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ABSTRACT

Aeration of Stored Wheat

in the Canadian Prairies

by

John Frederick Metzger

Airflow rates and fan control methods for aeration of stored wheat

to maintain quality during storage vrere evaluated. A computer sirnula-

tion model which predicts grain conditions in two-dimensions of a cylin-

drical granary, with no aeration, and with aeration, was developed. The

model was verified by comparing predicted and experímental data obtained

during the 1979-80 storage year, and was used to investigate various

design parameters of aeration systems.

Historical weather data for 15 or more harvest years from four

Canadian Prairie locations ranging from Fort St. John, British Columbia,

to i^linnipeg, I4anitoba were used. The ef fects of climate, initial mois-

ture content, harvest date, and initial grain temperature on the condi-

tion of stored wheat qrere determined. The condition during storage of

152 initial moisture content v¡heat was predicted rrrith no aeration, with

aeration rates from 0.5 to 3.0 (t/s)/^3, and with four different fan

control methods.
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All aeration airflow rates and fan control methods reduced the

rate of grain deterioration. An airflow rate of 1.0 (l/s)/*3 *", opti-

num for continuous aeration. The optimum fan control methods were humi-

distat control nith settings between 50 and 70%,6 h time-clock oPera-

tion at night, and differentíal thermostat control vrith seËrings between

-I0 and -15oC. The choice of fan control method is independent of cli-

matic variation within the range of clinates studied.
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Chapter I

INTRODUCTION

The trend to more storage of grain at the farm, and to larger

volume granaries appears well esEablished in Canada. Uncertainty in

production and marketing can often result in lengthy storage periods.

Although Ehe Canadian Grain Cornmission specifies "dry" moisture contents

for market, these Eay not necessarily be t'safettmoisture contents for

storage. I'foisture migration, or high initial grain temperatures in

large storages can result in serious deterioration, even at these t'dty"

moisture contents. Variable weather and field conditions during harvest

roay produce rttoughtt or "damp" grain which has an even greater tendency

toward deterioration than t'dtyt' grain.

The use of aeration has been suggested as a means of maintaining

grain quality in storage. Present airflow and management recommenda-

tions are based largely on data for corn from the United States. Pre-

cise data for Canadian crops based on Canadian climatic data are una-

vailable.
æ,

The object ives of this study r^7ere lo determine ef fect ive airf low

rates and fan control methods for intermittently operated aeration sys-

tems used for on-farm storage in Canadian Prairie regions. The method

of investigation was a computer simulation model. This model is capable

of predicting wheat temperatures, moisture contents and deterioration,

with and without ventilation, in two-dimensions of a circular steel gra-

-I-
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nary, based on initial grain condiËions, airflow rate, weather condi-

tions, and a varíety of fan control parameters. Although exact predic-

tions by such a method are impossible, the model sufficiently represenrs

the real processes that useful information can be derived. This reduces

the need for more expensive and time consuming field studies. This

study provides results for wheat aeration in the Canadian Prairies from

which guidelines for sysEem designs can be developed.

In this thesis, the term "aeration'r refers to grain ventilation

during storage for the primary purpose of qualíty maintenance. It

should not be confused with unheated or natural air grain drying.



Chapter II

REVIEI"J OF LITERATURE

2.I Benefits of Grain Aeration

The objective of aerating stored grain is to maintain grain qual-

ity. This is done by cooling the grain with ambient air to limit bio-

logical activity, and by maintaining a relatively uniforn temperature

throughout the grain mass with sufficient intermittent venLilation to

prevenr moisture migration (Brooker et al. 1974, BurrelL L974). As

well, aeration can be used to remove grain storage odours and to distri-

bute fumigants Ëhroughout the grain mass (Brooker et al. 1974).

Although grain aeration is not new, it was not until the early

1950's that it came into general use (Burrell 1974). Much interest in

aeration during this time resulted from a need to maintain quality in

the large commercial storages (felly 1941, Johnson 1957, Holman 1960).

It was suggested as an alternative to the managemenr practice of turning

to distribute heaËed grain. Although turning succeeds in producing a

more uniform temperature throughout the storage, its ability to cool

grain is limited to reducing peak temperatures to near the average of

the bulk (Watters 1963). More recent trends to large on-farm grain sto-

rages in Canada (t'tuir 1980) as \^7e11 as the use of unheated air grain

drying has carried ínterest in aeration systems to the farm level.

-3-
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Grain moisture contenL changes during ttdtytt grain aeration are

usually smal1 and incidental to the primary objective of temperature

control and quality maintenance. Measured reductions in moisture con-

tent vary from less than 0.25 to 1.0 percentage points (Foster 1967,

Converse 1977, Holman 1960, Johnson I95l). Foster (1967) recorded simi-

lar increases in moisture content during grain warning. Cloud and Morey

(1979) suggest that reductions in grain moisture ctntent of about 0.25

percentage points may occur for each 6oC reduction in temperature.

2.2 Grain Cooling

2.2 .I Biological cons iderations

The allowable safe storage period for grains is determined largely

by grain temperature and moisture content. Cool dry grain is less prone

to damage resulting from insects, mites and fungi, and to reducËions in

germination than warm damp grain.

Grainivorous insects do not develop below 15"c (Sinha i973) to

17"C (BurrelL 1974) and at moisture contents belor¡ 102 wet mass basis

(Sintra 1973). Mites do not develop below 5oC, and most storage fungi do

not develop below OoC. Grain moisture contents below 13% for nost cere-

als arrest the growth of mosE fungi and mites. Different critical mois-

ture contents exist for other crops with different equilibrium relative

hurnidity relationships .

Germination is reduced at combinations of high moisture contents

and both high and low temperatures. At temperatures above OoC, germina-

tion is reduced over time as moisture content and temperature are

,::
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increased (Burrel1 I974). At temperatures below 0oC gerioination can

also be reduced. Agena (fg0f, cited by BurrelI 1974> found germination

reduct ions f or r^¡heat , barley and rye at moisture conËent s of 20 t o 307"

and temperatures below -6oC. Manchur (lglZ) found reductions in germi-

nation for barley at moisture contenls greater than 1,8.1"/" at temPera-

Lures below -I2" C.

These results suggest that the objective of cooling grain should

be to reduce temperatures to belor+ 5"C and preferably below 0oC. If,

however, the grain is wet and germinative energy is Ëo be retained,

temperatures should be limited Lo above -6 to -I2"C.

2.2.2 Initial grain temperature

The initial temperature of freshly harvested grain is a function

of by the ambient air temperature at harvest. Prasad et al. (1978) mea-

sured average temperature increases for stored wheat of 8oC above the

arnbient air temperature. Measured grain temperatures \ilere as high as 32

to 42oC on sunny fa1l days in Manitoba.

In unventilated sEorages the rate of cooling increases r¿ith

decreasing bin diameter. The centre of a bin of wheat stored in i.Iinni-

peg, at an initial temperature of 35oC takes 323*ays to cool to 20oC in

an 8 m diameter bin, while it lakes only II2 days in a 4 m bin. At an

initial temperature of 25'C ít takes 225 days in an 8 n bin and 90 days

in a 4 m bin for the wheat to cool to 20oC (Yaciuk et a1 . 1975).

Since initial grain temperatures within Ëhe optiuum Èemperature

ranges for grain storage pests are likely, grain can deteriorate rapidly
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if it cools slowly, or biological activity is not limired in some other

way. Aeration can be an important means of cooling freshly harvested

grain if the grain is harvested during rrarrn weather, and if it is stored

in large volume granaries

2.3 Maintaining Uniform Temperature

Non-uniform temperatures within a storage bin are bhoughË to cause

moisture migration from warmer to colder areas of the bin. This may

cause localized increases in moisture content resulting in conditions

suitable for spoilage. Brooker et al. (1974) described rwo cycles for

moisture migration whích depend on ambient air temperatures, which are

largely deterrnined by Ehe season. The moisture migration to the top and

centre of the grain occurs during the fall and winter rvhen the grain

temperature is hígher than the ambienl air temperature. Migration to

the floor and centre occurs during Èhe spring and sunmer when Èhe grain

tenperature is cooler than the ambient air Eemperature.

The l¡ide seasonal temperarure variations common in Canadian

Prairie climates and the large Ëemperature differentials possíble within

large granaries (Yaciuk et al . 1975) suggest that moisture migration is

potentially a serious problem. Some authors suggest the use of inter-

míttent aeration throughout the year to maintain relatively uniform bin

temperatures, especially in large bins greater than 100 m3 (Friesen and

Harms 1980). Summer aeration increases grain temperature thus incre.as-

ing the rate of deterioration. The benefits of summer aeration to min-

imize moisture migration have not been established. Deterioration

resulting from moisture migraÈion may be less than that resulting from

summer aeration.
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2.4 Aeration System Performance

2.4.1 Airflow rate

The time required to cool the graín to the ambient air temperature

is dependent on the airflov/ rate. It requires 600 to 700 volumes of air

to cool a single volume of grain, assuming even aírflow distribution

within the grain mass. Therefore at an airflow rate of 1 (t/s)/m3 it

takes about 160 to 200 hours of fan operation to change the temperature

throughout the bin. If the airflow rate is doubled, it takes only half

as long (Burrell 1974, Cloud and Morey l9l9)"

Higher airflor¿ rates or increased cooling times are required with

poor airflow distribution within the grain bulk. BurrelL (I974) sug-

gested that the longest air path from the duct to the grain surface

should be no more than 1.5 fimes the shortesË air path. Under these

conditions airflor¿ rates or times should be increased by 507. for ade-

quate cooling.

The required airflo!¡ rate Eo mainEain grain quality is dependent

upon the grain moisture content, and the temperature and relative humid-

íty of the air. In this respect aeraEion may not alvays be distinguísh-

able in appearance from unheated air grain drying.

Airflow rates recommended for aerating "dty" grain vary from 0.3
a

to 6. 7 (.Lls)/m'. Johnson ( 1957) and Holman (1960) f eel thaL airf low

rates of 0.3 to 0 .7 6/s)/t3 are sufficient for continuous aeration in

large commercial storages. Shove (tgøZ) suggested 0.7 to 6.7 ft/S)/*3

for on-farm systems, tending to recommend the higher rates for intermit-

tent operat ion or for higher moisture contents . Cloud and l'lorey (1979)



suggested a minimum of 1. 3 l|,,lr)/*3 for on-farm

and Fríesen and Harms (1980) recommended 1.0 to

aeration of dry grain,

z.o (r/ 
") l^3 .

Fraser and Muir (1980) related airflow rate to moisrure content

and harvest date for unheated and solar-heated air drying in Canada.

Although their objective was to dry the grain, at high moisture contents

mínimizing the rate of spoilage is the factor v¡hich determines airflow

rate. For example, for i.linnipeg, wheat harvested at 20"/. moísture con-

tent on 15 August requires an airflow rate of 30 (l-ls)/n3

rate can be approxirnately halved for each month's delay i

for each 2"A decrease in crop moisture contenË at harvest.

2.4.2 System management periods and fan control methods

To meet the objectives of aeration, fan operation is required in

response to ambienË temperaÈure variations, which are usually seasonally

dependent. Thus, Cloud and Morey (1979) divided aeration system nanage-

nent into four periods:

1. Fall cool-down period

n

This airflow

harvest and
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After harvest

possible to between

the stored grain

-7oC and 2oC.

is cooled as quickly as

Winter holding period

Intermittent fan operation during the trinter when the

outside temperature is near the grain temPerature to maintain

relatively uniform grain temperature.



Spring lrarrn-up period.

Intermittent fan oPeration to warm grain to between 10

and 15oC by the middle of June unless the grain is to be moved

by July, in which case no aeraLion is required. They feel

condensation on the cold grain will not be a problen if ít is

moved before July.

Summer holding period.

Intermittent fan operation during the summer when the

outside temperature is near the grain temperature (I0 to 15oC)

to maintain relatively uniform grain temperature.

The spring \.rann-up and summer holding period ventilations are done

to minimize the possibility of the occurrence of the suûtmer moísture

migration cycle. The use of spring and summer aeration assumes that

less loss will resulr from grain deterioration at the v¡arner grain temp-

eratures than from sunmer moisture migration. If summer moisture migra-

tion does occur, the moisture will accr:mulaËe in the coldest grain. If,

however, this grain remains cold throughout the summer, little or no

deteriorafion may occur, even with increased moísture contents.

Various fan con¡rol methods have been sugguia"O for aeration sys-

tems. Shove (1962) evaluated thermostat and humidistat controllers and

found that they offered no advantage with respect Ëo the resultíng grain

quality and cost over continuous operation.

3.



Cloud and Morey (1979) recommended continuous operat

manual control during the fal1 cool-down period to achieve

tives outlined above.

10

ion v¡í th some

the objec-

Holman (1960) tried to relate aeration to grain and air tempera-

tures. He suggested that the input air temperature be at least 6oC

cooler than the grain temperarure for fan operation.

Burges and Burrell (1964) in Great Britain suggested humidistat

control with fan operaËion to maximum relative humidities of 75 to 807"

Since the temperature to which the grain can be cooled is deter-

mined by the ambient wet bulb temperature, nor Ëhe dry bulb temperature,

Griffiths (I967) suggested the use of a wet bulb controller. Evapora-

tive cooling due Ëo the wet bulb temperature depression can result in

grain below the dry bulb temperature. Conversely, he fouud that if

moisture adsorption occurred during the aeration of very dry grain, the

grain always stayed vJarmer than the cooling air, due to ttre rele.ase of

the heat of sorption.

The variety of recommendations for aeration fan conÈrollers may be

because ventilation is required in response to climatic variations. As

climate varies from region to region, so may the-ðptimum Eethod of fan

control.

2.5 Mathematícal Models

The condition of grain in ventilated and unventilated storages is

highly dependent upon lreather conditions, inítia1 grain conditions, air-
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flow rate and other important factors. Because there is neither the

time nor money Èo experimentally investigate all parameEer combinations

of interest, many investigators have resorted to developing rnathematical

models of the heat and moisture transfer in grain bins. The models lend

rhemselves to computer solution, using historical weather data on tape.

In this Lray a large number of variable combinations can be examined

using weather data from several years, and trends in system perfonnance

can be quickly derived.

The accuracy of predictions made using mathematical models depends

on the adequacy of the relationships used to describe the physical and

biological parameters in the grain. Predictions made using mathematical

models are "practically useless" unless the model has been validated by

comparing predicted output with experimentally determined data (Brooker

et al . 1974)

2.6 Forced ConvecEion Models

2 .6 .l Types of mode ls

Models which mathematically predict heat and moisture transfer

during forced convection of air through grain can be broadly categorízed

as one of two rypes; empirical or analytical. Empirical models use

experimental results from shallow beds of grain to predict results in

deep beds. Analytical models use a more fundamental approach, deriving

relationships from theoretical partial differential equations of heat

and moisture transfer.
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2.6.2 Empirical models

Bloome and Shove (i971) developed a procedure to predict grain

conditions under low airflovt rate ventilation by approximating equili-

brium temperature and moisture condiËions between the air and graín.

Thompson (tglZ) sirnplified this procedure and included equations for the

heat of respiration and dry matter decomposition of the grain. The

essential assumption used in this approach is that the air and grain

reach temperature and moisture equilibrium. The heat and mass balance

equations are solved by an iterative method presented by Thompson and

Peart (1968) which converges to the unknovm values at the equilibriun

point .

The equilibriurq assumption is in fact not unconditionally true

especially aË higher airflow rates. To prevenr unrealistic predictions

of overdrying. or excessive re-rvetting, empirical thin-layer drying equa-

tions have been included in several subsequent models. Flood et al.

(1972) used a rnodified version of Thornpson's model wíth a thin layer

drying equation by Sabbah (I9lI, cited by Brooker et al. I974). Morey

et al. (1916) also used a version of Thornpson's model with Sabbah's

equation. Alrhough thin layer equations improve Èhe accuracy of equili-

brium models at higher airflow rates, Ëhey are also more 1ike1y to over-

estimate drying at low airflow rates due to the more dramatic changes in

conditions of the air as it passes through the grain. Therefore, under

low airflow conditions the original equilibrium aPProach is betEer

(Peart 1977, cited by Fraser 1979). The models by Morey et al. (1976)

and Pierce and Thompson (1980) incorporate both approaches, selecting

the higher of the grain moisËure contents predicted by each equation,

thus ensuring that the drying rate is not overestimated,
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Scott and Barlott (1979) have sufficient confidence in Thompsonrs

nodel to have incorporated it as parl of a grain harvest simulation pro-

gram. This is available to Alberta Agriculture staff to assist in eval-

uaEion and optimization of grain harvest systems for farmers in Alberta.

2.6 .3 Analyt ical models

Analytical models are more fundamental in nature than the empiri-

ca1 models. They are based on parEial differential equations describing

t.he laws of heat and mass transfer and therefore nay have more general

application to other hygroscopic materials. Accurate thin-layer drying

equations and equilibrium moisture content relationships are required

however, and in rhis respect the analytical models are no different than

the símpler empirical models. Good descríptions of the equations used

and the assumptions made have been compiled by Brooker et al. (1974) and

Spencer ( 1969) .

Bakker-Arkema et a1. (I967) developed an analytical model r,¡hich

simulates the drying and cooling of "wet" biological maËerials. Because

the model only simulates "free" moisture transfer, no thin-layer drying

and equilibrium moisture content relationships were required and the

urodel is relatively simple.

Spencer (1969) took a similar approach but included drying rate

equations. Successful verification was made with heated air. In his

revision (rg7z) he cautioned against the use of this method ar airflow

rates less than 2.1 (Us)/*3 because of a tendency to overestimate dry-

ing rates.
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Johnson (1979) planned to use the fixed-bed grain drying

simulation model of Bakker-Arkema et al. (1914, 1977, cited by Johnson

1979) to model unheated and solar-heat assisted corn drying in Southern

Ontario. The model failed to make accurate predictions for these condi-

Ëions. Johnson learned from Bakker-Arkema that an inherent instability

exists in the program for low airflow and lorv temperature systems.

Low airflow rate "equilibrium" analytical models have been devel-

oped by SuËherland et al. (1971) and Ingram (L979). Although both

report good agreement with experimental results, neither has been used

to simulate in-field deep beds using weather data.

At this time analytical methods appear to be most successful in

simulation of non-equilibrium heated air systems. Predictions based on

empirical models such as Thompson's and l"loreyts have resulted in good

agreemenË with experimental data under "equilibrium" condítions.

2.7 Conduction Models

Less research emphasis has been given to predicting temperatures

and moisture contents in unventilated granaries. Llhere effort has been

made it was in the area of grain temperature prediction on1y.

Converse et al. (1969) used an analytical method to describe one-

dimensional heat transfer by conduction in the radial direction in wheat

stored in cylindrical grain bins. Numerical methods using finíte dif-

ferences were used by Muir (1970) and Yaciuk et al. (1975) to predict

temperatures in the radial direction only. Using historical weather

data, their predicrions agreed satisfactorily with experimental data.
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Muir et al. (1980) refined this method to one r¿hich would predict

teüperature gradients in two-dimensions.

Simply stated these models transform the differential equation for

unsteady-state temperature distribution (Fourier equation) into finite-

difference equations for solution by computer; however, a number of sim-

plifying assumptions are made. No internatr heat or moisture generation,

as would be expected from respiration of the grain, mold growth, and

insect acEivity are included in the model. Heat transfer by free con-

vection was assumed negligible as we11. Grain deEerioration prediction

models have not been included in Ehese conduction models. An accurate

assessment of grain deterioration would require predictions of moisture

rnigrat ion .

2.8 Grain Deterioration Models

An accurate mathematical representation of the biological pro-

cesses contributing to grain quality deËerioration has yet to be der-

ived. Quality deterioration in storage is a function of a large number

of variables in addition to the most commonly considered ones of grain

tenperature and moisture content. Other factors which are difficult,

and perhaps irnpossible to define using mathemaai"å1 relationships are:

mechanical darnage to the grain, grain deËerioration prior to harvest

either in the stand or in the windrow, and the initial level of infesta-

tion by fungi, insects and mites.

Steele et al. (1969, cited by Muir 1974) found in their studies

grade corresponded wirh about 0.52wiËh corn that a decrease in market
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loss in dry matter. The mathematical relationship Lhey derived predíct-

ing the time for th.is to occur includes grain temperature, moisture con-

Eent, and mechanical damage factors. This time is known as the allowa-

ble safe storage time. No consideration was included for insect and

roite infestations, and mycotoxin production.

Fraser and Muir (1980) developed a similar model for v¡heat based

on data presented by Kreyger (1912) and data from their orrn laboratory.

The allowable safe storage time ín their case was defined as the time

required for germination to drop to between 90 and 952, or the time

before mo.ld growth became visible. This time was assumed to be a func-

tion of grain moisture content and temperature only.

Because of the large number of factors which influence the rate of

deterioration, models of this type should be considered approximate;

however, noËhing more accurate is available. Although their use may not

predict absolute safe storage times, relative comparison of the effects

of various storage methods on the predicted values can yield useful data

from r¿hich recommendations for aeration system management can be based.
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Chapter III

MATHEMATICAL MODEL

3 . I l"lode 11ing Intermirtent Aeration

Ventilation systems for grain aerafion are usually operated in

response to seasonal variations, resulting in intermittent fan opera-

tion. There are often extended periods when ven¡íIation is not

required; therefore, an accuraEe mathematical Eodel of aeration must

describe grain conditions with and without ventilation. Models pre-

sently available are designed to simulate either forced convection or

conduc¡ion. A model capable of simulating both simultaneously could be

developed using analytical methods, deriving relationships for heat and

moisture transfer which vould aPply both with and without airflow.

Alternatively, existing modelling methods which describe grain condi-

tions with and without ventilation could be combined into one model. It

is this combined model approach which I have employed in developing the

mathematical model used in this project.

A simulation model capable

vertical and radial dimension of

for the following reasons:

of predicting grain conditions in the

cylindrical grain bins was developed

Forced convection through grain results in vertical tempera-

ture gradients. These gradients will like1y be greater with

the low airflow rates required for aeration.

-r7-
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Muir et al. (1980) suggested increased accuracy in predictions

made with their tv¡o-dimensional conduction model, over a one-

dimensional model, with diameter-to-height ratios of 1.2 and

greater.

The flow chart of the main program is shown in Appendix A. A com-

plete listing in Fortran notation of the main and subroutine programs of

rhe combined model is found in Appendix B. Validation of the nodel by

comparing predicted values wirh experimental data is described in Chap-

ter IV.

3.2 Conduction Model

The conduction component of the combined model was based on the

two-dímensional model developed by Muir et al. (1980) for an unventi-

lated bin. This model was based on heat balance equations for heat flow

in both the vertical and radial directions of a cylindrical grain bin.

Temperatures Lhroughout the bin r,rere assumed to be symmetrical about the

verËical axis and heat generation within the grain r¡¡as assumed to be

negligible. Convective heat Ëransfer r.ras ignored as we11.

Equations capable of predicting the teuperaEures of a secEor of a

cylindrical bin were developed using a finite-difference method. The

cylindrical bin was divided into a finite number of spatial elements in

the vertical and radial directions (fig. 3.1). Equations for the temp-

erature of each elemenE were derived from basic lar¡s of physics.

Expressed in finite difference forn these are:
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The rate of conductive heat flow is (Fourier ,equaËion):

q=-kA4I
Àx

where: q = rate of heat f1ow, I,I

k = thermal conductiviËy, W/(n.K)

A = cross-sectional area measured normal
heat flow, m2

(1)

to the direction of

(2)

AT
fr = temperature gradient in the directíon of heat flow, K/m

The rate of change in heat energy contained in a spatial ele-

ment is:

where:

q=

!=

p=

AT=
At

ATvco 
^t

volume of element, 03

specíf ic heat, -ll (kg.K)

density, kg/n3

change ín element temperature during time interval
Ar, K/s

The volume of three different geometric shapes must be considered

in developing the equations. As well, some elements such as the

exterior wall or Èhe floor element may consist of two or more materials.

Mean values for specific heat and density must be used. Derivations of

these equations are presented in detail by yaciuk (1973).
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CENTRE OF
GRAIN BIN

TYPICAL LOCATIONS:

X -FORCED CONVECTION NODE
O_CONDUCTION NODES

TOP SURFACE
OF GRAIN

OUTSIDE AIR

OUTSIDE WALL
OF BIN

FULLY PERFORATED
FLOOR

AIR ABOVE
GRAIN

(M,n)(M,O)

(m,o)

(o,o)

Fie. 3.1:

SOIL

Sector of a cylindrical grain bin divided into M + I vertical
elemenls and N + I radial elements for conduction simulatíon,
and 2M vertical layers and N + I columns for forced
convect ion simulation.

Ar



For any interior spatial element m,n,

flow into the element is:

the rate of

2T

conductive heaL

(3)

radial direction (Fig. 3.1)

vertical direction (Iig. 3.1)

I = kl(nAr

k [ (nÀr

rT
* +)nen"r [-e

' rT
- +r^o^zl L-¡

l- 
T*rl, r, -

l-- t^;
L

-I
+

+

fl-l

;l
_t

n*1
Ar

n-1 -T

t< [n (¡r) 240 
]

k [n (Ar) 2Ao 
]

_.n
| -m-1

L Lz

-1n

At+

At

T

_-ltl I

-_l

;t
-_l

í

T
m

where: n

m

r

z

0

= number of spatial element

= number of sPatial element

radial distance' m

verËical disËance, m

included angle of bin

ËemperaËure of element

sector, rad

mrn at Ëime t, K

l_n

in

1-
In,l.r

The rate of heat stored in any interior spaËial element, D,fl, can

be writren:

q = nÂOÂz(Ar)2 "r,, 
p'o,, (tå,r, - tr,r) (4)

where:
c

trD

U'flrD

Tr
Dtû

mean specific heat of element m,n;*J/(kg'K)

mean densiÈy of element mrn; kg/m3

tenperature of element mrn at time t + At' K



22

Where thermal

interior elemenEs,

properties in the bin are constant" as with the

s7e can define dimensionless moduli:

U- cp (Ar) 2

k^r
(s)

(6)

(7)

and:

= (Ar) 2

(Az)'

The predicted

found by combining

temperature at

equations 3 to

of time interval Àt can bethe end

6:

mlI_
ürD

-.l-

mrn*l
lzn - l]l-
[-znu l'

-l *['-LI L

_+
m, n-l-

2(E + 1tl-
u -ltt,tËþ'*r, "

+T
m-1,

Equations can similarly be derived for elements at the top

surface, wal1 surface, bottom surface, centre column, boËtom cenLre, top

cenÈre, bottom wall and top wall. These are presented.as Fortran

statements in subroutine TOODEE (Appendix B). They are sinilar to those

presenËed by Muir et al. (1980) except that heat transfer at the bottom

surface is to an aeration plenum, not to a concrdËe and soil foundatíon.

Calculations for the top, bottom and wall surfaces requi,re that the

thermal conductivity be .related Èo the convective hea! transfer

coefficient using the dimensionless Biot number B defined as:
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ñ¡r
c

uslng

B=

where: -*^'--*' h = convectÍve heat transfer coefficient

convective heat transfer at the wall surface is calculated

method presented by Yaciuk et a1. (1975).

The

!he

=0.1152H +664. 1131

hourly radiation on a vertical

Èotal radiation on a horizontaL

extraterrestríal radiation for

(8)

(e)

surface, J/ (m2 .h)

surface, .l/ (m2.tr)

the gíven locatíon, .l/ (m2'h)

A value for radiant heat transfer to the bin wall surface is

calculated according Lo the method presented by Muir el al. (1980)

except in the calculation of the solar radiation componenls.

The equation derived by Muir et al. (1980) for the average total

radia¡ion striking all sides of a cylindrical bin at l^linnipeg was used

The coefficients were modified to calculate hourly values:

H
os'H

o

where:
H

VS

H
s

H
o

Total solar radiation on a horizontal surface, Hs, was estimatêd

using a model developed for the Canadian Prairies by Won Q977). This

model uses readily available hourly meteorological variables to estimate

global radiation. This permits use of this program at locations where

hourly global radiation daEa may not be available. The hourly
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me¡eorological variables required are cloud opacity, barometric

pressure, and dew point and dry bulb temperatures. Extraterrestrial

radiation, Ho, is calculated using the relationship Presented by I'lon

(1977). The equations which calculate radiant heat at the bin wall are

shown in Fortran notation in subroutine RADN.

3.3 Forced Convection Model

The equilibrium drying model developed by Thompson (I972) provided

the basis for the forced convection component of Ëhe combined model. It

was used because of its ease of comprehension, efficient use of computer

facilíties, reported validity, and availability. Analytical models

might have provided nore accurate results, but difficulties encountered

by previous investigators (Spencer 1969, Johnson 1979) with their use at

low airf 1o!r rates r^¡ould have had to be overcome.

The model is limited Eo use at the equilibriun or near equilibriurn

noisture and temperaËure storage conditions comnon at 1ow airflow rates

and near ambient temperatures. The basic assumptions of this model are:

Equilibrium is obtained between the air and the grain for the

simulation time interval and space increment.

HeaE and mass transfer between the air and the grain is adia-

batic; i.e. there is no heat or moisture transfer to or from

the surroundings of the grain storage.

No hysteresis exists between the absorption and desorption

isotherms relating grain equílibrium moisture content to equi-

librium relative hunidity of the air.
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No heal or moisture is generated in the grain bulk. Heat and

moisture generation might be expected frorn respiration of lhe

grain, and insect and fungi activity, but is probably negligi-

ble at low moisture contents or until the raEe of deteriora-

tion increases.

Equilibrium conditions between the air and the grain are found by

solving three equations ¡¿ith three unknov¡ns. A heat balance equation, a

mass balance equation, and an equilibrium moisture content equalion are

solved to obtain Ëhe air temperature, absolute humidity of the air, and

the grain moislure content, at the end of the simulation Èime interval.

An iterative technique developed by Thompson and Peart (1968) is used to

solve for the unknor.¿ns.

To simulate drying in a deep bed, the grain hTas assumed to be

divided into a series of layers stacked one upon another, with the ven-

tilating air blowing up through the stack. The method outlined above

was used to predict average changes in exhaust air and grain during the

simulation time interval for each graín layer. The exhaust air from

each layer is used as the input air for the next.

The equations first presented by Thompson (1972) í¡ English engi-

neering units were presented by Fraser (1979 ) in SI units. The Strohman

and Yoerger (1967) equilibrium moisture content expression for v¡heat was

used. These can be found in Fortran notation in subroutine DSIM.

Thompson and Peartrs (i968) method for finding the zero of an unknown

function is found in subroutines ZERO and TYPEI.

4.
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To permít compatibility with trvo-dimensional conduction model,

this forced convection model rvas modified to simulate conditions in ver-

tical columns. The number of columns is dependent on the number of con-

duction nodes used. Conditions in each column \.¡ere assumed to be inde-

pendent of those in adjacent columns. To reduce computer time, however,

íf moisture contents and temperatures of each layer vrere within speci-

fied tolerances of each other, they \¡iere averaged, and the grain bin

treated as one column. The procedure to utilize the forced convection

method in two-dimensions is contained in Fortr:an notation in subroutine

DRYSIM.

3.4 Wheat Deterioration l"Iodel

The model developed by Fraser and lfuir (1980) to predict the

allowable safe storage time for wheat was used to assess graín deterio-

ration with and wirhout ventilaEion. The equations are presented in

Fortran notation in subroutine SAFi^lH and are shovm graphically in Figure

3.2. The allowable safe storage Eime was defined as the time required

for gerrnination to drop to between 90 and 95'/", or the time before mold

growth became visible. Although there are no data to relate this to the

time defined by Steele et al. (1969) for corn to reach 0.57. dry matter

loss, an estimate of dry matter loss is made in tË model for the layer

in each column with the maximum allowable storage time elapsed. The

equation by Thompson (1972) for dry matter decomposition is used and

assumes that the allowable storage time represents 0.57" dry matter loss.

Grain deterioration during each time interval is estimated by

calculating the allowab1e storage time using the deterioration model
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Fig. 3.2: Allowable storage time for wheat at various temperatures and
moisture contents (Fraser and Muir 1980, based on data from
Kreyger 1972). *



2B

The proportion of allowable storage time elapsed during the time

inËerval is calculated by dividing the time interval by this a1lowable

srorage time. This value is added to the proportion of allov¡able

storage time tvhich has already elapsed Ëo obtain an estimate of the

!otal deterioration since harvest. The proportion of aIlowable storage

time elapsed value is expressed as a decimal fraction. A value of 1.0

indicates that the allowable safe storage time as defined by the model,

has elapsed.

The equations which define the wheat deterioration model and

calculate the proportion of a11owab1e srorage time elapsed are contained

in Fortran notaËion in subroutine DECOMP.

3 .5 Combined l"Iode 1

3.5.1 Additional data

Equations for the specific heat of wheat v/ere taken from Muir and

Viravanichai ( 1972). These can be found in Fortran notation in subrout-

ine SPHT.

The temperature rise for airflow across an axial-flow fan is a

function of the total efficiency of rhe fan, the static pressure, and

the airf low rate. This was calculated using rhe ffieoretical equ4tion

verified by Metzger et al. (1980) (Appendix D). Airflow resistance data

for wheat r¡as obtained from ASAE Data D272 (American Society of Agricul-

tural Engineers 1980). A regression equation (t2=O.gg7) r¿as derived

from this data in SI (metric) units. Airflo\,r resistance was assumed to

be 50% higher than the ASAE data. These equations are contained in For-

tran notation in subroutine FANSUB.
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Numerical calculation'of psychromeEric properties of absolute hum-

idity, saturation vapour pressure, and relative humidity were made using

relationships presenEed by I,Iílhelm (tgZ6). These are presented in For-

fran notation in subroutines AHUM and RHAIR.

3.5.2 Simulation procedure

The combined computer model simulates grain sEorage conditions for

a maximum of I year from the har:vest date for each year of historical

v¡eather data available to a maximum of 20 years. The Fortran variable

array sizes musË be increased if simulation of additional harvest years

is required.

Fan operation times are determined by input data values. If the

appropriate conditions are met the fan is turned on or off. If the fan

is on, grain conditions are simulated according to Ëhe two-dimensional

forced convection model subroutine DRYSIM. If the fan is off grain con-

ditions are simulated according to the Ewo-dimensional conduction model

subroutine TOODEE. Because the nodes for each of these modes are not in

the same location (fig. 3.1), a change from one mode to another requires

calculation of initial conditions for the other mode. This is done by

sirnply averaging temperatures aË the nodes using subroutine CIIANGE.

The present model (Appendix B) is capable of simulating Eo a maxi-

mum of 10 horizontal layers and I0 vertical radial columns in the grain

bin. The number of convection layers must be an integer multiple of the

number of conduction layers. Thompson Q972), Morey et al. (1976) and

Fraser Q9l9) used I0 layers to simulate unheated air drying with the
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forced convection model. Muir e! al. (1980) used 5 layers and 5 columns

to simulale grain temperatures using the two-dimensional finite differ-

ence conduction model. All simulations made.during this study used

these values for the conduction and forced convection components.

The simulation time intervals may differ in each mode as v¡ell.

These must be chosen with consideration given to the layer and column

dimensions to obËain stable and accurale predictions. Thompson (1972),

Morey et al. (1976) and Fraser (1979) used a time inlerval of t h with

t.he forced convection model. Muir et al. (1980) used a time interval of

6 h \,rith the two-dimensional conduction model. In the combined model,

the conduction time interval must be chosen to be an integer multiple of

the convection model. These time intervals are used in all simulations

made during this study.

The skeleton flow charË (Fig. 3.3) shows a simplified versíon of

the simulation procedure. After reading the input parameters, simula-

tion begins for each harvesf year using historical weather data on tape.

Nonnally simulation begins on a fall harvest date and continues for a

maximum of I year. Based on ínput parameters deciding fan operation,

the grain conditions are determined using the conduction or forced con-

vection subroutines and the appropriate time intflrva1. Grain deteriora-

tion during each interval is estimated and the additional proportion of

allowable storage time elapsed ís added to that already elapsed.

An intermediate'tstatus report" is printed at key dates during

each simulation year (fig. 3.4) by calling subroutine PRINT. This

report provides grain temperatures, moisture confents, and proportion of

:l::1
,:::}
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READ SIHULAT]O¡I

START SIHULATION
FOR HARVEST YEAR

INCREMENT lII1E
INTERVAL 

^T

FOR TIME PERIOD

USE TI,JO-DIMENSIONAL
CONDUCTION MODEL TO

SIMULATE TEI'TPERATURES

I.IITHOUT VENTILATION

USE EQUILIBRIUH DRYlNG
IiIODEL 10 SIMULATI HEAT
& HASS TRANSFER l,lITH

VINTI LATION

CALCULATE GRAIN
DETERIOR.ATION

PRINT SUHI'IARY

HEANS & DEVIATIONS

Skeleton flow chart
mode 1 .

Fie 3.3: of the conbined corrputer simulatron
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allowable storage time elapsed values for each forced convection volume

element. For example, in Fig.3.4, 10 vertical convection layers and 5

horizontal conduction increments resulting in 6 convection columns (see

Fig. 3.1) have been used. Layer 1 is at the floor level and 10 is at

the top. Column 1 is at the bin centre and 6 is at the v¡a1l. Average

bin temperatures, moisture contents and allowab1e storage Eime elapsed

are calculated. The average difference in rnoisture contents between the

top and bottom layers is determined; a positive value indicates that

moisture contenf is lower at the bottom than at the top.

The percent dry matter

column is calculated assuming

deterioration model predicts

grain has completely elapsed.

The overdrying cost is

which assumes that the grain

decompositíon at thettworstt'layer of each

that 0.5% decourposition occurs when the

that the allov¡able storage time for the

calculated using the following equation

is completely nixed before marketing:

=Ç -M a
(10)

overdrying cost, $

input grain value, $/t

"dry" moisture content (e.g. , L4.5% for wheat),
7. wet mass basis

average grain moisture contenË, % wet mass basis

toÈal mass of stored graín at ttdrytt moisture content, t

T
;t

-M a
M.

d
00II

where:
f,=

o

Ç=
c

M--
d

M=
d

J=
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The amount of "spoiled" grain is calculated by summing the volume

elemen¡s for which allowable storage time has elapsed and by multiplying

this volume by the specific density of the grain. The value of this

spoiled grain is found by rnultiplying this "spoiled" mass by the input

value of the graín.

A fan and heater operation log for each simulation year is kept.

This records and prints the time and cost of fan and supplemental heater

operation, based on input electricity costs, for each month of the year

(eg. January is month I and December month 12). No values for heater

operation are shown in Fig. 3.4 because a supplemental heater !/as noE

used in this simulation.

A value for ttsystem

report dare is calculated

=f, +Sot

operating cost"

as follows:

+E
c

from harvest date to the

C (11)
p

r¿here:
system operating cost, $/t

overdrying cost, $/t

spoiled graín va1ue, $/t

electrical energy cost, $/t

After grain conditions during all harvest years have been

simulated subroutine PRINT is called again to produce sunmary rePorts.

The "keyt'variables for each harvest year, and averages, viËh standard

deviations, maxima, and minima are calculated and printed (rig. 3.5).

c
oË

S
p

E
c

l

ir:l
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The computer times and costs used in each simulation varied

greatly depending upon the amount of fan operation. The following were

used with the AndahL 47AlV7 computer at Ehe University of Manitoba.

I,Iith no ventilaEion, computer time averaged about 10 seconds per

simulation year at a cosË of about 2.5 computer units per year. The

highest rime use r,¡as about 1mínute and 30 seconds per simulation year

at a cost of about 24 computer uniEs per year. In the simulations

perforned during the course of this study, fan operation as modelled by

the forced convection component increased computer demands by a factor

of nearly l0 when compared with simulations involving no venËilation.

The high dernand of the combined simulation model on computer use

required that most simulations be run during t'non-prime" times, usually

between rnidnight and 0800 h.
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Chapter IV

I'ÍODEL VAIIDATION

Method

Validation of Èhe mathernatical model by comparing predicted output

with experinentally deteruined data is required to assure reasonable

accuracy. The critical parameters requiring validation are the predic-

tions of grain tenperatures, Eoisture contents, and deEerioration.

Experimentally obtained values were obrained for wheat stored in an aer-

aÈion bin. These were compared wiÈh values predícted by the computer

mode1.

4.2 Facilities and Equipnent

A 4.3 m dimeter grain bin, Model L45 by tJesteel-Rosco, with a

fully perforated ventilation floor located at the University of Manitoba

Research Farm, Glenlea, was used for grain storage (fig.4.1). A 0.56

kl,J, 300 -* nominal diarneter, Caldwell Ìlodel- 4F12.75 fan ¡ras used to pro-

vide forced air ventilation to the plenum and grain. A grid of 18 cop-

per-consËantin thermocouples on the south-west rffi,ts ¡¡as installed for

temperature measurement (rig. 4.2). A Honeywell 24-point rrElectronic

16-Multipoint Strip Chart Recorder" (accuracy r0.5oC) ¡¡as used to

record grain tenperatures.

Fan airflorf, rates were ueasured using a Pitot Ëube traverse across

the plane of an ínLet ducÈ; ASTM llethod D3154-72 (A¡oerican Society for

Testing and Materials 1979) (fig. 4.3). Static and velocity pressures

-37-
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Fig 4.1: Glenlea aeration bin, October 1979

v/ere measured using a Pitot tube with inclined manometer (t"todel Þlark 5,

Airf low Developments Ltd., High l^Iycombe, England). Err:or due to a hand

held Pitot traverse made in a field airflow tesr can be as high as !I0"/"

or more (Air Movement and Contr:ol Association 1979).

Grain samples for moisture content ".r¿ ¿"JtioraLion assessment

r,¡er:e made using a 0.2 L capacity torpedo probe (Burrough EquipmenE

Company, Evanston, IL). Samples were obtained while standing on the top

sur:face of lhe grain and by pushing the probe to each of the six

sampling locarions (fig. 4.2) .
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experimental aeration bin showing the
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Fig 4.3: Pitot fraverse duct and inclined manometer during a field
airflow rate test.

Moisture content determinations of the wheal samples were made

according to the oven drying method; ASAE Standard 5352 (American

Society of Agriculrural Engineers I9B0). The accuracy of this method is

t 0.2 percentage points. @

Air temperature and relalive humidity were monitored at the

Glenlea site wirh a thermohygrograph; however, I979 hourly weather dat,a

for the comput,er verificaEion wer:e obtained for Winnipeg InIernational

Airport from Lhe Canadian Climate Centre, Environment Canada, Downsvieru,

Ontario. The Winnipeg Airport weather station is located about 25 km

north of the aeration bin at the Glenlea sile. The data on rape \rere
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used because several climatic variables required by Ëhe computer model

lrere not measured at Lhe site (e.g. barometric pressure, cloud opacity

and wind speed).

4.3 Grain Deterioration

Grain deterioration was evaluated with a simple germination test

and fungi count. The germination test involved incubatíng 25 seeds

plated on moist filter paper in l0 cm petri dishes at 2.5oC for 3 days

to break dormancy, then counting germination after an addítional 7 days

at 22"C. The fungi count involved counting infestations of field and

storage fungi on the plated seeds after the same tiroe period.

This assessment of grain deterioration was made by H.A.H. Wallace,

MycologisE, Research Station, Agriculture Canada, !'linnipeg.

4.4 Comparison of Measured and Predicted Results

4.4.I Storage and ventilation periods

The grain bin was filled on 1 to 2 October 1979 lrith 40 t of var-

iety-Glenlea wheat harvested aE the University of Manitoba Research

Farm, Glenlea. This wheat graded No. 1 Utility, and had an average

dockage level of 6"/.. Initial grain moisture contents averaged 16.32 and

inirial temperatures averaged 15.9oC, ranging from 9.8 to 2l.2oC. The

1979 r.¡heat harvest in Southern l"fanitoba Í¡as unusually late due largely

to spring flooding and the resulting late seeding.

Grain temperatures !/ere recorded at 6 h inËervals with the mulLi-

point strip chart recorder. Grain samples \.¡ere taken periodically dur-

ing storage for moisture content and deterioration assessment.
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The aeration fan r¡ras turned on at 1240 h on 3 October 1979. The

airflow rale \,ras measured usíng the PiEot traverse method and found Lo

?
be 9.0 (L/s)/m-. Since Èhis is a much higher airflow rate than required

for aeration, the fan was turned off at lI50 h on 5 October. As grain

temperatures and moisture contents were such that spoilage was not

1ikely, the fan remained off until ambient q/eather conditions permifted

further cooling of the grain.

During this tirne a baffle to restricË airflow was fabricated. It

is a 19 rnrn thick plywood plug, approximately 300 mm in diameter drilled

with 12 - 24 mm diameter holes (rig. 4.4). Four holes were taped

closed. This arrangement reduced the measured fan airflor,r raËe to 1.9
?(Us)/m" when installed. The average temperature rise measured across

the baffled fan during the ventilation period was 4.9 t 1.4oC.

The baffled fan was turned on at 1120 h on 8 November 1979 when

average daily air temperatures were less than -1OoC. The fan remained

on until 0950 h on 2l November 1979. The grain was stored Í/irhout

ventilation until early February 1980 when ir was removed for use as

livest.ock feed.

Using fhe 1979 weather data on tape and the*system parameters for

the experimental Glenlea aera!íon bin, tv¡o sets of predictions were made

of grain temperatures, moisture contenËs, and deterioration. One set of

predictions began on the bin fill date of 2 October 1979 and íncluded
?

the 2 day period of 9.0 G/s)/m" ventilation. The second set began at

i200 h on 5 October 1979 and did not include this period of high airflow

rate. Tape weather daLa were available for 1979 only, limiting
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Fig. 4.4: Caldwell Model AF12
baf fle ins tal led .

comparisons of measured and predicEed data

1919.

4.4.2 Grain temperatures

Predicted and measured gr:ain

locat ions wer:e compared (f igs . 4 '5

located 0.43 m fr:om the bin wall,

bin centre-1ine. Both wer:e 2.2 m

J5 aeraLion fan with airflow reduction

from 2 Oclober: to 31 Dece,mber

æ

temperatures at fwo thermocouPle

and 4.6). Ther:mocouple ll was

and thermocouple 12, 0.43 m fr:om the

above the bin fLoor (rig. 3.3).
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The predicted temperatures at these tv¡o locations fo1lor¿ed the

neasured temperatures c1ose1y. The maximurn differences were 2.5oC for

Ehermocouple 11 on about 3 November, and 3.5oC for thermocoupLe L2 on 3I

December.

4.4.3 Graín moisture conrents

Predicted and measured average grain moisture contents at the

three sampling depths r^7ere compared, as well as the average cf moisture

confents throughout the bin. l"feasured and predicted moisture contents

from locations 1 and 2 were averaged to obtain floor level values (fig.

4.7), locations 3 and 4 for centre values (fig.4.8), and locations 5

and 6 for top values (fig. 4.9). All six were averaged to obtain an

average moisture content for the grain (fig. 4.10).

Two sets of

included the 2 day

on 5 October after

conditions on that

predictions were made. One began on 2 October and

period of 9. O (Llr)/r3 ventilatíon. The second began

the high aírflovr rare ventilation, using grain

date for initial conditions.

Floor 1eve1 moisture content predictions, which included the 9.0
.)

(i,/s)/m' ventilation period, appear to have overestimated moisture
æ

losses (nig. 4.7). During the initíal 2 day period, measured moisture

contents dropped 0.5 percentage points, while the model predicted

reductions of about 2.2 percentage points. If the high ventilation

period is ignored, the measured and predicted values follow oore

closely. During Èhe 13 day period of 1.9 (U.)/*3 ventilation, measured

uloisture content reductions of 0.6 percentage points occurred. The
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model predicred reductions of 0.9 percentage points

This is close to the experimental error of about I 0

measurement s .

this period.

for moisture

counts indicated that grain quality

ing the fall storage period. Germina-

to 997". Fungi counts identified a

normally associated with freshly har-

for

ao/

Centre and top leve1 moisture contenf predictions follow measured

daËa more closely regardless of whether the high airflow rate period is

included (Eig. 4.8 and 4.9). Predictions through and after the 1.9
a(1,/s)/m' period agree within 0.4 percentage points with the measured

data.

The average grain bulk moisture content predictions followed the

measured values closely, even with inclusion of rhe high airflor¡ rate

period. l"laximum deviations of 0.3 percentage points occurred (Fig.

4. 10) .

4.4.4 Grain deterioration

Germínation tests and fungi

r¿as not reduced significanEly dur

tion averaged 987. ranging from 96

predominance of those field fungi

vested grains.

The predicted average proportion of al1owable sËorage time elapsed

increased to over 0.2 after grain storage for three months (fig. 4.11).

Due largely to the decreases in grain temperature, both ventilation per-

iods decreased the rate of increase of the proportion of al1owab1e sto-

rage time elapsed.
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4.5

4.5

Discussion and Conclusions

. i Grain temperatures

Grain Ëemperature predictions for the two thermocouple locatíons

examined followed measured values closely (nigs. 4.5 and 4.6). Accuracy

the strip chart recorder ís + 0.5'C. Additional deviations could beof

due

aír

to inaccuracy in the measurement of temperature rise across Ëhe fan,

temperaEure changes within the plenum, poor data for the thermal

ì1,;.

:,r:

..l

properties of wheat, and variations in weather conditions between the

bin location at Glenlea and the Winnipeg weather sfation 25 km to the

north.

4.5.2 Grain moisture contents

Predicted grain moisture contenrs for the top, centre, and floor

levels, and for the bin average, compared closely wiEh measured values,

if the high 9.0 l|.lr)/*3 ventilation period \tas not included in the

simulation (rigs. 4.7 and 4.li). The initial two day period of 9.0
I

(l.,ls)ln' ventílation resulted in predictions of significantly greater

moisture loss at floor leve1 (1.6 percentage points), and slightly

greater moisture gaíns at centre and top levels (0.1 to 0.5 percentage

points) than measured.

These results indicate that equilibrium ,rî"a a good assumption

at airflow rates as high as 9.0 (L/")/r3 using these simulation parame-

ters; however, at 1.9 G/ ")/^3 moisture content predictions were within

experimental error for the three month period used in Lhis comparison.

Simulation parameters r,rhich affect the validity of the equilibrium

assumption include the convection layer depth, the simulation time

interval, and the air velocity through the grain. For the validation



54

simularions, each of the 10 convection layers ¡ùas 0.367 m in depth, the

simulation time interval was I h, and rhe air velociry was 8.24 mmls at
??g.0 &ls)/m' airflo\^r rate, and I.74 mmls at 1.9 (L/s) lm' aírf.Lovr rate.

Improved

íng the

depth by

accuracy at the high airflor.¡ rates may be possible by increas-

simulation time interval, or by increasing the convection layer

decreasing the number of layers The air velocity is a func-

tion of the bin dimensions. It may be, however, that equilibrium is not

a good assumption at Lhe higher airflow rates, and other modificaEions

to the model will be required Eo improve accuracy.

4.5.3 Grain deterioraLion

Given the late harvest date and the resulting relatívely low grain

temperatures and moisture conEents, difficulties in maintenance of qual-

ity during the fa11 and winÈer storage periods were not anticipated.

The results of both the fungi and germination quality assessments, and

the computer prediction of the proportion of al1owab1e storage time

elapsed, support this conclusion. Unfortunately, since grain quality

deterioration did not reach a critical leve1, Ëhe deterioration model

cannot be verified with cerEainty. To do this, validation of the deter-

iorarion model under conditions when deterioration is rnore likely is

required.



Chapter V

SruULATION RESULTS AND DISCUSSION

Canadian Prairie Climates

5.1.1 Clinatic regions

There are four general climatic regions which encompass most of

the grain producing areas of Lhe Canadian Prairies (Putnarn and Putnam

1970). These are: the semi-arid or dry-belt, the sub-humid prairie, the

sub-boreal, and the humid prairie of Southeastern Manitoba (nig' 5.1).

Differences in climatic variables within these regions do not make these

subdivisions exact. The Edmonton area for instance, has a higher summer

rainfall than the Peace River area (Putnam and Putnam 1970).

Historical hourly weather data on taPe, for use as inpul data for

the computer simulation model l¡ere obtained. The climatic data was

chosen considering the data presently available at the University of

I',lanitoba and the climatic regions of the Canadian Prairies. The

following four locaEions were used:

Winnipeg, l'lanitoba - Humid Prairie. ( 1961{978) .

Swift Current, Saskatchewan - Semi-arid Prairie. (1961-1976)

Edmonton, Alberta - Sub-humid to Sub-boreal Prairie.

( r961-1976).

1.

,)
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Fort St. John, British Columbia - Sub-boreal Prairie, Peace

River Region. (1961-i978).

5.I.2 Initial grain temperatures

Prasad er al. (1978) established that the initial temperature of

grain in storage can be related to the average air temperature during

harvest. They found that the temperature of wheat was 8oC above the

ambient air temperature on sunny days.

To establish initial grain temperatures for the computer simula-

tions, average 24 h air temperatures erere calculated from the hourly

tape r¿reather data for the normal harvest period at the four clinatic

areas (fig. 5.2). Initial grain Lemperature in storage was established

by adding 8oC to the temperature on the harvest date. The initial grain

temperature could in fact be much higher due to higher daytime tempera-

tures and yearly variations of the 3 week mean.

5.2 Storage Bin and Aeration System

Based on trends in the size of on-farm granaries in Canada, a sto-
?

rage of 133 m- capacity (fOO t of wheat at L4.57*moisture content) and

5.97 m diameter was chosen (Muir I9B0). A fully perforated floor is

assumed with air blov¡n upward through the floor and grain from a

direct-drive, axial-f1ow fan.

4.
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5.3 Grain Deteriorarion in Unventilated Storage

To establish the worst storage conditions, predicLions of grain

condition were made for wheat stored for I year with no ventilation.

The effects of harvest date, initial moisture content, and initial temp-

erature at the four climatic locations t¡ere examined.

Spoilage occurred within I year for wheat stored at an initial

moisture conEent of L5% at most harvest dates (Fig. 5.3). This first

occurrence of spoilage was always predicted at the bin centre, approxi-

mately 1.5 m from the top grain surface. The later the harvest date,

the longer the safe storage period. This is due largely to the reduced

grain temperatures at harvest. Fort St. John was the only location

which resulted in predicrions of safe storage for over I year.

The effect of initial moisture content on the average number of

days to f irs t occurrence o f spoilage was evaluated f or r,¡heat harve sted

on 1 September (f ig. 5.4). Initial grain temperatures r^7ere again

established by harvest temperatures. As moisture content increased,

deterioration was predicted to qccur r¿ithin fewer days. The Canadian

Grain Commission has established a 14.5% moisture content as "dry" for

wheat. At this moisture content, spoilage occurs at an average of 100

days in Winnipeg, 130 days in Swift Current, 35fdays in Edmonton, and

over 1 year in Fort St. John. Since the deterioration model has not

been adequately verified, it is difficult to know how realistic these

predictions are. A drop in germination (as used in the deterioration

model) rnay not result in a drop in grade; however, given the relatively

high initial grain temperatures at Winnipeg and Swift Current, the size
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of the grain bin, and the low thermal conductiviry of wheat, these

results may not be unrealistic. In addition, the effect of moisture

migration was noE included. This may further increase the rate at v¡hich

deteríoration would occur in the grain.

To assess the effect of initial grain temPerature on these

resulËs, the initial temperature in all simulations was set to 23.6"C;

the initial grain temperature in tlinnipeg on 1 September. The resulting

predictions show that in an unventilated grain bin, the initial grain

temperarure is more significant than ambient r¡eather conditions during

storage (fig. 5.5). Climate had no significant effect on the predicted

number of days to the first occurrence of spoilage.

The previous comparisons were made on the basis of the first

occurrence of spoilage. This usually occurred at the bin centre, about

1.5 n from the top suface. Another point of view is to comPare

deterioration throughout the whole bin based on the average proporEion

of allowable storage time elapsed for a1l grain volume elements. The

average proportion of allowable storage tirne elapsed was predicted with

no ventilation during the fall (1 September to I Novenber), winter (l

November to 1 April), and summer (1 April to 31 August) periods (nig.

5.6). Initial grain temperature had a significañ etfect again on the

rate of deterioration, although the effect of climate on grain

deterioration near the wa11 resulted in significant differences between

the geographical locations.

l,Jhen the simulations were run again with an initial grain

temperature of 23.6"C the effect of climate was stitl significant
rtì

l
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and Fort
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St. John than at

time elapsed
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wheat harvested on 1 September at I5Z

of fhe following simulations. At most locations, an earlier harvest

date would most likely resulf in "dry" grain; however, on 1 September, a

harvest of 15% moisture content grain is not unrealistic. This grain

would have a good potential for deterioration unless measures are taken

to urinimize this. Initial grain temPeratures on this date are 23.6"C

for Winnipeg, 22.4"C for Swift Current, 19.7oC for Edmonton, and 18.5'C

for Fort St. John.

Initial Conditions and Aeration

Based on a subjective evaluation

Periods

of the prevíous ínvestigations,

¡noisture content was used in all

Three

presented in

(1979). The

Fal I

aeration periods were evaluated, based on the four periods

section 2.4.2 (page 8), suggested by Cloud and l"lorey

dates and objectives for each period are:

cool-down period.

After harvest, the stored grain is to be cooled as

quickly as possible !o between -IO.C and 0"C.

Winter holding period.

Intermittent fan operation during the winter when the

outside temperature is near the grain temPerature, to maintain

uniform grain temperatures.
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Spring warm-up and summer holding period.

InËermitrent fan operation to warn grain to 1"0 to 15oC

by the rniddle of June, and to maintain üniforn grain tempera-

tures.

5.5 Airflow Rate for Fall Aeration at Winnipeg

The effect of continuous ventilation on the resulting grain mois-

ture content, temperature and rate of deEerioraËion v¡as evaluated for

airflow rates frorn 0 to 3 (L/")/*3 during the fa1l cool-down period at

t^Iinnipeg (rig. 5 .7) . The poínts plotted represerit mean values for the

I7 years of weather data analysed. The vertical bars indicate standard

deviat ions of the mean. Airf lo\,r rates of 0 .5 to. 3 .0 (1,/s )/*3 resulted

in moisture content reductions of 0.5 to 0.7 percentage poinËs. The

higher standard deviations at higher airflow raËes reflect the rate of

response to yearly climatic variations. These can be a disadvantage to

the operator as inconsistent results should be expected from year Ëo

year if continuous ventilation at the higher airflow rates is practised.

Average grain temperatures drop sharply with as little as 0.5 &lr)/t3

and level off at 4.5 to 5.0oC at higher rates. Average proportion of

allowable storage time elapsed drops quickly froørn.58 r¡ittr no ventila-

tion to 0.24 with 0.5 (r/s)/^3 and levels off at about 0.20 at higher

airflow rates. Energy use increases rapidly with increasing airflow

rare; however, in all cases energy use is low. For example, at elec-

tricity cosrs of $0.0i/MJ, and wheat priced at $200/t, the 3.0 (l-ls)ln

airflow rate costs about $0.28/t for continuous ventilation over 60

days, or less than 0 .2"/. of the grain value .
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The range of airflow rates investigated

suitable for continuous aeration of 152 r,¡hear

ln this study all appear

i,linnipeg , and areat

consistent with past recommendations (Friesen and Harms 1980, Cloud and

Morey 1979, Holman 1960, Johnson 1957, Shove 1962).

Based on this airflohT rate analysis, I.0 (f/s)/*3 rr" selected for

ínvestigating the various fan control methods. Grain temperature

reductions and average allowab1e sforage Eimes are not reduced

significantly by airflow rates greater than 1 .0 ft]")/*3. At higher

airflow rates, moisture content can be reduced excessively below the

economical minimum of. L4.57". The rncrease rn energy use at airflow

rates greater than I .0 G/" )/*3 does not appear to be justif ied for

continuous operaEion. If higher airflow rates are used with

intermirtent operation in the fall cool-down period, energy use may be

comparable because of the shorter fan operating times required to cool

the grain. This, however, would require nore inrensive management by

the operator, or a suitable fan controller to eliminate the possibility

of overdrying the grain and unnecessary energy use. The higher capital

cost of larger fans can be more significant than the energy costs, and

may make this undesirable.

A 100 t mass of wheat (133 m3 volume) storefrin a 5 .97 m diameter

bin results in a grain depth of 4.67 m. To provide an airflow rate of
a

1.0 (L/s)/m", a 0.16 ki,l fan operating at a total efficiency of 0.2 is

required (Metzger et al. t9B0). This results in a temperature rise

across the fan of 0.9"C. These values u¡ere used in all aeration

simulations requiring an airflow rate of 1. 0 G/")/r3.

i
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5.6 Control of Fan Operating Times During the Fal1 Cool-dor.¡n Period
at Winnipeg

The uncertainty over which is the best type of fan control method

is due in part to differing opinions about the effect that each method

úay have on the grain condition. This is further complicated by varra-

rions in climate and by Ëhe complexity of the heat and moisture Ëransfer

relationships which exist during grain ventilation under constantly

changing air conditions. The following methods vrere evaluated for Win-

nipeg during the fall cool-down period. They were chosen on the basis

of simpliciry of installation and use, and availability.

5.6.1 Humidistat control

Humidistat control permits fan operation only at ambienl air rela-

tive humidities less than the maximum set on the humidistat. Humidistat

control was evaluated for relative humidity settings from 07 or no ven-

tilaEion, to 1002 or continuous ventilation (fig. 5.8).

As the humidistat setting was increased from 0 to 100% the average

grain moisture content after 60 days of storage during the fall cool-

down period was reduced. Increases in average moisture contents due to

re-!¡etting aË higher relative hunidities v¡ere expected r¿ith humidisLat

settings greaEer than 70"/". The fact that predicteñgrain moisture

content continued to decrease with increased humidistat settings can be

partly explained by the addition of fan heat to Ëhe air. For example,

the addition of energy sufficient to raise the temperature of saturated

air at 10oC by 0.9'C, reduces the relative humidity of Ehat air to about

932. This air would have a slightly reduced potential for re-wetting

the grain than would the saturated air. To rest this hypothesis, 707"
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and 1002 relative humidity simulations were carried out using a

temperature ríse across the fan of only 0.l'C (Fig.5.B). Average

moisture contents v¡ere slightly higher than the 0.9oC simulations by 0.2

percentage points at a humidistat settíng o1.70%, and 1.0 percentage

point at a humidistat setting of 1002 relative humidity. Due to yearly

clirnatic variations, at 0.loC temperarure rise there was no sEaEistical

difference between the mean grain moisture contents at the 70 and 1002

humidistat settings, at the 1Z level of significance. The fact that the

average moisture content was stil1 not greater at 7007" relative humidity

than at 707. relative humidity may be further explained by the relatively

low temperatures associated r¡ith high hunidities during the fall. Lower

terûperatures during the fal1 offer a reduced potential for re-wetting

and if this air \.¡arms as it is passed through the grain, its relative

humidity would be reduced to offer little or no potential for re-

wetting, and may even conEribute to moisture removal.

Average grain temperature decreased to about 3.6"C as humidistat

serËing was increased Ëo 70 to 807". As humidistar setring was further

increased, the average temperature increased slightly to about 4.3oC at

continuous operation; however, due to yearly climatic variations, at

humidistat settings of 60'A or greater, no statist,tcal difference exists

between the mean ËemperaËures at tlne L7" level of significance.

The average proportion of allowabIe storage time elapsed decreased

to abouË 0.21 as humidistat setting increased to 60% and greater. In

this range, no statistical difference exists in storage tirne values at

the 1Z level of significance
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5.6.2 Thermostat control

Thermostatic conËrol permits fan operation only at ambient air

temperatures less than the maximum set on the thermostat. Thermostat

operation was evaluated for maximum temperature settings in the range

from 0 to 25oC (nig. 5.9).

l"finimum average grain moisture contents occurred in the 10 to 20'C

thermostat setting range. As thermostat settings were increased to 25oC

or greater (i.e., continuous fan operation), the resulting average

moisture contents vrere higher. This may be due to the greater

wetting potential of r^rarm air compared with cold air. Warm air

re-

blown

in theinto the bin during the day could deposit considerable moisture

layers of grain cooled by night-time air.

The higher thermostat settings resulted in nore continuous

ventilation. There \{ere no statistical differences in mean grain

temperatures for thermostat settings of OoC and greater, at the lZ level

of significance. Average proportion of allowable storage time elapsed

decreased with increases in thermostat seEting. The cooling air reached

the warm grain sooner with the higher thermostat settings resulting in

reduced storage time elapsed. There were no sEatistical differences in

mean allowable storage times elapsed at thermostaËsettings of 15oC and

grearer, at the 12 level of significance.

Energy use at thermostaË settings of l5oc and over \llas greater

tJnan 79% of the energy use during continuous operation. Overdrying at

15oC was 0.4 percentage points. As thermostat setEing was increased,

overdrying was reduced and energy consumPtion increased. The thermostat
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did not provide

deteriorat ion ,

an effective means

nor did it mínirnize

of reduc ing the

energy use and

rate of grain

overdrying.

5.6.3 Time-c1ock control

A time-clock controls fan

night-time air temperatures are

temperature conErol or reduction

control strategies using 6 h and

operation by time of day on1y. Since

usually lower than day-time, and grain

is a prime object ive of aeration, E\^/o

12 h night-time fan operation periods

'aìi:,j
:l;

!/ere simulated. These \,¿ere compared with continuous operation (Table

5.1). Due to the method the simulation model uses to control fan oper-

ating times, the fan operation time periods are slightly greater than 6

and 12 hours, and the energy use values are not direct multiples of each

oEher, as would be expected.

Although the 12 h schedule with fan operation from 1800 to 0600 h

resulted in a slightly lower average proporEion of allowable storage

Ëime elapsed than the 6 h schedule from 0000 to 0600 h, there is no sig-

nificant difference between these values at the I7 Level of signifi-

cance. The 6 h schedule resulLed in half the energy consumption of the

12 h schedule.

5 .6.4 Different ial thermostat conËro1

The differential thermosrat measures the temperature difference

between two sensors, one of which is located in the grain approximately

0.5 m below the top surface. The other measures the ambient air dry bulb

temperature. Fan operation is permitred only when the temperature of
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Grain condition and
aeration after

100 t wheat

TABLE 5.1

energy consumption with time-clock controlled
the f al l cool-dovrn period at l"linnipeg .

.)

1.0 (Lls)/m' airflov¡ rate
fully perforated bin floor
5.97 n diameter bin
23.6" C initial tenperature

15% initial moisture
I September harvest
1961-77 weather data

Fan 0peration

6 hours/day
(0000-0600 h)

12 hours/day 24 hours/day
( iB00-0600 h) (continuous)

l"foisture
Content (%)

Gra in
Temperature ('C)

Proportion of Allowable
Storage Time Elapsed

Energy Use
(ru/t )

r4.6

4.5

1 0.1

! 2.7

14.5

4.2

t 0.1

+11!

1 0.1 14.5

! 2.6 4.6

0 .254 I 0.032 0 .227 I 0.031 0.210 t 0.032

1J 4.2 8.i
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the ambient air is less than the tenperature of the top grain layer plus

the thermostat setEing. For example, a -5oC differential thermostat

setting would result in fan operation only when the ambient air tempera-

ture is at least 5oC below the average temperature of the top layer of

grain.

The differential thermostat is more complicated Eo physically

install in an aeration system than the other controllers discussed here.

It does, however, simulaËe the optimum level of manual control, since it

is the only method modelled which relates ambient air conditions to

grain conditions. A conscientious individual operator would atrempt to

manage an aeration system by carefully moniroring grain remperatures and

r+eaËher changes and controlling fan operation in a manner similar to the

differential thermostat. Cloud and Horey (1979) suggested that the fan

be operated when average air temperatures are greater than 6oC below the

temperature of the top layer of grain. This would correspond to a dif-

ferential thermostaf setting of -6oC.

Predicted average grain moisture contents !¡ere reduced by over 1.0

percenrage points in the differential thermostat range of about 4 to

-6"C (Fig. 5.10) . Assuming $200/t for the value of v¡heat at 74.5"/.

moisture content, the average overdrying cost at a4hermostat seËting of

OoC was $1.53/t, or more than 20 times the energy cost. Fan operating

time and energy costs were reduced significantly as the thermostat

setting reached -10oC and less; ho\.¡ever, the average proport ion of

allo¡vable storage time elapsed began to increase in this range. The

relatively steep slope of the moisture content and proportion of
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allowable storage time elapsed relationships at a setting of -l0oC,

indicates thar the resulting grain condiEion is sensitive to small

changes in differential thermostat setting. There was no difference in

final mean grain temperature at dne I% 1eve1 of significance, for

differential thermostat settings between 5 and -15oC.

5.7 Control Method Comparison

All aeration methods significantly reduced grain deterioration

compared with no ventilation. If fan control methods are evaluated on

the basis of minimizing the average porportion of allor.¡able storage time

elapsed and minimízíng overdryíng the following comparisons become evi-

dent:

Continuous operation provided effective qualiry control \,iithout

excessive overdrying; however, energy use hTas maximum at 8.1 l"fJ/t.

Humidistat operation provided effective quality control in the 502

and over relative humidity range with no overdrying up to the 90% set-

ting. Energy use decreased with decreasing relative hurnidity setting

such that at a setting of 60%, energy use \tas 2.3 l4J/t' or a reduction

of. l2% from energy use wirh continuous operation.

ThermostaL operation provided effecEive quality control at maximum

temperatures of I5oC and greater. Overdrying rvith moisture reductions

greater than 0.8 percentage points occur in the l0 to 20oC range' AE

thermostat settings of 15oC and greater energy consumption (> 6.4 ÌtJlt)

\¡ras more than 2.8 times greaËer than for the humidisf at control setting

ot 607".



Both time-clock operations provided effect

no overdrying. Average energy use was 2.2 MJlt

and 4 .2 l[J/L with rhe 12 h merhod.

Differential rhermostat operatíon provided

0 to -10oC but considerable overdrying occurred

Energy use decreased from 6.2 l(J/t at OoC to 1.4

ive quali

wirh rhe

t9

ty control wifh

6 h schedule,

-.,'l

,::iilr

.

ì

rl

¡.ì

¡
t:

l

ì.:

:.:

ll

good quality control at

in the +5 to -5oC range.

't(J lt at -1OoC .

Lowest energy use methods which sti11 provided effective grarn

quality control were Ehe humidistat at 60%, the differential thermostat

set at -10oC, and the 6 h time-clock operating the fan between 0000 and

0600 h daily. Thermostat control did not provide an effective means of

f an control and \,¡as not used in further simulations.

5.8 Aeration During the Fal1 Cool-dor.¡n Period: Comparison of
Prairie Climates

5.8. t Humidistat control

Predictions of grain condirion with humidistat controlled aeration

at Ehe three other prairie climatic areas yielded similar resulrs to

those obEained for Winnipeg (fig. 5.11). Differences reflect variations

in climate during the 60 day fa11 cool-down period.

Average moisture content, grain temperaturéf proportion of stoage

tiure elapsed, and energy use trends are all similar in shape. The minor

variations are insignificant if yearly variations are considered. Based

on these results, maximum relative humidity settings between 50 to 70"/"

provide maximum reduction in proportion of allowab1e storage time

elapsed, energy use ranging from 16 to 57% of. conEinuous operation, and
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average reductions from initial noisture conteuE of 0.2 to 0.5

percentage poinEs. Humidistat setrings greater than 702 would resulL in

further moisture contenf reductions and increased energy use with little

reduction in proportion of allowable storage tiue elapsed. These

humidisLaE setËings should be used if greater Etisture content

reductions are required.

5.8.2 Time-clock control

The 6 h and 12 h per day time-clock cont¡ol ventilation schedules

v/ere simulated for the three other Prairie climates (tables 5.2,5.3 and

5.4). As wirh Winnipeg, maximum benef it r¿as achieved by the 6 h sche-

dule. Swift Current was Lhe only location where a significant reduction

in average proport ion of allowable storage t ime elapsed \^ras achieved by

using the 12 h over Lhe 6 h schedule; however, energy use was increased

significantly by the 12 h schedule of fan operation. As with the Winni-

peg simulation, time periods are simulated as strighEly longer than 6 and

12 hours. Therefore, the energy use values shov¡n are not direct multi-

ples of each other.

5 .8 .3 Differential thermostat control 
@

Predictions of grain conditions using differential thermostat con-

trol at Swift Current, Edmonton, and Fort St. John yielded similar

trends to those obtained for Winnipeg (fig. 5.12). Overdrying is a

problem with all differential temperature setriugs near 0"C; however, it

is less of a problem at Fort St. John, and is more Pronounced at Sr'rift

Current. Maximum benefit in reducing the proportion of allor'¡able sto-



82

Grain condilion and energy
aeration after the fall

100 t r¡heat
15% initial moisture
I September harvest
1961-75 weather data

TABLE 5 .2

consumpt ion r,rith t ime-c lock controlled
cool-dovm period at Swifr Current.

?
1.0 (L/s)/r- airflow rate
fully perforated bin floor
5.97 m diarneter bin
22.4"C initial temperature

Fan Operation

6 hours/day
( 0000-0600 h)

12 hours/day 24 hours/ðay
( 1800-0600 h) (continuous)

l"foisture
Content (7.)

Grain
Temperature ( oC)

Proportion of Allowable
Storage Tine Elapsed

Energy Use
(t"t¡lr )

0 .226 r 0.039 0.182 1 0.03I 0.161 t 0.028

2.4 4.3 8.1

t4.5

3.7

t o.l

+ia

14.5

3.8

t 0.1

i 3.6

14.2

3.6

+n?

r 3.0
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Grain condiÈion and
aeration after

100 r wheat

TABLE 5.3

energy consumption with time-clock controlled
the fall cool-down period at Edmonton.

?
1.0 (L/s)ln" airflow rate
fully perforated bin floor
5.97 m diamerer bin
19.7" C initial temperature

15% initial moisture
I September harvest
196I-75 weather data

Fan Operation

6 hours/day
(0000-0600 h)

12 hours/day 24 hours/day
(1800-0600 h) (conËinuous)

I'loisture
Content ("/.)

Grain
Temperature ( oC)

Proportion of Allowable
SEorage Time Elapsed

Energy Use
(¡'r¡/r )

1 0.1 14.5 r4.5 t 0 .214.6

2.6

I 0.i

t 2,6! 2.2 2.3 2.3 ! 2.7

0.182 t 0.031 0.163 r 0.024 0.150 ! 0.024

2.4 4.3 8_1
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Grain condition and energy
aeration after the fal1

100 t wheat
15% ínítial moisture
I September harvest
1961-77 weather data

TABLE 5.4

consumption with time-c1ock controlled
cool-down period at Fort St. John.

1.0 (L/s)/m" airflow rate
fully perforated bin floor
5.97 m diameter bin
18.5'C initial temperature

Fan Operation

6 hours/day
( 0000-0600 h)

12 hours/day 24 hours/day
(1800-0600 h) (continuous)

l'loisture
Content (7.)

Grain
Temperature ( oC)

Proportion of A1lowab1e
SLorage Time Elapsed

Energy Use
(u.r/r)

14.7

2.2

t 0.1

! 2.r

r4.6

2.I

t 0.1 r4.5 t 0.1

! 2.8 2.4 ! 2.8

0 .166 j 0.018

2.4

0.154 t 0.019 0.t421 0.018

4.3 8.1
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rage time elapsed, with minimum energy use and moisture content

reduction, is achieved at differential temperafures of -10 to -15'C.

Increases in differential temperature settings resulfed in higher energy

use and greater moisture content reductions, both of which may be unde-

sirable. Energy use at -10 to -l5oC differential tenperature settings

range from 10 to 26"/. of continuous operation. This range is the lowest

of all fan conËrol methods which still provided adequate quality con-

Ërol.

Differential temperature settings near -10oC appear most suitable

for Winnipeg and Swift Current, and near -15oC for Edmonton and Fort St.

John, based on minimizing overdrying and the proporËion of allowable

storage time elapsed.

5.9 Intermittent Aeration During the Following l.linter and Summer
Per iods

Fan operation of 96 h every I weeks was chosen for intermittent

ventilation at an airflov/ rate of l. O |j-l")/*3. 0peration \^las limited

to air temperatures between -I0 and +l0oC. The resulting average grain

bin temperaEures on I April \./ere -4.5oC at Swift Current, -4.9oC at Fort

St. John, -5.5oC at Edmonton and -6.BoC at Winnip"g.

The effecE of initial grain temperature on the average proportion

of allowable storage time elapsed was evaluaEed using continuous fal1,

and internittent v¡inter and summer ventilation (f ig. S.13) . l'iiEh vent

1aËion, climatic variations are more significant and initial grain temp-

erature has less of an effect In all cases, the model predicted the

largest deterioration in grain quality during the five month suÍmer Per-

iod. The slightly lower proportion of allowable storage time elapsed
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Eh an inifial grain temperature of 23.6"C at Edmonton and Fort St.John

due to the increased moisEure reductíon that initially occurred rvith

is higher temperarure grain at these locations.

Summer ventilation is recommended as prevention against the summer

moisture migration cycle. Unfortunately, the model cannot simulate

this; hov¡ever, deterioration r¿as simulaËed with no ventilation duríng

the summer. The lorv grain temperatures achieved by interrnittent winter

ventilation resulred in reductions in proportion of allowable storage

time elapsed, compared with intermittenË summer ventilation (fig. 5.14).

If moisture rnigration during the summer does occur and if it causes

serious grain deterioration, then summer venrilation may be effective;

however, if summer moisture migration is not a problem, strrûner

ventilation only increases the deterioration of Ehe stored grain.
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Chapter VI

CONCLUS IONS

The following conclusions are evident frorn the results of this

s tudy :

1. The computer model provided reasonably accurate predíctions of

temperatures and moisture conEents during periods of no venti-

lation and periods of ventilation at airflow rates near those

used in aeration. l'urther experimental r¿ork is required to

thoroughly verify the grain deterioration mode1.

S imul ar

tion [ 9

pred i ct

ment of

pred ict

ion of Lhe 2 day period of high airflow rate ventila-
)

.0 (Lls)/m'] showed inaccuracies in moisture contenE

ions when compared with measured data. Further refine-

the model is required to increase the accuracy of

ions at airflow rates as high and higher than this.

A1l continuous aeration airflow rates between 0.5 and 3.0
1(L/s) /m' greatly decreased the rate of gt.* deterioration

during the fall cool-down period at Winnipeg. An airf lo\,t rate
a

of 1.0 (.Lls)/*' was judged preferable in terms of minimizing

overdrying, grain temperarure, and energy use for wheat har-

vested at I57" moisture content on I September and operated

cont inuously for 60 days. As wel l , the 1ow airf 1or.¡ rares

resulted in less variability from year to year in the final

moisture content.

-90-
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Ventilation with

decreased grain

any of the fan control

deteriorat ion compared

methods resulted in

with no venEilation.

The choice of fan control method is independent of

variation within the range of climates studied. It

however, that fan control method selection is affect

ious harvest dates and inirial moisture contenEs, wh

not studied here.

climaLic

may be,

ed by var-

ich were

7.

t{umidisrat control \,tith settings of 50 ro 702 tesuLted in

effective control of grain quality deterioration, energy use

ranging from 16 to 577. of continuous operation, and moisture

content reductions of 0.2 to 0.5 percenEage poinEs.

Humidistat set¡ings of greater fnan 70% maximum relative hum-

idity resulted in greaLer moisture content reductions than at

the lower setËings, and in increased energy use.

Thermostat control did not provide an effective means of

reducing the rate of grain quality deterioration, nor reducing

energy use and rninimizing overdrying.

A 6 h time-clock control betr.reen 0000 h and 0600 h provided
æ

effective grain quality control, reduced energy use, and min-

imízed moisture conlenË reductions for all climates. Swifr

Current was the only location at which Ëhe 12 h schedule of

fan operation between 1800 h and 0600 h further significanrly

reduced the average Proportion of allowable storage time

elapsed.
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11

10. Dífferential thermostat settings of -10 to -15oC provided

effective control of grain quality deterioration with energy

use ranging from 10 to 267. of. continuous operation, and mois-

ture content reductions of 0.3 to 0.6 percentage points.

Intermirtent summer ventilation resulted in predictions of

increased grain quality deterioration r¿hen compared with no

suurmer ventilation. From this, one night be tempted to con-

clude that sunmer ventilaËion is not required. Because, how-

ever, the effects of sunmer moisture migration were nor

included in the unventilated simulation, the validity of

intermittent summer ventilation cannoL be argued with these

data. If summer moisture migratíon is not a major cause of

deterioration, summer ventilation may be a liability.

Regardless of aeration fan control method, wheat stores at

lower rates of deEerioration in the sub-boreal and sub-hurnid

prairie climates, than in semi-arid and humid prairie cli-

mates.

Initial grain temperature affects the rate of deËerioraLion

T2

.ì
.js

iå
I
;r
',$

isì
rrì

13

more significantly in

rages. l,Ieather condit

of deterioration less

rages.

unvenrilated than in ventilated sto-

ions after harvesË date affect the rate

in unven!ilated than in venEilated sto-



Chapter VII

RECOI'{MENDATIONS FOR FURTHER STU}Y

The verification

predict ions made

airflow rates as

of rhe compuLer model indicated inaccuracy in

using the forced convection component, at

high as g $/")/*3 and likely higher. This

3.

model should be modified to account for the tress Ehan equili-

brium conditions that may occur at rhese rates. I suggest

that a thin-layer drying equation be incorporaled and a "com-

bination" approach, such as that used by Morey et al. (1979)

be used to ensure that the drying rate is noÈ overestirnated.

The effect on the accuracy of the predictions of changing the

layer depth and Ëhe simulation time interval should be exa-

mined as well.

To more accurately represent conditions during and after har-

vesE, the model should be rnodified to relate the harvest date

for each year (and thus the initial grain lenPerature) to the

spring seeding date and length of growing season, or to his-
@

torical records of harvest date.

The computer model should be modified, or a new approach taken

in developing a completely new model to simul-ate rnoisture

migration under unventillated conditions. Thís model should

be verified with accurate experimental data to establish the

-93-
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5.

effects of moisture migration cycles. The benefits, if any,

of summer venrilation could Ehen be evaluated.

The deterioration model should be verified and adjusted if

required to more accurately represent the effects of biologi-

ca1 and physical variables on grain quality.

A símp1e, inexpensive differential therrnostat control of grain

bin ventilation fans should be designed.



LIST OF REFERENCES

AIR I"IOVEMENT AND CONTROL ASSOCIATION, INC. 1976. Field performance
measurements. Publication 203. Arlington HeighEs, IL.it

:.1 AMERICAN SOCIETY OF AGRICULTURAL ENGINEERS. 1980. ASAE D2]2 -
of airflow through grains and storage components. ASAE Data
Agriculrural Engineers Yearbook. St. Joseph, MI.

A},fERICAN SOCIETY OF AGRICULTURAI ENGINEERS. 1980. ASAE 5352 -
measurement: grains and seeds. ASAE Standard. Agricultural
Yearbook. St. Joseph, MI.

AMERICAN SOCIETY FOR TESTING
for average velocity in a

Philadelphia, PA.

Resistance

I'foisture
Engineers

AND MATERIALS. I919. Standard test method
duct (pitot tube method). D3I54-12.

BAKKER-ARKEMA, F.W., t^l.G. BICKERT and R.J. PATTERS0N. 1967. Simultaneous
heat and mass transfer during cooling of a deep bed of biological
products under varying inlet conditions. J. Agric. Eng. Res., 12:297.

BLOOME, P.D. and G.C. SHOVE. I97L. Near equilibrium simulation of
shelled corn drying. Trans. ASAE (tun. Soc. Agric. Eng.) 14:709-712.

BROOKIR, D.8., F.W. BAKKER-ARKEI'iA and C.l^1. HALL. 1974. Drying cereal
grains. Avi Publishing Co. Inc., Westport, CT.

BURGES, H.D. and N.J. BURRELL.1964. Cooling bulk grain in the British
climate to control storage insects and improve keeping quality. J.
Sci. Food Agric., 15:32-50.

BURRELL, N,J . 1974. Aeration. Pages 454-480 in C.1"1. Chrisrensen, ed.
SËorage of cereal graíns and their products. American Society of
Cereal Chemists, St. Paul, MN.

CLOUD, H.A. and R.V. I'ÍOREY. 1979. Management of stored grain with
aeration. University of Minnesota, Agricultural Engineering
Department, Publication MS-165. St. Paul, MN.

CONVERSE, H.H., A.H
transfer within
Soc. Agric. Eng.

CONVERSE, H.H., B.S
hard red spring
Agric. Res. Serv

. GRAVES and D.S. CHUNG. 1969. Transienr heat
wheat stored in a cylindrical bin. Paper 69-855
, St. Joseph, MI.

. MILLER and A.H. GRAVES. 1977. Quality changes
wheat stored in concrete silos. U.S. Dep. Agric
. (nep. ) ens-uc-sg.

ArR.

of

-95-



96

FOSTER, G.H. 1967. Moisture changes during aeration of grain. Trans.
ASAE (Am. Soc. Agric. Eng.) I0:344-347, 351.

FRASER, B.M. 1979. Solar grain drying in Canada: a simulation study.
M.Sc. Thesis, University of Manitoba. Winnipeg, Man. 175 pp.

FRASER, B.M. and W.E. MUIR. 1980. Airflow requiremenLs predicted for
drying grain with ambient and solar-heated air in Canada. Trans. ASAE
(an. soc. Agric. Eng.) (ln press).

FRIESEN, O.H. and H.P. HAR¡'IS. 1980. Movement of natural air through
grain. Maniroba Department of Agriculture. Winnipeg, llan.

GRIFFITHS, H.J. 1967. Wet bulb control of grain aeration systems.
Commonwealth Scientific and Industrial Research Organization.
Division of Mechanical Engineering. Circular No. 2. l'le1bourne,
Australia.

HOLMAN, L.E. 1960. Aeration of grain in commercial storages. U.S. Dep.
Agric.Mktg. Res. (nep.) 178.

INGRAI"I, G.i{. 1979. SoIuLion of grain cooling and drying problems by the
method of characteristics in comparison with finite difference
solutions. J. Agric.Eng. Res., 24:219-232.

JOHNSON, H.K. 1957. Cooling stored grain by aeration. J. Agric. Eng.
Res. 38:238-46.

JOHNSON, P.D.A. 1979. Solar assisted low temperature corn drying in
southern Ontario. M.Sc. Thesis. University of Guelph, Guelph, Ont.
128 pp.

KILLY, C.F. 194I. Temperatures of wheat in experimental farm type
storages. U.S. Dep. Agric. Circ. 587.

KREYGER, J. 1972. Drying and storing grains, seeds and pulses in
temperate climates. Institute for Storage and Processing of
Agricultural Products, Wageningen, Holland.

MANCHUR, L. 1972. The effect of low temperatures on the viability of
barley. B.Sc. Thesis. University of Manitoba, üünnipeg, Man. 18 pp.

METZGER, J.F., P.D. TERRY and W.E. MUIR. 1980. Performance of several
axial-flow fans for grain bin ventilation. Paper No. 80-105. Can.
Soc. Agric. Eng. , Ottawa, OnE.

MOREY, R.V., H.A. CLOUD and W.W. NELSON. 1916. Simulation of solar
energy graín drying - l'linnesota contribution. U.S. DeP. Agric. Res.
Serv. (nep.). Agr. Eng. Dept. University of Minnesota, St. Paul, MN.

MOREY, R.V., H.A. CLOUD, R.J. GUSTAFSON and D.W. PETERSON. 1979.
Evaluation of the feasibility of solar energy grain drying. Trans.
ASAE (Am. Soc. Agric. Eng.) 22:409-417.



91

MUIR, l^J.E. 1970. Temperatures in grain bins. Can. Ag. Eng. , 12:2I-24.

MUIR, W.E. and S.VIRAVANICHAI. 1972. Specific heaL of wheat. J. Agric.
Eng. Res. , I7 :338-342.

MUIR, W.E. I973. Temperature and moisture in grain storage. Pages 49-70
in R.N. Sinha and W.E. Muir, eds. Grain storage: part of a system.
Avi P.tU li shing Co . , Westport , CT .

MUIR, W.E. 1980. Grain drying and storage in Canada. J. Agric.
Structures. Japan. ( fn press ) .

MUIR, W.E., B.M. FRASER and R.N. SINHA. 1980. Símularion model of rwo-
dimensional heat transfer in controlled-atnosphere grain bins.
Proceedings of International symposium on controlled-atmosphere
sLorage of grains. Elsevier Scientific Pub. Co. Amsterdam, Holland
( tn press) .

PIERCE, R.O. and T.L. THOMPSON. 1980. l"lanagement of solar and 1ow-
lemperature grain drying systems - Part II: layer drying and solution
to the overdrying problem. Trans. ASAE (An. Soc. Agric. Eng.)
23:1024-1027 ,1032.

PRASAD, D.C., W.E. MUIR and H.A.H. WALLACE. 1978. CharacËeristics of
freshly-harvested wheat and rapeseed. Trans. ASAE (An. Soc. Agric.
Eng. ) 212782-784.

PUTNAM, D.F. and R.G. PUTNAM. 1910. Canada: a regional analysis. J.M.
Dent and Sons, (Canada). Toronto, Ont.

SCOTT, D.W. and P.J. BARLOTT. I976. Simulation and comparison of
selected grain harvesting and drying systems in Alberta. Paper No.
76-103. Can. Soc. Agric. Eng., 0trawa, Ont.

SilOVE, C.G. 1962. Aerating farm-stored grain. Circular 849, Extension
service in Agriculture and Home Economics, College of Agriculture,
University of Illinois, Urbana, IL.

SINHA, R.N. 1973. Interrelations of physical, chemical and biological
variables in the deterioration of stored grains. Pages 15-41 in R.N.
Sinha and W.E. Muir, eds. Grain storage: partæf a system. Avi
Publishing Co., Westport, CT.

SPENCER, H.B. 1969. A mathematical sinulation of grain drying. J. Agric.
Eng. Res. , 14:226-235 .

SPENCER, H.B. 1972. A revised model of the wheat drying Process. J.
Agric. Eng. Res. , 17: i89-194.

STEELE, J.L., R.A. SAUL and I,l.V. HUKILL. 1969. Deterioration of shelled
corn as measured by carbon dioxide production. Trans. ASAE (Am. Soc.
Agric. Eng. ) 12:685-689 .



98

STROHMAN, R.D. and R.R. YOERGER. 1967. A new equilibrium moisture
content equation. Trans. ASAn (Am. Soc. Agric. Eng.) I0:.675-677.

SUTHERLAND, J.i,l., P.J. BANKS and H.J. GRIFFITT{S. I97I. Equilibrium heat
and moisture transfer in air flow through grain. J. Agric. Eng. Res.,
16:368-386.

THOMPSON, T.L. and R.M. PEART. 1968. Useful search techniques to save
research time. Trans. ASA¡ (An. Soc. Agric. Eng.) II:.46I-467.

TH0þ'1PSON, T.L. 1912. Temporary storage of high-rnoisture shelled corn
using continuous aerarion. Trans. ASAI (Am. Soc. Agric. Eng.)
15:333-337.

WATTERS, F.L. 1963. The cooling of heaËing grain by transfer during cold
weather. J. Econ. Entomol. 56:215-219 .

T¡IILHELI'I , L.R. 1976. Numerical calculation of psychrometric properties in
SI units. Trans. ASA¡ (Aro. Soc. Agric. Eng.) 19:318-321, 325.

W0N, T.K. 1977. The simulation of hourly global radiation from hourly
reported metereological parameters - Canadian prairie area. Paper
presented at 3rd annual meeting of the Solar Energy Society of
Canada. Edmonton, Alberta; 1977 06 22-24,

YACIIIK. G. 1973. Temperatures ín grain storage systems. Ph.D. Thesis-
University of Manitoba. Winnipeg, Man. 171 pp.

YACIUK, G., I^I.E. MUIR and R.N. SINHA. 1975. A simulaEion model ot
temperatures in stored grain. J. Agric. Eng. Res., 20:245-258.



Appendix A

FLOI,]CHART OF MAIN PROGRAM



100

Èl

.à

$
,!i
3r*

'.$'r
ì.ì

,ì-
,,14.

:s

'.$
ì::.t'
:.*

rÀi
lri

'
ê'

:'..&

..$,

.$
,$
,i.s,

:,$.

,.$
rll*.

:$:
jlr$.

$
.,:R

\"R1
Í"

FÁq 11ARi 9ft < Af¿ ¡ *r{ñ sld Sf
4

Pqr{ r{r1tA! 4,{
@rljd 3fÀr5 qær

(!É d PA,¡l)



(Yì o'rv! lrY-or-
úLrtk^w 3!viÐþ

TOT



ro2

l

t
| ^ia 1rt .o7 i
I r* ¡¡..¡,n I

8\,



FORTRAN STATEI"TENT

Appendix B

LISTING OF MAIN PROGRAM AND SUBROUTINES
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HAX IHUH=I O T
HAXIf.IUM=Io *

DELTA-T FOR THÊ CùNDr/CT ION HOOE (HOirRS) *
* tÙ ITIUSI BE A I'ULT I PLË OF ¡ f,ÊLT ¡ T *Ú +

DELTA-T FOR THE CONVECTIOIÍ IIODE (HOURS) *
INTEGER ¡IyDICATIT{G THE NUMBER OF GRAIN ANo BI N *
PROPERTY CAROS IHICH FOLLOT IN TNPUT DAIA GROUP TJ +

+

t +* t t * t *¡t tr )r8 * * t t *ù* at t 't t* tt:l r ù* * t t * t 1* t+ t+ t t ¡t ¡Ì at * ¡t ¡ +,3 j|+t t t t * t* * ¡¡ t Û ù t

READ( 9. t 2 ) TONNË .C I A{. Eí4. E H5. T R OOF. TPLEN r T I r TGHARV r I T I r X{ I r DRY.
ôY f,lO¡ STr VTErap o NL r NMr \N' I ùELT0r ¡ CELI f ¡ NPROP

l" FORHÂT( 4F5.2 e I I o I X.2F5.2 r 2F4. I r 6I 3)
rR I f E ( 6. t 3 ) T.¡NNË r DI Aû.{¡ ErlA o EMS ¡ T ROOF o TPLENT T I o TGHARV

T3 FORÀ1AT('-.¡'B¡N DATAO GRAIN INIIIAL CONDIT¡ONST ANO SIMULAT¡'JN ELE
ðHENTS ¿ TIME INTERVALS:'/
â. O. ¡ Tl l. rTONI{ES3. oF7¡2¡ T3l ..BlN DIA 2 t oF6.2o' M' rT5 I ¡ rEl{A!' rF5.2r
AT7l. rEHS:' rF5.2ef 9l ¡ tfFìOOF! tt rF5r?tt Ct ¡Tl I I ¡tfpLEN! f ' rFSr 2 ¡t C'
õ/. .oTllr.INITIAL GRAIN TEI4PERATURÉ:..F5.1.r DEGæC'.T51'
ô.OR IN¡TIAL GRAIN T=HPERATURE ABOVE AVERAGE PREYTOJS 24-H AMEIENT
ôaY: ' .Fó. l. ' Cr I

IF( tTI.EO.l)G(JïO l5
rR¡f E(6.14)l f ¡

l4 FOR|{AT(' '.Tllo'lTI!'rl4rt llAXIXUll tr fHE AAOVE TIO INITIAL GRAIN
ATEMPERATURES I5 USEOI)

GOtO r 7
I5 rrRI¡E(ó. IóI T TI
ló FOR|'l|AT(. r.fl¡..ITIi.¡l4rr INITIAL GRA¡N TEMPERATURE rTlr. ¡S USED

ðREGARDLESS ùF IHE 2Ô-H AVERA6E lDB' I
17 rRI TE ( ó. ¡ Al x HI e DRYr VHOI ST r VTEI{P ¡ NL r NH ¡ NN. lÐELf O ¡ I DELT I
lA FORT AT(. r.Tll¡tlNlTIAL XOISfURE CONTENT!.¡F5.lr. Ë IB.¡T5l¡

ôfoRY:.rFó.1.. x ag./
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

ô. .¡TI I¡.SUBRIJUTINE DRYSIH: ALLOfABLE I,ATITATI'JNS IHEN ALL COLUI4NS
ôsIMULATED AS ONE COLU{N. MOISTURE:r¡F5_to. I ANf, fEüp:.¡F5.1,. c./
ô. r rf l I ¡ oCON VECÍ I ON LAYERS: . ¡ I 3rT4l o TCBilDUCf ION LAYERS!' c I3¡T7l r

a' COLUHNS i' . I 3¡T9l r' I DELTO! t ¡I3r' H' ¡11 tl ¡ t IDELTI i' o I 3e I l"l' I

tt+t***tt*¡ltr¡g)¡*ra+*tt¡!¡l*lltl*¡ttû*ttttt¡È*++*t4+ttt+a*t)t*t***)ùtttatt**+
t IÀPI.,IT DATA GROUP T3
t INPUI ¡NPRCPI' CAROS FOR GRATN AND B¡N PROPERTIES:
t
t C(I¡: SPEC¡FIC I-IEAÍ IJIKG/DEG
t Ro( I ): oENs¡ÏY (Kcll{tt3l
t AK( ¡ ): THERMAT CONDUCTIVI fY (
t I¡DTH( I ): THICKNESS (METERS )

+ NPROP: I FOR THE GRA¡N
r c( I ) FoR Tl-{E 6RAIN
* LATER BY SUtsROUTINE
, 2 FOR THE BIN TALL
t 3 FOR THE B¡N FLOOR
t

*
I S C.ALCULATE) HORE ACC\TRATELY t

ñsPHTÉ f FIEN REQ!, IREO +
*

c)

YlìltlEG Ct

.*
t
*
'E
+

*
t

*
t

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

tt+t****tt¡l¡l+******ta*ùt+t+ttttttt't:¡t*tta:ß*tt:tt*tA*ttltAa+tt*'}+*t***t

DC 20 ¡=ITNPROP
RFAD(9.21, C( I lrRO( I l¡AK( I) oIIDTH(Il

?t FoRf{AT( 4F ¡2.5)
20 CONT¡NIJE

rr*ttù*tttt**û++,t:Batt¡;+ttt*t*t'Jt¡t*tttt*+tt++t+t*:3¡3tttt*l*t)ttttÙ*t*t+*
t TÑPUT OATA GRÚUP T4 *
+ FAN. HEATER ¿ POTER TNFORI{ATION: +

¡û
T AFR: SYSTEM AIR FLOT RATE (L/S/Ë{*T3I *
t EFF: FAN + MOTOR TOTAL EFFICIENCV *
T PTRCST: ELECTRTCAL PSWER COST (C/KT-HRI *
I GRCÙST: ÈIARKET VALJË OF THE GRA¡N (S/TOÑNE) *
* THEAÍR: O IF NO HEATER I5 USED I
t I IF SITPPLEMENTAL ELECTRIC4L HEAIING 15 USED *
t (HEAT IS NOT ADr)EO DURINõ INTEAilITTENT lIliTER +

* VENTILATI ON¡ JT

* TSUPÐL: AMOUNT OF STJPpLEI{ENIAL HE^T ADDED TO AIR (DÊG C) +

* (USEù O'¡LV .lf H ¡HEATR=¡ ) *
tr
tt¡i**r***+**t****+*t*f*¡]tl*';1¡ttùùa:ttùttttù+tt+ttt)¡*t*lttt,}lltt+*t¡tt¡tt

R EAO ( 9. 25 ) AFR. EFF.Pf RCSf r GRCOST ¡ IHEAIRTTSUPPL
25 FORMAT(F5.1 ¡ F5.2.2F5¡l o l2.F5.l ¡

CALL FANSUB( JIAM.TONNE. AFR.EFFT XLPS¡SP¡ÐEPTHTPIR¡DT )
Hf Pl'l=TSUpÐL t l. 004* l. 2+XLPS,/l 00O.
¡ F¡ t f E ( ó. 2ó ¡ A FR. EFF. P ¡ R r DT r DEPT Fl ¡ XLPS ¡ SPr 6RCOST o eIRCST

?6 FORHAT(.-...FAtlr HEATER E PúlrE¡t INFORI,I^TION:'/
a t o . . I I I . . A F R ! . r F 5 . I t I L/ S / X¡¡ t 3 I . ¡ 3 I ¡ . EFF I C I E NC Y i ' ¡ F 5 . 2 ¡ T 5 I r
¡.FAN FtO*ER:. ¡F6o?o. Kar.TZlr.TÈt{p R¡SE:r¡F5r lr.t,..f9l.
â'GRAIN DEoTHZt oF6.2¡t At /
.. .rTllr.FAN AIRFLOJ RATE:.¡F8olr. L/St¡f5l¡.STATIC PRESSiJR=l.e
âF7.¡rr PASCALS./
a. ..Tll.tGRAtN VALUES StoFó¡2¡t/r trT5l¡eFO|ÊR COST:'¡F5.1 ¡
ar c/Kr-HR. )

rF( lHEATfr.EO. I ¡ GOfO 27
TFIITE(6,IO27 I ¡HEATR

lO27 FORHAT(''.TllorIHEATRit¡I3r' NO I-IEATER')
GOTO 2a

2? TR¡IE(ó. IO2A) IHEATR.TSUPPL.HTPfR
I02B FORHAT(' '¡TIIO'IHEATR!'¡I3.. ITEATER OPERATION EXCEPT FOR INTERqIT

STENf AERATION. SUPPLEHENTAL HEAT:'¡F5.1¡' Cro6X¡'l'IEATER PO¡ER:' I
aF6.2.. Kr. ¡

$

$

.,1



r0B

rù

+
t

¿ ...,r.. I

i . ::.'r-

ì.. .:
:? ,:. .:{ ... ,

3..ì ..
't
lli

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

t
t
t
*
t
t
t
ù
t
t
t
*
t
t
t
t
t
t
t
J
t
t
t
tj
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I
t
I
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t
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t
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t
t

*
t
*
t
t
+
*
*
'*

t
*
*
*
t
t
t
t
+
*
t
t
*
¡ß

t
t
t

tt¡l*+*t*+tttt**+***t**ttt*at*t*û**¡üt*¡l*ttta)ìttft*t:lttt****tl*¡¡tt*S'lû*
¡E I ÑPUT OATA GROUP 

'5. SYSTEI{ I{ANAGE¡IENT INFTJR¡.AI ION:

¡ oP:

I OBJ:

FAN OPERAT¡ T¡N CONTROL I{ETI-IOD: *
I I'ÄNUAL C{JNÍ ROL LT I'I¡TEO AY STOP AN) START DATES *
2 HUI{¡ùI5TAT CONTROL I¡TH RH.LE.RHÀ{AX *
3 THER¡IOSTAT CONIROL rITH¡;{ TDB{IN ANù TDB|,IAX *
4 irtFFE|ìENÌlAL fHËR¡aOSTAT CONTRT]L: TDB ú¡NUS TEr'|" OF *

IOP LAYER MUST AE LESS THAN TD¡FF\4 *
I.E. ÍO3 I{UST 8E COOLER THAN THE TOP GRA¡N LAYER +

5 HUHI)I5TAT ANO THERl1OSTAT CONTÈOL: RH.LE.R¡IMAX +

ANO TÐ8 f¡fHIN TDAHIN AND TDTJMAX *
6 HUITIOTSÏAT AND DIFFERENTÍAL THERHCSTAT CdNTROL: T

RH.LT.RIi{AX AND TDI] X¡NUS ÍEI¡IP OF TOP LAYEÀ ¡I\,,5T T
BE LESS IHAN TDIFFÍ *

7 TIÈIE CLOCK CONTROL OPERAIION SETIEEN AM AN) PM *
I IHES ( ¡.E. DAYT II{Ê OPERAT TON) *

B TTI.E CLOCK CONTROL OPERATION BEIIEEN P}I ANO Ar.I ¡¡

ï¡r{85 (I.E. NlGHTtraE OPERAÍ ION) r
9 NO VENÍILATION - CONTINUùUS CONJUCT¡O;{ OhlLy +

ùBJECTM OF SÏûRAGE REGARDING HO¡STUttE CUrlfENTS: ':
O FAN OÞERATTON REGARDLESS OF 6RATN HO¡STJRE CONTÈNT Û

( I.E. ¡F PROGRAH I5 SIMULATINü AEiìAT¡ON?) *
I FAN OPERAITON LIHTTED BY THE GRAIN HCISTURË CO\TENT*

I
I

i

¡
1

t:
SEE 'TITOPT

O CIJNTRJL BY AVERAGE HOISÌURE CUNTENT OF
¡ CONTROL BY AVERAGE I¡II,¡I STIJRê CONf EÀ¡f OF

LAYER
O STMIJLAT¡ON UNTIL SPO¡LAGE OCCURS IN ALL

+

THE GRA IN *
THE TOP +

+

CDLUHNS t +

MT OP:

ONEYR:

JHARVO:
JSTDT I:
JSPDf I:
JSfDI 2:
I S|),ING:

OR FOR I-YEAR FROI{ THE A¡N FTLL DATE
I SII{JLATION FOR I-YEAR FRÙH THE B¡N FILL DATÈ

REGARDLESS OF THE Sr>OILAGE
HARV-5f OATE (MOOAHR)
FALL SYSTEM STARI DATE {H{JOAHR)
I¡NTER SYSTE{ SfOP DATE (T{ODAHR¡
SPRING SYSTEH SÏARÏ DATE (ilO)AHR)
O FOR C9HYIENCEMENT OF VENTILATTON

sPR¡NG SfART DATÈ

OF
SYS

¡N
HARV EST
YE AR

FdLLOII NG YEAI
TE¡{ AI Ï rIE

IAH:
I PM:
RHIIAX:

I FOR A STATIJS REPORT ONLY AT THE 5ÐR¡NG START DATË, *
CONTIYUING ¡ITH ÍHE I¡NTER SCHEOULE FOR INTER'.II T- *
rEi{T VENT TLATION

2 FOR A STATUS REPORT ONLY AT THE SPRING STARÍ DATE t
CONT¡ NUI NG ¡l ¡IH NO VENT ¡LAf ION IHTìOUGH f HE 5i,,Þ'ìIER 

'Ê
rO THE ENO OF THE YEAR

AM T¡ II5 CLOCK SETT ¡ NG ( HOUR ¡
PH T¡gE CLOCK SETTING (I-IOUR'
{AXII.UH RELATIVE HI,HIDITY IZt

I rr ¡Arr ALTAYS LESS
I fx¡'r ¡px r*

TDBHAX: l.AX IHÙ¡I AMA¡ENT TE^IPERATURE I OEG C }*
(T,SED IN INTERl{ITTENÏ VENTILAT¡ÙN ALS{J)

TDAHIN: LINIttut{ AtaBIENI TEr¡TPERATURE (DEù C)
(U5EO IN TNTERHITÏENT VENIILATION ALSO¡

IOIFFM: DTFFERENTIAL THERdOSTAT SEfTING (DEG C)
INPER: ¡{AX¡I{L'I{ PEÈIOC IITHgUT YENTILATION (DAY5)

(UNLÊ5S TOA.LT.ToBTIN,
INAIiìl: INTERMIÍIENT AERATION ltME INTERVAL (l-l0rrRS)

(SHOJLD BE A HULTTPLE OF IDELTO¡
PERI{AX: r,lAX¡MUH ALLOTABLE DRV LATTER DÊCùl{PtISITION (X)
PER¡: ALLO¡ABLE sTORAGE T¡XE ALRE^OY USED UP ON ¡HE BIN

F¡LL OAIE

t'l,t+tt*t¡ltttttt¡¡tt*ttl}t**lttt*'lttl¡ltttltt**a'}tttlataltttt**ltlat*tt¡¡¡l
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?a READ( 9.29 ) IOP. IOBJr {TOP.ONEYRT JHARVD¡ JSIOT¡ C J5PùT I O J5TDT2 I I 5PRN6 r
ô I al¡. ¡pH' RHMAX ¡ToBxAX' TDBII ¡N' TotFF¡4 ¡ INPER r I NA IR T. PER,4AX .PE;t¡

FORMAT( 412.4 17. 12¡2I3¡4F5. L o2l 4 o?F 4.2)
!R¡TE( 6.30¡
FOR¡AT( '-' I'SYSTEH I{ANAGEMENT INFORI{ATIT.¡N:' )
GOTO( 3r. 32.33.34. 35o Jó.37o38¡39) c IOÞ

3l rRITE(6,t03ll¡oP
l03l FORr'lAT(tOt¡Tll¡'lOP!'¡Iôr' CONTINUOUS UPERAII'ON LIH¡TED BY STARI

aND STOp DATES. 
'GOTO 40

32 tFIITE(ó.
I 032 FORUAT( .

GCTO 40
33 rFIfF(ó.

l03¡ FO¡IMAT (.
ôEIlAXt )

GOTO 40
34 fRItE(6.

lo34 FORr{AT(.
âNUS TEHP

GOTO 40

fIHE CLOCK CONÍRùL: OPE{AfIüN SETJEEN O

I IIIE VENÏ I LAT I ON . )

29

30

ì
ì
$
I
$

ì
ì

$

lo32t¡LlP
O ' . f ¡ ¡ r ' I OP : ' t I 4 . I

toJ3¡ ¡(JP
O. . T I I ¡ . I OP ! . ¡ I ¡l r .

¡ o34 I IOP
0, . T I I . . I OP i . ¡ 14 r .
OF TOP LAYER HI,,SÍ

HUM¡DISTAI CONIROL fI fH RH.LE.RHMAX' )

ÏHE;II'OSIAT CONTROL r¡ THI N TDB{ IN ANJ

DIFFERENTIAL THERI,IJSTAT CÙNTRUL: TOB
BE .LT.TDIFFM' )

f)

MI

3s TRITEf ó. t0351IclP
t035 FORMAT('O'.fll.'IOplt¡I4r' HtJll¡SISTAT Ê THERMOSTAT CONTRuL: Rrt.LE

A.RHMAX .ANÙ. TOB TTTHiN TDAgIN AND TJBT¡IAXI I
60Tl] 40

36 IRITF(ó¡ IOJóI TOP
l036 FORTaATI'O'rTll.'IOl!'r[4¡'HUÈ{IDtSTAT ¿, DIFFERENTIAL THEr¡iOSIAT CO

âNTROL: RH.LT. RHilAX Ar{D TDB T{INIJS TEMP OF TOP LAYER .LT.TDIFF\.t' )
GOTO 40

37 ¡RIft-(6r ro37) ¡oP
lOfT FORHAI{.O.rfllr.IOrirrI4.. fIltE CLOCK CONTRùL: OpERAT¡ON dEftE¡N A

AM ¿ PM TI MES. ¡.E. OAYTI I1E VENr ¡LAr ION' )
GOTO 40

3R tÍttTE{ór lo38)¡oP
lo3a FoRMAT(.0..T1 lor lopi¡ r I4r.

ôM ¿ AM T¡I{ES. I.E. NTGHÍT
GOTO 40

39 tRIfE(6. I O39 ) ¡OP
¡039 FORMAT(.0..flt..lOP:.¡I4o. NO VENTILATION - CO¡il¡NJJUS CO.{OUCT¡./ri

ASIHULAT¡ON' )

40 IF( ¡OBJ.EO.l )GOTO 41
tRIfE(6.1040)¡oBJ

l(}40 FORilAT(' '.Tll'.IOBJ!r ¡13" FAN OPERAT¡ON REGARDLESS OF GRATN M(J¡S
ôfURE CONTENT ' I

GGTO 50
4t fRITE(6r rO4r I IOAJ

l04l FCRMAT(' ..fll.¡¡OBJ:.¡I3r. FAN OPERATIUN LIMI
ôE CONTENT - SEE VALUE OF iHIOPdr)

5O IF(MTOP.EO.t IGOT(J 5¡
tR¡lE(ó. I 050 )MTOP

TED AY GRAIi'¡ à,IÚI5TU.I

¡O5O FORMAT(' '.Tll¡'¡{TOP!'¡l3or CONTROL BY IIOISTURE CONTENT OF THÊ rHO
ôLF GfìAIN BdL(I 

'GCÍO 52
5¡ rRITE( ó. t O5¡ ¡MTOP

l05l FORHAT( t r.fl l.'¡lTOo!'of3rt CONTROL BY l{¿tSTURE CONTENT ùF TrtE TOP
Ô LAYER OF TFIÉ GRA IN BULK' ¡

52 ¡FIONEYR.EO.tIGOTO 53
lrRtfE(ó. ¡o5?)oNEYR

lO52 FORMAf(' ' .T I I ¡'ONEYR! ' .l2t ' SI HULATION UNI tL 5PO¡LAGE OCCURS IN A
ôLL COLUHNST OR FOR I-YEAR FROI{ TIIE B¡N F¡LL OATE' )

GOÍO 54
53 tRIrE(ó. lO53 ¡ONEYR

lO53 FORHAT(r r¡Tllr'ONEYR!ttl2t'SITaULATION FOR ONE VEAR FRO¡{ IHE ts¡N
AFILL DATE. REGARDLESS OF SPO¡LAGE'¡
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54 fRIIE(6.55)JHARVD.JSTDTIT JSPDTI ¡JSIOT2
55 FoRl{AT( t t.T llotBIN FILL oATEt.clTrT4rr.sysrEr,r srARf DAfÈ.ir¡

ô¡7.f71¡rFA:L SfOP DATE:¡cI?¡TlOlcrSPRlNG STARf DATEI.cIZ)
TF( ISPRNG.GT.O)GOrO 58
IRITE(6.57I T SPRNG

57 FORMAT(. ,rflle.fSPRNG:.tlZ,c FALL VENTILATION SCHEDULE gtrGtj{S AjA
ôIÑ ON THE SPR¡NG START DATE'}

GOTO 65
5A IF( ¡SPRNG.EO.2¡GOTO óO

rRIÏE(ó.59}ISPRNG
59 FOR¡{AT(. .oTllo.ISPRNG:.oI2r. STATuS REpURI ONLY ISSuED AT soRING

ESÏÂRf DATE: INT VENTTLATIfJN CONTINUES AS THROJGH THE T ¡I{TEI{' )
GOTO 65

60 IFITE{6.ó¡ )ISPRNG
ól FORMAT(r r¡Tll.'tSPRNGitol2t'SIATUS REPORf ISSJEC AT SPil¡NG SIAt{I

ô oaTE. sIr'lJLATroN coNTINUÊ5 r¡rH No VENT¡LATIoN To END oF yEARr)
ó5 rRrrE(6. óó ¡RHxax r TDar{AX ¡TDBHIN ¡ TD IFFHo ¡Ar{, IpH, ¡r{pER r rNA Irl f . piÈr,tA x,

ôPER I
66 FORMAf(. t rTl I ¡ TRHHAX! | oF5.l. r x. ¡T3l T.TDBMAX! .rF5. I r. Cr ¡l5l r

ô' ÌDRL¡N:' .F5.1.' ct r T7l'. To¡FFMir rFS. l ¡. cr rlgr r rA¡,r rr M; i . ¡r J¡
ô' H'oTlllo.P¡l TIHÉ!.¡I3¡. H./
Ò''.Tll.'MAx PERIoD flrHour vENTILAT¡oN:..r4¡. )Ays.rTr¡l¡
a. INTERMtIfENT VENTILATION pERIOOl.rI4r. HUUrtS./
A' t.Tll. 'LAx ALLOTAALE DFtY llATlER DECOTTPCSITION:. rF5.2o' X.rTr¡l rô'ALLOTABLE STORAGE fIftE ALREADY USEO Up ùN B¡N FILL DATEz..Fj'.Z/
a.l.)

I ñPER=INPER*24
PrRCSï=pr;aCST/¡ OO.
DELR=DIAH/f NN*2. I
DELZ=DEP THlNI,I
E=DELR t * 2,/ )ELZ*tz
¡ H=NM+ I
I Ñ=NN+ I
D¡f I= I OO .*Xt{I / I I 00. -xM¡ ¡
C ( I )=lOOO. 15PHT (T I.DtlI I
CALL CALC
HC?= | .
E¡T=HCAtDELR/AK( I )
B8=HC2*DELR/ AKt4lZ,
raULT=¡DELTO/ I OELT I
DO 7O KY=¡.NYEARS

DO 70 I=l ¡ l2
HEAf(Ky.tl=O.
FAN( Ky. I l=O.

7O CONTIN\rE

DO 7OO KY=ITNYEARS

SET TNTT¡AL CONOITTONS FOR EACII HARVESI YEAR:
I hARVD=JHARVO + ¡ ¡FIR5T+( KY-¡ ) ¡IIOOOOOO
lsrDT¡=JSTDTI + ( TFIRST+(Ky-ll )¡¡¡oooooo
¡SPDT¡:JSPJT¡ + ( IFIRSf+(Ky-f ) ¡r¡OOOOOO
¡STDT2=J5TJT2 + ( TF¡RST+KY,tIoooooo

75 REÁD( I 4.80.END=Zl Ot t DAT
AO FOFIHAT(I8¡

IF( TDAI.LT. IHARVDIGOTO 75
tF( IDAI.EJ.I t-lA'rVù )G(JTO 9O
DO 8ó I=l¡24

BACKSPACE I4
C ONT I NUE
GClo 75
DC 9l l=l ¡25

AACKSPACE I4
90
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9I CONTTNUE
SUM( I )=o.

C INITIAL GRAIN TEMPS BASED ON AVERAGE AHATENT TEilPS SEE PRASAD'S T¡IiSIS
DO 95 l=1.24

READ( ¡4.92'TD3
9? FORr.tAf (8XrF4.l I

SUM(ll=SUH(t)+TOts
95 CCNT TNUE

THÂRV=SUÉ( I''24. + TGHARV
lF(THARv.LT.TI .Oi¿. ¡fI .EA. tlTHARV=Tt

C TN¡TIAL GRATN IE¡.PERATURES To coNDucTToN NoJES:
OO lO0 M=l¡IM

. DO fOO N=I¡IN
T ( lt. r{ ¡ =THA,l v

I OO CONf I NUE
c
c
c

¡ÀITIAL GRA¡N TEúPERATURES,
STORAGE TII{ES TO CONVECTION
OO ¡lO L=l¡NL

DO rlO N=l.IN
G(L.N)=THARV
xMO( Lr ¡yl=X{¡
Dl(LoNl=DMI
PER(L.Nl=PÉRl

XûISTURE CONTENÌ5 ANO ALLOTAJLe
NODE S:

¡¡O CONT¡NÚE
DO tfl N=t.IN

PERDiI(N¡=0.
AVCOLIl( N¡ =XMI
AVCOLT( N) =THARV

I I I CCNTINUE
HOUR S=0.
A VÏTOP=l HARV
AVMT.JP=XMI
A VGH=X M I
A vGf=THARV
DO l20 t=1.10

IpR¡Nf(I¡=O
I2O CONT I NUE

OO l30 J=¡.8
XDAyS(Kyr J ¡=O.
AMO¡ST(Ky.Jr=0.
AIIOJIF( KY. Jr=0.
ATEttp ( Ky. J l=0 .
EPI(JNN(KyoJl=0.
ODCPT(Ky¡Jl=O¡
SPHASS(KY.JI=0.
AVGPER( Ky. Jl=0.
OPCOSI(KY.J¡=0.

I3O CONTINUE
c
C BFGTN 5IT'\,'LATION FOR EACH HARVEST YEAR:

READ( ¡4. t40¡ ( ¡DAÍE( I l. I=¡.4)
I4O FORMAT(4I2)

I DATE( 5 ¡ =¡ DATE{ I ) rl OO0OOO+ IOAtÊ( 2) r I OOùO+
BACKSPACE I4
gOOE=O

CALL PR¡ NT(9O.O )
I NTERV=O
¡NAIR=O

215 IOAPL=IDATE(5)+IDELTO
IF( ¡O^PL.LT. ISTDT ¡ IGOÌO 2I9
IF(IPR¡NTf 

') 
.GT.O'GOIO 2Ió

IPRINTI4¡=4O
CALL P6IINT( ¡ PRTNT(4),OI

_]@

¡DAfE( 3¡tl o0+IDAtE( 4 ¡
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216 IF( IDAPL.LT. ¡SPDfttcO¡O 219
IF( TPRINt( 5¡ .Gr"OrGOTO 2lZ
¡PRINT(S¡=5O
CALL PRINT{ IPFIINT(5) ¡O)

217 IF( TDAPL.LT. ISTDT?IGOTO 2I9
¡F( IPRINT(óI.GT.O)GOTO 2r9
IPR¡Nf(ó¡=60
CALL PRINT( IPR¡NT(6¡ .O)

2lc IF( I(lP.Eo.9) GOr(] 40O
IF( IDAPL.GE. ISTDT2 .AND. TSPRNG.EO.2)GOTO 4OO
IF( TNIERV.GE. INPER¡ GOTO 23O
IF{ ¡OBJ.EO.O)GOrO 222
I Ff ( AVGÈ..LE.DRY.AND. LTOP. EO.O, .OR. ( AvxTOP.LE.DRY.ANf,.Ì.tf Op.E0. I ) ¡ô GOTO 400

222 ¡F(IIDAPL.GE.¡STDTI oANDo tOApL.LT.ISPDI¡ 
' 

.oR.
A ¡IOAPL.GE.¡SIDT2 .AND. TSPRNG.EQ.O¡ ¡GOTO 225

GOT() 400
225 I CONV=O

OO 226 ¡=1.6
SUH( I ¡=O.

226 CONT INUE
GAÍO 240

23O ¡F( ¡NAIR.GE.INAIRT.lGOrO 4OO
GOTO 225

2+O DO -19O I=lot{t-{_T
CALL READ( IDATE¡ TD3 O TDP ¡RH¡ T I ND.COTPEAR ¡ I DELT t TE7 IO¡IF( ¡NTERV.GE.INPER¡ GUfO ?7O
GOf O( 30 O. 252 t ?53 t 254 r 25 5¡ 25 6 ¡ 257 t ZSB ì ¡ I OÞ
IF( RII.LE. RHMAX IGOTO 30O
GOTO 290
IF(TDB.LT.TDBMAX .ANO. TOB.GT.TDBI,I¡N)GOTO 30O
GOTO 290
IO I FF=T Ðt¡-AVTTOo
IF( Tù ¡FF.LE.TDTFFI{¡ GOTO 30O
GOTIJ 290
I F ( RH.LE. RHr{AX. AND. f TDa.Lf . TDBMAx. AND. TDB. GT. TDBil tN t, coro Jûo
GOTO 290
T D I FF= TDi]-A vT T OP
¡F(RH.LE.RHI¡IAX .ANO. foIFF.LT.Io¡FFM)GoTo 3oo
GOfO 290
IF( TO^TE(¡T,.GE.IAH .AND. ¡oATE(4,.LT.IPM¡GoTo 3oo
GOIO 290
TF( TDATE( 4¡.GE.TAIt .ANO. IDATE(4t.LT.¡PI{)GOTí,¡ 29O
GOTO 300
IF(TOB.GT.TD8¡{IN .AND. TDA.LT.TDAÍAX)GOTO 3OO
IF( tCONv. Gr.olGoro 390
SUH( t ¡=SUM( I ¡+¡DB
sur{(21=srJr{(2r+ToP
SUH( J ¡=SUH(3)+RH .€SUtl(4)=SUil(4¡+rIND
SUH( 5¡=SUl.t(5t+CO
SUM(6¡=S!rM(ór+PBAR
DO 295 J=l15

IDAf l.Jl=IDATE(Jt
CONT I NUE
GOTO 390
I CONV= I CONy+ t
IF( HODE.EO. I IGOTO 32O
|¡IODE= I
CALL CI-IANGE( T¡GrNt{¡NLr INTTOBT I I
DO 315 N=lrlN

SULM=O.
5Ut{T=O .
DO 314 L=l.NL

252

253

?54

25s

256

25?

25A

270
290

295

300
3lo
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3t4

315
32()

SUMiq=SUNH+XHO(L¡Nl
SUMT=SUilT+G(LcN)

CONTINUE
AVCOLM( Nt=sUMH/NL
AVCOLT( N)=SUI{I/NL

CONT I NUE
TF{ INTERV.GE.INPER' GgÏO 32I
IF( THEATR.EO.O)G]TO 322
HEAf( KY. I DATE( 2) t=HEAT ( KY. I OATE( 2 ) ,+l OELÍ ¡
TDBI N=TOÊ}+DT+TSUPPL
GOfO 330
INAIR=INA¡FI+IDELTI
TDBIN=TùB+DT
R= lo0 o. r( l.- f Av3{/l o o. r r r( AF R+ I. 33+3óOO. Ù IDELr lt NLt I . 2/ lo oo.,
CALL DRYS ltal TùBI N ¡T DP¡ G¡ XHO ¡ D,{r AVHTOP ¡ AVT fOP¡ AVCOLH oA VCOLT I

AVGI{¡ AVGT )

FAN(KY. IOATE ( 2l l=FAN( KV. IDATE( 2) )+IDELTI
HoURS=H(Jr/RS+ I DELT I
CALL DECOMP( Tr 6r XHOr PER.PERD¡arLt¡lAX¡

321
322
330

39O C6NT T NUE
rF( ICONY.EO. O)GOTO 401
J=I¡IULT-I C0NV
¡F(J.LE.O}GOTO 5JO
DO 394 l=l¡J

CALL DECO{P( Tr Gr Xl{O¡ PER oPERDH¡LMAXI
HOURS=HOJRS+IDELT I

39A CCNT I NUE

GOTO 500
4OJ CALL READ( IùATE'TOB¡TDp¡RH¡If NDTCOTPBART IDELTO.tTIO¡

GOrn 4¡O
ÔOI TDB=SUI{( I )/MÚLT

TDP=SU¡{( 2t/IAULT
RH=SUM( 3'/}I\)LT
I IND=SUt{{ 4l / úULf
CC=SUM( 5t/t{tJLf
PeAR=5U|(6¡lMULT
J=ríúLl/2 + L

DG 4O2 I=l ¡5
¡OATE( I )=IDA(J.l I

40? CONT ¡NUE
410 IF(HODE.EO.O¡GOTO 4t5

l,lODE=0
CALL CHANGÉ( T oGoNXrNLr I N¡TDB¡ Ol

4¡5 TF(INAIR.Lf. INA¡RTISOTi] 42O
I tiA I R=O
I NTERV=O

42O ¡ i\TERY=l Nf ERv+IOeLTO
CALL TOOOEE( T. AVGT' AVTTOP. AYGM¡
HOU6IS=HOUR5+ IDELÍO .*
CALL DECOI{P( TTGTXXO¡ PER¡PERDM¡ LHAX )

50O NSPO¡L=O
D0 5¡O N=lrlN

TF(PERDM( N).Lf .PERIIAX¡ GOTO 5I O

NSPOIL=NSPOIL+I
5IO CONT¡NUE

IF( NSPOIL.LE.¡PRINT ( T I I GOTO 52O
TFI IPRINT(TI .GT.OIGOTO 5T5
K SPO IL=NSPOT L
GOIO 5tó
X SPO I L=O
IPRINT( I l=NSPOIL
¡F(NSPOIL. GE. IN'GOTO 52O
CALL PRINI( IPR¡NT( I I eKSPOIL)
¡F( AVGÈ..GT.DRY)60TO 530

5ls
516

520



LT4

IF( IPRINT(2) .GT.O¡GOTO 52I
I PRI NT( 2l=2O
CALL PRINT( IPRINT(21 ¡O)

521 IF{ AVI{TOP. GT.DRY¡ GCITO 53O
IF( IPRINT(3) .GI.O¡GùTO 530
IPR¡NT(3)=3O
CALL PRINT( ¡PRINT'3¡ 'O}

53O lF(NSPO¡L.LT.IN oOR. JPRINT(7).EA.7O¡6OTO 550
IPRtNT(71=7O
CALL PRTNf( IPRINT(7) 'KSPOIL)
¡F(ONEYR.NE. T'GOTO 5óO

s50 IF( IDArE(5).Lr.(IHARVD+1000000¡ IGOTO 2t5
CALL PRINI(aO.O¡

560 CONÍ I NUE
7OO CONT ¡NUE

GOTO aOO
7IO CALL PRINT(TOO.O)
AOO CALL PF¿¡NT(2OO'O¡
IOOO C6NTINUE

S TOP
EÀD

C*tt+t:tt**¡3¡;:i*ttt¡tt::+f+t¡¡ù**t3++tt*tt*t*tÙ*ttt*ta**tt¡tt¡i*t+****+tlß+tt+*+
c

SUBROUÌ I NE READ ( I DATE ¡ TDB ¡ TDP ¡ R H. II ù,.D¡ CO ¡ PtsAR ¡

ô IDËLT.* ¡
DIMENSIoN IYR(24) o{c(2Ôl ¡ IDA( 21t tlHRl?4) 'S\jH(6) r IDATE( 5)
IF( TDELT.EO. I ¡GOTO I IO
OO rOO I=lr6

SUM( I )=0.
I OO CONT I NJE
l¡O OO 2O0 I=ITIOELT

READ( t4¡ I OoEND=3OO) M( I l.MO( I ¡.IDA( I I.IHR( ¡) rTDJ ¡TDPTRH¡ rlNJ¡
a CO¡PBAR

lo FoRMAÌa412.?F4.lr4X.2F3.OcF2.loF5.2l
IF(TÐP.LE.TDB .^\¡D. RI-t.LE.¡OO. .AND. RH.6T.O.IGOTC 2IO

2to

TOP=TDB-3.
Fl H=€lO .
IF( IÙELT.EO.I IGOTO 22O
SUM( r ¡=5UM( I )+ÏDB
5UM( 2 )=Súr,t(2 )+TDP
SUr{(3)=SU,ú(3)+¡lH
suH( 4l=sr,¡il( 4,+t¡ND
SUM(51=5JMf5r+CO
s'UH{ó)=5Urrl(ó¡+PAAR

2OO CONT INÚE
TDB=SUM( r ¡/IDELT
TDP=SUM( 2l /lÙELT
R H=SUM( 3 ¡/ ¡ DELT
rIND=SIJ¡i(4IlIDELT
CO=SUM( 5 )/¡ÐELr -€
PBAri=SUÀl( ó l/ ¡ÐELf

2?O ¡ h=¡ DELT/z + I
IDATE(¡¡=IYR(IN¡
¡OATE(Z¡=rao( IN)
TDATE(3¡=IDA( TN¡
IOAÍEf4l=IHR( IN,
I DATE( s¡ =I OATE( t ¡ r I OOOOO0+ I DATÉ,( 2) t tOOO0+ IDArE( 3 ) tl 00+ IoATE( 4 )

R FÌURN
30O CONT INUE

RE TURN I
E ttD

Ct*+t**ttttttt'¡3tttt¡tt*t*ttt*3tl}tt¡¡tta:l*tt$ttt+*t**tttttttttÛ¡¡tt*¡lltt+l*Ù
c

SUBRr¡UTI NE f OOOEE(f ¡ ÂVGf r AVTTOP.AVGTI)
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COI¡XON, CAL,C.RO.AK¡AKX otIDTI'IrUrOELRrDELZoOl AM
COÈIHON/f{ADl I DATE. H¡ T b o1 DB o EI{A r Er.S o CO¡ OR r f DP ¡

ô PAAR.XLAf .XLONG.XLONGS
COMIION / I OEE/ ll{ c f N¡ E c I I ND. NLo NHc NN¡ BBc BT o TROOF ¡ TPLEN
COIIMON /AREAI/R¡ IDELTOT ¡DELTI ¡I{ULT TMODETVHOI ST'VTEHP
D¡MENSION T{ I I o ll toXraO( t ¡. t trrrP( I ¡ ¡ I I I rC(51 ¡RO( 5lc AK( 5), AKM( 5¡

ar tDTHf 5l.u( t ol. IoATE( 5'
C( I )=l OOO.*5PHT(AYGf e ( ¡ OO. *AVGf,l/( tOO.-AVGr1 ) ) ¡
CALL CALC
TT=TDB+TROOF
T B=ÏOB+ TPLEN
HC l=.0239+ ( r I ND/3.ótO I Ata/ I . 4E-5 ¡ t*. AO5t. 025lDI AM
HC2= I .
8r=HC2*DELR/ AK( ¡ ¡
8B=HC2*ÐELR/ AK)4121
Bl=HCttOELR/AKr,l( I ¡
ft=O.
DO 22O I=l'IM

T¡=Tr+T( I.IN)
2?O CONr ¡ NUE

T.=Í1/Itl
CALL RAÐN
oRp=8.rNN*JELRTOR/( ( 4.rNN- l.l*rJ( 2¡ ¡

c
C TEIlPERATURE Af BLJTTOH CENTRE:

TP( r.r r=2.tBB*OELR/f U(¡ltDELZ)*TË + 2.r¿7U1t r*T( 2rt) +
ô 4./u(3lrT(l¡21 + (1.-2.1(E+2.r/v{3r-2.+E}8*DELR/
e (u(3)*oELztf*T(l.l¡

c
C TEI,IPERATURE AT TOP CENÎRE:

TF)l¡,{.1¡=2.*BTTDELR,T(Uf llaDELZ)+TT + 2..8/V( t)tf (N^1 ¡l) +
a 4.tu(tl rT( IM¡?l + ( l.-2.r(E+2.r/u( I )-2.+BT*f,ELR/
ô lu(t¡roELz¡¡*t(tu.l¡

c
c TEIlPEFATURE AT BOTTOM TALL:

Tp( t . tN )=A.*¡iNrBt/( J( 2¡
õ 2.*BB*DELR/(U(
ô (a.tNN-4.¡/(U(
õ z.rE/v(?tlr 12.
ô (u(2)r(4.*NN-¡
a 2.t¿¡v12¡)rrfl

*(4.+NN-l.lfrfDB +
3) tÐELZ ¡ *1El +
2l*( 4.rNN-t. ¡ tùT( I ¡NN ) +
IN) + ( r.-( 8.*NN*Br+( A.+Nr'¡-4. ) )/
. ¡ l-2.r8BrDELR/( U( 3r*JELZ l-
.IN¡ + ORP

TEXPERATURE AI TOP OF IHE tALL:
TP( l¡r¡lN¡=8.tNN*Brl{ U( 2¡t( 4.rNr+-l.l l+TDB +

a 2. r ETTDELR,/ ( U( I I TOELZ I +TT +
ô (a.tNN-4.r/lUl2l¡r(4.tNN-1.¡)*T(IHoNN) +
a 2.+e/úa2)*T(N{rINl + lr.-(8.rNNrBr+(A.rNN-4.¡)l
ô (u(2¡r(4035¿¡-r.)¡-2.*BTTDELR/(U( l)TJELZ)-
. z.rE/Vl 2¡ lrT( ¡H, tN) + ORP

':@

DO 3lO J=2.NN
N=J- I
JP=J+ I
J¡4=J- I

c
C IEIIPEFATURE OF THE BOTTOH LAYER:

TP( l¡ Jl=2.¡}E|8*DELR,/( U(3)fDELZ)tTB +
a (2.rN+t.)/(2.rNru(3rrrT(LJPI +
ô (z.rN-l.l/1".*NrU(3)¡rT(lrJill +
a ( z..Etul 3¡ ) rÏf 2 ¡ Jl +
ô flo-2.t(E+t.l/r.rf3l-2..BBIDELR/(U(3rt)ELZ))*T(l.J¡

c
C ¡FMPERAIURE OF TI.IE TOP LAYER:

TP( IH¡ JI=2.tBT'DELR/IU( I IÛDELZ¡ATT +
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a
a
ô
a

3I O CONT INUE

{2.*N+t"t /a2.*Nru( I ¡ ¡rTf Ira,Jp) +
f 2.rrT-t. l/¡2.*Nru( r ) )*T( IH,JM¡ +
I 2.tE/Ual I tET(Nr{oJ' +
( lc-2ct(E+l.rlUl l¡-2.*BTgDELR/(u( l¡4fELZ) )ÈT¡ ¡H,J)

DO 320 l=2rNM
H=I-l
lP=¡¿¡
¡HI=l-l

c
C TE I,IPERATURES AT THE ¡TALL:

Tp( Ir INI=8.rNN*8./11 4.rNN-l¡ lru(2) rrTÐa +
a (9.*NN-4.r/lltr.*NN-t.lrU(2¡ttt( ¡,NN) +
ô E/u(ZlllT(lp.IN)+T(IMI.IN¡) +
a (¡.-(8.*NN*Err+t}.tNN-4.r/1(4.rNN-l.tfuf2)¡
ô -2..8/Ul 2l ¡ rT( I.lN¡ + oRP

c
C TEMPEFATURES OF THE CENÎRE COLUHN:

TP(I. ¡ l=4./Val ¡*T(¡.2, + e/\J(tlt(Tf ¡p.l¡+T(Iqt.tl ¡
ô ( ¡.-(2.*(E+2.r/ultrt l*T(¡.lt

DO 320 J=z.NN
N=J-l
JP=J+l
Jfll= J- I

c
C ÍEMPEFATURES TN THE T.¡DDLE oF TI.IE GRAIN BUL

a
a
ô

TP ( I ¡J 
' 
=( 2..N+ l. r rl2.rN+U( ¡ ¡ ) *T(

( 2.*N- t. I /a2.*NrU( I | ) *T(
E/V(l) t(T( IP¡Jl+T( IHI rJJ
( l.-( 2.tl E+t. ttul I ¡ ¡)rT(

K:
r JPI +

¡JHl +
+

.Jl
32O CONTINUE

OO 33O I=¡rIM
DO 330 J=lrlN

T(I.J)=tP(t.J)
t3O CONT INUE

C CALCULATE AVERAGÊ GRATN TEI{P FOR BULK
A VGf= O.
DO 4O0 ¡=liIM

DO 4OO J=lrlN
AYGT=AvGI+r( I. J)

+oo co\¡f tNUE
AVGÍ=AVGT/( IHTIN)
A VTTOP= O .
DO 4tO N=l¡IN

OO 4tO I=t.?
r¡=¡r,t_(¡_l¡
AVTTOP=AVTTOP+Tf |..N¡

¡rlo coNt¡NUE
A Vf TOP=A Vf tOP/ a INtz.,
RETURN
END

Ctr**+t+t*ttt¡ttt**l*'|tt**tt+t¡;tttr'¡ttlt+*ttt**tltt*ttta**ttttttt***t**+r
c

SUBROUT I NE DRYS I t{ f T O ¡ TD ¡ Go Xt{o Dll r AVH ÍOP' A YTTOP. AV COL t{ ¡ A VC OLI r AVGH r
eav6T )

D IT4ENS¡ON 6( I I o I r ¡.Xx( I l. I I ¡ rOHl I t r t I ) ¡AVt{( t I t,AvÍ( ¡ I ) .AXf( I r ¡.ô 
^G( 

r¡ ).AO{( I lloAvcoL{( tll,AVcoLT( trr,su¡1(3)
€OMXON t T ÐEE / Iå o I No E o tl NDo NLrNt{ ¡ NNr Bts ¡ BT e TROOF,IPLEN
COI'I,IÛN /AREA ¡/R, IDELTO. IDELTI O HULT¡!{OÐEr VI'UI 5T OVTEHP

c rEsr FoR coLUr{N rao¡ sruRE coNTENT ANo rEr¡tpERATURE s¡|{ILARITy:
DO IOO N=l¡lN

TF( ABS( AYCOL Hf N) -AVGH} . GT. YT'OI SÍ I GOTO 2OO
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TF( ABS( AVCOLT( N)-AVGf ) . Gf . VTEI'P¡ GOTO 2OO
I OO CONT INUE

C CALCULATE TEMPERAÍURE AND !{OC' AVERAGES OF ALL COLUà'INS:
DO llO L=l.NL

DO lfl I=lo3
lll sux(ll=O.

DO ll2 N=lrlN
Sú¡{( I )=SUM( I ¡ +X¡l( Lr N¡
SirL{ 2) =SUM( 2l+G( L.N)
SUta( 3, =suH( 3) +Dt{( L r N )

l¡2 CONT I NUE
Axt{(L)=5Ura( I )/¡N
AG(L¡=5Ura (21/IN
AOt¡(Ll=SUil(3)/IN

I ¡O CONT¡NUE
CALL OSI L( lO ¡TD¡ AXI¡lo AG¡ ADf.l¡AVGI¡toAVGT eNLl
DO l20 L=l ¡NL

DO l20 N=l,l¡{
Xll(LeN)=AX¡{(Ll
G(L¡Nl=AG(Ll
DI{I L.N ¡=ADM(L ¡

I 2O CONT ¡ NUE
DO l30 N=l¡IN

AVCOLH(NI=AVGM
AVCOLT( NI =AVGT

T3O CONTTNUE
5UMMTP=O.
S tJHf TP=O .
DO l40 I=loMULf

L=NL-( I-¡ ¡
SUMM f P= 5U,{HT P+ AX ¡1 ( L ¡
SUT.ITTP= SI.'{ T TP+ AG ( L I

¡40 CONTINUE
A VMTOP=S UH t{f P./ l¡l UL T
A vTTOP=5 UMTT P./14UL T
R ETT,lRN

C THEN COLUIINS ARÉ SIGNTFICANTLY DIFFERENT TI-IEY'RE TR:ATEf, SEPARATELY:
2OO SUHM=O.

StJr.tT=0.
SUMMTP=0.
SUMT TP=O .
DC 30O N=lrIN

DO 2lO L=l¡NL
AXH( Ll =X!l(L¡N)
AG(Ll=G(L,N¡
AJl,l(Ll=DL(L¡N)

2IO CONTI NUE

220

CALL DSIÈ.1( TO¡TDr AXMo AGoADI4TAYEM' AVET.NL¡
OO 22O L=lrNL

XM(L.N)=AXÈ{(L)
G(L.N¡=AG(Ll
DH(L¡N¡=AD|{(L)

CUNT T NUE
DO 23O I=l¡r{ULf

L=NL-Í I-l )
SUHMTP=SUHMTP+ XH( L' N)
SUl,lTlP=SUMTTP+ G( L . N ¡

23O CONTI NUE
SU{H= SULt{+AVEM
SUHT = 5U¡,lT +AV ET
AVCOLI'( N¡ =AVEM
AVCOLï( N) =AVET

30O CCNTINUE
A VGH=SU|Il./ I N
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c
140

AVGT=SU¡T/IN
A VMIOP=SUâ{|1T P./ ( I N*r{ JLT )
AYTTOP=SUMf t P/ I I Nù|ULT,
RETURN
END

Ctt*ûttt*t**++tatrt**t*t*t¡t+t+**a*+tt¡ûtû¡ttt+*At,|*ûû*ù¡E*r¡¡t*+¡***ût:***t*+*
SUBROUT I NE O S I X ( I O r T D r X X r G o DH r A VE H. A VET r H .l
DOUBLE PRECISION AHUH
CO{HON / AREAI/R¡ IOELTO. TDELTI r I.ULTr I.IODE¡ VI.ÙI SÍ.VTE¡{P
o lr{ENSION T( I l r.H( ¡ l r. A( 4 ). XHf t O l¡G( lO¡ rDM( l0)
o 

^f 
a A/4.o ./

J=¡
HO=AHUH(TDrtl
T(t)=TO

C TO= A"BTENT AIR TEHPERATURE
Hf I )=HO

C Hæ AHB¡ENT AIR ABSOLUTE I'IUMIDITY
sur,lr-t=o. o
SUMT=O. O

DC 2.o ¡=l.M
I PRT=_I
fJ=I+l
C=SPHT( G( I ¡.Dr( t ) )t{./( l.-Xt{( I )/1O0.,

C IS THE SPEC¡FIC HEAÍ OF THE GRA¡N
N=O
HF=HO
lP6ll=¡PRf+l

20O T( lJ¡=( CtG(¡ ¡+(HF-H( I l ¡ tG( ¡ )*4. lA4-25O¡.49sHF+t. O05tT( I )trlf ¡ )
I t( 25O1.49+l. A,ZJT L t ) L' t Ir O05+HFrI.A2+C)

xt I=DM( ¡ )-lOO.*(HF-H( I ) l/R
IF( Xl¡lI.Lf ..OOl ¡ XH¡=. OO I
P5=AHU¡,|( T a I J l.2l
ÊRH=EXP( 2.40'¡EXP(-.2O5txr{I )tALuG(pS )-t O.l7*EXp(-. ¡Aótx{I ) ,

C ERH IS fHE EOUTLIBRTUI,I RELATIVE HUI{TDTTY OF IHË. GRAII{.
IAB=T{ IJ )
R HS= FIHA ¡ R I T A B T HF )
Y=ER H- R r{ S

IF(¡PRT.LE.O)GO TO 22O
TR¡ TE 

'6.2IO 
} T( I J¡ .X¡{I ¡HF ¡ Y ¡ J¡Nr IIil r A

2lO FORMAI(' .¡5X.4F¡O.5r3I4¡4F10.51
2"O CALL ZER(](J.O.0rHF¡y¡Ar.O25¡KrN¡r{Hl

IFfN.EO. l) HF=( HF+HOr/2.
IF(N.GE.20.AND. ¡PRT.LE.O'GO IO I¡rO
GC rO f 200.230¡ rK

K ¡S A CONVÊRGENCE IND¡CATOR
DY( I l=xHI
xH( I ¡={ ¡ O0..Dr{( It t / I lOO.+OH( I ¡ )
G( ¡ l=T( ¡ J¡
H(lJl=HF
SUIIT=SUMT+Gf I 

'suHrit=srJMH+xt1 ( I ¡
A VEf =SU{T / ¡{

A VEH=Srrlr,L/tl
AVEH IS THE AVERAGE ¡IO¡STURE CONTENT OF

RETURN
E l\D

f ltE GRA ¡N COLUr{N.

Ctttt*¡¡¡Ìtttt+*:ß*ttt**tt+ttttt*ttttlt*t:3ta+ttttt+ttt*ttttt*f*ttttt¡rt.tatr*
c

SURROUTINE CHANGE(T¡ G¡NT¡NL¡ INTTDB, ICHI
C IF ICH=I CALCULAÏES TEHÐERATURES AT CONVECTION NODES FROIl CÙNDUCTIUN
C IF ICH=O CALCULATES TEIIPERAfURES AT CONDUCTION NOOES FROH CONVECT¡ON

DI|ENSION I( ll¡ll lrG( lloll D

K=NL/NM
NN=JN-l
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tFf rcH.Eo. I I GOTO I
IF( ¡CH.EO.O¡GOIO 2
GOIO 3

c
c coNDUcf¡oN fo coNvEcT¡or{:

I OO lO ñ=loIN
L=l
DO lO l,l=l.Nl,l

OO lO J=l ¡K
l{P=¡a ¡
G( L ¡N)=T( ¡{, N) +( T ( HP. N )-f ( H.N}' / I 2. 4R¡Û ( 2. !J- l. I
L=L+ ¡

IO CONT¡NUE
DO 12 L=lrNL

G(L.¡N)=O¡75*(G(LrIN)-G(L¡NN) I + G(LrNN)
t2 coNT lNuÉ

RETURN
c
C CONVECTTON TO CONDUCTION:

2 OD 20 N=¡rIN
T(lrNl=fùB
DO 2l l,l=2.Nl,l

JÈ=M*K
J¡l=JP-fK*2-t)
SJ M=O.
OO ZZ J=JH.JP

SUM=SUH+G(JoN)
CONfINUE
Í(x.Nl=sUM/lKt2,

CONTI NUE
JP=NM tK
J||=JP-í K- I )
SUM=O.
DO 23 J=Jtl.JP

St,II{=SUM+G( J ¡NI
23 CONTT NUE

NTOP=NH+ I
ll NrOP.Nl =Ì( N¡{.N ) +2. t( sUt{/K-T( Nr,r. N) )

20 CONT INUE
RFTURN

3 tRIrE(6.30¡ ICH
30 FORHAI( .-. . t ERROR I t THE VALUE OF ¡CH =. o l3)

R F TU.ìN
E ltD

ctt*tr*¡ttttt*+tùtt*ù*+*ttt*tt¡lt**tlttt+:l¡3**r,l+ttt+tt*t¡¡t¡¡tt*+¡3+rtt***t1+
c

SUBROUT¡NE CALC
D ¡MENSION C( 5).ROI5I ¡AK( 5I ¡ AKH( 5I ¡ IIDTH( 5) OU( I O)
COH¡.ION / CAL/ C¡RO.AK.AKr.l.f ¡OTH. U¡DELR¡DELZ.DI At{
COMTTION /AftEA l/R. I DELTO. IDELf ¡ o HULT ¡l{ODE ¡V¡1OI SlnJ{TEr¡tp
IF( rIoTH(2¡. GT.DELR/2., TIOTH( 2 l=OELP-/2.
IF(rIoTH( 3I.GT.OELR/3. ) I¡CTH( 3r=DELR/2.
U ( I )=C( I l.;lo( I ) tùELRrt2 /l 

^K( 
|. t ¡DELrOt3óoO. )

I t=Ro( I ¡ +( DELR,/4.*¡ I t^r{-DELR/?¡ l-f IDTH( 2tril At{,r2.l
IF(fl.LT.O.¡ rl=O.
l2=FlO( 2t 'al 

OTH( 2l tOl At4/t 2.
cr=( f I rc ( I ¡+t21c( ?l r t l a l+t?,
ROX=( f I +a2l / f rllRO( l | +a?/ROl2 t'
AKM( I ¡=DELR/(¡IDTH( 2rf AKa2 )+( DELR-r IDTH( 2) )/AK( r I ¡
U ( 2 ¡ =C|rtROt.t DELRT +2 / ( AKt{( l t tl DELf O*3ó0 O. ¡
¡ l=Ro( I ¡ ta DÊLR/4.t{ ùIA{-DELR/?. ¡-rI OTH( 3 

' 
rDI Ailz. 

'IF(ll.Lf.O.l ll=O.
f :l=RO( 3l tl I DTH( 3 ¡tDI AH,/2.
c¡r=(tttc( I l+i3tc(3l r,/( al+rJl

22

2l



L20

Rot = ( ¡t +ttl / ( rl /RO¡ I ¡ +rJlRO( 3) ,
Axs(2 t=oELR/ f rIOTH( 3 ¡/AK( 3 ) +f DELR-rIDfH( Jt, /AK( I I )
U ( 3¡ =CÀatROr{t JELRÛt2/ ( AKH( Z, :}I DELf O+360O. ¡
RETURN
ENO

CttÛt*+a****t*tt¡l*tt**t+Û*t*¡!¡tt**:ßt¡t**ttt*a*¡È*û,'jt+**tt*¡È*rt****t*'û*:r+rûar
c

SUAROUT¡ NE RADN
C RAON CALCULATES THE NET RAOIATION ON THE BIN UALL
C USTNG T.K.fÙN'S 5II'JLATIOII EOUAT¡ON FOR PRAIRIE CLT¡{ATE5.

Dtt,lENSIoN NDAY( l2¡.A( l2trB( t2f .c( la) oDusI (l2t.E( tz¡, IoATE(5)
COXMON./R AO / l, AT E ¡ H. f t' T OB r E¡tA r El{S o C Or OR ¡ TDp o ptsAR r

ô XLAT¡XLONGT XLONGS
DAf A NDAY/31 o 28¡ 3t .3O ¡ 3l ¡3Oo3l r 3l r 3Or Jl . JO,3tl
OÂTA A/- . 42344'-. ó43 88¡ -. ó2338 ¡-. 84ó7O o- . ggZSZ ¡ - I . O I I B9 r

ô -. 9AAA9 r- l. O3944 0- ¡ 97999 ¡-o 84 I 25._.ó7 44 0. _. 47 ?ð8/
DATA B/- t24t520.O2539. oQ24260. l3lló. .246A4..2581 2,

ô .237A4. .2A209..2t494 r. O37ðOr-. 12326._.24734/
ÐAf a c/ 1.31464. l. 29326. ¡.2 l9l 4¡ l. l49o3r l . o97r4 r l. o7446 ¡

a t.oa530,1.09079. ¡.1o879, ¡.1ól 08.t.2?667.1.292A?/
DATA DUST./.5Or. AOo.85o l. 15. 1.35 o I o25¡1.25¡ I . t5¡. E5¡ ¡ó5 r.45r ¡ 4Ol
OAT 

^ 
E/- lO. o-14..-9. oO. ¡3. o- l. o-ó. ¡-4. ¡ 5¡ ¡ I 5. r lS . ¡5. /

DATA ptl3. l4 ¡ 593/ .5C/4872.5/ t'rEF/5.6697E_Oð/
MoNTH=¡DATE( 2t
I DAY=IOATE( 3 

'I HOUR=IOATE( 4)
AA=2.*PI /365.
ALAT=XLATt2. +Pl/J6O.
D=O.
¡F(HONIH.EO. r¡CO TO 20
J=HONïH- I
OO lO I=loJ
D=D+NDAY ( ¡ I
O =D+ I DAY
O = DAY OF THE YEAR.
DECL=ARS IN( .J974*5I N( AA¡¡( ù-AO. ¡ +.O335t( S I N( AAr)¡ -51¡i(tlo.*AA, ¡ ) )
DECL¡NAT¡ON 'fF THE SUN.
5T=¡HOUR + ( E(raONTHr+4.r( XLONGS-XLONG¡ )/óO.
SCLAR T I ME

rA=( ST-l 2.' * I5.r2.+P I / 360.
S(} AR HOUR ANGLE 

'ESÍITATÊ'Z=ARCO5( 5IN( OECLITSIN( ALAT ) + COSf OECL¡rCt.)s( ALAt ¡.C¡JS(:Al I
tFIZ.GÍ.1.5¡Z=t.5
ZEN¡IH ANGLE
oAra=t./cos'azl
OPfTCAL AIR HASS
AL=AAtD
Ho=sc*( ¡ .-. 0 oo94ó4t 5 I N ( AL I -. o I 6 7 I tcos( AL ¡ -. o oo r 4 I 9. cos ( z. rAL | -a 2.917E-5rS¡N(3.taL¡-.ooo343arco5(4.+AL¡ ¡+r2 r COSf Z)
Ho ¡s rFlE ¡NcIDENT soLAR RADIAT¡oN Al rHE Tdp oF TrrE ATTaJSPHERE

lo
20
c

c

c

c

c

c

c
c OÑ A HOR¡ZONÍAL SURFACE

r=€xP( t. ZA76 + O. 03O3* ( TDpr I . A+3A. ) ¡
rRANS=É XPf - I . *( . OOO+9ór ( I O. rpBARtoAü ) r*. 75 û . o¿88r ( f .OAt{ )rr .6

c
c

ô + .o83r(ousr(HoÀ¡rHl foAr{¡ r*.9t )
cLouD=A( ¡toñtHrtco,l*? + B(HUNTH¡rCO + C(HONTH¡
tt=HOtTRA NS TCLOUD
H ¡S T}IE EST¡åATEO GLOBAL RAD¡ATION ON A HÙR¡ZONTAL SURFACE OF
OÑE SOUARE I'ETER INTEGRATEO OVER (JNE HOUR
OE=O.stsfEF+Et{A+( TDA+27J. I ór* t4
EARTH-TO-BTN RAOIAT ¡ON.
O S=O.5] STEFT El{Ar I .9r OB r E O9
SKY.TO-BIN RAD¡A1¡ON.
OO=STEFTEIiA t( f r+273.t ór.14
B ¡N-TO-SURROUNO¡NGs RAD I AT ION.

c
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O SN= f - I 3 O. 5535+ O. I I 5 I agrHo+ 66 4 . 925t Hl HO I / 3. 6t?t4s
C TOTAL SOLAR RAOTATTON ON IHE BTN IALL -- RELATIONSiIP C^LCULATEU
C FRO¡{ ITNNIPEG OATA : REPRESENTS AVERAGE RAD¡ATTON FUR ALL SIùES
C OF BTN.

OR=OE+OS-OO+ OSN
RETT.lRN
END

CtÛ*tt*lt*t¡|tatù*:f****ût*Ût*t*'tû**Atttl*¡ftt****+¡È4û*8ût$+*¡**)È+S**+*¡ûlÈA**
c

FUNCT lur{ SPHT(TEr¡P' DBHC I
IF(TEIIP.LE.-21.4' GO TO 5
¡F(TEHP.LE.-rO.AlGg TO l0
IF( ïEr{P.LE.O.ól G0 TO l5
tFtfFr{P.LE.A.9)GO TO 20
SPHT= ¡ . I 4??+ O.O3904aO8¡1C
R FTUFIN

5 SpHT=1.o46+O.03lC9*DBr,tC
RF fUFN

l0 SPHI=¡.1ó73+0.02427+OB{C
RFTIJRN

¡ 5 SPHï= | .2426+ 0. O2962*DBÈ4C
RETURN

20 SPHf=l.O25l+O.O4427tDB¡{C
R ETURN
EÀD

Ct'it******t,l*t'Ù+****+*+*tttt*tttltt***¡}tt*t*t*t**t¡¡tt¡ttt**t**t+tt*+**t**
c

SUAROUT t NE F ANSUA( D I AÈt. TONNE¡ AFR TEFF' XLPS. SP. DEP THT P IR, DT )
C FOR THFAT:

sprl=o.7 5
PF= I .5
A FIEA=3 . I ô I 59 * ( Dl At4/t 2 . I 

' 
+2

VOL=TONNE/ SPTT
DEPTH=V¡:¡LlAREA
XLPS=AFR tVOL
FEXLPS,/A REA

C REGRESSION EOUAÏION FOR ASAE DATA 9272 TN SI UNITS (RSO = O.9167¡:
SPM=z.2949 75t (F*: l. I 342 l9 ) tPF
SP=SPM*D E PTH
IF(SP.LT.2s0. rGOTO lO
PrR=( ( SPTXLPSI/ ( I .OE+6¡ t / EFF

9 DTCOT{P=( ( f I . +SP/ lol325. )t* 0.?457143 t-t. I t2A8.l6
of=( ( l.-EFF) *p¡R)/( l.OO4+l.2rxLps./looo.) + oTcor{p
RETURN

to PrR=xLpSrtooo./(4.418-1.ó14*( sp/taoo.r r/t.oE+6leFF
GOïO I
EÑD

Ctt+tt:ß*t*t*+t*+*'t¡tút*:3*t***+tt¡lttttt+t:¡*1t+t¡3t+ta****+ttt¡Ìttttttitlùtrf
c

SUBROUT INÈ DECOMP(T. G. XM,PER¡PERDI{¡LIIAX)
o¡MFNSf oN Tf I l. I I ¡. G( I L t I ).xrl( I t' I I ).PER( ll . tffi ,Lu¡x( I I | .p( ¡ I ) .

aPERDH( I I t.PCTrl( I I ¡, tDAfE(5¡
COMMON/RAO/ I OATE¡ H. T f . TDB r EMAo EHSo COo OR ¡ TDP¡

A PBAR.XLAT¡XLONG¡ XLONGS
COX^1ON / ÏOEE / lt1 r I N¡ E oll I ND r NL¡ NM r NNo BBr BT r TIìOOF ¡f PLEN
COI{HON / AREA I/R i I DELT O. IOELTI ¡ HULT T I{ODE ¡ VHOI ST ¡ VTEHP
tF(roDE.EO.l rGOTO ltO
CALL CI'IANGE( T¡G¡NHTNL¡ I N¡ TOB. I I
Dr= I DELf O

GOTO 120
l¡O DT=IDELTI
l?O DO 2OO N=l ¡ I N

DO 2lO L=loNL
PER{L.N'=PER(L¡N) + DT./SAFIH(G(L.N).XM(L.N) )
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2to
P(L¡=PERlL.Nl

CONT ¡ NUE
CALL llAX¡ l{¡-.P.LHX cPT¡{}
LXAX( N¡=LHX
PCTL( Nl =PfHa lOO.
EOT=P TH.23O.
PEROX ( N r=.O884r( ExP( .O0ósEOr f - t. ) +. O0 I 02ûEOT

2OO CONT ¡NUE
RETURN
E I{D

CÛ¡;*Ûttt***t**¡t¡*'t*+*+*tttt,3*t¡*¡C***:3rû+¡*¡tt**Sû+*+¡t**$*tsCû**û**tA*+**+*a*ú
c

FUNCT¡ON SAFJH( fËl1P. XHC I
ALOGIt=6.?3447 -O.21 lTsrxHC -O.OS2óZrTEMp
ALOGI2= 4.12455 -O.09972rxHC -O.O5ZóZlTEt{p
s AFf H=AilAX I ( I O.r*ALOGT I r I O. TTALOGT2 ) r24. O

RETURN
EÀD

cttt :l* ¡t t:;¡] ttt+ ** tt t +t** ++ jß ++ I +* * *tt+trtrSt* *t* t* ttt r *:r ** t ¡lr t ¡3 ++ t t:Ì*+ + ar¡r )¡ +
c

DOUBLE PRECISTOÑ FU,\.¡CT¡ON AHUI{( TEMP.NI
DOUBLE pf{EC ¡ S¡ tJN A. 3 ¡ C ¡ D rE oF ¡ G ¡ Pr¡ T ¡ DËXp e DLOG
DATA A. I oC oÙ /-.751 I 52D4 r . 89ó3 I 2lDZ | . O23998970f O r-. I I ó54551 J-4./
oÄTA E.F oG/-.1281O33óD-7r .2O9984O5D_lO¡-.1 2t507gg)o?/
T=TFMP + 273.1600
IFITEMP.GT.O. ¡ GO TO T

P r=DExP( 24. ? TT9DO-6?3A. 64t O /T-O. 344438D0 *OLOG( T ¡ ¡
lF( N.EO. I I AHUt{=O.6¿ t9ADOtpr/l tOt.325DO-pr)
IF{N.Eù.2¡ AHUH=Pt
RFTURN

I PI=DEXP(4./l+B+CtT+D+frr2+E*Tr+3+FrTrrC+619,_O-,tD
IFIN.EO. I ¡ AH¡Jra=O.ó2 I9ADOrpr/ ( tOt.325Do-p¡)

. IFaN.EO.2¡ AHUM=PI
RFTURN
EÀD

Ct***t::ttt***tùùt*+*1tt*tattttt+a*+t*++*+r'l*tt*t)tt*t¡l+:ttr*)¡t**tt¡Ì,|**¡r**È
c

FUNCTION RHA¡R(f.HO)
DOUBLE Pf{ECT STON H,PS¡AHUM
H=HO
PS=AHUM( T.Z)
RhA¡R=( 1O¡.325DOùH/lti+. óZrggDO ) t/pS
RFTURN
END

Ct*ta'ttt*+tlltù*¡l*t*¡l*tlttaù¡!*t¡¡¡:¡¡*t**ltttt**J3¡¡tt¡3tt**t+t+*tlßt¡;¡¡ *++*t't*ttt
c

SUBRTJUTI NE MAX( N.A. J,BI G)
D¡HENSION A(N'
BIG=A( I I
J= I
IF(N.EO.¡)GOTO rr
OO lO l=2oN
IF(A( T¡.LE.B¡G) GO TO tO
B I G=A( I ¡

J=I
I O CONT INUE
II CONT¡NUE

RETURN
E t\D

C*tt+t*tt**+ta+t't**ttt+tttt+lttt+*¡ltat+t*t*t*attttftetûattt+t¡;tt+r*t,rt*+
c

SUBROUTINE TIIN( N¡ A¡ J ¡StlALL I
OTÉENSION A(NI
S¡ALL=A( t I
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lo
It

J=l
IFfN¡EO.lrGOlO lr
DO lO I=2¡N
IFIA(I'.GE.SHALL¡GO TO IO
S¡ALL=Af I I
J=l
CONT I NUE
CONT TNi..'E
RE TI,.IRN

END
Cit+*tû¡ü*ùttttt**tttt*ttttttt*attt**¡ttl++e¡t¡tt+**t¡343t+t**¡*a¡C***t¡tÛ**t+*t*
c

SUBROUT ¡ NE PRINT( IPRINf .KSPOIL )

OItaENS¡ ON Tf I I . t t ¡'G( I I ¡ I I )'XraO( I I r I I ) .PER( I t ¡ I I I'FAN( 20 r l3¡ r

aH€AT(20. l3¡.FANCST( 2O' l3) 'HTCSf(2O' l3) ¡ IDAfÊ(51 rPER)M( I I ) '
-XDAYSI20 r t O) r ATEHP( 20r I O) r AMOI 5T( 2Or lOl oEPTONN(2O r I 0 ) . NY( 9¡ r
aOOCPÍ ( 20.l O) .5PMA55( 20.1O¡ .SUM( 9¡.SUl,iSO( 9l r AV( 9l ¡ SD( 9¡ 'al 

(20 ).
AAVGPER( 2O r I O I o A ( 21 9 t 2Q t lO I r OPCOST ( 2O r t 0 I ¡ ftYEAR ( 9 ¡ 20 ) ¡
ôC(5t.RO( 5).AK(51¡ AK¡l(51rrlDrH( 5) ¡U( lOl ¡tlt{(9r4) ¡Al{OJIF( 20r l0)

INTEGÊR*4 GEO(2O¡
CnHMON /PRT/HOTJRS rDRY ¡ PER ¡ FANo HEAT r I HEATR oPtRCST. HTPIR rPaR rT o G¡ XMO

A.GEO.IRdN.PERO¡1 'KY¡NYEARST IFIRST¡TONNETGRC¡,¡$l¡AVGlrlrAVGT¡ONEYR¡IJP.
ôXDAYS.AT{OISf¡ATEMPTEPTONNTODCPT.SPTIASS¡AVGPERTAT{OOIF¡ISPRNGTOPCOST

COr{l{ON/ R AO, I O Af E. H¡ T I ¡ T DB r EllA r E ltS o C O ¡ OR ¡ f DP ¡
ô PBAR. XLAT.XLONG.XLONGS

COMMON / AP,EAIlFII TDELTO' IDEL¡I ¡ MULÍ ¡HOÐE¡YIIOT ST rVTE'{P
COH\aON / t DEE f Il{ r IN ¡ E ¡ll I NDr NLr Nl{r NN r BBo BT ¡ TRtlOts TTPLEN
C O¡r{ON / CAt-f C tRO ¡AK ¡ ÂKll r t I OTH ¡ U r DELR ¡ DELZ ¡ DI At't

oAfa Prr3.l4l593/
I F( |ODE. EO. O ¡ CALL CHÀNGE( f ¡G¡ NHrt{- ¡ lN¡TDB¡ I )

IF( TPR¡NT.EO.2OOIGOfO 35O
c
C INTER¡M REPùRT CALCULAÍ¡ONS:

rRITE(A¡ IIIRUN.6EO
I FORl{AffT l'o4OXTtINTERl.IfTENT VENT¡LAT¡ON - STATUS REPORT'r

ôT 120. tRrJN l. ¡16/. . o50Xo20Al )
DAYS=HOUFlS/2 4.
rRITE(e.2) ( ¡ ùATE( I ) r I=l ¡4) oKYTDAYS

2 FOF¡MAT('O'¡4OXr rDATE=' t13tt /t ¡l2t'/t tI2tl5¡ ' HOslRS. r ¡2Xr
ô. slra\,,LAr IoN YEAR:. oI3/
a' '¡ôOXr t IT IS NOr'¡F7¡2¡r DAYS SINCE THE AIN tAS FILLEOT ¡

J=IPRINT/10
GOTO( lO. 2O r3O.4O¡ 50 ¡ ó0o 70o €|O¡9O¡ I OO ) rJ

IO TRITE(4.¡I) IPR¡NT
I I FORHAf ('O'.OóX¡ 'SPUILAGE I'lAS NO¡ OCCURRED INt r I4 ¡' Cü-UI{N5'I

GOIO t90
20 TFITE(A¡?1 I ORY
?l FO¡itMAT('O'.OóX¡'THE AV-RAGE llOI

eN6f LESS THAN OR EQTTAL TOtrFS.l
GOTO I 90

3O ¡FITE( A.3T } DRY
3l FORxAT('OrrO6Xo'fHE AVERAGE TaO¡STURE CÛNTENT ÛF fHE TOP LAYER IS N

ôO¡ LESS THAN OR EOUAL TOt¡F5.1¡' l'l
GOIO 190

40 rR¡lE(A.4t )
4T FORHAT('O'OO6X..GRAIN COND¡ITONS AT THE SYSTEH FALL START DATE ARE

ô: . )
GOTO 190

50 rF¡TEa 8o 5l I
5T FSRXAI('O'OOóXOIGRA¡N CONDTTIONS Af THE SYSfEI' TTNTER STÙP DATE AR

aE:r)
GOTO 190

óO IFIISPRNG.6T.OIGOTO 62
TRITE(8¡óll

STURE CONTENT OF THÊ GRA¡N Ê.'LK TS
¡ t 1')

1@
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7?

80
8t

óI FORMAT(. OI,OóX..GRA¡N CoNDITToNS AT THE sPRI',¿G DATE ARE:. ¡
GOIO 190

62 uF¡TE(80ó31
ó3 FOR|{AT( I Oc rOóXo 'GRAIN CONDITIONS AT THE SPRING REPOíÌT OATE ARE: . I

GOTO 190
70 tRItEf 8.7t )
7l F0RHAT('o'ooóX¡osPorLAGE HAs Nob occuRRED ¡N ALL oF THE GRAIN coL\,

AHNSI ¡

IFIONEYR.EO. I )GOÍO t90
tRItE( 8.721
FoRMAT(' '.6X.'PRoGRAM TERMINATES OPEHATIoN FoR THt. rtARvESr yEAR¡ )
GOTO 190
fR¡TE(B¡81)
FORTAT(ror¡06Xr'GRAIN HAS No¡ BEEN sroRED FoR oNE YEAR FROM THE aI

ôN FTLL ùATE' )
GOïO ¡90

90 rRt tE( a.9t ¡
9I FOf¡¡{AT('O'OOóX¡ITHË CONOITION OF THE GRAIN ¡S ÂS FOLLOIS'I

GCto t90
lo0 URITE(A.lOl'
lOr FORHAT( ' Ot.O6X. 'ENÐ OF TllE TAPE TEAIHER DATA FILE. THE GRAIr'.¡ CùNCI

ôÏ IONS ARE: ' )
I 9O CONT INUE

IF( TPRINT.LT. IO .ANo. KSPoIL.NE.o)J=¡
IF(IPKINT.LI.IO .ANÙ. KSPIJIL.Eo.o) J=¡o
5UM( I l=0.
SUM(2¡=O.
DO 199 N=lrIN

SUH( I ¡=SUH( I l+xMO( I ¡N)
SUx{ 2l =S., tt( 2 ) +Xf,to ( NL, N ¡

I 99 CONT INUE
AHoOIF(KYrJl=SUMf 2l/IN - SUl{( I t/IN
r R I T E ( I . 20 I ¡ A VG T o Ay G H r A ttOD I F ( Ky . J | ¡ ( N. l{= t r I N ) e ( Ìr ¡ N= I o I N I

201 FoR¡lATf'-rr6Xo'GRAIN TEMPERATURES:. rT72'.GRAfN qo¡STTJRE co\ÌENTS:.
A/t ' oT23¡.AVERAGE:. ¡F7.2c I Cr¡T78T.AVERAGE:. tF7¡Z¡. X. ¡4Xr
õ.roplð.JÍfuH DIFFERENCE:. .F6.?,. t. /
ô. o..óx.ó17.t72.bl7/. lop..Tóô..Top. )

DO 2OO I =l oNL
L=NL-f I-1 )
rRITE ( e.20? rLr ( G( L r N I r N= I r I N I r L. ( Xr{O( L rN ) ¡N=l I IN I
FOR¡|Al(' . o6X. 12.6F7.2tT7?t12.6F7.?,

C ONf I NUE
SUrl( I ¡ =O.
DO 2lO L=lrNL

DO 2lO N=l¡IN
5UM{ I ¡ =SUM{ I ) +PE¡ì(Lr N)

2rO CONÍ ¡NUE
AVGPER( KY. J) =SUM( I )/ (NLTIN¡
tR I lE( A.221 I AVGPERf (Y. J ¡ ¡ ( N,N= I ¡ I N) ¡ ( N ¡N=l r I N)

221 FORilA¡(.-t.óX.TPCRT¡ON OF ALLOfABLE STORAGE TIME ELApSEDi.¡T72r
A'PFRCENT DtI DECO,{PíJSTTTON IN THE TORST LAYE.R OFæEACFI COLUI,tI.i: '/ô ' t .T23. t AVERAGE a . .F7 .3/
3. 0..óx.ÉiI7.r72.617/. TOP. ¡

lRllE( A. 2221 NLr ( PER ( NL r Nl ¡ N=l o I N ) . ( PERDH( N) r N=l r t Nl
22? FORMAT(' . ¡o Xt12.6F7.3'f7ô.óF7.31

DA 220 l=2¡NL
L=NL-( I-l I
rRITE (8o22J)L, (PER(LrNl rN=l o IN)
FORHAT(' . ¡óX¡ I2.óF7.3)

CONT T NUE
¡F( IOP.EO.9t GOTO 25r
IF( AVGM.GE.DRY}GOTO E3O
ODCPT ( KY o J l= GRCOSTT ( DRY-AVGt{ ¡ / ( I OO.-AVGH,
OOCOSï-ODCPT ( Ky r J I rTONi{E

20?
?oo

2?3
2?O



L25

60TO 240
23o ODCPT(Kl¡J)=Oe

ODCOSI=O.
24O tF¡TF(A.25O) ODCOST.ODCÞTlKY.Jl
25O FORr¡Ar(r_..6XrrOVERORv¡NG COSI: grcF7.2.¡ OR 9. ¡F7.2t./f. I
251 VCL=O.

DO 260 N=lrIN
lF( N.EO. I IELVOL=o I TDELZ rf DELRr*Z)^/8.
IF(N.GT.l .ANO. N.LÌ.lN¡ELVOL=ar+-1.¡tP¡+DELZ*(DELR+*2)
I F( N . E(2 . I N ) E L VOL = ( 4 . tN- 5. | :l P ¡ tDÉL Z¡r ( D E L R * * 2 | / I .
K=O
Do 255 L=¡'NL

lF (PER (L.N) .GT. I ¡ lK=K+l
255 CONTI NÚE

VOI- =VOL + KtELVoL
260 CONT ¡NUE

SPr{A SS( K Y. J ) =VOLÛ O.75
SPCOST=SPXAS S ( KY. J I +GRCOST
¡ F I T E I A . 27 O 

' 
V OL ¡ SPI,I A 5 S ( KY r J I . 5 PC O S T

27O FOFIHAf ('-t ¡6X.I AI{OUNT AND YALUE OF SPOILED GRAIN: I/
ô. .¡Tlle !VOLUI.{E2..F7.2.. Xt*3. ¡T4lr.l¡tASS3. ¡F7.2¡. t. ¡T7l¡
ô¡VALUE Olj 6RA¡N SPOILED: 3'rFg.2)

¡F( top.Eo.9)Goro 341
FAN(KY.l3¡=O.
HEAT(KYo l3)=O.
FANCST(KY¡l3l=O.
HTCST(KY¡l3l=O¡
DO 3OO I=l¡12

FAN(KY¡13 )=FAN(KYilJ) + FAN( KY.I¡
FANCSI¡ KY. I ¡=FAN( KY r I )IP|RCSTTPTR
FANCSf(KYr l3¡=FANC5Í(KY'13) + FANCSI(KY.I )
¡FI IHEATR.EO.O¡GOTO 3OO
HEAT( KY¡ I 3l=HEAT(KY' 13, + HEAT(KY.I I
HTCST ( KY. I I=HEAT ( KYT I ¡ TPIRCSTTHTPTR
HÌCST(KY. l3l=HTCST(KY¡13) + HïCST(KYi I)

300 coNf INUE
ELFCTR=(FANCST( KY.I3 )+FITCST(KY. I3, ¡/PTRCST ¡ 3.ó
E PÍONN( K Yo JI =ELECTR/TONNE
ECPT=EPTONNf KY. J, /3.6 T PÙRCSI
lR¡ TE( 4.3¡ 0¡ f I . l= I ' l2l . ( FAN( KYr ¡ ¡ . ¡= I o l3) ' (F ANCSI ( KY ' I ) ' I =I ' l3 )

3IO FORHAI(I-'O6X¡IFAN AND HEATER OPERATION LOG:|/
ô.O.'12X.. {ONTFI.'I5'l ll7'. IOTAL. /. g. ¡lZX¡.FAN OPE¡ìAflLf..¡:./
ôr t.l?Xt I HOUf(S..1?F7.2oF9.2/. .rl2X¡. C\rSf .¡12F7.?,F9.2t

TF( IHEAf R.EC.OIGOTO 33O
IRITE(A. 320) ( HEAT (KY ¡ I ) O T=I ¡I3) O ( HTCST(KYO I ) ¡ I =I I I3 )

32O FORr¡lAI(.O'¡l¿X..HEATER OPERAfION:./. t¡l2Xrt HOURS. t12F7.2,F9.2/
e. ..l2xr. co5T. tl2F7.2¡Fgo2l

33O bR¡TE(8.34O¡ ÊLECTR,EPTONN(KYEJ} IECPT
34O FORMAT(rO.¡l2Xr.rOfAL ELECÍRICAL ENERGY USE TO*DATE By rHË FAñ +

aEÀTER:t.F8.2¡' ilJ OR'rF7.2¡t AJ/T OR t'oF8¡2ot/ft)
OPCOST( KYr JI =ODCPTf KYrJ ¡ + sPCO5T/TONNE + ECPT
GOfO 342

341 OPCOST( KY. J) =SPCJSÍ/fONNE
34? ¡Fr¡TE( A.345 ) OPCOST ( KY. J ¡
345 FORMAT(r-t o6X¡'5YSTE11 OPERAT¡NG COSIS TO DAIE: Jt oFlo2ot/It I

XOAYS(KY.JI=DAYS
AfExP( KY. J ¡=AYGT
A¡O¡ Sf ( KY¡ Jl =AVGt{
RETURN

c
C SUXIIARY REPORT CALCJLATIONS:

35O OO 5OO J=loB
DO 360 I=l o9

SUH( I ¡ =O.



126

370
400

405
40f)
407

408

409
410

su¡lsof I r=0.
NY( I l=O

CONTI NUE
DO ôOO KY=l¡NYEARS

Af lo I r KY¡ J)=XDAYS(KY. Jl
A( 1.2. KY¡ J)=AHOI ST( KYrJ)
A( I o3¡ KYo Jl=Af{Of tF( KY.J )

A( lr4. KYo J )=ATE]{P( KY.J¡
A( I. 5¡ KY. J¡=EPTONN( KY rJ)
Al I o6¡ KY. Jl=ODCPf (KY r Jl
A( I o7¡ KYr Jl=SPMA55(KYrJ)
A( r . a¡ KYo Jl =AVGPõR( KY. J)
A( t.9. KY¡ Jl=OÞCOSf ( KY.J)
OO 37O I=1.9

¡F(A(lrIoKYcJ).EO.O. .ANO. (J.EO.l ¡OR. J.Eù.2
.3R. J.EO.3 .OR. J.EO.7) ¡GOTO 37O
SU^a( I l=sUM( I ¡+A( I ¡ I rKY ¡ Jl
SUMSO( I )=5I.,MSO ( T ¡ +A( I r I ¡KY ¡ JI I*2
NY(I)=NY(¡)+¡
A(2¡ I rNY( l).J)=A( I ¡I ¡KY¡Jl
I.YEAR(I.NY(¡I¡=KY

CUNTINUE
CONf I Nlre
OO 40Z I= I 19

tF( NY{ ¡ ¡.L8. t I GOfO 405
Av(¡¡=SU{(I)/NYII¡
x= I ( sJH50( I l-( S\l{( I ) +SUM( I ) )/f{Y( I ¡ l/( NY( I )- r. ) ¡

rF{x.Ll.o.)GoTo 406
SÐ( I )=SORTfxl
G(JTO 407
AvlI)=Sul.l(ll
SÐ(Il=0.

CONT I NUE
DO 4¡0 I=l¡9

DO 4Oa Il=l r2
l.t{( l¡¡¡¡=IFIRST

CONT I NJE
DO 4O9 II=3¡4

Htl( t o I I )=l
CONT I NUE

COIgT I NUE
DO 4r5 I=1.9

IF(NY( I ¡.LT.I'GOTO 4I5
NYY=NY f ¡ )
DO 4II N=¡.NYY

Al(Nl=A(2¡loN¡Jl
CÛNT I NL'E
CALL fT{AX( NYY' AI IT{Xr X I
CALL rlI N( NYY¡Al ¡ r¡lN¡ X )
rara( I . 3)=MYEAR( I.l{x¡
Mt{( I r4|=MYEAR( ¡.r{Nl -.@

t{H(l¡l ¡=HM( Ir3) } (¡FIRST-1,
l{{( I.2¡=l¡H( ¡o4) } ( IFIRST-1,

C OtrT I NUE
TRITE(ór42O) IRUN.GEJ
FORHAf(' l'//' rolOXr' INTERHIfTENf VENTILATION - SUM"IARY RÉÞORT' r
fl20.¡RJN *' eIólr r.50Xo20Al/'-'rOôXo¡ l8('t') ¡
GOTO( 42 I c r^22 t 423 o 4?4 t125 t426 o 427 o428t ¡ J
rR¡TE(6.4f1¡
GOTO 440
fRIIE(óo432)
GOTO a40
TRITE(ó.433}
GOTO 440

4¡ I

ô¡5

1?O

ô2 I

42?

423



I27

121

425

426

4?7

¡l2Il
¿l3l

a32

tRIÍE(6¡{34)
GOTO 440
TRITE(ó.C35)
GOTO ¡t4O
TRITE(óot3ó)
GOTO a40
tRITE16.437'
GOTO +40
TRITEI 6.ô3Al
FORHAT('O'¡OóX.IFIRSÏ OCCURRENCE OF SPOILAGE -

AN-ZERd YEARS ONLY:'}

(X TB¡
ELAPSE D

AVERAUÈS FOR NA

FOR{AT ('O' .OóX¡ | AVEeAGE llOl SIURE CONTENT I S nDRYi - AVERA 3cS FO
AR NON-ZERTJ YEARS ONLY:' I

433 FORI{AÍ('O'¡O6X¡'AVERAGE I{OIS¡URE CONTENT OF ¡HE TOP LAVER ¡S TD
-RY- - AVERAGES FOR NON.ZERO YEARS ONLY:'I

43ô FOR'{AI('O'OOóX¡'AT THE FALL START DATE:')
.35 FORHAT( 'O' OOóXE ' AT fHE fINTER STOP DAfE: ' )
43ó FORI{AT( 'Or rO6X¡'Af fHE SPRING OATE:. }
437 FORMAT('OIOOóX"SPO¡LAGE TN ALL COLUMNS - AVERAGES FOR NON-ZERC

E YEARS UNLY: ' )
FOFIHAT('O'OO6XT'ONE YEAR FRO}I THE BIN FILL DATE: I ¡

f RIr=(6.441)
FORMAI( r0..O6Xrl l8(.-r l/
.O'¡4X.' HARVEST'¡ITXTTHOISIURE TOOIBÙT
.€NERGY'E8XO'OD"7X,'SPOILED ALLOfAELE
t t t4X¡ ' YEAR DAYS CONTENT
I TEMPIOSXr'USEIr9X¡'COSÍ'¡8Xr'I{A55
rcosT./
I f .4X.27X..1X ¡B¡
tlS/tr'rBXr'(fl
rRIfE(ór450)
FORMAT('OI)
OO 47O KY=I.NYEARS

lY=IFIRST+{KY-ll
lR ITE( ó.4ól ) I Yr ( A{ I r I oKY r J I r I=l ¡ 9 }
FOR{Af ( ' '¡4X¡ f7oFl3. I .3F 12.2 rFl4. I rFl 1.2¡F I l. I oF I 3.3¡F L?.21

CONI I NUË
YRITE( 6.4 321 ( AV( I ¡ ¡ [=l o9l
FORMAT( . O..6X. ll8( | -. I /
I O | ¡ ó X ¡ ' A V ER A GE ! ' ¡ F I O o I . 3F I 2 .2 . F I A . I ¡ F I I . 2 . F , I . I . F I 3 . 3 . F ¡
rR¡TE(ó.4831 ( SD( I ) r I=l'91
FOR¡|AT( ' t.óX. ' j/-t tF 13. t .3Fl ?.2tF | ê.l.Fl L.2tF I I o t oF l3r

ô34
¡14 0
a4 I

a
ô
e
a
â
a
ô

¡t50

ê61
470

4A?
ô

aEl3

(DEG C¡ (tlJ/T1..6X.
lt/Ír./.o. ¡6x ollE(.-. l)

GRAIN'i7X.
OPERATING'/

DIFF 'r
STORAGE TIMÊ.'r4Xr

?.",

J¡

4A5

486

489

490
500

600

o Ft2.2'
rRITE(ór445¡ (A( ¡. ¡ rllra( ¡.3) oJl ¡l=l r9)
FOR¡aAÏ(' O' ¡óX¡' l4AXl HUr{:' ¡F I O. 1.3F12.2 oFl ô. I iF I l. 2rF I I ¡ I r F I 3¡ 3 r

ã Ft2.2)
tRtTE (ó'44ó) (l'lH( l. I ) ¡ I=l 19)
FORHAT(''¡6Xr'IN YEAR:.rll0r3Il2¡Il4'2tll¡I13'Il2)
IRITE(ór4E9l(A(1.¡¡Íll(Io4lrJf¡I=l'9) -'@

FOR|{AT('O t róX o r l{I NI LUN: ' .FI O. I ¡3F 12.? rFl4.l ¡F I 1.2 rF I I. I oF [3.3 r
õ Ft?.z'

lR¡TE(ór4{ló¡ (ra¡l( I ¡21ol=l¡91
rRITE(óo4901
FORTIAT(.O. ¡6X¡ I l8(. +.' I

CONT INU-
tR¡TE(6.óOO)
FORH^f( . l. )
REfURN
EÑD

Cttt¡|t+tttt+t*+ttt*at*ttt*+tttt¡l*¡Èttt+l+t*I¡tt*t**t¡la*tlt+tJ}tt*ttl}ttt¡latt+
c

SUBROUT I NE ZERO( J ¡ YD o X ¡ Y¡ A ¡ DEL ¡ K o No l{ )
D t¡ENs¡ONA( 4 ¡. ¡ J(4. 3 ¡
Dtf A lJl I r2o 3rèo4o3¡2r I o3¡4ol o2/



L2B

J ¡=I
¡FI NÔLE. O¡ H= I

5 JP=J
J=IJ(J.JI ¡
IF(J.LEO2 "AND" JP"LE'2I GO TO ó
IF{J.GE.3.AND. JP.GE,3¡ GO TO õ
Z=A( I )
A(l)=A(31
A(3¡=Z
Z=Al2l
A(2¡=A(4)
A(4)=Z

6 IF(J r.Eo.3t 60 rO 5l
IF(J.LE.2IGO TO IO
X=-x
A(tl=-A(l)
Al3)=-A(31

I O IF(J.FO. I .OR. J.EO.4lGO fO 20
YO=-YO
Y=-Y
Aa2l=-A(21
A(41=-A( 4)

?o Jl=l
CÂLL TYPEI( J I ¡YD¡XoY¡AoOELTK¡N¡ I{)
IF(M.EO.2 .AND. J.GE.3) X=Allr/2.5
IF(r'l.Eù.3 .ANù. J.GE.3, X=A(l la4.O
I F(r'1.EO.4. AND. J.GE.3 )X=A( t l/lOO.
IF(J.LE.2¡GO TO 3O
X=-x
A(l)=-A(l)
A(3¡=-Aa 3)

30 I F(J.EO. t .OR. J.EO.4) GO TO 50
YD=-YD
Y=-Y
A(2)=-A(2)
A(4¡=-A(4)

5O TF(K.EO.2'RETURN
tFlJt.NE.ttGoTo 5

5I TF(N.LT.15¡REÍUR¡i
K=?
rRIÏE(ó.52)YDrX¡YrA

52 FORtlAl(. DOES NOt CTJNVERGE . ¡7FlO.5)
RETTJRN
END

Ct+t¡t*+¡ùtt'ltta*tùt¡;**+¡3¡3+t+tttttt:;ttttt+t+tt*t*t*+t+t*t+rt*tttttt¡tt*+ùt*
c

SUBROUTI NEïYPEI ( J.YD ¡X r Y r A oDELr l(¡ ñ¡ r,l )

o ITaFNSIONA( 4 t
xL=a( I I
YL=Af 2)
xu=A(3' .*
Yr/=A( 4l
K=l
¡ F( ABS ( Y-Yf, 

' 
-AAS( DEL" 2.?.6

2 K=?-
M=¡
GOT035

ó N=N+ I
GOTOI lO.20t37ç55t 2l ¡21 I oM

I O XL=X
X=2.5tx
YL=Y
11=2
GOTO35



L29

2 O YU=Y
xu=x

2l IF(YL-Yú¡30e40¡4O
30 J=2

N=N- I
H=ó

35 A( I l=xl-
A(2¡=YL
A(3)=xU
Al4¡=YU
RFTURN

17 YL=Y
XL=X

ao IF{YL-Y)145.óO.6C
c5 X=xL./¡O0.

5? t,t = -3

XU--XL
YU=YL
GOTO 70

53 K=?
M=l
fFITE( 6. 54 )

54 FORMAI(. NOI hlf HIN L¡rr,l¡T5r.l
GOTO.35

55 YU=Y
XU=X

óo
ó5

70
ao
a5

tF(YD-Y\r¡ó5r30.4{)
¡¡=XU
YL=YU
X=XU*4.
M=4
IF(N-ó¡35.35.53
IF(H-5¡A5.90.90
I=( YL-Y), /( YL-YU¡ tf XU-XLI +XL
X=lxL+.r/2.
¡l=5
GOTO35

90 y4=vL-{YL-YJ)*(X-XL)/(XtFXL)
¡F(Y4-Y) tOJr 130.t30

lO0 J=3
H=ó
¡F( Y.GT. YD¡AÑD. Y.LT. YL) XL=X
I F( Y.Gf. YO. AND. V.Lf. YL I YL=Y
I F{ Y.LT. YD.AND.Y.GT. YL I XU=x
¡ F(Y.Lr. YD.AND. Y.GT. YLI YU=Y
X=XL+( YL.YD ¡ I { XU-XL 

' 
/ ( YL-Y U 

'GOTO35
130 IF( Y-YD¡ l50r 140¡ 140
t¿¡0 IF( YL-V ¡ 14r.142.14¡
l4l s=(x-xL)r(YL-YDl/(YL-Y)+XL

GO TO 143
L 4? $,= XL

t43 ¡=( ( Y-Yù l/ (Y-YV ) lr( XU-X) +X
XL=X
YL =Y
X=í5+at/2.
GCTO35

tso r=( ( x-xL ¡ t ( YL-YD¡ l/l YL-Y) +XL
5=( ( YD-YU ) t( x-XU) ),/( Y-Y!.r)+XU
IF(XL-st r70r t70.ró0

tóO S=xL
l70 xU=x

YU=Y
X=(S+tl/2.
GOTO3S

cttt *a * * t¡t t t t+ t a lt * t t t *t + a * tr û * t t * t ** t * tl¡ t '} tt t+ attl'tr ù r att t rt *'¡ I 1l * * * t û t *
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Appendix C

ALPHABETICAL LISTING OF FORTRAN VARIABLE AND SUBROUTINE NAI'ßS

location of data value in subroutine AHUl"t

artay v¡hich stores the status of search in subroutine
DRYSIM, ZERO, and TYPE1

array of which the minimum value is found in subroutine
MIN, and the maximum value is found in subrouLine MAX

regression constant array in subroutine RADN

A(I,J,K,L) -

A1(I)

AA

ADM( I )

AFR

AG(I)

AHUM

AK(I)

AKM( I)

array for manipulation of grain condition values for calcu-
lation of means and standard deviations in subroutine PRINT

dummy a:-ray for maximum and minimum calculation
in subroutine PRINT

2(PÍ/ 36s)

moisture content of grain in layer I, "/. wet mass basis

airflov¡ rate through grain , (tl")/r3

temperature of grain in layer I, oC

subroutine which calculates the absolute humidity or the
saturation vapour pressure of the air

thermal conducEivity, t't/(m.K)

mean thermal conductivity between coduction nodes used in
finite difference method, W/(m.K)

day angle, radians

station latirude, radians

AL

ALAT

AMODIF(I,J)- average difference in moisture content between the top and
bottom layers in the bin, at year I and time J, Z wet mass
bas is

AMOIST(I,J)- average grain moisture contenr in bin, at year I and time J,
% wet mass basis



AREA

ATEMP(r,J)

AV(I)

AVCOTM( I )

AVCOLT( I )

AVEM

AVET

AVGM

AVGPER( I, J

AVGT

AVI'ITOP

AVTTOP

AXM( I)

B

B(I)

BB

BT

BW

C

C(I)

CAIC

CHANGE

I31

- grain bin floor ^t.^, ^2

- average grain temperature, at year I and time J, oC

- average

- average moisture content of column I,7" wet mass basis

- average temperature of column or I, oC

- average moisture content of grain column, "/. wet mass basis

- average temperature of grain column, oC

- average moisture content of entire bin, % wet mass basis

)- average allowable storage time elapsed in year I and time J
decimal fraction

- average temperature of entire bin, oC

- average moisture content of top tr¡/o convect ion layer,
7" utet mass basis

- average temperature of top two convection layers, oC

- moisture content of grain in layer I, "/" wet mass basis

- location of data value in subroutine AHUI'I

- regression constant array in subrouLine RADN

- Biot number for botEom surface of the grain and floor

- Biot number for top grain surface

- Biot number for exterior wall surface

- location of data value in subroutine AHUl"l

- specific heat of grain, converted to.J/(kg."C)
in subroutine DSIl"l

- specific heat, J/ (kg. "C)

- subroutine which calculates average thermal properties
for conduct ion

subroutine which calculates temperatures and moisture
contents at ne\^¡ nodes when changing from convecÈíon to
conduction or conduction to convection simulation

cloud modification factorCLOUD



CM

CO

D

r32

mean internodal specific heat values, J/(kg."C)

cloud opacity, tenths

location of data value in subroutine AHUl"l

day in subroutine RADN

number of days aË current simulation year

declination of the sun, radians

subroutine which calculates a11owable storage time elapsed
in each volume element, and dry matter decomposirion for
the worst element in each column

allowable error in deËermining X

column widËh, m

conduction layer height, m

total grain depth in bin, m

grain bin diameter, m

moisture content of grain layer I,
ttdryt' grain moisture content , 7. wet

cal ls subroutine DSII,l and operates
moisture contents and temperatures
different

subroutine which simulates drying process for
grain column during one time interval IDELTT

air temperature rise over direct-drive axial fan
in subroutine FANSUB, oC

time interval in subroutine DECOÌ"IP,,$

isentropic air !emperature rise over fan, oC

dusË factor in month I

location of data value in subroutine AHUM

2.)
DELR" IDELZ.

solar time correction factor in month I (estimate)

energy cost per tonne of grain, $/t

DAYS

DECL

DECOMP

DEL

DELR

DELZ

DEPTH

DIAM

DM( I)

DRY

DRYSIM

DSIM

DT

DTCOMP

DUST( I )

E

E( I)

ECPT

"/. dry mass basis

mass basis

it in columns when grain
are significantly



EFF

ELECTR

ELVOL

EMA

EMS

EPTONN(I,J)-

EQT

ERT

F

FAN(r,J)

FANCST(I,J)-

FANSUB

G-

G( I)

G(I,J)

GEO

GRCOST

H

H(I)

HC1

HC2

133

total fan efficiency, decimal

electrical energy used, MJ

grain element *rolrm", *3

emissivity of grain bin wa11 at 38 oC

emissivity of grain bin wa1l, solar

electrical energy used per tonne of grain, in year I at time
J, MJ/Ë

equivalent sforage time, h

equilibriurn relative humidity of the graín, 7.

location of data value in subroutine AHUM

airflow rate per bin floor area, (l-/s)/^2

fan operation time in year I and month J, h

fan operating cost, $

subroutine which calculates fan airflow and power require-
ments, grain depth and temperature rise accross direct-
drive axial-flow fan

location of data value in subroutine AHUM

temperature of grain in layer I, subroutine
DSIM, "C

temperature of grain in elemenË I, J, oC

locaEion name, alphanumeric

value of grain, $/t

equivalent to H0, subroutine RIIAIR *

estimaËed globa1 radiation on a horizontal surface of one,
square meter integrated over a period of one hour, (t¡/(m'.h)

absolute hurnidity of the air entering layer I,
kilograms of waËer per kilogram of air

convectiverheat transfer coefficient for bin
wa 11 , !'¡/ (m- . K)

- convective heat transfer coefficiçnt for free
convect ion at grain surf ace , W/ (m' .x)



HEAT( r, J)

HF

HO

I34

heater operating in year I and month J, h

absolute humidity of the air leaving the layer of grain at
the end of the time interval IDELT1

absolute humidity of the air entering Ehe layer of grain at
the beginning of the time interval IDELT1, in subrourine
DSIM

absolute humidity of air in subroutine RIIAIR

incident solar radiation at the top of the at4osphere on a
horizontal surface, in subroutine RADN, kJ/ (n'.h)

toral time since bin fill date, h

cost of heater operation in year I and month J

calculated output polrer of supplemental heater, kl^l

integer index

AM time for time-clock fan control, h

integer indicator for subroutine CHANGE

indicates whether or not convection should take
place during IDELTO

day of the month, subroutine READ

array containing date information

date after last tirne interval plus IDELTO or IDELT1

date

array containing date information

day of the month

time interval, h

HOURS

HTCST(r,J)

HTPI,IR

I

IAl"f

ICH

ICONV

]DA( I)

rDA(r,J)

IDAPL

IDAT

IDATE( I )

IDAY

IDELT

IDELTO

IDELTl

IFIRST

IHARVD

IHEATR

IHOUR

time interval for conduct

time interval for convec!

first simulation year e.g

harvest date, YRMODAHR

indicates wheEher or not

hour of the day, h

ion rnode 1

ion rnodel

.62

h

h

supplemental heat is used
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IHR( 1 )

II

IJ

rJ(r,J)

IM

II'1I

IN

INAIR

INAIRT

INPER

ISPNG

INTERV

IOBJ

IOP

IP

IPRINT

IPRINT(

IP},1

IPRT

IRUN

ISPDTl

I STDT 1

ISTDT2

ITI

hour of the day, h

integer index

indicator of the air and grain conditions at the
end of the time interval, in subroutine DSIM

array for storíng data values

number of conduction layers (tlt't)+1

I-I in subrouEine TOODEE

number of conduction columns (NN)+t

number of hours of intermirtent ventilation, h

- intermirtent ventílation time interval; should be
a multiple of IDELT0, h

- maximum period r,rithout ventilation, day

- indicates management of ventilation syslem after
spring start date

- counter for period of time without ventilation, h

- indicates objective of storage regarding moisture
c ont ent

- fan operation control method

- I+l in subroutine TOODEE

- indicates time to print, subroutine PRINT

I,J)- indicates time to print

- PM Ëime for time-clock fan control, h

- indicator of the search status in sqþroutine DSIM

- optional run number given by user

- winter system stop date, YRMODAHR

- fall system start date,

spring sysfem start date

indicates which initial

YRMODAHR

, YRMODAHR

grain temperature to be used

PRINT- harvest year, subrouËine



IYR( I)

J

JHARVD

J1

JM

JP

JSPDTl

JSTDTI

JSTDT2

K

KSPOIL

KY

I

LOCATE

LMAX( I )

Ll"lx

1"1

r36

year, subroutine READ

integer index

same as IHARVD except only MODAHR

indicaEor of search position

J-1

J+1

alternate location of J in subroutine ZERO

same as ISPDT1 except only MODAHR

same as ISTDT1 except only MODAHR

same as ISTDT2 except only MODAHR

integer index

indicates whether or nof first grain spoilage has occurred

year integer index

integer index

inleger geographical location index

layer in column I with maximum deterioration

same as LMAX(I)

integer index

equivalent to MM in subroutine ZERO

subroutine which identifies the maximum value in any array

subroutine which identifies the nínin*¡m value in any array

special indicator whcih indicates the status of
search in subroutine DSIM

MAX

I'1IN

MM

Mlr(r,J)

MN

MO(I)

MODE

MONTH

array used to store maximum and

minimum year number

month

indicates convection or conduct

month

minimum values

10n



ì4P

MTOP

},IULT

MX

MYEAR( r, J)

N

NDAY( I )

NL

Nl"t

NN

NTOP

NSPOIL

NPROP

NY( I)

NYEARS

NYY

OAM

ODCOST

ODCPT(r,J)

ONEYR

r37

M+1

indicaËor of which moisture content value limits
system operation

integer multiple of simulation time interval, (=IDELT0/IDELTI)

maximum year number

non-zero year integer

integer index

arr.ay contaíning days in rnonth I

number of convecfion layers, to be an integer mult.iple of NM

number of conduction layers

number of conduction columns

top conduction grain layer

number of columns in which spoilage has occurred

number of grain and bin property cards, usually 3

non-zero year number

number of harvest years for simulation

same as NY(I)

optical air mass

overdrying cost, $

overdrying cost per tonne in year I aË Ëime J, $/t

indicates whether simulatíon is to continue for
year regardles s of grain deteriorat i.err

operating costs to date including overdrying,
spoilage and energy in year I at time J, $

proporrion of allowable storage time already elapsed
in layer I, decimal fraction

station baromeÈric pressure, kPa

maximum allowable proportion of storage Èime already elapsed
in column I, decimal fraction

proporrion of allowabIe srorage time already elasped

oPCosr(r,J)-

P(I)

PBAR

PCTM( I )

PER( r, J )



PERDM( I)

PERI

PERMAX

PF

PI

PRINT

PS

PTI'{

PW

PWR

PWRCST

QE

Q0

QR

QRP

QS

QSN

R

138

in layer I and column J, decimal fraction

dry matter decomposition in fhe \,/orst layer of
column I, "/.

proportion of allowable storage time already used up on the
bin fill date, decimal fraction

- maximum allowable dry matter decomposítion, Z

- packing factor used in the airflow resistance
through grain static pressure calculation

- 3.1459

- subroutine which conËains all output information,
calculates sumnary values and prints oufput

- saturation vapour pressure of the air, kPa

- maximum allowable storage tíme already elapsed in column

- vapour pressure of the air at T, kPa

- por,/er required to drive Ehe fan, kW

- input electrical energy cost, cents/kW-h

- earth-to-bin radiat íon, Wlm2

- bin-to-surroundings radiation, l^l/m2

- ner radiation, W/m2

- net radiation on surface area of element, \l/m2

- sky-to-bin radiation, W/m2

- total solar radiation on the bin wall; reprEsents
average radiation for all sides of bin, W/m'

- dry matter to air mass ratio, kilogtñ, of dry matter
per kilogram of air

- subroutine which calculates the net radiation on
the grain bin wal1

subroutine which reads hourly tape vreather data
and calculaEes average values for time interval

relative hurnidity of the air, Z

subroutine which calculates the relative humidiËy
of the air for given conditions of remperaLure

RH

RHAIR
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RHMAX

RHS

RO(I)

ROM

S

SAFWIl

SC

SD( T)

SMALL

SP

SPCOST

SPHT
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and absolute hunidity

maximum relative humidity for humidistat fan conlrol, Z

relative humidity of the air leaving the layer
of grain at the end of the time interval, 7"

3dens:-ty, kglm

average density, kg/r3

value used to determine a ne\{ esfimate for X

subroutine which calculates the allowable storage time (h)
for wheat at the given temperature and moisture content

solar constant , kJ /(r2.t )

standard deviatíon

smallest value in array A(I)

static pressure drop through grain, kPa

cost of spoiled grain, $

subroutine which calculates the specific heaL of wheat at
the given temperature and moisture content

static pressure drop per merer depth of grain, kPa/m

spoiled mass in year I aÈ time J, t

specific mass of grain , t/^3

solar time, h

Stefan-Boltzmann constant , w/ {^2.X4)

array containing values of sums

sum of moisture contents

sum of moisËure contents of top layers

array containing values of sum of the squares

sum of grain temperatures

sum of grain temperatures of top layers

temperature of air, oC

SPM

SPMASS( r, J)-

SPWT

ST

STEF

SUM( I) -

SUMM

SUMI'{TP

SUMSQ( I)

SUMT

SI]MTTP

T

T(I) Eemperature of air entering layer I in subroutine DSIM oc
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TB

TD

T( I, J)

TAB

TDB

TDBIN

TDBMAX

TDBMIN

TDIFF

TDIFFM

TDP

TGHARV

THARV

TI

TO

TOODEE

TONNE

TP(r,J)

TPLEN

TRANS

TROOF

TSUPPL
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ar:-ay conËaining values of grain temperatures
at conduction nodes, oC

temperature of the air leaving the layer of grain
at the end of the time interval, oC

temperature of the air in bin plenum, oC

average dew point temperature of the air entering the bottom
layer of grain during the time interval, oC

dry bulb air temperature, oC

acrual dry bulb temperature of air entering
first layer of grain, oC

maxiuum air temperature for fan operation, oC

minimum air temperature for fan operation, oC

differential temperarure; í.e. air temperature
minus temperature of top two grain layers, oC

differential thermostat seËting; i.e. fan oper-
ation only when TDIFI' is less than TDIFFM, oC

dew point air temperature, oC

value that initial grain temperature will be
above average 24-h arnbient temperature, oC

initial grain temperature at harvest, oC

ínput initial grain remperaturer oC

average temperature of the air entering the
bottom layer of grain during Ehe time ínterval, oC

subroutine which calculates grain temperatures
at conduction nodes v¡ith no ventilation

mass of stored grain at ttdrytt moisture content, t

final grain temperatures afrer time interval IDELTO,

input value of plenum air temperature above ambient,

esEimate of transmitËance of whole-spectrum,
direcE-beam solar radiarion

input value of grain bin attic temperature above ambienL, oC

input value of supplemental heat added Eo incoming
air by heater, oC

oc

oc



I4T

TT

TW

TYPEl

U( I)

VOL

VMOIST

temperature of air in bin attic, "C

average bin wa11 temperarure, oC

subroutine used with Z¡nO to find a better estimate for

dimensionless modulus

total grain bin volume in subroutine

volume of spoiled grain in subroutine

allowable variation in grain moisture
columns below which they are averaged
as one column , Z vtet- mass basis

FANSUB, M

PRINT, M

3

1J

VTEMP

i./

w1

I,'12

l,J3

I"IA

WIDTH( I )

i^IIND

X

XDAYS(r,J)

XL

XLAT

XLONG

XLONGS

XLPS

XM( I)

xM( r, J)

allowable variation in grain temperature between columns
below which they are average and treated as one column, oC

precipitable v¡ater based on dew point temperature
in subroutine R-ADN, mm

mass of material in finire difference volume element, kg

same as I.i1

same as Wl

estimate of solar hour angle, radians

thickness, m

wind speed, km/h

independent variable in subrouEines ZERO and
TYPE1 which is to be found such rhat f(X)=yD

dummmy variable in subroutine PRINT

array which stores value of DAYS for year I af time J

alternate location for A(1)

latitude of geographical location, degrees

longitude of geographical location, degrees

standard longitude of geographical location, degrees

content between
and treated

fan airflow rate , L/ s

grain moisture contenf

grain moisËure content

1n

1n

layer I, Z wet mass

layer I and column J

basis
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x¡,10(r,J)

XMI

"/" wet mass basis

initial moisture content in layer I and column J,"Á wet mass basis

initial grain moisture content in MArN , % vtet mass basis
moisture content of the grain af the end of theEime interval, "/" wet mass basis

alternate location for A(3)

- function of X (y=nnn-ruiS)

- similar to S

- desired value of y

- alternate location for A(2)

- alternate location for A(4)

- zenith angle in subrouËine RADN, radians

- temPorary location of A(I) in subroutine ZERO

- subroutine which.sequgniially selects better X values foran unknown f uncr i-on. f (X) (=y) , such that f ( X) equals somedesired value of y (=y¡¡

XU

Y

Y4

YD

YL

YU

Z

ZERO

;:li I
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