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INTRODUCTION

Ventilation or aeration of grain bulks
with ambient air at flow rates of 0.5-1.0
m3 min-1 ton-1 cools the grain to a
uniform temperature (4). Moisture migra
tion is reduced because the temperature
gradients are lower in aerated grain bulks.
By lowering the grain temperature and
reducing moisture accumulation, aeration
decreases the probability of the occur
rence in the grain bulk of niches suitable
for the growth of grain storage pests.

Ventilation of grain bulks with ambi
ent air or slightly heated air at flow rates
of 1.0-2.0 m min-1 ton-1 can be used
to dry grain (9). Low-temperature drying
has a number of advantages over high-
temperature drying:a (a) equipment is
less costly; (b) energy requirements are
lower; and (c) kernel damage during
drying and handling is lower. But grain
spoilage can occur during low-tempera
ture drying if the system is not managed
carefully.

Because of the apparent advantages of
ventilating grain bulks, a research project
was initiated to design optimum aeration
and low-temperature drying systems for
the preservation of cereal grains and
oilseeds for the different climatic zones
of Canada. One of the least expensive and
most versatile (although not the most
accurate) methods of comparing the
performance of different systems is to
carry out computer simulations of the
systems. The accuracy of the simulations

Ekstrom, N. 1972. Drying with cold and
slightly heated air (temperatures normally
below 40°C). Paper presented at Sympos
ium on Mechanization of Grain Harvesting,
Processing and Handling after Harvest.
20-27 November 1972. Moscow, U.S.S.R. 9
pp.

can be improved by comparing simulation
results with experimental results. This
paper presents the development and
initial testing of a simulation model of
the ventilation of bulks of wheat and
rapeseed. Wheat and rapeseed were
chosen because they are the main cereal
and oilseed crops grown in the Canadian
Prairie Provinces and their thermal and
hygroscopic properties are quite differ
ent.

DESCRIPTION OF MODEL

thesis of the first author.b A copy of
the computer programme can be
obtained from us. Only the modi
fications necessary to the model are
explained below.

Properties of Wheat

To calculate the relationship among
relative humidity of the air, temperature,
and equilibrium moisture content of
wheat, the following equation of Othmer
and Huang (7) was used:

RHe =Exp [(L/Ls) Ln(2.04816 ?s) +c]
2.04816 ?s

where

RHe

L

(1)

relative humidity of air that is in
equilibrium with the grain, a
decimal fraction;
latent heat of vaporization of
water in grain, kcal kg ;
latent heat of vaporization of
free water, kcal kg-1;
saturation vapour pressure,
g cm-2; and
a constant.

The ratio (L/Lj) for wheat was cal
culated using the equation given by
Gallaher (2):

L/Ls =1+23 Exp(- 0.40 M) (2)

where

M moisture content of grain, % dry
basis; and C was calculated using
the equation given by Suther
land et al. (11):

C = - 3.34 X 104M -4.0 (3)
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Model Choice

By analyzing weather data at Saska
toon and Prince Albert, Saskatchewan,
Moysey (5) and Moysey and Wilde (6)
concluded that tough and damp grain can
be cooled and dried by ventilation with
ambient air. Such studies of weather data
indicate the expected drying and cooling
potential of ambient or slightly heated air
but do not define performance of a
low-temperature drying system under a
given set of conditions. Neither the time
required for drying, nor expected mois
ture content, nor temperatures are
defined in an analysis of weather data. To
accomplish this, computer programmes
have been developed to simulate heat and
mass transfer during the ventilation of
grain bulks. Simulation models can be
used to determine the effects on the
ventilation system of many variables
including depth of grain, initial moisture
content of the grain, thermal and
hygroscopic properties of the grain, and
temperature and relative humidity of the
supplied air.

Bloome and Shove (1) developed a
simulation model, based on the finite
difference method, for ventilating corn.
We considered this model precise enough
to meet the objectives of our research
project. A complete description of the
model is not presented here because it is
available in a paper published by Bloome
and Shove (1) and is also available in the

Sharma, S.C. 1973. Simulation of heat
and mass transfer during aeration of
wheat and rapeseed bulks. Unpublished
M.Sc. Thesis, University of Manitoba,
Winnipeg, Man. 105 pp.

41
CANADIAN AGRICULTURAL ENGINEERING, VOL. 16,NO. 1,JUNE 1974



Both equations 2 and 3 were developed
from the equilibrium moisture content
measurements of Gay (3).

The specific heat of hard red spring
wheat was calculated using the relation
ship determined by Viravanichaic for the
temperature range 8.9-21.8°C:

Test

no.

1

2

3(a)
3(b)
4

TABLE I CONDITIONS OF EXPERIMENTAL TEST

Initial condition of grain

Moisture

Temperature content Temperature
(°C) (% dry basis) (°C)Grain

Wheat

Wheat

Wheat

Wheat

Rapeseed

28.3

24.0

22.0

22.0

23.6

24.2

25.4

19.2

19.2

17.1

Condition of ventilating air

25.0

24.2

23.1

23.1

25.0

Relative Air

midity velocity V
(%) (m min-1) (°C)

72 2.44 21.9
77 2.44 21.7

58 2.44 19.4

58 4.36 19.4

55 2.44 19.7

Cpw =0.273 + 0.0093M (4)

where

^pw : specific heat of wheat, kcal
kg"1 C"1.

Te is the initial equilibrium temperature of the air and grain assuming that the conditions of the
air follow a wet-bulbprocessuntil the vapour pressuresof the air and grain are equal.

Properties of Rapeseed

Strohman and Yoerger (10) developed
the following equation for equilibrium
relative humidity of a hygroscopic materi
al by utilizing the linear form of the
Othmer plots (7):

pipe. The outer cylinder was an asbestos
and portland cement sewerpipe with a
20-cm inside diam. The inside wall of the
outer cylinder was lined with
0.254-mm-thick polyethylene to prevent
moisture transfer between grain and
cylinder wall. The outer pipe was
wrapped with a 6.25-cm layer of
fiberglass insulation.

The materials for the pipes were
chosen with low thermal conductivities to
reduce heat transfer along the pipes that
would affect the expected vertical tem
perature gradient in the grain. The outer
concentric cylinder of grain, which was
ventilated at the same rate and with the
same air as the inner observation pipe,
was designed to act as a guard-ring
between the observation pipe and the
laboratory room. Heat transferred
through the insulation mainly affected
the temperature gradient in the outer
pipe, with little effect on the inner
observation pipe.b

Air, conditioned in an environ
mental chamber, was pulled through the
grain columns with a centrifugal blower.
The flow of air through each column was
measured with a Brooks Model 1110
glass-tube flowmeter. The accuracy of the
flowmeters according to the manufactur
er was ±0.00125 m3 min-1.

Temperatures were measured along the
centreline of observation pipe at 10.2-cm
vertical intervals with 0.508-mm diam
copper-constantan thermocouples. The
temperatures were recorded by a multi
point recorder with 0.28°C (0.5°F)
graduations. Relative humidity of the
entering air was measured with a sling
psychrometer in the environmental cham
ber. The mercury-in-glass thermometers
on the psychrometer had 0.56°C (1°F)
graduations.

At the end of each test, samples were
taken with a 1.3-cm diam probe through
sampling holes drilled in the observation
pipe at 10.2-cm intervals along the pipe.
Moisture content was determined by

POLYETHYLENE -
LINING

"AIR SUCTION

-LEVEL OF GRAIN

-THERMOCOUPLES

RHe=Exp[fl^MLn(ps)+cetfMj (5)

where a, b, c and d are constants. The
constants were determined for rapeseed
by using the equilibrium moisture con
tent data of Pichler (8). For rapeseed, the
equation becomes:

RHe =Exp [0.2772 e~0'1087M Ln (Ps)
-2.1050e-°118oM] (6)

The following regression equation for
specific heat of rapeseed was developed
from the data of Smalld for the
temperature range 10.2-20.6°C:

Cpr =0.333 + 0.0049M

where

(7)

Cpr = specific heat of rapeseed, kcal
kg-1 C_1.

EXPERIMENTAL EQUIPMENT AND
PROCEDURE

To test the simulation model, experi
mental tests were carried out on labora
tory equipment. Grain was aerated in
four columns, each consisting of two
concentric cylinders (Figure 1). The inner
cylinder was a 10.2-cm diam ABS plastic

c Viravanichai, S. 1971. Effect of moisture
content and temperature on specific heat of
wheat. UnpublishedM.Sc. Thesis,University
of Manitoba, Winnipeg, Man. 52 pp.

d Small, D.D. 1972. Effect of moisture
content and temperature on the specific
heat of rapeseed. Unpublished B.Sc. Thesis,
University of Manitoba, Winnipeg, Man. 22
PP-
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Figure 1. Experimental ventilation column.

oven-drying whole-kernel samples at
130°Cfor 19 h.

The drybulb temperatures and relative
humidities of the air for the experimental
tests (Table I) were selected as represen
tative of atmospheric conditions for
southern Manitoba at harvest time. The
chosen relative humidity of the air was
less than the initial equilibrium relative
humidity of the grain, so that drying
occurred in every test.

The apparent air velocities through the
grain (i.e., air velocities through the
empty column) were selected on the basis
of the previous work on aeration by
Sutherland et al. (11), Bloome and Shove
(1) and Alam.e

e Alam, A. 1972. Simulated drying of
soybeans. Unpublished Ph.D. Thesis, Univer
sity of Illinois,Urbana, Illinois. 201 pp.
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m • • AIR VELOCITY 2.44 m min

O-O--O AIR VELOCITY 4.36 mmin-1
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DISTANCE OF AIR TRAVEL THROUGH WHEAT, cm

Figure2. Measure temperature of wheat
during early hours of ventilation
in test 3 (initial moisture content
of wheat, 19.2%; air temperature,
23.1°C; and relative humidity,
58%).

In all experimental tests, two replica
tions were carried out. In test 2, after 90
h of aeration, one of the two grain
columns was unloaded to obtain grain
samples for moisture content determina
tion. The remaining grain column was
unloaded after 144 h of aeration. In the
other tests, the two columns were
sampled at the same time.

RESULTS AND DISCUSSION

Temperature

When the vapour pressure of the
ventilating air was below the vapour
pressure of the moisture in the grain, the
measured temperature of the grain
dropped rapidly during the early hours of
ventilation to a temperature below the
initial temperatures of the grain and air
(Figure 2). As was expected, conditions
of the air approximately follow a
constant wet-bulb process until the
vapour pressure of the air comes into
equilibrium with that of the grain. During
the initial ventilation a wet-bulb process
is not followed exactly because sensible
heat is transferred between the grain and
air to bring the grain to the equilibrium
air temperature. Because the heat of
desorption of the bound water in the
grain is greater than the heat of
evaporation of free water, the enthalpy of
the outgoing air is less than the incoming
air during the remaining ventilation time.
Therefore, equilibrium will occur at a
lower dry bulb temperature because some
heat energy from the air is being absorbed
by the grain. This difference should be in
the order of about 0.1°C at moisture
contents of 20% and therefore can
normally be neglected. The effect will
increase as the moisture content is
reduced because the ratio of heat of
desorption to heat of evaporation of free
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Figure 3. Temperature of wheat after 75 h
of ventilation in test 3 (initial
temperature of wheat, 22.0°C;
initial moisture content of wheat,
19.2%; air temperature, 23.1°C;
and relative humidity, 58%).

water, L/L5, increases. For example, in
test 3 the measured temperature (19.0°C)
of the grain after the initial hours of
aeration was slightly lower than the
expected value of 19.4°C. Both tempera
tures were above the wet bulb tempera
ture (17.0°C) of the incoming air.

In applying the simulation model, it
was assumed that the conditions of the
air followed a constant wet-bulb process
to the point where the vapour pressure of
the air was equal to that of the grain. This
process was plotted on a psychrometric
chart for each set of experimental
conditions to obtain the expected dry
bulb temperature, Te, of the air leaving
the grain column. Because the length of
time required for the grain to come to the
temperature Te is small compared to the
total ventilation time, it was assumed that
this occurred instantaneously at the start
of ventilation.

The predicted temperatures were
closer to the measured temperatures
when the initial temperature of the grain
in the simulation model was set equal to
le instead of the measured initial
temperature (Figure 3). Because the
simulated and measured temperatures are
relatively close, the simulation method
could be used to compare the cooling
performance of different ventilation
systems under conditions similar to the
test conditions.

Moisture Content

At the bottom of the ventilated
column of grain where the grain had
nearly come into equilibrium with the
incoming air, the simulated moisture
contents were lower than the measured
ones in all tests (Figure 4, 5, and 6). This
difference was probably due mainly to
errors in the relative humidity measure-
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Figure 5. Moisture content of wheat after
90 and 144 h of ventilation in test
2 (initial temperature of wheat,
24.0°C; initial moisture content
of wheat, 25.4%; air temperature,
24.2°C; and relative humidity,
77%).

ment. The equilibrium moisture content
relationships for the certified No. 1
Neepawa seed wheat used in these tests
may not be the same as those for the
Australian wheat used by Gay (3). These
possible differences would cause differ
ences between the measured and pre
dicted moisture contents.

The observed drying zone tended to be
wider than the simulated drying zone,
which indicates that moisture equilibrium
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Figure 6. Moisture content of rapeseed
after 75 h of ventilation in test 4

(initial temperature of rapeseed,
23.6°C; initial moisture content
of rapeseed, 17.1%; air tempera
ture, 25°C; and relative humidity,
55%).

between the grain and air is not reached
as rapidly as assumed. This deviation is
more pronounced when the air velocity is
increased (Figure 4).

Above the drying zone, the measured
moisture contents indicate that some
wetting occurred (Figure 4, 5, and 6).
Apparently, the simulation programme
does not predict this wetting, because in
all tests the predicted moisture contents
in this zone are below the measured ones.

In the practical application of the
simulation programme, an engineer would
want to predict the location of the drying
front after any given time period. It was
assumed that the drying front is located
where the moisture content is within 0.5
percentage units of the final measured or
simulated moisture content. Thus in test
3, the simulated drying front was within
3.0 cm of the measured one for an air

velocity of 2.44 m/min" _1, and within 7.1
cm for an air velocity of 4.36m/min~~1.

CONCLUSION

A computer simulation programme
based on the finite difference method can
adequately predict heat and mass transfer
in ventilated bulks of wheat and rapeseed
within the ranges of moisture content and
temperature of the available equilibrium
moisture content data.

SUMMARY

The ventilation of grain bulks with am
bient air or slightly heated air can be used
to reduce the possibility of grain deterior
ation and may be less expensive than
other methods of controlling deteriora
tion. A research project was initiated to
design optimum aeration and low-temper
ature drying systems for the preservation
of cereal grains and oilseeds for the differ
ent climatic zones of Canada. This paper
presents the development of a simulation
model, based on the finite difference
method, of the ventilation of bulks of
wheat and rapeseed. The computer simu
lation model adequately predicted the
heat and mass transfer in small columns
of wheat (19.2 and 25.4 percent moisture
content, dry basis) and rapeseed (17.1
percent moisture content, dry basis),
which were ventilated in the laboratory at
near-room temperatures.
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