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ABSTRA'CT

S. C. Sharma

The UniversitY of Manitoba
June l-973

SIMULATION OF HEAT AND MASS TRANSFER DURING
AERATTON OF WHEAT AND RAPESEED BULKS

Digital computer models were developed for wheat and

rapeseed which use the finite-difference method to predict

the changes in grain temperature and moisture content

resulting from aeration with ambient air. The model-s can

be used in establishing the limits of low-temperature, low-

airfl_ow drying systems as well as evaluating the effect of

parame'i:ers, leading to system optimization'

An improvement over previous models has been incorporated

into these models by taking into account the wet-bu1b

depression of the entering air. when the air passing through

the grain has a relative humidíty lower than the equilibrium

relative humidity of the grain, the dry-bulb temperature of

the air drops to near its wet-bulb temperature' during the

early hours of aeration. This equilibrium temperature of

the air and grain during the early hours of aeration is taken

as the initial grain temperature for the simulation of the

aeration process.

The accuracy of the models was verified by experimental



testsinthelaboratory.Themodelforwheatpredictedthe

location of the drying front within t 3 ' 0 centimeters of the

measured. drying front for an apparent air velocity of 2"44

metersperminute,andwithin!T.Lcentimetersforanapparent
airvelocityof4.36metersperminute.Abetteragreement

betweenexperimentalandsimulatedmoisturegradientswas

noticed for rapeseed than for wheat'

The computer models developed during this investigation

may simulate the drying with ambient air for the following

approximate ranges of air and grain conditions: (i) dry-

bulb temperature of the incoming air l-0'0 to 37'5 degrees

Celsius for wheat and 20'0 to 37'5 degrees Celsius for

rapeseed; (íi) relative humidity of the incoming air

30percenttog0percentforwheatand50tog0percent
forrapeseed'(iii)initialmoisLurecontent(drybasis)

of the grain - 10 percent to 25 percent for wheat and 5

percentto20percentforrapeseed;(iv)initialtemperature

ofthegrain-]-0.0to3T.5degreesCelsiusforwheatand

20.0 to 37-5 degrees Celsius for rapeseed'
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CHAPTER I

TNTRODUCTION

Asrecentlyas5toTyearsdgo,itwaspracticalto

move large amounts of damp grain from canadian prairj-e farms

to central storage terminals. There it could be dried to

prevent the initiation of spoilage due to fungi and bacteria'

In the past, particularly when smal] grain export sales

combined with increased production created larger than usual

stocks of grain, the storage faci-lities on farms and in

commercial elevators were often severely strained- conse-

quently, farmers \^Iere forced to store grain in make-shift

granaries or in open piles on the ground for periods longer

than 1 year (sinha et al.; Lg72) . Generally, grain stored

in make-shift granaries or in open piles for more than 1 year

is susceptible to fungi, mite and insect infestations' Each

additional year of storage intensifies the acti-vi-ty of grai-n

pests and increases the rate of grain spoilage. In a particular

year when the entire crop is harvested damp due to unfavourable

weather conditions and the damp grain is stored for such a

prolonged period, the rate of spoilage of stored grain further

accel-erates, mainly through damp grain heating (thot spots')

caused by microorganisms (Sinha and Vüal-lacei 1965) and by

infestation of larger numbers and more kinds of arthropod

pests.



The drying of graín can be done ín several \^/ays ' One

ofthemostcoInmonmethodsisheatedairdrying.Heatedair
dryingisaconvectiveprocessandtherateofdryingisa
functionofthetemperatureandrelativehumidityofthe

drying alr, mass flow rate of the air ' equilibrium moisture

content which the product would acquire at the temperature

and relative humidity of the incoming aír, and the moisture

content of the product. Heated air drying does the job

faster than unheated air drying and it is not dependent on

weatherconditions,butmaybemorecostlyandmayremove
more moisture than necessary' Moreover' the grain is

suscepLibletocrackingandthermaldamagewhenexposed

to hígh temPeratures'

Areasonableamountofdryingcanbeaccomplishedin

mostyearsinWesternCanadawithalow-costunheatedair
dryingsystem(MoyseyandWilde;1965).Eveniftherelative

humidityoftheairweretoohightoa]-lowdryingofthe
graintooccur,LLshouldbepossibleduringthewinter

months to lower the temperature of the grain sufficiently

to prevent spoilage. It could then be stored until more

favourabl-e weather conditions in spring would make it

possible to dry the grain' If the grain is used for feed

it is even desirable to have it at a high moisture content.

Sincethepotentialformoistureremovalbyaeration

with ambient air has been demonstrated (Moysey and wilde;

1965), a mathematical model describing the movement of



moisture and heat in a mass of grain is desirable. such a

model can be used in establishing the rimíts of aeration

dryingsystemsaswel]-asevaluatingvariables,suchaS
airflow and grain dePth' leading to

The objective of this studY was

models for simulating heat and' mass

of wheat and raPeseed'

system oPtimization"

to develoP digital comPuter

transfer during aeration



1)

2)

3)

, rilìi

::$,ì¡

.at!:r:

:i.llt

iiì:r'

CHAPTER II

REVTEW OF LTTERATURE

2.1 Tests on Field Systems
þ.L

Research related to low temperature drying of cereal

grains and oilseeds has been of three types: tests on field

systems, analyses of weather data and development of simul-atj-on

models. Tests on field systems carried out by Alderks (1948) 
'

Foster (1953, Saul and Lind (1958), and Shove and Andrew

(i-969) lead to the f o1l-owing conclusions:

The drying fan should be

This is true for all the

ambient air has a drYing

average year.

The time required for drYing

inversely Proportional to the

operated continuouslY-

climatic regions where

potential during an

is, in general,

rate of ai-rflow.

The lowest airflow

l-argely a function

deterioration that

that should be Provided' is

of the amount of Product

is acceptable.

4)Therateofdeteriorationíslargelyafunction
ofmoisturecontentandtemperatureoftheproduct.



The above tYPe of research work,

evaluate the effects of year-to-year

a limited. number of combinations of

and airflow rate were invol-ved'

While studies of weather

Moysey, 1969; Schaper et al-.

Zachariah and Lipper, 1966;

however, does not adequately

weather variations" A1so,

2.2

A number of researchers have analyzed weather data during

post-harvest season to determine the potential for low-temperature

drying of agricultural products" Schaper et al. (1961) used

weather data to determíne the average sensible heat available

for 9-day drying periods during the haying season in fndiana"

Schmidt and lüaite (1962) summarized wet-bulb depression data

for 82 U.S. Vüeather Bureau Stations throughout the United

States for use in estimating drying equipment requirements"

Brooker and McQuigg (1963) used 25 years of hourly weather

observations at Columbia, Missouri, in studying effectiveness

of both unheated and heated air drying systems. Zachariah

and. Lipper (1966) concluded that drying with unheated air is
possible in the Topeka area during average years" Moysey

and V'7il-de (1965), and Moysey (1969) examined weather data

for Saskatoon and. Prince Albert, respectively" They found

that unheated air has a drying potential during average years

for these locations.

initial- moisture content

data (Moysey and Wilde, 1965;

, 196I¡ Schmidt and Waite, 1962¡

Brooker and McQuiqq, :-.963) provide

t:l
.i:,r.



information concerning the expected drying potential of

unheated. aít, they do not define the performance of unheated'

air drying systems in a particular year' The time required

fordrylng,theexpectedfinalmoisturecontentandtemperature
remain undefined.

2.3 Simulation Models of Dr vüith Ambient Air

one of the difficulties of past researchers, as pointed

out by Zacnar:¿h and Lipper (1966), was that continuously

changing drying conditions make it impossj-bl-e to calculate

the ,,exact time to dry" for a particular drying season. As

a result agricultural engineers have recently attempted to

simulate heat and mass transfer in deep beds of biological

materials during d.rying wíth ambient air'

one of the first simulation models of grain drying with

low flow rates of unheated air that has naturally fluctuating

temperatures and relative humid.ities \^/as d-eveloped by Bloome

and Shove (1970) - Input air conditions for their model may

be variable, and initial moisture content and' temperature

gradients are permitted. The model is designed to accept

hourly weather observations. Bloome and Shove (1970) simulated'

natural air drying of corn over periods as tong as 65 days"

Alam and Shove (Ig7I) modified' the model of Bloome and

Shove (1970) and applied it to soybeans' The model presented

by Bloome and shove requires the assumption that complete

moisture equilibrium is reached between the air passing through
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a Layey of. grain and the grain in that layer. Alam and

Shove QgTI) reported that better prediction results were

obtained by assuming that in the first layer 9BZ of the complete

moisture equil-ibrium takes place \.vhere as in the following

layers it varies linearly from 9Be" to 1002 '

Alam and. Shove (Ig7L) reported that in the early periods

of drying the simulated moisture gradients did. not agree

\,fith the measured gradients, aS closely as they did in the

later periods of drying" They suggested that several factors

v/ere responsible for this disagreement, such as errors in

sampling of the drying column, variation in the recorded

weather cond.itions, and microbial heating of the soybeans.

above 17.6% (as reported by Ramstad and Geddes; L942) . This

heating would increase the drying capacity of the air thereby

resulting in more drying in the middle layers. They also

suggested that the difference in experimental and simulated

values could be attributed to the assumption that all- the

pr.ocesses are reversible. One other factor which they did

not include in their discussion is the cooling of the air to

near its wet-bul-b temperature during passage through the wet

soybeans during the initial hours of the drying process"

Thompson (1970a) modif ied the mod.el of Bloome and Shove

(r970). The modified mod.el can predict grain temperature,

moisture content, and dry matter decomposition resulting from,

(1) aeration of grain with ambient air, (2) heat transfer

through bin walls, and. (3) respiration within the grain'



Sutherland et al. (I97I) developed a model to simulate

equilibríum heat and moisture transfer during aeration of

grain, but this model- is not designed to accept hourly wea-ther

observations.

During the last 5 years a number of simul-ation models

have been presented in the area of heated. air drying" The

models developed by Bakker-Arkema et al. (L966' L967 ' 1968'

1969, L}TO) are based. on the laws of simultaneous heat and

mass transfer and result in systems of differentiat equations.

These equations are then solved analytically or (in most

cases) numerically. Thompson et al. (L967, 1968t L969, 1970b)

proposed an al-ternative approach Lo the modeling of heated

air drying. Their models are based on algebraic heat and

mass transfer balances.

The above review of literature on the simulation of grain

drying shows that there are only three models (Bloome and

Shove, !970; Alam and Shove, L97I¡ and Thompson ' L970) which

are capable of simulating heat and mass transfer during

aeration with ambient air" The models of Al-am and Shove

(1971) and. Thompson (1970) are modified from the corn drying

model of Bl-oome and Shove (1970) and use the same basic

computational approach. Thompson's model also simulates the

respiration within the grain and heat transfer through the

bin wal-ls along with d.rying of the grain through continuous

aeration. Moreover, this model uses a trial-and-error

procedure to estimate a more accurate value of the absolute



ìit

humidity of the air after the air has passed through a layer

of grain. The estimation is carrj-ed out until the difference

in the val-ues of equilibrium relative humidity of the grain

and the relative humidity of air after the air has passed

through a layer of grain approaches zeTo" The computer time

for such a sophisticated model may be considerably more than

the computer time (102 seconds for 65 days of simulation on

the IBM 360/75/50 for the PLl programme) required by Bloome

and Shovers model.

The above review of l-iterature al-so i-ndicates that most

of the work done on drying of grain with ambient air has been

limited to'corn and soybeams. Little consideration has been

given to the unheated drying of wheat and rapeseed which are

two of the major crops on the canadian Prairies. The per-

formance of drying these crops with ambient air has not been

defined for the c.l-imate of the Canadian Prairies.



CIAPTER fII

MATHEMAT]CAL MODELÏNG

3.1 The Computational Approach

During aeration with air at ambient temperatures and

with tow airflovz rates a number of temperature gradients can

exist in the grain mass at any one time, some increasing and

some decreasing in temperature in the direction of airflow.

In addition, the vapour pressure of the air in the grain

column may be above or below the vapour pressure of the grain

in individual layers" Therefore, four distinct processes are

possible; (1) heating of the grain accompanied by drying'

(2) heating of the grai-n accompanied by wetting, (3) cooling

of the grain accompanied by wetting, and (4) cooling of the

grain accompanied by drying"

The development of a simulation model of grain aeration

with ambient air would require a different approach than that

used to predi-ct the performance of heated air systems" fn
an empirical- drying model (Thompson et al.; 1967, 1-968, 7969,

l-970), the drying rate of the grain is controlled by a drying

constant which has been experimentally determined" A small

change in the moísture content of the grain results in large

changes in temperature and specific humidity of the air in

the grain column. In such a drying model, then, the changes

in grain conditions are controlled by empirical drying constants
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and changes in air conditions are calculated' aS incidental"

These new air conditions are used to determine the drying

constant appropriate to the next grain layer. Therefore,

the accuracy of arÍ empirical drying model is greatly dependent

upon a precise determination of the drying constant. These

difficul-ties are magnified when dealing with 1ow temperature

drying where mass transfer is slow and the drying period is

long. Moreover, to apply the same type of analysis to the

aeration of grain \,vith ambient aír I the drying and. \i'letting

constants for each of the four processes \^/ould. have to be

experimentally determined for the ranges of temperature and

relative humidity of the ambient air-

Following a d.etaíled consideration of the available

simulation models of drying with ambíent air (Sec" 2"3), I

chose the model of Bloome and Shove (1970) for the basis of

a mathematical simulation of heat and mass transfer during

aeration of wheat and rapeseed bulks. However, I have attempted

to take into account the wet-bulb depression of the entering

air in the early hours of aeration.

3.2 Assumptions

The f ollowing assumptj-ons are made in the model:

1) Individual layers of grain are isothermal and

the temperature gradient within the grain

kernel is negligible.
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2) Conductive heat transfer within the grain mass

is negligible"

3) There are no temperature and moisture gradients

perpendicular to the direction of the ai-rfIow"

During early hours of aeratìon, relative humidity

of the ambient. air is lower than the equilibrium

relative humidity of the grain.

During early hours of aeration, âs air passes through

wet grain, the dry-bulb temperature of the air
drops to a temperature at which (having cooled at

constant wet-bulb) the relative humidity of the air

is in equilibrium with the moisture content of the

grain.

6) In each time increment the final- graìn temperature

in each layer is equal to the temperature of the

air exiting that 1ayer"

7) The final grain temperature and the exiting air

temperature always fal1 at or between the extremes

of initial- temperature of the grain layer and the

temperature of the air entering the grain 1ayer"

B) In drying, all heat available from either the air

or the grain is used in evaporation. In wetting,

all heat needed to heat the air or the grain is

4)

s)

obtained by condensation.
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9) All processes are reversible without hysterisj-s.

f0) Heat of respiration and spoilage is neglected"

The accuracy of the simul-ation model depends upon the

validity of the assumptions made in the model. Bloome and

shove (Lg7O) pointed out that assumption (9) may cause some

erTor in prediction of heat and. mass transfer when the d'rying

front has passed through the column. Alam and Shove (1971)

also considered assumption (9) to be responsible for the

disaqreement between their experimental and simulated results

3"3 Formulas Used

3.3.1 Psychrometric Relationships

Brooker (1966) gives the following

the saturation vapour Pressure, P='

equations to determine

s = E>ip [58.8857 12301 .6eB/(49I.69

5.I6s23 Ln (49L.69 + 1.8 rdb) l

+ 1.8 T-. )ût)

if

P
Þ

T¿¡ is

= EXp

- 0"

greater

127.6452

46057 Ln

than or

ILZB6

(49I " 69

equal

.648e/

+ 1.8

to O C,

(49r.69

ta¡)

(3.r¡

(3.2)

otherwíse

+ 1.8 T-. )
dþ'

Where:

Td¡

P
Ð̂

Ln

dry bulb temperature of the air, C

saturation vapour pressure at TUOr g/cm

natural logarithm
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since:

Where:

RH=P /PV'S

RH

l),V

(3":)

(3.4)

(3.s)

4Þ.

(3"6)

relative humidity, decimal fraction

partial vapour Pressure, g/" 2

Pr, = (RH) P=

then:

and the

w

Where:

\d

Patm

specific humiditY of air, w,

=0.6219P/@-P)v' atm v-

= specific humídity of air, g

= atmospheric pressure , g/" 2

is given by:

water/g air

The specific volume of air (Bloomei 1969) is given by:

v=" = 0.007573 (49I.69 + 1.8 T¿¡) (1 + 1-6055w)

Where:

v = specif ic volume of the a:rr, *3 /kg d,ry air
SA

The mass flow rate of

m =Q /Va -a' sa

the aix , ña, may now be cal-culated

Where:

m = mass flow rate of the air, kg dry air/ha')
O = flow rate of the air , m'/h

a

The specific heat of the air (Brooker ¡ 1966)

C = 0.2405 + 0.448wpa
Where:

is given by:

c = specific heat of moist aír, cal/g C
pa

(3"7)
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3"3.2 Basic Properties of Wheat

Othmer and Huang (1940) , using the Clausius-Clapeyron

equation, derived the following formula for the relative

humidity, RH", of the air that is in equilibrium with wheat:

RH" = Exp l,$'/r=) Ln (2.04816 n=) + Cl / 2"048L6 n= (3'B)

Where:

RH=e

P
S

L/L =
5

relative humidity of the air that is in

equilibrium with the grain, decimal fraction

saturation vapour pressure at the grain

temperature' g/cm2

the ratio of the l-atent heat of vaporization

of water in grain to that of free water

constantC

By using the data obtained for Australian wheat by

Gay (1946) , the value of L/L= was given by Gallaher (1951)

as follows:

t'/Ls = 1 + 23 ExP (0'40 m)

Vrlhere;

m = moisture content of

Sutherland et aI- (1971)

over the temperature range 10

published by Gay. TheY gave

Ç = 3.34 x 1o4m-4"0

grain, % dry basis

calculated the values of C

to 37.8 C, using the data

the following equation for

(3.e)

C:

(¡ 10)



16

Brooker (L966) gives the latent
of f ree urater as:

L= = 597 "7 68 0 " 56983 (r)

heat of vaporization

(3.11)

Where:

L^ = latent heat of vaporization of free water,
Þ

kcal/kg

f = temperature of water, C

The values of equilibrium relative humidity calculated

using Equations 3.8, 3"9, and 3.10 were compared with the

experimental- data given by Pixton (1968) for Manitoba wheat

at 25 C (Figure 3.1). At this temperature, the predicted

values of relative humid.ity were within t 3 percentage units

of the measured values.The equati-on predicted grain moisture

contents within t 0"50 percentage units of moisture content.

Viravanichai (1971) determined the specific heat of

hard red spring wheat for the temperature range 33.5 C

to 21.8 C. He obtained the following relationships:

Cpw

cpw

Cp!v

cp*

0.250 + 0. 00743

0.279 + 0.00580

0.297 + 0"00708

= 0.273 + 0. 00933 m,

33.5 to 2I.4

2I.4 to 10 " B

10"8 to 0"6 C

8"9 to 21"8 C

cal/g C

basis

c

c

m,

m,

m,

for
for

for

for

(3.12)

lrlhere:

"p*
m

specific

moisture

heat of

content

wheat,

Z dry



('l H Ø rq Þ
'.' É
. Ê dp F
,' z f¡
l H z o U Ê
¡ ú Þ H U
) H o E Þ H ú Ê
q H F
l H Þ cx Ê
l

24 2? 20 l8 l6 t4 t2 to

E
qu

at
io

n 
3.

8

E
xp

er
im

en
ta

l 
D

at
a

(P
ix

to
n;

19
68

) 
fo

r
M

an
ito

ba
 W

he
at

 a
t,

25
C

F
T

G
U

R
E

 3
"1

 
C

qM
P

A
R

T
S

O
N

C
O

N
T

E
N

T
 O

F
(E

Q
U

A
T

T
O

N

O
F

 E
X

P
E

R
T

M
E

N
T

A
L 

V
A

LU
E

S
 O

F
 E

Q
U

IL
T

B
R

IU
M

 M
O

IS
T

U
R

E
M

A
N

T
T

O
B

A
 W

H
E

A
T

 V
ùI

T
H

 T
H

E
 T

H
E

O
R

E
T

IC
A

L 
C

U
R

V
E

3.
8)

R
E

LA
T

T
V

E
 H

U
M

T
D

ÏT
Y

, 
T

60
70

ro
o

P \¡



1B

3.3.3 Basic Properties of Rapeseed

StrohmanandYoerger(1967)d.evelopedthefollowing

equationforequilibriumrelativehumidityutilizingthe
linear form of the Othmer plots (Othmer and Huang; l-940):

. bm dm,
= Exp (ae""' Ln Ps + ce )

(3"13)
RH e

Where:

RH
e

m=

a, b,

relative humiditY of the

with the grain, decimal

moisture content of the

c, d = constants

air that is in equilibrium

fraction
grain, Z drY basis

Using the data of

values of constants' at

- A) as f oll-ows:

Pichler (1956) for raPeseed, the

b, c and d were determined (APPendix

a

b

c

d

0.27725

0. f 0873

2.70496

0.1fB0s

The Èelative humidity values calculated from Equation

3.13 using the abOve values of constants âr b, ct and d \iüere

compared \,vith the experimental values of Pichl-er (1956) '

The predicted values of relative humidity \^7ere within 4

percentage units of the measured val-ues. The equation predicted

rapeseedmoisturecontentswithin!lpercentageunitsof

measured moisture content values'
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By

by Small

derived

Cpr
tpt

Cpr

"p.
Where:

"pt
m

usj-ng the experimental-

(L972) , the following

for specific heat:

data obtained ior rapeseed

regression equations were

0.311-5 + 0.01342 m, for - IB.2 to 8"5 C

0.2733 + 0.01358 m, for 8.5 to l_"8 C

0.2957 + 0.00914 m, for 1.8 to l-0.Z C

0.3328 + 0.00494 m, for I0.2 to 20.6 C

specific heat of rapeseed r caL/g ç

moisture content of rapeseed, % dry basis

3.4 Formul-ation of the Model_

3.4-1 Temperature changes During Early Hours of Aeration

At the start of aerationr âs air moves upward through

the wet grain, it gives up heat to evaporate moisture from

the grain. The temperature drops to an equilibrj-um value

below which it will not fal-l-. This limiting temperature

(T^) is that at which (having cooled at constant wet-bul-b)'g

the rel-ative humidity of the air is in.equiribrium with the
moisture content of the grain. on the psychrometric chart
(Figure 3.2 or 3.3) tg can be located by first finding the

point representing the initial conditions of the air,
that is the initial- dry-bulb temperature TUO, and the

relative humidity, RH. From this point the line of constant
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vret-bul-b is followed to the initial moisture content of

the grain (Figure 3.2 for wheat and Figure 3.3 for rapeseed)

The dry-bulb temperature at this poi-nt is the val-ue of tn"

If the moisture content of the grain is high enough so

that its equilibrium relative humidity is 100% then the

grain temperature will approach the wet-bulb temperature of

the incoming aj-r. The temperature of grain at l-ower

moisture contents will be greater than the wet-bulb

temperature.

The rate at which the initial temperature of the grain

approaches T^ depends on characteristics of the grain,
I

initíal temperature and moisture content of the grain,

temperature and humidity of the incoming air, and the

rate of flow of the circulating air. After the early

hours of aeration the temperature of the air and the grain

in the grain cofumn is (1) independent of the initial

grain temperature; (2) independent of the dry-bulb

temperature of the incoming air; (3) dependent on the

moisture content of the grain. That is, moisture

equilibrium is the overriding control as compared to

temperature equilibrium.

The temperature, Tg, of the air and grain in the column

is taken as the initial grain temperature for the simulation
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of the aeration process. It ís important to note here that

no separate simulation is carried out for early hours of

aeration and subsequent hours of aeration" This is because'

with the extent of our present knowledge it is difficult

to simulate the rate at which the initial temperature of

the grain approaches Tg. The duration of this initial period

of aeration is believed to be small- (Sec. 5"1) compared

with the duration of the subsequent hours of aeration'

3.4.2 Heat and Mass Bálance E.qua.tions

In the simulation of the aeration process, the gral-n

column is assumed to consist of a finite number of thin

layers of grain of equal thickness, aH, called the spatial

increment. These layers are positioned normal to the

d.irection of airflow (Figure 3.4) " The simulation model,

as described in the following paragraphs is then used to

predict average changes in the exhaust air and the grain

during the specified time increment for each thin layer

of grain. The exhaust air from one layer in the column

of grain is then used as the input air to the next layer.

This process is repeated for the entire depth of the

simul_ated grain column. The following heat and mass

bal-ance quations may be written for the process taking place
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in each layer of grain:

Heat Balance

lst term

Sensible heat gained

by the air

2nd term

Heat gained by

the grain

3rd term

Latent heat : 0

gained by

the air

(Wo - W.) m.AtL = 0

. (3.15)

m A t C (t_ - T.) * m_ C_ (t_ - T__)"'a- pa'-o -l-' g Pg o w'

l4ass Balance

Moisture gained

by the air
lm - m.) m- + 100r"'o L' d

Where:

m_
d,

^t
"p-
To

Ti

*g

Moisture
+

by the
(w - w.) m 

^t'ot--a

gained

grain
=0

:0 (3.16)

= mass flow rate of the aír, kg dry air/h

= time increment, h

= specific heat of the moist air, kcal/kg C

= air temperature out of the layer' C

= air temperature into the layer' C

= mass of the grain in the 1ayer, recalculated as

moisture content changes, kg

C-- _- = specif i-c heat of the grain , kcal/kg C-pg
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T
w

\^7o

initial temperature of the grain, C

specific humidity of air out of the layer, kg water/

kg dry air

specific humidíty of aír into the layer, kg waLer/

kg dry air

L = heat of vaporization of water in grain, kcal/kg

w. =l-

m,
l_

mo

water

initial moisture content of the graín, Z dry basis

moisture content of the grain subsequent to

simulation for the time increment, Àt, % dty basis

mass of solids in a laYer of grain, kgm- =
CI

The vapour pressure' Pg, of the moisture in the

grain can be found at temperature T, and moisture content

mi usinq Equations 3.1 or 3 -2, 3. B, and 3.3. Let Pr, ' be
l-

the partial vapour pressure of the incoming air. There are

four possible transport phenomena that may take place depend'ing

upon the temperature and vapour pressure differentials.

The four possibilities are as follows:

(1) Heating and DrYing:

(2) Cooling and Wetting:

(3) Cooling and DrYing:

(4) Heating and Vüetting:

T andP\ú vl- I

T andP-\^/ Vl- g

T andP-w vl- g

T andP- \^/ Vl- g

in which the initial

If T.>
l_

If T.<
l-

ff T.<
a

If T.>
l_

regionsFigure 3.5 indicates the
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air conditíon (temperature and specific humidity) will be

found for each of the four processes, given the initial- grain

temperature and wn, the equilibrium specific humidity calculated

by substituting the value of Pn in Equation 3"4"

In the processes of heating accompanied by drying and

of cooling accompanied by wetting the final air and grain

temperatures will tend toward the initial grain temperature.

Therefore the initial grain temperature is used in calculating

the equilibrium vapour pressure of these two processes. fn

the processes of heating accompanied by wetting and cooling

accompanied by drying the final air and grain temperaLures

will tend toward the initial air temperature. Therefore,

the entering air temperature is used in calculating the

equilibrium vapour pressure of these two processes" Equation

3.4 is then used to calculate the specific humidityo We o in

equilibrium with the initial moisture content of the grain.

It is assumed that alt temperature changes are smaIl.

Therefore the equilibrium specific humidity may be considered

constant for these temperature changes. Based on the earlier

assumptions (Sec. 3"2), the four processes involved can be

described as follows using the psychrometric chart"

3.4. 3 Fleating and Drying

Duríng heating and drying the air passing through the

grai-n wil-l pick up moisture and its specific humid.ity will
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approach the specific humidity, t., in equilibrium with the

initial moisture content of the grain (Figure 3-6) " Air

is the source of heat for evaporation. If the initial air

conditions are such that the equilibrium specific humidity

of the air is not attained, before the air temperature has

decreased to the initial grain temperature (process L-2) the

final grain and air temperatures equal the initial grain

temperature; wo falls between w" and w, and the final state

point 2 is reached. The grain is d.ried but not heated. If

the initial air conditions are such that the heat required

for the air to reach the equilibrium specific humidity is less

than the amount of heat that is released as the air temperature

decreases to the initial grain temperature (process 1-3), the

final grain and air temperatures witl be somewhere between

the initial grain and initial aír temperaturei to equals w.

and final state point 3 is reached. The air undergoes a

humidification process and then sensible cooling while the

grain is dried and heated. The lines drawn on Figure 3"6

to 3.g, especially the lines from (1) to (3) may not represent

the actual line that the air will foll-ow to get from (1) to

(3).

3.4.4 Cooling and lfetting

Figure 3.7 represents the case of cooling and wetting.

Air passing through the grain will lose some of its moisture
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to the grain. The heat of adsorption wil-l cause a rise in

the temperature of the air" Tf the amount of sensible heat

required. to bring the air to the initial grain temperature

is less than the amount of l-atent heat that would be given

up by dehumidifying the air to w. (process I-2), the final

air and grain temperatures equal the initial grain temperature,

r^z falls between w^ and w., and final- state point 2 is reached""oef

The grain is wetted but not cooled. If, however, the amount

of sensibl-e heat required to raise the temperature of the air

to the ínitial grain temperature is more than the amount of

latent heat given up by dehumid.ifying the air to w" (process

1-3), then the final air and grain temperatures lie somewhere

between the initial air and initial grain temperatures, to =

\^7 and final state point 3 is reached. The air undergoes',e

dehumidification and then sensible cooling while the grain

undergoes wetting and cooling"

3.4.5 Cooling and Drying

The process of cooling and drying (Figure 3.8) may be

considered as a heat balance between the sensibl-e heat gained

by lowering the grain temperature and the latent heat absorbed

by water evaporating from the grain. If the initial air

conditions are such that the amount of heat given up by the

grain in lowering its temperature is less than the amount of

latent heat required to increase the humidity ratio of the
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air to w. (Process L-2) , then the final air and grain

equal the initial air temperature, wo falls between w"

w1 and final state point 2 is reached" If the initial

conditions are such that the amount of heat available

the grain to the initial air temperature is more than

of heat required to increase the humidity ratio of the

we (process 1-3), the final air and grain temperature

between the inítial air and grain temperatures, *o = t

final state Point 3 is reached.

temperatures

and

air

in cooling

the amount

air to

will be

ande

3.4.6 Heating and Wetting

The process of heating and wetting may be considered as

a heat balance between the latent heat that is given up by

moisture in the air as it is adsorbed by the grain, and the

heat that is a.bsorbed by the grain as its temperature increases'

Tf the amount of heat needed to warm the grain to the initial

air temperature is less than the amount of latent heat given

up by the air as its specific humidity is decreased from wt

to w" (Process L-2, Figure 3 " 9) then the final air and grain

temperatures will equal the initial air temperature, wo falls

between w1 and w" and final state point 2 is reached" If the

amount of heat needed to heat the grain to the initial- air

tempeiature is more than the amount of latent heat given up by

the air in decreasing its humidity ratio to t", (Process 1-3),

then the air and grain reach an equilibrium temperature somewhere

between the two initial temperatures, wo= we, and final state

point 3 is reached.
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3.5 The Logic Sequence

As mentioned earlier, Tg is taken as the initial temperature

of the grain in the column for the simul-ation of d'rying with

ambient air. The temperature' tg can be found by following

the process as described. in the beginning of Section 3"4'1"

since Trr the d.ry-bulb temperature and wi, the specific

humidity of the air entering the layer are known, the followi-ng

calculations can be made:

psi, the saturation vapour pressure of the incoming air

may be calculated at T1 by Equation 3.1 or Equation 3"2"

Equation 3.4 may be written in the form

Pvi = (wr) Put^/ (0-62L9 + wi) (3.17)

Where P . =VA
partial vapour pressure of the incomi-ng air, g/"m2

Simílarly P*n the Vapour pressure of the moisture in grain
I

can be found at temperature T* and. moisture content m.

using Equations 3"1 or 3.2, 3.8, and 3"4" Comparing Pvi

with P^ of the layer and comparing ft with the temperature
9

of the graín will indicate the process that wilt occur in

the layer.

choosing either Ti or the grain temperature depending

on the process and using Equation 3.8 will provide RH".

Equation 3.4 provides !ü", the specific humidity in equilibrium

with the moisture content of the 1ayer.

A copy of the digital computer programme written in
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Fortran is presented in

variable list are also

Appendix-B "

provided.

A flow chart and



CHAPTER IV

METHODS AND MATERTALS

4.I Experimental Equipment

4.I.I. The Vertical Aeration Column

Experimental- equipment was constructed in the laboratory

for aeration of wheat and rapeseed (Figure 4.1) . The

description of the equipment which follows is divided into

three sections: the vertical aeration column to hold the

grain, the environmental chamber to condj-tion the air, and

the air distribution system for drawing conditioned air

through the grain columns.

Figure 4.2 is a schematic diagram of one of the four

columns to hold the grain for aeratíon. Each column consisted

of an air plenum, two concentric cylinders, and a false floor.

.The air plenum \^7as made by gluing and nailing 2-cm thick

pieces of plywood sheet. The plenum was ínsulated with 5-cm

thick styrofoam to minimize the heat transfer to and from

the surroundings.

Two concentric cylinders were used to hold the grain"

The inner cylínder was an acrylonitrile-butadiene-styrene

(ABS) plastic pipe with 10.1-6-cm inside diameter and 0-32-cm

wafl thickness. Because of the low thermaf conductivity
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(0.00041 cal/cm sec C) of ABS plastic, it was assumed that

the conductive heat transfer along the pipe wall, in the

direction of airffow was negligible" The other criteria

for selection of ABS plastic pipe were its low cost, light

weight, sufficient strength to hold the grain, and ease of

installation. This inner pipe was cafled the observation

pipe.

The height of the observation pipe (grain column) \^/as

I2L.g2 cm This height was selected to give a clear picture

of moisture and temperature gradients in the grain column'

when aerated with low rates of airflow (Sutherland et al' '

IgTIi Bloome and Shove, L7TO). Twelve holes with I.21 cm

diameter were made at a centre to centre distance of 10 - 16

cm along the length of irre observation pipe. The holes

were used to take the grain samples for moisture determination

and to mount the thermocouples at the centre of the observation

pipe.

The outer cylinder was an asbestos and portland cement

se\iver pipe with 20 cm inside diameter and 1.6-cm thick wall'

Plastic pj-pes and paper containers were also considered but

these \^/ere not locally available. The sewer pipe was

cheaper and heavy enough (27 kg for 136 cm length of the

pipe) to stand in place without any extra support, while

holding the grain. However, the pipe was difficult to cut

to size.
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The inside wall of the outer cylinder was lined with

0.0254-cm thick polyethyl-ene to prevent moisture transfer

between the grain and the cylinder \^/all- " The purpose of

graì_n surrounding the observation pipe was to provide a

guard ring simil-ar to that used in measurì-ng thermal con-

ductivity (Lentz; 1961) " Low thermal- conductivity values of

the guard ring and wall of the outer pipe (0.00036 cal/cm sec C)

and 6.25-cm thick layer of fiberglass insulation reduced

lateral- heat foss by conduction and convection from the wall

of the observatíon PiPe

The false f100r consisted of two screens as shown in

Figure 4.3. Screen-a was 0.0625-cm thick perforated metal

with 33% opening area. screen-b was woven aluminium wíre
2

mesh with 75 holes/cm'. The opening area for Screen-b was

60Z and the diameter of the wire was 0.0254 cm. Screen-b

was permanently fixed at the bottom of the observation pipe

and was also placed in the annular space between the two

concentric cytinders on Screen-a. This arrangement of

screens ensured a uniform pressure drop over the entire area

of the false floor.

4.L"2 The Environmental Chamber

The laboratory \^las equíped with an environmentaf chamber'*

* Crelab Variable Temperature
Model WHL3-610M, Serial No.

Temperature range: -26.1 to
Dif ferential t 0.2778 C (t
Humid.ity range: 30% to 959<

and Humidity Environmental Cabinet.
3868.

35 c (- l-5 F to 9s F),
0.5 F)

, Differential ! 5Z
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Heatingandcoolingcyclesofthetemperaturecontrolunit

ofthechambercausedrapid'temperaturefluctuationsinside

thechamber.Tored'ucethesef].uctuations,awoodencabinet

(Figure 4.4) was installed inside the envíronmental- chamber"

The size of the cabinet was 70 cm X 60 cm X 70 cm At a

heightof5cmfromthebottomofthecabinet,4holesof

2.54-cmdiameter\^Teredrilledoneachsideofthecabinet"

The conditioned air from the chamber entered the wooden cabinet

through these holes. A 10.16-cm diameter exit hole was made

atthecentreofthetopofthecabinet.Fromtheexithole

the air was taken out through a 10 ' 16-cm diameter sheet

metalpipetothegraincolumn.Thecabinetreducedthe

temperaturefluctuationattheexittolessthan0.556C

(1 F) from a previous fluctation of 2.77 C to 3.BB C (5 F to

7 F).

4"I.3 The Air Distribution System

Acentrifugalblower,coupledtoa3T3Welectricmotor

was used to draw the conditioned air from the environmental

chamber through the grain columns. The rated capacity of the

blower was 2.83 m3/min of air at 25'4 cm of water pressure'

The blower unit was installed above the ceiling of the

laboratory. This location of the unit offered the foll-owing

advantages: (1) required. smaller length of the connecting

pipe and less number of bends, (2) created less noise, and

(3)didnotrequireanyextraSpaceinthelaboratory.
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FIGURE 4"4 WOODEN CABINET
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410"16_cmdiametersheetmeta]-pipewasusedtocarry

the aír from the wooden cabinet (Figure 4"4) to the distribution

manifold. The pipe outside the chamber was wrapped with 6 '25-cm

thick fiberglass insulation. The distribution manifold (Figure

4.5) was made by gluing and nailing 2-cm thick pieces of

plywoodsheet.Thedimensionsofthemanifold!üere38cmX

38 cm x 38 cm To minimize the heat transfer to or from the

surroundings the manifold. was insul-ated with 5-cm thick

styrofoam.

An ABS plastic pipe of 3 ' B cm diameter was used to

carry the air to the grain column from the distribution manifold"

Alltheconnectingpipesandflowmeterswerewrappedwith

6.25-cm thick fiberglass insulation'

Theaircomingoutofthegraincolumnswascarriedto

the col-lection manifold' (Figure 4'6) by 3'B-cm ABS plastic

pipes. The collection manifold was similar to the distribution

manifold in construction. The col-lection manifold was connected

to the blower by using a l-0'I6-cm sheet metal pipe'

To make sure that the system was airtight the following

cements and glues were used:

ABS solvent cement was used for al-l ABS plastic

connections.

(1)

(2) At the joints of plywood and sheet metal-' and ABS

plastic and plywood a blend of epoxy resin and

hardener was used.
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FTGURE 4.5 FLOVüMETER INSTALLED BETVüEEN DTSTRIBUTÏON
MANIFOLD AND AERATTON COLUMN



FTGURE 4"6 COLLECTION MANTFOLD
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(3) To join the outer cylinder temporarily with the

plywood plenum handi-calk was used. Handi-calk

\^ras a blend of tough, elastic, non-staining, water

repellent oils, pigments a-nd asbestos fibre"

4.2 Selection and Preparation of Test Material-s

The experi-mental wheat was a hard red spring variety'

Neepawa, and was certified No. I seed wheat. The initial

moisture content of the wheat was I4z. The rapeseed was

Zephyr variety and certified No. 1 seed with an inítial moisture

content of 11%.

Moísture contents above the initíal moisture content

were obtained by adding calculated amounts of distilled water.

These high moisture content grain samples were put in plastic

containers (garbage cans). The containers \^7ere stored in the

environmental chamber at 5 c and at a relative humidity which

was in equílibrium wíth the moisture content of the grain

sample. To assure the uniform distrj-bution of moj-sture the

samples were stored for 10 - 12 days and mixed twice a day'

Mixing was accomplished by stirring the grain with hands and

al-so by dumping it from one container to another"

The samples lvere stored at a low temperature (s c) to

prevent the growth of microorganisms in the grain. After

equilization of moisture throughout the samples of grain,

the temperature inside the chamber was changed to the desired
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initial temPerature

at this temPerature

to obtain a uniform

in a particular test" The gra:-n \^ias

for about 24 h and was mixed several-

temperature throughout the sample.

kept

times

(4"1)

4.3 Measurement of Variables

4.3 .r Moisture Content

For the initial

of grain per cofumn

the observation PiPe

pipe was removed and

observation hol-e in

moísture content determination B samples

\¡/ere taken while filling the grain into

. At the end of each test the observation

12 samples of grain, one from each

the inner pipe lvere taken by a T-27-cm.

diameter probe.

Moísture contents of the grain samples \ivere determined

by an oven drying method (American society of Agricultural-

Engineers; 7972). Samples of about 25 g to 30 g \^/ere weighed

to 0.000I g and dried in a ventilated oven at 130 c for 19

hours and then reweighed. Moisture contents were calcul-ated

from the difference between initial- and final weights and

expressed in percentage of final weight, i'e', % dry basis

(m), i.e.:

initial weight - final- weight
x 100u

final weight

2 Relative Humidity

The relative humidity of air inside the chamber was

4.3
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measured by using a wet and dry bulb psychrometer" Figure

4.7 shows how the relative humidity \^7as measured near the exit

hole of the wooden cabinet where the temperature fl-uctuation

\das negligible. The psychrometer used for the measurement

was made with thermometers having 0.556 C (1 f) graduations.

According to a technical report (Hygrodynamics, Irtc.,

Washington, D.C. ì ?) , at dry-bulb temperature of 2I.LI C

(70 f) and wet-bulb temperature of 14.44 C (58 F), the magnitude

of error in rel-ative humidity could be as much as 11 percentage

units of relati-ve humidity, if the psychrometer used had ther-

mometers having 0.556 C (1 F) graduations. To make sure that

improper psychrometric techniques did not give errors in

relative humidity measurement, the following precautions were

taken at the time of the observations:

(1) The mechanical conditíons of psychrometer \^iere

noted to make sure that it was whirling freely on

the pivot.

(2) A cl_ean wick was used and its contamination from

oil, dust or chemicals was avoided.

(3) The wick was wetted thoroughly with distill-ed

water and slipped over the bulb approximately

as far on the stem as the length of the bulb,

just below the lowest grad.uation of the thermometer"

The wick was then firmly tied with a stout string



FIGURE 4"7 MEASUREMENT OF RELATIVE HUMIDITY
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near the end of the wick covering the stem of the

thermometer. The wick was also tied in the mid'd'Ie

and at the toP of the bulb"

To take the readings the wick on the thermomter

was dipped in d.istílled water and whirled for )

30 s. The reading was then taken quickly on

the wet bulb. This process was repeated unt'il- the

lowest reading was obtained'

3. Airflow

Brooks glass tube floumeters (Model 1110) were installed

in the flow lines between the distribution manifold and the

vertical aeration columns (Figure 4.5). To achieve the desired

¿i¡f ]ory rates of 2.44 and. 4.36 m/min,* 91ass tubes No- R-BI4-25-2

\^rere used with two standard floats, B-RV-3 and B-RS-$. The

glass tubes had a scale 250 mm. long. The accuracy of the

flovnneters as given by the manufacturer was t 22 of full scal-e"

4.3"4 Bulk Density

The bulk density of the grain was determined by weighing

the amount of grain reqgired to fill the observation pipe and'

(4)

The airfloú rate
f rom *3/min o.f air
m2 = m,/min) .

in m/min, which is derived
false floor (í.e., m37min

is expressed
per m2 of the
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FIGURE 4 " 8 ÏNSTALLATTON OF THERMOCOÜPLES
ÏN THE OBSERVATTON PTPE
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d.íviding bY its volume "

used to avoid variation

separatelY measured for

A consistent filling procedure \das

in compaction" The densitY was

each test.

4.3 .5 TemPerature

Temperature was measured at the centre of the observation

pipe with thermocouples installed j-n each sampling hole as

shov¡n in Figure 4.8. The thermocouples \'vere made from copper-

constantan \,vires of 0-058 cm- diameter" The size of the

soldered joínt was kept as smal-l as possible to reduce the

effect of extended surface on the heat transfer from the

joint. The temperature readings were obtained by connecting

these thermocouples to a multi-point recording potentiometer'*

one thermocouple was also installed at a point in the air

plenum below each column, where the air was entering the

grain column. These thermocouples \^/ere connected through a

switchbox to a potentiometer having o.2B c (0.5 r) graduations'

The accuracy of the thermocouples connected to the recorder

and. the potentiometer was checke<l by taking the temperature

readings of a known reference junction maintained at 0 C ' The

difference in temperature readings obtained by the thermocouples

were within t 0.25 c of the reference temperature.

Electronik 16
Ivlodel No. 154-15 5-2Ll-27 0

Temperature range: -40 C to 43"3 C (-40 F to 110 F)
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4.4 Preliminary Test

A preliminary test was performed to check the validity

of the assumption that in the test apparatus the temperature

gradients perpendicular to the direction of air flow were

negligible. columns No. 2 and 4 (arbitrarily numbered) of

the apparatus \,vere loaded with wheat at 11.5 c and L7.52

moisture content. The other two columns (No. 1 and 3) \^iere

loaded with wheat at 35 C temperature and 12.23? moisture

content. Air at 22.2 C dry-bulb temperature and 252 relative

humi-dity was drawn through the columns at a fl-ow rate of

4.36 m/min.

Thermocouples were instal-ted 66 cm. above the bottom

of the grain column (Figure 4.9). Temperatures around the

periphery of the observation pipe, at any time during the

aeration did not differ by more than f 0.28 C (0.5 F). Table

4.1. shows, for example, the temperature readings after 24 h

of aeration. On t.he basis of this comparison of the temperatures

around. the periphery of the observation pipe, it was assumed

that the air flow was uniform throughout the cross-section of

the column"

The temperature at the centre of the-observation pipe,

T" (Figure 4.9) , was rnrithin I 0.28 C (0.5 F) of the temperatures

outsicle the observation pipe. A smal1 temperature gradient

\¿vas existing in the direction perpendicular to the air flow

(Table 4.1). This grad.ient was caused by a temperature

difference (ATr) of 10 c (23.7 C to I3.7 C) between the room
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FTGURE 4.9

TABLE 4.I

Insulation

Observation Pipe

LOCATION OF THERMOCOUPLES 66 cm. ABOVE THE
BASE OF THE COLUMN

TEMPERATURES AT LOCATTONS SHOWN IN FIGURE 4.9
AFTER 24 h OF AERÀTTON

E()
\
rf)
ro

Column

No.

Temperature, C

l,ocation
U

Location
1

Location
)

Location
3

Location
4

I

3

2

4

2L. 6

2r.t
13.7

13. 4

21.6

21.0

13.8

13. 6

2I"6

2L.0

13"8

13. 6

2L.6

2r.0

13"8

13.7

2I.6

21. 0

13. I

13.7
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temperature and T., the temperature at the centre of the

observatíon pipe. In the experimental tests to verify the

mode]-,houzever,thetemperaturedifference(^Tr)wasalways

lessthan5C.Thetemperaturegradientinthedirection

perpendicufar to airflow, therefore' was expected to be

negligible for the tests' The prelimínary test was not

consideredforverificationofthemodefbecausethegrain

hadreachedequilibriumwiththeairwhentheaerationwas

stopped after 6 daYs '

4.5 Verification of the Aeration Model

To verify the accuracy of the model, experimental tests

\^/ere carried out in the laboratory for wheat and rapeseed

aeration. selected conditions of air and grain (Table 4'2)

\,vere used for this purpose. The symbols used in Table 4.2

are defined as follows:

M=o
m=
'o9
m:,g

initial moisture content of the grain, ? dry basis

initial temperature of the grain¡ C

temperature of air and grain at which the rel-ative

humidity of the air is equal to the equilibrium

relative humidity of the grain assuming that air

cools at a constant wet-bulb temperature, C

d.ry-bulb temPerature of the air, C

relative humidity of the incoming ait, Z

wet-bulb temperature of the incoming aír, C

rate of airflowr. m/min

,.$.

ê
.å

Trd¡

RH
d̂

Twb

o
d̂
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Table 4"2 Test Conditions Used in the Verification
of Aeration Model

Test Test
Ido. Material

TTM ra¡ RHa
m
-L,wI)

rì
dog

I Wheat

2 Wheat

3 (a) vlheat

3 (b) wheat

4 Rapeseed

24.20

25"40

19"25

l-9"25

L7 "07

28.3

24"0

22"0

22 .0

23-6

2L.9

2r.7

19 .4

t9.4

l.9.73

25"0

24.2

23 "r
23.I

25"0

72"0

77.0

58"0

58.0

55 " 0

2L"L 2"44

2L"r 2"44

L7 "5 2"44

L7 .5 4 "36

18.6 2"44

Table 4.2 shows that only tough and damp grades (The

Canadian Wheat Board ¡ L972-73) of wheat and rapeseed were used

for the experimental tests. The initial temperature of the

grain was kept near the room temperature in all the tests'

Thedry-bu]-btemperatureandrelativehumidityoftheairin
the experimental- tests vTere selected arbitrarily to be

representative of atmospheric conditions for vüinnipeg at the

time of harvest. In each test the relative humidity of aít,

however, \,vas less than the initiat equilibrium rel-ative humidity

of the grain.

Rates of air flow were selected on the basis of the previous

work on aeration by Sutherland et al. (197]-), B]-oome and.

Shove (1970), Alam and Shove (197I) '

In all- experimental- tests two replicatíons were carried

out. In tes.t No. 2, after 90 h of aeration one of the two grain
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columns was unloaded to take the grain samples for moisture

content determination. The remaining grain column was unloaded

afLer L44 h of aeration. In test No. 3, the two aeration

columns were loaded with the grain at Same initial conditions'

These columns were aerated with 2"44 m/min and 4"36 m/min

of airflow rates seParatelY"



CHAPTER V

RESULTS AND DISCUSSION

5.1 Tem'perature ChangeE- Dur Earl Hours of Aeration

Atypicalcoo].ingbehaviourofgrainduringearlyhours

ofaerationisshowninFigure5.lforTestNo.3.Similar

changes in grain temperature were observed in all- the

experimental- tests conducted in this study' The reason to

select Test NO. 3 fOr showing these temperature changes is

thatthetestalsoind.icatestheeffectofairflowrateon

the initial cooling of grain'

Thegrainkernelsarecooledbyevaporationofmoisture

from their surface. The evaporation occurs if the air passing

over the kernel-s has a relative humidity below the equilibrium

relative humidity of the grain. A cooling front is established

in the grain column. The cooling front spreads out while

passing through the grain column, thereby producing leading

and trailing edges (Figure 5.1). Sutherl-and et a1' (797L) found

thattheleadingedgetravelsataspeed]-.96timesgreater

than the speed of the trailing edge' At higher flow rates

the cooling front moves faster through the col-umn of girain

becausetheratesofheatandmasstransferaregreater
(Figure 5.1) .

The measured

hours of aeration

T which is 19"4
g

temperature of the grain after initial

was slightly lower than the val-ue of

C for the conditions of Test No' 3"
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The grain reached a temperature of 19.0 c" However, this

value of temperature \^/as wel-l above the wet-bulb temperature

of the incoming air which was 77 "o c" This deviation of

T from the observed value is due to the possible errors in
q

the measurement of relative humidity of the air and the

possible errors in predictíng the equilibrium relative

humidity of the grain using the mathematical model of the

sorption process (Equation 3.8).

5.2 Moisture- and TemPerature. Gra9ients

The models of wheat and rapeseed aeration gave moisture

and temperature gradients in the grain column similar to

those experimentally observed (Figures 5'2 to 5'14)' The

air flowing into the graj-n column causes the formation of

three zones (4, B, and C), separated by the temperature

and moisture fronts which move through the grain column

in the direction of airflow.

In zone A, the grain has reached equilibrium with the

incoming air and no further change takes place. The temperatures

of the grain and the incoming air are equal and the grain

moisture content has reached the value which ís in equilibrium

with the relative humidity of the air.

Zone B, bounded by the temperature and moisture fronts'

is of greatest importance and is the zone where the drying

the grain is taking place and the temperature of the grai-n

tending towards the d.ry-bulb temperature of the air. Zone

of

is
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B begins at the beginning of the moisture front.

In zone C, the grain temperature has not changed from

T_ (the temperature reached by the grain during early hours
9

of aeration). The moisture content of the grain has not

changed from the initial value or it may have increased due

to adsorption of moisture from the air. As the air passes

through the grain it picks up moisture from the lower layers"

The relative humidity of this air may exceed the equilíbrium

relative humidity of the grain in upper layers and cause

wetting of the grain. The temperature of the air and grain

in zone C could be expected to be more than Tn due to

wetting of grain. But the air coming from the l-ower layers

which is at Tn takes this heat of wetting out of the grain in

upper layers and keeps the grain at temperature T
g

The predicted moisture content values for all the tests

are someyþlt' lower than the measured vàlues of moisture

content in zones A and C. The pred.j-cted moisture contents for

individual layers range up to a maximum of O.gZ l-ess than

the measured val-ues. The predicted values of moisture content

are higher than the measured values in zorre B on1y. The over-

prediction in moisture content is on the safe side, therefore,

the magnitudes of this type of deviation are not important

in grain storage.

The l0wer values of moisture content in zones A and c

are probably due to the fol-lowing reasons: (1) the mathematical-

model-s of the sorption process (Equation 3. B for wheat and.
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Equation 3"13 for

moisture contents

rapeseed) do not predict the equilibrium

of the grain accurately, Q) there is an

error in the measurement of the relative humidity of the incoming

air "

Theobservedmoisturefronttendstobesomewhatwider

than the predicted moisture front' This is possibly due to

the reason that complete moisture equilibrj-um is not reached

between the air passing through a layer of grain and the grain

in that layer during the time increment At '

Theshapesofthesimulated'andexperimentaltemperature

gradientsaresimilar,thoughtheactualtemperatureinzone

B (except near the end) is higher than the predicted temperature'

ThedeviationofthetemperatureinzoneBisduetothefact

that the response of agricultural grains to temperature change

is considerably faster than to moisture changes (Hamdy and

Barre ¡ 1969) . In a]-] the experimenta]- tests, the temperatures

in the upper layers of the column (zone c) are slightly lower

than Tg. An explanation f or such discrepancy \^/as given in

Section 5. l.
Figures 5.8 to 5.L2 show that the higher airflow rate

of 4.36 m/min causes rapid heat and mass transfer' Although'

thereÍsnotmuchevidence,itseemsthatastheairflow

rate increases the deviation between experimental- and simul-ated

moisturegrad'ientsincreases.Theprobablereasonisthat

at higher ¿i¡fJoW rates moisture equilibrium is not reached

between the air passing through a layer of grain and the

grain in that laYer.
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Theexperimentalandsimulatedmoisturegradients

(Figure5.]-3)showthatascomparedwithwheatabetter

agreement is achieved in experimental and simulated resul-ts

duringaerationofrapeseed"Thisisdueprobablytothe

effectofJ-argersurfaceareaperunitvolumeofrapeseed

bulk which results in an increase in the mass transfer'

The assumption that complete equilibrium is reached between

theairpassíngthroughalayerofgrainandthegrainin

that layer hol-ds better for rapeseed than wheat'

Theexperimenta]-dataindicatethatthesimu]-ation

programmesforwheatandrapeseedaerationd'onotseemto

predíctthewettingoftheupperlayersofthegrainco]-umn.

This discrepancy may be due to possible errors in relative

humidity measurements and possible errors in predicting the

equilibrium refative humidity of the grain using the mathematical

models of the sorption process (Equation 3"8 and 3.13) '

5 . 3 Location- o,f Drying Frolt

Analysesofthelocationsofthedryingfrontsareshown

in Figures 5.5, 5.8, and 5.g. *"*p and M=r* represent the

experimental and simulated equilbirium moisture contents

respectively.Theexperimentalandpredicteddryingfronts

are considered then to be located at the heights above the

base of the drying column where moj-sture content of the grain

has reached within 0.52 of th" t"*p ttd t=i*' respectively'

The model is capable of predicting the l-ocation of the drying
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front within

airfl-ow rate

rate of 4"36

t 3 " 0 cm of the observed

of 2"44 m/min, and with

m"min.

d.rying front

! 7"L cm for

for the

the airflow



CONCLUSIONS AND

CHAPTER VI

LIMITATIONS OF THE SIMULATION MODELS

The general

of heat and mass

bulks are:

conclusions of

transfer during

this study on the

aeration of wheat

simul-ati-on

and rapeseed

When the air passing through the grain has a relative

humidity lower than the equilibrium rel-ative humidity

of the grain, the grain is cooled by the evaporation

of moisture from its surface during early hours of

aeration.

During the first few hours of aeration the temperatures

of the air and the grain are dependent on the wet-

bulb temperature of the air and initial moisture

content of the grain. That is the moisture equilibrium

is the overrì-ding control as compared with temperature

equilibrium, during the early hours of aeration.

The initial grain temperature has only a mÍnor

effect on heat and mass transfer during aeration of

grain using ambient air.

Simulation models for wheat and rapeseed have been developed

which can predict changes in grain temperature and moisture

content resulting from aeration using ambient air. The model-s

1.

2.

)
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have been verified for the folJ.owing ranges of variables:

(i) dry-bulb temPerature of the incominqi aj-r:

C to 25"0 C

C

wheat

rapeseed

23.7

25 .0

(ii) relative humidity of the incomì-ng air:

wheat 58% to 77%

rapeseed 55%

(iii) initial moisture content of the graín:

wheat - 19-252 to 25.42

rapeseed L7 -072

( iv) initiaJ- temperature

wheat 22.0

rapeseed 23.6

of the

Cto

C

grar_n:

28.3 C

(v) rate of airflow':'.

wheat - 2-44 m/min to 4.36 m/min

rapeseed 2.44 m/min

Bt_oome and Shove (Ig7O) and Alam and Shove (I97I) simulated

corn and soybean drying, respectively, using ambient air in

central Il-linois. These models for corn and soybean simulated

the drying with ambient air, and since the wheat and rapeseed

modefs, Eiven here, simulated aeration at the selected

conditions, it is expected that the models would simulate
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the drying under ambient condi-tions for a wide rangie of

varíables. This range of variables is, however, dependent

upon the range for which the equations of the properties of

a particular grain are avail-able.

For wheat the mathematical- model of the sorption process

(Equation 3.8) holds only for a temperature range of l-0 c to

37 "5 C. This equation of the sorption process seems to hold

good for a relative humidity range of 303 to 90e" and an

equilibrium moisture content range of 10? to 252 (Figure 3.1).

The mathematical model of the sorption process for rapeseed

(Equation 3.13) is given for a temperature range of 20 C to

B0 C. This equat'ion of the sorption process of rapeseed seems

to hold good for a relative humidity range of 50% to 902

and an equilibrium moisture content range of 5eo to 202

(Fj-gure Ä,.5) .

Following the above consideration the model-s of wheat

and rapeseed presented here may simulate the drying with

ambient air for the following approximate ranges of aír and

grain conditions:

(i) dry-bulb temPerature the incoming air:

to 37.5 C

to 37.5 C

incoming air:

902

902

wheat

rapeseed

10.

20.

of

0c
OC

rel-ative humidity of the

wheat 30U to

rapeseed - 50? to

(ii )
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(iii)

rapeseed

(iv) initial temPerature of the graan:

wheat 10.0 C to 37"5 C

rapeseed 25"0 C to 37 "5 C

Theaerationmodelforwheatdoesnotseemtosimulate
satisfactorily at the higher aírfJ-ow.' rate of 4.36 m/min

as compared with 2'44 m/min' An exact limit of the airflow'

ratecannotbesetatthístimebutitisexpectedthatthe

model-s of drying with ambient air would simulate the process

satisfactorily at airflow:'r rates equal to or less than

2"44 m/min of air.

initial moisture

wheat

content of the grain:

tOU to 252

5Z t.o 20%



CHAPTER VÏÏ

SUGGESTIONS FOR FURTHER STUDY

1. Weather data should be

observations availabl-e

the Canadian Prairies

aeration systems using

analyzed using hourlY weather

at various weather stations in

to predict the Performance of

ambient air.

2. An

of

investigation shoul_d be done to find out the range

moisture content of grain at the time of harvest.

Better mathematical models of the sorption process should

be devel_oped. These models shou]-d be able to cover

the wide range of ambient air temperatures found in the

Canadian Prairies.

4. A more precise determination of the specific heat of

rapeseed shoul-d be done at 1ow temperatures '

The effect of moisture content and temperature on density

of the grain shoul-d be studied thoroughly. This will-

enable to calcul-ate the density for each layer of grain

in each time increment.

The verification of the models should be done at ]ow

temperatures.

Economics of the aeration system using ambient air should

be studied and compared with conventional- drying systems.

3.

5.

6.

7.
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APPENDICES

APPENDIX A

DERIVATTON OF EQUILIBRIUM MOISTURE

CONTENT EQUATION FOR RA,PESEED

Figure A.1 shows the equilibri-um moisture content data

(Pichler; 1956) " Figure 4"2 is obtained from Figure 4.1

by picking off a series of points at constant moisture

content. The X axis is the saturation vapour pressure (P")

corresponding to each test temperature and can be found from

steam tab1es. The Y axis is P(=Ps X RHe,/fOO), where RH"

(Equilibrium relative humidity) equals (P/Ps) X 100 by

definition" The linearity of this plot reduces the problem

by one dimension and leaves only functions of the equilibrium

moisture content, m, to be found. The family of l-ines i-n

Figure 4.2 can be represented in the f,ollowing form:

LnP=ff(m)LnP=+fZ(m) (A.1)

Gallaher (1951) following the work of Othmer and Huang

(1940) worked with the data in the form of Figure 4.2 to find

an expression for the l-atent heat of vaporization of water in

the grain. He proposed that fr(m) (t.he slope of the lines in

Figure A"2) had the form:
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f.(m) = 1+."b*
-L

where a and b are constants.

By linear regression analysis on each of the l-ines in

Figure 4.2 using Ln P and Ln P= as

the error was in Ln P, the sloPe of

results are plotted in Figure 4.3. A regression analysi s was

then done on the slopes using Ln tf 1(m) 1l and m (moisture

content, % dry basis) as variables and assuming all the error

\^7aS in Lntf 
'(m) 

t]. The values of a and b (the unkno\¡7n

constants) were found from this analysis. values for the

intercepts of the line in Figure 4.2 were calculated by using

the slopes for each moisture content calculated from fr (m)

and the mean values of Ln P and Ln P= for each line as calculated

in the first regression analysis. The values for f2(m)

(intercepts) \^Zere then found from the following relationship:

f ,(m) = [Ln P] *"rr, - f t tml [Ln P"1 mean
(A.3)

The values of f, (m) were obtained for 7 moistures and

the results are shown in Figure A'4'

The form of f 
2 

(m) \^/as given bY

fr(m) =."d*

Wherecanddare

A regression

Figure 4.4 using

(A" 2)

variables and assuming all

each line was found" The

(A.4)

performed on the Points in

m as variables and assuming

constants.

analysis was

Ln If , (m) 1 and
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Lnp : (1 + aebm) LnP= +

which can be written in the

all the error was in Lnlf2(m) l

were found.

The f inal equation \^/as:

Thus the values ofcandd

from the analysis are

LnP
S

LnP

LnP
S

dmce

form:

dmce

dm.+ce )

dm.+ce )

(A.5)

(A.6)

(A.7)

(A.B)

¡¡ (P/P=) = r.b*

or P/Ps = Exp (."b*

RH" = ExP (-.btOr

The values cal-cul-ated

a = 0.27725

b - 0.10873

c = 2.L0496

d - - 0.11-805

Figure 4.5 shows how well the equation fits the data-
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APPENDTX B

THE MODELS

Varíable List

CPA

CPV\i

DBT

DEPTH

FLOW

H

JM

MCIN

MASSA

MM

NN

PSA

PVA

RHA

SPVOL

TÏME

TIN

Specific heat of the moist aír, cal/g C

specific heat of the grain, cal/g C

dry-bulb temperature of the incoming air, C

total depth of the grain columnr cil

air f low rate, m/min

spatial increment' cm

time of aeration, h

moisture content of the grain, % d'ry basis

mass ftow rate of the air, kg/mz mirn

number of time increments

number of spatial increments in the column of grain

saturation vapour pressure' g/"m2

vapour pressure, g/c 2

relative humidity of the íncoming aír, decimal

fraction

specific volume of air entering any simulation

layer of the grain, 
^3 

/vg

time increment, min

dry-bu1b temperature of the air entering a

layer of grain, C



:$

'$.
.t:
,'l

\ì{'
,l
i-\]

,ù

.lt
,rÌ

s
*l
R.

liì
i-l

è
*
:.*

s
I
..ì.

$
$

$
ìÈ

l.
t.
$
2{

$
!\
ì:
I
!T

:l'Iï.
I
11

ìi
f
$
:1.
,.*

$'

$

ì'
IN

97

TOUT

TG

TW

WÏN

hioUT

WTS

XL

XLR

XLW

XMASSVü

XRHE

XPSW

XPVA

XPVW

d.ry-bulb temperature of the air leaving a layer

of grain, C

temperature of air and grain at which the relative

humidity of the air is equal to the equilibrium

relative humid.ity of the grain assuming the air

cools at a constant wet-bulb temperaturer C

temperature of the grain in a layer, C

specific humidity of the air entering a layer

of grain, kg waLer/kg drY air

specific humidity of the aír leaving a layer of

grain, kg water/kg drY air

weight of sol-ids in a layer of grain , kg/^2

latent heat of vaporization of water in wheat'

kcaL/kg water

ratio::of lat.ent heat of water in grain to latent

heat of free water, dimensionless

latent heat of vaporization of free water,

kcal/kg water

mass of grain in a layer, kg/^Z

equilibrium relative humidity of the grain, decimal

fraction

saturation vapour pressure at the grain temperature,
.2g/cm

vapour pressure
2grar-n, g/cm

of the air enterinq a laYer of

vapour pressure of the grain, g/cm2

equilibrium specific humidity, kg waLer/kg dry airXVüE



9B

Loo

FI,OVJ CHART Start
\)

De¿':l are Variables

/o^^a JM, DEPTHT H' FLOW, TIMI
""** DBT, RHA, McrN, TG

DO J = 1r

f

NN

J)

p:

Loop 1:

WTS =

DO I=lrMM

Loop 2:

TIN = DBT

PSA =
PVA =
WIN =

DO I=1'NN

ÀBS=497.69+I-.8*TIN
ITIABS = 491.69 + 1.8*TW(J)

SPVOL =
MASSÃ, =
CPA =
XMASSW=
CPW =
XPVÀ =
XIW =
)([,R =
XL=
XPSW =
XRHW =
XPVW =
XWE "=

t

J ,"dr"*r"a I

I r,aver= |
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I
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Yes
Drying

Wetting

Yes

Cooling
Wetting

Yes

Loop 2:

ì
r

Cooling Drying

rN>TW (J

Heating Drying
Heating !'ietting

MCIN (J)
TVt (J) =
WIN = I'IOUT
TIN = TOUT

J,MCTN (J) ,TW(J
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FORTRAN IV G LEVEL 2L MÂIN DATE = 7317I 13lr6lot

U¡ll VenSI -lY OF M^t\ lT0B/\
SIMULATIC¡¡ HODÊL OF HHEAT AERATION USI
DEVELÛPËC BY SATISH C" SHARHA

NG AMBIENT AIR

READ4,J'JM
FOR¡,IATf4I4¡
READ42 r DEPTH rH r FLCW rTIHE
FORMAT ( TCF8.3 I
NN=0 E PlH./H

c
c
c

40

4?

.

--".f-"*--liN=N0. 0F - L AY ERS

cúr 7
00t 8
OuC,9
00 1rl
ûort

.-oo1 2 -

001 3
00 l4
0cr5
oo l6
001 7

0025
ao¿6
tlo2 7
oo2 I
oo29

003 r
oo32
0033
0034

'o0J 1

ùùc2
0û'l 3
00û4
000 5
o( J6

aovT
oo3 8
0039
o040
oû4 I

0ü44
0045
o04ó
0û47

MM=J11*60/TIME
READ42IDBTIRHA
READ42r ( MC IN( Jl rJ=1 ¡NNl
READ4ZT ( TGf J) ,J=l,NNl .

0O ltC,J=lrliN
---. ----1 1ù---'TbtIJ)=TG(J¡ -^-- -"*

t'¡ T S= 6 2.7 39
_- 00 43 I=trtlÞt

T=TIl'1E*I /60"O
- --.. I F ( l . LT. JM l G0

PR I N'Tó4,7

46 PSA=EXP( TXA)
py ¡= p g l+ RilA
HIN=C .6?L9*PU A / ( 1C33" 23-PVÄl

.-----. .------. ÐO 4l J= l rNN
A85=491.ó9+1.8+TIN

---oo3o---.------_SPVCL=O. trO 1573*ABS*.( l,,O+.I " 
6Û55*.t.J I N¡-

T0 ó8

--,oo l 8.
oole ó8 T IN=DBT
,Cùzti. ..---,..,*-- ABS=49I.69+I.8*DBT
o02l IF(TIN.LT.0) GO T0 45
AO22 ... .----,-IXA=58.8e57-12301.688/.ABS-5"16923*ALOG(ABSI
0023 GO T0 4ó

- .AO24.-----'= ¡4,5,----1 XA=27.6452-.1 12I6.ó4&91ÀBS-0.46O5-7.+-ÂLOGtÁBS)

MA SSA= FL CH/S P VÙL
_-. .---.--. HABS=1.8*T!l ( J I +4c l. ó9

CPA=0 .24C5+O.448*HI N
. XHÂSSH=l',1TS+HTS+ ( MCIN f J ¡ / 100"0 )

0035 IF(Tli(J).L8.-2L.4 IGO T0 47
"oo36,,- --¡F.(Th(J).GÊ..-2L.4-AND.IH{J}.LE.-10.8JGo*rfl*4

ao+z... .--=.. -48 --
0c43

¡ F ( Tli ( J I .GE.- I0.8 .Al'lD.TW ( J ) . 1E.0. 6) GC TO 49
.'-IF(Th(J).GE.C}.6.AND.T.'{(J}.L€.8"9lGo-To.50-'--

..-4.7
IF(TH(J).G8.8.9}GO TO 5I
Cph=0. ZSA+a.743E-2+MC IN( J )

GO T0 52
CpH=C. 279+0. 5808-,2*MC IN f J ¡

G0 T0 52
CPH=O . 291 +O. 7O8E-z*MC IN ( J )

GO T0 52
CPlt=O.245+0. IC58E-2*MC fN ( J l
G0 TO 52

_ oo48"- _.__ __t1_--
o049 52

49

50

0050 .

0c 5l
oo5z ..-:-
0c53

GPtrl=(¡-273+MC I ¡{{ J I /}CO.O
XPVA=þiIN*1033. 21 / l(:,.6219+WiN )

XLH=59 7. 768-C. 56983*ï ¡N
XLR= 1.0+23. *EXP (-t.40*MC IN ( J I )

XL=XLh*XLR
IF(Th(J).LT.O)GO TO 53

0054_ _.,--*-TXH=58.885?-LZ1OI.6B&lt{ABs-5-16923*ALOG(lr1lABS}----
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HAIN DATE = 73L71 L3 / 16/ ()t2LSì..
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lì.
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ji
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I
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ì1
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41.
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FORTRAN IV G LEVEL

oo55
oo 56
o0 57

5?
54

57
58

c
6l

62
61

G0 T0 54
I Xvl=27 " 6452-LI286.ó4 B9lllABS-C.46C57* ALOG ( UABS )

XPS9J=EXP(TXHI
0058 --. _-_X=XLR*ALCG ( 2.C48Ió*XPSH l. _,___=_-

Y=-0" 33485/ ( l'{C IN ( J ) ++4 )
, XRHl.¡=EXP (x+Y ) /( 2" c4816*xPSH I

X P VH= XP S t.¿* XR l-iH
. XtrlE=G.ó2 19+XPVH/ { lC33"23-XPVH ¡

IF(XPVA.GT.XPVW}GB TO 55
,-,--¡F(TIN.GT-Tt.J(J' )GO.. T0 5ó

C PROCESS OF DRYI|.¡G AND CÛOLING
l{OUT=XHASSt,J+CPw+ ( Tll{ { J ¡-T I N )

HOUT=htlUT/( MASSA*TI ME+XL I
HOUT=KI N+HOUT
IF(Tlr',t.LT.0)GO TO 57

co59
0ù ór)
006 I
0062
û0ó 3
o0ó4

0065
0066
OLó7
0c óI
ûo69
ori70
o071
(to7 2
0073
oo74

00 7ó
OrJ77
0078
0079
OO BÙ
(,o81
o082
0083
0084

- *--.--. --.-TXA= 58. I 857-. I
GO TO 58

23C'L.688 / ABS--5 -ló92 3*ÂLOG ( ABSL-

L286.6489/ AtsS-0 "46057+AL0G( ABS I. fXA=27.6452-I
PSA=EXPI TXA)

.-.. X=XLR*AL CG ( 2 "04816* P SA )
Y=-O.'J3485l ( MCIN ( J l**4 )

oo75-_-_ --xRHE-EXP ( X+Y ) /{ 2.(;4816'*PSA}
PVA=XRl. E+PSA
XIJE=O. ê2L9*PV A / ( I c3 3 " 23- PVÂ )

IF{XHE.GE.i4OUfIGO TO 59
ïOUT=T I N
GO Tt 60

-.--^,----:.--59---*-T.OUT=l.tAS SA*C PA*T I ME ÉT IN-----.----
TOUT=TOUT+XiqASSH+CPH+TH ( J )

-,- -.. .-IOUT=TOUT+( hIN-XWEI #MASSA+T¡ ME+XL
T0UT=ToUt / ( I'IASSA+CpA+TI ME+XHASSH+Cpll )

C085 . .-I¡OUT=XWE
00 86 G0 TO ó0

-.-. ".... - *.... -----1---.-.-P ROCE S S - OÊ D RY I N G - A N D -HE,A-T-IN G-
56 H0UT=MASSA*C PA+TI HE+ ( TIN-ïþl( J¡ ¡

k0UT=h0UT./ ft'îASSA*TI FIE*XL ¡. ----,- ---'
HOUT=hIN+HOUT

---- ...- IF(XHE.Lr.hlOUT¡GO.T0 5s 
-T0UT=TW ( J I

0c87
o0B8
o08 9
00eo
ú0e1
úo92 __,.._---.__**-€O .TO - 60--,--=-
()09 3

c094
UCJ 95
c096
009 7
00 e8
c099

0t0c
010 I
0ro2
010 3
olc4
o1ù5
010 6
0r07
0lo I

55 TF(TIN.GE.TH(J) )GO TO 6I
C,,--.-_*PROCESS OF WETT ING AND.COCLING...-

H0uT=MASSA*C pA+T I EE* ( TH I J ) -T IN )

__ltouT=hou-t / ( MASSA+ I I ME*XL ¡

tiBUT=HIN-W0UT

TOUT=TH ( J )
GO TO 60
PROCESS OF HETTING AND HEATING
hlOUT=XtlASSH+CPW* ( T I N- TH I J ¡ I
tt0UT=hOUl /{ MASSA*T I HE*XL ¡

--hOUT=hIN-hOUTIF(TIN.LT.f,rG0 TO ó2
., TXA= 58. B 857- L23OL.688 /AB S-5. 16923*ALOG( ABS l

GO T0 63
1 \ Ã=21 . 6 45 2- lL?8 6. 6489/AB S-O. 4ó0 5 7*ALOG( ABS )
PSA=EXP(TXA)



r02

llt..ì

ðl

,n

î.
lì,,

:-¡l
.:tI
ra

;ì,

{,

$

FORTRAN IV G

OITJ 9
01r 0
0llr

LEVEL 2T

Y=-0 " 33485/ I
---. XRHE= EXP ( X+Y

PVA=XRHE*PSA
-0112 -...-. --*--",-.- --XHË.=C.6219+PVA/ 

( r(
IF(XHE"GT"WOUT)GO
T0UT=TI N

MCIN(J)=t¿CIN(J¡-I(
Th¡(Jl=T0UT

33"23:PVA)
T0 59

o . o o t w oui- t,r rN ) oÍa 5 56+T I ME / k TS

MAI N

MCIN(Jl**4)
t/12"c48L6*PSÀ)

DATE = 73171 13lr6/oc

OI I3
01 I4
0l I5
OI Ió

0l 19
0l 20
o 121
ot22
or23

60

OI17 IF( I.LT"JM)GC TO ó9
-cl IB---,-.,'.ó6--,-9RINT67 r JçTH ( J.) ?MCIN( J¡--..--

ó9 TIN=T0UT
H I N= hüUT

4L CONT I NUE
. 64 .FORMAT( rCr rZoXr rTIl.lE OF ÀERATI0N = ! rFB.3r!HOURSI.)/./ 1....-- . ---

65 F0RMAT( rCr r tNO 0F LAYERT,TXT rI'JHEAT TEMPr rlOXr

012 5
012 6

43 - CCNTINUE
S TOP

.ù.
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ìì:
ù.
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FORTRAN IV G LEVEL .2I

C UNIVERSIIY OF
. C ..-.SIMULATICN MC

. C DEVELOPED 8Y
-*.- -__oùct-- ---___.,_-REAL. llcl¡\(5ù¡

t'.lÁ I N

MÁNITOBA
DEL OF RAPESFED AERATION USING
SATISH C" SHARHA
'r. -.TH (50 ) ¡--t'IASSAr- A{ 1n, s.TG( 50 }-*

DATE = 73171

r03

Â¡IBIE;.¡T AIR

13lr6/47

40

c

ì''
i{,:
ì!:,.

ì:
.ì.i
l:'ì.-
,:i,¡
,1ì:,

j-:
ji:

1ìr

!l
iì
lì
ì:
.:ì- .

:ì
ijl
1,Ì

ì,
I
:lì
a-1

ìl
i3

ì
il-
ì'

i
I
f
l.
J

I
t,

READ4O, JM
FORMÁT(4I4)
READ49r(Ä(Ilt¡=le4l
FORMAT ( 1CF9.5 )

READ42 I DEPfH' H' FLCI{'TI¡,IE

oç)2
OtlrJ 3
0u04
0cc 5
OrJC ó

00t I
o009
où 10
001 1

oo3 7
oo38--
oc39
004i1
oo 4I

.0o42*--.-
0043

.oo44
ou45

- oc4ó
OCt47

ùo49
úc 5tl
oo5 I
0052
oc5 3

NN=DE PTH /H
trN=N0 OF LAYE
HH=JM+60lT I ME

-. REÂD42IDBTIRI.i
READ4ZT ( MC IN¡¡ ¡,3=1,NN)

49

5l

5ú

RS

O0 13 DO lliì J=lrNN
0014 1I0 -. Th(Jl=TG(Jl
o0 15 HTS=57.10
00tó - 0O 43 I=lrMM
OOIT T=TIHE*I/60.0

ùot9
o020
0021
oc22
oo23

PRINT64r-t
--- PR.INTó5, -

TIN=DBT;;

-_- *-OO24.*=-_----. -T X A= 58.8 857=-t 23OI.6I8./ABS-5..1ó923+ÂLUG t.AB S I
G0 T0 4ó

.45 -.-----T xA =27 .6a52-l
46 PSA=EXP{ -tXA)

PVÁ=PSÂ+RHA

t28 6. 64 89 /.A BS=0 " 46C5 7*ALOG ( ABS )
oîJ25
o026.-.- ---
ooz.7
0028., ---
o02 9 HtN=0 .62L9*PU 

^/ 
( 103 3.23-PVA I

00 lt.- oo 32' 0033
., .0c34

o035

ABS=491.69+1 .8*TI N

-SPVOL=O.00r573*ABS* ( I .O+-l .ó055*1.¡I N) --- -'.-.---
MASSÂ=FLCH/S PVT]L
t¡ÄBs=1. 8*Tvc( J' +491. ó9
CPA=C.ZAQ5+O.448*HiN

-* -..-0036-- XMASSH=LITS+h]TS*(MClNf J ¡l"tO&.0I
lF(TH(Jl.LE.-8.5)GO T0 47
IF { Th ( J ¡ .GE.-.8. 5.AND. TI.J f .J } .LE. I. 8 ¡GO,.TO 4B
IF (lH( J ) .GE.1.8.ÄND.Ti',¡( J ).LE. I0. 2 lGo To 5l

- ..-.--.IF(Th(J¡.GE"lo.2¡G0 T0 .50
47 CPW=0.31 I 5+0 . Cl 342rMC I N t J )

GO...T0 52.---...- -----.
48 CPli=0.2733+0.01358*MCIN(J¡

-.GO T0 52
CPH=0.2957+0. (G914*HC IN ( J ¡

GO TO 52
CPH=0 .1328+Q.( C494*MC IN ( J l

--.. ---OO4A- ---'- 
*.. -ra_--XP V A = tl I N + 1 O 3 3. 2 3 / ( () . ó 2 1 9 + W I N I - - * ------

XLll= 59 7. ?68-C. 56ç 83*T IN
-XLR=1.0+A( Ì ¡*EXP( A( 2 )*MCIN(J ¡ )
xL= xLh*xLR

---¡F(Tli (J).LT.C)G0 TO 53
T X i.l= 5 8. B I 57- l2 3O I . ó 8 B/i'lA B S- 5 . I 6 9 2 3+ AL OG ( l"lAB S I
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FORTRAN

oo55
0û 56
oo57

. ü058
00 5e
0û6ù
006 I
OrJ6 2
úo63

IV G LEVEL 2L HAI N

T XH=27. 6 4, 2- I L28 6. ó4 89./ l'lAB S - O " 4 6C 57 * ALOG ( t'JA B S ¡

DATE = 1317L 13l16l47

ì,.
.{,.,
a!.
ì.
ar-ìi

È
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l.
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li
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ä
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I
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ì
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ar
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I
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53
54 XPStt=EXP ( TXl., )

X=A( I ¡*EXP (Â ( 2)*MCIN ( J ) ) *ALOG ( XPSþl)
_. _*y=Af 3)*EXp( A( 4¡+McIN(J) I

XRHH=EXP I X+Y )

XPVH=XPSh*XRHI'l
XHE=C.62 Ie*XPVH / ILAV3 "23-XPVH I

IF(XPVA.GT.XPVI.¡ )GO TO 55
IF(TIN.GT.TH( J) IGC TO 56

.-_PROC ESS IJI- DRY I NG 'ANO CTIOL I NG.-

bIOUT=XMASSII*CPHi' ( TH { J )-T I N I

. HOUT=hOU-t/( MASSA*TI ME+XL )
HOUT=HI N+WOUT

IF(TIN.LT.O)GO TO 57
T XA= 5B . B e57- L23O1 - 688 lAB S- 5 " I 69 23*A LOG ( AB S I

*-GO -.TO 5B
57 TXA=27. 6452-LL¿^86.6489/ABS-C"4ó057+ALOG(ABS
58 .PSA=EXP( TXA )

X=A( 1 )*EXP(¡1 2)+HCIN( J) ) *ALOG( PSA)
-Y=A( 3)*EXP(A(4l+MC¡N (J l l
XRHE=EXP ( X+Y )

'-'---PVA=XRHË*PSA
XlJE=0 .62L9+PVA/ ( lCr33'23-PVA)

--''-' IF(XHE.GE.HUUT)GO TO.59 -'

ToUT=T I N
- -,GO. TO 60

59 TOUT=MASSA+CPA*TIME*TIN

oo6 5
c06ó
o(.ó7
0(ió8

.,0có9.
00 7{)
007 I
oo1 2
t:Ol 7
oo7 4
do75'
oo7ó

-oo17
C'O I8
.où79
0c 80

-'.Gt8l.
oos2
0c83
c'o 84
008 5

--o08ô
c'0 B7

. oc88
0G 89
0090
ocr9I

-- LOg2

( 093
C'C) 9 4
c995
co96

-" 009 7
oo9B

-.- ..---:---_---+ouT=T OU 1 + XM A S

T0UT=T0UT+(lt¡IN
- ,.-.- --.-'- . - .--"-TOUT=f OUT/ ( MAS

br¡OUT=XllE
'----'-GO"TO 60

_..td0UT=t¡l I N+t¡OUT
IF(XWE.LT.HOUT)GO TO 59
TOUT=TH ( J I
GO TO 60

-- .--..,-.55.-----.IF ( TIN.GE.TH( J ) )GC--T0'-ó1"---
PROCESS CF HETTING AND COOLING

- hOUT=MASSA*CPA*TiME*(TW( J )-T lN)
HOUT=hOUT/( l'1ASSA+TI ME+XL )

WLìUT=h I N-h0UT
IF{XHE.GT.WOUT)GO TO

G0 Tc ó0
PROCESS OF HETTING AND HEÂTING.
H0UT=XMASSl,{*CPl.l*( TIN-Tt'l( J) )

WOUT='¡i0U1 / { MA SS,1*T I ME*XL )

HOUT= hI N-hOU T

--'--- IF{Tll.l.LT.O¡GO- TO 62

SH*CF?,1*T!.¡{ J I -- ------
-Xt"lE ) *HASSA+TI ME+XL
S A*cP A*T I ME+XMASSH*CPI,J

1.
:.r

C PROCESS CF DRYING ÂND hEÀ.TING

-. - ---5 6,_*-- l{ o u I=M A S S A + C P A t; T I 14 E * (.T I N- f ì,,l ( J I }

HouT=houT / ( MAS SA* T 1 ¡49+XL )

c

c
ól

59

o099
ol0-.)
ot0 I

- 01,) 2.

01 J3
olo4
olù5
0lu6
olc 7
olos

àz
ó3
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