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Cyclonic Rice Husk Furnace and Its Application on
Paddy Drying

Somchart Soponronnarit®, Thanit Swasdisevi *, Somboon Wetchacama °,

Adisak Shujinda ** and Boonrueng Srisawat **
*School of Energy and Materials, ™ Former graduate students
King Mongkut’s University of Technology Thonburi,
Suksawat 48 Road, Bangkok 10140
THAILAND

ABSTRACT

The objectives of this research are o design, construct and test a rice husk furnace for a
commercial fluidized bed paddy dryer with capacity of 10 000 kg/h. The furnace was cylindrical in
shape with inner diameter of 1.37 m and height of 2.75 m. Rice husk was fed into the furnace with
afeedrate of 110 kglhto 136 kglh. Air and rice husk entered to the combustion chamber in tangential
direction with vortex rotation. The experimental results showed that for heights of ash on grate of
300 mm, 450 mun, 500 mm and 600 mun, rice husk feed rates were 110 kgih to 136 kgth, and excess air
265% t0°350% with combustion gas temperature approximately 523 'C to 710 °C. Thermal efficiency
of the furnace system increasing with excess air was approximately 57% to 73% while carbon
conversion efficiency was approxmately 89% to 97%. The height of ash on grate had no effect on
the system performance. Financial analysis indicated that the pay-back period of the furnace was
1200 hours, when used in place of the diesel oil burner. Latest information shows that the rice husk
furnace has been commercialized for more than 40 units since the beginning of the year 1999.

1. INTRODUCTION

Singh, et al. {1] designed and tested a cyclonic rice husk fumace for drying 1000 kg of paddy
with initial moisture content of 35% down to 14% dry basis. Efficiencies of the furnace were different
at various rice husk feed rates and air flow rates. The highest efficiency was 80% with the rice husk
feed rate of 20 kg/h and air flow rate of 168 m*/h. Tumambing [2] investigated the performance of
the cyclonic rice husk furnace of Padicor for paddy drying and found that the combustion efficiency
was 98%. Xuan, et al. (3] designed and tested two types of rice husk fumace. The first one was a
furnace with inclined -grate and cylindrical combustion chamber. The upper part of the fumace was
a heat exchanger. Inlet air entered at the lower part of inclined grate on which rice husk with a feed
rate of 20 kg/h to 25 kg/h was bumt. The efficiency of the fumace was 70%. The second nice husk
furmace was a pneumatic-fed cyclonic furnace. It consisted of combustion chamber and rice husk feed
system. Rice husk was fed into the combustion chamber with primary air and was bumnt. Then it fell
down to the lower part of the chamber. The secondary air entered at the upper part of the combustion
chamber in tangent direction in order to eliminate dust from flue gas. Rice husk consumption and
fumace efficiency were 10 kg/h to 12 kg/h and 75%, respectively.



68 International Energy Jowrnal: Vol. I, No.2, December 2000

The past research showed that there were several designs of rice husk furnace, i.e., vortex or
inclined grate types and direct use of flue gas or indirect use of thermal energy from combustion via
heat exchanger. Acceptance of the furnace was still limited in the experimental sites. Therefore, the
objectives of this research were to design, construct and test a commercial-scale prototype of cyclonic
rice husk furnace for a commercial fluidized bed paddy dryer with a capacity of 10 tons/h. The dryer
has been sold in several countries for more than 5 years (4],

2. MATERIALS AND METHODS

The design of the rice husk furnace started at the determination of the thermnal energy required
by the fluidized bed paddy dryer and followed by the determination of the feed rate of rice husk.

Finally, the volume of the combustion chamber of the furnace was determined by the following
equation.

v = BQ/0, 1
where v = volume of combustion chamber, m?
B = feed rate of rice husk, kg/h
Q_ = high heating value of rice husk, kJ/kg
g, =

design parameter for rice husk, (560 000 - 1 120 000) KJ/h.m?

Then the dimensions of the furnace were fixed. The funace consisted of a combustion
chamber, feeding systems of air and rice husk, a control system and a suction blower. The combustion
chamber was made of steel in cylindrical shape with inner and outer diameters of 1.37 mand 1.76 m,
respectively, and height of 2.75 m. Materials inside the combustion chamber at the lower part from
inner layer to outer layer were the following: fire brick, steel, glass fiber and covering steel. There was
a grate with diameter of 1.37 m, thickness of 9.5 mm (583 holes/m?, hole diameter 0.0127 m) and ash
paddle with cross-section of 50 mm x 50 mmand1.1 m length atthelower pantof combustion chamber.
The primary air duct was connected {0 the upper partof thecombustion chamber in tangential direction.
On the upper part of the combustion chamber, a steel cylinder with inner diameter of 0.8 m and height
of 1.6 m was installed and connected to the secondary air duct in tangential direction in order 1o clean
up flue gas. The cylinder was insulated with cement 60 mm thick, Rice husk ash was removed from
the combustion chamber by the ash paddle followed by a screw conveyor installed under the
combustion chamber. The tertiary air duct was connected to the bottom part of the combustion chamber
in order to support complete combustion. The rice husk feeding system consisted of arice husk hopper
with a screw installed at the bottom and driven by a 0.37 kW motor, 2 0.152 m diameter primary air
duct for pneumatic feed of rice husk and a fan. The secondary air duct was 0.102 m in diameter, The
tertiary air duct with diameter of 0.076 m separated from the secondary air duct and then was divided
into four ducts with distributors at the bottom of the combustion chamber under the grate. Air suction
system consisted of a 15 kW blower, a duct with diameter of 0.254 m and a valve for regulating the
fraction of fresh air into the combustion chamber.

The measuring instruments used in this experiment were as follows: a dawa logger with an
accuracy *1°C connected 10 type K thermocouple, a clamp-on meter, a manometer of 0 Pa 10 2000 Pa
(accuracy 1 Pa), a hygrometer of 0% t0100% (accuracy of £1%), a2 balance machine of 0 kg to 50 kg
(accuracy £200 g), a gas combustion analyzer of O,, CO, NO, and SO, with a range of temperature
0°C 1o 600°C (accuracy £3*C for temperature, #20 ppm for CO, $0.3% for O,).

To start the experiment, air flow rates in the primary, secondary and tertiary air ducts were set
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up. Sample of rice husk was taken for component analysis. Rice husk was weighed and fed into the
furmace undil it reached the height required. Combustion was started by the aid of burning oil and paper.
The fans number 4 and 10 were switched on for supporting the combustion, After 10to 15 minutes,
the fan number 3 and the rice husk feeding system and ash paddle were switched on. Control
temperature was set at 325°C, Temperature was measured every 3 minutes and flue gas was analyzed
every 10 minutes. Relative humidity, dry bulb and wet bulb temperatures of ambient air were
measured. At the end of the experiment, rice husk feeding system and the fans number 3 and 4 were
switched off while the fan number 10 was still switched on in order to suck hot air from the fumace.
Finally, the fan number 10 was switched off and samples of ash were taken for component analysis.
Figure 1 shows the schematic diagram of the cyclonic rice husk furnace.
The efficiency of the rice husk fumace was determined by the following equation:

7, = [(m c/(T,-T){m HHV] 100 )
where n. = efficiency of the fumace, %
m, = flow rate of mixed air between fresh air and flue gas, kg/h
€, = specific heat of air, ki/kg K
T, =  ambient air temperature, K
T, = temperature of the mixed air between fresh air and flue gas, K
m, = rice husk feed rate, kg/h
HHV = high heating value of rice husk, kJ/kg
The carbon conversion efficiency was calculated by the following equation:
7, = We-¢)le, 1100 (3)
where n. =  carbon conversion efficiency, %
c, =  (percent of carbon in ash).(ash weight, kg)
<, =  (percent of carbon in rice husk).(husk weight, kg)
Q
O]
®
0 0]
® |
@ _ @ 1) i
o e .
©

1 combuttion chamber $ primary air duct 9 exit air duct

2 rice hursk hopper § secondary titduct 10 suction blower

1 oconveying fan of rice -husk feeding system T wertiary sir duct || scrow conveyor

4 conveying fan of air fceding system $ buticrliy valve

Fig. 1. Schematic diagram of the rice husk fumace.
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3. RESULTS AND DISCUSSION
3.1  Air Distribution in Tertiary Air Duct

Table 1 and Table 2 show the efficiencies of the furnace and carbon conversion efficiencies at
various heights of ash with four air distributors under the grate. The results of experiment nos. 1/97,
2/97,3/97 and 4/97 with heights of ash 300 mm, 450 mm, 500 mm and 600 mm were as follows: the
carbonconversion efficiencies were 93%, 95%,96% and 97%, respectively, and the efficiencies of the
fumace were 57% to 59%. Table 3 and Table 4 show the efficiency of the fumace and the carbon
conversion efficiencies at heights of ash of 300 mm, 450 mm, 500 mm and 600 mm with only one air
distributor. The results of experiment nos. 1/96, 2/96, 3/96 and 4/96 showed that the carbon conversion
efficiencies were 88%, 93%, 85% and 90%, respectively while the efficiencies of the fumace were
58% to 63%. It can be concluded that the pattern of air distribution in the tertiary duct did not
significandy affect the carbon conversion efficiency and the efficiency of the furnace.

3.2  Air Flow Rate in Tertiary Air Duct

Combustion was not complete when air flow rate in the tertiary duct was too high. High air
velocity caused the buming rice husk to fall 100 quickly from the grate. Consequendy, combustion
was not complete which resulted in low carbon conversion efficiency, as shown in Table I and Table
2 (comparison betweeh experiment nos. 697 and 1197).

a3 Excess Air

The results in Table 1 show that when the excess air of combustion was 260% to 280%
{experimentnos. 1/97-4/97), the efficiencies of the fumace was 58% to 59% and the carbon conversion
efficiencies were 93% to 97%. When the excess air increased 1o be 342% to 350% (experiment nos.
5/97-7/97), the efficiency of the furnace increased 10 70% to 73% and the carbon conversion efficiency
increased 10 95% 0 97%. The increase of the excess air resulied from the decrease of the rice husk
feed rate. The best condition obtained from several experiments was as follows: 500 mm height of
ash on grate, 110 kg/h rice husk feed rate, 350% excess air of combustion, and a yield in an average
furmace temperature of 628°C. Carbon in ash after combustion was 5.5%. The carbon conversion
efficiency was 96% and the efficiency of fumnace was 73%. Temperature distribution in the furnace
with height of ash 500 mm is shown in Fig. 2.

3.4 Height of Ash on Grate during Combustion

The height of ash on grate during combustion did not affect the efficiency of the furnace, as
shown in Table 3.

35 Component Analysis of Rice Husk and Ash

Composition of substances in rice husk before combustion were as follows: carbon 39%,
hydrogen 5.4%, oxygen 40.3%, nitrogen 0.19%, sulfur 0.04%, moisture 8.10%, ash 15.1% and
calorific value 14927 J/g.

Ash obtained from each experiment was analyzed at the Department of Science Service,
Ministry of Science, Technology and Environment. The results showed that the quantities of carbon
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Table 2 Carbon Conversion Efficiency of the Rice Husk Furnace (experiment in 1997)

Experiment | Carbonin | Carbon Rice husk Ash CO value Oy value Carbon Carbon
no. rice husk in ash consumption conversion | comversion
o efficiency efliciency
obtained Measured
frora carbon
balance
(%) (%) (x2) Gg) (opm) %) %) (%)
197 39 9.9 318 84 1025-1869 17.4-18.6 93 93
/97 39 1.5 228 70 1129-19%9 172-18.7 93 95
3197 39 5.9 320 75 142-1732 17.4-15.4 94 96
4/97 39 , 44 254 60 1083-1982 17.0-19.1 95 97
5197 39 1.0 259 62 1253-1946 17.9-18.9 96 95
697 39 49 253 60 1204-1832 17.4-18.4 9% 97
97 39 5.5 237 53 200-1803 174-18.4 86 96
8/97 3¢ 134 250 58 1200-1993 17.4-18.4 90 92
9197 39 14.8 262 74 1232-18%¢9 17.5-18.6 87 89
10/97 39 28.7 220 £3 1230-18% 17.4-18.4 81 Bl
11/97 39 163 289 74 1235-1999 17.4-1%.0 g3 82
12/97 39 228 320 79 1260-1988 17.2-18.7 £5 85

Low values of NO, and 50, (NO;. 1-12 ppm, 50y 130 ppm)

630
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650 T
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ettt

O 530
b ‘; 510
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E3L ]

230
279
250

51 60 69 T8 87 §6 105 114 123132 141 153 159 168 177
Tume (Meruites)

—+— Ternp atpont1  -—=— Temp atpont2 —aTemp 21 pom ]

Fig. 2. Relationship between temperature and time in the rice husk fumace at 500 mm height of
ash on grate (experiment no. 7/97).

after combustion of 12 samples were as follows: 9.9%, 7.5%, 5.9%,4.4%,7.0%,4.9%,5.5%, 13.4%,
14.8%, 28.7%., 26.3% and 22.8%, respectively. Carbon content after combustion was high when the
air flow rate for supporting combustion in the tertiary duct was increased, as shown in Table 1. The
grate hole became larger and the buming rice husk on grate fell down o quickly.

36 Power Consumption of Rice Husk Furnace

Power consumption of rice husk furnace was as follows: the fan for primary air 1.25 kW, the
fan for secondary air and tertiary air 1.18 kW, the suction blower 8.36 kW, the motor of ash paddle
1.79 kW, the motor of rice husk feeding system 0.66 kW and the screw conveyor for ash unloading
0.72 kW. The total electrical power consumption was 13.96 kW.
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Electricity consumption in these experiments was compared to the thermal energy production
of the furmmace. The results showed that electricity consumption in terms of primary energy
(multplying factor 2.6) was approximaiely 7% of the thermal energy production of the rice husk
fumace, as shown in Table 5.

3.7  Application on Paddy Drying

The rice husk furnace was sold and installed for supplying hot air to the fluidized bed dryers
atKoong Li Chan in Ayudhaya province in early 1999, Result from one test showed that the efficiency
of the furnace was 75%. The conditions of the experiment were paddy feed rate 9.249 th, moisture
content reduced from 25.3% to 21.5% dry basis, 147°C drying air temperature, 4.5 m*/s air flow rate
and 142 kg/h feed rate of rice husk. The specific primary energy consumption was 9.3 MI/kg water
evaporated. This value seems to be high as compared w normal value of the fluidized bed paddy drying
with diesel oil burner, Reasons for thatare: (a) the efficiency of the rice husk furnace was much lower
as compared 1o that of the diesel burner, and (b) the operation without air recirculation in the fluidized
bed drying with the rice husk furnace caused lower drying efficiency.

38 Financial Analysis and Commercialization

Financial analysis of the rice husk furnace that operates with the fluidized bed paddy compared
to the diesel burner was conducted by Samitayothin [5]. The assumptions were as follows: initial cost
of the dryer Baht 800,000, initial cost of the rice husk furnace Baht 400,000, initial cost of the diesel
burner Baht 50,000, service life of the dryer and the funace 10 and 5 years, respectively, interest rate
12% per year, salvage value 10% of initial cost, mainiznance cost 5% of initial cost, operating time
2400 h/y, drying rate for the case of rice husk furnace and diesel burner are 291 kg/h and 316 kg,
respectively, electrical power consumption for the dryerand the fumace 29 kW and 4 kW, respectively,
rice husk consumption (if rice husk is used) 142 kg/h of which 35 kg ash was obtained, diesel oil
consumption (if diesel oil is used) 38.1 I/h, cost of electricity 1.78 Baht/kWh with extra charge
0.33 Baht/kWh and value added tax 7%, cost of rice husk 100 BahtA, benefit from selling ash
150 Bahti, cost of diesel 0il 9.54 Rahy/L

Table 5 Electricity Consumption (experiment in 1997)

Experiment | Feed rate of Electricity Electricity Heat production
no. rice husk consumption rale | consumption rate rate of rice husk
in termns of furnace
primary encrgy *
(kg/b) (kW) _ (W) (kW)
1/97 135 13.96 36.30 559.68
2197 133 13.96 36.30 551.40
3/97 136 13.96 36.30 56383
4/97 130 13.96 36.30 538.95
5/97 110 13.96 36.30 456.04
6/97 112 13.96 36.30 46433
2497 110 13.96 36.30 456.04
8/97 11 13.56 36.30 460.20
9497 125 13.96 36.30 518.23
10/97 133 13.96 36.30 551.40
11/97 125 13.96 36.30 518.23
12/97 136 13.96 36.30 563.38

* Multiply by factor 2.6
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The results showed that the total cost of the dryer with the rice husk furnace was 0.83 Baht/kg
water evaporated of which Baht 0.39 was fixed cost and Baht 0.44 was operating cost and that of the
dryer with diesel oil burner was 1.61 Bahy/kg walter evaporated of which Baht 0.19 was fixed cost and
Baht 1.42 was operating cost. When using in place of the diesel oil burner, it was found that the pay-
back period of the rice husk fumace was 1200 h. Latest information shows that the cyclonic rice husk
furnace has been commercialized for more than 40 units since the beginning of the year 1999, All of
them were installed in private rice mills.

4. CONCLUSIONS

From this study, conclusions can be drawn as follows:

¢ Excessairaffected the efficiency of the furnace. When excess air increased from 260% to 350%,
the efficiency of the furnace increased from 57% to 73%.

e Pauemn of air distribution in the tertiary duct did not significantly affect the carbon conversion
efficiency and the efficiency of the furnace.

e The height of ash on the grate was observed not to affect the efficiency of the rice husk furnace.

e Too high air flow rate in the tertiary duct did not support combustion because the burning rice husk
fell quickly from the grate which resulted in incomplete combustion.

¢ Pay-back period of the rice husk furmace was 1200 hours when used in place of the diesel oil burner.
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ABSTRACT

The objectives of this research were to design, construct and test a heat pump dryer for
paddy seed working with a mixed flow (LSU type)} dryer. In this study, paddy seed was dried in an
open air-loop from initial moisture content of 13.5% w.b. to 222% w.b. to final moisture content
of about 12% w.b., inlet drying air temperature was 43 C, specific air flow rate was 9 m’imin-nt
paddy and evaporator bypass air raiio was 0%, 30% and 50% . The effects of evaporator bypass
air ratio on specific energy consumption, COPhp, SMER, and MER were investigated. Experimen-
tal results showed that COPhp and SMER increased to maximum at evaporator bypass air ratio of
0% and decreased with increasing bypass air ratio. Quality of paddy seed was very good with
mean germination of sun drying and heat pump drying of 98% and 97% and mean vigor of sun
drying and heat pump drying of 96% and 95%, respectively. From cost evaluation of paddy seed
drying with an initial moisture content of 22.2% w.b. and final moisture content of 12.4% w.b., it
was found that'total cost of seed drying was 2.81 bahttkg water evaporation of which Baht 0.63
(USS 1 = Baht 40) was energy cost, Baht 0.41 was maintenance cost and Baht 1.77 was fixed cost.

1. INTRODUCTION

Seed production should be managed to maintain good quality of original seed that is good
in germination and vigor [1]. Drying process is one of seed producing processes with high energy
consumption cost. Heat pump drying is becoming popular in several countries because of high
encrgy efficiency. Moreover, water is condensed and sepamted from air thus results in dry and
low temperature air which is good for producing low moisture content product with good quality
paddy seed. Some research works on heat pump drying development are briefly introduced in this
paper.

Yathip, et al. [2] studied feasibility of drying by using heat pump. A near-equilibrum
mathematical drying model was employed to {ind optimum drying condition. Variables consid-
ered were specific air flow rate, drying temperature, ambient air relative humidity, initial moisture
content of paddy and height of paddy bed. Details are as follows: specific air flow rate from
10 m¥%min-m® to 20 m*/min-m?® paddy, drying air temperature from 36°C to 50°C, ambient air
temperature of 30°C, relative humidity vanation of 70% and B0%, initial moisture content of
paddy from 18°C to 24% w.b. and height of paddy bed variation of 0.5 m and 1 m. Simulated
results showed that specific air flow rate and drying air temperature affected drying rate. At low
specific air flow rate and high temperature, energy consumption was low, Energy consumption
increased with height of paddy bed. The best drying condition was as follows: drying air tempera-
ture maintained at 49°C, specific air flow rate of 12 m¥min-m?* paddy, paddy bed height of 0.5 m,
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ambient air temperature and relative humidity of 30°C and 70%, respectively. In drying for 2160
hours per year, drying cost in reducing moisture content from 24% to 14% w.b. was Bzaht 61.50
per 1000 kg (USS 1 = Baht 40) of paddy.

Sartori [3) studied soybean seed drying in a cross-flow drying chamber to find variables
which affected soybean seed quality such as relative drying air humidity, initial moisture content,
and drying air and soybean velocities. Soybean qualities were evaluated in both before and after
drying as follows: germination, vigor and breakage. Results from experiment showed that with
low ambient air relative humidity and high initial moisture content, quality of soybean seed
decreased significantly. The best conditions of drying were air refative humidity of 23%,
initial moisture content of .soybean of 18% w.b., air velocity of 2 m/s and soybean velocity of
1.8 x102 m/s.

Meyer and Greyvenstein [4] studied technique and economic analysis of seed drying using
a heat pump and compared to electrical heater and diesel fuel systems. It was found ‘that if
operating time was less than 3 months, rate of return of heater and fuel systems was higher than
that of heat pump. This was due to high initial investment cost of heat pump system. To make a
heat pump system more economical, the heat pump should be used for multi-purposes such as for
drying and water heating.

Clements, et al. [3] studied continuous drying with heat pump using a mathematical model
1o find the effect of variables on specific moisture extraction rate (SMER) and coefficient of
performance (COP). The variables considered were relative humidity of drying air, air flow rate
and evaporator bypass air ratio. Results showed that SMER and COP increased with air relative
humidity. Proper bypass air ratio should be 60% to 70%.

Jia, et al, [6) studied performance of continuous drying using heat pump. Results showed
that the system performance could increase by 20% as evaporator bypass air was recycled. If
exhausted air reduced about 10%, SMER and product quantity could increase by about 15% and
50% respectively.

From the past research, it showed that suitable evaporator bypass air ratio was 60% to 70%.
Variables which affected seed quality were initial moisture content, drying air relative humidity,
which affected germination quality, and specific air flow rate, which affected energy consumption.
Economic analysis showed that initial investment of heat pump drying system was high but the
systemn would be worth for long term operation. In Thailand especially during period of rainy
season, air is relatively humid. Consequently, it is difficult and costy o dry seed to a safe siorage
moisture content with the maximum allowable drying air temperature of 43°C. Heat pump drying
is an altenative technology. Therefore, the objective of this research is to design, construct and
test a prototype heat pump dryer for paddy seed. The unit was tested in a seed reproducing center.

2. MATERIALS AND METHODS

The schematic diagrams of the experimental heat pump dryer and the heat pump unit were
shown in Figs. 1 and 2, respectively. It consisted of a 18 kW evaporator, 20 kW intemal and
external condensers, a 3.7 kW two piston compressor, a § kW electrical heater, a 1.5 kW forward
curved blade centrifugal fan and a mixed-flow columnar drying cabinet (with 4000 kg capacity of
paddy). Working fluid was R-22. Air flow was open-loop. Circulation rate of paddy seed in the

drying cabinet was controlled by seuting time for fixed seed bed for 20 minutes aliernated with
flowed bed for 4 minutes.
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Temperatures of air loop and working fluid loop were measured by Chromel-Alume! type
K thermocouple connected 1 a data logger with an accuracy of £1°C. Bourdon gage (range 0 kPa
1o 350 kPa, resolution 3.5 kPa) was used 10 measure pressure in the working fluid loop. At inlet
air duct, air velocity was measured by a hot wire anemometer with an accuracy of +4% and air
flow rate was adjusied by a frequency inverter. The quantity of condensed water from the
evaporalor was measured by a load cell every hour. As energy used in the system was electrical
energy, energy consumption was then measured by using a kilowatt-hour meter and a clamp-on
meter with an accuracy of +0.5% .

There were 15 experiments in this research but only four were selected for presentation. In
each experiment, air temperature was controlled at 43°C, air flow rate and paddy quantity were
63 m*¥/min and 4000 kg, respectively. Bypass air ratio was varied at 0%, 30% and 50% in order to
study the effect on specific energy consumption. Coefficient of performance of heat pump (COPhp)
was defined as the ratio of heat delivered at the condenser to energy input at the compressor, and
SMER was defined as water removed from product divided by total energy input

During drying process, paddy seed of 300 g to 400 g was taken every hour. Moisture
content was determined by using air oven method. After a certain storage time, germination and
vigor of paddy seed dried by heat pump was tested according to the method used by the Seed
Reproducing Ceater in Surin Province and compared to that obtained from sun drying.

-

3 RESULTS AND DISCUSSION

Results of paddy seed drying from the four experiments are shown in Table 1. Moisture
content after drying could be decrcased to 11.5% w.b, It was difficult to obtain this moisture level
when normal air heating was used (compared to conventional seed dryers operated nearby).

Experimental results showed that COPhp and SMER increased to maximum at evaporator
bypass air ratio of 0% and decreased with increasing bypass air ratio (30% and 50%). At zero
evaporator bypass air ratio, high flow rate of air passing through the evaporator caused the
thermostatic expansion valve open more thus resulied in high flow rate of working fluid entering
the evaporator. Consequently, both heat receiving from the evaporator and heat supplying to the
internal condenser increased thus reduced energy consumption.

Moisture extraction rate (MER) decreased when adjusting bypass air ratio to 0% and
increased when adjusting bypass air ratio to 20% and 50%. It was because the temperature of air
which flowed through evaporator at bypass air ratio of 30% and 50% was less than that of 0%.
Drying rate was always higher than MER. It could be concluded that open-loop heat pump drying
was suitable for paddy seed drying.

The paddy seed used in this research was Kao-Dokmali 105. Afier drying, paddy sample
was stored for approximately 8 weeks before germination and vigour tests, and compared to paddy
obtained from sun drying. Results from seed qualily testing are shown in Table 2. Quality of
paddy seed was very good with mean germination of sun drying and heat pump drying of 98% and
97% and mean vigor of sun drying and heat pump drying of 96% and 95%, respectively.

Total fabrication cost of the prototype of heat pump dryer was Baht 323,407 of which
Baht 248,775 was material cost and Baht 74,638 was labor cost. In case of operating time of 24
hours per day and 90 days per year, initial moisture content of 222% w.b. and final moisture
content of 12.2% w.b., total cost of drying was Baht 2.81 per kilogram water evaporated of which

Baht 0.63 was energy cost, Baht 0.41 was maintenance cost and Baht 1.77 was fixed cost.
(USS$ 1 = Baht 40).



International Energy Journal: Vol. 1, No. 2, December 2000 101

Table 1 Experimental Results of Paddy Seed Drying

Descriptions Test nos.
1 2 3 4

\Ambient conditions

Average temperature, °C . 27 27 30 30

Average relative humidity, % 10 73 66 67

onditions of paddy seed

Average'moisture content before drying, %ew.b. 22,150 13501 13.50] 13.50

Average moisture content after drying, %w.b. 1245 11.501 1150 [E1.50

Initial weight, kg 4000( 4000, 4000 4000
Drying air conditions

Average temperature, °C 4] 43 44 42

Average relative humidity, % 24 22 21 21

Specific air flow rate, m3/min-m3paddy 9 9 9 9

Rate of paddy circulation, ton/h 1.60 1.60 1.60 1.60

Drying time, h 23 10 10 10

Evaporator bypass air ratio, % 50 50 30 0
Performance of heat pump

Drying rate, kg water evap./h 19.27 9.04 9.04 9.04

MER, kg water condensed/'h 8.43 823 6.98 631

SMER, kg water evap /kW-h 1.95 1.03 1.20 127

COPhp 4.18) 439 4.79 5.18
[Specific energy consumption, MJ/kg water evap. 1.85 3.51 299 283

Remark: MER is moisture extraction rate from evaporator
SMER is specific moisture extraction rate
COP,, is coefficient of performance of heat pump

Table 2 Paddy Seed Qualities

‘Test nos. Germination Vigour
Sun drying |Heat pump drying [Sun drying |Heat pump drying
1 99 96 97 92
2 96 97 95 96
3 97 97 96 93
4 100 96 97 99
verage 98 97 96 95
Standard >85 >80 >80 >80
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Comparing 1o fluidized bed paddy drying with high drying air temperature and higher range
of moisture content, i.e., from 24.6% to 20.5% w.b., total cost was Baht 1.48 per kilogram water
evaporated of which Baht 0.53 was fixed cost and Baht 0.95 was encrgy cost [7]. At lower range
of moisture coalent, it would be much higher and it should be noted that it is generally not
recommended to dry seed with high air temperature.

4. CONCLUSION

Important results of paddy seed drying using a prototype of heat pump working with a
mixed flow (LSU type) dryer (capacity of 4000 kg of paddy seed) with air flow rate of 63 m%min
under temperature and relative humidity of ambient air in ranges of 27°C 10 30°C and 66% to 73%,
respectively could be drawn as follows:

o Open-loop system was suitable for paddy seed heat pump drying.

o The appropriate evaporator bypass air ratio was 0%, which produced maximum values of
COPhp and SMER.

o The quality of paddy seed in terms of germination and vigor obtained from heat pump drying
was very good.

o Total cost of drying was 2.81 Baht per kilogram water evaporated of which 0.63 Baht was
electricity cost, 0.41 Baht was maintenance cost and 1.77 Baht was fixed cost, with an ex-
change rate of USS 1 = 40 Baht. '
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Abstract

The fluidised bed drying characteristics of soybeans at high temperatures (110-140°C) and moisture
contents, 31-49% dry basis, were modelled using drying equations from the literature. Air speeds of
2.4-4.1 m/s and bed depths from 10 to 15 ¢cm were used. The minimum fluidised bed velocity was 1.9 my/s.
From a quality point of view, fluidised bed drying was found to reduce the level of urease activity which is an
indirect measure of trypsin inhibitor, with 120°C being the minimum required to reduce the urease activity to
an acceptable level. Increased air temperatures caused increased cracking and breakage, with temperatures
below 140°C giving an acceptable level for the animal feed industry in Thailand. The protein level was not
significantly reduced in this temperature range. The drying rate equations and quality models were then
combined to develop optimum strategies for fluidised bed drying, based on quality criteria, drying capacity,
energy consumption and drying cost. The results showed that from 33.3% dry basis, soybean should not be
dried below 23.5% dry basis in the fluidised bed dryer, to avoid excessive grain cracking. The optimum
conditions for minimum cost, minimum energy and maximum capacity coincided at a drying temperature of
140°C, bed depth of 18 cm, air velocity of 2.9 m/s and fraction of air recirculated of 0.9. These conditions

resulted in 27% cracking, 1.7% breakage and an energy consumption of 6.8 MJ/kg water evaporated. © 2000
Elsevier Science Ltd. All rights reserved. .
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1. Introduction

Soybeans [Glycine max (L.) Merril] are harvested typically at moisture contents in the range
25-33% dry basis. Safe storage requires rapid decrease in moisture to preserve quality.
Fluidised bed drying is recognised as a fast drying technology, due to the large air to product
contact area achieved relative to a static bed caused by fluidisation of the product, and the
high air speed and high temperatures used. Recently dryers have been commercialised in
Thailand for paddy (80 units at 10 t/h capacity in private mills, Soponronnarit et al., 1998),
with a few being used for maize and one unit being tested for soybean drying. The results of
the soybean tests form the basis of this paper. Results showed that soybean could be dried at
110-140°C, with the degree of cracking increasing with temperature.

Soybean contains protein (17-19%) and fat (35-40%), providing a cheaper source of protein
than meat. Raw soybean cannot be consumed as human food or animal feed because of the
presence of antinutritional substances, some of which may harm the consumer. These
antinutritional substances can be eliminated by heat treatment, provided the heat treatment is
maintained at a level that does not significantly reduce the protein level of the legume.
Fluidised bed drying is a high-temperature short-time treatment. Overhults et al. (1973) studied
soybean (Culter type) drying from moisture contents of 25-30% dry basis to 11% dry basis, in
a thin bed, at drying temperatures of 38-104°C. At high drying temperatures, the physical
surfaces of the soybeans were damaged, with cracks in the form of V-shaped fissures.
Hirunlabh et al. (1992) studied the strategies for the batch drying of soybeans at temperatures
of 44-75°C, from moisture contents of 25-11% dry basis, finding that breakage and cracking
increased with both drying time and temperature. Zeng et al. (1996) studied soybean breakage
using air temperatures of 37.5, 48.9 and 60°C, from 19, 25 and 32% dry basis to a final
moisture content of 12% dry basis, finding that breakage increased with both temperature and
initial moisture content. A surprising result was that initial moisture content had no effect at
60°C. Kwok et al. (1993) studied the effect of heat treatment of soymilk on trypsin inhibitor
activity (TIA). The pH was found to have a small effect, with greater variation in TIA at high
pH. At a pH of 6.5, TIA was decreased by 90% in 60 min at 93°C, 56 s at 143°C and 23 s at
154°C.

Soponronnarit and Prachayawarakorn (1994) studied fluidised bed drying of paddy with
temperatures of 100-150°C, initial moisture contents ranging from 28.5 to 45% dry basis, and
specific airflow rates of 0.13-0.33 kg air/s.kg dry product. They found that increasing
temperature or specific airflow rate improved the drying rate, and energy consumption
decreased with specific airflow rate and air recirculation fraction. This led to a
recommendation that the air temperature should not be higher than 115°C and final product
moisture not less than 24% dry basis. Soponronnarit et al. (1996a) developed this study
further, showing that a bed depth of 10 cm, specific airflow rate of 0.043 kg/s.kg, using 80%
air recirculation, gave optimum drying conditions. The energy consumption (verified in tests at
commercial rice mills) showed that primary energy consumption varied from 2.5 to 4.0 MJ/kg
water evaporated (Soponronnarit et al., 1996b).

This paper modelled the drying rate of soybean in a fluidised bed and the effect of fluidised
bed drying on quality aspects of soybean. In order to develop recommendations for dryer
operation and design for soybean, the drying rate model and quality model were combined
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into a model of a complete drying system, and this was used to determine suitable operating
conditions for the dryer.

2. Materials and methods

2.1. Thin !aye} drying rate

Three thin layer models of the drying rate of soybeans were fitted to the data, namely
Newton’s Law of Cooling, and the models of Page (1949) and Sharaf-Eldeen et al. (1980). The
models were compared to determine the best model for predicting drying rate. The three
models were: )

Newton’s Law of Cooling:
MR = exp(—k;{) (1)
where MR is the moisture ratio defined as:
MR = (M — M)/ (Mo — M) @)

where k; = drying constant (min~'), ¢ = time (min), M = moisture at time ¢ (decimal dry basis),
My=initial moisture content (decimal dry basis) and M.q=equilibrium moisture content

(decimal dry basis). The equilibrium moisture content was calculated using the equation of Tia
et al. (1990):

RH = exp[(_zl.gﬁs) . M;ll'zs] (3)

where RH is the air relative humidity (fraction), T is the air temperature (Kelvin) and R is the
gas constant {8.314 J/mol.K).
Page’s (1949) equation:

MR = exp(~katn) (4)

where &, and n are constants.
Sharaf-Eldeen et al.’s (1980) equation (two-compartment model):

MR = A4 exp(—kif) + Bexp(—kat) (5)

where k3, k4, A and B are constants. This model was used by Tumambing and Driscoll (1991)
for fluidised drying of paddy, where the constants 4, B, k3 and k; were found to depend on
temperature and bed depth. Prachayawarakorn and Soponronnarit (1993) also used Eq. (5} in
a model of the fluidised bed drying of paddy, finding that constants 4, B, k; and k4 were
dependent on temperature and specific airflow rate (airflow rate per unit product mass). They
also found that Page’s (1949) equations fitted the data as well as the two-compartment model.
Satayaprasert and Vanishsriwatana (1992) used Newton’s Law of Cooling for fluidised drying
of maize, showing that &k, was a function of temperature and bed depth.
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A batch fluidised bed dryer (Fig. 1) was used. This consisted of a cylindrical chamber with
an inner diameter of 20 cm, a height of 140 cm, four 3 kW electric heaters, a temperature
controller with on-off control and a backward-curved blade centrifugal fan (1.5 kW motor)
with mechanical variable speed drive. Two cylindrical chambers were used, one of transparent
acrylic used for minimum fluidised bed speed tests, and the other of stainless steel used for
drying tests. A water manometer was used for pressure drop measurements. Temperatures were
measured using Chromel-Alumel (Type K) thermocouples (not shielded against radiation)
connected to a data logger with an accuracy of +1°C. Air speed was measured at the locations
where flow was well developed (in the straight duct as indicated in Fig. 1) by a hot-wire
anemometer with an accuracy of +£5%. A pitot-static tube was not used due to the difficulty of
reading the water level difference in a U-tube.

The soybean was rewetted from its delivery moisture and then equilibrated in a cool room at
8-10°C for 5-7 days to ensure uniform moisture content through the kernels. The experimental
conditions used were initial moisture contents of 24.7-33.3% dry basis, bed depths of 10~
15 cm, temperatures of 110-140°C and air speeds of 2.4-4.1 m/s. Samples were taken at 2, 5,
10, 15 and 20 min intervals, and then dried in an electric oven at 103°C for 72 h in order to
measure final moisture content.

2.2. Quality

Measurements of quality were taken from drying runs at moisture contents of 32.1 and
33.3% dry basis and 100-140°C air temperature, and at 14.9% dry bas_is using air
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Fig. 1. Diagram of a batch fluidised bed dryer.
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temperatures of 140-160°C, to test whether drying was sufficient treatment or whether a high
temperature treatment for the dried product could be used.

Urease activity was measured. It is an indirect test for level of trypsin inhibitor (Cheong,
1997). It measures the change in pH resulting from the action of urease converting urea to
ammonia. The time required for complete digestion is 30 minutes. Soluble protein was
measured by dispersion of soybean proteins in 0.2% KOH (Cheong, 1997). Cracking was
assessed visually.

The measured values of urease activity were expressed as ApH.

2.3. System model

Soponronnarit et al. (1996a) developed a mathematical model of a continuous cross-flow
fluidised bed paddy dryer. The authors assumed thermal equilibrium between the drying air
and paddy within the drying chamber. This model was modified for soybean drying, and the
quality model incorporated. Fig. 2 is a diagram of the dryer, showing five control volumes
labelled CV1 to CV35. The dimensions of the first control volume (drying chamber) were 1.25 m
height by 2.5 m length by 1.0 m width. Experimental results reported by Sripawatakul (1993)
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 model assumed plug-flow in
order to simplify calculation. The assumption of plug flow and thermal equilibrium between
the product and the drying air was validated for both paddy and maize drying by
Soponronnarit et al. (1996a) and Soponronnarit et al. (1997), respectively. Simulated and
experimental results of average moisture content of paddy at the dryer exit were in agreement.
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Fig. 2. Schemuatic diagram of a model continuous fluidised bed dryver.
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3. Results and discussions
3.1. Thin layer drying rate

Fig. 3 shows that the minimum superficial air speed required for fluidisation was 1.9 m/s.
This varied slightly and inversely with moisture content, since as moisture content increases,
bulk density decreases but porosity increases, increasing the buoyancy forces. The minimum
fluidisation air speed also increased with bed depth. Typical fluidisation behaviour was
observed above the minimum fluidisation speed, with gas bubbles being formed above the
distributor and moving to the bed surface.

The drying rate increased with air temperature, T (Fig. 4) and specific airflow rate, v, (Fig. 5).
All parameters in each of the models of Eqs. (1), (4) and (5) were therefore fitted to functions
of T and v,. The following parameter models were tested:

1. The general first order polynomial model, including a cross-product term of the form v, T,
2. The general second order polynomial,
3. The Arrhenius temperature dependence model:

parameter = ¢! exp (%AT—’,‘) (6

where Ah is an activation energy and ¢ and n are constants,
4. The power model:
parameter = kv T'™ : Q)

where k, ny and n» are constants.

R == eSS i
’__- —* bed depth 15.0 cm
—#— bed depth 11.5 ¢
= 1000 = P m
4 —r— :
4 = bed depth 8.0 cm a
= ) X
= A
g 100 ]
=™ F— —
l
10 ?
0.1 1 10
Air velocity (m/s)

Fig. 3. Relationship between pressure drop and air velocity at different bed depths (moisture content of
soybean=12.5% dry basis).
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Fig. 4. Evolution of moisture content of soybean at different drying temperatures (specific air flow rate=0.03 kg/s-
kg dry soybean, bed depth= 15 cm).
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Fig. 5. Evolution of moisture content of soybean at different specific airflow rates (drying air temperature=120"C,
air velocity =2.5 m/s).
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After fitting each model to each parameter, the most appropriate model was chosen using the
standard error of prediction as the determinant.

D (MRoos — MRpye)

ASPE = = - (8)

where ASPE is the average squared prediction error, MRy is the moisture ratio determined
by experiment, MRy, is the predicted moisture ratio as determined by the regression equation,
and » is the number of data points. The results are given in Table 1, showing that Page's
(1949) model gave the lowest error in prediction. The two-compartment model also performed
well, but used a greater number of parameters., Based on this result, the thin layer drying
equation best suited to soybean was Page’s (1949) equation, with the following constants:

ky = —0.529 + 4.42v, + 0.00143T — 0.00704v, T 9

n = 3.50 — 116v; — 0.00600T + 0.290v,T (10)

with correlation coeflicients of 80% for k5 and 84% for n.
3.2. Effect on cracking and breakage

Soybean drying by fluidisation at high temperatures caused soybeans to crack and break in
V-shaped fissures. Experimental results were consistent with those of Overhults et al. (1973)
that cracking and breakage of soybean increased with drying temperature as heat and mass
transfer rates increased. Since water movement is limited by water diffusion in the soybean
kernel, the temperature of the soybean surface increases to more than the air wet bulb
temperature as drying proceeds, so that the soybean becomes brittle at the surface and prone
to cracking.

The average degree of soybean cracking in the animal feed industry was not available.
However, the degree of breakage must be <3%. The results show that soybean drying can be
operated with air temperatures up to 140°C.

Mathematical models were developed to predict the percentage of cracking and breakage of
soybean as a function of the initial moisture content (M,, dry basis), final moisture content

Table 1
Average squared prediction error of different models of drying kinetics

ASPE
Model Second order polynomial First order polynomial Arrhenius-type equation Power Model
Page 0.000922 ) 0.00025} 0.000462 0.000459
Two-compartment 0.000286 0.000504 0.000446 0.002222

Newton's law of cooling 0.000455 0.000574 0.000684 0.001407
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(M, dry basis) and drying temperature (7, Kelvin). The model used was the Logistic equation,
as follows:

a

= 1+ exp(6(My — )

where Cr denotes percentage of cracking, a, b and ¢ are constants. After fitting the equation to
the data by least squares regression,

Cr

(11

a=—19.2-392M; + 0.185T + 0.949M,T (12)
b= -369+ 1322M, + 1.137T - 3.71 M T (13)
¢ =0.151 - 0.0741M, - 0.000261 T 4 0.00155M, T (14)

where correlations of 96%, 92% and 93% were measured for Eqgs. (12)-(14) respectively. The
same equation was applied to breakage:

d

5= T exptehs 7 ) )
d= —~8.84 — 11.8M, + 0.02517 — 0.0190M,T (16)
e=—493 + 1763 My + 1.255T — 4.21M,T (17
JS=—-1.82+6.08M — 0.00392T — 0.0114MT (18)

where correlations of 73%, 54% and 97% were measured for Eqs. (16)-(18), respectively.
The usefulness of these models was gauged by considering the values of the average square
prediction error (ASPE) between experimental and calculated results. The ASPE for cracking

60

50 ‘r
g 40
g
T 30
2
2
& 20

ASPE=8.27
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1) 10 20 30 40 50 60
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Fig. 6. Comparison between predicted and observed values of percentage cracking of soybean.
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Fig. 7. Comparison between predicted and observed values of percentage breakage of soybean,

and breakage were 8.27 (typically about 14% error in a model prediction) and 0.012 (typically
about 0.4% error) respectively, as illustrated in Figs. 6 and 7. The models and data are plotted
for comparison in Figs. 8 and 9. Thus the breakage model is of high accuracy.

3.3. Effect on nutrition factors

Acceptable values of urease activity (ApH) should be lower than 0.3, as required by the
animal feed industry in Thailand. '

Fig. 10 shows the relationship between urease activity and final moisture content. It was
found that ApH decreased when final moisture content decreased, or drying times were
excessive. In decreasing the level of ApH by fluidised bed drying, the air temperature must be
higher than 120°C. Soybean drying at high temperature did not result in the decrease of
protein as shown in Table 2. If soybean was dried to a moisture content of 12.2%-14.4% dry

60 ¥
s0 4
]
= 40—+ * locC
< (1]
w0 A 130C
£ 0 ,
E X 120¢C
s} 1
20 1o'c
10 - simulation
0 1 i } } -
V] 5 10 !5 20 25

Final moisture content of soybean (% dry basis)

Fig. 8. Effect of final moisture content of soybean on percentage of cracking at different drying air temperatures
(initial moisture content = 33.0% dry basis).
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Fig. 9. Effect of final moisture content of soybean on percentage of breakage at different drying air temperatures
(initial moisture content =24.7% dry basis).

basis, ApH and protein solubility levels met the acceptable standard values, i.e. ApH of less
than 0.3 and protein solubility in the range of 80-85%.

The fluidised bed dryer was also used to reduce urease activity in soybean at initial moisture
content of 14.9% dry basis. The results are given in Table 3 and Fig. 11, showing that protein
solubility and ApH were within the range of acceptable values, and indicating that it is feasible
to use the fluidised bed dryer for soybean drying. However, at drying temperatures of higher
than 150°C, it was found that soybean overheated, with the result that protein solubility was
reduced to Jower than 80-83%. This may be avoided by reducing the drying time, but

currently limits the maximum drying temperature at low moistures to about 140°C.

Urease activity (change of pH)
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Fig. 10. Effect of final meisture content of soybean on urease activity {initial moisture content =32.1% and 33.3%

dry basis).
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Table 2
Protein solubility in 0.2% KOH and urease activity of high initial moisture soybean after drying at different
temperatures®

7°C) Mg (%d.b.) M (%d.b) Protein (%) Urease activity (ApH) Protein solubility (%)

140 33.5 23.3 40.76 0.67 86.14

130 321 220 39.75 0.90 86.76

120 33.5 24.0 40.53 0.83 88.96

140 335 14.4 40.14 0.10 81.78

130 321 12.2 40.67 0.1 81.70

120 33.5 12.8 41.33 0.1 82.43
Initial values 41.4541.67 1.89-2.04 89.94-90.07

* Mp=initial moisture content, M; =final moisture content.

3.4. Systemi model

The mean residence time in minutes of the product in the dryer is:
1 =hy/F=pV/F = Ao H/F {8

where h, is the amount of soybean in the dryer at any one time (hold-up mass), p. is the
soybean bulk density (kg/m3), V is the product non-fluidised hold-up volume (m*), F is the
feed rate (kg/min), A, is the bed surface area and H is the bed depth of the non-fluidised
product in the dryer (m). With the assumption of plug-flow as stated before, the bed length
was divided into N vertical elements, so a particle would stay in each element for a time 1=1/N.
Similarly, the mass flow per element and holdup mass per element were obtained.

Table 3
Protein solubility in 0.2% KOH and urease activity of low initial moisture soybean (initial moisture content=14.9%
dry basis) alter drying at three temperatures for different periods

T°Ccy sp? Drying time (min) M (%d.b.) Protein (%) Urease activity {ApH)  Protein solubility (%)

160 0.072 3 16.8 3898 0.18 84.26
0.052 3 11.6 40.23 0.2 §3.09

0.037 3 12.5 39.97 0.3 82.90

156 0.073 5 83 40.35 0.07 77.68
0.051 5 10.0 39.47 0.1 75.08

0.037 5 10.7 40.33 0.11 80.91

140 0.072 5 9.2 39.91 0.24 84.97
0.054 5 10.4 40.68 0.28 83.26

0.042 10 83 40.83 0.14 82.04

Initial values 4097 2.08 88.45

* SP =specific airflow rate (kg/s-kg solid).
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The average moisture content of the soybeans at the outlet of the ith layer was obtained by
differentiating Eq. (4) [using the constants given by Eqs. {(9) and (10)] with respect to time, and
substituting the mean residence time from Eq. (19). This moisture then became the inlet

moisture content for the next layer. Energy and mass balances were used to calculate the air
states for each element of the dryer:

Hp=H,+ [,HM"_“, (20)

myly

Tp= (01 +caTa+ Halhgg + v T3) — Hpheg + cpw Tahwfmgti — AU )/ (ca + Hpey) 2D

where Hjg=absolute humidity of drying air leaving the ith element, H,=absolute humidity of
heated inlet air, T;=temperature of drying air leaving the ith element (°C), T, = temperature of
drying air entering the ith element (°C), m,=mass flow rate of drying air (kg/s), £;=small
interval of drying time (s), Q; =heat losses to surroundings (kW/kg dry air), c, =specific heat
of dry air (kJ/kg°C), c,=specific heat of water vapor (kJ/kg°C), c,w=specific heat of moist
soybean (kJ/kg°C), hg,=latent heat of vaporisation of moisture (kJ/kg) and AU = change in
internal energy of the soybean (kJ/kg dry air). The average temperature and absolute humidity
of drying air leaving the drying chamber were determined by taking the arithmetic means of T
and Hg over time.

Considering control volume, CV2, the temperature of the recirculation air before mixing
with fresh ambient air, was determined from the following equation:

TfZ — (QZ/maRc) + can] + HfleTf}

22)
¢, + Hpey (
2.5
2.0 _r —e—140°C
—u—150%
0
1.5 1 ——160°%C

- - standard (<0.3)

Urease activity (change of pH)

15

Final moisture content of sovbean (% dry basis)

Fig. 11. Effect of final moisture content of soybean on urease activity (initial moisture content = 14,9% dry basis).
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where T, =temperature of recirculation air (°C), R.= fraction of air recirculation (mg/m,) and
(- =heat losses to surroundings (kW).

For control volume CV3, the equations of mass and energy balance can be written as
follows:

Ha = (1 - Rc)Hi+Hfch (23)

maCaTx+maHa(hfg + v Tx) —micaT; — miHc'(hfg + ey T;) — Remyea Ty — Rema Hy
(hfg +eTp)=20 (24)

where T,.=temperature of drying air leaving control volume CV3 (°C) and T;=ambient air

temperature (°C).
For control volume CV4, the equation of energy balance can be written as follows:

Qs + On = ma(ca + ey Ha (T, — Tx) (25)

where Qs=convective and radiative heat losses to surroundings (kW), O, =thermal energy
consumption (kW) and T, =drying air temperature leaving the heater (°C).

For control volume CV5, the conservation of energy law was applied to determine the
temperature rise across the fan (AZr.,):

P
1000(p, Ny Yca + cvHy)

where P,=pressure loss (Pa), ny=fan efficiency (fraction) and p,=density of drying air
(kg/m?).

Pressure would change if either airflow rate, air recirculation ratio or soybean bed depth was
changed. The electrical energy consumption of the fan motor, Wy in kW, was determined
from the equation below:

A Thn = (26)

Breakage (%)

Cracking (%)

Drying air temperature (°C)

Fig. 12. Relationship between cracking and breakage and drying air temperature at different final moisture contents
(initial moisture content = 33.3% dry basis).
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WM = Pl(ma/pa) (2—7)
NtMm
where 1, is motor efficiency.

The above equations were solved under the following conditions: initial and final moisture
contents of 32.3% and 23.5% dry basis, respectively, drying air temperatures of 110-140°C,
ambient air 30°C, ambient relative humidity 70%, drying air velocity of 2.9 m/s and a fan
motor of 37 kW.

Fig. 12 shows the effect of the drying air temperature on the percentage of cracking and
breakage of soybean. It was found that if the moisture content of the soybean reduced to
20.5% dry basis, the percentage of cracking would be 10% higher than if the moisture only
reduced to 23.5% dry basis. Minimum final moisture content of 23.5% dry basis was therefore
adopted as a requirement for further work on investigating appropriate strategies for soybean
drying.

Figs. 13-16 show the effect of fraction of recirculation air on drying capacity and energy
consumption at different bed depths and drying air temperatures. Drying capacity increased
with bed depth and air temperature, whilst energy consumption decreased. It was found that as
air recirculation increased, energy consumption decreased rapidly and drying capacity
decreased gradually, up to 0.9. Above this recirculation rate, energy consumption rapidly
increased and drying capacity rapidly decreased.

Cost studies were conducted using the following data (USS 1 =40 Baht):

1. Cost of dryer : 850,000-911,130 Baht (depending on size of fan motor)
2. Life time of dryer : 10 years
3. Operating time : 12 h per day and 90 days per year
4. Maintenance cost per year : 5% of dryer cost
5. Salvage value : 10% of dryer cost
6. Interest rate : 18%/year
7. Diesel fuel price : 10 Baht/]
g. Electricity price : 1.55 Baht/kW.h
4.9
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Fig. 13. Effect of air recirculation on drying capacity at different bed depihs (initial moisture content =33.3% dry
basis, final moisture content =23.5% dry basis. drying air temperature = 140°C, air velocity=2.9 m/s).



148 S. Soponronnarit et al. | Journal of Stored Producis Research 37 (2001) 133-151

50
45 T
€ 40 N T
- i40°C ~a.
- °
g 35| ——-—3'c
aco 1200 TrTrTTTTe e aee i “
B 30 ¢
a —-=-110°%
2.5 T et s, -,
\!
2.0
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of air recirculation

Fig. 14. Effect of air recirculation on drying capacity at different drying air temperatures (initial moisture
content =33.3% dry basis, final moisture content=23.5% dry basis, bed depth=18 ecm, air velocity =2.9 m/s).

Figs. 17-18 show the effect of air recirculation on drying costs at different bed depths and
drying air temperatures. It was found that the optimum conditions for soybeam drying by
fluidised bed drying in terms of minimum drying cost were as follows: drying air temperature
of 140°C, bed depth 18 cm and fraction of air recirculation 0.9. At these conditions, percentage
of cracking was 27%, percentage of breakage was 1.74%, drying capacity was 4.65 tph, total
primary energy consumption was 6.8 kW/MJ water evaporated [15% electric power (fan) and
85% burner] and total drying cost was 2.38 Baht/kg water evaporated.
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Fig. 15. Effect of air recirculation on energy consumption at different bed depths (initial moisture content =33.3%
dry basis, final moisture content=23.5% dry basis, drying air temperature = 140°C, air velocity =2.9 m/s).
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Fig. 16. Effect of air recirculation on energy consumption at different drying air temperatures (initial moisture
content =33.3% dry basis, final moisture content =23.5% dry basis, bed depth =18 cm, air velocity =2.9 m/s).

4. Conclusions

1. The minimum finidised bed velocity of dry soybean is 1.9 m/s. Page’s (1949) model with
parameters in terms of first order polynomial depending on drying air temperature and
specific airflow rate was found to predict the drying rate of soybean very well.

2. From the experimental results of fluidised bed drying, it could be concluded that the
percentage of cracking and breakage of soybean increased with drying temperature and
drying time. However, soybean drying at a temperature of 140°C did not increase the
percentage of breakage to greater than the standard level of animal feed industry. A logistic
equation describes the experimental results relatively well. It was found that soybean drying
at high temperature (140°C) had no effect on protein quality. Urease activity was reduced to
the standard value of the animal feed industry by using fluidisation, provided that the
drying temperature was higher than 120°C.
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Fig. L7. Effect of air recirculation on drying cost at different bed depths (initial moisture content=33.3% dry basis,
final moisture content = 23.5% dry basis, drying air temperature= 140°C. air velocity=2.9 m/s).
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Fig. 18. Effect of air recirculation on drying cost at different drying air temperatures (initial moisture
content = 33.3% dry basis, final moisture content=23.5% dry basis, bed depth =18 cm, air velocity =2.9 m/s).

3. Simulation results showed that the optimal operating parameters for drying soybean by
fluidisation were a drying air temperature of 140°C, a bed depth of 18 cm, a drying air
velocity of 2.9 m/fs and air recirculation of 90%. At these conditions, the percentages of
cracking and breakage of soybean after drying were 27% and 1.7% respectively, the drying
capacity was 4.65 t/h, the total primary energy consumption was 6.8 Ml/kg water
evaporated (of which 15% was electricity for the fan and 85% was heat for the burner), and
the drying cost was 2.38 Baht/kg water evaporated (USS 0.06/kg water evaporated).
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