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Abstract: According to the experimental data of this stwdy. under well-managed conditions it is possible o utilize

microw ave energy lor drying of rice with relatively high effliciency. Resting time {or tempering time) between every two

periods of microwave drying is important for obtaining high energy efficiency, as there are the effects of tempering. or

post=adiation, or intermittent radiation. And energy efliciency with resting time between every two periods of drying was

much higherthan that without resting time. 5o, drying methods are important for energy efficiency. Loading methods are

also important for energy elliciency. And thin layver deying method is recommended for microwave deying from the

view point of energy elficiency.
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1 Introduction

Energy elliciency has ever been an important subject
for cereal grain drying, because the reduction of
operation cost of a dryer in large extent depended on
it. All possible means have been taken in conventional
drving of cereal grain  for reducing energy
consumption, especially after the oil shock in 1970s.
As a result, energy efficieney reached very high level,
e. g. for drving rough rice, the energy consumption
can be as low as 3.0 to 7.0 MJ kg H:0""7.
Moreover, with the environmental problems being
seriously considered nowadays, energy efficiency is
becoming a more and more important subject for
further development of human civilization. And the
judgment of a set of equipment is whether practical or
not. As a new technique for the future, microwave
drving  should be  energy  saving  and  eflicient.
Unfortunately however. little attention has been paid
to it until now.

The ohjectives of this study are to investigate the
energy  efficiency  during deep bed and thin layer

microwave drving of rough and brown rice.

2  Energy Efficiency Functions

Energy elfliciency N. ( mg kg) in this study is
caleulated depending on the total energy consumed

during microwave drying and the total mass amount of
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water ( moisture) removed from rice.
The total energy consumed during microw ave drying
N(M]) is
N=Net Ny i
where  Npeois the total microwave energy consumed
during microwave drving, MJ: Ny is the total electric
energy consumed by blower and other equipment of
the dryer during microwave dryving., MJ.
Ne (M) is caleulated with the following equation
."‘1" "= -’:Iru-' {2}
where  Piwis the incident microwave power to drying
chamber. MW: is the total deving time (the total
microwave heating time) , s,
Therefore. the energy efficiency N. (M] kg) could
be
Ne= N W i 3)
where W ois the total mass amount of water

removed from rice, kg.
3 Materials and Methods

In this study. Japonica-type Koshihikari rough rice
was harvested in August 1997 with an initial moisture
content of 260 0% 1o 27. 7% d. L. :I.. and a loose bulk
density of 563. 8 kg m’ and brown rice of the same
breed harvested in Auvgust 1998 with an initial
moisture content of 17. 8% to 20, 6% (d. b. ), and a
loose bulk density of 725. 6 kg m” was used for the
tests under loading condition LCL. And rough rice of
the same breed harvested in August 1996 with an
initial meisture content of 27. 7% to 31 9% (d. h.).
and a loose bulk density of 620. 8 kg m’ was used for
the tests under loading condition LC2. A microwave
drying experimental apparatus of Model SUK-I2ZN
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maide by Shizuoka Works Co. provided the microwave
dryving conditions { Fig. 1). And a set of microwave
power measuring equipment was used for measuring
the total incident microwave power to the microwave—
l|r:rillg chamber and the total reflected microwave

power from the microwave-drying chamber in this
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attenuator of Model 44940, a directional coupler of
Muodel WDC20H-425P SPC  Electronics

Corporation { Japan) and a microwattmeter (a kind of
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microw ave power meler) made by Boonton Electronics
Corporation [ USA) (Fig. 1).
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Table | Loading conditions for
microwave drying experiments

Filling method Amount of

Kind of material

Symbols Method and vessel material kg
LCI Filled in a metallic case Rough rice Brown riee 4. 31 5, 80
L2 Sproad uniforuly sl Rough rice 5.42

over the drying bed

Reports'™ ™ on deep bed microwave drying of rough
rice show that energy efliciency of concurrent [low
ventilation is relatively high, i e. the value of N. is
relatively low. compared with counter and cross flow
ventilation under the same conditionz. Therelore. in
this :-;tud_\' the experiments of dv.ep bed microwave
dryving of rough and brown rice (i. e., under the
loading condition LCI shown in Fig. la and Tahle 1)
Mow ventilation conditions were

un LIET concurrent

carried out. Concurrent flow ventilation here means
the ventilation air flows in the same direction as the
microwave propagates [ Fig. la)l. A metallic caze of
cubic shape with a height of 200 mm filled with rice
could lead microwaves to propagate only along the
depth direction. For this reason. all the side walls of
the case are structured by metallic sheets, which serve
as microwave shelters and air conduits for ventilation
and prevented microwaves from propagating through
the zide walls. The bottom of the case is made of a
piece of metallic net. The top of the case remains open
{ Fig. la). In the case, rice was divided into ten thin

layers with a thickness of 2 0 mm each by nine pieces

B B ik Taves mucrowase diy g

Schematic diagram of the experimental apparatus

of plastic net, and ten samples were taken from the
center part ol the thin la)‘ers for each test.
Experimentz of microwave drying of thin layer
rough rice were also carried out under the loading
condition LC2 shown in Fig. Ib and Table 1 with the
same equipment deseribed above. Under this loading
condition. rough rice was spread unilormly with a
thickness ahout 20 mm all aver the drving bed ( Fig.
Ih). The dimensions of the drving bed are 860 mm X
500 mm. Since there is a problem of non-uniform
distribution of microwave radiation power density on
the drying bed'”, the drying bed was divided into 21
sub-regions evenly, and the temperature and moisture
content of rice al every sub-region were measured.
Consequently, the drying results could be relative
precisely caleulated. During thin laver drving. resting

time was taken belween every two perimls of Llr}'ing.

4 Results and Discussions

The experimental data of thin layer microwave
drving of rough rice under loading condition LC2 are
shown in Table 2. And the experimental data of deep
bed microwave dryving of rough and brown rice under
loading condition LC1 are listed in Tables 3 and 4,
According to these results. it could be known that it is
possible to utilize microwave energy lor cereal grain
drying with relatively high effliciency, or higher
elliciency than that in conventional drying { Tests of

No.4 and 6 in Table 2).
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Tahle 2 Energy efficiency during microwave drying of thin layer rough rice

Loading condition: LC2

Test Nas. P kW kg ! Mo %(d b Drying M ethods” Deving time- resting time) h Ne M) kg™ )
1 29,98 S— (10)- 10- (5)- 20- { 12)- 20 7.22
2 24,98 5= (7= 10= (5= 20= {10} = 20 6. 14
3 0,04 31.72 S= (10h= 10= {2)= 20- {5 - 20 5. 82
4 30, 86 5- [ 10)- 10— (5)- 20- | 15)- 20 1,06
5 18,73 20— {5)- 20- (5= 20 19, 52
5] 27.33 S=(Tp= 10= (20) = 20= { 10)= 10= { 104~ 10 376
7 27.32 5= (3. 5)= 10= {25)= 20- (5)= 10= (5)= 10 4,55
-4 22,27 873

0. 09 40
9 21.76 9, 83
10 24.09 9,49
20
11 27.54 14. 36

Note: * The time unit here is minute, excepl the subscripted ones.

Deving conditions: Air temperature= 22, 30; BN = 55%; va= 0.02 m .

Table 3 Energy efficiency., V. of deep bed
microwave drying of rough rice
M= kg H:O

' -1
Fa i *&

Table 4 Energy efficiency. V. of deep bed
microwave drying of brown rice
MJ* kg 'H:0

-
Fa M *&

P kW kg P kW kg
000 0,05 0,07 0012 0,20 0.64 004 005 007 0,12 0,20 0,60
0,07 2006 B.38 787 6,30 6,06 K03 0. 06 2507 19,30 23,49 16,30 17.31 24,23
0. 10 24,40 10,13 10,05 9.63 11.72 14,32 0,09 16.04 22,47 20074 25.72 17.9%
0o, 14 13, 59 0,13 23,66 22,83 24,23 20,74

Naote: Drying comnditions: Air temperature = 20T RH = 65%:
Drying times= QO min.

Loadin condition: 1G]

4.1 Effects of Superficial Air Speed and Absorbed
Power on Energy Efficiency

According to the data shown in Table 3 and 4, with
the increase of superficial air speed va, the energy
consumplion increased during deep bed drying. 1f the
superficial air speed were too high, the microwave
radiation energy dissipated in grain layers would be
blown away by it. Therefore. superficial air speed
should be as low as possible. There is also a tendency
that the energy consumption increased with the
increase of absorbed power P, especially Tor deep bed
rough rice drving (Table 3). Thus, microwave power
should be as low as possible, unless drving rate is
seriously affected.
4.2 Effects of Loading Conditions on Energy Effic—
iency

According to the microwave transmission theory,
could  be treated as

microwave-drying  device

.. . 18] , . .
transmission  lines Load impedance. which is

clogely related to reflecting characteristics of the
transmission  line,  depended  on the  dielectric
characteristics. the kinds and the amounts of the

materials loaded. Hence, load impedance will change

Naote: Drying conditions: Air temperalure = 22.3C: RH = 6% -
Drying time= O min.

Loading condition: LC1

according to the change of lbading conditions, e. g.
the changes of the kinds and the amounts of loaded
malerials in a microwave-drving chamber. Consequen—
tly, the power reflection coelficient of the transmissi-
on line. i.e.. the power reflection coefficient of the
microw ave-drying chamber, will change in turn. As a
matter of fact, the total microwave power absorbed by
the material ( here is rice) in a microwave-drying
chamber and the energy efliciency will also change.

In this study, energy efficiency for loading condition
LC2 (Table 2} was apparently higher than that for
{ Tables 3 an 4). This is

because the power rellection coellicient for loading

loading condition LCI

condition LC2 was generally smaller than that for
loading condition LC1"™, with the same amount of
rough rice being spread on drying bed and the same
microwave power levels. Moreover, the evaporated
moisture under loading condition LC2 was much more
easily 1o escape for rice layer than it did under loading
condition LCI. As a result. loading methods are
important factors for energy efficiency. And thin laver
dryving method is recommended from the viewpoint of

energy elficiency.



46 Vaol. 18, No.5

4.3 Effects of Drying Methods on Energy Efficiency

If resting time was taken between every two periods
of microwave drying, the energy elfliciency was
obviously high { The tests of No. 3, 4, 6 and 7 in
Table 2} The N. value of the test of No. 6 with
resting time between every two periods ol microwave
drving was about 1 5 that of test No. Il (in Table 2)
which had no resting time during drying process,
although the initial moisture contents were almost the
same. This might be the effects of tempering or posi-

g . . - 10
M or the effects of intermittent radiation' ™.

radiation
Thus. by this means. microwave energy could be
elficiently utilized. The drying resultz indicate that if
the drying method of microwave dryving is well
managed, energy consumption could be controled at a
very low level (Tests of No. 4 and 6 in Table 2).
And, it is possible to utilize microwave energy lor
drving of rice grain with relatively high effliciency.
Consequently, drving methods are important lor
energy efficiency.
4.4 Effects of Initial Moisture Content on Energy
Efficiency

}"ll'{‘{lr(“]'I[._{ to the experimerllal data, the lower the
initial moisture contents of rice, the higher the energy
consumplion, since there is a trend that the lower the

of rice, the higher the

initial moisture content
evaporation latent heat of it Energy efficiency of
microwave dryving reduced with the decrease of initial
moisture content. The higher values of N of brown
rice drying in Table 4 could be considered as the cause

of its low initial moisture content.
5 Conclusions

1} Energy consumption of microwave drving could
be at very low level under well managed conditions.
And it is possible to utilize microwave energy lor
drying of rice with relatively high efficiency.

2) Resting time hetween every two periods ol
microwave drying is important for obtaining high
energy  efficiency. And the energv efficiency with
resting time between every two periods of drying was
without resting  time.

much ||ig}|trr than that

Therefore, dryving methods are also important for
energy efficiency.

3) Loading methods are important for energy
drying  method s

efficiency.  And  thin  laver
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recommended for microwave drying for obtaining high

energy efficiency.
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