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1980. A study of a commercial crossflow grain

Experimental capacity and efficiency measurements were made on the Ace, a commercial crossflow grain dryer,
during the 1977 and 1978 harvest seasons. A computer model was used to predict the performance of the Ace dryer
under the same operating and ambient conditions as those encountered during the tests. The percent final moisture
content was reproduced by the model within 0.4 points for the 1977 results and within 0.9 points for the 1978 ones. The
predicted specific energy consumption results were within 10%of the experimental values. Conditions within the dryer
were illustrated with simulated temperature and moisture profiles. The effect of the grain inverter was shown to be a
reduction in temperature and moisture gradients across the drying column.

The decision to purchase a particular
make of dryer used to be based only on
capacity and capital investment consider
ations; however, with the present em
phasis on energy conservation, many
buyers are now interested in the energy
efficiency of a dryer. Unfortunately it is
almost impossible for a buyer to interpret
and compare the capacity and efficiency
values supplied by manufacturers. For
example, it is common to rate the capacity
in tonnes per hour without specifying the
operating and ambient conditions or
whether these are dry or wet tonnes. Very
few manufacturers are able to supply data
for more than one set of conditions. Even

then, the reliability is questionable
because accurate field tests are not

usually performed because of their high
costs and the fact that efficiency
specifications are not mandatory.

Test procedures have been suggested in
an attempt to provide the industry with a
set of standards for specifying dryer
capacity and energy performance. Thus,
the ASAE standard S248.3 (ASAE 1978)
requires specification of drying capacities
at two levels of moisture reduction;
however, it does not consider energy
efficiency. Keener and Glenn (1978) and
Bakker-Arkema et al. (1978) have
suggested testing procedures which in
clude determination of the drying be
havior of the particular corn used in the
experiment. However, a standard test has
not yet been accepted by industry or
researchers.

In Canada, where most farm and
commercial dryers are imported from the
United States, the problem of selecting a
dryer becomes even more troublesome
because performance data supplied by the
manufacturers are obtained under condi

tions different than those normally
encountered during the Canadian harvest.

In order to have a sounder basis for

selecting a particular make in future
purchases and to improve the perfor
mance of the dryers already in operation,
the United Co-operatives of Ontario
contracted a research project with the
University of Guelph in 1977. During the
first year three different crossflow dryers
were evaluated. The work not only
involved capacity and energy efficiency
studies but also structural and sound

emission analyses. In 1978 it was decided
to continue the project and concentrate on
the Ace dryer, which is designed and
manufactured by Dorssers Welding Co.
Ltd. in Blenheim, Ontario.

This paper presents the experimental
capacity and efficiency results which are
compared with values generated with a
computer model. The model is also used
to investigate the effect of the grain
inverter on the drying process.

EXPERIMENTAL WORK

The Ace dryer located in Norwich,
Ontario, is shown in Fig. 1. The dryer is a
four-column crossflow unit with each

column being 19.8 m high, 5.6 m long
and 0.3 m wide. Originally atwo-column
design, the dryer was "twinned" in 1977
by adding another two-column unit. The
upper 15.9 m in each column is the
heating section which is followed by a
3.9-m cooling section.

Before 1978, the drying air was heated
by the combustion products of No. 2 fuel
oil using a pair of oil burners. In 1978, the
dryer was converted to a natural gas
burning system.

The drying air is supplied at the rate of
1280 m3/(h.irr2 of column) to all four
columns by a single centrifugal fan. Two
axial fans, one for each pair of columns,
are used to cool the dried grain at a rate of
1650 m3/h.irr2 in 1977 and 1550
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m3/h.irr2 in 1978. Although the airflow
is always perpendicular to the grain flow
in the columns, the direction of the
cooling air is opposite to that of the drying
air. This arrangement places each cooling
fan outlet close to the inlets of the drying
fan as shown in Fig. 2. The result is that
some of the sensible heat contained in the

dried grain is recirculated through the
heating fan.

The exterior sidewalls of the dryer are
angle-iron frames covered with corru
gated, perforated steel siding. The air
exhausting from the outer columns passes
through the perforated siding, while
exhause air from the inner columns exits

through a louvred section in the end-walls
(Fig. 3).

All four columns have a grain flow
inverter 6.5 m from the top. Slowly
descending grain is transferred from the
drying inlet to the exhaust side and vice
versa, thus preventing, to a certain
degree, over- and under-drying of the
grain.

Test runs were started once harvest

conditions allowed an uninterrupted
supply of wet corn to the elevator. Before
each test, the dryer was operated for
several hours following start-up to ensure
steady-state operating conditions. A
complete test required 5 h of data
collection. Temperature, airflow, and
energy consumption readings were made
at half-hour intervals. Grain samples
were collected at the same time. Four

tests were run in 1977 and 1978.

However, due to the limited supply of
corn in 1978, only the first three tests
were run at steady-state conditions.

An array of five thermocouples was
suspended within the heated-air plenum
of the dryer to measure drying air
temperature. Another five ther
mocouples, equally spaced from top to
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bottom, were attached to the exhaust side
of one of the drying columns. Two probes
were used to monitor the cooling air
temperature. All the thermocouple leads
were routed to a central point in the
control house where they were connected
to a multipoint rotary switch. Tempera
tures were read with a digital millivoltme-
ter calibrated to display the temperature in
degrees Fahrenheit or Celsius. The wet-
and dry-bulb temperatures of the ambient
air were obtained with a sling psychrome-
ter at half-hour intervals.

Several 500-g samples of wet and dry
grain were taken during each half-hour
period. The samples were mixed to

determine the average inlet and discharge
grain moisture content for the period.
Corn mass flow rates were determined by
weighing the amount of corn dried during
a predetermined time period. The vol
umetric flow rate was then calculated

from the mass flow rate and the average
test weight for the weighted run.

Oil consumption in 1977 was measured
by an accumulating flow meter in the
supply line. In 1978, when the dryer was
converted to a gas-fired unit, the fuel
consumption was obtained from the
service meter installation using the
instructions provided by Union Gas Ltd.

The inlet airflow rates for each fan

I A>

Figure 1. Ace dryer located at the UCO elevator in Norwich, Ontario.

were determined from static pressure and
fan speed measurements and the man
ufacturers' performance curves. Simi
larly, the electrical demand of the motors
was obtained from on-site current,
voltage and speed measurements and the
performance data supplied by the man
ufacturers.

THEORETICAL

CONSIDERATIONS

There are many advantages of having a
reliable mathematical model describing
the drying operation of a dryer. For
example, it allows quick estimation of the
effects of drying parameters, such as
temperature, airflow, initial moisture
content, etc., on the performance of the
dryer. To obtain similar information by
taking measurements on a commercial
installation during the drying season
would be extremely costly and, in some
cases, impossible.

In this section of the paper, a
mathematical grain-drying model is
introduced and solved using a computer
program. In order to fit and verify the
mathematical treatment of the drying
process in the Ace, the 1977 and 1978
field measurements are reproduced using
the simulation program. The model is
subsequently used to evaluate the influ
ence of the inverter on drying process.

A number of mathematical models to

describe heat and mass transfer in a

moving bed of grain have been de
veloped; however, for this study, the
model based on Klapp's (1963) work and
described by Meiering et al. (1977) was
selected. It is a relatively simple model
and does not require the large amount of
computer time used by some others. The
model employs the concept of an average
kernel temperature rather than a tempera
ture distribution. Meiering (1971) has
shown experimentally that this approach
does not introduce a significant difference
between simulated and measured grain
temperatures. On the other hand, mois
ture gradients in a kernel must be
considered in the calculations because

using an average moisture content value
does introduce considerable errors. For

this reason an empirical equation, which
takes into account the effect of internal

moisture gradients on the equilibrium
relative humidity at the kernel surface, is
used.

The set of differential equations was
solved with a finite difference method.

Integration of the equations across the
column, the z-direction, was ac
complished with an implicit scheme,
while along the length of the column, the
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Figure 2. Heating and cooling fans.

Overall Results

When comparing the predicted and
experimental results, it must be kept in
mind that the computer model is based on
idealized assumptions. For example, it
assumes that all corn being dried is in the
form of whole kernels. If a significant
amount of broken kernels is present in the
experimental system, the model would
underestimate the drying rate because the
assumed surface area value is lower than

is actually the case.
It should also be remembered that the

results in Tables I and II are averaged
values which were obtained over a period
of several hours. During this time some
fluctuations in the dryer's performance is
normal, but the model assumes steady-
state operation and does not account for
transient operation.

Nevertheless, the values in Table II
generally show good agreement between
experimental and model values. In the

[/-direction, a combined explicit-implicit
method was used. Modifications to the

solution described by Meiering et al.
(1977) were necessary due to the inverter
and the reversed direction of the cooling
airflow.

A number of methods to model the

influence of the grain inverter on the
moisture gradient across the grain column
were considered. However, it was finally
assumed that the inverter splits the
column of grain into two equal parts and
that the grain in each half is completely
mixed. The reversed cooling airflow was
modelled by inverting the moisture and
temperature gradients in thez-direction.

RESULTS

Rather than presenting detailed ex
perimental results, which are only of
interest to the United Co-operatives of
Ontario and Dorsser's Welding Co. Ltd.,
it was decided for the purpose of this
paper to present them as they are related
to the computer work. Therefore, the
basic experimental observations and the
overall results obtained from the experi
ments and predicted by the model are
shown in Tables I and II, respectively.
The predicted profiles for a typical
experiment, 771104, are illustrated in
Figs. 4-8. In the case of the exhaust air
temperature, the experimental values are
included for comparison. Finally, the
effects of the inverter are shown in Figs.
9-12 and discussed.

TABLE I. EXPERIMENTAL OBSERVATIONS

Experiment no.: 771019 771026 771104 771129 780124 780127 781101 781123

Air

Ambient dry bulb
temp. (°C) 12.2 18.3 16.7 -4.4 7.5 12.0 13.0 8.0

Ambient rel. hum. (%) 80 74 81 100 67 76 47 94

Drying air temp. (°C) 68.4 71.7 65.0 33.9 84.8 86.4 79.3 83.4

Corn

Inlet m.c. (% w.b.) 24.5 24.8 23.0 22.0 27.0 27.1 31.6 28.5

Outlet m.c. (% w.b.) 15.3 14.6 14.5 15.0 14.6 13.8 18.1 11.6

Inlet corn temp. (°C) 12.2 18.3 16.7 -4.4 7.5 12.0 13.0 8.0

Outlet corn temp. (°C) — — — — 16.0 20.7 21.1 12.7

Test wt (dry) (kg/m3) 750 736 740 751 719 715 689 686

Capacity
Total dryer (tonne/h) 39.2 39.3 39.4 19.1 42.5 42.2 40.7 40.5

TABLE II. OVERALL RESULTS: COMPARISON OF EXPERIMENTAL

AND MODEL VALUES

Experiment no. 771019 771026 771104 771129 781024 781027 781101 781123

1. Moisture content (% w.b.)
Initial 24.5 24.

Final:

Experimental
Model

2. Water removed (kg/h)
Experimental
Model

3. Specific energy consumption (U/kg)
Experimental
Model

% difference

4. Avg. grain temp, out (°C)
Experimental
Model

5. Dryer efficiency
Factor

6. Efficiency
Index

23.0 22.0 27.0 27.1 31.6 28.5

15.3 14.6 14.5 15.0 14.6 13.8 18.8 11.6

14.9 14.9 14.4 14.7 13.7 14.3 17.9 14.8

4780 5330 4350 1710 7220 7700 7620 9570

4980 5170 4400 1790 7740 7410 8150 7760

5380 4930 4970 11960 6250 4580 3860 4480

4840 4870 4620 8990 4230 4190 3840 4420

10 1 7 25 32 9 1 1

— 16.0 20.7 21.1 12.7

14.1 19.6 19.3 -2.5 12.3 14.9 15.2 10.8

1.11 1.01 1.08 1.33 1.48 1.09 1.01 1.01

0.54 0.59 0.59 0.24 0.47 0.64 0.76 0.65
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case of the percent final moisture content,
which is the most important comparison
parameter, the 1977 results are within 0.4
and the 1978 ones within 0.9 points, with
the exception ofexperiment 781123. This
particular run was only 2 h long and
steady-state was not reached; further
more, the corn was of exceptionally poor
quality with as much as 15% broken
kernels. The experimentally recorded
final moisture content is actually the
value to which corn was dried 4 days
earlier. The 781123 experimental data are
therefore unreliable and are only included
to demonstrate the necessity of running
experiments under proper conditions.

Since the rate of water removal is

calculated from the initial and final

moisture contents, the experimental and
model results show the same general
agreement.

The model tends to predict a lower
energy consumption per kilogram of
water removed than was observed in the

experiments. This is as expected because
the model does not account for energy
losses to the environment and it assumes

that all the energy is used for the drying
process. In reality there are such losses
and the lost energy is not used for drying.
In most cases the losses will only amount
to a few percent of the total energy input;

Figure 3. Louvered exhaust.

however, in the case of run 771129, the
losses are much greater due to the low
ambient temperature (Table I). The large
difference in experimental and model
value seems to verify this expectation.

The experimental specific energy
consumption of test 781024 is probably
incorrect because of difficulties in

obtaining a gas pressure reading. Instead
of being able to record pressure mea
surements during the experiment, Union
Gas Ltd. provided a pressure value 3 h
after the experiment was completed. This
value proved to be about 50% higher than
those obtained by direct readings during
the last three experiments.

Since the operating conditions during
test 781024 were similar to those during
781027, the specific energy consumption
should be of the same magnitude.
Recalculation of the 781024 value using
the gas pressure of 781027 gives a
consumption of 4640 kJ/kg which is
much closer to the predicted value.

Dryer Efficiency Factor
The dryer efficiency factor was defined

by Bakker-Arkema et al. (1978) as the
ratio of the experimentally measured
energy efficiency to the simulated energy
efficiency, both in kJ/kg water removed.

The efficiency factor for each experi
ment is shown in Table II. Aside from the

two anomalous values of tests 771129 and

781024, the factor varies from 1.01 to
1.11 for the Ace dryer. These values are
considerably less than the 1.694 value
reported by Bakker-Arkema et al. (1978)
for another crossflow dryer, Clipper
Town and County dryer, model FR 4500.

According to Bakker-Arkema et al.
(1978) the need for an efficiency factor is
"due to the heat losses by radiation and
convection to the atmosphere, the
non-ideal fuel combustion and the heat

losses through cracks in the hot air
ducts." If this were the case, about 69%
of the energy is wasted through these
losses; however, Otten and Brown (1978)
estimated from wall temperature mea
surements that the total convective and

radiative heat losses from a similar dryer,
Clipper model FR 3000, was only 2.5%
of the burner output. The same study
found heat losses for the Ace to be about

0.8%.

It would appear that formulation of the
simulation model has a greater influence
on the dryer efficiency factor than the heat
losses and other inefficiencies. It is,

therefore, more appropriate to consider
the efficiency factor to be a multiplier
needed to force the model output to
correspond with the experimental results

166 CANADIAN AGRICULTURAL ENGINEERING, VOL. 22, NO. 2, DECEMBER 1980



80

60

Lu

1
Ct

20

exhaust air

inlet air

1000
COLUMN LENGTH, cm

Figure 4. Air temperature versus column length.

2000

than as a description of the efficiency of a
dryer.

The only proper use of the proposed
dryer efficiency factor is in extrapolating
the experimental results to conditions
other than those encountered during the
test. However, even then further experi
ments are needed to verify this procedure.

A better method of describing the
energy efficiencies of dryers with dimen-

sionless values is to use the ratio of the

heat of vaporization of the grain at a
specified set of conditions to the
experimentally determined specific
energy consumption. For example, the
efficiency index presented in Table II was
calculated using the heat of vaporization
of corn at 37.8°C and 15% moisture

content (dry basis) as 2926 kJ/kg (Haynes
1961). This approach eliminates the
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confusion resulting from having dryers
with high specific energy consumption
(undesirable) but low dryer efficiency
factor (desirable) as found in the
examples presented by Bakker-Arkema et
al. (1978).

To obtain general agreement in the
drying field of what constitutes a suitable
model and whether it is correct to use a

single performance index or factor will
probably be more difficult than the
formulation of an acceptable test proce
dure.

Profiles

While the overall results are important
in comparing the actual dryer perfor
mance with the predicted one, the profiles
show the conditions which exist in the

dryer. It is difficult to verify the
calculated profiles with experimental
values and only in the case of the exhaust
air temperature is this attempted.

Figure 4 shows the inlet and exhaust air
temperatures versus column length. The
continuous lines are the model values and

the various discrete points are the
corresponding averaged experimental
values. The agreement between experi
mental and predicted profile is generally
good. The sudden rise of the profile in the
inverter area shows that the air is leaving
the column much too warm, which
indicates that it is not saturated. A check

of the percent relative humidity plot (Fig.
5) confirms this and it seems that all the
air leaving the column below this point
could be recycled.

Another sharp change in exhaust
temperature is observed at the entrance to
the cooling section where cooling air
comes in contact with hot grain leaving
the drying section. The simulation results
also show that most of the heat contained

in the corn is released by the time the corn
reaches the midpoint of the cooling zone.

Figure 6 illustrates the change in
average kernel temperature as the grain
travels through the dryer. This average
value is obtained by averaging all the
kernel temperatures across the column at
a selected location. The plot shows that
the temperature continues to increase
until the cooling zone is reached. Figure 7
shows that the kernels near the air inlet

side of the column will quickly reach a
temperature equal to the drying air
temperature. As in the exhaust air plots,
the curve in the cooling zone shows that
the product is essentially cooled to
ambient temperature at the midpoint of
the zone. This indicates that a shorter

cooling zone or lower cooling airflow
rates could probably be used; however,
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7.5 15 22.5
COLUMN WIDTH .cm

Figure 10. Temperature profiles across the column — with inverter.

COLUMN WIDTH, cm

Figure 11. Moisture content profiles across the column — no inverter.
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the experimental results do not confirm
this (Table II). It seems that the model
over-predicts the cooling rate.

Figure 8 depicts the change in the
average moisture content as the grain is
being dried. Again, the average is an
"across the column" average and steep
gradients exist in this direction as well. It
is obvious that most of the drying occurs
in the upper half of the drying column.
With the low starting moisture encoun
tered in experiment 771104, the internal
resistance to diffusion becomes important
and a slower drying rate results. In fact,
the curve shows two distinct drying rates,
one before the 800-cm level and a lower

one after that point. The slight increase in
moisture content in the cooling zone is
apparently due to redistribution of the
moisture across the column.

Inverter

Some of the figures indicate that the
inverter has a significant effect on the
drying process. For example, Figs. 4 and
5 show a rapid change in profiles at the
inverter location. In order to investigate
this observation further, it was decided to
simulate the performance of the dryer
with and without the inverter, using the
same set of general operating conditions.

The effect of the inverter on the grain
temperature profile across the column is
seen from a comparison of Figs. 9 and 10.
Without an inverter in the column there is

no significant difference in the profiles at
the 600- and 700-cm locations. Both

curves show the expected trend; that is,
there is a considerable drop in grain
temperature in the first half of the column
and almost no change in the second half.
This shows that the drying zone has
almost reached the 15-cm mark and that

the drying air has given up its heat to the
grain. The large temperature gradient that
exists across a grain column is also
shown. For example, in a distance of only
15 cm, the grain temperature drops by
about 50°C. It should also be noted that at

the 600-cm level, the grain near the air
inlet is already at the drying air
temperature.

The lowest curves represent the profile
at the end of the cooling section.
Although the "no inverter" temperature
curve is higher, the average temperature
of the grain leaving the dryer is only a few
degrees hotter than for the inverter case.

Examination of the moisture content

profiles in Figs. 11 and 12 shows the steep
gradient that exists at the 600-cm level.
At the air inlet the grain has already dried
to 7% while at the outlet it is still at the

initial value of 30%. In fact, Fig. 11
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COLUMN WIDTH, cm

Figure 12. Moisture content profiles across the column — with inverter.

shows that this gradient is still large when
the grain leaves the dryer (1980-cm
curve), even though the average final
moisture content is similar to that for the

inverter case. The effect of the inverter is
illustrated by the 700- and 1980-cm
curves in Fig. 12. In both instances the
moisture gradient is much smaller than
the corresponding values in Fig. 11.

The inverter/no inverter comparison
also showed that the presence of an
inverter caused a 2% reduction in the

amount of moisture removed and a 2%

increase in the specific energy consump
tion. This also means that the capacity of
the dryer is slightly reduced, but the
decrease in the range of moisture contents
leaving the dryer is of greater importance
in obtaining a more uniform product.

Of course, the above observations are
speculative, as the predicted profiles and
results depend on the technique used to
model the inverter. Whether or not the

assumption that the grain column is split
is correct can only be answered by a
carefully designed experiment; however,

it must be kept in mind that the predicted
and measured exhaust temperatures (for
example, see Fig. 4) were in agreement.
This observation, as well as the fact that
the overall results in Table II were

predicted correctly, seems to indicate that
the inverter model must be reasonably
correct.

SUMMARY AND CONCLUSIONS

The experimental specific energy
consumption of the six reliable tests
shows a range of values as the result of
variations in ambient, drying and grain
conditions. Since most of these condi

tions cannot be controlled, it is necessary
to have, in addition to a standard test
procedure, a suitable mathematical model
to convert the experimental results to a
standard set of operating conditions
before performances of different dryers
can be compared.

The model used in this study predicted
the energy consumption within 10%
without adjusting the model parameters
from experiment to experiment. It is, of

course, possible to obtain better agree
ment by changing drying parameters, but
this would require prior knowledge of the
experimental results and the model
becomes useless as a predictive tool.

The grain inverter was modelled by
assuming that it splits the column of grain
into two equal parts and that all the grain
in each half is completely mixed. By
comparing simulation results for cases
with and without the inverter, it was
shown that the grain temperature and
moisture gradients across the column are
reduced by the inverter.
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