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Abstract

Project Code: TRG4580085
Project Title: High Temperature Spouted Bed Paddy Drying With Varied Downcomer Airflows
And Moisture Content: Effect On Drying Kinetics, Critical Moisture Content, and
milling Quality
Investigators:
Investigators Organization
1. Dr. Thanid Madhiyanon Mahanakorn University of Technology
2. Prof.Dr.Somchart  Soponronnarit  King Mongkut's University of Technology Thonburi

Email Address: thanid m@yahoo.com, ,somchart.sop@kmutt.ac.th

Project Period: 1 July 2002 — 30 June 2004
Objectives:

1. To investigate the effects of introducing air through downcomer regions on drying
kinetics which is expected to promote intensive drying without any change of dryer
volume

2. To study the impact of drying conditions such as drying temperatures, downcomer
airflow and initial moisture content on physical properties of rice after milling
process

3. To determine suitable strategy for drying paddy by spouted bed technique analyzing
from the experimental results of drying kinetics and milling quality and finally

4. To compare spouted bed paddy drying with fluidized bed paddy drying of works
involving

Methodology:

Spouted bed drying was studied in a two-dimensional spouted bed batch dryer as
shown in Fig.1 and using paddy as tested material. The dryer comprised of a vertical
rectangular chamber with a tempered glass window fitted to the front to permit visualization
of grain flow pattern and a slant base chamber with an angle of 60°. The overall
dimensions are 80 cm in width, 8.4 cm in depth and 120 cm in height. To investigate what

drying kinetics and milling quality in terms of head rice yield and whiteness are going on
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when distributing air downcomer regions, hot air was distributed at the bottom of slant base
chamber through three air inlets namely a central rectangular air inlet serving for spout
region with 3 cm in width and 8.4 cm.

Air was heated up by six of electric heaters with a capacity of 1.5 kW for each (9kW

in total).The inlet air temperatures were automatically controlled by PID. Temperature
controller with an accuracy of +1°C. Temperatures of system were measured by data

logger and temperature indicator with an accuracy of +1°C connected to thermocouple type
K. Air flow rates with high temperature were regulated by orifice meter cooperating with

manual valves. For air recycled with temperature under 90°C, air velocity was measured by

hot wire anemometer with an accuracy of = 0.3 m/s and for that with temperature above
under 90°C, Pitot-static tube with U-tube manometer was used. A 2.2 kW variable
frequency inverter was used to regulate blower motor speed to attain desirable airflow rate
which could be able to sustain stability of spouting behavior even in case of sharing much
of hot air to downcomer regions. In order to determine moisture content of paddy, each
sample of 20g paddy were measured by electronic balance with an accuracy of 0.0001g
and drying it in hot air oven at 103°C for 72 hours. Paddy of 6 kg which created bed height
of 72 cm was filled into drying chamber for each experiment, and its color was measured
by a Kett digital whiteness meter which was calibrated with a white color reference.

Results and Dicussion:

It was found that moisture transfer did not only occur in spout region but it also took
place in downcomer region in particular for 20 and 30% downcomer airflow. Moisture and
paddy temperature dropped as grain downward moving in downcomer was resulted from a
present of evaporative cooling phenomenon. The characterization of drying curves
regardless of any drying conditions could be described by nearly linear relationships
between moisture content and time. Downcomer airflow and drying temperature were found
to significantly influence effective moisture reduction with the highest downcomer airflow of
30% and temperature of 150°C giving rise to the highest effective moisture reduction.
Drying temperature, downcomer airflow and initial moisture content also had strongly

effects on HRY and critical moisture content. The difference in moisture content between

initial and critical moisture contents according to 100£5% relative HRY varied between 4.5

to 8.0 points (%d.b.) depended upon drying conditions. These numbers would increase as



increase of initial moisture content and decease as increase of drying temperature and
downcomer airflow. No significant effect on color was evident during testing period. Relating
the HRY to strategy of spouted bed paddy drying in this way it indicated that a properly
management of two-stages drying system could be a suitable and attractive alternative for
rice mill industrial. Finally, the comparison between spouted bed and fluidized bed paddy
drying exhibited that spouted bed had the advantages over fluidized bed in enhancing
specific drying rate (kg water evap.h'1m_3) and improving the HRY. In aspect of energy
consumption spouted bed was not efficient as fluidized bed in case of drying paddy with
high moisture content but the contrary result would be obtained for low moisture content.
The SEC, of spouted bed was 5.5-5.7 MJ/kg water evap. and it was almost the same and
not varied with decreased moisture content or drying time.

Conclusions:

1. Moisture decrease in spouted bed drying was a combination of moisture reduction
in both spout and downcomer regions. Despite conventional convective drying as
took place in spout, evaporative cooling phenomenon was believed a cause of
moisture as well as bed temperature dropped along downward movement of paddy
in downcomer.

2. Drying curves regardless to any drying temperature and downcomer airflow were
characterized by nearly linear relationships between moisture content and time.

3. Downcomer airflow had showed an important effect in the effective moisture
reduction defined as a combination of moisture reduction in spout and downcomer
regions in the way that it increased as increasing downcomer airflow.

4. Drying conditions such as drying temperature, amount of downcomer airflow and
initial moisture content had also significantly influenced critical moisture content and
HRY. Even high drying temperature and introducing downcomer airflow enhanced
moisture reduction but they had adverse effects on critical moisture content and
HRY.

5. From a product quality point of view, two-stages drying (as well as incorporating
with tempering process in-between may be necessary) seem to be a suitable
strategy for spouted bed paddy drying system.

6. As compared spouted bed paddy drying in present study with fluidized bed paddy

drying in concerned literatures, it was found that spouted bed presented much



better potential of preserving product quality in terms of HRY than that of fluidized

bed. Another advantage of spouted bed over fluidized bed was higher specific

drying rates (kg water evap.h'm") than that of fluidized bed. Finally, SEC,, of

spouted bed were in the range 5.5-5.7 MJ/kg water evap. which was higher than

that of fluidized bed which was in the range of 2.5-4.0 MJ/kg water evap.
Recommendation:

To further study, an industrial-scale prototype of continuous spouted bed paddy

dryer should be designed, constructed based on lab-scale experimental result and tested

Keywords:Dehydration; Dryer; Fluidized bed; Head rice yield; Product quality; Rice mill;

Rough rice; Spouting; Thermal energy consumption; Whiteness.
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HIGH TEMPERATURE SPOUTBED PADDY DRYING WITH VARIOUS
DOWNCOMER AIRFLOW AND MOISTURE CONTENT: EFFECTS ON DRYING
KINETICS, CRITICAL MOISTURE CONTENT AND MILLING QUALITY

INTRODUCTION

The combining of two hydrodynamics features i.e. pneumatic transport which was
accompanied by intensive heat and mass transfers and moving bed transport which gave a
chance for moisture relaxation and this functioned as tempering process are a main
feature of spouted bed technique. An overall spouted bed technique was reviewed by
Pallai et al.'"! and its design principle will be found in the article by Passo et al.’) A two-
dimensional spouted bed dryer firstly was proposed by Mujumdar'! in order to overcome
scaling up limitation of the conventional cylindrical-conical spouted bed. Kalwar et al.l*!
and Karwar and Raghavan™® later used it with draft plates for studying of soybean,
wheat, corns and shelled corn drying. They found that kinetics drying models of those
cereal grains were in good agreement with Page’s equation which constant drying rate
period did not distinctly exist. On the contrary, experimental results experienced by
Wetchakama et al.l”), Ngugen'®!, Ngugen et al.””’ and recent work of Wiriyaumpaiwong et
al.l'” were found that nearly linear moisture and time relationships were good in
describing drying characteristic. This could be explained by interaction between heat and
mass transfer mechanisms in spout and downcomer regions that was demonstrated by
simulation results of batch corn spouted bed drying as reported by Madhiyanon et al.l'®.
The effect of bed height on effective moisture diffusion coefficient and drying rate was
investigated by Tulasidus et al.""! in the way that they increased as bed height decreased.
This was resulted by shorter cycle time with a consequent of enhancing intensive heat
transfer period in spout region. The drying characteristics were also reported by other
literatures "> however, quality of products after drying has been received less attention
in these literatures although it is very important and usually employed in appraising the
success or failure of grain drying system.

Recently, there was an attempt to introduce spouted bed drying technique to rice
mill industrial by developing an industrial-scale prototype of continuous spouted bed
paddy dryer based on scaling up two-dimensional spouted bed dryer as done by
Madhiyanon et al.!'"”). The prototype displayed a maximum capacity of 3550 kg /h. and
thermal energy consumption of 3.5-7.0 MJ/kg water evap. according with 140-160°C
drying temperatures and 0.6-0.7 fraction of air recycled and, no serious loss in milling
quality was observed during theirs experiment. However, the prototype had not much
succeeded in moisture reduction due to insufficient dryer length. Madhiyanon et al.l*”
also developed a mathematical model of continuous spouted bed dryer which theirs
simulation resulted could predict very well in drying kinetics of an industrial-scale
prototype of continuous spouted bed paddy dryer.

However, after evaluating experimental results of Madhiyanon''”! it was believed
that continuous spouted bed paddy dryer has not been ready for positioning itself among



other convention dryers or fluidized bed paddy dryer that are now popularly used in Thai
rice mill industrials. There are three main questions about spouted bed paddy drying
which has not been answered i.e

1) how to maximize drying capacity in terms of drying rate per unit volume of
dryer and any way of accelerating drying rate, are there any serious effects on milling?

2) If dryer length is extended to increase mean residence time which results in
more moisture reduction than that of a prototype achieved, what have any adverse effects
on milling quality and finally

3) what strategies should be suitable for managing moist paddy with a variety of
moisture content. The data of milling quality of paddy dried by spouted bed technique
was rarely found in works concerning, only Ngugen et al.’) reported that theirs a
triangular spouted bed dryer could continuously reduce paddy moisture content to around
18% d.b. with the satisfaction of head rice yield regardless of high drying temperature up
to 160°C. However, geometry of both of a triangular and an industrial-scale prototype of
continuous spouted bed dryers were quite different particularly in bed height which that
of triangular spouted bed dryer was about 5 meters and this was considerably much more
than that of a prototype of continuous spouted bed dryers which was only 0.85 meter
thus, milling quality results obtaining from that triangular spouted bed dryer can not be
used as a guideline to predict that would be obtained from a prototype of a continuous
spouted bed dryer.

THE MAIN OBJECTIVES OF THIS STUDY

1) To investigate the effects of introducing air through downcomer regions on
drying kinetics which is expected to promote intensive drying without any
change of dryer volume

2) To study the impact of drying conditions such as drying temperatures,
downcomer airflow and initial moisture content on physical properties of rice
after milling process

3) To determine suitable strategy for drying paddy by spouted bed technique
analyzing from the experimental results of drying kinetics and milling quality
and finally

4) To compare spouted bed paddy drying with fluidized bed paddy drying of
works involving

MATERIALS AND METHODS
1. Materials

Spouted bed drying was studied in a two-dimensional spouted bed batch dryer as shown
in Fig.1 and using paddy as tested material. The dryer comprised of a vertical rectangular
chamber with a tempered glass window fitted to the front to permit visualization of grain
flow pattern and a slant base chamber with an angle of 60°. Two draft plates with 90 cm
in height were centrally installed which each draft plate was 3.7 cm distant apart from
each other. The overall dimensions are 80 cm in width, 8.4 cm in depth and 120 cm in
height. To investigate what drying kinetics and milling quality in terms of head rice yield



and whiteness are going on when distributing air downcomer regions, hot air was
distributed at the bottom of slant base chamber through three air inlets namely a central
rectangular air inlet serving for spout region with 3 cm in width and 8.4 cm in depth and
two of round air inlets for downcomer regions with 2.5 cm in diameter for each.

Air was heated up by six of electric heaters with a capacity of 1.5 kW for each (9kW in
total).The inlet air temperatures were automatically controlled by PID. temperature
controller with an accuracy of +1°C. Temperatures of system were measured by data
logger and temperature indicator with an accuracy of +1°C connected to thermocouple
type K. Air flow rates with high temperature were regulated by orifice meter cooperating
with manual valves. For air recycled with temperature under 90°C, air velocity was
measured by hot wire anemometer with an accuracy of £ 0.3 m/s and for that with
temperature above under 90°C, Pitot-static tube with U-tube manometer was used. A 2.2
kW variable frequency inverter was used to regulate blower motor speed to attain
desirable airflow rate which could be able to sustain stability of spouting behavior even in
case of sharing much of hot air to downcomer regions. A three-phase kilowatt hour meter
was used to measured heater energy usage.

2. Experiment Set-Up

One variety of long grain rough rice namely Suphanburi-1 which contains high amylase
content of 27% (Tirawanichakul et al.”'!) provided by the National Research Center,
Thailand was selected as tested material. Its moisture content was prepared by rewetting
and keeping it in a cold storage at a temperature range of 4-6°C for 7 days. During cold
storage period paddies were mixed thoroughly once a time in each day to make sure the
uniformity of moisture. By preliminary studying it was found that grain velocity was
impacted and varied according to different fraction of downcomer airflow to total airflow
which could cause either positive or negative results on drying kinetics. Therefore, to
eliminate the influence of different grain velocity accompanied by different air flowing
through downcomer regions, the entrance height (see Fig. 1) was adjusted from one
experiment to others to minimized variation of grain velocities. Measuring grain velocity
was done by flow visualization and a stop watch.

The paddy samples of each condition were collected every 2-3 minutes time interval for
moisture content, milling qualities and energy consumption evaluations. Especially for
determining moisture variation in downcomer region, samples were taken at distance of
23 and 63 cm above air distributor. Total of sample taken from a dryer for each
experiment was restricted to not more than 5% of initial hold-up (6kg) to make sure that
process mechanism was not disturbed or deviated by sample collecting therefore, several
experiments were done for each condition.

3. Experimental Conditions

Paddy of 6 kg which created bed height of 72 cm was filled into drying chamber for each
experiment. The inlet air temperatures were set up at 110, 130 and 150°C. Total air mass
flow rate of all experiments was held constant at around 0.052 kg/s and some of it was



divided and sending to downcomer regions. The percentage of downcomer airflow ((mass
flow rate of downcomer air / total mass flow rate of air) x 100%) were controlled at 0 (no
downcomer air), 20 and 30%, respectively. Fractions of air recycled were set up within
the range of 0.75 to 0.80. Besides studying the effects of downcomer airflow and drying
temperature, the effect of initial moisture content on critical moisture content (that was
considered as the lowest moisture content could be reduced before grain damages) and
energy consumption was also studied. Thus, paddy was rewetted until reaching variety
desirable levels that were in the rage of 18-35% d.b.

4. Physical Properties

In order to determine moisture content of paddy, each sample of 20g paddy were
measured by electronic balance with an accuracy of 0.0001g and drying it in hot air oven
at 103°C for 72 hours. Before determining qualities of paddy in terms of head rice yield
and whiteness, paddy samples taken at each time step were dried under room conditions
for 2 weeks or until its moisture content reduced to around 16% d.b. Then each paddy
sample of 125 g was shelled by Satake Rubber Roll husk, polished by Satake Rice
Polisher and graded by Satake Grader, respectively. Finally, its color was measured by a
Kett digital whiteness meter which was calibrated with a white color reference.

RESULTS AND DISCUSSION

All experiments were carried out corresponding to drying temperature of 110, 130, and
150 °C which were varied from one experiment to the other. To investigate the effect of
downcomer airflow on drying kinetics, the downcomer airflow of 0, 20, and 30%
(amount of downcomer airflow / total airflow x 100%) were regulated for each drying
temperature level.

1. The Variation of Air and Grain Temperatures

All temperatures within the system were measured at the locations as shown on Fig.1.
The experimental results showed that even using the varieties in drying temperatures with
the same downcomer airflow, air and grain temperatures variation presented similar
trend. The experiments carried under 130 °C drying temperature were risen for an
example to show the influence of downcomer airflow on temperature changing within the
system as presented in Fig. 2(a-c). It was obviously seen that temperature difference
between inlet and exit air temperatures (curves 1 and 3) was nearly constant through out
drying period which was not general behavior as that of other drying techniques that exit
air temperature gradually approaches to inlet air temperature when drying is continuously
going on. This was attributed to a distinct feature of spouted bed drying that drying was
almost in constant drying rate period'" '™ and consequence of nearly constant heat
given by the hot air to grain to evaporate water inside grain. In additional, Fig. 2(a-c) also
showed that temperature difference between inlet and exit air temperatures on the other
hand, represented for amount of heat consumed for moisture removal became more
incase of high downcomer airflow than that of lower downcomer airflow. This in lined



with the experimental results of high moisture removed in accordance with high
downcomer airflow.

It should be noted that with simulation results reported by Madhiyanon et al.'® indicated
that air flowing through the downcomer would approach to thermal equilibrium with
grains at only a few centimeters upstream from the air inlet due to low mass ratio of air to
grain in the downcomer. Thus, temperatures measured inside downcomer bed in this
current study should present the value of grain temperatures at the relative bed height.
Fig. 2(a-c) showed that paddy temperatures decreased around 2-5°C during its
downstream movement displayed by shifting of curve 5 (0.65 m upstream from the
central air inlet) to curve 7 (0.12 m bed height). The hypothesis to explain this evident
was that there was a presence of evaporative cooling phenomenon (instead of
conventional drying process) during paddy traveling in downcomer. This would be
confirmed by the experimental results of moisture reduction inside downcomer region
and this will be more discussed in the next section. Finally, the effect of downcomer
airflow on grain temperature was observed that more downcomer airflow was introduced,
paddy at the bottom of bed had higher temperatures (curve 7) and bringing them closed to
temperatures of paddy at the middle (curve 6) however, they were still below the
temperatures at the top(curve 5). Further more, it was also displayed that that high grain
temperature concerning with high downcomer airflow directly relates to the
corresponding drying rate and this will be further discussed in latter section.

2. Moisture Reduction in the Downcomer Region

As earlier work of Madhiyanon et al.'® presented simulation results which indicated that
moisture reduction of grains did not only occurred in the spout region but also occurred
in the downcomer region due to air-leakage from the central inlet to downcomer, this was
proofed by the present study. As shown in Fig. 3(a-f) corresponding to experiments
allowing air penetrating to downcomer (0, 20 and 30% downcomer airflow) indicated
that moisture of paddy in downcomer had been reduced around 0.2 to 0.7 point (or %d.b.)
from beginning moisture of downcomer period for each trip of downstream movement
distance of 0.4 m (see Fig.1 for locations of sample taking). The results also presented
that in case of 20 and 30% downcomer airflow offered more moisture reduction than that
case of no downcomer airflow (0%) (comparing between Figs.3a and 3f, Figs. 3b and
3d). However, in overview it was found that operating drying under 20 and 30%
downcomer airflow did not give any significantly different of moisture reduction. This
was attributed to moisture transfer mechanism was internally controlled by moisture
diffusion rather than external surface convective mass transfer. It was interesting to note
that moisture reduction in downcomer was considerably taken place by “evaporative
cooling phenomena” not conventional drying. Since downcomer airflow, which having
low mass compared to mass of grain, had not enough energy to evaporate moisture from
paddy particularly, it approached to thermal equilibrium condition with paddy!'™
therefore, decreasing in moisture in downcomer should be resulted from evaporative
cooling phenomenon rather than conventional drying mechanism by hot air media. This
was displayed as earlier described that temperature of paddy decreased during moving
downward in downcomer, it could be explained that because heat accumulating inside



paddy which performed as internal generating heat was used to evaporate water at paddy
surface and then water was picked up by the air uniformly distributed through
downcomer which consequently causing paddy cooled down. However, it was noticeable
that for experiments that there was no intention to introduce air through downcomer (0%
downcomer airflow), there was uncertainty about moisture reduction values as shown in
Fig. 3(a-b). This probably may because moisture differences between top and bottom of
downcomer in case of 0% downcomer airflow should be relatively less compared to that
case of 20 and 30% downcomer airflow so only slight error in moisture measurement was
able to deviate moisture data, not alike to case of 20 and 30% downcomer airflow which
band of moisture differences were wide so a little bit error in measurement could not
counteract experimental data.

3. Drying Curve Characteristic

Fig. 4(a-c) exhibited drying characteristics and the effects of drying temperatures on the
effective moisture reduction (combination of moisture reduction in the spout and
downcomer regions). All experiments regardless of varieties of drying temperature and
downcomer airflow conditions were found that most of drying curves had a similarity of
drying characteristic which the correlations between moisture content and time were
almost nearly linear relationships>>*. This was also found by the previous works!’ % ¥l
and it should be resulted from an assistance of moisture relaxation during downcomer
motion period due to grains having enough time for immigrating water from the inside to
outside of grain kernel. This should facilitate water vaporization when grains transited to
the spout region where grain exposed to relatively high temperature and velocity of air.
This drying kinetics of spouted bed extremely distinguishes from fluidized bed technique
which moisture content and drying time relation is in exponential correlation™™ 2%, It was
clearly seen that drying temperature significantly influenced drying rate in the way that
drying rate increased with increase of drying temperature. Further more, in comparing
between Figs. 4(a), 4(b) and 4(c) it was obviously seen that drying rate directly related to
drying temperature in the direction that rapidly decreasing in moisture was achieved by
applying high temperature.

4. Grain Velocity in the Downcomer Region

In all experiments, total mass flow rates of air was held constant at 0.053 kg/s and in
order to neglect the effect of grain velocity on drying kinetics, there were attempts to set
up grain velocities to minimize its fluctuation corresponding to a variety of downcomer
airflow by adjusting entrance height. However, the best could be done in our experiments
was that maximum deviation in grain velocity from each to other did not exceed 15%. By
visualizing paddy velocities, it were found that the lowest paddy velocity was 0.7 cm/s
which existed for 0% downcomer airflow whereas it was nearly 1.0 cm/s for the rest of
downcomer airflow (20 and 30%). By visualization observing, it could be seen that if air
was allowed to flow upward through downcomer it would facilitate in circulation of grain
at the bottom and hence grain stacked above could easily move downward to replace the
one below.



5. Influence of Downcomer Airflow on the Effective Moisture Reduction

Utilizing air flowing through dowcomer would give an advantage of achieving high
effective moisture reduction which was a combination of moisture reduction in the spout
and downcomer regions as appeared in Fig. 5(a-c). Drying kinetics involving to any
drying temperatures had a similarity trend which moisture decreasing was directly
proportional to downcomer airflow in the way that 30% downcomer airflow considerably
promoted the highest effective moisture reduction and it would stepped down for 20 and
0% downcomer airflow, respectively. However, as mentioned before that moisture
reduction rates in the downcomer were nearly the same with not regarding to either using
high or low downcomer airflow. Therefore, this reflected that extra moisture reduction
between 0, 20 and 30% downcomer airflow should gain from drying mechanism in the
spout region. This was attributed to interaction of heat and mass transfer between spout
and downcomer regions''**" such that higher airflow in the downcomer resulted in grain
being hotter (referring to Fig. 2(a-c) it was clearly seen that temperature data
corresponding to curve no 7. of 30% downcomer airflow was higher than that of 0%
downcomer airflow) which resulted in grain accompanying with higher moisture
diffusion coefficient and this would help in accelerating moisture evaporation when grain
transited from downcomer region to a subsequent spout region.

6. Milling Quality

Figs. 6-8 exhibited the experimental results of milling quality in which relative head rice
yield (HRY) changing along moisture content decreased regarding to drying temperature
of 110, 130 and 150°C. At the beginning of drying period relative HRY increased and
thereafter it began decreasing along moisture content decreasing. Because at the
beginning paddy comprising of sufficiently high temperature and moisture content which
were considerable suitable for initiating gelatinization process, therefore partially
gelatinization was expected to be formed at the kernel rice and making its starch was
more sufficient strength to resist stresses developed within paddy kernel during drying
process. But whenever moisture was further continuously reduced, much more stresses
developed by steep moisture gradient dominated gelatinization effect and resulted in
grain breakage during milling process. In this study, initial moisture contents were
classified in three levels namely low (17-21% d.b.), medium (24-28% d.b.) and high (31-
35% d.b.) moisture contents. More discussions on milling qualities were presented as the
following topics.

7. The effects of drying temperatures and downcomer airflow with a variety of initial
moisture contents on critical moisture content and HRY

For drying paddy with temperature of 110°C, paddy with low initial moisture content of
21% d.b. could be safely dried until moisture content reached to 14% d.b. which was
considerably safe for storage without any paddy damages (Fig. 6(a)). In case of medium
initial moisture content of 27-28% d.b. (Fig. 6(b)) it was found that in order to preserved
paddy quality, paddy should not be continuously dried to moisture level lower than



critical moisture content (defined as moisture content accompanying with 100+£5%
relative HRY) of 21% d.b.

For drying temperature of 130°C, moisture content could be reduced from 18 % d.b. (low
moisture content) to 13% d.b. without any effecting milling quality as shown on Fig.7(a).
However, as shown on Fig. 7(b) that paddy with medium initial moisture content of 27-
28% d.b. could not be dried lower than critical moisture content of 22% d.b. in case of 0
% downcomer airflow and critical moisture content would raise up in case of 20 and 30
% downcomer airflow. Table 1 will give more numerical details.

Fig. 8(a) presented results of HRY involving to drying temperature of 150°C and medium
initial moisture content of 24-25% d.b. The results showed that critical moisture content
was about 19.5-20.5 % d.b. and critical moisture content in case of 30% downcomer
airflow was less than that of 0% downcomer airflow around 1% d.b. For drying paddy
with high moisture content of 31-32% as shown on Fig. 8(b), critical moisture content
was around 25-26% d.b.

8. The relation between drying temperatures, initial moisture contents, downcomer
airflow and maximum moisture reduction

As above describing was also presented by the results in Table 1.

- The results displayed that by applying temperature of 110°C for drying paddy
with low and medium initial moisture content of 21-27% d.b., it was able to reduce
moisture content around 6-7 points from its initial moisture content.

- For drying temperature of 130°C with low and medium initial moisture content
of 17-27% d.b., reduction in moisture content was around 4.0-6.5 points while it could
accomplished around 8 points for high initial moisture content of 35% d.b.

- For the highest drying temperature of 150°C with medium and high initial
moisture content of 24-32% d.b. resulted in moisture reduction of about 4.5-6.0 points.

In overview, it could be concluded that drying conditions such as drying
temperature, amount of downcomer airflow and initial moisture content also had
influences on HRY. Figs. 6(b) and 7(b) according to temperature of 110 and 130°C under
the same initial moisture content indicated that spouted bed drying carried under higher
temperature was responsible for higher critical moisture content. On the other hand, at the
same final moisture content, HRY corresponding to high drying temperature was less
than that corresponding to low drying temperature. Data in Figs. 6-8 also presented the
influence of downcomer airflow on HRY in the direction that 0% downcomer airflow
gave the best results of relative HRY while 30% downcomer airflow gave the worst. It
was seen that critical moisture content regarding to 0% downcomer airflow was around
1% d.b. lagging behind that of 30% downcomer airflow. This was mainly due to paddies
were not flexible enough to resist stresses rapidly promoted by progressively accelerating
in moisture removal in case of high downcomer airflow. It was noticeable that amount of
moisture content could be reduced before touching level of critical moisture content
directly related to initial moisture content. Finally, higher initial moisture content, larger
difference in moisture content between initial and critical moisture contents was obtained



before grain damages. In comparing between Figs. 7(a) and 7(b), 8(a) and 8(b) as well as
data in Table 1 would give clearer picture.

9. The effect of grain temperature on HRY

In additional, Fig. 6(c) also displayed the wvariation of bed temperature, which
representing for grain temperature due to thermal equilibrium condition, and it pointed
out that the breakage of paddy possibly should not be caused by too high temperatures of
paddy since temperatures in accordance with relative HRY was less than 100% were in
the range of 65-70°C which was relatively less compared to that of paddy dried by
fluidized bed which grain temperatures were in the range of 75-95°C while HRY was still
maintained (Poomsa-ad et al.*?). Again this confirmed that paddy damage was mainly
due to steep moisture gradient inside paddy.

10. Whiteness

Finally besides the HRY, the whiteness was also an important issue which was used for
concerning the paddy quality. The experimental results indicated that no serious loss in
whiteness was found in these experiments as shown in Figs. 6-8 and Table 1.

11. Thermal Energy Consumption

The experimental results as shown in Table 2 indicated that thermal specific energy
consumption (SECy) in accordance with any downcomer airflow and drying
temperatures slightly differed from each to other. The data in Table 2 displayed that using
temperature of 110, 130 and 150°C incorporating with 75-80% recirculated airflow for
drying paddy from moisture content of 31% d.b. to approximate 15-20% d.b., SECy, were
in the rage of 5-6 MJ/kg water evap. These values of SECy, were inline with 3.5-7.0
MJ/kg water evap. of an industrial-scale prototype of continuous spouted bed paddy dryer
[Tand they were reasonable and relatively comparable to other conventional commercial
dryers. Moreover, due to nearly constant drying rate characteristic of spouted bed
technique thus SECy, is almost the same for any drying time interval or decreased
moisture content. Therefore, in aspect of energy utilization spouted bed dryer is able to
compete to other commercial dryers especially for the second stage of paddy drying
which paddy has relative low moisture content that is normally dried with high energy
consumption.

12. Strategy for Spouted Bed Drying Technique

As above evaluation of milling quality, it appeared that it was not able to dry paddy from
high moisture content to a level that was considerably safe for storage in one stage drying
and this is also true for fluidized bed drying or other conventional drying. Therefore, two-
stages drying (as well as coupling with tempering process in-between may be necessary)
should be considerably suitable for spouted bed paddy drying. For moist paddy with high
moisture content such as 30% d.b., which is in the range of post harvested moisture
content (28-32% d.b.), temperature of 130 or 150°C without downcomer airflow can be



used for the first stage drying with a consequent of approximate moisture content of 24 %
d.b at the end of the first stage (interpreting form value of difference in moisture between
initial and critical moisture content as shown in Table 1). For the second stage,
temperature of 110°C incorporating with 0-30% downcomer airflow would give final
moisture content around 17-18% d.b. that was close to safety storage level and when
sending paddy to a final subsequent process of ambient air ventilation in order to cooling
paddy, moisture was easily reduced to 15-16% d.b. before storage. Therefore, a properly
managed spouted bed paddy drying could be an attractive alternative for rice mill
industrial.

THE COMPARISON BETWEEN SPOUTED BED and FLUIDIZED BED
TECHNICQUES

1. Milling quality comparison

Comparing in drying capacity and milling quality between spouted bed and fluidized bed
techniques should be simultaneously criticized since excellence in drying capacity is no
meaning if product quality after drying is not acceptable. In aspect of milling quality after
drying of paddy, Poomsa-ad et al.** reported that drying paddy with high initial moisture
content of 30-35% d.b. according to high drying temperatures of 110, 130, 150 and 170°C
in a single stage of a lab-scale fluidized bed dryer they could accomplish more than 80%
of relative HRY if final moisture content was above 25% d.b. corresponding to grain
temperatures in the rage of 70-90°C. In a similarity drying condition as present study,
spouted bed drying was able to reduce moisture content from 31-35% d.b. to 25-27% d.b.
with an achievement of 100+5% relative HRY (Figs. 7(c), 8(b) and Table 1).

For drying paddy with medium moisture content, study of Poomsa-ad et al.*”
stated that continuously drying paddy from 25 to 20% d.b. would caused seriously low
relative HRY which was lower than 40% unless incorporating with a subsequent
tempering for 30 minutes which could bring relative HRY up to more than 60%. Whilst
spouted bed drying could accomplish 100+5% relative HRY in reducing moisture content
from 24 to 19.5% d.b. and 20 to 14% d.b. without tempering process (Figs. 6(a), 8(a) and
Table 1). Poomsa-ad et al.”?? also highlighted that to achieve high HRY under high
drying temperature in one pass of fluidized drying corresponding to grain temperature not
over than 100°C, paddy should not be reduced lower than 22.5% d.b. and a subsequent
tempering for 30 minutes was strongly recommended to preserve HRY.

As above discussion, it was clearly seen that starting drying with high initial
moisture content (30-35% d.b.) spouted bed was able to reach lower critical moisture
content than fluidized bed on the other word; spouted bed could reach the same final
moisture content in a single stage drying as fluidized bed but achieving higher HRY than
fluidized bed. For moisture content not over 25% d.b. spouted bed offered more points
(%d.b.) decreasing from beginning and better HRY.



2. Drying capacity comparison

In aspect of drying capacity, specific drying rate which defined as drying rate per unit
volume of drying chamber (kg water evap.h”'m™) was used as an index to measure drying
capability of dryer. Comparison of specific drying rate between both techniques was
shown on Table 3. The dryer volume according to spouted bed was based on dimensional
as shown on Fig. 1 and that according to fluidized bed drying was based on fluidized bed
dryer studied by Tirawanichaku et al.?! which dryer was in a cylindrical shape with 20
cm in diameter and 140 cm in height and, 1.9 kg of paddy corresponding of 10 cm static
bed height was constantly held in theirs experimental. As seen on Table 3, if drying time
was only considered to point out drying capability, it seemed that fluidized bed drying
could reduce moisture substantially faster than spouted bed drying. However, volume of
dryer and hold up (capability of holding amount of paddy for one batch of experimental)
should be taken into account for justice comparison thus, specific drying rate was risen
up as an indicator for this purpose.

Data in Table 3 showed that spouted bed drying had higher specific drying rate in
all case of drying temperatures in particular that drying process carried under temperature
of 110°C, specific drying rate of spouted bed was higher than that of fluidized bed around
44%. For fluidized bed drying accompanying with temperature of 110°C, the advantage
of aggressive heat and mass transfer due to all time contacting of grain and air and well-
mixing characteristic was counteracted by less driving force due to less temperature
gradient between grain and air. Whilst in spite of all time exposing of grain to air,
spouted bed allowed relaxation time (approximate 110 seconds for one cycle) in
downcomer period which substantially helped in equalizing temperature within grain
kernel. Thus, surface temperature of paddy at the end of downcomer period was not so
high as just coming from spout region which led to enhancing heat transfer between
paddy surface and air in spout region.

For temperature of 150°C, spouted bed drying also offered better result in specific
drying rate which was higher than that of fluidized bed about 19%. This could be
explained that drying characteristic of fluidized bed was in Arrhenius or exponential form
while nearly linear relationship was represented for spouted bed drying characteristic.
Fluidized bed gave steep decreasing of moisture at the beginning of drying (accelerating
in speed of drying) thereafter moisture gradually decreased (decelerating in speed of
drying) while a special feature of spouted bed drying displayed that it gave nearly
constant drying rate not regarding to any moisture decreased from initial moisture
content. This made specific drying rate of spouted bed left behind that of fluidized bed at
the beginning and in the remaining period it could catch up and finally overtake that of
fluidized bed.

3. Thermal energy consumption comparison

Finally, thermal energy regarding to both techniques were compared. Because energy
consumption of experimental results in lab-scale fluidized bed were not available so the
records of thermal energy consumption of commercial fluidized bed dryer as reported by



Soponronnnarit et al.*>! (dryer with capacities of 2.5-5 tons/h and 5-10 tons/h) were used
for this comparison. They summarized that drying paddy with initial moisture content
varied between 26.0-30.6% d.b. and moisture contents were reduced to 21.0-23.0% d.b.,
SECy, (specific thermal energy consumption) were in the range of 2.5-4.0 MJ/kg water
evap. which was considerably relatively low as compared to conventional hot air dryer.
However, in case of drying paddy with low initial moisture content such as 22.0% d.b.
down to 20.1% d.b. SECy, steep raised to 7.8 MJ/kg water evap. Data as shown on Table
2 exhibited that spouted bed could dry paddy from high initial moisture content i.e., 31.6-
32.3 % d.b. down to around 20.1-22.5% d.b. in accordance with SECy, of 5.5-5.7 MJ/kg
water evap. Moreover, due to nearly constant drying rate characteristic of spouted bed
technique thus SECy, should be almost the same for any reduced moisture content. This
appeared in Table 2 that it could reduce moisture content form 30.5-32.5 % d.b. to 15.5-
17.8% d.b. with nearly the same SECy, of 5.6 MJ/kg water evap. In additional, referring
to data on Table 1 and the work done by Poomsa-ad et al.*? presented the necessity for
dividing drying process in to two-stages drying in order to reduce moisture close to safety
storage level with simultaneously maintaining acceptable milling qualities for both drying
techniques. Therefore, fluidized bed should consume less energy than spouted bed for the
1** stage drying but the converse result would be obtained for 2* stage drying which
normally starting drying with moisture content around 20.0-22.0% d.b

CONCLUSIONS

The experimental study of paddy drying in a two-dimensional spouted bed batch dryer
was conducted to investigate the effects of drying temperature, downcomer airflow and
initial moisture content on drying kinetics, critical moisture content and product quality.
The comparison between spouted bed and fluidized bed as well as proper strategy for
spouted bed paddy drying was also discussed in this study. The following paragraphs are
the conclusions of this study.

1. Moisture decrease in spouted bed drying was a combination of moisture reduction in
both spout and downcomer regions. Despite conventional convective drying as took
place in spout, evaporative cooling phenomenon was believed a cause of moisture as
well as bed temperature dropped along downward movement of paddy in downcomer
which corresponded to accumulating heat (inside grain) used for water vaporization.
Moisture reduction in downcomer was around 0.2 to 0.7 points for each trip of 0.4 m
downward movement. Introducing downcomer airflow substantially helped in
moisture reduction in downcomer.

2. Drying curves regardless to any drying temperature and downcomer airflow were
characterized by nearly linear relationships between moisture content and time. This
was also reflected by almost constant difference of temperatures between inlet and
exit air. Drying rate was strongly affected by drying temperature with it increased
with increases of drying temperature.



3. Downcomer airflow had showed an important effect in the effective moisture
reduction defined as a combination of moisture reduction in spout and downcomer
regions in the way that it increased as increasing downcomer airflow.

4. Drying conditions such as drying temperature, amount of downcomer airflow and
initial moisture content had also significantly influenced critical moisture content and
HRY. Even high drying temperature and introducing downcomer airflow enhanced
moisture reduction but they had adverse effects on critical moisture content and HRY.
The difference in critical moisture content according to 0, 20 and 30% downcomer
airflow was about 1% d.b. A gap between initial and critical moisture contents
increased with increase of initial moisture content. Paddy with moisture content of 21-
27% d.b. could be safely dried under temperature of 110°C with an achievement of 6-
7 points of moisture reduction (at 100+5% relative HRY). For drying temperature of
130°C, paddy with moisture content of 17-27% d.b. could be dried with satisfactory of
HRY if moisture reduction was within 4.0-6.5 points while 8.0 points was
accomplished corresponding to initial moisture content of 35% d.b. Air temperature of
150°C could also be used for drying paddy with moisture content of 24-32% d.b. as
long as moisture reduction was in the range of 4.5-6.0 points. It was also observed that
paddy breakage did not be resulted from too high grain temperature but it was
probably affected by steep moisture gradient. Finally, there was no serious loss in the
whiteness was observed in this study.

5. From a product quality point of view, two-stages drying (as well as incorporating with
tempering process in-between may be necessary) seem to be a suitable strategy for
spouted bed paddy drying system. Starting drying with temperature of 130 or 150°C
for the first stage follows by drying temperature of 110°C for the second stage is
possible.

As compared spouted bed paddy drying in present study with fluidized bed paddy
drying in concerned literatures, it was found that for a single stage drying without a
subsequent process of tempering and dealing with similar drying conditions, spouted bed
presented much better potential of preserving product quality in terms of HRY than that
of fluidized bed either in case of high or medium initial moisture content. Another
advantage of spouted bed over fluidized bed was higher specific drying rates (kg water
evap.h'm™) than that of fluidized bed around 19-44% for all case of drying temperatures.
Finally, SECy, of spouted bed were in the range 5.5-5.7 MJ/kg water evap. which was
higher than that of fluidized bed which was in the range of 2.5-4.0 MJ/kg water evap.
However, spouted bed could compete with fluidized bed where paddy with low moisture
was dried since SECy, of spouted bed was almost the same for any level of decreased
moisture content.
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