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IMPORTANCE OF PROCESSES OF NATURAL VENTILATION TO FUMIGATION AND
CONTROLLED ATMOSPHERE STORAGE

H.J. BANKS and P.C. ANNIS
CSIRO, Division of Entomology, G P O Box 1700, Canberra, ACT 2601,
Australia

Abstract: For either fumigation or controlled atmosphere (CA)
treatments, gas losses from the treatment enclosures caused by the
processes of natural ventilation must be reduced to a very low rate.
A model is presented which may be used to calculate the total rate
from the maximum expected individual contributions of the various
phenomena giving rise to gas loss. The ventilation rates expected
from wind and the chimney effect are dependent on the level of
sealing of the enclosure and are given in terms of the decay time,
as assessed by a pressure decay test. The ventilation produced by
temperature and barometric variation is not very sensitive to the
level of sealing. The magnitude of the ventilation expected from
the leak-dependent and -independent effects are compared for four
types of storage. The relevance of this method of analysis to
fumigation and CA treatments is discussed and maximum rates of loss
tolerable by various methods are given. It is concluded, inter
alia, that

(a) the pressure decay test time is only an approximate indication
of the possible gas loss rate,

(b) the decay time specified for a particular system should take
into account the influence of the expected environmental
forces and geometry of the enclosure,

(c) it may be necessary to curtail gas loss by methods other than
sealing after a certain minimum standard is reached, and

(d) it is unlikely that the gas loss rate in storage structures
can be reduced to a level permitting simple hermetic storage
of dry grain without very efficient thermal insulation and
sealing.

INTRODUCTION

Both fumigation and controlled atmosphere techniques for insect
control in grain rely on alteration of the composition of the gas
mixture within an enclosure. The enclosure may be either a permanent
structure, such as a grain storage, or a temporary system, such as
a fumigation tent or a grain bulk covered with a PVC membrane. The
gases added to alter the atmosphere in the enclosure may be either
toxic ones, such as in fumigations with methyl bromide or phosphine,
or particular atmospheric constituents, such as CO2 or nitrogen, as
used in controlled atmosphere (CA) techniques. After modification

of the enclosed atmosphere, the average and local compositions of
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the gas mixture must be maintained within predetermined limits for
the exposure period. If the treatment is to be carried out effici-
ently and safely with minimal use of added material only a very low
rate of natural ventilation is permissible. Table 1 gives the maximum
ventilation rates tolerable for various treatments. In simple
grain storage enclosures such low rates can only be attained if
specific and often costly measures such as sealing are taken to

minimise gas losses.

TABLE 1.

Ventilation rates tolerable in various insect control processes
using gases.

Maximum ventilation

Process rate (d-1) Reference
Hermetic storage of 0.026 based on Oxley et al.,
dry grain 1960
No-based CA 0.05 Banks and Annis, 1977
%long term exposure)

COg-based CA 0.07 Banks et al., 1980
(Tone-shot')

Phosphine fumigation 0.10 Unpublished estimate
(Banks and Annis)

For the optimal application of measures designed to reduce gas
loss it is important to understand in quantitative terms the natural
processes that cause gas loss from a structure. For instance, an
appreciation of the underlying phenomena may provide a means to
assess whether, in a practical situation, further .-attempts at sealing
are of any practical value. Hitherto, studies of natural ventil-
ation of buildings and other enclosures for grain storage have been
concerned either with very well sealed or with intentionally venti-
lated systems. In the first case, gas loss can be described as a
function of the variation in ambient and internal temperature and
pressure (Barker, 1974; Newman, 1970; Moller and Pedersen, 1978;
Meiering, 1982). 1In the latter case (see Banks et al., in press),
as with habitable structures (Macriss et al., 1979; Anon., 1972;
Blomsterberg and Harrje, 1979; Peterson, 1979), the ventilatien
rate is determined largely by the wind and the chimney effect for a

certain level of sealing. In practice the gastightness of most
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enclosures to be treated with fumigants and controlled atmospheres
ig intermediate between these two extremes and all these forces can
have a significant effect on gas loss.

This paper provides a simplified mathematical description of
the action of the various forces involved in the natural ventilation
of enclosures. The description can be used to predict the variation
in the contribution of the wvarious forces to the total gas loss
under different environmental conditions and gastightness of the
enclosure. It will be shown that a pressure decay test standard for
the assessment of gastightness is not a precise concept and that
there is a degree of judgement which must be applied in the setting
of standards for particular situations. Furthermore, there are some
forces whose contribution to total gas loss can be significant but
which can best be restricted by strategies other than sealing.

In general the model is similar to that used by Banks et al.,
(1975) to describe gas loss from freight containers, but with
changes and some minor additions so that it is specifically applic-
able to grain storage systems and incorporates a term to describe
particular flow characteristics of leaks.

Previously, there has been no conceptual framework available
which would predict the dominant cause of failure in fumigants or
CA treatments. A number of different single forces have been impli-
cated in such failures in the past (e.g. wind (see Mulhearn et al.,
1976), chimney effect (Oxley and Howe, 1944; Bond et al., 1977),
diffusion (Lewallen and Brown, 1967)). An understanding of the
contribution of the various forces causing gas loss, as provided
below, may help to determine some of the environmental causes of
failures in particular circumstances with more confidence than

hitherto, and perhaps show how these problems can be avoided.

2.  THEORETICAL BASIS OF MODELT

The gas loss from an imperfectly sealed enclosure 1s largely
dependent on the pressure across the leaks in the enclosure fabric
and the size and flow characteristics of these leaks. There is an
additional, small component of 1loss associated with molecular
diffusion and therefore dependent on the gas composition of the
enclosed and external systems. A number of simplifying assumptions

are made here in order to describe the gas loss rate from an en-

t The notation used is summarized below.
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closure with a conservative and easily evaluated model, suitable

for design studies. These are:

(a)

(b)

(c)

(d)

The gaseous contents of the enclosure are well mixed, so that
any element of volume lost will be at the average concentration
of the contained gases at that moment. In practice some. of the
gas lost may be regained in a cyclic process. Similarly air
entering may be subsequently expelled without hixing. Also
occasionally gas may be lost from a region rich in a particular
component. The first two processes result in a lower effective
ventilation rate than expected (as discussed by Malinowski
(1971)) while the latter increases .the rate.

That each of the forces causing gae loss acets independently
and that their effects may be summed to give an estimate of
the total gas loss. It can be shown that the total interchange
is never greater than the sum of the expected effect of each
force acting in isolation (Sinden, 1978).

That the empirical equation

Q = bap” 1)

deseribing the flow of gas, Q, through a leak with pressure
difference, ap, (Anon. 1972; de Gids, 1977; Blomsterberg and
Harrje, 1979) holds throughout the range of pressures created
by the individual forces without change of either the co-
effieient, b, or the exzponent, n. When it is necessary to
show the direction of the leakage, Equation (1) is used in the
form

O=p-F_ (2)

|ap|'™"

so that, @, is positive when gas is lost from the enclosure
and Ap > 0 (i.e. 1internal pressure > external pressure).
Equation (1) is known not to hold over a wide pressure range
and to be dimensionally unsound (Kreith and Eisenstadt, 1957),
but to be a reasonable approximation (de Gids, 1977) over the
pressures, 1 to 100 Pa, likely to cause significant ventilation
in grain.
That the total leak area over a storage can be represented by
two composite leaks with similar flow characteristics (i.e.
same value of n) and of equal area and that the two leaks are
distributed such as to maximise the effect of each individual

force. This may require that the leaks have different positions
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simultaneously for different forces.

(e) That the wvartation in particular forces (e.g. temperature
variation, wind pulsation) can be represented as sinusoidal
funetions of time.

The overall effect of these assumptions is to provide a model
which gives the maximum effect expected from each individual force
and the maximum total ventilation rate for a particular set of con-
ditions. In practice because of interactions between the individual
forces and also the distribution of leaks the actual loss rate will
usually be substantially less than predicted by the model. Allowance
for this will be made in subsequent discussion.

To provide a complete description of gas loss over time, it is
necessary first to consider three interrelated problems: (a) the
description of gas losses produced by pressure or concentration
differences across leaks, (Section 2.1) (b) the description of
pressure or concentration gradients as produced by various environ-
mental forces (Section 2.2) and (c) the description of the sealing
level of an enclosure in a form which can be used to assess the
effect on gas loss of pressure or concentration gradients across

the enclosure walls (Section 2.3)

2.1 GAS TRANSFER EQUATIONS
2.1.1 Flow Through Leaks

Bulk flow of gas occurs through a leak where there 1s a pres-

sure differential Ap, across that leak as described by Equations
(1) or (2). The value of n varies between 0.5 and 1.0, depending
on the flow characteristics of the leaks. In cases where n = 0.5,
the value of b can be related to the area of the leak present
through Torricelli's law (Kreith and Eisenstadt, 1957). Thus

2 - (3)
b=vyd [ |
7 P

When n # 0.5, a true size of leak cannot be given without detailed
knowledge of the geometry of the icaks.

Some forces cause losses from all leaks simultaneously (e.g.
thermal expansion), while others (e.g. wind) give a flow of gases
through the enclosure, air entering at one point and the enclosure
gases being lost at another. In the first case, Equation (1) applies.
In the second, for the purposes of this model, the total leak of
effective size, b, is divided into two leaks with equal value of

n. It can be shown that the flow through two such leaks in series
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is given by

1 n
= bAp" , 4
¢ p ( a4 - a)‘V") )

where o is the proportion of the total leak area represented by the

smaller leak, and for @ = 0.5 (i.e. two equal leaks in series)
n
2n+l

The magnitude of most of the forces involved in gas leakage
varies with time. This gives rise to fluctuating pressures across
the leaks with frequencies varying from many cycles per second, as
in some components of wind turbulence, to yearly cycles, as with
seasonal heating and cooling. Substituting in Equation (2), the
flow at any instant then is given by

N (R0 (6)

HORS{Oli
where f(t) and f" (t) are time-dependent functions describing the
internal and external pressures.

2.1.2 Evaluation of Ventilation Rates

The ventilation ratet, k, is defined as (e.g. Lagus, 1977):

- BF 2 (7)
Ve V
and, at constant density,
k=Am (8)
mt

The ventilation rate is used here as a measure of the effect of the
various forces, where V and m are the volume and mass of gas within
the enclosure, ¢ is the volumetric rate of loss of gas and AV is
the volume of gas lost at constant pressure and ‘Am the mass of gas
lost over time, t. Note that the ventilation rate is calculated on
the basis of flow in one sense only, in or out of the enclosure.

The ventilation rate is a measure of rate of loss of a gaseous

component from a system since

(9)

—k
€2 = Coxy = (Cl - Cext)e ‘

where c¢; and ¢y are the initial concentrations of the component and

the concentration after time, ¢, within the system and ¢y, is the

t Also known as the ailr change rate, the infiltration rate, gas
interchange rate or gas loss rate constant and sometimes, in-
correctly, simply as the gas loss rate.
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external concentration of the component.
For evaluation of k, it is often convenient to express the

losses in terms of rate of mass loss from the system. Since
_ ldm
 p dt (10).

the rate of loss of mass is given by

dm _ () - £0)

ar = e - vl .

combining Equations (6) and (10). Generally, for the periodic
functions encountered here, this expression is best solved iter-
atively with the change in mass estimated over one or more complete
cycles. The change in mass, ém, during the ith interval of &t

is given by

f(¢;) - () @) - ()
1£(e) - £ 1f ) - £

&m =

(12)

and

Am = @» (13)

The average interchange rate can then be found using equation (8).
The actual interchange produced by a fluctuating pressure
difference is dependent on the response time of the contained
system, here measured as the pressure decay time, tg (see Section
2.3), relative to the period of fluctuation, tv. When ¢4 is small
compared with T, the interchange can be calculated directly from
the amplitude of the fluctuations (i.e. with no damping of effect).
When tg4 is similar to or greater than tv the actual -interchange 1is
less than this value and dependent on the ratio of t4 to tv and the
value of n as shown in Figure 1. The wvalues in Figufe 1 were
calculated by evaluating the equation
ds ’"—fMl(l + acoswt) — Py
a —pb mRT —  |l-n (14)
|W(1 + acoswt) — P ..
iteratively until a stable value of the interchange per cycle was

obtained, with b, a function of tg4, given by Equations (33) or (34).
This rate was then expressed in terms of time units of td/ T
Equation (14) is derived from Equation (11) with £(¢), the internal
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pressure, given by .
mRT (15)
t) = .
£ VM

and f* (t) the external pressure,

— 16
f() = P, (1 + acosw!) (16)
It can be seen that when T > 10t4 there is little damping in effect
but when © < 10t  the interchange produced by a fluctuating pressure

will be reduced compared with the expected undamped value.

&/ max

0.01 '
0.01 0.1 1.0

td/

Fig. 1. Damping effects for cyclic phenomena with periods of similar
magnitude to the_decay time (500-250 Pa), t4, for amplitude values
of a = 1071, 102 and 10-3 (lines marked a, b and c respectively)
and values of n. = 0.5 ( ), 0.8 (==-—-2) and 1.0 (——-) (One line
only for n = 1.0 as this is independent of value of a). Calculated
from Equation (15) as described in text:
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2.2 EFFECTS OF INDIVIDUAL FORCES

Gas losses through leaks from an enclosure containing stored
graln can be caused by the following phenomena: '
a. Temperature variation;

a.l Variation in the headspace,

a.2 Variation in the bulk.
b. Barometric pressure variation;

b.l1 Tidal variation,

b.2 Long term (synoptic) variation.
c. Wind; ’

c.l Wind at a steady speed,

c.2 Fluctuating components of wind (pulsation and turbulance).
d. The chimney or stack effect;

d.1 Driven by temperature variation externally,

d.2 Driven by composition differences.
e. Molecular diffusion.

e.l Diffusion through leaks,

e.2 Permeation.

2.2.1 Temperature variation

There are two thermally distinct regimes in an enclosure around
a grain bulk: the headspace and the grain bulk. These must be
treated independently to calculate the gas loss from a storage,
since while the temperature in the headspace may change rapidly in
response to changing ambient conditions, the temperature of most
of the bulk changes only very slowly because of its low thermal
diffusivity.

2.2.1.1 Temperature variation in the headspace.

The temperature in the headspace fluctuates with the daily
cycle of temperature and solar radiation. Superimposed on this
daily change there may be shorter period fluctuations caused by
changes in solar radiation, wind cooling and ambient témperature.
Because the period of the daily cycle is long compared with the
pressure decay time of sealed storages (see Section 2.1), pressure
equilibrium is maintained across the storage fabric during the
heating and cooling cycle. It can be shown, from simple gas laws,
that the quantity of gas lost, &, during a cycle of amplitude
A is then given by
Vs AT 17)
7

min

AV =
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and thus the ventilation rate due to temperature variation, kg, is
given by

Vas AT
kr= g7 AT>0 (18)

min

When the time period of the variation in headspace temperature
is similar to or less than the pressure decay time of the enclosure,
there will be a perlodic pressure difference across the leak and
the actual interchange will be less than expected from Equation
(18). The quantity of gas lost can be calculated using Equation
(7) with Am estimated numerically as previously (Equations (12)

and (13)) from the equation:

dii " ﬂViTT — P e (l + acoswi)
— —p — e
dt? "'V_I;}‘_— Pe(l + acoswt)(' (19)

an equation derived from Equation (11) with

T = T(1 + acoswt)
(20)

2.2.1.2 Témperature variation in the bulk

External temperature fluctuations cause graln in contact with
exposed parts of the enclosure to change in temperature, leading to
changes in temperature of the interstitlial gases with consequent
pressure changes and possible leakage. Daily temperature fluctu-
ations, unlike 1long term seasonal fluctuations, do not penetrate
far into the grain bulk (ca. 10 cm, (Babbitt, 1945)).

It can be shown (see Appendix) that a grain bulk subject to a
periodic external temperature variation obeying Equation (20) at

its surface, loses gas at a rate, kgp, given by-
2aNA | ‘
By = —= PN
TViN @ (21)

2.2.2 Barometric pressure variation

Atmospheric pressure undergoes tidal and long-term cyclical
fluctuations with some abrupt changes caused by atmospheric pheno-
mena such as thunderstorms and cyclones. A change in external
pressure will result in a pressure difference across leaks, AP,
in an enclosure resulting in losses given by -

VapP (22)

AV = P

max
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Thus the ventilation rate, kp, caused by these changes 1s given by

AP
P

max

Because barometric fluctuations have long periods compared
with storage pressure decay times, there 1s no appreciable damping
of effect from sealing (see Section 2.1).

Note that barometric fluctuations cause loss from the complete
gas volume in the enclosure (i.e. both headspace and interstitial
spaces) in contrast to some types of temperature variation.

2.2.3 Wind.

The effect of wind can pe divided into two components: that

produced by the mean steady wind speed and that produced by fluctu-

atlons from pulsations and turbulence about this mean speed.
2.2.3.1 Mean wind speed effect

The pressure induced by wind at a point is given by (Mulhearn
et al., 1976; de Gids, 1977)
oy - COE 24)
2
where C 1s a pfessure coefficient varying with the location of the
measuring point and orientation relative to the wind. The inter-

change rate is then given by

b ,ACpul\n
k. =
W 2n+l V( 2 ) (25)

where AC is the difference in the pressure coefficients at the
two leaks (substituting in Equation (5) and then (7)). The actual
value of the interchange produced will be sensitive to AC. Many
parts of a storage will have ¢ values close to zero, but some small
regions may have values exceeding ; 2.0 (Mulhearn, et al., 1976;
Banks et al., in press). AC can thus vary from approximately zero
up to 4.0 in exceptional cases.

2.2.3.2 Vind pulsation and turbulence

The loss rate to be expected from wind pulsation and turbulence
cannot be estimated accurately for grain storage enclosures as it is
subject to too many random factors and computational uncertainties.

The mechanisms by which pulsation and turbulence can cause gas
loss have been discussed by Malinowski (1971). He recognised that
because of the rapid change in direction of flow of gas through a

leak driven by these forces, the actual interchange produced may be
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a small fraction of that of the theoretical maximum. Air entering
at one time may be largely expelled at another, bringing with it
little of the internal gases (Cockroft and Robertson (1976) found
only about one third of the air entering under their conditions
mixed with the internal gases). The actual fraction will be dependent
on the frequency and amplitude of pulsation and the rate of mixing
within the system and has not been studied adequately for reliable
values to be available. Because there is a broad range of frequencies
of fluctuation involved, the approximations used to calculate the
damping of the effect of single frequencies, as for Fig. 1, may not
be appropriate. Furthermore, in most practical situations, pressures
from wind fluctuations will be superimposed on substantial mean
wind pressures. In such cases and where there is already leakage
caused by these pressures, the fluctuations will merely modulate
the flow and cause little change in interchange rate, except on
those occasions where the amplitude 1is sufficient to change the
sign of 4p and thus reverse the flow of gas through the leak.
In view of these uncertainties, we do not attempt to treat the
wind pulsation and fluctuation effects mathematically but, based
on data in Hill and Kusuda (1975), we assume
k. = 0.2k, (26)

2.2.4 The chimney effect

The density of the gaseous contents of an enclosure may differ

from that externally, either because it is of a different composition
or at a different temperature. These density differences result in
pressure differences across the enclosure fabric, causing gas loss
1f leaks are present. This phenomenon is known as the chimney or
stack effect. The pressure difference across two leaks separated by

a vertical distance, h, is given by (de Gids, 1977)

(27)
Ap = (pint - pext)gh

With the external density, p,xt, varying with daily temperature

fluctuations thus,

. MP
RT(I + acosw?)

Pext (28)
and with the period of fluctuation much greater than the pressure
decay time and the internal density remaining approximately constant,

the rate of gas loss from this effect, at time, t, is given by
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b MP N
= h — ~ Pin
¢ 2n+t [g (R T(l + acoswt) 3 ‘)] (29)

and the average value of the ventilation rate from the chimney

effect, k., over the cycle

27 .
1 b MP B
k., = — - h — ~ Pin d(w?)
¢ 2V¢[2"+‘ [g (R T (1 + acoswl) 5 ‘)] ¢ (30)

2.2.5 Diffusion and Permeation

Losses by true molecular diffusion through leaks are always
small compared with those created by other forces. The ventilation
rate from diffusion, kp, through a leak of area, 4, and length, i,
is given by (from Lewallen and Brown, 1967)

k, — A4 (31)
Vi
Losses by permeation through the fabric of an enclosure are described
similarly:

By (32)

pe vr

where 1”, is the thickness of the film and 4°, the area over
which permeation occurs.

It will be noted that permeation refers to true transfer through
the mass of the fabric of a permeable but intact film, such as PVC
sheet, but is to be distinguished from gas losses through small
imperfections, such as porosity in concrete, where bulk movement of

gas occurs.

2.3 RELATING PRESSURE TEST DATA TO LOSS RATES

In the model given here, the pressure decay tiﬁe, tg, of the
enclosure, as measured by a pressure decay test, is used as a
measure of gastightness. In this test, air is introduced into the
structure to raise the internal gas pressure to a value aAp; above
atmospheric. The air supply is then shut off and the pressure is
allowed to fall by natural leakage to a new value apg. The time
taken to fall from aAp; to Aps is then a measure of the degree
of sealing. Assuming isothermal conditions the time for the decay,

tq is given by (Sharp, 1982)
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_(sp - bpYYM

- 1 33
ta -mRTpb "7 33)
and
;- (InAp, — InAp) VM 5
d = RTpb = (34)

These equations relate tg to b for a particular value of n.
Since these parameters also occur in expressions for k, and k., it is
possiblé to relate k, and k, directly to a set decay time by sub-
stituting for b as found from Equations (25) or (30).

Pressure decay testing in its simple form does not determine
the value of n. The value of n lies between 0.5 and 1.0 and, gener-
ally, for well sealed storage structures 0.8 < n < 1.0 (Banks and
Annis, unpublished data). We will use n = 0.8 as a the minimum
likely value for subsequent example calculations. (Note: Melering
(1982) gave estimates of gas loss rates from silos under various
levels cf =ealing but did not include wind and chimney effects and

considered n = 0.5 only).

3 VALUES OF THE CONTRIBUTION OF INDIVIDUAL FORCES TO LOSS

Using the expressions given above, 1t is possible to calculate
the maximum contribution of each individual force causing gas loss
from an enclosure of defined standard gastightness, 1if the wvalues
of the various environmental parameters concerned are known. Table
2 gives the calculated gas interchange rates caused by the various
forces for four enclosures, detailed in Table 3, sealed to give a 5
min decay time (tg) from 500 to 250 Pa in a full structure. This
time has been adopted by the Coordinating Committee on Silo Sealants
in Australia as a design standard for fumigable structures. The
parameter values used here to define the main forces are reasonable
high values for grajin storages in the open 1n summer in inland
Australia, chosen from our own experience.

It can be seen from Table 2 that the effect of some forces is
very dependent on the value of n, even though the enclosures give a
fixed decay time. Furthermore, some forces cause negligible gas
losses, < 0.005 day-l (e.g. diffusion, synoptic variation of baro-
metric pressure), but others have a major effect, notably wind and
temperature variation. Furthermore, the ventilation produced by

diffusion and by wind and the chimney effect 1is dependent on the



TABLE 2.

Interchange rates (day~!) calculated for individual phenomena for a
sealing level giving a 5 min pressure decay time (500 - 250°Pa).

Parameter
Phenomenon values Case 1 Case 2 Case 3 Case 4
used Farm bin Bag srtack Silo bin Shed
Temperature variation Run
in headspace (daily) 20 °c (Case 1, 2, 4) .025 .012 .007 . 045
20 35°C (Casa 3
Short term temperature + 2° . (Case 1, 2)
fluctuation in head + 1 C (Case A)
apace ¥ 0. 5°C (Case 3) .034 .007 .009 042
every 30 mins for
12 hours
Daily variation in Skin temperature
grain bulk variation 12-40°C .009 .002 <. 001 <.001
(25.5 = 39 ? Case 3)
v «10~2m ¥ =0.3
| Barometric pressure + 1.5 mb about 1013 mb .006 .006 .006 . 006
| variarion (tidal) twice daily
|
| Barometric pressure + 12 mb about 1013 mb .004 . 004 . 004 . 004
variation (synoptic) every 6 days
Permeation Permeation cofffigient .004 - -
.0025 rm -
(v m'3§' , thickness
] 0.8 mm (Case 2 only) VALUE OF n
0.5 0.8 10 0.5 0.8 150 0.8 0.8 1.0 0.5 0.8 1.0
|
Steady wind 6.4 m s~ (Case 1),
7.9 m s~ (Case 2), .090 . 041 024 112 .057 .036 .169 111 .083 .155 .095 .069
12,0 w s~! (Case 3),
| 10.9 m 8% (Case 4).
| ¢ =2.0
.022 .011 .007 .034 .022 .017 .031 .019 .014
Wind pulsation Assumed 0.2 x .018 .008 .005
and turbulence steady wind value
Chimney effect driven Internal temp. 27.5°C, | 014 .002 |<.001 .037 .010 . 004 .029 .007 .003
by temperature daily external .C10 | .001 |«<.001
variation variation 15-40°C.
. 045 016 .007 .135 .077 .053 .105 .051 .032
Chimney effect driven As above, but with .035 .009 . 004 | |
by composition 607 CO2 internally
differences
|
Diffusign coTEELciant |
2 x 10~ , path |
Diffusion length 3um area of <.001 a a <.001 | A a <. 001 a a <.001 | a 8
leak, 1.6mn? (Case 1), |
76mn? (Case 2), gsonai
ECﬂbe 3; 2000mn 1
Case 4 i
[

a Area of leak not calculated for n # 0.5.

Rate constant likely to

be <<0.001 d-1,

g18



TABLE 3.

Details of storage enclosures used as examples for calculation of interchange rates.

Storage Nominal Exposed
Case (construction capacity Gas volume, Head space Surface Dimensions
No. material) (wheat, (loaded, m3) volume (m3) area (m?)
tonnes)

1 Farm bin 5 3.0 0.6 15.9 Cylindrical wall
(unpainted, 2.1 m diam.,
galvanised 1.8 m to eaves.
iron) 30° roof pitch.

2 Bag stack 100 140 5 190 Rectangular 11.5
(pvC - Xx 4.7 m, 4.2 m
covered) high.

3 Silo bin 2200 1220 160 1090 Cylindrical wall
(unpainted, 11 m diam.,
concrete) 30 m to eaves.

30° roof pitch.

4 Flat storage 55000 41300 15200 14200 Rectangular plan
(unpainted, 137 x 52 m,

galvanised
iron)

5.2 m to eaves.
30° roof pitch.

v1ge
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size and type of leak In an enclosure (i.e. dependent on values
of b and n) while the effect of others 1s independent of leak size,
except at very high degrees of sealing, where there is some damping
of effect.

The sum of the Iinterchange rates resulting from individual
forces in the two groups are referred to here as (kdep)max and

(kindep/maxz respectively. Thus

(kdep)max =k, + kwf + kc + kd (35)

and
Kniomas = K + Ky + kp + ke (0)
These rates are calculated using high wvalues of the controlling
parameters and without allowance for interactions and chance effects.
They thus represent maximum values and are unlikely to be attained
in practice, except Iin exceptional combinations of circumstances.
Generally:

kdep + kindep < (kdep)max + (kinde 'max (37)
The actual valﬁe of kKindep may be slightly less than the estimate,
(kindep/max> 8s there may be some interaction between temperature
and barometric effects so as to reduce the total effect. However,
even when kp is acting in directly the opposite sense to ks its
influence on kindep will be small since kp itself is small. The
actual value of kg.p is much less accurately known but may possibly
be less than half that of (kdep/maxz- To achieve maximal effect
from wind and the chimney effect the effective leaks must be of
equal size and located both 1In regions of high and low ¢ values,
effectively across the structure, and also at the top and base of
the bin. These two conditions cannot hold simultaneously. Further-
more, if the two effective leaks in series, required for the wind
and the chimney effect to produce gas interchange, are not of
equivalent size the expected interchange will be reduced. This
effect is summarised in Table 4 (see also Anon. 1972, p.344). Also
there is an interaction between the wind and chimney effect such
that their combined action is less than the sum of the expected
individual contributions.

Despite these uncertainties, the calculated values of (Rdep!max
and (kindep)maz provide useful semiquantitative information on the

effects of sealing and whether other strategies may be necessary to
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reduce gas losses to within a tolerable range for a particular

process.

Figures 2a-2d show the variation in (kdep/mgxr with pressure
decay time, tg4, for the four types of storage treated in Table 3.
The values of {kindep)mdx are also shown. The values of the two
interchange rates are summarised for t4 = 5 mins 1n Table 5.

The following deductions can be made from information in Fig. 2
and Table 2.

(1) Sealing to a level that gives at least a few minutes pressure
decay test time reduces (kggp/mgsx very substantially. (Note:
in the model used here (kdep!max is inversely proportional
to tq4.)

(2) That the value of n has an important influence on the value of
(kdep)max with the greater interchange expected with lower
values of n for the same decay time.

(3) That the relative importance of leak-dependent and -independent
interchange rates varies with type of structure. With the silo
bin, (kdep/max is large relative to that from the farm bin,
suggesting a higher sealing standard should be applied in the
former case to glve the same rate of interchange.

" (4) The value of (kindep/mar in three cases considered is similar in
magnitude to the rates tolerable for phosphine fumigation and
CA processes (Table 1). Even allowing for the uncertainty in
the actual value of this parameter, some reduction in its value
appears necessary as there is otherwise little latitude in the
specification for the additional effects of wind and the chimney
effect. Since reduction of kj,4ep cannot be achieved by sealing,
it must be done by some other strategy (e.g. reduction of
temperature variation by white-painting or shading, and use of
breather bag systems).

(5) 1t appears unlikely, in the structures assessed here that the
leak~dependent losses can be reduced by seallng to a level
which would permit hermetic storage (Table 1) even allowing for
the interactions and chance factors discussed above. »

(6) The value of (kdep)max appears excessive in the case of the
silo bin at the currently used standard pressure decay time
(5 mins, 500 - 250 Pa in a full system) for fumigable bins.
It may be that some increase in the decay time standard is
warranted to ensure that gas loss is not excessive even under

very adverse environmental conditions. However 1t may also be
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TABLE 4.

Influence of leak distribution on calculated loss rate for Case 3
(tqg =5 mins, 500 - 250 Pa, full structure) for wind and chimney
effect.

Calculated ventilation

Ratio of leak area Value of « : rate (day-l)a
for air entry to in Equation

gas loss 4) Wind Chimney effect with
607 CO92 internally

1:1 0.50 0.084 0.053

1: 2 0.33 0.074 0.047

1:3 0.25 0.063 0.040

1 :5 0.167 0.046 0.029

1: 10 0.091 0.028 0.018

@ Calculated using Equations (4), (7), (24) and (27) with n ='1_0
and parameter values as Table 2.

TABLE 5.

Values of the sum of the leak-dependent and of the leak-independent
components of ventilation for four types of storage (t4 = 5 mins,
500 - 250 Pa, full structure).

(kdef)max (kdep)maé with 607 CO2 (kindef)max
)

d- i 1 da-l d-
e .80 %10 poogoes B (

Case 1, 0.05 0.03 0.06 0.04 0.08
farm bin
Case 2, 0.07 0.04 0.08 0.05 - 0.05
bag stack
Case 3, 0.14 0.11 0.21 0.15 0.03
silo bin
Case &4, 0.12 0.09 0.17 0.11 0.10

shed
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Gas interchange rate (kday~')

Fig.

0.25
————n=08 Case 1 _ Case 2

——— n=0.8+CO2
0.20- n=1.0 B

_n=1.0+C0,

0.15—

0.10
0.08
0.06
0.04
0.02+—

I

T

0.2

0.20 -

0.10
0.08
0.06
0.04

0.02 i
0 | | Il 1 IIHIJ | [

T

Y Y T W
1.6 2 3 45 7102050 1.5 2 3 4 5 7102850

Pressure decay test value (¢4 mins, 500 — 250 Pa)

2. Comparison of values of (kdep! mazx (straight 1lines) and

(kindep/maxr (curved line) for four enclosures (see Table 3) showing
the influence of level of sealing, as assessed by a pressure test,
and the value of n and presence of 607 CO2 in internal atmosphere.

(7)

(8)

that the 5 min decay standard is, in fact, adequate for large
silo bins and that it is therefore too stringent for farm bins
of the type considered here. On the basis of the model it is
not possible to tell which of these two inferences is correct
as the value of kgpp cannot be established sufficiently
accurately.

The specification of a particular decay time as a standard for
gastightness without knowledge of the value of n, allows a
substantial range of interchange rates, depending on n.

The presence of 607 COp substantially increases the value of

(Kdep/max but, since an additional 0.02 day'1 can be tolerated
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in actual loss rate compared with that for nitrogen (Table 1),
the gastightness requirements (pressure decay test time) are
similar for the two techniques.

(9) While treatment failures may be caused by inadequate sealing,
leading to excessive kdep values, this need not always be so.
Excessive values of kindep can also occur.

(10) Variation 1in barometric pressure 1s unlikely to cause treatment
failure except in combination with other phenomena.

(11) Short term temperature fluctuations can be a very significant

cause of gas loss in some situations.

CONCLUSION

The model presented here is a useful tool for design work on
storages and for investigation of some of the reasons for treatment
failures and excessive gas usage in fumigations and controlled
atmosphere use. It provides a framework for understanding the
influence of a .specific pressure decay test time on gas retention
under particular circumstances. The model also exposes some of the
ambiguities inherent in using simple pressure decay test times as a
method of specification of gastightness.

It is hoped that this model and discussion has explained why a
single pressure test standard to cover all storage structures 1s
inappropriate. The pressure decay value, being 1in the order of
minutes, should be set to meet the néeds of particular storage
types and environmental circumstances. With judgements of this kind
applied well it should be possible to optimise the technology of
fumigant and controlled atmosphere use. The incidence of treatment
failures may then be reduced without resorting to unnecessarily high
standards of sealing and unnecessary and often costly modifications

to storages in misdirected attempts to reduce gas losses.
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NOTATION
A Area (m2)
4 Wind Pressure coefficient
D Diffusion constant
(w2 s71)
M Molecular weight of air
N Porosity of grain
P Pressure (Pa, absolute)
Q Volumetric flow rate

(m3 s-1)

R Gas constant
@] kg-mol"1 k-1)

T Temperature (K)

v Volume (m3)

a Amplitude of oscillation

b Gas flow across a leak at
1 Pa (w3 s-1)

g Acceleration due to gravity
(m s-2)

h Vertical distance between
leaks (m)

k Rate constant or ventilation
rate (s-1)

A Length of diffusion path (m)

m Mass of gas in enclosure (kg)

n An empirical exponent

p Pressure (Pa)

t Time (s)

u Wind velocity (m s~1)

x Distance (m)

Proportion of total.
leak represented by
the smaller leak

Orifice coefficilent

Thermal diffusivity
(m2 s-1)

Density (g m~3)

Period of fluctuation
(s)

Phase angle

Frequency of
fluctuation (Hz)

Subscripts

c
D
2S
P
T
Tb

Chimney effect

Diffusion

Headspace

Barometric pressure

Temperature variation

Temperature varlation
in grain bulk

Wind

Wind fluctuations

Decay time

Dependent on leak size

External

Independent of leak
size

Internal

Permeation

Surface
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APPENDIX. CALCULATION OF VOLUME OF GAS LOST THROUGH TEMPERATURE
VARIATION IN A GRAIN BULK RESULTING FROM DIURNAL
HEATING OF THE SURFACE.

Consider a semi-infinite grain mass, initially at uniform
temperature, bounded by a wall at z = 0, where x Is the distance
into the mass from the wall. It can be shown (Babbitt, 1945) that,

with a variation in wall temperature following

T,- T = acos(wt— )

(38)
the temperature at any point in the bulk is given by
!l.l)
T-T =ae V2 cos(wt - | =2 —
( 2k 2 (39)

The change in gas volume, dV, in an element dz, of cross-section,
4, brought about by an increase in temperature from T to T is given
by (derived from Equation (17))
T-T
dV = = dx N 4 (40)

where ¥ is the porosity of the grain bulk. Thus

A - x
av = AN cos(wt — /%—cb)dx (41)

T

The total volume excess, AV, over the bulk will be given by

-] A _ mx
AV=J-%e‘% cos(wt — /%—«b)dx (42)

0

= af_N /Lcos(wt - %)
T & : (43)

During one complete cycle the total volume excess will be approxi-

mately twice the maximum value of V, since the 1loss occurs
during expansion from T to T,,, and from Ty;, to T. Substituting
for AV in Equation (7), the ventilation rate, k, from this process
is thus given by

k = 2_‘iNA /_K_ (21)
TVt o






