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FOREWORD

There are many aspects to the world campaign against hunger. The World Meteorological Organization has pledged itself to a programme for achieving the maximum contribution from meteorology towards increasing wor~d food production and conserving world food
resources and supplies. As one step in this direction, the Commission for Agricultural
Meteorology, with characteristic foresight, established in 1962 a Working Group on the
Meteorological Aspects of the Storage of Cereals and Other Small Seed Crops.
The losses of food grains by damage during storage are often sufficient to cancel out the gains made by improved varieties and cultural methods. Much of the damage and
loss is preventable with adequate knowledge and facilities. Meteorology plays an important
role in understanding the causes and in applying protective measures.
The task of the
working group was to review and summarize available knowledge and experience to assist the
agricultural meteorologist in his service to agriculture.
A preliminary report by the group was studied by the Commission during its
fourth session in Manila, 1967. It was agreed that the report should be expanded before
final pUblication. This additional task was accepted by Mr. C. V. Smith (U.K.), a member
of the group; the present Technical Note is the result.
I am pleased now to express the gratitude of WMO to the other members of the
.working gr'oup - C. M. Christensen (U.S.A.) and S. Papayanakis (Greece) - for their contributions; and especially to C. V. Smith (U.K.) for his diligence and skill in completing
the report in its present form.

~
. . .
(D. A. Davies)
Secretary-General
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SUMMARY

The over-all annual losses of food grains (cereals) by damage or deterioration
during storage have been estimated to be of the order 5%. This figure obscures the estimates, placed as high as 50%, for the losses incurred in particular circumstances. Such
losses are of serious economic consequence, and completely nullify the gains that might be
expected to follow from the introduction of new varieties or improved farming techniqueq.
Much of this damage is caused by mycological, entomological and other agents, all
of which are influenced by environmental factors. Recognizing this and wishing to examine
means of reducing this great economic loss, the Commission for Agricultural Meteorology established a working group (Resolution 6 (CAgM-III)) to review the present state of knowledge
on the subject and to prepare a report in a form suitable for publication as a WMO Technical
Note. The resulting report was stUdied by the Commission at its fourth session, where it
was agreed that it should be expanded before final pUblication. The final expanded report
is presented here.
Section 1 examines the biological characteristics of the grain and of potentially
damaging associated organisms. For safe storage, biological activity should be at a minimum,
and this section sets out the combinations of temperature and moisture content of the grain
(and the intergranular air) which inhibit the activity of multiplication of damaging insects,
mites and moulds, and which preserve the viability of the grain.
Section 2 looks at some of the physical characteristics of food grains in bulk.
Brief reference to the nature of the forces between water and a colloidal material such as
grain is followed by a discussion of the effect of temperature changes on the equilibrium
vapour pressure exerted by grain. Reference is made to the transfer of moisture by convection currents within a grain bulk and to the effects of water applied to the outer surface
of a mass of grain. The question of the rate of heat transfer into stored grain is raised,
together with the air exchange induced by barometric changes.
Section 3 is concerned with the preparation of food grains for safe storage. Factors which influence the temperature, moisture content and storage potential at harvest time
are mentioned. Natural and artificial methods of drying are described.
Section 4 deals with the procedures used to maintain a grain bulk in good condition. The impracticability of depending on natural ventilation to do this in most cases
leads to the use of forced ventilation for maintenance of satisfactory temperatures and moisture contents. This is followed by reference to the methods of grain chilling (refrigeration)
and air-tight storage.
Section 5 is a comment on instruments and procedures to measure and monitor
atures and moisture contents within grain bulks.

temper~

Section 6 sets out some ways in which the agricultural meteorologist might involve
himself in the construction and location of grain stores, in raising the storage potential of
the field crop, and in the safe-keeping of stored crops.
The report includes a selected bibliography of the literature on the subject of
grain storage.
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RESUME

a

a

On a estime
5 pour cent les pertes annuelles globales de cereales dues des
ou une deterioration survenm1t en cours de stockage. Ce chiffre masque les estimations selon lesquelles les pertes subies pourraient atteindre 50 pour cent dans des circonstances particuli~res. Ces pertes ont des repercussions economiques graves et peuvent m~me
completementannihllerles avantages qui decouleraient de l'introduction de nouvelles varietes
ou de la mise en application de techniques agricoles perfectionnees.
deg~ts

Ces deg~ts ou deteriorations sont causes en grande partie par des agents entomologiques, mycologiques ou autres qui sont influences par les conditions du milieu. Reconnaissant ce fait et desireuse d'examiner les moyens de reduire ces pertes economiques considerables, la Commission de meteorologie agricole a etabli un groupe de travail (resolution 6 (CMAg-lll)) charge de faire le point des connaissances actuelles dans ce domaine et
de rediger un rapport qui puisse para1tre dans la serie des Notes techniques de l'OMM. A
sa quatrieme session, la commission a etudie ce rapport et a decide qu'il devrait ~tre developpe avant sa publication definitive. C'est la version finale ainsi completee qui est presentee dans cette Note technique.
La premiere section etudie les caracteres biologj.ques des cereales et des organismes associes susceptibles de les endommager. Pour que le stockage ne comporte pas de
risque, llactivite biologique des cereales devrait ~tre minimale et cette section definit
donc les combinaisons de temperature et de degre hygrometrique des cereales (et de l'air
ambiant) qui emp~chent l'activite ou la proliferation des insectes nuisibles, des acariens
et des moisissures, et qui preservent la viabilite des cereales.
La section 2 est consacree aux caracteres physiques des cere ales entreposees en
vrac. Apres un bref examen de la nature des forces existant entre l'eau et une matiere colloidale telle que les cereales, les auteurs etudient les effets des variations de temperature sur l'equilibre entre la tension de vapeur exercee par lleau contenue dans le grain et
celle d1une surface d'eau libre. lIs mentionnent egalement le transfert de l'humidite par
les courants de convection dans des cereales stockees en vrac, et les effets de lleau appliquee a la surface exterieure d1un tas de cereales. lIs abordent egalement la question de la
vitesse de transfert de la chaleur dans les cereales emmagasinees, ainsi que l'echange d1air
resultant des variations de la pression.

a

La section 3 est consacree
la preparation des cereales en vue de leur stockage
optimal. Les auteurs indiquent les facteurs qui ont un effet sur la temperature, la teneur
en humidite et les possibilites de stockage au moment de la recolte, ainsi que les methodes
naturelles et artificielles de dessiccation.
La section 4 traite des methodes utilisees pour maintenir en bon etat le grain
stocke en vrac. Comme il est impossible, dans la plupart des cas, de compter sur la ventilation naturelle, on est amene
utiliser la ventilation forcee pour maintenir la temperature et la teneur en humidite a un niveau satisfaisant. Suit une indication des methodes
utilisees pour refrigerer les cereales et les stocker dans un milieu etanche a l'air.

a

La section 5 contient des remarques sur les instruments et les methodes utilises
pour mesurer et contr61er la temperature et la teneur en humidite des cereales stockees en
vrac.
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La section 6 indique quelques-unes des manleres dont le specialiste de meteorologie agricole pourrait intervenir dans la construction et le choix de llemplacement des silos
a grains, l'accroissement des possibilites d1entreposage desproduits agricoles et la bonne
conservation des stocks de cereales.
Le rapport se termine par une liste d10uvrages
·cereales.

qui

traitent

du stockage

des

x·

PE310ME

OO~.HeelKero.n.HbIe no'i'epH npO.n.OBOJIbCTBeHHOrO SepHa (SJIaI<OBbIX) B
pesyJIbTaTe nOBpelK.n.eHHR HJIH nOpqH npH XpaHeHHH COCTaBJIReT npHMepHO
3Ta
~H~pa He OTpalKaeT nOTepb sepHa npH OCOObIX OOCTORTeJIbCTBaX, I<or.n.a nOTepH
MorYT .n.OCTHraTb 50%. 8TH nOTepH HMeIDT cepbeSHoe 3I<OHOMHqeCI<Oe SHaqeHHe H
MoryT nepeBemHBaTb BbIro.n.bI, nOJIyqaeMbIe B pesyJIbTaTe BbIBe.n.eHHR YJIyqmeHHbIX.
COpTOB H oOJIee cOBepmeHHbIx arpOTeXHHqeOHHX MBTO.n.OB.

5%.

3HaqHTeJIbHaR qaCTb 3THX nO-Tepb BbISbIBaeTCR -MHI<OJIOrHqeCI<HMH, 3HTOMOJIOrHqeCI<HMH H .n.pyrl1MH areHTaMH, Ha I<OTOpble OI<aSbIBaIDT Bos.n.eHCTBHe cIJaI<TOpbI
OI<pYlKaID~eH cpe.n.bI. yqHTbIBaR 3TO H pyI<OBO.n.CTByRCb CTpeMJIeHHeM HSyqHTb cnocoObI COI<pa~eHHR 3THX cepbe3HbIX 3I<OHOMHqeCI<HX nOTepb, KOMHCCHR no CeJIbCI<OXOSRHCTBeHHOH MeTeOpOJIOrHH yqpe.n.HJIa paOOqYID rpynny (peso~ID~HR 6 (KCxM~m»,
nopyqHB eH c.n.eJIaTb oosop cOBpeMeHHoro COCTORHHR sHaHHH no 3TOMy Bonpocy H
n0.n.rOTOBHTb .n.OI<JIa.n. B ~opMe, IlO.n.xo.n.R~eH .n.JIR onYOJIHI<QB~HHR B I<aqeCTBe TeXHHqeCI<OH SanHCI<H BMO • .llOI<JIa.n., no.n.roTOBJIeHHbIH rpynnoH, 6bIJI HsyqeH KOMHCCHeH
Ha ee qeTBepTOH ceCCHH, I<OTOpaR npHmJIa I< BbIB6.n.y, qTO nepe.n. nYOJIHI<a~HeH
.n.OI<JIa.n. HeoOxo.n.HMO pacmHpHTb. B HaCTOR~eH TeXHHqeCI<OH SanHCI<e npe.n.CTaBJIeH
OI<OHqaTeJIbHbIH pacmHpeHHbIH TeI<OT .n.OI<JIa.n.a.
B nepBOM pas.n.eJIe paCCMaTpHBaIDTCR 6HOJIOrHqeOI<He XapaI<TepHCTHI<H
np0,UOBOJIbCTBeHHbIX sepHOBbIX I<yJIbTyp H CBRsaHHbIX C HHMH nOTeH~HaJIbHO Bpe,UoHOCHbIX opraHHSMOB • .llJIR yCTpaHeHHR 1l0Tepb npH xpaHeHHH 6HOJIOrHqeCI<aR aI<THBHOCTb ,UOJIlKHa ObITb CBe.n.eHa I< MHHHMyMy, H B ,UaHHOM pas,UeJIe yCTaHaBJIHBaIDT
COOTHomeHHR TeMnepaTypbI H BJIaroco,UeplKaHHR sepHa (a TaI<lKe BHYTpeHHero raso06MeHa), cnOCOOCTBYID~He no.n.aBJIeHHID aI<THBHOCTH HJIH pasMHOlKeHHR HaCeI<OMbIX,
I<JIe~eH ~ nJIeCeH~ ~ coxpaHeHHID lK~SHecnOCOOHOCTH sepHa.
BTOpOH pas.n.eJI nOCBR~eH QHS~qeCI<HM XapaI<TepHCTHI<aM npO,UOBOJIbCTBeHHoro sepHa npH xpaHeH~H HaBaJIOM. IToCJIe I<paTI<OH XapaI<TepHCTHI<H CHJI BsaHMO,UeMCTBHR MelK.n.y BJIarOH H I<OJIJIOH,UHbIM MaTepHaJIOM,I<aI<HM RBJIReTCR sepHO, 06CylK,UaeTCR BJIHRHHe TeMnepaTypHbIX HSMeHeHHH Ha paBHOBeCHoe .n.aBJIeH~e napa, BbI,UeJIReMOrO sepHOM.OOCYlK,UaIDTOR TaI<lKe npOOJIeMbI, CBRsaHHbIe C nepeHOCOM BJIarH,
I<OHBeI<~HOHHbIMH nOTOI<aMH BHyTpH MaCCbI 3epHa,
xpaHR~erOCR HaBaJIOM,
a TaI<lKe
BJIHRHHe BJIarH, Bos,UeHCTBYID~eH Ha HapylKHyID nOBepXHOCTb MaCCbI sepHa. CTaBHTCR Bonpoc 0 CI<OpOCTH npOHHI<HOBeHHR TenJIa BHyTpb MaCCbI xpaHR~erOCR sepHa,
a TaI<lKe 0 BOS.n.yxoooMeHe, BbISbIBaeMOM H3~eHeHHRMH .n.aBJIeHHR.
Pas,UeJI TpeTHH nOCBR~eH no.n.rOTOBI<e npO,UOBOJIbCTBeHHoro sepHa ,UJIR
xpaHeHHR. 06CYlK,UaIDTCR ~aI<TOpbI, BJIHRID~He Ha TeMnepaTypy, BJIaroco.n.eplKaHHe H
BOSMOlKHOCTH xpaHeHHR npH yoopI<e YPOlKaR •. .llaerCR onHcaH~e eCTe<?TBeHHbIX H HCI<yccTBeHHbIX MeTO,UOB cymI<H sepHa.
tIeTBepTbIiii pas,UeJI IlOCBR~eH HCnOJIbsyeMbIM MeTo.n.aM coxpaHeHHR MaCCbI
sepHa B xopomeM ~OCTORHHH. Ha,UelKHOCTb MeTO,UOB eCTeCTBeHHOH BeHTHJIR~HH BO
MHOr"X CJIyqaRX npHBO,UHT I< HCnOJIbSOBaHHID npHHy,UHTeJIbHOH BeHTHJIR~HH C ~eJIbID
llo,U,UeplKaHHR Heo6xo,UHMOiii TeMnepaTypbI H BJIaroco,Uep)KaHHR. OnHCbIBaIDTCR TaI<lKe
MeTO,UbI OXJIalK,UeHHR (saMopalKHBaHHR) sepHa H xpaHeHHR sepHa B BOs.n.yxoHenpoHm~aeMbIX 1l0Me~eHHRX.

~HX

B pas,UeJIe nRTOM ,UaeTCR XapaI<TepHCTHI<a npH6opOB H MeTO,UOB, ,UaIDBOSMOlKHOCTb HSMepRTb ~ npOCJIelKHBaTb TeMnepaTypy H BJIaroco.n.eplKaHHe B

PE3IQME

XI

Macce 3epHa.
Pa3Ae~

np06~eMe y~acTwR cne~wa~WCTOB no ce~bCKO
B CTpOWTe~bCTBe W pa3Me~eHWW 3epHoxpaHW~W~t
y~y~meHww B03MO~HOCTeH xpaHeHWR ce~bCKox03RHCTBeHHblx KY~bTYP ~ npeAOTBpa~e
HWR nOTepb npOAOBO~bCTBeHHoro 3epHa npw xpaHeHWW.

X03RHCTBeHHOH

meCTOH

nOCBR~eH

MeTeopo~orww

B AOK~aAe AaeTCR TaK~e BbI60pO~HbIH cnWCOKTPYAOB no xpaHeHWio
npOAOBO~bCTBeHHoro

3epHa.
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RESUMEN

Las perdidas totales anuales de granos (cereales) por danos 0 deterioraci6n durante el almacenamiento se calculandel orden del 5 por ciento. Esta cifra sobrepasa las
perdidas que se producen en circunstancias particulares, y que llegan al elevado porcentaje
del 50 por ciento. Tales perdidas tienen graves consecuencias econ6micas y anulan por completo las ganancias que cabria esperar como consecuencia de la introducci6n de nuevas v~rie
dades 0 de tecnicas agricolas perfeccionadas.
Muchos de estos danos los producen los agentes mico16gicos, entomo16gicos 0 de
otro tipo, todos ellos influidos por los factores ambientales. La Comisi6n de Meteorologia
Agricola, reconociendo este hecho y deseando estudiar los medios de reducir esta gran perdida
econ6mi:ca,' cre6 un Grupo de trabajo (Resoluci6n 6 (CMAg-III)) para estudiar la situaci6n actual de los conocimientos en esta materia y preparar un informe en forma adecuada para su
pUblicaci6n como Nota Tecnica de la OMM. El informe resultante fue estudiado por la Comisi6n
en su cuarta reuni6n, en la que se acord6 que fuera ampliado, antes de su pUblicaci6n definitiva. Se presenta aqui dicho informe final ampliado.
En la Secci6n 1 se examinan las caracteristicas bio16gicas de los cere ales y de
los organismos asociados potencialmente d~inos. Para que los cere ales se puedan almacenar
con seguridad, la actividad bio16gica debe ser minima, y en esta secci6n se indican las combinaciones de temperatura y de humedad de los cereales (y del aire intergranular) que impiden
la actividad 0 la proliferaci6n de los insectos, acaros y mohos perjudiciales, y conservan
la viabilidad del grano.
En la Secci6n 2 se examinan algunas de las caracteristicas de los cereales alimenticios almacenados a granel. Se hace una breve referencia a la naturaleza de las fuerzas
que existen entre el agua y una sustancia coloidal como es el grana, seguida de una discusi6n
del efecto que ejercen los cambios de temperatura sobre la presi6n de equilibrio del vapor
ejercida por el grano. Se hace referencia a la transmisi6n de humedad por las corrientes de
convecci6n en los cere ales almacenados a granel y a los efectos del agua aplicada a la superficie exterior de una masa de cereales. Se plantea la cuesti6n de la velocidad de transmisi6n del calor en el grana almacenado, junto con el intercambio de aire provocado por los
cambios barometricos.
La Secci6n 3 trata de la preparaci6n que necesitan los cere ales alimenticios para
poderlos almacenar con seguridad. Se mencionan los factores que influyen en la temperatura,
humedad y potencial de almacenamiento en la epoca de la recolecci6n. Se describen los metodos naturales y artificiales de secado.
La Secci6n 4 trata de los procedimientos utiiizados para mantener en buenas condiciones los cereales almacenados a granel. La impracticabilidad de depender de la ventilaci6n
natural para conseguirlo conduce, casi siempre, al usa de una ventilaci6n forzada para poder
mantener temperaturas y humedades satisfactorias. Se hace despues referencia a los metodos
de enfriamiento (refrigeraci6n) de los cereales y al almacenamiento sin contacto con el aire.
La Secci6n 5 se refiere a los instrumentos y procedimientos para medir y vigilar
la temperatura y la humedad de los cereales almacenados a granel.
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La Seccion 6 trata.de algunas de las posibles ac~ividades propias del meteorologo
agricola en la construccion y emplazamiento de los.almacenes de cereales, para aumentar el
potencial de almacenamiento de los cultivos extensivos y para mantener en condiciones de seguridad las cosechas almacenadas.
En el informe figura una seleccion de la bibliografia actual sobre almacenamiento
de cereales.

INTRODUCTION

A new variety of cereal, produced after many years of selection and field trial,
may result in an increase of yield of perhaps 10% over earlier varieties. The losses of
the food grains harvested in anyone year have been variously estimated. Widely quoted
estimates '(FAO, 1946) are of the order of 5% to 6% for the total loss due to insect and
fungal attack during storage. But much depends on local circumstance; and other FAO information (Hall, 1963) suggests that in some countries, for certain crops, calorific and
nutritional losses after harvest may be as high as 50%., Whilst such a figure takes account
not only of losses during storage, but also of the losses and deterioration incurred in
the processing prior to storage and in subsequent transportation and marketing, it is sufficiently arresting to suggest that there must be opportunities for improvement in the
short term, which would complement the longer term approach of the plant breeder and agriculturist.
To the agricultural meteorologist, the construction of a store to conserve a
food bulk may be seen as an exercise in weather proofing; that is, in local climate modification or in environmental control. The grain interacts with its environment, exchanging
heat and moisture. The level of biological activity, both of the grain itself and of its
associated (and potentially damaging) organisms, shows a positive response to the environment found within a food bulk. This in turn responds to the external environment. Successful conservation requires that this biological activity shall be at a minimum. In general,
the range of the physical characteristics of seed grains and their ambient atmospheres to
ensure this minimal activity can be specified. Success in conservation is a measure of the
success in achieving and maintaining the food bulk within these known limits.
However, damage during storage is not likely to be simply a linear function of
the departure from the known optimum conditions. When biological thresholds are crossed,
the resultant biological response may be not only self-maintaining but self-generating.
Even if we exclude the multiplication of pathogenic fungi, mites and insects, the respiration rate of the seed grains (in keeping with the temperature coefficient of the reaction
rate of many chemical processes) will increase by a factor of two for a lODC rise in temperature. An increase in respiration rate will lead, through the breakdown of organic materiaJ
to an increase in moisture content of the seed and to an increase in metabolism from this
cause. Even small foci of damage can lead to a rapid deterioration of the food bulk as a
whole. Partial control is not enough. The aim must be to keep every part of the bulk belo~
the critical levels of temperature and moisture content.
With the primary variables of interest identified as the temperature and moisture
content of the seed grains and the temperature and moisture content of the intergranular ai,
the agricultural meteorologist is led on to consider instrumentation that will measure and
monitor these variables. In order that the physical characteristics of the seed grains can
be manipulated, there is, in addition, a natural interest in the physics of the interaction
between the stored crop and the intergranular atmosphere of the bulk, and between the food
bulk and its immediate environment. This, at one stage removed, may require some thought t·
the effects of the environment ex~ernal to a store on the atmospheres £ound within the
store. Such an approach may be necessary if comment is called for at the design stage on
desirable bUilding characteristics. Insulation and ventilation requirements are relevant
to prime building costs. If, for example, a control and conditioning of the food bulk is
likely to be achieved by forced ventilation, then some knowledge of the probable external
environment may enable comment on running costs or the relative advantage of alternative
sites. Weather records must be converted to long-term planning data.
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Instrumentation, an understanding of heat and moisture exchange processes,
applied climatology, all have a part to play in the meteorologist's approach to this problem. But even consideration of these more immediate factors may not be entirely adequate.
The preceding growing season will have its effect on the extent and severity of attack by
pests and disease on the growing crop and on the numbers of pathogenic organisms and damaged
grains carried into store. The weather around harvest time may determine the stage of
maturity and the moisture content of the "crop and the extent of the physical damage incurred
during harvest. All"these factors are relevant to keeping quality. In the same way, the
success of post-harvest field treatments; in preparation for longer-term storage, is likely
to be dependent on the weather. Repeated wetting and drying may split the outer layers,
and a broken grain is open to invasion by pests and disease.
It may be that the meteorologists can do no more than give forecasts or warnings
of the probable extent of field damage by pest or disease in a particular season. If the
meteorologist is to be specific about matters of which the farmer is probably already aware
in general terms, then field observations become necessary to establish the initial correlation between the weather of the season and the state of the grain leaving the field.

C~P~Rl

BIOLOGICAL

C~C~RISTICS

AND

1.1

ASSOCIA~D

OF FOOD GRAINS

ORGANISMS

Viability of the grain

The most sensitive property of a seed is perhaps its ability to germinate. For
safe storage, when the object is the maintenance of viability, it is essential to use seeds
that are sound, well matured, of high initial viability and of low moisture content.
Germination suffers as a result of attack by insects, mites, moulds and bacteria,
from storage at high temperatures or at high levels of moisture content (or both) or merely
as a result of prolonged storage.
The two principal physical factors affecting the viability of seeds in storage
are seed moisture content and seed temperature. Under ideal storage conditions, both are
kept low, but in practice it may be sufficient to control one of these variables. Of the
two, perhaps a low seed moisture content is the more important, for loss of viability is
accelerated more by a high moisture content than a high storage temperature.
Acceptable combinations of seed temperature and moisture content for safe
storage are shown in Figure 15.*
In dry regions, the moisture content of naturally dried seeds may be sufficiently
low for safe storage, but in more humid climates it will probably be necessary to resort to
artificial drying prior to storage and/or possibly to some conditioning of the food bulk
during storage.

Cereal grains can achieve great permanence in store, since their level of metabolic activity in the dormant state is low, but sufficient to offer resistance to decomposition by micro-organisms. However, as far as one is aware, this resistance to decomposition
is purely mechanical rather than dynamic. It is dependent upon presenting an unbroken outer
surface to the invading organisms rather than the production of reactions toxic to their
presence or to the development of scar tissue. Dormancy is controlled by seed moisture
content, and if we are to attempt to store grain that is insufficiently dry, then this period of relative inactivity is soon brought to an end. In respiration, energy is released
through the oxidation of organic material, mostly carbohydrates and fats. Heat, water and
carbon dioxide are evolved. Figure 1 shows the effect of increasing seed-moisture content
(at a given temperature) 'on the respiration of seeds; respiration is measured by the output
of carbon dioxide. The Vault Hoff rule for the rate at which certain chemical reactions
proceed with change of temperature al~o applies to certain biological processes. The temperature coefficient of the respiration rate for seeds suggests a doubling of the respiration
rate for a lOcC rise in temperature. Increasing respiration rates and a mobilization of food
reserves can lead to sprouting. Sprouting within a food bulk is followed by rotting.

*

Figures 1 - 21 will be found at the end of the volume.
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Seeds, being hygroscopic, exchange water vapour with their environment, and at
the steady state there is effectively a one to one-relationship between seed moisture content and the relative humidity of the ambient air. Figure 2 shows for several crops the
form of this relationship, which proves to be largely independent of temperature. The
different types of grain vary in their equilibrium values, and Figure 2 must be considered
more as a guide than as indicating definitive values. It is known, for example, that
different varieties of one type of grain -(e.g., yellow and white maize, hard and soft wheats)
may differ in their equilibrium moisture contents by perhaps 1% - 2%. In addition, there
are suggestions that in a cycle of wetting and drying, the equilibrium curve may exhibit
hysteresis and that the equilibrium moisture content depends a little upon whether the
equilibrium value is approached from higher or lower moisture contents.
We note that for many important food grains a moisture content of the order 13% 15% (~et-weight basis) corresponds to an ambient, equilibrium relative humidity of about 70%.
1.2

A relative humidity of 70% is sometimes considered critical in that iUngi, often
a primary cause of loss of viability, mostly require at least this level of ambient moisture
to support multiplication. Figure 3 shows the temperature and relative humidity of the intergranular air at which various species of fungi may be most important. However, some fungi
are known to grow at relative humidities as low as 62% (corresponding to a grain moisture
content of perhaps 11% - 1)%, wet-weight basis).
The rate of reproduction of fungi increases (within limits) with temperature. It
may not be practicable to prevent mould growth entirely by temperature control, since a
number of moulds can still grow at temperatures below OoC. However, at such low temperatures,
the rate of multiplication of the fungi may be such that damage becomes negligible. Storage
even at 5°C may result in visible mould growth in about 2 months at moisture contents in
excess of 22% (wet-weight basis). Maximum mould growth is achieved at about 35°C - 40°C.
Figure 4 shows the interaction of temperature and ambient relative humidity on the rate of
development of two species of the mould Aspergillus. The form of the curves may be considered typical. The plant and growing cereal seed are normally invaded by various field fungi
(Christensen, 1957), and some superficial micro-organisms will always be present on seeds
brought into store. More importantly, sub-epidermal fungal mycelium can be shown to be
abundant in many samples of grain. Their numbers and predominant species are presumably a
reflection of the weather during the growing season, and of the harvest and post-harvest
weather. For example, Machacek and others (1951) show Nigrospora to be normally present
on cereals in western Canada. These same authors report on Nigrospora sphaerica: "Although
occurring in all the seed inspection districts, it was particularly prevalent in Manitoba
during 1940 and 1941, when excessively wet weather delayed threshing of swathed grain."(This
statement on time in the swath is revealing in another context. Smallman (1942) reports a
severe outbreak of the mite Acarus siro (which feeds both on the grain kernel and on fungi)
in stores in Manitoba and other parts of Canada in 1940-1941.)
The two most common and important field fungi are, on healthy grain, Alternaria
and Helminthosporium. The storage fungi Penicillium and Aspergillus are extremely common
in heating grain.
The presence of fungal mycelium must always be assumed, but damage to the grain
is not inevitable. Conditions must favour the multiplication, and the grain must be open
to invasion.
Damage to the grain at harvest arises in two ways. Dry grain, being brittle,
breaks easily and provides a readily available substrate for the fungal growth if conditions
are right. Damp grains suffer compression, during which protective tissues are damaged.
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Damage to the grain in store by fungal attack will be hindered or inhibited by
control of the temperature and/or moisture contenu of the grain and by harvesting and handling procedures which maintain the protective external tissues intact. The removal of weed
seeds and broken grains (dockage) recommends itself. There is no evidence that cereals
secrete chemicals which inhibit pathogenic fungi, but the deliberate addition of organic'
acids (e.g., proprionic acid) to a bulk is one method that has been used to facilitate the
safe-keeping of moist grain.
The thermal characteristics of'bulk grain are ,such that any heat generated within
the bulk is dissipated only very slowly. Quantitative calculations suggest that the spontaneous heating of bulk grain (Wheat) due to ,the metabolism of the grain alone is 'most unlikely if the grain moisture content is less than about 14% (wet-weight basis). Spontaneous
heating of the bulk occurs with damper grain (1"e., with a moisture content ,in. excess' of',14 15%) and ,in most cases with
moisture content in excess of 17%-18%. This is due in some
small measure to the metabolism of the grain, but arises chiefly from the respiration of
fungi infecting the grain; The cumulative effects and the spread of these self-induced
temperature (and concomitant mOisture) changes are such that grain temperatures approaching
(but seldom in excess of) 62°C may be reached.

a

1.3

Insects

When grain drier than 14% moisture content undergoes a spontaneous increase in
temperature, the heat source is not the metabolism of the grain itself, but rather the
metabolism of insects infecting the bulk. Dry grain heating is characterized by temperatures
which may approach }S°C to 42°C. This temperature level is critical in that the insects
that attack stored grain are killed by exposure to higher temperatures. We may comment
that one effect of the establishment of temperature differences within a cereal bulk will be
the establishment of convective currents. Because of the coupling between head and moisture
exchange processes, we must also expect the movement of water vapour down temperature gradients. If this translocation of moisture leads to locally damp grain, then an initial outbreak of dry grain (insect) heating may be superseded by damp grain (fungal) heating with
its characteristically higher maximum temperatures. The processes are shown schematicallyin
Figure 5.
In most temperate climates, the insects which attack grain in the field are not
those which give trouble during storage. If, in these climates, combining may now be considered the usual harvesting method, then grain fresh from the field may usually be considered free from insect infestation. But if for any reason there is any considerable delay in
threshing, either through swath drying or through stacking the sheaves in some way, then
mites may be brought into store with the grain.
As a group, most of the insects which damage stored grain are of tropical or SUbtropical origin. Part of, their life cycle is spent within the grain and they cannot be
detected by simple inspection at this stage. These insects do not hibernate, so that their
ability to persist and breed outside of the tropics and sub-tropics' is dependent upon their
finding or creating the right kind of private environment, either within a food bulk or
within the £abric of a food store. Table 1 lists some of the major insect pests of food
grains in the tropics and sub~trQpics.
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Table 1
MAJOR INSECT PESTS OF FOOD GRAINS
Insect species
Common name

Scientific name

Produce attacked

Weevils

Sitophilus spp.

Maize, sorghum, wheat, rice, paddy,
cowpeas

Lesser grain borer

Rhizopertha dominica (F)

Paddy, rice, wheat, pulses, cassava

Khapra beetle

Trogoderma granarium(Everts)

Maize, wheat, sorghum, groundnuts,
pulses

Saw-toothed grain beetles Oryzaephilus spp.

Maize, wheat, rice, groundnuts

Flour beetles

Tribolium spp.

Maize, wheat, flour, groundnuts,
cocoa

Pulse beetles

Callosobruchus maculatus (F)
C. analis QF}
Zabrotes (F)
Subfasciatus (Boh)
Careydon gonagra (F)

Cowpeas,. beans, pulses

Groundnuts

Flat grain beetles

Cryptolestes spp.

Maize, rice, groundnuts, cocoa,
flour

Angoumois grain moth

Sitotroga cerealella (Oliv. )

Maize, wheat, paddy, sorghum

Tropical warehouse moth

Cadra cautella (Kug. )

Groundnuts, rice, maize, wheat,
cocoa, sorghum

Indian meal moth

Plodia interpunctella (Hubn. )

Maize, rice, paddy, groundnuts

Rice moth

Corcyra cephalonica (Staint. )

Maize, wheat, paddy, rice

The list (Table 1) i p not intended to be exhaustive, either for insects or the
food grains they attack. It certainly does not preclude these insects being found in food
bulks outside of the tropics. Hurst (1964) has discussed the airborne spread of insects
over thousands of miles, but the normal source of infestation of grain in temperate latitudes must almost inevitably be contamination prior to transportation from a warmer climate
or the survival within a store of insects among the residues of a previously infested bUlk.
Of the insects-which damage grain in store, a few begin their attack in the field,
several weeks before harvest. Among these the weevil Sitophilus zemais is one of the more
important. Other insects start their attack after cutting and during the field-drying prior
to long-term storage. As the moisture content of the grain is reduced by this drying, so
the insect species which preponderates may change. The moth Mussidia spp. on cob maize at
harvest dies out during storage; Bruchidius atrolineatus, which infests cowpeas in the pod
in the field, also dies out in store but is replaced by Callosobruchus maculatus (Caswell,
1961) •
Each of the insect species that attack stored grain has a characteristic range
of environmental conditions that permits its survival and development. Some species will
be more tolerant of higher humidities than others, principally because they feed not on the
sound grains directly, but either on moulds or on the grains after they have been decomposed
by moulds.
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The environment within the seed bulk may be considered as specified by the
relative humidity of the intergranular air (i.e., ·the equilibrium moisture content of the
grain), by the grain temperature and by the amount of dockage (the numbers of damaged
grains) •

to Cotton

The relevance of moisture content is illustrated (Table 2) by part of a table due
et al. (1953).
Table 2
EXAMPLE OF THE RELATION BETWEEN GRAIN MOISTURE
CONTENT AND INSECT POPULATION

% moisture
wet-weight basis
Insects per
1,000 g sample

8-8.9

9-9·9

10-10.9

11-11.9

2

9

8

12

12~12·9

11

13-13.9

14-14.9

18

37

In general, the grain feeding insects will not survive or breed successfully in
grain with a moisture content of perhaps 8% or less (corresponding to an equilibrium relative humidity of 4Q%). Figure 6 (after Davidson, 1940) makes this point.
An upper limit of 38°c to 42°C has already been mentioned for the temperatures
that permit the survival of most of the relevant insects. Resistance to low temperatures
is not well developed and Table 3 (after Cotton et al,1953) indicates the effect of exposure to cold.
Table 3
NUMBER OF DAYS EXPOSURE AT VARIOUS TEMPERATURES
REQUIRED TO KILL ALL STAGES

Insect

_18°c to
-15°C

-15°C to
_12°C

-12°C to
-9°C

-9°C to
-7°C

-7°C to
_4°c

_4°c to
_1°C

_1°C to

+2°C

Rice weevil

1

1

1

3

6

8

16

Granary weevil

1

3

6

14

33

46

73

Sawtoothed grain
beetle

1

1

3

3

7

23

26

Confused flour
beetle

1

1

1

1

5

12

17

Redflour beetle

1

1

1

1

5

8

17

90

-

116

-

Indian meal moth

1

3

5

8

28

Mediterranean
flour moth

1

3

4

7

24
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The importance of dockage is illustrated by reference to the lesser grain borer
as shown in Table 4 (after Birch, 1945). A population of Rhizopertha domini ca will die out
in sound grains of 9% moisture cont~nt (at 26°c); but with damaged grains at the same
moisture content and temperature, it may increase by some 50 times in one generation.
Table 4
SHOWING THE MULTIPLICATION OF RHIZOPERTHA DavIINICA
IN ONE GENERATION IN WHEAT OF VARIOUS MOISTURE
CONTENTS AND TEMPERATURES

%moisture
(wet-weight basis)
8 sound grain
damaged grain

9 sound grain
damaged grain

10 sound grain
damaged grain
11 sound grain

damaged grain

14 sound grain
damaged grain

Temperature

18.3°C

22.0 o C

26.0 o c

36.0o c

38.2°C

-

-

-

-

0
0

0

-

-

-

0

0

-

53

3
36

-

0

11

-

-

0

19

34

10

-

3

-

-

-

0
2

-

11

-

-

-

5

-

-

-

-

-

0
0

-

-

162

-

7

-

-

-

-

37

0

34.0 o c

39.2°C

0
0

Figure 7 makes the same point concerning dockage and the survival of another
species, the confused flour beetle ..
Even the complete absence of food (and certainly the apparent total emptying of
a silo) cannot be regarded as a safe way to eliminate the insect, unless the absence of
food continues for a long time. Table 5 is from Mathle±n (1938).
In addition to survival of the adult insect, there is an interest in the length
of the life cycle as a function of environment, in the rate of egg-laying (oviposition) as
a·function of environment, and in mortality (the percentage of eggs that are not hatched)as
a function of environment.

Figure 8 shows a typical series of curves (for one of the saw-toothed grain
beetles) and demonstrates how the time for development from egg to adult varies with the
ambient temperature and humidity. The development of the egg stage is also dependent upon
the environment. Figure 9 (after Moss and Szobolotsky, 1960) shows, for example, how this
varies with temperature for the species Rhizopertha dominica and Sitophilus oryzae at a
given moisture content. In general, the grain-feeding insects will not breed successfully
in an environment in which the temperature is less than 10°C. This statement is further
exemplified by a second· reference to the two species last mentioned. Figure 10 (Moss and
Szobolotsky, 1960) shows how the number of eggs produced varies with the ambient temperature
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'Table 5
SURVIVAL TIME OF 'NO SPECIES OF INSECT WITHOUT FOOD

Insect

Survived days
without food

Temperature

22
95
5
20

12°_14°c
12°_14°c
25°C
25°C

7a/o-8a/o
38%-4a/o
75%-8a/o

45
150
9
31

12°_14°c
12°_14°c
25°C
25°C

7a/o-8a/o
38%-4a/o
75%-8af>

S. oryzae

S.

granar~us

Relative
humidity
45%

45%

and moisture content of the grain. The weakest link in the multiplication of the insects
is always the larval stage. Figure 11 shows how mortality can vary with environmental
factors. Similar interesting data on the effect of temperature and humidity on the development of Callosobruchus maculatus (F) -- a serious pest of stored pulses -- are given by
Mookherjee and Chawla (1964), and are reproduced in part in Table 6.
Table 6
THE PERCENTAGE DEVELOPMENT OF CALLOSOBRUCHUS MACULAWS (F.)
UNDER DIFFERENT ECOLOGICAL CONDITIONS

Relative humidity (percentage)
Temperature
°C
10
15
20
25
30
35

38
39
40

45

60

75

90

-

-

-

-

75
81
78
48
10

78
74
76
36
8

-

62
66
68
47
8

-

-

-

-

-

35
24
24
14

-

-

As a measure of the rate of reproduction of grain-infestj.ng insects, Cotton et aL
(1953) have used as an indicator the number of progeny arising from 25 or 50 pairs of insects by the end of a 5-month period. Typical results are shown in Table 7.
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Table 7
PROGENY OF 50 PAIRS OF WEEVILS IN WHEAT AFTER 5 MONTHS

Rice weevil
Grain moisture content
Temperature
QC

8%

16
21
27
32

0
0
0
0

9%
0
0
0
12

10%
0
0
826
413

12%

1)]6

14%

58
4,827
9,661
2,233

514
8,692
10,267
3,230

'951
10,745
13,551
3,934

1)]6

14%

n%
O.

87
885
984

Granary weevil
Grain moisture content
Temperature
QC

8%

16
21
27
32

0
0
0
0

9%
0
0
22
0

10%
0
15
422
0

n%

12%

0
,125
1,510
0

163
2,826
5,089
1,250

191
5,517
9,321
2,193

624
3,645
10,950
3,194

This approach gives a direct measure of the probable insect numbers and of the
cumulative effect of successive generations, but as the number of pairs taken and the
elapsed time may be considered somewhat arbitrary, other measures suggested by Birch (1945;
may at times be preferred. These are the multiplication in one generation and the rate of
multiplication in 100 days (the biotic potential).
We may write, following Birch:
Multiplication in
one generation

~ x total number of eggs per female x percentage of eggs giving rise

to adult insects;
Biotic potential

Multiplication in 100 days (of the initial parent stock);
Multiplication in one generation x 100/D

where

Number of days for development from egg to adult.

D

or

Definitions such as these enable full use to be made of the kind of information
developed in Figures 8 to 11.
Just as in field crops, examples can be found of the transfer of feeding preferences of pests from wild host plants. to cultivated or introduced species, or of the development of new feeding habits following the introduction of an insect into a new environment.
Stored-product insects, normally considered innocuous, may become a menace due to sudden
changes in feeding habit. Cadra cautella, for example, which normally attacks dried fruits
and processed foods, has been increasingly reported as infecting groundnut, wheat, maize
and hides. This has led to the work of Saroj
et al.
(1966), who report in detail on the
temperatures and humidities that have been found acceptable or necessary for development
and increase of this pest. The point is made that a grain store is always at risk .

.
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Mites

Just as the presence of fungi can be demonstrated on almost any field crop, so
field samples of mature cereals, for example, will almost certainly yield mites.
Some mites feed on the seed kernel and on fungi; others are fungivores exclusively, whereas others are predacious or parasitic. Economic loss in store is caused not so much
by what the mites eat, as by the damage that results from the changes in the moisture content
of the medium which they initiate and the resultant mould growth and taint.
The group which prefers to feed on solid organic material includes Acarus siro,
Tyrophagus putrescentiae (Selv.) and Aleuroglyphus ovautus (Troup.). Food material with a
moisture content of 20%-30% is preferred, but the mites will thrive on food with a moisture
content of 12%-15% (net weight basis).
The second group, which lives almost exclusively on fungi growing on excessively
damp substr.ata, includes Caloglyphus berlesei (Mich.) and Rhizoglyphus echinopus (Fum and
Robin).
The maximum temperatures that mites can withstand are perhaps 10°C lower than
those for insects. However, mites, and the fungi on which they may feed, are particularly
sensitive to ambient relative humidity and to dessication. The flour mite, Tyroglyphus
farinae (Acarus siro), for example, cannot survive below 60% relative humidity. At 60%-70%
relative humidity the popUlation remains static or dies out slowly; and the population only
increases rapidly at a relative humidity of 75% or above. Rivard (1958, 1959, 1961a, 1961b)
has examined the development of Tyrophagus berlesei on Aspergillus cultures at various combinations of temperature and humidity. He finds, for example, that the percentage mortality
at the larval stage is 100% at 60% relative humidity (at 25°C), but that mortality falls to
58% at 70% relative humidity (at 25°C). An increase in either temperature or humidity usually accelerates development from egg to adult and reduces the adult life-span.
The role of mites in the development of hot spots in farm-stored grain has been
studied by Sinha (1961). In heating oats, a dominant population of Glycyphagus destructor
was followed in succession by Tydeus interruptus, Cheyletu8 eruditus, Acarus siro, Cheletomorpha lepidopterorum, Haemolaelaps casalis and Kleemania sp. The changes in mite population
were correlated with the successive invasion by micro-flora, and the sequence noted was
Alternaria-Penicillium-Aspergillus spp.-Absidia-Streptomyces spp. There is laboratory evidence (Sinha, 1963a) of specific relations between species of mites and the species of fungi
on which they will, or will not, feed and breed. Figure 12 is a diagrammatic representation
of ecological relationships between stored-grain mites and seed-borne fungi under Canadian
conditions.
Field investigations (Sinha, 1963a) indicate that most of the mites mentioned
above are capable of overwintering in small bulk on farms in Canada. Low-temperature laboratory studies showed that T. interruptus and G. destructor survived exposure to minus 18°c
for seven days, Haemolaelaps glasgowi for one day and C. Berlesie and C. eruditus for one
hour.
Nigrospora, Mucor, Fusarium and Alternaria are the field and storage organisms
most preferred by mites. Of these, Alternaria is the most common fungus in healthy grain
from the time of harvest until after a few years l storage (Machacek et al., 1951, Wallace
and Sinha, 1962), as well as having spores which are larger than most other seed-borne fungi.
Thus, those species of mite such as Acarus siro, which can do exceptionally well on Alternaria
are likely to be the successful pests of the stored products that contain adequate Alternaria.
Acarus siro, which also feeds on the grain kernel itself is, in fact, the only species of
mite classified as a major pest of stored-gra~n and stored grain products throughout the
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world. The growth and excessive breeding of Acarus siro in grain of over 15% moisture
content are probably due in part to the feeding on the spores and mycelia of Alternaria, as
well as to feeding on the grain.
On the general question of stored-crop hygiene, it is perhaps relevant to mention
the mesostigmatid mites, important as predators of other mites and as fungivores, but important also as parasites of rats and mice and as scavengers of excrement and grain debris. It
is reasonable to assume that rodents and birds carry Haemolaelaps casalis and other mesostigmatid mites, and if these animals are permitted access to grain bulks, then we have a
possible source of mite-infestation. For example, Sinha (1963a) reports the presence of
H. casalis on several occasions, in the absence of acarid mites on which they would normally
prey.

1.5

A biological synopsis

For safe storage, biological activity should be at a mlnlmum. Since biological
activity will only occur in the presence of adequate moisture, moisture content is the key
to safe storage. The effect of moisture content alone on pathogenic organisms (assuming
temperature is not a limiting factor) is shown in Figure 13.
Looking at the effect of moisture content and temperature together, limits to
the combinations which inhibit the multiplication of damaging organisms are set out in
Figure 14.
For positive advice on acceptable storage conditions, one cannot do better than
reproduce the criteria set out by Burges and Burrell (1964) and shown in Figure 15. This
indicates acceptable combinations of temperature, moisture content and equilibrium humidity
for safe storage, and the combinations which may lead to insect and fungal heating and to
a fall in germination. Here, safe storage permits of a fall in germination to 95% in
35 weeks.
In the longer-term storage of healthy seed, under conditions which prevent attack
by insects or micro-organisms, the problem is ultimately one of senescence. Obviously, the
lower the metabolism of the seed, the slower the rate of usage of reserves. This we now
know to be associated with low moisture content and low temperatures. The optimum moisture
content is certainly below 10%, wet-weight basis (40% relative humiditYb for cereals.
Temperatures a few degrees above ooe have been employed for cereals storage. Temperatures
a few degrees below ooe have been shown to be advantageous for other seed crops over extended
(five-year) storage periods.
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CHAFTER 2
FHYSICAL CHARACTERISTICS OF GRAIN BULKS

In any bulk of cereals, about 40% of the total volume is air space between the
grains. In addition to their obviously granular and porous nature, grains in bulk are
characterized by a low thermal conductivity and an ability to exchange moisture both with
the air within the bulk and with the air around the bulk.

2.1

Water relationships

In the moisture exchange between grains and their environment, we are primarily
concerned with the exchange of "free water" and with surface effects, rather than with the
movement of "water of composition", that is, with the moisture contained within the plant
cells.

When a colloidal material such as grain takes up moisture, some of the water is
relatively loosely held by capillary forces and is said to be absorbed. In addition, some
of the water becomes relatively tightly bound, by forces of the polar or valency type, and
is said to be adsorbed. Typically we find a strong dipole attraction between water molecules
(H-OH) and substances containing hydroxyl (-OH) or organic acid (-COOH) groups.
Because of the binding forces, water taken up by the grain exerts a lower vapour
pressure than a free water surface at the same temperature. As the temperature of the grain
and its water is raised, so the vapour pressure exerted by its bound water increases, and in
a manner similar to the increase of vapour pressure above a free water surface. Changes in
the water-vapour pressure (F.) exerted by the grain are paralleled by those above the free
water surface (the saturation vapour pressure -- S.V.F.) and the relative vapour pressure
of the moist grain and the free water surface remains much the same, despite variations of
temperature. It follows then that the relative humidity (F./S.V.F.) of an atmosphere in
equilibrium with a grain sample (though dependent on the moisture content of the grain) is
largely independent of the temperature of the grain. The form of the relation between grain
moisture content and the ambient or inter-granular relative humidity is shown in Figure 2.
The import of a relative humidity of 70% in problems of safe storage is something on which
comment has already been made. Above 70%-75% relative humidity, small increases in ambient
relative humidity become associated with large increases in grain moisture content. In many
grain-producing areas, relative humidity in the free atmosphere may exceed 70% for much of
the day throughout much of the year. In these areas, grain will move towards equilibrium
moisture contents that may prove dangerous unless the store is isolated from the free atmosphere (air-tight storage), or unless there is a close control of grain temperatures (by
cooling and chilling), or unless a chemical control of fungi and insects is adopted. In
drier climates, where the relative humidity is mostly below 70%, the uptake of moisture
from the free atmosphere may not be significant.
If a uniform bulk of grain becomes subjected to temperature gradients, then the
relative humidity of the air between the grains will change in an inverse manner. Hygrometric
charts or tables will indicate the effect of a temperature lift on relative humidity. To
the non-meteorologist using such tables, it is perhaps worth while to issue the reminder that
the water vapour pressure of the air is the factor that remains constant despite changes of
temperature. For example, at 20°C, relative humidity 64%, the water-vapour pressure is
15 mb. If the air temperature is raised to 25°C without the addition of further moisture,
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the vapour pressure remains 15 mb, and tables indicate the relative humidity now to be 47%.
Using hygrometric charts, the moisture content of the air is more likely to be expressed as
the weight of water associated with unit weight of dry air (g/kg), and this of course is the
factor that remains constant when considering the effect of temperature changes on relative
humidity.
If temperature gradients within a bulk are maintained by internal or external
heat sources or sinks, then the resultant moisture gradients will be maintained in the grain
and in the air between the grains. Diffusion, and also the mass transport of air by convection currents within the bulk, will now lead to a reallocation of the moisture within the
bulk. The practical consequences may be slight unless the gradients are steep. Difficulties
arise chiefly when warm grain comes into close contact with cool surfaces or cool air currents.
A common example is the "sweating" or the appearance of" surface moisture on warm, bagged
grain from a drier, when the bags are placed on a cool and highly" conductive floor.
The direct introduction of moisture into a store or bulk, through a damp wall or
leaky roof, can obviously initiate fungal (and possibly insect activity). Such a local "hot
spot" (and caking and spoilage of the grain) is obviously different in character from the
fungal activity ~hat may be set up throughout the entirety of a bulk when high grainmoisture contents exist everywhere. The difference in the result on the grain may, however,
only be one of time, since the effects of local spoilage will eventually spread through the
bulk. However, Australian experience (for example, Robinson, 1961) shows that the shortterm storage of grain in heaps on the ground, prior to removal to silos, is a practical
proposition in those parts. The effect of rain on the heaps is to seal the surface, so
that most of the rain, in fact, runs off. Showers giving up to one cm do not penetrate more
than a few grains deep; and this zone soons dries out without damage to the grain. Komoll
(1965) quotes such a heap being sUbjected to 12.5 cm of rain with a relatively small loss
at the surface layers only. Practical considerations are that the surface of the heap should
be free from indentations which would collect the rain, and that the heap should not be
trampled on by men or animals, to avoid the damage to the grain by compression. "Stalagmites"
of spoiled grain have been known to arise from this cause.

2.2

Thermal properties

The transfer of heat through heaped grain is not a simple process. Both radiation and conduction will occur between the grains themselves and between the grains and"the
inter-granular air. Small-scale convection will take place between adjacen"c, grains, with
some larger-scale convection currents through the bulk. Some transfer of heat by the processes of evaporation, condensation and absorption may also occur.
Laboratory measurements have been made of the over-all "thermal conductivity" of
grains of various moisture contents. The results indicate "conductivities" of the order of
0.0004 c.g.s. units (Oxley, 1948). In more familiar terms, this implies that a bulk of grain
will have thermal insulation characteristics perhaps five or ten times better than a similar
bulk of concrete, though its resistance to heat flow will still be less than that of thermal
insulators of the first order. The thermal conductivity of bulk grain is such that apparently minor internal sources of heat-- for example, the respiration of insects and fungi-can cause serious rises of temperature.
Whilst the rate at which heat is transferred within a bulk depends upon the
thermal conductivity, the rate at which temperature changes are transferred (the thermal
diffusivity) is dependent also upon the thermal capacity of the stacked grain. Typical
values for the thermal diffusivities of grain are of the order 0.00115 c.g.s. units.
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The expressions for the rate at which external temperature changes penetrate a
bulk of grain are of the same form as those for the penetration of temperature changes into
the ground. The latter may be more familiar to meteorologists, and are indicated in standard works such as that of Geiger (1950).
Diurnal and yearly temperature cycles applied to the external surface of a relatively large bulk (all dimensions greater than 10 metres) will be delayed and attenuated as
they penetrate the bulk. Daily variations of the order of 10°C will be reduced to 1°C at a
depth of about 10 cm. Annual mean temperature ranges of 40°C will be reduced to 1°C at a
depth of some four metres. In addition to a reduction in amplitude, the advancing temperature wave is much slowed by the grain. The summer maximum of external temperature will
give maximum temperatures at a depth of a little over one metre some three months later,·
and at about 2.5 metres depth some six months later.

2.3

Air movement

Respiration of the grain leads to the taking in of oxygen and the production of
carbon dioxide. In this, it is reinforced and often over-shadowed by the respiration of
associated micro-organisms and insects. If there is no air movement through the grain, the
only process able to renew the oxygen supply and remove excessive. carbon dioxide is that of
diffusion. The resistance to diffusion within the bulk is obviously much greater than in
still air. The practical consequences are that in the absence of mass air movements, carbon
dioxide accumulates considerably. Being heavier than air, at concentrations above a small
percentage, carbon dioxide collects in the bottom of a bin or silo. Here, unless the container is air-tight, the carbon dioxide will leak into the free atmosphere.
If the production of carbon dioxide is accompanied by significant heating, then
the rise of temperature will act against the increasing density of the inter-granular air
due to increasing carbon dioxide content. This compensation is such that, in heating bulkstored grain, there may in fact be very little natural ventilation due to stack pressure.
In such cases, the bulk temperature probably determines the carbon dioxide concentration.
Barometric pressure changes will cause a bulk to "breathe". The volume of the
inter-granular air responds to these pressure changes and, from time to time, fresh air will
penetrate the outer layers of a bulk from this cause. If only one surface of the heaped .
grain -- for example, the top -- is available for this movement of expansion and contraction,
then an external annual pressure range of 950 mb to 1050 mb might effect an aeration of about
the top one-tenth of the bulk. If the air can enter on all sides, the depth of penetration
of fresh air is correspondingly reduced.
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CHAPTER 3
PREPARATION OF SEED GRAINS FOR STORAGE

3·1

The harvest

Observations in the British Isles demonstrate a response of the standing ear
grain to the environment. Actual moisture contents of 15% to 35% (wet-weight basis) for
the standing field crop are fairly typical here, and the daily range of moisture content
changes in the order 5% to 15%. For example, Arnold and others (1958) report the measured
moisture content of grain immediately on harvest falling from 25% in the early morning, to
17% for the cut taken in the early evening of the same day. On another occasion, grain
moisture content on harvesting fell from 23% to 19% over a six-hour period after midmorning. There is no reason to suppose that this response of the moisture content of the
field crop to diurnal changes in the environment is not typical.
Observations such as those of Arnold and others (1958) and Mitchell (1955) demonstrate a relation between grain-moisture content and the mechanical damage incurred by
the grain in combining. Oats harvested in this way at 16% moisture content, for example,
show greater mechanical damage (and greater susceptibility to invasion by moulds) than do
oats combined at 23% moisture content. (Further drying would, of course, be needed for safe
storage.)
The timing and the method of harvesting and of the subsequent handling of the
crop are obviously relevant to possible deterioration in store. Combining, for example,
gives no time for field conditioning of the crop between cutting and threshing. It avoids
the hazards of partial field drying (i.e., repeated wetting), attack by insects, animals
and disease, but may at times mean that a somewhat immature crop is taken to avoid shedding.
Immature seeds will deteriorate more quickly than mature grains unless treated further, both
by reason of their higher moisture content and the fact that the enzymes they contain are
not yet dormant. Where field wilting and ripening of the cut crop are adopted, drying in
the swath on a tall stubble is likely to be a quicker process than when the crop is bound
in sheaves and stacked. There is obviously scope for meteorological comment on the efficiency of local harvest procedures.
In regions where the crop matures and requires to be harvested during the rains,
the major problems of drying have to be faced. Somewhat surprisingly, the literature of
such countries does not appear to offer quantitative definitions of the weather of the day
that permits or prohibits harvesting, or quantitative relations among the field drying rate
of a cut and wilting crop and environmental variables such as sunshine and wind, air moisture
content or small amounts of air or dew.
(The position is much the same for forage as well
as grain crops.) The reason would appear to be that seldom has a meteorologist been associated with such investigations. The need for such information is shown by farm management stUdies, which seek to plan work schedules and the level of investment in manpower and
machinery to cope with both peak work loads and the vagaries of the weather from season to
season.

3.2

Natural drying

With a hygroscopic material such as grain, we are primarily concerned with the
removal of bound. water, though at times there will be an interest in the removal of free
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surface water, if the threshed seed has been wetted by rain or dew. In any drying process,
a limit is placed on the final equilibrium moisture content of the material, by the humidity
of the drying air (as is indicated by the equilibrium RH/moisture content curve).
Early investigations into drying theory are represented by the work of Lewis
(1921) and Sherwood (1936). These postulate three distinct phases in the drying process under
'constant drying conditions - that is, when the temperature and moisture content of the drying
air remain constant. In the first phase, when the surface of the drying material remains completely wet, evaporation is similar to that from a free liquid surface of constant area, and
the drying rate is constant under these stable drying conditions. In the second phase,
there is a decrease in the surface area that remains wetted, and the drying rate decreases,
being directly proportional to the fraction of the surface that remains wet. When the surface is completely dry, a third phase is recognized. The drying rate again decreases with
time and is controlled now by the rate at which water can be transferred from the interior
of the material to its surface. In the practically important range of moisture content for
food grains, it is the third and last phase that is most often relevant. Several control
mechanisms have been put forward for the internal movement of water, but the most likely
is that of diffusion. If the drying process is one of diffusion, then we are basically concerned with vapour pressure gradients from the interior of the grain to the free atmosphere.
As may be expected, the major factors affecting the drying rate (in the absence of free surface moisture and under constant drying conditions) are found by Hall and Rodrlguez Arias
(1958a) to be, in order of importance, first the temperature of the drying air; secondly
the initial moisture content of the grain; and thirdly the relative humidity of the drying
air. Constant drying conditions imply a constant saturation vapour deficit at the surface
of the grain. If the saturation vapour deficit of the ambient air and the moisture content
of the grain together give some measure of the vapour pressure gradient applied to the grain,
then it will be understood that the absolute change in saturation vapour deficit for unit
change of temperature (at constant relative humidity) is greater than the change in saturation vapour deficit for unit change of relative humidity (at constant temperature).
Based on differential equation for diffusion (Fick's Law), Lewis (1921) derives
the following expression for drying rate under constant drying conditions.
M
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However, such an expression is to be regarded as perhaps a first approximation only and for
a more detailed examination of the drying process as a function of the mass flow, temperature
and moisture content of the ventilating air, the reader is referred to artfcles such as those
by Henderson and Henderson (1968) or Bakker-Arkema et al. (1965), (1967).
Natural drying for longer-term storage is feasible in some parts, and Hall (FAO)
1963) shows a number of traditional methods. We may distinguish between those methods which
make use of the sun drying of shallow layers of threshed grains and those which depend on
air movement through open sided and raised containers holding unthreshed grain--e.g., cobmaize or sheaves of cereals. The latter method is unsuitable for threshed grain since the
resistance offered to air movement by grains in bulk is too great to be overcome by wind
pressure (see section 4). There is naturally a limit to the dimensions of these Wind-ventilated containers.
Generalizations on these dimensions would be possibe, but local
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experience is perhaps the best guide, for this will include the imponderables determined by
such things as the size and tightness of the stacked crop. Even local practice in the
orientation of such stacks presumably takes account of the prevailing winds and is not a
matter to be changed lightly.
In any method of drying, the aim must be to avoid too rapid or over-drying and to
mlnlmlze excessive movement, which would damage the seed coat. ,Too quick drying causes seeds
such as pulses and spices to burst; with other produce, "case-hardening" occurs. The rapid
drying of the outer layer seals moisture within the inner layers and the grain becomes
wrinkled and discoloured and unfit for anything but animal feed. Rain, wetting and drying
set up stresses which crack the outer casing of the seeds.
A simple type of shallow layer sun drier (the Allgate drier), designed to mlnlmize the introduction of foreign material, readily portable and permitting the produce to
be protected from rain, has been produced in Britain for use in the tropics. Bailey and
Williamson (1965) imply that the drying rate with this kind of drier is increased'if air
movement over the surface is restricted by a wind-break. This is in keeping with the findings of Hall and ROdr1guez-Arias (1958a) on the importance of air temperature to the drying
process.
The maximum temperatures taken up by produce drying in the sun in the tropics,
when spread in layers about 5 cm thick are around 36°C (Hall, FAO, 1963). Though the difference between optimum and lethal temperatures for insects is small, as may be perhaps expected,
it is not possible to kill insects or their larval stages by the temperatures reached in sun
drying. The higher thirties (in degrees Centigrade) also presumably represent an upper limit
to the temperature of healthy grain carried direct from the field to store.

3·3

Artificial drying

Artificial drying for longer-term storage involves the forced ventilation of
grain, perhaps with air he,ated to temperatures above the ambient. Driers in general Use
today include "Continuous-flow" driers, "Batch" driers, "On-floor" driers, "In-bin" dryers
and "High-volume" air driers.
Continuous-flow and batch driers will remove water at the rate of 1%-1.5% moisture
content per hour from layers perhaps 15 cm to 60 cm deep and may employ drying temperatures
of 35°C-90°C (depending on the use to which the grain will be put). Air velocities through
these shallow layers of grain will be of the order of 0.25 m/so
If viability is to be
preserved, there are restrictions on the time that the grain may spend at these temperatures.
This time is dependent on the moisture content of the grain. These driers have limitations
in that the output of a modern high-capacity combine may be more than the drier can handle.
In a wet harvest, grain held in bulk for several days before passing through the drier may
deteriorate seriously. One answer to this is to provide aerated pre-drying bins for storage before drying. If such a system is adopted, a close watch must evidently be kept on
the moisture content and temperature of the grain prior to drying.
With on-floor and in-bin driers, the underlying idea is the same in each case.
Warm air is introduced into the grain bulk through a series of perforated ducts placed under
deep layers of the grain or, in'the case of some in-bin systems, through a central vertical
duct. With this method, the drier can also be treated as a bulk store and the grain left in
it when the drying process is completed. Manufacturers of this kind of equipment will usually state the depths to which particular cereals may be loaded over the ducts. If this depth
is exceeded, the resistance to air movement is naturally increased, with the result that
grain adjacent to the ducts is likely to be over-dried in the prolonged blowing necessary to
effect the drying of the grain at the top of the bulk. Air temperatures used are much nearer
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the ambient than those of the continuous flow or batch driers, and the temperature lift may
only be a few degrees. The drying is accordingly-a slower process and variations in the
relative humidity of the ventilating air over periods of the order of 24 hours may be significant. For this reason, it is not unusual for On-floor and In-bin driers to incorporate
automatic temperature and humidity controls in the heating unit to prevent the uptake of
moisture by the grain from the ventilating air.
"High-volume air 11 driers are essentially similar to the on-floor and in-bin driers,
and typical rates of flow (0.5 to 5.0 cubic metres of air/minute/tonne of grain -- depending
on grain moisture content) will include those at which in-floor and in-bin driers would
normally operate. Since unheated air is used in the drying process, this will not be as
rapid as in the other forms of drier. But the avoidance of heating equipment means that
the cost of the drying operation is kept down and that "the grain cannot be damaged by overheating, whilst the large volumes of air employed may mean that the drying is more uniform
through the bulk than is the case with other deep-layer driers. The possibility of drying
with the High-volume method obviously depends on the moisture content of the ambient air.
Figure 2, for example, indicates that it would be possible to dry wheat at 20% moisture
content, by air at 80% relative humidity, to a final moisture content of 16%.
Normally, when in deep layers, the grain dries first around the point of air
entry and this dry zone extends progressively in the direction of air movement, displacing
drying and damp zones ahead of it.
Drying in bulk or in deep layers is essentially a slow drying system, and the
possibility of spoilage is present unless some balance is struck between the depth of grain,
the volume of air flowing through the grain and the temperature and moisture content of the
ventilating air. Work such as that of Kreyger (1959), shown in Figure 16, or Burrell and
Hyde (1965), and shown in Table 8, gives acceptable combinations of time, temperature and
grain moisture content to preserve the germinative capacity of grain such as barley.
Table 8
PERIOD OF SAGE STORAGE (IN WEEKS) AT
VARIOUS TEMPERATURE AND MOISTURE CONTENTS

% moisture content
(wet-weight basis)

5°C

8°C

10°C

12°C

15°C

15
16
17
18
19
20
21
22

60
52
45
40
25
14
9
6

45
40
31
25
15
9
6
3

42
36
27
17
10
6
4
2

38

32
27
12
6
4
3
2

31
20
13
8
4
3
2

I

The power required to move air through deep layers of grain increases excessively
for air speeds greater than 0.2 metres/second (40 ft/minute) and air velocities of the order
0.10 to 0.15 metres/second are more usual with on-floor and in-bin systems. The velocity, or
rather the volume, of the air moving through the grain determines the drying time. Data
such as those shown in T~ble 8 indicate the length of time that grain may be allowed to
remain at various combinations of temperature and moisture content without deterioration.
Though moisture may be removed from deep layers of grain at a steady rate -- typical values

ME'IEOROLOGY AND GRAIN STORAGE

are of the order 0.5% moisture content per day for the bulk as a whole -- the drying within
the bulk is not uniform and in on-floor systems for example, the top of the bulk would be
the last to dry. In drying, say, from 21% to 16% moisture content, the top of the bulk
would remain damp, and would be at risk for a period of about 10 days.
More precise estimates of the drying time in particular cases may be made with
aid of psychrometric tables and charts (Figure 17). If the temperature of the grain is
close to that of the incoming ventilating air of which the relative humidity is known, the
assumption that the moisture content of the air leaving the bulk will be close to the equilibrium relative humidity of the undried grain, enables estimates to be made of the uptake
of moisture by the ventilating air. Information on the rate of air flow then leads to the
rate of water removal.
Consider, for example, ventilating air at 15°C, 77% relative humidity (corresponding to barley at 16% moisture content) passing through undried barley at 21% moisture content
(equilibrium relative humidity -- 90%). The'increase in moisture content of the air leaving
the bulk is 1.4 grammes of water/kilogramme of dry air. At an air-flow of .075 metres/
second, the water removed per day from the grain standing on unit area ~ sq. metre) of floor
space is:
.075 x 60 x 60 x 24 x 1.4 x 1.25
11.3 kilogrammes
(1 cubic metre of air
If the depth of grain
of floor area is of the order of
day from this weight of grain at
removal of 0.5% moisture content

1.25 kilogramme of ai~)
is 3 metres, the weight of grain standing on 1 sq. metre
2 tonnes. The removal of 11.3 kilogrammes of water per
21% moisture content corresponds to an average rate of
per day.

When dry air passes through deep layers of moist grain we may distinguish dry,
drying and unmodified layers. Similarly, after ventilating a deep uniform grain bulk for
some little time with air at normal ventilation rates and at a temperature other than that
of the bulk, we may expect to find zones in which the grain has taken up the temperature
of the air, a mixing zone where the grain temperature is in the process of change, and a
zone where the initial grain temperature is unchanged.
Morris-Thomas (1962) has developed working relations between drying time (or
drying rate) and the rate of air-flow and temperature of the drying air, for shallow, high
temperature, batch driers of the form:

where

G

K.~2.4 R 2.4/z

G

mass rate of air flow

K

constant

n

drying rates for artificially moistened and naturally moist grain

log Z

R /R = 1.47
a: n
constant ,1

temperature lift of the heated (drying) air above the ambient.
Correspondingly simple expressions for the drying of deep layers of moist grain are not
possible. Iterative procedures for the computation of temperature and moisture profiles
within deep layers of moist grain (considered as a series of shallow layers), as a function
of through ventilation, are reported in the work of Bakker-Arkema and others (1967) and by
Henderson and Henderson (1968).
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The ventilation rates that are feasible through deep layers of grain mostly imply
that the temperature of the air leaving the stack will, for at least many hours (and possibly
days), come close to the initial temperature of the grain at the top of the stack. In consequence, a very practical consideration is the possibility of moisture, taken up by the
heated ventilating air on passing through the drying zone, being deposited again within the
grain bulk, prior to discharge. On the assumption that this ventilating air takes up moisture until it achieves a vapour pressure equal to the initial equilibrium vapour pressure
of the moist (undried) grain, then we may, from hygrometric tables (provided we can .attach
a temperature to the air leaving the drying zone) obtain the dew point of this air, and
some estimate of the likelihoOd of the deposition of free surface moisture in the bulk
beyond the drying zone. A first approximation might be that the air leaving the drying
zone has a temperature midway between the temperature of the air entering the bulk and the
temperature of the unmodified grain at the top of the bulk.
Because of the possibility of condensation within deep grain bulks, the temperature lift given to the dry air in cool, damp climates is often limited to about 8°c. With
cool, high moisture content samples of grain, some initial blowing (and drying) with unheated, ambient air, as in High-volume air drying, may be advisable before any heat is
added to the drying air. In order to move large volumes of air quickly through such bulks,
grains depths must of course be lower than those normally employed in on-floor drying systems.
The immediate effect of warm. air entering a cool silo is the deposition of surface moisture if the temperature of the grain is less than the dew point of the incoming
air. But as the forced ventilation is continued and the temperature of the grain moves
towards that of the ventilating air, the ultimate effect of ventilation on the moisture
status of the mass of grain depends solely on the relative humidity of the ventilating air
and the initial moisture content and equilibrium relative humidity of the grain.
Figure 17 shows a psychrometric chart with the familiar family of curves relating
air temperature, moisture content and relative humidity. In addition, the position of the
equilibrium relative humidity curves corresponding to wheat at moisture contents of 12% to
26% (wet-weight basis) are indicated. The effects of forced ventilation can be followed
with the help of this diagram. The normal sequence of events in the drying (or mixing) zone
is for the grain temperature to change and to approach that of the incoming air. The grain
temperature remains close to that of the incoming air, but slightly different from it, until
humidity equilibrium is reached between the grain and the incoming air. Finally, both
temperature and humidity equilibria are achieved; if, for example, air at 21°C, 60% relative humidity (point B) is passed through grain at 10°C and 21% moisture content (90% equilibrium relative humidity) (point A) the sequence of changes experienced by the grain in
the drying zone will be shown by the path A, C, B. The sequence of changes experienced by
the air on first entering the unmodified bulk will be shown by the path B, A.
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CHAPTER 4

CONDITIONING OF BULK GRAIN DURING STORAGE

4.1

Natural ventilation

The pressure differences due to stack effect (i.e., the temperature or rather
density difference.s between the intergranular air and the free atmosphere) may be of the
order of 0.025 cm static water gauge. The head required to effect an airflow with velo- .
cities of even a few centimetres per second through a shallow depth (30 cm) of grain i q of
a higher order of magnitude, as is shown by Figure 18. Even if top and bottom vents are
provided, the natural ventilation of the grain from this cause will be negligible.
At low wind speeds (2.5 metres/second) the pressure exerted by the wind will be
of the same order as that due to stack effect. At moderate wind speeds (10 metres/second)
the pressure due to the wind will be of the order 0.5 cm static water gauge. Pressure heads
of this magnitude will effect a reasonable airflow throUgh bins ~f ear corn (unshelled maize)
of depths ·up ·to three metres. But for smaller threshed seed grains, such as wheat or barley,
the resistance to airflow is perhaps one hundred times greater than for ear corn, and effectivenatural ventilation is again ruled out.
With a bin or silo that is already heating, little is achieved by opening the top,
except to prevent damage to the fabric of the store from steam or condensation.
There is, of course, little difference between the natural ventilation of large
bulks and of closely stacked bags. Bag storage would only appear to show some advantage in
this respect when manual handling of the grain is necessary or when storage requirements are
limited. However, when the air is permitted to circulate freely around individual bags of
grain, appreciable heat and moisture exchange is possible. We may, for example, calculate
that a lOO-kg bag, with a 30°C temperature difference between the grain and the free atmosphere, will cool as much in 24 hours (by some 15°C) as will a three-metre stack, under the
same conditions in two months. In temperate latitudes, the British Isles, for example (and
where high temperatures and insect infestation would not normally be a hazard in freshly
harvested grain),
18% moisture content is sometimes regarded as a reasonably safe level
to store grain in sacks for several weeks, provided that the sacks are not piled more than
two deep.. Experience there has shown that a clean, sound sample of grain of lower moisture
content may be stacked four, or even five sacks deep, provided that sufficient space is left
between the ranks to allow a reasonable cirCUlation of air and to ensure grain temperatures
close to ambient air temperatures.

4.2

Forced ventilation

The passage of air through stored grain is only desirable if the net effect is to
cool or dry the grain.
We distinguish now between the initial drying of a grain bulk and the maintenance
of satisfactory storage conditions within the bulk.
Aeration of grain bulks, with the outside air (or with air heated only slightly
above ambient temperatures), is carried out in a number of countries. The main objects of
aeration are:
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To lower grain temperatures (to cool a mass of warm grain perhaps after drying or
harvest at high temperatures);
To equalize grain temperatures through the bulk (to control localized heating);
To remove unpleasant odours or toxic gases after fumigation;

and

To reduce moisture content by very small amounts.
The airflow rates adopted (of the order 0.1 cubic metres of air/minute/tonne of
grain) are in general somewhat less than those used in bulk grain drying. To avoid the
possibility of the grain taking up water from the ventilating air, either directly, or
through the translocation of moisture, the temperature of the incoming air is normally ~ept
below that of the grain bulk.
It is perhaps of interest to examine the rating of the ventilation system that
would just carry off the heat produced within a bulk. An extreme figure for the rate of
heat production of the dampest grain likely to be placed in bulk is perhaps 5 x 10- 4 gramme
calories per cm3 per minute (Oxley 1948). A more normal figure may be 0.6 x 10- 4 gramme
calories per cm3 per minute. Table 9 shows the volumes of air required at various temperature differences of air and grain to contain these rates of heat production.
Table 9
VOLUME OF AIR PER MINUTE PER UNIT VOLUME OF WHEAT
NEEDED TO REMOVE ALL THE HEAT PRODUCED

Heat production
(cal/cm3 min.)

Increase in temperature of the air leaving
the grain over that entering
20°C

5°C

1°C

5. 0 x 10- 4
2.0 x 10- 4

0.084

0.33

1.67

0.033

0.13

0.67

0.6 x 10- 4

0.010

0.04

0.20

An airflow of 0.2 volumes per minute per unit volume of grain (approximately 0.1
cubic metres per minute per tonne) corresponds to a velocity of 0.01 metres per second
through grain three metres in depth. Such an inflow would prevent a further rise in temperature of most parcels of grain.
The cooling of· dry grain, by ventilation with the unmodified, outside air, down
to temperatures of 16°c or 17°C (at which temperatures insects do not develop readily) is
the method of insect control which appears least open to objection. The alternatives are
the use of insecticides or fumigation. The possibility of the aeration method being used
in practice depends on the climate of the region and site, and on the time during which the
combination of external temPeratures and humidities will be suitable for aeration of the
grain at economic flow rates. By suitable instrumentation - for example, with differential
thermostats set to bring fans into 9peration when the temperature of the outside air is
several degrees less than the temperature of the grain -- control and cooling of the grain
are made automatic. Australian experience of this method is reported in the work of Elder
(1967), Griffiths (1967) and Sutherland (1967); British experience is reported by Williamson
(1961), and American experience by Holman (1957) and Rabe (1958).
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4.3

Grain chilling

If the climate is such that the ventilation of a dry grain bulk with the ambient
air does not lower the grain temperature sufficiently quickly to hold insect infestation in
check, then Australian experience (Progress Report W.I.R.C., 1968) is that a chilling of
the ventilating air by refrigeration units may be economic.
Ventilation with chilled,· refrigerated air is more usual, however, to give a
positive control of mould growth in the damp grain bulks of wetter and more humid regions
than Queensland. The temperature of the grain must be brought down to 7°C to minus 1°C,
depending on its moisture content. At these temperature levels, control over insect attack
accompanies the control over mould growth, but mites will be controlled only if the temperature is below 4 ° c . ·
.
Chilling is finding an increasing use, both as a short-term measure of control
before drying is undertaken and for longer-term storage at temperatures well below that at
which the grain is harvested.
Often, if the grain is to be prevented from spoiling, chilling must be rapid,
and suitable bulk temperatures must be achieved within a matter of days. Periods of safe
storage (see Table 8 and Figure 16) are again relevant.
Refrigeration is a two-stage process in which the refrigeration unit is used to
cool a mass of air which is then blown through the grain.
To chill
to 5°C requires the.
moisture is usually
On a warm humid day
20,000 kilocalories
tonne of grain. At

one tonne of grain at 21% moisture content (wet-weight basis) from 20°C
removal of 7,500 kilocalories. However, whilst the air is being chilled,
deposited on the cooling coils, giving up latent heat of condensation.
in the British Isles, this latent heat may be such that as much as
must be extracted from the air to remove 7,500 kilocalories from one
night and in cold weather, this load is naturally reduced.

The course of refrigeration is not entirely straightforward, since cold air,
passing through warm, damp grain increases in temperature and carries off moisture, thus
cooling the grain by evaporation. The amount of evaporative cooling depends on the temperature and moisture content of the grain and, for example, during the cooling process, possibly one-third of the total temperature drop may be accounted for by the incidental removal
of 0.5% moisture content from the grain.
.
Once chilled, the grain must be kept cold by further refrigeration. There is an
uptake of heat, particularly within metal silos, from the outside atmosphere. A grain bulk
chilled to 5°C at harvest may, in the British Isles, warm up to over 10°C at a depth of
60 cm in two weeks. It is found necessary to re-cool the grain frequently, at 10- to 14-day
intervals, during hot weather in the British Isles, but rather less frequently, at one- to
three-month intervals during the winter. The importance of the heat conductance of the
surfaces that come in contact with bulk grain has been mentioned in connexion with the
sweating of warm grain. The matter is raised again in the present context. It is found
to be comparatively uneconomic to chill damp grain in deep metal bins. The heat gain from
the atmosphere is such that the re-cooling of grain at the sides of the silo takes about as
long as the initial refrigeration of the bulk. Floor storage will normally afford less
opportunity for the penetration of heat through side walls for a given quantity of grain,
than will bin ·storage. In fact, in most situations where air is forced through a grain
bulk, it may be advantageous to insulate the silo to prevent the external atmosphere from
determining the temperature of the grain next to the walls. For if there is any source or
sink of heat which maintains the temperature of the grain at a temperature different from
that of the incoming ventilating air, the final effect on the moisture content of the grain
remains the same as the initial effect, when the incoming air has its temperature changed
to that of the grain.
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Air-tight storage

Since in some areas nothing is to be gained and positive harm may result from the
exposure of stored grain to the free atmosphere, the deliberate air-tight storage of grain
is sometimes adopted. This is not always easy to achieve, but the store then becomes proofed
against the entry of insects and animals and against the uptake of moisture from the atmosphere. Although gas-tightness is not an essential feature for the storage of grain in cool
or temperate climates, it is often considered to be desirable in the tropics and sub-tropics,
where, because of higher temperatures, insects develop more quickly, and fumigation of grain
stocks is a more common storage routine.
Air-tight storage to control the activities of insects and moulds brought in with
grain makes use of the observation that respiration of ~hese organisms results (sometim~~
within a matter of hours) in the almost complete depletion of the oxygen content of the
store. This soon brings most metabolic processes to a standstill, though anaerobic (fermentation) processes will continue if the moisture content of the grain exceeds 18% to 21%
(wet-weight basis). The wetter the grain, the more marked this fermentation tends to be.
Whereas grain of 18% to 21% may change little, except to darken slightly and become softer
(it may still be relatively bright and free running after a year in store), grain of 24%
moisture content or above is likely to have a distinct smell reminiscent of brewers' grains
and to be subject to sticking or "bridging" in the silo on attempted removal. In fact, the
air-tight storage of grain at these high moisture contents implies that the grain will be
used for feeding to livestock, since the method is unsuitable, for example, for wheat intended for milling, or grain intended for seed or for malting. In general, high-moisture grain
of 15% to 26% moisture content can be stored successfully, provided precautions are taken
to avoid the entry of appreciable quantities of air in the sealed silo. Exceptionally, grain
of 30% to 45% moisture content has been successfully stored.
Generally, the concentration of oxygen must fall below 2% to control all phases
of insect pests, and below 0.2% to inhibit the growth of aerobic moulds and bacteria. Weight
for weight, the oxygen consumption by insects is much greater than that of grain, so that
the rate of oxygen depletion is increased in the case of infested grain. The minimum oxygen
concentration required to ensure survival at the various stages of insect development is not
a constant factor, and the minimum concentration necessary to prevent completion of the life
cycle and multiplication is that of the most susceptible, rather than that of the most resistant, stage. Work to establish the minimum concentration of oxygen necessary to ensure
the survival of two species of storage pests has, for example, been carried out at I.A.R.I.,
New Delhi, India (Pradhan, 1948), the results of which are reproduced in Table 10.
Table 10
LJMITING OXYGEN CON'IENT OF THE AIR IN AN ENCLOSED ENVIRONMENT
WITH WHEAT GRAIN AT WHICH THE DIFFERENT STAGES OF STORAGE
PESTS WERE FOUND TO BE DEAD (after Pradhan, 1968)

Species
Tribolium castaneum
Tribolium castaneum
Trogoderma granarium
Trogoderma granarium
Trogoderma granarium
Trogoderma granarium

Stage
Fully-grown larvae
Adults
Eggs
First ins tar larv~e
Fully-grown larvae
Adults

Oxygen content
6.37%
7.24%
16.77%
5.35%
1.08%
3.39%
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From Table 10, we see that:
(a)

Different stages of the same species have different tolerances to reduced
oxygen concentration;

(b)

The insects generally die well before the oxygen content of-the air (normally 21% by volume) is exhausted (and at oxygen 'concentrations well above
those at which the anaerobic respiration of moulds will become dominant in
moist grain);

(c)

Absolute air-tightness and the maintenance of very low oxygen concentrations
may not be necessary for insect control;

(d)

Trogoderma granarium, which can breed at very low grain moisture contents,
is nevertheless susceptible to reduced oxygen concentrations.

For air-tight storage, both underground and aboveground structures are employed.
Scientifically, there may be little to choose between the two and practical considerations
may dictate which one is adopted. Underground structures are subjectto smaller fluctuations
of the ambient temperature and relative humidity than those aboveground and may, because of
the relative size of the bulk of grain they contain, be more resistant to the movement of
air through the bulk and store; aboveground structures are the more convenient for inspection, maintenance and operations such as turning the grain.
Extensive use is made of underground storage in Argentina and in Cyprus; for
example, cone shaped pits with domed roofs are successfully used for storing barley. With
aboveground silos we may distinguish between air-tight silos having sealed roofs and unloaded at the bottom and the more conventional silo, top unloaded and dependent upon the
packing of the stored grain to exclude oxygen and having only a nominal seal at the top.
This might be of polythene sheeting placed over a layer of straw or chopped grass to take
up and hold moisture.
When the silos are unloaded, there is, of course, some penetration of fresh air.
Daily opening of the bottom-unloaded tightly sealed silo does not cause significant spoilage
of the grain, the oxygen introduced soon being taken up in respiration. However, a relatively small but continuous air leakage can have serious consequences. The top unloading of the
more conventional and effectively ensiled moist grain must be sufficient to keep ahead of
spoilage. The depth of grain removed each day should at least be close to the depth of_
penetration of fresh air. This penetration is dependent upon the barometric pressure changes
from day to day, and synoptic changes will predominate. If a 24-hour pressure change of
20 mb to 25 mb covers most situations, then the depth of aeration from this cause should not
exceed 1/50 to 1/40 of the total depth of the bulk of the grain. All really air-tight silos
must have some means of relieving pressure differences between the silo and the outside
atmosphere. There are at least three commercially available systems which do this. The
first makes use of a "breather" bag within the silo, together with an overriding pressurevacuum relief valve. If the pressure inside the silo becomes less than that outside, air
passes into the bag; conversely, air is expelled from the breather bag wh~n the external
pressure falls relative to that in the silo. The relief valve comes into operation if the
capacity of the bag is exceeded due to extreme synoptic changes, the removal of large amounts
of grain at one time, or to excessive fermentation. A second system makes use of gas storage
cells connected in series with the silo. A third makes use of pressure-vacuum relief valves
alone to effect an exchange between the outside air and the silo gas in the roof of the store.
Gas-tightness in the storage of moist grain is perhaps more critical than in the
sealed storage of dry grain to control insect attack. Regarding the latter, reference should
be made to the storage bin (Pusa Bin) developed at I.A.R.I., New Delhi, in which a gas seal,
consisting of a thin sheet of polythene film (0.0175 cm thickness) is sandwiched between the

CONDITIONJNG DURING STORAGE

25

mud walls of an ordinary earthen structure. Enclosing the polythene within the walls prevents the mechanical damage that occurs when the pol~thene is used as an inner or outer
lining. The structure is effectively impervious to the movement of water vapour and atmospheric oxygen through its surfaces; and the thermal insulation is sufficiently good to
reduce the dangers of "sweating" at the walls. Figure 19 shows the construction of the Pusa
Bin. The earth layers may be replaced by any other suitable m'aterial of poor thermal conductivity (wood, of course, is subject to attack by termites) and the size of the storage
structure which could use such a gas seal is presumably limited only by normal building
considerations.
Comparative tests demonstrate that freshly harvested wheat in India may be kept
safely in such a structure. None of the four principal storage pests -- viz., Sitophilus
oryzae, Rhizopertha dominica, Trogoderma granarium, Tribolium castaneum -- breed well, even
when deliberately introduced, provided the initial moisture content of the wheat is 10% or
less. The viability of wheat for seed is unimpaired after storage for more than three years.
Inflatable plastic buildings, particularly when fitted with a floor and so designed that they can be made gas-tight, become suitable for the storage of cereals and are
termed "air warehouses". These stores can meet the demand for buildings that are portable,
do not require expensive foundations, that are weather-tight and.proof against the entry of
water vapour and insects. They facilitate insect control by fumigation, and the waterproofed
floor prevents the uptake of moisture from the ground.
Such buildings need a certain amount of management. An air warehouse in Kenya,
for example, loaded with some 40,000 bags of paddy and then allowed to deflate, was stored
for an average period of six months with a loss of less than 0.4% of the total input. This
loss occurred mainly in the hot season, when the temperature by day of the air at the top of
the stack far exceeded that of the outside air. Night-time cooling then led to condensation
of the moisture that was taken up by the air from the paddy. This hazard was alleviated to
some extent by inflating and then deflating the warehouse daily (that is, by ventilating the
store). In the cold season, there was some translocation of water vapour downwards. This
damaged peripheral bags of the lowest layers. Presumably, the stack maintained the initial
temperature of the ground beneath it, whilst the temperature of the soil around the stack
was able to fall.
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5

INSTRUMENTS AND MONITORING OF GRAIN BULKS

5·1

Laboratory measurement of moisture

A number of methods are available which normally provide the reference standards
for moisture meters under field conditions, In general, a sample of the grain has to be
taken. It is obviously essential that the sample should be representative of the parcel
of grain being examined, and that the sample be kept in a sealed 'container between the
time of sampling and the determination of its moisture content.
In the oven-drying method, moisture content is found from the loss in weight of
ground grain exposed to a forced-air draught at a nominated temperature for a specified
time.

The oil-distillation method is frequently used for produce that breaks down
chemically when heated. A weighed sample of grain is heated in a non-volatile oil and at
a fixed temperature in excess of the boiling point of water for a, specified time. The
water driven off is collected, together with other volatile, immiscible products, and condensed into a graduated container. The variation of the temperature of the boiling point
with pressure may give rise to apparently inconsistent results at places which differ considerably in altitude.
The electrical method, in which an infra-red lamp is used to heat a weighed
sample on a balance pan, for a fixed time, gives repeatable results.

Field measurement of moisture
The acetylene meter requires a ground sample of grain to be weighed and mixed
with a measured quantity of calcium carbide in a gas-tight container. Reaction with the
moisture of the grain produces acetylene gas. The pressure developed within the container
(and shown by a gauge) gives a measure of the grain moisture content.
Electrical methods now make use of the variation of electrical resistance or dielectric constant of the grain with moisture content, and determine the moisture content of
the grain indirectly.
The electrical-resistance instruments either require the grain to be crushed or
milled in a small compression cell where a standard, predetermined pressure is applied, or
may make use of probes. Resistance is measured by means of a bridge circuit or with a megger
(megohm meter). In both cases, a correction for temperature is necessary.
Capacitance meters use an A.C. bridge circuit to measure the capacitance of a
cell into which the grain is introduced. The two sides of the cell form the plates of a
condenser. It is difficult to nullify the effect of impedance, and any instrument which
does not measure impedance rather than capacitance alone will igno~e the effect of surface
moisture in the grain. These meters are also sensitive to the packing of the grains in the
sampling cell, and a suitable tamping device may be needed to avoid large errors. A correction for temperature is again required.
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The hair hygrograph is also used to measure the relative humidity of the intergranular air of a bulk or sack and so, indirectly,· to obtain a measure of the moisture content of the grain. Expansion or contraction of the hair with moisture content is transferred,
through a mechanical linkage, to a dial reading. Readers will probably be aware of the lag
of such instruments and time required (of the order of 30 minutes) before they come into
equilibrium with their surroundings.
Though manufacturers may claim accuracies of +0.5% moisture content for their
instruments, Stephens and HUghes (1966) in their trials found accuracy varied between tyPes
of instrument and within any one type of instrument. With the infra-red meter, approximately
80% of all readings were within .±.O.5% moisture content of each other. The other instruments
showed greater variability andJtaking capacitance, resistance and hair-hygrograph instruments
together, only 45% to 60% of the readings were within +0.5% moisture content of the true
value. With individual hair-hygrographs, as few as 20% of the readings were within ,±,O. 5%
moisture content of the true value. Apart from errors inherent in these instruments or their
calibration, it would appear that some allowance should perhaps be made for the variety of
grain being tested. A separate calibration might be desirable for hard and soft varieties of
wheat and hard.- and soft varieties of maize, where real differences of the order 1% moisture
content could arise under the same ambient conditions. Broadly, a difference of 1% moisture
content equates with a difference of the order of 4% to 6% in equilibrium relative humidity.

5.3

Monitoring temperature and moisture

Technically, the monitoring of temperatures within a bulk would not appear too
great a problem. Indicating, rather than recording, instruments may well suffice. Distant
reading thermistors, thermocouples and mercury in steel thermometers have all been inserted
into stacks and silos as the bulk of grain is being built up. The unsettling question is
the representativeness of the temperatures that these instruments will show. Experience
with other food bulks (and one must suppose that the same holds for grain) is that small
numbers of embedded instruments do not necessarily give early warning of local spoilage and
temperature rise. For this reason, portable probes employing thermocouples, or more simply
thermistors, used at regular intervalS may possibly be more effective than fixed equipment
which could induce a false sense of security. Some allowance must be made for the time lag
of the portable instrument inserted and the possibility, for example, of a metal probe falsifying readings by conducting heat away from the sensing head. A more basic objection to
probes may be that a two-metre length may be the largest a manufacturer will offer. This
may not be long enough to reach potential trouble spots in large bins and on floor stores.
Lagged mercury-in-glass thermometers have been inserted into bulks through polythene tubes,
after the manner of soil thermometers or as probes when simply taped to sticks. A few metal
rods that can be pulled out and felt from time to time and then removed to new positions
have helped as indicators of temperature rise in situations where thermometers were not
available.
The practical problems that occur with any method of obtaining temperature
readings from within grain bulks, together with the problem of interpretation of the readings taken, suggest that the method adopted may depend largely on local circumstance or
preference.
Management of a grain store should certainly take into account a possible inexactness in temperature (or moisture) indications. It is, for example, probably wishful thinking
to suppose that a limited number of temperature sensors linked to an automatic warning device
or ventilation fans will bUy definite safety. Where ventilation equipment is installed in
or under the grain, it is probably safer to use it briefly at frequent intervals than to
wait until one of a few thermometers indicates a need to do so.
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Some limited guidance can be offered on the places within the bulk to watch most
closely for indications of a local temperature rise. These would obviously include places
where dust and dockage may have gathered -- for example, under an outlet spout of a conveyor.
In a conventional on-floor store it would be sensible to remember where the wettest parcels
of grain had been put, and to monitor well down into the heap at places where the drying air
stream may have been least effective -- e.g., midway between air ducts or, in the case of
single-duct systems, at the bottom corners, at the shoulders of the heap and where the grain
is deepest.
Aside from the local variations of temperature and moisture that will remain
within a bulk after first drying for storage, there are the changes that may be induced
subsequently by mass convection currents within the bulk. Grain in a tall bin at a higher
temperature than the mean ambient air temperature will cool at the sides and at the top,
and this will give rise to air movements and the translocation of" moisture within" the bulk.
The migration of moisture from this cause can, of course, occur no matter how far the grain
has been dried. Grain in a flat bulk at a higher temperature than the ground and the
surrounding air will behave similarly. The regions most likely to be subject to the takeup of moisture in these situations are suggested in Figure 20.
It is possibly true to say that there is no simple, distant reading, indicating
or recording device for grain moisture content (or relative humidity of the inter-granular
air) that is also reliable, stable, accurate and inexpensive. Spear probes will enable
grain samples to be taken from a bulk for moisture content determination. Hair-hygrographs
are also available as probe instruments. Solomon (1957) gives details of a simple mer~od
of measuring relative humidity using the colour changes of "cobalt thiocyanate paper". This
paper has been used on probes inserted into bulks, the paper being plunged into liquid paraffin immediately on removal from the bulk. The possibility of recording relative humidity
within a bulk appears to be restricted to electrical hygrometers. The variation of electrical resistance of a piece of material impregnated or coated with a hygroscopic salt such
as lithium chloride is used as one sensing device. Other sensors may make use of the variation in capacitance of an aluminium oxide deposit with moisture content. Whilst these
kinds of sensors may find a use with laboratory instruments, their use in the more "rugged"
environment of a grain store or bulk may not be entirely practicable.

Aeration
If the grain is in a ventilated silo, then a check on the condition of the grain
is possible by blowing air through the bin at regular (weekly) intervals. The temperature
lift of the air leaving over that entering the bulk will give some indication of the extent
of grain heating.
The resistance to airflow is a function of bulk depth and bulk density (which
turns on the moisture content and degree of artificial packing) and on the type and extent
of impurities present -- for example, the amount of dust, weed seed or straw. Information
is available in the literature (e.g., Osborne (1961), M.A.F.F. Bulletin, 149 (1966)) on the
relationship between airflow and static air pressure applied to bulk. A measurement of
static pressure will give some indication of the probable airflow through a bulk, but if a
direct measurement of airflow is required, then instruments to measure low-airspeeds (of the
order of 0.1 metres/second) become necessary. Instruments of the hot-wire type may be a
little out of place in grain silos and stores, but simple mechanical devices of the flowmeter type are available commercially. An instrument developed by the N.I.A.E. at Si1508,
Great Britain, consists essentially of a circular collecting funnel of about 30 cm diameter
at the base, which leads into a transparent, vertical cylinder of about 10 cm diameter. The
movement within the cylinder, on a central guide wire, of a light circular disc having a
diameter almost that of the cylinder, gives a measure of the airflow. The meter is simply
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placed on top of the bulk being ventilated, and of course sMrveys across the top of the bulk
are readily made. It is unlikely that ducting can always be arranged to give a uniform airflow through all parts of a bulk, and extra ventilation time will be needed to accommodate
those parts of a bulk where the airflow is least.
Control equipment for the automatic aeration of grain bulks is a subject that has
certainly come under study in Great Britain, Australia and America, and presumably in other
countries as well. As has been stressed already, the movement of air through grain is only
desirable if the net effect is to cool and/or dry the grain. In general, the temperature
and relative humidity of the outside air will need to be considered together, rather than
in isolation, and the effectiveness of a control system based on only one of these variables
is obviously highly dependent on local conditions, both of local climate and of the state
of the grain going into store. Systems developed in one region will not necessarily be of
direct application elsewhere. Another practical point is that the control system that would
appear to offer the best theoretical advantages may fall down on technical or economic
grounds.
Control systems that have been tried include manually adjusted temperature difference controllers, the thermostats being reset after each period of blowing initiated by
certain maximum temperature differences between the grain and the outside air. Overriding
time clocks have also been incorporated with this type of system. These would exclude aeration during the hours when the diurnal variation of the external relative humidity would
normally lead to moistening of the grain.
Fully automatic systems have been based on aeration initiated by time clocks
alone, by automatic temperature difference controllers and by adaptive controllers which
call for fan operation whenever this would result in an improvement of the grain temperature
profile, as measured by a specially designed cable suspended in the grain. Sutherland
(1967) reports computer simulation trials at various airflow rates, with systems such as
these. The ~ost efficient performance was suggested to be given by the adaptive controller
(though ther~ are at present difficulties in achieving a practical working system). The
least efficient control was given by time clocks.
Estimates, based on air temperatures alone, of the number of hours during which
aeration will be possible, have to be revised downwards when hours with excessive relative
humidity are excluded. Where the normal practice has been to set controls to some minimum
temperature difference between the grain and the outside air and to provide an overriding
humidistat, an increase in the hours of fan operation can be achieved if the humidistat is
removed, or if the external sensors are replaced by one operating on wet-bulb temperature.
Whether such a system is practicable and whether safe grain moisture contents are likely to
be retained must be a SUbject for local study. C~rtainly, in parts of Australia, where
high grain and air temperatures at harvest make aeration important for containing insect
infestation, wet-bulb control of the aeration of the low-moisture grain seems a feasible
proposition (Griffiths, 1967), though the requirement for maintenance-free, self-regulating
controllers may rule out the use of wet bulbs in many instances.
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CHAPTER 6
GRAIN STORAGE AND THE METEOROLOGIST

6.1

The grain store

For safe storage, grain has to be kept cool and dry. These requirements must
obviously be reflected both in the characteristics of the building or structure housing the
grain bulk and in the immediate surroundings of the store. Heat uptake from the environment
has to be minimized; heat loss from the store to the environment has to be maximized. At
the same time, the moisture exchange between the grain and the external environment should
in general be such,as to reduce the moisture content of the grain (though we have seen that
in the cooling of hot, dry grain to prevent insect infestation, some increase in moisture
content may be acceptable).
Where there is some choice in the siting of a store, or of its design, or of the
materials to be used in its construction, then the meteorologist can suggest points which
perhaps the farmer or builder might consider. Obviously in a note such as this, which
deliberately sets out to cover a range of climates and terrains, only generalizations are
possible, and perhaps one cannot do much more than to draw attention to factors which will
influence the temperature and moisture status of the grain store, leaving the implications
to be worked up by the local agricultural meteorologist in ~he light of local circumstance.
A numerical approach is necessary to obtain some estimate of the relative emphasis
to be given to the various components of the external environment. The drawing up of heat
and moisture balances recommends itself, whether one is concerned with grain held in a silo
directly exposed to the elements, with grain held under cover or with grain in a totally
enclosed building.
Consider, for example, the air in contact with a grain bulk in a totally enclosed
building. Unless the store is air-tight, which will only be the case if special precautions
are taken, some significant ventilation of the store will always take place owing to wind
pressure. Air infiltrating through the cracks around nominally closed doors and openings is
likely to introduce at least one or two changes of air every hour, and the basal temperature
(and moisture content) of the air within the body of the store (not of course that of the
air within the grain bulk) is likely to be that of the outside air. Whilst within the store,
the air will take up heat from (or give up heat to) the surfaces with which it is in contact
-- that is, the internal walls and roof of the store and the external surface of the grain
bulk.
Equating rates of heat (and moisture) gain and loss, we may write balance equations for the air within the body of the store as follows:
Heat balance:

K=H+Ws .l!.t

(1)

Moisture balance:

W.l!.m

(2)

=

w

where:
K

The heat gain by conductance through the walls and roof (in unit time);

H

The heat loss by conductance to the grain bulk (in unit time);

Ws.l!.t

The heat loss by ventilation (in unit time);
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W

The mass of -air passing through the store.(in unit time);

s

Specific heat capacity of air;

At

and

The temperature difference between the air leaving the store and that
_entering the store, ~r the temperature difference between -the internal and
the external air.

Similarly:
WArn
Am

w

The ventilation moisture loss (in unit time);

and

The moisture difference between the air leaving the store and that
entering the store, or moisture difference between the internal and
external air; and

t~e

Input of moisture into store air from the grain-bulk (in unit -time).

For that part of a store where the gratn is in direct contact with an external
wall or roof, the conductance heat exchange with the environment can be considered directly,
without reference to the intermediary of the air around the grain bulk. Where grain is
simply held under cover, in a partiaily enclosed structure, the ventilation component is
naturally increased and is to be given greater weight.
The meteorologist is brought into his own through an examination of how the
components of the heat and moisture balance will vary with the total external environment
of the store and of the materials used in its construction;
It is known, for example, that the airflow through a structure with intentional
or adventitious openings on-all sides will be largely independent of wind direction, but
that the ventilation rate will show a linear dependence on wind speed-(Dick, 1950).
An expression of the following form holds:
W

a + bv

where:
W

mass of air passing through the store (in unit time);

v

wind speed;

and

and

a and b are constants.
The constant "a" represents the air change due to stack effect and can probably
be neglected at wind speed in excess of 2.5-3 m/so Procedures for evaluating the constants
"a" and "b" in terms of the dimensions of any particular structure are available in standard
texts (for example Lea (1959)) whilst Van Gunst (1959) and I.H.V.E. Guide (1965) indicate
procedures for handling cracks around nominally closed openings.
In climates where the natural ventilation of grain stores is an_ acceptable or
necessary management requirement to reduce the heat load on the grain bulk or to avoid condensation within the store, some comment now becomes possible in terms of the general wind
regime of the area and of the local shelter provided by nearby trees or other buildings.
-The ambient air temperature will also be a function of local shelter and topography.
One approach to the conductance heat gain through a wall or roof makes distinction
between the heat transfer due to simple temperature difference between the e~ternal and internal air and the heat gain to the inside due to solar radiation falling on the wall or
roof.
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For the steady-state transmission of heat through a structure subjected to
temperature difference, we write, following the usual notation:

(4)
where:
H

Heat transmitted to store (kcal/m2h)

U

Over-all (air-to-air) coefficient of heat transfer (kcal/m 2oC.h)

to

Outside air temperature (OC)

ti

Inter~al air temperature (oC)

A variable radiative and convective heat exchange betw~en the building and the
outside environment is not taken into account, except in so far as the value adopted for
the.air-to-air transmittance (the U~value) is a function of orientation and degree of
exposure to wind. Standard texts (for example, I.H.V.E. Guide, 1965) give definitions 'of
degree of exposure in terms of local geography and tabulates U-values as a function of
orientation and degree of exposure (and of course of the building material used). The
three sub-divisions of degree of exposure of the I.H.V.E. Guide (sheltered; normal; and
severe) have been interpreted as mean wind speeds in the ranges 3-7 kt, (2-3.5 m/s);
8-11.5 kt, (4-5.5 m/s); and 12.5 - 15 kt, (6-7.5 m/s).
In practical cases, the flow of heat through th~ external structure of a store
will seldom be steady, due to the diurnal variation of the ambient air, wind, and radiation
temperatures. Therefore the expression (4) does not adequately describe the instantaneous
heat flow except for very light-weight structures. As ·the weight of the structure increases,
an additional parameter, the thermal diffusivity, is needed to describe more fUlly the thermal behaviour of buildings considered over short periods of a few hours. However, as the
time interval is extended, thermal capacity effects diminish and the mean rate of heat flow
is then given by the U-value of the structure, irrespective of its weight. For the long
period of a season, therefore, the product
(U-value X mean air temperature difference X total time in hours)
determines the total heat loss (or gain) over the season, by conduction, thrOUgh unit area
of the external structure.
For the steady state transmission of heat through a sunlit wall or roof, we may
write a heat balance equation of the form
H

where

U (t o - t ) + L~ ~ U/h so
i

H, U, to' t i indicate the same quantities already shown in expression (4) and
I·

Intensity of solar radiation (direct + diffuse sky + diffuse ground
(i.e., reflected)) falling on the outside surface (kcal/m2 h);
Absorbtion coefficient applying to the outer surface of the wall or roof;
Rate of heat transfer from the outside surface to its surroundings
(kcal/m 2 0C h)

For most applications, a value of 20 kcal/m2~C h can be taken for h so (I.H.V.E.
Guide, 1965). The dimensions of h so are those of the reciprocal of (external) thermal resistance, so that there is some dependence upon windflow over the surface (and the tendency for
the boundary layer of air to~ be renewed).
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An engineering approach to the transfer inwards ,of a solar heat load makes use
of the concept of sol-air temperature (t e ). This·is defined as the outside air temperature
that would give the same temperature distribution and rate o£ heat transfer through a wall
or roof as exists with the actual outdoor air temperature and the incident solar radiation.
I t follows' that
t

e

to

+ I <:>(/hso

(6)

The average heat flow (H av) during the day through a wall or roof is given by the
expression
U

(tem - t.)
J.

where
t

em

Average sol-air temperature.

Ignoring the effects of thermal capacity, the heat flow (H) at a particular time through a
wall or roof will be given by the expression
H

U (t

e

- t.)
J.

(8)

If the thermal capacity of the roof or wall is large, the heat flow into the store will be
close to the value given by the expression (7), whatever the time of the day. If, on the
other hand, the thermal capacity of the structure is small, the heat flow into the store
will vary considerably during the daY'and will approach the value given by the expression
(8). The actual heat flow at any particular time of day is difficult to calculate accurately, but can be assessed approximately from the expression

where
Heat flow into the store at time (9+$) (kcal/m 2h)
Time lag (h) -- see Figure 21 (upper)
Air to air coefficient of heat transfer (kcal/m 2 oC h)
Average sol-air temperature over 24 hours (OC)
Sol-air temperature at time

9 (OC)

Internal air temperature (OC)
Decrement factor (a factor which depends upon the thickness, of the
structure), see Figure 21 (lower).
This kind of analysis shows how the way may be opened for some detailed comment by the
meteorologist. The solar radiation falling on a building is obviously a function of latitude and altitude. Standard texts such as Smithsonian Meteorological Tables can help here,
but in matters of local orientation and sun-shading, reference to engineering texts such as
I.H.V.E. Guide (1965) or Petherbridge (1965) are likely to give practical 'results rather
more quickly.
In the matter of bUilding design, for example, one might suggest perhaps that in
low latitudes, more solar radiation is intercepted by east- and west-facing wa~ls, than by
north- ffi1d south-facing walls. A rectangular building here should be placed with its longer
axis running east to west. For a given volume, a cubical building will have a smaller surface area than one rectangular in plan. To reduce the heat load, windows and skylights are
best avoided, and we use materials of low absorbtivity -- i.e., of high reflectivity or
albedo. Sunshading can reduce the direct solar radiation still further; and in low latitudes, for example, small overhangs may shade north and south walls for much of the day.
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These measures may be less effective in hot, humid and
tion is diffuse rather than direct.

mor~

cloudy regions, where the radia-

The amplitude of the diurnal temperature wave is reduced by walls and roofs of
thick and substantial construction. In_hot, dry regions, where refrigeration is not availab~eJ there may be some advantage if stores built are of high "thermal capacity and have
their air space ventilated thoroughly at night when the outside_air is coolest. Lightweight bUildings in these areas, even if of high thermal resistance, may need considerable
ventilation and free air movement by day if the inside air _temperature is not to rise above
the outside shade temperature. In warm, wet regions, with their smaller diurnal temperature
range and less-effective night-time .cooling, store design may become particularly difficult.
In addition, external surfaces will darken rapidly due to mould growth, whilst condensation
will reduce the efficiency of thermal insulators and cause constructional materials soon-to
deteriorate.
Typical absorbtion coefficients for certain building materials are shown in
Table H.
Table H
ABSORBTION COEFFICIENTS FOR VARIOUS SURFACES

Building material (in_clean condition)

Absorbtion coefficient

~)

BRICK

White (sand-lime)
Red
(sand-lime)

0.4 - 0.5
0.55 - 0.7

STONE

Limestone
White marble
Red granite

0.3 - 0·5
0.45
0.55

ROOFS

Red tile
Asbestos_ sheets
Galvanised iron
Mortar screed
Asphalt
Dried mud
Wood
Thatch
Note:

Building surfaces rapidly become dirty, and perhaps the following absorbtion coefficients may be used in practice.

Light surface
Medium surface
Dark surface
Note:

0.4 - 0.8
0·5
0.65
0.8
0·9
0.9
0.8
0.75

0.5
0.8
0.9

Tests of construction materials and surfaces to achieve low internal surface temperatures for farm buildings are reported in the work of Bond and
others (1957, 1961).
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The meteorologist will be aware of the differen~ albedo that attaches to the
different surfaces (such as moist or dry soil, bare soil or grass, sand, gr~vel or black
top) that may be found in the vicinity of the grain store. It is a reasonable question to
ask whether the choice made for the surrouhdings will have some bearing on the heat load
imposed on the store and the grain within. In terms of the· radiation heat load, the alternatives are a strong reflection of the incoming (short-wave) radiation, together with low
surface (and long-wave) radiant temperatures or a poor reflection of the incoming solar
radiation and correspondingly higher surface temperatures. A little calculation, with
typical numerical values inserted -- say, for bare soil and grass where surface temperatures
may differ by as much as 30°C -- would suggest the contribution to the sol-air temperature
(expression 6) would be much the same in both cases. However, we should expect lower air
temperatures over grass as compared with bare soil, though the contribution to the sol-air
'temperature from this cause would be a function of exposure to the wind and its fetch.
The requirement for dry storage means the avoidance of the penetration of rain
water, the inhibiting of the passage of water vapour through the structure and the avoidance
of condensation on internal surfaces.

In the selection of a site, the preference would naturally be given to one that
is well drained, with a low water table and where the effects of runoff and flash storms of
high intensity rainfall would be minimal. Soil characteristics other than drainage may
also be relevant. In places, for example, one finds "heaving" soils of unstable clay. Stores
built on these soils alter the natural ground-moisture equilibrium. The migration of water
into the clay under the store leads to this clay swelling. It may be sufficient to force up
the centre of the floor of the store, with consequent cracking of the walls. (The way is
then open for the entry of rain and pests.) These effects would be emphasized in areas where
there is a general deficiency of rainfall and a low water table at one season of the year.
The addition of substantial overhangs to prevent the entry of driving rain at, say,
the eaves, is not necessarily the simple constructional detail it may appear at first sight.
The wind-loading on such parts, due to short-period fluctuations in the wind flowing over and
around the building, may be many times greater than the loading on the roof due to the mean
wind pressure (itself a function of the pitch and over-all dimensions). Special precautions
in attaching such an overhang are likely to be needed.
Damp-proof courses, cavity-wall construction and pitched roofs are not necessarily
common to all parts of the world. With temperature differences maintained between the inside·
and the outside of a store, moisture may condense. within the pores of a masonry wall and
eventually reach the interior. Even with cavity walls, moisture may distill over from a hot
exterior to a cooler interior wall. Condensation from the air within the body of a store
(not that within the grain bulk) is countered by .additional insulation or additional ventilation •. Smith (1964) gives an expression for the temperature of an internal wall (or roof).
in terms of the temperature difference of the internal and external· air and the insulation
characteristics of the wall. If some estimate is available of the temperature and moisture
content of the internal air, then the possibility of condensation or the supplementary insulation needed to avoid condensation can be examined.

In regions such as the warm, wet tropics and sub-tropics, biological activity is
at a maximum and ventilation of the store at the prevailing levels of temperature and humidity is not an effective method of control. In such regions, air-tight stores, or at least
stores that can readily be sealed for fumigation, are recommended.

6.2

The field crop

In this section it is perhaps more a question of suggesting areas and methods of
study than of reporting a positive success and working systems.
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The weather of the· growing season and the harvest period has a bearing on storage
potential. If a mature, well-ripened crop can be gathered, the prospects for satisfactory
storage are obviously better than if an immature crop, of high moisture content and low initial viability, must perforce be taken.
The season, as it has affected the development of insect pests and plant disease,
will also be reflected in the initial biological state of the grain going into store. (The
extremes of winter may also be relevant to residual insect infestation in stores used annually and not adequately cleaned.)
Areas for collaboration between the meteorologist, plant pathologist arid entomologist in the study of damage to field crops are set out in papers such as those of Schein
(1966) and Gillham (1966).
What we now know, for example, about the build-Up of certain plant diseases
suggests that a single assessment of the effects by the end of the growing season is unlikely to show much correlation with a single weather factor spanning the season as a whole,
,or with monthly mean data, or even necessarily with local weather observations made once a
day. The detail and time interval between weather, field and phenological observations has
to bear some sensible relation to the time-scale of the physical processess involved in, or
necessary for, the attainment of successive phases in the life cycle of the pathogen. The
weather-sensitive phases of the life cycle have to be identified and weather criteria developed which specify necessary and sufficient conditions for these sensitive phases to prosper.
The ramifications of this kind of study may be great. They may require the help of a local
soil scientist or an examination of the windborne spread of disease from source regions
perhaps thousands of miles away. The time-scale of such studies may have to be measured in
years rather than months, though this in itself is no reason for not beginning. The observational requirements placed on the meteorologist may be simpler than those with whom he is
collaborating, but the final stage, of passing from the detailed observations necessary for
weather disease correlations to a predictive system based on a macroscale, synoptic network,
is not necessarily simple or straightforward.
Whether one is discussing damage to the field crop by insects (or insect vectors)
or by disease, the value of a system which forecasts the severity of attack is greatest in
regions where the variation of damage from year to year is greatest. In regions where the
problems are pandemic, presumably preventive measures can be taken as routine (if the economics of the situation allow of this). Where there is a carryover of foci of potential
damage from crop to crop and the population build':'up is a reflection of the vagaries of the
weather of the season, Burst (1965) has shown what may be possible. Obviously, this kind
of study would appear more applicable to middle latitudes than to the tropics and sub-tropics.
The weather of the harvest period will determine the initial physical state of
the grain, its temperature and moisture content. Moisture content and the ease of harvest
and handling will relate 'to the mechanical damage the grain sustains.
If the field operations necessary between seed time and harvest to obtain a crop,
and a crop safe for storage, conventional meteorological forecasts and warnings have a part
to play in helping the farmer in his day-to-day decisions. It may be a reasonable inference
that the average farmer is capable of interpreting the conventional weather forecast for the
next 12 to 24 hours in the light of his intended field operations and the known state of his'
crop and ground. It may be no more than an act of faith that the average farmer can make
use of the more general statements of the extended weather forecast. There are two reasons:
first,
the need for quantitative statements does not diminish as the period of the forecast is extended; meaningful parameters such as raindays or rainfall amounts are needed
rather than some indication of the future location of features on a synoptic weather map.
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Secondly, given meaningful meteorological parameters, the relation between these and the
possibility or advisability of field work may only be readily available to the agricultural
advisory (extension) service. Agrometeorological forecasts would appear to be called for.
An essential preliminary for such agrometeorological forecasts is collaboration
between the farmer and 'the meteorologist to determine weather criteria which fit the decision
that particular field operations are now possible. In this manner, the experience of the
farmer becomes quantified; and at the same ~ime, the way is opened for the interpretation
of past weather records as records of the occasions when such work was possible in previous
years. The long-term weather records can now become management aids for longer-term planning.
Cumulative distributions, covering many past seasons, of the days suitable for a
particular field operation will give the probability of a given number of such days being
available over the seasons to come. Following Duckham (1964), contingency tables may be
drawn up in which weather alternates and their frequency of occurrence are set against
alternative husbandry practice or farming systems. The probable return on the levels of
investment necessary under each combination of circumstances may then be estimated, say, for
a lO-year sample period. Agrometeorological data used in this way give a rational basis for
decision.
With weather criteria available on the build-up of pests and disease and for the
field operations necessary to grow and gather in the crop, climatic surveys should enable
some assessment of the relative advantages of different sites and of the probable effects
of changes in husbandry techniques or crop varieties.

6.3

The stored crop

In the post-harvest treatment of grain for safe storage, there will in many cases
be some initial requirement to dry the grain and/or to cool it and subsequently to maintain
low temperatures and/or low moisture contents throughout the bulk. As we have seen, there
is a variety of practical systems for doing this, but a common factor to many of them is
the forced ventilation of parcels or bulks of grain. The starting point in any feasibility
study or in plant design must often be the temperature .and moisture characteristics of the
outside air.

Where past weather records are available in sufficient detail (hourly or threehourly values are probably required) over a sufficient period of time, simulation studies
of the temperature and moisture content of the stored grain, following on ventilation, can
be carried out by computer, as reported in a work from Austr~lia (Sutherland, 1967). Such
sophisticated techniques are not likely to be available to many; 'and the problem becomes
one of extracting working information for specific projects or climate surveys by hand
methods from more limited data.
Immediately one runs into practical difficulties. Past weather records already
processed will almost invariably treat individual parameters in isolation •. Data on mean
temperatures or mean relative humidity are likely to be readily available, but not so contingency tables, which set out the frequency of occurrence, within various ranges, of combinations of two meteorological elements. Yet this is the preferred form for the estimates
necessary for many environmental engineering problems. Obviously, user interests have yet
to make themselves felt. Another difficulty is that whereas relative humidity, rather than
any other measure of moisture content, is of direct relevance to storage problems, this particular parameter does not easily lend itself to mathematical manipulation. Very often, recourse to the original observations, rather than to data already processed, will be the only
way of obtaining the required frequency distributions.
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A method for estimating the frequency distribut~on of hourly air temperatures
from long-period, monthly averages has been given by Shellard and Sarson (1962). Procedures
such as this can give an estimate of the number of hours when the outside air temperature
will be above or below nominated values and a first approximation to the time during which
the unmodified outside air will be suitable for cooling the grain store.
A second approximation would make allowance for the possibility of high relative
humidity prohibiting· ventilation for part of this time. Strict estimates of the time when
the relative humidity of the ventilating air may be a limiting factor may not be justified,
for the Shellard and Sarson procedure leads only to the average number of hours each month
when ventilation may be possible. Departures from this average will occur in any given year,
due to the vagaries of the seasons. The cumulative frequency approach is needed (from the
time available for ventilation in a given month from a ·sample of seasons) before the probability of nominated departures from the average can be discussed.
Comments on the periods necessary to build up reliable climatic normals an~ by
inference, the periods necessary to build up stable frequency distributions and estimates
of departure of a given magnitude from the normal, are contained in WMO Technical ..Note
No. 84. This Note also makes reference to "adjusted normals" based on short period samples
of data, but extended on the basis of longer-term neighbouring stations. Comment is also
made on the areal representativeness of normals.
A procedure for the delineation of climatic regions potentially favourable for
the development of stored-product insects and mites has been given by Sinha (1963, 1967,
1968). Observation of the grain temperature at various depths in a typical store was used
to obtain a measure of the departure of the grain temperature from the long-period (30-year
normal) mean monthly air temperature on the site. Assuming the found relation held in similar stores elsewhere, it was then possible to estimate grain temperatures from more readily
available climate data. The suitability of an area for the development of the major species
of insects followed from the work of Howe and Lindgren (1957) and was estimated from the
number of months of the year during which the mean monthly grain temperature was 20°C or
above. The minimum breeding temperatures in the laboratory of Sitophilus oryzae (L),
Rhizopertha dominica (F), Cryptolestes ferrugineus Steph., Tribolium castaneum (Herbst),
Oryzaephilus surinamensis (L), for example, all fall within the range of 15°C to 22°C, and
a monthly mean grain temperature of 20°C was considered necessary to allow the insects to
multiply sufficiently to become a problem. In looking at the potential distribution of.
mites, a mean monthly base temperature of 10°C was adopted, and account of relative humidity
was taken in some studies. (The rate of increase at various combinations of temperature and
humidity are not known outside of the laboratory for most stored-product species, but Howe
(1965) summarizes the rate of increase for several insects under laboratory conditions.)
This kind of application of climate data can obviously find a use in the planning
of prevention and control measures. Field surveys and advisory (extensio~work can be concentrated on areas most vulnerable to infestation. Quarantine regulations affecting storage
insects may perhaps be reconsidered in areas where there is apparently little chance of the.
insects becoming established. On the other hand, we identify regions likeir to require
strict enforcement and persistent efforts to eradicate or keep the pests in check.
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