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INTRODUCTION

The prccess of graln drying is almost as old as the
civilization itself, Different types of artificial grain driers
have been developed by man and others are still in the process of
being developed. Most drying researcn is on large scale or
commercial-type grain driers which require well-trained operators
and highly sophisticated instrumentation. Development of a smzall and
Inexpensive grain drier to be used by the farmers especially in the
third-world countries is undoubtedly imperative., There has been szome
recent research in this area but mostly with wood as fuel. The
abundance of wood throughout the world, its comparatively rapid
growth and reproduction, and the ease of obtaining supplies made it
one of the earliest and most used éf 2ll fuels. Nowadays however,
it is only of importance as fuel in those develorping countries where
large forests abound. In fact, firewood is not readily available in
poor countries and if available, it is very costly (Lindblad and
Druben, 1977).

Sundrying of grain is the predominant practice in Southeast
Asia because most of the farmers cannot afford to tuy a heated-air
drier of any kind. In some countries, solar drying cannot effectively
be used bacause the atmosvheric relative humidity is too high most
of the %fime. Sundrying seems inpractical in the Philippines, since
tha harvest seasocn usually coinclides with the later part of the
raziny season. During this time of the year, aboui 45 parcent of the

total rice production is harvested under an ambient temperature of



820F and humidity of 85 percent (NEDA, 1975). Since grain is a
hygroscoplc material, it absorbs or gives off moisture depending upon
the surrounding conditions. Grains may well become noldy during this
time of the year. In addition, moisture sorption process of grains
exposed to rain or high humidity has proven %o cause fissures
resulting in btreakage during milling of rough rice (Kunze, 1967 and
Stahel, 1935). Samson and Duff (1973) found that artificially dried
rough rice gave almost equal milling recovery as sundried. The
amount of whole grain from sundried samples however, was much lower
than from artificially-dried samples (46 vs 58 percent).

It has long been recognized that improper drying of harvested
grain is an important cause of post-harvest losses on the farm. The
introduction of improved farming technigues such as early-maturing
varieties of grain, effective insecticides & herbicides, efficient
use of fertilizers and double cropping in irrigated areas resulted
in a tremendous increase in the production of grains all over the
world, Apparently, zrain losses increased too, and drying metheds
did not inmprove with the increase in production. To keep pace with
the production, the farmers harvest and dry thelr crops even under
adverse weather conditions. This situation could be remedied by the
introduction of an artificial grain drier that is inexpensive and
simple and requires construction materials that are readily available
in most farms.

C.J. Moss {1965) observed that: a) more than two-thirds of the
povulation of the world depend on rice for food:; b) one-third of the

rice c¢rop harvested is wasted because of inadequate treatment and
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storage; and ¢) it is necessary to develop siaple equipment for
drying rice to prevent this loss of food. Rice harvested with a
high moisture content (18 to 22 percent) should be dried as soon as
possible after harvest., Drying should begin within 12 hours of
harvest and not later than 24 hours. Furthermore, drying temperature
should range from 100 to 130°F (Cooperative Zxtension Service,
Circular 475 Rev.).

In countries where fossil fuels (zas, diesel oil, etc.) are
imported, the use of imported and locally-nade grain driers utilizing
these sources of heat is nore expensive compared to the conventional
and local drying practices. Besides, these driers are sold at high
initial costs; thus, they are beyond the reach of most farmers. It
is necessary therefore to test énd try different types of drier
utilizing indigenous sources of fuel. If this can be done, then the
farmer can avall himself of the benefits that may be derived fron
drying grains through artificial means.

Generally, fuels that ignite at relatively low temperatures,
burn rapidly and are easily obtained in large guantities at relatively
low prices are desired. One such possible heat source is straw.
Straw is replenished every year in the farm, In contrast, wood
requires several years of growing season. The production of one
kilogram of grain always results in production of a corresponding
amount of straw (Moller, 1977). 1In addition, the heating value of
15 percen:t moisture wheat straw is about 6680 Btu per 1b (Moller,
1977) which is not far below that of wood which is 7100 Btu per 1b

(Rrooker, =t al., 1974),
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OBJECTIVES

The nain objectives of this research are to:
design and construct a furnace with inexpensive material
considering wheat stiraw as fuel;
design and construct a direct-fired grain drier; and
evaluate the performance of the furnace and drier,
Secondary objectives are to determine the:
rate and nethod of fuel feeding that will gives
1) a naxinum teanperature of 1300F below the drying floor, and
2) a mininum fluctuation of drying air temperature;
drying capacity, drying efficiency and quality of the fiue gases
(evolution of carbon monoxide) as affected by;
1) grain ted thickness (2", 4", & 6"), and
2) effect of turning the grain (no turning vs turning every

one hour and every 4 hours ).



Ry TRY OF LITERATURE

In a grain drying system utilizing heat from a furnace, the
designer should give proper consideration to an optimal furnace
design, Johnson and Auth (1951) listed the desizn requirements of
a good furnacz as follows:

(1) suitable openings must be provided for the introduction of the
fusl and air, but they must not permit air lealkage;

(2) furnace dimensions should be of such a nature as to permit
sufficient space for complete combustion;

(3) impingement of the flame on any part of the furnace should be
avoided

(4) combustion and temperature conditions in the furnace should be
such that no deposit of slag in the furnace occurs, unless the
design requires it to be deposited;

(5) wall constructicn should meet the following requiremenis:

2) the design and material of the furnace lining should be
resistant to expansions and contractions due to temperature
changes, temperature gradients, and load changes;

b) insulation of the furnace should be provided to prevent
heat lossesi

¢) construction should be such as to prevent air leakage into
the furnace;

d) the furnace should have ainimum naintenance; and

e) the walls of the furnace should be of sufficient strength

so that they are secure against failure in case of puffs



within the furmace;

(6) passagas must be provided for the proper transporting of the
products of combustion from the furnace before temperatures are
reduced to a point where flow 1s inhibited;

(7) means must be provided for the elimination of fly ash, ashes, or
slag formed and deposited in the furnace; and

(8) adequate doors should be provided for access, inspection and
lancing,

In a natural air convection system, the flow of flue gases is
ensured by proper design of the chinney. Xinealy (1908) claired that
the chimney must be high enough to create sufficient draft in +he
furnace. Draft depends on the height of the chimney, the tewperature
of the hot gases inside, temperature of the cold air outside and to
scme extent, direetion, velocity and humidity of outside air. If the
draft is expressed in inches of water, it is found that the draft
created by a chimney varies from 0.005 to 0.007 times the height of
the chimney in feet.

3needen and Kerr {1969} came-up with an equation to estimate
the draft in the form of:

D= 353n(1/T_, - /T )
where D = draft in am of water

h = height of chimney in feet

T,ir = atmospheric air temperature (OK)

Tsas = Tlue gas temperature at entry to chimney (oK)



The volume of a furnace should be such that sufficient heat
is released after combustion so as to keep the inside furnace
temperature high. Johnson and Auth (1951) recommended 35000 Btu per
cu ft of furnace space per hour.for most power plants using coal as
fuel. However, for a grain drier furnace using pulverized rice hull
as fuel, Ginzburg (1958) suggested a rate of 1430 Btu per cu ft of
furnace volume per hour, To obtain a good quality product, the
drying alr temperature in contact with the grain must be linited to
approximately 130°F, This restriction demands a lower heat release
rate for a grain drier furnace compared to a power plant.

I, COMBUSTION THECRY

Combustion is defined as the chemical reaction between oxygen
and various substances like carbon, hydrogen and sulfur associated
with a release of heat.

Lister and Harris (1925) explained that when fuel is put into
the Tire, first the volatile constituents are driven-off in the form
of gases. The hydrogen present in the fuel coambines with oxygen to
form steam. The carbon also combines with oxygen to form either
carbon monoxide or carbon dioxide depending on the availability of
oxygen, If the air supply is very much restricted, some carbon will
pass out unburnt, The heat generated during combustion ralses the
temperature of the flue gases including the inert nitrogen and excess
oxygen, Fuels are generally composed of hydrogen, carbon and sulfur.
The equations of conbusticn are:

C+02 — COZ

2C + O —» 200 (partial combustion)



2H2 + 02 — ZHZO
S+ 0 —» 802
Araullo et al. (1976) gave a formula for calculating the weight of

oxygen required for complete combustion:

o = 2,67C + 8(H - ) + 5
whére Wo = weight of oxygen, 1t/1b fuel

C, H, O and S = percentages based on the ultimate analysis of

the fuel, in decinal.

Johnson and Auth (1951) reported that a typical analysis for
straw is: carbon = 36 percent, hydrogen = 5 percent, oxygen = 38 per-
cent, nitrogen = 0,5 percent, moisture = 15,75 percent and ash = 4,75
percent,

II, DRYING PRINCIPLES

After harvesting, grains should be dried to a moisture content
that is safe for storage. Dry grain is less susceptible to fungus
damage, deterioration of chemlical components and loss in nutritive
value, Grain drying can be accomplished in many ways. CEasically,
they fall into three general categories, namely: sundrying, natural
and heated-air drying (artificial drying). Heated air drying uses
some heat source to ralse the temperature of the drying air. Lindblad
and Druben (1977) reported that artificial drying results in -ore
incone for the farmers due to the following reasons: a) crops can be
harvested earlier and faralands hecome ready for the next crop sooner;
b) grain losses due to long natural drying are airnimal: and c) grains
are xept in storage longer and taken cut at relatively better

condition.,



Theory of drying. Drying is a process of simultaneous heat

and mass transfer. The heat is required to evaporate the moisture
which is removed from the drying products' surface by the external
drying medium, usually alr. Movement of water vapor intc and out of
grains has been studied by a number of investigators (Chung, 1967),
(Hendersen, 1961), and (Smith, 1947). In general, grain moisture
tends to evaporate when the grain has a higher vapor pressure than
the surrounding air while the grain absorbs aoisture if the pressure
situations are reversed,

The concept of equilibriun moisture content is important in
understanding the drying phenomenon. The equilibrium moisture content
is reached when the grain moisture and surrounding water vapor
pressure are equal., Angladette (1965) reported that ambient air-
grain moisture equillibrium in a closed container depends ultimately
on four factors: a) relative humidity of the air, b) moisture content
of the zrain, c) air tenperature, and d) grain temperature, Secondary
factors such as permeatbility or porosity of the grain and texture of
the various parts of the grain also determine, to some extent, the
equilibrium moisture content of the grain.

In the experinents carried out at the Centre National 4°
Studies et d4' Txperinentation du Machinisme agricole (CNEEMA)(1958),
the differences in grain molsture for the same relatlive humidity were
found to be about 0.5 percentage point for every 10°C difference of
the drying air. To determine the relationship between the equilibrium
nolsturs content of grain and the relaiive huaidity of arbient air at

constant temperature, Hendersen {1961) and Chung (1967) came up with



the following equations, respectively:

n
(l) 1 - #H - e-CTMB

-Blfe
(2) 1n(rh) = - 3= e

where rh = relative humidity, decimal

Me = equilibrium moisture content, percent (db)

T = absolute air temperature, °R

R

universal gas constant

C, n, 4, and B = constants
For any drying condition, the equilibrium moisture content of grains
could be predicted from these equations.

Heating the air reduces the relative humidity which increases
the air's drying potential. If the temperature of the air is increased
by 52°F, the relative humidity is reduced to about one-half. For
example, if air with a temperature of 24°F and a relative hunidity of
90 percent is heated to 136°F, the resulting relative humidity will
be 45 percent (Psychrometric chart),

The drying rate is dependent on the temperature of the drying
alr and its relative humidity. Airflow rate and grain noisture
content also affect the rate of evaporation (Hall, 1957). A number
of physical mechanisms have been proposed for describing the transfer
of moisture in grains (Brooker, et al,, 1974): (1) liquid movement
due to surface forces (capillary flow); {2) liguid movement due to
moisture concentration differences (liquid diffusion); (3) liguid
movement due to diffusion of noisture on the pore surfaces (surface
di{ffusion); and (4) vapor movement due to moisture concentration

difference (vapor diffusion).



Drying process can be divided into two periods: (1) the
constant-rate period and {2) the falling-rate period. Hall (1957)
explained that in the constant-rate period, drying takes place from
the surface of the grain and is similar to evaporation of noisture
from a free-water surface, The point marking the end of this period
occurs when the rate of moisture diffusion within the product decreases
below that necessary to replenish the moisture at the surface. The
falling=rate period immediately follows. It is controlled largely
by the product and involves the movement of moisture witnin the
material to the surface by liguid diffusion and removal of moisture
from the surface.

" According to the depth of bed, the drying process can be
divided into two categories - thin-layer drying and deep-bed drying.
Thin-layer drying refers to the drying of grain which is entirely
exposed to the air moving through the product. The equation repre-
senting movement of moisture could be based on Newton's law of
heating or cooling i.e., the rate of drying is proportional to the
difference between grain moisture content and the equilibriun
moisture content, dM/dt = -k(M - Me) (Hukill, 1947). When integrated,
this becones MR = eakt, where MB is the moisture ratio (M-Me/Mo-Me),
£ is drying time in hr and k is a constant. This equation is
commonly known as the thin-layer drying equation.

Hendersen and Perry (1976) defined deep-bed drying as a process
in which there is a finite moisture gradient through the drying layer
at any tine except zero. Material depths of & inches to many feet

constitute deep beds. Depths of as small as one inch, however,

.
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provide evidence of the existence of moisture gradient and thus may
be termed deep beds.

Brooker, =t al. (1974) and Henderson and Perry (1976) explained
that at the start of the drying process, a drying zone exists at the
bottom of the bed. As drying continues, the zone passes entirely
through the grain and the entire mass is dried to the equilibriun
moisture content with the drying air.

Two gradients exist across the drying zone: a molsture content
gradient and a temperature gradient. If the bed of grain is shallow
and/or the air velocity is high, the drying zone nay extend completely
through the bed. The desired final average moisture may be reached
pefore the bottom grain layers have reached egquilibrium with the
drying air.

Optimum drving air temperature and relative humidity. Lindblad
and Druben (19?7) found that high drying air temperature caused the
kernels of some grains to pop. Breaking, cracking, and discoloration
cf grains occurred when corn and rice were exposed to high temperatures.,
The researchers. then, recommend a tenperature range of 40 to u5°c /
(104 to 113°F) for drying rough riée.

Schaidt and Hukill (1956) investigated the effect of
temperature and humidity of drying air on the milling yield of four
varieties of rice: Caloro (short grain), Zenith (medium grain),
Bluebonnet and Rexoro (both long zrains). These were dried in thin
layers in one continuous operation at air temperature ranging from

32 to 6L°C, and relative hunidities fron § to 84 percent, The
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veloecity of the alr passing through the rice in one drying chamber
was 30 m/ain and in the other 40 a/min. Statistical analysis of the
drying data showed that the losses in head rice yield were related
more closely to the rate of moisture diffusion than to the temperature
of the drying air.

Angladette (1965} reported that the color, cooking quality
and flavor of rice varied according to temperature and humidity. He
found that the drying alr temperature which produced the best grain
color, tetter separaticn of the cooked rice grains and good taste was
between 47 and 59°C (117 to 138°F). Japanese findings (1956}
indicated that storage a* low temperatures (10 to 15°C) and high
relative humidity (70 to 80 percent) preserved the quality of rice
better than at normal temperatures. The nutrient losses were also
reported to be less.

ITI. FARM GRATIN DRIERS FOR DEVELOPING CCUNTRIES

To avoid the high cost of imported grain driers and fuel oil,
a seriaes of farm scale driers utilizing farm waste products have been
developed for poor countries especially for those where the clinatic
conditlions are unfavorable for natural drying of agricultural products,

Ine of these is "Brook's" drier (Fig, 1) which is being used
in Nigeria and Africa to dry groundnuts and maize, This drier has a
simple heat exchanger (3-55 gal. oil drums), and uses wood as fuel
(Brook, 1964), Hot air rises through the drying flocr by natural
convection. Ryu (1976) found that "Brook's" drier could be -ade more
efficient by increasing the height of the drying flcor and size of the

air inlet without increasingz the amount of fuel.
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He came up with an equation to predict the air-flow rate
through the grain bed:
g = 0,002 H a1 D07

the rate of airflow per unit area of bed, cfm/ft2

where gq =
H = the height of the drying floor from the center of the flue,
inches
dT = the temperature rise from the inlet to the mean plenunm

temperature, °K

D = the grain depth in bed, inches

Based on Ryu's suggestions, Bolduc (1978) nodified "Brook's"
drier. He compared the drying performance of unmodified and nodified
"Brook's" drier (Fig, 2). The nodifications were: a) the floor height
was inecreased from{3'hﬁ to 5'5" above the flue, b) the air inlet was
increased from 3.65 to 8.65 sq ft., and ¢) the flue trench was wedged.
Results of the study showed that the modified drier had a more
uniform distribution of temperature throughout the grain bed and was
nore efficient (drying efficiency) than the unmodified model. Turning
the grain resulted in a quicker drying.

Adeyemo (1979) made "Brook's" drier even more efficient. Ue
determined the effect of a pyramidal cover on *op of the grain bed
(Figs 3. Results showed that for a 5 feet high cover, the airflow
rate was increased by 30.8 percent (6.3 to 2,24 cf-/bu), the thermal
efficiency by 67 percent (21 to 35 percent). The fuel consumption was

2lso reduced by 40 percent (1.015 to 0.510 1lb wood/lb water).
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Cther designs of similar nature have also been developed.
Bialostocki (1977) designed another type of drier in Nigeria utilizing
wood as fuel, It differed from Brook's drier mainly in that it was
constructed on the ground and used a metal diaphragm as heat exchanger
(Fig. b). The grain bed was much higher and.secondary alr entered
through the side of the structure. In his design, indigenous
materials were used except for the sheet metal elements which needed
either welding equipment or pre-fabrication. The tests revealed that
drying 200 kgs of shelled corn (4-inch layer) from 25 to 12 percent
moisture content took only 4 hours with a firewood consunption of
about 50 kgs (0,923 1b wood per 1b water),

Kajewski (1977) developed a grain drier using corn residues
as fuel., It was a direct-fired furnace with a 2.25 £t diameter
centrifugal fan to force the alr through the grain bed. During drying,
the furnace was attached to a 23 ft diameter bin equipred with a
perforated floor. The design of the furnace is shown in Fig. 5. He
reported that the actual zost in remqving 13018 lbs of moisture (6
batches of corn) was S44.93 compared to 580.26 if LP gas systen was
used, In conciusion, he mentioned that crop residues could provide
a reliable, low-cost source of energy for grain drying. While the
zrain quality did not aprear to he affected by this drying nethod,
he suggested an additional quality testing to evaluate the acceptability
af the corn for market.

Acasio (1972) designed a rice hull furnace for drying rough

rice, The sizs of nis furnace was about 4 cu ft (Fig, 4), He reported
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that 9.55 lbs per hour of rice hull was the optimum rate of fuel
feeding with a primary airflow rate of 45 CFM, In a é=hr period, he
dried 1144 kgs of 25 percent moisture rough rice down to 14 percent

by using 110%F drying air and é' x 8' x 1i' deep grain bed. For a
direct-fired rice drier furnace, Thongswang and Neubanij (1977) found
that the best air to rice hull ratio was 170 kg of air to a kg of rice
hulls considering that air volume was 24 tines that required for
combustion. No details of the furnace design, however, were
presented,

¥oller (1977) reported that the consuwption of straw for heating
a 250 sq m, house day and night was 15 to 25 bales each weighing 10
kg. Two types of straw furnaces were developed in Denmark, hopper
and automatic-stoked boiler, Eckert nade a comparison between the
two and found that the automatic-stoked boiler had a thermal efficiency
of 65 percent while that of hopper=-stoked boiler had 55 percent
(¥oller, 1977).

Chancellor (1968, 1971) designed and tested a sinmple zrain
drier for Asia using rice straw as fuel, The principal elements of
his drier were: a) a horizontal metal surface placed over a fire pit,
b) the fire pit, and ¢) an animal to stir the shallow layer of grain
on the metal surface (Fig. 7). His findings were as follows:

(1) grain could be dried using heat conducted from a naetal surface
to supply the heat of vaporization; (2) the average rate at which
noisture left the grain doubled with each 20 to 21°F increase in the

mean grain temperature; (3) rice when in contact with a 200°F -etal
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surface, had an average graln temperature of 137°F and lost moisture
at a rate of 0,15 1b per sq ft per hr; (4) the fuel requirerent for
drying was met by the straw contained in the bundles associated with
the grain to be dried; (5) grain dried by this method would not
zerainate and thus could not be used for seed; (6) the amount of rice-
kernel breakage increased with a decrease in moisture content; (7} when
nilled, the rice appeared slightly yellow as compared to carefully
air-dried rice, but upon cooking, no traces of yellowing were detec-
table; and (8) generally, rice dried at normal temperatures by this
method was not distinguishable froa carefully air-dried rice on the
btasis of taste, He also reported that the 14-ft diameter grain drier,
can dry 1000 1b of rice from 24 to 14 percent moisture in 4 hours by:
a) allowing the first 30 minutes of the 4=hr period to bring the grain
to operating temperature; b) using 157 1b of moderately dry straw as
fuel; ¢) using two alternating aninals for stirring; a) avoiding the
use of high temperatures so that ailled rice is not discolorsd; and

e) operating in humid or rainy atmospheric condition.



MATERIALS AND METHCDS

The furnace was probably the most important unit in this
study. Its size and materials were ccnsidered in the construction,
The selected total volume of the furnace was 33.1 cu f+ (excluding
the stack). A heat release rate of 7377 Btu ver hr per cu ft of
furnace volume was considered i.e., at a maximum fuel rate of 40 1h
ner hour with a heating value of &AR0 Btu per lb, Zince the Fuel
rate was a variatle in this experiment, the above-nentioned neat
release rate was expected tc give enough flexibility in furnace
oparation.

A A-ft chimney was constructed, The estimated draft by using

the Sneeden and Kerr (1869) equation, D = 353h(1/Tair-l/T ) was

gas
0.025 in., of water, This is equal fo the static pressure drop across
a 12-in. deep corn bed at about .7 (P per sq ft (Shedd, 1952},
The antlicipated draft then should give sufficient airflow throuch
2", 4" and 6" drying beds without difficulty.

Fig. 8 is <he schematic drawings of the direct-fired drier

unit while Fig's, 9 are its photographic views,
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- Materials. Common red bricks (3 7/3" x 4 7/8" x 7 7/8") were
used in the construction of furnace and drier. This materlal was ex-
pected to naintaiﬁ high temperature inside the furnace because of its
relatively low heat conductivity which is 0.4 Etu/hrwftz-oF-per ft
(Henderson and Perry, 1976). Because of availability, ordinary bricks
were favored to other low conductivity material such as fire bricks.
Saturated clay was used as cementing ﬁaterial. It #as prepvared by
aixing clay with sufficient water.

The furnace consisted of a semi-cylindrical tunnel with a
rectangular stack underneath the drying floor. The arch shape was
preferred because it is stable, structurally socund and does not need
reinforcement in ordinary circumstances. A form was used to build
the tunnel. The tunnel was built with a 1 in 10 upward slope to aid
the flow of flue gases toward the stack. The drying floor was 3' x 3'
perforated sheet metal supported by 3 angle bars (3' long) and was
placed 6 inches below the top of the stack.

Loose wheat straw was used as fuel in the furnace., The weight
of fuel burnt was recorded for each test using a platform scale
(Fig. 12).

Instrumentation. A Thermolyne Portable Pyrometer Model PM

20700 (Fig. 1C) was used to measure furnace temperatures. A thermo-
couple was installed under the drying floor, 8 in., from the top of
the stack for the measurement of the drying air temperature. During
drying, additional thermocouples were attached to the Yellow Eprings
Instrument Company's Tele-thermometer (Thermistor) for the measurement

of grain temperaturs and air leaving the drier (Fig. 11).
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Carbon monoxide concentraticn in the Tlue gas was determined
to have an idea whether complete conbus*ticn cccurred or not. The
more the carbon monoxide in flue gases, the nore will be the undesira-
ble smell in grain. The deterrination was done by using Kitagawa
Toxic gas detector kit, Model SCL4~LOO (Fig's, 132 & 13b

Procedure: Three prelininary tests were conducted {o deternine
the method and rate of fuel feeding so that drying air temperature
doues not exceed leOF. In the first test, fwc fuel feeding rates at
20 and 40 1b per hr were used at 3 diffsrent locations in the combus-
tion chamber (2', 4' & 4' from the air inlei)., The amounts of fuel
for the 20 and 40 1b per hr rates were divided into & baiches, feeding
5 and 10 1lbs, respectively every 15 ainutes., The drying air te-mpera-
tures were found to te higher than desired. To correct those
defficiencies, continuous feeding method of fuel was used. This was
conaidered the second preliminary test., The straw was fed gradually

T : . o 'e)
to keep the temperature under the drying floor as cless %5 1307

28
possible, A small quantity of siraw was fed into the furnace whenever
the temperature dropped to about 120°7. Five trials were conducted
and the corresponding temperature fluctuations, rates of fuel, and

P

average drying air temperatures are shown in Fig's. Al % A2 {Appendix),
In the third prelininary test, a 4-in, layer of snelled corn was
placed on the drisr, 3ix trials wers then conducted using the sanme

m

orocedure as in the second prelininary test, The optimum fuel rate

was detarained from the results of shese trials which are shown in

'
o]
-
o

21 & B2 (Appendix).

Flg 5.
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Sixteen drying tests were conducted. Corn was dried from
about 23 percent down to 14 percent moisture conient {(w.bs)e Three
independent variables were considered, namely; fuel consumption rate,
grain depth and frequency of turning the grain-one level of fuel rate,
3 levels of grain depth and 3 turning frequencies (Table 1),

Due to the absence of newly-harvested corn, 25 percent moisture
corn batches were reconstituted by adding water to dry grains, To
assure that water was well-distributed throughout the grain nass,
water was thoroughly mixed with the corn by a fine spray. The
tempering drum was then rotated for about one hour and the grain was
left in the drum with the lid tightly closed. It was assured that 72
hours was sufficient to allow the water to be absorbed ty the grain
kernels,

Five pounds of loose wheat straw per hour was continuously fed
into the furnace in =ach test. Temperatures of the drying air, grain,
and air leaving the drier were measured at 3 different locations
(Fig. 14), Teamperatures at these points were taken every 30 minutes.

For moisture content determination, representative grain
samples were collected from several points in the grain bed., These
samples were then placed in an oven set at 103°C for 72 hours. The
loss in welght was assumed to be the guantity of water evaporated
from the zrain samples. A dickey-john portable moisture neter was used
to determine when to stop each trial. Drying was terminated when the

meter registered about 14 percent moisture content (w.b,).
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TABLE 1, TEST NUMBER ASSIGNED TC THE DIFFERENT

TREATMENT COMBINATIONS

REPTA.J I"

FUEL

GRAIN

FREQUENCY

TEST

CATICN RATE DEPTH ¢ OF TURNING : NG,
NO. : __LB/HR : I, : HR, :
: ! : NO TURNING : Al
i g 2 : L ; Bl
: : : 4 : -
: A ¢+ NO TURNING : G
1 : 5 b : 1 : D1
: : 4 : 21
3 s : NO TURNING : F1
: : 6 : 1 : Gl
1 : : i ! Hl
: : : NQ TURNING : A2
i : 2 : 1 s B2
: : H 4 : -
H : : NO TURNING : cz2
2 3 55 ! 4 ¢ 1 s D2
: : i 4 : B2
: : : NO TURNING : 2
: : 6 ! 1 : G2
: ! : L : H2

33

4 es == s

e we ae g8 s



W

c
= By -..:“""‘I
—p B g
| ) |
A = drying air temperature i [
I
B = grain temperature | I
1 l
C = temperature of air leaving I ]
the drier | |
I
_ = |
— — —— = - = - - '
b — — — o ]
!
l
I-..—.-
—— — T — — — o —— — el — — e — — L —

FIG, 14, POINTS {F TEMPERATURE MSASUREMENT DURING DRYING



RESULTS AND DISCUSSIONS

The first preliminary test showed that the air temperature
increased when the rate of fuel was raised from 20 to 40 1b per hr
and when the fuel was fed farther from the air inlet (Table 2), At
2 ft from the air inlet, it was observed that more heat escaped from
the combustion chamber. ZEy burning the fuel at the 20 and 40 1b ver
hr rate 6 ft from the inlet, drying air temperatures of 143,28 and
22?.&0F, respectively were obtained. For all the different treatment
comcinations, average air temperatures were greater than lBOoF and
temperature fluctuations were high (Fig's. 15 and 16),

During the second prelininary test, more uniform drying air
tenperatures were obtained. For an average drying air temperature
of 122.54 to 130.56°F, the corresponding rates of fuel were 5,75 to
6.45 1b per hr, respectively. With 8,53 lbs per hr of fuel, the air
temperature was 132.16°F while the use of 28 lbs of fuel yielded an
air temperature of le.QZOF. Based on these values, the optimun
rate of fuel which would give leoF approximately was estimated to te
6 1v ter hr {(Fig. 17).

Results of the third preliminary test showed that less fuel
was needed when grains were placed on the system. With a 4-inch
derth of shelled corn, the corresponding rate of fuel for 130°F
drying teaperature was about 5 lb per hr (Fig. 18). Heat release
rate for 5 1b per hr fuel rate was estimated to be approximately

1075 Btu per hr per cu ft of furnace volure.



- a8 S¢ s% wa 4% 84 ey ea =m

- e

TABLE

2, DRYING TEMPERATURE AND CO CONTENT CF FLUE GAS IN

THE FIRST PRELIMINARY TEST
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RATE
LB/HR

20

40

s ae o= los we os s= ws =m

:POINT OF : DRYING AIR TEMPRQATURE, OF 1 CARBON ¢
:DING FROM THE ; : : : MONOXIDE:
:ATR INLET, T : AVB. .,  MAX. . MIN. , (ppy) ,
2 . 136.7 ¢ 165 ¢+ 110 i 220 s

H H : : H

i3 : 149,73 = 180 110 226,71

é 1 163.,3: 200 : 135 :  253.3 :

' . H H H

2 163,6 ¢+ 265 ¢ 110 BlaT 3

H H H H H

L : 214.,7 ¢+ LBO 105 88,3

6 : 2274 ¢ 465 ¢ 110 ¢ 160 s
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Results of all drying trials are shown in Table 3. The first
column shows the test number assigned to each trial, Information
such as initial and final moisture contents, drying time, hourly rate
of water removed, fuel used and 1b of straw per 1lb of water removed
are also given in the same table. The amount of water in test grain

was calculated by the use of the formula:

]

Hr = Wa/100(W, - Wq)

where Wr = weight of water evaporated from the grains, 1b
W¥d = dry matter weight in the grains, 1b
W5 = initial moisture content of the grains, %d.b,

W, = final moisture content of the grains, %d. b,

Resulis of the experiments were analyzed and the estimated
drying efficiency is shown in Table 4, Drying efficiency was
defined as the percent ratio of the heat used to evaporate the grain
molsture to the total heat supplied, Total heat was calculated by
multiplying the fuel burnt by the heating value of the fuel., Heat
required to evaporate the grain nolsture was calculated by multiplyling
the total quantity of water removed by 1500 Btu/lb, the heat required
to evaporats one lb of water from corn {CAST, 1975). The drying
efficiencies varied from 10,01 to 139.40 percent. The highest
efficiency was for é~in. grain depth turned every hour. The ainimum
drying efficiency on the other hand, was observed at 4-in. grain
depth turned every 4 hours.

The quality of combustion based on the amount ¢f carton

monoxide in the flue gas is also shown in Table 4, The extreme
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TABLE 3, ZXPERIMENTAL RESULTS CN DRYING RATES FOR ALL DRYING TESTS

TEST ¢ INITIAL : FINAL : DRYING : LB Hn,O : WEIGHT :LB STRAW:

NO, : M.C. : M.C. : TIME : REMOVED : OF STRAW: PER
: (&) = (&) :+  (HR) HR (LB) : LB Ho0 :
Al 23.0 4.3 2.0 2,38 10,0 2,101
A2 23.3 13.9 2.0 2,56 10.0  1.953
Bl 24,1 4.5 2.0 3,02 10,0 1.656
B2 22,4 4.2 15 4,02 7.5 l.244
C1 24.3 16.9 6.0 2.39 30,0 2.092
c2 22.7 14,1 4,0 2.95 20,0  1.695
D1 22.5 13.9 3.0 3.88 15,0  1.089
D2 22,8 14.3 3.5 3.42 17.5  1.4h2
El 22.8 13.8 b,s 2,55 2245 1.961
E2 22.6 13.4 5.0 2428 25,0 2,242
F1 22.7 4.3 5.5 3.28 27.5  l.524
F2 23.4 L3sd 5.5 2.99 27.5 1.672
Gl 22,3 137 4,0 4.32 20,0  1.157
G2 24,2 4.1 b5 3.87 22,5  1.292
H1 22.9 13.9 6.0 2.90 30,0 1.724

H2 2345 13.5 5.0 3.46 25,0 1 445
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TABLE 4, ESTIMATED DRYING EFFICIENCY AND ZVOLUTICN
OF CARBON MONCXIDE FOR ALL DRYING TESTS

: TEST : FEAT : HEAT : DRYING : CARBON
: NO. : INPUT* : QUTPUT : EFFY** :MCNOXIDE :
: RTU/HR : BTU/HR : (%) :  (PPM)
Al 33400 3577.5  10.71 415
A2 33400 3840.0 11,50 280
B1 33400 4530.0 13456 145
B2 33400 6030.0 18,05 210
23] 33400 3585.0  10.73 500
032 33400 25,0 13,25 428
D1 33400 5825.0  17.44 350
D2 33400 5130.0 15.36 481
El 33400 3825.0 11,45 433
E2 33400 3345.0  10.01 431
F1 33400 4920.,0 14,73 653
F2 33400 4485,0 13,43 656
Gl 33400 64R0.0 19,40 08
G2 33400 5805.0 17,38 472
H1 33400 4350,0 13,02 522
H2 33400 5190.0 15.54 680

* Heating value of wheat straw used was 5680 Btu per lb,

** Heat of vaporization of grain molsture used was 1500 Ztu per lb,
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values of 145 and 630 ppn were obtained at 2-in. grain depth turned
every hour and at 6-in., turned every 4 hours, respectively,

Climatological data such as ambient air temperature and relative
humidity were taken from the weather station. 2y the use of a Psy-
chrometric chart, the drying potential of air in each trial was
estinated. The difference between the water content in a unit weight
of dry anblent air and that when the ambient air beCOﬂes saturated by
adiabatic process was referred to as the drying potential of air,
Results are presented in T,ble 5.

The rate of drying as affected by grain turning for each bted
depth is graphically presented in Fig's, 19, 20 & 21. TFor the 4- and
f=in. grain depths, turning did increase the rate of drying substan-
tially. Turning every hour resulted in the quickest drying while no
turning took the longest drying time., For a 2-in. grain depth however,
the drying rate was not affected by turning the zrains (Fig. 19). The
drying process btehaved like a thin-layer drying and so turning was not
necessary. In the case of 4- and 6-in. grain depths, turning distri-
buted the moisture in bed more uniformly with respect to time and
location. As a result, the drying potential of the air was more
effectively used. Turning the grains increased the drying rate
because of the following reasons: a) temperature gradient within the
grain mass was lower; b) over-drying of a fraction of the grains was
reduced; and c¢) grain moisture travped above the drying zone was
released., During the beginning few hours of drying process however,

with 6-in, deep beds, differences in drying rate between no turning



TABLE 5, DSTIMATED DRYING POTENTTIAL FOR

ALL DRYING

43

3
1]

TEST :mmmszmmw=mﬂngm.mm=Ammm=nmmc=

NO, :AIR TEMP,:REL, HUM,:AIR TEMP,: RATIO* :HUM, RATIO: POT,**¥

: (°F) « (%) ¢ (°F) :LB Ep0/LB:LB H0/LB :LB Hy0/LB

: : DRY AIR: DRY AIR**: DHY AIR:
Al 80.88 24,38 129.6 .0183 0055 0128
A2 80,38 19.88 132.2 .0180 L0041 0139
Bl 79.25 36,25 131,2 0200 0076 ,0124
B2 85.38 27,12 139.5 . 0206 .0065 L0141
Cl 81.38 34,00 128,6 .0200 .0078 .0122
c3 8l4,25 39.88 131.2 .0222 .0100 0122
D1 87.12 33.50 133.8 0214 0050 0124
D2 80.88 42,00 129.4 0206 . 0090 0116
El 85,50 2562 133.9 .0192 0063 0129
E2 83.75 28.88 129 5 .0189 L0070 L0119
F1 £9.00 25,50 131.3 L0176 L0042 L0134
F2 83.88 19.50 130.4 .0180 0045 0135
Gl 87,62 19.25 131.6 0185 0050 0135
G2 73.88 17,62 129,8 ,0162 .0025 0137
H1 79.62 50,75 130.2 .0222 0110 L0112
H2 85.88 24,75 130.0 0193 0040 0123

*Saturated air humidity ratio, lb water per lb dry air

**Anbient air humidity ratio, lb water per 1b dry air

**Drying potential of the air, 1lb water per lb dry air
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and turning were insignificant (Fig. 21). The effect of turning was
more prominent in the final few hours of drying. It appeared that
bed depth and frequency of turning are related in some manner i.e.,
more frequent turning is neceséary for deeper grain teds, This rule
applies to deep-bed drying only.

The effect of bed depth on the rate of drying and evolution of
carbon monoxide was also evaluated, For the 4-hour turning interval,
L4-in, grain depth showed a higher rate of drying than 6-in. deep beds
(Fig. 23). For 1 hour turning interval, 2-in. grain depth displayed
the highest rate of drying, 6-in., the lowest and 4-in., in between
(Fig. 24). These effects showed that the rate of drying increased
when grain thickness was less, Alsc, the amount of carbon menoxide
in the flue gas was dependent on the depth of grain; 598.5 pon for
A=in,, 437.2 ppm for 4-in. and 262,.5 pom for 2-in. grain depth (Ta-
ble 6). The amount of air entering the combustion chamter was
suspected to be less at higher grain depths because of greater
restriction to the airflow., Consequently, it is more likely for the
combustion process to te inconplete.

Table 7 shows the drying efficiency and evolution of carbon
nonoxide based on the frequency of grain turning. The drying
efficiencies were averaged over the fregquencies of turning and the
highest was at one hour interval with 18,58 percent while no turning
gave the least at 12.36 percent., It seems, therefore that drying

efficiency could be increased by turning the grain even if the air had

3 lower drying potential. Evolution of carbon nonoxide on the other
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TABLE 6, AVERAGE DRYING EFFICIENCY AND ZVOLUTION
OF CAREBON MONOXIDE AS AFFECTED BY GRAIN

DEPTH
:  CRAIN + DAYING : CARBON : DR. POT. ¢
: DEPTH :  TFFY. 1 MONOGXIDE :LB HpO PER :
: (IN) () _: (PPM) _ :LB DRY AIR :
2 13.45 262.5 0133
b 12,04 u37.2 .0122
6 15,58 598.5 0129

TABLE 7, AVERAGE DRYING EFFICIENCY AND EVOLUTICN
OF CARBON MONOXIDE AS AFFECTED BY TURNING

THE GRAINS
{ FPREQUENGCY !  DRYING @ CARBON : DR, POT. @
: OF TURNING: TFFY, t MONOXIDE :LB Hp0 FER :
: (HR) (%) (PPM)  :LB DRY AIR :
NO TURNING 12.36 438,67 .0130
1 16,26 397 67 .0130
iy 12.50 L60.17 0120

L9
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hand, was less when the grain was turned more frequently.

Drying efficiencies and specific fuel consumptions expressed
in 1b of fuel required to evaporate one lb of water froa the grain for
driers used by Polduc (1978, Adeyemo (1979) and in this study are
shown in Table 28, The nodified Brook's drier with a 5-ft cover had
the highest drying capacity of 12.94 1b water per hr and drying
efficiency of 28,32 percent, In addition, the fuel consumption rate
was 0,746 1% wood per 1b of water. The corresponding figures for this
study were 2.39 1b water per hr, 10,59 percent and 2.100 lb straw ver
1b of water. The lower drying efficiency and high fuel consumption
rate of the direct-fired drier used in this study could be due to the
following: (1) slower rate of drying; (2) loss of heat fro- the
combustion chanmber through the alr inlet; (3) relatively smaller
grain bed; and (4) a lower heating value of wheat straw conpared to
wood.,

Adeyenmo (1979) found that a 4-in, grain depth turned every 6
hours was the most efficient variable combination for the nodified
Prook's drier with a 5-ft pyramidal cover, He reported a specific
fuel consunption rate of 0,610 1b wood per lb water (35 percent
drying efficiency) for the above-mentioned drying situation. In this
experiment, the best drying performance was observed at 6-in, grain
depth turned every hour which gave 1,221 1lb straw per lb water (18,37
percent drying efficiency). The ©tig difference in the drying vperfor-

mence of the two driers may bte attributed to the difference in the

A

2.
size of the drying bed (6,25 vs 64 ft7)., Bigger drying floor area is



TABLE 8. DRYING CAPACITY, DRYING EFFICIENCY
AND SPECIFIC FUEL CONSUMPTION CF
THREZ TYPES CF DRIERS AT L-1IN,
GRAIN DEPTH TURNED EVERY 4 HR,

TYPR LB H,0 DRYING LB FUEL
o REMOVED  EFFY. PR
DRITR HR (%) LB H,0

MODIFIZD BROOK'S DRIER
(BOLDUC, 1978) 6.,03% 13.26% 1.593%

MODIFIED BROOK'S DRIER
WITH A 5-FT PYRAMIDAL
COVER (ADIYEMO, 1979)12.,9L* 28.32% 0,746

DIRECT-FIRED DRIZER
USING STHAW AS FUEL  2,39%* 10,59%* 2 l00**

*Based on the average of 25 and 20 percent initial moisture
content of zrains (w.b.)

**The(init%al moisture content of the grains was 22.7 percent
Wels
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expected to give higher drying capacity, drying efficiency and cetter
combustion due to zn increase in the amount of grain per katch and =
bigger room for the flue gases under the grain ted.

Finally, since straw provided enough heat in drying shelled
corn to a maximum depth of & inches, it seems to be a viable source
of fuel for grain driers. On the other hand, lower rates of drying
and drying efficiencies were noted in using the direct-fired grain
drier compared to Brook's drier., It is therefore suggested that the
following factors be considered for future studies on direct-fired
grain driers using straw as fuel: (1) better insulation; (2) higher
slope of the combustion chamber leading to the stack; (3) bizger
drying floor area; (4) use of grate for proper mixing of fuel and
air during combustion; (5} higher chimney: and (6) evaluation of the
guality of drled grains (toth appearance and taste) for econonic

DUTPOSES.



CONCLUSIONS AND RECOMMENDATICNS

For a direct-fired grain drier using wheat straw as fuel, the
following conclusions were made:
a) drying zrain using wheat straw as fuel is a viable method of
grain drying;
b) a heat release rate of 1075 2tu per hour per cu ft of furnace

volume was estimated to be satisfactory for a direct-fired furnace;

Q
R

continuous feeding of the fuel is rscomnended for a mininum
luctuation of the drying air temperature;
d) the optimum fuel feeding rate for an air temperature of lBOOF Was
found to be 5 1b per hour for 2", 4" and 6" grain depths;
e) turning the grain every hour compared to no *turning and turning

every 4 hours resulted in highest drying efficiencies;

4y
—~—

a f=in. grain depth is suszgested as the optinmum grain depth for
this svstem because of its high drying efficlency over the rest
of the treatnentsj
z) under actual drying situatlons, the direct-fired drier used in this
study could not be recommended over the nodified Brook's drier
unless modifications are made to improve its drying performance; and
h) finally, it is suggested that further investigations for grain
dvying using a &irect-fired furnace be conducted taking the
Tollcwing factors into considarations;
(l}‘the slope of the combustion chanber leading to the chinaney
shourld be increased;
(2) heat loss from the combustion chanber must be minimized

(vetter insulatisn and design);



(3)
()

(5)

sh

fuel burning should be on an elevated grates
more inportantly, the size of the drying ted and the height
of the chimney should be increased; and

the gquality of dried grains both on the basis of appearance

~and taste must be evaluated for economic purposes,
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STRAW-FIRED FURNACE FCR GRAIN DRYING PURPOSES

I, TCOL3 AND MATERIALS
a) 37/8" x4 7/8 x 7 7/8" ordinary red bricks
b) perforated sheet metal for the drving floor
cl 2" x 2" x 10' lumber
d}) 2" x 2" x 1/8" angle bars

e) 4' x 8' galvanized iron sheet netal
)

g} 5" thick plywood
h) clay (Kzolinite)
1) plentiful source of water

j) construction tools such as saw, hanmer, trowel, etc.

1T, MANPCWER (1 working day = 8 hours)
a) cleaning and leveling of the sSite .essssereeese 2 days
b) vreparation of the FOTN. o eewmvucs snwns is pemmnss L O
¢) construction of the furnace and drier ..ecsse..?=10"
"

d) installation of the drying floor eeessvecessers 1

Total ,.. 11-14 days

IIT. PROCEDURE FCR CONSTRUCTICN
a) select a well-draned site that is far from buildings or
piles of straw or wood,
b) air inlet must be positioned to the direction of the wind

for maximum supply of air during bdurning,

63



6L

c) the cenenting mnaterial (clay) must be thoroughly saturated
and mixed with water before using,

d) be sure that the cementing material (clay) is pressed (com-
vacted) in-between the bricks during construction for
minimum crack formation during the curing and/or drying
period,

e) a window must be provided telow the stack for the removal of
ashes and unburnt fuel, and

f) finally, the supports (angle btars) and the drying floor

(perforated sheet metal) must be properly installed.
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ABSTRACT

The main objective of this study was to design and construct
a direct-fired drier using loose wheat straw as fuel. Factors such as
drying potential of the heated air, drying capacity, drying efficiency
and quality of flue gas (evolution of carbon monoxide) were considered
using different grain depths and frequencies of grain turning.

The furnace and drier were constructed using common red bricks
(3 7/8" x b 7/8" x 7 7/8") in faver of other materials vecause of its
low heat conductivity, low price and availability. Clay was used as
the cementing material for the bricks., For the drying floor area, a
perforated sheet metal supported by angle bars was used,

Three preliminary tests were conducted to determine the rate of
fuel feeding which will give a drying air temperature of about 130°F
with minimum fluctuation, Hesults showed that with a 4=in. grain depth
in the drier, continucus hand-feeding of loose wheat straw at 5 1b per
hour was satisfactory. This gave a heat release rate of about 1975 Btu
per hr per cu ft of furnace volune,

Sixteen drying trials using shelled corn at about 23 percent
moisture content dried to about 14 percent (w.b.) were conducted to
determine the drying performance of the furnace-drier unit. For the
different grain depths used, grain turning did increase the drying rate
except for 2-in. which was not affected. However, for 6-in. grain depth,
turning was observed to be more prominent in the final few hours of

drying than at the beginning of the drying process.



The highest drying efficiency of 18.32 percent (1.221 1b straw
per 1b water) was obtained at 6-in, grain depth turned every hour.
Cn the other hand, the rate of drying in teras of 1b of water evapo-
rated per hr was highest at 2-in., grain depth followed by 4- and 6-in,
in a decreasing order. The quality of the flue gas (evolution of
carbon ncnoxide) was observed to be less for thinner grain teds and
at nore frequent grain furning.

It was also found out that the rates of drying and drying
efficlencies obtained from this experiment were much lower than the
modified Brook's drier. It could be attributed to the lsss of heat
from the combustion chamber through the air inlet due to the big
difference in the grain bed area of the two driers (6.25 vs &4 ftz}.
Also, to some extent, the difference in the heating values of the
two types of fuel (6680 Btu/lb for wheat straw and 7100 Btu/1b for
wood) .

Due to the lower drying efficiency of the system used in this
experiment though directly fired, the following recommendations were
deened necessary: (a) the slope of the combustion chanber leading to
the chianey nust he increased; (b} the design of the furnace-drier
unit must be improved for better insulation; (c¢) grate nmust be used
for better conbustion; (d) the height of the chinney and the size of
the grain bed must be increased; and (2) the quality of driad grain

(both color and taste) must te evaluated for econcmic purposes,



