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ABSTRACT 

In recent years, biofortified orange-fleshed sweet potato (OFSP) has been promoted as a 

sustainable solution to eradicate the prevalent vitamin A deficiency (VAD) in Sub-Saharan 

Africa (SSA), including South Africa. A survey done in 2012, reported that in South Africa 

approximately 20% in women of reproductive ages and 43.6% of children under the age of five 

years were affected by VAD. This has prompted this study to review available drying 

technologies because it is the main primary process involved in product development, with an 

aim to improve the variety of OFSP through the production of nutritious flour. Drying is 

defined as a simultaneous heat and mass transfer process. The literature review, revealed that 

the multi-phase nature of drying results in high energy consumption (⁓25% of industrial energy 

use) and quality changes which are not acceptable for consumers. For example, convective hot 

air drying between 8 and 21% of the essential β-carotene (Precursor of Vitamin A) can be lost 

depending on the variety, drying temperature and pre-drying treatment used. Therefore, this 

study includes a motivation and plan to investigate innovative drying technologies on pre-

treated (blanching and distilled water) OFSP varieties with low, medium and high dry mass. 

Furthermore, it was found that to conceptualise the heat and mass transfer in the air and the 

OFSP slices and the physico-chemical changes that occur during drying and storage, multi-

phase models, such as Computational Fluid Dynamics (CFD) and quality kinetics modelling 

were. useful to optimise the drying and storage conditions. 
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1. INTRODUCTION 

Malnutrition, in one or two forms, is a universal problem affecting one in three individuals 

(IFPRI, 2015). About 88% of the world population is affected by malnutrition, which accounts 

for about 45% of deaths in children under five years {Development Initiatives, 2017 #106}. 

Micronutrient deficiencies (MNDs), such as iron, iodine, vitamin A, folate, vitamin D and zinc, 

are a primary form of malnutrition worldwide (HPLE, 2017). According to the HPLE (2017), 

about 2 billion people globally lack micronutrients, including Vitamin A. The resulting cost of 

MND’s in developing countries is between 1-5% of Gross Domestic Product (GDP) (Stein and 

Qaim, 2007; IFPRI, 2016). The health effects of MNDs in children extends into adulthood and 

results in, reduced height, poor school performance, reduced economic productivity and 

diminished earnings (Ekpa et al., 2018).  

The United Nations (UN) Sustainable Development Goals (SDGs), adopted by 193 countries 

in 2015, offer a window of opportunities to reverse or stop malnutrition (SDG 2.2). In South 

Africa, several strategies have been implemented to meet these goals, including the National 

Policy on Food and Nutrition Security, 2012-2022 National Food and Nutrition Security 

implementation plan and the household food-nutrition security strategy in 2013 (DAFF, 2014). 

However, the goals of the strategies have not been fully realised, with a relatively low 

improvement in the macro-nutrient deficiencies, including vitamin A (Laurie et al., 2018). The 

solutions to address vitamin A deficiency (VAD) in South Africa includes the 2002 National 

vitamin A supplementation program and mandatory fortification of two staples, including 

bread made with wheat and maize (2003). However, VAD is a persistent problem affecting 

20% of women at reproductive ages and 43.6% of children under the age of five years (Shisana 

et al., 2013).  

The growth and use of sweet potato (SP) (Ipomoea batatas L.) to supplement the traditional 

crops and in food fortification is currently done on a small scale (Laurie et al., 2015). 

Particularly, the potential of the orange-fleshed sweet potato (OFSP) in solving food security 

and malnutrition problems is under-developed in Sub-Saharan Africa (SSA). OFSP has a high 

nutritional value, especially vitamin C, iron, dietary fibre, mineral and phenolic compounds 

(Nabubuya et al., 2012; Lee and Lee, 2017). The OFSP cultivars contain provitamin A (β-

carotene), the primary precursor of vitamin A, and are used internationally to address vitamin 

A deficiency, through alternative products like baking flour. Evidence of research studies 

conducted in Africa, including South Africa, have demonstrated that OFSP has the potential to 
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increase vitamin A status significantly (van Jaarsveld et al., 2005; Laurie et al., 2018). Drying 

is one of the processes involved in OFSP processing to produce shelf-stable flours and 

providing a dietary variation (Sebben et al., 2017). Ahmed et al. (2010) indicated that OFSP 

flour could be beneficial to enhance food products through colour, flavour, natural sweetness 

and supplemented nutrients. The quality of flour depends on the primary process, namely, 

drying. 

Drying is a simultaneous heat and mass transfer process which involves the transfer of heat for 

evaporation of water from the product and the transport of water formed from the food products 

(Berk, 2018). As a result, conventional drying methods consume up to 25% of industrial 

energy, and the energy per unit mass is between 0.43 and 20.35 MJ.kg-1 (Jangam et al., 2010; 

Correa-Hernando et al., 2011; Schiavone et al., 2013). Several research studies have found this 

is a result of relatively long drying time at low drying rates (Onwude et al., 2016). Therefore, 

it is speculated that conventional drying technologies have a negative effect on the quality of 

the SP flour. For example, Baysal et al. (2003) and Chua and Chou (2005) demonstrated that 

infrared drying has limited penetration into the product depth, thus less protection of the 

product colour. Furthermore, traditional methods, such as open-air solar drying can lead to 

approximately 77% of β-carotene loss, during drying (Bechoff, 2010). As a result, the focus of 

research in recent years has been in novel drying technologies, which can result in reduced 

drying time, energy demand, and improved product quality (Bechoff, 2010; Onwude et al., 

2016). In particular, the convective heat and mass transfer from porous materials and the 

pysicho-chemical changes is of interest in the drying industry (Defraeye, 2014) 

This study reviewed advanced computational and quality modelling techniques to ascertain the 

possible methodologies, useful in conceptualising, through simulations the extent of physico-

chemical quality changes which occur due to heat and mass transfer within and outside of the 

OFSP slices. In the opinion of Han et al. (2017), these are useful for in the drying industry to 

optimise the drying process for reduced energy use, drying time and product quality. Therefore, 

this study aims to produce an economically feasible, energy-efficient, highly nutritious OFSP 

slices that can be milled into flour for food applications.   
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2. LITERATURE REVIEW 

The literature review section integrates pertinent knowledge from different research studies 

and critically analyses the background and applications for OFSP drying. The sub-sections 

include the background on SP production, the scale of VAD, and OFSP processing 

opportunities. In addition, the principles of drying, heat and mass transfer modelling, the level 

of energy consumption by drying technologies, quality losses as a result of drying and the use 

of pre-treatment for reduction of drying time and overall product quality preservation were 

reviewed. 

2.1 Sweet Potato: Pre-harvest Factors and Production Statistics 

Sweet potatoes (Ipomoea batatas Lam.) is a dicotyledonous plant which belongs to the morning 

glory family, Convolvulaceae (Shekhar et al., 2015). It is a perennial crop, with a Central 

American origin (Gichuki et al., 2003) and is classified as a root and tuber crop that is 

predominantly cultivated as an annual crop (Janssens, 2001). SP is one of the seven major 

world staple crops, after wheat, rice, maize, potato, barley and cassava and its cultivation is in 

more than 100 countries (Laurie et al., 2015; Govender et al., 2016). It is rich in dietary fibres, 

minerals and protein levels, as indicated in Table 2.1. In addition, SP is an excellent source of 

energy as 89-90% of its dry matter is made of carbohydrates (26.3g/100g), as indicated in Table 

2.1. High preference of SP is a result of the dry matter content, which is relatively higher, 

compared to maize (15.6 g/100g) and potatoes (18.5g/100g) {USDA, 2018 #255}.  

High temperature and light intensity, promote the development and level of dry matter 

accumulation in the SP tubers (Tsuno and Fujise, 1964). The annual world production of SP 

(2018) was 92 million tons over an area of 9.2 million ha. Asia was the top producer of SP 

(82.5%), followed by Africa (14.4%) (FAOSTAT, 2018). Major producers in Africa are 

Nigeria, Tanzania, and Uganda. The 2016 production in South Africa was at 61 000 tons, which 

is much lower than most countries in SSA (DAFF, 2017; FAOSTAT, 2018). Higher volumes 

are available between April and August, annually, from the subtropical areas of Limpopo, 

Kwazulu-Natal, Mpumalanga and the Western Cape (DAFF, 2017). According to DAFF 

(2017). However, higher prices are paid to the informal markets from November to January 

(0.22-0.77 USD.kg-1) (Laurie et al., 2018). 
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Table 2.1 Raw sweet potato nutrient composition (after USDA, 2018) 

Nutrient Unit Value per 100g 

Water g 77.28 

Energy kcal 86 

Protein g 1.57 

Fibre, total dietary g 3 

Calcium,ca mg 30 

Iron, Fe mg 0.61 

Magnesium, Mg mg 25 

Phosphorus, P mg 47 

Potassium, K mg 337 

Sodium, Na mg 55 

Zinc, Zn mg 0.30 

Vitamin C, total ascorbic acid mg 2.4 

Vitamin A, IU  IU 14187 

 

2.2 The Prevalence of Vitamin A Deficiency 

Vitamin A deficiency occurs when the human body has an insufficiency of vitamin A. 

According to WHO (2009) and Stevens et al. (2015), VAD is a persistent public health issue, 

which is prevalent in Asia (44%) and in SSA, about 48% of the most vulnerable groups 

(children and pregnant women) are affected. It increases the risk of death from diarrhoea and 

measles (Jones and de Brauw, 2015). Vitamin A is found in meat, green-leafy and yellow 

vegetables and orange non-citrus fruits. A survey study done in South Africa revealed that 

approximately 20% of women in reproductive ages and 43.6% of children under the age of five 

years were affected by VAD (Shisana et al., 2013).  

South Africa’s strategies to reduce VAD include the National Vitamin A Supplementation 

Programme and mandatory fortification of wheat flour and maize meal (Govender et al., 2016). 

However, the cost associated is relatively high, because to reach the required of 0.7µmold/L 

dose (administered quarterly), about 10.84 USD is required per individual (Tan-Torres Edejer 

et al., 2005). The potential of yellow and orange staples with a high β-carotene level, such as 

biofortified OFSP, to reduce the VAD prevalence, has not been exploited. van Jaarsveld et al. 

(2005); (Low et al., 2017), argued that yellow and orange vegetables are sustainable means to 

reduce VAD because meat and meat products are expensive. Biofortification, a process of 
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breeding nutrients into food crops, including orange vegetables, has demonstrated increased β-

carotene levels (80-90%) (Nestel et al., 2006; Laurie et al., 2018). Biofortified OFSP has 

relatively higher β-carotene levels (a significant precursor of vitamin A) in comparison with 

other cultivars, such as white-and cream- fleshed SP, as presented in Table 2.2. OFSP is 

available, through processing, is a sustainable solution for the persistent VAD problem, facing 

SSA countries. 

Table 2.2 Indication of some of the significant South African sweet potato cultivars 

(after Laurie, 2010; Laurie et al., 2015) 

CULTIVAR ORIGIN SKIN 

COLOUR 

FLESH 

COLOUR 

Β-CAROTENE 

(𝝁g/g) 

DRY MASS 

(%) 

199062.1 CIP Cream-pale 

orange 

Yellow-orange 2.10 20.4 

Impilo ARC Yellow-orange Pale-orange 50.91 23.1 

Bophelo ARC Orange Orange 67.1 23.66 

Beauregard USA Pink Orange 96.46 17.91 

W-119 USA Pink-purple Orange 104.64 28.70 

Resisto USA Red Dark-orange 164.56 26.28 

Ndou ARC Cream-slight 

pale orange 

Cream-cream 

pale 

1.34 29.29 

ARC=Agricultural Research Council, South Africa, CIP=International Potato Centre.  

2.3 Sweet Potato Processing 

The perception that sweet potato is a “poor man” crop and the limited forms of consumption 

(boiled and fried) available could be limiting the use of SP, for food security (Oke and 

Workneh, 2013). Primary and secondary processing is vital in the production of value-added 

products with a longer shelf-life (El-Sayed et al., 2013; Sugri et al., 2017). Primary processes 

of SP include curing, sorting and grading, cleaning, peeling, size reduction and drying, as 

presented in Figure 2.1. This study found that each may directly or indirectly influence the final 

quality of the food material during drying. For example, a size reduction of solid food increases 
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the surface-area-to-volume ratio of the food, hence, increasing the rate of drying (Vithu et al., 

2019). 

Research studies have provided evidence of processing SP as a strategy to improve the vitamin 

A status (Bester and Low, 1992; van Jaarsveld et al., 2005; Laurie et al., 2018). Some studies 

found that consumers have a preference for products made out of biofortified OFSP, including 

juice, chips, biscuits and bread with 20% OFSP (Laurie et al., 2015; Awuni et al., 2018). van 

Stuijvenberg et al. (2001) demonstrated that biscuits baked from biofortified OFSP provided 

50% of the annual required vitamin A and resulted in improved serum retinol of primary school 

children of KwaZulu-Natal Province, South Africa.  

2.4 Drying Principles 

Drying is a multi-phase process that involves the transfer of heat by conduction, radiation or 

convection from the surrounding air to a moist, porous material simultaneously. The moisture 

in the porous material evaporates, and the vapour is received by the surrounding air, as 

demonstrated in Figure 2.2 (Keey, 1992; Fellows, 2009). This Section describes the theory of 

drying, including psychometrics, drying mechanisms, kinetics and advances in drying 

technologies. 

 

Figure 2.1  Demonstration of moisture removal from food (after Keey, 1991) 

 The typical drying process and representative curves 

Drying mechanisms include the use of heated air (convection) or surface (conduction), 

electromagnetic energy, radiation and sublimation (Fellows, 2009; Jangam et al., 2010). A 

typical drying process is completed in two stages, including the constant- and falling-rate 

period, as illustrated in Figure 2.3 (A-B). The constant rate period is a short settling-down 

period where the food surface heats to the wet-bulb temperature. At this drying period, the rate 

of water removal is the same as the evaporation rate, and the rate of drying is dependent on the 

Drying air (gas) 

Heat transfer  
Moisture transfer   
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Figure 2.2  Drying curve presenting the moisture and drying rate curves (after 

Fellows, 2000) 

surrounding air velocity (Sivasankar, 2002; Jangam et al., 2010). A high dry bulb temperature, 

low relative humidity and high air velocity are essential as drying does not take place until the 

critical moisture content is reached, as presented in Figure 2.3 (B-C). The falling rate of drying 

(Figure 2.3 (C-D)), is the most prolonged drying period. According to Sivasankar (2002), the 

rate of drying during the falling rate period is controlled by the food resistance to heat and mass 

transfer. The psychometric chart is used to determine the capacity of air in removing water at 

a constant pressure. 

 

 

 

 

 

 

 

 

 The drying mechanisms and kinetics of advanced drying technologies 

This Section reviewed alternative drying technologies, which have the potential to overcome 

the shortcomings of the conventional methods, including the long drying times, non uniform 

drying, high energy consumption and limited preservation of product quality of convective hot-

air drying (Baysal et al., 2003; Mujumdar and Law, 2010; Motevali et al., 2011).In addition, 

the limited penetration of heat to the product depth in infrared drying, which result in significant 

colour changes (Baysal et al., 2003; Chua and Chou, 2005; Motevali et al., 2011). 

2.4.2.1 Microwave-assisted drying 

Microwave-assisted drying involves the use of convective hot-air-, vacuum- or freeze-drying 

to remove the moist-filled air at the product surface to restore the driving forces for moisture 

transport from within a product (Wang et al., 2014). Where microwave is assisted by freeze-

drying, the latter only supplies the heat of vaporisation, during the sublimation stage. Therefore, 
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it can achieve a higher drying rate than conventional drying methods. In microwave-assisted 

hot-air drying, the microwave stimulates the water inside the food product to the surface at a 

relatively high rate. The hot air flow assists in removing moisture from the drying chamber and 

contributes to a more uniform drying. Hence, increased drying rate and improved product 

quality are achieved, as presented in Figure 2.4 (Wang et al., 2014).  

` 

Figure 2.3  Drying rate curves of microwave (MW)-assisted drying and conventional 

drying (after Wang et al., 2014) 

2.4.2.2 Infrared-assisted drying 

According to Chua and Chou (2005), the penetration of infrared energy to the product is 

relatively low during drying. Infrared assisted drying is an alternative process that involves 

heat transfer through the body of food by conduction or convection (Efremov, 2014). The most 

popular use of infrared assisted drying is in combination with hot-air (convective drying). The 

studies by Łechtańska et al. (2015) found that the combination of infrared with convective hot-

air reduced the drying time by 38% while microwave-assisted convective reduced the time by 

69%. The rate of heat and mass transfer is relatively higher in infrared-assisted convective 

drying because the evaporation of water takes 48% less time than in convective drying alone 

(Efremov, 2014). In the same study, combined convective, infrared and microwave drying 

saved the drying time by 69%, as indicated in Figure 2.6. 
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Figure 2.4  Drying curve of (1) convective drying, (2) combined convective and 

microwave, (3) Combined microwave, the convective and periodic 

introduction of infrared, (4) combined microwave, convective and infrared 

drying, (5) combined convective and infrared drying (after Łechtańska et 

al., 2015). 

2.4.2.3 Ultrasound-assisted drying 

Ultrasound is pressure wave oscillations that are above the human hearing range (20 kHz-1 

GHz) and has proven to increase the rate of mass transfer during drying. The drying mechanism 

of ultrasound involves generation of cavitation in the inner part of foods to creates a “sponge 

effect” that facilitates the flow of liquid out of the food (Başlar et al., 2016). In strawberry 

drying, an ultrasound-assisted by a convective hot-air dryer at 120 W and drying temperatures 

of 50 °C and 70 °C have reduced the drying time by 21% and 79%, respectively (Beck et al., 

2014).  Liu et al. (2016), observed drying of purple-fleshed SP took place in the falling rate 

period because ultrasound significantly enhanced drying through internal moisture movement. 

Musielak et al. (2016) concluded that at low temperature and velocity range (below 2 m.s-1), 

the drying time could be reduced by 20-30%. 

 Solar drying 

Solar drying involves drying without exposing the product to the sun. It uses solar to heat the 

product indirectly. The hot-air convection in a solar dryer is either natural or forced (Efremov, 

2014). Therefore, it is a better alternative, when compared to open-air sun drying because of 

the relatively shorter drying times (Mugodo, 2017). It can increase the temperature and reduce 
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the air relative humidity by about 27 °C and 20%, respectively. Bechoff et al. (2009) concluded 

that solar drying could increase the drying temperature by 14 °C and reduce the relative 

humidity by approximately 10%. The drying time was 5% longer, compared to open-air sun 

drying. Also, research done on a direct solar dryer with natural convection found that there was 

a 50% reduction in drying times, compared to open-air sun drying (Eke and Arinze, 2011; Eke, 

2013).  

 It is evident from the literature that the drying mechanism complements each other and 

increase in the rate of mass transfer from the product surface and heat transfer through the body 

of food, respectively. Therefore, this study will compare the performance of advanced drying 

methods for biofortified OFSP. 

2.5 Specific Energy Consumption during Drying 

Research studies by Zarein et al. (2013), suggested that the optimum specific energy 

consumption is at 300W (10 kWh.kg-1). At lower (100 W) and higher (700W) microwave 

energy, the specific energy increases to 24 kWh.kg-1 and 15 kWh.kg-1, respectively. Higher 

microwave power levels, reduce the energy efficiency of the dryer to a minimum of 35.83%  

(Zarein et al., 2013; Motevali et al., 2014). In drying SP, (Onwude et al., 2016), found that 

convective hot-air drying can consume about 337.79 kWh.kg-1 of specific energy at 70 °C for 

4 mm slices. Other study findings revealed that a lower drying temperature results in higher 

specific energy consumption (Sharma and Prasad, 2006; Tekin et al., 2017). At a drying 

temperature of 50 and 60 °C, the specific energy consumption was 227.39 kWh.kg-1 and 265.99 

kWh.kg-1, respectively. However, infrared assisted convective hot-air drying reduced energy 

consumption of convective hot-air drying by 69.34–85.59% (Onwude et al., 2016). There are 

limited studies that have estimated the specific energy consumption of advanced drying 

methods, such as microwave-assisted convective drying, particularly during OFSP drying.  

2.6 The Effects of Drying on Quality Parameters of Fruit and Vegetables 

Quality is described by parameters, which can be classified into four major groups, the 

chemical, nutritional, physical, and functional, as described in this Section. 
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 Chemical changes 

Colour is one of the most relevant quality parameter, which is caused by biochemical reactions 

and is induced by a temperature increase in foods during drying (Bonazzi and Dumoulin, 2011; 

Defraeye, 2014). Onwude et al. (2018), observed the highest total colour (∆E) for convective 

hot air drying. This study also revealed that drying at a higher temperature and infrared intensity 

(70 °C, 1400 W.m-2) contributed to significant colour changes in SP. However, infrared assisted 

convective hot-air drying had the lowest ∆E. Zepka et al. (2009) concluded that total colour 

change (∆E), is a good predictor of the trans-β-carotene thermal degradation (Zepka et al., 

2009). Another study revealed a reduction in yellowness and browning, because of enzymatic 

and non-enzymatic reactions, such as caramelisation or Maillard (Sivasankar, 2002). Sagar and 

Kumar (2010), indicated that rapid drying through the 15-20% moisture range could minimise 

the time for Maillard reactions to occur.  

 Nutritional changes 

Carotenoids, including β- carotene, vitamin C and thiamine, are sensitive to light and drying at 

high temperature and long processing times in oxygen-filled air lead to oxidative degradation 

(Soria et al., 2009). According to (Sablani, 2006), drying using the methods with lower oxygen 

levels, such as a microwave preserves the nutrition better. Studies in drying SP using open-air 

solar drying and greenhouse solar drying, suggests that the latter had a 23% retention of β-

carotene, while the former had a 34% β-carotene retention (Bechoff et al., 2009). Microvave-

assisted drying retained approximately 90% of β-carotene, when compared to 80% of 

microwave-assisted vacuum and 40% of convective hot-air drying (Yan et al., 2010).  

 Physical changes 

Research has demonstrated that drying leads to physical transformations of fresh fruit and 

vegetables, which includes shrinkage, collapse, pore formation, rehydration and cracking 

(Sagar and Kumar, 2010; Bonazzi and Dumoulin, 2011). According to Sagar and Kumar 

(2010), negligible shrinkage is often observed during freeze-drying because it occurs at 

temperatures below the glass temperature. Significant shrinkage is observed in convective hot-

air drying because of a decrease in rehydration capacity of the dried food (Bonazzi and 

Dumoulin, 2011). Microwave-assisted convective hot-air drying set at a temperature of 60 °C 

and 380 W, exhibited relatively high levels of volumetric shrinkage (Khraisheh et al., 2004). 
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Wang et al. (2014), revealed that relatively high air-drying temperature and relative humidity 

cause surface cracking.  

 Changes in functional properties 

The use of OFSP flour by consumers largely depends on functional properties. (Correia and 

Beirão-da-Costa, 2012) and (Olatunde et al., 2016) revealed that the functional properties such 

as total sugar, water absorption capacity could serve as reliable flour quality indicators before 

and after drying. A drying temperature of 60 °C was found to preserve best the functional 

properties, which lead to a higher paste viscosity when compared to convective hot-air drying 

at 40 °C and 70 °C (Olatunde et al., 2016). (Dehnad et al., 2016), concluded that drying at 

lower temperatures results in long drying time at lower rates of moisture removal, which affects 

functional properties. Advanced drying methods, such as infrared- and microwave-assisted 

methods, could have a high saving of functional ingredients in food powders, such as OFSP 

flour.  

Pre-drying treatments include the use of chemicals (citric acid, calcium and sodium chloride, 

sodium and potassium bisulphate and ascorbic acid), thermal (blanching) and mechanical 

(ultrasound). They have been found as a solution to inactivate enzyme activity, facilitate the 

mass transfer to increase the drying rates, hence improve quality of food during drying (Sagar 

and Kumar, 2010; Lagnika et al., 2018). 

2.7 Heat and Mass transfer Modelling  

This study reviewed three advanced computational methods, including multi-phase, multi-

physics and material properties modelling. 

 Multi-phase modelling 

This includes Computational Fluid Dynamics (CFD), by means of commercial software 

ANSYS Fluent and ANSYS CFX that are used to quantify the variations of airflow, 

temperature and humidity fields outside the porous medium (Defraeye, 2014). The fluid flow 

is predominantly determined by the method for turbulent modelling, Reynolds-Averaged 

Navier-Stokes (RANS), by means of the turbulent models (k– ε and k–ω models) (Bartzanas 

et al., 2004; Amjad et al., 2015). CFD is also used to predict the heat and mass transfer of 

porous materials at the air-material interface, by use of convective heat and mass transfer 
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coefficients (Halder and Datta, 2012). The accuracy of modelling airflow and the heat and mass 

transfer at the air-material surface is dependant on the boundary layer modelling approach 

(Halder and Datta, 2012), and as demonstrated in Table 2.3. 

 Multi-physics modelling 

This includes solving both the heat and mass transfer in the air and the porous material 

simultaneously, in a transient manner. Either well-established coefficients from literature or 

case-specific coefficients obtained using CFD (Defraye et al., 2012). This modelling technique 

has gained popularity in the past decade because of improved accuracy. The air-side transport 

at the interface is explicitly solved, and the heat and mass transfer analogy is not required, and 

some models go to the extent of accounting for the shrinkage (Katekawa and Silva, 2006). 

However, it is not predominantly used because there is no dedicated software for conjugate 

modelling, the physics in the material and the airflow are significantly different, and the 

computational method to solve transport differ for each domain. Therefore, it requires different 

modelling techniques. For example, CFD where fluid flow modelling relies mostly on infinite 

volume modelling (Amanlou and Zomorodian, 2010) and heat and mass transport in the porous 

material is modelled using finite element modelling (Halder and Datta, 2012). Conjugate 

modelling can be done by coupling existing CFD code to an existing porous material model, 

such as COMSOL multi-physics in an explicit way (Defraeye, 2014). However, some 

researchers develop their own models, which is not coupled with the model for heat and mass 

transfer in the surrounding air, as illustrated in Table 2.3. 

 Modelling material properties 

Modelling techniques aim to conclude on the physics governing the drying process realistically. 

Therefore there is a reliance on material properties such as thermal, mass transport, mechanical 

and kinetic (chemical and microbiological changes), radioactive and dielectric properties 

(Datta, 2008). These are key determinants for the accuracy of the drying simulations as they 

change during the drying process. However, most modelling studies do not include them 

because of the complex methodologies involved (Defraeye, 2014). This study will evaluate the 

impact of the multi-physics approach because it is more accurate and takes into consideration 

the material under drying.  
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 The steps of multi-physics (conjugate) modelling 

A multi-phase model, as illustrated in Figure 2.7 is developed to describe the heat and mass 

transfer inside a porous material in conjugate with air flow outside the material (Halder and 

Datta, 2012). Halder and Datta (2012) described the steps of modelling a conjugate system to 

include; problem description, assumptions, governing equations, boundary and initial 

conditions, input parameters and numerical solution, computation of heat and mass transfer. 

 

Figure 2.5 Steps of CFD modelling development for fluid flow (after Erdogdu et al., 

2007; Halder and Datta, 2012) 

Governing equations 

Conjugate modelling includes the modelling of the liquid, solid and gas phase changes during 

drying are as described by equation 2.1 to 2.9 (Norton and Sun, 2006; Erdogdu et al., 2017). 

(i) Mass balance of liquid water: the mass balance equation is only solved for the porous 

domain (Halder and Datta, 2012) because the water flow out of the material is due to 

the liquid pressure, Darcy’s law is used (Datta, 2007), as indicated by Equation 2.1 

          𝑛𝑤 = −𝜌𝑤

𝑘𝑖𝑛,𝑤𝑘,𝑤

𝜇𝑤
∇𝑃 − 𝐷𝑤∇𝑐𝑤                                                                                        (2.1) 

(ii) Law of conservation of mass, to solve for pressure. 

𝜕𝜌

𝜕𝑡
+

𝜕
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𝜕

𝜕𝑦
(𝜌𝑣𝑦) +

𝜕

𝜕𝑥
 (𝜌𝑣𝑧) = 0                                                                 (2.2) 
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(iii) Law of conservation of momentum (fluid flow equations) 

 

𝜌
𝜕𝑣𝑥

𝜕𝑡
+ 𝜌 (𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑥

𝜕𝑦
+ 𝑣𝑧

𝜕𝑣𝑥

𝜕𝑧
) = −

𝜕𝑃

𝜕𝑥
− (

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑥𝑦

𝜕𝑦
+

𝜕𝜏𝑥𝑧

𝜕𝑧
) + 𝜌𝑔𝑥              (2.3) 

 

𝜌
𝜕𝑣𝑦

𝜕𝑡
+ 𝜌 (𝑣𝑥

𝜕𝑣𝑦

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑦

𝜕𝑦
+ 𝑣𝑧

𝜕𝑣𝑦

𝜕𝑧
) = −

𝜕𝑃

𝜕𝑦
− (

𝜕𝜏𝑦𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑦𝑧

𝜕𝑧
) + 𝜌𝑔𝑦            (2.4) 

𝜌
𝜕𝑣𝑧

𝜕𝑡
+ 𝜌 (𝑣𝑥

𝜕𝑣𝑧

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑧

𝜕𝑦
+ 𝑣𝑧

𝜕𝑣𝑧

𝜕𝑧
) = −

𝜕𝑃

𝜕𝑧
− (

𝜕𝜏𝑧𝑥

𝜕𝑥
+

𝜕𝜏𝑧𝑦

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
) + 𝜌𝑔𝑧                (2.5) 

(iv) Law of conservation of energy (heat transfer) 

 

𝜌𝑐𝑃

𝜕𝑇

𝜕𝑡
+ 𝜌𝑉 (𝑣𝑥

𝜕𝑇

𝜕𝑥
+ 𝑣𝑦

𝜕𝑇

𝜕𝑦
+ 𝑣𝑧

𝜕𝑇

𝜕𝑧
) = − (

𝜕𝑞𝑥

𝜕𝑥
+

𝜕𝑞𝑦

𝜕𝑦
+

𝜕𝑞𝑧

𝜕𝑧
) + 𝑄                                 (2.6) 

(v) Conservation of species (mass transfer)  

 

𝜕𝐶𝐴

𝜕𝑡
+ (𝑣𝑥

𝜕𝐶𝐴

𝜕𝑥
+ 𝑣𝑦

𝜕𝐶𝐴

𝜕𝑦
+ 𝑣𝑧

𝜕𝐶𝐴

𝜕𝑧
) = − (

𝜕𝑗𝐴𝑥

𝜕𝑥
+

𝜕𝑗𝐴𝑦

𝜕𝑦
+

𝜕𝑗𝐴𝑧

𝜕𝑧
) + 𝑅                                  (2.7) 

(vi) Solid Phase transport 

The mass transfer, as described by Fick’s law of diffusion (Equation 2.8) and heat transfer 

within the product zone is described by Equation 2.9 (Onwude et al., 2018). For better accuracy 

of the input values of material properties will be measured experimentally. 

𝜕𝑐

𝜕𝑡
+ ∇. (−𝐷𝑒𝑓𝑓𝑠∇𝐶) = 0                                                                                                                (2.8) 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝∇𝑇 = (𝑘∇𝑇) + 𝑄                                                                                                    (2.9) 
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In these equations 𝑣 is the velocity (m.s-1), T is the average temperature [℃ /𝐾], 𝑃 is pressure 

[Pa], 𝜌 is density [kg.m-3], 𝜏𝑖𝑗 is the generic component of the stress tensor, 𝐶𝑝 is the heat 

capacity [J.kg-1.K-1] at constant pressure, 𝑞𝑖 is the thermal flux along the i-direction, CA is the 

concentration [mol.m-3] of component A in a defined system and 𝑗𝐴𝑖 is the molecular mass flux 

component (A) along the i-direction. Deffs is the shrinkage dependent effective moisture 

diffusivity [m2. s-1], k is the thermal conductivity of SP [Wm-1K-1], and Q is the heat energy 

[W.m-3]. 
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Table 2.3  Summary of some of the multi-phase and -physics modelling approaches used in drying  

Drying application, 

porous materials 

Dimension Fluid flow 

modelling 

Coupling Software 

for porous 

material 

modelling 

Software 

for fluid 

flow 

modelling 

Implementation 

in same 

software 

Authors 

Cabinet dryer, None 2D Std. κ-ε - - Fluent 6.2 - Amanlou and 

Zomorodian (2010) 

Batch-type dryer, Potator 3D Std. κ-ε - - ANSYS-

fluent 

- (Amjad et al., 2015) 

Tunnel greenhouse solar 

dryer, None 

3D Std. κ-ε - - - - Bartzanas et al. 

(2004) 

Impinging-jets, 

rectangular potato slices 

2D Navier-Stokes Full 

Coupling 

Fluent 6.3 Fluent 6.3 YES Kurnia et al. (2013) 

Convective dryer, Papaya 3D Convective 

coefficients 

Full 

coupling 

Academic None NO Lemus-Mondaca et 

al. (2013) 

Microwave oven, 

Cyndrical food 

3D Navier -Stokes - - 

. 

CFX 4.3 - Verboven et al. 

(2003) 
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2.8 Concluding Remarks 

In the past, the focus of research in primary processes, such as drying was on the technology 

design. However, this has changed in recent years as research has identified that critical 

technological issues in drying technologies are: the factors that affect the rate of drying, quality-

related changes and energy consumption. These are mainly influenced by process conditions (air 

temperature, velocity and relative humidity), pre-treatments, type and variety of food product. 

Therefore, novel drying technologies have been identified to address these issues. Novel drying 

technologies include assisted or combined drying to complement each other. The use of infrared-

assisted convective hot-air drying overcomes the limitation of infrared energy by increasing the 

rate at which evaporated air is removed from the product. Pertinent literature reveals that 

microwave-assisted drying methods preserved quality better and have relatively lower specific 

energy consumption than infrared-assisted methods. In the past two decades, computational 

methods have been found to be the best approach to visualise the multi-phase, - scale and-physics 

processes, such as drying. Modelling tools, such as CFD enable conceptualisation of the drying 

process to enable redesign and optimisation in order to improve the drying process conditions to 

preserve product quality and save energy. 
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3. PROJECT PROPOSAL 

This chapter includes a summary of the problem statement, project rationale, aims, methodology 

and the project plan.  

3.1 Problem statement 

Most of the research in OFSP drying has not taken advantage of the holistic nature of the modelling 

approaches, such as multi-phase and quality kinetics. Furthermore, there are limited studies in 

conceptualising the existing novel drying technologies, therefore, their performance in drying 

essential commodities such as biofortified OFSP is not known. The extent of the research in South 

Africa has been in demonstrating the potential of OFSP to combat VAD through consumer and 

breeding studies (Laurie et al., 2018) Also, there exists extensive research, which describes quality 

changes of fruit and vegetables, including OFSP undergoing different drying processes. However, 

the majority of the research only describes the magnitude of the essential properties, which are 

vital for the consumer, such as colour and β-carotene. There is a lack of research, which considers 

a systems approach to describe the changing kinetics of the properties, during drying and storage 

under a variety of conditions.  

3.2 Rationale 

The literature review included in Chapter 2 revealed that there is progressive research in Africa, 

including South Africa, demonstrating the benefits of breeding and consumption of OFSP products 

to solve the persistant VAD problem. However, the research gap, which may potentially halt this 

progress, is in the primary process, involving drying. Drying was shown to have a significant 

contribution to the loss of the essential β-carotene. The use of advanced computational methods, 

such as CFD in conseptulising novel drying processes for OFSP, have not been explored. An 

approach that is holistic to ensure the product produced, by drying processes is of the best quality 

and has been produced under favourable conditions that save energy is required. Systems approach 

aids in conceptualising the physical processes that occur in the product and air during drying for 

selection and optimising drying technologies which best preserve quality during drying and 

storage, also of the drying process conditions for quality preservation, including during storage.   

3.3 Research Questions 

The research questions of this study are summarised as follows: 
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i. How does an increased drying rate, induced by high temperature or airflow rate of different 

innovative drying technologies have a beneficial effect on pre-treated OFSP quality at a 

reduced energy consumption?  

ii. Does a thermal pre-drying treatment increase the drying rate of OFSP? 

iii. Does drying conditions and pre-drying treatments reduce the physico-chemical and 

functional properties of fresh OFSP?  

3.4 Study Aim and Objectives 

The study aim is to produce an economically feasible, energy-efficient highly nutritious OFSP 

chips that can be milled into flour for food application. 

Specific objectives include a comparative analysis to: 

i. evaluate the effects of eight drying methods on the drying rate of three OFSP cultivars, 

ii. explore and evaluate the effects of drying methods and pre-drying treatments on drying 

time, physico-chemical, functional and thermal quality parameters of fresh OFSP and dried 

OFSP. 

iii. develop a CFD model to evaluate the real-time simultaneous mass and heat transfer during 

OFSP drying, and 

iv. determine the specific energy consumption of different drying methods in the drying of 

OFSP. 

3.5 Materials and Methods 

 Research area 

The evaluation of the microwave/infrared combination oven and solar dryer will be conducted at 

the University of Pretoria’s food research laboratory and Agricultural Research Council-Vegetable 

and Ornamental Plants (ARC-VOP), located at 25.6014° S, 28.3603° E and an altitude of 1225 m 

(above sea level) in Pretoria. The maximum, minimum and ambient temperature experienced in 

Pretoria is about 35 °C, 20 °C and 30℃, respectively (DST, 2017). The solar radiation varies 

between 6-6.5 kWh.m-2 (Fluri, 2009). According to Akarslan (2012) and Paul and Singh (2013), 

an ambient air temperature of about 30℃  is acceptable for open-air sun drying. The solar radiation 

received in the area is sufficient for use in drying applications (Saxena et al., 2013). The selected 

site also has research resources and laboratory equipment sufficient to conduct the drying 

experiments. 
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 Experimental design 

The experiment design was based on the Randomised Complete Block Design (RCBD) to control 

the variations in the experiment. It consists of four blocks of experiments labelled as factors (OFSP 

variety, pre-drying treatments, drying methods and storage conditions). The treatments in factor A 

includes the SP varieties, which are the high dry mass content (W-119), medium-dry mass content 

(Bophelo) and low dry mass (Beauregard) (Laurie et al., 2015). Pre-drying treatments (factor B) 

includes blanching and distilled water (control). The drying methods are solar drying (SD), 

convective hot-air (CHA), infrared radiation (IR), microwave (MW), and the assisted drying 

methods, as indicated in Figure 3.1. Each experiment (i.e. Bouregard x distilled x CHA) will be 

replicated three times. Each experiment (i.e. Bouregard x distilled x CHA) will be replicated three 

times. After drying the samples will be stored (Factor D) for 25 days at different conditions of 

temperature and light intensities, as displayed in Figure 3.1 (Alves et al., 2012; Ikariza et al., 2014; 

Zappia et al., 2018).     

 Experimental procedure 

The procedure for this experiment, as adopted from (Onwude et al., 2018), is as highlighted in 

Figure 3.2. A total of 114 samples, 1000 g, will be used for the experiments as described in the 

experimental design, each sample will go through the procedure, as illustrated in Figure 3.3. 
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 Sample preparation 

The three OFSP varieties will be obtained from Tzaneen, will be washed with tap water and 

then cleaned in 1% sodium hypochlorite (Sun et al., 2012). The peels will not be removed, and 

each variety will be subjected to pre-drying treatment conditions, placing in distilled water for 

10 minutes (control) and blanched at 70 ˚C for 5 minutes. The samples will be sliced crosswise 

to a thickness of ≈ 2mm using an industrial vegetable slicer. The SP peels will not be removed 

because they contain about 8.5% protein (Maloney et al., 2014). 

 Drying experiments 

The pre-treated samples will be dried as a batch, using a microwave/infrared combination oven 

dryer (MK 100, Delphius Technologies, South Africa) and an indirect solar dryer. The former 

will be evaluated under the following set-up conditions, which will remain the same throughout 

Figure 3.2  Schematic presentation of the experiment procedure ( after Vithu et al., 2019) 
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energy consumption and Modelling 
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• Rehydration 

• β-carotene 

• Mineral content (Zn, Mg, K, Fe) 

• Proximate composition (Ash, moisture, protein, fat, crude fiber, starch) 
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the drying process (i) convective hot air drying at 70 °C (control), (ii) convective-hot air assisted 

by microwave at 300 W power, (ii) convective hot-air drying assisted by infrared at 240W, (iv) 

convective hot-air drying assisted by both infrared and microwave methods (Zarein et al., 2013; 

Łechtańska et al., 2015). The samples will be placed in trays inside the drying temperature, and 

drying will occur until a moisture content of 10%. 

 Data collection  

3.5.4.1 Temperature, relative humidity, air velocity and pressure 

To develop the model, optimise coefficients, and validate the model against experimental data. 

The temperature, relative humidity, air velocity and pressure data will be collected at the 9 

positions (labelled 1-9) inside the dryers, as illustrated by Figure 3.3. A temperature and relative 

humidity data loggers will be used (Hobo U12-013). Sensors connected to the data loggers will 

measure air velocity and the pressure drop will be measured by a differential pressure sensor. 

 

 

 

 

 

 

 

 

3.5.4.2 Drying rate 

The drying rate will be estimated by using Equation 3.1. Drying rate curves will be generated 

on Microsoft Office Excel (2019). 

Figure 3.3  Schematic representation of the measuring points inside the microwave/infrared combination 
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3.5.4.3 Specific energy consumption 

The energy consumption by the dryer and other associated equipment, during the drying 

process, will be determined.  

3.5.4.4 Moisture content 

The weight loss will be used to calculate the and the instantaneous moisture content (Mt), as 

presented in Equation 3.3.  

3.5.4.5 Colour determination 

The surface colour measurements of fresh and dried OFSP will be done using a hand-held 

chromameter, CR400 (Konika Minolta, Japan) in triplicates.  

3.5.4.6 Rehydration ratio  

The dried OFSP sample (5 g) will be soaked in a 250 ml beaker containing 150 ml of distilled 

water at 60 °C for 80 min (Prakash et al., 2004; Liu et al., 2016). 

3.5.4.7 Shrinkage 

The volume change during drying will be measured using the Archimedes method within the 

30 seconds of removing the sample from the dryer.  

3.5.4.8 Mineral content 

Mineral elements, such as Potassium (K), Zinc (Zn), Calcium (Ca), Magnesium (Mg), Iron (Fe) 

and Sulphur (s) will be measured in fresh and dried OFSP samples (flour), using an Energy 

Dispersive X-ray spectroscopy (EDS) (Sebben et al., 2017). 

3.5.4.9 Trans-β-Carotene determination 

About 2 g of OFSP flour sample will be used to measure the β-carotene using. Chromatographic 

analysis by a Prominence HPLC (Shimadzu, Tokyo, Japan) equipped with a SIL-20A 

Prominence auto-sampler, a DGU-20A3. The spectra of carotenoids record of between 200 to 

600 nm will be recorded, with detection of -carotene at 450 nm. The quantification of -

carotene will be done using a calibration curve of β-carotene standard. 
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3.5.4.10 Proximate composition of fresh and OFSP flour 

Starch  

Starch extraction will be done using the modified method of Numfor and Walter (1996) with 

modification by (Chisenga et al., 2019).  

Ash content 

The ash content will be determined according to AOAC (2012) method 923.03 by taking a 3 g 

sample after carbonisation and ignition at 500 ℃ for 6 h in the muffle furnace (Model 2-525, J 

M Ney furnace, Yucaipa, USA). 

Crude protein 

A 3 g sample of fresh and dry OFSP will be used to determine the crude protein using the 

Dumas dry combustion method (Ngobese et al., 2017).  

Fat content 

The crude fat content will be determined using (AOAC, 2012) method No. 920.39 by taking 

approximately 5 g of sample in a Soxhlet extraction unit (Soxhlet, Büchi, Switzerland) using 

petroleum ether as a solvent.  

Crude fibre 

The crude fibre of fresh and dried OFSP content will be determined using AOAC (2012) method 

No 962.09.  

3.5.4.11 Modelling the kinetics of quality properties 

The graphical method will be used to determine the order of reaction for all quality parameters 

(colour and β-carotene). The deterioration during drying and storage will be analysed using 

linear regression in the following order of response: zero, first and second. The relationship 

between colour and β-carotene and storage time for each order of reaction can be expressed 

with the Equations 3.1-3.3, and the most accurate fit will be confirmed by the determination 

coefficient-R2 (Weiss et al., 2018). The function of the quality of the zero-order reaction can be 

expressed as Equation 3.4. 
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he differential equation is the most useful for kinetic modelling (van Boekel, 2008). 

Zero-order reaction: ±
𝑑𝐶

𝑑𝑡
= 𝑘, 𝐶 = 𝐶0 ± 𝑘𝑡                                                                                   (3.1) 

First-order reaction: ±
𝑑𝐶

𝑑𝑡
= 𝑘ሾ𝑐ሿ, 𝐶 = 𝐶0𝑒𝑥 𝑝(±𝑘𝑡)                                                                   (3.2) 

Second-order reaction: ±
𝑑𝐶

𝑑𝑡
= 𝑘ሾ𝑐ሿ2, 𝐶 = 𝐶0/1 ± 𝐶0𝑘𝑡)                                                           (3.3) 

Where C is the concentration at any time t, C0 is the initial value of concentration, t is the 

duration of drying, k is the reaction rate constant and the (+) and (-) indicated increasing or 

decreasing trend.  

𝑄 = 𝑄0 − 𝑘𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
)                                                                                                                   (3.4) 

Where Ea is the activation energy [J.mol-1], R is the gas constant [8.314 J.K-1.mol-1], and T is 

the absolute temperature [K]. 

3.5.4.12 Modelling of heat and mass transfer 

The conjugate modelling approach will be applied, by the steps outlined in Figure 3.4, as 

adopted from (Khan et al., 2020). ANSYS-CFX (fluent codes) will be used to solve the 

governing fluid flow equations  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 Conjugate modelling methodology 
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𝑅𝑀𝑆𝐸 = √
1

𝑁
∑(𝑈𝑠𝑖𝑚,𝑖 − 𝑈𝑥𝑝,𝑖)2

𝑁

𝑖=1

                                                                                     (3.14) 

Where Usim, i is the simulated model data [m.s-1] and Uexp, i is the measured data [m.s-1]. 

3.6 Data Analysis 

Statistical analysis 

The experimental data will be analysed statistically (IBM.SPSS®, Version 25) and the results 

will be reported as the mean ± standard deviation. A one-way analysis of variance (ANOVA) 

will be performed, followed by Duncan’s new multiple range tests. P-values < 0.05 will be 

regarded as statistically significant (Chen et al., 2016).  

3.7 Project resources and budget 

The resources required include drying equipment, computer programmes, laboratory equipment 

and chemicals, as shown in Table 3.1. 

Table 3.1 Summary of resources and the budget required for the research study 

ITEM 

NO. 

RESOURCES SOURCE  AMOUNT 

(Rand) 

1 Solar and combined hot-air, microwave and 

infrared dryer  

UP and 

ARC-VOP 

50 000 

2. SPSS UKZN 0 

3. High-performance computer and ANSYS 

software 

UKZN 50 000 

5. Laboratory equipment, for Pre-treatments, 

chemicals for physioco-chemical, functional and 

thermal properties. 

UKZN and 

UP 

15 000 

6. Data loggers and other devices for measuring 

temperature, relative humidity, air velocity and  

UKZN 74 000 

7. Travel to Pretoria and Stellenbosch UCDP 25 000 

SUBTOTAL 214 000 

CONTIGENCIES (10%) 21 400 

TOTAL 234 400 
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 Project work plan  

The format of the research study will be dissertation by publication. Each research objective 

will be completed in a specific period, followed by a research publication, as declared in the 

experiment stage of the project plan. All stages, are outlined in the project plan. It is envisaged 

that the research project will be completed in December 2022. 
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ACTIVITY 
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12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 32 33 34 35 36 37 38 39 40 42 

1.PROJECT PROPOSAL               

 

                                              

Literature review                                                               

Project proposal                                                               

Project proposal submission and review                                                               

Finalisation and presentation                                                               

Review paper-1                                                               

2. PROCUREMENT                                                               

Procurement of testing instrument                                                               

3. EXPERIMENTS                                                               

Drying technology-1                                                                

Drying technology-2                                                                

Storage                                

Data analysis                                                               

Paper-2                                                               

Quality parameters data+ shelf life studies data collection                                                               

Data analysis                                                               

Paper-3                                                               
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Submission of draft ( Sep-2022)                                                               
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