possible. Aspect ratios greater than about 5:1 could affect the rate of
convergence. The rate of expansion of cell size between adjacent grid lines also should be
limited for the sake of accuracy (Jones & Whittle, 1992). The neighbour connectivity of
the structured grids simplifies programming in grid generation, and the resulting matrix
of algebraic equation system has a regular structure, which can benefit the solution of the
algebraic equations. The disadvantages of the structured grids are: the limitation in
representing complex geometries, and the difficulty in controlling the distribution of grid
points (concentration of points in one region produces unnecessary small spacing in other

parts of the solution domain) (Patankar, 1980; CHAM, 1995; Ferziger & Peric, 1999).



Literature Review 14

A block-structured grid is made up of a number of blocks, each of which is an individual
structured mesh. This kind of grid is more flexible than the previous one, since it allows
the use of finer grids in the regions where large spatial gradients of variables exist. The
block interfaces can be treated in a fully conservative manner (Ferziger & Peric, 1999). A
block-structured grid can correct badly distorted cells, and ensure satisfactory
orthogonality to avoid the occurrence of severe false diffusion (Jones & Whittle, 1992).
Block-structured grids with overlapping blocks are sometimes referred to as composite or

Chimera grids, which are often used to represent moving bodies in fluid regions (Ferziger
& Peric, 1999).

An unstructured mesh may contain triangular elements as well as four or six sided cells.
Previously unstructured meshes are mainly used for finite-element methods, but newly-
developed algorithms allow this type of mesh to be applied in the finite-volume
formulation (Jones & Whittle, 1992). Unstructured grids are the most flexible grids that
can fit any arbitrary solution domain boundary. Computer codes for unstructured grids
are also more flexible, as they need not be altered when the grid is locally refined.
However, the advantage of flexibility is offset by the disadvantage of irregularity of the
data structure. Much more effort is required in grid generation and data pre-processing
(Ferziger & Peric, 1999).

2.3.4 Solution Methods for Discretisation E quations

Discretisation produces a system of algebraic equations. The methods for solving the
system of equations are closely related to the character of the problem posed by the
original PDEs. Equilibrium problems (steady flows) result in systems of algebraic
equations that must be solved simultaneously throughout the problem domain in
conjunction with boundary conditions. For unsteady flows, the marching-in-time method
has to be used, and at each time an elliptic problem has to be solved (Anderson et al.,

1984; Ferziger & Peric, 1999).

Most problems in CFD require the solution of coupled system of equations; for instance,
velocity components appear in the energy equations. Furthermore, almost all systems of
the discretisation equations are non-linear and very large, and this makes simultaneous

solution very difficult and expensive. It is often preferable to treat each equation as if it
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has only a single unknown, and temporarily to treat the other variables as known by using
the best currently available values for them. Iterations are performed on each equation in
turn, repeating the cycle until all equations are satisfied. Two or more levels of iteration

may be used to improve computational efficiency (Ferziger & Peric, 1999).
2.3.5 Presentation and Verification of CFD Results

CFD results are usually examined in two ways. In the traditional method, the results data
file provides all relevant information, including the spatial co-ordinates defining the
computational mesh and the values of solved variables (velocity components,
temperature, pressure and concentrations) for each cell or element. For a large CFD
problem, it is obviously inconvenient to interpret the results from a huge amount of
numerical data in the output file. The second method (often called post-processing)
allows the user to visualise the calculated results. A post-processor is used to process the
data in the output file and display them graphically on the computer screen. There are
three commonly-used graphical presentation methods: vector plot, contour plot, and iso-

surface plot (CHAM, 1995; Jones & Whittle, 1992; Scott & Richardson, 1997).

The validity of a CFD model has to be assessed by comparison with experiment results.
Two types of experiments are often conducted to verify CFD predictions. One is
experimental flow visualisation that can qualitatively verify the flow patterns predicted
by the CFD models. Methods for visualisation of airflow include smoke-tube, helium-
bubble, tufts and interferometer approaches (Bradshaw, 1970; Goldstein, 1983). The
second type of experiment measures the values of variables in different positions of the
flow field. The measured variables may be velocity, temperature, pressure,
concentrations,.and turbulence quantities. Air velocity can be measured by Pitot tube,
chronophotograph, propeller and vane anemometer, thermal anemometer, ultrasonic
anemometer, and laser Doppler anemometer (Bradshwa, 1970; Cheremisinoff &

Cheremisinoff, 1988; Fingerson & Freymuth, 1983).
2.4 Porous Media Models

A porous medium is a material or a structure that contains interconnected spaces, so-

called pores or voids, embedded in the solid or semi-solid matrix. The pores can be
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occupied by single-phase or multiphase fluids. Comprehensive reviews on transport
phenomena in porous media have been provided by Dullien (1979), Cheng (1985), Nield
& Bejan (1992), and Kaviany (1995, 1998). This review focuses on the momentum and
energy transport of single-phase flow in saturated and rigid porous media, corresponding
to the situation in the cooling of fresh produce stored in containers, which may be treated

as packed beds of particles.

2.4.1 Structural Properties of Packed Beds

The macroscopic and microscopic pore structure parameters of porous media have been
well documented by Dullien (1979), while Haughey & Beveridge (1969) reviewed the
structural properties of packed beds. The structure of a packed bed is determined by
several factors that include the shape of the particles, the distribution of particle sizes,
and whether the column is packed regularly or randomly. For any regular packing of
particles, the resulting pore structure is anisotropic, while a randomly packed bed may be

treated as isotropic if the particles have nearly uniform shapes and sizes.

e Porosity

Porosity is defined as the fraction of the bulk volume of the porous sample that is
occupied by pore or void space. Table 2-1 shows the porosities of regularly packed beds
of identical spheres for different packing arrangements (Dullien, 1979; Chauk & Fan,
1998). In the random packing of identical spheres, the range of mean porosity values is
associated with particular methods of formation, which was described by Haughey &

Beveridge (1969) as:

e Very loose random packing: for sedimentation of spheres and inversion of the bed
container, porosity is about 0.44;

e Loose random packing: for rolling spheres individually into place, individual random
hand-packing, and dropping the spheres into the container as a loose mass, porosity is
between 0.40 and 0.41;

e Poured random packing: when spheres are poured into a container, mean porosity is

from 0.375t0 0.391;
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e C(Close random packing: when the bed is vibrated or shaken down vigorously,

minimum porosities from 0.359 to 0.375 are obtained.

Table 2.1 Packed bed porosities for different packing arrangement

Packing arrangement Contact points of each particle with the others Porosity
Sphere-rhombohedral 12 0.2595
Sphere-tetragonal 10 0.3019
Sphere-orthorhombic 8 0.3954
Sphere-cubic 6 0.4764

Roblee et al. (1958) and Benenati & Brosilow (1962) reported that adjacent to an
impermeable boundary there is a region of relatively high porosity due to the discrepancy
between the radii of curvature of the wall and the particles. As a result, the velocity has
its maximum values near the wall, and flow channelling and mal-distribution may take
place (Schertz & Bischoff, 1969). The channelling effect may exert considerable
influence on the heat and mass transfer characteristics of the system. The measurements
show that the porosity of a packed-sphere bed increases from a value of 0.36-0.4 in the
bulk of the bed to 0.8-1.0 at the wall. The variation of the porosity takes the form of a
damped oscillatory function with the oscillations damped out at about 4-5 sphere
diameters from the wall (Benenati & Brosilow, 1962). As the oscillation of the porosity is
generally insignificant for heat and mass transfer, the porosity distribution in a pecked

bed is usually modelled by an exponential decaying function of the distance to the wall:

by
$=p.(+ac ™) (2.5)
where
¢ = porosity.
P = free stream porosity.
dp = particle diameter (m).
y = distance from wall(m).
a = empirical constant.
b = empirical constant.
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Different researchers adopted various values for the empirical parameters a and b in
association with different free stream porosity €., which were summarised in Table 2.2.

The values were obtained by fitting experimental data.

Table 2.2 Values of parameter a and b in Equation (2.5).

a b P References

1 2 0.4 Cheng & Hsu, 1985; Cheng & Zhu, 1987;
Nithiarasu et al., 1997

1  (dp=5mm) |2 Not specified | Vafaietal., 1985

0.9 (dp=8mm)

0.35 (dp=3mm) | 3 0.37 Poulikahos & Renken, 1987

0.43 (dp= Smm)

5 1 Not specified | Hsu & Cheng, 1990

1.7 6 0.37 Amiri & Vafai, 1994, 1997

0.8 6 0.4 Chenetal., 1996

2.256 2 0.307 Fuetal., 1996; Fu & Huang, 1997, 1999

e Permeability

Specific or intrinsic permeability is used to measure the conductivity of a porous medium
with respect to permeation by a Newtonian flow. In the case of single-phase flow it can
be abbreviated as permeability. The permeability is generally independent of the nature of
the fluid, but uniquely determined by the pore swucture. When the flow is sufficiently
slow and steady, Darcy’s law is employed to define the permeability (Nield & Bejan,
1992):

K
L v/ .
(V) D (2.6)

where;

(V)

K = permeability of porous medium (m?).

superficial velocity (m s™).

dynamic viscosity of fluid (kg m™ s™).

i~
]
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= pressure (N m'z).

!
|

Considering that the beds are packed with the particles of approximately spherical shape
and the particle diameters fall within a narrow range, the permeability can be calculated

as (Macdonald et al., 1979):

3
s
v
d, =65 (28)
where:
¢ = porosity.
dy = equivalent mean sphere diameter (m).
A = empirical parameter.
Vp = mean particle volume (m®).
Sp = mean particle surface (m®).

For the value of parameter 4 in Equation (2.7), Ergun (1952) proposed 150, and
MacDonald et al. (1979) suggested 180, while some researchers also used 175
(Poulikakos & Renken, 1987; Chang & Chang, 1996). If the beds are packed with non-
spherical particles, other values for the parameter may be derived according to

experimental results (Comiti & Renaud, 1989).

e Specific Surface Area

The specific surface area of a porous material is defined as the average interstitial surface

area of the voids and pores per unit bulk volume of the porous material.
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2.4.2 Modelling Transport Phenomena in Porous Media

e Volume Averaging Method

Transport in porous media involves complex flow patterns around a solid matrix. Due to
the random orientations of the solid phase, exact solutions for the detailed local flow field
are generally impossible. The volume averaging method is usually applied to integrate the
pore-level microscopic governing equations over a representative elementary volume
(REV) for deriving the macroscopic transport equations. Applications of the volume
averaging method in modelling transport processes in porous media have been well
documented by Carbonell & Whitaker (1984), Bear & Bacchmat (1984, 1990), Levec &
Carbonell (1985a, 1985b), Hsu & Cheng (1990), and Whitaker (1997).

While spatially averaging the microscopic governing equations, therefore certain details
of the information with respect to microscopic structure are lost, so some well-
established empirical relations are required for closure of the macroscopic equations. The
dimension of the REV is required to be large compared to the characteristic dimension of
the void space in order to obtain a representative number of pores and particles, but small
compared to the dimension of the entire domain (Carbonell & Whitaker, 1984; Bear &
Bacchmat, 1990).

In the volume averaging method, one has to distinguish two average values, superficial
average and intrinsic phase average (Carbonell & Whitaker, 1984; Bear & Bacchmat,
1990):

1

W)= [wav (2.9)

Vs

1
Whp=—[vdv (2.10)

Vs

n

where
4 = quantity w of S phase in porous medium.

(v}

superficial average of .
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(W) = intrinsic phase average of .
4 = volume of representative element volume (m*).
Ve = volume of A phase in representative element volume (m?).

The relationship between (y) and (y)g is:

W) =gy, (2.11)

where:

¢

porosity.

The quantity y can be decomposed into spatial average and spatial deviation:

=), +y’ (2.12)

where:

spatial deviation of .

!}/ 1

The most important averaging rules are the averages of products and spatial derivatives
(Bear & Bacchmat, 1990):

(wo}, = (w) (@) +w e} @.13)
1

Vy)=Vy)+ [ g (2.14)

g0

where:

7 = quantity  of S phase in porous medium.

¥ = spatial deviation of .

o = quantity ¢ of S phase in porous medium.

@’ = spatial deviation of g.
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Aps = interfacial area between [-phase and o-phase contained within

REV (m?).

Ngs unit normal vector pointing from f-phase to o-phase.

e Macroscopic continuity equation

Applying the volume averaging on the microscopic continuity equation for
incompressible fluid, Equation (2.1), and using the no-slip boundary on solid-fluid

interface, the macroscopic continuity equation can be derived (Bear & Bacchmat, 1990):

V-(v) =0 (2.15)

e Macroscopic momentum equation

Spatially averaging microscopic momentum equation for incompressible fluid, Equation
(2.2), and using no-slip boundary on solid-fluid interface, the macroscopic momentum
equation can be derived (subscripts f and s represent the fluid and solid phase in
following equations) (Bear & Bacchmat, 1990; Hsu & Cheng, 1990):

pf§(¢<v)f)+pfv(¢(V>f<v)f)+pfv(¢< V'V')):

(2.16)
~V(§(p) VP (P(V) ) )+gp,8+B
1 1
B=— n,PdA+— [n-uvvda (2.17)
4 Ag 4 Ag
where:
B = body-force related to solid matrix (N m™).
\ = spatial deviation of fluid velocity (m s™).
¢ = porosity.
Ay = interfacial area between fluid phase and solid phase contained

within REV (m?).

Ny = unit normal vector pointing from fruit phase to solid phase.
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The third term in the left-hand side of Equation (2.16) is the hydrodynamic dispersion
term, which is of higher order than the second term on the left-hand side, and can
therefore be neglected. The body-force term B is a measure of the flow resistance due to
the existence of the solid matrix. Vafai & Tien (1981) and Hsu & Cheng (1990) used the

Ergun expression to relate B with the superficial velocity:

vy P FH)

B= (2.18)
K JK

where:

K = permeability (m?).

F = Forcheimer coefficient.

Replacing B with the Ergun expression, the macroscopic momentum equation becomes

(Hsu & Cheng, 1990):

Pratvrtp VL0 Py v ()£ E "Fj'%*”wpfg
Transient term ~ macroscopic pressure  Brinkman  Darcyterm  Forcheimer tem gravitational
convection term gradient ~ term body-force term
(2.19)
where:
Hegr = effective viscosity of fluid in porous medium (kg m™ s™).

The #ransient term is used for solving unsteady flow. The macroscopic convection term
represents macroscopic inertia, which is responsible for the growth of the momentum
boundary, and only significant over a length of the order of Kpu,/ u (u. is characteristic
velocity). The Brinkman term accounts for macroscopic or bulk viscous diffusion mainly
caused by external bounding surface. The Darcy term describes the effect of microscopic
viscous shear stress (surface drag) offered by the solid matrix. The Forcheimer term
resembles the microscopic inertial force (form drag) due to solid obstacles (Vafai & Tien,
1981; Neild & Bejan, 1992; Kaviany, 1998). Equation (2.19) is often referred to as the

generalised macroscopic momentum equation for porous media.
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For most porous media, setting ;= u provides good agreements with experimental data

(Neale & Nader, 1974). It appears to be the established practice to identify g4 with g for

porous media in general.

The Forcheimer coefficient F may be expressed as follows for packed beds of particles:

F= B (2.20)
Jag¢®

where:

A = parameter in Equation (2.7).

B = empirical parameter.

Different values for the parameters 4 and B have been proposed. Ergun (1952) suggested
A =150 and B=1.75 on the basis of 640 experiments on spheres of different diameters,
sand and coke particles. Macdonald et @l. (1979) recommended 4=180 and B=1.8-4.0
depending on the surface roughness of the particles. Lee & Yang (1997) provided
different correlations for permeability X and Forcheimer coefficient F after numerically
solving the microscopic transport equations for fluid flow cross a bank of circular

cylinders.

@ Macroscopic energy equations

(a) General macroscopic energy equations

Applying volume averaging to the energy conservation equations for fluid and solid,

Equation (2.3) & (2.4), and using no-slip boundary on solid-fluid interface, the

macroscopic energy equations for incompressible fluid and solid phases can be derived:

XT,),
Pr CP‘R’TP sCoVUYNT ) )=V{eK VT, ) )+
, 1 (2.21)
V{; fn.x T fdA}T—/- [ns K VT, dA—p, C,VAHY'T)Y)
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where

Ty = fluid temperature (T).

o = fluid density (kg m™).

Cp = fluid constant-pressure specific heat capacity (J K kg™).

K, = fluid thermal conductivity (W K™ m™).

Iy = spatial deviation of fluid temperature (K).

v’ = spatial deviation of fluid velocity (m s™).

A = interfacial area between fluid phase and solid phase contained
within REV (m?).

ng = unit normal vector pointing from fruit phase to solid phase.

¢ = porosity.

p.C,0-P X =V - PR, W), 17 {;} AjﬁnﬁKsT'sdA} - ﬁAjﬁnﬁ K, VT,dA

(2.22)

where:

T = solid temperature (T).

Ps = solid density (kg m™).

Cs = solid specific heat capacity (J K™ kg™).

K; = solid thermal conductivity (W K™ m™).

Ty’ = spatial deviation of solid temperature (K).

While deriving above equations, the following relation is used (Bear & Bacchmat, 1990):

V= -% jn sdA (2.23)

Ag

The second terms on the right-hand side (RHS) of Equation (2.21) and (2.22) are called
tortuosity terms involving the area integrals of the spatial deviations in temperature along
the surface. The third terms on the RHS of the two equations represent heat exchange
between fluid and solid phases. The fourth term on the RHS of Equation (2.21) is a
thermal dispersion term that is the volume average of the product of spatial deviations in

velocity and temperature (Levec & Carbonell, 1985).
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(b) Thermal dispersion

Thermal dispersion is heat transfer caused by hydrodynamic mixing of the interstitial
fluid at pore scale due to the nature of the porous structure (Neild & Bejan, 1992). The
thermal dispersion term is usually related to the macroscopic temperature gradient and an

empirical dispersion conductivity or diffusion tensor:

~p,C,V-(eVT)) =V K, V(T,), (2.24)
where:
Ke = dispersion conductivity tensor (W K' m™).

For isotropic porous media, the longitudinal dispersion and transverse dispersion

conductivities can be used to express the dispersion conductivity tensor (Kaviany, 1998):

K, =mnK, +{I-an)X, (2.25)
where:

n = unit vector in direction of fluid superficial velocity.

I = second-order identity tensor.

Ka = longitudinal dispersion conductivity (W K m™).

Ka = transverse dispersion conductivity (W K'm").

Wakao & Kaguei (1982) suggested the longitudinal and transverse thermal

conductivities as linear functions of Peclet number:

4 O Pe, (2.26)
I
K
—&-=C,Pe, (2.27)
p
Copud
Pe,; = %”— (2.28)
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where:

Pe; = Peclet number based on particle dimension.

u = superficial fluid velocity component in main flow direction (m s™).
dp = diameter of particles (m).

o = fluid density (kgm™).

Cp = fluid constant-pressure specific heat capacity (J K kg'l).

K = fluid thermal conductivity (W K m™).

C = empirical parameter (~ 0.5).

C = empirical parameter (~ 0.1).

Amiri & Vafai (1994, 1998) applied the above relations for studying forced convective
flows through 2D porous channels. The correlations were also used by various
researchers to study natural convective flows in porous media, in which the ranges of the
empirical parameters C; and C, were 1/7-1/3 (Hong & Tien, 1987, Hong et al., 1987; Lai
& Kulacki, 1989; Leu & Jang, 1995; Murthy & Singh, 1997).

Cheng and his co-workers related the local transverse dispersion conductivity with
Peclect number and a dispersive length modelled by a Van Driest wall function (Cheng &
Hsu, 1985; Cheng & Zhu, 1987; Cheng et al., 1988):

K -
& _D,Pe,l (2.29)
K,
-r
[=1-e ™" (2.30)
where:
D, = empirical constant.
I = dimensionless dispersion length.
w = empirical constant.

= distance from wall (m).

In the above equations, the empirical parameters w and D, depend on the coefficients a
and b in the equation for porosity Equation (2.5). The best match with experimental data

areD;=12and w=1ifa =5 and b = 1. Fu and his co-workers used this correlation to
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formulate forced convection jet flow through porous blocks (Fu et al, 1996; Fu &

Huang, 1997, 1999).

Hsu & Cheng (1990) performed a theoretical analysis on velocity and temperature spatial
deviations in a dilute array of spheres, and proposed the following expressions for the

thermal dispersion conductivity tensor:

K, =DK, %Pe ” (pore Reynolds number >> 10) (2.31)
* 1 - ¢ 2

K,=DK, —¢?—Pe y (pore Reynolds number << 10) (2.32)

where:

D = constant tensor.

D* = constant tensor.

Kuwahara ez al. (1996) obtained the following correlations for transverse thermal
conductivity after solving the microscopic velocity and temperature fields for the flow

passing a collection of square rods:

1.7
% _p.on-Fe (Peg <10) (2.33)
4 (1-¢)*
K il
K—d' =0.052(1-$)? Pe, (Peq >10) (2.34)
i

Other correlations for the thermal dispersion conductivity were summarised by Kaviany
(1995, 1998), though many correlations are for the total diffusivity coefficient (including

the effects of molecular thermal diffusion and thermal dispersion).
(c) Macroscopic energy equations under local thermal equilibrium
If the temperature difference between fluid and solid phases is negligible at all locations

in the considered system, we can assume that the fluid and solid phases are at local

thermal equilibrium, and following relation holds:
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Ty, =T, =T) (2.35)

By introducing an effective thermal conductivity tensor, ke, to account for the effects of
the tortuosity terms, the Equation (2.21) and (2.22) can be combined into one energy

equation (Kaviany, 1998):

(99, Cr + A= $)p,CIZL = VK, VD) +V K, V(D) (2.36)
where:
K. = effective thermal conductivity tensor (W K™ m™).

As only one energy equation is used, the above formulation is also called one-equation
heat transfer model for porous media. The effective thermal conductivity for isotropic
media K. is defined by (Hsu & Cheng, 1990):

VAKVD) ==V {[(1-)K, +¢K [V(T)} +V [—Il; Jnﬁ (KIT}“K,T’,)M} (2.37)

The effective thermal conductivity depends on the thermal conductivity of each phase,
the swucture of the solid matrix (especially, the extent of the continuity of the solid
phase), and contact resistance between particles (e.g. surface coatings). Kaviany (1995,
1998) reviewed several empirical correlations for isotopic effective thermal conductivity
of packed beds, which are mainly derived based on experimental data or semi-analytical

prediction.
(d) Macroscopic energy equations without assuming local thermal equilibrium

Local thermal equilibrium does not hold in many cases, which include large solid block
surrounded by relatively narrow fluid pathways, significant heat generation occurring in
either the fluid or solid phase, and large temperature variation at boundaries when the
solid and fluid phases have significantly different heat capacities and thermal

conductivities. Under these circumstances, two separate energy equations are needed for
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the fluid and solid phases. This approach is usually referred to as two-equation model for
heat transfer in porous media. Kaviany (1995, 1998) provided the solid and fluid energy
equations derived directly from Equations (2.21) and (2.22). In these equations, a set of
tensors were proposed for modelling turtuosity and dispersion terms, and an interfacial
heat transfer coefficient was also employed to account for heat exchange between fluid

and solid particles.
The following energy equations were applied by Vafai & Sozen (1990), Amiri & Vafai

(1994), and Ichimiya et al. (1997) for modelling heat transfer for incompressible forced

convective flows through packed beds:

T
Py CP¢2<%+)OICPV'(<VKT[ ) ! )=

(2.38)
VLK VT, ) WK g T, p+hga  (T,),~T,) )

c{l KT, 2, =V -]l K VT > 1-h (T —(T) (2.39)
P s( "¢)_ar_‘- [( _¢) 7 f f]- J}'aﬁ sis I f) .
where:
asf = specific surface area (m™).
hsy = interfacial heat transfer coefficient (J K! m'?‘).

The above two-equation model was also used by Slimi et al. (1998) to study transient
natural convection in a vertical cylinder filled with a porous medium. The value of
interfacial heat transfer coefficient hy depends on the specific energy equations used.
Kaviany (1995, 1998) summarised a number of relations for the interfacial heat transfer

coefficient.
e Boundary conditions
For impermeable boundaries, if the momentum equation does not include the Brinkman

term, a slip boundary condition has to be employed. Otherwise, the no-slip condition is

applicable, as in a plain fluid (Neild & Bejan, 1992). The channelling effect is usually
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taken into account by using variable porosity and permeability in the near-wall region, as

discussed on Section 2.4.1.

At the interface between a porous medium and a fluid, the fluid flow and the temperature
fields need to satisfy a set of continuity conditions, though there is a discontinuity of
material properties at the interface. These conditions include continuity of normal and
tangential velocities, pressure, stresses, temperature, and heat flux (Vafai & Thiyagearaja,
1987). When dealing with domains partially filled with a porous medium, Beckerman, ez
al. (1987), Hadim (1994), Fu et al. (1996), and Fu & Huang (1997, 1999) combined the
volume-averaged momentum equation for porous media and the usual Navier-Stokes
equation for fluids by introducing a binary parameter A (A=1 in porous region, A=0 in

fluid region). This approach simplified the numerical solution procedures.

However, the system of equations may be over-determined, if one just simply matches
the momentum fluxes expressed by the volume-averaged velocity (porous medium side)
and ordinary velocity (clear fluid side). A similar conclusion can be drawn for heat flux
across the interface if local thermal equilibrium is not valid (Neild & Bejan, 1992).
Sahraoui & Kaviany (1992, 1993, 1994) performed direct simulations on momentum and
heat transfer across the interface between plain fluid and porous media made of
cylindrical particles. Ochoa-Tapia & Whitaker (1995a, 1995b, 1997) derived a set of
boundary conditions for the fluid and porous medium interface, in which the tangential

stress and heat flux were specified in the form of jump conditions.

2.5 Modelling Airflow in Agricultural and Food Engineering

CFD has become a commonly-used tool for studying airflow in the agricultural and food
engineering applications; for instance, CFD models have been used to simulate the
airflow in ventilated buildings, refrigerated stores, food processing machines etc.

2.5.1 Modelling Airflow Patterns in Agricultural Buildings

A number of CFD models have been established to simulate air motions in agricultural

buildings that are mainly greenhouses and livestock buildings (Mistriotis et al., 1997b).
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Gosman et al. (1980) applied a finite volume method to solve the 3D equations for air
mass, momentum, energy, and turbulence quantities in the k-¢ model. The effects of
buoyancy were neglected in the model due to the low Archimedes number for air
movement in the ventilated room. Acceptable agreement was obtained when measured
and predicted velocity profiles in the room and velocity decay in the air jet were
compared. Timmons e al. (1980) applied an inviscid two-dimensional model to simulate
the airflow patterns in a slot-ventilated livestock facility. The model used the equations in
stream function and vorticity form, combined with semi-empirical relationships for
vorticity distribution. The accuracy was considered acceptable except in the near-wall
region where the error was due to the inviscid assumption. Bottcher (1987) also used the
vorticity stream-function approach to model the airflow driven by a ceiling fan. Three
different wall boundary conditions were tried while applying a finite difference scheme to
solve the model. Flow patterns obtained with both the zero-vorticity slip condition and
the viscous sub-layer slip condition were found similar to those photographed in a

cylindrical enclosure with a suspended fan.

Markatos & Malin (1982) developed a 2D finite-difference procedure for predicting
velocity and temperature distributions in enclosures containing a fire. A heat source was
used to represent the fire. Additional terms were added to the k-& equations to prescribe
the buoyant effects. The results were shown to be in reasonable agreement with
experimental data. Markatos & Pericleous (1984) presented a computational method to
obtain solutions of buoyancy-driven laminar and turbulent flows and heat transfer in a
square cavity with differentially-heated sidewalls. The k- model was used for flows with
Rayleigh numbers greater than 10°. The results were compared with a published
benchmark numerical solution, and the agreement was good. Reinartz & Renz (1984)
investigated the behaviour of a jet emerging from a radial pallet and the resulting airflow
in a rectangular room. A finite-volume scheme was applied to solve the 2D flow
equations as well as the k-g turbulence model. Acceptable accuracy of the numerical

solution was found when it was compared with experimental data.

Choi et al. (1988) used a standard k-¢ turbulence model to predict two-dimensional
isothermal airflow patterns in a slot-ventilated enclosure of simple geometry. Air
distribution patterns, velocities, jet growth and attachment, and entrainment predictions

were found to agree well with published data. This model was further extended to model
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a ventilated air space having an obstacle to flow (Choi et al., 1990). Sufficiently refined
grid spacing was used in simulating comer eddy motion near solid boundaries.
Comparison of predictions with the measured data showed that air distribution patterns

were well predicted, and calculated air velocities were reasonably accurate.

Awbi (1989) described a finite-volume method to predict the airflow and heat transfer in
a 2D enclosure and the 3D flow of a wall jet over surface-mounted obstacles. The CFD
solution produced good predictions of the air velocity and temperature distribution in a
test room cooled by a ceiling jet. No experimental data were used to validate other
predictions involving the heating and cooling of a room and flow of a wall jet over an
obstacle. A Low-Reynolds-Number k-¢ model was developed by Chen et al. (1990) for
the prediction of natural convection flow in cavities with Rayleigh numbers of the order
of 10'°. The buoyancy was represented according to the Boussinesq approximation, and
the buoyancy production terms were added to the k-& equations. Predicted velocity and

temperature profiles were in good agreement with the measurements.

Hoff et al. (1992) applied a CFD model to investigate the effects of animal-generated
buoyant forces on air temperature and speed distributions in a ceiling-slot, ventilated,
swine-growing facility. The model incorporated the Lam-Bremhorst turbulence model
(LBLR) for low Reynolds number airflow typical of slot-ventilated livestock facilities.
Both numerical and experimental investigations were conducted using a 1/5 scale-model
facility. The model predicted airflow patterns adequately for Archimedes number Ar.>40
and inlet jet momentum number J < 0.00053. For Ar.<40 and J > 0.00053, the
discrepancy between predicted and measured airflow patterns was attributed to variations
in inlet flow development assumptions. This model was further evaluated by Hoff et al.
(1995). Overall, the LBLR model was found to adequately predict air speed and
temperature profiles, however shortcomings were indicated by comparisons of specific
profiles. The model had a tendency to under-predict the ceiling detachment location for
flows with Ar,>40, and to over-predict the detachment location for flows with Ar; < 40.

The model also under-predicted the overall spread of the inlet jet.

Hoff (1995) developed a simplified turbulence model for describing airflow in ceiling
slot-ventilated enclosures. An effective viscosity was defined as a function of the inlet

Reynolds number (Rey) and normalised vertical height from the floor. The effective
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viscosity was used to selectively augment the laminar viscosity in the Navier-Stokes
equations. Predicted comparisons between the simplified and the LBLR models showed

negligible differences for ventilation conditions with Rey between 11,752 and 35,032.

Liu et al. (1996) numerically simulated a plane-free jet using the standard k-& model and
four non-uniform grid patterns. An adequate solution was reached with five grid points in
the inlet for the jet studied. The solution was in good agreement with experimental
results. A plane-wall jet was also simulated using five different grids and three k-¢
models, which were the standard k-¢ model (STD), Lam and Bremhorst low Reynolds
number model (LB), and Lam and Bremhorst low Reynolds number model with wall
functions (LBW). The LBW model was found better than the other two models. The LB
model gave the worst performance for the grids tested, while the STD model did not
always converge if all grid points were not in the fully turbulent region. Compared with
published data, all three models predicted the velocity profile and velocity decay well, but

significantly over-predicted the jet spread and entrainment ratio.

Maghirang & Manbeck (1993) and Maghirang et al. (1994) modelled the transport of
buoyant bubbles and 5 pum particles in slot-inlet ventilated airspace under isothermal and
fully turbulent flow conditions. Airflow was modelled using the standard k-& turbulence
model. Particle transport was formulated using the equation of motion of particles. The
model was solved by a CFD code FLUENT. Comparison between the numerical solution
and experimental results showed good agreement in velocity fields and bubble
trajectories, fates, and residence times. Worley & Manbeck (1995) applied a similar
approach to the modelling of airflow patterns and particle transport through a two-storey
stack layer facility with mild weather conditions. The model was validated by

experimental results obtained from a 1/5 scale physical model.

Hoff & Bundy (1996) compared a LBLR model and a multi-zoned model in describing
the distribution of carbon dioxide in a simulated swine grower pen. The multi-zoned
model, initially developed by Liao & Fedds (1992), assumed three general airflow
regions. Both the LBLR and multi-zoned models predicted similar trends in normalised
CO; levels in the region immediately affected by the ventilating air jet. The multi-zoned
model, which required a prescribed airflow pattern and a detailed knowledge of

entrainment ratio, had less predictive ability of overall contaminant dispersion.
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Boulard ez al. (1997) used the commercial CFD software PHOENICS to simulate airflow
in a greenhouse. The predicted mean airflow pattern in a horizontal plane at the level of
the ventilators was in close agreement with the measured one. Harral & Boon (1997)
employed a k-¢ turbulence model to predict the airflow pattern in a section of a ventilated
livestock building. When compared with experimental data, the difference between the
predicted and measured mean velocity was less than 5% in most areas. Twenty percent
error was found in re-circulation zone at the edge of the incoming jet, and this level of

error remained the same irrespective of the sizes of grids.

Mistriotis et al. (1997a) used a k-& model to investigate the natural ventilation process in
greenhouses at no-wind and low-wind speed conditions. The simulations were performed
with two different CFD software packages, PHOENICS v2.1 and FLUENT v.4. The
numerical solutions were checked by comparing the results with measured temperature
and flow patterns obtained from the literature. Good agreement was reported. The Chen-
Kim k-¢ model was also adopted by Mistriotis ez al. (1997b) to calculate the pressure
coefficient along the roof of a seven-span greenhouse. Good agreement was observed

between numerical and experimental data.

2.5.2 Modelling Airflow Patterns in Refrigerated Spaces

The application of CFD-based models for studying airflow patterns in refrigerated spaces
is still at the development stage. Unlike an office or living room, a refrigerated space is
almost fully occupied with produce and packaging, and the free space for the air
circulation has a very complicated geometry. Therefore, either a very fine and complex
grid or the porous media approach has often been used to deal with the irregular geometry

of the refrigerated space while solving the transport equations.

Chau et al. (1985) measured air velocity and pressure drop in bulks and cartons of
orange. While fitting the experimental data into the Ergun equations, the resulting
empirical parameters 4 and B in permeability (Equation (2.7)) and Forcheimer constant
(Equation (2.20)) were found to be significantly different for different fruit sizes and
stacking patterns. As the fruit sizes were comparable with the dimension of containers
(dimensional ratio less than 10), the channelling effect may be important, which the

authors did not consider.
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Wang & Touber (1990) described a distributed dynamic model of a refrigerated room.
The modelling was carried out in two steps. The first step was to model the flow pattern
without considering any heat and mass transfer. Because the airflow was treated as
steady-state (the effect of buoyancy was also neglected), the three-dimensional Navier-
Stokes equation was decoupled from the equations for energy and mass transfer. The air
velocity and turbulence quantities in the k-&€ model were solved using the commercial
CFD package PHOENICS. The second step was to model the heat and mass transport
based on the predicted flow pattern. Although such a strategy reduced the computational
time significantly, the prediction of the airflow pattern in the room still required 100
hours of computing on a Sun 3/60 workstation. The produce in the refrigerated room was
modelled as a porous medium. The model was tested against measured temperatures, and

satisfactory results were obtained.

Van Gerwen et al. (1991) used the PHOENICS package to simulate stationary 3D airflow
distribution in a carcass chiller. The carcass rows in the chiller were modelled as porous
layers. The air velocity around a carcass, calculated by the CFD model, was used as input
for calculating heat and mass transfer coefficients on the surface of a thermal carcass
model. Their model was also validated by measured data, and good agreement was found.
Mariotti et al. (1995) used a similar approach to model air distribution in a refrigerated
room. The velocity field was firstly solved under a steady state assumption. Then using
the calculated velocity distribution, the transient temperature field was solved. The
solution procedure was based on the finite element method, which was claimed to
provide the intrinsic flexibility to treat complex flow situations and irregular geometry

conditions.

2.6 Modelling Heat Transfer during Product Cooling Operations

Product cooling involves several heat generation and transfer processes including:

e Heat generation due to respiration

e Convection on the surfaces of products and packaging materials;

o Conduction within products, between products, and between products and packaging
materials

e Convection and conduction within the cooling medium
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e Radiation between surfaces of products and packaging materials

e Evaporative cooling effect due to transpiration

The influences of the above processes on cooling efficiency differ with cooling
conditions. For instance, the effects of transpiration and respiration may be negligible
during product precooling due to high cooling rates. However, these two factors have
been shown to play an important role in product thermal stability during long-term

storage.

Based on the approaches in handling the cooling media, the relevant heat transfer models
are divided into two categories. In the first category, only heat conduction within the
product is modelled in detail; the temperature of cooling medium is assumed to be
constant or a function of time, and no differential equation is derived for the energy
conservation of cooling medium. The models in this category are usually used to simulate
single product situations. The second category models take into account the energy
conservation for both product and cooling medium, and generally two differential
equations are needed to simulate the temperature variation within the product and cooling

medium. Produce contained in packages is often modelled with this approach.

2.6.1 Product Heat Conduction Models

The product heat conduction model is usually made up of the heat conduction equation
(Equation (2.4)) and the boundary and initial conditions. Cleland (1990) presented five
types of boundary conditions defining the heat transfer from the solid object being cooled
to the external cooling medium. The most commonly used one is the third kind that is
known as Newton’s cooling law, which equates the heat flow per unit area at the surface

of the solid with the heat transfer to the ambient fluid.

he (Ts-swche '-Tam )=_Ks|:éq: ] (240)
surface

where:

Tom = ambient temperature (K).

Ts-surface = solid surface temperature (K).
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he = surface heat transfer coefficient (W m? K™).

surface normal direction coordinate (m).

BN
]

K solid thermal conductivity (W m™ K™).

Cleland (1990), Lin (1994), and Amos (1995) have given comprehensive reviews for
product heat conduction models. According to the solution methods for the heat

conduction equation, the models can be classified as analytical, empirical, or numerical.

e Analytical models

Analytical or exact solution can be derived for heat conduction in a regularly-shaped
product if proper boundary and initial conditions are imposed, and the product thermal
properties are constant. The regular shapes include infinite slab, infinite cylinder, sphere,
infinite rectangular rod, rectangular brick and finite cylinder. The typical solutions for
these shapes were well presented by Gaftney et al. (1985b), Cleland (1990), and Lin
(1994).

e Empirical models

The basis for most empirical methods is that almost all chilling processes follow a similar
trend: the temperature of the product decreases at an exponential rate after an initial ‘lag’
period. Instead of developing shape-specific empirical prediction methods, many efforts
have been made to extend the analytical solutions for regular shapes in an empirical, but

general fashion (Cleland, 1990).

Considerable theoretical and experimental work has been carried out to predict the
cooling rate of irregular-shaped objects (Smith & Nelson, 1969; Smith ez al., 1967
&1968; Clary et al., 1968 & 1971). A geometry index, G, was employed to account for
the effect of geometry on product chilling rate. A set of time-dependent charts and graphs
was presented for predicting chilling time under a wide range of conditions and
geometries. A nomogram was used to find a so-called ‘equivalent Biot number’ (Bi) so

that the G value derived for Bi — o could be applied in situations where Bi is finite.
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Cleland & Earle (1982) presented a simple method for predicting rates of chilling solid
food product. A Bi-dependent shape factor, E (equivalent heat transfer dimensionality),
was developed. The empirical equations for calculating E for regular and irregular shapes
were suggested. The method was restricted to chilling time prediction for the thermal
centre position in an object. Lin (1994) and Lin et al. (1996a, 1996b) proposed an
empirical method for chilling time prediction. This method involved the use of the first
term of the analytical series solution for convective cooling of a sphere in conjunction
with two shape-dependent parameters, E and L (lag factor). A set of algebraic equations
was used to calculate the E and L based on several simple dimensional measurements and

Bi. This approach can be applied to regular and irregular, 2D and 3D objects.

e Numerical models

The heat conduction equation is commonly solved by the finite-difference or finite-
element methods. As previously mentioned, the finite difference schemes require less
computational effort, but are difficult to implement for irregular shapes while compared

with finite-element analysis (Cleland, 1990).

Hayakawa (1978) modelled heat transfer and moisture loss from fresh produce subjected
to cooling process. Internal heat generation was included in the model. The produce was
assumed to be an infinite slab. An implicit finite difference method was applied to solve
the model. Later, Hayakawa & Succar (1982) applied finite element techniques to solve
the model for cooling and moisture loss of spherically produce with time-varying
respiratory heat generation and temperature-dependent density and thermal conductivity.
The model predictions were in close agreement with experimental data obtained from

cooling of potatoes and tomatoes.

Abdul Majeed et al. (1980) introduced a one-dimensional heat conduction model to
analyse air-cooling characteristics of food products with the shapes of sphere, slab, and
cylinder. The enthalpy potential concept was adopted to represent the cooling effect of
evaporation. Using the same concept, Narayana & Murthy (1981) presented a finite
difference model to predict unsteady heat transfer of slab-shaped product. A similar
approach was also used by Ansari et al. (1984) for solving the one-dimensional transient

heat conduction equation in spherical co-ordinates. The calculation was made with both
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heat and water mass transfer from the product surface for up to half the cooling time, and
thereafter only the heat transfer component was included. The surrounding temperature
was set to vary with time. The predicted temperatures for apples and potatoes were

compared with the measured data, and good agreements were observed.

Chau & Gaffney (1990) developed a finite-difference model for simulating heat and mass
transfer in the products with respiration and transpiration. Besides conduction and
convection, the model also accounted for evaporative cooling due to transpiration and
radiation heat transfer. The solutions agreed with known analytical solutions and with

experimental results.

Jiang et al. (1987) modelled the chilling of broccoli stalk. A two-dimensional
axisymmetric finite-element grid was used to represent the three-dimensional object.
Experimentally-determined thermal properties were employed to simplify the model.
Temperature differences between the simulated and measured values were within 1.1 °C.
Haghighi & Segerlind (1988) proposed a finite-element model to study the simultaneous
heat and mass transfer within an isotropic sphere. The model was used to solve a sample
problem of drying a soybean kernel. The predicted drying curve for the soybean model
agreed with the experimental results in the literature. Pan & Bhowmik (1991) developed
a finite-element model for predicting the temperature distribution in mature green
tomatoes represented by axisymmetric shape. The vertical cross-section of one half of a
tomato was divided into 104 elements and 70 node points. Excellent agreement was

obtained between model predictions and experimental data.

2.6.2 Product Heat Conduction plus Cooling Media Models

The above heat conduction models are most suitable for modelling heat transfer for single
product items. During cooling, most products are packed or bulk-stacked, and the
temperature and velocity distribution within the cooling media may be significantly
affected by packaging and stack patterns. In these cases, a simple conduction model may
not be practical. A general procedure for dealing with such complex situations consists of
the simultaneous solution of the mass, momentum and energy conservation equations for

both the fluid and the solid region.
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Bakker-Arkema & Bickert (1966) and Bakker-Arkema et al. (1967) used a numerical
model to analyse heat and water mass transfer during cooling of a deep bed of biological
produce. The temperature gradient within individual particles was considered negligible,
and constant air velocity was also assumed. The model prediction showed good
agreement with experimentally measured temperature and moisture content of air and
produce. Misener & Shove (1976) presented a model to simulate the temperature and
moisture loss during cooling of a deep bed of potatoes. Their solution assumed that the
temperature gradient within the tubers is zero, and the respiratory heat generation is a
linear function of temperature. Moisture loss rate was derived from experimentally
determined cumulative moisture loss, which is a function of vapour difference and time.
They reported satisfactory agreement between the predicted and measured temperature

and total moisture loss.

Baird & Gaffney (1976) developed a numerical model to simulate temperature
distribution within a bulk load of products. Heat transfer within individual products was
described using the heat conduction equation with a connective boundary. Airflow was
assumed to pass through the bulk load at a constant velocity. The change in energy of the
air moving through a control volume was assumed to be equal to the change in energy of
products in the control volume. The energy conservation equation was derived based on
these assumptions, and finite-difference method was used to solve the model. Predicted
temperature distributions within both individual products and the bed were in good
agreement with data from experimental cooling tests on oranges and grapefruit. Holdrege
& Wyse (1982) applied a finite difference model to describe unsteady heat and water
mass transfer during forced-air cooling of stored sugar beets. The respiratory heat
generation was modelled as a function of temperature and time. The model predictions

agreed with experimental data.

Remero & Chau (1987) proposed a finite-difference model to simulate heat and mass
transfer when oranges were stored in a bulk-refrigerated store in the absence of
ventilation. The effects of respiratory heat generation and evaporative cooling due to
transpiration were also accounted for. The bulk store was divided into several layers. For
each layer a node was assigned to the air in the void volume and the products were
discretised into elemental volumes. The air temperature and product (heat and mass

transfer) characteristics were assumed not to vary within each layer. The airflow within
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the bulk store was described as Darcy flow through a porous medium. The Boussinesq
approximation was applied to describe natural convection. A similar approach was
adopted by Bazan et al. (1989) to predict the three-dimensional temperature response
during room cooling of a confined bin of spherical fruit. Close agreement between

simulation and experimental results was obtained.

Reynoso & Michels (1988) proposed a simplified model to evaluate the performance of
batch cryogenic freezers. It was assumed that the refrigerant medium in the freezer was
perfectly mixed, and no internal temperature gradients exited in the products. An explicit
finite-difference method was used to solve the model, and the model was validated by
experimental results. Comini et al. (1995) modelled the conductive and convective heat
transfer in refrigerated transport. Average air velocities and the convection coefficients
were first evaluated and then specified as input data for the model. Energy conservation
equations for the solid regions and fluid regions were solved using a finite-element

approach.

In some of the models reviewed earlier in Section 2.5.2 (Wang & Touber, 1990; Van
Gerwen et al., 1991), steady-state airflow fields were firstly solved using a CFD package.
Based on predicted airflow patterns, transient energy conservation equations for air, wall
and products were solved using the finite-difference method. Products stored in bulk
were modelled as a porous medium using a two-step approach. The produce packages
were assumed to be impenetrable blocks in order to determine the macro velocity and
pressure distributions around them, and then these parameters were used as input data to

calculate the micro velocity through the product bed.

Amos (1995) and Tanner (1998) developed a multi-zone model for predicting apple
temperature and weight loss with both position and time within a ventilated carton. In the
model, airflow inside the carton was modelled by defining forced convection pathways
with natural convection mixing to adjacent zones. The air in each zone was assumed
perfectly mixed. Energy and water vapour mass balances were performed on each zone to
determine air enthalpy and humidity ratio, as well as the temperature of apples and
packaging materials. The model predictions fitted the measured temperature data

satisfactorily. However, the airflow pattern was estimated from measured air velocity
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data within the specified carton. The approach to airflow characterisation limits the

application of the model under different package designs.

Zou (1998) developed a CFD model to simulate airflow patterns and heat transfer in a
ventilated apple carton during precooling. The CFD package PHOENICS was used to
solve the model. The flow equations were solved under steady-state condition for both
laminar and turbulent situations. Based on the predicted airflow patterns, the energy
equations were solved dynamically to obtain temperature profiles. The temperatures in
the centres of apples in various positions were measured. Good agreement between
model predictions and experimental data was obtained in most locations, but large errors

were found in the apple temperatures near carton inlets and outlets.

Tassou & Xiang (1998) developed a 2D CFD model for simulating airflow pattern and
heat and water vapour mass transfer in a wet air-cooled store. In their model, momentum
transport was formulated using the turbulent Reynolds-average equation plus Darcy and
Forchheimer terms, and local thermal equilibrium was also assumed. However, the
transport equations for turbulent quantities were not specified. The temperature

prediction was found to be in good agreement with experimental result.

Xu & Burfoot (1999) presented a 3D model of heat and mass transfer in porous bulks of
particulate foodstuff. The generalised volume-averaged momentum equation was used
for air velocity. Heat and moisture wransfer was formulated by volume-averaged transfer
equations plus energy and mass transport equations for a single particle. Generally, the
predicted temperature for cooling of potato agreed well with experimental results. The
difference between prediction and experimental results in the inlet of the column was

attributed to the turbulent fluctuation.
2.7 Summary
In general three types of models have been developed for modelling airflow patterns, heat

and water vapour mass transfer in horticultural produce packages or refrigerated spaces

during produce cooling.
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e Zoned models

In this type of model (e.g., Amos, 1995; Tanner, 1998), the domains considered were
divided into a number of zones. Airflow was modelled by defining an airflow pathway
according to experimental data. The air in each zone was usually assumed perfectly
mixed. Energy and water vapour mass balances were performed on each zone to
determine air temperature, air humidity ratio, and the temperature of products and
packaging materials. Zoned models require much less computing effort, and it is easy to
write computer codes for model solution. However, since the airflow patterns were
estimated from measured data for certain packages or coolstores, this approach limits the

application of the model under different package designs or coolstore arrangements.

e Fully-distributed models

This approach applies CFD methods (FD, FV, or FE) to solve 2D or 3D air momentum
conversation (Navier-Stokes) equations, mass conservation (continuity) equation, heat
transfer (energy) equations, and water vapour mass conservation equation to obtain air
velocity, air temperature, air humidity ratio, and product temperature (e.g., Wang, 1990;
Zou, 1998). As the airflow patterns are solved explicitly by the models, no experimental
data are required to run the model. To achieve an accurate solution, a large amount of
computing capacity is needed. The CFD programming is usually complicated, and may
require specialised software. If the model is used for the transport processes within a
produce package, a complex body-fitted grid system has to be generated to describe the
complicated configurations inside the package, which could be a daunting task for most
model users. The difficulties in grid generation for detailing the geometries of different

types of packaging systems largely reduced the accessibility of this type of model.

e Porous-medium models

In the porous-medium models, products inside the packages are treated as saturated
porous media. Macroscopic volume-averaged continuity, momentum, heat transfer and
species mass transfer equations are solved to find the volume-averaged velocity,
temperature, and species concentration. Since certain information with respect to

microscopic structure is lost in the spatial averaging process, a set of empirical
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parameters is required for the closure of the macroscopic equations. These parameters are
found in the expressions for porosity, permeability, Forchheimer constant, thermal and
mass dispersion, and interfacial heat and mass transfer coefficients. The volume-averaged
approach eliminates the need to generate complicated meshes to describe the geometric
details of the packaging systems commonly used in agriculture and horticulture. Since
simple grids can be employed while solving the sransport equations, the porous medium
models usually require less computing capacity than the microscopic models. However,
existing studies (Tassou & Xiang, 1998; Xu & Burfoot, 1999) only dealt with some
specific cooling conditions and bulk containers, and thus are not readily applicable to a

wide range of packaging systems and horticultural crops.

In conclusion, treating the packaged fresh produce as porous media is an efficient way for
modelling heat and mass transfer in various cooling processes due to the simplification of
domain geometries. Compared with the fully distributed models, the porous media
models require much less user-input data for specifying and discretising the calculation
domains. Therefore the porous media approach makes it possible to develop a generalised

modelling system applicable for a range of products and packaging systems.
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CHAPTER 3
INITIAL ANALYSIS AND RESEARCH OBJECTIVES

3.1 Introduction

This chapter discusses forced-air cooling systems for horticultural crops, and then
defines the exact system that is to be modelled in this study. Based on the overall
project aim and evidence from the literature review, the specific objectives of the

research project are outlined.

3.2 Analysis of Forced-Air Cooling Systems for Horticultural Crops

3.2.1 Ventilated Packaging Systems

To apply forced-air cooling, ventilated containers are used. For most horticultural
crops in New Zealand, the commonly-used packages are wood or plastic bulk bins
and corrugated fibreboard cartons. Based on the way products are packed in the
containers, these ventilated packages can be divided into two main types, as shown in
Figure 3.1 and 3.2:

e Bulk packages, in which products are placed in a bin or carton without any other

packaging materials (Figure 3.1).
e Layered packages, in which products are placed on several trays, and which are

then stacked into a package (Figure 3.2).
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Figure 32 Example oflayered packages — ventilated apple carton and tray

To facilitate unitised handling, individual cartons are usually grouped together as a
pallet (Figure 3.3). During forced-air cooling, bulk bins and pallets are stacked in
front of fans or plenums as shown in Figures 3.4-3.6. For secure palletisation, cross-

stacked patterns may be used.

"

Figure 3.3 Pallet of fruit carton (ENZA, 1996)
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Figure 3.4 Types of forced-air cooling systems — tunnel cooling (Watkins, 1989)

To investigate the perforrnance of a packaging system in terms of produce cooling
efficiency, both the characteristics of individual package (configuration, dimensions,
vents, and packaging materials, etc.) and the structure of the stack should be
considered. Therefore this study took account of two domains of the packaging

systems: individual package and stack of packages.

3.2.2 Forced Air Cooling Systems

Forced-air cooling commonly involves passing cold air along an induced pressure
difference (gradient) through vented containers. The pressure difference is induced by

fans that circulate cold air through produce and packaging, which constitute the
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resistance to airflow (Wills ez @/., 1998). The most commonly-used forced-air cooling

methods are summarised as follows (Mitchel, 1992; Watkins, 1989).
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Figure 3.5 Types of forced-air cooling systems — cold wall cooling (Watkins, 1989)

® Tunnel cooling

As shown in Figure 3.4, two rows of pallets or bulk bins are placed against a fan to
form an aisle between the rows. The aisle is covered to create an air tunnel. The fan
creates negative air pressure within the tunnel. Cold air from the coolstore room is

then sucked through the vents in the containers toward the low-pressure tunnel.
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Figure 3.6 Types of forced-air cooling systems — serpentine cooling (Watkins, 1989)

o Cold wall

The cold wall cooling system employs an air plenum equipped with exhaust fans
(Figure 3.5). The pallets or bulk bins are placed against the openings in the plenum.
Air is pulled through the containers into the plenum and back through the auxiliary

fans to the cooler.

e Serpentine cooling

The serpentine system usually employs a portable plenum similar to the cold wall, and
is used for cooling produce in stacks of bins. The bins must have bottom ventilation
slots or forklift openings. As shown in Figure 3.6, by blocking alternate forklift

openings on the cold wall and room sides, air is forced to pass vertically through bins.
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In the above cooling systems, the airflow conditions inside the package stack are very

similar, and can be approximately described as follows.

e On the stack side close to the fans, airflow leaves the vents with an approximately
constant flow rate.

e On the stack sides other than the one close to the fans, airflow pressure is
approximately equal to the pressure of surrounding environment.

e If airflow enters a vent, it has the temperature and humidity ratio that are

approximately equal to that of the air leaving the evaporator of the cooling system.

Due to the similar airflow conditions inside the package stacks in different forced-air
cooling systems, this study focused on the transport processes taking place inside
packaging systems during forced-air cooling, and therefore avoided dealing with

minor details of these cooling systems.

3.2.3 Transport Processes

The transport processes taking place during forced-air cooling include air mass
transfer, air momentum transfer, heat transfer, and moisture transfer. Moisture
movement is caused by moisture concentration gradient between airflow and produce.
Over the relatively short period of forced-air cooling, the moisture loss from produce
to airflow is less than 0.1% of total produce mass, and the effects of moisture transfer
on airflow and heat transfer are also negligible (Tanner, 1998). Therefore the moisture
transfer and its effects on other transport processes were ignored, and only the air

mass transfer, air momentum transfer, and heat transfer were considered in this study.

3.2.4 System to Be Modelled

Based on the above analyses, the key features of the system to be modelled are

summarised in Table 3.1.
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Table 3.1 Features of the packaging system to be modelled.

Features Descriptions

Domains e Individual package

e Stack of packages

Package types e« Bulk package
» Layered package
Transport processes e Air mass transfer
e Air momentum transfer
» Heat transfer
Boundary conditions & On one side of the stack or individual package, airflow leaves or

enters vents with fixed velocity

the surrounding environment

e« Ifairflow enters a vent with constant temperature

3.3 Research Objectives

The overall aim of this project was to develop a modelling system for simulating
airflow and heat transfer processes, and for predicting airflow patterns and
temperature profiles inside ventilated packaging systems during the forced-air cooling
of fresh produce. The modelling system envisaged should be useful for evaluating
forced-air cooling operations and the cooling performance of different packaging
designs for a variety of horticultural commodities. Taking account of this overall aim,
and the techniques and methods for airflow and heat transfer modelling reviewed in

the previous chapter, the following specific objectives were identified.

1) Develop airflow models for simulating air mass and momentum transfer in both

bulk and layered packaging systems during forced-air cooling.

2) Develop heat transfer models for simulating heat transfer processes in both bulk

and layered packaging systems during forced-air cooling.

3) Develop CFD methods for solving the airflow and heat transfer models.

e On the other sides, airflow pressure on the vents is equal to that of
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4) Develop a computer program (airflow solver) to implement the CFD methods for

solving the airflow models.

5) Develop a computer program (heat transfer solver) to implement the CFD

methods for solving the heat transfer models.

6) Develop a computer user interaction program (system designer) to enable the

model users to define the packaging systems and cooling conditions.

7) Develop a computer user interaction program (visualization tool) to enable the
model users to visualise the airflow patterns and temperature profiles predicted by
the models.

8) Incorporate the above computer programs into an integrated software package.

9) Validate the airflow and temperature predictions with experimental results.

A Conceptual framework of the interrelations between the project objectives is

presented in Figure 3.7.

Airflow models Heat transfer models
simulating stmuzlating
airflow transfer heat transfer
CFD methods CFD methods
solving solving
airflow model heat transfer model
: System designer Airflow solver Heat transfer solver | | Visunalization tool |:
: specifying implementing implementing visualising :
: | packaging sysiem and CFD methods CFD methods modelpredictions :
cooling conditions :
Software package
Model validation

validating model predictions with expertrensal dasz

Figure 3.7 Research objectives and their interrelation
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CHAPTER 4
DEVELOPMENT OF AIRFLOW MODELS

4.1 Introduction

This chapter first presents the conceptual models for airflow in the bulk and layered
packaging systems. These conceptual models specify airflow transport processes and
make assumptions to simplify the model formulation and solution. Following
conceptualisation, the airflow models for the bulk and layered packages are developed

and presented.

4.2 Conceptual Models

4.2.1 General Analysis of Airflow Transport Processes

Airflow patterns, i.e. the distributions of air velocity and pressure over the domain of
interest, are obtained by solving a set of partial differential equations that describe air
mass and conservation over the domain. To select and solve air mass and momentum
conservation equations over ventilated packaging systems, it is essential to carry out a

detailed analysis of the transport processes and associated domain.

e Effects of heat transfer on air mass and momentum transfer

Heat transfer between air, produce, and package results in air temperature change,
which in tum alters air density. The variation in air density generates buoyancy forces
that affect airflow momentum transfer. Since the air velocity is relatively large during
forced-air cooling, the effect of buoyancy forces is considered negligible. By
neglecting buoyancy forces, the heat transfer was assumed to have no effects on the
airflow mass and momentum transfer. Therefore, airflow transport processes were
treated as steady state, and the related airflow transport equations were decoupled

from the heat transfer equations.
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» Geometric features of ventilated packaging systems

For both layered and bulk packaging systems, the domain inside an individual
package or stack of packages can be divided into three types of regions as shown in
Figures 4.1 and 4.2.

1) Produce-air regions (the void spaces and produce inside bulk packages and the
void spaces and produce between trays in layered packages).
2) Plain air regions (the spaces in the vents).

3) Solid regions (package walls and #rays).

Plain-air region

? Airflow

Airflow

Solid region Produce-air region
Figure 4.1 Regions in the bulk packaging systems.

Airflow

=

Solid region

Produce-air region (produce layers)

Figure 4.2 Regions in the layered packaging systems.
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e Airflow patterns in package layers of a stack

For most ventilated packaging systems, the vents on the bottom and top surfaces of
packages are either blocked or do not exist when the packages are stacked, which
causes no air movement between different package layers in a stack. Hence, it is
reasonable to assume that there is no air movement between the packages in different
layers of a stack, and airflow pattern in each layer of packages is independent of the

others.

e Airflow in vents

It was assumed that the airflow in the vents is one-dimensional, and perpendicular to

the package walls containing the vents.

e Air properties

The ranges of air velocity (0.5 — 3.0 m/s) in forced-air cooling indicate that the
possible changes in air temperature, pressure, and moisture content will not cause any
significant changes in most air properties. Thus it was assumed that air density,

specific heat capacity, thermal conductivity and viscosity are constant.

4.2.2 Analysis of Airflow Transport in the Bulk Packaging Systems

Items of produce are placed in the bulk packages without any packaging materials.
Due to the complicated geometry inside the packages, it is very difficult to solve air
transport equations in the domain. To avoid dealing with the geometric details inside

the packages the porous media approach was adopted.

e Porous media treatment of produce-air region

Most fresh products are more or less sphere-shaped, and have relatively uniform sizes.
The dimensions of bulk bins are generally at least one-order larger than the sizes of
individual products. Therefore it was assumed that the produce-air regions inside bulk
packages are isowopic, rigid, saturated porous media with uniform spherical particles

as shown in Figure 4.3.
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Figure 4.3 Illustration of porous media approach for bulk package.

Based on the above assumptions, the volume averaging method can be applied to
integrate the pore-level microscopic governing equations over a representative
elementary volume (REV) to derive the macroscopic transport equations as described

in Section 2.4.2.

e Geometric parameters needed to specify the bulk packaging system

Due to application of the porous media approach, there is no need to specify the
positions of every produce item. Table 4.1 summarises the geometric parameters
needed to specify the bulk packaging systems. The structural properties of porous
media such as porosity, permeability, specific surface area, and equivalent mean

sphere diameter can be calculated from these geometric parameters.

4.2.3 Analysis of Airflow Transport in the Layered Packaging Systems

The geometry inside a layered package is more complex than that of bulk package. In
general, the air-product region inside the layered package is divided into several
produce layers by the trays, as shown in Figure 4.2. The distances between two

neighbouring trays usually have the same order as the sizes of produce items, so the
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strict porous media approach cannot be used. A pseudo-porous-media treatment was

employed to deal with the geometries of layered packages.

Table 4.1 Geometric parameters of the bulk packaging systems.

Objects Geometric parameter

Product e Average volume

e Average surface area

Individual package e Number of products contained
e Outside length

e Outside width

e Outside height

e Side wall thickness

e Top wall thickness

o Bottom wall thickness

Stack of packages o Stack patterns in each package layers

e Number of packages in each package layers

o Horizontal airflow in the produce layers between trays

The air movement along the vertical direction in the produce layer is usually
negligible when compared with the air movement at horizontal directions. Therefore it
was assumed that the airflow in each produce layer between two trays has only

horizontal movements.

o Porous media treatment of produce layers between trays

The thickness of a produce layer, i.e. the distance between two trays, is the same order
as the sizes of produce items, so in theory the air-produce region in the produce layer
cannot be treated as a porous medium. However, when examining the geometric
characteristics of the layered packages carefully, it was found that the structure of the
produce layer between two trays is very similar to that of a section cut from a packed
bed since the trays are designed to tightly fit the shapes of produce. Hence the
produce-air regions between trays were treated as isotropic, rigid, saturated porous
media with uniform spherical particles, if package length and width are at least one-

order larger than sizes of individual products.
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As shown in Figures 4.4 and 4.5, the package interior geometric structure with four
layers of product is transformed into five or six porous media layers. The additional
bottom porous layer is used to represent the space between the package bottom wall
and the bottom tray. If the top product layer is covered with a #ray, an additional

porous layer is needed as illustrated in Figure 4.5.

Figure 4.4 Illustration of the porous media approach for a layered package without a

top- covering tray.

& Vertical airflow between product layers

Produce layers are separated by trays, and the air movement between these produce
layers is mainly caused by pressure difference and the gaps between the way edges
and package walls. To simplify the weatment of air movement between produce
layers, it was assumed that the air movement between produce layers is only along the

direction of the package height.
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Figure 4.5 Illustration of the porous media approach for a layered package with a top-

covering way.
e Vertical tunnel for airflow between produce layers

As shown in Figure 4.6, the vertical airflow from one product layer to the others was
assumed to pass through a narrow tunnel. Due to the complicated geometry in the
near-package-wall regions in the tunnel, the resistance to airflow caused by produce
items close to the packaging was estimated by the Darcy and Forchheimer terms in
the generalised macroscopic momentum equation for porous media (Section 2.4.2).
As it is difficult to calculate the porosity of the next-to-package-wall regions in the

tunnel, a roughly- estimated value was used.
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Figure 4.6 Illustration of airflow between produce layers in layered package.

o Relations between the horizontal airflow within the produce layers and the

vertical airflow between the produce layers

As shown in Figure 4.6, parts of the near-package-region in the vertical tunnel overlap
with the product layers. This indicates that the horizontal airflow within the produce
layers is related to the vertical airflow between the product layers. The correlation is

shown in the following two aspects:

1) The momentum conservation equations for airflow within the product layers share

the pressure field with the momentum conservation equation for airflow between

the product layers.
2) The velocity of the vertical airflow on the boundaries of the product layers should

satisfy the mass conservation for each product layer.

Apart from the above relations, it was assumed that the horizontal airflow has no
effect on the vertical airflow, and therefore the vertical airflow moves in the vertical

narrow tunnels within the widths of the gaps between tray edges and package walls.
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o Geometric parameters needed to specify the bulk packaging system

Table 4.2 summarises the geometric parameters needed to specify the layered

packaging systems.

Table 4.2 Geometric parameters of the layered packaging systems.

Objects Geometric parameter

Product e Average volume

e Average surface area

Individual package |e Number of products contained
e Outside length

e Outside width

e Outside height

e Side wall thickness

e Top wall thickness

e Bottom wall thickness

e Number of product layers

e Isthetop product layer is covered with tray?

Tray e Porosity of the space between the package bottom wall and the bottom
tray

e Tray thickness

e Gaps between tray edges and package walls

e Tray height

Stack of packages e Stack patterns in each package layers

e Number of packages in each package layers

4.2.4 Analysis of Domain Boundaries

As shown in Figures 4.7 and 4.8, the following types of boundaries in the ventilated

packaging systems need to be specified.

e Vents with fixed air velocities

For the vents on the stack side near the auxiliary fans, assumptions were made as

follows:
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Fixed pressure went (fan blows)
Fixed pressure vent (fon extracts) Fixed velocity vent (fan exiracts)

Airflow |

Wall boundary

Boundary between plain air reqgion and produce-air reqion

Figure 4.7 Illuswation of boundaries in the domain of bulk package.

Airflow enters the vents with fixed velocities in the direction perpendicular to the
vent if the fans blow air into the packages.
Airflow leaves the vents with fixed velocities in the direction perpendicular to the

vent if the fans extract air out of the packages.

Vents with fixed pressures

For the vents on the stack sides other than the one near the auxiliary fans, it was

assumed that air pressure is equal to the pressure of the surrounding environment.

Wall boundaries

Wall boundaries include inner surfaces of package walls, surfaces of wrays, and

surfaces around the perimeters of vents.
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Fixed velocity vent (fan extracts)
Fixed pressure vent (fan blows)

Fixed velocity vent (fan blows)
Fixed pressure vent (fon extracts)

i

3ir region ond groduce-air region

Boundary befw plain
Figure 4.8 Illustration of boundaries in the domain of layered package.

e Boundaries between plain air and produce-air regions

Boundaries between the plain air and produce-air regions are the boundaries between
the vents and the region inside package. As the airflow in the vents is one-
dimensional, the airflow is perpendicular to the interfaces between the plain air and

produce-air regions.
4.2.5 Summary of Conceptual Models

The conceptual models for the bulk and layered packaging systems are summarised in

Tables 4.3 and 4.4.
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Table 4.3 Conceptual model for airflow in the bulk packaging systems.

Model components

Descriptions

Domains of interest

Individual bulk package
Stack of bulk packages

Conservation laws

Conservation of air mass

Conservation of air momentum

Assumptions

Unsteady state heat transfer processes have no effect on airflow
transfer, and airflow transfer processes are steady state.

Airflow patterns in every layer of packages in a stack are
independent of each other.

Airflow in the vents is one-dimensional.

Constant air properties.

Produce-air regions inside bulk packages are isotropic, rigid,

saturated porous media.

Types of regions

Plain air regions (vents)
Produce-air porous regions (within the packages)

Solid regions (package walls)

Boundaries

Vents with fixed air velocities

Vents with fixed air pressure
Walls

Boundaries between plain air regions and produce-air regions

4.3 Model Formulation for Airflow in the Bulk Packaging Systems

The mathematical model for airflow in the bulk packaging systems consists of the

following equations:

1) Continuity equation describing air mass conservation in the plain air regions.

2) Volume-averaged continuity equation describing air mass conservation in the

produce-air regions.

3) Momentum equations for describing air momentum conservation in the plain air

regions

4) Volume-averaged momentum equations for describing air momentum

conservation in the produce-air regions.
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Table 4.4 Conceptual model for airflow in the layered packaging systems.

Model components

Descriptions

Domains of interest

Individual layered package
Stack of layered packages

Conservation laws

Conservation of air mass

Conservation of air momentum

Assumptions

Unsteady state heat transfer processes have no effect on airflow
transfer, and airflow transfer processes are steady state.

Airflow patterns in every layer of packages are independent of each
other.

Airflow in the vents is one-dimensional.

Constant air properties.

Airflow in each produce layer between two trays is 2-dimensional
flow without vertical air movement.

Produce-air regions in produce layers between two trays are treated
as isotropic, rigid, saturated porous medium.

Air movement between product layers is only along the direction of
package height.

The vertical airflow from one product layer to the another passes
through a narrow tunnel.

The resistance to the vertical airflow between produce layers caused
by produce items close to packages was estimated by the Darcy term
and Forchheimer term.

Apart from sharing pressure fields and maintaining mass
conservation, the horizontal airflow within the produce layers has no

effect on the vertical airflow between the produce layers.

Types of regions

Plain air regions (vents)

Produce-air porous regions within produce layers

Vertical tunnel along package walls for the airflow between the
produce layers.

Solid regions (package walls and trays)

Boundaries

Vents with fixed air velocities
Vents with fixed air pressure

Walls

Boundaries between plain air regions and air-product regions
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5) Auxiliary algebraic equations for calculating the porosity and perneability in the
produce-air regions.

6) Auxiliary algebraic equations for describing the boundary conditions.

4.3.1 Conservation of air mass

e Continuity equation for plain air regions

The air mass conservation in vents is described by the one-dimensional continuity

equation (Bird et al., 1960):

du

- 4.1a
o (4.1a)
i = (4.1b)
dy
where

u = component of air velocity in the direction of x-axis (ms™).
v = component of air velocity in the direction of y-axis (ms™).

e Volume-averaged continuity equation for the produce-air regions

The air mass conservation in the produce-air regions is described by the volume-

averaged continuity equation (Hsu & Cheng, 1990; Kaviany, 1995):

o), J+ 2606, )+ 260w, ) =0 (42

where:

¢ = porosity.

() = intrinsic phase average of air velocity component in the
direction of x-axis (ms™).

o = intrinsic phase average of air velocity component in the
direction of y-axis (m sh.

(Wa = intrinsic phase average of air velocity component in the

direction of z-axis (ms™).
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4.3.2 Conservation of Air Momentum

e Momentum equation for plain air regions

The air momentum conservation in vents is described by one-dimensional Navier-

Stokes equations (Bird ez al., 1960):

du d{ du dp
U—— | |= 43a

Pl " [“ dx } dx (43a)
pavﬁ—i ﬂﬁ - (4.3b)

dy dy\" dy) dy
where:
p = air pressure (N m™).
7] = air dynamic viscosity (N s m’).
Pa = air density (kg m™).

¢ Generalised volume-averaged momentum equation for the produce-air

regions
The conservation of air momentum in the produce-air regions is described by the

generalised volume-average momentum equation (Hsu & Cheng, 1990; Kaviany,
1995; Vafai & Tien, 1981):

Z (o) (), )+ Zo.8(0), (), )+ (0.8}, (), )

2 &
~§;[ﬂ¢ a(;)a }—%{ma—g‘y)—“]vg[mﬁg—“} (4.4a)
Aln),) whlw), Fep,
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(pm(u W+ Z (o800, 000, )+ = (o, (0), (),

¥
]gy_[ a(v)a} aaz[”ﬁi%]: (4.4b)

Z (o) (), -2 (), ), )+ 2 (o), (),)

S

_(p),) wo’ w)a F¢’p.,

where

¢ = porosity.

K = permeability (m?).

F = Forcheimer coefficient.

(u), = intrinsic phase average of air velocity component in the
direction of x-axis (ms™).

¥ )u = intrinsic phase average of air velocity component in the
direction of y-axis (m sh.

wh = intrinsic phase average of air velocity component in the
direction of z-axis (ms™).

® ) = intrinsic phase average of air pressure (N m'z).

4.3.3 Auxiliary Equations

e Porosity

The porosity distribution in a packed bed is usually modelled by an exponential
decaying function of the distance to the nearest interface (Amiri & Vafai, 1994,
1998):
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by

=0, (1+ae ™) (4.5)
where

i/ = porosity.

Do = free stream porosity.

y = distance from the nearest boundary (m).

= empirical constant.

b = empirical constant.

The free stream porosity is calculated as (Dullien, 1979):

¢ =1-L2 (4.6)
Py

where

OB = bulk density of container packed with products (kg m™).

density of product (kg m'3).

Po

The bulk density of packed products is

m

Py = _produc totel. (4.7)
Vpacbage

where:

Mproduct_soral = total mass of products in the package (kg).

Vpackage = package volume (m®).

e Permeability and Forcheimer coefficient

For packed beds of sphere-like particles, permeability K and Forcheimer coefficient F

can be expressed as (Ergun, 1952):

2
_ 4 ?

= 4.8
K= dasgy &9
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F= (4.9)
A¢’

where:

deg = equivalent mean sphere diameter (m).

A = empirical constant.

B = empirical constant.

e Empirical constants

The empirical constants used in Equations (4.5)-(4.9) are summarised in Table 4.5
(Amiri & Vafai, 1994, 1998).

Table 4.5 Empirical constant in porous media model.

Equations Constant Value
Permeability and Forcheimer coefficient (Equation 4.8-4.9) A 180
Forcheimer coefficient (Equation 4.9) B 1.8
Porosity distribution (Equation 4.5) a 1.7
Porosity distribution (Equation 4.5) b 6
4.3.4 Boundary Conditions

e Fixed velocity vents

The boundary conditions for a fixed velocity vent were specified as

Ui=Ugey (7 is the direction perpendicular to the vent) (4.10a)

u, = (j is the direction parallel to the vent) (4.10b)

where:

Ufixed = value of air velocity at the vent (m s'l).
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o Fixed pressure vents

The boundary condition for a fixed pressure vent was specified as

P =P jed (4.11)

where:

Dfixed = value of pressure at the vent (N m™).

® Wall boundaries

For the interfaces between plain air regions and solids, the boundary condition was

specified by the no-slip condition :

u=0 (4.12a)
v=0 (4.12b)
w=0 (4.12¢)

For the interfaces between produce-air regions and solids, the no-slip condition still

applies, as the macroscopic viscous term is included in the momentum equation.

(u), =0 (4.13a)
(v), =0 (4.13b)
(w) =0 (4.13¢)

® Boundaries between the plain air regions and the air-product porous regions

As airflow is perpendicular to the interfaces between the plain air and the air-product
porous regions, it is adequate to maintain the mass and momentum conservation on

the boundaries. The detailed treatment is described in Appendix A.
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4.4 Model formulation for Airflow in the Layered Packaging Systems

The mathematical model for airflow in the layered packaging systems consists of the

following equations:

1) Continuity equation describing air mass conservation in the plain air regions.

2) Volume-averaged continuity equation describing air mass conservation in the
produce-air regions between trays.

3) Continuity equation describing air mass conservation in the vertical tunnels
(airflow between produce layers).

4) Momentum equations for describing air momentum conservation in the plain air
regions.

5) Volume-averaged momentum equations for describing air momentum
conservation in the produce-air regions between trays.

6) Momentum equations for describing air momentum conservation in the vertical
tunnels (airflow between produce layers).

7) Auxiliary algebraic equations for calculating porosity and permeability in the air-
product regions.

8) Auxiliary algebraic equations for describing the boundary conditions.
4.4.1 Conservation of air mass
o Continuity equation for plain air regions

The air mass conservation equation in the plain air regions of a layered packaging

system is the same as that of the bulk packaging system (Equation 4.1).

® Volume-averaged continuity equation for the produce-air regions between

trays

The two-dimensional volume-averaged continuity equation was employed (Hsu &

Cheng, 1990; Kaviany, 1995):

é
= o), )+ o), )=0 (4.149)

é
“+ —
oy
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where:

@ = porosity.

(U)a = intrinsic phase average of air velocity component in the
direction of x-axis (m s™).

V), = inwinsic phase average of air velocity component in the

direction of y-axis (m s'l).

e Continuity equation for vertical tunnels

The air mass conservation in vertical tunnels is described by the one-dimensional

continuity equation (Bird et al., 1960):

dw

— =0 (4.15)
dz

where:

w = component of air velocity in the direction of z-axis (m s']).

4.4.2 Conservation of Air Momentum

e Momentum equation for plain air regions

The air momentum conservation equation in the plain air regions of the layered

packaging system is the same as that of the bulk packaging system (Equation 4.3).

® Generalised volume-averaged momentum equation for produce-air regions

between trays

The volume-averaged equations of motion for airflow with only horizontal

movements were written as follows (Hsu & Cheng, 1990; Kaviany, 1995; Vafai &
Tien, 1981):
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Ox

£ (p.gfu), (1), )+ = ,,¢<v>a<u>a)—%(u¢9<"—>ﬂ]—i(u¢%]—i(y¢ ag’j“ ]=

(4.162)

2 o))+ 2 a¢<v>a<v>a)é[m%}%{m%}%{m%}

oe(p),) #*0). Fe'p,

DR B TR o,
(4.16b)
where:
¢ = porosity.
K = permeability (mz).
F = Forcheimer coefficient.
(), = intrinsic phase average of air velocity component in the
direction of x-axis (ms™).

(V) = intrinsic phase average of air velocity component in the

direction of y-axis (ms™).

@) = intrinsic phase average of air pressure (N m™).

e Momentum equation for vertical tunnel

The momentum conservation equation for one-directional flow was employed, and
the Darcy and Forcheimer terms were used to account for the resistance caused by

produce items next to the package walls. (Vafai and Tien, 1981):

ww

, w@_ﬁ(#@_)_ﬁ{p@}_g(#a_w}_ B _ 1 Foup,
‘ ox

& ox vl oy &y & 2 K JK
(4.17)
where:
Beap = estimated porosity of the vertical tunnel along package wall.
K = permeability (m?).
F = Forcheimer coefficient.



Chapter 4 Development of Airflow Models 76

air velocity component along package height(m s™).

air pressure (N m™).

4.4.3 Auxiliary Equations

e Porosity

As number and position of produce items on each tray is pre-defined for a layered

package, the porosity at any position can be calculated accordingly.

e Permeability and Forcheimer coefficient

The same equations are used to compute permeability and Forcheimer coefficient F as

for layered packages (Equations 4.8-4.9).
4.4.4 Boundary Conditions

For layered packaging systems, the same boundary conditions were used for the fixed
velocity vents, fixed pressure vents, wall boundaries, and the interfaces between the

plain air and air-product regions as for the bulk package systems.
4.5 Summary

This chapter outlined the conceptual and mathematical models for airflow in both
bulk and layered packaging systems. In the conceptual models, the domains within the
packaging systems were classified as several types of regions. The porous media
approach was applied in order to avoid dealing with the complicated geometry inside
packages. In the mathematical models, the partial differential equations for describing
air mass and momentum conservation in these regions were presented. The solution of

the mathematical models is discussed in Chapter 6 and Appendix A.
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CHAPTER S
DEVELOPMENT OF HEAT TRANSFER MODELS

5.1 Introduction

This chapter first presents the conceptual models for heat transfer in the bulk and
layered packages. These conceptual models specify the important heat transfer
processes, and make assumptions to simplify the model formulation or solution.
Following conceptualisation, the heat transfer models for the bulk and layered

packaging systems are developed.

5.2 Conceptual Models

5.2.1 General Analysis of Heat Transfer Processes

Temperature profiles, i.e. the air, produce, and package materials temperatures over
the domain of interest are obtained by solving the partial differential equations that
describe energy conservation over the domain. To select and solve the energy
conservation equations over the domains of ventilated packaging systems, it is
essential to carry out a detailed analysis of the heat transfer processes and associated

domain.

e Conceptualisation conducted for the airflow models

The airflow patterns predicted by the airflow models are to be used as input data for
heat transfer calculations, and the porous media approach is also employed for
deriving the volume-averaged equations for air and produce energy conservation.
Hence the conceptualisation conducted for the airflow models forms a basis for the
heat transfer models. Conceptualisation for the airflow models is summarised in

Tables 4.3and 4.4
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e Effects of radiative heat transfer

As produce items are packaged in boxes or bins, the individual produce item would
likely receive minimal net radiative heat transfer (Tanner, 1998). Hence, it was

assumed that effects of radiative heat transfer were negligible.

e Constant thermal properties

Thermal properties of produce and package materials (package walls and trays) are
affected mainly by moisture content. As discussed in Section 3.2.3, moisture content
variation can be negligible during forced-air cooling. Hence it was assumed that
produce and packaging materials have constant density, thermal conductivity, and
specific heat capacity. In airflow models, constant air thermal properties were

assumed, which is still valid for the heat transfer models.
e Heat transfer in plain air regions

In the airflow models, airflow in vents was assumed to be one-dimensional and
perpendicular to the package walls containing the vents. Similarly it was assumed that
heat transfer in the vents is one-dimensional and perpendicular to the package walls

containing the vents.
e Heat transfer in package layers of a stack

In the airflow models, it was assumed that there was no air movement between the
packages in different package layers, and airflow patterns in each layer of packages
are independent of each other. The heat transfer between the package layers of a stack
is achieved by heat conduction through the package surfaces, which is considered
negligible compared with the heat transfer between airflow and products during
forced-air cooling. Therefore it was assumed there is no heat transfer between the

package layers, and heat transfer in the package layers are independent of each other.
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5.2.2 Analysis of Heat Transfer in the Bulk Packaging Systems

The heat transfer processes in the bulk packages during produce cooling are shown in

Figure 5.1 and Table 5.1

Figure 5.1 Illustration of heat transfer processes in a bulk package (the capital letters

represent type of heat transfer processes, which are explained in Table 5.1)

e Porous media approach for air and produce energy conservation

In the heat transfer model for bulk packaging systems, the produce-air regions were
treated as porous media, so the volume-averaged energy conservation equations for

air and produce were used.

e Heat transfer inside individual items of produce

To model the heat transfer inside individual items of produce, the energy conservation
equation for a solid was employed. To simplify the model solution, one-dimensional

heat conduction equation in a representative spherical produce item was used.

The treatments of various heat transfer processes inside the bulk packages are

summarised in Table 5.1.



Chapter 5 Development of Heat Transfer Models

Table 5.1 Heat transfer processes in the bulk packaging system.

80

Process Region Classification Modelling approach
A. Heat transfer within the | Produce-air Conduction Volume-averaged energy
air in produce-air region | regions Convection conservation equation for
incompressible fluid
B. Heat transfer within | Produce-air Conduction Energy conservation
items of produce regions equation in spherical solid
C. Heat transfer between | Produce-air Conduction Volume-averaged equation
items of produce regions for solid energy conservation
D. Heat transfer between air | Produce-air Convection Newton’s cooling law
and produce regions
E. Heat transfer within | Solid regions Conduction Energy conservation for solid
package walls
F. Heat transfer within air | Plain air regions | Convection One-dimensional energy
in vents Conduction conservation for impressible
fluid
G. Heat transfer between air | Interfaces Convection Newton’s cooling law
in produce-air region | between solid and
and package walls produce-air
regions
H. Heat transfer between | Interfaces Conduction Assumed to be negligible,
produce and package | between solid and due to small contact areas
walls produce-air and dominance of air cooling
regions
I. Heat transfer between air | Interfaces Conduction Match energy flux on the
in vents and air in | between plain air | Convection interfaces
produce-air regions and produce-air
regions
J. Heat transfer between air | Interfaces Convection Assumed to be negligible,

in vents and package

walls

between solid and

plain air regions

due to small contact areas.

5.2.3 Analysis of Heat Transfer in the Layered Packaging Systems

The heat transfer processes in the layered packages during produce cooling are shown

in Figure 5.2 and Table 5.2.
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Airflow

T

Airflow

Figure 5.2 Illustration of heat transfer processes in a layered package (the meanings of

letters are explained in Table S5.2)

Table 5.2 Heat transfer processes in the layered packaging system.

Process Region Classification Modelling approach
A. Heat transfer within air Produce-air regions | Conduction Volume-averaged  energy
Convection conservation equation for
incompressible fluid
B. Heat transfer  within | Produce-air regions | Conduction Energy conservation
items of produce equation in spherical solid
C. Heat transfer between air | Produce-air regions | Convection Newton's cooling law
and product
D. Heat transfer within | Solid regions Conduction Energy conservation for
package walls solid
E. Heat transfer within | Solid regions Conduction Energy conservation for
trays solid
F. Heat transfer within air | Plain air regions Convection One-dimensional energy
in vents Conduction conservation equation for
impressible fluid
G. Heat transfer within air | Plain air regions Convection One-dimensional energy
in gaps between tray Conduction conservation equation for
edges and package walls impressible fluid
H. Heat transfer between air | Interfaces between | Convection Newton's cooling law

and trays

solid and produce-

air regions
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Table 5.2 (continued) Heat transfer processes in the layered packaging system.

I. Heat transfer between | Interfaces between | Conduction Energy conservation
trays and produce solid and produce- equation for solid

air regions

J. Heat transfer between air | Interfaces between | Convection Newton’s cooling law

and package walls solid and produce-
air regions

K. Heat transfer between | Interfaces between | Conduction Assumed to be negligible,
produce and package | solid and produce- due to small contact areas
walls air regions and dominance of air

cooling

L. Heat transfer between air | Interfaces between | Conduction Match energy flux on the
in vents and air in | plain air and | Convection interfaces
produce-air regions produce-air regions

M. Heat transfer between air | Interfaces between | Conduction ‘Match energy flux on the
in produce-air regions | plain air  and | Convection interfaces
and air in gaps between | produce-air regions
package wall and trays

N. Heat transfer between air | Interfaces between | Convection Assumed to be negligible,
in vents and package | solid and plain air due to small contact areas.
walls regions

O. Heat transfer between | Interfaces between | Conduction Assumed to be negligible,
trays (or package walls) | plain air and solid | Convection due to small contact areas.
and air in gaps between | regions
package wall and tray
edges

P. Heat transfer between | Interfaces between | Conduction Assumed to be negligible,

trays and package walls

solid and solid

regions

due to small contact areas
and dominance of air

cooling

e Porous media approach for air energy conservation

In the airflow model for the layered packaging systems, the produce-air regions

between trays were treated as porous media, and the airflow in the produce layer was

assumed to have only horizontal movements. Similarly the heat transfer within the
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airflow in the produce-air region in the vertical direction were assumed to be
negligible. The assumption of porous media is still valid for heat transfer within the
air in produce-air region, and the volume-averaged equation for air energy

conservation was used.

e Gaps between tray edges and package walls

In the airflow model for the layered packaging systems, air movements between
produce layers were calculated by assuming vertical airflow in narrow tunnels. In the
heat transfer model, air in the gaps was treated in the same way as air in the vents, so
the gaps are plain air regions, and heat transfer in the gaps is one-dimensional and

perpendicular to the ways.

e No heat transfer between items of produce

In the layered packages, items of produce are generally not allowed to be in contact
with each other so as to reduce the incurrence of produce mechanical damage. It was
therefore assumed that the items of produce in the layered packages do not contact
each other. This assumption made it impossible to use the porous media approach for
produce energy conservation. [t is enough to model heat transfer within individual
items of produce, which only requires an energy conservation equation for spherical

solid.

The treatments of various heat transfer processes inside the layered packages are

summarised in Table 5.2.

5.3 Model Formulation for Heat Transfer in the Bulk Packaging Systems

The mathematical model for heat transfer in the bulk packaging systems consists of

the following equations:

1) Fluid energy equation describing air energy conservation in the plain air regions
(vents).
2) Solid energy conservation equation describing energy conservation in the solid

regions (package walls).
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3) Volume-averaged fluid energy equation describing air energy conservation in the
produce-air regions.

4) Volume-averaged solid energy equation describing produce energy conservation
in the produce-air regions.

5) Solid energy conservation equation describing energy conservation in single items
of produce.

6) Auxiliary algebraic equations for calculating heat transfer coefficients, dispersion
conductivity, geometric properties, produce respiration rate, etc.

7) Auxiliary algebraic equations for describing boundaries.

5.3.1 Energy Conservation in Plain Air Region

o Energy conservation equation for air in vents

Air was treated as a viscous incompressible fluid, and the one-dimensional air energy

equations were written (Bird et al., 1960):

ApCuT,), ApuCT,) 2 ( x 7 ng (5.12)
a 1% ox| ‘¢ &

é’(paCaTa)+5(pavCaTa)__<3_(K o, }0 (5.1b)
24 oy 2

where:

u = air velocity component in the direction of x-axis (m s™).

v = air velocity component in the direction of y-axis (m s™).

C, = air specific heat at constant pressure (J kg™ K™).

Pa = air density (kg m>). .

T, = air temperature (K).

K, = air thermal conductivity (W m™! K™).

5.3.2 Energy Conservation in Solid Regions

e Energy conservation equation for package walls

The energy equation for package walls was written (Bird et al., 1960):
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a(p pack C pack T pack ) a

ar, ar orT,
pack)_ﬁ K pack)*i(K pack)=0(5.2)

a “ax Ko =) 7, K & e M &
where:
Prack = packaging material density (kg m™).
Chrack = packaging material specific heat capacity (JK' m™)
Tpack = packaging material temperature (K).
Kpack = packaging material thermal conductivity (W K m™).

5.3.3 Energy Conservation in Produce-air Regions

e Volume-averaged energy conservation equation for air

The volume-averaged energy conservation equation for the fluid phase in porous
media was written for air energy conservation; the item on the RHS of the Equation
(5.3) represents heat exchange between produce and air (Hsu & Cheng, 1990;
Kaviany, 1995).

ApgCu(T.),)  dlp.glu),C(T),) lputlv), CulTL),)  dlpg(®),CulTe),)

ot Ox oy ox
- f;[(sﬁxa L ]—-f;((«éxa + Ko, )a—%;—)“—} f;[(esxa e, A ]=
1,8 op Tesupace= < Ta >a)
(5.3)

where:

), = intrinsic phase average of air velocity component in the
direction of x-axis (m s'l).

v = intrinsic phase average of air velocity component in the
direction of y-axis (m s'l).

W)y = intrinsic phase average of air velocity component in the
direction of z-axis (ms™).

(Ta) = intrinsic phase average of air temperature (K).

TpSurface = produce surface temperature (K).

o = air density (kg m™).
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C, = air specific heat at constant pressure (J kg™ K™).

K, = air thermal conductivity (W K'm").

Kais = dispersion conductivity (W K m™).

¢ = porosity.

Qap = specific interstitial surface area (m™).

h, = heat transfer coefficient between air and solid surface
(Wm2K™.

e Volume-averaged energy conservation equation for produce

The volume-averaged energy conservation equation for the solid phase in porous
media was written for produce energy conservation; the first item on the RHS of
Equation (5.4) represents heat exchange between produce and air (Hsu & Cheng,
1990; Kaviany, 1995).

C,( aT T,
b, (ar )~~a% 1-p)K, <a;>*” - 1=K, (6;>” ~210-9K,
= =8P Tpsupce= < T, > )+ (- P)p, R,
(5.4)
where:
t = time(s).
P = product density (kg-m™).
(To)p = intrinsic phase average of product temperature (K).
K, = product thermal conductivity (WK "'m™).
G = product specific heat (J-kg™ K ™).
R, = product respiration heat (W kg™).
¢ = porosity.
Qap = specific interstitial surface area (m™).
h, = heat transfer coefficient between air and solid surface

(Wm2K™h.

e Energy conservation equation for a single item of produce

The energy conservation equation for a spherical solid was written for energy

conservation of single items of produce (Bird et al., 1960):

o

T

p

oz

),
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%g-fij—fgg(xprf*%)zpﬂp (5.5)
where:

t = time(s).

r = spatial variable along sphere radius (m).

Po = product density (kg-m™).

T, = produce temperature (K).

K, = product thermal conductivity (W-K'1 m™).

G = product specific heat (J-kg™'-K™).

R, = product respiration heat (W kg™).

5.3.4 Auxiliary Equations

e Geometric parameters

Porosity was computed as in Section 4.3.3.

The equivalent mean diameter of produce items is calculated as:

d, = 6V—” (5.6)
N P

where:

Aeg = equivalent mean diameter (m).

Va = mean volume of produce item (m?).

S, = mean surface area of produce item (mz).

The specific surface area of a porous material is defined as the surface area of the
produce items per unit bulk volume of the porous medium. For a sphere-packed bed,

specific surface area is (Dullien, 1979):

_5s1-4)
“ 4

&f

(5.7)
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Aap = specific interstitial surface area (m™).
e Heat transfer coefficient for convection between air and solid surfaces

Geankoplis (1993) presented a forced convection correlation for gas flow in a packed

bed of spheres:

Nuy p 0e_2.876 0.3023

b Tttt 5.8
Re,Pr Re, Re,” G5
hd
Nu ,=——*2 59
L (5.9)
2 2 2 1
u) Hv) Hw) )2d,
e, 2K, ) (5.10)
7
C.u

Pr=ta 5.11

r—-—Ka (5.11)
where:
h; = heat transfer coefficient between air and solid surface

(Wm?K™").

Nuy = Nusselt number.
Rey = Reynolds number.
Pr = Prandtl Number.
)7, = air dynamic viscosity (N s m™).
¢ = porosity.
deq = equivalent mean sphere diameter (m).
C, = air specific heat at constant pressure (J kg™ K™).
K, = air thermal conductivity (W m™ K™).

Typical heat transfer coefficient values range from 1 to 20 W m2 K"
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e Dispersion conductivity

The dispersion conductivity is a tensor that is a function of Peclet number based on

the superficial velocity in the main flow direction (Kaviany, 1995; Wakao & Kaguei,

1982). Since the main

scalar, and assumed to be a linear function of the Peclet number based on the local

superficial velocity:

flow direction is difficult to define, the tensor is simplified as a

(5.12)

Ky =CpPe,K,
H
e, CeLtlin) 00, 400" P
Ka
where:
Pey = Peclet number based on particle dimension.
(1), = intrinsic phase average of air velocity component in the
direction of x-axis (m sh.
o = intrinsic phase average of air velocity component in the
direction of y-axis (m sh.
W) = intrinsic phase average of air velocity component in the
direction of z-axis (ms™).
deq = equivalent mean sphere diameter (m).
Pa = air density (kg m™).
Ca = air constant-pressure specific heat capacity (J K'k gh.
K, = air thermal conductivity (W K' m™).
Cis = empirical constant (~ 0.2).

e Respiration heat

Product respiration heat was calculated as follows (Tanner, 1998):

R, = (T, -255.35)

(5.14)

(5.13)
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where:

Ry = product respiration heat (W kg™).
Tp = produce temperature (K).

c = constant.

d = constant.

The values of constant ¢ and d are associated with specific crops, and were

summarised by Tanner (1998).

e Relation between produce temperature and its volume average

The relation between produce temperature and its volume average is written as

follow.
dW

2 2

(T,)o=—— [Tpr’ar (5.15)
3, %

where:
deg = equivalent diameter of product (m).
T, = produce temperature (K).
(T} = intrinsic phase average of air temperature (K).

5.3.5 Boundary Conditions

e Vents with airflow entering packaging systems

As a boundary condition for energy conservation equation in plain air regions, if cold

air enters a vent, fixed temperature was assumed.

-
ll
~

a a—enter (5 * 1 6)

where:

Toenter temperature of air entering a vent (K).
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e Vents with airflow leaving packaging systems

As a boundary condition for energy conservation equation in plain air regions, if air

leaves a vent, air temperature was assumed to be invariant along the direction normal

to the vent.
‘;T“ =0 (x;normal to vent) (5.17)
iX.

!

e Interfaces between package walls and surrounding environment

If package walls are exposed to outside airflow, Newton’s cooling law was used

Qour-pack = ~Mr-ow (Tpack — Tomoue) (5.18)
where:

Gout-pack = heat flux from outside airflow to packaging material (W m? ).
Tpack = packaging material temperature (K).

Toour = outside airflow temperature (K).

hs-ou = heat transfer coefficient between outside airflow and package

walls (W m2K™).

If the package top or bottom sides are adjacent to other packages, it was assumed that

no heat transfer occurs.
e Interfaces between produce-air regions and solid regions
As stated in Section 5.2.2, heat transfer between produce and packaging walls was

assumed to be negligible, and heat transfer between air and package walls was

modelled with Newton’s cooling law.

qm’r—pack = —ht (Tpack -< Ta >a) (5 1 9)
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where:

Qair-pack = heat flux from air to packaging material (W m?).
Tpack = packaging material temperature (K).

h, = heat transfer coefficient between air and solid surface

(Wm?2K™.

The above equation was used as a boundary condition for both the volume-averaged
air energy conservation equation in produce-air regions and the energy conservation

equation for package walls.

e Interfaces between air and produce in produce-air regions

As a boundary condition for the energy equation for a single items of produce,
convection heat transfer between air and produce was modelled according to

Newton’s cooling law.

Gair-produce = M Tpsugace = < T, >,) (5.20)

where:

Qproduce-air = heat flux from air to produce item (W m™ ).

Trsurface = produce surface temperature (K).

h, = heat transfer coefficient between air and solid surface
(Wm?2KD.

e Interface between plain air regions and produce-air regions

As airflow is perpendicular to the interfaces between plain air and air-product porous
regions, it is adequate to match energy flow from one region to another. The detailed
treatment is described in Appendix A.

5.4 Model Formulation for Heat Transfer in the Layered Packaging Systems

The mathematical model for heat transfer in the layered packaging systems consists of

following equations:
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1) Fluid energy equation describing air energy conservation in the plain air regions
(vents or gaps between tray edges and package walls).

2) Solid energy conservation equation describing energy conservation in the solid
region (package walls and trays).

3) Volume-averaged fluid energy equation describing air energy conservation in the
produce-air regions.

4) Solid energy conservation equation describing energy conservation in single items
of produce.

5) Auxiliary algebraic equations for calculating heat transfer coefficients, dispersion
conductivity, geometric properties, produce respiration rate, etc.

6) Auxiliary algebraic equations for describing boundaries.
5.4.1 Energy Conservation in Plain Air Region

o Energy conservation equation for air in vents and in the gaps between

package walls and tray edges

The energy conservation equation in vents of the layered packaging system is the
same as that of the bulk packaging system (Equation S.1). For the gaps between tray

edges and package walls, energy conservation equation along z-axis was written.

o(p,C.1,), dpwC,T,) Bf, 2T,
a oz azL “ &

0 (5.21)

where:

w = air velocity component in the direction of y-axis (m s™).

5.4.2 Energy Conservation in Solid Regions

¢ Energy conservation equation for package walls and trays

The energy conservation equation in solid regions of the layered packaging system is

the same as that of the bulk packaging system (Equation 5.2).
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5.4.3 Energy Conservation in Produce-air Regions

e Volume-averaged energy conservation equation for air

The volume-averaged energy conservation equation for the fluid phase in porous
media was written for the energy conservation of airflow with horizontal movements

(Hsu & Cheng, 1990; Kaviany, 1995).

Ap.4C.( ) dlp,4(u),C ) 5(/%, ov),C.(T.),)

ot ax oy

d XT.),) 8 AL.), | @ AL), \_
*gx{( a+Kdic)_é_x_—-]—5((¢Ka+Kdis) 5 J—E((M3+Kdi¢)h§z—_]"

htaP-expasod (T Psurface” < Ta >4 )

(5.22)

where:

(i) = intrinsic phase average of air velocity component in the
direction of x-axis (ms™).

(V) = intrinsic phase average of air velocity component in the
direction of y-axis (m sh.

(T = intrinsic phase average of air temperature (K).

TpSurpace = produce surface temperature (K).

fo = air density (kg m™).

Ca = air specific heat at constant pressure (J kg K.

K, = air thermal conductivity (W m™ K ™).

Kgis = dispersion conductivity (W K'm™h.

¢ = porosity.

Qp-exposed = exposed-to-air produce surface area per unit volume of air-
produce region (m™).

hy = heat transfer coefficient between air and solid surface

(W m?2K™.
e Energy conservation equation for single item of produce

The energy conservation of single items of produce in the layered packaging system is

the same as that of the bulk packaging system (Equation 5.5).
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5.4.4 Auxiliary Equations

All auxiliary equations in heat transfer model for the bulk packaging systems were the

same as for the layered packaging systems.
5.4.5 Boundary Conditions
The boundary conditions defined for heat transfer model in the bulk packaging

systems are equally valid in the layered packaging system. Additional boundary

conditions are defined as follow.

e Interfaces between the air in produce-air regions and trays

Convection heat transfer between the air in produce-air regions and trays was

modelled according to Newton’s cooling law.

Qair-sray = P Dpsurtoce = < Ty >4) (5.23)

where:

Qair-ray = heat flux from air to tray (W m ).

TraySurface = tray surface temperature (K).

h; = heat transfer coefficient between solid surface and air
(Wm?K™.

The above equations were used as a boundary condition for both the volume-averaged
air energy conservation equation in produce-air regions and the energy conservation

equation for trays.

e Interfaces between produce items and trays

An item of produce generally contacts trays at both bottom and top. The heat transfer
between the produce items and trays is conduction. The detailed treatment is

described in Appendix A.
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e Interfaces between the air in air—produce regions and the air in gaps

between package wall and tray edges

The boundary condition was specified via matching energy flow from one region to

another. The detailed treatment is described in Appendix A.

5.5 Summary

This chapter outlined the conceptual and mathematical models for heat transfer in
both bulk and layered packaging systems. In the conceptual models, the heat transfer
processes within the packaging systems were analysed. In the mathematical models,
the partial differential equations for describing these heat transfer processes were
presented. The solution of the heat transfer models is presented in Chapter 6 and

Appendix A.
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CHAPTER 6
SOLUTION OF AIRFLOW AND HEAT TRANSFER MODELS

6.1 Introduction

The airflow and heat transfer models presented in Chapters 4 and 5 are made up of
groups of partial differential equations (PDEs) and auxiliary equations. It was
impossible to solve these PDEs analytically on complex domains inside produce

packages, so numerical solutions were sought as approximations.

The process of obtaining the numerical solutions consisted of two stages. The first
stage was discretisation that employed the finite-volume method to convert the
continuous transport equations into discrete systems of algebraic equations. The

second stage was to solve these systems of algebraic equations.

The finite volume method divides the calculation domain into a number of non-
overlapping control volumes (cells) such that every cell surrounds a grid point. The
differential equations of solved-for variables, for example, momentum equations for
velocity components, are then integrated over each conwol volume. Piecewise profiles
expressing the variation of the corresponding variables between the grid points are
used to evaluate the required integrals. For each solved-for variable in each cell, an
algebraic discretisation equation is generated, which contains the values of the
variable in the grid node of the current cell and the grid points of its neighbouring

cells as unknowns (Patankar, 1982; Ferziger & Peric, 1999).

This chapter first deals with the process of grid generation, i.e. how the calculation
domain (individual package or a layer of packages) is divided into a collection of
cells. Then it describes the numerical schemes for converting the PDEs in the airflow
and heat transfer models to the systems of algebraic equations; the details on
derivations of the discretisation equations are presented in Appendix A. Finally the

solution methods for the systems of discretisation equations are discussed.
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6.2 Grid Generation

Since only cubic packages were considered in the models, and the application of the
porous-media treatment meant that the meshes did not have to describe the
complicated geometries inside the packages, a Cartesian coordinate system was

adopted.

As shown in Figure 3.3, the orientations of individual bins or cartons in a layer of
packages in a stack are usually different from each other. This structural feature makes
it necessary to use a very fine mesh to represent the package details such as the
thickness of package walls or trays. However, the use of extremely fine grids not only
requires large computing capacity, but it also produces physically meaningless cell
size (the smallest cell should contain approximately one single product). To overcome
this problem, a block-structured grid was applied, in which each individual package
constitutes one mesh block. The block-structured grid system was specified with a
global grid and two local grids. The global grid system specifies the location of
individual packages in a layer of packages. The local grid systems describe the
package structural details, and the local cells are used to derive the discretisation

equations.

6.2.1 Coordinates and Cell Index Convention

The location of each cell is specified by the cell indices (I, J, K) that are the count
numbers of the cell in X, y, z directions. Each cell has six faces named as south (s),
north (n), west (w), east (e), low (1), and high (h) faces. The conventions for
coordinates and positions in calculation domains are shown in Figures 6.1 and 6.2.
Attention was focused on the current grid node P in the centre of a cell, which had the
grid nodes E, W, N, S, H, L, etc, as its neighbours. The subscript e, w, n, s, h, 1 denote

the surfaces of the current cell.

6.2.2 Global Grid System

The global grid system divides an individual package or a layer of packages into a
number of cells as shown in Figures 6.3 and 6.4. In a layer of packages, the positions

of individual packages are specified by the cell index in the left-bottom corners of the



Chapter 6 Solution of Airflow and Heat Transfer Models 99

packages. Along each horizontal axis (x-axis or y-axis), the global grid is equally
spaced. The dimensions of global cells are decided according to the types of
calculation domains (single package or a layer of packages) and types of packaging

systems (layered or bulk packaging system).

Figure 6.1 Coordinate systems used in this study and local grid system of a single

package with its length along x-axis.
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«h N ot

oW ¢W oP ¢e oF oy ¢ oP ¢e oF eS 48 oP ¢n ON
L | g —-]
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L. L., L.,

Figure 6.2 Conventions for specifying the positions in calculation domains.
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Figure 6.4 Global grid system of the domain of a layer of packages.
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e Global cells for the domain of a single package

When a single package is considered in the model, the length and width of global cells
(the dimensions along x and y axes) are calculated using the number of cells in each

of the two horizontal directions.

L, =—2% (6.1)

W = Zﬂ_ﬂ" (6.2)
n}'

where:

Leen = length of global cell (dimension of cell along x-axis) (m).

Ween = width of global cell (dimension of cell along y-axis) (m).

Lpack = length of package (dimension of package along x-axis) (m).

Wpack = width of package (dimension of package along y-axis) (m).

n, = number of global cells along x-axis.

n, = number of global cells along y-axis.

For a domain of a single layered package, the heights of global cells (dimension along

z-axis) are determined according to the position of trays, as shown in Figure 6.5.

For a domain of a single bulk package, the global grid along the z-axis is equally
spaced. The height of global cells is calculated as follows:

H
n, = ceil| ——-22 (6.3)
mln(chII s Lcell)

H,.
Hm—:’—* (6.4)

z
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Layered package

Porous media treatment

Global grid

Local grid

Figure 6.5 lllustration of grid generation processes for layered packages (grid

generation for x-z plane of a layered package).
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Bulk package

o Porous media treatment

Global grid
e

CESTC s
NS S S S Local grid
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L DT 6rid nodes
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S s ..
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Figure 6.6 Illustration of grid generation processes for bulk package (grid generation

for x-z plane of a bulk package).
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where:

Heen = height of global cell (dimension of cell along z-axis) (m).
Leen = length of global cell (dimension of cell along x-axis) (m).
Weeu = width of global cell (dimension of cell along y-axis) (m).
Hpack = height of package (dimension of package along z-axis) (m).
n; = number of global cells along z-axis.

ceil = function that rounds a number toward plus infinity.

min = function that finds the minimum among several variabels.

e Global cells for the domain of a layer of packages

As shown in Figure 6.4, packages may be cross-stacked. To form a cubic stack, the

ratio of package length and width was assumed to be a ratio of two integers:

Zpock _ T (6.5)
Wpac/t n,

where:

Lpgek = length of package (dimension of package along x-axis) (m).
Woack = width of package (dimension of package along y-axis) (m).

n; = integer.

n; = integer.

The global grids for a package layer are set to be equally spaced along x-axis and y-
axis. The horizontal dimension of global cells is calculated according to the ratio

between product equivalent diameter and cell size:

D cell-est = deche.‘.’-produce (66)
W T
L.y =ch11 = 7 p;;: S (6.7)
ceil] —2%% 1
. D cell-est
ceil <,
n,
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where:

Leen = length of global cell (dimension of package along x-axis) (m).

Weelr = width of global cell (dimension of package along y-axis) (m).

Deelt-est = estimated cell width (m).

deq = equivalent mean diameter (m).

Recelt-produce = ratio between global cell horizontal dimension and produce
equivalent diameter (m).

Wpack = width of package (dimension of package along y-axis) (m).

n; = integer in Equation 6.5.

n; = integer in Equation 6.5.

ceil = function that rounds a number toward plus infinity.

Heights of global cells for the domain of a package layer are calculated in the same

way as for the single package domain.

6.2.3 Local Grid Systems

The global grid system discussed in the proceeding section separates the calculation
domain into a group of global cells with the same horizontal dimensions. In each
block (an individual package), the global cells next to container walls or trays were
further divided so as to include the cells for walls or trays as shown in Figures 6.5 and
6.6. Hence the local grid systems are generated by adding structural details to global
cells for individual packages. The discretisation equations were derived by integrating

the relevant PDEs over the local cells.

For a layer of packages, only two local grid systems need to be specified,
corresponding to two possible orientations of individual packages (package length in
the x-axis direction or in the y-axis direction), as shown in Figures 6.1 and 6.7. The
position of any local cell can be determined by its position in one of the local grid

systems and the package position in the global grid system.
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Figure 6.7 Local grid system of a single package with its length along y-axis.

6.2.4 Vents across More than One Local Cell

A vent on a package wall may cross several cells as show in Figure 6.8. To simplify
the calculation, a vent that cuts across several cells is treated as a group of small vents
located in the cells, and the area of the vent in the narrow cells corresponding to
package walls or trays were ignored. As shown in Figure 6.8, a vent occupying six
cells is divided into four vents located in four larger cells, and the remaining two
narrow cells are blocked. The resulting small vents are represented by the porosities

of the cells in package wall:

A

¢ =—= (6.8)
A{m‘:‘

where

¢ = porosity.

Avemr = area of the vent portion in a cell (m?).
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Acen = area of the cell (mz).

Figure 6.8 — Illustration of the treatment of the vents across several cells.

Since the airflow and heat transfer in vents were assumed to be one-dimensional, the
shapes of vents have no effect on transport processes in vents, and the sizes of vents,
which are represented by the porosities of cells on package walls, are enough for

derivation of discretisation equations.
6.2.5 Treatments of Boundaries between Packages

Due to the way in which the global and local grid systems are constructed, the global
cells in two adjacent package walls match with each other, but the local cells may not.
Moreover the vents in two adjacent walls may not have the same sizes. To simplify
the calculation and indexing in the boundaries of package walls, the following

treatments were applied as shown in Figure 6.9:

. If two adjacent local cells have vents with different sizes, the size of the larger
vent is set to that of the smaller vent.

. A local cell is contained in global cell A in one package wall that is adjacent to
global cell B in other package wall. Then the local cell in global cell A was
assumed to have a imaginary matching neighbouring local cell, which takes
the properties of the local cell having the largest area among all the local cells
in global cell B. This enables us to treat local cells as continuous over the

whole package layer.
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Modified vent
_______________ 1
""""""" P -
Imaginary Imagin;:r'y Imaginary | |Imaginary
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of 3 with| |of 4 with| |of 2 with| |of 1 with
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of 2 of 2 of 3 of 3

Figure 6.9 Illustration of the treatments of the boundaries between packages

6.3 Discretisation Equations for PDEs in the Airflow and Heat Transfer Models

6.3.1 Numerical Schemes

Discretisation of the airflow transport equations were based on the SIMPLER (Semi-
Implicit Method for Pressure-Linked equations Revised) method proposed by
Patankar (1980).

e Staggered grids

To avoid occurrence of wavy velocity and pressure fields, a staggered grid was used.
The scalars including temperature, pressure, and pressure correction are stored at the
centre points of local cells (scalar cells). The velocity vector components are stored at
the centre points of the six faces of scalar cells. Vector quantities are computed by
reference to vector cells that are staggered with respect to the scalar cells. There are
three types of vector cells: x-momentum cells (Figure 6.10), y-momentum cells

(Figure 6.11), and z-momentum cells (Figure 6.12).



Chapter 6 Solution of Airflow and Heat Transfer Models 109

]
S .

H-scalar
h-scalar
]
e-scalar I
scalar cell
P-scalar
| ]
I-scalar
Z

WL-s_canr L-scalar EL-scalar I
] i ]
X

FER Y

[

[

e o -

.

[ ]

mana

[

s

[

(] [ B NN NN
T scalar cell
&

s

o —
: x-momentum cell
:l..

[

®

»

. z

. I

[

Sses X

Figure 6.10 Conventions for the positions in the calculation domain referenced by

scalar cells and x-momentum cells
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Figure 6.11 Conventions for the positions in the calculation domain referenced by

scalar cells and y-momentum cells
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Figure 6.12 Conventions for the positions in the calculation domain referenced by

scalar cells and z-momentum cells
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6.3.2 Discretisation equations for PDEs in the Airflow Model for Bulk Packaging

Systems

Using the SIMPLER method, five types of discretisation equations are derived from

the PDE:s in the airflow model for bulk packaging systems:

1

2)

3)

4)

5)

For each x-momentum cell, an x-momentum discretisation equation was derived
by integrating the momentum equation in the direction of x-axis (Equation 4.3a or

4.4a) over the cell

For each y-momentum cell, a y-momentum discretisation equation was derived by
integrating the momentum equation in the direction of y-axis (Equation 4.3b or

4.4b) over the cell

For each z-momentum cell, a z-momentum discretisation equation was derived by
integrating the momentum equation in the direction of z-axis (Equation 4.4c) over

the cell

For each scalar cell, a pressure correction discretisation equations was derived by
enforcing mass conservation (Equation 4.1a or 4.1b or 4.2) over the cell with

velocity corrections obtained from the momentum discretisation equations

For each scalar cell, a pressure discretisation equation was derived by enforcing
mass conservation (Equation 4.1a or 4.1b or 4.2) over the cell with velocity
components obtained from the momentum discretisation equations. The pressure
discretisation equation has the same coefficients as its corresponding pressure

correction equation.

The details on derivation of the above discretisation equations are presented in Section

A.1 of Appendix A.
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6.3.3 Discretisation equations for PDEs in the Airflow Model for Layered

Packaging Systems

Using the SIMPLER method, five types of discretisation equations are derived from

the PDEs in the airflow model for layered packaging systems:

1)

2)

3)

4)

5)

For each x-momentum cell, an x-momentum discretisation equation was derived
by integrating the momentum equation in the direction of x-axis (Equation 4.3a or

4.16a) over the cell

For each y-momentum cell, a y-momentum discretisation equation was derived by
integrating the momentum equation in the direction of y-axis (Equation 4.3b or

4.16b) over the cell

For each z-momentum cell, a z-momentum discretisation equation was derived by
integrating the momentum equation in the direction of z-axis (Equation 4.17)

over the cell

For each scalar cell, a pressure correction discretisation equations was derived by
enforcing mass conservation (Equation 4.1a or 4.1b or 4.14 or 4.15) over the cell

with velocity corrections obtained from the momentum discretisation equations

For each scalar cell, a pressure discretisation equation was derived by enforcing
mass conservation (Equation 4.1a or 4.1b or 4.14 or 4.15) over the cell with
velocity components obtained from the momentum discretisation equations. The
pressure discretisation equation has the same coefficients as its corresponding

pressure correction equation.

The details on derivation of the above discretisation equations are presented in Section

A.2 of Appendix A.
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6.3.4 Discretisation equations for PDEs in the Heat Transfer Model for Bulk
Packaging Systems

Using the SIMPLER method, for each scalar cell in a bulk package two discretisation

equations are derived from the PDEs in the heat transfer model:

1) A solid energy discretisation equation was derived by integrating the energy
conservation equation for package walls in solid region (Equation 5.2) or the
volume- averaged energy conservation equation for produce in produce-air region

(Equation 5.4) over the cell

2) Air energy discretisation equation was derived by integrating the energy
conservation equation for air in vents (Equation S5.1a or 5.1b) or the volume-
averaged energy conservation equation for air in produce-air region (Equation 5.3)

over the cell

For each scalar cell in produce-air region, as shown in Figure 6.13, a representative
produce item was divided into four sub-cells. For each sub-cell, a discretisation

equation was derived from the energy equation for produce item (Equation 5.5).

Figure 6.13 Discretisation of single produce item

The details on derivation of the above discretisation equations are presented in Section

A3 of Appendix A.
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6.3.5 Discretisation equations for PDEs in the Heat Transfer Model for Layered
Packaging Systems

Using the SIMPLER method, for each scalar cell in a layered package two

discretisation equations are derived from the PDEs in the heat transfer model:

1) A solid energy discretisation equation was derived by integrating the energy
conservation equation for package walls in solid region (Equation 5.2) over the

cell

2) Air energy discretisation equation that was derived by the energy conservation
equation for air in vents (Equation 5.1a or 5.1b) or the volume-averaged energy

conservation equation for air in produce-air region (Equation 5.22)

Similar to bulk packages, for each scalar cell in produce-air region, a representative
produce item was divided into four sub-cells. For each sub-cell, a discretisation

equation was derived from the energy equation for produce item (Equation 5.5)

The details on derivation of the above discretisation equations are presented in Section

A.4 of Appendix A.

For the scalar cells in produce-air regions, no actual solid energy discretisation
equation is needed. To maintain the structure of the system of discretisation equations,

the discretisation equations for this type of cells are set as follows:

e Coefficient for current grid node set to one

e Other coefficients and source term were set as zero

The above treatment ensures that the solid temperatures in these cells are zeros, and
the discretisation equations for their neighbouring cells are not affected. The same
treatment is applied to the air energy discretisation equations for the cells on the

package walls without vent.
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6.4 Solution of Systems of Discretisation Equations

6.4.1 Solution of Systems of Discretisation Equations in Airflow Models

e Solution procedure

Since the discretisation equations derived from the airflow model for the bulk
packaging system have the same form as those for the layered packaging system, the
same solution procedure was employed to solve the airflow models for both
packaging systems. The discretisation process for the PDEs in the airflow models

generated five systems of algebraic equations:

e System of x-momentum discretisation equations
e System of y-momentum discretisation equations
e System of z-momentum discretisation equations
e System of pressure correction discretisation equations

e System of pressure discretisation equations

The above systems of algebraic equations are coupled. For instance, the coefficients in
x-momentum discretisation equations are calculated from the solutions of other
discretisation equations. Thus iterative methods were applied to solve these equations.
The iterative solution started from a guessed field of solved-for variables to compute
the coefficients in the discretisation equations, and then the resulting systems of linear
algebraic equations were used to obtain the improved solution for the solved-for
variables. Successive repetitions of the algorithm finally lead to a solution that was
sufficiently close to the correct solution of the algebraic equations. The solution
procedure followed the SIMPLER procedure (Patankar, 1980), as summarised in
Figure 6.14.
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Read input data from data file

e Input data specify produce, packaging systems, cooling
conditions, dsicretisation settings, and simulation setting

=

Process input data
Define global grid system and local grid systems
Define structures of systems of discretisation equations
Set initial guessed velocity and pressure field data
Set boundary data according to boundary conditions

44

Set the coefficients in systems of discretisation equations
» Compute coefficients in the systems of x-momentum, y-momentum, z-
momentum, and pressure discretisation equations using the field data
initially guessed or solved in previous iteration

v

Solve system of pressure discretisation equations
o Compute source terms in pressure discretisation equations
® Solve the system of pressure discretisation equations using GMRES solver
® Update field data for pressure
4
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Solve systems of momentum discretisation equations
Compute source terms in x-, y-, z-momentum discretisation equations
Solve the system of x-momentum discretisation equations using GMRES solver
Solve the system of y-momentum discretisation equations using GMRES solver
Solve the system of z-momentum discretisation equations using GMRES solver

4

Solve pressure correction discretisation equations
Compute source terms in pressure correction discretisation equations

Solve the system of pressure correction discretisation equations using GREMS solver

Correct velocity components using pressure corrections

v

Update field data
e Update velocity field data with the solutions of discretisation equations
o Computer convergence criteria

<" Convergence?
k 8 >

Yes

v

Save field data
e Save velocity and pressure field data into data file

Figure 6.14 Solution procedure of systems of discretisation equations in airflow

models
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e Convergence criteria

The residuals were the most convenient quantities used to monitor the convergence of
an iterative procedure. The residuals of the x (y, z) -momentum, pressure correction,

and pressure equations over a cell are defined in Section A.5 of Appendix A.

The whole field residual is defined as the norm of residuals in all cells (see section
A.5 of Appendix A for the definition). Convergence is achieved if the whole field
residuals have reduced more than three or four orders of magnitude below the initial
levels. The norm of difference between two successive iterations (see Section A.S of
Appendix A for the definition) was also monitored to represent the change of whole

field error.

e GMRES solver for system of algebraic equations

As summarised in Figure 6.14, GMRES (Generalised Minimum Residual) iterative
method was employed to solve the systems of algebraic equations in every iteration
(Kelley, 1995). The 'gmres' function in Matlab was directly adopted as the solver
(Mathworks, 2000).

6.4.2 Solution of Systems of Discretisation Equations in Heat Transfer Models

Since the discretisation equations derived from the heat transfer model for the bulk
packaging systems have the same form as that for the layered packaging systems, the
same solution procedure was employed to solve the heat transfer models for both
packaging systems. The discretisation process for PDEs in heat transfer models

generated two systems of algebraic equations:

e System of air energy discretisation equations

e System of solid energy discretisation equations

For each scalar cell in produce-air regions, a system of four produce item energy
discretisation equations was also generated. Since all systems of produce item energy
discretisation equations have the same coefficient matrix that is only related to

predefined produce properties, the systems of produce item energy equations can be
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solved by multiplying the pre-computed inverse of coefficient matrix and the vector of
source terms. Therefore only the vectors of source terms need to be updated during

iteration.

Since the systems of air energy, solid energy, and produce item energy discretisation
equations are coupled, the iterative solution procedure was applied to achieve
convergent solutions at each time step. Similar to the solution of airflow models,
GMRES solver was used to solve the systems of algebraic equations in each iteration,
and the whole-filed residuals and the normalised difference between two successive
iterations were employed as the convergence criteria. The model solution procedure is

summarise in Figure 6.15.

6.5 Summary

This chapter presented the solution methods for solving the airflow and heat transfer
models in both bulk and layered packaging systems. In space discretisation, the
packaging systems were divided into a collection of cells that are referenced by global

and local grid systems.

The discretisation method for the airflow models was based on the SIMPLER
schemes (Patankar, 1980). Over each x (y, z) -momentum momentum cell, an x (y, z)
-momentum discretisation equation was derived from the momentum equations in the
airflow models. Over each scalar cell, a pressure correction discretisation equation and
a pressure discretisation equation were derived from continuity equations. The solid
and air energy discretisation equations for the heat transfer models were derived over
scalar cells in the same way as those in airflow models. For each scalar cell in
produce-air region, four additional produce item energy discretisation equations were

derived for the sections within the produce item.

Iterative methods were applied to solve the systems of discretisation equations for
airflow and heat transfer models. The whole-field residuals and the normalised
difference between two successive iterations were employed as the convergence

criteria.
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Read input data and velocity field data
= Read input data forin data file
e Read velocity field data from data file

v

Process input data
Define global grid system and local grid systems
Define structures of systems of discretisation equations
Set initial temperature field data
Set time step
Set velocity field data
Compute the inverse of the coefficient mawix of the system of produce-item discretisation
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Update simulation time
e Increase the current simulation time by one time step

”

Set the coefficients and source terms in systems of discretisation equations
e Compute coefficients and source terms in the systems of air energy and solid energy discretisation
equations using the initial field data or the field data solved in previous iteration
e Compute source terms in systems of produce-item energy discretisation equations for each scalar
cell in produce-air region using the initial field data or the field data solved in previous iteration

¥

Solve system of air energy discretisation equations
= Solve the system of air energy discretisation equations using GMRES solver
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No No Solve system of solid energy discretisation equations
e Solve the system of solid energy discretisation equations using GMRES solver

v

Solve systems of produce-item energy discretisation equations
e For each scalar cell in produce-air region, solve its system of produce-item
energy discretisation equations by multiplying the vector of source terms and the
inverse of coefficient matrix.

v

Update current temperature field data
e  Update current air, solid, and produce-item sub-cells temperature field data
+« Compute convergence criteria

¥
-
—<_ Convergence? >

Save current temperature field data

Yes ®  Save current temperature field data into data file

Update old temperature field data
e Update old temperature field data with current temperature field data

=< Reach the required simulation time? >

Figure 6.15 Solution procedure of systems of discretisation equations in heat transfer

models
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CHAPTER 7
MODEL IMPLEMENTATION and
SOFTWARE “CoolSimuw’ DEVELOPMENT

7.1 Introduction

A user-friendly software package called ‘CoolSimu’ was developed to implement the
solution procedures of the airflow and heat transfer models. CoolSimu was designed
to allow users without any knowledge of CFD and heat transfer principles to easily
simulate airflow and heat transfer processes in layered and bulk packaging systems.
This chapter firstly outlines the structure of CoolSimu, and then briefly introduces the

functions of the components in software.

7.2 CoolSimu Overview

CoolSimu was constructed with the following components, as shown in Figure 7.1:

e System Designer for users to specify the product properties, packaging system,

and airflow conditions

e Airflow Solver for solving the airflow models for the bulk and layered packaging
systems

e Heat Solver for solving the heat transfer models for the bulk and layered
packaging systems

e Solution Monitor for users to monitor and control the solution processes of the
airflow and heat transfer model

e Visualization Tool for user to visualize the predicted airflow pattems and
temperature profiles

e Database (files) for storing input data and simulation results
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Figure 7.1 Components of simulation software package - CoolSimu.

Airflow and heat solvers are core components of CoolSimu. To improve computing
efficiency, the solvers are written in C language. The Java native interface was
employed to integrate the solvers with the other components, which are written in
Java. Users interact with the software via three components: System Designer,
Solution Monitor, and Visualization Tool These components are integrated in the

simulation environment as shown in Figure 7.2.

7.3 System Designer

The ‘System Designer’ component of the software is used to define and store the

product properties, packaging system, and airflow conditions.

® Defining product properties

Product geometric and physical properties can be defined by entering proper values in

the text fields in the data input panel as shown in Figure 7.2.
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Figure 7.2 Interface structure of simulation software package CoolSimu.

e Defining packaging systems

The geometric and physical properties of individual package can be specified in the
corresponding data input panel. With adequate geometric data, the package shape and
orientation will be rendered in the presentation panel with a Java 3D component as

shown in Figure 7.3.

e Defining vents on package surfaces

Users can define a vent by specifying its dimension, location, and shape. The defined
vent can be added onto a package surface by clicking the ‘Add’ button. The vents on a
package surface may be dragged, cut, copied, and pasted. Users can copy the vents on

one package surface to another surface as shown in Figure 7.4.
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Figure 7.4 Definition of vents on package surface in simulation software package

CoolSimu.
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ee Arranging packages in a stack

As shown in Figure 7.5, users can add package to a stack in two possible orientations,

and place the package at any location by dragging the package with mouse. A package

may be removed from the stack.
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Figure 7.5 Definition of a package in a stack in simulation software package

CoolSimu.
® Defining cooling data and simulation setting
Users can specify cooling conditions in the corresponding data input panel. The stack

pattern and airflow directions are presented on the right panel, thereby enabling users

to specify the location index of monitoring cell as shown in Figure 7.6.
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Figure 7.6 Definition of cooling conditions and simulation settings in simulation

software package CoolSimu.

7.4 Airflow and Heat Transfer Solvers

The airflow and heat transfer solvers are core components of CoolSimu. The airflow
solver implements the solution procedure described in Section 6.4.1 for solving the
systems of discretisation equations derived from the airflow models for the bulk and
layered packaging systems. The heat transfer solver implements the solution procedure
described in Section 6.4.2 for solving the systems of discretisation equations derived
from the heat transfer models of bulk and layered packaging systems. Both airflow and
heat transfer solvers were first written as collections of MATLAB functions, and then
translated into dynamically-linked C libraries after debugging and testing. The solvers
were hidden behind the user interaction components, and thus the software user does
not need to know the mathematical and thermodynamic principles underpinning the

software.



Chapter 7 Model Implementation and Software ‘CoolSimu’ Development 127

7.5 Solution Monitor

The “Solution Monitor’ component of the software is used to specify the solution
settings, start the airflow or heat solvers, monitor the solution progress, and to abort

the solution process (Figure 7.7).
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Figure 7.7 Control and monitoring of solution processes in simulation software

package CoolSimu.
7.6 Visualization Tool
The Visualization Tool is used to visualize predicted velocity, pressure, and

temperature results as shown in Figure 7.8. When a user first enters the visualization

interface, a velocity result file and one of temperature result files are loaded.
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Figure 7.8 Visualization of predicted velocity and pressure field in simulation software

package CoolSimu

7.7 Summary

This chapter introduced the simulation software package CoolSimu, which integrates
the overall modeling system that has been developed. The airflow and heat transfer
solvers are the core components for solving the airflow and heat transfer models. The
user interaction components in software allow potential users to define package
systems and cooling conditions, to control solution processes, and to visualize the
simulation results. This user friendliness enables the software to have wider

applicability in the fields of research, development, and training.
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CHAPTER 8
SIMULATION RESULTS AND MODEL VALIDATION

8.1 Introduction

This chapter presents the predicted airflow pattems and temperature profiles during
forced-air cooling of produce in several layered and bulk packaging systems. The
predicted temperature profiles were compared with experimental data for model

validation.

8.2 Simulation Results for Layered Packaging Systems

8.2.1 Sensitivity Analysis

Prior to the simulation studies conducted in the real world packages, analysis was
carried out to assess the sensitivity of the model predictions to variations or
inaccuracy in the model input data. A single layered package (Figure 8.1) was used as
case study for the analysis. Figures 8.2 shows the dimensions and positions of vents
on package surfaces. Table 8.1 summarises the data for defining the packaging system

and cooling conditions.

Figure 8.1 Forced-air cooling of apples in the layered package used for sensitivity

analysis.
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Table 8.1 Data of packaging system and cooling conditions for forced-air cooling of

apple in the layered package used for sensitivity analysis.

Variable Value
Produceitem

Density (kg m>) 830
Thermal conductivity (W m™ K™) 0.42
Specific heat capacity (J kg"' K™) 3650
Volume (m?) 0.0002241
Surface are (m?) 0.0188826
Height when placed on tray (m) 0.007
Individual package

Length (m) 0.5
Width (m) 0.33
Height (m) 0.26
Number of produce item 100
Number of produce layers 4

Is top layer covered with tray? Yes
Package walls

Density (kg m>) 220
Thermal conductivity (W m” K™') 0.048
Specific heat capacity (J kg’ K™) 1700
Thickness of side walls (m) 0.0076
Thickness of top wall (m) 0.0038
Thickness of bottom wall (m) 0.0038
Tray

Density (kg m‘3) 260
Thermal conductivity (W m” K™ 0.048
Specific heat capacity (J kg K™) 1700
Thickness (m) 0.002
Height (m) 0.017
Gaps between tray edges and front and back walls (m) 0.004
Gaps between tray edges and sidewalls (m) 0.003
Contact area with produce item above (mz) 0.003
Contact area with produce item under (rr_lz)_ 0.001
Cooling conditions

Inlet air velocity (ms™) 1.0
Inlet air temperature (K) 273
Initial air temperature (K) 293
Initial produce temperature (K) 293

External air velocity (m s™) 1.0
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Figure 8.2 Dimensions and positions of vents on the front and back surfaces of the

layered package used for sensitivity analysis.

Inlet air velocity, air velocity along the outside package walls, vent areas, vent
position, and the width of the gaps between trays and package walls are altered
separately to examine the effect of data variability on the reliability of the predicted

temperature in product cenwes.
e Sensitivity to variation in the inlet air velocity

The sensitivity analysis was performed by using + 10% changes in the inlet air
velocity of 1.0 m/s. As shown in Table 8.2, the inaccuracy in the measurement of inlet
air velocity has a small, but noticeable effect on the prediction accuracy. This model
input variable is actually the average air velocity over the inlet vent, and is usually
approximated by the average of several velocity measurements in the vent centre.
Therefore it is likely that inaccurate input value of the inlet air velocity within 10%
will contributes to inaccuracy of about 0.5 °K in the model predictions. This level of
error is within the measurement error of most temperature measuring devices used in
the postharvest industry. However, varying the input air velocity from 0.9 to 1.1 m/s

resulted in a difference of 1.06 °K in predicted product centre temperature.
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Table 8.2 Predicted product centre temperature after four hours of cooling for

different inlet air velocities

Positions Predicted product centre temperature

(K) for the specified inlet air velocities [Temperature differences (K)

1 m/s 0.9 m/s 1.1 m/s 09-1m/ss |1.1-1m/s [0.9-1.1 m/s
Cell (1,3,1) [276.65 277.17 276.22 0.52 -0.43 0.95
Cell (3, 3,1) [284.66 285.39 283.97 0.73 -0.69 1.42
Cell (3,1,1) [281.22 281.88 280.61 0.66 -0.61 1.27
Cell (5,3,1) [287.19 287.66 286.73 0.47 -0.46 0.93
Cell (1, 3,2) [274.36 274.61 274.16 0.25 -0.20 0.45
Cell (3, 3,2) |281.47 282.28 280.76 0.81 -0.71 1.52
Cell (3, 1,2) [279.34 280.06 278.71 0.72 -0.63 1.35
Cell (5, 3,2) [286.50 287.17 285.84 0.67 -0.66 1.33
Cell (1, 3,3) [273.04 273.04 273.03 0.00 -0.01 0.01
Cell (3, 3,3) [276.45 277.00 276.02 0.55 -0.43 0.98
Cell (3, 1,3) [276.94 277.63 276.36 0.69 -0.58 1.27
Cell (5, 3,3) [281.90 282.68 281.18 0.78 -0.72 1.50
Cell (1, 3,4) |274.08 274.25 273.94 0.17 -0.14 0.31
Cell (3,3,4) [279.08 279.77 278.50 0.69 -0.58 1.27
Cell (3,1,4) [278.09 278.72 277.55 0.63 -0.54 1.17
Cell (5,3,4) |282.92 283.64 282.26 0.72 -0.66 1.38
Average 279.62 280.18 279.12 0.57 -0.50 1.06

e Sensitivity to variation in the air velocity along the outside package walls

The sensitivity analysis was performed by using + 20% changes in the outside air
velocity of 1.0 m/s. As shown in Table 8.3, the predicted product temperatures are
insensitive to the variation in the air velocity along the outside package walls. The
insensitivity may be caused by the model assumption of no heat transfer between the
package walls and produce items (Table 5.2), so the heat transfer between outside

airflow and package walls does not have direct effect on product temperature.

e Sensitivity to variation in the vent areas

The sensitivity analysis was performed by using + 20% changes in the areas of vents
on both back and front walls. As shown in Table 8.4, the variation in the vent areas
did not have significant effect on the model predictions in the near-inlet regions, but
had noticeable influence in the package centre and near-outlet regions. Although the
analysis on the vent areas has implication for the design of package systems, it is

unlikely that the
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Table 8.3 Predicted product centre temperature after four hours of cooling for

different air velocities along the outside package walls

|Posltlons Predicted product centre temperature (K)Temperature differences (K)
for the specified outside air velocities
1 m/s 0.8 m/s 1.2 m/s 0.8 -1 m/s 1.2 -1 m/s
Cell (1,3, 1) 276.65 276.65 276.65 0.00 0.00
Cell 3,3, 1) 284.66 284.70 284.62 0.04 -0.04
Cell 3,1, 1) 281.22 281.33 281.13 0.11 -0.09
Cell (5,3, 1) 287.19 287.28 287.12 0.09 -0.07
Cell (1,3,2) 274.36 274.36 274.36 0.00 0.00
Cell (3, 3,2) 281.47 281.50 281.44 0.03 -0.03
Cell (3, 1,2) 279.34 279.41 279.28 0.07 -0.06
Cell (5, 3,2) 286.50 286.55 286.45 0.05 -0.05
Cell (1, 3,3) 273.04 273.04 273.03 0.00 -0.01
Cell (3,3, 3) 276.45 276.49 276.41 0.04 -0.04
Cell (3, 1, 3) 276.94 276.95 276.92 0.01 -0.02
Cell (5, 3, 3) 281.90 281.98 281.83 0.08 -0.07
Cell (1, 3, 4) 274.08 274.08 274.08 0.00 0.00
Cell (3, 3,4) 279.08 279.11 279.05 0.03 -0.03
Cell (3, 1,4) 278.09 278.15 278.04 0.06 -0.05
Cell (5, 3, 4) 282.92 282.99 282.87 0.07 -0.05
LAverage 279.62 279.66 279.58 0.04 -0.04

Table 8.4 Predicted product centre temperature after four hours of cooling for

different vent areas

IPositions Predicted product centre temperature (K) [Temperature differences (K)
for the specified vent areas
400 mm’ {320 mm’ 480 mm’ 320-400 mm®  |480-400 mm*
Cell (1,3,1) [276.65 277.35 276.00 0.70 -0.65
Cell (3,3,1) [284.66 286.06 283.34 1.40 -1.32
Cell (3,1,1) [281.22 282.71 280.26 1.49 -0.96
Cell (5,3,1) [287.19 288.07 286.28 0.88 -0.91
Cell (1,3,2) [274.36 274.69 274.07 0.33 -0.29
Cell (3,3,2) [281.47 282.33 280.20 0.86 -1.27
Cell (3,1,2) [279.34 280.92 278.36 1.58 -0.98
Cell (5,3,2) [286.50 287.60 285.23 1.10 -1.27
Cell (1,3,3) J273.04 273.05 273.03 0.01 -0.01
Cell (3,3,3) [276.45 277.00 275.89 0.55 -0.56
Cell (3,1,3) [276.94 278.45 276.18 1.51 -0.76
Cell (5,3,3) [281.90 283.19 280.56 1.29 -1.34
Cell (1,3,4) [274.08 274.30 273.87 0.22 -0.21
Cell (3, 3,4) [279.08 280.24 278.08 1.16 -1.00
Cell (3,1,4) [278.09 279.57 277.29 1.48 -0.80
Cell (5,3,4) [282.92 284.24 281.66 1.32 -1.26
Average 279.62 280.61 278.77 0.99 -0.85
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errors in model predictions are related to the input data for vent areas, as the areas can

be easily measured to the required accuracy.

e Sensitivity to variation in the vent positions

The sensitivity analysis was performed by lowering the positions of the vents on both
back and front walls by 30mm. As shown in Table 8.5, the variation in the vent
positions affected the model predictions, as it alters the distribution of airflow among
the produce layers, and consequently affects the heat transfer between air and produce
items. The vent position relative to the produce layers may change as the produce
items and trays may fit closer after handling operations. Therefore it is likely that
inaccurate input values are used for the vent positions, and contribute to the

inaccuracy in the model predictions.

Table 8.5 Predicted product cenwe temperature after four hours of cooling for

different vent positions

IPositions Predicted product centre temperature (K) |Temperature differences (K)
for the specified vent positions
Base case 30mm lower 30 mm Jower — base case
Cell (1,3,1) [276.65 275.66 -0.99
Cell (3,3,1) [284.66 281.67 -2.99
Cell (3,1,1) |281.22 279.89 -1.33
Cell (5,3,1) [287.19 285.26 -1.93
Cell (1,3,2) [|274.36 273.10 -1.26
Cell (3,3,2) |281.47 277.40 -4.07
Cell 3,1,2) [279.34 278.11 -1.23
Cell (5,3,2) [286.50 282.90 -3.60
Cell (1,3,3) [273.04 273.12 0.08
Cell (3,3,3) [276.45 277.64 1.19
Cell (3,1,3) [276.94 278.19 1.25
Cell (5,3,3) [281.90 283.14 1.24
Cell (1,3,4) [274.08 275.57 1.49
Cell (3,3,4) [279.08 281.81 2.73
Cell (3,1,4) [278.09 280.17 2.08
Cell (5,3,4) [282.92 285.11 2.19
Average 279.62 279.30 -0.32
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e Sensitivity to variation in the width of the gaps between trays and package

walls

The sensitivity analysis was performed by changing the width of the gaps between

trays and package walls by + 2mm. As shown in Table 8.6, the model predictions are

very sensitive to variations in the width of the gaps between trays and package walls,

particularly for the predictions in the product layer that is far away from the airflow

inlet. The trays may move slightly within the package during handling operations,

which consequently alters the widths of the gaps between trays and package walls.

Therefore it is likely that inaccurate input values for the gap widths will contribute to

inaccuracy in the model predictions.

Table 8.6 Predicted product centre temperature after four hours of cooling for

different widths of the gaps between trays and package walls

[Positions Predicted product centre temperature (K) [Temperature differences (K)
for the specified gap widths
3 mm 1mm 5 mm 1mm - 3mm S mm -3mm
Cell (1,3, 1) 276.65 283.94 275.34 7.29 -1.31
Cell (3,3, 1) 284.66 288.62 283.47 3.96 -1.19
Cell (3,1, 1) 281.22 284.60 280.96 3.38 -0.26
Cell (5,3, 1) 287.19 290.14 285.81 2.95 -1.38
Cell (1, 3,2) 274.36 277.34 273.87 2.98 -0.49
Cell (3,3,2) 281.47 283.33 28141 1.86 -0.06
Cell (3, 1, 2) 279.34 280.01 280.14 0.67 0.80
Cell (5,3,2)  |286.50 287.38 285.89 0.88 0.61
Cell (1, 3, 3) 273.04 273.14 273.02 0.10 -0.02
Cell (3, 3, 3) 276.45 276.55 276.58 0.10 0.13
Cell (3, 1, 3) 276.94 275.34 278.80 -1.60 1.86
Cell (5, 3, 3) 281.90 280.24 282.18 -1.66 0.28
Cell (1, 3, 4) 274.08 275.87 273.73 1.79 -0.35
Cell (3, 3, 4) 279.08 280.51 279.01 1.43 -0.07
Cell (3,1,4) 278.09 278.03 279.71 -0.06 1.62
Cell (5, 3,4) 282.92 284.05 282.06 1.13 -0.86
|Average 279.62 281.19 279.50 1.58 -1.69
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8.2.2 Forced-Air Cooling in a Single Z-Pack Apple Carton

e Packaging system and cooling conditions

Zou (1998) conducted an experiment on forced-air cooling of apples in a single Z-
Pack (count-100) carton (Figure 8.3) used by ENZAFruit (International) in New
Zealand. Figures 8.4 and 8.5 show the dimensions and positions of vents on package
surfaces. Data used for defining the packaging system and cooling conditions are

summarised in Table 8.7.

SR W S
00660 0.1320 0.1880 0.2840 0.3300
Width (m)

Figure 8.4 Dimensions and positions of vents on the front and back surfaces of Z-

Pack, count-100 carton.
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Figure 8.5 Dimensions and positions of vents on the side surfaces of Z-Pack, count-

100 carton.

e Predicted airflow patterns

The predicted airflow patterns and pressure distributions in various planes of the Z-
Pack apple carton are presented in Figures 8.6-8.12. The positions of these planes
were referenced by the indexes shown in Figure 8.3. The airflow patterns were
expressed with a collection of vector arrows, which were drawn in the centres of
scalar local cells. The magnitude of a vector arrow in one direction (X, y, or z)
represents the average volume flow rate in the axis direction per unit area of the cell
surface perpendicular to the axis direction. Each figure has its unique scale for the

vectors, which are displayed under the colour bars.

The pressure distributions are represented with collections of colours, and the
meanings of these colours are explained with the vertical colour bars in the figures.
The white circular areas in cells only illustrate the existence of produce items, which

do not correspond to the real shape or size of produce items.
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Table 8.7 Data of packaging system and cooling conditions for forced-air cooling of

apples in a single'Z-Pack carton (Zou, 1998).

Variable | Value
Produce item
Density (kg m™) 830
Thermal conductivity (W m” K™) 042
Specific heat capacity (J kg” K™) 3650
Volume (m’) 0.0002241
Surface are (m’) 0.0188826
Height when placed on tray (m) 0.007
Individual package
Length (m) 0.5
Width (m) 0.33
Height (m) 0.26
Number of produce item 100
Number of produce layers 4
Is top layer covered with tray? Yes
Package walls
Density (kg m™) 220
Thermal conductivity (W m™ K™) 0.048
Specific heat capacity (J kg” K) 1700

| Thickness of side walls (m) 0.0076
Thickness of top wall (m) 0.0038
Thickness of bottom wall (m) 0.0038
Tray
Density (kg m™) 260
Thermal conductivity (W m” K™) 0.048
Specific heat capacity (J kg’ K™) 1700
Thickness (m) 0.002
Height (m) 0.017
Gaps between tray edges and front and back walls (m) 0.004
Gaps between tray edges and side walls (m) 0.003
Contact area with produce item above (m®) 0.003
Contact area with produce item under (m?) 0.001
Cooling conditions
Inlet air velocity (m s™) 0.9
Inlet air temperature (K) 273.8
Initial air temperature (K) 292
Initial produce temperature (K) 292
External air velocity (m s™) 2.8
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Prediction results in Figure 8.6 show that the airflow entered the vents in the central
areas of the front (west) package wall, and spread to four produce layers through the
gaps between trays edges and the package wall. Since the cells containing the vents on
sidewalls (south and north walls) were included inthe ZY plane (X=1), Figure 8.6 also

displays the airflow leaving the side vents.

Figure 8.7 shows that the airflow converged to the vents in the central areas of the
back (east) package wall from the produce layers. Similar to Figure 8.6, Figure 8.7
also displays the airflow leaving the vents on the back parts of the sidewalls. As a
portion of airflow left the carton from the side vents, the airflow rates in front gaps

(Figure 8.6) were larger than those in back gaps (Figure 8.7).

Figure 8.8 illustrates the predicted airflow patterns and pressure distributions in the
gaps between tray edges and side package walls. In the front portions of the side gaps,
the airflow spread to bottom and top produce layers and the spaces between trays and
top/bottom package walls. In the back portions of the side gaps, the airflow converged

in the middle produce layers where the outlet vents are located.

Figures 8.9-8.12 display airflow patterns and pressure distributions in four produce

layers.

Comparing the airflow rates in these produce layers, the middle layers that are directly
connected to the package inlets and outlets had much larger airflow rates than the top
and bottom layers, into which airflow got via the narrow gaps. In each produce layer,
the airflow rates along the walls were larger than those in the middle (apart from the
near-to-vents regions) due to the wall effect (porosities along the wall are bigger than

that in the middle).



Chapter 8 Simulation Results and Model Validation 140

0.0947 mis
Figure 8.6 Predicted airflow pattern and pressure distribution in the gaps between front

package wall and tray edges (YZ surface, X=1) in a single Z-Pack carton.

0.0947 nvs

Figure 8.7 Predicted airflow pattern and pressure distribution in the gaps between back

package wall and tray edges (YZ surface, X=5) in a single Z-Pack carton.
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0.0721 mis
Figure 8.8 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 single Z-Pack carton.

0.1216 m/s

Figure 8.9 Predicted airflow pattern and pressure distribution in the bottom produce

layer (XY surface, Z=1) in a single Z-Pack carton.
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Figure 8.10 Predicted airflow pattern and pressure distribution in the lower middle

produce layer (XY surface, Z=2) in a single Z-Pack carton.
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Figure 8.11 Predicted airflow pattern and pressure distribution in the upper middle

produce layer (XY surface, Z=3) in a single Z-Pack carton.
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Figure 8.12 Predicted airflow pattern and pressure distribution in the top produce layer

(XY surface, Z=4) in a single Z-Pack carton.

o Predicted temperature profiles

Figures 8.13-8.16 show the predicted air and produce temperature profiles of four
produce layers after one hour of forced-air cooling. The temperature profiles were
expressed with collection of colours, and the meanings of these colours were explained
with the colour bars on the figures. The coloured circular areas in cells illustrate the

temperature distributions inside produce items.
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Comparing the produce cooling rates in these produce layers, the produce items in the
middle layers were cooled much faster than those in the top and bottom layers. This
result was consistent with the distribution of cooling media (air) in these layers

(Figures 8.9-8.12).

The produce items near the inlets had the fastest cooling rates due to the biggest
airflow rates around these items. The produce items along the package walls were
generally cooled more rapidly than those in the middle because of the relatively large
airflow rates caused by the high porosities in the near-wall regions (wall effects), as

described in Section 2.4.1.

Figure 8.13 Predicted temperature profile in the bottom produce layer (XY surface,

Z=1) in a single Z-Pack carton after 1 hour of cooling.
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Figure 8.14 Predicted temperature profile in the lower middle produce layer (XY

surface, Z=2) in a single Z-Pack carton after 1 hour of cooling.

Figure 8.15 Predicted temperature profile in the upper middle produce layer (XY

surface, Z=3) in a single Z-Pack carton after 1 hour of cooling.
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Figure 8.16 Predicted temperature profile in the top produce layer (XY surface, Z=4)

in a single Z-Pack carton after 1 hour of cooling.

e  Comparisons between predicted and measured produce cooling rates

Figures 8.17-8.20 show a comparison between the predicted cooling rates in the
centres of produce items with the experimental data measured by Zou (1998). The
positions of the indexed cells in the figures were shown in Figure 8.3. Errors in the
measured temperature were obvious at the beginning of cooling, and this was due to

the time needed for the temperature of datalogger to reach steady state (Zou, 1998).

Good agreements between model predictions and experimental data were obtained. In
most positions the predicted product central temperatures fitted well with the
measurements, where the temperature differences after 4 hours of cooling are less than
2K. The relatively big temperature differences (3-4K after 4 hours of cooling)
occurred in the near inlet region of bottom layer (cell 1, 3, 1), the near outlet region of
top layer (cell 5, 3, 4), and the centre of 2™ layer (cell 3, 3, 2). Lack of fit may be
explained by inaccurate positioning of thermocouples and inaccurate model input

values.
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Figure 8.17 Predicted and measured temperature profiles in the centres of produce

items in bottom layer of Z-Pack apple carton during forced-air cooling.
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Figure 8.18 Predicted and measured temperature profiles in the centres of produce

items in lower middle layer of Z-Pack apple carton during forced-air cooling.
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Figure 8.19 Predicted and measured temperature profiles in the centres of produce

items in upper middle layer of Z-Pack apple carton during forced-air cooling.
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Figure 8.20 Predicted and measured temperature profiles in the centres of produce

items in top layer of Z-Pack apple carton during forced-air cooling.
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8.2.3 Forced-Air Cooling in Single Pre-1996 *Standard’ 6-Layer Apple Carton

e Packaging system and cooling conditions

Amos (1995) conducted experiments on forced-air cooling of apples in a single Pre-

1996 Standard’ 6-layer carton (Figure 8.21). Figure 8.22 shows the dimensions and

position of vents on the front and back package surfaces. Table 8.8 summarises the

data used to define the packaging system and cooling conditions.

0.0000 fpic e s i ; z ;
00000 00640 0.1280  0.4920 02560  0.3200
Width (m)

Figure 8.22 Dimensions and positions of vents on the front and back surfaces of in

Pre-1996 ‘Standard’ 6-layer apple carton.
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Table 8.8 Data of packaging system and cooling conditions for forced-air cooling of

apple in a Pre-1996 Standard’ 6-layer apple carton (Amos, 1995).

Variable | Value
Produce item

Density (kg m”) 830
Thermal conductivity (W m™" K) 042
Specific heat capacity (J kg” K) 3650
Volume (m’) 0.0001494
Surface are (m’) 0.014444
Height when placed on tray (m) 0.0054
Individual package

Length (m) 0.515
Width (m) 0.32
Height (m) 0.29
Number of produce item 150
Number of produce layers 6

Is top layer covered with tray? Yes
Package walls

Density (kg m") 220
Thermal conductivity (W m™ K ) 0.048
Specific heat capacity (J kg” K™') 1700
Thickness of side walls (m) 0.0076
Thickness of top wall (m) 0.0038
Thickness of bottom wall (m) 0.0038
Tray

Density (kg m”) 260
Thermal conductivity (W m™ K™) 0.048
Specific heat capacity (J kg” K™) 1700
Thickness (m) 0.002
Height (m) 0.014
Gaps between tray edges and front and back walls (m) 0.004
Gaps between tray edges and side walls (m) 0.003
Contact area with produce item above (m®) 0.0024
Contact area with produce item under (m?) 0.0008
Cooling conditions

Inlet air velocity (m s™) 1.4
Inlet air temperature (K) 2734
Initial air temperature (K) 295.5
Initial produce temperature (K) 295.5
Extemnal air velocity (m s) 14
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o Predicted airflow patterns

Figures 8.23-8.31 show the predicted airflow patterns and pressure distributions in
various planes of the 6-layer apple carton. The position of these planes was referenced
by the indexes shown in Figure 8.21. Similar to the airflow patterns presented in the
previous section, the vector arrows represent the average volume flow rates per unit

area of the cell surfaces.

Prediction results in Figure 8.23 show that the airflow entered the vent in the central
area of the front (west) package wall, and spread to the six produce layers through the
gaps between trays edges and the package walls. Figure 8.24 shows that the airflow
converged to the vent in the central area of the back (east) package wall from the
produce layers. Figure 8.25 illustrates the predicted airflow patterns and pressure
distributions in the gaps between tray edges and side package walls. In the front
portions of the side gaps, the airflow spread to the bottom and top from the middle of
the carton. In the back portions of the side gaps, the airflow converged to middle

produce layers (fourth and fifth produce layer) where the outlet vent are located.

Figures 8.26-8.31 display the airflow patterns and pressure distributions in six
produce layers. Comparing the airflow rates in these produce layers, the middle layers
(Z =4 or 5) that are directly connected to the package inlet and outlet had much larger
airflow rates than the produce layers near the top and bottom, where airflow entered
via the narrow gaps. Similarly the wall effect caused the larger airflow rates along the

walls than those in the middle because of the high porosities in the near-wall regions.
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0.1220 m/s

Figure 8.23 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.
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Figure 8.24 Predicted airflow pattern and pressure distribution in the gaps between
back package wall and tray edges (YZ surface, X=S5) in a 'Standard' 6-layer apple

carton.
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0.1352 m/s

Figure 8.25 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.
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Figure 8.26 Predicted airflow pattern and pressure distribution in the bottom produce

layer (XY surface, Z=1) in a Pre-1996 'Standard' 6-layer apple carton.
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Figure 8.27 Predicted airflow pattern and pressure distribution in the 2™ produce layer

(XY surface, Z=2) in a Pre-1996 'Standard' 6-layer apple carton.
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Figure 8.28 Predicted airflow pattern and pressure distribution in the 3 produce layer

(XY surface, Z=3) in a Pre-1996 'Standard' 6-layer apple carton.
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0.4440 m/s

Figure 8.29 Predicted airflow pattern and pressure distribution in the 4" produce layer

(XY surface, Z=4) in a Pre-1996 'Standard' 6-layer apple carton.

0.2220 mvts

Figure 8.30 Predicted airflow pattern and pressure distribution in the 5" produce layer

(XY surface, Z=5) in a Pre-1996 'Standard' 6-layer apple carton.
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Figure 8.31 Predicted airflow pattern and pressure distribution in the top produce layer

(XY surface, Z=6).

e Predicted temperature profiles

Figures 8.32-8.37 show the predicted air and produce temperature profiles of six
produce layers after one hour of forced-air cooling. Comparing the produce cooling
rates in these produce layers, the further a produce layer was away from the vent, the
slower the produce items in the produce layer were cooled, which was consistent with
the distribution of cooling media (air) in these layers (Figures 8.26-8.31). The produce
items near to the inlet had the fastest cooling rates. The produce items along the
package walls were generally cooled more rapidly that those in the middle because of
because of the relatively large airflow rates caused by the high porosities in the near-

wall regions.
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Figure 8.32 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.

Figure 8.33 Predicted air and produce temperature profile in the 2™ produce layer (XY

surface, Z=2) in a Pre-1996 'Standard' 6-layer apple carton after 1 hour of cooling.
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Figure 8.34 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.

Figure 8.35 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.
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Figure 8.36 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,

Figure 8.37 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.
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e Comparisons between predicted and measured produce cooling rates

Figures 8.38-8.43 compare the predicted cooling rates in the centres of produce items
in various positions of the package with the experimental data measured by Amos

(1995). The positions of the indexed cells in the figures were shown in Figure 8.21.

In general, good agreements between model predictions and experimental data were
obtained. In most positions the predicted product central temperatures fitted well with
the measurements, where the temperature differences after 4 hours of cooling were
less than 2K. However, in all the produce layers, the model under-predicted the
cooling rates of the produce items located along package sidewalls and in the middle
of the carton (cells 3, 1, 1-6), where the temperature differences after 4 hours of
cooling were 2.5 — 4.5 k. Lack of fit for the produce items along the package walls
may be attributed to the assumption of no heat conduction between the product items
and the package wall (Table 5.2). Compared with the example presented in Section
8.2.2, the size of a produce item is small, and the contact area between the product
item and package wall relative to the total product surface area is large, so heat

conduction may not be negligible.

Other bigger temperature differences (3 — 4K after 4 hours of cooling) occurred in the
near outlet region of 2™ layer (cell 5, 3, 2), the near inlet region and centre of 3™ layer
(cells 1, 3, 3 & 3, 3, 3), and the centre of 4t layer (cell 3, 3, 4). These differences may
be attributed to inaccurate positioning of thermocouples or/and inaccurate model input

values as discussed in Section 8.2.1.
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Figure 8.38 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.
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Figure 8.39 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.
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Figure 8.40 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.
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Figure 8.41 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.
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Figure 8.42 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.
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Figure 8.43 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.
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8.2.4 Forced-Air Cooling in A Pallet Layer of Z-Pack apple cartons

o Packaging system and cooling conditions

Falconer (Tanner, 1998) conducted experiments on forced-air cooling of apples in a
pallet layer of Z-Pack cartons (Figure 8.44). The data for defining the individual

package and produce were provided in Table 8.7. Table 8.9 summarises the data for

cooling conditions.

Table 8.9 Data of cooling conditions for forced-air cooling of apples in a pallet layer

of Z-Pack cartons

Variable Value
Inlet air velocity (ms™) 1.95
Inlet air temperature (K) 272
Initial air temperature (K) 295
Initial produce temperature (K) 295
External air velocity (ms™) 1.95
Were the vents on two sides of package layer blocked? Yes

Figure 8.44 Forced-air cooling of apple in a layer of Z-Pack apple cartons.




Chapter 8 Simulation Results and Model Validation 165

e Predicted airflow patterns

Figures 8.45-8.48 display the airflow patterns and pressure distributions of four
produce layers in a pallet layer. The position of these layers was referenced by the
indexes shown in Figure 8.44. Similar to the airflow patterns presented in previous
sections, the vector arrows represent the average volume flow rates per unit area of the

cell surfaces, and different figures used different scales for the vectors.

Comparing the airflow rates in these produce layers, the middle layers that are directly
connected to the package inlets and outlets had much larger airflow rates than the top
and bottom layers, into which airflow got via the narrow gaps. Similarly the wall

effect caused larger airflow rates along the walls than those in the middle.

By comparing pressure distributions among packages, three levels of pressure were
found in three rows of packages: ~550 pa for cartons 1-3, ~350 pa for cartons 4-5, and
~150 pa for cartons 6-7. The reason for this pressure distribution pattern is that the
main pressure drops occurred in package vents, and the pressure drops within

individual packages were less significant.

o Predicted temperature profiles

Figures 8.49-8.52 show the predicted air and produce temperature profiles of four
produce layers of the pallet layer after 1-hour forced-air cooling. Similar to the forced-
air cooling in single package, the produce items in the middle produce layers of the
pallet layer were cooled much faster than that in the top and bottom produce layers
due to the larger airflow rates, and wall effects caused faster cooling rates along

package walls.
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Figure 8.45 Predicted airflow pattern and pressure distribution in the bottom produce

layer (XY surface, Z=1) in a pallet layer of Z-Pack apple cartons.

Figure 8.46 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.
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Figure 8.48 Predicted airflow pattern and pressure distribution in the top produce layer

(XY surface, Z=4) in a pallet layer of Z-Pack apple cartons.
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Figure 8.49 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.

Figure 8.50 Predlcted air and produce temperature proﬁle in the lower mlddle produce
layer (XY surface, Z=2) in a pallet layer of Z-Pack apple cartons after 1 hour of

cooling
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layer (XY surface, Z=3) in a pallet layer of Z-Pack apple cartons after 1 hour of

cooling.
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Figure 8.52 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.



Chapter 8 Simulation Results and Model Validation 170

o Comparisons between predicted and measured produce cooling rates

Figures 8.53-8.56 compare the predicted and measured product central temperature in
the centres of produce layers in each package of the pallet layer. The measured data
were based on Tanner (1998). Due to the symmetric structure of the pallet layer, only
the data from four cartons were needed. In general, good agreement between model
predictions and experimental data were obtained. In all the positions the differences
between the predicted and measured product central temperatures after four hours of
cooling are less than 2.5 K. The model accurately predicted the produce cooling rates
in the back row of packages, where the differences between the predicted and
measured temperature after four hours of cooling were less than 1 K except for cell
(12, 3, 2) with a difference of 1.8 K. The model slightly over-predicted the produce
cooling rates in the front row of packages, where the predicted temperatures were 1.5-
2.5 K lower than the measured ones after four hours of cooling. Lack of fit may be
explained by inaccurate positioning of thermocouples or/and inaccurate model input

values as discussed in Section 8.2.1.

Cell (3,2,1) Cell (3,2,2)
295 - - 295
€0 N\ €
© 290 - \ o 290 -—\
£ 285 % 285
- - \
& 280 S 280 \\L
275 % 275 S
= 270 . . : r = 270 ; . S——
B 120 240 380 480 600 0 120 240 360 480 600
Time (minute) Time (minute)
Cell (3,2,3) Cell 3,2, 4)
- 295 . 295
= E
. T
5 285 5 285
4 \ ®
g 280 .\\ E 280 \}\
E 275 e g 275 S —
= 270 e ‘ - = 270 . v : .
0 120 240 360 480 600 0 120 240 360 480 600
Time (minute) Time {minute)
Predicied Measured

Figure 8.53 Predicted and measured temperature profiles in the centres of produce

items in carton 1 of the pallet layer during forced-air cooling.
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Figure 8.54 Predicted and measured temperature profiles in the centres of produce

items in carton 2 the pallet layer during forced-air cooling.
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Figure 8.55 Predicted and measured temperature profiles in the centres of produce

items in carton 4 of the pallet layer during forced-air cooling.
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Figure 8.56 Predicted and measured temperature profiles in the centres of produce

items in carton 6 of the pallet layer during forced-air cooling.

8.3 Simulation Results of Bulk Packaging System

8.3.1 Forced-Air Cooling in a Pack Bed

e Packaging system and cooling conditions

Tanner (1998) conducted experiments on forced-air cooling of apple in a plastic
packed bed (Figure 8.57). The package was constructed with plastic materials for
sidewalls and coarse wire mesh for front and back walls. ‘BraeBurn’ variety apples
were randomly packed in the package. Table 8.10 summarises the data for defining

the packaging system and cooling conditions.
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Figure 8.57 Forced-air cooling of apple in a package bed.

e Predicted airflow patterns

Figures 8.58-59 show the predicted airflow patterns and pressure distributions in the
top, bottom, and middle layers of the package bed. The positions of these layers were
referenced by the indexes shown in Figure 8.57. Due to the symmetric structure of the
airflow, only two figures were needed. The predicted airflow was very close to one-
dimensional uniformm flow, and the airflow rates along the package walls were only

slightly higher that those in the middle because of the wall effect.

e Predicted temperature profiles

Figures 8.60-8.61 show the predicted air and produce temperature in the top, bottom,
and middle layers of the package bed after 40-minutes forced-air cooling.
Corresponding to the predicted near-to-uniform airflow pattern, the temperature

distributions along the plane normal to the flow direction were almost identical.
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Table 8.10 Data of packaging system and cooling conditions for force-air cooling of

apple in a packed bed.

Variable Value
Produce item

Density (kg m™) 830
Thermal conductivity (W m" KT) 0.42
Specific heat capacity (J kg" K™ 3650
Volume (m’) 0.0002241
Surface are (mz) 0.0188826
Individual package

Length (m) 0.32
Width (m) 0.24
Height (m) 0.24
Number of produce item 47
Package walls

Density (kg m™) 540
Thermal conductivity (W m’ K‘]) 0.12
Specific heat capacity(J kg" K" 1800
Thickness of side walls (m) 0.004
Thickness of top wall (m) 0.004
Thickness of bottom wall (m) 0.0038
Cooling conditions

Inlet air velocity (ms™) 0.5
Inlet air temperature (K) 272
Initial air temperature (K) 300
Initial produce temperature (K) 300
External air velocity (m s™) 0.5
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0.4090 m/s
Figure 8.58 Predicted airflow pattern and pressure distribution in the top or bottom

layer of a packed apple bed (XY surface, Z=I or 3)

0.4090 mis
Figure 8.59 Predicted airflow pattern and pressure distribution in the middle layer of a

packed apple bed (XY surface, Z=2)
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Figure 8.60 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

Figure 8.61 Predicted air and produce temperature profile in the middle layer of a

packed apple bed (XY surface, Z=2) after 40 minutes of cooling
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e Comparisons between predicted and measured produce cooling rates

Figure 8.62 compares the predicted product central cooling rate in the centre of the
packed bed with the experimental data reported by Tanner (1998). In the initial and
middle cooling stages the model under-predicted the cooling rate in produce item
centre, and in the late cooling stage the predicted and measured temperature variations
agreed well. The lack of fit in the initial and middle cooling stages may be attributed
to the experimental errors. For instance, the thermocouple might not be positioned in

the centre of produce item.
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Figure 8.62 Predicted and measured temperature profile of produce item centre in the

centre of the packed bed during forced-air cooling.

8.4 Summary

This chapter presented the predictions generated by the airflow and heat transfer
models for the forced-air cooling of produce in several layered and bulk packaging
systems. The simulation results were visualised in forms of vector graphs and
coloured contours. In general the predicted cooling rates at produce centres agreed
well with the experimental data extracted from literature, and the differences between
model predictions and measured data may be attributed to inaccurate temperature

measurement and model input data.
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CHAPTER 9
CONCLUSION

9.1 Conclusion

Airflow and heat transfer models in bulk and layered packaging systems have been
developed based on 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 volume-averaged transport equations were employed. This
approach avoids dealing with the situation-specific and complex geometries inside the
packaging systems, and therefore facilitates the development of a general modelling
system suitable for a wide range of packaging designs, produce types and stacking

arrangement inside coolstores.

The calculation domains were discretised with a block-structured meshing system that
was referenced by both 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
structural details inside individual packages. The block-structured meshing system is
able to use a relatively coarse mesh to represent the geometric details of the packaging
systems. The solution methods for airflow models were based on the SIMPLER
schemes (Patankar, 1980). Staggered grid systems were adopted. Each scalar or
momentum cell was classified according to which region it belongs to and which
region it is adjacent to. Over each type of momentum cell, a momentum discretisation
equation was derived. Over each type of scalar cell, a pressure correction
discretisation equation and pressure discretisation equation were obtained. The solid
and air energy discretisation equations for the heat transfer models were derived over
scalar cells in the same way as that for the airflow models. The systems of
discretisation equations were solved by iteration, and in each iteration the systems of

linear algebraic equations were solved using GMRES method.

Based on the solution methods of the airflow and heat transfer models, a software
package ‘CoolSimu’ was developed. The software package hid the core components

(airflow and heat solvers) from the user, so that users without any knowledge of CFD
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and heat transfer modelling can utilise the software to study cooling operations and
thermal performance of package designs. The user interaction components in
CoolSimu enable the software user to specify packaging systems and cooling
conditions, control the simulation processes, and visualise the predicted airflow

patterns and temperature profiles.

Model validation was carried out by comparing the predicted and measured product
centre temperatures during the forced-air cooling of produce in several layered and
bulk packaging systems. In general, good agreements between the model predictions
and experimental data were obtained, and the lack of fit in certain locations of the
packaging systems may be attributed to inaccurate temperature measurement and

uncertainties in model input data.

Overall, the developed CFD modelling system is able to simulate airflow and heat
transfer processes, and therefore predict airflow patterns and temperature profiles with
satisfactory accuracy in the layered and bulk packaging systems during the forced-air

cooling of various fresh produce.

9.2 Future Research

The modelling system may be improved further by undertaking the following research

activities:

o Test and validate airflow models with measured airflow rates or velocities. In this
study the airflow models were indirectly validated based on temperature
measurements. By directly comparing the predicted and measured airflow data, the
airflow models may be improved by modifying certain empirical constants in the

volume-averaged transport equations.

o Test and debug the software package ‘CoolSimu’ using a larger number of
packaging designs and under a wide range of cooling conditions. This will facilitate
the adoption of the software for industrial applications and as an extension tool in

postharvest horticulture.
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Appendix A

Derivation of Discretisation Equations

A.l Discretisation Equations for PDEs in the Airflow Model for Bulk Packaging

Systems
A.1.1 Numerical Schemes

The conventions for representing a quantity in a location of the calculation domain are
shown in Figures 6.2, 6.10-6.12 and A.1. The location was described with respect to
the cell type and the position in the cell. In an equation, all vector cells have a common

scalar cell of current grid node.
e Discretisation equations

Using the SIMPLER method to solve the airflow models, five types of discretisation

equations are needed.

1) X-momentum discretisation equations were derived by integrating the momentum

equations in the direction of x-axis over the corresponding x-momentum cells:

current current current cu rent current
auL—P~uuL—u + auW—P«-uuWﬂ: + auS—P—uuS—u + auP—P—uu P-u + auN—P~uu N-u + (A 1 )
y current current __ :

auE—P~u E~u + auH—P—uuH—u - Su—P—u + ({lﬁp-,tcafar Pposcatar ~ ¢£~3m!ﬂrpf—srafar)Ae—u

where:

u = velocity component at x-axis (m s™).

p = pressure (N m?).

@ = porosity

A = cell surface area (mz).

aug = coefficient in x-momentum discretisation equation for east node.
auww = coefficient in x-momentum discretisation equation for west node.

anN = coefficient in x-momentum discretisation equation for north node.
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Variable or quantity in a location Iteration step or time step

current =  quantity to be solved in current
iteration or time step

old quantity solved in previous

Velocity component u, v, w iteration or time step

Temperature T, corrected =  velocity corrected according to

Porosity ¢ mass conservation

,,,,,, pressure =  pseudo-velocity = components

for calculating source term in

pressure discretisation

equation

currenit

- *L\

of the calculation domain

Position in the cell Cell type

P grid node of current cell u = Xx-momentum cell
w grid node of west neighbouring cell v = y-momentum cell
E = grid node of east neighbouring cell w = z-momentum cell
S = grid node of south neighbouring cell scalar = scalar cell

N grid node of north neighbouring cell

L grid node of low neighbouring cell

H grid node of east neighbouring cell

WN = grid node of west-north neighbouring cell

w = centre of west surface of current cell
e = centre of east surface of current cell
s = centre of south surface of current cell
n = centre of north surface of current cell
l = centre of low surface of current cell
h = centre of high surface of current cell
porousCentre = centre of porous region in a cell that

comprises of both plain air and air-
produce region

Figure A.1 Convention for representing a quantity in a location of the calculation

domain.
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ays = coefficient in x-momentum discretisation equation for south node.
ayy = coefficient in x-momentum discretisation equation for high node.
ay, = coefficient in x-momentum discretisation equation for low node.
a,p = coefficient in x-momentum discretisation equation for current node.
Sy = source term for x-momentum discretisation equation (N).

For each x-momentum cell, an x-momentum discretisation equation was formed, so the
number of algebraic equations in the system of x-momentum discretisation equations is

equal to the number of x-momentum cells.

2) Y-momentum discretisation equations were derived by integrating the momentum

equations in the direction of y-axis over the corresponding y-momentum cells:

current current currend current carrent +

AypViey ThpwpVuoy T po Voo, 1Qp p Vo, Ty e Va, (A2)

cutrent current _
4 vE-P-v V.E —¥ +a vH=P-y anv - Sv- P-v + (¢ P—scalar p P—scalar ¢N-—sca!'ar p MN-scalar )An —v

where:
v = velocity component at y-axis (m s7).

= pressure (N m?).
) = porosity
ave = coefficient in y-momentum discretisation equation for east node.
aw = coefficient in y-momentum discretisation equation for west node.
ayN = coefficient in y-momentum discretisation equation for north node.
ays = coefficient in y-momentum discretisation equation for south node.
ayy = coefficient in y-momentum discretisation equation for high node.
ay, = coefficient in y-momentum discretisation equation for low node.
a,p = coefficient in y-momentum discretisation equation for current node.
Sy = source term for y-momentum discretisation equation (N).

For each y-momentum cell, a y-momentum discretisation equation was formed, so the
number of algebraic equations in the system of y-momentum discretisation equations is

equal to the number of y-momentum cells.
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3) Z-momentum discretisation equations were derived by integrating the momentum

equations in the direction of z axis over the corresponding z-momentum cells:

current current current current current

a wL~P-w wL—w ta wW-P-w wW—w +awS—P—wwS-w ta wP-P-w wP—w +a wN-P-w wN—w + (A 3)

urrent current __

a wE—P—wWE—w +a wH-P-w wN-—w _SW—P-w +( ¢P-sm.’m‘ P P-scalar "¢H—smfar P scalar )Ah—w

where:

w = velocity component at z-axis (m s™).

awe = coefficient in z-momentum discretisation equation for east node.
aww = coefficient in z-momentum discretisation equation for west node.
aw = coefficient in z-momentum discretisation equation for north node.
aws = coefficient in z-momentum discretisation equation for south node.
awy = coefficient in z-momentum discretisation equation for high node.
awl, = coefficient in z-momentum discretisation equation for low node.
awp = coefficient in z-momentum discretisation equation for current node.
Sw = source term for z-momentum discretisation equation (N).

For each z-momentum cell, a z-momentum discretisation equation was formed, so the
number of algebraic equations in the system of z-momentum discretisation equations is

equal to the number of z-momentum cells.

4) Pressure correction discretisation equations were derived by enforcing mass
conservation over scalar cells with velocity corrections obtained from the

momentum discretisation equations:

a pL—P—scalarAp L-scalar +a pw ~P—scalarAp W-scalar +a pS —P~scalarAp S—scalar +a pP-P—xcnlarAp P-scalar

(A4)

+a pN -P-—scalarAp N-scalar +a pE- p~scalarAp E-scalar +a pH -—P—scalarAp H-scalar = SAp-—P—scalar

where:
— . -2
4p = pressure correction (N m™).
g = coefficient in pressure correction discretisation equation for east node.
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apw = coefficient in pressure correction discretisation equation for west node.
anN = coefficient in pressure correction discretisation equation for north node.
aps = coefficient in pressure correction discretisation equation for south node.
apy = coefficient in pressure correction discretisation equation for high node.
ap, = coefficient in pressure correction discretisation equation for low node.
ap = coefficient in pressure correction discretisation equation for current
node.
Sy = source term for pressure correction discretisation equation (N).

For each scalar cell, a pressure correction discretisation equation was formed, so the
number of algebraic equations in the system of pressure correction discretisation

equations is equal to the number of scalar cells.

5) Pressure discretisation equations have the same coefficients as their corresponding
pressure correction equations, and were derived by enforcing mass conservation
over scalar cells with velocity components obtained from the momentum

discretisation equations:

a pL -P-.rcalarp L-scalar +a pW—P-scalar Pw -scalar +a PpS—P-scalar p S-scalar +a pP-P-scalar p P-scalar

+
(A.5)

a pN—P—scaIarp N-scalar +a pE-p-scalarp E-scalar +a pH—-P—-scalarp H-scalar — Sp—P—:calar

where:
P = pressure (N m™).
Sy = source term for pressure discretisation equation (N).

For each scalar cell, a pressure discretisation equation was formed, so the number of
algebraic equations in the system of pressure discretisation equations is equal to the

number of scalar cells.
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A.1.2 X-Momentum Discretisation Equations

e Types of x-momentum cells

There are eight types of x-momentum cells, which are summarised in Figure A.2 and
Table A.1. For each type of x-momentum cell, a set of expressions was derived for the

coefficients and source term in the x-momentum discretisation equation (Equation A.1).

scalar cells
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Figure A.2 Grids for the x-momentum discretisation equations in bulk packaging
systems (the capital letters indicate the types of x-momentum cells, which are explained

in Table A. 1)
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Table A.l Types of x-momentum cells in bulk packaging systems
Type | Location Transport equations
A Middle of produce-air region e Generalised  volume-averaged = momentum
equation (Equation 4.4a)
B On the interface between plain | ¢ Generalised  volume-averaged = momentum
air region and west/east package equation (Equation 4.4a)
walls with vents e One-dimensional  Navier-Stokes  equation
(Equation 4.3 a)
C In produce-air region and on the | @ Generalised  volume-averaged = momentum
east or west side of the cells of equation (Equation 4.4a)
type B
D In produce-air region and next | ¢ Wall boundary conditions
to south, north, bottom, and top
package walls
E On the interface between a | e One-dimensional Navier-Stokes equation
vented east wall in one package (Equation 4.3 a)
and a vented west wall in
another package
F On the interface between | @ Fixed-pressure boundary conditions
outside environment and the
west/east walls with fixed-
pressure vents.
G On the interface between | ¢ Fixed-velocity boundary conditions
outside environment and the
west/east walls with fixed-
velocity vents.

In south, north, bottom, and
top package wall, or in the
interface between produce-air
region and west/east package

wall without vents

e Velocity component in the direction of x-axis is

set to zero

e X-momentum discretisation equations for x-momentum cells in the middle of

air-produce region

The momentum equation in the direction of x axis for the air-produce region in a bulk

package (Equation 4.4a) was presented in following simplified form:

0 Y i O i |2 g | 91 g8
a Pt otn) ) M o\ Moy [ ME} (A6)

5(@) #ﬁﬁz“ F¢3p“'u|u
& K Jk'
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where:

u = intrinsic phase average of air velocity component in the direction of
x-axis (ms™).

% = intrinsic phase average of air velocity component in the direction of
x-axis (ms™).

w = intrinsic phase average of air velocity component in the direction of
x-axis (ms™).

p = intrinsic phase average of air pressure (N m?).

¢ = porosity.

K = permeability (m?).

F = Forcheimer coefficient.

U = air dynamic viscosity (N s m™).

Pa = air density (kg m).

The first step for deriving the discretisation equation is to integrate the differential
equation over an x-momentum cell in the air-produce region (index convection was

shown in Figure 6.10):

J* \(Pacﬁuu)— [ﬂcﬁ

M

S_A:[_, (Pafﬁuu)“(w%]}ﬁ

L
|
‘Fk‘-—-»
—
=
/‘_*'-r_""‘\
35
|
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+

PP @@

(p.pvu)- (,uqﬁ
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(paaﬁwu)—(w

?|®

|
P,
———
2
r"_""l"""“\
=
=
S
e
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o
<
o
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where:
A
VP—u

cell surface area (m?).

#

volume of x-momentum cell (m3 ).
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(1) Treatment of convection and diffusion terms

Approximating the momentum flux due to both convection and diffusion out of the east

surface with the second-order midpoint rule (Ferziger & Peric, 1999):

I ((Paéuu)— {Mg—zﬂir = [(pacﬁuu)e_,, - {mi%l_u }4 (A.8)

The upwind interpolation scheme (UDS) with central difference scheme (CDS)
deferred correction was used to approximate the convection term (Ferziger & Peric,

1999):

(pa W“)e = max(pa ¢e—u e~u ’O)ucu"'e’" + mln(pu ¢e~u e~u io)uzlf:em

Xp oy = Xao Xy —Xp_
)Da¢ -k e- [__E_L__Q_HP-H +Mu5~u ]_— max(pa e—t e ",O)NP_ —mln(pu‘ﬁt-n e—u 70}"5—&-

Xpy " Xpoy Xe oy =~ Xpy

(A.9)

In Equation (A.9), the first two terms were derived according to UDS, the last three
terms were from CDS deferred correction. The mass flow rate was approximated as

follows:

pa‘ée—uug—-u - pa¢P—u“P—u -;: pa¢5—uu£‘—u (Al 0)

Substituting Equation (A.10) into Equation (A.11) gives:

pﬂ¢ uu |5 +p ¢ “Hu i current pa¢ _Hu —H +pﬂ¢ -Hu —I currénl
(p.guu),_, =max[ A B’k 0}4 +mm( Pru” P B B 0 p

2 2
pa¢P—uuP—u + )oacsﬁ—uu.ﬁ‘—u ‘xE—u ~ Xu Koy ~ xP—u
+ uP—u + M“E-u -
2 Xe, —Xp, Xy —Xpy
max )oa¢P‘-uuP—u + pa¢£—uu.€—u ,0 P min pa¢P—~auP—u + pa¢£=u uE—l.r ’0 .
2 y 2

(A.11)

The diffusion term was approximated by a central difference scheme:
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current current

au - EE —u P-u___
( #¢’a.x_ )e-u "'Ju¢e-u

E-u " Xp-y
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(A.12)

The convection-diffusion terms on other surfaces of the x-momentum cell were

approximated using the same schemes.
(2) Treatment of pressure terms

The pressure terms were approximated using the midpoint rule:

J. (¢p)ds - ‘[(@}IS += (¢P—scalar p P~scalar ~ ¢E—scalarp E-scalar )Ae-u
Ay

AC*I‘

(3) Treatment of source term

(A.13)

Using the values at grid node to approximate the average value over the cell, the source

terin due to the porous structure was written:

{ [* p’u _Fe’p,

ﬂ(ép_"z FP~u¢P-—u3pa
uly dv=— + Up_,
K VK ( l l d

Voay K Pu K Py

where:

Vew = volume of x-momentum cell (m>).

P-u uP-u

(A.14)

Combining the above treatments, the coefficients in the x-momentum discretisation

equation (Equation A.1) were derived to be:

Qg py = (min[pa¢5—uu£—n ;pa¢P—uuP—u ’0)“ ¢e—uﬂ }Ae_“

xE'k - xP-:.r
U P M,
ayW—P—” =| — max pa¢w Wy tou¢P u P ,0 _ ¢w—u# "
2 xP—-u _xW-u

auN_p..u = min pacﬁP-va-v + pa¢£—va—v ,0 _ ¢n—-ufu -
2 Yuw = ¥Vpou

(A.15)

(A.16)

(A.17)
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a“_g_P_H = {_ max[ pa(ﬁs—-vvs-v + paéSE-vaE—v ,0]_ ¢s-n# ]Aj_u (A18)

2 yP-u_yS—u

auH_p-u = [mln{ pa¢P—wa—w + pa¢E—wwE—-w ,0 J_ __gt[ff__ }4}’_“ (A 1 9)

2 zH-u - zP—-u

auL_P_u - [_ max( pa¢L—wwL~w + pa¢LE-—wwLE—w ’0)__ ¢!~u3‘u }1!—;: (A20)

2 Zpu ™ ZL-—n
Aoppu= _(auL-P-u + QP + A5 pou + AN -P-u t Ap-Pu + Ayti-poy )+

,u¢P—u2 + FP——u ¢P—u3fou
KP-:.' K

(A.21)

P-u u

-t
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The source term in Equation (A.1) was due to the terms for CDS deferred correction:

Su—P—u = Sduw—P—u + Sdue~P—u + Sdus-P-u + Sdun—P—u + Sdul—P-u + Sduh—P~u (A22)

S pa¢P—uuP—n +pa¢£—u“£-u ( xE-u "—xe-u .y L xe-u _xP-n . +
due—F-u 2 BT _ He e—u
xP—u

x!:'—vu "_xP—vu xE—u
u + i I + 14
mox pa¢}’-u P—u pué.‘,‘—u E—-u ’0 e_uup..u +min pa¢?-u P-u pa¢£-u E-~u ,0 e“uug_u
2 2
(A.23)
pa¢W—uuW~u +pa¢?—uuP—u (xw—u _"xﬂ"w xP—u _xw-u
Sdmv-."—u uP—u ' uW—u wot
2 xP-u wa-—u 'xP-—n _xu/_"
m!‘n pq¢W—-uuW~u+pa¢P—-uuP—u ’0 . —m pu¢}!’—uuﬁ’-—u+pa¢P—uuF-—u ,0 U,
2 w—u'" Pou 2 w1 ¥ —
(A24)
14 + ¥ - -
Sdun_p_;,: foags}’—-v Py pa¢£—v £~v(yN-u Ya-u up—u 5 Yo “Ypon uN-u n_u+
2 LyN-‘u _y.P—u yN—n _yP—n
v + v v + Vv
max(pa¢P—v P-v quéi-v E-v ,0 }4,‘_“ uP_u +miﬂ( pa@?—v P-v 2)0:1 ¢£—v E-v ,O }4,-,-;‘“}\(._"

(A.25)
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s pa¢$—v vS—v+pa¢SE—-v Vse_y ( Yiu Vs 4 N Yeou ™ Vsou ;. _
dus—P-u Pou! -y S
2 LyP—u ~¥s-u Yo" Vs

mfn[ pa ¢S-vv3-v+2.roa ¢SE—V VSE-V ,0 ]A’_uup_" __max[ pa ¢S—v Ve, +;a ¢SE‘-v VSE—V ,0}45_,,315-,,

(A.26)

Sduh-P—u - 9 Py’ _
ZH-u"Zpy Zhu L pay

_ pné?—ww}’—w +pa¢£‘—wwﬁ"-w ( zH—u - Y ! Zhoy TPy .
U “H—u h—u+

+ We_,t+ W
max{ pa¢P_wa_w zpa¢£-ww5-w ’0}‘}'—“ “p, +min( pn¢P—w P-w 2pa ¢E—-w E-w ,0 }‘h—nuﬁ—u

(A.27)

Sd'u-’-P-—u - 2 ST .
zP-ﬂ wz.[.-u zPﬂ.r ZL-u

: pa¢£—wwi.—w+pa¢££—ww££—w 0 _ pa¢L—wwf.—w+pa¢LE—wwLE—w 0 i
mi oA Y, — S TP

pa¢L—wwL-w+pa¢LvaWL£~w( Tt Py, Eeu TR }‘ _
F] ]

2 2
(A.28)

where:

Ste = source term due to CDS deferred correction at east surface in x-
momentum discretisation equation (N).

Stwe = source tertndue to CDS deferred correction at west surface in x-
momentum discretisation equation (N).

Sdun = source tern due to CDS deferred correction at north surface in x-
momentum discretisation equation (N).

Saqus = source term due to CDS deferred correction at south surface in x-
momentum discretisation equation (N).

Sauh = source term due to CDS deferred correction at high surface in x-
momentum discretisation equation (N).

Sauy = source term due to CDS deferred correction at low surface in x-

momentum discretisation equation (N).
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¢ X-momentum discretisation equation for the x-momentum cells on the
interface between produce-air region and the west or east package wall with

vents

As shown in Figure A.3, the x-momentum cell at the boundary between produce-air
region and west package wall was divided into two parts, the middle part contains the
vent, and the surrounding part has zero velocity on the boundary. The discretisation
equation was derived from the middle part. Extending the assumption of one-
dimensional flow in vents, it was assumed that the airflow in the middle part of the x-
momentum cell is one-dimensional. Therefore only the convection and diffusion fluxes
on west and east surface need to be considered. The areas of the west and east surfaces
are the vent areas that are calculated with the porosity of the scalar cell in the package
wall. To match the momentum and mass flux in the interface between the package wall
and the produce-air region, the porosity in the interface was set to one so that the
microscopic velocity at the plain air region side matches the intrinsic velocity at the
produce-air region. Based on the above treatments, the convection and diffusion fluxes
on the west and east surfaces of the middle part of the x-momentum cell were

approximated with the numerical schemes presented in the previous section, giving the
Equations (A.29)-(A.30):

Poro;ify at the innrf‘ace

One-dimensional H-u between plain air region
airflow & & ---|-and produce-air region:
B

i Middle part of x-
' momentum cell for
? deriving discretisation
i equation
West and east :
surfaces areas: i
®

¢p-scalarAw -u

Dae S

Figure A.3 Treatment of x-momentum cell at the boundary between produce-air region

and west package wall
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(A.29)

max(pau}’ u +pauu-u O}fmrrenl

p uP u + pauﬁ’w rwrt'nr
mi [ RUR T¥lh

pauP-u + pa"w ) (xPn

2

— X
x

+
max(pau!’- pa W—te }‘

C)tﬂ‘é'ﬂf crrent )

— i
min W=y

[pauf‘ u +pauW—u 0

\. xP—-:.r ~ Xy,

(A30)

—X
At Wi
ul‘l"-u + _ u.P-u J_
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Ae«u ¢P-scaiar

Awm u ¢P-.ﬁ'calar

The resistance due to the porous structure exists only in the air-produce region (Figure

A.3), and therefore the velocity and porosity at the centre of the air-produce region

within the middle part of the x-momentum cell was approximated as follows:

u

¢ ponlucCenIre-u

_3up, tug,
porousCentre—u ™~

4

3 + ¢E~u
4

(A31)

(A32)
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Using the above equations to approximate the average value over the produce-air
region within the middle part of the x-momentum cell, the source term due to porous

structure was written:

3
I ﬂgﬂl u F ¢ Pa ul #¢porous€emre —-u + F porouseCen!re-u¢p0rvusCentre—u P a 3u P +uU _E_"!
Vu porousCenm? u ‘\j K porousCentre—u | 4 I

current current
A ( —x )¢ 3uP—u tu g,
w-u xe—u P-u /¥ P-scalar 4

(A33)

Based on the above calculation for flux and source term, the coefficients were

calculated as follows:

auW_P_u = {_ max[ ()oau}?‘-u + pauP—u ),0]__' Ju P%uﬁﬁp_m,w (A.34)
2 xP—n - xH’—u

auE-P—u = [mln( (pa¢E_qu—“ * pauP-u )90)— ¢e‘u £ }Aw—u ¢P—xca|‘ar +

2 Xgw —Xp u
3
)u¢porousCemre-u F, porouseCemre—u¢por0usCentre—u p a l3u P-u +Up, \Aw—u (xe—u ~Xpy )¢P—scalar

+
KPOrousCerure—u ‘\l K porousCentre—u I 4 | J 4

2

(A.35)
Buy-p-u =0 (A.36)
Ays-p-u = 0 (A37)
An-pu = 0 (A38)
Auppoy =0 (A.39)

auP-P-u = Auw-Pu + (mll’{ (pa¢E—qu-u B pauP—u ) ’Oj - Jﬂi‘_ }(fqu}’-scax‘ar )-{-
2 xE-u - xP—u

2 3
#¢porousCenre-—u + F porouseCenrbu¢porousCenre-u p a | 3ll P-u +u E-~u \3{1»_“ (xe—u -X Py #P—sca.’ar

K porousCente—u < } K porousCente—u | 4 | J 4

(A.40)
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To simplify the calculation, the source terin due to deferred CDS correction was

ignored:

Sy p, =0 (A.41)

The x-momentum discretisation equation for the x-momentum cell at the boundary

between produce-air region and east package wall was derived in the same way.

e X-momentum discretisation equation for the x-momentum cells next to the x-
momentum cells at the boundary between produce-air region and west/east

package walls with vents

As shown in Figure A.4, the x-momentum cell next to the x-momentum cell at the
boundary between produce-air region and west package wall is the same as the x-
momentum cells in the middle of produce regions apart from the treatment of velocity
and porosity at the west node. To maintain mass conservation, velocity at the west node

was modified as follows:

e
s ¥
0 e
Q:; 7 Xt T
o R " ” .
Velocity at west v % ; ;
grid node was Cas R X
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Figure A4 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
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(A.42)

m —
u W ¢H’ —seatar Uy,

As discussed in the previous section, the porosity at the interface between produce-air
region and west package wall with vent was set to one. Therefore Equation (A.16) was

modified as follows:

auw_p_u — [ﬁ maX[ pa¢ﬂ’-sca.‘aruw-; + pa¢P-uuP—u ,0)__ ¢w-u¢ﬂ"—sca!arp }Aw_k (A43)

xPﬂf - xl‘l"—u

Consequently the coefficient for current node was modified as follows:

auP—P—uZ {... ma{ pa¢li’asra:'ar“w_u + pa¢P_uHP_u ,0]_- ¢w~up }4‘*" _
2 xP—z.r - xW—u
uP‘"I}/u

HPp, ’
(A44)

F Pt ¢P—u ’ p a
(auL—P—u + amS‘—P—u + auN—P‘u + auE-—P—u + auH—P——u )+ K + JK_"
P-u pu

Other coefficients were calculated with Equations (A.15) and (A.17)-(A.20). To
simplify the calculation, the CDS deferred correction from west surface was removed
from source term equation (Equation A.22):

§, =5

u due—FP-u + Sdus—P—u + Sdun—P—u + Sdu!—P—u + Sdu&—P-u (A45)
The x-momentum discretisation equation for the x-momentum cell next to the x-
momentum cell at the boundary between produce-air region and east package wall was

derived in the same way.

e X-momentum discretisation equation for the x-momentum cells in air-produce

region and next to south/north/bottom/top package walls

For the x-momentum cells along the south package wall, the convection term is zero.
Even if the cell is next to the south package wall with vent, the convection flux for
momentum at x-axis is still zero due to one-dimensional nature of airflow in the vent.

Therefore the diffusion term for south surface was approximated as follows:
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~| dhut .‘?_’.‘_A =G il J.‘"_*L__.Aj_“ (A.46)
—b F-u _ys—-u
Consequently the coefficients for south grid node and current grid node were modified

as follows:

akS—P—u = O . (A47)

Gputtd_
—LaT + aqu"-—P—ﬂ + auN-P-—u + auE—P—-n + auh’-P—u (A48)

auP—P—uz - auL-—P-—u -
yP—z.r _ys-—n

Other coefficients were calculated with Equations (A.15)-(A.17) and (A.19)-(A.20).

The CDS deferred correction from south surface was removed from source term

equation (Equation A.22).

Sn-P—u = Sa‘ue—u + Sduw—u + S

dun—u + Sdu.:“-u + Sduh—u (A49)
The x-momentum discretisation equations for the x-momentum cell next to north,

bottom, and top package walls were derived in the same way.

e X-momentum discretisation equation for x-momentum cells between a vented

east wall in one package and a vented west wall in another package

As shown in Figure A.S, the x-momentum cell between two package walls is in plain
air region. For one-dimensional airflow, only the convection and diffusion fluxes on
west and east surface need to be considered. Integrating one-dimensional momentum
equation (Equation 4.3a) over the middle part of the x-momentum cell, the coefficients

for x-momentum discretisation equation were derived to be:
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Figure A.S Treatment of the x-momentum cells between the vented east wall in one

package and the vented west wall in another package

u, + u
auW—P—u =| —max (pa o pa P"‘),O - /u Ae—sca.far‘pLP—stxn‘ar
xP—u Xy

M pau - + pall —Uu ) ﬂ
Ap py = [mm[( = £ ,O) - ]Ae—mhr¢P—xahr
2 xE—u - xP—u

auP—P—u = _(auW—P—u + auE—P—u )

Other coefficients were set to be zero (Equations A.36-A.39).

(A.50)

(A.51)

(A52)

To simplify the calculation, the source term due to deferred CDS correction was

ignored (Equation A .41).
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e X-momentum discretisation equation for x-momentum cells at the boundary
between outside environment and the west/east package walls with fixed-

velocity vent

For fixed-velocity vent, the velocity was set to a predefined value:

Upy = U fixea (A.53)

e X-momentum discretisation equation for x-momentum cells at the boundary
between outside environment and the west/east package walls with fixed-

pressure vent

To maintain mass conservation, the velocity at the boundary between west package

wall and outside environment was set as follows:

Up, =g, (A.54)

Similarly, the velocity at the boundary between east package wall and outside

environment was set as follows:

uP—-u =uW~u (ASS)

e X-momentum discretisation equation for the x-momentum cells in south,
north, bottom, and top package walls, or in the interfaces between produce-air

region and the west/east package walls without vents

The grid nodes of this type of x-momentum cells are on the solid region, so no-slip

boundary condition applies:

u,, =0 (A.56)
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A.1.3 Y-Momentum Discretisation Equations

e Types of y-momentum cells

There are eight types of y-momentum cells, which are summarised in Figure A.6 and
Table A.2. For each type of y-momentum cell, a set of expressions was derived for the

coefficients and source term in the y-momentum discretisation equation (Equation A .2).
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Figure A.6 Grids for the y-momentum discretisation equations in bulk packaging
systems (the capital letters indicate the types of the y-momentum cells, which are

explained in Table A 2)
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Table A.2 Types of y-momentum cells in bulk packaging systems

Type | Location Transport equations
A Middle of produce-air region o Generalised volume-averaged
momentum equation (Equation 4.4b)
B On the interface between plain air region | ¢ Generalised volume-averaged
and south/north package walls with vents momentum equation (Equation 4.4b)
o One-dimensional Navier-Stokes
equation (Equation 4.3 b)
C In produce-air region and on the north or | @ Generalised volume-averaged
south side of the cells of type B momentum equation (Equation 4.4b)
D In produce-air region and next to west, | « Wall boundary conditions
east, bottom, and top package walls
E On the interface between a vented north | ¢ One-dimensional Navier-Stokes
wall in one package and a vented south equation (Equation 4.3 b)
wall in another package
B On the interface between outside | @ Fixed-pressure boundary conditions
environment and the south/north walls
with fixed-pressure vents.
G On the interface between outside | @ Fixed-velocity boundary conditions
environment and the south/north walls
with fixed-velocity vents.
I In west, east, bottom, and top package | @ Velocity component at y-axis is set to
wall, or in the interface between &0
produce-air region and south/north
package walls without vent

e Y-momentum discretisation equations

Since the types of y-momentum cells are very similar to that of x-momentum cells, the
numerical methods for deriving the x-momentum discretisation equations were used to

derive the y-momentum discretisation equations.

A.1.4 Z-Momentum Discretisation Equations

e Types of z-momentum cells

There are three types of z-momentum cells, which are summarised in Table A.3 and

Figure A7. For each type of z-momentum cells, a set of expressions was derived for the

coefficients and source term in z-momentum discretisation equation (Equation A.3).
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Figure A7 Grids for the z-momentum discretisation equations in bulk packaging

systems (the capital letters indicate the types of z-momentum cells, which are explained

in Table A.3)

Table A.3 Types of z-momentum cells in bulk packaging systems

Type | Location Transport equations
A Middle of produce-air region o Generalised volume-averaged
momentum equation (Equation 4.4c)
B In produce-air region and next to west, east, | @  Wall boundary conditions
south, and north package walls
C In west/east/north/ south package walls, or | @ Velocity component at z-axis is set to

in the interface between produce-air region

and bottom/top package walls without vent

Z€ro




Appendix A Derivation of Discretisation Equations 227

e Z-momentum discretisation equations

Since each type of z-momentum cell is similar to the equivalent type of x-momentum
cell, the numerical methods for deriving the x-momentum discretisation equations were

used to derive the z-momentum discretisation equations.

A.1.5 Pressure Correction and Pressure Discretisation Equations

® Types of scalar cells in terms of pressure correction and pressure discretisation

equation

There are seven types of scalar cells in terms of pressure correction and pressure, which
are summarised in Figure A.8 and Table A 4. For each type of scalar cell, a set of
expressions was derived for the coefficients and source terms in pressure correction and

pressure discretisation equations (Equations A 4-A.5).
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Figure A.8 Grids for the pressure correction and pressure discretisation equations in
bulk packaging systems (the capital letters indicate the types of scalar cells in terms of

pressure correction and pressure, which are explained in Table A.4)
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Table A.4 Types of scalar cells in terms of pressure correction and pressure

Type | Location

Transport equations

A Middle of produce-air region e Volume-averaged continuity equation
(Equation 4.2)
B In produce-air region and next to west, | ¢ Volume-averaged continuity equation
east, south, and north package walls (Equation 4.2)
with vents
C In produce-air region and next to west, [ ¢  Volume-averaged continuity equation

east, south, and north package walls
without vents

(Equation 4.2)

D In west, east, south, north package
walls with fixed-velocity vents

One-dimensional  continuity  equation
(Equation 4.1a and 41.b)
Fixed-velocity boundary conditions

E In west, east, south, north package No pressure or pressure correction
walls with fixed-pressure vents equation is needed

F In vented west/east/south /north | ¢ One-dimensional continuity equation
package wall next to another vented (Equation 4.1a and 4.1b)
package wall

G In west, east, south, north bottom, top | ¢ No pressure or pressure correction

package walls without vents

equation is needed

e Pressure correction and pressure discretisation equations for scalar cells in the

middle of produce-air region

The discretisation momentum equations cannot be solved until the pressure field is

given. To estimate the pressure field, an imperfect velocity field was calculated

according to a guessed pressure field, and then the relations between velocity

corrections and pressure corrections were derived as follows (Patankar, 1980):

o ;o_r‘:'ecred =up, + (¢P—.\'calarApP—.rcalar — ¢E ~scalar Ap E-scalar )Ae—scalar ( A. 57)
Aup-p-y
u ;?:;eaed =u,._, + (_¢P-.\'calar Ap P-scalar + ¢W —scalar Ap W —scalar )Aw—.\'calar ( AS 8)
Aup-w-u
v;o-r:ecled =V, it (¢P-xcalar Ap P-scalar ¢N-scalarAp N-scalar )An—scalar ( A. 59)
Ayp.py
v;(:r:ected - vs_v + (—¢P-.rca1ar Ap P-scalar + ¢S—scalarAp S—scalar )As—scalar ( A60)

avP—S -v
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_ ccatar — D1 —scatar OP b —scatar ) A

W;;or;ecled = Wp_w + (¢P scalarAp P~scalar ¢H scalar p H-scalar h~scalar ( A 61)
awP—P-w

Wztir;,ecled = WL.._W + (—¢P—scalarAp P-scalar + ¢L—JcalarAp L-scalar )Al-s lar ( A62)
Ayp_L-w

where:

4 = pressure correction (N-m?),

aup = coefficient in x-momentum discretisation equation for current node.

ap = coefficient in y-momentum discretisation equation for current node.

awp = coefficient in z-momentum discretisation equation for current node.

The following equation was from mass conservation over a scalar cell (continuity

equation):
corrected corrected corrected
P a ¢e—scafarAe—scaIar P-u - p a ¢w—-sw}arAw—scalaruW ~Uu + p a¢n—smlarAn-scalarvP—~v -
corrected corrected corrected __
P a ¢s-scﬂfarAs—xcalarvS—v + P a¢h-smfarAh—scalar Wp_ - P aéfe—:catarAl—scalar Wi w =0
(A.63)

Substituting Equations (A.57)-(A.62) into Equation (A.63), the coefficients and source

term in pressure correction equation (Equation A.4) were calculated as follows:

2
a - _ Pa ¢e—scalar ¢E—scalar Ae-scalar ( A6 4)
pE~P-~scalar — .
Aup-p-u
2
a — Pa ¢w—sca/ar ¢W —scalar Aw—xcalar ( A6 5)
pW —P-scalar — .
Aup-w-u
2
— P a ¢h-scalar ¢H —scalar Ah-scalar
apH—P-scallr = (A66)
Ayp_p-w
p a ¢I——scalar ¢L-scalar AIZ-scalar
QA Pscalar = (A67)
Ayp-L-w
- scatar A
a — - P a¢n—scalar N-scalar * “n~scalar ( A 68)
pN-P-scalar — .

Avp-p-v
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a p a ¢:— scalar ¢S —scalar As—scalar

pS-P-scalar =-
Avp_s-v

2 2
a P a¢.l‘-.!ca!ar ¢P—.rm1ar A."—sca!ar p a ¢ﬁ scaiar¢?—sca!ar .‘J—scufar

230

(A.69)

p a¢w—scalar ¢P—scalar Aw—scalar

pP-P- scalar =
awP—L -w A\yp-_p-w

2
p a¢e-—,rcafar ¢P—wr:far Ae—smfar p a ¢s—m!ﬂr¢P—smfm' As -scalar_ p a¢n—sca!ar ¢P—sc@ A

auP—-W—u
2

n—scalar

auP—P—u avP—S -V avP— P-v

(A.70)

SAp—P—scalar= p a ¢I -scalar wL—w Al-scalar - p a ¢h—scalar WP-wAh—scalar + p a ¢w—scalaruW—u Aw~scalar

- p a ¢e—smlaru P-u Ae—scalar + p a ¢s—scalar vS —vAs—_\'calal - p a ¢n—.\'calar vP—vA

n—scalar

(A.71)

The velocity fields were corrected by the calculated pressure corrections using

Equations (A.57)-(A.62).

The pressure was calculated with a pressure equation that has the same coefficients as

the pressure correction equation. The source term in pressure equation was calculated

from pseudo-velocity components:

pressure

pres:ure _ pressure
S p-P P-scalar— p a ¢f scalar w AI—:calar p a ¢h—sca!ar wP—w Ah—scalar + p a ¢w—scafar A

pressure pre.ssure
p a ¢e— scalar uP—u- Ae—scalar + p a ¢:—sra£ar S-v A

pre::ure
s—scalar p a¢ —scalar P-v A

Uy _y w-scalar

n-scalar

(A.72)

The pseudo-velocity components were calculated from the momentum discretisation

equations as follows:

S

Up_y

pressure _ u-P-u -anN-P-uuN~u _ag_E—P—qu—-u _auH—P—uuH—u —auL—P—nuL-n

+

~Auw-pr-sulwu ~ Qus_puls_u

a uP-P-u

pressure _ Sypoy ~Aw_py YNy = AyppoyVeoy =iy poy Vioy — Ay p Vi) ~

(A.73)

avW—P-va-v o avS~P—vVS~v

P-v -
Ayp_p-y

(A.74)
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Wpress‘ure _ Sw-P—w ~AyN-P-wWN-w =V p-wWE-—w ~ awH—P-wwH-w ~Ayrp-wWi-w ~Aww-p-wWw-w ~Aws-p-wWs-w
P-w T

a wP~P-w

(A.75)

® Pressure and pressure correction discretisation equations for scalar cells in

air-produce region and next to west /east/south/north package walls with vents

Based on the x-momentum discretisation equation for x-momentum cells at the
boundary between produce-air region and west package wall, the velocity correction

equation was derived:

corrected __ + (—¢P—scalar Ap P-scalar + Ap W —scalar )¢W -scalar Aw—xcalar ( A‘76)

W-u = YW-u

Qup-w-,

Equation (A.63) was modified to account for the vent structure as shown in Figure A.9.

corrected corrected corrected
p a¢e—.rcah1rAe—scalar P~u - p a ¢W—xca£arAw~scalaruW -u + p a ¢n—scaIarAn—scalarvP~v -
corrected corrected corrected __
p a¢x-xcalarA:—scalarvS—v +p a ¢h—sca.‘arAh-xcalar Wp_w — P, ] ¢fe-,rcafarAl-scalar L-w =0
(A.77)
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Figure 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.
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Consequently the following modified coefficients and source terms in pressure
correction and pressure discretisation equations for the scalar cell next to west wall

with vent were derived:

_ p a ¢W —scalar A w—scalar (A 78)
A oWw-P-scalar = )

Aup--u

2 2 2
_ p a ¢l —scalar ¢P—scalar A {—-scalar p a¢h scalar ¢P scalar Ah scalar p a ¢W ~scalar ¢P—xcalar Aw—scalar

pP-P-scalar—

a +
awP-L~w awP——P—w auP—W—u

2

2
p a ¢e—scalar ¢P—scalar Ae—scalar p a ¢s scalar ¢P—scalar As-scalar p a ¢n ~scalar ¢P—scalar An—scalar

dup_py Ap 5y Aop_py

(A.79)

S Ap—P—.vr:alar= p a ¢l —scalar wL—wAI—scalar - p a ¢h—scalar wP—w Ah —scalar + p a ¢W—scalaru W-u Aw—-scalar
- p a ¢e—sca1ar u P-u Ae—scalar + p a ¢s —scalar v S-v As —scalat p a ¢n-—scalar vP —-v An—sular

(A.80)

- pressure pres.\‘ure pre.vsure
S p~P-scalar™ p a ¢J‘~3m.’ar wL—w Al—scalar p ¢h cm.*ar A h-scalar + p a ¢Hr’ qcﬂfaru Aw—scalar

pressure y pressure

pressure
pa¢e 3ca!aruP~ Ae—scalar + p a¢s vm.*ar -v As scalar -p a¢rx sealar P -v An scalar
(A.81)

Other coefficients were calculated with Equations (A.64) and (A.66)-(A.69).

The pressure correction and pressure discretisation equations for the scalar cells next to

the east/south/north package walls with vents were derived in the same way.

& Pressure correction and pressure discretisation equations for scalar cells in

air-produce region and next to the package wall without vents

For the scalar cells next to the west wall, no pressure and velocity corrections for west
grid node are needed as the wall velocity (#4=0) is known, Therefore the coefficient for
west node in pressure and pressure correction equations were modified as follows:

a =0 (A.82)

pW—P~scalar
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Other coefficients were calculated with Equations (A.64) and (A.66)-(A.69).

The pressure correction and pressure discretisation equations for the scalar cells next to

east/south/north/bottom/top package walls were derived in the same way.

® Pressure correction and pressure discretisation equations for scalar cells in

package walls with fixed velocity vents

As shown in Figure A.10, the middle part of the scalar cell, which contains the vent in
west package wall, was used to implement mass conversation for derivation of the
pressure correction and pressure discretisation equations. Since the velocities at all
surfaces except the east surface are either zero or the fixed velocity, no pressure and
velocity corrections are needed. The coefficients for these grid nodes in pressure and

pressure correction equations were modified as follows:

No pressure H-scalar

and velocify/ '_'}' - 'T ---------

corrections
are needed

Middle part of scalar
_____ . cell  for deriving
pressure correction and
pressure discretisation
equation

-scalar | E-scalar

¢
&
*

Figure A.10 Treatment of the scale cell in the west package wall with vent for

derivation of pressure correction and pressure discretisation equations.

Ay p-scatar = 0 (A.83)
AN p-scatar = 0 (A.84)
A ps_p-scatar =0 (A.85)
a =0 (A.86)

pH —P-scalar
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=0 (A.87)

a pL—-P-scalar

The velocity correction equation at east surface was derived as follows:

u ;o—rl:ecled =u . + (Ap P-scalar ~ ¢E—scala; Ap E-scalar )¢P-scalar Ae-scalar ( A 8 8)
uP-P-u

Consequently the coefficients for east and current nodes and source terms were derived

as follows:
2 2

— )O a¢P—.rca!ar ¢E —seainy Ae—xca-‘w ( A 89)

a pE—-P-scalar — .
auP-—P—u
2 2
p aqﬁP—sca.far e—scalr
a pP-P-scalar — (A.90)
auP- P—u
S :;p—-PﬁrmIar: P a ¢P—.\-ca.*aru W -y Ae—smfar - P a ¢P-sw-’ar u P-u Ae—smfar (A9 1 )
— pres ure _ pressure

S p—P-scalar— p a ¢P—,§cufaruw —u Ae-—scalar p a ¢P—scu1‘aru Feu Ae—scalar (A 92)

The pressure correction and pressure discretisation equations for the scalar cells in the

east/south/north package walls with fixed velocity vents were derived in the same way.
e Pressure correction and pressure discretisation equations for scalar cells in
package walls with fixed pressure vents or scalar cells in package walls

without vents

As the pressure in the scalar cell is fixed, no pressure correction is needed.

ApP—scalar =0 (A93)

p P-scalar = p Sfived (A'94)
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e Pressure correction and pressure discretisation equations for scalar cells in one
vented wall in one package and next to another vented wall in another

package

As shown in Figure A.11, the middle part of the scale cell, which contains the vent in
east package wall, was used to implement mass conversation for derivation of pressure
correction and pressure discretisation equations. The velocity correction equations for

east and west surfaces were derived:

u ;m:':em‘ed =ty + (A}) P-scalar AI)E scalar )¢P scalar Ae scalar ( A9 5)
auP Py
= A
u ;/gn:ctgd — "W,u + (ApP—scalar ¢W ~scalar Ap W —scalar )¢P—scalar e—scalar ( A96)
auP ~W-u
Mass flow rote ot west Mass flow rate at east
surface for deriving surface  for  deriving
pressure discretisation__ pressure  discretisation
equation: | : ' equation:
¢P-Sctﬂdfpﬂu _upmssure AW-SCGW‘ H-St}d'dr‘ ¢P—scala(pauP—upN”uw Aw—sca lar

B

: Middle part of scalar
> "‘s“"""/_éj's“h' * cell for deriving

e i ey '".'-

' ----------

pressure correction and
pressure discretisation
equation

)
'
Mass flow rate at west |~ 9" “,‘ ~ Mass flow rate at east

surface for deriving L-scalar surface for  deriving
pressure correction 1 ' I pressure correction
discretisation equation: discretisation equation:

¢P-scalarpa uw_ucomctcd Aw-scalar ¢p_,m|a(paIIp _ucon'cctcd Aw —scalar

Figure 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.
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Based on mass conservation, the following coefficients and source terms were derived

(other coefficients are zero):

2 2
a —_ pa¢P—scalur¢W-scalarAe~scalar (A 97)
pW-P-scalar — :
Aup-w-u
2 2
_ pa ¢P4mm‘ar Ae—-scafar (A 98)
a pE-P-scalar — )
auP-P—u
2 2 2 2
_ P aqu-.rca!ar Ae—s.—:a.’ar £ a ¢P—sca£ur Ae-.:cu.‘ar A 99)
a PP—P—scular ™ + ( )
auP—vW—-u &\ p_p_y
S Ap- P-scalar— P a ¢P—scalar uW—u Ae—scalar -P a ¢P—scalaru P-u Ae——scaiar (A 1 00)
_ pressure pressure
S p—P-scalar™ )0 a ¢P-smiaru}i’ -u Ae—scalcr - P a ¢P-.€ca£ﬂru - Ae—-scafar (A 101 )

The pressure correction and pressure discretisation equations for the scalar cells in the
vented west/south/north package walls and next to the walls in another package were

derived in the same way.

A.2 Discretisation Equations for PDEs in the Airflow Model for Layered
Packaging Systems

A.2.1 Numerical Schemes

The same numerical schemes used for discretisation of the airflow model in bulk
packaging system were applied to derive the discretisation equations for the airflow
model in layered packaging system, which have the same forms as that in bulk

packaging systems (Equations A.1-A.5).
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A.2.2 X-momentum Discretisation Equations

e Types of x-momentum cells

237

There are eight types of x-momentum cells, which are summarised in Figure A.12 and

Table A.S. For each type of x-momentum cell, a set of expressions was derived for the

coefficients and source term in the x-momentum discretisation equation (Equation A.1).

scalar cell

> = HE e mrm——— | SyTE—
; gty S Tt
: : K H DTG + -+ + ES R I H
T TN s e 1 o B BT ‘4
s ffc $oittpEee DB, o +-A-l-—+c-f-p fits et +c|8
----- a4+ + e L S 11 e P e e o B e
1 1] 1] H . 1 - H
R PN A ArSEy ST Parrgrr=and S K ATE WA S SEBRS S
B e e AT s B e 22+ S o A
E

F/6

Figure A.12 Grids for the x-momentum discretisation equations for the layered

packaging systems (the capital letters indicate the types of x-momentum, which are

explained in Table A.5)
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Table A.5 Types of x-momentum cells in layered packaging systems

Type | Location Transport equations
A Middle of produce-air regions o Generalised volume-averaged
momentum equation (Equation 4.15a)
B On the interface between plain air region | ¢ Generalised volume-averaged
and west/east package walls with vents momentum equation (Equation 4.15a)
e One-dimensional Navier-Stokes
equation (Equation 4.3 a)
C In produce-air region and on the east or | ¢ Generalised volume-averaged
west side of the cells of type B momentum equation (Equation 4.15a)
D In produce-air region and next to south, | ¢ Wall boundary conditions
north, bottom, and top package walls
E On the interface between a vented east | ¢ One-dimensional Navier-Stokes
wall in one package and a vented west equation (Equation 4.3 a)
wall in another package
F On the interface between outside | @ Fixed-pressure boundary conditions
environment and the west/east walls with
fixed-pressure vents.
G On the interface between outside | ¢ Fixed-velocity boundary conditions
environment and the west/east walls with
fixed-velocity vents.
H In south/north/bottom/top package walls | ® Velocity component at x-axis is set to

and trays, or in the interface between
produce-air region and west/east package

wall without vents

Z€ro

e X-momentum discretisation equations in the x-momentum cells in air-produce

regions

The x-momentum discretisation equations for the x-momentum cells in the produce-air

regions of the layered packaging systems are very similar to that of the bulk packaging

systems. The main difference is that the momentum fluxes on low and high surfaces of

the cells in the layered packages are only caused by diffusion, as air movements are

horizontal.

The coefficients for low and high nodes in the discretisation equations were modified,

and the items for the low and high nodes in source terms of discretisation equations

were set to zero:
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Qyppy =0 (A.102)

Aupypy =0 (A.103)

al!P'-P‘*ﬂ = - M&L + Aow_p + Qs poy + Qp-py + Aw_pu — M (A‘ 104)
Zpy Ty Ay —~Zp_,

Su—P—u = Sdae—u + Sa'uw—u + Sa’us-n -+ Sn‘un-u (Al 05)

e X-momentum discretisation equations in the x-momentum cells in package

walls and trays

The grid nodes of these types of x-momentum cells are on the solid region, so no-slip

boundary condition applies.

U, =0 (A.106)

e X-momentum discretisation equations in the x-momentum cells in boundary

between package walls and air-produce regions

The x-momentum discretisation equations in these types of x-momentum cells for

layered packaging systems are the same as that for the bulk packaging systems.

A.2.3 Y-momentum discretisation equations

e Types of y-momentum cells

There are eight types of y-momentum cells, which are summarised in Figure A.13 and
Table A.6. For each type of y-momentum cell, a set of expressions was derived for the
coefficients and source term in the y-momentum discretisation equation (Equation
A2).
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Figure A.13 Grids for the y-momentum discretisation equations in the layered packaging

systems (the capital letters indicate the types of y-momentum, which are explained in

Table A.6)

e Y-momentum discretisation equations

Since the types of y-momentum cells are very similar to that of x-momentum cells, the

numerical methods for deriving the x-momentum discretisation equations were used to

derive the y-momentum discretisation equations
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Table A.6 Types of y-momentum cells in layered packaging systems

Type Location Transport equations
A Middle of produce-air regions e Generalised volume-averaged
momentum equation (Equation 4.15b)
B On the interface between plain air region | @ Generalised volume-averaged
and south/north package walls with vents momentum equation (Equation 4.15b)
e One-dimensional Navier-Stokes
equation (Equation 4.3 b)
e Boundary conditions between plain air
region and produce-air region
C In produce-air region and on the south or | @ Generalised volume-averaged
north side of the cells of type B momentum equation (Equation 4.15b)
D In produce-air region and next to west, | @ Wall boundary conditions
east, bottom, and top package walls
E On the interface between a vented north | @  One-dimensional Navier-Stokes
wall in one package and a vented south equation (Equation 4.3 b)
wall in another package
F On the interface between outside | @ Fixed-pressure boundary conditions
environment and the south/north walls
with fixed-pressure vents.
G On the interface between outside | @ Fixed-velocity boundary conditions
environment and the south/north walls
with fixed-velocity vents.
I In west/east/bottom/top package walls | @ Velocity component at y-axis is set to

and trays, or in the interface between

air-produce region and south/north

package wall without vents

Z€ro

A.2.4 Z-momentum discretisation equations

e Types of z-momentum equations

There are three types of z-momentum cells, which are summarised in Figure A.14 and
Table A.7. For each type of z-momentum cell, a set of expressions was derived for the
coefficients and source term in z-momentum discretisation equation (Equation A.3).
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e RSEEDELE R EEE . Seh e 3o
bt ot
o I -ke
o 4] S o L s
e -

L ! s S S e Gt s o
- T SRS eI D e
| S e st o e e ol
e e e e e R
S
B e L e -
R S et EEEEEY SeCnnt L At Sh Fof bk

~ ~ R z- momentum cells L' x N
. ’ ' + —tt
: : : < : : :
I 1 1 i 1 | 1
G : c : A/ |
-

; A{B i \'I: i A/B

e [ [ ]

& b - b '
o L - ) h
1 | 8 A L

o  J & . 2 <

Figure A.14 Grids for the z-momentum discretisation equations in the layered packaging
systems (the capital letters indicate the types of z-momentum, which are explained in
Table A.7)

Table A.7 Types of z-momentum cells in layered packaging systems.

Type | Location Transport equations

A Next to package walls | ¢  One-dimensional momentum equation (Equation 4.17)
B At the comers of package | @  One-dimensional momentum equation (Equation 4.17)
C Other places e Velocity component at z-axis is set to zero
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* Z-momentum discretisation equations for z-momentum cells along the package

walls

As shown in Figure A.15, the z-momentum cell along the west package wall was
divided into two parts, the narrow part next to the wall contains the gap between
package wall and tray end, and the other part has zero velocity on the boundary.

Therefore discretisation equation was derived from the narrow part.

LT
L.

H-w\\ ; E

e - & &
o Sy =
pomusCen'h'a\ & -1 R f

= Ry N\ \ Narrow part of z-

P-w— l\ﬁ : \ ‘ moment cell  for
s i : -—Air-flolw along: deriving discretisation
:_'__;.::t—':i— —package height equation

e (=i
x : ‘ i

Figure A.15 Treatment of the z-momentum cells next to package walls in layered

packages

Integrating Equations 4.17 over the narrow part of the z-momentum cell, the

coefficients and source terms in z-momentum discretisation equation were derived:

e py =0 (A.107)

Ay p_ =0 (A.108)

Oy pory = ————(2 ~2, W, (A.109)
Ynow = Voow

Qs py =——F (2~ 21 W g (A.110)
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: pawP—w + paWH—w H
a =| min 30 - n-w = Js-w W ap-w
wH-P-w ( ( 2 ) ZH__W _ zP-w })/ y ) SAp

(A.111)

+
aWL_P.—w = (_. max( pawL‘w pa wP-—w ,OJ"' . :u } e _yx—w)Wgap——w
P-w

2 -z,
(A.112)
u 4
A pp-w="| Vp-p-w Aw—w+awS-—P~w+awN~P—wMAE“W+aWH-P-W
P-w ™ Xw-w K oew "X pory
2 3
#¢gap Fgap¢gap pa|
+ X + K 1WP-W’ Zh-w"Zw Xyn-w—ys——w )Wgap——w
gap &ap
(A.113)
Sw—P—w = deI~P-w + deh—P—w (Al 14)
s
w. + 2w, z -z z —-Z
. pa Pew 2100 H-w [ H-w A—w wp_.w + h-w P-w wﬁ-w +
zh'- - ZP- zh'—-w - zP-—w
dek~P-w = " " A= 'ys~ngap—w
ma;{ paw}’-w + pawH~w ,0 }VP-W + nun[ PWpoy t PaWho ’0 }VH‘—W
2 2
"
(A.115)
,
PaWi_w -; PaWp_w [Zr-w ~Ziw Wp, + Zp-w " Z1-w W |-
Zpw 21w Zpw T ZLw
def—P-w = n-w Y s-w )Wgap~w

+ +
mlﬂ( pa wL—w 2 pa wP-w ,0 }Vp__w _ max[pawwa 2 pa wP—w ,O }VL_W

.

(A.116)
where:
Weap-w = width of gap between package west wall and tray end (m).
Poap = porosity in the near wall region (~=0.9).
Kgap = permeability calculated from g,y (m?).

Feap = Forcheimer coefficient calculated from ¢
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Similar schemes were used to derive the z-momentum discretisation equations for z-

momentum cells along the east, north, and south package walls

e Z-momentum discretisation equations for z-momentum cells at package

corners

As shown in Figure A.16, the z-momentum cell at the west-south package corner has
two narrow parts with one along the west wall, and the other along the south wall. To
simplify the derivation of the discretisation equation, for momentum fluxes on horizontal
directions, only the diffusion along package walls was considered. Therefore the

following coefficients and source terms were derived as follows:

& wgap-s
i R H y i
NI i Z-momentum fluxes from
B ;’: ' vertical  surfaces  are
) £ o
' /// Narrow parts of z-
i moment cell for
E deriving discretisation
- gy Py equation

L & e B B W

Figure A.16 Treatment of the z-momentum cell at west-south package corner in layered

packages
ap,=0 (A.117)
Ay p =0 (A.118)

awawa = O (A l 19)

-0 (A.120)
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Aot poy = (mm( Pa¥pow T PaWu-y ,0}— £ }(ynmw Ys-w )ngp—-w + (xe——w “Xypew )Wgap—.v )
2 zH-w —Zp_w

(A.121)

A, _pw= ("‘ max[ pa Uz ‘ pawp—‘w 90]" = }(yn—w “Vsow )Wgap—w + (xeww X )Wgap—-s)
2 z}’-—-w - ZL-W

(A.122)
8 ppe™ 7| Cropow __#_ Aw—w __ﬁm A.r-w + Aoy pow
Pow " X Yo =™ Voow
2 3
He FopPea Pa
+ KS“P +~4 P{ =i pr..wl Zhw " Ziow X(yﬂ—w Viw )Wgap-w + (xe—w X y-w )Wgap—y)
gap Kgap
(A.123)
Sepon = Spu—pow ¥ Sup-pw (A.124)

w.""-w

AN
PaWe_ 10, WH-W(ZH-W'*ZI!-—W + Zpw Zpy w
H-w
Z Lz;f—w_zp ZHw"Zpow

—W

S ph-p o (A.125)
ma.{ pa wﬁ'«—w ;pu wH—w ,ijp_w"’mfn( pa w.P—w;pu wh’ﬂw ’0}0”_“‘

((yn—w st Wgwp-—w +(xe-w T pop—3 )

N
Pa¥iwtPoWpow ( ZiwZi-w  Zpw T
W, W,
2 ¥ -

LZ.P—-W =2 w 2o T

S tutpew (A.126)
min( Pe W;_““.‘;‘,Oa Yeow 0 }Vp-w —max( PeWiow™ Lo Wpon 0 }‘ﬁ.-w

2

s

(CHSTIN 2N R

where:

Weaps = width of gap between package south wall and tray end (m).

Similar schemes were used to derive the z-momentum discretisation equations for z-

momentum cells at other corners.



Appendix A Derivation of Discretisation Equations 247

A 2.5 Pressure correction and pressure discretisation equations

o Types of scalar cells in terms of pressure correction and pressure discretisation

equation

There are seven types of scalar cells in terms of pressure correction and pressure, which
are summarised in Figure A.17 and Table A.8. . For each type of scalar cell, a set of
expressions was derived for the coefficients and source terms in pressure correction and
pressure discretisation equations (Equations A 4-A.S).

scalar cell T_. x
BE LTI aIis f SEEEEy SRR > HI— i RS "-T-----l----»-!--H-- ----- { ST
| AR SR, BER A S AR I | 1 T, i
" H H
€ Sosarfinsin  DODSS S0  Saned Des S SR -Chitc +-1-- g-i-fest-C
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Figure A.17 Grids for the pressure correction and pressure discretisation equations in
the layered packaging systems (the capital letters indicate the types of scalar cells in

terms of pressure correction and pressure, which are explained in Table A.8)

e Pressure correction and pressure discretisation equations for scalar cells in the

middle of produce-air regions

The pressure correction and pressure discretisation equations for scalar cells in the
middle of air-produce region in layered packaging systems are the same as that in bulk
package, except that no pressure and velocity corrections are needed for low and high

nodes:
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Table A.8 Types of scalar cells in terms of pressure correction and pressure

Type | Location Transport equations
A Middle of produce-air regions e Volume-averaged continuity  equation
(Equation 4.14)

B In produce-air regions and next to | ¢ Volume-averaged continuity ~ equation
west, east, south, and north package (Equation 4.14)
walls with vents

C In produce-air regions and next to | ¢ Volume-averaged continuity  equation
west, east, south, and north package (Equation4.14)
walls without vents

D In west, east, south, north package | @ One-dimensional continuity equation
walls with fixed-velocity vents (Equation 4.1a and 41.b)

Fixed-velocity boundary conditions

E In west, east, south, north package | @ No pressure or pressure correction equation
walls with fixed-pressure vents is needed

19 In vented west/east/south /north | @ One-dimensional continuity equation
package wall next to another vented (Equation4.1a and 4.1b)
package wall

G In trays with gaps between tray | @ One-dimensional continuity equation
edges and package walls (Equation 4.15)

H In west, east, south, north bottom, | @ No pressure or pressure correction equation
top package walls without vents is needed
and trays

apH—P-:caIar =0 (A127)

apL—P—scalar =0 (A 1 28)

2 2
p a ¢w—:calar ¢P—scalar A w-scalar p a¢e—.\'calar ¢P—:calar Ae-.\'calar
a pP~P-scalar = + +

, auP—W—u auP—P-u (A129)

2
p a ¢.\' —scalar ¢P—:calar s—scalar_ o p a ¢n-.rcalar ¢P—.\'calar A n-scalar

Ayp-s-v Ayp_p-y

e Pressure and pressure correction discretisation equations for scalar cells in

produce-air region and along the package walls

As shown in Figure A.18, the velocity correction equation at west surface of the scalar

cell was derived from x-momentum discretisation equation:

u corrected (_¢P—.\'calar Ap P-scalar + Ap W ~scalar )¢W -scalar Aw—:calar ( A l 3 O)

W-u Uy, t
auP—W—u
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Figure 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.

The velocity correction equations at low and high surfaces of the scalar cell were

derived from z-momentum discretisation equations:

M'(:arre(:!ed w + (AI)P—.\'calar - A[) H -scalar )(y n=w, Y s-w )}Vgap—w

e =W, (A.131)
awP~P—w
wcorrecred —w + (_ApP—scalar EX Ap[.—scalar )(yn—w _ys—w )’Vgap-- w (A ]32)
L-w — WiL-w :
awP L-w
Equation (A.63) was modified to account for the vent and gap structure:
., corrected corrected corrected
)0 a ¢c— scm‘arAe—scalarl P-u - p a ¢ii"—st:ﬂ.’ﬂrAw«scalar”W -u + )0 a ¢n—sca}arAn—scalar P-v -
corrected corrected corrected _
pa¢s--scm‘drAs scalarvS—v + pa (yn—w _ys—w )/Vgap—-wafw - pa (yn w _ys—w Wgap—wwL—w
(A.133)

Consequently, the following modified coefficients and source term were employed:

2 2
A
apw_p_sca[a, — pa¢W;;calar w-scalar (A 1 34)
uP-W —-u
_ S
apoPfscalar == £ (y"_“’ yS_W) £ (A 1 35)

awP—L—w
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- Sy
a =_aoa(yn—w yS‘-'W) sap—w (A'136)

pH-P-scalar
a wP—P-w

2 2
+ p uéﬁ’—scafar ¢P—scaiar Anhsmfar +

a pP-P-scalar =-a pL-P-scalar — a pH - P-scalar

Aup-W-u
2 2 2
p a ¢e~scalar¢P-scalar Ae—scalar + p a ¢s——scal ar ¢P—sca:‘ar As—scalar + P a ¢n —scalar ¢P-—scalar A n—scalar

Qup-pP-u Aup-s-v Qvp_p-y

(A.137)

SAp—P—scalar= pa WL-W (yn-—w _ys~w )W -w pa WP—w (yn—w _ys—w )Wgap—w + pa¢W—sca{aruW—u Aw»scalar

- p a ¢e-scalar u P-u Ae—scalar + p a ¢s —-scalar vS -v Ax-scalat - p a ¢n -scalarvP—v An—scalar

(A.138)

- pressure _ _ pressure (y _ ) pressure _
Sp—P—scalar“ pa wL-w (yn-—w ys~w )Wgap-w pa wP—w n-w ys—w Wgap—w + toa ¢W—.¢can’aruW—u A%.tcolar

pressure pressure _ pressure
P a ¢e~s¢afaru P-u Ae—scalar + P a ¢s —sealgr Vs v A.\'—scalar Py ¢ﬂu,ccan’ar Voo, An

-scalar

(A.139)
Other coefficients were calculated with Equations (A.64) and (A.66)-(A.67).

Similar schemes were used to derive the pressure correction and pressute discretisation

equations for scalar cells along other surfaces and at package corners.

e Pressure and pressure correction discretisation equations in the scalar cells in

package walls and trays

The pressure correction and pressure discretisation equations in these types of scalar
cells for layered packaging systems are the same as that for the bulk packaging systems.
Particularly for the scalar cells in trays containing the gaps between walls and tray

edges, the same treasment for the vents in package walls was employed.

e Pressure and pressure correction discretisation equations in the scalar cells in

package walls and trays

The pressure correction and pressure discretisation equations in these types of scalar
cells for layered packaging systems are the same as that for the bulk packaging systems.
Particularly for the scalar cells in ways containing the gaps between walls and tray

edges, the same treatment for the vents in package walls was employed.
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A.3 Discretisation Equations for PDEs in the Heat Transfer Model for the Bulk
Packaging Systems

A.3.1 Numerical Schemes

The PDEs for energy conservation of air and solid (produce and packaging materials)
were discretised in the same way as for deriving the momentum discretisation equations
outlined in previous sections. The same conventions were employed to represent the
quantities in the calculation domains. The energy discretisation equations were derived
over scalar cells. As the energy equations are to be solved based on the results of the
solved velocity field, the velocity components on the surface centres of the scalar cells are

treated as lanown.

e Discretisation equations

In general, for each scalar cell in bulk package two discretisation energy equations were

derived:

1) Solid energy discretisation equation was derived from the energy conservation
equation for package walls in solid region (Equation 5.2) or the volume-averaged

energy conservation equation for produce in produce-air region (Equation 5.4):

current current rrent current
aTsL-P—scaIarrw-L-scdar + aTsW—P—scalarTs—W—scalar + aTZvS‘P-scaJarTs-S—scalar + aTsP—P—scalarT;—P—scalar +

current rrent current -
aTsN— P-scalar” s—N-scalar + aTkE—P—sCalarT;-E—scalar + aTsH —P-scalar TS—H —-scalar — STs—P—scalar

(A.140)
where:
T = solid temperature (K).
arse = coefficient in solid energy discretisation equation for east node (W K™).
arw = coefficient in solid energy discretisation equation for west node (W K.
ansy = coefficient in solid energy discretisation equation for north node (W K™).
ars = coefficient in solid energy discretisation equation for south node (W K™).
ary = coefficient in solid energy discretisation equation for high node (W K™').
ar;, = coefficient in solid energy discretisation equation for low node (W K.

arp = coefficient in solid energy discretisation equation for current node (W K™).
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STs source terin for solid energy discretisation equation (W).
The number of algebraic equations in the system of solid energy discretisation equations

is equal to the number of scalar cells.

2) Air energy discretisation equation that was derived from the energy conservation
equation for air in vents (Equations 5.1a & 5.1b) or the volume-averaged energy

conservation equation for air in produce-air region (Equation 5.3):

Arat—p-scatar Lavtooseatar + Oraw-p-scatar La-tp oscatar + Aras-p-scatar Ln--secatar + Agap—P-scalar La-hsealar * (A.141)
AraN—p-scatar LN <seatar + Oras-P-scatar Labseatar + Atati~p-scalarLa-Hscatar = STa-P-scalar

where:

T, = air temperature (K).

arEe = coefficient in air energy discretisation equation for east node (W K.
Araw = coefficient in air energy discretisation equation for west node (W K.
aray = coefficient in air energy discretisation equation for north node (W K™).
arss = coefficient in air energy discretisation equation for south node (W K™").
Tt = coefficient in air energy discretisation equation for high node (W K™).
ara, = coefficient in air energy discretisation equation for low node (W K™).
arsp = coefficient in air energy discretisation equation for current node (W K.
Sta = source terin for air energy discretisation equation (W).

For each scalar cell in produce-air region, as shown in Figure 6.13, a representative
produce item was divided into four sub-cells. For each sub-cell, a discretisation equation

was derived from the energy equation for produce item (Equation 5.5).

1) The produce item energy discretisation equation for sub-celll has the following form:

A1p1-subl T pa:mx + A, anl, pcleebnzt =S 1p-subl (A.142)
where:
Tpsubt = temperature of sub-celll of representative produce item (K).

Tp-sub2 = temperature of sub-cell2 of representative produce item (K).
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ATpl-subl = coefficient for produce temperature in sub-celll in produce item
energy discretisation for sub-celll (W K™!).

ATp2-subl = coefficient for produce temperature in sub-cell2 in produce item
energy discretisation for sub-celll (W K™).

STp-subl = source term in produce item energy discretisation for sub-celll

(W).

2) The produce item energy discretisation equation for sub-cell2 has the following form:

Apprsub], ,fl‘if,i’{‘ + Appsun ] pc:‘m"zt + g T ;f;rueb’g =S -sub2 (A.143)

where:

Tp-sub3 = temperature of sub-cell3 of representative produce item (K).

ATpl-sub2 = coefficient for produce temperature in sub-celll in produce item
energy discretisation for sub-cell2 (W K™).

ATp2-sub? = coefficient for produce temperature in sub-cell2 in produce item
energy discretisation for sub-cell2 (W K™).

ATp3-sub? = coefficient for produce temperature in sub-cell3 in produce item
energy discretisation for sub-cell2 (W K™).

S1p-sub2 = source term in produce item energy discretisation for sub-celi2

(W).

3) The produce item energy discretisation equation for sub-cell3 has the following form:

ApresussLpeentt + Pp-suts Tpoonss + Aptcsus Tt = Stpesuit (A.144)

where:

Ty subs = temperature of sub-cell4 of representative produce item (K).

QTp2-sub3 = coefficient for produce temperature in sub-cell2 in produce item
energy discretisation for sub-cell3 (W K™).

QTp3-sub3 = coefficient for produce temperature in sub-cell3 in produce item
energy discretisation for sub-cell3 (W K™).

ATp4-sub3 = coefficient for produce temperature in sub-cell4 in produce item

energy discretisation for sub-cell3 (W K™).
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Il

source term in produce-item energy discretisation for sub-cell3

(W).

ST p-sub3

4) The produce item energy discretisation equation for sub-cell3 has the following form:

Arps_supal :;;2"3' +Arpy gupal :::ZZ =87 suba (A.145)
where:
ATp3-subs™= coefficient for produce temperature in sub-cell3 in produce item
energy discretisation for sub-cell4 (W K™").
QTp3.5ub4= coeflicient for produce temperature in sub-cell4 in produce item
energy discretisation for sub-cell4 (W K™).
STp-subs = source term in produce item energy discretisation for sub-cell4

(W).

o Types of scalar cells in terms of derivation of energy discretisation equations

There are seven types of scalar cells in terms of derivation of energy discretisation

equations, which are summarised in Figure A.19 and Table A.9.

scalar cells
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Figure A.19 Grids for deriving the energy discretisation equations in the bulk packaging
systems (the capital letters indicate the types of scalar cells in terms of derivation of energy

discretisation equations, which are explained in Table A.9)
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Table A.9 Types of scalar cells in terms of derivation of energy discretisation equations

Type | Location Transport equations
A Middle of produce-air region e Volume-averaged energy equation for air
(Equation 5.3)
e Volume-averaged energy equation for
produce (Equation 5.4)
e Energy equation for single item of produce
(Equation 5.5)

B In produce-air region and next to | @ Volume-averaged energy equation for air
west, east, south, and north package (Equation 5.3)
walls with vents e Volume-averaged energy equation for

produce (Equation 5.4)
e Energy equation for single item of produce
(Equation 5.5)

C In produce-air region and next to | @ Volume-averaged energy equation for air
west, east, south, and north package (Equation 5.3)
walls without vents e Volume-averaged energy equation for

produce (Equation 5.4)
e Energy equation for single item of produce
(Equation 5.5)

D In west, east, south, north package | « One-dimensional energy conservation
walls with vents where airflow equation for air (Equation 5.1a and 5.1b)
enters package from outside | ¢ Energy conservation equation for package
environment walls (Equation 5.2)

E In west, east, south, north package | « One-dimensional energy conservation
walls with vents where airflow equation for air (Equation S.1a and 5.1b)
leaves package from outside | @ Energy conservation equation for package
environment walls (Equation 5.2)

F In west, east, south, north package | ¢ One-dimensional  energy  conservation
walls with vents where airflow equation for air (Equation 5.1a and 5.1b)
moves from one package to another | ¢ Energy conservation equation for package

walls (Equation 5.2)
G In west, east, south, north bottom, | @ Energy conservation equation for package

top package walls without vents

walls (Equation 5.2)

A.3.2 Energy Discretisation Equations for Scalar Cells in Produce-Air Region

e Energy discretisation equations for scalar cells in the middle of produce-air

region

(1) Air energy discretisation equation

Volume-averaged energy equation for air in bulk package (Equation 5.3) was presented in

following simplified form:
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ApgCL) , AptuCT,) , ApC,T,) , HpwC,T,) & [@K vk, ) e )
ax a dis ax

ot ox oy ox
_éi_((ﬂ(a +K; )%j‘%(((‘xa + de)%j=hlam(TPSurﬁce -T,)
(A.146)

where:

u = intrinsic phase average of air velocity component in the direction
of x-axis (ms™).

% = intrinsic phase average of air velocity component in the direction
of y-axis (ms').

w = intrinsic phase average of air velocity component in the direction
of z-axis (ms').

Ta = intrinsic phase average of air temperature (K).

TrSurface = produce surface temperature (K).

Pa = air density (kg m,,

Ca = air specific heat at constant pressure (J kg™ K},

K, = air thermal conductivity (W m’ K'l).

Kas = dispersion conductivity (W m™ K™,

)] = porosity.

Aap = specific interstitial surface area(m™).

h, = heat transfer coefficient between air and solid surface (W m2K™).

The air energy discretisation equation was derived by integrating Equation A.146 over a
scalar cell. The unsteady term was approximated with an implicit two time level scheme
(Patankar, 1980):

‘[ a(p a Wa T;z ) dV - Pa ¢P—scalarca VP-Scalar ( Tcurreru _ Told

) =a current _ S
a-P-scalar a-P-scalar} — “TaT-P-scalar* a-P-scalar TaT-P-scalar
v, ot At
P-scolar
(A.147)
_ p a ¢P-sca1ar Ca VP—scaIar ( A 1 48)

aTaT—P~scalar - At



Appendix A Derivation of Discretisation Equations 257

S Tar—P-scalar = pa¢P_mmrAfaVP_mmr' T, ao—l‘.{’-xcalar (A.149)
where:

arar = coefficient of time term in air energy discretisation equation (W K™).
14 = volume of scalar cell (m?).

At = time step (s).

Star = source term in air energy discretisation equation due to time

discretisation (W).

The convection, diffusion, and source terms were approximated using the same numerical
schemes for deriving the x-momentum discretisation equation (Section A.1.2). Combining
these treatments, and using the produce temperature in sub-celll to approximate surface
temperature, the coefficients and source term for air energy discretisation equation were

derived.

¢e-:calar K a + K

— 1 dis—e—scalar
aTaE—P—scalar - mln(pa CB ¢e-mr.l.laruP-u ’0) - e—scalar (A' l 50)
xE —scalar — xP—scalar

) K +K
— _ Yw-scalar"“a dis—w-scalar
Araw -pP-scalar = | ~ max(pa Ca ¢w—:mfar Uy _, 70) w-scalar

xP—.rcalar —-X W —~scalar

(A.151)

g n-sca rKa + K lis—n—scalar
aTaN—P—:calar = (mm(pa Ca ¢n-3ca£arv.°—v ’0) - ¢ la 4 : n-scalar (A 1 52)

y N-scalar — y P-scalar

¢ K +K,
— s—scalar"™ a dis—s—scalar
aTaS-P-.\'calar il max(pa Ca ¢3—scaiarv8—v ’O) - s—scalar (A l 53)
Yy P-scalar ~ Yy S-scalar
¢ K +K,
— 3 h-scalar “* a dis-h-scalar
aTaH—P-.\'calar - mln(pa Ca¢h—smfaer-w ’0) - h-scalar (A‘ 1 54)
4 H-scalar — z P-scalar
¢ K +K,
— I-scalar "™ a dis—I-scalar
aTaL-P-.rcalar it max(p a Ca ¢I—.rcalaer—w ’0) K I-scalar (A 1 5 5)
z P-scalar — 4 L-scalar
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a TaP-P-scalar — —(a Tal- P-scalar + aTaW—P—scalar + aTaS—T—ycalar + aTaN ~P-scalar + aTaE—P—scalar + aTaH—P—scalar )

+ aTaT P-scalar + h P-scalaraaPV -scalar

(A.156)

STa—P—scalar = S dTaw-P~scalar + SdTae-P—~scalar + SdTas—P-scalar + SdTan—P—xcalar ( Al 57)

+ SdTal—P-scalar + S dTah-P-scalar + S TaT - P-scalar + hl—P—scaIaraaPV scalar P-subl

X

xE—scaIar xc—scalar T 4 e—scalar
a~P-scalar ~

E-scalar —X P-scalar E-scalar % P-scalar
max(p a Ca ¢e—scalaru P-u 'O )T a-P—scaIarAe-scalar +mi n(p a Ca ¢e—scalar u P-u '0 )T a-E-scalar Ae—scalar
(A.158)

—X P—scalar T

a-E-scalar e—scalar +

SdTae—P—scalar p a C ¢e scalar u P-u

—X

xw—scalar —X W -scalar T X P-scalar
P—scalar
_—xW ~scalar P-scalar

w-scalar T

W -scalar w~scalar —

SdTaw—P—scaIar =p a Ca ¢w—sm£ar Uy _y

P-scalar —scalar

mln(p a C ¢w~:calar W-~u ’0 ) 7:1—P—scalar Aw~scalar _max(p a Ca ¢w—scalar u W-u 'O )Ta—W-xcalar Aw—scalar

(A.159)

Y N-scatar ~Y n-scaiar T L Yy n~scalar -y P-scalar
a—-P-scalar '
Y N-scatar =Y P-scatar Y N-scatar —Y P—scalar

max(p a Ca ¢n—xcalar vP—v 'O)T a-P-scalar An—scnlar +mi n(p a Ca ¢n—scalar vP—v '0 )I:J—N —~scalar An-:mlar

+

SdTan~P—scalar p a C ¢ —scalar P—v a-N-scalar n-scalar

(A.160)

S = C ¢ v Yy s—scalar_y S—scalar N Y P-scalar —) s—scalar _
dTas-P-scalar p a~ a¥ s—scalar ~ S-v a—-P-scalar * a-~S-scalar s—scalar

P-scalar -y S-scalar P-scaiar Vs ~scalar
mi n(p a C ¢:—scalar S~v 'O)T a-P-scalar A;—scalar _max(p a Ca ¢s—scalar vS-v 'O)Ta—S —scalar A s—scalar
(A.161)

=p C QS w zH—scalar ~Z h—scalar | Z p—scatar ~Z P-scalar T
dTah—P-scalar Pa at k-seatar  P-w a-P-scalar *
z H-scalar z P-scalar z H-scalar -z P-~scalar

max(p a Ca ¢h—:calar WP—w 'O)T a—P-scaiar Ah—scalar +min (p a Ca ¢h—scalar WP—w ’O)Ta—H —scalar Ah—scalar
(A.162)

S

+

H -scalar h-scatar
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V4 -2 V4 s
— I-scalar L-scalar & P-scalar I=scalar _
SdTaI—P—ycalar—p a Ca ¢-‘-.cm.fnr wb—w( T, a-~P-scalar + T, a-L-scalar }A[—scalar

z P-scalar -z L-scalar P-scalar ~‘-ZL —scalar

mln(p a Ca ¢l—scalar Wiw ’O)T a-P-scalar Al—scalar _max(p a Ca ¢l-scalar wL-w ’Oy‘a—L-scalar Al—scalar

(A.163)

where:

Ty subi = temperature of sub-celll of representative produce item (K).

SuTae = source term due to CDS deferred correction at east surface in air
energy discretisation equation (W).

SsTaw = source term due to CDS deferred correction at west surface in air
energy discretisation equation (W).

SuTan = source term due to CDS deferred correction at north surface in air
energy discretisation equation (W).

SsTas = source term due to CDS deferred correction at south surface in air
energy discretisation equation (W).

Satan = source term due to CDS deferred correction at high surface in air
energy discretisation equation (W).

Sstal = source term due to CDS deferred correction at low surface in air

energy discretisation equation (W).

(2) Solid energy discretisation equation

The volume-averaged energy equation for produce in bulk package (Equation 5.5) was

presented in following simplified form:

alp,C,-9T,) o T\ o o\ o or,
Py ‘a“x((l—pr P J—a[(l—ﬁf)Kp o )—g((l—’ﬁ)Kp . J

= —acphl (TPSMIface -Ta ) + (1 _¢)ppRP

(A.164)
where:
t = time(s).
Op = product density (kg m?).
Ts = intrinsic phase average of solid temperature (K).

K, = product thermal conductivity (W K*! m’l).
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G = product specific heat (J kg’ K™).

R, = product respiration heat (W kg'l).

@ = porosity.

Agp = specific interstitial surface area (m']).

h, = heat transfer coefficient between air and solid surface (W m? K™).

Applying the same numerical schemes used to derive the air energy discretisation
equation, the coefficients and source term for the solid discretisation equation were

derived:

1- K
aTxE =Pscolar == ( ¢e"<%’""') 2 Ae—sca}ar (A. 165)
X B - X p-

scalar scalar

(1 - ¢W“SCD id )K
@y psontar = = I (A.166)

x P-scalar X W ~scalar

1-
ArsN-P-scalar = ™" ( ¢n~mlﬂ' )Kp An—scahr (A'l 67)

Y —scalar Yy P-scalar

(l - ¢s——scnlar )K

A1y psonior = ™ Aot (A.168)
y P-scalar y S-scalmr

(1 ~ Bsearw JK

- h-scalar P

ArsH-P-scatar = ~ Apscatar (A.169)
2 H-scatar ~ 2 p--scalar

Ul
151 -p-scalar = e Aiﬂc.la,» (A- 1 70)

z P-scalar — z L-scalar

pa (I - ¢P—~.ECJJ&V k‘p v, —seafur
At

Arerpescalar =

(A.171)

S - p a (1 - ¢P—.rcuiar )Cp VP—sm!ar Tpfd

TsT=P-rcalar 5—P-yoofar
Ar

(A.172)
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aTSP—P—Scalar = —(aTvL—P-scalar + aTsW —P-scalar + aTsS-T—scalar + aTsN —P-scalar + aTIrE ~P-scalar + aTsH -P-scalar )

+ aTsT—P—scaIar

(A.173)

S 15 scatar =S 157 -P-scatar VPP —scatar @ apV p-scatar ( Ta-pscatar =T s 1O _catar )P o R pp_catarV p-seatar
(A.174)

where:

arr = coefficient of time term in solid energy discretisation equation (W K'l).

vV = volume of scalar cell (m’).

At = time step (s).

St = source term in solid energy discretisation equation caused by time

discretisation (W).
Tpsubi = temperature of sub-celll of representative produce item (K).

(3) Produce item energy discretisation equations

As shown in Figure 6.13, the produce item energy discretisation equation for sub-celll

was derived over sub-celll from the energy equation for produce item (Equation 5.5):

(25 -

1 8 ar 1 3 T
AJ [?E(Jg,r2 &")]ds:;j:“[;;é}-(*f(pr“j) =Vf(ppRp}l’v

¥t Lt bl
(A.175)
where:
Asubi = outer surface area of sub-celll (m?).
Asub2 = outer surface area of sub-cell2 (m?).
The unsteady term was approximated as follows:
a(ppcpTP) ppCpV L
y = (Tt =T ) (A.176)
V:.[,; [ A At p—subl p-subi
where:
Tp-subi = temperature of sub-celll of representative produce item (K).
Vsubt = volume of sub-celll (m>).
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At = time step (s).

The diffusion term on the outer surface of sub-celll (surface of produce item) was
calculated according to the convection heat transfer between air and produce item surface,
and the conduction heat transfer between the produce items in current scalar cell with the

produce items in neighbouring scalar cells:

1o, ,d,
- .[ 75.-(Kpr _&_) $ == Axubl (Ta—P—sca{ar - Tp—subl )hl—P—scaIar +

Anm!

aTsE ~P~scalar (Ts—E —scalar — I;—P—scalar ) - aTsW —P-scalar (Ts—P—xcalar - Tv—-W—scalar )

produce
V ( ) aTsN—P—scalar (‘T;—N —scalar T;—P—scalar )— aTsS-P-scalar (Tx—P-.\'calar - Ts—S —scalar )
p-scalar ¢P scalar (T -T )_ (T -T )
TsH—-P-scalar \* s—~H-scalar s—P-scalar a TsL—P-scalar \* s—P-scalar s—L-scalar
(A.177)
where:
Voroduce = volume of produce item (m3).

The diffusion term on the surface between sub-celll and sub-cell2 was approximated as

follows:
aT A K Tmrren.' Tmn'em

J '_!-2_ sub2 psubl p-subl ) (A. 1 78)
Ay r a {rsubl - subz)
where
Tpsubi = temperature of sub-celll of representative produce item (K).
Tp-sub2 = temperature of sub-cell2 of representative produce item (K).
Fsubl = radium of grid node in sub-celll (m).
Fsub2 = radium of grid node in sub-cell2 (m).

The source term was approximated using Equation 5.14:

.[(pPRP )jv = pp ( p~subl - 255. 35) Vsubl (A-179)

V.mbl
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where:

constant.

d = constant.

Based on the above analysis, the coefficients and source terms in the produce item

discretisation equation for sub-celll were derived:

w o Ak PGV (A.180)
Tl (rsub] - rsub?) At
A K, (A.181)

a - —
Tpl-sub2
(rsub] - rxubZ)

P

PrCoVan 1o
SW—J“’“ = pPC(TP‘S“bl - 25535}! Vsubl +$-Tpﬁ'ub] + Asubl (T —P—scalar -T —subl )ht-P-scalar -

V aTsE —P—scalar (T s—E-scalar IL—P—scalar ) - aTsW —P-scalar (TS—P—sr:alar - Ts—W—scaIar )
ot (T T o)~ T T as)
(1 _ ) A 1sN-P-scalar Ts-N-scalar T;-P-scalar A 15§ P—scalar T;-P-scalar T;-S-scalar
¢P— scolar

14

p-scalar ( _ ) _ ( _ )
TsH-P-scalar T s—H-scalar T s—P-scalar aTsL—F—scalar T s—P-scalar I‘s—L—scaIar

(A.182)

As long as the time step and sub-cells are set, the coefficients are decided, so there is no

need to update the coefficients during calculation.

The same numerical schemes were applied to derive produce-item energy discretisation

equations for other sub-cells.

e Energy discretisation equations for scalar cells in the produce-air region and

next to a package wall with vent

As shown in Figure A.20, the scalar cell next to west package wall with vent is the same
as the scalar cells in the middle of produce regions apart from derivation of the

coefficients for the west node.
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Figure A.20 Treatment of scalar cell next to west package wall with vent for deriving

energy discretisation equations
(1) Air energy discretisation equation

At the interface between plain air region and produce-air region, the porosity was set as
one for maintaining mass and energy conservation similar to the treatment for momentum
and pressure discretisation equations. Therefore for the scalar cell next to west package
wall with vent, the energy flux at west surface from plain air region to the air in produce-

air region was calculated as follows:

| (paswcafa—( a+Km)%E"“}’S=

w-3scalar

current : current
ma)ipa CauW-u ’O) a—W-scalar + mm(pa CauW-u ’O) a-P-scalar (A 183 )
current current
Ka ( a—P-scalar —_ Ta-—W—scalar) s-:‘afar¢W —xcalar

Xp_scalar ~ XW-scalar

A
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The energy flux at west surface from package wall into the air in the scalar cell was

calculated using Equation (5.19):

Qpack—air = hl—P—scalar (Tst—.\'calar - Tacf;’r—e:(i‘alar )(1 - ¢W —~scalar )Aw—scalar (A 1 84)
Based on the above analysis, the coefficients were modified as follows:
K a
aTaW—P-scalar =1 - maX(PaCauw-u ,0) - wescatar ¢W-sca.*ar (A 1 85)
P-scalar — x W—scalar

aTzzP—P—.vclear'= '—(aTaL—P—scaIar + aTaW—P—saaIar + aTaS—T—smlar + aTaN—P—scaIar + aTaE—P—scalar + aTaH —P-scalar )

+ aTaT—P-scaIar + hl—P—scalaraaP Vp-soalar +h t—P-scalar (1 - ¢W—scalar )Aw—scalar
(A.186)
STa-P-scalar = S:!I‘ a -P-scalar + SdTae—P—scalar + SdTas—P—scalar + SdTau—P—scalar + S dTal-P-scalar + S dTah-P-scalar +

S TaT-P-scalar + hl—P—scaIar a aP Vp—scalar T p—subl+h t-P-scalar T, s—W-scalar (1 - ¢W—sca/ar )A -scalar

(A.187)
The same method was applied for the scalar cells next to other package walls.
(2) Solid energy discretisation equation
For the scalar cell next to west package wall with vent, the energy flux at west surface to
the solid (produce) in the scalar cell was zero since the heat transfer between produce and

package walls was assumed negligible. Therefore the coefficient for west grid node was

set to zero.
Araw -p-scatar =0 (A.188)

The same method was applied for the scalar cells next to other package walls.
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(3) Produce item energy discretisation equations

Since the coefficient for west node was set to zero, the produce item energy discretisation
equations for the scalar cell in the middle of produce-air region are equally applicable and

can be used.

o Energy discretisation equations for scalar cells in the produce-air region and

next to a package wall without vent

Since the porosity of the cells in package walls without vent was set to zero, all
discretisation equations derived in the previous section were used (@w.scaiar in these

equations is 0).

A.3.3 Energy Discretisation Equations for Scalar Cells in Package Walls

o Energy discretisation equations for scalar cells on package walls with vents

where airflow moves from one package to another

(1) Air energy discretisation equation

As shown in Figure A.21, the middle part of the scale cell, which contains the vent in east
package wall, was used to derive air energy discretisation equation from the one-
dimensional energy conservation equation for air (Equation 5.1a). The energy flux
between plain air region and produce-air region at the west surface was discussed in
Section A.3.2 (Equation A.183). The energy fluxes form south, north, top, and bottom

surfaces of the vent were ignored.

The air energy flux at the east surface was derived from the one-dimensional air energy

conservation equation (Equation 5.1a):

K ( CUTrent Tcurrenl '¢
al” a~E-scalar a-P-scalar e—scalar?” P-scalar

X E-scalar — %, P-scalar

current : current
} mp o CauP—u ’0) a-P-scalar + mlr(p ] Ca uP—u ’0)];—5 —scalar
S =

J [paucan &, %
Aeﬂcalnr &

(A.189)
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Figure A .21 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.

Based on the above analysis, the coefficients in air energy discretisation equation were

derived:

AroE-P-scalar = (min (Pa Cup, ,O) - XE_MIWK_GXP -y )Ae_m,a,(lﬁp_jca,a, (A.190)
Aoty —p—scalar = (— max(p,C iy ,.0)— — T Ii axw — j Ay cior®Pe coaar (A191)
Araryp-scatar = 0 (A.192)
Ars-p-scatar = 0 (A.193)
Aratip-scatar =0 (A.194)
Arat—p-scatar = 0 (A.195)
Ay ooy = PaBp-scatar CaV p-scatar (A.196)

At
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A 10p-P-scalar = Vraw —-P—-scalar + ATaE—P—scatar + A TaT—P-scatar (A.197)

a¢ —sealar CaV —sealdr o
S rur—peseay = L v Posealar ol e (A.198)
STa—P—scalar = STaT—P—xcalar (A‘199)

(2) Solid energy discretisation equations

As shown in Figure A.21, to avoid dealing with the complicated geometry of the solid
part around the vent, the scalar cell was treated as a complete solid region while
approximating heat conduction between neighbouring cells. The solid temperature was

calculated at the imaginary grid node.

The heat transfer between the solid part of scalar cell in a package wall and the air and
produce in produce-air region was discussed earlier in Section A.4.2 (Equation A.184 and

Equation A.188).

Based on the above analysis, the coefficients and source terms for solid discretisation

equation in package wall were derived:

K
aTsE —P-scalar = £ Ae—scalar (1 - ¢P—.\‘calar ) (A.ZOO)

x E-scalar ~ x P-scalar

A Lsw - p-scalar = 0 (A201)

=— £, A A.202
aTsN—P—scalar - seaiar ( . 0 )

Yy N-scalar ~— Yy P-scalar

a =~ K, A A203
TsS—-P-scalar — ( . )

s—scalar
y P-scalar Yy S-scalar
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K
F
aTxH—P—scalar == Ah—scalar (A204)
z H-scalar — z P-scalar
K
— P
Ars1-P-scalar — — AI—xcalar (A205)
z P-scalar ~ z L-scalar
_ P a (1 - ¢P—:calar )Cp VP—scalar ( A20 6)
aT.\'T—P-.\'calar - At J
_ Pa (1 - ¢P—xcalar )CpVP—xcalar old ( A 207)
S TsT-P-scalar — At s—P-scalar :

aTsP—P-.\'calar = —(aTsL-P-scalar + aTxW—P-xcalar + a?}S-T—xcalar + aTxN-P-.rcalar + aTxE —P-scalar + aTsH —P-scalar )

+ a7 poscatar T ht—W —scalar (1 - ¢P—scalar )AW—scaIar

(A.208)

S Ts—P-scalar — S TsT-P-scalar + hl—P—scaIar Aw—xcalar T a-W-scalar (1 —¢ P-—scalar) ( A209)

This same method was employed to derive the air and solid discretisation equations for
the scalar cells in other vented package walls that are adjacent to a vented wall in another

package.

e Energy discretisation equations for scalar cells in package walls with vents where

airflow enters package from outside environment

As shown in Figure A.22, the same methods described in the previous section were
employed to derive the solid energy discretisation equation for the scalar cells in package
walls where air enters package. In this scenario there is no need for the air energy
discretisation equation, as the temperature at grid node was simply set as the temperature
of air entering package according to the boundary condition outlined in Chapter 5

(Equation 5.16).

T (A.210)

a—P-scalar — * a-enter
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Figure A.22 Treatment of the scalar cell in a vented west wall where air enters the package

where:
I = temperature of air entering a vent (K).
e Energy discretisation equations for scalar cells in package walls with vents where

airflow leaves package to outside environment

As shown in Figure A.23, the same methods described in the previous section were
employed to derive solid energy discretisation equation for the scalar cells in package walls

where air enters package.

Similarly there is no need for the air energy discretisation equation, as the temperature at
grid node was simply set as the temperature of down stream airflow according to the

boundary condition outlined in Chapter S (Equation 5.17):

~ (A211)

a-P-scalar — * a-E-scalat
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Figure A .23 Treatment of the scalar cell in a vented west wall where air leaves the package

e Energy discretisation equations for scalar cells in package walls without vents

The solid energy discretisation equations for this type of scalar cells were treated as special
cases of that for the scalar cells in package walls with vents, while the porosity was set to
zero. Therefore, there is no need for the air energy discretisation equation for the scalar

cells in package walls without vents.

A.4 Discretisation Equations for PDEs in the Heat Transfer Model for Layered

Packaging Systems

A.4.1 Numerical Schemes

e Discretisation equations

In general, for each scalar cell in layered package two discretisation energy equations were

derived.

1) Solid energy discretisation equation was derived from the energy conservation

equation for package walls in solid region (Equation 5.2). The solid energy
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discretisation equations for layered packages have the same form as that for bulk
packages (Equation A.140).

2) Air energy discretisation equation was derived from the energy conservation equation
for air in vents (Equations S.1a and 5.1b) or the volume-averaged energy conservation
equation for air in produce-air region (Equations 5.22). The air energy discretisation
equations for layered packages have the same form as that for bulk packages (Equation

A.141).
Similar to bulk packages, for each scalar cell in produce-air region, a representative
produce item was divided into four sub-cells. For each sub-cell, a discretisation equation
was derived from the energy equation for produce item (Equations A.142-A.145).

¢ Types of scalar cells in terms of derivation of energy discretisation equations

There are seven types of scalar cells in terms of derivation of the energy discretisation

equations, which are summarised in Figure A.24 and Table A. 10.

z
scalar cell T_'x
- . s Gk e G ) | SpTm———— 35 S S e TS S
ey ., ...... AR RN M 4ennes -,.f_‘.. ol -4 ,' ........... S 11
o el H
C e g Rt e o ARG $-C U C -~ fimc-eee s teC B
Y T e e I . T s s S e T s i v Bi-| b/E
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; H , H
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TGO CIRT T CTIITIDCI I DO HGEIIDCTITTICITTIG6H
ettt H o T T S S | S

Figure A.24 Grids for deriving the energy discretisation equations in layered packaging
systems (the capital letters indicate the types of scalar cells in terms of derivation of the

energy discretisation equations, which are explained in Table A.10)
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Table A.10 Types of scalar cells in terins of derivation of energy discretisation equations
in layered packaging systems

Type | Location Transport equations
A Middle of produce-air regions e Volume-averaged energy equation for air
(Equation 5.22)
e Energy equation for single item of produce
{Equation 5.5)
B In produce-air regions and next | ¢ Volume-averaged energy equation for air
to west, east, south, and north (Equation 5.22)
package walls with vents e Energy equation for single item of produce
(Equation 5.5)
C In produce-air regions and next | ¢ Volume-averaged energy equation for air
to west, east, south, and north (Equation 5.22)
package walls without vents e Energy equation for single item of produce
{Equation 5.5)
D In west, east, south, north |e One-dimensional energy conservation equation
package walls with fixed- for air (Equation 5.1a and 5.1b)
velocity vents e Energy conservation equation for package walls
(Equation 5.2)
E In west, east, south, north |e One-dimensional energy conservation equation
package walls with fixed- for air (Equation 5.1a and 5.1b)
pressure vents e Energy conservation equation for package walls
(Equation 5.2)
F In vented west/east/south /north | ¢ One-dimensional energy conservation equation
package wall next to another for air (Equation 5.1a and 5.1b)
vented package wall e Energy conservation equation for package walls
{Equation 5.2)
G In trays with gaps between tray | ¢ One-dimensional energy conservation equation
edges and package walls for air (Equation 5.21)
e Energy conservation equation for package walls
(Equation 5.2)
H In trays and package walls | @ Energy conservation equation for package walls

without vents and trays

(Equation 5.2)

A.4.2 Energy Discretisation Equations for Scalar Cells in Produce-Air Regions

e Energy discretisation equations for scalar cells in the middle of produce-air

regions

(1) Air energy discretisation equation

The air energy discretisation equations for scalar cells in air-produce regions for layered

packaging systems are very similar to that for the bulk packaging systems. However, the

main difference is that the energy flux on the low and high surfaces of the cells in the

layered packaging system are only caused by heat transfer between trays and air as shown

in Figure A.25.
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Figure A 25 Heat transfer within the scalar cell in produce-air region

r

O _ T Tcurrem (1 —¢P scalar )L P scalarAbotlom—tra_v—alr
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(A.212)

() o h T __ Tcurrent (l - ¢P scalar )L‘P scaIarAlop tray-air
~ h-scalar — 1—P—scalar( s—H —scalar a—P—scaIar)

produce
(A.213)
where:
o = energy flux entering scalar cell at a surface (W).
Atop-tray-air - area of top tray portion exposed to air per produce item (m?).

Abottom-tray-air = area of bottom tray portion exposed to air per produce item (m?).

12, 2 - produce item volume (m3).

The coefficients for low and high nodes in the discretisation equations were modified, and

the items for low and high nodes in source terms of discretisation equations were set to

Zero:
aTaH—P-scalar = 0 (A 2 1 4)
aTaL—P—scaIar = 0 (A 2 l 5)
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a TaP-P-scalar — —(aTaW - P-scalar + aTaS -T-scalar + aTaN —-P-scalar + aTaE -P-scaular )

h (1 - ¢P—scalar )VP—scaiar A produce-air h (l - ¢P—scalar )VP—.\'calar Abotnm—lray~air
+ aTaT-P—scaIar + t-P-scalar % t—P-scalar
preduce produce
h (l - ¢i’—scalar )VP—scm'ar Aup—rmy-azr
1-P-scalar %4
prodice
(A.216)

STa—P—sealar = SdTaw—'P—scalar + SdTac—P—scalar +S dTas—-P-scalar +8 dTan-P-scalar

S T h (l - ¢P—scalar )VP——scafcr A produce-air +

+ TaT -P-scalar + PSurface—P-scalar *°t-P~scalar %
produce

2 T (1 - ¢P—scalar )VP~scalarAbtmom-1r-y-air (A2 1 7)

t~P-scatar * s—L-scalar 1% +

produce

h T (1 - ¢P—xcalar )VP—scaI(tr A:op—rray -air

t-P-scalar * s—h-scalar V

produce

where:
Aproduce-air = area of produce item surface portion exposed to air (m?).

Other coefficients and terms in Equations A.217-6.218 were calculated with the
coefficient expressions for bulk packages (Equations A.150-A.163).

(2) Produce item discretisation equations

The energy fluxes entering to the surface of produce item consist of energy fluxes from

air, top tray, and bottom tray, which were approximated as follows:

Quir-pmduue = ht—P—.rmhr (Tu-—L-—sm.‘.ar - Tp-.rub'| )Aprm'fumvair (A'z 18)
current
Q - dsubl + d:my \z(Ts—H-«scalar - sublm )Alop—lray—produce
top-tray— produce tray r
dsubl + dtray dsub! + dtray J dsub! + d:m'y
(A.219)
current
Q — dsubl dtrd}' K \2(];-!‘—.«:(1!” T Lsubl )A!mtlom—-lray-»pmduce
top—tray—produce d

tray P
i + dtray d 1 + dtmy J dsubl + d:ray

(A.220)

sub sub!



Appendix A Derivation of Discretisation Equations 276

where:

Qair-produce = energy flux from air to representative produce item(W).

Qrop-tray-produce = energy flux from top tray to representative produce
item(W).

Obottom-tray-produce = energy flux from bottom tray to representative produce
item(W).

A op-tray-produce = contactarea between top tray and representative produce
item (m2).

Abottom-tray-produce = contact area between bottom tray and representative
produce item (mP).

Kiray = tray thermal conductivity (W m’! K’l).

dsubl = thickness of sub-cells (m).

Airay = thickness of tray (m).

Based on the above considerations, the coefficient and source term in produce item

discretisation equation for sub-celll were modified as follows:

anﬂ = AsubZK F p P Cp subl + d bl K + drmy K \z(Anp—uy—pmduce + Abmmm—try—produce
i (rsubl - rsubz) At d.ﬂ.-bl + drmy ™ dsub} + drray 7 ) dsubl + dlray
(A.221)

PyCoVoan
S Tp-subl — Pp( —stubl 25535)4 subl “f”_u “ +Aw.‘:1(T

At p —subl —P-sealar Tp—subl )hr—P—.s'.-:a!ar -
dsnm + dﬂny K )Z(TS—H-rcafarAmp—rry—pmduce + ‘T;— —sca!arAboﬂam—ny-proa‘uce)
dsubl +d:m_v i d.mbl + dfmy g J dmbl + dm:y
(A.222)

Other coefficients and source terms in the produce-item discretisation equations were the

same as those for bulk packages.

e Energy discretisation equations for scalar cells in the produce-air region and

next to a package wall with vent

As shown in Figure A.26, for the scalar cell next to vented west package wall, energy flux

at low and high surfaces should account for the flux from the gaps between package wall
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and tray edges. The energy flows from the gaps and vents in layered package walls were
treated in the same way as for the ones from vent in bulk package wall (Equation A.183).

Therefore the coefficients were modified as follows:

Ts - H-scalar

Energy fluxes

from gaps E
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edges and 4 top tray and produce :

packagf wall ]

W-scalar
ol B BN 4...... 0°

hﬁ bottom tray and air
Heat transfer between |
bottom h-ayfy_d produce

.

Tn-l.-sular

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

deriving energy discretisation equations

K
— v a
aTaW—P—scalar - (— max(pa(’a"W—u 70) - Aw—scalar¢W—scaIar (A 223)
xP—scalar ~ W -scalar

. K,
aTa.’.-—P—scaIar = [_ max(pa( aw!,—w*o) = ; JAJ--,scafar¢L--s¢alar (A 224)

r —
“ P-scalar zL scalar

. § K
aTaH—P—scalar = [mln(pa(‘awf{w 70)_ . ]Ahscalar¢f{-scalar (A225)

b4 —Z
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A 1ap-P-scalar = —(aTaW —P-scalar + A1aS-T-scalar + AraN-P-scalar + Qrag-p-scatar +a TaL-P-scalar +a TaH - P-scalar )

(1 - ¢P—scalar )VP—sca[arAproduce—air (1 - ¢P-—scalar )VP—sca[ar Abutmm—lmy—air

+ aTaT—P—scalar + ht—P—scalar V + ht—P-xcalar V
produce produce
h (1 - ¢P—scalar )VP—scalar Alop-lray—air
+ t—P-scalar v
produce
(A.226)

Other coefficients and source term in the air energy discretisation equations for the scalar
cells next to vented package walls were the same as the ones for the scalar cells in the

middle of produce-air regions.

The produce item energy discretisation equations are the same as the ones for the scalar

cells in the middle of produce-air regions.

e Energy discretisation equations for scalar cells in the produce-air region and

next to a package wall without vent
Similar to the situation for bulk package, all discretisation equations derived in the
previous section are applicable and can be used when the porosity for the cells in package
walls was set to zero.
A.4.3 Energy Discretisation Equations for Scalar Cells in Package Walls
The air and solid discretisation equations in these types of scalar cells for layered
packaging systems are the same as the ones for the bulk packaging systems. Particularly
for the scalar cells in trays containing the gaps between walls and tray edges, the same
treatment for the vents in package walls were employed (see Section A.3).

A.5 Convergence criteria

The residual of x-momentum equation over a cell was defined as follows:

- current cwrrent current current current
Ry b = p UL + Ay p Uyl + Ay p sy + uppoply FAuy po D, T
current current
auE-P-qu-u + auH—P-uu H-u Su—P-u - (¢p-3ca."ar pP—sm!ar - ¢£v—sca.’ar pE—:ca.‘m-)Ae-u

(A227)
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where:

R, = residual of momentum at x-axis over a cell (kg ms™).

The whole field residual was defined as the norm of residuals in all cells:

R, field = ZR.f_,o_u (A.228)
P

where:

Rufield = whole field residual of momentum at x-axis (kg m s']).

The norm of difference between two successive iterations was defined as:

1 2
| = Dyt~ ) (A.229)
P

where:

n+l —_ . .
U scalar = Up-scalar calculated u at a x-momentum cell at n+1 iteration.
u ;_M,a, = Up-scalar Calculated u at a x-momentum cell at n iteration.
|Au” = normalised difference between two successive iterations.
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NOMENCLATURE

air dynamic viscosity (N s m?).

effective viscosity of fluid in porous medium (kg m™ s™).

quantity w of [ phase in porous medium.
spatial deviation of y.

quantity ¢ of [ phase in porous medium.
spatial deviation of ¢.

porosity.

free stream porosity.

estimated porosity of the vertical tunnel along package wall.

air density (kg m™).

bulk density of container packed with products (kg m™).
fluid density (kg m™).

product density (kg-m™).

packaging material density (kg m™).

solid density (kg m™).

pressure correction (N m™),

time step (s).

normalised difference between two successive iterations.

superficial average of y.

intrinsic phase average of .

intrinsic phase average of air pressure (N m™).

intrinsic phase average of air temperature (K).

intrinsic phase average of product temperature (K).
intrinsic phase average of air velocity component in the
direction of x-axis (ms™).

superficial velocity (m s™).

intrinsic phase average of air velocity component in the
direction of y-axis (ms™).

intrinsic phase average of air velocity component in the

. . . -1
direction of z-axis (ms™).
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Nomenclature 281

empirical constant.

empirical parameter.

cell surface area (m?).

interfacial area between f-phase and o-phase contained within
REV (m).

specific interstitial surface area (m™).

area of bottom tray portion éxposed to air per produce item
(m®).

contact area between bottom tray and representative produce
item (m?).

area of the cell (m?).

interfacial area between fluid phase and solid phase contained
within REV (m?).

coefficient in pressure correction discretisation equation for
east node.

exposed-to-air produce surface area per unit volume of air-
produce region (m™).

coefficient in pressure correction discretisation equation for
high node.

coefficient in pressure correction discretisation equation for
low node.

coefficient in pressure correction discretisation equation for
north node.

coefficient in pressure correction discretisation equation for
current node.

area of produce item surface portion exposed to air (m?).
coefficient in pressure correction discretisation equation for
south node.

coefficient in pressure correction discretisation equation for
west node.

specific surface area (m™).

outer surface area of sub-celll (m?).

coefficient in air energy discretisation equation for east node

(WK™).



ATaH

AraL

AaTaN

AaTap

aras

artar

ATaw

A top-tray-air

A top-tray-produce

ATpl-subl

A1pl-sub2

ATp2-subl

QATp2-sub2

QATp2-sub3

ATp3-sub2

ATp3-sub3

ATp3-sub4

Nomenclature 282

coefficient in air energy discretisation equation for high node
(WK™,

coefficient in air energy discretisation equation for low node
(WK™.

coefficient in air energy discretisation equation for north node
(WK™M.

coefficient in air energy discretisation equation for current node
(WK™.

coefficient in air energy discretisation equation for south node
(WK™,

coefficient of time term in air energy discretisation equation
(WK™.

coefficient in air energy discretisation equation for west node
(WK™M.

area of top tray portion exposed to air per produce item (m®).
contact area between top tray and representative produce item
(m?).

coefficient for produce temperature in sub-cell1 in produce
item energy discretisation for sub-celll (W K™).

coefficient for produce temperature in sub-celll in produce
item energy discretisation for sub-cell2 (W K ™).

coefficient for produce temperature in sub-cell2 in produce
item energy discretisation for sub-celll (W K™).

coefficient for produce temperature in sub-cell2 in produce
item energy discretisation for sub-cell2 (W K ™).

coefficient for produce temperature in sub-cell2 in produce
item energy discretisation for sub-cell3 (W K ™).

coefficient for produce temperature in sub-cell3 in produce
item energy discretisation for sub-cell2 (W K™).

coefficient for produce temperature in sub-cell3 in produce
item energy discretisation for sub-cell3 (W K™).

coefficient for produce temperature in sub-cell3 in produce

item energy discretisation for sub-cell4 (W K™').
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coefficient for produce temperature in sub-cell4 in produce
item energy discretisation for sub-cell4 (W K™).

coefficient for produce temperature in sub-cell4 in produce
item energy discretisation for sub-cell3 (W K™).

coefficient in solid energy discretisation equation for east node
(WK™.

coefficient in solid energy discretisation equation for high node
(WK™.

coefficient in solid energy discretisation equation for low node
(WK™.

coefficient in solid energy discretisation equation for north
node (W K.

coefficient in solid energy discretisation equation for current
node (W K.

coefficient in solid energy discretisation equation for south
node (W K.

coefficient of time term in solid energy discretisation equation
(WK™).

coefficient in solid energy discretisation equation for west node
(WK™).

coefficient in x-momentum discretisation equation for east
node.

coefficient in x-momentum discretisation equation for high
node.

coefficient in x-momentum discretisation equation for low
node.

coefficient in x-momentum discretisation equation for north
node. _
coefficient in x-momentum discretisation equation for current
node.

coefficient in x-momentum discretisation equation for south
node.

coefficient in x-momentum discretisation equation for west

node.
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ave = coefficient in y-momentum discretisation equation for east
node.

Avens = area of the vent portion in a cell (m?).

avy = coefficient in y-momentum discretisation equation for high
node.

ayr, = coefficient in y-momentum discretisation equation for low
node.

aw = coefficient in y-momentum discretisation equation for north
node.

avp = coefficient in y-momentum discretisation equation for current
node.

ays = coefficient in y-momentum discretisation equation for south
node.

ayw = coefficient in y-momentum discretisation equation for west
node.

awe = coefficient in z-momentum discretisation equation for east
node.

AwH = coefficient in z-momentum discretisation equation for high
node.

awL = coefficient in z-momentum discretisation equation for low
node.

awN = coefficient in z-momentum discretisation equation for north
node.

awp = coefficient in z-momentum discretisation equation for current
node.

aws = coefficient in z-momentum discretisation equation for south
node.

aww = coefficient in z-momentum discretisation equation for west
node.

B = body-force related to solid matrix (N m™).

b = empirical constant.

B = empirical parameter.

c = constant.

C, = air specific heat at constant pressure (J kg'l K.
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Clis = empirical constant (~ 0.2).

ceil = function that rounds a number toward plus infinity.

Ci = empirical parameter (~ 0.5).

Cp = fluid constant-pressure specific heat capacity (J K™ kg™).
G = product specific heat (J kg' K.

Coack = packaging material specific heat capacity (J K m™)

Cs = solid specific heat capacity (J kg’ K™).

G = empirical parameter (~ 0.1).

= constant tensor.

d = constant.

D* = constant tensor.

D ollest = estimated cell width (m).

deq = equivalent mean diameter (m).

d, = diameter of particles (m).

dsup1 = thickness of sub-cells (m).

D, = empirical constant.

Airay = thickness of tray (m).

F = Forcheimer coefficient.

Feap = Forcheimer coefficient calculated from ¢gqp.

g = gravitational constant (m 7).

Heen = height of global cell (dimension of cell along z-axis) (m).

he = surface heat transfer coefficient (W m? K™').

Hpack = height of package (dimension of package along z-axis) (m).

hss = interfacial heat transfer coefficient (J K™ m™).

hy = heat transfer coefficient between air and solid surface
(Wm?2K™).

Py our = heat transfer coefficient between outside airflow and package

walls (W m™ K ™).
I = second-order identity tensor.
K = permeability of porous medium (m?).
K, = air thermal conductivity (W m™ K™).
Kq = dispersion conductivity tensor (W K'm™.
Kis = dispersion conductivity (W K™ m™).

Ky = longitudinal dispersion conductivity (W K'! m").
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transverse dispersion conductivity (W K'mb).

effective thermal conductivity tensor (W K'm™.

fluid thermal conductivity (W K™* m™).

permeability calculated from ¢yap (m?).

product thermal conductivity (W-K'l m™).

packaging material thermal conductivity (W K' m™).
solid thermal conductivity (W m! K.

tray thermal conductivity (W m™ K).

dimensionless dispersion length.

length of global cell (dimension of package along x-axis) (m).
length of package (dimension of package along x-axis) (m).
function that finds the minimum among several variables.
total mass of products in the package (kg).

surface normal direction coordinate (m).

unit vector in direction of fluid superficial velocity.

unit normal vector pointing from f-phase to o-phase.
integer.

integer.

unit normal vector pointing from fruit phase to solid phase.
Nusselt number.

number of global cells along x-axis.

number of global cells along y-axis.

number of global cells along z-axis.

pressure (N m™).

Peclet number based on particle dimension.

value of pressure at the vent (N m'z).

Prandtl Number.

energy flux entering scalar cell at a surface (W).

heat flux from air to packaging material (W m™).

energy flux from air to representative produce item(W).
heat flux from air to tray (W m™).

energy flux from bottom tray to representative produce

item(W).
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Gout-pack = heat flux from outside airflow to packaging material (W m?).
q produce-air = heat flux from air to produce item (W m> ).

Orop-tray-produce = energy flux from top tray to representative produce item(W).
r = spatial variable along sphere radius (m).

Relt-produce = ratio between global cell horizontal dimension and produce

equivalent diameter (m).

Rey = Reynolds number.

Ry = product respiration heat (W kg™).

R, = residual of momentum at x-axis over a cell (kgm s™).

R pietd = whole field residual of momentum at x-axis (kg m s™).

S4p = source term for pressure correction discretisation equation (N).
SiTre = source term due to CDS deferred correction at east surface in

air energy discretisation equation (W).

Seran = source term due to CDS deferred correction at high surface in
air energy discretisation equation (W).

Sdtan = source term due to CDS deferred correction at north surface in
air energy discretisation equation (W).

Siue = source term due to CDS deferred correction at east surface in x
momentum discretisation equation (N).

St = source term due to CDS deferred correction at high surface in
x-momentum discretisation equation (N).

Sut = source term due to CDS deferred correction at low surface in x-
momentum discretisation equation (N).

Sun = source term due to CDS deferred correction at north surface in
x-momentum discretisation equation (N).

Seus = source term due to CDS deferred correction at south surface in
x-momentum discretisation equation (N).

S = source term due to CDS deferred correction at west surface in

x-momentum discretisation equation (N).

: 2
S, = mean surface area of produce item (m").
AW = source term for pressure discretisation equation (N).
SsTal = source term due to CDS deferred correction at low surface in

air energy discretisation equation (W).
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source term due to CDS deferred correction at south surface in
air energy discretisation equation (W).

source term due to CDS deferred correction at west surface in
air energy discretisation equation (W).

source term for air energy discretisation equation (W).
source term in air energy discretisation equation due to time
discretisation (W).

source term in produce item energy discretisation for sub-
celll (W).

source term in produce item energy discretisation for sub-
cell2 (W).

source term in produce-item energy discretisation for sub-
cell3 (W).

source term in produce item energy discretisation for sub-
cell4 (W).

source term for solid energy discretisation equation (W).
source term in solid energy discretisation equation caused by
time discretisation (W).

source term for x-momentum discretisation equation (N).
source term for y-momentum discretisation equation (N).
source term for z-momentum discretisation equation (N).
time(s).

air temperature (K).

temperature of air entering a vent (K).

ambient temperature (K).

outside airflow temperature (K).

fluid temperature (K).

spatial deviation of fluid temperature (K).

produce temperature (K).

packaging material temperature (K).

temperature of sub-celll of representative produce item (K).
temperature of sub-cell2 of representative produce item (K).

temperature of sub-cell3 of representative produce item (K).
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temperature of sub-cell4 of representative produce item (K).
produce surface temperature (K).

solid temperature (K).

spatial deviation of solid temperature (K).

solid surface temperature (K).

tray surface temperature (K).

air velocity component in the direction of x-axis (m s™).

value of air velocity at the vent (m s™).

Up scalar calculated u at a x-momentum cell at n iteration.

Up.scalar Calculated u at a x-momentum cell at n+1 iteration.

air velocity component in the direction of y-axis (m sh.
spatial deviation of fluid velocity (m s'l).

velocity vector (m-s™).

volume of representative element volume (m?).

volume of scalar cell (m?).

volume of /3 phase in representative element volume (m”).
mean particle volume (m3).

mean volume of produce item (m®).

volume of produce item (m?).

volume of x-momentum cell (m3 ).

volume of sub-celll (m?).

air velocity component in the direction of z-axis (m sh.
empirical constant.

width of global cell (dimension of package along y-axis) (m).
width of gap between package south wall and tray end (m).
width of gap between package west wall and tray end (m).
width of package (dimension of package along y-axis) (m).

distance from the nearest boundary (m).



