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ABSTRACT
APPLICATION OF A CONCENTRIC VORTEX-CELL
BIOMASS FURNACE TO GRAIN DRYING
By
Eliud Ng'ang'a Mwaura

Artificial crop drying is relatively energy intensive and uses
about 60% of the energy required to produce corn, exclusive of irriga-
tion. Biomass fuels, such as wood chips and corncobs, are potential
alternatives to fossil fuels for crop drying.

A concentric vortex-cell furnace (CVCF) with a maximum heat
output of 690 kW was built and incorporated in an in-bin counterflow

(IBCF) corn dryer with an hourly capacity of 3 m3

at an initial grain
temperature of 10°C, a drying temperature of 71°C, and corn dried from
25% to 15.5% moisture content (wet basis). The system was tested using
wood chips and corncobs. Experimental tests included: (1) fuel con-
sumption and drying capacity, and (2) corn contamination with polycyclic
aromatic hydrocarbons (PAHs) and heavy metals. The results were com-
pared with the performance of a propane (LP) fueled system.

The results demonstrate that the CVCF biomass furnace is a
technically viable alternative to conventional fossil fuel burners.
The drying capacity of the CVCF/IBCF system is approximately 90% of
the LP fueled system. The reduction in the drying capacity is a result
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of the reduction in the flow rate of the drying air mass due to the
heating of the air before the fan entrance.

The CVCF/IBCF system operates at about 70% efficiency in con-
verting biomass fuels into energy for grain drying. The average
specific energy consumption (kJ/kg of water removed) of the system is
about 6,100 kJ/kg compared with 4,600 kd/kg for the LP fueled system.

There is no objectionable discoloration or objectionable odor
in the corn dried with the CVCF/IBCF system. The grain contains no
dangerous concentration levels of PAH or heavy metals.

The operating costs (exclusive of labor and fixed costs) of the
CVCF/IBCF system are 30 to 40% of the energy costs of the LP fueled
system. The total break-even costs of the CVCF/IBCF system are about
20% higher than the total costs of the LP system (at 1983 prices) due
to the high capital investment required to convert the LP system into
a biomass system.

The CVCF furnace does not have immediate economic feasibility

in the USA at the 1983 fossil fuel prices and interest rates.
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CHAPTER 1

INTRODUCTION

Cereal and pulse grains are a major source of food for human
and animal consumption. In terms of world production in 1982, wheat
ranks first, followed by corn, rice, and barley (Table 1.1). As a
source of human food, rice has no equal among the grains, especially
in the Orient where the major (91%) of the world's supply of rice is
produced (FAO, 1982). Corn, millet, and sorghum are the main cereal
grains for human consumption in Africa. According to USDA (1982), the
USA produced in 1981 about 46% and 20% of the total world production
of corn and all the cereals, respectively. Other important cereal
grains are barley, oats, and rye.

Pulse grains, such as beans and peas, are a significant source
of protein for human consumption, especially in Third World countries
where meat consumption is comparatively low. Pulse grains are pro-
duced mainly in Asia (52% of world production), Africa, and South
America (see Table 1.2). Soybeans are an important source of oil and
protein for both human and animal consumption. The USA is the major
producer of soybeans and produces more than 60% of the total world

production (see Table 1.2).
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Table 1.2.--World production of soybeans and pulses (1981), 1,000
metric tons.

Region Soybeans Pulses
Africa 319 5,076
Asia 10,320 22,241
Europe 552 2,401
S. America 19,575 3,294
U.S.A. 55,260 1,673
World 87,941 42,403

Sources: FAO (1982), USDA (1982).

1.1 Michigan Grain Production

Michigan is a major grain producing state. Among the major
grain producing states in the USA, Michigan, in 1982, ranked first
in production of dry beans (30.0%), 6th in oats (4.6%), 8th in corn
(3.7%), 7th in rye (3.1%), 22nd in wheat (1.2%), and 18th in soybeans
(1.4%) (MDA, 1883). The shelled corn annual production in Michigan
increased from 4.94 in 1978 to 7.81 million tons in 1981. This repre-
sents an increase of 58%. During the same period, annual soybean
production increased from 0.55 to 0.82 million tons, an increase of
49%. Annual wheat production showed the highest increase from 0.42
million tons in 1978 to 1.13 million tons in 1981, an increase of
153%. Other grains showed production increases of 20% (dry beans)

to 31% (barley); the oats production decreased by 10% (MDA, 1983).



1.2 Grain Preservation

Grains are stored either on the farm or in commercial storage
facilities. Storage structures should provide suitable conditions for
maintaining the grain quality. The stored grain should be protected
from insects, rodents, molds, and the weather elements. Before stor-
age, it should be properly conditioned.

Grain drying is the most widely used method of preserving
grain (Brooker et al., 1974). Moisture is removed to prevent the
development of a favorable environment for the growth of molds and
insects. Grain drying may be either natural or artificial. Natural
drying occurs in the field before harvest, in an ear corn crib, or
when on the ground during solar drying.

Artificial drying is an energy intensive system. According to
Brooker et al. (1974), about 60% of the energy required to produce corn
exclusive of irrigation is used for artificial drying. In spite of
the high energy demand for grain drying, more than 80% of the corn
produced in the USA is artificially dried (ASAE, 1978). Artificial
drying has the following advantages:

a. allows early harvest which, in turn, reduces storm and
shattering field-losses, and permits early land prepa-
ration for the next crop;

b. allows planning of the harvest season to make better
use of the labor;

c. allows long-time storage without deterioration;

d. enables farmers to take advantage of higher prices

at some time after harvest;




e. maintains grain viability and quality;
f. allows the use of full season hybrids (longer
maturing varieties) that yield more grain per
hectare.
Considering the above advantages, it is obvious that grain drying
cannot be omitted without undue loss of grain quantity and quality at
the farm level.

The current artificial grain dryers use convection-type
heaters that burn fossil fuels, usually liquefied petroleum (LP) gas
or natural gas. According to Friedrich (1978), high-temperature
dryers operate at about 50% efficiency inutilizing fuel to evaporate
moisture from grains. It takes from 4650 to 8140 kJ to remove one
kilogram of water from grains such as corn, depending on the initial
and final moisture content, the amount of fines, the dryer design,
and the weather conditions (Brooker et al., 1978).

It is obvious that the current high-temperature dryers require
large amounts of energy. Also, the fossil fuels compete with domestic
and industrial uses. It is, therefore, desirable to develop drying
systems which can reduce fossil fuel requirements for grain drying.

There are four principle possibilities of reducing fossil
fuel usage (ASAE, 1978):

1. increased use of high moisture corn storage to

feed animals at farms close to where corn is grown;

2. use of natural air or low temperature drying;




3. use of combination drying systems employing the
advantages of high-speed, high-temperature drying and
low-speed, low-temperature (or natural air) drying;

4. use of solar heated drying systems;

5. application of crop residues as a crop drying
energy source.

The last item is the subject of the research in this dissertation.

1.3 Biomass Fuels for Grain Drying

Biomass energy is a form of solar energy stored by plants in
the form of hydrocarbons. Many researchers have investigated utiliza-
tion of this energy (Steffgen, 1974; Shrader, 1977; Hall, 1979; Stout,
1979; Claar et al., 1980a and 1980b; Claar, 1981; Anderson et al.,
1981; Sukup et al., 1982; Morey et al., 1980 and 1982; Richey et al.,
1980). Steffgen (1974) observed that the 540 million tons of agri-
cultural wastes produced in 1970 in the USA, if converted to fuel oil,
could have replaced more than half the fossil fuels needed to generate
electricity, or could have replaced all the natural gas and fuel oil
used that year for generating electricity. Burwell (1978) noted
that 303 million tons of cereal straw and corn stalks/cobs could have
supplied about 5.5% of the 71.)(109 GJ of energy used by the USA in
1975.

In making these estimates, Steffgen (1974) and Burwell (1978)
did not account for the residues that are needed to conserve soil
fertility. If this factor is accounted for, the total energy avail-

able is much less than the above estimates.




Agricultural biomass can be converted to oil by liquefaction,
to gas by hydrogasification or pyrolysis, and to alcohol by fermanta-
tion. It can also be directly converted to thermal energy by combus-
tion. The combustible energy value of biomass is relatively high and
has, therefore, been a subject of considerable research (Pimentel et
al., 1981; Helsel and Wedin, 1983).

Before discovery of fossil fuels, wood was the principal fuel
for mankind. As recently as 1900, wood accounted for 25% of the total
US energy supply; by 1976 it provided less than 1.5% (Fisher, 1976).
By comparison, 8% of Sweden's and 15% of Finland's energy needs were
met by wood in 1977 (Merril and Gage, 1978). Biomass is still the
major source of energy in Third World countries, especially in rural
areas.

One ton of shelled corn produces about 0.25 tons of corncobs.
Depending on the efficiency of combustion and the design of the dry-
ing system, corncobs from 0.25 ton of shelled corn can dry one ton of
corn from 26 to 15.5% wet basis* (Richey et al., 1980). Thus, if all
the corncobs are collected, they can be converted to enough energy to
dry the entire US corn crop and also provide thermal energy for other
farm applications such as heating of buildings and processing of other
crops.

During periods of low grain prices, the grain may have a greater
value as a fuel than as a feed or food. Of the corn crop, 3 to 5%

*A11 moisture in this thesis are stated on a wet basis unless
otherwise indicated.



can provide enough energy to dry the remainder of the crop with an
efficiently designed combustion system (Morey and Thimsen, 1980).

The forest products industry derives 45% of its total energy
need from burning bark and mill wastes. Much of the wood waste is not
utilized and is thus available to nearby farms. It may be also prac-
tical to set aside some land for biomass fuel production. Commercial
forests for fuel is another possibility (Stobaugh and Yergin, 1980).

Incineration of biomass for crop drying requires a well designed
furnace to ensure complete combustion. Incomplete combustion may cause
undesirable odors, discoloration and contamination of grain (Anderson
et al., 1981; Hiutt and Winkler, 1978; Jacko et al., 1982; Joe et al.,
1982). Thus, development of efficient and clean burning solid fuel
combustion systems is an important step in increasing the utilization

of crop and residue materials for heat energy.

1.4 Grain Production and Storage in Kenya

Cereal grains, in particular corn and legumes, constitute the
staple food for most Africans, including Kenyans. Cereals are grown
by "small scale" (under 20 hectares) and "large scale" (over 20 ha)
farmers under different ecological, social-economic, environmental and
technological conditions. The production problems are many and varied.

Large scale farmers produce grains almost entirely as cash
crops and usually have the equipment and the know-how to handle the
crops more efficiently than the small scale farmers. The latter,
depending on how "small" they are, produce grains for home consumption

and for cash if they have a surplus. Some grain is consumed fresh




before it matures and the rest is stored for seed and for future con-
sumption. Small scale farmers face major problems in drying, cleaning,
and storage of grains.

Handling practices vary from place to place within Kenya. Some
farmers, especially the small scale ones, harvest unhusked ear corn and
suspend it from trees or place it over fires in their homes or on
special platforms. The latter method is an example of utilization of
biomass energy for crop drying, especially along the coastal region of
Kenya. In other regions traditional granaries are found in which
unhusked or dehusked ear corn is kept for natural drying. The granaries
vary in size, in accessability for inspection, in cleaning and removal
facilities, and in the degree of protection they offer from insects,
rodents, and the weather. Some corn is sun-dried (either as ear-corn
or shelled grain) by spreading it on mats, or on the ground.

Solar drying may be economical, but is risky due to uncertain-
ties in the weather, and in the labor availability for handling. There-
fore, most farmers leave the crops in the field to dry naturally, and
harvest when the grain is sufficiently dry (16 to 18%) for solar
drying. This results in field infestation by insects and molds, and
consumption by birds and rodents. Also, the land preparation for the
next crop is delayed. To avoid the delay, some farmers cut the corn
stalks and stack them in 2 to 4 meter diameter conical stacks and leave
them in the field to dry for up to four months.

Long-term storage of grain is undertaken by the Kenya Cerals

Board (a Kenya government agency). The Board is in charge of drying
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and storage of cereal grains for the purpose of price stabilization
and for emergency needs (such as occur during a drought). In 1981 the
Board handled about 20% of the total Kenyan corn producticn of 500,000
metric tons. The remainder is handled by individual farmers or coop-
eratives. The Board buys grain from farmers at a specified standard
quality and government price.

For long-term strategic storage (up to 3 years), the Board
uses Cyprus bins. A Cyprus bin is an oval-shaped concrete structure
which is constructed halfway underground. Corn is dried to 12% before
it is placed in a Cyprus bin. The capacity of a typical Cyprus bin is
about 250 tons. For short-term storage, corn is stored at 13% mois-
ture in 90 kg bags in masonry sheds.

According to FAO (1982), the Kenyan corn production was 1.45
million metric tons in 1979; in 1980 it was 1.75 million tons and in
1981 2.20 million tons. The average annual grain losses on small-
scale farms were estimated at 16%. This amounts to a monetary loss in
Kenya of approximately $42 million annually (MAO, 1981). There are
also health hazards caused by aflatoxin contained in moldy grain
(Anderson and Pfost, 1978).

Most of the grain losses in Kenya occur during storage. Insect
damage is the most severe problem. Artificial drying is essential in
the surplus-producing areas with high rainfall. Long-term storage
conditions are most favorable at the higher altitudes due to the low
temperatures and low relative humidities. Judging from the available

literature on grain drying and storage in Kenya, it appears that the
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current storage facilities and practices do not provide the necessary
grain protection from insects and molds. Since the most severe insect
and mold infestation occurs in the field, it is reasonable to assume
that earlier harvesting and artificial drying can contribute substan-
tially in minimizing the losses.

Kenya has no fossil fuel or mineral resources. It is, there-
fore, necessary to design grain drying systems that are effective,
inexpensive, energy (fossil fuel) efficient and made of locally
available materials. Such systems must utilize renewable biomass
energy sources, such as crop residues and wood. Since biomass waste
and wood are also used for domestic energy needs, there is a special
need in Kenya to design efficient biomass combustion furnaces for

grain drying.

1.5 Objectives

The general objective of this research is to design a direct
fired vortex-cell biomass furnace and incorporate the unit in an
existing on-farm grain drying system. The specific objectives are:

1. To develop, build, and test a prototype of a direct-
fired combustion, concentric vortex-cell biomass
furnace for on-farm grain drying.

2. To demonstrate the feasibility of the furnace as a
technical alternative to LP gas and natural gas
burners for on-farm grain drying.

3. To integrate the furnace into a commercial in-bin

counterflow drying system.
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To test commonly available (in Michigan) renewable
biomass fuel sources such as wood chips and corncobs.

To determine the safety aspects of the biomass furnace
with respect to chemical absorption of smoke con-
stituents by the grain.

To determine the economics of drying with biomass energy.
To model semicontinuous in-bin counterflow grain

drying.

To model a concentric vortex-cell biomass furnace.




CHAPTER 2
LITERATURE REVIEW

2.1 Biomass Furnaces for On-Farm Grain Drying

Since the early 70's many investigations have been conducted
on the use of biomass energy for grain drying and other farmstead
operations. Most research has been directed towards the study of
direct combustion systems for converting crop residues and processing
wastes into thermal energy. Two main categories of combustion systems
are found in the literature: direct-combusion systems, and
gasification-combustion systems.

Studies on collection and direct-combustion of cobs and corn
stover have been conducted at Iowa State University since 1975
(Kajewski et al., 1977; Claar et al., 1980b; Anderson et al., 1981;
Wahby et al., 1981; Sukup et al., 1982; Anderson et al., 1983). A
direct-combustion incinerator-type furnace burning cobs was developed
by Pioneer Hi-Bred for drying ear seed-corn (Dahlberg, 1977). Seed
Grains, Inc., also developed a corncob-fired furance (Claar et al.,
1980b).

Crop residue burners have been marketed by several companies
in the USA (Moraczewski, 1980), in Germany (Strehler, 1976), and
Canada (Peill, 1980).

In all the furnaces referred to above, biomass is converted

into thermal energy by direct-combustion.( In direct-combustion

13
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furnaces there is no distinct separation of the pyrolysis and combus-
tion processes. Both processes occur in the same physical combustion
chamber.

Gasification of biomass to produce producer gas, which is
subsequently burned to provide energy for crop drying, has been studied
at the University of Minnesota (Morey et al., 1980; Morey et al., 1982);
at Purdue University (Foster et al., 1982); at Clemson University
(Payne et al., 1981); at the University of Florida (Shaw et al., 1982);
and at the University of Kentucky (Payne et al., 1980). No commercial

units are, as yet, being marketed in the USA.

2.1.1 Major Products of Combustion

The major products of combustion of biomass fuels are heat,
exhaust gases, and ash; the products of incomplete combustion of the
fuels are tar and char.

The amount of heat released in combustion depends upon the
heating value of the fuel. The heating value is determined by measur-
ing the enthalpy change between reactants (fuel and oxygen in air)
and products at 25°C in an adiabatic bomb calorimeter. The heating
value is reported as the higher (gross) heating value (HHV), or the
Tower (net) heating value (LHV). The HHV represents the heat of
combustion if the water vapor produced is condensed to a liquid at
25°C. The LHV is the heat of combustion when the water remains as
vapor. The LHV is lower than the HHV because the latent heat of
vaporization is not recovered. Heating values are reported in both
wet and dry fuel basis. The unit of the heating values is kd/kg of
fuel.
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The gaseous products of biomass combustion include COZ’ HZO‘
co, NZ’ and traces of NO and 502. If the oxygen level is low, the
gases may contain tar. (Tar is a mixture of volatile hydrocarbon
liquids (or vapors at elevated temperatures) produced by destructive
distillation of biomass.) The gases appear as smoke if soot is present.
Soot consists of a fine dispersion of black particles, chiefly carbon,
produced by the incomplete combustion of hydrocarbon fuels. Thus,
smoke is a vaporous mixture containing soot (and other unburned parti-
cles), water and tar vapors, and the other gases resulting from incom-
plete combustion.

Char (charcoal) is a black carbonaceous solid residue left
after most of the volatile compounds, such as tar and water vapor, have
been distilled from biomass fuels as a result of incomplete combustion
or anaerobic heating. The char can be burned in oxygen releasing
heat, CO,, and ash.

Ash is the uncombustible residue (after complete combustion)
consisting of a mixture of inorganic compounds. At high temperatures
(above 750°C) the ash melts into a liquid, which, upon cooling solidi-
fies into a glassy solid called slag (or clinker). Slag is undesir-

able in furnaces because it may clog grates and air supply openings.

2.1.2 Design Criteria for Biomass Furnaces

Claar et al. (1981) considered the following factors to be of
significance in the design of a biomass furnace:

1. The furnace should be able to supply heat for several

farmstead applications.
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2. The furnace should be capable of handling several
biomass fuel types.

The furnace system should be of simple construction.
The furance should require minimum labor

The furnace should be easy to control and maintain.

(- L e S

The furnace should provide favorable combustion
characteristics.

The last requirement (6) is the most difficult to achieve and
the most critical. Incomplete combustion may cause contamination (with
hazardous compounds) and discoloration of the grain when flue gases
are used directly for drying the grain. If a heat exchanger is

used, it can become clogged by products of incomplete combustion.

2.1.3 Direct-Combustion Biomass Furnaces

There are four main types of direct-combustion furnaces
employed in grain drying systems: (1) the cell furnace, (2) the vortex
furnace, (3) the sloping grate furnace, and (4) the cyclone furnace.
The design features and performance characteristics of these furnaces

are discussed in the following sections.

2.1.3.1 The Cell Furnace

The cell furnace was originally developed to burn sugarcane
bagasse, and later modified to burn wood. The furnace consists of a
firebrick-1ined cylinder with primary and secondary air supplied
through tangential ports in the wall (see Figure 2.1). Buchele et al.

(1981) have described the principle of operation of the cell furnace.
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Figure 2.1. The Cell Furnace.
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The distinguishing feature of the cell furnace is that fuel
enters the furnace at the point of the greatest turbulence, usually
near the top of the furnace. Fine fuel particles are separated from
the heavier ones and are burned in suspension. The heavier particles
fall onto the fuel pipe on the hearth at the bottom of the cell. Pri-
mary air is introduced to the pile of fuel in the hearth through
many small ports in the refractory wall. The air and heat rapidly
penetrate the pile (since there are no fine particles), and rapid
drying and combustion takes place. The middle of the furnace consists
of a restricted throat around which secondary combustion air is
introduced through tangential ports producing a swirling turbulent
action that intimately mixes the fuel and the air.

The cell furnace is suitable for burning chopped fuels such as
wood chips and corncobs. The heat release is about 5 G.J/h-rn2 of grate

area (Claar et al., 1981).

2.1.3.2 The Vortex Furnace

The vortex-type furnace has been a subject of considerable
research at Iowa State University (Buchele et al., 1981; Wahby et al.,
1981; Claar et al., 1981; Anderson et al., 1983). The vortex-type
furnace consists of two chambers, one above the other. The Tower
chamber dehydrates and gasifies the pile of biomass which may be
placed on a solid hearth or on a grate (see Figure 2.2). The char
remaining after gasification is burned in the lower chamber. The

volatile gases are completely burned in the upper chamber.



Underfire
Air Heat

Exchanger

/;//,”';_«

19

B Steam

To Processes:

—

Exit
Gases
1700 - 2300° F.

Preheated
Underfire
Alr - 500°

& Lime Kiln

8 Hog Fuel Drying

B Pulp Flash-Drying

& Lumber Kiin

B Veneer Dryer

@ Particle Board Dryer

B Log Conditioning Chest

Figure 2.2. Vortex Furnace (fromClaar et al., 1981).



20

To enhance complete combustion, air is introduced in the com-
bustion chamber through tuyeres located tangentially in the wall of
the furance. This creates a vortex spiral which causes the flame to
have a turbulent and tight spiral. Thus, any unburned material or fly
ash is centrifugally separated from the flame spiral, and thrown back
onto the burning pile.

The wall of the furnace is lined with firebricks for insula-
tion. The fuel is fed onto the hearth (or grate) by a side-mounted
feed auger. The heat output and the flue gas temperature are con-
trolled by regulating the fuel feed rate and the combustion air flow
rate.

The Iowa State University (Claar et al., 1981) furnace is
fabricated from two concentric steel cylinders. The inner cylinder
is lined with firebricks. Combustion air is blown into the space
between the two cylinders, and thus, preheated before entering the
combustion chambers.

The heat release capacity of vortex furnaces is 5-9 G.J/h—m2 of
grate area depending on the overall combustion efficiency, the fuel
type, the feed rate, the condition of the fuel, and the insulation

of the furnace (Claar et al., 1981; Kenzler et al., 1982).

2.1.3.3 The Sloping Grate Furnace

The sloping grate furnace consists of a firebrick-lined com-
bustion chamber (see Figure 2-3). The fire hearth is made of an
inclined grate which supports the fuel during drying and combustion.

The fuel is continuously introduced into the furnace at the top part
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of the grate. The fuel is dehydrated as it passes over the upper
section. It then descends into the lower burning section. The ash
is continuously removed from the lowest part of the grate. About
75-80% of combustion air is intrdouced under the grate (MacCallum,
1979); the 20-25% is introduced through tuyeres located at the burn-
out arch.

The sloping grate furnace is only suitable for boilers with
heat exchangers (due to a fly ash problem). It has been modified for
crop drying by introducing extra secondary combustion air above the
grate (as in a vortex furnace) and by minimizing the undergrate primary
combustion air (Buchele et al., 1981). The furnace can burn relatively
high density wet (55-70% wb) fuels such as wood chips and corncobs.
Straw and husks are not suitable since they are blown off the grate
before complete combustion

Heat release of large sloping grate furnaces used in boilers
is about 8-10 GJ/h-mz depending on the fuel used and its moisture
content (MacCallum, 1979).

2.1.3.4 The Cyclone Furnace

A cyclone-type furnace has been developed in India (Singh et
al., 1980). The furnace was designed to burn rice husks and generates
heat for heating grain drying air, or for generating steam (in a boiler
for parboiling paddy in the rice mill).

The cyclone furnace consists of a combustion chamber and a
cyclone chamber (see Figure 2.4). The combustion chamber is fabricated

from an o0il barrel (55x140 cm) with a 40 degree conical bottom. An
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exit pipe at the cone bottom provides the outlet for the flue gases.
The ashes are trapped at the bottom of the cone and are continuously
removed.

The cyclone chamber consists of a cylinder (40 cm diameter and
70 cm Tong) mounted on the side of the combustion chamber and inclined
at an angle of 30°. The rice husks are blown tangentially into the
cyclone chamber by an air blower. The husks are thus kept rotating
throughout the combustion chamber. The husk-air mixture is ignited by
an o0il burner.

The cyclone furnace is suitable for burning rice husks, chopped
straw and other finely ground materials. The heat release is similar

to that of the vortex furance (5-9 GJ/h-mz).

2.1.4 Gasification-Combustion Furnaces

The direct heating of dryers with the exhaust flue gases from
biomass combustion requires clean and complete burning to avoid
contamination of the grain. Direct-combustion of biomass materials
may result in smoke and fly ash. Gasification of the biomass to pro-
ducer gas is a viable alternative to direct burning.

Richey et al. (1980) listed four advantages of gasification
compared to direct-combustion furnaces:

1. Minimum pollution of air without the use of heat

exchangers.
2. More efficient conversion of biomass to heat energy

(80-90% of the energy is recovered).
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3. Low combustion temperatures (650-850°C) compared to
direct-combustion (1000-1100°C), thus reducing the
cost of construction materials and also reducing the
formation of slag.

4. Easier control of the combustion rate (by regulating

primary airflow).

Biomass is gasified by burning the material with limited air
to produce "producer" gas consisting of CO, Hz, and some CH4. The gas
contains impurities such as C0,, water vapor, and nitrogen. The heat-
ing value is 37,452 kJ/m3 compared to 37,260 kJ/m3 for natural gas
(Richey et al., 1980).

The major experience with biomass gasification has been gained
during World War II when West European countries could not obtain
petroleum products. Portable gasifiers using charcoal and wood chips
were used to power motor vehicles and tractors. These units had power
output equal to approximately 75% of their gasoline rating (SERI, 1979).

It is possible toburn producer gas in a conventional dryer
burner without visible smoke or particulates. However, it is difficult
to avoid condensation of tar as the gas cools (Payne et al., 1980).
Therefore, most investigators report that the gas should be burned in
a combustion chamber attached to the gasifier unit (Richey et al.,
1980; Payne et al., 1980, 1981; McCoy et al., 1981; Morey et al.,
1980, 1981; Richey et al., 1981).

Gasifiers are either of the updraft or downdraft type. In the

updraft design (Figure 2.5), solid fuel is intrdouced at the top of
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the gasifier and is supported on a grate at the bottom. The fuel is
ignited at the bottom of the pile on the grate. Air is forced upward
through the grate, supporting partial combustion on the grate. The
producer gas is collected at the top. The unburned fuel acts as a
filter for particulates entrained within the gas. Updraft gasifiers
of up to 9.5 MJ/h have been developed by seed companies to utilize
corncobs as a fuel for drying the corn (Zink et al., 1982).

In downdraft gasifier systems, the air is blown from the top
(or the sides) of the fuel chamber as shown in Figure 2.6. Combustion
takes place in the funnel shaped bottom with the pyrolysis gases passing
down and out through the high-temperature char. The high temperature
cracks the tars into stable gases. The system is more suitable for
internal combustion engines (Richey et al., 1981) and for grain drying
systems in which the producer gas is burned in a gas burner (similar
to a propane gas burner).

In cross-draft gasifier systems, the air intake is through a
horizontal nozzle in one side near the bottom of the chamber. The gas
exists through a vertical grate in the opposite side. The burning zone
is adjacent to the air nozzle (Richey, 1980).

Srivastava and Posselius (1981) applied dimensional and simili-
tude modeling to develop scaling laws for biomass gasifiers. Their

techniques can be applied to direct combustion furnaces.

2.1.5 Direct-combustion Versus Gasification-Combustion Systems
Judging from the literature available, no comparative study

has been conducted on the engineering performance and/or the economic
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feasibility of direct-combustion and gasification-combustion systems
for grain drying. It has been postulated that gasification systems
have several advantages over direct-combustion. The advantages include
(1) minimum air pollution due to low particulate emissions and complete
combustion, (2) more efficient conversion of biomass to heat, (3) lower
combustion temperature and thus, lower construction cost, and (4) more
effective control of combustion rate. According to a study by Barrett
et al. (1981), there is no significant difference between heat recovery
efficiency and particulate emission from a direct-combustion (concen-
trix vortex-cell) furnace and two types of gasification-combustion
furnaces (a down- and an up-draft furnaces).

Gasification is not absolutely essential for crop drying
installations when the heat is required in situ. The difference
between the direct-combustion and the close-coupled gasification-
combustion furnaces is the physical distance between the gasification
and combustion chambers. In the direct-combustion furnace, biomass is
dehydrated and gasified at the bottom of the furnace; secondary com-
bustion of the gases starts immediately above the gasification section
and continues throughout the secondary chamber. In the close-coupled
gasification-combustion process the gases are burned in a second com-
bustion chamber attached to the gasification chamber.

A well designed concentric vortex-cell furnace is more effi-
cient than a gasification system since there is less heat loss between
the gasification and combustion sections. For internal combustion
engines and for replacing natural or LP gas systems for domestic or

other similar uses, gasification systems are superior.
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2.1.6 Emissions from Biomass Furnaces and Grain Contamination

During the drying process the products of combustion are
usually introduced directly into the grain. Some compounds may be
retained by the grain through condensation or absorption.

The relevant combustion products are COZ’ co, H20, aldehydes,
ketones, polycyclic (or polynuclear) aromatic hydrocarbons (PAH), S0,,
503, NO, NZ’ soot and suspensions of heavy metals. The soot and other
particulates absorb high quantities of the other combustion compounds
including PAH (Winkler, 1977, cited by Hiitt et al., 1978). The quan-
tity and specific types of combustion compounds depend on the fuel
used, and on the completeness of the combustion process. Solid fuels,
which have not undergone a coking process, have long carbon chains and
thus, produce more hydrocarbons than gaseous fuels (Hutt et al., 1978).

The PAH are the most critical compounds. Souci (1968) and
Hangebrauck et al. (1964) reported that benzo [a] pyrene, benz [a]
anthracene, dibenzo [a,h] anthracene, benzo [a] anthracene and benzo
[a] pyrene have shown some carcinogenic activity in test animals.

Hutt et al. (1978) identified 15 PAH compounds on corn dried with
direct heaters using different commercial fuels. Contamination levels
were on the order of 0 to 3 parts per billion (ppb) for well operating
fuel burners. Maladjusted burners resulted in considerably higher
concentrations. More recently, Joe et al. (1982) detected 11 PAH com-
pounds in artificially dried barley malt. The PAH concentrations in
the malt varied from 0.1 to 1.5 ppb (except for phenanthrene which
showed a concentration of 2.1 ppb). Hitt and Winkler (1978) detected

a benzo [a] pyrene (BaP) concentration of 0 to 0.61 ppb in 21 samples
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of freshly harvested corn; they concluded that corn may contain trace
PAHs prior to drying when grown near major highways or industrial
plants.

Most of the grain dried in the USA is used for livestock feed.
Thus, the risks to human beings is minimal. According to the Deutsche
Forschungsgemeinschaft (1976), the extent to which PAHs from contami-
nated animal feeds are transferred into meat for human consumption is
not clear.

According to Lijinsky and Ross (1967), a charcoal broiled
steak may contain 50 ppb BaP, depending on the temperature and the type
of fuel used in the broiler. Smoked foods contain from trace up to 6.6
ppb of BaP (Santodonato et al., 1980). Thus, it can be concluded that
smoked and charcoal broiled foods may contain higher levels of carcino-
genic and other PAH compounds than grain dried with well-designed and
well-operated direct-heated biomass fueled grain dryers.

Jacko and Barrett (1981) described the equipment and procedures
for determining particulate concentrations and size distributions in
the exhaust gas streams of biomass furnaces. Barrett et al. (1981)
compared the particulate emissions in biomass furnaces with those in
LP gas burners; average emission was 0.19 kg/h from biomass furnaces,

and 0.00028 kg/h from LP gas burners.

2.2 Biomass Combustion Theory
Biomass is any material derived from growing organisms. The
energy contained in the biomass is stored in plants by the photosynthe-

sis process. Combustion of biomass materials is one of the
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bioconversion processes whereby the biomass energy is transformed into
usable energy. Al1 biomass materials found on farms such as wood,
grain, straw, corncobs, etc., are potential sources of energy. Wood
and corncobs are the most commonly used biomass fuels due to their
favorable combustion and transportation characteristics (Buchele et
al., 1981).

The theory on biomass combustion is related to the theory of
combustion of coal and wood. It should be noted that the coal
combustion mechanism is different from that of wood due to the differ-
ent aging processes and high volatile component contents of wood and

coal.

2.2.1 The Properties of Biomass Relevant to Combustion

The structure, physical and thermal properties, and chemical
composition of biomass materials influence their utility as a fuel
feedstock. The literature on the properties of wood and corncobs will
be reviewed since these materials are the principle fuels used as

energy sources for on-farm crop drying.

2.2.1.1 Chemical Properties

Combustion is an oxidation process by which carbon is oxidized
to carbon dioxide, and hydrogen is oxidized to water. Combustion of
biomass materials consists of a series of chain reactions. The exact
pathways of the reactions are determined by the structure of the
combustible molecules. The structure determines the location and

accessability of the carbonand the hydrogen by the oxygen. Also, the
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higher fuel heating value is affected by the carbon content of the
fuel (Graboski and Bain, 1979).

The major chemical constituents of wood and corncobs are
cellulose, hemicellulose and lignin (Tillman et al., 1981).

The proportions of the constituents depend upon the species of the
wood. Generally, softwoods have 40-45, 24-37, and 25-30% (dry basis)
cellulose, hemicellulose and 1ignin, respectively. Hardwoods contain
40-50, 22-40, and 10-38 percent of these compounds, respectively
(Shafizadeh and DeGroot, 1976). Thus, hardwoods generally have a
higher hemicellulose and a Tower lignin content and sometimes a
slightly higher cellulose content; the cellulose percentage in both
types of wood is similar.

Foley and Hooven (1981) determined the proportions of cellu-
lose, hemicellulose, and lignin in corncobs. Their analysis included
other compounds such as xylan, pectins, and hexogan, and also the dis-
tribution of these compounds in the woody and pith/chaff portions of
the corncobs. Corncobs contain (on the average) 40, 36, and 6 percent
cellulose, hemicellulose and lignin, respectively, on a dry basis.

The exact proportions of these compounds differ among the different
varieties of corn.

In addition to the cellulose, hemicellulose and lignin, wood
and corncobs contain extractable compounds such as volatile oils
(terpenes and sesquiterpenes), resins and fatty acids, pigments, and
water soluble carbohydrates (starch, simple sugars, and organic acids).
Wood and corncobs with a high extractive content have higher heating

values (see Table 2-1) (Tillman et al., 1981). The nature and quantity
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Table 2.1.--Proximate analysis of selected biomass fuels (weight,
percent, dry basis).

Fuel Volatile matter Fixed carbon Ash Source
¥ood

Cedar 77.0 21.0 2.0 a, b

Douglas Fir 86.2 13.7 0.1 a, b

Hemlock 84.8 15.0 0.2 a, b
Bark

Cedar 86.7 13.1 0.2 a, b

Douglas Fir 73.0 25.8 1.2 a, b

Hemlock 74.3 24.0 1.7 a, b
Husklage 59.4 37.8 2.9 c
Corncobs 80.1 18.3 1.6 d

80.3 18.1 1.6 e
Coal 6.4 81.4 12.2 f
a = Howlett and Gamache (1977).

o
n

M a.
n n

-
n

Mingle and Boubel (1968).

¢ = Sukup (1982).

vae]ing and Jenkins (1983).
Payne et al. (1980)
Babcock and Wilcox (1978).
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of extractables determine the products after pyrolysis and gasification

(Graboski and Bain, 1979).

2.2.1.1.1 Proximate and Ultimate Analysis

The proximate and ultimate analysis are terms expressing the
chemical-physical characteristics and the chemical composition of a
fuel without reference to the physical form in which the compounds

appear. The proximate analysis classifies the fuel in terms of its

moisture, volatile matter, ash, and fixed carbon contents. Thus, the
proximate analysis provides information on the volatility of the fuel.
Compared to coal, wood has a larger percentage of volatile matter and

a smaller percentage of ash (Tillman, 1980). The proximate analysis of
wood and corncobs has been published by several authors (Babcock and
Wilcox, 1978; Hewlett and Gamache, 1977; Thimsen and Morey, 1981;

Claar et al., 1978; Ebeling and Jenkins, 1983). Table 2.1 presents the
proximate analysis for selected biomass fuels.

The ultimate analysis contains the elemental analysis of a

fuel. Generally, the percentages of carbon, hydrogen, nitrogen,
sulfur, oxygen, ash, and heating values are reported. The composition
of wood and corncob fuels is fairly constant. These fuels do not
contain sulfur and have very little nitrogen (Claar et al., 1978).
Table 2.2 presents the ultimate analysis for selected biomass fuels.
The free moisture (above the chemically bound water) in solid fuels
results in erroneously high values of hydrogen and oxygen in the

ultimate analysis because moisture is detected as additional hydrogen
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Table 2.2.--Ultimate analysis (percent dry basis) and higher heating
values (MJ/kg) of selected fuels.

Fuel o H 0 N S | Ash | HHV | Source
Wood
Cedar 48.8 | 6.4 | 44.5 -- --| 0.37 | 18.0 a
Douglas Fir | 52.3 | 6.3 | 40.5 | 0.1 --] 0.08 | 21.1 a
Hemlock 50.4 | 5.8 | 41.4 | 0.1 0.1 2.20 | 20.1 a
Average 50.5 | 6.2 | 42.1 | 0.1 --| 0.88 | 19.7 -
Bark
Douglas Fir | 56.2 | 5.9 | 36.7 -- --1 1.20 | 22.1 a
Corncobs 46.7 | 5.8 | 44.8 | 0.5 0.2 1.60 | 18.7 b
47.6 | 6.0 | 44.2 | 0.5 0.1 1.63 | 18.6 c
46.4 | 6.1 | 44.0 | 0.3 0.1 2.85 | 18.6 d
46.6 | 5.9 | 47.1 | 0.4 --1 1.60 -- f
Average 46.8 | 6.0 | 45.0 | 0.4 0.1 1.92 | 18.7 -
Coal 82.1 | 2.3 2.0 0.8 0.6 112.20 | 30.8 e

(1] [= 8 O o -]
n n " [} [}

-+
n

Tillman (1978).

Payne et al. (1980).
Sukup (1982).
Babcock and Wilcox (1978).

Ebeling and Jenkins (1983).

Thimsen and Morey (1981).
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and oxygen. Thus, the ultimate analysis is performed on dehydrated
fuel and reported on a dry basis.

The carbon content of biomass materials is lower than of coal
while the atomic carbon to hydrogen ratio is much higher in coals than
in biomass materials (Graboski and Bain, 1979). The bound oxygen
content of biomass materials is considerably higher due to alcohol
groups in the cellulose, hemicellulose, and lignin fractions of the
biomass (Kirk and Othmer, 1963). Thus, biomass materials have lower
heating values than coal. The heating values of most biomass materials
is in the range of 15-25 MJ/kg of biomass dry matter.

As stated previously, the nitrogen and sulfur contents of bio-
mass are considerably lower than of coal. Therefore, sulfur and
nitrogen pollutants resulting from direct-combustion of biomass are
small enough to meet EPA standards (Graboski and Bain, 1979).

The ultimate analysis can be used to calculate the empirical
chemical formula of a fuel. The formula is useful in developing com-
bustion equations, calculating the stoichiometric air required for
combustion, and predicting the airborne emissions. The fuel higher
heating value can also be predicted using the ultimate analysis.
Several authors have proposed empirical equations for predicting the
higher heating value of biomass fuels using the ultimate analysis:

Tillman (1980):

HHV = 0.475C - 2.38 (2.1)
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Dulong-Bertholot (Spiers, 1962):
HHV = 0.475C + 1.44H - 2.9 * 10'4(N + 0) + 0.0935 (2.2)
Institute of Gas Technology (1978):
HHV = 0.34C + 1.32H + 0.069 - 0.12(N + 0) - 0.015As (2.3)

Where HHV is the higher heating value in MJ/kg dry matter, and C, H, N,
0, and As are the percentages (dry basis) of carbon, hydrogen, nitro-
gen, oxygen, and ash as given by the ultimate analysis of the fuel.

According to Graboski and Bain (1979), equation (2.3) is
preferred for estimating higher heating values.

The proximate and ultimate analyses are determined using the
American Society for Testing Materials (ASTM) Standard numbers
D-3175-73,D-3175-77, and D-3174-73 for the proximate analysis; and
numbers D-3178-73, D-3177-75, and D-2361-66 for the ultimate analysis;
number D-3286-77 for the higher heating value; and number D-3683-78 for
the ash analysis (Institute of Gas Technology, 1978).

2.2.1.2 Biomass Physical and Thermal Properties

The combustion mechanisms (the chemical reaction process as
determined by the reactants, their kinetics, chain reactions, and
equilibrium) of biomass materials depend upon their physical and
thermal properties and in addition upon their composition and heating
values. The relevant properties are: moisture content, thermal
conductivity, specific heat, heat capacity, density (as related to

void volume), and particle size distribution.
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The moisture content of a biomass fuel is a most important

property because it affects the net heating value of the fuel, the

heat recovery, the combustion efficiency, and the quality of the flue

gases. The other physical and thermal properties, and to some extent

the chemical properties, are also influenced by the moisture content

(MC). Table 2.3 shows the effect of wood MC on the heat recovery and

combustion efficiency.

Table 2.3.--The effect of moisture content on heat recovery and

combustion efficiency of wood.d

Moisture content

Recoverable heatb

Combustion efficiency

(%) (MI/ka) (%)
0.0 16.51 82.5
4.8 16.37 81.8
13.0 16.08 80.4
20.0 15.80 78.9
28.6 15.36 76.8
42.9 14.37 71.8
50.0 13.65 68.2
60.0 12.22 61.1
71.4 9.35 46.7

3 rom Bliss and Black (1977).

b

Theoretical values based on a maximum heating value of 20 MJ/kg,

an initial wood and air temperature of 17.0°C, and 50% excess air.

HWood, corncobs, and other biomass materials are hygroscopic.

They absorb and desorb water depending upon the moisture content, the

relative humidity and the temperature of the surrounding air, and the
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inherent moisture retention capacity. Skaar (1972) and the USDA
Forest Products Laboratory (1974) reported the maximum moisture con-
tents of different wood species in the heartwood and sapwood parts of
a tree. Softwoods contain 23% to 46% and 52 to 71% maximum moisture
in the heartwood and sapwood, respectively. The maximum moisture
contents in the hardwoods are 31 to 62% in the heartwood, and 30 to 59%
in the sapwood. The data of Skaar (1972) indicate that the differ-
ence in moisture content between heartwood and sapwood is quite pro-
nounced in the case of softwoods, but is less significant in hard-
woods. The moisture content is higher in the sapwood than in the
heartwood in the case of softwoods. For hardwood the MC of the heart-
wood can be higher than that of the sapwood in some trees. The mois-
ture content of sapwood varies depending on the region and site of the
tree, while that of the heartwood is fairly constant throughout the
year due to the restricted movement of water. After a tree is har-
vested and chipped, its moisture content is in equilibirum with the
environmental conditions. ‘

According to the data of Foley and Hooven (1981), the MC of
the woody portion of corncobs is higher than the pith/chaff portion.
The moisture content of corncobs varies among varieties and the
harvest corn kernal moisture content.

Tiliman et al. (1981) proposed the following equations for

predicting the energy required for drying wood:

q_ = (1-MA00-T¢)(Cy) (We) (2.4)
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q, = M(100-Tg)(C,) (W) (2.5)
a, = MK ) (W) (2.6)
Q, = M(H,) () (2.7)
Cq = [1.11 + 4.82%10°3(T_ _-273)] (2.8)
Qtota1 =4, t9,ta (2.9)

Where M is the moisture content of the wood (decimal); Tf the tempera-
ture of the fuel (K); Cq the specific heat of dry wood (kJ/kg°C);
Cw the specific heat of water (4.174 kJ/kg°C); We the weight of wet
wood (kg); Heg the heat of evaporization ow water (kJ/kg°C); H the
heat of wetting (kJ/kg HZO); Tave the average between the initial and
the final wood temperature (K) and Qtotal the total energy needed to
evaporate water from wood (kJ/kg).

The total energy for evaporating water from maple wood at 50%
MC and initially at 25°C is 1.36 MJ/kg if the wood is heated to a final
temperature of 100°C.

Stamm and Loughborough (1935) determined the heat of wetting
of wood (35.8-14.3 kJ/kg at a MC of 4-12 percent and 9.5-2.4 kJ/kg
at a MC of 12-30 percent).

Knowledge of the thermal conductivity of wood, corncobs, and
other biomass materials is necessary for modeling pyrolysis, gasifi-
cation, and combustion. The thermal conductivity is a function of

temperature, spatial direction, and the major constituents including
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moisture, cellulose, hemicellulose, and 1ignin. The available thermal

conductivity data for wood are given in Table 2.4.

Table 2.4.--Thermal conductivity of selected wood species.

Wood type Temperature °C Conductivity W/m°C
Cypress, across grain -- 0.097
Pine, with grain 21.1 0.346
Oak, across grain 15.0 0.208
Fir, with grain 23.9 0.109
Maple, across grain 50.0 0.190
Pine board 43.3 0.102

Sources: cypress: Handbook of Chemistry and Physics (1966).
pine, oak, and maple: McAdams (1954); Gray et al. (1960).
fir: Chapman (1974).

As can be seen in Tab]e 2.4, the available thermal conductivity
data are limited to the 15 to 50°C range. Thermal conductivity data at
higher temperatures at which pyrolysis and gasification occur are
lacking in the literature. Moreover, the available data do not
include the moisture ranges for which the thermal conductivity values
were measured. Thus, if thermal conductivity values are to be used
in modeling pyrolysis or gasification during combustion, reliable
data over the actual range of combustion conditions must be devel-

oped.
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Several specific heat equations for wood at temperatures up
to 100°C have been proposed. Beall (1968), Wenzel (1970), and Skaar
(1972) developed the following equations:

Beall (1968): (2.10)

3

Ce = 1.085 + 0.409*M + 2.535%10 7*T + 5.45*10-4*M*T (2.10)

Wenzel (1970):

Cy = 1.11 + 4.82%1073+7 (2.11)

Skaar (1972):

Ce = Cd)l.-M) + 4.19*M (2.12)

Where Cf is the specific heat of wet wood (kJ/kg°C); Cd is the spe-
cific heat of dry fuel (kJ/kg°C); M is the moisture content (decimal);
and T is the wood temperature (°C).

As with the thermal conductivity, no references were found for
the specific heat and heat capacity of biomass materials for the
temperature range needed for pyrolysis and combustion. Hearmon and
Burcham (1955), cited by Mohsenin (1980), suggested that the specific
heat of wood, with or without moisture, does not depend greatly on
species.

Equations (2.10) and (2.12) do not give the same values of the
specific heat of wood, given the same temperature and moisture. For

wood at 50°C and 20% moisture, equation (2.10) gives the specific
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value of 1.3 kJ/kg°C; equation (2.12) gives a specific value of
1.9 kd/kg°C at the same condition.

The density of biomass fuels is required for determining the
energy content of the fuels on a volume basis. There are three ways
of defining the density of biomass. Bulk density refers to the
weight of a mass of material packed in a given container divided by
the container volume. Apparent (or unit) density is the weight of
each unit of the material divided by the volume of the unit; the pore
space within each of the unit is included. True (or solid) density
refers to the weight per unit volume of the solids within each unit
of the material. A1l three are used to report the density of biomass
materials. The density of biomass depends upon the nature of the mate-
rial, its moisture content and degree of compaction. Unprocessed
oven-dry wood, with 7 to 8 percent moisture, has an apparent density
of 641 kg/m3 (hardwoods) and 449 kg/m3 (softwoods). High moisture
content wood can have an apparent density as high as 961 kg/m3
(Graboski and Bain, 1979).

According to Tillman et al. (1981), the density of wood varies
among different trees of the same species and also within the same
tree. It increases from the pith to the bark, decreases with increas-
ing height, and varies within the same growth ring.

The apparent density of wood, corncobs, and other biomass
materials varies with moisture content. Graboski and Bain (1979)
proposed the following relationship between the moisture content M

(decimal wet basis, as given by the biomass proximate analysis), and
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the dry and the wet biomass apparent densities, Pad and Par?

respectively:

Pad = (1‘-”)°ar (2.13)

The thermal and the physical properties of most farm wastes
including corncobs, corn husks, and wood chips are unavailable in the
literature. Due to the inherent nature of biomass, their properties

are characterized by a wide variability.

2.2.2 The Process of Biomass Combustion

Biomass materials contain a variety of chemical constituents,
some of which are not combustible (inert), such as water and inorganic
ash. The combustible constituents include volatile hydrocarbons and
nonvolatile carbonaceous and polymeric compounds. The combustion
mechanism and the heat and emissions generated in a biomass furnace,
depend upon the nature and the proportions of the chemical constituents
of the fuel.

The range of combustible biomass materials is very diverse with
respect to fuel composition and the state of aggregation. Not only is
the chemical composition of biomass fuels variable, but large hetero-
geneities are usually encountered within the same type of fuel. The
particle size and the thermophysical properties also vary between
different materials and within samples from the same material. The
wide range of chemical composition and physical properties complicates
the theoretical analysis of the combustion process of biomass fuels

(Edwards, 1974).
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The combustion process of wood has been studied more exten-
sively than of any other biomass fuel (Junge, 1975; Tillman, 1980;
Shafizadeh and Chin, 1977; Tuttle, 1978; Browne, 1958). It will be
reviewed to illustrate the combustion processes for biomass materials.

Wood combustion involves the oxidation of the carbon and
hydrogen to carbon dioxide (C0O2) and water (HZO), as shown by the

following equations:

C+ 02 + €0, + 32.8 MJ/kg of C (2.14)
Hy + 1/20, > H,0 + 141.9 MJ/kg of H, (2.15)

Equations (2.14) and (2.15) are simplifications of a complex series of
pathways (involving free radical reactions) in which solids are con-
verted to gases and other solids through solid-phase pyrolysis. Also,
the gaseous compounds are converted into radicals by decomposition.
The radicals react with each other and with the oxygen in the com-
bustion air (Browne, 1958). While the €0, and H,0 are the major

final products, there are numerous intermediate radicals and com-
pounds such as OH, CHZ’ C2H5, HOO, CO, etc.

Edwards (1974), and Shafizardeh and DeGroot (1977) simplified
wood combustion assuming that the process is characterized by a series
of distinct events (or reaction phases): (1) solid phase precombus-
tion reactions, (2) gas-phase reactions, and (3) char oxidation.

The above events and the chemical pathways occurring within
them, determine the rate and degree of completion of reactions (2.14)

and 2.15), and also the formation of pollutants such as the oxides of
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nitrogen and polycylic aromatic hydrocarbons (USDA Forest Service,

1982; Chakraborty and Long, 1968).

2.2.2.1 Solid-phase Precombustion Reactions

The precombustion reactions for wood (and for most biomass
solid fuels) are the initial processes occurring on the grate of a
biomass furnace. The precombustion reactions are heating, evaporation

of moisture, and pyrolysis of the dehydrated solid.

2.2.2.1.1 Heating and Drying

Before initiation of the pyrolysis reactions, the water in the
solid fuel must be evaporated and the solids heated to the pyrolysis
temperature (500-625°C) (Edwards, 1974; Browne, 1958). The heating
and drying are endothermic processes. The specific heat of wet fuel
is a function of the moisture content and may be estimated by equation
(2.12) (Skaar, 1972). Thus, some of the heat of combustion is used
to heat and dry the fuel.

The water in the fuel may limit the maximum temperature of the
core of individual fuel particles. The heat transfer rate from the
surface to the center of the particle depends upon the thermal conduc-
tivity of the fuel particles. The thermal conductivity of wood and
other biomass products increases with moisture content as indicated
by the following equation proposed by the US Forest Products Labora-
tory (1974):
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~
n

[(5.18 + .OQG*H)Sg + .57*Fvv] x 4.18 *107% (2.16)

where: k = thermal conductivity, W/cm-K
M = mositure content, decimal
Sg = specific gravity

Fvv = the fractional void volume, decimal

Thus, moisture increases the rate of heat transfer from the surface to
the center of a fuel particle. However, no overall drying or heating
rate can be given for wood (and other biomass fuels) since particle
sizes and individual particle moisture contents vary dramatically
during high-temperature heating (USDA Forest Service, 1982). Also,
drying occurs in a very short time, possibly in seconds due to the high

combustion temperatures (Tillman et al., 1981).

2.2.2.1.2 Solid-phase Pyrolysis

Pyrolysis is an essential reaction in the solid fuel combustion
of basic biomass. Pyrolysis of carbonaceous materials is defined as
an incomplete thermal degradation, generally in the absence of oxygen
resulting in char, condensable 1iquids or tars and gaseous products
(Milne, 1979). Thus, pyrolysis involves the conversion of basic
biomass structures such as cellulose and lignin into more readily
oxidizable compounds. Slow pyrolysis occurs when materials are heated
in the absence of oxygen at temperatures above 200°C. In biomass
furnaces, rapid pyrolysis takes place in the presence of limited oxygen
(air) at about 1100°C. Browne (1958) discussed the theoretical course

of events in wood combustion preceding pyrolsis. Pyrolysis with and
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without oxygen (air) can be presented by the following expression

(USDA Forest Service, 1982):

DRY WOOD - CO, + CH4 + CZHG + C3H6 + CH3C00H

+ CH3CH0 + TARS + CHAR (2.17)

Equation (2.17) is a simplification of the complex endothermic and
exothermic chemical chain reactions whose pathways and rates depend
upon the wood components, the particle size and geometry, the pyroly-
sis temperature and the heating rate, and the available amount of
oxygen. Browne (1958) reported pyrolysis temperatures of 200 to 500°C,
and 150 to 400°C in anaerobic and aerobic wood heating, respectively.

The pyrolysis of wood (and other biomass materials) is closely
related to the three major components of biomass, namely, the hemi-
cellulose, cellulose, and lignin (Milne, 1979; Antal et al., 1979;
Shafizadeh and Chin, 1977). The pyrolysis of biomass has been studied
by experimental investigations using each of the three components
separately. Shafizadeh and Chin (1977) reported the following
pyrolysis temperatures: hemicellulose 220-500°C, cellulose 320-380°C,
and lignin 220-500°C. Thus, in pyrolysis the hemicellulose, cellulose,
and the lignin fractions react differently.

Holocellulose is the total carbohydrate of wood, which is repre-

sented by cellulose and hemicellulese fractions. According to several
studies on pyrolysis of pure holocellulose and 1ignin (Shafizadeh and
Chin, 1977; Connors et al., 1980; Shafizadeh and Lai, 1972; Liu et al.,
1977; Brink, 1976; Goheen et al., 1976; Prahacs et al., 1971), char,
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tar, water, COZ, CHy» and CZHS are the main products of pyrolysis. The
proportions of these products are different for each major component.
Lignin yields more char than holocellulose; the latter yields more tar
than the former. Examples of the exact products of pyrolysis can be
found in the previously cited literature (Fletcher and Harris, 1952;
Brink et al., 1973; Fang and McGinnis, 1976; Shafizadeh, 1968).

Milne (1979) suggested that it is reasonable to assume that
the pyrolysis of wood is closely related to the three major components
of biomass. Several other investigators reached this conclusion
although there has not been a quantitative demonstration of the rela-
tionship (Antal et al., 1979).

The products from wood pyrolysis are more complex than those
from the three major components of wood when pyrolyzed separately.
According to Milne (1979), no study has demonstrated that the products
of wood are the sum of the products of its components under comparable
conditions. Moreover, most pyrolysis studies are conducted in nearly
complete exclusion of oxygen. In biomass furnaces, a 1imited supply
of oxygen is furnished to sustain primary combustion. The behavior
and the products of pyrolysis under these conditions are not well
documented.

The kinetics of wood pyrolysis has been studied by several
researchers such as Kanury (1972), Kung (1972), Roberts (1970), and
Antal et al. (1979). Most kinetic analyses of pyrolysis are based
on heating samples at low temperatures (200-400°C) without oxygen.
Thermal decomposition curves are fit using a general equation of the

form (Roberts, 1970; Milne, 1979):
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dv n

at = kV (2.18)
where: k = Ae('E/RT) (2.19)

%R = (p-p¢)K (2.20)

where: K = kpe'~ (2.21)

V and p are the fractions of total volatiles and the local
density of pyrolysing material, respectively; Pg is the final density
of the pyrolysing material. In the above equations, the activation
energy E, and the product factors A, k, and n are not known with
adequate precision to predict aerobic pyrolysis at high temperatures in

biomass furnaces.

2.2.2.1.3 Influence of Moisture on Wood Pyrolysis

The moisture content of biomass fuel reduces the pyrolysis rate
and influences the amount of char and volatiles produced (Shafizadeh
and Lai, 1972). Wiggins and Krieger (1980) showed that there exists a
sharp physical separation between the solid-phase heating/drying zone
and the pyrolysis zone. This separation results from the temperature
gradient within the pyrolysing solid. Moisture reduces the flame
temperature in the furnace, thus, reducing the amount of volatiles
and increasing the amount of char produced. This results in a reduc-
tion of the rate of pyrolysis (Tillman et al., 1981).

The influences of moisture on the flame temperature can be
quantified by the relationship between moisture content, excess air and

the adiabatic flame temperature (Tillman et al., 1981):
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Tyq = 1920 - 151*My - 5.15%Z (2.22)

where Tad is the adiabatic flame temperature (K); My is the moisture

(decimal dry basis); and Z is the excess air (percent).

2.2.2.2 Gas-Phase Oxidation
The volatiles formed in solid pyrolysis are oxidized via a
series of free radical pathways. Edwards (1974) discussed three zones
of gas-phase reactions:
1. The precombustion zone where chain initiation is
dominant;
2. The primary combustion zone where chain branching is
most prominent;
3. The post-combustion zone where chain termination

reactions occur.

2.2.2.2.1 Precombustion Reactions
Edwards (1974) showed the details of the pathways of the

precombustion reactions:

C2H6 +B ~» 2CH3 + B (2.23)
CHy + CoHe > CHy + CoHe (2.24)
CZH5 +B-+H+ c2H4 +B (2.25)

H + CZHG + Hy + C2H5 (2.26)
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The compound B is any heat-removing molecule or particle such as ash
which is catalyst to the chemical reactions.

Precombustion gas-phase reactions are also considered pyroly-
sis reactions. The acetic acid and acetaldehyde may be degraded by
decarboxylation and decarbonylation as illustrated in equations

(2.27) and (2.28) (USDA Forest Service, 1982):

CH4COOH + CH, + CO, (2.27)
CHyCHO + CH, + CO (2.28)

The above anaerobic reactions are predominant if the precom-
bustion zone is spatially increased by use of substoichiometric
quantities of undergrate air and high placement of overfire tuyeres as

is the case in a concentric vortex-cell furance.

2.2.2.3 Primary Combustion Reactions

When the gaseous products of pyrolysis are mixed with oxygen
in the primary combustion zone, they undergo a series of radical
reactions ultimately producing CO, and H,0. The main reaction com-

pounds form chain branches (Hay, 1974):

CH3 + 02 +B -~ CH302 +B (2.29)
CH3O2 + CH20 + OH : (2.30)

The above sequence of reactions generates the hydroxyl radical

as well as the main combustion intermediate CHZO. The latter reacts
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with OH to form HCO and CO. CH20 is the key intermediate resulting
from oxidation via the OH and oxygen attack (Tillman et al., 1981).
The concentration of CH,0 reaches its maximum in flames at 1320 K
(which is within the range of wood and corncob combustion (Palmer,

1974).

2.2.2.3.1 Postcombustion Reactions
Chain termination reactions can be depicted by the following

representative sequence of reactions (Palmer, 1974):

HCO + OH -~ CO + H20 (2.31)
CO + OH » C02 + H (2.32)
co + 02 > CO2 +0 (2.33)
OH + H+ B > Hy,0+B (2.34)
CO+0+B~>CO,+B (2.35)

The equilibrium and rate constants for these individual reactions have
been published (Jensen and Jones, 1978). However, no overall expres-
sions are available due to the many variables and complexities

associated with the oxidation of wood volatiles (Tillman, 1980).

2.2.2.4 Char Combustion
Bradbury and Shafizadeh (1980) described the empirical formula
for cellulose char as C6 7H3 30. The combustion of char is similar to

the combustion of carbon described by Kanury (1975):
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1. Diffusion of oxygen to the fuel surface;
2. Absorption of the oxygen on the surface;
3. Reaction of oxygen within the solid to form
absorbed products;
4. Desorption of the absorbed products from the
surface;
5. Diffusion of desorbed products away from the
surface.
The slowest~ of the above steps determines the burning rate. In the
case of carbon and char, combustion steps (2) and (4) are extremely
fast. According to Glassman (1977), char oxidation is considered to
be mass transport limited. This is due to the large particles and
relatively high temperatures associated with char combustion. Thus,
step (3) is much faster than steps (1) and (5). The burning rate is,
therefore, controlled by the diffusion rate of oxygen to the char
particles.
Several simultaneous char combustion mechanisms have been
suggested. Mulcahy and Young (1957) proposed the following mechan-

isms based on hydroxy radicals:

20H + C ~ CO + H,0 (2.36)

OH+C~+CO+H (2.37)
The classic Boudouard reaction was proposed by Glassman (1977):

C +Co, ~ 2C0 (2.38)
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Bradbury and Shafizadeh (1980) proposed:

C* + 02 -+ C(O)m -+ CO + CO2 (2.39)
C* + 0, » C(O)S + CO + CO, (2.40)

The asterick designates an active reaction site, the subscript m is a
mobile species and the subscript s is a stable species.

A1l the solid carbon, including the remains on the grate and
in the fly ash, must be oxidized via the above reactions to form C02.
The reactions must have sufficient residence time, high temperature, and
turbulance (the tree Ts) to complete the reactions in order to elim-

inate particulate emissions from the furnace.

2.2.2.5 Concentric Vortex-Cell Furnace Combustion Theory

The design and the operating principles of the concentric
vortex-cell biomass furnace are discussed in section 2.1.3.2 The
CVCF is similar to the spreader-stoker furnace if primary combustion
air is introduced into the fuel bed through the grate supporting the
fuel. The difference between a spreader-stoker and CVCF is that in the
former furnace, most of the combustion air is introduced into the
furnace through the grate. In the CVCF, secondary combustion air is
supplied tangentially through a set of tuyeres located above the fuel
bed. In some CVCF designs, the hearth is solid and no undergrate air
is supplied (Claar et al., 1980; Wahby et al., 1981).

Adams (1979, 1980) has developed a theoretical model for a

spreader-stoker wood-waste-fired boiler that predicts the flight times
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and mass reduction of combustible particles entrained in the furnace
exhaust gases. The model also predicts the influence of fuel and
operating parameters on particulate emissions. The spreader-stoker
furnace employs the underfeed and overfeed principles described by
Nicholls and Eilers (1934). Thus, the analyzed furnace is similar to
the CVCF with undergrate air. Claar et al. (1981) suggested that this
model can be modified to analytically model the CVCF combustion
mechanism. However, the Adams (1979, 1980) models have not been
validated.

Several authors (Claar et al., 1980; Tuttle, 1977; Sukup,
1982) stressed the need to maintain high combustion temperatures and
turbulence, and to provide sufficient time for complete combustion.
The CVCF design provides suitable conditions for fuel combustion
(Claar et al., 1980). However, there has not been a study corre-
lating the combustion rate and the amount of particulate emissions from
the CVCF to the temperature, turbulence, and time aspects of the
CVCF. Thus, concentric vortex-cell furnaces have been designed and
built by trial and error, rather than by optimization of the three Ts
for a given furnace size and capacity (Claar et al., 1980 and 1981;

and Wahby et al., 1981).

2.2.2.6 Heat Transfer in Furnaces

Heat losses from a furnace determine the efficiency of fuel
conversion into useful energy. The net energy loss from a furnace at
steady-state conditions may be determined by the application of the

first law of thermodynamics. The conservation of energy equation for
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a steady state flow, open system with one inlet and one outlet is

(Holman, 1980):

where:

Q

Ah

Qout

in

ri

pi
AHR

out =

2 2
W H1 - H2 + (U2 - Ul)/Zgc (2.41)
n n
= iflM”Ah” - MHp - ,-ElmpiAhP" (2.42)
hy - hy

net heat loss (kJ/h)
net work done on the system (kJ/h)

enthalpy of products entering (1),
or leaving (2) the system

enthalpy at temperature T(K) (kJ/kg)
enthalpy at 298 K (standard reference temperature)

mass flow rate (kg/h)

reactant i (i = air, fuel dry matter,

H20 in fuel, etc.)

product i of combustion (i = CO2, H,0, etc.)
heat of combustion at a reference temperature
of 298 K (kJ/kg)

gravitational constant (9.81 kg-m/kg s?).

velocity (m/s)
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The heat loss determination using equations (2.41) and (2.42)
requires that the temperature and the composition of the flue gases are
known. The heat losses in the different components of the furnace can-
not be determined from equation (2.41).

Heat transfer in furnaces occurs in a combination of the three
modes of heat transfer, namely: radiation, convection, and conduction.
Heat transfer by convection, radiation, and conduction can be analyzed
using standard techniques available in numerous heat transfer books
such as Holman (1981) and Siegel and Howell (1981). However, heat
transfer by radiation and convection in flames within the combustion
chamber requires special treatment due to the thermal properties of
flames. Also, the combined radiation-convection heat transfer should

be studied since it occurs in a furnace.

2.2.2.6.1 Convective Heat Transfer from Flames

Calculation of heat transfer in flames involves the determina-
tion of the convective heat transfer coefficient for the products of
combustion. The thermal properties of flue gases and particulates
entrained therein are quite different from those of air. Moreover,
the use of the arithmetic mean of the surface and gas temperatures
as the film temperature is inadequate due to the large variation in
the physical and thermal properties with temperature. Also, chemical
recombination reactions occur when the hot gases are cooled; consequently
there may be some heat release within the boundary layer (Gray et al.,

1976).
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The thermal and transport properties of flue gas can be cal-
culated if the composition of the gas is known. The properties are

determined as follows:
1. specific heat (Holman, 1980):

Cn =mCi+mC, +mCy+ .. . +mC (2.43)

2. viscosity (Brokaw, 1958):

z i (2.44)

(N s/m?),

(2.45)

where: x the mole fraction of component i.

x
"

the mole fraction of component j.

=
n

the molecular weight of component i.

=
"

the molecular weight of component j.
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3. thermal conductivity (Mason and Saxena, 1958):

n x, ki
kmix : izl n (2.46)
J‘Zl I] ¢l]
J#1
¢ij has the same value as that given by equation (2.45)
(4) density:
Py = P/(RiT) (2.47)
/o =m /o, + my/o, + . . . mn/pn (2.48)

where P is the total pressure (bars); Ri the gas constant of component
i (J/kg K); p is the density of a mixture (kg/m’); o is the density

of component i; m,

j is the mass fraction of component i; and T is the

temperature of the mixture (K).
5. Prandtl number:
Pr = Cu/k (2.49)

Due to the large variation of temperature and, therefore, the
thermophysical properties, weighted averages of the above properties

are used. The following equation was suggested by Gray et al. (1976):
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T
e

Have = é“dT/‘Te'Tw> (2.50)

w

where Te and Tw are the flame and the furnace wall temperature (K).

Weighted averages for thermal conductivities, specific heats,
densities, and Prandtl numbers are defined in a similar way as the
dynamic viscosity (equation 2.50).

Adams (1979) developed empirical equations for determining the
thermophysical properties of combustion gases, assuming that the

combustion products behave as air at the same temperature:

o = M/R, T, (2.51)
Mg = 30.5 - 12.5 X, (2.52)
wo= (182 + .245)*10"7 (2.53)

where Mg is the molecular weight of flue gas; Ru

constant (8.2*10'3 atm per kg-mole per K; Xw is the mole fraction of

is the universal gas

water (steam) in the flue gas; and Te is the flue gas temperature (K).
The validity of the above equations is uncertain since the
products of combustion do not behave as air.
Empirical heat transfer correlations have been developed by
several researchers and are generally accepted for estimating convec-
tive heat transfer in tubes, plates and other geometrical shapes

(Holman, 1981). The equations are of the form:
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Nu = ¢ PrRe" (2.54)

Nu

th/k (2.55)

The heat transfer is then given by:

Q = Ah (Tg-T,) (2.56)

The following is the defining equation for the Reynolds number:
Re = UpL/u (2.57)

The magnitude of the Reynolds number determines whether the flow is
laminar (Re < 2,300) or turbulent (Re > 10,000). Transition from
laminar to turbulent flow takes place in the range of Reynolds numbers

between 2,300 and 10,000 (Holman, 1981).

2.2.2.6.2 Radiative Heat Transfer from Flames

The flame and the combustion products absorb and emit thermal
radiation. Both gases and particulate materials present in the flame
contribute to the absorbing/emitting potential of the flame.

The gases present in flames from biomass fuels include COZ,
HZO’ €0, Hy, 0,, H, 0, OH, N5, N and NO. The atomic and the homo-
nuclear diatomic molecules (H,0,N and H2, 02) are the only non-
absorbing constituents (Gray et al., 1976). The rest absorb and emit
radiation over a specific wavelength range or band within the thermal
spectrum. Carbon dioxide and water vapour are the most important

absorbing/emitting gases in combustion products. They are the only
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two gases considered in engineering calculations; for more precise
calculations other gases should be included (Hottel and Sarofim,
1967).

The range of wavelengths over which absorption occurs in
carbon dioxide and water vapor gases have been given by (Gray et al.,
1976) as 2.4-3, 4-4.8, and 12.5 to 16.5 um for €0,, and 2.2-3.3,
4.8-8.5, and 12-25 um for HZO' The absorptivities and emissivities of
combustion gases vary considerably with wavelength. For engineering
calculations, it is assumed that the gases are grey; thus, average
values of absorptivities and emissivities for the whole of the wave-
length range under consideration are used.

The absorptivity and emissivity of CO2 and water vapour in a
furnace depend upon the flame temperature, the mean beam length of the
gas to the furnace walls, the partial pressure of the gases, the total
pressure, the composition and the amount of the other gases in the
combustion products, and the wall temperature.

Adams (1979) suggested the following equation for calculating
the emissivity of CO2 and H20 in wood-fired boilers:

- .45
€ow © 493[0.6¢A9(Xw+xc0)] /Te (2.58)

where €cw is the combined emissivity of carbon dioxide and water
vapor; Ag is the grate area (mz); Xw and XCo are the mole fractions of
the water vapor and carbon dioxide, respectively; and Te is the flame

temperature (K).
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Soot, fly ash, and particulates in the flame emit and absorb
radiant thermal energy. The emissivity and absorptivity of particu-
lates depend upon their size, shape, concentration, composition, and
the temperature. Also, the wavelength of the radiant energy affects
the emissivity/absorptivity of the flue gases. Adams (1979) suggested
the following empirical equation for the emissivity of soot in a

wood fired boiler:

€g = l-exp(-O.IZMAg) (2.59)

Adams (1979) also suggested an equation for calculating the flame

emissivity from the values of gas and particulate emissivities:

€= et e " (es)(esw) (2.60)

Having determined the emissivity of the flame, the heat radiated to

the wall is given by:
G, = Ayealrd - ) (2.61)

2.3 Grain Drying

In this study a concentric vortex-cell biomass furnace (CVCF)
is used to provide heat energy for an in-bin counterflow grain dryer
(IBCF). The dryer was experimentally tested by Silva (1980) using
liquid propane gas. The IBCF drying temperature is between 50 and
100°C depending upon the type of grain dried and the intended use of
the grain (Silva, 1980; Kalchik et al., 1979). When feed corn is
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dried with air at 65 to 100°C, the IBCF dryer is a high-temperature,
high-capacity dryer. High-temperature drying may affect grain quality
in different ways depending upon the initial grain quality and moisture
content, and the drying/cooling rate.

Grain and seeds are highly perishable if poorly handled. If
well harvested, and stored at a low moisture content and low tempera-
ture, grain will retain the original germinability and other desirable
qualities for a long period of time. In the following sections, grain

drying is reviewed.

2.3.1 Importance of Grain Drying

The importance of grain drying has been discussed by Brooker
et al. (1974). Drying facilitates early harvest, thus, reducing field
losses from storm, insect damage, and natural shattering. Field con-
ditions are often better for harvesting early in the season. Early
harvest permits early and timely seedbed preparation for the next
crop; this is particularly important in some tropical areas where two
or more crops are raised in one year.

Grain drying permits farmers to better plan the harvest se;son,
and to make better use of labor and machinery since harvesting is not
dependent on fluctuations of the grain moisture content in the field.
Finally, the early harvest enables farmers to take advantage of higher
prices early in the harvest season.

The most important advantage of grain drying is that it permits

long-time storage without deterioration in quality. By removing excess

moisture from the grain, the possibility of natural heating of the
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grain due to molding and respiration is reduced. Thus, grain via-
bility is maintained during storage. Dried grain (at moisture content
below 13%) is less prone to insect, mites, and fungal damage than wet

grain.

2.3.2 Corn Quality as Affected by Drying Methods

The desirable corn properties are dependent upon the intended
use of the corn. In the US corn is mainly used as animal feed, with
smaller usage as human food, seed and industrial starch manufacturing.
Corn quality is dependent upon several factors: (1) the variety
characteristics, (2) the environmental conditions during growth,

(3) the time and the harvesting procedure, (4) the drying method, and
(5) the storage practice (Brooker et al., 1974). During the drying
process, corn quality is affected by the grain temperature and the
drying rate.

Corn in the US is officially graded for quality under the Grain
Standards Act. The grades and grade requirements are listed in Table
2.5. There are other properties which are of importance to specific
corn users that are excluded from the standard, such as nutritional

value, millability, viability, and susceptibility to breakage.

2.3.2.1 Effect of Drying on Nutritional Feed Value

The most important quality factor of corn for animal feed is
the nutritional value. The effect of drying temperature on the nutri-
tional value of corn for animal feed has received considerable research

attention. Hathaway et al. (1952) found that corn dried at temperature



68

Table 2.5.--Numerical grades and sample grade requirements for

US corn.
Maximum Limits
Minimum Damaged kernels, %
Grade testweight Moisture BCFM -
LB/bu % % eat
damaged Total
1 56 14.0 2.0 0.1 3.0
2 54 15.5 3.0 0.2 5.0
3 52 17.5 4.0 0.5 7.0
4 49 20.0 5.0 1.0 10.0
5 46 23.0 7.0 3.0 15.0

Sample grade shall be corn which does not meet the requirements for
any of the grades numbers 1 to 5; or which contains stones; or which
is musty, sour, or burned; or which has any commercially objectionable
foreign odor; or which is otherwise of distinctly low quality.

Source: Brooker et al. (1974).

above 60°C significantly decreased its energy content and palata-
bility. Sullivan et al. (1975) reported that heat has a definite
effect on the nutritional value of corn; also, that the decrease in
commercial quality due to drying at high temperatures may not necessarily
result in a decreased value of corn as animal feed.

Jensen et al. (1960) reported that drying temperatures of 60°C,
82.2°C, and 104°C, have no deleterious effect on the nutritive value
of corn for swine as measured by growth rate and feed use. Jensen
(1978) showed that roasting corn at 15% and 23% moistpre at 127°C
and 150°C reduced the availability of lysine; he found that niacin is

unaffected by roasting temperature, but pyridoxine (vitamin B6)
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availability is significantly reduced in 14% moisture corn when it
is heated at 160°C.

From the above review it appears that corn which reaches
temperatures above 60°C undergoes some minor nutritional changes.
Nutritionists do not agree on the effects of drying temperature on the
feed value of corn (Brooker et al., 1974). It is generally recognized
that physical and chemical properties such as consistency, energy
content, palatability, hardness, color, moisture, vitamins, protein
and amino acid profile are affected by high drying temperature

(Williamson, 1975).

2.3.2.2 Effect of Drying on Corn Milling Quality

Farmers and elevator operators who dry corn often consider
only its feed value. Corn millers are concerned about the increasing
volume of artificially dried corn being marketed (Freeman, 1978;
Rutledge, 1978).

High starch yield (millability), maximum yield of selected
fractions and prime products mix, and low fat content are the most
important desirable characteristics of corn for milling. Brekke
et al. (1973) compared the corn milling response of in-bin natural
air drying with artificial drying in a small experimental fluidized
dryer at air temperatures from 32 to 143°C (maximum corn temperatures
were 32 to 104°C, respectively). The yield of total grits recovered
by sieving, aspiration, and flotation decreased with increasing drying
air temperature; also, the fat content of the grits increased with

increasing air temperatures. Prime products recovered by rolling and



70

grading followed similar pattems; however, sometimes yields and fat
contents were less satisfactory. The results also showed that the
cold paste viscosity of selected products increased if corn dried at
elevated temperatures. The corn dried with natural air had the best
dry-milling quality; drying at 60°C yielded corn of acceptable drying-
milling quality except for a high percentage of stress cracks.

Freeman (1978) discussed the quality factors affecting the
value of com for wet milling. Drying at high temperatures causes
"case hardening" of proteins. Case-hardened protein affects the
millability by impairing separation and purification of starch. The
result is starch with a high protein content and reduced viscosity.
The drying temperature, drying rate, and the initial corn moisture
content determine the degree of case hardening. High drying tempera-
tures may also destroy some amino acids, especially lysine.

Watson and Mirata (1962) concluded that since kernel viability
is evidently more easily altered by drying conditions than the other
properties examined, corn dried to preserve viability should invari-
ably be suited for starch manufacture. The drying temperature should

not exceed 71°C.

2.3.2.3 Drying Corn for Seed

Generally the techniques used to dry seeds do not differ
greatly from those used to dry grain for other purposes. However,
extra dryer control and management must be practiced in order to
ensure a high degree of germination (Copeland, 1976). The drying air

temperature, the drying rate, and the initial moisture content are
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the most critical factors affecting the germinating quality. Copeland
stated that the product temperature limit varies with the type of
seed, but should not exceed 38°C; the highest safe temperature also
depends on the initial moisture content. Ulileman and Ullstrup (cited
in Hukill, 1954) showed that seed corn can be dried safely at 49°C, if
the moisture content is less than 25%; for moisture above 25%, 38°C,
is the upper limit.

An excessive drying rate may cause stress cracks. Over-dried
seeds are susceptible to mechanical damage, which is detrimental to

seed quality.

2.3.2.4 The Effect of Drying on Commercial Grade

The effects of artificial corm drying on its composition,
nutritional value, viability as seed, and industrial processing have
been discussed in the previous sections of this review. These factors
are not included in the determination of commercial grade. As shown
in Table 2.5, the only factors considered in the grain standard code
for corn are: (1) the testweight, (2) the moisture content, (3) the
broken corn and heat damaged corn, and (4) the presence of foreign
materials. Artificial drying has a direct effect on the testweight,
the moisture content, and on the percentage of heat damaged corm, and
has an indirect effect on broken corn. These factors will be reviewed

in the following sections.
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2.3.2.5 Testweight

The corn testweight is its bulk density and is influenced by
grain shape, grain surface texture, moisture content, type and amount
of impurities, size and uniformity, temperature, and other factors
that affect the packing characteristics. According to Freeman (1978),
testweight may indirectly indicate the wet milling quality of corn.
High-temperature drying may reduce the extent of kernal shrinkage
resulting from moisture removal and, hence, result in low testweight.

Hi11 (1975) studied the effect of drying temperature on test-
weight of shelled corn. According to his observations, the testweight
increases during drying. The increase is due to shrinkage with a loss
of moisture and decrease of the coefficient of friction on the surface,
thus permitting closer packing of the kernals. The testweight increase
is less at higher drying temperatures, possibly due to case hardening.
The testweight reaches a maximum and declines with further drying. The
maximum testweight is reached at 14 to 16% moisture (Brooker et al.,
1974).

The amount of testweight increase with drying depends upon:
(1) the degree of kernal 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 variety. Early
harvested, high moisture grain is not exposed to much weathering and
shows a higher testweight after drying than the same grain harvested

later at a lower moisture content (Brooker et al., 1974).
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A higher testweight corn offers some saving in storage since

less storage volume is required to store the same amount of dry matter.

2.3.2.6 Stress Cracks and Broken Corn

Although drying per se does not directly affect the number of
broken kernals, it is well known that grain is physically and physio-
logically damaged when dried at excessively high temperatures. The
degree of damage depends upon the maximum temperature reached by the
grain and the length of the period during which the high temperature
is sustained. The drying and cooling processes directly affect the
degree of stress cracking, and thus determine the susceptibility of
corn to breakage during subsequent handling.

Thompson and Foster (1963) defined stress cracks as the
fissures in the endosperm, or starch inside the kernel, in which the
seed coat is not ruptured. Ross and White (1972) studied the effect of
overdrying in stress cracking in white corn. Their results show a
general decrease in stress cracking as the white corn dried to lower
moisture content, and as drying started at lower moisture contents.
These phenomena are difficult to explain. There may be some physical
and chemical changes such as gelatinization during over-drying which
make the grain kernel more resistant to cracking during the cooling
period. Generally, stress cracking decreases with decreasing drying
air temperature. Slow cooling of both the white and yellow corn after
drying results in a dramatic reduction in the number of checked kernels,
particularly after subjecting the corn at drying air temperatures above

71°C.
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Gustafson et al. (1978) concluded that there is no significant
increase in breakage susceptibility when corn is dried to 18% moisture
(or above) in a high-temperature dryer; the product of the heating time
and the change of moisture content (under 18%) appears to be the best
predictor of the change in breakage.

Freeman (1973) indicated that broken kernels too large to be
removed by screening for wet milling may release starch granules during
steeping. Free starch in the steeping water causes fouling of evapora-

tor surfaces during steep water concentration.

2.3.2.7 Corn Color

Artificial drying affects other grain characteristics including
color. Ross and White (1972) concluded that darkening and yellowing of
white corn was apparent when it was dried with air at 88°C and 104°C,
and when drying started at an initial moisture content above 25%.
Discoloration was only slight in samples dried at 71°C from any initial
moisture content, and for samples dried from 25% initial moisture con-

tent (mc) to 14% final mc with drying air at 104°C.

2.3.3 Drying Systems

There are three basic methods of grain drying: (1) high-
temperature drying, (2) low-temperature drying, and (3) combination
drying. In the US, high-temperature drying has been the primary tech-
nique for more than 25 years. This method is fast, but has a high
fossil-fuel requirement, and can result in a low grain quality. Low-

temperature grain drying (energy may be obtained from electricity,
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liquid propane, solar energy, or any other heat source) is an energy
efficient process and often results in high-quality grain, if properly
managed. Mold spoilage risk is the main problem encountered in warm
and humid areas. Natural drying is a low-temperature drying method

and takes place when grain is either left standing (or stacked) in the
field, or harvested and dried in a crib. The latter method is often
practiced in the Third World and is the most risky since it exposes
grain to the weather, insects, rodents, birds, and other destructive
elements.

Combination drying processes for drying shelled corn started in
the US in the late 1970's (Brooker et al., 1978). In these processes
high-speed batch or continuous flow drying is combined with low heat
or natural air in-bin drying. The high-speed, high-temperature dryers
dry the corn to a moisture range of 18-23%. The corn is then trans-
ferred to storage where it is slowly dried to a safe storage moisture
content. Combination drying offers a number of advantages, including:
(1) increased output, (2) increased fuel efficiency, (3) improved
product quality (compared to corn dried by high-speed, high-temperature
processes). Brooker et al. (1978) subdivided the on-the-farm high- and
low-temperature drying methods into the following categories: (1) high-
speed, high-temperature batch and continuous dryers; (2) continuous
in-bin drying systems; (3) batch-in-bin drying systems with and without
stirring; (4) low-heat and no-heat in-bin drying systems with and with-
out stirring; and (5) combination systems, in which high-speed batch or
continuous flow systems are combined with low-heat in-bin drying sys-

tems.
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2.3.3.1 Column Batch Dryers

Column batch dryers are stationary bed dryers, in which the air
moves across a stationary grain column (see Figure 2.7). The dryer is
often portable so that it can be moved from location to location when
not filled with grain. According to Brooker et al. (1974), column
batch dryers have the following characteristics: (1) column thickness
is usually from 30 to 46 cm; (2) column batch dryers operate at high air-
flow rates (over 40 m3/min/m3); (3) drying air temperatures vary from
82 to 116°C; (4) due to the high flow rate coupled with a narrow
column, the moisture gradient across the column is less than with batch
in-bin systems; and (5) drying is completed in a 1 to 3 hour period,
depending on the initial grain moisture content and the need for cool-
ing.

Column dryers are popular because of their simple construction
and operation, and because the initial cost is generally lower than of
continuous flow types (Sutherland, 1975). They are suitable for mod-
erate grain volumes (250-650 tons annually) with high initial moisture
contents. Because the dryer has no storage function, it requires well
planned and coordinated handling and storage systems.

The fuel consumption and, therefore, the operating costs depend
upon the moisture removal range. The fuel efficiency decreases with
decreasing moisture removal range. It requires (at 30% initial mc)
about 5,800 kJ/kg of water removed when the final moisture is 25%, and
6,970 to 8,140 kJ/kg of water when the final moisture content is 15%.
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Figure 2.7. Batch Column Dryer. (from Brooker et al., 1974).
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The thicker the grain column is in a column dryer, the lower is
the specific fuel consumption. However, thicker grain columns result
in an increase in themoisture content gradient across the column.

Kirk (1959) investigated column thicknesses of 10.2, 20.3, 30.5,
and 40.6 cm and concluded that: (1) the 20.3, 30.5, and 40.6 cm
columns are similar in drying air requirements; (2) the operating costs
do not significantly increase with an increase of static pressure of
up to 0.5 kPa for a grain column thickness of 20.3 to 40.6 cm; (3) in
the static pressure range of 0.06 to 0.5 kPa, the drying capacity
increases linearly with static pressure; and (4) there is no signifi-
cant difference in drying capacity with drying column thickness between
20.3 and 40.6 cm.

The moisture and the temperature gradients across the drying
column in a column batch dryer along with the dryer operating costs
can be reduced either by decreasing the drying airflow rate at a con-
stant air temperature, or by decreasing the drying air temperature at

a constant airflow rate (Morey et al., 1976).

2.3.3.2 In-Bin Dryers

In-bin drying systems dry and cool the grain in a bin designed
either as a batch in-bin dryer or as a drying-storage bin. In the
latter case the grainis left in the same bin for storage (see Figure
2.8).

In-bin drying may be categorized in different ways. Brooker
et al. (1974) categorized in-bin drying as (1) full-bin drying,
(2) layer-drying, and (3) batch in-bin drying.
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In full-bin drying a single batch of grain (up to 5 m) is
dried at relatively low airflow. To avoid grain deterioration during
drying, the initial moisture content of the corn must not be above
21-23% (Brooker et al., 1974).

In the layer-drying process an initial shallow layer of grain
is placed in the bin and drying is started. As the drying zone moves
upwards, other layers of grain are added periodically, so that a layer
of wet grain remains ahead of the drying zone. Eventually the bin
is filled; drying continues until the entire grain mass is dried.

This process allows the initial layers of grain to be relatively wet;
they receive more drying air (and therefore dry faster) than the subse-
quent drier grain placed at the top of the bin.

Batch-in-bin drying is a process in which batches of grain are
dried in a bin and transferred to a storage bin. This process utilizes
large quantities of heated air which is forced through relatively
shallow grain beds. Therefore, the drying rate is considerably higher
than in the other in-bin drying systems.

In-bin dryers may be operated with high or low temperatures
(heated air) or with natural air (unheated air). High-temperature
in-bin drying is undesirable in full-bin and layer drying due to
excessive overdrying at the bottom of the bin. However, stirring
devices may be used to solve this problem.

Natural air and low-termperature drying are similar processes
(Bakker-Arkema et al., 1978). The difference is that no heat is added
in case of natural air drying. Low-temperature drying requires raising

the drying air 3 to 6°C above the ambient temperature by either
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electric heat, solar energy, or other heat sources (Zink et al., 1978).
Liquid propane and electricity are the most common heat sources for
low-temperature drying; both require low capital investment. Liquid
propane gas is usually not used since it requires interval timers to
1imit the heating rate.

The airflow rate required for a drying system depends on the
drying system, the harvest date, harvest moisture content, and the
location.

Adding heat, even in small amounts, increases the drying
capacity in a low-temperature drying system (by decreasing the drying
air relative humidity). The temperature increase also results in
faster mold development. To reduce mold growth, the average tempera-
ture in the bin should be below 10°C. With addition of low heat,
the airflow can be limited to 2.4m3/min-m3 for 24-26% mc corn,
1.6m3/min-m3 for 22-24% mc, and 0.8 m3/min-m3 for 20-22% mc corn
(Brooker et al., 1978).

Although low-heat and naturaI air drying are slow, the quality
of the finished grain is frequently high due to the low application of
heat (Kalchik et al., 1979).

The main disadvantage of in-bin drying is that the grain at
the bottom may be overdried and at the top underdried. Drying is
stopped after the average moisture content in the bin reaches a desired
value. Since unloading does not allow perfect mixing and blending to
obtain a uniform moisture content, the corn may deteriorate during

storage.
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Several improvements have been incorporated in in-bin drying
to reduce the vertical moisture gradient. This includes grain recir-
culating, in-bin counterflow drying, grain stirring, and drying with
alternating heated and unheated air (Browning et al., 1971).

According to Brooker et al. (1978), the specific fuel con-
sumption of deep bin-in-storage drying is low (3,500 kJ/kg, or lower
in some cases). Therefore, these systems are usually used in combina-

tion with other drying systems.

2.3.3.3 High-Speed Continuous Crossflow Dryers

Crossflow dryers have a wet grain holding bin at the top (see
Figure 2.9). Grain flows by gravity from the top to the bottom through
drying and cooling columns which are 20-45 cm wide. A column thickness
of 28-36 cm is most common. Two fans, one for heating and one for
cooling, are usually used. The drying rate and the final moisture
content are mainly dependent upon the grain velocity, the air tempera-
ture, the airflow rate, and the initial moisture content. Moisture is
usually controlled by regulating the grain flow rate by a metering
auger at the bottom of the dryer, while maintaining a constant air
temperature and airflow rate. The auger speed responds to a tempera-
ture sensor located in the grain column near the lower edge of the
drying section.

The drying characteristics of crossflow dryers are similar to
those of column batch dryers. The grain on the plenum side is over-

dried while that on the exhaust side is underdried.
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Figure 2.9. Schematic of a Crossflow (Continuous Flow) Grain Dryer

(From Brooker et al., 1974).



84

In some crossflow designs, the cooling air is reused. This
allows recovery of heat from the cooled grain and also reduces the
moisture content gradient across the grain column (Bakker-Arkema
et al., 1980). Some designs incorporate a metering device that
causes the grain on the plenum side to move faster than the grain
on the outside (Rodriguez, 1982). Other designs use a "turnflow
device" to interchange the grain on the plenum side with the grain on
the exhaust side (Fontana, 1983). These improvements are intended to

reduce the moisture content gradient across the grain columns.

2.3.2.4 Concurrentflow Dryers

Concurrent flow drying is a relatively new grain drying tech-
nique (Dalpasquale, 1981; Bakker-Arkema et al., 1983). In a concurrent-
flow dryer, high temperature (80-300°C) air flows in the same direc-
tion as the grain (see Figure 2.10). The hot air only encounters the
cool and wet grain. Intense heat and mass transfer takes place at the
grain/air inlet, causing rapid evaporative cooling of the air and
heating of the grain. The latter is accompanied by rapid drying of
the grain. The grain temperature remains considerably below the inlet
air temperature. As the grain and the air flow through the drying bed,
an equilibrium is reached (the equilibrium temperature is between the
inlet air temperature and the initial grain temperature). The absolute
and relative humidity of the air progressively increase as the grain
dries.

The major advantage of concurrentflow drying is that all the

grain kernels are subjected to the same thermal process. Thus, there
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Figure 2.10. Schematic of a Concurrent Flow Dryer.

A = Wet grain H = Ambient air

B = Drying floor I = Hot air--First stage
C = Exhaust air J = Hot air--Second stage
D = Tempering section L = Ambient air--Cooler
E = Air recirculation M = Dry grain

F = Counterflow cooler

G = Metering rolls
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is no moisture difference among the kernels. This results in better
grain quality.

Counterflow cooling has usually been combined with concurrent-
flow drying (Bakker-Arkema et al., 1982). Cold air first encounters
the coldest grain, thus limiting thermal stresses.

Several authors have reported the advantages of concurrentflow
drying including: (1) high capacity (in multi-stage concurrentfloh
dryers), (2) improved grain quality, (3) greater flexibility for
adaptation to different crops, and (4) high termal effiency (Vestelaken
and Bakker-Arkema, 1978; Miuhlbauer et al., 1978; Bakker-Arkema et al.,
1982, 1983; Dalpasquale, 1982; Fontana, 1983).

2.3.3.5 In-Bin Counterflow Dryers

In-bin counterflow drying is an intermittent process in which
the grain in a bin flows downwards, and the drying air flows in the
opposite direction (see Figure 2.11). The drying process is the same
as for the batch-in-bin dryer. Dried grain is removed from the bottom
of the bin by the means of a tapered sweep auger which removes a thin-
layer of grain from the bottom of the grain bed and delivers it to a
vertical auger; the auger, in turn, discharges the hot dry grain into
a cooling bin. The sweep auger is activated by a temperature sensing
element placed about 46 cm above the false floor. As drying progresses,
the temperature in the region of the sensor increases. When a pre-
selected temperature is reached, the sweep auger is activated; it
makes one complete turn around the bin removing a 7-9 cm thick layer

of dry warm grain. As the auger completes the turn, damp grain
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moves into the sensor's region and the temperature at that point drops.
The auger is turned off and waits for the next cycle. Thus, the mode
of operation is intermittent. In a countinuous-flow, counterflow
dryer, the sweep auger speed is set so that the grain receives suffi-
cient residence time in the dryer such that the grain is dried to a
desirable moisture content by the time it is discharged. The grain
discharge rate is used to control the final moisture content.

In the counterflow drying process, the warm saturated air
leaving the drying zone passes the cool and relatively wet incoming
grain. Some energy is used to warm the cool grain, and condensation
may occur on the cool grain especially if the bed is deep and the
initial grain temperature is low (Brooker et al., 1974).

Silva (1980), Bakker-Arkema et al. (1980), and Kalchik et al.
(1981) investigated the performance of the in-bin continuous flow
counterflow dryer. The specific energy consumption decreases with
increasing drying temperature (4,390 to 5,110 kJ/kg of water for drying
air temperatures of 93 and 50°C, respectively); corn quality is not

seriously affected by drying at high temperatures (82-93°C).

2.3.3.6 Combination Drying .

In combination drying, wet grain is dried down to 18-24% mc
(wb) in a high-temperature batch or continuous dryer. The grain is
transferred to a bin in which drying is completed by a low-temperature
in-bin drying process (Shove, 1978). Dryeration is a form of combina-
tion drying (Foster, 1964). In the dryeration process, grain is dried

in three phases. The first phase consists of drying the grain down
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to 2-3 percentage points above the desired final moisture in a high-
temperature dryer. The partially dried grain is transferred to a
tempering bin (second phase) and held hot for 6 to 10 hours. In the
third phase the grain is finally cooled by aeration at low airflow
(.01-.03 m3/min-m3) (Bakker-Arkema et al., 1978; McKenzie et al.,
1972).

Gustafson et al. (1976) and Shove and White (1977) showed that
the susceptibility to breakage in the 15-18% mc range is substantially
reduced by eliminating immediate cooling after high-temperature drying.
According to Kalchik et al. (1981), combination drying results in
increased fuel efficiency and increased drying capacity. The average
specific energy consumption for high-temperature drying is 5000 kJ/kg
compared with 3800 kJ/kg for combination drying when corn is dried from
26 to 15.5% mc.

2.3.3.7 Drying Systems Suitable for Biomass Heating

The drying systems discussed previously have been designed for
use with conventional fossil fuels as energy sources for heating the
drying air. A batch dryer has distinct loading, heating (drying),
cooling, and unloading phases during a drying cycle. Thus, the fuel
burner is turned on during the heating phase and is turned off during
the cooling, unloading, and the loading phases. In contrast, continu-
ous flow dryers require a continuous supply of heated air for the
drying sections.

The concentric vortex-cell furnace and other solid fuel burners

require a continuous supply of fuel and combustion air to maintain



90

steady-state conditions. Sudden interruption of either fuel or air
supply results in undesirable transient conditions characterized by

the emission of products of incomplete combustion. Thus, a biomass
furnace cannot be used for heating drying-air for a batch dryer without
incorporation of a heated air diversion system to divert the heated

air to some other use during the loading, cooling, and unloading phases.
Unlike the batch dryers, continuous flow dryers are easily convertible

to the use of biomass heated air.

2.4 Grain Drying Theory and Simulation

Much research has been conducted to study the processes by
which water is removed from biological materials. The drying process
consists of simultaneous heat and mass (moisture) transfer. Heat is
required to provide the energy for evaporating moisture from the drying
grain. The moisture is removed from the surface of the grain by an
external drying medium, usually air.

Bakker-Arkema et al. (1974) listed six possible modes of mois-
ture removal from cereal grains: (1) surface forces (capillary flow);
(2) 1iquid movement due to moisture concentration differences (liquid
diffusion); (3) liquid movement due to diffusion of moisture on the
pore surfaces (surface diffusion); (4) vapor movement due to moisture
concentration differences (vapor diffusion); (5) vapor movement due
to temperature differences (thermal diffusion); and (6) water and vapor
movement due to total pressure differencgs (hydrodynamic flow). The

exact manner in which water leaves the grain is dependent upon drying



91

air temperature, air velocity, moisture concentration, and product
type and condition.

Two drying rate periods have been identified: (1) the constant-
rate period during the initial drying of extremely moist grain, and
(2) the falling-rate period. Cereal grains dry during the falling-
rate period (Bakshi and Singh, 1979). The drying rate decreases con-
tinuously as the moisture content decreases during the course of
drying. The thermal and the physical properties of the grain which
are moisture content dependent also change as drying progresses.
Thus, the prediction of the drying rate during the falling-rate
period is more complicated than during the constant-rate period.

The basic drying theory consists of a thin-layer drying equa-
tion (which is equivalent to drying a single grain kernel), coupled

to a series of deep-bed drying equations.

2.4.1 Thin-Layer Drying Models

A "Thin-layer" of grain refers to a layer of grain that is
approximately one kernel deep. A thin-layer drying equation predicts
the drying rate of single kernels of grain as a function of the drying
conditions.

Empirical, theoretical, and semi-theoretical thin-layer equa-
tions have been developed for different crops.

Empirical equations are developed by analyzing statistically
the data obtained by drying thin layers of grain. Theoretical
equations are based upon the diffusion theory (Crank, 1979). Thin-

layer drying equations for several cereal grains have been reviewed and
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published (Bakker-Arkema et al., 1983; Steffe, 1979; Dalpasquale,
1981; Bakshi and Singh, 1979).

First the thin-layer equations for corn will be reviewed.
Thompson et al. (1968) developed an empirical thin-layer drying

equation for corn in the range of 60 to 150°C.

t = A2n (MR) + B (2n(MR)]2 (2.62)
where: A = 0.004886 - 1.86178
B = 427.36 exp (-0.0336)

The most commonly used thin-layer equations are modified versions of
the Thompson equation (Pfost et al., 1976).
Flood et al. (1969) developed an empirical drying equation for

corn in the temperature range of 2 to 22°C:

MR = exp (-kt0-663) (2.64)
where: MR = (M-Mg)/(M -M,)
k = exp (-xtY)
x = [6.014 + 1.45%10"%(rh)23"°
-(1.86 + 32)[0.334*10°3 + 3*1078(rn)?]->
y = 0.125 - 2.197%1075 - [1.86 + 32][2.3*10"3(rh) + 5.8+*10™°]

Rugumayo (1979) developed an equation from mathematical diffu-
sion theory similar to the model presented by Chu and Hustrulid (1968)

for low temperature thin-layer drying of corn. The Troeger and Hukill
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(1970), the Muh (1974), and the Misra (1978) equations have been
compared by Rugumayo (1979).

In the development of the above equations, it is assumed that
moisture is uniformly distributed within the individual kernels of the
grain. Therefore, the equations cannot be used to predict the moisture
gradient within the kernels. The knowledge of the moisture content gra-
dient within single kernels is needed in order to simulate the tempering
process in grain-drying (Rodriguez, 1982; Fontana, 1983; Sabbah, 1971).

The Crank (1979) spherical diffusion equation can be used to

calculate the moisture gradient in the grain kernels during the dry-

ing process:

ac _ . 2iC . 28C

3t = G * e (2.64)
or:

M M . 20M

at - PGt rar) (2.65)

The following are the boundary conditions:

Mir,0) = Minitial
M(o.t) = Me
C(r.o) = cinitia]
c(o,t) = ce

where C is moisture concentration (kg/m3) and M is the moisture content

(decimal). The analytical solution of equation (2.64) for the moisture
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content distribution and the average moisture content of various
regularly shaped bodies can be found in Crank (1979). For a sphere
the average moisture content is (Sabbah, 1971):

_ 1 nzﬂz 2
MR = 7z exp - [—?T— X2] (2.66)

::uo»
[xK:]

n=1

where: X = %(Dt)2

. The diffusion coefficient (D) is a function of the moisture
content, the grain temperature, and the type of grain. Sabbah (1971)

using a spherical diffusion equation found for corn:

D = 5.196*10" M[ exp(-2673.33/6)] (2.67)

A diffusion constant equation should be used with the equation for
which it was developed. The Chu and Hustrulid (1968) equation is a

mass concentration-based diffusivity and is used to solve the equation:

M- Me

M - M

6exp[-/(R%D |
e=;gzxp[ /(R°D.)] (2.68)

where: M* 1.0655M° - 0.0108

=
]

radius of a sphere, m

(=
[]

1.51exp {(0.0451'a - 5.49)Me - 2513/Ta}

The grain shape is not assumed spherical; the equivalent radius is

defined as:
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R - 3V/s
where: V = kernel volume, m3
s = kernel surface area, m2

The temperature and the moisture content Ta and Me, respectively, are
the drying air temperature and the corresponding equilibrium moisture

content.

2.4.2 Equilibrium Moisture Content Models

The thin-layer equations discussed above require the grain
equilibrium moisture content at the drying air conditions (temperature
and relative humidity). The following are some of the equations used

for predicting the equilibrium moisture contents of corn:

Thompson et al. (1968):

M, = [en(a - rh/{0.382(1.8T + 821]"° (2.69)

Kalchick et al. (1979):

M 0.062(RH)°- 0274

/anT O<RH>52 (2.70)

M

e 0.396exp(.5*RH)/anT 52<RH>99.99 (2.71)

where Me is the equilibrium moisture content (decimal); RH and rh are
the percent and the decimal air relative humidity, respectively; and
T is the air temperatu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>