
THE UNTVERSTTY OF MANITOBA

SOLAR GRATN DRYING IN CANADA:

A STMULATTON STUDY

by

Bruce Malco1m Fraser

IN PARTTAL FULFTLLMENT OF THE REQUTREMENTS FOR THE DEGREE OF

MASTER OF SCTENCE

SUBMTTTED TO THE FACULTY OF GRADUATE STUDÏES

A THESTS

DEPARTMENT OF AGRTCULTURAL ENGÏNEERÏNG

WÏNNÏPEG, MANÏTOBA

May, 1979



SOLAR GRAIN DRYING IN CANADA:

A SIMULATION STUDY

BY

BRUCE MALCOLM FRASER

A dissertation submitted to the Faculty of Graduate Studies of
the university of Manitoba in partial fulfillment of the requirements

of the degree of

MASTER OF SCITNCE

@3 1979

Permission has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this dissertation, to
the NATIONAL LIBRARY OF CANADA to microfilm this

dissertation and to le¡rd or sell copies of the film, and UNMRSITY

,,,,,,,,,. MICROFILMS to pubüsh an abstract of this dissertation.

The author reserves other publication rights, and neither the

dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author's written permission.



ABSTRA,CT

Solar Grain Drying in Canada:

A Simulation Study

by

Bruce Malcolm Fraser
The University of Manitoba

May, L979

An inexpensive, efficient method of on-farm grain

drying is Iow-temperature in-bin drying. Such a dryer is

easily adapted t,o solar drying by the addition of a solar

collector to warm the drying air. The purpose of this

study was to investigate the feasibility of this method

of solar drying in Canada.

Computer simulation models were used'to d:etermi,ne the

effect,s of variables and to study the economics of var-

ious drying systems. The computer drying model assumed

that during drying the air and grain reached temperature

and moisture equilibrium during each time interval. The

grain deterioration models predicted grain quality during

the drying period, based ori laboratory results.

Minimum airflow rates were pred'icted by these models

for 422 combinations of parameters. The minimum airflow

rate was the lowest airflow which would dry the grain
ff ut-tt
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before it spoiled. The parameters investigated we



geographical location, initial moisture content of the grain,

harvest date, weather condj-tions, grain type and amount

of heat added. I{eather data for the two most adverse

years of weather were used for each location.
The geographical locations considered were Edmonton,

Swift Current, Vüinnipeg and London. The predicted airflow
rates were lowest at, the driest and coolest locatíons,

Edmonton and Swift Current, where airflows as low as

0.10 m3/(min.t) (cubic metres per minute per tonne)

could be utilized. The minimum airflow rates predicted for
the warmest, most humid l-ocations ranged up to 16 m3/(min.t).
The minimum airflow rates \^rere approximately doubled for
each 2Z increase in initial moisture content of the grain,

and each month's delay in harvesting reduced the minimum

airflow rate by approximately 503. Addition of solar heat

also reduced the airflow rate by as much as 504.

The performances of Iow-temperature dryers over per-

iods of l-0 or more years hrere simulated for 97 combinations

of parameters. Solar collectors with average temperature

rises of I to 2oC were also added to the simulation models.

The addition of the collectors reduced the energy consump-

tion by an averagie of B? in the Swift Current area and 35U

at London, Ontario.

Cost analyses as applied to a 5.7 m diameter bin dryer

indicated that the addition of solar heat to the unheated air
drying system, reduced. the total drying cost in only a few

inst.ances.

l_ l-



The cost analysis was set up so that further price

increases could be acoomrnodated.. The analysis showed that

as electricity costs increase more rapidly than other

costs, solar grain drying will become more economical than

unheated air drying.

l-a 1
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T. INTRODUCTÏON

Grain crops grown in Canada are sometimes harvested.

in a tough or damp condition. The reasons may be to

speed up the harvest, to reduce field losses or because

the grain will not dry in the field.

It is not necessary to dry thís grain immediately.

It may be fed to livestock, mixed with dry grain, sold

or utilized in other ways. The grain quality is best

preserved by drying, however. Also, dry graÍn requires

less energy for transportation, because it contains less

water. Although off-farm drying may be desirable, it is

often precluded by marketing constraints and limited

drying capacíties. Vühatever action is taken, it is norm-

ally based on economics and the availability of the various

options. On-farm drying is therefore necessary in some

circumstances.

Escalating energy costs have emphasized the need of

developing grain drying methods which are energy effi-

cient. The use of solar energy may be one \^7ay of meeting

this goal.

Farmers who annually dry large quantities of grain

normally use a high-temperature high-speed grain dryer.

Drying is achieved in this type of dryer by forcing heated

air at a relatively high velocity through the grain.

Combinatíon drying is one method of energy saving in such



a dryer (Morey and C1ou.d, 1977) . This combines rapid

high-temperature drying for high moisture content grain

with low-Lemperature drf ing for the final drying stages.

Solar heating may be used in this second stage.

Farmers who dry grain infrequently or in small amounts

cannot usuall1z justify the high capital cost of a high-

temperature dryer. An alternative is the in-bín dryer

which is cheaper to purchase and uses less energy (Frie-

sen, 1974) . ft consists of a grain bin with a perforated

fIoor, a fan and pgssibly a heater. For batch-in-bin

drying, aj,r temperatures of 30oC or more, airflow rates of

10 m3/(min.t) (cubic metres per minute per tonne) or more

and limited grain depths are used (priesen, 1974) - The

grain is dried within one or two days.

V[hen the drying time can be extended, energy savings

are realized by using a smaller fan and heater. This is

low-temperature drying. Heated or unheated air may be

used, but the addition of heat lowers the relative humid-

ity of the aír. This ensures that drying will occur

during periods of high relative humidity. Usual drying

times rangfe from a few weeks to several months. The

extended drying times and small heat requirements make

it possible to collect solar energy with reasonably small

and inexpensive collectors. Thus energy can be saved

and heating costs may be reduced. Two guestions remain.
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Is sufficient solar energy available when required, and is

the use of solar energy economical?

The objective of this study was thus to determine

the cost-effectiveness of utilizing solar energy in a

low-temperature drying system in Canada. Such a system

appeared to be most suitable for on-farm solar grain

drying.

The method of investigation was a computer simul-

ation model. This model predicts the drying of grain

based on the initial moisture content, harvest date,

airflow rate and weather conditions. Such a technigue

cannot exactly duplicat,e the prooesrsres occuring in nature.

ft, can, ho\nrever, produce useful results for a fraction of

the cost and time required for field studies. The results

of this study provide guidelines for the future of grain

drying in Canada.



IT. LOW-TEMPERATURE GRAIN DRYING WTTH SOLAR ENERGY

2.I So1ar Collectors

. , ., Solar collectors for grain drying are generally sim-'' ' .-: :.: '. :

p1e and low-cost. They consist of a surface to inter-

cept the sun's rays and to absorb some of the energy'

.: plus an adjacent passage to move the air. The air collects

-' the heat energy as it passes the absorbing surface before
J 

, 
j. j:. 

: being blown through the grain. The absorbing surface may

be metal, wood, paper or plastíc and may be flat, cot-

rugated or V-shaped. Best performance results from a

slightty rough surface with a dull, black finish (Foster

and Peart, LgV6).

Sólar collectors are normally constructed according

to the bare plate, covered plate or suspended plate

design. The bare plate collector (rig.2.L) is

usually the least expensive to build but is also least
-,,,::;,'.¡, efficient (Schoneau and Besant, L976) . For grain drying,
...- .:':1:r:'1 metal sheets may be fastened to the southern wall of a
.'

bin, leaving a few centimetres of space for the air

passage.
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SOLAR RADfATION

ABSORBÏNG
SURF'ACE

Fig. 2.I Bare plate solar energy collector (Shove, 1977¡
Foster and Peart, 1976).

The covered plate collector has a transparent cover

to reduce heat loss, (Fig. 2.2) . This collector is"usually

more efficient than the bare plate collector and may be,

low priced if a plastic cover is used. It has the lowest

cost per unit of heat collected (Schoneau and Besant, L976)

For grain d.rying, a transparent cover can be fastened

over a bin wal1 with the wal1 painted b1ack. During

storage when no air is moved to cool the collector, the

black wall may cause increased grain temperatures. This

is undesirable because vfarm grain has a greater potential

for deterioration. To avoid this problem an adjacent

structure may be used to mount the col1ector.

TNSULATÏON



SOLAR TATION

TRANSMITTING
TI{SULATION

COVER

ABSORBING
SURFACE

Fig. 2.2 Covered plate solar energy collector (Shove,
L977; Foster and Peart, 1976) .

The suspended plate collector has a suspended

absorbing surface to provieJe. two air passages (Fig . 2.3) .

This increased heat transfer area results in highest

efficiency but also highest cost compared to the other

types (Schoneau and Besant, L9761 . For grain drying ít

may be mounted at any convenient location.

The slope of a solar collector determines the amount

of heat col-lect,ed. Maximum heat is collected with the
TRANS¡{ITTING CO\IER

SOLAR RADI¡ÍTION

ABSORB]NG

SURFACE

Fig. 2.3 Suspended plate
1977; Foster and

solar energy collector (Shove,
Peart, L976) .



I

collector at the optimum slope, perpendicular to the sun'S

rays. During the falI when most grain is dried the optimum

slope is between 40 and 70 degrees from horizontal depend-

íng on the location and date (Fig . 2.5) . To collect an

equal amount of heat, a collector at the optimum slope is

smaller than one at any other slope (Fig. 2.4). Similarily,

a vertical collector is smaller than a horizontal collector.

Duríng the faIl a south-facing wall would the'refore be

better than a horizontal Surface for mounting a collector.

SOLAR
RADÏATÏON

VERTICAL COLLECTOR

COLLECTOR AT OPTTMUM SLOPE

ANGLE
OF

HORIZONTAL
COLLECTOR

RADIATION

Fig. 2.4 Relative collector areas required to intercept
an equal amount of solar radiation during the
faIl drying period. ExagEerated for illustration.

A variatíon on the basic solar collector is the use

of an intensifier to concentrate and reflect the sunrs

rays onto a collector (Saienga et al. L977) . The collector

is smaller than normal and the intensifier is cheaper per

unit area than a collector.

Another variation is a portable collector designed for

multiple use (DesChenes et al. 19761 . Spreading the cost
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over several applications improves the economics and allows

a more efficient and durable design. Possible conflicts in

use may limit the number of applications.

2.2 Heat Storase

Many solar applications require heat to be stored for

use when no radiation is available. In low-temperature

grain drying the gr¿in it.self acts as a storage medium-

During the daytime the bottom layers of grain tend to

become overdried. At night the overdried grain picks up

moisture from the high humidity air. This reduces over-

drying and lowers the air relative humidity. This air

continues to dry the grain above (Foster and Peart, 1976).

Other methods of heat storage for grain drying'

suggested by Eckhoff et al. (1976) , are

1. Seasonal storage.

The storage unit is heated during the sufllmer,

using the collectors. During the faIl the hot air

from the collectors is used directly for drying.

When there is no radiation, heat from storage is used.

This increases the rate of drying over non-storage

methods but a large storage is exþensive.

2. Collector storage.

The hot air from the collectors is used to heat

the storage unit during the day. At night the stored

heat is used to warm the drying air. This provides a
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more constant heat source than non-storaqe methods of

drying.

3. Ambient storagie.

The collectors heat the drying air directlyr ërs

in conventional systems. The storage unit is heated

by the ambient air.
4. Natural storage

Ambient air is used both to dry the grain during

the day and to heat the storage unit. No Collectors

are used.

In all of these cases, the storage medium may consist

of phase-change materials, rocks, soil or other materials.

According to Eckhoff et al. (1976) the three media holding

the mostpromiseare sodium sulphate decahydrate, rock and

water- saturated- soi 1 .

2.3 Reported Results of Solar Grain Dryíng

2.3.I Field Studies

Lipper and Davis (1959) found that solar energly rlTas

most suitable for use with Iow-temperature dryers where

slow drying was adequate and where the cost of fuels was

high or their avaílability limited. They suggested that

supplement,al heating would be necessary to avoid spoilage

of high moisture grain during drying. Buelow (1958)

suggested that a solar drying system would be most profit-
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able for farmers with small volumes of grain to dry.

In recent years, solar drying of corn has been com-

pared with unheated air and electrically heated air drying

in low-temperature drying systems (Bauman et al. L975;

Converse et al. L976; DesChenes et al. L976; Foster and

Peart, 1976; Hammond and Vüinsett, 1976; Heid, L97B¡

Kranzler et al. L975; Meyer et al. 1975; Morey et al.
L975; Morríson and Shove, 1975; Peterson and Hellickson,

1976; Saienga et aI. 7977; Shove, 1977; Smit and Shove,

1976; Williams et aI. 1976) . In all cases the grain was

dried without significant spoilage. Drying rates with

solar energy r,trere faster than unheated air d-rying but

slower than heated air drying with a temperature rise of
4 Lo 5.5oC. Similarly the final moisture contents \^rere

lower with solar heating than with unheated air and higher

with heated air drying. Although energy was conserved by

using solar energy, the economics were not favorable for
solar drying.

An economic study of eight solar drying systems showed

that solar corn drying may be economical under some

conditions. If an additional dryer is needed, if a con-

ventional dryer needs replacing or if fossil fuels are not

available, a solar system should be considered (Heid, I}TB) .

OnIy one report of solar drying in Canada has been

published to date. At Melfort, Saskatchewanr ên experimental
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bin dried wheat from 16.5 to I4.5? moisture content in

47 h of operation (Brad et al. 1977) .

2.3.2 Simulation Studies

Mathematical simulation mod.els have been used to

evaluate the potential for solar corn drying at different

locations and for different crop conditions. Using a

prediction of the corn deterioration, these models could

evaluate whether or not the corn would spoil before drying.

Results of Pierce and Thompson (1976) showed that

select,ing a sufficiently high airflow rate was the most

important requirement to assure that the grain did not

spoil before it was dried. Yearly variations in weather

made as much as a threefold difference in this minimum

airflow rate. The addition of supplemental heat reduced

the drying time and increased the probabilíty that drying

would be completed in the fall. Moving from a cool and

dry climate to a hrarm and humid climate resulted in higher

airflow rates being required. Solar energy r^zas more

effect,ive in reducing the airflow requirements in the Ì^/arm

and humid areas. Grain with an early harvest date and high

initial moisture content required the highest airflow rate.

Supplemental energy requirements were lowest for solar

supplemented systems and highest for systems using cont-

inuous supplemental heat. Total drying costs \^rere highest

with the solar svstems due to the cost of the collector.
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Overdrying was more of a problem \{hen supplemental heat was

added.

Results of Morey et al. (L977) showed that the effect

of solar heat could be obtained by an increased airflow

rate of 10U using unheated air. Solar drying was found

to be uneconomical in most cases. However, conditions

\^rere economically most favorable for solar drying of corn

with initial moisture contents of 20 to 222. It was con-

cluded that strictly low-temperature drying methods \^/ere

not feasible at moisture contents above 22 to 242. Constant-

source supplemental heat was found to have essentially the

same effect as solar heat. When the average temperature

rise was the same, the minimum airflow requirements and

hours of fan operation \4rere the same for both types of

heat.

Peart (L977) simulated the growing as well as drying

of corn. He concluded that it was important to design for

the earliest possible harvest date. This would ensure that

the grain would not spoit some years due to early maturity

and harvest.

Simulation results for Missouri and Michigan (Bakker-

Arkema et al. 1-977 ) showed that solar drying and unheated

air drying were equally feasible. For the same airflow and

initial moisture content the quality of the corn dried in

both systems was similar. Energy requirements h¡ere reduced
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vúhen solar energy was used but energy savings were not

sufficient to justify solar collectors.
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ITT. DEVELOPMENT OF THE SIMULATTON MODEL

3.1 Background

The basic processes involved in grain drying are the

transfer of sensible heat from the air to the grain, the

transfer of moisture and latent heat from the grain to the

air and the removal of this air. The potential causing the

heat transfer is the difference between the temperatures

of the air and the grain. The potential causing the

moisture transfer is the difference between the vapor

pressure of the water in the grain kernels and in the air

surrounding the kernels. The drying rate is therefore pro-

portional to this difference in vapor pressures.

In heated air drying of a deep bed of grain, heating

and drying occur continuously. The input air temperature

and relative humidity remain constant. The air and grain

conditions vary through the bed, however. The relative

humid.ity of the air increases and the temperature decreases

as it passes through the bed. Similarly, the moisture

content of the grain is greater where the air leaves the

bed than where it enters. To predict or model the drying of

a deep bed of grain, therefore' it is necessary to consider

the bed as a series of layers. The change in air and grain

conditions can be calculated for each of the layers in turn,

for a certain time interval. The air exhausting from one
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layer is the air entering the next. The calculations for

each layer are based on equations expressing the drying rate

of a thin layer of grain. These thin layer drying equations

must be determined experimentally (Thompson, et al. 1968).

In low-temperature drying, the air conditions entering

the grain bed are determined by the weather. Thus they are

likely to vary considerably from hour to hour. As well as

heating and drying, processes of cooling and drying, heating

and wetting, and cooling and wetting may occur. These must

be accounted for in the model.

Low airflow rates are generally used in low-temperature

drying, which means a high grain-to-air ratio. This ratio

is the mass of grain per layer per unit mass of air for a

given time interval. High grain-to-air ratios cause large

changes in the condition of the air as it passes through.

There are minimal changes in the moisture content of the

grain. Most drying simulation models use 1ow grain-to-

aÍr ratios. They calculate the final air conditions from

the amount of moisture removed from the grain. Use of these

conventional drying models for Iow-temperature drying over-

estimates the drying rate.
During low-temperature drying with low airflow rates,

the air and the grain approach temperature and moisture

equilibrium (Thompson, 1972). This equilibrium approach to

modeling Iow-temperature drying systems was first suggested
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by Bloome and Shove (1971). They developed procedures to

follow for each combínation of heating or cooling and drying

or wetting. Thompson (L972) further developed this

approach by using an iterative procedure to converge to the

equilibrium point.

Flood et aI. (1972) developed a 1ow-temperature drying

model based on thin-layer drying equations determined from

laboratory tests. It assumes that the air conditions remain

constant through the 1ayer. Under higher airflow rates the

air and the grain are less likely to reach equilíbrium in

the layer thickness used in the simulation. This type of

drying equation model is then more appropriate. Similarly'

when there are greater differences between the grain

moisture content and the equilibrium moisture content of

the air, this model is appropriate. At lower airflows'

however, the air conditions change considerably as the air

passes through the layer. fn this case the thin layer

models are more likeIy to overestimate the drying rate,

and the equilibrium model is better (Peart, 1977) .

Other models have been developed which incorporate

both thin layer drying equations and equilibrium equations.

Whichever set of equations gives the higher grain moisture

content at the end of the time interval is used. This

ensures that the drying rate is not overestimated by either

method. These are known as combination models (Peart, L977;

Morey, et al. L976).
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3.2 The Thompson Equilibrium Model

3.2.I Reasons for Choosing the Model

The equilibrium drying model developed by Thompson

(1972) was used in this project. The reasons for using this

model \i/ere its ease of comprehension, efficiency with respect

to use of computer resources, reported validity and avail-

ability. This *áA"f requires only the basic properties of

a grain which are readily available. Other models usi-ng

thin layer drying equations would probably produce more

accurate results under high airflow conditions, but the

d.rying equations have to be experimentally determined.

Drying equations have not yet been determined for the low

temperatures common in Canada.

3.2,2. Assumptions

The equilibrium model was designed to simulate drying

under condítions of low airflow rates and near ambient

temperatures. The basic assumptions of the model were:

1. Equilibrium is obtaíned between the air and the grain

for the drying time interval, Ä0, i.e. at the end of

the time interval the air and grain are in equilibrium.

2. Heat and mass transfer between the air and the grain

ís adiabatic, i.e. there is no heat transfer to or

from the surroundinqs as a resul-t of the heatinq and

drying processes.
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3. No hysteresis exists between the absorptíon and

desorption isotherms relating equilibrium moisture

content to equilibrium relative humid.ity of the air.

4. No heat or moisture is generated in the grain bulk and

no heat transfer occurs throuqh the bin walIs.

3.2.3 Simulation Procedure

To find the equilibrium conditions between the air and

grain, a heat and a mass balance must be solved. The

equil-ibrium relative humidity of the grain must then be

equated to the relative humidity of the air. The following

equations in SI units were first presented by Thompson

(I972) in English engineering units.

1. Heat balance between the air and the grain:

The sum of the initial heat content of the air, the

init,ial heat content of the water vapor in the air,

the ínitial heat content of the grain and the initial

heat content of the moisture removed from the grain,

is equal to the sum of the final heat content of the

, air, the final heat content of the water vapor in the

air and the final heat content of the grain. Sub-

stitutínq from the list of symbols this statement

becomes:

To * lIo(2501.5 + 1.82To) + CR'G. * ("t - Ho)4.18G =

Tf * Hf(2501.5 + 1.82Tf) + CR'|Tf .(3.1)

Solving this equation for the final air temperature:
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T_ = [CR'c- + (H- - H )4..194G 2501.5 H- + T- +t '- -o t o, ------'o r o

H-(2501.5 + I.B2T_)I/(t + L.B2 H- + CR') (3.2)o' o--' r

The grain-to-air ratio, R', is in the equation because

the model uses only relative quantities of grain and air.

Specific heat values for corn rntere found from the

equation of Kazarian and HalI (1965) converted to SI

uníts.

Ç = L.4644 + 0.03561 Mw . (3.3)

Specific heat values for wheat were taken from Muir

and Viravanichai (I972) .

Mass balance between the air and the grain:

Gain or loss in absolute humidity of the air must

equal the loss or gain in moisture content of the grain:

H--H = (¡,1 -M-)R/100r o o t' '(3'4)

Solving for the final moisture content of the grain:

Mf = Mo - toO(Hr - HJ/R (3.5)

3. Equivalence between the equilibrium relative humidity

of the grain, ERH, and the relative humidity of the

ai'r, RH^=--. The equilibrium relative humidity of corn,' ar_r

converted to SI units:
ERH = 1 exp[-3.82 x 10-s{1.8rr + 82) ri] .(3.6)

2.

For

was

ERH

wheat the expression of Strohman and Yoerger (1967)

used:

= exp(."bMf 1n P" + cedMf) (3.7)



\^/here a = 2.40, b ='0.205, c =

These coefficients were found by
n P.

p = ; r=å- - exp(."bMi rn P- +-- 'P ---!- r-- --- - s.a=l. s. l-
l_
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-10 .17, d = -0.186 .

minimizing the sum:

dM.:., rce*"-a)1 .. (3.8)

1.

2.

3.

Data from Ayerst (1965), Becker and Sallans (1956) '
Bushuk and Hlynka (1960), Gane (1941), and HubbaÍd et

al. (1957) were used. The relative humidity of the air,

given the final air temperature, Tf, and humidity

ratio , Hf, \^/as catculated from psychrometric relation-

ships. A subprogram !ùas written from the equations

given by Wilhelm (L976) in ST units.

Solution of the above equations was by iterative

procedures:

Estimate the final humidity ratio, Hf.

Ca1culate the final air temperature, Tf, from equation 3.2.

Calculate the final moisture content, Mr, from equation

3.5.

Calculate the equilibrium relative humidity of the grain

using the final air temperature, Iç, and moisture con-

tent, Mf.

Calculate the relative humidity of the air using the

final air t,emperature, Tf, and the estimated final

humidity ratio, Hf.

Estimate a new H, and repeat above steps until the

calculated equilibrium relative humidity of the grain

is sufficiently close to the calculated value of the

air relative humiditv.

5.

6.
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A method for finding the zero of an unknown function
presented by Thompson and Peart (1968) was used.

The advant,age of this method was that the same set of
equations was used for every combination of heating or

cooling and drying or wetting. Also, a high degree of
accuracy could be obtained in calculating the equilibrium
point.

To simulate drying of grain in a deep bed, a finite
difference method was used. The bed was assumed to be

divided into a series of layers, stacked one upon another,

with the air blowing up through the stack. The procedure

described above was applied repeatedly to each layer in
turn. Average changes in exhaust air and grain during

the specified time interval \4zere predicted. The exhaust

air from each layer served as input air to the layer above.

3.3 The Grain Deterioration Model

3.3.1 Importance of the Model

In low-temperature drying, the top layer of grain

often remains at a high moisture content for an extended

period of time. This results in deterioration of the grain

because of high grain respiration rates and growth and

respiration of mold and fungi. The grain must be dried
quickly enough that the top layer is dried before excessive

deteriorat,ion has occurred. A method of predicting this
deterioration must therefore be included in the drying mode1.
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3.3.2 Corn

Steele et al. (1969) found that a tolerable amount of

deterioration for corn would result if the dry matter loss

was limited to 0.5U. Dry matter loss occurs as aerobic

respiration oxidizes the carbohydrates to carbon dioxide

and water. Thus the rate and amount of deterioration can

be determined by measuring the evolution of carbon dioxide.

The rate of deterioration was found to be related to the

temperature, moisture content and mechanical damage of

the corn. The time taken to reach 0.5? dry matter loss

Ìdas therefore also dependent on these factors. This amount

of time was called the allowable safe storage time. It was

determinedbythe equation of Steele et al. (1969)z

Q=0R*MT*MM*MO (3.e)

where: 0 = estimated maximum storage time for a loss

of 0.5? dry matter, hours.

0- = t,ime for corn under i:efère:æe storage
-E(

conditions to lose 0.5U dry matter =

230 h. Reference storage conditions are

25e" moisture content, L5.6oC, and 30?

mechanical damase.

M=
lvl

temperature multiplier = 1.0 at 15.6oC.

moisture multiplier = 1.0 at 252 moisture

content.

mechanical damarre multiplier = 1.0 at

30U damage.

M=--D
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During Iow-temperature drying the grain conditions vary

considerably. A prediction of the total deterioration was

made as follows. For each time interval, 40, the allowable

safe storage time, 0, hlas calculated for the conditions of

moisture content and temperature determined for that time

interval. At the end of that interval the aIlowable time

had decreased by Ae. The percent of the allowable storage

time which had been exhausted was (LO/O) x 100?. These

percentagies were accumulated until the grain was dry. If

the sum of the percentages reached 100? before the grain

had dried, the grain was considered to be spoiled.

The percent dry matter decomposition, DM, \,vas deter-

mined., from the percent of allowable storage time exhausted,

by the equation of Thompson (1972) z

DM = 0.0884 lexp(0.00u t"n) 1] + 0.00102 u"n . (3.10)

wheret 0"q = equivalent storaqe time = L(L)/O) x 230 h

0.5U DM = 1004 allowable storage time elapsed.

3.3.3 lfheat

The allowable safe storage time for wheat was defined

as the time required for the grain to drop to 90 to 952

germination, or the time before mold growth became visible.

rn many cases the mold growth criteria was close to the

germination criteria. This definition was based on data

presented by Kreyger (1972) for the estimated maximum

storage life of wheat with respect to germination and with

respect to absence of visible mold growth. Germination
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data of Sholberg (L977) were also used. The following

equations \Â/ere developed by multiple regrression to relate

the allowabIe storage time to temperature and moisture

content:

1og 0 - 4.129 0.0997

where 0 is in days.

Iog $ = 6.234 0.2118 \^r - 0.0527 T (122<Mw<193)

. ( 3.11)

¡4. - 0.0576 r (r9zsw..<242)
WW

. (3.12)

3.3.4 Interpretation of the Prediction Equations

The above prediction eguations can be used to design

a drying system which would complete the drying of wheat

or corn at the same time as the aflowable safe storage

time of the grain was exhausted. Deterioration rates of

dry grain are generally low. Therefore after drying under

design conditions, further storage would likely produce

little change. Wet spots or infestations cannot be

tolerated, however, and the temperature must be kept

below 15oC.

When drying under better than design conditions, all

of the grain would have useful storage life left at the

completion of drying. lrlhen drying under \^rorse than design

conditions, the allowable safe storage time would be

exceeded. The spoilage would generally be limited to the

top layers. However, under some conditions, higher deter-

iorat,ion rates than predicted may occur. This is because
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the equations give averagie predictions based on empirical

tests (Morey and Peart, 1971). Other factors such as wet

harvesting weather are also likely to affect the outcome.

The grain in such a case may begin deteriorating before it

is harvested.

3.4 Validation

To ensure that a model gives realistic results,

experimental data must be used for comparison. As it was

beyond the scope of this project to set up the necessary

drying tests, other validation results must be examined.

Morey et al. (I976) compared measured moisture con-

tents wÍth computed results from a modified equilibrium

model and found good agreement, with S" = I.26? moisture

content or less. They concluded that the model adequately

predicted moisture changes under low airflow rates and

near ambient temperatures.

Foster (quoted by Peart, l-977 ) concluded that for air-

flow rates of 2.8 to 5.0m3/(min.t) the equilibrium modet

overestimated the drying rate. The model also underestimated

the thickness of the drying zone. He decided that the model

performed adequately for assessing the relative feasibility

of bin drying in various locations. He also noÈed that the

grain deterioration model gave realistic predictions of

grain quality
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Pfost et aI. (1977) suggested that until models can

be shown to be statistically valid, a good factor of safety

should be used in designs. They concluded that equilibrium

models performed best with time increments of 24 h.

3.5 Solar Collector Coefficient

Methods of calculating the amount of heating provided

by various solar collectors have been given by Duffie and

Beckman (I974) and others. The objective of this project

\,üas not to examine any one collector in particular but to

examine solar drying in terms of the radiation received.

Therefore a generalized collector coeffieient as defined

by Pierce and Thompson (1976) was used. This related the

amount of heating to the amount of solar radiat.ion received.

The solar collector coefficient was defined as the average

24 h temperature rise that a solar collector will produce

when the daily solar radiation is approximately 40 MJ/mz

(1 000 langleys). For example if a collector having a

coefficient of 10oC is exposed to daily solar radiation
of 10 vu/mz, the averagle temperature rise of the air passing

through the collector is 10 x 70/40 = 2.soc.

This definition makes the solar collector coefficient
independent of the amount of grain and the efficiency of

the collector. If airflow is in terms of a unit mass of

grain t e.g. m3/ (min.t), the collector size is directly
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proportional to the mass of grain, for a given collector

efficiency.
The following calculations show the relatj-onship

between the solar coefficient, SC, the collector size and

efficiency, and the airflow rate. Tf an air density of

I.2 kg/m3 is assumed, the 24 h average temperature rise

produced by a given collector is:

^! HMJ/m2 xAm2/Lx Eff x 60 s/mínAu - A¡'R m",/(min.t) x r.2 kg/m' x 1 000 J/ (kg."c)

H.A Effor ¿\E = --TFR-;-Zõ- . (r.fr/

The solar collector coefficient for this collector' from

the definition, is:

Õ^_ Atx40_A Eff-40 _A Eff 2ù\-_ H __AFRI_ñ_ _ 
AFR

thuso=ff¡'$ (3.r4)

When the proper collector coefficient is found, the

designer can select the proper collector size from the

airflow rate, the efficiency of the collector and the amount

of grain to be dried. This will give the required horizontal

area. If the collector is to be mounted at some other angle

a different area may be used to provide the same heat

input, âs explained in Sec. 2.I.
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3.6 Program Descriptions

3.6.1 Common Features

Two different programs hrere used in this study. These

programs are equivalent in the basic modeling aspects and in

the assumptions used. Both programs simulate grain drying

using historical weather data on magnetic tape. Wheat or

corn drying may be simulated using ambient air alone,

ambient air with solar heat, oY ambient air with consta-nt

source supplemental heat. Simulated drying of a bin of

grain continues until the wettest layer of grain is dry

or until other conditions are met. Output includes the date'

hours of fan operation, gfrain moisture contents, grain

temperatures, grain deterioration, average weather conditions

and total radiation received for each week of drying.

1.

2.

3.

4.

The programs are based on the folloi,sing assumptions:

The bin is filled at one time, i.e. ño layer fi1Iing.

The entire bin floor is perforated for air passage.

The airflow is uniform throughout the bin.

The moisture content and temperature of the grain is

uniform throughout the bin at the start of drying.

3.6 .2 Pro--gram T: SYSTEMDRY

The program SYSTEMDRY simulates drying in a system in

which the fan may be shut off for some periods of time. The

fan may be run continuously, turned off over winter t ot
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controlled by a time clock, thermostat or humidistat. The

simulation continues until the grain is dty, until a given

date is reached or until the wettest layer of grain is

spoiled. Output includes the information noted above plus

the energy used, and costs of overdrying, spoilage and

electricity. The subroutines used in this program are

listed in Table 3.1. The flowchart and the program in

Fortran statements are included in Appendix B.

3.6.3 Program II: MINAïR

The program MINAIR finds the minimum airflow rate

required to dry a bín of grain without spoilage. The fan

and heater operate continuously until the grain is dry unless

the airflow rate is too 1ow. The minimum airflow rate is

determined by an iterative procedure. The drying process

is simulated a number of times in succession under ident-

ícal conditions except airftow rate. The airflow rate is

chosen by a search program which attempts to match 0.5U

d.ry matter loss with the end of drying. The main program

controls the positioning of the magnetic tapes and deter-

mines the number of simulations. The subroutines used in

this program are listed in Table 3.I. The flowchart and

the program ín Fortran statements are included in Appendix

B.
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3.6 .4 Subroutine READRN

The subroutine READRN is used to read the radiation

data from the tape and replace any missing values. Esti-

mates for missing values are normally made by averaging the

data from previous and following days. The flowchart for

this subroutine is included in Appendix B.

TABLE 3 . ]-

SUBROUTTNES USED IN THE PROGRAMS SYSTEMDRY AND MINAIR

Subroutine Name Purpose of Subroutíne

AHUM

DRYSIM

FANSUB

GRNDRY

HRNORM

MAX

MIN

READRN

To calculate the absolute humidity or
saturation vapor pressure of the air for
a given temperature.

To calculate the moisture content and
temperature at the end of one time inter-
val for each of the 10 layers of grain
in turn i.e. to simulate drying for one
time interval also see Sec. 3.2.3

To calcul-ate the required fan power for
the given bin of grain and airflow rate.

To control the input, output,, and
simulation of one year of drying. also
see Sec. 3 .6 .5

To check whether the values to be used
for time a:ce alLowable.

To find the largest value of an array.

To find the smallest value of an array.

To read the solar radiation data from
magnetic tape and estimate values for
missing data also see Sec. 3.6.4

To read the weather data from maqnetic
tape.

READWR
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Subroutine Name

TABLE 3.1 (continued)

Purpose of Subroutine

RHATR

SAFES

SAFT{H

SPHT

ZERO

To calculate the relative humidity of the
air for a given temperature and absolute
humidity.

To calculate the allowabIe storage time
for corn for a given temperature and
moisture content also see Sec. 3.3

To calculate the allowable storage time
for wheat for a given temperature and
moisture content also see Sec. 3.3

To calculate the specific heat of wheat
for a given temperature and moisture
content also see Sec. 3.2.3

To sequentially select better X values for
an unknown function of X, such that the
function equals some desired vaIue.

3.6.5 Subroutine GRNDRY

The subroutine GRNDRY is the main subroutine of MINAÏR.

It controls the drying simulation of a bin of grain from the

start of drying until it. is dry or until excessive spoilage

results. This is a simplified version of SYSTEMDRY. The

flowchart for this subroutine is included in Appendix B.

3.7 Description of Simulation Tests

The important parameters in Solar grain drying are

geographical location, grain type, harvest date, initial

grain moisture content, weather conditions, amount of heat

add.ed, final grain moisture content, airflow rate and time

of fan operation. The geographical locations \^/ere chosen
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for this study on the basis of climatic zones, major grain

growing regions and the availability of radiation data for

l-0 or more years. The grain type, wheat or corn' was chosen

for each location then a series of harvest dates and initial

moisture contents for each grain were chosen (Table 3.2) .

The effect of lzearly variability of weather was ínvestigated

by using the 10 or more years of data for each location.

TABLE 3.2

LIST OF THE PARAMETERS USED IN SIMULATÏONS

Parameter Values of Parameter

Location

Climatic
Zone

Years
Used

Grain
Type

Edmonton

Sub-
boreal

L967
76

Wheat

Swift Current

Dry belt

1960 74

Wheat

Vüinnipeg

Humid

19 61
70

Wheat,
Corn

London

Temperate
East Coast

1962 73

Corn

Harvest
Date

Wheat

Corn

rnitial
Moisture
Content ( % )

VÍheat

Corn

Aug. 15, Sept.

Sept. 15, Oct.

L,

L,

Sept. I5,

Oct. 15,

Oct. I, Oct.15

Nov.1, Nov. 15

L6, lB,

20 , 22,

20, 22, 24

24, 26, 28
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Three amounts of solar heating \^/ere used, 0, 5 and 10oC

solar collector coefficient as defined in Sec. 3.5, When

the wettest layer of grain reached 14.5? moisture content

for wheat, or 15.5% for corn, the simulation \^/as stopped.

These are the maximum values specified by the Canadian

Grain Commission for the dry or straight grade.

In all simulations a 1.loC temperature rise was added

to the air to account for heat added by the fan motor. In

actual practice the amount of this heat depends upon air-
flow rate, motor efficiency and grain depth. The grain

depth and fan power requíred to produce a total temperature

rise of I.IoC were calculated for a rangie of airflows for

wheat and corn (fig. 3.1). It was assumed that the combined

fan and motor efficiency \^¡as 50% and that all of the

electrical energiy vüas converted to heat in the air.

Simulation of solar drying requires that hourly

weather data be correlated with hourly radiation data for
most accurate results. This means the use of a l- h time

interval. Bakker-Arkema et aI. (1976) found that the

error due to averaging the data over a 24 h period was

small enough to recommend this practice. Use of a 24 h

time interval greatly reduces the computer time.

The fírst part of this study was the determination of

the minimum airflow rate for each combination of parameters.

The minimum airflow rate was defined as the lowest airflow
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rate which would drlz the grain before the alIowable storage
time was exhausted. Low airflow rates are desirable because

fan power requirements increase as approximately the cube of
the airflow rate. The computer program MTNA]R was used to
determine these airflows. continuous fan operation was

assumed and a 24 h time interval was used.

For each combination of parameters, two airflow rates
were determined. For the first, weather data were used

from the year having the most adverse weather conditions,
called the worst year. This was the highest airflow rate.
For the second airflow rate, weather data were used from
the year having the second most adverse weather conditions.
rf there was any doubt as to which years of data to use,
severar \^/ere used to ensure that the highest airflow rates
had been found.

The second part of the study was the simulation of
drying for all years of weather data. The airflow rate
used in each case was the minimum which would dry the grain
every year wi-thout spoilage, i.e. the worst year airfl0w
rat'e- The computer program sysrEMDRy was used for these
simulations. continuous fan operation was simurated for
the falI drying period until the grain was dry or unt.il
t'he beginning of winter. After the winter period, contin-
uous operation r^7as resumed. The winter period started when

the average weekly air temperature feII bel-ow Ooc, provided
this was before the earliest fall stop date. The winter
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period ended when the average weekly air temperature rose

above OoC, provided this was after March 31. Continuous

fan operation was not desirable during the winter because

drying did not occur during that period (Fig. 3.2). Fan

operation of 4 h/wk was simulated during the winter to

cool the grain. Continuous fan operation during the fall

hTas necessary to keep the deterioration rate Iow. Drying

continued even at night because the moisture content re-

mained high. Preliminary results for London indicated

that continuous fan operation followed by humidistat

control may be advantageous in some cases. Investigations

using humidistat control were beyond the scope of this

study, however.

In all cases the simulation of drying was continued

until the wettest layer of grain was dry. Results \47ere

also given for the point at which the average moisture con-

t,ent of the grain had become dry. The electrical energy

use, overdrying costs and solar energy collected were used

to estimate the economics of the various methods of low-

temperature drying.
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IV. RESULTS AND DTSCUSSION

4.I Minimum Airfl-ow Rates

Minimum airflow rates were found for the worst and

second worst years of weather data for each combination of

parameters (tables 4.I to 4.5) . The worst year was the

one with the most adverse weather conditions. This airflow

rate may successfully dry the grain I0 yeans or¡ü of 10 ' but. on

a long term basis there are likely to be a few years in

which the grain will spoil. This is because there will

be some years with weather conditions more adverse than any

of those years simulated. The airflow rate for the second

worst year should successfully dry the grain in as many as

9 years out of 10.

The effects of other parameters on the minimum air-

flow rates can also be seen. A comparison reveals little

difference between the airflow rates at Edmonton and Swift

Current. Results for Winnipeg indicate that up to twice

the airflow rate was needed compared to Edmonton or Swift

Current. The results for London and Winnipeg for corn

indicate that airflow rates at London hrere as much as five

times those at Winnipeg (Tables 4.I to 4.5 and Fig. 4.L

and 4.2). In general, airflow requirements increased as

the climate changed from cool and dry in western Canada to

\^/arm and humid in eastern Canada.
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TABLE 4.7

PREDICTIED MINTMUM ATRFLOW REOUIREMENTS ITN3,Z(MiN.t) ]
FOR DRYING WHEAT AT EDMONTON*

Initial Moisture Content,?
Harvest
Date Year qr'** t6 2422201B

Airf low , fr" / (min't)
Aug.15

Sept.1

Sept. 15

2nd Tüorst

lforst,

2nd lVorst

Vüorst

2nd lVorst

Worst,

2nd Vüorst

Worst

2nd Worst

Vüorst

0.40 1.6
0.35 7.2
0.s0 1.B
0.40 1.5
0.35 1.0
0.25 0.9
0 .35 1.3
0.30 0.9

0.20 0.30 0.60
0.15 0.25 0.s0
0.10 0.20 0.50
0.20 0.35 0.60
0.15 0 .25 0.60
0.ls 0.20 0.s0

0.30 0.50
0 .25 0.40
0.35 0.50
0 .25 0.45
0.30 0.45
0 .25 0.40
0.35 0 .45
0.25 0.40

2.8
2.3
3.3
3.0
2.3
1.8
2.3
2.r
r.4 3 .2
I.2 2.8
1. t 2.6
1.s 3.3
1.3 2.9
I.2 2.7
0.80
0.70
0.90
0.80
0.70
0.60
0.70
0.70

0
5

0
5

0
5

0
5

0
5

10

0
5

10

0
5

0
5

0
5

0
5

Oct.1

Oct. 15

*These values were based upon simulated drying results for
the years 1967 to L976, using A0 = 24 h and continuous fan
operation until dry. A l.loC temperature rise due to draw-
ing the air over the fan motor t,rras assumed. These values
should be increased by 50% for design purposes, to ensure
that the indicated airflow rate is passing through the
grain (see Pierce and Thompson, 1976; Pfost et aI., 1977') .

**Solar collector coefficient represents a solar collector
capable of providíng a 24 h average temperature rise of the
indicated magnitude (:C) when the daily solar radiation is
approximately 40 MJ/m' (see Sec. 3.5); 0 = no collector.



4L

TABLE 4.2

PREDICTED MINIMUM ATRFLOW REQUTREMENTS [M3,2(MiN't) ]
FOR DRYING WHEAT AT SWIFT CURRENT*

Harvest
Date Year

Initial Moisture Content
S.C. T6 IB 20 22 24

Aírf low , m3 / (min - t)

Aug.15

Sept. 1

Sept. 15

Oct. I

Oct. 15

2nd $Iorst

V{orst

2nd Worst

Worst

2nd Worst

Worst

2nd lVorst

Worst

2nd Worst

Worst

0
5

0
5

0
5

0.40 1.1 2.1
0.30 1.1 I.9

0 .40 r.2 2.8
0 .35 1.3 2.9

0.40 0.9 L.7
0 .30 0.9 r.7

0.45 1.0 2.0
0.30 0.9 r. B

0.30 0.70 r.4 2.7
0.25 0.60 1.2 2.5
0.20 0.60 I.2 2.5

0 .35 0.90 l_. s 2.8
0 .25 0 . B0 I.4 2.6
0.20 0.80 1.4 2.6

0.30 0.60 1.0
0.25 0.50 0.9

0 .35 0.60 L.2
0.25 0.50 1.0

0.30 0.s0 0.80
0.25 0.40 0.70

0.35 0.50 0.90
0 .25 0.40 0.90

0
5

0
5

10

0
5

l_0

0.20
0 .15
0.10

0.25
0.20
0 .15

0
5

0
5

0
5

0
5

These values were based
the vears l-960 to 1974.

upon simulated
See footnotes

results for
4.r

drying
Table
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TABLE 4.3

PREDTCTED MINTMUM AIRFLOhT REQUTREMENTS [M3l(MiN.t) ]
FOR DRYING WHEAT AT WINNIPEG*

Initial Moisture Content,?
Harvest
Date Year s.c. 16 18 20 22 24

Airf low , m3 / (min. t)

Aug. 15

Sept. 1

Sept.15

2nd Worst

Worst

2nd Worst,

lVorst

2nd lVorst

1.3
0.6

1.3
0.70

0.70
0.50

0. B0
0.50

0.30 0.50
0.20 0.30
0.15 0.30

0.45 0.50
0.25 0.40
0.20 0.30

0.50
0.30

0.50
0.30

0.40
0.30

0.50
0.30

2.4 4.L
2.0 3.4

3.6 5.0
2.I 4.0

2.2 3 .6
r.4 2.6

2.2 4.8
1.5 3 .7

r.2 2.3 5.0
1.0 1.8 3.8
0.8 r.7 3.8

1.5 3.8 7.9
1.3 2.3 6 .6
r.0 2.3 5.6

0.80 1.6
0.70 1.6

0.90 1.9
0.80 1.6

0.60 1.0
0.50 0. B

0.90 L.4
0 .60 r.2

0
5

0
5

0
5

0
5

0
5

10

0
5

10

Oct. 1

Oct. t5

Worst

2nd lforst

h7orst

2nd Worst

Worst

0
5

0
5

0
5

0
5

*These values r,trere based
the years 1961 to L970.

upon simulated
See footnotes

drying
TabIe

results for
4.I.

ffilutttveaç
%

6F trftAr{tf,o@
%*
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PREDTCTED MINTMUM AIRFLOW
FOR DRYING CORN
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4.4

REQUTREMENTS [m3l (min. t) ]
AT WINNIPEG*

Initial Moisture Content,å
Harvest
Date Year s. c. 20 22 24 2B26

Airf low , m" / (min. t)

Sept. 15 2nd Worst

Oct. l

Worst

2nd Worst

!Íorst

2nd WorstOct. t5

Worst

Nov. I 2nd Vüorst

Vüorst

2nd Worst

Inlorst

Nov. 15

0.85
0.50

0. 85
0 .55

0.70
0.45

0.70
0.60

0 .65 0. B0
0.45 0.60
0.40 0.50

0.70 1.1
0. s0 0.70
0.40 0.60

0.70
0.50

0.70
0 .50

0.70
0.50

0.70
0.60

0
5

0
5

0
5

0
5

2.3
1.9

2.5
2.3

1.8
r.7

1.9
1.8

1.0
0.9
0.8

L.7
r.4
1.3

1.0
0.9

1.0
0.9

1.1
0.9

1.1
0.9

1.8
1.6

1.9
L.6

6.4
6.0

10 .0
8.7

3.9
3.7

4.2
3.8

1.5 2.4
1.3 2.2
L.2 2.0

2.r 4.5
2.4 5.3
2.5 5.r

L.7
1.5

L.7
1.6

0
5

IO

0
5

10

0
5

0
5

0
5

0
5

*These values were
the years 1961 to

upon simulated
See footnotes

based
1970.

drying
Table

results for
4.r.
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TABLE 4.5

ppJDrcrED MTNTMUM ArRFLow REQUTREMENTS [m3l(min.t) ]
FOR DRYTNG CORN AT LONDON*

Initial Moisture Content'?
Harvest
Date Year s.c. 20 22 24 26 2B

Aírf low , m3 / (min - t)

Sept. 15 2nd Worst,

Oct. 1

Worst

2nd Worst

lVorst

2nd !ÍorstOct. 15

Worst

Nov. 1 2nd Worst

Worst

2nd !{orst

h7orst

Nov.15

0
5

0
5

0
5

0
5

0
5

10

0
5

10

0
5

0
5

0
5

1.8
1.0

2.3
1.3

1.0
0.8

1.3
0.9

0.9
0.6
0.4

1.0
0.6
0.5

0.7
0.5

0.8
0.s

0.7
0.5

0.7
0.5

3.0
2.4

4.4

5.9
4.9

6.2
2.4 5 .1

9 .7 15.0
8.3 11.0

11.0 16.0
8 .5 12.0

7 .5 9.5
5.0 7.L

1r.0 14.0
5.3 7 .7

6.0 12.0
4.4 7.3
3.9 6.3

11.0 13.0
6.2 9.7
5.3 B .2

3.5 s.B
2.8 5.1

3.6 6.9
2.9 5.2

r.9 3.4
1.6 3.0

2.3 3.9
2.0 3 .1

2.2
r.7
2.6
1.8

1.5
L.2
1.0

2.L
r.7
1.8

1.1
0.7

1.1
0.8

0.9
0.7

0.9
0.7

4.2
3.0

5.7
3.4

3.4
2.6
2.3

6.3
3.3
3.4

1.8
1.3

2.0
1.5

1.3
1.0

L.4
1.1

0
5

*These values were based upon simulated drying results for
the years L962 to L973. See footnotes Table 4.I.
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With respect to harvest date, the required airflow
rate was decreased by 50å for each monthrs delay in harvest

(fig. 4.1). The greatest deviations from this trend occurred

at late harvest dates. This can be explained by the fact
that the relatíve humidity of the air increased toward

winter. Thus each unit of air removed less moisture than

could have been removed earlier in the season. Consequently

the grain harvested later in the fall required a larger

airflow rate than would have been required if the relative
humidity had remained constant. Also, much of the drying

occurred during the warm weather of the following spring

which required a higher airflow rate.
With respect to moisture content, the required airflorv

rate was doubled for each 2eo increase in moisture content

(Fig. 4.2) . The greatest deviations from this trend

occurred at low moisture contents. This is because the

aír left the bin ín equtíbrium with the wettest grain. Thus

each unit of ai-r removed less moisture than it could have

removed from higher moisture content grain. Furthermore,

much of the drying took place the following spring. Conse-

quently the weather conditions in the spríng were more

important than fall condit.ions in determining the required

airflow rates.

Although the results are consistent up to the highest

airflow rates, the equilibrium model cannot be expected to

give reliable results at these higher airflow rates.
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Vlith respect to heat addition, the effect of using

additional solar heat by increasing the collector'coeffícient

from 0 to 5oC was greater than that from 5 to lOoC. The

effect of heat addition was largely determined by climate,

however. London, having a high relative humidity, benefiLed

much more from additional heat to lower this humidity than

Swift Current which has a low relative humidity.

In some cases, the addition of solar heat caused an

i-ncrease in the airflow rate rather than a decrease. This

was likeIy due to the weather condit.ions encountered during

the year. The addition of heat warmed the grain without

increasing the drying rate. The grain therefore deter-

iorated more rapidly and required a higher airflow rate to

dry before spoilage.

These minimum airflow rates are similar to those deter-

mined by Pierce and Thompson (1976). For unheated air dry-

ing of corn they found that the minimum airflow rate varied

from 0.57 m3/(min.t) at Bismarck, North Dakota, to 2.90

m3/(min't) aL rndianapolis, rnd., for the second worst year.

For the worst year in 10, the minimum airflow rates varied

from 0 .75 to 4.42 m'rz (min. t) for the same locations . For

solar drying with a collector coefficient of 5.5oC, the

airflows varied from 0.54 m3/(min.t) at Bismarck to 2.78

m3/(min.t) at Columbia, Missouri, for the second worst year.

For the worst year, the airflows varied from 0.94 m3/(min.t)
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at Bismarck to 4.18 m3/(min't) at Des Moines, rowa. All

of these results were for 24s" moísture content corn har-

vested Oct. 15. Minimum airflow rates for unheated air

drying of corn in Iowa were also given for various moisture

contents. For the second worst year, with an Oct. 15

harvest date | 2OZ moisture content corn required 0.6 m3/

(min.t), 222 required 1.4 m3,/(min.t), 242 required 2.4

m3l (min. t) and 262 required 5 .5 m3 / (min. t) .

Brooker'et al. (1978) gave recontmended minimum airflow

rates for low-temperature dryers as follows. For 20 222

moisture content corn, 1.1 m3/(min.t) , for 22 24l<, 2.2

m3/ (min. t) and for 24 26eo, 3 .3mt / (min. t) . These were

recommended for locations where average daily temperatures

are 10"C or less early in the fall. The similarity of

the above values to those determined in the present study

indicate that the results found in this study are reliable.

An alternative to adding supplemental heat' to increase

the drying rate would be to use a larger fan to dry the

grain. This would increase the airflow rate and increase

the heat produced by the fan motor. It would also increase

the power requirements considerably (Fig. 4.3). As a result,

energy consumption would be increased which would increase

the operating cost (Fig. 4.4). The economics of this

alternative are not known. The increased energy consump-

tion makes it an undesirable option from the energy conser-

vation viewpoint.
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As shown in Fig.4.4, energy usage may tend to leve1

off at some point. This is because the higher airflow

causes earlier completion of drying. When drying is comp-

leted in the falI of a particular year, instead of the next

spring, energy consumption is considerably reduced.

In the design of a particul-ar drying system, it should

be noted that a farmer cannot simultaneously control both

harvest date and moisture content from year to year. Thus

to ensure that a sufficiently large fan is specified, the

worst expected combination.should be chosen to design the

system. This is not likely to be economical, however.

Therefore, the potential capacity of the system must be

balanced against the cost.

4.2 System Performance

4.2.I Effects of Variables on Drying Performance

In a J.ow-temperature dryer, electrical- energy usage

varied from year to year (Fig. 4.5). This variation was

caused by variations in the weather. Adding solar heat

reduced the electrical energy usage each year (Fig. 4.5) .

Some years, for example L966, had more reductÍon than others.

This is because dryíng !úas completed in the fall of that
year, when solar heat was used, but was not completed

until spring, when no heat was added. In some years, such

as 1968, considerable amounts of grain \^rere harvested damp

and late. The results indicate that unheated air dryinq
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in such a year rlras possible. The addition of heat, by

solar or other means, would have added a factor of safety,
however. This would be particularly important if the drying

system was not designed for the most adverse weather con-

ditions.

Plot,ting these yearly energy requirements from lowest

to highest (Fig. 4.6) effectively turns the plot of years

into a probability axís (Pierce and Thompson, I976) .

Approximately 60e" of the time the energy usage was below

the average \,ühen unheated air was used. Approximately

80å of the time it was below the average when 10oC solar
heat was ad.ded. This indicates that the addition of solar
energy increased the probability that the energy usage

woul-d be below the average in any year.

A comparison of energy usage at the various locations

indicates the relative energy requirements (Fig. 4.7) .

For all cases considered, the fan in an unheated air dryer

at, Swift Current used an average of I00 MJ/ (t.a). At

Edmonton I20 MJ/(t.a) were used, ât Winnipeg I50 MJ/(t..a)

\^rere used for wheat, and 240 MJ/ (t.a) for corn. At London

370 MJ/ (L.a) were used.

Adding I0oC of solar heat at Winnipeg had greater

benefit than adding the same amount at, Edmonton (fig. 4.6

and 4. B) . The effect at Swift Current was even less for
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any level of heat (Fig. 4.9) . Adding solar heat at London

had a greater effect than at Winnipeg (Fig. 4.10 and 4.11).

For all cases considered, adding 5oC of solar heat resul-ted

in an 8å reduction in the energy usage at Swift Current,

a 232 reduction at Edmontion, a 292 reduction at Winnipeg

for wheat and I7Z for corn, and a 35? reduction at London.

These resufts (Fig. 4.6 to 4.11) show the effect of

climate. The driest and coolest regions required the

least amount of energy, and the \^rarmer and more humid

regions required the most. The regions which used the most

energy generally benefited the most from the addition of

solar heat.

Earlier harvest dates required smaller amounts of

energy to dry the grain (rig. 4.I2) . This is because the

grain generally dried sooner for earlier harvest dates.

When it, did not dry sooner the energy requirements were

increased, as the results for Sept. 15 show.

Energy requirements were the greatest for grain with

highest initial moisture content (rig. 4.13). Increased

airflow rates, not longer drying times, caused this increase

in energy usage. This confirms the importance of using

minimum airflow rates to achieve the least total energy

consumption.

The electrical energy requirements for drying grai-n

in a low-temperature dryer depend upon the above variables.
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Fig. 4.10 Predicted electrical energy usag.e required to
dry 24>" moísture content corn with unheated
and solar heated aír. The corn \¡¡as harvested.
Oct. 15 and dried at Vüinnipeg. A l.1oc temp-
erature rise was assumed to be added to the
air by fan heatinq.
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Fig. 4.12 Predicted el-ectrical energy usage required to

dry 20? moisture content wheat harvested on
five separate dates. The wheat was dried at
!üinnipeg with solar heated air. The collector
coefficient was 5oC. A 1.1oC temperature
rise was assumed to be added to the air bv
fan heatinq.
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Fig. 4.13 Predicted electrical energy usagie required to
d.ry wheat having three different moisture
contents, using solar heated air. The wheat
was harvested Sept. 15 and dried at Winnipeg.
The solar collector coefficient was 5oC. A
1.loc temperature rise was assumed to be added
to the air by fan heatinq.
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For a particular system, the energy required to dry a given

amount of grain depends upon weather conditions, harvest

date, initial moisture content and amount of heat added.

The earlier the harvcst datc, the less the energy usage.

The higher the moisture content, the greater the energy

usage. The more solar heat added, the less the electrical
energy usage.

4.2.2 Economics of Solar Grain Drying

Drying results for Iow-temperature dryers varied

considerably from year to year (fable 4.6 and Sec. 4.2.I).
These results \,vere averaged over all of the years considered

to determine the averagfe economic performance which may

be expected in the future.
The airflow rate used in each case was the minimum

which would dry the grain successfully in every year.

The collector area required for each solar dryer was

calculated by equati-on 3.I4. A horizontal collector with
averagfe efficiency of 50? was assumed. For cost analysís,

a bin size of 5.7 m diameter was assumed. The grain

depth and fan size for each case \trere taken from Fig. 3.1.

The required fan power r,'zas also expressed in power

per unit area of floor (Tables 4.7A Lo 4.11A,). The total
power requirement for any given bin can thus be calculated

from the total floor area. For systems of differing sizes

the relative costs indicated here may be used, but actual
costs must be calculated. Changing the bin size would
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PREDICTED

FOR A 10

TABLE 4.6

DRYfNG RESULTS

YEAR PERÏOD AT

FOR T{HEAT

WINNIPEGI

Unheated Air Drying Solar Drvins2

Fínal
Drying Dry moísËure
Year DaËe conËent

Allowable
time Fan

elapsed time
7.h

Final
Dry moisture

DaËe content

Allowable
t.ime Fan

elapsed time
%h

6I

62

63

o+

65

66

67

68

69

70

14.T

13.6

L2.B

13. 1

13.7

12.9

T2.T

13.2

13.7

13 .9

63

66

76

53

55

63

B4

100

B9

64

T7

11

I2

13

23

10

o2

27

I7

L6

13.7

12.5

12.o

13 .5

13.8

13 .9

11 L

12.4

13.6

L3.2

10 18

10 14

10 14

10 17

TI 02

05 2r

05 05

05 02

05 25

10 20

792 10

684 10

696 10

768 10

rL52 10

2168 10

1984 05

1876 04

2440 0s

828 10

66 7s6

69 612

BO 648

55 672

54 9r2

53 5BB

85 T9T2

99 1756

84 2248

69 744

Average 13.3 7T 1339 13.0 7I 1085

Simulatíon runs were made wíth an airflow rate of 1.3 m'/(mín't)
for unheated aír and 1.2 m3/(min.t) for solar drying. The wheat,
harvested Sept. 15, had an initial moísËure content of. 2O%. In
all cases, a l.loC temperature rise was assumed to be added to
the aír by fan heating.

Using a solar collecËor coeffícíent of 5oC.

1.

,



TABLE 4.7A

AMBTENT AÏR AND SOLAR HEATED AIR DRYING

WHEAT AT EDMONTONA -_ PARAMETERS USED

66

COMPARISON OF

SYSTEMS FOR

Earlíest MoisËure
Test Harvest Fall Content,c
No. Date Stopb 7"

Airflow Collector Fan
, Rateie Arearê Power,

m" / (min. Ë) m' /t ç/m' f loor
S. C.d

oc

6B
64

52
/,o

27
2T
2T

49
47
+L+

91
87
86

49
LO

44
44

47
47

44
44

20

20

L6

20

24

20

20

20

20

I
2

J
t+

5
6

I
9

10

11
I2
13

T4
15

L6
T7

18
r9

20
2T

Aug. 15 Nov. 1

SepË. I Nov. I

Sept. 15 Nov. 1

Oct. I Nov. I

Dec. I

Oct. 15 Nov. 1

Dec. 1

0
5

0
5

0
5

10

0
5

10

0
5

10

0
5

0
5

0
5

0
5

1.8
L.6

1.0
0.9

0.25
0. 15
0. 15

0.9
0.8
0.7

3.4
3.1
3.0

0.9
0.9

0.7
0.7

0.8
0.8

0.7
0.7

0.66

0.37

0;;
o.12

0.33
0.58

r.28
2.48

0.37

o-.;;

0. 33

o-.;;

c
d

Based upon sÍmulated drying resul-ts averaged over the years L967 to
L976. A l.loc temperat,ure rise \^ras assumed to be added to the air
by fan heatíng.
Continuous fan operation untí1 this date or unt.il the average temp-
erature for 1 r¿eek ís less than OoC, whíchever is later.
Initial moisture content at the start of dryíng, 7" wet mass basis.
Solar collector coeffícíent, .average temperature ríse over 24 h
when the daily solar radíation is approx. 40 NIJ/n"; O = unheated air.
Based on a tonne of dry grain.
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TABLE

COMPARISON OF AMBTENT AIR AND

FOR WHEAT AT EDMONTON

4.78

SOLAR HEATED AÏR

SIMULATED DRYTNG

DRYTNG SYSTEMS

RESULTS

Fan Tíme
Test to Dryrb
No. h

Probabi Final
íliÈy Avg.

of Fall M.C.,
Finíshc 7"

Solar Avg. Solar
Energy Temp. InpuË

Collected, Rise, Energy
l(J /t oC Saveda

Energy
Input

to Fan,
MJ/t

I
2

3
+

5
6

t4
15

0.9
1.0

0.7
0.9

0.0
0.0
0.0

0.2
0.4
0.3

0.9
0.9
1.0

0.0
0.1

0.0
0.0

0.0
0.0

0.0
0.0

r.9
3.8

4.5
6.7

e60(620)
sso( lBo)

ls00 ( 700)
1200 (500)

3 100 (400)
3800 (200)
34oo (2oo)

1800 (400)
1s00 (400)
1400 (300)

6eo ( 480)
57O (440)
420 ( 130)

1700 (300)
1400 ( 3oo)

2soo ( 3oo)
22oo (3oo)

1600 (200)
1400 ( 100)

22OO(200)
2000 (200)

13.4
13.0

13. 3
13.0

L3.2
12.7
11.8

13.3
13. 3
13. 1

13. I
L2.8
12.5

13.2
13 .0

L2.7
t2.B

L2.4
t2.o

12.5
t2.L

loo (30)
160 (40)

140 (e0)
70(20)

120 (60)
eo (40)

60 ( io)
40( s)
40( s)

130 (30)
eo (30)
80 (20)

leo ( 130)
140 ( 1 10)
100 ( 30)

r2o(20)
loo (20)

140 (20)
120(20)

1oo ( 10)
e0( s)

120 ( 10)
110(10)

80 ( 10)
140 ( 10)

120 ( 30) 2.0 r.9

100 (40) r.4 2.9

B

9

10

11
T2

13

T6

T7

18
t9

20
2T

r.2
2.3

to
3.3

160 (80)
240(30)

r.4
2.8

3.4
2.8

1 10 (30) r.2 6.3

120 (30) 1.1 7.r

r2o(zo) 1.s

t2o(20) r.2 11.

10.

a
b
c
d

See footnotes Table 4.7Ã. Standard deviations are given ín parentheses.
TÍ-me required to dry the wettest layer to L4.5Ï( m.c.
Probabílity that the dryíng is compl-eted in the,fall.
Ratio of solar energy collected to electrical energy saved aË Ëhe
fan motor. Apparent errors are due to rounding.



TABLE 4.7C

COMPARISON OF AMBTENT AIR AND SOLAR HEATED AIR DRYING

SYSTEMS FOR VüHEAT AT EDMONTON* -- PREDTCTED DRYTNG COSTS

... ,.-.:'.-.::i,:;,

68

Over-
Electricity drying

TesË CosË, Cost,
No. $/t $/t

Dryíng
EquipmenË

Depreciation,
$/t

Collector
Depreciation,

$/t

Total Cost per
Dryíng unit
Cost, MoísËure,
$/t $/(t.%n.c.)

I
2

3
4

5
6
7

B

9
10

11
L2
13

L4
15

16
L7

1B
L9

20
2L

L.40
0. 70

L.20
0. 85

0.62
0.45
o.4L

1. 30
0.93
0.79

1.90
1.40
1.00

L.20
1.00

1.40
r.20

I .00
0.91

L.20
1. 10

l_.60
2.30

L.70
2.20

1.90
2.70
4.00

1. B0
1.80
2.LO

2.L0
2.60
2.90

2.00
2.30

2.60
2.50

3.00
3 .60

2.90
3. s0

0.66

0.37

olõo
0.L2

0.33
0.58

1.30
2.50

0.37

o-.ig

0 .33

o-.ig

7 .20
6.70

5.20
4.90

2.50
2.00
2.OO

4.90
4.60
4.30

10.10
9.60
9.s0

4.90
4.90

4.30
4.30

4.60
4.60

4.30
4.30

LO .20 1.50
10.40 1.50

8.20 L.20
8.40 L.20

5.10 1.80
5 .20 1.60
6.50 1.50

8.00 L.20
7 .70 L.20
7.80 1.10

14.10 1.30
L4.90 1.30
15.90 1.40

8.10 L.20
8.60 L.20

8.30 1.10
8.30 1.10

8.70 1.10
9.50 L.20

8.50 1.10
9.20 L.20

See footnotes Table 4.7A,. Apparent errors are due to rounding.
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TABLE 4.7D

COMPARISON OF AMBIENT ATR AND SOLAR HEATED ATR DRYING

SYSTEMS FOR WHEAT AT EDMONTONA PREDTCTED RELATTVE COSTS

69

Test
No.

EIecËríca1
Energy
Usage,

YE /ke "-w

Solar
Energy
CosË,

ç/u.lc

Cost per Unit of El-ecËrícal

Energy Saved, ç/MJd

Solar Electrícal Propane

Allowable
Collector

Cost,

$ /m2e

ní1
nil

I
2

5

5

6
-

õ
9

10

11
L2
13

I4
15

16
t7

1B
t9

20
2T

L.7
0.8

1.5
1.0

1.8
1.1
0.8

1.5
1.1
0.9

1.3
1.0
0.7

r.4
r.2

1.5
1.3

1.1
0.9

1.3
1.1

0.53

0. 36

0.08
0.09

0.34
0.36

0. 81
1.04

0.3s

0.25

0.28

0.24

1.0

1.0

0.4
0.6

1.0
L.2

t9.
2.9

2.2

1.8

2.8

2.6

1.9

,o

4.5
6.7

2.9
J.J

J.+
2.8

6.3

7.r

10 .0

11.0

0.9

r.4

¿.J
J.J

L.4
L.7

L.7
L.4

3.1

3.6

5.0

s.6

3.60

2.40

9.s0
6 .80

1.80
1.40

ní1

5 .50

ni1

nÍl

a
b
c

d

See previous footnotes.
Average energy used by the fan to remove each kilogram of r^rater.
Yearly collector costs per unit of solar energy collected, assumíng
$1.00/(rn'.a) for the col-lector.
Ratio from Table 4.78 x cost per megajoule of varíous fuels -- solar
costs column 3relectrícal cost 1.0 C/MJ, propane cost 0.5Ê/MJ.
Allowable firsË cost for the collector, based upon savings in electrícity,
overdrying and depreciation costs (table 4.7c) of solar over ambient.



COMPARISON OF A}4BIENT

I^IHEAT AT EDMONTON --

TA3LE 4.7E

AIR AND SOLAR HEATED

SIMULATION RESULTS

AIR DRYING SYSTB"ÍS FOR

FOR AVERAGE DRYINGA

70

Test
No.

Fan Time
to Avg.

Dry'
h

Energy
Input
to Fan,

NTJ /I

ElecËrícíty
Cost,
$/t

Total
Dryíng

Cost rb
$/t

Cost per
Unit

Moisture,
$/(t.Zm.c.)

A1lowable
CollecËor

Costc,
$ /m2

I
z

3

+

5
6
7

B

9

10

670(320)
4so( eo)

1200 (s00)
1000 (400)

1800 (600)
2000 (200)
ls00 (s00)

13oo (4oo)
1200 (300)
L2OO(200)

s60 (4so)
430 (140)
380 ( eo)

14oo (30o)
1200 (200)

21oo (3oo)
lBoo (3oo)

14oo (2oo)
1300 (100)

2000 (200)
lBoo (2oo)

100( s0)
60 ( l_0)

eo( 40)
70( 30)

40( 10)
20( s)
20( s)

90( 30)
70( 20)
60( 10)

ls0 (120)
110( 40)

90 ( 20)

1oo ( 20)
B0( 10)

L2O( 20)
loo( 20)

90( 10)
Bo( 10)

110( 10)
100 ( 10)

8.10
B .00

6.20
6 .00

2.90
2.30
2.30

s.90
5.70
5 .50

11. 70
12 .00
12. B0

5.90
6.20

5.50
5.60

5.50
5 .80

5 .40
5.60

0.95
0.57

0.93
0.73

0. 36
0.24
0.18

0.94
0.74
0.64

1.50
1. 10
0 .90

0.98
0. 84

L.20
0.97

0.91
0. B3

1. 10
1.00

1. s0
r.40

t. 10
1. 10

I .90
1.50
1.50

1.10
1 .00
1.00

I.20
1.30
1.40

1.10
1. 10

1.00
1.00

1.00
1.10

1.00
1.00

6.20

6.60

58.00
32.00

7 .70
B .00

3. B0

2.60

1.90

3.10

r.20

1.60

11
L2
13

L4
15

T6
L7

18
19

20
21,

Dryíng untíl the bín
top is L7% or less.
Includes electricity,
deprecíatíon.
Allowable fírst cosË
city and depreciatíon

average moisture content is L4.57.
See footnoËes Table 4.7A.

and

or 1ess, and the

solar collectordrying equipment depreciatíon

for the collector, based upon
cosËs of solar over ambient.

savÍ-ngs in electri-



TABLE 4.8A

COMPARTSON OF AMS]ENT ATR AND SOLAR HEATED AÏR DRYÏNG

SYSTEMS FOR WHEAT AT SWIFT CURRENT* -- PAR.A.METERS USED

7I

Earliest Moísture
Test Harvest Fal1 Content,
No. Date Stop "/.

Airflow
S. C., ^ Rater,oC m" / (rnin. t)

Collector Fan
Area, Power,
*2 /t Inl/rn2 f loor

I
2

J
4

6
1

8
9

10

11
L2
13

L4
15

16
1-7

1B
L9

20
2L

Aug. 15 Nov. I

Sept. I Nov. 1

SepË.15 Nov.1

Oct. I Nov.

Dec. 1

Oct. 15 Nov. 1

56
6L

52
/,o

27
24
2L

49
47
47

89
86
B3

52
49

44
44

54
54

44
44

20

20

L6

20

24

20

20

20

0
5

0
5

0
5

10

0
5

10

0
5

10

0
5

0
5

0
5

0
5

I.2
L.4

1.0
0.9

0.25
0.2
0.2

0.9
nq
0.8

3.2
3.0
2.8

1.0
0.9

0.7
0.7

1.1
1.1

0.7
0.7

o.ia

0.37

o.ãe
o,17

0. 33
0.66

1.24
2.3L

0.37

o-.ig

o.4s

o-.ig
Dec. L 20

Based upon simulated drying results averaged over the years 1960 to
L974. See fooËnoËes Table 4.7
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TABLE 4. BB

COMPARISON OF AMBIENT AIR AND SOLAR HEATED ATR DRYING SYSTEMS

FOR WHEAT AT SWIFT CURRENT* SIMULATED DRYING RESULTS

Probab- Fínal Energy Solar Avg. Solar
Fan Tíme ilÍty Avg. Input Energy Temp. Input

Test to Dry, of Fall M.C., to Fan, Collected Rise, Energy
No. h Finish % YIJ/ t MJ/t oc Saved

1 650(300) 1.0 12.3 60(30)
2 4r0( so¡ 1.0 11.6 s0(10) 90(10) 2.3 s.s

3 870 (240) 1.0 L2.9 70(20)
4 800(160) 1.0 r2.s 60(10) 90(10) r.7 7.2

s 2800(s0o) 0.0 r3.4 60(10)
6 2BA0(SOO¡ 0.0 12.6 50( s) 70(10) 1.8 7.3
7 2s0a(300) 0.0 L2.2 40( s) 1.20(20) 3.4 8.0

B 1300(600) 0.7 13.0 loo(40)
9 r200(4oo) 0.7 12.6 70(30) 90(30) r.4 4.6

10 990(310) 0.9 r2.t 60 (20) 160(s0) 2.8 4.8

11 s4o(3Bo) 0.9 12.7 140(100)
t2 470 ( 3s0) 0 .9 12 .2 I 10 (80) 1s0 (80) L .6 6 .0
13 370( B0) 1.0 rr.7 80(20) 230(30) 3.2 4.r

14 14oo(5oo) 0.3 13.0 110(40)
ls 1200(400) 0.3 13.0 90(30) 100(30) 1.3 3.8

16 2s00 (400) 0.1 13.0 L4o(20)
17 2r00(s00) 0.2 L2.s 120(30) 130(40) r.2 6.r

18 1400(300) 0.0 12.9 120(30)
19 1 100 (300) 0 . 1 r2.7 100 (20) 120 (30) r .4 4.s

20 23oo (3oo) o.o 13. i 130(20)
2t 2OA0(200) 0.0 L2,3 110(10) 130(20) 1.3 9.9

* See footnoËes Tabl'e. 4.7 and 4.84. Standard deviations are gíven
in parentheses.
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TABLE 4.BC

COMPARISON OF AMBTENT AÏR AND SOLAR HEATED ATR DRYING

SYSTEMS FOR WHEAT AT SWTFT CURRENT*--PREDICTED DRYING COSTS

Over-
Electricity drying

Test Cost, Cost,
No. $/t $/t

Drying
Equipment

Deprecíatíon,
$/t

Collector
DepreciaÈion,

$/t

Total Cost per
Drying unít
CosË, Moisture,
$/t $/(t.%m.c.)

1
2

J

5
6
7

B

9
10

11
L2
13

L4
15

L6
L7

18
L9

20
2T

0.62
0 .45

0.69
0.57

0 .55
0.4s
0.40

0.95
0,75
0.62

1.40
1.10
0.81

1. 10
0.88

1.40
I.20

I.20
0.97

1. 30
1.10

3. 30
4.30

2.30
3 .00

L.70
2.80
3.40

2.30
2. B0
3.50

2.60
3.40
4.10

2.20
2.20

2.20
2.90

2.30
2.70

2.L0
3.20

5 .80
6.30

5.20
4.90

2.50
2.30
2.30

4.90
4.60
4.60

9. B0
9.s0
9 .10

5.20
4.90

4.30
4. 30

5 .50
5 .50

4.30
4.30

olss

0.37

olõs
o.L7

0.33
o.66

L.20
2.30

0.37

o-.ig

0.4s

o-.ig

9 .70 1.30
11.60 1.40

8.20 L.20
8.90 L.20

4. B0 1.80
5.50 1.60
6 .30 L.70

8.20 L.20
B .50 L.20
9.40 L.20

13.80 L.20
15 .30 1. 30
16 .30 1.30

8.60 L.20
8.40 L.20

7 .90 1.10
8.70 L.20

9.00 l_.30
9 .60 1.30

7.70 1.10
B .90 L.20

See footnotes Table 4.7 and 4.84
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4. BD

SOLAR HEATED AIR DRYTNG SYSTEMS

PREDICTED RELATIVE .COSTS

TABLE

AÏR AND

CURRENT*

Test
No.

ElectrÍca1
Energy
Usage,
MJ/ke

w

Solar
Energy
Cost,
çlvrJ

Cost per Unit of Electrical
Energy Saveil, ç/MJ

Solar Electrical Propane

Allor¿able
Col-1ecËor

Cost,
$/.'

I
2

3
4

5
6
7

I
9

10

11
12
13

t4
15

L6
L7

1B
t9

20
2L

0.6
0.4

0.8
0.6

1.8
1.1
0.9

1.1
0.8
0.6

0.9
0.7
0.5

1.3
1.0

L.6
1.3

L.4
1.1

1.5
L.2

3.5

3.1

0.8
1.1

L.6
2^

4.9
4.L

L.4

l_.3

1.8

2.2

5.5

7.2

7.3
8.0

4.6
4.8

6.0
4.L

3.8

6.L

4.5

9.9

2.8

3.6

3.7
4.0

2.3
2.4

3.0
t1

L.9

3.1

2.3

5.0

ni1

ni1

ni1
ni1

ni1
ni1

nil
ní1

7 .60

ni1

ni1

ní1

0.63

0.43

0.11
0.14

0.3s
0.42

0. 81
1.0

0.37

0.22

0.39

0.22

See footnotes Table 4.7 and 4.84
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TABLE 4.BE

COMPARISON OF AMBIENT AIR AND SOLAR HEATED AIR DRYING SYSTEMS FOR

IIIHEAT AT SI,üIFT CURRENT* -- SIMULATION RESULTS FOR AVERAGE DRYING

Test
No.

Fan Tíme
to Avg.
DrY'
h

Energy
Input
to Fan,

MJ lt

Total Cost per Allowable
Electrícity Drying Unit Collector

Cost, Cost, Moísture, Cos!,
$/t $/r $/(t.%m.c.) $/m'

I
2

5
6

s20 (130)
370( 70)

7s0 (190)
7oo (130)

1200 (700)
1100 (6oo)

780 (360)

1000 (400)
e6o (260)
820 (130)

4Bo (3s0)
370 ( 80)
3so ( Bo)

110o (4oo)
970 (290)

2000 (400)
1s0o (5oo)

11oo (300)
910 (200)

19oo (2oo)
1700 (200)

so (10)
40 (10)

60 (10)
s0 (10)

20 (10)
20 (10)
10 (10)

70 (30)
60 (20)
s0 (10)

120 (e0)
e0 (20)
80 (20)

e0 (30)
70 (20)

110 (20)
e0 ( 30)

1oo (20)
Bo (20)

110 (10)
90 (10)

0.49
0.41

0.59
0.50

0.23
o.L7
o.L2

0.73
0.61
0.52

L.20
0.87
0.77

0. 85
0 .69

1.10
0. Bs

0.97
0.79

1. 10
0.92

6 .30
7 .30

5 .80
5 .80

2.80
2.50
2.60

5,70
5.60
5 .80

11.00
11.60
L2.20

6 .10
6.00

5 .40
5.50

6.50
6.70

5.40
5.50

1.10
1.30

1.10
1.10

1. B0
L.70
L.70

1.00
1.00
1.10

L.20
1r^
1. 30

1.10
1.10

1.00
1.00

r.20
r.20

1.00
1.00

ni1

5 .10

20.60
LL.2O

6 .50
3 .90

2.70
2.40

6 .10

4.so

2.00

2.60

8
9

10

11
L2
13

L4
15

16
L7

1B
L9

20
2L

See footnotes Table 4.7 and 4.84.
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TABLE 4.9A

AMBIENT AfR A}TD SOLAR HEATED AIR DRYTNG

WHEAT AT WTNNIPEG* -- PARAMETERS USED

Test
No.

Earliest Moísture
HarvesË Fal1 Content,
DaËe Stoo %

Airflow
S. C., ^ Rate,oC m" / (rnín. t)

Collector Fan
Area, Power,
m2 /t trd/m2 f loor

20

20

_LO

20

24

20

20

20

1
2

J

4

5
6
a

I
9

10

11
L2
13

14
15

L6
L7

18
T9

20
2L

Aug. 15 Nov. 1

SepË. I Nov. 1

Sept. 15 Nov. I

Oct. 1 Nov. 1

Dec. 1

Oct. 15 Nov. 1

0
5

0
5

0
5

10

0
5

10

0

10

0
5

0
5

0
5

0
5

3.0
2.2

,/,
L.6

0.35
0.25
0.22

1.3
r.2
1.0

7.5
6.0
5.5

1.1
1.0

0.9
0.8

1.0
1.0

0.9
0.9

olgr

0.66

o.io
0.18

0 .50
0.83

2.48
4.s4

0.41

o.ã:

0.41

o-.zl

B6

75

7B

64

32
27
25

59
)b
52

130
LL7
113

54
52

49
+t

52
52

49
LO

Dec. 1 20

Based upon
1970. See

simulated
footnotes

dryíng results averaged over the years 1961 to
TabLe 4.7
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TABLE

COMPARTSON OF AMBIENT AIR AND

FOR WHEAT AT WINNTPEG* --

4.98

SOLAR HEATED AÏR

STMULATED DRYING

DRYÏNG SYSTEMS

RESULTS

Fan Time
Test to Dry,
No. h

Probab- Fínal Energy
Ílity Avg. InpuË

of Fall M.C., to Fan,
Finish % l"lJ /t

Solar Avg. Solar
Energy Temp. Input

Collected, Ríse, EnergY
MJ/t oC Saved

I
2

380 (320)
330 ( 140)

13.3
t2.3

13.2
13.2

13. 3

T2.B
t2.3

13.3
13 .0
L2.B

13.3
12.9
L2.7

13.5
13. r

13. I
12.7

13.2
L2.8

13.0
12.7

eo (Bo)
60(20)

170 ( 1s0)
70 ( 10)

Bo ( 10)
60 ( 10)
s0 ( 10)

140 ( 70)
100 (60)
70(40)

zeo(340)
190 (230)
120 (e0)

140 (40)
110(30)

1 70 (40)
140 (30)

130 (20)
1 10 (20)

160 ( 10)
140 ( 10)

1.0
1.0

0.8
1.0

0.1
0.0
0.0

0.6
0.7
0.9

0.9
0.9
1.0

0.2
0.2

0.1
0.1

0.0
0.0

0.0
0.0

1.6
3.2

3.2
3.8

1 10 (30) 2.2 3.5

loo ( 10) r.7 1.0
3 880(780)
4 s20(110)

s 3ooo (600)
6 2800(400)
7 27oo(3oo)

I 1300(7oo)
9 1100(600)

10 910(4so)

11 490(s70)
L2 390(490)
13 270(210)

14 1600(soo)
ls 14oo(400)

t6 z4oo(soo)
17 2200(soo)

18 1600(200)
19 1300(200)

20 22OO(200)
2L 2OOO(200)

80 (20)
130 (30)

120 (60)
160 (so)

r.4
2.6

J.+
2.5

2 10 ( 160)
290(r2O)

1.5
3.1

2.O
1.7

120 (40) L.2 4.3

ls0 (40) r.2 5.5

130 (20) r.4 5.7

lso (20) r.2 8.3

* See footnotes Tabl-e
in parentheses.

4.7 and 4.9A. Standard devíaËíons are given



TABLE 4.9C

COMPARÏSON OF AMBTENT ATR AND SOLAR HEATED AIR DRYTNG

SYSTEMS FOR WHEAT AT WTNNTPEG* -- PREDICTED DRYING COSTS

7B

Over-
Electricity dryíng

TesË CosË, Cost,
No. $/t $/t

Deprecíatíon, Depreciatíon,
Ç/t $/t

ToËal Cost per
Drying unít
Cost, Moisture,
$/t $/(t.Zrn.c.)

Drying
Equípment Collector

1
2

J
4

5
6

B

9
10

11
t2
13

L4
15

L6
L7

1B
T9

20
2L

0.90
0.58

L.70
0.65

o.82
0 .56
0.47

L.40
1.00
0.72

2.90
1.90
L.20

L.40
1. 10

L.70
L.40

1.30
1.10

1.60
1.40

1.80
3.20

1.90
2.OO

1. B0
2.50
3.20

1. 80
2.20
2.50

1. B0
2.30
2.70

L.40
2.LO

2.LO
2.70

1.90
2.50

2.20
2.60

olgr

0.66

o.io
0.18

0 .50
0.83

2.50
4.50

o.4L

ol¡:

0.41

o-.it

1.80
1.60

1.80
1.50

2.LO
1. B0
1.70

1.40
1.40
1.30

1.90
1.90
1.90

1.30
1.30

1.30
L.20

L.20
1.30

1. 30
1.30

9.5,0
I .00

8.40
6.70

3.00
2.50
t L^

6 .00
5 .80
5.20

15 .80
13.90
13.30

5.50
5.20

4.90
4.60

5.20
5.20

4.90
t+.90

L2.LO
L2.70

11.90
10.00

5.60
5.70
6.20

9.20
9.50
9 .30

20.50
20.60
2L.70

8.30
B .90

8.70
9 .00

8.40
9 .20

8. 70
9 .30

See footnotes Table 4.7 and 4.94



TABLE 4.9D

COMPARISON OF AMBIENT ATR AND SOLAR HEATED AIR DRYTNG

SYSTEMS FOR WHEAT AT WTNNTPEG*--PREDICTED RELATTVE COSTS

79

Test
No.

Electrical
Energy
Usage,
MJ/kS,o

Sol-ar Cost per Unit of Electrical Allowable
Energy Energy SavêÉ, Ê/MJ Collector
CosÈ, Cost,
ç/MJ Solar Electrical Propane $/m2

1
2

3
4

5
6
7

R

9
10

11
T2
13

L4
15

L6
L7

18
L9

20
2L

1.1
0.6

2.0
0.8

2.5
1.5
1.1

L.6
L.2
0.8

2.r
1.3
0.8

L.7
1.3

2.0
1.6

1.5
L.2

1_. B

1.5

0. 81

0.67

0.13
0 .14

0.42
0 .50

I.2
L.6

0.35

0.22

0.32

o.25

2.8

0.7

0.4
0.5

L.4
1.3

2.4
2.7

1.5

L.2

1.8

2.r

3.5

1.0

3.2
3.8

3.4
2.5

2:O
L.7

4.3

5.5

5.7

8.3

1.8

0.5

L.6
1.9

L.7
1.3

1.0
0.9

2.2

2.8

2.9

l,a

2.00

19.50

1-.00
ní1

1 .60
4.60

4. B0
3.70

ní1

ni1

nil

ni1

See footnotes Table 4.7 and 4.94
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TABLE 4.9E

COMPARISON OF AI"IBIENT AIR AND SOLAR HEATED AIR DRYING SYSTÐ4S FOR

I^IHEAT AT I^IINNIPEG* -- SIMULATION RESULTS FOR AVERAGE DRYING

Test
No.

Fan Time
to Avg.
DrY'

h

Energy
Input
to Fan,

YTJ /I

Total Cost Per Allowable
Electricity Drying Unit Collector

Cost, Cost, Moisture, Cosfr
- $/t $/t $/(t.%rn.c.) $/m'

1
2

5
6
7

270(L5O)
290(L2O)

s00 (320)
430( 70)

1700 (800)
140o (600)
1000 (soo)

e30 (s70)
760 (430)
7eo (3eo)

3e0 (4e0)
210 ( so)
1Bo ( 20)

1200 (4oo)
1100 (300)

1900 (600)
1700 (500)

1300 (2oo)
1200 (200)

2ooo (200)
1600 (300)

60(
50(

100 (
s0(

0.64
0.51

o.96
0.s4

0.47
0 .28
0 .18

0.96
0.72
0.62

2.30
0.98
0.78

1.10
0.86

1.40
1.10

1.10
0 .91

1.40
L.20

10 .10
9.40

9 .30
7 .90

3 .50
2.90
a1^

7 .00
7 .00
6 .70

18.10
L7.40
18.60

6.60
6.s0

6.30
6 .10

6.30
6.60

6.30
6.50

1. B0
1. 70

L.70
1.40

2.30
1.90
1. B0

1.30
1. 30
L.20

1 .90
1. B0

2.OO

L.20
L.20

1.10
1.10

1.10
L.20

r.20
L.20

8. B0

15 .40

33.50
25.60

5.00
6.90

6.50
4.s0

6 .00

B .60

L.70

3 .00

40)
20)

60)
10)

B

9
10

11
L2
13

so( 20)
30( 10)
20( 10)

loo ( 60)
70( 40)
60 ( 30)

230 (290)
1oo ( 20)
80( 10)

110( 40)
90 ( 30)

140 ( s0)
110( 30)

110 ( 20)
eo( 20)

140( 10)
r20( 20)

L+
15

L6
L7

1B
L9

20
2T

See footnotes Table 4.7 and 4.9A.



81

COMPARISON

SYSTEMS

TABLE 4.10A

OF AMBTENT AIR AND SOLAR

FOR CORN AT WINNIPEG*

HEATED ATR DRYfNG

PARAMETERS USED

Test
No.

Earlíest Moisture
HarvesË Fall Content,
Date Stop 7"

Aírflow
S. C., ^ Rate,
oC m" / (rnín. t)

Collector Fan
Area, Power,
m2 /t 't'I/rn2 f loor

24

2B

24Dec.1

24

1
2

5
+

5
6
7

B

9
10

11
L2
13

L4
15

16
L7

Sept. 15 Nov. 1 24

24

20

Oct. 1 Nov. I

Oct. 15 Dec. 1

Nov. 1

Nov. 15 Dec. 1

0
5

n

5

0
5

10

0
5

10

0
5

10

0
5

0
5

,/,
2.3

2.0
1.9

0.7
0.6
0. s5

1,.6
1.5
r.4

4.8

5.2

L.7
r.7

L.7
1.5

o.õs

0.78

o-.is
0.45

0.62
1.16

2.23
4.30

0. 70

o-.àz

115
113

106
104

66
61
59

96
94
91

Ls4
162
160

99
99

99
94

Based
L970.

upofÌ
See

símulated drying results averaged over the years 1961 to
footnotes îabLe 4.7
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TABLE 4.108

COMPARISON OF AMBTENT AIR AND SOLAR HEATED AIR DRYING SYSTEMS

FOR CORN AT WTNNIPEGA -- SIMULATED DRYTNG RESULTS

Probab- Final Energy Sol-ar Avg. Solar
Fan Tímg il-ity Avg. InpuË Energy Temp. Input

Test to Dry,b of Fall M.C., to fan, Collected, Rise, Energy
No. h Finish z þlJ /t MJ /t oc saved

1 1000 (600) 0 .7 t3 ,7 190 ( 120)
2 sso(130) 1.0 13.0 110(20) 130(10) r.4 1.s

3 1200(s00) 0.4 13.s 200(80)
41000(400) 0.s r3.2 160(60) 1s0(60) 1.1 4.1

, 5 2500(200) o.o r2.9 140(10)
6 24OO(200) O.O 11.8 110(10) 1s0(20) l.s 6.1
7 23OO(200) 0.0 10.9 100(10) 2s0(30) 2.8 6.6

I 19oo(2oo) o.o 13.s 2so(2})
9 LTOO(300) 0.1 r2.4 210(40) 200(s0) 1.1 s.1

ro 1700(3oo) 0.1 11.9 180(30) 330(80) 2.1 s.3

11 1100(600) 0.4 L3.7 430(230)
L2 930(s9O) 0.s 12.8 400(2s0) 290(150) 0.9 8.2
13 690(490) 0.7 12.8 280(200) 410(230) 1.8 2.7

14 1600(100) 0.0 L3.2 220(20)
i ls lsoo(100) 0.0 12.3 200(10) 210(30) 1.2 9 -9

16 1700(1oo) 0.0 r2.8 230(20)
17 1600(100) 0.0 11.8 200(10) 220(30) 1.3 6.2

" S.. footnotes Table 4.7 and,4.104. Standard deviations are given ín
. parentheses.o iir. required to dry the wettesË layer to 15.5% m-c.

-. r:'ì.i 1.:.



83

TABLE 4.10C

COMPARTSON OF AMBTENT ATR AND SOLAR HEATED AÏR DRYING

SYSTEMS FOR CORN AT WINNIPEG* PREDTCTED DRYING COSTS

Electrícíty
Test Cost,
No. $/t

Over- Drying
drying Equípment
Cost, Deprecíatíon,
$/t $/r

CollecËor
Depreciation,

$/t

Total Cost per
Drying unít
CosË, Moisture,
$/t $/(t.%m.c.)

1
2

J

4

1.90
1. 10

2.00
1.60

1. 40
1. 10
1.00

2.50
2.L0
1.80

4.30
4.00
2.80

2.20
2.00

2.30
2.00

2. B0
3.80

3 .00
3.40

3.90
5.40
6.60

3 .00
4.60
5 .30

2.70
3.90
3.90

3.50
4.70

3.90
5.40

5.70
5.50

5 .10
s.00

2.90
2.60
2.50

4.50
4.40
4.20

B .50
9 .00
B. 80

4.70
4.70

4.70
4.40

o.ãs

0. 78

o-.is
0 .45

0.62
r.20

2.20
4.30

0.70

o-.az

10 .40
11.30

10.10
10.70

8.10
9 .40

10 .60

10 .00
11. 70
L2.50

15.50
]-9.20
L9.90

10.30
T2.IO

10.90
L2.30

1.00
1.00

1.00
1.00

1. 10
1. 10
L.20

0.90
1.00
1 .00

1.10
1.30
1. 30

1.00
1.00

1.00
1.00

5
6
I

R

9

10

11
L2
13

I4
15

L6
17

See fooËnotes Table 4.7 and 4.104
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TABLE 4.10D

COMPARTSON OF AMBTENT AIR AND SOLAR HEATED ATR DRYING

SYSTEMS FOR CORN AT T/üINNIPEG*--PREDTCTED RELATIVE COSTS

Tes,t
No.

Electrical
Energy
Usage,
MJ/ke,

Solar Cost per Unít of Electrícal Allowable
Energy Energy Save4, C/MJ Collector
Cost, Cost,
ç/MJ Solar Electrical Propane $ /m2

1
2

3
4

5
6
1

B

9
10

11
T2
13

T4
15

L6
L7

L.4
0.7

L.4
1.1

L.6
1.1
0.9

1.8
L.4
r.2

2.2
t.9
1.3

r.6
1.3

1,.6
L.2

0.73

0 .51

o.L7
0.18

0.31
0.35

0.78
1.06

0.34

0.29

1.1

2.L

1.0
L.2

1.6
L.9

6.4
2.9

3.4

1.8

1.5

4.r

6.L
6.6

5.1
5.3

8'2
2.7

9.9

6.2

0.8

2.I

3.1
3.3

2.6
2.7

4.L
t.4

5.0

3.1

ni1

1.10

ní1
nil

nil

ní1

ní1
ní1

nil
ní1

See fooËnoËes Table 4.7 and 4.104
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TABLE 4.108

COMPARISON OF AMBIENT AIR AND SOLAR I{EATED AIR DRYING SYSTEMS FOR

FOR CORN AT WINNIPEG -- SIMULATION RESULTS FOR AVERAGE DRYING*

Test
No.

Fan Time
to Avg.
DrY'
h

Energy
Input
to Fan,
t[J/t

Total Cost per Allowable
Electrícity Dryíng Unit CollecËor

Cost, Cost, Moísture, Cos! r

$/t $/t $/(t.%m.c.) $/m'

I
2

3

+

5
6
7

7oo(460)
s30 (120)

e70 (3eo)
Blo (310)

2200 (300)
2100 (300)
2100 (200)

17oo (300)
lsoo (300)
14oo (3oo)

110o (6oo)
6Bo (470)
s70 (400)

lsoo (1oo)
14oo (100)

1600 (100)
1600 (100)

130( e0)
1oo( 20)

1s0( 60)
120( s0)

r20(
100 (
e0(

2L0(
180 (
160 (

4L0 (220)
290 (200)
240 (L7O)

zLO( 20)
190 ( 20)

220( 20)
190 ( 10)

1. 30
0.97

1.50
L.20

L.20
1 .00
0.92

2.LO
1. B0
1.60

4.10
2.90
2.40

2.LO
1 .90

2.20
1.90

7 .00
7 .50

6.70
7.00

4.LO
3 .90
3.90

6.60
6 .80
6.90

L2.50
]-4.20
15.50

6.70
7 .30

6.90
6.90

0. B0
0.90

0 .80
0 .80

0 .90
0 .90
0 .90

0 .80
0.80
0. B0

1.00
1.10
L.20

0. B0
0 .90

0. B0

0 .80

2.60

3.00

8.60
7.L0

3. B0
3.80

1. 30
I .50

L.20

5 .00

10)
10)
10)

40)
30)
30)

I
9

10

11
L2
13

L4
15

L6
L7

* Dryíng untíl the bín
Èop is LB% or less.

average moísture content ís
See footnotes Table 4.7 and

1-5.57. or 1ess, and the
4.10A.



86

TABLE 4.114

COMPARTSON OF AYIBTENT AIR AND SOLAR HEATED ATR DRYING

SYSTEMS FOR CORN AT LONDON* PARAMETERS USED

Earliest Moísture
Test Harvest Fall ContenË,
No. Date St,op 7.

Aírflow
S. C., ^ Rate,
oC m" / (mín. t)

Collector Fan
Area, Power,
m2 /t wfm2 floor

24

28

1
2

J

5
6
7

B

9
10

11
L2
13

L4
15

L6
L7

Sept. 15 Nov. 1 ') /,

2ll

20

Oct. 1 Nov. 1

Oct. 15 Dec. 1

Nov. 1

Nov. 15 Dec. 1

Dec.1 24

24

0
5

0
5

0
5

10

0
5

10

0
5

10

0
5

0
5

6.2
5.5

5.0
3.8

1.0
0.8
0.8

5.5
3.8
J.+

rB.0
9.5
8.2

2.8
2.6

2.8
2.6

2.30

1.60

o. gs

0.66

1 .60
2.80

3.90
6. B0

1.10

rlio

L72
L64

]-57
L40

7B
70
70

L64
140
133

267
206
L94

]-23
119

L23
119

Based
L973.

símulated
footnotes

upon
See

drying results averaged over the years 1962 to
Table 4.7



TABLE 4. IlB

COMPARISON OF AMBTENT AIR AND SOLAR HEATED AIR DRYING SYSTEMS

FOR CORN AT LONDONO -- SIMULATED DRYING RESULTS

B7

Fan Tíme
Test Ëo Dryrb
No. h

Probab- Final Energy
ilíty Avg. Input

of Fall M.C., to Fan,
Finish % MJ/t

Avg. Solar
Temp. Input
Rise, EnergyoC Saved

Solar
Energy

Collected,
MJ /r

I
2

3

5
6
7

3eo ( le0)
240 (40)

B4o (690)
sB0 (440)

2300 (200)
2200 ( 100)
1900 (200)

1200 (600)
e70(s20)
B70 (s30)

ss0 (s60)
6 10 (s20)
410 (3so)

1400 (2oo)
13oo ( loo)

13oo ( 1oo)
12oo ( loo)

1.0
1.0

0.7
0.9

0.0
0.0
0.0

0.3
0.6
0.6

0.8
0.8
0.9

0.0
0.0

0.0
0.0

14. B

14.2

14.3
13.7

r3.9
13.0
T2.B

14.,0
13.6
13.3

T4.T
14 .0
13.6

14.0
13.0

14.o
13 .0

3.5
3.7

190 (e0)
110(20)

330(27O)
170 ( 130)

1Bo ( 1o)
140 ( 10)
120 ( 10)

szo (2s0)
2eo (160)
240(t40)

780 (800)
460 (3e0)
270 (23O)

310 (30)
270 (30)

2e0(20)
zso(20)

1s0 ( 10) L.2
230(40) 2.2

1s0(20) 1.s r.7

170(Bo) r.2 1.1

B

9
10

230(100) 0.9
360(180) 1.9

1.0
1.3

11
L2
13

340(200) 1.0
430(220) 2.0

1.0
0.8

L4
15

T6

T7

210(30) 0.9 5.3

210 (30) 0.9 5.4

See footnotes Table 4.7
ín parentheses.
Time requíred to dry the

and 4.114. Standard deviations are gíven

hrettest layer to 15.57. m.c.
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TABLE 4.lIC

COMPARISON OF AMBTENT ATR AND SOLAR HEATED ATR DRYING

SYSTEMS FOR CORN AT LONDON* PREDICTED DRYING COSTS

BB

Over-
Electrícity dryíng

Test Cost, CosË,
No. $/r $/t

DepreciaËion, Deprecíation,
$/t $/t

Total Cost per
Drying uniË
CosÈ, Moísture,
$/t $/(t.%rn.c.)

Drying
Equípment Collector

I
2

J

+

5
6
7

I
9

10

11
L2
13

L4
l-5

L6
17

1.90
1.10

3.30
1.70

1.80
1.40
L.20

5.20
2.90
2.40

7. B0
4.60
2.70

3.10
2.70

2.90
2.50

1.10
2 .00

1.90
2.70

2.30
3.70
4 .00

2.20
2.80
3.30

2.I0
2.30
2.90

2.20
3.70

2.20
3.80

9 .80
9 .10

8.60
7 ,40

3.50
3.1_0
3 .10

9 .10
7 .40
6.90

18.30
12.50
11.50

6.20
s.90

6.20
5.90

z-.io

1.60

o. sg
0.66

1.60
2.80

3 .90
6 .80

1.10

rlio

12. B0 1.40
].4.40 1.50

13.80 1.40
l_3.40 1.30

7.60 L.20
8.50 L.20
8.90 r.20

16.50 L.70
L4 .60 1.40
15.40 1.40

28.30 2.00
23.30 L.70
23. 80 L.70

11.50 L.20
13 .40 L.20

11.40 1.10
13.30 L.20

See footnotes Table 4.7 and 4.114



COMPARÏSON

SYSTEMS FOR

TABLE

OF AMB]ENT AÏR

CORN AT LONDON*

89

4 .1lD

AND SOLAR HEATED ATR DRYÏNG

PREDICTED RELATTVE COSTS

Test
No.

Electrical
Energy
Usage,
t"ÎJlke

w

Solar Cost per UniË of Electrical Allowable
Energy Energy Save4,ç/NIJ CollecËor
Cost, Cost,
C/MJ Solar ElecËrical Propane i/m'

1
2

3

5
6

I
9

10

11
L2
13

L4
15

L6
L7

L.6
0.8

2.6
1.3

al,

L.6
1.3

3.9
2.L
L.7

4.1,
2.4
1.3

2.4
L.9

2.2
1.8

r.6

0.91

0.22
0.29

0 .69
0. 78

L.2
L.6

0 .50

0.52

2.6

1.0

0.8
1.1

0.7
1.0

L.2
1.3

a1

2.8

L.7

1.1

3.5
3.7

1.0
1.3

1.0
0.8

5.3

5.4

0.9

0.6

1.8
1.9

0.5
0.7

0.5
o.4

2.7

a1

1.50

6.40

nil
nil

11.00
7 .00

11.40
8.30

nÍ1

nil

See fooËnotes Table 4.7 and 4.114
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TABLE 4.11E

COMPARISON OF AMBIENT AIR AND SOLAR HEATED AIR DRYING SYSTEMS FOR

FOR CORN AT LONDON'C -- SIMULATION RESULTS FOR AVERAGE DRYING

Test
No.

Fan Tíme
t,o Avg.
Dry,
h

Energy
Input
to Fan,
MJ/t

Total
Electrícity Drying

Cost, Cost,
$/t $/r

CosË per Allowable
Unít Collector

Moisture, Cos!,
$/(t.%rn.c) $/m'

I
2

J
4

5
o
1

300 (120)
210( 30)

s30 (440)
370( s0)

1900 (200)
1600 (200)
1400 (200)

8Bo (s40)
790 (480)
s10 (300)

3e0 (440)
370 (3so)
2s0( 60)

1200 (200)
L100 (200)

1200 (100)
1100 (100)

1s0( 60)
90( 10)

210 (180)
110( 10)

1s0 ( 10)
100( 10)
eo( 20)

380 (240)
240 (L4o)
140( B0)

5s0 (620>
280(260)
160 ( 40)

280( 40)
230( 40)

260( 20)
230( 20)

11. 30
L2.30

10. 70
10.10

5.00
4.50
4.60

13 .00
11. 30
11.10

23.80
L9.20
19.90

9 .00
9 .30

B. BO

9 .30

2.60

7 .LO

12.70
7 .50

10.30
8.30

10 .90
7 .90

3.30

2.90

1.50
0.9 3

2.ro
1.10

1.50
1.00
0. 89

3. B0
2.40
L.40

5.50
2.80
1.60

2 .80
2.30

2.60
2.30

1.30
1.40

1.30
I.20

1.10
1.00
1 .00

1 .50
1. 30
1. 30

1.90
1.50
1.60

1.10
1.10

1.00
1.10

B

9

10

11
L2
13

T4
15

L6
L7

See footnotes Table 4.7, 4.114 and 4.10E.
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change the capital costs, and. changing the grain d.epth or

fan size would change the electricity costs. Tn this

analysis, using a fixed amount of grain would have resulted

in unreasonably high po\^rer requirements at the higher aírflow
rates. Otherwise an unreasonably smal-I amount of grain

would have had to be used. Using the grain depths given in
Fig. 3.1 gave a better basis of comparison. It also re-

flected the fact that more graín can be dried by a system with

a lower airflow rate.

Using the fan size and the hours of fan operation (Tabl-es

4.78 to 4.118) , the electrical energy required to dry the

grain was calculated.. lfhenever solar heating was added the

energy requirements \^¡ere reduced. In most cases, more energy

was collected as solar radiation than was saved in electri-
city to run the fan. Earlier harvest dates appeared to give

the most energy red.uction per unit of solar energy collected
(Tables 4.78 Lo 4.118). The average air temperature rise
provided by the solar energy was also greatest at the earl-
iest harvest dates. Using a solar collector coefficient of

10oC instead of 5oC resulted in nearly doubling the average

temperature rise.
The costs for low-temperature drying of grain included

electricity, overdryíng and depreciation costs. The electri-
city cost was calculated from the energy input to the fan,

assuming an electrical cost of $0.0I/MJ ( $0.036/kIîIh) . Tn
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nearly all cases the electricity cost was the smallest of
the three.

Overdrying occurred as a result of drying the grain more

than was required, i.e. below L4.52 for wheat or 15.5% for
corn. Removal of moisture below this level would result in
less mass for the same amount of d.ry matter. Because grain

is sold by mass, less money would be received. The over-

drying cost was calculated from the averagie final moisture

content of the grain and the grain price, assumed to be

$130/t. For wheat, overdrying cost =

t(14.5 - Mf) x $130/tl x [no. tonnes/(I0O - Mf)].

For corn, overdrying cost =

t(15.5 - Mf) x $130/tl x [no. tonnes/(100 - Mr) ]

where Mf = final average moisture content, % wet mass

basis. In almost all cases sofar drying resul-ted in more

overdrying. The increased cost of overdrying more than offset
the decrease in energy costs (Tables 4.7C Lo 4.11C) .

The third cost, depreciation, was divided into two

parts, depreciation of the drying equipment and depreciation

of the solar collector. The drying eguipment included the

drying floor, substructure, transition unit and fan. It was

assumed that the bin structure \^zas already available for use

as grain storage and thus would not be included in the drying

costs. In some cases the grain depth was less than bin

capacity so fuIl use could not be made of the bin for storage.
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For a 5.7 m diameter bin, the drying equipment was assumed

to cost $2000. Assuming a 10 year economic life¡ ljeo interest

rate and zero salvage value, the cost was Ç325/a. Solar

drying usually required smaller airflow rates. Therefore,

more grain could be dried in the bin, resulting ín lower

depreciation costs per unit of grain.

The solar collector costs \^¡ere calculated assuming a

rate of $1.00/(m2.a) . Collector costs \^rere lowest for the

lowest initial moisture content grain because of the small

collector sizes required. The yearly cost of $1.00/m'was

taken from an analysis by Schoneau and Besant (f976). They

calculated total yearly costs to be $1.04/m', $0.89/m2 and

$1.49/m'for bare pIate, covered plate and suspended plate

collectors respectively. These \^/ere considered to be opti-
mistic costs, âs most other studies used a higher cost. The

effect of assuming different costs is discussed below.

Thê total drying cost, which included electricity, over-

drying and depreciation costs, was calculated for each set of

conditions (Tables 4.7C to 4.11C). Solar drying was econom-

ical in only a few cases at any of the locations. Tota1 costs

r^/ere lowest for the lowest moisture content grain. On a cost

per unit moisture basis, however, the lowest moisture content

grain was in many cases more costly. For all locations, the

total cost per unit of moisture removed was within $0.90 to

$2.I0/ (t-åm.c.).
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The energy efficiency of various dryers can be compared

on the basis of energy usage per unit of water removed.

This analysis showe<1 a rangie of 0.4 to 4.I MJ/kg*, with an

average of I.4 MJ/kg* (Tab1es 4.7D Lo 4.11D) . Solar drying

required I.I MJ/kg*, on the average, compared to I.7 MJ/kg*

for ambient air drying. A survey of several high-temperature

dryers by Friesen (L978) showed a rang:e of fuel usage of 2.6

to 6.5 MJ/kg*, with an average of 4.0 MJ/kg*. Adding the

energy used by the fan and other motors woul-d increase these

amounts significantly. Low-temperature drying therefore

appears to be at least three times as efficient as the high-

temperature method.

These values are comparable to values given by Keener

G977). For in-bin drying of corn from 25 to 15% moisture

cohtent in Ohio, the drying energy varied from L.42 to 4.4I

MJ/kg*. Grain depths were 0.6 to 1.5 m. The energy usage of

high-temperature continuous flow dryers was given to be about

5.8 MJ/kgr. Deep bed drying was stated to be less efficient,

however. For a 4.6 m deep bed of corn, the total energy cost

would be over 9.3 MJ/kg* because of the high fan power

required. This is why the grain depth was made dependent

on the airflow rate in this study.

Low-temperature drying costs also compared favorably with

those for high-temperature drying. At a rate of $I}/L
(27ë/bu) for high-temperature drying, low-temperature wheat

drying was less expensive in 47 out of 63 cases. Generalllz



95

the cases most favorable to low-temperature drying were

those in which the airflow rate was below about l_.5 m3/(min.t)

For corn, low-temperature drying costs were less than çI}/L
in only 5 cases out of 34. When drying was stopped when the

average moisture content was dry, low-temperature drying

costs were lower. In 53 out of 63 cases for wheat, and 2L

out of 34 cases for corn, low-temperature drying costs were

less than $10,/t..

The results of this study may be applied to other forms

of supplemental heat, such as that provided by an electrical
resistance heater or a propane burner. t4orey et al. (L977)

found that the effect of solar heat was essentially the same

as for other types of heat. The only requirement was that
the average temperature rise be the same. Thus the economics

of using electricity or propane in place of solar energy

could be investigated using the same simulation results.
Cost per unit of heat for electricity or propane is

a known and constant value, d.etermined by the supplier or

regulating agency. An electrical cost of $0.0IIMJ ($0.036lkWh)

and a propane cost of $0.005/MJ \^/ere assumed. The propane

cost included an efficiency factor because not al_l of the

heat was usabl-e. For solar energy the cost per unit of heat

\,vas found by divíding the amortized col_lector cost by the

average amount of energy collected per year. This resulted
in a different solar cost for each case (Tables 4.7D Lo 4.lrD)"
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On the basis of these costs, solar energy !üas the cheapest

formofsupplemental heat in 632 of the cases. Tt was second

cheapest in 23e" of the cases. The cases favoring solar

energy h/ere those in which the lowest moisture content grain

or a later harvest date were used.

Addition of supplemental heat to Iow-temperature dryers

increases the drying rate. This reduces the hours of fan

operation, which saves electrical energy. Usually more

energy is added as heat than is saved as electricity. There

are two factors which determine the tot.al energy cost when

supplemental heat is used, (1) the amount of electrical
energy saved per unit of heat added and (2) the relative
costs of electricity and supplemental heat. If the cost for
heat is Iow enough, the total energy cost will- be reduced

when the heat is added. These two factors can be combined

into one number, called the final cost of the supplemental

heat. The final cost is defined. as the cost of supplemental

heat per unit of electrical energy saved. ff this final
cost is less than the cost of electrj-city, the total energy

cost wåll be reduced.

For example, suppose the electrical energy usage is
decreased by 0.5 units for each unit of heat added. The

final cost of the heat thus is twice the original cost. Tf

the supplied cost of the heat is 0.5ë/MJ, the final cost is
2 x 0.5 = I.Ië/VIJ. If the cost of electricity is L.\ë/ut or

more, the total energy cost will be decreased by adding the
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heat.

The ratio of heat ad.d.ed to energy saved was calculated

for each case in which solar energy was added (Tables 4.78 to
4.118) . The fínal- cost for each type of supplemental heat

was found b¡r multiplying this ratio by the cost of the heat

as given above (Tables 4.7D to 4.11D). Using the above

critería, supplemental heat was economical in only 362 of
all cases. In 40e" of those cases solar energy was the

cheapest form of heat. The cases which favored solar energy

were those in which the lowest moisture content grain was

used. This was because of the relatively small collector
sizes required, which resulted in low cost. Al-so, more

energy was collected over the long drlzing period. Thus

there was less cost per unit of energy collected.
Another walz of investigating the economics of solar

drying would be to cafculate the allowable first cost of
the solar collectors. This is the amount of money available

for purchase and installation of the collectors. It is
based upon the annual savings in electricity, overdrying and

depreciation costs of solar over ambient air drying. Tn

thís study, the savings were divided by 0.20 to find the

allowable first cost. This was based on the assumption that
the annual cost of the coll-ectors was 202 of the first cost.

The capital recovery factor for a collector of 10 1¿ear l-ife at
10U interest is I6.3e" of the first cost. This leaves 3.72

for annual maintenance costs.
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Schoenau and Besant (I976) gave estimated material costs

for bare plate, covered plate and suspended plate collectors
as $5 .65, $2.56 and $6 .6 O/m' 'respectively. The l_ow cost for
the covered plate collector was due to the use of plastics.
other sources gave higher values. rf a minimum possible

first cost of $3.00/m2 is used for comparison, the results
show that solar energy would be economical in 252 of the

cases (Tables 4.7D to 4.11D) . The factors which appear to
result in economical solar systems are litt.le or no increase

in overdrying, compared to ambient air drying, and 1ower

depreciation costs (Tables 4.7C to 4.1IC) .

A method of minimizing the overdrying cost would be to
stop the drying when the average moisture content of the grain
is dry. When this r,,/as done, energy costs were reduced due

to shorter operating times. The el-imination of overdrying

costs reduced the total drying cost, also (Tables 4.78 to
4.118). On the averagie, the total drying cost was reduced

by 31? by stopping drying earlier. It therefore appears

that stopping drying early and mixing the grain would save

money as well as energy. For any particular case the savings

available to pay for the cost of mixing the grain can be

found by the difference between the totar costs f>r the two

methods

This procedure \,vas advantageous for solar drying,
because the drying penalty was eliminated. using a minimum
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possible first cost of $3.00/m' for the collectors, solar

drying would be economical in 7IZ of the cases. As in pre-

vious comparisons, the best cases for solar drying were

those in which low moisture content grain was used.

The primary disadvantage of this method of d.rying is
that careful management is requj-red. Accurate determination

of the average moisture content of the grain and thorough

mixing of the grain at the end of drying are both essential.

All of the above comparisons have been based upon the

assumption of an arbitrarlz, fixed cost for each input. Costs

are rarely fixed, however. It would be useful, therefore,

to determine the effect that different costs would have on

the final results. In each case the total drying cost

depends upon the costs of electricity, equipment, collectors
and grain. For any given case a revised total drying cost

can be calculated as follows:

E
rDcr = E (ST.:T)

GAC
+ oD (Fr30 ) + Dep (s3ä)

A

('' '\. +'D''r

(coxcoltft
ro

(4.1)

where E, OD, Dep, Co, and Ao are found from the appropriate

table (Tables 4.7 to 4.11). Ce , the revised annual- collector
r

cost, can be found from Tab1e 4.I2 or calculated from the

initial cost.

As an example, suppose that wheat harvested Sept. 15
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\,üith a moisture content of 202 is to be dried at Winnipeg.

The el-ectrical rate is $0.02/MJ, the value of wheat is $150/t

and a 10 m diameter bin is to be used. The amortized drying

equipment cost is assumed to be $600/a. A vertical south-

facing collector of 402 efficiency is to be constructed for

a cost of çIO/m2, with an estimated life of 20 years.

From Table 4.I2, the annual cost for the collector will
be $1.18/m2. If an annual repair and maintenance cost of

$0.22/m' is added, the cost will be $1.40/(m2-a). The area

of the collector must be multiplied by L.25 to offset the

decreased efficiency. On the other hand, the area can be

decreased because of the change in orientation. The amount

of change can be approximated in the following manner. As

there is a 70 to 902 probability of finishing drying in the

faIl (Table 4.98), most of the drying will occur between

Sept. 15 and Nov. 1. From Fig. 2.5, approximately 15? more

radiation is received on a vertical than a horízontal sur-

face during this time. Thus, a 15U smaller area could be

used. In this example, the total- effect due to changes in
oríentation and efficiency would be to mulitply the area

by 1.09.

Using equation 4.1 and Table 4.9C, test numbers B, 9

and 10, the total drying costs for the three cases are:
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TABLE 4.I2

ANNUAL COLLECTOR COSTS AS A FUNCTTON OF INITIAL COLLECTOR

COSTS AND ECO}JOMIC LIFE*

ANNUAL COLLECTOR COSTS, Ç/m"

Economic Life, YearsCollector
Cost,
ç/m, 20t_5IOI

5.00

7 .50

10.00

l_5 .00

20.00

30.00

40.00

5.50 2.BB

8.25 4.32

11.00 5.76

16.50 8.64

22 .00 rI.52

33.00 17.29

44.A0 23.05

2.01 r.32

3.O2 1.98

4 .02 2.64

6.03 3.96

8.04 5.28

L2.06 7 .9r

16.08 10.5s

0. 81 0.66 0.59

I.22 0.99 0.88

1.63 L.32 1.18

2 .44 r.9'7 L .7 6

3 .25 2 .63 2.35

4. BB 3.95 3.53

6.51 5.26 4.70

*Assuming a
allowance

(1) TDC, =

10? interest
for repairs.

$r.40 rå&#r

ç8.s0/L

$1.00(+#) +

($0.50 x $1.40

$0.72 (fijf+) +

rate, zero salvage value, and no

+ $1.e0(Hå) + $6.00(ff99) rfir ' =

(2) TDC =T ç2 . za r*å&r

x I.09) =

$2.50 riPr

+ $5. Bo t#l 1fit' +

çB.Bo/L

+ $5.20(#) rfii'(3) TDC

($0.83 x $1.40 x 1.09) = $8.70/t
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fn this example the solar drying remains more expen-

síve, even though the electrical rate was doubled and the

other costs increased only s1ight.1y. Due to the larger bín

size, the equipment cost per unit of grain actually
decreased. This is why the total cost decreased.

For the same example, suppose that al-I costs excenl-

elect,ricity increase by 100U over those in the tables.
Electricity costs are allowed to increase sufficiently
to cause a switch to solar energy. The required erectrical
rate can be found by equating the total drying costs for
ambient air drying and solar drying. Thus for SC = 5oC:

E
$1.40 (g¡f6al + ($r.eo x 2) + (96.00 x 2) =

E
$1.00(sõ-#) + (ç2.20 x 2) + ($5.e0 x 2) + ($0.s0 x 2)

E, = $0.035rlMJ, a 2502 increase.

For SC = 10oC:

$1.¿o(FdiT) + $15.60 = ç0.72(m:OT) + ($2.50 x 2) +

($s.20x2)+($0.s3x2)
E' = $0.02I/MJ, a 110U increase.

It can be seen by this example that the effect. of
various price increases is different for each case. Thê

final result is dependent upon the relative increase or

decrease of each cost.

EE
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Tf all costs, including electricity, increased by 100U,

the total drying costs would also increase by 100å, by

equation 4.I. Thus the relative costs for solar and ambient

air drying would remain the same throughout. Electrical

costs must continue to increase more than other costs to

make solar drying economical.

A revised estimate for the allowabIe first cost of the

collector can be calculated as follows:

AFC, = I (no - Er) x (sT+oI) + (oDe - oos) (STfu) +

AC
(Depa - Deps) (t=ä) f!11 't + (A x Fr)

r
where EO, uS, ODO' ODgr OspA and Dep, are taken from the

appropriate table (tables 4.7 to 4.11). Fr, the revised

annual cost factor, depends upon the chosen economic life,

interest rate, salvage value, maintenance costs¡ etc.

For example, suppose the value of wheat increased by

20% while the cost of the other inputs increased by 100U.

The allowable first cost of the collectors for the previous

example would be:

(1) SC = 5oC

t ($1.40 $1.00) x 2 + ($1.e0 - ç2.20) x I.2 +

($6.00 $5. B0) x 2l + (0.50 x 0.2)

= $!.2_9_N, assurning an annual cost factor of 0.20. This

is a 350U increase.
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(2) SC = 10oC

t ($1.40 ç0.72) x2 + ($r.eo $2.50) x I.2 +

($0.00 - $5.20) x 2l + (0.83 x 0.2)

= $12.80/m2, a 1BOA increase.

The results of this study are in agreement with the

conclusions of Bakker-Arkema et al. (f978). They drew

the folLowing conclusíons, based on research thus far

conducted on in-bin solar corn drying:

1) solar drying and natural air drying are equally feasible

on a technical basis when practised under similar
drying conditions,

2) sofar drying results in major energy savingis when

compared to high-temperature drying,

3) solar drying resufts in small energy savings when

compared to natural air drying,

4) for a given location the airflow requirements for in-bin

solar drying are determined by I or 2 out of 10 years

of unfavorable weather conditions.

In some cases, particularly for early harvest dates, it
may be possible to use the in-bin dryer as a batch dryer.

In that case, more graín could be dried with the same

system, thereby reducing the unit cost of drying.

Another management approach which may be used for
reducing the overdrying problem, is to stir the grain

as it is being dried. This is accomplished by a number of
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vertical augers in the bin which move about the bin whil-e

lift,ing the lower moisture content grain up from the

bottom. This allows grain of higher moisture content to

come into direct contact with the incoming air, thus

reducing the vertical moisture gradient. The stirrers
also break up areas where wet grain may be packed or where

trash has accumulated (Frus, 1968). The stirring of the

grain reduces the resistance of the grain mass to airflow.
This results in increased airflow through the grain. As

a result of these effects, a greater bed depth or a lower

airflow rate can be used (Vüil1iams et aI. 1978).

Overdrying costs are eliminated and costs per unit of
grain may be reduced as a result. These savings coul-d be

applied against the cost of stirring equipment.
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V. CONCLUSÏONS

A computer model was used to simulate moisture content

changes and. grain quality deterioration for low-temperature

drying systems. The model was used to determine the min-

imum airflow rates required for drying with unheated air
and solar heated air at selected sites in Canada. The

model was also used to simulate drying over a number of
years at each of the locations. Wheat and corn drying \iìrere

simulated for different initial moisture contents and

different harvest dates. The results indicated the

following:
1. Minimum airflow rates are approximately doubled for each

2Z increase in initial moisture content of the grain.
They are decreased by 50? for each month's detay in
harvest. In cases where most of the drying is carried
over into the next spring, ho\,'/ever, the airflow rate

must be increased over this amount.

2. The addition of solar energy reduces the required

airflow rate by as much as 50U for a coll_ector co-

efficient of 5oC. The amount of reduction depends on

the harvest date, initial moisture content and l-ocation.

Generally the greatest reduction occurs where the

highest airflow rates are required.

3. The time of fan operation and the average energy re-
quirements are reduced, when solar energy is added,

by 10 to 602 for a collector coefficient of 5oC.
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4. Addition of solar heat leads to increased overdrying

of grain in the bottom layers before the top layer

is dry.

Across Canada, the required airflow rates and energy

requJ-rements increase from the cool, dry regions of
Edmonton and Swift Current to the warm, humid regions

of WinnÍpeg and London.

Energy requirements vary considerably from year to year,

due to variations in weather. For the year with most

adverse weather conditions, the energy requirements

may be as much as 10 or more times those in the years

having the best weather conditj-ons.

The use of higher airflow rates generally results in
higher energy consumptions.

B. A solar collector with a coefficient of 5oC provid.es

an average temperature increase of I to 2oC at all of

the locations.

9. At present electricity and grain prices, solar grain

drying is not economically feasible in most circum-

stances.

10. Overdrying costs are a major factor in determining

the economic feasibility of solar grain drying.

11. If overdrying costs are removed, solar drying is econ-

omical in approximately 60U of the cases on a total
cost basis

12. Total drying costs are lowest for lowest initial
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moisture content grain.

13. Drying until the bin average moist,ure content is dry,

rather than drying until the top layer is dry, results
in both less energy usage and less total cost.

14. Considering energy and solar collector costs alone,

solar energy is the cheapest form of supplemental

heat in about 602 of the cases.

15. Considering energry and solar collector costs a1one,

conditions are most favorable for solar dr¡zing of low

initial moisture content grain.

16. High airflow rates are required to successfully dry

grain at initial moisture contents above 22 to 242

for wheat, and 24 to 262 for corn. This leads to

large power and energy requirements for the fan or

significant reductions in grain depth. Low-temperature

drying is therefore best suited to drying lower

moisture content grain.

17. If the price of electricity continues to increase

faster than other prices, solar energy will eventually

become economically feasible for grain drying in most

cases. Tf all prices increase at the same rate, however,

the economic feasibility of sofar grain drying will
remain the same as it ís at present.
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VÏ. RECOMMENDATIONS FOR FURTHER STUDY

A study should be made of various grain growing, har-

vesting and storage systems, ât various locations, to

determine the optimum solar drying system for each

case.

A study should be made of various fan management methods

and leve1s of supplemental heat to determine the most

energy efficient methods of drying and cooling grain.

These could include continuous fan operation , control

by humidistat. or thermostat, or combinations of these.

Various methods of preserving grain (both dry and tough

or damp) should be studied on an energy use basis to
determine the most energy efficient methods. These may

include airtight storage, addition of chemicals, re-

frigeration, or other methods, in comparison with

aeration and drying.

Other methods of solar drying should be studied, with

the objective of reducing the effect of overdrying.

Alternative energy sources, especially renewable sources,

should be investigated for their feasibility in drying

grain. For example, methods of utilizing excess plant

material could be j-nvestigated.

The basic properties of grains gro\^/n in Canada should

be determined for the entire range of temperatures

encountered in Canadian climatic regions, for use in

2.

3.

4.

6.
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various simulation models. These properties include

specific heat, equilibrium relative humidity, bulk

density and thermal conductivity.

The deterioration rates or a storability index for
Canadian grains should be determined as a function

of temperature, moisture content, gaseous environment,

physical damage, and other factors, to aid in finding
methods of preserving the quality of graín under

various conditions.

The equilibrium drying model- and other models should

be compared to actual drying results in Canada, and

if necessary, modified, so they can be used for a wider

range of applications in simulating drying and aeratJ-on,

i.e. under any set of cond.itions.

For condj-tions of zero and. low airflow rates, conduc-

tion heat transfer should be incorporated into the

model.

B.

9.
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APPENDTX A

CALCULATION OF RADTATTON ON

A TTLTED SURFACE
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APPENDIX A

CALCULATTON OF RADTATTON ON A TILTED SURFACE

To calculate the average daily radiation on a tilted
surface for a particular month, the averagte daily diffuse
and total radiation values for a horizontal surface must

be known. ü7hi1e total radiation ís measured. at many locations

on a regular basis, diffuse radiation is not. Thus, in most

cases, the diffuse radiation component, must be estimated.

The usual method of estimation is to use the relationship
between H/H_ and H./H, where H is the total radiation on'od'

a horizontal surface for the location and time in question,

H^ is the extraterrestrial radiation on a horizontal surfaceo

for the same location and time, and HU is the diffuse
radiation for the same location and time. Ruth and Chant

(1976) presented a relationship between u/Ho and H.U,/H, for
Canadian locations, which is approximated by the following
set of equations:

Hd/H = 0.97

Hd/H = 0.97 2.5 (H/Ho - 0.I2)

HU/H = I.486 - I.763 H/Ho

Hd/H= 9.0 (l u/Ho o.Bzl )''u

(H/Ho<o.12) (A.1)

' (0.tz<H/Ho<o.44) (e.z)

(0.44<H/Ho<0.66) . (a" ¡)

+ 0 .2r3 (H/Ho> 0.66) (A.4)

Because the relationship was developed from daily data, it
was used to calculat,e daily diffuse radiatj-on values, Hd, from

daily horizontal radiation data, H. The value of Ho was

calculated for each day by the following equation (Duffie
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and Beckman, I974) z

Ho = 24/r I=" ( tl + 0.033 cos (2t¡n/365) I tcosþcosôsin ur"

* r" sin$sinôl ) (A.s)

where I"" = solar constant , 4B7I kJ/ (m'.h) ,

n = day of the year,

0 = latitude, radians,

ô - declination, radians,

ü)_ = sunrise hour angle, radians .
S

The decLination can be found by the equation:

ô = sin-t [o.3g7B sin[2r/365 (n - 80) + 0.0335 (sin

(2rn/365) sin (160r / 365))11 (A.6)

The sunrise hour angle can be found by the equation

of Duffie and Beckman (L97 4) z

u== cos'(-tanptanô) (A. 7)

From the daily diffuse radiation values, calculated by

the above equations for the years 1957 to 1975, monthly

average values were obtained. The average daily radiation
on A surface tilted toward the equator was then found

for each month by the following method, taken from Klein,
et al. (1976) (originally presented by Liu and Jordan, 1962) .

H =ãll--¡r (4. B )

where H, = monthly averagie daily radiation on a tilted
surface, kJ/m2,

H = monthly average daily radiation on a hori-
zontal surface, kJ/m2,
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R - (L - 6/H)RD + -DlH (1 + cos s)/2 + p (1 cos s)/2

. (A.e)

where

D = monthly average daily dj-ffuse radiatirn, kJ/m2

s = slope of the surface (ang1e between the horizontal
and the surface), radians,

pl = reflectance of the ground for solar radiation,

Ro - cos(0 s) cosôsin ul=' * r"' sin(S s) sinô
cosQcosôsin u= * r= sinþsinô

. (A.10)

where ui-' = min [cos- i(-tanþtanô) , cos i (-tan ( O s) tanô ) ]--s

ü)- = cos '(-tanþtanô)
S

(A. 12 )
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APPENDÏX B

COMPUTER STMULATÏON MODELS
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APPENDTX 8.1 MODEL NOTATTON AND FORTRAN VARfABLES

Model FORTRAN Model FORTRANNotation variables Notation variables

A

AFR

C

DM

e

cA1

AFR

C

PERDM

M--T XMT

M, xM(r) , xMC

PPS
S

EXP ffiair RHA]R, RHS

ERH ERH SC

TEMP, c(T)

T(TJ)

T (I)

SOLHT

SAFES, Z, SAFWH, WT

EQT

TR

DELT

Go

H

H.r

Ho

M--D

M.r

M-M

G(T)

RAD

HF

H (T)

DM

XMT

XMM

DM(I)

T

T.r

0

oeq

To

At

AR

A0Mo
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ALPHABETICAL INDEX OF FORTRA,N NOTATTON
USED IN THE STMULATTON MODELS

A

APPENDIX 8.2

A (I)

AD(r,J)

AF(r)

AFR

AHUM

integer ratio of time t.o tirne, interval in Sub-routine HRNORM

l-ocation of data value in subroutine AHUM

array which stores the status of search in sub-routines DRYSTM, ZERO, TypE.t, and program MINAIR

array of which the minimum value is found in
subroutine MfN

array of which the maximum value is found in
subroutine MAX

year, month, day, and hour read from the weathertape for hour I
data for air veloci-ty versus pressure

airflow rate through the grain, m3/ (min.t)

subroutine which calculates the absolute hum-idity or the saturation vapour pressure ofthe air
airflow rate (AFR) found by MINAIR for simula-tion r , m3/ (min. t)
total time of continuous aeration to date, h

1og of the static pressure through the grain
1og of the allowable storage time for wheat
from equation 1

log of the allowable storag'e time for wheat
from equation 2

ArR(r)

AÏRHR

ALOGSP

ALOGTJ.

ALOGT2

AM

AMT (I)

AREA

ASP (I,J)

AVEM

desired month of starting the drying process

month (AM) used by MINATR for simulation f
bin floor area, m2

data for static pressure versus air velociÈyfor grain J

average moisture content of
bin, ? wet mass basis

the grain in the



l-23

A\IET average temperature of the grain in the bin, oC

AW(I) - year, month, day, and hour of the last record
read from the tape

B ratio of time to time interval in subrouti_ne
HRNORM

location of data val_ue in subrouÈtne AHUM

BïG largest value in the array A(I)

C specific heat of the grain, converted to
J/ (kg..oC)

location of data value in subroutine AHUM

CAl - horizontal collector area, m2

CC - year read from the tape, for checking

CMM total airflow rate through the grain, m37min

cMNr(r) ínitial m.c. (xMo) used by MTNATR for simulation T

COD cost of overdrying the grain, g

COR indicator to check if tape is in the correct
position

CS(I) - solar coefficient (SC) used by MINAIR for sim-
ulation I

D year, month, and dry, or month, day, and hour
read from the tape

location of data value in subroutine AHUM

DATE(Ï) date read from the tape at the start of drying
DATS(]) date read from the solar tape at the last reading

DATï\7 date read from the weather tape at the last
reading

DA,Y desired day of starting the drying process

DAYNO present, day of the week
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DAYPÍVK(I) number of days per \ireek that the fan is to
operate during period I

DB - moisture content of the grain, Z dry mass basis

DBMC - moisture content of the grain, Z dry mass basis

DEL allowable error in determining X

DELT equivalent to TDELT (time interval, h)

DHEAT(I) number of degrees the temperature of the input
air is increased by the heater during period
I, oC

DHEATC number of degrees the temperature of the input
air is increased continuously until the end
of drying, oC

DIAI, diameter of the grain bin, m

DIAM equivalent to DIAI, m

DM - mechanical damage multiplier for the storage
time of corn

DM(I) - moisture content of the grain in layer I, Z
drv mass basis

DRY - moisture content of the grain in the drj-est
Iayer, ? wet mass basis

DRYSXM subroutíne which simulates the drying process
for the whole bin of grain during one time
interval, IDELT

DT harvest year, month and day, used to align
the tape

present. month and day

time interval used in MINAIR

DTl present year, month, and d.y; used f.or checking

Dfz year, month and day of desired stopping point

present month and day

DYA(I) day (DAY) used by MTNATR for simulation r
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E location of data value in subroutine AHUM

ELCOST - price of electricity, ë/kWln

ENERGI total electrical energy used to date by the
fan, MJ

EPTI total electrical energy used by the fan, per
tonne of grain I MJ/t

EQT equivalent storage time, h

ERH equilibrium relative humidity of the grain, 3

F location of data value in subroutine AHUM

FANCST total cost of electricity to run the fan to
date, $

FANH total time of fan operation to date, h

FANHR - hours of fan operation so far today

FANHT number of degrees the temperature of the input
air is increased by the fan, oC

FANSUB subroutine which carculates the required po\^/er
to drive the fan for the given conditions, kW

FAT portion of the allowable storage time already
passed at the startof drying, decima.l fraction

FT temporary location for TIME(I)

G location of data value in subroutine AHUM

G(I) temperature of the grain in layer r, oC

GMASS1 - mass of grain in the bin, t
GO initial grain temperature, oC

GRNDRY subroutine which simulates drying of grain
from start to finish for a qiven set of con-
ditions

GRNPRC - price of grain, ç/t
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GRNTMP(T) grain temperature setting for aeration(aera-
t,ion occurs when the grain temperature is above
this) , during period I, oC

H equivalent to HO

H(r) absol-ute humidity of the air entering layer rl
kilograms of water per kilogram of air

HARV desired month, day and hour of starting the
drying process

HEAT number of degrees the temperature of the input
air is increased by the fan and heater, oC

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

HO absolute humidity of the air entering the
layer of grain at the beginning of the time
interval

absolute humidity of the air in subroutine
RHATR

HOT temperature of the grai_n in the hott.est layer,oc

HOUR desired hour of starting the drying process

HRNORM subroutine which checks whether the values to
be used are allowab1e

HRPDAY(I) - maxi-mum hours of fan operation per d.ay during
period I, h

HRS time in subroutine HRNORM, h

HSTAT(T) humid.ist,at setting for the heater during
period I, U RH

HTEMP(T) thermostat setting for the heater during
period 1, oC

HTHPD(r) - maximum hours of heater operation per day duringperiod l, h

HTRH total time of heater operation to date, h

HTRHR hours of heater operation so far today, h
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HTTïME(I) time of day that the heater is turned on, h

I index of a DO-loop

indicator of the hour in subroutine READRN

ïAB indicator to ensure the correct cal_culation

IAV indicator for correct routing
fC indicator of A.M. or p.M. on the radiation tape

ID equivalent to AW(4) = hour of the last readinq

equivalent, to IDELT in subroutine READWR

IDEL tíme interval in subroutine HRNORM, h

IDELT time interval used in the program, fi

IFR initial val_ue used ín a DO-loop

ïGgraintypet0=wheatrl=barJeyr2=corn

IGR grain type in subroutine FaNSUB

equivalent to IG in subroutine GRNDRY

ïJ difference between the dates on the two tapes,
if any, in subroutine READRN

indicator of the air and grain conditions
at the end of the time interval, in subroutine
DRYSTM

TJ(I,J) array for storing data val-ues

IN indicator for determining the date

fND indicator for the period of time (f = faIl,
2=winterr 3-spring)

ïNTWEK number of time intervals, IDELT, p€r week

INV number of time intervals, ïDELT, per day

IOP indicator of the type of operation (for fan
and heater contro])

ïPRT indicator of the search status
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ISAVE temporary location of IDELT

ISP spoilage indicator
IWD(I) title to be printed with the output

J index of a DO-loop

indicator of the day in subroutine READRN

indicator of the curve type in subroutines
DRYSïM, ZERO, TYPEI, and program MINAïR

temporary location of IDEL in subroutine
HRNORM

indicator of the minimum value of an arrav
in subroutine MIN

indicator of the maximum val-ue of an arrav in
subroutine MAX

Jl indicator of search position
J2 indicator for tape positioning
JDAY indicator of the day for correct fan operation

JJ índicator for routing

JP alternate location of J in subroutine ZERO

K index of a DO-loop

convergence indicator in subroutines DRYSIM,
ZERO, TYPEI, and program MINAIR

KK indicator of the number of aeration intervals,
IDELT

indicator of the number of records (hours)
read from the weather tape in subroutine
GRNDRY and program MINATR

KR temporary location of IDELT

L index of a DO-loop
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indicator of the number of records read from
the radiation tape in subroutine GRNDRY and
Program MINAIR

Ll indicator for routing

LH indicator of the layer of grain having the
maximum temperature

M equivalent to MM

M(I) character indicator read from the radiation
tape for hour I

MAX subroutine which finds and identifies the max-
imum value in an array

MD(I) - character indicator read from the radiation
tape for day I

MIN subroutíne which finds and identifies the
minimum value in an array

MINAIR program which determines the minimum airflow
rate required to dry a bin of grain without
spoilage under specified conditions

MTSS character used to check for missing data on
the radiation tape

MM special indicator which indicates the status
of search

N indicator for routing in subroutine READRN

counter used in subroutines DRYSIM, ZEPIOI
TYPEl, and program MÏNAÏR

indicator of the desired calculation in sub-
routine AHUM

indicator of the size of the arrav in subroutines
MAX and MIN

Nl indicator of. the layer of grain having the
lowest moisture content

N2 indicator of the layer of grain having the
hiqhest m.c.
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N3 indicator of the layer of grain in the !úorst
condition

N5 indicator of the number of times READRN has
been called

NJ indicator one less than NO

NN indicator of the number of times the radiation
tape has been read since reaching a wrong
date

NO indicator of the number of time intervals,
IDELT, that have passed

equivalent to N5 in subroutine READRN

índicator of the number of simulations run
in M]NAIR

NOTE indicator for routinq

P portion of the allowable time already elapsed
in the worst layer, %

PCTDM(I) dry matter decomposition in layer It Z

PCTM equívalent, to P as a decimal

PER(I) portion of the allowable storage time already
elapsed in layer I I Z

PERDM dry matter decomposition in the worst layer, %

PF packing factor used in the static pressure
calculations

PS saturation vapour pressure of the air, kPa

PTIME time elapsed since the start of drying, h

P!ú - vapour pressure of the air at T, kpa

PWR - power required to drive the fan, klf

PVüRI equivalent to PVüR

R dry matter to air ratio, kilograms of dry
matter per kilogram of air
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RA,D total radiation received durinq the time
interval IDELT, cal/cmz

RAD(I) sol-ar radiation received during hour I, cal/cm2

RDNBNI total solar energy collected to date, MJ 
.,,¡..,,, .,.¡.,

READRN subroutine which reads the radiation data from : r ::'
the tape for one day and calculates values to
replace any missing data

READWR subroutine which reads the r¡¡eather data from
the tape and fills in any missing values . . :.

REL(I) relat,ive humidity of the air during hour l,eo 
ì'r::':'

: i::.:,,;....,RH average relative humidity of the air during .:.::: :. ::

the time interval IDELT, U

RHATR subrout,ine which calculates the relative hum-
iditv of the air for the qiven conditions

RHS relative humidity of the air leaving the layer
of grain at the end of the time interval,
IDELT, URH

RHSTAT(I) humidistat settíng for the fan d.uring period
1, URH

RSDT earliest d-ate that the fan can resume continuous
operation after the winter period, month and day

RSTEMP - minimum average temperature for one week that
allows the fan to resume continuous operation . ., ..,.j-n the sPring, oC ::'::: ':::"

- value used to determine a new estimate for X

SAFES subroutine which calculates the allowable
storage t,ime (h) for corn at the given temp-
erature and moisture content

SAFWH subroutine similar to SAFES for wheat

SC solar collector coefficient; average 24!;l
temperature rise that the collector will pro-
duce when the daily solar radiation is approx-
imat,ely 40 MJ/m', oC
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SDATE earliest date that the fan can cease continuous
operation for the winter period, month and day

SMALL smallest va]ue in the array A(I)
SOL(I) solar radiation received during hour I,

. langleys (cal/cmz ) ..

SOLHT temperature rise of the incoming air due to
radiation received during the time interval,
TDELT, oC

SP static pressure drop through the grain, kpa

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

SPLGCT cost of spoilage in the grain, g

SPM static pressure drop per metre depth of grain,
kPa/m

SPIIT specific weight of grain , t/m3

srEMP - maximum average temperature for one week that
allows the fan to cease continuous operation
for the winter period, oC

STPDT(I) - desired stopping date for the ïth op"rational-
period of time, month and day

STPYR final year of drying to be simulated :.

SUMM sum of the moisture contents of aII the layers , 
:"

å wet mass basis

SUMT sum of the temperatures of all the layers, oC

T temporary location of HRS in a subroutine
HRNORM.....

- equivalent to TEMP in subroutine SAFES, oF ,.,,

temperature of the air in subroutine RHATR, oC

equivalent to TEMP in subroutine AHUM, K

T(l) ternperature of the air entering layer I, oC
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TAB temperature of the air leaving the layer of
grain at the end of the time interval, fDELT, oC

TAEH(T) - HEAT used by MINAIR for simulation I
TAIR - sum of the ambient air temperatures for the

week, oC

TD averagte dew point temperature of the air enter-
ing the bottom layer of grai-n during the time
interval IDELT, oC

average dew point temperature for the week, oC

TDP(I) dew point temperature of the air during hour
It oF

TDPT sum of the dewpoint temperatures for the week, oC

TEMP temperature of the grain in subroutines SAFES,
SAFWH, and SPHT, oC

temperature of the air in subroutine AHUM, oC

TEMP(I) thermostat setting for the fan during period
T, oC

TEMPA 3[bient air temperature at the start of drying,

TIME time elapsed since the start of drying, h

TIME(I) time of day that the fan is turned on, h

TTMS time at the beginning of the present time
interval, h

TINV equivalent to INV

TLRAD total radiation received since the start of
drying, MJ/m2

TO average temperature of the air entering the
bottom layer of grain during the time interval,
TDELT, OC

average ambient air t,emperature for the week , oC

equivalent to TP in subroutine READïVR

TONNE equivalent to cMASSl, t
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TP average ambient air temperature for the time
interval-, TDELT, oC

TP(I) - ambient air temperature during hour I, oF

TR reference storagie time for corn, h

TRAD tot,al radiation received during the week,
J/cmz

TYPEJ, subroutine used with ZERO to find a better
estimate for X

V - velocity of the air through the grain, m/mín

Vl equivalent to WB in subroutine SAFES

simi-lar to S in subroutine TypEl

!{B - moisture content of the grain, ? wet mass basis

ürET - moisture content of the grain in the wettest
Iayer, ? wet mass basis

WETAL - maximum moisture content (wettest layer)
when the average is dry, ? wet mass basis

V\TEEKIN equivalent to INT!{EK

WKFNHR total fan operation t.ime so far during the week, h
ï/üT allowable storage time for wheat at the present

conditíons, h

X the present year

independent variable in the subroutines ZERO
and TYPE1 which is to be found such that
f (X) = YD (X = HF in DRYSIM; X = AFR in
MINATR)

XL alternate location for A(1)

XM(I) - moisture content of the grain in layer I,
% wet mass basis

XMC - moisture content, of the grain, ? wet mass
basis
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XMF desired final grain moisture content, ? wet
mass basis

XMI - moisture content of the grain at the end of the
time interval, IDELT, % dry mass basis

XMM - moisture multiplier for the storagre time of corn

XMO initial grain moisture content, ? wet mass basis

XMT temperature multiplier for the storage time
of corn

XU alternate location for A(3)

Y function of X (Y = ERH - RHS in DRySIM;
! = Z dry matter decomposition in MINAIR)

Y4 similar to S

YD desired value of Y

YER(I) - year (vn¡ used by MINAIR for simulation I
YL alternate location for A(2)

YR desired year of starting the drying process

YU alternate location for A(4)

Z - allowable storage time for corn at the present
conditions, h

temporary location of A(I) in subroutine ZERO

ZERO subroutine which sequentially selects better X
values for an unknown function f(X) (= Y),
such that f(X) equals some desired value of
Y (YD)
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APPENDIX 8.3 FLOVíCHART OF SYSTEMDRY PROGRAM

Variable IOP indicates the operation of fan

and heater:

I
2

3-

4-

continuous fan and heater operation

continuous fan operation with heater
controlled by tíme clock, thermostat,
humidistat or a combination of these.

fan and heater both controlled by time
clock, thermostat, humidistat, or a
combination.

fan and heater off duríng winterr âs
specified by temperature and date.



DEFII\E STORAGE AN¡D COMI4ON AREAS

ASSÏGN ÐEFAUIT VA,LUES Ir FNQUTNUD

CTECK OR CAJ,CTIIAIE REI,ÍAI}ÍING P¿.RAMETERS
(c¿¡¿ FAÀÌSUEj, mmOn¡E)

PosrTIoN m¡n(s) AT STARTTNG DAIE AS nEQUTRED

Ï18 ¡{EADTNqS AND PARAI,EIERS

INTÎTAITZÊ VARTABTES

CI{ECK .$Ð AESEÎ
FA¡I AND I.üATER

cONTnOLS

]\METENT AIR CONDITIONS F'ROM T
FoR TIlm PERIoÐ (C¿i¿ ns*.u,¡n)

(see t,ext)



READ SOLAR

sOfuTR RADIATION DATA F
TAIE FOR DAY (CArt REÀDRN)

CALCIII,ATE TOTAT RAÐTATTON RECEI\ED DIJRING
A1 AND AESUITANT T5þIPER.&TURE RTSE

C¿tICUIÂTE Tït'lE ¡1.T STIIRT 0F
INTERVAÍ, AND ÐAY OF }IEEK

ïNPUI AïR TEI'IP =
AI'IEIElxl + SOLÀR
+ CONSTA}I'I HEAT

INPIJI AïR = ÅI'43IEN?
(¿Bn¿trot'l ro coot)
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INPW AIR = AJ'ßIEIfI

INPIÆ AIR T,EI{P =
AÌ"ß,IENt + SOLAR HEAt

TNPIJT AIA TEI"IP = AMtsIENT
+ SOIJin + CONSTAIU IEAT

SÏI"ÍUIATE DRÏING OR COOTING PROCESS
FOR ÂT ( C*il, DnYSry)

TNCRE¡,ßNT FA}ü & I{E¿,TER TÌOURS

PAEDTCÎ GftA]N DETERTORAîTON
(cAI,t sAr'ùfl{ oR sAFEs)



AVG. lui.C.

RESET FAN
AND HEATER



Ïl\ru CURNENT RESULTS

T¡@
m^

STOP
\ 2.,

NEffiT FAN
ANÐ ITEÀTER

CIfrCK AND RESET COMA,OTS

CA.ICUTATE AND PRINT ENEftGT Uffi

CAI¡UT,ATE AND PRTÀIT

TOTAI RAD]ÁÎION RECEI1EÐ

(drying for
nearly a year)



OR A.I/G.

CA]fUI,AtE ANÐ FR,INÎ
OT¡ERDRTTNG AND ENERGT

cosTS

COÀTTROL9

r0 ¡E

ffiAR FOR
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APPENDIX 8.4 FLOI^TCHART OF MINAIR PROGRAM



DEFT]ß STORAGÐ AND COMMOTf AREAS

DEFAULT AX]D INTTTAL]ZEÐ VAI.UES

PosxlIoN T¿\ÏE,(S) AT STARTÍNG D/\TE

S$fiII.A!E DBTTNG FOR O\E TEAR POR
ßTVEN AITFLOI/ÌI RATE (CATI GRNÐRT)

EA.CKSPACE TATE(S)
TO STARTTNG DAE

>I,CI.4F8
EÐEN

sloaE
PARA}'{E1ERS

CAICULA.ÏE NE!\¡

AFR (C4É ZERO)
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APPENDIX 8.5 FLOWCHART OF READRN SUBPROGRAM



ÏN]TIALTZE VARTABIES

DATA. FOR 2[ h

TATE SAIqE

TE A.S'hMA

I¡¡RITE DA.ffiS
OF MTH TAFES

RÅDÏATION
TAPE ¿"IIEAD OF

ATE EEIIIND
WE¿.TifrR
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ÏF ]. DAY AIMAD,
DATA - DAT 3

lF 2 DAÏS AFEAÐ,
DATA = DÀY ¿.

DATA = DAfl

DA?A = DAT l-
0.4.T = DAY jt



n^vrrr DAf3+DAYl---:
4

DAY tH = DAY 3H

oR DAn 4
NEAD

DAY: ÐAY + L



ITOIIR OF
Då"T 2

i'ûSSIII}G
DAYI IIOUR = DAY 2 HOtlR

HOT]R OF

ÐAr 3
MTSSTNG

DAY I HOUR =
DAY1H+DAY3TI

HOUR OF

DAY 4
¡4TSSTNG

rì^.v. -r lrrìrrÞ _ DAY I H + DAT l+ Hu¡rrlftvurt=- 
z

HOtlR=HOUR+1
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APPENDIX 8.6 FLOWCHART OF GRNDRY SUBPROGRAM
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DEFIIE STORAGE AND COMMON TIFEAS

READ AT,IB,IENT A]A TE}IFERATUNNS
FA,OIvI I,IIEATTTER TATtr FOR TEE DAY

(cnri, FEAD.I'rR)

SOI,AR DÁ.ÎA

REA! SOÏ.AR fu\DTATTON
DAUA FROM TATE FC

DAY (CArL READRN)

CATCUTATE IEMPENATURE
RÏS DTE TO SOTAR I{EAT

CAT,CIJI,ATE T¡üPTJ"f

A]R MMFERÁ.T{JRE

STMNATE DRT]NG FOR
ONE ÐAY (C¿rl DRYSIIvI

PAEDÏCT Efi,AIN DETERIORATTON
(c¿tt sAFE$ oR sAFïIH)



CATCULATE V¡.LI.ES

PRI}üI CIIRREIfT
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APPENDTX 8.7 MATHEMATICAL MODEL OF SYSTEMDRY TN FORTRAN
STATEMENTS



:.:lr: l-ll

C NATURAL AIR DRYTNG MODEL BY TOM THOMPSOTi T MODIFTED BY BRUCE. TRÀSER
C rOR IVHEATT BARLEY' OR CCRN FOR N/TTURALT SOLART OR HËAÍED AIR DRYING.
C REOUIRES h/ËATHEF¡ ¡NFO ON TAPE. LAST UPDAÎE 78 02 08
c

COMMON /AREAI/xMll0l rc(10 lrDM(10 ) rIG.R
DIMENSIoN Atd(41 rDATE(4) rPEts( lcr) r IlyD(20) TDHEAT( 3t'HTHPD(3t r

+HTTI ME ( 3 ) THTEMP( 3I IHSTAT ( 3 ) I STPDT ( 3) THRPDAY( 3 ),DAYPWK ( 3 } tTT ME( 3t r
+TãMP(3I IRHSTAT( 3 } TGRNTMP(.3 ) ISOL( 24) I PCTDM( 1C )

c

I rO FORMAT( r-r ' 
I SIMULATED DRYING eËsULTS FoR SpEcIFIED FAN AND HEATER

+OPERATIoN wITH THE INDICATED PARAi4-TER5../. TorAL FAN AND HEATER
+HÐURS OF OPÊRATICN TC DATET GPAIN MO¡STURE CONTENTS (wBI AND TEMPE
+RATURES (GT) ARs GIVEN AT TH= END oF./t EACH wEEKr ALONG wtTH AN
+TNDICATf ON OF GRAIN CONDITIO!¡ (ZALL¡TIME.T T AVERAGS AMBIËNT AIR TE.U
+tr (TAIR} AND DEN POINT T=MP (TDPT)I)

FORMAT( ' FOR THÉ WEEKT A¡\D TOTAL RADIATION RECEIVÊD DURING THE l'ÚEE
+K (J/SQ.CMl.rl

111

c
C R EAD AND ìdR I lE T I TLE FOR OUT9UT

FEAD (5' I 2Ð rEND=l 0CC ) ( It¡dD( I ) r
I2} FORMAT(20A4}

URITe(ó' I 30) ( IwD( I ) r I=l r 201
l3c FoRMAT( r0r r20A4)
L

l4ù READ(5rl45rEND=lO00l¡GrIOPTIDELTTXT,ICTXMtrTGOTYRTAMTDAYrHOUR'STPYRt
*AFR T SC I FANHT, DHEATC I D I AI, GMASS I T GRNPRC T -LçOST. FA'T

C *****x*l(**+*********+************,Fy***'r**,-(***********+******+*¡(****'!*
c ù Fã'AD GRAIN TYFE r IG(O=1¡rH-ATr l=ËÌAÊLËyr z=cilËN) ' oF,EFA-TIoN It\¡DIcAîop +
C * IeP( I=CCNTINUOUS FAN OPERATION WITH CTINTI NUOUS On NO HãATËR¡ >F

C * 2=CDNTINUOUS FAN OPERATIÐN WITH HEATFR OPERATIT]N DFFTNED BY SÊCOND*
C * CARD¡ 3=DISCONTI¡JUOUS FAN OPERATIOt{ !{ITH OR T,TITHOUT HEATÉRr *
C * OPSRATION OF BOTH DEFIN€D BY FOLLOWING 3 C'.RDSI 4=FAN ¿ HUATER ..-.*
C * SHUT OFF DURTNG THE WINTËR !{HËN AVËF,AGE AMBTENT TË\JIP. F-oR 1h¡ËÉK *
c * I5 R¿Low A CËRTAIN TEMPr AS DÍFINãD BY FOLLOIJING GARD)r TIME *
C * INTERVAL' IDELT(ALLOHABLË VALUES ARF: 1 ç2¡3t4¡6tE¡L2ç Ca 24 HOURS--*
C T( SHORTFR TNTERVAL TAKES I.IORE COMPUTãR TIMã. SHORT FAN AND,/oR HEATER*
C * OPEi?ATING TIMËS PER DAY REOUIEE ËOUALI-Y SI-{CRT TIM€ I¡¡TERVALST BUT *
C * PRCGRAM WILL AUTO¡.IATICALLY USE THE SH.SRTEST TIMg INT=RVAL . X
C * SPECIFTED BY FTHPD OR HRPDAY' IF LËSS THAN IDELT),.INITIAL GPAIN *
C È MCISTURÊ CONTENTT XIúO(% \,,8T WiTGHT BASTS)T FINAt. D=SIRÊD M.C.T X^,IF*
C * ( kFTTEST LAYERT %uB) o INI TIAL GRAI\l TEMP¡ r GIJ(DFG. CELSIUS. IF *
C * LESS THAN 1t) DiG. T IT IS ADDED TI] THE AMRIENT AI.Q Ti:MP. To BEcoME *
C * trNITIAL TËMP.l r YEARr rlONTHr DAYr t HOtrR CF ST/\,qTING DRyING (I-OUR i.
C 4 MUST BE rJc(VIDNIGI-1T) CF A f4ULTIPLE OF IDeLT) ' 

FINAL YEAp To BE +
C * SIMULATEDT STPYR(trtrOGRAM STMIJLATîS D?YING IN SIJCC¡SSIVE YEARS FSIOM*
C ,I. F¡ÊST YEAR GIVFN TCJ THIS YËAFT STA'^ìTING AT TT{Ê SÁMi: DATE EACH *
C * YEAxlr AIRFLCw RATEr AFR(CUo¡4,/MJN-Tlr SC,L.aC COEFFICIFf{Tr SC(AVG¡ *
C * T¡Mp RISE THRCUGH THÊ COLLECTCR WH¡:-!'l Þi:CeIVIt¡G ¡rrCO LANGLFYS OF +
c :r( RADIATIoN PER DAy. USE sc=o Ê.ûe T.JATIJRAL AIfì D?yING (NoN-sr::ÌLARt)r +
C + AMOUNT OF HEAT ÂDCED TC THE AVBIËI.¡T AIR BY THË FAN MOTÍ]R, FANt-iT *
C * (DEG. CELSIUJ'rfÞ.P INCF.ãASE)r Ar'4CUNT OF r-f:AT,âDDäD BY Tl"t¿ HEATERT *
C * C'l-':ATC(DFG. CELSIUS--FCR C0NTINUOUS HEATf R DPEFATIOI-l ONLY), *
C * DIAMF_TER OF BIN, DIAI (MEIRSS) I MASS ¡F GìAIN If\J RINT GIIA$$t *
c * ( TaNNäs) ' GtlÂIN PeIc€ ¡ GRNÞílc(DcLLAFrs P€rì ToNtrE) r ccST oF ,i
c * ELEcTPIcITYT ELCosr(cENf s pER KILTJWATT-HDu?) r AND FaAcTIeN oF *
C * ALLCW/\I]LE STOFAGË TIME ALREADY USËD IJP AT ÎHã START OF DtrYINGT *
C È trAT(C OR RLANK IS IJSUAL ASSUMPÎIONI ).?=.i,1 USSN UÞ}. *
C * ** * * ** * * *,t ** t* * * +++** *,* *rt* * *+ I *,ß ft¡* * È,t** *.& 'k 

** * +,k+ d(**{!* {<* 4<* **tr * **,t* **
145 FCRMAT(312,2F5.1¡lCF¿.lt4F. .lrtr4.ll
c

HR¡TE(6,ITOI
hRITE(6rl1ll

( LTCAT ION ) *+*+* ******+*****vF*****t **
[ = i r 2') ) -
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ì' rF( IDELT oEooo ) IDELT= r2
IF(IOP.GTo4 oOR. fOP.LT.l)fOP=l

, lF{DIAl.ÉOo 0.}DIAI=5.O
. .-...., IF(GMASSI ¡EO¡ 0.IGMASSI=5Oo .

CALL FANSUB( DI Âl TGMASSI r IGTAFRTPWRI )
GO TO(2OOr l50' l6OrlSOl rIOP

c
150 READ(5'tTOrEND=1000)DHEAT(ll 'HTHPD( I I'HTTI^,,t€( I ) rHTE¡,IP(l )THSTAT( lf
C ****'l*************t+***********,*!ß,1.*****+,û*+*******++*+****x*******t**
C * READ AMOUNT OF HZÁT ADDED TO THE AIF BY THE H=ATERI DHËAT(DEGREES T

C {< CELSI US TEI.,IPERATURE I NCREASE ) I ¡,AX T MUV NUVBER CF HOURS PER DAY *
C * THAT THE HEATER IS TO EPARAT=T HTHPD(MUST BE A MULTIPLE'DF IDELT.-*
C * USE 24 fO ALLCW TCTAL CONTROL BY THEtrMCSTAÎ A¡\D,/OR HUMIDISTAT)r 

'ß

C * TIME OF DAY THAT THE HEATER IS TO 8= TURNED ON, HTTTVF(24 HOUR *
C * CLCCK --MUST BE A MULTIPLE OF IDELT-- US= 50 TO ALLOW C']NTEOL BY *
C + OTHER CONfROLS} ' TE'qPERATURE SSÎTING ON TH: TI-IERMCSTATI HTEVP . *
C ",(HEATER OÞERATËS hH=N THÊ AVERAG: T¿$P FOR TH= TIVE TNTÊFVAL IS *
C + BËLC\,{ THIS SFTTING-- USE tf¡û IF THIS CONTFOL IS Ntr DESIRED) | AND *
C * SETTING ON THÊ HUI'IfDISTATT HSTAT(% R¡LATIVE HUMIDITY.. HEAT€R *
C * OPEPATES WHEN THE AVERAGE RH IS ABOVÊ THIS S=TÎING. USE O IF THIS *
C * CCNTROL IS NCT DESIRED'. *
c_ **+**+***********+******+*************ì<****+**+*****************+****.

IF(DHEAT( I I ¡EO. l. .CR' HTHPD( I ¡ .=O. O. I ICp=l
CALL HRNORM( IDELT'HTHPD( 1 ) 

'HTT I ME ( I } =A I I'iT ( I.{ TT I ME ( 1 ),/ I D=LT ) * IDELT+ 1 .
Itr(HTTIME( I1.EG.24. )l-.lTTIl4E( I l=O.
IÉ(HTTIME( t ) rEOo25o IHTTIME( I l=l ¡
IF(HSTAT( I ).LT¡l .)HSTAT(l )=HSTAT( l.)*1C0. . .

Go ro 2ÕÐ
c
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c
c

c

c

c
c
c
c

c
c

c

c

DO t65 f =1.3
RtrAD (5 r l7O rEND=1 üCC ) STPDT( I ) r HRPDAY ( I ) r DAYPWK ( I ) r T lM= ( I ) r TEr,lF( I I'

+ È H S T AT ( I I r G R NT M P ( T ) , D H E A T { I ) r HT H PD ( I ) r HT T I M E ( I I r HÎb,'U P ( f } ¡ H S T A T ( I }
***+**************x********t *******y**********>r*+*+**+*+**+*****tl,(***
)ic 3 CAFDS ARE REAUIRËDJ- I FAR FAI.¡ T HËATER CPE:ìATICI..I DUl, IÈJG THE *
* FALLr I FOR THEIR CßNTFOL SETTINGS DURING THE i'JIliTERr AND THL: *
f THIRD FOR THE SPR f NG ÊPERATIOn- PEfì IODo *
* READ STOP DATE trOR THESE SETT I|¡GS r STPDT ( tutONTH t DAYr ËG. lO30-- *
* DATË WHEI{ CONTRCLS CAN B¡ RES=T FCR v, INT.¡R OR SPãING OPSFATTON) T *
* MAXIMUM NUfuIBEtr OF HOURS PER DAY THAT THE FAN TS .TO OPE'.'ATE I HIìPDAY*
* ( f IMÉ CLOCK CCINTREL .- SAMË AS HTHPD CN HEATERT BUT Z'¿RA ÐêF AULTS*
* .f C 24 HCURS ) I NUMEFR OF DAYS t)È-R W55K THAT TH: FAN IS f ì] BE *
't CpERATED FCR SP=C IFIED Hu':ìURS PER DAY ' DAYPWK ( I TO 7 DAYS) ' l IMe *
* nF DAY THAT Tt-'J FÂN IS TO BE TURhI¿D lN¡ TlirtE(Sav¡ TIME CLOCK +
¡r CCÀiTtrGL AS HTTIMÈ FOR HEATER) ' TËMP:RATURE S:TTtNG Or.¡ TH= Tl'lEÊMO-*
+ STAT FOR THg c4¡' TEt','1tr(ÈOUfVALfNT TO HTËMp)' H(JMIDITY S;:TTING FOR *
ù THã FAN' fIHSTAT(X RELATTVS. HU:IIDITY-. FA\I OPE;AT;S WHEÌ{ THÉ *
* AVÉRAGE RH ¡S BELCW THTS S=TTING-- U9E li)C Ttr rHTS C{lNTi:]L NOT *
* DESTIìËD)¡ TEMFE?ATURE SETTING ÊCR GFAIN AI:RÄTTON, GAI.JTVP(II'I CASã *
* OF HEATING Il.,¡ THi: GRAINT THE FAl.l OPãAATES wH:l\ TH= G?^IN TtMP IS *
* ABnvE THIS LËV=L¡ AND CONTIN(J-S TJNTIL IT FALLS R=LOvl IT AGAIN-- 4
J. DE*qIGNED FO'? hINTER OPEtrATIOt.J-- OVËREID¿.S ALL OThL'R C'I.ITfìCLS. USE *
* I}f.ì It: TI]tS CCIIJTRCL ¡T1T DESIRED}I AND OTHI ø PARA'JÍT::"S FT)" I'{EATER *
r( Otrl¡r^TION' DHEAT, HTHPDT HTTI UE ' HTEvP' At\D HSTAT. *
***f<******\\+****t**+)k,t+*******x****+*****+***{r*+'x*)t***+******rk+**+)È,**

Ic( STPDT( 1 )'=Q.il. )STPDT( I )=1201 o

Itr( STPDT( 2) . =O.ù. ) STFDT( 2)=40 1 .
IF( STPDT( 3 ) .Êo.L1 . )STPDT( 3 t =8'J l.

C DEFAULT VALI.,,ES
Gn TO 2C0

17J FCRMÂT ( I 2tr4.0 }

c



l80 READ(SrtTOrEhD=IOOO ISIEMPTSDATETFSTEMF,PSDT¡HRpDAy(2f r
+DAYPWK ( 2 I IT I ìT,E.I 2 I rTEMP( 2 }, RHSTAT ( 2 ) r GRNTI¿PI 2 I

c +ì¡!r*t*t*t*+******++*******t**f ***r*'È**r**r!r***rr*'r*+**,f *r**t**t++*r¡+*
C 'r READ STOp TÉMPÊRATURET STEMPT ¿ STOP DAT3¡ SDATE (I¡HEN AVERAGE '¡C Ê AMRIENT TEMPEFATURE FCR CNE !'EEK HAS BEEN 8ÊLCII THIS LEVEL. AND *
C * TF THE OÂTE IS AFTER SDATET CONTINUI-IUS FAN AND HEATER OPERATION *
C * lS SUSPENDEDI r ,ìESTART TEt{PËRATUFE 6 RtrSTÂRT CATEr RSTEMPT RSDT *
C + ( TIHEN THË AVERAGE TEMP HAS BÍ:EN AR'VE THI s LEVI,L troR A u,EsK, ANo 'rC * IF THE DATE IS AFTER RSCTT CONI¡NUOUS FÂN F. H=ATER CPERATTCN IS *
C * RESUMED. PSDT lS THE MCNTH AND DAY).' AND OfHEfi PARAT,IETEPS trOR FAN.*..
C t CP¿RATIOÈ¡ DURING DURTNG THt-: IXINTER SHUT-DOWT{, TIME¡ HAPDAY (ZERO II
C i I]EFAULTS TO 2 HOURS PER D.AY)T DAYtrWKt T¡MET TEMP, PHSTATT GRNTMP. *
C ¡t t******)k****t*rtT*********rÉ**É**'k**'t*********dtr***t***rt*r**********!¡*

IF( SDATE.Eo.0¡ )SIIATE=t tOf .
Itr ( RSOT oEO rO . )trSDT=4C I o

IF (HRPDAY ( 2I .=O. C. ) HtrPDAY (21 =2C
JF( DAYPwK | 2t .=Oo C o )DAyp$K lZl =7.
IF( RHSTAT ( 2 t .EcoC o ) RtiSTAT ( Z t=10O.
¡ tr ( RHSTAT ( 2 } ¡LT. I ., RHSTAT( 2 ) =RHSTAT( 2, * IOo.

c
2l)ö IF(GRNpRC.EO. i). )GRNFÇC=ltC¡

IF( ÈLCDST.ãO oO . )ELCOST=2 ¡
IF( AI¡( 1 I.GT.YÊ )R5WINDT4
ip(sc.GTo o,,ANDo AB(t).GT.yR)trÊrflNcl3
IF( IG oGT¡ 2 t IG=O
I F ( X [f F . E O ¡ O . . ¡tJ D ¡ I G . E O r O ) X trt F= I 4 . 5
IF(xliF.EO.O¡ .ANC. IG.EQ.IIXMF=t4.9
IF( XMF¡iQ¡Or ¡AFiD. IG¡EQo2)XMF=15o5

C DEFAULT VALUES
CALL HRNCRM( ICtrLTrO¡ I
I SAVE= ¡DELT
HDUR=A T NT( HOt,F / IDELÎ ) + IDELT
I,: ( HOUR ¡F-Q.24. THCUR=C.
taARV=AÈl* I OOO 0 0 rg Ay* I OQ . +lrOUR

c
2lc DT=YR*tOCOCoTAM*lOO.+DAY

IF(SC,EooS.)GO TO 24¡)
22ü F=AD(13'23CrEND=750tD
¿iA FOtrÀlAT(9XtF6rC,

IF(D.LTTDTIC¡C fO 22C
frAcKsPAcË13

>4t FFAD(l4r250rEND=75ClCC
25'.r FCrìMAT (5X,F2.0 t

IÊ(CC.LT.YRIGO TC 24O
2ór', Fþ-:ÂD ( l4 t 27C r END=75O lD
27$ FCFMAT(7XrF6.Ct

IF(O.LT.HARVtGC 1O 2éO
C FTNDS SPECIF¡ED STAtrTTNG DATE ON TAPE(S'

trÉ AD ( I 4,280,ÉND:75ü t (OATE ( I L t=l r4t TTEMpA
28J trrìaMAT(5X¡4Ê2.C¡3CXrF3rCt

EACKSPACEI 4
IF ( GC.LT. t r). I GO= ( T=MPÄ-32. t./ I .8+GO
IF( SC.r:OoO. t hF ITE( 6, 2gC t

29rl FCfìjVAT( r-r r rNrrTUÊAL A¡F fTRYINGT t
lr=( SC.GT.O o I hRITE (ó' 3îO )

3,Jrj FCF:.ÁAT ( r- r r . SOLAF HäATËD A¡Fr DRy lNG. I
I!--( I GoE()¡O ) hR ¡TE(6r3ltl I
lF( [G.€O.l ] hlìITE(6r32Ol
IF( TG.IQ.2} hRTTE (6I.33GI

3lC FCEVAT(. +r t24Xrr-'-htHEATtl
32d FOFMAT( r.r. r?o X¡. --BAFLEYT t '

JJ0 FCFUAT(.+. r24Xr.--CCRN. t
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lF( loP.Eo.l ) rn ¡76(6r335t
335 FORMAT('+I I]J3Xr' CONÎ¡NUCUS FAN (¿ HEATERT OPEÊAT¡ON' 

'IF( Xl{C .LT. l. ) XMC=XHO+lOO.
IF(XMF .LT. lo)XwF=XMF*lOO.
T DEL T= I SAVE
DELT= ¡ DELT
ìIF ITE ( 6 r34OI XIIICT XMFI GO r (DATE ( I I r I = I r 4I r AFRI SC¡ FANHTI DHEAICIFATr

+DELT
340 FEFMÊT ( ' O U8O WAF GO START DAÎE AFR SC FANH

+T HEATR. FAT OELf./. .r3F7.lr3Xr4F3.C¡FZo2¡4F7olrF7¡Ol 
..

Itr( ICP.EO.2 I hRITE (6, 34S)OHEAT( I ),HTHPD( I t,HTTI MA( I t ¡HTrjMp( t I r
+HSTAT( I 

'345 FORMAI( ICCCNTINUCUS FÂN WTTH FCLLCIdING HE¡TFR CCNTROLS..'./' HËAT
+ HRS./DAY TIUE STAFT THERM HUM¡9T7T 'rtr5.TrF8.C,2FIO¡OTFSOOI

T I ( I CF.EC.4 I Yitr IT E ( 6 I 35O ¡ STS14tr r SDATE r RSTÊMP r RSOT r I.RPDAY ( 2 ) r
+DAYPh'K( 2 

' 
rT I HE ( 2 } rTSMF (2I IRHSTAT ( 2 ) I GF.NTMP( 2 I

35O FCRI'1 AT( 'CCONTINUCUS FAN (A HEATEË ) .JPãRATICN UNTIL AVG !rESKLY TFUP
+ IS BELOw"F5.C ' ' DEG.CËLSIUST IF f)ATE IS AFTEe. ¡F5.O/t Ar.¡D RESUME
+D WHÉN TEMP IS ABCVËrrF5.0¡tDEG.CÈLSIUST IF DATE IS AFTËRrrcé.0r
+I DURIf'IG WINTERT trAII¡ CONTROLS ARf AS FOLLOI,IS-.t//' HAS./DAY
+ DAYS./TK TTt,IE START THÉFM HIJMID GCNTEI,iIP'lI 'r4FII.Êr2F8OOI35TJ FORIIAT( 'ODATE E lIMÊ FANH HTRH WB(VIN) \IBAVE WR(MAX}
+ GT(II GTAVE GT(tO' XALL.TIME UDM(I,AYT TATR TOPT
+RAD. I N. /r. +__________
+ _____
+ ____t,

C WR ¡ TES I-.EAD TNGS FCR OUTtrUT
.PTIVÊ=C. .

R =870 . / I AçR* eO.*DELT¡i I A. I
J= ( FAT¡Gti. t o )FÁT=trAT /lOO .
IttiD=1
I SP=O
IAv=o I

JEAv=9
K K=O
FANH=0.
l'iTRH=0.
trANHR=O ¡
HTR HR=Q .
DAYNC=O.
ì¡KF¡iHÃ=0 o

TR AD=O. .

lLP AD=O ¡
SCLHl=O o

À5=O
Àc=o
TA I R-O.O
TDPT=O. o

C INITfALIZATICN CF VÁRTAELES
Dn 37O [=lrl0
trFF( I)=FAT

C PEF(¡,= PERCENT OF ALLOWÂBLE STIJPAGE TIME ÊoR LAYSP I

. 
tut::;:ii-r 

cor.r'Nr oF eAcH LA'ER rs ser rû rNrrrAL GRA'N M.co
Ov( I )=( Xr"lCtl 0,). | / | | OC o-XMfJ,

C M.C. CF ËÁCH LAYÉF IS SET TO INlrlAL GRAIT\ M.C. ON DRY WT. eAStS
37J G( I )=GO
C TË,MP. CF EACH LAYEÊ IS SET TC INITIAL GQATN TÊ"P.
c
3lí) IF( ICP.NEeJTcO tc 395

KF-IDELT
I DËLT= I SAVE



I F( KR.¡{8. ¡DELl' WF ITE (6r385IKR I IDELT
3tl5 FCRMÁ1(.tOT¡ME INTERVAL CHANGED FRGMI r I3r' HOUFS TO'r I3r t 'HOURSI )

IF{HfìtrDÂY( INDt.EO.O ¡ )HFlpDAy( tNDl =24.
IF{ DAYPwK ( I Nc } .CCoc.' DÂYtrhK( TNo) =7.
tF(pIJSTAT( f t{Ct ¡EO¡0. )RHSTAT( lNDl=l0Oo
CALL HRNCRM( IDELT 'HRPDAY 

( INDI I
CALL HRNOtrM( IDELT 'HTHPD( IND 

' 
I

T TM: ( IND )=A INT( T IME( IND I / IDELT' T. IDELT+I T
IF ( T IMF:( tr.¡Dl .EO¡ A4. ! T¡ME( ¡NDl =O¡
IF( T IUE( Ir,¡Cr) .Êo.25¡ ) TIME( f NDI=1¡
HTT I ME ( I ND ! =A I NT ( HTT IM= ( I \D t,/ ICr:LT ) * IDELT+ t .
IF( HTTI ME ( IND ) .EO .24. IHTT f ME( tND ) =0.
IF( HTTIMe( IND ) .EO¡25o ) HTT ¡MÉ( IND )=l ¡
CELT=IDELT
tiC =N O* KR/DEL I
IF(RHSTAT(INDI.LT. I.)RHSTAI( IND).=RHSTAT(TNDI*Ioo. ...-
IF ( HSlAl ( IND I .LT. I . ) HSTAT ( TND I =HSTAT ( I ND I *IoO o

P=37O c/1 AFR* É0.*DËLl*lA. )
l¡|eITe(6'390,STtrDT( INDI THRPDAY( IND) TDAYPWK( IND) rTIME( INDt r

+TEMP ( I¡{D I TRHSTAT( IND ) rGRs'TMP ( IND) r DHËAT( IND ) ¡HTHPC( lNOl r
+HTTIME( IND) rHTFtr'tr( ¡ND) THSTAf ( INDI

39O FCÊMAT( ICFCLLCì/', IT\G CCNTFCLS CN FAN 8 HCATER AR¿ cÞERATIoNAL UNTTLI
+TFë¡iI/. FAN-- HFS,/DAY DAYS,/I''K TTMË START THFR['t HUUID GRNT
+E|4Þ' /r' rFll.DrFlA.C¡2Flt ¡Lìr2È8.(t/r HEATER-- HEAT HFS/DAY TtME
+START THEFM ÞlUM ID./r r r Ft 3, I rF3¡{l r 2F I l.O rFB.O t

395 hR I TE( 6,360 
'C ..aaa.aaaa

40ü NC=NO+l
. JÑV=24 /IDELT

TINV=1NV
NJ=NC-l
RAD=0.

4C3 CALL READIIi?( TDÊLTTDATl¡IrTFrTDrRHrAII,eT5c.)
C '.ìEAD AIR TEMPEFATUÊ:ES FOF TI ME INTEFVAL

Itr(scoFo.c.tGe rc 4cg
f Ê ( ¡l J./T I Nv .Ec ¡ NJ'/ I Nv ) cALL REÂDRN ( N5 r DATw' ê403 r soL r 6z so,

C FTFAD É.ADTATICN DATA CNCE PËR DAY
lD=A\{(4 )

lE( ID¡EO.0t ID=24
IFP= [D-ICELT+l
DC 40S I=IçR r ID

4Û5 trAD=RÁD+SOL( I I
snLHT=SC rT I N V*RAD*0 . OO I
TF ÂD=TAAD+PAD*4. 184

4CB TA IA=TA¡R+TP
TDPT=TDPT+ÎD
TIMS=A'¡(4t-DELT+1.
I tr ( Aw (41 .EO.6. ) T ltts=24 o-DELT+ I ¡
Itr( TIMS oÌ,lfl¡ (HOUR+1. ) .OR. JDAY .N'ão I tG0 TO ê09
DAYNO=DAYNC+ l.
JD A Y=O

4cfì Gc To(45Ð'440r4ttr4lúlrlCp
41.) IF( ItlF .EO. 4 ¡AND¡ IlrD .trE¡ 2rGO TO 45O

CALL Â,lAX( l{)rG¡LH ¡HOT,
IF( KK.GT.O .ANO. HCT.LE.GRNlMP( ¡ND} 

'GO 
TO 425

IF(HoT .Lti. crìr\Twtr( ¡Nc¡ rco To .430
KK=KK+ I
Its(KK.GT.I)GO TO 42C
ì*ç l rE ( 6 ,41 5l LH, HCT

415 FoRVAT( | GRAIN IN LAYERt T l3r r tSr rF4oOr I DEG.CELSIUS-- ASRIiTtON Hl
+TH UNHÍ:ATED ATR ¡S REGUNI I

TC=TF+FANHT

aaaattaatl aaaaaaaaao



t59
A I RHR =D;LT
Ge ro 460

4?.C TC=TÞ+FANHT
A ¡ F,HR=A T RHR+DELT .... . .

GO TO 460
425 KK=Ç

he t TE ( 6 t 428,1 A I RHR rHOT rLH
428 FCRMAl( t AFIER. ¡FS.O,. HOURS CF AËRAlIOr.¡ ,{ItH UNHEATED AIRr THE MA

+XIMUM GRA¡N TÊMPÊRATURE ISITF4OOTT TN LAYER'TI3)43a 
;:li li:::i?i ;il;iÍ; iil^Il"1.'l
IF(FANHTì.GE.T.RFCAY( I¡.¡D} ¡GO TO 48O

435 TF(DAYÈIO.GT.DAYChK( I¡¡D) ¡GC T! 4AO
¡F( ITTKFNHR.GE o(Hrìf:DAy( tÌ.¡D IrDAyprrK( IND) ¡ )GO TO 4gO
IF(TP.GT.TEf'|tr(INDt .cR¡ FH.GT. RFSTAT(IrJD)lGo ro 4Bo
IF( IeF.EO.3lGO TC 440
T3=TP +FA¡iHT
GO TO 4éO

44O IF(HTTItr[{ INOt.GT .24 olGO TO 442'
I E ( T Il,rS.EO. HTT I MÉ ( IND t )HTRHR=C o
Itr(HTtrHE.GE.FIHPC( TNDI 

'GO 
TO 445

442 rF( TP¡GT¡HTEvF( I\D, .cR. RH¡LT.llsrAl( I¡,¡D) )cc ro 445
l F(DHEAf ( f ND ) .8O.íi. ) SOLHT=0.
TO=TP+DHEAT( TT\C } +SCLHT+FANHT
HT qH=HTRH+DELT
HTRHF=HTRHQ+DELf
GO TO 460

445 TC=fP+SCLHT+FANHf
I F ( DHFAT ( f ND } OEO'O.' TC=TP+FANHT
GC TO 460

45IJ TO=1P+SOLHT+FANHT+DHEATC
TF (DHEATc.GT.Ú. ) hTRH=HThn+DeuT

.lóO CALL DRYSIM(TOTTDTAVEMTÀVETt
C S IMULATFS DRY ING FOII CN? TI¡VE TNTERVAL

FAf.tHfì =F ANHR + eÊL T
FANH=FAt*iH+DËLT
çKFNHF= WKFNHR+DFLT
JDAY=l
CALL M II.J( IO rXM¡NI rDRYI

C TO DETERT,I I NE AÌ\D t DENT I Fy ThE DR I ESf LAYER
C/rLL MAX( l'). X.u,¡lA i tdfT t

C TO DETEqVINE A\C IDENTTTY THê IIËTTEST LAYER
4Aâ FT T ME=PÍI MÉ+DELT

. TF(IG¡ËO.2IGC TO 520
C3 5lC I=lrlC
hT=SAF,rH(G( I ),xM( It t

5lL1 PEF( f )=ÞER( t )+DELT/t,T
CALL MAX ( lrJ r P3rì r Ài-" rpCTMt

szr ;: i:;;l:,:;.- 
' -' - '

Z=SAF=S(G( ¡ Lxtr( I t,
533 trEF( I l=PERlIr+CELÌ/Z

cALL MAX( lOrtrEnrñ3rPCrMl
54r 5CT=PCTM*23r1 ¡

trEeDM=. Ut?8 3* (EXp ( . 906r.EOT r- I . ) +. g0 IOZ*EOT
C ÞREOICTS GRÂII.¡ CUAL¡fY

tr=trCTM*lOO.
TÉ(PERDI.I .LTO C '5 'GC 

TO 544
Itr( ISp .ÍiO. I .Ailt0¡ PëPDtv .Lf . t rOIGO T.lt 544
IF(ISF .EO. 0tcc To 543
l'\ lf, Ta: = 6
GC ÎC 6CO



C HAS GRA¡N PÄSSEC ALLCUABLE STORAGE T¡ME?543 lSP=¡
NAT€= I

544
GC TO óOO
¡FlAVEtr.GE¡XüF .CF¡ htET.GEo (Xi¡F+Z.5l tGO¡F( IAv¡E-O.l , Go TO 545
IAV=I
N0TE=7
GC 1C 600

C IS THE BIN AVERAGE Î.TOISTURE CONTENT DRy? .545 TF(WET¡G'TOXMF)GO IO 55O
NoTE=2
GO TC 600

C TS THE TETTEST LAYËR DRY ?
550 IF( ICtr,NE¡3)GC TO 555

DTI=AW( I l*looec. +Aìf( 2l*tco.+At(3r. _ -
X=YP
IÊ( INO oGEo2, X=yR+t.
DT2= X* tO00,l. +STpCT( I NO,
tF(DTt.LT.DT2)GO 10 555
NCTE =3
T8=Tp
GC rO 600

C f IIIË TE R¿SET CCNTÎCLS?
555 ¡NTt¡vÉK=24 / IDELI+7

t¡EEK It\ =24 o./DFLT 17 o

Itr(NO,/!{EEK¡N .NÉ. NC/INTIdEK )GO TO 4OOC T TM.: TO PRI I\T? ( ONC: PER TEEK 
'c

C A YNC=O .
bKFF,l hR=O ¡
JC AY= I

. TO=TAIe,/þJE=K lh¡
1D=TDÞT./!¡H€K IN
TA tP=Q .$
TDPI=0. O

llR ITË ( 6 r 6 I O ) ( AU ( I ) r I = I r4 I r FANH rHT|ìHr Dey, h¿ I+G( lO ) rPrN3 rF€FDv rTO r TD rTRAD
TLRAD=TLRAD+TR Ao / Ico .
TRAD=O o

¡F(PTIMË.GT. 855C.lGc To 7oo
TF( TCP..NE.4}GO TC 4OO

c
cO TO(sóniS8(:r4f0l r fND

5óù lÊ( 10,GE.SrEfvtr rGc TO 40O
DT=Ah(21+l:re.+aw¡3¡
I=( DT.LT.SDATE 

'GC 
rO 4OO

IND=2
rÂcITÈ(6,57,i1

57.: ;cRMAT(.CCONIINUCTJS FAN ¿ Hr=ATËc op:IRAT+Q. 
'KR = T DELT

cALL HaNtiìv ( IDELTTHRFDAY(2' t
O:LT=IDÉLT
NC=NCTKR/DEL T
tr1=TIME(2,
TI M-- ( 2 l =A I \T ( T I vE ( Z t / ItJELr, * IOÊ.LT+t .
I F ( T ¡ M.-l2' ¡ E O ¡ 24 . ) f t fr,,!E ( 2 t =o.
I-- ( T I rtc-( 2 I o:G. A5. lT I MC (Z | =t.¡F(FT oN¡j ¡T IMFj ( A t )r,r. tTi:(6r575 rFT75 FCF{MAT ( I 

'FAI.T 
T I UE ST APT CHAf.{G5D

R=87û . / | AFa* êa o*C5LT+ 12. l

TAVEMT'tETrN2rG( I I r ÂVETr

I 6\ SUSPENOED FOÊ THE ìd T NTE

-r60

ro 545

,Tlv:(2)
Fnov.r I F4.o r I TO I r ã4. O I



580

16i
NCTE=4
GC Te 620
IF(Ah(lloEo.YRlGC TO 400
DT2=Au¡( 2 I *l OC.+Au (J,
IF(TC¡LE¡i?STEMF .ORr DT2.LT.RSOT )GO
I ND=3
ücITE(6r5901

590 FtrRir|AT( rccoNT¡Nuous FAN 6 HEATER opERATIoN REsuMEDT t
KR=I DELT
fDELT=¡SÄVE

:, DELT=TDELÎ
TF( KR. NE. TDELI 

' 
htr ITE ( 6,595 ) KR !

595 F9FMAT( 'OTTA{É INTERVAL CHANGSD
R=87ç../ ( AFR{.€0 ..*DELT* I 2. t
NoTE:4
GO 10 620

C raaaaaaaaa aaaa.aaaaa aajaataaaa .aaaaaaaaa
6oc bRfrE(6r61ol(Aw(I)'I=lr4lrFANHrHTRHrDRyrNlrAvEM¡hrËTrN2rG(l)rAVETr

+G( IO I ¡Pr N3,PÊRDq ITO¡ TDTTRAD
610 FotrMAT(rot r4F3.C t2_F?.CrF?.2t.l. ¡12tr ) | r2F8.2r | (_r r Ia:, l. ¡zFgo2t+Fq.2 ¡FíJ¡2r | ( I r l2,r | | rFl0. 4 tZFB.2 rFgrOl

tÉ(NOTE .GTe I .AND. NCTE ¡LT¡ 5l IND=IND+l
IF( IND.GT.J .AND. NOTE.EGo3tNOTË=5

62ç eNRGf =PWRI *FANt.1*3.6
EPTI=Êt{PGl,/GtrÂSS I
CA I =4 I 3. *SC* ÊFR*2. *GMASS I *.OCO t
t{E I TE( 6, 63O I D I At TGMASc l r5¡\¿R6 I rEpTl

53C FGFMAT ( I OEI.¡EFGY tJSÊD To DATÈ BY ThÈ FAN FoR A
+ BfN ÞITH rrtr5.0r. TCNNËS OF GRÂINi IS rr.F8.ûr
rtr7¡0rr MJ,/TGNNErt

Itr(SC.EOoL\., GC TC 64S
lLFAO=TLFAD+ T}ì AD,/ 1 oo .
RDNBNI=CAl *TLRAC/2.

. TRAO=0
hç I 1b ( 6 r é4ù' TLFAD.RDNBNI, CAI

54 gr FCRMAI(ICTOTÁL RÄCIATTON REC=TVED ON A HERIZONT.AL SURT¡çE SfNCF TH+E STAFT OF DRYING =.tF7.O¡. VJlSOrM.r Opt¡t rrFTrCrr MEGAJDULES
+CCLLECTÉD BY THIS SYSTEM ASSUMTNG 5'X COLLECfCR :FFICTÈNCYr,/, I I+f (THIS sYSTÉM HAs A ccLLEcroe AREA oF . tÊ6.2¡. so. f,rETRESl I tIC(NCTETEO. 2 .OF¡ NCTE.T.Q. 7 

'GO 
TO 8OO

GC TC (6acrê?l r.38ê¡4Cù,658 ¡72ùt 74C),NOTÉ
r,t\' I TC ( 6; ê,551
FCFUAT ( tC *.r**'|***** ALLOWAfTLE STORAGE TI MÊ EXCEEDED *+*r****+*r IDO é6C I=lrlO
PCTDM( I l=ù.O€83+ ( ExP( . 0úó{p€R ( ¡ ¡ +AJr r l- I . ) +. b-C t CA+pËR ( t ) +230 .rÂ,?lTE(6i6ó51( Xv¡ I ) r t=l r lO ) r( oCTDM( I ).I=l r t C) ipTIr4EEcRMATlr,;vílIsruRE cct\TENT AÀ¡D uD.M. D:ccvtrcsITIcN oF E^cH LAyERr,/l* v.c.f rlilÊl!.?/t Y.DoM..rltlFle.tt/r(TTCTAL HouRs ELAr)s:lD sINcl srÂRT+CË DnYING:r ¡Fá.0)
tË(NcT5.50.5)GC TO 7oO

, ¡F(PÊPDT/.LT. I.L.ÂND¡ HET.GT¡XMF)GO TO 544
GO Tn 7r)C

b7C IÊ(pt-FOM.GLo C,5)GO TC 73C
wÞITE:(6'68û,

6lu' FCRM^T( rC***i****+* GRAIT\ DRIED SUCCESSÉULLy ******t*,f .*r )rrtrlT[:(6.é9..ì ] ( xr,t( I I r I=l I 1Q] rpTtMË
e'1¿ trORMAT(rÛMðISTUR: CONTEf'¡T OF EACH LAYEt../. trlCFlo.Z/r0TcTAL HCUfìS

+ r-.LÁpSfrD SINCE START OF DRyING='rFá.O)
7)È hqIrE(6.'tlr.rl
7l ,.r F9 RM A1 ( r C ------

t-------- _'-_-___-- _____-_____ | )

TO 400

TDtsLT
FROMT rl3r I HOURS TCrr l3r I HOURS.I

rrÊ5.lrr {. DlAl,tETãR
t ¡.!ãGA JOULES I Of? | r

645
c
Þ46
65Q
o5:)
c¿5I

6bC



'.'''.':':'i''.'...':'.:':''...,.'

. L62
VF=VR+ I o

IF( YR OLE 'STPYR IGO TO 2TO
GC TO r40

720 hÊlTE(ê.7?51
725 FORMAT(tO+t****t*** TOP GRAIN COMPLETELY SPOILED r****++t**¡l

GO TO 65e
730 hRtTE(6r735t
733 FCRMÄT( rCf+******** GRAIN DRIEO wITH SPnfLAGE *********¡tt I

SPLGCT=O.
DO 7f,7 I=1r10
PCTDM( I l'=O .O883* ( ExP ( . 0O6tPER ( I ) *231. l- t . | +. C0 I O2'|PÉR ( I t {¡230.
Itr( PCTDM ( I ) .GT . C. 5 I SPLGCT=SPLGCT+ ( PCTDM | | | / A.5 l *'lr4*C o OCS*GMASSI

*/ICC+GRNPRC
737 CCNT INUE
- htrITE(6r7381 (xv( Ilrl=lrlCl¡(PCTOM(I) 'I=l rlOl TSPLGCT
73A FCFMÁT( 'CMOISTURE. CONTENT AND ZD.Mr DECOVPOSITIC¡i Otr EACH LAYER' /'.,

+ M¡C..rl0Fl(.1 .2/r fDoMorrlCFlOt4/ 'OP=NALTY FOR SPeILAGE lS $r tF7.2l
GC TO 70C

74/.J TETAL=XMF+2 o 5
hF ITE | 6 t7451 XMÊr hETAL

7+5 FCFMAT(têÈ**+* AVEPAGE MCISÍURE CONTENT OF THf: GtrAIN IS LESS THANr

trFS.lrr lMrC¡ AND $ETTEST LAYER tS LESS THANr'F5.lr' %.t4.C. +**È)Ft)
GC TO €58

750 ìrçI18 1ê,t760)
76Ù FCÊMAT ( I 

=ND CF TAPE I I
GC 10 l4C

3,::0 ccD=o o

DC 805 I=l rl0
9ù5 ccc=ctD+(xMF-xy( I) l/(LAO.-XM( I))*Gf'rASSl,/10.*GËNFRC

FANCST=PuQ I *FANH*=LCCST/ 100 ¡
hF ITE (6 rBlO ) FÂ¡.CSTTCCD

8lê FCRMAT(tCCOST Otr RUNNING THe FAN TO DATE tS îr tF7.2¡'. ITHILE CVERD

+RYING THE GRAIN HAS COST îrtF7o2l

r,)rc !?olo 
uou :

E¡iO
C ****ú+*+*+ *+**'t****+ 't+*'l****** ***r'*****+

SUBRCUT TI''¡E M IN( N ¡AT J T SMALL T

C SUEtrCUTINE FINDS ANC tDEtiTIF¡ES THE SMALLEST VALUS ¡N THE ARaAY A

DtMEt\SION A(tOt
SVALL=A ( I I
J=1
DC f0 I=2¡l'i
II(A( T).GË.SYALLIGO TC IO
SVALL=A( I }
J= I

l;) ccNT Iniug
ti 

=TU 
fìN

END
C *+f*r**r¡*r +********* ****f'È't**:l tu******tÍ*

sLeacull NE MÂx ( N rAr J r8 IG I.C 
SUBFCUTINE F¡NDS ANC ICEhTTFIES THE L/\RGEST VALUT: IN THg AÍIRAY A

DIMET\-'cfON A(10,
EIG=A( l,
J=l
DC 10 l=2'N
IF(A(I).LË.BIGI GO TC IO
BIG=Á(Il
J=l

I 1 CCNT INUã
trE fURN
EÀD



c

169

C t¡i¡¡*+****'r , **tt****** ****T*+*{¡* :}*t*f**!t¡r*
SUBRCUTI'NE DRYSIp(TOrlD¡AVEi{,AVETl'

C SUBFOUTTNE SIMULATES ORYTNG FOR CNE TIUE ¡NTERVAL
OCUBLE PRECISICN AHUM
COM|'.iON /AREAI/xM( l0 t rG( l0 ) oOtr( tO I ¡ IGoFt
Dt MEÌ{SION T( I I } ¡ t-.( t I t rA( 4l
OATA A/4*O.'
J=1
hC=AFtrM(TDrl I
T(ll=TO

C TO= A¡¡BIEÑT AIR TEMFEFA.TURE
h(ll=HO

C HO= A¡IBIEÌ.T AIR ABSOLUTE HUMID¡TY
SUMM=O oO
SUMT=O.O

DO 240 I=trl0
I Pi? T=- I
TJ=T+I
IF( IG.ÊoeOlC=StrHT(G( I ) rDM( I ) t+fì./( l.-xr,t( I I/tOC. t
lF( I G¡EO¡ I )C=( ( L.O72l l+0.Ð4,1<6*XM( I ) )*t? | /(1.- XM( I )/lCO. ,
IF( IG¡ËOo2)C=( ( 1.4644+ri.C35óC6*Xst( I ) )*Rl/lL.-xrr( I r/lOO.t

C C IS ÎHË SPËCIFIC HËAT OÉ THE GEAÍN
l4C N=C

HF=HC
IÞRT=IÞRT+t

2')o r( I J )= ( c+G( I l + ( HF-H( I ) t *G ( I ) *4. r 84-zsc 1o 49*HF+ I .cosi.T( I ) +H( I I
I *( 250 I ¡ 49+ t . 82*T ( I ) ) ),/( I . OO5+Hç* I .82+C'

XMJ=Ot¿( f )-lO(;.*(t-F-H( ltl/C
IF ( Xtìl I .LT. .CCl ) Xt, t=.O0 t
PS=AHLÈt(T(IJ)r2l
IF( I G.EooO ¡ERH=ãXp( 2 ò4O*:xp(-.2ü S*Xr{ I ,*ALeG(f¡S)-t C.l7*Èxp (_. t86

o*xr¿tI ) I
IF( IG.EO.l )€FH=EXF( t .S329*ËXF l-.172à*Xr,!I )*ALCG( lO.+e5¡

1-9.4 132*EXP(-. 1565+XM L )
Is ( I G.Eoo 2) EtrH= I ¡-EXF (-3. e2ã-st( r .B*T ( f J') +82. r *xr'r I **2 ¡

c ãRH IS THÉ EOUILIBçluM R=LATIvÈ HUMIgITy cF Tr-is GpaIN.
c

IAR=T( I J I
RHS=lìHÂ I R ( TÀ8, FF,
Y=E R H- RH:.:

IF( IPRT.LE.O }GC TO 220
l¡R I TE( ór 2l\), f ( I J ) r Xu t rHFrY¡ J r f( rMt¡rA

2lr'¡ trCÊMAT(5Xr4Fl0.5.3I4 t4FlC.5t
c
22J CALL Z:RO(Jr0r0rFFrYrAr.C23tKtN¡MMl

IF ( N.EO.l ) FF-( HF +HOl /2.
lF(N.G€.20.Â\O.IFRf .Lã.O IGC TO 140
GC TO (2CÐ'2-?0)rK

C K IS.A CCI\V5fiGENCE INCIC.ÂTCR
Z).: Dv( I l=xM¡

xv(L=(lc1.*iv( Lrr/| l0c.+cM( I)t
G(fl=T(IJ)
h( IJ)=HF
St,¡MT=SU,tlT+G( I I

24'.: SUtvlM=SUtrM+ XM ( J t

ÂVe T:SUMT/lt) r
AVf-. M=5Uvtir,/t O

AVEM I S THE AVSEAGE MC T sTUÊg CCÀ¡T:NT Otr THE GIìA I N FìULK O

FËTUFN
END



]-64
. C **ttt*t**¡¡ '¡***t*{.*** '}*t******* ******,tf+,t

SUBROUTINE READRN (NOrDATtrr *rSOLr *l
C SUBROUTINE FSADS THE DATA FFOM THE RÁDIATION TAFE AND FTLLS IN ÂNY

- C IIT SSING DATA
D f trÊNS ION D,/rfS (4 I rrq( 96 I r SCL( 24 t r RAD( 96) o MD( 4 I
DATA t'I SS/. trr /
ItN=O
JJ=l
N=O
L 1=0
lF(NO oGTo 0rGo To, lo
t=l
J=l
GO TO 20

tO t=25
J--2 :

ZO READ(13r30.rElt¡D=3CC)DATS(Jl rIC' RAD(t )rM('I )r'ìAD(I+ll,M(I+l),
+ RAol l+2r'M( I+21 r RAD( I+3 t 

"¡t 
( I+.3) r ?Ac( I+4) rv( I+4 ) r RAD( I+st r

+M( I+5) r RAD( l+él 'M( I+6' I RAD( I+7 t rM( I+7t ¡ RAC( l+r¡ I rM( [+81r.
+ RAD(I+9lrv( I+9lr RAD(I+10)rv(I+rc)r pAD(.1+lllrM( I+.tl¡'Itr(IC.f.{ÊoltGc To 2c

25 RÉAD ( l3r 3O rEtrD=30C )DÂTS( Jl r t C r ËaD( t+12) iM( I+ t Z,, pAo( I +13 ),
+M( I+13)' aAD( I+l4lrM( ¡+t4)r R^D( ¡+15)rv( I+15)¡ RÄD( l+ló)rM( I+t6) ra ÊAD( I+17) rM( I+17) r FAO( I+13) rv( I+t8l r rlaD( I+19),M(I+lg)¡
+ RAO (.I+2C I 'M( I +2C ) r trÀD( I+21 ) r'q( I+21) r eAD( I +221 ¡tt(,1, +221t
+ RÂD( I+23r.À!( I+23lrMD(Jt

3¡l FOF{ATf 9X rFé.C ¡3Xr I I rE3.l.Al rF3o I rAl rF3. I rAl rtr3.1. Al ,F3.1 rAl rF3o lr
+A I rF3o I rAt ¡F3r I r Al rF3o I r Al rF3. I rAl rtr3r I r At rF3r I rÂl r4XrAl )

IE(DATS( J ) oEO. DATr¡t .CRo NoGT.î ) cO TO 4C.
lr.N=¡¡¡ I
IF(¡)ATS( J'.LT¡DAThI ¡ANDO MO(J''NE. MISSTJJ=2
I F (DATS( J I .GT.CATW) JJ=3
Itr(NOoEO.OIJJ=4
IF{NN¡Gr,lC)JJ=5
Gß TO(29 ¡240 rl 3C r35¡ 25O) rJJ

35 ¡F(DATS(J)-DATr¡12Or40r65
4û h=N+ I

JJ=0
IF ( NO ¡EOoO o AtiDo vD( J t.EC.MI SS rGO TO 60
IF( NC¡ËG¡¿) )GC TO 30
IF(r,io(.J r.NË.u J SS )GO TO zno
TF(LIOGT'O'GC T? 2OC
IÍ:( LEO.73tGC TG 200

5r) l=l+?-4
J=J+ t
GC TO 20

éi, IF(l.l .cT.l .ANCo I.EOo49)GC 1Q ZC
JF(¡¡.GT.t IGO ro e0

ó5 CC 7C K=l ¡4
'f,t FIAcKSPACI l 3

GC 10 2C
rJO tF(N.ec.t)Gc Tc 110

tF( I.EO.49fcC TO 9C
I =4Q
J=3.
GC TC 2'J

a': DC lC0 K=1r24
I F( M(K l.EO.r,¡ ISS I SCL( K l= RAO(K+4¡ì'
lF(M(( l.Nf_-.MISS)SOL(K)=( RAD(K)+ eAO(K+4A r r/2.

l()(1 CCNT lNtJt:
GC fO 240

I lO DC l2lì K=t '24



165

L20

r30

SOL(Kl= RAD( Kl
GC TO 240
t J=DATS( Jt-DATn
Ll=2
GO TO(140r'l 60lrl
GO TO 65

l4O OO l50 K=25¡4€
RAD(K+241= RAC(Kl

150 M(K+24¡=M(Kl
GO TO ó5

f6C DO f?e X=25t48
RAD( K+44)=RAD( Kl

l'?O tr(K+4ef=H(Kl
GO fo 65

2Co OO Z3O K=l r24
iit"r R+24r -Eo.MIss)Gc ro 2to- ---

soL( Kt= RAD ( K+24 I
GO ro 230

2lo IF(M(K+48) ¡Ec¡MISS)GC Te

SOL ( K )=( SOL( K I +R AD( K+48)
GO T0 230

22o IF(M( K+72' 'EG'ulSSlGc To

SOL( K ) =( SGL( ( ) +R AD lK+7 2t
230 CCNT INUE

TF ( JJ.GT. 1 ) GC TO 20

24O NÛ=NO+ I
F E TUFN

250 t{RlTg 15¡264 )DATS(JlrDATlt r,F?oOl
260 FORuAT(r RAOIATICN TAPÉ OUT 6F LINE' DATS=t¡F?oOrr DAfW=

RETURN T

3ÐO FETUFN2
ENO . +***r**r** .rl.*********'

c *+*+*+**'ß* ********** **********

SUBRCuTINE HRNcRv( f DELIHRS | ;r rc ÂN ALLCT4AE
c FutrtroSE oF Ã**o*' I S Tc ¡ssuå; THAT ANY ID':L I s AN- ALLCI4ABL= vâLuE

C (I12I3 I4¡5¡r,112¡ AF 24 HOIJR.} AND THAT.ANY HRS IS A MULTIPLE OF ¡DEL

c (rF HRS rS r-rss rxaN IDEL' ioeu eeccMEs EOUÂL fo HFcl'

J= I DEL
T =HRS
A=AINT(HRS/IDELt
B=HRS./ IDEL
IF ( B.Éo. o. ) Gc rc 10

IF(B.Lã' 1'lA=l'
lF(B'L5o l')¡6ç¡=HRS
lF ( ( e-A ) ' GE ' O '5 lA=At I o

1O Itr( lCÊL¡ÊO'C I ID¿L=l
IE( IDEL 'LE oB IlC'e'L=24/(24/lD=LI
Itr( IDELTGEoB ¡AliD' IDF:L 'LE'?)IOEL=8
lF( IcEL.ái'n'ÂNCo IDf:L'LTrtBlIDËL=12
ttr ( I CCL'GÍ' I I ) IDEL=24
HRS= IDt-L*A
¡F( ¡DËL.floiJ !GC TO 30
wtrtT=1t,,?A)JrIDlL
FDRMAT( rCTJuË JNfERVAL CHANGED FRCMr r I3r
lF( HRS oGÎ.O. )t¡¡P I TE( 6 I 25i r-rRS

FCFMAT( | +r r50xt' (HFS/ÚAY='rF4'l' r Houtrsl

IF(HRSoEooTf FÉTUFN -

::ål:li:"l,ll,;!t3;1"5:" çHANGED FrtcÈt r 'p4 ' r r ' HouPS ro I ¡F4 e0 r

+r HOUFS (TtMÉ INTSRVAL=rtlirr HOURSf T'

F: TUf';IN

END

).\

25
3ô

'45

220
| /2.

230
, /2.

I HOUlts Tor r I3r I HCUFST )

fl

q:



SUBFCUTINE FEÂDtdF(IDTDATI{rTOrTOrRHrAhtrtrl 
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C SUBRCUTINE READS THE OATA FRCM THE WEATHER TAPE
DIMENS ION AD ( 24 r4 | r Arf ( 4 I r TDp( 24 ) r l')l 24),REL( 24'
DELT=lD

lO FEAD(t4r30rEliD=t0Cl(AD(lrIl¡[=lralrlOP(tlrTP(t]rFEL(ll
lF(AD(l¡3loEO¡Oo .CRo REL(llrGT.lOû.lGO TO tO
COF= ¡ AD ( I I 4 ) - I o | /DeLl
lF(ccF.NÊrAtÀT(CCet )GO TO lO
TF(ÎDP( I I.LE.TF( I ) )GO TO I5
TDP(lr=TP(ll-3o
REL( I l=8C.

I5 IF(DELT.EGOI ')GC TO 40
DO 20 l=2¡lD
READ ( l4r 3O rEND=l 00, ( AD( I r Jl ¡ J=l ¡ 4 ) rTDP( ¡ ) oTP( I ),REL( I,
tF(AD(Ir3l.EO.G. .OR. REL(lloGT.l,lC.tGO TO 3S
¡F(TDP( T 

'.LE.Ttr( 
I I }GC TO 20

TDP(¡!=TP(Il-3.
eEL( ff=80¡

20 COIJT TNUE
Ge TC 40

3J FORMATISXt4F2.O¡l8XrF3.0r9X¡F3¡Cr3XrF3.Ot
35 CC 38 J=I r ID

FEAD ( t4 ¡ 30 rEND= I C0 l ( AD( J ¡ K ) r K=1 r 4 I ¡TDP( J t rTF( J ), FEL( J i
TF(TCP(J).LE¡TP( J''GC IO 38
TDP(J)=TP(Jl-3.
trãL( J)=8O.

33 CGNT INUE
4C I N= I D./2+ I

IF( ( lC-INt.ÉC.O .AND. AO( ID¡4) oËO.O. IGO TO 5C
DAT$=AO( IN r I ) * l0 CCO. +AD( INr 2 ) *lCtl. +AD( IN, 3 t

5J DC óC l=l 14
60 Ah(I)=ÂD(ID'Il ,

fO=TD=C o

trH=0 ¡
Cn 7C f=l ¡ lD
TO=TO+TP(I) :

" TD=TD+TDF( L
7ù FH=RH+REL( I I

TC= ( TC,/DÊLT-32 .l / | .B
TD= ( ÎD./DELf- 32 o | / | tB
R H=311795.-t
FETUF¡N

IOO FgTURNI
END \

C *+***t¡.*¡t,Í. *+**+****+ *:r*****+** ****+*****
DCUÍìLE PRECISICN FUNCTION AHUV(TEMPINI

C SUNFI]UTTI,¡E CALCULATES TF.E SATU?ATTcN vAFoUR PRFsSUFÉ oR THE,
C ABSCLTJTË HU''1 IDTTY OF THE AIR AT THE GIVEN TEMpETATURE

DCIJT.ILF- PRÉCI SICI\ A.F,C rDrErF ¡G rPI¡IrT r DFJXP.DLCG
DATA ArBoC¡D/-.7Íl l52D4r .9'ì63l2lD2r ¡t23998ç7LìD'.:'-. I t 654531D-4,/
OATA E çF ¡G/- ol28lC336n-7 t .2Q99E4CSD-tQr-.l2l5C799Dt¿Z/
T=Tf:MP + 273.16DC
TF(TEVP.GT.O.) GG TO T

Fw=oË xp ( 24 . 27 7 9ùC-623e.6 4DQ / T-() o 34443 eO :t *DLOG ( f t t
Itr(N.Ël¡. I ) AHUM=0.62tçEDC+Ftt/ (lC t..125D0-phlI
IF(N.ÊO.2, AHUM=Ptr
FE lUFN

t PW=O¡:Xp(A/T+e+C*1+DtT**2+E*T**'l+F*T¡*ôîG*DLOG(T¡¡
¡ r¡ t.t oEO r 1 | Al-UM=t t62leEDC*P'4/ ( I j I .32SDc-Pw t
lF(N.EO.2l AFLM=trh
FElURN
E t\O



C t** tf +¡tt*¡l t67
art *l lt**+!f ¡l* t ¡l**t'¡ **

FUNCITON RHAIR(1,HOI
C SUBROUTINE CALCULATES TPE RELATIVË HUMTDTTY OF THE A¡R AT THEC SPEC¡FIED TEMPSFATURE AND ABSOLUTE HU¡.IIDTTY

DOUBLE PRE.CtSICN HipS,AHUM
H=HO
FS=AHUM( T r2 |
RHAI R=( I 01. 3ASDO +H/ lH+.ó2lggDO l, /pS
FETURN

. END

| +********

C '¡¡t* ****t *t ¡t***¡i**f,** 't** t*t¡F't ** * *** tttt*¡t
FUNCTIOT¡ SPHTf IEVPrDBMCI

C SUEFCUTTNE CALCULATES TI.E SFECIFIC HEAI CF WHEAT FOR THE GTVENC IEMPERATURE AND UOISTURE CONTENT
, ¡F(TEVP¡LE ¡-2I .4 )GO TO 5

tF(TEtlP.LE.-t0.8IGO TO lO
IF(lEyP¡LE¡Ð.6tGe TO l5
IF(TElrPoLErE.g lGC TO 20

c
SPHl= L. L 4eZ+ C. 03ç04*DBMC
ÊEÌUFN

5 SPHT=1.046+0¡031o9{<DBMC
. trETURN
lC SPHT=1.1673+O.02427'tOBMC

RETUIìN
I 5 SPI-'1= | .242e,+C. CZ ç62ùDBMC

trETUFN,
2Ð SPHT= I .O251+C .24427+DBMC

FÊ-7U'ìN
E$D

C ***+**++** *rt *******{. +**:}****** ****t*****
FUNCT ION SAFITH( TgMP, XÀ¿c ¡

C SUBFCUT INE CÁLCULATES TI.S ALLOI'ABLE STOFÁGE TIME FOR WHEAT .AT THËC GI vtsN TEMPEFATUFE AÌ\D MC ISTUÊÈ, CONTENT
ALOGTI=6 o23442 -Ç tZll?S*xi/C -O.CS26Z*TEMp
ALCGT2= 4.12e55 -C.ù9922*X&tC -C.OS76tot=u"
S AF ¡vl-1=4rrr4 X I ( I C . * *ALC GT I r I C, . * * AL C GT2 | * 24 o e
RETURN
ÉND

C *t*ï**¡F*** +**t **+*** *********+ ********!**
trUNCT ¡CN SAFES (TEMP, I¡B t

c SUBRCUTI¡\¡Í CALCULATES rl"E ALLorl/rBLE STDFAGE f IuE FeR coRN AT THEC G ¡ V€N TEMPËRATUFE At\iD MC I STURE CONTENT
J=f!MF*l.B+32.
h= l{B
¡F(|]{ .LE. ll[=yi¡ß100o.
DM=1.0
TF:230 ¡ O

Cq=w/ ( lCC.-$ )*1O0.
xvM= . lo f {, ( E xtr ( 455 . /DE** I . 53 ) -.(!:) n45f.DB+ t . 55 g ¡
IF(T-'n0.lt0r2Cr20

ti¿ XVT=128.76*EXtr(-.iael*Tl
GrlTOT0

2C IF(t-19¡l3rlr3Gr40
3{) h=¡S,.
4$ lF lw-ZB. tór) ¡ éO ¡SC
Stt tt=28.
60 xÀ/f=i2¡3*EXtr 1-3.48,r,T/60. l¡(r.{-19. l*.LilrExÞ(.ól*(T-€9 ..1/ên ol
c
7ç S AFã S=TQ f XMM I Xi, T rDM

FE TI,,IìN
ENO
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C '|+*:f*t*+¡t!| *:t*¡l+tl**rF rtt**'trf***t ttl*******r¡

SUAROUTf NE F¡NSUB(DIAMITCNNST IGTAFR¡PIIFII
C SURtrCUTTNE CALCULATES T'.E RECUIRED POWER TO DRTVE THE FAN FOR THE
C SPECIFIED A¡N OF GRAIN AND ÂTRFLCI RATE.

DIMENS¡CN AE('l 4) rASP(14r3)
DAT A AF /.Ol r .O2 r .O4 r.06r . lC r.2C r.40 r .é0r I .0 r 2.O r4¡0r 6oO r I O.O tZO oQ/
DATA ASP,/.0OO59 r oCOl I r oO02l ¡ .0C31 r.0OS r. O I r.02t ¡ .C32r ¡C55r . I t5r

* o?6 t.43 r o 82 o ? o O r . OO032 r . OC'ü6 e ¡CCt I l5 r .CO I 7 r . CC28 r .0056 r .0 t l5 r ¡O 175 r
* oO3r.065.. I 5 r. 2ê ¡.51 o 1.3 r r0O02l ¡ o0Oû39¡ ¡0007€ ¡ .C0l l2 r ¡OC l9r o0O38r
*. JOB r .O I 25 ¡.02L r . C45 ¡ o lO r . l7 r r 3! ¡ o93/

IGR=lG+l
FF=los
IF( I GF.EO. I ) SPhT=0o75
IF ( I GF ¡EQ. 2l SFhT=0.62
Itr ( ¡ GR. FlO.3 I SPtT=êo7O
AREA=3ol4ló*DlA\4**2/4. ..

CUM= AF R'e f ONNE
V=AFF *TCNNE/ARFA
De 50 t=t¡13
J=14-I
IF((v-AÊ(Jl).GÊr0.lGC TC 60

5ü CCNT INU:
'5C ALOGSp=ALOGIÐ(ASP(J.IGR))+(ALCGIC(V)-ALCGIC(ÁF(Jllr/t (ALDGIC(ÁF(J+l

+, ¡-ALOGlC( AF( Jl ) ,*( ALOGt0(ASP( (J+t I r IGR) )-ALCGlC ( ASp( J, IGel t t
gtrM= !O. +*ALOGSP*FF
SP=SP M*TCNÎ.¿trl ( ÁR EA*SP*T,
IF(SP.Lf ,O.25lGO TO 7C
trtJR=(SFtCMM)/30.
trETURN

7þ Ct,tl=Cvî'A/(4.4t8-1.614+SP)
P hF -CY M/3O ¡
FE TURN
END

C +********¡{. ********** *++******* **********
SUBROUTI NE ZËRC( J IYD r XIYr ArD€L¡K II(rY I

C SUEÊOUTINE SEOUENTIALLY SELECTS ESTTER ESTIIIATSS OF X SUCH THAT THE
C UNKNCWN FUI.¿CT I O¡.¡ F'( X 

' 
( =Y ) APPROACHËS THE DËS IRËD VALUg YD

D IM=N-c IBr.¡A(a ) r I J (4 r 3 I
DATA I J/l t2¡3 t4 r 4 r3 r2 r I r 3 t4¡ | o2/
Jl =l
¡F(N.L€.01M=t

5 Jo=J
J=IJ(JrJll
IF(J.LE.2 oAND¡ JP.LE.2l GO ÎC 6
t=(J¡GÉo3 oAlrD¡ JF.GE.3, GO TO 6 '
Z=A( I )
A(tl=A(31
A(31=Z
Z=À( 2 t
A(2)=A(4)
A(4r=Z

ó IF(Jt.ÉQ.3) GC TC 5l
IE( J.L¿.2IGO TC IO
X=- X

A(ll=-A(ll
a( 3|=-A( 3l

t0 ¡F(J.EO.l .rlFr J.EG.4)GO TO 20
YD=-YO
Y=-Y
A(21=-A(2t
A(4t=-A(41

2C Jl=l
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CALL TYPE\( Jl rYD oXr YTATDELTK¡ hrM t
¡F(M.EO.2 rAlrD. J.GE.3l X=A( I l/2.5
lF( M.EO.3 o AliD. J.GE.3 ) X=A{ I I +4.0
lF( MoEOo4 TANCoJ¡GEr3 lX=A( I l/lOO.
lF(J.LÈ.2lGO TC 30
X=-X
A(tl=-A(t)
A(3t=-A(31

30 ¡F(J.EO. I rOF¡ J.EO¡4lGO TO 50
YD=-YD :-.. ..--... .,-
Y=-Y
A(2f=-A(21
Af4l=-A(41

50 IF(KoÈOo2lRElUFN
¡F(Jl oNÉ.1 IGCTC 5

5I IF(T¿.LT..I5'RETURN
R=2.
SFITTEI6I32 )YOr X¡ YrA

52 FGFi.rÄt(. DOÊS NCT CONVERGE I r7FlC.5l
R Ë TURN
Ef\D
SUBROUT INETYFE t ( JrYD rXrY r A ¡DEL rK r!i rM)
DTM=NSIONA(4I
xL=A(ll
YL=A ( 2 

'xu=A(31
YU=A(41
K=l
IF( ABS ( Y-YD l-AES ( ÐÊL ) | 2 t 2 ¡ 6

2 r=2
¡l= [
GOfO35

. 6 li=N+ I
GCTC( lC rZtl r37 r55 ¡2L tZL) tN : .

lC xL=X
X=2rSIX
YL=Y
v=2
G.CTOJ?5

2ù YU=Y
XU=X

2l le(YL-YU)3ùr4,J¡40
3'l J=2

N=N-l
u=6

35 A(l)=XL
A( 2, =YL
A("1_XU
A(ôl=YU
ã É TUFN

37 YL=Y
XL=X

4'i I|=(YL-YDl45r6ît6l)
45 X=xLl10O.

52 M=3
Xl¡=XL
YU=YL
GüTO7O

5l K=?
M=l
reITE(6r 541

54 FCRr¿laT(r NCT htfl-lN LIt¡lTS.l



t:

i

I

--i
i

I

55

óo
ó5

7ù
8ù
a5

eb

GOTO35
YU=Y
xU=X
¡F(YD-YUl65¡80 r80
XL=X U

YL =YU
¡= llJ*4 o

M=4
IF(N-ó)35r35r53
IF(M-5)85r90 r90 in- '-

a= ( r!-YD | / ( YL-YU t*( xu-xL'
X= ( XL+hl ) /2 ¡
M=5
GCÎ03s
Y4=YL- ( YL-YU I * ( X'XL l'l( XU-xL I
tF(Y4-Yl100r13Crl30

ItO J=3
þ=6
lF( Y .GT rYD 'Al'rD.Y 'LT r YL I XL=X

.t c( Y.GT oYD ¡AliD'Y oLT' YL )YL=Y
T tr ( Y.T.T O YD. ANC. Y .GT O YL ) XU=X

IF( Y.LT. YD' AÌ\D ¡Y'GT' YL t YU=Y

x=xL+ ( YL-YD ) * ( xu-xL I / ( YL-YU t

GCTO35
1.3.3 IÉ( Y-Y) ) t 50 ' l40 r 140
l4) fF (YL-Y ) 141 ¡ 142 I l4t
141 S=( x-xL | *( YL-YD I /(YL-Y)+xL

GO TO 14-1

l42 S=XL
i+S rr=( (Y-YD)/(Y-YU) )*( xU-x)+x

xL=X
YL=Y
X=(s+lrll2¡
GOTO 3 s

l'5O r=((X-xLlr(YL'YD))/(YL-Yl+xL
S=( ( YD-YUt r!( X-xU, I /'( Y-YU ) +xU

IF(xL-S)17r)rl7C'160
lóC S=xL
l?C xU= X

YU=Y
x=( S+\l/2.
Gcro35

END
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C M¡NAIR FROGRAM
C Tl'¡lS PRCGRAU FIt\DS IHe MIN¡MUM AIRFLO$, RAT= REOU¡REO 1¡¡ nRY it RIN OF
C GRA¡N UIITHOUT SPCJLAGE. IT USES TOM THOMPSCNTS NATURAL AIR DRYING
C r'lODÊLr rlfH TIME. I¡iTERvALS OF 24 HOURS AND CONTINUCUS FAN OPERATTON.
C WEATHER INFORMAlICN ON YAGNETIC TAPE TS FEOUIRED.
c

D I T4ENS tON A ( 4 t . I vt9a ?Q ) TDATEf 4 I rA I R( r 0C' ) r CMNt ( rOO t ¡yã R( loo I r
+A.4T( ¡ ['rJ I rDyA( tOù ) rCS ( rOC 

' 
rTAEH( ICO I

DATA 
^/4*O.,/ccMMoli ¡ G, xÀlc rXMF ¡scrHEATrGO ¡KK

NO=O
KK=O
J2=O

c
20 READ(5¡18rEND=250)IGrXMDrxMFrGo¡YtirAMrDÁyrAFQ'gg'FËAT
C **!r****t*:kr***+*t**+*+**********t***È,r:¡ ***a****ùr********,*!r***!t*tF****
C r FEAD GRAIN TYFÊ ((,=WH=ATrl=BÂRLãY.Z=CORNr3=REt¡IND)¡ fNITIAL GRATN *
C '* MCISTURE CONTENT (ZwB)r FINAL O=SIFìÉD TTOISTU?É CCNTL.NT (ZlfAlr *
C TF INIT¡AL GRA¡¡ flIvItrERATURtr (D:G. cËLSIUS), YEAR¡ MCNTHT Ê DAY CF *
C f STAFTING DRYTNG' FIEST AIFFLow RATÈ (sHoULD Bã Lch)-- THË PRoGFAM *
C * FTNDS THE MIN¡IIUM AFR (CU¡M¡,ZMIN-T}T SOLAR COEFFICIENT (AVEF.AGE T
C * TE!\,!ÊËtrATUPÈ FISF WFËN ñÊCEIVTNG TOOt) ¡¡¡6¡-EYS PFF DAY). AND TI,iE ¡I
C x t\UMBFjR ilF Di:GREES CF TEMPËFATURË r.lISE ADDED TC THE Ar,!BIENT AIR *
C + BY IHE FAN ANC I.EATER (DEGREES CELSIUS'. *
C {. * + ** ** * * *t * * * * +* }t * * *** * * ** * * +E û +*X + *** ***f * ** !¡ * ** * * * r.* ***a *.,t * +***,È **
1B FciivAT( I I r2F5.l.7F4.l t

t F ( XtrC.!:O oO . I XMC=pC ¡
IF(XÀtF,EO.O. .ANC. lG.EO.O)xMF=14.5
IF.( XvF¡ËO.O. .ANC. IG.EQo l )XtJF=14.9
¡F(XMF.ËOoDr ¡Ât\'Cr IG¡EOo2lXMF=15,5
IF(AFR.ËO.0, lÁFR=O.S

C DEFAULT VALUËS
IF( IG .LE. 2'GC TO I9
IÊ(SC .GT. 0.lQf 1áINDl3
ÊEt¡I^'Dl4
GC TC 20

l9 HAÇV=AM+lCO00.+DAY*100.
2l DT=YFr. lCeiìr).+AM*lCC. +DAY

lF(sc.fo.c.)Gc Tc 32
22 FEAD( l3¡23,END=ZZC tO
2i FCFM.ÂT(9Xrr6.6¡

IF(f).LT.DTIGC 1C 22
Itr(D.GT.DIIGC TG 28
tsACKStr ÂCE I 3
GC TC 32

2e IF(KK.fO.ClKK=12
L=KR/ | 2+3
OO 29 I=lrL

2q EACK SPACE I J
GO 1A 22

32 tFlJ2.ËO.2|GC TO 4t
25 cF AD ( l4 r 30 . ElrD=2 2C l CC
-li' Fc RM AT ( 5 X ¡ F2 .0 ¡ 7 3X I

J F ( CC.LT oYR )GO rO 25
lF(cc.G10YQ)cO tC 4l

35 rì: AD ( I ¿ r 40 rElrD=22ã )D
4O FgfìMÂr l7X¡Fé. o0 r6ZX)

T F ( D.LT.HARV 
'GC 

fC 35
tE(!).GT.HAt?Vrcc Tc 4l

C FINDÍ; SPECTF¡ED STÂRT¡NG DATE ON TAPE(S'
FfAa ( 14 ¡45,END=22,.)t (CATÊ( I l r I=l ;4t

45 FCtrMAT(5Xr4F20ol
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EACKSPACE ¡,4
GO TO 49

ôt lF(KK.EO.0lKK=24
. !(K=KK+2

DO 42 I=lrKK
42 eACKSPACEl4

GC TC 25
49 fF(SCoEO.O.TtrFITE(6r5Ot
50 FORMAT( '-I t 'IiATURAL ÂIF DRY¡NGI )

lF( sc ¡GT ¡o. t hR I T= ( 6, fr I t
5I FCFi'IAT( ':I t I SELAF HEATED AIR DRY INGI I

tF( IG.EOoOt hRf TE(6,551
lF( lG.5O.l t *n ¡¡E(6¡6Ol
IF( IG.EO.2l hRITE (6rá51

55 FOFM.ôT (. +. .24 x..--HHEATt t
60 FCFMAT II *' T24 X, '--BAFLEYI I
65 FCRMAT{r+t t24xrt--CCFl\tl

rçITE 16t75 f GCo x,'¡lCrXMF ¡ (DATE( I I ' I =1 ¡41rSC 'HEAT75 FCFUAT(IO GO WEIO IIBF START DATE SC HE.AII|
+' t r3F8.2r3Xr4s3.Or2F7¡l I

J=1
N=C
IAR=0

l at0 Y=GRNDFY ( AFR I
lF(Y ¡GT. O.5'3 IIAB=2
CALL ZERC( Jr 0.50 rAFFt rYrAr O.C3 rKr N ¡Ml
GC TC (llOrt€0),K

tl0 IF(N .GT.5.ÂND¡ ABS(y-O.5Cl .LE.,)oO5)GO TC 180
IF(N.EQ.l .AlrD. YoLT¡ C.5)AFFì=AFR/5.
IF(N ¡GT¡ I .ÂND. IAE .LI o 2 rÂFQ=AFRl8.
IF(AFR'LE' l)olAFR=5'
IF(N.LE¡IO'GC TO II2
J2=2
Gg TO 20

t l2 L=KK/l 2+3
KK=KK+1

" DO tfS I=l¡KK
I T5 EACKSPAC€I4
L2'J Ê5 AD ( l4 r4ù r END=22û tD

IF(D.LTO HAIìV)GC TO I20
¡F(5C .ÈOr 0¡ ¡AñDo D oEO¡ HARV)GO TO 1âC
TÊ{D .EO. HÂFV)GC TO 13C
DO 125 I=lr5

L2= EACKSFACEI4
GC TO I2T

l3C DC 135 I=lrL
I r5 FôCKSFACE I 3

l4;ì FFAD( l-l' l45rEND=220 lD, IC
145 FCRVAT(9XrF6.0r3Xr Il I

I¡: ( D .LT. DT ) GC TC 140
BACKSPACE I 3

lF(D oãOo DT ¡ANC. lC .EQ. I 
'GO 

TO rO0
DO l5l1 I=1.3

l5r.l eACKSPACEt.t
GC TC t4C

I 1ìi) UR I TE (É t?Qt) I XvC I Xr,'F, YF r Al.r rDAy,AFR
2t)ü trOFUAT('0MINIvtJM AIRFLeìi{ RATe RiOUIìED TO DRY THE GÞAIN F?OMrr

+FSolrr % M.Co TirrF5.lrr tl 14¡C¡ (vA{It/UV)t/r FnQ Â.HARV:ST D/rTE OF
+' r.JFS.Ort r hITHCUT SPOILAGÈr lSr¡Fóo2rr CU.MolMIt\,/TCNt'¿i:.)

¡\:C =N0 + I
CvNI (1.;Ol=xMO
YFF(NC,=YR



L74

AMTI NOI=AH
DYA(NO¡=CAY
AIR{Ncr=AFR
CS(Ncr=SC
TAEH ( NO 

' 
=HEA T

GO TO 20
?2O sRITE(6'23O'

. 230 FORMAT(I ËNO OF TAPEI'
FEWTNDI4
IFfSC.GT. O.IRSTINDT3
cc To 20

23t, hFITE (ê t26ù I ( II{D( I ) r l=l r 2O I
26C FORt'lAT( t-. f ZOXt. SUMMARY OF RESULTS FeR MINIMUM A¡RFLOI{ RATET /re. t

+3CX,2eA4'
. hRtTE(6o2651

2ê= FORVAT( r0r r lTXr I f N.M¡C¡ HARV.DATE Mf N.AFR-....,. SCL.COEFF HEAT./
tt*. r l7Xr.-______ ___t t
DO 27O I=l 'NC2711 t¡ÞlTË( 6r2SOlCMNI( lt'YER( I )rAMT(I t.OyA( t t,A¡R(I trCS(I LTA€H( I )

2¡ì.ì treFMAT(.0t rlTxrFÊ.1r5Xr3F3.Cr4XrF5.2 ¡?Flf,'.ll
sTop
END

C ***+*t *+** ù****+**** ¡¡+* * ****** **)F****¡¡**
FUNCTTON GRNCFY(AFRI

C SURF'UTT¡iE STMULAT;S ORYI¡iG FOR TH¡. GIVEN YEART GRAIÌ{ TYP€¡ MOISTURE
C CCNTENT T ÊTC. T ÂND Tt-'E A IPFLOW RATË SÊLECTED BY MINA TR.

DIMÍn*SION Al{ (4 r'FEÊ( lC ) r SCL( 24}
coM,qcN,/AREAt/xM(,10 I rG( lC ),Dv( le l, IGRrR
ccMMoN IG r X¡'rC r XMF rSC r FEATTGO rKK

c ..
hcIlË(6rltllAFF

l(i FGRMAT(r-AIF(FLCW RATE=. tF5.2r I CU.M./MIN./TONNÉr I
hîITE(6r8Ol

8i, FIRI{AT( ICDÁT€ E TIME HOURS 1{B(MINI EB¡VE WB(UAX' GT( 1

+) GTAVE GT(TC} ZALL¡TTUE ZDMiMAXT TATR TDPT RADI'N'
+/ | +
+
lIME=0.
TGR= IG
DT=24 .0
Q=87O./(AFR*|C.*CT*12¡} tt".t'.r,,'.

N5=0 :-..i.'

EQT=O. .

TLÇAO=O.
TpAo=c. .:::..''''-. ..:
SCLHT=0.
KK=O
t\C=0
T^IF=O.O
TDPf=O oô
DO 9U I=lrl0

,15 PEcl(I|=$¡p ..,
Xv( I )=XMC

c MolsTuf.{E ccNlEÀT OF t-.ÁCH LAyË.Ê IS sET TO II,tITIAL Gt AIN r,trCr
Dv( I | =( XVC*l CC. ) /( tùt.-XMOt

C tl .C. CF EACH LAYEF I5 SET TO ¡NIlIAL GAAIN M.C.0N DRY wT. BASIS.)C G(I)=GO
C TEMP. CF EÁCH LAYER lS SET TO lN¡TIAL GcAIt¡ TEf,rp.
I '; r'. l{t: =NC + I

TD=O o

TD=1 o

FAD=0.

r)

t



tlO CALL FEAOWR(24rDAfHrTPrTOrRH¡AIr¿45O1
xK=KK+24
lF(sc .Eo. o.rGc To 140
CALL R€AORN(NSrDATlrrEllO¡SOLrE450¡ -- --
DO 125 l=Lt2â

I2E RAD=RAD+SOL( I I
SOLHT=SCi.RAD*O .C0 t
TEAD=TRÁD+¡AD*4. I84 

}
¡4O TO=TP+HEAT+SCLHI

TA I R=TAI R+TO.HEA T.SOLHT
TDPT=TDPT+TD
C ALL DRY S T '' 

( TC 
' 

T C , A VÊM , AVET I.
C/\LL MTN ( I i) r XV rN I rDR Y I

ç TC DETERMI¡iE AND IDENTIFY THE DRTEST LAYER
CALL l.tAX( lOr Xt,rN2TWETI

C TO DETERI.IINE AT{O IDENIIFY THE hËTTEST LAYER
245 T IMS=T IUE+DT

tF( IGoËO.2)GC TO 270
DO 250 f=lrlú
hT=SAFr.tH(G( I !.XM( I t I

Z50 pER( I t:pEF( I )+DT,/rT
CALL MAX ( IÐ rFãR¡IT3IPCTI¡,
GO TO 29C

27Q OO 23C l=trlC
Z=SAÉES(G(f)rxM(¡¡¡

23c FER( I )-PE',R (tt+Ðf /Z
CALL tJAX ( 1O,trÉÇ TN3TPCTM}

2')u\ ãCT=trCTV*23O t
FgFDM=.O 883* ( E xP ( .t06rEOT )-1 o l+.Cû lO 2*EOT
P.=PCTM* lCO.
IF( WEI.LE.XMF )GO .TO 350

C IS ÎHË hETTEST LAYÉÊ DRY YET?
ÍF(N:!/7 ¡ .NË. l¡1 /7 )GC TO f0O

C PFINT THE VALUES CNCE PER SEEK
TC=TA lq/7.
TO=1DPÎ/7.
TÂ I Q=0.0
T!trf=Q.Q
Ee¡TE(6r3OL'l(A\{( I),I=tr4l¡TtMETDRYTNtTAVîu¡trETrN2rG(lr'ÂVET¡G(l0tr

+tr rN3 TPERDM r TC r TD r TRAD
3CC FORMATItOt'4F3.0çF7ol¡F7o2rr('rI2¡')rtZF8.2¡'l"12trtrrAFB.2¡F9c2¡

+Fq.2¡' ( t r l2r t I t rFl3 o112F9.2)F8.Ol
, TLRAD=TLFAD+lFIIC/ IOO ¡

T--1 AD =0 . .

IF(PEFDM.LT. I1. 
'GC 

TC lOO
hrcITE(6t32Ot

32!¿ FCFr',!AT ( r AIRFLOì¡, trATE VUCH TCC LCu.,
Ga ND FY =PE liD¡¡
fìr: TUtìN

3:C ht:IT¡:(6r3CJ)(/rh(Il'I=lr4lrTIvErDÉ.YrNlrAVE'rrr,{.!TrN2iG(tlrAVÍT'G(lO)'
+F rI'i3IP¿FDV rTC rTC ITtrÂD

TLFAC=rLl¡AD+TF AD / | CO .
rA I TE ( f. r -?f¡,) ) TLtr AC

-fóô FCRt\,lAT(¡CGRAIN DFIED.¡27Xt. TOTAL EAD¡ATtON RÊCEIVED.CN A HORIZgNTA
+L SU;ìFACE SINCF START Ctr DRYING =. ¡F7¡Q ¡ . uJlSQ.M. ,

GlìNDÍì Y=ÞERDt,
FËT{,,RN

45'J rGITE(ór460)
4óJ FOIìMAT ( | EliD OF 1ÂPE I I

. GFND Fv =p[_ROv +ù.5
RETURN
END


