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Introduction

Commercial drying of grain is usually performed in beds 30-45 cm deep
or in continuous flow driers. The effect of multi-stage drying in corn and
grain was reported by FosTeER® (1950) and OXLEY™ (1940), respectively.
Studies made by authors®:?+® (1974) show that by using intermittent drying
involving an adequate resting period referred to as tempering, rice with
a high moisture content of over 25% can be dried at a fast drying rate
to 152 without any damage of the rice kernels.

Numerous investigations on the basic physical principles of the artificial
drying process in wheat have beeri made in U. S. A. and England, especially,
a very valuable analysis of the mechanism of drying exposed kernels of
wheat was published by SiMMONDs etc.’®:1:19 (1953-1954) and BECKERY:?
(1955). HARr1s® (1952), RaMsER® (1954) and Munrtonal® (1952) reported
on the relation of drying conditions to the properties of wheat. TrHOMAS™®
(1962), WooDFORDE® (1961) and WARNER®*® (1962) conducted an investiga-
tion on drying of wheat in beds one or two feet deep to obtain design data
and to find the operating conditions requisite for the practical performance
of commercial farm grain driers. The Crop Dryer Manufacturers ASSN
(1956) recommended the maximum safe temperature of drying air, but they
did not refer to temperature of material. Any previous work described
above has not been done on the effects of multistage drying on quality of
wheat and barley.

Following the introduction of grain combines into Japan, basic data on
drying combine-harvested wheat and barley has been in demand by farmers
and dryer manufacturers, but, at present only a few studies™ (1967) on arti-
ficial drying of grain, excluding rough rice, have been carried out in Japan.
Thus, it becomes important to establish optimal adequate drying conditions
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which can be expected to dry the grain without objectionable quality dete-
rioration during the drying process.

The work described was carried out to obtain design data and to provide
optimal operating conditions for the multi-stage driers using barley and wheat
which are grown and combine-harvested at actual farm sites in Hokkaido.
This work itself was carried out during 1967-1968 at the Agricultural Proc-
ess Engineering Laboratory, Hokkaido University, with experiments on the
drying of barley and wheat in a self-made drying apparatus. Also included
in this work were determination of grain qualities such as germination capai-
ty, gluten content and glassy kernel ratio, and determination of flour qualities
by using the Brabender testing system.

Apparatus

The apparatus used for the present experimental work is shown in
Fig. 1. It is a circulating air duct system which mainly consists of 7.5 hp.
centrifugal fan @) and stainless-steel duct system provided for leading heated
air from the fan to the drying chamber (), from which air returns to the
fan inlet, passing through an indirect heating unit (2) (steam radiator) and
humidifing unit ). Airflow rate and air temperature can be adjusted, to
some extent, by means of suction (7) and delivery damper (), operated by
the automatic control system (5S/W 5027 type produced by Fuji Electric
Machine Manufacturing Co.).

The material container shown in Fig. 2 is installed in the drying chamber
(Fig. 1 6). The material to be dried is placed in the top of the grain boxes
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measuring air volume rates was inserted

into the inlet and outlet wall of the plenum chamber.

The wet and dry-bulb temperature of the air entering the bottom of
the grain bed is measured by means of a ventilated thermometer unit mounted
inside the plenum chamber () and also inside the outlet chamber () which
collects the exhaust air. Air and grain temperatures at any given point of
the drying system were measured by an automatic-balance temperature com-
pensated recording potentiometer with copper-constantan thermocouples.

The design of the apparatus is such that different arrangements of test
boxes and continuous flow type dryers can be used.

All grain moisture content determinations were carried out by a 105°C,
single stage, 24-h oven method and are expressed in percent of wet basis.

Materials

1. Barley
The barley employed for the test was of the ‘Syunsei’ variety harvested
by a grain combine at Kiyosato-Cho, Shari-County, Hokkaido, on August 13,
1967. The barley was transported to our laboratory and stored in the re-
frigerated chamber held at a temperature of 1°C, from which testing grain
samples were taken as required and used for the experimental work (Table 1).

TaBLE 1. Initial properties of barley

. Particle Moisture Germination
Variely Bulk density weight, content, capacity,
(g/h) (2/1000) (% w.b.) (%)

Syunsei 652.3 485 19.8 99
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2. Wheat

The winter wheat, ‘Hokuei’ variety, grown at Kiyosato-Cho in 1967
was used for this test in a similar manner to barley, mentioned above. The
initial properties of tested wheat are shown in Table 2.

TaBLE 2. Initial properties of wheat

Bulk Particle Moisture Germination Gluten Glassy
Variety density, weight, content, capacity, content, kernel rate,

(g/M {g/1000) (%/w.b.) (%) (%) (%)
Hokuei 731.2 43.8 20.0 97 31.8 39.9

Test procedure

1. Barley

The drying tests with beds of grain 10 cm deep were carried out at
air temperatures of 50, 60, 70, 80°C and airflow vloume rates of 1, 2, 3 m¥%sec
per ton. It was shown that an initial weight of grain of 7.5 kg would pro-
duce a bed depth of approximately 10 cm and this weight of stored barley
was employed for each of 15 tests of the series.

Between each drying period of 10, 20, 30 and 60 minutes for 1
pass, barley grains were tempered for 3 hours constant in a tempering tank
at room temperature. The drying and tempering treatment were repeated
until the initial moisture content of 19.8% was reduced to about 13.5%. At
each start and end of the drying period, grain samples were taken from
the middle of the bed for determination of moisture content, from which
the rate of drying, namely reduction of moisture content per 1 hour, was
calculated.

Germination tests were carried out according to the conventional method,
with 4 replicates, each 100 seeds, on samples taken from the initially stored
grain before drying and the dried grain after the completion of the drying
tests.

2. Wheat

The experimental procedure for drying tests for wheat was similar to
that used for barley, with the exception that airflows of 2, 3, 4 m%sec per
ton were chosen instead of 1, 2, 3 m%sec per ton and germination tests
were carried out with 3 replicates instead of 4 replicates.

After drying tests, however, determination of gluten content and rate
of glassy kernel for dried wheat samples were carried out to evaluate the
thermal effects of drying. In addition, Brabender tests, which are considered
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as highly important for the evaluation of the secondary processing quality
of wheat, were carried out in this work.

(1) Gluten content

Since protein has been recognized in Japan as an important factor in
determining bread-baking performance of wheat, wet gluten of the grain
was determined by the hand washing method for each drying-tested wheat.
100 g of flour obtained from wheat samples milled on an experimental test
mill and sieved through a 60 mesh sieve, were used for determining gluten
content.

(2) Glassy kernel rate

Wheat grains were cut with a seed-cutter to observe the kernel structure
of the cross section. Grains having glassy structure in the cross section
are regarded to have a higher gluten content than grains having a starchy
structure. Glassy kernel rate was calculated from glassy grain counts with
3 replicates of 100 seeds.

(3) Brabender tests

Farinograph, extensograph and amylograph tests were performed accord-
ing to the normal method published in the manufacturer’s operating manual.

Results and discussion

1. Barley

The relationships between rate of drying, drying period, drying air tem-
perature and airflow volume rate were shown in Fig. 3.

From these diagrams, it is found that the rate of drying increases with
the increase of air temperature and airflow rate and shortening of drying
period. Especially, shortening of drying period was clearly shown to increase
the drying rate as compared with other drying factors as far as this experi-
ment concerned. For example, in Fig. 3-(a), the rate of drying at an air
temperature of 60°C, an airflow rate of 1 m3/sec per ton and a drying time
of 60 minutes per 1 pass, shows a moisture reduction of 4.4%/h, whereas,
the rate of drying under the same conditions with the time changed to
a 10 minute drying per 1 pass shows a moisture reduction of 7.7%/h. Even
though the air temperature was raised from 60°C to 70°C under the same
drying conditions, the rate of drying shows no significant increase with a
mere reduction of 5%/h.

The results of germination tests are shown in Fig. 4. These diagrams
show the relations of drying air temperature, airflow rate and drying time
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per 1 pass to the germination capacity of barley, together with the maximum
grain temperature curves during the all-over drying process. It is recognized
that germination capacity decreases gradually with the increase of drying
time per 1 pass at each airflow rate and drying air temperature. Also,
the maximum grain temperature increases with increase of drying time per
1 pass. At a drying air temperature of 50°C (Fig. 4-(a)) an airflow rate
of 3 m%sec per ton with a drying time of 60 minutes, the maximum grain
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Fig. 3. Drying rate for barley at various airflow rate, air tem-
perature and drying period ; tempering time: 3 hr.
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temperature reached about 50°C and the germination capacity of barley was
reduced to 94.59%/, whereas, at the drying air temperature of 60°C (Fig. 4-(b)),
the airfiow rate of 1 m3/sec per ton and the drying time of a 10 min/pass,
the maximum grain temperature rose to 36.5°C and the germination capacity
was maintained at 97.5%, which was slightly lower than the initial germina-
tion capacity of 99%. Considering the drying rate of 5.0%/h for the former
drying conditions and 7.7%/h under the latter conditions, the most suitable
drying conditions can be decided by determining the highest speed of drying
rate which would result in no reduction of the germination capacity. In
this case, the grain temperature is recognized as a useful index for operators
to control the drying conditions.

From the results obtained above, it was found that the maximum grain
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temperature for barley should be limited under 40°C during all stages of
the drying process in the multi-stage dryer system.

2. Wheat
(1) Drying rate

Fig. 5 shows the drying rates and the maximum grain temperature of
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Fig. 5. Drying rate for wheat at various airflow rate, air tem-
perature and drying period; tempering time: 3 hr.
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wheat plotted against drying time of each pass with 4 ranges of air tem-
perature as the parameter, for airflow rates of 1, 2 and 3 m%sec per ton,
respectively. Tt may be realized when comparing these 3 figures (a), (b)
and (c), that the rate of drying, as in the above described results for barley,
increases with increasing air temperature and airflow rate and by reducing
the one pass drying rime.

(2) Gerimination cayacity

As for the germination capacity of wheat, results obtained were similar
to that of barley, and there was a definite limit of maximum grain tem-
perature which would not reduce the germination capacity (Fig. 6). It was
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found that the maximum grain temperature should not exceed 50°C for
maintaining a germination capacity of over 90%, which is generally con-
sidered to be optimal for seed wheat. Therefore, at a drying temperature
of 60°C and airflow rate of 4 m3/sec per ton, it would be possible to maintain
the germination capacity at 90% or over provided that the drying time of
each pass is held below 30 min, even though the air temperature is raised
to 60°C (Fig. 6-(c)).

(3) Glassy grain rate

The results of calculation of glassy grain rate for drying-tested wheat
under various drying conditions are plotted against drying time per 1 pass
in Fig. 7, under 4 ranges of drying air temperatures. Fig. 7-(a) shows the
relation between the glassy grain rate and drying time per 1 pass at an air
temperature of 50°C and it was recognized that with the increase in airflow
rate and a longer drying time per 1 pass, a higher reduction of glassy grain
rate can be obtained. The same trend of curves may be recognized that
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Fig. 7. Rate of glassy kernel for wheat at various airflow rate, air
temperature, and drying period; tempering time: 3 hr.
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reduction of glassy rate are increasingly affected by drying air temperature
than by other drying factors.

(4) Gluten content

The gluten content of sample wheat before drying tests was 31.8%,
which is not such a high value for wheat used for bread-baking. Fig. 8
shows the relationships between gluten content and drying air temperature
over 3 ranges of airflow rate and 4 ranges of drying time per 1 pass, in
addition to showing the variation of the maximum grain temperature. At
any range of airflow rate and drying period, the gluten content tends to
decrease and the maximum grain temperature increases, with the increasing
drying temperature. It was recognized in the analysis of the relationship
between the gluten content and the maximum grain temperature, that the
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gluten content is reduced to below 30% when the maximum grain tempera-
ture is in excess of 50°C.

This means that the more severe the drying conditions are the higher
the reduction in gluten content is. It is considered that the cause of glutefl
reduction is attributable to thermal effect, by which water-soluble protein
was increased in sample dough and was washed away by hand-washing.

(5) Flour qualities

Farinograph, in general, is used for determining water absorption and
mechanical properties of dough, including dough consistency, dough develop-
ment time, dough stability, elasticity and weakning of dough, and valorimeter
value (v.v) is used as an index for evaluating the farinogram. It is gen-

erally recognized that the higher the valorimeter value, the stronger the
flour.

The results obtained from the farino- Airtemp.,
graph test in this work are summarized in 8o
Fig. 9, showing v. v. against drying time per "

1 pass at air temperatures of 50, 60, 70 and 3 .
80°C and at an airflow rate of 2, 3, and 4 260 AN
m’/sec per ton. It may be realized that [ "\4?3
valorimeter values increase with increase of ;5’50

drying times per 1 pass, but are hardly af-

fected by changing of the drying air temper- 4

ature or increase of the airflow rate within 00 &

the limits of this study.

Extensograph tests are usually done to Fig. 9. Valorimeter value of fari-
determining extensibility, maximum resist- nogram for flour at various air-
ance to extention, energy (indicated by area flow rate, air temperature and

. . drying period; tempering time:
of extensigram) and ratio figure, together 3hr.
with farinograph tests.

As an example, extensigram areas at 135 minutes (third measurement)
for drying-tested wheat flour were plotted against drying times per 1 pass,
with parameters of different airflow rates and drying air temperatures (Fig.
10).

Amylograph is a popular instrument used to predict the rheological
properties of starch slurry processing, and the starch behavior is evaluated
by maximum viscosity value measured in Brabender Units (B.U.. The
average value of maximum viscosity for naturally dried wheat in this work
was 220 B.U,, which seems considerably lower as compared with normal
bread-making wheat varieties.

Drying period (min)
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The results obtained from amylograph tests are summarized in Fig. 11,
showing the maximum viscosity curves in B. U. against the drying time per
1 pass with parameters of drying air temperature and airflow rate. It was
found that the maximum viscosity decreases promptly with the increasing
drying time per 1 pass, and this tendency becomes more promt with the
increasing drying air temperature and airflow rate. This indicates that the
more severe the drying conditions are, the greater the reduction of maximum
viscosity is.
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The results of the Brabender tests described above suggest that although
the difference in flour qualities are mainly attributable to the difference in
variety of the parent wheat, these qualities are affected by drying conditions,
such as airflow rate, drying air temperature, drying time per 1 pass and
maximum temperature in the artificial grain drying process.
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Summary

Multi-stage drying tests for barley and wheat were carried out using
an experimental apparatus designed by the authors, and herein are reported
drying data and relationships between drying conditions and grain qualities.

The results obtained are summarized as follows :

1. For a fixed tempering time (3 hours), the drying rate increases with
the increasing airflow rate and drying temperature and with the decreasing
drying time per 1 pass, for both barley and wheat.

2. Since germination capacities for both barley and wheat are strongly
affected by thermal deterioration, it is recommended that drying operators
should adjust various drying conditions by controling the maximum grain
temperature so not to exceed 45°C during any stage of the drying process.

3. Gluten content and glassy kernel rate of wheat are affected, in the
same manner as germination capacity, by drying conditions, from which it
is concluded that the maximum grain temperature should not be in excess
of 45°C at any stage of the drying process.

4. From the Brabender tests for sample flour, valorimeter value in
farinogram, extensigram areas, and maximum viscosities in amylogram are
all reduced by increasing the airflow rate, drying air temperature and drying
time per 1 pass, and also these increases in drying factors resulted in in-
creasing the maximum grain temperature during the process of multi-stage
drying.
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