
  

DRYING OF SWEET-POTATO TUBERS USING A SOLAR 

VENTURI VENTILATED AND HOT-AIR DRIER 

 

 

 

 

SR Gasa 

 

 

 

 

Submitted in fulfilment of the requirements  

for the degree of MScEng 

 

 

 

 

School of Engineering  

University of KwaZulu-Natal 

Pietermaritzburg  

March 2019 

 

 

 

 

Supervisor:   Prof. TS Workneh 

Co-supervisor(s): Prof. M Laing  

Dr. A Kassim 

Mr S. Sibanda



 

 i 

 

ABSTRACT 

Almost 80% of the food produced in developing countries is grown by small-scale farmers in a 

small parcels of marginal land with low energy input and cost. There is a lack of proper storage 

and non-electricity based storage facilities for fresh and processed agricultural foods. This 

results in post-harvest losses, which are approximately 20-40% of crops produced mainly due 

to mechanical damage, decay and physiological defects. The reduction of these losses is the 

first major step to food safety, security and sustainability. Sweet potato (Ipomoea Batatas L.) 

is a starchy tuberous root crop amongst the top five crops that feed the world such as rice, 

sorghum, wheat and corn and ranked as the fourth most important crop. They are predominantly 

bulky and highly perishable due to a high moisture content (>80 %), which limits storage 

potential and the distance a produce can be transported. Drying has been used over the years 

and has been reported as the most prominent method for food preservation. Traditional method 

of drying is the most common practise for small scale farmers and developing countries. 

However, these methods have a number of drawbacks such as microbial contamination, dust 

and spoilage as a result of extended drying time especially under uncontrolled sun drying. 

Hence, there is a need to develop innovative simple and low-cost drying facilities to dry sweet 

potato to a safe moisture content for prolonged period of storage ranging between 7-15% 

moisture content. It has been reported that the availability of energy in South Africa is becoming 

scarce due to challenges phasing electricity based energy generation and supply. This also 

results in limitations in availability of energy for food processing and storage especially by 

farmers. A solar-venturi dryer will be developed and the effects of the solar radiation and the 

dryer performance on the drying air temperature and relative humidity will be monitored at 

Ukulinga Agricultural Research Farm, University of KwaZulu-Natal, South Africa. Drying 

experiments will be done on the solar-venturi dryer and the hot air dryer to experimentally study 

and compare the effect of drying method on drying time and the final dried product. The solar-

venturi dryer will be constructed from a solar collector, drying chamber and solar chimney. The 

study aims at investigating an innovative solar-venturi dryer that uses solar energy and solar 

chimney to preserve and reduce post-harvest losses of the sweet potato tubers experienced by 

the smallholder farmers in South Africa 
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1. INTRODUCTION 

The availability and access to electricity is a challenge in developing countries (Belessiotis and 

Delyannis, 2011; Tiwari, 2016; Vijayan et al., 2016). Literature shows that South Africa will 

soon have electricity-based energy problems and by 2050 energy needs will be more double 

(Qase et al., 2015). Department of Energy’s’ integrated resources plan evidenced that South 

Africa needs more than 50 GW of new electricity generation capacity while reducing carbon 

dioxide emissions by 30 % by 2030. Tiwari (2016) reported that there is a depletion of 

conventional fossil fuels. However, energy is required in all steps of agri-food chain both 

directly and indirectly (Dubois et al., 2017). Therefore, harnessing renewable energy for agro-

processing is paramount (El-Sebaii and Shalaby, 2012; Pirasteh et al., 2014; Kumar et al., 

2016; Lingayat et al., 2017). 

Almost 80% of the food produced in developing countries is cultivated by the small-scale 

farmers (Phadke et al., 2015). However, there is a lack of proper and electricity free storage 

and processing facilities for their fresh produce (Mustayen et al., 2014). As a result, there is a 

subsequent loss of food produced that is estimated to be up to 50% of fruits and vegetables 

grown and 25% of grains harvested each season (Sanni et al., 2012; Bala, 2017). In sub-Saharan 

Africa, 95% of root and tuber crops which is approximately 240 million tons are produced 

annually for human consumption on 23 million hectares of land, namely; cassava, sweet 

potatoes, yam and potatoes (Sanginga, 2015). Sweet potatoes tubers play an important role in 

developing parts of the world such as sub-Saharan Africa (Mustayen et al., 2014; Naderinezhad 

et al., 2016). 

Root and tuber crops are grown by small-holder farmers on small parcels of marginal land with 

low energy input and cost (Morante et al., 2010; Sanginga, 2015). They have been categorized 

as important crops in the economic, social, health and cultural world (Xu et al., 2012; Caetano 

et al., 2018). However, they have high moisture content which creates environment for water 

activities and micro-organisms. Water activity in these tubers is positively correlated with the 

postharvest deterioration. Drying has been reported to be a prominent form of food preservation 

(Kaleta and Górnicki, 2010; El-Sebaii and Shalaby, 2012; Hande et al., 2016; Onu et al., 2017). 

This is process enhances the stability of the moist materials through reduction of moisture 

content (Andres et al., 2004; Beigi, 2016; Rabha and Muthukumar, 2017). Hence, drying is an 

essential method for food preservation where the moisture content of a food product needs to 

be reduced to a specific level (Sanni et al., 2012; Pirasteh et al., 2014; Yılmaz et al., 2017). 
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Drying uses different techniques depending on the properties of the material to be dried (Bala, 

2017; Wang et al., 2018). It can be accomplished through osmotic dehydration, where the 

moisture content of the product is reduced through chemical decomposition, or through freeze-

drying of solids and liquids, and or mechanically (hot air circulation) through the centrifugal 

forces, compression,  or gravity (Chouicha et al., 2013).  

Currently, the most commonly used method for drying is thermal drying (Pirasteh et al., 2014; 

Phadke et al., 2015; Onu et al., 2017). However, this method has inherent limitations of high-

energy requirements and capital costs (initial and continuous) (Beigi, 2016; Nwakuba et al., 

2016; Onwude et al., 2016). Literature reports that the existing dryers depends on the 

electricity-grid connection and the burning of fossil fuels (Varun et al., 2012). These energy 

sources are not easily accessible by rural farmers in developing countries and have a negative 

impact on the environment (Maia et al., 2011; Okudoh et al., 2014; Lingayat et al., 2017). As 

a result, solar drying technology becomes the most promising and attractive energy source as 

the sun is a non-polluting and abundant energy source (Bolaji and Olalusi, 2008; Fudholi et al., 

2014; Pirasteh et al., 2014; Nasri and Belhamri, 2018).  

Solar drying is low cost and the simplest method for food preservation especially for small-

scale farmers in rural areas (Ferreira et al., 2008; Mustayen et al., 2014; Nasri and Belhamri, 

2018). This method eliminates a large amount of water through the application of heat with the 

aim of diminishing the water activities responsible for food deterioration (Luther et al., 2004; 

Ertekin and FM, 2017). Solar drying has been used for the past decades (Belessiotis and 

Delyannis, 2011; Timilsina et al., 2012; Nasri and Belhamri, 2018). However, research shows 

that there are inefficiencies such as prolonged drying time and poor quality in the final dried 

product linked with the most common traditional methods of solar drying (Dina et al., 2015; 

Fudholi et al., 2015; Kumar et al., 2016). Hence, solar drying requires optimization. There is 

evidence that if it is used properly the shelf life of food can be extended to at least one year 

(Rodríguez, 2012; Onu et al., 2017).  

Several studies have been conducted on solar drying technology for agro-processing. Fudholi 

et al., 2014 reviewed solar drying technologies in Malaysia and reported that solar dryers with 

air-based solar collectors improved drying time from 13 – 86 % and saved 46 % more drying 

time than traditional open-sun drying. In these dryers efficiencies ranged from 13 to 52 % with 

minimum and maximum efficiencies ranging between 6 and 52 %. However, in South Africa 

there is still a need to develop new strategies that adopt solar energy as a source of energy for 

agricultural use and optimize the existing methods and dryers for post-harvest handling of 
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agricultural produce using thin-layer drying models (da Silva et al., 2014; Mustayen et al., 

2014; Phadke et al., 2015).  Tray drying methods is the most common technique in agriculture 

because of its potential to dry high volume of the produce. However this technology has a 

limitation of uneven drying resulting from uneven distribution of the drying air inside the 

drying chamber (Misha et al., 2015). A combination of tray solar drying technology with 

improved hot air distribution inside the existing farm storage and processing houses can be of 

advantage for small-scale farmers in processing and expending shelf life of their produce. 

Hence, several attempts have been carried out to improve the efficiency of both direct and 

indirect modes of drying (Abubakar et al., 2018). Megha et al. (2015) developed an indirect 

solar dryer with the aim of increasing the efficiency of the dryer by improving the air flow rate 

and air flow distribution inside the drying chamber. The study reports that drying efficiency 

was improved from 20 % to 42.6 % by improving air flowrate from 0.01 to 0.21 kg.s-1. 

Chouicha et al. (2013) developed a hybrid solar dryer to improve the existing solar drying 

systems for sliced potatoes, which was found to require short drying time and high product 

quality.  

Research shows that the microenvironment (air velocity, temperature and relative humidity) 

has an influence on the drying time and product quality. Therefore, tools such as thin-layer 

drying models are of utmost importance in selecting optimal drying conditions which are 

important parameters to optimize the solar dryers and improve the quality of the final dried 

product (Onwude et al., 2016; Onu et al., 2017). These mathematical models are used to predict 

changes in moisture content of a single layer drying product as a function of  air velocity and 

temperature where thin-layer drying kinetics is the procedure of drying a single layer product 

based on the empirical models of the drying process (Blanco-Cano et al., 2016; Miraei Ashtiani 

et al., 2017). Several thin-layer models are reported in literature for characterising single layer 

drying characteristics of agricultural produce. They are classified as empirical, theoretical and 

semi-theoretical models (Ertekin and Ziya, 2017). Amongst the developed models to simulate 

the moisture movement, Newton, Page, Modified page, Henderson and Pabis, Logarithmic, 

Two term, Diffusion, Modified Henderson and Pabis models are the most common models in 

thermal drying of agricultural produce (Aregbesola et al., 2015). 

A study conducted by Naderinezhad et al. (2015) experimentally investigated the effect of air 

distribution, velocity and temperature on the final product of potato slices and developed a 

suitable drying model. Midilli-Kucuk model was found to be the best model in describing thin-

layer drying of potato slices. This models is described as a theoretical model as it considers 
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both internal and external resistance to moisture transfer (Onwude et al., 2016). Results 

obtained from this study showed that drying temperature was the most effective parameter in 

drying rate and the effect of air velocity in low temperature. 

Ferreira et al. (2008), studied the technical feasibility of the indirect passive solar dryer for the 

dehydration of agricultural products. In this study, a prototype was designed for the evaluation 

and assessment of the design parameters such as air velocity, temperature, and humidity during 

dehydration of coffee grains, bananas, and tomatoes. The solar dryer was found to be a better 

option when compared to open sun drying as it reduced the drying time to 50% during the 

dehydration of coffee grains, 28% in dehydrating of bananas and 33% in dehydrating tomatoes. 

On the other hand Nwofe (2015) studied efficiency of the open sun drying and a solar dryer 

using sweet potatoes as a test crop. In this study, the reported an increase in the drying 

efficiency for the solar dryer compared to open sun drying. The drying rate in solar dryers was 

0.75 kg.h-1 with an efficiency of 68.5 %. Silayo et al., (2003) studied the future use of 

alternative drying surfaces such as corrugated iron roofs and thatched roof houses. In this study, 

perforated surfaces and corrugated iron sheet were found to be superior to the ground floor 

drying of sweet potatoes in terms of drying performance. The study recommended the use of 

corrugated iron roofs since thatched roofs are being replaced by the corrugated iron roofs. 

However, corrugated iron sheets are reported to be relatively expensive where they already 

exists due to the fact that they are relatively expensive. The modification and adaptation of 

existing corrugated iron roofed houses to solar dryers has not been reported. Hence, extensive 

research is required in South Africa on the utilization and feasibility of such value-adding 

technologies for smallholder farmers. This will ensure preservation of sweet potato tubers and 

other perishable food produce and it will also improve marketability of the produce.  

According to current research, the existing technology requires expensive materials to 

construct and high energy to run, making the dryers expensive (Onwude et al., 2016; Onu et 

al., 2017). Hence, it is of outmost importance to construct a low-cost effective non-electricity 

based solar-venturi dryer which is fossil fuel free, reliable and easy to use. It is reported that 

the use of solar chimneys as stack ventilation in buildings can improve indirect passive solar 

drying natural ventilation (Maia et al., 2011; Phadke et al., 2015). In this system, a solar 

chimney can be used to improve natural ventilation in buildings by encouraging the upward air 

convection and the system totally depends on pressure differences without any mechanical 

components.  
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The study identified a need to investigate an innovative solar-venturi dryer that uses solar 

energy and a solar chimney to preserve and reduce post-harvest losses of the sweet potato 

tubers experienced by the smallholder farmers in South Africa. The study also aims to 

comparatively assessing the effect of the drying method on drying characteristics and quality 

of the final dried product of sweet potato slices. This is because there is there is a lack of 

improvement in non-electricity based drying technology.  The output of this study could 

potentially result in the reduction of post-harvest losses, increase in shelf life and increasing 

food security for small scale producers in South Africa. The solar-venturi dryer will be a low-

cost drying method which does not require electricity to drive an accelerated drying 

technology. This will help generate income for rural farmers meet present and future demands 

for food, and sustain the agricultural economy of the most developing countries. 
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2. A REVIEW ON SWEET POTATO TUBERS PRODUCTION, 

PROCESSING AND STORAGE 

This chapter contains a critical review of tuber crops and mainly sweet potato tubers. It presents 

critique reviews on production, processing and storage. Among all root and tuber crops 

produced in the world, only a few contributes to the world’s food production, security, 

nutrition, poverty alleviation, and income generation (Titus and Lawrence, 2015; Morgan and 

Choct, 2016). Sweet potatoes are amongst the group of root and tuber crops produced in the 

world. Sweet potato tubers are considered as major staples, which produce large quantities of 

dietary energy for a significant number of population in the developing world (Montagnac et 

al., 2009; Morante et al., 2010; Morgan and Choct, 2016). 

2.1 Sweet Potato Production and Consumption in South Africa 

Sweet potato (Ipomoea Batatas L.), is a starchy tuberous root crop ranked as fourth most 

important crop amongst the top five crops that feed the world, viz. rice, sorghum, wheat, and 

corn  (Antonio et al., 2008; Seidu et al., 2012). Sweet potatoes are predominantly grown for 

human consumption (Latif and Müller, 2015; Abong et al., 2016) and are regarded as a major 

staple food important for food security in the areas which have poor and dry soils (Antonio et 

al., 2008; Oke and Workneh, 2013). The main advantage of growing sweet potato is that  they 

are tolerant to drought, easy to cultivate and demands little in terms of soil fertility (Antonio et 

al., 2011). Developing countries such as Northern Central and Volta regions of Ghana grow 

sweet potatoes to generate income however, growers face great post-harvest losses which affect 

their income and living standard (Seidu et al., 2012; Sanginga, 2015). 

Fresh produce of sweet potatoes can be processed at homes for human consumption as a ready 

to eat vegetable, boiled, and baked or through industrial processing where they are fermented 

into food and beverages (Antonio et al., 2008; Seidu et al., 2012; Titus and Lawrence, 2015). 

Fresh sweet potatoes are bulky hence, they are difficult to transport and perishable unless they 

are processed which limits the period and distance of transportation (Akinwande et al., 2013; 

Oke and Workneh, 2013). Seidu et al (2012) suggest that knowledge of sweet potato drying 

could add more value to the produce.  

2.2 Postharvest Losses  

Due to the increasing world population food safety and security has become a global concern 

especially in developing countries (Abass et al., 2014; Kiaya, 2014). The world population is 
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expected to reach 9.1 billion people by 2050 and to meet the expected demand, food production 

should be increased by 50-70% (Affognon et al., 2015). Post-harvest losses in developing 

countries are approximately 20-40% of crops produced and they occur mainly due to 

mechanical damage (during harvest, transportation, and storage), decay, and physiological 

disorders (Olayemi et al., 2011; Abass et al., 2014). Post-harvest losses (PHL) and quality 

deterioration  can be determined using modified post-harvest loss equation (Abong et al., 2016; 

Kasso and Bekele, 2016). The modified postharvest loss equation is expressed as Eq. 2.1  

 PHL (%) =  
W1−W2

W1
× 100                  (2.1)

       

Where 

 W1 = is the original weight of a crop [kg], and  

W2= is the commodity weight after transportation and storage [kg].  

Food produced for human consumption is almost 1.3 billion tonnes each year and literature 

shows that one-third of this is lost due to PHL and marketing systems (Prusky, 2011). Literature 

shows that food losses in the production chain occur from the production level, post-harvest, 

processing and consumer stages (Abass et al., 2014; Kasso and Bekele, 2016). Developed, 

developing and industrialized countries has various amount of food losses amongst the 

production chain and they are summarised in Figure 2.1. Reducing PHL is the first major step 

to food safety, security and sustainability, however, technology and current methodologies are 

inefficient in the assessment of these losses (Affognon et al., 2015; Kasso and Bekele, 2016). 

Hence, development of new technology and methodology would help to develop strategies to 

minimise these losses.  
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Shortage of storage and poor processing techniques are the main cause of PHL of fresh produce 

(Kiaya, 2014; Mustayen et al., 2014; Kasso and Bekele, 2016). Post-harvest losses relates to 

losses in quality and quantity of the food produced. Quantity losses occur when there is a loss 

of  weight or calories of food while quality losses occur when there is a loss in nutrients or 

when there is food contamination (Kiaya, 2014). Literature reports food loss and waste in Sub-

Saharan Africa occurs from farmer’s field after harvest to the consumers’ plate (Sheahan and 

Barrett, 2017). Kasso and Bekele (2016) conducted a study on post-harvest loss in Dire Dawa 

region of Ethiopia. In this study, it was reported that severe post-harvest losses of horticultural 

crops occurred during harvesting, marketing, transportation and storage, and these losses were 

recorded to be between 20 and 50 % from marketing to consumption (Kasso and Bekele, 2016). 

Hence, there is a need to develop proper handling strategies between these supply chains. 

2.3 Storage and Processing of Sweet Potato Tubers 

Titus and Lawrence (2015) reported that there are over 100 processors for cassava and sweet 

potatoes in the Caribbean with greater operations in cassava processing compared to sweet 

potato operations. Most of these processors operate inefficiently at small-scale with low input 
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cost, using the indigenous knowledge (Olawale and Omole, 2012). In developing countries 

(such Kenya, Nigeria, Uganda), fresh sweet potato tubers bring a considerable amount of 

income as fresh produce but of late, there is with a slow shift towards processed products 

(Elisabeth, 2015; Wei et al., 2017). Currently, there is insufficient information on processing 

and storage of these tubers (Seidu et al., 2012; Chouicha et al., 2013; Abass et al., 2014). 

Traditional methods of processing such as shade and open-air sun drying on flat surfaces, bare 

ground, and mats have been used in a number of countries over the years (Oyebanji et al., 2013; 

Rabha and Muthukumar, 2017). Drawbacks of the traditional methods include microbial 

contamination, dust and extended drying time (Doymaz, 2011; Seidu et al., 2012; Beigi, 2016). 

To solve these problems, traditional methods should be replaced with artificial methods of 

drying such as hot air and solar drying (Andres et al., 2004; Demiray and Tulek, 2012; 

Chouicha et al., 2013; Pirasteh et al., 2014; Kumar et al., 2016). In an experiment performed 

by Aliyi and Jibril (2009) using an indirect passive solar dryer, it was found that this type of 

drying can save over 30% of drying time as compared to open sun drying and at the same time 

dust contamination is reduced.  

High moisture content of roots and tuber makes storage for long periods of time difficult, hence, 

drying before storage is necessary (Andres et al., 2004; Akinwande et al., 2013; Titus and 

Lawrence, 2015). Dried sweet potatoes are produced around the world as a cheap source of 

carbohydrates, especially in sub-Saharan Africa with Nigeria producing the highest quantities 

of sweet potatoes in the region (Andres et al., 2004; Bradbury and Denton, 2011; Ajala et al., 

2012; Akinwande et al., 2013). While drying can be done through chipping, grating and 

shredding tubers, chipping is the most effective and common method used in processing (Ajala 

et al., 2012; Akinwande et al., 2013). 

Increasing population and food demands have resulted in an increased demand for production 

and processing of sweet potatoes. Akinwande (2013) reported that production of dried slices is 

the cheapest postharvest handling method that reduces microbial activity and is less labour 

intensive. The production process comprises of simple unit operations which can be operated 

at low costs (Aliyu and Jibril, 2009; DAFF, 2010; Oyebanji et al., 2013). 

During processing of sweet potato tubers in a small to medium-sized processors, the fresh 

produce is washed to remove soil and other dirt, peeled, then washed again to remove excess 

dirt, and then dried to decrease moisture content (Doymaz, 2011; Oyebanji et al., 2013; Oke 

and Workneh, 2014). Oyengbal et al. (2013) reported that the manual peeling of samples is 
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tedious and the operation needs a scale-up for mechanization so that the removal of the peeling 

can be easily done.  

Oyengbal et al. (2013) reported that there is a need for rapid processing of sweet potatoes 

immediately after harvesting due to their high moisture content resulting in high perishability 

and activation of enzymatic activity. Slicing is of utmost importance during the processing of 

sweet potatoes to enhance reduction of the high moisture content (Chouicha et al., 2013). 

Slicing is a size reduction of peeled tubers into slices mainly to reduce drying time and increase 

the drying rate (Bolaji et al., 2008; Meisami-asl et al., 2010; Hashim et al., 2014). Drying of 

the resulting slices can be achieved through direct and indirect sun drying, or through artificial 

drying using hot air ovens (Beigi, 2016). The shape and size of the slice have an effect on the 

rate of drying and the final product quality, hence, samples to be dried need to be cut 

specifically according to the required final product and use (Meisami-asl et al., 2010; 

Akinwande et al., 2013; Naderinezhad S et al., 2015). In a study conducted by Naderinezhad 

et al. (2015) it was reported that square slices of sweet potato dried faster than circular slices. 

Small sizes (width) generally dry quicker but while thicker slices allow easy compaction of 

chips during processing to make flour (Titus and Lawrence, 2015).  

2.4 Drying as a Method of Processing and Preservation 

Over the years, drying of food, especially for agricultural products has been a standout method 

of preservation used to prolong the shelf-life of agricultural food for consumption (Sobukola 

et al., 2007; Pirasteh et al., 2014; Phadke et al., 2015; Beigi, 2016). There are different methods 

of drying on the agricultural product to be dried and the purpose for drying (Luther et al., 2004). 

Sun drying and convective drying are the most common methods used in the drying of 

agricultural products, however, freeze-drying has also been widely used though its use is 

limited by high energy input and costs (Zotarelli et al., 2012). Freeze drying is regarded as a 

batch process or the best dehydration process amongst other methods of drying. Freeze drying 

defined as a process of long dehydration period with low dehydration temperature (Samsalee 

N and R, 2012; Zotarelli et al., 2012). Beigi (2016) reported that convective dryers are mostly 

used to dry agricultural products. Drying is regarded as the most important method as the 

process can reduce moisture through the total removal of water to produce a solid product 

known as dehydration or through the partial removal of water which will produce a moisture 

concentrated product under evaporation (Luther et al., 2004; Kiaya, 2014; Kumar et al., 2016). 
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2.5 Energy Requirements for Drying 

Agricultural products are harvested as a fresh produce with moisture content of over 80 % (Onu 

et al., 2017). This moisture content needs to be reduced to a safe range of 7 - 15 % to minimise 

enzymatic and microbial activities without affecting, biological, physical and chemical 

properties of the produce (Nwakuba et al., 2016). To decrease such high moisture content levels 

requires high energy input to heat the drying air which will vapourize the product (Motevali 

and Minaei, 2012; Akoy, 2014; Rabha and Muthukumar, 2017). High latent heat of 

vaporization increases the drying time resulting in high energy requirements. Researches 

reports that drying time is determined by factors such as the initial moisture content of the 

drying agric-food and the final required moisture. For examples drying a product from 4 to 0 

% moisture content may require 4 hours while reducing moisture from 63 to 4 % moisture 

content may require 6 hours. Other studies reported that to reduce the drying time, pre-

treatments can be done to reduce drying time and energy consumption (Antonio et al., 2008; 

Motevali and Minaei, 2012). 

Nwakuba et al., 2016 reviewed energy requirements for drying sliced agricultural products 

such as carrots, potato, garlic, onions, tomato, mango, banana etc. and reported factors affecting 

their energy requirements. The study reports that produce functional characteristics, slice 

thickness, initial and desired final moisture content, air temperature, air velocity, specific heat 

capacity and relative humidity are major parameters affecting energy requirements in drying 

of crops. A minimum of 4.22 and maximum of 24.99 MJ.kg-1 energy requirement was reported 

in drying sliced crops with high moisture content such as mango, apples, cucumber and carrots. 

Furthermore, Nwakuba et al., 2017 reported that microwave dryers save about 70 % energy 

when compared to other official dryers due to their low energy consumption at high power 

densities, however, they are cost intensive when operated at the recommended 500 W power 

densities for sliced products. The study recommended improving reviewed dryers efficiency at 

optimal operating conditions in drying. However, small-scale farmers have limited access to 

proper processing and storage facilities such as microwaves.  

2.6 Solar as a Source of Energy for Drying 

In rural areas, small-scale farmers have a challenge of grid connection, costly electricity and 

non-renewable energy sources (Tiwari and Tiwari, 2017). The Earth receives a small portion 

of 70 000 to 80 000 kW.m-2 solar radiation intensity from 6000oC solar surface temperature of 

the sun (Tiwari, 2016). This amount of solar energy has an increased potential for substituting 
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conventional fossil fuels as a result of its abundant availability and cost-effectiveness, hence, 

over the years solar energy has been captured and stored during peak time for use during on 

and off sun hours for solar drying (Bal et al., 2010; Chouicha et al., 2013; Shalaby et al., 2014). 

Over the past decades, researchers have conducted studies on how to harvest and use solar 

energy as a primary source for Agriculture and other industries (Pirasteh et al., 2014). Solar 

energy has been successfully harnessed by small-scale farmers for open-air sun drying. 

However, the limitation of this method hence forced researchers to develop solar dryers 

(Vaibhav and Sanjay, 2016; Rabha and Muthukumar, 2017).  

Researchers and other scientists have been trying to find solutions to overcome the limitations 

of open-air sun drying (Belessiotis and Delyannis, 2011; Mustayen et al., 2014; Vaibhav and 

Sanjay, 2016). As a result in 1976 Everitt and Stanley developed a solar dryer transparent 

sunlight cover with a box-shaped housing aiming to reduce open sun drying drawbacks (Kumar 

et al., 2016). Other researchers have developed new drying technologies such as forced air 

circulation to improve on the initial design. The drying mechanism process for food materials 

is a complex process involving transient mechanism of heat, mass and momentum transfer 

process accompanied by chemical, physical and phase change transformation (Sabarez, 2016). 

These systems have been reported as promising application for environmentally friendly and 

renewable technology as they can remove both bound and unbound moisture from solid food 

products (Chouicha et al., 2013; Fudholi et al., 2015; Kumar et al., 2016). Bound moisture is 

defined as the moisture held in the microstructure of the solid exerting a vapour pressure less 

than that of the pure liquid. The unbound moisture is the moisture in excess of the bound 

moisture (Tiwari, 2016). During drying, transfer of the internal moisture to the surface of the 

solid, evaporation due to application of energy and transfer of heat energy from the surrounding 

environment to evaporate surface moisture occurs simultaneously. Its potential application in 

the agricultural sector for drying systems to preserve fruits, vegetables, grains and warming 

building in winter seasons has been reported to be feasible especially for small-scale farmers 

in developing countries (El-Sebaii and Shalaby, 2012; Mustayen et al., 2014; Pirasteh et al., 

2014; Shalaby et al., 2014).  

2.7 Principles of Drying 

Drying is a method of reducing the moisture content of the food to the safe levels of moisture 

content with the aim of extending shelf-life of the food while dehydration is the removal of 

moisture content to the bone-dry level product (El-Sebaii and Shalaby, 2012). In these 

processes moisture transfer from the food occur due to the gradient in water activity (Barat and 
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Grau, 2016). Drying capacity is dependent on the product and the relative humidity of the 

surrounding air, product type and maturity and its moisture content. High air temperature 

reduces air relative humidity, however, excessively high drying temperature causes both 

chemical and physical changes. 

2.7.1 Mechanism of Drying 

Drying is defined as a method used to remove water from moist products through evaporation 

of water via application of heat (Mujumdar, 2012; Parikh, 2014; Ertekin and Ziya, 2017). 

However, there is a special case of freeze-drying which occurs below the triple point of the 

liquid removed. In this case, drying takes place by sublimation of the solid phase into the 

vapour phase. During the removal of moisture, high energy is required to complete the process 

ranging between 0.43 MJ.kg-1 to 20.35 MJ.kg-1. Drying is categorized as a direct (convection), 

indirect (conduction), microwave (radio frequency) and radiant (radiation) drying (Parikh, 

2014). It involves transient heat and mass transfer including processes such as chemical and 

physical transformations, which cause changes in product quality and mechanisms of mass and 

heat transfer.  

Mass and heat transfer are importance in drying processes (Parikh, 2014). Mass transfer occurs 

in vapour form to the surrounding environment while heat is transferred to the product and 

hence, evaporate water. This transfer occurs in two stages, the first one being the moisture 

transfer from the interior of a drying product to the surface and the second phase is vapour 

evaporation from the surface of a product to the air (Pirasteh et al., 2014; Tiwari, 2016). The 

rate of drying during the early stage of wet product drying is influenced by external factors, 

which affects mass and heat transfer such as humidity, temperature, and velocity of the air on 

the exposed surface area of the product. Drying of the product occurs in two phases; constant 

rate and falling rate drying period (Bala, 2017). Constant drying rate period occurs when the 

surface moisture is removed and evaporation rate per unit area is constant during this period 

(Mujumdar, 2012; Miraei Ashtiani et al., 2017). Falling rate period occurs when the rate of 

drying falls continuously in time (Ertekin and Ziya, 2017). In a study by Doymaz 2011, the 

entire drying process of sweet potato slices at various temperatures (50, 60 and 70 oC) occurred 

at falling rate period with no constant drying rate period. In this study, it was concluded that 

moisture diffusion was a dominant physical mechanism governing moisture movement. 

Sobukola et al., (2008); Lee and Kim (2009) reported similar findings. 
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2.7.2 Water activity and moisture content 

Water content and moisture content are terms used interchangeably as they measure the 

quantity of water in a product. Water activity is defined as a measure of the energy status of 

water in a system (Decagon Devices, 2009; Tiwari, 2016). Water activity is equal to the relative 

humidity of the surrounding humid air and can be expressed as a ratio of vapour pressure of 

water in a sample, to the equilibrium vapour pressure of pure water at the same temperature 

expressed as shown in Eq. 2.2. 

 𝑎𝑤 =
𝑝

𝑝𝑤
                                                                                                                                (2.2)  

Where 

 𝑎𝑤 = is the water activity in a product,  

𝑝  = is the vapour pressure of water, and 

𝑝𝑤 = is the partial pressure of water on the product. 

Water activity provides information on chemical and physical stability and microbial spoilage 

of a product. Moisture content represents the amount of water present in a product and can be 

expressed as percentage in wet basis and dry basis. Dry basis can be defined as a ratio of the 

weight of water in a product to the weight of the total sample, which can be expressed using 

Eq. 2.3 (Bala, 2017): 

𝑀𝑤 =
𝑊𝑤

𝑊𝑤+𝑊𝑑
                                                                                                                                       (2.3)  

Where 

 𝑀𝑤 = Moisture content in wet-basis [%], 

  𝑊𝑤 = is the weight of water [kg], and 

   𝑊𝑑 = is the dry matter of the product [kg]. 

And the dry-basis is the ratio that compares the weight of moisture present in a product to the 

weight of dry matter. It can be expressed using Eq. 2.4 (Bala, 2017):  

𝑀𝑑 =
𝑊𝑤

𝑊𝑑
                                                                                                                                              (2.4)   

Where 

 𝑀𝑑 = is the moisture in dry-basis. 
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However, it may be necessary for some applications to convert from dry basis to wet basis or 

vice versa and Eq. 2.5 provides the conversion. 

𝑀𝑑 =
𝑀𝑤

1 − 𝑀𝑤
                                                                                                                                      (2.5) 

 

2.7.3 Psychometric moist air properties 

Literature reports that majority of the drying systems are the convective (direct) type of dryers 

which uses hot air to evaporate moisture content of the drying sample and also to remove the 

evaporated moisture (Abass et al., 2014). Psychometrics is a tool shown in Figure 2.2, 

simplified in a chart form, used to measure heat and vapour properties of air (Devres, 1994; 

Mittal and Zhang, 2003). Psychometrics and drying involve a number of terms commonly used 

to measure psychometric variables as summarised in Appendix A.  

 

Figure 2.2 Psychometric chart properties (Abass et al., 2014) 
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2.8 Availability of Solar Energy in South Africa 

All over the world, there is abundant solar radiation, which can be converted to solar energy 

and be used for heating, drying and cooking (Mustayen et al., 2014; Shalaby et al., 2014). Solar 

energy is the most readily available renewable energy source in South Africa for both heating 

and electricity (Qase et al., 2015). It has a number of benefits such as tax credits, feed-in-tariff, 

preferential interest rates and green power programs, however, there is a need to overcome 

some technical and financial barriers of low efficiencies and high capital costs (Timilsina et 

al., 2012).  Solar energy is environmental friendly  and is viewed as a promising heat source to 

meet high-energy demands without having an adverse impact on the environment (Tyagi et al., 

2012).  

The availability of solar energy in South Africa and potential for implementation of solar power 

plants in South Africa was studied by Fluri (2009) in all provinces of the country which was to 

be identified by Geographical Information System (GIS). In this Study, areas were assumed to 

have a potential if they have sufficient sunshine and sunshine hours, areas are flat, have a 

suitable land profile, with unthreatened vegetation and close enough to transmission lines. 

Total nominal capacity of the country was found to be 547.6 GW with the identified areas 

found able to accommodate solar power plants having a nominal capacity of 510.3 GW in the 

Northern Cape Province, 10.5 GW in Western Cape, 25.3 GW in the Free State and 1.6 GW in 

the Eastern Cape Province (Fluri, 2009). The result of the study imply that there is available 

enough solar energy in South Africa as shown in Figure 2.3. 
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2.9 Solar Drying 

Solar dryers are tools used in processing and preservation of food generally of a small scale 

processing and they are not yet profit oriented (Belessiotis and Delyannis, 2011).   

2.9.1 Solar collectors 

A solar collector is a compartment of a solar dryer defined as a heat exchanger which absorbs 

incident solar radiation and converts it into heat energy which heats the drying air (Bakari et 

al., 2014). Solar collectors heat the drying air (working fluid) to a temperature of 10oC - 50 oC 

through the collector duct. Solar collector have three main parts i.e. absorber plate, transparent 

cover, and insulation. The plate absorbs and transfers solar radiation to the working fluid, the 

transparent cover allows shortwave radiation to pass through and prevent them from exiting 

while insulators prevent heat losses (Bakari et al., 2014; Vijayan et al., 2016). The main 

advantages of absorber plates are the minimal effect of pressure drops and low construction 

costs. However, poor thermal conductivity and low heat capacity of air become a major 

Figure 2.3 Average daily direct normal radiation for South Africa for the whole year 

(Adopted from Fluri, 2009) 
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drawback as it results in low heat transfer coefficient between the air stream and absorber plate.  

Performance of the solar collector depends on the glazing material used, thermal insulation and 

absorber plate. 

2.9.2 Solar chimney drying 

First stack solar chimney was developed between the 19th and the 20th century by the 

introduction of Trombe-Michel wall which was then further modified to Trombe wall and roof 

collector (Tan and Wong, 2013). Stack solar chimney is commonly known as a passive 

ventilation system, which uses temperature difference to drive air. Stack solar chimney is 

regarded as an excellent passive ventilation system that relies on the principle of solar energy 

(energy from the sun) and wind-driven ventilation (natural force) (Khanal and Lei, 2011; Tan 

and Wong, 2013). This principle uses the sun to produce an updraft of air along a channel. 

Solar chimney technologies were developed to produce hot air that can be used in various 

applications such as power generation, solar chimney drying systems and air ventilation 

(Belfuguais and Larbi, 2011). However, its performance is affected by factors such as 

configuration, material usage and environment. Shi et al (2018) reported that these factors can 

be enhanced by considering altitude of a location, height to diameter ratio (<10 m) and selection 

of a material with high absorptivity and emissivity. Solar chimney systems are amongst the 

most attractive and promising technologies for the future as they offer clean and interesting 

opportunities which contribute to the reduction of the greenhouse effect, global warming and 

climate change and Table 2.1 summarises findings on solar chimney studies (Belfuguais and 

Larbi, 2011; Tan and Wong, 2013).  

Table 2.1 Major findings on a solar chimney drier 

Crop dried Major findings References  

Tomatoes, 

peppers and 

bitter leaves 

Solar dryer reduced drying losses as compared to sun drying with 

good quality dried products free from microbial contamination 

Medugu 

(2010) 

Chillies Solar dryer was able to reduce microbial contamination, 

protected from direct solar radiation and insect infestation 

Chevli et 

al (2016) 

Seaweed The solar dryer was able to reduce moisture content to the better 

selling price at the market 

Phang et 

al., (2018) 

 



 

 19 

2.9.3 Open air sun drying  

Open sun drying (OSD) is a traditional drying method where moisture of the produce is 

removed using solar energy (İsmail et al., 2015; Hande et al., 2016). This type of drying highly 

depends on weather conditions and the moisture content of the drying product (Seidu et al., 

2012; Meher and Nayak, 2016). The classifications of sun drying procedures are based on the 

stage of processing and location of drying. OSD has a long drying time which results in slow 

drying rate. Its working principle is that the short wavelength of solar energy directly falls on 

the crop surface as shown in Figure 2.5 (Jabeen et al., 2015; Lingayat et al., 2017). In this way, 

part of the solar energy is absorbed while a part of it is reflected by the surface of the crop with 

the reflected and absorbed amount being dependent on the surface colour of the crop.  

Energy absorbed is converted into thermal energy which increases the temperature of the crop 

reducing its moisture content (Phadke et al., 2015; Lingayat et al., 2017). However, there is a 

loss of long wavelength radiation and convective heat loss due to the effect of blowing moist 

air. Literature concludes that OSD drying has a number of drawbacks such as (a) slow drying 

rate, (b) no control over drying rate and time, (c) direct exposure of the product to uneven solar 

conditions and dust (Phadke et al., 2015; Rabha and Muthukumar, 2017). New technologies 

are a solution in overcoming the reported drawbacks by introducing cabinets or drying 

chambers for the product being dried (Beigi, 2016). Table 2.2 represents a summary from other 

researchers on major findings from open sun drying.  
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Table 2.2 Major findings on open-air sun drying 

Crop dried Major findings References  

Potato slices Potato slices dried using solar dryer had a shorter drying 

time, faster drying rate and yielded high quality product 

compared to open sun drying. 

Nwofe 

(2015) 

Ginger Color and nutrient retention attributes were improved and 

improved rehydration ratio of dried product with microwave 

vacuum method while open sun drying had poor final dried 

product. 

Valarmithi et 

al., (2017) 

 

2.9.4 Direct solar drying 

Direct solar drying also known as cabinet drying is a process where solar collectors are used to 

harness energy from the sun for continuous drying process (Belessiotis and Delyannis, 2011). 

In this technology, a glass cover is used to absorb and heat the drying air in the cabinet, 

however, during drying a part of the incident solar radiation is reflected by the atmosphere 

(Mujumdar, 2012; Mustayen et al., 2014; Vijayan et al., 2016). The absorbed heat increases 

crop temperature inside the drying chamber due to heat absorbed (Mustayen et al., 2014; 

Kumar et al., 2016; Lingayat et al., 2017). Other researchers reported major findings as shown 

in Table 2.3. 

Table 2.3 Major findings on direct solar drying 

Crop dried Major findings References  

Wild coriander Study compared direct and indirect solar dryer and 

findings reported that indirect solar dryer retained natural 

colour and essential oils.  

Banout et al., 

(2010) 

Sliced potato Indirect solar dryer was found to be feasible and able to 

reduce the drying time as compared to the open sun drying. 

Dried product had high good quality product. 

Tefera et al., 

(2013) 
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2.9.5 Indirect solar drying 

Indirect solar dryers are drying systems in which a product to be dried is not directly exposed 

to sunlight (Vaibhav and Sanjay, 2016). Solar dryers have two main components which are 

drying chamber where the drying product is kept during drying and a manifold which heats up 

the cool air (Finck-Pastrana, 2014). Indirect solar drying is a technology used to produce good 

quality products in terms of colour, texture, flavour, and marketability (Varun et al., 2012; 

Phadke et al., 2015). Indirect solar drying systems are categorized as natural and forced 

convection dryers  (El-Sebaii and Shalaby, 2013). Hence, forms a best alternative solution to 

problems reported on OSD and other traditional drying methods (Beigi, 2016; Lingayat et al., 

2017). Indirect solar drying systems reduce drying time, maintain good quality product 

compared to OSD (Lingayat et al., 2017). Table 2.4 summarises findings on indirect solar 

dryers. Drying process in an indirect solar dryer depends on drying conditions such as relative 

humidity, airflow temperature, and air mass flow rate in the drying chamber and drying kinetics 

(Blanco-Cano et al., 2016). Drying process depends on ambient conditions and solar irradiance.  

Table 2.4 Findings on indirect solar drying 

Crop dried Major findings References  

Olives leaf Lightness (L*) of the final dried leaves increased more than fresh 

leaves, greenness decreased while luminance of the leaves 

improved 

Bahloul et 

al., (2009) 

Lemon 

slices 

Less browning was obtained a solar dryer compared to hot air 

dryer, drying at 60oC.  

Chen et al., 

(2007) 

 

2.9.6 Hybrid solar drying 

Unlike natural convection solar dryers, hybrid solar dryers have a conventional source of heat 

energy or storage to continue drying during non-sunshine hours (Reyes et al., 2014; Rabha and 

Muthukumar, 2017). Drying in these systems does not depend on weather conditions and can 

take place during non-sunshine hours resulting in continued drying so as to minimise chances 

of deterioration of the product by microbial activity (Hossain et al., 2008; López-Vidaña et al., 

2013). Hybrid solar dryers are made of three main components (a) solar collector, (b) energy 

accumulator and (c) drying chamber. Literature reports a number of studies (summarised in 

Table 2.5) conducted on solar dryers with and without the solar accumulator which are reported 
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to use between 10% - 25% solar energy (Reyes et al., 2014). Having a solar storage system or 

convective energy source is of important in energy conversion for agro-processing during non-

sunshine hours. 

Table 2.5 Findings on Hybrid solar dryers 

Crop dried Major findings References  

Potato  Improved final dried product was obtained by increasing the 

number of solar panels from one panel to two panels which 

also reduced drying time from 3 hours to 2h.45 min. 

Chouicha et 

al., (2013) 

Onions and 

Potatoes 

The dryer was able to increase air temperature using solar 

energy and heating elements, improved temperature control 

inside the drying chamber  

Singh and 

Verma (2015) 

 

2.9.7 Solar dryers with other methods of drying 

Agricultural food preservation using various methods has been practised all over the world for 

thousands of years (Aravindh MA and Sreekumar A, 2015; Bala, 2017). Drying has been the 

most common method of preservation in developed, developing countries. A number of studies 

has been conducted on various drying methods to identify the most feasible method to obtain 

a specific final dried product (Costa et al., 2011; Bhargava and Bansal, 2018). Table 2.6 

summarises a comparison between solar drying and other methods. However, solar drying is 

highly affected by the environmental conditions of a specific location (Dina et al., 2015). Some 

key indicators of suitability for solar drying applications includes (a) Amount of sunshine 

received in a particular location and duration, (b) Amount of available solar energy, (c) Quality 

of the final dried product and (d) Introducing solar energy has no negative impact. 
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Table 2.6 Comparison of a solar dryer to other drying methods 

Drying method Advantages (+) and disadvantages of solar drying (-) 

Solar drying versus other 

common drying methods 

(open-sun drying and 

fuelled) 

Almost zero operating costs (+) 

Preferably hot and dry weather conditions (-) 

Reduction of food losses and contamination (+) 

Good quality product (+) 

Sometimes food quality is not significantly improved (-) 

Sometimes market value is not improved (-) 

Enough solar radiation is required (-) 

 

2.10 Drying models 

Depletion of fossil fuels, increased energy demands, high energy costs and environmental 

concerns have resulted in the adoption of solar energy for use in the agricultural enterprises as 

a source of energy (Okonkwo and Okoye, 2005; Fudholi et al., 2010). To prolong shelf-life of 

a fresh produce, products are dried, however, it requires high energy (Olayemi et al., 2011; 

Nwakuba et al., 2016). Drying models which are either empirical, semi-theoretical or 

theoretical have been developed and used over decades to design and select the optimum drying 

conditions to accurately predict simultaneous heat and mass transfer during the drying process 

(Aktaş et al., 2008; Mercali et al., 2010; Kucuk et al., 2014; Onwude et al., 2016). However, 

empirical and semi-theoretical models only account for external resistance to moisture transfer 

between the air and the product while theoretical models accounts only for internal resistance 

to moisture transfer (Asiru et al., 2013). Literature shows that empirical models such as thin-

layer and deep bed frying models are the most widely used models as they can describe thin 

layer water removal and heat penetration during removal when hot air is used (da Silva et al., 

2014; Naderinezhad et al., 2016). To accurately predict heat and mass transfer during the 

drying process and to use empirical equations expressions involving drying rate as a function 

of time, drying time as a function of moisture content are required and the most convenient 

model is selected using the drying curves (Silva et al., 2012; Kucuk et al., 2014).  
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2.10.1 Thin-layer drying theories and modelling 

A thin-layer drying model is a tool used to design, optimize and improve the product quality 

of a drying system (Hashim et al., 2014; Ertekin and Ziya, 2017). It is used to determine the 

drying kinetics of grains, fruits and vegetables and involves simultaneous heat and mass 

transfer operations (Olawale and Omole, 2012; Onwude et al., 2016). Thin-layer drying models 

are classified into (a) distributed models, (b) lumped models, (c) theoretical models, and (d) 

semi-theoretical models (Demiray and Tulek, 2012). Distributed models consider simultaneous 

mass and heat transfer (both internal and external) and also, better predict moisture gradient 

and predict temperature of the product (Erbay and Icier, 2010). These models work on the 

Luikov equation derived from Fick’s second law of diffusion as shown in Eq. 2.6 and Eq. 2.7: 

𝜕𝑀

𝜕𝑡
= ∇2𝐾11𝑀 + ∇2𝐾12𝑇                  (2.6) 

𝜕𝑇

𝜕𝑡
= ∇2𝐾21𝑀 + ∇2𝐾22𝑇                  (2.7) 

Where  

K11, K22  = phenomenological coefficients, 

 K12, K21 = coupling coefficients, 

 
𝜕𝑀

𝜕𝑡
 = mass transfer, and  

𝜕𝑇

𝜕𝑡
 = heat transfer. 

However, thin-layer drying describe two categories of models widely used in drying (a) 

theoretical and (b) semi-theoretical models (Doymaz, 2011; Akoy, 2014; Blanco-Cano et al., 

2016). These models rely on experimental data and has little or less assumptions, hence, they 

give more reliable and accurate results (Onwude et al., 2016). Theoretical and semi-theoretical 

models do not only describe thin-layer water removal but also heat penetration during water 

removal when hot air is used while heating is governed by diffusion model (Asiru et al., 2013; 

da Silva et al., 2014). This accounts for the transport of moisture between the atmospheric air 

and the material (Ajala et al., 2012). 

i. Theoretical models  

Theoretical models accounts for both the external and internal moisture transfer, 

making them more reliable (Erbay Z and Icier, 2010; Onwude et al., 2016). Both the 

internal and external resistances can be calculated using equations that describe mass 
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transfer  (Erbay Z and Icier, 2010). They also account for food materials conductivity, 

geometry, and mass diffusivity  (Kucuk et al., 2014; Onwude et al., 2016). 

 

ii. Semi-theoretical models 

Semi-theoretical models are derived from Fick’s second law of diffusion, with the 

assumption that water resistance in water diffusion occurs in the outer layer of the 

drying material (Meisami-asl et al., 2010; Onwude et al., 2016; Ertekin and Ziya, 

2017). The Lewis, Page and Modified page models are models derived from Newton’s 

law of cooling (Blanco-Cano et al., 2016; Onwude et al., 2016; Ertekin and Ziya, 

2017). Lewis model describes moisture transfer from material as law of heat from a 

material immersed in cold fluid, Page model is a an empirical modified Lewis model 

through the addition of an empirical constant (n) which is introduced to overcome time 

shortcomings of the model and Modified Page model is a modification to Page model 

with and introduction of empirical coefficient (L) for thickness (Silva et al., 2012; 

Ertekin and Ziya, 2017). Appendix B shows a summary of studies conducted on thin-

layer drying of agricultural foods. 

 

2.10.2 Model selection and assessment 

Thin-layer drying models are classified into two main groups namely, lumped element model 

and distributed element model (Onwude et al., 2016). To select models, statistical analysis can 

be used using the experimental data and predicted ratios (Ertekin and Ziya, 2017; Miraei 

Ashtiani et al., 2017). The selected thin-layer models for drying agricultural foods are 

presented in Table 2.9. The experimental moisture ratio can be determined from the 

experimental data using Fick’s second law of diffusion (Rayaguru and Routray, 2012; Silva et 

al., 2012). This law considers both surfaces of the drying material through determination of the 

dimensionless moisture ratio obtained from Eq. 2.8. This equation assumes that the air velocity 

is high enough or the drying material is thin enough to assume temperature and humidity are 

constant (Onwude et al., 2016; Onu et al., 2017). 

𝑀𝑅 =
𝑀𝑡−𝑀𝑒

𝑀𝑖−𝑀𝑒
= 𝑒−𝑘𝑡                   (2.8) 

Where  

𝑚𝑡= moisture content at time, 
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𝑚𝑒= equilibrium moisture content (dry basis), and 

𝑚𝑖= initial moisture content (dry basis). 

 

For the assessment of the models, drying data collected can be used to determine the 

applicability of the models through the application of drying parameters such as coefficient of 

determination (R2), coefficient of correlation (r) and root mean square error (RMSE) (Kaur and 

Singh, 2014; Aregbesola et al., 2015). The value of R2 can be calculated using Eq. 2.9 and is 

unlikely to be 0 or 1 but somewhere in between, the closer it gets to 1 the better the model 

describes the drying behaviour (Onwude et al., 2016; Ertekin and Ziya, 2017). RMSE is a 

measure of a standard error that can be calculated using Eq. 2.10 and coefficient of correlation 

r, is a square root of R2 which is a measure of a correlation between two variables ranging 

between -1 to +1 inclusive (Alibas, 2012; Ertekin and Ziya, 2017). The sum of square errors 

(SSE) can be calculated using Eq. 2.11 which determines the differences between each 

observation. Table 2.7 shows a summary of selected thin-layer drying models. 

𝑅2 = 1 −
∑ (MRexp,   i − MRpre,   i)

2N
i=1

(MRexp − MRexp,   i)2
                                                                                         (2.9) 

Where: 

 MRpre,i = predicted dimensionless moisture ratio by Page model, 

MRexp,i = experimental dimensionless moisture ratio, and 

N =  number of experimental data points 

RMSE =  (
∑ (MRpre,i − MRexp,i)

2N
i=1

N
)

1
2⁄

                                                                                 (2.10) 

𝑆𝑆𝐸 = √
1

𝑁
∑ (MRexp,i − MRpre,i)2𝑁

𝑖=1               (2.11) 

 

 

 



 

 27 

Table 2.7 Selected thin-layer drying models 

Model name Model References 

Henderson and Pabis MR = a exp (−kt) (Diamante et al., 2010; Meisami-

asl et al., 2010; Hashim et al., 

2014) 

Logarithmic MR = a exp(−kt) + b  (Rayaguru and Routray, 2012; 

Kaur and Singh, 2014) 

Two term MR = a exp(−kt) + b exp (−kt) Doymaz, 2011; Akoy, 2014; 

Blanco-Cano et al., 2016 

Midili et al., MR = a exp(−(ktn) + bt (Ayadi et al., 2014) 

 

2.11 Drying pre-treatments 

Sweet potato processing for dried slices and flour production in South Africa is not a common 

practise. Researchers reported that a number of pre-drying treatments are applied during 

processing of sweet potato tubers to improve quality of the final products (Abdulla et al., 2014; 

Haile et al., 2015). Blanching, salting and lemon juice pre-treatments have been used by a 

number of various researchers to determine its effect on the final products (Bechoff, 2010; 

Abano et al., 2013). Blanching, salting and lemon juice pre-treatments have been studied and 

found to affect effective moisture diffusivity (Abano et al., 2013). 

2.11.1 Blanching 

Blanching is also known as a hot water treatment method used in commercial drying of 

agricultural foods (fruits and vegetables) (Allen et al., 2016; Wang et al., 2018). Effect of 

blanching treatment at various temperatures has been studied by a number of researchers and 

modelled using thin layer drying models to describe drying kinetics (Oke and Workneh, 2014; 

Garba et al., 2015).  Abdulla et al., 2014 studied then effect of pre-drying, blanching and citric 

acid treatment on the quality of fried sweet potato chips. The study concluded that sweet potato 

chips with pre-drying only were darker compared to blanched and citric acid treated chips. On 

the other hand, Lui et al., 2014 studied the effect of steam (SB), hot water (HWB) and 

microwave blanching (MWB) on purple-flesh sweet potatoes. The study reported the HWB 
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and SB treated samples significantly bright final products compared to MWB. Research 

revealed that blanching is an important step in preventing off flavour and colour when drying 

fruits and vegetables (Doymaz, 2011; Dinrifo, 2012; Wang et al., 2018). It is reported that 

blanching also reduces primary causes of quality degradation such as browning (Liu et al., 

2015). Hence, blanching of sweet potato slices will be done to improve sensory characteristics 

of the final dried product. 

2.11.2 Salting 

Salting in the form of sodium chloride has an influence in improving crispiness and taste of 

dried sweet potato chips. However, studies reflect that there is a potential of reducing β-

carotene (Tumuhimbise et al., 2013; Clifford et al., 2014; Haile et al., 2015). Gaston et al., 

2013 studied the effect of salting on sensory characteristics and quality of orange fleshed sweet 

potato crisp (OFSP). The study reported that OFSP treated with 2 % salt scored highest 

acceptability mean scores and reasonably stable during storage while there is no difference 

between varieties (Ejumula and Kakamega). Haile et al., 2015 reported that salt treated sweet 

potato slices had the lowest moisture content and the highest ash content. Salting of sweet 

potato slices increases stress in enzymes, bacteria and reduces osmotic tension on tubers cells 

(Bechoff et al., 2011; Gaston AT et al., 2013).  

2.11.3 Lemon juice 

Moisture content reduction of agricultural foods to less than 20% wet basis reduces microbial 

and enzyme activities (Antonio et al., 2008; Abano et al., 2013). Lemon juice has been used as 

a pre-treatment to inhibit microbial growth on sweet potato slices during drying and storage 

(Bechoff, 2010). Abano et al., 2013 studied the effect of ascorbic acid, lemon juice and honey 

treatment on sensory characteristics and drying kinetics of dried mango slices. The results 

obtained showed a high preference on sensory characteristics of final dried samples pre-treated 

with honey, followed by ascorbic acid, control lemon juice and salt solution respectively. 

Hence, the study concluded that these pre-treatment can be applied before drying of food 

materials to enhance moisture transport and quality of the final product. Therefore, this study 

will use salt, lemon juice and blanching pre-treatments. 

2.12 Assessment of sweet potato slices 

The quality of sweet potato slices after drying is assessed using various quality parameters such 

as physical, physiological, chemical and structural properties. 



 

 29 

2.12.1 Physical properties - colour 

Colour of the food material are important attributes to attract the consumer to buy (Oyedeji et 

al., 2017; Bhargava and Bansal, 2018). Hence, adequate drying is required to maintain the 

natural colour and texture (Meher and Nayak, 2016). Colour of the final dried food material 

can be used to determine the effect of drying and pre-treatment method (Costa et al., 2011; 

Pathare et al., 2013). Colour is correlated with physicochemical properties of food; therefore, 

it can be used to indirectly measure the quality of the final products such as nutritional and 

sensory attributes (Cubero et al., 2011; Nisha et al., 2011). Colour of any food material can be 

defined by three dimensional parameters, Lightness (L*), redness (a*) and yellowness (b*) 

(Tiwari et al., 2009). CIE L* a* b* shown in Figure 2.6 is the colour indicator axis developed 

in 1976 to provide more uniform color differences. The CIELAB colour space indicates that 

lightness ranges between L*=100 (white) to L*=0 (dark), a* indicates - a* (greenness) to + a* 

(redness) and b*indicates - b*(blueness) to + b* (yellowness). 

 

From these color parameters, color intensity and hue angle can be calculated using Eq. 2.12 

and Eq. 2.13 respectively (Abdulla et al., 2014): 

𝐶 = √(𝑎∗)2 + (𝑏∗)2                 (2.12) 

ℎ𝑎𝑏 = tan−1 (
𝑏∗

𝑎∗)                 (2.13)

  

Figure 2.4 CIELAB color space  (Abdulla et al., 2014) 
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2.12.2 Physiological properties - mass 

Sweet potato tubers are classified as high moist crops with a moisture content between 60%-

80%. However for long term storage, this moisture content needs to be reduced to at least 10% 

(Antonio et al., 2011; Meher and Nayak, 2016). Moisture content can be calculated using Eq. 

2.14 after Bolaji et al., (2008): 

MC (%) = [
Mi − Mf

Mi
] × 100                                                                                                        (2.14) 

Where: 

 Mi = is the mass of a sample before drying [kg], 

 Mf = is the mass of a sample after drying [kg], and 

MC = is the moisture content of the sample [%]. 

This can also be used to determine the amount of weight lost. 

 

2.12.3 Physicochemical properties – Starch structure  

Sweet potato starch morphology generally changes after thermal treatment and they are related 

to sensory and physicochemical characteristics of the food product, hence, need careful 

monitoring (Lai et al., 2013; Babu et al., 2015). Studies reported that cooking methods have 

effect on starch content of various sweet potato cultivars. Wei et al. (2017) reported that 

steaming reduces starch and sugar content on sweet potatoes. Electron scanning microscope 

(SEM) and transmission electron microscopy (TEM) are used to study starch granules 

morphology and gelatinization of sweet potato slices after thermal treatment (Yung-Chang and 

Che-Lun, 2013; Wei et al., 2017).  Sweet potato starch has two main components amylopectin 

and amylose. Babu et al. (2014) reported that modification of starch with acid hydrolysis can 

alter physicochemical properties of starch without affecting the starch granule structure.  

2.13 Discussion and Conclusion 

Population increase in developing countries results in increased competition for resources and 

food allocation (Gustavsson et al., 2011; Abass et al., 2014; Kiaya, 2014). Electricity grid 

connection and conventional fossil fuels are the major uneven distributed resources, hence, 

rural areas and other developing countries have limited access to these resources (Bolaji and 

Olalusi, 2008; Beneke et al., 2016; Tiwari, 2016). STAT SA stats that South African population 
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will increase to 80 million by 2035 and this demands an increase in agricultural food production 

to meet up with the growing population. Agricultural production and agro-processing require 

high energy input and high level of expertise in operation which is a challenge to developing 

countries (Afriyie and Bart-Plange, 2012; Chouicha et al., 2013; Lingayat et al., 2017). Almost 

80% of food produced in developing countries is produced by the small-scale farmers who lack 

proper storage and processing equipment because of limited energy sources (Phadke et al., 

2015).  

Studies conducted in the past report and estimate losses of up to 50% for fruits and vegetables 

produced and 25% for grains grown (Kiaya, 2014). From these reports it can be derived that 

extra food is required for an increasing population and can be met by reducing postharvest 

losses (Sanni et al., 2012). Sweet potato tubers are amongst 95% of root and tuber crops 

produced in developing countries and are reported to be the most promising crops to meet up 

with the increasing food demands. However, they are bulky with high moisture content that 

needs to be reduced in order to limit enzymatic and microbial activities so as to limit 

deterioration  (Abong et al., 2016). 

Dehydration and drying are the most common and the oldest methods used to reduce the 

moisture content of the food (Doymaz, 2011; Hashim et al., 2014; Ertekin and Ziya, 2017). 

Amongst other preservation techniques, drying is a standout method. However, it requires high 

energy input, high capital and running costs (Nwakuba et al., 2016). Solar drying is the most 

attractive and promising energy source which can be used in countries with enough available 

solar radiation, mostly developing countries (Kiaya, 2014; Jabeen et al., 2015; Onwude et al., 

2016). South Africa is one of the developing countries receiving enough solar radiation which 

can be harnessed for energy-intensive processes such as drying (Qase et al., 2015; Beigi, 2016). 

Open sun drying (OSD) is the oldest and the most common method for small-scale farmers and 

developing countries, however, it is less efficient with a number of drawbacks (İsmail et al., 

2015; Tiwari, 2016).  Solar dryers were then developed to overcome these drawbacks and 

inefficiencies (Afriyie and Bart-Plange, 2012; Rodríguez, 2012). They are made of a drying 

chamber and solar collector’s compartments which are the improvement of the OSD (Altobelli 

et al., 2014; Lingayat et al., 2017). Innovative technologies such as solar chimney, thermal 

storage, and wind ventilators dryers have been developed with the aim of improving drying 

processes (Madhlopa and Ngwalo, 2007; Lingayat et al., 2017). Studies on improvement of 

traditional methods and development of improved solar drying technologies in South Africa 

lag behind, specifically sweet potato drying technologies.  
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Naturally ventilated solar chimney dryers were found to be the most promising and beneficial 

drying technology for small-scale and developing farmers (Khanal and Lei, 2011). In solar 

drying technology, solar energy is collected via solar collectors to the drying chamber to 

remove the moist air through the solar chimneys (Khanal and Lei, 2011; Blanco-Cano et al., 

2016). The literature review shows that small scale farmers already have storage housing for 

their produce, however, there is still a lack of methods to improve shelf life of their produce so 

as to make profit from their produce. The use of solar drying room technology is a feasible 

solution as it allows drying high volumes of the produce. The study has identified a research 

gap in South Africa which is the potential to improve their existing storage houses into solar 

drying rooms by incorporating solar chimneys and drying chambers.   In this system, air flow 

is one of the most important factors influencing the performance of a solar dryer amongst 

relative humidity and temperature  (Hegde et al., 2015). In order to close this gap, solar drying 

coefficients and thin-layer drying models will be used to optimize a solar venturi dryer and to 

establish optimal drying conditions a dryer (Ferreira et al., 2008; Aregbesola et al., 2015). 

Literature reviewed shows that improved performance of solar dryers will not only benefit 

small-holder farmers but also resource-poor farmers who depend on farming for income 

generation and survival (Altobelli et al., 2014). The development and improvement of solar 

dryers will help the producers to venture new business opportunities such as selling both fresh 

and processed produce. Drying as a preservation method with the use of drying pre-treatments 

is proven to be the most reliable and promising technology not to only reduce food losses but 

to also meet the expected increase in food supply.  
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3. PROJECT PROPOSAL 

The proposed project focuses on the design, construction and evaluation of a solar-venturi dryer 

for the dehydration of sweet potato slices under Pietermaritzburg (South Africa) conditions. 

The project seeks to establish a combination of thin-layer drying model that best describes 

drying kinetics of the solar-venturi dryer and pre-treatment method for production of quality 

dried sweet potato slices. 

3.1 Rationale of the Project 

Literature shows that South Africa will soon have electricity-based energy problems (Qase et 

al., 2015). Tiwari (2016) reported that there is a depletion of conventional fossil fuels. 

Therefore, harnessing renewable energy for agro-processing is of utmost importance (El-Sebaii 

and Shalaby, 2012; Pirasteh et al., 2014; Kumar et al., 2016; Lingayat et al., 2017). Producers 

in developing countries, especially in rural areas depend on farming for food safety and 

security, poverty alleviation, and income generation (Morante et al., 2010; Sanginga, 2015). 

Hence, optimization of the solar-venturi dryer has a greater potential for dehydration of the 

fresh produce. Harvesting solar energy is economical and non-polluting. It will enable the 

farmers to harvest and store without facing post-harvest losses and gives them an opportunity 

to transport their produce to urban markets. Hence, the existing solar venturi drying room will 

be optimized in order to increase the product quality sweet potato slices through production of 

acceptable final product in terms colour and morphology while reducing the drying time and 

increase drying efficiencies compared to the traditional drying open sun drying and the other 

existing solar dryers. 

3.2 Objectives 

The objectives of the study are: 

i. To evaluate the effect of a solar-venturi dryer on the thermal drying air conditions of 

the constructed solar dryer. 

ii. To evaluate and compare thin-layer drying characteristics and model heat and mass 

transfer of sweet potato slices drying under solar-venturi naturally ventilated and hot 

air oven dryer. 

iii. To evaluate and compare the effects of solar venturi and hot air drying process on the 

changes in quality and moisture content of sweet potato slices. 
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3.3 Research Questions 

The research questions of the study were: 

i. Is the airflow uniformly distributed inside the drying chamber? 

ii. How will the external environmental conditions (wind velocity, air temperature, and 

relative humidity) affect the performance of the dryer? 

iii. Which heat and mass transfer models can best describe performance of the solar 

chimney dryer? 

3.4 Hypothesis 

The hypothesis of this study is that: 

i. Airflow is uniformly distributed inside the drying chamber. 

ii. Performance of the solar dryer is affected by the air velocity and temperature and 

humidity. 

iii. Thin-layer model considering air velocity and temperature will best describe thin-layer 

drying of sweet potato slices and slices with shorter drying time will have less changes 

in quality. 

3.5 Materials and Methods 

3.5.1 Study area 

The study will be carried out at the Ukulinga research farm, University of KwaZulu-Natal 

Pietermaritzburg, South Africa (30o24’S’’ and 29o24’E at an altitude of 721 m above sea level). 

The average long-term minimum and maximum temperatures of the study area range from 6.0 

- 16.4 oC and 20.6 - 27.4 oC respectively, while the relative humidity ranges from 61.1 - 75.3 

%. The area receives an average solar radiation of between 15.1 and 27.8 MJ.m-2.day-1 which 

is sufficient for solar drying application (Schulze and Maharaj, 2007). Pietermaritzburg 

receives an average long-term minimum and maximum temperatures ranging from 10.0 - 17.1 

oC and 12 - 27 oC, respectively, while the relative humidity ranges from 61.1 – 68.1 %.  The 

average solar radiation, wind speed, and average sunshine hours for the month of September 

range from, 15.1 - 27.8 MJ.m-2.day-1, 0.8 – 9.7 m.s-1, and 7 hours, respectively (Schulze and 

Maharaj, 2007). The weather data (temperature, relative humidity, solar radiation, and wind 

speed) will be obtained from the weather station in Ukulinga. 
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3.5.2 Sweet potato sample preparation 

A batch (50 kg) of fresh sweet potato tubers will be purchased from a local supermarket (Pick 

n Pay, Pietermaritzburg, South Africa). Sweet potato tubers with no physical damage and no 

sign of fungal or microbial attack will be selected. The selected tubers will then be peeled using 

a carbon steel blade potato peeler. After which they will be washed using deionized water. The 

tubers will be dabbed using paper towels to remove the water on their surface. Thereafter, the 

sweet potato tubers will be sliced into rectangular shaped slices of dimensions, 50 by 20 mm, 

using a stainless steel kitchen knife. The thickness of the slices varied from, 3, 5, and 7 mm. 

The slices will then be pre-treated by either dipping in a salt solution (0.1 % w/v concentration 

for 20 minutes), lemon juice solution (1 % w/v concentration for 20 minutes), or blanched in a 

water bath at 70 oC for 10 minutes (Labotech water bath, Thermo Fisher Scientific, Waltham, 

Massachusetts, United States). The control samples will not be pre-treated. The pre-treated 

samples will finally be dabbed using paper towels to remove any liquid from their surface 

before actual drying. The experiments will be replicated three times as shown in Appendix B.  

3.6 Description of the Solar-venturi Dryer 

The solar-venturi dryer will be made up of three main parts, namely; solar collector, drying 

chamber and solar-chimney (Figure 3.1). The solar collectors will heat ambient air before it 

enters the drying chamber, moving from the top to the bottom tray as a result of the negative 

suction. The negative suction created by the solar chimney and the whirly bird extracts the air 

from the drying chamber out through the chimney. 
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i. Solar collector   

The solar radiation collector will be constructed using a galvanized corrugated iron sheet (760 

x 3500 x 1 mm). The emissivity and absorptivity of galvanized steel is 0.13 and 0.65 

respectively. The galvanized corrugated iron sheet will be painted black to increase absorption 

of the available solar irradiation. Painting the galvanised corrugated iron sheet black can 

increase its absorptivity up to 0.90 (Sanni et al., 2012; Seidu et al., 2012). A clear polycarbonate 

sheet (750 x 3600 x 1 mm) will placed on top of the galvanized corrugated iron sheet with a 

clearance of 100 mm. The polycarbonate sheet will be supported by a rectangular steel bar 

frame of cross-section, 3 x 100 mm. Polycarbonate sheeting has a transmittance of 0.80. The 

ambient air enters the solar collector via the circular opening (20 x 50 mm diameter) at the 

bottom side of the solar collector with a spacing of 100 mm centre to centre as shown in Figure 

3.2 and exit from a circular opening (2 x 150 mm diameter) on the top side into the drying 

chamber. 

Solar collectors 

Whirly bird 

Solar-chimney 

Drying chamber with drying trays 

Figure 3.1 Solar-venturi dryer (red pointer = heated air; blue pointer = ambient air) 
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ii. Drying chamber  

The drying chamber of dimension 900 x 600 x 1450 mm, will be constructed using L-shaped 

steel frames (25 x 25 x 5 mm). The steel frame will be enclosed using 9.5 mm thick plywood. 

The drying chamber will be fitted with six (900 x 600 mm) equally spaced trays (200 mm apart) 

made of wire mesh (aperture size of 0.23 by 0.23 mm). The drying chamber has two circular 

(150 mm in diameter) air inlets at the top, which will be connected to the solar collector via 

two 1100 mm long cylindrical pipes each with a diameter of 150 mm. The air will exit the 

drying chamber through a 300 mm diameter hole at the bottom that will be connected to the 

solar chimney using an L-shaped galvanised steel cylindrical pipe of 300 mm in diameter. 

Figure 3.3 Schematic presentation of the drying chamber 

Galvanised corrugated iron sheet 

Clear polycarbonate sheet 

Air passage supported by 

a rectangular steel bar 

Figure 3.2 Front view of the solar collectors 
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iii. Solar chimney  

Solar chimney will be made of galvanized steel with a height of 3600 mm and a diameter of 

300 mm (Figure 3.1). The solar chimney will also be painted in black. A whirly bird of 250 

mm in diameter will be connected using a ducting reducer of 300-250 mm in diameter. 

3.6.1 Experimental design  

Performance of the a factorial experimental design will be used with two main blocks namely; 

solar drying (SD) and hot air oven drying (HAD) methods as factor A, three thickness sizes (3, 

5 and 7 mm) as factor B, three pre-treatment methods (lemon juice, salting and blanching) and 

a control as factor C as shown in Appendix C. The experiment will be replicated three times. 

Analysis of variance will be performed to test for the effect of each factor, viz; drying method, 

thickness size and pre-treatment method on the drying time, color, starch morphology and 

moisture content of the final dried product. This will be evaluated at food engineering 

laboratory at University of KwaZulu-Natal. 

3.6.2 Drying experiment 

Drying experiments will be conducted in a solar-venturi dryer constructed at Ukulinga research 

farm and in the hot air oven dryer available at food engineering laboratory. The results obtained 

will be compared in terms of the drying time and the quality of the final dried product. 

3.7 Resources and Equipments Required 

Equipments required for assessments and the means of acquisition to ensure availability during 

evaluation of the constructed solar-venturi dryer. A table summarizing instrument, quantity and 

means of acquisition is provided in Appendix D.  

3.8 Project Assessment 

This research will be assessed in terms of its social impacts, environmental, health and safety.  

3.8.1 Social impacts and environmental impacts 

This research will help small-holder farmers in rural areas will be able to use processing and 

preservation dryers as this design will optimize the use of solar energy to power drying systems. 

Solar energy is an economic and non-polluting source of energy which can be harnessed in 

every part of the world. Harvesting of solar energy has no negative impacts on the environment. 

Solar energy is an abundant source of energy.   
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3.8.2 Health and safety 

Use of naturally ventilated solar dryer to dry agricultural crops requires no skills to operate nor 

handle. General safety clothing is adequate for the use. The design and experimental testing 

have little health hazards.  

3.9 Possible Papers for Publishing 

Thesis document will be organized in a paper format with each chapter forming a paper. 

Paper 1 A review of the sweet potato tubers in terms of their production, processing and 

storage globally which will provide a review on studies that have been 

conducted associated with processing and storage, mainly dehydration to 

minimise quality losses and value addition on the produce for rural farmers. 

Paper 2 Performance evaluation of the solar chimney dryer constructed and evaluated 

in Pietermaritzburg conditions at different loading intensities. 

Paper 3 Studies thin-layer drying characteristics of sweet potato slices and modelling 

their heat and mass transfer during drying under solar chimney dryer and hot-

air oven drying system. 

 

3.10 Project Plan 

The design, construction and evaluation of the solar venturi dryer will have a number of stages, 

such as (a) literature review, (b) project proposal, (c) theoretical design, (d) compilation of the 

report, (e) construction and evaluation of the design (f) experiments and (g) writing of the final 

report. Gantts chart is shown in Appendix E. 
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5. APPENDICES 

5.1 Appendix A 

Table 5.1 Psychometrics variable definition 

Variable Psychometrics definition 

Dry-bulb temperature (Tdb) Is a psychometric property (temperature) that can be defined as the average kinetic energy or heat content of 

particles in the air which can be referred to as a primary force for heat transfer (Mittal and Zhang, 2003). It is 

measured using a normal thermometer without interference (actual air temperature). The vapour pressure at 

this temperature is defined as saturated partial pressure of water vapour and gives an indication of the sensible 

heat (Chukwunonye et al., 2016). For drying, dry-bulb temperature ranges between 4 to 287 oC. 

Wet-bulb temperature (Twb) Is the temperature of air if the energy required to bring air to saturation is taken from the thermal energy of 

the air (Devres, 1994; Mittal and Zhang, 2003). Practically this temperature can be obtained if you stick your 

thermometer into a wet cotton wick, and wait for a few moments and the resulting temperature is the wet bulb 

temperature (Chukwunonye et al., 2016). Hence, this temperature indicates the quantity of the latent heat. 

Dew point temperature (Tdb) Is the temperature at which water begins to condense out of the air, also known as the saturation point (Mittal 

and Zhang, 2003). 

Relative humidity (RH) Is the ratio of the partial pressure of moisture to partial pressure of water if air is saturated with water (Mittal 

and Zhang, 2003). When trying to understand the psychometric properties of air, these properties become 

handy and they are presented on a single chart as shown in Figure 2.2 
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5.2 Appendix B 

Table 5.2 Summary of studies conducted on thin-layer drying 

Crop dried Drying method Best drying model Reference 

Apple slices (Golab) Oven dryer Midilli et al., 

Henderson and Pabis 

(Meisami‐asl E et al., 2010; Zarein M 

et al., 2013) 

Jackfruit Tunnel dryer Midilli et al., (Saxena J and KK, 2015) 

Chilli (pickino) Oven dryer and fluidized bed dryer Midilli et al., (Mihindukulasuriya SDF and 

Jayasuriya HPW, 2013) 

Apple slices (Mclntosh) Laboratory hot air convective dryer Logarithmic (Kaleta A and Górnicki K, 2010) 

Basil leaves Tunnel and tray dryer Logarithmic (Kadam DM et al., 2011) 

Beetroot Tray and microwave dryer Two term (Kaur and Singh, 2014) 

Onion slices Open sun drying Two term (Yaldýz O and Ertekýn C, 2007) 

Pumpkin Laboratory hot air convective dryer Henderson and Pabis (Zenoozian MS et al., 2008) 
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5.3 Appendix C 

 

Keys : 

T1 : Thickness 1 (3 mm) 

T2 : Thickness 2 (5 mm) 

T3 : Thickness 3 (7 mm) 

HAD : Hot air dryer  

SAD : Solar-venturi air dryer 

 

 

 

 

 

Figure 5.1 Experimental design 
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5.4 Appendix D 

Table 5.3 Resource planning and equipment 

Instrument Quantity Means of acquisition Price 

(ZAR) 

1. Mass balance 1 Available-UKZN  - 

2. Digital watch 1 Available-UKZN - 

3. Hot water bath 1 Available-UKZN - 

4. Hobo data loggers 6 Available-UKZN - 

5. Thermocouples 1 Available-UKZN - 

6. Anemometer 1 Available-UKZN - 

7. Knife 1 Available-UKZN - 

8. Vernier callipers 1 Available-UKZN - 

9. Electron scanning microscopy 1 Available-UKZN - 

10. Minolta Chroma meter (Minolta 

CR-300)-Colour meter 

1 Available-UKZN - 

11. Gloves  Available at the LAB - 

12. Lemon juice 1 Purchased  R12.00 

13. Salt  1 Purchased R10.00 
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5.5 Appendix E 

Table 5.4 Activity chart 

 

Year 

 

Task 

Time (Months) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

 

 

2017 

 

Lit. review              

Proposal and presentation             

 

Construction 

            

 

 

 

2018 

 

Experiments  

Empty dryer             

Loaded             

 

Thesis 

 

Paper 1             

Paper 2             

Paper 3             

Final write-up             

2019 Thesis Final write-up             
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