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ABSTRACT

The performance of a new prototype flat-bed grain dryer designed for experimental
research was evaluated using yellow dent maize grain of two hybrids (“Clint” and
“Raissa” which are hard and soft, respectively) in three separate experiments. In
experiment I, grain samples at three initial moisture contents (approx. 20, 25 and 30 %
w.b.) were dried at three air temperatures (58, 80 and 110 °C). Dryer performance
parameters such as drying time, drying rate, capacity, efficiencies and energy
consumption were determined and the dried grain quality attributes were also
evaluated. A thin layer drying model for predicting dried grain moisture ratio was
proposed. In experiments II and III, grain samples were dried at 80 °C air temperature
from 25 % to 14.5 % moisture content, cooled or tempered before assessment of grain
quality attributes. Overall, the dryer performance was good in terms of its operation
and effects on quality of dried grain. Both dryer operational performance and dried
grain physico-mechanical properties were affected by drying air temperature, grain
initial moisture content, and the post-drying treatments. Low initial grain moisture
content and high drying temperatures increased dryer capacity and reduced total energy
consumption for drying. However, both high drying air temperature and high initial
grain moisture content increased the incidence of grain damage. Slow cooling and/or
tempering of the dried grain increased grain bulk density and reduced breakage
susceptibility, especially when cooled or tempered in an airtight and well insulated
container. However, these two post-drying treatments did not affect grain hardness
significantly. Finally, a conceptual model for evaluating and optimising the

performance of mechanical grain dryer is proposed.
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Chapter 1
INTRODUCTION

1.1 Introduction

Knowledge of the production and utilisation of cereal grains is fundamental to solving
the food supply problem facing the majority of the world’s population. Grains are not
only important direct sources of food for humans, but also make a substantial
contribution to the diet, indirectly as fodder, for farm livestock producing meat, milk,
and eggs (Lorenz and Kulp, 1991). In most countries grains are among the most
important staple foods but they are produced on a seasonal basis, and in many places
there is only one harvest a year. Grain storage is essential for marketing and to ensure
availability for late consumption for periods varying from one month up to more than a

year (Picard and Proctor, 1994).

Since grains are often harvested at moisture contents that are too high for safe storage,
immediate and effective treatment of the freshly harvested grains is essential to prevent
quality deterioration (Brooker et al., 1992). One of the most affective treatments is
drying. It is the most practised grain preservation method that enables grains to attain
moisture content sufficiently low to minimise infestation by insects and micro-
organisms, such as bacteria and fungi, and to prevent unwanted germination (Hill,
1997). Grain drying has been used since early civilisation to preserve it for food

(Hoseney, 1994).

Traditionally, grain crops are harvested during a dry period and simple drying methods
such as sun drying are adequate. However, maturity of the crop does not always
coincide with a suitably dry period. Furthermore, the introduction of high yielding
varieties and hybrids, irrigation, improved farming practices, and multi-cropping have
led to the need for alternative drying practices to cope with the increased production.
Responding to these, scientific research has been remarkably successful in increasing
the quantity and quality of grain through the application of improved drying and
storage technologies. Various studies have focused on improving grain quality by

introducing new and suitable dryers for different purposes. Nowadays, mechanical or
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artificial dryers, long used in developed countries, are finding increased application as
farming and grain handling systems improve in many developing countries (Trim and

Robinson, 1994).

The need to dry grain artificially arises from the basic need to provide uniformly good
quality grain which will facilitate its long terms storage and processing. Artificial grain
drying assists this objective by minimising weather effects on the harvest (Bakker-
Arkema et al., 1995). Annual postharvest loss of grains is estimated at 10 % and
therefore moisture control, primarily by drying, provides an opportunity to prevent

losses which occur during harvesting, handling and storing (Hall, 1980).

The performance of grain dryers and good understanding of the effects of drying on
grain quality are very important to satisfy the need of grain producers, grain traders,
grain processors and grain users since it is generally agreed that improper drying is the
major cause of high drying cost and grain deterioration. Poor or defective drying
equipment or incorrect drying procedures may result in high costs, low capacity and
efficiencies, very fast drying rate, incomplete drying. high milling losses. poor quality
or reduced germination capacity of the dried seed (ESCAP, 1995). Nellist and Bruce
(1992) stated that the main reasons for testing grain dryers are: (a) to aid the
development of a prototype, (b) to confirm the specified performance and (c) to
provide information for marketing and operator guidance. Of particular concern is the
increase in dryer capacity and drying rate by using drying air temperatures higher than
those recommended which can lead to a reduction in grain quality (Radajewski et al.,
1988). Hardacre (1997) observed that aggressive commercial drying could result in
fine materials (measured by mechanical impact test) in excess of 40 % of the grains but
careful commercial drying results in grains with the fine less than 10 % regardless of

the grain hardness.

Prototype dryers are often used in grain breeding research to evaluate the quality of
grain after drying, thereby assisting in assessing the economic feasibility of new
cultivars and hybrids. Recently, a new prototype grain dryer was designed and
constructed by the maize breeding team at the New Zealand Crop and Food Research

Ltd., Palmerston North, for experimental purposes.
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The aim of this study was to investigate the potential of the new grain dryer for
achieving high capacity, efficiencies, and drying rates and low costs with minimum

reduction in dried grain quality.

1.2 Research Objectives

The specific objectives of this research study were to evaluate the performance of a

new prototype flat-bed grain dryer by:

e Determining the effects of initial grain moisture content and drying air
temperature on drying time, drying rate. dryer capacity, drying efficiencies

and energy consumption;

¢ Quantifying the effects of grain moisture content and air temperature on grain

quality attributes: and

¢ Quantifying the effects of post-drying treatments (cooling and tempering) on

quality attributes of dried grain.
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LITERATURE REVIEW

Grain drying and dryer performance evaluation

2.1 Principles of grain drying

Grain drying is the phase of the postharvest system during which the product is rapidly
dried until it reaches the “safe moisture™ level (de Lucia and Assennato, 1994). It is
accomplished simply by the evaporation of moisture from the grain. In this process,
heat is necessary to evaporate moisture from the grain and a flow of air is needed to
carry away the evaporated moisture. In mechanical drying systems, airflow is also
required to deliver the heat needed for drying. There are two basic mechanisms
involved in the drying process; the migration of moisture from the interior of an
individual grain to the surface, and the evaporation of moisture from the surface to the
surrounding air (Trim and Robinson, 1994). The moisture in grain to be removed
during drying is associated with grain in two ways: (1) surface moisture which occurs
in the outer surface, and is readily absorbed by the air under proper conditions, and (2)
internal moisture which is distributed throughout the inner parts of the grain. Removal
of the internal moisture involves capillary action or diffusion of the moisture to the

surface (Verma, 1993).

Grain drying can be achieved by circulating air at varying degrees of heat through a
mass of grain (de Lucia and Assennato. 1994). As it moves, the air imparts heat to the
grain, while absorbing the humidity of the outermost layers. In terms of physics, the
exchange of heat and humidity between the air and the product to be dried is

characterised by the following phenomena:

- heating of the grain, accompanied by a cooling of the drying air:
- reduction in the moisture content of the grain, accompanied by an increase in

the relative humidity of the drying air.

However, this process does not take place uniformly inside the drying chamber or

among individual grains, or within each grain. Indeed, the water present in the outer
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layers of grain evaporates much faster and more easily than that of the internal layers.
Thus it is much harder to lower the moisture content of a product from 25 to 15
percent than from 35 to 25 percent. Trim and Robinson (1994) stated that drying
operation must not be considered as merely the removal of moisture since there are
many quality factors that can be adversely affected by incorrect selection of drying
conditions and equipment. It is important to understand the principles of grain drying
(whether the grain is being dried naturally by the sun or by an artificial or mechanical

drying system), to ensure that a high quality product is obtained.

Changes in texture and structure during drying of grain, particularly maize, are
important in minimising breakage during handling. Excessive cracks reduce value of
maize for producing foods such as breakfast cereals. Harsh heat treatment during
drying may reduce starch yields, impair quality of the starch and create difficulties in
maize wet-milling. If used for alcoholic beverages, overheated maize may also cause
difficulties in beer brewing and distillation (FAO, 1984). Broken maize is more easily
attacked by insects and produced more grain dust than whole grain, creating many

problems in handling, transportation and storage (FAO, 1984).

2.1.1 Grain equilibrium moisture content

Equilibrium moisture content (EMC) is defined as the moisture content of material
after it has been exposed to a particular environment for an infinitely long period of
time. Alternatively, the EMC can be defined as the moisture content at which the
internal product vapour pressure is in equilibrium with the vapour pressure of the
environment. This concept is important in the study of grain drying because it
determines the minimum moisture content to which grain can be dried under a given

set of drying conditions (Brooker et al., 1992).

EMC is dependent on the relative humidity and the temperature of the air and is used
to determine whether grain will gain or lose moisture under a given set of conditions of
the air. Thus, it is not possible to dry any grain lower than the equilibrium moisture
content associated with the temperature and humidity of the drying air (Liu et al.,

1998). Hall (1980) explained that grain is in equilibrium with its environment when the
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rate of moisture loss to the surrounding atmosphere is equal to the rate of moisture

gain from the surrounding atmosphere.

Data in Table 1 show that the equilibrium moisture content of all the grain species
increases as the relative humidity of the air increases. For instance. a moisture content
of 19.6 % of the shelled maize can only be obtained when the grain exposes to air at 25
°C and 90 % relative humidity. Similarly, to dry the grain to moisture content lower
than 19.6 % requires that either the temperature of the drying air increased or its

humidity reduced.

TABLE 1 Equilibrium moisture content of some grains at 25 °C related to relative
humidity (Trim & Robinson, 1994)

~ RelativeHumidity (%)
Equilibrium Moisture Content (% wet basis) at 25 °’C
 Barley 85 97 108 121 135 158 195 268
Shelled Maize | 8.3 98 112 129 140 156 196 238
Paddy | 79 94 108 122 134 148 167 -
MilledRice | 90 103 115 126 128 155 181  23.6
Sorghum | 86 98 110 120 138 158 188 219
Wheat 8.6 9.7 10.9 11.9 13.6 15.7 19.7 25.6

Figure 1 illustrates further the significant effects of drying air temperature on the EMC
of the shelled maize. It demonstrates that by using the drying air at a higher
temperature, a lower moisture content of the shell maize can be obtained. The sigmoid
shape (S-shaped) of this relationship is always the same, but the numerical values are
different with different air temperatures. For example, the EMC of the maize at 70 %

RH is about 15.7 % w.b. at 4.5 °C and 10 % w.b. at 50 °C.
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FIGURE 1 Equilibrium Moisture Content Curves for Shelled Corn (Brooker et al.,
1974)
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Liu et al. (1998) presented a general relationship between the EMC of grains and the

air conditions by the following empirical equation:

EMC=a-bln[-(T+c)InRH] oo (1)

Where
M., = equilibrium moisture content (decimal d.b.)

a, b and ¢ = product constants (0.339, 0.059 and 30.205. respectively, for

maize)
T = air temperature (°C)
RH = air relative humidity (decimal)

2.1.2 Drying rate

Hill (1997) stated that drying of grain takes place only when there is a net movement
of water going out of the grain into the surrounding air so that the grain will give up its
moisture content. The author also stated that drying rate is determined by how fast the
moisture migrates or diffuses from the interior to the grain surface and by the speed at
which the surface moisture is moved into the surrounding air. Thompson and Foster
(1963), on the other hand, stated that the effects of drying-air temperature and flow
rate can be combined into an expression of drying speed represented by the moisture
reduction in percentage per hour. If drying is performed at an excessive rate, the grain
becomes susceptible to fissuring, due to the creation of moisture gradients within the

product (Driscoll and Srzednicki, 1995).

Drying rate generally increases with increasing moisture content of grain and air
temperature or decreases with increase in air humidity (Trim and Robinson, 1994).
Figure 2 demonstrates that moisture reduction from drying maize and its drying time
vary inversely with the drying air temperature. For instance, it takes from 1 hour at 100
°C to 38 hours at 25 °C to reduce each maize grain sub-lot from 30 to 12% moisture

content.
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2.2 Methods of drying

It is sometimes possible to wilt a crop on the plant for a considerable period of time
and so reduce the moisture content to a point where no further drying is necessary.
This ideal situation is, however, seldom achieved due to the danger of loss from
microbial insect and bird attacks. In some areas, especially when large quantities of
crops are produced, grains such as maize ripen during the wet season and if they are
not harvested on ripening, losses may occur (Hill, 1997). Therefore, there are many
different methods for grain drying available at present. They may be divided into two

broad classifications based on the energy source, namely natural and artificial drying.

2.2.1 Natural drying

Natural drying is the most widespread method of grain drying in the tropics. Several
limiting factors, such as availability of appropriate weather and labour, make natural
drying unsuitable for large scale drying (Trim and Robinson. 1994). The natural drying
methods which have been commonly used for grains such as maize are sun drying and

crib drying.

a) Sun drying

For economic reasons, traditional sun-drying has changed little over the centuries and
remained the preferred method of grain drying in many tropical and subtropical
regions. Few controlled scientific experiments have been conducted on the drying
technique. In sun-drying process, the grain is spread on mats or paved ground in layers
of 5 — 15 cm thickness and is exposed to the ambient conditions (Liu et al., 1998). At
its simplest form and in suitable climates, drying can consist of spreading the grain to
dry in the sun assisted by frequent turning to expose all grains. The sun supplies an
appreciable and inexhaustible source of heat to evaporate moisture from the grain and

the wind removes the released moisture (de Lucia and Assennato, 1994).
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The fixed costs of sun-drying are low, except when a special drying floor has to be
constructed. There are, however, several disadvantages. It is an unreliable process
because it is weather dependent, and is affected by: (1) the solar radiation, (2) the
ambient air temperature. (3) the ambient relative humidity. (4) the wind velocity, (5)
the soil temperature, (6) the grain-layer thickness, and (7) the grain type. The first five
factors change with the season and the time of the day (Liu et al., 1998). In sunlight,
the crop temperature will rise to a high level after a period of exposure - this can be as
high as 60 - 70 °C. This temperature can cause uneven drying of the grains with
consequent cracking. Also, moisture from the earth condenses on the bottom layer of
grain, resulting in a slow drying rate unless the crop is frequently turned (Trim and

Robinson, 1994).

Notwithstanding its disadvantages, it is possible to produce dried grain of superior
quality if the sun-drying is practised properly and competently. Of particular
importance are the proper selection of the maximum layer thickness and initial
moisture content of the grain, and the recognition that during certain periods of the
year (i.e. the wet season) adequate sun-drying of grain is not feasible (Bakker-Arkema
et al.. 1995: Liu et al., 1998). Hill (1997) noted that sun drying can be satisfactory
provided the crop is laid out on an impermeable surface (e.g. concrete or plastic) and
turned regularly, and there is sufficient labour to cope with moving it under cover at

night or if rain threatens.

b) Crib drying

In this method, maize is stored on the cob in cribs until it is required for shelling. The
maize crib in its many forms acts as both dryer and a storage structure. The rate and
uniformity of drying are controlled by the relative humidity of the air and the ease with
which air can pass through the bed of cobs (Trim and Robinson, 1994). It is very slow
- perhaps 0.1 % of moisture can be evaporated from the grain per day. Compared with
paddy, cob maize can retain its good quality for considerably longer periods (from one
to three months) at relatively high moisture contents (higher than 20 %) with natural

ventilation (Hill, 1997). Typical cribs used for maize are shown in Figure 3.
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FIGURE 3 Cribs used both for drying and storage of maize (de Lucia and Assennato,
1994)
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2.2.2 Artificial or mechanical drying

Artificial or mechanical drying refers to drying using artificial or mechanical dryers.
An artificial or mechanical grain dryers is a complete drying system which is made up
of fan, heater, ducts and bin. Drying occurs by the passage of air of suitable relative
humidity and temperature through the crop until the desired reduction in moisture
content is achieved (McLean., 1989). Until now, there has been no consistent
classification of mechanical dryers nor of designs of drying installations. The

followings are some common classifications:

a) Dryers classified by drying air temperature

i) Low-temperature dryers

Dryers of this type are known as bulk or storage dryers. Drying and storage occur in
the same bin. They are the simplest artificial dryers consisting of increasing the air-
flow through the crop by means of a fan. Air at ambient conditions or air with its
temperature increased by up to 5 °C is used and the principle is that the crop gradually

reaches a moisture content in equilibrium with the air (McLean, 1989; Brook. 1992).

Drying a bin of grain with ambient air is possible if (a) the initial moisture content of
the grain is not excessive, (b) the average daily relative humidity of the air is not too
high, and (c) the airflow rate is sufficient (typically 1 to 3 m’/min.t). The
recommended maximum initial moisture contents of maize and wheat, and the
minimum airflow rates, for ambient-air drying under Midwestern U.S.A. conditions
are listed in Table 2. In the tropics, the initial moistures are lower and the required
airflow rates are higher (Liu et al., 1998). However, relative humidity of the air 1s not
always constant. It is normally higher during the night than during the day and is
affected by the ambient temperature (McLean, 1989). A primary task in the design of a
low-temperature dryer is the determination of the required specific airflow rate which
must be high enough to dry grain to a safe storage moisture content before spoilage

occurs (Brooker et al., 1992).
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TABLE 2 The maximum initial moisture contents and minimum airflow rates for the
ambient air drying of maize and wheat in Midwestern USA (Brooker et

al., 1992)
Grain type Moisture content, (%, w.b.) Airflow, (m3/m3.min)
_Maize .22 24
_ Wheat | R - R | 16
Wheat 16 0.8

ii) Medium-temperature dryers

These have been developed for situations where higher moisture extraction rates are
required. The principle on which the system operates is that warmer air is blown
through a bed of grain of control depth. Temperature rise of up to 14 °C is obtained

from either electrical, oil fired or any other sources (Hill, 1997).

iii) High-temperature dryers

High-temperature dryers are commonly rated for capacity on the basis of 10-point
moisture removal from maize, i.e. from 25 to 15 % moisture content wet basis
(Bakker-Arkema et al., 1995). They are employed for the drying of grain when high
drying capacities are required. There are three major types: (a) cross-flow dryers, (b)
mixed-flow dryers and (c) concurrent-flow/counter-flow dryers. These dryers are
unable to produce grain of the same high quality as low-temperature dryers. However,
in many cases a slight decrease in grain quality is acceptable to the end-user of the

grain (Liu et al., 1998).

Depending on the initial moisture content of the grain and the intended end-use, these
dryers may be used to reduce the time required for drying. The maximum air
temperatures are generally quoted for animal feed and they must be reduced
progressively if the grain is to be used for bread making, brewing or milling, or seed

purposes (Hill, 1997). These are listed in Table 3:
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TABLE 3 Maximum air temperatures for drying maize (Hill, 1997)

Purpose Maximum air temperature (°C)
_ Seed . . S
Starch B 3
Animal feed | 82

Notes: These temperatures must be modified according to initial moisture
content of drving grain. They should be lower than the maximum whenever
possible in order to reduce the risk of damage.

Bakker-Arkema and Salleh (1985) reported typical drying air temperatures used in
high-temperature grain dryers for maize in the USA and China. Table 4 contains
values of the temperatures measured in maize dryers at elevator/grain-depot sites in the
USA and China. Clearly, the concurrent-flow dryers operated at the highest
temperature and the crossflow dryers at the lowest temperature. The disparity in
operating temperatures between those measured in the USA and China is due to the
different heat sources used in the two countries: natural gas in the USA and coal in

China.

TABLE 4 Typical drying-air temperatures employed in different maize-dryer
types in the USA and China (Bakker-Arkema; Salleh, 1985)

Drver Type USA (°C) China (°C)
Concurrent-flow 205290 - 150-160
Mixed-flow . 130-140 o 120-150
Crossflow ~ 8-120 ....%-120
Steam dryer - 130 - 140

b) Dryers classified by movement of grain

i) Batch-in-bin dryers

They are dryers in which the same quantity of grain remains during the drying
operation and no grain is removed until the required grain moisture content is attained
or until drying is completed (ESCAP, 1995). With this type of dryers, drying and
storage of grain occur in the same bin (when air of low temperature is used) or in
separate bins (when air of high temperature is used). The bin has a fully perforated
floor. A dryer of this type usually has high capacity fan or fans, and possibly loading
and unloading equipment, grain spreader and stirrer (Brook. 1992). When the fan(s)

and a bin of a certain diameter have been selected, the airflow to the bin is a function
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of depth of grain in the bin. In essence, the operator controls the airflow (and specific

airflow rate) by the amount of grain added into the bin (Brooker et al.,1992).

The high-temperature batch-in-bin dryers can dry one or two batches per day, with
typical volumes up to 500 t (Brook, 1992). There are two types of batch-in-bin systems
being used in high-temperature in-bin drying (Brooker et al., 1992): on-floor bin-batch,
where the grain is dried on the false floor at the bottom of the bin (Figure 4) and roof
bin-batch, where the grain is dried on a cone-shaped perforated floor near the bin roof

(Figure 5).

Flat-bed dryers are the small capacity version of the batch-in-bin dryer types. They
have been developed for farm- or village-level use. Its capacity is of the order of 1 to 3
tonnes/day with drying times of 6 to 12 hours (Trim and Robinson, 1994). As the name
of this method implies, a shallow bed of grain is dried to the desired average moisture
content in a perforated-floored bin, with subsequent removal to storage (Watson,
1987). They are among the first type of small-scale dryers that existed in the humid
tropics. By using easily available and inexpensive materials, their structures are usually
simple and easy to operate with unskilled labour (Trim and Robinson, 1994
Tumambing. 1995). In order to prevent excessive moisture gradient through the bed.
the depth of grain in the bin is relatively shallow (0.4 - 0.7 m) and the air velocity 1s
usually of the order of 0.08 to 0.15 m/s for maize and 0.15 to 0.25 m/s for paddy (Trim
and Robinson, 1994).

The temperature of the air used in the flat-bed dryers is usually selected according to
the desired safe storage moisture content of the grain (Trim and Robinson, 1994).
Tumambing (1995) reported that the drying air temperatures, for paddy, is kept below
43 °C to minimise fissuring and maintain seed viability. In the 2 tonne flat-bed dryer
(Figure 6), developed by the University of the Philippines at Los Banos during the
early 1960s, drying air flowrate of 12.7 m’/min.m” of drying floor area is used to dry
wet paddy from 24 % moisture content down to a safe storage level of 14 % in about 8

hours.
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ii) Re-circulating batch dryers

These dryers are mostly portable and can be moved relatively easily from farm to farm.
They were designed to re-circulate grain during drying to improve their drying
capacity and to avoid the problems of moisture gradients experienced with the bin
dryers. The dryer is normally a self-contained unit with annular (ring-shaped) drying
chamber around a central plenum chamber (a fan and heater) and a central auger for
transporting the grain from the bottom to the top. The grain is discharged from the top
when drying is complete (Brooker, 1992). Tumambing (1995) claimed that re-

circulating batch dryers are a hybrid of batch and continuous flow dryers.

iii) Continuous-flow dryers

These dryers can be considered as an extension of the re-circulating batch dryers
(Brooker et al., 1992). In some systems, the grain is removed from the bottom, cooled,
and then conveyed to tempering or storage bins. There are four categories of
continuous-flow dryers (Figure 7) based on the way in which grain is exposed to the
drying air: cross-flow, counter-flow, concurrent-flow and mixed flow. The air and
grain move in perpendicular directions in crossflow dryers, in parallel directions in
concurrent-flow dryers, and in opposite direction in counterflow dryers. The flow of
the air and grain in mixed-flow dryers is a combination of crossflow, concurrent-flow,

and counterflow.
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Barker-Arkema et al. (1995) reported that the choice of particular type of dryer is
frequently based on the initial cost, rather than on technical factors such as energy
efficiency and grain quality. This has led at times to the employment of inappropriate
dryers. and to the production of inferior-grade grain and also the consumption of
excessive fossil-fuel energy. For instance, it has been shown that the modern crossflow
dryers do not dry grain uniformly; but they are suitable for drying maize as feed, and
less expensive than mixed-flow dryers and concurrent-flow dryers (Barker-Arkema et
al., 1995). For the drying of rice (and maize for food), mixed-flow and concurrent-flow
dryers are recommended because of their superior grain-quality characteristics. The
concurrent-flow models have, in general, the best energy efficiency (Barker-Arkema et

al., 1995).

2.2.3 Two-stage drying and dryeration

Two-stage drying is normally applied for high temperature dryers. Brooker et al.
(1992) noted that this method of drying can increase dryer capacity and efficiency by
discharging the grain from the dryer before it is cooled. It is an on-farm practice that is

used in three drying processes: dryeration, immediate cooling, or combination cooling.

Dryeration has become an accepted practice by grain processors who export large
quantities of maize (Brooker et al., 1992). It is a combination of the terms drying and
aeration. This process involves drying with a high-temperature dryer, tempering and
finally cooling. The grain is usually dried from about 22 - 28 % moisture content in a
high-temperature batch or continuous-flow dryer to an intermediate moisture content
of 18 - 20 %, and then moved hot to an in-bin dryer. After tempering for 6 to 8 hours,
it i1s finally dried slowly and cooled with ambient air. The main advantages of this
drying technique are the increased drying capacity and the improved energy efficiency
and grain quality (Liu et al., 1998). White et al. (1982) reviewed the use of
“dryeration” process to allow the hot grain from the dryer to temper for a period of
time before being slowly cooled and the authors found that the technique significantly

reduced the incidence of stress cracks.



Chapter2: Literature review 22

2.3 Grain quality

Grain quality has become an increasingly important issue in the grain trade world-wide
due to the increased export competition and more stringiest food-safely demands
(Maier, 1994). It is, however, a nebulous term because its meaning depends on the type
and the end use of the grain (Brooker et al., 1992). The sale of the product generally
depends on the economic laws of supply and demand. Thus when the product is sold
the needs of both buyers and sellers must be met. Such needs may vary in respect to
quality, which may be evaluated differently by the potential buyers (de Lucia and
Assennato, 1994). The commonly desirable properties of shelled maize, according to

Brooker et al. (1992) are:

(1) appropriately low and uniform moisture content

(2) high bulk density or test weight;

(3) low percentage of foreign material

(4) low percentage of discoloured, broken, heat-damaged, and shrunken
kernels

(5) low breakage susceptibility

(6) high milling quality

(7) high oil content and recovery

(8) high protein content

(9) high nutritive value

(10) high viability

(11) low mould count

(12) low carcinogen content

(13) low insect damage

The relative importance of these properties varies considerably according to the end
user. The maize grower is usually interested in the grain seed of high viability; the wet-
miller is interested in maize of high starch yield, high oil recovery and high protein
quality; the cattle feeder is interested in maize of low mould count and high nutritive
value; and the grain dealer focuses mainly on grain with low and uniform moisture
content, low percentage of stress crackage, low susceptibility to breakage and high test

weight (Brooker et al., 1992).
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2.3.1 Grain physical properties

a) Moisture content

Moisture content (MC) of grain denotes the quantity of water per unit mass of either
wet or dry grain, usually expressed on a percentage basis. It plays a crucial role in
post-harvest processing and is associated with most of the induced grain characteristics
(Trim and Robinson, 1994). Moisture content is not an intrinsic quality factor but it
does have a significant influence on quality, processing properties and on economics
(Watson, 1991). Determination of moisture is an essential step in quality evaluation of
cereal grains and products of their processing and the behaviour of grain in both
storage and during milling depends to a great extent on its moisture content. Moisture
content also influences the keeping quality of flour and bakery products. The
behaviour is also influenced by other factors such as temperature, oxygen supply,
history and condition of the grain, length of storage and biological factors such as

moulds and insects (Lorenz and Kulp. 1991).

The initial moisture content of maize at harvest may be as high as 40 % and the
maximum safe storage level is about 13.5 %. However, cob maize of up to 20 %
moisture content may be stored in ventilated bins or cribs (Hill, 1997). MC is the

overall major factor determining the storage behaviour of grain.

Grain moisture content (wet and dry basis) are generally defined as (Brooker et al.,

1992, McLean, 1989; Hall, 1980):

M weight of water

I cvcnisnsssssamsvvons G

wh T

weight of undried grain

weight of water
MC.. =— x 100 (3)
' weight of dry matter

To convert moisture content from wet basis (MCyyp.) to moisture content dry basis
(MCyyp) and vice versa, Equations (4) and (5) should be used (Brooker et al., 1992,
McLean, 1989; Hall, 1980):
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100 M
mc,, =100XMC., (4)
>~ J00-MC,,
mc,, =100xMC,, (5)
* 00+ MC,,

Both indices of MC can be determined by indirect and direct methods in which the
moisture content of the product must be maintained from the time the sample is
obtained until the determination is made. In indirect methods, the measurement of an
electrical property of grain (either conductance or capacitance) is required. They are
cenerally used when purchasing and selling grains. Direct methods, on the other hand,
which are mostly used in laboratories, determine the amount of water in the grain by
removing the moisture from the grain (Brooker et al.. 1992). The two most common

laboratory methods are:

- Oven methods - Several oven procedures are available for moisture
determination. Two procedures are generally used: (1) grind the grain and dry in the
oven from 1 to 2 hours at 130 °C; and (2) place the whole grain in the oven at 103 °C
for 72 to 96 hours. The amount of weight loss is calculated and the moisture content of

the grain can be determined using equation (3) (Brooker et al., 1992).

- Distillation methods - the moisture is removed by heating the grain in oil and
either collected volume or weight of water removed from the grain in condensed
vapour is determined. In the Brown-Duvel distillation method, the whole grain is
weighed and placed in oil. The oil is heated and the evaporised moisture is condensed
and measured in a graduated cylinder (Brooker et al., 1992). The Brown-Duvel method
was once a standard procedure but is no longer used. having been superseded by

electronic meters (Christensen et al., 1992).

b) Bulk density

Bulk density (BD) or test weight (TW) of grain is the weight of grain in a given

volume, usually expressed as kilograms per hectolitre (kg/hl) (Hardacre et al., 1997). It
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affects the bin volume required to store a certain tonnage of grain. For example, a
decrease in test weight of maize from 708 kg/m3 to 643 ]-;g/m‘: means that the storage
volume has to be increased by about 10 % in order to store the same mass of grain
(Brooker et al., 1992). BD has been accepted in the past as a measurement of grain
hardness (Watson, 1991). It is also a measure of grain size and shape and kernel
structure and integrity as influenced by disease, frost damage, cracking and other

factors leading to grain deterioration (Brenton-Rule et al., 1998).

Bulk density has been included in grading quality standards since 1918 (Stroshine et
al., 1986). Paulsen and Hill (1985) reported the results of commercial dry milling runs
in which high bulk density maize with low breakage susceptibility gave a higher yield

of flaking grits than low bulk density maize with high breakage susceptibility.

Bulk density of grain usually increases during drying process as its moisture content
decreases. The increase depends on (1) the degree of kernel damage, (2) the initial
moisture content, (3) the temperature reached by the grain during the drying process,
(4) the final moisture content, and (5) the grain hybrid. However, bulk density is not
considered as a reliable indicator of grain quality and no consistent correlation have
been established between a high bulk density value and favourable end use properties

in the United State grain market (Brooker et al., 1992).

Grain bulk density is hybrid dependent (Hardacre et al., 1997), and thus hybrids with
inherently lower average bulk densities are not necessarily of poor quality. However,
their potential uses in the marketplace will differ from those of a hybrid with a high
bulk density. Hybrids with low bulk density may suit the wet milling or animal feed
industries while those of high bulk density have potential for dry milling. Brenton-
Rule et al. (1998) suggested that for bulk density to be useful as a quality indicator,
each hybrid must have its own specifications. End-users should assess which hybrids
are suitable for their operations, then establish critical bulk density levels relative to

hybrid performance.

To determine kernel density of maize grain, Kirleis and Stroshine (1990) weighed 100
kernels and measured the volume of 95 % ethanol displaced by the weighed maize

sample. The authors, later on, used AACC method 55-10 to determine the grain bulk
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density in pounds per bushel and converted to kilogram per hectolitre using the factor
1.2875 in their study. Joshi et al. (1993) and Jain and Bal (1997). on the other hand,
used a standard hectometre vessel to measure bulk densities of pumpkin and pearl
millet grains. They filled the vessel with clean grains and gently tapped five times to
cause the grains to settle. After initial settling, the hectometre vessel was further filled
with grains and again tapped twice. A sharp edge flat was used to remove excess

grains to level the surface at the top of the vessel.

¢) Stress cracks and breakage susceptibility

Stress cracks in maize grain are internal fissures in the kernel endosperm which may
not be open at the surface underneath the pericarp. They originate at the centre of the
floury endosperm and propagate radially outward, toward the kernel periphery along
the boundary of starch granules (Gunasekaran et al., 1985). A typical maize kernel
stress crack has a maximum width of about 58 + 14 um (Brooker et al. 1974). Their
formation is caused by stresses inside the kernel, resulting primarily from differential
zones of moisture content as water moves from the interior of the kernel and
evaporates at the surface during high temperature drying (Watson, 1991). Gunasekaran
and Paulsen (1985) reported that several factors such as grain moisture content, grain
temperature, thickness of horny endosperm, maize genotype, and temperature of

drying air affect percentage of stress-crack kernels.

A measurement of the tendency for the maize kernels to break is a significant quality
attribute. Stress-crack evaluation can be useful not only to detect maize that has been
dried rapidly, but also in predicting increases in fine material that may be expected
from breakage during handling (Thompson and Foster. 1963). Highly stress cracked
maize may likely yield less recoverable starch than sound kernels (Gunasekaran et al.,
1985), always causes low germination and reduces market value due to likely insect
and microbial attack (Thompson and Foster, 1963). Dry millers expect a lower yield of
the more valuable large grits in maize dried with a high percentage of stress cracks.
During wet milling, kernels with stress cracks and subsequent broken kernels steep
more rapidly and lose part of their starch in the steep water before the sound kernels

steep adequately. Also. the protein in the endosperm of severely stress-cracked kernels.



Chapter2: Literature review 27

due to high kernel temperatures during drying, is case-hardened which makes

separation of protein and starch more difficult (Almeida-Dominguez et al., 1998).

The most common problem associated with stress cracking is breakage susceptibility
of the kernels. As the number of stress cracks in maize increases the susceptibility to
breakage also increases (Litchfield and Fortes. 1982: Thompson and Foster, 1963).
Breakage susceptibility of grain is defined as the potential for kernel fragmentation or
breakage when subjected to impact forces during handling and transport, (AACC,
1983). Gunasekaran and Paulsen (1985) noted that because maize grain may be
handled as many as 20 times from harvest to export, buyers (domestic and foreign)
prefer grains that are resistant to breakage during handling. Breakage resistance of
maize can be defined as the ability of the kernels to safely withstand various stresses

during conditioning, handling and transportation.

Breakage is important because small fragments affect the price by influencing the
grade factors of test weight and broken corn and foreign material (BCFM). Small
kernel pieces plus BCFM segregate during bin filling and create resistance to air flow
in the stored grain. Without adequate air movement to control temperature and
moisture. the segregated material will promote the development of moulds and insects

(Martin et al., 1987).

Methods proposed to measure breakage susceptibility can be classified into two
groups: (1) subjective methods that measure the extent to which whole kernels develop
stress cracks, and (2) methods that measure the amount of cracked grain formed when
whole grains are impacted or ground (Miller et al., 1981). At present a candling
procedure is used to manually inspect maize kernels for presence of stress cracks. For
maize, a 150 W light source is used in a box with a small glass covered opening and
individual single kernels are held with the germ side over the light. The stress cracks
are then classified as single, multiple and checked (i.e.. kernels with two or more
intersecting cracks). However, this process takes considerable amount of time and
effort and tend to be less accurate owing to fatigue of the human eye if large samples
are involved (Gunasekaran et al, 1985). Stress cracks can also be visible by x-ray and

scanning electron microscope techniques (Brooker et al.. 1992).
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Kirleis and Stroshine (1990), on the other hand, used a Stress Crack Index (SCI, %) to

assess the severity of stress cracking in artificially dried maize:

SCI= SCK+3 MCK+5CHK (6)

Where
SCK = single cracked kernels (%)

MCK = multiple cracked kernels (%)
CHK = checked kernels (%).

Their results indicated that SCI of the dried maize grain increased to maximum values
as the drying temperature went from 27 to 60 °C, remained about the same at 60 and

82 °C, and decreased at 93 °C.

In order to provide rapid and reliable methods of estimating the potential for breakage
during subsequent handling, several devices for measuring breakage susceptibility
have been developed and used (Gunasekaran, 1988). Ultimately, the devices may be
also useful for predicting the relative value of maize for end uses such as dry milling

(Paulsen and Hill, 1985).

Although many devices measure breakage susceptibility, the Stein Breakage Tester
(SBT) has been used frequently (Stroshine et al., 1986). The Stein breakage tester is
generally considered to be the most suitable device for determination of breakage
susceptibility of maize. It is the device recommended for use by AACC Method 55-20
(AACC, 1983). In the test, a 100 g sample is placed in a 9 cm-diameter steel cylinder
and an impeller centrally located in the cylinder and rotating at 1790 rpm throws the
kernels against the sides of a container for 2 min. After that, the sample is screened on
a 4.76 mm round-hole sieve; the maize remaining on the sieve is weighed, and the

weight loss is expressed as the percent breakage of the sample (Brooker et al., 1992).

d) Hardness of grain

Hardness of grain is defined as resistance of grain to grinding (Martin et al., 1987). It

is related to the protein content and kernel physical properties including kernel density,
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bulk density, and the ratio of hard to soft endosperm. It is also related to storability,
attack by storage insects, breakage susceptibility caused by drying, storage, handling,
or processing (milling characteristics, power requirements, dry and wet milling yields),

production of special foods, and the grain classification (Watson, 1987).

It is of great significance to producers, processors, and workers in grain trade. Maize
dry millers seek a maximum amount of endosperm recovered as large grits. Selection
of maize lots on the basis of kernel density, bulk density or breakage susceptibility can
significantly improve flaking grit yields. Similarly. varietal differences in dry-milling
quality among commercial hybrids have been demonstrated. with “hard” hybrids
exhibiting more desirable milling characteristics (Pomeranz et al., 1984). Kirleis and
Stroshine (1990) reviewed that food maize processors also prefer “hard™ hybrids which

usually exhibit more desirable milling characteristics than the “softer” one.

The Stenvert Hardness Test (SHT) has been reported as a useful tool for measuring
kernel hardness. Brenton-Rule et al. (1998) recommended SHT for testing maize grain
attributes in New Zealand. Samples with high Stenvert hardness values are more
reliable in dry milling and give higher grit recovery. The authors stated that the SHT
determines the hard:soft endosperm ratio of grain samples and, by inference, an
indication of the milling potential. Grain hardness is dependent mainly on hybrid, but

is also affected by agronomic practices and climate (Brenton-Rule et al., 1998).

Pomeranz et al (1985) described a SHT using 20-g maize samples which were ground
in a Glen Creston Type 4 micro-hammer mill, and using a 2.0-mm aperture screen and
a hammer speed of 3.600 rpm. The time required to collect 17 ml of whole meal,
measured to the nearest 0.1 sec, was used as a measure of grain hardness. Martin et al.
(1987) summarised the information usually recorded in a SHT and their

interpretations:

1. Time (s): resistance to grinding;

2

. Column height: height in receptacle (mm) of freshly ground product;

(¥

. Volume C/F: Coarse to Fine particle ratio determined by height of freshly
ground corn in the receptacle; visual distinction was made by yellow colour

of horny endosperm):
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4. Weight C/F: Coarse to Fine particle ratio determined by weight of sieved
fractions; particles larger than the 0.71-mm sieve opening were coarse and
mostly endosperm; particles smaller than the 0.5-mm sieve opening were

fine and mostly starch.

2.3.2 Nutritive quality and chemical properties

For a vast majority of the world population, cereal-based foods are the major source of
energy and nutrients. In the North American diet, cereal foods provide about 20 — 25 %
of total energy. Cereal grains do not contain vitamin B12, and they are low in certain
important nutrients. However, they are the major source of several of the

approximately 40 different nutrients we need for good health (Ranhotra, 1991).

Hoseney (1994) stated that cereal grains store energy in the form of starch and amount
of the starch varies but is generally between 60 and 75 % of the weight of the grain.
Thus much of the food that humans consume is in the form of starch which is an
excellent source of energy. The author also stated that protein of cereal grains is also
an important nutrient in human diet. The type and amount of protein is important from

a nutritional standpoint.

Because maize is one of the main food and feed grains, its nutritive value 1s a very
important quality factor. The high starch content is an energy source for humans,
ruminant and non-ruminant animals (Brooker et al., 1992). The chemical components
and nutritive value of maize do not lose their susceptibility to change when the grain is
harvested. Subsequent links in the food chain, such as storage and processing, may
also cause the nutritional quality of maize to decrease significantly or, even worse,
make it unfit for either human and animal consumption or industrial use (FAO, 1992).
Grain constituents such as proteins, sugars and gluten may be adversely affected when
the grain attains excessive temperatures. The feeding value of grain can be lowered if it
is inadequately dried. It was found that high-temperature drying of feed grain reduced
its feed value in non-ruminants but not in ruminants. The decrease in the feed value of

maize dried at high temperatures was attributed mainly to the deleterious heating effect
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on several amino acids in the proteins of maize, particularly on lysine (Brooker et al.,

1992).

2.3.3 Grain viability

Grain viability is defined as the capacity of grain to germinate under favourable
conditions provided that any dormancy in the grain is broken before testing for
germination (Basu, 1994). Seed grain requires a high proportion of individual grains

with germination properties (Bakker-Arkema and Salleh, 1985).

The viability of grain is directly linked to the temperature attained by grain during
drying. The types of damage associated with the use of excessive heat during the
drying of grain include loss of viability, the production of abnormal seedlings, internal
cracks, split grain coats and discoloration. In some grains, rapid drying leads to the
shrinking of the grain coat which becomes impervious to the movement of moisture.
This is known as case-hardening, a condition which can prevent further drying and can

produce dormant seeds (Brooker et al., 1974).

Thompson and Foster (1963) found some relationship between stress cracks and seed
germination. A high percentage of checked or crazed kernels in maize sample almost
assure low germination. However, the absence of stress cracks did not assure high
viability, since low germinating power may be caused by conditions other than those

that cause stress cracks.

Grain destined for use as seed must be dried in a manner that preserves the viability of
the seed. Drying temperatures must be kept below a certain maximum temperature to
avoid damaging the germinating ability of grain seeds. Seed embryos are killed by
temperature greater than 40 - 42 °C and therefore low temperature drying regimes must
be used. It is essential that batches of grain of different varieties are not mixed in any
way and therefore the dryer and associated equipment used must be designed for easy
cleaning. In this respect simple flat-bed dryers are more suitable than continuous-flow

dryers (Trim and Robinson, 1994).
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2.3.4 Mould growth

Cereal grains are hosts to a large number of different types of microflora. These
include the types that invade the grains as well as those that are surface contaminants.
The most important of the microflora, as far as grain storage is concerned, are the
fungi, which grow at a much lower interseed relative humidity than other microflora
(Hoseney, 1994). Seed-born pathogens rarely kill the seed, but may cause seedling
stunting or abnormalities, reduced plant growth and lowered crop yields (Hampton,

1994).

The extent of contamination by moulds is largely determined by the temperature of the
grain and the availability of water and oxygen. Moulds can grow over a wide range of
temperatures, from below freezing to temperatures in excess of 50 °C. In general, for a
given substrate, the rate of mould growth will decreases with decreasing temperature

and water availability (Coker, 1994).

Certain nutritional factors are destroyed in mouldy cereal grains and feeds (Pomeranz,
1992). Many changes in maize grain quality are linked to the growth of mould and
other micro-organisms. Mould growth causes damage to individual grains resulting in
a reduction in value. It impairs sensory characteristics. nutritional value and functional
properties (in milling, baking, malting, etc.) of the grain, and may result in production
of a variety of mycotoxins (FAO, 1984). The rate of development of micro-organism is
dependent on the grain moisture content, grain temperature, and the degree of physical
damage to individual grains (Hill, 1997). A high percentage of maize in Guatemala, for
example, was found contaminated by fungal growth because of the high moisture level
in storage. The seed germination capacity was almost completely or totally destroyed

(FAO, 1984).

Rainfall during ctritical phases of crop development can, for example, lead to mould
contamination and mycotoxin production (Coker, 1994). In post-harvest handling, on
the other hand. drying too slow can lead to mould growth in high moisture content
grain, rapid loss of vigour and eventually germination loss. Drying too fast, however,
can cause cracking and splitting (including internal cracking), case hardening,

discoloration and loss of germination and vigour (Hill, 1997).
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2.3.5 Grain safety (as food material)

Implications of hygienic and nutritive deterioration have been studied only to a limited
extent and are poorly defined, partly because the effects of feeding deteriorated stored
products are sometimes difficult to demonstrate. However, consumption of cereal
grains infested by insects or mites may cause digestive or similar ailments. Workers
handling infested commodities have been affected by skin rashes and various kinds of
dermatitis from the presence of insects or mites or of their cast-off skins, hairs, or

excreta (Pomeranz, 1992).

There have been many reports on the formation of toxic compounds in mould-
damaged foods and feeds. A diet containing mouldy oilseed meals may retard the
growth of poults. Oxidation of unsaturated fatty acids in damaged grain is involved in

the appearance of muscular dystrophy in pigs (Pomeranz, 1992).

Mycotoxin contamination of foods and feeds affects the marketing and utilisation of
grains, because mycotoxins may cause or contribute to human and animal health
problems. Mycotoxins are fungal metabolites that are toxic to animals, and
mycotoxicoses are diseases resulting from ingestion of toxic fungal metabolites
contaminating the food or feed supply (Wilson and Abramson, 1992). Under certain
circumstances mycotoxin development can be a particular hazard. A variety of animal
management problems and disease symptoms have been observed as a result of
ingestion of mouldy maize. Among the major problems encountered in farms are
diarrhoea, milk reduction, unthriftiness, lack of weight gain and general food refusal.
Moreover, an extensive outbreak of apparent human aflatoxicosis in India involved
mouldy maize; affected were 400 people and over 100 deaths were reported (FAO,
1984).

Since the occurrence of mould (such as mycotoxins) on grain is a consequence of bio-
deterioration, it follows that the mould problem is best addressed by controlling those
agents (temperature, moisture and pest) which encourage spoilage. In overall,
appropriate post-harvest handling (such as cleaning, drying and storage) of grains does
present many opportunities for controlling the mycotoxin production (Coker, 1994).

However, despite the best efforts of the agricultural community, mycotoxins will
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continue to be present in a wide range of foods and feeds. Consequently, strategies are
required for the removal of mycotoxins from grains. Currently, two approaches are
utilised; namely, the identification and segregation of contaminated material and,

secondly, the destruction (detoxification) of the mycotoxin(s) (Coker, 1994).

2.4 Grain quality grade standards

Because every buyer or user of the grain is not interested in the same quality factor,
general criteria of the grain quality must be established and accepted by all parties in
the grain trade. The most appreciable measurement is called “grain quality grade
standards”. The term “standard” in this context, according to Clarke and Orchard
(1994), refers to the measures that serve as a basis for making comparisons or judging
the accuracy of unknown samples. According to Brooker et al.(1992), the purposes of

“grain quality grade standards™ are to:

(1) facilitate marketing,
(2) identify economic factor important to end users. and

(3) reflect storability.

However, the grain quality factors considered in the standards for a grain species are
not the same for every country. Tables 5, 6 and 7 below illustrate the grade standards

for maize in some major corn-exporting countries (the United States, Argentina and

South Africa):

TABLE 5 Grade standard for yellow corn in the United States (Brooker et al., 1992)

Grade Factor No.1 No.2 No.3 No.4 No.5*
Moisture’ max. %) | 140 155 175 200 230 |
Test weight (min. Ib) 560 540 520 49.0 46.0
BCFM (max. %) | 20 30 40 = 50 7.0
Heat damage (max. %) 0.1 02 05 1.0 3.0
Total damage (max. %) 3.0 5.0 7.0 10.0 15.0

“ Quality below No.5 on any factor is labelled “‘sample grade”
® Excluded from the standard since 1987
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TABLE 6 Grade standard for dent corn in Argentina (Brooker et al., 1992)

. Maximum Percent Allowable
Grade Factor No.1 No.2 No.3 No.4
Damaged kernels 30 50 80 120
Brokenkernel | 2.0 30 5.0 30
Foreign material 1.0 1.5 1.5 2.0

TABLE 7 Grade standard for dent corn in South Africa (Brooker et al., 1992)

~Maximum Percent Allowable
Grade Factor No.1 No.2 No.3
Defective corn kernel 9.0 200 30.0
Other coloured corn kernel 20 30 5.0
Foreign matter 0.3 05 075
Sum of the above three defects 90 20.0 30.0
Pink corn 12.0 12.0 12.0

These three countries distinguish differently between broken corn, damage and foreign
material. The Argentinean standard separates foreign materials (i.e. all non-maize
particles), broken kernels, and damaged kernels (i.e., fermented. sprouted, mouldy,
burned); the broken kernels are those passing through a triangular hole 3.17 mm on
each side. The South African standard combines the mouldy kernels with the broken
pieces passing through a 6.35 mm round-hole sieve, and defines this quality as
defective corn. In the United States, the broken corn is combined with the foreign
materials into the BCFM (Broken Corn and Foreign Material) factor that contains all
material in a sample passing through a 4.76 mm round-hole screen. Thus, the
numerical grades of the three countries for corn cannot be compared directly (Brooker

et al., 1992).

2.5 Evaluation of dryer performance

Postharvest losses of grain, due to delayed or improper drying or lack of drying
facilities, are still high especially when harvesting coincides with rainy season.
However, as it was stated earlier, drying operation must not be considered as merely
the removal of moisture since many grain quality attributes can be adversely affected

by incorrect selection of drying conditions and equipment (Trim and Robinson, 1994).
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Performance evaluation of existing or new dryers is therefore critical to facilitate the

selection of drying parameters to ensure optimum grain quality.

Poor or defective drying facilities or incorrect drying procedures may result in very
fast drying rate, incomplete drying and uneven moisture re-absorption within the grain
mass. Improper drying results in high cost, low efficiencies, high milling losses, poor

quality of the grain or reduced germination capacity of the dried seeds (ESCAP, 1995).

Increasing emphasis on grain quality and energy conservation has created a need to
develop drying systems that will deliver a better quality product with lower energy
consumption for drying (Gustafson et al., 1978). In the design and utilisation of grain
dryers it is important to understand the effects of drying parameters such as drying air
temperature, drying time, air flow rate, tempering time and temperature on quality of

the dried grain (Abe et al., 1992).

Evaluation of performance of grain dryers and understanding the effects on grain
properties are, therefore, very important to satisfy the need of grain producers, grain
traders, grain processors and grain users. There are two broad criteria for evaluating

dryer performance, namely operational performance and effects on dried grain quality

(ESCAP, 1995). These will be briefly reviewed in the following sub-section.

2.5.1 Operational performance

a) Drying efficiency

The drying efficiency of the drying operation is an important factor in the assessment
and selection of the optimum dryer for particular task. There are three groups of factors
affecting drying efficiency: (a) those related to the environment, in particular, ambient
air conditions; (b) those specific to the crop; and (c) those specific to the design and

operation of the dryer (Trim and Robinson, 1994).

There are several different ways of expressing the efficiency of drying. Adeyemo

(1993) reviewed that drying efficiency (expressed in terms of fuel efficiency, sensible



Chapter2: Literature review 37

heat utilisation efficiency and drying efficiency) are very important consideration in
dryer selection. Drying efficiency (DE) is based on how well a drying system converts

sensible heat to latent heat which can be expressed as follows:

DE:%XIOO%:MXIOO% .............................. 7

WF x HVF
Where
HU = heat utilised for moisture removal (kJ)
HA = heat available for moisture removal (kJ)
WWE = weight of water evaporated (kg)
LHV = latent heat of vaporisation (kJ/kg)
WF = weight of fuel utilised (kg)
HVF =heat value of fuel (kJ/kg)

b) Drying capacity

Arinze et al. (1996) defined drying capacity (DC) of a dryer as the rate at which the
wet product can be dried to specified moisture content while the dryer is operated at
specified drying conditions. The capacity is one of the most important factors in
designing and utilisation of grain dryers. Decision making by purchasers or operators
of grain dryers would be simplified if manufacturers or designers used common
criteria to describe the performance of their products (McLean, 1989). For instance,
what weight of maize at 25 % moisture content can be dried to 14 % when drying air
temperature is 58 °C. If the capacity of the dryer is inadequate, an extreme possibility
encountered in practices would be that: (a) harvesting will be delayed to the extent that
grain will be overripe and shattered, or (b) its moisture content rises in the field and
thus additional fuel or energy will be required to dry it when eventually it is harvested
or (c) the grain that have been harvested will be deteriorated when drying has to be
delayed or (d) the amount of grain to be dried is very small comparing to the high

capacity of dryers.
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¢) Specific total energy consumption

ESCAP (1995) defined the specific total energy consumption as the total energy used
per kilogram of water evaporated. The utilisation of the world’s reserves of fossil fuel
is a controversial subject which makes it appropriate that the energy requirements of
grain drying systems are considered when new installations are planned (McLean,

1989).

d) Labour requirements, ease and safety of operation

Good design of grain dryer should not be very complicated to operate nor require
many workers or operators. It is also necessary for the design and operation of grain
dryer to be carried out safely by those who operate. or have reason to visit grain drying
(McLean, 1989). ESCAP (1995) listed the ease and safety features and hazards,

relating to operation of grain dryers, which are of the following:

1/ fire and electrical hazards

i/ unguarded power transmission shafts, belts, pulleys, etc.
i1/ noise level

iv/ unusual vibration

v/ dust emission control

vi/ ease or difficulty of loading and unloading grain

vii/ ease or difficulty of making adjustments

viii/ ease or difficulty of cleaning and repairing parts and

i1x/ other significant operational. safety and hazardous features of the dryer.

¢) Economic performance

It would be of great benefit if artificial or mechanical dryers could be designed and

managed in ways to reduce or minimise their capital and drying costs. It is obvious that

wide-spread introduction of grain dryers can not be avoided in the near future in many
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countries. However, to be successful the dryers would have to be economical in its
capital and running (or drying) costs (Ofoche et al., 1991). To achieve this goal, dryers
should be designed taking full consideration of costs, local environmental conditions,

and skill and material available.

Despite the utilisation period of most of the grain dryers are only a few weeks per year,
variation in the capital cost of grain dryers and their specific energy consumption do
exist. It may be necessary to calculate the worthwhile factors of purchasing an
expensive dryer with low fuel or energy consumption by contrast with a less expensive
one (McLean, 1989). In India, for instance, an important reason for not using dryers is
their high initial costs. Most of the commercially available dryers are designed to suit
the needs of the processing industry and their output capacity is therefore far above the

needs of individuals, or even of farmer groups (Shukla and Patil, 1988).

The major expenses with grain dryer is for fan(s), motor(s) and heated air system
(Hall, 1980). Cost of fuel and/or power for drying grain is dependent greatly on
weather conditions. The cost of drying grain with unheated or heated forced air varies

greatly with atmospheric temperature, humidity, and grain moisture content (Hall,
1980).

2.5.2 Effects on dried grain

Drying process has been known to the quality of the dried grain. Damage to grain may
be caused by either drying it too slowly or too rapidly. If grain is dried too slowly and
for too long a period, undesirable deterioration such as mould growth occurs. When
grain is dried too rapidly, a different type of damage also occurs. Hardacre et al. (1997)
argued that damaged maize grain includes all the kernels and the pieces of kernels that
are heat damaged, sprouted, frosted. severely ground or weather damaged, diseased, or

otherwise materially damaged.

Previous studies have shown that maize grain dried from higher moisture content
cracked and broke easier than those that dried from lower moisture content (Thompson

and Foster. 1963: Ross and white, 1972; Weller et al., 1990). Ross and white (1972)
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concluded that moisture content prior to drying affected stress crack formation in dried
maize. Higher grain initial moisture content increased the incidence of cracking in
dried grain. Thompson and Foster (1963) also observed that the percentage of maize
kernels with stress cracks decreased from 97.8 to 93.2 % as moisture content prior to

drying decreased from approximately 30 to 20 % (w.b.).

Fast drying, hence high drying rate and capacity, can normally be obtained by using air
of high temperature and flowrate. Rapid drying, however, makes grain more brittle and
more subject to damage when handled. Extremely rapid drying results in grain of
reduced bulk density with kernels that are enlarged or puffed. If grains is dried at high

temperatures, discoloration and other kinds of heat damage may occur (Foster, 1973).

Thompson and Foster (1963) found that internal damage was frequently the
consequence of high-temperature drying process and as the number of stress cracks in
the maize grain increased the susceptibility to breakage increased. When handled and
transported, the kernels with stress cracks break more readily than sound kernels
leading to considerable amounts of broken grains and fine material. The authors also
reported that shelled maize dried with heated air at 60 to 115 °C was two to three times

more susceptible to breakage than the same corn dried with unheated air.

Peplinski et al (1994) reported that as air-drying temperature increased from 25 to 100
°C, maize kernel test weight and germination decreased, kernel breakage susceptibility
and percentage of floating kernels increased, and 100-kernel weight and stress-cracked
kernels were unchanged. Brooker et al. (1992) reported that the feed efficiency
(average daily gain, daily maize intake and feed/gain ratio of rats), and thus the
nutritive value of the maize, was affected when the grain was dried at 50 °C. They

became worst for the higher air temperature.

For each of the three maize hybrids (hard, intermediate, and soft), Kirleis and
Stroshine (1990) found that Stenvert hardness values remained relatively constant
when grain was dried at temperatures from 27 up to 60 °C. The hardness declined only
slightly, but not significantly, at the higher drying temperatures. At drying
temperatures of 60 to 93 °C. bulk density was significantly different among the three

tested hybrids and decreased in the following order: Hard > intermediate > soft. The
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authors concluded that Stein breakage susceptibility was primarily influenced by

hardness. Stein breakage was greatest for the soft hybrid and least for the hard hybrid.

2.6 Grain drying models

Systematic studies of grain drying characteristics would be needed to develop drying
prediction equations suitable for use in the modelling of the drying processes. One
useful relationship in grain drying is the heat balance equation (Brook, 1992), which
relates the heat used to evaporate water from grain to the heat loss from the drying air
as it reaches the grain temperature. The relationship assumes that there are no heat

gains or losses from the system. The heat balance can be written as follows:
Wy Xice X{Ty» To) = W XTMC, —=MU,) XL osciiivsmmmsmnnsismne s nonss (8)
Where

W, = mass (weight) of air (kg/h)

c. = specific heat of air (kJ/kg.”C)

T, = heated air temperature (°C)
T, =exhaust air temperature (°C)
W, = mass (weight) of grain (kg)

MC, = initial grain moisture content (decimal, d.b.)
MC, = equilibrium grain moisture content (decimal, d.b.) and

L = latent heat of vaporisation of moisture from grain (kJ/kg).

Based on the assumption that drying of grain in deep bed can be taken as the sum of
several thin layers, many researchers have used thin layer equation to predict drying of
grain in deep bed. Michael and Ojha (1978) stated one of the features of the thin layer
drying is that the grain depth is limited up to 20 cm. Thus, thin layer drying refers to
the drying of grain fully exposed to the ventilating air causing all grains to dry

uniformly throughout the drying layer.
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2.6.1 Thin-layer drying model

Thin-layer drying equations can be used for predicting the drying rate of grain as
affected by drying air temperature, air-flow rate, initial grain moisture content, and the
air relative humidity. They are also used to predict the length of time required to dry
the grain to the required moisture level, both in static and continuous cross-flow dryers

(Ofoche et al., 1991).

Numerous empirical and semi-empirical thin-layer drying models have been published
in the literature describing the drying behaviour of agricultural crops during convective
drying (Abe and Afzal, 1997). The most commonly used thin layer drying models are

described below:

a) The exponential model
This is a lumped model analogous to Newton’s law of cooling in heat transfer and 1S

often used to describe mass transfer in thin-layer grain drying:

_ MC-MC,

MR i
MC, - MC,

=exp( —kt) i (D)

Where
MR = moisture ratio
MC, = equilibrium moisture content (% d.b.)
MC,, = initial moisture content (% d.b.)
MC = moisture content at time t (% d.b.)
k = drying constant

t = drying time (h).

b) The Page equation
This is an empirical modification of the exponential model to include an additional

exponent (n):

MC - MC,
MESS 728 mpyod® | eccesseessaa i (10)
MC, - MC

a €
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Several researchers have successfully applied one or both of the exponential and Page
models to describe their test results for several crops including: maize (Allen, 1960; Li
and Morey, 1984; Misra and Brooker, 1980; Ross and White, 1972; Westerman et al.,
1973), peanut (Hummeida and Sheikh, 1989), and pecans (Chinnan, 1984).

Hummeida and Sheikh (1989) studied the effects of air velocity, drying air temperature
and relative humidity, and initial pod moisture content on drying characteristics of two
peanut hybrids. For the various drying conditions and based on the exponential model
the authors determined drying equations and the values of the corresponding drying
constants. The authors concluded that a general drying form, as shown by Equation
(11), predicted the drying performance of two peanut varieties with coefficients of
determination (R?) ranging between 0.981 and 0.998. The drying rate was affected

more by the drying air conditions than by the initial pod moisture content.

MC ={(MCs- MC,) exp (-Kt) + MC, = = < cocimicrmsmrsmmsmssenrorars (11)

Li and Morey (1984) dried 150-g sample of yellow dent maize in wire-mesh tray of
17.8 x 17.8 cm at 27. 49, 71, 93 and 116 °C. The authors used the Page model to fit the
experimental data while the time (t) was expressed in minute. The purpose of the
experiment was to determine thin-layer drying rates (as affected by drying air
temperature, airflow rate, initial moisture content, and relative humidity) and to
develop an equation that fits the data and is suitable for use in a deep-bed drying
model. The drying constants, k and n, for each drying temperature were determined

using linear regression on the transformed equation:

In(-inMR)=Ink+n(lnt) (12)

Data points having moisture ratios above 0.25 were used in the regression procedure.
Coefficients of determination, R*, were all greater than 0.98. General expressions were
found for k and n as functions of drying temperature (T in °C) for the five
temperatures. The regression analysis for k and n as a function of temperature, with an

adjusted R? of 0.997, yielded:
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k=2216x10% + LH3 x T 434355 10T ..o cenerssonennissis (13)
n=0.5409 + 1.498 x 10°T + 2.561 x I0°T? oo (14)

The authors also compared the moisture contents predicted by equation (12) with k and
n calculated with Equations (13) and (14), respectively. to the observed moisture
contents. There were generally good agreements between the observed and predicted

moisture content above 15 % (d.b.) with errors less than one percentage.

Based also on the Page model, Liu et al., (1998) reported that if the effect of initial
moisture content is considered, the air flow is from 0.1 to 0.5 m°/s/m° and relative
humidity (RH) of the drying air is from 5 - 40 %, the typical equations of the moisture

ratio (MR) for the drying rate of maize are:

MR=exp(-kt®) e (15)
k=1.091x102+2.767x 10° T> + 7.286 x 10° T.MCy oo (16)
n=05375+ 1141 x 10°MC,2 + 5183 x 10°T° e (17)

Where
k, n = drying coefficients
t = time (min)
T = heated air temperature (27 - 116 °C)

MC, = initial grain moisture content (23 - 36 % d.b.).

¢) The diffusion model
The solution depends on the initial and boundary conditions considered, on whether
the diffusion coefficient (D) is considered to be constant or to vary, and on the shape of

the grain (Shivhare et al., 1992):

MR = 6_, i—é—exp(—"hn;l)t) ...................................... (18)
b ] -
Where
n - integer
r -time (h)

r - equivalent radius of kernel (cm).
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This model was used by several researchers (Steffee and Singh, 1982; Bruce, 1985;
Shivhare et al., 1992) to characterise moisture diffusion of drying grain such as brown
and rough rice and maize. After drying their maize with microwave, Shivhare et al.

(1992) reported that the model was significant at the 0.0001 level with R*= 0.867.

d) Approximation of the diffusion models
The simplest approximate form of the diffusion model, when only one term of the

infinite series is used, can be represented by:

MR =Aexp (-Bt) (19)

Where A and B are constants to be determined using the experimental data. This model
has been used by Handerson (1974) and was observed to become effective after 2 to 3

hours of drying.

2.6.2 Fixed-bed or deep-bed drying model

In order to find the approximate moisture content at any grain depth in a fixed-bed
drying during drying, Hukill (1947) and Hukill (1974) developed and used classic
drying curves, called bulk-drying curves (Figure 8), at constant inlet-air conditions.
The author assumed that the energy required for evaporating moisture from the grain 1s

equal to the change in enthalpy of the air passing through the grain.

The unique terms of this simulation are: the moisture ratio (MR), the half-response
time (t*), the time unit (Y), and the depth factor (D). A mathematical expression for

the curves are given by the following equations:

MC - MC 2
MR = o e (20)
MC,-MC, 2°+2' -1
xp ,h, (MC, -MC, ) -
e () Trost)] | e
t
Y= e (22)

1*®
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Where
MC = observed moisture content (decimal, d.b.),
MC, = inmtial moisture content (decimal, d.b.)
MC, =equilibrium moisture content (decimal, d.b.)
£ = half-response time (is time when MR = 0.5 and is calculated from thin

layer drying equation)

t = the length of the drying time (min)

X = the grain depth (m)

Pp = grain dry matter bulk density (kg.m"ﬂ‘)

h, = heat of vaporisation (kJ.kg")

(7, = the ratio of airflow rate per unit bed area (m’min”'m™) and specific

volume of the air (mR.kg)
Cu = specific heat (kJ.kg".”C‘l)
T(in) = inlet drying-air temperature (°C)

T(out) = exhaust air temperature (°C).

Teter (1987), Brooker et al. (1992) and Trim and Robinson (1994) stated that the
curves are helpful in visualizing drying processes and the deep-bed model requires
minimum computation time. It is useful in approximating the drying rate of natural air
and low-temperature bin dryers. For the simulation of high-temperature drying, or
when greater accuracy is required, however, other models such as the Partial

Differential Equation model or the Heat-mass Balance model are recommended

(Brooker et al, 1992).
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MOISTURE RATIO

FIGURE 8 Deep-bed drying curves (Hukill, 1974)
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2.7 Summary of the literature review

Grains are important direct sources of food for humans and feed for farm livestock. As
they are produced on a seasonal basis, it is essential to store the grains for late
consumption for periods varying from one month up to more than a year. Grains are
often harvested at moisture contents that are too high for safe storage. Drying is the
most practised grain preservation method that enables grains to attain moisture content
sufficiently low to ensure good quality grain that is free of fungi and micro-organisms

and that has desirable quality characteristics for marketing and final use.

The drying conditions for specific grains and situations are many and varied. Drying
will take place under any conditions where grain is exposed to a flow of unsaturated air
5o that the grain will give up its moisture content. It is not possible to dry any grain
lower than the equilibrium moisture content associated with the temperature and

humidity of the drying air.

At present, there are many types of artificial grain dryers in addition to the natural
methods of drying in order to facilitate high drying capacity. Artificial grain drying
assists this objective by minimising weather effects on the harvest. At the same time, it
is generally agreed that improper drying is the major cause of high drying cost, low
efficiencies, and poor grain quality. Poor or defective drying facilities or incorrect
drying procedures may result in very fast drying rate, incomplete drying and uneven

moisture re-absorption within the grain mass.

Drying grain of high moisture content too slowly (as in sun or crib drying in inclement
weather or in deep bed with unheated air) provides conditions for: mould growth; rapid
loss of vigour and eventually germination loss; deterioration due to sprouting,
weathering and respiration heating; and discoloration all leading to both quantitative
and qualitative losses. Very fast drying accomplished using large volumes of high
temperature air, however, if carried through the completion, is likely to be inefficient
in energy use and liable to damage the grain by over-heating and/or over-drying. Fast
drying can cause cracking and splitting (including internal cracking). case hardening,

discoloration and loss of germination and vigour.
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Grain quality has become an increasingly important issue in the grain trade. Grain
quality grade standards have been used in many countries. They are the general criteria
of the grain quality established and accepted by all parties in the grain trade. The most
common grain quality attributes are: moisture content, density, Stress cracks or
breakage susceptibility, hardness, viability and mould contamination. However, the

relative importance of these properties varies considerably according to the end user.

Moisture content of grain denotes the quantity of water per unit mass of either wet or
dry grain. It plays a crucial role in post-harvest processing and 1s associated with most
of the induced grain characteristics. Determination of moisture is an essential step in
quality evaluation of cereal grains and products of their processing and the behaviour

of grain in both storage and during milling.

Density of grains is important in storage and transportation since it establishes the size
of container for either purpose. Bulk density (BD) or test weight (TW) of grains is
usually expressed as kilograms of grain per hectolitre (kg/hl). It was reported that high
bulk density maize with low breakage susceptibility gave a higher yield of flaking grits

than low bulk density maize with high breakage susceptibility.

Formation of stress cracks in maize grain is caused by stresses inside the kernel,
resulting primarily from differential zones of moisture content as water moves from
the interior of the kernel and evaporates at the surface during high temperature drying.
Stress cracks in grains have been found correlated well with the grain breakage
susceptibility. Their values are usually used to predict the possibility of grain being

broken when handled and transported.

Grain hardness is of great significance to producers, processors, and workers in grain
trade. It is defined as resistance of grain to grinding and is related to the protein content
and kernel physical properties including bulk density and the ratio of hard to soft
endosperm. It is also related to storability, attack by storage insects, breakage
susceptibility caused by drying, storage, handling, or processing. Hardness in maize
influences grinding power requirements, dust formation, nutritional properties,

processing for food products and the yield of products from dry and wet milling
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operations. Hardness of maize is genetically controlled, but it can be modified by both

cultural practices and post-harvest handling conditions.

Because maize is one of the main food and feed grains, its nutritive value is a very
important quality factor. Freedom of the kernel from fungi is recognised as a quality
characteristic. Certain nutritional factors are destroyed in mouldy cereal grains and
feeds. The extent of contamination by moulds is, largely. determined by the
temperature of the grain and the availability of water and oxygen. Appropriate
harvesting and handling cannot completely restore grain original nutritional value but
can do much to reduce fungal contamination of maize and can thus prevent the need

for chemical decontamination measures.

The design and operation of mechanical dryers which are cost-effective and efficient,
and which have minimum detrimental impact on grain quality is a major continuing
challenge for the cereal industry. Mechanical dryers are important for commercial
drying of grains and as aids for evaluating new cultivars and postharvest research.
Performance evaluation of new and existing dryer designs facilitates the optimisation

of dryer parameters, drying conditions and dried grain quality.
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Chapter 3
GENERAL MATERIALS AND METHODS

3.1 Background information

Two hybrids of yellow dent maize grain (250 kg each) named “Clint” and “Raissa”
which are hard and soft, respectively, were dried in three experiments using a
prototype flat-bed grain dryer. The experiments were designed to evaluate the
performance of the dryer and dried grain quality attributes as affected by different
drying, cooling and tempering conditions. The grains were obtained from the Crop and
Food Research Institute, Palmerston North, New Zealand. The “Clint” hybrid was
planted in October 1997, on the experimental site of the Crop and Food Research in
Palmerston North. The “Raissa” hybrid was planted in October 1997, in Aorangi,
Kairanga, in the Manawatu Region, New Zealand. The prototype dryer was designed

and constructed by the Crop and Food Research for research purposes (Meas, 1998).

3.2 Preparation of the grain materials

3.2.1 Harvesting

The “Clint” cobs were manually harvested in May and June 1998, and a tractor PTO-
powered single small husker-sheller (Haban, USA) was used to shell the grains at a
moisture content of around 22 %. (Note: All the grain moisture contents cited in this
thesis are on a wet basis if not otherwise stated). The “Raissa” was harvested and
shelled by a commercial combine harvester (John Deer, USA) in May 1998, at a
moisture content of around 24 %. The shelled grains were sealed in plastic bags on the
same day and put in plastic buckets with seal-able lids, to avoid moisture absorption,
and then stored at 5 °C. Since the grains of both hybrids were harvested at the moisture
contents no greater than about 25 %, physical damage caused by the combine harvester

and the husker-sheller was presumably minimal (Hardacre et al., 1997).
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3.2.2 Establishment of different moisture contents

The shelled maize grain were cleaned on June 25, 1998 using an office clipper tester
and cleaner (Model 400/c, Seedburo Equipment Company, IL, USA) to remove the
broken and/or foreign materials. In order to carry out the experimental work in the time
available, it was necessary to artificially dry or wet the grain to obtain three different
moisture contents (approx. 20, 25 and 30 %). For each desired moisture content, later
on called initial moisture content, the grain of each hybrid was divided into three lots

and treated as follows:

1) One lot was spread on large tables in thin layer (Approx. 1 cm depth) and
exposed to room temperature (natural drying) for about 24 hours in order to obtain
grain with 20 % moisture content. During the drying period, moisture content of the
grain was checked regularly using a portable calibrated grain moisture meter (Wile 20,

Ot-techdas Oy, Helsinski, Finland).

2) The second lot was thoroughly mixed with an appropriate amount of water
in order to obtain the grain with 25 % moisture content. Based on the relationship
between the volume of water per tonne of grain and the moisture content of grain as
shown in Equation (23) (McLean, 1989), the volume of water required to be added to

reach the desired moisture content was determined according to equation (24):

MC, -MC,
L =——————2x1000 (23)
100 - MC,
MC, -MC,
¥V s, ~————as s 85 R s ]
100 -MC,
Where
V,and 'V = volume of adding water (l/t and ml/g, respectively)
My =original weight of grain (g)

MC; and MC, = desired and initial moisture content of grain, respectively (%)
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3) To obtain the grain with 30 % moisture content, the third lot was soaked in fresh
water for 3 h and 20 min (for the “Raissa™) and for 4 h and 15 min (for the “Clint”).
During the soaking periods, grain samples were withdrawn; drained; wiped (using
tissue to remove water from the grain surface) and assessed regularly for moisture

content, using the same grain moisture meter.

When the desired moisture content was achieved, the grain in each lot was thoroughly
mixed, sealed in plastic bags and put in plastic buckets with lids for further storage at 5
°C. Until drying could be conducted, each bucket containing grains was turned up-side
down once a day to assist in maintaining uniform grain moisture content. The grain
samples were taken out of the cool store and equilibrated at room temperature (approx.

20 °C) for about 2 hours prior to drying.

3.3 Testing equipment
3.3.1 The prototype flat-bed grain dryer

The prototype flat-bed grain dryer (Figures 9 and 10) has four main parts: a centrifugal
fan powered by an electric motor; a heating section consisting of eight 2-kW electric
heaters; a central plenum chamber and three removable rectangular boxes used as
drying bins. Each of the drying bins consists of a vertical column 40 x 40 x 40 cm with
the capacity to hold about 40 kg of maize grain. The sides of the bins are made of sheet
metal and the bottoms are made of metal mesh. The heating section and the plenum
chamber are made of sheet metal and insulated with 5-cm thick fibreglass to minimise

heat loss to the surroundings.

Drying air temperature and flowrate can be set using an electric-relay system (Grain
Dryer Controller, Gewiss GW46006, Electro-engineering Ltd., Palmerston North, New
Zealand) that controls the speed of the fan motor and number of heaters operated for
particular drying condition. The dryer can produce drying air of up to 130 °C, and the
maximum airflow of about 0.22 m/s. When operating, the fan propels drying air into
the plenum chamber. The air passes through heaters in the heating section and then to
drying grains in the bins through the perforated metal floors. For cooling, ambient air

is also propelled by the fan into the chamber and then through the grain when the
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FIGURE 9 Schematic diagram of the prototype flat-bed grain dryer

FIGURE 10 The prototype flat-bed grain dryer
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heaters are automatically switched off. Cardboard with a round hole (90 mm-diameter)
in the middle was used to cover each drying bin. The hole facilitates measurement of

the flowrate and temperature of the exhaust air.

3.3.2 The Stein breakage tester

The breakage tester (Figure 11) was designed and constructed by the Crop and Food
Research Ltd. based on the Stein breakage tester. It consists of a cylindrical cup (the
test chamber into which a steel impeller fits with a small clearance between the bottom
and sides), an electric motor (0.2 hp, Class E120). a stop-watch system and an electric
fan. When testing, the impeller (driven by the electric motor at 1320 rpm) rotates and
throws sampled grain against the inside wall of the cylinder. The stop-watch system
cuts the power supply from the tester at the end of a predetermined set time (in this
case 6 min) and the fan blows air to cool the motor in order to keep the tester at a

constant temperature for long testing period.

3.3.3 The Stenvert hardness tester

This tester is also owned by the Crop and Food Research Ltd. and has been used for
experimental purposes (Li et al.. 1996). The main part of the tester (Figure 12) is a 14-
690 micro hammer-cutter mill (Type 5. Glen Creston Ltd.. Stanmore, Middlesex,
England) with vertical straight-in feed and plunger for bulkier and light-weight
materials. There is a swinging hammer mill with a grooved grinding chamber in the
machine. A 2-mm aperture particle screen was fitted to the chamber during this study.
The mill was equipped with a computerised data logging system to log the
instantaneous electric power consumption (the power used by the tester to mill whole
grain sample) and the resistance time (the time taken to mill 17 ml of meal) during the
milling test. Based on the results of several studies, Hardacre et al. (1997)
recommended breakage tester and the hardness tester for analysing maize grain quality

in New Zealand.
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FIGURE 11 The Stein breakage tester. (From left to right: stop-watch system, test
Chamber — top view, and test chamber — side view)

FIGURE 12
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3.4 Grain quality tests
3.4.1 Moisture content and bulk density

Before drying. initial moisture contents of all grain samples were measured using the
oven method (72 hours at 103 °C) in three replications. After drying, each sample was
measured for its moisture content (%) and bulk density (kg/hl) in three replications
using a computerised grain analysis system (DICKEY-John GAC2000, DICKEY-John
Corporation, Illinois, USA ). Calibration of the machine for moisture was checked

using oven-drying techniques.

3.4.2 Breakage susceptibility

The breakage test used in this study was developed by the Crop and Food Research as
an objective and quantitative measurement of physical damage in grain caused during
drying or storage (Hardacre et al., 1997). Breakage susceptibility of the grain dried
under each particular drying condition was determined in three replications using the
above described grain breakage tester. After checking for moisture content, with the
DICKEY-John moisture meter, dried grains were divided using a grain divider (Model
H-3985, Humboldt MFG.Co, Norridge, IL, USA) to obtain a 50-g sample of whole
(unbroken) grain kernels for one breakage test. The divisions were carried out

repeatedly until the convenient working sample size was reached.

Each sample was subjected to breakage in the tester for 6 minutes and then manually
sieved using a 4.75 mm-aperture sieve (Pattern No. 667924, Endecotts Ltd., London,
England) to separate the fine material and broken kernels from sound kernels.

Breakage susceptibility (BS) was determined as follows:

W, W,
BS —H-"“[—XIOO% ................................. (25)

§
Where W, = weight of fine material which passed through the sieve (g)
W, = weight of broken grains which remained on the sieve but were
split through germ and became smaller than half size of the kernels (g)

W, = sample weight (g)
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Similar methods had been used by many researchers (Thompson and Foster, 1963;
Kirleis and Stroshine, 1990; Weller et al., 1990; Fortes and Okos, 1980; Miller et al.,
1981).

3.4.3 Hardness

The test was conducted in three replications based on the method used by Li et al
(1996). The hardness of all the dried samples was determined using the Stenvert
Hardness Tester by setting the mill speed for 3.600 rpm. when unloaded. Each time, a
20 g-sample, obtained by the same sampling method as used for breakage test, was
ground in the tester and the resistance time and energy consumption were recorded by
the computerised data logging system. Each sample was dropped into the mill when
the speed indicator of the tester steadily showed 570 to 572 rpm (there is a
transmission system inside the tester). At this point, the computer program also gave a

green note saying that the tester was ready.

After dropping sample into the mill, the computer system recorded the resistance time
until the ground meal reached a marked level of a receptacle (to contain 17 ml) which
was placed right under the mill chamber. At that time a key of the computer’s
keyboard needed to be pressed. When the electric power of the mill was below 7
Watts, the milling stopped and the grinding energy was determined by integration of

the area under a power versus time curve produced by the data logging system.

Li et al. (1996) reported that the milling energy and resistance time were the most
effective Stenvert Hardness Test parameters for assessing grain hardness. The authors
concluded that the Stenvert hardness test was proven to be a quick and simple method
of comparing the endosperm hardness of diverse maize hybrids at constant moisture
content. In addition, the test had the benefit of measuring large number of kernels in

each test so providing a better estimate than tests based on single kernels.

Since the dried maize samples ranged in moisture content from 12.53 to 14.27 %.. the
quality test results had to be corrected to 14 % moisture content using formulas

developed by the Crop and Food research Ltd. The breakage and hardness testers were
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calibrated by testing a standard sample two times during each day of testing. All the

uality tests were conducted at room temperature (approx. 18 °C).
q y P PP

3.5 Data analysis

Treatment effects were statistically analysed for variance using SAS package (version
6.12) and treatment means were separated using the Duncan Multiple Range Test
(Steel and Torrie, 1980: Ganesh, 1998). Where appropriate, the moisture ratio of dried

grain was modelled using relevant thin-layer drying model.
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Chapter 4
EXPERIMENT I

Determination of the effects of grain initial moisture content
and drying air temperature on dryer performance

4.1 Introduction

As reviewed in Chapter two, the initial moisture content of maize at harvesting may be
as high as 40 % and the maximum safe storage level is 13.5 % (Hill, 1997). Grain
drying, which has been used since early civilisation to preserve it for food, is therefore
necessary to achieve the desired storage regime. However, it must also be remembered
that rapid dryving of grain especially of high moisture content at a high temperature, as
well as sudden cooling, can provoke damage to the dried grain such as cracking and

breaking during their handling and milling (de Lucia and Assennato, 1994).

Previous studies have found that moisture variation of drying grain strongly influences
the drying capacity. Maize grain dried from higher moisture content cracked and broke
easier than that dried from lower moisture content (Thompson and Foster, 1963;

Weller et al., 1990).

Fast drying, hence high drying rate and capacity, can normally be obtained by using air
of high temperature and flowrate. Drying air temperature has the most significant
effect on drying rate of all variables studied over their respective ranges (Li and
Morey, 1984). Increase in drying rate equally increased the drying efficiency
(Adeyemo, 1993). Increasing drying temperature, however, increases the incidence of
grain damage (Brooker et al., 1992; Gunasekaran and Paulsen. 1985: Gunasekaran et

al., 1985; Peplinski et al., 1989; Peplinski et al., 1994;: Thompson and Foster, 1963).

Likewise, Hardacre and Pyke (1998) stated that poorly controlled drying conditions, or
rapid drying at high temperatures can damage the grain, causes unwanted chemical
changes by cooking the grain. alters the physical characteristics by causing stress
fractures, lowers bulk densities and cause voids in the endosperm. This damage is

associated with:
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- reduction in the mechanical strength of the grain which can be measured
using a mechanical impact (MI) test. A low MI value (<10 %) indicates that
drying conditions were acceptable. If the drying conditions are too aggressive,
either due to high temperatures in the dryer or rapid cooling, MI values will be

high (20 %).

- changes in grain quality will also be reflected by changes in bulk density
(BD) of grain. If the BD of the grain following commercial drying is about 1.5
kg/hl less than the predicted BD (Equation 26), the grain decreased in quality in
dryer due to internal fracturing and the formation of small voids in the grain.
Generally, this may result when the dryer is operated at too high a temperature
for the given moisture content of the wet grain. During careful drying, the BD

of the dried grain may exceed the calculated BD.

The bulk density of the wet grain samples (BD,,) can be corrected to bulk density at
the dry grain moisture content (BDy) using Equation (26), where MC, and MCy are
initial and final moisture contents, respectively. (Hardacre et al., 1997; Hardacre and

Pyke, 1998: Brenton-Rule et al., 1998) :

BDi=BDy +0.3X(MCp-MCy) = e (26)

Despite being used for research purposes for some time, the prototype flat-bed grain
dryer designed and constructed by the Crop and Food Research, Ltd. has not been
properly evaluated. The specific performance of the dryer and its drying effects on

dried grain quality are not known.

4.2 Research aim and objectives

The overall aim of this study was to investigate the potential of the new prototype flat-
bed grain dryer to achieve minimum reduction in dried grain quality with maximum
capacity, efficiencies and minimum energy consumption under different drying

conditions. The specific objectives were to:
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* Determine the effects of grain initial moisture content and drying air temperature on
drying time, drying rate, dryer capacity, drying efficiency and dryer energy

consumption;

* Quantify the effects of grain initial moisture content and drying air temperature on

quality attributes of the dried grain.

4.3 Experimental design and methodology
4.3.1 Methodology

Drying was conducted in July 1998. Yellow dent maize grain of two hybrids (“Clint”
and “Raissa”) at three initial moisture contents (approx. 20, 25 and 30 %) were dried at
three drying air temperatures (58, 80 and 110 °C) in three replications. The flowrate of
the drying air was set constant at 0.16 m/s for all the drying treatments but it was
automatically doubled during cooling when the temperature of the cooling air,

indicated by the dryer system, reduced to 25 °C.

During each drying run, a 5-kg sample of one hybrid at one moisture content was dried
in one of the three drying bins. The depth of the drying sample was approx. 5 cm. A
100- to 150-g grain sample in each drying bin was put in a small metal-mesh bag and

put in with the bulk to dry all together in the bin (Figure 13).

During the drying process, the small metal-mesh bags containing the grains were taken
out of the drying bins every 10 minutes and weighed in order to monitor the moisture
content of the drying samples. The initial and transient weights of the mesh bags were
recorded onto a computer software that can calculate and display the actual moisture
content, a “moisture versus time” curve for drying process, approximate total drying
time and time needed to complete the drying. Drying was stopped when the moisture
contents of the samples were reduced to predetermined values: 16 % at 110 °C, 15.4 %
at 80 °C and 14.6 % at 58 °C. These target moisture contents have been set higher than

the final moisture content due to further water losses can occur during cooling.
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FIGURE 13 Grain samples being dried in the system
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As the samples in the three drying bins did not reach the target moisture contents at the
same time, wooden boards were inserted under the drying bins to stop the drying air
getting into the bins when the samples reached the predetermined value. Cooling, by
blowing the ambient air through the samples, was started for all the three bins when
the last sample reached the target moisture content and continued until the temperature

of the exhaust air reduced to approx. 26 °C.

Apart from the drying with the dryer, grain samples of each hybrid were also dried at
the room temperature (approx. 20 °C) from each of the three initial moisture contents
to serve as control. A sample of 1 kg was put in a perforated tray, spread in thin layer
(approx. 1.5 cm) and left in the laboratory for about one week until the moisture
content equilibrated with the room environment. All the dried samples were, after that,
put in heavy paper bags and stored at room temperature (approx. 18 °C) for about two

weeks prior to their quality (bulk density, breakage and hardness) measurements.

Other parameters, such as the temperature and humidity of the ambient air; the
temperature of the heated air: the temperature and flow of the exhaust air and the
electric power consumed by the dryer, were also measured and recorded during the
drying process. The temperature and the humidity of the ambient air were measured
and recorded, every 5 minutes, by the Cambell Scientific CR10 data logger placed
beside the drying system. The temperature of the heated air was read from the dryer
control system, every 2 minutes at the beginning of drying until it reached the setting
point (58, or 80, or 110 °C) and during the cooling process until it reduced to 26 °C.
This setting temperature was shown constant for other drying time. The flow of the air
exhausted from the grain was measured and recorded at the same time as for the heated
air, using a turbo meter, or wind speed indicator, (Davis Instruments, California, USA)
placed over the holes of the drying bin covers. The temperature of the air was
measured and recorded, every 10 minutes, using thermocouple immersion probe
(model 80PK-2A. type K. John Fluke Mfg. Co., Inc., Washington, USA) placed 20 cm

above the dried grains - right under the holes of the drying bin covers.

The power consumption for each drying run was read and recorded three times: at the

beginning (x,); when the sample in any drying bin reached the target moisture content
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(x2); and at the end of the cooling process (x3). The power consumed by one of the

drying bins (PCB) was estimated as follows:
1
PCB=§[(x2—x,)+(x_,—x2L)] ......................................... (27)

Where x; is the power reading when the sample in the slowest drying bin reached the

target moisture content.

4.3.2 Data analysis

a) Dryer capacity and drying rate determinations

The drying capacity (DC) of a dryer is the rate at which the wet product can be dried to
a specified moisture content while the dryer is operated at specified drying conditions
(Arinze et al., 1996). For each replication, the DC (kg of moist grain per hour) was

determined using the formula below:

w
DC:?x60><nb .............................................. (28)

Where
W = weight of grain in one drying bin (5 kg in this study)
T =drying time (min)

n, = number of drying bins (3 in this study)

The average drying rate (ADR), expressed in kg of water removed per hour, for each

drying run was determined using Equation (29) (Appendix A) :

MC, - MC

ADR = M x LX60XR, e (29)
00xT

Where
M = dry matter of grain in one drying bin (kg)
MC, = grain initial moisture content (% d.b)
MC; = moisture content of the grain at the end of drying (% d.b.)
T =drying time (min)

n, =number of drying bin (3 in this study).
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As the grain moisture content was recorded at 10-min interval, the drying rate (DR-
expressed in kg of moisture or water removed in one hour) at each 10-min interval was

determined using the following formula:

DR:RX%X60><% U (30)
Where
R = weight ratio of the grain in one drying bin (5000 g) and of the
grain in metal mesh bag (g)
W, = weight of grain in a metal mesh bag at the beginning of a 10-

minute interval (g)
Wi, 10 = weight of grain in a metal mesh bag at the end of the 10-min
interval (g)

n, = number of drying bin (3 in this study).

b) Dryer efficiency

According to Adeyemo (1993), the efficiency of dryers may be expressed in terms of
fuel efficiencies, sensible heat utilisation efficiency and drying efficiency. Based on
how well the drying system converts sensible heat to latent heat, drying efficiencies for
this study (namely heat utilisation factor (HUF), coefficient of performance (COP),
and total heat efficiency (THE)) were determined in percentage based on the formulae
stated by Hall (1980) and Aguilar and Boyce (1966) and used by Chakraverty and
More (1983):

HUF =27 e 100 e 31)
td _ta
t 4

COP=""t 100 (32)
td _ta
td - tc

THE = 100 e (33)
td _taw

Where

1, =dry bulb temperature of the ambient air (°C)
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t; = dry bulb temperature of the heated air (°C)
1, = dry bulb temperature of the exhaust air (°C)

t.w = wet bulb temperature of the ambient air (°C).

¢) Drying models

Since the depth of grain dried in each drying bin was approx. 5 cm, the following Page
models for thin-layer drying were chosen to characterise the drying rates of the two
maize hybrids. Michael and Ojha (1978) stated one of the features of the thin layer

drying is that the grain depth is limited up to 20 cm.

Firstly, the drying rates were modelled based on generalised relationships between the
drying constants (k and n) and drying air temperature (T) and initial grain moisture
content (MC,) when the air relative humidity varies from 5 to 40 % as stated by Liu et

al. (1998) (see Appendix B) :

MR = exp ( -kt") e, (34
k=1091x10°+2.767x 10°T> +7.286 x I0°T.MCpy o.oooooooooooe (35)
n=0.5375+ 1141 x 10°MC,” +5.183 x 10°T° oo, (36)

Where
k, n = drying coefficients
t = time (min)
T = heated air temperature (27 - 116 °C)

MC, = initial grain moisture content (23 - 36 % d.b.).
Secondly, values of the drying constants (k and n) were determined for each drying
condition using linear regression on the transformed equation of The Page model

(Misra and Brooker, 1980 and Li and Morey, 1984) (see Appendix C) :

In(Fin MR)=Imk+nflnt] = = = .ocinsisssannisasiemnn (37)
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d) Statistical analysis

Data were analysed statistically based on factorial design using the SAS package
(Version 6.12) and treatment means were compared using the Duncan Multiple Range

Test (Section 3.5).

4.4 Results
4.4.1 Effects of grain initial moisture content and drying air temperature on the
dryer performance

a) Drying time and dryer capacity

There was no significant difference between the grain hybrids for both drying time and
drying capacity (Table 8). The grains were dried from any moisture content to the
predetermined level in shorter time by increasing the drying temperature. The longest
drying time was approx. 4 h and 30 min for drying the “Clint” from the highest
moisture content (approx. 30 %) at the lowest temperature (58 °C). The shortest time
was about 45 min when both hybrids were dried from the lowest moisture content

(approx. 20 %) at the highest temperature (110 °C).

The data also indicate that the dryer capacity varied inversely with the drying time and
significantly with the grain initial moisture content and the drying air temperature. The
dryer could dry the grain of up to approx. 20 kg/h from 20 % moisture content using
110 °C air temperature. This capacity decreased for the higher grain moisture contents
and the lower air temperatures. The differences of time and capacity, as affected by the

moisture content and temperature, were not significantly different between the two

hybrids.

There were significant interactions (P < 0.05) between the drying air temperature and
grain initial moisture content on drying time and dryer capacity, indicating that the
effects of the drying air temperature was affected by the grain initial moisture content.
As the grain moisture content increased, the differences of the drying time for each air
temperature increased. The capacity of the dryer dropped as the initial moisture
contents increased from 25 to 30 % and the drop was higher at low grain initial

moisture content.



TABLE 8 Effects of grain initial moisture content and drying air temperature on drying time (min)
Tempe Clint Raissa
-rature Moisture content, % _ Moisture content, %
'C 20 25 ; 30 Mean 20 ! 25 ; 30 Mean
58 9533 £5.33 196.33 £8.09 | 270.67 +16.75 | 187.40 +26.01° 9733 +581 | 173.67+928 | 236.67+11.62 169.20 + 20.66"
80 50.67 + 3.28 97.00 £ 7.37 | 139.67+9.26 95.78 + 13.33" 54.33 £2.60 94.00 +5.29 134.67 £6.12 94.33 + 11.85"
110 4533133 | 7233167 87.33 £ 1.45 68.33 +6.19° 48.67 +0.67 70.67 £ 2.73 85.33 +7.88 68.22 + 5.85°
Mean | 0378814 | 121901922 | 16590 +27.82° | 11719 13.83" | 66.78+790°  112.81 = 1591° | 152.2222.71" | 110,59  11.50" |
TABLE 9 Effects of grain initial moisture content and drying air temperature on dryer capacity (kg/h)
Tempe Clint Raissa
-rature Moisture content, % ‘ Moisture content, %
°C 20 25 30 Mean 20 25 30 Mean
58 9.50 £ 0.50 4.60 +0.18 3:35 +0.21 5.82 +0.95° 931055 | 5.21+027 . 3.82x0.19 6.12 +£0.84°
80 |1791+1.12 938+0.69  650+044  1127+1.76" | 1664079  9.63+053 | 671£030 | 1099 +1.50"
110 |1988+057 12462029  1031+0.17 | 1422+146° |18.50+025  12.77 £0.48 1072+0.96  14.00 1.21°
Mean | 15.76 + 1.64 881 +1.16° | 6.72 +1.02° 1043+ 1.05" | 14.82 + 1.43° 921+1.12° 7.00 +1.04° | 10.3?2_:-3:“.0,-93‘-‘- .

significantly different at 5 % level.

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not

69
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b) Drying rate

The drying temperatures significantly affect the average drying rate (Table 10). The
dryer produced a higher drying rate when the hybrids had a higher initial moisture
content or at a higher drying air temperature. However, the resulting drying rates were

not significant different between 25 and 30 % grain initial moisture contents.

As the initial moisture content increased, the drying rate for “Clint™ hybrid at 58 °C did
not increase much (from approx. 0.58 to 0.70 kg/h). It increased from approx. 1.25 to
1.53 kg/h and from approx. 1.49 to 2.38 kg/h, at 80 and 110 °C-air temperatures,
respectively, as the moisture content increased from 20 to 25 %. The drying rate
decreased slightly as the moisture increased from 25 to 30 % (to approx. 1.42 and 2.31
kg/h, respectively). The drying rate for the “Raissa” had the same trends at 58 and 80

°C but it increased all the time, at 110 °C, as the moisture content increased.

For both hybrids, higher drying air temperatures produced significantly higher drying
rates. The drying rate for the “Clint” and the “Raissa” of 25 and 30 % moisture
contents were approx. 1.50 and 1.7 kg/h in average and were significantly higher than
the drying rate for the grain of 20 % moisture content (approx. 1.11 and 1.33 kg/h,
respectively). Between the two hybrids, the average drying rates (approx. 1.37 and

1.59 kg/h, respectively) were not significantly different.

Figure 14 shows the trends of the drying rate for grains of different moisture contents
dried at different drying air temperatures. The plots are means of the three replications.
The drying rate initially increased with the drying time, reached a peak (after 20 min)
and then decreased until it reached its minimum value at the end of the process. This is
due to the initial heating of the grain to the equilibrium drying air temperature and the
consequent variation in the moisture content across the interior section of the grain
kernel. The plots also show the drying rate was higher for the grain dried at higher air

temperatures.
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TABLE 10 Effects of grain initial moisture content and drying air temperature on drying rate (kg/h)

Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
1 20 25 30 , Mean 20 ‘ 25 | 30 ‘ Mean
58 0.58+0.04  0.68+0.03  0.70£0.05 0.65+0.03° 0.73 £ 0.06 0.80+0.05 086+0.04  0.79+0.03°
80 [125+0.13 153015 1422011  140£008" |143£0.12 164012  159+0.10  1.56+0.06"
110 1.49 +0.06 23820.12 231+£043 12.06+0.19° 1.81 £0.12 255015 |293£0.33 - 2.43 +£0.20°
Mean | 1.1120.14" 1532025 | 148=027° [1.37%0.13"° | 1.33+0.17°  1.67+026° | 1.79+0.32" [ 159015

TABLE 11 Effects of grain initial moisture content and drying air temperature on dryer energy consumption (kW)

Tempe Clint Raissa

-rature Moisture content, % Moisture content, %
i 20 25 30 Mean 20 25 | 30 ~ Mean
58 | 180+022 331£012  482+0.09 331+044" [1.53+035 3.09+£009 407+ 040  2.90+040°
80 |122+017 2562006 [380+0.10 [253x038" |127+0.12 248+035 356%022 243z 0.35%
110 | 1112009 1 193+£010 [ 296+0.11 | 200£027 |[1.06+0.13 1.93+002  3.00£0.09 | 2.00£0.28"

Mean | 138 20.14° 1260=x021° | 386+027° [2.61£023° |129+0.13° [250+020° 3.54+021" |244+021°

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not
significantly different at 5 % level.
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¢) Energy consumption

The energy consumed by the dryer was significantly affected by the initial moisture
content of the grains and the drying air temperature. The consumption of the dryer was
high when drying any of the two hybrids with high moisture contents, especially at low
drying air temperature. Within each moisture content, the energy was reduced when

higher temperature was used (Table 11).

The dryer used the largest amount of drying energy (approx. 5 kWh) when drying the
“Clint” hybrid from 30 % at 58 °C. The smallest amount of energy (approx. 1 kWh)
was used to dry any of the hybrids from the lowest moisture content at the highest
temperature. From the lowest moisture content, the energy used to dry the “Clint” at
110 and 80 °C were almost the same and was not far from the energy consumed by the
dryer at 58 °C. The differences between the energy consumption of the dryer at each
drying temperature increased with the initial moisture content. In average, the energy
taken by the dryer to dry the “Clint” (approx. 2.61 kW) seemed to be higher than to dry
the “Raissa” (approx. 2.44 kW) but the statistical analysis indicates that they were not

significantly different.

d) Drying efficiencies

There were some effects of the grain initial moisture content and drying temperature
on the drying efficiencies determined by the Heat Utilisation Factor (HUF), the
Coefficient of Performance (COP) and the Total Heat Efficiency (THE).

i/ Heat Utilisation Factor :

HUF was not significantly affected by the grain initial moisture content when the dryer
dried the hard “Clint” hybrid, but the factor was significantly affected by the drying air
temperature (Table 12). The highest air temperature (110 °C) caused the significant
highest HUF (approx. 42.4 %) for the drying system compared with the two lower air
temperatures. The HUF values reduced to approx. 23.6 % at 80 °C and, further, to

approx. 20.5 % at 58 °C but they were not significantly different.



Chapter 4: Experiment I 74

For the “Raissa” hybrid, on the other hand, the HUF value was significantly the
highest (37.2 %) when the moisture content was the lowest (20 %). Between the other
two moisture contents (25 and 30 %), the HUF values of approx. 32.9 and 31.6 %,
respectively, were not significantly different. The three drying temperatures
significantly affected the HUF. It increased with increasing the drying temperature.
The maximum HUF of the dryer was approx. 48.2 % when drying the “Raissa” from
20 % moisture content at 110 °C. The average HUF for the dryer when drying the
“Raissa” hybrid (approx. 33.9 %) was significantly higher than the average HUF for
the dryer when drying the “Clint” hybrid (approx. 28.8 %). These indicate that the

dryer had fairly low heat utilisation efficiency.

it/ Total Heat Efficiency :

In this study, the THE of the dryer was partly affected by the grain initial moisture
content and the drying air temperature (Table 14). For “Clint” hybrid, THE was not
significantly affected by the different moisture contents, but was significantly affected
by the temperature. The 110 °C produced the highest THE (approx. 41.4 % in average)
which was significantly higher than the THE produced at 80 or 58 °C (approx. 22.8
and 19.4 % in average, respectively). These two latest values were not significantly

different.

For the “Raissa” hybrid, the THE of the dryer when drying the grain of 20 % moisture
content was significantly higher (approx. 36.2 in average) than the THE when drying
other two higher moisture contents. The THE increased significantly from approx.
23.30 to 43.87 % with the drying temperature. The average THE produced by the dryer
when drying the “Clint” and the “Raissa” hybrids of approx. 27.8 % and 32.8,

respectively were significantly different.



TABLE 12 Effects of grain initial moisture content and drying air temperature on heat utilisation factor of the dryer (%)

Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
°’C 20 ; 25 | 30 Mean 20 25 30 Mean
58 2346547 1752+1.59 | 2037+4.03 2045% 2.19" | 27.65+1.15 12479+£1.59 2150+1.46 24.65+1.14°
80 2766 +1.59 2180+141 | 21.32+3.00 | 23.60=+ 1.47° | 35.82 +3.05 130.41+1.04  3046+270 3223 +1.51
110 |4550+4.18 4028 +3.59 4134+205 4237+1.87" |4824+226 4351+098 4295+1.13 4490+ 1.15"
Mean | 32.21 +3.95" 26.53 £3.69°  27.68 +3.76" [28.81£2.16° | 37.24 +3.20° | 32.91 +2.84" | 31.64 325" [33.93+1.78" |
TABLE 13 Effects of grain initial moisture content and drying air temperature on coefficient of performance of the dryer (%)
Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
°C 20 | 25 | 30 Mean 20 | 25 ‘ 30 ___ Mean
58 76.54 £547 8248 +1.59 79.63+4.03 | 79.55+2.19" | 7235+ 1.15 | 7521+159 7850+146 7535+1.14°
80 7234159 7820+ 1.41  78.68+3.00 7640+ 1.47" | 64.18 +3.05 69.59+1.04 6954270 | 67.77+1.51°
110 |5450+4.18 5972+359 58.66+205 57.63+1.87" |51.76+226 5649+098 57.05+1.13 55.10+ 1.15°
Mean | 67.79 +3.95° | 7347 +3.69" | 72.32+3.76" |71.194£2.167 | 62.76 +3.20° | 67.09 + 2.84" | 68.36 + 3.25" | 66.07 + 1.78"

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not
significantly different at 5 % level.
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TABLE 14 Effects of grain initial moisture content and drying air temperature on total heat efficiency of the dryer (%)

Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
% 20 25 ‘ 30 Mean 20 25 i 30 Mean
58 2248 +526 1624158 1936+3.97  19.36+2.15" [2631+0.92 23.09+1.42 2050127  23.30 + 1.04°
80 2701 £156 20.88+1.27 2042+2.84 22.77% 1.46" | 34.95+2.96 12932+1.15 129354259 {3120+ 1.51°
110 |44.58+4.05 39.10+3.53 14037+1.95 41.35+1.85" [47.32+2.18 42.29+0.89 |42.02+1.17  43.87+1.15"
Mean | 31.36 £3.90° 2541 £3.68  26.71+3.74" | 27.83%2.15° | 36.19 +3.24° 31.57+2.89" 30.62+3.25 |32.79% 180"

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not
significantly different at 5 % level.
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4.4.2 Effects grain initial moisture content and drying air temperature on
quality attributes of dried grain

a) Bulk Density

Analysis of variance for change in bulk density shows that grain bulk density was
significantly affected by interaction of the grain initial moisture content and the drying
air temperature. However, the density of the two maize hybrids decreased as the

moisture content and drying temperature increased (Table 15).

The bulk density of the dried “Clint” was at its highest value (approx. 78 kg/hl) when it
was dried at the ambient air temperature. It decreased as the moisture content increased
from 25 to 30 % but increased as the moisture content increased from 20 to 25 %
moisture content. Black spots, presumably growing fungi. was observed within the
grain samples dried with this air would be the cause of this irregularity. At 58 and 80
°C, the density decreased almost linearly as the moisture content increased. At 110 "G
the density dropped more sharply when the moisture increased from 20 to 25 % than

when the moisture increased from 25 to 30 %.

The trend in the bulk density for “Clint” hybrid was the same as for “Raissa” hybrid
dried from all the three moisture contents at all the three temperatures produced by the
dryer. When dried at the ambient air, the density of the latest hybrid decreased almost
linearly with increasing the moisture content. The lowest density (approx. 66 kg/hl)

resulted as the grain dried at the highest temperature from the highest moisture content.

Under each drying condition, the bulk density of the “Clint” was always higher than
the bulk density of the “Raissa”. The overall difference between the two hybrids (from
approx. 74.73 kg/hl, for the “Clint”, to approx. 71.59 kg/hl, for the “Raissa”™) was

shown statistically significant (P < 0.05).



TABLE 15 Effects of grain initial moisture content and drying air temperature on bulk density of dried grain (kg/hl)

Tempe Clint Raissa
-rature Moisture content, % ' Moisture content, %
°’C 20 25 , 30 Mean 20 25 30 Mean
20 77.58 £0.00 7791 £0.00 | 76.44 +0.00  77.31 £0.22" | 76.00 £0.00 = 74.57 £0.00 72.85+0.00 74.47 £0.46"
58 77.09+0.14 | 7531021 72.63+0.12 7501+ 0.65" | 74.49+0.04 72.11 +0.28 1 69.60+0.12 | 72.06 +0.7 N
80 7624 £023  7392+021 7146+049 | 73.87+0.71° [7341+0.14 | 70.61 £0.19 67.83+045 @ 70.62 +0.82°
110 |75.74+0.17  72.57+0.50 69.83+0.33 7271 + 0.87" | 7246 +0.20 6890 +0.41 6628 +0.68  69.21 +0.93
Mean | 76.66 +0.23"  74.93+0.61"  72.59 +0.75° | 74.73£0.43" | 74.09 + 0.40°  71.55+0.64°  69.14 +0.76° | 71.59 * 0.49°
TABLE 16 Effects of grain initial moisture content and drying air temperature on breakage susceptibility of dried grain (%)
Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
°C 20 25 30 Mean 20 25 | 30 Mean
20 1.86 +0.35 1.24+0.06 = 1.20+0.18 = 1.43+0.16° 1.21 £0.18 1.96 £ 0.21 1.24 £ 0.08 1.47 +0.15°
58 1337+ 1.53 2219+ 1.31 12521 £24]1 120.26+ 1.99° | 13.18 £0.60  20.62+297 2324+1.70  19.02 1.81°
80 15.68£0.56  23.11+1.87 12823+£090 | 2234=x 1.92" | 1423 +3.13 28.57+347 3395+3.12 2558 +3.36"
110 |1928+1.52 2883+284 31.17+3.17 2643+224" | 1829253 30.14+3.31 3394035  27.45+2.65
Mean | 12.55+2.02° | 18.84+325" | 21.45+3.69" | (761 £1.83" [ 11.73+2.11° 2032 +3.58" | 23.10+4.10° | 18.38 £2.06"

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not
significantly different at 5 % level.
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b) Breakage susceptibility

Breakage susceptibility of both hybrids was also affected by the drying temperature
and the moisture content. As the temperature and/or the moisture content increased, the
dried grain became more susceptible to breakage (Table 16). The highest damage
(above 30 %) occurred for grain dried from the highest moisture content (30 %) at the
highest air temperature (110 °C and 80 to 110 °C, for the “Clint” and “Raissa”,

respectively).

Statistical analysis indicates that there were interaction effects between the grain
moisture content and the drying air temperature on the breakage susceptibility. The
breakage was almost constantly low (approx. 1.5 %) for the two hybrids dried at the
ambient temperature from all the three moisture contents. At the three air temperatures
produced by the dryer (58, 80 and 110 °C), the breakage increased as the moisture
content increased. When the moisture content increased from 20 to 25 %, drying the
grain at these temperatures increased the breakage significantly larger than when the

moisture content increased from 25 to 30 %.

For the “Clint” hybrid, the 110 °C and 20 °C drying resulted in the highest and the
lowest damage, respectively. The 80 °C-air temperature caused about 2 % more
breakage than the 58 °C-air temperature but their effects were not significantly
different from each other. For the “Raissa”, the effects of the 80 and 110 °C air
temperatures (approx. 25.58 and 27.45 % breakage susceptibility) were not shown
statistically significant between each other but they were significantly the highest
compared with the effects of other temperatures. Drying the grain at 58 °C caused
significantly more breakage than drying it at the ambient air temperature. The
difference between the drying effects on the two hybrids (approx. 17.61 and 18.38 %
breakage susceptibility for the “Clint” and the “Raissa”, respectively) was not big

enough to be statistically significant.
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¢) Stenvert hardness

Hardness is an important intrinsic property of maize because it is closely related to the
ratio of corneous to floury endosperm that affect dry-milling flaking grit yields (Kirleis
and Stroshine, 1990). According to the results listed in Table 17 and Table 18, there
were no clear effects of the moisture content of the grain and/or temperature of the air

on hardness propertiés of the two hybrids.

For the “Raissa” hybrid, the effects on the Stenvert energy consumption was not
significantly different. The mean of the resistance time was, however, significantly
lower when it was dried from 30 % moisture content than when it was dried from the
other two lower moisture contents. The resistance time were not significantly affected

by the three drying air temperatures produced by the dryer.

For the “Clint” hybrid, the Stenvert energy consumption and resistance time indicated
that drying from 20 % moisture content produced significantly harder grain than when
it was dried from higher moisture contents. The two indicators were significantly the
highest for the grain of 20 % moisture contents. Results of the samples dried by the
dryer show that the dried grain was harder when it was dried at lower air temperature.
The energy consumption and resistance time was significantly higher for the grain
dried at 58 °C than the same grain dried at 110 °C. The consumption for the grain dried
at 80 °C was also significantly different from the grain dried at 110 °C, but not
significantly different from the grain dried at 58 °C. Whereas, the resistance time for
the grain dried at 80 °C was not significantly different from the grain dried at 110 °C or

at 58 °C.

Interaction effects indicated by the statistical analysis would confirm all of these
inconsistencies. However, the overall results indicate that the dried “Clint” was
significantly harder than the dried “Raissa”. The Stenvert milling energy and resistance
time were approx. 10 kJ and 31 s, respectively, for the “Clint” but they were

significantly smaller (approx. 7.8 kJ and 18 s, respectively) for the “Raissa”.



TABLE 17 Effects of grain initial moisture content and drying air temperature on Stenvert energy consumption (kJ)

Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
°’C 20 25 30 Mean 20 | 25 30 Mean
20 934+0.12 | 926+0.12 | 9.68+021 | 943+0.10° [ 7.51£0.07 799+0.24 |7.81+048 | 7.77+0.17°
58 |1050+£024 1005£0.12 1040£026 | 1032+0.13" | 796022 7772022  7.59+0.27 777 +£0.13°
80 1043 +0.06 1020+£0.32  1027+022 | 1030+0.12" | 7.74 £0.12 17.53+0.13  7.63+031  7.63£0.11°
110 [10.76+£0.09  9.19+0.21 9.18+022  9.71+028" |8.15+0.19 |7.81£0.16 738+009 778 +0.14"
Mean 1 1026£0.18°  9.68+0.16°  9.88+0.18° | 9.94+0.10° | 7.84 £0.10° 778 £0.10°  7.60+0.14" [7.74£0.07°
TABLE 18 Effects of grain initial moisture content and drying air temperature on Stenvert resistance time (s)
Tempe Clint Raissa
-rature Moisture content, % Moisture content, %
°C 20 25 30 Mean 20 25 | 30 Mean
20 12980067 | 2867+052  2883x136  29.10£050° | 1887023  20.30+0.85 1840+ 1.30  19.19 +0.54°
58 |3483+062 | 3330+061 3307+076  3373+043" |19.17+038  1720%130 1687087 1774 0.59™
80 |3373:047  3233+081 31472095  3251x051" | 19074074 1643090  1543+101 | 1698x0.70"
110 |36.07+1.09 2947+057 2743+105 | 3099138 |19.37£0.17 17.07+038  1443+039 | 1696+0.73"
Mean | 3361 2078 | 3094 +064" 3020+ 080" |31.58+048° [19.12+020° | 17.75+0.60° | 1628+061" [17.72£034°

Note: Means for each grain moisture content or air temperature with the same letter (within each column or each row) are not
significantly different at 5 % level.
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4.4.3 Drying models
a) Application of the Page model based on general forms of k and n by Liu et al.
(1998)

Analysis of the moisture ratio, using the formulae for k and n (Liu et al., 1998), was
only done for both hybrids dried from approx. 20 and 25 % to approx. 15 % moisture
content at 58 °C drying air temperature (Refer to Appendix B for the ranges of grain

initial moisture content and drying air temperature applicable for Liu et al’s model).

Results of the analysis showed that during drying the experimental moisture ratio
reduced at slower rate than the predicted values for both hybrids (Figure 15 and Figure
16). As the drying was proceeded. the fitness reduced further. For instance, after 160
min of drying. the experimental moisture ratios of “Clint” dried from approx. 25 %o
moisture content at 58 °C drying air temperatures was about 0.23 % higher than the
predicted moisture ratio. The experimental moisture ratio of “Raissa” dried from
approximately the same moisture content at the same drying air temperatures was

about 0.19 % higher than the predicted moisture ratio at 140 min of drying.
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FIGURE 15 Comparison of the experimental and predicted moisture ratios of “Clint”

maize hybrid based on Liu et al” (1998) generalized relationships
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b) Application of the Page model based on determination of the specific drying
constants (k and n)

Following Misra and Brooker (1980) and Li and Morey (1984) (see Appendix C),
values of the drying constants (k and n) for each grain initial moisture content and

drying temperature were determined using linear regression on the transformed form of

the Page model :

In(-InMR)=Ink+nlnt) = @ st (38)

Determination of the drying constants for both hybrids dried from approx. 20 %
moisture content at the air temperatures > 80 °C was discarded from the analysis due to

there were only three moisture ratios observed during the experiment.

Values of the drying constants and the coefficients of determination (R?) between the
observed and predicted moisture ratios are presented in Table 19. The fitness of the
comparison between the experimented and predicted were mostly very good with the

values of R* > 0.9678.

Graphical comparisons of the two observed and predicted moisture ratios calculated

from Equations (C.2 and C.3 - Appendice C) are shown in Figures 17 to 22 .

TABLE 19 The specific coefficients of the Page thin-layer drying model for “Clint”
and “Raissa” maize hybrids

Moisture = Tempera- ‘ Clint Raissa
Content, % ture,C K n R? "k n R?
20 | 58 000692 09224 0.9817 | 0.00940 0.8996  0.9911
25 | 58 ' 0.01127 0.8357 0.9933 | 0.01031 0.8842  0.9892
25 | 80 1000541 1.1486  0.9798 | 0.00456 1.1992  0.9844
25 ] 110 0.00188 1.5202  0.9906 | 0.00168 1.5718  0.9923
.30 58 1000825 09033 0.9881 | 0.00455 1.0505  0.9791
- 30 80 0.00214 13184 0.9678 | 0.00120 1.4644  0.9684

30 110 | 0.00094 1.6924 0.9865 | 0.00149 1.5875  0.9939
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Figure 17 Comparison of the experimental and predicted moisture ratios of ~“Clint”

maize hybrid dried from approx. 30 % to approx. 15 % moisture content
based on specific constants of thin-layer drying model
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maize hybrid dried from approx. 25 % to approx. 135 % moisture content
based on specific constants of thin-layer drying model
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Figure 19 Comparison of the experimental and predicted moisture ratios of “Clint”
maize hybrid dried from approx. 20 % to approx. 15 % moisture content
based on specific constants of thin-layer drying model
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maize hybrid dried from approx. 30 % to approx. 15 % moisture content
based on specific constants of thin-layer drying mode)
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Figure 21 Comparison of the experimental and predicted moisture ratios of “Raissa”
maize hybrid dried from approx. 25 % to approx. 15 % moisture content
based on specitic constants of thin-layver drying model
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Figure 22 Comparison of the experimental and predicted moisture ratios of “Raissa”
maize hybrid dried from approx. 20 % to approx. 15 % moisture content
based on specitic constants of thin-laver drying model
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4.5 Discussion

The drying time for both hybrids increased significantly with increasing initial
moisture content of grain, but decreased with the drying air temperature. This means
that the higher the moisture content, the longer the drying took time and the grain
could be dried from any moisture content to the predetermined level in shorter time by

increasing the drying temperature.

The capacity of the dryer increased when drying grain at lower moisture content and/or
at higher drying air temperature. However, the capacity varied inversely with the
drying time. This can be explained that with the same size of the drying sample,
capacity of the dryer was related only on the drying time. The shorter the drying time

the more capacity was produced by the dryer and vice versa.

In terms of average drying rate, the dryer could remove approx. between 0.6 to 3 kg of
moisture in one hour from the 15-kg drying sample when the grain initial moisture
content and drying air temperature varied from approx. 20 to 30 % and 58 to 110 °C,
respectively. These mean that the dryer produced higher drying rate, when drying the
grain of higher moisture content or when the drying grain was subjected to the air of

higher temperature.

The important factors to note here are that (a) the moisture holding capacity of the
heated air is increased with the increase of its temperature (Hall, 1980) and (b) drying
of cereal grains occurs almost exclusively during the falling rate period (Brooker et al.,
1974; Brooker et al., 1992). As the moisture content of grain is lower or the grain
becomes drier, the rate at which it loses moisture will decrease. Brook (1992) stated
that these are important concepts that will be useful when attempting to understand the
performance of grain drying systems. On the other hand. Patil and Ward (1989)
explained the high drying rate at high initial moisture contents of rapeseed is due to the
availability of more moisture at the surface of the grain. At lower initial moisture
content the moisture has to be transferred from the interior to the surface of the grain.
The last authors also reported that the rapeseed dried at a faster rate at higher air

temperature due to the greater sensible heat in the drying air.
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The dryer consumed high energy when drying any of the two hybrids from high
moisture content, especially at using low air temperature. Within each moisture
content, the energy was reduced when higher temperature was used. The above
concepts related to the grain initial moisture content and drying air temperature could

also be used to explain this phenomenon.

The Heat Utilisation Factor (HUF), Coefficient Of Performance (COP) and Total Heat
Efficiency (THE) of the dryer were partly affected by the grain initial moisture content
and the drying air temperature. The higher the air temperature and/or the lower the
grain initial moisture content, the dryer produced the higher HUF and THE but the
lower COP. Adeyemo (1993) found similar trend for the efficiency of the convention
dryer when drying maize grain. The author concluded that increase in drying rate
equally increased the drying efficiency of the dryer. On the whole, the maximum
average HUE value of 45 % indicates that the prototype dryer had fairly low heat
utilisation efficiency. Increasing the depth of the drying grain would assure the low
energy requirement and could be one of the options to increase the drying efficiencies.
Brook (1992) reviewed that in full scale drying tests, drying efficiencies for continuous

flow, dryeration and combination drying systems are 51, 78 and 79 %, respectively.

According to Aguilar and Boyce (1966), THE is defined as the ratio of the sensible
heat used in drying to the sum of the sensible heat in the ambient air and the heat
added. As it is a function of the ambient wet bulb temperature, which is not dependent
on the dryer, it is not possible to compare dryers with this ratio unless some fixed basis
is established. COP on the other hand, is defined as the heat equivalent of the moisture
evaporated at the air dry bulb temperature to the heat supplied to the drying air.

Related to HUF, it can be expressed as:

EOP=HUF -1 3= csseseemeametsmsiia i (39)

Therefore, HUF would decrease from 100 % towards O % as drying efficiency
decreases; whereas COP would increase with decreasing efficiency. HUF seems more

logical to use although these ratios are in fact the same.
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The hard hybrid (Clint) showed lower but no significant different with the soft hybrid
(Raissa) in breakage susceptibility but the “Clint” bulk density and hardness
characteristics indicated that the hybrid is significantly heavier and harder than the
“Raissa”™ hybrid. These phenomena could help explain why food maize processors
prefer “hard™ hybrids, which are usually low in breakage susceptibility and high in
bulk density. The bulk density and the breakage susceptibility of the two hybrids
tended to decrease and increase, respectively, as the initial moisture content and drying
temperature increased. These results agree with those previously reported by Hall
(1972) and Gunasekaran and Paulsen (1985). Kirleis and Stroshine (1990) had also
found that for each of their tested hybrids, Stenvert hardness test values remained
relatively constant for maize dried at temperatures up to 60 °C and then declined only

slightly, but not significantly, at the higher drying temperatures (93.3 °C).

The level of the damage was very small for both hybrids dried at the ambient air
temperature but the drying took a longer time and the dried samples developed

pathological problems such as mould or fungal infection.

Analysis of the Page model based on general form of drying constants (k and n) as
stated by Liu et al. (1998) could be done only for few drying conditions applied in this
experiment (for both hybrids dried from < 25 % at 58 °C). And generally, there was
not good agreement between the observed and the predicted moisture ratios.
Characteristics of different maize hybrids and inconsistency of the ambient air would
be the main causes of the difference. The drying conditions designed and applied in
this experiment, however, produced their own specific drying constants. The fitness of
the comparison between the observed and predicted (using the coefficients found) were

mostly very good.

4.6 Conclusions

The observations and results of this study suggest that the prototype dryer is suitable

for research purposes. Its automatic-control systems make it simple and one trained

personnel would be enough to operate it.
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Both the grain initial moisture content and drying air temperature affected the dryer

performance and some of the grain quality attributes. In summary,

1. Drying time varied from approx. 45 to 270 min depending on the grain initial
moisture content and the drying air temperature. It increased as the moisture content

was increased and/or the air temperature was decreased.

2. The drying capacity varied inversely with the drying time. The dryer
capacity of approx. 20 kg/h was the maximum as the “Clint” was dried from 20 %
moisture content at 110 °C. It decreased, to the lowest value (approx. 3.5 kg/h), with

decreasing the air temperature and increasing the moisture content of the drying grain.

3. The average drying rate was also the highest (approx. 2.93 kg of water
evaporated in one hour) when the “Raissa™ sample of 30 % moisture content was dried
at 110 °C air temperature. It decreased as the air temperature and the moisture

decreased.

4. The energy consumed by dryer decreased as the air temperature increased
and the moisture content decreased for both hybrids. Its maximum and minimum

values were approx. 5 and 1 kWh respectively.

5. On the whole, the dryer had fairly low heat utilisation efficiencies. The
efficiencies were found decreased as the grain moisture content was increased and/or

as the air temperature was decreased.

6. In order to increase the dryer capacity and to decrease the drying energy
consumption, therefore, air of high temperature would be needed. However, using
higher air temperature for drying would cause more damage to the grain, especially

when its initial moisture content is high.

7. There was not good agreement between the observed and predicted grain
moisture ratios based on the thin-layer drying model (the Page model) reported by Liu
et al. (1998). However, There was good agreement between the observed and predicted

moisture ratio based on the Page model using the specific drying constants.
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Characteristics of different maize hybrids and the inconsistency of the ambient air

could be the main suspecting factors.

8. Breakage and bulk density of the dried grain were affected more badly as
the air temperature and the moisture content increased. The most damage was shown
with the highest breakage (35 %) and the lowest bulk density (66 kg/hl). This means
that high harvest moisture, combined with high drying temperature caused big damage

to the dried grain.

9. The hardness characteristics of the dried grain decreased at higher initial
moisture content and/or at higher drying air temperature. However, the analysis did not
indicate these effects substantially and clearly. The only clear indication was that

“Clint” hybrid is harder than “Raissa™ hybrid.
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Chapter 5
EXPERIMENT 11

Effects of cooling
on grain quality attributes of hard and soft maize hybrids

5.1 Introduction

Previous studies have shown that improper artificial drying can reduce the quality and
economic value of dried maize grain. Excessive drying air temperatures and high
initial grain moisture contents increase the degree of damage to maize kernels in
normal a one-pass high temperature grain dryer. Rapid or sudden cooling of grain can
also contribute to stress crack development and breakage (Hardacre et al., 1997; Trim
and Robinson, 1994: de Lucia and Assennato, 1994; Kunze, 1979; Gustafson et al.,
1978). Kernel stress cracks caused by harsh drying techniques increase the amount of
breakage that occurs when grain is handled, causing a loss of millable materials

(Freeman, 1973).

Kunze (1979) reported that rapid and substantial moisture adsorption by dried rice
grain causes it to be stressed and possibly to crack or fissure. Thereafter, the kernel is
likely to break when it is milled. White and Ross (1972) discussed stress cracking in
maize as affected by drying air temperature, cooling rate and overdrying. In both the
white and yellow maize grain tested, there were fewer checked kernels when the grain
was cooled slowly after drying. In another study, White et al. (1982) found very few
stress cracks when popcorn samples were first removed from a drying apparatus. Stress
cracks developed only after some period of time had elapsed. They concluded that
rapid cooling adds to the drying stress already present by drying and increased the
number of stress cracks. Allowing the dried grain kernels to cool slowly resulted in a
dramatic reduction in the number of stress-cracked kernels. The length of this delay
period, the eventual number of stress cracks, and the severity of the developed cracks
all appear to be related to the moisture gradient existing in the popcorn kernels when

they are removed from the dryer.

Thompson and Foster (1963) reported that a reduction of stress cracking in maize grain

was achieved by delaying the cooling process until after a tempering period. Likewise,
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Gustafson and Morey (1979) claimed that when compared to rapid cooling, delayed or
slow cooling reduced the breakage susceptibility of the maize samples dried at high

temperature.

5.2 Research aim and objectives

The aims of this experiment were to investigate whether various cooling methods
could reduce the susceptibility of the dried grain to damage and to determine the
effects of the cooling methods on quality attributes of the grain. The specific objective
of this experiment was to quantify quality attributes such as bulk density, breakage
susceptibility and hardness of dried maize grain as affected by different cooling

methods.

5.3 Experimental design and methodology

In this experiment, samples of both the yellow dent maize hybrids (“Clint” and
“Raissa”) of approx. 25 % moisture content were dried at air temperature of 80 °C in
three replicates. During each drying run, a 5-kg sample was dried in one of the three
drying bins and dummy maize grains were put in the other two bins (also 5 kg for each
bin). This approach was particularly adopted because observations made in Experiment
I (Chapter 4) showed that grain samples in the three drying bins reached target
moisture content at different times. The dummy grains were used for each replicate

drying run, thereby minimising wastage of good grain.

Drying was carried out until the moisture content of the dried samples reached 14.5 %.
This target moisture content was chosen based also on observations made in
Experiment I that cooling could reduce the moisture content of the dried grain further
by approximately 0.5 %. The grains in the experimental drying bin was mixed

thoroughly and divided into four portions for the following four cooling treatments:
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Treatment 1: Slow cooling

One portion of approximately 0.75 kg was immediately put and sealed in a vacuum
bottle (A-GEE preserving jar, Figure 23) and placed in a sealed chilly bin overnight at

ambient room conditions (approx.16 °C and 80 % RH):

Treatment 2: Slow to medium cooling

Another portion (approx. 0.75 kg) was immediately put and sealed in other vacuum
bottle of the same type and placed in a cold room (maintained at approx. 7 °C

temperature and 30 % relative humidity) overnight:

Treatment 3: Medium to fast cooling

One portion of approximately 1 kg was immediately removed from the bin, spread on
a perforated metal tray (25 x 50 cm, Figure 24) and exposed freely, for about 6 hours,
at ambient room conditions (approx. 18 °C and 80 % RH) until the grain temperature

equilibrated with the room environment;

Treatment 4.:Fast cooling

The rest of the dried grains were kept in the drying bin and cooled with the ambient air
blown by the dryer at the speed of approx. 0.16 m/s. This cooling process was applied

until the temperature of the exhaust air reduced to about 26 °C.

After the designed cooling treatments, the grain samples were gently put in paper bags
and stored at ambient room conditions (19 °C and 30 % RH) in the seed testing
laboratory at the Crop and Food Research Ltd. for about two weeks yielding final
moisture content ranging from 12 to 14.5 %. Samples were then assessed for moisture
content, bulk density, breakage susceptibility and Stenvert hardness as discussed in
Chapter 3 (Section 3.4). The test results were also corrected to the moisture content of
14 %, to eliminate variability of the quality factors due to differences in moisture

content after the various design treatments (Hardacre et al., 1997).

5.4 Data analysis
Statistical analysis of data was carried out using the SAS package (version 6.12) based
on a 2 x 4 factorial design, where the main factors were the two maize hybrids and the

four cooling treatments.
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FIGURE 24 The perforated metal-mesh trays used for the medium to fast cooling
treatment
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5.5 Results
5.5.1 Effects of cooling on breakage susceptibility and bulk density of dried

grain

The cooling treatments significantly affected the breakage susceptibility of both maize
cultivars (Table 20), although there was a significant interaction between the hybrids
and cooling treatments (P < 0.05). For “Raissa”, the breakage susceptibilities were
significantly different for each cooling treatment, whereas for “Clint”, cooling at
ambient conditions (Treatment 3) and in the grain dryer (Treatment 4) had the same
effect. Breakage susceptibility was highest when grains were fast cooled in the dryer
(Treatment 4) (and at the ambient condition for “Clint”) and least when cooled in the
chilly bin (Treatment 1). When the results for each maize hybrid were combined, there
was no significant difference in breakage susceptibility between the soft “Raissa” and

the hard “Clint” hybrids.

TABLE 20 Effects of cooling on the breakage susceptibility and bulk density of

dried grain
Cooling __Breakage susceptibility, % Bulk density, Kg/hl

Treatment Clint Raissa Clint Raissa
______ Chilly bin | 13.59 +0.51° 13.88 +0.68° | 74.67+0.09° = 71.24+0.27
Coldroom | 21.17+1.71°  20.07+2.00° | 74.09+0.39®  70.90 +0.18"
_Ambient | 3041055  27.67+1.00° | 7343+0.10° | 70.36 +0.14%
Dryer 30.26 + 0.39° 34.92 +0.89" 73.56 +0.17° 69.88 +0.16°
Mean 23.86+£2.15%  24.14+244" | 7394+0.17"  70.59 x0.18"

Note: Means with the same letter (for the cooling treatments in each column and for
the hybrids in the bottom row) are not significantly different at 5 % level

The cooling treatments significantly affected the bulk density of dried grain for both
maize hybrids, and in general, the hard “Clint” grain had higher bulk density than the
soft “Raissa” grain (P < 0.05) (Table 20). For both hybrids, grains cooled in the dryer
(Treatment 4) had the lowest bulk density while those cooled in the chilly bin
(Treatment 1) had the highest bulk density. However, there was no difference in bulk

density between the grains cooled in the chilly bin or cold room.
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5.5.2 Effects the cooling on hardness of dried grain

As shown in Table 21, grain hardness of the two maize hybrids indicated by the
Stenvert energy consumption and the Stenvert resistance time were not affected
significantly (P < 0.05) by the four cooling treatments. However, the mean results
show that the energy and time consumed by the Stenvert tester to mill the “Clint” (hard
hybrid) samples were significantly higher (approx. 29.55 and 82.13 %, respectively)

than the energy and time consumed to mill the “Raissa” samples (soft hybrid).

TABLE 21 Effects of cooling on hardness characteristics of dried grain

Cooling | Stenvert energy consumption, kJ Stenvert resistance time, s

Treatment Clint Raissa Clint Raissa
Chillybin | 926+0.16°  7.62+0.30° | 2870+0.10°  16.60+0.68
Coldroom | 9.74+0.23° 720+020° | 29.60+0.85°  16.20 +0.62°
Ambient 9.75 + 0.34* 7.44 i_OlIn __________ 2980 = 1.14* 16.33 +0.33*
Dryer 9.65 +0.23* 7.37 +0.07° 30.13 +0.87° 15.80 £0.12°
Mean 9.60 +0.12* 7.41 +0.09° 29.56 +0.39"  16.23 +0.23°

Note: Means with the same letter (for the cooling treatments in each column and for
the hybrids in the bottom row) are not significantly different at 5 % level

5.6 Discussion

The four cooling treatments had significant effects on the breakage susceptibility and
bulk density but not on the hardness of the dried grain of both maize hybrids. The
results corroborate with the findings of Pomerance et al. (1984). The authors reported
the relationship between breakage susceptibility and bulk density demonstrating that
high breakage susceptibility significantly reduced the bulk density of dried grain. In
terms of these two quality factors, both “Clint” and “Raissa” seemed to have less
damage when they were cooled inside the chilly bin. The most damage happened to the
grain that was cooled by the dryer. Cooling the grain by leaving it in the cold room and
with the ambient air were the second and third best methods, respectively. Compared

to “Raissa”, “Clint” is significantly harder and has greater bulk density.

These results suggest that since drying grain with heated air establishes a temperature
and moisture gradient in each kernel (Kunze, 1979 and Foster, 1973), cooling it slowly

especially in an airtight and well insulated container would account for the reduction in
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grain breakage susceptibility. The containers used in the present study (vacuum bottle
and sealed chilly bin) ensured very negligible rate of moisture loss from the grain (or
gained by the grain from the ambient environment) such that moisture re-distribution
inside the grain predominated. Thus, the higher rate of heat loss (or cooling) due
mainly to conduction in grain cooled in cold room (Treatment 2) might also account
for the higher breakage susceptibility compared with grain cooled in chilly bin at

ambient room conditions (Treatment 1) for both cultivars.

When grain is cooled with the ambient air, moisture and heat loss occur more rapidly
due mainly to increased airflow around the grain, and the temperature difference
between the air and the grain. When the ambient air is blown through the grain in the
dryer (approx. 0.16 m/s), one would expect faster cooling rates, higher moisture

gradients in grains and thus more susceptible to damage.

Kunze (1979) explained that rice grains that were rapidly placed into a vial after drying
fissured from the effects produced by the reclining moisture gradient. Exposure to the
ambient environment may make relatively dried grain fissure more because the low
moisture grain surface can pick up or adsorb additional moisture from the
environment. The author asserted that rice grains were not fissured at the end of
drying, but fissures developed after some period of time had elapsed. On this basis, he
hypothesised that cracking or fissuring of rice grain after drying is caused by a
diffusion of moisture within the grain resulting from the moisture gradient existing in

the grain when it is removed from the dryer.

The author also suggested that the external cells expand as they absorb moisture from
the central portions of the grain while the cells in the central portion contract as they
lose moisture. The net result is the development of compressive stresses near the
surface and tensile stresses near the centre, which (if large enough) can lead to internal
fissuring. The author also noted that a low moisture grain surface may pick up
additional moisture from the environment and, thereby, hasten the development of
fissures. It follows that a low moisture grain with no initial moisture gradient could
also fissure by exposed to a high humidity environment provided the rate of moisture
gain by the external grain cells is rapid enough to cause high tensile stresses to develop

in the centre portion of the grain.
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The results obtained in this study are in agreement with those previously reported by
other researchers for maize and other grain cultivars (White et al., 1982; Litchfield and
Okos, 1988; Hardacre and Pyke, 1998; Brenton-Rule et al., 1998). These researchers
demonstrated that stresses increased rapidly after transition from the drying stage to
the cooling stage, due to rapid adjustment of the grain temperature and moisture
gradients from stage to stage. Rapid cooling may add to the drying stress already
present after drying and thereby increase the number of stress cracks. Allowing the
dried grain kernel to cool slowly would result in a dramatic reduction in the number of
stress-cracked kernels. Slow cooling requirements, however, create a constraint to
dryer design due to a reduction in drying capacity, particularly for commercial-scale

dryers.

5.7 Conclusions

After drying using the prototype grain dryer (described in Chapter 3) and cooling using
four different treatments, the breakage susceptibility, bulk density, Stenvert hardness
energy consumption and resistance time were determined for the two (hard and soft)
maize hybrids. Based on the results and observations obtained, the following

conclusions were made:

1. The cooling treatments significantly affected the breakage susceptibility and

bulk density of the two hybrids but the grain hardness attributes were not affected.

2. Slow cooling reduced the damage of dried grain. For instance, cooling the
dried grain by blowing ambient air through it resulted in breakage susceptibility over
30% while cooling grain in vacuum bottle placed in chilly bin reduced the amount of

damage to about 14 %.

3. The cooling treatment (for instance, Chilly bin) which resulted in the highest
reduction in breakage susceptibility also resulted in the highest grain bulk density

though causing the grain attain higher value.
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4. Based on the overall treatment effects on grain quality attributes, the best
cooling treatment was the chilly bin, followed by the cold room and the ambient-air

treatments. The worst treatment was cooling the grain in the dryer.
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Chapter 6

EXPERIMENT III

Effects of tempering
on grain quality attributes of hard and soft maize hybrids

6.1 Introduction

Stress cracks or fissures are often created in grain by artificial drying. As a result
damaged kernels cause increased susceptibility to breakage, insect and microbial
attack, decreased rate of seed germination, increased hazard for elevator dust
explosions, increased respiration, and restricted aeration (Litchfield and Okos, 1988).
Trim and Robinson (1994) reported that several research studies have been conducted
to determine drying procedures that produce high quality of dried grain. Most grain
kernels were found not fissured immediately after drying, and tempering the grain or a
certain period of time before cooling could help prevent subsequent stress cracking and
susceptibility to breakage. Fast dryers operating at high temperatures will tend to cause

high fissuring if the grain if not allowed to temper.

Short term tempering and multipass, or multistage, drying have been shown to be
effective for quality of dried grains such as maize and rice (Emam et al., 1979; Foster,
1973; Gustafson et al., 1982; Omar and Yamashita, 1987; Sabbah et al., 1972;
Thompson and Foster, 1963; Trim and Robinson, 1994). Eman et al. (1979) dried
maize samples (30 %) at temperatures of 100 and 130 °C and then tempered and
cooled them. The authors found that breakage, as measured by a Stein breakage test on
conditioned samples, decreased with increased tempering time. At low final moisture
contents (13.5 %), grain breakage susceptibility was reduced by 50 % due to one hour
of tempering, and to 25 % following ten minutes of tempering. Likewise, Omar and
Yamashita (1987) reported that tempering dried rice grain gave shorter drying time and

less fissuring, hence safer with less grain broken and greater energy saving.

In one of three maize-drying systems tested, Foster (1973) initially dried maize grain
rapidly with hot air to approx. 16 % moisture content. After tempering the partially

dried grain for 4 to 10 hours, the grain was cooled slowly and then finally dried by
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ventilation with ambient air. While the test indicated that the optimum tempering time
was near eight hours, there was evidence of some benefits from tempering for less

time.

6.2 Research aim and objectives

The aim of this experiment was to quantify the effects of tempering time (in the range
of 4 to 11.5 h) on maize grain quality attributes after drying using the prototype flat-
bed grain dryer described in Chapter 3. The specific objective of this experiment was
to quantify the changes in breakage susceptibility, bulk density and hardness of dried

maize grain as affected by different tempering times.

6.3 Experimental design and methodology

In this experiment, drying was conducted in three replications using similar grain
samples (“Clint” and “Raissa” maize hybrids) and under the same drying conditions as
described in Experiment II (Chapter 5). The samples were dried in all the three bins (5
kg per bin). Grain in each drying bin provided a replicate sample and when the grain in
any drying bin reached 14.5 % moisture content, it was mixed thoroughly and divided
into 5 lots or sub-samples. Each sub-sample was assigned to one of the following five
tempering treatments (0, 4, 6.5, 9 and 11.5 hours). For one of the 4-, 6.5-, 9- and 1 1.5-
hour treatments, a sub-sample of approx. 0.83 kg was put in a vacuum bottle (the same
bottle used for Experiment II — Chapter 5) and placed immediately inside an oven
(maintained at 70 °C temperature). For the O-hour tempering treatment, the dried grain

was transferred directly into paper bag.

After the predetermined tempering times, the vacuum bottles were taken out of the
oven and the tempered grains were gently transferred into paper bags. All the grain
samples were stored at ambient conditions (19 °C and 30 % RH) in the seed testing
laboratory at the Crop and Food Research Ltd. for about two weeks yielding final
moisture content ranging from 12 to 14.5 %. Samples were then assessed for moisture
content, bulk density, breakage susceptibility and Stenvert hardness as discussed in

Chapter 3 (Section 3.4). The test results were also corrected to the moisture content of
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14 %, to eliminate variability of the quality factors due to differences in moisture

content after the various design treatments (Hardacre et al., 1997).

6.4 Data analysis

Statistical analysis of data was also carried out using the SAS package (version 6.12)
based on a 2 x 5 factorial design, where the main factors were the two maize hybrids

and the five tempering treatments.

6.5 Results
6.5.1 Effects of tempering on breakage susceptibility and bulk density of

dried grain

The breakage susceptibility and the bulk density of the two hybrids were significantly
affected (P < 0.0 5) by the tempering treatments but there was no significant difference
between samples tempered for 4 hours or more (Table 22). In general, tempering
reduced the breakage susceptibility by approx. 87 and 78.5 %, respectively, for the

hard “Clint” and soft “Raissa” maize hybrids, but increased the grain bulk density by

approx. 3.75 % for both hybrids.

Under each treatment “Clint” was heavier and broke less than “Raissa”. On average,
the bulk density of “Clint” was significantly higher (approx. 3.37 kg/hl) than the bulk
density of “Raissa”, but the breakage susceptibility of approx. 8.42 and 9.86 % for the

“Clint” and the “Raissa”, respectively, were not statistically different (P < 0.05).

TABLE 22 Effects of tempering on breakage susceptibility and bulk density of
dried grain

Tempering Breakage, % Bulk Density, kg/hl
Time, h:min Clint Raissa Clint Raissa
0:00 28.12 +2.84% 2860+2.17°  73.58+0.12°  70.17 £0.19°
4:00 3.39+0.41° 4.14+052°  75.91=+0.02 72.69 + 0.24°
6:30 3.95 +0.26° 519+0.65°  76.30+0.25" 72.82 +0.24°
9:00 3.07 £ 0.66" 523+1.02° 7592+0.08° 72.71 +£0.36°
11:30 3.57 +0.39° 6.15+1.08°  76.35+0.17° 72.81+0.11°
Mean 8.42 +2.68" 086+255°  75.61+028" | 72.24+029"

Note: Means with the same letter (for the tempering treatments in each column and for

the hybrids in the bottom row) are not significantly different at 5 % level
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6.5.2 Effects of tempering on hardness characteristics of dried grain

Tempering significantly reduced grain hardness in both hybrids as shown by
reductions in Stenvert energy consumption and resistance time during milling (Table
23). There was also a significant interaction between type of hybrid and tempering
time (P < 0.05). In general, the no tempering treatment significantly increased the
Stenvert energy consumption, but there was no difference between the tempering times
after 4 hours of tempering. Also, the Stenvert resistance time generally declined with
increasing tempering time but this effect was not statistically significant for “Raissa”.
Overall, the “Clint” hybrid required higher energy consumption and resistance time
than the “Raissa” hybrid during milling at each tempering treatment and when the

results were combined.

TABLE 23 Effects of tempering on the hardness characteristics of dried grain

Tempering | Stenvert energy consumption, kJ Stenvert resistance time, s
Time, h:min Clint Raissa Clint Raissa

~0:00 978 +0.16°  7.67+0.19° | 29.63+0.60°  16.07 +0.43*
4:00 9.04+0.09°  7.06+0.08 | 28.57+04" = 1597+0.18°
630 | 874x0.18°  734+0.14" | 2637+038°  17.00+0.25°
9:00 8.65+0.14°  7.33+0.06° | 2577+0.52° 16.13+0.72°
11:30 8.93 +0.15° 7.07 +0.12° 26.60 + 0.7 15.73 + 0.98*
Mean 9.03 +0.12% 7.30+0.08° | 27.39+043"  16.18 +0.25"

Note: Means with the same letter (for the tempering treatments in each column and for
the hybrids in the bottom row) are not significantly different at 5 % level

6.6 Discussion

Results of the Stenvert energy consumption and the Stenvert resistance time confirmed
that “Clint” was overall harder than “Raissa”. Tempering reduced grain hardness
significantly in both hybrids, however the degree of change in grain hardness varied
considerably between the two hybrids, presumably due to difference in structural

changes associated with tempering in both hybrids.

Only the breakage susceptibility and the bulk density of the samples with no tempering

time were significantly different from the breakage susceptibility and bulk density of
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the other samples, indicating that the effects of tempering occurred earlier during the
tempering process. The results support the hypothesis of Kunze (1979) and Foster
(1973) indicating that changes in moisture distribution, and to a lesser extent
temperature distribution, control the stress and breakage development. Tempering hot
grain before cooling appeared to be a key to reduced brittleness. Thermal stresses are
thought to be also responsible for the formation of the resulting stress cracks and
breakage and allowing hot grain from the dryer to temper for a period of time has been
found to significantly reduce the incidence of breakage susceptibility and increase bulk

density of dried grain.

The results are also in agreement with the reports made by other researchers such that
fast dryers operating at high temperatures tend to cause high fissuring if the grain is
not tempered (Trim and Robinson, 1994). Short term tempering have been shown to be
effective for quality of dried grains such as maize and rice (Emam et al., 1979; Foster,
1973; Gustafson et al., 1982; Omar and Yamashita, 1987; Sabbah et al., 1972;
Thompson and Foster, 1963; Trim and Robinson, 1994).

“Clint” broke less and was heavier than “Raissa” under all the tempering treatments.
On average, the bulk density of the “Clint” was significantly higher than the bulk
density of the “Raissa” but the breakage susceptibility of the two hybrids were not
statistically different. These were probably due to the results of the natural character
differences between the two maize hybrids. Hardacre et al. (1997) noted that bulk
density of maize grain is hybrid dependent and comparison of bulk density as an

indication of quality can only be made within the same hybrid.

Tempering time requirement is, therefore, important to reduce the level of damage
occurred in dried grain. However, according to Gustafson et al. (1982), tempering
application creates a constraint to dryer design and capacity, especially in commercial-

scale dryers.
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6.7 Conclusions

After drying using the prototype grain dryer (described in Chapter 3) and tempering
using five different treatments, the breakage susceptibility, bulk density, Stenvert
hardness energy consumption and resistance time were also determined for the two
(hard and soft) maize hybrids. Based on the results and observations obtained, the

following conclusions were made:

1. Tempering the dried maize appeared to be a key to reduced its brittleness and

increase its bulk density.

2. Tempering the dried grain of both hybrids for 4 to 11.5 hours reduced the
breakage susceptibility from approx. 28 % by about 80 % and increased the bulk
density by about 3.75 %. The bulk density of “Clint” hybrid was always about 3.37
kg/hl higher than of “Raissa” hybrid.

3. Tempering dried grain beyond 4 hours did not alter the breakage
susceptibility and bulk density significantly, eliminating the need for prolonged

tempering and associated time and energy costs.

4. Tempering appeared to reduce the grain hardness although the extent of this
effect varied slightly between the hard and soft maize hybrids. Overall, “Clint” hybrid
had higher bulk density, Stenvert energy consumption and resistance time, and thus,

was less susceptible to mechanical damage than “Raissa” hybrid.
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Chapter 7
GENERAL DISCUSSION AND SUMMARY

7.1 General aspects of grain drying

In order to have good quality grains (for the purposes of safe storage, high milling
yield, high nutritive value, high viability thus high in overall grain values), freshly
harvested (usually wet) grain need to be quickly dried to reduce its moisture content.

The moisture content that is considered safe for maize grain is approx. 14 %.

The two common methods for reducing moisture content of maize grain are natural
drying and artificial drying. The advantages and disadvantages of each method are
summarised in Figure 25 in relation to the operation and desired grain quality
attributes. In the natural drying, shelled maize grains are dried in the sun, maize cobs
are stored and dried in cribs, or the cobs are left to dry on the plant by delayed

harvesting.

In one of the natural drying methods called “sun drying”, shelled maize grains are
spread on the ground and exposed to the effects of sun and wind. In the process, the
sun supplies an appreciable and inexhaustible source of heat to evaporate moisture
around and within the grain kernels and the wind removes the evaporated moisture
away. It is impossible to dry grain when the ambient air is wet or its relative humidity

is high.

In order to process the drying quickly and uniformly, dried grain must be stirred
regularly. The grains should be also covered or collected to avoid moisture re-
absorption at wet night or when the rain comes or to avoid being harmfully heated by
the sun (especially during the hot noon period). Therefore, this process or method of
drying is weather dependent, labour intensive and, thus, would not be recommended
for large scale drying. However, it is fairly cheap compared to other methods of maize
drying. It can adequately dry grain to safe level of moisture content without causing

much damage if the weather and/or the drying are appropriate.
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In another method of natural drying, harvested maize cobs (usually with the grain
moisture content in excess of 20 %) are stored in cribs. The grains are safe for
remarkable long time (from one to three months) with this kind of natural ventilation
(Trim and Robinson, 1994). The rate and uniformity of drying are controlled by the
relative humidity of the air and the ease with which air can pass through the bed of
cobs. Trim and Robinson (1994) reviewed that crib widths (in West Africa) should not
exceed 0.6 m. Cost of this drying method would depend solely on the materials for the

crib construction.

By delayed harvesting, maize cobs are left on the plant and supposed to dry naturally.
This is considered the cheapest among the other methods. It can usually be applied
during dry harvesting season or when the weather is dry in order to save some drying
energy. In inappropriate weather (e.g. wet or rain), the moisture content of the grains
will be increased and, then, more energy would be required to dry them after harvest.
The grains dried by this method are very susceptible to damage. If the climate changes
(for example when the night is wet or cold and the day is hot and dry), the grains
would be vulnerable to cracks resulting in breakage. The dried grains would be also

susceptible to bird and insect attacks, fungal problems, overripe and shattering.

Artificial drying of grain is not weather dependent and can usually produce high drying
capacity, thus appropriate for harvesting grain in any season for large-scale production
of grain. There are different types of grain dryers invented and being used in artificial
grain drying. In these systems, the air is generally heated (more or less to reduce its
relative humidity or to increase its drying capability), by means of their heat source(s),

and blown or sucked through layer of dried grains by means of their fan(s).

In order to apply this drying technique, however, grain handlers need to do investment
on construction or purchasing dryer(s) as the initial cost and on drying management as
running or drying cost. Skilled or trained worker(s) would be employed to construct or
operate the dryer(s). Inappropriate design, selection and drying management would
result in unnecessary expensive drying, low drying efficiency, low capacity, hazardous
drying and high level of grain damage. These could include the problems of : (a) grain
deterioration due to delayed drying of wet grain (for instance, when the dryer capacity

1s too small), (b) wasting money (when the dryer capacity and the consumption are too
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high), (c) inappropriate to specific grain characteristics, and (d) reliability, complexity
and danger in the dryer utilisation. Apart from the knowledge of the dryer operation,
the dryer operator must also be aware of the effects of different drying conditions
(such as grain initial and final moisture contents and drying air humidity, temperature

and flow) on the dried grain quality.

Therefore, grain dryers should be first tested and evaluated to find out their specific
performance within specific range of drying conditions before they can be
commercially produced (if prototypes) or selected to use by grain handlers in order to

suit their own (also specific) purpose(s).

Figure 26 shows some of the most common parameters considered in evaluation of
grain dryers before they are being used for commercial purposes or specific use in
grain artificial drying. Depending on the specific use, however, test codes and
procedures may be modified in view of the prevailing ambient conditions, especially
air temperature and relative humidity as well as the specific conditions of the grain
samples. Generally, there are two main aspects in evaluation of grain dryers. Those are

the dryer operational performance and the effects of drying on dried grain quality.

In determining the operational performance of grain dryers, the following factors
should be aimed at: (a) drying efficiency, (b) drying capacity, (c) energy consumption,
(d) total cost, (e) simplicity and reliability, and (f) safety of operation (ESCAP, 1995
and McLean, 1989). The following parameters, which are mostly used as the main
factors in determining grain quality in grade trade, should be considered in evaluating
the drying effects on dried grain quality: (a) desired and uniform grain moisture
content, (b) grain breakage susceptibility (in rice, this parameter would be changed to
percentage of cracked grain, head rice recovery and total milling recovery), (c) grain

bulk density, (d) grain hardness, () grain nutritive values and, (f) grain viability.
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7.2 Dryer operational performance

The operational performance of the prototype flat-bed dryer studied was quite good in
successfully drying the two maize hybrids from different moisture contents using
different drying air temperatures. The drying of grain for safe storage, or for quality
testing, from 20 - 30 % initial moisture content to 13 - 15 % average dry moisture
content was completed within working hours (less than 5 hours) even when the lowest
air temperature (58 °C) was employed. Regulated by its automatic control systems, the
dryer was capable of producing constant drying temperature throughout any drying
process and one person was to run a drying session alone as well as monitor grain

moisture content regularly.

The three levels of the grain initial moisture content (approx. 20, 25 and 30 %) and the
drying-air temperature (58, 80 and 110 °C) would cover most conditions applicable for
freshly harvested grain encountered in the real practice. These two factors (designed as
drying conditions) significantly affected most of the measured parameters relevant to

the dryer operational performance.

The higher the moisture content of the grain, the longer the drying took time. The grain
could be dried from any moisture content to the predetermined level in shorter time by
increasing the drying temperature. With the same size of the drying sample, capacity of
the dryer was related mainly by the drying time. The dryer capacity varied inversely

with the drying time.

The drying capacity and drying rate both increased when the air temperature increased,
but the capacity increased as the moisture content decreased and the drying rate
increased as the moisture content increased. The maximum capacity of the dryer was
obtained when grain of the lowest initial moisture content was dried at the highest air
temperature. The amount of moisture that the dryer could remove from the grain in a
particular time reached its maximum value when the air temperature and the initial
grain moisture content were the highest. These can be explained by the fact that there
is more water or moisture to be removed from the grain of higher moisture content and
higher air temperature has more moisture carrying capacity than the air of lower

temperature.
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Similar observations have been made by many researchers on maize and other grains
such as rice, bean and cotton (Abe and Afzal, 1997; Barker and Laird, 1996; DiMattia
et al., 1996; Li and Morey, 1984; Meiering et al., 1977; Peplinski et al., 1994; Shivhare
et al.,, 1992; Tagawa et al., 1996). These authors reported that moisture variation
strongly influences the drying capacity, but the authors mentioned that if dryer
performance is to be measured with acceptable accuracy it is necessary to work at, or

near, steady state.

It was found that increasing drying rate also increased the drying efficiencies.
Adeyemo (1993) reported similar relationship between the drying rate of maize grain
and the dryer efficiencies. The HUF, THE, and COP values found in these studies
indicate that the dryer had fairly low heat utilisation efficiency. Increasing the depth of
the drying grain would assure the low energy requirement and could be one of the

options to increase the drying efficiencies.

According to Aguilar and Boyce (1966), THE is defined as the ratio of the sensible
heat used in drying to the sum of the sensible heat in the ambient air and the heat
added. As it is a function of the ambient wet bulb temperature, which is not dependent
on the dryer, it is not possible to compare dryers with this ratio unless some fixed basis

is established.

Taking the thin-layer drying into account, the application of the Page model based on
general form of drying constants (Liu et al., 1998) could be done only for few drying
conditions that were applied in Experiment I (for both hybrids dried from < 25 %
moisture content at 58 °C air temperature). And generally, there was not good
agreement between the observed and the predicted moisture ratios. The drying
conditions designed and applied in this experiment, however, produced their own
specific drying constants. The fitness of the comparison between the observed and
predicted (using the coefficients found) were mostly very good. Characteristics of
different maize hybrids and inconsistency of the ambient air would be the main causes

of the difference.

The energy consumed during drying was linearly related to the initial grain moisture

content and inversely related to drying air temperature. These findings can be used to
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explain why in practice grain handlers adopt the following practices to save some

drying energy :

- leaving their crop partly dry in the field before harvesting in order to reduce

the grain initial moisture content and/or,

- using high drying-air temperature because energy consumption of a grain
dryer decreases with an increase in the temperature of the drying air (McLean,
1989 and Brook, 1992).

However, if improperly controlled, these conditions exacerbate grain losses due to
shattering, attack by birds and insects in the field, as well as physical damage during
postharvest handling. Optimisation of both dryer parameters and drying conditions is

therefore recommended to obtain the most satisfactory results.

7.3 Effects of drying on quality attributes of dried grain

Experiment I (Chapter 4) showed that the incidence of grain damage, as indicated by
the grain breakage susceptibility and bulk density, increased as the drying air
temperature increased. Within each of the three air temperatures produced by the dryer
(58, 80 and 110 °C), the breakage increased and the bulk density decreased as the

moisture content increased.

The effects of the drying on the grain quality were similar to the results reported by
previous studies (Brown et al., 1979; Hall, 1972; Gunasekaran and Paulsen, 1985;
Fortes and Okos, 1980, Thompson and Foster, 1963; and Weller et al., 1990). The
relationship of the grain bulk density and breakage susceptibility found in this study
agree with the results reported by Pomerance et al. (1984) which showed that high

breakage susceptibility significantly reduced the bulk density of dried grain.

Thompson and Foster (1963) reported that stress cracks, a parameter which increases
breakage susceptibility, increased with increased grain initial moisture content, drying

air temperatures and flow rate. They observed that the percentage of kernels with stress
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cracks decreased from 97.8 to 93.2 % as harvest moisture decreased from
approximately 30 to 20 % (wet basis). Brown et al. (1979) and Weller et al. (1990) also
reported that the frequency of stress crack formation differed among grain lots and
affected by treatments such as grain initial moisture content and drying air
temperature. Grain dried with low-temperature air had a negligible amount of kernel
stress cracking and the incidence of stress cracks increased as the harvest moisture
increased within the drying air temperatures of 49, 71 and 93 °C. Brown et al. (1979)
observed that the bulk density of maize lots dried with both the batch and dryeration
methods tended to decrease as drying temperature was increased, particularly in lots

harvested at 28 and 30 % moisture.

The results found in this study, however, seem to disagree with the findings of Kirleis
and Stroshine (1990) who observed that bulk density changes within each hybrid over
the entire range of drying temperatures were not significantly different. The authors
observed that bulk density varied in an erratic manner for all the three hybrids used in

their experiment as drying temperature was increased from 27 to 93.3 °C.

Under all the drying, cooling and tempering treatments, the bulk density and hardness
characteristics of the “Clint” hybrid indicated that it is significantly heavier and harder
than the “Raissa” hybrid. These phenomena could help explain why food maize

processors prefer “hard” hybrids.

Both the “Clint” and “Raissa” hybrids had less damage when they were tempered for
at least 4 hours and/or cooled inside chilly bin. The most damage occurred to the grain
that was cooled by the dryer or was not tempered. These results corroborate with the
reports made by Trim and Robinson (1994), de Lucia and Assennato (1994), and
Hardacre et al. (1997). These authors suggested that rapid or sudden cooling of grain
and temperature fluctuation during storage can also contribute to stress crack
development during milling. In Experiment II, the results indicated that tempering
might start to have effects earlier than four hours, and therefore, contrasting to the
report made by Brooker et al. (1992). These authors suggested that at least 4 hours
should be allowed for the moisture redistribution process, and more time, up to 12

hours, is preferred. However, slow cooling and/or tempering the hot grain for some
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time, creates a constraint to dryer design and capacity in particular for commercial-

scale dryers.

The results in the present study also suggest that the dried grain did not damage much
during drying. As drying grain with heated air establishes a temperature and moisture
gradient in each kernel (Kunze, 1979), cooling it slowly or tempering it for sometime,
especially in an airtight and well-insulated container, could reduce the level of grain
damage. In such containers (the vacuum bottle and the sealed chilly bin), no moisture
escapes and no heat is conducted out of the grain, and the change in the average
temperature and moisture content of the grain is negligible accounting for the lowest

incidence of grain damage.

The overall level of damage was small when both hybrids were dried at the ambient
air temperature; but the drying took longer time and the dried samples developed other
problems with mould or fungus development. Moulds are plants without roots, leaves,
or chlorophyll; therefore, they are forced to live off other materials, such as grain.
They reproduce chiefly by means of small, light, asexual airborne spores that are easily
distributed by the wind. Spores develop into new mould plants whenever the moisture
and temperature conditions for their growth are favourable (Brooker et al., 1992).
Christensen et al. (1992) also mentioned that at high moisture content (from 18 %
upwards for maize), many species of storage fungi can develop quickly in the grain.
Therefore, prolonged drying the grain at high moisture content (approx. 20, 25 and 30

%), as conducted in the treatment, was the main reason for the probably fungi invasion.

The Stenvert energy consumption and the Stenvert resistance time showed that “Clint”
was overall harder than the “Raissa”. These were probably due to the hybrid

characters.

7.4 A conceptual framework for optimising dryer performance

Figure 27 demonstrates the main parameters related to optimisation of the operating

performance and of the effects on dried grain quality. For instance, if high drying

capacity (e.g. 12 kg/h) is required, when using the prototype dryer for both “Clint” and
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“Raissa” maize hybrids, either the drying air temperature is to be increased (= 80 °C)
or the grain initial moisture content is to be decreased (< 25 %). If breakage
susceptibility of approx. 23 % is the maximum allowable for the dried “Clint ”, air
temperature of lower than 80 °C must be used. At the same time the initial grain
moisture content must be lower than 25 %. At 80 °C drying air temperature, the
breakage susceptibility of the “Clint” grain would be smaller than 23 % if they are
cooled in air-tight container (either left to cool in chilly bin or in cold room, or

tempered for about 4 hours).

Referring to the testing procedures of different grain dryers reported by other
researchers (Bakker-Arkema, 1995; ESCAP, 1995; Adeyemo, 1993; Brook, 1992;
Chakraverty and More, 1983; and Aguilar and Boyce, 1966), however, further
measurements such as exhaust air temperature, relative humidity, uniformity of drying,
and air and noise pollution should be made regularly during the test. The environment
conditions should be fully monitored. Nellist and Bruce (1992) stated that the main
reasons for testing grain dryers are: (a) to aid the development of a prototype, (b) to
confirm the specified performance and (c) to provide information for marketing and
operator guidance. According to these authors, however, to have the prototype dryer
for other purposes or for trade nationally or internationally, there is a need to

standardise the evaluation procedures on a nation or a world scale.

Similarly, ESCAP (1995) recommended that to determine dryer performances and
compare them with those of other makes or types, testing must be done using a
standard code and procedure. A grain dryer can be evaluated properly only after
reliable tests have been performed. It can be validly compared with other dryers only if

the test procedure is standardised.
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Chapter 8
CONCLUSIONS AND FURTHER RESEARCH

8.1 General Conclusions

The results and observations in this study indicate that the prototype dryer performed
well in achieving the desired grain moisture content. Its automatic-control systems
make the dryer simple and one trained operator is sufficient to operate it, and thus most

suitable for research and experimental purposes.

The dryer operational performance was affected by the grain initial moisture content
and the drying air temperature. Most of the grain quality attributes were affected by the
grain initial moisture content, the drying air temperature, and the cooling and

tempering treatments:

1. On the whole, the dryer had fairly low heat utilisation efficiencies (Max.
HUF = 45 %). Depending on the grain initial moisture content and the drying air
temperature: drying time varied from approx. 45 to 270 min, the dryer capacity varied
from 3.5 to 20 kg/h, the average drying rate varied from 0.58 to 2.93 kg/h, the energy
consumed by the dryer varied from 1 to 5 kWh. The drying time increased as the
moisture content was increased and/or the air temperature was decreased. The capacity
varied inversely with the drying time. The drying rate increased as the air temperature
and the moisture increased. The energy consumption increased as the air temperature

was decreased and/or the moisture content was increased.

2. A maximum amount of grain that the dryer could dry by consuming least
time and energy would be obtained by using high air temperature (approx. 110 °C) and
low grain initial moisture content (approx. 20 %). However, grain damage was found
generally to be associated with high moisture content, rapid drying with high drying air
temperature followed by rapid cooling or non-tempering process. Breakage and bulk
density of the dried grain were affected more badly as the air temperature and the
moisture content increased. When grain was dried too rapidly, it became more brittle

and thus more susceptible to physical damage. Extremely rapid drying resulted in grain
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of reduced bulk density with kernels that were enlarged or puffed. This study
confirmed that the grain did not damage much during drying and the reduction of the

overall damage could be attained by slow cooling or tempering it for a period of time.

3. It is, therefore, very important to find the proper balance between drying too
fast or too slowly to ensure the maintenance of high quality for the dried grain. Slow
cooling could surely help reduced the damage of dried grain. For instance, cooling the
dried grain by the dryer caused the two maize hybrids to break over 30 % and cooling
it in the vacuum bottle and chilly bin lowered the level of the damage to below 14 %.
The best cooling treatment based on minimum grain damage was the chilly bin,
followed by the cold room and the ambient-air treatments. The worst treatment was

cooling the grain in the dryer.

4. The results suggest that tempering the maize appeared to be a suitable strategy to
reduce grain brittleness and increase its bulk density. Tempering appeared to reduce
the grain hardness although the extent of this effect varied slightly between the hard
and soft maize hybrids. Tempering the dried grain for 4 hours reduced the breakage
susceptibility from approx. 28 % by about 7 to 8 times and increased the bulk density
by about 3.3 kg/hl. Tempering the grain beyond 4 hours did not confer additional
benefits on its quality. Therefore, tempering the dried grain for 4 hours would be the

most appropriate.

5. Under all the drying conditions as well as cooling and tempering treatments,
“Clint” hybrid had higher bulk density than “Raissa” hybrid. The grain hardness
characteristics, on the other hand, seemed to decrease as the grain was dried at higher
air temperature and/or from higher moisture content. However, the analysis did not
indicate these effects substantially and clearly. The cooling treatments did not affect
grain hardness characteristics. The non-tempered grain seemed to be harder than the
tempered one but the differences in values for the two hardness measurements (within
each of the two hybrids) tempered differently were relatively small and inconsistent.
Under all the applied treatments, the only absolutely clear indication was that “Clint”

grain is harder than “Raissa” grain. These were probably due to the hybrid characters.
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6. Using the thin-layer drying model, there was not good agreement between
the experimental and predicted moisture ratios based on general form of drying
constant. However, there was good agreement between the two moisture ratios when
the specific drying constants (determined in this study) were used. Characteristics of
maize hybrids and the inconsistency of the ambient air were the main suspecting

factors.

8.2 Recommendation for further research

Based on the work done in this study, the following areas for further research are
recommended to optimise the operational characteristics of the dryer and the grain

quality:

1. Thickness of grain layer in the drying bins would need to be differentiated to

find out the optimum dryer capacity, drying rate and efficiencies.

2. Effects of drying on other grain quality attributes (such as biochemical

properties, including starch, protein, oil and ash) should be considered.

3. Tempering the dried grain for shorter time, from O to 4 hours, would be
important to find out the tempering effects on the quality of the dried grain while

maintaining the same drying conditions.

4. The same cooling and tempering treatments should be applied on the grain
dried at higher air temperature (for example, 110 °C). If the quality of the cooled and
tempered grain will be still high, as affected by the treatments, the high temperature

drying would be the most recommended.
5. Other maize hybrids should be tested under the same cooling and tempering
treatments to find out if the effects on them will be similar to those obtained for

“Clint” and “Raissa” in this study.

6. Assessment of the economic performance of the dryer.
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APPENDIX A

Determination of average drying rate

Based on the formulae for determination of grain moisture content dry basis (Brooker
et al., 1992; McLean, 1989) :

MmcC, = ":; X100 (A.1)
wf
MC, =—Ex100 (A.2)
A=W, =7“ga>< MC, s (A3)
M
A=W, =—0xMC, (A4)

Water removed from one bin (W) :

M
W=W, =W, =—oX(MC, =MC) s (A.5)

Thus, the average drying rate (ADR) of the whole system with 3 drying bins :

ADR=E><60><3= M X(MC, -MC, )XB60X3 ..oournrornnares (A.6)
T 100 xT
Where
W, = initial amount of water in the grain (kg)

W; = amount of water in the grain at the end of drying (kg)

M = dry matter of grain in one drying bin (kg)

MC, = grain initial moisture content (% d.b)

MC; = moisture content of the grain at the end of drying (% d.b.)

T =drying time (min)
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APPENDIX B

Comparison of the observed grain moisture ratio with the thin-layer
model recommended by Liu et al. (1998)

The experimental moisture ratio (MR,) was determined based the observed data during

the experiment using the following equation:

MR, = H
Where
MC, = observed moisture content at time ¢ (decimal d.b.)
MC, = initial moisture content (decimal d.b.)

MC, = equilibrium moisture content (decimal d.b.)

According to Liu et al. (1998), the equilibrium moisture content (MC.) and the

predicted moisture ratio (MR;) were determined using the following equations:

MC,=0.339-0.059 In [-(T +30.205) In RH] ....cceveereenn. (B.2)
MR, = exp (-kt" ) R — 1
k=1091x10"+2.767x10°T +7.286 x I0°T.MC, ... (B4)
n=0.5375+ 1.141 x 10°MC,’ + 5.183 x 10°T° s (BS)

Where
RH = relative humidity of the drying air (decimal)

K and n = drying constants

! = time (min)
T = air temperature (27 - 116 °C)
MC, = grain initial moisture content (23 — 36 % d.b.)

Note : According to the authors, MR, can be determined using Equation (B3) when the
air relative humidity and airflow ranged from 5 — 40 % and from 0.1 — 0.5 m*/s.m’,

respectively.
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The higher grain initial moisture content (approx. 30 %) and air temperatures (80 and

110 °C) were excluded from the analysis due to they are not within the ranges of

conditions:

- As air is heated, the changes of its properties occur on a horizontal line on
the psychrometric chart (Brooker et al., 1992 and Hall, 1980). When the

ambient air of approx. 18 °C and 80 % relative humidity is heated to 80 and

110 °C, its relative humidity would become smaller than 3.5 %. Such value

of the relative humidity is out of the range (5 — 40 %) and therefore, the

drying air temperatures of 80 and 110 °C were discarded from the analysis;

- Table B.1 listed the grain initial moisture contents dry basis (MCq4) as

converted from the moisture contents wet basis (MC,,) using Equation (B.6)
(McLean, 1989) :

_100xMC,

‘7 100-MC,

According to Table B.1, the grain initial moisture contents of “Clint” and *“Raissa”

maize hybrids of 31.42 and 32.15 %, which are equivalent to 45.82 and 47.38 % d.b.,

respectively, can not be included in the analysis, because Liu et al’ s model is limited

to the grain moisture content in the range of 23 to 26 % d.b (Liu et al., 1998).

TABLE B.1 Grain initial moisture contents as dry basis converted

from wet basis

Grain initial moisture content, %
Hybrid Approximate Measured Converted
(wet basis) (wet basis) (dry basis)
Clint 20 18.67 22.96
Clint 25 2569 34.57
Clint 30 3142 45.82
Raissa | 20 19.73 24.58
Raissa 25 2596 | 3506 |
Raissa 30 32.15 47.38

Therefore, the following analysis was focusing only on both maize hybrids dried from

approx. 20 and 25 % moisture contents at 58 °C drying air temperature:
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1. For “Clint”
1.2/ MC,= 25.69 % w.b.=34.57 % d.b. :

While the relative humidity and the dry-bulb temperature of the ambient air RH, =
73.23 % and T,= 18.59 °C, respectively, according to the Psychrometric chart, the air
of 58 °C temperature would result in RH = 8.7 % (Hall, 1980 and Brooker et al., 1992).
Applications of Equations (B.2), (B.4), and (B.5):

MC, = 0.339 — 0.059 In [-(58 + 30.205) In 0.087] = 2.2027 % d.b.
k = (1.091x102)+(2.767x 10 x (58)%) + (7.286 x 10° x 58 x 34.57) = 0.0348
n=0.5375+[1.141 x 10” x (34.57)*] + [5.183 x 10” (58)*] = 0.7255

1.b/ MC,= 18.67 % w.b. =22.96 % d.b. :

While the relative humidity and the dry-bulb temperature of the ambient air RH, =
80.85 % and T,= 16.66 °C, respectively, according to the Psychrometric chart, the air
of 58 °C temperature would result in RH = 8.5 %. Applications of Equations (B.2),
(B.4), and (B.5):

MC, = 0.339 — 0.059 In [-(58+ 30.205) In 0.085] = 2.1468 % d.b.
k =(1.091x10%)+(2.767x 10 x (58)%) + (7.286 x 10° x 58 x 22.96) = 0.0299
n=0.5375+[1.141 x 107 x (22.96)*] + [5.183 x 107 (58)*1=0.7179

2. For “Raissa”

2.a/ MCy=25.96 % w.b.=35.06 % d.b. :

While the relative humidity and the dry-bulb temperature of the ambient air RH, =
73.23 % and T,= 18.59 °C, respectively, according to the Psychrometric chart, the air
of 58 °C temperature would result in RH = 8.7 %. Applications of Equations (B.2),
(B.4), and (B.5):

MC, = 0.339 — 0.059 In [-(58 + 30.205) In 0.087] = 2.2027 % d.b.

k = (1.091x10%)+(2.767x10°° x(58)%)+ (7.286 x 10 x 58 x 35.06) = 0.0811

n=0.5375+[1.141 x 107 x (35.06)’] + [5.183 x 10™ (58)*] = 0.7259
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2.b/ MC,=19.73 % w.b. =24.58 % d.b. :

While the relative humidity and the dry-bulb temperature of the ambient air RH, =
80.85 % and T,= 16.66 °C, respectively, according to the Psychrometric chart, the air
of 58 °C temperature would result in RH = 8.7 %. Applications of Equations (B.2),
(B.4), and (B.5):

MC, = 0.339 — 0.059 In [-(58 + 30.205) In 0.087] = 2.203 % d.b.
k= (1.091x107)+(2.767x10° x (58)%) + (7.286 x 10° x 58 x 24.58) = 0.0306
n=0.5375+[1.141 x 107 x (24.58)*] + [5.183 x 107 (58)*1=0.7188

Results :

The experimental (MR.) and predicted (MR,) moisture ratios calculated from

Equations (B.1) and (B.3), respectively, are listed in the Table B.2 below:

TABLE B.2 Comparison of the resulted MR, with MR, of both maize hybrids dried

at 58 °C
Drying _ Clint I ) Raissa
time MCo=25% | MC,=20% MC, =25 % MC, =20 %
(min) MR. MR, | MRe MR, | MR. MR, | MR, MR,
0 1.000  1.000 | 1.000 1.000| 1.000 1.000| 1.000 1.000
10 0935 0.831| 0950 0.855| 0936 0.830| 0.932 0.852
20 0.868 0.736 | 0.885 0.773| 0.857 0.735| 0.862 0.768
30 0.818  0.663| 0840 0.709| 0.798 0.661 | 0.808  0.703
40 0.767 0.603 | 0.805 0.655| 0.748 0.601 | 0.768  0.648
50 0.730  0.552| 0.774 0.609 | 0.704 0.549 | 0.732  0.601
60 0.695 0507 | 0.749 0.568 | 0.665 0.504 | 0.703  0.560
70 0.665 0468 | 0.726 0.532 | 0.633  0.465 '
80 0639 0433 0.603  0.430
.......... 90 | 0612 0402 105750399
_____ 100 0.590 0.374 0.552 0.371
110 0.564 0.348 | 0.527 0.346
120 0545! 0325 | 0.506  0.322
130 0.528  0.304 0.487  0.301
140 0.508 0.285| | 0469 0.282
_____ 150 0.493  0.267
160 0.479  0.251
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APPENDIX C

Determination of the specific coefficients k and n
of thin-layer drying model

Following the steps made by Misra and Brooker (1980) and Li and Morey (1984), the
drying constants k and n of thin-layer drying (Page model) were determined for each

initial moisture content and drying temperature using linear regression on the

transformed equation:

Ln(-InMR)=Ink+n (Int) i (C.1)

The experimental (MR,) and predicted (MR,) moisture ratios were calculated using the

following equations :

MR, = MEGEME S e em——— (C2)
MC,-MC,
MRy =exp (-kt") (C.3)
Where
t  =drying time (min)

T  =drying air temperature (°C)
MC, = grain moisture content at time ¢ (%)
MC,= grain initial moisture content (%)

MC, = grain equilibrium moisture content (%)

According to Liu et al. (1998), grain equilibrium moisture content is determined as :

MC,=0.339—-0.059 In [(T +30.205) In RH]  ......c.ccovviirerinunennnn. (C.4)

Where RH is relative humidity of the drying air (decimal)
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Abstract

The increasing emphasis on grain quality and
energy conservation during drying has created a
need to develop drying systems that will deliver a
better quality product with lower energy
consumption. A new prototype flat-bed grain dryer
was evaluated using maize grain of two hybrids
(soft and hard). Dryer performance parameters
such as capacity and drying rate were determined
and the dried grains were tested for their quality
attributes. Preliminary results showed that grain
bulk densiry and breakage susceptibility correlated
well with the drying air temperatures and the initial
grain moisture content. Low initial grain moisture
content and high drying temperatures increased
dryer capacity and reduced total energy
consumption for drying. However. both high drying
air temperature and high initial grain moisture
content increased the incidence of grain damage.
The implication of these results for optimizing
dryer performance and dried grain quality will be
discussed.

1. Introduction

Evaluation of performance of grain dryers and
understanding the effects on grain properties are
still important to satisfy the need of grain
producers, grain traders, grain processors and grain
users. Drying operation must not be considered as
merely the removal of moisture since there are
many quality factors that can be adversely affected
by incorrect selection of drying conditions and
equipment [17].

Research studies have shown that grain initial
moisture content and drying temperature have
substantial effects on dryer performance and dried
grain quality such as bulk density, breakage, stress
cracking, and milling quality [6, 7, and 12].

The specific objectives of this experiment were
to conduct performance evaluation of the prototype
flat-bed grain dryer by :

Opara U. Linus
Institute of Technology
and Engineering,
Massey University

366

Hardacre K. Allan
Crop and Food Research Ltd.,
Palmerston North
New Zealand

e Determining the effects of grain moisture
content and air temperature on dryer capacity,
drying efficiency and energy consumed by the dryer

¢ Quantifying the same effects on grain quality
attributes.

2. Materials and methodology

2.1 Grain

Two hybrids of yellow maize grains (250 kg
each) named “Clint” and “Raissa”, which are hard
and soft, respectively, were used in this study. The
Clint was planted in October 1997, on the
experimental site of the Crop and Food Research
Ltd. in Palmerston North, New Zealand; manually
harvested on May 21 and June 15, 1998; and
shelled by a husker-sheller (Haban, USA) at the
moisture content of around 22 %. (Note : All the
grain moisture contents cited in this report are in
wet basis). The Raissa was planted on October 24,
1997, in Aorangi, Kairanga region, Manawatu, New
Zealand; and harvested and shelled by a
commercial combine harvester (John Deer, USA) in
May 29, 1998, at the moisture content of around 24
%. In order to carry out the experimental work in
the time available, it was necessary to artificially
dry or wet the grains to obtain three different
moisture contents (approx. 20, 25 and 30 %).

2.2 The prototype flat-bed grain dryer

The prototype flat-bed grain dryer (Figure 1),
constructed by the Crop and Food Research has
four main parts : a centrifugal fan powered by an
electric motor; a heating section consisting of 8
two-kilowatt electric heaters; a central plenum
chamber and three removable rectangular boxes
used as drying bins. Each of the bins is vertical
column of 40 x 40 cm (cross section) and 40 cm
(height). The sides of the bins are made of sheet
metal and the bottoms are made of metal mesh.



Exhaust air

| Grain

Ambient air

P

0.8 m

!\,_,/

2.5m

1.2m

[1

Figure 1 Schematic diagram of the prototype flat-bed grain dryer

The heating section and the plenum chamber are
made of the sheet metal and insulated with 2.5 cm
thick expanded polystyrene to minimize the effect
of heat loss to the surroundings. Drying air
temperature (max. 130 °C) and flow can be set
using an electric-relay system (Grain Dryer
Controller, Gewiss GW46006, Electro-engineering
Ltd., Palmerston North, New Zealand).

When operating, the fan propels drying air into
the plenum chamber. It passes through heaters in
the heating section and, then to drying grain in the
bins through the perforated metal floors.

2.3 Methodology

Grain of both hybrids were dried from the three
initial moisture contents, using the dryer, at three
drying air temperatures (58, 80 and 110 °C) in three
replications. Each time, 5-kg sample was dried in
one of the three drying bins. Approx. 100 to 150 g
of grains in each drying bin was put in a small
metal-mesh bag and left to dry all together in the
bin. The small bags were taken out of the drying
bins every 10 minutes to weight in order to detect
moisture reduction of the dried samples.

Sample was no longer dried when its weight
reduced to a predetermined value, which is related
to the moisture content of : 16 % at 110 °C, 15.4 %
at 80 °C and 14.6 % at 58 °C. These target moisture
contents have been used by the Crop and Food
Research, as moisture content of dried grain usually
drops further during cooling process, in accordance
to their experiences. Apart from drying with the
dryer. grain of both hybrids were dried at ambient
air temperature from all the three initial moisture
contents.

Other parameters were also measured every 10
minutes during the drying process. Temperature
and the humidity of the ambient air were measured
and recorded by Cambell Scientific CR10 data
logger. Temperature of the heated air was read from
the dryer control system. Flow and temperature of
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the air exhausted from the grain were measured and
recorded using a wind speed indicator (Davis
Instruments, California, USA) and thermocouple
immersion probe (model 80PK-2A, type K, John
Fluke Mfg. Co., Inc., USA), respectively. Electric
power consumed by dryer was read from power
meter located at the power source.

Grain Moisture contents were measured using
the oven method (72 hours at 103 °C) before
drying. Moisture meter (GAC2000, DICKEY-John
Corp., USA ) was used to measure moisture content
and bulk density after drying.

Breakage susceptibility of the grains dried under
particular drying condition was determined in three
replications using the Stein breakage tester
developed by the Crop and Food Research. Each
time, 50-g sample of clean and sound grain kernels
was subjected to breakage in the tester for 6
minutes and then manually sieved using a 4.75 mm-
aperture sieve (Pattern No. 667924, Endecotts Ltd.,
London, England) to separate the fine material and
broken kernels from sound kernels. Breakage
susceptibility was determined as the sum of weight
percent of the fine material and the broken grain to
the sample weight. Similar method has been used
by many researchers [5, 9, 11 and 18]

The hardness test, based on the method used by
Li et al. [10] and Pomeranz et al [13], was applied
for all the dried samples using the Stenvert
Hardness Tester at the Crop and Food Research.
The speed of the tester mill was set for 3,600 rpm,
when unloaded. Each time, a 20 g-sample of sound
kernels was ground and the resistance time and
milling energy consumption were recorded by a
computerized data logging system attached to the
tester. The dried maize samples ranged in moisture
content from 12.53 to 14.27 %, therefore, the
quality test results had to be corrected to 14 %
moisture content using models developed in the
Crop and Food research. The models are
commercially confidential and not allowed to be
published.



3. Results

Preliminary results are listed in the Table below. Some of them are illustrated in the following Figures.

Initial Drying Drying Energy Dryer Bulk Breakage Milling Energy Resistance
Variety Moisture Temperature, Time, Consumption, Capacity, Density, Susceptibility, Consumption, Time,
Content, % ’c min kW kg/h kg/hl %% kJ 5
Ambient - - - 77.58 1.86 9.34 29.80
58 95.33 1.80 9.50 77.09 13.37 10.50 34.83
20 80 50.67 1.22 17.91 76.24 15.68 10.43 33.73
110 45.33 1.11 19.89 75.74 19.28 10.76 36.07
Ambient - - 77.91 1.24 9.26 28.67
. 58 196.33 3.31 4.60 75.31 22.19 10.05 33.30
Clint 25 80 97.00 256 9.38 73.92 23.11 10.20 32.33
110 72.33 1.93 12.46 72.57 28.83 9.19 29.47
Ambient - = - 76.44 1.20 9.68 28.83
58 270.67 4.82 3.35 72.63 25.21 10.40 33.07
30 80 139.67 3.80 6.50 71.46 28.23 10.27 31.47
110 87.33 2.96 10.31 69.83 31.17 9.18 27.43
Ambient = = 76.00 1.21 7.51 18.87
58 97.33 1.53 9.31 74.49 13.18 7.96 19.17
20 80 54.33 1.27 16.64 73.41 14.23 7.74 19.07
110 48.67 1.06 18.50 72.46 18.29 8.15 19.37
Ambient - - 74.57 1.96 7.99 20.30
. 58 173.67 3.09 5.21 7211 20.62 Tl 17.20
Ralsen 25 80 94.00 2.48 9.63 70.61 28.57 7.53 16.43
110 70.67 1.93 12.77 68.90 30.14 7.81 17.07
Ambient = = 72.85 1.24 7.81 18.40
58 236.67 4.07 3.82 69.60 23.24 7.59 16.87
30 80 134.67 3.56 6.71 67.83 33.95 7.63 15.43
110 5.33 3.00 10.72 66.28 33.94 7.38 14.43




3.1 Drying time, capacity and energy used

With the same size of the drying sample,
capacity of the dryer was related only on the drying
time. Figure 2 indicates that drying time varied
apparently with the grain initial moisture content
and the drying air temperature. For both hybrids,
the time was shown the same trends. The higher the
moisture content, the longer the drying took time.
The grain could be dried from any moisture content
to the predetermined level in shorter time by
increasing the drying temperature. The longest
drying time was approx. 4 h and 30 min for drying
the Clint from the highest moisture content (30 %)
at the lowest temperature (58°C). The shortest time
was about 45 min when both hybrids were dried

300
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from the lowest moisture content (20 %) at the
highest temperature (110 °C).

The data in the Table above show that the dryer
could dry grain of up to approx. 20 kg/h at 110 °C
when the moisture content was 20 %. This capacity
decreased with lower temperature and higher
moisture content.

The energy consumed by the dryer was affected
also by the drying conditions (Figure 3). More
energy was used for both hybrids of higher moisture
content. Within each moisture content, the energy
was reduced when higher temperature was used.
The dryer used most energy (almost 5 kWh) when
drying the Clint from 30 % at 58 °C. The minimum
energy (approx. 1 kWh) was used for the lowest
moisture when the highest temperature was applied.
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Figure 2 Dryer time as affected by the moisture content and temperature (Clint - left and Raissa - right)
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Figure 4 Bulk density as affected by the moisture content and temperature
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Figure 5. Breakage susceptibility as affected by the moisture content and temperatures

3.2 Bulk Density and breakage susceptibility

The drying temperatures and initial moisture
contents were both significant in their effects on the
bulk density of the dried grain (Figure 4). The
density of all the hybrids tended to decrease as the
moisture content and drying temperature increased.
The highest  bulk density (approx. 78 kg/hl)
occurred for the Clint when drying at the ambient
air temperature (approx. 20 °C) and from low
moisture contents (20 or 25 %). The lowest density
(approx. 66 kg/hl) occurred for the Raissa dried at
the highest temperature (110 °C) and from the
highest moisture content (30 %). Under each drying
condition, the Clint bulk density was always higher
than the Raissa bulk density.

Breakage of both hybrids was similarly affected
by the drying temperature and the moisture content
(Figure 5). As the temperature and/or the moisture
content increased, the dried grain became
somewhat more susceptible to breakage. Level of
the damage was very small (approx. | %) for both
hybrids dried at the ambient air temperature. The
highest damage (from approx. 30 to 35 %) occurred
for grain dried from the highest moisture content
(30 %) at the highest air temperature (110 °C and
80 to 110 °C, for the Clint and Raissa,
respectively).

3.3 Stenvert Hardness

Hardness is an important intrinsic property of
maize because it is closely related to the ratio of
corneous to floury endosperm that affect dry-
milling flaking grit yields [9]. The Stenvert results
(Table above) did not show clear effects of the
moisture content and/or the temperature on
hardness properties of the two hybrids. They,
however, indicate that the Clint is harder than the
Raissa. The Stenvert milling energy and resistance
time were around 10 kJ and 34 s, respectively, for
the Clint but they were significantly smaller (around
7.8 kJ and 18 s, respectively) for the Raissa.
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4. Discussions

A maximum amount of grain that the dryer could
dry by consuming least time and energy would be
obtained by using as high air temperature and as
low grain initial moisture content, as possible.
However, the dried grain was more susceptible to
damage when being dried at higher air temperature,
especially from higher moisture content. The
breakage and the bulk density were observed
increased and decreased, respectively, as the air
temperature and moisture content increased. Similar
observations have been made by many other
researchers [1, 2, 3.4, 7, 8,12,14 and 15]

The Stenvert results only showed that there was
significant difference between the two hybrids.
Kirleis and Stroshine [9] had also found that for
each of the tested hybrids, Stenvert hardness test
values remained relatively constant for maize dried
at temperatures up to 60 °C and then declined only
slightly, but not significantly, at the higher drying
temperatures.

5. Conclusions

Results of this study suggest that both grain
initial moisture content and drying air temperature
affect the dryer performance and some of the grain
quality attributes :

1. The dryer capacity of approx. 20 kg/h
was maximum. It decreased, to the lowest value
(approx. 3.5 kg/h), as the air temperature decreased
and the moisture content increased for both hybrids.

2. The energy consumed by dryer decreased as
the air temperature increased and the moisture
content decreased for both hybrids. Its maximum
and minimum values were approx. 5 and 1 kWh
respectively.

3. Breakage and bulk density of the dried grain
were affected more badly as the air temperature and
the moisture content increased. The most damage
was shown with the highest breakage (35 %) and
the lowest bulk density (66 kg/hl).



4. The effects of the moisture content and the air
temperature on the grain hardness was not clear.
There was only the difference between the hybrids
which indicated that the Clint is harder than the
Raissa.

5. When drying the Clint, the dryer produced
less capacity and consumed more energy than when
drying the Raissa.

6. In order to increase the dryer capacity and to
decrease the drying energy consumption, therefore,
air of high temperature would be needed. However,
using higher air temperature for drying would cause
more damage to the grain, especially when its initial
moisture content is high.

6. Recommendation for future research

Based on the work in this study, the following
areas for further research are recommended to
optimize the operational characteristics of the dryer
and the grain quality :

1. Thickness of grain layer in the drying bins
would need to be differentiated to find out the
optimum dryer capacity and drying rate.

2. Effects of drying on other grain quality factors
(such as biochemical properties, including starch,
protein and ash) should be considered.

REFERENCES

1] Abe T. and Afzal T.M. “Tin-Layer Infrared
tadiation Drying of Rough Rice”. Journal of
Agricultural Engineering Research. (1997) 67, 289 - 297.

[2] Barker G.L. and Laird J.W. “Effect of Temperature
on the Drying Rate of Gin Run Cotton Seed™
Transactions of the ASAE, 1996 Vol. 40(2): 289 - 294.

[3] Brooker B.D., Bakker-Arkema W.F., and Hall W.C.
“Drying and Storage of Grains and Oilseeds”. An Avi
book Published in 1992 by Van Nostrand Reinhold, New
“ork.

4] DiMattia D.G., Amyotte P.R. and Hamdullahpur F.,
1996 Fluidized Bed Drying of Large Particles.
Transactions of the ASAE, Vol. 39(5): 1745 - 1750.

[5] Fortes M. and Okos M.R. “Changes in Physical
Properties of Corn During  Drying”. Transactions of
the ASAE, 1980 : 1004 - 1008.

[6] Gunasekaren, S., Deshpande, S.S., Paulsen, R.M.
and Shove, C.G. *"Size Characterization of Stress
Cracks”. Transactions of the ASAE, 1985, 28(5): 1668 -
1672.

[7]. Gunasekaran S. and Paulsen M.R. “Breakage
Resistance of Corn as a Function of Drying Rates”.
Transactions of ASAE, 1985, 28: 2071.

31

[8] Hall G.E. “Test Weight Changes of Shelled Corn
During Drying”. Transactions of ASAE, 1972, 15: 320.

[9] Kirleis A.W. and Stroshine, R.L. “Effects of
Hardness and Drying Air Temperature on Breakage
Susceptibility and Dry-Milling Characteristics of Yellow
Dent Comn”. Cereal Chemistry, 1990, 67 (6) : 523 - 528.

[10] Li P.X.-P. Hardacre A.K. Campanella O.H. and
Kirkpatrick K.J. “Determination of Endosperm
Characteristics of 38 Corn Hybrids Using the Stenvert
Hardness Test”. Cereal Chemistry, 1996, 73 (4) : 466 -
471.

[11] Miller B.S.. Hughes J.W.. Rousser R. and
Pomeranz Y. “Measuring the Breakage Susceptibility of
Shelled Corn”. Cereal Foods World, February 1981, Vol.
26, No. 2.

[12] Peplinski, J.A., Paulis, W.J., Bietz, A.J. and Pratt,
C.R. “Drying of High-Moisture Corn Changes in
Properties and Physical Quality”. Cereal Chemistry,
1993, Vol. 71, No.2: 129 - 133.

[13] Pomeranz Y., Czuchajovska Z., Martin C.R. and
Lai F.S. “Determination of Corn Hardness by Stenvert
Hardness Tester”. Cereal Chemistry, 1985, 62:108.

[14] Shivhare U.S., Raghavan G.S.V. and Bosisio R.G.
“Microwave Drying of Corn. I. Equilibrium Moisture
Content”. Transactions of the ASAE, Vol. 35(3): May -
June 1992.

[15] Tagawa A., Kitamura Y. and Murata S. *“Thin Layer
Drying Characteristics of Adzuki Beans”. Transactions of
the ASAE, 1996, Vol 39(2): 605 - 609.

[16] Thompson R.A. and Foster G.H. “Stress Cracks and
Breakage in Artificially Dried Corn”. United States
Department of Agriculture. Marketing Res. Report, 1963,
No. 631.24 pp.

[17] Trim, D.S. and Robinson, A.P. “Drying Methods.
In : Grain Storage Techniques”. FAO Agric. Services
Bulletin 1994 (109). Edited by Proctor D.L.

[18] Weller C.L., Paulsen M.R. and Steinberg M.P.
“Stress Cracking and Breakage Susceptibility as Affected
by Moisture Content at Harvest for Four Yellow Dent
Corn Hybrids". Transactions of the ASAE, Vol. 33(3):
May-Jun 1990.





