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AB S TRAC T

The diffusion coefficients of carbon dioxíde (co2)

through ïapeseed, wheat, corn and oats vlere determined. The

effects of flovr direction and porosity, moisture content and

temperature of the grain on diffusion coefficient \^7ere studied

in a specially designed cylindrical grain storage container

in the laboratorY.

one end of the grain column I^Ias exposed to a mixtule of

co^ and air of known concentrations of the component gases
.¿_

and Ëhe other \¡ras open to the atmospheric air. Decreases in

COZ concentraËions with time were neasured and diffusion co-

efficients r¡Iere calculated.

The diffusion coefficient was not affected sígníficantly

(P > 0.05) by the direcËion of COZ flow in relation to force

of gravity. The effect on diffusion coefficient of the

porosity of whea t (37.g to 4L.gÏ¿) I¡Ias also sËatistically

insignificant (P > 0. o5) . coefficient of diffusion, however,

decreased with increasing moisture content of wheat. The

relaËionship of diffusion coefficient through wheat with

temPeraËurewithinarangeof-10oCto30oCwaSsatis-

facrorily described by a quadratÍc function (R2 = 0.9431).

AÈ 10o C the mean diffusion coefficients of COZ through

sËored seeds lísted ín order of increasing Porosity hTere:

rapeseed at 8Z rnois ture content, 0.0284:' wheat aË L37" moís-

ture content, 0.0346; corn at L4Z moisture conËent' 0.0302;

and oaLs at L4.5% moisture contenÈ, 0.0391 "^2/r. 
Although

porosity of the seeds aPPears to affecL the diffusion
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coefficient, there seems

seeds (such as shape and

raLe of diffusion. Thus,

dif f usíon than v¡heat.

to be other differences among Èhe

size of kernels) that affect the

corn has a 1or¿er coefficient of

-l_l--
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INTRODUC T ION

Over 80 Mt of graín and oilseeds, worth more than 3

billion do11ars, are st.ored in elevators and on farms in

Canada wiÈh litt1e or no equipment to detect any loss in

quality or quanÈiËy due Èo deterioration. The presently

employed monitoring method of deËecting spoiLage in bulks,

r,rhenever used, ís to take point meaSurements of temPerature

in the bulk. Because of the low thermal diffusivity of grain

a point temperature measurement must be \,rithin abouÈ 0.5 In

of an active spoilage spot to detect the spoí1age (Sinha and

I,rIallace L965). Measured temperatures can not be readily

interpreted without prior knowledge of the temperature history

of the grain bin. For example, a temperature of 30o C in

a 6 m diameter bin in mid-v¡inÈer may mean that Èhere is an

active hot spot or that Ëhe grain has not yet begun to cool

at the center of the bin (Yaciuk et al. 7975).

The presence of a mouldy odour is a method frequently

used by elevator managers to detect spoiled rapeseed. But

the managers reporË that considerable spoilage has occurred

before rhey are able to detect it by odour (Mi11s 1976).

consequenËly there appears to be a need for a neI¡I

monitoring System, that can \Á7arn Ehe Storage manager or

farmer when his stored product begins to undergo unaccepËab1e

deterioration. Previous work (Muir et al. 1980) has shown

thaf increased intergranular carbon dioxide (COZ) concen-

trations, caused by spoíling graín and organisms' can be good

indic ators of íncípient grain spoilage. The C0, concentrations

-1-
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measured ín a stored bulk can be readily compared with the COZ

concentration of Ëhe ambient aix (0.031l) as a sËandard to in-

terpret the readings.

To develop a scientificaLLy valid and commercially

feasible monítoring system based on COZ measurements and to

determine the required resolution and besË location in the

bín for such an instrunent, the properties of COZ díf.fusion

Èhrough grains and oilseeds are required. Henderson and

oxley (I944) determined the diffusion coefficient of co 
z

through whear. Bailey (r959) studied the diffusion of

oxygen through wheat, corn, batley and oat.s and indicated

the dependence of the diffusion rate on temperature. There

appears to be no studies on the rate of COZ diffusion through

rapeseed, oats and corn, and also on the effect of moisture

content, porosíty or temperature of the grain on COZ dif-

fusion coefficient. Therefore this project I{as initiated:

(1) to determine Èhe diffusíon coefficíent of CO 
Z

through wheat, rapeseedr oats and corn;

(2) to determine the effect of dÍrection of CO 
Z

flow relaÈive to the force of gravity on diffusion

coefficíent; and

(3) to determine the effect of porosity, moisture

content and tenPeraÈure of the seeds on the

dif fusion coeff icíent of COZ through seed bu1ks.



2.

2.

2. L ITERATURE REVIEIN

I Basics of Diffusion:

1.1 Díffusion:

Mass transfer may occur by Ëvro modes (Jost 1960,

Cunningham and I,Iilliams 1980):

(1) molecular diffusion Ëhrough a medium analogous

to heaL transfer by conduction and

(2) bulk flow of. the medium analogous to heat transfer

by convection.

To define diffusion consider a fluid confined in a space

of dimensíons which are large compared to the mean free path

of the fluid molecules. For gases at atmospheric pressure

and room temperaËure, the mean free path is in Lhe order of
-lt10 mm (l^Ieast 1981). Assume that one of the components of

the fluid exists initially at different concentrations in

tr^/o or more dif f erent locations in the conf ining space. At

constant temperature, and in the absence of external forces,

there will be a spontaneous movemenÈ, thaË is, diffusíon of

the coüponent, in the direction of establishing a uniform

concenÈration of that component ín all parts of the enclosure.

In a qual-itative way Ehe cause of the spontaneous mixing

may be interpreted as follows:

As a consequence of thermal agitation, molecules of a

fluid are in constant motíon in all direct.ions. The number

of molecules of a given kind moving in any given direction at

a particular point in the fluid is proportional to the number

of molecules present per unit volume. In the absence of a

concentration gradientr oD the average as many molecules per

-3-
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uniË tine leave any hypothetícal plane ín a given direction

as are returned to the plane from the opposite direcËion.

However, if. the number of molecules per unit volume decreases

in a given directíon, more moleculeS on the average move into

Ëhe region of lower concentration than return from ít. Thís

results in a net Ëransfer of molecules of that kind toward

Èhe region of lower concentration.

2.r Concentration:

Concentration defines the quantitatíve relation of the

components of a solution. It ís the maSS, volume or number

of moles of solute present in proportíon to Èhe amount of

solvent or total solution. The most commonly used rrüays of

expressíng concentration are: mass concentraËion, Pi, which

is the mass of species i per unit volume of solution; the

molar concentratíon, ci, which is Ëhe number of moles of

specíes i per unit volume of solution; the mass fraction, wi,

which ís the mass of. species i per uníË mass of solutíon; and

the mole fraction, xí, which is the number of moles of specíes

i per unit mole of solutÍon. The word t solutiont here means

a one-phase gaseous, liquid or solid mixture.

2.L.3 Concentration gradient:

Concentration gradient is the rate of change of concen-

tra tion r+i th dis tance .

2.L.4 Diffusion velocitY:

In a diffusing mixture the various chemícal species are

movíng aÈ different velocities. Here the term velocity does
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not mean Ëhe velocity of an individual molecule of the species

i, rather it ís the sum of Ëhe velocities of the molecules

of Ëhe species í v¡ithin a small volume element divided by the

number of such molecules (nosenberg L977) '

LeE n. denoËe the velocity of the ith species wíth respect
L

to stationary coordinates. Then for a mixture of n species,

the average mass velociEy, î, is defíned as:

n
) o.v.'l- l-

v = l-=l
n
I o.'l-

i= I

...(2.L)

" '(z 2)

whe re : O.v. ='l- a

o.,1

where: c.l. =al-

local rate at which mass of specíes i
passes through a unít cross section,
placed perpendicular to velocity ü,
iur,-'r-r l,
the mass of species i per unit volume
of solutíon, IML-3],

; = the velocity at which the center of
the mass of the gas moves ' Il-t- t ] ,

n = number of specíes in the mixturet

M = dímension of mass t

L = dimension of length, and

T = dimension of tíme.

Sirnilarly, ave rage mol-ar velocf ty Ç* is def ined as:

r¡r *

n
¿ c.v.

.l-l-a=l
n
I c..aa= I

local rate at which moles of
i pass through a unit cross
placed perpendicular to the
l*, Il-zT-t1,

species
section,
velocíty



and v* ate the same, but in a multicomponent system they can

differ. In a multicomponent system the conditions may be

such thaË Ëhe molecular flux vector of the r¿ho1e system is

in the direction in which lighter molecules diffuse, while

the center of mass of the whole system moves Ín the direction

in which heavier molecules diffuse (Cunningham and Williams

1980).

In a f 1ow sys tem, t.he veloeity of a given species with

respecË to; or Ç* rather Ëhan r¿ith respect Ëo stationary

coordi-nates, leads to the defÍnitÍon of the diffusíon velocities,

r¿hích indicate Ëhe moEion of the component i relative to the

local motion of the fluid strearu:

.i = the number of moles of specÍes i"per unr-t volume of solution, IL 3]

Ç* = the average velocíty of the molecules
of the gâs, ILT ']

In a single component system, these t\,ro velocities v

v. - v = diffusion velocíty of specíes i with
l_ re spec Ë to v,

;. - Çx= díffusion velocíÈy of species i with
l_- resPect to v*.

2.L.5 Diffusion coefficient:

According to Jost (1960), diffusíon coefficient is "the

flow or currenË of a substance which passes perpendicularly

through a reference plane of unit area, duríng a unit time,

under unít concentration gradient. I' The unit chosen for the

quanÈity of the substance is not specified since it can be

mo1e, mass or volume of the substance. Most literature cíte

Ëhe values of diffusion coeficient in the units of .^2/".



In oÈher words the dimensions of diffusion coefficient are
t-1

lL'T 'l .

2.2 Laws of Diffusion:

2.2.I Fickr s f irsÈ 1aw of. dÍf f usion:

Using a consistent set of units of measurement, 1et x be

the co-ordinate axis chosen perpendicular to the reference

plane and c the concent.rat,ion of the diffusÍng subgtance given

as an amount of the substance per unit volume, Fickts first

1aw may be srared as (Bird er al. f960):

dcT = _rl:_:_ ...(2.3)dx

where: D = diffusíon coefficíent for system under
consideration, LL2T I],

J = diffusion f1ux, IML-'t-1 ] and,

dc = concentratíon gradient, IML-4 ] .

dx

The negative sign indicates that the f1or,¡ direction is opposíte

to the direction of the concentration gradient. This law is

applicable to steady sËate conditions.

2.2.2 Fick I s second law of diffusion:

Fickrs second law of díffusion iS defined as (Jost L960),

* = *t-ofl = -v'(Dvc) = # ..-(2.4)dx dx- d

r¿here: c = concentratíon of dif f using gâs, IML-3] , and

t = tine interval, IT]

For homogeneous materials, the naterial propertyr - co-

efficient of diffusion is independent of position, thus

Eq. 2.4 is sinplified to:



,,v'c = -l # ... (2.5)

Depending on the need of a particular problem Eq. 2.5 can

be expanded in cartesian, cylÍndrical or spherical coordínate

systems.

2.2.3 Grahamfs lar¿ of diffusion of gases:

Grahamrs 1aw of diffusion of gases sËates that under

comparable conditions, "Ëhe relative speeds of the diffusion

of the gases are ínversely proporËional to the square roots

of Ëheir relative densities" (Rosenberg 1977).

2.2.4 Ideal gas 1aw:

This law is not a diffusion law but is useful when

gases are involved. The ídea1 gas Iaw is:

. Pv = RTr

or PV = nRTl

where: P = the pressure, IML-Lr-2],

V = total volume, Ii-3],
T' = absolute temperature, IK],
R = Èhe^uEivgTsal_gas consÈant,

IMLzT 'K,Mo.0 t]

--.(2.0)

n = the nuub er o f rno le s and

v = the volume per mole (V/n) , [i-3 ] .

The value of the universal gas consËanr (R) is 0.0083 r? kpa.K-1.
^-1Eo l,

The ideal gas law,1ike other gas laws is only an appro-

xímatíon. At ordinary pressure, however, the predicbed values

derived from Ëhe ideal gas law agree with the experimental



values \Àrithin ! L7. (Rosenberg 1977)

2.3 I^Iork Related to Dif f usíon of Gases through Bulk Grain:

Hendersonandoxley(L944)reportedthediffusionco_

effícíent of coz through wheaÈ (r2% moisture content, 38%

porosity) at room temperaËure to be about one third of the

valueofthedíffusioncoefficientofCozthroughopenair.

The value of diffusion coefficient of coz through wheat I¡/as

0.0415 "^'/t. 
In their experiments a known mixture of aír

and carbon dioxide was delivered Ëo the top of the grain

columncont'ainedinacyLíndricalconËainerofgalvanl-zed

iron, O.62 m long and 0.078 ^2 in cross-sectional area' The

diffused COZ\¡ias absorbed by caustic soda (NaOH) solution'

kept at the bottom of. the dif fusion to\,Ier. The NaOH solution

.$ras contÍnuously and gently stirred Ëo ensure proper absorp-

Ëíon of coz. The amount of diffused coz was found by drawing

samples of the NaoH solution aE íntervals throughout a test'

After addition of an excess of barium chloríde (Bactr) the

samples r¡7ere titrated agaínst hydrochloric acid (HCl) of

known concentration. The samples were drawn until an equÍ1i-

brium condition r¡as established. IË is not clear whether

the time used in calculaÈing the diffusion coefficíent is the

time during which an equilibrium condition r¡as established or

the time for which the test vTas run after equilíbrium was

established.

Robertson (r948) tried to determíne the diffusÍon co-

efficient of coz through wheat buË discontinued his experíments

after Ëhe receipt of the publication of Henderson and 0xley'

However,hehasindicatedthaÈtherel¡'asnosignificanË
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dif ference in the dif fusíon rate when the flor¡ of COZ r¡ras

verËica1ly upward, horízontaL or vertically downward.

Bailey (1959) determíned rhe coefficienrs of diffusion

of oxygen (O2) through bulk corn, wheat, barley and oat.s.

At 23oC the mean coeffícients of diffusion of OZ Ëhrough

corn, wheat, barley and oats (in order of increasing poro-

síty) were O.O55B, 0.0670, 0.0642, and O.072L cmz/s respec-

Ëívely. His dif f usion toT¡rer I¡ras simí1ar to that of Henderson

and Oxley (L944). The díffused oxygen vüas absorbed by a

stirred solution of pyrogallol in aqueous caustic soda

(tIaOH) kept aË the boËËom of the diffusion tor"rer. The amount

of oxygen diffusing through the grain was determined from the

change of conditions at the top of Èhe grain column because

samples of alkaline pyrogallol solution could not be quanti-

tatively analysed for O2. He has indícated that the depen-

dence of the díffusion coefficient on temperature is satis-

factorily described by a quadratíc relationship. Bailey

also indícated that the diffusion rate \^ras dependent on the

porosity of the graín but no maÈhematíca1 relationship Í7as

worked out.

Adamczyk et aL. (I978a, 1-978b, 1978c) have reported the

method and the results of the measurements of the diffusíon

velocity of he1íum (He), neon (Ne), argon (Ar), xenon (Xe),

hydrogen (H2) and carbon dioxide through a layer of dry

wheat. The detaí1s of the apparatus and grain are not given

in the papers. They modelled the gas exchange in Ëhe grains

by a resistance-capacítance model. CapaciÈance (C) repre-

sented the gaseous capacity of Èhe basic cells among the

grains and resístance (R) represenÈed the gaseous resistance
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between the ce11s. Their work ís gualitative and comparative

in nature gíving no guantitative measurement of the diffusion

coefficient.

No other work has been found ín the literature on the

dif f us ion of gases through grains. I,Iork related to the dif -

fusion of gases through some oËher porous materials is re-

viewed in the next. section.

2.4 trr]ork Related to Dif f usíon of Gases through some
Engineering Porous Materials:

Ray (I976) has described methods for measuring the flow

or diffusíon of a gas through a porous solid of undefíned

pore characteristics. For flow meaSurement under a pressure

gradient, a porous cy1índer I.IaS Sealed betr¡een tI4Io glass

tubes and the curved surface coated with a sealant. The

outer end of one glass tube I"7aS connected to a vacuum or gas

line and Èhe end of the other vlas connected to a manomeËer.

In the diffusion experimenEs equal Pressures were maíntained

on both sides of the porous sample through ¡¿hich hydrogen

r¡ras diffused unidirectionally under a gradíent in the Partial

pressure of Èhe hydrogen. One f ace of Ëhe sample I^/as corì.-

nected to a hydrogen gas line and Èhe other Ëo an argon

gas line. The porous samPles hTere of reduced hematite and

of reduced cobal t oxide . The samples \,Iere 6 .66 mm in lengËh

-2and 57.6 mm- ín cross-sectíonaI atea. The reduced cobalt

oxide had a pore radius of 10-3 mm and a Porosity of 651Z.

The hydrogen concentrations'!'rere measured with a hydrogen

concentration ce11. At the reference electrode of Ëhe celI

hydrogen r^ras continuously bubbled at one atmospheric Pressure
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(101.325 kPa), and at Èhe oEher electrode a mixture of hydrogen

and argon hras bubbled. Based on the flow rate of argon and

the electromotive force of the ce11 the concentration of

hydrogen in the argon stream was calculated.

Chester et a1. (L97 4 ) have discussed multicomponent dif-

fusion experiments for a system of helium, nit.rogen and methane

ín V-alumina catalyst pellets over a v¡ide tange of pressures,

temperatures and comPosition gradients. The pellets \¡tere

cylíndrical, 0.3175 mm in length and diameter, t¡rith a Par-

ticle densÍty of 1360 kg/*3.

Chen et a1. (7977 ) measured the diffusion rates of

nitrogen and meËhane across ten porous solids aL 35o C and

l-OL.325 kPa pressure by steady state flor¿ method. The porous

samples \,rere cylindrical in shape and diffusion occurred in

the direction of the axís. Six of the specímens vlere 50 mm

in length and 25 t*' in cross-secLional area fí11ed with

glass beads or sand. The beads and sand \,Iere secured in

posiËion by removable screens. The other four units r,/ere

designed with a 3B mm diameËer hole into which a sandstone

core 13. I mm long was f itted and cemented with epoxy. They

reported that diffusion coefficient v¡as exponentially related

to Ëhe porosíty in the porosity rang e LL.7% ( for sandstone)

to 46.77" (f or 5 urm cubic glass beads) .

The diffusion cel1s of both ChesËer eÈ a1. (I974) and

Chen et a1. (L977 ) were similar ín principle excepË for

certain modifications to accommodaËe the different saurple

sizes.
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verma (r973) has conducted the flux measurements for
forced f1o¡v' diffusion and forced flow combined r¿ith diffusion

for gases through four varieties of naËura1 and impregnated

stones. Diffusion fluxes !üere measured for t'nro differenË

binary gas systems: niÈrogen-carbon dioxide and nitrogen-

hel iuur.

Yang et a1. (L977 ) have discussed a transient technique

Èo determine diffusion coefficients of gases through porous

materials in the range of 0 to 10-6 *^2 / ". 
The maín com-

ponenË of the experimental setup v/as a spherícal chamber

25.4 mm in diameter. The chamber r¡/as supporËed by three

sma11 posts. The spherical samples of nuclear graphite

and bituminous eoal 20 mm ín diameter lrere placed inside the

chamber. The sample was soaked in gas A at r02.66 kpa pres-

sure for 20 h to produce the initíal concentratíon (aoo) in

the so1id. Gas B was then sr,rept at a known rate through the

chamber for a cerËain period of time, duríng which gas A dif-

fused from the sample to gas B. The gas chamber vras then

closed and equilibrated for 20 h to determine Ehe final con-

centration of gas A at the end of t.est period. The diffusion

equation given by Fickrs second 1aw of diffusion vras solved

under ímposed initía1 and boundary conditions in spherical

coordinates. using three terms of Ëhe infinite converging

seríes solution and measured concentrations of gas A at the

sËart and at the end of the time period, the diffusion co-

ef.ficient was calculated. The díffusion coefficient v/as

dependent on temperature but no functional relationship r¡/as

repor Èed .
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2.5 Diffusion of Isotopic MaÈerials :

Ney and Armistead (r947 ) have discussed a method of
finding the self-diffusion coefficient of a vapor by observ-
ing with a mass spectrometer the raËe at which a material rich
in one ísotope diffuses into normal material. The main com-

ponents of the diffusion apparaËus $rere t,Ì,/o cylíndrical copper

bulbs of volumes 925 and 259 ml connected by a copper tubing
68 mm ín length and 32.L5 r*2 in cross-sectíonal area.
Díffusion coefficients r¡rere calculated by the steady staËe

method based on the following assumptions:

(A) the concentration gradient ín the connecting tube

ri7aS linear, and

(B) the concentration in the bulbs r¡ras uniform.

InIeller et a1. (L972a,l-972b) conducted their experiments
with a díffusíon apparatus sirnilar in principle to the two-
bulb, câpi1lary tube cel-1 described by Ney and Armistead
(L947). They measured rhe diffusion of krypron-g5 through
a mi-xture of 25"Á krypton and 75i( xenon in a porous graphite

aE a pressure of 20.84 kpa.

2.6 LIork Related to Binary Gaseous Diffusion:

watt s (L964, Lg65) measured the diffusíon coefficient of
trace amounts of xenon-133 in binary míxtures of xenon with
heliun' neon ' argon and krypËon. His apparaEus vras simir-ar
in principle ro rhar described by Ney and Armísread (Lg47).

The self díffusion coefficient of xenon ü¡as 0.06 cmz/s and

the binary diffusion coefficients for systeus xe-He, xe-Ne,

xe-Ar and xe-Kr qrere 0.535, 0.23, 0.L27 and 0.0g23 .^2/"

respectively at one atmospheric pressure (101.325 kpa) . The
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reciprocal of diffusíon coeffieient of xenon-133 in various

mixtures v¡as linearly related to the mole fxaction of xenon'

Byneasuringtherateofevaporationl^Iatts(I97L)de-

Ëermined the diffusion coefficients of carbon tetrachl0ride

(CC14), chloroform (CHC13) and methylene chloride (CHZCl-2)

inaír.TheliquidI"TaSfíl1edínabulbofvolume5mland

rÀias allowed to diffuse through capillaries 2 and 3 mm in

diameter and 30 - 60 mm in length. The reported results

were corrected for the effect of impurities in the diffusing

material. There I.7as no signíf ícant ef f ect of capillary dia-

meter and length on diffusion coeffícient '

FullerandGiddings(1965)havepresentedacritical

review of the methods for predicting binary gaseous diffusion

coefficients. Nine models \¡Iere compared theoretically as

well as numeríca11y. These prediction equations are applicable

to pure binary diffusion and can rÌot be applied to the dif-

fusíon of gases through grains' However, thís work indicates

that the raÈe of diffusion is dependent on the temperaÈure'

molecular \¡/eights and partial pressures of Ëhe diffusing

gases.



MATHEMATICS OF DIFFUSION

3.1 Steady State Method of Finding Diffusíon Coefficienr:

The steady sËate method Ís applied to determine Ëhe

diffusíon coefficient when the flo¡¿ conditions are índependent

of time. In the steady state method elaborate equipment ís

required and a 1oË of diffusing substance is r¡/asted before

steady staEe is esËablished. I^Ihen steady state 1s reached

the amount of material diffused during a measured time across

å known cross-sectional area under a known concentration gra-

dient is measured. Fick I s firsÈ 1aw of diffusion (Eq. 2.3)

ín its finite difference form is used to calculate Ëhe dif-

fusion coefficient:

N = DA+s
AX ...(3.r¡

3.2

where: N ís Ëhe diffused mass , g/ s,

D is the diffusÍon coeffícient, 
"^2¡",

A is the cross sectional area perpendicular
to Ëhe diffusion path, cûL and

Ac is the concentration dífference between
tvüo planes located Âx cm aparÈ, glcm3.

Transient Method of Finding Díffusion Coefficient:

The transÍent meËhod is applied to determÍne the diffusion

coefficient r+hen the flow conditions are dependent on time.

In this method the equipmenË can be simplified and also the

vrastage of diffusing material is less. But the mathemaËical

analysis becomes more complicated than the steady state case.

To determine the diffusion coefficient under transienË or

unsteady state conditions the diffusion equation given by

-L6-
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Fíckrs second 1aw of diffusion f.or unsteady state musÈ be

solved for the imposed boundary and initial condtíons:

â" 
=ðt

)
D5dx- (3 .2)

subject to

r¡here:

C(0,t) = ô(t)

C(.[,t) = rl(t)

C(x,0) = F(x)

c(x,t) is the concentration of CO, in the
grain column at a distance'x from
the inlet of the cylindrical grain
chamber and at time t, Iltl-4,

To

at any

Fourier

F

solve eq.

E ime t and

seríes is

is the lengÈh of diffusion path in the
direction of x, tL]

is a time dependenÈ concentration function
at the inlet of Èhe grain column,

is a time dependent concentration function
at the outlet of the grain column, and

is a posiËion dependen t concentratration
functíon aÈ t=0 in the grain column.

3.2 to determine the concentration of COZ

distance x, a solution in the form of a

assumed (Mo11ison 1881).

C(x,t)=I An(t)Sinff
n=1

r¿here the Fourier coef f icienEs are:

T2.L\n = lto[o"(x,È) sinfax

integrating Eq. 3.4 by parËs, An is found to be:

(3.3)

(3.4)

By

An = f,ttr(x,t) {-f"""#)tT . # otu #"o"ffa*l
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= T k t{-c(.Q.,r) (-r)' * c(0,t)} . ht*"ir'"T"1r

9" .9, ^2- J d c n'llx.

"?T 
o ã*zcos .Q, 

dxl

SubstítuÈing Eq. 3.2 inËo Eq. 3.5,
2- 9.,.. -.n. L2 1An = tlrrntÔ(t) -(-r)trl,(t) r - pfz t orn #tinffax
2- 9",= vL'nro(r)-(-1)nipl¿¡r - 

9"2 [ âAn (3.6)' onrn, 2 àt

MultÍplying Eq. 3.6 by Dn2n2 and rearranging for An,--7
âAn Dn2n2 . 2DnTt , ,

ffin + -þ* = r!+{0(r)-(-r)nr!(r)} ...(3.7)
,.12 

r / L2Mulriplying eq. 3.7 by "Dt- ,

tr)
uot- r' t / 9'- âAn nn2 n2 Dn2 tr2, / L2 ^ 2Dnn Dn2 12 t / L2

¡r*--T e An=-T e .

{O(t)-(-1)",1,(t)}

where Cn are coefficíents of integration.
nn2n2t/g,2,Dividing Eq. 3.9 by e"

... (3.s)

or

* te AnJ = yz "

...(3.8)

Integrating Eq. 3.8 with respect to time results in:

, Dn212r/L2 ,t 2Dnr . ot'n2r/u'{þ(t)-(-1)tqr(t)}at * cn(e"^'tt vtN 
)An=s' g.2

...(3.e)



r9

An(r) = crr.-Dt2 tt2 t/l'2 * zn.r 
"-Dt2'2 "/12 L It "rn'¡2 

¡ ¡gz
g.¿ 0

{ô(r)-(-1)'út}arl

(3.r0¡

To determine Cn considering Eq. 3.3 at time Ë=0 and sub-

stituting from Eq. 3.2 for initial condition,

æ

C(x,o) = I Cn Sint+l! = F(x) ...(3.1r¡
-x,n= -L

From Eq. 3 .4 ,

cn = Tr,r[r(*) sinffax ... (3.r2)

Therefore,

c(x,r)= ; cr,"-Dt212t/n'rr"op * !2r,.-ot'n2tlL2 .
n=l - 9""

c(x,t) = ; cn.-ot'n2t/9'2^''nr*
n=r 'n e Sr-n ¿ +

2on i -Dn2t¡2t/9.2^. n'rlx ,EDn}trlr/L2---;- L ne sttt ,e, d .L¿ n=I
0(t)dt

... (3.14)

n'x .tr22sin--* J -ern T t{O(t)-(-1)"V(t) }¿tx' s g,z

(3.13)

For: the asslrmptj.ons that at the oLrter end the COZ ís j.nstantly

lost Ëo the atmosphere (ü(t)=O) and that initial distribution

of COZ in the grain column is uniform and constant at ambient

air COZ concenÈration (f(x) = K),

Eq. 3.f3 is simplifíed to:
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I¡Ihef e:

lLx sin ffdx (3.rs)

The function 0(t) could be determined by roeasuring

COZ concentrat.ion at the inlet of the graín column with

time. Decrease in concentration generally is of Ehe form

of exponential- decay, so assuming Ô(t) = "-Pt, 
Eq. 3.L4 is

reduced to,

2Cn=-:Lo

co -Drr 
2 tC(x't) = I,Cn e '' n=r

2Dn p

¿ "èr"
or

_ 2 2 .^2
c(x,r) = r,Erar "-Dt'rT 

t/x'

[.-Pt - .-ot"z'/L2 ]

2 .^2t./L sinff +

" 
-or' n2 t lu'r r_r,rî* 

0 
r." , Dn2 t¡2 / 9.2 -p2 ) , u,

sinff +
æ

zTtD I n
n=l- 2 2 ^2Un 'lf -p J¿

...(3.16)

Eq. 3.L6 has been solved for the assumption that the

inlet of the graín column is instanË1y exposed to Èhe tíme

dependent function Q ( t) . In practical situations this in-

stanËaneous change is difficulÈ to achieve, so this equation

is invalid as x approaches the inner or outer ends of the

grain column. End functions Ö(t) and Ú(t) are already kno¡¿n

so this equatíon descríbes the concentration of COZ for

0<x<.Q, and t>0.

To determíne Èhe diffusion coefficient D using Eq. 3.L6

the concentration of COZ in the grain column has to be measured

at a fixed value of x, such as 9"/2 at time t1 and tZ. Assuming

N TTXs1n 
¿
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that the first term of the infinite series solurion of Eq.3.16

gives a good approximation (in general a minimum of three

Ëerms are considered) then:

2K
TÏ

, (+,

and

tr)

tz)

"-rn'tL/ 
L2 + 

-?p , ¡ e-prt _ "-rn'tL/ 
9,2 

l
Dr- -p9"'

"-Dn2tr/ 
t"2 + -!p , ¡"-ptz - .-Dnztr/ r,2,

Dn- -p 0-

(3.L7)

2K= 
- ¡t

, (*,

. (3.18)

using Eqs. 3.77 and 3.18 the value of D could only be de-

termined by a trial and error method. rf Ëhree terms of the

series are used to approximate the soluÈion it would be too

Ëime consuming to determine D by this Ëechnique.

3 . 3 Cowíe and l^iat t s Me thod :

Another method to solve a simí1ar type of problem has

been given by cowíe and watts (197L). They measured the

diffusion of methane and chloromethanes in air. rn deriving

the solution they made Ëhe following assumptions for the ap-

paratus shor¿n in Fig. 3.1.

1. The concentratíon gradient in the capillary tube
is linear.

2. The concentration in the bulb is unÍform.

3. The concentration outside the bulb is zero.

4. At all times the conditions approximate a steady
state condition, i.e. Èhe concentrat.ion gradient
in the tube and the diffusion flux at any instant
are those that would be found if the concentration
in the bulb LTas maintained cons tant aË the
instantaneous value.



22

Cnpr LLARY TUBE

Rocr sALT vltNDov

TrE Plecr Dlrrustott BuLe

Fle, 3,72 ScHE¡tRrlc DIAcRAI'1

l{nrrs 1971) ,

oF DIFFUSIoN cELL, (CowlE AND



Now if c is

9" and A are the

respectivelY of

and also:

where V is the cell volume

change of the concentraËion in

terval A t. Thus,

the concentration in the bulb

length and cross-secÈional area

the tube,

J=
Dc--n

and âc is the

the cell during

-D+s =
dX

- V ðcJ - A ât

â"=_DAc
â t .q,v

23

in kg/t3 and

in m "rrd t2

"'(s 19)

(3.20)

infinitesinal

the Èime ín-

For linit äË+0

ln(c) =

and integrat ing
DAI-lV+Þ

Eq. 3 .2r,

..(3.21)

(3 .22)

where ßis a constant of integration '

Thusaplotofln(c)agaínsËtímetislinearwithslope

being -DA/'q,V. The dif f usion coef f ícient ' D' is calculated

from the slope of the best fit straight line through the

exPerimen Eal Points.



4. MATERIALS AND METHODS

4.L Diffusion APParatus:

The main components of the diffusion apparatus (Fig. 4. r)

are a gas chamber,350 x 350 x 350 mm inside dimensions and

a cylindrical grain chamber of L64 mm inside diameter and 500

mm in length. The gas chamber was fabricated from a 9 mm

thick Plexiglas acrylic sheeË and the cylindrical grain chamber

was cut from a Plexíg1as acrylic Ëube of 6 mm wal1 thickness'

on one face of the gas chamber a L76 mm diameter hole \¡7as

drilled and the cylindrícal grain chamber vlas joined to it

by using 3M adhes ive s ( 3l"t canada Ltd . London canada) . on

the inner end of the cylinder a fixed screen and on the outer

end a detachable screen I¡/ere attached to hold the grain in

the cylinder. The screens had L.702 mm diameter holes with

357" open aTea. To hold raPeseed in the cylinder another

square hole (0.85 x 0.85 nn) plastic r¿ire mesh with 457.

open area uTas used in additíon Ëo the circular-ho1e steel

mesh. A (225 x 225 rnn) door was hinged from the ínside of

the gas chamber. A copPer wire 1.5 mm in diameter $7as used

to open and to tighË1y close the door. This door was used

to aL Lain uniform concentration ín the gas chamber whi I e

closed and to a11ow diffusion of COZ through seed bulks r+hile

open. on one side of the gas chamber a 100 mm diameter hole

ï¡ras drilled to permit entry of a Persont s hand. This hole was

closed by a detachable cover during exPeriments. Three Plexi-

glas acrylic tubes of 6.2 mm inside díameter and 20 mm in

lengÈh were fitted to three faces of the gas chamber. About

10 Inm of the Èube length Projected out of the faces. The

-2 4-
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projected length of tube r{as cut to a 9.5 mm ouËside diameter

so that a rubber septumr 9.5 mm ínside díameter, could be

tightly fitted to close the ports during exPeriment,s. 0ne of

these ports r¡ras used to inject carbon dioxide to the gas cham-

ber at the start of Èhe experíment and all three Ports were

used to sample the gas in the gas chamber during experiments.

Simí1ar four ports 10 cm apatt rvere located along the length

of grain chamber. Plastic syringes wit.h needles 203 m¡n in

length (Chromatographic Specialities Limited, Brockville,

Ont. ) r¡rere used to sample the gas in the dif f usion box. The

apparat.us vras tesÈed for air tightness up to 138 kPa gauge

pressure by filling the apparat.us with aír and applying soaP

solutions to all Èhe j oints.

4.2 Seeds:

I{hear (cv. Neepaura, graded No. 2 Canada l^iesÈern Red

Spring harvested September 1980, having an initial uoisture

content of L4.8%) vras used to determine the diffusion co-

efficíenË of COZ through wheat at 13%, L5"/" and L8Z wet

basis moi-sture contenËs.

Rapeseed (cv. Regent, Canada Certified No. 1 seed,

harvested September f9B0) was used to determine the diffusion

coefficient Lhrough rapeseed at 8% moisture content. The

initial moÍsture content of the rapeseed was 7.8"Á.

Hybrid seed corn (cv. Asgrow RX17, about I year o1d)

r¡ras used to determine the diffusion coefficient at its ini-

tial moisture content of L4.I"A.

Oats (cv. Harmon, No. 2 Canada I^Iestern, about 1 year old)

lras used to deteruine the diffusion coefficient at its iniÈial
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moisture content of L4.5"1 .

All f our seeds; wheat, raPeseed, corn and oats I¡Iere

cerEified and commercially cleaned seed.

4,3 Moisture Determination:

To determíne moísture contents, tríplicate samples of

about I0 g each r{ere dried aE t30o C in an air oven for 4 h,

L9 h, 22 h, and 72 h for rapeseed, wheat, oats and corn,

respectively (Anon. j-975). The \,üet basis moisture content

rnras determined by dividing the mass of moisture evaporated

by the nass of the r¡/eË sample, multiplyíng by L007" and then

averaging the three replícate samples. All grain moisture

contents are expressed on a \¡7et mass basis in the thesis.

4.4 Conditioning of Grain:

To increase the moísture content of the grain to a de-

sired 1eve1, the grain v/as condítioned in a rotary mixer.

A predetermined quantity of vlater vlas added to the grain

sample, and Ëhe grain sample !,/as mixed f or 2 h at cons tan t

speed. The graín I{ias then stored in a sealed polythelene

bag for 48 ! 2 h at 2.50 C Ëo al1ow for uniform distribution

of Èhe added moÍsture (Milner and Geddes 1954).

The moisture content of the grain was reduced to a de-

sired 1eve1 by dryíng the samples ín an air oven. A pre-

calculated amount of vrater qlas removed by heating the graín

at 70o C. The moisture 1eve1s of the graín thus obtained trere

1or¿er by I"/" from the desired moisture content of the grain.

MoisLure content of grain was raised to Ëhe desired levet by

following the above procedure.
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using an air comparison Pyenometer

Instruments, Inc., Fullerton, Cali

densities I¡/ere calculated by divid

measured volume of the samPle and

by (Mohsemin I970)z

To condi

r¡¡as s tored in

temperaLures.

where:

pb

pr

Eion the grain

a sealed poly

to the test temPeratu

thelene bag for 2 daYs

2B

re the grain

aL the test

Poro sÍ ty Measurement :

Kernel volumeS of a knor¿n maSS of seed \{ere determined

() -

e=(r_2¡xtoout

, (Mode1 930, Beckman

fornia, USA) . Kernel

ing sample mass by the

porosíties !üere determined

...(4.1)

bulk density, (g..*-3) ,

= kerneL density, (g. 
"r-3) and

= porosityr T".

4.6 Experimental Procedure :

The dif f usion apparatus Iì7as set vertíca1, resting on

one of the faces of the gas chamber inside the laboratory.

The detachable cover plate vrith sc-reen I¡ras removed from the

cylindrical graín chamber. A known quantity of grain I¡Ias

poured into the cylindri-cal grain chamber using a glass

beaker. I^lhen the grain I^7as f illed to the EoP level of the

grain chamber a brass rod 25.3 mm in diameter r^Ias thrice

inserted into the grain to a depth of about 400 mm and

pu1led out. More grain was then added to bring Ëhe grain

to the 1eve1 of the edge of the cylindrical grain chamber.
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The diffusion aPparatus I^las then set in the desired oríenla-

tion on a rrrooden stand. The hinged door and opening for the

entry of a persont s hand \,Iere closed. Through one of the ports

carbon díoxide gas f rom a hígh Pressure cylinder r¡7as in j ected

at 169.0 kPa for 20 s into the gas chamber. During injection

of COZ the displaced aír escaped through the other tI^7o ports.

All Ëhree ports \^Iere closed v¡ith rubber septums. The apparatus

vras left undisËurbed for about 1.5 h to obÈain a uniform dis-

tribution of coz throughout the gas chamber. Initial coz

concentratíon I^Ias deËermined by samPling the gas chamber at

the three ports. Because of varíation in the gas cylinder

pressure and manual control of the valve opening the initial

concentration in the gaS chamber I¡/as noÈ a constant value.

But the diffusion coefficient is independent of initial con-

centration (Cunningham and I^ri1liams 1980) and therefore the

variation in initial concentratíon was acceptable. After

initial 6ampling in the gas chamber, the hinged door vras

opened to allow the diffusion of COZ through the cylinder

of the grain at atmospheríc pressure. AfËer openÍng the door

an initial period of 2I t I h was allowed for flow Èo develop.

Gas samples (6 rnT. each) were withdra\,vn from Lhe gas chamber

through the three ports and at the outer end of the grain

cylinder aÈ 2I h, 27 h, 33 h, and 45 h after the opening of

Ëhe hinged door. Samples f rom the gas chamber \.f ere divided

in half for analysís.

4.7 Analysis of Gas SamPles:

A Perkin-Elmer, Sigrna 38, gas chromatograph with a thermal

conductivity detector was used to analyse all the gas samples.
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The carrier gas was Helium (He), the deËector temperature vlas

1500 C and the oven v/as held at 45o c. Carbon dioxide lrras

separated from the other gases by a 1.8 m column packed with

Porapak N (50/80 mesh). A 1 m1 fixed volume gas sampling

valve r¡ras connec t ed to the column to stand atdíze the volume

of the injected samples. The gas chromatograph r.7as regularly

calibrated wíÈh a series of commercially prepared high purity

mixtures of COZ in He of specified concentrations (Al1tech

Assoc. , Arlington Heights, I11. USA) . The amounts of COZ

separated from other components of the gas samples ü/ere

recorded on a strip chart recorder (Fisher Recordall Series

5000, HousÈon Instruments, Austin, Texas, USA) . The peak

heights for COZ (Fig. 4.2) were used to calculate the Per-

cent COZ ín the gas samples. The analysed COZ concentrations

urere corrected to sÈandard tenperature and pressure (STP)

using measured atmospheric Pressure and temperature.

4.8 CalculaËion of Diffusion CoefficienÈ:

The method of calculating the diffusion coefficient is

similar to that used by Cowíe and I^latËs ( 19 7f ) except that

ín their experimenËs Ëhe logariËhrn of concentraÈion I¡7as

linearly related to time r¿hereas ín this research the con-

centration \¡ras 1ínearly related Ëo time. The correlation

coef f icients, R2, r^7ere greater than 0.99 f or 49 experiments

out of 51 experímenËs and vlere 0.985 and 0.989 f or tr.lo re-

maining experiments (Appendix A, B and C). This is because

of retarded flow of CO^ through seed bulks in the preserit

study.
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A linear regression analysis vras done on the measured

COZ concentrations ín Ëhe gas chamber for 24 h using the GLM

procedure of Statistíca1 Analysis Systerns (Anon. L979). For

all experÍments the correlation coefficients (n2) vTere more

Ëhan 0.98. Carbon díoxide concentratíons ín the gas chamber

\,rere predicted at 2I h, 27 h, 33 h and 45 h f rom the opening

of the hínged door. The COZ concentration at which COZ

diffused during the 27 h Èo 33 h period was assumed constant

at the average value of the predicted concentrations at 27 h

and 33 h. During the 6 h time period the measured COZ con-

centratíons at the outer end of the graín column !7ere averaged

for a partícular experiment. The concentration difference

betvreen the ínlet and outlet of the grain column \{as deter-

mined by subtracting atmospheric air COZ concentration from

the average value of the predicted concentratíons in the gas

chamber at 27 h and 33 h. The amount of COZ diffused during

Èhis 6 h period I47as calculated by subËracting the amounË of

COZ presenË in the gas chamber at 33 h from the amounË of COZ

present in the gas chamber at 27 h based on predicted CO2 con-

centrations in Ëhe gas chamber. The díffusion coefficient !¡as

then calculated by:

Q. 
^1D = A.Ac.r ...(4.2)

where:

diffusion coeffícient, "^2 /t,

the amounÈ of COZ diffused through

Èhe grain during 6 h, m8,

cross-secÈional area of the graÍn
)

column, cfl r

D_

Q=

¿l
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t = time duríng whích the amounÈ Q was

diffused, s,

Âc = concentraËion difference betrnreen inlet

and outlet of the grain column, mg/"*3, and

^1 
= length of the grain column, cm.



5. RESULTS AND DISCUSSIONS

5.1 Calibration of the Diffusion Apparatus:

As the experimenÈa1 procedure to determine diffusion

coefficient \¡¡as similar Èo that of Cowie and I^Iatts (1971)

and r¡7as based on their assumptions listed in section 3.3,

these assumptíons were validated experimentally.

The concentration gradient in the grain column \^ras

linear during the test period (Fig. 5.1) The concentration

vras uníf orm throughout the gas chamber but r^ras no t the same

for every experiment. The maximum deviation from the mean

carbon dioxide concentratíon in the gas chamber vras 2.5%

of the mean reading (Appendix A). The concentration of COZ

aË the outer end of the grain column r¡¡as equal to the ambient

air CO^ concentration.
I

5.2 Effect of the Direction of C0^ Diffusion on the Díffusion
Coef f icienË: z

Carbon dioxide \^¡as allowed to diffuse at 10o C through

bulks of r¿heat and rapeseed in three directions viz vertícalIy

up, horizontaL and vertically down. IË r'ras expected Èhat

CO. would diffuse downward under the force of gravity more
¿

rapidly than it would dif f use upr^iard because the densi Ëy of
2

COZ (1.963 kg/ur') at standard temperature and pressure (STP)

is L.472 tírnes greateï than the density of air (1.334 kg /^3).

This phenomenon r¡ras observed during some preliminary experi-

ments when COZ r¡/as dif f used through air. The reduction in

the COZ concentration in the gas chamber during t h üras more

when COZ hras díffused vertically downward through air than

when it r,ras díffused vertically upward. BuË when COZ ïras

-34-
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diffused through wheat and rapeseed the change in COZ con-

centration in the gas chamber \,ras direcÈiona11y independent

and considerably slower (Table 5.1) .

The values of the diffusion coefficient of COZ through

wheat (I3it moísture content) vrere 0.0338, 0.0347 and 0.0346
2.cm'/s and for rapeseed (8% noisËure contenÈ) $rere 0.0269,

O.02gO and 0.0284 cm? / s respectíve1y for CoZ diffusing ver-

tically up, horizontal and verËically do¡¿n at 10o C. The

variation ín the diffusion coefficient of COZ Ëhrough both

wheat and rapeseed T¡ras statistíca11y insignif icant (P>0.05)

with CO. flow directíon (Fig. 5.2) A sími1ar phenomenon vras
¿

also observed by Robertson (1959) when he conducted experímenËs

on CO. diffusion through wheat. Because by definition the
z

process of diffusion is dependent only on the partíal pres-

sure or concentratíons of the dif f using material, the dLf.f.usion

coefficient should be constant and ind.ependent of Èhe direc-

tion of diffusion. Inlhen COZ is introduced at the top of the

diffusion column and is allowed to diffuse through a less

dense gas like air, the combíned effeet of gaseous diffusion

and gravitational bulk flow of the denser gas through Ëhe less

dense gas can cause dírection-dependent f1ow. But when COZ

is introduced at the top of a grain column the gravitaËional

bulk flow is retarded and evidently becomes relatively un-

important. Thus flow by díffusion prevails, ¡¿hich is the

same in all directíons.

Based on Èhe laboratory observaÈions that diffusion co-

efficient is independent of flow direcÈion, the effec Ès on

díffusion coefficíent of porosity, moisture contenÈ, temperature
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Table 5.1: The Effect of DirecÈion of COZ Diffusion on the
COZ Concentration ín the Gas Chamber for COZ

Díffusion through Aír, Wheat and Rapeseed.

Direct,ion of ConcenËration in the gas chamber
Me dia COZ díffusion (uelc*3)

0.h Ih 6h

aír
aír
air

wheaÈ
wheat
wheaË

rapeseed
rapeseed
rapeseed

+
-)

+

+
+
+

L03.2 38.7
87 .7 30.7

108 . 7 r02.2

95.5
l-02 .3
101.1

158. 1
L76.3
L92.9

+
+
+

87 .8
96.6
93.7

L46.8
165.8
183.0

* Ver tically dor,¡nward

-+ Hori zonta:-.

I Ver tically uPward
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and type of seed \{ere studied

introduced at the toP of the

diffuse vertically downward.

selected over the other Ëwo.

only for Ëhe case

seed column and was

This direction was

39

when COZ was

allo¡.ved to

arb itrarí1y

5.3 Effect of Porosity of Diffusion coefficient through
trnlheat Bulks:

Three porosiËy 1eve1s 37.9"Á, 40.0"/" and 4I.9"/. wete

obËaíned by filling the cylindrical grain chamber ¡¿ith 8.808'

8.500 and 8.228 kg of wheat at 13% moísÈure content. The

effect of this variation in porosity on diffusion coefficient

was statistically insignificant (Tab1e 5.2) . It aPPears

that the change in the Porosity is not sufficient to vary

the mechanical resistance offered to the diffusion of COZ

through r¿heat kernels.

5.4 Effect of MoisÈure ConÈent on Diffusion Coefficient
of CO. through I^Iheat Bulks:

z

Coefficient of diffusion of COZ through wheat decreased

with increasing !noísÈure content. The porosity of the wheat

vras kept constant (40.07") at I37. and L57" moisture content but

decreased sIÍghtIy to 39.g% at IB7" moisture content. At 10o C

the diffusion coefficíents of COZ through wheat for L37", I57.
)

and LB% moisture content are 0.0346, 0.0278 and 0.0273 cm-/s

respectively. Values of diffusion coefficÍent aË L5% and LB%

moisture content are significantly differenË (P>0.05) from the

value at I3"/" moisture content but are not sígnificantly dif-

ferent from each other (Appendix A).

It appears that when moisture content of wheat is

raísed above L3% the affiniÈy of C0^ for the r¿aËer decreases
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Table 5.2: EffecË of Porosity on Diffusion CoefficienË
through Inlheat (13% moisture contenE) at lOoC
and COZ Diffusing Downward.

Porosity
(%)

Diffusion coeffícient*
(cnZ / s)

37 .9

40.0

47.9

0.0334 r 0.0012

0.0346 r 0.0020

0.0337 t 0.0020

* N = 3, mean and standard deviatíon.
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the diffusion coefficient. The constant coefficíent of dif-

fusion above I57" moisture content suggests thaÈ the pore sites

along the seed coat covering the endosperrn available for v/ater

are saturaËed at about 157. moisture conÈenË and thus the amount

of vrater r¿hich interacts with COZ stays constant..

5.5 Effec t of remperaËure on Díffusion coefficient through
I,rIheat and Rapeseed:

I^Iith an increase in temperaËure the diffusion co-

efficienË of coz through wheaË and rapeseed is increased

(Fig. 5.3). BaÍ1ey (l-959) has indicared Ëhe remperature de-

pendence of the diffusion rate of OZ through wheat and he

suggested that ín the temperature range L.7oC to 42oc Ëhe

relationship is satísfacÈori1y descríbed by a quadratic

curve. rn the present study the diffusion coefficient of

COZ through wheat is best described by a quadratic curve
)(R' = 0.9431) in the temperarure range of -1OoC to 30oC.

Jost (1960), Cunningham and Williams (1980) and Fu1ler and

Giddings (1965) have reported that the diffusion coefficienr

is proportional to the 3 /2 por.rer of the ab solute temperature .

The diffusion coefficients for both wheaË and rapeseed follow

this relationship ín Ëhe temperature range of -10oC to 2OoC,

buÈ from 2ooc to 30oc the coef f icients increase ¡nore rapidly.

It appears that the relationship between diffusion co-

efficient of gases through grains and temperature is better

described by a quadratic relationship than by Ëhe 3 /2 por¡/er

of temperature. Present theories do not explain this effect.

Effect of the Type of Ehe Grain on Diffusion Coefficient

The measured coefficients of diffusion of COZ through

5.6
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rapeseed (B% moisture content and 34.5% porosity), rnrheat (737.

moisture content and 40.07. porosity), corn L47" moisture con-

tent and 40.L7. porosity) and oats (14.5% mo isture content and

54.6% porosity) at lOoC are 0.0284, 0.0346, 0.0302 and 0.0391
2,

cm- / s respectively.

The measured and predicted (by the quadratic relationship

fitted to test data) coefficienEs of diffusion of COZ through

r¡heat (L3% moísture content and 38.9% porosity) at 2OoC are

0.0373 and O.O414 cnz/s respectively. Henderson and Oxley

(I944) have reported the diffusion coefficient of COZ through

has red spring (Manitoba No. 1) wheat (I2% moisËure content

and 38lZ porosity) to be 0.0415 cmz/s aË room temperature. The

measured value of the dÍffusion coefficíenÈ of COZ through

wheat (0 .037 4) ís signif icantly dif f erent at the 5"/. 1eve1

from the value of Henderson and Oxley but the predicted

value based on the quadratic relatíonship of the diffusion

coeffícient and temperature (0.04I4) is not significantly

dífferent from Ëhe value of Henderson and Oxley. The difference

between my measured value and that of Henderson and Oxley

cari be further explained by the effecË of utoisture content

of the graín because in the presenË experiments the moisture

content rüas s1íghtly higher (12.96%) Ëhan thaË observed by

Henderson and Oxley (L2%). Also Manitoba No. 1 in L944 may

have had different physical atÈributes than Neepawa.

Coefficients of diffusion of COZ through rapeseed, wheat,

corn and oats have been compared in Fig. 5.4. Based on ascend-

ing porosity Ëhese graí,ns are arranged as rapeseed, wheaË,

corn and oats but based on diffusion coefficient the order
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is rapeseed, corn, wheat and oats. Furthermore the change in

the diffusion coefficienË ís not proportional to the change in

porosity. The reversal in order of wheat and corn suggests

that some other factors in addition to grain porosity like

shape, size and natural wrinkle on the seed coat, are aff.ecting

the dif f usion coef f icient. A similar phenornenon LTas observed

by Bailey (1959). He found that rate of diffusion of oxygen

through four seed bulks (corn, wheat, barley and oats) in-

creased in order of increasing porosíty of the seeds except

for wheat and barley. ln Bailey t s study the porosity of corn

r,ras less than r¿heat whereas in the present study Ít \^ras not.

This may be because of differences in varíety, year of harvest,

shape and size of kernels and method of fillíng.

5.7 Detection of COZ in Granaries:

In I^Iestern Canada grain is harvested by combíne and stored

in the bins at mean temperatures as high as 36oC (Prasad etal.

L978). Most of the years grain is harvested dry (ca. L2-L4"/"

moisture content). Hígh temperature (ca. 32-35'C) and relative-

1y dry grain conditions are most suítab1e for importent pest

insects, such as the Cryptolestes ferrugíneus (Steph. ) to

mulÈtply optlmally. Under these conditions some specíes of

insects may increase 50 to 7O times a month (Howe f965).

Infestation in freshly sËored grain can start with a few adult

insects laying eggs in some parts of Ëhe grain bulk having

some relatively moist pockets of sound kernels, mechanically

damaged kernels and dockage. These insecÈs are usually present
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in uncleaned graín bíns and may migrate from nearby infested

grain. rf unfavourable weather conditíons prevail during the

harvestíng period the grain may be harvested damp. Such condi-

tions will favour the growth of seed-borne fungi o11 thís darnp

grain. usually heavy insect and míte infestations that lead

to creatíon of "hot spots" are restrícted to the 3o cm layer

of graín along the surface, while rnold can gror"r along the entire

vertical grain column (sinha and l^lal1ace 1966, sinha L97L).

Because of insect infestation or mold growth or both, carbon

dioxide is produced in the stored grain. The diffusion of coz

produced at three differenr spoilage locatíons, in the ab-

sence of convectíon currents, has been studied in a 6-rn dia-

meter circular steel bin using fínite element models (singh

and Muir 1981). The exact location of pockets of spoilage ín

f arm granaries has rarely been documented in detail. rt \,/as

therefore concluded that the best location to detect spoilage

in grain bins by coz measurement is the vicínity of the center

of the bin.

I^Iarm autumn grain cools slow1y and unevenly ín storage as

winter approaches. Th. rate of cooling at Ëhe center depends

on its distance from a coolíng surface. Graín stored at 35"c

durÍng AugusË ín a 6-m diameter bin, stays above 30"C until

mid-January (Yaciuk etal . L97 5) . Naturally occurring tempe-

rature gradíents in the grain bin allows cool air to settle

do¡¿n near the wall and forces r,rarm air up in Ëhe central por-

tion of the bin. These convectíon currents may possibly carry
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Èhe COZ towards central portion of the bin. Due to 1or,¡er

temperatures near the wa11 the diffusion of coz ín the radial

directíon would be less than ín the vertíca1 direction (see

section 5.5) and coz v¡ou1d accumulate near Ëhe top center of

Èhe bin. Thus the most probable location for high leve1s of

COZ accumulation in granaríes is in the vicinity of the top

center of the grain bin.

As spring approaches the graín vüarms up s1ow1y. The con-

fíned insect population Ín an insect induced hot spot migrates

tov/ard the top of the bin and horizontally in the top layer

of the bin (Sinha and Wallace L966). Because of relatively

1ow moisture content (ca. L3-L4"/") of the grain in the granary

the chances of rnold growth are less, âfld thus COZ produced in

Ëhe other parts of the grarLary are also 1ess. The COr levels

remain high near the top center of the grain bin.

During summer the grain near the bín ball is \¡rarmer than

the central grain and thus convection currents reverse in dí-

rection. The downward movement of convection currents in the

central portion of the bin may carry the COZ wiÈh it from the

source of its productíon. Thus in summer the center of the bín

also remains the most probable location for the occurrence of

high 1eve1s of COZ. Therefore ít is hypothesi-zed that the

best location in the grain bin to deËecË spoilage by measuring

COZ leve1s in l¡lestern Canada r¿ould be ín the viciníty of the

cenÈer of the grain bin.



6. CONCLUSIONS

Based on the results of Ëhis study Ëhe fol1or¿ing conclu-

sions r¡rere drawn:

1. The diffusion coefficient of coz through both rapeseed

and v¡heat was independent of COZ flow directíon in

relation to the force of gravity.

The effect of variation Ín porosity of wheat (:7.9%

to 4L.9"/.) on diffusion coefficient r"ras statística11y

íns ignifícant .

t

J.

4. For wheat the relationshíp between diffusion coeffi-

cient and Ëemperature is satísfactorí1y described by

a quadratic function in the temperature range of

-100c Èo 300c,

The coefficient of diffusion of

reased with increasing moísture

L5% while a further increase ín

L8"Á r^ras ineffective ín changing

cienÈ.

The measured coeffícients of

rapeseed (B% moisture content

content), corn (L4Z moisture

moisture content), 1isËed in

porosíty lrere 0.0284, 0.0346,

respectively.

COZ through wheat dec-

contenË from I3"/" to

moísture contenË to

the diffusion coeffi-

diffusion of COZ through

), wheat (L37[ moisËure

content) and oats (14,5"/"

order of increasing

0.0302 and 0.0391 "^2/"

5.

The diffusion coefficient of COZ through grains

not proportional to Ëhe porosiÈy of the graíns.

6.

- 48-

1S



LIST OF REFERENCES

Adamczyk, 8., B. Aramowicz, K. Golanzewska and r. olech. l-97ga.
Diffusion of gases through a layer of wheat grain. zeszyty
Problemowe Postepo\,ù Nauk Rolníczych, 203:307-311.

Adamczyk, B. , B. Aramowicz, K. Golanzewska and T. o1ech. 19 78b .
Transport of gases in a ðry vrheat grain. zeszyty problemowe
Postepo!ü Nauk Rolniczycln, 203: 301-305.

Adamczyk, B., B. Aramowicz, K. Golanzewska and r. olech. L97Be,
Modelowanie procesow dyfuzyjnyeh osrodkach poro\¡¡atych.
Roczniki Nauk Rolníczyeh, 73(4) :175-185.

Anonymous. L975. Moisture measurement-grain and seeds; ASAE
No. S352. Page 355 ín J. F. Baxter and R. H. Hahn, eds.
Agricultural Engineerts Yearbook 1979. Am. Soc. Agric.
Eng. , St. Joseph, MI.

Anonymous. 1979. GLM procedure. Pages 237-264 in J. T. Helwig
and K. A. Councí1, eds. SAS Users Guide, Statistical
Analysis System, Inc., Raleígh, North Carolina, USA.

Baí1ey, S. I^I. L959. The rate of dif f usíon of oxygen through
grain. J. Sci. Food Agríc. , 9 :501-506.

Bírd, R. 8., I4l. E. Stev¿art and E. N. Líghtfoot. 1960. Trans-
port phenomena. John hIíley & Sons Inc., New york.

Chen, L. L., D. L. Katz and M. R. Tek. I977. Binary díffusion
of methane-nitrogen through porous solíds. ArchE Journa1.,
23(3):336-34L.

chester, F. F., v. v. Kostrov and I^I . E. stel¡rart. 1974. Multí-
component diffusion of gases in porous solids. Models and
experiments. Ind. Eng. Chem. Fundam., l_3(1):5-9.

cowíe, M. and H. I^latts. L97L. Dif f usion of methane and chlo-
romethane in air. Can. J. Chem. , 49 z7 4-77 .

Cunningham, R. E. and R. J. J. I,ií11iams. 1980. Dif f usion ín
gases and porous media. Plenum Press. New York. 275pp.

Fu11er, E. N. and J. c. Giddings. 1965. A comparison of rneEhods
for predictíng gaseous díffusion coefficients. J. of G.
C., 32222-227.

Henderson, F. Y. and T. A. Ox1ey. L944. The properties of
grain in bu1k. II. The coefficient of diffusíon of carbon
dioxide through urheat. J. Soc. Chern. Ind. , London. ,63:52-53.

- 49-



50

Howe, R. H. L965. A summary of estimates of optimal and
mínima1 conditíons for populatíon íncrease of some stored
produets ínsects. J. SËored Prod. Res., Lz177-L84.

Jost, I,I . 1960. Diffusion in solids, 1íquids, gases. Acade-
mic Press Inc. Publishers. New York.

Mills, J. T. L976. Spoilage of rapeseed in elevator and farm
storage in l,iestern Canada. Can. Plant Dís. Surv. ,

56=95-103.

Milner, M. and W. F. Geddes. 1954. Respíration and heating.
Pages 152-220 in J. A. Anderson and A. I,J. Alcock, eds.
Storage of cereal grains and their products. Amer. Assoc.
Cereal Chemists, St. Pau1, MN.

Mohsenín, N. N. L970. Physical propert ies of plant and ani-
ma1 materials. Vol I. Structure, phlsical characterisËics
and mechanical properties. Gordon and Breach Sci. Pub.
New York. 7 3-7 4.

Mo11Íson, I,i. L. 1881. Note on conduction of heat. Messeng.
Math., 10:l7O-L7L.

Muir, I^I . E. , R. N. Sinha, H. A. H. I^Ial1ace and P. L. Sholberg.
1980. Emergency structures for sEoring grain-a multidisci-
plinary evaluation. Trans . ASAE (Am. Soc. Agric. Eng. ) ,
23(L) ¿20B-2L3, 2L7 .

Ney, E. P. and F. C. Armistead. L947. The self-diffusíon of
uranium hexafluoride. Phys. Rev. , 71 (1) :14-19.

Prasad, D. C., I{. E. Muir and H. A. H. }Ia11ace. L978. Charac-
terisËics of freshly harvested wheat and rapeseed. Trans.
ASAE (Arn. Soc. Agric. Eng.), 2L(4):782-784.

Ray, H. S. Lg76. Measurement of diffusion and flow of gas
through a porous so1id. J. App1. Chem. Bioteeh., 26 (8):
436- 4 44 .

Robertson, R. N. Lg48. Heating in stored grain. ÏI. Heat
production, heat conductivity and Ëemperature rise in
grain in Èhe presence and absence of insects. Aust. Coun.
Sci. Ind. Res . 8u11. No . 237 :26-29 .

RosenberB, M. R. L977. Principles of physical chemistry.
Oxford Universíty Press. Nevr York.

Singh, D. and W. E. Muir. 1981. Finíte element modelling of
carbon dioxide diffusion in stored wheat. Paper No. NCR
81-019. Am. Soc. Agric. Eng., St. Joseph, MI.



51
sínha' R. N. L97L. spoilage of farm-stored grain by mo1ds,insects and mites i-n trrlestern canada. canada Dept. ofAgriculture Publication No. l-437 .

sinha, R. N. and H. A. H. I,Ia11ace. L965. Ecology of a f ungus
índuced hot spot in stored grain. can. J. of plant sci.
45:48-59.

sinha, R. N. and H. A. H. !üa11ace. 1966. Eeology of insect-
índuced hot spots in stored grain in I¡Iestern canada. Res
Popu1. Eco1., VIII:L07-I32.

verma, s. K. L973. Flor¿ and diffusion of gases through porous
media. (Ph. D. Thesis universiry of Louisville). Disser-
tation Abstracts International (B)., 35:215-8.

trrlatts, H. L964. DÍf f usion of krypton-g5 ín multicompnenr
míxtures of krypton wíth heliurn, neon, argon and xenon.
Trans. Faraday Soc., 60:1745-L75I.

I^iatts, H. 1965. Dif f usíon in multÍcomponent gaseous mixtures.
Can. J. Chem. , 43:.4 3l-435 .

watts, H. 797r. Temperature dependence of the diffusion ofcarbon tetrachloride, chloroform and methylene chloridevapors in ai-r by a raÈe of evaporation method. can. J.
Chem., 49:67-73.

weast, R. c. ed. 1981. cRC handbook of chemístry and physics.
The Chemical Rubber Co., Boca Raton, Florída, USA.

I^Ie11er, K. R., N. s. stenhouse and H. I¡Iatts. L974a. Diffusion
of gases in porous solids. r. Theoretical background andexperimental method. Can. J. Chem., 52:2684-Z6gI.

I'Ie11er, K. R., N. s. stenhouse and H. !ùatts. Lg74b. Dif f usionof gases in porous solids. rr. Diffusion of an isotope
trace through binary gaseous mixtures in a porous graphite.
Can . J. Chem. , 52:2692-27 O0 .

Yacíuk, G., I,I. E. Muir and R. N. sinha. rg7s. A simulation
model of temperatures in stored grain. J. Agric. Eng.Res., 20:245-256.

Yang, R. T., R. T. Liu and M. steinberg. rg7l. A transient
technique for measuring diffusion coefficíents in porous
solids. Diffusion in carbonaceous materials. rnd. Eng.
Chem. Fundam. , 16 (4) :48 6-489 .



APPENDIX A

OBSERVED C02 CoNCENTRATIONS AT THE INLET OF THE WHEAT COLIJIt'lt{ ÂT DIFFERENI TIME INTERVALS AFTER INITIAL cAS INJECTION, MEASURED CO2
CoNCENTRATTONS AT THE 0IITLET oF THE WHEAT colu,fN AND THE cALcuLATED DTFFUSToN coEFFrcrENTs. coRRELATToN coEFFrcrENTs (R2) ARE 6REATER
THAN 0.99 EXCEPT WHERE SPECIFIED.

Exper-
imenÈ
No.

Carbon
dioxfde
dt ffu-
slon d1-
rectlon

Molsture*
contenr

(z)

1

2
3

4
5
6

7

I
9

+
+

+

+
+
+

+

t
t

Temper-
eÈure

('c)

L2.94 ! O.L3
12.94 ! 0.73
t2.94 ! O.73

12.94 t 0.I3
12.94 ! 0.13
L2.94 ! O.73

72.94 ! O.r3
12.94 t 0.13
t2.94 ! 0.I3

13.06 r 0.11
13.06 1 0.11
13.06 t 0.11

13.06 1 0.11
13.06 r 0.11
13.06 t 0.11

15.21 I 0.03
15.21 I 0.03
15.21 t 0.03

10
11
L2

10.0 t 1.0
10.0 I 1.0

,10.0 r 1.0

10.0 I 1.0
10.0 I 1.0
10.0 t 1.0

10.0 I 1.0
10.0 r 1.0
10.0 r 1.0

10.0 I 1.0
10.0 1 1.0
10.0 r 1.0

10.0 t 1.0
10.0 t 1.0
10,0 1 1.0

10.0 t 1.0
10.0 1 1.0
10.0 J 1.0

+

+

13
14
15

16
L7
18

2lh

Wheat (40.02 poroslry)

91.8 t 0.4 84.5 t 0.3 77.6 ! O.2
70.7 ! O.4 65.9 1 0.3 61.1 I 0.6
95.5 t 0.2 87.8 t 0.4 81.2 t 0.4

61.0 1 0.2 57.5 ! 0.2 53.1 t 0.3
59.0 1 0.3 55.1 1 0.1 50.6 r 0.3

IO2.3 ! O.7 96.6 1 0.5 88.6 t 0.5

76.9 ! 0.4 72.8 ! 0.8 67.2 ! 0.6
89.1 r 0.3 80.7 r 0.2 75.6 ! 0.2

100.1 t 0.7 93.7 1 0.5 86.7 ! O,2

Wheac (37.92 porostry)

58.1 1 0.4 54.0 r 0.2 49.5 t 0.3
35.1 t 0.4 32.6 ! o.7 30.6 ! 0.1

115.5 1 0.5 707.2 ! 0.3 99.5 t 0.5

I^Iheat (41.92 poroslry)

99.5 1 0.6 91.3 I 0.6 86.1 r 0.8
54.5 ! 0.2 51.2 t 0.3 47.1 t 0.3

107.0 t 0.5 100.0 t 0.4 93.3 r 0.5

I{heat (40.02 porostry)

117.6 I 0.3 110.1 1 0.4 103.5 t 0.4
130.7 r 0.7 122.2 ! O.2 116.4 t 0.4
96.2 ! O.4 89.3 ! O.2 83.9 t 0.8

CO, concentraElons*
'at the ln1et

(ug/"'3)

+

+

+

27h

+

+
+

33h 45h

C0, concen-
Èrãtfon at
outer end

(ue/"t3¡

65.9 I 0.5
52.6 1 0. 3

70.9 t 0.6

44.7 ! 0.L
42.8 ! O.2
76.8 1 0.5

57.9 t 0.4
64.2 ! O.4
74.8 I 0.5

42.9 ! 0.2
26.0 r 0.1
86.8 ! 0.3

73.8 r 0.3
39.7 ! O.2
80.0 I 0.5

92.t ! O.5
LO2.9 ! 0.2
72.I ! O-L

Dfffu- Mean
sfon diffu-
coeffl- slon
cient coeffl-

" 
cleqÈ

(cm-7"¡ (cm"/s)

1.0 10.10
0.9 t 0.05
1.0 t 0.06

0.9 I 0.05
0.8 r 0. 00
0.8 t 0.09

0.9 1 0.10
0.9 10.00
1.0 1 0.06

1.1 t 0.10
0.9 t 0.05
1.0 I 0.06

1.0 r 0.10
0.9 r 0.05
1.0 I 0.08

1.2 t 0.10
1.1 1 0.06
0.8 t 0.00

0. 0371
0.0333 0.0346
0.0335

0.0353
0.0362 0.0347
0. 0326

0.0324
0.0360 0.0338
0.0329

0.0345
0.0337 0.0334
0.0320

0.0323
0.0360 0.0337
0.0329

0.o276
o.0267 0.o278
o.0292

(¡
NJ



Exper- Carbon Molsture*
lment dloxide conÈenÈ
No. dlffu-

sion dl-
rectfon

(7")

19
20
2L

+

+
+

22
23
21.

25
26
27

28c
29
30

Temper-
ature

('c)

t7.95 ! 0.r2 10.0 t 1.0 76.0 ! o.2 73.2 ! 1.0
17.95 ! 0.72 10.0 1 1.0 88.1 t 0.2 82.8 t 0.2
L7.95 t 0.L2 10.0 t 1.0 144.5 t 0.3 135.3 1 0.4

*
+
+

+

+

+

+

+
+

13.06 t 0.11 -10.0 1 1.0
13.06 i 0.11 -10.0 1 1.0
13.06 r 0.11 -10.0 I 1.0

*
5

+
+
+

t
e

12.96 r 0.10
t-2. 96 r 0.10
12.96 r 0.10

12.96 1 0.10
12.96 t 0.10
12.96 r 0.10

2Lh

N=6, mean and standard devlatlon
N=4, mean and standard devlatlon
Vertlcally dor¿nward
HorizonÈal
Vertically upward
Maxlrnum devlatlon from the nean (2.57")
R2=0.985

CO" concentratlons*
'ac the dnlec

(ue/ cm'¡

t¡heat (39.92 poroslty)

20.0 r 1.5
20.0 r 1.5
20.0 t 1.5

30.0 t 1.5
30.0 r 1. 5

30.0 1 1.5

27h 33h

115.2 ! 0.6 106.8 r 0.5
98.6 r 0.4 93.1 1 0.6
99.4 1 1.0 92.2 ! 0.6

Wheat (40.0% poroslty)

119.7 ! 0.7
33.9 t 0.3
43.3 ! O.2

106.6 t 0.5
L26.7 ! 0.6
35.2 ! O.2

67.6 ! O.2 60.0 t 0.3
77.6 ! O.2 69.3 ! O.2

L27.4 ! O.3 113.5 r 0.2

108.8 t 0.3
31.3 t 0.1
39.7 ! 0.2

93.6 t 0.6
110.6 r 0.6
31.0 r 0.2

45h

CO" concen-
trãtlon at
ouÈer end$

(uel"t3¡

99.9 I 0.4
87.0 t 0.2
86.2 ! O.4

101.6 r 0.1
28.9 Ì 0.3
36.4 1 0.3

81.7 10.2
97.9 ! O.3
26.7 ! O.2

Dlffu- Mean
slon diffu-
coefff- slon
cLenÈ coeffl-

, cfegt
(cm"¡s; (cm"/s)

87.3 I 0.9
75.9 t 0.3
75.3 t 0.6

85.8 10.2
24.4 t 0.6+
30.9 I 0.2

65.4 t 0.5
73.1 1 0.4
20. I I 0.2

1.1 r 0.05
1.0 l 0.08
1.1 ! 0.13

l_.0 t 0.05
1.0 r 0.05
1.0 r 0.05

0.9 r 0.10
1.0 t 0. 15
0.9 r 0.20

0.8 r 0.05
0.8 r 0.13
0. I ! 0.05

0.0275
0.0272
o.o27L

0.0310
0.0296
0.0311

0.0368
0 .037 4
0.0379

0. 0584
0.0582
0. 0614

0.0273

0.0306

0.0374

0.0593

L¡r(,



APPENDIX B

OBSERVED CO^ CONCENTRATIONS AT THE INLET OF THE RAPESEED COLIJ}ÍN AT DIFFERENT TIME INTERVALS AFTER INITIAL GAS INJECTION, MEASURED
¿a

CO^ CONCENTRATIONS ÂT THE OUTLET OF THE RAPESEED COLIJMN AND THE CALCULATED DTFFUSION COEFFICTENTS. CORRELATION COEFFICTENTS (R.) ARE
¿

GREATER THAN 0.99 EXCEPT WHERE SPECIFIED.

Exper- Carbon MolsÈure*
lment dfoxlde conÈent
No. dtffu-

slon dI-
rec tion

(z)

1
2

3t

4
5
6

7

I
9

+

+

+

+
+

t
I
+

Temper-
aÈure

("c)

8.14 r 0.08 '

8.14 t 0.08
8.14 t 0.08

8.14 r 0.08
8.14 i 0.08
8.14 r 0.08

8.14 1 0.08
8.14 r 0.08
8.14 r 0.08

7.99 ! O.44
7.99 ! O.44
7.99 ! O.44

7.99 ! 0.44
7.99 ! O.44
7.99 ! O.44

10
1L
L2

13
t4
15

10.0 r 1.0
10.0 t 1.0
10.0 r 1.0

10.0 t 1.0
10.0 t 1.0
10.0 ! 1.0

10.0 I 1.0
10.0 r 1.0
10.0 I L.0

-10.0 r 1.0
-10.0 t 1.0
-10.0 r 1.0

30.0 r 1.5
30.0 ! 1.5
30.0 1 1.5

+

+

+

2lh

*
5

+

I
+
+

{
+

+

CO^ concentratlons*z at the fnlet
(ug/"'3)

N=6, rnean and standard devlatlon
N=4, mean and stândard devlatfon
Vertlcally downward
R2=0.989
Horlzon t.a1
Vertically upward

123.9 J 0.8 119.0 1 0.6
54.5 ! O.2 51.0 1 0.3

158.1 1 0.6 146.8 I 0.5

88.7 t 0.3 84.6 1 0.5
77.4 ! O.4 71.8 t 0.6

t76.3 ! O.7 164.8 I 0.4

157.8 r 0.7 147.9 r 0.8
31.3 r 0.1 29.0 I 0.1

192.9 ! r.t 183.0 r 0.7

170.5 I 0.9 160.6 1 0.7
175.6 r 0.6 166.6 1 0.7
t28.4 ! O.4 L2r.3 ! O.4

91.3 r 0.4 85.3 f 0.6
101.9 r 0.3 90.7 I 0.3
62.0 ! O.4 55.7 t 0.2

Rapeseed (34.57" poroslty)

27h 33h

111.3 1 0.5
47.1 10.1

138.3 1 0.7

78.6 r 0.3
66.8 t 0.3

155.5 1 0.5

140.7 I 0.7
27.2 ! 0.I

172.2 ! O.5

152.7 ! O.4
160.8 r 0.7
115.2 r 0.0

75.8 r 0.1
78.9 ! O.4
48.6 1 0.4

45h

C0, concen-
trãtlon at
ouLer ends

(ue/"t3¡

98.7 1 0.7
41.3 I 0.1

123.7 ! 0.6

69.1 I 0.5
58.5 t 0.4

138.7 I 0.4

124.5 ! 0.6
23.6 t 0.1

L53.2 ! O.4

137.8 r 0.6
143.3 t 0.4
103.7 t 0.3

6I.2 ! 0.2
60.0 r 0.0
37.8 t 0.3

Dlffu- Mean
slon diffu-
coeffi- slon
cient coeffl--

o ciegÈ
(cm'/s) (cm'/s¡

0.9 t 0.14
1,0 r 0. 10
1.0 t 0.10

0.9 r 0.00
1.0 t 0.06
1.0 1 0.10

1.0 1 0.11
1.0 t 0.05
1.1 t 0.10

0.9 r 0.08
L.2 ! O.20
1.0 1 0.10

0.8 J 0.10
0.8 r 0.05
0.8 t 0.10

o.0262
0.0317
o. o27 4

0.0287
0. 0315
0.0268

0.0259
0.0287
0.o26t

0. 02 39
o.0227
0.0241

0. 0446
0.0573
0.0545

0.0284

0.0290

0.0269

0. 02 36

0.0521

lJt
â.



APPENDTX C

OBSERVED CO^ CONCENTRATTONS AT THE INLET OF THE COLIJMN OF OÄ,TS AND CORN AT DIFFERENT TIME INTERVALS AFTER INITIAL GAS INJECTION,
¿

MEASURED CO, CONCENTRATIONS AT THE OUTLET OF THE CoLlJÏ'îN OF OATS ÂND CoRN AND THE CALCULATED DIFFUSION COEFFICIENTS. CORRELATION
oa

COEFFICIENTS (R.) ARX GREATER THAN 0.99.

Exper- Carbon Molsture*
lmenÈ dloxlde content
No. dtffu-

slon dl-
rectlon

('/")

1
2

3

+

+

+

lemper-
a ture

('c)

4

5
6

14.55 t 0.08
14.55 r 0.08
14.55 1 0.08

14.15 t 0.05
14.15 1 0.05
14.15 r 0.05

*
5

+

+

+

+

N=6, mean and standard devlatfon
N=4, mean and standard deviation
Vertlcally downward

10.0 1 1.0
1"0.0 j 1.0
L0.0 r 1.0

10.0 r L.0
10.0 r 1.0
10.0 t 1.0

2lh

C0^ concentratlons*¿ at the lnlet
(ug/",n3)

77.0 ! O.4
48.3 r 0.3
99. 2 1 0.5

Corn

130.0 t 0.5
68.8 I 0.1
82.3 10.3

Oats (54.6% porosfry)

27h

70.1 t 0.1 64.7 ! O.2
t44.2 ! O.O 40.6 t 0.3
90.6 I 0.3 83.0 r 0.2

(4O.LZ porosity)

121.0 ! 0.3 113.0 I 0.2
63.9 1 0.3 59.9 r 0.1
76.3 ! O.2 71.5 1 0.4

33h 45h

CO" concen-
trãtlon ac
ouÈer end5

(ue/".3¡

54.6 t 0.1
33.6 r 0.2
70.3 r 0.5

100.0 t 0.4
52.5 ! 0.2
62.5 ! O.3

Dlffu- Mean
slon diffu-
coefff- slon
cienÈ coeffl-

, ciegÈ
(cm'¡s¡ (crn'/s)

1.0 r 0.05
1.1 t 0.14
1.3 10.14

0.9 t 0. 14
1.2 r 0.20
1.0 r 0.10

0.0382
0.0407 0.0391
0.0385

0.0294
0.0305 0.0302
0.0308

(Jl
(Jl
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FINITE ELE},IENT MODELLING OF CARBON DIOXIDE
DIFFUSION IN STORED WHEAT

Digvir Singh and I^I.E. Muir
Department of Agricultural Engineeríng

UníversiEy of Manítoba
I^Iinnipeg, ManiËoba R3T 2N2

ASSTRACT

Incipient det.erioration of stored grain may be deteeted by measuring the
increased carbon dioxide (COz) produced by spoilage organisms and the grain.
Usíng a fíníte element model the diffusion of C02 from a pocket of spoíled
wheat located at three depths (viz 0.3 m, 2.0 n and 4.3 m from the top sur-
face of the wheaË bulk) has been compared for the tr^ro cases of homogeneous
Neumann and Dirichlet boundary conditions at the bin wall. The most suitable
location for the sensing device is the center of the spoiling pocket and the
requíred resolution of Èhe det.ector should be at least 8 g.rn-3 Q.qtÐ. In ab-
sence of príor knowledge of the locatíon of the hot spot a sensor capable of
detecting CO2 levels of. 2 g.m-3 @.L7") should be located at the center of the
bin.

INTRODUCTION

Over 80 Mt of grain and oilseeds, worth more than 3 billion dollars are
stored Ín elevators and on farms in Canada rnith little or no equipment to de-
tect any loss in quality or quantity due to deteriorat,ion. The presently
employed monitoring sysÈem Èo detect spoilage in bulks is Ëo take point
measurements of t.emperature in Ëhe bulk. Because of the low thermal díffu-
sivíty of grain a point temperature measurement must be within about 0.5 m of
an active spoilage spoË to detect the spoilage (Sinha and l^Iallace 1965).
Measured lemperaËures cannoË be readily interpreted r¿ithout príor knowledge
of the temperature history of the grain bin. As an example a temperaËure of
35oC in a large bin in mid-winter may mean that there ís an active hot spot
or thaË the grain has noÈ yet begun to cool aË the center of the bin (Yaciuk
eË al. L975).

The presence of a mouldy odour is a method frequently used by elevator
managers to detect spoíled rapeseed (Mills L976). BuÈ the managers reporË
Èhat eonsíderable spoilage has occurred before they are able to detect iË by
odour.

Consequently there appears to be a need for a new monítoring system, that
can vrarn the sËorage manager or farmer v¡hen his stored product begins to under-
go unacceptable deterioratíon. Previous work (Muir et al. 1980) has shown
Ëhat intergranular carbon dioxíde (COz) concenËratíons can be índicators of
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grain spoílage, because COz is one of the by-products of decomposed carbohydrates.
The measured CO, concentrations can be readily compared ¡¿íth aurbíent air and

knowledge of ttrõ storage history is not required to interpret Ëhe readings.

A projecË to develop a scientifically valid and commercially feasible moni-
toríng sysÈem to deÈect deteríoration of cereal grains and oílseeds during
storage in large bulks was undertaken. Rates of production of COz in wheat and

rapeseed at different ËemperaËures and uoisture contents (hlhite et al. 19Bl) and
díffusion properties of CO2 through wheat and rapeseed (Singh 19Bf) have been
studíed. Field Èests to study the rate of díffusion of COz Ëhrough and out of
large bulks of cereal grains and oilseeds stored in various types and sizes of
bins are being conducted.

In the study reported here a finite element model of the díffusion of COz

through v¡heat was used to predict Ëhe required resolution and the most suítable
bin locatíon for a spoilage sensing device.

FORMULATION OF TIIE PROBLEM

The diffusion of gases from a pocket
Fíck's Second law of diffusíon (Jost 1960)

spoiled grain is governed by

v. (Dvc) dc
ãE

(1)

r¿here: C is the concentratíon of díffusing gas, [¡m-']
D is the diffusiviËy or diffusion coeffícient, Iltf-t]
t is tíme, [T]

of

For a homogeneous material Èhe material property, diffusivity,
pendent of position, thus Eq. (1) is simplied to:

Vzc =

When expanded, Eq. (2) results in the general
equaÈion in Cartesian Coordinates:

is inde-

(2)

three dimensional díffusíon

(3)

1âc
DâT

â2c â2c â2c 1
ã;z*ãt"* ð7=l ðc

ãE

1ðc
DãT

â"-
ðT

and in cylindrical- coordinates, for the case of axial syffneËry:

à2c I

-qL-

àrt r
ð2c
àz'

(4)
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For sËeady state conditions concentration does noË change wiËh tirne so the
rate of change of concentraËion wíth time becomes zero and Eq. (4) becomes:

',#.+#+þ>=o (s)

Eq. (5) has been solved for six distinct finite element (FE) rnodels with
homogeneous Díríchlet and Neumann boundary condítions as defined in Fig. 1
(Neuman and Narasimham L977, Narasimham et al. L977).

ASSIGNMENT OF BOI]NDARY CONDITIONS

A círcular steel bin with a concrete floor, 6 r ín diameter and filled to
a height of 4.6 m wíth wheaÈ (142 moisture conËent. rÀ7et basís and diffusion co-
efficíent 0.01368 r2h-r)(Sineh 1981) was considered for the study.

The concrete floor of the bin was assumed to be ímpermeable to the diffusíng
carbon dioxide gas thus resulÈing in the homogeneous Neumann boundary condítion
(ðc/ân = 0). This condiËion is analogous to an open circuit in Electrical En-
gineering field problems and an insulaËed boundary in heat conduction problems.

Due to symmeÈry about the central axis and assumíng no variation in the
concenËration with the angle 0 (i.e. around the bín), Ëhe boundary at the center of
Èhe bin is also homogeneous Neumann.

The top surface of grain is open to atmospheríc air. On the assumptíon
that COz leaving Èhe grain mass is instanÈaneously diffused to the atmosphere,
t.he CO2 concentration at Ëhe top of the grain mass qras defined to be constant
and equal to the C02 concentration in the atmosphere (0.9g.r-3¡,leading to the
Dirichlet boundary condítion.

The bín v¡all r¿as assumed to be (1) infinitely permeable to COz thus leading
to Dírichlet boundary condition, and (2), impermeable to CO2 thus leadÍng to Ëhe
homogeneous Neumann boundary condiÈíon. These are tr^ro extreme cases ¡¿hich could
occur in the field depending on the amount of l-eakage through the bin r¿all.
Probably most steel bins would be somewhere between the tr^7o extremes. The rates
of diffusíon of CO2 through bin wa1ls ãre not yeL krrown, Lhus Lhe Lwo extrèüte
possíbilities have been considered.

DETERMINATION OF LOCATION AND DIMENSIONS OF SPOILING POCKET

The spoilíng dísc kras assumed to be 0.30 ur deep, 1 m in dÍameter and located
at a depth of 0.3 m from the top grain surface in the bin. MoisÈure migration
and snow blowing ínto bins cari cause hot spots to occur at thís location (Muir
eÈ al. 1978, Muir et al. 1980), (Fig. 14, B).

Moisture migraËion ín the suilrner or the movement of melËed snow water
from the top to the botËom of the bin may resulË in hoÈ spoËs developing at the
bottom of the bin (Muir et a1. 1978) (Fig. l-E, F).
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Fig. 1: Finite Element Models

C = Carbon dioxide concentraÈion (g.n-3),

C" = Carbon dioxide concentratíon in air (0'9 g'n-3),

C. = Spoilíng pocket CO2 concentratíon (g'*-t),

* = aorr"entration gradient ín noraml dírection (g'*-u)
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A third location for the spoilíng disc was taken at the center of the bín,
2.0 rn from the top grain surface (Fig. IC, D).

The spoiling pocket was assumed to be at 30oC, 207. moisture content $7et

basis and producing CO2 at a rate 0.006 gh-l¡g-lofwheat, based on equations
of lrrhite et al. (1981). The Dirichl-et boundary conditions in the spoilage poc-
kets r¿ere determined on the basís of assuming constant concentrations vr-ithin
the pocket.

FINITE ELEMENT MODELLING

For Ëhe six boundary conditíons (Fíg. 1), Eq. (5) was solved by using
MANFEP (Manitoba Finite Element Program) package (Stevens and LÌexlet !978a,
1978b). The package of Fortran Subroutines is capable of accommodaËing Ëhe

problems governed by the general synmetrical Laplacían or Helmholtz operators.
The region under consideraËion is discretízed into isoparametric triangular
elements and Ëhe línear equations thaË result from the discretization are
solved by Èhe Zollenkopf bifactorizatíon method. The basic principle^behínd
Èhe VarÍational Method is to seek a function Q (concentration C, g'm-3 in the
present case), ËhaÈ under fairly broad condítions causes the minímizatíon of
the function, F, (I^Iexler 1974, L976) t

F = rtt"cpl, + zu ff !_E
ðy

+ c(#)' + dþ' - zþpldx dy

.u f (o0,
C!

This minirnízLng
second order partial

- 2hö)dsr

function is the solution of the general t¡¿o dimensional
dif ferential equation :

(6)

+F0+G=P (7)

which with proper values for the coeffieients A, B, C, D, E, F, G and P could
be reduced Êo Laplace or Helmhol-tz equaËion.

RESI]LTS AND DISCUSSIONS

An initial consËant CO2 concentration (18.5 g.m-3) was assumed to exist
ín Èhe spoiling pocket. Thís was based on 2 g CO2 in the spoíling pocket and

assuming Ëhat the amount of COz produced in each hour is equal- to the amount
diffused from the bÍn in I h for the six Finite Element (FE) nodels (Fig. 1).
As the spoíling pocket is moved from Ëhe top to the boËËom of Èhe bín the
amounË diffused irom the top of the bin, for COz conceritration of 18.5 g'n-3 at
the pocketandforabin wall open to the air, is reduced from 0.8 gh-l to 0.07
gh-l. The amounË diffused through the side is maximum (L.7 gh-l) when the pocket

^#+28ô*ây*.#*o#*u#
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is near the center compared with 0.66 gh-t with Ëhe pocket at Èhe Ëop and
1.28 gh-l with Èhe pocket at the botÈom. This could be explained on the basis
of geomeËrical consíderations. For the same bin the distance from the pocket
to the wall varies from 3 m to 5 m when the spoiling pockeË is either near the
top or Èhe bottom whereas for the cenËer location of the poeket Ëhe distance is
3.0 to 3.9 n. This resul-ts in nearly constant concentration gradíenËs for the
latter case in comparison with varied gradients for the former, and Èhus higher
amounts of COz diffused for the center location of the pocket than the top or
bottom l-ocations. The amount díffused from Èhe Ëop of the bin for the bin wall
beíng impermeable Èo aír and Ëhe same concentration (18.5 g.rt-t) rt the pocket,
reduces from 1.2 gln-' to0.6 gh-l as the pocket ís moved dovrnward from the top
open surface to the botËom.

For each of the six finite element models, the dynamic-equilíbrium concen-
tratíon level in the pocket (Table 1) was reached r¿hen the amounË of COz díf-
fused from the bin was equal Ëo the amount produced by the spoíling grain
(hrhite etal.1981). For these concentration levels at the spoiling disc the
lines of equi-concentration of COz and COz concentrations at 15 points ín the
bin were determined (Fig. 2 ar.d Table 1).

I,trith the assumed spoilage pocket the concentrations of CO2 buíIt up in
the bin are 1ow (Fig. 2, Table 1). This requÍres a sensing ínstrument with
high resolution to detect spoilage in the bin. I'rfhen Èhe bin v¡all ís permeable
to the atmosphere, to detecË spoílage within 2 m ot an active hoË spot an in-
strument eapable of detectirrrg 2 g.m-3 @.ü() CO2 ís required (the COz concen-
traÈíon in the ambient aír is 0.9 g.m-t (0.03%) by voh:me). To detecË the
spoilage wiÊhin 1 m from the poeket the equipment should detect a C02 corrcen-
traËion of abouË 4 g.*-3 @.27.). The best locatíon to deËecË spoílage is in
the vicinity of the active hot spot where the concenËraËions are híghest,
about 14 to 17 tfunes that of atmospheric concentration.

The concentraËions of COz in the spoílage poeket are about Èhe same (12.0
to 14.8 g.r-3) for four of the models considered (Table l-). A slightly lower
concenËration (8.7 g.m- 3) occr'rrs r¿iËh the spoilage pocket at the cenËer with
an open r^rall and almost double the concentration (26.2 g.m-3) occurs wiËh the
spoilage poekeË aÈ the bottom and a closed waIl. Therefore if the sensor can
be located within the spoilage pocket it should be capable of accurately
sensing COz levels of at leasÈ B g.m-3 @.4"/").

CONCLUSIONS

To detect grain spoilage within 2 m of the spoilage locat.ion in grain
storage models with open walls an inst.rument capable of detecting 2 g.^-'
COz ís required.

1.

For the grain storage model wiÈh the hot spot developed at the bottom and
r^'ith an ímpermeable wall the spoilage could be detected r¿Íth a less sen-
sitive instrument (capable of deÈecÈing 4 g.*-3) within 2 m of Ëhe active
hot spot.

2.



65

Table 1: Predicted COz ConcentraËions
poinËs for the síx FE Models

(g.r-t) 
"t 

15 selected
(Fie. 1).

Point Location Spoilage Location

Top
Open Closed't^Ial-I I^Iall-

Center BoËËom

Open Closed
I^Iall trIall

Radíus
(rn)

Height
(m)

0pen
I.Ia11

Closed
I^Ia11

0.5
0.5
0.5
0.5
0.5
1.5
1.5
1.5
l_. 5
1.5
2.5
)\
2.5
2.5
2.5

4.3
3.3
2.3
1.3
0.3
4.3
3.3
2.3
1.3
0.3
4.3
3.3
2.3
1.3
0.3

L2.0*
4.5
2,L
L.4
L.2
L.7
2.L
r.6
1.1
1.0
1.1
1.0
1.0
1.0
l_.0

I4. J^
s.9
3.6
3.1
3.0
2.0
3.1
3.1
3.0
3.0
1.3
1_.3
2.8
)o
2.9

L.4
3.6
8.7*
3.3
t,
1.1
2.0
2.5
2.0
L.7
1.0
L.2
1.3
1.2
L.2

2.0
6.7

14. B*
8.1
7.r
1.8
4.6
6.6
6.7
6.7
L.6
3.7
5.3
6.L
6.3

1.0 L.7
L.4 4.5
2.2 7.5
4.4 L2.2

13.3* 26.2*
1.0 L.7
t.2 4.4
L.6 7.L
2.7 10. 0
3 .7 L2.3
1. 0 L.7
1.0 4.3
L.2 6.7
L.4 8. 8
1.6 10.0

*Concentratíon of COz Ín Ëhe spoilage pockeÈ.
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I.j g. 2 (.4) I,i
c'i
.r t

nes of equi-collcentration
a 6 n diameter ivheat bin
tile top and rvith an open

of CO2 in the top 3 m

rvitl'r the spoilage disc
r+all- (Fig. fA) .

l-lnes of equi-concentratíon
of, a 6 m diameter ruheat bin
¿:lt the top and with a closed

of COz in the top 3 m

rvíth the spoilage disc
r+al1 (Fig. fB).

Fig. 2(t3):



l0 6l

Þ-is . 2 (c) l,.ines of equi-concentration of COz in the wheat
0.8 to 3.8 m from the top grain surface of a 6 m

c[ Lameter rul-reat bin r+ith the spoilage disc at the
centr:e and rvith an open rva1l (Ffg. lC).

Lines of equÍ-concentration of C02 in the r¿heat
0.8 to 3.8 rn from the top graÍn surface of a 6 m

rl iameter rvheat bin i¿ith tlie spoilage disc at tire
ceìntre and rvith a closed ruall (Fig. lD) .

Fíe. 2(D):
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Fie. 2 (E) : l,jrres of equi-concentration
-J m of a 6 m díameter rvheat
rl isc at the bottom and r^riti-r

of C02 in the bottom
bin wíth the sPoilage
an open wall (FÍg' lE)

l-ines of equi-concentration of COz ín
3 m of a 6 m diameter rvheat bin with
clisc at the bottom and rvith a closed

the bottom
the spoilage
rval1 (Fig. f F)

Fle. 2 (F) :
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3. The best locaËion for a sensor to detect spoílage is in the vicinity
of the hot spot. If the sensor can be located ¡¿ithin the spoilage pocket
ít should be capable of accurately sensing COz 1eve1s of at least 8 g.*-'.

4. If Ëhe spoilage location ís unknor,m but
considered locatíons, the most suitable
center of the bin and the resolution of
^ -3¿ g'm

is located at any of the three
location for the sensor is the
Ehe insËrument should be at least
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