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ABSTRACT
The new fumigant ozone offers an alternative to contact insecticides such as phosphine and methyl
bromide as a grain fumigant. This study was carried out to test the flow characteristics of ozone from
points of release to the available concentration of ozone to kill pests at other areas along the storage bin.
Amass transfer model which predicts ozone concentration as a function of time was applied along with
continuity equation to simulate the ozone transfer in a storage bin. Ozone exchange rate based on grain
bed thickness was taken into account and evaluated using the correlation developed during the
experiment. The relative error between the experimental and predicted ozone concentration values
for the entire bin geometry was less than 25.7%. Overall, the general trends of measured ozone
concentration were compatible with the simulated ones.
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Introduction

In India, insect occurrence is reported often in farm and
godown storages. Currently, farmers and grain processors
mostly rely on phosphine and methyl bromide to the
control the pests in stored products. More than 45 coun-
tries discovered stored product insect pests develop a resis-
tance against phosphine (Bell andWilson 1995).Moreover,
it has been argued to be genotoxic when exposed to fumi-
gators (Garry et al. 1989). Use of methyl bromide is
restricted due to its ozone-depleting properties (WMO
1991). Also, it is highly toxic to warm-blooded animals
(Dansi, Van Velson, and Vander Heuden 1984).

Ozone is a potential alternative compound to current
fumigants (Isikber and Oztekin 2009; Kells et al. 2001;
Sousa et al. 2016). Ozone is attractive because it does not
leave any undesirable residue in the food product (Cullen
et al. 2010) and ozone can be generated on-site using ozone
generator (Pandiselvam and Thirupathi 2015) at the time
of use, eliminating the need to transport and store chemical
containers (Mendez et al. 2003). In addition, energy input
required for ozone fumigation treatment is much lower
than thermal and radiation treatment (Khadre, Yousef, and
Kim 2001). The U.S. FDA approved ozone as a direct food
additive (FDA 2001).

Ozone-rich atmosphere in grains storage involves
the transfer of ozone through grain bulks. Engineering
properties of grains are estimated to design ozone-
based storage bins (Pandiselvam, Thirupathi, and
Mohan 2015a; Ravi and Venkatachalam 2014). The
highly reactive nature of ozone causes some distinctive
challenges to make the effective movement of ozone
through a stored grain mass. The ozone concentration
level for fumigation has to be optimized based on
quality changes of grains (Pandiselvam, Sunoj, and
Uma 2016b; Pandiselvam, Thirupathi, and Vennila
2016a). Its efficiency as fumigation in a grain bulk
depends on whether the applied gas moves through
the grain column in the given time and gives a com-
plete morality of insects (Shunmugam et al. 2005). As
concentration gradient is expected to be the major
factor in ozone transfer through grain bulks, it is
imperative to determine the flow characteristics and
ozone concentration profile pattern through grain
bulks.

Therefore, this work aims to investigate the
numerical simulation and flow characteristics of
ozone gas in stored green gram bulks as a function
of time.
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Materials and methods

Sample preparation

Green gram (CO 8) was procured from the local mar-
ket in Thanjavur of Tamil Nadu, India. The moisture
content of the green gram was determined by oven
method (AOAC 1995).

Fumigation apparatus

Fumigation apparatus consists of an oxygen concentra-
tor, ozone generator, pilot scale storage bin, ozone
analyzer and ozone destructor (Figure 1).

Oxygen concentrator

In the ozone generation process, oxygen obtained from
the oxygen concentrator (Model—Oz-Air HG5, Oxygen
flowrate—5 Lpm maximum; Power consumption—750
watts; Oxygen pressure—20–100 PSIG) was used as input.

Ozone generator

Ozone gas was produced by the ozone generator
(Material-stainless steel; Power consumption-350
Watts; Size of ozone generator-600 × 500 × 300 mm;
Output-5 g h−1) developed by the Oz-Air private lim-
ited (www.oz-air.com), Noida, India.

Pilot-scale storage bin

To reduce the influence of the surroundings on the ozone
gas transfer process, a closed bin was used. A pilot scale
storage bin was connected with an ozone generator to
distribute the gaseous ozone evenly throughout a grain

mass. The bin was made up of food-grade stainless steel
(SS 304) at 1.5-m height and 0.6-m diameter. It was
designed in such a way that the grains can be loaded at
the top and unloading can be done at the bottom. Ozone
gas was passed at the bottom of the storage bin. To
measure the ozone concentration in the storage bin, five
concentration ports were placed. Each level of the con-
centration port has been fitted with a brass ball valve and
connected with T and L-bend, with the help of 10-mm
diameter polyurethane hose pipe. Each of the valves was
directly connected to the ozone analyzer. The ozone con-
centration can be measured at each port by turning on the
valves. Gas leakage was prevented with the help of gasket
provided at the loading and unloading part of the storage
bin. The bin consists of the plenum chamber at the
bottom. The holes in the plenum chamber are made of
2-mm diameter, which helps to distribute the ozone gas
uniformly throughout the bin.

Ozone analyzer

A dual beam photometer (UV 254 nm) was used for
measuring the ozone concentration in the storage bin.
The ozone concentration is displayed either in ppm, %
wt/wt or g/Nm3 on a 16-character alphanumeric dis-
play. It was recorded in ppm at every 5-min interval.

Ozone destructor

The thermal ozone destructor (Material: SS 316 Grade,
Size: 150D × 500 L (mm) Power consumption: 800
Watts, Insulating material: Glass wool; Temperature: 200°
C) connected with ozone analyzer to convert the ozone
into oxygen. It was switched on 15 min in advance to
achieve the stability. The temperature of operation could
be set on the controller. The left over ozone gas is passed to
the destructor, due to high temperature the ozone was
destructed to oxygen.

Numerical modeling

Concentration profile and flow characteristics of ozone
in the stored green gram bulks cannot be considered as
constant during fumigation because it is the function of
ozone concentration, time and bed thickness. Transfer
of ozone between the green grams depends mainly on
the differential partial pressure of the gas. The avail-
ability of ozone in the storage bin depends on the bed
thickness and grain bulk ecosystem. An inclusion of
bed thickness as a dependent property and reasonable
boundary conditions in the model description makes
the equations nonlinear. Therefore, the solution for this
equation must be performed by numerical methods.

Figure 1. Schematic diagram of ozone fumigation apparatus.
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Hence, a one-dimensional numerical model by apply-
ing the principle of the law of conservation along with
continuity equation was used to assess the concentra-
tion profile and flow characteristics of ozone in the
stored green gram bulks. Cylindrical coordinates were
selected for the equation development. The first law of
thermodynamics is used for developing conservation
equation for fluid flow in the packed element at any
time (Geankoplis 2003).

The following assumptions were considered for the
numerical simulation:

a) green gram are considered as uniform in size,
shape, continuous mass and free flowing; b) stored
green gram bulks consist of smaller size grains compared
to the bed dimension; c) void fraction/porosity of the
grains are uniform throughout the bed; d) all the stored
grains have the same physical, mechanical and aerody-
namical properties in any direction of bed; e) frictional
forces of grains are negligible during fluidization; f)
grains are linearly distributed in ozone entrainment
zone and are picked by air uniformly; g) effect of broken,
foreign materials and bed compaction are not consid-
ered in mathematical model; and, h) ozone diffusion
takes place in the vertical (Z axis) axis of the storage
bin in unsteady steady-state condition.

The transport of ozone into intergranular air in the
grain column describing by partial differential equation
is given as

@c
@t

¼ De
@2c
@z2

� �
� Vz

@c
@z

� �

where,
c = concentration of ozone, ppm,
t = time, s,
De = diffusivity, m/s,
Vz = velocity of ozone in ‘z’ direction.

Solution for numerical model

Experiments were conducted to measure the ozone
concentration profile in the stored green gram bulks
at 31 ± 2 °C. The ozone concentration was measured at
every 5-min interval from each port. After summariz-
ing experimental results, the numerical differentiation
equation with associated initial and boundary condi-
tions was linearized into the algebraic equation using
finite element method. A MATLAB code was written to
solve an algebraic equation. The relative error between
the predicted and measured ozone concentrations was
calculated.

Results and discussion

The moisture content of the green gram taken for the
study was 10.86 ± 0.07 (%) (d.b.). Two important
parameters for ozone flow through the green gram
bulks were the porosity and bulk density of the sample;
known to be 0.38 and 723 kg m−3, respectively.

Simulated ozone concentration in green gram over
the entire bin geometry is presented in Figure 2. Ozone
concentration shows a significant decrease from 502 to
180 ppm at around 0.6 m distance regions from the
ozone injection point (perforated floor). Fully perfo-
rated floor would create parallel ozone flow streamline
and lower the risk of non-ozonation zones in the grain
bulks at the bottom of the bin. However, the higher
grain mass configuration in the present case had
resulted in the nonflow paths at grain surface. Such
non-uniformity in ozone flow patterns within the
grain bed can lower the efficiency of the fumigation
process. The non-uniformity of ozone distribution may
be due to the variations in concentration gradient
between such regions and regions away from the
floor, which creates high and low ozone concentration

Figure 2. Simulated ozone concentration as a function of time in green gram bulks.
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zones within the grain bulks. A linear airflow distribu-
tion may be achieved using two or more diffusion
channel or ozone injection points, which may provide
favorable results in higher bed thickness (Xu et al.
2002). However, such multichannel ozone release sys-
tems may cause difficulties in cleaning and
maintenance.

Figure 2 shows that ozone gas highly diffuses in the
lateral direction as compared to the vertical direction.
This may be due to the resistance of grains to ozone
flow is higher in the vertical direction because of the
kernel orientation and flow paths varies with the direction
(Jayas, Sokhansanj, and Moysey 1987). In practical situa-
tions, when the bin is filled with green gram, the ovoid
shaped green gram kernels lie with the major axes hor-
izontal, thus possibly providing more resistance to ozone
flow in the vertical direction. Similar results recorded for
the upward flow of CO2 was lower for horizontal kernel
orientation than for vertical kernel orientation for barley
and wheat (Shunmugam et al. 2005). Also, the density of
ozone, (2.14 kg m−3) at standard temperature and pres-
sure is 1.5 times greater than the density of air (1.43 kgm-
−3). The density difference may result in mass flow in
addition to molecular diffusion; hence, the rate of move-
ment of ozone in the downward direction would be
greater than upward movement of ozone, against the
force of gravity.

The decrease in ozone concentration values was
observed with increasing bed thickness (Figure 3).
Ozone saturation time in green gram increased with an
increase in bed thickness followed the polynomial trend.
The ozone is a strong oxidizing agent. Fumigation of
grains using ozone, initially it reacts with grain surface
because of the organic nature of the stored material and a
high surface contact area of the grains (Hansen, Hansen,
and Jensen 2013), afterward diffuse the internal layer
(Churmasov, Rezchikov, and Gavrilova 2002). In all our
experiments, at the start of the fumigation progress, ozone
gas was consumed soon after it entered the storage bin,

similar to maize (Santos et al. 2007), wheat (Hardin et al.
2010), paddy (Pandiselvam, Thirupathi, and
Anandakumar 2015b) and rice (Ravi, Venkatachalam,
and Rajamani 2015). As the fumigation progressed, the
rate of gaseous ozone consumption decreased resulting in
ozone penetrating deeper into the grain bulks (Hardin
et al. 2010). It indicates that ozone flowed freely through
the grain with little degradation once the molecular sites
responsible for ozone decomposition became saturated
(Mendez et al. 2003; Pandiselvam, Thirupathi, and
Anandakumar 2015b). However, with an increase in
grain bed thickness, the lines take a nonparabolic shape,
which indicates an increase in grain bed thickness, the
parallel ozone flow paths begin to change to nonparallel
lines. Thus, an increase in bed thickness fastens the
adsorption of ozone by the green gram.

Storage bins filled with more grain mass are at the risk
of poor distribution of ozone. Experimental investigations
carried out with paddy (Pandiselvam, Thirupathi, and
Anandakumar 2015b) and rice (Ravi, Venkatachalam,
and Rajamani 2015) grains also showed that ozone
absorption in the grain layer is influenced by grain
mound height (absorption is higher in the lower layers
of the grains mound). This confirms the results of the
present study. Previously published data shows that ozone
concentration decreases faster if microflora present on
grain surface (Wang et al. 2010). Allen, Wu, and Doan
(2003) stated that the higher is the mycological contam-
ination, lower the ozone diffusion into the grain mass.

Figure 4 shows that ozone concentration increases
with increase in time. Ozone movement inside the pore
space between the grains not only depends on diffusion
because mass flow also occurred due to continuous gen-
eration by ozone generator. The time required to reach
the desired concentration is based on flowrate, initial
concentration and ozone delivery pattern. The initial
movement of ozone through the grain was obstructed
by a phenomenon described as the ozone demand of the
medium (Kim, Yousef, and Chism 1999).

Figure 3. Residual concentration of ozone as a function of bed
distance at different fumigation time. Figure 4. Residual concentration of ozone as a function of time.
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Ozone is highly reactive due to electron configura-
tion of the molecule. Hence, ozone movement through
the grain layer is restricted. Choi et al. (2002), Santos
et al. (2007) and (Pandiselvam, Thirupathi, and
Anandakumar 2015b) confirmed that gaseous ozone
followed first-order kinetics as it flowed through glass
beads, maize, and paddy, respectively. This interaction
of one ozone molecules into other ozone molecules
results in a breakdown of ozone to oxygen and thus
also a reduction in ozone concentration (McClurkin
and Maier 2010). At ambient condition, the half-life
of ozone is 20–40 min (Kells et al. 2001). The shortest
half-life of ozone was observed for the higher grain
mass (Ravi, Venkatachalam, and Rajamani 2015). The
half-life of ozone is 5.57 and 6.78 min for maize and
rice grains at a moisture content of 12.8 and 14.2%,
respectively (Ravi, Venkatachalam, and Rajamani 2015;
Santos et al. 2007). This is mainly due to an interaction
of the ozone gas to the grains, even after the saturation
phase. Therefore, it is difficult to maintain steady state
ozone concentrations in the interstices of the material
to ensure uniform treatment to all the material in a
storage container.

From Figure 5, it was observed that the regression line
follows a diagonal pattern. It shows that the predicted
concentration has higher accuracy. The relative error
between the experimental and predicted values for the
entire bin geometry ranged from 0.06% (9 h) and 25.7%
(1 h) (Table 1). At sampling time 2 h and above, the
predicted ozone concentrations were close to the mea-
sured values. Ozone was detected on the outside of the
storage bin within 2 h of release confirming that gas
leaked from ozone measuring valves. Gas leakage was
rectified by silica paste. The amount of ozone lost
through the bin in this experiment, however, did not
affect the overall success of the fumigation, but may
help explain why lower concentrations of ozone were
recorded at the first and second hour of the fumigation.

The relative error values of 25% of the presentmodel are
of the same order than those reported by Jayas and
Jeyamkodan (2002) and Rennie and Tavoularis (2009) for
CO2 measurement, who also pointed out that such error
does not reduce the usefulness of mathematical models for
developing guidelines for grain handling. Despite all the
considerations accounting for the validation of the model,
it can be concluded that the general trends of the measured
ozone concentrations were compatible with the simulated
ones.

Conclusion

The rate of ozone transfer was calculated with the correla-
tion to bed thickness. An increase in bed thickness gener-
ally decreased the ozone penetration. Higher diffusion in
the downward direction of the storage bin resulted in a
density of ozone. A significant difference in ozone concen-
trations was observed between 0.2–0.6-m bed thicknesses.
A better agreement with the measured level of ozone gas
concentration was obtained for 9-h exposure time, being a
relative error about 0.06%. From the bulk flow studies,
improper ozone flow zone can be detected using the simu-
lation model. This information is relevant to assist in the
design of an ozone-based storage bin as a tool for predict-
ing the efficiency of ozone fumigation.
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