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Abstract The effects of air temperature and velocity on the drying qualities (cracking, bulk den-

sity, shrinkage and rehydration) of soybean kernels in fluidized bed dryer were investigated. Drying

was carried out at 80, 100, 120 and 140 �C and air velocity of 1.8, 3.1 and 4.5 m/s. Soybean kernels

were dehydrated from the initial moisture content of 25% (w.b) to a final moisture content of 10%.

The drying evaluation showed that high drying temperature and air velocity resulted in high crack-

ing and low rehydration ratios (P < 0.05). However, air velocity had no significant effect on bulk

density and shrinkage of soybeans. By increasing the temperature and air velocity over their full

ranges, drying time decreased from 380 to 50 min. Cracking, bulk density, degree of shrinkage

and rehydration ratio varied from 31.80% to 58.22%, 1101.31 to 1186.39 kg/m3, 0.730 to 0.787,

and 0.583 to 0.873, respectively. Regression equations were established which can be used for the

estimation of the quality parameters as a function of the drying variables.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.
1. Introduction

Soybean is currently one of the most important agricultural
food sources in the world and it is high in quality as a source

of protein for human and animal diets (Pfeifer et al., 2010;
Rafiee et al., 2009). Soybeans are allowed to dry in the field
to the optimum harvest moisture range of 13–15% (wet basis)

for maximum weight and minimum field loss (USDA, 2008;
Sangkram and Noomhorm, 2002). However, in unfavorable
weather, soybeans have to be harvested at high moisture
(25–33% wet basis) and then dried by artificial drying
(Soponronnarit et al., 2001; Stewart et al., 2003). Soybeans

to be stored for <6 months are usually dried to 13% moisture
content (wet basis) and 10–11% moisture content for longer
storage times of 6–12 months (Stewart et al., 2003;

Wiriyaumpaiwong et al., 2003; Li et al., 2002).
Drying is by far the oldest and the most widely used method

of preserving foods. During drying, water is removed from a

bioproduct, reducing the potential for microbial growth and
undesirable chemical reactions, therefore increasing shelf life.
It is necessary to dry the product with high quality, minimum

cost, energy and time. In fluidized bed drying, drying time is
shortened due to intensive heat and mass transfer between dry-
ing air and particles being dried and overheating is prevented
(Bakal et al., 2011; Dondee et al., 2011; Goksu et al., 2005).
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The literature contains many reports about changes in soy-
bean kernel quality during drying. Soponronnarit et al. (2001)
studied strategies for the fluidized bed drying of soybeans at

temperatures of 80–120 �C, moisture contents of 31–49% dry
basis and air speeds of 2.4 ± 4.1 m/s, finding that cracking in-
creased with drying time, temperature and velocity. Also,

Sangkram and Noomhorm (2002) showed that high drying
temperature caused high skin cracks of the beans. Dondee
et al., 2011 reported that the cracking and breakage of soybean

kernels occurred negligible in infrared-fluidized bed dryer,
which was lower than 4.4% and 5.3% for cracking and break-
age, respectively. Hirunlabh et al. (1992) studied strategies for
the batch drying of soybeans at temperatures of 44–75 �C,
from moisture contents of 25–11% (d.b.), finding that cracking
increased with both drying time and temperature.

Felipe and Barrozo (2003) analyzed the effect of the main

process variables (drying air temperature, velocity, air relative
humidity, and solids flow rate) on the soybean kernel quality
during concurrent moving bed drying. Result showed that a

high air relative humidity and a low solid flow rate also as-
sure a better physical quality of kernels, expressed by a high
index of non-fissured kernels. Stewart et al. (2003) compared

the effect of forced convection drying (FC) and microwave
assisted drying (MW) on some unsaturated fatty acids and
trypsin inhibitor activity (TIA) in soybeans. They reported
that the soybeans dried using FC contained acceptable low

levels of TIA, making them adequately processed for food
purposes, but suffered greater degrees of fatty acid degrada-
tion. Also, soybeans dried using MW retained higher levels

of TIA.
Barrozo et al. (2005, 2006) showed that for a Brazilian cul-

tivar of soybean at a temperature of below 45 �C, a low air

flow rate and high air humidity are essential to kernel drying.
They showed that the air velocity has to be lower than 1.5 m/s.
Overhults et al. (1973) studied soybean drying from moisture

contents of 25–30% wet basis to 11%, in a thin bed, at drying
temperatures of 38–104 �C. At high drying temperatures, the
physical surfaces of the soybeans were damaged, with cracks
appearing. Gowen et al. (2008) investigated the effect of con-

vective hot-air (160–200 �C), microwave (210–560 W) and
combined microwave – hot-air dehydration on dehydration
rate, rehydration rate and color of soybeans. They reported

that optimal drying occurred for the lowest levels of both
microwave and air temperature studied, i.e. 210 W and
160 �C. The effect of the silica gel on characteristic fluidization

velocities, mixing mechanisms and fluidization quality of soy-
bean kernels has been studied by Li et al. (2002). Kundu
et al. (2001) repotted the effect of the drying air temperature,
bed height, feed rate, initial moisture content on drying rate

of soybean kernels in fluidized bed dryer, and reported that
the drying took place mainly in constant rate and falling rate
periods. A two-dimensional spouted bed dryer was investi-

gated to determine the cracking and breakage of soybeans by
Wiriyaumpaiwong et al. (2003). They showed that the initial
moisture content and inlet air temperature conditions cause

cracks in the kernels.
Hence, it is important to determine the optimal combina-

tion of drying parameter and dryer configuration that will min-

imize the loss of kernel quality. Therefore, the aim of this work
is to investigate the effect of temperature and air velocity on
the soybean quality including rehydration, bulk density,
shrinkage and cracking.
2. Materials and methods

2.1. Sample preparation

Kernel quality soybeans were obtained from Gorgan region of
Iran. They were stored at a temperature of 4 ± 0.5 �C until the

drying process. Soybean samples had an initial moisture con-
tent of 25 ± 0.5% wet basis, which was determined by drying
the fresh soybean kernels in the hot air oven at 75 �C for 2 days

(Stewart et al., 2003). Samples were then dried to around 10%
moisture content (wet basis).
2.2. Drying equipment and procedure

The fluidized bed dryer was designed and fabricated in the
department of agricultural machinery of Tarbiat Modares
University, Tehran. A cylindrical Pyrex column of 90 mm

diameter (100 mm outside diameter) and 600 mm height
was used as the fluidized bed dryer chamber. A backward-
curved blade centrifugal fan driven by a 2.2 kW motor

was used to supply hot air into the dryer. The distributor
was tightly fixed to the bottom of the column. The distrib-
utor plate, 1 mm thick, had 3 mm diameter holes on

6.2 mm triangular pitch. A 24 kW electrical heater was
equipped to heat the air. A PID controller was used to con-
trol the temperature with an accuracy of 0.1 �C. Airflow rate
was controlled using a variable speed unit. Air velocity was

measured using a digital anemometer (Extech’s Model 45158
Anemometer, USA) with the accuracy of ±0.2 m/s. Before
each experiment, the temperature and velocity of the drying

air were fixed and measured directly when no sample in the
cylindrical chamber. Drying experiments were conducted at
80, 100, 120 and 140 �C and air flow rate of 1.8, 3.1 and

4.5 m/s with three replications in laboratory having ambient
conditions of 18 ± 1.5 �C and 34 ± 1.8% relative humidity.
After drying, the kernels were cooled for 15 min, and kept in
glass jars for future measurements. Analysis of variance

(ANOVA) was carried out to study the effect of temperature
and air velocity on quality parameters of soybean kernels.

2.3. Cracking

The cracking of soybean kernels was inspected visually by sort-
ing out the cracked kernel with fluorescent light using a 80 g

sample. Cracking percentage (Cr) can be calculated using the
following equation (Dondee et al., 2011):

Cr ¼ mc

ms

� 100 ð1Þ

where mc and ms are mass of creaked kernels and mass of the
sample (kg), respectively.

2.4. Shrinkage and bulk density

Bulk density is the ratio of the mass of sample kernels to its
total volume and it was determined by filling a cylinder of

known volume (30 mm diameter and 60 mm height) with ker-
nels and weighed in an electronic balance.

q ¼ m

V
ð2Þ
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where p is the bulk density (kg/m3), m is the mass (kg) and V is

the cylinder volume (m3).
The degree of shrinkage (S) can be calculated from the bulk

density of fresh (qbf) and dried soybeans (qbd), and from the

moisture contents of fresh (X0) and dried material (Xdry) on
a dry basis using Eq. (3) (Baysal et al., 2003):

S ¼ qbf

qbd

1þ Xd

1þ Xf

� �
ð3Þ
2.5. Rehydration ratio

Five grams of the dried soybean kernels was added to 60 ml of
distilled water, in a 300 ml flask beaker at 25 �C for 2 h. Then,

the samples were weighed using a digital balance (GF-600, A &
D, Japan) with a precision of 0.01 g. The rehydration ratio of
the dried soybeans was then calculated as follows (Nathakara-

nakule et al., 2010):

Rr ¼ m1 �md

m1

ð4Þ

where m1 is the mass of rehydrated soybean samples (kg) and

md is the mass of dried soybeans (kg).

3. Results and discussion

3.1. Cracking

Soybean drying by fluidization at high temperatures caused
soybeans to crack in V-shaped fissures. The variations in
cracking of soybeans with air velocity and temperature are
presented in Fig. 1. The cracking of soybeans varied from a

minimum of 31.80% to a maximum of 58.22% for the stud-
ied range of the independent variables. As depicted in Fig. 1,
an increasing trend in the cracking of soybeans was observed

with both air velocity and temperature. This damage of soy-
bean kernel is mainly because of high heat and mass transfer
rates, from the surface kernel, during the drying process lead-

ing to the development of moisture gradient inside each ker-
nel and resulting in cracking at the kernel surface (Dondee
et al., 2011; Soponronnarit et al., 2001). Since water move-
ment is limited by water diffusion in the kernels, the temper-

ature of soybean surface increases to more than the air wet
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Figure 1 Effect of temperature and air velocity on cracking of

soybean kernels.
bulb temperature as drying proceeds, so that the kernels be-
come brittle at the surface and prone to cracking. Also, in-
creased kernel damage at higher air velocities is due to the

combined effects of drying rate and kernel impact against
other kernels and wall chamber (Wiriyaumpaiwong et al.,
2003; Dondee et al., 2011; Overhults et al., 1973; Hirunlabh

et al., 1992).
Soponronnarit et al. (2001) showed that the cracking of

soybeans was dependent on both air velocity and temperature

in the ranges of 1.5–2.5 m/s and 110–140 �C, respectively, and
increased from 40% to 60%. Sangkram and Noomhorm
(2002) found that cracking increased from 21.5% to 46.4%
with an increase in temperature from 80 to 140 �C.
Wiriyaumpaiwong et al. (2003) showed that the cracking of
soybean increased from 40% to 80% by increasing air velocity
from 15.86 to 20.50 m/s and temperature from 120 to 150 �C
during drying process. Also, Sangkram and Noomhorm
(2002) showed that one-stage drying at high levels of air tem-
perature (120–140 �C) resulted in more damage (40.5–46.4%)

when compared to the two-stage drying. This was due to a ra-
pid drying near the bean surface which caused the outer por-
tion of the beans to shrink before the inner portion had

begun to dry, therefore causing physical stress to the beans.
Dondee et al. (2011) reported that the cracking of soybean ker-
nels under combined near-infrared radiation and fluidized-bed
drying increased with an increase of near-infrared radiation

power from 2.9% at 4 kW to 4.4% at 8 kW. This reduction
in the cracking of soybean kernels was mainly because the
near-infrared radiation energy was absorbed by the moisture

inside soybean kernels. Also, it can be attributed to sample sur-
face cooling due to low ambient air temperature (40 �C) which
decreases moisture gradient and thermal stress at soybean

grain surface; hence the cracking of kernels was reduced. Sur-
prisingly, the cracking of soybean kernels under fluidized-bed
drying conditions in the present study was low when compared

with fluidized bed drying at the same level of moisture content,
reported in previous studies. The differences between the re-
sults can be explained by effect the drying method, dryer type,
variety characteristics of soybeans and the differences in the

levels of the independent variables.
To evaluate the individual effect of independent variables

on cracking, analysis of variance (ANOVA) was conducted

as reported in Table 1. It can be observed that air velocity
and temperature had significant effects (p< 0.05) on cracking
of soybean kernels. Comparing F-values of the air velocity and

temperature showed that the effect of air velocity on cracking
was higher (high F-value) than that of temperature (low
F-value). Multiple regression analysis showed that there is a
linear relationship between cracking percentage and the

independent variables of air velocity (u, m/s) and temperature
(T, �C) as follows:

Cr ¼ 4:029þ 0:235Tþ 4:330u R2 ¼ 0:964 ð5Þ
3.2. Shrinkage and bulk density

Analysis of variance (ANOVA) revealed that temperature and
temperature · velocity significantly affected soybean bulk den-
sity and shrinkage (P < 0.05), while air velocity was not a sig-

nificant factor (P > 0.05) during fluidized bed drying
(Table 1). Value of bulk density and degree of shrinkage of



Table 1 Analysis of variance results for quality parameters of soybean kernels.

Parameter Source of variation Sum of Squares df F-value Sig.

Cracking T 1023.09 3 52.59 0.000**

u 830.44 2 64.03 0.000**

T · u 28.95 6 0.744 0.620*

Bulk density T 21142.2 3 18.612 0.000**

u 896.6 2 1.184 0.318*

T · u 7553.7 6 3.325 0.010*

Shrinkage T 0.00929 3 18.612 0.000**

u 0.00039 2 1.184 0.318*

T · u 0.00332 6 3.325 0.010**

Rehydration T 0.176 3 131.87 0.000**

u 0.081 2 90.79 0.000**

T · u 0.077 6 28.94 0.000**

* Not significant (p > 0.05).
** Significant (p< 0.05).

Table 2 Bulk density of soybean at different drying conditions.

T (�C) Air velocity (m/s)

1.8 3.1 4.5

140 1101.31 (±21.27)d 1091.49 (±8.11)d 1123.53 (±12.32)cd

120 1111.87 (±30.98)abc 1110.15 (±12.81)ab 1130.91 (±3.11)abcd

100 1116.84 (±20.31)ab 1101.86 (±19.29)ab 1121.88 (±16.84)bcd

80 1148.91 (±19.45)ab 1186.39 (±27.85)a 1143.51 (±22.74)abcd

Table 3 Degree of shrinkage of dried soybean.

T (�C) Air velocity (m/s)

1.8 3.1 4.5

140 0.730 (±0.014)b 0.724 (±0.005)a 0.745 (±0.008)be

120 0.737 (±0.021)cde 0.736 (±0.008)de 0.750 (±0.002)bcde

100 0.741 (±0.013)de 0.731 (±0.013)de 0.744 (±0.011)bcd

80 0.762 (±0.013)de 0.787 (±0.018)e 0.758 (±0.015)bcd
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dried soybeans are shown in Tables 2 and 3. It is seen that at
each air velocity, bulk density and shrinkage increased with

temperature. The decreasing trend of the bulk density and de-
gree of shrinkage with an increase in temperature is in agree-
ment with findings of previous researchers (Baysal et al.,

2003; Leeratanarak et al., 2006; Caixeta et al., 2002; Khraisheh
et al., 2004; Pimpaporn et al., 2007; Thuwapanichayanan et al.,
2011). This is because of the fact that drying time (Fig. 2) at

low temperature is higher than that at high temperature (Nath-
akaranakule et al., 2010). As the temperature and air velocity
were increased, drying time significantly reduced (Fig. 3).
Working at 140 �C and 4.5 m/s instead of 80 �C and 1.8 m/s,

decreases the drying time by 86.8%. Drying time of soybean
kernels under fluidized-bed drying in this present study was
low when compared with hot-air or fluidized-bed drying, re-

ported by previous studies: 80–450 min (Sangkram and Noom-
horm, 2002) and 120–420 min (Boeri and Khatchatourian,
2012). During the drying process, water escapes the cell caus-

ing a decrease in tension that the liquid exerts against the cell
wall. This decrease in tension causes shrinkage of the material
(Hashemi et al., 2009; Janjai et al., 2010). Also, Mayor and
Sereno (2004) reported that heating and loss of water cause

stresses in the cellular structure of the food and this leads to
changes in shape and a decrease in dimensions. Depending
on temperature and air velocity, bulk density and degree of

shrinkage of dried soybeans ranged from 1101.31 to
1186.39 kg/m3, and 0.730 to 0.787, respectively. Results shown
that significantly different bulk density values of a product can

be caused by variation in particle size or dry matter content.
3.3. Rehydration ratio

Rehydration ratio is widely used as a quality index after drying

of fruits and vegetables. Food rehydration ratio can provide
useful knowledge of the damage that occurs during drying
(Aversa et al., 2009). The analysis of variance results (Table 1)

clearly indicates the greater effect of temperature (high F-va-
lue) than that of air velocity on the rehydration ratio. The ef-
fect of air velocity and temperatures on the rehydration ratio

of dried soybean samples is illustrated in Fig. 3. The lowest
and highest rehydration ratios were 0.583 and 0.873 at
140 �C, 4.5 m/s and 80 �C, 3.1 m/s, respectively. According to

Fig. 3, rehydration ratio at high levels of temperature and
air velocity improves rehydration due to the effect of temper-
ature on cell wall and tissue (Doymaz and Ismail, 2010). Multi-
ple regression analysis showed that there is a nonlinear

relationship between the rehydration ratio (Rr), air velocity
(u) and temperature (T) of soybean samples as follows:

Rr ¼ au2 þ buþ c R2 ¼ 0:998 ð6Þ
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a ¼ �2� 10�6T3 þ 0:0006T2 � 0:692Tþ 2:4096 R2 ¼ 0:999

ð6-1Þ

b ¼ �1� 10�5T3 þ 0:00048T2 � 0:5471Tþ 20:129 R2 ¼ 0:997

ð6-2Þ

c ¼ 2� 10�5T3 � 0:0054T2 þ 0:6178T� 21:957 R2 ¼ 0:996

ð6-3Þ
4. Conclusions

From the experimental results of fluidized bed drying, it could
be concluded that the percentage of cracking of soybean ker-
nels (31.80–58.22%) increased with drying temperature, air
velocity and drying time. Effect of air temperature on the qual-

ity parameters of soybean kernels was more than that of air
velocity. The highest rehydration ratio (0.873) was obtained
at 80 �C and 3.1 m/s, while increasing drying air temperature

also increased it. Besides, increasing the drying air temperature
decreased kernels’ bulk density (1186.39–1101.31 kg/m3) and
degree of shrinkage (0.787–0.730), while air velocity had no

significant effect on shrinkage or bulk density.
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