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ABSTRACT

The fluidized-bed grain dryer is now fully commercialized and exported to several countries.
Its potential is great especially for high moisture grains such as paddy, parboiled rice. maize and
soybean. Its drying rate is very fast as compared to conventional grain dryers. Consequently, the size
of drying unit is very compact relative to its capacity. Its energy consumption is relatively low while
grain quality is maintained. In this paper, the research and development effort on fluidised bed grain
drying is described, starting with an experimental batch dryer and culminating with a commercial
continuous-flow dryer. A mathematical model of the fluidised bed grain drying system including a
series of drying, tempering, ambient air ventilation and head-rice equation is derived. The model
provides the useful information about designing and operating condition for the drying system in
order to optimize the drying capacity and quality, both of which show the contradict results.

Keywords: Drying system, paddy, quality
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Introduction

It has been suggested that high moisture paddy should be dried quickly to approximately
23% moisture content (dry basis') then subjected to ambient air drying in storage (Soponronnarit et
al. 1994; Driscoll and Srzednicki 1991). Following two-stage drying, cost and product quality
appear to be optimised. During the first stage, fluidised bed drying is an alternative to conventional
hot-air drying. Its advantages are: {1} uniform product moisture content, and thus high drying air
temperature can be employed but with less overdried grain; (2) high drying capacity due to better
heat and mass transfer; (3) a much smaller drying chamber and thus a significantly lower initial
cost; and (4) significant spin-off in terms of increasing head rice yield and potential for producing
aging rice.

Sutherland and Ghaly {1992) were probably the first research group who investigated
feasibility of using fluidisation technique for paddy drying. Japanese researcher may have
conducted similar research work before. Experimental results reported by Sutherland and Ghaly
(1992) showed that head yield was 58-61% when paddy was dried from 28.2 to 20.5% but was
15-24% when the final moisture content was 19%. Tumambing and Driscell (1993) found that
drying rate was affected by drying air temperature and bed thickness under experimental
conditions as follows: drying air temperature of 40-100°C; bed thickness of 5-20 cm and air
velocity of 1.5-2.5 m/s. They also developed a mathematical model for continuous fluidised bed
paddy dryer.

Soponronnarit and Prachayawarakorn (1994) have reviewed the research and
development work on fluidised bed drying of grain, and conducted both experimental and
simulation studies on batch fluidised bed drying of paddy. Soponronnarit et al. (1996) described
the development of a cross-flow fluidised bed paddy dryer with a capacity of 200 kg/hour (Fig.1).
Expetimental results showed that final moisture content of paddy should not be lower than 23% if
quality in terms of both whiteness and head yield were to be maintained. Drying air temperature
was [15°C. Simulation results indicated that the appropriate operating parameters should be as
follows: air speed, 2.3 nvs; bed thickness, 10 cm; and fraction of air recycled of 0.8. With these
conditions, energy consumption was close to the minimum, while drying capacity was near

maximal. In this study, moisture of paddy was reduced from 30 to 24%.
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Figure 1 Control volumes of continuous cross-flow fluidised bed drying system: A grain flow; € air flow:
T, temperature; W, humidity ratio; M, grain moisture content; Q, heal; CV, control volume.

! Unless otherwise stated, the moisture contents {m.c.) quoted in this paper are dry basis.
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Following the success of the development of the cross-flow fluidised bed paddy
dryer, Rice Engineering Supply Co. Ltd., a private company in Thailand, showed interest in
collaborating in the development of a prototype with a capacity of approximately 1 t'hour as
shown in Figure 2 (Soponronnarit et al. 1995). It comprises a drying section, a 7.5 kW backward
curved blade centrifugal fan, a diesel fuel-oil burner, and a cyclone. The bed length, width and
height of the drying section are 1.7, 0.3 and 1.2 m, respectively. The depth of the paddy bed is
controlled by a weir. Paddy is fed in and out by rotary feeders. In operation, hot air (temperature
controlled by thermostat) is blown into the drying section through a perforated steel sheet floor.
The air and grain flows are perpendicular to each other. A small portion of the air leaving the
drying chamber is vented to the atmosphere, while the remainder, after cleaning in a cyclone. is
recycled to the dryer, mixed with ambient air and reheating to .the desired temperature,
respectively. The feed ratg of paddy can be varied from less than 1 vhour to more than 1.5 vhour,
More detail is given in Yapha (1994). Experimental results showed that the unit operated
efficiently and yielded high product quality in terms of head yield and whiteness. In reducing the
moisture content from 45 to 24% using air temperature of 100-120°C, fraction of air recycled of
0.66, specific airflow rate of 0.05 kg/s-kg dry matter, superficial air velocity of 3.2 m/s, and bed
depth of 0.1 m, total primary energy consumption was 2.32 MJ/kg of water evaporated, of which
0.35 was primary energy from electricity (electrical energy multiplied by 2.6) and 1.79 was
primary energy in terms of heat energy. ‘

Figure 2 Commercial fluidised-bed paddy dryer

As a result of the success of the prototype, commercial fluidised bed paddy dryers with
capacities of 5, 10 and 20 thour are now available. More than 200 units have been sold since the
beginning of 1995. The fluidised bed dryer is mainly composed of a drying chamber, a backward
curved blade centrifugal fan, a burner using diesel oil or fuel oil for heating air, and a cyclone or
a cyclo-fan. Commercial ¢yclonic rice husk furnace is now available commercially. More than
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* 200 units have been sold since the beginning of 1999.
Operation of the commercial fluidised bed paddy dryer is similar to the prototype
except that a small portion of exhaust air is vented to the atmosphere after being cleaned by the
cyclone.

DEVELOPMENT OF MATHEMATICAL MODEL

It was assumed that there is thermal equilibrium between the drying air and the
product, and that the air and grain flow were in plug type. Experimental results reported by
Sripawatakul (1994) indicated that the flow regime of paddy was between near plug flow and
high dispersion flow. Though dispersion was a known factor in the fluidised bed, the
mathematical model assumed plug flow in order to simplify calculation. The model is similar to
that presented by Soponronnarit and Prachayawarakorn (1994). Figure | shows control volumes
(CVs) for the derivation of energy and mass balance equations.

Equation of mean residence time

The empirical equation of mean residence time of paddy developed by Sripawatakul (1994) was
used. It is written as follows:

<= huwF H

where 1T = mean residence time, second (s}
hu = hold up, kg
F = feed rate, kg/s
and hu = [{-0.0095000 + 0.59870 F - (0.00020000
+0.17360 F) V} + {1.1728 - 0.082300 V
+(2.2093 - 0.15050 V) F} h] p,A
where A =-paddy bed area, m’
V = air velocity, m/s
P, = average product density, kg/m®
h = weir height, m

It is valid for weir heights in the range 0,04 - 0.10 m, air velocities in the range 1.7 -
2.3 m/s, and paddy feed rates in the range 0.025 - 0.058 kg/s. For a rough calculation. hu is
approximately equal to hAp, and can be applied to other grains.

Dividing the paddy bulk into n layers, changes in moisture content of paddy.
temperature, and the humidity ratio of air were calculated for each layer. The following basic
equations were employed.

Equation for the drying rate

The empirical equation for fluidised bed paddy drying in the form of the equation of
Page (1949), developed by Sripawatakul (1994), was used. it is written as follows:
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MR = exp {-x{t/60)"} : 2)

where MR = (M - M )J/(Mi, - Mg,)

t =dryingtime, s

X =0.00163100 T, - 1.16202 {mp,/hu)
+ 0.00415300 (Mpi/hu) Tro
+ 0.147383 In (my/hu) + 0.474743

y = -0.00322000 Tpiy - 0.835960 {mpy;/hu)
+ 0.0203190 (m/hu) T
- 0.143150 In {mp;/hu) + 0.548493

Equation (2) i3 similar to that developed by Soponronnarit and Prachayawarakorn -
{1994) for higher specific airflow rate (mg/hu). It is valid for temperatures of 90 - 140°C and
specific airflow rates of 0.03 - 0.16 kg/s/kg dry matter of paddy. The symbols are defined as

fellows:

M = moisture content of paddy at time t, decimal dry basis

M, =moisture content of paddy at the inlet of drying section, decimal dry basis
M., =equilibrium moisture content, decimal dry basis

Tmix  =air temperature at the inlet of drying section, °C

Mo  =airflow rate at the inlet of drying section, kg/s

During calculation, Equation (2) was differentiated with time, and finite difference was
employed to obtain the solution. Equilibrium moisture content was determined usmg the
equation developed by Laithong (1987).

For the drying rates of maize and soybean, they are available in Soponronnant et al.
(1997) and Soponronnarit et al. (2001), respectively,

Equation of mass conservation

Wy, = R(M;-Mo) + Wi 3)
where Wg ;= humidity ratio of outlet air at the 1‘h layer, kg water/kg dry air
Wonix = humidity ratio of inlet air at the i* iayer k% water/kg dry air
M; = moisture content of paddy at the inlet of i' Iayer, decimal dry basis
M; = moisture content of paddy at the outlet of i" layer, decimal dry basis
R, = ratio of dry mass of paddy to mass of dry air.

Equation of energy conservation

Tei = {Q1 Mg+ Co Tt Wi #C Topgiz) ~Wopih,
+ thpwggll(ca"'wﬂ.in+R\‘pr) {4)

where Tp; = temperature of outlet air at the i" tayer, °C
6, = grain temperature, °C

Q, =heat loss, kW

C. = specific heat of dry air, kJ/kg °C

Cv = specific heat of vapour, ki/kg °C

= specific heat of moist paddy, kl/kg °C

pw
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hg = latent heat of moisture vaporisation, kJ/kg

Average temperature and humidity ratio of the outlet air from n layers were
determined by arithmetic mean,

For other calculations such as mixing of air streams, and consumption of energy at the
fan and the heater, solutions can be achieved by the application of first law of thermodynamics
[see Soponronnarit and Prachayawarakorn (1994) for details].

The equations were solved by iteration, Firstly, the value of exit humidity ratio of air
was assumed. The equations presented by Wilhelm (1976) were used to determine properties of
moist air.

The accuracy of the mathematical model was tested and found to be in good agreement
with the experimental results, The model was employed to investigate optimum operating
parameters such as air temperature, specific airflow rate, and fraction of air recycled. Details for
paddy drying and maize drying are available in Soponronnarit et al. (1996) and Soponronnarit et
al. (1997), respectively.

Further development of the mathematical model

In simulation of multi-stage drying including the tempering between each stage, the
moisture profile in a grain kernel at the end of each drying stage must be known. Unfortunately,
the moisture profile in a grain kernel cannot be predicted by the empirical drying equations such
as Equation (2). But, it can be determined only by using a theoretical equation, mostly described
by the Fick’s unsteady state diffusion equation in which an effective moisture diffusion
coefficient is taken into account.

Poomsa-ad et al. (2002) developed the mathematical model for the simulation of
multi-stage drying including the tempering between each stage. It was assumed that water moves
in the combined radial and axial direction and paddy is an isotropic solid. The partial difterential
equation of moisture diffusion for a single paddy kernel considered geometrically to be a finite
cylindrical shape can be written as follows:

oM M (1VeM  a*M
=D ) el S 5
a [arz-l-(rjc'}r-'-azz] ®

where D = effective moisture diffusion coefficient, m/s?
r = coordinate along the radius of cylinder, m

Z =coordinate along the length of cylinder, m
The initial and boundary conditions for paddy drying are given by

t=0, 08r=r, M=DM,_ or M=M(z)

—{<zs4+f M=M, or M=M(rz)
t>0. r=r, M=M,
z=%f M=M,
oM
t>0, r=0 — =)
' &

where £ = half length of cylinder, m
r, = radius of cylinder, m
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The effective moisture diffusion coefficient described by the Arrhenius type equation is given
as follows:

(6)

D'=541141x10° exp[ 284364 J

R(273.15+T)

where R = universal gas constant, kJ/kmol-K

For tempering process, moisture profile at the end of the first stage drying is used as the initial
condition. During this period, the moisture inside a paddy kernel transports to the exterior
surface, but it does not evaporate to the environment. The redistribution of moisture Inside the
kernel can be described again by Equation (5) with the new boundary and initial conditions as
follows:

t=0, M = M(r,z)
t>0, r=r, ?—M—O
or
z==xf a—M-O
oz
t>0, r= 6_M=
ar

The degree of uniformity of moisture content in this stage is described by the tempering
index, I.,
= (M,, _Ms,t=ﬂ)
) (Ms.l=a:\ - Ms.l-—'u)
where M, is the surface moisture content, decimal dry basis. Theoretically, the uniform
distribution of moisture, corresponding to the tempering index of unity, required infinite time.

4]

After tempering stage, the grains are cooled to room temperature, using ambient air
temperature, to stop formation of yellow pigment. Yellowing can be a severe problem in rice
drying because temperature stimulates the development of rice yellowness, a non-enzymatic
browning reaction {Taweerattanapanish et al., 1999; Soponronnarit et al., 1998a; Yap et al.,
1988). Ventilation was stopped when the grain temperature approached or was shghtly above
ambient air temperature. While the air ventilated through the heated grains, there was the
simultaneous heat and mass transfer from the grain to air, making the air slightly warmer and
more humid. The heat-transfer phenomenon in this unit was oppesite to that occurring in the
dryer section. Assuming that the air flowed through a thin bed in the cross-tflow dryer. the outlet-
air temperature, Ty, is thus given by

= (CaTi +Wi(hl'g+c-T')-Wihrg +R Cp\\ |n)'[

(Ca + wﬂ C\' +R (8}

L p\\)

where @ is the grain temperature (°C) and Wy is the outlet humidity ratio at the ventilation unit.
Using such a simplified assumption, the properties of air change insignificantly along the bed
height, thereby providing economic computation by a single-step approach. For the moisture
transport in the ventilation, it is calculated by using Equation {5) again, with the following initial
and boundary conditions:
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t=0, M = M(r,z) t>0, r=r M=M
z=+1 M=M,,

€q

In the determination of moisture reduction, the grain temperature is replaced in
Equation (6), instead of the inlet-air temperature, because the grain temperature at the beginning
of ventilation was approximately 50°C higher than the ambient-air temperature.

Head-rice yield equation

Poomsa-ad et al. (2001) reported that the amount of head rice yield related with
tempering time, grain temperature or tempering temperature and the moisture content after
fluidised-bed drying. A head rice equation was simply described by

RHY = A +Bt +Ct* )]

where A =-39.2324+8.4227M0.34060T-0.029105TM;
B = 25.945-1.1878M¢-0.2443T+0.012302TM¢
C =-0.33610+0,015028M+0.003259T
-0.00015762TM;

t is the tempering time (minute), My is the moisture content (%d.b.) after drying and T is the
tempering temperature (°C).

SIMULATION RESULTS

Figure 3 shows the change of moisture content and grain temperature after passing
through the units i.e. drying, tempering and ventilation in the process of paddy drying. This
experiment was carried out with a batch fluidized-bed drying and the details were given in
Poomsa-ad et al. (accepted to be published). As shown in this Figure, the moisture content is
reduced from 27.5% d.b. to 22.5% d.b. in the fluidised-bed dryer followed the unchanged value
of moisture content in the tempering stage. In the last stage, the moisture content is decreased to
17.5% d.b. The model proposed reasonably predicts the changes of moisture content and grain
temperature at various units of the paddy drying process. As seen in Figure 3b, the temperature
steeply drops during a small interval of ventilation, thus causing a high reduction of head rice
yield, due to the thermal and meisture gradients, if the grains are not tempered, The poor head-
rice yield can be seen in Figure 4 for zero tempering time, with a relative head-rice yield of 20%
for the case of B. The relative head-rice yield is defined as the ratio of head-rice yield obtained
by drying paddy at high temperature to that at ambient temperature, For the case of A, on the
other hand, the head-rice yield quality does not drop although the sample is not subjected to
temper.
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Figure 3 Comparisons of moisture content and grain temperature
obtained from the experiment and prediction,
(Poomsa-ad et al. (accepted to be published))

The insignificant reduction of head-rice yield for the case of 35% d.b. moisture content
is probably attributed to the gelatinization effect, making paddy to withstand the milling forces.
When the tempering time increases, the head-rice yield is improved and higher than that at zero
tempering time. According to this result, it is questionable whether the paddy should be tempered
for how long after drying with fluidised-bed dryer. To answer such a question, the proposed
model is used to estimate the suitable tempering time. Th¢ criterion indicating the appropriate
tempering time is related to the tempering index. Poomsa-ad et al. (2002} recommended the
tempering index of 0.95, corresponding to the calculated tempering time of 35 minutes for high-
temperature drying. This agrees with the experiment results shown in Figure 4, indicating
insignificant change of head-rice yield after tempering for 30 minutes. In addition to the
aforementioned quality, the fastest drying rate at the subsequent stage is achieved, giving the
benefit of effective energy utilisation. From this figure, it also shows that the head-rice vield
equation when included in the heat and mass transfer equations reasonably explains the quality
change with the tempering time. '

The similar result was also reported by several workers (Steffe et al., 1979;
Soponronnarit et al., 1998b; Soponronnarit et al., 1999), showing a higher head-rice yietd when
the tempering was included between drying stages.
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Figure 4 Effect oftempenug time on relative head-nce yield
(Poomsa-ad et al. (accepted 1o be published))

SIGNIFICANCE OF SIMULATION RESULTS

Reducing moisture content of paddy by using only fluidised-bed dryer seems an
inappropriate method since the transport of water is controlied by internal resistances, resulting in
wastage of energy. Besides, the amount of broken rice is enormous. due to excessive stresses
produced inside the kernel, and the colour of white rice changes from white to vellow. causing by
the non-enzymatic browning reaction (Soponronnarit and Prachayawarakorn. 1994: Sutherland
and Ghaly, 1992). To optimise the drying time and energy consumption, along with high head-
rice yield, moist paddy should be followed with three stages in series i.¢. fluidised bed. tempering
and ambient air ventifation to remove its moisture content to a certain level for safe storage. Both
experiments and simulations agree well that fiuidised-bed dryer, with inlet air temperature of
150°C, is used to decrease the moisture content of paddy to 19.5% d.b. followed with tempering
for 30 minutes. In the last stage, the paddy is cooled by ambient air (temperature and relative
humidity of 30°C and 55-60%, respectively with air velocity of 0.15 m/s) for 20 minutes. Quality
of paddy in terms of head-rice yicld and whiteness is acceptable. Under the specified conditions.
the thermal and electrical energy consumptions were in the respective ranges of 5-7 MJ/kg-water
evaporated and 0.54-0.61 Ml/kg-water evaporated. For drying paddy within high moisture range
using fluidized bed technique only, it was reported by Soponronnarit {2000) that energy
consumption was lower. i.e. 2.2-3.9 Ml/kg-water evaporated in terms of thermal energy and 0.13-
0.43 MJ/kg-water evaporated in terms of electrical energy. Under proper conditions such as high
initial moisture content of paddy (higher than 309} and high air temperature (140 - 150°C). head
vield can be increased up to 50% compared to ambient-air drying. For consumer acceplance.
tested rice with fluidised bed drying is insigniticantly different from that dried by ambient air.

Conclusion

Fluidised bed grain drying has been developed for almost 10 years in Thailand. The
first fluidised bed paddy dryer was first commercialized in Thailand in 1993. It is probably the
first commercial continuous fluidised bed dryer for paddy drying. Since then, more than 200
commercial units with capacities of 5, 10 and 20 tons/hour have been sold in Thailand.
Cambodia, Indonesia, Laos, Malaysia, Mexico, Myanmar, the Philippines. Taiwan and
Venezuela,

A basic study including drying kinetics and factors affecting grain quality, moisture
reduction rate and energy consumption was conducted for paddy, maize and soybean. Important
results are presented in this paper. Finally, a complete mathematical model for the fluidised bed
grain drying system including a series of drying, tempering and subsequent ventilation was
derived.
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In conclusion, the fluidised bed paddy dryer is competitive with conventional hot air
dryers especially at high moisture level, i.e. low energy consumption, low cost and acceptable
paddy quality. Important operating parameters are: drying air temperature of 140 - 130°C.
fraction of air recycled of 0.8, air velocity around 2.0 - 2.3 nv/s and bed thickness of 10 - 15 cm.
Under proper conditions such as high initial moisture content of paddy (higher than 30%) and
high air temperature (140 - 150°C), head yield can be increased up to 50% compared to ambient-
air drying. For consumer acceptance, tested rice with fluidised bed drying is not significantly
different from that dried by ambient air.
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