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ABSTRACT

The aim of this study was to establish the best position to place super absorbent polymer
(SAP)in an experimental granary for effective and economical drying. To achieve the aim of
the study moisture migration and temperature distribution in stored wet grain was determined
over time. Also determined was the best position for placing SAP in the silo for use in a direct
solar drying grain silo. Results from experiments conducted were used to evaluate performance
of the SAP in grain drying. The study was carried out in the University of Nairobi, Department

of Environmental and Biosystems Engineering, Upper Kabete Campus.

An experimental silo was designed. From the design, three experimental silos were fabricated.
The initial experiment was conducted to determine moisture migration within the silos without
use of Super Absorbent Polymer (SAP). In a second experiment drying was conducted using
sun and super absorbent polymer placed inside the silo. The silo was evaluated in fifteen
different sections. The sections were: East (top, central and bottom), West (top, central and
bottom), North (top, central and bottom) South (top, central and bottom) and Center (top,
central and bottom). Thermometers were placed in each section and readings taken in the
morning, midday and evening. Modeling was done using regression analysis (MS Excel 2010)
based on the minimization of sum of squares by adjusting the model constants. The
coefficient of determination (R?), were used to evaluate the goodness of fit of the
mathematical model to the actual data. The model considered for this study was: second

degree polynomial regression model.

The results exhibited that drying occurred faster at the top compared to the center and bottom
sections. This was due to the fact that the top section was open hence moisture easily escaped
to the atmosphere aided by the high vapor pressure gradient between the grains at the top
surface of the silo and the atmospheric air. Second degree polynomial regression model

produced the highest values of R? for experiment with SAP and the that without.



Generally, it was established from the research that there is a significant difference in the
moisture content with depth in the three layers investigated during the entire drying period.
There was a high moisture depletion in the top layer while there was a high moisture
concentration at the center and bottom section with the central section having the highest. This
was a clear indication that the SAP ought to be placed in the center section and partly bottom
section as these were the areas with high moisture concentration. From the two sets of
experiments conducted it was revealed that the silo with SAP had a steeper and smoother
negative gradient as compared to that without; whose curves showed a series of negative and
positive gradients. This indicated that SAP was able to take up extra moisture that emigrated

into the center and bottom section and those that were brought about by moisture diffusion.

The research work indicated that SAP can be used in drying maize grains. Future research work
should consider passing preheated air in the grain to optimise moisture absorption by SAP and

improve air circulation in the silo.

Keywords

Absorption, desiccant, drying, grain, migration, moisture, Super Absorbent Polymer,

temperature.
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1.0 INTRODUCTION
1.1 Background

Worldwide there is increasing demand for high-quality and safe food, free of chemical and
physical contaminants and pathogens. Grain growers and users must maintain and protect their
harvested grain from insect and microbial damage (Sinha, 1995). Under dry conditions, graing
(rice, maize, etc.), can be stored for extended periods provided that there is no insect infestation
or microbial activity. Under humid storage conditions, however, the grains may deteriorate
rapidly, resulting in qualitative and quantitative losses, and this deterioration is accelerated at
higher temperatures. Preservation of grains at intermediate moisture levels under hermetic
storage conditions could be feasible and economical in warm and moist climates (Weinberg et

al., 2008).

There are a number of losses that happen to the grains in the field and out of field; referred to
as post-harvest losses. Post-harvest loss is a degradation in both quality and quantity of a food
production from harvest to consumption (Kiaya, 2014) another loss is quality loss which
include those that affect the nutrient/caloric compositions, the acceptability and the edibility of
a given product, these kind of losses is experienced in developed countries (Kader, 2002).
Quantity loss results in loss of the amount of products, this is mostly experienced in developing
countries (Kitinoja and Gorny, 2010). Qualitative losses also include: appearance changes,
nutritional degradation, aflatoxin contamination, loss of germination capacity, presence of
insect fragments and mould contamination (Sinha and Muir, 1973). Some of these are difficult

to detect visually (Lacey et al., 1980).

Post-harvest loss brings about the loss of the grains. Some of'the post-harvest problems include;
attack by insects, rodents and birds, this once appear to be a major factor in food crop loss.

Other factors are: spillage/shattering of grains (due to wind and during milling), fungi and



mycotoxin contamination of grains causing rotting or spoilage due to contamination, sprouting
of grains, roots and tubers, rotting of grains, roots and tubers due to high temperature and poor
ventilation and also discolouring of grains. Weight loss is also one of the major cause of post-

harvest loss, this is mainly due to reduction of moisture content during drying and storage.

Post-harvest losses can be managed both in indigenous and modern ways. In all African
countries indigenous methods such as sun drying of grains and applying smoke fumigation and
botanical protectants to grains in store is practised. Modern methods for post-harvest
management include drying of grains with machinery applying pesticides (insecticides,
fumigants and rodenticides), using hermetic bags, storing in metallic silos, cold storage and use
of integrated pest management (IPM) techniques and adopting industrial processing (Macharia

J 2013).

Super absorbent polymers are lightly cross-linked networks of hydrophilic polymer chains. The
most efficient water absorbers are polymer networks that carry dissociated, ionic functional
groups. These are essentially hydrophilic non-toxic and partially cross-linked polymers that
can absorb several hundreds their weight in water, but cannot dissolve of their three
dimensional polymeric network structure. The network can swell in water and hold a large
amount of water while maintaining the physical dimension structure. The product swells and
forms a tight gel that holds water molecules, even under pressure. One kg of these materials

can absorb over 300 liters of water (Jagdev, 2007).

Drying of grains with desiccants has several potential advantages over conventional methods:
including uniform drying, little chance of over drying and independence from non-renewable
fuels ( Sturton et al., 1983). Using hydrogel as a Super Absorbent Polymer (SAP) can assist

tremendously in reducing moisture content in grains since it absorbs large amount of water



compared to its weight. The purpose of the study was to evaluate the performance of SAP in

drying maize grains stored in silos.

1.2 Problem Statement

Grain drying is important as it removes moisture required for decay, premature germination of
seeds or growth of microorganisms. A study done by Erastus Kang’ethe and Published by FAO
in 2011 indicates that Kenya loses 30-40% of harvested maize. Cause of postharvest losses is
mainly poor handling in harvesting, drying and storage of produce resulting into loss of quality and
quantity through physical damage, spillage, pest infestations and fungal infestations (mycotoxins).
Adverse Impacts of storage losses include; Poverty, Food insecurity, Nutritional loss, ill health

attributed to aflatoxin contamination, Economic and financial losses.

In Kenya, the problem of grain losses is mainly associated with poor grain drying and storage
and is mostly experienced in rural areas by small scale farmers. In this areas, the problem of
drying is brought by lack of facilities, lack of access to electricity and poor weather conditions
during harvesting period. Farmers in this areas have to transport their harvested grains for long
distances to driers in urban areas. High cost of grain drying coupled with high transport cost
make it very expensive for the farmers. It costs an average of four hundred Kenya shillings to
dry a 90kg bag of maize at harvested moisture content (~30% wb) to the recommended safe

storage moisture content (<13.5% whb).

There are no effective small scale grain drying equipment in Kenya. The existing driers are
expensive and intended for large scale farmers. Many rural farmers use open air solar drying
due to lack of alternative methods, this mode of drying is highly affected by weather conditions.
In this research, the use of super absorbent polymer (SAP) in metallic grain silos was studied

for its effectiveness.



The presence of aflatoxin in significant quantities can cause illness to both humans and animals.
Regulatory agencies lack information pertaining to industries” knowledge of the cause and
effect of aflatoxin in common agriculture products and the strategies that industries employ to

prevent aflatoxin contamination (Godwin, 2011).

In Kenya, control of aflatoxin contamination of maize has relied mainly on testing maize at
marketing outlets and withdrawing the contaminated lots (Kang ‘ethe et al., 2011). In 2010 the
Government tried to remove all the contaminated maize in market by purchasing the maize
from farmers at reduced prizes, this was not very successful and came at a high cost (Kang ‘ethe
et al., 2011). In 2004, several hundred Kenyans became severely ill, and 125 died, of acute
aflatoxicosis: a disease of liver failure associated with consuming extremely high levels of
aflatoxin in food (Lewis ef al, 2005; Strosnider ef al., 2006). Internationally recommended
approach is based on contamination prevention, rather than letting it happen and then trying to
remove the contaminated maize from the market. Better crop handling and management
practices are critical to reducing aflatoxin contamination.

Better grain drying and proper storage at recommended grain moisture content are essential to
ensuring high quality stored grains free of aflatoxin contamination. It will also help reduce
postharvest losses and enable smallholders to increase nutritional value and volume available
for consumption and sale. There is need to invest in effective storage facilities that ensure that
maize is properly dried during storage. Such facilities should be affordable to poor farmers in

the rural areas.

This research targeted to contribute knowledge on grain to benefit small scale farmers in Rural

Kenya and in Africa who incur losses associated with poor grain drying.



1.3 Objectives

1.3.1 Overall Objective
The overall objective was to determine the best position to place SAP in the granary for

effective and economical drying.

1.3.2 Specific Objectives

The specific objectives were:

1. Establish the moisture migration and temperature distribution in stored wet grain over time
2. Determine the best position for SAPs for use in a direct solar drying grain silo and evaluate

performance of the SAP in grain drying
1.4 Scope

The study was done to establish the best position to place desiccant SAP in an experimental

granary for effective and economical drving.

The study was carried out in the University of Nairobi, Department of Environmental and
Biosystems Engineering, Upper Kabete Campus of latitude: 36° 43° 57. 03”" E, longitude: 1°

15° 06. 7277 s and Elevation of 1875 m.

The experiment was conducted using wetted maize grain at 30% moisture content (MC) in
three silos each holding 200 kg of wet maize grain. The Super Absorbent Polymer used was
sodium Poly-acrylate placed in a tea bag in respective silo and in different position (top, center
and bottom). The experiment was done outdoor. Modelling was done using regression analysis
(MS Excel 2010) based on the minimization of sum of squares by adjusting the model

constants.



2.0LITERATURE REVIEW

2.1. Desiccants used for Drying Maize and other Grains

Desiccants are mostly used for drying seed rather than grain. They are used to increase seed
longevity where there i1s moisture accumulation and high temperatures associated with hot air
drying. Different desiccants have been used. Daniel et al., 2009 studied the use of silica gel for
drying seed maize and concluded that using a seed: silica gel ratio of between 1:1 and 2.5:1 in
sealed containers with the maize and gel in contact maximised the storage life extension of

seed longevity.

Aluminium silicates also called drying beads or “zeolites” were reported by (Hay et al., 2012)
to have a higher affinity for moisture than silica gel and were found to swell by 20-25% of its
original weight. They worked with seed: desiccant ratios between 4:1 and 2:3. They showed
that drying beads may be dried and reused.

A study on research-scale drying of rough rice using silica gel, whereby during the experiment,
drying incorporated a combination of 1- and 35-g moisture-permeable packets of silica gel,
mixed with rough rice samples in plastic bags. The average adsorptive capacity of the
packets in closed rough rice samples was established as 25% to 27% (1.e., 0.25- to 0.27-g
water / 1-g silica gel). A desired final MC (12.5%) was achieved for silica-gel-dried rice
samples within four to five days, and the milling quality of samples dried to 12.5% MC,

expressed as head rice vield, was not sigmficantly different from that of control-dried

samples (Odlier et al., 2011).

Sturton et al., 1983 conducted a study to determine moisture exchange between maize graing
and the desiccant bentonite in an intimate mixture. They used a 1:1 corn to bentonite ratio, and
achieved drying to about 18% mc in less than 24 hours. They reported that bentonite swelled

up to 20 times its original volume in water, developed drying equations for the swelling of the



desiccant and showed that the bentonite could be blown off the grain, leaving an ash content
of 1.7%. The developed equations to describe the loss of moisture in com and swelling of

bentonite are presented in equations 2.1 and 2.2 respectively.

m=my— a.(1—e b)) 2.1)

m=my+ a,(1l—ebt) (2.2)
Where:

m = moisture content (% WB) of the component (maize or bentonite) at a given

time t(h)

Mg = initial moisture content (% WB) of the component

abe = constant which equals the difference between the initial and final moisture

content of the component at equilibrium (t = )

b = bentonite
c = corn
bic = constant related to the rate at which the curve approaches equilibrium.

In 2014 V Sutcliffe, J Adams showed the possibility of using charcoal and maize meal and
previously dried seed to dry wet seed. Thoruwa et al., 2007 used a combination of desiccants
bentonite and calcium chloride in addition to solar drying and managed to dry 90kg of maize

from 38% to 15% moisture content in 24 hours.

The findings of different researchers show that the use of desiccant for drying both seed and
grain is highly promising and needs to be studied further and perfected. Compared with the
other desiccants, Superabsorbent polymers (SAPs) have a higher absorption capacity, rate and
other properties that make them suitable for use as desiccants for drying maize. It is for this

reason that super absorbent polymers were studied in this research.



Using desiccant in dryving of seed maize has several advantages such as energy conservation
and seed quality preservation (Probert, 2003). This is because during desiccant seed
drying under hermetic conditions there is little or no temperature rise as the heat of hydration
is negligible. More also desiccant such as hydrogel are regenerated at relatively low
temperature (7Tahat, 2001) and can therefore be dried under the sun to store the energy for
rainy seasons. When dry maize is exposed to humid environments, it gains moisture
content and equilibrates to a value of equilibrium moisture content, which may be different
than the equilibrium moisture content obtained during the moisture desorption (Correa et

al,, 2011).

In the research to determine moisture sorption in seed maize during hermetic drying using SAP,
the seed maize rapidly gave up its moisture to the hydrogel. (Gatwiri, 2013). The
experiment was conducted in an air tight glass container with lid, wire mesh basket and a stand.
The container was cylindrical with lid hence formed a hermetic system. As the seed maize

reached equilibrium with the hydrogel the rate of drying slowed down. Final moisture content

of the seed maize reduces with increase in temperature from 2SOC, 3OOC, 3SOC and 4OOC
(Gatwiri, 2013). The drying curves show significant moisture reduction within the first 50
hours due to low relative humidity created by the SAP. The drying rate reduced as the

hydrogel approached saturation. The least final moisture content for each set of treatment
was observed for samples that were dried at 40°C compared to those dried at 25, 30 and

35°C. Tt was found that lower moisture content was achieved with a higher drying temperature

and ratios as revealed in the study (Gatwiri, 2013).
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Figure 2-1: Schematic of the hermetic drying and storage system (Gafwiri, 2013).

A study to find the effect of super absorbent polymers on aflatoxin contamination in maize.
Where survey of study was conducted using an open and closed questionnaires in eastern part of
Kenya. From each farmer, a sample was bought for the purpose of testing for aflatoxin

(Nyakundi, 2014)

It was found that drying by SAP reduced the aflatoxin contamination and that the more SAP
is used the less the incidence of aflatoxin contamination. To be absolutely sure that there was
no aflatoxin contamination, a ratio of 1:5 (SAP: Maize) or less was recommended. Higher
ratios (such as 1:10 and 1:20) may prevent aflatoxin contamination below 20°C and with

changes of SAP every 24 hours (Nyakundi, 2014)

2.2. Super Absorbent Polymers (SAPs) and Selection for Grain Drying

Super absorbent polymers (SAPs), also called hydrogels and Super Porous Hydrogels (SPH).

They are known for their ability to absorb large amounts of water. According to (Kuruwita-



Mudivanselage, 2008) one gram of hydrogel may absorb more than 4000g of water in 200
minutes, with half of this water being absorbed within the first 12 minutes. SAPs were first
used in agriculture for drainage but have now found use in health products such as baby diapers
and sanitary pads (Delgado et al., 2009). Because of their moisture absorbing capability, they
may serve as a possible solution to aflatoxin contamination, operating as moisture sponges for
maize during the post-harvest (storage and drying) stage. The important parameters in
hydrogels with regard to water absorption, which would apply in storage facilities, are: the rate
of moisture absorption (swelling rate) and the amount of moisture absorbed per unit volume
(swelling capacity). A material that is more superior than others in the two properties would be

selected.

When the swelling rate is high the polymer absorbs moisture efficiently and prevents aflatoxin
contamination. A high swelling capacity defines the effectiveness of the polymer since it
maximizes on water absorption in the long run. The swelling capacity is a function of the
equilibrium moisture content of the polymer with a given environment and its determination
involves the recording of sorption isotherms. There are different models of sorption isotherms
such as the Langmuir, BET (Brunauer-Emmett-Teller) and GAB (Guggenheim-Andersson-

DeBoer) models (Delgado et al., 2009).

The swelling rate of a SAP may be modelled as (Delgado et al., 2009):

g Kk 23
Qeq  1+kt 25

Where Q 1s the initial swelling, Qeq 18 the swelling at equilibrium, t is the elapsed time and k is

the swelling rate constant.
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2.2.1. Analysis of super absorbents polymers

Desired features of SAPs are: high water absorbency (they should absorb and retain huge
amounts of water even under load or in contact with other materials), high absorption rates (a
large amount of fluid must be absorbed per unit of time) and good gel strength (the material
should not become 'slimy' and flow away after swelling). These requirements are dependent on
the final use of material. For some applications, fluid absorption should be reversible (the
polymer must be able to absorb and desorb the fluid several times without degradation).
Moreover, they must be non-toxic and should not contain traces of unreacted monomers and
finally the cost of the raw material and the production process should be low. In practice it is
difficult for a polymer structure to meet all of these requirements simultaneously. How these

properties are measured is optional and generally is as follows:

I.  Absorption capacity

Absorption capacity is measured by putting a dry polymer sample in excess water for a time
sufficient to saturate it and then after removing the excess of water, e.g. with a sponge,

weighing the gel obtained.

Water absorbing capacity or swelling of the polymer can be controlled by two methods - type
and degree of cross linking between polymeric chains and morphology of the SAP. A research
by (Xie et al., 2016) discusses that the water absorbing property of the SAPs can be greatly
affected by type of cross-linking agent used. Also the cross linking agent varies the polymeric
chain length —longer polymer chains have more network space and thus increases water
absorbing capacity (Buchholz et al, 1997). Besides, the length of polymeric chain also affects
its water absorption capacity — smaller polymer chains have more polymer ends which do not

contribute to water absorption (Liu et al., 2007).
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II.  Absorption rate

The absorption rate can be expressed in two ways: either through the amount of fluid absorbed
by a weighed amount of the polymer in a fixed short time (a rate factor) or through the time

required by the polymer sample to absorb a given amount of fluid.

III.  Gel strength

Gel strength measurement methods are even more exotic and in many cases a qualitative
observation is preferred. Typical methods used include, the maximum diameter of a steel ball
required to settle through the gel, the amount of gel free-flowing through a screen, or the

pressure to be applied to the gel in order to force it to flow through a certain screen

The SAP selected for grain drying would have to comply with food safety requirements if it is
to be allowed for use with substances for human consumption. The most commonly available
SAP was identified as sodium poly-acrylate. It is used in the manufacture of SAPs which are
listed as food grade such as the BASF products Luquafleece and LLuquasorb that are applied in

fish and meat packaging containers.

SAPs are fairly easy to manufacture from local materials and may also be made from natural
products even in developed countries. For instance, (Ekebafel et al., 2011) prepared a
superabsorbent hydrogel from native cassava starch-Poly [sodium acrylate-co-acrylamide], by
alkaline hydrolysis of starch/PAN physical mixture. They contend that graft copolymerization
of vinyl monomers onto natural polymers is an efficient approach to achieve biopolymer-based
super absorbing hydrogels. Because of their exceptional properties such as biocompatibility,

biodegradability, renewability, and non-toxicity. All these are desirable properties for maize

drying.
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2.2.2. Uses of Super Absorbent Polymers

I. Hygienic and Bio-related Areas

The most volume of SAP produced all over the world is used in disposable diapers. Use of SAP
has revolutionized the baby diaper and adult incontinence industries over the last 30 years,

globally millions of people use SAPs daily (Elliott, 1997).

SAPs are one of the members of the family of smart hydrogels; hence they can be potentially
employed in separation science and technology, particularly bio-separation. Due to large
changes in the swelling ratio, the hydrogels have been used widely in the separation of various
molecules including proteins (Kim ef al., 1998). In medicine, SAPs may be used for elimination

of body water during surgery, e.g., treatment of edema (Sannino et al., 2003).

II.  Uses of Super Absorbent Polymers in Agriculture

In agriculture superabsorbent polymers are used as a soil additive, as reservoir of nutrients, and
as water superabsorbent in the soil. As a soil additive SAP have been developed to improve the
physical properties of soil in view of: increasing their water-holding capacity, increasing water
use efficiency, enhancing soil permeability and infiltration rates, reducing irrigation frequency,
reducing compaction tendency, stopping erosion and water run-off and Increasing plant
performance, especially in structure -less soils in areas subject to drought (4 bd EI-Rehirn et al.,

2004).

In arid areas, the use of SAP in the sandy soil, to increase its water-holding capacity seems
to be one of the most significant means to improve the quality of plants. The SAP particles
may be taken as "miniature water reservoirs” in soil. Water will be removed from these

reservoirs upon the root demand through osmotic pressure difference.
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The hydrogels also act as a controlled release system by favouring the uptake of some nutrient
elements, holding them tightly, and delaying their dissolution. Consequently, the plant can still
access some of the fertilizers, resulting in improved growth and performance rates (Liang et

al., 2007).

SAPs can also be used as retaining materials in the form of seed additives (to aid in
germination and seedling establishment), seed coatings, root dips, and for immobilizing plant

growth regulator or protecting agents for controlled release (4bd Ei-Rehirn et al., 2004).

2.2.3 Limitations of Super Absorbent Polymers in Agriculture

SAPs are quite fragile and tend to break apart easily thereby losing their water retention
property. Further SAPs can also dehydrate rapidly in a matter of hours thus losing their
absorbed water (Nadarajah et al., 2010). The water absorption of SAPs greatly reduces in the
soils as SAPs are under pressure and unable to swell and take in water (Bhardwaj et al., 2009).

The water absorption of SAPs in soils further decreases due to formation of additional

3+
crosslinks with certain ions like Ca** and Al present in the soil (Rigas and Chaizoudis .,

1999). The water absorption of the SAP also decreases with increase in salinity of irrigation
water (Sojka et al. 2009; Naeini and Taban, 2006). The SAPs in soils releases water with
increase in temperature and this water could be potentially lost to deep percolation (Andry et

al., 2009).

Furthermore from (Schmidhalter and Geesing ., 2004) work, it could be inferred that the
effectiveness of SAP decreased on rewetting and can affect the hydraulic properties of soil
only if applied in higher application rates. Also the efficacy of the SAP decreases over a period
of time and to compensate for these loses, higher application rates are required (4/-Harbi et

al., 1999). This factor affects the economic value of crops grown on fields amended with SAP
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2.3 Moisture Migration in Stored Grain

A situation may arise where the total amount of water held in a storage structure in a given
space may be the same at the end of a given storage time as it was in the beginning which is
moisture migration, but as a result of this, the moisture contents of various parts of the silo
change considerably (gains or losses being found). It is more usual, however, for part of the
moisture that migrates to be lost to the external atmosphere as a result of ventilation, or to be
drained off according to (Navarro et al, 2002) there are six mechanisms for moisture
migration:

a) Diffusion of moisture through inter particle contact conduction.

b) Leakage of water through openings in the structure.

¢) Exchange of water vapour with the atmospheric air at the grain surface.

d) Diffusion of moisture to vapour gradients in the bulk.

¢) Translocation of moisture due to convection currents.

f) Condensate that forms on the inside surfaces and downspout of the silo that falls onto

the grain.

Energy produced as a result of oxygen respiration bring about an increase in the grain
temperature and moisture content. For satisfactory drying and storage of grains, preventing
grain moisture migration and controlling moisture exchange is an important management
process of farm-stored grain because grain adsorbs or desorbs moisture under changing
environmental conditions.
Grain is a good insulator; heat loss from grain is relatively slow in comparison to other
materials. For this reason, when grain is placed in a bin in the fall, the grain near the center
tends to maintain the temperature at which it came from the dryver or field (Talbot, 2002).
The grain near the bin wall tends to cool near the average outside temperature. As the outside

temperature decreases, the difference in temperature between the grain at the center of the bin
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and that near the bin wall produces air currents inside the grain mass. The cool air near the bin
wall falls since it is denser, forcing the warmer air up through the center of the bin (T'albor,

2002).

Based on their model’s prediction, (Montross et al., 2002) showed that moisture accumulation
is primarily due to equilibration with the headspace and plenum air due to natural convection,
diffusion, or both. Based on these model analyses, moisture should accumulate near the top
center region when outdoor temperatures are lower than the grain temperature and accumulate
near the bottom center when outdoor temperatures are higher than grain temperature (Jayas,
1995).

Improper control of temperature causes moisture to move or migrate from one part of the grain
mass to another, where the moisture can accumulate and cause grain spoilage problems.
Although moisture migration problems can occur any time grain temperatures vary
considerably in different parts of the bin, the most critical time occurs when warm grain is
stored into cold temperatures (Mckenzie et al., 2009).

As the cold air passes through the center of the grain mass, it warms and picks up more
moisture. As this air nears the top center surface of grain, it cools to a point where it can no
longer hold the moisture it has picked up. This moisture condenses on the surface of the grain,
increasing the surface grain's moisture content and creating a local environment that enhances
mold or insect growth. This surface moisture change can occur even though the average grain
moisture content is at or below recommended levels. Crusting on the surface of stored grain is
a common symptom of moisture migration. Moisture can also migrate to colder grain near the

bin walls during cold winter weather (Talbot, 2002).
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Figure 2-2: Cold Season Moisture Migration (Tuibot, 2002).
The reverse situation occurs during the dry weather months and is illustrated in figure 2-4. In
this case, the moisture condenses near the bottom center of the grain mass. This 1s usually not

as serious as the moisture migration upward and outward during cold winter weather (Harold

etal, 2015)
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Figure 2-3: Dry Season Moisture Migration (Harold, 2015)

It 1s important to equalize and maintain uniform temperatures throughout the storage. Aeration
1s therefore very important in improving the "storability” of grain by maintaining a cool,

uniform temperature throughout the storage to reduce mold development and insect activity
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and to prevent roisture migmation. Lemtion 15 not a grain doang system but a management
tool. It involves moving low volutnes of air through the graim to control and maintamm vitorm
te trpe rature through the graim mass ichael et al , 20137).

Practical fart storage conditions are surnmmanzed in Figure 2-5. The ideal condition would be

a rnoisture content of 12% or less and a tempe mture of 3 °C or less.
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Figure 2-4: Practical farm storage comditions (Michael et al, 2013)

The tmoisture content of gramn 15 defined i two primary methods. The comventional method
treasures the pementage tmoisture content by weight (of a sample under test). Howewver, for
tnore accurate and meaningful results in relation to gmin guality, the tmoistue content of the
mtergranular emvironment 15 considered. The Equibibrinmm Eelatre Hurudity (ERH) helps
determine the gramns potential to detenorate. If the ERH exceeds 65%, microorgamisms ate

tnore likelyto multipl v Additionallyy to protect grain from rmould andbactenia, the ERH should
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not go beyond 70%. If the ERH does reach these levels, a close eye should be kept on insects

and mites, as they are most likely to survive in between 60-80% ERH.

2.4 Grain Drying

Grains are hygroscopic capillary-porous products in which the pores are partially filled with
liquid water and partially filled with an air/water-vapour mixture. The water in grains can be

classified as follows:

e  Water of Composition, which is closely combined with the grain

¢ Absorbed or “’free’” water not closely combined with the grain

The presence or not of such free water, which is readily usable by developing microorganisms,
will largely determine the storability of the grains. Storage of seed grain requires conditions
that will not only maintain peak viability but will avoid also all possibility of germination while
in storage. High moisture content and low oxygen may decrease viability and therefore should
be avoided for seed storage. At the same time, to avoid any danger of germination or fungal
and insect damage while in storage, seed should be dried 1-2 percent more than for human
consumption. Additionally, it is important to keep the temperature of the seed as low as

possible.

The process of drying grain is something like evaporating water from a damp towel by placing
the towel in an airstream. You pass air through the grain so that the air can pick up and carry
away water. The partial vapour pressure difference between the kernel and the surrounding air
makes the moisture evaporate from the kernel surface and/or in the pores (Donald et al., 1992).
It is a simultaneous heat and moisture transfer process. As air moves up through the grain, it
gives up heat which evaporates water from kernel surfaces into the air (or an external drying

medium). This process is adiabatic (no heat loss or gain) since it uses no other heat but the heat
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which is carried in by the airstream. This process of adiabatic absorption can be traced as a line
of constant wet bulb temperature on the psychometrics chart (from state A to state B) as

sketched in Figure 2-6.

Point A

Tpg =53°F

Top—47E

RH =65%

w = 0.0054 1b H,0/1b da

V =13.05 ft3/1b da
Point B

T =49.5F

i

RH = 88%

w = 0.0064 1b H,0/Ib da

49.5° 53°
Figure 2-5: Natural-air drying example plotted on psychometric chart. (Donald et al.,

1992)

Any hygroscopic material (including grain) has its own characteristic balance (or equilibrium)
between the moisture it contains and the water vapour in the air with which it is in contact. As
air moves up through the grain, it continues to cool and pick up moisture until it reaches a state
of equilibrium with the grain where the net transfer of water between corn and air is zero
(Hurburgh et al., 2004). Each food grain has a characteristic equilibrium curve obtained by
plotting a graph of moisture content against the relative humidity and temperature of the air.
This equilibrium state of a 20% moisture corn can be defined on the psychometric chart as the

intersection of the process line and the equilibrium moisture line as shown in Figure 2-7.
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Saturation Line

20% Moisture
Equlibrium Line

40° 55° 70°

Figure 2-6: Corn equilibrium moisture line (Hurburgh et al., 2004)

Some biological products when drying as a single particle under constant external conditions,
exhibit a constant-rate moisture loss during the initial drying period followed by a falling-rate
drying phase. Cereal grain kernels however dry entirely within the falling-rate period (Donald

etal., 1992)
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Moisture content

Drying time

Drying rate

Moisture content

Drving curves. The temperature and hunudity of the drving air are constant
and all heat is supplied to the food surface by comvection

Figure 2-7: Constant-rate period and falling-rate period during drying (Donuid ef ai.,

1992)

2.5 Methods of Grain Drying

2,51 Solar grain drying

Solar ar heater 15 a device m which energy transfer 15 from a distant source of radiant energy
to air. Bolar air heaters can be used for many purposes, including crop drying, space heating,
and forre-generating dehumidifying agents (Kalagiraw, 2004).

There are numbers of configurations and many of which are empirical constructions. They can
be classified on the basis of mode such as active, hybrid and passive A comprehensive review

on various designs, construction and operation principles of a wide variety of solar air heater
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for dryving 1s given by Erechudowes and Nortan, 1800, Figure 2-9 shows classification of solar

air heaters.
Solar air heater
Active » Hybrid N Passive
i _ Rock Bed
Without storage With Storage )
PCM storage
{ With fins — Non covered
Without fins — One covered Non tracking (Fixed)

— Two covered £ One axis tracking
— More covered Two axis tracking

[

Figure 2-8: classification of solar air heater (Ekechulwu and Norton, 1999).

Radiant energy fromthe sun reaching the earth’s surface 1s known as shortwave radiation, solar
radiation, solar energy or msolation. The total radiation may be. Direct from the sun; diffise,
scattered by the atmosphere, or reflected, from adjacent surfaces. To measure collector
performance with high accuracy and repeatability 15 a must for further developing the solar
systern market. Only a well-defined performance test allows for comparison of collectors’
performance, allows the calculation of the yield of solar systems, and stimulates constructive
competition and mnovations. In addition, it 15 a requisite for gaming a deeperunderstanding of

the technology and the research worl: needed to irnprowve the technology (Kramer, 2013).
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i. Solar collector

The units of energy are the average total number of mega joules per square meter per day for

each month AATm?2 - day). Asthe cost of a large solar collector required for high temperature,

high-speed drying 15 prohibitive. Solar air heating collectors have some peculiarities which

dictate differences in some aspects of performance testing as compared with that of liquid based

collectors (K ramer, 2013).

Most solar collector’s works with the principle of mass flow dependencies (Kramer, 201 3).

The efficiency of the collector mcereases with increasing mass flow, since the heat transfer from

the absorber to the heat transfer air improves with increasmg mass flow. The lower the mass

flow, the more the absorber temperature (Tabs) remains above the mean air temperature (Tm),

due tothe lower heat transfer coefficient But with a higher absorber temperature (T ) the heat

losses are higher and therefore the efficiency is lower (Kramer, 2013).

Figure 2-10 shows conventional solar air collector parts.

Convection loss

Solar radiation (1)
Radiation loss

\\
\\. Absorber plate
‘\‘ I

Reflection loss Sy Bottom of

collector

Insulation

Transparent cover

.

Conduction loss
Air passage

Airin at T;

Airoutat T,

Figure 2-9: Conventional solar air collector (Ekechulwu and Norton, 1999.
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The collector efficiency factor (F") was determmed by simulations for various mass flow rates
in order to determine its influence. Figure 2.10 shows a very strong efficiency increase for mass
flow rates up to 200 kg/h (100kgh/mz), demonstrating thehigh sensitivity of efficiency to mass

flow 1n this range (Kramer, 201 3).
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Figure 2-10: simulated dependency of the collector efficiency factor (F') on the mass flow

{Kramer, 2013).

2.52 Conventional Methods

i. Layer-in —bin dryer

In this method, the bin 1s filled to a specific depth depending upon seed moisture, the drying
unit and bin sizes. This depth is dried down to a state moisture content for storage, before the
next layer 15 added. The drying air 15 usually controlled by a humidistat set at 55 percent to
prevent over drying of the low er layers. Although this method of drying is fairly slow, the seed

15 uniform dried betw een the top and bottom of the bin (Hellevang, 201 3).
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The compounds that make a bin perform as a dryer are fan, heater, operating and safety controls
, transition , duet, foundation, ring , false floor . seed leveller, sweep unloaded and unload
auger. The layer-bin- dryers range from 21 to 40 feet diameter and 5 to 20 horse power. Tt 1s
the most efficient but slowest drying method. After the initial layer, fills must be separated by

three to four days while each new layer dries.

3 Roof Cap

Roof Vent-—_..,‘_\%/l, a«— Hatch

Distnbutor

Transition Duct

] Fan

Figure 2-11: layer —in-bin-drvier (Hellevang, 2013).

ii.  Batch-in — dryer

In this method of drying, the quantity of seed at a given moisture content can be dried with a
given drying unit. The high moisture seed is placed in a drying bin, dried and cooled and
removed to a storage bin. The drying equipment used as similar to that of layer drying; the
main difference being in higher capacity heaters and fan, grain levellers, sweep unloaders and

unload auger equipment.

iii. =~ Cross Flow Dryer
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Is the most common type of dryer used as shown in figure 2-14. It is referred to as a cross-flow
dryer because the heated air moves across the grain column perpendicular to the flow of the

grain (Hellevang and Wickle, 2013).

FILLING AUGER

HEATED

- FAN
-; AND
Rz

=i  \ HEATER

{™ AIRPLENUM
COOLING

IR

L4 ]

AIR PLENUM

e GRAIN METER
UNLOADING AUGER

Figure 2-12: Cross flow dryer with forced air drying and cooling (Hellevang and Wickle,
2013).

The grain moisture content and temperature varies across the column of a cross-flow batch
drver as shown in Figure 2-15 (Hellevang and Wickle, 2013).

Grain near the inside of the column iz at a lower moisture content and a higher temperature
than grain near the outside of the column. Therefore, even though the average moisture content
may be at 14%, the moisture content of grain near the ingide of the column may be 6 to 10%,

and grain near the outside of the column may be at 16 to 28% moisture. Also, even though the
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average temperature may be at 140°F, grain near the inside of the column may be at 200°F,

and grain near the outside of the column may be at 80°F.

Initial Moisture Content: 28%

P, 140'-240‘Fﬂmm
Drying Air =

Near Drying Air Temperature

Plenum
Chamber

e Typical Column
Width is 12"-15"

A
|

Below Drying Air Temperature

¥y

Final Average Moisture Content: 14%

Fignre 2-13: Different temperature and moisture zones in a cross-flow drver (Hellevang
amd Wickle, 2013).

iv.  Batch Dryers

Batch dryers are bins with an inner air chamber surrounded by two parallel perforated steel
walls to contain a designed thickness of seed. The fan heater unit is connected to one end, or
gide of the plenum as heated air for drying and natural air cooling can be forced through the
zeed. Batch dryers, generally rectangular or cylindrical, are usually described by the volume in
bushes that a dryer will hold per fill e.g. 300 bushel dryer. Fan power ranges from 3 to 30-40
horse power. The number of batches per day may be eight to ten for small dryers but only two

or three for large units. Dryer capacities are rated on average moisture removed of ten points.
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All batch dryers depend on fast handing. Wet holding capacity is needed to avoid seed

receiving, dry seed transfer, and dryer operating cycles. (Hellevang, 2013).
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Figure 2-14: Batch drving method (Hellevang, 2013).

2.5.2.4 Continuous Dryers

Continuous flow dryers move seed through heating and cooling sections of the column
continuously. Seed flow is controlled by volume metering devices at the lower side of the seed
column. Heated air is forced through the upper 2/3 to 3/4 of the seed column at 100 to 150
CFM/bu. Continuous dryer sizes are usually given in bushel/hour capacity at 10 points moisture
removal. Power needs are from 7 Y2 horse power to 60 horse power. Some dryers use multiple

sequence start fan motors to keep starting loads low. (Hellevang, 2013)
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Wet holding 12 neceszaty for hoth one and two leg system. With one leg, seed from the diyer
1z acoumulated ina dry holding bin for penodic manual transfer, With two legs a low capacity

glevator leg moves dry speed to stormge continuously.

Dirying Bin Coaling and Storage Bin

Cocling

Fary

Parforatad
Drykng Floor ]

- e 1] B
A ~ u,

Figure 2-15: Continuous dryer {Hefevang, 2015)

meveral researchers have used different linds of desiccant for drying seeds. The desiccants
moagtly uzed are:
a) Alummmum silicate- where it showed that drying beadz hasalugheraffimty formosture
thati slica gel, wath swelling of 20-25 titnes.
by Bentonite, hawving rixed in the mtion of 1.1 wath corn, showed that it achieved a

moisture content percentage of 18% in 24 hours and swelling of 20 times.

There are a number of research on different models used in diving in a mumnber of driers. In
bin-diying providesan altemative to traditional diingin terms ofachieving good grain quality
and sawving fozal fuels. In an application and companzon of two mathematical models for
sumilating grain heat and mass transfer dunng in-bin deying by ingpun et @l, 2012)
mathematical models were used to simulate the diying process in an in-bin dryer. A partial
differential model (PDE model) and a logarithmic model (Log model) were used. The two
moadelz showed that, they could be used to predict grmin tempetatire and moisture changes

duning in-tin drying wath good accuracy.
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2.6 Summary of Literature Review

Several researchers have studied use of desiccants in drying seeds. The studies indicate that
several desiccants can effectively be used to dry seeds, these desiccants include: Silica gel,
aluminium silicates, bentonite, a combination of desiccants bentonite and calcium chloride and

use of Super Absorbent Polymers.

A study was done by Gatwiri to determine moisture sorption in maize seed during hermetic
drying using SAP, she found out that high amount of SAP with temperature brings out less
moisture content in different ratios of SAP. Another research was conducted by Nvakundi to
determine the effect of SAP on aflatoxin in stored maize grain, he found out that SAP reduces

aflatoxin contamination, again the increase in the percentage of SAP reduces aflatoxin effect.

SAPs are valued for their high water absorbing properties, and are used in many industries.
They are used in manufacture disposable diaper. They are also used in separation science and
technology, particularly bio-separation. In agriculture SAP are used in drying seeds and also

as additives in agricultural soils to improve soil water absorption and retention.

SAP have several limitations: they are fragile, dehvdrate rapidly, decrease of absorption due to

saline formation in the soil.

Studies reviewed indicate that SAP can effectively be used in drying seed grains, to use it in
drying food grains food safety need to be considered. The study conducted used SAP approved
for indirect food contact, Moisture and temperature migration were studied to assess

effectiveness of the SAP in grain drying.
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3.0THEORITICAL FRAMEWORK

3.1 Model Description of Drying
3.1.1 Drying model

The assumptions used together with the mathematical models are as follows:

a) Maize kernel is a continuous spherical divided into three layers: hull, bran and

endosperm.

b) The heat conduction and moisture diffusion processes are unsteady.

¢) Heat and mass transfer coefficients are specified at grain boundary

d) Shrinkage or deformation of the Maize seed during drying is negligible.

e) No heat generation inside the maize kernel

f) No effects of radiation.
The simplified differential equation for drying process (Sereno eial., 1990) using the Fick’s
law, it is also the governing equations describing the conservation of heat inside a grain it
1s described as follows;

Z - v(Dvx) (3.1)

poe = V(KVT) + Lp= (3.2)
Where, X is the moisture content dry base; D is the diffusion coefficient; p is the density; T is
the temperature; t is the time; K is the thermal conductivity; L is the latent heat of vaporization
of water.

When defining boundary conditions it is assumed that surface of the corn seed is in equilibrium
moisture content. Finally boundary and initial conditions are defined as followings.

X|s=Xe (3.3)

X[t=0=Xo (3.4)
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The above equations systems proves that inner moisture distribution in e.g. corn, (Sereno etal.,
1990} does not agree with the calculated distribution. Hence the equations system can be solved

with the COMSOL Multi-physics software.

In the simplified dryver-capacity model, the grain layer is divided into a number of sub-layers
of dissimilar thickness. It is assumed that within the sub-layers the grain and air temperatures
are equal; the moisture content and (air/grain) temperature are uniform; and the thin-layer
drying equation expresses the drving rate of the grain i a sub-layer. Thus (Brooker et al. 1992):

Me—M,
M;—M,

= exp(—kAt) (3.4

The value of the drying constant £ for maize is (Bebalis et al., 2004):

K = 1941 exp{-5032/[1.8(Ti+273)]}. (3.5)

Table 3-1 Mathematical models applied to moisture ratio values.

Model Model name Model equation Reference

number

1 Lewis MR = exp(-kt) Midilli (2001)

2 Handerson and pabis | MR = a exp (-kt) Chhinnan, (1984)

3 Page MR = exp(-ktn) Agrawal and Singh (1977)
4 Midilli and kucuk MR = a exp (-ktn) + bt | Midilli et al. (2002)

5 Wang and Singh MR =1+ at +bt2 Wang and Singh (1978)
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3.1.2 Drying Curves Model
The moisture ratio (MR) of maize during drying experiments can be calculated using the

following Equation:

MR = (M-Me)(Mo - Me) (3.6)

Where M, Mo, and Me are moisture content at any drying time, initial and equilibrium moisture
content (kg water/kg dry matter), respectively. The values of Afe are relatively small compared
to those of M or Mo, hence the error involved in the simplification is negligible (Aghbashio et

al., 2001), hence moisture ratio was calculated as:

MR = M/M, G.7)

The Exponential model is expressed as:

MR = aexp (—ct) (3.8)

For drying model selection, dryving curves were fitted to 12 well known thin layer drying
models. The goodness of fit was determined using three parameters: coefficient of
determination (R?), reduced chi-square and root mean square error (RMSE) using Equations

(3.7-3.9), respectively (Togrul et al., 2003).

MR = (M - Me) (Mo - Me) (3.9)
R2 _q. I:Zjé\iﬂMRP?"e,i_MRexp,i)z (3 10)
Zji[l(MRPre_MRexp,i)z -
N (MRp,o—MR,p)”
X2 _ Zt—l( P;rejM exp,z) (311)
N 21/
RMSE = (%) 1[MRpye; — MRyyp 1" (3.12)
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In the above Equations AMRpre,i is the ith predicted moisture ratio, MRexp,i is the ith
experimental moisture ratio, N is number of observations and m is number of constants. The
higher values for R? and lower values for x? and RMSE are chosen as the criteria for goodness

of fit (Demir ef al., 2004).

3.2 Drying curves

Prediction of the approximate drving period. Seeds dry at an exponential rate until the
equilibrium moisture content is reached. The rate of drying of different seed lots of the same
species is fairly constant for seeds dried under the same environmental conditions. The length

of the drying period can be predicted as follows:

3.2.1 Prediction of the correct drying period by weight loss

Prediction of the correct drying period by weight loss can be determined as follows:

a. Predict the current percentage moisture content and the percentage moisture content
required for storage.

b. Weigh the seed sample.

¢. Using these three values to calculate the weight of seeds at the required moisture

content by using the following formula:

(100-Initial % moisture content)

Final seed weight = Initial seed weight x - -
(100-Final % moisture content)

Grain drying curves have been developed by different researchers using different methods of

drying as shown in figures 3-2, 3-3, 3-4.
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Motsture content agamst time in different position of a drying equipement 1n a cross flow dryer.

(ASAE, 2004)
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For each and every product, there is a representative curve that describes the drying

characteristics for that product at specific temperature, velocity and pressure conditions.

Drying occurs in three different periods, or phases, which can be clearly defined.

The first phase, or initial period, is where sensible heat is transferred to the product and the
contained moisture. This is the heating up of the product from the inlet condition to the process
condition, which enables the subsequent processes to take place. The rate of evaporation
increases dramatically during this period with mostly free moisture being removed (shah et al.,

2011).

In some instances, pre-processing can reduce or eliminate this phase. For example, if the feed
material is coming from a reactor or if the feed is preheated by a source of waste energy, the

inlet condition of the material will already be at a raised temperature (shah et al., 2011).

The second phase, or constant rate period, is when the free moisture persists on the surfaces
and the rate of evaporation alters very little as the moisture content reduces. During this period,
drying rates are high and higher inlet air temperatures than in subsequent drying stages can be
used without detrimental effect to the product. There is a gradual and relatively small increase

in the product temperature during this period (shah et al., 2011)

Interestingly, a common occurrence is that the time scale of the constant rate period may

determine and affect the rate of drying in the next phase.

The third phase, or falling rate period, is the phase during which migration of moisture from
the inner interstices of each particle to the outer surface becomes the limiting factor that reduces

the drying rate (shah et al., 2011).
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3.4 Moisture Content

Mo any agricultural product in its natural state 15 normally dey. Moisture 15 usually indicated as
a percent moisture content for the product. There are two methods for determimng motsture

content, and this are, wet basts (m) and dry basis (A4) {Brusewitz, 2004)

IMeasunng moisture content allows control ofthe drying process such that drynng 15 carned out

until aspecific level of motsture content 15 achieved rather than for a fized time period.

The general goverming equation for moisture content are;

P 1




m=—2—=_ (3.13)

M=—% (3.14)

Where: m = decimal moisture content wet basis (wh)
M = decimal moisture content dry basis (db)
M4 = mass of dry matter in the product
M,, = mass of water in the product

M = total mass of the product, water plus dry matter

Moisture content is always represented as a percentage and the relationship between the two

equations become;

M = orm=-— (3.15)

Use of the wet basis measurement is common in the grain industry where moisture content is
typically expressed as percent wet basis. However, use of the wet basis has one clear
disadvantage, the total mass changes as moisture is removed. Since the total mass is the
reference base for the moisture content, the reference condition is changing as the moisture
content changes. On the other hand, the amount of dry matter does not change. Thus, the
reference condition for dry basis measurements does not change as moisture is removed

(Brusewitz., 2004).

3.5 Equilibrium Moisture Content

A material held for a long time at a fixed temperature and relative humidity will eventually
reach a moisture content that is in equilibrium with the surrounding air. This does not mean
that the material and the air have the same moisture content. It simply means that an equilibrium

condition exists such that there is no net exchange of moisture between the material and the
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air. This equilibrium moisture content (EAMC or Me) is a function of the temperature, the
relative humidity, and the product (Brusewitz., 2004).

Numerous equations for EMC curves have been proposed for various products (Chirfe et al.,
1982; ASAE, 2000). The relative humidity defined by these equations is commonly called the
equilibrium relative humidity (ERH). Thus, £RH is the relative humidity for equilibrium

between air and a specific product at a given temperature. Mathematical expression of EMC is

as follows:
ERH = (i) Hal 3.16
=expl o x alsey (3.16)
ERH = 1- exp(1- Kt. Me™) Henderson 3.17)
K.t.C.t
ERH - exp(%) Modified Halsey (3.18)

Where: FRH = relative humidity, decimal

Me = equilibrium moisture content, percent, dry basis
t = temperature, °C

K N, C = are constants determined for each material

A typical set of equilibrium moisture curves are presented as follows:
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4.0MATERIAL AND METHODS

4.1 Identification of affordable and effective super absorbent polymers (SAPs) for

inclusion in the construction of storage structures

The experiment was conducted in University of Nairobi Upper Kabete Campus. The first part
of the project was identification of the best hydrogels that was used in maize dryving. Hydrogels
are readily available from plastics dealers and importers, but are manufactured in many grades.
After athorough desk study and ranking of the hydrogels on the basis of the reported properties,

one type of SAP was selected for use in the experiment.

The properties taken into consideration were; swelling rate, swelling capacity and strength,
affordability and whether the SAP 1s food grade or not. The SAP selected for grain drying
would have to comply with food safety requirements if it is to be allowed for use with

substances for human consumption.

There are many materials from which SAPs are made. However, the most commonly available
SAP was identified as sodium poly-acrylate. It is currently used in the manufacture of SAPs
which are listed as food grade such as the BASF products Luquafleece® and TLuquasorb®
that are applied in fish and meat packaging containers. BASF Luquasorb® FP 800 was
selected for use in the experiment. The SAP is approved for indirect food contact in accordance
with the BFR recommendations LIIL It is in granular form of Sodium Poly-acrylate Polymer
Product. Tt was chosen because of the advantage it would have in terms of ease of being lain

on the duct walls to absorb moisture from air entering maize drying storage.
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4.2 Construction of storage structures and location of the best positions for

hydrogels.

Three granaries of dimensions shown in figure 4-1 and volume of 2,865.5¢m? were fabricated
using metallic members with a wire mesh covering to hold maize; the structures were designed
to optimize natural ventilation. The silos were put out in the open to study and establish the

moisture migration paths so as to determine the best positions to place the hydrogels.

For the purpose of the research, four SAP bags cach weighing 250 grams were placed in the
SAP section of each silo. The SAP section was constructed between the Bottom West and

Center West of the silo.

Maize was purchased dry and wetted in water to 33% (wet basis) moisture content (mc) and
the container placed in a cold room at 0 °C so as to avoid germination. After soaking for 24

hours, the maize was removed from the cold room and placed in the pre-fabricated granary.

It was hypothesized that the moisture migration in the granary would be affected by:

¢ Pogition of granary in relation to the heat of the sun as the sun moves from east to west.
In the morning the east side has more heat. In the evening it is the west. North and south
have minimal. Figure 4-1 was divided into E, W, N, S and C to represent East, West,
North, South and Center. These were only superficial and not physical divisions that
were marked by masking tape

¢ Gravity: it was likely that water would move downward to bottom of silo. Hence the
division 1, 2, and 3.

¢ Altemating day and night temperatures: To determine the effect of the two parameters
(Temperature and Moisture Content), thermometers placed at the various sections were
used to record temperature. To determine moisture content sampling was done by

drawing samples in all 15 sections {35 (according to the orientation of the sun) * 3(along

~ 44 ~



the height) = 15 samples}. Readings were taken every morning, midday and evening
since after the hot day temperature, vaporization had occurred and in the morning, it
was expected that condensation had occurred due to cold night temperatures. The
moisture content was taken over a period of 5 days for each of the locations, morning
and evening. These readings were taken for 5 days because after that the maize might

have germinated.

Curves were then plotted for (1) Moisture Content versus time for different solar orientation
and (2) Moisture Content versus time for different heights. The curves (1) and (2) were
compared for one in the morning and in the evening. Moisture migration analysis were used to

obtain the best position to place desiccant hydrogel in the granary.
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4.3 Experiment with SAP

Analysis of moisture migration of maize grains stored in the silo without SAP indicated that
Bottom West and Center West had the highest moisture content. A section in the silo was
demarcated and isolated in the silo to place the SAP. A section of dimension 15¢m height by
15 em width and 15 em depth was separated in the silo at sections between the Bottom West
and Center West. For each of the three silos, the granular SAP were put in four knitted bags

each weighing 250 grams each and placed in the SAP section in silo.

The experiment was conducted like in the previous experiment without SAP, Moisture content
of maize grains in the various sections in the Silos with the SAP was monitored for 5 days and

the readings recorded for analysis.

Plate 4.1: Silos Used in the Research
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4.4 Equipment Used in the Experiment

4.3.1 Moisture meter

To measure the moisture content of sampled maize grains, a grain moisture tester, agrotronix
MT-16, was used. The moisture tester 1s a microprocessor- controlled instrument and provides
a direct moisture read out. It can measure moisture in maize grains between 5% and 40%. The

equipment has an error of = 0.5%.

MT-16

Grain Moisture Tester

B Power ' D

Plate 4.2: Grain Moisture Meter

4.3.2 Thermometer
To measure temperature inside the granary a mercury thermometer was used. To measure the
temperature at a given section the probe of thermometers was inserted into section and kept

and left for few minutes for temperature reading to stabilize.
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4.3 Statistical analysis

The evaluation of the performance of super absorbent polymers was done by modelling the
data from the silo with SAP and that without SAP and establishing their degree of fit to the
chosen model. Modelling of the drying of maize in a silo with and without SAP required
determination of the maize moisture content with time. Maize was put in two sets of silos; one
set had no SAP and the other had SAP. The experimental procedure described in Section 3.2
was followed and maize moisture content monitored 5 days. The experiments were conducted
in three silos, during analysis the average of three replications was used in plotting graphs

The experimental data was fitted to three different mathematical models. This was
performed using MS Excel 2010 in order to sclect the best model to describe the drying
curve of maize under normal environmental conditions and with SAP. The coefficient of
determination (R?) was used to evaluate the goodness of fit of the tested mathematical
models to the measured data. The best model was selected based on the highest values of the

R2.
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5.0 RESULTS AND DISCUSSION

This chapter presents analysis of data obtained from the experiments conducted and discussions

of the analysis. Data on moisture Content and temperature were analyzed for the various silo

sections according to depth and orientation, average of the readings obtained from the three

silos were used for analysis.

3.1 Vertical moisture and temperature variation

5.1.1 Temperature Variation in Silo

Table 5.1 shows the computed average temperature (°C) for the top, center , bottom sections

and the silo average temperatures.

Table 3-2: Average Temperature with Depth in Experimental Silos without SAP

Day 1 Day 2 Day 3 Day 4
Morn | Noon | Mom | Noon | Even | Mom | Noon | Even | Morn | Noon | Even
Time (Hrs) ———5» 0 12| 24 30 36 48 54 60 72 78 84

Sec!tion Temperature Reading (°C)
To% 270 290 31.7| 341 342 | 348 379 379| 371| 325| 381
Center 270 | 290 | 363 | 372| 393 394 | 399 420 419 40.7| 426
Bottom 270 | 29.0| 332| 362| 354 346 371 379| 366 372| 358
Silo Average 270 | 29.0| 338| 358| 363 | 363 | 383 393| 385 368 388

The temperature profile plotted in Figure 5-1 was obtained from Table 5-1. The graph shows

average temperature changes for the different sections inside the grain silo.

The equations of the trend lines are presented in Table 5-2
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Table 3-3: Temperature IL.quations of Silo without SAP with Depth

No. | Section Equation R? Value
1.| Top T =-0.0023t +0.3098t + 263 0.806
2.| Center T =-0.00298t% + 0.430t + 26.4 0.953
3.| Bottom T =-0.0027 + 0.3358t + 26.6 0.915
4.| Silo Average T =-0.00266t* + 0.359t + 26.5 0.946
Key:

e T:Temperature
e t:Time

The highest temperatures were observed at midday with relatively lower temperatures in the
morning and in the evening. Maximum temperatures were observed at the center and bottom
section with a high of 56.3°C at the center - center section of the silo on the fourth day of drying
(refer to appendix 3). This was attributed to the greenhouse effect of the silo and also respiration

and decomposition from the grains all around.

The top sections had the lowest temperatures compared to the center and bottom sections of
the silo. It should also be noted that the temperatures are lower around the walls of the silo
rising towards the center where the maximum temperatures are observed. The trend lines that
best represent the temperature changes followed second order polynomial equations as

presented in Table 5-2.

5.1.2 Moisture Migration in Silo without SAP

The moisture migration pattern for silo without SAP is presented in a 3-D model graph shown
in Figure 5.2. The graph was obtained by plotting averaged moisture content recorded in the
three grain silos per section. The recorded data on moisture content is presented in the appendix

3. This indicated non-uniform drying and was attributed to moisture migration within the silo.
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The series of peaks and troughs without defined order throughout the entire period implied a

great deal of moisture variability within the silo. This indicated non-uniform drying and was

attributed to moisture migration within the silo.

Table 5-3 shows the average moisture content of the top, center and bottom sections of the silo.

Table 3-4: Average Moisture Content (%) With Depth in Experimental Silos without SAP

Day 1 Day 2 Day 3 Day 4 Day 5
Morn | Even | Noon | Even | Morn | Noon | Even | Morn | Noon | Even | Morn
Time (Hrs) >0 12| 30 36 48 54 60 72 78 84 96
Section Moisture Content (% wh)
Toi’) 355 332| 31.8| 31.1 31.1 | 31.1 | 278 300 288 282 25.6
Center 355 | 346| 346 | 354 335| 33.6| 335 334 | 336| 337 28.6
Bottom 355 | 349| 348 352 329 333 | 326 320 30.1| 323 29.5
Silo Average 355 | 342| 33.7| 339 32.5| 326 | 313 33.0( 30.8| 31.4 27.9

Figure 5-3 shows the variation of moisture content with time in the silo without SAP over time

indicating the trend of moisture migration and the drying curves for the various sections. The

outer sections by the end of the experiment had less moisture content than in the center of the

silo, this is because the moisture migration absorbed in the center of the silo.
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Table 3-3: Drying Equations of Silo without SAP Sections with Depth

Silo Section Equation R? Value

Top M =2¢10"7¢ - 0.0009t = 0.3477 0.8744

Center M = -7%10°°t* + 0.0003t + 0.3486 0.6627

Bottom M = -4¥10%? - 0.0002t + 0.3551 0.8663

Silo Average M = -4¥10% - 0.0002t + 0.3496 0.8278
Key:

¢ M: Moisture Content (% wb)

e t:Time

When the silo was loaded, the highest moisture content, 34.7%, was observed at the bottom as
shown in Figure 5.3. This was caused by moisture being drained off due to gravity. There was
a rapid constant rate drying for the first three days in all sections of the silo due to the high
vapour pressure gradient between the wet maize and the atmospheric air. This was followed
by an increase in moisture at the center and bottom section of 35.4% and 35.2 respectively this

was attributed to grain respiration.

It was observed that drying occurred faster at the top compared to the center and bottom
sections. The top section had opening for ventilation, hence moisture easily escaped to the
atmosphere aided by the high vapour pressure gradient between the grains at the top surface of
the silo and the atmospheric air. The highest observed moisture content at the top section was
33.4% at the west top with the lowest being 22.1 observed at the south top section. Averagely

the moisture content at the top section dropped from 32.9% to 25.6% after the fifth day of

drying.
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High moisture concentration was observed at the center and bottom section indicating a
moisture migration pattern towards the center. It is possible to draw a correlation between the
temperature and the moisture content since comparing Figure 5-1 and Figure 5-3 indicates that
high temperature regions also have high moisture content. This was because the high
temperatures in these regions led to the vaporization of moisture from the grains hence high

meoisture content.

The average moisture reduction in these two regions (center and bottom) was almost half the
change observed in the top section. The moisture content fell from a high of 33.6 to 28.6% in
center section and 34.4% to 29.5 in the bottom section. It was for this reason that the best
location for the SAP was at the between center section and the bottom. Proper airflow should

also be emphasized to enhance moisture distribution and ensure uniform drying of grains.

5.1.3 Effects of SAP on Moisture Profile
The moisture migration pattern for silo with SAP is presented in a 3-D model graph shown in
Figure 5-4. The graph was obtained by plotting averaged moisture content recorded in the three

grain silos per section. The recorded data on moisture content is presented in the appendix 3.
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Table 5-5 indicates the average moisture content in the top, center and bottom sections in the

second experiment when SAP was introduced into the silo.

Table 3-6: Moisture Content Variation with Depth in Experimental Silos with SAP

Day 1 Day 2 Day 3 Day 4 Day 3

Mom | Even | Morn | Noon | Even | Mom | Even | Noon | Even Morn
Time (Hrs) |, 0 12 24 30 36 48 60 78 84 96
Silo Section Moisture Content (% whb)
Top 315 | 274 | 272 |272 |260 |268 |261 |252 |254 |254
Center 31.5 | 285 284 |29.2 | 284 |289 |285 [279 |272 |28.0
Bottom 315 | 295 290 |28.4 |285 |28.2 |288 [268 |275 |271
Silo Average 31.5 | 285 |282 |283 |277 |28.0 |278 |266 |26.7 |268

Figure 5-5 is obtained from Table 5-5. When SAP was introduced into the silo the curves shown

were obtained. It can be deduced that moisture variability in the silo without SAP was reduced

albeit not completely. This implies a general progressive moisture reduction with reduced

moisture variability at every section of the silo.
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Table 3-7: Drying Equations of Silo Sections with Depth

Silo Section Equation R? Value
Top M = 9%10%* — 0.0013t + 0.303 0.824
Center M = 4%10"% — 0.0007t +0.305 0.645
Bottom M = 4*10%t% — 0.0008t + 0.309 0.850
Silo Average M = 6*107%* — 0.0009t + 0.0.306 0.821

The top section still dried faster as compared to other sections due to the effects of direct
sunlight. There was still evidence of high moisture concentration toward the center and bottom

sections where the SAP was located, as shown by Figure 5.5.

The general downward slope of the curves in the silo with SAP showed the positive effect of
SAP in taking up moisture from the grain. It can also be seen that in this silo, it took a shorter

time to reach relatively the same level of dryness as the silo without SAP

It is necessary to aerate the silo to ensure uniform drying of the grain and reduce the impacts

of moisture migration.

~6] ~



3.2 Variation of Temperature and Moisture Under the Influence of External Climatic

Conditions

5.2.1 Temperature Variation across the Silo

Table 5-7 indicates the average temperature for the North, South, Center, East and West

sections of the

Table 3-8: Temperature Variation with Orientation

silo.

Day 1 Day 2 Day 3 Day 4

Morning | Noon | Morning | Noon | Even | Morn | Noon | Even | Morn | Noon | Even
Time (Hrs) | — 0 12 24 30 | 36 48 54 | 60 72 78 | 84
Silo Section | Temperature Reading (°C)
North 27.0 | 29:0 32.8 | 334|334 | 313 | 354|333 | 31:1 | 29.9 | 329
Center 20 ||| 29:0 359 418|394 | 462 | 42.7 | 48.6 | 509 | 52.4 | 55.2
South 27.0 | 29.0 33.5| 342|372 | 352 | 388393 | 379 | 32.7| 386
East 27.0 | 29.0 33.4| 353|350 | 323 | 362|361 | 33.0 | 32.8| 349
West 27.0 | 29.0 33.2 | 343 | 37.8 | 36.5| 383|389 | 39.6 | 36.2 | 39.0

The variation of temperature across the silo was plotted as shown in Figure 5.6
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It was a general observation that the temperature rose as from the sides towards the center of
the silo. The center section exhibited marked high temperature compared to the other sections.
This was attributed to green-house effect within the silo and respiration of the grains. It is
evident from the graph that the northern section recorded the lowest temperatures.

Table 5 -8 Presents the Equations for Temperature Changes across Silo without SAP

Table 3-9: Equations for Temperature Changes across Silo without SAP

Silo Section Equation R Square Value
North M-=-2.52E-03x% + 2.54E-01x + 2.72E+01 | 0.643
South M= -3.03E-03x% + 3.73E-01x + 2.62E+01 | 0.784
East M= -2.70E-03x% + 2.99E-01x + 2.70E+01 | 0.736
West M= -2.67E-03x" + 3.64E-01x + 2.63E+01 | 0.920
Center M= -1.15E-03x" + 4.29E-01x + 2.63E+01 | 0.957

3.2.2 Moisture Variation across the Silo without SAP

Table 5-9 indicates the average moisture content for the North, South, Center, East and West

sections of the silo.
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Table 3-10: Average Moisture Content Across Silo without SAP

0 12 |30 |36 |48 54 |60 |72 |78 |84 |96
North 355 | 343 | 32 | 325 | 292 | 302 | 279 | 304 | 298 | 289 |:27:1
Center 355|341 343 (33.8 340334323 |341(33.0]33.4|279
South 355|341 | 344|345 | 33.9|33.5 321 |33.2 324 | 319|273
East 355340332345 |335|31.9|31.4 | 340|304 | 30.8 28.7
West 355 | 34.6 | 347|342 | 347 | 33.5 | 32.8 | 33.2 | 32.0 | 32.1 | 28.7
Silo Average | 35.5 | 34.2 | 33.7 | 33.9 | 33.0 | 32.6 | 31.3 | 33.0 | 31.5 | 31.4 | 27.9

Figure 5.7 was obtained Table 5- 9 by plotting the moisture content of the different sections

across the silo.
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Table 3-11: Drying Equations for Moisture Content across Silo without SAP

Silo Section Equation R Square Value
North M= 4x10"% - 0.0012t + 0.3551 0.8651
South M=-1x10"t* + 0.0003t + 0.3462 0.8016
East M= -4x10%? - 0.0002t + 0.3486 0.7375
West M=-8x10°% + 0.0002t + 0.3491 0.8814
Center M= -7x10"%* + 0.0003t + 0.3452 0.5889
Silo Average M=-5x10"% - 0.0001t + 0.3489 0.8218

Apart from the north section it was observed that there was no distinct region with a high
moisture content. However, it was also observed that the peaks in moisture content kept
alternating from one section to another. This was a clear indication that there was moisture
migration among the various sections across the silo. It is important to note that the north

section had the lowest moisture content, this may be attributed to

3.2.3 Moisture Content across the Silo with SAP

Table 5-11 indicates the average moisture content for the North, South, Center, East and West

sections of the silo when SAP was introduced.
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Table 3-12: Average Moisture Content with Orientation (SAP)

Date 18th Feb 19th Feb 20th Feb 21st Feb 22nd Feb
Morn | Even | Morn | Noon | Even | Morn | Even | Noon | Even | Morn

Time (Hrs) |0 12 24 30 36 48 60 78 84 96

North 30.5 28.2 | 27.8 277 | 27.1 | 275 264 | 252 246 |26.1
Center 30.5 292 |28.2 281 | 278 [279 284 | 275 |[276 | 279
South 30.5 283 | 283 286 | 282 |[284 283 | 271 |[280 | 276

East 30.5 28.5 | 283 28.8 | 28.0 |28.7 286 | 268 |[262 |253
West 30.5 28.2 | 28.5 280 | 27.0 [273 273 | 266 |269 |27.1

Silo Average | 30.5 28.5 | 28.2 283 | 27.7 | 28.0 278 | 266 |267 | 268

Figure 5.8 presents the curves of Moisture Variation across the Silo with SAP the figure is

derived from Table 3-11.
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Table 3-13: Drying Equations for Moisture Content across Silo with SAP

Silo Section Equation R Square Value
North M = 7¥10°%* — 0.0012t + 0.307 0.864
South M = 5.4¥10°°t* — 0.00078t + 0.304 0.657
East M = -2.8¥107t> — 0.0004t + 0.302 0.769
West M = 8.49%10°t2 — 0.0012t + 0.307 0.834
Center M = 8.11%10°%* — 0.001t + 0.308 0.825
Silo Average M = 6*10°% - 0.0009t + 0.305 0.821

It was observed that just like in Figure 5-7, the north section had the lowest moisture content.
The east section experienced quite high moisture content at the beginning of drying but it
showed rapid reduction in moisture content towards the end of the drying period. The center

section and the south section were the regions with the highest moisture concentration.

It is important to note that there was a general downward trend with respect to moisture content
in the various regions across silo when SAP was itroduced. This implied the effectiveness of

SAP in eliminating moisture migration hence enhancing drying.
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6.0 CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The research objectives were reached in this paper whereby in the first instance, moisture
migration in stored wet maize grains was studied. Highest average temperatures were observed
in the center section of the silo. Results of the study indicated that SAP ought to be placed in
the center section and partly bottom section as these were the arcas with high moisture

concentration.

The results showed that the Wang and Singh drying model (second order polynomial equations)
best described drying of the wet grains in the study for both experimental settings with SAP
and without SAP, the model had the highest R-squared values. There was high moisture
depletion in the top layer while there was a high moisture concentration at the center and bottom
section with the central section having the highest, for both experiments (With SAP and without

SAP)

When SAP was introduced in the maize silo, moisture content curves obtained had generally
steeper and smoother negative gradient compared to those obtained from silo without SAP
whose curves showed a series of negative and positive gradient. This showed that the SAP was
able to take up the extra moisture that emigrated into the center and bottom section and those
that were brought about by moisture diffusion. The research work indicated that SAP can be

used in drying maize grains

6.2 Recommendation

The research work indicated that SAP can effectively be used in drying maize grains. The

following are the study recommendations:
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IL

I1I.

More research should be conducted to establish the amount of SAP required per
kilogram of maize grain.

Future research work should consider passing preheated air in the grain to optimise
moisture absorption by SAP and improve air circulation in the silo.

Studies should be done to evaluated the effectiveness of using SAP fabrics in grain
drying. The fabrics can be placed on silo wall or placed in various layers within the

grain silo.
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8.0 APPENDICES

Appendix 1: Drawings
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Figure 3-17: Silo Dimensions
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Figure 3-19: Section Description
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Appendix 2: Silo Photos

Plate 8.3: Fabricated silo with Maize grain Plate 8.4: Temperature Reading in the Grain Silo

Plate 8.5: Maize Sampling in Silos with Maize Grains

~ 8] ~



Appendix 3: Experimental Data

A3.1  Experiments Without Super Absorbent Polymer

Table 3-14: Recorded Moisture Content (%) In Silo 1

Date 17™ Feb 2014 | 18™ Feb 2014 19" Feb 2014 20" Feb 2014 215 Feb 2014 22" Feb 2014
Section Even Morn | Even Morn | Noon | Even Mom | Noon | Even | Mormn | Noon | Even Noon
North Top 35,5 33.8 35.0 303 3006 30.1 312 355 31.1 33.6| 313 30.1 23.8
North Center 35.5 32,6 33.6 31.0( 319 30.9 271 | 299 | 277 271 260 27.6 24.1
North Bottom 355 34.0 329 2931 3006 30.0 285 254 | 259 249 | 265 259 23.0
East Top 355 33.6 32,6 321 326 31.5 332 | 329 | 347 357 305 32.4 29.9
East Center 35.5 33.2 33.8 29.1| 313 343 310 260 314 25.6 [ 29.7 27,1 26.0
East Bottom 355 34.0 33.9 289 332 36.7 282 | 315 277 279 | 244 257 26.8
South Top 553 33.5 32.0 30.7( 33.0 33.4 298| 33.1| 2606 340 | 3406 25.4 2%
South Center 35.5 33.3 35.0 31.1 | 34.1 35:5 356 | 341 | 3406 33.7| 358 34.4 29.4
South Bottom 355 33.0 322 31.8| 347 34.5 366 | 33.6| 344 33.4| 353 34.4 30.1
West Top 353 33.7 32.7 298 34.1 31.6 352 | 316 298 L8[ 253 22.4 26.9
West Center 355 34.1 34.4 31.6| 348 31.4 36.1 | 351 | 352 352 | 346 36.1 28.4
West Bottom 35,5 33.9 355 319 3406 333 347 353 | 329 350 | 338 33.4 32.8
Center Top 35.5 31.9 30.9 30.1 | 331 27.9 321 299 | 305 363 314 27.8 30.3
Center Center 35.5 33.3 33.9 293 | 34.4 34.9 340 | 339 33.7 329 | 340 33.5 28.6
Center Bottom 35.5 33.9 34.7 295 33.7 36.1 33.1| 321 | 322 320 299 32.5 29.4
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Table 3-15: Recorded Moisture Content (%) in Silo 2

Date 17" Feb 2014 | 18™ Feb 2014 19" Feb 2014 20" Feb 2014 21% Feb 2014 22" Feb 2014
Section Even Morn | Even | Morn | Noon | Even | Morn | Noon | Even | Morn | Noon | Even Noon
North Top 355 324 | 344)| 305 319 | 319 363 324 245 352 283 | 317 27.0
North Center 355 325 344 | 299 314 32.7| 28.1 30.5 274 | 287 319| 263 26.1
North Bottom 3551 341 329 | 290 | 31.6| 305 266 | 276 290 291 26.6 | 262 30.4
East Top 35.5| 323 34.5 320 31.2| 315 346 | 247 | 234 | 33.6| 220| 207 24.8
East Center 3551 331 35.1 298| 342 373 344 | 358| 36.7| 386| 353| 363 298
East Bottom 355 | 335 334 | 296 | 36.1 370 | 364 | 358| 357| 357 36.1 35.3 309
South Top 355 321 33.1 304 | 302 3041 299 | 287 28| 31.4| 261 22.9 22.4
South Center 355 321 338 | 313 374 | 363 34.3 369 | 358 363 | 331 359 33.0
South Bottom 355 340 36.0| 31l6| 37.1 36.7| 364 | 357| 362| 347| 353 364 289
West Top 355 326 328| 29.1 31.3 33.5 336 | 323 25.5 256 | 268 288 239
West Center 355 326 356| 314| 356 36.7| 36.4| 355 359 344 349| 351 30.1
West Bottom 355 | 339 351 318 36.6| 367| 357| 359, 369 342| 360| 357 327
Center Top 355| 31.0| 335 30.2 | 30.0| 293 34.5 340 | 264 | 369| 297| 342 26.5
Center Center 355 | 33.1 34.1 202 353 36.0| 31.7| 316| 327| 339| 323 335 28.4
Center Bottom 355 338 359 297| 36.6| 34.1 33.1 343 356 | 31.6 32.1 27.4
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Table 3-16: Recorded Moisture Content (%) in Silo 3

DAY 17" Feb 2014 18" Feb 2014 19" Feb 2014 20™ Feb 2014 22" Feb 2014 | 21% Feb 2014
Morn | Even | Morn | Noon | Even | Morn | Noon | Even | Morn | Noon | Even | Noon
North Top 35.5 33.0 34.8 30.1 | 30.6 347 345 | 299 29.3 356 | 338 309 (29.2
North Center 35.5 33.4 35.1 31.1 | 358 36.7 319 | 33.6 3L.5 320 34.1 33.7  30.8
North Bottom 35.5 35.0 358 293 | 344 | 349 247 | 333 251 27.1.| 29.5 279 | 295
East Top 35.5 33.2 31.6 319 | 31.2 28.9 32.8| 309 23.1 37.5( 273 32.2 | 29.1
East Center 35.5 34.9 34.4 299 | 3438 36.3 356 | 349 34.2 36.7 | 34.0 347 29.2
East Bottom 35.5 3597 36.3 294 | 345 37.2 353 | 349 35.4 347 | 34.0 33.1 (316
South Top 35.5 33.1 329 30.4 | 30.1 29.8 329 | 278 21.7 299 23.1 276 (222
South Center 35.5 34.5 36.8 31.0 | 364 | 373 347 | 36.2 35.5 331 354 35.7 | 28.2
South Bottom 35,3 34.7 35,2 31.2 | 363 36.6 348 | 353 37.0 320 33.1 34.1(29.6
West Top 35.5 33.9 335 293 | 333 299 299 | 284| 322 30.8| 238 24.8 | 20.9
West Center 35.5 359 35.1 31.7 | 36.9 37.3 36.1 | 33.7| 3506 37.1 | 37.0 36.3 | 283
West Bottom 35.5 36.4 36.5 31.6 | 353 37.3 349 | 33.6 31.6 349 | 358 36.4 | 343
Center Top 35.5 33.5 33.4 30.5| 33.6 32.1 344 | 34.2 32.0 356 | 37.0 31.5(25.8
Center Center 35.5 354 338 295| 354| 370 348 | 358 34.6 354 36.1 40.0 | 29.2
Center Bottom 35.5 35.5 36.7 296 | 36.5 36.5 346 | 35.1 33.0 326 | 355 3541254
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Table 3-17: Recorded Temperature in Silo 1

DAY 18th Feb 2014 19th Feb 2014 20 th Feb 2014 21 st Feb 2014
Section Morn Morn Noon Even Morn Noon Even Morn Noon Even
North Top 27.0 28.00 33.00 30.0 28.00 32.00 32.00 28.0 27.00 30.0
North Center 27.0 32.50 34.00 31.0 30.50 32.00 29.00 28.0 29.00 29.0
North Bottom 27.0 32.00 34.00 30.0 30.50 34.50 30.00 32.0 28.00 35.0
East Top 27.0 32.00 34.50 37.0 31.50 31.00 40.00 33.0 33.00 33.0
East Center 27.0 36.00 34.50 34.0 29.00 32.00 35.00 34.0 32.00 32.0
East Bottom 27.0 32.00 34.00 29.0 29.00 28.00 28.00 35.0 27.00 28.0
South Top 27.0 30.00 31.00 34.0 28.50 40.00 39.00 37.0 33.00 34.0
South Center 27.0 34.50 36.50 38.0 38.00 40.50 43.00 41.0 42.00 41.0
South Bottom 27.0 32.50 34.00 36.0 29.50 38.00 40.00 37.50 37.00 36.0
West Top 27.0 30.00 30.00 34.0 33.50 35.50 40.00 42.00 36.00 34.0
West Center 27.0 34.00 36.50 40.0 37.50 37.00 41.00 43.00 37.00 42.0
West Bottom 27.0 33.50 35.00 38.0 36.50 35.50 42.00 42.00 36.00 39.0
Center Top 27.0 32.00 40.00 33.5 46.60 45.00 46.00 48.00 54.00 55.0
Center Center 27.0 38.00 43.00 44.0 50.00 51.00 48.00 53.00 54.00 56.0
Center Bottom 27.0 33.00 42.00 48.00 49.00 46.00 50.00 54.00
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Table 3-18 : Recorded Temperature in Silo 2

DATE 18" Feb 2014 19™" Feb 2014 20" Feb 2014 21% Feb 2014
Section Morning Morning Noon Morning Noon Evening | Morning Noon FEvening
North Top 27.0 32.00 32.00 28.0 35.00 30.0 33.0 26.00 35.0
North Center 27.0 35.00 34.50 30.00 33.00 34.0 30.0 29.00 34.0
North Bottom 27.0 34.00 35.00 33.00 34.00 35.0 31.0 34.00 30.0
East Top 27.0 31.50 32.00 30.00 46.00 30.0 27.0 27.00 31.0
East Center 27.0 34.00 46.00 35.00 45.00 42.0 36.0 39.00 43.0
East Bottom 27.0 33.00 35.00 31.50 38.00 39.5 32.0 34.00 370
South Top 27.0 32.00 32.00 32.50 32.00 30.0 33.0 29.00 35.0
South Center 27.0 36.00 37.00 41.00 43.00 43.0 48.0 45.00 42.0
South Bottom 27.0 33.00 34.50 36.00 45.00 40.0 34.0 35.00 41.0
West Top 27.0 32.00 32.00 33.50 37.00 26.0 32.0 29.00 36.0
West Center 27.0 34.50 37.00 40.00 41.00 43.0 39.0 43.00 42.0
West Bottom 27.0 33.00 36.00 34.50 39.00 36.0 35.0 37.00 43.0
Center Top 27.0 35.00 41.00 45.00 42.00 48.0 53.0 46.00 52.0
Center Center 27.0 40.00 43.00 48.00 50.0 56.0 47.00 56.0
Center Bottom 27.0 38 42 42 50 53
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Table 3-19 : Recorded Temperature In Silo 3

DATE 18th Feb 2014 19th Feb 2014 20 th Feb 2014 21 st Feb 2014
SECTION Morning | Evening | Morning | Noon | Evening | Morning | Noon | Evening | Morning | Noon | Evening
North Top 27.00 29.00 32.00 30.50 35.50 36.00 43.00 41.00 34.00 28.00 34.00
North Center 27.00 29.00 35.50 31.50 38.00 36.00 40.00 40.00 33.00 39.00 36.00
North Bottom 27:00 29.00 34.00 36.50 36.00 29:50 35.00 29.00 31.00 29.00 33.00
East Top 27.00 29.00 31.00 35.00 32.00 31.50 33.00 37.00 35.00 34.00 37.00
East Center 27.00 29.00 37.00 32.50 40.00 41.50 36.00 39.50 37.00 37.00 43.00
East Bottom 27.00 29.00 34.00 34.50 38.00 31.50 37.00 34.00 28.00 32.00 30.00
South Top 27.00 29.00 31.50 33.00 35.00 34.00 35.00 36.00 32.00 34.00 37.00
South Center 27.00 29.00 37.50 37.50 42.00 41.50 43.00 46.00 45.00 40.00 44.00
South Bottom 27.00 29.00 34.50 32.50 38.00 35:50 33.00 37.00 34.00 33.00 37.00
West Top 27.00 29.00 31.00 30.50 35.00 35.00 37.00 40.00 38.00 32.00 33.00
West Center 27.00 29.00 37.00 36.00 42.00 42.00 48.00 43.00 50.00 42.00 42.00
West Bottom 27.00 29.00 34.00 36.00 38.00 36.00 35.00 39.50 35.00 34.00 40.00
Center Top 27.00 29.00 36.00 45.00 36.00 49.00 45.00 53.00 51.00 53.00 55.00
Center Center 27:00 29.00 43.00 38.00 44.00 51.00 34.20 54.00 55.00 56.00 57.00
Center Bottom 27.00 29.00 39.5 41.5 40 36 33.9 53.5 45 54.5 36
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A3.1  Experiments Without Super Absorbent Polymer

Table 3-20 : Recorded Moisture Content (%) in Silo 1

DAY Day 1 Day 1 Day 2 Day 2 | Day 2 Day 3 Day 3 Day 4 Day 4 Day 5
Morning | Evening | Morning | Noon | Evening | Morning | Evening | Morning | Evening | Morning
North Top 31.5 27.0 271 272 26.0 281 254 25.1 23.4 24.8
Center Top 31:5 275 270 27.0 26.0 27.3 25:2 25.1 29.0 26.7
South Top 31.5 27.1 273 274 26.0 24.8 26.2 24.9 26.1 25.0
East Top 315 272 285 298 26.0 27.1 28.3 24.6 25.6 23.4
West Top 315 26.0 280 299 26.0 24.9 28.8 27 24.9 24.9
Average of Top Section 31.5 27.0 276 | 283 26.0 258 26.8 25.4 25.8 25.0
North Center 315 26.1 269 | 284 26.8 27.8 26.5 252 23.8 26.7
Center Center 31.5 29.4 262 | 1289 29.6 283 29.5 28.5 29.2 27.9
South Center 31.5 27.3 27.8 | 1285 27.2 28.8 28.6 27.9 20.7 29:7
East Center 31.5 28.1 285 296 30.0 314 30/ 2955 28.4 28.0
West Center 31.5 27.9 283 | 284 27.0 294 25.2 26.5 22.3 26.7
Average of Center Section 31.5 27.8 27.5 28.8 28.1 29.1 28.1 27.5 26.7 27.8
North Bottom 31:5 29.8 297 26.2 24.4 28.8 29.0 26.4 250 27.1
Center Bottom 31.5 30.5 29.1| 286 28.3 26.8 29.7 27.6 28.8 27.8
South Bottom 315 32.5 30,0 296 30.1 30.2 31.6 28.9 279 28.7
East Bottom 31.5 30.5 285 30.1 27.5 299 27.6 26.6 27.5 24.4
West Bottom 31.5 29:9 296 | 248 279 25.0 26.9 29.6 28.1 30.2
Average of Bottom Section 315 30.6 294 | 279 27.6 28.1 29.0 278 2.5 27.6
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Table 3-21 :Recorded Moisture Content in Silo 2

DAY Day 1 Day 1 Day 2 Day 2 | Day2 Day 3 Day 3 Day 4 | Day 4 Day 3
SECTION Morning | Evening | Morning | Noon | Evening | Morning | Evening | Noon | Evening | Morning
North Top 3145 29.8 28.5 272 26.0 26.1 229 23.0 25:1 26.7
Center Top 31.5 27.4 26.0 26.0 26.0 24.4 2000 28.3 243 26.5
South Top 31.5 275 26.2 249 26.0 274 25.4 24.0 258 24.8
East Top 31.5 27.2 27.0 26.8 26.0 27.0 25.5 24.0 22.2 26.5
West Top 31.5 28.1 28.5 28.9 26.0 27.6 25.9 26.0 251 26.5
Average of Top Section 31.5 28.0 27.2 26.8 26.0 26.5 25.5 25.1 24.4 26.2
North Center 31.5 28.5 26.6 28.2 29.4 28.4 26.4 27.6 23.0 29.4
Center Center 31.5 30.2 29.9 299 28.5 28.7 30.5 27.9 272129.4
South Center 31.5 29.2 30.6 293 30.4 28.4 289 28.2 29.6 27.6
East Center 31.5 26.9 29.2 30.9 27.9 28.5 29.3 28.3 28.3 27.5
West Center 315 27.8 28.6 28.2 28.6 28.1 29.4 293 27.1 27:5
Average of Center Section 31.5 28.5 29.0 293 29:0 28.4 28.9 28.3 27.0 28.0
North Bottom 31.5 27.5 26.4 27.5 29.7 27.2 29.0 24.0 26.1 25.0
Center Bottom 31.5 29.8 30.1 28.4 29 28.4 29.2 275 28.5 28.4
South Bottom 31.5 27.5 28.5 30.2 29.8 28.8 29.1 28.4 283 29.0
East Bottom 31.5 29.1 30.6 28.6 31.4 28.8 29.4 28.0 25.8 23.0
West Bottom 31.5 28.9 28.7 28.8 27.4 27.2 26.2 21.1 28.9 27.1
Average of Bottom Section 31.5 28.6 28.9 28.7 29.6 28.1 28.6 25.8 27.3 26.5
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Table 3-22: Recorded Moisture Content in Silo 3

DATE Day 1 Day 1 Day 2 Day 2 Day 2 Day 3 Day 3 Day 4 Day 5
SECTION Morning | Evening Morning Noon Evening | Morning | Evening | Evening | Morning
North Top 315 26.5 252 27.8 26.0 28.8 25.8 295 22.3
Center Top 315 27.0 25.0 25.5 26.0 28.5 25.5 24.0 28.0
South Top 315 27.6 R 274 26.0 271 26.4 24.8 283
East Top 315 27.8 27.1 26.3 26.0 28.3 26.0 24.8 24.1
West Top 31.5 27.7 27.0 26.3 26.0 28.1 27.2 28.6 253
Average of Top Section 31.5 27.3 26.7 26.7 26.0 28.2 26.2 259 25.0
North Center 31.5 29.6 282 2.2 28.8 28.6 26.5 223 273
Center Center 31.5 30.5 31.2 293 28.2 30.5 28.5 28.7 221
South Center 31.5 200 27.5 30.8 29.6 30.1 29.6 29.4 29,7
East Center 31.5 30.0 219 28.7 28.0 28.4 30.0 28.0 26.0
West Center 31.5 29.0 28.3 292 26.3 2.9 27.6 30.3 27.9
Average of Center Section 315 293 28.8 29.4 28.2 291 28.4 257 28.0
North Bottom 315 29.3 28.7 27.5 27.2 26.9 26.2 254 25.5
Center Bottom 315 30.7 28.9 29.6 28.1 2399 297 28.8 28.6
South Bottom 315 28.1 29.6 29.2 29.1 30.0 28.6 30.6 28.1
East Bottom 31.5 20.5 27.4 28.8 29.6 28.8 30.2 254 25.0
West Bottom 31.5 28.5 29.6 28.0 28.0 28.0 28.9 273 279
Average of Bottom Section 31.5 29.2 28.8 28.6 28.4 28.3 28.7 27.5 27.0
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Figure 3-20: Graphs of temperature changes in various sections within the silo without SAP
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Figure 3-21: Changes in Moisture Content (%) with Depth in Silo without SAP
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Figure 3-22: Graph of moisture variation with depth in silo with SAP
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Figure 3-23: Temperature variation across the silo (without SAP)
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Figure 3-24: Graph of changes in moisture content across the silo with no SAP
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Figure 3-25: Graph of changes in moisture content across Silo with SAP

~93 ~



Appendix 4: List of Terminologies and Definition

Drying: is a mass transfer process consisting of the removal of water or another solvent by
evaporation from a solid, semi-solid or liquid.

Desiccant: is a hygroscopic substance that induces or sustains a state of dryness in its vicinity
Hydrogel: are products which constitute a group of polymeric materials, the hydrophilic
structure of which renders them capable of holding large amounts of water in their three-
dimensional networks.

Aflatoxin: Is a toxic substances produced by fungus (Aspergillus flavus) that are produced
especially in stored agricultural crops e.g. Maize by moulds.

Moisture: Refers to presence of liquid i.e. water, often in trace amounts. Present in air
(humidity), foods etc.

Temperature: Is an objective comparative measure of hotness or coldness of a material

Silo: Is a structure that is used to store bulk grain e.g. maize, rice, wheat etc.

Grain: are small, hard, dry seeds, with or without attached hulls or fruit layers, harvested for
human or animal consumption.

Gel: Is a semi rigid colloidal dispersion of a solid with a liquid or gas, as jelly, glue etc.
Biopolymer: Are complex molecules with biological activity. Are made up of repeating
chemical blocks.

Hygroscopic: Is the ability of substances to attract and hold water molecules from the
surrounding environment.

Migration: Is the movement from one place to another temporary or permanent.

Batch: is a quantity of material prepared or required for one operation

Perforated: Having holes

Psychrometric: is a tool used in the field of engineering concerned with the determination of

physical and thermodynamic properties of gas-vapour mixture.
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Conductivity: is the degree/ rate to which a material conducts electricity

Diffusion: process in which molecules mix as result of kinetic energy of random motion
Shelled: removal from the husk e.g. grain

Profile: Is a concept in unified modeling language

Respiration: a process that takes place in the cells of an organism that converts biochemical
energy from nutrients into Adenosine triphosphate (ATP) and then release waste product.
Ventilation: is the process of changing or replacing air in any space to provide high indoor air
quality.

Vaporization: is the transition from liquid phase to vapour phase

Distribution: is the way things are spread out or divided in space

Model: An imperfect or idealized representation of a physical system.

Fabricated: is to construct especially from prepared components

Absorbent: Ability to soak up liquid easily e.g. sponge
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