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INTRODUCTION

The vacuum drying has been considered as one of the most favorable drying methods
for foodstuffs, though various methods for food drying have been developed according
to the purposes of the drying and the properties of the products. However, the vacuum
dryers actually in operation face a serious problem that the thermal efficiency of the
drying is extremely low. Therefore it is very desirable for food drying, if the thermal
efficiency of the vacuum drying can be improved by some suitable methods.

In this respect, thus we have tried to develop a new system of vacuum drying by utiliz-
ing a vibro-fluidized bed. The vibro-fluidized bed dryer is endowed with special
features>~? which can be indicated as follows.

The materials in the bed circulate and mix smoothly, and thus are dried at a uniform
bed moisture content in the vibro-fluidized bed even when the air velocities are lower
than the minimum fluidization velocities of the materials. Furthermore, the thermal
efficiency of the vibro-fluidized bed drying is much higher*®.

On the other hand, Gutman? and Kroll? reported that the particles in a vibro-fluidiz-
ed bed could be circulated only through addition of vibration to the bed even when the
air was not flowed into the bed. Thus, we were brought to the idea that vacuum drying
by using a vibro-fluidized bed may be possible. Thereafter the possibility and the
usefulness of this method of the vacuum drying were investigated.

In this paper, the thermal efficiency of the vacuum drying in a vibro-fluidized bed, one
of the most important factors of the vacuum drying, is reported, although the results
were obtained in a preliminary examination in which-the heat energies for the drying

were still at low regions.

EXPERIMENTAL APPARATUS AND PROCEDURES
The diagram of the experimental apparatus is shown schematically in Fig. 1. The test
cylinder (1) was made of an acrylic resin tube, measuring 110 mm in inner diameter. The
exterior wall and bottom of the cylinder were covered with a foaming polystyrol resin
plate for heat insulation. The gas in the cylinder was evacuated by a vacuum pump (14),
and the pressure was méasured by a mercury manometer (4). The heat energy added to
the heater (2) was calculated from the values of electric current and voltage measured
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Fig. 1. Schematic diagram of experimental apparatus

by an ammeter (A) and voltmeter (V). The frequency of vibration was measured by a
tachometer, and the amplitude was measured by a calibrated wedge-shaped rule having an
error less than 0.025 mm.

Two kinds of samples were examined. One was ion exchange resin particle (Amberlite,
IR-120B) whose diameter ranged from 420 to 590 um, and the initial moisture contents
were prepared at about 0.4 kg-H, O/kg-d.m., The other one was okara which was sieved
by a 12-mesh sieve. Thus the sizes of the sieved okara were equal to/or less than about
1.4 mm. The initial moisture content of okara was measured to be about 4.0 kg-H, O/
kg-d.m. The charged weight of ion exchange resin particles and okara was 300 grams and
140 grams respectively. The initial bed height was 4.0 cm for all experimental runs.

In order to measure the change in moisture content, a small portion of the bed was
collected by a sample collector (12) at every fixed time interval. The sampling position
was the center of the upper portion of the bed. The temperatures of the heater and the
bed were measured by copper-constantan thermocouples at the positions shown in Fig. 2.

At the end of each run, the bed was stirred and mixed completely. Then the average
moisture content of the bed was measured. The moisture contents of collected samples
were determined by the drying method using a drying oven at 403 K.
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ﬂ DETERMINATION OF THERMAL
= — EFFICIENCY AND HEAT LOSS

The thermal efficiency n, was defined
as the ratio of heat consumed for evapor
ation of water during the drying process
to heat supplied to the heater. The value
of n, is expressed by

Ne™ Go/ gt (1)

where q, is the heat required for vapori
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is the weight of bone dry material in the

bed, and A is the latent heat of vaporiza

tion. q; is the total supplied heat and

Fig. 2. Points of temperature measurement
equal to

gi=FE -0 (3)
where E is the electric power added to the heater.

On the other hand, the heat loss q; is evaluated by the following equation

gi1== qvt qe (4)

where q, is the heat loss from the bottom surface of the cylinder, and q. is the heat loss
from the exterior wall of the cylinder. The values of q, and q. are expressed by the

following equations

gs="hki1A04 t,/L, (5)
and
_ 1 94t (6)
Ge L, Ls 2
+
ki1As  koA;

where k; is the thermal conductivity of the heat insulator, and k, is that of acrylic resin,
A, is the surface area of the bottom of the cylinder, A, and Aj are the average area of
side wall of the cylinder and heat insulator, L, L, and L; are the heat transfer distances,
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and At; and At, are the temperature differences.
The ratio of the heat loss q, to the total heat supplied to the heater q, is expressed as

m=qi/q: (7)
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Fig. 3. Examples of drying curves for ion exchange resin particles
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EXPERIMENTAL RESULTS AND DISCUSSION

The examples of the drying curves of both samples are shown in Fig. 3 and Fig. 4.
When the bed was not vibrated, or vibrated at low intensities, the moisture contents of
the upper portion of the bed were maintained nearly constant until the drying process
reached almost its final stage. However, when the bed was vibrated under more suitable
vibrational conditions, the moisture contents of the upper portion of the bed decreased
in linear relation to the drying time. These facts show that the bed was circulated and
mixed, and the drying process was carried out at uniform moisture content of the bed
that can be estimated by the vibro-fluidized bed drying model®%. Thus, even when the
air was not flowed into the bed, and the bed was in a vacuum state, the materials in the
bed were circulated only adding the suitable intensities of vibration to the bed. And the
mixing rate sufficient for uniform bed moisture content drying was able to be obtained.

The thermal efficiencies and the heat losses evaluated from the results of the
experiments performed under various conditions of vibration and electric power supplied
to the heater are shown in Fig. 5 and Fig. 6. The values shown in these figures are the
average values of two experiments under each condition. The results indicate that the
sums of n, and n,; were nearly equal to unity, and thus the values of n. and n, calculated
by Eqgs.(1) and (4) were applicable. The sums of n. and n, became slightly larger than
unity as the intensities of vibration increased. The reason for this may be the influence
of the heat generated by the vibration? on the drying rate.
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Fig. 7. Relations among thermal efficiency ne, electric power supplied to heater E, and
intensity of vibration aw? /g for ion exchange resin particles

These results show that the thermal efficiency of the drying increased as the vibrational
‘intensities increased. However, when the electric power became large, the influence of
vibration on the thermal efficiency was decreased. These relations were rearranged as
shown in Fig. 7. As is evident from this figure, the appropriate intensities of vibration
have to be determined experimentally according to the electric power supplied to the
heater and the properties of the materials to be dried in order to obtained the desired
thermal efficiency. Nevertheless, the possibility and the usefulness of the vacuum drying
in a vibro-fluidized bed were recognized, though further investigations have to be perform-

ed in order to verify the applicability of this vacuum drying method to the conditions for
actual drying processes.

SUMMARY

We tried to develop a new system for vacuum drying by using a vibro-fluidized bed.
The thermal efficiency of the apparatus which is the most important factor of the
vacuum drying was investigated in this paper. Two kinds of samples were examined. One
was ion exchange resin particle (Amberlite, IR-120B), and the other was okara,

When the bed was vibrated under suitable vibrational intensities, the materials in the
bed were circulated and mixed even though the air was not flowed into the bed, and the
bed was in vacuum state. Thus, the drying processes were able to be carried out at
uniform bed moisture content even in such conditions.

The thermal efficiencies obtained were nearly equal to 100 % for both samples under
suitable conditions of vibration, although the heat energies supplied to the heater were
very low. When the vibrational intensities were constant, the thermal efficiencies
decreased as the heat energies supplied to the heater increased. As a results of this study,
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NOMENCLATURE
area of bottom of cylinder
average area of side wall of cylinder
average area of heat insulator of side wall
amplitude of vibration
diameter of sample
bone dry material
electric power supplied to heater
gravitational :acceleration
thermal conductivity of heat insulator
thermal conductivity of acrylic resin
height of bed

= heat transfer distance

pressure in drying chamber

heat loss from bottom surface of cylinder
heat loss from exterior side wall

Qv tqe

total heat supplied to heater

heat required for vaporization of water
initial moisture content

moisture content after 6

weight of bone dry materials in bed
temperature difference

av/qy

a1 /9:

drying time

latent heat of vaporization
angular frequency
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