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The objective of this study was to identify the incidence of the local thermal conductivity of a 

fluid in a tray dryer by means of CFD simulation. In the experimental part, identical pieces of 

mandarin epicarp (Citrus reticulata) were dried at 40 ºC at two air inlet velocities (3.5 m/s and 

5.5 m/s). For the simulations, equations of energy, continuity and momentum were used, which 

were solved with ANSYS software (Student v.19.2). The simulations showed spatial variations 

in the eddy viscosity and thermal conductivity of the air generated in the dryer, where higher 

experimental moisture values correspond to lower values of the eddy viscosity (<0.0001 P×s) 

and thermal conductivity (<0.45 W/ m2×K). Therefore, this study proposes that in the design 

of tray dryers, the drying kinetics should be reported in values of the effective thermal 

conductivity, which must be homogeneous to ensure homogeneity in the product 
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1. INTRODUCTION 

 

Colombia has been characterized as an agricultural country, 

producer of a variety of fruits and vegetables designed for 

local consumption or export. This activity is mainly 

concentrated in rural areas, where in some regions the roads 

and energy infrastructure are not adequate, leading to a 

reduction and accelerated deterioration of the produce’s 

quality attributes. In addition to these factors, access to new 

and efficient conservation technologies is costly, limiting the 

options for farmers and their products. 

Mandarins are a subtropical temperate climate species 

belonging to the family Rutaceae and genus Citrus [1]. The 

fruit is globose and uniformly orange in colour, with a sweet 

flavour, granulated peel and medium size. Colombia produces 

mandarins in departments such as Huila, Antioquia, Tolima, 

Cauca, Caldas, Valle del Cauca, Santander and Risaralda, 

which contributed to 20.25 % of the national production for 

2016 [2]. The food processing residues of this fruit have great 

potential as raw materials for commercial products because 

they contain large amounts of enzymes, flavonoids, essential 

oils and pigments [3] 

Decreasing the moisture content and water activity (Aw) 

extend the useful life of products, significantly reducing the 

action of microorganisms and enzymes within the biological 

matrix [4]. Similarly, the reductions in costs associated with 

the supply chain, such as those for transportation and storage, 

are advantageous because less moisture means a lower product 

volume. Convection tray drying is the most common drying 

method for fruits, vegetables and medicinal plants in 

developing countries [5], and it is presented as an 

economically viable solution compared to other drying 

alternatives. 

In Colombia, this technology has been applied in different 

products. Potosí-Calvache et al. optimized the drying process 

of a pumpkin at a temperature of 55 °C and an air flow of 7 

m/s, where the minimum possible moisture content and the 

maximum concentrations of carotenoids and total phenols 

were obtained [6].  

Many investigations of batch drying have focused on the 

effects of temperature and the air velocity at the dryer inlet as 

the main parameters that influence the drying quality, leaving 

aside the flow uniformity, which may be linked to design 

variables [7]. However, obtaining products with a uniform 

moisture content in a tray dryer is not common. Precoppe et al. 

[8] reported non-uniform moisture contents in dried litchi 

samples, with 12 % in the lower tray and 38 % in the upper 

tray. The authors used experimental techniques in conjunction 

with anemometers, thermometers and mini-manometers to 

record the internal data of the fluid inside the drying cabinet 

and to contrast them with the moisture data. Another study 

proved that non-uniform air flow decreases the homogeneity 

of the final moisture content of the samples, negatively 

affecting the energy efficiency of the dryer and increasing the 

total drying time [9]. Experimental methods of local velocity 

measurements, while providing real data, are expensive and 

often difficult to implement. 

Numerous investigations have begun to use simulation 

techniques such as computational fluid dynamics (CFD) to 

evaluate the lack of homogeneity inside the dryers, 

considerably reducing the experimentation times in the 

proposed models without increasing the design costs [5, 7, 9-

11]. The CFD technique allows one to simulate and validate 

the internal behaviour of parameters that are difficult to access 

for measurement such as the air velocity and turbulence 

profiles in the drying chamber. Although CFD simulations 

have been successfully validated for tray dryers, there has not 

been a variable reported to date that relates the air turbulence 

to the solid matrix. 

Most studies that use mathematical models, especially the 

investigations associated with the 𝑘 − 𝜀  model, usually 

address the effective thermal conductivity (𝑘𝑒𝑓𝑓) of the matrix 
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to be dehydrated as a fixed variable, which is determined by 

the thermal conductivity of the fluid (𝑘𝑓) and the solid (𝑘𝑠), in 

addition to the porosity (ψ). The effective thermal conductivity 

(𝑘𝑒𝑓𝑓) directly influences the drying temperature in the solid 

matrix and thereby the mass transfer of the solid into the air. 

This is exemplified in the model used by [12], where the 

drying air is related to the solid matrix. 

Although this assumption of a constant fluid thermal 

conductivity facilitates the development of an accurate 

mathematical model, it may not be entirely correct to describe 

the complete geometry of the dryer because this parameter can 

vary spatially due to different magnitudes of turbulence. The 

objective of this study is to identify the incidence of the local 

thermal conductivity of air in a tray dryer by means of a CFD 

simulation. This variable is contrasted with experimental 

results of the moisture content of a mandarin peel in different 

dryer positions. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

Ripe Oneco mandarins were obtained from the Galeria 

Alameda supermarket in the city of Santiago de Cali (Valle del 

Cauca). The mandarins were washed with a soapy water 

solution at a ratio of 1:4, disinfected with hypochlorite at 100 

ppm for 5 min and peeled. The epicarp (peel) of the mandarins 

was cut into julienne strips 2.8 mm thick and approximately 

6.5 cm long, immersed in a metasulfite solution at 100 ppm for 

5 min, blanched for 2 min at 85 ºC and frozen for subsequent 

dehydration. 

 

2.2 Instruments and equipment 

 

The drying cabinet in the unit operations laboratory of the 

National University of Colombia, located in the city of Palmira, 

Valle del Cauca, was used. The chamber dimensions are 128 

cm high, 84 cm wide and 55 cm deep. The equipment has a 

turbine, a system of blades and a recirculating air duct. The air 

inlet is located in the lower part of the left side, and the outlet 

is in the upper part of the right side. There are 10 fixed trays 

inside, distributed at the top, with a distance between them of 

10.49 cm. The dimensions of these trays are 4.5cm high and 

0.6cm thick, 50 cm wide and 50 cm deep. The equipment has 

an electronic panel that controls the temperature and the air 

inlet. 

The turbine is responsible for transporting air from outside 

to inside by means of a duct that is connected to the entrance 

of the equipment. A system of resistances between the turbine 

and the entry point to the dryer increases the air temperature. 

There is a pair of fins for each tray, located on the sides. These 

fins are distributed in three sections (high, medium and low 

trays), allowing the distribution of the flow of air inside the 

chamber. The air flow was measured using an anemometer, 

while the moisture of the samples was obtained using a Precisa 

XM60 moisture balance, e=0.01, Switzerland. 

 

2.3 Drying operation 

 

The inlet temperature to the dryer was 40°C, with air 

velocities of 3.5 and 5.5 m/s. The drying time was 6 h for both 

experimental runs. The recirculation system was not taken into 

account for this test. The samples were distributed throughout 

the dryer on the trays, as shown in Figure 1. Before drying, the 

moisture content of the peels was measured in trays 1, 5 and 8. 

At the end of 6 h of drying, the moisture was reported as the 

average values (measurements in triplicate) of the peels 

located in the centre of each tray studied (1, 5 and 8), as shown 

in Figure 1. 

 

 
 

Figure 1. Distribution of mandarin peels. 

Distribution of the trays from the bottom to the top of the 

convection dryer 

 

2.4 CFD simulation 

 

For the CFD simulations, the energy, continuity and 

momentum equations were taken into account to describe the 

air flow behaviour within the geometry. To model the 

turbulence, a 𝑘 − 𝜀  model was used, which comprises two 

equations with constants C1-epsilon of 0.142 and C2-epsilon 

of 1.68. For the boundary conditions, those previously 

described in the experimental section were used. The mesh of 

the drying equipment (Figure 2) consisted of 350,000 nodes. 

All the simulations were carried out in ANSYS software 

(Student v.19.2). The simulations were run until convergence  

was reached. 

 

 
 

Figure 2. Three-dimensional model of the drying Cabinet. 

Air Inlet Air outlet to the environment, Recirculated air 

 

 

3. RESULTS AND DISCUSSION 

 

Table 1 shows the percentage of the final moisture reached 

in the drying of the mandarin peel. Here, it is observed that for 

the velocities of 3.5 and 5.5 m/s, the samples located in Tray 

1 presented the greatest moisture loss compared to those of 
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Trays 5 and 8. In Tray 1, for a velocity of 3.5 m/s, the final 

moisture readings were 5.25%, while for a velocity of 5.5 m/s, 

the final values were 4.67 %. In general, Tray 5 presented a 

higher moisture content compared to Tray 8 and Tray 1, even 

with the increase in velocity. 

It should be noted that the data recorded in Table 1 indicate 

that there is no homogeneous distribution of air flow within 

the dryer, and therefore the drying uniformity is compromised. 

Normally, in CFD dryer simulations, the results are shown 

as velocity vectors in different planes of the [5, 7, 9-11]. For 

this study, they are represented in terms of the effective 

viscosity as a measure of the turbulence and thermal 

conductivity of the fluid. 

 

Table 1. Moisture percentage as a function of the flow 

velocity and tray distribution 

 

Tray 
Air inlet velocity 

3.5 m/s 5.5 m/s 

1 5.25% ± 0.18 4.67% ± 0.11 

5 23.20% ± 5.8 13.97% ± 0.2 

8 15.82% ± 0.93 11.60% ± 0.47 

 

 

*: Spatial configuration of individual trays 

 

 

 
 

Figure 3. Eddy viscosity inside the dryer at different 

velocities 

 

 
 

Figure 4. Effective thermal conductivity inside the dryer at 

different velocities 

 

Figures 3 and 4 show a vertical plane that cuts the dryer axis 

in half. These planes show the contours of the eddy viscosity 

and thermal conductivity of the fluid at the exact point where 

the mandarin peels were collected. 

According to Figures 3 and 4, when comparing the results 

of the eddy viscosity and thermal conductivity of the fluid in 

the simulations for velocities of 3.5 (a) and 5.5 (b) m/s, with 

the experimental data of the drying operation recorded in 

Table 1, it could be observed that in "Tray 1", where lower 

moisture percentages were obtained, higher values of these 

variables were predominant in comparison to the results 

obtained in Trays 5 and 8, where the values of these factors 

were rather low. Similarly, these graphs show that the increase 

in the air inlet velocity (3.5 – 5.5 m/s) in the CFD simulations 

improves the distribution of these variables over the trays, 

covering a greater superficial area of the solid matrix, thus 

improving the internal drying conditions. This could be 

corroborated when observing the experimental results (Table 

1) of the final moisture content for both Trays 5 and 8, where 

the increase in velocity from 3.5 to 5.5 m/s contributed to its 

reduction, even reaching more “homogeneous” values. 

Turbulence models such as 𝑘 − 𝜀  seek to explain the 

formation of vortices dependent on the geometry of a flow 

domain and medium velocity gradients [13]. The fluid 
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collision with walls and/or fittings generates pressure drops 

and energy losses, which generate a decrease in the formation 

of vortices and thereby a decrease in the thermal effectiveness 

of the fluid, which directly depends on the formation of 

turbulence in the dryer [14]. The increase in the inlet velocity 

generates an increase in the number of eddies (eddy viscosity) 

inside the cabinet, and with this, a general increase in the 

thermal effectiveness of the fluid. However, due to the dryer 

fittings, at both air inlet velocities, a non-homogeneity in both 

variables is noted. 

In the case of Tray 1, the same reduction pattern in the final 

moisture content with the increase in the flow rate was 

observed; however, this difference was not as significant as in 

the trays, which may be related to the extraction limits of the 

free water. This implies that for the drying of this matrix, 

increases in the eddy viscosity above 0.001 P×s and in the fluid 

thermal conductivity above 1.3 W/m2×K do not have 

considerable effects on the drying time since beyond a 

moisture content of 5 %, the bounded water would start 

controlling the process. 

The importance of the effective thermal conductivity (𝑘𝑒𝑓𝑓) 

is that it directly affects the temperature of the solid matrix, 

and this in turn affects the mass transfer (moisture removal), 

as shown by the following equations 1 and 2, developed in the 

study of [12]. 

 

(𝜌𝐶𝑝)
𝑒𝑓𝑓

𝜕(𝑇)

𝜕𝑡
= 𝑘𝑒𝑓𝑓 (

𝜕2𝑇

𝜕𝑥𝑗
2)                                      (1) 

 

𝜓
𝜕(𝐶)

𝜕𝑡
= 𝐷𝑒𝑓𝑓 (

𝜕2𝑇

𝜕𝑥𝑗
2)                                                    (2) 

 

where 𝜓 is the porosity, 𝐷𝑒𝑓𝑓  the effective diffusivity, 𝐶𝑝 the 

specific heat capacity, 𝑇  the temperature and  𝐶  the 

concentration of water in the solid matrix.  

The effective thermal conductivity (equation 3) is 

composed of the thermal conductivity of the fluid 𝑘𝑓 and the 

thermal conductivity of the solid 𝑘𝑠. 

 

𝑘𝑒𝑓𝑓 = 𝑘𝑓 ∗ 𝜓 + (1 − 𝜓) ∗ 𝑘𝑠                                      (3) 

 
As shown in this study, the thermal conductivity of the fluid 

𝑘𝑓  cannot be treated as a spatial constant, and it must be 

included in the drying models as a variable that depends on (x, 

y, z), as shown in Eq. 4              
 

𝑘𝑒𝑓𝑓 = 𝑘𝑓(𝑥, 𝑦, 𝑧) ∗ 𝜓 + (1 − 𝜓) ∗ 𝑘𝑠                        (4) 

 

To find the values of 𝑘𝑓(𝑥, 𝑦, 𝑧), this study proposes to use 

CFD tools, and later these data can be coupled with the heat 

transfer and mass transfer models of the solid matrix to finally 

predict the spatial non-homogeneity in the moisture content of 

the samples. 

 

 

4. CONCLUSIONS 

 

When contrasting the results obtained in the drying process 

with the data of the different CFD simulations, it was 

corroborated that the eddy viscosity values and in turn the 

thermal conductivity of the fluid explain the behaviour of the 

moisture content of the samples. For the drying of mandarin 

peels, an eddy viscosity value of 0.001 P×s and a fluid thermal 

conductivity of 1.3 W/m2×K are proposed, which based on the 

dryer design must be spatially homogeneous. Future 

investigations should be aimed at the design of tray dryers 

based on optimum minimum values of the thermal 

effectiveness of the fluid, but with such values being 

homogeneous in the dryer. This would help to reduce the 

energy consumption of this type of equipment and ensure a 

uniform moisture distribution in the final product. 
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NOMENCLATURE 

 

Aw Water activity 

𝑘 Thermal conductivity 

P Pressure 

T Temperature 

𝐶𝑝 Specific heat capacity, J.kg-1.K-1 

C Water concentration 

 

Greek symbols 

                 

𝜓 Porosity 

 

Subscripts 

 

eff Effective 

f Fluid 

s Solid 

 

Drying cabin 

 

 Cabinet. Air Inlet 

 Air outlet to the environment 

 Recirculated air 
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