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INTRODUCTION

Improving the diet of human beings in specific areas of the world, for
instance in tropical countries, is almeost always considered in tarms of
inereasing food production. This is not the only solution hecause, unfor-
tunately, between the time a crop is harvested and the time 4t 1s consumed
by man or by his domestic animals, considerable quantities of food are
wasted or eaten by pests, particularly by insects and rodents, Also, loss
in quality occurs whenever these pests and microorganisms (fungl and bacteria)
grow on produce and also whenever improper and inadequate drying, handling,
and storage methods and facilities are used., In some countrles losses after
harvesting (i.e., during storage, processing, or marketing) may be as high
as 50 percent, and in some cases higher, especially in warm, humid areas
{Hall, lﬂ?ﬂj,

The grain losses in developing countries are serious because of the lack
of adequate facilities and because of the improper ways of handling, drying,
and storing the grains, In developed countries such as the United States,
Canada, and England, grain storage, handling, and drying problems have been
thoroughly studied, So far, no completely successful technelogy has been
adopted in developing countries, especlally at farm and local levels because
of the climate, economic conditions, or lack of cempetent personnel.

Lven when they dry the grain to a safe storage condition, the grain
regains the moisture in a humid atmosphere, so it must be redried for longer

storage, This added precedure requires more labor and money., 5o this study

i to develop a simple drying (or storage) device for the unskilled person.



The approach proposed in this project is to place an adsotbent (silica gel)
into the grain mass for the purpose of creating a drier air condition within

a storage unit guch that the grain quality can be maintalned.
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LITERATURE REVILEW

Types of Grain Storape and Conditioning

The types of grain storage and conditioning have been studied by Lves
(1968) , Hall (1970), Christensen & Kaufmann (1968}, Mclaln (1970), Anderson
& Alcock (1969). Six types of storage are (1) gas-tight storage, (2) under-
grnund s:orage, {3) temporary storage in plles, (4) bag storage in the open,
{5) bag sturaga within permanent buildings, and (6} bulk storage In containers.

Gas-tight storage involves storage of an agricultural product within a
container in such a way that the product is protected from any exchanpe of
gases or llquids with the outside environment. There are several advantages
to this type of storage. (a) It causes the destruction of imsects and other
pests present in the grain at the time of storage. (b) It prevents the
admittance of insects and other pests durlng storage. (c) It prevents mold
development and heating in products carrying excess moisture, though without
stopping the development of acidity resulting from anercbic fermentation,

(d) Products that are dry at the time they are stored remain dry since they
cannot take up moisture from the atmosphere.

Underground storage gives complete control of insects by maintaining an
oxygen-free atmosphere around the stored grain; the temperature of the grain
may also be kept down by cool earth. Protection apgainst ground and surface
water 1s cgsential,

The success of the practice of piling grain on the ground depends upon
the following factora: (a) the weather during the period of exposure, (b)
the ground upon which the grain is piled and the drainage at the edges of

the piles, (c) the care exerecised in piling the grain, and (d) the length
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In developing countriea produce is comumonly stored in Jute bags without
any form of protection or with only tarpaulin type sheets covering stacks of
hage to provide protection from rain., Again, weather factors affect the
success of the storage, and protectlon against molsture and pests is nil,

The design of permanent buildings for bag storage usually is such that
there is permanent ventilation, often of such a nature that sheet cladding
is ﬁixed permanently at an angle to the vertical at the floor level and
midway up the walls to increase normal ventillation. Such design features
make rodent proofing virtually impossible and insect control extremely dif-
ficult. However, buildings eof thils type are not only in use in the dry areas
of the world but alse in the wet or humid areas where produce in storage Is
exposed tﬁ high humidity alr. The readsorption of moisture which takes place,
especially in the outer layers of bags, accelerates blolopical activity in
the produee; Deterioration Inside steel elad buildings fluctuates mare than
in buildings protected by insulation. In the hot dry areas where surface
temperature is extremely high, produce stacked within one metre of the vroof
or close to the walls becomes hot.

There are three forms of bulk storage in containers: (1) upright
storage in concrete or steel structures, (2) flat storage in concrete, steel,
or wood structures, and (3) either flat or upright sterage in contailners made
of various indipenous materials such as mud, bamboo, plants, etc, These con-
tainers have the advantage of potential use for drying as well as for storing
produce,

Certain preventive and contrel measures have been developed in order te

condition grain or remove the cause of a storage difficulty when it 1s



dizcovered. The particular measure employed depends om the nature of the
difficulty. Among conditioning methods, the most commonly used are:

(1) Moving, turning, or cleaning: Cleaning is practiced to

prevent the development of heat which is caused by dust

and other foreign material mixed with grains, Moving and
turning maintain a more uniform temperature distribution in
the mass of grain being stored., For large volumes special
equipment is necessary for moving graim, so the process is
hard to use in developing countries,

(2} Drying: Drying is practiced to prevent germination of
seeds, teo retain maximum gquality of the grain, and to
reach ﬁ level of molsture which does not allow the growth
of bacteria and fungl and which considerably retards the
dévelopment of mites and insects. It 1s essential that
food grains be dried quickly and+yet effectively. There
are two types of drying, natural and artifieial.

The natural drying utilizes 2 combination of sun and air but also
requires time and some effort by man to spread and later collect the produce,
In this method, care must be taken to aveid too rapid drying or overdrying
and to minimize excessive movement of the grains, which causes breakage ot
damage to the seed coat, and to eliminate dust and dirt, which accelerate
deterioration by permitting an increase in moisture centent and fungal
contamination,

The artificial drying invelves the use of amblent temperature alr and

some mechanlcal meana of moving it through the produce, er of air heated
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above ambient temperature with the mechanical means of moving it through
the produce. There are three methods for artificial drying:

{1) In-storage or deep layer drying: By this methed grain a depth
of 9 to 13 feet can be dried, The grain is not moved out of
the drier (bin). I1f drying is beinp carried out with unheated
alr, an air flow rate of 5 to 10 efm/bu. 1s required, However,
1f relative humiditles are 70 to BO percent, heater air iIs
rﬂqui;ﬂd, and the flow rate can be as low as 3 cfm/bu.

(2) Yon-mixing driers, of two forms: (a} The cu;umn drier is
most commonly used because it -takes advantage of the.
gravity flow of grain thraugh the drier to reduce the

.amcunt of machinery in the drier itself and urtilizes atandard
Elevafing and grain handling equipment. {bY The horizontal
dfiar is mormally cperated as a hatch drier.

{3) Mizing driers; (a) Mixing, shailow—lay&r driers provide
slightly more wniformity than non-mixing driers in the
drying of grain, (b) Moving-bed, shallow-layer driers
have perforated bottoms through which air 1s forced to
dry the grain,

Crain Storage Problem T

The storage of grain 1o farm and similar bins is hampered by (a) insect
infestation, (b) moilsture migration, and {c)} wall and roof leaks, which con-
tribute to the former problems. The remedy of the latter problem is ohviocus,

Directly responsible for causing loss of stored materials are: [Insects,

mites, rodents, bacteria, and fungl. Among these, rodents, mites, and



insects are most commonly found attacklng stored foodstuffs, simultaneously
distracting attention from bacterial activity which is regarded as a "natural"
consequence of storage at normal temperature. Fungl and bacteria are partly
caused by unhygienic methods of storage, and by improper conditloning of
foodstuffs before storage, The Infestatlen of a commodity where it is first
stored will depend entirely on the type and degree of endemic infestation in
the_lacality in which it was produced, The endemic Infestation is affected
conelderably bf climatic conditions and their variations,

More than sufflcient knowledge ls available te eliminate pests in
stored products. Heavy losses of stored products, due directly te infesta-
tion, are now to be found only in a few developing countries. In highly
developed countries the methods which have been used to prevent damage and
loss by pests include the following (Rose,G. J.,1963):

(13 Pﬁysical control measures

{z) Heat treatment:; where a gr%in or other commodity is
raised to a temperature lethal to its known pests and
ig maintained at this temperature for a given time,

{b) Refriperatiomn: where a wider range of commodities may
be either stored at a temperature at which pest develop-
.ment is arrested, or first subjected to a low temperature
for enough time to be lethal to the known pests of that
commodd ty,

fe) Radiation treatment: &t present In experimental use only,
but of conasiderable future interest 1f proved economical

and not harmful to materials treated,



{d} PRadiasthesla treatment: =also in its experimental stages,
but econcomically sound if controllsble and without 111-
effect on commodities treated,
(e) Trapping: a measure ordinarily used against rodents, and
with some walue against insects. also.
(f) Self-destruction treatment: where infested commodity such
as one of the grains is put into airtight storage and the
carbon dioxide respired by the insects (and possibly by
the grain also} eventually reaches a concentration lethal
to the infestation.
{2) Biological control
The use of parasites to reduce populations of moth pests
and, in the case of rodents, the use of preparations to
reduce the numbers of females in a population, with
obvious consequences, i
{(3) Chemical control measures
(a) fumigants
(b} rodenticides
{c) insecticides and miticides
To prevent the development of fungil and microorganisms, the moisture
content of the goods admitted into storage must be 14 percent or less,
According to BEHLEN Manufacturing Company (1972) and Sinha (1973), the maximum
woistare content {wet basis)y of grains for long-term storage 1s for wheat,
12%; oats, 13%; barley, 13%; grain sorghums, 12%; shelled corn, 13%; soybeans,
11%; rice, 12%. During storage, extremes of temperature and humidity should

be avoided, by using forced circulation of dried air 1f necessary. Reducing



the surface area of products (or their contailners) te he exposed to air
changes 1is always desirable. Drying can be accomplished using the mecthod
discussed zhove in "Iypes of Graln Storage and Uﬂndifioning."

Since grain foods are seeds, there are three indicatioms of the extent
af Invasion of seeds by storage fungi; (a) loss of germinating ability, {(h)
discoloration, and {ec) high fat acidity value {Christensen & Kaufmann, 1968),
Once any of these signs 1s ohserved, the graln can at best be stored for only
a short time longer, provided the Infestation iz in an early stage, If it
is more advanced, the grain musat be used at once, At worst, the grain might
have to be destroyed,

Because dryness i1s so important to the preservation of grain, it is
necessary to understand the behavior of water vapor being adsorbed into
and desorbed from grain.

Adsorption and Desorption of Water Vapor in Grains

Although the adsorption and the desorption processes may be classified
as physical (van der Waals) or chemical, in grain drying it is the physical
process which must be considered, Fhyaical adsorption is caused by inter-
molecular forces between the molecules of water vapor and the surface of
the adsorbent. The lower the water content of the grain, the more tightly
the water molecules are bound and, hence, the less free they are to enter
the atmogphere, Water which has been adsorbed into grain is ne longer
ordinary water. In addition to belng no lcnge¥ free to flow, it 1is of
slightly higher density and slightly lower agpecific heat, and it exerts lower
vapor pressure. The net heats of adsorption and desorption of materials
approach zero as the amount of adsorbed water increases. This phenomencn

Indicates that the degree of change that the adsorption makes in the water



10

lessens as more and more water is adsorbed until finally the adsorbed water
molecules on the surface of the adsorbent behave like pure water.

Becuuse grains are hygroscopic materials, the rescarcher needs to know
a very Important property that hygroscopic materlals have, that is, the
equilibrium meisture content, related to storage and drying problems., The
equilibrium moisture content is reached when the molsture content of a
stored farm product approaches a value contreolled by the amhient relative
humidity and temperature.

Many workers have investigated the relation between the equilibrium
molsture content of grain and the atmospheric relative humidity at a constant

temperature, and have devﬁluped isotherm equations:

where:
FkTH: rh: relative humidity of air
l1-rh = ¢ ---Henderson (1970)
T: temperature of air
~BM, :
1n(rh) ==-A/RT e ——-Chung (1966) K, A, B and R: constants

Mgt equilibrium moilsture content,
d, b.

Most food grains when they adsorb water or desorb water, evince a
hysteresis as shown in Fig, 1, which displays the characteristic of the
equilibrium moisture content i3 always being higher for desorption than
for adsorption. Thislis discussed by Babbitr (1945), Breese (1954), lart
(1964) , McBain (1935), Chung (1967). They fuﬁnd that the hysteresis effect
decreases with increasing of temperature and pressure and also with repeated

raising and lowering of molsture content of grain.
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Many studies have been done dn efforts to characterize the dryiog rate
predicred, but the diffusion model seems to have a distinet advantape over
other models in sccurately collating experimental data collected over a long
drying period. The close agreement of data suggested by this model indicates
that moisture is transferred te the kernel surface by a process of diffusien,

In water-grain relationships, the drying process must he considered.
Henderson (1970) and Lebedev {196l) stated that there are two periods in the
drying process: (1) the constant-rate period, and (2) the falling-rate
period, As the moisture content of the kernel decreases, the intensity of
transfer also decreases, and the drying rate drops off. A relationship between

moisture content and drying time can be expressed by

where:
A and K: constants
t: time, hr,

-—

= Ae m: average moisture content of grain at
Mg — O, time t

mg: Initial moisture content, d. b.

me: equilibrium moisture content, d. b.

Crank (1964) presents the equation of diffusion for a homogeneous,
isotrople symmetrical sphere with radius R and constant diffusion coef-

ficient D:

at arz t ¥ ar)
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where m is the concentration at radius ¥ < R and time t, He solved this
equation for a sphere with uniform initcial concentration, M,y and a constant
surface concentration in equilibrium with the environment m, Hig initial

and boundary conditions are expressed mathematically as follows:

m(r,e) =m_ , r <R
m(R,t) = mg , £ >0

o
ﬁ%‘ r=o0 , £ >0

The last condition is the result of the sphere's symmetry with respect
to the center. Integrating the solution over the volume of the sphere, Crank

(1964) obtained the following expression for the average concentration, m:

—nth

m=m, 6 § 1 where:
Oy = Ma 12 =1 n? ¢ 2
Ke=0Dnn</f 2

R

Hamdy and H. J. Barre {1969) further assume that the kernel has z unifaorm
initial moisture distribution and is enclosed by a thin, stagnant film of air.
If there 13 no moisture accumulation in the film, its moisture balance can he

exprecssed as follows:

fim
D 3r|rar = ~Blmg = m,)
where L4 1 the surface concentration and § 1s the film coefficient which
will be assumed constant. Using this molature balance in the boundary

conditions, the proposed model can be stated as follows:
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Loay a% , 2 @M
o dtc arz r dr
where:
M{ryo) =1, r <R M = g o Wig
B my - Mg

aM| oM

dr|r=R D L i

aM 0
A = £ >
ar | r=o 4 v

where M is the dimensional moisture ratic defined hy

ity - TEE) T Ey

By using a computer Hamdy (196%9) evaluated the film coefficient in single-

kernel drying.

Adsorption and Desorption of Water Vapor on Adsorbents

The Chemical Engineer's landbook (1950) classifies drying agents into

four types; (1} selid adsorbents, which remove water vapor by chemical
reaction, (2} delipquescent adsorbents, which remove water vapor by chemical
reaction, (3} fiquid adsorbents, which remove water vapor by adscorption, and
{4} solid adsorbents such as silica gel, which remove water vapor by surface
adsorption and capilllary coudensation.

Solid desiccants retain water by one or more of the following mechanlams:
(1) adsorption hydroxides, (2} adsorption in & monomolecular layer on the

desiceant surface, and/or {3) adsorption by capillary condensation when the



desiccant i{s highly porous. Fig, 2 shows the Isotlerms for a few selid
adsorbents,

Fleske (1973} tested five solid adsorbents for their cffectiveness in
grain drying: Lime, CaCly, WaCl, Ca50; (drierite), and Silica pel (6-18
mesh), He found that Lime Just does net have the adserptive capacity needed
for corn drying; that CaClp gpives nff§trEmendaus amounts of heat wlhen water
vapor 1s adsorbed by 1it; that ¥NaCl pgains molsture at a steady rate, but it
becomes a sulutiun after a quantity of water has been accumulated; that
cﬂsuﬁ also has a steady rate of moisture adsnrpt;an, hu; the rate is too
slow to prevent corn spoilage; and that silica gel has an effective capacity
for adsorption and maintains grain quality.

Several workers studied the relaticonship between silica gel and vapor.
First, silica gel is chemically inert, non-toxie, non-deliquescent, dimen-
sionally stﬁhla, and non-correosive and is resistant to most acldie streams;
second, its adsorption characteristics result from its huge surface and its
highly porous nature. Fig. 2 shows that silica gel has a higher adsorption
capaclity than other desiceants. The equillibrium capacity of silica pel
varies little with temperature if the relative saturation is constant.

The amount of vapor that silica gel will adsorb from 2 glven pas
mixture depends upon the relative saturation (equivalent to relative humidity)
gf the wvapor in the system. Although many theories have been proposed to
account for the adsorption capability of silica gel, none describe it per-
fectly. The most logical explanation for the behavier of silica pgel lies in
a combination of theories proposed by Grace Company (1973), In brief, the

concept ls as follows:
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{.
1. The pores of allica pel may be regarded as muliple commection

channels, or capillaries, of varying widths. The initial wvapor
condensing in the pores 1s essentlally a monomolecular layer
which will form even at very low relative humidities,

2. Further adsorption is in the form of capillary attraction with
the condensed liquid in the capillary forming a menlseus, concave
te the vapor phase. The vapor pressure over this menlscus is
luwarlthan the normal wvapor pressure of the ligquid by an amount
proportional to the degree of curvature, Hence, in small capil-
laries, such as the narrower sections of the pore channels,
vapors can condense at pressvres far below the normal vapor
pressure. Hence, smaller diameter pores pive larger lowering
of the pressure, resulting in more adsorptiom at low relative
pfassures- As the relative pressure Increases, adsorption in the
larger pores takes place, )

For intermediate and high ranges of relatlve pressure, which apply

to most commercial uses of silica gel, the adsorption of vapors is on a
volume basis proportional to the relative pressure of the vapor and to the
surface tension of the condensed liquid as follows:
where:
Vv = vol, of liquid adscrbed
P = partial pressure
y = OKP
Po P,= saturation pressure

g = spurface tension of ligquid

K = congtant
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The pores of repular density silica gel, which have a total volume of about
40 cc/100 gm,, will hold approximately 40 cc of any condensed vapor at 100
percent relative saturation (PIPQ}. Furthermore, the total volume of adsorbed
vapor decreases with decreased relative saturation, Sinece surface tensien
is zereo at the critical temperature, sillica gel will not adsorb wvapors of
liquids at temperatures approaching the eritical peint, The heat conductivity
of gel material is usually low, hence the transfer of heat from interior
capillaries tends to be dependent on gel size.

The rate of adsorption is dependent on the flow rate of the air
because of several factors, such as turbulence and consequent contact of the
air with the gel (Ahlberg, 1939), At the higher flow rates the air not only
causes a greater quantity of adsorbable vapor to come into contact with the
adsorbent in a given time, but, owing to the greater heat capacity of the
larger vnluﬁa of air, the heat of adsorption is more rapidly removed froem
the gel, Mlller (1920) found that vapors of liquids of a high boiling point
are more strongly adsorbed than vapors from a liquid of a low boiling point.
Furthermore, adsorption slightly decreases with increasing temperature,
while the greater the partlal pressure of vapor being adsorbed, the greater
is the extent of the adsorption,

For a given relative humidity the water content and the partial water
vapor pressure 1in air increases with temperature. The adsorption of a
given amount of water vapor decreases the relative humidity of the alr as
it passes over the gel to a greater extent at low than at high temperatures.
For a given humidity, the amount of water adsorbed per unit weilght of gel
at saturation 1s almost independent of temperature, so Chi & Wasan (1970)

developed the isothermal and adiabatic adsorption-desorption models for
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both an unsupported adsorbent bed and a fixed bed of adsorbents impregnated
on a4 supported bed,

Patrick, Frazer, and Rush (1927) showed that the adsorbing power of
silleca gel under static conditions ie affected by the purity of the gel,
They also found that the adsorption does not change until the gel has been
heated above 900°C; above this temperature it decreases rapidly, reaching
a minimom at 1GQQ°E.

The adsorbed material can be recovered in two ways: (1) by raising
the temperature, and (2) by decreasing the partial pressure of the vapor
over the gel by evacuation or by displacement with air, steam, or other
gas or vapor. Thus, adsorbed water may be driven out by air at 115°C, more

rapldly at 125°C, and still more rapidly at 150°C.
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OBJECTIVES

The broad objective of this investiyatlion was te develop a simple

and inexpensive grain storage unit or method which can be used effectively

on the farm or at other local levels in tropical and subtroplcal areas, in

order to preserve the quality of grainm,.

The specific objectives were as follows:

(1)

(2)

(3)

{4)

To re-run the last series of Fleske's tests (1973) to see if
they could be suceessfully repeated:

To study corn samples at a higher initial moisture content
(23-24% M.C,) to find an effective ratio of grain quantity to
silica gel quantity for preserving grain quality:

Te conduct the same experiments with larger sizes of samples to
examine whether the methods established in small scale tesats
could be used for significantly inrger storage units;

To test the effectivenass of a drying agent system (sillica gel)
with air movement within the storage unit for preserving grain

quality by using a roof spinner.
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HATERIALS AND METHODS

This investigation consisted of two phases of experiments.
Phase I

Crain used for Phase 1 was shelled yellow. corn at about 10% molsture
content (wet basis)., Unfortunately, no information on the history of the
corn purchased could be obtained: crop vear; condition of grain at the time
of harvesting, after harvesting, and just before drying; how it was dried,
ete. The adsorbent tested was sllica gel (6-16 mesh). Small metal cans 74
inches in diameter and 7% inches deep, which hold about 10 1lbs. of corn,
were used as storage containers. Figure 3 shows these cans along with the
other elements comprising the storage unit,

For positioning and placing and desiceant in a storage container, a
small screeﬁ eylinder, of approximately 5/8 ineh diameter (for 15% to 20%
moisture content), 7/8 inch diameter (for 24% moisture content) was placed
at the center of a container. Fipure 3 indicates that the position of the
cylinder was maintained by wiring it to a frame. Some containers had two,
three, or four cylinders which were uniformly positioned in the container
(Fig. .4).

In the preparation of a sample for storage tests, several things had
to be accomplished. First, the corn at 10% moisture content had to be
wetted to the deslred initial moisture content for storage tests. The
wetted corn was left in cold storage (50°F) overnight, ar until the corn
reached a desired moisture centent, The initial moisture contents of
corn selected for storage tests were 15%, 20Z, and 247 (w. b.). Hext, the

cans and cylinders were disinfected with Clorox solution.
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Elements comprising the storape container.
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Internal view showlng placement of cylinders and sacks,

Figure 4.
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before corn gamples at a given Indclal molsture content could be put
into the cans, each can was marked with a sample identification code, the
correct internal eylinder structure was constructed and placed inside the
can, and a hole was punched in the lid for insertion of the thermometer,
After these steps had been accomplished, the empty can with accessories was
welghed and the weight recorded.

The cylindriecal nylon eloth sacks and some small irregularly shaped
sacks which were to be laid on top of the corn (Figure 3) was filled with
silica gel and weipghed, During the can-filling process three molsture
content recordings of the corn were made te get an average Initial moisture
content, The can was then weighed full before the sacks were put into place.
With the completion of the weighing, all the sacks were placed in the can.
The number of eylinders per can varied, and on teop there were either three
sacks of silica gel or none, The temperature of the corn sample was recorded
before the can was placed in the climate chamber.

The containers with corn and silica gel were then placed in the climate
control chamber, which was set to a desired environmental condition for
storage testing, Figure 5 shows a schematic diagram of the climate control
apparatus used for simulating various environmental conditiens.. Fipure 6
and 7 show the.external and the internal views of the apparatus.

The control chamber, A, in Figure 5 was made from an old refrigerator.
The outlet valve, D, controlled the flow of alr into the system from a
refrigerated chamber. This control was mainly for controlling temperature
below atmospherie conditions. For this experiment, both ) and F were
closed, while I was completely open to permit free air flow through the

system. The alr fan, C, forced the air through the system. The air was

LI | . -~ a e
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Climate control chamber apparatus.

Fipure bH.
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R7187D1019 lioneywell Controller, C, and the L7038A Honeywell Thermistor, B,
This maintained the air temperature at the desired level,

After passing the heater, the ailr was forced through a rock column being
sprayed with an antifreeze-water solutiomn, This was the methed used to
control the relative humidity. The more antifreeze added, the lower the
relative humidity. Once the ratio of antifreeze and water for a desired
relative humidity was set, it was kept constant by the float mechanism in
the bottom of tﬁe duct., After passing through the rocks, the molst heatad
air was circulated up through the control chamber and then back through tle
cycle. A plastic sheet was placed over the top of the closed containers in
order to prevent the moisture condensing in the chamber from entering the
sample containers (The sheet was removed for the photographing of Figure 7).,

Environmental conditlons set up for storage tests were S90-100% RH
(relative humidiry) at 90°-95°F air temperature. Figure 7 shows the condition
of storage containers tested in an environment chamber. a) 1id tightly
closed (no air in and out), b) the 1lid loosely placed (considerable air in),
and ¢) the lid tightly closed but a few small holes in the side of the
container which let some air im.

The data which were recorded for each sample included the weight of the
storage unit (gorn included) with the adsorbent sack removed, the weipght of
the adsorbent, the temperature 6f corn, and the meld growth., The data were
recorded twice daily for each sample at twelve-hour intervals., All laboratory
materials used (thermometers, bottles, ete.) had been disinfected in aleshol
before each use, Only one can was taken at a time from a climate control
chamber. The cans were In the laboratory at room temperature for weipghing

and temperature determination less than five minutes,
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After the silica gel had used 70 percent of 1its adsorptive capacley,
it was dried for 45 minutes at 130 C" by a laboratory oven. The freguency
of regeneration also depends on the initial moisture content of corn. This
will be discussed in a later sectlon, After this drying, the silica gel
wags cooled and then placed back in the storage container. During the time
the silica gel was drying, the container was placed in the climate control
chamber,

In Table 1, the experimental factors examined and the description of
a sample identification code used are tabulated,

Phase II:

Grain used for the Phase II tests was shelled yellow corn, which had
been newly harvested ({September, 1973) at about 247 moisture content, and
all tests used that initial moilsture content. The corn was cleanad by a
Clipper, M-2B, and then the corn was kept in cold storage (35-40°F) until
ready for tests. The adsorbent tested was silica gel (6-16 mesh, blue:

3-8 mesh, white).

Three larger cans, which were 36 inches in diaweter and 30.5 inches in
depth and which could hold about 400 1lbs, of corn, were used as storage
containers. A perforﬁted plate was on the bottom of each can, CAN Ne. 1
and CAN No, 2 had rotary roof wentilators four inches in neck diameter
(Empire type), which created a vacuum within the turbine. That vacuum was
replaced by a strong downward draft of air th#uugh the corn mass in CAN Mo, 1,
but by an upward draft of air in CAN No, 2, alr from 2ach can becomlnp wet as
it dried the corn. A room fan was used for simulating natural wind at a
veloelty of 940 fpm or 10.6 miles per hour. The air flow rate created by

the spinner was 80 fpm in CAN No, 1 and 50 fpm in CAN No. 2. The third
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Table 1. Experimental factors examined and description of sample
identification code.

Grain: Shelled yellow corn at about 10%
moisture content {wet basis).

Initial Meisture Content: 24%, 20%, 152

Environmental Conditions: 90-95°F. 90-100% R,H,

Number of Cylinders: Two to filve eylinders and three sacks.

{Grain to Adsorbent Ratie)

Condition of Containers: Open, closed

Sample Identification Code*:

15-35-0 15% initial moisture content, three
cylinders with three sacks on top
of grain, open can,

15-38=( 15% indiciagl moisture content, three
cylinders with three sacks on top
of grain, closed container.

*First two digits indicates initial moisture content: 15, 20, or 24%

The middle number-letter combination indicates number of cylinders (2-5)
and the 5 indicates sacks on top of the grainm,

The last symbols (0, C) indicate the condition of the can (i.e. open, closed),
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contalner —— CAN Fo. 3 —— was used for a statie sterage {ne air flow),
Filgures B and Y show these cans along with the other elements comprising
the storage unit.

Each can was filled with 400 1bs. of corn before the silica gel was
put in place. With the completion of the welghing, the needed amount of
silica pel was then placed in each can and the temperature of the Corn was
recorded, CAN No, 1 held about 16 1lbs. of 6-16 mesh size blue silica gel;
i.e., the ratio of grailn to silica gel was 25:1. CAN No, 2 held about 20 lbs,
of 3-8 mesh size white silica gel, and CAN No. 3 held about 20 lbs. of 6-16
mesh size blue silica gel; i,e., In these cans the ratie of grain to silica
gel was 20:1,

For positioning and placing the desiccant -in CAN No. 1 a perfovated pan
covered with nylon eleth was placed in the top of the can a short distance
above the corn., CAN No, 2 and CAN No. 3 sach held four screen cylinders
uniformly positioned in the container.

The need to regenerate the silica gel was iIndicated when the blue gel
turned to a lighter color. CAN No. 1 and CAN Mo, 3 used only blue gel, but
for CAN Ho, 2 a small amount of the blue gel was added te the white gel as
an indicator,

Two thermometer probes were used for measuring the temperature of corn
at different parts of the corn mass. A sampling probe waa used for taking
samples from different parts of the corn mass fu be used for measuring the
modsture content (Fig, 10). The moisture content was tested by an even
method and by the Steinlite moisture tester. Plates filled with water and

a heater were used for controlling the storage room atmosphere (Fig, 11},



Figure 8.

External view of cans In storage room for Phase 11 tests,
Upper: CAN No. 2 (middle), CAN Ko, 3 (right)
Lower: ©CaAN No. 1 (left), CAN Ko. ? {right)
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Figure 9. Internal view showing placement of silica gel for Phase Il tests.
Upper lefr: CAN Ho, 1
Upper ripght: CAN No, 2
l.owar: CAN No, 3
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A hygrothermograph was used for recording the room temperature and relative
humidicy.

The data recorded for each can were the tempernﬁure and the moisture
content at different parts in the corn mass, the weight gained by the silica
gel, and the mold development, The data were recorded once daily for each

can.

In Table 2 the experimental factors studied are tabulated,
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Table Z. Experimental factors examined and description of sample
identification code in Phase Il

GCrain;

Initial Moisture Content:

GCrain to Adsorbent Ratio:

Condition of Containers:

Hewly harvested corn of 24% wet base
moisture content, purchased at local
elevator.

247

CAH No. 1 -- 25:1
EAN Hﬂt 2 - 2'0:1
CAN ¥Wo. 3 -- 20:1

CAN Mo, 1 & Ho, 2 with air flowing
through corn.
CAN Ho, 3: no air flow (static)

Sample Identification Code:

u-c

u-0

E-0

upper center part of corn mass
(154" from the bottom plate,
15%" from the can wall)

upper outer part of corn mass
{15%" from the bottom plate,
7.62" from the can wall)

bottom center part of corn mass
(15%" from the bottom plate,
15%" from the can wall)

bottom outer part of corn mass
(5%" from the bottom plate,
7.62" from the can wall)
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RESULTS AND DISCUSSTON

When this project was first secr up, it was hnped that drying and storage
of corn could be accomplished by silica gel. If cthis was not possible, the
research was also intended to give g methad of storing inicially dry ecorn
under humid conditions. OStorage of dry corn is not easy in a humid climate
beecause the grain gradually acquires meoisture from the alr and must be re-
dried, or elsa It scon spoils,

A large number of tests for small amounts of corn have been conducted by
Fleske (1973). Because no literature was available for reference to find a
workable ratio of corn to adsorbent or a workable drying structure, his study
was conducted by trial and error. He tried corn with three differﬂnt initial
moisture contents (12, 15, and 20 percent with various ratios of the grain to
gllica gel). Those samples were stored in 95°F and 90-100 percent R. I,
chambera, If ﬁhe system functioned at that level, he believed it would
succeed under less harsh conditions,

His study showed a definite possibility of using silica pel for drying
and condirioning corn under very warm and humid conditlens. Therefore, in
order to confirm his résulta, Phase I experiment was conducted Ly repeating
his experiment for corm at initlal moisture contents of 15 and 20 percent
with the proper ratio of the grain to silica gel as described by Fleske (1973},
and also by testing corn with an iniltial muisfure content of 24 percent with
varlous ratlos of grain to silica gel,

Figure 12 shows the rate of drying of the 15 percent inicial moisture
content samples, using for the ratlo of corn to silica gel 50 to 1 only

within one week the corn had been dried below the maximum moisture content for
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safe stovage (13¥ molsture content), At the end of the experiment the
samples did nor show any visible mold development.

Figure 13 shows grain temperature changes in 15 percent imitlal moisture
content grain with a grain to silica gel ratio of 50 to 1, Whether the can
was open or closed, the temperature of the corn was nearly the samo.

The experimental data for molsture changes in cern and silica gel,
grain temperature change, and grailn quallty changes in corn samples initially
having 15 percent moisture are tabulated in Tables 3 and 4 in Appendix.
Figure 14 shows the drylng rate of the 20 percent initial meisture content
samples using the 35 to 1 ratio of corn to silica gel, It took about two
weeks for the corn to be dried below l4% moisture content, But at the end
of two-week's storage, there was a slight mold ‘development on the bottom
layers, The mold probably was caused by (1) the corn bLelng kept in the cold
storage chamber long enough for the mold growth to begin, before the sample
was placed in the storage chamber, or (2} by lack of uniformity in the corn
mass as the top layer of corm dried faster than the bottom layers since the
welght of the three sacks laid on the top was almost the same as the weight
of silica gel in the eylinders,

Figure 13 shows grain temperature changes in the 20 percent initial
moisture content sample with the grain to silica gel ratio 35 to 1. VWhether
the can was open or cleosed, the temperature of the corn was nearly the same,

The experimental data of molsture chnngeé in the corn and silica gel,
the grain temperature change and grain quality change in corn =amples
initially at 20 percent moisture with about 35:1 ratie of the grain to

silica gel are tabulated in Tables 5 and 6 in Appendix,
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Statistical analysis of the moisture data used to test the difference
in drying rate between this investigation and Fleske's test for 15% and 20%
initial meisture corn is given in Table 7. The analﬁﬁis showed no Bignificané
difference between them, whether the can was open or closed.

Figurea 16, 17, and 18 show the rate of drying of the 24 percent initial
moisture content samples at 2, 3, and 5 cylinder ratios, Silica gel regenera-
tion was made twice a day for the first three days then once every day for
seven days of storage and thereafter every other day for another week, The
lower the ratio, the faster the drying rate, It required 20 days for the 28:1
ratlo in the ecan with two eylinders, 12 ans for the 20;1 ratioc in the can
with three cylinders, and 10 days for the 13:1 ratio in the can with five
cylinders to dry the corn to the maximum moisture content for safe storage,
The experimental data for 24 percent initial moisture content at 2, 3, and
5 cylinder ratios are tabulated in Tables 8 to 13 in Appendix,

Figure 19, 20, and 21 show grain temperature changes in the 24 percent
inicial moisture content sample with the prain to silica gel ratio 28:1,

20:1, and 13:1., Whether the can was open or closed, the temperature of the
corn was nearly the same.

A statistical analysis of the moisture data was wmade to study the
effect of the grain te silica gel ratio on the drying rate, The data used
for the statistical analysis and the results are given in Tables 14 and 13
respectively. The results indicated no significant difference in the rate
of drying between open and closed samples, but a significant difference
between varlous ratios of graln to silica gel ata = 0.10.

By referring to Tables & to 13, one can see that the samples with the

28:1 ratio showed slgns of mold growth on the top layer in corn after five



Table 7. Analysis of the drying rate dif{ference between Fleske's data

(1973) and data of Phase I.

Sample indentification code D S5 t
15 - 28 - C 0.1233 0.3466 {:..35;'
15 - 25 - 0 0.3240 0.9473  0.3420
20 - 35 - C 0.08900 - 0.1988  0.4476
20 - 38 - 0 0.09133  0.2197  0,4157

D : the mean difference
Sﬁ t the ptandard deviation
t : the t-test value

o o= ﬂnﬂﬁ
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Table 14. Moisture content of cern (24 perecent initial moisture) on
seventh day in storape used in analysis of variance for
testing the effect of corn to silica gel ratios,

Treatment
Condition 28:1 20:1 13:1
Open 18,17 15,82 14.88
Closed 17.67 16.50 14,03

Table 15. Analysis of variance for moisture data on seventh day in storage.

Day Source Degrees of Sum of HMean F
freedom squares squares (calculated)
7 Treatment _ 2 12,00725 6.003625 18.68%
Block 1 0.0748 0.,0748
Error 2 0,64265 0.,321325
Total 5 12,7247

*significant at 0.10 level,
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days in storage; the samples at 20:1 ratio showed signs of mold growth on
the top layver in corn after six days Iin storage; the samples at 13:1 ratio
showed mold growth on the bottom layer In corn at the end of the experiment,
But the mold stopped developing as scon as the grain was dried below che
maximum moisture econtent for storage, so at the end of the experiment, in
general, the corn was still marketable. The initial failures in maintaining
gquality might have resulted from the following facts:

(1) The corn had heen kept in the storape chamber long enough for

the mold growth to begin even before the sample was placed in the

storage chamber,

(2) The drying in the corn mass was not uniform because:

(a) the weight of the three sacks was almost the same as the
walght of silica gel in the cylinders,

(b) the structure of the wire cylinders and the shape of the
ninon tubes, the one to two kernel width prevented fast
drying.

(c) if the experimenter accidently dropped a kernel or more
of the corn into the wire cylinder he prevented the silica
gel raacﬁing the lowest layer of corn,

In summary, the Phase I experiments showed that

(1) the last serles of Fleske's teats (1973) can be successfully
repeated; .

(2) the effective ratio of grain to silica gel for 24Z initial moisture
content is about 20:1.

In Phage I experiment, with a small amount of corn, the sillica gel to

corn ratios needed at different initial moisture contents for preserving corn



guality were found under static drying conditdens (without air flow). In
Phase II experiment, a scale-up study was conducted by using 400 lbs, of
corn at Inltially 247 moisture content, with the silica gel te corn ratlo
obtained from Phase I, with and without alr flow in the corn mass.

When Phase II experiment was set up, high temperature and humidity of
the storage room were expected. DBecause of difficulties in raising the
humidity in the room, the relatlve humidity was about 30-40%, but the room
temperature was about B0®°-90°F as Tables 16 and 17 show in Appendix. Under
these circumstances the alr was pretty warm and dry; thus, the experiment
should be modified in order to create a humid condition.

In CAN No., 1, using the grain to silica gel ratic of 25 to 1, 1f 1lbs.
of silica gel was put on the perforated pan set above the top layer of corn.
A room fan was used for simulating natural wind, When the fan forced the
roof spinner to rotate, the wind velocity was about 940 fpm or 10,6 miles
per hour, The alr flow was created through the hole which was made in the
11d and moved downward into the silica gel, After penetrating that silica
gel, the air dried to a very low humidity, Then the dried air moved into
the corn mass, and the wet air was exhausted by the spinner. The air flow
rate was about B0 fpm; and the alr volume rate was about 0,96 cfm/bu., In
this case the silica gel was used indirectly for the corn; so the corn was
dried by air of very low humidity, the melsture of which had heen adsorbed by
the silica gel.

In CAN No. 2 the grain to silica gel ratio was 20 te L, so 20 1lbe, of
silica gel was put in 4 cylinders which were symmetrically distributed
in the can, when the fan blew the roof spinmer which was on the top of the

cone shaped 1id to rotate, an ailr flow was created through the bottom opener



and moved upward through the corn and silica gel, the alr [low rate was
about 50 fpm, the air volume rate was about 0,766 cfm/bu. In this case the
corn was dried by 30-40% R,H,air and by the silica gel,

CAN No. 3 had the same structure as CAN No. 2 but without any air flow
insgide the can, so the drying of the corn mass in CAN No, 3 was static,
and the silica gel did the whole drying work,

The experimental data on moisture changes in corn, grain temperature,
and quality changes in corn samples initially at 24 percent molsture content
for CAN Vo, 1, CAN No. 2, and CAN No. 3 are tabulated respeetively in Tahles
18, 19, and 20 in Appendix,

The data shown in these tables are the resultg of tests made with eorn
under 80°-90°F and 30-40% R.H, and with silica gel dried or regenerated with
103°C temperature for about 12 hours in a laheratory oven when the condition
in the oven was convenient,

The frequency of drying silica gel and the adsorption capacity of
pilica gel used up in each can were follows:

CAN No. 1

lst time: 1.5 days after storage;

2nd time; 2,5 days after lst time; 31% capacity used up;
3rd time: 2.5 days after 2nd time; 20.8% capacity used up;
4th time: 3 days after 3rd time: 27.8% capacity used up;
5th time: 3.5 days after 4th timﬁ: 21.9% capacity used up;
tbth time: 4.5 days after 5th time; 16,82 capaclty used up;

7th time: 18.5 days after 6th time; 19.5Z capacity used up;



CAN No. 2
lst time: 2 days after storage; 24.87 capacity used up;
2nd time: 3.5 days after lst time; 14.5% capaclty used up:
3rd time: 4 days after 2nd time; 23.5% capacity used up;
4th time: 3.5 days after 3rd time; 13.8% capacity used up;
5th time: 2,5 days after 4th time; 8,25% capacity used up;
6th time: 5 days after 5th time; 40.9% capacity used up;
7th time: 5 days after 6th time; 9.45% capacity used up;
8th time: 7.5 days after 7th vime: 23.0% capacity used up;
9th time: 4.5 days after 8th time; 15.1% capacity used up.
CAN Ho, 3
lst rime: 3 days after storage;
Znd time: 2 days after lst time; 26.0% capacity used up;
3rd time: 2 days after 2nd time; 27.5% capacity used up:
4tth time: 5 days after 3rd time; 27.97%7 capacity used up;
5th time: 5 daya afrer 4th time; 21,9% capacity used up;
6th time: 4,5 days after 5th time; 21,9% capacity used up;
7th time: 7,5 days after 6th time; 34,17 capacity used up;
Bth time: 9 daya after 7th time; 48,257 capacity used up.
Figure 22 shows the drylng rate of 24 percent initlial moilsture content
samples in CAN No. 1 at different parts 1n the corn mass with corn to silica
gel ratio of 25 to 1. It needed 3 days for tﬁe upper center part of the cornm,
€& days for the upper outer part, 1l days for the hottom center part, and 19
days for the bottom outer part of the corn to bhe driled below 13 percent
molsture content, and 12 days for all the corn to reach the average moisture

content of 13X, At the end of thla experiment, the samples died not show any
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mold development, Table 21 shows the mold assay at the beplnning and at
the and of the experiment, and there is not much difference batween them.

Figure 23 shows grain temperature changes of 2ﬁ.percent funitial moisture
content samples in CAN No., 1 at different parts in the corn mass. It shows
that for all samples the corn temperature was always below the room temperature,
Statistical analysis of the temperature data was conducted to test the uniform-
ity of temperature distribution in the corn mass. Results of statiscical
tests are given in Table 22. In the radial direction there is no significant
difference of temperature, In the wvertical direction, the temperature of
the upper layer is higher than the bottom layer in cornm,

Statistieal analysis of molsture content data tested the uniformity of
the drying rate in the corn masa, The data appears in Tahle 23. In the
radial direction there is ne significant difference in drying vate 1in the
upper layer, but there is significant difference in the drying rate in the
bottom layer. The center part of the corn dried much faster than.the outer
part of the corn, probably bLecause the air flow was not uniform after moving
through the hole, with much air going through the center part. In the
vertical direction the upper layer dried faster than the bottom layer in the
corn (that probably caused by depth effect),

Figure 24 shows the drying rate of 24 percent initial moisture content
samples in CAN No. 2 at different parts in the corn mass and using the ratio
of corn to sllica gel 20:1. At the heginnlng; the drying rate of corn was
very fast; then it decreased as the moisture content of the corn decreased.
After 20 days of storage the corn was dried to about 15 percent moisture
content. It needed 35 days for the upper center part iu the corn to dry below

13 percent moisture content, 37 days for the upper outer part, 37% days for
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Table 22, Analyasis of the corn temperature data within 14 days of atorage
for testing the temperature gradient in the corn mass,

Can HNo, Cradient Code of polnts D Sp t
direction
1 I‘Ediﬂl UI Ci. - u; (]1 GHEGUD ﬂ.aﬂlﬂ D.'Elzfiﬂ
B, C, - E, O, 1,65429 2,003 {,8202
vertical W. C. - B. C. 6.1786 2.058 3.002F
U. 0. - B, 0, 7.3214 3.0097 2.364%
2 radial . . =1, 0, 0.3214 1.5650 0.2054
B. 0, ~ B, C. 0.1786 0,7466 0.2392
vertical U. C. - B. C. 4, 5000 2.6250 1,7140%
U. 0. - B, 0O, 4., 0000 1,.8898 2.1160%
3 radial U, ¢. - U, 0. 0,89286 G.9098 {,98128
B, 0, - B, C, 0,46429 1.0832 0.42471
vertical B. C. - U. C. 1.0714 2,5340 0,42281
B- Dd. T Ui- G- 2.4286 240265 11198‘#

*gignificant at 0,05 level (one~tailed test)
D : the mean difference
BU : the standard deviation

t : the t-test walue
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Table 23, Anslysis of the corn moisture content data within 14 days of
storage for testing the moiature gradient in the ecorn mass.
Can No. Gradient Code of points D Sy t
direction
& radial U, o, - U. C. 1.0280 2.0230 0.507&
B, O, B, O 3,.7300 3.1450 1.B220%
vertical B. C. - U. C. 3.6279 2,0280 1,7889%
B- 'D. b Ul ﬂ- E-33D0 1';.25[:“] 1-96013*
2 radial u. 0, - U, C. 03664 0.6480 0.5650
B, O, B, C. 0.3707 0.9340 0.3969
vertical B. C. - U. C, 1.4021 0.5710 2.4555%
B, 0, - U, Q. 1.5136 0.,9300 1.6275%
3 radial u. 0., - U, C. 0.9514 0.8214 1,1583
B.| 0 L Bi Go 1-39[]? 1.313[! l;ﬂﬁ‘ja
vaertical B, €, - U, C, 0.7207 0.8893 0.8104
B, 0, = U, 0, 1.3971 1.5350 0.9078

* glgnificant at 0.05 level (one-talled test)

D :

S= :

D

: -

the mean difference
the standard deviation

t—teat value

L WP
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tite bottom center part, 36 days for the bottom outer part of the corn, and

37 days Eor all the corn to reach the average moisture content of 13 percent.
At the end of the experiment the samples did not show any mold development.
Table 21 shows the result of mold tests at different parts of the corn. One
can see that there is not muech difference hetween the beginning of the
experiment aﬁd_its end, The npld test indicated that the corn's peneral
appearance was good.

Figure 25 shows prain temperature changes of 24 percent initial moisture
content among samples in CAN Ne. 2 at different parts in the corn mass, The
temperature of the corn was always below the average room temperature.

Statistical analyses of the temperature data and the maoilsture content
data, to test the uniformity of temperature distribution and drying rate, were
performed. Results of statistical tests are given in Tables 22 and 23, In
the radial direction there is no significant difference for temperature oT
drying rate, In the vertical direction there is no aignificant difference
of temperature in the center part, but there is significant difference of
temperature in the ocuter part, and the temperature of the upper layer in the
corn mass is higher than that of the bottom layer. There is also significant
difference in the drying rate in the vertical direction. The upper layer
dried faster than the bottom layer in the corn mass.

Fipure 26 shows the drying rate of 24 percent Initial moisture content
samples in CAN No., 3 at different parts in thé corn mass and using the ratio
of corn to sillea gel, 20:1. At the beginning the drying rate was fast;
then it gradually decreased, At the beginning the bottom center part dried
faster than the bottom outer part. After 20 days of astorapge the upper layer

af corn ﬁad dried to 16 percent moisture content, and the bhottom layer of
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38 days of storapge, the upper layer in the corn was still above 14 percent
meisture content and the bottom layer in the corn was still about 18 percent
moisture content. At the end of the experiwenc the éorn around the can was
moldy and in a bad condition. Thus, the drying rate was too slow to prevent
the mold development, Table 21 shows the results of the mold test at dif-
ferent partsluf the corn, One can see that the mold development in CAN Ho, 3
was much worse than in CAN Mo, 1 and 4in CAN Ho., 2, and that the bottom layer
was worse than the upper layer,

Statistieal analyses of the temperature data and meoisture content data
te test the uniformity of temperature distribution and dryiong rate were
performed. Results of statistical tests are givan in Tables 22 and 23,
Tables show no significant difference either in the temperature or in the
drying rate, Figure 27 also shows that after 10 days of sterage the temp-
erature of the bottom layer was higher than the average room temperature,
and after 13 déys of storape the temparature of the upper layer was higher
than the average room temperature, this extra temperature galn was caused by
the respiration of the corn and mold development. From Table 20 in Appendix,
one can see that after 13 days of storage the mold was visitle in the bottom
layer of corm, and uftér 15 days of storage the mold was wisible in the

upper layer of cotrn.
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CONCLUSTIONS

From the results of this study the following conclusions were drawn:

I. For Phase I

1. Results showed that there was no significant difference bhetwean

Fleske's work and the Phase I work. The experiments were

successfully replicated,

2. Adequate drying and storage of clean grain in small amounts at

the

initial moisture content below 24% under extremely humid

conditions can be accomplished by the proper use of silica gel

as follows:

Initial

1)

2)

Initial

1)

2)

Initial

1)

moisture content of 15%:

Where ratio of grain to silieca gel 1is 50:1 (in two ecylinders
and three sacks).,

Regenerating (drying) silica gel once every day for the
firat seven days of atorage, at approximately 130°C for

45 minutes and thereafter every other day for ancther week.
At this point the graln i1s at safe moisture content for
storage.,

moisture content of 20X

Where the ratio of grain to silica gel 1s 35:1 (in three
cylinders and three macks).

Regenerating silica gel as in the procedure for corn of 13%
initlial molsture content,

moisture content of 24%

Where the ratio of graim to silica gel 1s 20:1 {in three



2)

2

Regenerating silica gel twilce a day for the first three
days then following the procedure for grain of 15% initial

molsture content.

The general conclusion for the Phase Il experiment is:

1} For static storage conditlons, the drying rate was too

2)

1)

‘slow to prevent mold development, especially in the bottom

layer and the puter parts of corn. The corn temperatures
was above the average room temperature when mold developed.
For the drying and cenditioning method in which the lncoming
air was pre-dried with silieca gel, then passed through a
grain bed, using a roof spiloner (CAN Wo. 1), the drying rate
was very fast, Ounly 12 days after storage the corn was
dried to the averapge safe molsture eontent of 13%, and at
the end of the experiment no mold was visible. The corn
temperature was always below the average room temperature,
The incoming air distribution was not uniform. The drying
rate of the bottom ocuter part was much slower than that of
the other parts.
For thc'drying and conditioning method in which the
inecoming air was pulled upward by a roof spinner through a
grain bed In which silica gel placed in four cylinders was
uniformly distributed (CAN No. i}, the drying rate of the
corn was much slower than inm CAN Ho., 1. It required 37
days after storape to dry the corn to the average safe
molsture content of 13%, and At the end of the experiment

no mold wae wisible. The corn Lemperature was always below



4)

5}

i

the average room temperatura, The moisture distribution

was more unlform than in CAN Ho, 1, because the incoming

alr was more uniformly distributed,

From the statements listed above, it is obvious that the

hest method was that uvsed in CAN Ne, 1, which was to use
ailica gel to dry the incoming air o a wvery low level of
humidity and then use this dried alr for drying and storing
the grain. However, this method needs to be improved so

that incoming air is more unifermly distributed.

The si1lieca gel need not be regenerated frequently: if its
maximum capacity for adsorption i3 40% of the silica gel, the
researcher may start redrying the gel when 70% of the maximum

adsorption capacity has heen used,



SUGGESTIONS FOR FUTURE WORK

The followinpg suggestions are recommended for future work:

1,

Repeat experiment under humid conditions with less rerenmeration
of adsorbent.

Study effective and efflelent silica gel regeneration.

Search for cheaper adsorbents which can be used for grain
drying and storage,

Develop an effective and Inexpensive storapge unit by testing
several shapes of storage units constructed with different
construction materials,

Conduct field tests with a recommended storage unit and

method at selected humid areas in developing countries.
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{Cont'd)]

Table 18.

Moisture content (%)

Moisture content (%)

Temperature (F)

Days in

Remarks

by oven

at

StoTage

by Steinlite Machine

at
0 Ii-C B-C -0 B-0O

B-

2 at
B-C U=-0 B-0 U-C B-C u-n

o-C

BE.9 16.1
9.0 15.1

9.1 11.7
9.5 11.4
B.7 10.4

11.6 18.4

11.2 16.3

75.5 Bl.5 74.0

83.0 78.0 B2.0 77.0

82.0

15

16

8.9 13.4 Samples taken for

11.7 16.3

81.0 77.0 BO.0 76.5

L7

analyses,

6.4 12.4
g.4 11,3

2.1 11.2

10,1 10.7

11.7 13.6

78.5 72.0 F7.0 73.0

18

11.4 14,8

74,0 71.0

77.0 72,0 77.0 72,0

75.0 70.5

19

§.,1 11.0 Dry desiceant (6 days),

2.6 10.2

12.0 16.3

20

it gained 1.071 1bs.

5.8 1l1.6 Samples taken for

analyses.

9.7 10.7
5,3 10.0

10.2 10.0

11.1 15.3

76.5 73.0 76.5 73.0

21
22
23
24

0.3 11.6
9.8 11.2

11.6 14.8

75.5 72.5 75.0 73.0
19.0 76.5 V8.5 I7.0

BO.0 V6.0 79.5 76.5

11.5 13.8

2,1 10.1 Samples taken for

9.6 10.2

analyses,

§2.5 79.0° 81L.5 7B.5
B3.5 78.5 82.0 78.5
1.0 78.5 80,5 78.5

25
26

Samples taken for

9.0 10.7

9.4

9.3

27

analyses.

%

Lo T N s Y i L AN R T
T T

[ o = I o B e -

-

v ohoy O

[}
t
(=2

B3.0 Bl1.0 83,0 8D.3

28
29
30

h

-
T

a3}

o

Lo LT o B R L O o B
TR T T T TR T

DT BT
r~

HWMLHNDO‘:
O G B0 & h T &3

83.0 81.5 E&3.0 B80.0

3.5 81.0 81.5 B8l.5

B2.0 71.5 &0.0

7.0
7B.5

31
32

Bl.5 79.0 B8l.,5

B1.0 V8.5 E8L.5 J8.¢

33
34

61,0 9.0 BZ.0 79.0

83.0 8.5 BZ.0 7T8.0

35
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The broad ohjective of this atudy was to develop a simple and inexpensive
grain drylng and stovage method which can be effectively used at farm and
local levels in humld areas of developing nauntries.. The approach taken was
a use of desiecant, silica gel, to dry the grain, with and without aeration.
Roof ventilators powered by wind were used for the aeration study.

Fleake 619?3} had performed experiments by using ten-pound samples of
carp to find the proper ratlo of silica gel to corn and the ffEQuency of
desiceant regeneration needed for statie drying and for maintaining the
quality of corn with initial méisture content levels of 12, 15, and 20 percent.
In Phase I tests, Fleske's last series of tests for 15 and 20 percent initial
nelsture content were repeated. The same procedure was used to find the
proper ratic of silica gel to corn and the freqﬁen;:y of deslccant regeneration
for the 24 percent initial moisture content of cornm,

Results revealed no sipnificant difference between Fleske'’s work and this
investipation. The experiments were successfully replicated, 8o the ratios
of prain to adsorbent needed to preserve the grain quality for 15, 20, and
24 percent initial moisture content corn were 50:1, 35:1, and 20:1, respectively.
The necessary frequency of silica pel regeneration for 15 and 20 percent
initial meisture cnnteﬁt corn was once every day for a weck, and thereafter
every other day for another week; for 24 percent initial woisture content, the
regeneration of silica pel was needed twice a day for the first three days,
then once every day-fur seven days and thereafter every other day for amother
week,

In FPhase IIL e:cper.iment, a4 scale-up study was conducted by using 400 pounds
of corn initially at 24 percent molsture content with the silica gel ta corn

ratio obtained from Phase 1, with and without air flow in the corn mass under



In CAR No., 1 the air flow rate creatcd by a rovation of roof spinmer wés
80 fpm and the air volume rate was about 0.%6 cfm/bu; in CAN No. 2 it was
50 fpm and the alr volume rate was about {1,766 cfm/bu, A fan for simulating
natural wind with a velocity of 940 fpm or 10,6 miles per hour forced the
ventilalors te rotate. CAY No. 3 was usaed for static storage (no air flow),

In CAN No. 1 the silica gel was put on the top perforated pan with a
grain to silica gel ratio of 25:1, and the alr was enterinpg through a 4" hole
in the 11d., In CAN No. 2 and CAN Mo. 3 the silica gel was put into 4 cylinders
with a grain to silica gel ratio of 20:1,

Results showed thar for static drying (CAN No, 3) the rate was too slow
to prevent the mold development, As for drying with natural air flew inside
the corn mass, the results showed that the drying and conditiening method,
alr pre-dried by silica gel, using a roof spinner (CAN Mo. 1} was the best.
To dry the 24 percent initial molsture content of the corn to the average
safe moisture content of 13 percent, it took only 12 days for this. methed but
37 days in CAN No, Z, in which silica gel in four ecylinders was uniformily
distributed in a bin and aerated by a roof gpinner. No meld was visible,

This dnvestigation showed a definite potential for drying and storing
grain in developing cnﬁntriea, with pre~dried air, using silica gel, and

use of a roof spinner,



