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Abstract

A study on the design and development of a collapsible hermetic silo for organic and chemical-free storage
of dry agricultural commodities was conducted to verify its application under open-air field condition. Two models
were fabricated with pneumatic posts to facilitate the preparatory assembly for the center top loading of grain.
They were filled with dry corn and initial moisture contents were recorded. One unit was covered with grain shade
material (Grainshade™) with the ability to reflect, on average, 75% of solar radiation, whereas the other one was
not covered. Both units passed the pressure decay test (PDT), which was conducted on both models to ensure
hermetic condition. Oxygen levels were monitored. A faster reduction of oxygen level was observed in the grain
shade-covered storage silo, with 2.1% safe oxygen level after 4 months of storage. The higher capacity collapsible
hermetic silos can be used to safely store dry agricultural commodities in open air field as they are able to maintain

product quality and minimize losses without the use of chemicals.
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Introduction

Storage structures for bulk solids are usually called bins, bunkers,
tanks, or silos. Silos are tall, cylindrical, and permanently fixed
structures used for storing grains such as wheat, corn, and others.
Majority of the silos are made of steel or reinforced concrete with
relatively rigid structural support. There is no standard definition of
these terms. Low or shallow structures for storing gravel, coke ore,
crushed stone, and other materials are generally called bunkers or bins,
while tall structures for storing grains and cement are normally called
silos . Bins and silos are widely used in various industries, including
mining, food processing, agriculture, and electric power generation.
Most silos are cylindrical structure made of steel or reinforced concrete,
built on mat foundations; some are elevated with structural steel frames
or reinforced concrete column support. The design and development
of a silo is based on the type and properties of the materials to be
stored. There are inherent issues and concerns in using silos for grain
storage. The more salient ones include 1) the development of hot
spots due to temperature variation inside and outside the silo wall,
resulting in moisture condensation and consequent grain damage by
microorganisms and quality deterioration 2) the bridging or caking
of stored grains over time due to fungal growth and development,
resulting in unloading problems 3) explosion and bursting 4) corrosion
leading to internal structure collapse 5) structural deterioration 6)
thermal ratcheting 7) quaking and 8) earthquake damage [1]. Silos are
fixed structures and thus cannot be easily transferred even if empty
they must be disassembled.

Grain quality control in a silo

Grain quality control in a silo is normally done by aeration using
fans to drive low-humidity air through the stored grain. An effective
aeration controller is required to avoid re-wetting of the stored grains—
i.e., to ensure that fans do not operate when the relative humidity of
the air is greater than 85% [2]. Chemical pest control by fumigation
using phosphine gas is a common practice as part of an integrated
pest control strategy. However, poor fumigation techniques failed to

achieve total kill of pests in all their life stages. Hence, pests develop
resistance, resulting in ineffective chemical pest control.

The main objective of this research is to design and develop a
commercial-type collapsible hermetic silo (CHS) with chemical-free
insect and pest control capability to preserve the quality of stored
dry agricultural commodities and minimize losses during storage.
It must be portable and have features that address the various issues
and concerns inherent in existing grain storage silos. One important
consideration is that it can be installed indoors or outdoors, thus
reducing the fixed investment cost in grain storage.

Materials and Methods

The theoretical and practical design considerations of silos
were reviewed, including the issues and concerns of existing steel &
reinforced concrete silos used to store agricultural commodities. From
this information, the development process for the CHS was undertaken.

Theoretical and experimental approaches on the design of silos
with due consideration to material characteristics have been explored.
The Janssen equation (1895) with material parameters, including
bulk density, coefficient of friction on the wall, and pressure ratio,
made possible the calculation of wall and floor loads quite accurately.
Although more than a century old, the Janssen equation is still the most
widely used analytical tool for calculating pressures in silos. Wilms [3]
showed that 13 design codes used the Janssen formula in determining
the pressure distribution in deep vertical wall silos.
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The said formula can be used to determine the pressure distribution
in deep vertical wall silo as well as the lateral pressure exerted on a
silo by granular materials. It is an exponential function of stored grain
depth.

The Janssen formula:

D .
o, = _’Zf;ﬂ (1 _e4KuZ/D) (Equation 1)
o, =KS, (Equation 2)

where D=silo diameter (m)
g=acceleration of gravity (9.81 m/s?)
k=lateral to vertical pressure ratio (Janssen constant)
z=depth of grain in silo (m)
p=coeflicient of wall friction
P =bulk density (kg/m?)
O, =lateral pressure (Pa)

O, vertical pressure (Pa)

An equation was also developed to determine lateral bin wall
pressure exerted by granular materials in static equilibrium condition
in circular bins:

p, = {WR (1 _ e—u'Kh/R)/u .}
Where P, =lateral bin wall pressure (kN/m?)

(Equation 3)

w=specific weight of stored material (kN/m?)

R=hydraulic radius of storage structure (ratio of cross-
sectional area to bin

perimeter.

k=the ratio of lateral to vertical pressure (P,/P )
u=coefficient of friction of stored material on the bin wall
h=depth or height of stored material (m)

Determining the value of the constant k is quite controversial.
Ketchum reported that the value of k depends on the angle of internal
friction (@) of the material. He defined k as (1-sin ) (1+sin o). For
a 27° internal angle of friction typical for wheat, k=0.376. A value of
k equal to 0.60 for wheat based on an experimental study was also
reported, while Jaky suggested that k is equal to (1-sin ¢). Thus, for
0=27°k=0.546, but these cases used zero wall friction. Some researchers.
Everts and Moysey et al. [4] have shown that kis dependent on the angle
of internal friction @ and the angle of friction of the stored material on
the bin wall ¢’. There are two classifications of bin wall pressure: active
pressure is when the bin wall is pushed outward from the bin center
and passive pressure when the bin wall is pushed inward toward the
bin center. The formula for k in the active case was derived as follows:

1—singcos 2
#1+ sing cos 2

Where Zﬁ:sin"(sin @’/sin @) - &

For the passive case, k__
active
1+ singcos 2
1— sind cos 2g

k . =1-sin cos 2ﬁ /1+sin cos 2

active

(Equation 4)

=1+sin cos Zﬁ/l—sin cos2.k =

B passive

(Equation 5)

For grains with 27° internal angle of friction and 17° wall friction

angle, these equations will yield k , =0.41 and k. =1.66. Studies
on the seismic effect on silos have shown that the stored material can
increase the wall pressure by three to five times the filling pressure in
tall silos with a height to diameter ratio of 3—6. Maximum wall pressure
was estimated to occur at 0.65 h from the top of the silo [5].

Given all the issues and concerns that need to be resolved in
existing silos, GrainPro, Inc. initiated the development of a 10—-50-ton
capacity CHS. The target specifications of the commercial CHS product
were as follows:

1. Portable and completely collapsible, with collapsible but
rigid structural support as the first-generation CHS

2. Flexible, gas-tight, and hermetic container

3. Storage capacity of 10-50 tons for paddy, corn, wheat and
other crops.

4. Competitive cost with 5-year product warranty.

1. Relative to the CHS development, the basic needs of aerobic
organisms are the basis and fundamental principle used in the
development of hermetic storage technology—these are oxygen, water,
and nutrients. If a dry agricultural commodity is stored in a gas-tight
enclosure, the organisms therein will be deprived of oxygen, will not
have enough water to extract and convert nutrients from the stored
product into soluble compounds, which their system can absorb.
Adult insects use the limited oxygen trapped inside for respiration,
converting it into carbon dioxide, a natural poison. A material with
low oxygen and water vapor transmission rate was used to make a
model of the CHS (Figure 1). It was studied in terms of gas tightness
or hermeticity, ease of fabrication, loading, unloading, bulging due to
grain active pressure exerted on the wall, and other potential problems.
Gas tightness was checked using the PDT protocol. Considerations
on how to assemble the silo on site without using any rigid structural
support were discussed. This is made possible by pneumatic means
or the use of lifting machines such as forklifts, overhead cranes, and
the like. A 1-ton model with pneumatic posts was developed for this
purpose and was proven to be feasible. The total weight of the materials
to be lifted was used to compute the air pressure in the pneumatic posts
needed to lift the 1-ton model (Figure 2a). A hermetic zipper like the
one in the storage cocoon was used in fabricating the model. Closing
the zipper was considered in the design of the top cover of the silo.
(Figure 2b) shows the fully loaded and assembled model with the top
cover attached. The pneumatic posts were designed to be retractable
in such a way that they can be deflated and removed after the silo is

[*]

Figure 1: Small models of the collapsible hermetic silo (a, b) used in the initial
study using appropriate flexible material with low oxygen transmission rate.
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Figure 2: The 1-ton model of the collapsible silo assembled with pneumatic
post and circular ring to facilitate center loading (a) and the fully-loaded unit
with the top cover (b).

loaded with grains. The same posts can then be used to assemble other
units. Static and dynamic stability of the silo was one of the design
considerations. Hence, the model was designed for top-center loading
as well as central unloading from the bottom floor. Several loading and
unloading mechanisms were considered, including pneumatic loading/
unloading, use of augers, and use of gravity. Target unloading capacity
was 50 tons/h. The silo with its loading/unloading system must be
hermetic. Another design consideration was the efficiency of space
utilization, which is a function of the shape of the silo (i.e., circular
base, rectangular base, and other geometric shapes). The hermeticity
of the model was checked using the PDT. Protocol that has been tested
and validated in actual assemblies of hermetic cocoons. An outdoor
experiment was conducted with two treatments i.e. CHS models with
and without Grain shade™, to determine which one will have faster
rate of oxygen level reduction in the stored grain. The CHS model
treatment with the faster oxygen level reduction rate was chosen as
reference for the design and development of the CHS prototype.

Results and Discussion

The validation of hermeticity using a CHS model with hermetic
zipper proved positive. A 1-ton CHS model with pneumatic posts and
rings was made (Figure 2a & 2b) and subjected for outdoor validation
experiment with two treatments: 1) with and 2) without Grain Shade™
. (Figure 3) The Grain Shade™ reflected on average 75% of solar
radiation. Oxygen levels were monitored and the data recorded. The
CHS model with Grain Shade™ showed faster oxygen level reduction
than the one without Grain Shade. In less than a month, oxygen level in
the CHS model with Grain Shade was reduced to <12% and was further
reduced to 2.0% in <4 months. In the other treatment, oxygen level was
>16%. At 3% oxygen level, all aerobic storage insects die, regardless
of life stage [6]. (Figure 4) graphically illustrates the treatments with
and without Grain Shade (lower and upper line, respectively). This
result proved that the principle of hermetic storage used in cocoons
is applicable to outdoor grain bulk storage in silos. A 10-ton capacity
CHS with Grain Shade provision was developed and tested to confirm
the results from the model study. The oxygen level inside the 10-ton
CHS prototype was monitored for >80 days. The oxygen level remained
stable with minimal variation at an average of 2.70% (range was
1.9-3.9%,)( Figure 5). The moisture content of the grains in the top,
middle, and bottom portions of the CHS were 11.3%, 10.2%, and 10.8%
(wet basis), respectively. This localized moisture content variation
can be attributed to the intensity of solar radiation received at the

top, middle, and bottom portions, and is consistent with the moisture
content requirement for long-term storage of corn [7].

From these results, the development of higher capacity (50-ton)
silos was pursued. The efficiency of space utilization that determines
the shape was disregarded [8].Based on feedback from the target
market, space is never a problem in bulk-handling facilities, and the
most common loading equipment is the grain auger with an average
reach of 4 m high. A comparison of the circular base frustum versus
rectangular-base silo among the 3 m, 3.5 m, and 4 m height categories
was done. The 4-m-high frustum silo with a circular base has the
cheapest estimated production cost (Table 1).

Summary and Conclusions

The results of the model study suggest that the CHS for outdoor
storage with Grain Shade™ provision (that can reflect 75% of solar
radiation on average) can satisfy the oxygen level and moisture content
requirements for long-term storage of corn. The data obtained from
the CHS model study proved realistic through the actual performance
evaluation and validation of a 10-ton-capacity CHS prototype where
oxygen level and grain moisture content were favorably maintained for

Figure 3: Outdoor experiment of the CHS model, with and without grain shed,
to determine oxygen level reduction as a factor in long-term grain storage.
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Figure 4: Oxygen level reduction of CHS model with Grain Shade provision.
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Figure 5: Oxygen level over time at the 10-ton CHS prototype.

Rectangular base Costof | Cost of Factory Cost of TotaIA
. . overhead support production
height (m) materials | labor
cost structure cost
3.0 941.31 | 153.56 652.63 608.93 2,356.43
35 895.46 | 144.68 614.90 617.38 2;272.42
4.0 796.71 | 152.52  648.22 652.98 2,250.43
Frustum: circular base height (m)
3.0 747.36 | 243.68 1,035.62 608.93 2,635.59
35 72460 | 210.67 895.35 617.38 2,448.00
4.0 689.45 | 147.94 628.75 652.98 2,119.12

Table 1: Comparative production costs (USD) of rectangular and circular base
CHS of various heights with 50-ton bulk storage capacity.

long-term storage condition. It is then logical to assume that higher
capacity CHS can be developed on the basis of this study. Short- and
long-term storage of other grains such as paddy, wheat, chia seeds, and
others can be done using the CHS without the use of toxic chemicals.
[9,10].However, as per product design and development protocol, the
higher capacity CHS must be subjected to actual performance testing,
evaluation, and validation under different environmental conditions,
including high day and night cyclic temperatures and normal and
freezing temperatures.

This study has proven the applicability of hermetic principle in the
GrainPro cocoon to bulk storage technology. The following conclusions
were made:

1. The results of the model and CHS prototype study have
validated the feasibility of short- and long-term storage of grains

Citation: Borlagdan PC, Cartin R, Bruin Tde (2015) Collapsible Silo for Organic
and Hermetic Storage of Dry Agricultural Commodities. Adv Crop Sci Tech 3:
188. doi:10.4172/2329-8863.1000188

under an outdoor environment without the use of chemicals to control
storage infestation and without building a warehouse.

2. Low oxygen level and moisture content stability were
maintained (as necessary conditions that must be maintained for
short- and long-term storage of agricultural commodities in CHS).

3. Provision of Grain Shade™ is a must to attain the required
conditions for outdoor grain storage in the CHS.

Recommendations

Collapsible organic and hermetic silo can be used for short and
long term storage of dry agricultural commodities. However, due
to the different physical and chemical properties of grains, an actual
performance validation of storing a particular grain using CHS must
be done to insure the safety of the stored product.

Hermeticity or gas tightness of CHS must be verified using the
pressure decay test protocol to insure that it is hermetic enough to
warrant safe product storage, and that short and long term storage
conditions (right product moisture content and oxygen level) are met.
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