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Resumo: A secagem intermitente é um tipo de operacédo que visa melhorar o desempenho do processo de secagem
por meio de modulacdes das condi¢bes do ar como sua temperatura e velocidade na entrada do secador,
contrariamente a operacdo convencional, na qual as condicdes do ar sdo mantidas em valores constantes. Este
tipo alternativo de operagédo foca em determinar as melhores condi¢des de modulacéo do ar a fim de minimizar
0 consumo energético, maximizar o desempenho do secador ou melhorar a qualidade do material. Neste contexto,
este trabalho objetiva simular o processo de secagem de alguns grdos em leito fixo e avaliar se é possivel aumentar
com a operacao intermitente o desempenho do secador em termos de taxa de secagem em comparagdo com
resultados obtidos em operacdo convencional. Ambas as opera¢Ges convencionais e intermitentes foram
simuladas em condi¢es de mesmo consumo energético relacionado a energia fornecida pelo ar na entrada do
secador. Resultados apontaram que as taxas de secagem foram maiores em operacdo intermitente com modulagéo
da temperatura do ar em comparacao com os resultados obtidos em operacédo convencional com a temperatura do
ar mantida em valores constantes. Além disso, observou-se em alguns casos que os valores de amplitude e periodo
inerentes a estas modulagdes podem interferir nas taxas de secagem.
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Abstract: Intermittent drying is an operation that aims to improve drying process performance with modulations

of inlet air conditions such as its temperature and velocity, contrary to the conventional operation, in which air
conditions are constant. This alternative operation aims to determine the best modulation pattern of air conditions
to minimize energy consumption, maximize dryer performance or improve material quality. In this context, the
objectives of this work are to simulate the drying process of some grains in fixed bed and assess if it is possible
to enhance the dryer performance in terms of drying rates under intermittent operation in comparison with results
obtained with conventional operation. Both intermittent and conventional operations were simulated with the
same energy consumption related to the energy supplied by the air at the dryer entrance. Results revealed that the
drying rates were higher under intermittence of inlet air temperature in comparison with results obtained under
conventional operation with constant inlet air temperature. In addition, it was observed in some simulations that
the amplitude and period values related to modulations can impact on drying rates.

Keywords: Intermittent drying, rice, beans, corn, soybean.
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1. Introduction

Brazil is one of the leading countries in terms of exportation and production of grains. One
of the most important processes during the production of these grains is the drying process, which
can enable materials to achieve safe levels of moisture content to avoid product deterioration during
storage. However, costs involved in grain drying process can be significantly high. According to
Silva et al. (2000), drying process of agricultural products can demand 60% or even more of the total
energy consumed during these products production.

An alternative operation to reduce costs is the intermittent drying, which supplies the drying
system with time-varying inlet air conditions, contrary to the conventional operation, in which air
conditions are constant. One of the principal aims of the intermittent operation is to establish the
best modulation pattern of air conditions to minimize energy consumption, maximize the
performance of the dryer or improve material quality.

According to Chua et al. (2003), intermittent drying is beneficial for drying systems
controlled by diffusion effects inside the solid. It was observed that diffusion effects controlled the
drying rates of a variety of agricultural products (AKPINAR et al., 2003; ARABHOSSEINI et al.,
2009; BENALLI, 2012; CHINENYE et al., 2010; CIL e TOPUZ, 2010; DEFENDI et al., 2015a;
DEMIR et al., 2007; MEISAMI-ASL et al., 2010; OLIVEIRA e ROCHA, 2007; SILVA et al., 2014;
VEGA-GALVEZ et al., 2012). For these products, there might be a waste of energy if the drying
operation is continuously conducted at high temperature. In some cases, it is interesting to
alternatively work at high temperature and then wait the diffusive effects occur at tempering periods
of low temperature.

Intermittent drying can also improve the drying system in terms of material quality,
especially for heat-sensitive materials (CHUA et al.; 2003). If the drying process is carried out
continuously at high temperature, there might be a significant loss of material quality. Some authors
observed that time-varying conditions of the inlet air can preserve better material quality in
comparison with results obtained with the continuous operation (BON e KUDRA, 2007; CHIN e
LAW, 2010; CHONG e LAW, 2011; FARKAS et al., 1997; KOWALSKI e PAWOWSKI, 2010 a,b;
ONGetal., 2012; PAN et al., 1998; PAN et al., 1999; THOMKAPANICH et al., 2007; KOWALSKI
e SZADZINSKA, 2014).

Other authors observed that the intermittent drying cal also reduce the energy consumption
in comparison with the conventional operation (CHIN e LAW, 2010; HOLOWATY et al., 2012;
JUMAH et al., 2007; LIMA e NEBRA, 2001; PAN et al., 1998; THOMKAPANICH et al., 2007;
ZHANG e LITCHFIELD, 1991).

It was also possible to improve the dryer performance and reduce the net drying time under
intermittent operation in comparison with results obtained with the traditional operation (CHIN e

LAW, 2010; CHONG e LAW, 2011; FARKAS et al., 1997; HERRITSCH et al., 2010; KOWALSKI
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e SZADZINSKA, 2014 ONG et al., 2012; PAN et al., 1998; PAN et al., 1999; THOMKAPANICH

et al., 2007; ZHANG e LITCHFIELD, 1991). Defendi et al. (2015b) observed an increase of the
drying rates by applying air temperature modulations at the dryer entrance, when both intermittent
and conventional operations demanded the same energy consumption and drying time.

In this context, this work aims to simulate the drying process of some grains (rice, beans,
corn and soybean) under intermittent and conventional operations based on kinetics equations from
the literature. Both intermittent and continuous operations were simulated with the same drying time
and energy consumption. It was assessed if it was possible to improve the dryer performance in terms

of drying rates by applying modulations in the inlet air temperature.

2. Methods

2.1. Model for Corn Drying

Corn drying system was simulated based on a classical thin layer model in which

accumulation of water inside the grain is equal to the quantity of water evaporated within time:

aM Ks.As
T mg (M_Me) (1)

Ks is the global mass transfer coefficient, As is the grain superficial area, M is the grain moisture
content in dry-weight basis, Me is the equilibrium moisture content, ms is the bone-dry solid mass
and t is the time. As the grain surface is difficult to be estimated, the following parameter was

assumed:

KsAs
K =
mS

(2)

K is a reference mass transfer coefficient. The thin layer model results expressed by Equation

1 resulted in:

H = kM- M,) 3)

This equation is analogous to the Newton’s Law of Cooling and this model had previously
proposed by Lewis (1921). According to Henderson e Perry (1955), this equation describes the
falling rate period when the drying rates decrease over time. Equation 3 was used to simulate the
intermittent and conventional operations and K was estimated based on the equation adjusted by
Mancini et al. (2002a) for drying of corn:
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K.a = Kpss = (7.31 — 0.0177T)M — (2.20 — 0.00618T) (4)

Ksa is the volumetric mass transfer coefficient whose unit is kg/m3s, ps is the corn bone-dry
density and T is the air temperature in Kelvin. Corn density was estimated based on the study carried

out by Santos et al. (2012).
During intermittent drying simulations, the air temperature was modulated like a sine wave

as illustrated in Figure 1. The equation used to calculate the air temperature modulation was the

following:

T; = Amp.sen(fr.t.2m) + T, (5)

= Intermittent

&——— Period (1/frequency)

.
TF

Time
Figure 1. Inlet Air Temperature Modulation

Inlet Air Temperature

T, is the intermittent temperature, Amp is the amplitude, fr is the frequency, and T¢ is the air
temperature for conventional operation. Simulations with intermittent operation were conducted with
period values from 6 to 60 min and amplitudes values form 7 to 20 °C. Initial moisture content of
corn was assumed 0.18 in dry-weight basis and initial air moisture content as assumed zero. In this
condition, the equilibrium moisture content was also assumed zero.

For each intermittent simulation, it was simulated a conventional operation with the same
drying time (2 hours) and energy consumption of the intermittent operation. Energy consumption

was estimated based on the following equation:
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E =G.[ cpgir.T.dt (6)

E is the consumed energy, G is the mass flow rate and cpair is the air specific heat. To
guarantee the same energy consumption for both operations, the conventional operation was
conducted with an average air temperature value of its respective intermittent operation. Average air
temperature was calculated with Equation 7. With this average temperature, intermittent and
conventional operations had the same energy consumption at the end of drying process based on

Equation 6.

(7)

2.2. Model for Soybean Drying

Soybean drying simulations were conducted based on the classical thin layer model
previously described and represented by Equation 3. K was estimated with equation adjusted by
Defendi et al. (2014):

_ a;.M’+ay M+as
My—M+a,

K (8)

Mo is the initial soybean moisture content and ¢; are the model’s parameters:

a, = 3.818x107% — 1.258x1075T (9)
a, = 9.274x1077 + 7.282x107°T (10)
as = —1.065x1075 — 4.840x10~7T (11)
a, = 3.903x1072 — 5.001x107*T (12)

Air temperature was also modulated based on Equation 5 and for each intermittent operation

simulation it was simulated a conventional operation with the same energy consumption. Amplitude

151
ENGEVISTA, V. 19, n.1, p. 146-165, Janeiro 2017.



ISSN: 1415-7314
ISSN online: 2317-6717
values of air temperature modulation were assumed between 5 and 15 °C and period values were

assumed between 6 and 60 minutes. Drying time was 2 hours and initial moisture content of soybean
was 0.14. Analogously to the previous case, air moisture content and grain equilibrium moisture

content were considered zero.

2.3. Model for Rice Drying
The thin layer model used to simulate drying rice was proposed by Thompson et al. (1968):
t = Aln(MR) + B(In(MR))? (13)

A and B are the model’s parameters and MR is moisture content ratio calculated with the
following equation:

M-M,
MR = <
Mo—M,

(14)
Values of A and B were adjusted by Mata (1992) for thin layer drying of rice:

A = —2445.06 + 82.79T — 1.023T% + 0.004267T>
(15)

B = —449.68 + 14.52T — 0.182T% + 0.000756T° (16)

T unit is °C and time unit is seconds. Model represented by Equation 13 was solved with 200
divisions in time, which led to a system with 200 algebraic equations to be solved. For intermittent
operation, A and B values varies with the variation of air temperature. For each discretized point of
the model solution, the initial moisture content was assumed as the moisture content of the previous
discretized point and the value of time for each discretized point was assumed as the interval between
two discretized points. This methodology consider each discretized point as a starting drying point
based on moisture content data of the previous discretized point.

Similarly to the previous cases, the air temperature for intermittent operation was modulated
based on Equation 5 and both conventional and intermittent operations were simulated with the same
energy consumption and drying time (2 hours). Initial rice moisture content was assumed 0.18 in
dry-weight basis and air moisture content was assumed zero. Equilibrium moisture content of rice
was also considered zero. Amplitude and period of air modulation were simulated respectively with

values between 10 and 30 °C and values between 6 and 60 minutes.

2.4. Model for Beans Drying
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Drying of beans was simulated in deep bed layer with the heterogeneous drying model of

grains. This model is composed of a system with 4 differential equations that describe the moisture
content and temperature profiles along the dryer and over time. Simulations were carried out based
on a isolated cylindrical dryer with 30 cm of length and 3 cm of radius. Model’s assumptions were
similar as the considerations assumed by other authors (CALCADA, 1994; COUTINHO et al., 2009;
DEFENDI et al., 2015b) and the equation system of the heterogeneous model resulted in:

dYg Ksa(Ys —Ys,)

17
0z Gg 17)
Gg. (cPair +Ygep,) 2L = —ha(Tg — Ts)
0z (18)
% _ Ksa(Ys—Ysg)
at (1-8)pss (19)
(1 —&)pss(epg + Vs. cpl)% = ha(Tg — Ts) — K;a(Ys — Ys,)(cp,(Tg — Ts) + 2)

(20)

Yg is the air moisture content in dry-weight basis, z is the axial position inside the dryer, Ys
is the grains moisture content in dry-weight basis, Gg is the gas mass flux, cpy is the vapor specific
heat, Tg is the gas temperature, ha is the global heat transfer coefficient between the solid and the
gas, Ts is the solid temperature, ¢ is the bed porosity, cps is the solid specific heat, cp is the liquid
specific heat and A is the latent heat of vaporization.

Bed porosity was estimated based on data obtained by Resende et al. (2008). Specific heat
of beans was assumed based on the study carried out by Mata et al. (1999). Global heat transfer

coefficient was calculated with equation adjusted by Boyce (1965):

G T 0.6011
ha = 4286.5.[ gp g] (21)
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Gg unit is kgm2min?, T4 unit is Kelvin, P unit is Pa and ha unit is kJ.mmin™°C. Properties

of gas, vapor and liquid were estimated based on data presented by Perry and Green (1998). Mass

transfer coefficient of beans was calculated based on equation adjusted by Mancini et al. (2002b):

Ksa = ,81YS - ﬁz (22)
B1 = 1.55—0.00226Tg (23)
B, = 1.01 — 0.00277Tg (24)

Unit of Tg is Kelvin for Equations 23 and 24. Both intermittent and conventional operations
were simulated with the same energy consumption related to Equation 6. Air temperature was
modulated based on Equation 5 with amplitude values between 7 and 20 °C and period values
between 6 and 60 minutes. Initial moisture content of beans was assumed as 0.20 in dry-weight basis
and inlet air moisture content was assumed zero. Air flow rate was considered 100 L/min and

equilibrium moisture content of beans was assumed zero.

3. Results and discussion
3.1. Corn Drying

For corn drying simulations, it was observed that intermittent operation with inlet air
temperature modulation can be more beneficial in terms of drying rates in comparison with results
simulated under continuous operation. It was verified that the intermittent operation increased drying
rates leading corn moisture content to lower levels in comparison with continuous operation results,
when both intermittent and conventional operations were conducted with the same energy
consumption.

Figure 2 presents corn moisture content profile for different amplitudes related to inlet air
temperature modulation. In this graphic, it is possible to infer that high levels of amplitude benefit
intermittent drying as the final moisture content decreased by enhancing amplitude. In addition, it
was verified that for low amplitudes (7 °C) of inlet air temperature modulation, the conventional
operation had a better performance leading to lower level of final moisture content in comparison

with intermittent operation.
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Figure 2. Corn Moisture Content for Different Amplitudes of Temperature Modulation

It was also observed that drying rates for intermittent operation enhanced more significantly
over time in comparison with results from simulations of conventional operation as it can be observed
in Figure 3, which depicts a drying simulation of 4 hours. It is interesting to compared conventional
and intermittent operation at the end of each air temperature modulation (vertical lines of Figure 3),
because energy consumption are similar for both operations at these moments.

At the first drying minutes, conventional operation presents better performance, as moisture
content is lower. However, there is a gradual improvement of intermittent drying performance over
time as moisture content keeps getting lower at the end of each modulation in comparison with
conventional operation results. At the end of the 4 hours of drying, moisture content for intermittent
drying is significantly lower than moisture content of conventional operation.

Periods related to inlet air temperature modulation also impacted on moisture content of corn
as it can be verified in Figure 4. For low value of period (6 min), moisture content curve maintained
at lower levels during all drying time in comparison with moisture content curve of conventional
operation. High value of period increases the time that corn is in contact with air at low temperature
levels during the first moment of drying. This fact may explain the reason moisture content curve of
high period values can be higher than moisture content curve of conventional operation. However,
all intermittent operation had the same final moisture content regardless period value. It is interesting
to highlight that at the end of the drying simulation, all intermittent curves and conventional curve

had the same energy consumption.

3.2. Soybean Drying
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Soybean drying kinetics under intermittent and conventional operation was similar to results

obtained with corn drying. Drying rates were higher under intermittence as the final moisture content
of soybean achieved lower levels in comparison with results obtained with conventional operation
conducted with the same energy consumption. There was a tendency to increase drying rates by
enhancing the amplitude value of inlet air temperature modulation as it can be observed in Figure 5,
which is analogous to corn drying results. Period impact on drying rates was also similar as it can be
observed in Figure 6 in which it is possible to observe that at the end of drying process all intermittent

curves achieved the same moisture content regardless the value of period.

0.18
017+ -
Tge: S50 °C == Conventional
Amplitude: 15 °C = Intermittent
0.16- Period: 40 min
= 0.15F \
¥\'_
0.13+ NG |
1 1 |
0.1 20 5000 . 10000 15000
Time (s)
Figure 3. Corn Moisture Content under Conventional and Intermittent Operation
0.18
0.17
= Conventional
=== Period: 6 min
0.16~ == Period: 30 min
== Period: 60 min
= 0.15F
L Tge: 50 °C
0.14 Amplitude: 15 °C
0.13-
| | |
0.1 20 5000 10000 15000

Time (s)
Figure 4. Corn Moisture Content for Different Periods of Temperature Modulation
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Figure 5. Soybean Moisture for Different Amplitudes of Temperature Modulation
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Figure 6. Soybean Moisture Content for Different Periods of Temperature Modulation

3.3. Rice Drying

For rice drying simulations, it was also observed that the modulation of inlet air temperature

can improve dryer performance in comparison with results obtained with constant inlet air

temperature in cases where both intermittent and conventional operations were simulated with the

same energy consumption and drying time. Moisture content level of rice was lower under

intermittence of air temperature, especially at high values of amplitude as it can be inferred from

results presented in Figure 7.

Analogously to previous cases of corn and soybean drying, the lowest levels of rice moisture

content was obtained with the highest value of amplitude (30 °C). High level of amplitude leads to a

superior peak of inlet air temperature, but it also leads to minimum values of inlet air temperature.
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Drying rates enhances by increasing air temperature. Based on these results, drying rates at the

highest temperature levels compensate drying rates at the lowest temperature levels in comparison
with conventional operation results carried out with average inlet air temperature and in comparison
with intermittent operations with lower amplitude related to inlet air temperature modulation. This
compensation can also be explained based on mass transfer coefficient equations as they are not
linear depend on air temperature.

Another interesting aspect of rice drying to be highlighted is that intermittence of inlet air
temperature showed to be beneficial during the first minutes of drying. Contrary to corn drying, the
difference between the convention and intermittent moisture content when energy consumption is
the same (vertical lines of Figure 7) keeps getting lower and in some cases the conventional moisture
content achieves lower levels in comparison with intermittent operation. These results showed that
conventional operation can be more beneficial in terms of drying rates depending on drying time and
amplitude of inlet air temperature.

The impact of period related to inlet air temperature modulation for rice drying can be
observed in Figure 8. Similarly to previous corn and soybean drying simulations, all intermittent
operations achieved the same final moisture content regardless period value. However, final moisture

content of intermittent operation was lower in comparison with conventional operation results.

3.4. Beans Drying

Drying rates were also higher with high values of amplitude related to inlet air temperature
modulation for beans drying as it can be verified in Figure 9 which shows average value of beans
moisture content for different amplitudes. Intermittent drying achieved lower levels of moisture
content in comparison with conventional operation carried out with the same energy consumption.
However, for low values of amplitude (7 °C), intermittent operation presented a similar drying
performance to conventional operation.

It was also observed that beans moisture content was different along the dryer position.
Figure 10 depicts beans moisture content at the entrance and exit of dryer for both intermittent and
conventional operations. From these results, it is possible to infer that either at entrance or exit of the
dryer, moisture content of intermittent operation was lower than moisture content of conventional
operation, namely intermittent operation presented superior drying rates.

Period value related to inlet air temperature modulation also impacted on drying rates as it
can be observed in Figure 11. For low value of period (6 min), intermittent operation presented
similar moisture content curve to conventional operation, namely both intermittent and conventional
operations had similar performance related to drying rates. However, for period values of 24 and 60
min, intermittent operation achieved lower levels of moisture content in comparison with
conventional operation results. However, there are no significant difference between the final

158
ENGEVISTA, V. 19, n.1, p. 146-165, Janeiro 2017.



ISSN: 1415-7314
ISSN online: 2317-6717
moisture content level of curves of 24 and 60 min of period. It is also interesting to emphasize that

the difference between the average moisture content of intermittent and conventional operations kept

getting greater over time.

0.18
Tge: 45 °C === (Conventional
0 1 7, Period: 40 min
- = Amplitude: 10 °C
== Amplitude: 20 °C
0.16+ — Amplitude: 30 °C
= 0.15-
0.14+
0.13-

01 4000 2000 3000 4000 5000 6000 7000
Time (s)
Figure 7. Rice Moisture Content for Different Amplitudes of Temperature Modulation
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Figure 8. Rice Moisture Content for Different Periods of Temperature Modulation
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Figure 9. Beans Moisture Content for Different Amplitudes of Temperature Modulation
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Figure 10. Beans Moisture Content along the Dryer
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Figure 11. Beans Moisture Content for Different Periods of Temperature Modulation

4. Conclusion

Simulations revealed that intermittent operation can increase drying rates by modulating inlet
air temperature in comparison with results obtained with conventional operation carried out with the
same energy consumption and drying time of intermittent operation. Drying rates also increase by
enhancing amplitude related to inlet air temperature modulation for all grain drying models simulated
in this work. However, the majority of intermittent operation simulations presented the same final
moisture content regardless the value of period related to inlet air temperature modulation. This work
indicates that optimization studies related to modulation of inlet air temperature can improve the
dryer performance in comparison with results obtained under traditional operation conduct with inlet

air in steady-state condition.

5. Nomenclature

A Parameter

Amp Amplitude °C

As Surface area (m2)

B Parameter

cp Specific heat JkgleCt
E Energy J

fr Frequency st

G Mass flow rate kgs*

Gg Gas mass flux kgm2s?
ha Heat transfer coefficient Jm3steC?
K Reference mass transfer coefficient st

Ks Mass transfer coefficient kgm2s?
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Greek letters
a

AT oY

Subscripts
0

air

-_——-—a o® O

Volumetric mass transfer coefficient
Moisture content

Mass

Moisture content ratio

Pressure

Temperature

Time

Moisture content

Axial position

Parameter

Parameter

Bed porosity

Latent heat of vaporization
Density

Initial

Air
Conventional
Equilibrium
Gas
Intermittent
Liquid

Solid
Bone-dry
Vapor
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kgm3s?t
kgkg?

kg
dimensionless
Pa

°C

S

kgkg?

m3m-
Jkg?
kgm-3
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