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Abstract— This study is aimed at the experimental 

predictions and numerical modeling of moisture diffusivity 

in a circular shaped cassava pellets during convective 

drying, using samples of TMS 30572 cassava species. Using 

a circular mold of radius 16mm and height 10mm designed 

for this purpose, the Cassava tubers were hand peeled and 

cut into slabs. The drying tests were conducted using a hot 

air-convective dryer that can dry samples weighing from 0 

to 100g. The response of the drying curve or the drying 

kinetic depends on the applied drying conditions. The 

dryer was set at different heater temperatures of 150℃, 

140℃, 130℃, 120℃ and 110℃ which gave corresponding 

hot air temperatures of 81°C, 78°C, 75°C, 70°C, and 66°C 

respectively. The hot air velocity was kept constant at 

4m/s. The drying dynamics dictated by Fick’s second law 

for a 2-dimensional element as influenced by both initial 

condition and Neumann Boundary condition was used to 

define the mass transfer process, by assuming isotropic 

behavior of the samples. The comparison between the 

experimental results and the proposed analytical solutions 

of the equation of diffusion represented by Fick’s law, 

applied to 2–dimensional analysis for a finite shape, allows 

determination of the values of the diffusion coefficient. The 

diffusivity of the circular samples were determined to be in 

range of 3.1467×109 - 1.4759×109 m2s-1, and described using 

a 3rd order polynomial equation 

 

as a function of air temperature with the value of R² = 

0.9402. The diffusivity plots clearly explain that the 

moisture diffusivity of cassava pellets can be expressed as a 

function of temperature using a 3rd order polynomial 

equation. These results show that the finite element 

method can predict cassava drying with a high degree of 

accuracy such that the costly case-by-case empirical 

approach, which is based on linear or non-linear 

regression analysis for parameter estimation, can be 

avoided. The study could provide theoretical bases for 

equipment design and process optimization for hot air 

drying of Cassava pellets. 
 

Keywords— Finite Element, Convective Drying, Moisture 

Diffusivity, Cassava Pellets. 

I.  INTRODUCTION 

The temporal and spatial variations of moisture content of 

agricultural products during drying are governed by the laws 

of diffusion. Diffusion mechanics are expressed in partial 

differential equations (PDE) and then can be solved using the 

Finite Element (FE) Method. This has been the research 

practice for decades resulting in FE prediction of drying 

kinetics of many agricultural products. 

Nigeria is presently the world’s leading producer of cassava 
(Phillips et al., 2004; FAO, 2008; Akinpelu et al., 2011). 

Efforts are geared toward promoting the export of the crop and 

its by-products. Due to the poor storage characteristics of the 

cassava tuber in its unprocessed state, it is necessary to 

process the product into a form that is more easily stored in 

order to minimize deterioration and losses while in transit.  

About 88% of cassava produced in Africa is consumed by 

humans, 50 percent of which is processed (Famurewa et al, 

2014). Freshly harvested Cassava roots cannot be stored for a 

long period since they rot within 3 to 4 days after harvesting; 

this means that roots greater than 48 hours old have little 

market value and limits the range over which fresh roots can 
be marketed (Famurewa et al, 2014). 

Research have proved that drying is the most effective and 

practical means of reducing post-harvest losses in all 

agricultural products (fruits, vegetables, tubers etc.). Such 

losses are due to the lack of proper processing and inadequate 

storage facilities. It has been estimated that in developing 

countries, losses range between 30 and 40% (Jayaraman and 

Gupta 1995). In addition, the demand for the year-round 

availability of seasonal food commodities has increased 

(Jayaraman and Gupta 1995). There is thus a pressing need to 

match increased production with efficient, suitable, simple, 
inexpensive and effective post-harvest preservation technique 

to minimize loss and ensure the supply and availability of food 

nutrients. To maintain the needed equilibrium balance 

between food supply and population growth, there is need to 

ensure that food losses during production time is reduced to 

the barest minimum. 
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Drying behaviour is basically influenced by a number of 

internal characteristics and thermo physical properties (such as 

density, permeability, porosity, sorption-desorption) and 
external parameters (such as temperature, velocity, and 

relative humidity of the drying medium) (Kaya et al., 2007). 

Drying kinetics of food crops is generally affected by factors 

which include drying temperature, pretreatment method, 

relative humidity, and product sizes (Ade-Omowaye et al., 

2002; Kudra, 2004) and are crop specific. 

Akpinar et al., (2003 a & b), Babalis and Belessiotis, (2004), 

Goyal et al., (2007) reported that physical and thermal 

properties of agriculture products such as heat and mass 

transfer, moisture diffusion, energy of activation, and energy 

consumption are required for ideal dryer design.  The drying 

kinetics for cassava chips need to be determined in order to 
stabilize variation in the quality of dried cassava chips. For 

these reasons, as well as the fact that most previous research 

on drying has concentrated on low air temperatures, this study 

considers the feasibility of using high temperatures for the 

drying of cassava pellets. Though, still within the 

recommended temperature range of drying diascoras. The 

methodology employed would provide knowledge to 

Mathematical modelling of cassava drying processes and 

equipment, which is an important aspect of drying technology; 

its purpose is to allow design engineers to choose the most 

suitable operating conditions, size of the drying equipment and 
drying chamber accordingly to meet desired operating 

conditions. 

Review of literature showed that FE modelling of cassava 

drying kinetics has not received the attention of the research 

community. Of all food crops in Nigeria, cassava is the best 

candidate for such attention since it is the most produced and 

consumed food crop in Nigeria, especially in the central and 

southern parts: about 90% of cassava produced in Nigeria is 

processed into food (mostly garri)(Ozoegwu, Eze, Onwosi, 

Mgbemene, & Ozor, 2017).  Considering the enormity of 

cassava needing drying in Nigeria, experimental and empirical 

approaches which would need to consider cassava species and 
drying conditions on case-by-cases basis will be very costly 

for the industry. Thus there a compelling need for computer 

simulation of cassava drying. This is the aim pursued in this 

work using the FE method.  

II. MATERIALS AND METHODS 

A. Experimental process 

A scheme of the cassava samples is presented in Figures 1 for 

unsteady two-dimensional mass transfer during convective 

drying. The theoretical or numerical modeling and simulation 

to be developed will be validated by experimental work that 

was carried out for different drying parameters of heater 

temperatures (150°C, 140°C, 130°C, 120°C, 110°C) which 

gave corresponding hot air temperatures (81°C, 78°C, 75°C, 

70°C, and 65°C) and hot air velocities 4m/s at a constant 

relative humidity as adapted from Azaka et al, 2019. 

 

    

Fig. 1: Schematic diagram of the circular geometry of the 

cassava slice  

 

B. Thermophysical Characterization of Cassava Samples 

As earlier stated, 2-dimensional elements are popular in FE 

modelling of drying process of agricultural products. Drying is 

synonymous with water diffusion thus it is a mass transfer 

process governed by Fick's second law which for the 2-

dimensional element reads 
 

      (1) 

The drying dynamics dictated by equation (1) are influence by 

both initial condition and Neumann boundary condition. The 

initial condition is given as  while the 

Neumann boundary condition is given as  

  

      (2) 

Where Msurf represents the surface moisture content and Meq 

represents the equilibrium moisture content which is a 

function of seasonal and climatic conditions. In what follows, 

the 2-dimensional FE formulation for drying of rectangular 

shaped potatoes as presented in (Beigi, 2017) is adapted here 

for drying of cassava pellets with circular shapes.    
 

C. The Effective Diffusivity 

Looking at the boundary condition given in equation (2), it is 

seen that  and  are necessary for 

numerical solution of FE analysis. The Crank's series solution 

for variation with time of moisture ratio for an infinite slab is   

 

      (3) 

where  is half thickness of the sample and moisture ratio 

MR is given as 

x 

r 
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    (4) 

The first term of the series can give acceptable results for long 

drying periods 

  (5) 

In logarithmic form, Equation (5) becomes 

  (6) 

By plotting  against , a straight line is obtained with 

the slope  such that .  

 

D. Finite Element Formulation 

In carrying out the Finite Element formulations, the following 

assumptions stated by (Azaka et al, 2019) were employed: 

 No heat is generated inside the sample during the 

drying process  

 Two dimensional equations sufficiently describe the 

process for small thickness of the drying samples, 

 Initial moisture content inside the sample is 

homogeneous, 

 Material to be dried is isotropic 

 Shrinkage is neglected. 

E. Heat and mass transfer equations 

The two dimensional heat conduction equation in the x- and r- 

directions may be written as 

   (7) 

Where u* is the rate of heat generation per unit volume in the 

sample. Similarly, the mass transfer equation is written as 

           (8) 

Where Deff is the effective moisture diffusivity. The 

thermophysical properties in the equations are for the sample 

being dried. 

Initial conditions 

Initially, the slice is at a known uniform temperature and 

moisture content. Hence, 
T = T0,  t = 0   (9) 

M = M0, t = 0                 (10) 

Boundary conditions 

At the center of the slice, there must be continuity. Hence, we 

have 

    (11) 

    (12) 

At the periphery, there is forced convection heat exchange 

with the flowing hot air. Hence, we have 

   (13) 

On the other hand, for the mass transfer, we have 

  (14) 

Where hm is the mass transfer coefficient based on the 

equilibrium moisture content, Meq. 

The boundary conditions in the x-direction are 

   (15) 

  (16) 

At x = Lx, the boundary conditions are 

  (17) 

  (18) 

III. RESULTS AND DISCUSSIONS 

 

A. The Effective Diffusivity 

The plots are shown in Figures 1 to 5 for the experimental 
drying of the circular samples as discussed under the 

experimental procedure (Azaka et al, 2019). The plots for the 

five considered heater temperatures exhibited expected trends; 

lines with negative slopes. The slopes are seen on the inserted 

linear equations which are lines of best fit from linear 

regression. The calculated  are given in Table 1. Also, 

based on the experimental measurements, the equilibrium 

moisture content at different times of the days the experiments 
were conducted are tabulated in Table 1 alongside the heater 

temperatures employed for experiments.  

 

Figure 1. The plot of  against  for the Experiment at 

Heater Temperature of 150oC for the circular samples 
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Figure 2. The plot of  against  for the Experiment at 

Heater Temperature of 140oC for the circular samples 

 

Figure 3. The plot of  against  for the Experiment at 

Heater Temperature of 130oC for the circular samples 

 

Figure 4. The plot of  against  for the Experiment at 

Heater Temperature of 120oC for the circular samples 

 

Figure 5. The plot of  against  for the Experiment at 

Heater Temperature of 110oC for the circular samples 

The diffusivity of the circular samples were determined to be 

in range of 3.1467×109 - 1.4759×109 m2s-1, and described 

using a 3rd order polynomial equation 

 

as a function of air temperature with the value of R² = 0.9402 

as shown in figure 6. The plots clearly explains that the 

moisture diffusivity of cassava pellets can be expressed as a 

function of temperature using a 3rd order polynomial equation. 
Diffusivity range and plots follows the same trend with Beigi 

2017. 

 
Fig. 6: Air temperature effect on effective moisture diffusivity 

for the Circular shape cassava pellets. 

 
Table 1. The effective diffusivity at various heater 

temperatures for the circular samples 

TMS 30572 Circular Samples 

Heater Temperature 

[oC]   

150 0.5375 3.1467 

140 0.8375 1.4830 

130 0.7375 1.6770 

120 0.9375 1.4759 

110 1.2375 1.5665 
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A. Numerical Solutions 

 

Referring back to the PDE model in Equation (1) for moisture 

diffusion, the Neumann boundary condition in Equation (2) 

and the initial condition is the initial moisture content  

which is assumed uniform at , numerical solutions are 

generated from MATLAB programming of the developed 

models.  
For the circular samples drying at 150oC, the experimental 

results of corresponding equilibrium moisture content, 

effective diffusivity, and convective mass transfer coefficient 

were inserted in the equations (15, 16, 17 and 18). Since these 

equations is a hybrid formulation of finite element and finite 

difference methods, the initial condition  is 

inserted from which the solution propagates. A very accurate 

moisture content kinetics is predicted as judged with 

, RMSE=0.0853 and r=0.9969.  The graphical 

comparison of the predicted and measured kinetics are 

presented in Figure 7. At the other experimental temperatures, 
the predicted solutions agree with experimental solutions with 

a striking accuracy, especially for the experimental 

temperatures at 120 oC and 110 oC. The corresponding 

comparative graphical results are presented in Figures 8 to 11. 

Figure 10 depicts the very accurate FE prediction, reflecting 

the very reliable indices , RMSE=0.0409 and 

r=0.9989, for the experimental drying at 120oC. Prediction 

accuracy improved with mesh refinement as seen in Figures 

12 to 15. It is seen that in Figure 12 with 142 elements, the 

range of solution values as indicated in the colour map/bar is 

clearly outside the measured moisture values. A color bar 

provide a map of the different shades to the numerical values 

of the solution. When the number of elements increased to 539 

elements as in Figure 13, the solution values indicated in the 

colour map showed improvement towards the experimental 

range for moisture content. Improvements continued with 

mesh refinement to 2095 element and 8255 elements as 
respectively seen in Figures 14 and 15 towards the 

experimental values. The parameters for the solutions and the 

goodness-of-fit parameters are summarized in Table 2. 

These results show that the finite element method can predict 

cassava drying with a high degree of accuracy such that the 

costly case-by-case empirical approach, which is based on 

linear or non-linear regression analysis for parameter 

estimation, can be avoided. 

 
Figure 7.Measured moisture content and the FE predicted 
moisture content at heater temperature of 150oC for the 

circular cassava sample  

 
Figure 8.Measured moisture content and the FE predicted 

moisture content at heater temperature of 140oC for the 

circular cassava sample  

 
Figure 9.Measured moisture content and the FE predicted 

moisture content at heater temperature of 130oC for the 

circular cassava sample  
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Figure 10.Measured moisture content and the FE predicted 

moisture content at heater temperature of 120oC for the 

circular cassava sample  

 
Figure 11.Measured moisture content and the FE predicted 

moisture content at heater temperature of 110oC for the 

circular cassava sample  

Table 2. The statistical performance indices of the finite 
element prediction of cassava drying relative to the 

experimental measurements for the circular pellets 

Circular Samples 

T [oC] 
 

 

 
 

RMSE r 

150 1.2402 

3.8871 

0.9870 0.0853 0.9969 

140 1.3369 

3.8703 

0.8316 0.2634 0.9866 

130 1.4377 

4.0716 

0.7976 0.3058 0.9889 

120 1.4367 

3.8412 

0.9954 0.0409 0.9989 

110 1.4359 

4.1652 

0.9341 0.1754 0.9882 

 

 

Figure 12. Solution showing the colour bar for 142-Finite 

Element model 

 

Figure 13. Solution showing the colour bar for 539-Finite 

Element model 

 

Figure 14. Solution showing the colour bar for 2095-Finite 

Element model 
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Figure 15. Solution showing the colour bar for 8255-Finite 

Element model 

IV. CONCLUSION 

In this study, convective drying of Cassava Pellets was 

investigated experimentally and numerically. A two-

dimensional finite element model programmed in MATLAB 

version 7.7.0 (R2008b) to simulate the process and predict the 

drying curves. Drying rate, moisture diffusivity and mass 

transfer coefficient of the samples were found to increase with 

the increment in drying air temperature. No constant rate 
period was seen and the entire drying process of the cassava 

occurred in the falling rate period at the applied air 

temperatures. The diffusivity of the samples were determined 

to be in range of 3.1469×109 - 1.5665×109 m2s-1for the circular 

pellets and were perfectly described using a 3rd order 

polynomial as a function of air temperature. For each drying 

temperature, mass transfer coefficient of the samples were 

determined experimentally and found to be functions of the 

process time and moisture removal, respectively.  

These results show that the finite element method can predict 

cassava drying with a high degree of accuracy such that the 

costly case-by-case empirical approach, which is based on 
linear or non-linear regression analysis for parameter 

estimation, can be avoided. 
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