
TEMPERATURES IN GRAIN BINS

INTRODUCTION

Western Canadian farmers are now
storing most of their harvested grain
for one or more years. Losses in stored
grain can be caused by the growth
of insects, mites and fungi. These
losses can be reduced by lowering the
temperature of the stored grain
(Sinha, 1964; Sinha, 1963; Sinha, et
al, 1962; Wallace, et al, 1962). to
design and evaluate methods of re
ducing the temperature in grain bins
it is necessary to predict the temper
atures in typical farm grain bins.

Babbitt (1945) predicted the temp
eratures in a semi-infinite grain bulk
with one-dimensional heat flow using
an analytical method. Some of the as
sumptions required in this method
were: (1) the grain bulk is initially
at a constant temperature through
out, (2) the outside temperature is a
harmonic function of time, and (3)
thermal properties of the grain are
constant. To overcome the limitations
imposed by these assumptions, the
possibility of using the method of
finite differences to predict grain
temperatures was investigated. Using
the method of Dusinberre (1961)
prediction equations were developed
for a cylindrical grain bin, one of the
most common bin shapes on Western
Canadian farms. Predicted tempera
tures are compared to temperatures
measured hourly for eight months in
a 450 bushel plywood grain bin.

DEVELOPMENT OF

PREDICTION EQUATIONS

Insects, mites and fungi usually de
velop initially near the centre of a
grain bulk where the grain cools the
least during the winter. Therefore,
the prediction equations were de
veloped for the horizontal plane
through the centre of a cylindrical
grain bin. Based on the measure
ments of Babbitt (1945) convective
heat transfer was assumed negligible
compared to conductive heat transfer.
It was assumed that the temperatures
throughout the bin were symmetrical
about the vertical axis and that heat
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flow was only in the radial direction.
The grain was assumed to be free of
insects and fungal growth. Since in
sects and fungi are the main sources
of heat generation in grain bulks
(Christensen, et al, 1969) heat gen
eration was assumed to be negligible.

A sector of the cylindrical bin is
considered, which has an angle be
tween the radii of one radian and a
depth of one unit (Figure 1). The
sector is (Jivided into a finite number
of concentric partial rings of equal
radial distance, Ar, except for the
centre and outside rings which are
one-half the radial distance.

The conductive heat transfer be
tween any two spatial increments is
calculated by the general equation:

K A (el- (1)

where K = thermal conductivity of
the grain, Btu — ft/hr
_ ft2 _ °p,

A = cross-sectionial area, per
pendicular to the direc
tion of heat flow, ft2,

AT = temperature gradient
Ar along the direction of

heat flow, °F/ft,

Centre of

Grain Bin

q = rate of heat flow,
Btu/hr.

Substituting in equation 1, the total
rate of heat flow qn into a spatial
increment n, is:

qn =K(nAr +^|) A6Az

At

fTn+1 - Tnl
I Air—J +

K(nAr- *f) AGAz f^1^ T") (2)

where n = number of spatial incre
ment,

Ar = length of radius incre
ment, ft.

A0 = angle between radii of
sector = 1 radian

Az = depth of sector, mea
sured along the vertical
axis of the cylinder =
1 ft.

The rate of change in heat energy
contained in spatial increment, n, is
calculated by the equation:

Q = Vpc (Tn - Tn)
(3)

where Q == Change in heat energy
in the increment,
Btu/hr,

Outside
Air

Outside Wall
of Grain Bin

Figure 1. A sector of the grain bin
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V

p

c

At

(Tn-1 " T„)

volume of element, ft3,

density of grain, lb./ft3,

specific heat of grain,
Btu/lb — °F,

time increment between
successive temperature
calculations, hours,

Tn = temperature of spatial
increment n, at time t,
°F,

Tn' = temperature of spatial
increment n, at time
T + At, °F

The heat balance equation for spatial
increment n, can now be written by
setting the total rate of heat flow into
the increment, equation 2, equal to
the rate of change in heat energy con
tained in the increment, equation 3,
and simplifying:

K(n + j) (Tn+1 " Tn) + K(n - h)
nAr2pc

At
(4)

Equation 4 is solved for Tn:

qc = h(NArA6Az) (Ta - TN) — (8)

where qc = rate of convective heat
transfer to the surface
of the bin, Btu/hr,

h = convective heat trans
fer coefficient, Btu/hr
_ ft2 _ °F,

N = radius of bin divided
by size of spatial incre
ment,

Ta = temperature of ambient
air outside bin,v °F,

TN =- temperature of spatial
increment, N, °F.

Writing the heat balance equation for
spatial increment N, and solving for
the temperature at time t -f- At:

tn =
8NB

(4N-1)M

8NB 8N-4

T + I 8N-4 |
a T I(4N-1)M N-l

i - gi"a _ aara i T (9)
(4N-1)M (4N-DHJ iN

where B is the dimsensionless Biot
number:

is released by the freezing of the
moisture in the grain at some given
temperature range, then an apparent
specific heat is used in the prediction
equation for each spatial increment as
it passes through that temperature
range. The apparent specific heat is
calculated by:

when

c'
I

AT'

SL =

apparent specific heat,
Btu/lb. — °F,

latent heat of fusion,
Btu/lb. of grain,

temperature range
through which latent
heat of fusion is re
leased, °F,

true specific heat of the
grain through the tem
perature range, AT'.

AT' =

c =

ln { 2nM J T"+l + { 2nM J Tn-1 B * — (10)

EXPERIMENTAL GRAIN BIN

Temperatures were measured, with
24-gauge copper-constantan thermo
couples, at 36 locations in a circular
plywood bin, from December 2, 1968
to July 21, 1969. The bin, which had
a wooden floor, was 9.5 feet in dia
meter and 8 feet high. Bin tempera
tures reported in this paper were re
corded hourly by a Honeywell strip-
chart recorder (accuracy ± 1°F) and
were taken along the east-west dia
meter of the bin, four feet above the
floor. Surface temperatures were mea
sured using thermocouples located at
the interface between the grain and
the plywood wall. Except for the
single thermocouple at the centre of
the bin reported temperatures are an
average of the two thermocouples
located one on either side of the bin.
Outside temperatures were obtained
from a Canada Department of Trans
port Meteorological Station eight
miles from the grain bin.

The bin contained 450 bushels of
No. 4 Northern grade wheat. Grain
samples were taken at ten locations
throughout the bin when the bin was
unloaded in August, 1969. Average
density was 45 Ib./ff (56 lb/bu) and
average moisture content was 11.4%
(wet basis). Fungal counts indicated
that there was very little fungal
growth in the grain which might be
contributing to heat generation in the
bin.

i-i T„—- (5)

where the dimensionless modulus, M,
is defined by:
„ _ cp(Ar) 2

KAt
(6)

It is seen from equation 5 that the
temperature Tn at time t -f- At is
equal to a weighted average of the
initial temperatures of the space in
crement, n, and the adjacent space
increments.

For the central space increment, 0,
the development of the temperature
prediction equation is similar to that
above except there is heat flow
through only the outer face of the
spatial increment. The equation is:

•s - (*) '"J (7)

In developing the equation for the
outside surface increment it was as
sumed that the bin wall had neglig
ible heat capacity and infinite ther
mal conductivity. The heat flow
across the outside surface of the bin
was considered to be only convective
and was calculated by:
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The temperature at the end of each
finite time increment is calculated for
every spatial increment using the
temperatures calculated for the end
of the previous time increment. Rate
of heat flow is assumed constant
throughout any given time increment,
that is, temperatures of the increment
change by a step function at the end
of each time increment. The error is
small if either the time increment or
the rate of change of the temperature
is small. Size of the time and space
increments must also be chosen so
that the coefficients of equations 5, 7
and 9 are greater than zero, or else
the equations become unstable. Cal
culations are best done with a digital
computer because of the large num
ber of separate calculations that must
be done.

In the results presented in this
paper, the thermal properties of the
grain were assumed to be constant.
If thermal properties vary with tem
perature or location in the bin, then,
for each time increment, different
values can be substituted into the pre
diction equations for each spatial in
crement according to its location and
temperature. If latent heat of fusion
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RESULTS AND DISCUSSION
Preliminary temperature predic

tions using the equations developed
above indicated that increasing the
size of the spatial increments from
0.24 feet to 0.95 feet and increasing
the time increment from 0.05 hours to
1.0 hour had negligible effect on pre
dicted temperatures but reduced com
puter time to one-sixth. Long term
temperature predictions, except for
the surface, were the same using
either hourly outside temperatures or
the daily mean outside temperature
(average of daily maximum and min
imum temperature).
Predicted temperatures were in close
agreement with measured tempera
tures at all distances from the wall
except at the wall (Figures 2, 3 and
4). At the centre of the bin predicted
and measured minimum temperatures
were within 3°F and occurred at the
same time, two months after the out
side temperature reached a minimum.
The grain bulk warmed up faster in
the spring than predicted. During
mid-afternoon measured surface tem
peratures were often higher than
either the outside temperature or the
predicted surface temperature. These
differences were probably caused by
solar radiation which was not taken
into account in the prediction equa
tions. Surface temperatures follow the
diurnal variation of outside tempera
tures. At 0.5 feet from the wall the
diurnal variation was approximately
1°F (Figure 4).

Except where otherwise noted the
thermal properties used in the predic
tion equations are those given by
Moote (1952) for wheat with mois
ture content of 10.9% and density
of 51.2 lb/ft3. These values are ther
mal conductivity — 0.0918 Btu —
ft/hr — ft — °F and specific heat —
0.44 Btu/lb — °F. Predicted temper
atures were affected only slightly by
substituting the thermal properties
found by Babbitt (1945) (thermal
conductivity = 0.0872 Btu — ft/hr
_ ft2 _ °p, specific heat _ 037
Btu/lb — °F) (Figure 3). Since
both Moote and Babbitt conducted
their tests at temperatures above
80°F the thermal properties of wheat
at low temperatures may differ some
what from those used in the predic
tion equations.

There appears to be no temperature
at which latent heat of fusion is re
leased by freezing of the water in
the grain. In all the curves of mea-
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Figure 2. Predicted and measured temperatures at centre of grain bin
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Figure 3. Predicted and measured temperatures 1.9 ft. from wall of grain bii
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sured temperatures there is no dis-
cernable leveling out of the curve at
a freezing temperature. If the mois
ture in the grain froze at 32°F re
leasing latent heat equal to 16.4
Btu/lb of grain, then the predicted
temperature curve shown in Figure
2 would result which is significantly
different from the measured temper
ature curve. Work is now in progress
to determine the thermal properties
of wheat and other grains at low tem
peratures.

The prediction equations develop
ed in this paper could be used for
most cylindrical bins containing dry
grain. For grain bins which have a
high diameter to height ratio, the pre
diction equations probably will not be
applicable since vertical heat flow
would become important. Further
work is now in progress to develop
prediction equations for two-dimen
sional heat flow. Temperatures in
steel bins probably will follow the
predicted temperatures more closely
than temperatures in wooden bins
since the solar radiation absorptivity
for steel is less than for wood. When
applying the prediction equations to
cylindrical concrete bins, the size of
the surface spatial increments can be
chosen to correspond to the thickness
of the concrete wall. Specific heat
and thermal conductivity of the con
crete can be substituted into the pre
diction equations for the outside spa
tial increments.

CONCLUSIONS

Measured temperatures at the
centre of a 450 bushel grain bin were
in close agreement with those pre
dicted by equations developed using
the method of finite differences. It
appears that these equations can be
used to predict temperatures in circu
lar grain bins of other sizes provided
the grain is dry. The method has the
following advantages:

(a) initial temperatures in the bin do
not have to be assumed uniform
from the wall to the centre of the
bin, since measured temperatures
across the bin can be used in the
calculations.

(b) Outside temperature can vary
according to any function of
time.

(c) Thermal properties of the grain
can be any function of tempera
ture and location in the bin.

24

40

OUTSIDE AIR TEMPERATURE

PREDICTED SURFACE TEMPERATURE
MEASURED SURFACE TEMPERATURE

PREDICTED TEMPERATURE 6" FROM WALL
MEASURED TEMPERATURE 6" FROM WALL

PREDICTED TEMPERATURE 12" FROM WALL
MEASURED TEMPERATURE 12" FROM WALL

30

20

UJ
or

or
UJ
o.

UJ
10

DEC. 2 DEC. 3 DEC. 4 DEC. 5 DEC. 6 DEC. 7 DEC. 8

TIME

Figure 4. Predicted and measured temperatures showing diurnal variation

(d) Latent heat of fusion can be
taken into account in the calcu
lations.

The prediction equations presented
here do not take into account solar
radiation, vertical heat flow in the
bin and heat generated by insects,
mites and fungi.

SUMMARY

Equations based on the method of
finite differences are developed for
predicting the temperature at the
centre of a cylindrical grain bin. Heat
flow was assumed to occur only in the
radial direction. Predicted tempera
tures were in close agreement with
those measured in a 450 bushel ply
wood grain bin over an eight month
period. The predicted minimum tem
perature at the centre of the bin was
within 3°F of the measured value and
occurred at the same time. The
method takes into account variations
in the initial grain temperatures, the
outside temperature, and the thermal
properties of the grain.
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