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ABSTRACT 

With an ever increasing population requiring food, the postharvest loss (PHL) of fruit and 

vegetables is a major problem in the world. Tropical and sub-tropical fruit and vegetables are 

the major crops produced in sub-Saharan African countries, but PHL takes 30-50% of produce.  

For this reason, cold storage plays a crucial role in the postharvest preservation of fruit and 

vegetables, helping to tackle food insecurity and hunger. Evaporative cooling (EC) and 

CoolBotTM-AC (CB-AC) cold storage are among the available low cost technologies. There is 

limited literature on airflow pattern, heat and mass transfer of empty and loaded cold stores. 

Moreover, studies on the effects on the quality of the fruit and vegetables are limited. Tomatoes 

have been selected as a target fresh produce because PHL in South Africa is extremely high. 

 

The study reviews the current literature on the PHL of tropical and sub-tropical fruit and 

vegetables, postharvest characteristics of tomatoes, and factors affecting the PHL of tomatoes. 

Moreover, different cold storage technologies, including mechanical refrigeration, EC and CB-

AC are reviewed. The modelling of food quality changes have also been reviewed, as well as 

airflow patterns, and heat and mass transfer in different types of refrigerated stores. The 

majority of the modelling of forced-air was done for refrigeration systems for indoor airflow, 

heat and mass transfer phenomena. Computational fluid dynamics (CFD) packages are selected 

as being appropriate for airflow patterns, heat and mass transfer analyses. However, there is 

limited research on modelling of transport phenomena and, the changes in the quality of stored 

fruit and vegetables under cold storage using EC and CB-AC systems. Therefore, the following 

objectives are proposed: (i) to investigate the real-time airflow pattern, mass and heat transfer 

inside forced-air evaporative cooling and CoolBotTM-Air Conditioner cooling systems using  

CFD models; (i) to evaluate the effect of inlet air characteristics on the airflow, mass and heat 

transfer inside the selected appropriate cold storage chambers; (iii) to evaluate the effects of 

integrated pre-packaging, packaging and cold storage treatments on the storage life of fresh 

produce, in terms of changes in quality; and (iv) to develop models for the estimation of 

changes in quality using experimental data, obtained during storage of fresh produce after it 

has been subjected to different postharvest treatments.  
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1. INTRODUCTION 

 

Postharvest loss (PHL) of fruit and vegetables can be as much as  30-50% of production (van 

Gogh et al., 2013). Despite huge production figures, the PHL of tomatoes is reported to be 10-

30% of total production (Etebu et al., 2013), resulting in a significant loss to the economy and 

lowering food security (Parfitt et al., 2010b). For these reasons, special attention should be 

given to reducing the PHL of fresh produce through the application of proper postharvest 

management, and appropriate postharvest technologies to maintain the quality of fresh produce 

(Ait-Oubahou, 2013). 

 

One of the most important postharvest management practices for the cooling of fruit and 

vegetables is advanced cold storage technologies, which reduce respiration, ripening, 

transpiration, and decay (Ambaw et al., 2013a). These technologies reduce the temperature of 

the micro-environment to -1 to 13 °C, as well as that of the fresh produce thereby reducing the 

respiration and ethylene production rate (Paull and Duarte, 2011; Yahia, 2011). Cold chain 

mismanagement can lead to 10-40% of PHL of fruit (Parfitt et al., 2010a), and 15-30% PHL 

of vegetables (Gustavsson et al., 2011). Common cold storage technologies include mechanical 

refrigeration, evaporative cooling (EC), vacuum cooling, and many others (ASHRAE, 2011; 

Ambaw et al., 2013b). Among these technologies, forced air assisted cold storage is important 

to minimize and to uniformly distribute the storage climate compositions including ethylene, 

temperature, relative humidity (RH), and heat generated through respiration (Kader, 2001). In 

spite of its popularity, mechanical refrigerated storage is expensive, energy intensive and 

requires high installation costs, making this technology unfeasible for small scale farmers (Roy 

and Pal, 1994). Low-cost EC technology does save energy, is reliable, cheap and 

environmentally friendly. It is also appropriate for hot, arid and semi-arid climates (Bom, 1999; 

Thompson et al., 2002; Xuan et al., 2012a; Hao et al., 2013). The evaporatively cooled cold 

air forced through cooling pads to the storage room, cools the storage environment and the 

produce (Thompson, 2002). Unlike mechanical refrigeration, EC doesn’t use 

chlorofluorocarbons, minimizes carbon dioxide release, maintains a good quality of cold air 

inside cold rooms, and has less dependency on public energy sources (Bom, 1999). In addition, 

Workneh (2010) reported that the use of low-cost EC for fruit and vegetables is found to be 

feasible technology, especially for arid and semi-arid areas in sub-Saharan African countries. 

Similarily, for the preservation of modest respiration fruit and vegetables, EC is recommended 
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(Jain, 2007). In spite of many studies in the use of EC for preserving fruit and vegetables, there 

is limited information on the dynamics of airflow, heat and mass transfer that takes place inside 

evaporative cool chamber systems.  

 

CoolBotTM-air conditioner (CB-AC), an electronic device that overrides a room air conditioner 

(AC) was developed recently (Boyette and Rohrbach, 1993). It reduces the cooling temperature  

below the set point and allows the maintenance of near optimum conditions for the preservation 

of fresh produce, as well as being easy to handle, install, and maintain (Saran et al., 2013). The 

total cost of a CB-AC cooling system is less by 90% than that of mechanical refrigeration 

systems (Kitinoja, 2013a). Saran et al. (2013) reported that by using CB-AC a 4-5 °C 

temperature is attainable for low-cost insulated rooms. CB-AC has been used for the storage 

of cauliflower, cabbage, tomato and okra and has resulted in freshness, good quality and 

marketability for prolonged periods (Saran et al., 2013). Installation costs, repair costs, and 

electricity usage are all low, which together with reduced operational costs make the system 

feasible for small scale producers (Kitinoja, 2013a). However, no studies have been carried out 

on CB-AC in the area of the dynamics of airflow pattern, heat and mass transfer.  

 

Non-uniform airflow distribution, and heat and energy transfer in cold storage may cause 

unevenly distributed cold spots within the storage unit (Ambaw et al., 2013a). Therefore, 

understanding the airflow pattern, heat and mass transfer distribution in a cold room is crucial 

for the design of EC and CB-AC cold storage systems. Once the airflow distribution, heat and 

mass transfer are well understood, appropriate designs can be developed to uniformly cool the 

produce stored inside.  

 

Computational fluid dynamics (CFD) is a computer-aided numerical analysis method to solve 

the fluid dynamics’ problems (Norton and Sun, 2006b). The CFD model applies the general 

transport equations (Navier-Stokes equations), which is comprised of equations of continuity, 

momentum and enthalpy over controlled volume (Nicolaï et al., 2001b; Verboven et al., 2006b; 

Versteeg and Malalasekera, 2007; Ambaw et al., 2013a). Therefore, a CFD model is a valuable 

tool for solving problems of airflow (fluid) patterns in cold storage and cold rooms, liquid flow 

in food, and transport phenomena in agricultural produce storage (Tijskens et al., 2001; 

Verboven et al., 2006b; Chen et al., 2010; Chen et al., 2011). CFD models have become 
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essential in solving problems of transport phenomena of cold storage and stored produce by 

simulating, and predicting important parameters (Wang and Sun, 2003; Nahor et al., 2005).  

 

In addition, fruit quality is becoming an important marketing factor making the management 

of fruit quality vital (Sloof et al., 1996). There is limited literature on quality data modelling of 

fresh produce stored under EC and CB-AC storage systems, resulting in limited predictions of 

produce quality under EC and CB-AC storage systems (Van Boekel, 2010). Therefore models 

for quality data are important for experimental fresh produce stored under EC and CB-AC 

conditions.  

 

Conclusively, cooling is essential for storage and transportation to reduce PHL (Singh et al., 

2014). Therefore the implementation of low cost, effective and environmentally friendly 

postharvest technologies is vital, particularly among poor farmers in developing countries 

(Gustavsson et al., 2011). EC and CB-AC are among the most affordable, cold storage systems 

for fruit and vegetables in arid and semi-arid countries, and the modelling of airflow patterns, 

heat and mass transfer within the storage chambers could provide the insight required for 

further improvements in terms of airflow velocity, temperature and relative humidity 

distribution, and heat and mass transfer. Modelling can provide further modifications and 

improvements of the storage design, stacking patterns and storage life of stored tomatoes. 

Moreover, understanding the effect of storage systems such as these, on the storage life and 

quality of fresh produce is also vital, as is having an insight into the possibilities of modelling 

changes of quality data of stored tomatoes.  

 

The overall, general objective of the project is to investigate the real-time airflow pattern, heat 

and mass transfer inside an EC and CB-AC storage system using CFD model; to evaluate the 

changes in the quality of stored produce, and to develop a predictive model of quality data of 

fresh produce.  
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2. LITERATURE REVIEW 

 

2.1 Introduction 

 

The purpose of this chapter is to review the production, importance, marketing, handling 

systems, and preservation technologies for fresh produce. Moreover, the real-time modelling 

of airflow dynamics, energy, and mass transfer properties in cold storage systems will be 

reviewed. Additionally, the modelling possibilities of the changes in quality and shelf life of 

fresh produce, subjected to cold storage will be reviewed.  

 

2.2 Tropical and Subtropical Fruit and Vegetables 

 

Tropical and sub-tropical fruit and vegetables include avocado, banana, mango, citrus fruit, 

tomato and many others (Yahia, 2011). Production of these crops yield high economic returns 

per unit of land. This is particularly important for smallholders, in places where there is 

insufficient land (FAO, 2013), and for increasing food security and reducing poverty (Parfitt 

et al., 2010b).  Beginning after harvest till senescence (Kader, 2002), the produce respires and 

transpires, with chemical and biochemical reactions taking place. Based on these phenomena, 

the produce is classified as either climacteric or non-climacteric (Paull and Duarte, 2011). 

Climacteric fruit exhibits dramatic and rapid changes in respiration rate and ethylene 

production, and shows other characteristics during ripening (Paull and Duarte, 2011; Sinha et 

al., 2011; Yahia, 2011). High respiration and ethylene production rates induce a shorter shelf 

life, and therefore need to be minimized (Paull and Duarte, 2011). Tropical fruit do not resist 

very low temperatures due to their sensitivity to chilling injury, which is a limitation in the use 

of highly reduced temperatures. It is recommended that the optimum storage temperature for 

tropical fruit should range between 8-12 °C (Paull and Duarte, 2011). Moreover, moisture loss 

is one of the challenges of fresh produce preservation, and was reported to be 0.1 - 0.3%.day-

1.mbar-1 water pressure deficit (Paull and Duarte, 2011). Water loss symptoms include 

shrinkage, skin wrinkling, and discoloration which affects the overall appearance of the 

produce and leads to economic loss (Paull and Duarte, 2011). Hence, control of loss during 

postharvest handling, storage, and transportation is paramount. 
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2.3 Postharvest Loss of Fruit and Vegetables 

 

Storability of fresh produce relies on the cultivar, pre-harvest practices, and storage conditions 

(Paull and Duarte, 2011). Although production is high, PHL of fresh produce occurs throughout 

the supply chain (Gustavsson et al., 2011). Commercial market constraints in world trade 

contributes to loss and wastage of the produce (Gustavsson et al., 2011). The constraints 

include transportation costs, legal measures and policies, set standards, and technology 

innovations, including those that are cost effective, affordable, and environmentally friendly 

(Parfitt et al., 2010a; Gustavsson et al., 2011). Furthermore, according to Parfitt et al. (2010a) 

and Paull and Duarte (2011) the loss of fresh produce includes its physiological and 

microbiological deterioration, mechanical damage, mismanaged storage environment, and 

mishandling. Moreover, in sub-Saharan African countries, there is restricted exposure to on-

farm and postharvest technologies (Ait-Oubahou, 2013). Table 2.1 below, shows the PHL of 

fruit and vegetables.  

 

Table 2.1: Fruit and vegetables loss in Africa 

Country 

/Region 

Production (*Hg.ha-1) 

(Average 2008-2012) 

Quantitative loss at (%)  

Fruit Vegetables Reference 
 Fruit Vegetables Overall  

5-30 % 

Overall  20-50% FAOSTAT (2014); 

Singh et al. (2014)  
Eastern Africa 351773.4 62452.4 Kenya 30-35%  FAOSTAT (2014) 
Middle Africa  459193 45593   FAOSTAT (2014) 
North Africa 634524.9 219890 Egypt, 20-30% Egypt (30%) Blond (1984); 

FAOSTAT (2014) 
Southern Africa 792101 172217   FAO (2012) 
Western Africa 377134.3 64790.6 Nigeria 50% 

Ghana 10-50% 

 Blond (1984); 

FAOSTAT (2014) 
*Hg.ha-1 is hectogram per hectare of production land 

 

2.4 Cold Storage Technologies for Fruit and Vegetables 

 

Cold storage technologies reduce respiratory heat production, slow ripening, and minimize 

transpiration and decay by microorganisms (Ambaw et al., 2013a).  The temperature of the 

fresh produce is reduced to -1 to 13 °C which should be safe enough to reduce respiration and 

ethylene production rate (Paull and Duarte, 2011; Yahia, 2011). According to Paull and Duarte 

(2011), a two hour delay in cooling after the harvest of strawberry fruit can result in a loss of 

80-93% marketability of the produce, and more than 6 hours delay can lead to the loss of 
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physico-chemical composition. Cold chain storage technologies preserve the quality of 

perishable crops are important unit operations and processes in the supply chain (Yahia, 2011). 

Hence, temperature and relative humidity controlled storage is vital (Paull and Duarte, 2011).  

 

Common cold storage technologies include mechanical refrigeration, forced cold air cooling, 

evaporative cooling, hydro cooling, cooling under vacuum, and cold room (ASHRAE, 2011; 

Ambaw et al., 2013b) as shown in Table 2.2 and Figure 2.1. Hence, cold storage is vital in 

maintaining the freshness and quality of the product (Kitinoja et al., 2010; Kitinoja et al., 2011; 

Kitinoja, 2013b). Cold chain mismanagement can lead to 10-40% PHL of fruit (Parfitt et al., 

2010a) and 15-30% PHL of vegetables (Gustavsson et al., 2011). Most losses occur at the 

processing, distribution, agriculture (farm), and consumption levels, and delays in the supply 

chains (Gustavsson et al., 2011; Kitinoja et al., 2011), as illustrated in Figure 2.2. For this 

reason, fruit and vegetables need controlled cold chain supply operations to manage PHL, as 

shown in Figure 2.1 (Singh et al., 2014). 

 

Table 2.2: Cooling methods used for fruit and vegetables (After: Simson and Straus, 2010) 

Variable   Methods of cooling  

Hydro 

cooling 

Cooling

-by-Ice 

Forced-cold-

air-cooling  

Cooling-

by-vacuum 

Cold 

room 

CB-AC EC 

Cooling time (hr) 0.1-1.0 0.1-0.3 1.0-10.0 0.3-2.0 20-100   

Water contact 

with the product 

Yes Yes No No No No Yes/ 

No 

Moisture loss (%) 0-0.5 0-0.5 0.1- 2.0 2.0-4.0 0.10-2.0   

Investment price Little Great Little Average Little Cheap Cheap  

Cooling 

performance 

Good Little  Little Good  Little  Good Good  

Note: CB-AC = CoolBot-Air Conditioner, EC = Evaporative Cooling 

 

 

 

 

 

 

 

 

Figure 2.1: Simplified cold chain supply diagram of fresh produce 
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Figure 2.2: Fruit and vegetables loss through supply chain (After: Gustavsson et al., 2011) 

 

2.4.1 Mechanical refrigeration 

 

Mechanical refrigeration is the most common form of refrigeration, where liquid refrigerants 

circulate in tubular coil and remove heat and cool the store (Allais and Alvarez, 2001; Kader, 

2002). Forced air assisted mechanical refrigerated storage is important in minimizing and 

uniformly distributing the storage climate compositions, including ethylene, temperature, RH, 

and heat generated (Kader, 2001). Mechanical refrigeration is used in precooling, refrigerated 

vehicles, shipping, refrigerated cargo, cold warehouses, and house refrigerators (Kader, 2001). 

In spite of its popularity, mechanical refrigerated cold storage is expensive, energy intensive 

and carries high installation costs and therefore is not feasible for small scale farmers and 

processors (Roy and Pal, 1994). 

 

2.4.2 Evaporative cooler technology 

 

The concept of air-cooling by the application of water is an ancient innovation. Egyptians used 

forced air on watered porous jars and pots to force evaporation, and as a consequence cooling 

occurred by the principle of evaporative cooling (EC) (Watt et al., 1997). Evaporative cooling 

(EC) cools the storage room using cold air which has been cooled by the removal of heat by 

evaporation through the wetted, perforated cooling pad (Kitinoja, 2013b). The cooling 

performance of EC relies on atmospheric air RH, pore size, and surface characteristics (Kitinoja 

and Thompson, 2010). The lower the RH, the lower the cold air temperature attained (Paliyath 

et al., 2009; Yahia, 2010). EC technology does save energy, as this is only required for the fan 
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and water pump, is reliable, cheap and environmentally friendly; and it is appropriate for arid, 

dry, hot and semi-arid climates (Bom, 1999; Thompson et al., 2002; Xuan et al., 2012a; Hao 

et al., 2013). Moreover, the World bank in Bom (1999), reported that unlike mechanical 

refrigeration systems, EC doesn’t use chlorofluorocarbons, has minimized carbon dioxide 

release, good quality of cold air inside cold rooms, and less dependency on public energy 

sources. In addition, water is the working fluid, the deficit of both vapour pressure and 

temperature are the controlling mechanisms for mass and heat transfer between the flowing 

fluids including wet air and water (ASHRAE, 2011). Moreover, Workneh (2010) reported that 

the use of low-cost EC to extend the shelf life of fruit and vegetables is a very feasibile 

technology. Therefore, for the preservation of modest respiration fruit and vegetables, EC is a 

recommended technology to prolong shelf life (Jain, 2007). 

 

EC can reduce air temperature to 10-25 °C when approaching the air wet bulb, and increase 

the RH to 90% (Thompson, 2002), and can be passive without the application of energy or the 

assistance of fans (Kitinoja, 2013b). Moreover, Kitinoja (2013b) reported that EC reduces the 

temperature of the produce 2-3 °C higher than the dew-point of atmospheric air temperature 

used. The optimum temperature and RH are dependent on the harvest season, location, time of 

the day and weather conditions (Kader, 2002). Evaporative coolers can be passive with no 

energy application or assisted with fan (Kitinoja, 2013b). Moreover, three basic types of 

evaporative coolers are commonly used, including direct EC, indirect EC, and semi-indirect 

EC (ASHRAE, 2011; Xuan et al., 2012a). Direct EC is shown in Figure 2.3 below. 

 

Figure 2.3: Evaporative forced-air cooler parts of direct EC (Thompson et al., 2002)  
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To date, there are many studies on the use of EC for the storage of fruit and vegetables. In 

Ethiopia, EC was used to preserve mangoes where the ambient temperature of 23-43 °C, and 

was reduced to 14.3-19.2 °C, while the RH was increased from 16-79% to 70-82.4%  (Tefera 

et al., 2007). As a result, the shelf life of the mangoes was doubled. Getinet et al. (2008) 

demonstrated in another multiple pad and single pad EC study in Ethiopia, that the multiple 

pad  reduced the ambient temperature by 5 °C more, and increased RH by 18% more than did 

the single pad EC.  Moreover, Samira et al. (2013) reported that the shelf life of different hot 

pepper varieties was increased under EC, by more than 400% compared to those in ambient 

storage.  In Nigeria, EC cooling performance was measured and the drop of ambient 

temperature from 22-38 °C to 0.1-12 °C was achieved during the test periods in the cooling 

chamber (Anyanwu, 2004). In India, Roy and Pal (1989) developed a low-cost zero energy EC 

chamber from locally available materials, resulting in the air temperature dropping to 10-15 °C 

and RH increasing to 90% (Getinet et al., 2008). This increased the shelf life of green mature 

mangoes to 4-5 days, and ripe fruit 3 more days than was possible under ambient conditions. 

Moreover, Roy and Pal (1994) developed different EC chambers and stored bananas, mangoes, 

lime and guava, increasing the shelf life of the tropical fruit by 2-14 days more than when 

stored at ambient room temperature. In China, a variety of EC air conditioning equipment and 

systems were developed for different stake holders, including agricultural storage buildings 

(Xuan et al., 2012b). In spite of the many studies discussed on the use of EC for the preservation 

of fresh produce, there is little research on the dynamics of airflow patterns, heat and mass 

transfer in indoor forced EC systems.  

 

2.4.3 CoolBotTM - AC cooling system 

 

Boyette and Rohrbach (1993) developed the CoolBotTM-air conditioner (AC) cooling system 

as a low cost, forced-air, portable modification of the domestic air conditioner, for fresh 

produce storage. CoolBotTM-AC (CB-AC) is an electronic device that overrides room AC to 

reduce cooling temperature below the set point for the preservation of fresh produce. It is easy 

to handle, install, and maintain (Kitinoja, 2013a; Saran et al., 2013). According to  Saran et al. 

(2013) the CB-AC is a low cost storage unit, able to be transformed into a walk-in cooler 

capable of reducing temperature to 4-5 °C. Freshness and increased marketability has been 

noted for cauliflower, cabbage, tomato and okra kept in CB-AC conditions, than for produce 

stored in  an ambient temperature (Saran et al., 2013). In addition, cold storage temperatures 
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are reduced to 2 °C, which lessens loss to under 5%, and increases the shelf life of the fresh 

produce for 4-8 months (Kitinoja, 2013a). Moreover, Kitinoja (2013a) reported that CB-AC 

was a promising technology with temperatures as low as 0 °C being achieved, without ice 

building up on the evaporator coils of the AC (Kitinoja, 2013b; Adamczyk et al., 2014). CB-

AC has been used as assisted cold storage for potatoes in India, and for onions in Ghana. With 

low installation costs, low repair costs, electricity savings and reduced operational costs, the 

CB-AC has an overall cost that is 90% less than the mechanical refrigerator (Kitinoja, 2013a). 

In India, the CB-AC has been used for potato storage at $216 MT-1, and for onions in Ghana at 

$1465 MT-1 (Kitinoja, 2013a). However, more research is required on the airflow pattern, heat, 

and mass transfer within the CB-AC cold room. 

 

Figure 2.4: CoolBotTM and AC used for cold storage (Store It Cold LLC, 2015 ) 

 

2.5 Postharvest Treatment of Fruit and Vegetables 

 

Postharvest treatment plays a crucial role in extending the shelf life and maintaining the quality 

of fresh produce. Postharvest technologies and treatment includes modified and controlled 

atmosphere packaging/storage (MAP/S, CAP/S), 1-methylcyclopropene (1-MCP) treatment, 

surface coatings, blanching, salt solutions, electrochemically activated (ECA) water, 

irradiation, chemical solutions, chlorination and fumigation as shown in Table 2.3 (Lurie, 1998; 

Paliyath et al., 2009). Combinations of some of the treatments with cold storage is paramount 

to extend the storability of fruit and vegetables (Oke et al., 2013). Hence, the effects on the 

storability of fresh produce could be remarkable when integrating postharvest treatments before 

packaging, with EC and CB-AC storage. Oke et al. (2013) described that the importance of an 

integrated approach for pre- and postharvest treatments which are crucial for the postharvest 

quality of fruit and vegetables. Moreover, (Shumye et al., 2014) recommended that the 

integration of postharvest packaging, chemical and EC treatments improved the shelf life of 

cactus pear fruit to improve storability and quality of fruit. The work of several researchers on 

postharvest treatments is summarised in Table 2.3. 
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Table 2.3: Different postharvest treatments for certain fruit and vegetables 

Item treated Treatment 

methods 

Conditions Shelf life   Measured quality parameter Remark References 

Peaches 

Grapes 

Flowers 

Elecchemically 

activated  

water 

Dipping Peaches- 

14 days 

Grape- 25  

days 

Surface disinfectant prevents 

Ethylene production and hence, 

extension of shelf life 

 Alternative to sodium hypochlorite 

as microbial control  

 Inactivate different bacteria  

 Harada and Yasui 

(2003); Guentzel et 

al. (2010) 

Apple-tomato-

lettuce 

Chlorine Dipping (1-2 

min) 

 Different bacteria incubated 2000 ppm effective than 200 ppm Beuchat et al. (1998) 

Cherry 

Tomato 

CaCl2 0.5, 1 and 

1.5% CaCl2 

solution 

15 days weight loss, titrable acidity, TSS, 

decaying %, sugar accumulation, 

chlorophyll and carotenoids  

Inhibit ripening and senescence 

 

Gharezi et al. (2012) 

Tomato ‘1402’ 1-MCP 0.3 µL/L of 

1-MCPs 

18 days 20 °C for 24 h, stored at 5°C & 12 

°C for 14 days, for 4 days at 20 °C 

 Delayed ripening 

 Enhanced quality 

Ilić et al. (2013)  

Tomato Hot water 

NaCl 

45 °C 

0  & 0.85% 

NaCl 

solution 

35 days Hot water dip (0, 30, 60 min); 

NaCl (0, 0.85% solution); 16°C 

&80% RH; firmness, WL, 

chlorophyll, carotenoid, decay%   

 45 °C hot water dipping for 30 and 

60 minutes delays ripening  

 NaCl solution accelerates ripening 

Khaleghi et al. (2014)  

Fruit & Veg. Hot water and 

steam 

50-70 °C 

 

40-50 °C 

   50-70 °C blanching, effective for 

surface pathogens, eggs and larvae 

Lurie (1998)  

Tomato 

 

Calcium 

 

 

 

 Texture measurement Increases membrane stability, cell wall 

strength & hinders ripening 

Pila et al. (2010)  

Tomato 1-MCP 

MAP 

12 °C 

RH = 90% 

 

21 days WL, skin colour, elasticity, 

lycopene, AA, SSC, TA and 

SSC/TA 

Combined effect of 1000 ppb, 1-MCP 

and MAP was the most effective against 

ripening 

Sabir and Agar 

(2011)  

 

Cactus pear  EC, CaCl2  & 

2, 4- D  

12.12 and 

18.02 °C; 

RH = 91.9 & 

98.81% 

14-21 

days 

pH, TSS, TA, AA, pulp firmness Integrated effects of chemicals, EC and 

packaging improved shelf life and 

quality 

Shumye et al. (2014) 

Tomato  ComCat ® 

MAP, Cl2 

ECA Water 

Ambient and 

13 °C 

storage 

30 days ComCat® affected O2 & N2 

concentrations, AA, bacteria, 

moulds, yeasts, and coliform  

AA content retention  and low 

respiration rate attained under  

ComCat® package 

Workneh et al. 

(2011)  

SSC= soluble solid content; TA=Titratable acidity; TSS=total soluble solids; WL=weight loss; AA=ascorbic acid, D= Dichlorophenoxyacetic acid 
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2.6 Psychometrics of Moist Air Properties 

 

Atmospheric air is a mixture of gases, including water vapour. Extended cold storage can result 

in moisture loss or gain, affecting the quality of fresh produce (Delele et al., 2009; Ngcobo et 

al., 2013). Delele et al. (2009) applied to monitor the ultra-low oxygen cold storage with 

pressurized water atomization and maintained the relative humidity (RH) of 96.3%. RH is the 

percentage of air saturated with water vapour at a particular temperature and pressure (Paull 

and Duarte, 2011). RH has an influence on the colour loss, physiological weight loss, microbial 

growth, texture change, condensation, adsorption and palatability of fruit and vegetables 

(Gaffney et al., 1985), with a RH of between 80-95% recommended to keep fruit fresh under 

storage conditions (Kader, 2002; Delele et al., 2009). The psychometrics of storage climates 

are significant and a knowledge of the physical properties of air is also important in the 

manipulation of heat and mass transfer. Commonly used psychometric air properties include 

RH, enthalpy (h), dry-bulb temperature, dew-point temperature, wet-bulb temperature, 

absolute humidity, specific heat capacity (Cpair), density (ρair), vapour pressure, and specific 

volume (Kader, 2002). Because psychometric moist air properties change, they need attention 

during modelling. The psychometric chart displays all moist air properties. 

 

2.7 Modelling of Food Processing and Preservation  

 

Modelling is used to analyse, interpret and understand our surrounding of the real world 

(Tijskens et al., 2001; Sablani et al., 2006). Modelling ingests interdisciplinary sciences, 

including theories of chemistry, physics, mathematics, biochemistry, and physiology (Tijskens 

et al., 2001; Van Boekel, 2010). Modelling can take place on an infinite number of levels, 

reflecting several real life situations from theoretical to empirical (Tijskens et al., 2001). 

Computer-aided modelling and evaluation tools are remarkable alternatives to expensive and 

time-consuming analytical experiments (Norton and Sun, 2006b; Ambaw et al., 2013a). 

Process including inside food, applied to food and model food affects food property and shelf 

life (Tijskens et al., 2001; Van Boekel, 2010). Modelling can be a deductive or inductive 

approach (Tijskens et al., 2001; Van Boekel, 2010). Inferential or deductive modelling includes 

the conversion of theories and concepts into mathematical and computer formulations with no 

actual data application, while the actual data is used to calibrate and validate the developed 

models (Tijskens et al., 2001). Reversely, the inductive modelling principle is to extract as 



 

13 

 

much useful information contained in the measured data as possible with no prior knowledge 

of the process involved, with data being the only information available for modelling. The 

deductive models are reproducible and could be used over and over again, while keeping the 

parameters and parameter values the same under similar conditions (Tijskens et al., 2001). Zou 

et al. (2006), Sablani et al. (2006), and Datta (2008) reported several advantages of modelling: 

modelling minimizes experiment runs; therefore saving time and unnecessary experiment 

costs; it has projecting ability; enhancing the process; it gives the real-time situation to the 

actual process; which may not be achievable by actual experiments; and it provides for 

computerisation and controller competence. 

 

The modelling tool, computational fluid dynamics (CFD) has only recently, in the last two 

decades, been progressively applied to the food processing industry (Norton and Sun, 2006b; 

Ambaw et al., 2013a). Norton and Sun (2006b) conclude that CFD modelling could replace 

expensive experimental runs, and consists of multipart shapes knowledgeable in the food 

company’s unit operations, including cooling, refrigeration, mixing, and drying for the control 

and prediction of the processing conditions. Applications of CFD in the food industry has 

helped to optimize unit operations to make energy utilization and processing more effective 

(Norton and Sun, 2006b). Moreover, several unit operations including heating and cooling, are 

comprised of complex fluid flow, heat and mass transfer occurring simultaneously, and CFD 

was reported as being an appropriate tool commonly used to predict the phenomena happening 

within the operations (Norton and Sun, 2006b). In addition, heat and mass transfer is the most 

common process and problems occur in food processes in 3-D (Tijskens et al., 2001). Hence, 

CFD could create a platform through which stake holders benefit and food products, including 

fresh crops, are preserved with highly optimized equipment, quick marketing, good designs, 

and are cost effective in their production (Norton and Sun, 2006b).  

 

2.7.1 Airflow pattern, heat and mass transfer governing equations  

 

Several researchers have reported that the real-time transfer of mass and energy challenges are 

solved through numerical modelling, rather than the analytical approach (Nicolaï et al., 2001b; 

Norton and Sun, 2006b; De Baerdemaeker et al., 2011; Ambaw et al., 2013a). According to 

Nahor et al. (2005), understanding the air-velocity pattern, temperature, RH and moisture 

distribution in a cold room is very crucial for the designing of storage enclosures. 
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Understanding the airflow patterns determines the temperature and its homogeneity inside cold 

storage (Laguerre et al., 2013). Fourier’s equation for conduction and Fick’s equation for mass 

diffusion with boundary and initial conditions are critical models for heat and mass transfer 

modelling (Tijskens et al., 2001). In forced air cold storages, the basic heat transfer modality 

is convective heat transfer (Laguerre et al., 2013). Moreover, the general transport equations 

(Navier-Stokes equation), which are used commonly for the airflow, heat and mass transfer 

modelling, that includes continuity, momentum and enthalpy equations, are principal 

(Verboven et al., 2006b; Versteeg and Malalasekera, 2007; Ambaw et al., 2013a).  

 

In addition to airflow, heat and mass transfer, which is governed by the Navier-Stokes equation, 

diffusion and convective liquid particle transport takes place in cold storage (Ambaw et al., 

2013a). The driving force for forced convection is pressure gradient (Tijskens et al., 2001). As 

a consequence, the Navier-Stokes equation of momentum, continuity and energy conservation 

(Eq. 2.1 to 2.3) to control volume dx*dy*dz and on Cartesian coordinates (i directions: i.e., x- 

, y- and z-) are applied for transport phenomena manipulation of cold storage (Versteeg and 

Malalasekera, 1995; Nicolaï et al., 2001b; Versteeg and Malalasekera, 2007). The Navier-

Stokes equations are designated as follow:  

General, Continuity equation:  

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0                                                                                   (2.1) 

General, Momentum Equation (for x, y and z directions, respectively): 

𝜌 𝐷𝑢

𝐷𝑡
= − 𝜕𝑝

𝜕𝑥
+ 𝑑𝑖𝑣(µ 𝑔𝑟𝑎𝑑 𝑢) + 𝑆𝑀𝑥                                             (2.2a) 

𝜌 𝐷𝑣

𝐷𝑡
= − 𝜕𝑝

𝜕𝑦
+ 𝑑𝑖𝑣(µ 𝑔𝑟𝑎𝑑 𝑣) + 𝑆𝑀𝑦                                             (2.2b) 

𝜌 𝐷𝑤

𝐷𝑡
= − 𝜕𝑝

𝜕𝑧
+ 𝑑𝑖𝑣(µ 𝑔𝑟𝑎𝑑 𝑤) + 𝑆𝑀𝑧                                            (2.2c) 

General, Energy equation: 

𝜌
𝐷𝐸

𝐷𝑡
= −𝑑𝑖𝑣(𝜌𝑈) + [𝜕(𝑢𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑢𝜏𝑦𝑥)

𝜕𝑦
+ 𝜕(𝑢𝜏𝑧𝑥)

𝜕𝑧
+

𝜕(𝑣𝜏𝑥𝑦)

𝜕𝑥
 +

                 
𝜕(𝑣𝜏𝑦𝑦)

𝜕𝑦
+

𝜕(𝑣𝜏𝑧𝑦)

𝜕𝑧
+ 𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥
+

𝜕(𝑤𝜏𝑦𝑧)

𝜕𝑦
+ 𝜕(𝑤𝜏𝑧𝑧)

𝜕𝑧
] +

                 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑 𝑇) + 𝑆𝐸                                                                                               (2.3) 
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Where 

u = x-coordinate velocity vector [m.s-1], 

v = y-coordinate velocity vector [m.s-1], 

w = z-coordinate velocity vector [m.s-1], 

U = Velocity vector [x, y, z, t], 

T = Temperature [ºC or ºK], 

p = Pressure [Pa], 

ρ = Density [kg.m-3], 

H = Enthalpy [J.kg-1], 

µ = Viscosity [kg.m-1.s-1], 

SMx, SMy, SMz = Source terms in x, y and z coordinates, respectively [m-3.s-1], 

SE = Source term of energy [m-3.s-1], 

t = time [s], 

τij = Stress component i (x, y, z) with j direction [pa], and 

k = Thermal conductivity [W.m-1.ºC-1]. 

 

The above basic questions have five equations with different variables (u, v, w, p, h, T, ρ) and 

hence additional equations are required to solve the seven variable matrixes. Therefore, from 

thermodynamics equations the relation of density, temperature and pressure are required 

(Tijskens et al., 2001). From the ideal gas equation the following equations can be obtained: 

 ρ =
𝑝𝑀

𝑅𝑇
                                                                                                                       (2.4) 

 C =
𝜕𝐻

𝜕𝑇
                                                                                                                       (2.5) 

𝐻 = 𝐶𝑝,𝑓(𝑇 − 𝑇0)                                                                                                      (2.6) 

𝐶𝑝,𝑓 = 𝑌𝑐𝑝,𝑤 + (1 − 𝑌)𝐶𝑝,𝑎
                                                                                      (2.7) 

 𝜕𝜌𝑌

𝜕𝑡
+ 𝜌 𝜕(𝜌𝑢𝑖𝑌)

𝜕𝑥𝑖

=
𝜕𝜌

𝜕𝑥𝑗

𝐷
𝜕𝑌

𝜕𝑥𝑖

                                                                                        (2.8) 

Where 

M = Molecular weight flowing fluid/gas [kg.mol-1],  

R = Universal gas constant [J.mol-1.K-1], 

Y = Humidity ratio [kgw.kgair
-1], 

Cp,w = Specific heat capacity of water [J.kg-1 °C-1], 

Cp,f = Specific heat capacity of fluid [J.kg-1 °C-1], 

Cp,a = Specific heat capacity of air [J.kg-1 °C-1], and 
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D = Diffusivity [m2.s-1]. 

 

For constant specific heat capacity (Cp), changes in H and changes in T are linearly related. 

Since the velocity is assumed to be of low magnitude in food processing and storage, it is 

assumed that fluid is incompressible and the equations can be applied. 

 

The evaporation and/or condensation of moisture inside the experimental cold storage can be 

calculated by the lumped model as indicated below (Nahor et al., 2005), where hm is mass 

transfer coefficient, ρa
v and ρp

v are the density of water vapour in the air phase and at 

equilibrium [kg.m-3], respectively. 

𝑚 = −
 𝜕𝑥

𝜕𝑡
= ℎ𝑚𝐴𝑠𝑝𝑒𝑐(𝜌𝑝

𝑣 − 𝜌𝑎
𝑣)                                                                        (2.9) 

𝑜𝑟  

𝑚 = 𝜌𝑎
 𝜕𝑟𝑎𝑌

𝜕𝑡
+ 𝑟𝑎𝜌𝑎

𝜕(𝑢𝑖𝑌)

𝜕𝑥𝑖

− 𝑟𝑎𝜌𝑎
𝜕

𝜕𝑥𝑗

𝐷
𝜕𝑌

𝜕𝑥𝑖

                                                            (2.10) 

Where 

 m = Moisture condensation or evaporation [kg.m-3.s-1], 

 X = Moisture content of product [kgw.m-3], 

 Y = Humidity ratio [kgw.kgair
-1], 

 hm = Mass transfer coefficient [m.s-1], 

Aspec = Surface are of the particle [m2.m-3], and 

ra = volume fraction of air [-]. 

 

Inside the cold store, the temperature of the stored fresh commodities is calculated by the 

following model (Nahor et al., 2005): 

𝜌𝑝𝑐𝑝,𝑝
 𝜕

𝜕𝑡
(𝑟𝑝𝑇𝑝) = ℎ𝑇𝐴𝑠𝑝𝑒𝑐(𝑇𝑎 − 𝑇𝑝)

𝜕(𝑢𝑖𝑌)

𝜕𝑥𝑖

− ℎ𝑓𝑔𝑚 + 𝑟𝑝𝑞𝑝                    (2.11) 

Where 

rp = Volume fraction of product [-], 

Tp = temperature of product [°C], 

Ta = temperature of air [°C], 

hT = Heat transfer coefficient [W.m-2.°C-1], 

Aspec = Surface are of the particle [m2.m-3], 

hfg = Heat of evaporation/condensation [J.kg-1], 

qp = Heat of respiration of the product [W.m-3], 
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m = Moisture condensation or evaporation [kg.m-3.s-1], and  

Cp,p = Specific heat capacity of product [J.kg-1 °C-1]. 

 

Moreover, Norton and Sun (2006b) reported that if variation in density could happen due to 

buoyancy, there would be two ways to solve the problem. The first was the use of Boussinesq 

approximation for small temperature differences. Where, 𝛽 is thermal expansion coefficient 

(K-1). The second was when the temperature difference is very high and the fluid or cold air is 

treated as ideal gas, the density difference expressed by the following equation with the Wa is 

molecular weight of air (kg.kmol-1).  

 𝜌 = 𝜌𝑟𝑒𝑓[1 − 𝛽(𝑇 − 𝑇𝑟𝑒𝑓 )]                                                                                  (2.12) 

𝜌 =
𝜌𝑟𝑒𝑓𝑊𝑎

𝑅𝑇
                                                                                                                (2.13) 

Norton and Sun (2006b) reported that to compromise the limitations of Navier-Stokes 

equations in food processing, additional equations including models for porous-media, eddy- 

flow, non-Newtonian, and multi-phase approaches are used by several researchers. Most unit 

operations in food processing, including heat and mass transfer, are eddy-flow of fluid 

including airflow and water-flow which are caused by baffles, fans, shelves and the food 

materials themselves (Norton and Sun, 2006b). Therefore, the airflow in the food storage is 

characterized by eddy-flow which is dependent on time and control volume (Nicolaï et al., 

2001b; Ambaw et al., 2013a). Turbulence enhances the transfer rate, but pressure drop must 

be considered throughout food processing equipment designs, including those for fruit and 

vegetables (Tijskens et al., 2001). Hence, to incorporate the turbulence in the Navier-Stokes 

equation, the popular approach of Reynolds Average Navier-Stokes (RANS) equations are 

used (Reynolds, 1895). According to Xu et al. (2002) and Nahor et al. (2005), standard K-ԑ 

models are used for turbulent airflow modelling. The eddy viscosity ηt is calculated based on 

eddy constant (Cη) in turbulent kinetic energy (k) through varying velocities, and eddy energy 

degeneracy rate (ԑ) (Nicolaï et al., 2001b) as follows: 

 𝜂𝑡 = 𝜌𝐶𝜂
𝐾2

Ԑ
                                                                                                             (2.14) 

 

Three different types of turbulent K-ԑ models including the Low Reynolds Number (LRN) k-

ԑ, ordinary K-ԑ, and Renormalisation Group (RNG) k-ԑ (Nicolaï et al., 2001a; Tijskens et al., 

2001). According to Xu et al. (2002), the standard K-ԑ model is formulated as: 
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𝜕(𝜌𝑘)

𝜕𝑡
+ ∇(𝜌𝑢𝑖𝑘) − ∇ [(𝜇 + 𝜇𝑇

𝛿𝑘

) ∇𝑘] = 𝑃 + 𝐺 − 𝜌𝜀                                            (2.15) 

𝜕(𝜌 )

𝜕𝑡
+ ∇(𝜌𝑢𝑖𝜀) − ∇ [(𝜇 + 𝜇𝑇

𝛿𝜀

) ∇𝜀] = 𝐶1
𝐾

(𝑃 + 𝐶3𝑚𝑎𝑥(𝐺, 0)) − 𝐶2𝜌
2

𝐾
   

                                                                                                              (2.16) 

Where 

P = Shear production rate [N.m−2.s−1], 

G = Turbulent generation rate [N.m−2.s−1], 

k = Turbulent energy [m2.s-2], 

ԑ = Turbulence dissipation rate [m2.s-3], 

ρ = Density [kg.m-3],  

µT = Turbulent viscosity [kg.m-1.s-1], 

µ = Air/fluid viscosity [kg.m-1.s-1], 

C1, C2, C3 = Standard k-ԑ model constants [-],  

ui = Air velocity of direction Xi [m.s-1], and 

t = Time [s]. 

 

For modelling the airflow of stored fruit and vegetables, attention will be given for multiple 

flow to be considered as separate phases (Tijskens et al., 2001). In line with, diffusion equation 

used for water vapour mass fraction modelling in the wet-air (Nicolaï et al., 2001b) and 

designated as follow: 

𝜕𝜌𝑋𝑎

𝜕𝑡
+

𝜕

𝜕𝑥𝑗

𝜌𝑢𝑗𝑋𝑎 =
𝜕

𝜕𝑥𝑖

𝜌𝐷𝑎
𝜕

𝜕𝑥𝑖

𝑋𝑎 + 𝑟𝑎
′                                                                 (2.17) 

Where 

Xa = Water vapour mass-fraction, and 

r’a = Source/sink of water vapour (condensation, evaporation) [kg.m-3.s-1]. 

 

A mixed model approach is used in particle dispersions including water droplets, for drying 

moist particles, dispersion of disinfectants and solid-liquid interactions (Nicolaï et al., 2001b). 

The Lagrangian model which is derived from Newton’s second law, is commonly used for 

modelling particle motion in fluids (Nicolaï et al., 2001b; Tijskens et al., 2001): 

 𝑚𝑝
𝑑𝑢𝑝𝑖

𝑑𝑡
= 𝐹𝑖                                                                                                           (2.18) 

Where 

mp = Particle mass [kg],  
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upi = Component of the velocity of the particle [m/s], and  

Fi = Total force of the particle [N]. 

 

Nahor et al. (2005) summarized that the energy conservation equation of the cold stores 

consists of energy transfer from produce to fluid stream. Because of respiration heat, dissipated 

energy and heat of formation between the fresh produce and fluid interface, as when 

condensation and evaporation occurs, the temperature and energy gradient is the driving force 

for the direction of heat and mass transfer (Nahor et al., 2005). Moreover, Nahor et al. (2005) 

reported the importance of fans and the tube heat exchangers’ modelling for a detailed insight 

into the transport phenomena. 

 

In CFD simulation, the computational domain is divided into a number of grids (meshes) 

followed by solving the governing equations. Different types of discretization techniques are 

applied, including finite difference, finite element and finite volume methods. Commonly, the 

finite volume approach is used for postharvest studies (Tijskens et al., 2001; Delele et al., 2009; 

Ambaw et al., 2013a). The more the number of grids of discrete points in the geometry, the 

more accurate the numerical analysis taking place (Ambaw et al., 2013a; Defraeye et al., 2014).  

 

Initial and boundary conditions are very critical in modelling including CFD (Tijskens et al., 

2001; Ambaw et al., 2013a). The initial values of the variables must be provided, but 

particularly in biological systems the difficulty is where the exact initials are unknown. It could 

be guessed from the other parameters such as inlet air velocity and the geometry of the produce 

(Nicolaï et al., 2001b). Effects of pressure resistance on the fan is always neglected, but should 

be considered for the air flow rate calculations (Nicolaï et al., 2001b; Tijskens et al., 2001).  

 

2.7.2 Modelling of airflow, heat and mass transfer of forced air cold storage 

 

Forced air cooling technologies including EC and CB-AC are used because of their efficiency, 

flexibility and low cost (Allais and Alvarez, 2001; Ambaw et al., 2013a). Recently, several 

researchers used numerous models to simulate the real-time problem of understanding airflow 

pattern, energy and mass movement through cold/refrigerated storage systems (Ambaw et al., 

2013a; Defraeye et al., 2013b; Defraeye et al., 2014). De Baerdemaeker et al. (2011), (Ambaw 

et al., 2013a) and (Defraeye, 2014) noted that there has been great interest in using 
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mathematical modelling for the optimization of postharvest system operations, design, 

processing, and food engineering with multi-scale modelling approaches being advised. 

Moreover, several studies demonstrated the use of CFD for the modelling of cold storage, 

refrigerated storage, drying, and building ventilation (Saneinejad et al., 2011; Moonen et al., 

2012; Saneinejad et al., 2012; Ambaw et al., 2013a; Ambaw et al., 2013b; Ambaw et al., 

2013c; Defraeye et al., 2013a; Ho et al., 2013b; Defraeye, 2014; Defraeye et al., 2014). 

According to Akdemir et al. (2013) two different cold storage models using the CFD tool,  

especially temperature and RH distribution were captured by turbulent k-ԑ model approach. 

Chourasia and Goswami (2007) simulated the effects of dimensions on potatoes packed in 

sacks, and positions of energy movement with the help of CFD tools. Transient temperature 

and the analytical temperature were used for validation and a difference of 1.4±0.98 ͦ C was 

found. Moreover, Xu et al. (2002) and Wang and Sun (2003) noted that foods including onion, 

potato and grain stored in cold stores had been considered as porous media for energy and mass 

transfer simulations. Additionally, for transport phenomena with porous media approach, the 

prediction of specific physical parameters and analysis with CFD modelling was described as 

possible by (Wang and Sun, 2003; Nahor et al., 2005) for the simulation of porous, stored food 

material.  

 

According to Andersson et al. (2012), multiphase heat and mass transfer modelling is based on 

Sherwood (Sh) and Nusselt dimensionless parameters (Nu). Heating, cooling, evaporation, and 

condensation might take place during the interaction between the fluid flowing and solid 

particle. For the small net flow to or from solid particle, mass transfer between the solid and 

flowing fluid estimated by film model and described as follow: 

 𝑁𝑛 = 𝑘𝑐,𝑛(𝐶𝑛,𝑠 − 𝐶𝑛,𝑏𝑢𝑙𝑘)                                                                                (2.19)  

Where 

 Nn = mass flux [mol.m−2 
.s −1], 

 Cn,s = the concentration of species n on the surface [], 

Cn,bulk = the concentration in the fluid bulk surrounding the particle [], and  

kc,i = convective mass-transfer coefficient  [m.s-1] 

 

𝑆ℎ =
𝐾𝑐,𝑖𝑑𝑝

𝐷𝑖
= 2 + 0.6𝑅𝑒𝑑

1/2𝑆𝑐1/3                                                                (2.20) 

Where 

 Sh = Sherwood number [dimensionless],  
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 Re = local Reynolds number [dimensionless], 

 dp = characteristics length [m], 

 Di = diffusivity coefficient [m2.s-1], and 

 Sc = Schmidt number [dimensionless]. 

 

Heat transfer is described in a similar way using the Nusselt number, Nu: 

 𝑁𝑢 =
ℎ𝑑𝑝

𝜆
= 2 + 0.6𝑅𝑒𝑑

1/2𝑃𝑟1/3                                                                  (2.21) 

Heat balance of a particle is given as: 

𝑚𝑝𝐶𝑝
𝑑𝑇𝑝

𝑑𝑡
= ℎ𝐴𝑝(𝑇𝑏𝑢𝑙𝑘 − 𝑇𝑝) +

𝑑𝑚𝑝

𝑑𝑡
ℎ𝑓𝑔 + 𝑅∆𝐻 + 𝐴𝑝𝜀𝑝𝜎(𝑇4

𝑠𝑢𝑟𝑟 − 𝑇4
𝑝) (2.22) 

Where 

  mp = mass of the particle [kg],  

hfg = enthalpy of evaporation [kJ],  

R = reaction rate [s-1], 

H = reaction enthalpy [kJ], and 

Ap = Surface area of the particle [m-2]. 

 

ṁ𝑘 =
𝜕(𝛼𝑘𝜌𝑘)

𝜕𝑡
+

𝜕(𝛼𝑘𝜌𝑘𝑢𝑖,𝑘)

𝜕𝑥𝑖
                                                                                (2.23) 

Where ṁk represents the mass transfer from or to phase k per unit volume and unit time. 

 

To date, for a low Reynolds number and laminar flow, Lattice Boltzmann schemes model is 

suggested to be a substitute for CFD modelling (Verboven et al., 2006a; Van der Sman, 2008; 

Ambaw et al., 2013a). Several advanced applied mathematics are used in the governing 

equations of CFD modelling (Norton and Sun, 2006a; Versteeg and Malalasekera, 2007). The 

readiness of 3-D applications with CFD tools, with eddy models to assist in the use of a multi-

scale modelling approach for postharvest systems (Ambaw et al., 2013a). Foster et al. (2005) 

and (Norton and Sun, 2006b) demonstrated that large-scale modelling could probably take a 

longer time for computation, and for detailed solutions. Therefore at the pre-processing and 

solving stage, reducing the modelling to several computational models is crucial for coping 

with a CFD package. Similarly, Ho et al. (2010) compared 2-D and 3-D models and 

recommended a proper 2-D as preferable for saving computing costs and time, while still 

producing useful results which are accurate enough for cold storage house modelling. 

However, while reduced models have been reasonably successful, the solution quality is under 
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question for 1-D and 2-D approaches (Norton and Sun, 2006b). An appropriate selection of 

designs and variables is necessary for modelling in food storage systems (Lukasse et al., 2007). 

Several of the fundamental codes of CFD packages include FLUENT, CFX, PHONICS, 

FLOW3D, STAR-CD (Versteeg and Malalasekera, 1995; Versteeg and Malalasekera, 2007). 

All CFD codes share three common crucial steps for computing CFD modelling analysis: 

namely pre-processors, solver, and post-processor (Versteeg and Malalasekera, 1995; Versteeg 

and Malalasekera, 2007; Ambaw et al., 2013a).  

 

Pre-processing is a step whereby fundamental problems are recognized and defined (Ambaw 

et al., 2013a). Moreover, the creation of the geometry of interest, and compilation of a grid or 

mesh creation, with fine divisions and without overlapping mesh cells, under the control 

volume are developed and generated to realise a specific point in space under the modelling 

boundary conditions (Versteeg and Malalasekera, 1995). In addition, settings of the physical 

and chemical phenomena, boundaries, solving techniques, physical parameters and governing 

equation selections are done with pre-processor coding (Ambaw et al., 2013a). According to 

Norton and Sun (2006b), the grids deliver the discretization of the leading equation, and 

therefore is the ‘road map’ for precision forecasting of the transport phenomena in fluid flow. 

Furthermore, flow types, direction, geometry, and state of flow identification are all done at 

the pre-processing step (Versteeg and Malalasekera, 1995; Ambaw et al., 2013a).  

 

The Solver step is the iterative solving of different numerical solution techniques of the set of 

discretized equations (Delele et al., 2012). For precise and accurate solutions, advanced degree 

computational equations are sufficient (Defraeye et al., 2010; Ambaw et al., 2013a). Moreover, 

the control volume is also decided at this step (Versteeg and Malalasekera, 1995). A CFD 

common computational solving method is said to be tri-diagonal (TDMA); also known as the 

Thomas algorithm, and solves discretised equations row by row (Tijskens et al., 2001). 

 

The Post-processor step is the third element of CFD modelling where the solution output is 

solved, visualized and interpreted (Versteeg and Malalasekera, 1995). This step permits simple, 

abstract and important parameters that have practical meaning to understand the question of 

the problem (Ambaw et al., 2013a). Consequently, the output includes advanced graphics, 

isosurfaces, slices, vectors, streamlines, animations, contours, and many others (Versteeg and 

Malalasekera, 1995; Ambaw et al., 2013a). Both the graphics and quantification analysis help 
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to visualise and choose the solutions from the numerical modelling (Foster et al., 2005; Ambaw 

et al., 2013a), and hence solution interpretation is a vital aspect of CFD modelling. (Foster et 

al., 2005); Norton and Sun (2006b) reported that interpreting the solution of the CFD package 

includes visualization, contour vector, line plot, animated flow and other parameters.  

 

For the model’s quality and accuracy, validation is crucial. Hence, for successful CFD 

modelling, the accurate validation of numerical model outcomes with experimental results is 

crucial for the model’s validity (Norton and Sun, 2006b). Several researchers have mentioned 

that validation was achieved by manipulating specific experimental data, including 

temperature, air-velocity, and RH distribution, and indirectly by the measurement of energy 

change and pressure deficit (Ferrua and Singh, 2008). Moreover, the covariance comparison of 

analytical errors is very important for validation of the models (Ambaw et al., 2014), as are 

estimated parameters, including R2 and mean percentage of errors (Ambaw et al., 2014).  

 

Figure 2.5: Typical forced-air cooling system for storage of fresh produce (Delele et al., 2010) 
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Table 2-4 : CFD applications in fresh produce storage 

CFD model used Software  Cold storage and descriptions Boundary conditions Validation and method Author/s 

CFD, Turbulence K-ԑ ANSYS14.0  

 

Simulated two cold storages, spatial 

distribution of temperature and the RH 

Fluid inlet-surface, outlet-

surface, and walls-solid, 

proof against flow of fluid 

Descriptive statistics, 

comparison of the two stores for 

T and RH 

Akdemir et al. 

(2013) 

CFD, RANS, SST k- ԑ 

model 

ANSYS13.0  

 

Super-vent and Ecopack packaging 

evaluated for cooling performance 

Top, bottom, fruit, 

cardboard, and plastic 

containers surfaces,  

upstream-downstream of 

the containers  

Temperature profiles Defraeye et al. 

(2013a) 

CFD, RANS, k– ԑ, k– 

ω, RSM  

ANSYS12.0 

 

CFD application in postharvest and 

food process engineering with 

spherical foods  

Boundary layer modelling 

with wall functions 

Sphere surface 

Fluid-flow and scalar exchanges 

evaluated for several physical 

variables  

Defraeye et al. 

(2013c) 

3-D CFD , RANS  ANSYS13.0  

 

Air-flow, heat transfer, vented 

packaging, explicit geometries, and 

turbulence property distributions  

-17.8 ͦ C ≤ Ta≤ 37.8 ͦ C,  

Inlet and outlet boundary 

conditions of the cold air 

Air velocity, pressure drop and 

temperature were monitored  for 

citrus storage 

Delele et al. 

(2013a) 

 

3-D CFD  

Laguerre –

Forchheimer 

models 

ANSYS13.0  

 

Air-flow and heat transfer vented 

packaging system with vent % (1, 3, 5, 

7, 9, 11, 20 and 100%) 

Box and product surfaces 

as no slip wall boundary 

- Laguerre et al. 

(2006); Delele et 

al. (2013b) 

3-D CFD model  

 

ANSYS13.0  

 

CFD study of packed table grapes 

transport phenomena characteristics 

(energy, momentum, mass) 

Non-perforated plastic 

liner, porous jump 

boundary as fan boundary 

Inside fruit temperature and RH  Delele et al. 

(2013c) 

CFD 

3-D & 2-D 

- Velocity of air and temperature 

distribution in refrigerated storage 

velocity at outlet, planes 

symmetry, solid surface; 

Temperature outlet, 

surfaces floor, wall, 

ceiling 

2D and 3D velocity and 

temperature compared to each 

other 

Ho et al. (2013a) 

CFD, 3-D, standard k– 

ԑ 

CFX4.4 Air-flow, heat and mass transfer in 

empty and loaded cold storages 

Inner walls  Velocity measurements, air and 

product temperature 

Nahor et al. 

(2005) 

RANS = Reynolds-averaged- Stokes; SST = Shear stress transport; RSM = Reynolds-stress- models 
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2.7.3 Evaporative cooling CFD modelling 

 

Although CFD modelling is often used in refrigerated storage, some researchers have used the 

models for EC of buildings and greenhouses (Adanez et al., 2012). Accordingly, Montazeri et 

al. (2014) used CFD to study the potential and performance of EC of buildings cooled with 

water spray. Adanez et al. (2012) applied CFD modelling for the par-fan system greenhouse to 

simulate the microclimatic conditions, including water consumption, fogging, energy 

consumption and airflow. Moreover, Cui et al. (2014) studied CFD modelling and the results 

of a novel dew-point evaporative air conditioner. In addition, the Eulerian-Lagrangian CFD 

model was implemented for flows including several phases, such as microorganisms in the air, 

vapours, and powders (Norton and Sun, 2006b; Cui et al., 2014). The Eulerian concept is only 

valid for particle sizes present in the airflow of about 1µm, in the continuous phase, while the 

Lagrangian use for random flight model of the particles (water droplets as discrete phase) near 

the boundary region (Cui et al., 2014). 

 

2.7.4 Modelling quality changes of fresh produce stored in cold storage systems 

 

There is an increasing demand for fruit and vegetables to feed the ever increasing world 

population. According to Sloof et al. (1996), consumers are looking for good quality, fresh 

produce through the supply chain. Quality changes, including physiological, microbiological, 

physical and biochemical happen during postharvest cold storage (Laguerre et al., 2013). 

Moreover, according to Laguerre et al. (2013), the quality of fresh produce can be lost if non-

uniform temperature and relative humidity distribution occurs, in cold storage operations. Sloof 

et al. (1996) emphasised that quality is becoming an increasingly important marketing factor, 

both for producers and for consumers, making the management of quality essential. Therefore, 

it is important to have tools to control, and to predict the quality of fruit and vegetables, as well 

as being able to cope with the ever changing consumer needs (Van Boekel, 2010). To 

understand the postharvest physiological behaviour of fresh produce, Abbott (1999) and Van 

Boekel (2010) believe that a knowledge of the physiological, physico-chemical and 

biochemical processes, and their interactions are crucial. Primarily, the development of a 

generic model and the selection of appropriate mathematical models is necessary to govern the 

physical process that occurs at their interface (Sloof et al., 2001; Tijskens et al., 2001). In 

addition, appropriate and valid mathematical models can be selected from thousands of models 
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and applied for quality modelling (Tijskens et al., 2001; Van Boekel, 2010). Physical, 

chemical, and biochemical factors are intrinsic factors, however extrinsic factors caused by 

food supply chain unit operations and affecting food quality, can be modelled (Van Boekel, 

2010). The parameters of the models, and the relationships which come out of the modelling, 

could be used to envisage, plan, and improve the quality and excellence of foodstuffs, including 

fruit and vegetables (Van Boekel, 2008). The models should not be over parameterized for the 

sake of simplicity (Tijskens et al., 2001). For instance, the effects of temperature on the quality 

and length of the shelf life of fruit and vegetables is critical and hence kinetic reactions that are 

affected by temperature might be modelled by the Arrhenius model (Tijskens et al., 2001). 

Measuring and modelling multiple reactants and/or products’ effects simultaneously is 

applicable in food systems, and can be referred to as multi-response modelling (Tijskens et al., 

2001; De Baerdemaeker et al., 2011). This approach is effective for extracting information 

from data, but it needs special determinants with specific packages (Sablani et al., 2006). 

Schouten et al. (2007) modelled the colour and firmness of stored tomato from green mature 

to the red ripe stage, with time.  

 

General modelling to determine the maintenance of vegetables quality can be described as 

either in a static state or a dynamic state (Tijskens and Polderdijk, 1996). Quality modelling in 

a static form takes into account constant conditions, including temperature. On the other hand, 

dynamic quality modelling considers the non-constant conditions including variations in 

temperature, acceptance limits and initial quality of the produce (Tijskens and Polderdijk, 

1996). The models take into consideration the fresh produce’s keeping quality, including the 

physical, chemical, physic-chemical and biochemical properties (Tijskens and Polderdijk, 

1996). The zero order linear kinetics models applied for the static category.   

 
𝑑𝑄

𝑑𝑡
= −𝑘                                                                                                                (2.24) 

Where 

 Q = Quality (amount, intensity, level, a) [qua2],  

 k = Quality reaction rate [ ]1, and 

 t = Time [time]. 

The static temperature linear equation shown below: 

 𝑄 = 𝑄𝑂 − 𝑘𝑡                                                                                                        (2.25) 

Where 
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 Q0 = Initial quality value of Q 

The keeping quality (KQ) determined when the Q> Qml, then the time taken is the shelf life 

time, zero order reaction shown below:  

 𝐾𝑄 =  𝑄0− 𝑄𝑚𝑙

𝑘
                                                                                                 (2.26) 

Where 

 KQ = Keeping quality or shelf life [time], and 

 Qml = Quality limit for the product [qua2]. 

 

Exponential kinetics  

Most common natural processes encounter first order reactions and the basic relevant 

differential equation are shown below: 

 
𝑑𝑄

𝑑𝑡
= −𝐾𝑄                                                                                                            (2.27) 

At constant temperature: 

 𝑄 = 𝑄0𝑒−𝑘𝑡                                                                                                          (2.28) 

The shelf life could be derived for the Q reaches Ql as follow: 

 𝐾𝑄 =
log𝑒(𝑄0

𝑄𝑙
)

𝑘
                                                                                                       (2.29) 

Temperature dependent quality parameters could be modelled by Arrhenius equation below: 

 𝐾 = 𝐾𝑟𝑒𝑓. 𝑒
𝐸0

𝑅
( 1

𝑇𝑟𝑒𝑓
− 1

𝑇𝑎𝑏𝑠
)
                                                                                    (2.30) 

Where 

Kref = Quality reaction rate at reference temperature [ ]1, 

Ea = Activation Energy [J.mol-1], 

R = Universal gas constant [J.mol-1.k-1], 

Tref = Reference temperature [K or °C], and 

Tabs = Absolute temperature [K or °C]. 

 

Dynamic modelling with constant boundary conditions could be modelled as follows: 

 𝐾𝑄𝑠𝑡 = 𝐾𝑄𝑟𝑒𝑓 −
∫ 𝑘(𝑇(𝑡))𝑑𝑡

𝑡

𝑜

𝑘(𝑇𝑠𝑡)
                                                                             (2.31) 

Where 

 KQst = Quality keeping at standard temperature [qua2], and 
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KQref = Quality keeping at standard temperature [qua2]. 

Dynamic modelling with changing variable boundary conditions modelled with the following 

model: 

 𝐾𝑄𝑑𝑦𝑛 =  log𝑒

(𝑄𝑏0−∫
− log𝑒(𝑄𝑚𝑜

𝑄𝑚𝑙
𝑄𝑏𝑙

𝑡

𝑡=0
)𝑘(𝑇)(𝑡)𝑄𝑏(𝑡)𝑑𝑡)

log𝑒(𝑄𝑚𝑜

𝑄𝑚𝑙
)𝑘(𝑇𝑠𝑡)

                                          (2.32) 

Where 

 KQdyn = Quality keeping at changing temperature [qua2], 

 Qmo = Initial quality [qua2], 

 Qml = Quality limit [qua2], and 

Qb = Quality of particular batch [qua2]. 

 

Tomato texture and colour are the most important quality parameters for consumers buying 

fresh tomatoes (Batu, 2004). Tomato ripening stages include mature-green, breaker, pink-

orange, orange-red, red table ripe and dark-red overripe, graded 1 to 6, respectively (Kasmire 

et al., 1975; USDA, 1976; Cantwell and Kasmire, 2002). The tomato’s skin colour was 

measured by Minolta Chromometer L*a*b and the texture by the Instron Universal Testing 

Machine (Batu, 2004). Batu (2004) categorised the firmness and colour values of tomatoes, 

and the resulting quality. Accordingly, the firmness values 1.28 N.mm-1 is good for marketing 

and salad processing, while a value above 1.46 N.mm-1 is very firm and marketable. In addition, 

the Minolta a*/b* of 0.6-0.95 represented a highly marketable quality.   

 

2.8 Integrated Modelling of Cold Storage and Postharvest Treatments 

 

Shumye et al. (2014) noted that the use of a combination of different treatments including 

chlorine solution, CaCl2 and 2, 4- Dichlorophenoxyacetic acid, and polyethylene sheet 

packaging followed by storage under EC, improved the storability and marketability 

percentages of cactus fruit. Oke et al. (2013) suggested that to contribute to food security, 

research should focus on integrating pre- and postharvest treatments, for an environmentally 

friendly, and cost effective  way to improve the quality and yield of fresh produce.  
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3. DISCUSSION AND CONCLUSION  

 

Most fresh produce are climacteric, highly perishable, and usually subject to high PHLs (Yahia, 

2011). Due to a lack of postharvest technology and management (Kitinoja et al., 2011), PHL 

leads to food insecurity, especially in developing countries. Therefore, PHL reduction is the 

current burning issue to feed the ever-increasing population of the world (Parfitt et al., 2010b). 

Therefore, several researchers recommend economical, environmentally friendly, and feasible 

postharvest technologies for arid and semiarid climates. It was reported that PHLs of 30-40% 

in developed and 50% in developing countries, have a critical influence on a country’s 

economy and food security. For this reason, appropriate postharvest technologies and 

combinations of treatment are important to reduce these losses (Ait-Oubahou, 2013). Effective 

technology can include low-cost EC (Workneh and Woldetsadik, 2004; Workneh, 2010), CB-

AC cooling (Kitinoja, 2013a; Saran et al., 2013), and postharvest treatments.  

 

Delays in cooling of harvested fresh produce is the main factor contributing to PHL. 

Technologies that reduce temperature and control RH, are most important for improving the 

storage and extending the shelf life of fresh commodities (Rico et al., 2007). Mechanical 

refrigeration is the most widely used technology, but it is expensive and environmentally 

unsafe. On the other hand, for small and medium scale farmers, low-cost CB-AC (Kitinoja, 

2013a; Saran et al., 2013), and EC storage (Workneh and Woldetsadik, 2004; Workneh, 2010) 

are feasible because they are environmentally friendly and affordable.  So far, airflow, heat, 

and mass transfer modelling has been extensively studied for mechanical refrigerated storage, 

with the assistance of CFD tools (Ambaw et al., 2013a). On the other hand, there is limited 

research on EC and CB-AC storage systems, and airflow pattern, heat and mass transfer 

modelling. CFD tools are thought to be useful for the design of cold storage including EC, 

optimization, and application, and therefore could be appropriate when studying the dynamics 

inside EC and CB-AC storage. Moreover, there is limited literature on modelling the quality 

of fresh produce stored in indoor. In conclusion, to reduce the tremendous PHL of fresh 

produce, the integration of postharvest treatments and low cost postharvest technologies are 

worthwhile. It appears there is limited literature on the airflow, heat and mass transfer 

modelling for EC and CB-AC systems, and therefore this requires further study. In addition, 

there is limited literature available on modelling the effects of EC, CB-AC storage on the 

quality indices of fresh produce, and its storage life.  
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4. PROJECT PROPOSAL  

 

4.1 Introduction 

 

This chapter presents the project proposal on forced-air EC, CB-AC, and the postharvest 

treatment of fresh produce. Processes involved in the forced-air EC storage CFD modelling for 

the airflow pattern, heat and mass transfer of the stored commodities are also presented. The 

project proposal covers the problem statement, objectives, the methodology containing 

research aims, research questions and objectives; methodology, work-plan and time-schedule. 

The research questions and detailed objectives used to tackle the problem statement are also 

discussed. The methodology comprises of procedures to be followed, lists and details of 

equipment and chemicals to be used, the experimental design, required softwares, and data 

collection and analysis methodologies. Finally, the originality, intellectual property issues, and 

the research outcome are discussed. 

 

4.2 Problem Statement 

 

By 2050, the world’s population is expected to be approaching nine billion people (Parfitt et 

al., 2010a), with a concomitant increase in the demand for food, including fruit and vegetables 

(Singh et al., 2014). Global PHL of tropical fruit and vegetables varies between 30 and 50% of 

the total production, which significantly contributes towards food insecurity, particularly in 

developing countries (Gustavsson et al., 2011; Singh et al., 2014) where there are inappropriate 

storage facilities and little knowledge in the use of low-cost technologies for perishable 

commodities (Gustavsson et al., 2011). Forced-air EC is cost effective, environmentally 

friendly, has easy to handle technology when compared to mechanically refrigerated storage 

systems, and is especially applicable for arid and semi-arid climatic conditions, including sub-

Saharan countries (Roy and Pal, 1989; Roy and Pal, 1994; Kitinoja et al., 2010). Therefore, 

forced-air EC is a technology which can feasibly be applied for the preservation of tropical 

fruit (Workneh, 2010). Moreover, low cost cooling systems such as the forced-air CB-AC cold 

storage system, is also possible for use by small and medium scale farmers (Kitinoja et al., 

2011; Saran et al., 2013). However, there is insufficient information on the airflow pattern, 

heat and mass transfer inside the forced-air EC, and CB-AC cold storage system. The airflow 

pattern, heat and mass transfer determine the performance of the storage, and therefore the 
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quality and the shelf life of the stored produce inside. Investigation into real-time airflow 

pattern, heat and mass transfer, with the help of CFD tools will be a new area of research for 

forced-air EC, and CB-AC cooled storage systems. CFD modelling is a powerful approach for 

understanding airflow pattern inside a cold store, and investigating real-time heat and mass 

transfer taking place inside forced-air EC, and CB-AC cold storage. Moreover, it is important 

to determine the shelf life of fresh produce under storage conditions. Subsequently, CFD 

modelling gives the basic realistic information regarding cold airflow, heat and mass transfer 

taking place in a system. It will be applicable for the design of suitable, low-cost, appropriate, 

and sustainable cold storage including forced-air EC, and CB-AC, for fresh produce including 

tropical and sub-tropical fruit. Once the distribution of temperature, relative humidity, and cold 

airflow is understood, the design and practical application of an appropriate cold storage and 

transportation facilities’ system, including forced-air EC, and CB-AC, will be undertaken 

(Ambaw et al., 2013a; Delele et al., 2013a). There is limited literature available on transport 

phenomena of real-time modelling for forced-air EC, and CB-AC storage of fresh agricultural 

products, especially the integrated effects of post-harvest treatment and cold storage on the 

shelf life and quality of fresh produce. Therefore, the specific areas for research include the 

airflow pattern inside the storage microenvironment, temperature, RH, heat transfer from 

produce and air associated with forced-air EC, and CB-AC storage of fresh produce. Several 

researchers have reported that CFD modelling was user friendly and widely used to simulate 

the mechanical refrigerated storage of fresh produce, and calculated air velocity, temperature 

and RH distribution in empty and loaded stores (Delele et al., 2005; Nahor et al., 2005; 

Verboven et al., 2006a; Ambaw et al., 2013a; Defraeye et al., 2014). Nevertheless, although 

CFD modelling for EC, CB-AC is limited, it is appropriate for the real-time simulation of 

forced-air EC, CB-AC airflow, heat and mass transfer, temperature and relative humidity 

distribution and has potential for small and medium scale cold storage systems.  

 

In addition, physical, chemical, and biochemical properties are intrinsic and extrinsic factors, 

responsible for the deteriorating quality of stored fresh produce. There is limited research 

available on the evaluation of quality changes and shelf life of fruit and vegetables, subjected 

to forced-air EC, and CB-AC cold storage. Similarly, limited work has been done on modelling 

the effects of integrated cold storage and postharvest treatment on the quality of stored fruit 

and vegetables (Van Boekel, 2010), making mathematical models for modelling quality 

attributes important. The mathematical relations from the models could be used to design, 
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optimize, and predict the quality of fresh produce (Van Boekel, 2010). Therefore, shelf life 

under the storage conditions and the marketable quality of selected fresh produce will be 

studied, and the modelling potential of the quality data will be screened and modelled for the 

stored fresh produce. The study will use fresh tomato as a model produce. The aim of the 

project, the research questions, and objectives will be explained in the following sections.  

 

4.3 Aim of the Project  

 

The aim of the project is to investigate the real-time airflow pattern, heat and mass transfer 

inside EC and CB-AC storage using CFD during the storage of selected fresh produce of 

economic importance. The project will also focus on and investigate the effects of integrating 

postharvest treatments and combinations of cold storage systems, from which the storage life 

of fresh produce can be predicted with the help of potential storage life models. 

 

4.4 Research Questions 

 

The questions which will be answered at the end of the project are: 

(i)  What is the real-time cold airflow pattern, temperature, relative humidity, moisture 

distribution profile, and uniformity inside forced-air evaporative cooling and 

CoolBotTM-Air Conditioner cooling system? 

(ii)  What are the effects of a combination of forced-air low-cost cooling environment, and 

postharvest pre-storage treatments on quality and storage life of fresh produce? 

(iii)To what extent could selected quality indices be affected by the conditions, and is it 

possible to mathematically model the changes in these quality values as a function of 

the factors? 

 

4.5 Specific Objectives 

 

The specific objectives of the project include the following: 

(i) To investigate the real-time airflow pattern, mass and heat transfer inside forced-

air evaporative cooling and CoolBotTM-Air Conditioner cooling systems using  

CFD models; 
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(ii) To evaluate the effect of inlet air characteristics on the airflow, mass and heat 

transfer inside the selected appropriate cold storage chambers; 

(iii) To evaluate the integrated effects of pre-packaging, packaging, and cold storage 

treatments on the storage life of fresh produce, in terms of changes in quality;  

(iv) To develop models for the estimation of changes in quality using experimental 

data, obtained during storage of fresh produce after it has been subjected to 

different postharvest treatments. 

 

4.6 Materials and Methods 

 

4.6.1 Experimental cold storages 

 

The experimental forced air EC and CB-AC system will be modified and further developed at 

the UKZN, Ukulinga Research Farm, South Africa and Haramaya University (HU) Fruit and 

Vegetables Research Farm, Ethiopia as shown in Figure 4.1. Modifications will be done on the 

fan, cooling pad, and CB-AC. The sole EC system is mostly effective for hot and dry seasons 

and locations, and therefore the modifications on the EC with CB-AC system will give an 

insight into both cooling systems as well as to make use of the cold system all year round.   

 

4.6.2 Research site 

 

The experiment will be done under two agro-climatic regions: UKZN, Ukulinga Research 

Farm, South Africa, and Haramaya University, Fruit and Vegetables Research Farm, located 

at Dire Dawa, Ethiopia. The Experimental EC and CB-AC system structures will be further 

developed at both research sites.  

Figure 4.1: Dimensions of an insulated experimental cold storage chambers 

     

  (a) Air outlet vent of EC & CB-AC   (b) Combination of EC & CB- AC (c) Psychometric unit 
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4.6.3 Determining airflow pattern, heat and mass transfer by CFD 

 

The most used software packages for CFD modelling is ANSYS Fluent/CFX (Norton and Sun, 

2006b), and others such as SOLIDWORKS, and MATLAB. Commercial CFD analysis 

package, ANSYS-CFX and/or Fluent codes will be used for modelling of airflow pattern, heat 

and mass transfer inside the experimental storages. The simulation will be conducted using 3-

D models type. The forced airflow zone was reported by several researchers as being turbulent 

flow and therefore solved using Reynolds-Averaged Navier-Stokes (RANS) equations (Eq. 4.1 

and 4.2) (Nahor et al., 2005). The RANS equations are time averaged fluid motion equations 

applied for fluid flow, including cold air. The most common, and validated for turbulent flow 

is standard k-ԑ-model, with finite volume and porous media approach used for the stored fresh 

produce (Hoang et al., 2000; Nahor et al., 2005; Foster et al., 2006; Foster et al., 2007; 

Andersson et al., 2012). The RANS use for solving of volume averaged air velocity and 

temperature (Zou et al., 2006). The computation will be done beginning with the identification 

of the problem statement, mathematical model, mesh generation, space discretization, iterative 

solver, debugging, simulation run, post-processing and verification and validation analysis, 

respectively. The RANS equations are represented by the following equations: 

 
𝜕𝜌𝑎

𝜕𝑡
+

𝜕(𝜌𝑎𝑢𝑖̅̅ ̅)

𝜕𝑥𝑖
= 𝑆𝑚                                                                                   (4.1) 

𝜕(𝜌𝑎𝑢𝑖̅̅ ̅)

𝜕𝑡
+

𝜕(𝜌𝑎𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅ )

𝜕𝑥𝑖
=  −

𝜕(�̅�)

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜇𝑎 ( 

𝜕𝑢𝑖
̅̅ ̅̅ ̅

𝜕𝑥𝑗
+

𝜕𝑢𝑗
̅̅ ̅̅ ̅

𝜕𝑥𝑖
)] −

𝜕

𝜕𝑥𝑗
(𝜌𝑎𝑢′

𝑖𝑢
′
𝑗

̅̅ ̅̅ ̅̅ ̅) −

  [1 − 𝛼(𝑇 − 𝑇𝑜)]𝜌𝑎𝑔 − ᶲ
𝜇𝑎

𝑘
𝑢�̅� − ᶲ2 1

2
𝛽𝜌𝑎(𝑢𝑗𝑢𝑗̅̅ ̅̅ ̅)1/2𝑢�̅�                             (4.2) 

Where 

 ρa = air density [kg.m-3], 

 𝑢�̅�, 𝑢�̅� = average velocity components of x and y coordinates [m.s-1], 

 xi, yi = coordinates [m], 

 �̅�  = pressure [pa], 

 µa = dynamic viscosity of air [kg.m-1.s-1], 

 𝑢′𝑖
̅̅̅̅ , 𝑢′𝑗̅̅̅̅ = turbulence varying velocity [m.s-1], 

 T = temperature [°C], 

 ϕ = porosity of the packed products = 
total volume stack−total volume of tomatoes

total volume stack
’ 

 g = gravitational acceleration [m.s-2], 

 α = thermal expansion coefficient [°C-1], 
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 Sm = mass source term [kg.m-3.s-1], 

 k = Darcy permeability constant [m2], and 

 β =Forchheimer drag coefficient constant [m-1]. 

 

The energy equation at the interface of air and porous tomato matrix given by:  

𝜕

𝜕𝑡
(ᶲ𝜌𝑎𝐶𝑎𝑇 + (1 − ᶲ)𝜌𝑝𝐶𝑝𝑝 𝑇) + 

𝜕

𝑥𝑗
(ᶲ𝜌𝑎𝐶𝑝𝑎𝑢𝑗𝑇 =

𝜕

𝜕𝑥𝑗
[𝜆𝑒 ( 

𝜕𝑇

𝜕𝑥𝑗
)] −

𝜕

𝜕𝑥𝑗
(ᶲ𝜌𝑎𝐶𝑝𝑎𝑢′

𝑗𝑇′) + 𝑆𝑒                                                                                        (4.3) 

Where 

 Cpa, Cpp = heat capacity of air and product, respectively [J.kg-1.°C-1], 

 λe = effective thermal conductivity [W.m-1.°C-1], 

 T’= fluctuating temperature [°C], and 

 Se = energy source term [W.m-3]. 

 

According to Andersson et al. (2012), the standard k-ԑ-models (Eq. 4.4 to 4.9) in which two 

transport equations, turbulence kinetic energy (k) and turbulent dissipation energy (ԑ) are 

solved, and by which the RANS equations are further simplified.  

Turbulent kinetic energy (k) model: 

𝜕𝑘

𝜕𝑡
+ (𝑈�̅�)

𝜕𝑘

𝜕𝑥𝑗
= −(𝑢′

𝑖𝑢
′
𝑗

̅̅ ̅̅ ̅̅ ̅)
𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
− 𝑣 (

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗

𝜕(𝑈𝑗̅̅̅̅ )

𝜕𝑥𝑖
) +

𝜕

𝜕𝑥𝑗
(𝑣

𝜕𝑘

𝜕𝑥𝑗
−

(𝑢𝑖𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅ ̅̅ ̅̅ )

2
−

𝑢𝑗̅̅̅̅ �̅�

𝜌
)   

                                                                                                                        (4.4)    

−(𝑢′
𝑖𝑢

′
𝑗

̅̅ ̅̅ ̅̅ ̅)
𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
= 𝑣𝑇 (

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
+

𝜕(𝑈𝑗̅̅̅̅ )

𝜕𝑥𝑖
)

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
−

2

3
𝑘

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
                       (4.5)

 −
(𝑢𝑖𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅ ̅̅ ̅)

2
−

𝑢𝑗�̅�

𝜌
=

𝑣𝑇

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑗
                                                                                      (4.6) 

 𝑣𝑇 = 𝐶𝜇
𝑘2

ԑ
                                                                                                              (4.7) 

Turbulent kinetic energy dissipation (ԑ) model: 

 ԑ = 𝑣(
𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
                                                                                                     (4.8) 

The overall kinetic energy dissipation model: 

 
𝜕ԑ

𝜕𝑡
+ (𝑈�̅�)

𝜕ԑ

𝜕𝑥𝑗
= 𝐶ԑ1𝑣𝑇

ԑ

𝑘
[(

𝜕(𝑈𝑖̅̅ ̅)

𝜕𝑥𝑗
+

𝜕(𝑈𝑗̅̅̅̅ )

𝜕𝑥𝑖
)

𝜕(𝑈𝑗̅̅̅̅ )

𝜕𝑥𝑖
] − 𝐶ԑ2

ԑ2

𝑘
+

𝜕

𝜕𝑥𝑗
(𝑣 +

𝑣𝑇

𝜎ԑ
)

𝜎ԑ

𝜕𝑥𝑗
)       

                                                                                                                          (4.9) 
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Where 

 𝑈�̅� = average flow velocity at time t and specific position [m.s-1], 

 𝑢′𝑖
̅̅̅̅ , 𝑢′𝑗̅̅̅̅  = fluctuating flow velocity in the x and y direction at time t [m.s-1], 

 k = turbulent kinetic energy [J.kg-1], 

 v = viscosity of the fluid [m2.s-1], 

 vT =turbulent viscosity of the fluid [m2.s-1], 

 ρ = density [kg.m-3], 

 ԑ = turbulent kinetic energy dissipation [J.kg-1], 

 �̅�= pressure [pa], and 

Cµ (0.09), Cԑ1 (1.44), Cԑ2 (1.92), σk (1.0), σԑ (1.30) are constant closure coefficients of 

k-ԑ models.  

 

The model will be validated by calculating the mean error percentage between experimental 

and numerical data of airflow velocity, temperature, and relative humidity distribution (Nahor 

et al., 2005; Ambaw et al., 2013a). The forced convective flow of cold air (Reynolds number 

varies from 25-20,000) of spherical materials will be calculated for heat transfer coefficients 

between the moving cold air and the product (Bergman et al., 2011). 

 

For stacked produce, Ramsin and Darcy-Forchheimer models (Eq. 4.10 and 4.11) are 

commonly used for studying airflow through a porous medium and pressure drop calculations 

(Delele et al., 2008; Ngcobo et al., 2012) and the models will be applied in this research for 

tomato package/stack manipulation. The coefficients (a, b, k and β) are dependent on product 

diameter, air properties, stacking conditions,  shape, porosity, surface roughness and vent 

openings of the package (Verboven et al., 2006b; Ngcobo et al., 2012). 

Ramsin model: 

∇𝑃 = −𝑎𝑢𝑏                                                                                                          (4.10) 

Darcy-Forchheimer model: 

∇𝑃 = −
𝜇

𝑘
𝑢 − 𝛽𝜌/�̅�/𝑢                                                                                      (4.11) 

Where 

 P = Pressure drop [Pa], 

 a = resistance coefficient to pressure drop in packaging materials [kg.s-(b-2).m-(b+2)], 

 b = resistance exponent, 
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 u = air velocity [m.s-1], 

 /�̅�/ = mean air velocity [m.s-1], 

 k = Darcy permeability parameter [m2], 

 β = Forchheimer’s coefficient [m-1], 

 µ = dynamic viscosity [m2.s-1], and 

 ρ = density [kg.m-3]. 

 

Boundary conditions will be the ambient atmospheric temperature, RH, air velocity at the inlet 

position and exit points (Ho et al., 2010; Akdemir et al., 2013). The boundary conditions on 

temperature could be: 

 Temperature after EC; CB-AC: Te  

 Temperature on the ground floor of the storage: 𝑘
𝜕𝑇

𝜕𝑛
= ℎ𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒(𝑇𝑓𝑙𝑜𝑜𝑟 − 𝑇) 

 Temperature on the wall surface: 𝑘
𝜕𝑇

𝜕𝑛
= ℎ𝑤𝑎𝑙𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇) 

 Temperature on the ceiling: 𝑘
𝜕𝑇

𝜕𝑛
= ℎ𝑤𝑎𝑙𝑙 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛(𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 − 𝑇) 

 Temperature on the other boundary surfaces: 𝜕𝑇

𝜕𝑛
= 0 

The boundary conditions on air velocity could be: 

 Air velocity after EC, CB-AC: 𝑢𝑥 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑎𝑛  

                                                               𝑢𝑦 = 𝑢𝑧 = 0 (No-slip condition) 

 Only half of the domain will be modelled using symmetry boundary condition. 

 

The boundary conditions will be experimentally determined. Sensors to be used include 

temperature probes for tomato temperature measurement, air temperature recorder, RH and 

temperature sensors (Hobo with data loggers), and hotwire anemometer with data logger, and 

pressure measurement sensors.  

 

4.6.4 Experimental design 

 

Tomatoes (Solanum Lycopersicum L.) are widely consumed, nutritious, perishable and of 

economic importance, and the 7th most important crop produced, reaching approximately 160 

million tons in 2011 (Nasrin et al., 2008; Bergougnoux, 2014). Although, production is high, 

several researchers reported that nearly 20-50% PHL occurred (Nasrin et al., 2008; Khaleghi 
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et al., 2014; Singh et al., 2014). Therefore, appropriate postharvest technologies for fresh 

tomato are indispensable (Ait-Oubahou, 2013). Hence, tomato will be used as experimental 

fresh produce for this project.  

 

Tomato (green- mature, pink- mature, and red- mature but hard) samples from ZZ2 producer, 

Limpopo, South Africa, will be used. The tomatoes from production site will be transported 

from Limpopo to Pietermaritzburg, and treated under different treatments and will be subjected 

to different storage environment. One pallet of 135-156 cartons per pallet, and 5-7 kg per carton 

(Risse et al., 1990), making about 0.5 x 156 cartons x 6 kg x 1 pallet of all variety x 2 seasons 

x 2 cold storages which will be equal to 2448 kg including samples for treatments (Table 4.1). 

The experiments will be done during both summer and winter. The tomatoes will be stored for 

28 days under the selected two storage conditions. Tomato samples will be analysed for 

selected quality indices every 7 days. Ambient and storage temperatures, RH and air velocities 

will be recorded every hour from 8:00 am to 10:00 pm from every Monday to Friday during 

the trial period experiment. Each experiment will take at least one month (EC, CB-AC). Three 

half pallets of tomatoes at three maturity stage will be stored at same time in EC and CB-AC 

environment. Four pre-storage treatments (Chlorination, ECA, blanching and packaging) will 

be employed with one cartoon fruit from the three maturity stages (Red, Green mature and 

Pink). Five fruit will be taken and will be used for further analyses of the quality indices. For 

all experiments one cartoon will be stored under ambient condition and the quality index data 

will be collected every 7 days. The experiment will be executed separately for winter and 

summer seasons.  

 

Table 4.1: Summary of experimental design and sampling 

Parameters 

/Treatments  

EC CB-AC Remark 

Winter  Summer  Winter  Summer   

Air & storage 

dynamic 

phenomena study 

26CG 

26CP 

26CR 

26CG 

26CP 

26CR 

26CG 

26CP 

26CR 

26CG 

26CP 

26CR 

UKZN  

&/or HU 

Chlorination 2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

UKZN  

&/or HU 

Anolyte water 2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

UKZN  

&/or HU 

Blanching 2CG 

2CP 

2CG 

2CP 

2CG 

2CP 

2CG 

2CP 

UKZN  

&/or HU 
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2CR 2CR 2CR 2CR 

Ambient study 2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

2CG 

2CP 

2CR 

UKZN  

&/or HU 

Total 102 Cartons 102  cartons 102  cartons 102  cartons  

CG=Carton Green tomatoes; CP=Carton Pink tomatoes; CR=Carton Red tomatoes 

 

Table 4.2: Data to be collected 

Parameters 

 

EC CB-AC Remark 

Winter  Summer  Winter  Summer   

T, V, RH measurement M-F from 8:00am-4:00pm  

Texture, Colour, TSS, TA,  

WL, pH, and % marketability 

will be measured in triplicate 

5 fruit from each treatment will be 

picked 

every 7 day for 28 days 

UKZN  

&/or HU 

TSS=Total soluble solids; TA=Titratable acidity; WL=percentage of physiological weight loss 

 

For quality and shelf life determination and modelling of tomato, full factorial design (23) with 

fully randomised and replicate experiments will be used.  The samples will be dipped for 20 

minutes into the solution containing 100 µg. ml-1 total chlorine which will be prepared by 

dissolving standard grade sodium hypochlorite (5% NaOCl) with tap water (Workneh et al., 

2011) and dipping in cold  water for 20 min will be used as a control.    Electrochemically 

Activated Water (ECA) will be used for dipping tomatoes for 5 min (Workneh et al., 2012). 

Hot water treatment (blanching) at a temperature of 42.5 °C for 30 min will be used for tomato 

dipping (Itoh, 2003). Two packaging (cartoon and polyethylene) will be used in the study. 

Then, the tomato sample will be stored under two (EC and CB-AC) storage environments.  A 

full Factorial design with two levels (minimum and maximum values) will be used (by Minitab-

version 16). The responses measured will be temperature, relative humidity, air velocity of cold 

storages and some physico-chemical properties of stored tomatoes (colour, total soluble solid 

(TSS), titratable acidity (TA), pH and physiological weight loss) (Itoh, 2003).  
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Figure 4.2 Experimental setup  

EC= Evaporative cooler, CB-AC=CoolBotTM-Air Conditioner, T= Temperature (°C), 

RH=Relative humidity (%), Vair= air velocity (m.s-1), Col = Colour of tomato, TSS= Total 

soluble solids, TA = Titratable acidity, WL=Physiological weight loss 

 

4.6.5 Temperature, RH, air velocity measurements 

 

Random data of airflow, temperature, RH, and pressure will be collected for model 

development, coefficient optimization and then for validation and verification. Moreover, the 

physical (colour, texture, and physiological weight loss), physico-chemical (pH, TSS, TA) 

properties and a visual inspection of the tomatoes will be measured for quality every seven 

days for one month and shelf life determination will be done. Accordingly, temperature, RH, 

and air velocity measurements will be taken at the inlet after fans, symmetry line (3 equal 

distances along the symmetry line of the storage at every 2 m length), and outlet (4 outlets) and 

at top corners (4 corner points). For the palleted tomatoes, temperature, RH, and air velocity 

will be taken at air blowing side, at the exit side, on top surface of produce, and at the geometric 

centre of the pack. For fresh tomato the following postharvest treatments will be used: 

blanching, electrochemically activated water treatment, and chlorinated water treatment.  

 

 

CFD modelling

T, Air-Velocity, RH

Empty EC

T, Vair, RH

Loaded EC

Tomato, T, Vair, RH

Tomato 

Packaging,  Cl2, ECAW, 
Blanching

Shelf life 

Quality modelling : Col, 

Texture, TSS, TA, WL, pH

Empty CB-AC

T, Vair, RH

Loaded CB-AC

Tomato, T, Vair, RH

Tomato

Packaging,  Cl2, ECAW, 
Blanching

Shelf life

Quality modelling : Col, 

Texture, TSS, TA, WL, pH
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4.6.6 Equipment and resources 

 

Materials to be used include experimental EC, CB-AC, pallets, packaging boxes, appropriate 

cooling pads (flat and appropriate), fans (suction and blower) with appropriate power and 

speed, pump (appropriate size, capacity), high performance computer desktop (high RAM and 

CPU), and ZZ2 tomato samples (variety to be decided), some laboratory equipment and 

chemicals will be used. 

 

4.6.7 Assessment of quality  

 

For an analysis of the quality of the stored tomato some laboratory analysis will be done. 

Tomato skin colour will be measured along the diameter waist by digital Minolta Chromatic 

400 method of CIELAB colour space (Batu, 2004; Messina et al., 2012). The instrument will 

be calibrated against white standard tile. The hue (h) value will be measured and recorded. Five 

fruit from each category of stacked fruit will be used for the analysis. The texture will be 

measured by universal texture analyser with 7.5 mm penetration depth,  3.00 m.min-1 speed, 

50 N maximum force, and 2 mm diameter probe (Pinheiro et al., 2013). The titratable acidity 

and pH will be determined by taking 15g of tomato sample, blended to homogeneous pulp, and 

then filtered. A 25ml of the filtrate will be used to measure pH with a pH meter, and 25ml of 

extracted juice will be taken and titrated with 0.1N NaOH for TA measurement and calculated 

as of the following equation (AOAC, 1995; Niño-Medina et al., 2013):  

 %𝑇𝐴 =
𝑚𝑙 𝑁𝑎𝑂𝐻𝑢𝑠𝑒𝑑∗𝑁∗𝑚𝑒𝑞

𝑚𝑙 𝑡𝑜𝑚𝑎𝑡𝑜 𝑗𝑢𝑖𝑐𝑒
∗ 100 ∗ 𝐹𝐷                                                       (4.11) 

Where N = normality of NaOH, meq = milliequivalents of citric acid which is 0064, and 

DF=dilution factor. 

 

The total soluble solid will be measured by the digital hand held refractometer method; the 

tomato sample will be ground homogeneously and filtered with Whatman No.1 filter paper and 

the filtrate will be used for the analysis (AOAC, 1995; Javanmardi and Kubota, 2006). The 

weight loss percentage (%W loss) will be determined by the gravimetric method (Dijk et al., 

2006).  

 %𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑊𝑒𝑖𝑔ℎ𝑡(𝑡=0)−𝑊𝑒𝑖𝑔ℎ𝑡(𝑡=𝑡)

𝑊𝑒𝑖𝑔ℎ𝑡(𝑡=0)

∗ 100%                                     (4.12) 
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Percentage of marketability will be calculated by counting the non-marketable fruit every 7 

days until 28 days of storage. 

 

4.6.8 Data analysis 

 

The data will be analytically manipulated and compared with the modelled or simulated values 

for the model’s verification and validation. ANOVA will be used to compare and contrast 

levels of effects of different treatments (SAS 9.3 software, Minitab 16, or MATLAB will be 

used for the statistical analysis). The tomato quality indices including chemical, physico-

chemical, and physical quality parameters will be evaluated and used to determine shelf life. 

The fresh produce will be kept under the set conditions until a reasonable change in quality 

index will been predicted. From the model, shelf life will be predicted at the modelled 

conditions. 

 

4.7 Project Budget 

 

The budget breakdown is presented in the following Table 4.5. 

 

Table 4.3: Budget of the project 

Items Quantity  Unit Price (R) Total price (R) 
Desktop computer (High-performance) for 

data logging and processing 

1 6000.00 6000.00 

Hot-wire anemometer (+ data logger) 1 6000.00 6000.00 
Temperature sensors (+data loggers) 10 400.00 4000.00 
Relative humidity sensors 10 400.00 4000.00 

Fan (appropriate) 2 2000.00 4000.00 
Cooling pad (appropriate) 1 2000.00 2000.00 
Tomato sample 1 Ton 4000.00 4000.00 
Chemical costs LSUM 5000.00 5000.00 
CFD software, data loggers and data 

processing 

LSUM 25750.00 25750.00 

CoolBotTM apparatus 1 3250.00 3250.00 
Air Conditioner (AC) 1 6000.00 6000.00 
Total 70000.00 
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4.8 Project work plan and scheduling 

The project budget and time scheduling are indicated in the following table. 

Table 4.4: Work plan and scheduling 

Item Description Project work plan and schedule 
2014 2015 2016 2017 

S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S 
Proposal 

stage 

Proposal dev’nt                                      

Literature review                                      

Finalization , defend                                      

Procuremen

ts 

Procurements of all 

required materials 

                                     

EC modifications                                      

Preliminary  Preliminary tests                                      

 Review article Pub.                                      

Objective-1 Data (empty, loaded 

EC) 

                                     

Data analysis                                      

Paper-1                                      

Objective-2 Data collection                                      

Data analysis                                      

Paper-2                                      

Objective-3 Data collection                                      

Data analysis                                      

Paper-3                                      

Objective-4 Data collection Lab.                                      
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