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Batch and continuous flow simulation models were used to predict the performance and the net energy consumption of
popular farm driers. The investigation showed that narrow column batch driers operating in the crossflow mode and multistage
concurrent flow models preserve grain quality by keeping overheating of the grain to a minimum. Recycling of the cooling airand
part of the drying air significantly reduces the energy requirements of the narrow column batch drier. Older batch and continuous
flow models have the highest energy requirements and tend to overheat a larger portion of the corn being dried.

INTRODUCTION

A research program to explore the
possibilities of energy-saving in corn drying
was initiated in 1975, with financial support
from the Ontario Ministry of Agriculture
and Food, at the University of Guelph. One
aim of the program was to compare the
prevailing high temperature farm driers for
their energy consumption and drying per-
formance.

Simulation programs describing the var-
ious drying methods were used in this
program to estimate the effects of drying
parameters such as drying temperature,
column thickness, number of drying stages
and cooling air recycling on the develop-
ment of grain temperature and moisture
content, saturation of exhaust air and
energy requirements. With these simula-
tions, the drying results could be related to
comparable operating conditions for all
drier types, which is practically impossible
by taking measurements at commercial
operations during the drying season.

NOMENCLATURE

A = specific corn surface

ab = constants

cp = specific heat of corn

pa specific heat of air

D = diffusion coefficient

E = heat of evaporation

G = moisture content ratio

h = convective heat transfer coefficient

k = conductive heat transfer coefficient

n = normal to surface of seeds

Piota] = total pressure

Py = saturation pressure of water

r = radius of clyindrical air plenum

r = radial distance in cylindrical corn
column

T, = air temperature

Tp = average corn temperature

t = time

u = timeinaerationdrying, column length
in cross flow and concurrent flow
drying

Vg = air velocity

Vg, = air velocity at entrance to the corn
column
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Vp = velocity of corn
Xeq equilibrium specific humidity

X, = specific humidity of air

Xp = average moisture content of corn  n

XPo = average initial moisture content of
corn

z = thickness of corn column or corn
layer

Pa = density of air

Pp = bulk density of corn

Pp = apparent density of corn dry matter

g = convective mass transfer coefficient

0} = relative humidity of air.

SIMULATION MODELS

A number of theoretical models for the
heat and mass transfer in drying of station-
ary or moving beds of corn have been
developed (Bakker-Arkema et al. 1974;
Klapp 1963; Meiering et al. 1972; Sabbah et
al. 1972; Slatyer 1967). Internal diffusion of
heat and mass within the kernels has been
analyzed in theory (Chen 1973; Husain et al.
1972; Meiering 1971; Slatyer 1967) but is
usually neglected in the drier simulations in
order to save CPU time (Bakker-Arkema et
al. 1974; Baughman et al. 1971; Meiering
and Hoefkes 1977). The changes in temper-
ature, moisture content and specific humid-
ity in a stationary grain layer or in an evenly
flowing grain column in a batch, crossflow
or concurrent flow drier can then be defined
(Bakker-Arkema et al. 1974; Bakker-Ar-
kema et al. 1973; Klapp 1963; Meieringet al.
1971, 1972).
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The term v, representing the corn vel-
ocity is omitted from system | when the
drying process of a stationary grain layer is
simulated. The variable u represents the
drying time in batch drying of a stationary
grain bed and the length of the grain column
in crossflow and concurrent flow driers. The
air velocity in equations la and 1c assumes
the value v, = vy, ry /r for driers having a
central cylindrical air plenum and a cylin-
drical grain column surrounding it (Klapp
1963). System 1 does not account for kernel
deformation and describes steady state
processes only.

The concept of using an average kernel
temperature does not introduce significant
differences between simulated and measured
grain temperatures (Meiering 1971). Differ-
ences do occur, however, between predicted
and measured values of moisture content
due to the comparatively larger Biot-num-
bers of mass transfer. The relative humidity
cannot be calculated as a function of average
moisture content according to equation 4 if
high drying temperatures are used, which
create strong moisture gradients within the
kernels. The effect of the internal moisture
gradient on the equilibrium relative humid-
ity at the kernel surface can be approx-
imated by forming the moisture content
ratio G = Xp/Xpo and introducing it into

equation 4, as discussed by Mieiring
(1977).
¢ surface=a+QGb .. ... .. ... ... ... 7

Equation 7 was used witha=0and =3.0in
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Crossflow batch drier with agitated
rotating corn charge and circular
drying column. Drier capacity: 5 - 9
tons/h. a. hot air plenum, b. cen-
tral auger, c. fan and burner assem-
bly, d. corn column, d. p.t.o. con-
nection.

TABLE 1. PHYSICAL PROPERTIES OF
CORN
Property Symbol Value
Spec. grain surface area A4 844 m2/m3
Bulk density of corn Pp 684 kg/m3
Heat transfer coefficient & 84kJ/m2h C
Avg. heat of evaporation E  2,500kJ/kg
Spec. heat of grain ’p  213kJ/kgC
Spec. heat of air pg 1.02kJ/kg C

high temperature crossflow drying and
equation 4 for low temperature and con-
current flow drying.

The simulation models were tested with
data obtained from a pilot scale drier and
from commercial models. Simulated and
measured results were in good_agreement
(Meiering and Hoefkes 1977). The vapor
pressure was calculated with the Clausius-
Clapeyron equation and the thermal con-
ductivity as a function of moisture content
according to Kazarian and Hall (1963).
Other properties were used as given in Table
1. An implicit finite difference method was
employed to solve system 1.

The performance of corn driers prevail-
ing on Ontario farms was simulated on the
basis of system I. Energy data were calcu-
lated as net values for heating of the drying
air or for heating and cooling of the grain.
Efficiencies of burner equipment were not
considered.

RESULTS AND DISCUSSION
Batch Drying

In batch drying, a drier is charged with a
certain amount of wet grain, which stays in
the drier until the desired final moisture
content is reached. No grain leaves or enters
the charge during the drying process.De-
pending on drier design, the grain is agitated
in the drier or kept stationary during drying.
A popular model of a batch drier is shown in
Fig. 1. After this drier is charged with wet
grain, the central auger rotates the charge
through the circular drying columns formed
between the perforated outer wall and inner
plenum. The drying process follows the
crossflow pattern. The drier does not have a
cooling section and can remove between 5
and 8% of moisture per hour from 5 - 9 tons

of grain, depending on drier size and
operating conditions. The grain can be
cooled at the end of drying by rotating it
without heating.

Based on the input data given in Table I,
the drying pattern in Fig. 2 was established
by simulation. In the first passing of the
grain through the drier, only the inner half of
the grain column is dried. At a depth of 22.5
cm, the moisture removal has just begun.
Some condensation occurs in the other half
because the saturated air is cooled down by
the cold grain and, therefore, deposits some
water. The grain temperature near the air
plenum rises to the drying temperature of 80
C along two thirds of its total way. Only
slight overdrying occurs near the plenum. A
similar pattern of temperature development
and more severe overdrying would occur if
high drying temperatures were used. The
maximum recommended drying temperat-
ure of 80 C as recommended by the
manufacturer should, therefore, not be
exceeded.

When the dried grain reaches the central
auger, the wet and overdried portions are
mixed thoroughly in the elevating process to
an average moisture content of 22.7% w.b.
In the second pass, a drying pattern similar
to the first one is established (Fig. 2). The
only difference is that the drying zone
penetrates slightly further and no condensa-
tion occurs in the undried section, which was
heated to the equilibrium drying temper-
ature of approximately 26 C in the first pass.
Portions of the grain near the plenum are
overdried. The grain is dried from 22.7%
w.b. to 16.3% w.b. in the second pass (Table
II).

In the final pass, the grain is aerated with
unheated air and cools down to the en-
vironmental temperature of 10 C. The stored
heat in the grain allows a drying effect of

TABLE II. DRYING CAPACITY AND ENERGY REQUIREMENTS OF DIFFERENT TYPES OF FARM DRIERS.

Req’d
Max. Grain Energy cool'g  Energy Avg. energy
Length of  Column grain  moisture  cool’g air saved by for multiple
Drier type grain column depth  Temperatures Air flow Grain flow temp. content air exh. recyc’d recycling pass
Drying cooling Drying Cooling Q P In. Fin.
(m) (m) (m) © (m¥/m?h) (mm) t/h  m/h (C) (%wb) (kJ/kg water) (%) (kJ/kg)

Rotating

Batch 4.0 — 0.45 80 — 1,100 38 75 305 80 275 227 5,243 — —

Crossflow 4.0 — 0.45 80 — 1,100 38 75 305 80 228 16. 4,265 — — 4,000

+ 4.0 — 0.45 — 10 1,100 38 715 305 10 16.1 142 0 — —

Drieration — — 2.00 10 - 500 49 — — 10 16.1 144 (1] — — 4,138
Rotating

Batch 2.5 1.0 0.1 80 10 1,500 14 35 12.4 69 275 20.8 4,282 3,249 24

Crossflow 2.5 1.0 0.1 80 10 1,500 14 35 124 76 20.8 14.1 4,656 3,560 24 3,398
Crossflow 2.5 1.0 0.1 80 10 1,500 14 1.2 42 80 275 136 6,588 5,796 12 —
Single pass 2.1 -9 0.3 80 10 2,000 67 28 22 80 275 148 5,063 (4,216) ant —
Concurrent Single stage 0.5 150 10 2,000 112 0.4 0.6 41 27.5 16.8 3,844 (3,466) (10) —
flow Triple Stage 0.5 150 — 4,000 364 2.0 29 35 275 243 4,642 — 3,792

0.5 150 — 4,000 364 2.0 2.9 41 243 194 3,456 — 9% (3,453)
0.5 150 10 4,000 364 2.0 29 45 194 140 3,491 (2,555)

tNumbers in parentheses refer to energy requirements and savings that could be achieved if the cooling air was recycled.
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Figure 2.  Performance of rotating batch crossflow drier. Drying column length: 4.0 m; drying column

depth: 0.45 m; grain flow: 3.05 m/h; air flow: 1,100 m3/ m2h; drying temperature: 80°C.

2.1% w.b. in the cooling pass.

The rotating batch crossflow model dried
7.5 t of corn from an initial moisture content
of 27.5% w.b. to a final moisture content of
14.2% w.b. ina total time of approximately 3
h, amounting to a capacity of 2.5 t/h. The
exhaust air was completely saturated in the
first pass, so that no drying energy was lost.
Heating of the corn to the equilibrium
drying temperature and partial overheating,
however, caused a high energy requirement
of 5,243 kJ/ kg water evaporated (see Table
IT). In the second pass, there is only little
heating energy required for the corn, but
most of the exhaust air is only saturated to
approximately 80%, resulting in a moder-
ated energy requirement of 4,265 kJ/kg
water evaporated. In the final cooling pass,
the energy balance is greatly improved, since
no heating is required for the air, and the
heat stored in the grain in the first pass is
now used for evaporation. The energy
balance of all stages therefore improves to
an overall 4,000 kJ/kg water evaporated. A
similar balance can be obtained by substitut-
ing the final cooling pass through a driera-
tion process as shown in Figs. 3 and 4.
Drieration would help to significantly re-
duce quality damages of cooling corn from
80 C down to 10 C in a rapid cooling pass.
Some of the heat stored in the corn would
likely be lost, however, during tempering
time. The initial temperature of the driera-
tion simulation was, therefore, assumed to
be 45 C only, resulting in a slightly higher
final moisture content of 14.4% w.b. (Table
I).

Considerable amounts of energy can be
saved if the exhaust air from the cooling
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Drieration in a bin with floor ducting.

Figure 3.

sections of crossflow driers is recycled to the
drying process. The specific humidity of this
air is sufficiently low as to not impair the
drying capacity of the heated air. Slightly
higher moisture concentrations of the drying
air may even have beneficial effects by
limiting overdrying to some small extent.
A German drier model with recycling of
the exhaust air from the cooling section is
shown in Fig. 5. This model has a very
narrow column depth and high grain speed
to limit the extent of overdrying. Its drying
pattern was also established by simulation
and the results are shown in Fig. 6. Over-
drying of the corn in the narrow column
model is eliminated in the first pass and the
amount of condensation is significantly
reduced (Fig. 6). Also, the corn temperature
does not reach the drying air temperature,
which is safer with respect to quality
damages. In addition, the corn is only briefly
exposed to its maximum temperature of
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Figure 4. Drieration results of corn aerated in

bin with floor ducting. Grain depth:
2.0 m; air flow: 500 m3/m2h.

Figure 5.

Crossflow batch drier with rotating
corn charge and circular narrow
drying column. Drier capacity: 3.5 to
10 tons/h, depending on optional
column length. a. feed auger, b.
corn hopper, c. exhaust, d. recy-
cling duct, e. hot air plenum, f.
central auger.

approximately 70 C in the first pass. The
drying zone penetrates the entire corn
column so that unsaturated drying air is
exhausted from the lower part of the drying
section. The grain is cooled from approx-
imately 70 C to 10 C in the cooling section.
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Performance of rotating batch cross
flow drier with recycling of cooling
air. Drying ceolumn length: 2.5 m;
cooling column length: 1.0 m; column
depth: 0.1 m; grain flow: 12.4 m/h; air
flow: 1,500 m3/m2h; drying temper-
ature: 80°C.

Figure 6.

In the second pass, some overdrying to
approximately 9.2% w.b. occurs but pen-
etrates only to a depth of approximately 1
cm into the drying column. The corn
temperature near the hot air plenum rises to
76 C at the point of exit from the drying
column but stays well below this temper-
ature for almost the entire column length.

The narrow column batch crossflow
model dried 3.5 t of corn from an initial
moisture content of 27.5% w.b. to a final
moisture content of 14.1% w.b. in a total
time of approximately 2 h, amounting to a
capacity of 1.25 t/h. This capacity can be
increased through optional extension of the
column length. The exhaust air is only
partially saturated and some drying energy
is lost, therefore, in both drying passes.
Recycling of the cooling air nevertheless
assures the low energy requirements of 3,249
kJ/kg wat.r in the first pass and 3,560 kJ / kg
water in the second pass (Table II). This
energy balance was still improved through
recycling of some part of the unsaturated
exhaust air from the drying section. Suf-
ficient details about this recycling proce-
dure, which also involves some electronic
control equipment to assure a stable profile
of the relative humidity in the exhaust air
along the drying column, were not known
and therefore not included in the simulation.

Continuous Flow Drying

A popular dual column continuous flow
drier operating in the crossflow mode is
shown in Fig. 7. The corn is dried in one
pass. Heating and cooling air are delivered
by the same fan. The cooling air is not
recycled and the total drying capacity
amounts to 2.8 t/h. This unit is mobile and
can be operated with the p.t.o. of the tractor.

Figure 8 shows that condensation and
minor overdrying occur in this model up to a
depth of 5 cm of the corn column. Also, the
corn near the hot air plenum is heated to the

0.
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Dual column continuous cross flow
drier. Drier capacity 1.4 tons/h per
column. a. radial fan, b. hot air
plenum, c. cooling air plenum,
d. drying column, e. cooling col-
umn.

Figure 7.

drying air temperature of 80 C along two
thirds of the drying section. This grain
temperature development precludes higher
drying temperatures, if quality losses are to
be avoided.

The dual column continuous flow model
dried a total of 2.8 t of corn from an initial
moisture content of 27.5% w.b. to a final
moisture content of 14.8% w.b. in 1 h. The
exhaust air from the drying section is
saturated along its upper half and decreases
to a minimum of 60% in its lower half.
Minor losses of drying energy occur, there-
fore, in this region. The drying process
requires 5,063 kJ/kg of water evaporated.
This rather high amount can be reduced to
an acceptable 4,216 kJ/kg if the cooling air
is recycled. amounting to an energy saving of
17% (Table II). Installation of a ducting
system in these driers can be achieved with
relatively little effort.

Another popular drier is the concurrent
continuous flow model shown in Fig. 9.
Corn and drying air move in the same
direction and the cooling air in the opposite
direction of the corn. Very high drying
temperatures can be used in these driers,
since the air with the highest temperature
meets the corn with highest moisture con-
tent. This enhances efficient evaporation
and an according rapid temperature reduc-
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Performance of continuous cross
flow drier. Drying column length: 2.1
m; cooling column length: 0.9 m;
column depth: 0.3 m; grain flow: 2.2
m/h; air flow: 2,000 m3/m?h; drying
temperature: 80°C.

Figure 8.
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Figure 9. Single stage concurrent flow drier.
Drier capacity: 0.4 ton/ h per m2 cross
section. a. hot air plenum, b. cool-
ing air plenum, c. cooling column,

d. drying column.

tion of the drying air immediately upon
entry into the corn column. The drying
capacity is approximately 0.4 t/h/m? of
column cross section and the corn is dried in
a single pass.

Figure 10 shows that the moisture con-
tent of the corn is reduced uniformly across
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Performance of concurrent flow
drier. Drying column length: 0.5 m;
grain flow: 0.4 m/h; air flow: 2,000
m3/m?h; drying temperature: 150°C.

Figure 10.
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Figure 11. Triple wS.w@ concurrent flow drier.
Drier capacity: 0.6 ton/ h per m? cross
section.

the corn column and that no overdrying or
condensation can occur in steady state
concurrent flow drying. Due to the intensive
evaporation near the entrance section, the
grain temperature remains at a safe 41 C,
even at a drying temperature of 150 C (Table
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Figure 12. Performance of triple stage concurrent flow drier. Drying column depth: 0.5 m; grain flow:
0.6 ton/ h; air flow: 1,500 m3/m2h; drying temperature: 150°C.

I1). The exhaust air from the drying action
reaches a relative humidity of 87% if the corn
is dried to 16.8% w.b. Approximately 2.0%
moisture is removed in the counterflow cool-
ing section. The energy requirement
amounts to 3,844 kJ / kg water evaporated. If
the cooling air in the single-stage drier
shown in Fig. 9 is recycled, only 3,466 kJ / kg
would be required, representing an energy
saving of 10%.

A tempering effect can be achieved in
concurrent flow drying, if the corn is dried in
consecutive stages, as shown in Fig. 11. A
new design by Westelaken Agricultural En-
gineering Co., St. Mary’s, Ontario, has three
consecutive stages. The corn has the oppor-
tunity to reduce the interior moisture gra-
dients during the time it travels between the
stages. It passes only one cooling section just
before leaving the drier.

Figure 12 shows a drying example of a
triple-stage concurrent flow drier. The mois-
ture content is reduced from an initial 27.5%
w.b. to 24.3% w.b. in the first stage, from
26.3% w.b. to 19.4% w.b. in the second stage
and from 19.4% to 14.0% w.b. in the third
stage. These moderate reductions, together
with the tempering effect while travelling
from stage to stage, greatly enhance preser-
vation of corn quality. The corn temperature
never rises higher than a safe 45 C. The
exhaust air reaches over 90% saturation in
the first two stages. A relative humidity of
75% is reached in the third stage, which
causes minor energy losses. Energy require-
ments are 4,642 kJ/kg, 3,456 kJ/kg and
3,491 kJ/kg, respectively, amounting to an
overall requirement of 3,792 kJ/kg (Table
IT). Recycling of the cooling air would save

9% of the total energy and reduce the
requirement to 3,453 kJ/kg.

CONCLUSIONS

Concurrent flow drying appears to be, in
principle, the optimal form of corn drying.
Special efforts must be taken, however, to
assure an absolutely reliable and even corn
flow. Corn passages must be sufficiently
wide to prevent bridging or blocking by
foreign materials, since temperature damage
would be more severe in case of interrup-
tions. Narrow column crossflow drying with
recycling of the cooling air and portions of
the drying air is a close second choice. Dueto
lower drying temperatures, it offers greater
safety in case of interrupted or irregular corn
flow. The recycled air should not pass the
burner to avoid ignition of its eventual red
dog content. Heating is to be limited to the
fresh air intake duct. A settling chamber for
particulate can be included in the recycling
passage.
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