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Modeling Some Drying Characteristics of High Moisture

Potato Slices in Fixed, Semi Fluidized and Fluidized
Bed Conditions
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ABSTRACT

Drying properties of high moisture potato slices with initial moisture content of about
4.06 (db) under thin layer fixed, semi fluidized and fluidized bed conditions were studied.
Drying air temperatures of 40, 50, 60 and 70°C were applied in experiments using a
laboratory fluidized bed convective dryer. In order to predict the drying behavior of
potato slices, seven thin layer drying models were applied from where finally Midilli ef al.
model was selected as the suitable one, based on comparative indices. Effective moisture
diffusivity of the potato slices varied between 4.29x10” and 15.70x10” m’ s for fixed and
fluidized bed conditions, respectively. Moisture diffusivity values of the slices were
increased as the drying air temperature levels increased. Activation energy values varied
between 15.88 and 24.95 kJ mol’'. Minimum and maximum values of activation energy
were obtained at minimum fluidized and fixed bed conditions, respectively. Consumption
of specific energy for thin layer drying of high moisture potato slices was obtained
between 0.45x10° and 1.64x10° (kJ kg™). Increase in the drying air temperature in each
bed condition caused increase in energy consumption. The maximum value of energy

consumption was obtained at fluidized bed conditions.
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INTRODUCTION

Dehydration is defined as moisture
removal process during heat and mass
transfer. Moisture transfer can occur in two
forms, surface evaporation and internal
liquid vapor diffusion (Meziane, 2011). Heat
transfer rate depends on many such
following factors: drying air temperature, air
flow rate, air relative humidity, surface area
of the agricultural and food material as well
as the local or partial pressure. Moisture
transfer rate is also governed by the physical
properties of the food and agricultural
material, applied temperature, moisture
content as well as the material structure. The
most popular form of energy transfer from a
heat source to the food and to an agricultural

material is through convection. In this
method, heat transfer is directly conducted
using a source of hot air flow.

Many investigators have studied the
drying characteristics of potato and of
different agricultural and food materials
through thin layer drying. These include
potato (Leeratanarak et al., 2006; Hassini et
al., 2007; Bondaruk et al., 2007, Wang et
al., 2010), candle nuts (Tarigan et al., 2006),
onion slices (Pathare and Sharma, 2006),
azarole fruit (Koyuncu et al., 2007), plums
(Goyal et al., 2007), broad beans (Hashemi
et al., 2009), milky mushroom
(Arumuganathan et al., 2009) as well as red
beet slices (Kaleta and Goérnicki, 2010).

Potato (Solanum tuberosum) has been
widely cultivated in Iran with a production
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of about 4.7 million tons in 2008
(FAOSTAT, 2008). Due to high initial
moisture content, the harvested potato is
spoiled with micro-organisms injurious to
human health, several weeks past harvest.
Potato sun drying procedure takes time
during which the <crop could be
contaminated by molds, dust, insects, and
sand particles. To avoid these problems,
quicker, safer, more uniform and
controllable drying methods are needed
(Gornicki and Kaleta, 2007; Krokida et al.,
2003). Fluidized bed drying could be an
appropriate option in drying of potato slices.

Air fluidization process is defined as
floating of a particulate in the current of an
air flow. Air flow of a low flow rate forms a
fixed bed condition. Gradual increasing of
air flow rate, leads to creation of a minimum
fluidized bed condition (semi fluidized bed).
Following that a bubbling condition is
created and then particulate materials start to
be transported. Minimum fluidized bed, is a
special point in fluidization process in which
such particular characteristics, as, a
maximum value of pressure drop,
counterbalance of particles’ weight and loss
of the frictional force among particles

occurs.  Bubbling  condition  causes
turbulence in movement of material
particles. Pneumatic conveying of the

particles occurs in the transportation stage
(Kunii and Levenspiel, 1991; Brooker et al.,
1992; Karbassi and Mehdizadeh, 2008).

Theoretical, semi-theoretical and empirical
models are employed to predict the drying
time of food and agricultural products in a
thin layer mode. Precise prediction of potato
drying time is important to reduce the drying
damage as well as the energy consumption,
and to increase the drying capacity (Doymaz
and Pala, 2002). Drying time of food and
agricultural products is greatly affected by
the material characteristics, air velocity and
air temperature (Erenturk and Erenturk,
2007).

Effective moisture diffusivity, activation
energy and specific energy consumption of
food and agricultural products are important
parameters for optimum design and
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application of a dryer (Kingsly et al., 2007).
Although much information has been
reported regarding the modeling of drying
kinetics, effective moisture diffusivity,
activation energy and specific energy
consumption for various food and
agricultural products, but no published
material is available concerning comparison
of these drying parameters in fixed, semi
fluidized and fluidized bed conditions as
regards high moisture content potato slices.

The main goals of this study were to: (1)
modeling the drying kinetics of high
moisture potato slices under fixed, semi
fluidized and fluidized bed condition of thin
layer drying process (2) determination, and a
comparison of the effective moisture
diffusivity, activation energy and specific
energy consumption values for high
moisture potato slices during drying in
different bed conditions (fixed, semi
fluidized and fluidized bed) and in thin layer
drying process (3) presentation of empirical
models to describe the dependence between
these factors and input parameters (air
temperature and air velocity).

MATERIALS AND METHODS

Experimental Points

Three experimental points of drying were
selected on the fluidization curve (Figure 1).
Initially the pressure drop of potato slices
was determined at different air flow
velocities. Fan speed was gradually
increased using an inverter (Vincker VSD2)
and parameters of pressure drop vs. air
velocity were recorded using a multifunction
measurement device (Standard ST-8897).
Net static pressure drop of the potato slices
was recorded as the difference between total
static pressure drop between potato cubes
and bed plate.

About 40+1 g potato slices were used as
sample for fluidization and drying
experiments. Maximum value of static
pressure drop (point B in Figure 1) in
fluidization curve of potato slices is known
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Figure 1. Fluidization curve of potato slices and selected points for modeling: (A) Fixed bed (1.53 m sh,
(B) Semi fluidized bed (2.96 m s™ and (C) Fluidized bed (4.12 m s™.

as minimum fluidization point or semi
fluidized bed (Kunii and Levenspiel, 1991).
An experimental point in fixed bed domain
was determined with air velocity of about
1.53 m s (point A in Figure 1). Also
experimental point C with air velocity of
about 4.12 m s™' was selected as the fluidized
bed condition. All the drying experiments
were conducted at these points.

Drying Process Experimental Setup

Fresh potato tubers (cv. Agria) were
supplied from a local farm in Hamedan,
Iran. The tubers were cut into slices with
thicknesses of 3 mm. The slices were stored
in a refrigerator at +4+1°C. Ambient air
temperature and air relative humidity of
laboratory room ranged from 24 to 29°C and
22 to 34%, respectively. The four
parameters of inlet and outlet temperatures
of the drying chamber, ambient air
temperature and air relative humidity were
recorded during the experiments. A
laboratory fluidized bed dryer was employed
in performing the drying experiments
(Figure 2). Following turning on of the
dryer, about 30 minutes was required for the
dryer to reach the steady state. About 40+1 g
potato slices were loaded into the dryer
chamber and drying experiment started.
Three bed conditions (fixed bed at 1.53 m s’
|, semi fluidized bed at 2.96 m s' and
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fluidized bed at 4.12 m s™') accompanied by
four air temperatures of 40, 50, 60, and 70°C
were applied in the drying experiments. In
order to find out the moisture content of the
potato samples during the drying process,
weight of samples was initially measured.
Through online weighing using a digital
balance of 0.01 g accuracy and then

13 —ﬁ @

Figure 2. Schematic diagram of laboratory
scale fluidized bed dryer: (1) Fan and
electrical motor; (2) Inverter; 3)
Thermostat; (4) Electrical heater; (5) Mixing
chamber; (6) Diffuser; (7) Thermocouple; (8)
Input air temperature recorder; (9) Drying
chamber; (10) Air velocity sensor; (11)
Chamber cap; (12) Outlet air temperature
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moisture content calculated. Initial and final
moisture contents of potato samples were
determined by gravimetric method at 70°C
and after 24 hours (AOAC, 2002). Initial
moisture content of the samples was about
4.06 (db). Drying was continued until a final
moisture content of about 0.10 (db) attained.
Drying experiments were conducted in three
replications.

Process and Parameter Modeling

Moisture ratio of potato slices in thin-layer
drying is determined as follows:
M-M
ST (1)
M,-M,

Where, MR stands for the moisture ratio,
M is the moisture content at any specified
time (% db), M; and M, represent the initial

and  equilibrium  moisture  contents,
respectively (% d.b.).

During drying of potato slices in a
fluidized bed method, M, values were

MR =

relatively small compared to M andM,.

Equation (1) was therefore simplified as
follows (Doymaz, 2004):

mr=M )

M,

Seven mathematical models of thin layer
drying were employed to fit the
experimental drying curves (Table 1). Model
coefficients and values of indices were
calculated using nonlinear regression of
Curve Expert software (ver. 1.4). Three

indices were applied to determine the
supremacy of mathematical models. These

included correlation coefficient (R?), Chi-
square (?) and root mean square error
(RMSE). As for the most suitable model,
y*and RMSE values should assume the
lowest while R? the highest (Demir et al.,

2004). These parameters are estimated as
follows:

N
Z[MRexp,i _]MRpre,i]2
R?=1-—= - - 3)
MR .
N z prei
z L_MR re,i
N pre,

~
i

(MRexp,i - MRpre,i )2

M=

2 _ =l 4
X N2 “4)
1Y 2 |2
RMSE = NZ;‘(MRWJ ~MR,,,) &)
Where, MR,,,; 1is the experimental

moisture ratio of i" data, MR, .stands for

pre,i

the predicted moisture ratio of i" data, N is
the number of observations and z the
number of drying constants.

Effective Moisture Diffusivity

Fick’s diffusion equation for slab
geometry particles was used for computation
of the effective moisture diffusivity of

Table 1. Thin layer drying models used in drying of high moisture potato slices.

Model Equation “ References

Demir et al. MR = aexp(-kt)“ +b DEMIR et al. (2007)
Logarithmic MR =aexp(-kt)+ ¢ Doymaz (2004)

Midilli ez al. MR =aexp(-kt")+bt Midilli ez al. (2002)

Page MR = a exp (-kt") Zhang and Litchfield (1991)
Two-term exponential MR = a exp (-kt) + (1- b)exp(-kct) Sharaf-Elden et al. (1980)
Wang and Singh MR =1+ at + bt > Wang and Singh (1978)
Logistic MR =a/(1+ b exp(kt)) Cihan er al. (2007)

4 as b c0 ke kot ko and n stand for drvine constants.
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potato slices. Assuming negligible external
mass transfer resistance, uniform initial
moisture distribution and constant slab
thickness, the solution of Fick’s equation
proposed by Crank (1975) is presented as
follows:

M-M, 8& 1 - D 2n-1’7’
MM :;ﬁ,,l(zn-l)zeXp[ 4L j

e

MR

(6)

Where, MR stands for moisture ratio
(decimal), M is moisture content at any
point of time (Kgwaer/KCdry maer), M;is the
initial moisture content (Kgwaer/Kary mater),
nrepresents the number of terms taken into
consideration, ¢ denotes the drying time (s),
D, is effective moisture diffusivity (m”s™)

and finally L is the average half thickness of
potato slices (m).

Due to the drying time of the potato slices
being relatively long, so according to
Kingsly et al. (2007) the first term of
Equation (6) has been considered for the
calculation of D, :

_ D, 1t
In(MR) = In| M=M, (8 )| 2
M;-M, z’ 417

)

MR can be obtained as follows:

2
8 D, it
MR=(Fjexp( 4L2ﬁ’ ] (8)

As Arrhenius type of equation can be used
for computation of activation energy
(Babalis and Belessiotis, 2004):

E
D, =D, exp(— R;"j )

For obtaining E,, Equation (9) can be

linear as follows:

E
In(D,y;) = In(Dy) —( R“ ][T—] (10)

Where, E, is activation energy (kJ mol™),

R is universal gas constant (8.3143 kJ mol’
K'l), T stands for absolute air temperature
(K), and D,represents the pre-exponential

factor of the equation (m2 s.

JAST
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According to Equation (10), In(D,; ) was

plotted against //T and then three linear
models were fitted to the experimental data.
Specific energy consumption (E) for

drying of potato slices was calculated using
the following model (Zhang et al., 2002):

Eg=olnTw) 0 icony A

60m,V,

v'h

where Eg is specific energy consumption
(kJ kg"), Cp, and Cp, stand for the specific

heat capacity of vapor and air, respectively,
(1004.16 and 1828.8 J kg'' °C™"), @ is inlet

air to drying chamber (m® s™), s the total
drying time (s), h,is the absolute air
humidity (kgyapor/Kgary air), T,and T, are
inlet air to drying chamber and ambient air
temperatures, respectively, (°C), m,is the

mass of water removed (kg) and V), the
specific air volume (m*/kg).

RESULTS AND DISCUSSION

Mathematical Modeling of Drying
Kinetics

Decreasing of potato slices moisture
content against drying time at different
temperatures and in the various bed
conditions is depicted in Figure 3. Based on
these results, air temperature was the most
important in drying of potato slices. With
increase in air temperature, drying time was
decreased. This is due to applying energy at
a higher rate to the bed of potato slices and
consequently increase in draying rate. These
results are similar to those of such previous
studies, as: peach slices (Kingsly et al.,
2007), soybean (Rafiee, 2009), plum slices
(Goyal et al, 2007) and mushroom
(Arumuganathan et al., 2009; Gorjian,
2011). With regard to the drying curves
(Figure 3), falling rate period took place in
all the drying processes of high moisture
potato slices. Similar patterns have been
observed in drying of quercus (Tahmasebi et
al.,2011).
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Figure 3. Moisture contents of high moisture
potato slices in different bed conditions and at
different drying air temperatures.

The kinetic drying of potato slices at
different bed conditions and air temperatures
was predicted using seven mathematical
models to evaluate their suitability and to
select the most appropriate model. Indices

of R*, y* and RMSE are presented in Table

2. All R? values of Midilli et al., Page, and
Wang and Singh models were obtained as

1234

greater than 0.99. Results indicated that the
Midilli et al. model presents the most
suitable performance in prediction of high
moisture potato slices’ drying behavior, due
to the fact that R* values for all the drying
temperatures being the highest, while z*and

RMSE values the lowest. Midilli er al.
model coefficients for all bed conditions and
air temperatures are presented in Table 3.
Results indicate that the R? value for all the
predicted moisture ratio values against the
experimental ones for all bed conditions and
temperatures was 0.9995. This also proved
that the Midilli et al. model benefits from
the proper accuracy in moisture rate
prediction of high moisture potato slices.

Effective Moisture Diffusivity

Potato drying experiments were continued
until moisture content of samples reached
about 0.10 (db). Ln(MR) values versus
drying time (s) in different temperatures and
bed conditions have been presented in
Figure 4. Increase in air temperature caused
increase in slope of lines. Equation (4) was
used to calculate the D, Values. The highest

value of D, was obtained at fluidized bed

condition with air velocity of 4.12 m s
(Figure 5). This is assumed as due to the
most effective contact between air flow and
potato slices. Hence increase in air velocity
caused increase inD,; values. Minimum

values for D,, were obtained as 4.29x10”

m’ 5" for fixed bed (1.53 m s™), and air
temperature of 40°C. The maximum value of
D, (1.57x10® m* s") belonged to fluidized

bed with air velocity of 4.12 m s and air
temperature of 70°C.

As can be observed from Figure 5, the
most effective factor affecting the D,

values in high moisture potato slices is air
temperature. Increase in air temperature
caused increase in D, values. Similar

results regarding the effect of drying air
temperature  on  effective  moisture
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Table 3. Coefficients of Midilli er al. (2002) model for kinetic drying prediction of potato slices in

different bed conditions.

Temperature Coefficients 40°C 50°C 60°C 70°C
Fixed bed a 0.9876 0.9887 0.9888 0.9970
(1.53ms™) k 0.0113 0.0213 -0.0276 -0.3130
n 3.0303 4.5044 6.6855 6.1401
b 1.6902 1.6323 1.6837 1.4596
Semi fluidized bed a 0.9931 0.9923 0.9931 0.9958
(2.96 ms™) k -0.1472 -0.1392 0.0682 -0.1539
n 3.4069 4.8288 7.4482 7.3824
b 1.4440 1.4995 1.4371 1.4065
Fluidized bed a 0.9988 0.9967 0.9989 1.0089
(4.12ms™) k -0.6861 -0.6643 -0.6612 -0.7153
n 2.9623 4.5940 5.9814 15.212
b 1.7339 1.6193 1.5067 1.7777

Drying time (hour)

0.1 0.2 03 04 0.5 06

05 Fixed bed
} (1.53 m/s)

In(MR)

07

08
+70C

=60 C
250 C
x40 C
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Drying time (hour)

0.2 03 04

In (MR)

Semi fluidized bed
(2.96 m/s)

0.5
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+70C
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450 C
x40 C

Drying time (hour)

0.2 03

Fluidized bed
(412 m/s)
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04

+70C
=60 C
2450 C
x40 C

Figure 4. Ln(MR) versus time (hour)
different bed conations and drying

temperatures.
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diffusivity, during convective air drying,
have been reported for apricots (Doymaz,
2004), peaches (Kingsly et al., 2007),
mushroom (Arumuganathan et al., 2009),
and carrot slices (Aghbashlo et al., 2009).

Effect of Drying Conditions on D,

Power models were the most fitting in
prediction of D, values in drying under all

bed conditions. Fitted power models and

related R’ values are reported in Table 4.
Results indicate that the minimum value of
D, the obtained at minimum air temperature

(40°C). Also the difference between D,

values for different bed conditions was less
than those for the drying air temperatures. This
is assumed to be due to drying air temperature
playing a more important role in moisture
transfer in potato. Results also revealed that
the effect of fluidized bed at higher air
temperatures was more pronounced. Quadratic
models were employed to predict moisture
diffusivity values as based on different bed
conditions (Table 5).

Activation Energy Values and Models

In the first step for computing the
activation energy (E, ), Ln( D, ) was
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Figure 5. Effect of bed conditions and air temperature on effective moisture diffusivity (Deﬁr ) in thin-layer

drying of high moisture potato slices.

Table 4. Applied power models to Deﬂ values of high moisture potato for different bed conditions.

Bed condition

Model

Fixed bed 1 Deﬁ‘ —2x107 T4
(V=1.53ms")

Semi ﬂuidizecil bed D, =% 1071 0x 9524
(V=296ms")

(Fluidized be(}) Deﬂ —6x10" ' xT!30%
(V=4.12ms")

0.9947

0.9959

0.9741

Table 5. Applied quadratic models to Deﬂ values of high moisture potato for different air

temperatures.
Air temperature (°C) Model R?
40 Dy _ 1019%2 4 6x10 %y + 3x10° :
50 Dy 310%? -3x10 M xv -5%10° :
60 Doy 910y - ax10%v + 10° :
70 D 1

o =2x107%xv? -8x107%x v + 2x107

1/Ta
-17.80

00p29 000295 0003 000305 00031 000315  0.0032
41800 &

-18.20 4
-18.40 -

-18.60 -

Ln(Detr)

-18.80

# Fixed bed
B Minimum fluidized bed
AFluidized bed

-19.00 -

-19.20 4

-19.40

0.00

325

Figure 6. Ln( D, ) against I/T at different bed conditions for thin-layer drying of high moisture

potato slices.
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plotted against //T for the first and second
falling periods (Figure 6). Equation (10) was
employed to calculate the E, values for
potato slices. Table 6 shows the obtained
values of E, and related R?> values for

different bed conditions. A general range of
12.7-110 kJ mol™ has been reported for E,

values for food and agricultural products
(Babalis and Belessiotis, 2004). Minimum
and maximum values of E, for high

moisture potato slices in applied drying
conditions varied between 15.88 and 24.95
kJ mol'. Water forms in food and
agricultural materials include surface and
chemical ones. Due to the fact that most
water in high moisture potato slices was
removed at the start of the drying process, so
higher energy is needed to start the
evaporation process. Also  unsuitable
changes (physical and chemical) in potato
tissue are negligible at the beginning of the
drying process (Hassini et al., 2007). If such
proper conditions as bed condition and
temperature were selected for drying of
potato slices, quality of the product would
surely be improved. Activation energy of
high moisture potato slices was relatively
low as compared with other agricultural and
food products. This is due to high initial
moisture content (4.06 db), tissue of potato
and starchy structure of potato slices.
Similar results have been reported (less
activation energy requirement) for banana
slices during high air temperature drying
(Demirel and Turhan, 2003).

A quadratic model was applied to fit the
E, values of potato slices. A maximum

value of E, was obtained at fixed bed

drying with air velocity of 1.53 m s”'. Semi
fluidized bed condition, caused the
activation energy to increase. A fitted

quadratic equation to the E, values for all
bed conditions is presented as follows:
E, =30.33v> —63.64v+49.19

R>=1 (12)

Specific Energy Consumption Values
and Models

Specific energy requirements for drying of
high moisture potato slices were determined
using Equation (11). Obtained values of Eg

for all bed conditions and air temperatures
are presented in Figure 7. These results
show that in each bed condition, with
increase in air temperature, the Eg value

increases. Change of bed condition from
fixed to fluidized bed caused an intensive
increase in E; value. Maximum value of

Eg (1.64x10° kJ kg'l) was obtained at

fluidized bed condition with air velocity of
4.12 m s and air temperature of 70°C.
Minimum value of E; was 0.45x10° (kJ kg

") and obtained at fixed bed drying with air
velocity of 1.53 ms™ and air temperatures of
40°C. Results proved that increase in air
velocity and temperature caused intensive
increase in Eg. In other words, each factor

causing an increase in input energy rate also
causes the specific energy to increase.
Similar results have been observed for
paddy (Khoshtaghaza et al., 2007). Three
logarithmic models were employed to fit the
Eg; values of fixed, semi fluidized and

fluidized bed conditions as follows:
Eg =-30883In(T) + 46462
R?=0.9873

(Fixed bed) (13)
E =—70064In(T) + 60966

Table 6. Activation energy values and related correlation coefficient for different bed conditions in drying
periods of high moisture potato (FFP and SFP: First and Second Falling Periods).

Fixed bed Semi fluidized bed (Fluidized bed)
(V=153 ms") (V=2.96ms") (V=4.12ms")
Ea (kJ mol—l) 24.95 15.88 21.97
R 0.9972 0.9964 0.9879
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Figure 7. Specific energy consumption in thin layer drying of high moisture potato slices at

different bed conditions and air temperatures.

R?=0.9813

(Semi fluidized bed) (14)

Eg =—682331In(T) + 70643

R? =0.9936

(Fluidized bed) (15)
CONCLUSIONS

Midilli et al. model was the most fitting
for estimation of high moisture potato
slices drying kinetics at fixed, semi
fluidized and fluidized bed conditions.

Maximum and Minimum values of D,

during drying of high moisture potato
slices was obtained in fluidized bed and
fixed bed drying conditions, respectively.
Maximum  values of D, at each

temperature level were obtained in
fluidized bed conditions.

Minimum and maximum values of E, for
drying of high moisture potato slices were
obtained in minimum fluidized bed and
fixed bed conditions, respectively.

Maximum value of Eg for drying of
high moisture potato slices was found out
in fluidized bed conditions. Minimum
value of E; was estimated in fixed bed

condition. Increase in drying air

1239

temperature in each bed condition caused
an increase in Eg value.
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