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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 were evaluated. A computer simula-
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 experimental 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 Winnipeg, Manitoba were used. The effects qﬁzclimate, initial mois-
ture content, harvest date, and initial grain temperature on the condi-
tion of stored wheat were determined. The condition during storage of
15%Z initial moisture content wheat was predicted with no aeration, with
aeration rates from 0.5 to 3.0 (L/s)/m3, and with four different fan

control methods.




All aeration airflow rates and fan control methods reduced the
rate of grain deterioration. An airflow rate of 1.0 (L/s)/m3 was opti~-
_mum for continuous aeration. The optimum fan control methods were humi~
distat control with settings between 50 and 70%, 6 h time-clock opera-
tion at night, and differential thermostat control with settings between
—-10 and -15°C. The choice of fan control method is independent of cli-

matic variation within the range of climates 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 established in Canada. Uncertainty in
production and marketing can often result in lengthy storage periods.
Although the Canadian Grain Commission specifies '"dry" moisture contents
for market, these may not necessarily be "safe" moisture contents for
storage. Moisture migration, or high initial grain temperatures in
large storages can result in serious deterioration, even at these "dry"
moisture contents. Variable weather and field conditions during harvest
may produce "tough" or "damp" grain which has an even greater tendency

toward deterioration than "dry" 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.

The objectives of this study were to determine effective airflow
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-

-1 -



nary, based on initial grain conditions, airflow rate, weather condi-
tions, and a variety of fan control parameters. Although exact predic-
tions by such a method are impossible, the model sufficiently represents
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 system designs can be developed.

In this thesis, the term "aeration" refers to grain ventilation
during storage for the primary purpose of quality maintenance. It

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




Chapter I1

REVIEW OF LITERATURE

2.1 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 uniform temperature
throughout the grain mass with sufficient intermittent ventilation to
prevent moisture migration (Brooker et al. 1974, Burrell 1974). As
well, aeration can be used to remove grain storage odours and to distri-

bute fumigants throughout 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 (Kelly 1941, Johmson 1957, Holman 1960).
It was suggested as an alternative to the management practice of turning
to distribute Beated 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 (Muir 1980) as well as the use of unheated air grain

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




Grain moisture content changes during "dry" grain aeration are
usually small 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 1957). Foster (1967) recorded simi-
lar increases in moisture content during grain warming. Cloud and Morey
(1979) suggest that reductions in grain moisture content of about 0.25

percentage points may occur for each 6°C reduction in temperature.

2.2 Grain Cooling
2.2.1 Biological considerations

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 reductions in

germination than warm damp grain.

Grainivorous insects do not develop below 15°C (Sinha 1973) to
17°C (Burrell 1974) and at m&isture contents below 10% wet mass basis
(Sinha 1973). Mites do not develop below 5°C, and most storage fungi do
not develop below 0°C. Grain moisture contents below 137 for most cere-
als arrest the growth of most fungi and mites. ygifferent critical mois-
ture contents exist for other crops with different equilibrium relative

humidity relationships.

Germination is reduced at combinations of high moisture contents

and both high and low temperatures. At temperatures above 0°C, germina-

tion is reduced over time as moisture content and temperature are




increased (Burrell 1974). At temperatures below 0°C germination can
also be reduced. Agena (1961, cited by Burrell 1974) found germination
reductions for wheat, barley and rye at moisture contents of 20 to 30%
and temperatures below —-6°C. Manchur (1972) found reductions in germi-
nation for barley at moisture contents greater than 18.7% at tempera-

tures below ~12°C.

These results suggest that the objective of cooling grain should
be to reduce temperatures to below 5°C and preferably below 0°C. If,
however, the grain is wet and germinative energy is to be retained,

temperatures should be limited to above -6 to -12°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 8°C above the
ambient air temperature. Measured grain temperatures were as high as 32

to 42°C on sunny fall days in Manitoba.

In unventilated storages the rate of cooling increases with
decreasing bin diameter. The centre of a bin of wheat stored in Winni-
peg, at an initial temperature of 35°C takes 323 <ays to cool to 20°C in
an 8 m diameter bin, while it takes only 112 days in a 4 m bin. At an
initial temperature of 25°C it takes 225 days in an 8 m bin and 90 days

in a 4 m bin for the wheat to cool to 20°C (Yaciuk et al. 1975).

Since initial grain temperatures within the optimum temperature

ranges for grain storage pests are likely, grain can deteriorate rapidly




if it cools slowly, or biological activity is not limited in some other
way. Aeration can be an important means of cooling freshly harvested
grain if the grain is harvested during warm weather, and if it is stored

in large volume granaries.

2.3 Maintaining Uniform Temperature

Non—~uniform temperatures within a storage bin are thought 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 two cycles for
moisture migration which depend on ambient air temperatures, which are
largely determined by the season. The moisture migration to the top and
centre of the grain occurs during the fall and winter when the grain
temperature is higher than the ambient air temperature. Migration to
the floor and centre occurs during the spring and summer when the grain

temperature is cooler than the ambient air temperature.

The wide seasonal temperature variations common in Canadian
Prairie climates and the large temperature differentials possible within
large granaries (Yaciuk et al. 1975) suggest that moisture migration is
potentially a serious problem. Some authors suggest the use of inter-
mittent aeration throughout the year to maintain relatively uniform bin
temperatures, especially in large bins greater‘than 100 m3 (Friesen and
Harms 1980). Summer aeration increase; grain temperature thus increas-—
ing the rate of deterioration. The benefits of summer aeration to min-
imize moisture migration have not been established. Deterioration
resulting from moisture migration may be less than that resulting from

summer aeration.




2.4  Aeration System Performance
2.4.1 Airflow rate |

The time required to cool the grain to the ambient air temperature
is dependent on the airflow rate. It requires 600 to 700 volumes of air
to cool a single volume of grain, assuming even airflow distribution
within the grain mass. Therefore at an airflow rate of 1 (L/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 1979).

Higher airflow rates or increased cooling times are required with
poor airflow distribution within the grain bulk. Burrell (1974) sug-
gested that the longest air path from the duct to the grain surface
should be no more than 1.5 times the shortest air path. Under these
conditions airflow rates or times should be increased by 50% for ade-

quate cooling.

The required airflow rate to maintain grain quality is dependent
upon the grain moisture content, and the temperature and relative humid-
ity of the air. In this respect aeration may not always be distinguish-
able in appearance from unheated air grain drying.

agu

Airflow rates recommended for aerating "dry" grain vary from 0.3
to 6.7 (L/s)/mB. Johnson (1957) and Holman (1960) feel that airflow
rates of 0.3 to 0.7 (L/s)/m3 are sufficient for continuous aeration in
large commercial storages. Shove (1962) suggested 0.7 to 6.7 (L/S)/m3

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

tent operation or for higher moisture contents. Cloud and Morey (1979)




.. . 3 . .
suggested a minimum of 1.3 (L/s)/m” for on-farm aeration of dry grain,

and Friesen and Harms (1980) recommended 1.0 to 2.0 (L/s)/m3.

Fraser and Muir (1980) related airflow rate to moisture 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
minimizing the rate of spoilage is the factor which determines airflow
rate. For example, for Winnipeg, wheat harvested at 20% moisture con-
tent on 15 August requires an airflow rate of 30 (L/s)/m3. This airflow
rate can be approximately halved for each month's delay in harvest and

for each 2% decrease in crop moisture content 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 ambient temperature variations, which are usually seasonally
dependent. Thus, Cloud and Morey (1979) divided aeration system manage-

ment into four periods:
1. Fall cool-down period.

After harvest the stored grain is cooled as quickly as

possible to between -7°C and 2°C.
2. Winter holding period.

Intermittent fan operation during the winter when the
outside temperature is near the grain temperature to maintain

relatively uniform grain temperature.




3. Spring warm—up period.

Intermittent fan operation to warm grain to between 10
and 15°C by the middle of June unless the grain is to be moved
by July, in which case no aeration is required. They feel
condensation on the cold grain will not be a problem if it is

moved before July.
4. Summer holding period.

Intermittent fan operation during the summer when the
outside temperature is near the grain temperature (10 to 15°C)

to maintain relatively uniform grain temperature.

The spring warm-up and summer holding period ventilations are done
to minimize the possibility of the occurrence of the summer moisture
migration cycle. The use of spring and summer aeration assumes that
less loss will result from grain deterioration at the warmer grain temp-—
eratures than from summer moisture migration. If summer moisture migra-
tion does occur, the moisture will accumulate in the coldest grain. If,
however, this grain remains cold throughout the summer, little or no

deterioration may occur, even with increased moisture contents.
g

Various fan control methods have been suggested for aeration sys-
tems. Shove (1962) evaluated thermostat and humidistat controllers and
found that they offered no advantage with respect to the resulting grain

quality and cost over continuous operation.
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Cloud and Morey (1979) recommended continuous operation with some
manual control during the fall cool-down period to achieve the objec-

tives outlined above.

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

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

cooler than the grain temperature for fan operation.

Burges and Burrell (1964) in Great Britain suggested humidistat

control with fan operation to maximum relative humidities of 75 to 80%.

Since the temperature to which the grain can be cooled is deter-
mined by the ambient wet bulb temperature, not the dry bulb temperature,
Griffiths (1967) suggested the use of a wet bulb controller. Evapora-
tive cooling due to the wet bulb temperature depression can result in

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

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

grain always stayed warmer than the cooling air, due to the release of

the heat of sorption.

The variety of recommendations for aeration fan controllers may be
because ventilation is required in response to climatic variatioms. As
. . 3 . ST 3
climate varies from region to region, so may the optimum method of fan

control.

2.5 Mathematical Models
The condition of grain in ventilated and unventilated storages is

highly dependent upon weather conditions, initial grain conditions, air-
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flow rate and other important factors. Because there is neither the
time nor money to experimentally investigate all parameter combinations
of interest, many investigators have resorted to developing mathematical
models of the heat and moisture transfer in grain bins. The models lend
themselves to computer solution, using historical weather data on tape.
In this way a large number of variable combinations can be examined
using weather data from several years, and trends in system performance

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 Convection Models
2.6.1 Types of models

Models which mathematically predict heat and moisture transfer
during forced convection of air through grain can be broadly categorized
as one of two types; 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 (1971) developed a procedure to predict grain
conditions under low airflow rate ventilation by approximating equili-
brium temperature and moisture conditions between the air and grain.
Thompson (1972) simplified 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 unknown values at the equilibrium

point.

The equilibrium assumption is in fact not unconditionally true
especially at higher airflow rates. To prevent unrealistic predictions
of overdrying. or excessive re-wetting, empirical thin-layer drying equa-
tions have been included in several subsequent models. Flood et al.
(1972) used a modified version of Thompson's model with a thin layer
drying equation by Sabbah (1971, cited by Brooker et al. 1974). Morey
et al. (1976) also used a version of Thompson's model with Sabbah's
equation. Although thin layer equations improve the accuracy of equili-
brium models at higher airflow rates, they are alig more likely to over-
estimate drying at low airflow rates due to the more dramatic changes in
conditions of the air as it passes through the gfain. Therefore, under
low airflow conditions the original equilibrium approach is better
(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 moisture 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 Thompson's
model to have incorporated it as part of a grain harvest simulation pro-
gram. This is available to Alberta Agriculture staff to assist in eval-

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

2.6.3 Analytical models

Analytical models are more fundamental in nature than the empiri-
cal models. They are based on.partial differential equations describing
the laws of heat and mass transfer and therefore may have more general
application to other hygroscopic materials. Accurate thin-layer drying
equations and equilibrium moisture content relationships are required
however, and in this respect the analytical models are no different than
the simpler empirical models. Good descriptions of the equations used
and the assumptions made have been compiled by Brooker et al. (1974) and

Spencer (1969).

Bakker—-Arkema et al. (1967) developed an analytical model which
simulates the drying and cooling of "wet'" biological materials. Because
the model only simulates '"free" moisture transfer, no thin-layer drying
and equilibrium moisture content relationships were required and the

model is relatively simple.

Spencer (1969) took a similar approach but included drying rate
equations. Successful verification was made with heated air. In his
revision (1972) he cautionmed against the use of this method at airflow
rates less than 2.1 (L/s)/m3 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. (1974, 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-
tions. Johnson learned from Bakker-Arkema that an inherent instability

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

Low airflow rate "equilibrium" analytical models have been devel-
oped by Sutherland et al. (1971) and Ingram (1979). 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 Morey's have resulted in good

agreement with experimental data under "equilibrium'" conditions.

2.7 Conduction Models
Less research emphasis has been given to predicting temperatures
and moisture contents in unventilated granaries. Where effort has been

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

T

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 finite 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 predictions agreed satisfactorily with experimental data.
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Muir et al. (1980) refined this method to one which would predict

temperature 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 internal heat or moisture generation,
as would be expected from respiration of the grain, mold growth, and
insect activity are included in the model. Heat transfer by free con-
vection was assumed negligible as well. Grain deterioration prediction
models have not been included in these conduction models. An accurate
assessment of grain deterioration would require predictions of moisture

migration.

Grain Deterioration Models

2.8
An accurate mathematical representation of the biological pro-
cesses contributing to grain quality deterioration 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

temperature and moisture content. Other factors which are difficult,

and perhaps impossible to define using mathematical relationships are:
mechanical damage to the grain, grain deterioration 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

with corn that a decrease in market grade corresponded with about 0.5%
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loss in dry matter. The mathematical relationship they derived predict-
ing the time for this to occur includes grain temperature, moisture con-
tent, and mechanical damage factors. This time is known as the allowa-
ble safe storage time. No consideration was included for insect and

mite infestations, and mycotoxin production.

Fraser and Muir (1980) developed a similar model for wheat based
on data presented by Kreyger (1972) and data from their own laboratory.
The allowable safe storage time in their case was defined as the time
required for germination to drop to between 90 and 95%, or the time
before mold 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, nothing 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 which recommendations for aeration system management can be based.




Chapter III

MATHEMATICAL MODEL

3.1 Modelling Intermittent Aeration

Ventilation systems for grain aeration are usually operated in
response to seasonal variations, resulting in intermittent fan opera-
tion. There are often extended periods when ventilation is not
required; therefore, an accurate mathematical model of aeration must
describe grain conditions with and without ventilation. Models pre-
sently available are designed to simulate either forced comvection or
conduction. A model capable of simulating both simultaneously could be
developed using analytical methods, deriving relationships for heat and
moisture transfer which would 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 of predicting grain conditions in the

vertical and radial dimension of cylindrical grain bins was developed

for the following reasons:

1. Forced convection through grain results in vertical tempera-
ture gradients. These gradients will likely be greater with

the low airflow rates required for aeration.
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2. Muir et al. (1980) suggested increased accuracy in predictions
made with their two-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
the combined model is found in Appendix B. Validation of the model by
comparing predicted values with experimental data is described in Chap-

ter IV.

3.2 Conduction Model

The conduction component of the combined model was based on the
two—dimensional model developed by Muir et al. (1980) for am unventi-
lated bin. This model was based on heat balance equationms for heat flow
in both the vertical and radial directions of a cylindrical grain bin.
Temperatures throughout the bin were assumed to be symmetrical about the
vertical axis and heat generation within the grain was assumed to be

negligible. Convective heat transfer was ignored as well.

Equations capable of predicting the temperatures of a sector 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 element were derived from basic laws of physics.

Expressed in finite difference form these are:
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1. The rate of conductive heat flow is (Fourier .equation):

- AT
q = kA Ax (l)

where: q = rate of heat flow, W
k = thermal conductivity, W/(m+K)

A = cross-sectional area measured normal to the direction of
heat flow, m?

A temperature gradient in the direction of heat flow, K/m

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

ment 1is:

q = Vep %%, (2)

where: V = volume of element, m?
¢ = specific heat, J/(kg-K)
o = density, kg/m®

AT change in element temperature during time interval

At At, K/s

Ee o

The volume of three different geometric shapes must be considered
in developing the equations. As well, some elements such as the
exterior wall or the 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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Sector of a cylindrical grain bin divided into M + 1 vertical
elements and N + 1 radial elements for conduction simulation,
and 2M vertical layers and N + 1 columns for forced
convection simulation.
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For any interior spatial element m,n, the rate of conductive heat

flow into the element is:

Tm,n+l } Tm,ﬂ-

Ar + (3)

q = k[ (abr + ATr)AeAz][

Ar T -1 T
k[ (nAr - —Z—)AGAZ][ m,n m’“—l +

Ar _
T - T -
k[n(Ar)zAG][ “‘“’_IA‘Z T2 At +
T 1.n " T -~
k[n(Ar)zAG][ = e T3 At

where: n = number of spatial element in radial direction (Fig. 3.1)
m = number of spatial element in vertical direction (Fig. 3.1)
r = radial distance, m
z = vertical distance, m
0 = included angle of bin sector, rad
Tm,n = temperature of element m,n at time t, K
The rate of heat stored in any interior spatial element, m,n, can

be written:

q = nABAz(Ar)? Cm,n pm’n (TI;’n - Tm,n) (4
where:
Cm,n = mean specific heat of element m,ny=J/(kg-K)
pm,n = mean density of element m,n; kg/m®
Té,n = temperature of element m,n at time t + At, K
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Where thermal properties in the bin are constant, as with the

interior elements, we can define dimensionless moduli:

b = cor)® (5)
kAt
and: :
_ (an)? 6
E = G (6)

The predicted temperature at the end of time interval At can be

found by combining equations 3 to 6:

v [2n+ T [2n - T
Tm,n [ 2nU__Tm,n+l + L_ 2nU__Tm,n-l + )

e

2(E + 1)
U[Tm+l,n * Tm—l,q_ * [l U _ITm,n

Equations can similarly be derived for elements at the top

surface, wall surface, bottom surface, centre column, bottom centre, top

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

statements in subroutine TOODEE (Appendix B). They are similar to those
presented by Muir et al. (1980) except that heat transfer at the bottom
surface is to an aeration plenum, not to a concréte and soil foundation.
Calculations for the top, bottom and wall surfaces require that the

thermal conductivity be .related to the convective heat transfer

coefficient using the dimensionless Biot number B defined as:
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hCAr
B =< (8)
where: EC = convective heat transfer coefficient

The convective heat transfer at the wall surface is calculated

using the method presented by Yaciuk et al. (1975).

A value for radiant heat transfer to the bin wall surface is
calculated according to the method presented by Muir et al. (1980)

except in the calculation of the solar radiation components.

The equation derived by Muir et al. (1980) for the average total
radiation striking all sides of a cylindrical bin at Winnipeg was used.

The coefficients were modified to calculate hourly values:

H
H = 0.1152 H + 664.9 — - 1131 (9)
vs o} H
o
where:
HVS = hourly radiation on a vertical surface, J/ (m?+h)
Hs = total radiation on a horizontal surface, J/ (m?+h)
HO = extraterrestrial radiation for the given location, J/ (m?+h)

R

Total solar radiation on a horizontal surface, Hs, was estimated
using a model developed for the Canadian Prairies by Won (1977). This
model uses readily available hourly meteorological variables to estimate
global radiation. This permits use of this program at locations where

hourly global radiation data may not be available. The hourly



24
meteorological variables required are cloud opacity, barometric
pressure, and dew point and dry bulb temperatures. Extraterrestrial
radiation, Ho, is calculated using the relationship presented by Won
(1977). The equations which calculate radiant heat at the bin wall are

shown in Fortran notation in subroutine RADN.

3.3 TForced Convection Model

The equilibrium drying model developed by Thompson (1972) provided
the basis for the forced convection component of the combined model. It
was used because of its ease of comprehension, efficient use of computer
facilities, reported validity, and availability. Analytical models
might have provided more accurate results, but difficulties encountered
by previous investigators (Spencer 1969, Johnson 1979) with their use at

low airflow rates would have had to be overcome.

The model is limited to use at the equilibrium or near equilibrium
moisture and temperature storage conditions common at low airflow rates

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

1. Equilibrium is obtained between the air and the grain for the

simulation time interval and space increment.
iR

2. Heat 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.

3. No hysteresis exists between the absorption and desorption
isotherms relating grain equilibrium moisture content to equi-

librium relative humidity of the air.
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4. No heat or moisture is generated in the grain bulk. Heat and
moisture generation might be expected from respiration of the
grain, and insect and fungi activity, but is probably negligi-~
ble at low moisture contents or until the rate of deteriora-

tion increases.

Equilibrium conditions between the air and the grain are found by
solving three equations with three unknowns. A heat balance equation, a
mass balance equation, and an equilibrium moisture content equation are
solved to obtain the air temperature, absolute humidity of the air, and
the grain moisture content, at the end of the simulation time interval.
An iterative technique developed by Thompson and Peart (1968) is used to

solve for the unknowns.

To simulate drying in a deep bed, the grain was 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 grain layer. The exhaust air from

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

The equations first presented by Thompson (1972) in English engi-
neering units were presented by Fraser (1979) in SI units. The Strohman
and Yoerger (1967) equilibrium moisture content expression for wheat was
used. These can be found in Fortran notation in subroutine DSIM.
Thompson and Peart's (1968) method for finding the zero of an unknown

function is found in subroutines ZERO and TYPEL.
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To permit compatibility with two-dimensional conduction model,

this forced convection model was 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 were assumed to be inde-
pendent of those in adjacent columns. To reduce computer time, however,
if moisture contents and temperatures of each layer were within speci-
fied tolerances of each other, they were averaged, and the grain bin
treated as one column. The procedure to utilize the forced convection
method in two~dimensions is contained in Fortran notation in subroutine

DRYSIM.

3.4 Wheat Deterioration Model

The model developed by Fraser and Muir (1980) to predict the
allowable safe storage time for wheat was used to assess grain deterio-
ration with and without ventilation. The equations are presented in
Fortran notation in subroutine SAFWH and are shown graphically in Figure
3.2. The allowable safe storage time was defined as the time required
for germination to drop to between 90 and 95%, or thé 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 0.5% dry matter
loss, an estimate of dry matter loss is made in the 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 0.5% dry matter loss.

Grain deterioration during each time interval is estimated by

calculating the allowable 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). -
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The proportion of allowable storage time elapsed during the time
interval is cglculated by dividing the time interval by this allowable
storage time. This value is added to the proportion of allowable
storage time which has already elapsed to obtain an estimate of the
total deterioration since harvest. The proportion of allowable 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 equatibns which define the wheat deterioration model and
calculate the proportion of allowable storage time elapsed are contained

in Fortran notation in subroutine DECOMP.

3.5 Combined Model
3.5.1 Additional data

Equations for the specific heat of wheat were 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 faﬁ is a
function of the total efficiency of the fan, the static pressure, and
the airflow rate. This was calculated using the Theoretical equation
verified by Metzger et al. (1980) (Appendix D). Airflow resistance data
for wheat was obtained from ASAE Data D272 (American Séciety of Agricul-
tural Engineers 1980). A regression equation (r2=0.997) was derived
from this data in SI (metric) units. Airflow 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 psychrometric properiies of absolute hum-—
idity, saturation vapour pressure, and relative humidity were made using
relationships presented by Wilhelm (1976). These are presented in For-

tran notation in subroutines AHUM and RHAIR.

3.5.2 Simulation procedure

The combined computer model simulates grain storage conditions for
a maximum of 1 year from the harvest date for each year of historical
weather data available to a maximum of 20 years. The Fortran variable
array sizes must 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 the two-dimensional
forced convection model subroutine DRYSIM. If the fan is off grain con-
ditions are simulated according to the two-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

simply averaging temperatures at the nodes using subroutine CHANGE.

R

The present model (Appendix B) is capable of simulating to a maxi-
mum of 10 horizontal layers and 10 vertical radial columns in the grain
bin. The number of convection layers mﬁst be an integer multiple of the
number of conduction layers. Thompson (1972), Morey et al. (1976) and

Fraser (1979) used 10 layers to simulate unheated air drying with the
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forced convection model. Muir et al. (1980) used 5 layers and 5 columns
to simulate 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 well.
These must be chosen with consideration given to the layer and column
dimensions to obtain stable and accurate predictions. Thompson (1972),
Morey et al. (1976) and Fraser (1979) used a time interval of 1 h with
the forced convection model. Muir et al. (1980) used a time interval of
6 h with the two-dimensional conduction model. 1In 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 chart.(Fig. 3.3) shows a simplified version of
the simulation procedure. After reading the input parameters, simula-
tion begins for each harvest year using historical weather data on tape.
Normally simulation begins on a fall harvest date and continues for a
maximum of 1 year. Based on input parameters deciding fan operation,
the grain conditions are determined using the conduction or forced con-
vection subroutines and the appropriate time intérval. Grain deteriora-
tion during each interval is estimated and the additional proportion of

allowable storage time elapsed is added to that already elapsed.

An intermediate "status report" is printed at key dates during
each simulation year (Fig. 3.4) by calling subroutine PRINT. This

report provides grain temperatures, moisture contents, and proportion of
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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 wall. Average
bin temperatures, moisture contents and allowable storage time elapsed
are calculated. The average difference in moisture contents between the
top and bottom layers is determined; a positive value indicates that

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

The percent dry matter decomposition at the "worst" layer of each
column is calculated assuming that 0.5% decomposition occurs when the
deterioration model predicts that the allowable storage time for the

grain has completely elapsed.

The overdrying cost is calculated using the following equation

which assumes that the grain is completely mixed before marketing:

M, - M
c =20 [__EL___E_
g

o (100 - M) T (10)
2%
where:
CO = overdrying cost, $ -
Cg = input grain value, $/t
Md = "dry" moisture content (e.g., 14.5% for wheat),
% wet mass basis
M = average grain moisture content, 7% wet mass basis

T = total mass of stored grain at "dry" moisture content, t
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The amount of "spoiled" grain is calculated by summing the volume
elements 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 multiplying this "spoiled" mass by the input

value of the grain.

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 1 and December month 12). No values for heater
operation are shown in Fig.‘3.4 because a supplemental heater was not

used in this simulation.

A value for "system operating cost" from harvest date to the

report date is calculated as follows:

= +5 +
C, Cot Sp E, (11)
where:
Cs = system operating cost, $/t
ot = overdrying cost, $/t
Sp = spoiled grain value, $/t
EC = electrical energy cost, $/t

After grain conditions during all harvest years have been
simulated subroutine PRINT is called again to produce summary reports.
The "key" variables for each harvest year, and averages, with standard

deviations, maxima, and minima are calculated and printed (Fig..3.5).
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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 Amdahl 470/V7 computer at the University of Manitoba.
With no ventilation, computer time averaged about 10 seconds per
simulation year at a cost of about 2.5 computer units per year. The
highest time use was about 1 minute and 30 seconds per simulation year
at a cost of about 24 computer units per year. In the simulations
performed during the course of this study, fan operation as modelled by
the forced convection component increased computer demands by a factor
of nearly 10 when compared with simulations involving no ventilation.
The high demand of the combined simulation model on computer use
required that most simulations be run during "non-prime'" times, usually

between midnight and 0800 h.




Chapter IV

MODEL VALIDATION

4.1 Method

Validation of the mathematical model by comparing predicted output
with experimentally determined data is required to assure reasonable
accuracy. The critical parameters requiring validation are the predic-
tions of grain temperatures, moisture contents, and deterioration.
Experimentally obtained values were obtained for wheat stored in an aer-
ation bin. These were compared with values predicted by the computer

model.

4.2 Facilities and Equipment

A 4.3 m diameter grain bin, Model 145 by Westeel-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
kW, 300 mm nominal diameter, Caldwell Model AFl12.75 fan was used to pro-
vide forced air ventilation to the plenum and grain. A grid of 18 cop-
per-constantin thermocouples on the south-west radius was installed for
temperature measurement (Fig. 4.2). A Honeywell 24-point "Electronic
16-Multipoint Strip Chart Recorder" (accuracy +0.5°C) was used to

record grain temperatures.

Fan airflow rates were measured using a Pitot tube traverse across
the plane of an inlet duct; ASTM Method D3154—72.(American Society for
Testing and Materials 1979) (Fig. 4.3). Static and velocity pressures
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Fig. 4.1: Glenlea aeration bin, October 1979.

were measured using a Pitot tube with inclined manometer (Model Mark 5,
Airflow Developments Ltd., High Wycombe, England). Error due to a hand
held Pitot traverse made in a field airflow test can be as high as +10%

or more (Air Movement and Control Association 1979).

B

Grain samples for moisture content and deterioration assessment
were made using a 0.2 L capacity torpedo probe (Burrough Equipment
Company, Evanston, IL). Samples were obtained while standing on the top
surface of the grain and by pushing the probe to each of the six

sampling locations (Fig. 4.2).




2.15m

@ THERMOCOUPLE
LOCATION

@ MOISTURE CONTENT
SAMPLING LOCATION

3.67Tm

SOUTH-WEST
B ——

-y

GRAIN BIN

39

GRAIN TOP

GRAIN

40 )

AERATION
== PLENUM

A I STRSIRSIATAS

Fig. 4.2:

Mt atrd

RS ET LR

SRR

Cross—section of experimental aeration bin showing the

thermocouple and grain sampling locations.



40

Fig. 4.3: Pitot traverse duct and inclined manometer during a field
airflow rate test.

Moisture content determinations of the wheat samples were made
according to the oven drying method; ASAE Standard $352 (American
Society of Agricultural Engineers 1980). The accuracy of this method is

t 0.2 percentage points. -

Air temperature and relative humidity were monitored at the
Glenlea site with a thermohygrograph; however, 1979 hourly weather data
for the computer verification were obtained for Winnipeg International
Airport from the Canadian Climate Centre, Environment Canada, Downsview,
Ontario. The Winnipeg Airport weather station is located about 25 km

north of the aeration bin at the Glenlea site. The data on tape were
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used because several climatic variables required by the computer model
were not measured at the 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 incubating 25 seeds
plated on moist filter paper in 10 cm petri dishes at 2.5°C for 3 days
to break dormancy, then counting germination after an additional 7 days
at 22°C. The fungi count involved counting infestations of field and

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

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

Mycologist, Research Station, Agriculture Canada, Winnipeg.

4.4 Comparison of Measured and Predicted Results
4.4.1 Storage and ventilation periods

The grain bin was filled on 1 to 2 October 1979 with 40 t of var-
iety-Glenlea wheat harvested at the University of Manitoba Research
Farm, Glenlea. This wheat graded No. 1 Utility, and had an average
dockage level of 6Z. 1Initial grain moisture contents averaged 16.37 and
initial temperatures averaged 15.9°C, ranging frém 9.8 to 21.2°C. The

1979 wheat harvest in Southern Manitoba was unusually late due largely

to spring flooding and the resulting late seeding.

Grain temperatures were recorded at 6 h intervals with the multi~
point strip chart recorder. Grain samples were taken periodically dur-

ing storage for moisture content and deterioration assessment.
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The aeration fan was turned on at 1240 h on 3 October 1979. The
airflow rate was measured using the Pitot traverse method and found to
be 9.0 (L/s)/m3. Since this is a much higher airflow rate than required
for aeration, the fan was turned off at 1150 h on 5 October. As grain
temperatures and moisture contents were such that spoilage was not
likely, the fan remained off until ambient weather conditions permitted

further cooling of the grain.

During this time a baffle to restrict airflow was fabricated. It
is a 19 mm thick plywood plug, approximately 300 mm in diameter drilled
with 12 - 24 mm diameter holes (Fig. 4.4). Four holes were taped
closed. This arrangement reduced the measured fan airflow rate to 1.9
(L/s)/m3 when installed. The average temperature rise measured across

the baffled fan during the ventilation period was 4.9 * 1.4°C.

The baffled fan was turned on at 1120 h on 8 November 1979 when
average daily air temperatures were less than =10°C. The fan remained
on until 0950 h on 21 November 1979. The grain was stored without
ventilation until early February 1980 when it was removed for use as

livestock feed.

Using the 1979 weather data on tape and the_system parameters for
the experimental Glenlea aeration bin, two sets of predictions were made
of grain temperatures, moisture contents, and deterioration. One set of
predictions began on the bin fill date of 2 October 1979 and included
the 2 day period of 9.0 (L/s)/m3 ventilation. The second set began at
1200 h on 5 October 1979 and did not include this period of high airflow

rate. Tape weather data were available for 1979 only, limiting
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Fig. 4.4: Caldwell Model AF12.75 aeration fan with airflow reduction
baffle installed.

comparisons of measured and predicted data from 2 October to 31 December

1979.

4.4.2  Grain temperatures
Predicted and measured grain temperatures at two thermocouple

locations were compared (Figs. 4.5 and 4.6). Thermocouple 1l was

located 0.43 m from the bin wall, and thermocouple 12, 0.43 m from the

bin centre-line. Both were 2.2 m above the bin floor (Fig. 3.3).
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The predicted temperatures at these two locations followed the
measured temperatures closely. The maximum differences were 2.5°C for
thermocouple 11 on about 3 November, and 3.5°C for thermocouple 12 on 31

December.

4.4.3 Grain moisture contents

Predicted and measured average grain moisture contents at the
three sampling depths were compared, as well as the average of moisture
contents throughout the bin. Measured 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 predictions were made. One began on 2 October and
. . 3 . .
included the 2 day period of 9.0 (L/s)/m™ ventilation. The second began
on 5 October after the high airflow rate ventilation, using grain

conditions on that date for initial conditions.

Floor level moisture content predictions, which included the 9.0
(L/s)/m3 ventilation period, appear to have overestimated moisture
losses (Fig. 4.7). During the initial 2 day pe£?;d, 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 more

closely. During the 13 day period of 1.9 (L/s)/m3 ventilation, measured

moisture content reductions of 0.6 percentage points occurred. The
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model predicted reductions of 0.9 percentage points for this period.
This is close to the experimental error of about * 0.2% for moisture

measurements.

Centre and top level moisture content predictions follow measured
data more closely regardless of whether the high airflow rate period is
included (Fig. 4.8 and 4.9). Predictions through and after the 1.9
(L/s)/m3 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 the high airflow rate

period. Maximum deviations of 0.3 percentage points occurred (Fig.

4.10).

4.4.4 Grain deterioration

Germination tests and fungi counts indicated that grain quality
was not reduced significantly during the fall storage period. Germina-
tion averaged 987 ranging from 96 to 99%. Fungli counts identified a
predominance of those field fungi normally associated with freshly har-

vested grains.

The predicted average proportion of allowable storage 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 allowable sto-—

rage time elapsed.
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4.5 Discussion and Conclusions
4.5.1 Grain temperatures

Grain temperature predictions for the two thermocouple locations
examined followed measured values closely (Figs. 4.5 and 4.6). Accuracy
of the strip chart recorder is * 0.5°C. Additional deviations could be
due to inaccuracy in the measurement of temperature rise across the fan,
air temperature changes within the plenum, poor data for the thermal
properties of wheat, and variations in weather conditions between the
bin location at Glenlea and the Winnipeg weather station 25 km to the

north.

4.5.2 Grain moisture contents

Predicted grain moisture contents for the top, centre, and floor
levels, and for the bin average, compared closely with measured values,
if the high 9.0 (L/s)/m3 ventilation period was not included in the
simulation (Figs. 4.7 and 4.11). The initial two day period of 9.0
(L/s)/m3 ventilation resulted in predictions of significantly greater
moisture loss at floor level (1.6 percentage points), and slightly
greater moisture gains at centre and top levels (0.1 to 0.5 percentage

points) than measured.

o

These results indicate that equilibrium is not a good assumption
at airflow rates as high as 9.0 (L/s)/m3 using these simulation parame-—
ters; however, at 1.9 (L/s)/m3 moisture content predictions were within
experimental error for the three month period used in this comparison.
Simulation parameters which 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
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simulations, each of the 10 convection layers was 0.367 m in depth, the
simulation time interval was 1 h, and the air velocity was 8.24 mm/s at
9.0 (L/s)/m3 airflow rate, and 1.74 mm/s at 1.9 (L/s)/m3 airflow rate.
Improved accuracy at the high airflow rates may be possible by increas-
ing the simulation time interval, or by increasing the convection layer
depth by 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 the higher airflow rates, and other modifications

to the model will be required to improve accuracy.

4,5.3 Grain deterioration

Given the late harvest date and the resulting relatively low grain
temperatures and moisture contents, difficulties in maintenance of qual-
ity during the fall and winter storage periods were not anticipated.
The results of both the fungi and germination gquality assessments, and
the computer prediction of the proportion of allowable storage time
elapsed, support this conclusion. Unfortunately, since grain quality
deterioration did not reach a critical level, the deterioration model
cannot be verified with certainty. To do this, validation of the deter-
ioration model under conditions when deterioration is more likely is

R

required.




Chapter V

SIMULATION RESULTS AND DISCUSSION

5.1 Canadian Prairie Climates
5.1.1 Climatic regions

There are four general climatic regions which encompass most of
the grain producing areas of the Canadian Prairies (Putnam 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 (Fig. 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 input data for
the computer simulation model were obtained. The climatic data was
chosen considering the data presently available at the University of
Manitoba and the climatic regions of the Canadian Prairies. The

following four locations were used:

1. Winnipeg, Manitoba - Humid Prairie. (196151978).

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

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

(1961-1976).

_.55_
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4. Fort St. John, British Columbia - Sub-boreal Prairie, Peace

River Region. (1961-1978).

5.1.2 Initial grain temperatures

Prasad et 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 8°C above the

ambient air temperature on sunny days.

To establish initial grain temperatures for the computer simula-
tions, average 24 h air temperatures were calculated from the hourly
tape weather data for the normal harvest period at the four climatic
areas (Fig. 5.2). 1Initial grain temperature in storage was established
by adding 8°C 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 m3 capacity (100 t of wheat at 14.5%emoisture content) and
5.97 m diameter was chosen (Muir 1980). A fully perforated floor is
assumed with air blown upward through the floor and grain from a

direct-drive, axial-flow fan.
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5.3 Grain Deterioration in Unventilated Storage
To establish the worst storage conditions, predictions of grain
condition were made for wheat stored for 1 year with no ventilation.
The effects of harvest date, initial moisture content, and initial temp-

erature at the four climatic locations were examined.

Spoilage occurred within 1 year for wheat stored at an initial
moisture content of 15% 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 predictions of safe storage for over 1 year.

The effect of initial moisture content on the average number of
days to first occurrence of spoilage was evaluated for wheat harvested
on 1 September (Fig. 5.4). Initial grain temperatures were again
established by harvest temperatures. As moisture content increased,
deterioration was predicted to occur within 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, 35§¢aays 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) may 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 conductivity of wheat, these
results may not be unrealistic. 1In addition, the effect of moisture
migration was not included. This may further increase the rate at which

deterioration would occur in the grain.

To assess the effect of initial grain temperature on these
results, the initial temperature in all simulations was set to 23.6°C;
the initial grain temperature in Winnipeg on 1 September. The resulting
predictions show ;hat in an unventilated grain bin, the initial grain
temperature is more significant than ambient weather 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 m from the top suface. Another point of view is to compare
deterioration throughout the whole bin based on the average proportion
of allowable storage time elapsed for all grain volume elements. The
average proportion of allowable storage time elapsed was predicted with
no ventilation during the fall (1 September to 1 November), winter (1
November to 1 April), and summer (1 April to 31 August) periods (Fig.
5.6). Initial grain temperature had a significagt effect again on the
rate of deterioration, although the effect of climate on grain
deterioration near the wall resulted in significant differences between

the geographical locationms.

When the simulations were run again with an initial grain

temperature of 23.6°C the effect of climate was still significant.
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Average allowable storage time elapsed is significantly less at Edmonton

and Fort St. John than at Winnipeg and Swift Current.

5.4 Initial Conditions and Aeration Periods

Based on a subjective evaluation of the previous investigations,
wheat harvested on 1 September at 15% moisture content was used in all
of the following simulations. At most locations, an earlier harvest
date would most likely result 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 minimize this. Initial grain temperatures on this date are 23.6°C
for Winnipeg, 22.4°C for Swift Current, 19.7°C for Edmonton, and 18.5°C

for Fort St. Johnmn.

Three aeration periods were evaluated, based on the four periods
presented in sectiomn 2.4.2 (page 8), suggested by Cloud and Morey

(1979). The dates and objectives for each period are:
1. Fall cool-down period.

After harvest, the stored grain is to be cooled as

quickly as possible to between -10°C and 0°C.
2. Winter holding period.

Intermittent fan operatiom during the winter when the
outside temperature is near the grain temperature, to maintain

uniform grain temperatures.
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3. Spring warm~up and summer holding period.

Intermittent fan operation to warm grain to 10 to 15°C
by the middle of June, and to maintain sniform grain tempera-

tures.

5.5 Airflow Rate for Fall Aeration at Winnipeg

L
|
?
L
L

The effect of continuous ventilation on the resulting grain mois-
ture content, temperature and rate of deterioration was evaluated for
airflow rates from 0 to 3 (L/s)/m3 during the fall cool-down period at
Winnipeg (Fig. 5.7). The points plotted represent mean values for the
17 years of weather data analysed. The vertical bars indicate standard
deviations of the mean. Airflow rates of 0.5 to 3.0 (L/s)/m3 resulted
in moisture content reductions of 0.5 to 0.7 percentage points. The
higher standard deviations at higher airflow rates 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 to
year if continuous ventilation at the higher airflow rates is practised.
Average grain temperatures drop sharply with as little as 0.5 (L/s)/m3
and level off at 4.5 to 5.0°C at higher rates. Average proportion of
allowable storage time elapsed drops quickly frem 0.58 with no ventila-
tion to 0.24 with 0.5 (L/s)/m3 and levels off at about 0.20 at higher
airflow rates. Energy use increases rapidly with increasing airflow
rate; however, in all cases energy use is low. For example, at elec-
tricity costs of $0.01/MJ, and wheat priced at $200/t, the 3.0 (L/s)/m3

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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Fig. 5.7: Grain condition and energy consumption for a range of
aeration airflow rates, after the fall cool-down period at

Winnipeg.

100 t wheat 1 September harvest
15% initial moisture 23.6°C initial temperature
1961-77 weather data 5.97 m diameter storage bin

fully perforated floor
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The range of airflow rates investigated in this study all appear
suitable for continuous aeration of 157 wheat at Winnipeg, and are
consistent with past recommendations (Friesen and Harms 1980, Cloud and

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

Based on this airflow rate analysis, 1.0 (L/s)/m3 was selected for
investigating the various fan control methods. Grain temperature
reductions and average allowable storage times are not reduced
significantly by airflow rates greater than 1.0 (L/s)/m3. At higher
airflow rates, moisture content can be reduced excessively below the
economical minimum of 14.5%. The increase in energy use at airflow
rates greater than 1.0 (L/s)/m3 does not appear to be justified for
continuous operation. If higher airflow rates are used with
intermittent 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 more intensive 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) stored™in a 5.97 m diameter
bin results in a grain depth of 4.67 m. To provide an airflow rate of
1.0 (L/s)/mB, a 0.16 kW fan operating at a total efficiency of 0.2 is
required (Metzger et al. 1980). This results in a temperature rise
across the fan of 0.9°C. These values were used in all aeration

simulations requiring an airflow rate of 1.0 (L/s)/m3
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5.6 Control of Fan Operating Times During the Fall Cool-down 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
may have on the grain condition. This is further complicated by varia-
tions in climate and by the complexity of the heat and moisture transfer
relationships which exist during grain ventilation under constantly
changing air conditions. The following methods were evaluated for Win-
nipeg during the fall cool-down period. They were chosen on the basis

of simplicity of installation and use, and availability.

5.6.1 Humidistat control

Humidistat control permits fan operation only at ambient air rela-
tive humidities less than the maximum set on the humidistat. Humidistat
control was evaluated for relative humidity settings from 0% or no ven-

tilation, to 100% 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-wetting at higher relative humidities were expected with humidistat
settings greater than 70%Z. The fact that predictezzgrain moisture
content continued to decrease with increased humidistat settings can be
partly explained by the addition of fan heat to the air. For example,
the addition of energy sufficient to raise the temperature of saturated
air at 10°C by 0.9°C, reduces the relative humidity of that air to about

93%. This air would have a slightly reduced potential for re-wetting

the grain than would the saturated air. To test this hypothesis, 70%
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and 100%Z relative humidity simulations were carried out using a
temperature rise across the fan of only 0.1°C (Fig. 5.8). Average
moisture contents were slightly higher than the 0.9°C simulations by 0.2
percentage points at a humidistat setting of 70%, and 1.0 percentage
point at a humidistat setting of 100% relative humidity. Due to yearly
climatic variations, at 0.1°C temperature rise there was no statistical
difference between the mean grain moisture contents at the 70 and 100%
humidistat settings, at the 1% level of significance. The fact that the
average moisture content was still not greater at 100% relative humidity
than at 70% relative humidity may be further explained by the relatively
low temﬁeratures associated with high humidities during the fall. Lower
temperatures during the fall offer a reduced potential for re-wetting
and if this air warms 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 contribute to moisture removal.

Average grain temperature decreased to about 3.6°C as humidistat
setting was increased to 70 to 80%. As humidistat setting was further
increased, the average temperature increased slightly to about 4.3°C at
continuous operation; however, due to yearly climatic variatiomns, at
humidistat settings of 60% or greater, no statistjcal difference exists

between the mean temperatures at the 1% level of significance.

The average proportion of allowable storage time elapsed decreased
to about 0.21 as humidistat setting increased to 60% and greater. 1In
this range, no statistical difference exists in storage time values at

the 17 level of significance.
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5.6.2 Thermostat control
Thermostatic control 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 25°C (Fig. 5.9).

Minimum average grain moisture contents occurred in the 10 to 20°C
thermostat setting range. As thermostat settings were increased to 25°C
or greater (i.e., continuous fan operation), the resulting average
moisture contents were higher. This may be due to the greater re-
wetting potential of warm air compared with cold air. Warm air blown
into the bin during the day could deposit considerable moisture in the

layers of grain cooled by night-time air.

The higher thermostat settings resulted in more continuous
ventilation. There were no statistical differences in mean grain
temperatures for thermostat settings of 0°C and greater, at the 17 level
of significance. Average proportion of allowable storage time elapsed
decreased with increases in thermostat setting. The cooling air reached
the warm grain sooner with the higher thermostat settings resulting in
reduced storage time elapsed. There were no statistical differences in
mean allowable storage times elapsed at thermostat settings of 15°C and

greater, at the 1% level of significance.

Energy use at thermostat settings of 15°C and over was greater
than 79% of the energy use during continuous operation. Overdrying at
15°C was 0.4 percentage points. As thermostat setting was increased,

overdrying was reduced and energy consumption increased. The thermostat
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did not provide an effective means of reducing the rate of grain

deterioration, nor did it minimize energy use and overdrying.

5.6.3 Time-clock control

A time-clock controls fan operation by time of day only. Since
night-time air temperatures are usually lower than day-time, and grain
temperature control or reduction is a prime objective of aeration, two
control strategies using 6 h and 12 h night-time fan operation periods
were simulated. These were 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

other, as would be expected.

Although the 12 h schedule with fan operation from 1800 to 0600 h
resulted in a slightly lower average proportion of allowable storage
time elapsed than the 6 h schedule from 0000 to 0600 h, there is no sig-
nificant difference between these values at the 1% level of signifi-
cance. The 6 h schedule resulted in half the energy consumption of the

12 h schedule.

5.6.4 Differential thermostat control

The differential thermostat 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 permitted only when the temperature of



TABLE 5.1

Grain condition and energy consumption with time=-clock controlled
aeration after the fall cool-down period at Winnipeg.

100 t wheat

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

1.0 (L/s)/m3 airflow rate
fully perforated bin floor
5.97 m diameter bin

23.6°C initial temperature

Fan Operation

6 hours/day
(0000-0600 h)

12 hours/day
(1800-0600 h)

24 hours/day
(continuous)

Moisture
Content (%)

Grain
Temperature (°C)

Proportion of Allowable
Storage Time Elapsed

Energy Use
(MJ/t)

0.254 £ 0.032

2.6 4.6

0.227 0.031 0.210
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the ambient air is less than the temperature of the top grain layer plus
the thermostat setting. For example, a =5°C differential thermostat
setting would result in fan operation only when the ambient air tempera-
ture is at least 5°C below the average temperature of the top layer of

grain.

The differential thermostat is more complicated to physically
install in an aeration system than the other controllers discussed here.
It does, however, simulate 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 attempt to
manage an aeration system by carefully monitoring grain temperatures and
weather changes and controlling fan operation in a manmer similar to the
differential thermostat. Cloud and Morey (1979) suggested that the fan
be operated when average air temperatures are greater than 6°C below the
temperature of the top layer of grain. This would correspond to a dif-

ferential thermostat setting of =6°C.

Predicted average grain moisture contents were reduced by over 1.0
percentage points in the differential thermostat range of about 4 to
-6°C (Fig. 5.10). Assuming $200/t for the value of wheat at 14.5%
moisture content, the average overdrying cost at a=thermostat setting of
0°C 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 -10°C and less; however, the average proportion of
allowable 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 -10°C,
indicates that the resulting grain condition is sensitive to small
changes in differential thermostat setting. There was no difference in
final mean grain temperature at the 1% level of significance, for

differential thermostat settings between 5 and -15°C.

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 allowable storage time
elapsed and minimizing overdrying the following comparisons become evi-

dent:

Continuous operation provided effective quality control without

excessive overdrying; however, energy use was maximum at 8.1 MJ/t.

Humidistat operation provided effective quality control in the 50%
and over relative humidity range with no overdrying up to the 907 set-
ting. Energy use decreased with decreasing relative humidity setting
such that at a setting of 60%, energy use was 2.3 MJ/t, or a reduction

of 72% from energy use with continuous operation.

R

Thermostat operation provided effective quality control at maximum
temperatures of 15°C and greater. Overdrying with moisture reductions
greater than 0.8 percentage points occur in the 10 to 20°C range. At
thermostat settings of 15°C and greater energy consumption (> 6.4 MJ/t)
was more than 2.8 times greater than for the humidistat control setting

of 60%.
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Both time-clock operations provided effective quality control with
no overdrying. Average energy use was 2.2 MJ/t with the 6 h schedule,

and 4.2 MJ/t with the 12 h method.

Differential thermostat operation provided good quality control at
0 to -10°C but considerable overdrying occurred in the +5 to -5°C range.

Energy use decreased from 6.2 MJ/t at 0°C to 1.4 MJ/t at -10°C.

Lowest energy use methods which still provided effective grain
quality control were the humidistat at 60%, the differential thermostat
set at -10°C, and the 6 h time-clock operating the fan between 0000 and
0600 h daily. Thermostat control did not provide an effective means of

fan control and was not used in further simulations.

5.8 Aeration During the Fall Cool-down Period: Comparison of
Prairie Climates

5.8.1 Humidistat control

Predictions of grain condition with humidistat controlled aeration
at the three other prairie climatic areas yielded similar results to
those obtained for Winnipeg (Fig. 5.11). Differences reflect variations

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

Average moisture content, grain temperaturés proportion of stoage
time 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 707
provide maximum reduction in proportion of allowable storage time

elapsed, energy use ranging from 16 to 57% of continuous operation, and
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Fig. 5.11: Grain condition and energy consumption with humidistat
controlled aeration after the fall cool-down period at four

prairie locations. .

100 t wheat 1.0 (L/s)/m3 airflow rate

15% initial moisture fully perforated bin floor

1 September harvest 5.97 m diameter bin

Initial grain temperatures and years of weather data used:
Winnipeg: 23.6°C 1961-77
Swift Current: 22.4°C 1961-75
Edmonton: 19.7°C 1961-75

Fort St. John: 18.5°C 1961-77
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average reductions from initial moisture content of 0.2 to 0.5
percentage points. Humidistat settings greater than 70% would result in
further moisture content reductions and increased energy use with little
reduction in proportion of allowable storage time elapsed. These
humidistat settings should be used if greater moisture content

reductions are required.

5.8.2 Time-clock control

The 6 h and 12 h per day time-clock control ventilation schedules
were simulated for the three other Prairie climates (Tables 5.2, 5.3 and
5S.4). As with Winnipeg, maximum benefit was achieved by the 6 h sche-
dule. Swift Current was the only location where a significant reduction
in average proportion of allowable storage time elapsed was achieved by
using the 12 h over the 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 slightly longer than 6 and
12 hours. Therefore, the energy use values shown are not direct multi-

ples of each other.

5.8.3 Differential thermostat control

Predictions of grain conditions using diffefential 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 settimgs near 0°C; however, it

is less of a problem at Fort St. John, and is mere pronounced at Swift

Current. Maximum benefit in reducing the proportion of allowable sto-
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TABLE 5.2

Grain condition and energy consumption with time=-clock controlled
aeration after the fall cool-down period at Swift Current.

100 t wheat 1.0 (L/s)/m3 airflow rate
15% initial moisture fully perforated bin floor
1 September harvest 5.97 m diameter bin

1961-75 weather data 22.4°C initial temperature

Fan Operation

6 hours/day 12 hours/day 24 hours/day
(0000-0600 h) (1800-0600 h) (continuous)

Moisture

Content (%) 14.5 % 0.1 14.5 = 0.1 14.2 % 0.2
Grain

Temperature (°C) 3.7 + 2.3 3.8 = 3.6 3.6 £ 3.0
Proportion of Allowable

Storage Time Elapsed 0.226 £ 0.039 0.182 + 0.031 0.161 £ 0.028
Energy Use

(MJ/t) 2.4 4.3 8.1




TABLE 5.3

Grain condition and energy consumption with time-clock controlled
aeration after the fall cool-down period at Edmonton.

100 t wheat 1.0 (L/s)/m3 airflow rate
15% initial moisture fully perforated bin floor
1 September harvest 5.97 m diameter bin

1961-75 weather data 19.7°C initial temperature

83

Fan Operation

6 hours/day 12 hours/day 24 hours/day
(0000-0600 h) (1800-0600 h) (continuous)

Moisture
Content (%) 14.6

1+
1+

0.1 14.5 0.1 14.5

1+
[en]

.2

Grain
Temperature (°C) 2.6

+

2.2 2.3

-+

2.6 2.3

I+

2.7

Proportion of Allowable
Storage Time Elapsed 0.182 + 0.031 0.163 £ 0.024 0.150 = 0.024

Energy Use
(MJ/t) 2.4 4.3 8.1
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TABLE 5.4

Grain condition and energy consumption with time-clock controlled
aeration after the fall cool-down period at Fort St. John.

100 t wheat 1.0 (L/s)/m3 airflow rate
15% initial moisture fully perforated bin floor
1 September harvest 5.97 m diameter bin
1961-77 weather data 18.5°C initial temperature

Fan Operation

6 hours/day 12 hours/day 24 hours/day
(0000-0600 h) (1800-0600 h) (continuous)

Moisture

Content (%) 14.7 * 0.1 14.6 % 0.1 14.5 % 0.1
Grain

Temperature (°C) 2.2 2.1 2.1 * 2.8 2.4 £ 2.8
Proportion of Allowable

Storage Time Elapsed 0.166+ 0.018 0.154% 0.019 0.142 + 0.018
Energy Use

(MJ/t) 2.4 4.3 8.1
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rage time elapsed, with minimum energy use and moisture content
reduction, is achieved at differential temperatures of =10 to -15°C.
Increases in differential temperature settings resulted in higher energy
use and greater moisture content reductions, both of which may be unde-
sirable. Energy use at -10 to -15°C differential temperature settings
range from 10 to 26% of continuous operation. This range is the lowest
of all fan control methods which still provided adequate quality con-

trol.

Differential temperature settings near -10°C appear most suitable
for Winnipeg and Swift Current, and near -15°C for Edmonton and Fort St.
John, based on minimizing overdrying and the proportion of allowable

storage time elapsed.

5.9 Intermittent Aeration During the Following Winter and Summer
Periods

Fan operation of 96 h every 8 weeks was chosen for intermittent
ventilation at an airflow rate of 1.0 (L/s)/m3. Operation was limited
to air temperatures between -10 and +10°C. The resulting average grain
bin temperatures on 1 April were -4.5°C at Swift Current, -4.9°C at Fort

St. John, -5.5°C at Edmonton and -6.8°C at Winnipeg.

e

The effect of initial grain temperature on the average proportion
of allowable storage time elapsed was evaluated using continuous fall,
and intermittent winter and summer ventilation (Fig. 5.13). With venti-
lation, 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 summer per-—

iod. The slightly lower proportion of allowable storage time elapsed
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Fig. 5.12: Grain condition and energy consumption with differential
thermostat controlled aeration after the fall cool-down
period at four prairie locations.

100 t wheat 1.0 (L/s)/m3 airflow rate

15% initial moisture fully perforated bin floor

1 September harvest 5.97 m diameter bin

Initial grain temperatures and years of weather data used:
Winnipeg: 23.6°C 1961-77
Swift Current: 22.4°C 1961-75
Edmonton: 19.7°C 1961-75

Fort St. John: 18.5°C 1961-77
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with an initial grain temperature of 23.6°C at Edmonton and Fort St.John
is due to the increased moisture reduction that initially occurred with

this higher temperature grain at these locatioms.

Summer ventilation is recommended as prevention against the summer
moisture migration cycle. Unfortunately, the model cannot simulate
this; however, deterioration was simulated with no ventilation during
the summer. The low grain temperatures achieved by intermittent winter
ventilation resulted in reductions in proportion of allowable storage
time elapsed, compared with intermittent summer ventilation (Fig. 5.14).
If moisture migration during the summer does occur and if it causes
serious grain deterioration, then summer ventilation may be effective;
however, if summer moisture migration is not a problem, summer

ventilation only increases the deterioration of the stored grain.
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Fig. 5.13: Grain deterioration through the year following harvest with
ventilation, comparing the effect of initial grain
temperature, at four prairie locations.
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Chapter VI

CONCLUSIONS

The following conclusions are evident from the results of this

study:

1. The computer model provided reasonably accurate predictions of
temperatures and moisture contents during periods of no venti-
lation and periods of ventilation at airflow rates near those
used in aeration. Further experimental work is required to

thoroughly verify the grain deterioration model.

2. Simulation of the 2 day period of high airflow rate ventila-
tion [9.0 (L/s)/m3] showed inaccuracies in moisture content
predictions when compared with measured data. Further refine-
ment of the model is required to increase the accuracy of

predictions at airflow rates as high and higher than this.

3. All continuous aeration airflow rates between 0.5 and 3.0
(L/s)/m3 greatly decreased the rate of grain deterioration
during the fall cool-down period at Winnipeg. An airflow rate
of 1.0 (L/s)/m3 was judged preferable in terms of minimizing
overdrying, grain temperature, and energy use for wheat har-
vested at 15% moisture content on 1 September and operated
continuously for 60 days. As well, the low airflow rates

resulted in less variability from year to year in the final

moisture content.
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Ventilation with any of the fan control methods resulted in

decreased grain deterioration compared with no ventilation.

The choice of fan control method is independent of climatic

variation within the range of climates studied. It may be,

however, that fan control method selection is affected by var-
ious harvest dates and initial moisture contents, which were

not studied here.

Humidistat control with settings of 50 to 70% resulted in
effective control of grain quality deterioration, energy use
ranging from 16 to 57% of continuous operation, and moisture

content reductions of 0.2 to 0.5 percentage points.

Humidistat settings of greater than 70% maximum relative hum-
idity resulted in greater moisture content reductions than at

the lower settings, 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 minimizing overdrying.

A 6 h time-clock control between 0000 h and 0600 h provided
effective grain quality control, reduced eﬁergy use, and min-
imized moisture content reductions for all climates. Swift
Current was the only location at which the 12 h schedule of
fan operation between 1800 h and 0600 h further significantly

reduced the average proportion of allowable storage time

elapsed.
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Differential thermostat settings of —-10 to -15°C provided
effective control of grain quality deterioration with energy
use ranging from 10 to 26% of continuous operation, and mois-

ture content reductions of 0.3 to 0.6 percentage points.

Intermittent summer ventilation resulted in predictions of
increased grain quality deterioration when compared with no
summer ventilation. From this, one might be tempted to con-
clude that summer ventilation is not required. Because, how=-
ever, the effects of summer moisture migration were not
included in the unventilated simulation, the validity of
intermittent summer ventilation cannot be argued with these
data. If summer moisture migration is mnot a major cause of

deterioration, summer ventilation may be a liability.

Regardless of aeration fan control method, wheat stores at
lower rates of deterioration in the sub-boreal and sub-humid
prairie climates, than in semi-arid and humid prairie cli-

mates.

Initial grain temperature affects the rate of deterioration
more significantly in unventilated than in ventilated sto-

ST
rages. Weather conditions after harvest date affect the rate

of deterioration less in unventilated than in ventilated sto-

rages.



Chapter VII

RECOMMENDATIONS FOR FURTHER STUDY

The verification of the computer model indicated inaccuracy in
predictions made using the forced convectiom component, at
airflow rates as high as 9 (L/s)/m3 and likely higher. This
model should be modified to account for the less than equili-
brium conditions that may occur at these rates. I suggest
that a thin-layer drying equation be incorporated and a '"com-
bination'" approach, such as that used by Morey et al. (1979)
be used to ensure that the drying rate is not overestimated.
The effect on the accuracy of the predictions of changing the
layer depth and the simulation time interval should be exa-

mined as well.

To more accurately represent conditions during and after har-
vest, the model should be modified to relate the harvest date
for each year (and thus the initial grain temperature) to the
spring seeding date and length of growing season, or to his-

B

torical records of harvest date.

The computer model should be modified, or a mew approach taken
in developing a completely new model to simulate moisture
migration under unventillated conditions. This model should

be verified with accurate experimental data to establish the
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effects of moisture migration cycles. The benefits, 1f any,

of summer ventilation could then be evaluated.

4. The deterioration model should be verified and adjusted if
required to more accurately represent the effects of biologi-

cal and physical variables on grain quality.

5. A simple, inexpensive differential thermostat control of grain

bin ventilation fans should be designed.
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FLOWCHART OF MAIN PROGRAM
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Appendix B

FORTRAN STATEMENT LISTING OF MAIN PROGRAM AND SUBROUTINES
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Il FORMAT(*1%s/7 ' %,T41¢* INTERMITTENT VENTEILATION SIMULATIUN - wrEAT*,
BT 1204°RUN #416/7° *,T55,* INPUT DATA'/
@¢-*,*GEOGRAPHICAL LOCATION & YEARS OF &NALYSIS:®/
D'0%eT11,20A1 o T4l LATITUDE Z®oF6al+sT61+*LONGITUDEZ?eF6eal1T81
@*STANDARD LONGITUDE:® F6el7/
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B P,T114°FIRST YEARZ 19°0120eT31°N0O OF YEARS:I®,13)

c

[od FEP RN E XXX S S ETFEFESLERXE PO LTSS 00 IRFFEFEEF RS E S EXXEHETEXTS
cC ¥ INPUT DATA GROUP #2 *
C % INPUT BIN DATA., SIMULATION ELEMENTS, TIME INTERVALS & GRAIN *
c % INITIAL CONDITIONS: ®
cC 2 &
cC * TONNE 2 MASS OF STORED GRAIN {(TONNES. DN A 14.5% MC BASIS) %
c % DIAMS BIN DIAMETER (METERS) *
cC ¥ EMAZ EMISSIVITY OF BIN @ 38 DEG C *
c = EMS: EMISSIVITY OF BIN (SOLAR) *
cC % TROOF 2 TEMPERATURE OF THE BIN ATTIC ABOVE AMBIENY InN THE *
cC ¢ CONDUCTION MODE (DEG C) *
cC = TPLENZ TMPERATURE OF THE PLENUM UNDER THE FLOUR ABUVE *
CcC = AMBIENT (DEG C) *
cC = TI: MINIMUM INITIAL GRAIN TEMPERATURE (DEG C) *
c = XMl : AVERAGE INITIAL GRAIN MOISTURE CONTENT (X wB) *
c * DRY: THE %“DRY'" MOISTURE CONTENT (X wB) *
Cc = TGHARV: INITIAL TEMPERATURE ABOVE THE PREVIOUS 24~AR AVERAGE *
c = AMBIENT DRY BULB (DEG C) ~ SEE DeCe PRASAD'S THE>IS *
c = ITI: o} IF THE MAXIMUM OF ®TI* OR ™AVG 24—H TOB + TGHARV" ¥
cC = IS Tu BE USED FUR INITIAL GRAIN TEMPERATURE *
C = 1 IF “TI* IS TO BE USED FOR THE INITIAL GRAIN TEMP ¥
c = REGARDLESS OF wrHAT THE 24-+ AVS TOB 1S *
c =% VHOIST: ALLOWABLE VARIATION IN MUISTURE CUNTENT BELOw wrlCH %
C = COLUMNMNS ARE AVERAGED & TREATED AS ONE IN CONVECTION ¥
cC = MUDE (%X wB) *
C =* VIEMP ALLOWABLE VARIATION IN TEMPERATURES BELOW #HICH *
cC * COLUMNS ARE AVERAGED & TREATED AS ONE IN COUNVECTION ¥
c * MODE (DEG C) *
C = Ni. 2 NO OF CONVECTION LAYERS MAXIMUM=10 ¥
c ¢ MUST BE AN INTEGER MULTIPLE UF NM (IeEe 1e2+3, ETC) *
C = NM32 NG OF CONDJUCTION LAYERS MAX ITMUM=10 *
cC = NN2Z NO OF CONDUCTION COLUMNS MAXIMUM=10 *
C * IDELTYO: DELTA-T FOR THE CunNDUCTION MODE (HUURS) *
C = *s¥x MUST BE A MULTIPLE OF IDELT1 #*%¢ *
cC = IDELT1: DELTA~T FOR THE CONVECTI1ON MODE (HOURS) *
c = NPROP 2 INTEGER INDICATING THE NUMBER OF GRAIN AND BIN *
C ¥ PROPERTY CARDS WHICH FOLLOw IN INPUT DATA GRIUOUP #3 *
c = *
C AR TRXXFAXRXXFR TR ADREXX AR R XTERIFEFEXXX XX EREXKXEEFX S X% EXXBFEETTRSEER*
C

READ(G+12)TONNE s DIAMJEMAGEMS«TROODF s TPLEN ¢TI+ TOGHARV ITI o XML sDRY,
BVMIISTSVTEMP s NLs NMeNNs IDELTOLIDELT 1 s NPROP
12 FORMATIBFS5e2¢l1 41 Xs2F562¢2F4e14+613)
WRITE(O6¢13)TUNNEDIAMEMASEMS+sTROOF ¢ TPLENSTI « TGHARY
13 FORMAT(*—® *BIN DATA, GRAIN INITIAL CONDITIONSs AND SIMULATIJUN ELE
SMENTS & TIME INTERVALSI*/
BP0 ' T11e TONNES *eFTe2eT31¢*BIN DIAZ sF6e2+® M*P3TS1e*EMAZ®4F 5.2
BT T1e%EMSI?4F5.2eTO9L+*TRODFI #%4F5.2,° C'chll.‘tngN: +',F5.24,% C?*
®/7° *,T11+"INITIAL GRAIN TEMPERATUREI®*¢FS5ele? DEG C*eTS51»
S'0R INITIAL GRAIN TEMPERATURE ABOVE AVERAGE PREVIOJS 24-H AM3IENT
DBYI® FHle® C*)
IF(ITI.EQaL)GUTO 15
WRITE(6.14)1IT1
| FORMAT(®* ®,T11.%1ITI:%,14,° MAXIMUM OF THE ABOVE Twd INITIAL GRAIN
@TEMPERATURES IS USED?®*)
GOTO 17
15 WRITE(O6,16)1T1
16 FORMAT(® ® T11.,%1TIZ*.14,* INITIAL GRAIN TEMPERATURE ®TI" IS USED
®@RFGARDLESS OF THE 24-H AVERAGE TDB*)
17 WRITE(6+ 18 XMI ¢DRYVHMOIST s VIEMP ¢ NL ¢ NMo NN IDELTOL IDELTIL
18 FORMAT(® *,T11le"INITIAL MOISTURE CONTENT:I'",F5a1s% X WB*,TS1,
DIDRYI"eFOele® X WB*/




107

20 9,T11,°SUBRUUTINE DRYSIM: ALLUWABLE VARIATIUNS HHEN ALL CULUMNS
@SIMULATED AS ONE COLUMNS MOISTURE:I®«FSale® X AND TEMPI?FSel.,? Co/
D9 %.T11.°CONVECTION LAYERS:9:13:,T41o2CONDUCTION LAYERS:I?o13+T71,
DECOLUNMNS I I3.T91+%9IDELTOZ%0I3:% HP o T111°IDELTLI%.13,° H*)

C

C FEFEEXXEXXE SR K ISR E XL SEFUSESSETLEFISSTL LT EEXE BT YDA R ESERXERLE
cC ¥ INPUT DATA GROUP #3 . %
C = INPUT ®wNPROP" CARDS FOR GRAIN AND BIN PROPERTIES: %
C & ¥
C =% cliy: SPECIFIC HEAY (J/7KG/DEG C} %
c ¢ ROC(C1): DENSITY (KG/M%%3) *
cC % AKEID): THERMAL CONDUCTIVITY (W/M/f3EG C) %
cC ¢ WIDTH(I):THICKNESS (METERS) *
c % NPROP: 1 FOR THE GRAIN *
c % C(1) FOR THE GRAIN IS CALCULATED MORE ACCURATELY ¥
C % LATER BY SUBROUTINE ®SPAT® wrEN REQUIRED &
c =* 2 FUR THE BIN WALL *
cC = 3 FOR THE BIN FLOOR *
c = ¥
[ 1331111232332 22223232233 222 22332 22 2 2 2 2 St 1222222222 22 R R s s d it
[

DC 20 1=1.NPRQOP
READ(9+21) CUID+RO(IDAK(I) o wIDTHII)
21 FORMAT(4F 12.5)
20 CONTINUE

2323 233 1313123132333 33 3332233232822 2 2222232 222222 22222 2 222
INPUT DATA GROUP #4
FAN. HEATER & POWER INFORMATIONZ

*
&
¥
AFR: SYSTEM AIR FLOW RATE (L/7S/764*%x3) *
EFF: FAN + MOTOR TOTAL EFFICIENCY *
PWRCST: ELECTRICAL PUWER COST (C/KE-HR) *
GRCAST: MARKET VALJE OF THE GRAIN {$/TONNZ) L
THEATR: o] If NO HEATER IS5 USED *
1 IF SUPPLEMENTAL ELECTRICAL HEATING IS5 USED *

(HEAT 1S NOT ADDED DURING INTERMITTENT wINTER *
VENTILATION) *

TSuUpoL: AMOUNT OF SUPPLEMENTAL HEAT ADDED TO AIR (DEG C) *
(USED ONLY o«ITH IHEATR=1) *

*

*

SERSFRREEE XK KR ETERERRXEEREREFER RS XL E X SR EFLFEF X TXXFARDERR AR F R KSR TR

[aNaNaNasNaNaNsBaNaEaNsNaNaNsNsNala el
L B S IR B B BE B B BE SR R N

READ(Qe25)AFRJEFF 4PWRCST oGRCOST  IHEATRTSUPPL
25 FORMAT(FS5eleF5e2¢2FS3elel2¢FSel)
CALL FANSUB(DIAMTONNE s AFR+EFF ¢ XLPS ¢« SPeDEPTH +PUWR DY)
HTIPWR=TSUPPL*1.004%1 2% XLPS/1000.
WRITF(6.26)AFREFF «PBReDT 2+ DEPTH o XLPS+eSP«GRCOST o« PuRCST
26 FORMAT({®—*,*FANs HEATER & PUWER INFORMATIONI®/
DYOY TL1e"AFRI"FSels® L/S/M¥E3 (T3 *EFFLICIENCYI " 4F342¢TH1 0
@IFAN POWER:® oF6e2e® KN T7T14°TEMP RISEZ®*eF5e1+ ™ C*e T
@°GRAIN DEPTHI*eFb6be2¢° Mt/
@' P T11+*FAN AIRFLOSN RATEZ*4FBels® L/S*:TS51,*STATIL PRESSURZI®,
dF7ale' PASCALSY/
DY "oT11eGRAIN VALUE: $*,F642,°%/T"+T51+"POWER COSTI* 4sFS5atls
a* C/Ku-HR*)
IF(IHEATR«EQ.1)GOTO 27
WRITE(6,1027 ) IHEATR
1027 FORMAT(® *,T11.'IHEATRI®LI3+° NO HEATER*)
GOTO 28
27 WRITE(641028) IHEATR«TSUPPL +HTPUWR
1028 FORMAT(® *,T11+°IHEATRI*,I3,* HEATER OPERATIUN EXCEPT FOR INTERMIT
BTENT AERATIONe. SUPPLEMENTAL HEATI*eFSele® C'ebXs "HEATER POBERZI®,
DF 6a2¢* Kut)
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SREHEXEERTE S A XS e R XA R LSS P L ORI FEEFPLELRBHEARSREFFEFEIEE2FESTEXES

10P:

10BJ:

MTQaP:

ONEYR

JHARVDZ
JSTDT1:
JSPDT1:
JSTOTZ2:
ISPRNG:

TAM:
IPMS
RHMAX 2
TDBMAX:

TDBMINZ

TDIFF M2
INPERS

INAIRT:

PERMAX?

&
E
¥
&
*
&
&
3
*
*
*
*
¥
*®
*
*
3
&
*
&
*
*
*
%
*
*
*
*
*
*
*
*
*
*
&
&
*
*
*
&
*
*
*
*
*
*
L 3
*
*
¥
&
¥
&
&
*
L]
% PERI:
*

%

*

INPUT DATA GROUP #5
SYSTEM MANAGEMENT INFURMATION:

(SRR 222 222 R RS S 2222 222 SR 2222222 2222222 S S R R RS

FAN OPCZRATIUON CONTROL METHOD:

MANUAL CUNTROL LIMITED BY STOP ANJ> START DATES

HUMIDISTAT CONTROL WITH RHeLE«RHMAX

THERMOSTAT CONTROL wITHIN TDBMIN AND TDBMAX

DIFFERENTIAL THERMOSTAT CUNTROL: TDB MINUS TEMS? OF

TO0P LAYER MUST BE LESS THAN TDIFFM

I1eEe TDB MUST BE COOLER THAN THE TOP GRAIN LAYER

5 HUMIDISTAT AND THERMOSTAT CONTROL: RHeLEeRHMAX
AND TDB WITHIN TDBMIN AND TDBMAX

6 HUMIDISTAT AND DIFFERENT AL THERMOSTAT CONTROL:
RH.LT«RANAX AND TDB MINUS TEMP OF TOP LAYER MUSGT
BE LESS THAN TDIFFM

7 TIME CLOCK CONTROL OPERATION BETWEEN AM AND PM
TIMES (1.Ee DAYTIME OPERATION)

B TIME CLOCK CONTROL OPERATIUN BETWEEN PM AND AM
TIMES (l+Es NIGHTIME OPERATION)

9 NO VENTILATION — CONTINUGUS CONDUCTION ONLY

OBJECTIVE OF STORAGE REGARDING MUJISTURE CUNTENTS:

0 FAN DPERATION REGARDLESS OF GRAIN NOISTJURE CONTENT
(IeEe IF PRUOGRAM IS SIMULATING AERATION?)

1 FAN OPERATION LIMITED BY THE GRAIN MIOISTURE CONTENT

SEE *MTOP"

CUNTRJL. BY AVERAGE MUISTURE CUNTENT OF THE GRAIN

CONTROL BY AVERAGE MUISTURE CONTENY OF THE TOP

LAYER

0 SIMULATION UNTIL SPOUILAGE OCCURS IN ALL COLUMNS,
OR FOR 1-YEAR FROM THE BIN FILL DATE

1 SIMJULATION FOR 1-YEAR FRuM THE BIN FILL DATE
REGARDLESS OF THE SPOILAGE

N -

-0

HARVEST DATE {(MODAHR) I IN
FALL SYSTEM START DATE (MUDAHR) | HARVEST
WINTER SYSTEM SYJP DATE (MUDAHR) | YEAR

SPRING SYSTEM START DATE (MODAHR) OF FULLOWINSG YEAR

0 FOR CIMMENCEMENT OF VENTILATION SYSTEM AT THE
SPRING START DATE

1 FOR A S5TATUS REPORT ONLY AT THE SPRING START DATE
CONTINUING wITH THE WINTER SCHEDULE FOR INTERMIT-
TENT VENTILATION

2 FUR A STATUS REPURT ONLY AT THE SPRING S5TART DATE
CONTINUING WITH NO VENTILATION THRQUGH THE SUMMER
TO THE END OF THE YEAR

AM TINE CLOCK SETTING (HOUR) | =% 1AM ALWAYS LESS

PM TIME CLOCK SETTING (HOUR) | THAN [PM 8%

MAXTMUM RELATIVE HUMIDITY (%)

MAXIMUNM AMBIENT TEMPERATURE (DEG C)‘gm

(USED IN INTERMITTENT VENTILATION ALSO)

MINIMUM AMBIENT TEMPERATURE (DEs C)

CUSED IN INTERMITTENT VENTILATION ALSO)

DIFFERENTIAL THERMOSTAT SETTING (DESG Q)

MAXIMUM PERIDD WITHOUUT VENTILATION (DAYS)

(UNLESS TDBeLT.TOBMIN)

INTERMITTENT AERATION TIME INTERVAL (HOURS)

(SHOJLD BE A MULTIPLE OF IDELTO)

MAX IMUM ALLOWABLE DRY MATTER DECONPOSITION (X)

ALLOWABLE STORAGE TIME ALREADY USED UP ON THE BIN

FILL DATE

LA B SE BN L BE B K B BE B 2N 25 AR B BE B B N BE BE X R BX N BE SR SE B K NFCEE BE BE IR SR B NP N N IR IR BRI N AN A S I R IR B CRE BN
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28

29

30

31

1031

32

1032

33

1033

34
1034

35
1035

36
1036

37
1037

3a
1038

39

1039

40

1040

41

1041

50

1050

51

1051

52

1052

53
1053

READ(9429)10P e I0BJsMTOP ¢ONEYR e JHARVD o JSTOT1 6JSPIT1:JSTOT2,ISPRNG
SIAM. IPM, RHMAX s TDBMAX o TOBMINSTDIFFM, INPER  INAIRT ( PERMAX o PERI
FORMAT(4124417c12+421304F5.1021802F4.2)

WRITE(65430)

FORMAT(®~*® ,* SYSTEM MANAGEMENT INFORMATIUNZ®)
GOTO(31432¢33034435¢36037038,39),10P

¥RITE(6,1031)1I0P

FORMAT(®*0*+T11.°10P2%s14,' CONTINUOUS UPERATION LIMITED BY START A
@ND STOP DATES*)

GOTO 40

wRITE(6,1032)10P

FORMAT(®0*4T11+%I0P2514,4% HUMIDISTAY CONTROL WITH RHeLERHMAX?!}
GGCTO 40

WRITEF(641033)10UP

FORMAT(* 0% ¢ T114°10P2%,14+°% THERMOSTAT CONTROL WITHIN TDBMIN AND TD
DBMAXT)

GOTO 40

WRITE(6410341)10P

FORMAT(® 0 . T11+%I0P:%,14,° DIFFERENTIAL THERMJISTAT CONTRUL: TOB MI
AaNUS TEMP 0OF TOP LAYER MUST BE LT TDIFFMY)

GOTO 40

WRITE(6.1035)10P

FORMAT(®0®.T11.°10P2%,14,"* HUMISISTAT & THERMOSTAT CONTRUL: RrAelLE
@« RHMAX o«AND. TOB WITHIN TOBMIN AND TOBMAX?)

GOTO 40

WRITF{(6.1036)10P

FORMATI®*0? ¢T114%10P2*,14,* HUMIDISTAT & DIFFERENTIAL THERMOSTAT CO
ONTROL: RHeLT e« RHMAX AND TDB MINUS TEMP OF TOP LAYER LLT.TDIFFMS)
GOTO 40

WRITE(6,1037)10P

FORMAT(%0*,T11.°1022¢,144+* TIME CLOCK CONTROL: OPERATION BET&EEN A
aM & PM TIMES,. 1eEe DAYTIME VENTILATION®)

GOTO 40

WRITE(6.1038)1uP

FORMAT(*0°®+T11e*I0P2%,14+* TIME CLOCK CONTROL: OPERATION SBETAEEN D
aM & AM TIMES. lTeEe NIGHTTIME VENTILATION®)

GOTO 40

WRITE(6,1039)10P

FORMAT(®*0® +T11,"10P:%,14,% NO VENTILATION - CONTINJIUS CONDUCTIUN
DS IMULATIUNY)

IF(I0BJ.EQe1)GOTD 41

WRITE(6.1040)108J

FORMAT(®' *,T11.°10BJ2*,1I3,* FAN OPERATION REGARDLESS OF GRAIN MULS
®TURE CONTENT ')

GLCTO 50

WRITE(64.1041)108J

FORMAT(® *,T11.°108BJ42*,I3,* FAN OPERATIUN LIMITED BY GRAIN MulSTuRr
BE CUNTENT =~ SEE VALUE OF "MTOPMr)
IFI(MTIOP.EQ.1)GATU 51
WRITE(6.1050)MTOP

FORMAT(® ¢ ,T11+°MTOPI®,13+% CONTROL BY MOISTURE CONTENT OF THE WHO
®LF GRAIN BuUuLK?)

GCTO 52

WRITE(641051 )MTOP

FORMAT(* *,T11.°MTO0P:°,1I3,° CONTROL BY MOISTURE CONTENT OF THE TUP
& LAYER OF THE GRAIN BULK®*)

IF{ONEYR.EQW1)GOTO 53

WRITE(6,1052 )ONEYR

FORMAT(®* *.T11.°0ONEYR:* ,124+° SIMULATION UNTIL SPOILAGE OCCURS IN A
BLL COLUMNSe. OR FUOR 1=YEAR FROM THE BIN FILL DATES)

GGCTO 54

WRITE(6.1033 )ONEYR

FORMAT(* *,Ti11.,°0ONEYR:%:12,% SIMULATION FOR ONE YEAR FRUM THE BIN
2F ILL DATE+ REGARDLESS OF SPOILAGE')

s
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54
55

57

58

59

60

61

66

70

75

80

86

90

110

WRITE(6055)JHARVD e JSTDT 14 USPDTL 4 USTDT2

FORMAT(® ®,T11.°BIN FILL DATE:®,17,T41,*SYSTEM START DATE:®,
DI7«T710*FALL STOP DATEZ®.I17T101.,°SPRING START DATE: ¢, I7)

IF(ISPRNG.GT.0)GATO S8

WRITE(H6.57) I SPRNG

FORMAT(® ®+.T11«°ISPRNG2°,12,° FALL VENTILATION SCHEDULE BEGINS ASA
@8IN ON THE SPRING START DATE?)

GOTO 65

IF(ISPRNG.EQ«2)GUTO 60

HRITE(6.55) 1 SPRNG

FORMAT(?® ¢,T11."ISPRNG29,12,¢ STATUS REPURT ONLY ISSUED AT SPRING
8START DATE: INT VENTILATION CONTINUES AS THROJGH THE WINTERY)

GOTa 65

WRITE{6461)1ISPRNG

FORMAT(' *«T11«*ISPRNGI*+12+* STATUS REPORT ISSJED AT SPRING START
@ DATE. SIMULATION CONTINUES wiTH NO VENTILATION TO END OF YEAR?Y)

WRITE(6.66)RHNAX.TDBMAXcTDBMlN'TDlFFMoIAM.IPMoINPER.lNAlRT.PERMAX-
APERI

FORMAT(® ®  T11,'RHMAX:I? oFSele® X*oT31,*'TDBMAX: ¥3FSals? C*esTS1L,
DYTDRMINI? 4FSale® CreT7Lo ' TOIFFMI®oFSale® C'oTI1, "AM TIMZZ,13,
% H*eT111ePM TIMEZI®" 413, H/
@' *.Tiles*MAX PERIOD WITHOUT VENTILATION:® 414,¢ DAYS*sTol,
®* INTERMITTENT VENTILATION PERIODI®*sI&s* HUURS?®/
®' *eT11le"MAX ALLOWABLE DRY MATTER DECOMPOSITION:® sFS542,* %X*eTols
D% ALLOWABLE STORAGE TIME ALREADY USED UP ON BIN FiILL DATE: 'sF3e2/
®'1)

INPER=INPER*24
PBRCST=PWRCST/100a
DELR=NDIAM/ I{NN%2,4)
DELZ=DEPTH/NM
E=DELR**2/DEL Z%%2
I M=NM+ 1
I N=NN+1
DMI=100.%XMI/(100e~XM]}
Cl1)S1000*SPHT(TILOMI)
CALL CALC
HC2=1.
BY=HC2%DELR/ AK( 1)
BB=HC2%DELR/AKM(2)
MULT=IDELTO/ IDELT1
DO 70 KY=1+NYEARS
DO 70 I=is,12
HEAT(KYs+1)=0e
FAN(KY +[)=0.
CONTINUE

DO 700 KY=1+NYEARS

SET INITIAL CONDITIOJONS FOR EACH HARVEST YEAR: P
IHARVD=JHARVD + (IFIRST#{KY-1))*1000000
ISTOT1=JSTOT1 + (IFIRST+(KY-1))%1000000
ISPDTI=JSPOT1 + (IFIRST+(KY-1))%1000000
ISTDT2=JSTOT2 + (IFIRST+KY)*1000000
READ(14+80+END=710) IDAT
FORMAT(18)
IF{IDAT «LT.IHARVD)GOTO 75
LFUIDATEQ.1HARVD)IGUTU 90
DO 86 I=1,24

BACKSPACE 14
CONTINUE
GLTO 75
DC 91 I=1,.25

BACKSPACE 14



91 CONT INUE
SUM{1)=0. :
C INITIAL GRAIN TEMPS BASED ON AVERAGE AMBIENT TEMPS SEE PRASAD'S THESLS
DO 95 I=1.24
READ(14492)TD8
FORMAT(8X+F4al)
SUME 1 )=5UM(1)+7T08
CCNTINUE
THARV=SUM(1) /24 4 TGHARYV
IF(THARVLTTI o0Re ITICEQel)THARV=TI
INITIAL GRAIN TEMPERATURES TU CONDUCTION NODES:S
DO 100 M=1.1M
DO 100 N=1,.IN
T{MeN)=THARV
CONTINUE

INITIAL GRAIN TEMPERATURESs MUISTURE CONTENTS AND ALLO®BASLE
STORAGE TIMES TO CONVECTION NODES:
DO 110 L=1.NL
DO 110 N=1.IN
G{L+N)=THARYV
XMOC(L e NI=XNI
DM{L oN)=DMI
PER(L «N)=PERI
CONTINJE
DO 11l N=1.1IN
PERDM(N)I=0.
AVCOLM{N) =XMI
AVCOLTIN)=THARV
CONTINUE
HOURS=0.
AVITOP=THARYV
AVMTOR=XMI
AVGM=XMI
AVGT=THARV
DO 120 I=1.10
IPRINT(1)=0
CONT INUE
DO 130 J=1.8
XDAYS(KY+J)=0.
AMOGIST(KY ¢ J)=0e
AMODIF(KY s J)=0a
ATEMP(KYs JD)=0,
EPTONNCKY ¢ J} =0,
ODCPTIKY s J)=0e
SPMASS(KY s J)=0.
AVGPER{KY +J)=0s
OPCOST(KY e J)=0.
CONTINUE

BFGIN SIMJULATION FOR EACH HARVESY YEAR:
READ(14+1430){IDATE(I)sI=14+4)
FORMAT(412)
IDATE(S)=IDATE(1)%1000000+IDATE(2)%10000+IDATE(3)%100+IDATE(4)
BACKSPACE 14

MODE=0

CALL PRINT(903.0)

INTERV=0

INAIR=0

IDAPL=IDATE(S)I+IDELTO
IF(IDAPL.LT.ISTOTI¥GOTO 219
IFCIPRINT(4) .GTW0)GOTO 216

IPRINT(4)=40

CALL PRINTUIPRINT(4),0)




112

216 IFULIDAPL .LT.ISPDTLI)GOTO 219
IF(IPRINT(5) .GT.0)GOTO 217
I1PRINT(5)=50
CALL PRINTUIPRINT(5)+0)
217 IF(IDAPL LY. ISTDT2)GOTO 219
IFUIPRINT(6) oGT.0)G0TO 219
IPRINT(6)=60
CALL PRINT{IPRINTIG6) +0)
219 IF(IUP.EQ.9)GOTU 400
IF( IDAPL «GE« ISTDT2 «ANDas ISPRNG.EQ.2)30TO 400
IF(INTERV.GE « INPER)GUTO 230
IF(10BJ.EQ.0)GOTO 222
IF((AVGM.LE.DRY.AND-MTDP-EQ-O).DR.(AVMTOP.LE.DRV.AND.MTOP-EQ-l))
® GOTO 400
222 IF(UIDAPLOGE.ISTDT1 «ANDe IDAPLSLT.ISPDT1) oORe
® (IDAPLWGE.ISTDT2 .ANDs ISPRNG.EQ.0))GOTO 225
GOTU 400
225 ICONV=0
DO 226 I=1.6

SUM({I)=0.
226 CONTINUE
GCTO 240
2390 IF(INAIR.GE«INAIRT)IGOTO 400
GOTO 225

240 DO 390 I=leMULT
CALL READUIDATETDS.TDPsRHeWIND+COsPBAR IDELTL1.6710)
IF(INTERVSGE-INPER)GUTO 270
GOTO(300425242534254+25541256+2574258) 410P

252 IF(RH.LE«RHMAX)GOTU 300
GOTO 290

253 IF{TDBeLT«TDBMAX +ANDe TDB+GTTDBMIN)GOTO 300
GOT0 290

254 TOIFF=TDOB~AVTITQO®S
IF(TDIFF.LE«TDIFFM)GOTO 300
GOTU 290

255 IF(RH.LE.RHMAX.AND.(TDB.LT.TDBMAX-AND.TDB-GT-TDBMXN))GOTD 300
GOTO 290

256 TDIFF=TDB-AVITOP
IF(RHLE«RHMAX +ANDe TDIFF.LTTDIFFM)GOTO 300
GOTO 290

257 IF(IDATE(4)eGEIAM <AND< IDATE(4).LT.IPM)GOTO 300
GOTO 290

258 IFCIDATE(4)+GESIAM oAND. IDATE(4).LT.IPM)GOTI 290
GOTO 300

270 IF{TOB«GT « TOBMIN <ANDe TDB.LT.TDBMAX)GGTO 300

290 IFCICONV.GT«0)GOTO 390

SUM{ 1 )=SUM(1)+TD8B
SUM(2)=SUN(2)+TDP
SUM{3)=SUM(3)+RH e
SUM(4)=SUM(4)+WIND
SUM(5)=SUM(5)+CO
SUM(6)=SUM{6)+PBAR
DO 295 J=1+5
IDACL.JI=IDATE(J)

295 CONTINUE
GOTO 390

300 ICONV=ICONV+1

310 IF(MODE.EQ.L)GOTO 320
MODE=1

CALL CHANGE(TsGsNMoNLoIN,TDB,1)
DO 315 N=1s1IN

SUMM=0 o

SUMT=0.

DO 314 L=1.NL
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SUMM=SUMM+XMO{LsN)
SUMT=SUMT+G{LeN)
314 CONTINUE
AVCOLM({N)=SUMM/NL
AVCULTIN)=SUMT/NL
315 CONT INUE
320 IFUINTERVGEINPER)GOTO 321
IF(IMEATR.EQ.0)GITO 322
HEAYT(KY < IDATE{2) )=HEAT(KY . IDATE(2)}+]1DELT1
TDBIN=TDB+DT+TSUPPL

GOYO0 330
321 INAIR=INAIR+IDELT1
322 TDBIN=TOB+DT
330 =1000e%{1e=(AV3M/100e))/(AFR¥]1e33%3600.%JDELTI¥NL*¥1.2/1000,)
CALL DRYSIM{TOBINsTDPsGsXMOsDMs AVMTOP s AVITOP 4 AVCOLMGAVCOLT,
2 AVGM, AVGT)

FANIKY+ IDATE(2) )=FANIKY < IDATE(2))+IDELT]
HOURS=HUOURS+IDELT1
CALL DECOMP(TesGeXMO+PER«PERDMLMAX)

390 CONTINUE
IF(ICONV.EQe0)GOTO 801
J=MULT -1 CUNV
IF{(J.LE.0)GOTO 530
DO 398 I=1+4

CALL DECOMP(T4GsXMDsPERWPERDMLMAX)
HOURS=HUOURS+IDELT1

398 CCNTINUE
GGTO S00

403 CALL READ(IDATE,TOB.TOPRHeWINDCO+PBARS IDELTI&710)
GOTND 410

401 THNDB=SUM( 1)} /7MULT
TDP=SUM( 2)/7MULT
RH=SUM(3)/MULT
WIND=SUMI&) /7 MULT
CC=SUMI(S5)/MULT
PEAR=SUM(6)/MULT
J=MULT/Z2 + 1
DG 402 I=1.+5

IDATE(I)=IDA{J+1)

407 CONTINUE

410 IF(MODE.EQ.0)GOTO 415
MODE=0
CALL CHANGE(T+GeNNyNLsINTDBO)

415 IF(INAIR LT INALIRT)IGOTT 420
INATR=0
INTERV=0

420 INTERV=INTERV+IDELTO
CALL TOODEE(TAVGT.AVITORP<AVGM)
HOURS=HOURS+ IDELTO
CALL DECOMP(TesGesXMO'PERPERDMsLMAX)

500 NSPOIL=0
DG 510 N=1eIN

IF{PERDMIN) «LT.PERMAX]}GOTO 510
NSPOIL=NSPOIL+]

510 CONTINUE
IF(NSPOILLLESIPRINT(1}))GOTO 520
IFCIPRINT(1).GT+0)GITD S15
KSPUIL=NSPOIL
GOTO 516

815 KSPOIL=0

516 IPRINT(1)=NSPOIL
IFINSPDIL.GELIN)GOTO 520
CALL PRINT(IPRINT{1) +XSPOIL)

520 IF(AVGM.GT «DRY)}GOTO 530
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IFUIPRINT(2) «GT0)G3TO 521
IPRINT(2)=20
. CALL PRINT{IPRINT(2),0)
. 521 IF{AVMTUOP.GT «DRY)GUTOU 530
L IF{IPRINT(3) +GT0)G3TD 530
IPRINT(3)=30
CALL PRINT(IPRINTI(3).0)
530 IF(NSPOIL4LTIN «ORe IPRINT(7).EQe70}G0OTU 550
IPRINT(7)=70
CALL PRINT(IPRINT(7) .KSPOIL)
IF{ONEYRNES1)GOTO 560
: 550 IF(IDATE(S) LT« (IHARVD+1000000))GOTO 215
; ' CALL PRINT(80.0)
- 560 CONTINUE
700 CONTINUE
GOTO 800
710 CALL PRINT(100.0)
800 CALL PRINT(200,0)
1000 CONTINUE
sTQP
END
Cttt#t#tttt**t*tt#t*#ttt#ttttt*ttt*tt*t#tt#**t*#t*ttttt#*t#t#ttttt X2 XX 33
C
SUBROUTINE READ(IDATE.TDB+TDP+RH«WIND«CO.PBAR,
@ JIDELT+%)
: DIMENSION IYRI{24)MO(24)+IDA(24),IHR{24) «SUMIE) 2 IDATE(S)
o IF(IDELTLEQ.1)GOTO 110
' DG 100 I=1.:6
SUM(TI)=0.
100 CONTINJUE
110 DO 200 I=1.IDELT
READ(14410¢END=300)IYRII)eMO(I)¢IDALIDI+IHR(I) +TO3TOPsRHswIND
® CO+PBAR
10 FORMAT(4]I2¢2F40134Xe2F3e0¢F2414F5.2)
IF(TOPeLE«TOB «ANDe RHebLE«I00e« «ANDs RHeGT«0.)G0OTI 210
TOP=TDB-3.
RH=80
210 IF(IDELT.EQ.1)GOTO 220
SUM{1)=SUM{1)+TDB
SUM{2)=SUuM(2)+TDP
SUM(3)=SUM{3)+RH
SUM{ 4 )=SUM(4)+eIND
SUM(5)=5uMI{5)+CO
SUM{6)=SUM(6)+PBAR
200 CONYINUE
TDOB=SUM(13/7IDELT
TDP=SUM( 2) 7IDELT
RH=SUM(3)/1DELT
wIND=SUM(4)/7IDELT
CO=SUM(S)/IDELT o
PBAR=SUM(6)/IDELT
220 IN=IDELTY/2 +1}
IDATE(1)=IYRUIN)
IDATE(2)=M0OLIN)
IDATE(3)=IDACIN])
IDATELRI=IHRLIN)
IDATE(S)=IDATE(1)%1000000+IDATE(2)*10000+IDATE(3)*100+IDATE(4)

RETURN
300 COGNTINUE
RETURN1
END
CEFFXEX X H XSS SISO REFEREF XL EXAE XS RIS EAEF LS I PR OBA O AL ERBEXRXXEFTEE

C

SUBROUTINE TOODEE(T«AVGT»AVTITOP sAVGHM]




C

[alie}

(]

(a2

220

COMMON /7 CAL/CoROAKcAKN ol IOTHoUDELRDELZ D1 AM
COMMON/RADZIDATEoHe TU e TDBsEMASEMS s COcQRoTDP s
@ PBAROXLATXLONGeXLUNGS

COMMON /TDEE/ IMoINsEoWINDsNLoNMoNNoBBoBY ¢« YROOF o TPLEN
COMMON 7/ AREAL1/R+IDELTO0« IDELTL +MULT e MUDE ¢ YMOIST VTEMP
DIMENSION TU11411)eXMO{11021)oTPU1111D+sC(5)eRO(5)eAK(5)sAKMI(S]),
2uIDTHIS) sU(10)+IDATE(S) . )
C(L)=1000.,%SPHT(AVGT e{(100s%AVGM/(100,—AVGHM)})

CALL CALC

TTI=TDB+TRGOF

TB=TOB+TPLEN
HC1=40239%(WIND/3.6%DIAM/ 1 44E-5)%$,805%.025/01AM
HC2=].

BT=HC2#¥DEL R/ AK{1)

B8B=HC2*DELR/AKM(2)

Bw=rHCl1*DELR/AKMI1)

Tw=0.

DO 220 I=1.1IM

Tw=Tw+T(I+IN)

CONT INUE

Ta=Tw/IM

CALL RADN

QRP=8+¥NN*DELR¥QR/{{ G ENN-1 ) *%U(2))

TEMPERATURE AT BUTTOM CENTRE:

TP(1e1)=2.%¥BB*DELR/(U(3ISDELZ)I*TH + 2.%E/U(1)%T(2,1) +
a 4e/U(3)%T(162) + (Le—2.%{E+2.)/7U(3)-2.%B3*DELR/
a (UC3)*DELZ))*T(1s1)

TEMPERATURE AT TOP CENTRE:

TPUIML)=2%BT#DELR/(ULLI&DELZ)*TT + 2.3E/U(L)ET(NM,1) +
] Be/7U(1)*TLIMe2) + (1le-2a%(E+24)/U(1)-2.%BT*DELR/
o (UC1)*DELZ) )*T(IM.1)

TEMPERATURE AT BOTTOM wWALL:

TP(1eIN)=B+*¥NN¥BW/(J(2)*¥(4.%NN—1.))&TDB +
2. %BB*DELR/(U(3)I*DELZ)*TB +
(Ba¥NN-44)/(U(2)%{4.%NN-1))%T(1NN) +
2%E/U(2)¥T(24IN) ¥+ (1e—(B¥NNEBR+{BaENN=G.) )7/
(UI2)*¥(4.%kNN-1.))-2.¥BB&DELR/(U{3)*DELZ)~
2.%¥E/UL2))%T(1.IN) + QKP

LB R TR R O]

TEMPERATURE AT TUP OF THE wWALL:

TP(IMsIN)I=B+¢NN*BW/{U{2)¢(4.¥NN~1+))STDB +
2+*%BT*DELR/(U(1DISDELZ)*TT +
(Ba®¥NN-44)/7(U(2)F (4. NN—1))IXTCIMNN) +
2e¥E/UI2)$T(NMIIN) + (1e—(Be¥NNEBW+({Be&NN-Ge} )/
(U(2)1%(8.%NN-14))~2.%BTSDELR/ (UL 1)3DELZ)~
2%E/Z7UL2))€TL{IMsIN) + QRP

ve e

DO 310 J=2.NN
N=J-—-1
JP=J+1
JMu=J-1 -

TEMPERATURE OF THE BOTTOM LAYER:

TP(1e¢J)=2.%BB*DELR/(U(3)*DELZ)*TB +
(2¢¥N+1e)/7(2.¥N3U(3))IAT(1,4P) +
(2e¥N=1e)/7{2+%NSU(3) )ET(1.UM) +
(2.23E/70(3))2T(2.,4) +
(1em2e%(E+12d/7U(3)-2.3BBRDELR/(UL3)FDELZIIZT(L.J)

L U OO )

TEMPERATURE OF THE TOP LAYER:

TPIIMNeJ)=2,¢BTSDELR/IULLIEDELZIZTTY +

115
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a (2%N+10)/7(2:.8NSU(1))ISTLIM, UP) +
) {2.8N~1e)/7{2¥N* U1 ) )T IMeIM) +
@ (2.CE/Z7UCL1D)ST(NMJ) +
] (10=2:%(E#1e)/U(L)-2.%BTEDELR/(U(LIEIELZ)IET{IMed)
310 CONTINUE
C
DO 320 I=2.NM
M=f-1
IP=1+1
IMI=I-]
C
C TEMPERATURES AT THE wALL:
TPUI+INI=BeNNEBW/((4ENN-1,)3U(2))2TDB +
@ (Be®¥NN-G o) 7Ll4eENN~1a ) FU(2))IBT( 1 +NN) +
a EZV(2I5(T(IPWIN)+TCIMILIN}) +
a (1le—{Be¥NN*¥BW+Be*¥NN—Q ) /1 (4% NN=-1.)2U(2))
] —~2«%E/U(2))&TLILIN) + QRP
C

C TEMPERATURES OF THE CENTRE COLUMN:
TPUIv1)=4e/7U(1)%T(142) + EZUCLIE(TLIPII+T(IMI(L)) +

@ (le—{24%(E+2.)/7U(1)))%T (161}
C
DO 320 J=2+NN
N=J-1
JP=4+1
JM=J~1
Cc

C TEMPERATURES IN THE MIDDLE OF THE GRAIN BULK:
TPUIoJ)=(2.%N+1a)/7(2.8N%U(1))%*T(1,IP) +

@ (2.¥N=-1) /(2. N%UL1)IXT(I,4M) +
2 EZU(L)®(T(IPJI+T(IMEJ)) +
] (1e=(2e%(E+1e)/7U(1))DST(1,J)

320 CONTINUE
DO 330 I=1.1IM
DO 330 J=1ls+1IN
TlLeJ)=TP(LkeI)
330 CONT INUE
C CALCULATE AVERAGE GRAIN TEMP FOR BULK
AVGT=0.
DG 400 I=1.1M
DO 400 J=1.1IN
AVGT=AVGT+T(I.J4)
400 CONT INUE
AVGT=AVST/(IM¥IN)
AVTITOR=0.,
DO 410 N=1.IN
DO 410 I=1,.2
Mz I M~ [—1)
AVITOP=AVTTOP+T (M N)
410 CONT INUE
AVITOP=AVTITOP/{IN%¥2,.)
RETURN
END
SR d Al S L s L e N S T T T T

[ of

e

SUBROUTINE DRYSIMITOsTDeGoeXMeDMsAVMTUP AVTTOP¢AVCOLMsAVCOLT s AVGM s
@AVGT)

DIMENSION GC11e21)eXM{21e11)eDMC11e11)¢AVM(I1)4AVT(11)oAXM{LL),

@ AG(11)«ADM({11)eAVCOLMI11)sAVCOLT(11)+¢SUM(3)

COMMON /TDEE/IMsINIE¢WINDeNLINMoNN+BB+BT « TROOF » TPLEN

COMMON ZAREAL1/R+IDELTOIDELTL ¢MULT MODE s VMUIST 4VTEMP

C TEST FOR COLUNN MOISTURE CONTENT AND TEMPERATURE SIMILARITY:
DD 100 N=1.IN
IF(ABS(AVCOLM{N)~AVGHM) o GT.VMOISTIGOTO 200
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IF(ABS(AVCOLTIN)-AVGT) o GT.VTEMPIGOTO 200
100 CONTINUE
C CALCULATE TEMPERATURE AND MoeCe AVERAGES UOF ALL COLUMNS:
DO 110 L=1.NL
DO 111 I=1.3
11 SUM{1)=0.
DO 112 N=1+IN
SUM(1)=SUM(1)+XN{LN)
SUM{2)=SUM(2)+G{L +N)
SUM{3)=SUM(3)+DH{L+N)
112 CONT INUE
AXM{L)=SUM{1)/IN
AGIL)I=SUMI2)/IN
ADM{L)I=5UM(3)/IN
110 CONTINUE
CALL DSIMITOeTDsAXMoAGeADMAVGM s AVGT s NL)
DO 120 L=1«NL
DO 120 N=14IN
XM(LeN)I=AXMIL)
GlL+N)=AG(L)
DMLL +N)I=ADM(L)
120 CONTINUE
DO 130 N=1+IN
AVCOLM{N)=AVGM
AVCOLT(N)=AVGT
130 CONTINUE
SUMMTP=0.
SUMTTP=0.
DO 140 I=1+MULT
L=aNL~-(1-1)
SUMMTP=SUMMTP+AXM(L )}
SUNMTTP=SUMTTP+AG(L)
140 CONTINUE
AVMTOP=SUMMTP/MULT
AVTITOP=SUMTYTP/MULT
RETURN
C ®HEN COLUMNS ARE SIGNIFICANTLY DIFFERENT THEY*RE TREATED SEPARATELY:
200 SUMM=0,
SUMT=0.
SUMMTP=0.
SUMTTP=0.
DG 300 N=1lsIN
DO 210 L=1eNL
AXM{L)=XM{L+N)
AGIL)I=3(L +N)
AOM{L)=DM(L eN)
210 CONTINUE
CALL DSIMITO+TDsAXMe AGs ADMAVEM, AVET 4 NL)
DO 220 L=1eNL
XML oN)=AXMIL)
GILeN)=AG(L)
DM{Len)=ADMIL)
220 CUNT I NUE
DO 230 I=1MULT
L=NL-(I-1)
SUMMTP=SUMMTP+XM{L+N)
SUMTTP=SUMTTP+G(L +N)
230 CONYINUE
SUMM= SUMM+AVEM
SUMT=SUMT+AVET
AVCOLM(N)=AVEM
AVCOLTIN)=AVET
300 CCONTINUE
AVGM=SUMM/IN
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AVGT=SUMT/IN
AVMTOP=SUMMTP/Z(INEMULT)
AVTITOP=SUMTTP/( INSMULT)
RETURN
END
[ 2 R R 2SI 22 2 2 S 2 2 2 2 R s R R R I i R T e R R T R
SUBROUTINE OSIMITO«TDoXMoGeDMsAVEM,AVET M)
DOUBLE PRECISION AHUM
COMMON /7 AREAL/RIDELTOIDELTI s MULT«MODEVMULSYT . VTEMP
DIMENSION TC112eH(11)oA(4)oXM(10)eG{10)DM{10)
DATA A/43%0./
J=1
HO=AHUM(TD+1)
T(1)=TO
c TU= AMBIENT AIR TEMPERATURE
HL1)=HO
C HO= AMBIENT AIR ABSOLUTE HUMIDITY
SUMM=0.0
SUMT=0.0
DC 240 I=1M
IPRT==1
IJd=1+1
C=SPHT(G(I)«DM{I))*R/(1 e—XM(1)/7100.)
C € I5 THE SPECIFIC HEAT OF THE GRAIN
140 N=0
HF=HO
IPRT=IPRT+1
200 TIII=(CEGUI I+ (HF-H(LI) I *G(I1)%44184-250149%HF+1.005¢T(L)#H(1])
1%(2501449+1.82¢T(1)})/7{1.005¢+HF$1.82+(C)
XMEI=DM(I)~-100+%(HF~-H(I))/R
IF(XMI «LTe0001)XMI=e001
PS=AHUM(T{IJ)e2)
ERH=EXP(230%EXP (- o205« XMl ) ®ALUG(PS)-10e 1 7T*¥EXP (- +136%XM]1)})
c ERH IS THE EQUILIBRIUM RELATIVE HUMIDITY UF THE GRAINS
TAB=T(1IJ)
RHS=RHAIR(TAB+HF)
Y=ERH=-RAS
IF(IPRT.LEO)GO TO 220
WRITE(64210)TCIJ) e XMEsHF oY e JoeNyMMyA
210 FORMAT( ' 05X e4F1045:31444F10.5)
220 CALL ZERU(Je0eO0sHF Y sAs «0259K s NeMM)
IFINEQs 1) HF=(HF+HO)/2.
IFINeGE«20«ANDIPRT.LELO)GD TO 140
GC TO (20042300 4K
[ K IS A CONVERGENCE INDICATOR
230 OM(I)=XM]
XM{II={100.%DM{I)})/Z7{100.+DM(1))
GLIN=TL1J)
H(1J)=HF
SUMT=SUMT+G( 1)
240 SUMM=SUMM+XM (1)
AVET=SUMT/H
AVEM=SUMM/M
C AVEM IS THE AVERAGE MOISTURE CONTENT OF THE GRAIN COLUMN.
RETURN
END
CEXE XXX AFXXXF X KX XR XK E RS R LUK LR SIS RO LSRXREEEESABEEE STV B0 SRS EEEETE
C
SURROUTINE CHANGE(T ¢ GeNMsNLoIN,TDB, ICH)
C IF 1CH=1 CALCULATES TEMPERATURES AT CONVECTION NODES FROM CONDUCTIUN
C IF ICH=0 CALCULATES TEMPERATURES AT CONDUCTION NODES FROM CDNVECTION
DIMENSION TU11e21)eG(RLletl)
K=NL/NM
NN=IN~-1
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IF{ICH.EQ.1)GATO 1
IF(ICHsEQ.0)GOTO 2
GOTa 3
[«
€ CONDUCTION TO CUNVECTIONS
1 DO 10 N=1eIN
L=1
DO 10 M=1 +NM
DO 10 J=1.K
MP=M+1
GELeNIZTIMINIF(TI(MPoN)~T(MsNI)/7(2a¥KIE( 242U~ 10)
L=L+1
10 CONT INUE
DO 12 L=1eNL
GILWINI=Z0«75%(GIL+IN)I-G(LoNN]) + G(LeNN)
12 CONT INUE
RETURN
C
C CONVECTION TO CONDUCTION:
2 00 20 N=1.IN
T{1+N)}=TD8
DO 21 M=2NM
JP=MEK
JM=JP~{K*2—-1)
SJUM=0,
DO 22 J=JM.JUP
SUM=SUM+G(JeN)

22 CONTINUE
T{MN)=SUM/(K¥2)
21 CONTI NUE
JP=NMEK
JM=JP—(K=-1)
SUM=0.

DO 23 J=JM.JP
SUM=SUM+G{JsN)
23 CONT I NUE
NTOP=NM+1
TONTUP «N)=TI(NAJN)#+2. F{SUM/K-T(NMsN))
20 CONT INUE
RETURN
3 WRITE(6430)ICH
30 FORMAT(*—*,*ZRROR IN THE VALUE GF ICH =*,13)
RETURN
END
CEEEFX XXX FE K TF TR EXF KX SR A EX XX EE K EXE R EER AR FE XX EEEKXEEREEEXTRIFEF SRS X 5T &S
C
SUBROUTINE CALC
DIMENSION C{(S)eRO(S)sAK(S5)+AKN(S5)+WIDTH(S5)sU(10)
COMMOUN ZCAL/CsROsAKsAKM o WIDTH UsDELRDELZ DI AM
COMMON /AREAL/ReIDELTOSIDELT1 e MULT ¢sMODE VMOI ST M TEMP
IF(BIDTH(2)«65T«DELR/2+) WIDTH(2)=DELR/2,
IFIWIDTH(3) e GTeDELR/3) WIDTH(3)=DELR/2.
UL)=C{1 }*RO{L1ISDELR*%2/(AK(1)*IDELTO0%3600.)
WiSRO(1) 2 {DELR/4SIDIAM—DELR/2+)~uIDTH({2)¥DIAM/2,.)
IF(Wlel TeOo) WI=0.
W2zZRO(2)*WIDTH(2)%DIAM/ 2.
CHM=(W1sC{1)+W2%C(2))/(dleu2)
ROM=(wW1+W2)/7{wl/RO(1D+¥2/7R0(2))
AKM{1)=DELR/{WIDTHI{2)/7AK(2)+(DELR-WIDTH(2))/AK(1))
U(2)=CMEROM*DELR* %2/ (AKM(1)2IDELTO0%3600.)
W1=RO(1)F(DELR/GeF{DIAN—DELR/24)-WIDTH(3)$DIAM/24)
JF(W1al TeOed Wi=0oe
W3=RO(3)&wIDTH(3)$DIAM/ 2.
CHM={W12C(1)+W3%C(3))/{(d1+u3)
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ROM=(W1+%w3)/7(wWl/RO(1)+wW3/R0O(3))
AKM(2)=DELR/(WIDTH(3)/AK{3)+{DELR-WIDTH(3))/AK(1))
U(3)=CMEROMEDELREE2/(AKM{2)SIDELT0%3600.)

RETURN
END
COEL EH 2B XX RXLF SRR EFF XTSI S FEISAEEE P EE R DG RN RS0 S SR RS X2 S REE F 20 B &
[ o4
SUBROUTINE RADN
C RADN CALCULATES THE NET RADIATION ON THE BIN WALL
C USING TeKeWON®S SIMJLATION EQUATION FUR PRAIRIE CLIMATES,
DIMENSION NOAY(12)+A€12)4B(12)4C(12)+DUST(12)EL12)+IDATE(S])
COMMON/RAD/ IDATEeHoTBosTOBIEMASEMS s COs QR TDP e PBAR
& XLAT«XLONGs XLONGS
DATA NDAY/3142843104¢30431430¢31+31+30e31+30.31/
DATA A/~ 442388+~264388+—e62338:+—eB8670+-¢99257,~1.04189,
@ —e98B8894-1e03984¢=0979994-e881254~e67440,~,47238/
DATA B/-e24152+002539,002426,213116,6266846,.25812,
D 237844¢28209+021494+003730+v—e123264~e24734/
DATA C/1a314644102932641e2191441214903414097164+1.07446,
D 1e08530+109079:14108795116108¢1e2266741.29282/
DATA DUST/ 4504480008541 e¢15416359102501e2501415+6350065004540407
DATA E/~10ee=19e3=9¢ 000330 e=100¢=60es~804+5060150215¢25e7
DATA PlL/3.141593/45C/7487245/+STEF/5.6697E~087
MONTH=IDATE( 2)
IDAY=JIDATE(3)
IHOUR=IDATE(4)
AA=2 . ¥P [ /365,
ALAT=XLAT*2.*%P1/360.
0=0.
IF{MONTH.EQ.1)GO TO 20
J=MONTH-1
DG 10 I=14J
10 D=D+NDAY(]I)
20 O=D+IDAY
C D = DAY OF THE YEAR.
DECL:ARS‘N(.3978*5]N(AA*(D‘80.)+‘0335‘($[N(AA*D)—S‘N(BO.*AA))))
C DECL INATION 3F THE SUN
ST=IHOUR + (E(MONTH) +4.+$(XLONGS~XL.ONG) )/ 60,
Cc SGLAR TIME
WA=(ST—12e)#%154%2.%P1/360.
C SOLAR HOUR ANGLE (ESTIMATE)
Z=ARCOS{SIN(DECL)*SIN(ALAT) ¢ COS(DECL)*CUS(ALAT)I*CUS(wA)})
IF{ZeGTele5)Z=445
C ZENITH ANGLE
OAM=1./7C0US(2)
C OPTICAL AIR MASS
AL=AA*D
HQ=SC*‘l-_-0009464‘5|N(AL)*.0167I*CDS(AL)‘QOOOIQBQ*COS(Z.‘AL)‘
@ 2.917E-S5%SIN(3.%AL)-c0003438%COS(4.%AL))I*%2 * COS(Z)
C HO IS THE INCIDENT SOLAR RADIATION AT THE TuP OF THE ATMUOSPHERE
C ON A HORIZONTAL SURFACE =
W=EXP(142876 + 0,0303%(TDP#1.8+32,))
TRANS=EXP(-1+%{e000496%(10.%PBARXOAM)*%,75 + «0288% (W*OAM )&% .6
D + J083%(DUSTIMONTH)20AM)*%,9))
CLOUD=ALMONTH) #CO#%2 + B(MUNTH)%CO + C(MAONTH)
H=HO*TRANS¥CLOUD
c H IS THE ESTIMATED GLOBAL RADIATION ON A HORIZONTAL SURFACE QF
Cc ONE SQUARE METER INTEGRATED OVER ONE HOUR
QE=0«SESTEFSEMA*{TDB4+273.16)%%4
C EARTH-TO-BIN RADIATION.
QAS=0S*STEFSEMA*1.94481E09
c SKY-TO-B8IN RADIATION.

QO=STEF*EMA *(TW+273.16)%%4
C B8 IN-TO~SURROUNDINGS RADIATION.
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QSN={—130:55354+0:1151838H0+664.925%H/HU) /3.6%EMS

TOTAL SOLAR RADIATION ON THE BIN WALL -~ RELATIONSHIP CALCULATED
FROM WINNIPEG DATA ; REPRESENTS AVERAGE RAOIATION FUR ALL SIDES
OF BIN.

QR=QE+QS5—Q0+ QSN

RETURN

END

CEEF ST XXX PSS FL XL XX ELESH S S L H BB URK XSRS FF L XS EFSEFRL L AR KR FA R SR ERE
C

nonn

FUNCTIUN SPHT(TENP.DBMC)
IF(TEMP L Ee~214)G0 TO S
IF(TEMPLLE«~108)GU TO 10
IF(TEMPJLE«0+6)G0 TO 15
IF(TFEFMPJ.LE«B89)G0O TO 20
SPHT=1.1422+0.03904%DBMC
RFTURN
S SPHT=14046+0.03109%DBMC
RETURN
10 SPHT=1a1673+0402427%DBMC
RETURN
15 SPHT=142426+0.02962%DBMC
RETURN
20 SPHT=1e0251+0404427%DBMC
RETURN
END
CEXEXEXXEFERBE AR KR ER KA RAIEA B K EE R SR ERRE DR AR SRS A KA XS KK SR KD EE XS F KR EEF S HRK &K
C
SUBROUTINE FANSUBIDIAMe TONNE ¢AFRIEFF ¢ XLPS+SPJDERTHPRR DT
C FOR wHFAT:
SPwT=0.75
PF=1e5
AREA=314153%(DIAM/2.)%%2
VOL=TONNE/SPWT
DEPTH=VOL/AREA
XLPS=AFR*VOL
F=XLPS/AREA
C REGRESSION EQUATION FOR ASAE DATA D272 IN SI UNITS (RSQ = 049967):
SPM=2,294975%(F*%]1.134219) %PF
SP=SPM*DEPTH
IF(SP.LT«250.3G0T0 10
PWR=((SP#XLPS)I/(1.0E+6))/EFF
9 DTCOMP={((1e+SP/101325+)%%0.2857143)-1.})%288.16
DT=((1~EFF)*#¥PaR)/7(1.004%) .2¢XLPS/1000s) + DTCUMP
RETURN
10 PWR=XLPS*1000e/(4e618-1614%(SP/1000e))/1e0E+6/EFF
GOTO 9
END
CHEX XX K XF KL XX KK X EXFX KK F TR EER SN E RS X AS RS EE SR SR RO AR TR RE KX X E R KB K XXX & &
[
SUBROUTINE DECOMP{T+ G XMyPERJPERDMsLLMAX) -
OIMENSION T(11e11)eG(11011)aXM{L11sl1)ePERCLILI+11IIsLMAX(LI1)P(11)s
DPERDM(11).PCTM(11)+IDATE(S)
COMMON/ZRAD/IDATEsHeTW s TDOBsEMAGEMS+COs QR TDP,
@ PBARXLAT «XLONGsXLONGS
COMMON /TDEE/IMeINeEoWIND s NLeNMoNNeBBsBT o TROOF o TPLEN
COMMON /ZAREAL/R+IDELTO . IDELT1 ¢ MULT oMODE s VMOIST sVTEMP
IF(MODE.EQ.1)GUOTO 110
CALL CHANGE(TeGasNMsNLesINsTDBe1)
DT=IDELTO
GOTOo 120
110 DY=IDELT1
120 DO 200 N=1.IN
DO 210 L=1sNL
PER(L«N)=PER(LeN) + DT/SAFUHIG(LoN) o XM(L «N))
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P{L)=PER{LN)
210 CONT [ NUE
CALL MAXINLoPoLMX PTH)
LMAXI{N)=LMX
PCTMIN)=PTM% 100,
EQT=PTM%230.
PERDM(NI=o0884%(EXP({ «c006%EQT)~10)4+00102%EQT
200 CONT INUE '
RETURN
END
C*t*tt******t****‘*****‘*‘*“‘**‘*3*‘***“*“*#****'*‘3‘******"*“ FEXEERE
C
FUNCTION SAFAH(TEMP ., XMC)
ALOGT1=6423447 —04211753XMC —0.05267%TEMP
ALOGT2= 4412855 ~0e609972%XNC -0.05762%TEMP
SAFWHS=AMAX1{ 10 %*ALOGT L 210 %%ALOGT2)%24.0
RETURN
END
CEEFEEXSATEEEX KX ES FAEXRFERAEEEX KK EXRF LSS B EEX PR FEX XSS R4 BB 0 S F 2
C
DGURLE PRECISION FUNCTION AHUM(TEMP.N)
DOUBLE PRECISIUN AsBsCeDsEFeGoPWsTDEXP«DLOG
DATA AeB+CeD/~a751152D4 0 «8963121D2, «02399897030+~«11654551 04/
DATA EeF9G/—e12810336D=7y 420998405D—10+~+12150799002/
T=TEMP + 273.16D0
IF(TEMP.GT «0e) GG TO 1}
PW=DEXP(24.2779D00~623846400/T-0344438D0%DLOG(T))
IFINLEQel) AHUM=046219800%Pw/{101.32500-Pw)
IFINEQe2) AHUM=PW
RETURN
1 PR=DEXPA/T+B+CETHDETEX2+EXTEEI+F *THE44GEDLOG(T) )
IFI(NEQel) AHUM=0.62198D0%PW/{101.325D0-Pw)
IFINEQe2) AHUM=PW
RETURN
END
CEEEFEXEAFEEAERREX KRS SR RE AR SR FEAB R A RS R R K S SR EN BB KSR S E R KRR KSR E SR E k&
C
FUNCTION RHAIR(T.HO)
DOUBLE PRECISION HePSsAHUM
H=HO
PS=AHUM( T.2)
REHAIR=(101325D00%H/(H++62198D0) )/PS
RETURN
END
Ce*xx¥x #**‘t**‘*#***t*‘**t**t**‘***tt***‘*‘t*t*‘*“‘#“***‘*“******t XEEEkEE
[
SUBROUTINE MAX(NJA,J+8IG)
DIMENSION A(N)
BIG=Al1)
J=1
IF{N.EQ.1)GOTO 11 -
DO 10 I=2.N
IF(A(I).LE.BIG) GO TO 10
BIG=A(]L)
J=1
10 CONTINUE
11 CONT ENUE
RETURN
END
(S 22 R R s R E I 2y T R I, ™,
C

SUBROUTINE MIN(NsA,JsSMALL)

DIMENSION A(N)
SMALL=A(1)




i0
i1

J=1

IF(NEQ.1)GOTO 11

DO 10 I=2.N
IF(A(1)oGESMALL)GO YO 10
SEALlL=A(1)

J=1

CONT INUE

CONT INJE

RETURN

END

CHEEFE SRR IS F ARV XS EE XS IRV VXA B DB TS CLEFX X EXR TS X B SEX SIS R FEEER

C

C

SUBROUTINE PRINT(IPRINT +KSPOIL)

DIMENSION TU11e11)eG(11e11)oXMOU(11911)+PER(LIL¢11)sFAN{20.13),
RHEAT(20.13) FANCST(20413)sHTCST(20413) o1DATE(S5)+PEROM(111,
@XDAYS(2010) s ATEMP(20+10) s AMOIST(20+10)¢EPTONN{(204+20)«NY( 9},
S0DCPT(20410) ¢ SPMASS(20410) ¢ SUM{ D) +sSUMSU(F)I+AV(9) eSD(I)+AL{(20),
@AVGPER(20+10)0A{2¢9+420610)+0PCOST(20s10) +MYEAR(F+20)

BCUS5) «RO(S) e AKIS) e AKM(S) s WIDTHIS)sU(10) +MM(964) sAMODIF(20+10)

INTEGER*4 GEO(20)

COMMON ZPRTZHOURS ¢DRY 4PERsFANs HEAT s IHEATR PWRCST o HTPWR «PWR ¢ T » G» XMD
DeGEC«IRUNCPERDMsKYsNYEARSs IFIRST ¢ TOUNNE «GRCUSTsAVGMy AVGT s UNEYR I UP
OXDAYSAMOI ST JATEMP,EPTONN+ODCPT o SPMASS 4 AVGPER s AMODIF» ISPRNG. OPCAST

COMMON/RAD/ZIDATE«He TR s TOB +EMALEMS +COe QR TDP,

D PBARXLAT«XLOUNGsXLONGS

COMMON ZAREAL/Rs IDELTO« IDELTLI +MULT o MODE+VMOISTSVTEMP

COMMON /TDEE/ZIMeINCEsWINDs NLoeNMoNNeBB«BT s TRUOF+TPLEN

CONMON ZCALZCROVAKAKM WIDTHsU+DELRWDELZ+DIAM

DATA PI1/3.141593/

IF(MODELEQe0) CALL CHANGE(TsGosNMeNLoINsTDBs1)

IF(IPRINTEQ.200)GOT0O 350

C INTERIM REPORT CALCULATIONS:

10
i1

20
21

30
31

40
4l

50
51

60

WRITE(8.1) IRUN.GED

FORMAT{®1¢ ,40X+ *INTERMITTENT VENTILATION = STATUS REPORT',
ST120.*RUN #°'.16/" *.50X+20A1)

DAYS=HOURS/24.

WRITE(8+2) (1DATE(L)+I=144) +KY,DAYS

FORMAT (* 0 40X s "DATE=¢134%/9,124°/%,12,15,* HOURS.®¢2X,
@*SIMULATION YEAR:®.[3/
2% 9,80X.*IT IS NUW®,F7.2¢% DAYS SINCE THE BIN wAS FILLED')
J=IPRINT/10

GOTO(10420+30¢40050+60570¢804904100)+J

WRITE(8411) KPRINT

FORMAT("0? ,06X. *SPUILAGE HAS NO® OCCURRED IN*el4+° COLUMNS®)

GOTO 190

WRITE(B.21) DRY

FORMAT(®0® ,06Xs"THE AVERAGE MOISTURE CONTENT OF THE GRAIN BULK IS
@NCW LESS THAN GR EQUAL TO®«FSels® X*)

GOTO 190 o

WRITE(B.31) DRY

FORMAT(® 0" ,06X+ *THE AVERAGE MOISTURE CONTENT OF THE TOP LAYER IS N
20w LESS THAN OR EQUAL TO*sFS5.1¢* X*)

GOTO 190

WRITE(8+41)

FORMAT(®0°®,06X+*GRAIN CONDITIONS AT THE SYSTEM FALL START DATE ARE
$v)

GOTO 190

WRITE(Be51)

FORMAT(® 0% ,06X+°GRAIN CONDITIONS AT THE SYSTEM WINTER STUP DATE AR
2E2)

GOTO 190

IF(ISPRNG«GT+0)GOTO 62

WRITE(8.61)

123



61

62
63

70
7

72

80

90
91

100
101

190

199

201

202
200

210

221

22?

223
220

124

FORMAT(®0° .06Xe *GRAIN CONDITIONS AT THE SPRING DATE ARE:*)

GOTYO 190

WRITE(B8,63)

FORMAT(%0° 206X GRAIN CUNDITIONS AT THE SPRING REPORT DATE ARE:¢)

GOT0 190

WRITE(8.71)

FORMAT(®0%.,06Xs *SPOILAGE HAS NOb OCCURRED IN ALL OF THE GRAIN COLU
BMNS? ) .

IF(ONEYREQ.1)GOTO 190

WRITE(B.72)

FORMAY(® 2 ,6X+°PROGRAM TERMINATES QOPEKATION FOR THE HARVEST YEAR?®)

GOTC 190

WRITE(8+.81)

FORMAT('0® 406X+ "GRAIN HAS NOW BEEN STORED FOR ONE YEAR FROM THE BI
@aN FILL DATE")

GOTO 190

WRITE{(8.91)

FORMAT(®0°® 06X+ *"THE CONDITION OF THE GRAIN IS AS FOLLGWS')

GCTO 190

WRITE(8.101)

FORMAT(* 0% ,06Xs*END OF THE TAPE WEATHER DATA FILE. THE GRAIN CONDI
AT IONS ARE:?®)

CONT INUE

IFCIPRINT LT 210 oANDe KSPOILJNEL0O)J=1

IF(IPKRINT«LTe10 oANDe KSPUIL.EQeD)JI=10

SUM(L1)=0.

SUM(2)=0.

DO 199 N=l+IN

SUMI1 )=SUM(1)+XMO(1+N)
SUN(2)=SUME2)+XMO(NL+N)

CONTINUE

AMODIF(KYeJ)=SUM(2)/IN — SUM(L1)/IN

WRITE(B84+2013AVGTAVGMeAMODIFIKY ¢J) e (NeN=T1+sIN)s (NeN=14IN)

FORMAT(®*~"+6X¢*GRAIN TEMPERATURES:® ,T72,*GRAIN MOISTURE CONTENTS:I®
DT 'eT23,°AVERAGES* sFTe2¢' C'yT784*AVERAGE: " sF7e2+% X®eaXs
DETOP/BOTTUM DIFFERENCEZ® F642+% X0/

DYO*e6XeBIT7eTT72:617/% TOP*,T66,°TOPY)

DO 200 I=1sNL
L=NL~-(I~1)
WRITE(B4202)L e (GILoNIINZTIoEIN) oL o {XMO{L oN)oN=1¢ENJ
FORMAT(®* ®* e6Xel2s6F7ea2¢TT241246F7e2)

CONT INUE

SUM(1)=0.

DO 210 L=1+NL

DO 210 N=14IN
SUM{L)=SUM{1)+PER(L+N)

CONT INUE

AVGRERIKY ¢ S} =SUM{ 1)/ (NL*IN)

WRITE(B«221)AVGPERIKY e J) s (NeN=14IN) ¢ (NeN=14IN)

FORMAT(*~® ,6X+'POKTION OF ALLOWABLE STOURAGE TIME ELAPSED:®,T72,
@*PFRCENT DM DECOMPUSITIUN IN THE WORST LAYER OE=EACH COLUMN: ¢/
B *,T23.*AVERAGEI®*F743/

B0 «6X26174T724.6177% TQP*)

WRITE(8+222)INL+ (PER(NLeN) e NT14IN) (PERDMEN) +N=1,4 1IN}

FORMAT(® *26Xe12¢6F7a3:T78,6F74.3)

DGO 220 1=2.NL

L=NL-(I-1)
WRITE(84223)L +(PER{LeN) o N=1,1IN)
FORMAT(® ®* 6Xel2¢6F7a3)

CONT INUE

IF(IOP.EQ.9)GATYO 251

IF(AVGM.GEDRY)GOTO 230

DDCPT(KY ¢ J)=GRCOST*(DRY—AVGM)/(100.—-AVGM)

ODCOST=0DCPT(KY o J) & TONNE



230

240
250
251

255

260

270

300

310

320

330
340

341
342
345

350
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GOTO 240
ODCPTIKY o J)=0.
ODCOST=0
WRITF(B8.250)0DCOSTUDCPTIKY s J)
FORMAT(®-° .6 X+ "OVERDRYING COST: $%oF702e? OR $3°oF7e2.°/7°%)
VCL=0o.
DO 260 N=1.IN
IF(NEQa1)ELVOL=PI*DELZ*(DELR*%2)/8.
IFINGT ol oANDo NolLToINIELYOLZIN=1.)%PI*DELZ®(DELR®%2)
IFINSEWSINIELVOL={4sEN~5. %P I[2DELZF(DELR*E2)/ 6o
K=0
DO 255 L=1s+NL
IF(PER(LeN) «GTaledK=K+1
CONT I NUE
VOL=VOL + K#ELVOL
CONT INUE
SPMASSIKY+J)=VOL¥0.75
SPCOST=SPMASS(KYJ)*xGRCOST
WRITE(B84270)VOL « SPMASSIKY s+ J4)+SPCOSY
FORMAT(*-* ,6X+* AMOUNT AND VALUE OF SPOILED GRAINIt'/
DY PeT11e*VOLUME:I® ¢F 7224 MEE3® ;TAL O MASSI 4 F742:* T*,T71,
@*VALUE OF GRAIN SPUILED: $*+F3,2)
IF(I0P.EQ.9)GOTO 341
FAN(KY+13)=0.
HEAT(KY«+13)=0.
FANCST(KYs13)=0.
HTCST(KY «13)=0.
DO 300 I=1.12
FAN(KY+13)=FAN(KY+13) + FAN(KY,.I)
FANCSTUKY o I)=FAN(KY s I ) *PWRCST4*PWR
FANCST(KY+13)=FANCST(KY,13) + FANCST(KY.I)
IF{IHEATR.EQ.0)G3TO 300
HEAT{KY 1 3)=HEAT(KY13) + HEAT{(KY+I)
HYCST(KY« [)=HEAT(KY I )*PWRCST*HTPWR
HTICSTU(KY« 13)=HTCSTI(KYs13) ¢ HICST(KY,.I)
CONT INUE
ELECTR=(FANCST(KY+13)}4+HATCST(KY+13))/PuURCST * 3.6
EPTONNIKY+J) =ELECTR/TONNE
ECPT=EPTONN{KY+J) /3.6 & PuWRCST
WRITE(S8¢3103(I1eI=1412) e (FAN(KYs1)el=1413)+(FANCST(KY,1),1=1,+13)
FORMAT(*-* 46X+ *FAN AND HEATER OPERATION LOG:%/
DCO? 12X " MONTH® s IS551117,4° TOTAL®*/%0°% 412X *FAN OPERATIGNIY/
ar *,12x,"* HOUHKS® « 12F7e2¢FJe2/71 7 412Xe? CUST* 4 12F7e2,F9a2)
IF(IHEATR.EQ.0)GOTO 330
WRITE(B¢320) (HEAT(KY o1 )e1=1413) ¢ (HTCSTI(KYsI)l=1,+13)
FORMAT(®0® +12Xs *HEATER OPERATIONI®/® 9 ,12X,"* HOURS? 2 12F T 42¢eF 927/
@' S,12X.* COST*412FT7e2+F9e2)
WRITE(B84340JELECTREPTONNIKY ¢J)} +ECPTY
FORMAT(*0°+12Xe"TOTAL ELECTRICAL ENERGY USE TQ_DATE BY THE FAN + H
SEATERI®*eFB42¢® MJ URPWF7e2s® MI/T OR $°:F842+2/T7¢)
OPCOST(KY+J)=0DCPTI(KY,sJd) + SPCOST/TONNE ¢+ ECPT
GOTO 342
OQPCOSTIKYJ)=SPCIST/TUNNE
WRITE(B.345)0PCASTI(KYJ)
FORMAT(*-* (6 X,*SYSTEM OPERATING COSTS TO DATE: $'eF7e2.,°/7°%)
XDAYS(KY s J)=DAYS
ATENP(KY « JI=AVGT
AMOISTIKYeJ)=AVGM
RETURN

SUMMARY REPORT CALCJULATIONS:
D0 S00 J=1,.,8
DO 360 I=1.9
SUM(I)=0.
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SUMSQEI)=0.
NY(L1)=0
360 CONTINUE
DO 400 KY=1oNYEARS
Al 1e1+KYo J)=XDAYSIKY o J)
Al 102 KYeJIZAMOIST(KY s J)
Al Le3eKY s JI=AMODIFI(KY o J)
AC 104 KYoJIZATEMP(KY o J)
Al 1+5eKY«JI=EPTONNIKY s 4)
Al 1:6¢KYeJ)=0ODCPT(KY s J)
Al 107 KYe JI=SPMASS(KY,J)
Al1+8sKYeJI=AVGPRER(KY »J)
Al 1e9:KY e JI=0OPCOST(KYJ)
DO 370 I=1.9
IF(A(LsIeKY ¢J) eEQaOe «ANDs (JoEQel o20Re JaEWe2
@ «IRe JeEQe3 «0ORe JeEQG.7))GOTO 370
SUM(I)=SUM(TI)+A{ll e1eKY s J)
SUMSQUTI)I=SUMSUQITII+ALL o T +KY o)) ¥%2
NY(I)=NY(I)+1
A(2ToNY(L)eJI=A(1+1eKYsJ)
MYEARCI+NY(1))=KY
370 CUNTINUE
400 CONTINUE
DO 407 I=1.9
IF(NY{1).LE«1)GOTO 405
AVII)=SUMTID)/NY(IL )
X={(SUMSQ(II~-(SUMITIIESUMII)I/NY{I)D/InYLI)-14))
IF{XsL.T404)GOTU 406
SO(1)=SARTIX)

GUTO 407
405 AVII)=sum(l)
406 SO(1)=0.
407 CONTINUE

DO 410 I=1+9
0O 408 II=1.2
MM{ TeII)=IFIRST
408 CONT INJE
DO 409 II=3.4
MMl Tel1I)=1
409 CONTINUE
410 CONT I NUE
DO 415 I=1.9
IFI(NY(1).LT1)GOTO 415
NYY=NY (1)
DO 411 N=1leNYY
AL(N)=A{2e1 eNs J)
411 CONTINUJUE
CALL MAXINYYo Al sMX,X)
CALL MNIN(NYY AlsMNesX)
MM(]+3)=MYEAR{ I +MX)
MM{I+a)=MYEAR( I+MN)
MM(Lel)=MM(I,3) # (IFIRST-1)
MM(I2)=MM{I+4) + (IFIRST—1)
415 CONTINUE
WRITE(64+420) IRUNGED
420 FORMAT(2]1%/9% *,80X,? INTERMITTENT VENTILATION - SUMMARY REPORT?®,
@ TI20¢PRUN #9,16/7° ®,50Xe20A1/%°=2,06Xe118(%%2))
GOTO(A421+4224423:0824:482544826,427.428) 04

21 WRITE(6+.431)
GOTO 440

422 WRITE(6.432)
GOTO 440

423 WRITE(6+433)

GOTO 440
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424 WRITE(6+434)
GOTO 440
425 HRITE(6+435)
GOTa 440
426 WRITE(6+436)
GOTO 4«40
427 WRITE(H64437)
GOYTO 440
428 WRITE(64+438)
431 FORMAT(®0°®406X+°FIRST OCCURRENCE OF SPOILAGE — AVERAGES FOR NU
BN—-ZERO YEARS ONLYZI*)
432 FORMAT(®0® 06X+ *AVERAGE MUISTURE CONTENT IS "DRY* — AVERA3ZS FO
BR NON-ZERO YEARS ONLYZI?)
433 FORMAT(®0" ¢06Xs*AVERAGE MUISTURE CONTENT OF THE TOP LAYER IS %O
@RY® ~ AVERAGES FOR NON~-ZERO YEARS ONLYZ®)
434 FORMAT(®0* 06X+*AT THE FALL START DATE:*)
435 FORMAT(®0"® ¢06Xe*AT THE WINTER STQOP DATE:")
436 FORMAT(*0*,06Xe¢*AT THE SPRING DATE:")
437 FORMAT(®*0®* 06Xe*SPUILAGE IN ALL COLUMNS — AVERAGES FOR NON-ZERJ
@ YEARS ONLYZI')
438 FORMAT(*0°*+06X+*ONE YEAR FROM THE BIN FILL DATE:")
440 WRITE(64441)
841 FORMAT(®0®.06Xs118(*"=*)/
@ *0%sa X" HARVEST®, 17X+ *MUISTURE T02/80T GRAIN® ¢ 7 X
® SENERGY®* ¢ BXe*0D®* 47X+ *SPOILED ALLOWABLE OPERATING®*/
® LYY T YEAR DAYS CONTENT DIFF %,
@ . T TEMPY¢BXs"USE' 49X *COST* 48X *MASS STORAGE TIME® 44X
@ *COST*/
2 ¢ 1 ,4Xe27Xe*(X ¥WH) (X wB) (DEG C) {MJ/T)*,6X,
@ *{$/T)*+8Xs°(T) ELAPSED (S/T)%7°%°0% +6Xe118(*~2))
WRITE(64450)
450 FORMAT(®*0*)

DO 470 KY=1«NYEARS
IY=IFIRSTH+I{KY~1)
WRITE(OAOCL)IYo(A(l o[ sKYsJ)esI=199)

461 FORMAT (®* *44XsI74F13e143F12e¢2+F14213F1l1e2eFllelefF13e3sF12s2)
470 CONTI NUE

WRITE(6+432)(AVII)+1=149)
482 FORMAT('0%.6X+118(*~")/

® PO +sOXe"AVERAGE: ' oF 1001 e3F1242+F1l8elsFlle2eFllelosFl13e3+F12.2)
WRITE(6.483)1(SDI{I)eI=1,9)

483 FORMAT(® ®46Xe" #/-%,F130103F12e2¢F14clsFlla2sFl1eleF13.3,
H) Fl2.2)
WRITE(64485) (A(1eloMM{I+e3)0J)elI=1+9)
485 FORMAT( 20 e OXs "MAXIMUM: * 4F10e103F12e2eF1401+F11e2eF11alsF13e3,
@ F12.2)
WRITE(6+886)(MM(1el1)el=1,49)
486 FORMAT(® *.6X¢*IN YEAR:®*4110+43112+114+2111113,s112)
WRITE(64489){A(LsloMM{I44)4U)el=1,9) =
489 FORMAT(%0® 46X o *MINIMUMZ ® sF10a1e3F1242eF13eleFlie2sF1lleleF13+3,
® Fl12.2)

WRITE(6,486)(MM(142)0e1=1:9)
WRITE(64490)
490 FORMAT(*0®*+6Xe118(*%%))
500 CONT INUCT
WRITE(6.600)
600 FORMAT(*1"*)
RETURN
END
CEEE R XS EXXBPFEEE XA EXXCXRT R EEXEISE SR YR DTREHEEIBEXBLSLGEXSTE 2L ETEEDETE
[«

SUBROUTINE ZERG(JeYDeXeYoAeDELoKeNsM)
DIMENSIONA(4)e1J4(4,3)
DATA 1371426308083 0201630480142/
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Ji=1

IFINJLE.OIM=1
5 Jp=J

J=1Jd(JHe01)

- IF(JoLE0o2 oANDe JPsLE«2) GO TO 6
IF(JaGEe3 oANDe JP.GE«3) GO TO 6
Z=A(1)

Al1)=A(3)
A(3)=2
Z=AL2)
A{2)=A(4)
Ala)=7
6 IF{Jl.EQe3) GO TO 51
IF(JsLE«2)GO TO 10
X==X
A(l)==A(1)
A{3)=—A(3)
T0 IF(JeEQel o0ORe JoEQ44)G0O TO 20
YO=-YD
Y=-Y
Al2)=—A(2)
Ala)==A(4)
20 J1=1
CALL TYPEL(J1eYDeXeYeAeDELsKeNsM)
IF({MaEQe2 «aANDe JoaGEe3I) X=A(1)/2.5
IF(MEWL3 «ANDe JeGES3) X=A(1)%4.0
IF{MeEQe8aANDeJeGE«3)IX=A(1)3/7100.
IF(J.LE.2}G0 TO 30
X=~X
All)==A(1)
A{3)=—A( 3}
30 IF{(JEQel «0Re JoEQWs4)GO TO 50
YD=—-YD
Y==-Y
A(2)==AL2)
Ala)y=-A{4)
50 IF(K.EQe 2) RETURN
IF(J1NE-1)GOTO S
51 IF(NLT«1S)IRETURN
K=2
WRITE(O6+52)YDeXeVsA
52 FORMAT(®* DDES NOT CUNVERGE *,7F10.5)
RETURN
END
CrEXXFXAEFEACE XX XX KR AR EBXEFEFERXSFFFERERISFXFEXNRXE RS ECEXFERILEEEBREFTXREEK
[
SUBROUTINETYPEL1(JeYD o XeYsAeDELoKoNs M)
DO IMENSTONA(4)
XL=Aa(1)
YL=AL2)
XU=A(3) G
Yu=A(4)
K=1
IF(ABS(Y—=YD)—ABS(DEL))IZ242+6
2 K=2
M=1
GOTAa35
6& N=N+1
GOTOU(10e620437+55e21921) M
10 Xt=X
X=2.5%X
yiL=Y
M=2
GOTO35
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20 YU=Y
XU=X
21 IF(YL~YU)330040.40
30 =2
N=N-1
M=6
35 All)=XL
Al2)=YL
A(3)=XU
Al4)=YU
RFEFTURN
37 YL=Y
X=X
40 IFIYL-YD)}45460+60
45 X=XL/100.
S22 M=3
XU=XL
YU=YL
GoTA7TO0
53 K=?
M=1
WRITE(64+ 54)
54 FORMAT(* NOT wITHIN LIMITSY)
GOTN3S
55 Yu=yY
Xu=X
60 IF{YD-YJ)65480+80
65 XL=XU
YL=YU
X=XU¥4 e
M=4
70 IF{N~-6)35+35453
80 IF{M=5)85+90490
8s W=YL=YD )} /7{YL-YU)*{ XU-XL)+XL
X={(XL+w)/2.
M=5
GOTO35
90 YA4=YL~(YL~YJ)R(X=XL)/({ XU~XL)
IF(Y4-Y)100,130+130
100 J=3
M=6
IF(YaGOTaYDeANDea Yol TeYL ) XL=X
IF({YeGTaYDeANDa Yol VYL )YL=Y
IF Y elTeVDeANDeYuGTWYL ) XU=X
IF(YelLToYDeANDeYeGT&YL) YUY
X=XL+{YL=-YD) ®{(XU-XLDI/(YL~YU)
GOTO35
130 IF(Y-YD)150+140.+,140
140 IF(YL~-Y)} 141,142,141
141 S=AX~XL)®¥{YL-YD)I/Z7(YL=-Y}+XL
GG TO 143 o
142 S=XL
143 W=({Y-YO )}/ (Y-YU)DIB(XU-X)+X
XL=X
YL=Y
X={(S+W)/2.
GOTOD35
150 W=0(X=XL)*(YL—YD)DI/Z7{YL-Y)+ XL
S=(LYD=-YU)IS{( X=-XU))/{Y=-YU)+XU
IF(XL~-5)170+170+4160
160 S=XL
170 Xu=X
Yyu=Y
X=(S+W)/ 2
GOT0u3s
CEEL SR X XEXFEEF R E XXX H S STk XS FF NI EX$B LS FEFEEFEXEEEXSXFEET TS A% FEETEX




Appendix C

ALPHABETICAL LISTING OF FORTRAN VARIABLE AND SUBROUTINE NAMES

A(T) -

A(1,J,K,L)

A1(TI) -

AA -
ADM(I) -
AFR -
AG(I) -

AHUM -

AR(1) -

ARM(I) -

AMODIF(I,J)-

AMOIST(I,J)-

location of data value in subroutine AHUM

array which stores the status of search in subroutine
DRYSIM, ZERO, and TYPEI

array of which the minimum value is found in subroutine
MIN, and the maximum value is found in subroutine MAX

regression constant array in subroutine RADN

array for manipulation of grain condition values for calcu-
lation of means and standard deviations in subroutine PRINT

dummy array for maximum and minimum calculation
in subroutine PRINT

2(P1/365)

moisture content of grain in layer I, 7 wet mass basis
airflow rate through grain, (L/s)/m3

temperature of grain in layer I, °C

subroutine which calculates the absolute humidity or the
saturation vapour pressure of the air

thermal conductivity, W/(m.X)

mean thermal conductivity between comduction nodes used in
finite difference method, W/ (m.K)

day angle, radians

station latitude, radians

average difference in moisture content between the top and
bottom layers in the bin, at year I and time J, % wet mass

basis

average grain moisture content in bin, at year I and time J,
% wet mass basis :

- 130 -




AREA
ATEMP(I,J)
AV(I)
AVCOLM(I)
AVCOLT(I)
AVEM

AVET

AVGM

AVGPER(I,J)

AVGT

AVMTOP

AVTTOP
AXM(T)
B

B(I)
BB

BT

BW

c(1)

CALC

CHANGE

CLOUD
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grain bin floor area, m
average grain temperature, at year I and time J, °C
average
average moisture content of column I, % wet mass basis
average temperature of column or I, °C
average moisture content of grain column, % wet mass basis
average temperature of grain column, °C
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, °C

average moisture content of top two convection layer,
% wet mass basis

average temperature of top two convection layers, °C
moisture content of grain in layer I, % wet mass basis
location of data value in subroutine AHUM

regression constant array in subroutine RADN

Biot number for bottom surface of the grain and floor
Biot number for top grain surface

Biot number for exterior wall surface

location of data value in subroutine AHUM

specific heat of grain, converted to.d/(kg.°C)
in subroutine DSIM

specific heat, J/(kg.°C)

subroutine which calculates average thermal properties
for conduction

subroutine which calculates temperatures and moisture
contents at new nodes when changing from convection to
conduction or conduction to convection simulation

cloud modification factor




CM

Cco

DAYS
DECL

DECOMP

DEL
DELR
DELZ
DEPTH
DIAM
DM(1)
DRY

DRYSIM

DSIM

DT

DTCOMP
DUST(I)

E

E(I)

ECPT

132
mean internodal specific heat values, J/(kg.°C)
cloud opacity, tenths
location of data value in subroutine AHUM
day in subroutine RADN
number of days at current simulation year
declination of the sun, radians
subroutine which calculates allowable storage time elapsed
in each volume element, and dry matter decomposition for
the worst element in each column
allowable error in determining X
column width, m
conduction layer height, m
total grain depth in bin, m
grain bin diameter, m
moisture content of grain layer I, % dry mass basis
"dry" grain moisture content, % wet mass basis
calls subroutine DSIM and operates it in columns when grain
moisture contents and temperatures are significantly

different

subroutine which simulates drying process for
grain column during one time interval IDELT1

air temperature rise over direct-drive axial fan
in subroutine FANSUB, °C

time interval in subroutine DECOMP, j
isentropic air temperature rise over fan, °C
dust factor in month I

location of data value in subroutine AHUM

2

DELRZ/DELZ

solar time correction factor in month I (estimate)

energy cost per tomne of grain, $/t
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EFF - total fan efficiency, decimal

ELECTR - electrical energy used, MJ

ELVOL - grain element volume, m3

EMA ~- emissivity of grain bin wall at 38 °C
EMS - emissivity of grain bin wall, solar

EPTONN(I,J)~- electrical energy used per tonne of grain, in year I at time

J, MJ/t
EQT - equivalent storage time, h
ERH - equilibrium relative humidity of the grain, %
F - location of data value in subroutine AHUM

-~ airflow rate per bin floor area, (L/s)/m2

FAN(I,J) fan operation time in year I and month J, h

FANCST(I,J)- fan operating cost, $
FANSUB - subroutine which calculates fan airflow and power require-

ments, grain depth and temperature rise accross direct=-
drive axial-flow fan

G - location of data value in subroutine AHUM
G(I) - temperature of grain in layer I, subroutine
DSIM, °C
G(1,J) - temperature of grain in element I, J, °C
GEO - location name, alphanumeric
GRCOST - value of grain, $/t
H - equivalent to HO, subroutine RHAIR ..
- estimated glopal radiation on a hoFizontal surface of one,
square meter integrated over a period of one hour, (kJ/(m“.h)

H(I) - absolute humidity of the air entering layer I,
kilograms of water per kilogram of air

HC1 - convectivezheat transfer coefficient for bin
wall, W/ (m".K)

HC2 - convective heat transfer coefficiﬁnt for free
convection at grain surface, W/ (m”.K)
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HEAT(I,J) - heater operating in year I and month J, h

HF -~ absolute humidity of the air leaving the layer of grain at
the end of the time interval IDELTI

HO - absolute humidity of the air entering the layer of grain at
the beginning of the time interval IDELTl1, in subroutine
DSIM

- absolute humidity of air in subroutine RHAIR
- incident solar radiation at the top of the atgosphere on a

horizontal surface, in subroutine RADN, kJ/(m”.h)

HOURS - total time since bin fill date, h

HTCST(I,J) - cost of heater operation in year I and month J

HTPWR - calculated output power of supplemental heater, kW

I ~- integer index

IAM ~ AM time for time-clock fan control, h

ICH - integer indicator for subroutine CHANGE

ICONV - indicates whether or not convection should take
place during IDELTO

IDA(TI) - day of the month, subroutine READ

IDA(I,J) - array containing date information

IDAPL - date after last time interval plus IDELTO or IDELTI

IDAT - date

IDATE(I) - array containing date information

IDAY - day of the month

IDELT - time interval, h -

IDELTO -~ time interval for conduction model, h

IDELTI - time interval for convection model, h

IFIRST - first simulation year e.g. 62

IHARVD - harvest date, YRMODAHR

IHEATR - indicates whether or not supplemental heat is used

THOUR = hour of the day, h
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IHR(I) - hour of the day, h
11 - integer index
1J - indicator of the air and grain conditions at the

end of the time interval, in subroutine DSIM

1J(1I,J) - array for storing data values

M - number of conduction layers (NM)+1

IMI - I-1 in subroutine TOODEE

IN - number of conduction columns (NN)+1

INAIR - number of hours of intermittent ventilation, h
INAIRT - intermittent ventilation time interval; should be

a multiple of IDELTO, h
INPER - maximum period without ventilation, day

ISPNG - indicates management of ventilation system after
spring start date

INTERV - counter for period of time without ventilation, h

10BJ - indicates objective of storage regarding moisture
content

10P - fan operation control method

Ip - I+l in subroutine TOODEE

IPRINT - indicates time to print, subroutine PRINT

IPRINT(I,J)- indicates time to print

IPM - PM time for time-clock fan control, h

IPRT - indicator of the search status in syproutine DSIM
IRUN - optional run number given by user

ISPDT] - winter system stop date, YRMODAHR

ISTDTI - fall system start date, YRMODAHR

ISTDT2 - spring system start date, YRMODAHR

ITI ~ indicates which initial grain temperature to be used

IY - harvest year, subroutine PRINT
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IYR(I) - year, subroutine READ

J - integer index

JHARVD - same as IHARVD except only MODAHR
J1 -~ indicator of search position

JM - J-1

JP - J+1

- alternate location of J in subroutine ZERO

JSPDT1 - same as ISPDT1 except only MODAHR

JSTDT1 - same as ISTDTl except only MODAHR

JSTDT2 ~ same as ISTDT2Z except only MODAHR

K - integer index

KSPOIL - indicates whether or not first grain spoilage has occurred
KY - year integer index

L -~ integer index

LOCATE ~ integer geographical location index

LMAX(I) - layer in column I with maximum deterioration
LMX ~ same as LMAX(I)

M - integer index

- equivalent to MM in subroutine ZERO

MAX - subroutine which identifies the maximum value in any array
MIN - subroutine which identifies the minimum value in any array
MM - special indicator whcih indicates the status of

search in subroutine DSIM

MM(I,J) - array used to store maximum and minimum values
MN - minimum year number

MO(1I) - month

MODE - indicates convection or conduction

MONTH - month
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MP - M+l

MTOP - indicator of which moisture content value limits
system operation

MULT - integer multiple of simulation time interval, (=IDELTO/IDELTL)
MX -~ maximum year number

MYEAR(I,J) - non-zero year integer

N - integer index

NDAY(I) - array containing days in month I

NL - number of convection layers, to be an integer multiple of NM
NM — number of conduction layers

NN - number of conduction columns

NTOP - top conduction grain layer

NSPOIL - number of columns in which spoilage has occurred

NPROP -~ number of grain and bin property cards, usually 3

NY(I) - non-zero year number

NYEARS -~ number of harvest years for simulation

NYY - same as NY(I)

OAM -~ optical air mass

ODCOST - overdrying cost, $

ODCPT(I,J) - overdrying cost per tonne in year I at time J, $/t

ONEYR ~ indicates whether simulation is to continue for
year regardless of grain deterioratien

OPCOST(I,J)- operating costs to date including overdrying,
spoilage and energy in year I at time J, $

P(I) - proportion of allowable storage time already elapsed
in layer I, decimal fraction

PBAR - station barometric pressure, kPa

PCTM(I)

maximum allowable proportion of storage time already elapsed
in column I, decimal fraction

|

PER(I,J)

proportion of allowable storage time already elasped




PERDM(TI)

PERIT

PERMAX

PF

PI

PRINT

PS
PTM
PW
PWR
PWRCST
QE

Qo0

QR

QRP

Qs

QSN

RADN

READ

RH

RHAIR
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in layer I and column J, decimal fraction

dry matter decomposition in the worst layer of
column I, 7

proportion of allowable storage time already used up on the
bin fill date, decimal fraction

maximum allowable dry matter decomposition, %

packing factor used in the airflow resistance
through grain static pressure calculation

3.1459

subroutine which contains all output information,
calculates summary values and prints output

saturation vapour pressure of the air, kPa

maximum allowable storage time already elapsed in column
vapour pressure of the air at T, kPa

power required to drive the fan, kW

input electrical energy cost, cents/kW-h

earth-to-bin radiation, W/m

bin-to~surroundings radiation, W/m2

net radiation, W/m2

net radiation on surface area of element, W/m2
sky-to-bin radiation, W/m2

total solar radiation on the bin wall; reprgsents
average radiation for all sides of bin, W/m

dry matter to air mass ratio, kilograms of dry matter
per kilogram of air

subroutine which calculates the net radiation on
the grain bin wall

subroutine which reads hourly tape weather data
and calculates average values for time interval

relative humidity of the air, %

subroutine which calculates the relative humidity
of the air for given conditions of temperature




RHMAX -

RHS -

RO(I) -

ROM -

SAFWH -

SD(1) -
SMALL -

SP -

SPCOST

SPHT -

SPM -
SPMASS(I,J)-
SPWT -
ST -
STEF -
SUM(I1) -
SUMM -
SUMMTP -
SUMSQ(1) -
SUMT -
SUMTTP -
T -

(1) -

139
and absolute humidity
maximum relative humidity for humidistat fan control, ¥%

relative humidity of the air leaving the layer
of grain at the end of the time interval, %

density, kg/m3
. 3
average density, kg/m
value used to determine a new estimate for X

subroutine which calculates the allowable storage time (h)
for wheat at the given temperature and moisture content

solar constant, kJ/(mz.h)

standard deviation

smallest value in array A(I)

static pressure drop through grain, kPa
cost of spoiled grain, $

subroutine which calculates the specific heat of wheat at
the given temperature and moisture content

static pressure drop per meter depth of grain, kPa/m
spoiled mass in year I at time J, t

specific mass of grain, t/m

solar time, h

Stefan-Boltzmann constant, W/(mZ.K4)

array containing values of sums

sum of moisture contents

sum of moisture 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, °C

temperature of air entering layer I in subroutine DSIM, °C
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(1,J) ~ array containing values of grain temperatures
at conduction nodes, °C

TAB - temperature of the air leaving the layer of grain
at the end of the time interval, °C

TB - temperature of the air in bin plenum, °C

D ~ average dew point temperature of the air entering the bottom
layer of grain during the time interval, °C

TDB - dry bulb air temperature, °C

TDBIN —- actual dry bulb temperature of air entering
first layer of grain, °C

TDBMAX - maximum air temperature for fan operation, °C
TDBMIN - minimum air temperature for fan operation, °C
TDIFF - differential temperature; i.e. air temperature

minus temperature of top two grain layers, °C

TDIFFM ~ differential thermostat setting; i.e. fan oper-
ation only when TDIFF is less than TDIFFM, °C

TDP - dew point air temperature, °C

TGHARV - value that initial grain temperature will be
above average 24-h ambient temperature, °C

THARV - initial grain temperature at harvest, °C
TI - input initial grain temperature, °C
TO - average temperature of the air entering the

bottom layer of grain during the time interval, °C

TOODEE - subroutine which calculates grain temperatures

at conduction nodes with no ventilation
TONNE - mass of stored grain at "dry" moist&jé content, t
TP(I,J) - final grain temperatures after time interval IDELTO, °C
TPLEN -~ input value of plenum air temperature above ambient, °C
TRANS - estimate of transmittance of whole-spectrum,

direct-beam solar radiation
TROOF - input value of grain bin attic temperature above ambient, °C
TSUPPL - input value of supplemental heat added to incoming

air by heater, °C
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W
TYPE1
U(I)

VOL

VMOIST

VTEMP

Wl

W2

W3

WA
WIDTH(I)
WIND

X

XDAYS(I,J)
XL

XLAT
XLONG
XLONGS
XLPS

XM(1)

XM(1,J)
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temperature of air in bin attic, °C
average bin wall temperature, °C
subroutine used with ZERO to find a better estimate for X
dimensionless modulus

total grain bin volume in subroutine FANSUB, m3

. .. . 3
volume of spoiled grain in subroutine PRINT, m
allowable variation in grain moisture content between
columns below which they are averaged and treated
as one column, % wet mass basis

allowable variation in grain temperature between columns
below which they are average and treated as one column, °C

precipitable water based on dew point temperature
in subroutine RADN, mm

mass of material in finite difference volume element, kg
same as Wl

same as Wl

estimate of solar hour angle, radians

thickness, m

wind speed, km/h

independent variable in subroutines ZERO and
TYPEl which is to be found such that f(X)=YD

dummmy variable in subroutine PRINT

array which stores value of DAYS for year I at time J
alternate location for A(1l) -

latitude of geographical location, degrees

longitude of geographical location, degrees

standard longitude of geographical location, degrees

fan airflow rate, L/s

grain moisture content in layer I, % wet mass basis

grain moisture content in layer I and column J,
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% wet mass basis

XMo(1,J) - initial moisture content in layer I and column J,
% wet mass basis

XMI - initial grain moisture content in MAIN, % wet mass basis

— moisture content of the grain at the end of the
time interval, % wet mass basis

XU — alternate location for A(3)

Y = function of X (Y=ERH-RHS)

Y4 - similar to S

YD ~ desired value of Y

YL — alternate location for A(2)

YU =~ alternate location for A(4)

Z = zenith angle in subroutine RADN, radians

- temporary location of A(I) in subroutine ZERO

ZERO ~ subroutine which sequentially selects better X values for
an unknown function £(X) (=Y), such that £f(X) equals some
desired value of Y (=YD)
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