


Drying characteristics and mathematical modelling of convective drying of pale-fleshed, white-skinned sweet potato spheres (Ipomoea batatas [L.] Lam)

Abstract
[bookmark: _GoBack]This study aims to investigate the drying of sweet potatoes at different thicknesses and temperatures with a view to their valorization. The experimental values were adjusted to seven (07) semi-empirical models using the gradient method to estimate the parameters and coefficients of the models. The statistical criteria used to justify the choice of drying model for the spherical shape with a diameter of 2 cm and 3 cm were the coefficient of determination, the mean square error and the mean square deviation between the experimental values and the predicted values (χ2). Drying in an oven was carried out in four different stages of 6 hours, 8 hours, 10 hours, and 12 hours respectively, with temperatures of 80°C, 70°C, 60°C and 50°C for the spherical shapes with diameters of 2 cm and 3 cm used in this study. The diffusion model approach is selected and has a value of R2(0.9935), RMSE (0.01812) and SSE (1.17479). The diffusion coefficient varies between 1.6 × 10-8 m2.s-1 and 7.3 × 10-8 m2.s-1, 7.75 × 10-8m2.s-1, 8.2 × 10-8m2.s-1 to 2.7 × 10-8 m2.s-1; 7.42×10-8 m2.s-1; 12×10-8 m2.s-1, 15×10-8 for spheres with diameters of 2cm and 3cm.
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INTRODUCTION
Food security is one of the major global challenges facing the world today. The number of people suffering from food insecurity and undernourishment is estimated at 795 million (IMF; 2018). One of the factors contributing to food insecurity is the loss of food and agricultural products due to spoilage throughout the food and agricultural chain and/or during the post-production period. A key method for improving food security is to reduce losses due to the deterioration of these agricultural products after harvest. To improve shelf life and reduce the deterioration of agricultural products, drying is one of the most used methods (Chen, et al. 2018). In fact, this process aims to remove water from the product to reduce its water activity. Drying food products has many advantages, such as inhibiting the growth of microorganisms and deterioration reactions by reducing water activity, as well as reducing transport and storage costs due to the decrease in product weight and volume (Castro et al. 2018; Compaoré et al. 2017).
Convection drying is the process of removing water with air through simultaneous transfer of heat, mass, and momentum. The complexity of the structure and composition of moist foods, the variety of transport phenomena and biological diversity make food drying a challenge.
For these reasons, mathematical modelling and simulation are appropriate tools for dealing with the complexity of food drying. They also enable the appropriate operating conditions to be obtained through optimization. Mathematical modelling of food drying involves using mathematical equations to predict the behavior of the drying operation (Castro et al 2018; Z. Wang et al. 2007; Bezerra et al. 2015). Among the mathematical models proposed to describe the drying process, thin-layer drying models have been widely used. These models can be classified as theoretical, semi-theoretical, and empirical (İbrahim Doymaz 2014; Tunçkal et al. 2023).
Recently, numerous studies have focused on mathematical modelling and experimental drying processes for various tuberous roots such as sweet potatoes (Ipomoea batatas) (Göksel et al 2023). In the literature, several drying techniques and processes have been applied to various sweet potato varieties to improve the fundamental understanding of sweet potato drying and enable it to meet a wide range of needs in different regions of the world. However, there is little information on the drying process of pale-fleshed sweet potatoes in the literature. Due to the need to increase the use of sweet potato flour for human consumption, reduce annual losses of harvested sweet potato tubers, and increase the availability of flour-based products throughout the year, it is necessary to study the convective drying of pale-fleshed, white-skinned sweet potato spheres. The main objectives of this study were to determine the air drying kinetics of sweet potatoes, a drying model capable of describing the drying data of pale-fleshed sweet potatoes, and to calculate their drying characteristics.
To this end, the convective drying of 3 to 9 mm thick slices of Kumara sweet potato in a thin layer was modelled under conditions of air temperatures ranging from 50 to 70 °C, relative air humidity ranging from 10 to 15%, and air velocities ranging from 0.5 to 3 m/s. The modified page model described the convective drying of these thin slices of sweet potato to a moisture content of 10% on a dry basis (Diamante and Munro 1991; L. M. and P. A. 1991; Diamante and Munro 1993). An experimental drying study on the ‘Kotobuki’ variety of sweet potato was conducted under drying conditions of 40 to 75°C air temperature to calculate its drying characteristics. The sample diameter was 52.0 mm and its thickness was between 3.9 and 4.1 mm.
In this study, three types of drying periods—the constant-speed drying period, the first decreasing-speed drying period, and the second decreasing-speed drying period—were found on the drying characteristic curves. 
Furthermore, the drying constants during the two decreasing-speed drying periods showed an Arrhenius-type model dependent on the product temperature (Koide et al. 1996; MORENO-PEREZ et al. 1996). Panigrahi et al. dried two varieties of protein-rich sweet potatoes (the white-fleshed Bosbok variety and the orange-fleshed Carmel variety) at air temperatures of 40, 60 and 80°C to examine the effects on their nutritional value. The sweet potato variety and air temperature were important factors influencing the nutritional value of sweet potato tubers (Panigrahi et al 1996). 
1. Materials and Methods 
1.1. Materials
Sweet potatoes offer great potential for improving food and nutritional security in developing countries, where most farms belong to vulnerable population groups (Mukhopadhyay et al. 2011; Oke and Workneh, n.d.; Sanchez et al. 2020; Amagloh et al. 2021). Sweet potatoes are important tubers rich in fibre, starch, vitamins, minerals and bioactive compounds. They contain essential carotenoid, phytochemical, anti-cancer and antimicrobial properties that are beneficial to human health. Sweet potatoes, whether raw or processed, can be consumed by humans as a staple food, snack or baked good. 
However, sweet potatoes are sensitive to microbial activity, which can cause degradation and deterioration due to their high moisture content. Furthermore, sweet potatoes are seasonal and cannot maintain optimal quality for a long period after harvest. Therefore, they are often used shortly after harvest or stored using the hot air convection drying method (Onwude et al. 2019; Onwude, Hashim, Abdan, Janius, Chen, et al. 2018; Ayeleso, Ramachela, and Mukwevho 2016; Onwude, et al. 2018).
In our study, we used sweet potatoes (Ipomoea batatas), locally sourced from the Burkinabe market. The sweet potatoes were transported to the GERME & TI (Groupe D’étude et de Recherche en Mécanique Energétique et Techniques Industrielles) laboratory at Nazi Boni University. The sweet potatoes were washed, peeled and sliced into 1 cm cubes using a stainless steel knife to prevent oxidation of the surfaces in contact with oxygen in the air. The cut samples are immersed in water to prevent oxidation and remove excess surface starch, which forms a film that slows down transfers. The choice of material (potato) is due to the homogeneity of its macrostructure, and we consider that diffusion takes place over the entire exchange surface (Ouoba.K Honoré., 2013).
1.2. Method 
· Drying procedure
The samples obtained are placed in an oven set at the appropriate temperature for drying. We used an oven (AIR Concept, temperature ranging from 40°C to 250°C). The experiments were conducted at temperatures of 50, 60, 70 and 80°C, and the differential mass loss of the samples was measured by weighing them with a digital scale (MH-999 Ming Heng Electronic) every twenty minutes. The weighing process is very quick (20 seconds), which means that variations in relative humidity can be ignored. The dry mass of each sample was obtained after a minimum of 24 hours, depending on the drying temperature used. 
· Establishing drying curves.
The initial water content of the product is the quotient of the total mass of water contained in the freshly cut product me divided by the mass of solid matter ms.
	
	


m0: the initial mass of the sample and ms the dry mass of the sample.
The curves showing water content as a function of drying time were plotted from the experimental data.
From the mass of the sample at time t of drying, we deduce the water content (Dissa et al., 2010) according to relation (2)
	                                                                                                                             
	       


Where m(t) is the mass of the sample at time t.
· Drying kinetics
We associate each time value with the corresponding water content value. The relationship X(t)→t allows us to obtain the curve 
The speed is then normalised by its initial value to obtain the reduced speed curves as a function of), according to relation (3)
Reduced speed:

· Mathematical modelling of drying 
Since the early work of LEWIS (1921) to the present day, increasingly sophisticated phenomenological models have been proposed by various authors (Dissa et al. 2021). These models, based on coupled heat and mass transfer, provide the most detailed description of the various phenomena involved in drying.
Table 1 shows semi-empirical models described in the literature for simulating thin-layer drying kinetics. Ten (10) models were selected for this work. These models contain parameters and coefficients to be determined from experimental drying data (Omwude.,2018). 
The statistical criteria for evaluating the experimental data for the various semi-empirical models described in the literature were selected for a coefficient of determination close to unity (01) and for low values of the mean square error (MSE) and χ2 were used to justify the choice of drying model.
· Effective diffusion coefficients
The drying of most food materials takes place during the decreasing rate period, and moisture transfer during the drying process is controlled by internal diffusion. Fick's second diffusion equation (Equation 5) has been widely used to describe the drying process during the falling rate period of agricultural materials (Roberts et al. 2008):

The diffusion equation (Equation 5) is solved for a sphere, assuming a one-dimensional variation in the volume of moisture movement, uniform temperature, and constant diffusivity coefficients, as well as negligible external resistance (Crank 1979):

Where Deff is the effective diffusivity coefficient (m2/s), r is the radius of the sphere (m) and n is a positive integer. For long drying times, equation (6) simplifies to a limiting form of the diffusion equation as follows:

The slope (K) is calculated by plotting ln (MR) against time according to equation (7).



Table 1: Diffusion coefficients for other products
	Products
	
	references

	Onion and pepper
	
	Kiranoudi and al, 19993

	Grape
	
	Pavon-Medendez and al, 2002

	Potato
	
	Zogzas  Maroulis, 1996

	Green bean
	
	Doymaz,2005a

	Whole okra
	
	Doymaz, 2005b	



· Activation energy
The effective diffusivity can be related to the temperature of the product by the Arrhenius expression (İbrahim Doymaz 2011a), as follows:

Where D0 is the Arrhenius equation constant (m2/s), Ea is the activation energy (kJ/mol), T is the air temperature (°C) and R is the universal gas constant (kJ/mol K). Equation (9) can be rearranged as
)
· Statistical parameters
The accuracy of the drying data modelling was assessed using the following statistical criteria:
· The coefficient of determination (R2)
R2 is used in the context of statistical models whose main objective is to predict future results based on other related information. It is the proportion of variability in a data set that is accounted for by the statistical model. It provides a measure of how well future results are likely to be predicted by the model. The coefficient of determination is unlikely to be 0 or 1, but rather somewhere between these limits. The closer it is to 1, the greater the relationship between the experimental and predicted values. This value is used for quantitative comparison criteria and shows the level of agreement between the measured and predicted values (Ertekin and Firat 2017). This was one of the first criteria used to select the appropriate model to describe the drying behaviour of fruits and vegetables (Mota et al. 2010).

· Root means square error (RMSE)
The root means square deviation, RMSD, or root mean square error, RMSE, is a commonly used measure of the differences between the values predicted by a model or estimator and the values observed from the modelled or estimated object. RMSD is a good measure of accuracy and is used to group residuals into a single measure of predictive power. It should be zero and can be calculated as (Dissa et al. 2014):

· Reduced chi-square (χ2)
This is the mean square of the differences between the experimental and predicted values for the models and is used to evaluate the goodness of fit of each model. The lower the χ2 values, the better the fit, and it can be calculated as follows (Ertekin and Firat 2017):

· Sum of squared errors (SSE)
SSE is a measure of the deviation of a sample from its ‘theoretical value’. This parameter is defined as the difference between experimental and predicted data and is defined as (İbrahim Doymaz 2012):

Where P is the given drying parameter, Pexp,i is the experimental value of the parameter, Ppre,i is the value predicted by the parameter P, P̅exp,i is the mean value of the parameter P, N is the number of observations, and z is the number of constants in each regression. The quality of the fit was found where R2 was highest and the lowest values of RMSE, χ2 and SSE were found (Dissa et al. 2014, COMPAORE et al. 2022 and DOYMAZ et al. 2023).
2. RESULTS AND DISCUSSION
· Drying kinetics
Figure 1 shows the X/X(t) curves of the reduced water content of spherical sweet potato samples as a function of time (t).

Figure 1: Curves showing changes in water content (a) and drying kinetics (b) as a function of drying time
We can see that the curves follow the same trend. The drying times for the 2 cm diameter samples are 500 min, 800 min, 1040 min and 1900 min respectively for temperatures of 80, 70, 60 and 50°C. This allows us to say that the drying time is an increasing function of temperature.
The temperature of the drying air has a significant impact on the drying rate. This impact is due to the heat transferred to the product, which increases with the air temperature. It is also due to the temperature of the product, which is higher when the air temperature is higher. As a result, the conductivity of the water in the product becomes significant. The effect of drying air temperature has been studied by many researchers, for example for cabbage (Kulshreshtha et al, 2009), okra (OUOBA.K. Honoré., 2013), onions (COMPAORE.A., 2016), green beans (Doymaz, 2005), and various vegetables (Krokida, et al, 2003). These authors showed that drying time decreased as the drying temperature increased (Nguyen, 2015). This is consistent with the findings of our study.
We observe that the samples rapidly lose water in the initial stages of drying. In Figure 1, a) we also note that after the first 40 minutes, the samples go from 100% of their water content to 72% of its initial value. However, between 360 and 400 minutes, the sample goes from 7% to 2% of its initial water content at 80°C, representing a loss of 5% in 40 minutes, compared to a loss of 28% in the first 40 minutes.
This slowdown in speed at the end of drying compared to the beginning of drying can be seen in Figure 1 B). We note a sudden increase in speed from 0 to 0.16 at the 60th minute, which then varies by only 0.0007 to 0.0004 kg/kg/s from 340 min to 400 min of drying at 80°C.
This result is attributable to the phenomenon of the state of water, which is free at the start of drying and highly bound at the end of drying (OUOBA 2012).
· Experimental determination of the parameters of some semi-empirical models of sweet potato drying.
The data in Table 2 summarises the statistical parameters of seven semi-empirical models obtained by adjusting the water content profiles of dried slices of pale-fleshed sweet potatoes, spherical in shape and 2 cm and 3 cm thick. Among these models, the diffusion approach model is the most appropriate for our study. 
Table 2: Statistical parameters for adjusting water content profiles 
	Models
	SSE
	Coefficients of determination

	RMSE

	Wang and Singh T=50°C
	1,877
	0,648
	0,1324

	Logarithmic
	0,00072561
	0,98557
	0,9853

	Henderson and Pubis
	0,00451
	0,90942
	0,90857

	Page II
	0,1142
	0,9786
	0,03266

	Midilli and others
	0,02511
	0,50555
	0,49143

	Approaching broadcast
	1,17479
	0,9935
	0,01812

	Newton
	0,0021
	0,95742
	0,95742



· Effective diffusion coefficients
The experimental data enabled us to determine the diffusion coefficient of sweet potato slices. At different temperatures, these values were calculated using equations (Eq7 and 8). Considering the spherical shape, respectively for temperatures ranging from 50°C, 60°C, 70°C and 80°C. The diffusion coefficient values for sweet potato slices in this study are determined in accordance with the predefined conditions for spherical shapes. The diffusion coefficient values for the spherical samples are in the range of 1.6 × 10-8 to 8.2 × 10-9m2 s-1;This shows that the potato is heterogeneous. The coefficient value increases with temperature (Table 3).  The diffusion coefficient values in this study are slightly higher than the diffusion coefficient values for agri-food products reported in the literature, which generally range from 10-11 to 10-9m2 s-1 for agri-food products (Doymaz, 2005a). Furthermore, we note that the larger the sample size, the higher the diffusion coefficient value. Thus, the diffusion coefficient increases with sample size and temperature (Table 3).
· Activation energy
After determining the diffusion coefficient, the activation energy is obtained from the diffusion coefficient values of each sample as a function of size and within the drying temperature range studied. The activation energy values are also presented in Table 3. The values obtained for our drying conditions vary between 3.679.10-3 kj.mol-1 and 3.657.10-3 kj.mol-1 respectively for spheres with diameters of 2 cm and 3 cm. The activation energy value for the potato in our study is lower than that of red chilli 41.95kj.mol-1 (Simal et al 2002) and peas 28.4kj.mol-1 (Kiranoudis et al.,1993) as well as the activation energy of mint 82.93kj.mol-1. Like the diffusion coefficient, the activation energy values are influenced by the sample size. 
Based on these comparative results, the diffusion and energy coefficient values obtained in our study can be considered satisfactory for drying sweet potatoes within the temperature range studied.
Table 3: Diffusion coefficients and activation energy as a function of size and drying temperature.
	Temperature (°C)

	Thickness (cm)

	
	)

	      50
	          2
	
	                
    

	       60
	          2
	
	

	        70
	          2
	
	

	         80
	            2
	
	

	        50
	           3
	
	

        

	         60
	          3
	  
	

	          70
	           3
	
	

	          80
	          3
	  
	



CONCLUSION
We conducted an experimental study on the drying of pale-fleshed sweet potatoes. The transfer process during drying due to the activation of water in the product is visualised through the drying curves. We noticed that the samples went from 100% water content to 72% of their initial value after the first 40 minutes. However, at the end of drying, for 40 minutes between 360 and 400 minutes, the sample went from 7% to 2% of its initial water content at 80°C. It appears that the sample loses 5% of its initial water content in the last 40 minutes, compared to a loss of 28% in the first 40 minutes.
This result is also confirmed by the drying speeds. The speed suddenly increases from 0 to 0.16 at the 60th minute and varies from 0.0007 to 0.0004 kg/kg/s after 340 minutes and 400 minutes of drying, respectively, at a temperature of 80°C. The diffusion coefficient increases with the size of the sample and the temperature of the drying air. Thus, for the temperatures of 50°C, 60°C, 70°C and 80°C in our present work, it appears that at a fixed temperature, the diffusion coefficient increases with thickness. At 50°C, the 1 cm thick sample has a coefficient of 1.6.10-8 m2 s-1 compared to 2.7.10-8 m2 s-1 for the 1.5 cm thick sample; which reflects the heterogeneity of food products. This observation applies to all other temperatures in this study.
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Temps(min)
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