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Raw white rice 0.2+0.02
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150°C 12.5¢cm 0.23 +0.04
15cm 023004
10 cm 0.43 £ 0.03 ]
Rice 160°C 12.5 cm 0.3+0.04
15 em 0.21 £ 0.03
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The present method of production of parboiled rice takes time. Therefore, the objective of this work

is to investigate a new lechnique for producing parboiled rice by superheated-steam fluidised-bed

drying. The operating conditions were carried out at the initial moisture contents of 41-42.5% dry basis,
three bed heights of 10, 12.5 and 15 ¢cm, superheated steam temperatures of 150-170°C with a constant
pressure of 106.1 kPa and a fixed superficial velocity of 3.1 m/s. The experimental results showed that the
inlet temperature had much more effect on removal of moisture content than the bed height. For the
paddy quality, the head rice yield after reducing moisture content to 18% dry basis was higher than 60%

(average reference value of 52%) whereas the colour indicating rice whiteness became darker and white

belly was significantly affected by the inlet temperature. In addition, the lower values of peak viscosity,

breakdown viscosity and setback viscosity were found under high temperatures.

Keywords : drying, head rice yield, whiteness
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ABSTRACT
In this paper. the design, construction and performance
evaluation of a residential heat pump water heater (HPWH) for a family

of 4 persons were conducted. The HPWH unit consists of a 100-liter

storage tank integrated with a heat pump having 1.4 kW compressor.

3.5 kW evaporator, and 4.5 kW condenser. The performance of HPWH
had been evaluated by using hot water of 150 liters at water flow rate of
2.5 fiter/min with temperature of $0.5'C in the moming and by the
same condilions in the eveniag. It was found that the electricity
consumption was 3.89 kWh/d. The average coefficient of performance
{COP) and cnergy cfficiency ratio (EER) were 325 and 2.02
KW /AW . respectively. However the energy saving  was

approximately 50% when it was compared with the conventional electric
water heater. In case of 10-year life time and 3 Baht/kWh electricity rate. the
total cost of hot water was 3.50 BahtkWh,. of which capital cost. electricity
cost and taintenance cost were 43%, 42%, and 15%, respectively.
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Biomass, which is a high-potential mnewable -eénergy resource for Thailand, has been planned and
set up the policy by the govemnment to promote the biomass development and utilization. This paper
presents the status and research trends on biomass. Four types of biomass applications, namely biomass
fuel, bio-ethanol, bm—dlesel and biogas were studied. The common limitation of using biomass was
their resources avaﬂability, which showed seasonal variition especially thiose from agro-industries.

"To extend the utilization of biomass. the research managenient, system-efficiency improvement and cost
reduction should be conducted. Additional research on the co-combustion system and project feasibility
should be considered for.pawer genemation. For bio-ethanol and bio-diesel, the long-term performance
of the engine 'éndﬁitniﬁhﬁrd:syééiﬁééﬁdn'of bio-fuél should be studied. The study on appropriate

technology and utilization should be carried out as well onbiogas.
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Abstract
Madhiyanon, T.!, Piriyarungroj, N.! and Soponronnarit, S.?
A novel vortex-fluidized bed combustor with two combustion chambers

for rice-husk fuel
Songklanakarin J. Sci. Technol., 2004, 26(6) : 875-893

A novel vortexing-fluidized bed combustor (VFBC) using rice-husk as fuel was developed and
presented. The combined characteristics of vortex combustion and fluidized bed combustion are the main
features of the VFBC, which was designed to achieve high thermal capacity (MW, m), high thermal
efficiency and low diameter to height ratic. The VFBC comprises a vertical cylinder chamber and a conical
base, which provides a bed for incompletely combusted fuel. The overall dimensions are 1.10 m in height
and .40 m in diameter. To evaloate combustor performance, the specific feed rate of fuel and mass flow
rates of the primary, secendary, and tertiary air were varied independently of one another. The combustion
appeared into two zones characterized by different combustion behaviors, i.e. 1) vortext combustion above
the vortex ring and 2) fluidized bed combustion below the vortex ring. The {luidized bed zone has uniform

'Department of Mechapical Engineering, Mahanakorn University, 51 Cheam-Sampan Road, Nong Chok,
Bangkok 10530 Thailand. School of Energy and Materials, King Mongkut's University of Technology
Thonburi, 91 Prachauthit Road (Suksawad 48), Bangmod Thung Kharo District, Bangkok 10140 Thailand.

‘Ph.D.Energy Technology), "M.Sc(Mechanical Engineering), maindmninnaiena ausdnnsamani umineds
waluladonuas 51 awwiBeniuius (9ANUBI9ON AFIVIME 10530 °Ph.D.(Production and Processing of Vegelable
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WANIAT NN 10400
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temperature distributions acrass the cross-section of the combustor. The swirling of air above the vortex ring
and the vortex ring itself played important roles in preventing the escape of combustion particulztes. Boftom
ash appeared as fine black and grey particles of ash, which ranged in size from 200 to 600 um. Fluidization
could be initiated without the assistance of any inert material mixed into the bed. The experimental results
indicated that thermal efficiency did not depend on the secondary or tertiary airflows, but was significantly
influenced by the excess air resulting from the combined total of the three airflows. The introduction of the
tertiary airflow helped maintaining the temperature inside the combustor within acceptable levels. Accord-
ing to experimental conditions, i.e. a specific feed rate of 240 kg h'm™ and excess air (157 %), it was found
that the VFBC could achieve an exit gas temperature of 1060°C, thermal efficiency of 95%, and thermal
capacity of 0.91 MW _ m™. The amounts of CO,, CO, and O, gases emilted were directly related to thermal
efficiency, and the amounts of CO and NO_ were 50 and 380 ppm, respectively.

Key words : biomass, combustor, cyclone, fluidization, solid fuel, vortex ring
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Table 1. Comparative characteristic of cyclone and the fluidized bed combustor (Natarajan, et al,

1998 and Soponronnarit ¢t el., 2000)

Fluidized bed Combustor

Cyclone Combustor

. Thermal capacity approximately 1 MW/m’

. Height to inside diameter (H/D, approximately 13

. Thermal efficiency 80-95%

. Need insert materials such as silica or alumina
mixed into the bed

5. Ash is conveyed from combustor through exhaust

pipe

o PO

I. Thermal capacity approximately 0.34 MW/m*

2. Height to inside diameter (H/D) approximately 2.5
3. Thermal efficiency 60-80%

4. No need inert materials

5. Require mechanical transportation for ash conveying
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Table 2, The operating conditions of VFBC

Run Specific Primary air Secondary air Tertiary air  Excess

No. Ricehusk Flow Velocity Flow rate Velocity Flow rate Velocity air
feed rate  rate (m/s) (m¥min) (m/s} (m¥min) (m/s) (%)
(kg/h-m*) (m*min)

The preliminary study 1 160 275 227 0.97 2 - - 288
of VFBC operation 2 187 2.5 227 0.97 2 - - 233
condition 3 213 2.75 227 0.97 2 - - 192

4 240 2.2 182 0.97 2 - - 117

5 240 2.33 19.2 0.97 2 - - 125

6 240 2.5 22.7 0.97 2 - - 157
The study of the 7 240 2.06 17 0.85 1.75 - - 108
effects of tertiary 8 240 2.06 17 0.85 1.75 0.37 12.3 133
airflow on performance 9 240 2.06 17 0.85 1.75 0.76 250 157
of VFBC 10 240 2.06 17 0.85 175 1.12 370 182
The study of the 11 240 2.06 17 0.66 1.35 0.75 250 145
effects of secondary 12 240 2.06 17 0.93 1.92 Q.75 250 163
airflow on performance 13 240 2.06 17 1.22 2.5 0.75 25.0 182

of VFBC
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Figure 3. The variation of thermal efficiency of VFBC and exhaust gas temperature with

a variety of specific rice husk feed rate(SFR) and primary air velocities (v ).
(Secondary =ir velocity (v,)= 2 m/s; EA = Excess air)
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Figure 5. The variation of thermal efficiency of VFBC and exhaust gas temperatﬁre with
a variety of tertiary air velocity (v,). (Specific rice husk feed rate(SFR) = 240 kg/h/
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MATHEMATICAL MODELLING AND
SIMULATION OF FLUIDISED-BED
DRYING, TEMPERING AND
VENTILATION OF GRAINS

Somchart Soponronnarit ¥ and Somkiat Prachayawarakorn

" School of Energy and Materials King Mongkut’s University of Technology Thonburi Suksawat 48 Road.
Bangkok 10140, Thailand

¥ Faculty of Engineering King Mongkut’s University of Technology Thonburi Suksawat 48 Road, Bangkok
10140, Thailand

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. [ts 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 10 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 empioyed 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 potenuial for producing
aging rice.

Sutherfand 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 Driscoll (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).
Experimental results showed that final moisture content of paddy should not be lower than 23% if
quality in térms of both whiteness and head yield were to be maintained. Drying air temperature
was 115°C. Simulation results indicated that the appropriate operating parameters should be as
follows: air speed, 2.3 m/s; 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 Lo 24%,
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Figure | Control volumes of continuous cross-flow fluidised bed drying system: { grain flow: € air flow:
T, temperature; W, humidity ratio; M, grain moisture content; Q. heat: 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 Engincering Supply Co. Ltd., a private company in Thailand, showed interest in
coliaborating in the development of a prototype with a capacity of approximately 1 tvhour as
shown in Figure 2 (Soponronnarit et al. 1993). It comprises a drying section, 2 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
controlied 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, afier cleaning in a cyclone, is
recycled to the dryer, mixed with ambient air and reheating to the desired temperature,
respectively. The feed rate of paddy can be varied from less than | thour to more than 1.5 vhour.
More detail is given in Yapha (1994). Experimental results showed that the unit operated
efficiently and yiclded 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 v/hour 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 bumner using diesel oil or fuel oi! for heating air, and a cyclone or
a cyclo-fan. Commercial cyclonic 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 afer 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 Sripawatakui (1994) was
used. Tt is written as follows:

1= hu/F ()

where Tt = 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’
YV = air velocity, m/s
p, = average product density, kg/m®
h = weir height, m

I}

It is valid for weir heights in the range 0.04 - 0.10 m, air velocilies 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. [t is written as follows:
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MR = exp {-x{U60)} (2)

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

t  =dryingtime,s

x  =0.00163100 Ty, - 1.16202 {m;/hu)
+0.004 15300 (myxhu) Ty
+ 0.147383 In (m,/hu) + 0.474743

y = -0.00322000 T - 0.835960 (Mg /hu)
+0.02031%0 (mmix/hu) Tm,‘,
- 0.143150 In (my,/hu) + 0.548493

Equation (2) i$ similar to that developed by Soponronnarit and Prachavaumizikoin
(1994) for higher specific airflow rate (my;/hu). It is valid for temperatures of 90 - 1407 and
specific airflow rates of 0.03 - 0.16 kg/s/kg dry matter of paddy. The symbols are defined @

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

Tme =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 wr,
employed to obtain the solution. Equilibrium moisture content was determined using th
equation developed by Laithong (1987).

For the drying rates of maize and soybean, they are available in Sop()nronn arit at al
{1997) and Soponronnarit et al. (2001), respectively.

Equation of mass conservation
Wi = R(Mi-M) + Wy, H

where Wy, = humidity ratio of outlet air at the i layer, kg water/kg dry ais

Wi = humidity ratio of infet air at the i layer, k% water/kg dry ais

M, = moisture content of paddy at the inlet of if aner, decimal dry basi,
Mg = moisture content of paddy at the outlet of i layer, decimal th e
R, = ratio of dry mass of paddy to mass of dry air.

Equation of energy conservation

Tf‘lJ = IQ|Irr‘iniI+ClTn|ix+wmil(hf‘+Cvaix) 'wﬂ,lhlg
+ Rlcwogll(cl+wﬂJCv+R1pr) (4)

where Tq; = temperature of outlet air at the i layer, °C
g, = graintemperature, °C
Q, = heat loss, kW
C, = specific heat of dry air, kl/kg °C
C, = specific heat of vapour, kl/kg °C
Cpw = specific heat of moist paddy, ki/kg °C
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hs, = latent heat of moisture vaporisation, ki/kg

Avcrage 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 suich 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). Bu, it can be determined only by using a theoretical equation, mostly described
by the Fick's unstcady 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 axia! 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:

M FM (1M 3a'M
a Ola Jw e @

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, 0scrsr, M=M, or M=M(,z)

—é<z<+f M=M,_, or M=M(z)
t>0 r=ru, M=M,

z=1{ M=M_
t>0, r=0 8;M=0

where ¢ = halflength of cylinder, m
ro = radiusof cylinder, m
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The effective moisture diffusion coefficient described by the Arrhenius type equation s given
as follows:

(6)

D=5.41141x10" exp| ————
R(273.15+T)

-28436.4 ]

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 ininl
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 us
follows: :

t=0, M = M(r,z)
t>0, r=¢ il\i:
° ar
oM
=
oM
rab

The degree of uniformfty of moisture content in this stage is described by the tempering
index, I, )

z=1/¢ 0

1>0, r=0 0

_ (Mu - MLI-O)
) (M —Ms.wo)

3 =ac

)

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.

After tempering stage, the grains are cooled to room temperature, using ambient air
temperature, to stop formation of yellow pigment. Yetlowing can be a severe problem in rice
drying because temperature stimulates the development of rice yellowness. a non-enzymatic
browning reaclion {Taweerattanapanish et al., 1999; Soponronnarit et al.. 1998a; Yap et al.
1988). Ventilation was stopped when the grain temperature approached or was slightly above
ambient air temperature. While the air ventilated through the heated grains, there was the
simulianeous 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 opposite to that occurring in the
dryer section. Assuming that the air flowed through a thin bed in the cross-flow dryer, the outlet-
air temperature, Ty, is thus given by

T, = (C,T,+ W,(h, +C,T)-Wh,, +R,C
(C,+W,C, +R.C,)

8./

pn in

(8)

where @ is the grain temperature (°C) and Wy, is the outlet humidity ratic 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=rn, M=M
z=%1 M=M,,

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 lime, grain temperature or lempering temperature and the moisture content after
fluidised-bed drying. A head rice equation was simply described by

RHY = A +Bt +Ct! 9)

where A =-39.232+8.4227M-0.34060T-0.029105TM;
B = 25.945-1.1878M0.2443T+0.012302TM;
C =-0.33610+0.015028M+0.003259T
-0.00015762TM;

t is the tempering time (minute), M; 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 o
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 moisture 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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obtained from the experiment and prediction.
{Poomsa-ad et al. (accepied o 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 afier drying with fluidised-bed dryer. To answer such a question, the proposed
model is used to estimate the suitable tempering time. The criterion indicating the appropriale
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 afier 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 yield
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 (Stefle et al., 1979
Soponronnarit et al., 1998b; Soponronnarit et al., 1999), showing a higher head-rice yield when
the tempering was included between drying stages.
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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 controlled by internal resistances. resulting in
wastage ol 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 10 yellow. causing by
the non-enzymatic browning reaction (Soponronnarit and Prachayawarakorn. 1994 Sutherland
and Ghaly. 1992). To optimise the drying time and energy consumption. atong with high head-
rice yield, moist paddy should be followed with three stages in series i.e. fluidised bed. tempering
and ambient air ventilation to remove its moisture content to a certain level for safe storage. Both
experiments and simulations agree well that fluidised-bed dryer, with inlet air temperature of
150°C. is used Lo 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 0.135 m/s) for 20 minutes. Quality
of paddy in terms of head-rice yield and whiteness is acceptable. Under the specified conditions.
the thermal and electrical energy consumptions were in the respective ranges ot 3-7 MJ/kg-water
evaporated and 0.54-0.61 MJV/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 MJ/kg-water evaporated in terms of thermal energy and 0.1 3-
0.43 Ml/kg-water evaporated in terms of electrical energy. Under proper conditions such as high
initial moisture content of paddy (higher than 30%) and high air temperature (140 - 130°C). head
yield can be increased up to 50% compared to ambient-air drying. For consumer acceptance.
tested rice with fluidised bed drying is insignificantly 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 19935, 1t 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 tonsthour 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 arc: drying air tempcrature of 140 - 150°C.
fraction of air recycled of 0.8, air velocity around 2.0 - 2.3 m/s and bed thickness ol 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 10 ambient-
air drying. For consumer acceptance. tested rice with fluidised bed drying is not signiticantly
different from that dried by ambient air.
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Combination Process of Steaming and Drying for Parboiling Aromatic Rice
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Abstract

This research is the feasible study for the combination process of steaming and drying for parboiling
aromatic rice using superheated steam fluidized bed drying. The effects of soaking times and drying times on
the head rice yield, color, white belly, cooking quality, pasting viscosity of rice flour and gelatinization are
considered. In the experiments, paddy with initial moisture content of 15.7% d.b. was soaked by hot water at
temperature of 80 °C for 0.5 - 3 hours. Next, paddy was dried at 150 °C for 0.5 - 7 minutes, superheated steamn
velocity of 3.0 m/s and bed height of 10 cm. Experimental results foud the soaking time of 3 hour and drying
time of 2 minutes provide considerable increase in head rice yields which lines in the rang of 67.9%. Moreover,
whiteness are the good criteria; however, it will be reduced with increase in soaking and drying time. White
belly of all condition are increased more than rice reference. In the texture test, the cooked rice is moderately
hardened and flaked with increase in drying time. Besides, the peak and the final viscosity are reduced, but
the pasting temperature will be increased. For the gelatinization analysis by DSC, paddy with soaking time of
3 hours and drying 2 minutes appears to have the gelatinization more than paddy of soaking time of 2 hours
and drying 2 minutes (degree of gelatinization of §8.5 and 78% for soaking time of 3 and 2 hours respectively).
Keywords: Parboiling aromatic rice, Fluidized bed, Paddy drying, Rice quality, Superheated steam
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Péak-viscoelty Trough 1| Breakdown vlscosity |Final viscosity | Sethack visosity | Pasting TOmpT
BT tva) |77 gy {rvu) © () (c)
TmIeN0e 209.67 161.92 47.78 332.67 123.00 79
pnATau 140°C ug 2 'E;"ﬂua l# 10 em 112.92 109.33 3.58 236.87 123.75 B9
"meﬁ'anuwﬁo 120°C wH 1 'ﬁ'ﬂm I 10 cm 84.33 84.42 -0.08 148.58 64.25 89
Tovhiausaada 140°C us 1,2 $9luy lwe 10 cm|  84.92 84.83 0.08 139.42 54.50 89
‘\a\fﬁ'aumﬂﬂ'q 140°C us 1 'i"'ﬂm wa 10 cm 80.08 80.50 -0.42 135.92 55.83 89 :
Towrdaugaaiie 140°C 3 2 $2lua ua 10 em 77.75 77.58 0.17 125.08 4733 89.9
tovrdoumiabs 140°C ug 1 39w 1@ 8 cm 82.17 8217 0.00 123.00 40.83 B9
Tovniouuantia 140°C wi 1 57lua tua 12 cm 87.17 87.17 0.00 14858 61.42 89
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