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ABST'R.Á.CT'

Experiments were conducted in three pilot (1 .42-m-dia¡neter) and three farm (5.56-m-diameter)

bins to determine the distribution and maintenance of introduced CO2 gas in bulk wheat. Dry ice was

used as a source of CO, gas. The pilot-bins were filled with wheat to a height of 1.37 m and the farm

bins were either empty or filled with wheat (2.50 m or 2.10 m height) in the experiments. The effects

of the floor opening (circular near the centre, rectangular, and circula¡ nea¡ the wall), the grain surfaces

left open or covered with polyvinylidene chloride (PVC) sheet, and the amount of introduced dry ice

on the distribution of CO, gas were studied in the pilot bins. The effects of the point of application of

dry ice, the amount and frequency of application of dry ice, the grain surface left open or covered with

PVC sheet, and sealing various portions of the bin on the distribution and retention of CO, gas were

studied in the farm bins. in addition to the CO, distribution tests the effect of elevated CO,

concentrations on the mortalify of adults in cages of the rusty grain beetle, Crvptolestes femrgineus

(Stephens), was determined in the farm bins.

In the farm bins irrespective of the point of the application of dry ice (on the grain surface, in

the aeration duct or in the plenum, or near the central axis of the grain bulk), the observed CO,

concentrations were higher in the bottom portions of the bulk than in the top portions. For example,

at 48 h after introducing dry ice on the grain surface the average CO, concentration at the top level was

11.9% compared to31.6%o at the bottom level. Introducing the dry ice on the grain surface gave higher

CO, concenhations near the top portions of the grain bulk than introducing the dry ice in the plenum

or in the aeration duct. For exampl e, at 48 h after the introduction of dry ice the average CO,

concentrations at the top level was 4.0o/o when dry ice was introduced in the aeration duct compared

to 11.9%o when dry ice was introduced on the grain surface.

The efficiency of CO, retention (r1 .,.n,¡on) was higher in the pilot than in the farm bins. The

observed maximum l'ì,.r.ntion in the pilot bin experiments was 54.6% compared to the maximum observed
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lrcrention of 27.4yo in the farm bin experiments. Ths l'ì,.,.n,ion was higher (on an average by 6%) when the

grain surfaces were covered witli a PVC sheet than the open grain surfaces. The maximum observed

r'lretention was only 54.6% in the pilot-bin experiments because of the sorption of CO, gas by wheat. A

remarkable decrease in the ¡,.,.n,ion was observed in the farm bins compared with the pilot bins. The

uncontrolìable loss of CO, gas through various leaks in the bin wall and the bin wall to the floor joints

might have reduced the q,.,.n,,o" in the farm bins. In a wheat filled farm bin, the maximum ïì¡etcntion wâs

achieved when the dry ice was introduced on the grain surface (26.3%) or near the central axis of the

bulk (27.4%), and the grain surface was covered with a PVC sheet. ThÊ l'ì,"r"ntion in the empty bin with

concrete floor was much higher than that in wheat-filled bins with provision for aeration. Sorption of

CO, by wheat and unsealable leaks at the joints between the aeration duct or the fully perforated floor

reduced thÊ t1 .,"n,ion in these bins.

An attempt was made to model the movement of CO, gas through wheat bulks by solving a

three-dimensional diffusion equation in the Carlesian coordinate system using the finite element method.

The simulation results were compared with the measured CO2 data in the pilot bins. The predicted CO,

concentrations were much lower than the measured data. The under predictions were observed because

of the rnass displacement of CO" through rvheat when dry ice sublimated into CO, gas. To include the

rnass displacement of CO" in the model, an apparent flow coefficient of CO, (Dooo) was determined by

physically simulating the pilot-bin experiments in a laboratory apparatus. The CO, concentrations

predicted using Duoo values were closer to the measured data than when pure diffusion was assumed.

The importance of including the sorption of CO, by wlieat in tlie model was also demonstrated.

Based on the results, it is suggested that a bin with no aeration duct or perforated floor should

be used for controlled atmosphere (CA) treatment in non-airtight bins, and tlie grain surface sliould be

covered with a PVC sheet to reduce the loss of CO, through the grain surface. To improve the model

predictions a model of forced convective mass transpoft should be used during the dry ice sublimation

period and the diffusion model should be used afterwards.

(ii)



ACKI{O\ryT,EDGENMNTS

I wish to express my sincere gratitude to my advisor Dr. D.S. Jayas for his invaluable guidance,

encouragement and support during the course of this study. Regardless of the number of students that

were waiting to see him it was always easy for me to get his time for discussions,

I thank Drs. N.D.G. White, and W.E. Muir for their cooperation and guidance. I also wish to

thank Dr. A.C. Trupp for serving on my thesis committee and reviewing the manuscript.

I wish to acknowledge the Natural Sciences and Engineering Research Council of Canada and

the University of Manitoba Graduate Fellowship committee for providing financial assistance.

I thank Messrs Jack G. Putnam, Ben Mogan, Rob Ataman, M. McDonald, Danny Mann, Dale

P. Muir, Atul Verma, Mark Lannond, and Dan Cormier for their technical assistance. Special thanks

are due to Pankaj Shatadal, T. Nitheanandan, and S. Ganapathy for their encouragement.

I am grateful to my wife Kalyani for her patience and understanding during the long hours of

my absence from home, and to my children Meena and Kannan who kept me alive during periods of

troubles. Last, but not the least, I wish to thank my parents and my brother K. Kannan who always

wished that i should cornplete Ph.D.

(iii)



T'AET,E OF'CONTE¡{T'S

ABSTRACT

ACKNOWLEDGEMENTS

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF SYMBOLS

1. INTRODUCTION

2. OBJECTIVES

3. LITERATURE REVIEW

3.1. Factors Affecting the Efficacy of CA Storage
3.1.1. Effect of temperature
3.1 .2. Effect of Relative Humidity
3. L3. Effect of Gas Composition
3.1.4. Effect of Exposure Time

3.2. Sorption of CO, by Grains

3.3. Production of CO, by Grains
3.3. I . Respiration of Grain
3.3.2. Respiration of Insects and Microorganisms

3.4. Distribution of Introduced Gases in Grain Bulk

3.5. Studies Related to the Use of CO, gas in Grain Bulks

3.6. Use of Dry lce as a Source for creating High CO, Atmospheres

3.7. Diffusion Coefficient of Gases Through Agricultural Grains

3.8. Gas Loss from Grain Storage Bins

3.9. Previous Models

4. MODEL DEVELOPMENT

Page

(i)

(iii)

(iv)

(vii)

(x)

(xi)

I

5

6

6

7

8

8

9

l0

11

11

12

IJ

15

17

19

20

22

23

(iv)



4.1.

4.2.

Governing Equation and BouncÍary Conditions

Finite Element Formulation

4.3. Time integration of eq. 4.15

MATEzuALS AND METHODS

5.1. Pilot Bin Experiments
5.1.1. Test Bins
5.1.2. Experimental Procedure

5.2. Farm Bin Experiments
5.2.1. CO, Distribution Tests

5.2.1.1. Test Bins
5.2.1.2. Experimental Procedure

5.2.2. Bioassay

5.3. Deterrnination of Apparent FIow Coefficient of CO, through Wheat Bulks
5.3.i. Test Apparatus
5.3.2. Sample Preparation
5.3.3. Experimental Procedure

RESULTS AND DISCUSSION

6.1. CO, Distribution in Pilot Bins
6.1.1. Iso-Concentration Lines

6.2. CO, Distribution in Farm Bins
6.2.1. Iso-Concentration Lines

6.3. Weighted Volurne Average CO, Concentrations
6.3.1. Defìnition
6.3.2. Pilot Bins
6.3.3. Farm Bins

6.5.

6.6.

Comparison of Effìciency of CO, Retention in Pilot and Farm Bins
6.4.1. Concentration Time Product
6.4.2. Pilot-Bin Experiments
6.4.3. Farm-Bin Experiments

Bioassay

Simulation of CO, Distribution in Wheat Bulks
6.6.1. Boundary Conditions for Simulations in Pilot Bins
6.6.2. Simulation Results

Calculation of Apparent Flow Coefficient of CO, Through Wheat Bulks

5.

6.

a^

28

30

30
30
34

36
36
36
40

43

45
45
47
41

49

49
49

66

66

70
70

71

7t

79

79
81

83

84

90
90
9t

96

6.4.

6.7.

(v)



7.

B.

9.

APPENDICES

6.7 .1. Effect of Temperature
6.7.2. Effect of Moisture Content
6.7.3. Effect of the Amount of Dry Ice

6.8. Prediction of CO, Distribution in Wheat Bulks Using Duoo Values
6.8.l. Estimation of Sorption of CO, by the Wheat
6.8.2. Simulation Results

CONCLUSIONS

SUGGESTIONS FOR FUTURE RESEARCH

REFERENCES

9l
99
99

100

104
105

111

113

1i5

A.

B.

C.

D.

E.

Experimental Data on CO, Concentrations in Pilot Bìns

Iso-Concentration Lines of CO, in Pilot Bins

Experirnental Data on CO, Concentrations in Farm Bins

Iso-Concentration Lines of CO, in Fann Bins

Weighted-Volume Average CO, Concentrations and Mortality of Rusfy Grain Beetle Adults in
Insect Experiments

(vi)



No.

5.1

{,TST OF'F'TG{IR.ES

Title

Schematic diagram of the temperature and gas sampling locations in a 1.42-m-diameter
and 1.47-m-tall bin with a 0.3-m-diameter perforated floor opening at the centre (Bin
1)

Schematic diagrarn of the temperature and gas sampling locations in a 1.42-m-diameter
and 1.47-m-tall bin with a 1.14 x 0.36 m rectangular perforated floor opening (Bin
2)

Schematic diagram of the temperature and gas sampling locations in a 1.42-m-diameter
and 1.41-m{all bin rvith a 0.3-m-diameter perforated floor opening near the wall (Bin
3)

Schematic diagram of the temperature and gas sampling locations in a 5.56-m-diameter
bin with a circular duct on the floor (fann Bin l)

Schematic diagram of the temperature and gas sampling locations in a 5.56-m-diameter
bin with a fully perforated floor (farrn Bin 2)

Schematic diagrarn of the temperature and gas sampling locations in a 5.56-m-diameter
bin with a concrete floor (fann Bin 3)

Schematic diagrarn of an insect tube

Schematic diagrarn of the apparatus used for measuring the apparent florv coefficient
of CO, through wheat bulks

Lines of constant CO, concentrations (%) along section A-A (Fig. 5.1) of a 1.42-m-
diameter bin containing wheat to a depth of 1.31 m with open top surface at various
sampling times after the introductíon of 180 g of dry ice under a 0.3-m-diameter
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (%) along section A-A (Fig. 5.1) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with covered top surface at various
sampling times after the introduction of 180 g of dry ice under a 0.3-m-diameter
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO" concentrations (%) along section A-A (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m witll open top surface at various
sampling times after tlie introduction of 370 g of dry ice under a 1.14 x 0.36 m
perforated floor opening near the centre. (The numbers beneath eacli bin indicate the
sampling times (h)).

Page

38

39

44

46

3l

32

JJ

5t

5.2

5.3

5.4

5.5

5.6

5.1

5.8

6.1

6.2

6.3

51

(víi)

52



6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.1 I

Lines of constant CO, concentrations (%) along section B-B (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with open top surface at various
sampling times after the introduction of 370 g of dry ice under a 1.14 x 0.36 m
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (%) along section A-A (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with covered top surface at various
sampling times after the introduction of 370 g of dry ice under a l.l4 x 0.36 m
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (%) along section B-B (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.31 m with covered top surface at various
sampling times after the introduction of 370 g of dry ice under a 1.14 x 0.36 m
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (%o) along section A-A (Fig. 5.3) of a 1.42-m-
diameter bin containing wlieat to a depth of 1.37 m with open top surface at various
sampling times after the introduction of 180 g of dry ice under a 0.3-m-diameter
perforated floor openirlg near the wall. (The numbers beneatli each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (%) along section B-B (Fig. 5.3) of a 1.42-m-
diameter bin containing wheat to a deptli of 1.37 m with open top surface at various
sampling times after the introduction of 180 g of dry ice under a 0.3-m-diameter
perforated floor opening near the wall. (The numbers beneath each bin indicate the
sarnpling times (h)).

Lines of constant CO, concentrations (%) along section A-A (Fig. 5.3) of a 1.42-m-
diameter bin containing wheat to a depth of |.31 m with covered top surface at various
sampling times after the introduction of 180 g of dry ice under a 0.3-m-diameter
perforated floor opening near the wall. (The numbers beneath each bin indicate the
sampling times (h)).

Lines of constant CO, concentrations (o/o) along section B-B (Fig. 5.3) of a 1.42-m-
diameter bin containing wheat to a depth of 1.31 m with covered top surface at various
sarnpling times after the introduction of 180 g of dry ice under a 0.3-m-diameter
perforated floor opening near the wall. (The numbers beneath each bin indicate the
sarnpling tirnes (h)).

Lines of constant CO, concentrations (%) along section A-A (Fig. 5.1) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with open top surface at various
sampling times after the introduction of 540 g of dry ice under a 0.3-m-diameter
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling tirnes (h)).

53

54

55

5',7

58

59

(viii)



6.12 Lines of constant CO, concentrations (%) along section A-A (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with covered top surface at various
sampling times after the introduction of 740 g of dry ice under a 1.14 x 0.36 m
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling times (h)).

6.13 Lines of constant CO, concentrations (o/o) along section B-B (Fig. 5.2) of a 1.42-m-
diameter bin containing wheat to a depth of 1.37 m with covered top surface at various
sampling times after the introduction of 740 g of dry ice under a 1.14 x 0.36 m
perforated floor opening near the centre. (The numbers beneath each bin indicate the
sampling tirnes (h)).

6.14 Lines of constant CO, concentrations (%) along section A-A (Fig. 5.4) of a 5.56-m-
diameter bin containing wheat to a depth of 2.50 m with open top surface (Experiment
l) at various sampling times. (The numbers beneath each bin indicate the sampling
times (h)).

6.15 Pilot Bin 1 divided into smaller volumes for determining the weiglited-volume-average
CO" concentrations.

6.16 PIan view of the pilot Bins 2 and 3 divided into smaller areas for determining weighted-
volume average CO, concentrations (the division in the vertical direction is the same
as in Bin 1 shown in Fig. 6.15).

6.11 Fann Bin I divided into smaller volumes for determining the weighted-volume average
CO, concentrations. Farnl Bins 2 and 3 were divided sirnilarly, but farm Bin 2 had 4
levels and farm Bin 3 had a height of 2.1 m.

6.18 Change in weighted-volume average CO, concentrations with time at various levels in
fann Bin 1. Vertical lines indicate the time at which dry ice was introduced.

6.19 Clrange in weighted-volume-average CO" concentrations with time at various levels in
farm Bin 2. Yertical lines indicate the time at which dry ice was added.

6.20 Change in weighted-volume average CO, concentrations with time at various levels in
farm Bin 3. Vertical lines indicate the time at wliich dry ice was added.

6.21 Change in the weighted-volume average CO" concentration with time in the insect bin
(vertical solid lines indicate the time at which dry ice was added.

6.22 Mortality of rusty grain beetle adults at various levels under the elevated CO, in a
wheat bulk.

6.23 Increase in mortality of rusty grain beetle adults with cumulative ct-product.

6.24 Measured CO, concentrations and predicted concentrations using eq. 6.6. at sampling
point i in replicate 1 of Bin 3 witli 180 g dr¡, ice and open grain surface.

6t

62

67

72

IJ

t4

76

11

78

85

87

(ix)



Ï,TST OF'TAtsT,ES

No. TITLE page

5.1 Summary details of experiments conducted in 1.42-m-diameter bins containing wheat
to a depth of 1.31 m. 35

5.2 Summary details of experiments conducted in 5.56-m-diameter bolted metal bins. 41

6.1 Comparison of q,"t"n,ion in pilol and farm-bin experiments. 82

6.2 Mean relative percent errors befween measured and predicted CO, concentrations for
all the tests in pilot bins. Measured CO, concentrations at t h was linearly interpolated
and taken as the initial condition. 94

6.3 Empirical constants A and B (in eq. 6.9) at various temperatures, wheat moisture
contents, and with different amounts of dry ice. 98

6.4. Mean relative percent erors befween the measured and predicted CO2 concentrations
for all tests in pilot bins. Values of Duoo were used in the first 3 h of simulation and the
diffusion coefficient was used afterwards. 102

6.5. Mean relative percent errors between the measured and the predicted CO,
concentrations for all the tests in pilot bins, when the sorption of CO, by the wheat was
included in the model. 106

6.6 Mean relative percent erors between the predicted CO, concentrations and the average
of the measured concentrations with 740 g of dry ice in Bin 2 with covered grain
surface, at various sorption rates. The actual sorption rate was estimated from Cofie-
Agblor et al. (1992). 110

(x)



r.IsT oF sv}Æon s

a, b empirical constants (eq.6.6)

A cross sectional area of the grain chamber (m2)

tB] matrix of derivatives of interpolating functions

c CO, concentration (g m-3)

ci initial nodal CO, concentration (g rn")

C* CO, concentration created by one domain volume of CO, gas (%)

Cn average predicted CO, concentration of an element at the present time step (g -")
Cn-r average predicted CO, concentration of an element at the previous time step (g ntt)

{C} vector of CO, concentrations

(CO2)i rneasured CO, concentration at sar-npling point i (%)

csr specified CO, concentration on the boundary Sl (g m_,)

C,," weighted-volume-average CO, concentration for the sampling time ts (%)

C,u"*' weighted-volume-average CO, concentration for tlie sampling time ts+1 (%)

Doou apparent flow coefficient of CO, through wheat bulk (m2 s-')

tD] material property matrix

Dx diffusion coefficient of CO" through wheat bulk in x-coordinate direction(m2 s-r)

Dy diffusion coefficient of CO, through wheat bulk in y-coordinate direction(m2 s-')

Dz diffusion coefficient of CO, through rvheat bulk in z-coordinate direction(m2 s-t)

e mean relative percent error of prediction (%)

{fl element load vector

tFl global load vector

tKll global capacitance matrix

LK2l global stiffiress matrix

(xi)



L length of the grain chamber (m)

Mi measured CO, concentration at node i (g *-t)

tl,{] matrix of interpolating functions

NDV CO, number of domain volumes of CO,

P pressure created by dry ice sublimation in the gas chamber (Pa)

Pi predicted CO, concentration at node i (g m't)

q amount of CO" sorbed by wheat (g m-' s-')

a total surface flux across the boundary (g rn-t r-')

Q, mass flow rate of CO" (g s-')

R gas constant for CO,; 0.1889 kJ kg't ç-t

S 1 surface on which CO, concentration is specified

52 surface on which loss of CO, gas is specified

S.o. rate of sorption of CO, by wheat (g kg-' d-')

Vd total volume of the grain bulk (rn3)

Vi volurne of a divided region representing one or more sampling points (m3)

Greek Symbols

C) domain consisting of stored-grain bulk

O porosity of wheat (decimal)

x time (s)

pcoz density of CO, (g --')

p." density of wheat (g m')

Superscripts

T transpose of a matrix

(e) the matrix or the vector is for an element

(xii)



1. WT'R.OÐUCTNON

Canada's average annual production of grains and oilseeds from 1982 to 1991 was 52.5 Mt

(millìon tonnes) worth 6.6 billion dollars (Anonymous 1992). Most of the grain harvested in Canada

goes into farm storage before being moved for sale or use. The total amount of grains and oilseeds

canied over in storage in Canada from one crop year to the next averaged 14.0 Mt annually over a l0

year period from 1982 to 1991 (Anonymous 1992). Most farms must have on-farm storage capacity

of about I.5 to 2.0 times their average annual production because of large carryovers or large harvests

(Muir 1980). Common on-farm storage facilities in Canada are corrugated galvanized steel bins of 33-

to 545-t capacity (White et al. 1990). The quality of the grains and oilseeds stored in these granaries

must be maintained during the period of storage, which sometimes may exceed two or more years

(Muir 1980).

Losses to stored product may be of quantity or quality and may occur separately or together

(Hall 1970). The quantity loss results from weight loss due to the evaporation of moisture frorn the

food grain, metabolization of food components such as carbohydrates into water and carbon dioxide by

microflora and grain enzymes and direct consumption of grain by insects and rodents. The quality loss

can result in lower grade for grain due to sprouting, discoloration moulding and rotting, decrease in

genninative power and nutritive value or the presence of contaminants such as body parts of insects or

rodents.

Several biological (insects, mites and microorganisms) and non-biological (grain temperature

and moisture conteut and gaseous composition of intergranular air) factors interact to cause damage to

the stored grain (Oxley 1948, Muir 1980). The growth and development of the biological organisms

are optimum at certain temperature, moisture content and intergranular gas composition ranges. For

example, at near ambient gas compositions of intergranular air, the development of the insects and mites

that attack the stored grain occur at rvell defined temperature rallges of about 15 to 38"C and 5 to 40oC,



respectively and have narow optimum ranges near 30oC (Sinha and Watters 1985), and the

development of most storage fungi occur in high moisture grains (>17% moisture content for wheat,

Loschiavo 1984).

Stored grain can be protected from insects and mites by lethal chemicals such as contact

insecticides, acaricides, and fumigants (Freeman 1973). These chemicals leave objectionable residues

on tlre grain and are hazardous to handle and apply. Also many stored-product pests are developing

resistance to chemicals (White and Loschiavo 1985). Champ (1986) lists 31 species of insects and

mites that have developed resistance to various chemicals, worldwide. Due to perceived carcinogenicity

to mammals, ethylene dibromide was banned by the Canadian regulatory agencies in 1984 for use in

the milling industry, followed by a continued regulatory review of many other chemical fumigants.

Currently, methyl bromide and phosphine are the only fumigants used on or near stored products in

Canada (White and Jayas 1992). Therefore alternative ways of protecting stored grain against pests

should be explored.

Controlled atmosphere (CA) storage is a potential alternative method of insect control (Banks

and Annis 1911). CA storage, in principle, is an artifÌcially created intergranular gas composition.

Hennetic storage relies on the respiratory activities of grain, insects, mites, and molds to alter the

intergranular gas composition in air-tight storage facilities, while in CA storage the gaseous composition

of the intergranular air is altered by injecting either CO, to create high CO, atmospheres, or N, to create

low O, atmospheres lethal to insect pests (Banks and Annis 1977). Effectiveness of controlled

atmosplteres for controlling various stored-product pests depends on several factors: temperature and

moisture content of the grain, gaseous

exposure time.

For successful control of pests

optimum grain temperature and moisture

composition used, species and life stages of pests, and the

using controlled atmospheres, gases should be introduced at

content and uniformly distributed in the grain bulk to maintain



adequate gas levels for tlie required exposure time in all locations of the bin. Uniform distribution of

the introduced gases is dependant on the rate of movement of these gases through the grain bulk which,

in tum, depends on the rate of diffusion (Singh et al. 1983, Jayas et al. 1988) and on natural convection

currents in the bulk (Bond et al. 1977, Navarro et al. 1986). The maintenance of the required gas levels

with minimal use of the introduced gas depends on the loss of the intergranular gas to the ambient air

through the leaks in the structure (Banks and Annis 1980). In Australia, a decay time for applied

excessive pressure of 5 min for a pressure drop of 2500 to 1500 Pa, 1500 to 750 Pa, or 500 to 250Pa

is regarded as a satisfactory measure of sealing of a structure (Banks and Annis 1980). In the structure

that meets these gas tightness specification, 'one-shot' treatment of CO, was found to give effective

insect control (Banks et al. i980).

The fìrst large scale application of controlled atmospheres for disinfesting stored grain was done

in Australia during 1911-1919 (Winterbotfom 1922; cited by Banks et al. 1980). Since then numerous

research studies, both in the laboratory and in large grain bulks, have been undertaken to determine the

effectiveness of controlled atmospheres for controlling stored-product insects (Annis 1987). Most field

tests on the CA storage of grain bulks have been conducted in airtight bins. The on-farm storage bins

in Canada are not airtight and the lack of airtightness is a problern when high concentrations of gas

must be maintained (White et al. 1990). Sealing these farm bins to make them airtight will interfere

with the natural ventilation that helps in reducing temperature gradients and the moisture migration that

may occur in large grain bulks (Mcgaughey and Akins 1989). Furthermore, itisnotpractically feasible

to conveft the existing bins into completely leak free enclosures (Banks and Annis 1980). Thus, while

CA treatment would be most effective in airtight bins, it would be more useful if it could be effectively

applied in bins that are not well sealed. An understanding of the distribution and loss of CA gases in

non-airtight bins should assist in efficient design and successful application of the CA storage for

control of pests in grain stored in such bins.



The movement of gases in a stored grain mass can be studied using two methods: (i) by

collecting empirical data in grain bins of various shapes and sizes, and filled with different grains; and

(ii) by developing mathematical models, based on physical principles, for predicting the distribution of

gases in tlie grain bulk. The former method requires a lot of time, is costly, and is labour intensive.

Although, in the absence of any other empirical data for validating the models, it is essential to collect

the empirical data for validating the mathematical model and for understanding the distribution of gases

in the grain bulks. To my knowledge, there has been no extensive experimental study on the movement

of CO, tlirough wheat stored in bolted metal bins, and except for an axisymmetric model for predicting

the CO, diffusion in stored wheat (Singh et al. 1983, Jayas et al. 1988), no other study was conducted

to mathematically describe the movement of gases in stored-grain bulks. This work was undertaken

to study the movement of CO, gas through stored wheat in pilot and non-airtight farm bins and to

develop a finite element model for predicting the three dimensional distribution of CO" in a stored-

wheat bulk.



2. OB"TECTT'VES

The specific objectives of this study were:

1. To determine the distribution of CO, gas through bulk wheat contained in pilot scale bins of

1 .42-m -diameter rvith different partial ly perforated fl oors,

2. To determine the distribution of CO, gas through bulk wheat contained in bolted metal bins of

5.56-m-diameter,

3. To develop a three-dimensional finite element solution of a mathematical model of CO,

diffusion for predicting the movement of CO, rvithin the stored grain bulk.

4. To compare the predictions of the model against the measured CO2 data from the pilot bins.



3. T,IT'ERAT{-IRE R.EWEW

3.1 Factors .Affecting the Efficacy of CA Storage

The objective of CA treatrnent of grains is to kill all insects and mites with minimal use of

gases. The efficacy of CA storage depends on the temperature and moisture content of the grain, gas

composition of the intergranular atmosphere, exposure time, pest species, and life stages, initial pest

population, and distribution of insects in a grain bulk. Numerous laboratory studies have been

conducted to determine the effect of various combinations of CA gases on the mortality (the number

of insects killed after exposing to a controlled atmosphere and allowing them to potentially recover at

optimum conditions) of stored product insects. Results of published studies related to the effect of the

abiotic factors on the mortalify of insects in a CA storage are reviewed.

Furthennore, the success of CA treatment in controlling insects depends on the uniformity of

distribution of the introduced gases and the retention of the gases in the grain bin until all the insects

are killed. The adsorption of CO, gas by the grain and the production of CO, gas by the respiration

of insects and grain and loss of gases through various possible leaks in the storage structure are

important to detennine the amount of gas required to killthe insects, and for accurate prediction of CO,

distribution using rnathematical models. Literature related to the sorption of CO, gas, and the

distribution and loss of the introduced gas in grain bulks are reviewed next.

Mathematical models, based on physical principles, are useful tools to study the distribution and

maintenance of gases in a CA storage and to design cost efficient CA storage systems. The diffusion

coefficients of gases through grain bulks are the essential material properly data in these models.

Literature related to the mathematical modelling of the movement of CO, gas through stored grain bulks

and those related to the determination of diffusion coefficient of gases through grain bulks are reviewed

last.



3.1.1 Effect of Temperature

The action of low O, atmospheres on the mortality of insects is strongly dependent on the grain

tenrperature with the effect being slow at low temperatures (Bailey and Banks 1975). Banks and Annis

(1977) stated that as the grain temperature decreased from 35 to 15"C the exposure time increased from

1 to 24 wk in a 1o/o O2 and 99o/o N, atmosphere. Bailey and Banks (1980) observed a close to complete

mortality (>99.5%) of Sitopliilus granarius (Linnaeus) in 2 wk af 29.4"C and in 3 wk at 23.9'C in a

1.5yo 02 in N, atmosphere. Only 78% mortality could be achieved at 18.3"C even after an exposure

period of 12 wk.

Alianiazee (1971) repofted an increase in the rate of mortality of Triboliurn castaneum (Herbst)

and T. confusum du Val when the temperature of the grain bulk increased from 15.6 to 26.7"C in a

100o/o COz atlnosphere. The exposure time needed for 95%o rrortality of T. castaneum decreased from

78 to 7 h and that of Rhyzopertha dominica (Fabricius) decreased from 202 to 15 h with an increase

in temperature from 15 r.o32"C in< l%o O, and 8.5-ii.50/o COz atmosphere (Storey 1915). White et

al. (1988) found that to control Cryptolestes ferrusineus (Steplrens) in 1 wk at20oC,540/0 CO, and <

llo/o Oz was sufficient, wlrereas at 10oC, the CO, level had to be increased to >74yo with O, levels

decreased below 5%. They also concluded that a temperature of 2.5"C was too cool for an effective

control in I wk. Thus, for an effective CA treatrnent of grains, the treatment should be done when the

grain bulk temperature is high (> 20'C). in a large grain bulk, different temperatures are observed at

various locations of the bulk (Muir et al. 1980, Alagusundaram et al. 1990), therefore lowest

temperature in the bulk should be considered for determining the length of exposure time required for

an effective control of insects. The grain temperatures near the bin wall closely follow tlie ambient air

temperature. In Canadian farms if the CA treatment of grains is done in the winter months the length

of exposure should be extended based on the grain temperatures near the wall.



3.1.2 Effect of R.elative Ï{umidity

For most stored-product insects the reproduction rate is less at low relative humidities, however

most of them can survive atvery low relative humidities (Howe 1965). Jay et al. (1971) found that the

effect of relative humidity on the mortality of insects was due to water loss and eventual desiccation,

when the insects open spiracles in response to low O, in N, or CO, atmospheres. They reported that

the mortality of T. castaneum and Oryzaephilus surinamensis (Linnaeus) was greater at 9Yo relative

humidity than at 33,54,and 68%o relative humidities, in binary ortrinary mixtures of 02, Nr, and CO,.

Navarro and Calderon Q97\ confinned that due to pronounced water loss, the mortality of Ephestia

cautella (Walker) rvas higher at low relative humidity in 21 to 88% CO, atmospheres. Alianiazee

(1971) reported that the mortality of T. castaneum and T. confusum in a 45o/o CO, atmosplrere

decreased when relative humidity increased from 38 to 100%. Rameshbabu et al. (1990) found an

increase in the mortality of adults arrd eggs of C. ferueineus when the relative liumidity was reduced

from 84 to 60%o.

Ill a stored-grain ecosystern, rnoisture content of the stored product is in equilibrium with the

intergranular air (Muir 1986). Due to external weather changes, snow or rain water entering the bin

through the man hole and the air veuts, and moisture migration the moisture content at cefiain points

in a stored-grain bulk nray be higher than in other parts of the buik. Therefore, the maximum moisture

content at any point in a stored-grain bulk should be considered in deciding the duration of application

of CA storage for an effective control of insects Q.{avarro and Calderon 1980).

3.1.3 Effect of Gas Compositions

Selection of appropriate gaseous composition that is lethal to stored-product insects is essential

for an effective control of insects using a CA treatment. Due to the physiological differences, different

insects require different atmospheres for their control. Among the mixtures of 20Yo O, in CO", N,, and



He, only the O,-CO, combinatioll was toxic to adult T. castaneum and T. confusum (Alianiazee 1971).

Whereas, when the O, level was ( 1.'10/o, all mixtures were equally good in controlling these insects.

White et al. (1988) reported that the mortality of C. ferrusineus. an economically important stored-

product insect in Canada, increases with an increase in CO, level from 54-69% to 92-98%o in a < l0%o

O, atmosphere. Although low O, in N, atmospheres have been found to be effective in controlling

stored product pests (Bailey and Banks 1980, Shejbal etal. 1973), aCOratmosphere is more effective

because it stimulates insect respiration while displacing O, (Jay and Pearman 1971; Krishnamurthy et

al. 1986; White et al. 1988, 1990). The superiority of CO, atmosphere overN, atmosphere was further

confirmed by Mitsuda and Yamamoto (1980) who stated that CO, restricts the growth of fungi and

microorganisms. Jay ( I 980) stated that in N, atmosphere, the O, levels in the interstitial spaces should

be reduced to < lYo to obtain effective insect control. Creating and maintaining < lyo Oz is difficult

and uneconomical in non-airtight structures. He concluded that CO, can be used in situations where

leakiness from the storage structure may be a problem (like the on-farm storage bins in Canada) or

where it is not economically feasible to seal the storage structure. He further stated that a CO,

concentration of 60+10% (even down to a lou,of 35%) gives a good control of insects in stored grain.

3.1.4 Bffect of Exposure Time

The controlled atmosphere should be maintained in the grain bulk for a minimum required

exposure time to achieve effective insect control. Based on 70 year literature review (1900-1970) of

laboratory studies on the mortality of insects in CO, atmospheres, Annis (19S7) stated that the rnajority

of species showed 950/o or greater moÍality in less than l0 d at CO, levels of 40 to 600/o. Only T.

castaneum and Trosoderma granarium Everls required more than 10 d for 950/o mortality. White et al.

(1988) found that af 20"C in a COr:O, atrnosphere (> 54%: < 11%) I wk was required for the control

of C. ferrusineus. When the CO, level was20%o and the temperature was 25oC,4to 6 wk were required



for an effective control of C. ferrugineus (White et al. 1990). Rameshbabu et al. (1990) observed a

linear increase in the mortality of C. ferrugineus adults and eggs with an increase in exposure time and

complete control of insects was observed in 4 d in 88-92% CO, atmospheres. Although the mortalify

of C. ferrugineus and other insects increases with an increase in exposure time for a particular

atmospheric composition, the minimum required exposure time should be decided based on the

minimum temperature and maximum moisture content in a large grain bulk (Banks and Annis 1977,

Navarro and Calderon 1980).

3.2 Sorption of CO, by Grains

In a stored-grain bulk CO, is adsorbed due to the diffusion of CO, into the kernels (Mitsuda et

al. 1973) and it is also produced by the respiration of the grain, insects, and microorganisms. The

desorption of previously adsorbed CO, by the grain is not considered as production of CO, but is

important because it may increase the CO, concentration in the intergranular air. In a CA storage, the

arnounts of adsorbed and produced CO" should be taken into account in the design and application of

the required gas compositions. Fuúhemrore, the source or sink term (q) appearing in the differential

equation governing the movement of CO, through the grain bulk (Section 4.1) corresponds to the CO,

production or sorption by grain, respectively. An understanding of the phenomellon of the sorption and

production of CO, by the grain is essential in deciding the gas compositions required for an effective

control of insects and for accurate prediction of CO, concentrations at various locations in a bin (Haugh

and Isaacs 1967).

Mitsuda et al. (1973) observed the phenomenon of CO, sorption by cereal grains and oilseeds

and concluded that the diffusion of CO, into the pore tissues of grain is the rnajor mechanism of CO"

sorption by the grain. Mitsuda and Yamamoto (1980) observed a reduction in pressure of the

intergranular air due to the sorption of CO" by rice stored in sealed 200 L cans in a CO, atmosphere.
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The shapes of CO, sorption and pressure drop curves were symmetrical with respect to the time axis,

indicating that the pressure drop was only because of CO, sorption by the grain. Various factors such

as the grain ternperature and moisture content, porosity of the grain kernel and the type of grain affect

the amount of CO, adsorbed by the grain (Yamamoto and Mitsuda 1980). Yamamoto and Mitsuda

(1980) observed that the sorption of CO, by brown rice increased with an increase in moisture content

and that of paddy rice decreased with an increase in moisture content of rice up to 20%o. On the

contrary, Diawara et al. (1986) concluded that the sorption of CO, by rice kemels increases with a

decrease in moisture corltent. Yamamoto and Mitsuda (1980) stated that rnany kinds of cereal grains

and pulses (rice, wheat, corn, peanuts, red beans, and sesame seed) showed a similar CO, sorption

phenomenon. In a later study, Mitsuda and Yamamoto (1980) observed an increase in the CO, sorption

of rice with an increase in the CO, pressure inside the grain bulk for a pressure range of 1 to 10

atmospheres, and the sorption equilibrium was obtained after 7 d of storage. One kilogram of wheat at

20"C adsorbs 75 mL of CO, in 3 h (Yarnamoto and Mitsuda 1980). Cofie-Agblor et al. (1992) observed

an exponential rate of adsorption of CO, by wheat with time. The amount of CO, adsorbed by wheat

decreased with an increase in temperature from 0 to 30'C and an increase in moisture content from l2

to 18o/o. The mæiimum amourlt of CO, gas sorbed tn24h ranged from 0.18 g kg-r of wheat to 0.42

g kg-' of wheat at temperatures 30 and OoC, respectively, at a moisture content of 18%.

3.3 Production of CO, by Grains

3.3.1 Respiration of Grain

Carbon dioxide is produced in a stored-grain ecosystem due to the respiration of the grain,

insects, and microorganisms. The intensity of respiration in a stored-grain bulk is affected by the

temperature and moisture content of the grain, mechanical damage, type and degree of microfloral

infection, mites, and insects (White et al. 1982, Srour 1988).
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The complete combustion of a typical carbohydrate is represented by the following equation:

C6H,O6 ¡ 60z = 6CO, + 6HzO + Heat (3.1)

For each grarn of dry matter broken down 1.47 gof CO, is produced. Carbon dioxide produced

by grains increases with an increase in temperature and moisture content (Bailey 1940, Milthorpe and

Robertson 1948, White eT.aI.1982, Srour 1988). In cereal grains, the CO, production doubles for every

5"C rise in temperature up to a temperature of 28"C and for every 1.5 percentage point increase in

moisture content up to a moisture content of 20% (wet basis) (Srour 1988). Bailey (1940) found that

wlreat af 11o/o moisture content produced 0.2 mg of CO, per kg of dry matter in24h and 11.0 mg for

wheat at 17%o moisture content. White et al. (1982) measured CO, production by wheat at various

nroisture contents (14% fo 25Yo) and at various temperatures (10 to 40"C) and related the amount of

CO, produced to the spoilage of the grain. They found that the rate of CO, production increased rvith

arr increase in temperature and au increase in moisture content. One kilogram of wheat at 16.5%o

moisture content and 1OoC produced 28 rngof CO, and I kgwheat at16.5o/o rnoisture content and 40oC

produced 793 mg of CO, in21 d. Milthorpe and Robertson (1948), measured a CO, production rate

of 0.22 g kg-' d-' for 9-10%o moisture content wheat at a temperature of 27oC. White et al. (1982)

concluded that CO, production by wheat at < 14Yo moisture content is negligible at < 3OoC.

3.3.2 Respiration of Insects and Microorganisms

Miltlrorpe and Robertson (1948) stated tliat higher respiration rates are always associated witlr

insect infestation. Although insects are only a small fraction of the total mass of grain, they contribute

a very lar-ee proportion of the total CO, produced. This is because the grain kenrels, although living,

are in a resting stage and their metabolis¡n is slorv, while insects are very active and tlieir metabolism
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is very high for their body weight (Oxley 1948). Sinha et al. (1986a) observed elevated intergranular

CO, levels of ZYo or more in nine insect infested bins containing corn, barley, and wheat situated in

Westeni Canada and in the Mid-northem United States; whereas in non-infested bins, the CO, levels

were at atmospheric level (0.03%). In a subsequent study, Sinha et al. (19S6b) determined the rates of

CO" production of T. castaneum and C. ferrugineus at 27.5"C and 33oC. An empirical relationship of

the follorving form was found to describe the amount of CO, produced by various Iife stages of these

insects:

o/o CO": a(Larvae) + b(Adults) + c(Pupae) (3.2)

where a, b, and c are empirical constants whose values for both insects are given in their paper.

White et al. (1982) found that moisture content of the grain and the presence storage fungi like

Aspereillus glaucus group had a signifÌcant positive role in the production of CO, by wheat. High

bacterial infection was usually associated with lorv CO, production caused by reduction of fungal

infection by competition. Thus, for predicting the CO, distribution in a high moisture grain or an

infested grain bulk, the source terrn (q in eq.4.1) can not be ignored.

3.4 Distribution of Introduced Gases in Grain Bulk

In addition to the effects of temperature, moisture content, gas composition, and the exposure

time, the effÌcacy of a CA treatrnent of large grain bulks also depends on the uniform distribution of

the injected gases in the bulk and maintenance of the required atmospheric compositions for the

minimum required exposure time for complete kill of insects. The uniformity of gas distribution

depends on the movement of CO, inside the grain mass and the maintenance depends on the level of

sealing of the silos against the loss of gases through the leaks in the bin walls or through the grain

surface. In the absence of pressure gradients, the movement of introduced gases through the grain bulk

is mainly due to molecular diffusion. In a high CO, atmosphere, the CO, molecules being heavier than
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air molecules, settle in the bottom poftions of the grain bulk creating lower concentrations in the top

portions (Guiffre and Segal 1984). This gravitational penetratìon of CO, gas in stored-grain bulks has

been successfully employed to distribute chemical fumigants.

Calderon and Carmi (1973) showed that methyl bromide in the presence of CO, gas moved

readily to the bottom of 17-m-tall wheat bulks, while confined to the top portions of the bulk when

applied alone. Williams et al. (1984) confirmed the observation of Calderon and Carmi (1973), by

demonstrating the effective distribution of methyl bromide in the presence of CO, gas. Around the

same titne, Viljoen et al. (1984) used CO, in the form of gas, snorn', and dry ice, to distribute methyl

bromide inwheat, maize, and sorghum bulks contained in 17-m-diarneter and 32.3-m-tall bins. Carbon

dioxide introduced as gas was found more effective in distributing methyl bromide to the bottom

portions of the bulk than snow or solid. No reason for this difference was discussed in tlieir article.

When CO, was used as a carrier gas less methyl bromide was needed to control insects and because

of the use of smaller doses of rnethyl bromide the aeration of the grain after the treatment was faster.

In an airtight bin, if the CO, levels are maintained for suffìciently long periods of time the CO,

concentrations in the bulk may become unifonn due to molecular diffusiou. A gas exchange rate of

2to 5o/o of the store volume is unavoidable, even in cornpletely airtight bins (Wilson et al. 1980), and

in non-airtight bins the gas exchange rates will be very high. Due to the entry of fresh atmospheric air

into the grain bulk, it is not possible to attain unifonn concentrations throughout the bulk. To achieve

unifonn concentrations in the bulk, and in relatively shoft time, usually the intergranular air is

recirculated. A recirculation rate of 0.1 times the volume of intergranular air per day was found to

adequately distribute the CA gases in large grain bulks (Banks et al. 1980). Wilson et al. (1980)

demonstrated the effectiveness of a gas recirculation system on the CO, distribution in two 13.9-m-

diameter and 18.2-m-tall bins containing wheat. These bins were airtight (a decay time of 3.5 min for

pressure drop from 1500 to 750 Pa). The total mass of CO" gas, supplied by vaporizing liquid CO,,
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was I kg t-r of rvheat. In a bin with no gas recirculation, the CO, concentrations in the head space fell

from 80% to 20%o in 48 h while in the bottom the concentrations remained >60%0. A recirculation rate

of l7 m3 lr-r (about 0.17 times the volume of the bin per day) gave CO, concentrations of 28 and32o/o

in the head space and boffotn, respectively, after 2.5 d. The adsorption of CO, by the wheat and a gas

exchange rate of 2.4to 4o/o day-r reduced the gas levels by 0.19 kg t-r of wheat in the interstitial space.

Navarro et al. (1986), based on a laboratory study using 0.57-m-diameter and 2.60-m-tall wheat bulks,

concluded that recirculation is essential to obtain uniform gas distribution in the bulk. They found that

about 2.8 times the volume of intergranular air per day was essential to make the CO, concentrations

in the bulk uniform in 7 h. When a continuous flow of CO, was applied at the bottom of a 100-cm-

long and 10.4-cm-diameter wheat column, the O, concentrations ranged from 0.9%o at the bottom to

18.5% attlretop,whileCO,concentrations ranged from70.5o/oto3.3Yo (Navarro etal. 1981).

3.5 Studies Related to the {Jse of CO, Gas in Grain Bulks

The first reported work on the use of CO, for disinfesting stored grain was conducted by

Winterbottom (1922), (Cited by Banks et al. 1980). During 1917-1919, he used CO, produced by

burning coke to disinfest stored bagged grain in Australia. Since then numerous research studies have

been camied out to use CO, gas for insect control in stored products. ln 1942, Oosthuizen and Schmidt

(Cited by Banks 1979), used CO" to control Callosobruchus chinensis (L.) in old and new galvanized

steel tanks of 1.2 m3 capacity. Carbon dioxide was introduced into the base of the tank filled with

cowpeas. In the new bins, CO, levels decayed slowly from 70 to 4lo/o in 14 d while in the old bins,

due to large leakage the effectiveness of the treatment was very low. Jay et al. (1970) used CO,

(supplied by vaporizing liquid CO, from tanks) to control T. castaneum in inshell peanut bulks

contained in 9.1-m-diameter and 34.4-m-tall concrete bins. The bins were equipped with gas

recirculation systems. Carbon dioxide concentrations in the bins were uniform around 35o/o at the end
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of three separate treatments of 48, 96,and 168 h. But, due to large leakage in the semi-airtight bin, the

CO" requirement was very high. For a 168 h treatment 2.2kg CO, per m3 of peanut was used. They

hypothesized that regulating CO, gas supply using a pressure regulator and a flow meter would reduce

the gas requirement. Later Jay and Pearman (1973) studied the effectiveness of elevated CO, on the

mortality of several insects, including Sitophilus spp., in shelled corn bulks contained in a 7.3-m-

diameter and24.7-m-tall silo. Liquid CO, was vaporized and supplied at the base of the bin at arate

of 4.3 kg *-'. The insects were controlled in 96 h at 60-70yo CO,. In the same bin, Jay (1980)

observed 80% or more CO, concentrations between 0 and 13 m lieight 10 h after applying 592.7 m3 of

COr. Above 13 m the CO, concentrations ranged from trace to22o/o. Jay and D'Orazio (198a) fìeld

tested the effect of CO, gas (vaporized liquid COr) to disinfest non-airtight concrete and steel bins

containing wheat, sorghum, ntaize and rice. They observed very good control of insects, but with a

high rate of CO, input (2.6 to 3.8 kg CO, m-3 of wheat). In an airtight bin with a gas interchange rate

of Iess lhat"t 5%o, the amoullt of CO, required rvas 0.8 kg CO, m-3 of wheat in vertical bins with 5%ohead

space and 1.6 kg CO, m-3 of wheat in horizontal sheds with 40-45o/o head space (Banks and Annis

I 980).

Point of application of CO, gas, although irnpoftant in terms of convenience of application and

availability of duct works or perforated floors, does not reduce the uniformity of distribution in large

grain bulks. An efficienc)¡ of purging (r'ì',,*,nr) of 73o/o was observed by Banks et al. (1980) while

purging from a single point in a 16 400 t shed containing r¡,heat. The efficiency of purging was

calculated by:

\purginçt = C.\ Pore vofume
Vol-ume of COz gas used

+ Head space vofume)
_J (J.J)

where: C" : concentration of CO, (%) at termination of gas input.

There are basically three different methods of application: (i) from the top of the grain bulk, (ii) from
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the bottom of the grain bulk, and (iii) along the grain stream during bin filling (Jay 1980). The choice

of the method of application is decided based on the availability of materials and convenience of

application for the particular situation rather than based on the consideration that any one method is

superior to the other. Except for an experimental study by Jay (1980) who applied CO, in the form of

snow along the grain stream while the bin was loaded, I could not find any other published article in

whicli tlie CO, was applied along the grain stream. Mcgaughey and Akins (1989) studied the movement

of an 86%o N, and 14% CO2 atmosphere supplied from a mobile gas generator, in four 4.6-m-diameter

bins containing wheat to a depth of i.5 m. Two of these bins had fully perforated floors and the other

two had concrete floors. In the bins with a concrete floor, the atmosphere was introduced through a pipe

with the open end at the centre and 30 cm above the floor. The decrease in O, concentrations in the bins

with the perforated floors was independent of radial position and in the bins with a concrete floor the

O, concentrations decreased more rapidly from top to bottom along the centre than near the wall.

Covering the grain surface with a polyethl,ls¡e sheet reduced the gas requirement by a factor of l0

compared to a ventilated overhead space, and by a factor of 2 compared to completely sealing the

overhead space.

3.6 Use of Dry lce as a Source for Creating Iligh CO, Á.tmospheres

In most of the studies cited above, high CO, atrnospheres in grain bulks were created by

vaporizing liquid CO, or by buming hydrocarbons. Dry ice, the solid fonn of CO, which sublimates

into CO, gas at temperatures above -78.7"C, has a potential to be used as a source to create controlled

atmospheres in stored-grain bulks. Dry ice is easy to handle and can be accurately weighed to introduce

the exact amount of gas ìn the bulk without much waste. Fufthermore, it is not essential to buy or rent

a high-pressure cylinder and vaporizer required for liquid CO, application. In spite of all these

advantages, dry ice has not been used extensively, probably because it is more expensive than CO, gas
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(White and Jayas 1992). ln the literature, I could find only a few research works in which dry ice was

employed to create a high CO, atmosphere.

Mansour (1955) (cited by Banks 1979) treated 180 t of wheat contained in a bin of 240 m3

capacity with 160 kg of dry ice. The CO, levels achieved were not given, but after 25 dof treatment

he observed 90o% mortalify of weevils (the type of weevils was not given in the paper) at temperatures

of 1 1 to 15oC. Banks and Sharp (1979) tested the use of CO, introduced in the form of dry ice for

disinfesting a freight container holding 19 t of wheat. The container was well sealed and had a leakage

rate of < 6 x I 0-3 m3 s'r at 250 Pa excess pressure. Two lots of dry ice were introduced after filling the

container. One 3O-kg-lot was sprinkled directly on the grain surface and it sublimated quickly and

increased the CO, concentrations in the bulk. Another 2l-kg-lot of dry ice was contained in au

insulated box; it slowly sublimated at the rate of 3 kg per day to replenish the lost COr. Nine hours

after the introduction of dry ice a substantial gradient of CO, concentrations existed in the bulk (38%

in tlre top to 55Yo it^t the bottorn). After 23 h of treatment the concentrations became nearly unifonn

at 45%o. The CO, concentrations in the bulk remained between 42 to 52o/o over a 10 d period and a

conrplete control of artificially induced infestations of R. dominica. and S. oÍyzae was observed.

Jay and D'Orazio (1984) treated four hopper-type rail cars containingTT t of bulk wheat flour

with 9l or 181 kg of dry ice pellets sprinkled on the flour surface and another 9l kg of dry ice blocks

covered in cloth bags puslred into the flour in each car. At the end of 10 d treatment the CO,

concentrations in the car treated with 181 kg of dry ice ranged from 31o/o in the top to 40%o in the

bottom. The CO, concentrations in the other cars were not mentioned. They observed 95.2 to 99.10/o

rnortality of T. confusum in cages. The mortality was not increased with the introduction of 181 kg dry

ice over 9i kg dry ice.

Tlre transport of gases through the grain bulk, without mechanical recirculation, occurs due to

molecular diffusion (Singh et al. I983, Jayas et al. 1988) and the convection currents (Bond eta\.1977,
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Gilby 1983, Navano et al. 1986). Convection curents

gradients in a large grain bulk (Muir et al. 1980). To

diffusion coeffìcient of CO, in a grain-bulk is required.

are developed because of the temperaflrre

quantifu the mass transfer by diffusion the

3.7 Ðiffusion Coefficients of Gases T'hrough ,Agricultural Grains

A diffusion coefficient can be defined as "the flow of current of a substance which passes

perpendicularly through a reference plane of unit area, during a unit time under unit concentration

gradient" (Jost 1 960). The diffusion coefficient of gases through other substances is usually expressed

in dimensions of L2 T'¡. Several researchers have reported that the diffusiou coefficient of gases

througlr grain is about l/3 of the diffusion coefficient of gases in air (Henderson and Oxley 1944,Bailey

1959, Haugh and Isaccs 1967). Henderson and Oxley (1944) determined the diffrrsion coeffìcient of CO,

tlrrough bulk wheat at 12o/o moisture content as 0.0415 cmz s-' at room temperature. Bailey (1959)

determined the rates of diffusion of O, through bulks of wheat, barley, maize, and oats and found a

quadratic relationship betrveen the diffusion coefficient and the temperature (in the range of 1.7 to

42"C). The value of the diffusion coefficient of O, for wheat at23"C was 0.067 cm's-r. The diffusion

coefficient of O, for maize, barley, and oats were 0.0558,0.0642, and 0.0721 cmt s-t, respectively.

Haugh and Isaacs (1967) studied the diffusion coefficient of O, through bulks of corn contained

in 0.33-m-diameter and 0.66-m-tall steel cylinders. The gas chamber was of the sarne diameter as the

grain column and was above the grain column; it had a length of 0.40 m. They determined the

diffusion coefficient at initial O, concentrations of 5, 8, 10, 14 and 21%o in the gas chamber. Their

results indicated that diffusion coefficient of O, through corn was a non-linear functioll of concentration:

D :0.791- 0.420(CR) + 0.136(CR'?) (3.4)

Where; D diffusion coefficient (cmt s-r)

concentration ratio : ClCoCR=
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concentration of 02 (g *-')

Co initial concentration in the gas chamber, C(x,0) (g m.)

Other than Haugh and Isaacs (1961) all other researchers assumed thatthe diffusion coefficient of gases

through grain bulks was independent of concentration.

Adamezyk et al. (1978) found an increase in the diffusion coefficient of H2, He, Ne, Ar, O,, and

Xe through wheat with an increase in porosify. Singh et al. (l9Sa) studied the effects of flow direction,

grain bulk porosity, grain moisture content, and temperature on the diffusion coefficient of COrthrough

wheat, rapeseed, corn, and oats. There was rlo significant difference intlie diffusion coeffrcient of CO,

through wheat and rapeseed for the three flow directions studied (vertically upward, horizontally, and

vertically downward). They observed a quadratic relationship between the diffusion coefficient of CO,

through wheat and temperature (range -10 to 30"C):

D :12.24s - 0.0176(T) + 0.00032(T';1 x t0'2

where T is the temperature of tlle grain bulk in K and D is in cln2 s-'.

(3.s)

3.8 Gas Loss from Grain Storage Bins

For predicting the CO, concentrations accurately in a grain bulk and for estimating the amount

of gas required tokill insects, the gas loss from the grain storage structure should beknown. According

to Blomsterberg and Harje (1979) the major mechanisms of gas loss from ventilated buildings in the

open are the wind and the magnitude of the temperature variations in the surrounding atmospheres.

These two factors do not act independently, and the sum of their individual effects would always be less

than tlleir combined effect on gas losses (Sinden 1978). For determining the losses of fumigants from

sealed grain bins, Barker (1974) considered theeffects of temperature and barometric pressure variations

in tlre surounding atmosphere. He estimated that in a 291 m3 bulk wheat, for a temperature drop from

20 to l0 "C and a barometric pressure drop of 182 kPa there would be 3.34 m3 of air exchange with
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the atmosphere. Sharp el al. (1976) considered the effect of all three mechanisms (i.e. the wind,

temperature, and the barometric pressure variations) for estimating the leakage of air into insulated

containers. They concluded that the effect of wind was slnall compared to the effects of temperature

and barometric pressure variations, for the gas losses from well sealed containers. An on-farm storage

bin which is not sealed is intermediate between well sealed structures like insulated containers and

intentionally ventilated dwelling buildings. The following mechanisms might cause gas losses from

such on-farm storage bins (Banks and Annis 1984): 1. temperature variation,2. barometric pressure

variation, 3. wind effects, and 4. chimney or stack effect within a grain bulk.

Meiring (1982) gave estirnates of rates of gas loss from silos under various levels of sealing,

but did not include the wind and chimney effects. He concluded that for proper O, control in a metal

silo tlie specific permeability (area of opening per unit volume) should not exceed 0.2 mmzlm3 and in

a concrete silo the tolerance limit can be as high as 0.4 mm2/m3. Based on an estimate of rates of gas

loss from four types of grain storage structures (cylindrical farm bin, rectangular bag stack, cylindrical

silo bin and rectangular flat store), Banks and Annis (i984) concluded that factors like the long tenn

variatioll in barometric pressure and diffusion have negligible effect on gas losses.

Navarro et al. (1990) developed a simulation model to determine the gas loss from grain storage

bins. They considered the diurnal and seasonal ambient temperature variations to determine the gas loss

from the grain storage structure. The simulation results were compared with measured data on CO,

concentration changes in two welded steel bins of 3.0-m-dialneter and 8.75-m-tall containing 52 and

28 t of wheat, respectively. Although tlie rnodel prediction and measured CO, changes in the bulks

compared well, they made many questionable assumptions in the model. Tliey assumed: 1) the CO,

is distributed uniformly in the grain bulk, 2) sorption of CO, by the grain will not influence the gas

concentratiot.t, 3) temperature in the grain mass is uniform, 4) wind effect is negligible, and 5)

barometric pressure variation is negligible.
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3.9 Frevious Models

Singh et al. (1983) solved an axisymmetric diffusion equation for predicting the CO,

concentrations in the grain mass caused by CO, produced in localized area of spoiling grain. They

assumed two cases of boundary conditions for the bin wall: f . infinitely permeable to CO, (Dirichlet

boundary condition); and 2. impermeable to CO, (homogeneous Neumann boundary condition). Based

on the assumption that CO, leaving the grain mass instantaneously diffuses into the atmosphere, the CO,

concentration at the surface of the grain was assumed to be equal to the atmospheric CO, concentration.

They did not compare the model results with experimental data. Later Jayas et al. (1988) used the model

of Singh et al. (1983) for predicting the CO, concentrations in a 5.8-m-diameter bin containing wheat

to a depth of 4.9 m. The CO, was injected at the centre and 1 m below the grain surface at a florv rate

of 77.4 L/rnin. The predicted CO, concentrations at various locations in the bin were compared with

the measured values after 23 h of injection. In the bottom two thirds of the bin CO, concentrations

predicted by the model (with an impermeable u,all) were higher than the measured data. They concluded

that the model prediction could be improved by allowing some leakage througli the bin wall.

To my knowledge, no other model has been developed to predict the movement of CO, through

the stored grain mass. The discussed models are axisymmetric models. In most farm bins, CO, may

be adsorbed and produced at various locations in the bin and CO, rnay be introduced at a point near

the wall making the problem of CO, movernent non-axisymmetric. Furthermore, an axisymmetric

model cannot predict the movement of CO, in non-circular bins. Therefore, I attempted to develop a

three dimensional model for predicting the movernent of CO, within the grain mass. In the next chapter

the solution of the differential equation governing the transpoÉ of CO, within the grain mass is given.



4. MOÐEL ÐEVEï,OPft/ffiNT

4.1 Governing Equation and Eoundary Conditions

The partial differential equation governing the unsteady state transport of miscible fluids in an

anisotropic porous media in the Cartesian coordinate system is given by (Fried and Combarnous 1971,

Huyakorn et al. 1986, Brodkey and Hershey 1988):

* (Dx ?sax) . & øv ff) . & @z #) +q= # Ø.a)

subject to tlie boundary conditions,

D**Q**Dy*0,,*pz*t-=e ons2 (4.3)ox"oy'ÕZ

and the initial condition:

C(x,y,z,t) = ci on Q (4 .4)

For the movement of CO, within a stored-grain bulk the various notations used in the above

equations are:

c = concentration of CO, at time r > 0 (g m-3)

ci initial concentration of CO, in the domain O (g m¡)

csr concentration specifìed on the boundaries S1 (g m'3))

Dx, Dy, and Dz diffusion coeffrcients of CO, through the grain in x, y and z coordinate

directions, respectively (mt s-')

1", lr,, and l. direction cosines of outward drawn normal to the boundary in the x, y,

and z directions, respectively

on 57 (4.2)
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a

Sl and 52

amount of CO, adsorbed or produced by the grain (g m-, s-')

total surface flux across the boundary 52 (g m-2 s-r)

boundary segments

CI = domain consisting of the stored-grain bulk.

The segment S1 represents the portion of the boundary where concentration of CO, may be specified.

It may consist of more than one segment of tlle boundary. For example, part of Sl may represent the

surface of the grain where concentration may be specified as constant at the atmospheric level in a

ventilated head space. Another poftion of S1 rnay represent the portion of a grain boundary where CO,

is injected and thus maintained at a constant concentration. Similarly 52 may be made of more than

one segment of the boundary. For example, the bin floor may be assumed to be impermeable to the

flow of CO,, whereas bin walls may have a specified flux of CO, to the surroundings depending on the

rate of loss through the bin wall. The segrnents Sl and 52 together make the total boundary of the

domain Q. The specified CO, concentration along the boundary S 1 is known as the Dirichlet bouridary

condition and specified flux across the boundary 52 is know as the Nervlnann boundary condition.

Wlren the surface flux Q becomes zero, then eq. 4.3 represents a homogenous Newmann boundary.

4.2 Finite Element Formulation

In the finite element method the problem domain is divided into interconnected smaller regions

known as elements. The element equations are developed from the governing partial differential

equation by using variational or weighted residual methods. Details of these methods are given in

Segerlind (1916, 1984), respectively. To use the variational approach a functional is required whereas

the weighted residual method is more general and can be used with any partial differential equation.

I used the weighted residual method.

In the weighted residual metltod, an approximate solution is substituted in the goveming
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equation and a rveighted residual over the entire domain is minimized with respect to the unknown

coefficients in the approximate solution. Depending on the weighting function used for weighting the

residual, there are various weighted residual methods. When tlie weighting function is the same as the

interpolating (approximating) function of the field variable, it is known as the Galerkin method. The

solution of eq. 4.1 along witli the associated boundary conditions (eqs. 4.2,4.3, and 4.4) is derived next

using the Galerkin's weighted residual method.

Let the field variable, c, in each element of the domain be approximated by:

c(x,y, z,r) = Ë ,t, (ut (x,y, z)J {g{el} (4.5)

where:

{Ct"lt : the vector of nodal CO, concentrations of an element,

[N, 
(")(*,y,r)] = the vector of interpolating functions, and

p : total number of nodes in an element.

Using interpolating function N, ("q. 4.5), as the weighting function the weighted residual form of eq.

4.1 can be written as;

[, rn,tfi øx ffi) * ¿y-¿ 
@y #y) . * roz ff) .

q - +j dv = o (4.6)
OT

(Use of the superscript (e) to represent individual element is dropped for simplicity).

Now, using Green's theorem (Rao 1982), the integral involving the diffusion terms can be evaluated

as follows:
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I t¡¡l "9 (nx P) dv =Jv dX dX
_f ô[¡¡]r ¡ìi,I_UAJv dx lwlr ox 4 a.. at

dx

(4.1)

where S represents the surface of the element and [, * is the x-direction cosine of the outward drawn

normal to the boundary.

The integral in y and z coordinate directions can also be evaluated in a similar way. Substituting these

integrals in eq. (4.6) results in:

t¡¡l '{_ut{] ' (nx() _ ôt_¡/l ? 
(Dy

dx dx dy
ô[N]" /ñ- ôc,ru" -=- tldvdz dz

[¡/] " (q - lwl r {ox P A,. *
dx

nzPt.
ÕZ

)ds=o
(4.8)

normal to thewlrere I,- and I, are the y- and z-direction cosines,

boundary.

Dehning the material property matrix [D]:

respectively, of the outward drawn

A^
---- Iovï.

fft dv * ï,I,

@* o, *["

nv P a..*oy'

Dx 0 0

O Dy 0

00Dz

ôwp
ôx
ôNp
ôy

oLutr)

Az

(4. e)

(4.1_0)

and the gradient vector as:

{g} =

ô¡n ôwz-ãx -ãt
ôwt ôwz
dy dy
ôwt ôwz--=-----Ã-
OZ ÕZ

= [¡] tcll

4.5, eq.4.8 can be wriften
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ôc
dx
ôc

-dy
ôc
Õz

and, substituting for c from eq.

(4.11)



[,talr tD] t¡t {c} dv * I,L¡/l " trut # ou - [,øw]r dv -

I t¡vl' Ø, * t,* D! * r, * nr* t,l ds =o (4.12)rs ox oy dz

and substituting from eq.4.3 for the surface integral terms results in:

[rw]'tDl trl {o dv * [rvt'tM # dv -lrq ÍN], dv -lrtMr e ds =0 (4.r3)

F,q. 4.13 can be written in a short form as:

kn|#}+ft2ttc}=tfi (4.14)

and

where:

lkll = [, L,u]' tN d.v

tk2l = | , Wl' IDI tB) dv

tfl = r q [N, dv * [rQ LNr ds- J Js -' -

The surface integral S corresponds to the boundary 52 only. Eq. 4.14 is for an element in the domain.

Adding the element matrices, [k1] and [k2], and the force vector {f} of individual elements in the

domain yields the global equation:

tKll{#} + lK2l{c} ={F} (4.rs)

where, [Kl] and lK2l are the globai matrices and {F} is the global vector.
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4.3 Time nntegration of eq. 4.15

To solve eq. 4.15 in the time domain, a ó family of approximations, which approximates a

weighted average of the time derivative, is introduced:

(4.:'6) q{c}"., * (1-o) 1¿¡, = 
{t!t -{t}, 

; 0 . 0 . 1

where subscript n+1 coresponds to time t+Ât and the subscript n coresponds to time r.

A number of different schemes can be obtained by choosing the value of $ as follows (Wood and Lervis

r97 5):

ó : 0 forward difference scheme

: 0.5 Crank-Nicholson scheme

: 0.667 Galerkin's scheme

: 1.0 backward difference scheme

The finite difference recurrence relationship is stable for any value of { between 0.5 and 1.0.

Assuming,

¡.ì LI r.r\Clr*, =\Cln = \cì (4.17)

which means the slopes at time rnr, and t,, are equal; rearranging the tenns in eq. 4.16 results in:

1¿1 = 
{rt., -{r}" 1 (4.r8)

À t I0 *(1 -0)l

substituting the values of {c} in eq. 4.15 yields:

fKIl {c},,., = IKll {c}, + Ât[g * (1-0)] I{¡} - tKz) {c}l (4.1e)
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Accounting for the time change in the boundary condition vector {F}, the above equation can be written

as:

lKll 1c1,,, = ÍKll {c}n + gÀr [F]n., - lK2l {c}n,rf +

(1 - ó) Àt [{F}n - [K2] {c},1

Reananging eq. 4.20 to obtain {c}.*, in terms of {c}" and dividing by Át yields:

(4.20)

f-141 . ö rK2rl {c}._, = f-141 - (1-0) txztf br_ .
[¡r 'J n+t L^r 'J n

[ô @"., * (1 - 0) {F}"] (4'21)

Eq. 4.21 can be solved to obtain the CO, concentrations at time t+Âr by using the CO, concentrations

at time t.
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5. MATER{,{LS AI{D METHODS

5.1 Filot Bin Experiments

5.1.1 Test Bins

Three 1.42-m-diameter and 1.47-m-ta!l bins were obtained from a local manufacturer (Westeel,

Winnipeg, Manitoba). A bin was made by soldering two plain galvanized steel sheets along the height

and rolled to form 1.42-m-diameter cylinders. Two cylinders were bolted together to give 1.47-m-tall

bins. Three difÊerent partially perforated floors were installed in the three bins. The floor openings

were: a 0.3-m-diameter opening at the centre, a 1.14 m x 0.36 m rectangular opening, and a 0.3-ni-

diameter opening near the u'all (Figs. 5.1,5.2, and 5.3, respectively). Metal boxes of volumes 0.0925

m3 for bins i and 3 and 0.202 rn3 for bin 2 were fabricated using O.9-mm-thick sheet metal and

mounted directly under the perforated floor openings of the bins. A known quantity of dry ice was

placed in these boxes to create CO, gas. The boxes were equipped with a 7.5-cm-diameter PVC pipe

fitting and a screrv cap for placing the dry ice and for aerating the grain after each replication. The bins

were placed on 5O-cm-liigh rvooden platforms. All the joints and bolt holes in the bins were sealed

using silicon sealant.

To draw gas samples, semirigid nylon tubing 3.2-mm-outside diameter were installed at five

levels, spaced 0.33 m apart in the vertical direction. There were 11, 13, and 12 sampling points at each

level for Bins 1, 2,and 3, respectively (Figs. 5.1,5.2 and 5.3). The gas sampling tubes were taken out

of the bins through 6.4-mm-diameter copper nipples soldered to the bin wall at each radius and at each

level. The outer end of the gas sampling tubes were fìtted \'/ith rubber septa. Gas samples, collected

using lO-rnl syringes, were analyzed for CO, concentrations using a gas chromatograph (Perkin-El¡rer

model Sigma 3B) witli a thermal conductivity detector and a 1-mL fixed volume injection loop.

In addition to gas samples the grain temperatures were also recorded. To monitor the grain
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temperatures, copper-constantan thermocouples were installed at 5 locations along the central axis of

Bin 1 and at 15 locations in each of the Bins 2 and 3. The thermocouples were connected to a

multichannel switch board and then to a temperature indicator.

5.1.2 Experimental Procedure

The bins were hlled with Canadian Hard Red Spring wheat (cv. 'Katepwa'), graded No. i by

the Canadian Grain Commission. The wheat which was obtained from a local farmer had 0.5Yo dockage

by volume and 12.8%o moisture content (allthe moisture contents quoted in this thesis are on a wet mass

basis). The bins were filled to a depth of 1.31 m by manually pouring the wheat from buckets. For

Bins 1 and 3, i80 g of dry ice, which with perfect purging and mixing would create an average CO,

concentration of approxirnately 109io in the intergranular air space of the wheat bulk, was placed in the

boxandforBin2,310 gofdryice,whichrvouldcreateanaverâgeCO,concentration ofapproximately

20010, was used. Samples of intergranular air for determining CO, concentration were collected using

a 10-mL syringe and the grain temperatures were recorded at 1, 3, 6, 9, 72 and 21 h after the

introduction of the dry ice (Tables Al to A9). Before collecting gas samples, tlie gas sampling tubes

were flushed out by drawing 2 to 6 mL gas and discharging it into the room air. After flushing, about

8-mL of gas samples were withdrarvn for analysis. In all the bins experiments were conducted with

open and covered grain surfaces. For covering the grain surface a polyvinylidene chloride sheet (made

of 3 layers of nylon and 4layers of polyethylene), whicli had a CO, permeability rate of < 0.1 cm3 m-2

d-r (Winpak, Winnipeg, Manitoba) was used. The covering sheet was taped to the bin wall using duct

tape. Various experiments conducted in the pilot bins are given in Table 5.1.

After each replicate, the grain was aerated using a 1.5 kW centrifugal fan (General Blo.il,er Co.,

Wheeling, IL), for about I h to bring the intergranular CO, concentrations to atmospheric level, and left

undisturbed for about 24 h before the start of the next experiment. The blower was run for another 15

min just before the start of the next experiment to make sure the intergranular CO, concentration
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Table 5.1. Summary details of experiments conducted in 1.42-m-diameter bins containing wheat
to a depth of 1.37 m.

Experiment No Bin No. Grain Surface Amount of Dry lce
(g)

Pilot'1

Pilot 2

Pilot 3

Pilot 4

Pilot 5

Pilot 6

Pilot 7

Pilot B

Pilot 9

1

1

1

2

2

3

J

1

2

Open

Open**

Covered

Open

Covered

Open

Covered

Open

Covered

180

180

180

370

370

180

180

540

740

The bin was emptied and refilled after each of the three replicates. ln other tests bin was filled
once for three replicates but grain was aerated in between replicates.
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reached the atmospheric level. In the first few experiments, gas samples were collected at a few

random sampling locations and analyzed for CO, concentrations before introducing the dry ice for the

next experiment. Grain samples were collected after each experiment for determining the moisture

content. The moisture contents of the wheat samples were determined by drying triplicate samples of

about 15 g each in atr air convection oven at 130'C for 19 h (ASAE 1992). The moisture contents of

wheat samples used in all other experiments throughout this thesis were also determined using the same

procedure. The moisture content of the wheat did not vary appreciably during the course of the

experiments. The average moisture content of the wheat used in the pilot bin experiments was

12.6t0A%.

5.2 Farm Bin Experiments

5.2.1 CO" Distribution Tests

5.2.1.1Test Bins

Three 5.56-m-diameter bins rvere used for the CO, distribution tests. The bins were made of

corrugated galvanized steel sections bolted together. One bin (fann Bin 1) was equipped with a 0.46-m-

diameter and 4.7-n-long circular duct on its concrete floor (Fig.5.4). The duct had perforations for a

length of 3.3-m from the end inside the grain bin. The second bin (farm Bin 2) had a fully perforated

floor (Fig.5.5) and the third bin (farm Bin 3) had a concrete floor (Fig.5.6). These bins were

instrumented with gas sampling tubes for drawing intergranular gas samples to determine CO,

concentration, and copper-constantan thermocouples to monitor the grain temperatures. Semi-rigid

nylon tubes of 3.2-mm-outside diameter were used as gas sampling tubes. In farm Bin I and farm Bin

3 the gas sanrpling tubes and thermocouple wires were installed at three different levels (0.55-m, 1.30-

m, and 2.05-m- from the concrete floor) (Fig. 5.4 and 5.6). In farm Bin 2 the gas sampling tubes and

thermocouple wires were installed at four different levels (near the perforated floor and at 0.43-m,
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1.18-m, and i.93-nl from the perforated floor) (Fig. 5.5). In all the farm bins, there were l3 sampling

locations for gas samples and temperatures at each level (Fig. 5.4, 5.5, and 5.6). The gas sampling

tubes and thermocouple wires were held in place by taping them to 1.6-mm-diameter steel wires

extending across two perpendicular diameters. Both the gas sampling tubes and thermocouple wires

were taken out of the bin through small holes made in the wall at each radius and at each level. The

gas sampling tubes were fiffed with rubber septa at the outer end. The thermocouple wires were

connected to a multichannel switch box which in turn was connected to a temperature indicator. The

visible holes in the bin wall and the holes made for inserting thermocouple wires and gas sampling

tubes were all sealed using silicon sealant. A polyruinylidene cliloride sheet was spread on the inside

face of the door and taped to fhe wall to reduce the escape of gases tlirough door to walljoints.

5.2.7.2 Experimental Procedure

Fann Bins 1 and 2 were filled with Canadian Hard Red Spring wheat purchased from a local

fanner. An auger was used to fìll the bins. While loading the grain into the bins, about 0.5 kg wheat

samples were collected at regular intervals for a total of 20 kg. This sample was reduced to 1.0 kg

using a Boerner divider and was sent to the Canadian Grain Commission for grading. Wheat l.nd 1.0o/o

dockage by mass and 1 1.8o% moisture content and was graded No. L

The levelled height of the wheat bulk in farm Bin 1 was 2.50 m and that in farm Bin 2 was 2.1

m. Dry ice was used to create high levels of CO, in the grain bulk. The effects on the distribution of

CO, in the grain bulk of the point of application of dry ice, the amount and frequency of application

of dry ice, and tlie grain surface left open or covered with a polyvinylidene chloride sheet were studied.

The details of various experimental combinations are summarised in Table 5.2. To determine the

amount of CO, loss through various possible leaks in the bin, experiments were conducted in an empty

bin with concrete floor (farm Bin 3). A (50 mrn x 50 mm square) lumber frame 2.l-m-tall was
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Experiment No. Bin No.

Table 5.2. Summary details of experiments conducted in 5.56-m-diameter bolted metal bins.

1

2

3

Grain
Surface

à

5

6

7

B

9't

10#

l1&

12

Open

Covered

Covered

Covered

Covered

Covered

Amount and Frequency of
Dry lce Application

28kgat0and24h
28 kg at 0 and 24\'t

54kgafOh,56kgat
24hand52kgat48h

30 kg at 0,24, 48, and
60 h, 15 kg af 12 h,
and 28 kg at 36 h

27 kg at 0 and 24 lr

17.5 kg at 0 h, and
16.3 kg aT24 h

28kgat0and24h

28kgat0and24h

28kgat0and24h

28kgat0and24h
28kgat0and24h

Open

Covered

Empty Bin

Empty Bin

Empty Bin

Covered

* A PVC sheet was spread at a height of 2.10 m from the floor and taped to the wall. The door was sealed using a pVC sheet.# In addition to the sealing in Experiment 9, the bin wall to concrete fioor joints were sealed using silicone sealañt.& In addition to the sealing in Experiment 9, a PVC sheet was spread on the floor and taped to thã bin wall.

Duration of
Experiment

3

a
J

3

48

48

72

t3

Point of Application of Dry lce

In the duct

In the duct

In the duct

In the duct

On the grain surface under the PVC
sheet

In a 10.0-cm-diameter perforated
tube along the central axis

In the plenum under the fully
perforated floor

In the plenum under the fully
perforated floor

On the concrete floor

On the concrete floor

On a PVC sheet spread on the floor

14 kg in the duct and 14 kg on the grain
surface under the PVC sheet

48

28 kg at 0,24, 48, 72,96, 152,
168, 192, and 216l't

48

4B

48

48

48

48

240 b



constructed inside farm Bin 3. A polyvinylidene chloride sheet was spread on the frame and taped to

the bin wall using duct tape to create the experimental domain underneath. Three experiments were

conducted in this bin by progressively sealing: (i) the door using a polyvinylidene chloride sheet

(Experiment 9), (ii) bin wall to concrete floor joints using silicon sealant (Experiment 10), and (iii)

excludirrg the concrete floor by spreading a polyvinylidene sheet on the floor (Experiment 11) (Table

s. 1).

The temperature and gas samples for CO, were obtained at 3, 6,9,24,27,30.33, and 48 h after

the first introduction of dry ice except for the following experiments:

1. Experiment 1: at 2,4,6, 8, 10, 24,27,30, 33, and 48 h after the first

introduction of dry ice.

at 3,6,9,25,2J,30,33,48, 51, 54, 57, and 72 h after the first

introduction of dry ice;

at 3,6,9, 72, 15,27,24,30,33,36,39, 42, 48, 51, 57, 60,70

and 73 h after the first introduction of dry ice;

every 24 h for 10 days; and

2. Experiment 3:

3. Experiment 4:

4. Experirnent 12:

Before drawing the gas samples for analysis the sampling tubes were flushed by drawing l0 mL

to 20 mL gas and discharging it to the atmosphere. Then gas samples were collected using 10-mL

syringes. The gas samples were analyzed for CO, concentrations using gas chromatographs (a Perkin-

Elmer model Sigma 3B gas chromatograph or a Hewlett Packard 5890 gas chromatograph). Both gas

chromatographs were equipped with a thermal conductivity detector and a 1-mL fixed volume injection

Ioop.

After each experiment, the wheat-filled bins (Bins 1 and 3) were aerated for about an hour to

bring down the CO, concentrations in the intergranular air to atmospheric level, and left undisturbed

until the next experiment. Prior to the start of the next experiment the grain was again aerated for about
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15 min. Prior to the start of another experiment, a few random gas samples were drawn to check

whether the initial Co, concentration had dropped to the atmospheric level.

5.2.2 Eioassay

Instrumented farm Bins I and 3 filled with wheat to a height of 2.50 m were used to study tlie

mortality of 4- to 8-wk-old rusfy grain beetle, Q. ferrueineus. adults under elevated CO" levels. Fann

Bin 1 with the cylindrical duct on the floor was used as the test bin and farm Bin 3 with the concrete

floor was used as a control bin. The door of the test bin was sealed by spreading a PVC sheet on the

inside face of the door and taping it to the bin wall. The door of the control bin was not sealed. The

grain surfaces irl both the test and control bins were covered with PVC sheets that were taped to the

wall.

Fifty rusty grain beetle adults and about l0 g of rvheat germ were put in each small bag made

of honey straining cloth (0.02 mm2 aperture openings). These bags were placed in metal tubes of 16.0-

nrm-inside diameter (herealÌer refered to as insect tubes). Perforations for an easy entry of CO, to the

insect bags were made in the insect tubes at points where the insect bags were placed (Fig. 5.7). The

insect tubes were inserted into the bins through 19.0-mm-inside diameter and 88.9-mm-long nipples

bolted to the wall. The joints between the nipples and the bin wall were sealed with silicon sealant to

prevent the escape of intergranular gases to the atmosphere. Sixty tubes were inserted in each of the

test and control bins. There were 12 different locations along four equally spaced radii at 0.55-m, 1.30-

nt, and 2.05-m-from the floor through which the insect tubes were inserted. The sampling locations for

the insects were the same as for CO, except that at sarnpling location 4 (Figs.5.4 and 5.6) there were

two insect bags. In total there were 210 insect bags inserted in each bin (10,500 insects per bin).

The experirnent was run for 10 d starting from 15 September, 1992. In the test bin,28 kg of

dry ice (la kg through the perforated duct on the floor and l4 kg above the grain surface underneath
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the PVC sheet), was introduced at 0, 24, 48, 72, 96, 752, 168, 192, and 216 h. Gas samples and

temperatures were taken every 24 h and the insect samples were taken every 48 h from both the test

and control bins. In the laboratory, the insects were allowed to potentially recover at Z5+2oC for 48

fo 72 h before counting dead and live insects.

5.3 Ðetermination of Apparent Flow Coefficient of Co, Through Wheat Bulks

5.3.1 The Apparatus

The apparatus used for detennining the apparent flow coefficient of CO, through a wheat bulk

was similar to the one used by Singh et al. (1984). Two main components of the apparatus are; (i) a

cubical gas chamber of 0.35 m x 0.35 m x 0.35 m inside dimensions, and (ii) a 0.164-m-inside diameter

and O.S-m-long grain chamber (Fig. 5.S). The gas chamber was fabricated using 9 mm thick plexiglass

acrylic sheet and the cylindrical grain chamber was cut from a plexiglass acrylic tube of 6 mm wall

thickness. On one face of the gas chamber a0.116-m-diameter hole was drilled and the grain chamber

was joined to it using 3M adllesive (3M Canada Ltd., London, Canada). On the inner end of the

cylinder a fìxed screen and on the outer end a detachable screen were attached to hold the grain in the

cylinder. On one side of the gas chamber a 0.1-m-diameter hole was drilled through which the dry ice

could be introduced. This hole was closed by a detachable cover during experiments. Three plexiglas

acrylic tubes of 6.2-mm-inside diameter and 2O-mm-length were fitted tothree faces of the gas chamber

(pofts 1-3, Fig. 5.8). About i0 mm of the tube length projected out of the faces. The projected length

of the tube was cut to a 9.5-mm-outside diameter so that a rubber septum, 9.S-mm-inside diameter,

could be tightly fitted to close the ports during experiments. Four similar ports (ports 6-9, Fig. 5.8)

were located along the length of the grain chamber. Additionally, two other ports were installed near

the inlet end of the grain chamber. Two 3.2-mm-outside diameter semi-rigid nylon tubes were inserted

through rubber septa fitted to these ports, to take gas samples from the grain and gas chamber near the
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perforated screen (ports 4 and 5, Fig. 5.8)

5.3.2 Sample Freparation

Canadian Hard Red Spring wheat graded No.1 by the Canadian Grain Commission was used

in the experiments. The wheat obtained from a local farmer had 05% dockage by mass and l2.8Yo

moisture content. The effect of moisture content on the apparent flow coefficient of CO, through wheat

was studied at fìve different moisture contents. Wheat samples of about 25 kg each were conditioned

to five different moisture contents (11.0, 72.3, 14.0, 16.5 and 185% wet basis) by adding a

predetermined quantity of distilled water and mixing in a small concrete mixer, or by spreading the

wheat on the floor and allorving it to dry until the desired low moisture content was reached. The

prepared santples were sealed in plastic bags and allowed to equilibrate at room temperature for about

24 h, attd then stored at -20oC until used in the experiments. About 48 h before the start of tlie

experiment tlie samples were conditioned to the experimental temperature. An environmental chamber

with a relative hurnidity (RH) controller was used to create the required experimental temperatures. TIle

RH of the environmental chamber rvas set af 75%o.

5.3.3 Experimental Procedure

The wheat sample was filled in the grain char¡ber by manually pouring it from the top end of

the grain chamber. In most experiments the mass of the grain filling in the grain chamber was

measured to calculate the in-situ bulk density of the wheat. The particle density of various moisture

content wheat samples was detennined using a toluene displacement method (Mohsenin 1970). Using

the in-situ bulk density and the particle density, the porosity of the wheat bulk in the grain chamber was

estimated (Mohsenin 1910).

A knorvn quantity of dry ice was placed in the gas chamber and the opening was sealed using
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the detachable lid. Gas samples were taken at 10 min, and at I h intervals for 8 h after the introduction

of dry ice. When drawing gas samples about 5-mL of gas was flushed out and about 8-mL of gas was

taken in 10-mL syringes. These gas samples were analyzed for CO, concentrations using a gas

chromatograph (Hewlett Packard 5890) witli a thermal conductivity detector and l-ml- fixed volume

injection loop.

A total of l6 experiments were conducted (five different moisture contents at20"C and using

40 g dry ice, five different temperatures at 12.3%o moisture content and using 40 g dry ice and six

different amounts of dry ice af 20"C and at 12.3% moisture content). Each experiment was repeated

three times.
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6. R.ES{JI,T'S ANÐ ÐISCUSSTON

6.1 COz Distribution in Pilot Eins

6.1.L Iso-Concentration Lines

Lines of constant CO, concentrations along section A-A of Bin 1 (Fig. 5.1), and along sections

A-A and B-B of Bins 2 and 3 (Figs. 5.2 and 5.3, respectively) were drawn by interpolating the

measured CO" concentrations at various locations, separately at all sampling times. These plots, drawn

using the CALCOMP plotting subroutines (University of Manitoba Computer services), are for the mean

CO, concentrations of three replicates at various experimental conditions (Figs. 6.1 to 6.13), The iso-

concentration lines of measured CO, concentrations of individual replicates are shown inAppendix Figs.

8.1 to 8.39. The measured CO, concentrations along with the mean, standard deviations, and

coefficient of variations among three replicates for various experiments are shown in Appendix Table

4.1 to Table 4.9. The coeffrcient of variation among three replicates \¡/as less than 10%ó in74.5%o of

the samples in all the experiments . In 91.60/o of the samples the deviation among replicates was less

than 25Yo. Maximum deviations were observed at Ievel 5 (Figs. 5.7,5.2, and 5.3) where the CO"

concentrations were usually low. At level 5, which is at a distance of 0.05 m from the grain surface,

small undulations in the grain surface rnight cause large differences in the measured CO, concentrations

which would have resulted in larger coefficients of variation among replicates in that level. The grain

temperatures did not vary much during the three replicates of any experimental combination. The

maximum observed deviation in the grain temperature in any experiment was +2.7oC (Table A.l0).

During the initial few hours after the introduction of dry ice, the CO, gas flooded along the floor

ir-r the bins. In Bin 1, for example, 1 h after the introduction of dry ice the CO, concentrations near the

wall in the horizontal direction reached about 10% while a point at the same distance in the vertical

direction had a concentration of only aboutZYo (the 10 and2o/o concentration lines in Fig.6.l). In Bin
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Fig. 6.1. I.ines of constånt CQ concentrations (%) along secrion A-A (Fig. 5.1) of a 1.42-m{.iameær bin
çsnteining wheat to a depth of 1.37 m with open top su¡face at various sampling times after the
intnoduction of i8Û g of dry ice uuier a 0.3-¡adiametei perforated floor opening æar the centre. (fhe
nnmbers beneath each bin indicaæ the sampling times (h)).
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Fig' 62' Lines of constånt cQ concenrations (%) along section A-A (Fig. 5.1) of a l.42-mdiamercr bincontaining wheat to a depth of t.zl m with coveredïp surface a.t various sanpling times after rhe
foiuai.ou of 180 g of dqy ice under a 0.3-m<üam.æ, þrro*rø floor opening æar rhe centre. (lhe¡umþ¡5 hneath each bin indicare the sampling times (h)).
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Fig. 6.3. Lines of constant CQ concentrations (7o) akong section A-A (Fig. 52) of a 1.42-md.iameær bin
containing wheat to a depth of L.37 m with open top zu¡face u va¡ious sampling times after the
ìn*'l',+l^- ^C 44a\ ^rrurooucEon o[ J /u g of dry ice under a 1.74 x û.36 m perforatui floor opening æar the c€ntre. (t-_he
numbers beneath each bin indicaæ the sampling rines (h)).
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Fig. 6.a. T iqes of constant CQ concentrations (Vo) atong section B-B (Fig. 52) of a 1.42-md.iameær bin

containing wheat to a depth of 1.37 m with open top surface æ va¡ious sampling rimes afrer the

introduction of 370 g of dry ice under a 7.14 x 0.36 m perforaæd floor opening near the centre. (fhe
numbes benea¡h each bin indicate the sampling times (h)).
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Fig. 65. Lines of constant CO, concentrations (7o) alongsection A-A CFig. 5-2) of a l.42-mdameter bin
coÛaining wheat !o a depth of 1.37 m with covered top surface at va¡ious sampüng times afrer the
introduction of 3?0 g of dry ice under a l.l4 x 0.36 m perforared fl.oor opening oeat the cenne. flhe
numbers beneath each bin ind.icate the sampting times ftt.
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Fig' 6'6' Lines of cofìstant cQ concentrations (vo) alongsecrion B-B fig. 52) of a1.42-md.iamerer bincontaining wheat to a depth of 1.37 m with covered tp surface at various sampüng times after theinnoduction of 370 gof dryiceunder 
^1.\!x0.36*pu.ro*trdflocropeningnea¡rhecentrE.(lhenumben beneath each bin indicate the sampring times Gi).
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Fig. 6.7. Lines of constant CO, concentrations (70) along section A-A (Fig. 5.3) of a t.ii-m<ianerer bin
coilaining wheæ to a depth of 1.37 m with open top surface u va¡ious sampling times after the
inu'oduction of 180 g oi dry ice under a O.3-m-diameær perforataÍ floor opening neff the wall. (lhe
numbers benearh each bin indicaæ the sampting tines (h)).
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Fig. 6.8. Lines of constânt CO, concentrations (To) along secrion B-B (Ftg- 5.3) of a 1.42-mdiameær bin
containing wheat to a depür of 1.37 m with opun tóp surface æ va¡ious sampling times after the
introduction of 180 g of dry ice under a 0.3-m-diameær perforated fl.oor opening *rt the wal1. (fhe¡rmþ¡5 beneath each bin indicate the sampling times (h)).
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Fig. 6.9. T-ines 6f gonstant CQ concentrations (70) aTong secrion A-A (Fig. 5.3) of a l.42-mdiameter bin
containing wheu to a depth of 1.37 m with covered top surface at va¡ious sampling times afrer the
introdu$ion of 180 g of dry ice under a 0.3-m-diameæiperforuui f,oor opening æar the wall. (Ihe
¡nmþ¡s b€neafh each bin indicate the sampling times (h)).
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Fig. 6.10. Lines of constant CQ concentrations (9o) alongsecrion B-B (Fig. 5.3) of a l.42-mdiameær bin
containing wheæ to a depth of 1.37 m with covered top surfacE u va¡ious sampling nmes after the
introdustion of 180 g of dry ice under a 0.3-m-diameær perforared floor opening ** the wal1. (Ihe
numbers beneath each bin indicaæ the sampling rimes (h)).
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Fig. 6.11. T ines of constant CO, concentrations (7o) aton1 section A-A (Fig. 5.1) of a l.42-md¿tmeter
bin containing wheat to a depth of 1.37 m with open top surface at va¡ious sanpling rimes after the
inuoduction of 540 g of dry ice under a 0.3-mdiameter perforaæd floor opening æa¡ the centre. (fhe
numbers benearh each bin indicaæ the sampling times (tr)).
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Fig. 6.12. l.ines of corìstant CO, concentrations (Vo) along section A-A (Fig. 5.2) of a l.42-mdiameter
bin containing wheat to a depth of 1.37 m with covered top surface at various sampling times after the
introduction of 74Q g of dry ice under a 1.14 x 0.36 m perforaæd floor opening neæ the centre. (fhe
numben þneath each bin indicate the sampling times (h)).
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Fig. 6.13. Lines of constant CO2 concentratio ns (70) along secrion B-B Gig. 52) of a 1.42-m-diameær bin
containing wheat to a depth of 1.37 m with covered top surface at various sampling times afrer the
introduaion af 74A g of dry ice under a 1.14 x û.36 m perforateci floor opening near the centre. flfhe
numben beneattr each bin indicate rhe sampling rimes (h)).
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2, with an input of 3'10 g of dry ice, the lower comers (0.53-m-from the floor opening) of the bulks

reached about 22%o CO, aiong section A-A at 3 h while at a point about 0.66-m above the floor along

the central axis the concentration reached only about 5% (Figs.6.3, and 6.5). Similar high CO,

concentrations in the lower portions of the wheat bulk were observed with 540 g dry ice in Bin 1 and

740 g dry ice in Bin 2. (Figs. 6.11,6.12 and 6.13). Guiffre and Seagal (1984), while discussing the

practical aspects of CA storage, cautions against the layering of CO, in thebottom portions of the grain

bulk thus creating reduced concentrations in the top portions. To attain uniform CO, concentrations

throughout the grain bulk in large silos, it is often essential to recirculate the intergranular air from

bottonr to top using a fan and piping system (Jay et al. 1910, Wilson et al. 1980, Navarro et al. 1986).

The flooding of CO" in the lower regions of the wheat bulks rnight be because of the following reasons:

(i) CO, is about 1.5 times heavier than air (the density of CO, at a temperature of 20'C is

I .81 5 kg m-3 compared with the density of air of 1 .189 kg m-3 at the same temperature).

The gravity forces acting on the heavier CO, molecules tend to reduce their rate of

movelnent in the vertical direction.

When dry ice sublimates into CO, gas it creates a slow releasing pressure. For

example, 180 g dry ice will create an absolute pressure of 107.8 kPa at 20'C in the dry

ice box of Bin 1 (Fig. 5.1), if the box was perfectly sealed. This pressure causes a mass

movement of CO, through the grain mass. The resistance of grains and oilseeds to bulk

flow of air is lower in the horizontal direction than in the vertical direction (Kumar and

Muir 1986, Jayas et al. 1981 , Alagusundaram et al. 1992). Wheat has about 30 to 600/o

higher resistance to airflow in the vertical direction than in the horizontal direction

(Kumar and Muir 1986). Because of the low resistance to flow in the horizontal

direction tlie bulk movement of CO, gas might be more in the horizontal direction than

in the vertical direction.

(ii)
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Once the pressure created by the dry ice sublimation is dissipated, the CO, gas starts moving

into the bulk due to molecular diffusion. At atmospheric pressure, the coefficient of diffusion is the

same in both the horizontal and the vertical directions (Singh et al. 1984). Six hours or later after the

introduction of dry ice the CO, concentrations in the top 213 height of the wheat bulks were nearly

uniform along the bin diameter in allthe three bins and along both the cross sections (Figs. 6.1 to 6.13).

There were gradients in the vertical direction. For an effective control of insects using modified

atmospheres the introduced gases should be uniformly distributed in the grain bulk and a minimum

required CO, concentration (about 35%) should be maintained at all locations in the grain bulk.

Although CO, was not distributed uniformly along the bin cross sections in the bottom portions, the

concentrations were higher than in the top portions. When using CO, gas to kill insects in a farm bin,

care should be taken to check the CO" levels in the top portions of the grain bulk. The pilot bin

experiments indicate that reduced area for CO, inlet (0.071 m2 in Bins I and 3 and 0.41 m2 opening in

Bin 2), or the location of the floor opening (near the centre in Bin I and near the wall in Bin 3), did

not reduce the uniformify of CO, distribution along the horizontal bin cross sections in the top regions

of the bulk (Figs. 6.1 to 6.13), Therefore, in an existing farm bin with a concrete floor, it will be

possible to introduce the dry ice through the auger inlet hole in the door to create lethal concentrations

at every location in the bulk.

Statistical t tests were performed to compare the means of the measured CO, concentrations at

various locations and at various times in different experiments. The CO, concentrations in a bulk that

was refilled after each replicate were llot significantly different (the level of significance for this

comparison and all that are to follow was cr:0.05) from a bulk that was not refilled after each replicate.

Out of 264 sample measurements, 272 were not significantly different. The wheat used in the

experiments was relatively free of foreign material (0.5% foreign material), and each time the bins were

filled by pouring tlie wlleat from buckets. In a farm bin, however, the in-situ bulk density of grain in
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a bin filled, with canola, using a spreader is more than that of a spout-filled bin (which in tum reduces

the porosity of the bulk), and the fine materials tend to fall near the centre and near the wall of the bin

and the chaff is distributed near the bin wall (Singh 1987). The reduced porosity or the different

porosity in different regions of the bulk will alter the pattern and the rate of movement of the CO, gas

through the bulk. Jay and Peannan (1913) in their study on controlling natural infestations in a corn

bulk observed low CO, concentrations at locations where the accumulation of dust and foreign material

were highest. They hypothesized that uniform CO, concentrations in the bulk could be achieved quickly

if the foreign material content were less. Further experiments in large grain bulks with different foreign

material contents should be conducted to study the effect of filling method and the distribution of

foreign material on the distribution of CO,.

Although the CO, gas distributed nearly unifonnly along the horizontal bin cross sections in the

top portions of the grain bulk, tlte concentrations in uncovered grain bulks were low near the top

compared to the other portions of the grain bulk (Figs. 6.1,6.3,6.4,6.7,6.8, and 6.11), due to an

immediate dissipation of CO, to the atmosphere above the grain surface. For an uncovered grain bulk,

if a 100% CO, concentration is maintained over a long period of time under a fully perforated floor,

the concentration gradient under steady state condition will be linear along the bulk height, indicating

that it will not be feasible to create a concentration of over 350/o in the top ll3 height of the bulk.

Covering the grain surface with a PVC sheet, however, considerably increased the concentrations near

the top portions of the bulk (Figs. 6.2,6.5,6.6,6.9,6.10,6.12, and 6.13). For example, at2l h after

the introduction of dry ice in Bin 1, the 2o/o concentration line was about 1/4 height below the grain

surface in an open top grain surface, whereas it was just near the grain surface in the covered grain bulk

(Figs 6.1 and 6.2).

The means of the measured CO, concentrations at various locations in open and covered grain

surfaces were compared using statistical t-tests. In Bin 1, 159 out of 209 C)zsamples, in Bin 2, 110
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out of 247 sarnples, and in Bin 3,123 out of 288 samples in a grain bulk with open grain surface were

signifìcantly different from samples in the grain bulk with covered grain surface. The major effect of

covering the grain surface was to increase the CO, concentrations near the top portions of tlie bulk.

In all three bins most CO, samples at levels 3, 4 and 5 (97% of samples in bin 1, gTyo in Bin 2 and

94o/o in Bin 3) were significantly different, with the observed concentrations in the covered bulks always

being lrigher than the uncovered bulks (Appendix A). For example, 2l h after the introduction of dry

ice the average CO, concentration at the level 5 with 370 g of dry ice in Bin 2 with open grain surface

was 0.72o/o compared to 8.93Yo when the grain surface was covered with a PVC sheet. Thus, covering

the grain surface is an efficient way of retaining the CO, gas within the grain bulk. As expected,

increasing the amount of dry ice increased the CO, concentrations significantly. In Bin l, with 540 g

of dry ice the CO, cotrcentrations in242 out of 264 samples were higher than with 180 g dry ice and

in Bin 2,740 g dry ice increased CO, concentrations at259 out of 286 samples over the 370 g dry ice.

McGaughey and Akins (1989), based on their study on CA treatment of grains in corrugated steel bins,

found that the gas requirement in an uncovered grain bulk was 10 times more than the gas requirement

in a covered grain bulk for creating the same levels of CO" concentrations in botll the grain bulks. For

a CA treatment in non-airtight bins, it will be necessary to cover the grain surface with a pVC sheet

to achieve high concentrations in the top portions of the bulk.

6.2 CO, Distribution in Farm Bins

6.2.1 Iso-Concentration Lines

The measured CO, concentrations at various sampling points and at different times are given

in Appendix C (Tabies C.1. to C.12.) Lines of constant CO, concentrations were drawn by linearly

interpolating the measured concentrations at various sampling locations and at different sampling times.

A typical plot of iso-concentration lines of measured COratvarious sampling times in Experiment I
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along section A-A (Fig 5.a) of farm Bin l with an open grain surface is shown in Fig.6.14. The iso-

concentration plots for all other experiments are shown in Appendix D (Figs. D.1. to D.22). Irrespective

of the point of application of dry ice (through the circular duct on the floor as in Experiment Z, on the

grain surface underneath the plastic sheet as in Experiment 5, or near the central axis of the grain bulk

as in Experiment 6), the CO, concentrations were higher in the bottom portions of the wheat bulk than

in the top portions (Figs. D.3, D.4,D.9, D.10, D.11 and D.12, and Tables C.2, C.5, and C.6). For

example at 48 h in Experiment 2, the average CO, concentration at 2.05-m-height from the floor was

4.04% compared to 8.72%o at a height of 0.55-m from the floor. The average CO, concentrations at

heights of 2.05-m and 0.55-m from the floor in Experiment 5 were 11.87 and 31.63Yo, respectively and

in Experiment 6 were 11.65 and 26.650/o, respectively. As explained in Section 6.1.1 the accumulation

of CO, in the boftom poftions of the bulk was mainly due to the gravity forces acting on the heavier

CO" molecules. Jay (1980) stated that, in a non-airtight storage bin the heavier CO, molecules will sink

from the top to bottom. In an airtight bin, if sufficiently long time is allowed, the CO, concentration

throughout the bulk will become nearly unifonn due to molecular diffusion. This hypothesis, however,

should be validated. The rapid downward movement of CO, gas has been effectively used for

distributing chemical fumigants in stored grain bulks (Gilby 1983). Calderon and Carmi (1973) showed

that rnetliyl bromide can be readily moved to the bottom of a I7-m-tall wheat bulk when CO, in the

fonn of dry ice is used as a canier gas.

For nearly the same amount of dry ice input iri Experiment 5 (the dry ice introduced on the

grain surface underneath the covering sheet) tlie CO, concentrations in the top portions of the grain bulk

were higher than the CO, concentrations in Experiment 2 (dry ice introduced through the duct on the

floor). For example, the location of the 350% concentration Iine in Experiment 5 (Figs. D.9 and D.10)

was nearly the same as the location of the 100% concentration line in Experiment 2 (Fig. D.3 and D.4)

at 33 h after tlie introduction of dry ice. It is possible that a certain amount of air in the top portiorrs
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of the grain bulk was mixed with CO2 gas during the movement of the CO, molecules from the surface

to the bottom, thus creating higher CO, concentrations in the top portions of the bulk in Experiment 5

tlran in Experiment 2. ln an airtight bin with no gas recirculation system or in a non-airtight bin, CO,

can be introduced at the top ofthe grain surface to create high concentrations in the top portions ofthe

bulk. Tlie observed CO, concentrations in Experiment 6(34 kg of dry ice introduced through a 1g-cm-

diameter tube near the central axis of the grain bulk), were comparable to the CO, concentrations in

Experiment 5 (56 kg of dry ice introduced on the grain surface underneath the PVC sheet), (the location

of 15 and 20o/o concentration lines in Figs. D.9, D.i0, D.11 and D.l2 at 48 h). Although the mass of

dry ice required to create the same levels of CO, concentrations were lower (about 60% Iower) when

dry ice was introduced through the central axis (using an inseted perforated tube) rather than on the

grain surface, there are practical difficulties in introducing dry ice along the central axis of the bulk

because existing bins do not have ducts at their centre and installing the central ducts just for CA

treatment would require changing the philosophy of bin design. Because of these practical difficulties

this method of introducing dry ice was not considered fufther.

The COr concentrations at 48 h in farm Bin 2 with fully perforated floor (Fig 5.5) were very

low compared to the concentrations in farm Bin 1 with cylindrical aeration duct (Fig. 5.4) (either with

open or covered graín surface, Appendix Tables C.7,C.2,C.7 and C.8). In the bin with fully perforated

floor, it was not possible to seal the joints in the plenum between the concrete floor and the bin wall,

which might have caused a higher rate of loss of CO, in this bin. If an existing bin is to be sealed for

cA treatment, a bin with no perforated floor or duct should easier to seal.

In an empty bin (farm Bin 3) the CO, concentrations became nearly uniform along the

horizontal cross sections in a short time (< 3 h). The contour plots for sampling times 24 h and 4g h

are not given for the experiments in the empfy bin (Figs. D.17 to D.22) because at these sampling times

the CO, concentrations became nearly unifonn throughout the space (Tables C9, C.l0 and C.11). In
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a bin fÌlled with wheat, the CO, concentrations never became uniform throughout the bulk. Because

the coefficient of diffusion of CO, through air is about 3 times greater than that in a grain bulk

(Henderson and Oxley 1944,Bailey 1959, Haugh and Isaccs 1967, Singh er al. 1985) the distriburion

of CO, in an empty space became uniform in a short time. if a wheat filled bin was perfectly sealed

and undisturbed for a long duration, the concentrations may become uniform throughout the bulk. In

a non-airtight bin, ingress of air through leaks reduces the possibility of the uniformity of CO,

distribution (Jay 1980).

6.3 Weighted-Volume Average C0, Concentrations

6.3.1 Ðefinition

The amount of measured CO, concentration data in the pilot and farm bin experiments was very

Iarge (the CO, at numerous sampling locations in each bin (Sections 5.1, and 5.2), was recorded at

several times in each experitnent). For easy graphical representation of the measured CO, data and for

estimating the concentration x time products (ct-products) (Section 6.4), the weighted-volume average

CO, concentrations for each experiment were calculated using the following procedure.

Weighted-volume average CO, was defined as the sum of the product of measured CO,

concentration at a sampling point and the space volume represented by this sampling point divided by

the total volume of the grain bulk. The equation for it is given by:

^¿suw (co2) ivt (6 1)

where:

.n
=l\-vofr

Cr"tt

V,l

n

weighted-volume average co, concentration for the sampling time ts (%),

total volume of the grain bulk including intergranular air and grain (m3),

number of component volumes represented by one or more sampling points,
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measured Co, concentration at a sampling point in volume i (%).If more than

one sampling points were present in a subvolume i the arithmetic average of

the measured co2 concentrations at these sampling points was taken as (cor),,

volume of the component region i (-t).

6.3.2 Filot Bins

To estimate the weighted-volume average concentrations for the pilot bin experiments the grain

bulks were divided into smaller volumes each represented by one or more sampling points (Figs. 6.15

and 6.16). The bin floor cross sections were divided into smaller areas giving consideration to the

pattern of the CO, movement. In Bin 1, which was symmetric around the vertical axis, concentric

circles were drawn from the bin centre in such a way that the sampling point falls midway between two

concentric rings. In Bin 3, concentric circles were drawn from the point where the floor opening

touches the bin wall and Bin 2 was divided into rectangular regions. The division along the height of

the grain bulk was the same for all the three bins and is shown for Bin I in Fig. 6,15. Using the

divided volumes and the measured CO, concentrations, the weighted-volume average CO, concentration

for a given sampling time was estimated using eq. 6.1.

6.3.3 Farm Bins

The grain bulks or the empty bin were divided into 39 smaller volumes in farm Bins I and 3

(Fig'6.17) and 52 smaller volumes in farm Bin 2 in such a way that the sampling points are at the

geometric centre of the sub-divided region in the horizontal direction. Tlie widths of the regions near

the wall were half of the width of the regions in the rest of the bulk. The division of the grain bulk in

farm Bin 2 was similar to that shown for farm Bins 1 and 3 except that there were 4 levels in farm Bin

2. The weighted-volume average CO, concentration for each sampling level and for the whole bin at

vi
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every sampling time were estimated using eq. 6.1.

The change in the weighted-volume average CO, concentration with time for various

experiments in farm Bins 1, 2 and 3 are shown in Figs. 6.18, 6.19, and 6.20, respectively. The CO,

concentrations in the bulk rose to a peak within the first few hours after the introduction of dry ice and

started to decline afterwards. For example, at24 h in Experiment2,the average CO, concentration in

the bin fell to nearly 10Yo lrom over 20o/o at t h (Experiment 2 in Fig. 6.18). Wlien larger amounts of

dry ice were introduced (as in Experiment 3) or when the frequency of application was increased (as

in Experiment 4), the CO, concentrations in the bulk were higl-rer. For nearly the same amount of dry

ice introduced (162 kg in Experiment 3 and i63 kg in Experiment 4), the weighted-volume average CO,

concentratiotts 72 h after the first introduction of dry ice in Experiment 3 was much lower than that

observed in Experiment 4 (Experiment 3 and 4 in Fig.6.18). Due to the high labour requirement,

introducing dry ice every 72 h in a farm bin may not be practical. Progressively sealing the bi¡

increased the CO, concentrations in the bin (Fig. 6.20). For example, in farm Bin 3, the weighted-

volume average CO, concentration for the whole experimental space at sampling time 48 h after the

first introduction of dry ice increased fron 13.200/o in Experiment 9 to 15.06% in Experiment l0 to

23 '54% in Experiment I I . This is also obvious from the iso-concentration lines of CO, (Appendix Figs.

D.17 to D.22). At 33 h after the first introduction of dry ice the location of the 30% concentration line

in Experiment 9 (Appendix Figs. D.17 and D.18) was the same as that of the 350% concentration line

in Experiment 10 (Appendix Figs. D19 and D.20) and that of the 400/o concentration line in Experiment

11 (Appendix Figs. D.2i and D.22). Covering the concrete floor had a greater effect than sealing the

wall-floor joint. To increase the CO, retention in a bin a PVC sheet can be spread on the concrete floor

and taped to the bin wall before loading. This will also reduce the corrosion of the reinforcing steel

in concrete when CO" is adsorbed by the concrete (Banks and McCabe 1988). This approach may not

be practically feasible because tlie insect infestation may occur when the grain is already in the bin.
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In an airtight bin "one-shot" application of CO, was effective in killing all the insects (Banks

and Annis 1980). Assuming that the CO, sorption by wlieat is negligible and there is no leakage from

the bin, 50 kg of dry ice creates approximately 100% CO, concentration in farm Bin 1 (2.50-m-tall

wheat bulk), and 40 kg of dry ice should create approximately a 100% CO, concentration in farm Bin

2 (2.l}-m-tall wheat bulk). The CO, concentrations observed in the bolted metal bins were much lower

than the expected concentrations. This was probably because of large leaks in these non-airtight bins.

Tltese bins should be sealed for a successful CA treatment. In temperate climatic regions, as in Canada,

during fall and winter months the air exchange between the grain bulk and the surrounding atmosphere

through the leaks in the bin wall and through the eaves helps in reducing the temperature gradients, and

the subsequent moisture relocation in the grain bulks (Mcgaughey and Akins lg89). Complete sealing

of farm bins would hamper this natural ventilation process. A more practical way of approaching this

problem rnight be to have a single bin on a fann completely sealed and airtight. The infested grain can

be transfered to this bin for disinfestation using controlled atrnospheres.

6.4 comparison of Efficiency of co, Retention in Pilot and Farm Bins

6.4.1 Concentration Time (ct) Product

In a CA treatment insects are killed when they progressively sorb CO, due to their respiratory

action over a period of time or are suffocated by the absence of O, when > ggyo N, is present. The

lethal dosage is a function of the concentration of CO, gas in a high CO, atmosphere or O, gas in a

high Nr atmosphere in the intergranular air and the period of exposure (if the minimum required

concentration is maintained). In fumigation trials u'ith chemical fumigants the dosage is represented

by the product of the fumigant concentration and time of exposure (Calderon and Carmi 1973, Wilson

et al' 1980). In my thesis I have used the concentration time product (hereafter referred as ct-product)

to estimate and compare the efficiency of CO, retentior (l,.,.n,ion) among various experiments in pilot
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and fann bins. The ct-product was calculated as:

ct-product = 
Cf'' : c*" . [(fs+1)-(fs )] (6 2)

(6 3)

(6 4)

where:

C*"*t : weighted-volume average CO, concentration at the sampling time ts+t 1o¿¡

C,"t' = weighted-volume average CO, concentration at the sampling time ts (%).

The weighted-volume average CO, concentrations for the pilot and farm bin experiments were

calculated using the procedure given in section 6.3.

In various pilot- and farm-bin experiments the mass of dry ice used, the grain and air volumes

or the empty space volumes as in farm Bin 3 (liereafter refered as domain volumes), and the duration

of the experiment were different. To compare various experiments the number of domain volumes of

CO, used, NDV of CO,, was estimated as :

NDV of COz =
Volume of COrUsed

Domain volume

Now using the ratio of tlle cumulative ct-product to the number of domain volumes of CO, used, the

t'lrercntion was estimated as :

_ Cumulative ct product x 100o/o\retertion 
W

where:

t

Cu'

duration of the experiment (h),

co, concentration that would have been created by one domain volume of Co,

gas, if all the introduced co, gas stayed in the domain and none \ryas absorbed

by the grain (%o).
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6.4.2 Filot-Ein Experiments

The pertinent values calculated using the above procedure are given in Table 6.i. Among the

pilot-bin experiments, higher 1'lretcntion was observed in wheat bulks with covered grain surfaces. For

example in Bin I with an open grain surface thÊ l,.,.n,io^was 43,4%o compared to 54.6Yo when the grain

surface was covered (Table 6.1), further supporting that covering the grain surface improves the

retention of CO, in the grain bulk. In none of the pilot-bin experiments thê I,",.n,ìon w¿rs more than 550/o.

The low values of l,"t.ntion in the pilot bins could be because of the following reasons.

(i) At 2l h after the introduction of dry ice a ceftain amount of CO, gas remained in tlie dry ice

box (which will become available to replenish the CO, gas in the grain bulk). For example, in

the dry ice box of Bin 1 with an open grain surface 19.8 g of dry ice, which is about llyo of

the total input, remained in the box at 21 h.

(ii) In an uncovered grain bulk the CO, gas escaped through the top grain surface to the

surrounding atmosphere

(iii) In both the covered and the uncovered grain bulks the wheat contained in the bins sorbed a

certain amount of CO, gas. Cofie-Agblor et al. (1992) estimated that at 100% concentration

the amount of CO, gas sorbed by wheat ranges from 0.18 g/kg to 0.42 g/kg at a moisture

content of 18% and at temperatures ranging from 0 to 30oC. Linearly extrapolating these

figures for a CO, concentration of 10%0, in Bin 1 with 180 g dry ice input and covered grain

surface the amount of CO, gas sorbed could be 62 gor 0.036 gikg of wheat. When treating a

large grain bulk with CO, gas, allowances should be made for the sorption of CO, gas by the

grain.

(iv) Even in sealed bins (5 min pressure decay time from 500 to 250 Pa), a gas exchange rate of 4

Lo 7Yo d-r is unavoidable (Banks l9S3), It is possible that in the pilot bins during the 2l h

experiment, some amount of CO, gas would have been lost to tlie atmosphere.
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Table 6.1. Comparison

Experiment

in pilot- and farm-bin ex

Mass of Cumulative Ratio of Cumulative ct-
product to NDV of CO,*

2121.2

2095.3

266s.1

2136.0

2138.s

2444.3

2034.3

2194.7

246s.6

t361.7

1673.2

1616.4

2026.7

2934.6

3061.7

864.6

959.6

1617.7

19r0.2

2064.5

2190.1

1'ì retention
(%)

Filot-Bin** Experiments

Bin I open grain surface

Bin 1 open grain surface
refilled after each test)

Bin 1 covered grain surface

Bin I open grain surface

Bin 2 open grain surface

Bin 2 covered grain surface

Bin 2 covered grain surface

Bin 3 open grain surface

Bin 3 covered grain surface

Farm-Bin** Experiments

Experiment

Experiment

Experiment

Experiment

Experiment

Experiment

Experiment

Experiment

Experimerit

Experiment

Experiment

I

2

5

4

5

6

7

8

9

i0

11

12

180 g

180 g

180 g

540 g

370 g

370 g

740 g

180 g

180 g

56 kg

56 kg

162 ks

163 kg

55 kg

33.8 kg

56 kg

56 kg

56 kg

56 kg

56 kg

252 ks

98.0

96.8

119.6

298.3

200.6

228.3

3 83.3

101.7

114.5

682.2

827.6

2324.8

2947.1

1429.0

91 8.3

518.6

572.9

987.8

1t49.2

1238.4

4964.0

43.4

42.9

54.6

43.7

43.8

50.1

41.7

44.9

50.s

12.2

1 5.0

9.7

I 1.9

26.3

27.4

7.8

8.6

JJ.I

39.8

43.0

3.9Exneriment

' NDV CO, - number
'. Pilot- and farm-bin

of domain volumes of CO,
experiments are described in Tables 5.1 and 5.2, respectively.

82



Increasing the amount of dry ice did not increase ths î,.,"n,ion. For example in Bin I with an

uncovered grain surface, both the 540 g and 180 g dry ice tests resulted in nearly the same ?.ìretention.

On the other hand, in Bin 2 with a covered grain surface,740 g dry ice resulted in a reduced îrctention.

A probable reason for this could be that the sorption of CO, by the wheat would have increased with

increased dry ice input (the wheat contained in Bin 2 can adsorb a maximum of 694 g of CO, gas at

an CO, initial concentration of 100%).

6.4.3 Farm-Bin Experiments

A remarkable decrease itt the q,.,.n,,on in the farm bins was observed compared to the pilot bins.

The uncontrollable loss of CO, gas through various leaks in the bin wall and the bin wall to the floor

joints probably reduced th€ r1 .,.u,ron in the farm bins. As with the pilot bins, increasing the amount of

dry ice did not cause any increase ir r'ì,.t.ntion in the fann bins (Experiments 3 and 4 in Table 6.1). Tlie

probable reason for this could be that in addition to increased sorption of CO, gas by the wheat with

increased dry ice input, the rate of loss through the bin wall might have also increased, In a non-airtight

bin it may not be possible to achieve any further increase in the CO, concentration than that observed

in these experiments, unless some rigorous sealing is done. The fully perforated floor bin had the least

l'lretcnrion because of the leaks through both the bin wall and the plenum chamber. The maximuffi l,"t.ntion

was obtained in Experiment 5 (dry ice introduced on the grain surface) and in Experiment 6 (dry ice

introduced tlirough a IO-cm-diameter perforated vertical tube near the central axis). Tlie introduction

of dry ice through the vertical tube near the centre of the grain bulk was not considered as a feasible

method because of the practical difficulties mentioned earlier. Among all the combinations tried an

obvious choice to create reasonable CO, concentrations in the grain bulks stored in non-airtight bins

would be to introduce the dry ice on top of the grain surface and cover it with a PVC sheet.

In an empty bin with a concrete floor the qrctention was very high compared with the wheat filled
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bins. This might be because: (i) the Iretcntion in wheat filled bins was reduced due to the sorption of CO2

gas; (ii) in farm Bin 1 with a circular duct, and in farm Bin 2 with a fully perforated floor, there are

additional unsealable leaks at points where the bin wall and the duct or fully perforated floor joins. On

a farm an ideal bin choice for CA treatment would be a bin with no ducts or perforated floors. In an

empty bin excluding the concrete floor by spreading a polyvinylidene chloride sheet resulted in an

increased rlretcnrion (nearly l0% increase). The 1rcte,¡on in the insect experiment was only about 4%o.

Prolonged duration of the experiment and addition of large quantities of dry ice caused large quantities

of CO, gas loss to the atmosphere. Therefore, for a cost effective CA treatment, in addition to covering

the grain surface, it will be essential to seal the bin to avoid easy escape of CO, gas.

6.5 Bioassay

Based on the results of the farm-bin experiments (Section 6.2), ir. was decided to use 28 kg of

dry ice (la kg on the grain surface underneath the covering sheet and 14 kg through the circular duct

on the floor), to atternpt to create lethal concentrations of CO, to study the mortality of rusfy grain

beetle adults put in cages. A considerable loss of CO, through the leaks in the bin was observed. To

replenish the lost CO, from the wheat bulk additional 28 kg of dry ice at each time were introduced at

24, 48, 72, 96, 152, 168, 192, and 216 h. The average grain temperature in the test bin was 18.9+3.0"C

and the average grain temperature in the control bin was 18.3+2.0'C, during the whole duration of the

experiment.

In the experiments on insect mortality the weighted-volume average CO, concentration in the

bin for the whole grain mass never increased beyond 30% (Fig. 6.21). The CO, concentrations were

measured every 24 l-r, just before the introduction of the next batch of dry ice. In the first few hours

after the introduction of the dry ice the CO, concentrations in the bulk were usually high and then

started declining after that (Figs. 6.I 8 and 6.19). lt can be safely concluded that the CO, concentrations

84



5n

,al

.l

.L
o

ì.oö\

Ê
o

-F)
d
tr

+J
a<
H
(u
O
t4
H
o
O

o¿o
CJ

O
Þ¡
d
H
a)

a)
?j
H
-{

o
I

€
a)p
-l
Þ¡

.i
q)

=

\\ \ ]\'. \ /\/\/
'. \ t \/v

r '\ t

\ .\ l
'r \" i/

. \'. i/

'. \'/

I

i

'li

'ìì

i

30 60 90 120 150 180 210 240

Time Elapsed (h)

Fig. 6.21. Change in weighted. volume average CO, concentrations
with time in the insect bin. (vertical ÁoLid lines
indicate the time at which dry ice was added)

(- 0.55; 1.30; .----- 2.05 m from the floor and
average for the whoìe bin)

85



in tlie test bin rnight have been higher between the sampling times than those observed at 24 h after the

introduction of dry ice. In the control bin, on the other hand, the CO, concentrations were very low

(Appendix E).

Forfy-two insect samples (of 50 insects each) were removed every 48 h from the test and the

control bins separately. In the laboratory the insects were allowed to potentially recover at a

temperature of 25+2"C for 48 to 12 h and counted. The mortality of insects was calculated as:

Mortality (%)= Number of dead insects x 100 (6 6)
Total No. of ínsects

The mortality of insects in the test bin increased with an increase in exposure time (Fig. 6.22). As

expected, the mortality was maximum at level 1 (0.55 m from the floor), because of the high CO,

concentration inthatregion. Attheendof l0d,theaveragemortalityatlevel 1was903%, Excluding

the sampling point l, (Fig 5.4) where the mortality was only l0%o,the average mortality at the rest of

tlre sampling locations at level l was97Yo after 10 d of exposure. The low mortality at sampling point

1 was because of the high rate of CO, leakage through the bin wall near that sampling location. The

aeration duct was insefted through the bin wall near this sampling point and the thermocouple wires

exited through a hole made in the bin wall near this location. Even though the joints between the bin

wall and the duct and the hole througlr which the thermocouple wires exited were carefully sealed using

silicon sealant, uncontrollable leaks might have existed in these locations causing high CO, loss near

that region. For example at 192 h the CO2 concentration at sampling point I at level l was 14.320/o

compared to the average CO, concentration of 38.37% in the rest of the sampling locations at level L

This might have resulted in lou' mortality at sampling point 1. At level 3 where the CO, concentrations

were lower than at levels I or 2 (Appendix E), the average mortality at the end of 10 d exposure period

was only 32.5%.

Rameshbabu et al. (1991), in a laboratory study, observed 99%o mortality of rusty grain beetle
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adults at high CO, concentrations (80-91.7Yo) and at a temperature of 20"C after 4 d of exposure. In

a non-airtight bin, due to the loss of CO, to the atmosphere, and due to the layering of CO, in the

bottom portions of the grain bulk, it was not be practical to create or maintain such high CO, levels.

Based on a pilot-scale study in airtight bins containing322 kg of wheat, White et al. (1990) found that

rusty grain beetle adults can be completely controlled in 4-6 wk at25+3oC, when CO, levels were about

20%o and O, levels were between 5 and 10%. At declining (20 to 9%) COr levels and at declining

temperatures from 27 to 7"C,99.6% of rusty grain beetle adults were killed in 12 wk of exposure.

White and Jayas (1992) observed that insects and mites in wheat and barley bulks can be completely

controlled at34%o CO, , 15yo 02, and at 18 to 10'C or atL9o/o CO,,3yo O". and at25 to 20.C in 2 wk

of exposure.

Thus, to acl'¡ieve complete control of rusty grain beetle adults, either high CO, concentrations

(>70%) should be maintained for short periods of time (up to 4 d), or low CO, concentrations (20 to

40%) should be maintained for 4-6 wk. In both cases the minimum required CO, concentration should

be maintained at all locations in the bulk. Based on the CO, distribution tests it is obvious that CO,

concentrations of >7\Yo can not be created or maintained in the existing bolted metal bins. When dry

ice was introduced on the surface of the bulk, covered with a polyvinylidene chloride sheet, and

replenished every 24 h, CO, concentrations of 1 5 to 30o/o were observed in top layers (Experiment 5).

If the exposure period was extended up to 4-6 wk, better control of rusty grain beetles in the top levels

of the test bin would have occurred. This can be further supported with the observed linear relationship

between the mortality (%) and the ct-product (Fig. 6.23). Further experiments are required to confirm

this.

The cost of phosphine fumigation in Canada is Can. $ 1.20 per t of grain (White and Jayas

1993) and in the US it is Can. $ 0.40 per t of grain (Reed et al. 1990). In the insect experiment a total

of 252 kg of dry ice u'as used. The cost of treatment was Can. $1.30 per t of wheat (calculated based
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on a price of 50.25 per kg of dry ice), which is comparable to the cost of phosphine fumigation in

Canada. But, to obtain 100Yo mortality of the rusty grain beetle adults the treatment would have to be

continued for 4-6 wk, which would increase the cost of treatment. In this experiment, the dry ice was

replenished every 24 h at the rate of 28 kg each time. As already discussed in Section 6.4, increasing

the amount of dry ice or increasing the frequency of application did not cause any increase itr îl,.t.ntion.

It is possible that the CO, levels observed in the test bin might have been achieved even with lesser

amounts of COr input after the first purging with large amounts of dry ice. The replenishment rate

should be estimated based on the rate of CO, loss from the bin. Also the bins could be sealed to a

better level so that the rate of CO, loss can be minimized. Further data on the CO, loss from the bin

and the effect of sealing the bin, without affecting the natural ventilation process, on the CO, retention

are required. The rnotality of insects in the top layers of the bulk with increased exposure periods

should be studied to confirm the effectiveness of low CO, levels in that region.

In spite of all these imperfections, the CO, treatment might be effective in controlling natural

infestations of rusty grain beetle adults as they typically move to the bottom of the grain mass (White

and Loschiavo I986), where the CO" Ievels were the highest. Further research on the control of natural

infestations of rusty grain beetle adults, an economically important insect pest of Canada, could provide

results for the successful application of Co, treatment in bolted metal bins.

6.6 Simulation of CO, Distribution in Wheat Bulks

6.6.1 Boundary Conditions for Simulation in Pilot-Bins

A FORTRAN program was written to solve the unsteady state diffusion problem (eq. a.2\.

For simulating the distribution of CO, in the grain bulk, half of the grain bulk (along section A-A of

Figs.5.1,5.2,and 5.3)wasdiscretized intolinearelements witl't445 nodesforBin 1,430nodesforBin

2 and 390 nodes for Bin 3. The measured CO, concentrations near tlre floor opening (sampling point
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5 of Bin 1, the average of sampling locations 5,9, and 10 of Bin 2,and the sampling location I of Bin

3) were specified for the nodes lying inside or on the boundary of the floor opening. To include tliis

boundary condition in the program, the measured CO, concentrations at these locations were fitted to

an equation of the form:

o/oCO2=¿"-bt (6.6)

using procedure NLIN of SAS (SAS 1982). A fypical plot of the measured CO2 data at sampling

location t of Bin 3 and the values predicted by eq. 6.6 are shown in Fig. 6.24. Similar plots were

obtained for other test combinations also.

For tests with uncovered top grain surfaces, the measured CO, concentrations near the surface

of the grain were specified at the nodes lying on this boundary, and when the grain surface was covered

with a plastic sheet, this boundary was assumed impermeable to flow of COr(ôc/ôn:0), The bin wall

and the bin floor, excluding the floor opening were assumed impermeable to the flow of CO, gas. A

diffusion coefficient of 4.15 mm2/s for red spring wheat at 120/o mc (Singh et al. 1985) was used in the

simulations. It was assumed that the diffusion coefficient was independent of the direction of diffusion

(Singh etal. 1984), and of concentration (Cunningham and Williams 19S0). Initially the sorprion and

production of CO, by the wheat were assumed to be negligible (q=0).

6.6.2 Simulation Results

The simulations were run with the assigned boundary conditions and the initial concentration

ât every node in tlie grid set equal to the atmospheric CO, concentration (0.03%). The predicted CO,

concentrations were much lower than the measured concentrations at every sampling point and at all

times. The mean relative percent error of prediction (e) was calculated as:

e=1
n

T lMi -P/ x 1oO
M¡
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Mi = measured CO, concentration at sampling point i

Pi = predicted CO, concentration at sampling point i

number of data points.

The e value for replicate 1 of Bin I with an uncovered top grain surface ranged ftom 70J5%o at 3 li

to 30.88% at 21 h. Similar high e values were observed for other test combinations.

The governing partial differential equation and the associated boundary conditions (eqs. 4.1 to

4.4), on wliich the model was based, assume that the mechanism of transport is only by difñ.rsion

(concentration difference of COr). In the experiments, I placed 180 to 740 gof dry ice in well sealed

metal boxes under the floor openings. As mentioned in Section 6.1. when this dry ice sublimated into

CO, gas, due to the increase in volume, a pressure must have developed inside the box which would

have caused a mass movement of CO, through the grain bulk. This might have caused such large

percentage errors in prediction.

It was observed that dry ice pellets, when exposed to room temperature, took about 45 min to

t h to sublimate totally. Assuming that all the pressure generated by the sublimation process is

dissipated in the first t h, it was decided to use the measured CO, data at I h as the initial condition

for the simulations.

Using the measured CO, concentrations at t h after the introduction of dry ice, the CO,

concentration at every node in the grid was calculated by linear interpolation. Using this interpolated

data as the initial condition, CO, distribution was simulated at3,6,9,72 and 2l h after the introduction

of dry ice, for all the test combinations. The e values ranged from 5.9Yo at2l h in Bin I with 180 g

of dry ice and grain surface open to 55.lYo af 21h in Bin 2 with 740 gof dry ice and the grain surface

covered (Table 6.2). The high e values could be because of the following reasons :

I' The diffusion coefficients (D^, D, and D,) used in the simulations were 4.15 mmz/s (Henderson

and Oxley 1944, Singh et al. 1984), and it was assumed that the diffusion coefficient was
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Table 6.2. Mean relative percent errors between measured and pnedicfed Ct, eoncen-
únations for all the tests in pitot bins. Measured C0, conce¡ltnafions at I h was
linearXy intenpolafed and taken as the initial co¡rcer¡tratiõn.

Bin Grain
Surface

Replicate Mean Relative Percent Enor*Mass of
Dry Ice

(e)

180Open

Covered

22.49
t 9.90
20.25

20.85

15.31
15.67
12.48

12.34

17.63
26.11
I8.32

17.00

23.15
21.90
27.58

25.57

29.44
18.93
24.06

zJ -ó3

16.70
27.20
22.00

20.76

1 1.06
17.54
20.0i

14.34

37.94
30.95
JJ.IJ

34.50

32.3s
1 9.16
30.83

27.78

I

2
3

4#

I
2
3

4#

I
2
3

+

15.65
15.69
23.20

5.87
16.02
16.01

540

15.t5

39.06
30.45
32.69

34.48

15.93
21.50
19. 13

19.3 I

12.31

38.07
28.28
32.44

32.44

37.04
36.57
36.99

43.43

Bin 2 Open

Covered

l7 .71

25.65
15.36

18.55

18.r7
13.84
18.43

16.91

r 3.07
11.52
15.49

r 0.34

33.41
I 1.38
13.31

15. t4

il.84
I0.82
t4.45

10.62

29.52
34.50
19.44

13.78

370 I
2
3

4fl

I
2

3

4

I

2
3

4

16.87
28.85
10.56

8.74

t7.16
r 0.01
15.0r

15.83

14.04
17.05
12.97

13.78

39.10
14.3 I
18.56

22.39

17.38
14.05
r 8.30

16.40

49.88
55.05
43.93

47.30

740

Bin 3 Open

Covered

I

2
J

4#

I
2
3

44

180 31.77
26.44
34.77

31.r8

32.86
30.1 3

30.17

29.87

34.43
30.56
35.02

33.24

37.37
35.20
34.36

35.17

24.2s

37.23
34.77
38.04

36.4'l

21.86
18.1 7
27.60

2t.50

30.36
29.22
30.3 5

29.95

12.21
9.88

19.54

12.19

16.94
17.94
19.34

17.5 I

27.08
20.97
28.60

x Mean Relative Percent Error(%) o. lMeasured - Predictedl) : rxl00
rvlea^sureo

The measured data for the three replicates rvere averaged and compared with the simulation results
number of data poinm (25 in Bin I, 50 in Bin 2, and 45 in Bin 3)
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direction independent. As discussed in Section 6.1., the airflow resistance of grains is higher in

the vertical direction than in the horizontal direction because of the kernel orientation and

different airflow paths in horizontal and vertical directions. It is possible that the diffusion

coefficient may also depend on the gravity of CO, movement. But, Singh et al. (19g4)

concluded that the diffirsion coefficient is direction independent. In their experiments, however,

they filled grain in the diffusion coefficient apparatus in its vertical position and tilted it to the

horizontal position for determining the diffusion coefficient in the horizontal direction. In this

way, the diffusion paths for both the vertical and the horizontal directions were identical

although the directiorl of the force of gravity was changed. In practical situations, when a farm

bin is filled with wheat the oblate shaped wheat kernels lie with their major axes horizontal,

thus possibly providing less resistance to diffusion in the horizontal direction than in the verfical

direction.

2. To use the I h measured data as the initial condition in the simulations, I linearly interpolated

the limited measured data to every point in the finite element mesh. The CO, distribution at

I h may not be varying linearly between nodes, and might have caused errors in prediction.

Ideally, the simulation should staft from time 0 with the initial condition of atmospheric CO,

concentration everywhere in the domain. To do this either amodel of forced convective mass transport

(bulk COr movement under pressure gradients) must be included in the diffusion model or the apparent

flow coefficient of COr through wheat bulks must be estimated. I determined the apparent flow

coefficient of CO, through wheat by physically simulating the pilot-bin experiments in a laboratory

apparafus (Section 5.3). ln the following paragraphs, I will explain the procedure I followed for

estimating the apparent flow coefficient of co, through wheat bulks.
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6.7 calculation of Apparent FIow coefficient of co, T'hrough wheat tsultr<s

The apparent flow coefficient of CO, through wheat bulks was calculated assuming that at all

times the conditions approximate a steady state condition, i.e. the concentration gradient in the grain

column and the diffusion flux at any instant are those that would be found if the concentration in the

inlet end was maintained at the instantaneous measured value. This assumption is similar to that made

by Cowie and Watts (1971) for calculating the dififusion of methane and chloromethane in airand that

made by Singh et al. (1984) for calculating the diffusion coeffrcient of CO, through wheat bulks. The

apparent florv coefficient was calculated using the following equation :

h Q..Lx
- app A.L,c

(6 B)

where:

D"pp : apparent flow coefficient of CO, through wheat bulk (m2 s-')

Q,, : mass flow rate of CO, through wheat (g s-')

A = cross sectional area of the grain column (m2)

Ac = concentration difference between the inlet end of the grain column and a corresponding

sampling point along the grain column (g -.)
Ax = distance befween the inlet end of the grain column and the sampling point at which Ac

was calculated (m)

The mass flow rate Q, was calculated for fwo different time periods in the duration of whole

experiment as Q.r and Q*r; where Q,n, is the mass flow rate during the time period up to which the dry

ice sublimated into CO, gas and Q., is the mass flow rate during the time period after which the dry

ice sublimated into CO, gas and until the end of the experiment (8 h). The mass of CO, gas in the

apparatus, after all the dry ice had sublimated into the CO, gas, was estimated using the measured

concentrations in the gas chamber and in the grain column. Subtracting this mass from the mass of dry
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ice introduced in the gas chamber and dividing by the time difference gave the value of e.,. The

difference in the mass of dry ice in the apparatus after all the dry ice sublimated and that of the amount

at 8 h (calculated using the measured CO2 concentrations) was divided by the time difference to get the

value of Q,r.

At any given sampling time the value of Ax/Àc was estimated between the inlet end of the grain

column to each of the five sampling points along the grain column (Fig. 5.8), and Duoo estimated for

each of these values. The average of these five D"oo values was taken as the D"oo for that sampling time.

Similarly, the Duoo values were calculated for all the sampling times. The Duoo decreased with time

from 0 to 8 h. The log transformed values of Duoo were linearly related to time as:

ln(D*) = A *Bln(fi (6 e)

where:

tinie (h)

A and B = product dependent constants

The GLM procedure of SAS (SAS 1982) was used to estimate the constants A and B for various

experiments (Table 6.3).

6.7.1 Effect of Temperature

The D"oo values increased with an increase in temperature from -10 to 30oC. Bailey (1959)

observed an increase in the diffr:sion rate of O, through wheat with an increase in temperature in the

range of 1.7 to 42oC. Singh et al. (1984) also observed an increase in the diffr.lsion rate of CO, through

grain bulks with an increase in temperature in the temperature range of -10 to 30oC. They both

observed a quadratic relationship between the diffusion rate of gases through grain bulks and the

temperature. In this study, I observed a linear increase in D"pp and the temperature in the range of -10

to 3OoC. According to Jost (1960), true diffusion (the results of Bailey (1959) and Singh et al. (19g4))
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?'ahle 6.3. Empinicaå aor¡stants ,A
wlreaf rnoisture contents, and with

and E (im eq. 6.9)
diffenenÉ arnounts

at vanio¡¡s
ofl dry ice

Éennpenatul'ese

R2

Temperature (oC)

Grain Moisture Content (%)

11

12.3
14

16.5
18.5

Amount of Dry Ice (g)

30
40
50
60
80

120

Horizontal Direction'

-10
0

10
20
30

7.526
9.067
9.83 8

10.s66
lt.426

-0.614
-0.761
-0.83s
-0.93s
-0.941

-0.780
-0.935
-0.640
-0.872
-0.761

-1.015
-0.93s
-1.13',1

-1.202
-1.553
-1.995

0.891
0.923
0.93s
0.892
0.863

0.927
0.892
0.85 r
0.911
0.907

9.273
10.566

1.855
r0.203
9.214

12.237

11.268
r 0.566
12.437
13.172
16.509
21.533

0.879
0.892
0.923
0.887
0.825
0.829

-r.039 0.8s3

. Th" grain column was filled in the same. way as by Singh et al. (1984). The experiment for thehorizontal direction was conducted with wheat-at a"moisrurè content of l13yo, un¿ ai ãtemperature of 20oc. Mass of dry ice used for this experiment was 40 g.
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generally shows a comparatively strong dependence on temperature while the effect of temperature

during bulk flow of gases through capillaries is rather small. The relationship between the constants

A and B, separately, to the temperature were:

A: -16.6455 + 0.093 x T

B:1.5273-0.00828xT

where;

R2 : 0.974 and S.E. :0.27

R2 :0.927 and S.E. : 0.04

(6.10)

(6.r r)

= temperature (K), S.E. : standard error of y estimate

6.7.2 Effect of Moisture Content

No definite pattem of increase or decrease in the Duoo values was observed with an increase in

the moisture content of the wheat. Both the empirical constants A and B randomly varied with an

increase in moisture content from 1 I to 180/o (Table 6.3). The in situ porosity increased ftom 4Z%o at

11% moisture content to 47.3%o at 18%o moisture content. However this increased pore space did not

cause an increase in the D"oo values. The mass displacement of CO, created by the dry ice sublimation

process would have been so large that the effect of increased porosity at higher moisture contents was

reduced.

6.7.3 Effect of the Amount of Ðry lce

As expected, the D"oo values increased with an increase in the mass of dry ice introduced.

Increasing the mass of dry ice proportionately increased the volume of CO, gas produced by the

sublimation process. The increased volume of CO, gas caused an increase in pressure in the gas

chamber thus increasing the mass displacement of CO, through the wheat bulk. Even though the

constants A and B increased linearly with an increase in the mass of dry ice, such a relationship may

not be useful in a mathematical model to predict the CO, distribution in grain bulks. This is because
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the mass of dry ice used in the experiments for determining the Duoo will be different from the amount

of dry ice that would be used in a farm bin. The pressure drop across the grain column created by the

various amounts of dry ice, if all of it were sublim ated at once, was found to be more realistic. The

pressure drop across the grain colulnn was estimated using the following equation:

(6.12)

where:

P - the pressure created by the dry ice if all the dry ice introduced in the gas chamber

sublimated at once (kPa)

L : length of the grain column (m)

rn : mass of dry ice introduced (kg)

R : individual gas constanr (0.1889 kJ kg-t 6-t;

T - ternperature (K)

volume of the CO" box (m3).

The relationship between the constants A and B, separately, with the pressure drop across the grain

column created by various amounts of dry ice introduced in the gas chamber were of the form :

P_mRT
LvL

A : 6.3683 + 0.0482 x (P/L)

B = -0.5448 - 0.00465 x (P/L)

R'z : 0.970; S.E. : 0.79

R'? : 0.967; S.E. : 0.08

(6.13)

(6. 14)

6.8 Prediction of co, Distribution in wheat Bulks using D,on varues

The diffusion program was nlodified to predict the CO, distribution in wheat bulks using Duo,,

values during the initial time periods aÍÌer the introduction of dry ice and using the diffusion coeffìcient

values afterwards. The Duoo values were calculated using the eq. 6.9. The empirical constants A and

B were estimated using eqs. 6.13 and 6.14, respectively, for the expected pressure drop across the wheat
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bulk. The empirical constants A and B in eqs. 6.13 and 6.14 were for a temperature of 20oC. The

average wheat bulk temperatures were different in various experiments (Table A.l0). The D"oo values

at the actual wheat bulk temperatures were estimated by linearly interpolating using eq. 6.9,6.10, and

6.11. The ratio of the Duon values calculated using eq. 6.9 in the horizontal and vertical directions had

a relationship of the form :

(6 15) *ú*, = 4'011 -0.212 'tn(t¡

where:

DuooH = apparent flow coefficient of CO, through wheat bulk in the horizontal direction

(mrnz s-r)

apparent flow coefficient of CO, through wlieat bulk in the vertical direction

(nun2 s-')

DuooV :

Using eq. 6'15 and the Duon values in the vertical direction, the D,oo values in the horìzontal direction

were calculated. Tlte D.no values tltus calculated were used in the simulations for the first 3 h after the

introductiorl of the dry ice. After this arbitrarily chosen time period, assuming all the pressure created

by the dry ice sublimation is dissipated and that the movement of CO, tlirough wheat bulk is purely due

to the concentration gradient, a diffusion coefficient of 4.15 mm2 s-rwas used (Henderson and Oxley

1944, Singh et al. 1985).

The e values were calculated using eq. 6.7 (Table 6.4). At sampling times 6 h and afterwards,

the predicted CO, concentrations \ ¡ere close to the measured values in all the three bins with lg0 or

370 gdry ice. In most of the experiments, and in particular in Bin 1 with 540 g dry ice and open grain

surface, the e values were lorver in the first four levels above the floor than in all the five levels (shown

as 4 L and 5 L, respectively, in Table 6.4). This might be due to the low values of measured

concentrations at level 5 rvhich is near the grain surface. Also, a small depression in tlie grai' surface
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Table 6"4" Mean relative percent errors
pilot hins" Values of Ð"nn were used
afterwards.

Bin Grain
Surlace

Bin I

Mass of Replicate
Dry Icc

(e)

Open

N)

Covered

r80

befween the measured and predicted
in the first 3 h of simulation and

I
2
3

4t1

I

2
3

4tt

I

2
3

4tt

lh

Bin 2 Open

34.95
35.06
34.9s

34.0s

54.42
28.82
34.90

38.61

103.40
t04.17
109.82

105.56

3h

540

20.47
r 6.00
r3.3 I

12.96

25.25
32.50
31.23

29.89

63.81 34.20
s9.62 43.92
48.07 2s.86

56.16 32.92

5 t.'

6h

Covered

370

4L"

6.30 8.86
9.41 9.t6
6.76 9.40

7.t7 9.80

14.36
13.69
12.22

12.29

16.9s 44.16
16.7 4 39.93
13.78 21.21

15.37 30.70

C0, concentrations f'or all tests i¡l
the diffusion coefficiemÉ was used

I

2
3

4t1

I
2
3

4tt

I
2
3

4fl

5L

th
Mean Relative Percent Enor*

20.83
23.52
19.9t

t 8.61

27.75
30.9 t
22.88

21.65

97.11
I 18.40
Ú3.26

105.25

4L

8.09 7.41
9.s2 9.28
6.61 10.40

7.25 t 0.35

16.00
13.01
15.06

14.43

l7.54 53.20
10.03 40.55
9.40 22.38

r0.30 30.84

740

28.84
21.76
10.23

13.33

t 5.13
t5.84
14.64

12.26

112.99 t21.98
t65.16 156.91
l0l.4 t 102.46

I 20.90 123.6s

12h

5L 4L

5.85
8.9s
8.03

8.r8

11.02
8.58
9.84

9.s9

l7.05
7.6t

13.23

10.3 r

5L

21h

10.44
9.07

19.28

1 1.09

21.51
21.83
10.26

r r.09

70.47
93.00
55.83

70.97

9.92 4.48
8.07 4.34

r7.t9 6.55

18.20 7.73

r 0.78 9.85
10.80 9.04
9.42 7.91

9.98 8.54

52.62 23.07
57.73 16.40
2l .15 l3. l5

36.85 17.26

4L

24h

5L

6.80
8.00
9.78

5.08

12.76
14.72
7.30

7.77

95.52
116.28
84.70

96.06

4L

10.61 21.20 22.58
8.85 22.10 27.20

1s.26 10.50 9.79

8.60 17.56 t7.45

17.91 6.30 8.40
19.94 6.63 8.70
9.24 9.66 8.67

10.67 7.13 6.76

69.r0 l0l.8l 80.18
88.25 t24.27 I00.73
60.02 92.78 73.51

70.02 r03.30

l0l.08 80.20
128.s7 t 03.69
95.50 74.65

81.67 t04.70 82.80



Bin Grain
Surface

Bin 3

Mass of Replicate
Dry Ice

G)

Open

Covered

r80

I

8r

I
2
3

4a

l
2
3

lh

* Mean Relative percenr Enor(%) = i f &ffiffi4!9!94l . t*

The measured data for the three replicates rvere averaged and compared rvith the simulation results
number of data points (25 in Bin l, 50 in Bin 2, and 45 in Bin 3)
the mean relative percent errors were calculated for all 5 levels
the mean relative percent errors were calculated for first 4 levels

127.21
102.58
158.72

r 50.64

93.2t
188.50
144.12

127.38

-tn

47.89
49.84
54.77

61.34

55.66
49.39
65.29

54.834il

5L'

6h

4L"

26.62 2l .8 I
22.84 16.37
29.59 2s.76

32.26 18.97

34.72 2s.70
25.55 t7 .l I

36.28 21.52

5L

th
Mean Relative Percent Enor*

4L

21.12
17.88
22.45

20.96

26.52
17.22
21.57

2t.0329.87

5L

l2h

t7.79
14.32
21.96

16.33

16.74
13.50
13.82

14.1820.39

4L

17.83
15.38
18.01

16.79

17.59
13.3r
13.80

14.52

2th
5L

10.88
9.32

18.31

13.64

12.03
7.72
9.67

8.80

4L

10.84
9.80

12.55

t3.82

t 1.30
7.3s
9.87

8.s0

5L

24h

4L



would cause a large difference in the measured CO, concentrations at level 5, as this sampling level is

only 0.05 m from the surface.

During the initial time periods after the introduction of the dry ice (sampling times I h and 3

lr), the e values were very high (Table 6.4). At these sampling times the predicted CO, concentrations

in the vertical direction were higher than the measured concentrations. For example, in replicate i of

Bin I with 180 g dry ice and open grain surface the e value at level 2 was 53.15% and that at level 1

was only 16'74%. Similar high e values in the vertical direction were observed in the other two bins.

The reason for this can not be explained now.

The e values were very high in Bin 2 with 740 gdry ice and covered grain surface (Table 6.4).

At all samplirrg times the predicted CO, concentrations were much higher than the observed values.

The observed values were low probably due to the sorption of CO, by the wheat. Based on this

hypothesis, I decided to include the sorption of CO, by the wheat in the model. In the following

paragraphs I will explain the procedure I followed to include the sorption of COr, and the subsequent

simulation results.

6.8.1 Estimation of Sorption of CO" by the Wheat

Cofie-Agblor et al. (1992) measured tlre sorption of CO, by wheat at various moisture contents

(12, 14, 16, and 18%) and at various temperatures (0, 10,20, and 30'C). They rneasured the sorption

of COr by wheat using an initial intergranular CO" concentration of 100Y0. Other than the work by

Cofie-Agblor et al. (1992) I could not find any other elaborate study on the sorption of CO, by wheat.

So I decided to extrapolate linearly tlieir data to estimate the so¡ption at lower concentrations. Based

on a study on the characteristics of CO, sorption by several grains, Yamamoto and Mitsuda (19g0)

concluded that the sorptiotl of CO" by grains is completely reversed when the grain is allowed to stand

in still air. Tlie sorption and desorption curyes were symmetric to the time axis indicating that the
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sorption and desorption are two opposite and dynamic phenomena. If the CO, concentration at any time

is lowered from the original CO, concentration it is essential to account for the desorption of CO, by

the grain. The sorptiolt or desorption of Co, by wheat in mathematical terms is the sink or source term

(q) in the governing partial differential equation (eq. a.1). The value of q for each elemenr in the

domain was estimated using the following equation:

q(") = çÐ¡ .rcl") *-c,-r(") ) sco, ?\ (6.16)? pco, Õ 86400

where:

q(") sorption or desorption of CO, by wheat (g rn-3 s-r)

SCO, : rate of sorption of CO, by wheat, linearly extrapolated from data of Cofie-

Agblor et al. (1992) (g kg-' day-r)

p,u = bulk density of wheat (kg --t)

pcoz density of CO, gas (g m-3)

Cn(") = average predicted CO, concentration of element e at the present time step (g

rn-t)

Cn-,(') average predicted CO, concentration of element e at the previous time step (g

-1\m-)

@ porosity of wheat

i - lwhenCn_,(') tCnu,

i - 2whenCn-,(") <Cu(")

6.8.2 Simulation Results

Table 6.5 shows the e values at various sampling times in all the three bins. In Bins 1 and 3

rvith 180 g of dry ice arld with an open or covered grain surface, the inclusion of sorption of CO, by
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Table 6.5. Mean nelative
tests in pilot bins, when

Bin Crain
Surlace

Bin I

Mass of Replicate
Dry lcc

(e)

percent errors hetween
the sorption of CO, by

Open

Oì

Cove red

t80 I

2

3

4þ

I
2
J

lh

Bin 2 Open

the measured
the wheat was

34.71
3t.62
34.7'7

32.91

54.16
28.63
34.70

38.40

1 03.1 4
103.92
109.54

t 05.29

3h

540

18.66
14.68
12.54

14.09

22.90
29.87
28.60

27.32

62.10 32.00
58.20 42.04
46.s9 24.19

4u

I
2
3

5L'

6h

and the predicted C0, concentnations f'or a[] the
included in the mode}.

Covered

370

4L"

4il

7.73 13.56
11.97 13.s7
9.04 n.zl

9.49 1 t.78

14.24
10.75
t2.03

I1.57

ts.72 41 .07
l6. t I 38.03
13.14 19.49

I
z
3

4tt

I
2
3

4fl

I
2
3

5L

th

Bin 3

Mean Relative Percent Error*

21.20
21.64
20.25

18.95

26.55
21.96
23.98

2l.63

96.64
117.85
1t2.29

r 05.09

4L

Open

740

54.62

t2.22 I 1.78
t3.46 t3.99
10.25 t3.l I

I r.95 12.6t

19.07
t6.35
19.3 t

17.96

ts.75 50.43
9.49 39.23
8.96 19.60

14.94
15.94
t0.69

12.71

12.18
11.41
18.04

10.97

I 08.61
159.46
95.46

116.96

12h

5L

30.95

I t.08
13.28
22.12

13.57

19.44
19.80
10.08

15.59

111.25 63.37
143.43 83.68
89.76 46.63

r80

4L

14.45

11.46
13.77
r 3.40

12.89

12.82
10.57
13.r3

I 1.90

r 5.63
7.43

I t.42

9.07

4u

21 h

5L

I
2
3

28.31

8.32 4.89
9.13 7.89

I r.95 4.74

7.tt 4.89

14.66 10.73
15.40 10.99
1s.t2 il.10

14.70 10.53

s0.86 21.81
56.34 15.52
19.4t ll .70

126.62
102.t0
158.03

125.83 
fl

4L

9. r3

24h

5L

46.44
47.88
s2.89

48.01

28.56

1 13.15

I r .84 7.04
10.t5 9.34
20.35 14.s7

12.69 8.25

19.57 14.57
2t.42 16.32
10.04 7.80

16.81 12.37

79.70 58.22
96.04 72.63
65.6 t 45.94

4t.

63.91

25.85
23.21
26.98

24.67

35.30

14.86 13.57
10.08 7.62
7.t3 4.60

8.94 9.38

12.77 9.21
13.42 9.98
10.00 9.1I

1l .7 s 8.90

78.98 64.t5
94.64 77.89
66.88 54.43

22.36
17.08
23.t4

18.47

16.07

21.13 20.04
t7.28 15.72
21.64 20.58

19.84 16.92

80.30 59.08

19.s8
t6.15
18.63

l7.90

80.24

12.94
10.29
14.76

10.41

76.70 62.84
95.68 78.3t
67.68 54.46

65.41

11.68
8.93

11.82

10.53

79.8t 65.1 8



'['able 6.5 continued""

Bin Grain
Sut'lace

Mass of RePlicate

Dry Ice

Covered

(g)

u

n

O
-l

the mcasured data for the three replicates wcre averaged and compared rvith

numbcr of data points (25'iäii" Ï' 50 in Bin 2' and 45 in Bin 3)

the mean rclative percent ;;s rveie calculatcd for all 5 levels

the mean relativc percent ttãtt tn"'" calculatcd for fìrst 4 levels

t 92.87

2 18'7.68

3 143.48

th

+ Mean Relative Percent er¡or(%)

4d

3h

t26;79

53.95
4'.7.28

62.87

52;74

5L'

6h

4L"

I
n

32.54
23.76
32.0'l

27.25

- lMcasured - Predic(cdl * 100/- Measured

5L

th
Mean Relative Percent Enor*

24.79
1 5.41
19.01

19.08

4L

25.84
l'7.02
20.09

20.53

12 h

5L

18.83
15.39
I 3.90

15.81

the simulation results

4L

19.58
1 5.53
I 3.82

16.04

2lh

5L

14.49
I 3.87
12.34

r 2.80

4L

13.42
12.7 4
I 1.44

1l.87

24h

5L 4L



the wheat slightly increased the accuracy of prediction in the first few hours aÍter the introduction of

dry ice (sampling times 1 and 3 h), and reduced the accuracy of prediction later on. At 2l lt after the

introduction of dry ice, for example, in Bin 1 with covered grain surface the predicted concentrations

with q > 0 were lower than the predicted concentrations with q = 0. It is possible that at low CO,

concentrations (180 g dry ice will create aCOrconcentration of approximately 10% inthe intergranular

space of Bins I and 3), the rate of sorption may be lower than the values obtained by linearly

extrapolating the CO, sorption rate at 100% concentration.

In Bin 1 with 540 g of dry ice, and in Bin 2 with 370 or 740 g of dry ice, the accuracy of

prediction was increased at all sarnpling times indicating that including the sorption of CO, by u4reat

is essential for accurate model predictions. The e values with 370 g of dry ice in Bin 2 were around

100/o a|2l h after the introduction of dry ice. But with 540 g of dry ice in Bin l and,140 g dry ice in

Bin 2, the e values were higlr even after the inclusion of the sorption and desorption in the model. As

mentioned earlier, linear extrapolation of sorption data at 100% initial CO, concentration might not be

tlle correct way to estimate sorption at lower concentrations. Further experimental data on the rate of

sorption of co, by rvheat at lower initial concentrations are needed.

To demonstrate the importance of including the sorption of CO, by wheat on the accuracy of

model prediction, I simulated the CO, concentrations using various amounts of sorption rates (0 to

100o/o of actual sorption rate in steps of 10%). The simulated CO, concentrations were compared with

the measured values of the average of three replicates of the 740 g dry ice experiment in Bin 2 with

covered grain surface. Table 6.6 shows the e values at various sampling times with various q values.

The accuracy of prediction at 24 Il was the best (an e value of 6.54%) wifh 60yo of actual q and was

reduced with further increase in the sorption rate. At 70% and, 100o/o of actual sorption rate the

predicted CO' concentrations were close to tlle measured values aÍ.21 and 12 h, respectively.

Of the total amount of CO, sorbed by grains in 24 h, 50 to 60Yo was sorbed in the first 4 to 6
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lr (Yamamoto and Mitsuda 1980). Similar observation was made by Cofie-Agblor et al. (1992) on the

sorption of CO, by wheat. Furthermore Cofie-Agblor et al. (1992) observed that nearly 80% of the total

amount of CO, sorbed by wheat occurred in the first 12 h. From Table 6,6 itcan be seen that the e

value was the minimun at 72 h with 100% of the actual sorption rate. It may be possible that with

Iower concentrations the so¡ption of CO, by wheat might be at its maximum (i00% of actual sorption

rate). Thus, using a high sorption rate in the initial few hours and a low sorption rate afterwards might

give accurate model predictions. Further experimental evidence is required before such an approach

is taken in the model.
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T'able 6.6. Mean relative percent en'ro¡'s befween the predicted C0, concentrations
and the average of the r¡reasured concentrations wìtfr Z+O g of õry ice in Ein 2
with covened grain surface, with various sorption rates. T'he actual sonption rate
was estirnated frorn Cofie-.Agblor et aL. (Ig9Z)"

Mean Relative Percent Er¡or*Sorption
Rate (% of
actual q) 6h3hlh t2h 21h 24h

5L* 4L*+ 5L 4L5L4L5L4L
l0

20

30

40

50

60

70

80

90

r00

r 05.07

104.52

103.97

103.42

102.87

102.32

101.77

101.23

t 00.68

r00.r3

r r 8.67 1l'1.46

115.91 r r0.71

r 13.16 103.95

110.42 97.25

107.65 90.44

104.88 83.68

r02.r0 76.97

99.43 70.53

96.66 63.88

93.88 s7.27

67.49 87.16

63.69 77 .90

59.89 68.65

56.13 59.47

52.30 50. l4

48.52 40.81

44.82 31.49

41.28 22.52

37 .64 t3.29

5+.U/ b.t /

63.68

57.10

50.53

44.00

37.37

30.74

24.11

17.73

11.22

5.94

88.92

74.25

59.58

45.06

30.48

15.9r

4.26

n.71

28.17

42.58

70.22

58.54

46.86

35.32

23.81

12.30

J.J I

13.84

22.91

34.21

88.48

71.97

55.47

39.09

22.70

6.54

I1.13

26.54

42.83

59.1 9

69.69

56.37

43.05

29.83

16.71

3.88

10.64

23.02

36.0 r

49.10

the mean relative percent errors were calculated for all 5 levels
the mean relative percent errors were calculated for first 4 levels
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1.

7. CONCI-USIONS

Based o¡r the resurts of this study the foilowing concrusions can be drawn:

In the pilot bins' irrespective of the shape and Iocation of floor opening, the co, concentrations

were uniform along the horizontal cross sections in the top2/3 height of the grain bulk but rvere

lower than the CO, concentrations in the bottom portions.

In the farm bins' inespective of the point of application of dry ice (on the grain surface, in the
aeration duct' or near the central axis of the grain bulk), the co, concentrations were higher
in the bonom portions of the bulk than in the top portions. For example, in farm Bin I rvhen

dry ice rvas introduced oll the grain surface, at 48 h after the introduction of dry ice, the co,
concentrations \vere about 20%o higher at the boftom lever compared to the top level.

Introducing the dry ice on the grain surface gave higher co, concentrations in the top portions

of the bulk than rvhen the dry ice was introduced in the aeration duct. For example, at 4g h
after tlre introduction of dry ice, tlle average co, concentrations at t¡e top level was 4.0%o when
dry ice *'as introduced ill the aeration duct compared to 11.g%when dry ice was introduced

on the grain surface' In non-airtight bins the dry ice can be introduced on the grain surface to
create high co, concentrations in the top portions of the burk.

In the pilot-bins the effìciency of retentiotr (n..,.n,¡on) was higher when the grain surface was
cot'ered *'ith Pvc sheets. The maximum observed r,.t.nrion was onry s4.6%. During cA
treatment of rvheat, alrorvances must be given for the sorption of co, gas by the grain.

The r,.,.n,ion was low in ail the farm-bin experiments. The maximum ïrrcrcntion was achieved when
dry ice was introduced on the grain surface (26.3%) or near the centrar axis of the grain bulk
(27 '4%), and the grain surface was covered with a pVC sheet.

Th€ l"''n'ion in the ernpfy bin with a concrete floor was higher (43%) than that in wheat filled

2.

J.

4.

5.

6.

I
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1.

8.

bins with provision for aeration (27.4%). A bin with no aeration duct or perforated floor would

be the best choice for application of CA treatment in non-airtight bins and the grain surface

should be covered with a PVC sheet.

Progressively sealing different portions of the grain bin resulted in increased qretention (about

10%). Sealing a fann bin would be essential for better retention of CO, gas in the grain bulk.

The mortality of rusty grain beetle adults was higher in the bottom portions of the bulk (about

900/o) than in the top portions (about 30%). During CA treatment of infested grain bulks the

top portions of the grain bulk should be checked for insect mortality before terminating the

treatment.

A pure diffusion model did not predict the CO, concentrations in the grain bulk accurately rvhen

dry ice was used as a source of CO, gas. The model predictions were improved when an

apparent florv coefficient values were used instead of pure diffusion. A model of forced

convective mass trausporl in the initial time periods and a pure diffusion model rnight predict

the CO, concentrations in the pilot bins with reasonable accuracy.

9.
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8. SUGGESTIONS F'OR. F'UT'URE RESE.AR.CH

Carbon dioxide distribution and retention were studied in wheat-filled bins with an aeration duct

or fully perforated floor. Based on the results from the CO, retention tests in an empty bin with a

concrete floor, I hypothesize that the CO, retention in a bin with no aeration duct or perforated floor

would be better than in a bin with aeration systems. Experiments should be conducted to determine the

CO' retention in wheat-filled bins with no aeration duct or perforated floor. The l,.,.n,ion was the best

when dry ice was introduced through a perforated tube near the central axis of the grain bulk and

allowed to flor.v horizontalll, towards the leaky bin walls. This method of application was not studied

in detail because most existing famr bins do not have aeration ducts near the central axis of the bi'.

However, newer aeration systems (such as the one designed by the Grain Guard, Lethbridge, AB), have

aeration ducts near the centre of the bins tltat allow the air to flow horizontally. Experiments should

be conducted in bolted metal bins with these types of aeration systems to detennine the CO, retention.

Th€ l.","n,ion rvas generally lorv in bolted metal bins. Experiments should be conducted in welded

hopper-bottom bins, rvhich are more airtight than bolted-metal bins, to determine the retention of COr.

Although high CO, concentrations were observed when the dry ice pellets were introduced directly on

the grain surface, the CO, also tends to disappear quickly because of bin leakage. Experiments must

be conducted to determine the CO, retention by releasing the CO, slowly into the grain bulk. This can

be accornplished by placing blocks of dry ice into an insurated box.

The mortality of rusfy grain beetle adults in cages was higher in the bottom portions of the grain

bulk where the CO, concentrations were usually higher. Rusty grain beetle adults have a tendency to

move towards the bottom of tlie grain bulk. Further research on the control of natural infestations of
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rusfy grain beetle adults could provide results forthe successful application of CO, treatment in bolted-

metal bins.

For accurately predicting the CO, concentrations using mathematical models, data on the

sorption of CO, at various initial concentrations and the model of CO, gas loss from the grain bin are

essential and should be studied in the future.
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APPENDIX A

Experlmenta¡ data on co. dlstribution ln 1.42-m-d¡ameter b¡ns (pitot Blns 1, 2 and 3)
containing wheat to a depth of 1.37 m.



Tabie À'1: Measured carbon dioxide concentraticns (?á) at various locations in a 1.42-m-diameter bincontaining Hheat to ô deplh oi 1.3? m, with a 0,3-m-diameter perforated floor openingnear the centre. The grain surface v¡as open. Mass of dry ice introduced was t80'g (e:1ot 1).
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1,0c, 1.LL 1,'/1 1,90
1.13 4.38 1,68 4.68

+,0't +,10 1,61 L_,79
0,07 0.04 0.12 0.'1 1

1 .71 0.86 2,69 2,30

¡i,rrb +,¿> 9.U/
¿ ?( ¿. LL ? or
1.38 1,23 3,69

3.89
0.19
4.90

L-.40 4.32
0.06 0.1 1

t . ¿i ¿.5u

4,22 4. 38
+. ¿ I +. b/i
L-.09 +.59

1.17 4.5+
0.07 0. 14
1,73 3.04

ç,¿t) ç,t+
/, E1

L q1 ¿ ñ?

L¿.1L)A
0. 23 0 .21

Mea n
SD
CV

1

2

3

Mean
SD
cv

7,76 7.88
7.73 8.01
7,32 ,1 .71

7 .60 7,87
0.25 0. 1 5
a )7 I 01

8.61 9,21
E. 56 9 .1'ì
8. 37 8. 58

Q R1 0 0c
0.13 0.35
1.49 3.93

-c.15 7.78

8.41 7.00

8.68 7.45
0.41 0.11
¿ 1¿. q LL

1 )L ? 1ç 1 At
1 7) ? 1ç A aE

6.27 6. 84 8.06

8. 14 6. 81
8,28 '7,19
8. 30 6.98

A )¿. 7 1n

0.09 0.31
1 .06 1 .82

6.94 7.05
0.58 0. 18
8.1-2 2,51

I .02
0.25
3.08

11
2

3

9.81 10.91
9.23 10.71
9.28 10.41

9.44 10.69
0.32 0.21
3.40 2.21

Q 0a o or

8.45 8.42
8.42 8.75

8.58 8.69
0.2s 0.25
2 ,93 2.8'7

12,41 13.73 9.07
12.63 1 3.43 9.16
12.01 12,59 8.91

12.3s 13.25 9.0s
0.31 0.59 0.132.5s 1.46 1.10

13,97 22.83 26.44 12,15
1 3. 58 21 .32 23.55 11 .21
1 3. 51 1 9. s7 22,73 1 1 .68

1 3.70 21 .24 21.24 1 1 .68
0.24 1.63 1.9s 0.4'7
1 ,73 7 .58 8.01 4.02

Mean
SD
CV

t¿ h 5t
2

3

0.39 0.33 0.28
0.34 0.32 0.35
0.31 0.31 0.32

0.30 0.25
0.32 0. 30
0.2'7 0,23

0. 30 0 ,26
0. 03 0.01
8.48 13.87

0.28 0,29
0,32 0.28
0,22 0.23

0,27 0.21
0.05 0.03

18,11 12,05

0.53 0,29 0.26
0.23 0.45 1 ,00
0.20 0,21 0,26

0,32 0,32 0.51
0.18 0.12 0.43

57.03 38.59 81.32

Meâ n

SD

n ?a

0. 04
11,09

0.37

0.33

A ?R

0.02
Ã nô

0.35 0,32
0.01 0.01

11.66 3.1?

AL



¡

2

3

Mean
SD
cv

2.36 2.27
2.17 2.11

0. 1 1 0.07
4.66 3,17

2,14 2,18 2.08
2 ,41 2 .61 2 ,40
f ?o a ÁÊ I ârL.=J ¿.¿l

2.30 2,41 2.23
0.17 0,22 0.16
7.'1 8 9.01 7.22

2.01 2.27
2.23 2.05
2.06 2.13

2.10 2.15
0.12 0. 11
q ¿.o q 1a

¿,¿b ¿. t t

) 1) t 1C

2.21 2,18
0.08 0,07
1 la ) 1a
J I 

= 
J J I ¿L

t.2r ¿,L¿
2.30 2.10
) )a a 1a

? 10 . ) a^
0. 17 0.09
7 .92 1 .17

31
)
3

Mea n
SD
CV

1.30
0.06
1 .40

L q,)

L- ,62

I Êa

0.09
1 .89

1.72 1.6,9
t- L4 ¿ OC

1.70 1.83

1,62 4.81
0.15 0.15
3 .25 3. 10

4.80 4,99
q lC < 11
E l? q ?a

En¿\)1
0.21 0,21
1.17 4,57

4.75 +.6+ 4.21
1.93 1.60 4.36
L- ,77 1 ,63 1 .29

4.60 4.61 4,55
4. 53 1.77 1.99
4.57 4.92 4.98

1.5'l 4,77 1.84
0.01 0.16 0.25
0 .77 3.25 5 . 19

L-,82 1,62
0. 10 0.02
2.05 0.45

¿t
2

3

7 ,60 7 ,61 8. 31
7.21- 8.06 8.61
7 .73 7 ,78 8.57

8.92 8.91 '7 .57
8.98 8.2'7 7,47
9.09 8.56 7.11

c n^ a rc a ao
/ r JO

0.0.c 0. 31 0,21
0.96 3.91 3.28

7. 10 6.84 7 ,94
6.8s 7 .27 7.80
6.94 7,09 7,96

6.96 7,0'7 7.90
0.13 0.22 0.09
1.82 3.06 1.10

7.88 6,87
7.92 ?.15
Ë,. t / /,l3

'7,99 7.0s
0.16 0.16
I O? 1 aaL. 

'L

Mea n
SD
a\¡

ð.)r
0.17
2.01

a q) 
" 

a?

0.25 0.21
3.37 2.73

1

2

J

Meãn
SD
at7

8.93 9.88
L82 10. 05
c 01 c oÁ

c )) o oÁ

0.61 0.09
6.57 0.85

12.02 18.52 21.60 10.76
12.28 17 .84 20.47 1 0.45
12.01 18.19 19.31 10.15

12,11 18.18 20.17 10.45
0..r 1 0.31 1.13 0.31
1 .19 1 .87 5.52 2,92

8.41 8.51 11.15 11.45 8.59
8.32 9.01 11.03 11.s3 9.s6
8.24 8,49 1 0.81 1 1 .60 8.89

8,32 8.67 11.01 11.53 9.01
0.09 0,29 0,16 0.08 0.50
1,02 3.40 1,+2 0.65 5.51

21 h 51
2
3

0.11 0.35
0,25 0.32
o.21 0. 30

0.30 0.32
0. 10 0.03

31 .80 7 ,78

0.28 0.25 0.23
0.32 0.29 0. 3s0.28 0.21 0.2s

0.29 0,26 0.28
0.02 0.03 0.06
7 ,87 10. 1B 23.24

0.31 0.48
0.28 0,25
0.22 0.18

0,27 0.30
0.0s 0.16

tó,Y/ 5t-/t)

0.23 0. 37
0.21 0. 51
0. 16 0.22

Mea n
SD
CV

0.31 0.52
n ¿.c l'r ?q

0.19 0.21

0.20 0.38 0.33 0.37
0.01 0.16 0.15 0.11_

18.03 t!2.51 15.76 38.13

11
2

3

? çlì ) ac
2.32 2.45
2.29 2.34

) 11 I ?ô

0.11 0.06
t 10 ? ?ñ

2.26 2.26
2 . 51 2.49
2.31 2.45

2.12 2,37
2.36 2.19
) )o a aa

2,26 2.26
0,12 0.09
5.17 4. 18

2.31 2,22
2.25 2,51
) 1A I ?ô

2.28 2.37
0.03 0.15
1.32 6.11

2.19 2.19
2.61 2.29
2,40 2,35

) ¿.^ ? ?Â

0.21 0.10
8.7s 1.32

2 .11
2 ,68
2 .51

Meâ n
SD
alr

2,3'7 2.40 ?,43
0,r3 0.12 0.29
s. 39 5.12 12.03

1

2

3

Mea n
SD
cv

4.30 4.56
4 ,18 4 ,63
1.01 4.16

L.26 1.45
0.24 0.25
5. s6 5.70

4.s8 4.69
5.00 5. 10
4.46 1.59

1.58 4.79
0.28 0,27
6.06 5.61

4.32 4.3s
3.86 1.5'/L-,70 4.46

4 ,29 4 ,46
0.42 0.11
9.80 2,47

1 ,12 4 .28
4.01 4.35
3.99 4.07

L-.04 4.23
0.07 0.15
1,73 3.44

4,44 4.48 4.31
4.58 4.43 4,22
4 .40 4.48 1 . 09

1.4'7 4.46 1,22
0.09 0.03 0,13
2.11 0.65 2,97
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21
2
3

6.15 6.18
6.29 6.47
5.66 s.90

6.03 6.18
0. 33 0,29
5.48 1.61

6.85 6.86
6.92 7 .25
6 ,00 6 .17

6, s9 6.86
0,51 0.39

6,93 6.01 s.89
Þ.ö5 

'.t/ 
5.bB

6.83 5.88 s.48

6.87 5.90 5.68
0.0s 0. 14 0.21
0 ,77 2.30 3 ,61

J.ó¿ b.J/
6.13 6.57
s.68 6.2A

s.88 6.38
0 ,23 0 .19
3,92 2.90

5.48 6. 01
5.1'1 6.01
6 ,22 5.67

0.15 0.21
2,31 3. 18

Meen
SD
CV

11
)

6.89 '7.18
7.08 7 ,61
6.16 6.38

6.7 1 7 .17
0.49 0.69
1 )L C R?

8.41 11,23 11.87
8.L2 11.03 12.30
7 .32 9.67 11 .6+

8.05 1 0.61 11 ,91
0.63 0.8s 0.31
7.85 7.98 2.81

7 .25 5,97
7 .27 6.69
6.84 6.02

t, t¿ b.¿3
0.24 0.40
3.41 6.1Ê

6,'ì 6 7 .BL
7,09 8,01
6.1s 7.25

7 .91 6..c8
1.69 5.91
7.46 ê.29

ô ?c

5.75

Mean
SD
CV

6.67 7,70 7,70
0.48 0.40 0.2e
"t .15 5. 1B 3,12

SD
CV Coef f icient oÍ Variation 1 00. 0* ( SD/Mean )

SLandard DeviaL!on
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Table.A.2: Measured carbon dioxrde concentrations (%) at various Locations in a 1.42-m-diameterbjn containing. wheat to a depth oi 1.3? m, with a 0.3-m-ciiameter perÍoraLed :iooropening neêr the cenlre. Bin was emptied and refilled after each iep).icate. Thegrain suriace !¿as open. Mass oÍ dry ice introduced was 180 g (prlol 2).

Time
Since
Stert

Le ve .l

cate

Sampling Locations

3456 10 11

th tt
)
a

3.22 3,21
¿, tç ¿,ó3
1.96, 2.96

2.11 3 . 01
0.68 0.21

27.c,3 6,96

3 . 16 3 .06 2.81
3.02 3.22 3.11
7 )) ? tr( ? o1

3.13 3.28 3.39
0. 1 0 0.26 0. 51
3.28 7 .78 15,91

2.51 2,01 ?,70
2.94 2.19 2,49
2,62 1.s9 1.8s

2,69 1.93 2.35
0,22 0,31 0.44
8.30 1 s.9s r 8. 87

2.98 2,69 2,56
3. 15 3.37 2.70
¿.> t J. be ¿. 32

? n? 7 1a I trt
0.10 0.49 0.19
J,J5 rf,. tç /.Et

Mean
SD
CV

1

2
3

Mea n
SD
cv

10.19 13.62
rr.J/ t+,t/
9.71 15.04

10.52 14.28
0.83 0.72
? ac q na

8.4't 10.62 17.62
8.78 10.01 20.13
'7 ,98 1 .68 17 .56

8.41 1,41 18.11
0,40 1.99 1.47
1. B0 67 .16 i ,96

18,05 9,19
20.51 11.08
21 .12 9 ,61

1 9.89 9.96
1 .63 0.99
B .1'1 9 .9É,

20.36 37 ,76 40.5i 1 6.01
20.73 38.48 43,74 17.58
22.29 29 .18 39 .5t'_ 11 .32

21 .13 35. 1 4 42,95 16,97
1.02 5.17 5.04 0.84
ç.u5 11.12 11.'7 1 L-,96

3h 31
2
?

I al I 1ô
I Ã? r ôr
1 .18 1 .95

1.61 2.02
0.18 0.15

11.07 7.51

1,c.7 1.97
1C))^9
2.65 2 .56

2 .18 2 .11
0.11 0.35

18.7.1 16.30

2.20 1.'78 1.58
1 .91 1 .98 1 .68
¿.¿J ¿,1¿ t.a¿

2,12 2.0É, .1 .63
0.16 0.33 0.09
'7 .51 15. 89 s. 68

1.78 1.70 1.60 2.11
1 .91 2,08 1 .68 1 .77
2.13 2,09 2.07 '1 .6s

1 ,9+ 1 .96 1 .78 I .81
0. 18 0.22 0,25 0 ,21
9,12 11.36 11,10 12.91

Mean
SD

1

2

3

Meân
SD

6.79 6.66
ç Ãn tr c?
5.89 6.83

6 .06 6, +9
0.66 0.16

10,92 7 ,02

6.93 6.61
5. 91 6.09
1 71 1 È1

þ, tç 6. t4
0.7s 0.12

11 .12 10 ,7 1

6,22 6.03
6.63 s.38
1 Lq ç a?

6.77 5,75
0.63 0.33
9 ,26 5.79

5.11 5.53 6,,45
Ã t2 R OO a ôa

5,32 6,02 6.6+
0.09 0.s1 0.25
1.70 8.40 3.81

s.99 6. 00
6.1I s.63
7.06 s. 69

b,+r 7,/t
0.57 A,20
O ol ) t ¡

1

2

3

Mea n
SD
c\¡

10.82 12.51
8.91 10,.1 4

1n ¿q 1) )Ê

10.06 .1 
1 .81

1.01 0.97
10.07 B. 16

18.15 31.31 38.55 16,20
15.26 28 ,90 34.08 13.21
19.'72 28.12 30.80 12.41

17 .71 29,54 34.18 1 3.95
2.26 1 . 55 3. 89 1 .99

1¿.71 5.2+ 11.28 11.21

9.18 10.11 17,21 18.31 9.1a
B.7s 8.79 15.63 16.21 9.00
9.25 9.68 17,79 l"t ,72 9,69

c,,06
0.27

9.61 16.88 17.12 9,28
0.83 1,12 1.07 0.36
8.57 6.62 6,12 3.91

6h ç1
2
J

1.31 1.49 1.18
1 .36 1 .48 1 .65
1.22 1,+6 1.71

1,3'1 1.48 1.61
0.08 0.02 0.12
( ?c 1 n? r ?o

1.58 1.18 1.10
1.66 1.54 1.45
1 .86 1 ,80 1 .40

1.70 1.51 1.32
0.14 0.31 0.19
8.48 20.66 1 4.38

1.05 1.15 1.20 1.17 1,2A
1.22 1.33 1.66 1.54 1.18
1 .02 1 .20 1 .68 1 .61 1 ,20

1.10 1.23 1.51 1.45 1.19
0.11 0.09 0.27 0.25 0.01
9.84 7,57 17.94 17.08 0,97

Meân
cn
a\¡

31
2
3

?¿cLfta
3,+3 3.78
3,4't 3 ,73

3.46 3.86
0,03 0.19
0. 88 1.90

3.'71 3.78
3.97 3.86
1.11 1.87

? ot À 4aJ.JJ 2. tt
0.20 0.61
q 1Á 1L \1

) aL ? Qo 
' 

On

3.70 3,82 3.53
4.10 4.20 3.48

3.58 3,67 3.30
0.59 0.62 0.35

16,46 16.86 10.60

3. 10 3.34
3.60 3.91
3.60 3,52

? ¿? ? qo

0,29 0,29
8.11 8,12

3,21 3,20
4.10 3.6-t
I! )ñ 7 1Ê.

3.84 3. 51
0. 55 0. 30

14. )1 R ¿q

Meân
SD
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1

2
3

Mean
SD
a\/

8.03 7 ,98

7.80 8. 1B

'7 çc '1 AL

0.40 0,13

8.37 18.11 17.15 6,,17 6.31
7 .32 1 .92 8.03 7 .28 7 ,01
9.01 9.91 9 ,28 7 .96 7 ,12

6.24 11,97 11.49 '7,14 6.83
0.87 5.45 1.94 0.90 0.45

10.s2 4s.5s 13.01 12.66 6.6+

7 .15 7 .48 6.86 6.57
'7 .21 8. 1 3 8.12 ? .50
7.91 8.'76 9.56 1.66,

7,13 8.12 8.18 7.34
0,41 0,61 1.35 0.12
5,92 7.88 16.52 s.69

1

)
3

Mea n
SD

11 .11 1i .7 4
9 .77 10.67

10.65 11.05

10,52 11.15
0.69 0.54
6.60 1.86

1 5. 50 25.01
rÊ,5r ¿ç.3b
16.73 24.60

1s.58 24.66
1.'l 1 0.33
7.11 1.33

25.92 1 1 .63
1.1 L1 1t 7R

27.10 13,38

28.34 12.2s
2.80 0.98
9.88 7 .98

8,21 9 .70
O FE C ?C

10.23 10.53

9.33 10.01
1.03 0,46

11 ,02 1.55

13.70 15.25 9.70
11.17 11.91 10.29
1 5.35 1 6.58 1 0.93

1Ì'_,1_1 15.58 10.31
0.8s 0.88 0.62
s.90 5,66 5.91

th
)
J

0.31 0.35 0. 38
ô aô 

^ 
a, 

^ 
Eîv.LJ V.LJ V.J¿

0.2s 0,26 0.29

0.29 0.28 0.40
0.05 0.06 0.12

1tr ?? )^) a^ 1C 11

0.31 0.32 0.31 0.280,24 0.24 0.30 0, 170.39 0.37 0.10 0.I-o

0.3r 0.31 0.21
0.07 0.06 0.06

21 .15 16,36 27 .1'7

0.29 0.28
a.21 0.21
0.23 0,22

0.2+ 0.25
0.04 0.03

11 .11 12.39

0,32 0.28
0,15 0.15
0.29 0.17

n?qn?n
0.09 0,07

35. B2 35.00

Mea n
SD
CV

0. 3'r
0.08

,1 0q

11
2
?

1.c,1 2.10 2,13
'r .80 1 .86 2.01
1,91 2.18 2.48

1.88 2,05 2.22
0.07 0.17 0.23
3.91 8.11 10.49

2,11 1.93
2,69 2.81

2.46 2.26
0,28 0.48

1 1 .57 21 .35

1 QL 1 c,
1 . 9s 1 .60
) L) 1 c1

2.10 1.81
0.27 0, 1 8

1 3.04 1 0.0s

2.02 2.10
1 .79 2.01
1 0E 2 Ã?

1 .92 2.21
0.12 0.28
6.11 12,56

2,00 2.00
1.81 1.53
2.78 1 .85

2.20 1.79
n Â1 

^ 
)L

)7 Ln l? ?c

Mea n

SD

1

)
3

Meãn
5U
c\¡

4, t> c.çb
1 .05 4. 50
1,09 1.6s

0.07 0. 10
1.?5 2.21

1.3s 4.23
3.90 3.61
E . ¿J | Ê. bb

4.22 4. rI
0.28 0. 51
b.bl t¿,¿b

q ?n q ??

1.50 1,1-5 +.51 4,41
LÉ.1 LAC?Oa¡..J. J¿ l. ¿¿

\)6 q¿q EÁe q)1 ç,at

4. 81 1 .86 1.73
0,40 0. s2 0.87
8.29 10.73 18,30

4,63
0.56

12.08

s.'73 4.'10 1, 1 8
0.s0 0.63 0,13

10,50 13.35 10.39

'ì

2

3

Mean
SD
CV

7 ,79 7,67
1 E1 ? tr?

8.2'r 8. 16

" 
oa a ao

0.36 0,33
LqLL)\

't .56
7. B0
L6s

8.00 8.34 8.70
0.57 1,11 1.05
7 .16 13.29 12.01

1 .59 8.03 7 ,20
7.81 8.12 '/.31
o Ál o ol o E^

7 ,39 7.41
6.86 6.80
7.69 8.43

1 a1 ? Èr

0.+2 0.82
5.75 10.91

7 .63 7,93
7.54 '1 ,11
c l? o 2a

7 .61
6 .37
7 .95

8.01
I ao

16,09

8.11 8.13 7.32
0.92 1.10 0.84

11.29 13.58 11.11

11
2

3

9,16 10,26
9 .39 10.24
9.89 1 0. s5

9.48 10.35
0.37 0. 18

12.22 11,43
1 3.63 20.56
13.00 18. 17

12,95 18,72
0.71 1 .61
5.45 8.74

22.4s 11.63 9.15
22,13 10.73 8.73
22.08 11.40 10.37

22,22 11 .25 9,42
0.20 0.47 0,85
0.90 4,16 9.0s

9.51 12,67
10.16 11.41
9.63 13.07

9,7't 12.38
0.3s 0.87
3.51 7.00

12,63 9 ,37
1 1 .50 8.31
13.29 10, 17

12,51 9.28
0.85 0.93
6.81 10.0s

Mea n
SD

t¿ n f,t

?

0.40 0.39
0.25 0.28
0 .29 0. 31

0.31 0.33
0.08 0.06

24,79 17 .41

0. 39 0.3s
0 ,2'7 0.2s
0.29 0.33

0,32 0,31
0.06 0.05

20. 30 11 ,07

0.36 0.35
0,29 0. 36
0.42 0.48

0. 36 0.40
0.07 0.07

1B.24 18,24

0.34 0. 36
0 .21 0.22
0.27 0. 33

0,27 0.30
0.07 0.07

23 .80 2+.30

0.32 0. 36 0.51
0.25 0.18 0.13
0,26 0.31 0.s3

0.28 0.29 0,12
0.01 0.10 0,21

1 3.68 33.63 49 ,20

Meã n
SD
c\¡
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1

)
3

Mean
cñ

CV

2.41 2 .43
2.31 2,13
2.35 2,62

) '2o ) ¡o
0. 05 0. 11
¿. t t +,+u

2 .50 2,11
2,38 2,11
3.00 5. 16

0,33 1 .59
t¿.5¿ +t,t3

) À1 a t<L,=¿ L.Ji
) '>a ) 17

3,21 2.80

2,65 2,49
0.51 0.27

19.33 10.66

) 7t r ?c

2 .10 2 ,26
, ?o a a1

2.28 2,34
0. 16 0.0?
Á oa I oo

2.51 2.+6, 2.31
¿.4+ ¿,tt Lt3
1 00 1 0a ? ao

0.29 0.43 0.33
11.11 17.02 15.60

1

2
3

Mean
SD
c\/

L q) L AA

1 ,61- 5.27
1.65 5.23

!.bu a. t¿
0.07 0.23
r.)/ +.q¿

5.08 1.9+
5.06 5.00
s.89 6.09

5.31 5.31
0.41 0.65
8.86 12.11

4,75 4.88
4. s0 1.63
5.70 5,77

1.98 s.09
0.63 0,60

t¿, tu tt. /b

L '7p. ¿ QE

4.13 4.08
1.97 1.98

4,63 1.6+
ît ¿,L n ¿q
c E? l^ ¡o

L-.92 4,8't
a,+¿ E.Jb
5.69 s.81

1 .63
? oo

5.00

5.01 5.01 1.54
0.64 0,71 0.52

12.77 11,61 11.38

21
2
3

't .71 7 .26?.30 8. s3
? oo Þ a1

1 .68 8.02
0.3s 0.67

7,36 7.76
7 .6+ 7 ,90
8.72 9,45

'Ì ,4,1 g. 37
0.72 0.91
9.08 11 .21

8.13 7,32 7.10
7,66 7.13 6.94

10.08 9.16 7,88

8.62 7.87 7.31
1.28 1.12 0,50

11.88 11.25 6.88

1 ô-1

6 .66
7,90

7.32 7,72 8.10
0 ,82 0.89 1 ,02
8.53 11.5s 12.s5

7,17 7.86 7.12
6.98 7.22 7.s3
8.71 9.21 ?.85

Meên
SD
CV ^ 

12

3.01

'1 
1

2
3

8 ,41 9 .134,.23 10. 38
9,37 9.86

c n, o ao
0.48 0,43
Ã ?? L Q1

8.10 8. 87
8.65 B.11
c n7 c 1t

8.71 8.'72
0. 31 0.52
? ac R c?

1 1 .03 10.79 9 .12
10,62 10.06 7.6c.
11 .70 1 1 .85 9.56

11 ,12 10.90 8,7c.
0.ss 0.90 0.98
1.90 8.26 11.12

10.78 15.26 19.62 9,79
11,71 l't .11 20,20 10.17
1 1 .61 1 5.76 19.94 1 0.80

1 1 ,39 16.24 19,92 10.25
0. 53 1 ,29 0.29 0. s1
,2 .67 7 .97 1 .46 4 ,99

Meâ n
SD
CV

¿t h 'l

a

Meân
SD
CV

0.41 0.13 0.1.1
0.26 0.31 0.31
0.31 0.32 0.28

0.33 0.3s 0.34
0.08 0.07 0.07

23. 38 1 E.81 1 8.9s

0.31 0.36 0.35
c.32 0.48 0.37
0.31 0.43 0.53

0.31 0.12 0.42
0.0i 0.06 0,10
1.81 11,2+ 23.68

0.34 C,.35 0.33
0,2i 0,26 0.31
0.2s 0.29 0,27

0.28 0.30 0.31
0.06 0. 05 0.04

19.91 15.28 1 2.08

0. 38 0. 3É
0 .27 0.21
0.36 0. 18

0.31 0,21
0.06 0.09

17 ,40 31.95

11
)
3

2.32 2.63
¿.ç¿ ¿,bt

2,41 2,62
0.09 0.06
3,7+ 2.34

2,61 2.49 2 ,41
2.86 2,89 3.01
3.00 3.22 3. 1 9

2,82 2,87 2. BB
0.20 0,37 0.39
7.00 12.75 13.59

2.39 2.16
2,77 2.24
2.86 2.36

2,67 2,35
0.25 0.11
9.33 4.68

2. 50 2.57
2 .38 2 ,9'7
) Lq , ar

) tL ) a)
0.06 0.22
2 .1"t 7 ,66

2.53 2,56
, aE a ro
) o1 a ao

L. LO

2,78 2,31
0.23 0.19
8 . r7 8.23

Mean
SD
CV

1

¿
a

Meâ n
SD
CV

3.78 4,56
1.13 4,52
l¿ ILIì, ¿ AÃ

4.10 1.65
0.31 0.19
7.58 4.00

1.63 4.50
1,97 4. 86
5.3s s.57

4 . 98 4.98
0, 36 0,54
"t .23 10.94

¿ ?c ¿, L)
1.70 4.8s
É )) c t1

¿.1É. ¿ Q?

0,11 0.40
o tô o 10

4 ,43 1 ,41
4.18 4.33
4 t? ¿. \)

¿r.Jð +,4¿
0.18 0.10
+, t¿ ¿. t6

4.53 4.61 1. 50
4,90 4.96 4.29
5.21 5.05 1,51

4.89 4 .87 4,43
0.36 0.23 0.12
7 .26 4.77 2. B0
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2

3

þ. rÞ 6, ¿¿
6,08 6, 16
6,67 6.93

6.30 6.41
0.32 0.13
s,08 6.65

6.2+ 6.33
6 .12 6 ,77
6 ,71 7 .61

6.37 6,90
0.33 0.6s
5. rb >.+¿

6,62 6.06
7 .02 6.19
7 ,89 6 .69

7.18 6.31
0.6s 0.33
9.05 5.2i

6.00 6.00
6,07 6.09
6.36 6,60

6,.14 6,23
0. 19 0.32
? 1l E 1Ô

ë,¿> b.5å b.J/
b,çJ c,ðJ 6.2¿
Þ.þu /.ta é,t¿

6, Ë1 6,81 6.21
0,16 0.31 0.'1 3

Mea n
SD
ci¡

,1

2

3

Mean
SD

b, 5b b.>ç /.5u
6.31 6.93 '7,57
7.18 't,65 8.51

6.69 7.1'7 1,89
0.11 0.4 1 0.51
6.51 5.76 6.Bs

9,+7 11.01
,.Jþ tt./¿

10,41 11.99

9.75 11 .58
0.60 0.19
Ê, 1? L )')

1.23 5.80
7 .72 6. 15
8.40 7,45

7 .78 6,80
0.59 0,6s
7.55 c,,56

6,67 6.96
6.11 7.83
7 ,13 B. 08

6.7+ 7.62
0.36 0.59
5,41 7,71

7 ,82 6 ,67
1.96 6.91
B. 16 6.69

7 .98 6,76
0.1? 0.13
2.14 1.9'l

SD
CV

Standard Deviation
Coeiiicient oi variat jon 1 00 . 0* ( s¡/uean )
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?abie À'3: Measured carbon dioxide concentrêtions (%) at vãrious localions in a 1.42-n-diameterbin containing. wheat to ê depth of 1.37 m with a 0.3-m-diam"ter periorated fiooropening near the centre. The grain suriace was covered r,li.th a pvð sheet. Mâssoí dry ice introduced ç'as 190 g (piIot 3).

?rme
Since
Stêrt

SampJ.ing Locâtions
Leve I Repi:

cate

th 1

)
3

Mean
SD
cv

2.50 2.22
3.09 2,66
2.99 2.56

2 ,86 2 ,48
0.32 0,23

1 r .04 9.30

2.68 2.82
3. 13 3.86
3. 15 3. 52

2,99 3.40
0.27 0.s3
8.99 'r s,50

J.3t J. tb 1.55

L 11 '1 1) ? A?

¿ n? ? Ãr ? R?

0.63 0.41 0.87
1 5.58 11 .26 21.73

2.77 2,91
? ¿1 ? ?c
) a1 ? ro

3.0s 3.28
0.33 0,43

10.73 .1 3.03

2.51 2.6'l
3.21 3.60
2 a1 ) aÈJ.at J,tJ

3 .02 3.31
0.41 0.59

13.69 17 ,52

1t
)
3

Mea n
SD
CV

'1 0,28 11.89 23.05
9.43 12.48 20.16
9.31 12.66 20.09

9,67 1 3.34 21 .2A
0.53 1.31 1.61
s.47 10.06 i.61

43. B3 s6,76 23.82
41,41 58.25 22.66
42.83 5't .40 22 .82

ru. tb ¿t.b/
9.60 1 9. 58
9. 36 1 9.10

23,86 .1 
1 .81

20.01 1 0. 86
18.25 10.11

12 ,13
10.48
10.93

42.69 57.47 23.10 11.1I1.22 0.75 0.53 0.8s2.85 1.30 2.72 'ì .63

9 ,71 20 ,22 20 .71 10 .91
0.41 1.26 2.9',t 0.87
4.23 6.21 1 3. 86 7 ,92

3h 1

2
3

Mea n
5L)

CV

1.'11
r.bb
1 .57

2.16 2.10
1 .96 1 ,?B
2,02 2.03

1 .43 1 ,52 1 .90
1.59 1.60 1.78
l.1B 1.56 1.71

? Ãa ) 17
) )7 t nc
)¿.o)1C

/ LU ) )tl
0. 19 0 .12
7 .63 5.47

1.82 1.90 1,81
1 .70 1 ,11 2.15
1 .68 1 ,?2 2.51_

1 .73 1 .78 2,1i
0.08 0.11 0.37
4,37 6.02 1 6.86

2.05 1.97 I.6s
0. 10 0. 17 0. 07
5.01 8.51 1.31

1.50 1.56
0.08 0.01

r.ö I

0.08
ç.bl

1

2
3

Mean
SD
a1/

Þ,vð Þ.bl b.Bl
6,39 6.28 6.106,4+ 6.15 6.11

6.60 €.3s 6,570.33 0,21 0,26
¿ qq ? a? ? cì

i .03 7 .32
? . 10 6.39
6.83 '1 .07

6.99 6.93
0 . 14 0.48
2.01 6.9s

7,27 7.30
6.89 6.88

7 .22 7.37
0.30 0.s3
L )1 1 11

6.88 7,01
6.68 6.83
6.10 6.40

6.6s 6,"t5
0.21 0.31
3,62 4.e,5

7.00 't.49
6,,70 6,7+
6.09 b,69

6.60 6.91
0.46 0.45
7.03 6,.43

11
a

3

1 0.65 1 2. 50
9.95 1 1 .70
c ?" 11 ta

9,99 1 1 .88
0.64 0. ss
Þ.+¿ +,b¿

18.15 35.85
17.05 33,18
1? ?C aL aA

17 .66 35.21
0.56 1.54
3. 1B 1. 38

L_9.73 20.08
Rn 1a lc o2
L1 '7^ 10 Á1

49.20 19.84
1 .28 0.24
, (o r lo

11.88 10.65 18.33
1 0.91 1 0.03 17 ,7A
I1.10 10.15 16.91

19.52 11 .1i
lo çt 11 Àat t.+¿
1Q 1E r1 lo

Mea n
SD
CV

11.30 10.28 17.66, 19.10
0. 51 0. 33 0. 70 0.731.55 3.20 3,91 3.81

11.26
ît 1L
1 .26

6h 1

2
3

Mean
SD

l.óJ t, t+
1 .56 1 .43
1 ,90 1 .80

1.76 1.66
0.18 0,20

10.18 11.99

1 ¿e r ?c
1 .24 1 .06
1 .50 1 .30

1.11 1.24
0. 14 0. 16

10.29 12.51

1 .10 1 .39
1,19 1.18
1.27 1 .51

1.19 1 .36
0.09 0,17
7 .17 12,28

2,02 1,89 1.47
1.77 1.53 1,17
2.11 2,06 1.55

1,97 1.83 1.40
0.18 0,27 0.20
8.96 11,81 14.31

1 ¿q 1 02
1.43 1.80
1 .53 2,01

1 .+7 1 .91
0.05 0. 1 1

3,60 5. s1

1

2

3

Mea n
SD
CV

4.25 4,23
3,62 3.74
3.90 +.78

? O, ¡ aE

0.32 0,52
B.05 12.2t,

3.75 3.42
3.18 3.45
3 ,71 3. 66

3.66 3.51
0.15 0.13

3.42 3.81
3.48 3. 69
3.56 3.82

? ¿o '¿ 1'',t

0.07 0.07
2,01 1.92

4.72 4.52
4.14 4,02
4,70 4.40

4,52 4,31
0.33 0.26
7 .28 6.0s

3,87 3.77 1,57
3.56 3.75 +.3i
3,67 3.90 4,72

3.70 3.81 4. 5s
0. 16 0.08 0. 18+.25 2.1+ 3.86
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21
2

3

8.77 8.s2 8.61
; qR 1 L1 1 1q
8.80 8.31 8.70

8.52 8.10 8.35
0.47 0.56 0.52
5.+6 6.86 6,.28

9, Ê.L ô n' o 1?

9.12 9,19 9.02
C I-L Q Rq Q C"

9,0't 9.25 9,01
0.10 0.27 0.08
¿- ¿-¿. ) ç) n ol

8.56 8.51
9.13 8.16

9.03 B.+1
0 ,12 0 .24L-,'t0 2.8i

8.89 8. 81 9.22
8.48 8.30 B.s1
8.75 8.29 6.72

8.71 B.48 B.83
0.21 0.31 0.35
2.39 3.71 3.99

Mea n
SD

.'t 
1

2
3

11.05 12.68
q q7 11 q¿

1 0.37 12.21

10.33 12,11
0.74 0,57
7 .17 1.72

1 6.50 29.51
1 L_ .59 28 .51
lE ?? )Q 1ç

1 5.61 28.93
0.96 0.51
6.16 1.76

38.72 17,26
36.39 16,14
38.53 16,,69

3?. BB 1 6,70
1 .29 0,56
7 L) ? ?E

12.21 11.63
i0.86 11.01
11,49 11.00

11 ,53 11 ,22
0.69 0,3s
q oc ) 11

16.37 17.22 11,82
11.87 15.85 11.01
15,62 16.57 11.7i

t:.bl rb.55 rr,5J
0.75 0.69 0.1s

Meân
cn

t¿ h 5t
I
a

¿.5¿ ¿.ba ¿.5t
a ac I ?c 1 0È

2,55 2.72 2.70
0,18 0.08 0..1 1
7.11 2.80 s.20

)Êc)ç1
1 ql ) 1c

2.65 2,60
0.13 0.13
1 . 86 5.12

2.69 2,BL 2.6i
0,09 0.10 0.20

) 1L ? qq

2.62 3 . 07
2.69 2,86

2.68 2 .83
c.06 a .26

2,17 2.78 2. B3 2,73
t FE ) CO 1 

^Ê 
1 ¡ca.zi L.-_J

2.72 2.60 3.24 2.81

Mea n
SD
CV

2 ,68
0 .12
4. 30

i
2

3

Mea n
SD
a\;

3.88
0,09
))c

? ot 2 al 2 Ea ? 10

3.78 3,61 3.39 3.25
3.91_ 4.00 3.74 3.52

,.¿l a. t¡ J.3o
? ol a 11 r aE

1.13 L-,09 3,72

1.09 3.99 3.5+
0,17 0.19 0..1 9
4.10 1.78 5.21

? a? ? EE 1 )c

0.rB 0.18 0.15
+.72 1.98 4.12

3.15 3,19
3,20 3.36
J.Jg tt,l>

3,23 3.68
0.10 0.45
3.05 12.13

3.62 1. 10

? EO ? CC

0.11 0.10
3.06 ?.1i

31
)
3

6.1s 5.98 s.56
5.87 5.91 s.6s
s.90 6.38 6.59

q c? r nc tr o?

0,15 0.2s 0.57
2,57 1.16 9.61

\ )L q ??
q Ã1 R ¿1
Ã 

^q 
q Êc

5.60 5.+1
0.11 0.18
7 .36 3. 33

5,70 6.52 6.36
5.66 6.33 6.11
5 .7 1 6,11 6.21

5. 69 6 .42 6.23
0.03 0,10 0.13
u.çb t.t=J ¿.1)1

5.6s 5.65 6.48
5.62 5,67 6.31
s. 87 6,01 6.21

5.71 5.19 6.33
0.11 0.22 0.11
2.39 3.80 2.16

Heên
SD

21
2
a

o n¿ a o? c n"
c,.11 B.87 9.14
8,91 9.12 9,32

c n2 a o" o ro
0.12 0.13 0.13
1.28 1.45 1.41

9.26 9.31
9.6+ 9.94
9.88 1 0.00

q ço Q ?Â

0. 31 0, 38
3.26 3.92

9.26 9. s6
9.31 9,23
9.48 8.91

c ?tr c 1?

0,12 0.33
1 .23 3. s2

9.06 9. 1 1

9.00 8.98
9.06 9. 38

9.01 9,16
0.03 0. 20
0. 38 2.23

9.06 9 .25
c 1? c r?
o q? c ni

o aq c r/

0.25 0. 1 1

2.66 1 . 1 5

Mean
SD

11
2
3

10.1s 10.87
10,49 11,02
10.25 10.92

10.40 10.94
0. 13 0.08
1 .24 0.70

12.69 1 8. 96 24 .61
12 .36 20 .24 ?6.1 3

1 3. 1 0 19,46 25.78

12.72 1 9. 5s 25. 51
0,37 0.65 0.80
) a) ? 2^ a 1a

13.10 't 0,81
13.26 1 0.93
13.28 1 1 .0s

13.21 10.93
0.10 0.12
0.75 1.10

10.56 12,58
1 0. 64 12.53
1 0.90 1 3.40

1 0.70 12.81
0.18 0.49
1.66 3.81

13 .02 10 .1 9
13.07 10.89
1 2.90 10.77

1 3.00 10 ,82
0.09 0.06
0.67 0. s9

Meâ n
SD
t^\¡

¿t k '1

2
J

Mea n
SD
CV

4 ,65
0.07
1 ¿.7

4.11 4.51 1. 58
1.50 4.74 1.67
3.99 4.60 4.11

t'- ,45 4 ,41
ç.br +.bl

0. 08 0. 10
t, /ó ¿,¿3

1.60 4.42
1.64 4,67
4,71 4.74

4.65 4,61
0.06 0. 17
1.20 3.65

1.62 4.24
L q1 ¿ qÂ

l!\1 tL^

4 ,59 1 ,11
0.03 0, 1?
0.63 3.86

1. 38 3.98
4.90 5,00
4.55 4.11

+.6,1 4,3't
0.27 0.55
5 "75 12.51

1 ,20 1 ,62
0,27 0.12
6.35 2.51
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E1

3

5.42 5.36
5. 50 5.42
q qn tr qc

5 .1'7 5 ,46
0.05 0 ,12
0.81 2,19

5.18 1.99 1.85
5.26 5.15 s.11
5.54 5,1+ 5,2i

5. 33 s. 1 9 5.08
0.1.c a.23 0.21
3.55 1.39 1.18

5. 13 5.60
5.25 5.66
q ?a E ta

5.26 s. 56
0.13 0,12
)¿.4))E

q ÁR E lo

q ôc E qn

i Áo ( ?n

0.02 0,11
0.28 3.22

E 1? E Ê1

< ,C R ÃC

5.48 5.60

5. 30 5.60
0. 18 0, 09
J,9U I . h I

Mea n
SD

31
2

3

6. 30 6.66
b, öö b. b /
è.¿¿ b.yt

c.ç/ b. /5
0. 36 0. 14
E EìJlJl 4. tV

Á ?c Ã oc
6 .54 6.45
b, yu b. /b

6,61 6.40
0.26 0.39
3.97 6.05

6.01 6.35
6.33 5.43
6. s0 6.62

6 ,29 6 .47
0.23 0,14
3 .7 0 2.1+

6.75 6.81
6 ,93 6,89
6.69 6.83

6.79 6.8s
0,12 0.03
1.81 0.17

b.JJ b.J: b.6U
6.46 6.e7 6. B9
6.96 6.50 6.61

Þ, )õ Þ,+e 6. / ¿
0.33 0.08 '0.15
5.05 1 .23 2.25

Mean
SD
a\t

2 1 8.06
2 8.11
3 8.05

7.83 8.11 7.92
B,C6 8.18 8,6'7
B,40 8.6s 8.70

8.10 8.31 8.13
0,29 0.29 0.1_¿-
? (¿ ? ç? R )¡

8.93 9.s5 12,12
8 .97 9. 5s 12.28
9.20 1 0.03 12.90

9.03 9.71 12.43
0.15 0.28 0.11
1.61 2.85 3.31

8.16 8.06 7.90
8.60 8.29 8.28
9.15 8.71 8.33

8.61 8.35 8.17
0.50 0.33 0.2t¿
q 1L ? ôÃ ) A9

11,66 9.50 8.81
1L ÕC C 11 Q OO

15.60 10.16 9,20

15,08 9,79 .c.00
0,48 0.31 0,20
3.16 3.44 2,1't

8.06 7 ,72 7 .93 8.028.1s 8.20 8.22 8,308.21 8.18 8.66 B.1L

Mea n
SD
cv

1

2
?

Mean
SD
c\¡

8.08
0.03
0. 36

ö.br
8,86

8.68
0.16
1'81

B, BO

9 ,02
9 .02

R 1¿

0.08
n q?

8.71 9.39 9.66
Õ. öþ y. bu y, bJ
8.91 9.91 1 0.00

8.13 8.2i 8.25
0. 38 0. 37 0.21

u.uJ y.63 9,16 8.95
0.10 0.26 0.21 0.13
1.18 2.72 2.10 1.12

SD
CV

Standard Dev:ation
CoeiÍ:cient oÍ Vari.aticn 1 00.0* (So/¡rean )
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Tabie À.4: Measured carbon dioxide concentrations
containing !¡heat to a depth of 1.j7 ¡1,
grain sur;ace lias open. Mass of dry ice

(%) at various Iocations in a i.42-m-diameter binr¿!th a-rectanguÌar perforêted iioor opening, Theintroduced !râs 370 o (pitôf ¿)-

SLnce
Start

LeveL Repr i
câte

SampJ. ing Locations

6

th I

2
?

6.15 8.16 6,16
6.6s 6.56 7.18
L C1 L LA q qq

5.92 6,1-0 6.30
0.86 1.85 0,82

1+,56 28.83 1 3.08

'ì,32 8.58
6.57 7 .62
6.56 7.25

6,82 7 .82
0.41 0.69
6,10 8. 78

t,¿+ /.55
t,öJ /.6ç
6,4"t 6.16

7.18 't.12
0.68 0.83
9.s0 11.66

Q Rt 0 aa9.JJ
8.52 8.75
6,39 6.5s

7.81 7.88
1,23 1.17

15.75 11.83

10.03 1 1 . 17
1.28 7.12
7.70 8.58

8. 34 8.95
1.48 2.05

17 .7i 22,90

O 10 c À^

1.38 6.91
6.86 t .51

7.81 1,91
1 .27 1 .30

16.25 15.3i

Mea n
SD
CV

1

z
3

Me: n
SD
CV

18,63 24.99 36.80 3s.73 57.3s 31.06 18.62 3"t.49 58,27 56.26 12.10 37.11 28,6820.62 24,64 32.9s 31 ,17 61 .44 36,37 21 .37 41.85 61 .79 65.68 39..1 1 38.3-r 25.2215.52 25,49 31.60 31 .92 56,94 33.92 17.19 3s.39 s6.23 5ç,g-t 39.74 38.11 25.77

18.26 25.01 33.78 35.01 s8.58 34.78 19.06 38,21 55.76 s8.g7 10,12 37,86 26.s62,57 0.13 2.70 0,61- 2,49 1.38 2,12 3.30 2.81 5.85 1.75 0.67 .1 .8614.08 1.71 7,99 1.82 4,25 3.96 11.15 8.52 1.79 9.g1 1.32 1.76 7.00

3h I

3

3.86 3.90
? oE t 

^a
1 1A I ôÀ

3.86 3.9s
0.09 0.06
2.33 1.55

5.81 3.74 5.80
!.Jl ç.b¡ ç.5t
1.31 +,27 4.12

4.75 3.81 3,42
4,31 3.81 1.18
4.86 3.87 4.18

1.61 3.84 3.93
0.29 0.03 0.+1
6.27 0.78 11,17

3.8i
s.05
4 .42

Mea n
SD

1 .84 L .21 5 .02 1 ,13
0.86 A.41 0.68 0.62

17 .82 1A.42 1 3. 58 1 1.01

1.83 s, 39 4.61 s.38
1.15 1.01 1.27 4.01
L11 1.55 4.50 5.01

4,46 1.65 1.47 1.80
0.31 0.70 0.1:a 0.?1
7.69 11.96 1.18 11.77

1

2
3

11.91 13.31 15.60
15.20 15.17 16.45
11,62 13,7? 11.76

1L.c.1 11.17 15.60
0,2c" 1.15 0.85
1 0Ê Q lñ E t-,u, rv i.-_z

18.29 16.59 1s.68 11.35
15.21 15.24 15,82 11.02
14.76 15.11 15.46 1+.69

16.09 15.65 15.65 11.35
1.92 0.82 0.18 0,31

11,91 5.24 1,16 2.33

15.89 15.66 12.28 19.57 15.60 16.90
1 5.46 1 5, 34 I 5. 58 1 5.66 1 s.81 1 5.92
11.55 14.97 16.71 11,B0 11.29 15.24

1 5.30 1 5.32 1 4 ,86 1 6.66 1 5.21 16.02
0.68 0.3s 2.30 2.51 0.83 0,83
L L'7 ) )l 1É ¡c 1È 1f Ê !1jtrt J,¿t

Mea n
SD
a\/

1

2

3

Mea n
SD
CV

22,01 26,23 31,82 32.06 19.06 31.82 22.87 32.05 4?.9s 1s.8024.76 25.71 31.11 32.55 45,91 31.49 25.12 38.62 53.80 52.3123.39 25.77 28.31 32.15 47.40 30.86 22.14 1?.83 45,03 45.35

22.0i 25.91 31 ,+2 32.25 t_'t .46 32.39 23.48 29.50 48 .93 17,83
1 .32 0.2i 2,91 0,26 1 . 58 1 .88 1 ,.t2 10.63 4.1.7 3.915,96, 1.06 9.25 0.81 3,32 5.81 7.34 36.02 9.13 8.18

3s. t7 31 ,26 28.85
37.91 35.58 28.73
33.0i 32.08 26.6s

3s. 38 32. 97 28.08
2.1-3 2,29 1.21
6. 86 6. 96 1 .41

6h 'l

2

3

3.67 3.17
2.16 3.11
? ?? 7 aa

3.05 3.17
0 ,79 0. 06

?q Q¿ I QO

2.6+ 2 ,43
2.99 3.63
3.20 3.20

)çL?na
0.28 0.61
9.61 19.70

3.73 3.38
3.24 3,20

3.1s 3.01
0.62 0. s0

19.81 16.59

3.16 3,51 2.81
2.81 2,72 3.43
3.35 3.08 3,01

3,12 3.11 3.08
0.26 0.41 0.32
8.27 13.20 10.26

Mea n
SD
CV

3.17 4,07 2,16 3.36
3.15 2.71 3.33 2.Bb
3.26 3.30 3. 38 3.30

3.19 3.36 3.16 3.17
0.06 0.68 0.34 0,27
1 .83 20. 30 1 0.91 8.60

1

¿
?

9.s3 8.40
8.95 8.74
8.68 8.54

9.05 8.56
0,43 0,17
¿ Rn t nn

7.92 7.86
/.çç ,,u¿
8.51 8.75

7 .96 8.51
u. 5Ê u. b I

6.7 4 7. 10

7.82 7,59
8.19 9.16
7 .68 8,62

7 .90 8.46
0.26 0.80
? ?¿ q ¿?

8.12 10.3s
8.2s 8.42
8.61 8.07

8. 31 B.9s
0.27 1 .23
7 )^ 11 11

8. 14 8.39
8.'79 8.29
B. 19 8.52

8.31 8.40
0.36 0,12
4.32 1 ,37

8.61 8. 53 1 0.67
B.1s 8.53 7.82
B. 87 L 96 8,72

B.s4 8,67 9.0'7
0. 36 0.25 1 .46
4,27 2.86 16.06

Mean
5D

A12



21
2

3

18.15 18.9C 16.46 1'1 .81 18,20 17.40 17.'78 19.65 19.31 16.56 21 .1a 17,82 11 .2116.70 18.57 18.18 19.71 17.98 18.76 17.75 17.53 19.39 18.19 18.21 18,75 18.8317.89 17.66, 18,19 17.87 17.24 18.29 18.51 18.10 16.53 18.11 18.2i 1-1 ,53 17.61

17.58 16.38 17,61 18,1-'7 17.81 18.15 18.02 18.43 1-c.09 17.72 19.22 18,03 i7.890.77 0.61 1 ,00 1 .07 0. 50 0.69 0.45 .t 
. 10 0.48 1 .01 1 .6.7 0.61 0.841,40 3.49 5.66 s.80 2.82 3.81 2,48 s.95 2.53 s.70 8.67 3.s3 1.69

Meãn
SD
cv

1

2

3

22.67 24.82 28.22 29.93 36,69 26.50 20,45 27.67 38.26 37.19 28.72 21.91 21,06
23.68 2+.58 26.75 28.61 39.61 29.00 21 .70 32. 18 39.72 42,11 33.22 28,78 26.'78
22,25 21 .27 26.61 28.a1 37.10 25.38 22,12 27.s7 38.00 36,79 30,s'7 28,29 21 .51

22,8't 21 ,s6 27,19 29.02 3i.90 26,96 22.12 29. 14 38.66 38.8.1 30 ,84 26.34 2Ç,13
0.'7 1 0.28 0.89 0.79 1.52 1.85 2.14 2.63 0.93 2.91 2.26 3,82 2.883.21 1 .12 3.28 2.73 4.02 6.87 9.55 9.01 2.40 -t .49 ?.33 .t 1.49 11 .95

Mean
SD
CV

t¿ n 1

2
3

Meân
SD
CV

0.87 0.80 0,62 0.65 0.54
0. s2 0. s9 0. s6 0.61 0.76
0.95 0.73 0.73 0.81 0.79

0.71 1,24 1.00 0.92
0.6'7 0.64 0.72 0.98
0. 84 1 .06 1 .02 A,75

0.76 1.16 0.79 1,52
0.95 0.62 0.69 0.s8
0.95 1.3't 0.98 1.10

0.78 0.71 0.61 0,70 0.70 0.75 0.98 0.91 0.83 0.89 1,25 0.82 1.070.23 0. 1 r 0.09 0. 10 0. 11 0.09 0. 31 0.1'7 0 ,12 0. 1 1 0.58 0. 15 0 .47
29,6t- 15.13 13.54 13.63 19.59 11 .39 31 .12 18.36 i3.51 12.3' at,.35 17,96 q1 .15

Mean
SD
C\¡

1. B0
s.66

E 11

0 , t'-'7

9.13

'1

2
3

5.611 5.1'l
5 ,06 5.12
5.31 5.17

( ?? q rÃ
0.28 0. 03
5. 17 0. 56

¿ Ãc ¿. )a L )a
1,93 5.72 s.68
5.i6 5.18 5.27

¿ QC F rì( R na

0,29 0,72 0.72
5.86 11.26 11.18

/-a.)q¿nqÁ1

5.07 1,93 4.92

4,87 4.83 5.24
0.39 0.63 0.3s
8.02 1 3.06 6.64

5.32 5.73 1.71 5.73
5.17 1.66 5.47 1.78
5.16 5.33 5.05 5.31

s.22 5.21 5.08 5.28
0.0.c 0. 51 0. 38 0.48
1 .72 10,3? 7.50 9.01

'l

2
3

10.99 10.52 9.66 10.01 9.6'7 9.51 10'79 10'57 9.61 10,62 11 .0.o 10.53 10.?8
11.30 11.07 10.29 10.82 9.87 11.30 10.10 9.92 10.98 11.11 1C.11 10.46 10.15'10.8¿ 10.4+ 10.46 10.38 10.19 10.17 10.66 10,38 10.21 9.99 1A.26 10.68 10.55

1.1.01 10.68 10.11 10.40 9.91 10.33 10.52 10.29 10.28 10.5? 10.60 10.56 10.490,23 0.31 0,42 0.41 0,26 0.91 0.37 0.33 0,67 0.56 0.41 0.11 0.322.12 3,21 1,16 3.90 2.65 8,77 3.49 3.25 6,51 5.31 +,12 1.06 3.01

Meâ n
SD
CV

1

)
3

Mean

16.16 16,11 16.12 16,89 16.96 16.71 16.13 16.50 17.53 16.5? 17.21 15.91 15.86
15.35 11.3+ 16.81 16.09 17.03't6.33 16.78 17.68 18.03 17.86 1?.56 17,61 17,45
16,12 16.32 1'7,08 21.65 17.59 16,71 16,45 17,09 17.00 16.81 17,21 15.68 16.48

16.08 15.60 16.78 18.21 1i,19 16.59 16.15.1 7,09 1'?.52 17.08 17.33 16.40 r6.600.63 1.09 0.33 3.01 0.35 0.23 0,33 0.s9 0.s2 0.69 0,20 1.05 0.803.92 't .02 1.99 I6.51 2.01 1.38 1.98 3.45 2.94 4,02 1.17 6,43 4.83

1

2
3

19.02 19.76 20,'t2 21 .96 26.79 21.3s 19.06 23.07 26.3s 26,78 22.86 21.31 19.8320,4't 21 ,91 19,43 22.27 27.91 23.s3 20 ,49 23.41 27.23 28,01 24.31 23.94 20.7119.8s 20,54 21,10 22,40 26,76 21.05 18,99 22.95 26.19 25,70 22.56 20,73 19.88

19.78 20.71 20.42 22.21 27,15 21.98 19,51 23.14 26.59 26.83 23.21 21 ,79 20.11-0.73 1 .09 0.88 0.23 0.66 1 .35 0.85 0,24 0.56 .1 
. 16 o.g4 1 .3-7 0.193,68 5.2s 4,29 1.02 2.41 6.16 4.34 1.03 2.11 L-,31 4.03 6.29 2,45

Mean
SD
cv

¿t n 'i

2

3

0.66 0.71 0.5s 0.s3 0.47 0.650.51 0.60 0. s1 0.62 0.64 0.71
0,81 0.71 0.69 0,77 0.8s 0.81

0.78 0.76 1.22 0.76
0.71 0.61 0.53 0.54
0.77 0 .7 6 0. 89 0 ,81

0.85 0.90
0.59 0. s6
0.90 0.99

0 ,97
ñ Rq

0.86

l'{ea n
SD

0,67 0. 67 0.58 0 ,64 0.65 0.72 0.78 0.82
0. 11 0.06 0.09 0,12 0. 19 0.08 0, .t ? 0. 23

20.19 9,43 16.20 18,94 29. 14 11 .17 21 .34 27,77

0. 76 0.71 0. 88 0 ,7 + 0. 79
0.02 0.09 0.3s 0.09 0,22
2,73 12.20 39,22 11.86 27.1-5

Á1täIJ



.1

2
2

q 11 L Q'?

q 1¿ ¿ QR

1.93 1,7i
0. 31 0,27
6.98 5.62

L-,90 5.21
4,08 1.88
L-,'t5 4.94

1. 58 1.99
nLL 

^1)>.Jt 4 .l¿

e.þö t2.l¿ a,¿ç
5,03 1.92 1.81
1.'1 L- L 91 L .91

4.82 1,86 1,99
0.19 0,12 0.23
? ac 1 E^ t. É1

1 .68 4 .6i
L_ ,89 L 18

â, bv â. ú )

0.20 0.12
1.27 8.80

4.52 1. 1 3 4.03 1.45
1.78 5.59 5.21 5.07
1,92 1.92 1.99 1,87

1.71_ 1.88 4.76, 1.80
0.20 0.73 0.6s 0.32
1.28 11.98 13.6s 6.60

Mean
SD
CV

31
2
3

q 1¿ q an

o 2tr c r^

o ?< c r^
n t1 ^ c?

2,30 5.75

8.81 8.12
8.96 9.03
9.00 8.98

8.92 8.81
0.10 0,3+
1.12 3.84

R ¿q Q 1Â
c trì c tr?

9.35 8.65

9.00 8,79
0.48 0.72
5. 35 B. 1.o

8,80 9,32
9.40 9,60
8.99 9. 10

9.06 9.31
0.31 0.25
3.38 2.68

8.71 B.8B
Q ?E O ?O

9.09 8.91

8.85 9,06
0,21 0.28
2.36 3. 10

9.32 e,4+ 9.2'
9.61 9.s0 9.3s
O 1E C n1 C /1

9. 36 8.98 9.3+
0.23 0.53 0.08
2.48 5.91 0.87

Ì'f ea n
SD
Cv

21
2
3

12,60 11.88 12,56 12.73 12.17 12.16 11.97 12.52 13.02 12.46 12.98 11,73 12.5110.63 11.84 12.66 13.13 13.86 12.7'? 13.09 12.21 13.89 11.10 I3.62 13.51 13.1213.15 12.59 12.92 13.12 12.68 13.08 12.27 13,24 13,14 13,32 13.13 12,58 12,91

12,13 12,10 12,71 12.99 12.90 12,67 12.44 12.66 13,35 13.29 13.31 12.61 12.961.33 0.42 0.19 0.23 0,87 0.47 0.58 O,s3 0,41 0.82 0.33 0.89 O,LL10.96 3.49 1,46 1.76 6.72 3.69 1,66 1.18 3.53 6,17 2.46 7.06 3.¿1

Mean

1

2

3

Mean
SD
a\¡

13.58 14.05 14.99 15.52 17.1-B 11 .65 13.08 15.33 16.97 16.73 15.30 1L-,92 13.9615.0'7 15.71 11 .18 16.02 19.11 1L-,11 15.03 16.72 18.68 18.35 17.33 16.81 15.3?
1L-,32 15'05 11.99 15.87 1i.'72 11.48 13.-c5 15.53 17.91 16.95.1 5.57 11,92 1t.2i
1L-,32 11.95 11,72 15.80 '18.11 11,51 1 1.02 15.86 17.85 17.34 16.07 15.55 14.530.7s 0.Bs 0,17 0.26 0.90 0,12 0.98 0.7s 0,86 0.88 1.10 1.09 0.115.20 5.69 3.18 1,62 L-.95 0.85 6.91 1.74 1.80 5.07 6.86 i,02 5.10

SD
cv

Standard Deviatton
'1 00 , 0* ( So./¡"tean )

AL4



Tabie À.5: Measured carbon dioxide concentrations (%) at various l-ocations in e 1.42-m-diarneEer bincontainin-c wheat to a depth c:1,37 n, with a rectanguiar perforaLed fioor opening. Thegrain suriace uas covered rçith a PVc sheet. Mêss oÍ dry icè introduced was 3i0 q (prlot 5).
Tirne
Since
Start

amplrng Locations
Leve -L Rep). :

^.1ô

th 1

2
3

Meâ n
SD
c\¡

7. 58
6 .01
6. 16

b.yu /.tt
ç Ãc q oÃ
q 21 ç O1

Þ,yr /.¿¿
? ,o Q rc

6.87 7 .10

7.02 7.60
0,23 0 .52
3.30 6,79

Þ ar c rE

7,76 7.99
"t ,01 7 .28

7.67 8.11
0. s9 0.94
7 .69 11 , €,0

ð.u5 /.u¿
7 .20 i .27
'7 .78 7 .09

7.68 7. 13
0.43 0.13
5.66 1.81

9.59 10,82 9.72
o na c o1 ? o1

B.B7 1A.12 8.06

8.60
8.00
9 ,20

6.59 5..ô3 6.33
0. 86 0. 85 0.68

12.99 11.31 10.6E

9.18 10.38 8.57 8.60
0.37 0.46 1.00 0.60
4.03 L-,39 11.69 6.98

1

2
3

20,13 21 .8s 38,01 3'1 .72 s9.26 37,23 20.9s 38 .52 59.92 60.78 41.30 40.20 32.00
19.32 29,+"t 37.11 37,92 63.22 36,62 20.6s 39.43 s9.45 s9.65 43.13 39.76 30.s9
19.53 26.90 37.6s 37.61 60.s3 36.25 20.20 32,12 59.89 60,s8 11.96 38.66 30.96

19.76 28.07 3'7,70 37,76 61.00 36.10 20.60 36.69 59.75 60.3+ 43.13 39.51 31.180.5.a 1.30 0.32 0.11 2,02 0.49 0.38 3.98 0.26 0,60 1.17 0,79 0.732.98 4,6,3 0.84 C.38 3.31 1.35 1.83 10,86 0.14 I.00 2.71 2.01 2.31

Mea n
SD
c\/

3h 1

3

Mea n
SD
alI

5. 0E 1 .86 4 .62
4.o"c Lgz 4.19
1.91 1.30 4.08

L.c,i +.66 +.10
0.09 0.31 0.28
1,c,a 5,?0 6,11

4.31 4.12
L-.62 4.e3
2 0f À 

^1Jr¿t ='Ul

1.30 1,21
0.33 0.20
T\Ê AÊ.L

9.bç :. t¡:
4.83 s.30
1.18 5,02

¿ qq E 1q

0.33 0.14
1 aç ) 1a

4.55 4.29 4.71
1.55 L_,29 1.BB
+, /ç ç. ¡J ¿1 .b4

1.61 4.24 4.75
0.11 0.09 0.12
1 ?A 1 10 1 cf

Ã 21 / Oa
q ?o tr 

^a
5,1_L- 4,67

5.16
t.51
5. 54

E 2a t Qc r Er

0.06 0.1.c 0.05
1 .12 3. 87 0. 81

1

2
3

Meâ n
SD
CV

16.95 16,70 16.79 16.00 15.61 16.45 16.65 16.41 15.16 17.01 1?.85
16.31 16.10 16.56 16.80 16.65 16.75 16.30 16.18 15.96 17.23 18,32
15.85 15.31 15.65 15.81 15.56 15.61 15.87 16.15 13.65 10.7i 11,63

16.38 16.11 16.33 16.20 15.95 16.21 16.27 16.26 11.92 15.01 17,930.55 0.73 0,60 0,53 0.61 0.5,c 0.39 0.16 1.17 3.68 0.353.36 1.53 3.69 3.21_ 3.81 3.63 2,10 0.98 7,86 2L-.+9 1.97

16.68 11 .52
17.08 17.16
r:,5b tb. / I

16,5t¿ 17 ,13
0.62 0.41
3.76 2.3'7

1

2
3

26.31 2à.30 33.91
25.39 28,13 33.67
21.32 26.79 32,09

aq ?q a? Q¡ 1a aa

1,01 0.91 0.99
? oo 1 )1 ? OO

35,21 49 ,39 32,98 25.78 3s .70 48,93 19. 1 7 38.09 34.80 30.86
31.37 51.43 33.41 21.70 36.01 51.14 51.81 36.60 35.62 30.05
33.61 51.60 33,78 21,16 3L-.96 19.44 50.41 3'r.39 33.61 28.ss

31.41 50.81 33,39 2+.88 35.56 49.81 50,46 38.03 31,68 2c,.82
0.79 1.23 0.40 0.82 0.54 1.16 1.32 0.51 1.01 1.172.28 2.42 1.20 3,32 1.52 2.32 2.62 1.60 2.91 3.93

Mea n
SD
aÌ¡

5h 1

2
J

3.10 3,32 3.14
3.51 3.62 3.52
3,66 3,27 2.82

3. 56 3.40 3. 1 6
0.11 0.19 0.35
3.88 s.s6 11.09

3.01 3.17
3.33 3.31
2.67 2,69

3.00 3. 16
0.33 0.41

10.99 1 3 ,0s

3.22 3.20
3.13 3,56
2.8'7 3. 50

3.17 3.42
0. 28 0. 19
8.91 5,61

3.3s 3.00
3,11 3. 34
? ¿A ? a?

3.33 3.09
0. 16 0 ,22
4.6"t 7.10

3,20 3.3s 3.11 3.3s
3.58 3.61 3.5s 3.71
3.25 3.93 3.35 3.80

3. 31 3.63 3.3s 3.53
0.21 0.29 0.21 0.21
6.18 8.00 6.13 6,73

Mea n
SD
a\/

'1

2

3

Mean
SD
a\7

a ac I oo

9,28 8.95
9.10 B.2s

9. 09 B. 70
0. 20 0. 39
) 1ç ¿ çfì

8.39 8.09
8.78 8.83
1 AÂ 1 Aa

8.33 B.2s
0.41 0.52
4.90 6.34

7 .90 B.52
8.55 B. 81
7 .26 7.96

7 .94 8.4+
0.70 0.45
B .7'7 5.28

9.00 8.2't
8.94 8.6s
9. 30 8.87

9.08 8.60
0. 19 0. 30
¿. 1¿ J. 5-l

8.23 L46
B.77 9.03
8,01 8.27

R?¿RCê
0.39 0.40
+.by +,bt

8.87 8.58 9. 1 5
9.32 9.16 9.46
9.38 8.2s 9.39

9. 19 8.66 9. 3 3
0. 28 0.46 0. 1 6
3.03 5.32 1.74

415



'l

2
3

18.76 18.54 18.78 18.26 11.71 1g.Bt 19,18 18.31 18.00 19.00 19.49 18,1_7 19.1018,71 18.s0 18,7s 19,40 19,12 18.20 18.36 18.63 18,70 19.96 20.00 18.80 18.8s18.19 18.08 18.37 18.76 18.57 18.01 18.25 18.69 18.36 19.27 2A.0¿- 17.58 18.55

18.s6 18.41 18.63 18.81 18.48 18.31 18.60 18.s1 18.35 19,q1 19.81 18.28 18.830.32 0.29 0.23 0.5r- 0.6c, 0.12 0.51 0.20 0.35 0.50 0.31 0.63 0.261,7+ 1.58 1.23 3.04 3.7€' 2.28 2.73 1.10 1.91 2.55 1,55 3.45 i.46

Hea n
SD

1

2
3

25.56 26.54 28.86 30.23 38.98 28.25 23.82 30.91 38.83 39,i1 31.99 20.26 21.10
23.9A 25.13 28.81 30.63 40.37 27.36 21.09 30.10 38.82 38.s8 31.61_ 29.12 25.65
23.81 25,23 28,12 2a,.57 39,95 27.e7 23.s3 30.50 39.37 39,06 32.38 24.12 25.'t6

21.1+ 25,63 28.60 30.14 39.77 2i,70 23.81 30.51 39.01 39.11 32.00 24.60 26.170.97 0.79 0.41 0.51 0.71 0.50 0.28 0,42 0.31 0.60 0.37 4.60 0.813.96 3.07 1.45 1.78 1,'79 1.81 1.18 1.38 0.81 1.53 1.16 18.69 3.08

Meâ n
SD
cv

1

2
3

I . +b +. ð I

5. 1B 5.32
4.99 1,77

¿ RR L Q'ì

0.3? 0.31
7 .65 6, .1't

4.ót Ê,öb +.t/q ñ0 I a^ Ê ñô
¿i.b+ ¿i,+5 +.çt

1. B5 4.54 4 .78
0.22 4.29 0.31
L,5+ 6.39 6,49

+.54 4,52 1.51
R lo Ê ra ¡ atJ I t L = , ¿b-

4,75 1,11 4.02

1.83 1.59 1.26
0.33 0.49 0.25
6.87 10.76 5,'t7

1.56 1.57
1.32 4.91
4,08 4.15

L 7) ¿ EF

0.24 0.10
s. 56 8.68

1.57 1.71 1.69
1.8+ 5.07 5.07
4.12 1.08 4,15

4. 51 4,63 4.61
0.36 0.s0 0.16
8.06 10.89 9.97

Meân
SD
cv

'l

2

3

Mean
SD

6.87 6,73
7.38 7,11
7.28 6.86

7 , 18 7.00
0.2'7 0.36
3 ,77 5. 16

6.61 6.63
7.09 6.91
6 .42 6. 08

6.72 6. 55
0.31 A.+4
5.08 6.65

6.55 6.62
6.97 6.90
5. 87 6.21

6.46 6. s8
0.56 0.35
8. 59 5.28

6.63 6.59
7.20 7.09
6.9s 6.61

5 ,93 6.7 6
0.29 0.28
¿-.12 4.19

6.57 6. 59
Ã oq 1 )È
6.22 6.67

6. 58 6. 81
0.37 0.36
5. 55 5.27

6,96 7.00 7.03'7.42 7,04 1.47
6.70 6. s6 6.82

7.03 6.87 7,11
0. 36 0.27 0.33
5.19 3.88 t=.67

'i

2
3

11.66 11.11 11.3ü 10.94 10.85 11.16 11.3+ 11.15 10.81 11.17 11.29 11,26 11.7111.90 11.75 11.39 11.15 10.07 11.19 11.90 11.53 11.28 11.31 12.18 11.62 12,0611.51 10.76 10.'78 10.21 9.99 10,15 10.81 11.32 10.32 10.3? .r 1.25 10.13 11.32

11.69 11,21 11,16 10.89 10.30 10.83 11.35 11,34 10.80 10.95 1I.5? 11..10 11.700.20 0. s0 0. 33 0. s9 0.48 0. s9 0. s5 0. 1.c 0.18 0. s1 0. s3 0.61 0.381.68 1.48 2.95 5.11 1.61 5.46 4.80 1.51 t_.44 4.63 4.51 5.50 3.25

Mea n
SD
CV

1

2
I

16.96 16.95 16.81 11.73 17.50 16.87 16.65 17.33 16.49 11.92 18.06 1.7.37 17.6217,36 \'t .32 1'1 .21 18.06 1?.39 17.1i 17.20 11.70 18.31 18.11 18.71 16.95 17.8316.77 16,.02 16.50 1'?,12 16.41 15.55 16.12 17.35 1?.01 16 .gB 17.21 17.1.7 17.27

17.03 16.76 16.81 11 ,6e 17,11 16,53 16.66 17,46 11 ,27 17,6.t 18.00 17,16 17.570.30 0.67 0. 36 0.48 0. s8 0.86 0. s4 0.21 o.g1 0.51 0.7 4 0.21 0.281,71 1.00 2.11 2,70 3.11 5,21 3.24 1..1 9 5.13 3,12 1.09 1.22 1.61

Mea n
SD
CV

'l

2
3

20,83 21 .65 21 ,48 23.09 27,49 22.36 20.78 23.32 27,34 27.38 24.22 22,51 21 .1419.76 20.20 21 .97 23.14 27.25 21 .21 19,59 23,16 27,90 27.55 23.20 15..71 20.9019,25 19.67 20.96 2?.37 26.60 20.78 19.07 23.40 26,92 26,17 23,27 20,28 20.31

19,95 20,51 21 .17 22.87 27,11 21 .45 19.81 23.29 2"t ,39 27.03 23.56.1 9.s0 20.780.81 1.03 0.s1 0.13 0.46 0.82 0.88 0,12 0.49 0.75 0.57 3.47 o.¿S1.01 5.00 2.35 1.88 1.70 3.81 4.42 0.52 1.80 2,78 2,42 17,78 2.06

Mean
SD
cv

21 h 1

2

3

Hea n

SD
CV

7.16 7,54
8.07 8.25
? t? 1 1at . J¿ r . I ¿

7.59 7 .81
0.46 0.37
6.03 1.71

7 .97 7 .92 8.04
8. 31 8.49 8,01
7.5s 7.22 7.63

? oE 
" 

ae ? o^
0.40 0.61 0.24
1.97 8.08 3.00

7 ,78 7 .79 7 .82
7.85 '7.91 6.7 1

7 ,51 6,41 6.53

7.'73 7.40 7,02
0. 1 5 0.81 0. 70
I QA rn o? o cÈ

"t ,82 7.85 7 .34
6.96 7.88 6.94
6.52 7,43 7.68

8.06 7. s5
1 d1 ? OO

7,48 8.49

7,81 8.01
0.31 0.47
3.98 5.88

7. 10 7 ,72
0. 66 0.25
,c. 31 3 ,26

7.32
0.37
5.06

Ai6



1

2

3

9,16 9,10
9.74 9.76
a a1 c rE

9 ,12 9 .34
0.29 0.37
3.12 3.94

9,19 8.87
9. 50 9.51
8.63 B.48

9.11 B.96
0 .44 0. 51
L.81 5. 98

Q Oq c nr
o a? c ?E

L 07 8.45

8.75 8.91
0.61 0.45
6,92 5.09

8.87 9,40
9,16 9.33
9,20 9,27

9.08 9. 33
0. 18 0.07
1 .98 0.70

9,15 9.51
c ¿? c ?a

8.60 9 ,02

9,16 9.30
0,19 0.25
Þ.JU 2. t-1

c t? a 2t c aa

9.60 9.36 9 ,48
9.38 8.90 1 0.81

c ¿n c ?n o Qn

0.19 0,26 0,82
1.98 2.83 8.21

l,tea n

SD
CV

1

2
3

11,19 1 1.50 11.5E 11.33 11,23 11.32 11.08 11.73 11,76 11.75 11.90 1 1.73 11,9612.23 11.8? 11.91 11.88 11.89 11,70 11.95 12,05 11.55 11,78 12,13 11.71 11.9911.71 11.35 10,79 10.54 10.6? 10.81 11.37 11.74 1t.01 10.77 11.49 11,70 12.9i
11.81 11.57 11,43 11.25 11.26 11.29 11.47 11.84 11.41 11.43 11.81 11,71 12.310.38 0.2i 0.s8 0.67 0.61 0.43 0.11 0,19 0.39 0.57 0.32 0.02 0.s73,22 2.31 5.01 s.99 s.42 3.82 3.86 1.s8 3.38 s.03 2.7+ 0.13 1,67

Mean
SD
c\t

'1

2
3

Mean
SD
CV

14,18 13.73 13,74 i3.97 13.81 14,12 13.95 11.66 11.21 14.98 15.06 1 +.a5 14,6111.86 15.01 11.86 15.02 11.59 14.56 11.5e 15,1'1 15.17 11,69 15.28 11.13 11.5114.19 13.19 13.24 13.46 13.53 12.39 13.59 11.45 14.03 14.06 11.41 14.11 13.60

11.11 13.99 13.95 14,15 13.99 13.69 11.03 11.71 11,47 11.s8 14.92 14,30 14.210.39 0.9s 0.83 0,80 0.s5 1.15 0.48 0.34 0.61 0,17 0.45 0.31 0.562.70 6.80 s.95 5.62 3.90 8.38 3.42 2,29 1.21 3.23 3.03 2.14 3.91

l
)
3

15'03 15.83 16.05 16.60 17.93 16.06 15.15 17.05 i8.65 17.75 1i.10 16.73 1í).1215.88 16.22 15.95 r7.13 18.86 1b.27 15.87 17.96 19.40 19.85 17.41 i6,79 16,0215.07 15.03 15.+2 16,16 17.68 15.29 11,57 17.28 17.61 17.64 16,43 15.69 11,39

15.33 15.69 15.81 16.53 18.16 15.87 15.20 1i.13 18.55 18.08 17.08 16.40 15.510.18 0.61 0.34 0.è-9 0,62 0.52 0.65 o.+7 0.90 0,67 0.56 0,62 0.91
3. 13 3. B? 2.11 2,c,2 3.12 3.25 1,29 2,71 1.81 3.70 3.30 3.77 É.26

Mea n
SD
cv

Standa rd DEv ia t i on
Coef íicient oi Variation 10C.0* ( so/¡,tean )

AI7



Table À'6: Measured carbon dioxide concentrations (%) at various locations in a 1,42-m-diameter bin
containing lrheat to ê depth oÍ 1.37 m, with a 0,3-m-diameter perforated floor opening
neer the r¿aiL' The grain surface Has open. Mâss oi dry ice inlroduced was 180 g (pilót 6).

Trme
Since
Sta rt

Level
Samp ng Locations

Repì. i
cate 12tt'1 0

''r h 'l

2
-1

q¿.L¿an
6.02 5,71

\ < < F IL

0.75 0.52
r 3.98 10. II

4.02 2.78 1 ,81
LQLLAL)1N
1.51 3.67 2.43

¿,¿-c?qn)1)
0.46 0.65 0. 30

10.25 18.52 1 3.93

1.01 0,1'7 0.26
1 ,17 0. 56 0.37
1 .21 0.1'7 0 .29

1 ,11 0, 50 0,3 1

0.09 0.05 0.06
7.80 10.39 18.54

1.91 2.3'7 2.68 2.03
2,30 2,91 3 .27 2.13
2.25 3.43 3.19 2.01

2,15 2.90 3.05 2.16
0,21 0.53 0.32 A.21
9.85 18.26 1 0. 50 10.99

Mean
SD
CV

11
¿

3

Hea n
SD
cv

62,34 56.65 32.03 20.28 13.17 7,65
62,65 5 B . 86 32.32 2(r ,59 1 2 .91 1 .7 4
51,05 56.61 32.22 22.79 14.5e 9.19

57 .3'7 32.19 21 .22 1 3. 51 B .29
1 .29 0.1 5 1 ,37 0.88 1 .04
2,21 0,46 6.45 6.11 12.51

2.s5 0,60 10.92
?.79 0.90 11.29
2.'76 0.55 12.42

2.70 0.68 11.54
0.13 0.19 0.78
4 .81 2i .1A 6 .77

16.71 15.93 10.78
17.10 16.31 11.11
18,12 17.19 11,40

17.41 16.48 11.10
0.90 0.65 0.31
< lR ? oa a o^

63.01
n or

3h 1

2
3

1.72 1.76 1.78
2.22 2.24 2.02
.i .61 1.93 2,02

1 .85 i .98 1 ,91
0.33 0.21 0. 11

17.57 12.3i 7.11

1,64 1.6't 1.60
1.72 1.60 1,37
2.11 2.31 2.08

1.56 1.39
t.J+ t.¿t
2.04 1 .65

1 .51
Lbt
t. /b

1.63 1.81
0.13 0.18

1,76 1.77 1.5?
f.i2 1.86 1.69
2.05 2,11 1.B0

Mean
SD
cv

1.82 1.86 1.68 1.65 1,+1
0.25 0.39 0.3b 0.36 0.i.c

13."Ì9 21 .01 21 ,52 21 .71 12,88

1 .93 I .69
0 .21 0 ,12

10.85 6.82

,l

3

8.39 7.83
8.90 8. 70
/,tó /.bt

8. 16 8.0s
0.88 0. s3

10.83 7.16

1 ¿-) É F.t\ q ?q

0.50 0. 58 0.83
6.80 8.78 11.49

5,01 4.42
0.62 0.63

12.46 1 1.22

3.91 5.45 6.01
L )ç ç Q¿ Ã N?

4.2c- 5.65 6.65

L-,17 5.68 6,.21
0.20 tJ,25 0.36
a.8+ 4.31 5.69

6.07 s.49
6 .16 5.7'?
7 1n R c?

6. 51 5.7 1

0.52 0,24
'7 ,95 4,20

7.08 6.22 5. 1 8 4 .79 4.27
B.00 6.32 s. 37 1,52 3. 887,18 7.27 É.'71 5.71 5.11

Mean
SD

1

2
3

52,60 46.05 25.16
53.50 48.60 27.26
53.39 46.76 25.7+

3J.rb +t.tç lb.u5
0.49 1,32 1.08
0.92 2.79 1.16

15.86 11.40 B.18
17.02 11.+3 8.+2
17.BB 12,86 9.83

16,92 1 1 .90 B. 81
1.01 0.83 0.89
5.99 7.01 10,12

6. 15 5. 15 10.08
6.20 5.01 10.13
7.15 6.24 10.45

6.s0 5.48 10.32
0.56 0.66 0.21
8.67 12.11 2.02

13.21 12.+5 9,59
11.30 13.51 10.12
13.5.c 11.21 10. 51

13.70 13.40 10,18
0.55 0.90 0.52
4.01 6.72 5.08

Meân
5L)

CV

6h 'I

2
3

1 ,23 1 ,22
1.18 1,+4
1 .23 1 .3s

r , J r L Jç
0.14 0.11

10.99 8.27

1 1a 1 )1
¡IJ¡

I ?C I 10

1.35 1.41
0.12 0.19
8.54 13. 15

1.37 1 ,35
1,42 1.21
1.60 1.sB

1 .46 1 .39
0.12 0. 1 7
8.27 12.48

1.33 1,26
1 .1B 1 .30
1 .58 1 .53

1 .36 1 .36
0,20 0. 15

14.82 10.69

1.14 1.27
1 .24 1 .28
1,27 1.46

1 ,22 1 .34
0.07 0. 1 1

5.59 8.00

1.26 1.1+
t.¿/ t.¿l
1 .40 1 .26

1 .31 1 .22
0.08 0.07
5.96 s.91

Mean
SD

1

2

3

? qr ? ra
? ¿q L ))
3.40 3,71

? ¿E ? A?

0.06 0,31
1 .5,o 8,92

3.60 3.50
4,02 3.44
3,94 4.04

3.85 3.66
^ 

11 
^ 

2a
Ê ?c o ô?

3.61 3.37
3.10 3.32
¿ na ? oq

3.70 3.55
0. 35 0.37
9.56 1 0.48

3.38 3.22
I to ? îE

3. 38 3. s2

3.35 3.33
0.0s 0. i 7
1 .55 L96

? 1Ê ? ÊÊ

3.53 3.63
3,47 3.93

? L) ? 
"n

0. 15 0.20
4.31 5.41

3. s9 3.26
3,67 3,49
3.75 3.32

3.61 3.36
0 .08 0 ,12
) 1A ? qq

Mean
SD
al¡

A18



1

2
3

c cn c ra
10.6'7 10,62
Q OA c ra

9.8s 9.8.1
0,Bs 0.65
R qc Á RC

Õ. óð / .ól
C AL ? OC

B.7L 8.57

9.09 8, 1 3

0.48 0.39
5.33 4,71

7 ,06 6. s6
7 ,13 5.53
7 .36 6.60

7 .18 6. 56
0. 1b 0.01
2,18 0. 51

6,16 5.81
6.00 5.79
5. +4 5,6i

6.20 5.76
0.22 0.08
2 çC 1 2aI . JL

? 1A ? EC

6.51 7.85

7.03 't .6'1
0,1-7 0.16
6.6,5 2.01

i,61 6.31
8.00 i,32
8.64 6.51

8.08 6. BB
0.52 0.41
Ã L7 ( cq

Mea n
SD

1

2
3

12.52 38. 1 6
L2,93 38.06
40.98 36.43

L) 1L ?? ÃE

r.03 0,91

22.11 11.38 10.98
22.53 11,97 10.96
24.75 15.01 11.08

21 ,81 1+.79 1 1 .01
0.91 0.35 0.06
1.29 2.39 0. s8

8.78 7.6,9
8 . 78 'ì ,7't
8.81 7,71

B.79 t .73
0. 02 0. 04
0.20 0. s2

6. 98 9 .95
6.91 10.61
7.1i 10.48

7. 13 10.36
0. 30 0.36
1.14 3.49

12.38 11.91 9.86
12,81 12.15 10.3?
12,42 11,91 9.73
'f , Etr 1) 1^ C CC

0.2s 0.30 0.31
? 

^? 
? R1 ? ?c

Mea n
cn
cv

th 1

2

3

0.31 0.46
0.40 0,41
0,21 0.21

0.33 0.38
0.07 0. 12

20.38 32.C1

0.12 0,41
c.10 0. 39
0.30 0.31

0.37 C.38
c.06 0.07

1'7,22 i] .26

0.38 0. s0
0,34 0,32
0.26 0.27

0.33 0. 36
0 .06 0.12

18.70 33,29

0.34 0.32 0.31
0.30 0.36 0.37
0,2(, 0.23 0,20

0.30 0.30 0,29
c.01 0.07 c.09

1? ?? )1 otr 10 ?o

0.32 0. s8 a.27
0,32 0.32 0.32
0. 33 0,22 0.23

0,32 0.37 0,2't
0.01 0.19 0.05
1.79 19.78 16.50

Mea n
SD
cv

1

a

3

1 ?? r or
2.16 2.0A
1,82 1.91

1 .90 1 .94
0.23 0.05

11 ,4,2 2,68

2.00 1.99
1,91_ 1.91
) 11 ) )A

2.02 2.06
0.r0 0.19
1.80 9.4s

, n2 a 1a
.1 .81 1.85
2.1s 2,24

2.00 2,07
0 .17 0.20
8.64 9.70

1.93 2.01 1,72
1 .85 1 .99 1 .96
) )1 a 1a 1 ?E

2,00 2.0+ 1.81
0.19 0.08 0.13
>.+t J./t t,¿¿

r.0: r.>J t.tç
1.85 1.78 1.98
1 .66 2.19 2.00

1 ?a I C? I cr

0.11 0.21 0.11
6.00 10.55 7.5c,

Mea n
SD

1

2
?

1.51 1.57
5.0? 1.99
ç,JC Ltt

¿- 7L ¿ ??
è- ,46 t-- ,11
4.81 4.87

1. 15 1.03
3. 82 3.9Ê,
4.60 +,52

4.1-6 1,01 3.93
1.51 1,48 4.36
1.81 1.91 1.16

r,Þr +,li ç,¿a
0.18 0,42 0,28
J.öö y,Jb b.bJ

¿ Ârì 4,0B
5.05

L 17

4 .46
Ê.4t)

Mean
SD
a\/

1.65 1.76 ¿-.'73
0. 37 0,21 0. 16
8.05 1.50 3.45

LqLô.¿.L¿qN
0,2A 0.39 0.50
5.38 8.81 11.06

L_.19. 4.1i 1.35
0,39 0.31 0.194,.31 7 .32 4.38

Meân
SD
CV

7 .42
7,52
1 .48

0.05
u.b/

1

2

3

1 0.20 9.86 9. 1 1

10,74 10.51 9,59
Q 01 C ?" O 1ô

Q ÔÃ o ol c r^
0,91 0. s7 0.26
9.45 5.77 2,71

7.93 7,49 6,74
1,96 '7.44 6.86
B.97 8.01 7 .90

8,29 i.65 7,17
0. s9 0.32 0,61'7.14 4.13 8.90

6,79 6,26,
6. 39 6. 18'7.02 6,69

6.73 6. 38
0.32 0.2't
4.73 4.30

/.t¿ /.bJ /.bb
? .63 8. 1 6 8.12
? .81 8. 54 8,7 +

7.52 8,11 8.17
0. 36 0.46 0. s1
+. rô 5, b+ b.6.i

¡

2
?

33.39 30.82
33,B1 31.00
?t o? ao E1

33.38 30.4s
0,41 0.80
1 ,32 2.61

13.03 10.31 8.68
0.79 0.56 0.44
6.03 5.38 s.01

8.02 7 .26
7 .54 7.20
8. s5 7 .68

8.01 7. 38
0.51 0.26,
6,35 3.54

9.38 11,21
10.19 11.66
9.39 1 0.58

9.6s 1 1 .17
0.46 0.55
4.81 4.90

10.6ê 7.72
'I 1.15 9.78
10.21 1 0.09

10.6? 9.20
0.17 1.29
4.41 11,01

18.21 12,13 1 0. 1 9 8. s0
1 8. B3 1 3.38 9.83 8.37
1i .69 1 3.58 10 .92 9. 1 8

Mea n
SD
a\t

1A )t
ô Ê?

3.13

12 h 1

2
3

0,36 0.39
0,42 0.40
0.30 0,25

0.36 0,35
0.06 0.0B

16,,61 24.19

0.43 0.55
0.40 0.40
0. 30 0.32

0,38 0.42
0. 07 0 ,12

1 8.07 27 .58

0,42 0.12 0. 39
0.39 0.37 0.36
0.30 0.33 0.34

0.3'7 0,42
u.+r t),+/
0.3s 0,30

0.38 0.40
0.03 0,09
8. 1 1 22.03

0,42 0.36 0.310.37 0,37 0.390,29 0.25 0,25

0.36 0.33 0.320.07 0.07 0.07
18.22 20 . 38 22.18

Meen
SD
CV

0.36
0.03
6.93

0,3'1 0,37
0,06 0.05'r6.88 12.08
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1

2

3

1 1E a aÀL. ¿J ¿. L+
2,5'7 2.44
) 21 a a1

2.38 2.35
0.1'7 0. 'f 0
b. -'-" L. -1¿

1 aa ) ao
) )'ì ) )a
2.52 2.6i
) 11 a ¡1

0, 13 0,22
Ã <n c 11

? 1q ) 1n
) a7 1 )9
? ?R 1 Fl

) )a a 11

0.11 0.14
1,81 6. 10

) )c. , t(
) )ft ? ?c
? Rn ) '21

1 1a 1 ?ñ

0.15 0.13
6.61 5.78

2.37 2.37 2.30 2.18
? 1'1 ) 11 ) 1c ) 2Ea, J)2.69 2,83 2.65 2.51

2,11 2.46 2. 38 2.3s0,26 0.34 0.21 0. 17
10.88 I3.78 10.09 7.03

Ì-le a n

SD
cv

1

2
3

1,98 5.01
E EQ E AA

L.94 5. 1 1

r,öt l.b/
1.91 4.65
5. 33 5.44

5.01 +.92
0.25 0.45
5. 06 9 .16

4.77 L .60
1.53 1.45
5.30 5.13

+.ó/ Lt3
0. 39 0.36
8. 10 7.56

1.1'Ì 1.51
4.80 1,53
1.81 1.86

1.69 4.61
0.19 0.19
+, t¿ +,uç

4.8+ 1,75
1.90 1.81
| )) tr ao

1 .95ç ro
5.21

L)1

1.83

Mean
SD
c\¡

q lq E 1R E ra

0.37 0.16 0.15
7 .21 3. 07 2.99

4.99 1.96 1.63
0,20 0.28 0. 3 1

4.10 5.72 6.70

1

2
3

9.67 9.78
10. 28 10. 14
9.01 9 ,27

9.66 9.73
0 .62 0 .11
6 .12 4 .19

9,19 8.09
9.41 8.34
9,25 B.68

o îc Q aa

0.13 0.30
1 .40 3.54

1 L^ ? nq
/,+V /.Ue,
8.06 7 ,72

7 .61 7 .28
0. 3? 0.38
L Qi ( ta

6 .81 6.48
6,.79 6. 54
7 .23 6 .70

6.95 6.5't
0,21 0. 1 1

3.46 r .73

8.00
8 .46

7,9? 8.07 8.0?
0. s9 0. 38 0.28
7.1-5 4.'11 3.41

7 .'70 7 .89 7 .19
R nÁ 1 aL 1 a)
8.46 8.39 7.80

I'leê n
SD
a\¡

7 .61
0.16
2.10

'1

2
3

28.00 25,A1
10 ?o a< 10

26.+8 23.70

27 .62 24.68
'1 .01 0.86
3,65 3.48

15,r'-9 11.64 9.31
15,91 11.17 9,33
15.00 12.05 10.18

1 5.48 11 .72 9.61
0.17 0.30 0.s0
3.01 2.54 5.1't

8.31 7.83 7,t-5
8.33 't,72 7.42
9.08 8,21 "t .92

8. 57 7 .92 '7 .60
0.14 0,26 0.28
s,12 3.25 3,69

9.18 10.13 10.03
9.15 10.67 9.67
9.69 10.66 10.23

o 1ô

9 .12
c l1

1n ¿c o QQ C ?l
0.31 0.28 0.18
2.95 2.81 1.-c5

Meân
SD
CV

9.3+
0.30
? 1E

21 h 1

2
3

0.43 0.45 0.46
0.s5 0.48 0.15
0.36 0.31 0.33

0.15 0,11 0.41
0.10 0.09 0.07

21 .51 21 .95 1 7. s0

0.44, 0.49
0.45 0.48
0.15 0.35

0 .1-6 0 .44
0.02 0.08
¿ cq 1? ro

0.48 0.15
0.14 0.43
0.33 0.31

0.13 0,45 0.43
0.45 0.49 0.40
0.25 0.26 0. 3s

0.42 0.37
0 ,12 0 .41
0.11 0.31

0,12 0.36
0,01 0.05
1 .39 13.8s

Meê n

1\t

0,42 0.40 0.38 0.40 0.39
0.0B 0.08 0. 1 1 0 ,12 0.01

1 8.64 1 9.09 29.21 30.72 10.27

1

)
3

2.55 2.67
¿.t¿ ¿, t¿
2. s0 2,63

2.66 2.67
0.23 0.0s
8 .61 1 ,69

1 Ra t trtr

) 1L t Ãr

2,97 2.83

2.78 2.13
) '¡a ) Êa
î ?o a oo

2.65 2.70
0.24 0.28
9.05 10.39

¿,tl ¿.+c

2.14 2,36

) ¿.¿. ? 2c
0.01 0.06
0,2+ 2,4i

2,51 2.19 2,38
¿.41 ¿.t!5 l.>t)
2,10 2.96 2 ,59

2.54 2.6+ 2,51
0.1s 0.28 0.11
s. B0 1 0.50 1.53

) 1c.

¿.bt

Mean
SD
CV

2 ,7 6 2.63 2,71
0. 20 0.17 0. 1 7
7.0c" 6.63 6.14

I

2
3

q n? r oÊ

5.48 5. 38
4,75 +.99

5.09 5. 1 1

0.37 0.24
7 .21 4.65

L 9,L ¿. T1

5. 17 1.84
5.09 s.09

5.03 4.88
0.17 0.19
3 ,42 3.96

4,75 4.59
4.58 4.49
5.20 5.09

4. 81 4.72
0.32 0.32
6 ,61 6. 81

1.68 4.48
4.72 1,58
5. 19 1.72

4.86 4. 59
0. 28 0 .12
5.83 2,62

4.5r +.31 +,11 1,71
4.51 4,39 1.74 4.83
4,87 4,33 4.49 1.91

4,63 4.36 4,5s 1.83
0.21 0.03 0.17 0.12L_.19 0.70 3,79 2.38

Mea n
SD

420



l

2
3

8,25 8.05
8.57 B. s0
7.35 7.76

8.06 L 10
0.63 0.3?
7.8s 1.60

7 .6+ 6,78
8.01 6,91
7.70 7,20

7 .79 6,96
0,22 Q.22
2,71 3.09

Þ. r: b,¿u b.uJ
6.43 6.15 6.01
6.91 6. 58 6.29

6. s0 6.31 6,1?
0.38 0,24 0.15
5.92 3.'73 2,41

R ?A C 1A

5, 82 6,39

5.78 6.38
0.01 0. 15
u,br ¿.3>

6 .6 1 6 .57 é.49
6.68 6.19 6.51
6. BB 7 .18 6. 08

6.72 6.81 6. 36
n lL n ?n ñ )L
2.08 t!.36 3. 82

Mean
SD
CV

'I

2
3

1 7.05 15.12 10.21 B. 1 I
17.23 15.55 10.68 7.79
16,11 1+.31 10,1_2 8.56

16.81 15.00 10.45 8.18
0.s8 0.61 0.2? 0.39
3.48 1.09 2,12 1.11

i .27 6.92
7.40 6,72
1 7L 1 )q

1 .31 6.96
0. 07 0.27
0.89 3.84

6.66 6,44
6,64 6.11
6.89 6.67

6.73 6. sl
0. 14 0. 14
2,06, 2.19

7.24 7 ,66
7 .31 7.81
8.99 7.88

1.20 7.78
0,19 0.11
¿.Þó I .+ç

'7 .81 7 .11
1LE1<)
8.07 'r.13

1 1A ? ?tr

0.31 0,20
¿ nn ) 1')

Mean
SD
cv

SD
Coef iic:ent oÍ Variaiion
Standard Deviat ion

1 00 . 0* ( sD/l'tean )

A2l.



Tabie À.7: Measured cerbon dioxide concentrations (?á) at various iocations in a ,l.42-n-dianeier
bin containing wheat to ê depth oi 1.37 m, with a 0.3-m-diaÀ"lut-p"i¡orated fioorpening near the waiL. The.grain suriace uas covered with a pvc shãel. Mass of dryice inrroduced was iB0 q (piIot 7).

Tinre
Since
Start

Sampiing Locations
Leve I RepJ. i

câ te

th 1

2
?

4.55 1,45 1,A7
1.96 1.62 1.75
+.J) J,t¿ +.¿t

L-,ó¿ t|.13 ç.31
0.31 0.35 0.36
6,.73 7 .36 8,21

3.65 2.85 1,73
3 .12 2.02 0 ,91
3,67 2.05 1 .21

? RA ) 11 I 1ô

0.11 0,47 0.10
3.88 20,11 31 .05

0.79 0.44 2.4'7
0.32 0.23 1,69
0. s0 0,29 2.36

0. 54 0,32 2,17
0.21- 0.11 0,12

+4,19 33.80 19.43

3.17 3.40 2.60
2.95 3.00 1 .66

3.11 3,23 2.19
0.11 0,21 0.18
1.50 6.40 21.96

Meân
SD
CV

1

2
3

61 .81 57 .32
66.21 59.82
66. 1 1 57.66

21.08 11.59
21 .56 11.81
18.57 14.31

21.40 1+.57
3.01 0.25

11.05 1 .72

9.51 4,01
Q 

'O 
1 a1

8.82 3.08

8.88 3,12
0.6? 0.87
7.01 21 .91

I 1C 1a t ìt ¿, ==0.35 12.13
0.'72 11 .59

0.75 12.05
0 .1-2 0. 43

5s.88 3.s?

16.39 12,8€, 10.70
19.01 17,19 11.08
1,1 .25 15,22 11.08

1? EÃ ttr 
^C 

1n oÊ

1 .31 2.1"t 0 .22
7 ,61 11.37 2.00

32,00
2r' Õ1

33.01

Mean
SD
CV

65.72 58.27 33.31
0,76 1,36 1.18
1.16 2.33 1,44

3h 1 1.39 1.59 1.81
) )A ) ac a 1ì
1 .90 2.00 1 .91

) 
^'1 

) )) , 10

2.0c, 1.9i 1.66
1 A¿. 1 ?c I Ã,

1 .98 1 .99 1 ,79
0.13 0,22 0.35
6.45 10.83 19.74

r.öb l.bl
1 .39 1 .28
1,17 1.31

r.f,/ l.{¡
0.25 0.20

15.98 14.17

1.68 1.98 1.Bg 1.63
1.48 2.05 2.18 1.62
i.72 1,80 1.89 t.58

1.63 1.91 2.08 1.61
0.13 0.13 0.34 0.03
7 ,90 6.61 16.49 1 ,61

Meâ n
SD
CV

2.00
0.22

11.01

1.86 1.-og
0.45 0.40

)L ñq )n A'7

1

2
2

1 )1 a a1

Õ,Jf ö.lt
7 .94 B. 18

iALqna
0.56 0.72
1 11 0 Ca

6.99 6.61 5.64
8.38 "ì .54 6.0s
8.05 6.6s 3.93

5 .21
1 ,12

¿ t.6tl

5.39 4.68 4.0s
1.58 1.10 3.63
¡:,:ö +,¿1 J.EJ

s. 9s 6 .69 6.39 5 .7 1
s.69 6.71 6.99 5.92
5.62 6.31 6.'7 1 5.00

Meân
SD
cv

7.81 6.93
0.73 0.53
9.30 7. s8

1.85 4.3+
0.17 0.30
9.64 6.91

5. 75 6.58
0.17 0,21
? n1 t EaJIJI

6.70 5.55
0.30 0.49
4.¿_B 8.78

1 R¿

0.21
5.48

'l

2
3

53,72 47 .31
55. E7 +6.84
ss.38 18,62

51.99 17 .59
1 . 13 C.92
2.0s 1 ,91

25.29 1 5.50
27 .31 18.26
26 .7 0 17 .10

| . u: I . Jy

12.02 9 .27
t¿, /+ 5. /b
12,78 8. 16

12.51 7 ,73
0.13 1 .79
3.42 23.21

7.39 6.32
6 .66 5 .46
6. 50 5, 59

6.85 5.79
0 , +7 0,16
6.93 8.01

10.92 13.78
11 ,2+ 12.69
11 .57 13.27

11 .21 13,25
0.33 0.55
2.89 4.12

1? ta rn ca

11.5'7 9.63

1) L\ rn rn
0.86 0 .72
6.BB i.16

Mean
SD
a\¡

6h 1

2

J

1.13 1.40 1.48
1,66 I.81 1.'74
1.55 1.61 1.65

1.45 1.61 1,62
0.28 0,21 0.13

19.33 12.76 8.13

1.71 1.80
1.79 r.68
1.75 1.67

t, tJ t.l¿
0.04 0.07
2.29 4.21

1 .85 1 ,'t3
1.56 1,11
1 .57 1 .54

1 .66 1 .58
0.16 0.13
9.92 8. s1

1 .58 1 .35
1.46 1 .50
1 .62 1 .66

1 .55 1 .50
0. 0B 0. 16
5.36 10.31

1.50 1,17 1.37
1 .61 1 ,62 1 .50
1 .56 1 .69 1 .65

1 .57 1 .59 1 .51
0.07 0.11 0.1s
4.48 7.05 9.62

Mean
SD

31
2
3

3.18 3.31
4,37 1.12
? ao ? Òn

3,81 3,88
0.60 0.56

15.70 14.33

3.64 4,02
4.26 4.13
3.89 3.78

3.93 3.98
0.31 0.18
'7 .9+ 1. 50

1.35 1.29
4.01 3. 54
3,09 3.03

3.83 3.62
0.66 0.63

17,16 17.51

3,92 3.78
? ¿.) ? ,?
? ?o I oE

2 R1 ? lC

0. 30 0,17
8.42 14,23

3.27 3.84
3.62 3 .94
2 00 a 1¡

Jr /:

3.29 3. 81
0. 32 0. 10
9.58 2.60

3,79 3.43
3.94 3.48
? ?a ) 1a

3.70 3.23
0.29 0.38
7.83 11 .90

Meån
SD
CV

1t22



1

2

3

8.96 8.95 8.93
r0.28 10.55 10.31
C ¿C 'J 11 c ?n

9,sE 9.01 9.65
0.66 1.12 0.69
6,91 15.70 7.11

't .86 7 ,91 7 .57
8.68 '7.59 6.93't.73 5.11 5,96

8.09 6,88 6.82
0.52 1.52 0.81
6.37 22.03 11.89

7.03 6,0+ 7 .07
5. 35 5. 87 7 ,8c,6.38 s.37 5.29

6. 59 5,16 6 ,750.38 0.35 1.33
s.83 6.05 19.69

R ¿O R ¿R 'i R.1

8.17 7.31 6.10

8.21 7.91 7,06
0.22 0.59 0.60
2.'7 1 7,40 e.49

Meân
SD
a\¡

1

2

3

42.39 36. B1
43.36 37 .99
¿.1. 1L ?q ??

43.15 37 .68
0.70 0.16
l,b l ¿,u2

,n c? 1Â ?O r1 ?c
22.65 1 5. 67 12,10
21.55 10.52 11.98

9 ,9+ 8 ,4+c,.76 g.0g
c..t!1 8.22

9,70 L 2s
0,27 0.1I
2.78 2.14

7.85 I0.8i
t,u¿ I t.bu
a 11 c oc

7.L-1 10.71
0.42 0,86

12,78 11 .79 1 0. 57
12,71 12.46 10.72
10.21_ 8.45 9.65

11.91 10.90 10.31
1t-ç)1qnÊa

12.15 19,71 5.62

Mean
SD

11 .96
0. 16
1 .31

21 .71 13.86
0.88' 2,89
4.03 20.88

-ch 1

2
J

1 .34 1 .43
1 ,71- 1 .62
1 .78 1 . 83

1.62 1.63
0.21 0.20

15,02 12.30

1.70 2.05
1 .81 1 ,69
1 . 87 1 .90

1 .'79 1 .88
0.09 0. 18
1.81 9.62

I OÃ I rô
1,77 1.73
1 . 86 1 .87

1 .86 1 .80
0.09 0.07

1,89 1,69
1 .65 1 .54
I AR I OC

1.80 1,71
0.13 0.18
't .1 6 10 .29

1 ,51 1 .53
1 .75 1 .58
1.56 1.90

1.61 1.67
0. 13 0. 20
7.88 12.02

i,71 1.43
1.80 1,86
1.85 1.07

1.79 1,45
0.07 0.10
5,> | ¿ / , ¿ I

Mean
cn
CV

1

2
3

2.22 2,06 2.5i
2.s3 2.70 2.76
2.i3 2,74 2.3c,

) Lç ? qn ) tr1

0.26 0. 38 0, 1 9
10.31 15.26 '7.19

2,90 3.03 3.16
2.BL_ 2.62 2,60
¿.ió ¿.t3 ¿,t2

2.91 2,79 2 ,83
0,07 0.21 0.29
2,+2 7.60 10.13

2,83 2.76 2,13 2.50
) Lu ) !ç , L ) a Êo

2.71 2,6E 2.18 2.76

2,69 2.61 2.28 2.61
0.18 0.19 0.21 0.13
b.5b Ì .çb 9,32 5. 1 0

2.12 2.06
2.58 2, e0
¿, / t ¿,68,

2,57 2,38
0.15 0.29
).bt t¿,¿t

Mea n
SD
CV

1

2
3

1.37 1.33

1.68 4.88

R 1? R )A
+.97 1,79
1.73 s.08

1,91 5.05
0.20 0,21L-,13 +,79

5.03 4.50 1.1'?
4,48 4.35 4.33
ç.>/ +,+t ç,++

+.92 1,77 3.85
r,t> l,rt ç,3/
1.61 5.06 4.68

4.77 4.91 1.30
0,16 0,15 0,12

L '7)
R 1q

? ar

ç .18

Meâ n
SD
c\¡

e,79 1 .85 4. 900.48 0, s0 0.23
r0.11 10.33 1.60

4.83 1.45 1.11 1.08
0. 30 0.08 0.07 0.726.25 1 ,89 1 ,67 1 7. 56

21
2

3

6.87 9.00
c Ec r^ crrvrJt
9 ,72 8 .61

B.26 B. 18
8. 56 i .28
ó,¿ð b.t3

8.37 1.40
0.17 0.73
2.00 9. 90

7 .93 7 ,16
1.02 6,66
? ?? 1 )a

7 .13 7,02
0.16 0.31
6.23 4.43

6.18 6.18
t. tu /, tu
6.75 6.75

6.68 6.68
0.46 0.45
6.96 6.96

'7,11 7.88 7,69
8.05 8,72 1.36
8.10 8.35 7.71

7.09
10.33
8. s0

Hean
SD
CV

8.73 9.38 8.61
1 ,6,1 0.99 1 .62

1 8.1¿ 1 0. 57 1 8.80

7.85 8.32
0.38 0.42
4 . 90 5.06

? Êc

0,20

1

2
2

31.63 28,91
to oÊ to o<

30.40 27,70

30.66 28,82
0,87 1.08
2,81 3,71

1 7. 58 1 0.46 8.99
18.31 11.36 10.59
18.41 13.12 11,04

18.10 11.65 10.21
0.45 1.35 1.08
2.50 11.62 10.s6

8.09 8.30
8.25 8.04
Q )¿- Q rl

8. 53 8. 1s
0.62 0. 13
7 ,31 1 .55

8.36 8.36
o Eq ô Êo

8.68 8.68

8.87 8. 87
0.63 0.63
7.13 7.13

11.19 10.87 8.79
10.62 11,25 10.14
11.71 9.58 9.5'?

11.18 10,57 9.50
0, 56 0.88 0. 68
5.01 8,28 1,13

Mean
SD
CV

12h 1

2

3

2.12 2.58 2.63
2,42 2,56 2.12
2,51 2 ,71 2.81

2.35 2.63 2.72
0,20 0.10 0.09
8.69 3,76 3.31

2.84 2.80
2 ,68 2,7 0
2.61 2,95

2.71 2.82
0.12 0.13
¿ ?R ¿. ¿,1

) tc t R?

2.69 2,43
2.79 2.75

1 1a a c?LIJI
0.06 0. 16
2.12 6,37

2.25 2,25 2.87
2,+3 1.10 2.28
2.71 2,63 2.82

2 ,66
n ??

12 .31

) LF. I OO

0.23 0.80
9,11 39 .97

? q1 ) )1
2,44 2 .18
2.74 1.50

2.56 2.07
0.16 0.51

Meâ n
SD
CV

A??



'l

2

3

1 0t a 1a
1 01 a o1J.Oi J.O/
3. s3 3.68

3.13 3 . 56
0,45 0.39

13. 19 10. 95

3.56 3,7b
3.67 3.55
? ?c 1 alJ. /=

3.6i 3.68
0.12 0.12
3.13 3.15

3,71 3.'76
J.bJ J.+t
3.78 3.86

3.71 3.70
0.08 0. 19
2,02 5.17

J r 
=:3.35 3.Bs

J, by J. Jb

? Eî ? Etr

0.17 0.26
+.81 'ì .10

3.51 3,42 3.22 3.09
3.13 3.56 3.46 3.39
3.60 3.67 3. 38 3.40

? E1 2 RE ? ?tr 2 aC

0.09 0.13 0,12 0,18
2.12 3.s3 3,61 s.3s

Mean
SD
a\¡

1

2
3

5.01 5.30

5.81 5.65

q ¿q q Â?

0.12 0.64
7 .66 11 .05

9.05 9. 56
c Ro 1n lÊ

10. 1 1 10.03

c Ec c ôr

0.53 0.31
5.53 3.1s

5 .17 5.52 5,49
).t¿ 5.+b 5.JU
5.71 5.51 5.61

( Â? R q1 q rc
0.11 0.01 0.12
2.51 0.76 2,09

8.56 8,32 8.2s
9.15 8.51 7.74
9.50 8.16 7,07

9,0i 8.33 7.6c,
0.48 0.18 0.59
5.21 2.10 7.?A

< (1 Â ?O

5 .22 s. 16
q ¿n R nq

q ¿1 q ,n
0.20 0. 17
3,61 3.34

7. 30 i ,31
7,05 6.91
1.06 7,45

7 .14 7 .24
0. 11 0 ,25
1 .98 3.41

R ?1 E 1' E E1

L ç) I 1L E ??
¿ qR ¿ AC ç ?¿

5,20 1.9A
5. 60 5.01
q ¿? | LÊ

q ¿1 q 1?

0.20 0 ,29
3,71 s.68

A )¿. ? oc
Q ?C a ?O

8.22 1.'70

8.28 7,6.e
0.09 0,31
1 .12 3.9't

Mean
5U
c\t

1

2

3

Mean
SD

5.07 5.04
0.21 0. 16
L 1L '1 ))

n nc
1 .68

7.03 7.55 8,1'7
6,7+ 7,33 8.41
É LL ? rìq ? 1A

a,/+ /,Jì /.t¿
0.30 0.2s 0.6s
1.38 3.13 8.23

1

2
3

26,16 23.3s
25 .63 24 .6"t
21 .33 23.82

26.s9 23.95
0.81 0.67
'¡ 1E ? ?O

15.31 9.90 9,71
1E a) 11 trC O 1?

1 5.68 1 0.0s 1 0.08

15.5? 10.51 9,61
0.23 0.94 0,43
1.45 8.90 4,41

9. 1L ? AE A 
^r\9.06 8.00 '?.23

8.59 7.71 7.09

8.80 7.85 '?.44
0,21 0.15 0,49
2.73 1 .85 6. 59

8.69
9.56
9.68

9.31 10. 19 9.21
0.51 0.37 0.39
5.80 3.6+ L.21

10 ,22 9. 56 9 .18
ln q( c ac a ?c
9.81 8.79 8.12

Meân
SD
C\¡

8.76
0 .62
7.08

21 h I

2
3

2,82 3,91 1,02
1.20 1.39 1,59
4.53 1.09 L62

J.ö: Lt+ t.1t
0.91 0.23 0.31

¿J,46 5.5J t.6¡

1.12 4.43
1.51 4.33
1.56 1.65

L ,40 I .1i
0.2+ 0.16
s.18 3.66

4.29 4.21
1.38 1.13
4.57 4,32

0. 14 0. 10
1, )L ) )Ê,

Meen
SD
CV

3.79 3.71 +.12 1.13
3.91 2.02 1.22 L-,52
3.96 4,20 1. sB 1.23

3.90 3. 31 1.31 +,29
0.09 1,11 0.24 0.20
2.33 31.s5 5.62 1,'72

? 10

1,+2
2 .68

3.43
0.89

26.08

1

)
3

4.55 1.52 3.96 4.82
5.05 1.98 5,11 5.12
4.90 s.0B s. 1 6 5.08

1. 83 1.86 4.71 5. 01
0.26 0. 30 0.58 0. 1 6
5,31 6. 1 5 14,31 3.25

¿ qÁ q 1?

4.95 5.04
tr )) È r^ir tv

s.05 5.09
0. 16 0.05
3. 1 s 0.90

1,83 4.63
L At! q nn
a qv L t 1

1.89 4,79
0.09 0. 19
1.83 4.00

A. 11 L 1^
¿- Ê.i E nl
( n¿ ç )1

lL 9.1 ¿ qq

0.20 a .29
¿- )) R ?1

c. b¿¡ ¿i. 5u
5. 13 1,99
c ôr
JtVJ 

', 
tt

1.94 4.77
0,26 0.21
5.32 1.33

Mea n
51-]

cv

1

2
3

c 
"o 

tr c?

6.88 6. 18
5.60 6.71

6.09 6,29
0.6.e 0.38

1 1 .31 6.07

6.01 5.83
6. 60 6,42
6 .15 6,20

6.35 6,15
0.31 0.30
4.83 4.85

s.86 s,89
5. 96 5.28
5.99 5. s0

5.94 5. s6
0,07 0.31
1 . 15 5.56

q aR F rÈ
R 1) q Ra

5.62 5.93

5,92 5.61 5.43
6. 40 6,24 5. 91
6.31 6.07 5.87

6.21 5,97 5,71
0.26 0. 33 0.27
4,11 5.46 4.61_

E tt

s. 96
6.21

Mea n
SD
CV

s.73 5.69 5.98
0.12 0.21 0.22
2.01 3.72 3.69
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2 1 8'31 7.88 7.15 7,47 7.32 7.02 6.87 6.33 ?.21 7,32 7.47 6.572 9.22 8.0s 8.80 7,92 6,78 7.17 6,.74 6,,+6 6,.96 t,øt i.42 7,253 7.31 8.81 7.81 7,87 6.45 1.26 7.10 6,.29 7,27 7.12 7.66 7,01

Mean 8. 30 8,26 7 ,92 7 .75 6.85 7 .15 6.90 6.36 7 .15 i .L5 7 .5? 6.95sD 0.93 0.51 0.83 0.25 0.11 0,12 0.18 C.09 0.16 0.1s 0.13 0.35cv 11.1s 6,20 10.19 3.18 6,11 1.70 2.61 1.40 2.30 1.98 1.68 5.01

I 1 15.53 14.6a' 10.52 8.11 8.26 i .79 i .2o 7, 10 7.30 B. o0 7.68 "t .272 1'7.63 15.61 11,22 9.56 8.18 8.09 7.22 6,.9+ 7,94 8.63 7.18 i.c.93 16.65 14.67 9.41 8,66 7.06 7.53 ?.06 7,12 7.50 8.24 8.17 8.25

Hean 16, '97 14,99 1 0. 39 B. B0 ? .83 7.80 i .16 7.05 i ,sg B.z9 7. Bg 1 .g1sD 0.s7 0.54 0.90 0.71 0.67 o.2B 0.09 0.10 0.33 0.32 0.52 0.5.1cv 3.37 3.58 8.63 8.01 8.56 3.s9 1.22 1.10 1.32 3.81 6.6s 6,48

SD = Standard Devìat ion
Cv = CoeÍjicient of Vari.aiion = 100,0*(SO/¡lean)
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Tabie À'8: Measured carbon dioxide concentrations (%) aL various Locations in a j.42-m-diameter bincontaíning wheat to a deoth oí 1.3'1 n wiLh a 0.ãlm-diar"tut p"itåraleo rioor opening nearthe centre' The grain surface rras open. Mass o! dry l.e inrrõãu;;¡-;;r 540 q (p:iot g).
?ime
Since
Start

LeveL RepJ, i
cête

mpL ing Locat ions

th 1

2

3

Mean
ch

CV

3.90 1.51
3. 10 4.20
3.62 1. t0

3. 54 1.27
0.41 0.21

11 ,41 5.01

1. B0 5.03
4.80 4.98
4.35 5.11

4,65 5.0s
0 .26 0.08
5. s9 1 .62

5.46 5. 10
q ao r îtr
4.86 4,76

5.40 5.07
0.52 0.30
o r" E of.

4. 10 3.83
3 .71 3 .45
1.10 3.70

3.97 3,66
u.¿J u. ty
5.67 s.28

¿ Ec R 1i

1.47 1.91
1.58 1.34

4.55 1. B0
0.07 0.10
1,46 8.13

4. B3
¿?1
3.98

0.13
9. B0

21
2
3

35.66 37 .2!!
31.17 36 . 56
29.24 36.54

33.12 36.78
3.+¿ U.çU

10. 31 1 .08

38. 38 37 .27 3s. BB
39.43 38.68 36.13
37.35 36.79 36.63

38.39 37.58 36.21
1 .04 0.98 0. 38
2,71 2.61 1.0s

35. 1 7 34.06
?q ol a¡ 

^c35.78 30.38

3s.62 32.81
0.40 2.13
I . 11 6.50

33.62 3s,40
30 .2"t 35.97
31 .35 35.34

?I ?E 
'E 

tr'JJIJI
1,71 0.35
E ?O ñ oo

3s.20 32.73
31 ,69 29.92
34.20 33. 1 7

?? 7rì a1 0t
'1 .81 1.76
Ã ?l c E.

Meen
5U
CV

11
)
3

66.10 78.13 8¿.05
67. 55 79.97 87 ,20
70,72 71.56 80.20

68.12 77.55 83.82
2,36 2.75 3.5.1
3.47 3.55 1.18

83.87 81 .81
Q' trR ?C a^

82.3s 81,21

Q) A) Ql ?o

0.83 2.17
1 .00 3.02

70.+6 66,02
71,20 60.09'76.48 66.s6

tJ.tt bç.¿¿
3.01 3.59
L 1) R co

6s.9s 78.00
) 7.L 1 o?

3.51 2.47

66.03 76.3s 71.06, 6i.63
63.58 80. 12 65.78 61 .t-6
68.25 77 ,54 78.20 6i .31

71.68 65.48
6.23 3. 18
8.70 5.32

Mean
cn
CV

3h 1

2
3

Mea n
SD

3.39 3.40
3. 30 3. 50
3.11 3.?4

'¿ )1 ? cÃ

0,11 0.17
4, 38 1.93

¿,ób J.l5
3.01 3.00
? tç a 11

3.01 3. 1 1

0,20 0.09
6. L-7 2.99

3.34 3,11 2.91
J,sl J.Jb ¿,91)
1.10 1.12 3.70

3.62 3.61 3. 1 7
0 .42 0. 68 0 ,16'f1.61 18.80 14.48

3.2i 3.30 3.28 3.023.52 3.¿-6 3.39 2.914.64 1.85 1,89 3.98

3.81 3.87 3.85 3.310,73 0.8s c.90 0, 58
I9. 15 22.03 23,34 1'7 . +7

31
2
a

11.14 13.52
9.88 1 3.84

14 .20 11 ,23

11,'74 13.86
2.22 C. 36

18.92 2.s6

13.93 14.02
13.81 1+.62
16. I0 16.58

12.50 11.63
13.63 11.53
16.10 11,10

14.08 12.42
1.84 1.46

1 3.08 11 .72

12 .23 12 ,93
10.93 12.96
1 3.98 1 5.8s

13,47 13.19
12.11 13.12
16.26 14.16

1¿- )A
1? Oa

16.17

Mean
SD

14.62 15.07 14.79
1.28 1.31 1,21
8.75 8.88 8.1?

1 2.38 13.91 1 3.9s 1 3. 59
'l ,53 1 ,68 2,12 0. 53

12.36 12.06 15,11 3.88

1

2

3

Mean
SD
CV

31.19 32,16 32.10
30.82 32.50 32.11
33.96 35.30 36.51

31 ,99 33.1-2 33,57
1 ,72 1 .63 2.51
5.36 4,87 7.58

32 ,17 33 .1 1

31.7e 31.59
34.50 34.85

33.90 33.38
t.¿a t.b5
3.68 4.96

29.66 28.54
26.17 24.64
36.26 31.78

30.70 29 .32
E l1 r lrJ. t I

16.69 17.44

28.8B 29,86
28,20 29.10
?.¿.'ta ?? 

"E

30.61 31 .00
3.61 2.39

11.78 7.71

28,95 26.91
29,59 25.36
3'7,92 3s.29

?t 1ç tô 1^
5.00 5. 34

1 5.56 1 8.28

11
2

3

*Þ.þu +t,4e
42,21 46.39
49.65 48.37

46.1'7 47 ,40
2 11 

^ 
oo

Q n2 f nc

51 .19 54. s4
51 .89 56. 1 1
s4.60 65.40

52.76 58.69
1 .59 5.86
3,02 9,99

É,L'11 ?O (?

56.27 36.08
66.57 52.17

62.34 42.63
5.39 8.45
8.65 19.83

38.78 40.27
7q ç,L ?Q ol
44.74 48.15

41.05 42.78
3.22 4.65
7.85 10.89

46.45 44,27
41 ,36 42.78
51.35 53.17

38.90
37 .2+
50. g-a

Mea n
SD
CV

47.39 46.74 42.31
3.59 5.62 ?,45
7 .57 12.02 17 .59
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6h fl

2
?

0.4,2 0.80 0,61
0.78 0,71 0.41
0.77 0,76 0.80

0.82 0,7i 0.61
0.08 0.03 0. 1 8

1 0. 1 9 3.98 28,63

0. 5s 0.84
0,12 0,63
0.81 0.90

n EC 
^ 

?o
0,2c 0. 11

0.93 0.12
n aç ^ )1
0,72 0,'70

0,83 0,45
0. 1 1 0,21

1) 1a Ê) ct

0.52 0.32
0. 36 0.22
0.68 0,1s

4.52 0.33
0.16 0.12

34,i7 31.9s

0.40 0. 38
0.25 0,25
0.69 0. s9

0,45 0.11
0,22 0. 17

50.08 12.19

Meen

1

)
3

Mean
sD
CV

6.96 6.93 7.0s
/.ub t,¿/ /.¿i
6. 58 7 .56 1 .56

b.ö/ /,¿5 t,39
0.25 0.32 0.42
3,60, 4.35 5.71

6,82 6.9s
1 .36 6,.69
À ça a ôo

? Êc 1 Ê^/ r J=
0.90 1 .26

11.88 16.70

6,17 5.81
6,21 5,98
7.11 6.67

þ.Jr b.lb
0.55 0.41
A ¿-L '1 )1

b.5r b.6/
b, ¡J b, /5
6.70 7.03

6.45 6.82
0 ,29 0. 19
¿ qn ) 1a

6.6s 6.38
6,62 6.19
6,96 6. 85

6,74 6.17
0. 19 0. 31
2.79 5.2a

1

2
3

Mea n
SD
CV

15.11 16,77 16.86
13.02 17,01 17.82
16.22 1 6.35 16.96

11,78 16,71 17.21
1.62 0.33 0.53

14,99 2,00 3.07

17 ,16 16,.92
17 .54. 11.12
18.04 18.34

17,60 16.16

^ 
t-L , 1<

2.50 13 .05

1 4. 33 1 3.90
12.60 1 4 .49
15.87 15,85

11.27 11.75
1,64 1.00

11.1'7 6.79

rJ. 5ç
'I ç ?Á

1 4 .1't

1L.36 15.91 15,21
u,r¿ v,¿¿ u./b
6,44 1 .36 5,02

'l 5. 71 15.08 16 . 31
1R RC 1t q) 1E ?A

16.'1 4 16.03 13.96

1s. 36
1 )L
8.10

21
1

3

28,60 28.70
27.41 28.79
îC lO ao a?

)A ¿.ñ )a 1)
0.91 0.65
2 10 1 1À

28. B0 29.66 29.61
29.46 30.43 27 .01
3r.17 31.02 32.04

21.17 26,19
22.15 21 .6'7
)a 7L ?Q ?(

25,22 26.10
3.'7 1 1.85

11.70 7.00

26.19 21 .70 25.08
27 ,45 25.51 22,92
29.31- 28.31 28.10

21,66 27,19 25.37
1 .59 1 .17 2,60
5,73 5.10 10.26

22.77
26.5A
29.'78

Mean 24.,81 30.37 29.56 26.35
1.22 0.68 2.52 3.51
1.10 2.25 8.51 13.31

'I 
1

2
3

36. 1 5 37 .66 11 .70
31.00 3'7 ,73 11 .02
34.66 38.08 42.19

31,91 37 ,82 11 ,61
1.10 0.23 0.s9
3.15 0.59 1.11

Lq Q1 q? 
'q¿.L )1 Lo Ê,1

(^ ?l Êc c"

16.82 s3,96
3. 1 3 5. 36
6.68 9.93

3 1 ,09 30.03
29,22 30.63
39 ,17 3+ .01

33.26 31 . s8
5.46 2.18

rþ. t I b.9u

32,24 37 .21
31 .08 37 .87
33.61 38.49

32 ,32 3't ,87
1 .28 0,63
3.97 1.6s

36.73 31.50
35.02 28.51
41 .11 35.17

37.63 31.11
J. rb 3,3¿
8.39 10.17

Mea n
SD
CV

th I

2
3

Hea n
SD

R 0.92 0.66
0. 87 0.7'7
0. 80 0. 81

0,85 0.7s
0.06 0.0B
6.98 1 0.40

0.4s 0.36
0.3s 0.31
u, ti u.u/

0.53 0.51
0,23 0.31

43.52 60.37

0.6s 0.9s
0,56 1.04
0.92 0. 51

0 .71 0.81
0.19 0.27

26,39 31.60

0. 38 0. ss4.29 0.4s
0.57 0,76

n L1 n EC

0. 11 0. 16
31. s8 26,91

0,29 0.31 0.13
0 ,26 0. 31 0. 36
0.72 0.60 0.71

0,12 0.41 0.50
0.26 0.17 0.19

60.'t9 41 ,17 37 .01

çt
2

/,ô¿ t,+¿ /.ut
8.24 8.37 8.22
8.11 8.97 9.5+

7 Qa a ttr o ao

0.33 0.78 1,24
4.09 9,47 14.93

7.37 6.s] 6.11
8.40 8.09 7 ,78
9.75 9.97 8.32

8.s1 8.19 7.40
1.19 1.73 1.15

14.03 21 ,15 15.56

6.78 6,34
t,+¿ t,4¿
7.96 8.32

7.39 7.36
0. 59 0. 99
8.00 13,47

6.60 6.40 6,6"t7.85 7,77 7.24
9.54 7.97 7,76

8.00 7.39 7,22
1 .48 0.85 0. 5s

18.4s 11.58 7.5s

Mea n
SD
CV

31
2

3

12.61 14.89
1 s.60 1 6. 96
15.63 15,22

14.61 15.69
1 .7 L_ 1 . 1 1

1t Q? ? no

1 5.57 1 4.93
t t, t5 I t.6/
1 6.58 17 .17

16,70 16,59
1,01 1.16
6.23 8.80

13.07 13.23
1 5.01 14.15
17. 10 14. 38

15.07 13,92
2.02 0.61

13, 37 4.3?

1 3.08 1 0.96
13.8s 11.28
14.'Ì8 15.79

1 3.90 1 3.68
0.8s 2,47
6.12 1 8.07

13.75 13,62
1 5.96 1 5.83
1 3.'t s 14.90

15.96
'I 5.76
14.10

Mean
SD
CV

14 .29 14 ,78 15 ,27
'1 .48 1.11 1.02

1 0.36 7 .51 6.69
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21
I

-?

24.56 21,96 23.97
25 .89 26. 00 26.41
27.36 21,29 28.29

25,91 25.08 26.22
1 .40 1 .17 2.17
5.40 4,1"t 8.26

23 ,69 23 .41
27 .11 24,37
27 ,81 28.14

26,20 25 ,11
2 ,20 2 ,6'l
8,41 10.s1

20.63 20.26,
23.51 21 .98
27 .50 25 .7 4

23.89 22.66
3 ,45 2. B0

11.43 12,37

20,02 21 .30
22,4A 21.60
26.36 28.10

¿¿.>J ¿ç.b/
3.20 3.40

l? o" r? rô

22,7 3 20 .36
21 .98 21 .22
28.35 2"t.10

24 .35 22.89
3,48 3.67

11.30 16.02

Mea n
cñ

CV

1

2
3

Meôn
SD

27.13 26.83
31 ,17 31 .96
32.10 32.51

30,13 30.13
2.64 3.13
8.77 10.29

33.58 31.99
J3. b ¡ 4 I . U /
36.47 44,92

?( ?E ¿N ??

1.13 5.01
1.05 12.41

31 .88 23.76 22.40
38 .78 29,2"t 29.89
n1 1L ?( 1? tQ aç

+0.27 29.40 27,08
6.26 5.11 1.08

15.56 19,41 15.07

2L.95 26.32
11 a1 ao ?r

31 . s0 33.48

27 .89 29,70
3.33 3.60

11 ,93 12,11

27,06 22.03
ao oo ac c?

31.31 2't .31

JU.+b ¿b,çJ
3.66 4.03

12.03 15,21

t¿ n 1

)
3

Mean
SD

1 .02 0.63
0.89 0,77
0.97 0.80

a.9É 0.73
0.07 0.09
6.83 12.37

0. 35 0.24 0.55
0.32 0.28 0 ,52
0.75 1.01 0,99

0.47 0.s1 0.69
0.21 0.13 0.26

54.72 84.99 38.32

0.87 0.44 0.58
0.98 0.27 0.43
0.48 0.82 0.84

0.78 0.s1 0.62
0.26 0.28 0.21

33. B3 55.22 33.61

0 .21 0 ,28 0. 38
0,25 0,2,e 0.31
0,6s 0.59 0.73

0.38 0.39 0.480.23 0.18 0,2i
61 .55 45.56 11 .3c,

41
2

3

7.88 "t ,51 6. 85
8.33 8.30 8.4s
/.JÞ t,Yb /.J5

1 A) ? Q? ? çc
0.39 0.38 0.82
1.88 1.80 I0.84

7.21 5.99 6.08 6.81
8.54 8.19 6,69 6..o5'7,48 7,59 6.95 8.03

7.07 6,46 6.3'1 6,80
7. 30 i ,72 7 ,57 1 .22
1 .94 6.82 6,19 i ,78

Mean
SD 0.70

9.08

't .27
0.19

7 ,26 6.5't 7 ,26
1.14 0.15 0.67

15.61 6.79 9.19

'7,Ã_1 7.00 6.71
0.4s 0.65 0.7s
6.06 9.21 11.18

31
2

3

12.0't 15.20 I5.11
13.92 1 6. 3B 16.62
t¿.tó tJ.)u tb.ll

12.92 15.03 15.95
0.93 1.45 0,'11
i.22 9.63 1,E2

1¿ q? 1? Q( 1) 1a
17 .11 1 6.90 1 3.90
16.78 15.35 15.78

16,15 15.03 14.16
1 ,41 2.04 1 . 51
8,'t6 13.59 10.68

13.70 12.03
I3.45 14,41
1L-,78 13. 50

12 00 11 1AIJ¡JJ
0 .71 1 .23
s,06 9,21

13 .24 12.61 1 4 ,92
15,13 14.90 11,9't
11,97 15.56 11.31

11.56 14,36 14,71
1 ,17 1 .55 0.35
8,06 1 0.78 2. 38

Mean
SD
CV

1

2
3

Hee n
SD
Cv

/t L) )) )9
)1. 1 ¿- ?? o1

22,45 21.50

)t 2.t )) E1

0.87 1.23
3.BB 5.11

21.04 21.46
25. s3 24,56
22.04 22,3+

22,87 22,79
2,36 1 .60

10.31 7.01

20 .40 1B .72
)L Ô1 

'N 
Rq

)1 Lq 
'? 

(Â

22.25 20,9+
2 .36 2 ,14

10.60 11,67

18.79 18,36 21 .19
19.23 20.90 22.28
23.04 21 .46 21 .35

20.35 20,24 21 ,61
2.34 1 .6s 0. 59

11 .48 B. 16 2,72

20.59 18.12
20 .52 19 .7 1

22,75 19.15

21 .29 18. -a91.27 0.81
3. yb t). ¿a

11
)
2

24.06 26.79
25.57 29,17
26.20 27,82

25,28 27.93
1.10 1,19
1.35 1.27

29,11 29.90
?1 ?O ?R Or

30.10 30.56

30.20 32.09
'1 .11 3,24
3.79 10.09

34.22 22,55
39.13 21.16
35.65 27 ,36

36.33 23,79
2.s3 3. 1 4

6.95 13.19

21 ,33 23.07
21.18 22,51
27.10 25,80

23.20 23.80
3.38 1 .75

25.82 24.08 20 .13
27,46 24.s6 23.16
29.34 28,45 26.10

27 .51 25.7 0 23 .331.76 2.40 2,99
6.40 9.33 12.81

Mean
SD
a\t
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¿t h
)

0,7'1 0.59
0.65 0. 58
0.75 0.80

0.72 0.66
0.06 0.12
a ac 1Q ca

0.3s 0.31
u, ¿+ u. ¿ç
0.79 0,91

0.46 0,49
0.29 0.37

63.27 75.6,7

0.1i 0,76
0.40 0 ,21
1.02 0.72

0.63 0.56
0.31 0.31

53.90 51,e3

n ?E n ¡c
0,78 0.39
0.72 0.68

0.62 0.52
0.23 0. 1 5

37,'t6 28,33

0.22 0.23 0.31
0. 1 8 0. 33 0.32
0.49 0.56 0.56

0.30 0.39 0.40
0.1? 0.15 0.11

56.81 38.29 3s.58

Mea n
SD
c\¡

L1
2

6.30 6.07
6.06 6. 16
6.35 6,45

6.21 5.23
0.16 0.20
2.19 3. r9

5.Bs 5.81
Ã oa Â rc
6.80 6.96

6.21 6,32
0.52 0. s9
a ao o a1

).tt 5,J5 5.b5
t .96 5 .42 5 ,21
7 .14 7 .60 6,46

6.27 6,12 5.77
0.76 1.28 0.63

12.18 20.89 1 0. 98

s, 86 5. 5s
6.20 6.63
6.22 7,11

Ê ?f É 11

6.51 6.01
6.98 6.51

6.09 6.53 6,29 6.100.20 0.93 0.83 0.38
3.32 11.30 13.17 6.1c,

Mean
5U

I

)
3

Mea n
SD
CV

10.39 11.50 11.31
9.85 11.13 1l.95

12,2,1 11,9',t 12,16

10.81 11.50 1t.81
1 .2i 0. 3? 0 ,44

11.72 3,22 3.75

11 .51 11 .3-a
ll EÃ ll oo

12,53 13 .29

1 1 .86 12.22
0.58 0.97
4,87 7 ,95

10.34 10.38 10.83
10.86 10,12 11,61
12.78 12.15 11 .51

11.33 10.98 11.33
1,29 1.01 0.43

11.3s 9.20 3.81

10.63 9.86 1i,10
12.09 12.20 11.61
13.40 12,51 11.98

12.01- 11 ,53 11 .68
1 . 39 1 .46 0.29

11.51 12.65 2,+8

'l

?

Hean
SD
aU

15.61 15.8s 15.63
11.63 15.11 15,27
15.99 16.?r 17,84

'1 5.41 15.89 16,25
0.70 0.80 1.39
1. 55 5.01 B. 57

15.26 16.79
15.93 16,32
1 8.07 1 8.36

16,42 1't,16
1.17 1.07
B.91 6,23

11,90 1 1. 53 11.32
11.47 11.04 16.3s
1 6.81 1 6. 39 1 6.38

1 s.39 1 3.99 1 s.68
1.25 2.72 1.18
8.09 19,12 7.53

1¡¿.78 14.59
11 )^ 1r rC
¡b.Jç lb.4b

13,26
15.10
16.15

16.11 16.08 11,84
1,23 1.31 1.46
7,62 8.31 9.86

11
2

1'',t .91 1 B . 56 19. 61
17 .56 17 ,90 19.29
10 ?a 1C ?O 11 C1

21 .09 25.17 16,1'7
20.42 23.61 15.91
21 .15 2't.89 20.60

14.51 16.7't 1?. 59
1 5.99 1 8.7s 20.33
19.60 19,49 2i.61

16.7'i 15. 59
1C ?A 1a a7
)^ ¿.4 1Q ?c

Mea n
SD
CV

tn tc
1 .46
1 )1

17,56
2,64

15.01

18.28 18.6,2
0.9i 0,75
5.28 4.01

21 ,89 25. s6
1 ÒC 1 11

9.09 8.48

16,71 18.31 19.85 1B.BB 17.20
2.61 1.41 2.07 1.91 1.60

15.59 7.67 10.41 10.12 9.30

Standard Deviation
CoeÍficient oi Variation 1 00 , 0* ( SD/Mean )
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TabIe À.9: MeasureC carbon dioxi.de concentrations (%) at various locations in a i.42-m-diameter bincontaining !¡heat to a depth o: 1,37 m with e rectangurar periorated fioor opening. ii.,ã-grain surÍace wãs covered v¡ith a Pvc sheet, Mâss of dry iãe introdu.èd "u. l+o g'fpiiÀ¡ Sl.
?:me
Since
SLart

SamplÍng Locations
Level Repl i

LO LE

th 1

)
?

Meâ n
SD
CV

6.14 5.48 5.80 5.79 6,16 +.21 3.25 5.62 5.58 1,69 5.11 7.33 7,754.70 1,10 4.41 1.46 +.04 4.82 5.21 5.06 L-,70 5.56 6.28 5.98 6..t13.25 3.60 3.96 3.29 3,78 3.61 3.25 3.81 4.03 3.81 3.9s 1.92 5.29

1 ,70 1 .39 4 ,73 4,51 1.76 1,21 3.90 1.83 +.77 4.69 5. 1 1 6.08 6,581.45 0,9't 0.95 1.25 1.48 0.61 1.13 0.93 0.78 0.88 1.17 1,21 1,2330'77 22.16 20'16 27.71 31'05 11,36 28.o,9 19.19 16.30 1B ,67 22.78 19.88 18.76

'1

2
3

39,9(,39.98 40.56 12. 10 39.12 34,25 31 .41 37,74 37.68 39.42 35.10 40.01 42,0535.81 31,13 37.02 38.22 3i.45 38.'t9 37.s9 3s.92 37.21 39.42 12.59 31.9s 39.1s23.95 28.56 30.89 28.50 25,29 29.72 25.23 29.'t 0 31.37 39,12 27.50 3s.31 32.51

33.25 31,22 36.16 36.27 33.95 34.2a 31 ,11 34.2s 35.12 39,42 35. 10 35.77 37,g18.31 5.71 4.89 7.01 7.55 4.53 6.18 4.55 3.52 0.OO 7,60 4.05 1.8125.00 16.69 13.53 19.31 22.23 13.24 19.68 13.30 9,92 0.00 21,61 11.31 12.86

Mea n
SD
CV

1

2
3

Meân
SD
CV

70.71 71,89 77,08 76.65 92.63 71.18 62. 18 80.87 92.89 75,92 70.11 76.61 72.9967.26 76.88 84.90 79.10 90.69 80.30 65.41 81.13 94.42 89.08 80.56.76.51 78.7150,92 66,,92 71.61 68.59 67.45 62.07 58 ,95 72.21 80.6,3 62,76, 59.75 76.33 60.20

62,96 72.9A 7'7.86 '7 1.78 83 .59 ?1.18 62. 18 78.08 89 ,31 75.92 70,15 '76,19 .tO.6L
10.5? 5.21 6.68 5.50 14.01 9.11 3.23 5.06 ?.56 13.16 10.40 0.15 9.1916.79 7,23 8.58 7.35 16.76 12.80 5.19 6.48 8.46 17.33 11.83 0.19 13.13

3h 1

2

3

3.91 4,32 4.31 1.22 4,26 4.11 3.77 3.43 3.91 7,51 6.26 !,_.33 6,283.28 3.14 3,17 3.13 3.18 3.10 3.00 3.13 3.05 3.66 3.8C 3.22 :,eS3.07 3.21 3,11 3.40 3.66 3.53 2.98 2.81 3.38 5.60 3.2A 3.76 3.i3
Mean

SD
CV

3.42 3.s6 3,'?3 3.58 3.70 3.s9 3.25
0 .4+ 0. 66 0. s0 0. s7 0.54 0. s2 0.4s

12.78 1 8. Þ1 1 3.49 1 5.84 1 C,62 1 1. 56 1 3.86

3.12 3.45 5.é0 4.12 3.77 1.53
0.31 0.43 1,94 1.62 0.56 1.53
9.93 12,59 31 .61 36,69 11.'t2 33.75

1

2
3

15.01 14.55 15.00 15.81 12.32 15.07 15.63 14,23 11.23 14.29 11,76 16.75 16,6..t13'19 12.35 13.69 13'11 12,88 12.00 13.02 12,6i 12.18 12.58 13.07 12.,o5 13.1511.97 13.03 13.05 13.18 13.70 13.36 11.57 11.86 9.39 13.3'7 12.88 14.16 13.66

13.49 13.31 13.91 14,0+ 12,97 13.48 13.41 12.90 11.93 13.45 13,5-t 14,62 11,+g1,52 1.13 0.99 1.53 0,69 1.51 2.06 1,21 2.43 0.81 1.03 1,94 1.9011,2't 8.16 7.14 10.90 5.35 11.41 15.35 9.39 20.36 6.01 7.63 13.28 13.12

Mean
SD

1

3

38.8s 37.13 39.89 38.13 36.98 38.19 38.20 36.03 34.90 30.6i 3-7.67 34.91 36.8037,44 33.82 37.36 31,52 35,20 34.38 33.60 36.59 3s.85 34.85 32.41 32.09 3s:0135.04 33.65 34.23 36.02 36.75 35,44 31.81 33.88 3s,75 92.89 36.0? 37,62 36,63

37.11 31,87 37.16 37.22 36,.31 36.10 35.5s 35.50 35.50 32,80 3s.38 34.87 36.1s1.93 1.96 2.8+ 1.09 0,97 2.13 2,38 1.43 o.s2 2.09 2.70 2.77 0,995.19 s.63 7.63 2,92 2.6'7 s.91 6.70 4.03 1.47 6.38 -7.62 ?.g3 2,73

Ì'lean
SD
cv

1

2
3

Mea n

SD

s2.58 56.63 s9,17 63.s6 77.40 58.44 55.95 63.33'/4.99 80.33 67.30 59.23 56,.9850.80 53.11 s8.34 63.12'75.04 57.83 48.35 61.86 42,19 76.98 57.20 s3.12 56.69s1.99 s6.19 62.06 61,98 74.14 57,35 50.55 61.06 78.19 75.88 58.71 61.29 58.39

s1,79 s5.31 s9.96 62.89 75.s3 57.87 51.62 62.08 6s.12 77,73 61.07 57.98 57.3s0.91 1.92 1.91 0,82 1.68 0.55 3.91 1.15 19.93 2,32 s.4s 4.08 0.911.'75 3,+7 3.18 1.30 2.23 0.94 7.s8 1.8s 30.60 2,gB 8.92 7.01 1.59
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6h 1

2

3

3.37 3.80
2.48 3.13

? a2 ? 
"?0.16 0. 57

16. B6 15. 35

¿ 1A ? q?

3.50 3.40

3,82 3.50
0. 31 0.09
8.9'i 2.6a

4.41 (.50 1.63 1.22 3.60 3.73 3.81 4.53 1.613.9s 4.05 3.31 3,11 2,51 2.95 2.86 3.59 3.193,70 3.51 1,01 3.11 2,65 2,41 2.62 3.78 3.1s

4.03 4,02 3.98 3.60 2,9+ 3.04 3.10 3.97 3.7s0.38 0.s0 0.66 0.s6 0.s? 0.65 0.63 0.50 0.769.31 12.33 16.58 15,1_9 19,49 2i.37 20.32 12.53 20.37

Meê n
5L)

CV

'1

2

3

B. 13 8,26
7 .20 6 ,91
6,73 6,.92

7.35 7 .37
0.71 0.'t7
J.6Y tU.çt

8.29 8,35 8.07
7.16 7.40 7,09
7.21 7,30 7,12

7.6't 7 ,68 7,43
0. s1 0. 58 0.56
7,07 '1 .54 7.50

8.16 7.81 7,46
6.96 6, 93 6.88
t,t+ b.Jt 5.by

7 ,+2 1 .02 6.68
0.6s 0.7s 0.90
B.72 10.74 13.51

7 .90 8.97 B. s5
7.09 6,88 7.5'i
6.83 6.13 6.71

8.29 8.6L
6.81 7,36
1 )A L Ca

Mean

a\¡

7,27 7,53 7.61 7,4(, ?.51
0. 56 1 .25 0.92 0.76 1 ,02
7.61 16.64 12.10 10.12 13.1c,

1

2
3

Mean
SD
CV

19.22 18.60 18.84 18.83 17.69 16.40 19,17 1'1,25 17.65 18.26 17.62 19.49 19.0117.10 16,64 16.98 15.31 16.?0 16.14 17.09 11.7 t- i6.20 i 6.46 16,43 1?.01 16.2815,95 15.96 16.50 17.28 16.58 17,00 15,52 11.93 15.95 16.26 15.16 16,09 16.09

17.12 17.07 1't.41 17.15 16.99 16.51 17.26,15.65 16.60.16.99 16.10 I7.53 17.131.66 1.31 1.24 1.75 0.61 0.11 1.83 1.39 0.92 .t .10 1.23 1,76 1,63
9 '52 8.03 1 .09 10 .20 3.59 2,67 10.61 8.87 5. 53 6.48 7. s0 1 c.03 9. 5é

'l

2
36.7s 3s.60 35.s3 36.36 33,29 36,77 35.28 34.81 33.53 33.05 34,19 33.48 37.0s32.95 29.76 31,23 3+. 10 33.09 30.15 28.62 32,32 27.83 32 ,1-7 31 .55 31.51 31 ,1631.88 31 ,75 32.83 33.53 32.46 31.85 30,81 30.53 31,87 31.88 29.,-2 31 .01 29.97

33.86 32.3j 31.20 34.66 32.9s 33.02 31.s7 32.ss 31.08 32.57 31.92 32,01 32.832.56 2,91 1.3s 1.50 0.13 3,32 3.39 2,15 2.93 0.61 2.11 1.30 3.?3'7.56 9.1't 3.95 4.32 1,31 10.05 10.7s 6.60 9.13 1.88 7.51 1.06 11.37

SD
C\¡

'I

2
3

4t'.33 18,+è 52. 11 55.05 6t ,01 49.61 45,99 54,21 59,79 65.53 53.56 52 .26 49.5711.53 45 '03 15.71 51 .88 61 .75 45.73 39.62 42.33 41,39 56 .45 t!g.33 4B ,29 4a,2639.0t- 42.52 46.73 L-7.68 61.05 45,'tz Q0.5a 17.09 11.67 53.63 49.79 q8.05 41.60

12.68 15.31 48.18 51.51 61.27 4't.02 12.05 17.87 18,62 58.51 50.56 19,53 41.814.23 2.98 3.1+ 3.'70 0,42 2,24 3.41 5.98 9,77 6.22 2.70 2.36 4.669,91 6.58 7,11 7.17 0.68 1,77 8.17 12,49 20. lo ro.ez s.34 1.77 10.10

Meen
SD
a\t

t¿ h 1

2
1

I'teê n
SD
c\¡

1.86 7 .51
6.63 7 ,20
ç.>/ b. t/

5.49 6.96
0.99 0.70

1 8.07 1 0.08

8.12 8. 51 8.57 t,12
7.92 8.12 B.1i 6.60
6.90 7 .25 6.8s 6.32

7.65 7 ,97 7 ,84 7.01
0,65 0.66 0.89 0.97
8.55 8.26 1t.35 13.81

't .04 7.53 '7 .91- 8.03
5.20 5,47 6.23 6.50
5.29 4.82 4.92 5,20

7.8s 8.22 6.16
s. 89 8. 30 6. s6
5.10 6.81 6.31

5.81 5.97 6. 36 6.91 6.28 7 ,78 6. 351.04 1.47 1.5i 0.98 1.12 0.81 0.20
17.'75 21,6,3 23.80 11.20 22.55 10.78 3.15

I

2
12.05 11,82 11.73 11.85 11.80 12.03 11.02 11.04 11.00 12,12 11.35 11.65 12.1310.32 '1 0,'r9 10.78 11,23 9.85 10.43 10.42 ,o.83 10.85 1o.e s 10.30 1o,gr 11.ls9.s3 9.98 9,7'1 10.04 10.02 9,71 8.99 9.16 9.62 9.96 9.3s 10.10 g.16

10.63 I0.86 10.76 11.04.10.s6 10,72 10.11 10.01 10,49 10.91 10.33 10.89 10.911.29 0.92 0.98 0.92 1.08 1.19 1.01 0.95 0.75 1.10 1.00 0.78 1.3512,12 8.49 9.11 8.33 10.23 11.07 10.28 9.52 7.22 10.11 9.68 .,t ,12 12.38

Þtea n

SD
CV

1

2

3

20.28 19.82 19.70 19,21 17,86 18.28 19.13 17.20 17.68 15.30 18,7s 20.1 5 19.0117,54 16.s5 16.32 17.38 15.89 17,18 17.04 16.33 15.52 16.10 16.50 1? ,41 18,1715.71 15.93 16.12 16.27 16.65 17,17 15.43 15.64 15.94 15,91 1s.73 16.¡g le.¡o
17.88 17.43 17.38 1"t,62 16.80 17.51- 17.20 16.39 16.38 16.10 16,99 17.98 17.832.29 2'09 2.01 1.18 0.99 0.64 r.86 0.78 1.1s o.2o 1,5-7 1,95 1.39]2.83 11.99 11.57 8"13 5.91 3.64 10.79 4,7? 6.99 1.21 9.23 10.86 t,ta

Mean
SD
a\¡
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1

2

3

29.77 27.30 29,86 29.56 23.59 28.81 28.53 28.75 26,,36 29.52 29.12 26.74 30.9326,06 21.50 23.20 26.71 27,98 26.53 24.83 27.07 22.91 25,11 26,,18 26.e+ zs.)i
21 .68 21 ,36 23,49 25.66 21 .?9 23.87 21 .84 21.5s 2s.33 25.s8 25.37 ?5.08 22.g5

26.8t 25.39 25.52 27.31 2't.12 26,40 26.07 26,79 21.88 26 .L_1 26,89 26.22 26.382.63 1.66 3.76 2,02 2.01 2.+7 2.13 2.11 1.75 1.84 1.97 0.99 1.109'81 6.53 11,75 7.39 7.52 9,36 8.18 7.89 7.0s 6.96 7.31 3.77 15.56

Meân
SD
CV

1

3

31.48 3' .2s 36.40 38.51 45. 13 38.37 3s.80 37.9+ 46.31 45,51 39.03 38.69 37.8-.129.67 30.48 33,92 36,88 12,36 32.28 ?9.98 31,96 49,2i L-0.46 3s.98 30.77 3r.3030.21 30,99 32.66 33.76 40.81 32.52 30.65 33.09 40.33 40.00 34.88 32.51 29.71

31'46 32.91 34.33 36.39 12.77 3+.3c' 32.14 35.33 43.3j e2.00 36.53 31.00 32,962.63 3.77 1.90 2,43 2,19 3.45 3.19 2.45 3.01 3.07 2.15 1,16 1.338.3s 11.46 5.s4 6,67 5..1 2 10.03 9.92 6.92 6,91 7,32 5,87 12.23 13.12

Mea n
SD
CV

21 h 'l

2
3

Mean
SD
CV

7'06 9.45 10.3.o 10.62 11'25 11.03 8.53 10.19 10.52 10.38 10.11 11.0i 8.317.79 9.48 10.36 10.23 9.78 9.19 6.7.7 7.68 7,76 8.9s 9.09 8.87 8.726.66 8.22 9.01 9.44 8.73 8.40 7,17 6.34 12.87 6.33 ?.65 .7,.13 8.02

7,17 9.0s 9.93 10.10 9.92 9.54 7.49 8.07 10.38 9,22 8.95 9.20 B.3s0.57 0 .72 0.77 0.60 1 .21 .t .35 0.92 1 .95 2,56 1 .05 1 ,24 1 .67 0. 35i 'c'9 't '9+ '7,76 5.95 12.76 14.15 12.32 24.22 24.63 1i.40 13.81 18.0-o 4.21

1

2

3

13'74 13.13 13.15 13.83 11.0't 13.0b 12.96 13.19 12.8? 13,46 12.79 12,g0 11.1211.30 12.27 11.46 11.85 11.76 10.90 11.27 11.75 12.58 12.1I 10.00 11.75 11.7311.37 11.30 11,62 11.34 11.38 10.81 10.89 10.26 10.20 10.83 10.8? 10.70 9.82

12,11 12.23 12.08 12,34 12.40 11.60 11.71 11.73 11.88 12.16 11.22 11.78 11.891.39 0,92 0.93 1.32 1.46 1.26 1.10 1,47 1,47 1,32 1.13 1.10 2.1511'41 7.48 7,73 10.56 11.?1 10.90 9,41 12.¿-9 12,33 10.82 12.72 9.31 18.12

Meâ n
SD

1

2

3

18.5é 1i.31 17.50 I6.11 16.96 16.81 17.70 1B,21 18.06 16.48.16,47 1i.60 16.9215.93 15.87 16.45 16.73 15.51 15.81 16.11 16.11 15.71 15,28 15.85 17.02 15.9011.56 1+.81 15.45 15.10 11.91 15.36 11.66 14.50 14.81 15.38 15.30 1S.¿l ls.::
16.31 16,02 16,11 16.08 15.79 16.00 16.16 1 6.27 16,20 15.71 15.8? 16.68 16.052,02 1,23 1.03 0.86 1.05 0.71 1.52 1.86 1,6-? 0,67 0.5-c 1.13 0.8112.37 7,66' 6.23 s,37 6,61 4,62 9,11 11.43 10.28 4.21 3.69 6.80 5.02

Meê n
SD
CV

1

2
3

Mean
SD
a\¡

23'15 21 .70 23.75 24,67 22.30 23.56 21 .79 22.16 22.0? 21 ,96 21 .25 20.78 21 ,1120.58 17.5S 20.72 20,95 22,0a 20.58 20.'78 21.73 18.86 20.23 18.77 21.60 20.9518.92 19.60 20,51 20.52 21,18 19.57 19.08 1s.10 19.37 20,02 20.30 19.71 19.08

20.98 19.63 21.66 22.05 21.84 21.24 20,ss 19.66 20.09 20.74 21,11 20.71 21.382,29 2.06 1 . 81 2,28 0. 59 2.07 1 .37 3.96 1 .70 1 .06 2.83 0.93 2,5110.92 10.s0 8.37 10.35 2.68 9,77 6.66 20.13 8,47 5.13 13.40 4.50 1 l.89

1

2
3

24,41 26.82 26.37 27,94 30.96 27,24 21 .30 27.68 29.88 31 .s2 28.27 2.t.31 26,2722.71 23,13 24.06 24,99 29.2't 23.s8 21 .14 22,91 28,40 27.15 24.08 23 .46 n.i122.23 22.52 23.66 23.81 2i,27 23,04 22.41 22,?1 26.05 26.6s .1 
6 .63 22,81 21 ,96

23.12 24,16 24.70 25.58 29,17 24.62 22.62 24,43 28.11 28.44 22.g9 2+,53 23.981.1s 2.33 1.46 2.13 1.8s 2.28 1.s9 2,81 1.93 2.68 5.90 2,43 2,174,96 9.63 5.92 8.32 6.33 9.28 7.03 11.s1 6.87 9,12 25.64 9.g2 g.o¿

Mean
SD
CV

ñJL



2Lh '1

2

3

Hea n
SD
c\¡

7.72 10.28 11,22 11.66 11.10 11.28 10.07 10.81 10.86 11.40 10.20 11.12 8,41? cn c ?o a q1 0 ?? c Ãc Q cR . c1t,rv r.¿' 2.o¿ t,¿J u.ji a.rJ 9,10 7,51 g.g2 g,83 10,51 6.511.06 8.37 9,6e 8.83 9.35 8.55 7.36 '1 .36 7,29 7.40 .1 .3-'t 9.c,1 8,61

?.56 9.31 10.23 9.91 10.01 9,16 8.12 9.10 8.57 9,5'7 8.80 10.51 8.510,11 0.96 0.86 1.51 0.95 1,58 1,70 1.7+ 1.99 2.02 1.42 0.61 0.105.85 10.26 B.e6 15.20 9.47 16.6620.97 19.1223.1621 .1 3.1 6.08 5.75 1.1'7

1

2
3

13,79 14.11 11.22 13.95 13.11 13.30 13,13 13.58 13,76 13.43 13,12 12.80 14.0011.82 12.25 12,49 12.08 11,22 11.25 11.11 11 .85 12.48 11 .56.1 1.76 12.00 11.65I1.17 11,71 11.43 11,31 11,52 10.67 10.21 10.12 11.20 11.25 10.20 11.51 11.23

12.26 12.69 12.71 12.46 11.95 11.71 11.59 11.85 12,48 12.08 11,69 12.10 12.291.36 1.26 1.11 1.35 1.02 1.38 1,41 1.73 1,28 1.18 1,46 0.65 1.1911.13 9.92 11,08 10.80 8.50 11.77 12.65 1L-,60 10.26 g.?6 12.50 5.38 12.11

Mea n
SD
CV

'1

)
3

Mean
SD
CV

18.19 17.14 i7.60.1 7.38 17.08 16.94 17.52 17.12 15.73 16.32 16.56 17.96 17.8716.35 15,27 15.63 11.4+ 15.65 15.17 15.38 15.47 11 .98 16.37 15.-71 16.27 15.2814,33 11,78 14.81 11.90 15.45 14.09 1+.69 13.83 1 4,23 11.30 13.81 11.51 15.52

16.29 15.73 16.01 15.57 16.06 t5.50 15.86 15.4? 1L98 15.66 15.36 16.26 16.221.93 1.25 1,43 1.53 0.89 1.¿3 1.48 1,64 0.75 1.18 1.41 1.71 1.1311.85 7,92 8.95 10.15 5.51 9,20 9.30 10.63 5.01 7,54 9.1i 10,52 8.82

1

2
3

22.12 21 ,82 22.'7+ 22. 10 21 ,82 22,32 22.33 22.0é 21 ,81 21 .3i 20.68 19. 18 22.6916.85 18.03 19.70 20.'71 20.37 18,93 19,48 2A.49 19.79 20.43 19.59 19.86 20.0?18.31 I't,16 18.61 19.32 19.52 20.25 18,04 18.93 17.75 18.57 18.99 18.68 17.31

19.86 19.10 20.35 20.72 20.57 20.50 19.95 20.49 19.'78 20.12 19,75 19.21 20,022.23 2,37 2,14 1.39 1.16 1.71 2.18 1.57 2.03 1.42 0,86 0.59 2.6911.25 12.11 1A.52 6.7 1 5.65 8.31 10.94 7,61 10.26 ?,08 4.34 3.08 .1 3.41

Mea n
SD

1

)
3

2L-.67 24,99 24.53 25.9i 28,25 24.22 23,66 25.98 27.81 28.07 2L_,03 21 ,79 25.39
21 .76 22.18 20.95 22,76 26,.26 2A.49 20.59 18.23 23,63 22.73 21 .46 19..t 1 21 .21
20.6,5 20.76 21 .+6 21 .71 25.53 21 .11 21 ,23 21 .1t- 23.85 23. 07 21 .64 21 .83 19.98

2?,36 22,61 22.31 23,48 26.68 21,95 21.83 2i,78 25,10 2+,62 22,38 22.11 22.192.08 2.15 1,91 2.22 1.11 1.99 1.62 3.91 2.35 2,gg 1.1_3 2.55 2.819.29 9.51 8.68 9.45 5.28 9.08 7,12 17,9'1 9.37 12.11 6.41 11,51 12.78

Mea n
SD
CV

Stanoard Deviation
100. 0* (so/¡'lean )

AaaAJJ



Table 4.10: Wheat bulk temperatures (.C) in the pilot bin experiments.

Temperatures ("C)

Experiment No Replicate 1

Mean + SD*-

Replicate 2

Mean + SD

Replicate 3

Mean + SD

Whole Experiment

Mean + SD

Pilot 1

Pilot 2#

Pilot 3

Pilot 4

Pilot 5

Pilot 6

Pilot 7

Pilot 8

Pilot 9

24.0 0.6

16.5 2.3

23.4 2.0

19.7 0.1

24.7 1.1

26.5 0.7

27.3 1.5

23.5 I .2

21.2 0.8

17.3 2.4

22.7 0.6

19.5 1.8

26.0 1.2

27.1 1.0

29.0 2.0

24.7 1.3

26.0 0.8

t7.1 2,3

19.8 0.9

23.2 2.1

28.9 1.3

28.0 0.7

21 .2 1.5

21.9 1.6

25.7 1.6

17.0

21.9

20.7

26.5

27.2

27.8

23.2

2.7

2.0

2.3

2.1

1.0

1.9

1.7

ä

See Table 5.1 for details of the experiment
Standard Deviation
Temperatures were not recorded

434



APPENDIX B

Llnes of constant GO, concentratlons (%) ¡n wheat bulks contained ln i.42.m-dlameter bins.
lndivldual plots are for the sampling times lndlcated at the bottom of each figure.
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APPENDIX C

Experimental data on co. d¡str¡but¡on ¡n 5.56-m-diameter bolted metal blns (farrn Bins 1, 2,and 3) elther empty or filled with wheat.



Tabl'e.c.l: Measured carbon dioxide concentrations (%) at various locations in e 5.56-nr-diameter bincontãining !¡heêt to a depth of 2.50 m, with a circuÌar duct on the !l.oor. The grain sui-ace \dês open. Drl' ice (28 kg at 0 and 24 h) was introduced in Lhe auct (oxpàil,iå.i ll.'
Time
Since
Starl

Le ve .i
Sampling Locations

2h

th

6h

th

10 h

¿çh

2't h

30h

33 h

48h

3

2
1

3
)
1

?

)
1

0,29 0,24 0.32 0,15 0.11 0,10 0.09 0,12 0.05 0.06 0.01 0.01 0.012,31 3,02 2.3A 1,73 1.6s 1.12 1.32 1.75 1,25 1.15 0,26 0.01 o.oi8.s6 18,63 22.42 1't,22 36.86 32.07 25,0.7 42.86 33.48 28.53 22,15 5.10 o.l:
0.63 0.s4 0.40 0.28 0,32 0.2s 0.66 0.31 0.13 0,47 0.12 0.09 0.231,69 5,27 5.26 s.36 0.00 5.36 4.68 s.75 s.91 5.49 5,1? 3.32 1.102L-.81 25.88 27.01 51.s6 40.52 32,70 25.83 49.s0 11,61 40.38 33,52 26.80 26.30

2.67 2.11 1.59 1,31 0.96 1.15 1.88 1.06 0,54 I.53 1.20 1.54 1.815.19 11.81 10.20 7.33 8.49 7.84 8.65 -1 ,20 9.81 9.65 8.g4 8.38 6.6217.'t1 29.57 25.92 41 .90 11 .16 41 ,61 41.50 52.55 45.46 43.40 32.42 53,1g 20.19

2.14 2.12 2.03 1,79 1.46 1,57 2.41 1.38 0.96 2.16 1.51 1.53 2,5310.41 12.21 12.61 12.78 10.36 10.41 9.35 9.87 8.00 8,28 11.87 10.2.? 11,0926.s1 30.55 31.81 53.10 19.31 47.69 11.29 48.51 12.61 31.71 4+,21 32,?6 33.80

2.07 1.70 1,76 1.55 1.19 1.33 2.15 1,18 0.69 2.02 1.18 1.13 2.2+9.31 9,22 10.28 10.1+ 8.84 8.6s 8.33 7.o,7 8.03 7.45 9.81 8,21 9.7221.2"t 26.06 25.19 41.3s 35.s9 30.53 32.65 34.25 31.83 30.07 35.56 31 ,21 31.97

0.3s 2.78 3.02 2,40 2.47 2.88 3.05 2.22 2,49 2.88 2.78 2..77 3.s10.28 0.43 5.14 3,61 1.41 6.28 6.03 5.36 4.79 4.92 5.31 1,g9 5,020.18 0.69 2,22 2.82 1.05 7.s1 7.80 10.70 10,49 6.49 B.s2 8.31 8.22

0.31 4.11 4.13 3.23 2.97 3,88 4,48 1.67 1,74 3.81 4.80 4,73 4.511.18 3,67 11.68 11.25 10.14 10.22 10.05 10.5t_ 12,59 r1.02 9.91 8.09 ..r .713.66 28.33 31.25 61.61 60.40 53.83 49.04 44,92 +5.83 56.28 46,77 2s.88 28:23

4.86 5.80 6.3s 5.'74 4.02 1.59 4.46 4.sl 3.69 5.51 4.73 3.i6 1,1,"6,7i 19.89 20.06 19.92 15.84 16,23 15.34 1+.79 16.94 16.1_9 17.06 13.96 14.3016.86 40.81 45.07 59.52 55.48 55.46 46.07 44.61 46,40 52.59 43,10 12.47 48.1_1

0.38 5,27 11,21 9,29 8.32 8.30 8.10 .7.71 -1 .62 8.62 8.27 7,g4 9.ç30.s1 2.45 22.75 25,33 26.12 27,24 24,00 23.12 25.80 23.86 23.38 21 ,97 20.569,41 27.19 47.72 54.21 56.45 52.85 53.00 51.40 52.55 55,82 52,47 48.45 46.60

2,55 2.51 2.s3 2.83 1.90 2.07 2.17 2.27 1.39 2.28 2,04 2.54 3.183.59 7.34 7.41 8.05 ?.53 7,0s 7.46 7.10 5.69 6.4s 7.00 6.12 6.9s1.81 1l.59 10.86 12.69 13.07 15.46 '1 5.02 11 .48 14.02 14.0+ 14.01 13 .51 13.7.7

3

2
1

3

2
1

3
1

1

)
1

3

2
1

C1



Tabie.C,2: Measured carbon dioxide concentrations (%) at various Locations in a 5.56-m-diameterbin containing wheat to ô depth oi 2.50 m, with a circular du;a;; lhe íjoor. thegrain surface \{as covered }rith a PVc.sheet. Dry ice (28 kg ul-O 
"n¿-ä¿ 

n) nasi.ntroduced in the duct (Experiment 2),

Trme
Since
Start

SampL ing Locat ions

3h

6h

ch

21 h

27h

30 h

33 h

{ó h

3

2
'1

3

2
1

7

)
1

J
2
1

2
1

0.36 0.24 0.25 0.20 0.21 0.s5 1.06 1.35 0,00 0.31 0.11 0.11 0.1+3'91 0.00 3.10 0.00 3.91 1.03 4.5s 6,55 4.09 +.79 2.96 .1 .90 2.0721.25 30.01 3.30 96.81 48.s3 90.21 37.09 3s.11 80.76 31.81 39.52 31.11 3.23

2.98 2,46 2.00 1.s0 1.19 1.5s 3,12 2.83 1.19 1.27 2.02 1.93 3,2110.81 I1,32 15.30 15.08 13.16 13.56 13.21 13.97 12,35 12.02 12.12 11.28 12,812s.51 39,25 37.83 60,72 s¿-.30 53.81 48,34 42.35 11 .29 50.91 39.68 35.39 31.s0

0.00 9.61 8,s9 6.66 5.s1 6,27 ?.8s 7.28 5.12 6.s8 6.05 6,42 0.001.51 5,08 22,60 21,00 22.05 20.85 20.63 19.80 19.07 19,88 20.63 18.99 20.180.00 16.s0 36.30 38.95 46.02 52.25 LL_.35 42.37 40.26 16.i0 C:.74 37.91 39.38

2'12 7.23 1'85 0.00 5.83 0.00 6,45 7.4+ 5.53 6.Ã-3 5.40 5.05 1.530.00 4.74 13.52 12.39 13.25 12.58 13.55 10.01 1 1.46 12.80 10.09 8.91 8.510.63 6.46 6.30 11.18 14,62 18.89 17.56 15.57 16.62 15.02 15.14 16.42 11,71

1,73 7.38 8,08 8.10 7,68 8.11 9.10 .7.07 8.56 8,11 7.47 6.0s 5.4810.85 12.55 11,01 13,17 13,12 11.26 14.66 14.20 13.17 1l.ee I 1,94 11.95 11,8235.19 37.33 39.0i 66.83 59.12 55.07 51.38 39.83 48,88 59.95 41.86 32.08 29.62

6.97 7,78 8,41 B,d_è, 8.22 8,2.7 9.63 7,26 8.61 8.30 7,48 7,70 7.8317,3't 15.20 18.97 18.95 18.86 17.71 1?.85 18.83 17.67 16.13 19.08 15.83 18.2630.92 37.62 37.30 64.80 62.21 5i.'?3 45.54 54.52 48.84 57 .68 41.64 44,36 41 ,17

9.30 9.07 9.1B 9.30, 7.58 B.-o9 9.92 7,80 8.00 8.45 8.68 9.27 10.2315.34 18.18 19.19 17.26 16,6s 16.60 1?.18 16.63 17,17 16.38 16,15 16.81 18.7033.49 3s,64 37.1? s9.40 59.68 52.13 43.58 42.s8 51.64 5s ,ei sg.63 39 .33 3c,.16

3
)
1

3 3.81 1.26 1.31 3.73 3.19 1.46 4,7't 3.81 3.56 3.57 3.99 5.06 0.002 1,46 6.13 9.00 8.13 10.12 8.48 8.35 7.45 j,Se 8.09 7,62 7.36 7.001 0.18 5.52 0.00 0.00 0.00 1.gg 10.11 10.21 0.00 10.96 11.08 .12.11 13,0i

J
2
1

C2



Tabie.c'3: Measured carbon dioxide concentrations (%) at various Iocations in a 5.56-m-diameterbin containing wheat to a depth oi 2.50 m, with a circular auci on lhe floor, rhegrain surface !¿ãs covered r¿ith.a PvC sireeÉ, Dry ice (54 k9 at 0 h, Sg- i q at 25 h and52 kg at 4B h) was introduced in the duct (experiment 3).

Since
Stêrt

Level
SampÌ1ng Locations

3h

6h

th

2s h

27h

30 h

33 h

48 h

5r h

51 h

57 h

72h

3

2
1

3
)
1

0,55 0,21 0.31 0.09 0.04 o.2o 1.04 0.31 0.22 0.33 0.03 0.03 0,264.76 6.10 6.5'7 0.00 0.00 0.00 6.77 6.06 2.79 4,22 1.63 4.80 5.3132.27 31.1? 35.87 58.88 69,17 62.21 55,18 27.23 23.98 26.63 37.93 36.48 30,11

2,55 1.1+ 0.90 0.72 0,26, 2.41- 0.00 1,41 0.51 o.7g 1,35 2,26 2.659,62 8.C1 8.31 i.91 1 1.86 10.38 8.99 8.46 8,+1 8.71 9.50 9.90 8.6426.7"t 21.57 .t5.97 27.90 38,54 54,e2 48.55 32.72 48,19 18.57 32,88 23.68 28.2A

5.41 +.0+ 4.26 3.91 3.00 3,28 5.12 4.42 2.OB 2.49 3.17 5.2A 7.6A11.95 15.52 15.90 16.20 13.0-a 13.31 11.46 11,91 11.80 12.00 i3.z? 13,80 13.2231.86 40,82 39.78 65.40 52.38 ss.56 49.00 41.26 37,01 52.65 48.91 39.12 39.18

1 ,12 2,66 2.49 1 .91 0.00 0.00 0.00 0.00 0. ú0 0.00 0.00 0.00 o.0o4,54 5.77 5.00 6.01 6,61 5.97 i,61 0.00 0.00 0.00 0.00 0.00 0.005.32 9.30 7,6É, 12.97 14.38 12.41 9,92 0.00 0.00 0.00 0.00 0.00 0.00

1.38 5.10 3.13 0.11 5,62 6.5j 8.66 B.83 i.5j C,1Z a.t-6 6.Bi 6.916.25 7,21 9.51 6.20 13.45 14,91 13,24 15.41 16.70 11,77 10.17 8.7s 8.372?.38 27 '58 29,22 4a.7'7 72.56 6€,.12 54.11 4'7,92 58.6r 6é.65 31.91 r5.96 13.08

14.00 11,6+ 11.70 12.21 12,94 13.41 12.03 13.39 11.17 13.07 11.53 13,12 13.+532,97 35.88 39.05 39.s9 35.85 37.69 36.20 41,01 12.28 10.27 +0.21 32,9i 31.1179.8E 67.91 66.93 76,19 72.87 80.11 73.75 81.05 81.90 89.3+ 64.01 60,5i 67.06

2¿-'45 i3,40 23,89 23.81 19,11 19.61 19.13 20,62 16,0-o 19.91= 20.s2 |6. 4L 22.ig48.14 52.05 58.96 54,72 51 ,67 53.98 s0.3.r 51.45 58.38 50.11 58.11 53.5ó 51.0877.0e. i9,+9 76.03 90.18 86.12 82,23 18.89 78,65 75,26 77.89 80.12 ?5.29 72,83

11,52 15,8É 16.4a 16.57 14.01 15.81 11.01 13.78 11,72 14,06 15.27 13,2+ 12.220'00 32.55 33.47 31 ,91 31 ,66 32,87 32.11_ 26,84 29.40 28,76 30.82 30.00 26.8819.1C +7.82 58,82 63.14 66.71 53.06 54.99 58.83 57,23 61.81 60.51 53.85 54.20

16.61 20.96 20.53 21 ,91 21 .88 19.29 20,35 I9.19 19.96 21 .61 1?,09 1ô.03 18.8330,7+ 28.82 33.+7 31.82 3i.07 51.65 36,54 11 ,52 39. 15 37,91 11 .87 39.69 3?.1157.33 Þ3'10 59.96 75.39 61.02 78,51 71.96 70,41 72.tB 69.i7 69.11 62.1É 58.53

28.15 24,51 27.61 27.76 26.77 26,82 26.77 26,12 23.68 26,03 22.51 26.29 25.6712.98 50.69 38.7s s1.33 52.82 s5.30 53.33 s0.06 s1.76 50.26 50,05 s0.80 48.61s8,62 59.5+ 72,75 't2.62 81 ,91 '19.29 81 .76 19.64 82.30 88.69 75,10 74.1 5 69.5s

32.03 31.39 31.26 33.93 30,74 31 .32 28.32 29.34 27.7 1 23,11 29,52 28,91 29,0352.85 5't.19 60.08 s7.08 5s.24 60.96 s6.80 57,97 56.64 s5.06 58,47 55.11 56.3s79.11't1.78 73.81 86.19 86.15 85.98 83.80 82,21 83.46 81.69 81,24 71.1+ 77.09

6,14 7.82 7,15 8.46 8.16 8.21 7.14 7.11 6.83 6.02 5.12 6.71 7.2018.19 23.31 2s,37 22.63 18,42 2i.63 22.93 1?.32 22.28 21 ,97 23.43 22.08 20,6632.81 39.36 40,25 51.1-1 41,62 56.26 52.17 46,02 53.63 45.01 41,01 48.37 s0.63

J
2
1

î
2
1

)
2
1

3

1

3

2

1

3
)
1

3

1

?

2
1

3
2
1

3

2
1
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Tabie'C.4: Measured cârbon dixoide concentrations (%) at various ìocations in a 5.56-m-diarneterbin containing wheat to ô depth oÍ 2.50 m, with a circuiar aucl Àn the fjoor. Thegrain surface was covered "-ith a_PVc sheet, Dry ice (30 kg at 0,-12-,"2L, qB and 60 hand 28 kg at 36 h) ças introduced in the duct (Experinent 4),
Tlme
Since
Start

Leve l
Sampiing Locations

3h

6h

th

12l,

1s h

21 h

-?0 h

33 h

36 h

39 h

+¿ Ì1

48h

51 h

57 h

60h

.>

1

0.45 0.49 0,45 0.51 0,22 0.40 0.87 0.48 0.93 0.30 0.00 0,00 0.000'00 ?'60 8..c3 7'31 7.30 B'69 7.78 i,3B 8.99 8.63 0.00 0,00 0.00L-3,83 1L.55 49.71 68,39 7't ,19 't 6.59 0.00 51 ,85 62.88 72.12 66.78 41 .77 31 ,85

5.17 5.96 6,99 5.90 5.23 5,70 s.78 4,61 4.18 5.80 0.00 0.00 0.000.00 25.81 31.s2 29.70 27.77 22.26 21.41 22,51 25.10 26.23 0.00 0.00 0.0059.71 52.80 62.42 71.46 74.07 0.00 0.00 0.00 71,75 79.2ì e0.21 60.04 60.48

9.32 9.65 11,03 10.91 8.78 10.3s 9.5s 8.15 6.92 8.51 8.4s g,23 10.8628.29 34.89 37,91 37.06 3s,97 36.71 31.96 30.8s 33,47 34.18 38.21 31.19 31.1879,43 65.21 69.59 78.94 76.64 19.75 75.'73 71,14 71.80 7s ,zá ts.25 72.s0 73.ss

9 .39 9.00 1 0.11 1 0,38 e.68 6. 55 7 .82 6. 55 8.4s 3.58 8.31 9.61 7 .8229.17 31.02 31.35 3i.80 30.s8 32.31 28.41 26,29 29.13 29.78 30.3g 29.47 28,2-t61.96 62.48 63.96 72.s3 70.36 68.s8 65.83 64.96 65.45 56.36 68.66,61.32 66,56

11.13 1r.01 12,21 12.29 11.01 11.32 9.96 8.35 8.82 11,51 10.88 9.92 10.1833.76 36.61 36.28 35.01 33.88 33.7i 31 ,56 32. 14 35,28 34,91 32.1.1 31 ,76 27.3567.69 54.66 63,e,5 71.75 85.83 79.74 80.17 75.72 80,56 72.50 67 ,16 66,14 .70.18

10.22 11.96 13.15 13.92 11.3+ 11.+7 9,63 8.17 7.72 10.93 10.46 10.37 9.9230.78 36.15 39,66 38.52 33.23 36.s8 29,71 26.s2 31.90 33.82 31 ,92 33.49 26.8670.62 69.82 67.56 80.55 78.65 75,03 74.09 75.96 76,24 77.5r ?1 .49 71,3.? 69.25

9.80 1C.71 12,12 11.05 11.61 11.65 9,82 9.29 7.41 10.30 11.01 9.38 9.1228.41 31.51 36.45 36,40 31.61 34.73 29,82 21.56 29,2t 28.86 30.07 30.66 26,2371.31 63.12 60.00 65.28 70.74 75,94 71.89 63.35 73,10 68,98 67.81 50.39 67.72

1+.71- 16.23 16,37 21.11 19,78 19.15 18.04 14.72 15,66 18.09 11.03 15.58 14.53
16"t 4 50.53 18 '56 +9'07 48,73 18,96 42.68 39.95 3.o.76 3o,,46 47.g5 39.29 42.1069.10 65.88 61.40 75.13 73.61 76,95 72,90 70.55 75.+2 61.81 68.21 68,95 70.21

21 .70 22,09 22.51 22.98 20.22 20.89 20.32 19,99 18.31 21.56 19 .89 20.37 22,6143,09 45.46 53.92 5L-.87 +4.60 50,16 46,25 11.55 15.41 46.e¿ sO.79 +7.95 +6.990.00 58.+6 67.50 79.86 80.78 80,26 91,29 73.s6 83.01 78.53 79 .21 76,92 71.73

18.18 17.43 19.17 20.0i 17,29 17.32 17.48 15,66 13.61 16.58 1?..18 17,26 18.8939.58 11 .21 39,s9 +2'2c. 38.28 42.00 38.15 39.6+ 40.09 41 ,71 41 .06 41.11 3a.,0770.03 67.66 65.31 80,94 79,49 ?5.24 76.04 71.05 76.25 79.5i 75.59 70.8? 74.80

15.33 .1 3.71 15.03 11.65 13.89 14.50 13.37 11,97 10.67 13.61 13.05 12.42 13.8710.05 36.35 38.63 37.39 36.34 36.97 3s.25 36,03 36.91 39.96 37.17 31.31 33.9574.30 71.38 51.46 83.45 83.0s 81.03 78,25 76.08 79.00 8s.72 77.77 68.94 70.05

11,61 11.67 13.06 12.79 11.35 12.14 10.98 8,69 8.47 11.55 11.59 11.24 11.5531.00 33.70 34,49 31.70 28.s8 3s,?5 3s.77 32.32 29.s5 31.37 30.17 33.s4 29.2069.21 63.28 62.65 71.71 69,3s 69.95 68.87 65.79 71.02-70,g2 71.02 72.91 68.43

11.09 13.32 13.43 11.39 12,11 13.58 10.88 10.78 10,20 12.1-O 12,34 12,15 12.0331.78 35,31 35,42 37,22 34.87 35,76 34.85 32.88 32.11 31.84 37.64 36.1s 31.3061,88 61 .42 63.76 73.60 73.46 70,30, 74.02 71,46 75.s0 73 .03 .72.48 71.80 ?0.80

14,34 18.83 19.03 16.68 16.21 18.09 16.44 16.11 13,71 16.25 16.04 12.90 15.5233.30 35.35 40,91 40,71 36,20 41 .O+ L-1 .87 39,66 42.09 36:ló ¿1.71 +2.83 11 .1'70.10 60.83 55.51 76. 1s 78.18 ?1.61 81.95 63.46 67.27 76.02.t0.67 73.34 64.3t
23.34 25,03 24.86 26.55 19.00 23,99 22.62 21 .04 18.16 20.36 23.67 23.23 22.9751.03 4s,66 54.23 41,89 48,74 52.56 51 .77 47.88 50 .95 49.17 53.33 48 .96 41.1771.23 66.17 63.76 81.91 74,01 82.19 76.73 68,32 76.85 76.50 76.6s 71.27 72.93

20.60 22,10 21.58 21.50 20.60 21.60 18,50 20,10 23,02 21.01 21,02 22.01 20.0641.86 11.13 48.97 43,37 40.03 41.89 38.76 41.23 39,81 39.08 4s.54 4,77 38.8270.70 69.12 66,50 76.38 76.47 71,74 72,53 70. 97 73.81 77.63 73.52 71,31 75.6t,

3

2
1

3

2
1

3
2
1

3

2
1

a

I

3

2
1

3

2
1

3

1

3

2
1

?

2
1

2
1

3
2
1

I
2
1

3
2
1

3

2
1
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70 h 3 14'82 16.43 16.'72 17.14 11.41 11.86 12.61 11.79 10.67 15.38 15.03 14.32 15.182 36.91 38,37 +1.86 39.6s 31.88 36.80 34.29 32,92 34.59 39.30 38.86 35.90 31.581 62,00 63.75 6,3.63 11,71 71.78 73.16 71.36 58.43 68 .33 72,55 76.27 70,53 73.70

73 h 3 13.58 11.50 15,1+ 12.91 11.50 16.01 13.93 12.16 10.65 13,01 11.24 15.38 11.612 37'98 36.80 11,10 40.01 37.99 33.11 34.81 33.28 37.67 32.11 38.57 39.55 31.811 61,3i 63.11 57,37 6,9.35 6+.20 61 .71 12.9s 68 .76 61 .33 62.45 66,3'7 69,71 68.77

c5



TabLe.C.5: Measured cârbon dixo:de concenLrations (ã) at various locations in a 5,56-m-diameter
bin containing wheat to a depth o! 2,50 m, with a circuiar duct on the fj-oor. Thegrain suriace Has covered with a PVC sheet. Dry ice Q'f kg at 0 h and 28 i<g at 21 h)
was introduced on the grain surface underneath the PVC sheet (Experiment 5).

Time
Since
Start

Level
Sampling Locations

10 11 '12 1A

3h

6h

th

27h

33 h

48 h

3
2
I

3

2
1

?

2
1

3
2
1

15.97 26.4a 28.9'7 20,92 10.57 11.65 11.28 9,99 9.85 13,53 17.30 13,66, 12.48
21 ,13 26,61 32.s2 26.56, 25.41 21 ,23 26.55 21 ,68 23.39 23.43 30 ,66 26,79 25.61
31 .21 31.77 35.46 45,02 59.68 40 ,12 26.79 31 .10 33.30 3¿.76 36,,72 36,.59 36.75

24.02 31 .29 33.44 29.98 21 ,31 2+,02 26.48 22.71 22.83 23.96 2+.71 24,66,23.15
21 .88 31.00 36.16 31.89 29,87 29.86 33.11 29,65 21 ,78 29.s9 31.'74 30.26 32.31
34,69 36,64 40,17 35,25 31.68 35.24 35,99 3L-.29 3?,92 35.11 36.23 35.18 36.29

27.31 30,71_ 35,+8 29.53 27,25 26,31 29.55 26.40 25.61 25.96 24,'t9 27.96 27.13
32.9s 30.96 ¿-2.1s 32.11 30.s7 31.93 3s.04 32.09 31.17 25,68 34.28 34.13 34.00
35.07 40.26 t!3.20 40.s6 36.40 35.97 34.73 33.57 33.01 35.30 31.80 35.53 35,63

12.79 11.08 15.20 15.01 13.47 13.99 13.08 13,21 12.35 13.53 13,17 13.91 13.81
18.79 20.51 21 .01 20.z',t 20.72 23,18 23.92 22,29 22.28 20.87 20.69 22,86 22.66
25,35 21.90 21.10 21.41 21.50 28,21 28,66 28.71 28.93 26.91 27.10 29.30 28.87

29.52 +3,28 31 .96 21 ,6't 2+,12 2+.+1 25,41 21 ,96 24.71 23.18 26,2,1 25.85 23.60
36,3a 42.86 43.71 33.83 31.13 31.39 33.31 29.11 26.12 31,39 31.51 0.00 35.72
15.27 53.41 45.+2 43.49 48,08 46.9+ 13.34 35.63 t-2.24 Q3.71 47.0i 17.65 0.00

¿-1 ,66 +1 .68 36.04 33.54 33.76 31.18 35.56 34.79 32,65 33.13 35.36 34,s9 35.99
48.96 17.'70 46.8'7 12.95 41 ,97 11.05 41 ,97 L_+.00 12.52 41 ,12 44.06 42.86, +7,11
52.2c, 52.40 L-9,53 11 .59 47,46 47.32 41 .65 44.01 46.30 46.1'7 1't.99 18.55 18.26

12.72 12,63 12.16 12,81 12,17 12.22 11.18 10.62 10.61 12.05 11.87 11.50 11.69
21 ,81 21 ,63 21 ,91 21 .99 21 ,72 24.0'7 24.00 23.14 22.73 22.28 22.48 22,80 19.09
3Õ.25 27.87 30.89 31,+2 3A,7ù 31.52 31.54 33.39 31.45 29.68 30.9s 31.68 33.8s

J
I

1

2

2
1

3

,I
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Tabìe,C.6: Measured cårbon dioxide concentrâtions (%) ât various rocations in a 5.56*m-diameter bin
contain:ng wheat to a depth oj 2.50 m, with a circujar duct on the fioor. The grain
sur;ace was covered r,¡:th a PvC sheet'. Dry ice (17,5 kg at 0 h and'l 6,3 kg at 24 h) r¿as
introduced in a 10-cm-diameLer perforated tube inserted neât the centre (Experiment 6),

Tl.me
S!nce
Start

Leve l
Sanpling Locations

1110 12 13

3h

6h

,ch

2't h

30 h

33 h

18 h

3

2
1

3

2
1

3

1

3

2

1

a

2

1

1.71 3.55 1.30 1,63 4.30 L.B9 2.51 1.61 3.01 3.90 4.6,5 1.81 1.95
1,23 11.23 20.82 25.85 22.11 20.58 15.32 7,95 1+.+2 18.68 2+.11 18.03 9,89
7.77 21.86 28.46 25.s6 28.03 32.08 25.92 22,40 29.+9 28.80 25.69 30,66 26,,76

5,23 15.48 15,12 15.15 16.94 15,72 12,12 9.78 13.41 15.98 13.62 14.93 7.75
5.77 23.4s 30.35 32,19 29.68 28.00 20.3s 1s.52 22.83 12.78 31.86 27.8ê 18.1s
8.20 29.74 31.91 34.11 3s.73 31.88 28,07 21,37 32.91 33.08 34.93 31.01 21,70

5,77 14.96 17.01 15.27 15,96 17,46 12,21 10.97 15.1-2 15.68 1+.63 13.9'7 ?.68
7.93 20,60 25.84 29.30 2s,55 21.00 19.11 1s,39 23,30 2+.80 25,88 22.32 15.72

11.81 28.13 30.57 30.13 29.72 28.95 22.87 22.s1 2s.05 29,21 32.88 30.29 25.37

9.88 1'7,40 18.15 1,1 ,82 1'',t ,78 18.06 15.49 12,95 15.92 14.48 17,12 16.59 11.56
11.91 20.10 23.06 22.53 22.62 21.38 17.99 16.99 21.0s 21.90 22,9s 21 .43 15.96
1E,.BL 25.33 29,33 31 ,37 27.21 27.96 23.a8 21 .91 2't.52 2i.13 27,62 28.4+ 23.18

16.39 18.30 20.09 20.51 20.85 20.56 13.'75 1,1 .90 19,71 20.63 17,96 1'7.86 15,62
19,19 25.11 3?,61 31,62 33.21 29.55 27.08 21 .51 2a,68 28.63 31 .81 25.56, 21 .+1
31,15 37,32 31.16 3s.10 38,26 31.26 39.82 31.75 29.77 38.22 0.00 11.37 39.58

12.36 16.29 18.35 19.75 17.18 18.93 17.08 11.05 17.32 1'j,50 0.00 12,11 11.10
1?.00 29.78 35.s6 39.1s 38.66 3s.82 32.12 33,01 28.55 31.90 33.15 2'1 ,92 25,a7
33.00 35.99 36.91 33.06 38.81 11.33 43.31 40.03 11.56 10,71 37,92 13.01 12.00

7 ,51 0, .61 11 .02 9.60 9.79 9.25 7. 85 6.42 '7 .19 9.07 5.76 6. 5( 3.89
11,37 21 .99 28.0; 26,57 27,77 26,23 23,57 22,47 23.75 25.91 25,99 23.26 19.71
25.62 28.61 30,3A 25.11 28.86 33.91 31,78 32.30 3s,10 32.41 28.08 32.22 31.59

9.1_6 12,84 13.30 13.03 12.13 13.58 8.76 9.87 11.73 12.1I 11,97 13,20 9.02
16,74 22,65 24.3i 22.83 23,95 23,81 20.57 19.60 21 ,60 22,86 23,63 23.75 19,s5
21 .35 27.1'7 27,31 25.90 26.61 28.33 26.81 26.86 28.52 26.30 25.86 27.73 21.61

3

2
1

3
)
1

3

2
1
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Tab¿e.C,7: Meâsured carbon dioxide concentrations (%) at various locaLions in a 5.56-m-diameter bin
containing wheat to a dep+"h oÍ 2.50 r',r, wlth a fuliy per!orâted Íioor. Tire grain suriace
wes open. Ðry ice (28 k9 at 0 and 24 h) was introduced in the plenum (Experiment ?),

Trme
Since
Start

Levei
Sanp-ing Locations

131210

3h

6h

th

;
2
1

I
3
2

I

0.19 0.16 0,10 0.12 0.00 0.00 0.69 0.51 0.00 0.00 0.00 0.00 0.25
3.90 2.69 4.29 3.52 2,62 2.45 4.53 6,32 0.00 3.5s 2,56 2,12 3.61

38.26 38.03 0.00 0.00 21,80 30.96 30.39 31.82 29.81 31 ,80 29.30 28,15 28.90
s3.19 51.'71 61 .79 63.6,2 62,22 63,02 59.80 63.s1 59.03 s7.91 ss,11 57.84 73.62

1,09 6.88 s.10 2.01 1,88 3.44 6.13 7.21 3.66 s.15 3.31 2.s4 3.9s
7.79 1,51 20.28 20.20 13.71 19.93 19,90 21 .08 3.63 13.26 16.81 11 .75 11.75
9.41 16.96 0.00 0.00 24,62 27,81 24.+Q 22.10 30.70 22,38 29,15 25.05 20.93

11.93 1ç.10 23.21 20,13 41.40 2't.16 16.66 21 .18 26.71 19,48 21 .84 25,52 20,95

8.40 8. 52 8. 1 s 6,00 3.92 4.67 7 ,91 6.76 6.01 6.2+ 5.39 1.37 5.30
9.26 7.73 17.51_ 18.41 16,13 1't .87 1'7.82 5.63 0,00 17.31 16.93 16.52 18.83
9.se,16,76 0.00 0,00 22.18 23.10 19.03 10.87 20.91 19.45 21.41 21,9? 18.58
9.66 11.55 18.29 17.90 16.1'7 17.28 16.94 15.53 19.50 15.88 19.75 20.51 17.99

4
3

2
1

30 h

33 h

18 h

4
1

2
'I

ã

2
1

4
3

?
1

1

3

2
1

0.69 1.25 +.3? 3.30 3.19 2.77
0.42 3.05 3.+1 2.70 5.97 3.52
0.60 0.62 0.00 c.00 6.88 2.92
0.41 0.56 3.19 1.09 3.48 1.92

,'76 1,79 3.12 3.29 3.98 3.69 1,11
,26 0.83 0.00 2.66 2.68 3.00 1,92
,07 0.68 1.68 1.48 1.35 3.81 1.11
.26 0.66 1.02 0.96 2.10 1.9'7 0.91

27h 0.00 0.00 0.00 1 .96 0. 00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00
4.32 1.62 7.1'7 6. 15 6,97 5.9'7 6.63 10.90 1,51 9.39 5.32 5.63 6.02

40.91 35.06 0.00 0.00 19,15 3.1 .21 37.72 36.53 38.97 37.73 26.21 2'7.40 31 .'tI
37.21 62.01 46.26 t13.64 22.98 59.15 49.61 60.38 54.28 59,21 56.61 51.25 6+.37

3.0? 3.17 2.89 2.29 2.1"t 2.06 4.22 3.35 2.38 2.15 1.87 1,19 1,52
9.87 5.89 16.87 10.71 13.06 12,91 1.55 20.43 3.16 12.29 13.53 10.04 12.36

14,98 21,66 0.00 0.00 28,38 21,94 36.12 28.13 31.81 18.23 31.0s 31.65 28.61
23.12 26.75 39.17 4L-.52 L-7.88 38.51 30.28 31 ,17 28.89 36.00 31.43 35.61 29,19

+,65 3,i6 +,22 3.19 2.36 2.53 5.16 1.57 2,99 3.s3 2.91 2.+5 2,82
9.03 9.80 15.61 11.31 15.05 16.55 18.51 6.02 4.51 13.91 15,21 16.47 19,8,1

12,95 21 .16 0,00 0.00 26.36 25,23 ?7.32 25.63 25,+6 21 .71 23.39 26.49 24.09
11.81 20,10 22,51 20,46 24,39 22.69 23.17 21 .3s 24.12 25,78 21 ,31 28,32 22.61

2.78 2.83 2.98 2.13 2,02 0.00 0.00 1.25 2.36 2.15 2.23 2.31 2,18
2.90 3,66 6.26 6.47 s.89 6,64 8,71 6.90 0.00 6,33 6.0s 6.11 6.9+
2.96 6.s3 0.00 0.00 7.91 8.4'7 7.96 7.00 9,34 8.26 9,26 9.37 B.B1
2.'t0 5.38 7.20 6.11_ 6.51 7.63 "Ì .91 6,29 6,83 6,11 7.70 '7.02 7.35

1
?

1
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TabLe'C.B: Measured carbon dioxide concentrations (%) aL various Iocations in a 5.56-nr-diameterbin containing wheat to a depth o:2.50 m, with a fu).iy perrorâted !joor, The grain
surface cas covered w:th a PVC sheet. Dry ice (28 kg at 0 and 24 h) was inLrodúcedin the plenum (Experiment B).

Time
Since
Start

Leve l
Sampiing Locations

I0 11 1 t -----1--

6h

3h 1
?

2
,l

4
3
I

1

á

2
.1

;
2
1

a
)
I

1
?

2
1

0.8s 0.2'7 0. 1s 0.01 0.23 0,22 0.12 0.00 0.00 0.00 0,0o 0.00 0.006.3+ 3.30 11.98 10.12 7,61- 7,78 7.72 11,13 0,00 9.22 8.01 5.20 8.0122.82 3+.99 0.00 0.00 33.56 37,01 31.53 33.83 37.85 35.50 3s.34 32.16,31.46
38.90 46.2s 48.07 51.08 47.83 17.26 48.81 49,29 53,16 5s.26 s3.80 47,st 5s.68

1.68 1,14 1.31 1.70 0.63 0.00 0.00 0.00 1.6s 1.29 0.99 1.10 2.285,46 5.33 9.s8 9.05 8.58 9.24 8.27 12.82 0.00 10.57 9.57 9.0.7 9.71
27.01 30.19 0.00 0,00 29.52 18,16 27.33 22.48 21.45 29.59 21.s1 22.49 2g.OB
22.76 35.2A +1.09 41.71 40.19 +2.11 45.83 52.06 40.25 39.23 38.3't 26.63 41.18

2.79 1.33 1.52 1.26 1.12 1,93 3.31 2.75 1,29 1.30 1.13 1,66 2.506.93 4.97 6,27 7.94 7,52 8.67 9.10 t1,01 0.00 7.gL- 7.56 ?.83 10.5?
22.13 21 .51 0.00 0.00 20,25 20.90 22.36 19,76 19.62 20.72 19.26 19.92 2L.B'l
25.60 33,a7 33.12 36.ss 36.59 38.67 36.s9 30.08 32.32 35.88 35,42 34.12 40.11-

th

12 l)

21 h

30 h

33 h

48 h

1.07 3.31 2.36 1.86 1.5f 1.47 4.60
2,19 2,+1 6.51 6.40 6.68 6,93 7,+0
3.91 1 .03 0.00 0.00 7.00 5.88 1 0.43
3.53 8.27 L53 8.71 21.18 9.76 9.79

3.9't 2,95 2,1'r 2.02 2,BL 3.0s
7 ,30 0.00 7 .02 6.88 7 ,19 7 .89
8.30 9.'t 1 9.11 10.30 10.15 10.89
9.95 8.67 8,29 8.46 9,71 B. 23

0.00 s.32 5. s2 5.10 5.79 6. 33 6,.69 6.16 ' 6.921.s1 3. 33 7 .89 6. s8 ? .60 8.51 7 .28 9.60 0.00
1 9. 81 30, 76 0.00 0.00 1 9.53 21,01 20. 1 5 1 5 ,29 23.41
38.97 60.13 58.65 0.00 59,71 48.51 65.11 51.65 65.02

1.24 4.56 +,10 4.85 3.89 1.96 5.99 0.00 0.00
3. 16 4.05 7 .8r 8,29 't .33 7 ,91 7 .22 0.00 0.00

22.20 0.00 0.00 17.99 15.39 15.38 14.95 0.00 0.00
2?.31 38.89 36.06 31 .11 47,20,42.00 11.09 0.00 0.00

5.37 5.12 6.14 5.21
8.63 8,21 7,52 Ò,.19

20,55 20.55 21.15 19.58
0,00 4B .71 46.00 58.05

0.00 5.11 4.16 3.91
0.00 7.31 7.33 8.71
0.00 i3.46 I-t .6? 16.33
0.00 41.1-2 43.55 56.12

+

3
¿

1

i
2
'1

3.62 2.42
5.90 3. 38

22 ,3'7 22 ,05
24, , L1 35 ,gL

3.33 3.06 2.99 +.11 5.49 4.61 2.79 2,67 2.61 3.18 1.971,48 7.11 7,69 8.73 9.41 'ì.31 0,00 7,73 7,63 6.43 10.810.00 0.00 16.51 18.38 20.23 19.15 17.40 18,49 20.62 18.88 23.17
0.00 10.99 39.02 40.13 39.60 35.0s 37.76 36.s9 37.1s 37.65 L3,.70

3.o,1 1 ,05 2. 38 1 .87 1 .91
2,22 2.15 6,80 6.1_1 5.94
1,26 7.51 0.00 0.00 9.63
3. 59 6. B1 9. 35 9 .64 10.02

3.47 s.35 1,91 3,79 2.73
7 ,68 7 .56 7 .23 0.00 7 .20
8.80 10.18 8.s2 9.61 9.59
9.54 8.76 8.8s 9,37 9.19

1.91 2.70 3.31
6,69 7.6A 1.14

11.11 10.13 10.33
9. B3 9,61 8.61

C9



Tabie'C.9: Measured carbon dioxide concentrations (%) at various locations in a 5.56-m-diameter emptybin. À pÌast:c sheet was spread and taped to the r¿al.L at a height or. 2,1 m f rorn the f l.ãor,
The door joints were sealed wi.th silicon and PVC sheel. Dry ice (28 kg ât 0 and 24 h) wasintroduced on the concrete :l-oor (Experiment 9).

Time
Since
Stôrt

Leve i
npltng Locations

3h

6h

th

24h

2'1 h

30 h

33 h

18 h

3
)
1

3
)
1

3
)
1

3

2
I

3
2
1

?

1

3

2
1

3
)
1

11.30 12.90 13.00 13.10 13.81 11.50 13.81 17,0Q 11.80 13.70 11,20 13.30 13.70
1L-.0't 13.09 13.65 12,72 13.43 13.44 1e.89 15.69 14.89 15.29 15.28 13.97 13,15
36.72 11.37 44.31 48.39 +7.51 48.93 28.02 41.51 43.19 13,78 16,.85 +1.66 46.11

22.41 21 ,29 21 ,14 22.s0 20,99 23.36 23.10 23.0s 2't .gB 23.31 23.36 21 .02 22.11
22.12 22,23 21 ,12 20.11 21 .88 22.30 22,65 23,08 22.50 22,79 22.32 21 .96 20.gB
29.21 29.73 33.02 34.61 3r,62 28.88 29.03 28,48 29.41 33.7s 33,71 33,82 33,22

23.42 23.25 23,39 23,6'? 22.s9 23.13 22,48 23.53 23.90 24,08 23.38 2s,91 23.01
23.59 23,63 24.19 22.35 21.30 23.68 23.80 23.59 23.61 21.16 23.51 23,59 23.76
23.81 21.08 21 .15 21 .06 24.59 21.14 23.59 23.81 23.81 23.66 23,'19 24.23 23,-ì 6

11.56 14.72 11.43 14.05 11,70 14.39 14.39 14.03 14.51 11.72 11,50 14.26 14.53
11,53 14.83 15.05 14.32 11.81 14.77 11,26 14.59 11.19 14.66 11,'70 11,36 14,81
11.74 14.81 15.06 15.23 14.66 14.93 14,93 14.75 11.70 16 .57 1L-.55 11 .37 11.5t=

21 .49 20.38 19,90 21 .36 22.00 22.15 22.29 23,10 21 .78 21 .72 21 .51 20,9s 20.06
22.15 20.85 21.0+ 20.46 22.21 21 .51 21 ,05 19.44 22.1E 22.+6 22.16 2A.98 21 ,7542.08 40.76 46. 16 51.86 51.85 49.23 43.97 41,35 1'1 .70 49.55 48.8"t 46.17 51.80

13.30 18,72 18.32 19.31 16.93 16.51 18.59 17.14 17,6? 1B.L-7 18,95 19.12 16,81
25,20 23.31 21.21 23.99 25.31 25.12 21,61 21.21 23.62 21.85 2s.12 22.91 2s.60
42.7"t 12.81 15.62 47,14 41.91 45,22 41 ,02 43,37 LL-.26 16.39 11 .13 17.39 +9.66

1?.88 17.3+ 16.15 17.80 15.59 13.17 14.01 14.05 15.05 16.06 18.23 17.30 18.09
23.21 23.34 21 .70 22,85 21,02 23,12 22,01 21 ,68 22,90 24.61 21.15 23.86 21 .72
37.32 36.89 36,66 37.23 35.78 36.35 31.99 3s.33 36.56 36.72 36.57 3?.97 37.33

11,85 11.13 14.1+ 16.28 1L-.21 14,08 13.84 13.66 1a-,12 11.56 11.12 11.11 13.83
14.52 11.03 14.70 13.81 11.31, 11.35 11.58 I4,76 13.85 11.61 13,99 14.05 14.81
11.00 11.18 13.96 14.48 14.12 14.13 1+.12 11,56 11 .05 1L_,32 14.13 11,4'ì 1+.40
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Tabie.C'-10: Measured carbon dioxide concentrations (%) at various iocations in a 5,56-m-diameter emptybin' À piastic sheet was spread and taped to the wall at a height o! z.i m Írom tire iiãor,The door joints and bin wall- to !loor . 
joints were seal-ed. Dry íce (28 kg at 0 

"nã 
ã¿-f., 1ças inEroduced on the concrete Íioor (Experiment 10).

?rme
51nCê
Start

Leve l
Samp ng tocations

'1 
110 12 13

3h

6h

th

27h

30 h

33 h

48 h

3
)
1

9.s0 8.80 8.80 8,50 8.90 9.50 9.30 11.97 9,40 9.50 8.60 8.90 9.009.73 8.Bs 9,16 8,33 9.12 9.30 11.99 11.08 9.93 9.70 9.13 9,ç7 9.6846.10 19.61 50,91 57.91 58.03 56,01 51.64 50.30 53.88 56,51 52.18 53.81 5?.89

16'51 15.73 16.61 15.72 16.18 16.28 15.82 14,8o. 11,76 20.31 17.01 16.56 i6.?117.08 17.31 18.92 17.76 18.99 17.70 16.78 17.21 13,67 18.63 19.83 18.40 18.50
40,92 39,39 41.29 L-5.66 40.45 39.43 38.11 39.35 40,12 42.96, 11,36 46.53 16.55

27.00 26.28 26,43 26.96 25,68 25.5't 25.43 24.99 25,91- 26.62 25,32 26.33 26.282s.88 25.97 27.07 25.63 26,49 26.29 25.30 2s.88 2s.63 26.35 25.81 25.91 26.26
23,13 25,54 26.38 27,02 25.96 2't.1'7 26,.74 2'ì.38 26,48 26,1.3 25,50 27.81 27.0s

18.52 17,71 18.75 18.80 18.34 18.05 18.16 18.08 17.89 18.36 18.69 18.25 18.0118,22 18.49 18.95 17.89 18.65 18.12 18.01 18,39 1i,73 17.56 18.59 18.35 18.72i7.]i 18.28 18,41 18.20 18.76 18.56 18.06 18.36 11.77 18.01 18.33 18.i5 17,91

28.01 26.00 26,.59 25.65 26,11 21 .48 27.23 2'1 .37 26.90 27,49 26.00 26.00 26.00
2+.90 21 ,3+ 25.30 23.16 26.68 26.36 28.10 27.71 26.50 2'7.02 26.82 26,.19 2't.01
L-l .31 L-2.39 +1.11 52.27 5t-,99 19,28 43.50 47.67 19.72 51.03 50.57 11 .90 53.13

28.08 29.11 30,58 2c'.60 31 .05 26.90 28,27 28.33 3t.86 35 ,79 33,72 30.36 31 .+129.36 3','.01 29.98 27.75 30.76 30,4+ 29.48 30.92 29.01 30.06 30.21 29.62 31 ,06,
+L-,37 45.81 18,18 19.81 51 .27 49.32 46.06 45.82 16.81 19,76 51 .O'7 49.83 55.21

23.61 23.62 23.15 21.23 21 .96 19.03 20,17 21 .05 20.17 22.36 22,15 23.46 22.16
31.17 30.6s 31.46 30,46 28.30 29.62 29.37 32.33 30.10 28.50 30.10 30.73 29.90+2.0i 11 ,73 +1,68 13.11 12.89 38.39 39.61 39,91 11 .84 41 .26 11 ,89 +2.1'7 13.12

16.81 16.11 15.83 15.91 15.81 15.79 15.95 0.00 0,00 0,00 0.00 0,00 0.0c1s.88 1+.32 16.99 18.76 16.81 11.59 16.9s 0.00 0.00 0.00 0.00 0.00 0.0016.36 15.98 16.82 17,69 17.11 16,06 1É.21 0.00 0.00 0.00 0.00 0.00 0.00

3

2
1

3
)
I

3
¿

1

1

)
1

3
)
1

3
2
1

3

¿
'1
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Table.C'11: Measured carbon dioxide concentrations (%) at various Locations in a 5.56-m-diameter empÈybin' Two PVC sheets, one 2.1 m irom Lhe fl-oor and one on the iråärl were spread and taþedto the bin.wal'l-. Tlu door jo:.nts and bin wail to iJ.oor joints weiå'seaie¿.- ory i." iãã igat 0 and 24 h) was introduced on the fioor pvC sheer (Exóerimãnt-iil.

- I ¡¡tÈ

Since
Start

Sampling Locations

3h

6h

th

21 h

27h

33 h

48 h

3

2

1

+.40 3.60 3.80 1,19 t..11 3.90 1,60 4.11 1.40 1.30 3.90 3.90 3.9012,03 1 2,01 15.31 13.16 15.81 13.58 14.26 11.78 .f1 .72 14.61 12.38 13.90 9.55s1,32 57.s8 s3,72 s9.87 62.63 60.68 49.83 ss.08 50.71 70.28 58.10 51.59 65.99

8.11 8.29 s.15 8.18 8.36 8,12 6.72 8.?5 8.55 8.08 8.10 8.00 1.23\i.70 21.1a 21.55 19.69 18 .78 21.60 18 .51 19.73 16 .95 22,52 21.68 17.74 17.'t14a.22 13.31 45,13 50.32 s1.66 51.71 s0.10 52.06 51.95 ss.62 s5,47 s3.g3 s.t.27

8.40 9.10 8.58 9.05 8.38 7.38 8.42 8.61 8.32 g.O4 9,10 g.12 8.8317.30 17.83 20.22 18'50 18.47 19.65 18.1.o 18.05 18.40 19.18 19.i2 1g.68 16,9932.04 3s.s2 38,21 37.88 38.71 37.33 33.53 31.s? 3.1.40 39,11 31.40 37.39 40.30

1C.12 16,21 17.33 16.21- 15.56 17.14 16.39 17.35 17.20 17.48 17,32 17,15 16.1915.40 17.42 17.32 16,17 16.29 16.81 16,+4 17.81 17.10 17,1-2 16.96 16.g0 17.1111,28 16.81 17.23 18.45 17.38 18.1"t 17.30 18.33 17.80 1.7.23 17.63 1?.58 17.91

22.91 21 .8+ 21 .83 2+.16 23.66 21 .26 24.60 21.80 21 .15 24.s0 23 .79 23.86, 21 .5+22.60 23.86 23.89 22.99 21.16 24.61_ 25.65 2s.11 23.s0 23.80 23.99 21.66 23.71
12. '11 43,21 41 .71 51 ,81 49.59 46.1I 41.50 45,67 45.30 50 ,51 16.85 17 .28 55.23

30.86 32.91 31.66 31.30 33.15 29.18 31.52 29,61 32.85 33.81 31.31 31.42 34,3A33.50 33,23 31,59 33.39 33.56 31.82 31.18 33.07 33,28 33.5Ê, 31.58 33.82 33.s511.60 45.68 13.83 48.11 46.92 11.38 11.88 13.69 43,52 45,92 17.59 15,43 17.57

18.46 20.18 19.59 20.22 20.12 19.85 20.12 17,72 18,86 20.10 20.3-7 19.89 19.1121,92 24.30 2i,01 25.78 25.9i 25.88 26.7? 26.26 26,10 26.85 26,7g 27.02 26,0325.88 28.19 26.25 28,23 27,78 28,81 27,12 28.55 28.20 27.85 28.06 28.10 27.01

3
2
,1

3
2
,1

3
')

1

aI2



Tabie'C'12: Ileasured carbon dioxide concentrations (%) at various locations in a 5.56-m-diameterbin containing wheat to a depth oi 2.50 m, with a circular duct. on the floor. Thegrain suriace was covered with a_PVC-9hee!, Dry ice (l+ kg jn the duct and'14 kg onthe grain surface aL 0, 24, 48, 72, 9G, 150, 168, 192 and-216 h aÍter the star¡iwas introduced (Experiment 12),

'¡'1me
Since tevel
Stert

SampJ.ing Locâtions

10 11 12 13

2+h

18 h

72h

96h

144 h

168 h

192 h

216 h

2+0 h

3
2
'I

6.05 20.03 1E.76 19.81 18,61- 16.13 11,76 14,95 17.53 19.00 18.33 17.58 12.c,i
6.21 23.32 26,01 21.35 24,80 23.98 23.69 17,56 23.27 26.40 25.53 25.39 20.278.51 27.05 29,77 30.08 29,55 32.50 29.32 28. 18 31.,o1 33.46 31.11 31 .77 26,73

10.71 15.19 15.76 15.96 14.82 12.49 10.5? 10.35 13.81 15.25 15.63 13,64 10.20
1'7.01 23.03 25.45 2q.6s 23.14 21 ,46 20.91 18.37 22.38 22.33 23.71 23,14 19.22
26.83 31 ,86 33,21 31 .12 3L-,00 34.34 29.8s 30,91 3¿_.82 31.63 36.93 36,34 32.0c,

13.4s 18.83 18.82 18,42 16.00 12.38 9,69 9.61 13.92 16.3E 16.89 13.9s 8.6011,59 20.51 25.09 23.22 23.39 21.12 20.46 20.75 23,58 24.73 24.17 24.19 19,7520.95 28.36 28.82 33.9+ 31,s3 33.6s 30.71 30.25 3s,11 37.68 34.09 3s.63 28.9s

15.59 31.54 28,84 25.82 24.50 24.28 21.37 18,96 23.89 26.50 26.55 23.79 15.006.12 2i.07 30,26 32,2a 29.96 30.95 23'17 21 .13 29.-c5 30,49 32.63 32.80 25,311?.s9 33.41 37.15 36.13 37.61 38.83 31.60 33.79 10.17 39.21 39.00 38.91 33.12

1.91 5.03 6.56 'r.29 5,20 3.71 2,75 2,28 4.01 6.23 5.89 5.30 3.851.05 8.86 12.51 12.60 11.63 12.23 9.85 9.39 12,13 12.07 10.99 9,76 7,i61.93 15.11 19.31 22.33 19,61 19.5? 18.01 19.66 23.51 22.81 20.13 21 ..t1 17,52

25.89 30.56 25.31 26,33 21.79 20,10 19.18 17.76 22,63 25.03 26.21 23,26 16.6021.32 25.84 29.20 30.s9 3l.40 30,96 28,21 21.13 29.69 28.72 31.49 31.08 24,g72s.63 33.46 38.08 39.51 38.5+ 11.28 38.62 38.38 45.91 42.68 11.5A ¿-2.ss 37.56

12.26 28.8+ 25,64 27.91 24.11 2+.63 22.71 19,15 24,99 26.88 26.21 20..15 14.121.50 26.05 33.6't 33.6s 33.9+ 31 ,18 21 ,53 22.02 32.47 33.03 32.28 33 .70 24.31_11.32 3+.61 36.99 39.01 39.28 38,s9 32.97 35,26 43.91 43,3s 10.81 11.01 34.55

2.11 18.85 23.01 21 .9't 21 .51 19.91 1'7,21 11.88 22.18 22.11 20,48 6.16 1.521.31 18.76 28,31 29.39 28,71 27.51 21 .76 16.55 28.72 28.10 26.35 21 ,-a1 13.794.55 27.39 32. 13 31 .62 33,66 34.96 2a.90 31.41 38,2't 37.66 33.8s 32,38 23.96

1.63 16.45 18.03 20.06 16.78 17,29 13.23 9,89 17.32 20.18 15.58 s.B1 3.6s0.83 r6,26 23.93 26.11 24.01 23.31 18.50 11,46 23.03 24.82 20.13 1'7,64 10,520.20 21 ,68 27.¿-0 2't .80 28.56 30,01 23,12 26.45 31 ,66 32,51 29.90 28 .05 20.72

2
1

2
1

3
2
1

3
¿

1

?

2
1

3
')

1

?

'1

3
2
1
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APPENDIX D

Llnes of constant CO. concentratlons (%) ln 5.56-m-dlameter b¡ns either empty or wheat
fllled. lndividual plots are for the sampllng t¡mes lndlcated at the bottom or éaðn figure.
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Table E.1: weighted volume average carbon dioxide concentraions &)
and mortality g) of iusty grain beeL1e adults in test
and control bins at various sampling 1evels.

Time
e Iapsed

(h)

Height from the floor

Àvera ge

WE]GHTED VOtT]ME AVERÀGE CO2 CoNCENTRÀTTONS (ä)

IN TEST B]N

24
48
72
96

144
158
192
¿tb
240

26 "50
30"61
)q )L
33.09
17 "22
37.55
35"11
27.69
)? a-q

20 "71
20 .47
20.32
25 "19

9.11
26 ,10
26 .49
20 "47'17. 05

0.09
0.15
0.12
0.12
0.10
0. 09
0.11
0.07
0.09

15.23
t¿.¿5
13. 00
21.96
? otr

¿t.3¿
21.22
14. 90
12.12

21,04
21 .51
21 .20
?1 ñÅ.

10.41
28.76
27 .94
21 .31
17.80

0.09
0.15
0.13
0.12
0. 09
0.'10
0.10
0. 07
0. 10

12 .63
30.28
47 .34
57 .34
64.82

IN CON?ROL BIN

24 0.'10
48 0.17
72 0. 13
96 0. 14

144 0.09
168 0.09
192 0.08
216 0.07
240 0.09

MORTÀL]TY (ä)

IN TEST BIN

0.10
0.'13
0.13
0.09
0. 08
0.11
0.'f1
0. 08
0.'11

48
96

144
192
240

48
95

144
I 01t )L

240

12.82
46 .44
72.89
84.31
90.70

12.98
35.08
4'7 .92
51 .80
71 "28

12.09
9.32

)1 ))
25. 90
?) Â.1

IN CONTROL BIN

2 .47
6.44
9.60
3.76
4.78

4.80
5. 38
6.92
7 .28
6.23

J.¿t
2.92
3. 28
4.39
4.06

4.16
4. 91

6. 50
4.39
5.02

E1




