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ABSTRACT: Computational Fluid Dynamics (CFD) is a computational technology that enables 

researchers to study the dynamics of things that flow. By using CFD, it is possible to build  

a computational model that represents a system under study. It not only predicts fluid flow behavior, 

but also the transfer of heat, mass, phase change, chemical reaction, mechanical movement, and 

stress or deformation of related solid. In this study, hydrodynamics behavior of a laboratorial 

fluidized bed dryer containing carrot cubes as well as heat transfer in the dryer was simulated using 

CFD. In addition, to understand the energy utilization the system was optimized using the Taguchi 

technique. Simulations were planned based on L9 orthogonal array of Taguchi, and they  

were conducted at inlet air temperatures 50, 60 and 70 ºC, bed depths 3, 6 and 9 cm and carrot cube 

dimensions 4, 7 and 10 mm. Results show that cube size and bed depth have the maximum and 

minimum contribution on the energy utilization ratio, respectively. According to the results inlet air 

temperature 70°C, cube size 4mm and bed depth 9cm were obtained as optimum conditions. 

Finally, a verification test was performed to confirm the validity of the used statistical method. 
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INTRODUCTION 

Carrot (Daucuscarota L.) is one of the important 

vegetables grown throughout the world containing high 

amounts of sugar [1] and it is known for its nutrient  

 

 

 

contents besides appreciable amounts of  B1, B2, B6 and 

B12 vitamins and minerals [2]. Carrot is cooked, dried  

to be used in instant soups or meals or consumed as raw.  
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Carrots are the highest carotene containing foods which 

makes dried carrot slices an excellent candidate for 

developing an oil free snack food [1].  

Drying of fruit and vegetables is a subject of 

considerable importance for their preservation and 

storage [2]. Dried fruits and vegetables have a longer 

shelf life, which makes it possible to use them in different 

products. In most industrial processes at least one drying 

step exists, which means the removal of relatively small 

amounts of water or other liquid from the solid material 

to reduce the content of residual liquid to an acceptable 

low value. Various methods of drying have been 

developed for solids, and each method has its own 

characteristics [3]. Considering the thermal efficiencies of 

the drying process, fluidized bed dryers are extensively 

used in particulate foods drying because they ensure high 

intensities of heat and mass transfer accompanied by high 

rates of drying. Fluidized-bed dryer has found many 

applications in chemical, metallurgical and pharmaceutical 

industries. They have also been investigated as a potential 

method for obtaining high quality dried foodstuffs, 

including fruit, vegetables and grain [4]. 

It has become apparent in recent years that energy 

resources, especially natural gas and oil, are limited [5]. 

In practical applications drying is a process that requires 

high energy input because of latent heat of water 

evaporation and relatively low energy efficiency of 

industrial dryers [6]. Energy consumption in drying 

ranges from a low value of under 5% for the chemical 

process industries to 35% for the papermaking 

operations. The major costs for dryers are in their 

operation rather than in their initial investment costs and 

thus new ideas in drying methods and dryer design are 

required to optimize energy consumption [5] as well as 

operating conditions. 

In its most general meaning, optimization is the effort 

and process of making a decision, a design, or a system  

as perfect, effective, or functional as possible [7]. Process 

optimization has always been a noble objective of 

engineers entrusted with the responsibility for process 

development and improvement throughout the food 

industry [8]. There are some methods for optimization of 

food processes that each method has its own characteristics.  

Taguchi techniques with analysis of variance 

(ANOVA) are statistical methods primarily developed by 

Genichi Taguchi to improve the quality of manufactured 

goods. It is potentially beneficial for determining the 

most desirable design of products, best parameters 

combination for processes and optimization processes.  

In addition, experiment can be performed with the minimum 

replication using the orthogonal arrays [9]. Estimation of 

temperature amounts and its distribution inside the 

fluidized bed dryer is very important and necessary for 

calculation of energy and exergy efficiencies and thus for 

design objectives.  

The complexity of the fluid dynamics problem makes 

it difficult or impossible to exactly solve for equations of 

an object in a flow [10]. Computational fluid dynamics is 

a branch of fluid mechanics that uses numerical methods 

and algorithms to solve and analyze problems that 

involve fluid flows. Computers are used to perform the 

calculations required to simulate the interaction of liquids 

and gases with surfaces defined by boundary conditions. 

CFD is a fast growing technology that can be useful  

to obtain shorter product-process development cycles,  

to optimize energy requirements, to optimize existing 

processes and to efficiently design new products and 

processes [11]. CFD models have been significantly 

enhanced and calculation speeds have greatly increased, 

so that CFD has been used to simulate hydrodynamics in 

complex flows such as two-phase flow in packed beds [10], 

fluidized beds [12], stirred tank reactors [13] or  

flash calculations [14]. 

Recently, some studies on the optimization of food 

processes were done [15-25]. However, less work  

has been done on the CFD simulation and optimization of 

fluidized bed drying parameters using Taguchi technique. 

In addition, effect of particle size and bed depth on  

energy utilization of fluidized bed drying of moist material 

such as fruits and vegetables is not understood well. 

Therefore, in this research a fluidized bed dryer  

has been simulated using CFD techniques, and the focus of 

the work was on optimization of parameters that have 

effect on the system such as particle size, bed depth and 

drying air temperature using Taguchi technique.  

 

EXPERIMENTAL  SECTION 

Experimental set-up 

In this study a laboratorial fluidized bed dryer, 

developed in the ‘‘Agricultural Technical Engineering 

Laboratory” in College of Abouraihan� (University of 

Tehran, Iran) was investigated.� Fig. 1 illustrates the 
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Fig. 1: Schematic view of the experimental equipment: blower (1); inverter (2); heaters control unit (3); heaters (4);  

chamber (5) thermocouple (6-8); fluidization cylindrical chamber (7) anemometer (9). 

 

schematic view of experimental equipments.�The Plexiglas 

cylindrical chamber has diameter 150 mm and height  

300 mm. A centrifugal blower provided an air supply, 

drawn from ambient air. In order to supply the required 

airflow rate for fluidization of carrot cubes, the blower 

speed was changed by an inverter which operated directly 

on the blower motor. The dryer had an automatic 

temperature controller with an accuracy of ±1ºC.  

Air velocity was measured using an anemometer 

(PROVA AVM-07 TES, Co., Taipei, Taiwan) with an 

accuracy of ±0.05 m/s. Fresh carrots were obtained from 

a local market in Pakdasht, Iran and stored in a 

refrigerator at about 5 ºC. At the start of each experiment 

carrots were washed and cut into cubes manually, having 

dimensions of 4×4×4, 7×7×7 and 10×10×10 mm. The 

initial moisture content of the carrot was determined by 

drying of 50 g of sample in an oven at 105 ± 2 ºC.  In this 

study the ambient temperature and environment air 

relative humidity were taken as, T∞ = 25°C and ϕ = 20%, 

respectively. The initial moisture content of the carrots 

was observed to be 89.3 ± 0.36% (kg water/ kg dry matter). 

 

Simulated geometry 

As the cylindrical drying chamber is the most 

important part, it has been simulated in this work.  

To save the computational time and cost, the symmetric 

cylinder was created as the drying chamber. In order to 

generate the geometry and grid, commercial software, 

Gambit 2.3.16 was used.  

Results are grid independent. A grid independency 

check has been performed, and the outlet air velocity 

magnitude at inlet air temperature 50°C, cube size 10 mm 

and bed depth 6 cm was considered to compare different 

grids. Results have been shown in Table 1. As the 

difference between numerical results in grid 2 and 3 is 

less than 0.1%, so to save cost and time grid 2 has been 

chosen for all tests. 

 
THEORITICAL  SECTION 

Governing equations 

The governing equations are as follow: 

The equation for conservation of mass, or continuity 

equation, is: 

( ) 0
t

∂ρ
+ ∇ ⋅ρ ϑ =

∂

�
                                                           (1) 

Conservation of momentum has been described by: 

( ) ( ) ( )p g
t

∂
ρϑ + ∇ ⋅ ρϑϑ = −∇ + ∇ ⋅ τ + ρ

∂

� � � �
                        (2) 

The stress tensor �� is given by:  

�� ( )T 2
I

3

� �
= µ ∇ϑ + ∇ϑ − ∇ ⋅ϑ� �� �

� � �
                                        (3) 
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Table 1: Air outlet velocity magnitude at different grids. 

Grid 1 2 3 

Number of elements 3×104 3×105 5.3×105 

Number of nodes 1.2×104 8.7×104 1.4×105 

Outlet velocity (m/s) 2.38 3.63 3.64 

 
The second term on the right hand side shows the 

effect of volume dilation.  

The energy equation is: 

( ) ( )( )E E p
t

∂
ρ + ∇ ⋅ ϑ ρ + =

∂

�
                                           (4) 

effeff j j hj
k T h J S� �∇ ⋅ ∇ − + τ ⋅ϑ +
� �� ��

��

 

keff is the effective conductivity (k+kt, where kt is the 

turbulent thermal conductivity, defined according to the 

turbulence model being used). The first three terms on the 

right-hand side of the Eq. (4) represent energy transfer due 

to conduction, species diffusion, and viscous dissipation, 

respectively. Sh� includes the heat of chemical reaction, 

and any other defined volumetric heat sources. 

In Eq. (4): 

2p
E h

2

ϑ
= − +

ρ
                                                               (5) 

where the sensible enthalpy, h, for ideal gases  

is defined as: 

j j

j

h Y h=�                                                                    (6) 

In Eq. (6), Yj is the mass fraction of species j and: 

ref

T

j p, j
T

h C dT= �                                                              (7) 

where Tref , is 298.15°�. 

The species transport equation is: 

Y

t

∂ρ
+ ∇ ⋅

∂
���	
�� WJ= −∇⋅

�
                                            (8) 

where Y is the water mass fraction and WJ
�

, the water 

mass flux, defined as: 

W effJ D Y= −ρ ∇
�

                                                            (9) 

where Deff is the water effective diffusivity. 

Turbulence Model 

The realizable k-ε model has been chosen as the 

turbulence model. Transport equations for k and ε are: 

( ) ( )i
i

k ku
t x

∂ ∂
ρ + ρ =

∂ ∂
                                                 (10) 

t
k b M k

j k j

k
G G Y S

x x

� �	 
µ∂ ∂
µ + + − ρε − +� �� �

∂ σ ∂� �
 �� �
 

and 

( ) ( ) t
i

i j j

u
t x x xε

� �	 
µ∂ ∂ ∂ ∂ε
ρε + ρε = µ + +� �� �

∂ ∂ ∂ σ ∂� �
 �� �
              (11) 

2

1 2 1 3 bC S C C C G S
kk

ε ε ε ε ε ε
ε ε

ρ − ρ + +
+ νε

 

where:  

1C max 0.43,
5

ε

� �η
= � �η +� �

                                               (12) 

k
Sη =

ε
                                                                         (13) 

ij ijS 2S S=                                                                  (14) 

In the above equations, Gk represents the generation 

of turbulence kinetic energy due to the mean velocity 

gradients. Gb is the generation of turbulence kinetic 

energy due to buoyancy. YM shows the contribution of 

the fluctuating dilatation in compressible turbulence  

to the overall dissipation rate. σk , σε , C2ε and C1ε  

are constants and established to ensure that the model 

performs well for certain canonical flows. Constant 

values are represented in Table 2. Sk and Sε are source 

terms, and in the present work they were assumed zero.  

The degree at which � is affected by the buoyancy  

is determined by the constant C3ε:  

3C tanhε = 
���
                                                            (15) 
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Table 2: Constants in the turbulence model. 

�� �� ��� ��� 

1.3 1 1.92 1.44 

 

Table 3: The various parameters selected and their respective levels. 

Factors Level 1 Level 2 Level 3 

A: Bed depth 3cm 6cm 9cm 

B: Cube size 4mm 7mm 10mm 

C: Inlet air temperature 50°C 60°C 70°C 

 

Energy Utilization 

Thermodynamic analysis has appeared to be an 

essential tool for optimization and design of thermal systems. 

Energy utilization is the proportion of energy supplied  

to the fluidization chamber for drying of wet materials. 

Energy utilization ratio has been defined as the ratio of 

energy utilization to the useful energy given from heater [26]. 

Thus the energy utilization ratio is a proper dimensionless 

term and has been used as the objective function for 

optimization of the system.  

Energy utilization can be calculated by applying  

the first law of thermodynamics [27]: 

( )da dai daoEu m h h= −�                                                  (16) 

The mass flow rate of the air, dam� , can be calculated 

using the following equation [26, 28]: 

da a a dcm V A= ρ�                                                             (17) 

The enthalpy of drying air can be determined as 

follow [29]: 

( )pda fghda C T T h w∞= − +                                          (18) 

The specific heat of inlet and outlet air, Cpda ,  

was obtained by [29]: 

pdaC 1.004 1.88w= +                                                    (19) 

The below equation can be used to transform the 

relative humidity to humidity ratio of the air [26, 29-33]: 

s

s

P
w 0.622

P P

ν

ν

ϕ
=

−
                                                        (20) 

Humidity ratio of outlet air is calculated by [31]: 

dao dai
da

DR
w w

m
= +

�
                                                      (21) 

The (DR) has been defined as: 

t t tW W
DR

t

+∆−
=

∆
                                                       (22) 

The Energy Utilization Ratio (EUR) of drying 

chamber  is calculated using the following equation [29]: 

( )
( )

da dai dao

da dai e

m h h
EUR

m h h

−
=

−

�

�
                                            (23) 

 

Numerical method 

The computations were performed by commercial 

software, Fluent. The second order upwind discretization 

scheme was used to solve continuity, momentum, and 

energy equations. The pressure–velocity coupling has 

been obtained using SIMPLE algorithm. The initial 

temperature in the system was adjusted equal to ambient 

temperature 298 K. Boundary conditions of mass flow 

inlet and pressure outlet were applied for the bottom and 

top of the dryer, respectively. The side walls were 

insulated and no slip velocity was assumed. Turbulence 

predictions for the system were obtained using  

the realizable k-ε model. 

 

Orthogonal array and simulation parameters 

For Taguchi design and subsequent analysis, the 

software named Qualitek-4 (Version 4.82.0) was used. 

The appropriate orthogonal array, L9, for the simulation 

was determined by the software. This means that  

9 simulations with different combinations of the factors 

should be conducted in order to study the main effects 

and interactions. As Table 3 shows in this work the effect 

of three parameters on energy utilization ratio at three 

levels have been studied. Taguchi L9 orthogonal array of 

the simulations designed are shown in Table 4.  
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Table 4: Taguchi L9 orthogonal array design. 

Simulation number A B C��

1 1 1 1 

2 1 2�� 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: (a) Schematic of the geometry used in this study. Here, 

bed depth and cubic carrot size are 9cm and 4mm, 

respectively; (b) The generated grid by the size function. 

 

RESULTS  AND  DISCUSSION 

The schematic of the geometry and the grid used  

in simulations, have been illustrated in Fig. 2. As it  

can be seen in Fig. 2, the carrot cubes were randomly scattered 

in all over the specified height of bed. All Taguchi tests 

were performed and energy utilization ratio was 

calculated. The results have been displayed in Table 5. 

Temperature is the most important parameter that  

can be measured at every point inside the drying chamber 

for calculation of energy utilization at those points. Fig. 3 

represents temperature contours of the drying chamber  

at different times. The hot drying air, crossing upward 

throughout the fluidization chamber, has lower amount of 

temperature toward the top of cylinder because of heat 

transfer from air to carrot cubes. All the simulations have 

been conducted to reach the stable condition and thus  

at the end of the process, temperature of the entire cylinder 

was near the inlet air temperature. 

In order to investigate the temperature distribution 

along the cylinder more accurately, the height of drying 

chamber has been divided to some layers (Fig. 4), and the 

temperature has been estimated in each layer. Fig. 5 

displays variations of temperature versus time and surface 

position. As can be seen in Fig. 5, the temperature of first 

surface in the bottom of drying chamber was equal  

to the inlet air temperature in the first time step. Temperature 

of surfaces was decreased with increasing the height of 

the surfaces along the drying chamber and it became equal 

to ambient temperature at the top of drying chamber. 

With passing time, temperature of lower surfaces  

became equal to the inlet air temperature, and upper 

surfaces became warmer than the ambient temperature 

until the whole chamber reached the stable condition  

at the end of process. 

Drying is a time-dependent simultaneous process of 

mass and heat transfer. Therefore, these transport 

phenomena were simulated simultaneously in this work. 

Fig. 6 represents the results of water diffusion inside  

the carrot cubes. 

In Fig. 6 (a) and (b) volume fraction of water  

in a carrot cube was represented in two different times for 

cube size 10 mm, air velocity 4 m/s and bed depth 90 mm. 

As mentioned earlier, the initial moisture content of 

carrot cubes was observed to be 89.3 ± 0.36% (kg water/ 

kg dry matter) and about 75% of initial moisture content 

would be lost at the end of drying period in every 

experimental drying condition. As Fig. 6 (a) and (b) 

illustrate, the amount of water inside carrot cubes decreases 

with passing time. Fig. 6 (c) shows water vectors that 
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Table 5: Energy utilization ratio in Taguchi tests. 

Simulation Number Energy utilization ratio 

1�� 0.113 

2 0.098 

3 0.073 

4 0.164 

5 0.116 

6 0.047 

7 0.214 

8 0.111 

9 0.066 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Contour of total temperature in the case with bed depth  

9cm, cube size 4mm and inlet air temperature 70°C at time 

steps: a) t=0.1s, b) t=0.2s, c) t=0.3s, d) t=0.4s, e) t=0.5s, f) 

t=0.6s, g) t=0.7s and h) t=0.8s. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4: Drying chamber divided to 5 layers by iso-surfaces. 

move from the center of carrot toward its surface, 

therefore during the drying, water content near the  

carrot surface will increases. Volume fraction contours  

of water and its vectors obtained from numerical  

results, are in agreement with the natural process of 

drying. 

With a low flow rate of the upward passed air through 

bed particles, a fixed bed will be the result. An increase  

in flow rate causes expanded bed particles and provides  

a minimal fluidized bed. In the carrot cubes with high 

initial moisture content, only the top layer of the bed  

is movable. The bottom layers remain expanded with 

negligible motion due to dominant cohesive forces 

exerted by wetted surfaces. In minimum fluidization 

condition, the pressure drop across the cubic carrot layer 

was reached the equivalent of the weight of particles  

in the bed divided by the area of the bed, in other words the 

frictional force between particles and air, counterbalanced 

the weight of the particles. As can be seen in Fig. 7 

around a carrot cube in the  fluidized bed, the boundary 

layer next to the upper surface of the carrot became 

thicker and then separated from the surface because of air 

viscosity. This separation of the boundary layer caused 

turbulent eddies within which energy was dissipated and 

which created an upward force on the particle known as 

form drag. The total force acting on the particle because 

of the air flow is then the sum of form drag and  

the viscous drag over the surface. Fig. 7 (a) shows  

the velocity vectors of air and viscous drag in the sides of  

a single carrot cube in the fluidized bed and the turbulent 

eddies in the top of the particle. Fig. 7 (b) shows  

the pressure contour. As it can be seen from the figure, 

there is a pressure drop across the single particle due to 

created eddies. 

Results have been analyzed using Taguchi technique 

to rank factors that can affect the energy utilization ratio 

in a fluidized bed dryer. As Table 6 represents between 

factors listed in Table 3, bed depth and inlet air 

temperature have the maximum interaction. Cube size - 

inlet air temperature and bed depth - cube size are the 

other pairs that the interaction between them is significant. 

ANOVA is a method that most widely used for 

determining significant parameters on response by the 

decomposition of total variation into its appropriate 

components and measuring their relative effects. The 

results of ANOVA are shown in Table 7. 
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Fig. 5: Variations of temperature versus time and surface position 

in bed depth 9cm, cube size 4mm and inlet air temperature 70°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Volume fraction of water inside a carrot cube after (a) 

0.01 s and (b) 0.07 s, (c) water vectors inside the carrot. 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7: (a) velocity vectors, and (b) contour of total pressure 

around a single carrot in the fluidized bed dryer. 

Degree of freedom (DOF) for a factor is shown in 

second column of the ANOVA table and it is defined as: 

DOF n 1= −                                                                  (24) 

The sum of squares (S) in the third column of Table 7 

for each factor is defined as: 

( )
2n

j tj 1
S n m m

=
= ⋅ −�                                                (25) 

The variance and percent of contribution of each 

factor is calculated as: 

S
Va

DOF
=                                                                    (26) 

N

i 1

S
Percent

S
DOF 100

DOF=

=

× ×�
                              (27) 

The review of the ‘Percent’ column shows that  

the cube size factor contributed the highest percentage  

to the factor effects. 

The averages of energy utilization ratio for all factors 

at each level were plotted in Fig. 8. From the highest 

value of average effects for each factor the best level  

can be determined. According to these figures level 3 of bed 

depth, level 1 of carrot cube size and level 3 of inlet air 

temperature can be obtained as the optimum condition. 

The levels that cause maximum energy utilization 

ratio are listed in Table 8. Based on Taguchi technique 

the expected energy utilization ratio, which is the sum of 

the total contribution from all factors and the grand 

average value is 0.203. The different between the grand 

average value and the average effect of each factor 

correspond to its optimum level is contribution of each 

factor.� The expected value should get when optimum 

conditions are applied. 

The confirmation test is final and crucial step which  

is highly recommended by Taguchi to verify the 

conclusions [9]. In the stage of confirmation experiment, 

an extra simulation� has been performed using  

the optimum conditions� and obtained result were 

compared with the expected result at optimum condition 

(Table 8). The confidence interval of energy utilization 

ratio for this simulation was ±0.033 and it was within  

the 95% confidence level of the predicted optimal values. 

It means that prediction of Taguchi method is reliable.  

Height of layers (cm) 
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Table 6� Interaction between factors. 

Interaction factor pairs Interaction severity index 

A-C 38.98 

B-C 19.04 

A-B 10.11 

 

Table 7: ANOVA analysis. 

Factor Degree of freedom (DOF) Sum of squares (S) Variance (V) F-ratio (F) Pure sum (S´) Percent P (%) 

A: Bed depth 2 0.001 0 2.475 0.001 5.438 

B: Cube size 2 0.015 0.007 19.911 0.014 69.707 

C: Inlet air temperature 2 0.002 0.001 3.742 0.002 10.11 

Other / error 2 0.003    14.745 

Total 8 0.021    100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8: Average effects of factors for each level (A) Bed depth, 

(B) Cube size, and (C) Inlet air temperature. 

In order to validate the simulation results, three 

experimental tests were done [34]. Before each 

experiment, the cylindrical drying chamber was filled 

with square−cubed carrots to a chosen height and then 

samples were taken out from the cylinder to determine 

the initial weight. After the dryer was reached at steady 

state conditions for operation temperatures and 

fluidization velocities, the carrot cubes were put in the 

drying chamber and dried there. 

   Numerical and experimental results have been 

compared to each other. The outlet air temperature was 

compared between numerical and experimental data. 

Tests have been performed for carrot cubes 7mm, bed 

depth 6cm, and inlet air temperatures 50, 60 and 70°C  

in the laboratorial fluidized bed dryer. The results were 

compared with numerical data performed in the same 

conditions and it has been shown in Fig. 9. Outlet air 

velocity in both experiments and simulations were also 

compared to each other, and numerical results were  

in good agreement with experimental data. 

 
CONCLUSIONS 

A laboratorial fluidized bed dryer for drying of carrot 

cubes was simulated by CFD method and the effect of 

different parameters such as inlet air temperature, cube 

size and bed depth on energy utilization ratio at three 

levels were investigated using Taguchi technique. Among 

the factors studied, percent contribution of carrot cube 

size is more significant than other factors, and the pair 

bed depth-inlet air temperature has the maximum 
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Table 8: Estimation of the optimum condition (maximum energy utilization ratio). 

Factor Level Contribution 

Bed depth 3 0.018 

Cube size 1 0.052 

Drying temperature 3 0.022 

Total contribution from all factors 0.091 

Current grand average of performance 0.111 

Expected result at optimum condition 0.203 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Comparison of simulation and experimental data at 

bed depth 6cm, cube size 7mm and inlet air temperature 50 °C, 

60 °C and 70 °C. 

 

interaction on each other. It was concluded that this 

method could be a good way to optimize energy 

consumption and reduction of losses and costs due to 

control the parameters. The numerical results show that 

smaller particle size, deeper bed and higher inlet air 

temperature increase energy utilization and decrease 

energy losses from outlet air. Numerical results have been 

evaluated by comparing with experimental data in terms 

of outlet air temperature and velocity. 
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Nomenclatures 

A                                                                     Surface area, m2 

Cp                                                         Specific heat, J/(kg.K) 

Deff                                       Water effective diffusivity, m2/s 

DOF                                                           Degree of freedom 

e                                                                           Environment 

h                                                          Specific enthalpy, J/kg 

I                                                                                 unit tensor 

Jj                                   Diffusion flux of species j, mol/m2.s 

WJ
�

                                                                  Water mass flux 

keff                                          Effective conductivity, W/m.K 

mj                                    Standard average of the results  

                          at level j for each factor, unit of the factor 

mt                            Total standard average (grand average) 

m�                                                             Mass flow rate, kg/s 

n                                                           Total number of levels 

N                                                                  Number of factors 

p                                                                  Static pressure, Pa 

P                                                      Atmospheric pressure, Pa 

Pνs                                                         Saturated pressure, Pa 

Sh                                                                Heat source, W/m3 

t                                                                                      Time, s 

T                                                     Drying air temperature, K 

T∞                                                      Ambient temperature, K 

Yj                                                    Mass fraction of species j 

ϕ                                            Relative humidity of air, kg/m3 

µ                                                        Dynamic viscosity, Pa s 

ρ                                                               Fluid density, kg/m3 

gρ
�

                                    Gravitational body force, kg m/s2 

σk                                          Turbulent Prandtl number for k 

σε                                           Turbulent Prandtl number for � 

��                                                                 Stress tensor, N/m2 

 

Superscript 

da                                                                             Drying air 

dc                                                                  Drying chamber 

a                                                                                             Air 

o                                                                                       Output 

i                                                                                           Input 
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