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REGULAR PAPER

Development and verification of a simulation model for paddy drying with
different flatbed dryers
Nguyen Van Hung a, Romualdo Martinezb, Tran Van Tuanc and Martin Gummerta

aSustainable Impact Platform, International Rice Research Institute (IRRI), Los Baños, Luzon, Philippines; bBioprocess Engineering Division,
Philippine Center for Postharvest Development and Mechanization, Munoz, Nueva Ecija, Philippines; cCenter for Agricultural Energy and
Machinery, Nong Lam University, Ho Chi Minh City, Vietnam

ABSTRACT
This research developed a computer-based simulation model applicable for conventional and
reversible airflow flatbed dryers, which can be used to predict the optimized time for mixing
paddy (for the conventional flatbed dryer) and reversing the drying air (for the reversible air
flatbed dryer). The developed software has the ability of simulating the paddy moisture content
and temperature based on the input parameters of ambient (temperature and relative humidity)
and drying air (temperature and airflow rate), dimensions of the dryers, and input grain proper-
ties and weight. The model was verified based on data collected from actual paddy drying
practices in Vietnam from 1994 to 2015. Relative errors between modeled and measured
moisture content of paddy varied for different stages of the drying process and different dryer
capacities. On average, the error was highest at the middle stage of the drying processes. This
error increased gradually during the early two-thirds stage of the drying process and reached
19% and 14% for the conventional and reversible air flatbed dryers, respectively. On the other
hand, these errors decreased to less than 10% at the end of the drying process. Accurate
prediction of optimized machine operating time determines the uniformity of the final moisture
content of paddy between top and bottom layers, improving energy efficiency, and reducing
postharvest losses and drying cost.
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1. Introduction

About 500 million tonnes of milled rice are produced in
the world annually (Ricestat, 2017). Postharvest pro-
cesses, including the operations from harvesting to
milling cause losses both in quantity and quality in
the range of 20–30% of rice grain produced (FAO,
2013). Drying is a postharvest process in which the
moisture content is reduced to a safe level for storage.
Drying is considered to be the most important process
of all postharvest activities (RKB, 2017). Delayed drying,
incomplete drying, or inefficient drying leads to reduc-
tion in rice quality and increase in postharvest losses
(RKB, 2017; Xiao & Gao, 2008).

Drying technologies and many types of mechanical
dryers were developed for paddy drying from farm
scales to industrial scales, and are covered in many
publications, such as Brooker et al., (1974) and RKB
(2017). Among those dryer types, the flatbed dryer
(FBD) is one of the most common types for cereal
dryers in Asia (Lopez et al., 1998; Zare et al., 2009).
This dryer type is widely used for paddy drying in
Southeast Asian countries as they are fixed with the

desired scales, have relatively low investment and cost,
and low management capacity requirement (Phan
et al., 1995; Gummert, 2013). Design layouts, perfor-
mance, and adaptation of FBDs to different conditions
are presented in many publications, such as RKB
(2017), Gummert (2013), Phan et al. (1995), and Tado
et al. (2015). The grain bulk is contained in a rectan-
gular bed, on an elevated perforated floor, which is on
top of a plenum chamber. Drying air is heated by
being mixed with flue gas from a furnace, which
usually uses rice husk as it is one of the lowest-cost
fuels for paddy drying (Nguyen et al., 2017; Nguyen
et al., 2018). The heated drying air is then forced by
the blower through the grain bulk to generate a heat
and mass transfer process consisting of the evapora-
tion and removal of water from paddy grains. The
drying process is continued until the average grain
mass is dried to the desired MC for storage and
milling, usually 14% (RKB, 2017).

Drying is a process of heat and mass transfers (Chua,
et al., 2002). Its performance to minimize grain quality loss
needs to be optimized for maximum energy efficiency; and
its cost is affected by many factors, such as structure of the
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dryers, environment, temperature and relative humidity of
ambient and drying air, static pressure of drying air, grain
temperature, initial moisture content of grain, etc.
Developing simulation models for the drying process is
very important to understand how the related factors
influence drying, for optimizing dryer performancewithout
having to run many costly and time consuming drying
trials.

Deep-bed drying models are usually developed based
on thin-layer models. There were many thin-layer models
developed for paddy drying, such as in the works of
Wongwises and Thongprasert (2000), ASAE (1999), Chen
(1998), Abe and Afzal (1997), Chen and Shei (1996), Jindal
and Siebenmorgen (1994), and Islam and Jindal (1981).
More recently, based on the thin-layer models above,
various computer-based simulation models for deep-bed
drying were also presented in related researches by
Nguyen et al., (2016), Tajaddodi (2012), Zare and Chen
(2009), Zare et al., (2006), Felipe and Barrozo (2003),
Martinez (2001), and Sitompul et al., (2001).

However, there is no publication on a simulation
model that covers both options of the conventional
flatbed dryers (FBDc) and the reversible air flow flatbed
dryers (FBDr). To initiate the development of such a
drying model, this research developed a computer-
based combined simulation model that can be used
for FBDc and FBDr. The model was then verified with
data measured from actual practices of drying long-
grain paddy in Vietnam.

2. Methodology

2.1. Assessments of flat bed dryers

The modeling and verification were developed for
optimizing the management of the different types
of FBDs that were recently adopted in Southeast
Asia and are described in Phan et al. (1995),
Gummert (2013), and Tado et al. (2015). These FBDs
(Figure 1(a)) consist of three main components: (1) a
furnace to generate heat, (2) a blower to generate
drying air with the required airflow rate and static
pressure, and (3) a drying chamber. A FBD with the
drying air moving in one direction (by default
upwards) is called FBDc, whereas when its drying air
can move in two directions either upward or down-
ward as shown in Figure 1(b), it is called FBDr. The
drying material is loaded into the drying bin on top
of a perforated floor with a depth of 25–40 cm or 50–
60 cm for the FBDc or FBDr, respectively; and the
drying air temperatures are in the ranges of 42–45°C
for grain and 40–43°C for seed production (Gummert,
2013; Phan et al., 2003).

2.2. Mathematical modeling of the deep-bed
drying process

The general approach to mathematically describing the
drying process in a grain bed is to divide the process
into small sub-processes. The drying process is consid-
ered to occur in thin layers over a series of discrete time
intervals. Starting from the first layer at the air inlet
portion, the drying air passes through each layer as
shown in Figure 2. Heat and moisture balance equa-
tions describe the condition of the air and the grain
layer after each time interval, with the exhaust air con-
dition from one layer used as the inlet air condition to
the next layer. The layer-by-layer calculations are done
through the entire bed over a series of time interval
until drying is completed. For reversed airflow, the
same layer by layer calculations are followed, except
that the drying air enters the bed in the opposite down-
ward direction, starting from the last (top most) layer
and exiting from the first (bottom most) layer.

The near-equilibrium model developed by Thompson
et al., (1968) and Thompson (1972) was adopted in this
study. Figure 3 shows the basic input and output para-
meters of the model. The inlet air with temperature, To,
humidity ratio, Ho, and superficial air velocity, v, passes
through the thin layer for a drying time interval, Δt. The
thin layer has a current moisture content, Mo, and grain
temperature, θo. Moisture is evaporated into the drying air
resulting in a reduction in moisture content, Mf, and
increase in humidity ratio, Hf, of the exhaust air. The
temperature of the exhaust air, Tf, is reduced in proportion
to the increase in grain temperature, θf, through the
evaporative cooling that occurs during moisture evapora-
tion. The amount of moisture removed per unit of time is
determined by the thin-layer drying equation. The final
heat balance equation determines the final air and grain
temperatures.

Thompson et al. (1968) model was applied to determine
the equilibrium drying air temperature and equilibrium
moisture content based on the following procedure:

● First, a sensible heat balance is performed to
determine the equilibrium drying air temperature
(Te). All the heat and mass balances are presented
in kg−1 dry air basis.

caT0 þ H0 hv0 þ cvT0ð Þ þ Cgθ0
¼ caTe þ H0 hv0 þ cvTeð Þ þ Cgθe (1)

Cg ¼ cg R (2)

R ¼ ρg Δx 1�Mowb=100ð Þ
60 v Δt ρa

(3)
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where

To = inlet air temperature, °C
Te = equilibrium drying air temperature, °C
θo = initial grain temperature, °C
θe = equilibrium grain temperature, °C, equal to Te
Ho = inlet air humidity ratio, kg kg−1

ca = specific heat of dry air, 1.005 kJ kg−1 °C−1

cv = specific heat of water vapor, 1.850 kJ kg−1 °C−1

hvo = latent heat of vaporization of free water at
reference, 2500.8 kJ kg−1

Cg = specific heat of grain, converted to kJ kg−1 air °C−1

cg = specific heat of grain, kJ kg−1 °C−1 (see Table 1)
R = dry matter to dry air ratio for each layer and time

interval, kg kg−1

Mowb = initial moisture content of the grain bed, %
wet basis (w.b.)

ρg = bulk density of grain, kg m−3 (see Table 1)
ρa = density of air, kg m−3 (ASAE, 1997)
Δx = depth of thin layer, m
Δt = time interval, min
v = superficial air velocity, m s−1

● Next, the equilibrium moisture content, Me, of
the thin-layer is determined by first calculating
the relative humidity, RHe, which corresponds
to Te and, Ho and then using the RHe and Te
values in the equilibrium moisture content
equation,

Me ¼ 1
100

ln ð1� RHe=100Þ
�0:000035502 ðTe þ 27:396Þ

� � 1=2:31

(4)

where
Me = equilibrium moisture content, % dry basic (d.b.)
RHe = equilibrium relative humidity, %
The Te in all thin-layer changes as drying progresses. A

new drying curve is specified when the Te changes and
the amount of drying in the previous curve has to be
transformed to the current curve. This transformation

Figure 1. Flatbed dryer (FBD) showing the schematic diagram (a) and principle schema of drying airflow directions moving up- and
down-ward (b).

Figure 2. Simulation of grain drying in a deep bed as series of
thin-layer drying processes.

Figure 3. Input and output parameters of the near-equilibrium model.
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was made by calculating the equivalent drying time, te.
Based from the thin-layer drying equation,

te ¼ � 1
k
ln

M0
o �Me

Mo �Me

� �� �1=n
(5)

where
Mo = current moisture content of the thin-layer, % d.b.
M0

o = initial moisture content of the grain bed, % d.b.
MR = moisture ratio, dimensionless
te = equivalent drying time, min
k, n = drying/rewetting constants (see Table 1) eval-

uated at Te, He, M0
o

The te is the equivalent drying time needed for the
drying curve to reach the current moisture content. The
final moisture content, Mf, at the end of the current
time interval,Δt, is then calculated from the thin-layer
drying equation using the time, te þ Δt,

MR ¼ Mf �Me

Mo �Me
¼ exp �k ð te þ ΔtÞn½ � (6)

where
Mf = final moisture content, % d.b.
The amount of moisture removed from the grain, equal

to Mo �Mf percentage points, is evaporated to the air,
thereby increasing the humidity ratio by the amount,ΔH,

ΔH ¼ ðMo �Mf Þ
100

R (7)

and the final humidity ratio is calculated as,

Hf ¼ Ho þ ΔH (8)

where
Hf = final humidity ratio, kg kg−1

ΔH = change in humidity ratio, kg kg−1

The final temperature is determined from the final
heat balance,

caTe þ H0 hv0 þ cvTeð Þ þ Cgθe þ cw Hf � H0ð Þθe
¼ caTf þ Hf hv0 þ cvTfð Þ þ Cgθf þ ΔL Hf � H0ð Þ (9)

where
Tf = final air temperature, °C
θe = equilibrium grain temperature equal to Te, °C
θf = final grain temperature equal to Tf, °C
cw = specific heat of water, Eqn. 186 kJ kg−1 °C−1

ΔL = difference between latent heat of vaporization
of water in grain and free water, kJ kg−1

The Thompson (1972) model, simplification of the
Thompson et al. (1968) model, was then applied in the
simulation. This later model assumes moisture equili-
brium between the air and the thin-layer of grain during
each time interval. No thin-layer drying or rewetting equa-
tion is required to determine the amount of moisture
removed or added. The following balances are solved to
determine the equilibrium conditions between the air and
a particular grain layer during each time interval. All heat
and mass balances are in kg−1 dry air basis.

Heat balance between the air and the grain,

caT0 þ H0 hv0 þ cvT0ð Þ þ Cgθ0 þ cw Hf � H0ð Þθ0
¼ caTf þ Hf hv0 þ cvTfð Þ þ Cgθf (10)

Mass balance between the air and the grain,

Hf � Ho ¼ ðMo �Mf Þ
100

R (11)

Equivalence between the relative humidity of the air
and equilibrium relative humidity of the grain as
described by ERH equation,

ERHf ¼ 100 1� exp ð�0:000035502 ðTf þ 27:396ÞM 2:31
f Þ� �
(12)

The air relative humidity, RH, which corresponds to the
given air temperature, T, and humidity ratio, H, is calcu-
lated from the properties of moist air from ASAE (1997).

Table 1. Grain properties used in the deep-bed simulation model.
Property Equation

Thin-layer drying and rewetting (Martinez,
2001)

MR ¼ Mf�Me
M0

o�Me
¼ expð�ktnÞ ð13Þ

For drying
k ¼ exp ð�13:882þ 2:3712 ln ðToÞ � 0:50207 ln ðHoÞÞ ð14Þ
n ¼ exp ð1:7203� 0:30364 ln ðToÞ þ 0:26821 ln ðHoÞÞ ð15Þ
For rewetting
k ¼ exp ð�4:0935þ 0:86339 ln ðToÞ � 1:2070 ln ðMoÞÞ ð16Þ
n ¼ exp ð�0:10295þ 0:12368 ln ðHoÞ þ 0:082250 ln ðMoÞÞ ð17Þ

Equilibrium relative humidity (ASAE, 1997) RHe ¼ 100 1� exp ð�0:000035502 ðTe þ 27:396ÞM2:31
e Þ� � ð18Þ

Bulk density (Wratten et al., 1969) ρg ¼ 519:4þ 5:29Mowb ð19Þ
Specific heat (Wratten et al., 1969) cg ¼ 0:921þ 0:0545Mowb ð20Þ
Latent heat of vaporization (Hunter, 1989) ΔL ¼ Rv ðTe þ 273:16Þ2 1�RHe=100

RHe=100

h i
0:000035502M2:31

e ð21Þ
Resistance to airflow
(Martinez, 2001)

ΔP0 ¼ 6290 v2
ln ð1þ5:58 vÞ ð22Þ

Rv = gas constant for water vapor, 461.5 J kg−1 °C−1; ΔP0= specific resistance to airflow, Pa m−1.
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The grain properties used in the mathematical mod-
els are summarized in Table 1. The moist air properties
were adopted from ASAE (1997).

Within this study, the model was applied for FBD
with drying temperature lower than 45°C. However,
this model can also be used for higher drying tempera-
ture situations:

● The original Thompson et al. (1968) model was
used for simulating high temperature corn drying

● The thin-layer drying equation of Martinez (2001)
used in this study can be used for low and high
temperature drying. It was based on laboratory
experiments with the range of drying temperature
between 30 and 90°C.

2.3. Methodology of verifying the model

The developed model was verified through compara-
tive assessments of the drying processes from the
modeled results with measured data. Measurements
were conducted in-situ by sampling paddy during
actual drying practices in Vietnam. Figure 4 shows
the schematic top-view of a FBD with six sampling
positions (1, 2, 3, 4, 5, and 6). At each position,
paddy samples were collected at the two layers, top
and bottom. For the small FBDs with their capacity
lower than 1.5 t batch−1 with a small drying bin, the
samples were just collected at 4 points of 1, 2, 5, and 6
as shown in Figure 4.

Table 2 shows the data collected from the simula-
tions and from experiments of actual dryers for paddy
drying using different sizes of FBDc and FBDr. These
data were synthesized into the average values of:

● Dimension of drying chambers shown in their
Length*Width (m*m)

● Ambient air properties: temperature (°C) and rela-
tive humidity (RH %)

● Drying air properties: temperature (°C), velocity
measured at the surface of grain bulk (m s−1)

● Paddy: Initial weight in a drying batch (kg),
Moisture content MC (%) at input and during dry-
ing process (the interval was 1–2 h).

2.4. Software and data analysis

A simualtion program was created based on the math-
ematical modeling for FBDc and FBDr. This program,
called FBD Drying Simulation Beta (FBD-Simulation), has
its interface as shown in Figure 5. We then use FBD-
Simulation to estimate the paddy drying process and
record the data for MC reduction of the top and bottom
layers and drying time to obtain the required MC of
grain.

Grain MCs during drying processes simulated from
FBD-Simulation were then compared with that mea-
sured from actual practices for evaluation and verifica-
tion. Comparison between the modeled MC (MCmodeled)
and measured MC (MCmeasured) is presented through the
index, so called error (ERR), calculated based on
Equation (23).

ERRð%Þ ¼ MCmodeled �MCmeasuredj j
MCmodeled

� 100 (23)

Where:
MCmodeled : estimated (modeled) moisture content of

grain resulted from the FBD-Simulation.
MCmeasured : moisture content of grain measured dur-

ing the experiments or actual practices.

3. Results

3.1. Conventional flatbed dryers (FBDc)

Comparisons of paddy MC between measured and mod-
eled data for the experimental FBDc 0.5 t batch−1

(FBDc0.5) and actual operation FBDc6 t batch−1 (FBDc6)
are shown in Figure 6. As the results, for both practices of
FBDc0.5 and FBDc6, reduction rate of grain MC in the early
two-thirds (2/3) of drying time was lower from actual
measurements, than that generated from modeling. It
means that the actual process was slower than the mod-
eled process in the early drying stage. However, the dry-
ing time to attain the required final grain MC is not much
different between the measured andmodeled results. For
the FBDc0.5, drying times to reduce grain MC from 20%
down to 14%were about 7.5 h and 7.0 h for the actual and
modeled scenarios, respectively. For the FBDc6, drying

Figure 4. Schematic diagram of sampling positions (top-view of
the FBD). L = Lenght of a dryer’s side; W = Width of a dryer’s
side.
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time for reducing grain MC from 26% down to 14% was
about 9 h for both actual and modeled scenarios.

Comparisons of actual and modeled drying pro-
cesses for various FBDc with different capacities from
0.5 to 6 t batch−1 are shown in Figure 7. Paddy MCs
measured during actual drying at both the top layer
(Measured-top) and bottom layer (Measured-bottom)
fluctuated much more than those resulting from mod-
eling. On average, the MC reduction of Modeled-bot-
tom was faster than that of Measured-bottom during
the early stage of drying time (ranging from 0 to 5 h of
the drying process). Drying rate (MC reduction by time)
of the bottom layer from modeling was about 20–30%
higher than that of actual drying. In the middle stage of
drying process (Figures 6 and 7), grain moisture content

in the model was lower than that of the actual measure
because of the following possible reasons:

● The actual MC was the average from measuring in
different drying batch and different points in each
batch, whereas the modeled MC was just esti-
mated from one input MC.

● In the actual practices, the density of the wet grain
bulk may also cause a reduction of the drying rate.

The relative errors (%) between modeled and measured
MCs during the drying processes for different FBDc are
also shown in Figure 7. The error of the bottom layer
reached 19%, while that of the top layer was less than
10%. Highest errors happened in the early stage of

Table 2. Data of paddy drying assessed with different flatbed dryers.
Drying
chamber

Ambient
air Drying air Paddy

# Dryers
Length*width

(m*m) °C
RH
(%) °C

Velocity
(m s−1)

Initial
weight (kg)

Thickness of grain
layer (cm)

Initial
MCwb (%)

Final
MCwb (%) Source of data

1 FBDc0.5 2*1 27.9 88 40.7 0.19 549 48 19.9 13.3 Le, 2011
2 FBDc4 5*3 30.0 75 38.7 0.20 3526 41 22.5 14.3 Phan, Nguyen, Nguyen, Le, &

Truong, 2000
3 FBDc6 5*4 24.8 85 41.6 0.19 5107 44 26.2 13.0 Le, 2011
6 FBDr0.1 0.3*0.3 27.0 75 43.0 0.20 36 69 25.2 13.3 Lam, 2004
8 FBDr1.5 2*2 31.5 75 43.3 0.21 1620 70 28.5 15.0 Phan et al., 2003
9 FBDr4 4*3 26.4 75 35.5 0.22 3716 53 20.6 14.0 Nguyen, Nguyen, Le, & Phan,

2009
10 FBDr8 7*4 24.9 85 36.7 0.22 7500 46 23.0 13.3 Le, 2011
11 FBDr10 7*5 32.6 75 40.9 0.27 9000 44 25.1 14.1 Tran, Tran, Nguyen, & Nguyen,

2015

FBDc = conventional flatbed dryer; FBDr = reversible air flow flatbed dryer; The number (no.) after FBD(c or r) is its capacity (t batch−1); MCwb = Moisture content
in wet basis.

Figure 5. Interface of the beta version for FBD simulation.
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drying, at the time interval from 2 to 5 h. However, after
about two-thirds of the drying time (after mixing the
paddy), the errors of both bottom and top layers are
almost the same; decreasing to less than 10% when the
drying process is finished. Possible causes of the error
are described in the discussion section.

3.2. Reversible air flow flatbed dryers (FBDr)

Similarly, comparisons between measured and modeled
paddy MC for the experimental FBDr with 0.1 t batch−1

(FBDr0.1), and the actual operation FBDr with 10 t

batch−1 (FBDr10) are shown in Figure 8. For FBDr0.1,
the difference between the actual and modeled paddy
MC of the bottom layer was very low, whereas that of
the top layer was much higher. On the other hand,
these differences were not significant for FBDr10. The
error between the modeled and measured paddy MC
for the experimental dryer (FBDr0.1) was higher than
that for the actual dryer (FBDr10). This was because the
model used was already adapted for actual paddy dry-
ing with adjusted coefficients.

In addition to the comparison between actual and
modeled drying processes of FBDr, an investigation of

Figure 6. Moisture content reduction in paddy drying with FBDc0.5 (a) and FBDc6 (b). Markers in the graphs represent for the data
measured at different points of the paddy bulk.

Figure 7. Comparisons of actual and modeled drying processes for different FBDc. Measured-top and measured-bottom = measured
MC at the top and bottom layers of drying paddy; Modeled-top and modeled-bottom: Modeled (estimated) MC at the top and bottom
layers of drying paddy; FBDc(x) = Conventional flatbed dryer with (x) t batch−1; Markers in the graph represent for data of the different
FBDc from 0.5 to 6 t batch−1.

PLANT PRODUCTION SCIENCE 125



the paddy MC reductions for various FBDr with different
capacities resulted in the drying curves shown in
Figure 9. Paddy MCs measured during the actual drying
at both the top layer (Measured-top), and bottom layer
(Measured-bottom) with FBDr fluctuated more com-
pared to those from the modeled paddy MC. On aver-
age, the drying time from modeling of drying paddy
with MC from 24% down to 14% was 12 h, or 10%
longer than that of the actual drying process. This
10% or 1 h over-estimation of time required for drying
may affect the operation plan or scheduling of the
system. Then again, for batch drying systems, the total

operation time usually fluctuated more than 10%
depending on many other factors, such as labors, load-
ing and unloading, etc.

To attain the final MC of 14%, the average MC
reduction lines of bottom and top layers intersected
at earlier points (about 15% MC in this case) and
then the gap was re-expanded at the end point of
14% MC. These less optimized processes should be
affected by many related drying factors, such as
paddy bulk, drying air properties, mixing time, etc.

The relative errors (%) between modeled and mea-
sured MCs during drying processes for the researched

Figure 8. Moisture content reduction of paddy drying with FBDr0.1 (a) and FBDr10 (b). Markers in the graphs represent for the data
measured at different points of the paddy bulk.

Figure 9. Comparisons of actual and modeled drying process for different FBDr. Measured-top and measured-bottom = measured MC
at the top and bottom layers of drying paddy; Modeled-top and modeled-bottom: Modeled (estimated) MC at the top and bottom layers
of drying paddy; FBDr(x) = Conventional flatbed dryer with (x) t batch−1; Markers in the graphs represent for data of the different FBDr
from 0.1 to 10 t batch−1.

126 N. V. HUNG ET AL.



FBDrs also varied much for different FBDrs with differ-
ent capacities. These errors were in the range of 0–14%.
The errors between modeled and measured MCs
increased gradually to the highest points of about
10–14% at the middle of drying process and then
reduced to less than 10% after that. However, the
error of the top layer slightly increased again at the
end of the drying process for about 2%. This might be
because of improper selection of the air reversing time.
This illustrates an advantage of the model to estimate
the optimized reversal point of airflow, to reach the
optimized drying process and obtain the uniform final
moisture content of paddy.

3.3. Timing for mixing grain and reversing drying
air

Table 3 shows the timing for mixing grain (for FBDc)
and reversing drying air (for FBDr) applied for the
research dryers. Time from starting the drying process
to mixing grain for FBDc ranged from 67 to 80% of the
total drying process, while that to reversing drying air
for FBDr ranged from 63 to 75%. Fluctuation of this
parameter depends on many factors, such as properties
of grain, ambient and drying air, and the capacity of
dryers. However, the model established can estimate
the optimized value for this parameter.

4. Discussion

This computer-based simulation model was developed
using the near-equilibrium models of Thompson et al.
(1968) and Thompson (1972). The Thompson (1972)
model assumes both thermal and moisture equilibrium
between the air and the grain over each layer during each
time interval. On the other hand, the Thompson et al.
(1968) model also assumes thermal equilibrium, but the
moisture transfer rate is governed by the characteristic
thin-layer drying or rewetting equation. For this reason,
the twomodels would give different estimates of the final

air and grain condition for each layer during each time
interval. In this study, these values were compared and
the better estimates were chosen for the next calculation
steps.

Every drying model is developed for some specific
drying condition which is determined by the type of
machine, paddy variety, weather condition, drying
parameters, etc. Accuracy of the simulation models
are affected by not only specific drying materials and
conditions but also the thin-layer based models. This
accuracy is usually represented by the relative error in
percentage between the drying parameters predicted
from modeling and measured from experiments.
Verification of this simulation model indicated the
lower accuracy for the early two-thirds stage of dry-
ing process. The relative errors (%) between modeled
and measured moisture content of paddy during the
early two-thirds stage of drying process reached up
to 19% and 14% for FBDc and FBDr, respectively.
However, at the end of drying process, these errors
decreased to less than 10% for both conventional and
reversible air FBDs.

Generally, the relative error of this simulation model
is higher than the range of 10–15% error reported in
other publications, such as Sitompul et al. (2001),
Madhiyanon et al., (2001), Dimitriadis and Akritidis
(2004), Kalbasi (2003), and Tang et al., (2004).
Verification of the model in this research indicated a
higher error than that of the others. This would be
mainly caused by that the verification resulted in this
research was based on the actual practices whereas
that of other researches were conducted through
laboratory experiments. For instance, ambient para-
meters (i.e. temperature and relative humidity) are con-
trolled during the laboratory experiments but not for
the actual practices.

This computer-based simulation model can be used
to predict the optimized time for mixing paddy (for
FBDc) and reversing air (for FBDr). Drying process thus
would be improved to obtain the uniformity of final MC

Table 3. Timing of mixing grain and reversing airflow.

Dryer
Initial weight

(kg)
Initial MCwb

(%)
Final MCwb

(%)

Drying tempera-
ture
(°C)

Timing for mixing grain or reversing drying
air (h)

Drying
time
(h)

Percentage of
drying

process (%)

FBDc0.5 549 19.9 13.3 40.7 6 7.5 80
FBDc4 3526 22.5 14.3 38.7 6 8 75
FBDc6 5107 26.2 13.0 41.6 6 9 67
FBDr0.1 36 25.2 13.3 43.0 7 10 70
FBDr1.5 1620 28.5 15.0 43.3 6 8 75
FBDr4 3716 20.6 14.0 35.5 4 6 67
FBDr8 7500 23.0 13.3 36.7 7.5 12 63
FBDr10 9000 25.1 14.1 40.9 6 9.5 63

FBDc = conventional flatbed dryer; FBDr = reversible air flow flatbed dryer; The number (no.) after FBD(c or r) is its capacity (t batch−1); MCwb = Moisture content
in wet basis.
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of paddy (i.e. 14%) between top and bottom layers in a
minimum drying time. This would result in increasing
drying efficiency and reducing drying cost.

The model established could also be applied for
FBDs without limitation in capacity. It has high potential
for application to higher capacity FBDs (30–50 t batch-
−1) that are popularly used in Vietnam.

However, there are still large gaps between the
modeled and actual results; thus, this model would
need improvement to minimize the relative errors
with the actual practices. Further research should be
conducted to have a simulation comparing the gradient
of the final moisture contents of the top and bottom
layers for dryers with air reversal, as well as without air
reversal. Optimized drying process and airflow reversal
based on simulation would result in minimizing the
moisture gradient among different layers of paddy in
a FBD, and would minimize grain brokenness in the
next milling process.

5. Conclusion

This research resulted in a computer-based simula-
tion model and its verification for conventional and
reversible air FBDs. The developed software has the
ability of simulating the paddy moisture content and
temperature over time based on the input para-
meters of ambient and drying air, dimensions of
the dryers, and input grain properties and weight.
This study resulted in a tool that would significantly
help predict and optimize the paddy drying pro-
cesses using FBDs.

A verification of this simulation model was con-
ducted based on the comparison of grain MC reduction
between predicted data from modeling and measured
data from samples taken from actual dryers. As the
results, actual measured data fluctuated much more
than those gained from modeling. Relative errors
between modeled and measured MCs during the dry-
ing processes for the researched FBDs varied for the
different stages of the drying process, different dryer
types (i.e. FBDc and FBDr), and different dryer capaci-
ties. Generally, the error was highest at the middle
stage of the drying processes. This increased gradually
during the early two-thirds stage of the drying process
and reached to 19% and 14% for FBDc and FBDr,
respectively. On the other hand, these errors typically
decreased to less than 10% at the end of the drying
process.

One of the biggest potentials of this computer-
based simulation model is the prediction of the opti-
mized time for mixing paddy (for FBDc) and reversing
air (for FBDr), by evaluating which timing leads to the

most uniformly dried paddy at the end of the drying
process. The results from the simulation can be used
to increase the uniformity of the final MC of paddy
between the top and bottom layers, thus improving
energy efficiency and reducing postharvest losses and
drying cost.

Nomenclature and units

% w.b. % moisture content in wet basis
% d.b. % moisture content in dry basis
θo initial grain temperature, °C
θe equilibrium grain temperature, °C
θf final grain temperature equal to Tf, °C
ca specific heat of dry air, kJ kg−1 °C−1

Cg specific heat of grain, kJ kg−1 air °C−1

cv specific heat of water vapor, kJ kg−1 °C−1

Eqn Equation
FBD Flatbed dryer
FBDc Conventional flatbed dryer
FBDr Reversible airflow flatbed dryer
hvo latent heat of vaporization of free water at

reference, kJ kg−1

Hf final humidity ratio, kg kg−1

Ho inlet air humidity ratio, kg kg−1

MC moisture content in wet basis (%)
Me equilibrium moisture content, % d.b.
Mf final moisture content, % d.b.
Mo current moisture content of the thin-layer, %

d.b.
Mowb initial moisture content of the grain bed, %w.

b.
MR moisture ratio, dimensionless
R dry matter to dry air ratio for each layer and

time interval, kg kg−1

Rv gas constant for water vapor, J kg−1 °C−1

RH relative humidity (%)
RHe equilibrium relative humidity, %
RKB Rice Knowledge Bank
te equivalent drying time, min
To inlet air temperature, °C
Te equilibrium drying air temperature, °C
Tf final air temperature, °C
t tonne
v superficial air velocity, m s−1

ρg bulk density of grain, kg m−3

ρa density of air, kg m−3

ΔH change in humidity ratio, kg kg−1

ΔL difference between latent heat of vaporization
of water in grain and free water, kJ kg−1

Δt time interval, min
Δx depth of thin layer, m
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Highlights

● Modeling paddy drying processes for conventional
and reversible airflow FBDs

● Simulating grain moisture content and tempera-
ture profiles for different drying conditions

● Predicting timing for mixing grain and timing for
reversing air affects drying performance for
optimization

● Investigating relative errors between results from
modeled and actual drying processes

● The error was highest at the early two-thirds stage
of drying process, maximum at 19%

● the error was least at 10% at the end of drying
processes.
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