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ABSTRACT
ENERGY EFFICIENCY AND GRAIN QUALITY
CHARACTERISTICS OF CROSS-FLOW

AND CONCURRENT-FLOW DRYERS

By

Juan Carlos Rodriguez

An experimental and simulatioh study was conducted
on the state-of-the art of US on-farm and off-farm corn
drying technology. Experimental data was collected on
four commercial cross-flow and one concurrent-flow dryers
in four Midwestern states. Each of +the dryers was
analyzed in depth by simulation. Energy efficiency and
grain quality were employed as the «criteria for dryer
evaluation.

Recirculation of exhaust air in crecss-flow dryers
was found to save as much as 30 percent of the required
energy at a cost of about 10-15 percent on dryer capacity.
Reversal 6} the direction of airflow in the drying section
. of a cross-flow dryer results in a significant decrease in

the moisture content gradient of the outlet grain.

Mixing the grain after partial drying in a cross-flow
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dryer and tempering it before final drying/cooling,
further Gecreases this moisture gradient. '

The most sophisticated cross-flow dryer combines
grain mixing and air recycling with an option to vary the
velocity of the grain on the two sides of <the individual
drying/cooling columns. This design leads to energy
efficiency and grain quality characteristics which rival
those of multi-stage concurrent-flow dryers. The energy
consumption of a differential grain speed cross-flow dryer
(DGSCF) 1is less than 50 percent of that of a conventional
non-recycling cross-flow model. The optimum grain speed
ratio in a DGSCF dryer depends on the type of product, the
initial product moisture content and the inlet air
temperature; the speed ratio varies from 2:1 to 4:1 with
the drying product closest to the air inlet flowing at the
greater velocity. A further advantage of the DGSCF dryer
is the shorter time at which the product is kept at high
temperatures compared to other types of cross-flow dryers.

The multi-stage concurrent-flow dryer with
counterflow cooler proved to be the best of the five
dryers analyzed with respect to energy efficiency and
grain quality characteristics. Due to the high inlet air
temperatures of a concurrent-flow corn dryer (up to
550 F), the energy efficiency (even without air recycling)
is as good that as of the DGSCF dryer. The grain. quality

characteristics are the best of any dryer tested; both the
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grain breakage increase and the exit moisture content

gradient apprcach zero.
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CHAPTER 1

INTRODUCTION

In the last decade the world trade and consumption
of feed grain has been rising steadily due mainly to the
expansion of the beef, milk, and egg production. This 1is
mainly attributed to a worldwide increasing demand of
animal protein (Fernandez and Acuna, 1979).

Of all the feed grain, corn is the most important
in wvolume, representing 19 percent of the total traded
in 1978 (Fernandez and Acuna, 1979). The United States  1is
ranked number one in corn exports, with 73 percent of the
world market (Table 1).

A significant reduction in postharvest 1losses 1in
shelled cereal grains have been achieved by the widespred
use of artificial grain drying. By rapidly 1lowering the
harvest moisture content and maintaining it at a specified
level, grain retains its storage quality through reduced
senescent metabolism and increased resistance to fungal and

insect infestations (Brooker et al., 1974). A large



variety of grain dryers are commercially available, with
the cross-flow dryer the most widely wused 1in North

America (Gustafson and Morey, 1981).

TABLE 1: World export of corn, major countries in 1978.

COUNTRY BUSHELS PERCENT
in 1,000
United States 1,967,979 73.24
Argentina 235,086 8.75
South Africa 109,961 4.10 é
France 99,079 3.69
Thailand 68,339 2.58
Brazil 550 0.01
Others 205,032 7.63
TOTAL 2,686,026 100.00

Source: Secretaria de Agrichltura y Ganaderia de la Nacion,
Junta Nacional de Granos. Publicacion No.70.

Corn is harvested when the moisture content is
20-35 percent wet basis. The final moisture content from

the drying operation is determined by the intended use of



the grain, and whether short or 1long term storage is
planned. Continuous-flow dryers utilize high
air-temperatures and flow rates, and high grain flow rates
in order to achieve a satisfactory final moisture
content (Brooker et al., 1978; Paulsen and Thompson, 1973;
Holtman and Zachariah,1969).

Until recently dryers were evaluated mainly by
total drying capacity. However, due to rising fuel costs,
dryer efficiency must likewise be considered.
Bakker-Arkema et al. (1978) suggested a standardized rating
to be established for both dryer capacity and energy
efficiency. Energy efficiency 1is improved by carefully
compromising between air temperature and flow rates, grain
column thickness and length, and grain flow rate (Brooker
et al., 1978).

Computer models which simulate dryer performance
have greatly aided both the design and evaluation of drying
systems. The models are based upon mathematical equations
which calculate the diffusion rate of moisture through the
grain as a function of: 1) original moisture content,
temperature, and physiology of the grain; 2) the relative
humidity, temperature, and flow rate of the air; and 3) the
configuration of the particular dryer (Shove and Olver,

1967).



1.1 Units

Throughout this thesis English units are used. The
main reason of this decision is based on the fact that the
research carried out was paid by grants from the industry.
These private companies asked to make the reports to them
in English units. Hence, a conversion to SI units for this
thesis was not made because it would be counter productive.
Appendix C presents conversion factors from English to SI

units.,



CHAPTER 2

OBJECTIVES

The objectives of this study are:

A. to evaluate the energy efficiency and grain quality

of the following cross-flow dryers:

a.

b.

an on-farm cross-flow batch dryer;

an on-farm continuous flow cross-flow dryer
with- cooling air recirculation, and air

reversal;

an elevator type continuous flow cross-flow
dryer with heating and cooling air

recirculation and with air reveral:

an elevator type/on-farm continuous flow
cross-flow dryer with heating and cooling
air recirculation, with tempering, and

differential column grain velocity-flow;



B.

to model and exhaustively compare the four basic

cross-flow dryer configurations;

to evaluate the energy efficiency and grain quality
characteristics of a three-stage concurrent-flow

grain dryer; and

to compare the four cross-flow dryers with the

concurrent-flow dryer.



CHAPTER 3

CORN IN ARGENTINA

The Argentine Republic occupies the southeastern
portion of South America. It is 2,300 miles from north to
south and 930 miles at its widest point. The country has a
land mass of 1,072,750 square miles. It is the second
largest Latin American Republic and is roughly one third
the size of the United States.

Argentina has a population of about 27,210,000
inhabitants, with the lowest growth rate in Latin America
of 1.8 percent per year. Population density as given by
The World Almanac and Book of Facts (1981), is also quite
low at 24.62 inhabitants per square mile as compared to a
density of 61.19 per square mile in the United States.

Argentina has produced and exported grain for
almost a century. The main crops are: wheat, corn,
sorghum, barley, rice, rye, milo, sunflower, flax,
soybeans, and peanuts. The production of these crops

represents between 35 to 40 percent of the gross national



product of the agriculture produce.and between 35 to 40
percent of the exports (Fernandez and Acuna 1979).

Although Argentina is known for its beef and wheat
production, corn ranks first in total grain production with
an average of 8.5 million bushels per year (1972/73 to
1977/78 seasons).

About half of the corn is used internally and the
other half 1is exported. Argentina ranks second in corn
exports with about 9 percent of the total traded
worldwide (Table 1). The corn produced in Argentina is of
the "flint" type, which 1is richer in carotene and
provitamin A than the "dent" type. 1Italy and Spain, with
44 and 15 percent, respectively, are the main importers of
this type of corn. Their preference 1is based on the
quality factors previous mentioned plus the high proportion

of nutrient starch of the "flint" type corn.

3.1 Drying and Storage in Argentina

More than 70 percent of the corn produced in
Argentina is artificially dried (de Dios and Puig, 1981)..
As in the United States the cross-flow dryer design is the
most commonly used, although some grain terminals use a
combination drying technique in order to improve the grain

qQuality.



About 80 percent of the storage facilities in
Argentina are located within the production zones; only 20
percent of the corn is held at the export ports (Fernandez
and Acuna, 1979). Although most of the grain is handled in
bulk, 40 percent is still stored and handled 1in 132 1b
bags. This practice requires excessive labor and capital.
The yute bags can not be wused more than twice; the
associated costs of higher handling costs and lower storage
capacities are further disadvantages of bag
handling/storage.

The Junta Nacional de Granos ( a government
institution) owns 43 percent of the Argentinian storage
facilities, the Agrarian Cooperatives 23 percent, private
elevators 18 percent and the processing industry 16
percent. Although the total storage capacity has increased
in the 1last five years from 1975 to 1980, Argentina still
has a storage capacity deficit of more than 353.6 million
bushels (Fernandez and Acuna, 1979). This problem is
partially offset by the fact that there are about 137.5
million bushels of storage capacity at the farm level. If
Argentina is to increase its grain production, the problem
of storage should be considered the number one priority.
It is obvious that no expansion in grain production can be

expected without first increasing the storage capacity.



CHAPTER ¢4

LITERATURE REVIEW

4,1 Cross-flow Drying

Commercial cross-flow dryers are often called, in
the trade, screen-column dryers. The conventional models
are non grain-mixing type dryers. .They are simple in
construction and 1in operation and they are generaly lower
in first cost than most other dryer configurations.
However, the operating cost of cross-flow dryers is
detrimentally affected by the periodic replacement of the
screens (Hawk et al., 1978).

In the cross-flow drying method, wet grain from the
wet holding bin at the top flows down the columns, where it
is dried to the appropriate moisture content, cooled and
unloaded at the bottom (Figure 4.1). Drying and cooling

are accomplished by transverse air flow, the.air acting as

10
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a vehicle for carrying heat to or from the grain and
removing the evaporated moisture. The grain flow rate is
regulated by a metering device at the 1lower end of the
column; it responds to a temperature sensor located in the
grain column near the lower edge of the drying section.

One of the basic disadvantages of a cross-flow
dryer 1is the development of a moisture gradient across the
column as the grain flows down (Paulsen and
Thompson, 1973). Grain nearest the inside of the column
tends to overheat and over-dry in the drying section and to
over-cool in the cooling section of the dryer while grain
in the outer portion is under-dried and under-cooled (Gygax
et al., 1974). Gustafson and Morey (1980) guantified the
moisture gradient across the drying column of some basic
cross-flow dryers. Differences across the column as large
as 20 percent for moisture, 120 F for temperature and 50
percent for breakage susceptibility were observed. The
drying efficiency of the basic cross-flow dryers 1is less
than desirable and 1is normally over 3000 BTU/lb (6978
kj/kg) of water removed (Bakker-Arkema et al., 1979).

In cross-flow systems the grain is mixed following
the cooling stage in an effort to reduce the temperature
and moisture gradient across the column. Thorough mixing
has been shown to result in the dried grain to approach to
within one percent of its equilibrium moisture

content (White and Ross, 1971).
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Reversing the air flow during a second drying stage
minimizes overdrying by applying the heated air to the
wettest grain. Converse (1972) discussed the first
commercial- cross-flow dryer with reverse airflow and air
recycling. This design (shown‘in Figure 4.2) became the
model for a number of similar commercial dryers in the
United States and has been modeled by Lerew et al. (1972).
It was determined by Morey and Cloud (1973), and Paulsen
and Thompson (1973) that the difference 1in moisture
content was reduced by roughly 60 percent, at the cost of
lowering the grain flow rate by 2 to 8 percent and the
overall dryer efficiency due to lower average grain
temperatures. A different cooling method has also aided in
reducing the gradient in the grain column. The
conventional cooling configuration forces ambient air
across the grain and exhausts it, which causes the greatest
thermal shock on the grain by bringing the coolest air in
contact with the hottest grain. By drawing ambient air
through the coolest grain, thermal shock is reduced and the
air is warmed. This method not only yields better quality
grain, but also enhances efficiency, as the preheated air
is used in the burner (Brooker et al., 1974).

A modified cross-flow dryer (air recycling and
reversing) was 50 percent more energy efficient than the

comparative basic model ( Lerew et al. , 1972 ) .
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Bakker-Arkema et al. (1972) reported that the modified
cross-flow dryer was more energy efficient than an early
version of the concurrent-flow dryer. The improvement in
energy efficiency was attributed to the recirculation of 50
percent of the total air employed (Bakker-Arkema et
al., 1972; Bauer et al., 1977). Bakker-Arkema et
al. (1979) found that a modified cross-flow dryer was 42
percent more energy efficient than the basic cross-flow
dryer. Pierce and Thompson (1981) found that modification
of a conventional <cross-flow dryer (air reversal and
recycling) decreases the energy consumption by 37 percent
and the moisture content differential by 78 percent while
maintaining dryer capacity.

The so called "grain turn-flow device"” 1is an
addition to a conventional cross-flow dryer in order to
decrease the temperature and moisture gradients across the
grain column. This device switches the dryer grain from
the air inlet side of the column to the air outlet side and
the wetter grain from the air outlet to the air inlet
side (Hawk et al., 1978).

The addition of grain-flow turning and airflow
recycling and réversal designs have improved the uniformity
of the outlet grain moisture content in commercial
Cross-flow dryers. The new designs can limit the variation
°f grain moisture content at outlet to less than two-four

Percent (50 to 80 percent smaller than of the conventional
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designs, Hawk et al., 1978). Unfortunately, the new
designs have complicated dryer construction and in some
cases resulted in decreased airflow (and thus capacity) and
in increased fire hazzards.

Morey and Cloud (1973) modeled a multiple-column
cross-flow dryer. In their design (Figure 4.3), grain from
the column furthest from the air inlet is recycled through
columns nearest to the air inlet. Multiple column dryers
result in a decreased moisture content differential at the
grain outlet, an increased energy efficiency, and decreased
operating costs (Morey and Cloud, 1973). Bakker- Arkema et
al. (1978) pointed out that multiple-columns designs
present a complex control problem requiring accurate

moisture metering.

4 .2 Cascade Drying

Cascade dryers (also called rack, baffle or mixed
flow dryers) used to be among the most popular commercial
dryers (Westelaken and Bakker-Arkema, 1978). They consist
of a housing containing alternate rows of perforated or
inverted V-baffles which act as air inlet and outlet ducts.
The grain flows downward by gravity over the baffles and is
€XPOsed alternately to inlet and outlet air. Considerable

lateral mixing of the grain takes place resulting in a more
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uniform air exposure and smaller moisture differential of
the grain 1in a <cascade dryer than 1in a conventional
cross-flow dryer. Rising manufacturing costs and clean air
demands have decimated the number of rack type dryers
manufactured (Westelaken and Bakker-Arkema, 1978). Figure

4.4 shows a schematic of a cascade dryer.

4.3 Concurrent-flow Drying

Concurrent-flow dryers have recently become
commercially available (Brook, 1977). In 1955 Oholm
patented a concurrent-£flow grain dryer (Hawk et
al., 1978). Since the early 1970's a United States company
has manufactured on-farm concurrent-flow grain
dryers (Graham, 1970). Anderson (1972) designed the first
commercial sized one-stage concurrent-flow dryer. Ten
units (each with a capacity of 1000 bushel per hour, five
points moisture removal) of the Anderson design have been
operational since the mid 1970's in 1Illinois (Hawk et
al., 1978). Westelaken (1977) described the first
commercial multi-stage concurrent-flow grain dryer. Hawk
et al. (1978) reported that a number of Russian dryer

design have incorporated the concurrent-flow principle.



19

Figure 4.4. Schematic of a cascade grain dryer
(Bakker-Arkema et al., 1978).
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In a concurrent-flow dryer, the air and the grain
flow in the same direction through the dryer. An schematic
of such dryer design is shown in Figure 4.5. 1In this dryer
type the hottest air encounters the wettest kernels and
therefore the drying air is cooled rapidly due to the high
rate of evaporation (Brook, 1977). This permits the use of
drying air temperatures much higher than 1in cross-flow
dryers. This in turn results in a higher energy efficiency
of concurrent-flow dryers (Bakker-Arkema et al., 1972).
The air and product temperatures versus grain depth in a
concurrent-flow drying section are 1illustrated 1in Figure
4.6. As can be seen (Figure 4.6) the kernel temperature
remains considerably below the air temperature in the 'top
layers of the dryer. This 1is due to the fact that the
kernels during this period of high evaporation are not
exposed to the hot air 1inlet for a 1long period of
time (Farmer et al., 1972). As the grain and the air move
through the dryer, their temperatures equilibrate (Figure
4.6). The cooling of the drying air, the increase in the
relative humidity of the drying air, and the increase in
the product equilibrium moisture content lead to a decrease
in the driving forces of the drying process.

In é concurrent-flow dryer every kernel is subject
to the same treatment; therefore, the moisture and

temperature gradients among kernels in a
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cross-flow dryer are non existent in this type of design.
Furthermore, the continuous decrease of the gréin
temperature as the depth of the drying bed
increases (Figure 4.6), alleviates the drying stresses and
reduces stress cracking and mechanical breakage during
subsequent handling (Brook, 1977).

The basic design of a concurrent-flow dryer has one
concurrent flow drying section with one counter-flow
cooling section (Figure 4.5). This principle of cooling
has a high thermal efficiency and has also the advantage
that the coldest air encounters first the coldest grain,
thereby 1limiting the thermal stresses of the grain and
hence the development of stress cracks (Gygax et
al., 1974).

If moisture removal in a single-stage
concurrent-flow dryer 1is over ten points (25.5 to 15.5
percent) the drying capacity is limited. Furthermore, due
to the 1low grain velocities the drying product is subject
to high product temperatures and a relatively severe drying
treatment (Bakker-Arkema et al., 1977).

Bakker-Arkema et al. (1972) reported that the air
moved and exhausted through a cross-flow dryer is eight to
ten times larger and the air velocities significantly
higher than of a comparable concurrent-flow dryer. .Thus,
the pollution characteristics of the concurrent-flow type

are better than of conventional cross-flow configurations.
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A more recent development in concurrent-flow dryers
is the multi- stage design (Figure 4.7). This type permits
the use of higher grain velocities, and therefore higher
inlet air temperatures can be used. It also incorporates,
between two drying stages, a tempering or steeping zone.
This type of dryer was the first to use this technique

(Bakker-Arkema, 1982). Advantages of multi-stage dryers
over single- stage models are (Westelaken and
Bakker-Arkema, 1978): (1) increased capacity, (2) improved
grain quality, (3) greater contralability, and (4)
improved thermal efficiency.

Some commercial three-stage concurrent-flow dryers
incorporate the recycling of the air from the second and
third stages (Hawk et al., 1978). The energy efficiencies
in such recirculating dryers are well below 1700 BTU (3954 .
kj/kg) per pound of water removed (Bakker-Arkema et
al., 1978).

Although concurrent-£flow grain dryers have
successfully dried corn, pea beans, wheat, soybeans, and
rice, low-cost energy and less expensive dryer
configuratiions have delayed marketing of the

concurrent-flow dryer (Dalpasquale, 1981).
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4.4 Tempering

High temperéture drying systems. lead to @oisture
gradients and to a lesser extent temperature gradients
within individual kernels during drying. Since the surface
dries faster than the center of the kernel, the outer
portion can act as a barrier to outward moisture‘diffusion,
slowing the drying rate and increasing grain damage due to
stress cracking (Brooker et al., 1974).

Internal moisture ‘gradients of kernels are
minimized by a treatment called tempering or sweating.
During tempering the hot grain 1is held without air
treatment, thereby allowing the moisture and temperatures
to equilibrate within the 1individual kernels prior to
further drying or cooling (Sabbah, 1971).

Sabbah et al. (1972) reported that increases in
drying/cooling rate were proportional to increases in the
length of tempering time within a certain time/temperature
range (at 140 F, 23.3 percent moisture content dry basis
and 9.9 hours maximum tempering time). Thompson and
Foster (1967) found that the maximum amount of moisture was
removed from grain at 140 F and 21 percent moisture
content (dry basis) when the grain was tempered for eight

hours. Emam et al. (1979) found a significant reduction in
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kernel breakage after tempering at 203 F. Corn which was
not tempered displayed a breakage of 25.14 perceﬁt at 13.9
percent moisture content, while corn which was tempered for
three hours had only 9.4 percent breakage. They found no
significant difference 1in grain gquality between tempering
times of 1, 2 or 3 hours with grain temperature of 203 F.
When the final moisture content increased, the amount of
grain breakage decreased. Corn at 18.3 percent moisture
content showed only 4.8 percent breakage without tempering.
Thus, the final moisture content desired will dictate the
necessary steps to ensure maximum gquality in the dried
grain.

The tempering time should be as short as possible
to achieve acceptable moisture equilibration, since
prolonged exposure to the hot, humid conditions can
deteriorate grain quality through increased respiration,
chemical changes, and insect and microbial activity (Steffe
and Singh, 1980). Shorter tempering also benefits the

logistics of drying.

4.5 Effects of Drying on Grain Quality

There are five factors that determine the official
commercial grade of corn in the United States (Hill and

Jensen, 1976). As can be seen from Table 4.1, the standard
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grades for corn only consider test weight, moisture
content, broken and foreign material and damaged
kernels (total and heat damage kernels). Other grain
properties such as millability, viability, and
susceptibility to breakage which are quality related are
presently not considered 1in the corn standards of the
United States (Brooker et al., 1974). Several of the
factors included in the official grades do not provide any
useful information on the feeding value of the corn (Hill

and Jensen, 1976).

4.5.1 Test Weight

Test weight of corn is defined as the weight of
grain required to fill a bushel. Test weight is generally
used as an indicator of grain quality. This 1is probably
true for wheat because it serves as an index of the flour
yield which may be expected (Bakker-Arkema et al., 1978).
However,test weight for corn is less important and does not
serve as a quality indicator (Bakker-Arkema et al., 1978).

Test weight generally increases during the drying
process. Hall and Hill (1973) found that the change in
test weight during the drying brocess is affected by the
drying air temperature, initial and final moisture content,

grain variety, and mechanical damage. High drying
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temperatures result in smaller test weight increased (Hill
and Jensen, 1973, Gustafson and Morey, 1979). Overdrying
and using very high air temperatures lowers the final test
weight (Hall and Hill, 1973).

Machine harvested and artificially dried corn have
a lower final test weight than field dried corn (Peplinski
et al., 1975). The rate of test weight 1increase due to
artificial drying is decreased in proportion to the degree
of mechanically damaged corn (Hall and Hiil, 1973;
Gustafson and Morey 1979).

Higher initial moisture content corn will have
higher final test weight if dried at the same temperature
and to the same final moisture content (Hall and
Hill, 1973).

Combination drying results in a higher final test
weight increase when  compared to high temperature

drying (Bakker- Arkema, 1982).

4.5.2 Stress Cracks and Broken Kernels

Stress cracks are defined as the «cracks in the
starchy endosperm of the kernel which do not rupture the

seed coat (Thompson and Foster, 1963).
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Using hot air (140 F to 240 F) to dry grain will
increase the percentage of stress cracking (Thompson and
Foster, 1963, Bakker-Arkema et al., 1978).

Thompson and Foster (1963) found that the amount of
moisture reduction as well as the speed of drying
contributes to stress crack formation. ‘

If corn is not immedeately cooled after artificial
drying but is tempered and cooled over a period of six
hours, the breakage 1is independant of the drying
rate (Katic, 1973).

Rapid cooling of high temperature corn causes a
high percentage of stress crack development (White and
Rsss, 1972). In a test conducted by Thompson and
Foster (1963), corn was heated in an oven to 230 F. Due to
the fact that no moisture was removed during the heating
process, very little stress crack development was reported,
even when the kernels were cooled rapidly.

White and Ross (1972) found that slow cooling
reduces the percentage of stress cracked kernels. Stress
cracking decreases as corn is dried from a lower initial

moisture content (Ross and White, 1972).
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4.5.3 Predicting Susceptibility to Breakage

The degree of stress cracking of the kernels which
occurs during the harvesting and drying processes will
influence the susceptibility of corn to breakage during
handling (Brook, 1977). Hall (1974), reported that corn
dried at an air temperature of 240 F showed two to three
times more damage during subsequent handling than corn
dried at an air temperature of 70 F. Artificially dried
shelled corn, using heated air, is two to three times more
susceptible to breakage than corn dried with natural
air (Thompson and Foster, 1963; Katic, 1973). Gustafson
and Morey (1979) found that increasing the drying air
temperature of a high temperature dryer leads to an
amplification of the breakage susceptibility increases
associated with drying. Mensah et al. (1976) reported that
corn dried at lower temperatures has a greater resistance
to impact damage than corn dried at higher air
temperatures.

Breakage susceptibility changes for corn dried to a
final moisture content. above 18 to 20 percent are small
while for grain dried below 18 to 20 percent the breakage
susceptibility increases rapidly (Gustafson et al., 1978;

Fortes and Okos, 1979; Gustafson and Morey, 1979; Gustafson
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and Morey, 1981).

Many attempts have been made to develop a testing
device for predicting the susceptibility to breakage of
grain. Thompson and Foster (1963) evaluated three breakage
testers or testing methods. They found that the Stein
breakage tester gave the most consistent measure of
breakage susceptibility.

Any breakage tester indicates only breakage
susceptibility, the actual breakage will depend on the
number and severity of the handling operations the grain is
subjected to (Stephens and Foster, 1976). Breakage tests
will show the relative breakage susceptibility of different
lots of corn. Standardization of the testing procedure
should be a must if the breakage tester is to be wused in
official grading procedures.

Miller et al. (1979) have developed a standard
procedure for measuring the breakage susceptibility of

corn (Appendix B).

4.6 Energy Efficiency Calculation

Grain dryers are usually rated by total drying
capacity only (Bakker-Arkema et al., 1978b). Although
some manufacturers advertise that their dryers are more

efficient than others, the energy efficiency is very seldom
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listed.

The energy efficiency of a grain drying process or
grain dryer 1is defined (Bakker-Arkema et al., 1978b) as
"the total energy required to remove a unit weight of
moisture from the grain under standard conditions", and is
usually expressed in BTU per pound of water
removed (kj/kg). The energy efficiency of corn grain
drying systems varies from 1300 (3020 kj/kg) to 3800 (8840
kj/kg) BTU per pound of water removed (Maddex and
Bakker-Arkema, 1978).

The variation 1in energy efficiency can be
attributed to the following factors: 1) rate of airflow, 2)
temperature and humidity of the drying air, 3) type of
dryer, 4) management of the drying system, 5) conditions of
the grain and weather, and 6) quality of design. Low
airflows combined with 1limited additional heat usually
yield good efficiencies but a reduced drying capacity. In
the case of high-temperature drying, increasing the drying
air temperature will result in the most efficient moisture
removal (Aguilar and Boyce, 1966; Maddex and Bakker-Arkema,
1978).

Aguilar and Boyce (1966) proposed a ratio termed
the Total Heat Efficiency (T.H.E.) and an alternative
ratio termed the Effective Heat Efficiency (E.H.E.). The
T.H.E. ratio is defined as the ratio of sensible heat used

in the drying process to the sum of the sensible heat in
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the ambient air and the heat added; the E.H.E. ratio is
defined as the ratio of the sensible heat used in the
drying process to the sensible heat available in the drying
air.

Due to the fact that the T.H.E. ratio 1is a
iunction of the ambient wet bulb temperature (which is not
dependent on the dryer), it 1is not possible to compare
driers through their T.H.E. values unless some fixed basis
is established.

The E.H.E. ratio in contrast considers the
sensible heat in the drying air as being the effective heat
available for drying. Consequently, the E.H.E. ratio can
be wused to compare directly the effect of variable drying
parameters.

Bakker-Arkema et al. (1973, 1978) proposed a
standardized test procedure and a method for calculating
energy requirements using the Dryer Performance Evaluation
Index (DPEI). The DPEI 1is defined as the total energy
required by a dryer to remove one pound of moisture from
the grain under standard conditions, The total energy
includes the energy required to heat the drying air, the
energy to drive the drying and cooling fans, and the energy
to move the grain. Temperature and relative humidity of
the air, and moistﬁre content and temperature of the grain

are the conditions that are specified.
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Morey et al. (1976) proposed the following criteria

to evaluate grain dryers:
A. energy requirements
a. energy to heat the drying air; -
b. energy to move the drying air:
i. energy to the fan motor

ii. equivalent amount of fossil fuel
energy required to generate

electrical energy for the fan;

c. total energy to heat the air and drive the

fan:

B. uniformity of final moisture content (the
differential between the column inside and outside

MC when the grain is dicharged from the dryer).

None of the previously proposed standards or
indexes has as yet been accepted by the United States grain
drying manufacturing industry. Bakker-Arkema et
al. (1978b) and Bakker-Arkema (1982) cooperated with the
FIEI (Farm and Industrial Equipment Institute) and proposed
that dryers should be tested experimentally under

conditions approximating standard conditions. Tables 4.8
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and 4.9 - 4.10 show the proposed standard conditions and
the data to be determined for a dryer performmance
evaluation for «corn. The experimental test should be
duplicated by simulation in order to determine the hybrid
drying factor of the corn and the energy efficiency factor
of the dryer.

The hybrid drying factor is a factor build 1in the

XFLO drying program, which would account for different
drying characteristics of the different varieties or
hybrids of corn.

The energy efficiency factor is calculated by

dividing the energy measured experimentally over the
simulated by the drying model.

Bakker-Arkema (1982) also proposed that the
experimental results should be corrected to a set of

standard conditions (Table 4. 11).
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Table 4.8: Proposed standard conditions for the performance evaluation
of automatic batch and continuous flow grain drvers, drving
shelled corn (From Bakker-Arkema, 198C).

Inlet corn moisture content, % w.b. 20.5 + 1.
25.5 + 1.

Outlet corn moisture content, % w.b.

drying 15.5 + 1.

dryeration 18.0 + 1.
@ combination drving 22.5 + 1.
!Ambient air temperature, F 60 + 15
Ambient relative humidity, % 60 + 30
Atmospheric pressure, inc. Hg 30 + 0.1
Inlet BCFM, % , <3.0
Inlet cormn temperature, F 60 + 15
Test period, Number of dryer exchanges 3




38

Table 4.9: Drying parameters and performance characteristics

continuous-flow grain dryer

of a

(From Bakker-Arkema, 1980).

Conditions Units Test Type

Ambient f |
Air Temperature F i . |
Relative Humidity % - ! '
Barometric Pressure in.Hg

Grain
Type of Grain
Variety of Grain

Moisture Content of Wet Grain
Moisture Content of Dried Grain

o\ oe
- -
= =
o .
o o

Temperature of Wet Grain F :
Temperature of Dried Grain F ;
BCFM of Wet Grain % § 5
BCAM of Dry Grain % f ; :
Breakability Index of Wet Grain % | ‘ :
Breakability Index of Dried Grain % [
Test Weight of Wet Grain 1b/bu ;
Test Weight of Dried Grain 1b/bu | §
1000 - Kernel Weight, Dried Grain 1b | ;
Dryer g
Dryer Holding Capacity ton ; ? f i
Cooler Holding Capacity ton ; f :
Drying Air Temperature F ;
Cooling Air Temperature F f
. Dryer Static Pressure in.WC z (
Cooler Static Pressure in.WC : | | |
Fuel Consumption Rate gal/hr ’ i ] ;
Power Consumption Rate kW : ;
Output Rate of Dried Grain ton/hr . : j
Standard Results 1% 2% ; 3% | 4%
‘ J
Fuel Consumption Rate gal or ft3/ton | :
: Power Consumption Rate kiwh/ton § v
Output Rate of Dried Grain ton/hr f !
Evaporation Rate 1b H0//hr | {
Specific Energy Consumption BTU/1b HyQ i i
‘ |
j

Specific Evaporation Rate 1ps H,0/gal or £t3 of fuel

|

*1 - Drying from 20.5 - 15.5%
*2 - Drying from 25.5 - 15.5% -
*3 - Dryeration from 25.5 - 18:0%

*4 - Combination Drying from 25.5 - 22.5%



Table 4.10: Drying parameters and performance characteristics of a batch
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type grain drver (From Bakker-Arkema, 1980).

Specific Evaporation Rate 1lbs H,0/gal or ft3 of fuel

Conditions Units Test Type
Ambient i |
Air Temperature F '
Relative Humidity % I !
Barometric Pressure in. Hg ' i
Grain .
Type of Grain } '
Variety of Grain |
Moisture Content of Wet Grain %, w.b. |
Moisture Content of Dried Grain 5, w.b. i
Temperature of Wet Grain F }
Temperature of Dried Grain F
BCHM of Wet Grain % 5
BCMM of Dry Grain % |
Breakability Index of Wet Grain % -
Breakability Index of Dried Grain % |
Test Weight of Wet Grain 1b/bu i
Test Weight of Dried Grain 1b/bu f
1000 - Kernel Weight, Dried Grain 1b {
|
|
: Dryer !
.Dried Batch Weight ton ; !
Drying Air Temperature F E :
Cooling Air Temperature F l :
Drying Static Pressure in.wC §
Cooling Static Pressure in.WC ; ‘
Drying Time min ‘ f
{Cooling Time min !
Loading Time min i !
Unloading Time _ min | !
Fuel Consumption gal or ft> / batch i :
‘Power Consumption kWh / batch ! !
Output rate of Dried Grain (incl. ;
loading and unloading) ton/hr ;
‘Standard Results LA B
. T
‘Fuel Consumption Rate gal or ft3 / batch !
iPower Consumption Rate kwh / batch 5
‘Output Rate of Dried Grain ton / hr | |
.Evaporation Rate 1b H»,0 / hr |
Specific Energy Consumption %U / 1b Hp O !

*1 - Drying from 20.5 - 15.5% %3 . pryeration from 25.5 - 18.0%
5 *4 - Combination Dryving from 25.5 - 22.5%

%

*2 - Drying from 25.5 - 15.
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Table 4.11: Standard conditions to be used for correcting the experimental
results of the performance characteristics of a corn grain
drver (From Bakker-Arkema, 1980).

Inlet corn moisture content, % w.b. 20.5
25.5
Outlet corn moisture content, % w.b.
drying 15.5
dryeration 18.0
combination drying 22.0
Ambient air temperature, F 60
Ambient relative humidity, % 60
Atmospheric pressure, in. Hg 29.9

Inlet BCRM, % 5

'Inlet corn temperature, F ' 60




CHAPTER 5

DRYING SIMULATION

Computer models which simulate dryer performance
have greatly aided both the dryer design and evaluation.
The models are based upon mathematical equations which
calculate the moisture loss of the grain as a function of:
1) original moisture content, temperature and physiology of
- the grain; 2) the relative humidity, temperature and flow
rate of the air; and 3) the configuration of the particular

dryer.

5.1 Drying Simulation

According to Bakker-Arkema et al. (1974) several
physical mechanismms have ‘been proposed for predicting

moisture transfer in individual grain kernels:

a. liquid movement due to surface forces (capillary

flow);

41
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liquid movement due to moisture concentration
differences (liquid diffusion);

liquid movement due to diffusion of moisture on the

pore surfaces (surface diffusion);

vapor movement due to moisture concentration

differences (vapor diffusion);

vapor movement due to temperature

differences (thermal diffusion);
water and vapor movement due to total pressure

differences (hydrodynamic flow).

Dryer simulation equations are based on the basic

of heat and mass transfer (Bakker-Arkema et

al., 1978). The following assumptions are usually made in

the development of grain dryer models:

C.

d.

the temperature gradients within the 1individual

particles are negligible,
the particle to particle conduction is negligible,
the airflow and grain flow are plug-type (uniform),

OT/dt and dH/dt are negligible compared to OT/dx
and OH/dx,



e.

f'

g.

A.
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‘the bin or dryer walls are adiabatic with

negligible heat capacity,

the heat capacities of the drying air and the grain

are constant during short time -periods, and

thin-layer drying and equilibrium isotherm

equations are known for the grain to be dried.

Bakker-Arkema et al. (1974) presented the four

basic models for drying of beds of grain kernels:

Fixed - Bed Model

TN RO eives { S L (5.1)

26 _ ha N heg + (7 — 8) QE (5.2)

oY T — AL S 2 o I
ot pncp-'rppc‘.-.\’l‘T f) Prin + fpCuM T Ox

oH _ _ g 2M (5.3)
X G:. ot
2M

= an appropriate thin layer equation. (5.4)

2t
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B. Cross-flow Model

a. four equation model

2T _ — ha

v ________'_ —_— )

el e R T (T-9 (5.5)
?}8_ ha . )-fr“ Cy (T'—(" ?H

eH_ G M 7
ox ~ G. ¢y (5.7
M . . .

=0 = an approprizte thin laver equation. (5.8)

b. three equation model

P(Cy +MC)—+G(C +HC)—+

e .8_}{_= \

GI(C, - C,) (212 = T) - hfg] = =0 (5.5")

_oM oH _ '
I (5.7")
M '

CIE' = f(T H M,t) (5.8")
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C. Concurrent-Flow Model

dT —ha
=G T 0 (5.9)

de _ ha hie + ¢(T = §)

il i v ¥ A LN R oy PR VI (5.10)

dH _ G, dM 511

dx = G. dx (5.11)

%'-\x—l = an appropriate thin layer equation. (5.12)
D. Counterflow Model

dT _ ha o~

oG Gt T (5.13)

dé ha. h,. + (T -§  dH

U i T-+ 5.14

dx  Goop + GpewM (I=0~ Gy + GopewM *ds ( )

¢H _ G, dM (5.15)

dx ~ G. dx )

d—\! an appropriate thin layer equation. (5.16)
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Each of the above deep bed models requires a
thin-layer or single- kernel diffusion gquation for the
grain of which the drying 1is going to be simulated.
Because an analytical solution of the system of
differential equations is not possible, numerical

techniques have been used (Bakker-Arkema et al., 1974).

5.2 Thin-Layer and Diffusion Equations

In drying simulation, the drying zone or bed is
assumed to consist of a series of thin layers. 1In order to
be able to simulate a whole drying process, it is essential
to have an accurate equation which describes the moisture
loss of each layer. These equations are obtained from
thin-layer experiments in which a small gquantity of the

product is dried.

5.2.1 Empirical Drying Equations

Several empirical drying equations have been
developed for shelled corn (Bakker-Arkema et al., 1974).
The equation proposed by Thompson et al. (1968) for
calculating the drying rate of shelled corn at temperatures

ranging from 140 F to 300 F , and the equation developed by
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Troeger and Hukill (1970) for corn in temperatures ranging
from 90 F to 160 F, are used in the Michigan State

University drying models used in this study.

A. Thompson et al. (1968) for shelled corn,
140 € @ = 300 F:

2

£ = A 1ln MR + B (ln MR) (5.17)
where:
MR = Mt - Me
Mo - Me
A = -18.6178 + 0.00488430
B = 427.3640 exp (-0.033010)

B. Troeger and Hukill (1970) for shelled corn,

90 £ @ £ 160 F:

= - 91 - q >
t/60 P, (M Me) 1 P, (Mg-M) 1l for Mg 2 M 2 M, (5.18)

- _ q
€/60=P) (M-M ) "2-P) (My1-Mg)92+¢,) for M) 2M 2 M _, (5.19)

2

£/60=P3 (M-Mg) I3-P3 (M, 5-M ) T34t o for M ,2M 2M,  (5.20)



where:

x1

X2

x1

X2

48

0.40 (M_ - M) + M_ ]

0.12 (M - M) + M_

{pl (M- L - By (MO-Me)ql} /60

[P2 ‘“xz‘Me)qz : P2 (Mxl‘Me)qz} 780 *

exp (-2.45 - 6.42 M_ 1.25-3.15 rh+9.62M_\/rh+0.0308 -0.12 va)

exp [2.82 +7.49 (rh + 0.01)%°%7 - 0.0179 9]

( -
[0.12 (MO - Meq 91 93) (P2Q2/Q3)

-3.98 + 2.87 M - [0.019/(rh’ 0.015)] + 0.016 8

- exp

-1.

0

(0.810 - 3.11 rh)
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5.2.2 Diffusion Drying Equation and Diffusion Coefficients

A diffusion type single kernel drying equation
gives a more realistic representation of the drying process
than the empirical equations. In addition to describing
the drying process, a diffusion type eguation allows a
study in the tempering zone of a dryer of the moisture
gradient inside the kernels.

The following spherical diffusion equation is used
to represent the change of moisture content over time

during the drying process (Crank, 1976):

oM _ 1 ® [D(M,g)r2 _b_M] (5.21)
bt r? br

or
Note that the diffusion equation is a function of
the moisture content and the temperature in the kernels.
Equation (5.21) is a second order partial
differential equation. It can be transformed in a set of
coupled ordinary differential equations by the method of
lines for numerical solution . on a digital

computer (Brook, 1977).
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Chu and Hustrulid (1968) developed an equation for
the diffusion coefficient as a function of moisture content
and temperature for corn assuming that the kernel can be

represented by a sphere of equivalent radius:

D = 1.629 x 1073 exp [(0.0459+ 6.806) M 2213:00 ] (5.22)
3

@+273.1
Sabbah (1971) predicted the diffusivity of the corn

kernel as a function of temperature and moisture content

using the following equations:

D

(0.00057 Ma) exp [lez] (5.23)
T + 460.

Equations (5.22) and (5.23) are in English
units (ft2/hr).

In both equation (5.22) and (5.23) the corn kernel
is assumed to be a spherical body with a radius of 0.0161

ft.

5.3 Comparison of Empirical and Diffusion Equations
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Table 5.1 shows.a comparison of the drying rate of
a single corn kernel as calculated by: 1l)the Thompson et
al. (1968) equation for temperatures between 160 F to
200 F, 2)the Troeger/Hukill (T-H) (1970) equation for
temperatures of 50 F to 140 F inclusive, and 3) the
Crank (1976) diffusion equation using the diffusion
coefficient of Chu and Hustrulid (C-H) (1968) and 4) the
one developed by Sabbah (1971).

It can be seen from the data in Table 5.1 that wuse
of the Sabbah (PDE-SAB) diffusion coefficient results in
close agreement with the T-H empirical equation in the 50 F
to 140 F range. From 160 F and above use of the Sabbah
coefficient results in underdrying compared to the T-H
equation. The C-H diffusion coefficient always leads to
overdrying except at 200 F where the final moisture content
is higher than the values calculated with the Thompson et
al. (1968) equation.

The MSU cross-flow model can be run using
thin-layer or diffusion equations. In the case of the
thin-layer equation, the model wuses the Troeger and
Hukill (1970) empirical thin-layer equation in the 50 to
159 F temperature range; and. Thompson et al. (1968)
empirical thin-layer equation for temperatures of 160 F and
above. For the diffﬁsion option, the model wutilize the

Crank (1976) diffusion equation with two options: 1) with



52

the Sabbah (1971) diffusion coefficient; or 2) with the
Sabbah (1971) diffusion coefficient in the 50 to 160 F
temperature range, and the Chu and Hustrulid (1968)
diffusion coefficient for grain temperatures of 161 F and
above.

The model also incorporates a hybrid drying factor.
Tables 5.2 and 5.3 show the drying rate as influenced by
the value of the hybrid factor for diffusion and thin-layer
equations, respectively.

The humidity ratio used for the calculations of the
drying rate of Tables 5.1, 5.2 and 5.3 was 0.006 pounds of

moisture per pound of dry air.



33

*3U9¥3] 33900 WOTSNIFTP (89GT) PIITUISTY pue M) dY1 YIIM uorIenbd uotstyyep (9L61) Nuedd

cuorienbo aofep-uryy redtatdwd (0L61) TINY pue 193004

‘uotienbd 1oAep-uryl [eorardwo (g9G1) e 30 uosduwoyj :

dwoyy, (¥)

i puel (g)

st - dad (2)

"UDTDTJ330 UOTSNYFTP (1£61) Yrqqes Oyl Yatm uotzenbd uoisnjyrp (9,61) Nuelrd :gvs - €ad (1)
10°¢ 88 86 SZ0 | p Il UL 8€L| 6°¢l SZU 0°ST| v°4U 0°%1 v'91L | 0'81 £°SU  6°ZL| €61 (LU S'6l| £L°€2 6°2C ¥°€2
59" 20T 90T STEr f 9t ettt LvL ] 0°SU Zel 6°ST| €780 8wl €1 | 6781 v9T  97°8[| 00z €81 1°0Z] 6°€T 1'ST 9°sT
reel ULt 2wt | el 2l eSO oLtSTo2tsU 99T | 076D Z°ST 8741 | 60 6791 ['6T| ST0Z  L8T  ST0Z] 0°vz £°sT 8°st
001 ST¢l b7zt 8°SU | #°SU ST 6901 €41 0°ST 0°8U| v°0Z S9U U'60 | 0z 081 z0oz| S'1Z L61 S°1g] $°vz LsT 1°42
TOM( G'STRSE SLU | S°21  TU'SU S8 | 6°8l v'9T  ¥'61| 9°1Z L°L1 v'0z | 81¢ 261 v 1g| ¥'22 L°07 €22 S'%2 0t €42
St €81 €°ST Z°6L | ¥°61 S°9L  0°0Z | v'0Z LU 802 ) L°22 061 9°1Z | 8¢ €07 ¢€c¢| €2 (W@ UsY LvT £ S

| £ PP €12 €% | Sve STTZ STWZ | STbT vtz 9vZ | 8'vZ 6°€T L'bZ | 8vz s'vz 8'vZ]| 6°vT 9tz 8'¥Z 0°SZ 0°ST  0°ST

Gon | Jwousfoi gl WOw GG hag | WOU s Gog TPl Gog '™ Gag wia PP Gas soa | P Ga s
WL | () @ @ | W ) ( () (@) (1) € @ (1) (¢) (@) () (€) (2) (0 [2) (2) (1)
SUIRD a4 00z (52 IRD 4 081 (%¢ ) 4 091 (55 W) 4 ovt (38 1R1) 4 0z1 (5ST IR) 4 00t (582 1) 4 0$

*suotienbo uorsnyjip pue [edtatdwd Bursn Jurdap uranp ("M ‘%) UI0D JO JUIIUOD dINISIOW [RUTH Oy} jO uostiedwo) :1°S dryel




54

Table 5.2: Drying rate as influenced by the hybrid drying
factor using the spherical diffusion equation
at 120 F, 8% RH and 25% initial moisture content
(D according to Sabbah, 1971)

Moisture Content (% w.b.)

T
tme Hybrid Factor
(HR)

0.90 0.95 1.00 1.10 1.20 1.30
0.03° 24.79 24.78 24 .77 24.75 24.72 24.70
0.18 23.87 23.81 23.75 23.64 23.53 23.43
0.36 22.95 22.86 22.77 22.59 22.41 22.25
0.54 22.18 22.06 21.95 21.72 21.50 21.30 |
0.72 21.51 21.38 21.24 20.98 20.73 20.50
0.90 20.93 20.77 20.62 20.33 20.06 19.91
1.02 20.57 20.40 20.25 19.94 19.66 19.39
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Table 5.3: Drying rate as influenced by the hybrid drying
factor using a'thin layer equation at 120 F,
8% RH, and 25% initial moisture content (w.b.)

Moisture Content (% w.b.)

Time Hybrid Factor
(HR)

0.991 0.995 0.998 1.000
0.03 . 24.67 24.74 24.78 24.84
0.18 23.11 23.53 23.85 24.06
0.36 21.45 22.22 22.81 23.21
0.54 19.96 21.04 21.88 22.44
0.72 18.62 19.97 21.02 21.73
0.90 17.41 18.99 20.23 21.08
1.02 16.67 18.39 19.75 20.78







CHAPTER 6

EXPERIMENTAL

The data utilized in this thesis was gathered £from
five different sources: 1) cross-flow batch drying data was
obtained directly from Silva (1980); 2) an on-farm
continuous flow cross-flow dryer with cooling air
recirculation was tested at Bellaire, MI; 3) an on-férm
continuous flow <cross-flow dryer with heating and cooling
air recirculation and with tempering and with differential
column grain velocity-flow was tested at Salem, KY and at
Lucan, Ontario, Canada; 4) a commercial continuous
cross—-flow dryer with heating and cooling air recirculation
and éir reversal was tested at Carrollton, MI; and 5) a
commercial three stage continuous concurrent-flow dryer was

tested at Carrollton, MI.

56
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6.1 Farm Fans AB-8B

Drying data from the results obtained by
Silva (1980) on a AB-8B Farm Fans automatic
cross-flow-batch dryer (manufacturer Farm Fans, Inc., IN)
were employed to make the comparison with the other on-farm
dryers. A computer drying model was used to check these
results (Appendix A).

The Farm Fans portable dryer model AB-8B 1is an
automatic cross-flow batch dryer. Two grain columns of
approximately 12 inch wide and 8 feet long dry batches of
approximately 120 bu of wet corn (Figure 6.1). The drying
temperatures are controlled by a dual 1level thermostat.
The dryer 1is provided with an automatic control system

which includes:
a. individual magnetic motor starter protection;
b. individual circuit breakers;
C. a cycle counter;

d. a shutdown timer which activates automatically when

wet grain tank is empty;

e. twin-stat control on two-stage burner, keeping the
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Leveling Grain flow
auger switch

Grain Dual belt drive

hopper

/vaporizer

, two-stage

12" grain burner

column

galvanized
perforated
sheets

Flanged

discharge Direct driven,

auger _ cast aluminum
. ) — —=wm.. high pressure
Adjustablce fan
discharge
shield
\
Moisture check - ASC Control

Center

Figure 6.1. Schematic cut-away of the Farm Fans AB-8B.
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dryer operating at the desired temperatures

regardles of outside weather;
f. an automatic manual switch;
g. a positive cooling control;
h. an hour meter; and

i, a circuit control switch.
The Farm Fans AB-8B specifications are presented in

Table 6.1.

6.2 Redex RX-10

Seven tests were conducted with a RX-10 Redex
portable continuous cross-flow dryer (manufacturer Modern
Farm Systems, Blount, 1Inc., Webster City, IA) at the
Kalchik Farms, Bellaire, MI, during the fall of 1980.

Using corn at different initial moisture contents,
the dryer output was varied to give approximately the same
final moisture contents. The performance characteristics
of the dryer were measured separately for each run. A
computer drying model (Schisler, 1982) was later used to

check these results (Appendix A).
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Table 6.1:Drver specifications of Farm Fans drver model AB-8B.

*Exclusing load and unload time

' Grain colum length, ft 8.
Total holding capacity, bu 120.0
Less transport: Length, ft 13.3
width, ft 6.0
Height, ft 8.
With transport: Length, ft 16.
width, ft 7
Height, ft 10.0
i
Fan horsepower, H.P. 13.
Fan diameter, in. 28.
Airflow at 3 in. static pressure, cfm 125.
Heater capacity, BTU/hr 3,000,000.0
Top auger, HP 1.0
Top auger capacity, bu/hr 1,500.0
Bottom auger, HP 1.0
Bottom auger capacity, bu/hr 900.0 |
Max. running amps., 1 ph., 230 V '
(with 5 HP load and unload conveyor) 90.0
Max. running amps, 3 ph., 220 V
(with 6 HP load and unload conveyor) 60.0
Rated Drving Capacity, wet bu shelled corn per hour 2
Dry and cool, 25% to 15% 110.0 |
Dry and cool, 20% to 15% 155.0 |
Full heat, 25% to 153 150.0 |
Full heat, 20% to 15% 210.0

Source: Farm Fans Catalog (Bulletin AB-03-3, 1979).
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The Redex portable dryer model RX-10 is a
continuous cross-flow dryer with reverse-flow cooling. The
grain flows from the wet grain garner bin through an
approximately 1ll-inch drying and cooling column to the
discharge auger at the bottom of the cooling
section (Figure 6.2). The RX-10 specifications are
presented in Table 6.2.

Ambient air is drawn through the grain 1in the
cooling section and is thus preheated before it reaches the
drying fan and subsequently the LP-heater. The outlet corn
moisture content is controlled by adjusting the rpm of the
feed rolls and thereby the grain flow rate. The slower the
feed rolls tﬁrn, the longer the grain will remain in the
dryer, and viceversa.

The following are the principal 'characteristic

features of the RX-10:

a. part of the sensible heat of the grain is reclaimed

in the cooling section;

b. the ambient air for cooling enters the column where
the grain 1is coldest; [Since the air is warmed as
it passes through the grain column, the hottest and
driest grain is cooled at a slower rate than if the
coolest air entered through the plenum side of the

dryer ( as is the case in the conventional non
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Figure 6.2. Schematic of the Redex RX-10.



Table 6.2: Dryver specifications of Redex dryer model RX-10.

J
Grain colum length, ft 10.0
Total holding capacity, bu 210.0
in dryving zone, bu i 140.0
in cooling zone, bu i 70.0
Length, ft ! 14.5
Width, ft 7.9
Height, ft i 13.0
Fan horsepower, H.P. 15.0
Fan diameter, in. 38.0
Airflow at 3 in. static pressure,cfm /bu 100.0
Heater capacity, BTU/hr 1,700,000.0
‘Rated Drying Capacity, wet bu shelled corn ?
' 20% to 15%, bu/hr. 240.0
25% to 15%, bu/hr. 150.

0]

Source: Redex Dryers, operation and Maintenance Manual. Series 9,1980.
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reverse-flow dryers)]. Therefore, the Redex design
can be expected to minimize the checking of the

grain during the cooling process.

c. the moisture content gradient across the grain
column after the grain has passed the drying
section is reduced since the airflows in the drying

and cooling sections are in opposite directions;

d. the fan has to overcome the resistance of two
columns of grain which results in lower airflow

rates at constant horsepower; and

e. chaff and fines that filter through the cooling
section pass through the fan-heater and accumulate
in the heated air plenum, necessitating periodic

cleaning of the dryer.

6.3 Hart-Carter HC-66

Two tests were conducted on a Hart-Carter
cross-flow dryer model HC-66 (manufacturer CEA-CARTER-DAY,
Minneapolis, MN). The tests were conducted during the 1979
and 1980 fall drying seasons at the Michigan Elevator
Exchange terminal, Carrollton, MI. Commercial yellow
corn (varieties unknown) available at the terminal was used

in the tests. The performance characteristics of the dryer
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were measured for each run. A computer drying model
(Schisler, 1982) was used to analyse the
results (Appendix A).

The HC-66 Hart-Carter dryer 1is a two stage
cross-flow dryer with reverse airflow and air
recycling (Figure 6.3). The HC-66 specifications are
tabulated in Table 6.3. The air in the first stage (Figure
6.3) flows perpendicular to the incoming grain. In the
second stage, the drying air direction is reversed. The
cooling air flows in the same direction as the air in the
second stage. All the air coming from the second stage
plus the air from the <cooling stage (along with some
make-up air) is mixed and used as the inlet air to the
burner. This type of arrangement 1lowers the breakage
susceptibility and improves the energy efficienc& when
compared with conventional <cross-flow dryers (Lerew et
al., 1972, Gygax et al., 1974, and Bakker-Arkema et
al., 1979). |

6.4 Blount 10-60

Five tests were conducted on a Blount 10-60
continuous flow cross-flow recirculating
dryer (manufacturer Blount, Inc., Commercial Dryer

Division, Grand Island, NB). The first three tests were
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Figure 6.3. Schematic of the Hart-Carter HC-66 dryer.
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Table 6.3: Dryer specifications of Hart-Carter dryer model

HC-66.

Grain column length:

first stage, ft 25.0
second stage, ft 17.0
cooling stage, ft 18.0
Total holding capacity, bu 1,728.0
in drying zone, bu 1,210.0
in cooling zone, bu 518.0
Fan horsepowerm, HP 200.0
Airflow at 3.5 in static pressure, cfm/bu 145.0

Rated drying capacity, wet bu shelled corn/hr
20% to 15%

2,070.0
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carried out at Cook Farms in Salem, KY, and the last two at
Toohey Farms in Lucan, Ontario, Canada during September and
November of 1981, respectively.

Using corn at different initial moisture contents,
the dryer output was_ varied to give approximately a
constant outlet moisture content. The performance
characteristics of the dryer were measured separately for
each run. A computer drying model (Schisler, 1982) was
used to analyze the results (Appendix A).

The 10-60 Blount Dryer 1is a wunigue continuous
cross-flow dryer. The grain flows from a wet grain garner
bin through a first set of split tapered columns (12 in.
wide at the top and 16 in. wide at the bottom) to dual
discharge feed rolls. Subsequently the partially dried
grain is mixed and -conveyed to a tempering garner from
where it flows through a second set of split tapered
columns for final drying and cooling. The 10-60
specifications are tabulated in Table 6.4. Figure 6.4 is a
schematic of the dryer.

The two metering augers can, at the bottom of each
grain column, be run at different speeds, so that grain
nearest to the drying air inlet moves faster than grain on
the air outlet side of the column. The tested speed ratios
were between 1:2.and 1:4. This design ensures that each
kernel of grain receives a similar amount of energy

resulting in a more uniform outlet grain moisture content
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Table 6.4: Dryer specifications of Blount/MFS drver model 10-60.

Grain column length:

first stage, ft 12.0
second stage,ft 6.8
cooling stage, ft 1.6
Total holding capacity, bu 685.0
in drying zone, bu 350.0
in tempering zone, bu 290.0
in cooling zone, bu 45.0
Length, ft 15.1
Width, ft 10.0
Height, ft 26.
Fan horsepower, H.P. 60.0
Airflow at 5 in. static pressure, cfm/bu 100.0
Heater capacity, BTU/hr - 6,000,000.0
Rated drying capacity, wet bu shelled corn'hr
20% to 15% 600.0

Source: Blount/CDD Catalog, 1981.
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than can be obtained in conventional croés—flow dryers.

The tempering or steeping zone in the 10:60 is
located between the first and second drying stages (Figure
6.4 D). Tempering equalizes the internal kernel
temperature and moisture content (Sabbah, 1981), increases
the moisture removal rate (Sabbah et al., 1972), and
reduces the breakage susceptibility (Eman et al., 1979).

Cold air is sucked through the cooling section and
mixed with exhaust air from the second drying section (plus
some outside air) before being heated and blown 1into the
heating plenums. One motor 1is wused to drive both the
drying and cooling fans.

The following are the characteristic features of

the 10-60 Blount Dryer:

a. tapered grain columns for a higher air flow rate

near the top of the columns;

b. split grain columns with two metering augers at the
bottom of each column in order to allow two grain

speeds in each grain column;

c. reclaiming of part of the sensible heat of the
grain in the second drying and cooling sections;

and

d. steeping (tempering) of the partially dried grain.
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6.5 Ferrell-Ross CCF

Three tests were conducted on a Ferrell-Ross
concurrent-flow dryer model 31212 (manufacturer
Ferrell-Ross, Blount Inc., Grand Island, NE). The tests
were conducted during the 1979 and 1980 falls drying
seasons at the Michigan Elevator Exchange terminal,
Carrollton, MI. Commercial yellow corn (varieties unknown)
available at the terminal was used in the tests. A
computer drying model was employed to analyze the results

The 31212 Ferrell-Ross dryer consists of three
concurrent-flow drying beds (grain and drying air flowing
in the same direction) and a counter-flow cooler (grain and
cooling air flowing in opposite direction). Between the
first and second drying stages,

and between the second and third drying stages, the
grain flows through 15-ft tempering or steeping zones. It
remains in a tempering zone for approximately an hour
before entering the next drying stage. Figure 6.5 shows an
schematic drawing of a two-stage concurrent-flow dryer.

The critical part in any concurrent-flow dryer is
the hot air inlet (Westelaken and Bakker-Arkema, 1978).
The very warm air has to be mixed properly and uniformly

with the wet, cold grain, exposing each grain kernel for a
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constant period (generally not exceeding 10-25 seconds) to
a high temperature. The patented "Westlaken Drying Floor"

(Figure 6.6) allows the heated air and wet grain to mix
perfectly for uniform drying.

Wet grain enters at the top of the dryer where it
forms a deep bed directly above the heat floor. Grain
flows through the dryer by gravity; the flow rate 1is
determined by the speed of rotation of the metering
rolls (Figure 6.5G).

The high inlet air temperature (up to 550 F for
shelled corn) decreases rapidly as the first moisture from
the wet grain is evaporated. The last part of the drying
bed acts as a tempering zone where moisture evaporation
proceeds at a slow rate as the grain and air continue to
slowly cool (Figure 4.6).

The hot grain is cooled in a counter-flow cooler.
Counter-flow cooling 1is more efficient than cross-flow
cooling. Also, the grain is not subjected in a
concurrent-flow dryer to sudden chilling which causes
stress cracks.

The drying air temperatures in multi-stage units
decrease from the first to the second and to the third
stage (Table 6.5) in order to protect the dryer grain from

being overheated.
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6.6 Instrumentation and Procedure

The following parameters were utilized 1in the

performance evaluation of the dryers tested:

a.

the grain moisture content before and after drying;

the grain initial and final temperature;

the grain initial and final test weight;

the grain 1initial and final quality as determined
by BCFM, resistance to breakage, and burned

kernels:;

the drying capacity-dry bushels per hour;

the ambient and drying air temperatures and

relative humidities:

the air flow rate; and

the energy consumption (heating fuel and
electricity).

The approximate grain moisture content was

determined during the drying operations at the test site

with a "Motomco" moisture meter. Each sample was later

checked by oven drying at 217 F for 72 hours (Brooker et
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al., 1974). Samples were collected before and after drying
every half-hour during the tests. The samples were sealed
in plastic bags and stored at 40 F for later analysis.

The airflows were calculated from measured static
pressure data and . fan curves suéplied by the fan
manufacturers. The data was checked against standard ASAE
static pressure data (ASAE yearbook, 1981).

The temperatures were measured with
copper-constantan thermocouples and whenever possible
recorded with a Texas Instrument datalogger. Relative
humidities were determined from dry and wet bulb
temperatures.

The breakage susceptibility tests were conducted at
the USDA Grain Marketing Laboratory, Manhattan, KS,
employing the procedure developed by Miller et al. (1979).

The electricity consumption was measured with
kwh-meters supplied by the local electric power company.

Data taking for each test did not start before

steady state had been reached in the dryer output.

6.6.1 Redex RX-10

Seventeen thermocouples were located in the heating
section and four in the cooling section (Figure 6.7).

After the first test (10/16/80), some thermocouples were
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relocated 1in order tb locate the hot spots in the dryer
which were producing burned kernels. To reduce the number
of burned kernels, two metal shields were installed.

The drying capacity was determined by observing the
time required to fill one-half bushel with grain. The
average time for five observations was used to calculate
the grain flow rate and hence the drying capacity. The
observations were recorded every half-hour and averaged to
give the average drying capacity.

The liquid propane usage was estimated by observing
the percentage readings on the LP tank gauge (and by
checking these figures against the propane supply
tickets)*,

Table 6.6 lists the wet corn characteristics and
the drying test conditions. The initial grain moisture
content of the corn varied from 34.5 to 25.6 percent w.b.
and the 1initial test weight from 49.8 to 53.0 lb/bu. The
corn was cleaned in a rotary cleaner before drying. The

drying inlet air temperature varied from 186 F to 200 F.

* Accuracy of propane measurement +/- 5 percent.
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Table 6.6: Drying conditions during the testing of the RX-10 dryer.

Wet Corn Parameters:

Moisture content, % w.b. 25.7 to 34.5
BCFM, % 0.3 to 0.9
Test weight, lb/bu 49.8 to 53
Temperature, F 35 to 48

Air Parameters:

Ambient temperature, F 35 to 52
Ambient relative humidity, % 60 to 100
Drying air temperature, F 185 to 205
Temp. increase through cooler, F 12 to 18

Static pressure, in 1.8 to 2.0
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6.6.2 Hart-Carter HC-66

The dry bushel drying capacity was determined by
observing the time required to fill a silo and weighing the
dried grain. The tests lasted between 24 to 36 hours.

The drying air temperature was monitored with a
mercury bulb thermometer.

The fuel consumption was measured with a calibrated
gas meter. Table 6.7 lists the wet corn characteristics

and the drying test conditions.

6.6.3 Blount 10-60

The grain moisture content at the outlet of each
column (Figure 6.4H) was measured at different grain
velocity ratios.

The dry bushel drying capacity was determined by
observing the time required to fill a truck and weighing
the truck with and without the grain.

The 1liquid propane usage was measured with a
calibrated gas meter during each of the tests; the readings

were multiplied by the appropriate correction factors.
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Table 6.7: Drving conditions during the testing of the HC-66 drver.

Wet Corn Parameters:

Moisture content, % w.b. 26.9 to 29.0
Test weight, 1b/bu 49.9 to 50.9
Temperature, F 16.0 to 47.0

Alr Parameters:

Ambient temperature, F 33.0 to 3.0
Ambient relative humidity, 3 3.0 o 3502
Drying air temperature, F 205.0 to 210 ) |
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Table 6.8 lists the wet corn characteristics and

the drying test conditions.

6.6.4 Ferrell-Ross CCF

The drying air temperature and grain temperatures,
were monitored continuously with a potentiometer.

The gas consumpfion was measured with recently
calibrated flow meter.

The dry bushel drying capacity was determined by
observing the time required to £ill a silo and weighing the
dried grain. The tests lasted between 24 to 36 hours.
Table 6.9 lists the wet corn characteristics and the drying

test conditions.



Table 6.8: Drving conditions during the testing cf the Blount 10-6C

drver.

Wet Corn Parameters:

Moisture content, % w.b. 20.5 to 28.1
BCHM, % 0.8 to 1.5
Test weight, 1lb/bu 50.0 to 538.2
Temperature, F 16.0 to 97.0
yAlr Parameters: ;
Ambient temperature, F 35.0 o 7T j
Ambient relative humidity, o0 to 100 i
Drying air temperature, F 195 o 220
Temperature increase through cooler and ‘
second stage, F 16 to 50 l
|
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Table 6.9 : Drving conditions during the testing of the Blcunt CCE-

53-12-12 drver.

|

i

‘Wet Corn Parameters:

e

Moisture content, % w.b. o 24,

third stage : 350.0

i 5 to 5
| Test weight, 1lb/bu ' 50.2 to 50.9
: Temperature, F | 18.0 to 70.0
i i

|

EAir Parameters: |

: Ambient temperature, F 33.0 to 35.0
f Ambient relative humidity, 3 3.0 te 97D
; Drying air temperature, F

i

i first stage . 300.0 to 530.0
i second stage 150.0

|

|




CHAPTER 7

RESULTS AND DISCUSSION

7.1 Experimental Results

The experimental results of the drying tests
conducted with the four «cross-flow dryers and with the
concurrent-flow dryer are tabulated in Tables 7.1.1 through

7.1.5.

7.1.1 Automatic Batch

The data of nine (9) experimental tests conducted
with the Farm Fans AB-8B automatic batch dryer are given in
Table 7.1.1. The experimental conditions are found in

Silva (1980).

87
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Table 7.1.1: Actual energy consumption and corn quality
parameters of the Farm Fans AB-8B, 1978
Drying season; drying air temperature 195 F.

; Energy
Moisture Test weight i efficiency stress-
TEST content (1b/bu) ; including cracks (1)
No. % w.b.) i cooling (%)
IN OuUT IN OUT |, (BTU/1b)
1 28.4 22.9 52.0 54.0 | 2,069 4.6
2 28.6 22.9 52.0 54.0 2,446 4.2
3 27.9 23.0 53.0 53.7 2,243 3.7
i 4 26.9 22.9 53.6 54.2 2,877 4.0
s 1247 22,7 | 53.3  s2.7{ 2,838 1.5
| 6 24.0  20.0 53.5 53.9 2,630 8.9
P7 ' 24.8 23.5 54.3 53.5 % 2,148 2.9 i
. 8 ' 26.0 15.5 54.0 55.0 2,830 87.3 ;
9 | 35.7 18.3| 50.0  55.5 | 2,238 76.0 |
|

(1) Initial stress-cracks percentage equals zero.

Source: Silva (1980)
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In test no. 8 the corn was dried directly to a
safe storage moisture content of 15.5 percent w.b. The
corn in the other tests was dried to the intermediate
moisture content of 18.0 - 23.5% as part of the combination
drying process.

The principal conclusions to be drawn from the

experimental data in Table 7.1.1 are:

a. the energy efficiency of a batch type dryer is
dependant on the final moisture content and the

number of points of moisture removed;

b. the energy efficiency of the Farm Fans automatic
batch dryer 1in removing about ten points of
moisture from 26.0 to 15.5% is approximately 2830

BTU/lb of moisture removed:;

c. the grain quality deterioration in an automatic
batch dryer 1is highly affected by the final
moisture content and the degree of immediate
;ooling of the grain; drying to 18.0% moisture
content without rapid cooling does not affect the
grain quality; drying at high temperatures through
the 18.5 - 15.5 moisture content range followed by
immediate cooling drastically increases the number
of stress-cracks and thus, the breakage

susceptibility of the dried grain.
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7.1.2 Continuous Flow Cross-flow With Cooling-Air

Recirculation

The data of seven (7) experimental tests conducted
with the Redex RX-10 continuous flow cross-flow dryer with
cooling-air recirculation are tabulated 1in Table 7.1.2.
The experimental conditions are listed in Table 6.6. In
tests 6 and 7 the corn was dried immediately to a safe
moisture content level below 15.5%, in the other tests the
corn was removed from the dryer at an intermediate moisture
content for final drying in a bin under 1low airflow
conditions.

Several conclusions can be drawn from the

experimental data in Table 7.1.2:

a. the energy efficiency of a continuous flow
cross-flow dryer appears to be less dependant on
the final moisture content and the number of points
of moisture removed than the automatic batch dryer

discussed in Table 7.1.1;

b. the energy efficiency of the Redex cross-flow dryer
in removing ten points of moisture from about 25.0

to 15.0% is about 2200 BTU/1b of moisture removed:;

c. the grain quality deterioration in the Redex

cross—-flow dryer is much less in drying to 17.0%
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moisture content and above than in drying to

moisture contents below 17.0%.

7.1.3 Continuous Flow Cross-flow With Partial Drying Air

And Cooling Air Recirculation

The data of two (2) experimental tests conducted with the
Hart-Carter HC-66 continuous flow cross-flow dryer with
partial drying air and cooling air recirculation are
tabulated 1in Table 7.1.3. The experimental conditions for
these tests are given in Table 6.7. Unlike the first two
dryers discussed in section 7.1 (the Farm Fans and the
Redex models), the HC-66 is a commercial sized dryer with a
ten point moisture removal of well over 1000 bushels per
hour.

The main conclusions to be drawn from the

experimental data in Table 7.1.3 are:

a. the energy efficiency of the HC cross-flow dryer in
removing about 15 points of moisture from 28.0 to
13.0% moisture content 1is about 2100 BTU/lb of

moisture removed;

b. the grain quality deterioration of the HC
commercial-sized cross-flow dryer appears to be
similar to that of the farm-sized Redex cross-flow

dryer.
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7.1.4 Continuous Flow Cross-flow With Partial Drying Air

And Cooling Air-Recirculation , With Differential

Grain Speeds , And With Tempering

The data of five (5) experimental tests conducted
with the Blount 10-60 continuous flow cross-flow dryer with
partial drying air and cooling air-recirculation, with
differential grain speeds 1in each grain column, and with
tempering are tabulated in Table 7.1.4. The experimental
conditions are listed in Table 6.8. Tests 1, 2 and 3 were
conducted in Kentucky at initial moisture contents around
?0.5%. Tests 4 and 5 were performed in Canada at much
higher 1initial moisture contents (about 28.0%). The
capacity of the Blount 10-60 falls between the Farm Fans
and the Redex on-farm dryers and the commercial-sized HC
dryer.

The main conclusions to be drawn from the

experimental data in Table 7.1.4 are:

a. the energy efficiency of the Blount 10-60
cross-flow dryer appears to be independant of the
number of points of moisture removed from the

grain;

b. the energy efficiency of the Blount 10-60
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cross-flow dryer appears to be about 1600 BTU/lb of
water removed regardless of the 1initial or final

moisture content of the grain;

c. the grain quality deterioration in the Blount 10-60
cross-flow dryer is larger than expected, probably
due to damage caused by excessive auger friction in
transporting the grain from the first to the second

drying section.

7.1.5 Three Stage Concurrent-Flow

The data of three (3) experimental tests conducted
with the Ferrell-Ross three-stage concurrent dryer are
tabulated in Table 7.1.5. The experimental conditions. are
listed in Table 6.9. 1In two tests the corn was dried about
ten percentage points, from about 26.0 to 15.0% moisture
content; during the third test only seven points of
moisture were removed. The capacity of the Ferrell-Ross
was the largest of any of the dryer tested, about 1,600
bushels per hour at ten point removal.

The main conclusions to be drawn from the

experimental data in Table 7.1.5 are:

é. the energy efficiency of the Ferrell-Ross

multi-stage concurrent-flow dryer is approximately
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1600 BTU/lb of water removed in removing ten points
of moisture;

b. the increase in grain breakage susceptibility in a

: concurrent-flow dryer 1is far 1less than 1in any

cross—-flow dryer and can even be
negative (signifying an improvement in the
susceptibility to breakage during the

concurrent-flow drying process).

7.1.6 Dryer Comparison

The energy efficiency and breakage susceptibility
data obtained experimentally wiih the five different dryers
in three different states during three different harvesting
seasons are summarized in Table 7.1.6. Although a direct
comparison is not justified due to the different conditions
encountered during the tests, certain trends appear
evident.

The main conclusions that can be drawn from Table

7.1.6. are:

a. concurrent-flow drying 1is more efficient than

cross-flow drying;

b. air recirculation in cross-flow dryers results in

substantial energy savings;



99

Table 7.1.6: Experimental energy efficiency and quality
parameters of five different dryers.

-
Energy efficiency ' Breakage susceptibility
DRYER (BTU/1b) j increase (%)
2
FF AB-8B 2,850 - 3,495 46.5
Redex R-10 1,965 - 2,319 13.7l - 37.6
HC-66 1,950 - 2,223 17.52 ~ 28.1
. Blount 10-60 1,506 - 1,842 34.4l - 47.8
| Ferrell-Ross | 1,270 - 1,760 ~0.5% - 9.5
! CCF

1
Moisture content at Stein breakage test determination is
8-9%, w.b.

2
Moisture content at Stein breakage test determination is
11-12%, w.b.



100

c. airflow reversal in cross-flow dryers results in

improved grain quality;

d. concurrent-flow dryers produce better quality corn

than cross-flow dryers.

7.2 Standard Conditions For Dryer Simulation

In order to make a valid comparison between the
five dryers investigated in this study, standard conditions
need to be defined. Bakker-Arkema (1980) proposed standard
conditions for the testing of grain dryers with respect to
grain and ambient conditions (see Table 4.8). These will
be used 1in the simulations for the comparison of thé five
dryers. The dryers include: (1) the Farm Fans (FF)
automatic batch dryer, (2) the Redex continuous cross-flow
dryer with cooling ‘air recirculation, (3) the
Hart-Carter (HC) with partial drying air and total cooling
air recirculation, (4) the Blount continuous cross-flow
dryer with partial drying air and total cooling air
recirculétion, with differential grain speed and tempering,
and (5) the Ferrell-Ross three-stage concurrent-flow (CCF)

dryer.
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In addition to the ambient conditions plus the
grain moisture contents and initial temperature, a standard
hybrid factor has to be selected to make a meaningfull
comparison between the dryers. In the experimental tests
conducted with the Blount 10-60 in Kentucky, the test
corn (see Table 7.3.1) had a hybrid factor of D-hybrid
equal to 0.95 (K-hybrid 0.999). In the simulated
comparisons (section 7.4) this value of the D-hybrid factor
was used (rather arbitrarily) for the simulation of the

five dryers.

7.3 Model Verification

Two basic grain drying simulation models were used
in this investigation: (1) the cross-flow model, and (2)
the concurrent-flow model. Both are described in detail in
section 5.1,

The three stage concurrent-flow model was verified
for corn by Brook (1977). Hence no further verification is
necessary in this study to justify the use of the MSU
concurrent-flow drying model.

The MSU three equation and four equation cross-flow
models as developed by Bakker-Arkema et al. (1974) and
Bakker-Arkema et al. (1977), respectively, have been

modified by Schisler (1982). A listing of the Schisler
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Table 7.3.1: Experimental and simulated results for the
Blount 10-60 drver, Salem, KY.

Drver Parameter Value ' Experimental i Simulated(l)

Drying air temperature, F 200.0 200.0
Airflow in drver and cooler

sections, cfm/bu 90.0 90.0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>