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



MAF
DIGITAL
MASSEY LAB

UNIVERSITY

A systematic approach for developing and

manufacturing fruit simulators

A thesis presented in partial fulfilment of the requirements for the degree of

Doctor of Philosophy
In
Food Engineering
Massey University
Palmerston North, New Zealand
Huijian Huang

2022






Abstract

Due to the high cost, variable nature and seasonal availability of fruit, conducting large scale
experiments for research purposes is not easy. A fruit simulator is a physical tool that mimics the
mechanistic features and properties of the targeted fruit; hence, it can be used as a replacement
for the fruit in research experiments. This study focuses on developing simulators for heat transfer

experiments, especially in horticultural produce precooling.

A framework for developing the simulator was established based on the importance of each
mechanistic feature. Depending on the application's needs, the simulator can mimic different
length scale levels of the targeted fruit, such as the individual fruit, the bulk stacking of the fruit or
sub-units of the fruit (e.g., a punnet/bag of table grapes). The scale level determines whether
certain mechanistic features are important and affects the values of the thermal properties that
must be matched. For example, a simulator that mimics a punnet of fruit with enclosed air pockets
has an effective thermal conductivity and volumetric heat capacity that includes contributions

from the thermal properties of the fruit and air, which provides more room for material selection.

Based on this framework, a systematic approach for the simulator manufacture and material
selection was developed. Three different simulators were developed based on the framework:
kiwifruit, apple and table grape simulators. The comparison of a simulator and real fruit precooling
trials showed good agreement, validating the approach and demonstrating the feasibility of using
simulators in postharvest research. The kiwifruit simulator was validated at different experimental
scale levels, from individual kiwifruit to multiple kiwifruit boxes containing numerous individual

kiwifruit simulators (which reflected pallet scale precooling).

During the simulator development, the concept of a time-scaled approach was identified and was
explored. In theory, if the volumetric heat capacity of a simulator becomes smaller while the Bi of
the simulator remains the same, the heating/cooling time of the simulator in an experiment will
decrease proportionally according to the Fourier number (Fo). This approach was validated via the
three simulators developed in this study. The validation of the simulators confirms the feasibility
of this time-scaled concept. This approach has a significant advantage in reducing the

experimental time and easing the material selection process for the simulator manufacture.

In the table grape simulator development, a process of using CT scans of the bulk packaged system

to study the bulk shape and effective properties of the fruit subunits (bags) were developed,



where the bulk shape and effective thermal properties of a bag of table grape were determined
based on the process. A set of bag shaped fruit simulators was then manufactured with equivalent
bulk thermal conductivity and used to validate the bulk simulator approach by comparison of

cooling rates with real fruit.

Overall, this study has successfully developed a generalised heat transfer simulator development
framework. In addition, this study validated the feasibility and applicability of the time-scaling
approach, which could be helpful for any future experiments. Furthermore, this study has
developed a process to use CT scanning to determine a bulk object's bulk shape and effective

property.

The outcomes of the work pave the way for carrying out postharvest and packaging optimisation
experimental trials with reduced variability, greater ease and without seasonal constraints. The
simulator development framework provides a basis for further expansion of these concepts into

other applications beyond the heat transfer focus that they were developed for in this work.
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Nomenclature

Symbol Description Unit
A Surface area m?
c Heat capacity J kg 1K1
D Mass transfer coefficient ms™1
D' Diffusivity m?/s
D4 Effective diffusion tensor m?s1
D Equivalent diameter m
g Gravitational acceleration m?s1
G Irradiation W m™2
h Heat transfer coefficient Wm 2K™1
Hyap Latent heat of the water J kg™t
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km mass transfer coefficient kgm 2s~1pa~?!
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T Temperature K
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Greek Description Unit
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Abbreviation Description
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Cl
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Chapter 1. Introduction
1.1 Background

1.1.2 The need for research on simulator development

Precooling is a standard postharvest treatment method used to preserve the quality and improve
the shelf life of horticultural produce (Brosnan & Sun, 2001). It involves the large scale removal of
field heat from the harvested crop to slow respiration. Precooling is an ongoing research topic, as
many different variables can affect the overall cooling performance (Pathare et al., 2012). There
are several ways that precooling performance can be improved. These include air/liquid flow
optimisation, the design of packaging and pallet stacking. Recent reviews have shown that
increasing effort has been put into the package design to enhance precooling (Pathare et al., 2012;
Redding et al., 2016; Zhao et al., 2016). A small change in a package design can significantly
improve forced air cooling, which is one of the most common precooling methods (Allais &
Alvarez, 2001; Emond et al., 1996; Lambrinos et al., 1997). Excessive or inappropriate vent
openings can dramatically reduce the packaging strength and lead to package and produce
damage. A good vent design can significantly improve the precooling efficiency while maintaining
the package strength (Castro, Vigneault, & Cortex, 2004a). In order to improve the precooling
performance in any way, pallet-scale (or even greater scale) experiments are needed. However,
large scale experiments are generally expensive, logistically challenging and contain considerable

experimental variation (Ambaw et al., 2013; Smale, 2004; Zou, Opara, & McKibbin, 2006b).

Conducting a large scale experiment with horticultural produce is generally difficult and expensive.
First, most horticultural products are seasonal, which means experiments can only be conducted
at specific times of the year. Second, the physiology of the horticultural produce will change over
time, together with its physical properties. This leads to considerable experimental variation
(Vigneault, Castro, & Cortez, 2005a). As a result, the horticultural produce is generally not suitable
for reuse for more than one experiment. Third, using the real horticultural produce for
experiments is expensive, due to the large quantity of fruit needed. For example, a single pallet
fruit trial might need a ton of fruit. These are the typical difficulties associated with using real

horticultural produce in experiments. As such, the number of large scale experiments that can be



feasibly done is limited, and methods are required to screen designs or configurations before

finalising experimental protocols.

Because of the rapid growth of computational power, numerical modelling has become a popular
approach to reduce the number of large scale experiments needed (Ambaw et al., 2013; Pathare
et al., 2012). However, a numerical model contains various assumptions and simplifications, which
need to be experimentally validated (Vigneault, Castro, & Cortez, 2005a). Therefore, experiments
are sometimes unavoidable. A numerical model should not be considered as a replacement of the
experiment, but rather supplementary information to confirm understanding or screen designs

and configurations.

Using produce simulators as a replacement for real horticultural produce in an experiment could
provide advantages. In the context of this work, a produce simulator is a physical model that
simulates certain aspects of the horticultural produce and can be used as a replacement for the
real product in experiments. Several studies have been done on this concept (Redding et al., 2016;
Vigneault, Castro, & Cortez, 2005a). An example is tylose, which was first introduced by Riedel
(1960) and is used as a meat simulator for chilling, freezing and thawing experiments (Pham,
2014). A gel of 25% tylose in water has similar thermal properties to meat and can simulate heat
transfer behaviour (Icier & llicali, 2005; Llave et al., 2016; Pham, 2014). One limitation of tylose is
that its high water content means that drying can occur. This changes its properties, and so there
is a limit to the life of the simulators made from it. Apart from tylose gel, there is no well-known
material that can be used for a large scale experiment in horticultural produce. Research groups
tend to develop specific produce simulators to fulfil their particular needs (Alvarez & Flick, 1999b;
Alvarez, Bournet, & Flick, 2003; Vigneault, Castro, & Cortez, 2005a). Therefore, this study is to
develop a framework for simulator development that can be used as a guideline by other

researchers to develop task-specific simulators in the future.

1.1.3 The kiwifruit industry in New Zealand

Due to geographic isolation, food export is one of the major factors contributing to the New
Zealand economy (Carson & East, 2017). In 2019, New Zealand exported more than 6.2 billion NZD
worth of horticultural products, which is 10% of the total merchandise exports and 2% of the New

Zealand GDP (FreshFacts, 2017; Statistics New Zealand, 2019). Within the horticultural exports,



kiwifruit is one of the major horticultural produces. As a result, kiwifruit was selected as the initial
horticultural produce target in this work for simulator development. Forced air cooling was the
primary focus as it is the most common precooling method used in the kiwifruit industry

(O'Sullivan, 2016).

1.2 Main goals and objectives

This research's main goals were to a) develop a simulator or simulators for kiwifruit forced air
cooling optimisation, and b) generalise the development method of the kiwifruit simulator into a

standard framework for future simulator development.

In order to achieve the goals, the objectives were:

1. To develop an understanding of the heat transfer mechanisms occurring during forced air
cooling, and then identify the corresponding properties a simulator must have, to be
effective,

2. To develop a systematic approach for material selection that can match the required
properties, and then develop a systematic fabrication process that is suitable for the
selected material,

3. To fabricate and validate the developed simulator prototype,

4. To generalise the process into a simulator development framework and then validate the

framework via developing a new simulator for a different horticultural product.



Chapter 2. Literature review

This chapter will first review the current precooling technology, demonstrating the need for
continuous improvement. Following this, mathematical models of precooling studies are
reviewed, and the advantages and limitation of this approach for identifying ways to improve
performance will be discussed. From the discussion, the need for a produce simulator is identified,
and state of the art will be reviewed. Although the review focuses on horticultural produce, some

parts are applicable to other food systems if such a food simulator is needed.

2.1 Precooling

It is well-known that temperature management is one of the essential factors influencing the
shelf-life of horticultural produce and that precooling is one of the most important unit operations
to achieve this (Brosnan & Sun, 2001; Pathare et al., 2012; Zhao et al., 2016). A few hours delay in
precooling can significantly decrease the produce’s marketable value (Ambaw, Fadiji, & Opara,

2021; Ferrua, 2007).

A comprehensive review on precooling has been done by Brosnan and Sun (2001), who categorise
precooling methods into six approaches; room cooling, ice cooling, hydrocooling, vacuum cooling,

cryogenic cooling and forced air cooling.

2.1.1 Room cooling

Room cooling is the method that requires the minimum amount of preparation. It can be as simple
as placing palletised produce in a refrigerated room (Figure 2-1). Inside the room, air movement is
mainly driven by the evaporator fan and natural convection (Delele et al., 2009), which means the
air movement is relatively low. As a result, this method generally has a slow cooling rate and is not

suitable for produce that needs rapid cooling (Fordham & Briggs, 1985, pp. 178-179).



Figure 2-1, Typical room cooling (O’Sullivan et al., 2014)
The cooling rate and uniformity of this method can be optimised by improving package design,
stacking configuration, and the evaporator fans position (Brosnan & Sun, 2001). Interestingly,
recent studies have shown an interest in utilising this method in a refrigerated container (instead
of a refrigerated room), as it could significantly simplify the logistics process (Defraeye et al.,

2015a; Defraeye et al., 2015b; Defraeye et al., 2016).

2.1.2 Icecooling

Ice cooling is a traditional precooling method, which applies direct contact between the ice and
the produce (Figure 2-2). In a palletised condition, ice can be injected inside the package but only
if the package is treated to be waterproof (Gillies & Toivonen, 1995). This kind of package is
generally more expensive (Thompson, 1996). This method has the advantage of minimising
moisture loss (Gillies & Toivonen, 1995), but the disadvantage of a) poor temperature control,
which leads to chilling injury, and b) encouraging plant diseases, as contamination could occur
(Wills et al., 2007). This precooling method's temperature control can be optimised via altering the

ice particles size or combining it with hydrocooling (Vigncaull, Goycttc, & Raghavan, 1995).
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Figure 2-2, Typical ice cooling system (Vigncaull, Goycttc, & Raghavan, 1995)

2.1.3 Hydrocooling

Like ice cooling, Hydrocooling utilises direct contact with the coolant (in this case, chilled water) to
remove field heat from the produce (Figure 2-3). It has similar advantages and disadvantages to
ice cooling, except it provides better temperature management (Vigneault, Bartz, & Sargent,
2000). This method can be optimised via controlling the water flow rate and the capacity of the
process is limited by the water reservoir (Thompson, 1996). It is generally applied to bulk fruit

prior to packing.

Water distribution pan
Evaporator

/ Pallet of product

Pump

Trash screen

Drip pan

Water reservoir

Figure 2-3, Typical hydrocooling system, adopted from Thompson (1996)



2.1.4 Vacuum cooling

Vacuum cooling is achieved by promoting evaporation on the produce surface; hence lowering the
produce temperature via removing the latent heat. This method is generally conducted inside a
vacuum chamber (Figure 2-4), which has single or multiple vacuum pumps, and a refrigeration
unit. This method is thirteen times faster than the conventional room cooling method (Ozturk &
Ozturk, 2009), and it is particularly favourable for porous or leafy products (He et al., 2004; Ozturk
& Ozturk, 2009; Turk & Celik, 1992). However, this method requires expensive equipment and is
not suitable for produce that are pressure sensitive (He et al., 2004; Ryall, 1972). It also incurs
considerable moisture loss (Turk & Celik, 1992), which means a reduction in the saleable weight.
This method's performance can be optimised via improving package design (Turk & Celik, 1992) or

controlling the pressure reduction in the system (Ozturk & Ozturk, 2009).
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Air bleed valve to regulate low chamber pressure

190 kW (250 hp) compressor 0.7 to 1.1 m? s (1500 to 2500 cfm)
and evaporative condenser two-stage rotary-vane vacuum pump

Figure 2-4, Typical vacuum cooling system (Thompson, 1996)

2.1.5 Cryogenic cooling

Cryogenic cooling applies cryogenic substances, such as liquid nitrogen or dry ice to cool the
produce. Many research has been done on this precooling method (IGI Global, 2015), but it is still
not a typical commercial practice, mainly due to the high capital and operational costs (Brosnan &

Sun, 2001).

2.1.6 Forced air cooling

Forced air cooling was first developed at 1960 and it is now the most commonly used method to

cool fruit (Thompson, 1996; Zhao et al., 2016), due the low cost and high flexibility (Allais &



Alvarez, 2001). Arrays of palletised produce are placed in a refrigerated room (Figure 2-5), where
tarpaulins are used to cover the gaps. A fan is then used to create a pressure drop across the
pallets, forcing the refrigerated air to flow through the produce; hence, achieving cooling. Water
loss can be a major issue with this method, but it is resolved by utilising a polylined package

system (section 2.1.6.1) or waxing the produce (Thompson, 1996).

Figure 2-5, A typical forced air cooling system (O’Sullivan et al., 2014)
Many factors can be manipulated to optimise this method, such as the package design, pallet
format, or refrigerated air condition (Pathare et al., 2012). However, since this method is the most
common, research on optimisation of this method has become increasingly popular (Redding et

al., 2016).

2.1.6.1 Package

Of the many factors that can be manipulated to improve forced-air cooling, package optimisation
is one of the most effective but dilemmatic approaches. Increased total open area (package vent
size) can improve the produce cooling rate but it must not compromise the package strength

(Castro, Vigneault, & Cortex, 2004a). Researchers have continuously carried out work in this area

(Pathare et al., 2012).

Overall, two classes of package system are used; open and closed package systems. An open
package system means refrigerated air can flow through the stack of produce, such as apple boxes

and strawberry punnets (Figure 2-6 A and B), with direct contact between the air and the fruit or



primary package surface. Produce in this system is generally cooled relatively fast (Ngcobo et al.,
2013c). In a closed package system, the produce is enclosed by a barrier (polyliner). Examples of
closed systems are kiwifruit and grape boxes (Figure 2-6 C and D). Closed package systems can
greatly minimise moisture loss, providing better quality produce, but the encapsulation of the
produce slows down the cooling rate (Burdon & Lallu, 2011; Ngcobo et al., 2013a). Generally,
plastic liners (such as HDPE liners) are used to enclose the produce. The polyliner can be intact,
micro-perforated or large hole (~ 2 mm diameter) perforated formats (Ngcobo, Opara, & Thiart,
2012a). Although a small amount of refrigerated air might be able to flow through perforated
liners, the effect on heat transfer is insignificant (Ngcobo et al., 2012; Ngcobo et al., 2013c).

Therefore, packages using perforated liners are still considered as closed package systems.

A) B)

D)

Figure 2-6, Examples of Open package systems; A) apple box (Tanner, 1998), B) strawberry punnet (Ferrua & Singh,
2009c) and Closed package system C) kiwifruit box (O'Sullivan, 2016) , D) grape box (Delele et al., 2012)

2.2  Mathematical modelling of precooling

Researchers tend to utilise the modelling approach to optimise the precooling process due to the
low cost, it being logistically easy and providing a controllable environment for comparison of

designs (Defraeye et al., 2015; Zhao et al., 2016).

Understanding the heat transfer mechanism is important for a model development. Therefore,

this section will first review the important heat transfer mechanisms, and then discuss the possible



modelling approaches. The development of physical simulators requires similar simplification to

what is done during mathematical modelling, so valuable insights can be found by comparing

different approaches. Finally, the limitations of modelling are reviewed.

2.2.1 The heat transfer mechanism

Five possible heat transfer modes can occur during precooling. These are conduction, convection,

radiation, evaporation/condensation (mass transfer) and heat generation through fruit respiration

(Dehghannya, Ngadi, & Vigneault, 2010; Zhao et al., 2016).

As mentioned (section 2.1.6.1) there are two types of package system, open and closed. The heat

transfer mechanism within these package systems can be different. Tanner (1998) summarised the

possible heat transfer pathways as follows:

e QOpen package system (Figure 2-7 A)

a)
b)
c)
d)
e)

f)

j)

Heat and mass transfer due to the airflow

Internal conduction inside the product

Forced or free convection on the surface of the product

Evaporation or condensation of water vapour on the surface of the product
Surface to surface radiation (product to product or product to packaging material)
Conduction via thermal contact between product to adjacent material (another
product or package material)

Heat production due to respiration

Moisture transfer within the package

Internal conduction inside package material

Evaporation or condensation of water vapour on the surface of package material

e Closed package system (Figure 2-7 B)

a)

b)

Heat and mass transfer external to the product stack

Internal conduction inside the product

10



c) Free convection on the surface of the product

d) Evaporation or condensation of water vapour on the surface of the product
e) Surface to surface radiation

f) Conduction via thermal contact between product to adjacent material

g) Heat production due to respiration

h) Moisture transfer within the package

i) Internal conduction inside package material

j) Forced or free convection on the outside surface of the packaging material
k) Evaporation or condensation of water vapour on the surface of package material
[) Conduction via thermal contact between the product and the polyliner

m) Free convection on the surface of polyliner internal surface

n) Forced and free convection on the surface of polyliner external surface

a)

b)

Figure 2-7, Conceptual heat transfer pathways of a) open and b) closed package system (Tanner, 1998)

11



Although all the mentioned heat transfer pathways might occur, only some of the pathways are
important to be considered. Models simulating forced-air cooling of the product were reviewed as

summarised in

12



Table 2-1. Models generally consider product internal conduction (b) and surface convection (c).
Evaporation/condensation (d) and respiration (g) are considered in some models, and radiation (e)
is generally not considered. Models generally do not consider conduction via thermal contact
between products (f). One main reason for that is due to the limitation of computational power,
where a considerable computational cost is incurred by making the products touch in the
geometry (O'Sullivan, 2016). The other reason is conduction via thermal contact is generally
insignificant in an open package system (Van der Sman, 2008). However, the study of Ben Amara,
Laguerre, and Flick (2004) and Laguerre, Amara, and Flick (2006) showed that the conduction via

thermal contact can be significant when the air velocity is lower than 1 m s~ 1.

Note that only a few models (7 and 10 in

13



Table 2-1) simulate the precooling of a closed package system. These models generally consider
the effect of internal radiation is insignificant. The sensitivity analysis included for model 10 shows
that radiation inside the package system has an insignificant effect (O'Sullivan, 2016). Also,
O'Sullivan (2016)believed that the effect of evaporation/condensation could be neglected, as the
purpose of a closed package system (using polyliner) is to minimise the moisture transfer
(O’Sullivan et al., 2016a). However, Dincer (1995) study suggests that the effect of radiation and
evaporation/condensation can be important when the air flow is less than 2.5 m s, which
means when the effect of forced convection is relatively low. This can be confirmed by the
experimental observations from other studies (Ben Amara, Laguerre, & Flick, 2004; Laguerre,
Amara, & Flick, 2006; Laguerre et al., 2008; Laguerre, Benamara, & Flick, 2010). Also, Ngcobo,
Opara, and Thiart (2012a) reported the observation of condensation on the internal polyliner
surface, which suggests evaporation/condensation might have occurred inside the polyliner

package during precooling.
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Table 2-1, Heat transfer mechanisms included in validated forced-air cooling models from the past

Package Conduction Convection Evaporatpn/ Radiation Respiration
system condensation
. Not
1 Open Included Forced Included Not included .
included
2 Open Included Forced and free Included Not included Included
3 Open Included Forced and free Notincluded Not includedf Included
4 Open Included Forced Not included Not included Included
5 Open Included Forced Included Not included . Not
included
6 Open Included Forced Not included  Not included Included
7 Closed Included Forced and free Included Not included Included
8 Open Included Forced and free Notincluded Not included Included
9 Open Included Forced Included Not included Included
10  Closed Included Forced and free Notincluded Not included . Not
included

Reference list: 1 = Alvarez and Trystram (1995); 2 = Amos (1995); 3 = Tanner et al. (2002a); Tanner, Cleland, and Opara (2002b); Tanner, Cleland, and

Robertson (2002c); 4 = Zou, Opara, and McKibbin (2006a, 2006b); 5 = Ferrua and Singh (2009a, 2009b, 2009c); 6 = Dehghannya, Ngadi, and Vigneault

(2008, 2011, 2012); 7 = Delele et al. (2012); 8 = Delele et al. (2013, 2013a); 9 = Han et al. (2015); Han et al. (2017); Han et al. (2018); 10 = O'Sullivan

(2016)

2.2.2 Modelling approaches

There are three types of mathematical modelling approaches used for precooling. These are direct
numerical simulation (DNS), porous medium simulation and a zonal approach (Dehghannya, Ngadi,

& Vigneault, 2010).

2.2.2.1 The generic equations for DNS

The DNS approach considers each individual item of produce, where the detail of each individual
item of produce is included in the model geometry. In general, the movement and temperature of
the fluid in a mathematical model is governed by the continuity equation (Equation 2-1),
momentum equation (Equation 2-2) and energy equation (Equation 2-3), where g is gravitational
constant, p is density, u is velocity, 7 is the stress tensor, c is specific heat capacity, and T is

temperature. S, , S, and S, are the source of mass, momentum and energy (Tu, Yeoh, & Liu,
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2008). The subscripts i and j represent the Cartesian direction. When the fluid has Newtonian
rheology, the viscosity of the fluid is constant and the flow is incompressible (Ma < 0.3), the
momentum equation can be simplified (Equation 2-4) into the Navier-Stokes equations, where u is
viscosity (Tu, Yeoh, & Liu, 2008). If free convection needed to be considered, then the equation
Buossinesq approximation or ideal gas expression needs to be added (see Equation 2-5 and
Equation 2-6), where f is the thermal expansion, M is the molar mass and R is the ideal gas
constant. The subscript ref means at the reference point. The Buossinesq approximation is less
computational intensive, but the ideal gas expression is more appropriate for large temperature
differentials (Norton, Tiwari, & Sun, 2013). If mass transfer is considered in the model, then an
extra equation (Equation 2-7) is needed to describe the movement of that species (Norton, Tiwari,

& Sun, 2013).

Modified Navier-Stokes models and simplified boundary layer models have been developed to
reduce computational expense, such as Reynolds average Navier Stokes model (RANS) and k-¢
model to model the fluid on the boundary. However, precaution needs to be taken when choosing
the model, as an inappropriate model can provide wrong predictions (Defraeye et al., 2012;

Defraeye, Verboven, & Nicolai, 2013a).

Continuity equation

d :
a_': + V(pu;) = Sy, Equation 2-1
Momentum equation
d :
e (pu) +uV(pu) = V(r)+pg + S, Equation 2-2
Energy equation
d :
T (pcT) + V(pu;cT) = V(AVT)+S,, Equation 2-3
Navier-Stokes equation
d :
T (pw) + V(pu;u;) = —VP + uV(Vu)+pg + Sy Equation 2-4
Buossinesq approximation
P = Pref[l = B(T — Trer)] Equation 2-5
Idea gas expression

ProrM
p= % Equation 2-6
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Mass transfer equation

ac .
T + V(puC) = V(DVC) + S, Equation 2-7

The Fourier equation is generally used to describe the temperature change in the solid phase of
the model (Equation 2-8), where the heat source S;, term could be the respiration heat of the
product (Zhao et al., 2016). The boundary conditions (Equation 2-9) can include convection,
surface to surface radiation and evaporation/condensation, where € is the emissivity, o is the
Stefan-Boltzmann constant, G is the irradiation, and H,,, is the latent heat (COMSOL
Multiphysics; Norton, Tiwari, & Sun, 2013). The irradiation term can be expressed as a summation
of radiosity (Equation 2-10), where F is the view factor and J is the radiosity (COMSOL

Multiphysics).
Fourier equation
d Ap .
3 (T) = V(EVT)+Sh Equation 2-8

Boundary condition
—A,VTs = €(G — 0T + nAgVT + HygynDVC Equation 2-9

Summation of radiosity

n
G = z FiJ; Equation 2-10
i=1

Fick’s equation is generally used to describe the mass transfer of moisture inside the solid phase,
as shown in Equation 2-11, and the boundary condition can be expressed as Equation 2-12, where
the driving force (C,mp — Cs)is not limited to any fixed units, but dependent on the unit of the
mass transfer coefficient k,,,. Cs is a function of C; and could be the same or different units from
C, but it will be consistent with C,p-

Fick’s equation

ac .

Fri V(DVC) + S, Equation 2-11

Boundary condition

—VC = ki, (Camp — C5) Equation 2-12
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2.2.2.2 The generic equations for the porous medium approach

In large scale simulations, DNS is extremely computational intensive and takes a long time to solve
(Norton, Tiwari, & Sun, 2013). Porous medium simulation is a simplified approach, which assumes
the modelling object to be a porous medium. This can reduce the computational power required
to solve the model, but the drawback is in neglecting the internal detail of the bulk object
(Verboven et al., 2006). Instead of being interested in the individual produce temperature and
local airflow field, average air flows within the product stack and volume averaged temperature
are considered. In order to have a meaningful airflow average, the averaging volume needs to be
large enough compared to the individual product (Figure 2-8). Therefore, this approach requires
the characteristic length of the product to be much smaller than the characteristic length of the
overall system (the averaging volume). It means the package to product length ratio needs to be
large (P/p ratio). Researchers tend to use the P/p ratio of greater than 10 as a threshold before the
porous media approach is used (Dehghannya, Ngadi, & Vigneault, 2010; Ferrua & Singh, 2008)

although Van der Sman (2002) showed that the ratio can be as low as 6.6.

Figure 2-8, Dependence of average value on averaging volume (Whitaker, 1969)

The fluid movement is governed by the continuity equation (Equation 2-1) and Darcy’s law
equation. Depending on the conditions, different Darcy’s law equations are used (Verboven et al.,
2006). At low velocity, Darcy’s equation is appropriate (Equation 2-13), where k is the
permeability of the porous medium, and the u is the velocity averaged over the porous medium.
At high velocity (turbulent flow), the Darcy-Forchheimer equation (Equation 2-14) should be used,
where the F, is the Forchheimer coefficient, which is a semi empirical number. When the fluid is
in a confined environment, such as packages of product, then the Brinkman-Forchheimer-Darcy

equation (Equation 2-15) should be used.
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Darcy’s equation

U

VP ==u Equation 2-13
K q
Darcy-Forchheimer equation
U F.p .
—VP = Eu — Kz-5 u |ul Equation 2-14
Brinkman-Forchheimer-Darcy equation
u F.p .
—VP = i KCTU' [ul + perrV(Vu) Equation 2-15

In terms of energy balance, there are two situations that need to be considered; whether the fluid
inside the porous medium is in thermal equilibrium with the solid phase or not (Verboven et al.,
2006). If the fluid and solids are in local thermal equilibrium, then the overall porous medium can
be approximated as a single effective material (Equation 2-16), where D¢ is the effective diffusion
tensor, which describes the intermixing of hot and cold fluid due to the tortuous flow pattern at
the microscopic scale and subscript f, means the fluid phase (Das, Mukherjee, & Muralidhar,
2018). If the fluid and solid phase does not reach thermal equilibrium, then two equations
(Equation 2-17 and Equation 2-18) are needed to describe the energy balance of the fluid and the
solid, where p is the volume fraction of the described phase, subscript s means solid phase and

subscript sf means the interface between solid and fluid.

Single-phase model

oT .
(pC)esy 5o+ (pO)p uV= V(V(ders + DN T) + Sy Equation 2-16
Two-phase model

T _
(ppe)y =+ (PpO)p uVT; = V(VAs£Tr) + Asphsp(Ts — Tr) + psS Equation 2-17

0T; _
(ppe)s 9t + (ppc)s uV= V(VAsTs) + Asphsr(Tr — Ts) + psSh Equation 2-18

Similarly, two conditions can be defined for the mass transfer in the porous medium; saturated
and non-saturated ( Equation 2-19 to Equation 2-21), where D means the mass diffusivity (Das,

Mukherjee, & Muralidhar, 2018).
Single-phase model

aC .
ETA + Vu= DV (VC) + S, Equation 2-19
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Two-phase model

ac :

a_tf +UVC; = DV(VCy) + Agph 55 (C2 — Cr) + sS, Equation 2-20

aC, . _

—¢ T UVC = DV(VC) + Ak sf(Cs —C¢) +prSe Equation 2-21
2.2.2.3 Zonal approach

A zonal approach is achieved by dividing a system into subdivisions, and instead of modelling the
whole system, each subdivision is modelled (Figure 2-9). Zones can be divided based on the
produce position inside the package (Tanner et al., 2002a) or it can be divided equally based on
the package dimension (Olatunji, 2018). This approach requires much less computing effort, which
can be combined with an iterative optimisation method for product design (East & Smale, 2008).
The drawback of this is the decoupling of the energy equations and the fluid flow equations
(Dehghannya, Ngadi, & Vigneault, 2010), where energy and flow equations need to be solved

separately.

Figure 2-9, lllustration of zonal approach, where (A), (B) and (C) are the necessary sub-models governing the zone
condition and the intra and intra zone transfer, respectively (Tanner et al., 2002a).

2.2.3 Limitations of mathematical models

Ideally, models should consider all the relative governing equations and solved either analytically
or by using finite discrete numerical methods. This ideal situation can rarely be achieved. Solving
all models analytically is not currently possible, as the mathematical approaches to solving some
equations are not known. For example, the analytical solution of Navier—Stokes equation remains
as one of the seven Clay Mathematics Institute millennium problems (Clay Mathematics Institute,

2018). Solving models with infinitesimally fine discretisation is also not currently an option, due to
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computational power limitations. A model is generally solved with a mesh scale involving millions

of elements and time steps of 0.01 to 0.001 of the simulated time (Table 2-2).

Long computational times are a common issue with the modelling approach. Nowadays the
computational time of a model is still generally twice as long as the prediction time (Table 2-2).
Study 20 in Table 2-2, which is one of the most recent studies (2018), took 50 hours
(computational time) to solve the model, which predicts the product temperature over 30 hours
(prediction time). Simplification of models could be an option to reduce the computational time
(Delele et al., 2013), however, erroneous simplifications due to lack of knowledge can lead to

incorrect predictions (Roy & Oberkampf, 2011).

Model prediction are not always reliable, as models generally contains three type of errors; model
form errors, model input errors and numerical approximation errors (Oberkampf & Roy, 2010).
The summation of these errors can be as large as 30% in a simple one dimensional steady state
model, and therefore, model validation is a standard protocol for any model development

(Oberkampf & Roy, 2010).
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Table 2-2, Model simulation details over the last decade

Model details Solution method
# Study purpose Product t sim Mesh t com
. . " . p.
Dimensions App. SS/T scale (hr) Feat. X106 Time step (s) Iterations PC spec. (hr)
Ventilated Single One core processor
1 package design Sphere 3 DNS SS package N/A CFD 0.99 220 (2.20GHz) 0.58
. . CFD Dual core processor
2 a\cllf:t'e'i::g . Sphere 2 DNS T Z':Ifa'ee 2 HT 0.15 (3.00GHz) 0.91
package desig packag MT 32GB RAM
’ ) One core processor
3 a:::t:?:g . Sphere 3 DNS ss Z'c”gee N/A cDFED 0.45-1.2 (3.21GHz) 9-20
package desig packag 4GB RAM
Analytical . Single _
4 solution study No specify 1 T product Fo=25 HT N/A N/A N/A
Ventilated Straw- Multi crb One core processor
5 X 3 DNS T 2 HT 2.9 15 20 p >2
package design berry packages MT (2.20GHz)
Cool store CFD One core processor
6 optimisation Sphere 3 PM T Cool room 20 HT 1.2 1 50 (3.21 GHz) 20
P MT 4GB RAM
. CFD One core processor
7 Oc‘t’i:iszt;irzn Cr::;ry 3 PM T Cool room HT 16 (3.21 GHz)
P MT 4GB RAM
. . Quad core processor
Vi | (| FD
8 ac::t;?:; . Sphere 3 DNS T Z'c"li ee 2 CHT 2 0.005 (2.60GHz) 16
package desig packag 8GB RAM
Ventilated Normal processor
h PM Pall N/A FD 1.4 12
° package design Sphere 3 SS allet / ¢ 000 (3.20GHz) 60
10 Air flow pattern Apple 2 DNS T Two apples 60 CFD HT 0.05
study
Dual core processor
11 Oczzilssta‘itn . Neiff 3 PM T wi‘::r:er 30 CHFE 0.14-0.16 0.1-60 30 (1.6 GHz)
P pectty 1GB Ram
Thermal CFD Quad core processor
12 fumigation Sphere 3 DNS SS Cool room N/A MT 3.2 10 50 (3.00GHz) 17
optimisation 8GB RAM
. . 12 core processor
13 al’:;t!ag:g . Sc?r:re;ree/ 3 DNS T Pa:ft:re‘j 12 CHFE 5.4-5.6 60 (2.66GHz) 40
package desig & Y 48GB RAM
. . Due core processor
14 a\clf:t'ek:;:: . i’igiri/ 3 DNS T 3 p?;'e:rzed 16 CHFTD 180 50 (2.93GHz) 928
package desig & Y 8GB RAM
. CFD Due core processor
15 al/::t'e'?:g . Tfablz 3 PM T Cool room 27 HT 461 (2.93GHz) 22
package desig grap MT 8GB RAM
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12 core processor

16 COZCZﬁJ;i}:Od Osra Ei‘:: / 3 DNS T a'\c"k‘;'t'es 20 CHFTD 4172 60 (2.66GHz) 48
P packag 48GB RAM
) ) Quad core processor
17 a\c/::tgé:;::: . Kiwifruit 3 DNS T Pa:Letéied 12 CFD HT 7.6 60 20 (3.20GHz) 20
package deslg v 8GB RAM
. . Due core processor
18 a::/::t!zt:; . ?pﬁ;‘:é 3 DNS T :'C“kiee 20 CF,\';THT 0.32 60 20 (3.10GHz)
package desig P packag 4GB RAM
: ) Quad core processor
19 a\c/::t:?:g . fpﬁe":é 3 DNS T Z'c”gee 12 CHF? 3.89 -4.05 150 (3.40GHz) 9%
package desig P packag 32GB RAM
. . CFD 16 core processor
20 a:::t:?:g . fpﬁe":é 3 DNS T Pa:ft:red 20 HT 5.5 60 20 (2.53GHz) 30
package desig P Y MT 32GB RAM
21 Cool chain Sphere 3 DNS T Pallet 1056 cFD 26 60
optimization HT
22 Air flow pattern Sphere 3 DNS T Box 8 crD 3.1 240 20 192 GB RAM 70
study HT
23 Cool chain Box 3 PM T Boxes cFb 0.15
optimization HT

Note: D = dimension; App. = approach; SS = steady state; T= transient; feat. = feature; math= mathematic; itera. = iteration; CFD = computational fluid dynamic; HT = heat transfer; MT = mass transfer; DE = discrete element method; Num = numerical solution; Ana = analytical solution; PM = porous medium approach; PC spec. = computer specification
reference list:

1= Ferrua and Singh (2008); 2 = Dehghannya, Ngadi, and Vigneault (2008, 2011, 2012); 3 = Delele et al. (2008); 4 = Cuesta and Lamua (2009); 5 = Ferrua (2007); Ferrua and Singh (2009a, 2009b, 2009¢, 2009d); 6 = Delele et al. (2009a); 7= Delele et al. (2009); 8 = Tutar, Erdogdu, and Toka (2009); 9 = Moureh, Tapsoba, and Flick (2009a, 2009b); 10 = Martins
etal. (2011); 11 = Tanaka et al. (2012); 12 = Delele et al. (2012a); 13 = Defraeye et al. (2013); Defraeye et al. (2014); 14 = Delele et al. (2013, 2013a); 15 = Delele et al. (2012); 16 = Defraeye et al. (2015a); Defraeye et al. (2015b); Defraeye et al. (2016); 17 = O'Sullivan et al. (2016b); O'Sullivan et al. (2017); 18 = Han et al. (2015); Han et al. (2017); 19 = Berry et
al. (2016); 20 = Han et al. (2018); 21 = Wu et al. (2018); Wu and Defraeye (2018); 22 = Curto' et al. (2021); 23= So et al. (2021)
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2.3 Simulator development (physical models)

Although mathematical modelling can be used as an alternative to experimental work,
computational limitations, modelling uncertainties and the ultimate need for validation mean that
experimental work is still required. A small scale experiment, such as an individual product or a
package of product can be conducted in a relatively simple manner, but large scale experiments,
such as pallet size (Delele et al., 2013) or refrigerated container size (Tanner & Amos, 2002), are
generally expensive, logistically difficult, and have low replicability (Redding et al., 2016; Vigneault
& Castro, 2005; Zhao et al., 2016). This low reproducibility can be attributed to the natural
variation of the product physical properties and product position. Studies have reported the
difficulty in obtaining identical product for comparison (Chuntranuluck, 1995; Ferrua & Singh,
2009b). Gruyters et al. (2018) showed that the variation in product shape can significantly affect
the stacking of the product; hence, providing different heat transfer conditions. In addition, the
degradation of the product can change the product properties, introducing further variability into
the experiment (Vigneault & Castro, 2005). Furthermore, conducting large experiments generally
requires significant labour and resources. Availability of the product can sometimes be a problem,

especially the horticultural produce, which is available only seasonally (Redding et al., 2016).

A simulator can be a partial solution to overcome those issues by providing a replacement for the
real product in an experiment. For example, Tylose was introduced by Riedel (1960) as a material
with similar thermal properties to meat. Therefore it became one of the most common meat
simulators for studies investigating the heating and cooling of meat (Anderson & Singh, 2005; Icier
& llicali, 2005; Llave et al., 2016; Tremeac, Hayert, & Le-Bail, 2008). A simulator is not a
replacement for mathematical modelling or experiments with real fruit, but an assisting tool.
Simulators can provide more stable and controllable properties and can be used at any time. It can

be thought of as a physical version of mathematical models.

This section will first review the relevant properties of horticultural produce for simulator
development, and then the state of the art. The properties of the developed simulators will be

compared with the real produce.
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2.3.1 Relevant produce properties

The Fourier equation can model the heat transfer of the product cooling with an appropriate

boundary condition (Equation 2-8 and Equation 2-9), which means the relevant properties are:

e Thermal conductivity (1), density (p) and specific heat capacity (c) — for conduction

e Shape — for convection and conduction

e Respiration heat - for the heat generated by respiration

e Moisture content (MC) and skin permeability (k) — for evaporation and condensation

e Skin emissivity (&) — for radiation
This study focusses on horticultural produce, and the properties of typical produce are reviewed
(Table 2-3). In general, a typical horticultural product has:

e Thermal conductivity =~ 0.51 (W m~t K1)

e Density =~1118 (kg m™3)

e Specific heat capacity = ~3820 (/ kg 1K ™1)

e Respiration heat =~150 (mW kg™1)

e Moisture content =~ 83%

e  Skin emissivity = 0.90 - 0.98 (Chen, 2015; Hellebrand, Beuche, & Linke, 2001; Hellebrand

et al., 2001a; Lopez et al., 2012)

Although the mentioned properties are identified as being relevant to the simulator development,
Redding et al. (2016) argued the only essential properties to match are the size, shape, thermal
diffusivity (Equation 2-22) and Biot Number (Equation 2-23), Bi. Thermal diffusivity is one of the
parameters in the Fourier equation (Equation 2-8) that governs the rate of internal conduction.
Biot Number is a ratio of external to internal heat transfer resistances of an object. Biot numbers
much greater than 1 means the convection is so significant that the surface temperature of the

object is the same as the ambient. Biot number much smaller than 1 means the internal heat

transfer resistance is so small that the object has uniform temperature and heat transfer to the
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surface from the ambient is limiting. Simulating these parameters means A, pc (volumetric
specific heat capacity)and hL need to be matched, where hL can be matched by mimicking the

size and shape of the produce (Acevedo, Sdanchez, & Young, 2007).

A
a=— Equation 2-22
pc
hL
Bi = 7 Equation 2-23
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Table 2-3, Summary of selected horticultural produce properties

ks
Produce MC pt c A Respiration 1 —11p.--1a
wt% kgm™3  Jkg lK! WmlK-! mW kg1 ZZ ';f’_z Ss_l If;_l )
Apples 83.93 790-840 3720-4020 0.371-0.481 6.8-103.8 42°
Apricots 86.35 1003 3870 0.375 15.5-155.2
Avocados 74.27 1054 3670 0.429* 183.3-1029.1
Bananas 74.26 1044 3560 0.462-0.475* 37.3-242.5
Blueberries 84.61 9903 3830 0.5393 6.8-259 2.19°
Cherries 86.13-80.76 1049 3730-3850 17.5-210.5
Figs 79.11 3700 23.5-281.8
Kiwifruit 80.0-86.0 * 996’ 3830-3950 0.542-0.5778 8.3-57.3 7.40-24.68 °°
Grapefruit 90.89 3960 34.9-64.5 81°
Table gapes 81.30-80.56 1055-1115% 3400-3710 0.497-0.549 4 12 3.9-114.4 123?
Lemons 87.4 10322 3940 0.5922 15.5-59.2
Limes 88.26 10302 3930 0.5952 7.8-134.8 2.08°
Mangos 81.71 1083 3740 0.5622 133.4-356.0 2.22°
Nectarines 86.28 990* 3860 0.585
Olives 79.99 3760 64.5-180.9
Oranges 82.3 1085 3810 0.5541 9.2-107.7 1.72°
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ks

Produce MC pt 01 ) /11 ) Respiration ng kgt st Pg-1e
wt% kgm™3 JkgtK WmlK mW kg1 g m=? s~ g1

Peaches 87.66 1044 3910 0.581! 12.1-361.3 572°

Pears 83.81 1070 3800 0.595 7.8-266.7 0.686°

Pineapples 86.5 9832 3850 0.5672 22.3-185.7

Plums 85.2 1090 3830 0.540-0.551! 7.6-71.1 1367

Raspberries 86.57 3960 52.4-727.4

Strawberries 91.57 900* 4000 0.462* 36.4-625.6 13.6°

Average 83.8 1080.1 3820 0.508 150.0

reference list : No superscript = Ashrae (2010); 1 = food properties handbook (Ahmed & Rahman, 2009b; Panagiotis, Magdalini, & Mohammad Shafiur, 2009; Singh, Ferruh, & Mohammad Shafiur, 2009); 2 = Ikegwu and Ekwu (2009); 3
=from Marai, Ferrar, and Civelli (2012); 4 = Sweat (1974); 5 = Akhijahani and Khodaei (2013); 6 = Valente et al. (1996); 7 = Razavi and Parvar (2007); 8 = O'Sullivan (2016); 9 = Montanaro et al. (2012), 10 = Oliveira et al. (2012); 11=

Hosseinzadeh, Feyzollahzadeh, and Afkari (2013) 12 = Bingol et al. (2008) 13 = Rolle et al. (2015)

2.3.2 State of the art

The existing food and produce simulators reported in the literature were reviewed (
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Table 2-4). Overall, four formats of simulator can be found, gel simulators (i.e. Tylose gel object), material filled simulators (i.e. apple simulator),
solid object simulators (i.e. PVC sphere) and heat element simulators (i.e. cheese simulator). Although a range of horticultural produce simulators
have been developed, no generalised systematic process has been proposed for their design. Also, the developed simulators tend to be unique

and only suitable for the study context that they were developed for.
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Table 2-4, A summary of previous simulators reported in the literature

. . k pcp ..
# Simulat terial Sh Applicat R k
imulator/materials Wm- K1k mo3K ape pplication emarks
1 23-25% Tylose gel object®® 0.48-0.53 3883 Any Food thawing study
Tylose filled the aluminium — e
2 cylinder with wetted cloth 0.48-0.53 3883 Cylinder Valldatlo.n (?f chilling time Allows evaporation
; prediction model
surface
Composite of guar gel with Validation of thermal
3 expanded polystyrene or Varied Varied Any conductivity prediction
aluminium 8 model
4 Wetted/ dry plaster %1011 0.5 N/A Cylinder Validation of the ch|.II|ng Allows evaporation
temperature profile
5 Combination set of sphere®? N/A N/A Sphere Heat.tra‘nsfer mechanism Allows heating, rédlatlon and
inside pack bed convection
6  Hollow PVC sphere 13141516 ~0.02 N/A Sphere Air flow study
) Can be 4% gelatine gel ¥/, 1.5% -
I-fill I here & !
7 Gel-filled pﬁl‘{?g sphere 0.52 4153 Sphere  Ventilated package design 3% agar gel ' or 3% carrageen
ge| 18
Water filled polymer sphere’ . . Free convection of the water
8 20,21, 0.52 4153 Sphere  Ventilated package design might occur inside the sphere
9 PVC sphere?? 0.68 1857 Sphere  Ventilated package design
. 23 Empirical model
10 Acrylic sphere 0.21 1731 Sphere
development
11 Carrageenan gel sphere? 0.95 4153 Sphere Validation of palletised Allows evaporation

cooling model
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Calculate heat transfer

12 Aluminium avocado?® N/A N/A Avocado .
coefficient
The simulator provides constant
. 27 Study heat transfer heat, and the heat transfer
13 Grape box simulator N/A N/A Slab coefficient coefficient is obtained at steady-
state conditions.
Simulate dry matter
14 Kiwifruit simulator® N/A N/A Sphere concentration for Made of gelatine gel composite
equipment calibration
15 Fruit texture simulator®® N/A N/A N/A Simulate fruit texture Ma‘de of calcium alginate or
calcium low methoxyl pectate
Made of polyamide shell filled
16 Apple simulator®® 0.45 3442 Apple Cool chain monitoring with agar expand polystyrene
composite
. . The simulator is made of plaster
17 Cheese simulator 3! 0.35 N/A Cylinder validated palletised and able to provide heat to

cheese storage model

simulate the respiration effect

reference list: 1= Pham; 2 = Bonacina et al. (1974); 3 = Chuntranuluck, Wells, and Cleland (1998a); 4 = Cleland (1977); 5 = Llave et al. (2016); 6 = Tremeac, Hayert, and Le-Bail (2008); 7 = Chuntranuluck,

Wells, and Cleland (1998a); 8 = Carson (2002); 9 = Le Page et al. (2009); 10 = Laguerre, Benamara, and Flick (2010); 11 = Laguerre, Remy, and Flick (2009); 12 = Ben Amara, Laguerre, and Flick (2004); 13 =

Laguerre et al. (2008a); 14 = Laguerre, Amara, and Flick (2006); 15 = Allais and Alvarez (2001); 16 = Castro, Vigneault, and Cortex (2004a); 17 = Laguerre et al. (2008); 18 = Allais, Alvarez, and Flick (2006); 19 =

Maul et al. (1997); 20 = Emond et al. (1996); 21 = Delele et al. (2013); 22 = Castro, Vigneault, and Cortex (2004, 2004a); Castro, Vigneault, and Cortez (2005); Vigneault and Goyette (2002); Vigneault and Castro

(2005); Vigneault, Castro, and Cortez (2005a); Vigneault et al. (2007); 23 = Minh, Perry, and Bennett (1969); 24 = Alvarez and Flick (1999a, 1999b); Alvarez, Bournet, and Flick (2003); 25 = Alvarez and Trystram

(1995); 26 = Valente et al. (1996); 27 = Frederick and Comunian (1994); 28 = Ang (2014); 29 = Wood (1975); 30 = Defraeye et al. (2017); 31 = Pham, Moureh, and Flick (2018)
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2.3.2.1 Gel simulators

Gel simulators are where gel material is utilised to make the simulator. Gel materials used include
4% gelatine gel (4%), agar gel (1.5% -3%),or Tylose (23-25%). Making simulators from gel materials
requires high moisture content, which allows a closer match of the thermal properties to the
horticultural produce as produce generally has a high moisture content (Ashrae, 2010). In addition,
the high water content allows the simulation of moisture transfer to a certain degree (Anderson &
Singh, 2005). It should be noted that gel materials generally have yield points of 20 to 100 kPa
depending on the gel type and concentration (Hershko & Nussinovitch, 1996), whereas oranges,
one of the relatively firm horticultural products, has a yield point of 29 kPa (lhueze & Mgbemena,
2017). This suggests that gel materials are rigid enough to simulate the palletised stacking of
produce. If the gel material is stacked in a manner that can cause damage, it means the stacking is
also likely to damage the real produce. The drawback of using this type of simulator is the low
durability of the gel material. Ang (2014) found that microbial activity can occur within the gel
after a few months; even when heavily dosed with antimicrobial chemicals. Anderson and Singh
(2005) found that the water loss of the tylose gel was an irreversible process, which means the

thermal properties of the simulator could also change over time, limiting their useful life

2.3.2.2 Material filled simulator

The material filled simulators consist of at least two components, the shell and the filling, where
the filling can be air, water or gel, and the shell has the function of shaping and protecting the
simulator. Different filling materials can be used depending on the application. For example,
hollow PVC spheres are commonly used for studies of airflow patterns, where the thermal
properties of the simulator are not necessary (Alvarez & Flick, 1999b). Water or gel material filling
is used when the simulator needs to match the thermal properties of real produce (Defraeye et al.,
2017; Delele et al., 2013; Laguerre et al., 2008). One of the most recent simulators of this type is
the apple simulator developed by Defraeye et al. (2017), which is used as a monitoring tool during
fruit shipping/transport, where the instantaneous temperature of the simulator can be a proxy for

other produces inside the same package (Figure 2-10).

Compared to the gel simulator, the material filled simulator provides better durability and stability

and may prevent moisture loss. However, the presence of the shell material could mean extra
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thermal resistance or a potential thermal bridge around the surface of the simulator. A stack of

this type of simulator could have different heat transfer pathways than a stack of real produce.

Figure 2-10, Apple simulator from Defraeye et al. (2017)

2.3.2.3 Solid object simulator

Simulators made of solid material can be classified as solid object simulators. Examples include the
PVC sphere simulator, avocado aluminium simulator or the plaster simulator. This type of
simulator is generally durable and stable. However, this type of simulator is unlikely to fully match
the thermal properties of real produces due to material limitations. No common inert material can
be found that matches the required thermal conductivity (~ 0.5 W m~1 K~1) and volumetric
specific heat capacity (~ 3800 k] m~3K). This is because horticultural produce generally contain a
high percentage of water (section 2.3.1), and water is a substance with unusually high specific heat
capacity due to hydrogen bonding (Stokely et al., 2010). High-density polythene could match the
thermal conductivity, but it has a lower volumetric specific heat capacity (Redding et al., 2016).
Stainless steel is one of the few materials that could match the volumetric specific heat (Stankus et
al., 2008) due to leveraging its high density, but the thermal conductivity is significantly over the
required thermal conductivity. Therefore, this simulator can only provide an abstraction for

relative heat transfer applications.

Nevertheless, this type of simulator is still useful. Valente et al. (1996) developed an aluminium
avocado to study the heat transfer coefficient of avocado under forced convection conditions.
Plaster simulators were used to simulate the steady-state conditions that food experiences inside
a fridge so that the important heat transfer mechanisms can be studied (Laguerre, Remy, & Flick,

2009; Laguerre, Benamara, & Flick, 2010). Note that the thermal conductivity of plaster is similar
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to horticultural produce (~ 0.5 W m~1 K~1), but not the volumetric specific heat (Ashrae, 2010).
PVC sphere simulators were used in the study of Vigneault and Castro (2005) for horticultural
package design, where useful scientific findings were obtained (Dehghannya, Ngadi, & Vigneault,
2008; Vigneault, Goyette, & De Castro, 2006; Vigneault & de Castro, 2006a; Vigneault et al., 2007
Vigneault, Thompson, & Wu, 2009). In those studies, the simulators were utilised to construct a rig
for the package design testing (Figure 2-11). Interestingly, Vigneault and Castro (2005) proposed
an empirical parameter called the cooling rate index, which is a ratio of the simulator cooling rate
to water cooling rate. The researchers believed that this cooling rate index is an important

parameter to empirically predict the cooling time of a given package design.

This concept was explored further by Redding et al. (2016), who proposed the possibility of chilling
time scaling. Redding et al. (2016) utilised a simple one-dimensional analytical model to
demonstrate the linear relationship between the cooling time and the volumetric specific heat
capacity. Thus, the chilling time of a product can be estimated by multiplying the chilling time of
an unmatched simulator with the ratio of the simulator to actual product volumetric specific heat

capacities.
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Figure 2-11, Package testing rig in Vigneault et al. (2007) study

2.3.2.4 Heating element simulator

Simulators with embedded heat elements are generally used in steady-state conditions. In this
scenario, heat removed by a given heat transfer mode is equal to the heat produced by the
heating element, and therefore the effect of heat transfer mode can be studied (Ben Amara,
Laguerre, & Flick, 2004). The common application of this simulator is to determine the heat

transfer coefficient (Equation 2-24), where h is the overall heat transfer coefficient, A is the area
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of the simulator, Q is the constant heat provided by the element, Ty;,, ¢ is the surface temperature
of the simulator and Ty, is the ambient temperature (Ben Amara, Laguerre, & Flick, 2004;
Frederick & Comunian, 1994; Laguerre, Amara, & Flick, 2006).
Q .
h = Equation 2-24
A(Tsim.s - Tamb)

Ben Amara, Laguerre, and Flick (2004) utilised a set of spheres, including spheres with embedded

heating elements, to study pack beds' heat transfer mechanism in steady-state conditions (Figure
2-12). As the heating sphere was surrounded (stacked) by other hollow spheres (low thermal
conductivity), convection is the major heat transfer mode removing the heat from the sphere, and
therefore the convective heat transfer coefficient can be determined. When a brass sphere (k =
126 W m~1K~1) is next to the heating sphere; some heat can be lost via air convection and brass
sphere conduction. As the surrounding spheres are printed with black painted (emissivity = 0.97),
the radiation heat transfer becomes significant (whereas the original material had emissivity
=0.12). The authors found that at low air velocity (0.11 m s~ 1), conduction and radiation play
essential roles in the heat transfer mechanisms (an additional 25% and 39%, respectively). This

finding can be translated to the cooling or heating of stacked food.

Figure 2-12, The simulators setup of Ben Amara, Laguerre, and Flick (2004) study to understand the heat transfer
mechanism inside a packed bed at steady state conditions

The grape simulator (Figure 2-13) in Frederick and Comunian (1994) study was used to estimate
grape punnets' overall heat transfer coefficient in convection conditions. The simulator consisted

of an aluminium box (including lid for the shape), mica (for the volumetric heat capacity) and
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nichrome wire (for heating). The weak point of this simulator is the empty space inside the box
that allows free convection, introducing errors in the result (Frederick & Comunian, 1994). Making
a grape punnet instead of individual grapes is similar to the idea of the porous media approach in

mathematical modelling.

Figure 2-13, The grape simulator in Frederick and Comunian (1994) study
The cheese simulator (Figure 2-14) used by Pham, Moureh, and Flick (2018) is also for steady-state
conditions, but the heating element was to mimic the heat released due to the respiration of
camembert cheese. This simulator was used to validate a cheese cool storage model. As the rate
of respiration (in the simulator) was controllable and the properties (such as shape, thermal
properties, and others) of the simulator were constant throughout the storage period, the

simulator provided good data for the model validation.

Figure 2-14, The cheese simulator in the Pham, Moureh, and Flick (2018) study

2.4 Summary and remarks

In this review, the methods of precooling were reviewed. Continuous optimisation is needed for
each method to improve rates, uniformity, and cooling efficiency. A better package desigh seems
to be one of the most influential and popular optimisation approaches, as a slight modification to

the package can result in significant improvements. Modelling is one of the most favoured
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approaches for researchers to explore how to improve precooling performance. It provides
controllable testing environments and requires minimal logistics and planning. However, the
computational time of models is still generally long, and validation experiments are still needed
due to the limitations of modelling and to ensure the underlying assumptions are appropriate. This

reinforces the need for simulators to aid modelling and experimental studies.

It is worthy of mentioning that not many studies have focussed on optimising closed package
systems. As a result, the heat transfer mechanisms of a closed package system is not clear.

Contradicting results have been reported from different studies.

Although a few simulators have been developed in different studies, a systematic development
approach is not available. Also, most of the developed simulators are designed for a small-scale
experiment, whereas a full scale of simulator experiment is rarely found. In the review of Redding
et al. (2016), some guidelines were proposed; however, they are not extensive. The next chapter
will continue this discussion and attempt to develop a systematic framework for simulator

development.
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Chapter 3. A conceptual framework for simulator development

A need for a simulator has been identified, but no systematic approach has been previously
proposed in the literature. This chapter explains a basic conceptual framework for simulator
development. The development of both physical and mathematical simulations share similarities
in that they reduce complexity by neglecting some modes of heat transfer. For this reason, the
conceptual framework for simulator development was developed by considering the existing
modelling approaches of direct numerical simulation (DNS), porous medium and zonal models.
The physical simulator design conceptual framework adapts these approaches by considering the
different possible scales leading to individual, bulk, and semi-bulk simulators. The heat transfer

modes that can be included in each simulator type are discussed.

3.1 Direct Numerical Simulation as an analogy to individual simulators

The DNS modelling approach considers the heat transfer characteristics of each product during the
heating or cooling process. The geometry and packing of each fruit in the system are included, and
air gaps within which natural or forced convection may occur. The concept of DNS models can be
transferred directly into individual physical simulator development. Generally, for the air phase,
models need to consider both fluid dynamics and heat transfer for a representative simulation,
which requires solving the computationally intensive Naiver-Stokes equations. However, a physical
model — a simulator, can accommodate the airflow by matching the product's geometry and

allowing the presence of air gaps.

The general Fourier’s equation (Equation 2-8) applies for positions inside the fruit. As such, an
individual simulator design needs to reproduce conductive heat transfer within it (Equation 2-8).
The S}, is the respiration term which generates heat. In some designs, this has been included from

a heating element embedded inside the simulator.

The boundary conditions in a DNS can consider conduction, convection, radiation and evaporation
and can be written as Equation 3-1. The equations suggest that an individual simulator could
require the inclusion of up to five heat transfer modes if the correct thermal response between
real and simulated fruit are to be matched. These include conduction to the fruit surface, and
either conduction away from the surface into the surrounding air, convection into a well mixed air

space, radiation and evaporation.
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d :
3 (pcT) = V(AVT)+Sy Equation 2-8

n
_ApVTs = AeffVT + heonv(Tamp — Ts) + € Z Fio_(Ti4 -TH + Hvupkm(Pamb -FR) Equation 3-1
=

3.1.1 Simulator feature — conductive heat transfer mode

Two types of conduction can happen during cooling (section 2.2.1), product internal conduction,

which is described by the governing equation (Equation 2-8), and the conduction (fruit to fruit or
fruit to package) via thermal contact to other media, which is described by the term A.¢¢ Z—: in the

boundary condition (Equation 3-1).

3.1.1.1 Internal conduction

The thermal conductivity (1), density (p), and heat capacity (c) are the essential thermal properties
governing the internal conduction as defined in the Fourier equation. The volumetric specific heat
capacity is the multiplication of density and specific heat capacity. The mass times heat capacity
(or volume times volumetric heat capacity) describes how much energy the object must gain to
increase its temperature by 1°C. In general, matching the product shape (and therefore distance in
each dimension), thermal conductivity and the volumetric heat capacity can match the internal

conduction that will occur in real fruit.

Simplification can be made when heat transfer is limited at the surface (and rapid within the
produce). In such a case, the internal gradients in the product are low, and the product can be
considered to have a uniform temperature. In the case of convective external boundary
conditions, this condition can be quantified using the Biot number (Bi), a dimensionless number
quantifying the ratio of the body's internal and external heat transfer resistances (Equation 2-23).
A similar Bi-like number could be evaluated, including other surface heat transfer modes on the

right-hand side of Equation 3-1 (e.g. radiation), and the discussion below is still relevant.

L
Bi = hT Equation 2-23
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Bi smaller than 0.1

When Bi is smaller than 0.1, the external resistance is much greater than internal resistance, and
therefore the temperature profile of the body would be more toward a uniform value (Krantz,
2007, p. 159). The possible conditions for this Bi number could be products in a well-insulated
package during cooling or horticultural products under room cooling conditions. In this case, the
thermal conductivity of the object is less important as the heat transfer is restricted by the
external heat transfer. Therefore, the simulator only needs to match the volumetric heat capacity
to simulate the internal heat accumulation. Typically, horticultural produce have a volumetric heat
capacity of 4125 k] m~3K~1 (section 2.3.1), and steel or gel materials can potentially match this

value (Defraeye et al., 2017; Stankus et al., 2008)

Bi smaller larger 10

When Bi is greater than ten, the internal resistance is much greater than the external resistance.
Therefore, the object's surface temperature is close to the ambient temperature. A possible
scenario to fulfil this Bi number condition is a well-ventilated package during forced-air cooling. In
this case, only the thermal diffusivity (ratio of thermal conductivity and volumetric heat capacity)
is important for the internal conduction. A typical horticultural product has a thermal diffusivity
of approximately 1.2 x107 m2s~1 (section 2.3.1). Gel materials and PTFE could potentially match

this value (Pan et al., 2017).

Bi between 0.1 to 10

When the Bi number is between 0.1 to 10, external and internal thermal resistances are of similar
magnitude, and therefore it is important to match both the thermal conductivity and volumetric
heat capacity. Typically, the horticultural product has a thermal conductivity of ~0.5 W m~1 K1
and volumetric heat capacity of ~4125 kJ m~3 K~. Only limited materials can match both these

values (Redding et al., 2016).

Gel materials could potentially be the only option for matching both values. The downside of using
gel materials for the simulator is the relatively short lifetime. The microbial degradation of the gel

or moisture loss could change the thermal properties of the simulator, providing inconsistent
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experimental results (Ang, 2014; Maul et al., 1997). Selecting a non-gel base material that matches

thermal conductivity and volumetric heat capacity is difficult.

Redding et al. (2016) proposed a time-scaling approach, which only requires matching the thermal
conductivity of the product, thus easing the difficulty of the material selection process. The author
also used a simple analytical model to indicate the linearity between cooling rate and volumetric
heat capacity. Therefore, the time can be scaled to account for a mismatch of the simulator's
volumetric heat capacity compared to the produce. For example, if a simulator matches the
thermal conductivity of the product, but the volumetric heat capacity is two times less, then the
simulator should theoretically cool or be heated two times faster than the real product. This

hypothesis is sensible. If the boundary heat flux is in a consistent condition, the volumetric heat
. . . - . . aT . .
capacity (Mc in Equation ) is linearly relative to the cooling rate (E in Equation ). Further

discussion and validation of this hypothesis is given in Chapter 5.

3.1.1.2 Conduction via thermal contact

When two objects are in contact, heat can be transferred via the contact area. Simulators might
need to mimic the deformation of the product in contact to match the contact area and,
therefore, the extent of conductive heat transfer. This requires matching the mechanical

properties and geometry of the product.

Generally, numerical models tend to ignore this heat transfer pathway (Han et al., 2018; O’Sullivan
et al., 2016a) due to limitations in computational power. Tanner (1998) believed that the contact
resistance between two solid objects is generally large, and therefore heat transfer would be more
favourable through other pathways, such as convection. Van der Sman (2008) performed a scaling
analysis and proved that heat conduction via thermal contact is not a significant heat transfer
pathway. Furthermore, the study of Laguerre, Amara, and Flick (2006) indicates that when the
ratio between the product and nearby medium (air) thermal conductivity ratio is less than 100, the
heat flow is close to a parallel pathway (Figure 3-1 a). As the ratio increases, the heat flow
converges to the contact area (Figure 3-1 b). Horticultural products generally have a thermal
conductivity of 0.5 W m~1K~1, and air has a thermal conductivity of 0.025

W m~1K~1Error! Bookmark not defined., which results in a ratio of 25 (smaller than 100). This
agrees the other studies suggesting conduction via thermal contact are insignificant for

horticultural product cooling.
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Figure 3-1, Heat flow pathway for high product to medium thermal conductivity ratio (a) and low ratio (b), adapted
from Laguerre, Amara, and Flick (2006)

3.1.2 Simulator feature — Convective heat transfer mode

The term, h.ony (Tamp — Ts), in the boundary equation (Equation 3-1) describes the convective
heat transfer over the product's surface into a surrounding bulk media. The heat transfer
coefficient, h oy, is an approximation of fluid flow effect on the objects surface heat transfer.
Typically, matching the object's shape mimics the heat transfer coefficient (Acevedo, Sanchez, &

Young, 2007).

The convection mechanisms in the open package and closed package systems are different. In an
open package system, air can flow through and interact with the products. In a closed system, the
air is restricted by barriers and cannot interact with the products. The convection inside an open
system is generally forced convection, and the convection inside a closed package system is
generally free convection due to the buoyancy force generated by the temperature gradient.
Regardless of system type, convection can be mimicked by matching the product shape and
reproducing the shape and constrictions in the air spaces. For example, Acevedo, Sdnchez, and
Young (2007) used a grape shaped aluminium simulator to determine the surface heat transfer
coefficient of a package of the grape inside an enclosed system when free convection occurred.
Valente et al. (1996) used an avocado shaped aluminium simulator to determine avocado's surface

convective heat transfer coefficient under forced air cooling.

Convection is generally important for product cooling. In an open package system, the surface
convection on the product is important, and the heat transfer coefficient can be determined by
the empirical model (Equation 3-2) given by Laguerre, Amara, and Flick (2006). The external
convection on the package surface is important in a closed package system, and the internal free
convection could also be important. The importance of this internal convection can be determined

via the Rayleigh-Darcy number (Ra,,; Equation 3-3 to Equation 3-5 ). If the number is greater than
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412, natural convection would be significant inside the package system (Nield, 2013). Within

Equation 3-3, L is the characteristic length of the package.

Nu = == = 1.56Re%*? pri/? Equation 3-2
ATL
Ra,, =Ra XxDa= K 9k Equation 3-3
UV Uqir
DZ 2
—__teal Equation 3-4
180(1 — p)?
Vs .
Deg = 6— Equation 3-5
4Ap

3.1.3 Simulator feature — Radiative heat transfer mode

The term, € Z};l Fia(Ti4 — T4, in the boundary equation (Equation 3-1) represents the
radiative heat transfer mode. This indicates that if radiation is important, the simulator needs to
match the emissivity (&), the product surface temperature (T) and the view factor (F) to simulate
the radiation effect. The emissivity of the simulator can be matched via surface modification, such
as painting the surface (Ben Amara, Laguerre, & Flick, 2004). The surface temperature of the
simulator will be matched by default if the simulator is faithful to the overall heat transfer
mechanisms. The view factor, which defines how much heat is transferable via radiation to the

nearby visible objects, can be simulated by matching the product shape and packing arrangement.

Radiation is generally considered insignificant during produce precooling (section 2.2.1). Feng and
Han (2012) mathematically proved that two equal size contacting spheres only have a view factor
of 0.07. The view factor of two unconnected spheres with an obstacle in between has an even
lower value, which reflects the view factor of the products packed inside a package. As the
product is closely packed and the temperature gradient between the adjacent products is small,

the effect of radiation should be minimal.

3.1.4 Simulator feature — Evaporative heat transfer mode
3.1.4.1 Open package system

The term, Hyqp, ki (Pamp — Ps) governs the evaporation effect into a surrounding bulk media. To

include it, the simulator would have to allow for moisture evaporation into the surrounding air.
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The mathematical term indicates that the evaporation effect of the simulator can be simulated by
matching the effective mass transfer coefficient (k,,) and the moisture pressure deficit, (Pymp —
F;). The latent heat (H,,;,) will be matched if the evaporating substance is water. The effective
mass transfer coefficient consists of two components (Equation 3-6), the air film mass transfer
coefficient (k,;;-) and the skin mass transfer coefficient (kg ), Which is a derivation from the skin
permeability. The air film mass transfer coefficient is a function of air velocity and object shape,
which can be matched through the product geometry. The skin mass transfer coefficient can be
matched by having a modified surface layer; for example, Chuntranuluck, Wells, and Cleland
(1998a) used wetted cloth. The moisture pressure deficit will be matched if the simulator contains

water.

-1
k= < ! + ! ) Equation 3-6
k kmskin

mair
There are differences of opinion on the importance of product evaporation during cooling (section
2.2.1), where some studies suggested it is important (Delele et al., 2012; Ferrua & Singh, 2009a),
and some studies believed it is not important (O’Sullivan et al., 2016a; Tanner et al., 2002a). To
develop a better understanding, a simplified model (Model A; Figure 3-2) was built, using a one-
dimensional spherical equation. The sphere centre was defined as a symmetry boundary, meaning
there is no heat flux. The surface boundary was considered with convection and evaporation
effects. The water vapour pressure was estimated based on temperature using the Antoine

equation (Chuntranuluck, Wells, & Cleland, 1998b). The Fourier equation (Equation 2-8) was the

governing equation of the object, and the model was solved by COMSOL Multiphysics v5.2.

—kVT = h (T — Tamb) - Huapkm (Ps - Pamb)

dT  k 27 3990.5
& _Ferpat P~ 23.4795 —
T pcv T+—vr s & expl T, = 39317)
P, RH x 23.4795 3990.5
/ amb ™~ exp[ - Tomb — 39.317]
f
j VI =20

Figure 3-2, 2D simplified model to understand evaporation effects

A range of heat transfer coefficients, effective mass transfer coefficients and ambient relative
humidity (RH) were tested in model A. The outcome is summarised in Figure 3-3. The ‘no
evaporation’ scenario was used as a benchmark, where the effective mass transfer coefficient was

set as zero. The maximum temperature deviation (MAD; Equation 3-7) during cooling was
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calculated by subtracting the model output for each scenario to the benchmark output at each

time and then finding the maximum deviation over all times. This value represents the maximum
possible evaporation effect during cooling. The ratio of heat to the mass transfer coefficient (k—)
m

was used to quantify the magnitude of the evaporation effect. Overall, Figure 3-3 shows that when
the heat transfer coefficient is 10° times greater than the mass transfer coefficient, the
evaporation effect becomes insignificant (max temp dev. less than 1 °C). This is because the
surface temperature of the product is cooled fast enough that the moisture pressure deficit value
drops significantly, limiting the evaporation. There is no evaporation effect when RH is 100%,
which is sensible and expected, as the moisture pressure deficit, in that case, is zero. 80 to 90% of
RH values are typical ambient conditions found in industrial horticultural product cooling
(O'Sullivan, 2016; Tanner, 1998). Under this condition, the heat to mass transfer coefficient ratio
needs to be greater than 108 times to avoid the significant effects of evaporation (max temp dev. ~

1°C).

MAD = max|Tpench (t) — Tscenario(t)] Equation 3-7
10 I
—RH= 50%
—RH= 60%
RH= 70%
—~ 8- —RH= 80%
g —RH= 90%
[ RH= 100%
je
w 6
S
Q
©
£
E 4
l_
>
=
2 L
0 . —tl L . L . i
10% 10° 108 1010 102

hik ratio (WsPaK ™" kg™

45



Figure 3-3, Comparisons of evaporation effect under different heat transfer coefficient condition
Since the effective mass transfer coefficient consists of the air film and skin mass transfer
coefficient, the heat to mass transfer coefficient can be rearranged as Equation 3-8. Horticultural
products generally have an equivalent diameter of 2 to 64 mm (Redding et al., 2016), and the air
velocity in the produce precooling is 0.02 to 5 m s~ (Laguerre et al., 2008). Based on this, the
heat transfer coefficient for cooling can be calculated (Equation 3-2) to be under 100 W m~2 K1,
which is also reported in Ashrae (2010). As most of the horticultural products have a skin mass

transfer coefficient smaller than 10° kg s ' m~2Pa~! (Ashrae, 2010), the horticultural product

. . h L
during cooling, generally has p greater than 10°. As a result, the evaporation is already

mair

significantly restricted by the produce skin permeability even if the air film resistant is not

considered.

hh<1+1>h+h Equation 3-8
— = = quation 3-
km kmair Mskin kmair kmskin

3.1.4.2 Closed package systems

The concept above is generalised for an open package system by considering the heat transfer
coefficient. Generally, evaporation effects are considered insignificant in closed systems as the
purpose of using a polyliner is to minimise moisture loss (Ngcobo et al., 2013a; O’Sullivan et al.,
2016a). In order to confirm this, a simplified model was developed (Model B), evaluating the effect
of evaporation (Figure 3-4). The model simulates four products (the semi-circles, Figure 3-4 left)
stacked in a column inside a closed package system, where the rectangle at the bottom represents
the cardboard box, and the top boundary represents a thin plastic layer covering the product. This
mimics a stack of produce inside a carton package. The governing equation for temperature is
Fourier’s equation (Equation 2-8). The governing equation for the air phase is the continuity
equation and the Naiver-Stokes equation with Boussinesq approximation for the internal natural
convection (Equation 2-1 to Equation 2-3). Fick's equation is the governing equation for the mass
transfer in the air phase (Equation 2-7). The concentration boundary condition for the product
surface is defined as a saturated water surface, which is the maximum possible for evaporation

( Equation 3-9); The temperature boundary condition for the product surface was defined as
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Equation 3-10 and Equation 3-11; The velocity boundary condition for the product surface was
defined as no-slip wall, which means equal to zero. The external surface of the package was
defined as constant 0 °C and saturated vapour concentration at 0°C (the top and bottom
boundary), and the side boundary was defined as no flux. Evaporation effects can be tested by
comparing the model without latent heat. The model is solved by COMSOL Multiphysics v5.2 using

2D axisymmetric rotational (8098 mesh elements were created).

Equation 2-1 to 2-3, and 2-7, correspond to the conservation of mass, momentum, energy and

vapour in the air space.

d E ion 2-1
_p + V(pui) =0 quation

Jat

0 Equation 2-2
3 (puy) + V(puu;) = V(z)+pgi,

0 Equation 2-3
5% (pcT) + V(pu;cT) + V(Eyqp puC) = V(AVT)

ac :

ET + V(puC) = V(DVC) Equation 2-7
Fourier’s law (Equation 2-8) applies within the fruit.

d .

3 (pcT) = V(AVT) Equation 2-8

At the fruit surface and the top and bottom boundaries, the water vapour concentration is
assumed to be at the saturated water vapour pressure, as given by ideal gas law (equation

3-10). Both top and bottom temperature were set to be 0 °C.

Psat H
C = Equation 3-9
RT a

The heat conducted to the fruit surface is equal to the lost of heat due

to evaporation or heat transfer into the air.

AVT = Hyap,D VC + A VT Equation 3-10
The left and right boundaries were symmetry (Equation 3-11)

VI =0;Vpu=0;VC =0 Equation 3-11
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Figure 3-4, Simplified model for evaporation comparison
Figure 3-5 shows the predicted volume average temperature of the product with and without
evaporative cooling. In general, the maximum temperature deviation incurred by ignoring
evaporation is less than 0.5 °C. Thus, under conditions that are optimal for evaporation inside a
closed package system, product temperature has a minimal effect from evaporative cooling. These

results agree with the conclusions from O’Sullivan et al. (2016a).
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Figure 3-5, Comparing the effect of evaporation on product temperature in a closed package system

3.1.5 Simulator feature —respiration of heat

The term S}, in the governing equation (Equation 2-8) accounts for the heat generated by product
respiration. Although many studies have included respiration heat in their models (section 2.2.1),

researchers generally agree that the effect of respiration heat is insignificant during rapid cooling
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(O’Sullivan et al., 2016a; Tanner et al., 2002a). Including respiration heat in a mathematical model
is relatively simple, but it would be challenging to include this in a physical model. Electrical
components need to be embedded into the simulator, to provide the heat, and fine-tuning is
needed to make the heating rate vary as a function of temperature (Pham, Moureh, & Flick, 2018)

as in fruit, the respiration rate is temperature-dependent (Ashrae, 2010).

3.2 Porous medium approach as an analogy of a bulk simulator

The porous medium approach to modelling considers the fruit to be a bulk volume with effective
properties (such as a stack or a package of products). The development of the porous medium
modelling approach is also transferable to the development of a bulk simulator. However, the
implications of bulk simulator development are different, depending on the type of package

system being considered.

In an open package system, air can flow through the product or within stacks inside the package.
Mathematically, the airflow can be averaged based on Darcy’s law (Equation 2-13 to Equation
2-15). This averaging is dependent on the air permeability, which is a function of product diameter
and the porosity of the stack (Verboven et al., 2006). Matching these parameters is equivalent to
developing an individual simulator, and therefore bulk simulators do not offer advantages for
open package systems. Producing a bulk simulator with equivalent resistance to airflow resultsin a
continuous phase with similar dimensions to the fruit, and therefore the properties must match
the fruit as discussed for the direct simulation approach in Section 3.1. Furthermore, the position
of the fruit phase and overall dimensions of the bulk system would be fixed, and the use of the

simulator would be much less flexible.

In a closed package system, air cannot flow through the product stack. As the air velocity is equal
or close to zero inside the package (Equation 2-16), the energy equation of the porous medium
approach can be simplified into the Fourier equation (Equation 3-12) with consideration of
effective thermal properties, indicating the possibility of a bulk simulator with effective properties.
Evidence for this can be found from the study of Amos (1995), where the Fourier’s equation with
the effective properties was used to predict cooling in an unvented apple box and reasonable
predictions were obtained. Although internal natural convection could be significant (O’Sullivan et

al., 2016a), a slight adjustment to the effective value can be made to compensate for this (Becker
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& Fricke, 1996; Tanner et al., 2002a). However, if the adjustment cannot account for the internal

heat transfer mechanisms, a bulk simulator would not be viable.

0 0
(pc) 8_T+ (oc T _0 w +5 Equation 3-12
PCerrge ™ PO 55 ™ ox, ox, n

3.2.1 Package to product length ratio (P/p ratio)

The P/p ratio is a useful parameter in evaluating the feasibility of the porous medium approach in
modelling (Ferrua & Singh, 2008). Typically, the ratio needs to be at least 6.6 (Van der Sman, 2002)
to be appropriate to distribute the air phase throughout the bulk and model the system using

effective properties.

The effective volumetric heat capacity and thermal conductivity are the important parameters
governing the temperature profile of the bulk simulator. The effective volumetric heat capacity
can be accurately predicted based on volume fraction (Equation 3-13), and it is not a function of
the P/p ratio. However, the geometry can affect the effective thermal conductivity (Carson et al.,
2003), which means the P/p ratio can affect it. To understand the effect of the P/p ratio on bulk
simulator design, a simplified model (Model C) was developed based on the Fourier equation
(Figure 3-6). The model assumed an array of infinitely long cylinders (2D circles) stacked inside an
enclosed space, where the array dimension can be varied from one by one (P/p=1) to twenty by
twenty (P/p=20). Heat transfer occurred by conduction through both the product and air phases

with point contact between adjacent circles.

The volume fraction of the geometry remained constant regardless of the array size, and therefore
the effective volumetric heat capacity remained constant. The side boundaries were defined as
insulation, and the top and bottom boundaries were defined as having constant temperatures of
20 °C and 0 °C, respectively. The diameter of the cylinder (the circle in 2D) was defined as 30 mm
(point touching), which is the middle range of typical produce size (Redding et al., 2016). The
thermal conductivity of the individual product was defined as 0.51 W m~1K~1, and the volumetric
heat capacity was defined as 4152.3 kJ m~3 K~1, which are the typical thermal properties of
horticultural produce (see section 2.3.1.). The model was solved in COMSOL Multiphysics using the
stationary solver to predict the steady-state heat transfer through the system. Although a 3D

model of stacked spheres would be a more appropriate description of a stack of produce, the
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result from this 2D simulation reflected what occurs in 3D and required significantly reduced

computational time.

Equation 3-14 shows how the volumetric heat capacity was calculated where pd is the volume

fraction of the product phase.

(PCesr = pc1 X pd + pcy X (1 — pd) Equation 3-13
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Figure 3-6, Model C system summary
The apparent effective thermal conductivity occurring in the model can be calculated based on
the definition of thermal conductivity as applied to the whole bulk system (Equation 3-14), the
heat flow (¢) per characteristic length (L) per temperature gradient (AT) where the heat flow

can be calculated by averaging the heat flow on each boundary node (Equation 3-15).

¢ .
Aeff = m Equatlon 3-14

L
¢ = Wf qndx Equation 3-15
0
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Figure 3-7, Change of effective apparent thermal conductivity at different P/p ratios
Figure 3-7 shows the apparent effective thermal conductivity of the model geometry as a result of
different P/p ratios. Figure 3-7 shows that the effective thermal conductivity starts converging to a
constant value at P/p ratios greater than 7, which agrees with the findings of Van der Sman (2002)
However, the overall change from the ratio of 1 to the ratio of 20 is only 0.02 W m~! K~1, which
is less than the natural product variation(O'Sullivan, 2016). The sensitivity analysis of O'Sullivan

(2016) shows that this thermal conductivity variation has minimal effect on the overall product
cooling process.

To better understand the effect of the P/p ratio on effective thermal conductivity, a second model
was developed (Model D; Figure 3-8) for the dynamic cooling of bulk produce. This model
consisted of two components, the non-porous medium model (NPM), which adapts the geometry
from model C, and the porous medium model (PM), a region with effective properties. The
effective volumetric heat capacity of the system was estimated based on Equation 3-13, and the
effective thermal conductivity used the maximum and minimum effective thermal conductivity

value from Figure 3-7 (0.261 and 0.248 W m™~! K1, respectively). The top and side boundaries
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were defined as no flux, and the bottom boundary was defined as constant at 0 °C. Unsteady

state cooling rates were predicted in each case using COMSOL Multiphysics.
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Figure 3-8, Model D system summary
Figure 3-9 compares the effect of the P/p ratio on porous medium approach error. Again, the
maximum temperature deviation during the cooling was calculated (see 3.1.4). The temperature
of each circle centre in the NPM model and corresponding position in the PM model were
compared. The maximum temperature deviation was calculated from the overall maximum
difference between these positions throughout the cooling period. As expected, the maximum
temperature deviation is unstable before P/p is less than 5 but comes relatively consistent after
P/p reaches 7. Although the maximum temperature deviation could be as big as 2.2 °C when the
P/p ratio is less than 5, this temperature error could sometimes be acceptable depending on the
purpose of the study (Getahun et al., 2017). Also, a temperature difference of 2.2°C in a large-
scale experiment could be considered insignificant given that the experimental variation is already
large (Olatuniji et al., 2017; Olatuniji, Shim, & East, 2019). Based on this argument, the critical P/p

ratio is not considered at a particular value, but the acceptable tolerance associated with the ratio.
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Figure 3-9, Comparison of the effect of P/p ratio effect on PM model error

3.3 Zonal approach

A zonal model is an intermediate approach between the DNS and porous medium approaches.
This approach is suitable for developing simulators for multi-level packaging systems (Figure 3-10),
such as the packaging of grapes or blueberries. In these systems, the product is packed into a
subunit (e.g., clamshell or bag), and multiple of these are then packed into a larger cardboard
package. These small sub-units can then be looked at as zones, which are in turn considered as
mini-bulk simulators. As a result, simulating convection and radiation in the air gaps between
zones become possible. In developing the subunit simulators, the considerations discussed in
section 3.2 around effective bulk properties, P/p ratio and external shape should be considered.
Pragmatic decisions on the shape of each ‘zone’ must also be made. Flexibility can be developed
by creating uniformly sized subunits that pack together (as would occur in packed punnets),
wherein other circumstances it may be necessary to make subunits with a varying shape that stack
together in well-defined orders to match the real system (as would occur in bags of grapes for

example).
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Figure 3-10, Examples of multi-level package systems (Ngcobo et al., 2013a)

3.4 Approach selection

Table 3-1 summarises the heat transfer features of each approach. An individual simulator can
include all (or most) heat transfer modes, whereas bulk and zonal simulators can only include
some of the heat transfer features. Figure 3-11 shows an overall flowchart proposed for aiding
decision-making during simulator development. The framework can be divided into three
components, approach selection, heat transfer mode selection and time scale or gel-based
simulator selection. This framework was developed for product cooling, but the approach and

basic structure could be adapted to other scenarios where simulators could be useful.

Table 3-1, Summary of three approaches on each heat transfer mode

Heat transfer mode  Individual Bulk Zonal Properties
Conduction Yes Yes Yes pC&A
Convection Yes No Partially Shape

Radiation Yes No Partially g, Ty & shape
Evaporation Yes No No Derr, WC
Respiration Yes Yes Yes Heating element

The logic for the approach to selection starts by identifying whether the product to be simulated is
packed in a closed or open system. If it is an open system, then the simulator needs to be in an

individual form to account for the airflow through and around the product, as discussed in 3.2. If
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the package system is closed where the contents can be divided into closed sub-units and the
convection and radiation between the subunits are important, then the zonal simulator approach
can be considered. A bulk simulator can be considered if the system cannot be divided into
subunits and the convection and radiation between the subunits are not important. To confirm
the relevance of the bulk or zonal approaches, the importance of the internal detail of the stacked
produce needs to be evaluated. The key considerations are the contribution of internal natural
convection, radiation and evaporation to heat transfer within the bulk. It is known that internal
radiation and evaporation inside a closed package system is insignificant (see section 3.1).
Therefore, the importance of the internal detail is based on the Rayleigh-Darcy number. If the
Rayleigh-Darcy number is greater than 412, then the internal free convection is significant, and
the simulator needs to be an individual format. If the number is less than 412, then internal free
convection is insignificant, and the acceptability of temperature error based on the P/p ratio must
be considered, (refer to Figure 3-9). If the likely error is acceptable, then bulk or zonal simulator

approaches can be adopted.

As already discussed, an individual simulator can include conduction, convection, radiation
evaporation and respiration heat transfer features, whereas a bulk simulator can only include
conduction, convection and respiration, and zonal simulators can partially include internal
convection and radiation between subunits. Conduction and convection are always important for
simulators. For an individual simulator in an open system, the decisions are based on Bi number
(as discussed in section 3.1.1.1). However, if the package is a closed system, thermal conductivity
and volumetric heat capacity need to be considered. In theory, the Bi number simplification
concept (section 3.11) should be applied on the external bulk package, where the bulk package of
the product is considered as an effective object. In order to maintain this external Bi number of
the package, the thermal conductivity of the individual simulator needs to be consistent with the
targeted product to result in the same effective thermal conductivity of the bulk package. As the
thermal conductivity of the individual simulator needs to be matched, the volumetric heat
capacity will also need to be matched at any Bi number conditions. As a result, for the individual
simulator in a closed package system, the thermal conductivity and volumetric heat capacity

always need to be matched.

Typically, a horticultural product has high water content (Ashrae, 2010), and therefore the thermal

properties are similar to water, the volumetric heat capacity of ~ 4125 kJ m~3 K~ and thermal
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conductivity of ~0.5 W m~1 K~ (section 2.3.1). Water is a special substance with high heat
capacity due to its hydrogen bonded molecular structure (Silverstein, Haymet et al. 2000), and it is
difficult to select a common stable material with similar values. As discussed (section 3.1.1), if the
Bi number of the condition is lower than 0.1, the simulator design only needs to match the
volumetric heat capacity, which means stainless steel could be potentially used (Stankus et al.,
2008); if the Bi number is greater than 10, the simulator only needs to match the ratio of thermal
conductivity and volumetric heat capacity (thermal diffusivity), which means PTFE can potentially
match this value in fruit (Pan et al., 2017). When the Bi number is greater than 0.1 but smaller
than 10, thermal conductivity and heat capacity need to be matched, which is challenging for

material selection.

Gel-based materials could be potential options as they contain high percentages of water, and,
indeed, many gel-based simulators can be found in the literature (section 2.3.2). However, gel-
based simulators are generally less durable and stable (as discussed in section 3.1.1.1). Therefore,
time-scaling approaches are an alternative of matching both thermal properties where durability

and long-term stability are required.

For bulk and zonal simulators, the effective thermal properties need to be matched (as discussed
in section 3.2). The inclusion of significant volumes of air in the bulk material allows a wider range
of materials that could be suitable for simulator design. Typically, the volume fraction of bulk
products is ~50%, which results in the effective thermal conductivity being ~0.25 W m~1 K1
(parallel thermal conductivity model), and volumetric heat capacity in fruit is ~ 2062 kJ/m3K

(Equation 3-13). PTFE or PTFE composites could be potential materials to achieve these properties.

Individual simulators need to match the individual shape, and bulk or zonal simulators need to
match the external bulk shape. Matching the shape for a simulator is relatively easy, which can be
done mechanically (such as milling or routing). Radiation is generally not important (as discussed
in section 3.1.3), but the surface emissivity, temperature, and shape need to be matched if it is
important. As mentioned, most common materials have similar emissivity to horticultural products
(section 2.3.1), and the surface temperature would be matched by default if the simulator

behaviour is faithful to the heat transfer mechanism.

Only individual simulators allow the inclusion of evaporation. The importance of the evaporation
effect is dependent on the package system (open), RH and h/k,, ratio (as discussed in section
3.1.4). If evaporation is important, the simulator would most likely need to be a gel base material
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with a modified external skin layer such as the system used by Chuntranuluck, Wells et al. (1998)
in their simulator. The literature generally agreed that the respiration of heat is not important
during product cooling (section 2.2), but if it is important, a controlled heating element can be
embedded into the simulator to match the release of the heat of respiration (Pham, Moureh, &

Flick, 2018).
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Figure 3-11, Simulator development framework flowchart
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3.5 Summary and remarks

Overall, this chapter discussed the heat transfer mechanisms considered in the numerical
simulation development into physical simulator development. Each heat transfer mode during
cooling was analysed, and the important properties were determined. A systematic flow chart was
proposed for using the development framework. Although this framework was constructed for

product cooling applications, it is believed that it can be extended to other applications.

This framework will be demonstrated in subsequent chapters by application to different

precooling fruit systems, where different approaches to simulator development are appropriate.

It is also important to note that many simulators are generally needed for the optimisation
process, such as a box, a pallet, or multiple simulators. Therefore, material selection and the
manufacturing process is important to a simulator design, which will be discussed in the following

chapter.
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Chapter 4. Simulator manufacturing and design

The previous chapter presented a framework for simulator development. As mentioned
previously, a large number of simulators are generally required to conduct packaging or precooling
operation optimisation experiments. This chapter will discuss the material selection process and
potential manufacturing techniques. Simulator prototyping will then be discussed, and an example

will be demonstrated.

4.1 Material selection

In the material selection process, the relevant properties for the cooling application simulator are
thermal conductivity and volumetric heat capacity, and therefore only these two parameters are
the focus of this section. Other essential parameters were discussed in chapter 2 and 3 and can be
matched via other methods.
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Table 2-1 summarises the required thermal properties for typical precooling applications in

horticultural produce for each simulator approach.

Table 4-1, Required thermal conductivity and volumetric heat capacity.

Simulator approach Thermal conductivity Volumetric heat capacity
(Wm 1K) (k] m—3K™1)
Individual ~0.5 ~ 4125
Bulk/ zonal ~0.25 ~ 2062
Time scaled individual ~0.5 N/A
Time scaled bulk ~0.25 N/A

In order to help material selection, an iterative computational program was developed to enable
visual comparison of material properties and for their binary combinations in a systematic way
(Figure 4-1). A data list of materials with their thermal conductivity and volumetric heat capacity
were used as inputs into the program. Commercial materials (single-phase) are considered first, as
simulators are preferred to be made from uniform single-phase materials using various
manufacturing methods such as milling, turning, casting, and other methods. If no matched
material is found, then multiphase material (combinations) are considered. Iteration of material
combinations and the volume fraction of each phase is conducted. The effective volumetric heat
capacity (equation 3-14; in chapter 3) and the possible thermal conductivity values are calculated
for each combination at each ratio, based on Maxwell-Eucken (Equation 3-13 and Equation 4-2)
and the effective medium models (Equation 4-3) (Rahman & Al-Saidi, 2009). The Maxwell-Eucken
model represents the combination of materials needed to have a continuous phase (matrix) and a
spherical dispersed phase, where the dispersed phase must be well separated so that there is no
continuous bridging between spheres. As a result, the manufacturing process needs to fulfil these
requirements if the material combinations are found based on the Maxwell-Eucken model. The
effective medium model assumes the fillers can be irregular and connect with another dispersed
phase material. Likewise, the manufacturing process needs to be matched accordingly. This
material selection algorithm can be modified and applied to other properties (if simulators are to
be developed for other applications) by substituting the appropriate database and effective
properties prediction models.
1—2vp,
derr = e (T 70p0)
Where

Equation 4-1
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Figure 4-1, The material selection algorithm
Figure 4-2 and Figure 4-3 demonstrates the application of the selection algorithm. The input
material (Appendix G) database was developed based on the free source website, MatWeb (2016),
which provides commercial materials specifications. However, the provided value needs to be
confirmed before being used for design purposes. Each dot in Figure 4-2 represents one material.
The colour of the dot represents the material type corresponding to the graph legend. Similarly,
each dot in Figure 4-3 represents one material combination, and the colour of the dot represents
the material type for the continuous phase material. The cross with the label ‘individual’
represents the required properties range of an individual simulator for precooling application,
where the value is based on typical horticultural products shown in Table 2-3 (in chapter 2).

Likewise, the cross labelled ‘bulk’ represents the possible range of a bulk fruit simulator.
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Figure 4-2, Demonstration of the selection of single-phase materials

Overall, no readily available commercial material is suitable for use in the individual simulator, but
some materials could possibly be used for bulk simulators (See appendix A). They are mostly
thermoplastic polymers. This suggests that injection moulding or casting could be a potential
manufacturing method. As discussed in chapter 3, although water-based materials, such as tylose
gel, match an individual simulator's thermal properties, gel-based materials are not considered in
this project because they are less durable and stable (section 2.3.2.1), and the manufacturing and

material costs could be high.

Since no suitable individual materials were found that match the needs of individual simulators,

the combination algorithm (multiphase selection) was used. Similarly, each dot in Figure 4-3
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represents one combination at a particular iterated volume fraction value with the particular

prediction model. The colour represents the material type of the continuous phase.
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Figure 4-3, Demonstration of the material combination algorithm
One potential combination can be used for the individual simulator, which combines ceramic
material with metal, which is vermiculite combined with 40% (vol) tungsten carbide (Goodfellow,
UK). With the Maxwell-Eucken models dispersed structure, the combination could potentially have
a thermal conductivity of 0.56 W m~1 K~ and volumetric heat capacity of 3646 k] m~3 K~ 1.
These values are reasonably close to the thermal properties of strawberries(0.46 W m~! K~1;
3600 k/ m™3 K~ 1) and banana (0.43 W m™! K~ and 3716 k] m~3 K~1). The thermal properties
of relevant produce were summarised previously in Table 2-3. Although this combination could be
a potential material for the produce simulator, the effective properties still do not match kiwifruit
and grapes, which are the targeted produce in this project. Also, both materials are generally in
particle form, which means the potential manufacturing process is sintering, and the project does

not have the capability of sintering manufacture. There are approximately 1.8 million potential
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combinations across different materials, combined ratio and combination structures (different
models, Maxwell-Eucken and effective medium models). As shown in Figure 4-3, most of the
combinations use thermoplastic or thermoset materials as a continuous phase. This extensive list
of combinations has not been screened for bulk simulators, as the list is too large and potential

single-phase materials have already been identified in Figure 4-2.

The blue line in Figure 4-3 indicates a boundary where thermal property combinations become
limited. Within the 5 million combinations, only a few combinations lie outside this line. In general,
a material's thermal conductivity is positively proportional to the material’s heat capacity at the
atomic scale (Kittel, 2005), which means a low thermal conductivity material generally has a low
specific heat capacity. Water is an unusual material, having relatively low thermal conductivity but
unusually high heat capacity due to hydrogen bonding. Most food products, especially
horticultural products, have high water content, which inherit the low thermal conductivity and
high volumetric heat capacity properties. Finding a non-water-based material that matches these

properties is very difficult.

4.2 Prototyping

Although some potential material combinations are suitable for the simulators, the time scaled
approach was taken for precooling applications. For the time scaled approach, the material
selection is much simpler as just the thermal conductivity needs to be matched. The main purpose
of this work was to demonstrate the applicability of the simulator development framework.
Utilising the time scaled approach could a) validate the time scaled approach hypothesis and b)
reduce research time for material selection. If the simulator concept is validated on a time scaled
approach, the concept should also be valid for a non-time scaled approach. Also, the material
combination algorithm suggests that a thermoset polymer with an appropriate filler can achieve
the desired thermal conductivity value. This also means casting manufacturing techniques can be
used. Compared to 3D printing, injection moulding and machining, casting was the easiest and
most cost-effective approach available for this project (due to the setup and the readily available
resources). 3D printing is generally slow and unstable, and the ability to control material
composites is limited. Injection moulding has a high initial cost for die design and is more suitable
for high volume production. Also, injection moulding a sizeable solid material would likely result in

shrinking issues (more than 3% shrinkage) due to density variation with temperature and
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distortion of the product's shape (Jansen, Van Dijk, & Husselman, 1998). These potential shrinkage
issues would have resulted in additional investigation and study and would distract from the

primary goals of the research.

For these reasons a thermoset polyester resin (Norski, New Zealand) was used with appropriate
fillers to create a composite material. Aluminium powder (STM Pro, New Zealand) and Q-cell
(West system 409 Microsphere Blend, West System, USA; a pure white, hollow glass bubble-
based, low density filler) were used as fillers to modify the composite material's effective thermal

conductivity. Datasheets for these materials are found in Appendix F.

4.2.1 Casting

Casting was used for prototyping in this research. Casting is a simple and effective approach. Using
Thermoset polymers as a continuous phase allows other materials such as aluminium powder or
Q-cell to be dispersed before curing. By casting, the shape can be defined in one process rather

than forming a multiphase block and machining to create the appropriate shape.

As shown in Figure 4-4, resin, reaction catalyst and filler are added into a container and mixed
thoroughly. This mixture is then poured into a mould to solidify. During the mixing, aeration is
minimised to avoid air pockets into the final product. Tests were made using degassing (by
vacuum) and pressurising the casting to reduce further the presence of air/gas pockets that would
alter the thermophysical properties of the composite material. Degassing involves putting the
casting into a vacuum chamber where air pockets are drawn out. Pressurisation involves
compressing any entrapped air pockets so as to minimise their volume. Both tests showed no

significant improvement on the final product in terms of product density.

%@ - 2

Composite mixture Casting

Figure 4-4, Casting process, adapted from Gunther and Mogele (2016)
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4.2.1.1 Moulds

Several material and mould making techniques were tested, as listed below:
e Silicon rubber (Mold Start 15 SLOW, USA), by natural solidification process (Figure 4-5)
e PLA(UPila, China) by 3D extrusion printing
o MDF (Lakepine MP EO, New Zealand) by CNC machining
e Rigid polyurethane foam (Formathane, New Zealand) by CNC machining

e Nylon (Precimid 1170, China) by 3D printing by selective laser sintering (SLS)

The silicon rubber mould involved first making the positive shape of the final product, which can
be the existing object. In the case of making a kiwifruit simulator (see chapter 5), real kiwifruit was
used as the positive object to shape the silicon rubber mould. 3D printing or other manufacturing
methods can also be used to make the positive object possible. 3D printing and CNC machining
approaches involve building material up or reducing material from a block based on a CAD model.
This CAD model can be created from a 3D scans of the product. In the case of the table grape
simulator (see chapter 6), packages of table grapes were CT scanned, and the scanned image was

analysed to produce a CAD model.

— .dﬁ> i

Figure 4-5, Conventional silicon rubber mould making, adapted from Gunther and Mogele (2016)
The material used for making the mould affects the difficulty in separating the solidified product
from the mould (demoulding). Table 4-2 summarises the observations for the tested materials.
Rubber silicon moulds took approximately 20 hours to cure fully, but products cast from this
material can be demoulded easily, and the durability of the mould for repeated casting is relatively
long (over 20 casts without significant deterioration). Nylon and PLA can be used for moulds if
layers of paint are applied on the mould to act as release agents to ease demoulding; however, the

mould's durability is relatively low. The mould making time varied depending on the complexity of
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the mould and the size. Rigid polyurethane foam and MDF as mould materials resulted in poor
demoulding and low durability. However, these two materials are relatively cheap, and the lead
time for making these types of moulds was short. Therefore, these two materials can be

considered if a one-off mould is needed.

Table 4-2, Summary of mould material and the demoulding ability

Material Making time (hours) Demoulding Durability
Silicon rubber ~ 12 (curing) Good Ok
PLA 7 —24 (3D printing) Ok Poor
MDF Omsa::rfﬂ:\c Poor Poor
Rigid polyurethane Omsa::rfﬂ:\c Poor Poor
Nylon 4-24 (SLS) ok ok

4.2.1.2 Shape

In order to capture the shape of the product, a few methods can be used. Direct copying is where
the silicon rubber mixture is poured on the targeted product, and as the liquid silicon rubber
solidifies the product shape, is captured. However, this method is not suitable to capture the bulk
shape of a product as it also captures the voids within bulk objects. In this case, a more
sophisticated method, such as 3D laser scanning or computerised tomography scanning, is
needed. The shape data need to be post-processed to extract the bulk shape (more details are

given in chapter 6).

4.2.2 Thermal properties measurement

As mentioned previously, the thermal conductivity and volumetric heat capacity are important for
material selection. Volumetric heat capacity consists of specific heat capacity and density.

Therefore, these three thermo/physical properties of the selected material were evaluated.

4.2.2.1 Thermal conductivity

An in-house made dynamic needle thermal conductivity probe was used after being calibrated
with glycerine (see appendix C). The diameter of the probe was 0.8 mm, and 35 mm long

(diameter to length ratio greater than 25). This needle-like probe mimics an infinite liner heat
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source of zero mass, both generating heat and recording the transient heat transfer away from the

material (the needle temperature). By knowing the heat input per unit length, ¢/, (W m™1) and

the recorded temperature profile, the thermal conductivity of the material can be evaluated using

Equation 4-4 (Ahmed & Rahman, 2009a). B is the intercept of the linearised temperature change
ql

amA’

profile ( T vs. In(t)), and the slope of the profile is mathematically equal to
ql
T(t) =B+ -—In(t Equation 4-4
(©) = B+7=In()

4.2.2.2 Specific heat capacity

A differential scanning calorimetry (DSC; Q2000, TA Instruments, USA) was used to obtain the
materials’ specific heat capacity. This method records the thermogram of heat flow (to the
samples) vs sample temperature (or heating time) to achieve a linear heating rate. This recorded
thermogram is compared to a known standard (generally sapphire) to evaluate the samples’
specific heat capacity. In the measurement, sealed aluminium pans (Tzero, TA Instruments, USA)
were used to contain the samples and sapphire was used as a standard for the calculation. The
sample size was approximately 20 mg, which was sufficiently large and provided good contact with
the bottom of the aluminium pan. The ramping rate was set at 2 K min~! (unless specifically
mentioned) from -10 °C to 35 °C. The specific heat capacity value was evaluated from 0 °C to 30 °C,

which is relevant for this project.

4.2.2.3 Density

Three methods were used to measure three different materials (mentioned below) depending on

the shape of the material and the density of the materials.

Archimedes’ method was used to measure the solidified polyester samples as illustrated in Figure
4-6, where the object is submerged in water, and the required force to suspend the object was
measured. Based on Archimedes’ principle, the volume of the object can be evaluated as Equation
4-5, where my_ ¢ is the weight of the object submerged in water (at room temperature; 20 °C) and
my;, is the weight of the object submerged in air. Once the object's volume is known, the object's

density can be evaluated.
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Figure 4-6, lllustration of Archimedes’ method of volume measurement

My, 0 — Myi
p=—1 Equation 4-5
PH,0

p= 7 Equation 4-6

The volume displacement method was used for measuring the density of the aluminium powder. A
10 mL measuring cylinder with a known amount of water (or other low-density fluid) were used.
By adding the known weight of the powder sample into this semi-filled measuring cylinder, the
incremental changein volume was recorded. As the weight of the added power is known, and the

increased volume is the sample volume, the density can be evaluated.

A gas pycnometer (AccuPyc Il 1340 Pycnometer, Micromeritics Instrument Corporation, USA) was
used to measure the Q-cell powder's density. Based on the ideal gas law, the sample volume inside
the expandable container can be evaluated based on the container's internal pressures and
volume (at a fixed quantity of gas and consistent temperature). In the measurement, helium gas
was used as the inert gas. A 1 cm?® chamber size was used as the testing chamber. The initial
equilibrium pressure was set at 134.4 kPa, and the equilibration rate was set at 3.5 Pa per minute.
Although the Q-cell powder is a capsule of air, the crushing strength of the material is strong
enough to sustain the applied pressured (Crushing strength above 10 bars See appendix F). The

sample was purged by the helium gas ten times before the actual evaluation was conducted.
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4.2.3 Polyester

The polyester (Norski, New Zealand) consists of two parts, the resin and the catalyst. When the
catalyst is added to the resin, an exothermic reaction starts, and the resin will start solidification
(curing). Depending on the curing environment, different quantities of catalysts should be added

(see appendix E).

Table 4-3, Thermal properties of Norski polyester

Properties Lit\(/earﬁ;csre Manufact;ring value Measured value
The(rlr/ln/arI:f)ln?(LJ_cl'c)ivity 0191 N/A 0.15(7;6?).016
Spe(cgckge_af IC(""_p{")‘City 0.792 N/A 1.26£0.01 (n=1)

: E;';if‘é) 11002 1000 119449 (n=5)

Note : superscript 1 = Tang et al. (2012) 2 = Cecen et al. (2009) 3 = Norski Holdings Ltd.

Table 4-3 shows the literature value, manufacturing specification and the measured value of the
Norski polyester. The measurements were conducted on samples cast into 50 mL Falcon tubes. For
the thermal conductivity measurement, a guiding hole was created by inserting a 14-gauge needle
(approximately 2 mm) in the centre of the casting object during the curing stage and extracted
after the object solidified. This hole was filled with thermal paste to increase the contact between
the thermal conductivity probe and the material. A small cut-off from one of the samples (4.428 g)
was used for the DSC method's heat capacity analysis. The measurement range is the measured Cp
value from 0 to 20°C (as experiments generally run within this temperature range). The density of
the measured samples was evaluated by using Archimedes’ method. All the measurements were
conducted 72 hours after the curing to ensure the complete chemical reaction. Overall, the
material’s thermal conductivity agrees with measured value and literature, but not the specific
heat capacity. This could be due to the different resin formula of the polyester, but the measured
value seems reliable, as it is consistent with the composite material (see section 4.2.6) heat

capacity prediction. It is noticed that both the literature and measured values were greater than
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the manufacturing value, which suggests during simulator development, the validation of

materials’ data is necessary.

4.2.4 Aluminium powder

Aluminium powder (STM Pro, New Zealand) was selected as one of the fillers used to manipulate
density and thermal conductivity. The powder has an average particle size of 45 um (sieve 0 -2%
200 mesh and balance 325 mesh).

73



Table 4-4 shows the literature, manufacturer, and measured values of the aluminium powder. The
thermal conductivity is not measurable as powder form, and it is also not given from the
manufacturing specification. The heat capacity was measured using the DSC method described
above, with 28.763 grams of sample added to the pan. The measured heat capacity was lower
than the literature value, which could be to do with the purity of the powder. Nevertheless, the
measured and literature values are within the same magnitude, and as long as the thermal
properties of the final composite material are measured, this slight disagreement can be tolerated.
The density of material has a good agreement across the measured literature and manufacturing

values.
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Table 4-4, Thermal properties of Aluminium Powder

Properties Literature value Manufacturing value * Measured

valiia

Thermal conductivity

_ 1
W m-1 k1) 224-247 N/A N/A
Specific Heat capacity 5 .
() kg=1 K1) 0.876 -0.899 N/A 0.78+0.01
Density 3
+ =
(kg m_3) 2700 2700 270046 (n=5)

note: superscript 1 = Hust and Lankford (1984), 2 = Downie and Martin (1980), 3 = Pinto and Jiménez-Martin (2001), 4= STM Pro.

Scanning electron microscopy (SEM) was conducted on the aluminium powder to understand the
shape and size of the powder. Figure 4-7 shows the SEM image of the powder. The shape of the
aluminium powder is irregular, and the size of the particles agrees with the manufacturer’s

specification (45 um).

; N
-
HV

20.00 kV| 3.0 150 x 8.7 mm ETD 1.90e-5 Torr Aluminium powder

o LB A7 P g2 - - &
spot mag WD  det — N V11

Figure 4-7, SEM image of Aluminium powder

4.2.5 Microsphere (Q-cell)

Microsphere (409 Microsphere blend, West system, USA), Q-cell, was used as one of the fillers to
manipulate the density of the final composite. Table 4-5 shows the data of Q-cell. Unfortunately,

there are no available thermal property data available from literature or manufacturers for this
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product. It is a small spherical membrane entrapping gas. It is manufactured for use in fibreglass to
occupy volume with minimal impact on weight. The heat capacity was measured using the DSC
method described above with 1.456 milligrams of Q-cell added to the pan. The density was

measured using a pycnometer (AccuPyc Il 1340 Pycnometer, USA) using 120 milligrams of sample.

Table 4-5, Thermal properties of Q-cell

Manufacturing

Properties Literature value - Measured value
The{;"l/arlnc?ln;i(u_clt)iVity N/A N/A N/A
SpeFIL?Ck|;€a1t Iizipla;citv N/A N/A 1.81+0.16

(z;n;it_&;) N/A 160-540 218.9 (n=5)

SEM scanning was conducted to observe the shape and size of the powder (Figure 4-8). The
powder particle is perfectly spherical in the SEM image. The diameter of the Q-cell particles can be
determined using MATLAB image analysis (see appendix 1), and the average diameter was 61.5

pum.

WD pressure ’ 500 pm
mm 1.17e-4 Torr

Figure 4-8, SEM image of Q-cell
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4.2.6 Composites

Two types of composites were made for the project, a polyester-aluminium composite and a
polyester-Q-cell composite. As the thermal conductivity, density and heat capacity are essential to
the simulator, it is crucial to understand the effect of the filler volume fraction on the resulting

effective properties.

For the polyester-aluminium composite, a set of three replicate samples were cast at volume
fractions of 0%, 4.3%, 8.3%, 12.0% and 15.3% (0 to 40% mass fraction at increments of 10%,
respectively). For the polyester-Q-cell composite a wide range of volume fractions (27 samples
over the range 0 to 52%) were created. This is because the thermal properties of the Q-cell
powder were not well-known. Testing more volume fractions of Q-cell in the composite could
better understand the powder properties and casting behaviour. For both composite, filler,
catalyst and resin were added at once, and then a mixer was used to rigorously mix the liquid

component.

4.2.6.1 Thermal conductivity

The thermal conductivity was measured as described in section 4.2.3. The results are summarised
in Figure 4-9. Each sample was measured three times using the thermal conductivity probe. In
total nine thermal conductivity measurements were taken at each volume fraction point, except at
12% samples where only two cast samples were measured, as one of the samples was broken
during the casting stage. The thermal conductivity data point at the volume fraction 24% were
obtained differently, where six samples were cast, and each sample's thermal conductivity was
measured (one time). This data point was the additional data point suggested by the

Maxwell-Eucken model that matched the individual kiwifruit simulator's need (see chapter 5).

. As expected, the effective thermal conductivity of the composite material increases with
increasing volume fraction of aluminium powder. At the same time, there was a steady decrease
with increasing volume fraction of Q-cell. Some variance was observed between replicates. This is
likely to be due to variances in the spatial distribution of the particles, and there is an increased

chance of particle agglomeration with increased particle concentration.
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Figure 4-9, The effect of fillers volume fraction on composite effective thermal conductivity
The Maxwell-Eucken and Effective Medium Theory model predictions are both shown in Figure 4-9
for both types of composite. The Maxwell-Eucken model shows a better prediction of the effective
thermal conductivity with the increasing particle volume fraction for the polyester-aluminium
composite than the effective medium model, particularly at volume fractions above 0.2. This
suggests good dispersion of the particles within the continuous resin phase was achieved during

casting. Both models provide equally acceptable predictions for polyester Q-cell composites.

The thermal conductivity of Q-cell is unknown, and therefore it was back-calculated using
Maxwell-Eucken and Effective Medium models. The estimated Q-cell thermal conductivity was
0.115 W m~1! K~ based on the Maxwell-Eucken model and 0.096 W m~1 K~ based on the
Effective Medium model. These two values are relatively close. As Q-cell contains mostly air (0.025

W m~! K1), these two calculated values are within expectations.

An individual time scaled simulator requires thermal conductivity of ~ 0.5 W m~! K=, which can
be achieved by having a polyester-aluminium composite at 24% filler volume fraction according to
Figure 4-9. Samples of 24% polyester-aluminium composite were made using the Falcon tube
method (as mentioned above), and a piece of the cut-off was observed under the SEM using
backscattering with 20 kV accelerating voltage. Figure 4-10 a) shows the aluminium powder

distribution at 100 um, 500 pm and 1 mm scale. The white regions represent aluminium powder,
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as it is a greater electron density than polyester. The dark background represents polyester.
Overall, the image shows a uniform distribution of the filler, indicating the homogeneity of
thermal properties. Also, the aluminium powder is not connected with nearby particles, which

confirms the validity of the Maxwell-Eucken model for the prediction.

Figure 4-10, SEM picture of a) Polyester-Aluminium and b) Polyester-Q-cell composite under 100, 500 and 1000 um
scale

For a typical time scaled bulk simulator (~ 0.25 W m~1 K~1), 12% (aluminium to polyester)
composite would be suitable. However, the thermal conductivity of a bulk simulator could be as
low as 0.14 W/m.K (such as table grape bulk simulator, see chapter 6). In this case, 52% (vol)
polyester-Q-cell composite would be appropriate. Cast samples of 52% (vol) polyester-Q-cell
composite were made and tested, where the measured thermal conductivity was 0.17+ 0.01
W/m.K, which is slightly different from the targeted value. Given the Q-cell volume fraction is
relatively high, thermal conductivity prediction models could be less sensitive in this region; slight
variations from prediction could be expected. A sample of the composite was also observed under
SEM. Figure 4-10 b) shows the sample at 100 um, 500 um and 1 mm scales. The slightly darker
circular regions represent the Q-cell powder, and the light-dark background represents the
polyester. Overall, the image shows a uniform distribution of the filler, indicating the homogeneity
of thermal properties. Also, some Q-cell powder particles have a degree of connection with nearby

particles, suggesting the Maxwell-Eucken model might be less adequate as the Q-cell ratio
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increases. Nevertheless, both the Maxwell-Eucken model and Effective medium models provided

reasonable predictions.

4.2.6.2 Density

The polyester-aluminium and polyester-Q-cell composite samples were also used to develop the
relationship between filler volume fraction and the effective density. The sample densities were
measured using the Archimedes’ method as mentioned above. Equation 3-5 was used to predict
each samples' effective density, where p is the corresponding density and pd is the volume
fraction of the dispersed phase (fillers). Overall, the measurement data (scatter plot points) shows

a significant agreement with the predicted values (dotted lines; R? close to 1).

Perf = P1 X pd + py X (1 —pd) Equation 4-7
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Figure 4-11, The effect of filler volume fraction on the composite’s effective density
4.2.6.3 Heat capacity

Table 4-6 shows the measured and estimated heat capacity values of 24% Polyester-Aluminium
and 52% Polyester Q-cell composites. The Polyester-Aluminium composite shows good agreement
between measured and estimated values, whereas the estimated Polyester-Q-cell heat capacity is
lower than the measured value. This slight disagreement might be due to the weight

measurement tolerance of the Q-cell. Q-cell is a fine and light particle and is very difficult to
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handle. Therefore, this measurement error could be carried over to the heat capacity value.
However, this slight mismatch is acceptable in practice. For the time scaled simulator approach, as

long as the value used in the calculation is consistent, this slight difference will be easily accounted

for.
Table 4-6, Comparison of the measured and estimated heat capacity values
] . Measured Cp Estimated Cp
Material Mass fraction —1 e —1 -
(k) kg™ K™ (k] kg™ K1)
Polyester-Aluminium (24% 41% 1.05+0.02 1.060.02
Polyester-Q-cell (52% vol) 16% 1.631£0.07 1.35+0.12

4.3 Summary and remarks

Overall, this chapter proposed a systematic process for material selection and developed methods
for prototype development. The potential materials for the simulators and the relevant thermal
properties of the materials have been discussed. These methods were used for the experimental
work, and the examples are presented in the following chapters. It is believed that this systematic
process and the overall simulator development framework is not limited to the cooling application
simulators but can be extended to other applications if the appropriate physical properties are

considered similarly.
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Chapter 5. Design of individual simulators

Previous chapters have proposed a framework for simulator development. This chapter
implements this framework to develop individual simulators for closed packaged kiwifruit and
open packaged apples to demonstrate feasibility. As discussed in section 4.1, materials (other than
water-based) are not available that have the properties to match individual fruit such as kiwifruit

or apples completely. Therefore, the time scaled approach will be used.

5.1 Theory of time scaled approach

Redding et al. (2016) used a one-dimensional analytical model to demonstrate the linear
relationship between the volumetric specific heat capacity and the cooling rate, proposing the
concept of chilling time scaling. This concept can be generalised. As mentioned, the temperature
profile of a given product can be predicted based on the Fourier Equation (Equation 5-1) with
appropriate boundary conditions. Theoretically, the volumetric specific heat capacity, pc, should
have a linear relationship with the rate of temperature change, dT /dt, if the boundary conditions
and all other properties remain consistent. Therefore, the required chilling time for a given
temperature change should be time scalable based on the volumetric specific heat capacity

(Equation 5-2).

ar A

— = Py2r Equation 5-1

at  pc

tsimulator — (pc)simulator Equation 5.2
treal (pc)real

For the third type of boundary condition (convection dominant; Equation 5-3), a constant value of
Bi and temperature gradient (T, — Ts) means unchanged boundary heat flux (1,VT). The
mathematical proof of constant temperature gradient will not be demonstrated here, but this was
shown by Redding et al. (2016) using an analytical model. Achieving a constant Bi number
requires matching the thermal conductivity, the heat transfer coefficient and the shape of the
simulator. This means a simulator that matches the thermal conductivity and shape could be used
as a time scaled simulator, as the main factors affecting heat transfer coefficient (airflow

distribution) would also be matched.
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hA hL .
VT = _T(Tamb =T = 1 X1 (Tamp — Ts) = —Bi X I (Tamp — Ts) Equation 5-3

In reality, products are packed inside packages, which result in complex boundary conditions (e.g.,
Equation 2-9). As a result, it is mathematically challenging to justify the feasibility of the time scale

approach, and therefore experimental validation is needed.

—AVT; = &(G — 0T + nA VT + Hyq, DVC Equation 2-9

5.2  Closed package system application - Kiwifruit simulator

Kiwifruit are generally packed as a closed system. A standard modular bulk (MB) package of
kiwifruit was used in this case study. As shown in Figure 5-1, the MB package consists of a
corrugated fireboard box (0.3x0.4x0.2 m; WLH), a polyliner (10 um thick; HDPE; folded) and 100

kiwifruit (count size 36, class A kiwifruit) randomly filled.
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Figure 5-1, Modular bulk kiwifruit package (O’Sullivan et al., 2016a)
The thermal conductivity, specific heat capacity and density of kiwifruit were measured (Table 5-1)
using the methods mentioned in Chapter 4 (thermal conductivity probe for thermal conductivity,
DSC for specific heat capacity and Archimedes' method for density). The reported range for the
kiwifruit specific heat capacity was measured from 0 to 20 °C, which is the typical precooling

temperature range. This measured value aligns with the literature values (O'Sullivan, 2016).

Table 5-1, Thermal properties of kiwifruit

Properties Kiwifruit

Thermal conductivity (W m~1K~1)  0.52+0.04 (n=26)

Specific heat capacity ( kg™t K~1) 3710140 (n=1)

Density (kg m™3) 1032+4 (n=24)
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5.2.1 Simulator design and manufacture

Figure 5-2 demonstrates the utilisation of the simulator development framework, where the
decision path is highlighted in green. The MB package is a closed package system, and the
calculated Raleigh number (Ra,,) is greater than 4m? (see Appendix H). This Ra,,, consistent with
the finding of O’Sullivan et al. (2016a), who also found that natural convection is an important
heat transfer mechanism inside the modular bulk kiwifruit package. As a result of these factors, an

individual simulator approach should be used.

Based on the studies of O'Sullivan (2016), only internal conduction and convection are essential.
Also, based on the theoretical calculation in chapter 3, it is believed that radiation and evaporation
are insignificant heat transfer pathways inside this closed package system. Therefore, the relevant
properties are the shape, thermal conductivity, and volumetric heat capacity of the targeted
product, kiwifruit. As discussed in chapter 4, no readily available material or material combination
could be found that can match both the thermal conductivity and volumetric heat capacity. Also,
water-based materials such as gel materials are not suitable for this application, as the quantity
needed is large (to enable box or pallet-scale experiments), and the simulator is expected to be
stable and long-lasting. As a result, the time scaled approach will be used here. Using the time
scaled approach also provides an opportunity to validate the time scaled concept and reduces the
complexity of prototyping. As a result of the time scaled approach, only thermal conductivity and

shape will be matched.
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Figure 5-2, Kiwifruit simulator decision tree

Rapid prototype simulators (see Figure 5-3) were made based on the material selection framework

and prototyping framework mentioned in chapter 4. Figure 4-9 suggested that 24% of aluminium-

polyester composite would match the required thermal conductivity. Therefore, casting was

selected as the manufacturing method using the polyester/aluminium composition. Ten moulds

were made for the casting, where ten count size 36, class A kiwifruit were used, as master

specimens (Mould Star 15, Smooth-On, USA; for details of the ten kiwifruit see appendix I). The

detail of mould making was described in section 4.2.1. The average length, width and thickness of

these ten master specimens were 61.742.1, 51.840.5, and 48.310.8 mm, respectively. A size 36

modular bulk package kiwifruit contains 100 kiwifruit, which means the package contains ten

variants of kiwifruit shape, and each variant has ten kiwifruit simulators.
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Figure 5-3, a) Simulator manufacturing process and b) Pictures of an example kiwifruit simulator
Table 5-2 shows the comparison of kiwifruit and kiwifruit simulator thermal properties, where the
same measurement methods were used as described in chapter 4. Overall, the measured values
agree with the expected values within uncertainty limits. Based on the values (Table 5-2), it is

expected that the simulator should cool 2.46 + 0.17 times faster (time scale factor; TSF) than real

kiwifruit (Equation 5-2).

Table 5-2, Thermal properties of kiwifruit and kiwifruit simulator

Properties Kiwifruit Simulator

Thermal conductivity (W m~1K~1)  0.52+0.04 (n=26) 0.48+0.02 (n=12)

Heat capacity (/ kg~ K1) 37104140 (n=1) 1050+20 (n=2)

Density (kg m™3) 106613 (n=9) 153716 (n=64)

5.2.2 Individual scale validation

To validate the time scale approach, a fruit cooling experiment was conducted. Two kiwifruit
simulators and five kiwifruit (of the same count size and dimensions) were placed on a mesh inside
a wind tunnel (Figure 5-4) in a temperature-controlled room. The centre temperatures of the

products were measured using thermocouples (type T, 3mm diameter). To place the
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thermocouples to the centre of the simulator, a 3.5 mm guide hole was made. The depth of the
hole is half of the simulator length (length refer to Figure 5-3 b; middle picture), and the hole was
positioned as close to the centre of the simulator bottom as possible. Thermal paste was used to
ensure good contact between the thermocouples and the material. Likewise, a guide hole was
created on the kiwifruit for thermocouples instrumentation. The thermocouples were connected
to a temperature logger (52020, Grant, UK), and data were recorded every minute until the end of
the experiment. The ambient temperature was set at 0 °C, and the initial temperature of the
product was approximately 20 °C. The superficial air velocity was measured to be 4.31 £ 0.45

m s~ 1 using an anemometer (TSI 9545 VelociCalc, USA), which is an average value of five
measurement points evenly spaced across the wind tunnel. Although the product in this system
was not packed in a closed package system, this experiment was a preliminary experiment to

validate the feasibility of the time scale approach.

600 mm

400 mm

Simulator o
Kiwifruit

/
0000

Figure 5-4, Cross-section view of experimental set up (airflow direction is into the page)
Figure 5-5 compares the fractional unaccomplished temperature change (Y) profiles between
kiwifruit and the time scaled simulators. They are compared at the real-time and scaled time
(equivalent Fourier number scales). On the left-hand side, the line bands represent the replicates'
maximum and minimum centre temperatures, where five kiwifruit and two simulators were
measured. On the right-hand side, the upper and lower values of the thermal properties were
considered in the Fo calculation, and thus the line bands represent the maximum and minimum
possible value. The characteristic length (L) will be the same since the kiwifruit and simulators
have similar shapes and sizes and was defined as the average of the simulator's length, width, and

thickness (54.0 mm). Although the thermal conductivity of kiwifruit and kiwifruit simulators have
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some variation, the value was fixed at 0.50 Wm~1K~1, (the average between simulated and
kiwifruit) for the Fo calculation. This will be insignificantly impact the result, as the time scaling is

only based on the volumetric specific heat capacity.

As expected, the simulators cooled much faster than kiwifruit at a real time scale due to the lower
thermal mass (Figure 5-4, left). Kiwifruit had a half cooling time (HCT) of 24.50 + 1.80 minutes,
whereas it was 9.75 = 0.08 minutes for the simulator. The observed time scale factor was
calculated to be 2.50 +0.20, using Equation 5-4. This value agrees with the theoretical time scale

factor discussed above (2.46 + 0.17).

. HCTt real .
observed time scale factor = ——— Equation 5-4
HCTt sim
15 15 11
Real
09 ==Simulator| 09 0.9
\
1
0.8} 087 10.8
0.7 0.7+ 10.7
0.6 0.6+ 10.6
>05¢-- >05 10.5 g{<
0.4 0.4 10.4
03r 0.3r 10.3
0.2 0.2+ 0.2
0.1 0.1 MAD 0.021 10.1
0 : e 0 = : 0
0 0.5 1 1.5 2 0 0.1 0.2 0.3

Time (hr) Fo

Figure 5-5, Validation results of individual kiwifruit vs simulator cooling at real-time (left) and Fo scale (right)
At Fo scale (Figure 5-5 right), the simulator temperature profile overlaps the kiwifruit temperature
profile. The difference in fractional unaccomplished temperature change (Yy;55) (right axis;
Equation 5-5) is small, and the maximum absolute difference (MAD; Equation 5-6) throughout the
cooling is 0.02 (approximately a 0.4 °C difference). The HCTg,, (half cooling time in Fo scale) of
simulator is within the range of kiwifruit, suggesting no significant difference between the values.

Overall, this suggests the simulators have similar cooling behaviour as the real kiwifruit.
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Yairr = Yrear — Ysim Equation 5-5

MAD = max|Ydff(t)| Equation 5-6
Ferrua and Singh (2009c) suggested that significant amounts of heat can be lost in strawberries
due to evaporation during precooling. The simulator used here does not include this heat transfer
mechanism but can still provide good kiwifruit precooling simulation. Skin permeability is an
important parameter restricting evaporation, and kiwifruit has similar skin permeability as
strawberry. The skin permeability of strawberries is approximately 13.6 ug m~2s 1 Pa"landis
7.40-24.68 ug m=2 s~1 Pa~? for kiwifruit (table 2-3). The driving force for evaporation in this
experiment was high and the similarity in dimensionless cooling rate observed between simulated

and real fruit suggests that the evaporation effect during kiwifruit precooling is insignificant.

The boundary condition for the product is dominated by convection in this case (the third type of
boundary condition). Therefore, the thermal conductivity (and so Bi) needs to be matched to
ensure the time scale approach applies. The agreement between the dimensionless kiwifruit and
simulator cooling dynamics shows that this was achieved. Overall, this experiment confirms the

feasibility of the time scale approach on convection limited fruit cooling experiments.

5.2.2. Box scale simulator

As mentioned above, the time scale approach is expected to be feasible in a third kind of boundary
condition scenario, but a closed package system involves a more complex heat transfer condition.
Therefore, a box scale simulator validation was conducted. Modular bulk (MB) kiwifruit boxes
were used with the fruit/simulators packed in an orderly pattern, as shown in Figure 5-6. This

configuration contained 100 fruit in each box (size 36, class A).

Hundreds of time scaled kiwifruit simulators were manufactured using the method mentioned
above. The kiwifruit or simulators were stacked inside the package, as shown in Figure 5-6 right.
Two separate trials were conducted, one was using only kiwifruit, and the other was using only
simulators. The centre temperature of sixteen kiwifruit/simulators (Figure 5-5, right) inside the box
were measured every minute. The instrumentation of the simulator thermocouples is described in
section 5.2.1. Electrical tape was used to secure the simulator and kiwifruit thermocouples (see

appendix K). All the kiwifruit/simulator were initially equilibrated to approximately 20 °C and then
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placed inside a wind tunnel for cooling. The detail of the wind tunnel can be found in O’Sullivan et

al. (2016a).

After the first cooling (cooling cycle 1), the box was then equilibrated to approximately 20 °C, and
then without any modification or movement of fruit within the boxes, a second cooling stage was
conducted inside the wind tunnel. The cooling time for the kiwifruit MB box was approximately 20
hours and approximately 6 hours for the simulator MB box. Three replicates of the two stage
cooling process were done. In each replicate fresh kiwifruit, and the simulator thermocouples

were unplugged and re-instrumented.
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Figure 5-6, Experimental set up: the tunnel set up (left) and instrument set up (right). Red fruit/simulators represent
the instrumented product.

Figure 5-7 shows the measured temperature profiles of the kiwifruit and the simulator, using the
dimensionless Fo time frame. Overall, the kiwifruit has a similar temperature profile as the
simulator, where the range of temperature profiles overlap, and the shape of the profiles are
similar. The range shown for each temperature profile considers the replication of the results
(three replicate trials, each with two cooling cycles) and the variation of thermal properties in the

time scaling calculation.

Note that position 13 exhibits the most variation for kiwifruit and overlaps less with the simulator.
Position 13 is at the top corner of the package, which is one of the fastest cooling positions.
Usually, products near the packaging corner cool faster than other positions but are also sensitive

to slight condition/positional changes (Mercier, Marcos, & Uysal, 2017).

Within the 16 positions, Yy;¢¢ (Equation 5-4) was calculated (right axis), and the average MAD
(Maximum absolute difference, Equation 5-5) was calculated to be 0.044, which is equivalent to a
0.88 °C temperature difference (assuming T; of 20 °C and Ty, of 0 °C). This 0.88 °C difference is

within the measurement error of a typical type T thermocouple (Tong, 2001). Throughout the
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sixteen positions, the top layer position generally has larger MAD than the other layers, and
position 13 had the greatest MAD (0.112), which is equivalent to a 2°C difference. This could be
due to the nature of experimental variation and uncertainties. Products on the top layer generally
have a wider range of temperature profiles, which could be attributed to the flapping polyliner
during the cooling and variations in polyliner/fruit contact. In addition, the stacking pattern will be
slightly different each time, even though care was taken in the stacking process to be as consistent
as possible. The product on the top layer would have the greatest positional offset due to the
commutative positional offsets from the bottom; therefore, introducing extra error. Overall, the
MAD is at an acceptable magnitude and the temperature profiles of the real product and
simulator are overlapping. This validates the time scale approach for simulators in a closed

package system.
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Figure 5-7, Derived temperature profiles for real and simulator kiwifruit and the average difference in Y
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Further analyses were conducted based on half cooling time (HCT) of scaled time (Fo) and actual
time (hr) in Figure 5-8. Overall, most of the simulator HCTr( value overlap with the real product
HCTrgo, where the error bars represent the 95% confidence interval. The HCTg,, differences
(Figure 5-8, left, y-axis in red) were calculated by HCTg, of real product minus simulator. The
average of this HC T, difference was -0.088 + 0.129, which overlaps with the acceptable

HCTg, difference in a controlled experiment, 0 + 0.21 (for the detail see section 5.2.4). This means
the real product had a similar cooling pattern to the simulator. On the right side of Figure 5-8, the
actual HCT is compared, and the observed and time scale factor (TSF) was calculated. As
mentioned in section 5.2.1, the TSF is 2.46 £ 0.17, whereas the average observed scale factor is

2.46 £ 0.14, which aligns with the theoretical scale factor.

This experiment showed that by matching the thermal conductivity and the shape, the simulator
could simulate the cooling behaviour of the targeted product in a complex system, where multiple

heat transfer mechanisms are involved.
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Figure 5-8, HCT of kiwifruit and simulator comparison at Fo scale (left) and actual time (right); HCT ., difference
between real product and simulator (left, right axis) and observed time scaled factor (right, right axis)

5.2.3. Pallet scale cooling simulators

Although the single box scale experiment showed the feasibility of the time scaled approach, the

single box scale experiment does not consider the effect of the changes in the cooling air
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temperature as it passes through the stack that occurs in precooling operations. Therefore, to
evaluate the feasibility of the time scaled approach on a larger scale, understanding the time

scalability of the cooling air temperature is essential.

52.3.1. Theory

In pallet scale precooling, a fan creates a pressure drop across the pallet (see Section 2.1.6), where
refrigerated air flows through the products via the package vents and headspace. Heat is
transferred from the fruit in each box into the flowing air. Some heat is also transferred through
the bottom of the box above into this headspace. This repeating flow pattern allows the pallet to

be represented in terms of a single layer.

Consider horticultural produce (e.g. kiwifruit) packed in a row of boxes as described above. The
cooling relies on the airflow above the boxes (Figure 5-9). If time scaled simulators are used
instead of the horticultural produce, the air will heat up less (for the same velocity) as it passes
through the layer, increasing the driving force for cooling of the next box. If the air temperature
dynamics are not scalable, then the cooling of box 2 will be impacted. This potential error could
further compound boxes 3 and 4. As a result, the time scale approach may not be feasible for this
scenario, and therefore an investigation was undertaken to explore these dynamics.

Airinlet T

T;

_—

Figure 5-9, Hypothetical situation of cooling a four-box of horticultural product

The experiment outlined in section 5.2.2 showed the feasibility of the time scaled approach on a
single box scale, and therefore box 1 must be time scalable. If a boundary is drawn around box 1
(Figure 5-10), a balance equation can be derived as Equation 5-7. The heat removed from box 1
must be the same as the total energy carried out by the air. The heat transfer from box 1 to the air
from the fruit surface can be approximated as Equation 5-8. The rate of accumulation of heat in
box 1 must be equal to the rate of energy removed via convection. Combining Equations 5-6 and
5-7 gives Equation 5-9, which is suggests that the air temperature leaving the first box is a function

of air velocity, heat transfer coefficient, surface area, air temperature inlet, and the surface
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temperature of box 1. If the surface temperature of box 1 is proportional to the box average
temperature (Equation 5-10), if all other variables remain constant, and the temperature of box 1

is time scaled according to its thermal mass, the outlet air temperature must be time scaled

accordingly.
. 0T, )
e (To(t) — T;) = Vpc 5t Equation 5-7
(Ti - Ts) - (To - Ts) aTav
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Figure 5-10, Box 1 cooling condition of the hypothetical situation
In fact, if these four boxes are placed closely, and the cooling only relies on the forced convection
above, the overall cooling structure of these four boxes is not much different from a single box but
with greater dimension. Therefore, the time scale approach should be feasible on this four-box

scale and can be generalised to a larger scale.

In order to further test the theory and understand the limitations of the time scale approach, a
two-dimensional numerical model was developed (COMSOL Multiphysics v5.2.). The layer of four
MB boxes was approximated as a single uniform rectangular block, 1200 by 200 mm (as shown in
Figure 5-10). The air layer was defined as 1200 by 50 mm. The inlet air temperature was defined as

0°C. The initial temperature of the block was defined as 20 °C, and the air was 0°C. The thermal
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conductivity of the block was defined as 0.5 W m~1K~1. The air velocity (accounting for the mass
flow rate) and the thermal mass of the block was defined as parameters where a range of values
could be tested. The Navier-Stokes equation was used for air movement (Equation 2-4), and the
energy equation (Equation 2-3) was used for air temperature. Fourier's equation (Equation 2-8)
was used for the block's temperature. In order to solve this model, the geometry was meshed

(4071 elements) and numerically solved using the COMSOL default solver algorithm.

Figure 5-11 shows the average temperature of the hypothetical rectangular block at high and low
air velocity under real-time and scaled time conditions. The colours of the temperature lines
represent different volumetric heat capacities of the block. As expected, a higher airflow rate or
lower thermal mass resulted in faster cooling. When the real-time is transferred into Fo scale, all
the lines overlap, regardless of thermal mass. This observation occurs in both high and low air
velocity situations. This suggests that air velocity and thermal mass are not limiting factors for the

time scale approach.

Figure 5-12 shows the outlet temperature of the hypothetical situation in real-time and scaled
time. As expected, the time scale approach is also applied to the air so that the outlet air
temperature can be time scaled according to the material thermal mass. The lower thermal mass
of the material results in faster decrease of the outlet temperature in real-time, but all the lines

overlapped when the time scale approach was applied.
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Figure 5-11, Predicted average product temperature of the hypothetical scenario at real and scaled times
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Figure 5-12, Predicted outlet temperature of the hypothetical scenario at real and scaled times
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5.2.3.2.  Pallet scale experimental validation of time scaling

Although both theoretical and modelling analyses indicate the feasibility and scalability of the time
scale approach, experimental validation is still essential. As a result, a four-box scale cooling
experiment was conducted (Figure 5-13). The boxes were positioned in a way that the cooling air
must go through the boxes one by one. The surrounding surfaces of the boxes were insulated by
polystyrene, allowing air to flow only through the package vent holes. There were two rows of
boxes inside the precooler, the upper row and the lower row, which were filled with kiwifruit and
time scaled simulators, respectively. Three trials were conducted, where the first trial was
conducted at high airflow and the second and third trials were conducted at low airflow rates. Trial

three was a replicate of trial two.

In the first trial, the fan speed of the precooler was set at 17.5 revolutions per second, providing a
110 Pa pressure drop (SSCSNBNOO2NDAAS5, Honeywell, Morris Plains, USA) across the precooler.
The fan speed was set at 3 revolutions per second (rps) in the second and third trials, providing a
14 Pa pressure drop across the precooler. The products had two cooling cycles (similar to the
single box scale cooling). Similar to the box scale experiment (section 5.2.2), the products were
cooled from approximately 20 °C to 0 °C, for the first cooling cycle. After this, the products were
equilibrated to approximately 20°C before a second cooling cycling (20 to 0°C). Between the
cooling cycles, no variables or product stacking was changed. The product stacking and the
instrumented products positions were the same as the single box scale experiment for all eight

boxes.
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Figure 5-13, Experimental setup for four box scale cooling

Trial 1 — High air velocity

Figure 5-14 summarises the measured temperature profiles from trial 1 in scaled time. Each line
represents the average temperature of the product in cycles 1 and 2. The line colours, red, green,
blue, and black, represent boxes 1 to 4, respectively. The cross markers represent the kiwifruit,

and the circle markers represent the simulator fruit.
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Figure 5-14, Summary of pallet layer cooling in Trial 1 (cross markers for real, circular markers for simulators; red, green, blue, and black lines represent boxes 1-4 resp