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Different fan and heater management schemes were developed and evaluated for corn drying, using hourly weather data
from London and Toronto for the periods of 1965-1978. and a computer simulation model. During favorable weather,
continuous fan operation without supplemental heat is sufficient to dry corn, while additional heat is necessary during poor
weather. None of the management schemes was found to be energy efficient as compared with high-temperature drying in
all the years.

INTRODUCTION

Full-scale field experiments in 1978 and
1979 demonstrated that ambient and solar-

assisted ambient corn drying was no more
energy efficient than conventional drying
(Otten and Brown 1980). Subsequent
simulation results, obtained with a model
developed by Mittal and Otten (1980)
verified that even at minimum airflow

rates, low-temperature drying with con
tinuous fan operation is indeed not energy
efficient in poor drying years in Southern
Ontario.

Despite these disappointing observa
tions, such advantages as high grain quali
ty and flexible harvest schedule were suffi
ciently important to continue the work.
The simulation and experimental results
had already indicated that the ambient con
ditions in Ontario vary significantly
throughout the long drying period. Fur
thermore, with the normally prevailing
warm and moist weather, the total allow

able drying time is restricted and airflow
rates of more than 26L/(sec-m3) are neces
sary to dry 24% (wet basis) moisture corn
without excessive spoilage. It is also
possible that during a large part of the
drying period little or no drying occurs
because of adverse weather conditions. In

fact, the data indicate that overall rewet-

ting of the grain occurs frequently with
continuous fan operation (Mittal and Otten
1980).

A large number of different fan and
heater management schemes are possible
for low-temperature drying, but only those
which meet the criteria of optimal energy
use and performance are acceptable. Once
a suitable set of management strategies is
developed it must be implemented using
manual or automatic control of the drying
process. In general, the control system
should provide supplemental heat to the
ambient drying air when the total amount
of water removed from the bin is negative
due to adverse weather conditions. When

an excessive amount of heat is needed to

produce a useful drying potential, the fan
should be stopped. It will, however, be
necessary to ensure that the wet grain re
mains sufficiently cool to prevent exces
sive spoilage and the fan may have to run
periodically to cool the grain. Because the
calculations needed to determine the de

sired control action are complex and must
be performed frequently throughout the
day, automatic control is more suitable.

This paper describes the development
and evaluation of different heater and fan

management strategies.

CONTROL OF FAN AND

HEATER OPERATIONS

Intermittent fan and heater operations
have been investigated as a means of re
ducing energy consumption, but the re
sults are not conclusive and the recom

mendations are often conflicting (Otten
and Mittal 1981). For example, although
simulations have shown that humidistat

and timeclock control of dryer fans may
reduce energy consumption, not all re
searchers agree that the resulting intermit
tent fan operation is a good practice. One
reason for this is the increased dry matter
losses associated with intermittent fan op
eration (Pierce and Thompson 1979).

It is generally accepted that early in the
drying season, continuous air movement is
required to prevent spontaneous heating of
the wet grain. Kranzler (1977) suggested
that late in the drying season, when grain
temperatures are low and the drying front
has passed through the top, the fan and
heater could be shut off during periods of
high relative humidity, thus preventing re-
wetting and reducing energy consump
tion. He proposed shutting off the fan us
ing humidistatic control when the average
grain moisture is < 187c, the moisture con
tent of the top layer is <22%, the grain
temperature of the top layer is <7°C. and
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the relative humidity is >90%. In addi
tion, Colliver et al. (1978) recommended
aeration of the grain when there had been
no airflow in the previous 24 h. They also
proposed that rewetting should not in
crease the average moisture content more
than 0.025 percentage points per hour.

Various controls have been used to im

plement the different energy-saving ideas.
For example, Kranzler (1977) developed a
manual closed-loop control system, which
was used by Wilcke et al. (1979) with
some modifications, but they encountered
many problems. Morey et al. (1979) used
humidistat, thermostat and timeclock con

trols. They reported that the reduced
operating time delayed movement of the
drying front through the top of the bin,
leading to increased deterioration. This,
along with an increase in overdrying.
appears to outweigh the advantages of re
duced fan operation.

Most of the experience with common
humidistats showed that their accuracy de
creases rapidly in a dusty environment and
periodic cleaning and calibration are
necessary. Humidistats with greater
accuracy and reliability are costly. In fact,
it is clear from the literature that at present
no automatic system is available to control
the drying process under greatly varying
conditions. Before such a control system
can be designed, it is necessary to develop
optimum drying management schemes.

ALTERNATE MANAGEMENT

SCHEMES

Different fan and heater management
schemes were developed and evaluated us
ing hourly weather data from London and
Toronto. The simulation model developed
by Mittal and Otten (1980) was used to
simulate the drying process. The operating
conditions and assumptions used in the
study are as follows:

1. Grain corn with an initial mass of 93

tonnes was placed in a single fill on a
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27-m2 perforatedbin floor to a depthof 4.4
m.

2. The initial corn moisture content

was 24% and the corn temperature was
equal to the average ambient temperature
of the previous 24 h.

3. The corn havesting date was 15 Oct.
A time increment of 8 h and a depth incre
ment of 0.44 m was used in the simulation.

4. The temperature rise due to fan heat
and frictional energy was calculated for
each airflow rate. Based on a combined

fan and motor efficiency of 54%, 46% of
the total temperature rise was added in the
plenum and the remaining rise was divided
uniformly over the grain depth. This is
accomplished by an additional term in the
energy balance as suggested by Morey et
al. (1979). Systems requiring static pres
sures greater than 1.9 kPa were considered
impractical.

5. Drying was discontinued when the
average moisture content was <15%.

6. All the electrical energy consumed
by the heaters was assumed to be used to
heat the drying air.

7. Calculations of dry matter deteriora
tion during the winter months were based
on the fall shut-off conditions.

8. The following fan management
schemes were formulated after careful ex

amination of local practices and
climatological changes, (a) fall shut-off:
see Table I: (b) winter aeration: no winter
aeration was provided: (c) spring starting
date: if the drying process was not com
pleted in the fall, it was assumed that the
fan was restarted on 1 Apr. of the follow
ing year.

9. Energy consumption — the pressure
drop in air flowing through the grain corn
was obtained from the model presented by
Hukill and Shedd (1955) with a pack factor
of 1.5. This value was then used to calcu

late the energy consumption by assuming a
fan and motor efficiency of 60 and 90%,
respectively.

10. Typical years — out of 13 yr
(1965-1977) of weather data for London
and Toronto, five typical years were se
lected based on minimum energy con
sumption using continuous fan operation
without supplemental heat, 22% initial

TABLE I. MANAGEMENT SCHEME FOR

SHUTTING FAN OFF IN THE FALL

In upper 10% of bin

Date

After 15 Nov.

After 1 Dec.

After I Dec.

After 15 Dec.

98

Moisture

content

(% wet basis)

<18

<19

Any
Any

Grain

temperature

(°C)

<-l

<-4

<-7

Any

moisture content and 15 Oct. as harvesting
date. These included two poor (s 5.0 MJ/
kg), two good (^ 2.0 MJ/kg) and an aver
age (3.8 and 3.3 MJ/kg for London and
Toronto, respectively) drying years. The
years for London were 1971, 1972, 1977,
1967 and 1976 and for Toronto, 1971,

1972, 1975, 1969 and 1976 in descending
order of specific energy consumption
(Mittal and Otten 1980).

The minimum airflow rate required to
dry grain in the 5 yr with <0.5% dry
matter deterioration in any part of the bin
was calculated after incorporating a one-
dimensional optimization program in the
simulation model (Mittal and Otten 1980).

The following 12 management schemes
were studied.

1. Continuous fan operation with no sup
plemental heat.
2. Intermittent fan operation (discussed
below) without supplemental heat.
3. Continuous fan operation and 1.5 K
temperature rise of drying air.
4. Same as (3) except intermittent fan op
eration.

5. Continuous fan operation and control
led supplemental heat between 1800 h and
0800 h to raise the air temperature by 1.5
K.

6. Same as (5) except intermittent fan op
eration.

7. Same as (3) except a 3 K temperature
rise.

8. Same as (4) except a 3 K temperature
rise.

9. Same as (5) except a 3 K temperature
rise.

10. Same as (6) except a 3 K temperature
ruse.

11. Same as (4) except a 4 K temperature
rise.

12. Fan and heater control.

Intermittent Fan Operation
The fan was operated continuously in

the early part of the drying process and
intermittent fan operation was started
when the average grain moisture content
was 18%, the maximum grain moisture
was 22% and the maximum grain tempera
ture was 7°C. No airflow was provided
when the total moisture removal in a time

interval of 8 h was =S 0.01 kg. The fan was
restarted for at least one 8-h time interval

when no airflow was provided in the last
24 h.

Fan and Heater Control

This scheme was used to control the fan

and the heater when the moisture removed

in a specified time interval was less than
1.0 kg. Air temperature increases of 1.5,
3.0 and 4.0 K were obtained with these

simulated heaters. When more than 4.0 K

supplemental heat was required, the fan
was stopped, provided that the intermittent
fan operation criteria was satisfied. The
details are given by Otten and Mittal
(1981).

RESULTS AND DISCUSSION

The simulation results for the 12 man

agement schemes are summarized in
Tables II and III for Toronto and London,

respectively. A comparison of the average
and standard deviation values of the dif

ferent performance parameters for the va
rious schemes is found in Table IV. The

results were further analyzed using the
analysis of variance and Duncan's multi
ple range test procedures of the Statistical
Analysis System (SAS) (Barr et al. 1979).
The results of the analysis are shown in
Table V. In this Table, the groupings with
the same letters are not significantly dif
ferent in the 95% confidence level. Varia

tions in minimum airflow rates, fan

operating times, and energy consumptions
for the various schemes are discussed

below.

1. Airflow Rates

As shown in Tables II and III. the

minimum airflow rates vary from 12.0 to
33.4 L/tsec-m') for Toronto and from 12.5
to 34.2 L/(sec-m3) for London when em
ploying the various schemes in different
years. From Tables IV and V, it can be
concluded that for the Toronto conditions,

the various schemes have insignificant
effects on the minimum airflow rate and

most of the variations are due to differ

ences in weather conditions. However, for

the London conditions, the airflow rate is
significantly different for various
schemes. The highest airflow rate is for
scheme 1, continuous airflow without sup
plemental heat, and the lowest value is for
scheme 12, fan and heater control. In

general, the airflow rates at Toronto are
lower than those at London because the

ambient temperatures at Toronto tend to be
lower at the start of the drying process.

For London, lower airflow rates are also
required for schemes 3 and 4, continuous
or intermittent fan operation with sup
plemental heat to increase the temperature
of air by 1.5 K. A further increase in the
amount of supplemental heat (schemes 7
and 8) resulted in an increase in airflow
rate.

For favorable drying years the airflow
rates are between 12.0 and 19.6 L/

(seem1), which indicates that all the
schemes are suitable for these years. In
fact, no special management practices are
required and continuous fan operation
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TABLE II. PERFORMANCE PARAMETERS FOR VARIOUS YEARS AND SCHEMES FOR LOW-TEMPERATURE DRYING IN TORONTO

Performance parameters for various years

Airflow rate (L/(sec •m1))

1971

Fan

1972

operating time (h)

1975 1969 1976

Specific

1971

energ;

1972

f consumption

1975 1969

(MJ/kg)

Scheme 1971 1972 1975 1969 1976 1976

1 t 25.3 27.9 21.8 18.9 — 1760 1488 1832 1592 — 4.3 4.6 3.1 1.9

2 — 23.9 27.4 21.5 17.2 — 1816 1248 1736 1856 — 3.8 3.7 2.8 1.7

3 31.3 19.2 29.2 18.5 14.5 5521: 1672 672? 1520 1552 3.7 4.6 3.9 3.9 2.7

4 31.2 18.0 29.2 18.1 14.5 552+ 1648 648+ 1416 1504 3.7 4.1 3.8 3.6 2.6

5 33.4 19.3 26.2 21.4 15.7 1416 1832 1424 1328 1552 9.0 3.9 5.5 3.5 2.3

6 33.4 19.2 26.1 19.3 15.7 1168 1832 1192 1552 1576 7.4 3.9 4.6 3.3 2.3

7 30.2 15.7 24.2 18.9 19.6 432+ 1512 528+ 1080 888+ 3.7 4.9 3.2 4.5 3.9

8 30.3 16.2 24.2 18.9 12.0 432+ 1352 528+ 1016 1504 3.7 4.5 3.2 4.2 3.4

9 30.8 17.6 25.2 20.2 14.1 5361 1672 752+ 1232 1528 3.7 4.4 3.6 4.0 2.9

10 31.5 17.6 27.4 18.4 14.1 528+ 1560 648+ 1336 1480 3.7 4.1 3.5 3.8 2.8

11 29.4 14.9 21.3 24.2 15.7 392+ 1280 536+ 520+ 952+ 3.8 4.9 3.3 3.8 2.9

12 31.2 17.8 22.2 15.0 18.3 1256 2120 1584 2168 3208 6.4 3.4 4.1 2.8 6.2

'Quite high airflow rate needed.
+Drying completed in fall.

TABLE HI. PERFORMANCE PARAMETERS FOR VARIOUS YEARS AND SCHEMES FOR LOW-TEMPERATURE DRYING IN LONDON

Performance parameters for various years

Specific energy consumption
Airflow rate (L/sec•m<) Fan o perating time (h) (MJ'kg)

Scheme 1971 1972 1977 1967 1976 1971 1972 1977 1967 1976 1971 1972 1977 1967 1976

1 — t 29.6 29.6 26.2 19.1 — 1528 1624 1176 1920 5.5 5.8 3.1 2.3

2 — 28.3 28.6 25.2 18.1 — 1536 1408 1336 1920 — 4.9 4.7 3.2 2.0

3 — 19.3 26.0 21.0 15.3 — 1824 1392 1280 1568 — 5.1 6.5 4.1 3.0

4 — 20.8 25.7 21.4 15.7 — 1552 1120 1160 1496 — 4.8 5.1 3.8 3.0

5 — 21.7 27.4 21.7 17.9 — 1816 1568 1352 1656 — 4.8 6.7 3.6 3.1
6 — 21.4 28.1 25.1 16.6 — 1792 1192 960 1776 — 4.6 5.3 3.4 2.9

7 33.3 16.8 25.2 19.7 12.5 400+ 1544 560+ 1112 1504 4.0 5.5 3.6 4.9 3.6

8 33.3 17.6 25.2 21.4 12.5 400+ 1408 560+ 808 1448 4.0 5.4 3.6 4.0 3.5
9 34.2 19.2 25.5 20.5 14.1 536+ 1736 1384 1272 1568 4.5 5.2 6.7 4.2 3.0

10 34.1 18.9 25.2 21.7 14.8 520+ 1656 1104 1128 1496 4.3 4.9 5.3 4.1 3.0

11 32.1 25.2 22.5 22.5 14.6 344+ 608* 528+ 608* 1072+ 3.9 4.7 3.5 4.0 4.0

12
—

19.6 18.7 20.9 16.5
—

2240 I960 1504 2168
—

4.3 3.9 3.0 2.9

tQuite high airflow rate needed.
tDrying completed in fall.

TABLE IV. AVERAGE AND STANDARD DEVIATION VALUES OF THE PERFORMANCE
PARAMETERS FOR DIFFERENT SCHEMES

Specific energy consumption
Airff;>r rate (L/(sec m1)) Fan operating time (h)

Toronto London

(MJ/kg)

Toronto London Toronto London

Scheme Avg. SDt Avg. SD Avg. SD Avg. SD Avg. SD Avg. SD

1 23.5 3.9 26.1 5.0 1668 157 1562 307 3.4 1.3 4.2 1.7

2 22.5 4.3 25.1 4.8 1664 282 1550 260 3.0 1.0 3.7 1.4

3 22.6 7.3 20.4 4.4 1194 536 1516 237 3.7 0.7 4.6 1.5

4 22.2 7.4 20.9 4.2 1154 513 1332 223 3.5 0.5 4.2 1.0

5 23.2 6.9 22.2 3.9 1510 197 1598 193 4.8 2.6 4.5 1.6
6 22.7 7.0 22.7 5.0 1464 282 1430 420 4.3 1.9 4.0 I.I

7 21.7 5.6 21.5 8.1 888 437 1024 528 4.0 0.7 4.3 0.8

8 20.4 7.0 22.1 7.8 966 479 925 482 3.8 0.6 4.1 0.7

9 21.5 6.5 22.7 7.6 1144 489 1299 462 3.7 0.6 4.7 1.4

10 21.8 7.3 23.0 7.3 1118 485 1181 439 3.6 0.5 4.3 0.9

11 21.0 6.0 23.4 6.3 736 370 632 269 3.9 0.6 4.0 0.4

12 20.9 6.3 18.9 1.8 2067 743 1968 331 4.6 1.6 3.5 0.7

+Avg. = average: SD = standard deviation.

without supplemental heat is sufficient to London, schemes 3-6 and 12 also could
dry grain. not dry grain corn. This indicates that

In unfavorable years, all schemes with- either some supplemental heat is required
out supplemental heat failed to dry grain to dry grain successfully during poor
due to large airflow requirements for both weather or the airflow rate must be in-
London and Toronto conditions. At creased rjy decreasingthe grain depth. The
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latter action is not practical because the
future weather conditions are not known at

the start of the drying period.

2. Fan Operating Time
The fan operating time for various

schemes varies between 392 and 3208 h

for Toronto and between 344 and 2168 h

for London conditions. Fan operating time
for the London conditions are lower than

those for Toronto because of the need to

have higher airflow rates at London.
On the basis of the Duncan's multiple

range test, various schemes are summa
rized into four categories (Table VI). The
highest fan operating time is required for
the fan and heater control scheme. For this

scheme the airflow requirement was
lowest for the London conditions. The

schemes comprising continuous or inter
mittent fan use with or without controlled

supplemental heat to raise the drying air
temperature by 1.5 K, and the continuous
fan use with supplemental heat equivalent
to 1.5 K temperature increase are grouped
under category II. Similarly, the schemes
with continuous or intermittent fan use and

controlled supplemental heat to raise the
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TABLE V. DUNCAN'S MULTIPLE RANGE TEST FOR DIFFERENT PERFORMANCE

PARAMETERS AND SCHEMES FOR LONDON AND TORONTO

Specific energy
Airflow rate Fan Operati ng time consumption

Scheme Toronto London Toronto London Toronto London

1 At A B C A/B A/B

2 A A/B B D B A/B

3 A C/D C E A/B A/B

4 A C/D C/D G A/B A/B

5 A B/C/D B B A A/B

6 A A/B/C/D B F A/B A/B

7 A B/C/D D/E J A/B A/B

8 A B/C/D C/D/E K A/B A/B

9 A A/B/C/D C/D H A/B A

10 A A/B/C C/D I A/B A/B

11 A A/B/C E I. A/B A/B

12 A D A A A/B B

tlf two groups are connected by a series of the same letters, then they are not significantly different at a
confidence level of 0.95. The order of letters is in the direction of decreasing magnitude.

temperture by 3 K and the intermittent fan
use with a 1.5 K temperature rise comprise
category III. The lowest number of fan-
hours were calculated for the schemes in

volving continuous or intermittent fan
operation and a 3 or 4 K temperature rise.
These are grouped under category IV.

These categories indicate a decrease in
fan operating time with an increase in the
drying air temperature. In most cases
drying was completed in the spring after
meeting the fall shut-off conditions. The
probability of completing drying in the fall
is 90% if supplemental heat to raise the air
temperature by 4 K is supplied (scheme
11). The energy consumption is compara
tively more; however, it is advantageous
to finish drying in the fall because this
results in lower risk of spoiling, less super
vision during winter storage and greater
marketing flexibility.

3. Energy Consumption
In all 12 schemes, the specific energy

consumption values vary from 1.7 to 9.0
MJ/kg of water removed for Toronto and
from 2.0 to 4.5 MJ/kg for London. In
general, the energy consumption to dry
corn is lower in Toronto than in London

for each year. This is due to the warmer
and more humid climate in London. This
regional difference in energyconsumption
is largest for unfavourable drying years.

Results from Duncan's multiple range
test (Table V) indicate that for Toronto
scheme 5, continuous fan operation and
controlled supplemental heat to raise the

air temperature by 1.5 K, requires
maximum energy consumption, while
scheme 2, intermittent fan operation with
out supplemental heat, requires minimum
energy consumption. On the basis of en
ergy consumption, schemes other than 2
and 5 do not differ significantly.

For London the most energy inefficient
scheme is 9, similar to scheme 5 except for
a 3 K temperature rise, and the most effi
cient scheme is 12, fan and heater control.
However, the most energy efficient
scheme cannot dry corn in unfavorable
years.

At Guelph, which is situated between
London and Toronto, about 3.9 MJ/kg is
required to dry corn from 27 to 14.5%
moisture content employing an efficient
high-temperature dryer (Otten and Brown
1980). This indicates that significant en
ergy is not saved by using any of the low-
temperature drying schemes for drying
corn with an initial moisture content of

24% or more in many years. However,
many of the schemes were found to save a
significant amount of energy for average
and favorable years.

Additional energy can be saved if the
harvesting date is shifted to 1 Nov. from
15 Oct., and the initial moisture content of
corn is reduced to 22% using combination
drying (Mittal and Otten 1980).

CONCLUSIONS AND

RECOMMENDATIONS

The conclusions and recommendations

derived from the simulation study of 12

TABLE VI. DIFFERENT CATEGORIES OF FAN AND HEATER MANAGEMENT SCHEMES
BASED ON THE FAN OPERATING TIME AND DUNCAN'S MULTIPLE RANGE TEST

Category

1

11

111

IV

Fan operating time (h)

Toronto London Schemes

1256-3208

552 - 1856

528- 1672

392 - 1504

1504 - 2240

960 - 1920

520- 1736

344- 1504

12

1 7 3 5.6

4.9.10

7.8.11

different fan and heater management
schemes are summarized as follows:

1. In favorable years, continuous fan
operation without supplemental heat is
sufficient to dry corn efficiently.

2. With better management of fan and
heater operations, an airflow rate of be
tween 29.4 and 32.6 L/(sec-m3) is suffi
cient to dry corn from 24 to 15% moisture
content in Southern Ontario in any year.

3. Addition of supplemental heat dur
ing unfavorable years significantly re
duced the minimum airflow rates requires
to dry grain successfully.

4. The probability of getting corn dried
in the fall increases with the addition of

sufficient heat (>3 K) to the drying air.
5. For southern Ontario, supplemental

heat is necessary during poor weather for
bins filled in one operation.

6. None of the management schemes
was found to be energy efficient as com
pared to high-temperature drying for all
the years; further work is needed in this
direction.
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