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Abstract 8 

The study is aimed to enhance the shelf life of ivy gourd through solar drying method in open, forced and natural 9 

convection mode. Ivy gourd is treated as primary agent to prepare medicines and the stems, leaves; flowers are used to 10 

cure the diseases related diabetics, ulcer, skin. The normal shelf life is 2-3 days and it can be increased up to 6 months 11 

with an effective drying process. The experiment is intended to find the best drying process among the open, natural and 12 

forced convection mode with an initial dipping method with ascorbic acid, lemon juice, sugar solution, honey solutions 13 

individually and a control sample (without dipping). A 3kg sample of ivy gourd is dipped in 10g/L of the each of the 14 

solution and it is used for the three drying process individually. The obtained results are indicating that forced convection 15 

method for ascorbic acid is best among the other drying method with highest moisture diffusivity is 7.88×10 -8 m2/s and 16 

lowest activation energy 21.12 kJ/mol. It was observed that the drying kinetics of ivy gourd should be considered an 17 

indicator of efficiency for solar drying technique from environmental safety perspective. The influence of dipping 18 

solution and drying mechanisms on the functionalities of drying are discussed with suitable illustrations.  19 

  20 

Keywords: Solar Drying; Dipping Pre-treatment; Ivy Gourd Drying Characteristics; Activation Energy; Moisture 21 

Diffusivity 22 

1.   Introduction 23 

The developing countries are experiencing food scarcity due to the inefficacy to preserve food supplies compared to low 24 

production. The medicinal values existed in vegetables are partially using in the current situation due to inefficient and 25 

uneconomical preservation process. Ivy gourd is one of the tropical vegetables which remain under treated though it 26 

contains many nutraceutical properties.  Solar drying is considered as one of the prominent food preservation techniques 27 

for many years which can be supportive to maintain nutritional and medicinal benefits for long time. However this 28 

process highly dependent on solar irradiation and it requires constant supply at longer duration. It is observed that the 29 

developing countries are facing post-harvest losses due to inefficiency at utilizing solar dryers and the mode of drying. 30 

As suggested by Bellesiotis et al, drying functions on two moisture transfer mechanisms such as transfer of moisture 31 

from the mass to the surface and transfer of moisture from the surface to the surrounding air (Belessiotis and Delyannis 32 

2011). 33 

1.1.   Solar Drying of Perishable Crops 34 

Vegetables and fruits are vital sources of necessary dietary nutrients but are characterized under perishable goods since 35 
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their moisture content exceeds 80% (Changrue and Raghavan 2006). Storing the product dry and moisture-free are the 36 

prominent ways to sustain its quality and nutrition, but a majority of such storage mechanisms need low-temperature 37 

setups that require heavy maintenance. Around 20% of the world’s perishable food supplies are subjected to drying in 38 

order to expand their shelf storage span and enhance food quality (Grabowski, S., Marcotte, M. and Ramaswamy 39 

2003). Important quality attributes associated with vegetables include their sensory appeal, drying characteristics, 40 

microbial load, aroma, taste, retention of nutrients, and exclusion from pests and preservatives (Bhatta et al. 2020). 41 

A curtailment in the post-harvest losses of agricultural crops can majorly influence the economy of developing 42 

countries positively (Chandra and Sodha 1991). About 80% of the agricultural products in countries like India are 43 

cultivated by small-scale farmers (Murthy 2009). These farmers use the natural sun for drying agricultural and other 44 

food products due to the abundant availability of sunlight in the form of solar energy. This process is regarded as open 45 

drying. However, open sun drying has its disadvantages which affect the standard of the end product making it 46 

inappropriate to consume. Also, certain crops are not supposed to be sun-dried as they may lose their desirable 47 

characteristics (Jairaj et al. 2009). Drying and removal of moisture content from the fruits and vegetables require a 48 

comprehensive analysis of the drying mechanism which helps in enhancing the drying efficiency and end product 49 

quality resulting in a considerable decrease in the post-harvest losses. Hot air convective drying is still the widely 50 

recognized and accepted drying method although it possesses several disadvantages like high energy consumption 51 

(Lewicki 2006). The features and standard of the products that are dried and their consumption are major factors 52 

considered while identifying the drying mechanism (Al-Juamily et al. 2007). An efficient drying system should be cost-53 

effective and potential enough to optimize the energy consumption and to minimize the operational cost without 54 

compromising on the quality of drying of the product. Hence solar dryers incorporated with evolving novel 55 

technologies are perfect options for drying perishable crops which reduces both energy consumption and operational 56 

cost.  57 

The adaption of solar thermal systems to preserve fruits, vegetables, and various other agricultural products is 58 

proven to be a more efficient, cost-effective, and environmentally friendly approach. The solar drying technique is a 59 

very clean and hygienic alternative that processes the vegetables and fruits in sanitary conditions. It occupies less area, 60 

saves energy and time, and makes the process highly efficient concerning drying time and drying characteristics 61 

(Funebo and Ohlsson 1998; Zhang et al. 2006). In comparison to conventional open sun drying techniques, solar drying 62 

is highly advantageous since it mitigates several issues like contamination, the possibility of spoilage, lack of control, 63 

and ambiguity over-drying conditions due to longer drying duration. The solar drying method is also economical, unlike 64 

the widely used convective hot air dryer method which has a high fuel consumption rate and energy cost. As solar 65 

energy is one of the prominent renewable energy sources and available abundantly, it is widely accepted for the 66 
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dehydration of perishable food supplies. The main advantages of solar drying of agricultural crops include the 67 

possibility of an early harvest, long-term storage without deterioration, and selling a better-quality product. As an added 68 

advantage, it minimizes packaging requirements and reduces transport weight. 69 

1.2.   Pre-treatments before Solar Drying 70 

As reported by Sablani, changes are happening with the evaluation of quality and standards of nutrition of the 71 

agricultural products after dehydration (Sablani 2006). The agricultural crops that are using solar drying should be 72 

capable of retaining their various quality features which include colour, texture and nutritional values post dehydration or 73 

drying. Quality enhancement is attained by different pre-treatment methods before drying. The application of appropriate 74 

pre-treatments before drying enhances the quality of drying by minimizing the time required for drying, improving 75 

drying attributes, and preserving energy-yielding higher-quality end products. Several pre-treatment methods are 76 

available that are incorporated with the drying mechanism and blanching is considered as the most generalized method. 77 

Dipping treatment which involves the dipping or soaking of an agricultural product mainly in organic acids (Karapinar 78 

and Gönül 1992) serves as an alternative to blanching which helps in reducing the quantity of conventional flora and 79 

pathogenic species and, some of them like acetic acid reportedly mitigate the activity of enzymes responsible for 80 

browning (Chiewchan et al. 2010). Dipping involves soaking washed, peeled, and sliced fruit and vegetables in a suitable 81 

liquid commonly called a dipping solution. Dipping is mainly tried in fruits such as apples, bananas, peaches, and pears 82 

and it prevents it from oxidizing. Commonly employed dipping solutions consider juices that are high in vitamin C such 83 

as orange, lemon juice, pineapple, grape, and cranberry juice or solutions of honey, ascorbic acid (Vitamin C), sodium 84 

bisulphite, and sugar solution which serve as antioxidants are found effective. The solution of ascorbic acid and water is 85 

the best way to prevent browning. Any fruit juice that has high vitamin C value is considered as a dipping solution, 86 

although it might not efficient as pure ascorbic acid. The solution of honey and water can also be used as a dipping 87 

solution for pre-treatment before carrying out the drying. Honey mixed with refined sugar solution and water as a dipping 88 

solution can enhance the taste of the dried fruit or vegetable in comparison with various other dipping solutions. 89 

1.3.   Drying Characteristics: Moisture Diffusivity and Activation Energy 90 

Drying characteristics such as moisture diffusivity and activation energy have a huge impact on the process of solar 91 

drying which mainly determines the rate of drying and time required for drying. Drying characteristics depend on the 92 

crop properties, drying mechanism, and the pre-treatment used. Effective moisture diffusivity is stated as the rate of 93 

moisture movement and activation energy is the minimum energy required to start the drying mechanism or moisture 94 

transport. 95 
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Various research works have investigated the process of activation energy and diffusion of moisture into the thin 96 

layer drying of different food products such as onion slices (Demiray et al. 2017), beriberi fruit (Aghbashlo et al. 2008), 97 

hazelnuts (Özdemir and Onur Devres 1999), potato slices (Akpinar et al. 2003), candlenuts (Tarigan et al. 2007), plums 98 

(Goyal et al. 2007), grapes (Pahlavanzadeh et al. 2001), Tomato (Elavarasan E et al. 2021), Poovan banana (Anagh S 99 

Bhanu et al. 2021), red banana (Elangovan and Natarajan 2021b) and seedless grapes (Ibrahim Doymaz and Pala 2002). 100 

Moisture diffusivity of the drying product should be high which in turn increases the drying rate reducing drying time. 101 

Whereas activation energy should be less in order to initialize the drying task with less amount of energy maintaining 102 

very minimum drying time. An ideal range of moisture diffusivity lies between 10-9 to 10-11 m2/s and activation energy is 103 

better to be below 35kJ/mol to have an effective drying process (Mirzaee et al. 2009).  104 

Solar dryers incorporated with storage devices for storing thermal energy are important in the applications of food 105 

drying. Many researchers have used paraffin wax as PCM along with an indirect solar dryer (IDSD) which is capable of 106 

mitigating the losses in the form of heat and enhancing the thermal efficiency of the drying system by storing the thermal 107 

energy during daytime and using it after sunset. Hence PCM increases the operational duration of the solar dryer and 108 

controls the temperature used for the drying mechanism which consequently minimizes the drying time by 50% in 109 

comparison to the dryer without PCM (El-Sebaii and Shalaby 2017; Yadav and Chandramohan 2018). The ambient 110 

temperature and solar radiation essay a prominent role in deciding the potential influence of solar dryers. A review done 111 

by Sandali et al. (2019) mentioned various techniques to improve the overall efficiency of the drying system. The solar 112 

dryer integrated with a chimney augments the buoyant force applied on the air stream resulting in higher airflow velocity 113 

and increases the moisture removal rate. Also, a sustainable forced convection method using a fan running with the help 114 

of electricity produced by photovoltaic panels gives out forced air circulation and increases the moisture removal rate. 115 

The usage of concentrators results in increased air temperature inside the dryer which helps in decreasing the drying 116 

time. Saxena and Gaur (2020) introduced a novel solar-assisted greenhouse type dryer integrated with an evacuated tube 117 

solar collector to regulate and maintain the greenhouse conditions. It also consists of flow regulating devices, solar PV 118 

modules for providing forced circulation of solar-heated water, and a drying bed with water flow arrangement. The 119 

drying time is observed to be decreased by 2-4hrs by employing the setup. For obtaining the spatial drying homogeneity, 120 

Amjad et al. (2021) introduced a solar hybrid food dryer by incorporating a gas burner and evacuated tube solar collector 121 

with an inline perforation inside the drying chamber. 122 

The following research gaps have been identified from the cited research literature:  123 

(i) The influence of pretreatment of the samples on the overall drying period is not investigated. 124 

(ii) The pretreated drying characteristics of Ivy gourd have been not analyzed. 125 

(iii) Sensory appeal such as aroma, taste, color, shrinkage and texture after the drying is not estimated. 126 
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The current research is aimed to enhance the shelf life of ivy gourd through solar drying after pretreatment with 127 

different solutions. Section-2 presents the research design, experimental setup and mathematical equations to support the 128 

investigational study. Section-3 presents the obtained results and the relevant discussions performed through the 129 

observation. Section-4 concludes the article by presenting the overview and future scope of the research.  130 

2. Research Methodologies  131 

2.1.   Sample Preparation  132 

The experimental procedure starts with preparing the sample. 15 kg of fresh ivy gourd is purchased from the market. 133 

Washing, peeling, and slicing of ivy gourd to the required size is done. Dipping pre-treatment is performed by immersing 134 

the ivy gourd samples for 10 minutes in five types of dipping solutions namely ascorbic acid, lemon juice, sugar solution, 135 

honey, and control solution categorizing it into five different samples. 1kg of each (a total of 5kg) is taken for 3 different 136 

experimental setups.  137 

2.2.   Solar Dryer Setup and Temperature Monitoring  138 

The three major solar drying setups used for experimental analysis are illustrated in Fig. 1, which includes an open sun 139 

dryer, a natural convection dryer, and a forced convection dryer. The natural convection dryer and forced convection 140 

dryer are equipped with a drying chamber made of a two-layered galvanized iron sheet (GI) of dimensions 141 

1290mm×850mm and thickness 1.5mm. The top portion of the chamber is covered with a pane glass of 5mm thickness. 142 

The dryers were designed in a way that the heat gets trapped within the drying chamber effectively. In order to insulate 143 

the setup, coconut husk and thermocol are used with the GI sheets which act as an insulating medium and prevent heat 144 

transfer within the surfaces. The samples are kept inside the chamber over a mesh of dimensions 1190mm×750mm. 145 

There are inlet (Ø22mm) and outlet (Ø26mm) pipes placed for the circulation of ambient air. Forced convection dryer 146 

includes a fan blower in extra to complete the setup which is powered and can be controlled. Solar radiation and 147 

temperature are monitored using a pyranometer and two different thermocouple configurations, respectively. Nine 148 

thermocouples of K-type configuration are employed for determining the temperature inside various segments of the 149 

dryer and a thermocouple of J-type is used for determining the ambient temperature. Pyranometer (SR20-TI, secondary 150 

standard (ISO9060) having a sensitivity of 14.77×10-6 V/ (W/m2) is used for determining the solar radiation (Kumar 151 

Natarajan et al. 2019). The thermocouples and pyranometer are connected to a data acquisition unit where the data is 152 

decoded and collected, and then monitored using a data logger (Agilent 34972A) (Natarajan and Elavarasan 2019).  153 
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 154 

Fig. 1 Solar dryer setup 155 

2.3.   Mathematical Correlations to Calculate the Drying characteristics 156 

Moisture content can be calculated by measuring the wet weight (Ww) and the dry weight (Wd). Where the wet weight is 157 

defined as the weight of the ivy gourd before drying and dry weight is taken post drying. The equation given below 158 

defines the moisture content based on the drying characteristics by following equation (Ullah et al. 2020; Ahmad et al. 159 

2021). 160 

 𝑀𝐶 = 𝑊𝑤−𝑊𝑑𝑊𝑑                           (1)                                       161 

 The process drying of food material is mostly governed by diffusion mechanism as the rate of falling period. 162 

Therefore, Fick’s 2nd law of diffusion is applied to find the effective moisture diffusion and is governed by (Elangovan 163 

and Natarajan 2021a) the Eq. (2): 164 

ln 𝑀𝑅 = ln ( 8𝛱2) − 𝛱2𝐷𝑒𝑓𝑓𝑡𝐿2                           (2)  165 

where MR represents the moisture ratio, Deff is defined as the effective moisture diffusivity (m2/s), t is the corresponding 166 

drying time (hrs), and L is the thickness of ivy gourd sample (m). The plot of ln (MR) against drying time gives out a 167 

straight line with a slope governed by the mathematical expression as shown in Eq. (3):  168 

𝑆𝑙𝑜𝑝𝑒 =  𝛱2𝐷𝑒𝑓𝑓𝐿2                            (3) 169 
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From the above equation, the effective moisture diffusivity can be evaluated by assuming negligible shrinkage and 170 

constant temperature during the drying process (Yogendrasasidhar and Setty 2019; Daş et al. 2021). Also, MR can be 171 

determined using the expression presented in Eq. (4), where Mt defines the amount of moisture content present for a 172 

given time t, Mo represents initial moisture content and Me is moisture content at equilibrium. 173 

𝑀𝑅 =  𝑀𝑡−𝑀𝑒𝑀𝑜−𝑀𝑒             (4)                        174 

The Activation energy is determined by plotting ln (Deff) against 1/T, where the effect of effective moisture 175 

diffusivity on temperature can be determined. This is governed by an expression called Arrhenius Eq. which states, 176 

𝐷𝑒𝑓𝑓 =  𝐷𝑜exp (− 𝐸𝑎𝑅𝑇)                  (5)                          177 

where Ea is the activation energy (kJ/mol), R is universal gas constant (8.314kJ/mol K), T is temperature (K) and Do is 178 

diffusion factor (m2/s). The plot of ln Deff against 1/T gives a straight line of slope K where the relation between Ea and 179 

diffusivity coefficients can be defined through linear regression analysis and activation energy (Ea) is evaluated by (Daş 180 

et al. 2021) 181 

𝐾 =  𝐸𝑎𝑅                               (6)    182 

3.  Results and Discussion 183 

3.1.   Solar Dryer Performance during Forced and Natural Convection 184 

The performance of the natural convection and forced convection solar dryer was tested in terms of solar radiation per 185 

unit area, ambient temperature, temperature of drying air and temperature of the absorber plate. The Fig. 2 and 3 186 

represents the variation of each against drying time for forced convection dryer and natural convection dryer, 187 

respectively. For the forced convection dryer, the highest temperature of the absorber plate (66.26°C) and drying air 188 

(63°C) has been obtained around 13hrs (1 pm) for a maximum radiation of 1062.32 W/m2. For the natural convection 189 

dryer, the highest temperature of the absorber plate reached 58.01°C and the maximum drying air temperature was 190 

55.47°C for a solar radiation of around 1000 W/m2. A similar trend was observed in the experimental analysis conducted 191 

by Gatea (2011), where a solar drying system was fabricated and designed for analysing the solar collector efficiency 192 

used for the purpose of drying. The solar drying system acquired a maximum collector temperature of 71.4°C for a solar 193 

radiation of 750 W/m2. 194 
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Fig. 2 Thermal performance of forced convection dryer 196 
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Fig. 3 Thermal Performance of Natural Convection Dryer 198 
 199 

 200 

3.2.   Moisture content  201 

Moisture Content of all the samples and its variation with respect to drying time is illustrated from Fig 4 to 8. It can be 202 

inferred from the results that Ivy gourd with a moisture content of 1000 g before drying was reduced to 120g after drying 203 

in 11 hrs when dipped in a control sample, ascorbic acid, and lemon juice. The same drying process took 12 hrs when Ivy 204 

gourd was dipped in a sugar solution sample and 14hrs when dipped in a honey sample for an open sun drying method. 205 
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Similarly, for a natural convection dryer, the moisture content reaches the minimum value in 9hrs for control sample, 206 

ascorbic acid, and lemon juice. Whereas it takes 10hrs for sugar solution and 11hrs for honey sample. For forced 207 

convection dryer, the duration was less, and the moisture content was reduced to minimum value in 7hrs for control 208 

sample, ascorbic acid, and lemon juice and in 8hrs for sugar solution and honey sample. It was also observed from the 209 

results that forced convection dryer reduce the moisture content faster compared to other two methods. There exists a 210 

non-linear relationship between moisture content and drying time since the moisture content reduces with the increase in 211 

drying time. As reported in the work of Madan et al. (2014) the moisture content decreases with respect to time at a 212 

continuous rate irrespective of drying air temperature. A steep increase in the moisture removal rate is observed between 213 

12 to 13 hrs for forced convection and between 13 to 14 hrs for natural convection, which gradually decreases with the 214 

reduction in moisture content. 215 
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Fig. 4 Moisture content of ascorbic acid sample 217 
 218 
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Fig. 5 Moisture content of lemon juice sample 220 
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Fig. 6 Moisture content of sugar solution sample 222 
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Fig. 7 Moisture content of honey sample 225 
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Fig. 8 Moisture content of control sample 227 

3.3.    Effective Moisture diffusivity  228 

Fick’s 2nd law as stated in Eq. (2) was applied for calculating the effective moisture diffusivity since drying occurs in the 229 

rate of falling period (Deshmukh et al. 2014). Therefore, the effective diffusivity (Deff) of the ivy gourd for all the 230 
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samples and for different drying method were evaluated by plotting ln (MR) against drying time as shown in Fig. 9 to 13, 231 

where the slope of the straight line governed by Eq. (3) gives the value of effective moisture diffusivity of the sample. 232 

The effective moisture diffusivity of the ivy gourd dipped in ascorbic acid is observed to have highest value (7.88×10-8 233 

m2/s) when dried under forced convection dryer (Table 1) followed by lemon juice, control sample, sugar solution, and 234 

honey sample. The results were better than the prescribed range of moisture diffusivity (10−6 to 10-12 m2 /s) provided in 235 

the literature of solar drying of food material (Elavarasan Elangovan & Sendhil Kumar Natarajan, 2021; Onwude et al., 236 

2016). Viscosity of the dipping solution plays a major part in the process. The solutions which are less viscous are 237 

observed to have greater moisture diffusivity like ascorbic acid, lemon juice sample and the highly viscous solutions like 238 

honey are observed to have least moisture diffusivity. The obtained effective moisture diffusivities values were relatively 239 

higher than already reported many researchers for drying Red banana (Elangovan and Natarajan 2021b), Bitter gourd 240 

(Jadhav et al. 2010), Button mushroom (Kar A. and D. Gupta 2003; Singh et al. 2008), Apple (Aghbashlo et al. 2010), 241 

Tomato (Elavarasan E et al. 2021), Poovan banana (Anagh S Bhanu et al. 2021) of 5 mm same thickness.  242 

Table 1  Moisture Diffusivity of Ivy Gourd Samples Pre-treated by Different Dipping Solutions 243 

Moisture Diffusivity (m2/s) 

Samples Forced Convection Natural Convection Open Sun Drying 

Control Sample 
5.53×10-9 to 3.39×10-9 with 

an avg. of 4.18×10-9 

5.70×10-9 to 1.42×10-10 with 

an avg. of 3.04×10-10 

8.31×10-10 to 2.69×10-10 with 

an avg. of 5.08×10-10 

Honey Sample 
3.59×10-10 to 2.81×10-10 

with an avg. of 3.81×10-10 

3.72×10-10 to 1.81×10-11 with 

an avg. of 2.91×10-11 

6.29×10-11 to 1.47×10-11 with 

an avg. of 1.76×10-11 

Lemon Juice Sample 
5.62×10-9 to 1.61×10-10 with 

an avg. of 6.51×10-9 

1.29×10-9 to 2.01×10-10 with 

an avg. of 2.81×10-10 

4.82×10-10 to 1.51×10-11 with 

an avg. of 3.81×10-11 

Ascorbic Acid 
9.61×10-8 to 5.54×10-9 with 

an avg. of 7.88×10-8 

7.42×10-9 to 2.06×10-10 with 

an avg. of 5.10×10-10 

9.79×10-10 to 2.16×10-11 with 

an avg. of 4.25×10-11 

Sugar Solution 
5.31×10-9 to 1.98×10-10 with 

an avg. of 3.89×10-10 

5.86×10-10 to 2.96×10-10 with 

an avg. of 3.49×10-10 

7.01×10-10 to 1.10×10-11 with 

an avg. of 1.32×10-10 
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Fig. 9 Drying time V/s ln (MR) – ascorbic acid sample    245 
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Fig. 10 Drying time V/s ln (MR) – lemon juice 247 
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Fig. 11 Drying time V/s ln (MR) – sugar solution sample        250 
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Fig. 12 Drying time V/s ln (MR) – honey sample 252 
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Fig. 13 Drying time V/s ln (MR) – control sample  255 

 256 

3.4.    Activation energy 257 

Arrhenius expression, Eq. (5) (Chen et al. 2013) was applied to calculate the activation energy (Ea) as shown in Fig. 14 258 

to 18 where the plot of ln Deff against 1/T gives a slope equal to Ea/R from which the activation energy is calculated 259 

using linear regression analysis. The activation energy ranges from 12.7 to 110 kJ/mol for most of the food products 260 

(Rizvi 1986; Mirzaee et al. 2009). According to the results, the average value of activation energy varied from 21.12 to 261 

34.96 kJ/mol for different samples and drying methods (Table 2 and 3). The lowest activation energy is observed for 262 

ascorbic acid samples when dried using the forced convection dryer followed by control, lemon juice, sugar solution and 263 

honey samples. Lower viscosity of ascorbic acid results in lower activation energy, which means the amount of energy 264 

required to activate the molecular diffusion mechanism is low. The high viscosity of honey when compared to other 265 

dipping solutions results in a higher amount of activation energy requirement for the samples during the drying process. 266 

The obtained activation energy value for drying ivy gourd samples were lower than already existing literature for drying 267 

Red banana (Elangovan and Natarajan 2021b),  Apple (Aghbashlo et al. 2010), Tomato (Elavarasan E et al. 2021), 268 

Poovan banana (Anagh S Bhanu et al. 2021) of 5 mm same thickness. 269 

 270 

 271 
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Table 2   Activation Energy of Ivy Gourd Samples Pre-treated by Different Dipping Solutions 272 

273 
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Fig. 14 1/T V/s ln Deff - Ascorbic Acid Samples                         276 

Activation Energy (kJ/mol) 

Samples Forced Convection Natural Convection Open Sun Drying 

Control Sample 
23.89 to 25.52 with an avg. of 

24.57 

25.01 to 32.50 with an avg. 

of 27.21 

27.06 to 37.14 kJ/mol with 

an avg. of 32.71 kJ/mol 

Honey Sample 
26.52 to 29.11 with an avg. of 

27.41 

28.61 to 33.93 with an avg. 

of 30.73 

32.60 to 40.21 with an avg. 

of 34.96 

Lemon Juice Sample 
22.02 to 26.41 with an avg. of 

25.80 

24.61 to 32.91 with an avg. 

of 28.01 

27.05 to 34.27 with an avg. 

of 30.63 

Ascorbic Acid 
18.22 to 22.16 with an avg. of 

21.12 

20.11 to 30.74 with an avg. 

of 24.42 

24.42 to 33.27 with an avg. 

of 28.68 

Sugar Solution 
25.53 to 28.05 with an avg. of 

26.01 

25.68 to 33.61 with an avg. 

of 29.25 

27.63 to 41.69 with an avg. 

of 34.19 
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Fig. 15 1/T V/s ln Deff - Lemon Juice Samples278 
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Fig. 16 1/T V/s ln Deff - Sugar Solution Samples 280 
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Fig. 17 1/T V/s ln Deff – Honey Samples       282 
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      Fig. 18 1/T V/s ln Deff - Control Samples 284 
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Table 3   Drying Characteristics of Ivy Gourd Samples Pre-treated by Different Dipping Solutions 287 

Drying Characteristics Samples 

Rating Moisture Diffusivity Activation Energy Remarks 

5  Ascorbic Acid Ascorbic Acid Excellent 

4 Lemon Juice Control Sample Very Good 

3 Control Sample Lemon Juice Good 

2 Sugar Solution Sugar Solution Average 

1 Honey Honey Poor 

 288 

3.5.   Sensory characteristics  289 

Sensory analysis is done with the help of 5 individuals who verified, smelled, and tasted each sample to comment on the 290 

sensory appeals of each represented by Table 4. The conclusion is made by giving individual ratings out of 5 in terms of 291 

appearance (colour, shrinkage) and taste (aroma, taste). Lemon juice sample is found to have better sensory appeal in 292 

terms of colour (darkness) and shrinkage followed by honey, ascorbic acid, and control sample, whereas honey dipped 293 

sample offers better taste followed by lemon juice dipped samples, control, and ascorbic acid dipped samples, 294 

respectively. A similar observation reported by existing literature for drying of pre-treated banana (E. E. Abano and L. K. 295 

Sam-Amoah 2011) and pineapple slices (Abano 2010). 296 

Table 4   Sensory Characteristics of Ivy Gourd Samples Pre-treated by Different Dipping Solutions 297 

Sensory Characteristics of Ivy gourd Samples 

Rating Colour  Shrinkage Aroma Taste Texture  Remarks 

5 Lemon Juice Lemon Juice Honey Honey 
Ascorbic 

Sample 
Excellent 

4 Honey Honey Lemon Juice 
Sugar 

Solution 
Lemon Juice Very Good 

3 Ascorbic Acid 
Sugar 

Solution 

Ascorbic 

Sample 

Ascorbic 

Sample 

Control 

Sample 
Good 

2 
Control 

Sample 
Ascorbic Acid 

Control 

Sample 
Lemon Juice Honey Average 

1 Sugar Control Sugar Control Sugar Poor 
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Solution Sample Solution Sample Solution 

3.6.   Error Analysis 298 

Errors and uncertainties in the experimental analysis can be introduced because of inappropriate instrument selection, 299 

inaccurate calibration, errors in analysis and observation, and test planning. While performing drying experiments in 300 

solar dryer for drying of Ivy gourds, the relative humidity, moisture diffusivity, and activation energy were measured 301 

using appropriate instruments. The uncertainties in the experimental analysis are measured to determine the accuracy of 302 

the analysis according to experimental data. 303 

The analysis of effective moisture diffusivity of drying ivy gourd is given as: 304 

𝛭𝑅= 
8𝜋2  (−𝜋2𝑡𝐷𝑒𝑓𝑓𝐿2 )              (7) 305 

Rearranging the above equation (7) 306 

x =
𝐿2𝑡 𝜋2 𝑙𝑜𝑔 𝜋28  𝑦                        (8)     307 

Where x = 𝛭𝑅;  𝑦 = 𝐷𝑒𝑓𝑓  308 

Differentiating equation (8) with respect to y, the above equation is transformed as: 309 

𝜕𝑥𝜕𝑦 = 
𝐿2𝑦+𝜋2                             (9) 310 

Differentiating equation 8 with respect to L, the diffusivity is given as:  311 

𝜕𝑥𝜕𝐿 = 
2𝐿𝑡𝜋2 𝑙𝑜𝑔 𝜋28 𝑦                       (10) 312 

Differentiating equation 8 with respect to t, the equation is now given as: 313 

𝜕𝑥𝜕𝑡  = 
−𝐿2𝜋2𝑡2 𝑙𝑜𝑔 𝜋28 𝑦                                (11) 314 

The drying rate of the process is evaluated as shown in the equation below. 315 

𝐼 =√(𝜕𝐷𝑒𝑓𝑓𝜕𝑀𝑅 𝜎1)2 + (𝜕𝐷𝑒𝑓𝑓𝜕𝐿 𝜎2)2 + (𝜕𝐷𝑒𝑓𝑓𝜕𝑡 𝜎3)2                    (12) 316 

where 𝜎1=0.577, 𝜎2= 0.005&𝜎3= 0.577 317 
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𝐼 = ± 0.39 m2/s  318 

The activation energy of drying ivy gourd is defined as: 319 

𝐷𝑒𝑓𝑓  =𝐷𝑂exp (−𝐸𝑎𝑅𝑇 )                                  (13) 320 

Rearranging equation 13 321 

𝑥 =−𝑅𝑇 𝑙𝑜𝑔 𝑦𝐷𝑜                                  (14)  322 

Where 𝑦 =𝐷𝑒𝑓𝑓; x = 𝐸𝑎 323 

Differentiating equation 14 with respect to y , equation 14is transformed as: 324 

𝜕𝑥𝜕𝑦 = 
−𝑅𝑇𝑦                         (15) 325 

Differentiating equation 14 with respect to 𝐷𝑜 and equation 14 becomes 326 

𝜕𝑥𝜕𝐷𝑜= 
−𝑅𝑇𝐷𝑜                        (16) 327 

Differentiating equation 14 with respect to T and equation 14  becomes 328 

𝜕𝑥𝜕𝑇 = −𝑅𝑙𝑜𝑔 ( 𝑦𝐷𝑜)                       (17) 329 

Now, the drying rate is given as: 330 

𝐼 =√(( 𝜕𝐸𝑎𝜕𝐷𝑒𝑓𝑓 𝜎1)2) + ((𝜕𝐸𝑎𝜕𝐷0 𝜎2)2) + ((𝜕𝐸𝑎𝜕𝑇 𝜎3)2)                   (18) 331 

where 𝜎1=0.42, 𝜎2= 0.25&𝜎3= 0.577 332 

𝐼 = ± 0.17 kJ/mol 333 

The drying rate of drying ivy gourd is given as: 334 

𝐷𝑅 = 
𝑚𝑖−𝑚𝑑𝑡                               (19) 335 

Rearranging equation 19 336 

𝐷𝑅 = 
𝑚𝑡                                                 (20) 337 
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Where 𝑚 =𝑚𝑖−𝑚𝑑 338 

Differentiating equation 20 with respect to t and the equation 20 becomes, 339 

𝜕𝑥𝜕𝑡  = 
−1𝑡2                                                    (21) 340 

Differentiating equation 20 with respect to m and the equation is given as: 341 

𝜕𝑥𝜕𝑚 = 
1𝑡                                                  (22) 342 

𝐼 =√(𝜕𝑥𝜕𝑡 𝜎1)2 + ( 𝜕𝑥𝜕𝑚 𝜎2)2                                      (23) 343 

where 𝜎1=0.577 𝜎2= 0.577 344 

𝐼 = ± 0.05 kg/s. 345 

The measured uncertainty for temperature and solar radiation is ±0.04 °C and ±5.67 W/m2, respectively. Considering 346 

the above parameters, the uncertainty of drying rate and kinetic parameter of drying ivy gourd in a SSSD is about ±0.05 347 

kg/s and ±0.39 m2/s, ±0.17 kJ/mol, respectively. 348 

The uncertainty analysis during drying experiment of ivy gourd is illustrated in Table 5. 349 

Table 5  Uncertainty analysis during drying experiment of ivy gourd 350 

Sl no Parameter Unit Uncertainty Value 

1 K Type thermocouple °C ±0.04 

2 J Type thermocouple °C ±0.02 

3 Air velocity m/s ±0.13 

4 Relative humidity of air % ±0.13 

5 Moisture quantity g ±0.001 

6 Global solar radiation W/m2 ±5.67 

7 Kinetics parameters m2/s ±0.39 

8 Drying rate kg/s ±0.05 

 351 

4.  Conclusion 352 

The effect of pre-treatment with dipping solutions on different solar drying processes of ivy gourd samples is 353 

investigated through an experimental study. It is observed that proposed pre-treatment worked in an effective manner 354 
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compared to the control sample. Significant variation is observed in terms of high moisture diffusivity and low activation 355 

energy among the tested samples. The following observations have been made from this study and they are:  356 

• In open sun drying, control samples are exhibited higher moisture diffusivity whereas the ascorbic acid samples 357 

shown higher moisture diffusivity and low activation energy followed by control, sugar solution, lemon juice, 358 

and honey samples in natural and forced convection. 359 

• The highest moisture diffusivity and the lowest activation energy are observed in ascorbic acid based samples 360 

compared to other in three different drying processes.  361 

• The sensory appeal is found best in Lemon juice sample in terms of colour (darkness) and shrinkage whereas the 362 

honey-dipped sample has better aroma compared to other samples.  363 

• It can be declared that the ascorbic acid is the best dipping solution for the pre-treatment of ivy gourd in terms of 364 

drying characteristics whereas lemon juice is best choice if sensory appeals are given as priority.  365 

• Forced convection drying is found as best method to observed better increment in shelf life of ivy gourd. Thus, 366 

solar drying of food products to be cost effective, environmentally safe and sustainable for food industries 367 

Further investigation on the nutritional and physicochemical properties of the pre-treated solar dried ivy gourd samples is 368 

required since the drying process and conditions significantly influence the chemical composition and nutritional values. 369 

The influential factors include the type of food, drying method, dipping solution, operating conditions, and storage 370 

conditions. The dipping pre-treatment mainly affects the nutritional values which is out of the scope of this paper and 371 

requires future work. 372 
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Figures

Figure 1

Solar dryer setup drying. The solar drying system acquired a maximum collector temperature of 71.4°C
for a solar radiation of 750 W/m2.



Figure 2

Thermal performance of forced convection dryer

Figure 3



Thermal Performance of Natural Convection Dryer

Figure 4

Moisture content of ascorbic acid sample



Figure 5

Moisture content of lemon juice sample



Figure 6

Moisture content of sugar solution sample



Figure 7

Moisture content of honey sample



Figure 8

Moisture content of control sample



Figure 9

Drying time V/s ln (MR) – ascorbic acid sample



Figure 10

Drying time V/s ln (MR) – lemon juice



Figure 11

Drying time V/s ln (MR) – sugar solution sample



Figure 12

Drying time V/s ln (MR) – honey sample



Figure 13

Drying time V/s ln (MR) – control sample



Figure 14

1/T V/s ln Deff - Ascorbic Acid Samples



Figure 15

1/T V/s ln Deff - Lemon Juice Samples



Figure 16

1/T V/s ln Deff - Sugar Solution Samples



Figure 17

1/T V/s ln Deff – Honey Samples



Figure 18

1/T V/s ln Deff - Control Samples
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