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TITLE: ' "IMPROVED FUMIGATION
OF PARTICULATE COMMODITIES"

Technical Field

This invention concerns the fumigation o©of stored
particulate commodities that are susceptible to attack and
spoilage by insect pests. It is particularly useful in the
controlled fumigation of particulate foodstuff (fof
example, grain) that is stored in a vertical silo which is
vented at the top. However, this invenfion is not limited

in its application to foodstuffs, or to commodities stored
in silos.

Background to the Invention

A technique for the effective and efficient fumigation of
grain, using low concentrations of phosphine as -the’
fumigant gas, is described in the specification of
International patent application No PCT/AU90/00268, which
is WIPO Publicatioﬁ No 91/00017. That technique requires
the estéblishment of a slight over-pressure of the
fumigant-containing gas in the grain, to the extent that
the fumiganf-containing gas flows throdgh the grain mass at
a constant lineér velocity and leaves the top surfacé of
the grain in the silo at a velocity in the range of from
O.leof to 2x10™* metres per second. The concentration of
phospﬁine in the gas passing through the grain is in the
range of from 4 to 200 micrograms per litre.

While that technique works well, further work in connection
with its commercial adoption has shown that a problem
arises when grain in a vertical silo is being fumigated and
the temperature within the silo is different from the -

ambient air temperature outside +the silo. Wwhen the
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temperature of the grain is greater than the outside
ambient air temperature, the density of thé air within the
silo is less than the density of the air outside, and there
is a tendency for the air inside the silo to rise. This
phenomenon has been termed the "chimney effect". The
difference in density between the air inside the silo and
the air outside the silo produces a difference between the
pressure gradient with height inside the silo and the
pressure gradient with height outside the silo. Hence, in
a top vented silo, the air pressure in the grain at the
base of the silo will be different from the air pressure
outside the silo at the level of the base of the silo.

In this sifuation, if the bottom of the silo is not
completely sealed (in commercial silos, this is usually the
case, for even notionally sealed bases contain cracks and
crevices which permit the ingress of air), the chimney
effect causes an airflow through a top vented silo. This
flow of air through the silo will dilute the concentration
of fumigant within at least part of the grain mass or other
foodstuff stored in the silo, and may prevent effective
fumigation of the stored product.

&he same chimney effect occurs in other forms of storage
structures which are vented at their tops and not
completely sealed at their bases. Thus, for convenience,
in the remainder of this specification (including the
claims), the term "silo" will include within its scope any
form of storage structure in which a particulate commodity
may be stored.



Disclosure of the Present Invention

The prime object of the present invention is to provide a
technique which compensates for the chimney effect, and
prevents an undesirable dilution of fumigant during the
fumigation of the charge of a top vented silo.

This objective is achieved by maintaining (and preferably
continuously adjusting) the flow rate of the
fumigant-containing gas so that, even when the chimney
effect is present, there is sufficient fumigant gas present
to ensure continuous fumigation of the stored product. 1t
has been found% the required adjustment of the flow
rate depends upon the difference between the temperature of
the stored product and the ambient temperaturé outside the
silo. Thus the necéssary modification of the flow rate of
the fumigant-containing gas to compensate for the chimney
effect, by maintaining a small positive pressure of a
predetermined concentration of fumigant within the grain
mass or other stored product, can be determined from
measurements or estimates of the temperatures within -and
.outside the silo.

According to the present invention, a method of effective

.fumigation of a particulate commodity stored in a silo

comprises the steps of

(a) providing a supply of a fumigant-containing gas having
a fumigant concentration which is effective to control
insect pests in the stored commodity when applied to
the stored commodity for an extended period; and



(b)

supplying the fumigant-containing gas to the base of

the silo at a rate, Q,, which, if the silo is full, is
determined by the relationship

Q& e x| L1
7 RxR, T, T,

where Q, is expressed in m® sec™; g is the acceleration
due to gravity (approximately 9.8 m sec™); P, is the
atmospheric pressure expressed in Pascals; R, is the
gas constant for air (= 287 J kg? K?); T, is the
temperature of the air outside the silo, expressed in
K; T, is the temperature of the commodity within the
silo, also ih K; R is a resistance factor (in Pascals
sec md) which depends upon the nature of the stored
commodity in the silo; and A is the horizontal
cross-sectional area of the silo, in m®.

Also according to the present invention, apparatus for
fumigating a particulate commodity stored in a silo
comprises

(a)

(b)

(c)

-means for pumping a fumigant-containing gas into the

base of the silo;

a first temperature sensing device positioned within
the commodity in the silo and having a first output
signal indicative of the temperature within the stored
commodity;

2 second temperature sensing device positioned outside
the silo and having a second output signal indicative
of the ambient temperature outside the silo:
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(d) processing means adapted to receive said first and
second output signals and generate at least one
control signal; said at least.one control signal being
input to control means; said control means being
adapted to control the rate at which said gas pumping
means pumps the fumigant-containing gas so that the
rate of flow of the fumigant-containing gas into the
silo has a value, Q,, which, if the silo is full, is
determined by the relationship

P
Cb’gx aXAxPJL':LI
R<R, T, T,

where Q, is expressed in m® sec™; g is the acceleration
due to gravity (approximately 9.8 m sec?); P, is the
atmospheric pressure expressed in Pascals; R, is the
gas constant for air (= 287 J kgt K?!); T, is the
temperature of the air outside the silo, expressed in
K; T, is the temperature of the commodity stored within
the silo, also in K; R is a resistance factor (in
Pascals sec m"?) which depends upon the nature of the
commodity stored in the silo; and A is the horizontal
cross-sectional area of the silo, in m’._

The resistance factor R, as noted above, is dependent on
the nature of the commodity stored in the silo and the way
in which it has been stored. The resistance factor, R, is
well-known to égricultural engineers, having been
determined experimentally for a number of different cereal
grains and other commodities. 1In fact, one of the present
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inventors (Dr A J Hunter) has tabulated wvalues for the
factor R in Table 2 of his paper entitled "Pressure
Difference across an Aerated Seed Bulk for some Common Duct
and Storage Cross-sections”, which was published in the
Journal of Agricultural Engineering Research, Volume 28,
pages 437 to 450, 1983. The contents of that paper are
incorporated into this specification by this reference to
that paper. For loosely packed wheat, the constant R is
about 3100, while for closely packed wheat, it has a value
of approximately 4000.

The currently preferred fumigant for use with stored cereal
grains and other particulate foodstuff is phosphine,
although the present invention may be used with methyl
bromide, carbonyl sulphide or any other suitable gaseous
fumigant. '

For a better understanding of the present invention, a more
detailed description of the controlled fumigation method
and examples of its practical implementation will now be
provided.

Detailed Description of the Fumigation Method

As the present invention has a major application to the
fumigation of stored grain, the following description will
concentrate on this application of the invention, although
it is emphasised that the preseht invention may be used for
the fumigation of any other particulate commodity that is
stored in a vertical silo or in any other storage structure
in which the chimney effect may occur.

/
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Grain stored in a silo is essentially a porous mass. There
are continuous air paths from the top of the grain mass to
the bottom of the grain mass. If the silo is a top vented
(or open topped) vertical silo, the bottom or base of which
is completely sealed, the difference between the pressure
at the bottom of the grain mass within the silo and.the
outside atmospheric pressure at the same level, known as

the differential static pressure, AP,, is given by the
relationship

gxhxP, 1 1
et
R, T, T,

where AP, is in Pascals; g is the acceleration due to
gravity (9.8 m sec™?); h is the height of the grain mass in
metres; P, is the atmospheric pressure (in Pascals); R, is
the gas constant for "air (= 287 J kg K*); T, is the
ambient temperature outside (and thus adjacent to the top

of) the silo, in K; and T, is the temperature of the grain,
also in K.

If the bottom of the silo is completely leaky and air flows
freely into the base of the silo, the differential static
pressure (inside to outside) would be zero. If the bottom
of the silo is partially sealed, the measured differential
static pressure, AP,, at the base of the grain mass will be
a value between zero and AP,. The ratio AP,/AP, is therefore

a measure of how well the bottom of the silo has been
sealed.



If the grain temperature is greater than the temperature
outside the silo and the bottom of the silo is not
completely sealed, the chimney effect will cause air from
outside the silo to flow into the base of the silo, to
dilute the concentration of fumigant inside the silo. This
ingress of air will cause the fumigation of the stored
grain to fail, either totally or in part.

More generally, if the sealing of the silo at the top or
the bottom is not specified, AP may be taken as the
pressure difference between the inside and the outside of
the sili, and AP, is given by:

AP,=|AP~AP,|

where the pressure differences AP, and AP, are defined as
pressure differentials, with reference to pressﬁres inside
the silo and outside the silo at the same level; AP, is
measured at the top of the silo; and AP, is measured at the
bottom or base of the silo.

Thus the flow of air within a full silo, due to the chimney
effect, is given by Q_., where

A
c'—"-mxi |AP11"AP2 I

where A is the cross-sectional area of the silo, in m?; R is
the grain resistance factor (which, as noted abbve, is
about 3100 for 1loose wheat and about 4000 for packed
wheat): h is the height of the silo in metres: and Q. is in
m’ sec™.



As the difference between the ambient temperature and the
grain temperature changes, the flow due to the chimney
effect will change and the pressure differentials will also
change. Thus the flow of the fumigant-containing gas which
is necessary to overcome the flow due to the chimney effect
and just maintain the required small positive pressure
within the grain mass will also change. The modified flow
rate, as has been shown, may be determined from
measurements of <the temperature of the grain and the
ambient temperature. To overcome the chimney effect flow,
Q., a fumigant gas flow into the base of the silo at a rate
of Q, is needed. This input flow will produce an escape (or
grain face) velocity, v,, expressed in m sec™, of:

gxP,
v.=
/ RxR

1 1
Sl
a “g

where R, is the gas constant for air, which is

287 J kg™t K.

Hence the required flow, Q,, of fumigant-containing gas for
a full silo is given by:

_8xP, 1 1
< RxR, . ch T‘l°

As noted above, when operating a fumigation system for
stored grain, the base of the silo is rarely completely
sealed. Thus the formulae derived above will be applicable
to almost all top vented silos and the flow rate of a
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fumigant-containing gas that is required to maintain the

efficacy of the fumigation of the silo charge can be

ascertained by the following steps: '

(1) determine the average temperature of the grain, T,, in
K:

(2) determine the ambient temperature outside the silo, T..
in K;

(3) determine the cross-sectional area of the silo in m?;
then

(4) determine, using the above formula, the required flow
rate Q,.

If the grain is not cooled artificially and the fumigation
system is required to run unattended, with a pre-determined
steady flow of fumigant-containing gas that is maintained
at all times, it will be necessary to obtain an estimate of
the minimum outside (ambient) temperature, T,, for the
period of unattended fumigation. The maximﬁm chimney effect
will occur at this minimum value of T,. The maximum value
of the flow rate, Q,, of the fumigant-containing gas, thch
will occur at this value of T,, will then be calculated. If
this maximum value of Q, is adopted for the fumigation
gystem, at no time during the unattended fumigation will
the concentration of fumigant fall below the required

concentration . that has been established from toxicology
data.

In some grain storage facilities, the difference between
the grain temperature, T4y, and the outside air temperature,
T, may be positive or negative (for example, in
geographical areas where the ambient temperature can be
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expected to exceed the temperature of grain stored in a
vertical silo in the area, and in those instances where
there is artificial cooling of grain stored in a vertical
silo). When T, exceeds T,, a negative chimney effect will
occur in a silo that is not fully sealed at its top and
bottom. With a negative chimney effect, the air flow
through the silo will be downwards. In this situation, to
achieve efficient unattended fumigation of the grain mass,
a positive wvalue of the flow 1zrate Q, of the
fumigant-containing gas, which will compensate for the
maximum absolute value of the expected positive and/or
negative chimney effects in the silo, is required and
should be maintained at all times.

When minimum consumption of the fumigant is required while
maintaining effective fumigation, the outside ambient
temperature and the temperature of the grain mass should be
monitored continuously and the flow rate adjusted, ' as
necessary, to obtain the value of Q, calculated from the
observed temperatures T, and T,.

It should also be noted that when a variable (controlled)
flow rate Q, is established for the fumigation of a
particulate charge of a vertical silo; and the temperature
of the silo charge (the grain mass) fluctuates between a
value greater than the ambient temperature outside the silo
and a temperature which is lower than the outside ambient

temperature, a positive value of Q, should be established at
all times.
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In principle, a net flow rate through the grain mass of
zero would not be detrimental to the fumigation of the
grain. The required concentration of fumigant that is
determined by toxicological considerations would be
established in the grain mass before the flow of
fumigant-containing gas ceases, and - ignoring the
adsorption of fumigant by the grain, which is very low -
would not be reduced.

Continuous control of the flow rate of fumigant-containing
gas into a top vented silo can be effected manually (for
example, by monitoring the difference between the
temperature of the grain in a silo and the ambient air
temperature outside the silo, then selecting - from a
number of pre-set controlled flow rate values -~ the
pre-determined flow rate value for the observed temperature
difference). Such a manual control system, however, will
rarely be the most cost-effective form of continuous
control. Continuous control is preferably effected using
a control mechanism which 1is responsive to signals
generated by temperature sensors positioned within the
grain and outside the silo. If desired, an average value
of the grain temperature may be determined by positioning
a number of sensors at different respective locations
within the grain mass, and generating (by known means) an
input signal for . the controcl mechanism which 1is
proportional to the difference between the average of the
output signals of the temperature sensors in the grain and
the ambient air temperature outside the silo. The control
unit will normally be a programmed microprocessor or
programmed mini-computer which generates an output signal



which, in turn, is used to adjust a flow control device, so
that the actual flow rate of the fumigant-containing gas is
substantially the calculated value of Q,.

It will be appreciated that if the fumigant is added to its
" carrier gas (usually air) after the required flow rate has
been determined, the input of fumigant into the carrier gas
has to be wvaried in parallel with the variations in the
flow rate of the carrier gas, to maintain the predetermined
concentration of fumigant within the silo, which is based
upon toxicological considerations.

A practical full-scale implementation of the present
invention will now be described, by way of example only,
with reference to the accompanying drawings.

Brief Description of the Drawings

Figure 1 is a schematic diagram of phosphine supply and
control equipment installed for use with a top-vented
vertical grain silo. '

Figure 2 is a representation, in graph form, of data

obtained in one example of the use of the arrangement shown
in Figure 1.

Detailed Description of the Illustrated Embodiment

Full-scale testing of the present invention has been
carried out at Wallendﬁeen, New South Wales, Australisa,
with a top-ventilated vertical grain silo holding 2,000
tonnes of wheat. The phosphine delivery and control
equipment used for this full scale testing is shown in
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Figute 1. The tests with this equipment began in February
1994 and are continuing to August 1994 (and possibly beyond
that date).

In the arrangement shown in Figure 1, three temperature
sensors 12 (any required number of temperature sensors
could be used) are installed to measure the temperature at
different locations within the bulk grain 11 stored in the
vertical silo 10, and a single temperature sensor 12A
monitors the ambient temperature outside the grain silo.
The output signals from the temperature sensors are input
to a programmed microprocessor 13 (a 386 PC made by
Australian Computer Technology Pty Ltd is included in the
apparatus installed at Wallendbeen, but any other suitable
microprocessor could be used). The microprocessor 13
averages the temperature signals from the sensors 12 and
determines the difference between that average signal value
and the signal from the temperature sensor 12A. From this
difference value, the microprocessor 13 calculates a value
of the required flow rate, Q,, of the ﬁumigant-containing
gas. When the fumigation is initiated, a predetermining
value of Q, is established.

.The microprocessor 13 also receives signals from a flow
sensor 23 (for example, an ALNOR thermo-anemometer, Model
No GGA-26) which is mounted in a duct 18 leading to the
base of the silo 10. The microprocessor compares the
actual flow rate with its calculated value of Q,. If the
actual flow in the duct 18 is greater than the calculated
value of Q,, a signal is sent to the ¢ontroller 14, to cause
it to close a valve 21 to reduce the flow of air in the
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duct 18, which is established by an industrial blower 15.
The end of the duct 18 which is remote from the blower 15
is adjacent to a distributor plate (which need not be a
horizontal distributor plate 25, as shown in Figure 2) at
the base of the silo 10. If the actual flow of air through
the duct 18 is less than the calculated value of Q,, a

signal to the controller 14 causes the controller to open
the valve 21. '

The opening (or closing) of the valve 21 is effected in
increments, and is continued until the flow rate in the
duct 18 is equal to the calculated value of Q,, whereupon
the microprocessor signal to the controller 14 is changed
to a value which causes the controller 14 to neither open
nor close the valve 21.

The microprocessor 13 also receives a signal from a
fumigant concentration sensor 22 (for example, a CO cell
manufactured by City Technology in the United Kingdom)
which measures the concentration of fumigant in the air
flowing through the duct 18. The sensor 22 is not in the
duct 18, but receives a sample of the fumigant-containing
gas flowing through the duct and obtains the fumigant
toncentration value of the sample by comparison with a
calibrant mixture from a cylinder 26. If the fumigant
concentration signal from the sensor 22 shows that the
fumigant concentration is below (or above) the required
value (the required value is stored in the memory of the
microprocessor), the microprocessor 13 sends a signal to
the controller 16, to cause it to open (or close) the valve
17, which controls the supply of phosphine from a cylinder
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20 (or other source of fumigant - for example, an on-site
generator) to the airflow in the duct 18. The opening (or
closing) of the valve 17 is continued until the signal from
the fumigant concentration sensor 22 indicates that the air

flow through the duct 18 contains the required
concentration of the fumigant.

It will be clear to agricultural and chemical engineers
that the feed-back loops established by the arrangement
illustrated in Figure 1 will be effective to control the
settings of the valves 17 and 21 to ensure that at all
times when a fumigating gas is blown into the grain mass
11, the cdncentration of phosphine (or other fumigant) in
the gas remains constant as the flow rate of the gas is

varied in accordance with the instantaneously calculated
value of Q,.

The equipment illuétrated in Figure 1 also includes
pressure sensors 19 in the grain mass 11. The pressure
sensors 19 (which are each model EMA 84 manometers
manufactured by TSE Co Pty Ltd of Melbourne, Australia, in
the installation at Wallendbeen) play no part in the
fumigant control mechanism. They are used for static
bressure measurements which independentiy measure the
validity of the formula used to determine Q,, and the
efficacy of the control mechanisms.

The full-scale testing of the present invention involves a
series of investigations, each having three phases. In the
first phase of each investigation, the gas flow through the
grain mass 1l is controlled in accordance with the derived
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formula for Q,, using the arrangement shown in Figure 1, for
a period of up to five days. Subsequently, in the second
phase of the investigation, the flow of fumigating gas
through the grain silo is established in accordance with
the fumigation technique described and claimed in the
specification of Australian patent No 640,669 (which is the
patent granted on the Australian patent application derived
from International patent application No PCT/AUS0/00268).
That is, a pre~determined flow of fumigant-containing gas,
related to the cross-sectional area of the silo, is
established. The second phase is also carried out for a
period of up to five days. In the third phase of each
investigation, the static pressure characteristics within
the grain mass are monitored, using a number of pressure

sensors 19, in the absence of a gas flow through the duct
18.

Instead of the control arrangement illustrated in Figure 1,
the microprocessor 13 could be programmed (a) to control
air flow through a bleed line 24 connected to the duct 18,
or (b) to control the setting of a speed control 27 for the
blower 15. The second of these two alternative control

arrangements, both of which are shown with dashed lines in

Figure 1, is not preferred.

A typical set of data, obtained over one period of 24 hours
during a firsf phase of an observation at Wallendbeen, is
shown in graphical form in Figure 2. The three traces in
Figure 2 show



(1) the average temperature within the grain mass, as
measured by the sensors 12 (the trace with wvalues
shown by solid sqguares);

(ii) the flow rate through the silo as calculated by the
formula for Q, of the present invention (the trace
with values shown by solid triangles):; and

(iii) the actual flow through the silo (the trace with
values shown by dots) of air containing a
predetermined concentration of phosphine.

These data show clearly the ability of the controlling

mechanisms to adjust the flow rate of the fumigant gas in

the silo quickly and accurately, and thus demonstrate the
suitability of the present invention for use in the
fumigation of stored foodstuffs in a top-vented vertical

'silo in which a chimney effect flow can be expected.

The present invention can also be used in the continuous
fumigation of a number of similar silos in a grain storage
facility, using a single source of fumigant gas, connected
by respective ducts to the silos. To ensure that the
charge of each silo is properly fumigated, temperature
sensors are installed in each silo, and the controller of
the fumigant-containing gas uses the maximum value of the
difference between a grain temperature and the ambient air
temperature outside the silos of the facility té determine
the value of the rate of flow, Q,, of fumigant-containing
gas to the silos. With this arrangement, although one (or
more) of the silos may receive the fumigant-containing gas
at a higher rate than that which is necessary to compensate
for the individual chimney effect (or chimney effects),
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none of the silos will experience a dilution of the
fumigant concentration in its associated grain mass.

If the ducts to the silos in the storage facility are not
completely symmetrical, then each silo will be provided
with the arrangement of orifice plate and control wvalve
that is described, for a multi-silo facility, in the
specification of International patent application
No PCT/AUS0/00268 (WIPO Publication No WO 91/00017).

Although exemplary implementations of the present invention
have been described above, it should be appreciated that
variations in those implementations may be effected without
departing from the present inventive concept. For example,
the formulae given in the above description for Q, and Q.
are correct when the silo is full of the commodity. If the
silo is only partially filled with a commodity, the
calculated value of Q. and Q, needs to be multiplied by a
factor h,/h,, where h, is the height of the silo and h, is
the height of the commodity in the silo.



CLAIMS

1.

L
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A method of fumigation of a particulate commodity
stored in a silo, said method comprising the steps of

(a)

(b)

providing a supply of a fumigant-containing gas
having a fumigant concentration which is
effective to control insect pests in the stored
commodity when applied to the stored commodity
for an extended period; and

supplying the fumigant-containing gas to the base
of the silo at a flow rate, Q,, which 1is
determined, for a full silo, by the relationship

Q& txanl L-L |
7 RxR, T, T,

where Q, is expressed in m® sec?; g is the
acceleration due to gravity (approximately 9.8
m sec’?); P, is the atmospheric pressure expressed
in Pascals:; R, is the gas constant for "air
(= 287 J kg™ K1'); T, is the temperature of the
air outside the silo, expressed in K; T, is the
temperature of the commodity within the silo,
also in K; R is a resistance factor (in Pascals
sec m'?) which depends upon the nature of the
stored commodity in the silo; and A is the
horizontal cross-sectional area of the silo, in
square metres;

whereby the possible dilution of the fumigant
concentration within the commodity, as a result of the
chimney effect, is prevented.
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A method of fumigation of a particulate commodity'

stored in a silo, said method comprising the steps of

(a) providing a supply of a fumigant-containing gas
having a fumigant concentration which is
effective to control insect pests in the stored
commodity when applied to the stored commodity
for an extended period;

(b) ascertaining the maximum value of the difference
between the temperature of the commodity within
the silo and the ambient air temperature outside
the silo which will be experienced for the period
of fumigation of the commodity;

(c) calculating the flow rate Q,,,., which is the value
of Q, which is obtained, using the formula
recited in step (b) of claim 1, when said maximum
temperature difference is used to determine Q,;
and

(d) supplying said fumigant-containing gas to the
base of the silo at a constant rate of Q....’

whereby said method of fﬁmigation may be performed
unattended without a poséible reduction of the
fumigant concentration in said commodity, due to the
chimney effedt, to a value below the minimum fumigant
concentration that is required  for efféctive
fumigation of said commecdity.

A fumigation method as defined in claim 1, in which
the supply of fumigant-containing gas to the base of
the silo is effected continuously by a control
mechanism which includes a programmed microprocessor
or a programmed computer that is responsive to signals
corresponding to the instantaneous values of T, and T,.
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A fumigation method as defined in claim 1 or claim 3,
in which there is a predetermined minimum value of
said flow rate, which 1is maintained when the

calculated value of Q, is less than said minimum flow
rate value.

A method of fumigation of a plurality of silos in a

storage facility, each silo in said facility

cbntaining a respective particulate commodity, said

method comprising the steps of

(a) providing a supply of a fumigant-containing gas
having a fumigant concentration which is
effective to control insect pests in the stored
commodity or commodities; and

(b) monitoring the temperature, T,, of the commodity
in each silo and also the ambient air
temperature, T.. outside the silos, and
determining the maximum value of the difference
between the temperature of a stored commodity and
said ambient air temperature; and _

(c) supplying the fumigant-containing gas to the
bases of the silos at a flow rate, Q,, which is
determined by the relationship '

Qe ax - L
7 RxR,'T, T,

where Q, is expressed in m’ sec; g is the
acceleration due to gravity (approximately 9.8
m sec’?); P, is the atmospheric pressure expressed

\_
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in Pascals; R, 1s the gas constant for air
(= 287 J kg™ K*); T, is'the temperature of the
air outside the silos, expressed in K; T, is the
temperature of a commodity in a silo which
differs most from T,, also in K; R is a
resistance factor (in Pascals sec m"?) which
depends upon the nature of the stored commodities
in the silos; and A is the sum of the horizontal
cross-sectional areas of the silos, in sqQuare
metres;
whereby the possible dilution of the fumigant
concentration in any silo in the facility to a value
below that required for effective fumigation of the
stored commodity, due to the chimney effect, is
prevented.

A fumigation method as defined in any preceding claim,
in which the or each commodity is grain.

A fumigation method as defined in claim 6, in which
the grain in the or each silo is loosely packed wheat,
and the resistance factor, R, has a wvalue of about
3,100 Pascals sec m™2,

A fumigation method as defined in claim 6, in which
the grain in the or each silo is closely packed wheat,
and the resistance factor, R, has a value of about
4,000 Pascals sec m™.
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A fumigation method as defined in any preceding claim,
in which the fumigant in the fumigant-containing gas
is phosphine.

A fumigation method as defined in any one of claims 1
to 5, in which the or each commodity is a product,
other than wheat, selected from the group consisting
of the products listed in Table 2 of a paper by
A J Hunter which was published in <the Journal of
Agricultural Engineering Research, Volume 28, pages
437 to 450, 1983, and R is the value of R calculated

for said selected product and also listed in said
Table 2.

Apparatus for fumigating a particulate commodity which

is stored in a silo, said apparatus comprising:

(a) means for pumping a fumigant-containing gas into
the base of the silo;

(b) first temperature sensing means positioned within
the commodity in the silo and having a first
output signal indicative of <the temperature
within the stored commodity; '

(c) second temperature sensing means positioned
outside the silo and having a second output
signal indicative of the ambient air temperature
outside the silo; '

(d) processing means adapted to receive said first
and secoﬁd output signals and generate at least
one control signal; said at least one control
signal being input to control means; said control
means being adapted to control the rate at which
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the fumigant-containing gas is pumped by said
pumping means so that the rate of flow of the
fumigant-containing gas into the silo has a
value, Q,, which is determined, for a full silo,
by the relationship

gxP

s 1 1
= wAx |l
U rr AT 7!

where Q, is expressed in m® sec?!; g is the
acceleration due to gravity (approximately 9.8
m sec “%); P, is the atmospheric pressure
expressed in Pascals; R, is the gas constant for

air (= 287 J Kg* K?'); T, is the temperature of

the air outside the silo, expressed in K; T, is
the temperature of the commodity within the silo,
also in K; R is a resistance factor (in Pascals
sec m*) which depends upon the nature of the
commodity in the silo; and A is the horizontal
cross-sectional area of the silo, in m?.

12. Fumigation apparatus as defined in claim 11, in which

(a)

(b)

said control means comprises (i) a first valve in
a duct extending from an air blower to the base
of the silo and (ii) a second valve in a line
extending from a pressurised source of fumigant
gas to said duct:

said control means controls said first valve to
establish a flow rate of air into said silo in
accordance with the calculated value of Q,; and

e |
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(c) said control means controls said second valve to
maintain a predetermined concentration of
fumigant in the air flowing through said duct.

Apparatus for fumigating a plurality of silos in a
storage facility, each of said silos containing a
particulate commodity, said apparatus comprising:

(a) means for pumping a fumigant-containing gas from
a single source into the base of each silo;

(b) a respective first temperature sensing means
positioned within the commodity in each silo,
each of said first temperature sensing means
having a respective first output signal
indicative of the temperature, T
associated commodity:

(c) second temperature sensing means positioned
outside the silos and having a second output
signal indicative of the ambient air temperature,
T,, outside the silo:

(d) processing means operatively connected to said
temperature sensing means and to control means,
said processing means being adapted to receive
said first output signals and said second output
signal and determine the maximum difference
between the temperature-of a commodity and the
ambient air temperature, and to generate a
control signal, said control signal being input
to said control means; said control means being
adapted to control the rate at which said gas
pumping means pumps the fumigant-containing gas
into the silos so that the rate of flow of the

gqr ©Of its
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fumigant-containing gas into the silos has a
value, Q,, which is calculated using the formula

Q& e uax| L L
7 RxR, T, T,

where Q, is expressed in m® sec?; g is the
acceleration  due to gravity (approximately 9.8
m'seg“):'P‘is the atmospheric pressure expressed
in Pascals; R, is the gas constant for air
(= 287 J kg K*); T, is the temperature of the
air outside the silos, expressed in K; T, is the
temperature of a commodity in a silo which
differs most from T,, also in K; R is a
resistance factor (in Pascals sec m?) which
depends upon the nature of the stored commodities
in the silos; and A is the sum of the horizontal
dross-sectional areas of the silqs, in square
metres.

Fumigation apparatus as defined in claim 11, claim 12
or claim 13, in which said processing means is a
programmed microprocessor or a programmed computer.

Fﬁmigation apparatus as defined in any one of claims
11 to 14, including means to maintain a predetermined
minimum value of said flow rate when the calculated
value of Q, is less than said minimum flow rate value.
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A fumigation method as defined in any one of claims 1
to 10, in which the or each silo is only partially
filled with a commodity, and the calculated wvalue of
Q, is multiplied by a factor £, where

£ = h,/h,,
h, is the height of the silo, and h, is the height of
the commodity in the silo.

Fumigation apparatus as defined in any one of claims
11 to 15, in which the or each silo is only partially
filled with a commodity, and the calculated value of
Q, is multiplied by a factor £, where

£ = h,/h,,
h, is the height of the silo, and h, is the height of
the commodity in the_silo.

A method of fumigation of a particulate commodity
stored in a silo, or in a plurality of silos of a
storage facility, substantially as hereinbefore
described with reference to Figure 1 of the
accompanying drawings.

Apparatus for use in the fumigation of a particulate
commodity stored in a silo, or in a plurality of silos
of a storage facility, substantially as hereinbefore
described with reference to Figure 1 of the
accompanying drawings.



