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Introduction.

In two of the previous papers the writer has published the results of the
experiments which were carried out in order to determine the efficacy of heating
as a means of controlling the Angoumois grain-moth, Sifotroga cerealella Oliver.!» 2t
In those experiments a very small quantity of wheat wrapped in a sheet of
cheese-cloth was heated in a constant temperature oven. It was assumed that the
temperature of the wheat quickly rose and attained to the air temperature in
the oven. However, it may be questioned whether the temperature of the wheat
really rose as quickly as the writer had expected, and in later experiments the
writer tried to make measurement of wheat temperature during heating.

For artificial drying of grains, it is essential to have the knowledge, of the
velocity of the rise of grain temperature during heating. It might be expected
that much work along this line must have been already carried out. Unfortu-
nately, however, the writer has not been able to find a very reliable result of
studies on this subject. Several years ago, the results of some experiments on the
artificial drying of rice and wheat were published.®-4.% 1In those experiments
the air temperature in the drying apparatus was usually kept considerably high,
and a certain quantity of grains was slowly conveyed through the heated air in
the apparatus. Therefore, it may be supposed from them that the grains could be
quickly heated ; however, in reality, the temperature of the grains was found to
be considerably lower than the air temperature.

‘When rice or wheat is spread in a thin layer on shelves in a drying room as
is practised by some farmers, the velocity of rise of grain temperature seems to be
affected by various factors ; and even after six or seven hours of heating, there

* This is a slightly abridged English edition of the writer’s paper published in
Nogaku Kenkyi, Vol. 25, pp. 180 - 194, (1935).
T Reference is made by number to “ Literature Cited.”
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seems to be a considerable difference between the temperature of the oven and
that of the grains. In such cases the rate of rise of grain temperature would vary
greatly according to various circumstances under which drying is carried out.

The writer has had no intention to undertake a study on artificial drying.
He thinks, however, the study on the temperature of grains is indispensable if one
attempts to evaluate co;'rectly the efficacy of heat as a means of controlling grain
pests. The present experiment conducted by the writer was on a very small scale
and though the results can not yet be considered conclusive, he desires to report
on them since he thinks some interesting data have been obtained.

Method and Plan of Experiment.

The material used for the experiment was wheat. A small cylinder made of
wire-netting was fixed on a cork disc which was some 2.5 cm. thick (Fig.1). This
wire-net cylinder was of two sizes, the one being 3 cm. in diameter and the other

about 6 cm. in diameter. The length
Fig. 1. was about 6 cm. in either case.
A small quantity of wheat was

o put in this wire-net cylinder and was
355“; placed in an constant temperature
S . oven. For measuring temperature of

L et i ere_!::‘;tiinder wheat, a thermocouple combined with
tH a Leeds-Northrup galvanometer was

used. Although the sensitivity of

, m -~ - ~- Cork diss this galvanometer was not very high,

: [ ‘ i i the accuracy of temperature measure-

i ment was approximately =+ 0.5°C.

Temperature of wheat was measured

usually either at a depth of 1.5 cm. or at 3 cm. below the surface. In a few cases
it was measured at a depth of 3.5 em. ;

In the present experiment chief factors which seemed to have affected the
rise of wheat temperature were the moisture content of the wheat and the differ-
ence of temperature between the wheat and the air in the oven. Strictly speak-
ing, the temperature of wheat at the beginning of each experiment differed
slightly according to the time when experiments were conducted, but the majority
of the experiments were carried out during July and August so that the tempera-
ture difference must have been very small. Besides, the quantity of wheat used
in each test was very small, and its temperature rose rapidly at the beginning of
each test. In consi@gx;@}gion of these circumstances, it has been assumed t.ha&the
initial temperature of wheat had little effect on the duration of heating required.

For conve,nienq‘e of description, the difference between the temperature to
which wheat should be heated and that of the electric oven is termed “tempera-
ture gradient.” In regard to the moisture content, three kinds of wheat samples
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were prepared : namely, wheat containing moisture at the rate of approximately
11, 13 and 15 % respectively.

Results of Experiment.

The temperature of wheat was determined several times during heating at
certain intervals, and the time required to heat the wheat to the prescribed fem-
perature was also determined in each test. The results of experiment are shown
in tables I to IV, of which tables III and IV contajn the results of observations on
the rise of wheat temperature in several tests in the experiment.

Table I ‘

Prescribed Temperature to which Wheat was raised, Moisture Content
of Wheat and Duration required for Heating.

’ ra,
C%rc\);::ll::tzf TI;;‘:’B:?;?]%G Dura‘%vofl rgguired Remarks
Wheat P for Heating

11.2-114 50 21.0 Temperature gradient 10°C.
. 60 43.5 Quantity of wheat 20 c.c.
» 70 52.5 Diamgter of wire-net cylinder 3 cm.
” 80 69.5 Height of wheat column in wire-net

13.4-13.5 50 21.56 3em,
5 60 50.5 Tip of thermocouple 1.5cm. below
" 70 69.6 the surface of wheat.
5 80 83.5

15.0 - 15.7 50 25.5
= 60 63.5
b 70 - 806
" 80 85.5

Table II
Effect of Quantity of Wheat on the Duration of Heating.
Diameter Duration . s
Test | Prescribed | x Height of| of Heating CMo::tltre ¢ Tip Ofg?ermoco'éple
No. |Temperature | Wiré-Netting| required ngthgato (cmf.) g 2wwtl‘;e s
(cm.) (minutes) REeER eat

No. 1 60 3x1.8 20.0 11.2 15

Sz n 3x3 26.6 oA 5

s ,, 6x 1.8 39.0 e L,

2 4 ” 6x3 48.5 » &

5 o 6% 6 85.0 " 3.0

# 6 70 3x3 27.5 11.2-114 1.5

S i 6x1.8 57.5 @ b

w 8 80 3x3 51.0 11.3-114 5

Remark: Temperature gradient was always 15°C.
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Table III.

Moisture Content of Wheat and Rise of Wheat Temperature.

(A) Prescribed Temperature . . . 60°C.

Test No. 26 Test No. 38 Test No. 49
Moisture Content of Wheat | Moisture Content of Wheat | Moisture Content of Wheat
11.4% 13.4% 15.1%

Time of Temperature Time of Temperature Time of Temperature

Observation of Wheat Observation of Wheat Observation of Wheat
8:43 (30.0) 11:10 (30.0) 8:38 (30.0)
, 45 39.5 , 12 39.5 ., 40 41.3
, 50 44.6 ., 15 44.3 , 50 51.8
9:00 55.4 a 20 50.3 9:00 —
, 10 53.1 ,» 30 55.0 o 10 57.2
.15 59.0 JHp 57.9 , 40 59.6
» 20 59.8 , 45 59.7 ,, 44 60.2
- 60.0 12:00 60.0 = —

o (B) Prescribed Temperature . . . 80°C.

Test No. 29 Test No. 44 Test No. 45
Moisture Content of Wheat | Moisture Content of Wheat | Mojsture Content of Wheat
1142 13.4% 15.0%

Time of Temperature Time of Temperature Time of Temperature

Observation of Wheat '| Observation of Wheat Observation of Wheat
3:32 (30.0) 8:20 (30.0) 9:47 (30.0)
. 35 46.6 . 22 47.6 » 50 46.9
, 40 57.2 » 25 54.3 10: 00 60.0
» 50 66.7 » 35 67.8 A0 69.8
4:00 713 » 45 711 11:00 75.7
. 20 76.8 9:10 73.2 , 10 78.4
. 35 79.1 e 78.5 s 79.6
,» 39 80.0 49 80.0 » 15 80.0
Remurks: Diameter of wheat column in wire-netting 3 cm., the height of the

column 3 em.
Temperature gradient 10°C.

From the data shown in the tables I to IV, the following deduction can be
made. The data given in table I show in what manner the prescribed tempera-
ture to which wheat should attain affects the time required for heating the wheat.
In these tests the temperature gradient was 10°C. The quantity of wheat used
was approximately 20 c.c. which is a very small volume when it is compared with
the capacity of the oven. The tip of the thermocouple was at a depth of 1.5 cm.
‘below the upper surface and also 1.5 cm. from the lateral surface of wheat column
in the wire-netting. Since the moisture contained in the wheat evaporates gradu-
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Table IV.
Quantity of Wheat and Rise of Wheat Temperature.

Test No. 10 Test No.7 Test No. 20
Diameter.of Wire-Netting | Diameter of Wire-Netting | Diameter of Wire-Netting
3 cm. 6 cm. 6 cm.

Height of Wheat Column Height of Wheat Column Height of Wheat Column
3em. 3em. 6cm.

Moisture Content 11.22% Moisture Content 11.22 Moisture Content 11.42

Time of Temperature Time of Temperature Time of Temperature

Observation of Wheat Observation of Wheat Observation of Wheat
10: 20 (30.0) 4:20 (30.0) 9:25 (30.0)
w25 43.6 4 20 41.1 5. 80 32.2
. 30 50.4 ,» 30 44.1 , 40 38.1

» 35 55.9 . 35 49.0 , B0 4.7
,» 40 58.6 » 40 53.4 10: 00 48.8
» 45 59.6 » 45 56.8 % 10 53.8
2w 80 614 Ve gy 50 58.5 35 20 66.3
5: 00 59.4 , 30 58.0
A 60.1 . 40 58.8
» B0 60.1

Remarks: Prescribed temperature . . . 60°C,
Temperature gradient . . . . 15°C.
Tip of thermocouple was situated at the center of wheat in wire-netting.

ally when the wheat is heated, the latent heat for evaporation tends to cool the
wheat. The rate of evaporation differs according to the temperature in the oven
and also to the moisture content of wheat.

The duration of heating necessary for the required temperature increased as
the temperature to be attained was higher as is apparent from the data in table I,
but the rate of the increase in this duration of heating varied with the moisture
content of wheat. Thus, heating for 21 minutes was sufficient to heat wheat to
50°C. when the moisture content was 11.2 - 1149, while approximately TQ minutes
were required to heat the wheat of the same water content to 80°C. When the
water content of wheat was 13.4 - 13.6%, 21.56 minutes were required in an average
to reach 50°C., while 25.5 minutes were nécessary to attain to the same tempera-
ture when the moisture content was 15.0 -15.7%. Thus, the duration of heating
must be longer as the water content of the wheat is greater ; but, when the tem-
perature to be reached was 50°C., only a slight increase in duration of heating
was sufficient. However, when the prescribed temperature to which wheat should
attain was 60°C. or higher, the time required for heating must be increased
markedly with the increase in the moisture content of wheat. And the rate of
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this increase in the necessary duration of heating becomes greater with the rise of
temperature to which wheat should reach. This tendency is clearly shown in
figure 2 by the inclination of the curves which represent the relation of the
moisture content of wheat to the necessary duration of heating. When the tem-
perature to be reached was 80°C., the rate of

Fig. 2. increase in the duration of heating became

apparently somewhat smaller. The reason
_'é_" 8l .‘ i for this is probably as follows: since the
g ol quantity of wheat used for each test is very
=_ Ko small, the water contained in the wheat
.§§ NI P & ";z”’ rapidly decreases by evaporation before the
§§ g "".o' temperature of wheat attains to 80°C. Thus,
B 401 the cooling effect due to evaporation of
& : .. CSO' ______ water becomes rapidly smaller and disap-
E W e pears in a short time.
£ . The rise of wheat temperature during heat-
0 1 L 1 ing. The data in table IIT, (A) show the rise

11.0 13.0 15.0
of wheat temperature in a test in which the

height of the wheat column in the wire-
netting was about 3 cm., its diameter being
also about 3 cm., the temperature to be attained was 60°C. and the tempersature
grad‘i-ent was 10°C. This result is shown as a graph in figure 3. As is apparent
from table ITI and figure 3, the temperature of wheat at first rose very rapidly,
but the velocity of rising became gradually smaller and near the close of each test
the temperature of wheat changed very little. The rapid rise at the outset of
heating is obviously due to a g;eat difference of temperature between the wheat

Water Content of Wheat

(%

Fig. 3.
-~
-1
S 60 - g o AT g ™
(26 s

E Remark: Number in
58 50 7 (49) parentheses
Ho 7 38) is test num-
g A
= Ad ber.
g, 40 T
g
&

30 1 ] | ] 9 | |

0 10 20 30 40 50 60

Duration of Heating (Minutes)

and the oven, and the very small rate of rise near the close of each test is partly
due to the decrease of the temperature difference, but another cause is the cooling
effect due to the evaporation of moisture contained by the wheat. ‘As is apparent
from figure 3, the speed of rise of wheat temperature was very nearly equal at first
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for wheat samples of different moisture contents. However, after a certain high
temperature was attained, the temperature of wheat with larger moisture content
was always lower than that of the wheat with smaller moisture content. As a
consequence, the former needed longer time in attaining to the same temperature
than the latter.

The data in table III, (B) are the results of observations in a similar experi-
ment in which the temperature to be reached was 80°C. and the temperature of
the oven was 90°C. These results are shown in figure 4 graphically. Figure 4
shows that the manner of the rise of temperature of wheat was essentially the
same as in figure 3. The only difference is that it took longer time for wheat to
reach the prescribed temperature in the tests which are shown in figure 4.

> 80
g (29)
<~
g 5
=3 7 5 Remark: Number in
% 0r @ i parentheses
P ,’I is test num-
2 501 /) - ber.
& f
Bt
-]
(=5
g 40
5}
H
30 i | 1 | | | | I ]

0 10 20 30 40 50 60 70 80 90

Duration of Heating (Minutes)

Effect of the quantity of wheat on the rise of temperpture. The data in table IT
show the duration of heating which was required for wheat to reach to the
prescribed temperature when different quantities of wheat were used. The mois-
‘ture contents of wheat samples used in different tests were the same at the outset
of heating, and the temperature gradient was 15°C. in all the tests. In these tests
the diameter of wheat column in wire-netting was of two kinds : namely, 8 and 6
centimers, and the height of the column varied with the quantity of wheat used.

From the data in table II, the following deductions may be made. As might
be expected, the time required for heating becomes longer as the quantity of
~ wheat used becomes larger. Since in tests 1 and 3 the height of wheat column
was only 1.8 cm. and the tip of thermocouple was only 3 mm. above the cork disc,
these two tests will be excluded from consideration. In tests 2, 4 and 5 the
prescribed temperature to which wheat should reach was 60°C., the thickness of
wheat layer was at least 8 cm. and the tip of thermocouple was situated at least
L5 cm. above the bottom of wheat layer. The ratio of the quantity of wheat in
these three tests was 1:4:8. Now, taking this ratio on the abscissa and the
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duration of heating on the ordinates, we obtain figure 5. This figure indicates
that the three points representing the time required for heating lie almost on
a straight line, which shows that the
Fig. b. time of heating is proportional to
‘ the quantity of wheat.
801 The data in table IV show how
the rise of wheat temperature is
60 affected by the quantity of wheat.
By plotting these data we obtain
the curves shown in figure 6, which
represent the relation of wheat tem-
perature to the duration of heating.
According to figure 6, in test No. 10
phoar B is g idad in which diameter of wheat column
O C TR SRR and height are both 3 em. the rise
of wheat temperature is very rapid in
the beginning and the velocity of
rise is greater than the rate of increase in the duration of heating. As a result
the curve b ‘comes concave on the lower side.

Time required for Heating
(Minutes)

Ratio of Volume of Wheat used

Fig. 6.

o) (7)
eoL a; -

Temperature of Wheat
(°C)

) 10 20 30 40 50 60 70 80
Duration of Heating (Minutes)

Remark: Number in parentheses is test number.

In test No.20 where the diameter of wheat columin and its height are both
6 cm., the rise of wheat temperature is at first gradual and almost proportional to
the increase of dufation of heating. As a result the curve showing the relation of
wheat temperature to the duration of heating becomes almost a straight line for
the former half of the duration of heating.

Summary and Conclusion..

Rise of temperature of a small quantity of wheat placed in a small wire-net
cylinder and heated in a constant temperature oven was studied, Under such
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conditions the moisture contained in wheat evaporates when the temperature of
wheat rises and tends to slow down the speed of the rise of wheat temperature.

The velocity of rise of wheat temperature is affected by the quantity of
wheat, the moisture content of wheat and the difference between the temperature
to which wheat is required to reach and that of the oven.

When the cylinder of wire-netting 3 cm. in diameter was filled with wheat of
11% moisture content to a depth of 3cm. and the difference between the tem-
perature of the oven and that to which wheat should reach was 10°, it took about
21 minutes for the wheat to reach 50°C,, and about 44 minutes to reach 60°C.

When the prescribed temperature to be attained by wheat was 50°C., the
increase of moisture content of wheat from 11% to 15% did not much affect
the time required for heating. But, when we want to heat wheat up to 60°C., the
increage in moisture content markedly prolonged the duration of heating. The
velocity of rise of wheat temperature was not much affected by moisture content
for a short while after the outset of heating, but, after a temperature of about
50°C. was reached, the rise of wheat temperature hecame much slower in the
wheat with greater amount of moisturg than in the wheat with smaller moisture
content.

The quantity of wheat markedly affects the rise of wheat temperature. In
the writer's experiment, it/ took about 20 minutes to heat the wheat with 11%
moisture content up to 60°C. when the quantity (volume of wheat in wire-netting
in this case) of wheat was 8cm. in diameter by 3cm. in height and the tem-
perature gradient wad 16°C., while it took about 85 minutes when the volume of
wheat was 6 cm. in diameter and also 6 cm. in height.

The duration of heating necessary to raise the temperature of wheat to a
certain desired temperature seemed to be proportional to the quantity of wheat so
far as the quantity of wheat is such a small amount as used in the writer’s
experiment.

Since the purpose of the present experiment was primarily to obtained data
which could be compared with the results of the experiment which the writer had
conducted previously to kill the Angoumois grain-moth infesting wheat, the
experiment was conducted on a very small scale. Therefore, the present experi-
ment can not be directly compared with the artificial drying of grains on a
practical scale.
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