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1983. Finite element modelling of carbon dioxide diffusion in stored

Incipient deterioration of storedgrain may be detected by measuring the carbon dioxide (C02) producedby spoilage
organisms in the grain. Using a finite element model the diffusion of C02 from a pocket of spoiled wheat located at
three depths along the central axis (viz. 0.3 m, 2.0 m and 4.3 m from the top surface of the wheat bulk) in the absence
of thermal- and gravity-induced movement has been predicted for permeable and impermeable bin walls. The most
suitable location for the sensing device is the center of the spoilage pocket and the resolution of the detector should be
at least 8 g-m-3 (0.4%) to detect spoilage. In the absence of priorknowledge of the location of potential deterioration
a sensor capable of detecting C02 levels of 2 g-m"3 (0.1%) should be located near the center of the bin. Resolution of
this level or lower can be obtained with simple C02 detectors.

INTRODUCTION

Over 90 Mtonne of grain and oilseeds
— worth about 7 billion dollars — are
stored annually in elevators and on farms
in Canada(Anonymous 1982).Generally,
littleor no equipment is used to detectany
loss in quality or quantity of this stored
food caused by the activity of various
biotic agents. The most commonly em
ployed monitoring system for grain bulks
is the point measurement of temperature.
In principle, the detection of metabolic
heat produced by harmful organisms is a
sound procedure because the existence of
a hot spot in a grain bulk indicates that the
grain in the affected area is in an advanced
stage of decay. However, because of the
low thermal diffusivity of bulk grain a sin
gle temperature measurement must be
within about 0.5 m of an active spoilage
spot to detect the spoilage (Sinha and Wal
lace 1965).Measuredtemperaturescannot
be readily interpreted without the temper
ature history of the stored grain. As an
example, temperature of 35°C in a large
bin in mid-winter may mean that there is
an active hot spot or that the grain has not
yet cooled at the center of the bin (Yaciuk
et al. 1975).

Olfactory sensing of a mouldy odor is
a methodfrequently used by elevator man
agers to detect spoiled rapeseed; but the
managers report that considerable spoil
ageoccurs before it can be detected by this
method (Mills 1976).Consequently, there
is a need for a better monitoring system
that can be used to warn the storage man
ager or farmer when his stored product
begins to undergo unacceptable deterio
ration.

Previous work (Muir et al. 1980a) has
shown that in grain bulks intergranular

carbon dioxide (C02) concentrations
above ambient atmospheric level (0.03%)
can be indicators of the activity and res
piration of grain storage pests, viz. micro
organisms, insects and mites. The meas
ured C02 concentrations can be readily
compared with the C02 level in ambient
air which can be used as a standard, thus
eliminating the need for knowledge of the
storage history to interpret the readings.
Using this principle a project to develop a
scientifically valid and commercially fea
sible monitoring system to detect deteri
oration of cereal grain and oilseeds during
storage in large bulks was undertaken.

Rates of production of C02 in wheat
and rapeseed at different temperatures and
moisture contents (White et al. 1982a, b)
and diffusion properties of C02 through
wheat and rapeseed (Singh et al. 1983)
have been studied to provide the basic data
required for implementation of this con
cept. Currently, rates of diffusion of C02
through and out of large bulks of cereals
and oilseeds stored in various types and
sizes of bins are being measured in farm
granaries to provide in-the-field confir
mation. The objectives of this report are
(1) to describe the use of a finite element
model for predicting the required instru
ment resolution and the most suitable bin

location for a spoilage-sensing device; and
(2) to compare the concentration levels
which can be monitored by available in
struments with the requirements deter
mined above.

ASSUMPTIONS AND LIMITS OF
MATHEMATICAL MODEL

Carbon dioxide produced by a pocket
of deteriorating grain can move from that
pocket by mass movement of the inter
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granular air and by diffusion. Preliminary
analysis of incomplete results being meas
ured in 47 farm bins of 35- to 3000-m3
capacity suggests that wind maycause sig
nificant movement of the intergranular
air. But in bins containing deteriorating
grain, levels of C02 concentration higher
than that in ambient air can be detected
(Muir et al. 1980a). The location of the
C02 sampling point must be chosen as
suming no wind because the wind effect
changes with the unpredictable wind di
rection. Free convection currents estab
lished in the grain bulk because of tem
perature gradients appear to be negligible
(Muir et al. 1980b).

The diffusion of C02 from a pocket of
deteriorating grain was assumed to be mo
delled by Fick's second law of diffusion
(Jost 1960). Biological activity of the
grain surrounding the pocket was assumed
to be negligible and thus not generating
C02. The surrounding grain mass was
considered homogeneous with a constant
C02 diffusivity independent of direction
and force of gravity (Singh et al. 1983).

The grain absorbs C02 from the air until
it comes into equilibrium with the C02
concentration in the intergranular air. The
C02 concentrations in the intergranular air
are predicted for the steady state condi
tions developed after the absorbed C02
comes into equilibrium with the C02 in the
intergranular air. Based on a straight-line
interpolation of the data of Yamamoto and
Mitsuda (1980) equilibrium could be
reached in about 3-6 days after initiation
of deterioration.

The diffusion of C02 in a circular steel
bin with a concrete floor, 6 m in diameter
and filled to a height of 4.6 m with wheat
was modelled mathematically. The mois-
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ture content of the wheat was assumed to

be 13% wet mass basis and the C02 dif
fusion coefficient was set at 0.0373 cm2/

sec (Singh et al. 1983; Singh 1982).
The concrete floor of the bin was as

sumed to be impermeable to the diffusing
carbon dioxide gas thus resulting in the
homogeneous boundary condition dc/dn
= 0 (as in Neuman and Narasimhan
(1977), Narasimhan et al. (1977)). As a
consequence of assuming no variation in
the C02 concentration with the angle 6,
i.e. around the bin, there is no C02 flow
across the center axis and the boundary
condition is dc/dn = 0.

In practice, the top surface of grain is
open to atmospheric air under a ventilated
roof. On the assumption that C02 leaving
the top surface diffuses away instanta
neously the C02 concentration at the top
of the grain mass was defined to be con
stant and equal to the C02 concentration
in the atmosphere (0.9 g-m-3).

The bin wall was assumed to be (1) in
finitely permeable to C02 thus C02 con
centration equals atmospheric air C02
concentration and (2) impermeable to C02
i.e. no flow across the bin wall (dc/dn =
0). These are two extreme cases which
could occur in the field depending on the
amount of leakage through the bin wall.
Probably most steel bins would be be
tween the two extremes tending towards
the impermeable bin wall condition. Be

cause the rates of diffusion of C02 through
bin walls are not known, the two extreme
possibilities have been considered.

The pocket of spoiling grain was as
sumed to be a disc 0.3 m deep and 1 m in
diameter. The spoilage pocket was as
sumed to be at 30°C, 20% moisture con
tent wet basis and producing C02 at a rate
of 0.006 g-h^kg"1 of wheat, based on
equations of White et al. (1982a).

Three locations for the spoilage disc
(Fig. 1) were modelled. To simulate a hot
spot (a localized area of intense biological
activity manifested by the production of
metabolic heat) near the top center of a bin
that can occur due to moisture migration
and snow blowing into a bin the disc was
assumed to be 0.3 m below the top grain
surface (Muir et al. 1978, 1980a).

Moisture migration in the summer or
the movement of snowmelt water from the

top to the bottom of the bin may result in
hot spots developing at the bottom of the
bin (Muir et al. 1978).

A third location for the spoilage disc
was taken at the center of the bin, 2.0 m
from the top grain surface.

Carbon dioxide concentrations through
out the grain bulk were calculated using
a finite element package (MANFEP)
available on the University of Manitoba
computer (Stevens and Wexler 1978a, b).
Six sets of boundary conditions, i.e. two
bin wall conditions, permeable and im
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permeable to C02, for three spoilage lo
cations, top, mid-height and bottom of the
bin (Fig. 1), were simulated.

RESULTS AND DISCUSSION

Initially, it was assumed that a constant
concentration of C02, (18.5 g-m-3 or
1.0%) existed in the spoilage pocket. To
maintain this constant concentration it was

assumed that the rate of C02 production
by the spoiling grain was equal to the cal
culated rate of diffusion from the bin. This

rate was different for each of the six finite

element models. With a permeable bin
wall the rate of diffusion of C02 from the
top surface of the grain decreased from 0.8
g-h-1 with the spoilage pocket near the top
of the bin to 0.07 g-h"1 with the pocket
at the bottom of the bin. The rate of dif

fusion through the bin wall is maximum
(1.7 g-h-1) when the pocket is near the
center compared with 0.66 g-h-1 with the
pocket at the top and 1.28 g-h-1 with the
pocket at the bottom. This could be ex
plained on the basis of geometrical con
siderations. For this bin, the distance from
the pocket to the wall varies from 3 m to
5 m when the spoilage pocket is near the
top or the bottom, whereas for the center
location of the pocket the distance is
3.0-3.9 m. This results in nearly constant
concentration gradients for the latter case
in comparison with varied gradients for
the former, and thus higher amounts of
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Figure 1.
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Spoilage locations and boundary conditions assumed for the finite elements models
(c = carbon dioxide concentration (g-m-3); ca = carbon dioxide concentration in
air (0.9 g-m"3); ce = C02 concentration in spoiling pocket (g-m-3); ^£ = concen
tration gradient in normaldirection (g-m-4).
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C02 diffused for the center location of the
pocket than for the top or bottom loca
tions. The rate of diffusion from the top
of the bin for the bin wall impermeable to
air reduces from 1.2 g-h-1 to 0.6 g-h-1 as
the pocket is moved downward from the
top to the bottom.

Grain can be stored under high levels
of C02 to protect it from storage pests
(Shejbal 1980). The development of gas
leaks in the storage structure is a major
problemof this grainpreservationmethod.
The C02 diffusion rates presented above
could be used to predict the purging rate
ofC02required to maintain anatmosphere
lethal to storage pests.

In a second analysis of the finite ele
ment models, it was assumed that the rate
of production of C02 in the spoilage disc
was constant and equal for the six sets of
boundary conditions (Fig. 1). This rate,
0.006 g-h-1 per kilogram of dry wheat,
was determined based on the results re
ported by White et al. (1982a) for the con
ditions assumed for the spoilage pocket.
Concentrations of C02 in the spoilage
pockets and throughout the bin that would
result from a rate of diffusion from the bin
equal to the set rateof C02 production in
the spoilage disc were predicted (Fig. 2).

The concentrations of C02 developed
in the bin are low. A sensing instrument
with high resolution is required to detect
spoilage in the bin. To detect spoilage
with a sensor located 2 m from an active
hot spotin a bin with a wall permeable to
C02 an instrument capable of detecting
2 g-m~3 (0.1%) C02 is required (C02con
centration in the ambient air is 0.9
g-m-3). To detect spoilage with a sensor
1m from the pocketthe equipment should
detect a C02 concentration of about 4
g-m~3 (0.2%). When the bin wall is im
permeable to C02, equipment capable of
detecting C02 levels of about 6 g-m"3
(0.3%) would be required.

The concentrations of C02 in the spoil
age pocket are about the same (12.0-14.8
g-m-3) for four of the models considered.
A slightly lower concentration (8.7 g-m~3)
occurs with the spoilage pocket at the cen
ter with a permeable wall, and almost dou
ble theconcentration (26.2 g-m~3) occurs
with the spoilage pocket at the bottom
with an impermeable wall. Therefore, if
the sensor can be located within thespoil
age pocket it should be capable of accu
rately sensing C02 levels of at least 8 g-m~3
(0.4%). the best location to detect de
terioration is in the vicinity of the active
hot spot where the concentrations are
highest, about 14-17 times that of atmos
pheric concentration.

To detect minimum C02 concentrations

dn

Figure 2. Lines ofequi-concentration ofC02 (g-m"3) in a6-m-diameter bin predicted to occur
for three locations ofthe spoilage pocket (0.3 m,2.0 mand 4.3 m from top surface
ofgrain). Left side, figures are for bin wall permeable to C02; and right side, figures
are for a bin wall impermeable to C02.

of 0.1% produced by spoiling grain in
granaries five instruments werecompared
(Table I). Both analytical gas chromato-
graphs are expensive and non-portable,
therefore, it is not feasible to use them on
farms. They could beused to analyze gas
samples takento acentral location serving
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a large number of farmers. Equipment
such as Drager tubes and Leakseekers are
portable and not prohibitively expensive.
A thermal conductivity sensor such as the
Leakseeker is normally sufficiently accu
rate but it can give inaccurate readings
with moist gas samples because water va-
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TABLE I. MINIMUM RESOLUTION AND APPROXIMATE COST OF COMMERCIALLY
AVAILABLE CARBON DIOXIDE SENSING DEVICES

Minimum

resolution

Approximate
cost

Sensing devices Source (% C02) ($)

Gas chromatographt
(P.E. Sigma 3B)

Perkin-Elmer (Canada) Ltd.,
Richmond, B.C. 0.0025 11 000

Gas chromatographt
(Matheson 8430)

Matheson Gas Products,
East Rutherford, N.J. 0.05 5 000

Drager tubest Safety Supply Canada,
Toronto, Ont. 0.01 7511

Leakseeker^ Ion Track Instruments, Inc.,
Burlington, Ma. 0.05 1 600

Fyrite C02*
(chemical analyzer)

Bacharach Instrument Co.,

Pittsburgh, Pa. 1.0

350

tNon-portable.
tPortable.
§Leakseeker may give inaccurate readings with moist gas samples as the thermal conductivity ofwater vapors
obscures C02 affects.
fThis technique requires an additional expenditure of upto $4.00 per sample tube.

por obsQures the sensitivity to C02. The
initial investment for Drager tube equip
ment is less than for a Leakseeker but the
costs for replacement tubes canbe highif
a large number of gas samples are meas
ured. The Fyrite analyzer is inexpensive
and portable but it maynothavesufficient
resolution to detect C02 concentrations
resulting from hot spots in stored grain.

CONCLUSIONS
One possible method of detecting a

pocket of deteriorating grain in a stored
grain bulkis to measure theconcentration
of carbon dioxide in the intergranular air
(Muiret al. 1980a). Based on mathemat
ically simulated results for a cylindrical
grain bulk of 6 m diameter and 4.6 m
height the C02 concentration in a pocket
of deteriorating grain along the central
axis of the bin can be 8 g-m-3. To detect
this deteriorating grain at a point up to 2
m away from the pocket wouldrequire an
instrument that can be used to measure
C02 concentrations of at least 2 g-m-3
(0.1%). If thelocation of apossible pocket
of deteriorating grain is unknown but is
expected to occur along the central bin
axis the most suitablepoint to sampleC02
concentrations is at the center of the bin.

The conclusions from this theoretical
study are being tested in an experimental

program with granaries in Manitoba and
Minnesota. When the experiments are
completed theresults willbe submitted for
publication.
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