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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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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 
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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 & Ilicali, 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, 
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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. 
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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. 

 

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

 

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 & 
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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) 

  

C) 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 
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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  

l) 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) 
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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   
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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 

# Study purpose Product 
Model details Solution method 

Dimensions App. SS / T scale t sim 

(hr) Feat. Mesh 
x106 Time step (s) Iterations PC spec. t comp. 

(hr) 

1 Ventilated 
package design Sphere 3 DNS SS Single 

package N/A CFD 0.99  220 One core processor 
(2.20GHz) 0.58 

2 Ventilated 
package design Sphere 2 DNS T Single 

package 2 
CFD 
HT 
MT 

0.15   
Dual core processor 

(3.00GHz) 
32GB RAM 

0.91 

3 Ventilated 
package design Sphere 3 DNS SS Single 

package N/A DE 
CFD 0.45-1.2   

One core processor 
(3.21GHz) 
4GB RAM 

9-20 

4 Analytical 
solution study No specify 1  T Single 

product Fo =2.5 HT N/A N/A N/A   

5 Ventilated 
package design 

Straw- 
berry 3 DNS T Multi 

packages 2 
CFD 
HT 
MT 

2.9 15 20 One core processor 
(2.20GHz) >2 

6 Cool store 
optimisation Sphere 3 PM T Cool room  20 

CFD  
HT 
MT 

1.2 1 50 
One core processor 

(3.21 GHz) 
4GB RAM 

20 

7 Cool store 
optimization 

Chicory 
root 3 PM T Cool room   

CFD  
HT 
MT 

1.6   
One core processor 

(3.21 GHz) 
4GB RAM 

 

8 Ventilated 
package design Sphere 3 DNS T Single 

package  2 CFD  
HT 2 0.005  

Quad core processor 
(2.60GHz) 
8GB RAM 

16 

9 Ventilated 
package design Sphere 3 PM SS Pallet  N/A CFD 1.4  12000 Normal processor 

(3.20GHz) 60 

10 Air flow pattern 
study Apple 2 DNS T Two apples 60 CFD HT  0.05    

11  Cool store 
optimisation 

Not 
specify 3 PM T Refer 

container 30 CFD  
HT 0.14-0.16 0.1-60 30 

Dual core processor 
(1.6 GHz)  
1GB Ram 

 

12 
Thermal 

fumigation 
optimisation 

Sphere 3 DNS SS Cool room N/A CFD 
MT 3.2 10 50 

Quad core processor 
(3.00GHz) 
8GB RAM 

17 

13 Ventilated 
package design 

Sphere/ 
orange 3 DNS T Palletized 

layer  12 CFD  
HT 5.4-5.6 60  

12 core processor 
(2.66GHz) 
48GB RAM 

40 

14 Ventilated 
package design 

Sphere/ 
orange 3 DNS T 3 palletized 

layer  16 CFD 
HT  180 50 

Due core processor 
(2.93GHz) 
8GB RAM 

9-28 

15  Ventilated 
package design 

Table 
grape 3 PM T Cool room 27 

CFD 
HT 
MT 

4.61   
Due core processor 

(2.93GHz) 
8GB RAM 

22 
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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 

& Ilicali, 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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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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12 Aluminium avocado26  N/A  N/A Avocado Calculate heat transfer 
coefficient   

13 Grape box simulator27  N/A  N/A  Slab  Study heat transfer 
coefficient  

The simulator provides constant 
heat, and the heat transfer 

coefficient is obtained at steady-
state conditions.   

14 Kiwifruit simulator28  N/A  N/A  Sphere  
Simulate dry matter 
concentration for 

equipment calibration  
Made of gelatine gel composite  

15 Fruit texture simulator29  N/A N/A N/A  Simulate fruit texture  Made of calcium alginate or 
calcium low methoxyl pectate 

16 Apple simulator30  0.45 3442 Apple  Cool chain monitoring  
Made of polyamide shell filled 
with agar expand polystyrene 

composite  

17 Cheese simulator 31 0.35 N/A  Cylinder   Validated palletised 
cheese storage model  

The simulator is made of plaster 
and able to provide heat to 

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 (Ihueze & 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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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 design 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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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.  

 

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 (Olatunji et al., 2017; Olatunji, 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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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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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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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.   

 

Figure 4-4, Casting process, adapted from Gunther and Mogele (2016)    
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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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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 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 61.7±2.1, 51.8±0.5, and 48.3±0.8 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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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. 

5.2.3.1. 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.      

 

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 







96 
 

 
Figure 5-11, Predicted average product temperature of the hypothetical scenario at real and scaled times  

 
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 (SSCSNBN002NDAA5, 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 5-14, 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 respectively) 
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Figure 5-19, Summary of four boxes cooling in trial 2 and 3  
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Trial 2 cooling 1 vs cooling 2 Trial 3 cooling 1 vs cooling 2 

  
Trial 2 cooling 1 vs Trial 3 cooling 1 Trial 2 cooling 2 vs Trial 3 cooling 2 

  
Figure 5-22, Experimental variation comparison for the kiwifruit  
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Trial 2 cooling 1 vs cooling 2 Trial 3 cooling 1 vs cooling 2 

  
Trial 2 cooling 1 vs Trial 3 cooling 1 Trial 2 cooling 2 vs Trial 3 cooling 2 

  
Figure 5-23, Experimental variation comparison for the simulator   
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The thermal conductivity and density of the apple simulators were measured using the methods 

outlined in section 4.2.2. In addition, the specific heat capacity of the simulator was calculated 

based on the measured polyester and aluminium specific heat capacity mentioned in section 

4.2.6.3. Comparisons of the thermal properties between apples and simulators are shown in 

Figure 5-25 demonstrates the utilisation of the simulator development framework for apple 

simulator development. Apples are packed in an open package system, and therefore, individual 

simulators should be used. Based on the study of Tanner, Cleland et al. (2002), conduction and 

convection are the critical modes of heat transfer occurring in the system, and therefore, the Bi 

number and the shape the apple is important to match. By calculation, the Bi number would be 

within 0.1 to 10, and therefore, the thermal conductivity and volumetric heat capacity need to be 

matched.  

A single apple box cooling experiment was conducted, as shown in Figure 5-27.  Refrigerated air 

was directed into the box via the package vents. The apple package was insulated on the top, 

bottom, and sides to ensure air only passed through the package via the vent. The products were 

cooled from 20 °C to the refrigerated air temperature (approximately 0°C). The cooling fan was set 

at 20 revolutions per second, resulting in a 139 Pa of pressure drop across the box.  Similar to the 

previous kiwifruit experiments, each experiment was conducted for two cooling cycles. Sixteen 

products were instrumented, and the sensor pattern is shown in Figure 5-27 B (or products in 

yellow in Figure 5-27 A). In each case, the thermocouples were positioned with the aim to 

measure the temperature of the apple centre. A guide hole was created using a rod for the apple 

before pushing the thermocouples in the product. The hole depth was carefully created to ensure 

the thermocouples could reach the product centre. The guide hole was created by a 3.5 mm drill 

for the simulators, and thermal paste was used to fill the air gap between the thermocouple and 

the simulator material. Figure 5-27 B) shows the instrumented product position, and Figure 5-26 

shows the pictures of how the thermocouples were positioned in the product.  

 

 
































































































































































































































































