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Recalls of fresh produce due to possible bacterial contamination are increasing. Commonly used
disinfection methods such as washing in chlorinated water can impact food quality and often have
limited effectiveness. Recently, an Ontario food-processing company has designed and built a
fresh produce decontamination treatment system that fumigates bulk produce within a forced air
ozone reactor with low concentrations of gaseous ozone. Prior trials demonstrated that a 2-log
reduction of a Listeria surrogate could be achieved throughout a 500 kg batch of apples using the
reactor although the distribution of ozone through the produce bed is unknown. The current study
was undertaken to gain a better understanding of the ozone transport and flow dynamics within
the reactor. Measurements of ozone concentrations, air flow rates, pressure, temperatures, and
humidity were collected and recorded during system operation to characterize the system pressure
losses, thermal characteristics and operating treatment conditions. It is concluded that a balance
between superficial air velocity and initial ozone concentration is required to minimize pressure
drops (energy cost) while maintaining well distributed airflow throughout the bed and to achieve
desired microbial reduction. The data generated will enable the reactor design to be further
optimized and applied to decontaminating a diverse range of produce type.
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Chapter 1: Introduction
The consumption of fresh food produce including vegetables, fruits, nuts, spices and meats is
essential for humans, however it has become a safety and health concern due to the increase in
foodborne illness outbreaks. Fresh produce can get contaminated at any point in the chain that
includes pre-and post-harvest operations (Brodowska et al, 2017). To date the major food safety
initiatives have been focused on attempting to prevent contamination of crops at pre-harvest
through implementing Good Agricultural Practice (GAP), and then using a post-harvest wash step.
Continuing foodborne illness outbreaks and research suggest that farming is too “open” and hence
susceptible to contamination from irrigation water and organic amendments. Thus, preventing
pathogens from being introduced to produce during growing and harvesting is a challenge.
Common post-harvest disinfection treatments include produce washing in chlorinated or ozonated
water (Miller et al., 2013). However, gaseous disinfectant treatments have been seen as an
alternative to post-harvest washing with most interest being placed on chlorine dioxide and
gaseous ozone.
The thesis will be focused on using gaseous ozone within a forced air reactor to disinfect produce.
There are many factors influencing efficacy of gaseous ozone treatment for disinfection of food
produce including the targeted microorganisms, type of produce, ozone gas concentration,
exposure time, ozone distribution, flow velocity, temperature, relative humidity (RH), and medium
conditions. Therefore, to design an efficient gaseous ozone treatment it is necessary to investigate
and establish proper treatment conditions for the specific produce requiring disinfection. Ozone
gas treatment has been used in the fresh produce sector as a disinfection method and some
treatment conditions have been studied. However, research regarding ozone distribution, gas flow
velocities, pressure drops, temperature and relative humidity effect in bulk disinfection is still
necessary to optimize current forced air ozone reactor designs. Typically, ozone is applied in
storage rooms or to produce ozonated water (Concha-Meyer et al., 2014; Hassenberg et al., 2008).
This is the primary interest of the study documented in this thesis.
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Chapter 2: Literature Review
2.1 Decontamination of Fresh Produce
The food industry seeks innovative technologies capable of inhibiting pathogens for Risk
Prevention Controls as part of the Safe Foods for Canadians Act. Produce can be contaminated
from various sources during harvesting including contaminated soil, water, biological additives,
or transmission from wild animals (Murray et al., 2017). Additional sources that could introduce
contamination to produce include worker activities, such as sanitation measures are not being
followed or surfaces, appliances and utensils coming into contact with pathogens and causing
cross-contamination (Murray et al., 2017).
A compilation of multiple infection outbreaks from Centers for Disease Control and Prevention
(CDC) data (CDC, 2018) for cases in North America from 2014 to 2018 is presented in Table 21. Various types of produce and pathogens have been involved in these foodborne outbreaks which
have led to multiple cases of hospitalization and even deaths. Decontamination of fresh food
produce is a preventive approach since produce may be consumed raw directly from the harvest.
In addition to product safety, the food industry seeks to reduce microbial spoilage, maintain the
physical and chemical quality of produce, and extend longevity in shelf-life.

2.2 Current Methods of Decontamination
Current methods for produce decontamination include post-harvest wash, UV light, irradiation,
thermal processing, chlorine dioxide gas, sulphur dioxide gas, and ozone. The efficacy of most
disinfection methods depends on the dose of the disinfectant, which is the product of disinfectant
concentration and exposure time, and is referred to as CT. The CT value is used to assess and
compare the antimicrobial effectiveness of decontamination methods, and is defined as the
disinfectant concentration in parts per million (PPM) or oxidation-reduction potential (ORP) in
mV, multiplied by the exposure time in minutes (Van Haute et al., 2013).
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Table 2 - 1: Fresh produce foodborne outbreaks in North America from 2014 to 2018 based on the investigation
completed by Centers for Disease and Prevention (CDC, 2018)

E. coli O157:H7

No. Infection
Cases
210

Outbreak
Year
2018

Dried coconut

Salmonella Typhimurium

14

2018

Raw sprouts

Salmonella Montevideo

10

2018

Salad mix

Cyclospora

507

2018

Pre-cut melon

Salmonella Adelaide

77

2018

Vegetable tray

Cyclospora

237

2018

Leafy greens

E. coli O157:H7
Salmonella Thompson, Kiambu,
Agona, Gaminara, and Senftenberg

25

2017

220

2017

Product

Pathogen

Romaine lettuce

Papayas
Frozen
strawberries
Alfalfa sprouts

Hepatitis A

143

2016

Salmonella Reading, and Abony

36

2016

Frozen vegetables

L. monocytogenes

9

2016

Pistachios

Salmonella Montevideo

11

2016

Packaged salad

L. monocytogenes

19

2016

Cucumbers

Salmonella Poona

907

2015

Caramel apples

L. monocytogenes

35

2014

Cucumbers

Salmonella Newport

275

2014

Bean sprout

Salmonella Enteritidis

115

2014

Bean sprout

L. monocytogenes

5

2014

2.2.1 Post-Harvest Wash
Fresh produce disinfection commonly involves washing with aqueous sanitizer solutions after
harvesting to remove soil and attempt to minimize cross-contamination. Multiple studies have been
published documenting the high efficacy of sanitizer solutions, showing that washing can reduce
surface bacteria on produce by almost 5 log CFU (Murray, 2017). However, these have been
laboratory studies under controlled conditions, rather than field studies under commercial
conditions where more realistic microbial reductions of only 1 to 2 log reduction are observed
regardless of CT value or sanitizer (Warriner and Namvar, 2013a).
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Besides limited efficacy, another common issue with washing methods is cross-contamination
between different produce being treated and infiltration of microbes into the core or scars with the
washing solution (Perez-Rodriguez, 2014). Some post-harvest wash solution examples include
peroxyacetic acid, chlorine, hydrogen peroxide, quaternary ammonium compounds, acid anionic
and iodine compounds. However, the most commonly used solution is chlorinated water.
2.2.1.1

Chlorine

The most common method of fresh produce disinfection currently utilized in industry is chlorine
solution washing (Joshi et al, 2013; Olmez and Kretzschmar, 2009). The main disadvantage of
chlorine is its instability since application of high ORP can still result on low free-chlorine, which
reacts with the pathogens (Olmez and Kretzschmar, 2009). Additionally, the generation of chlorine
by-products (trihalomethanes) and other chemicals due to the reaction of chlorine with inorganic
components such as ammonia and the disinfection by-products remain in the residual water is a
concern (Ong et al, 2013). Although chlorinated water is widely used as a food disinfection method
due to its low cost, it often does not offer acceptable results for microbial decontamination, often
less than 1 log reduction of CFU (Perez-Rodriguez et al, 2014). Chlorine in wash tanks interacts
with both organic and inorganic loading and therefore the amount of free chlorine for disinfection
of microbes is reduced (Murray, 2017). Once free chlorine is depleted, human pathogens transfer
to wash water and eventually they will get in contact and contaminate the following treated batch.
For example, Warriner and Namver (2013b) give the example of an outbreak in spinach leaves
linked to cross-contamination of E. coli O157:H7.
2.2.2 Ultraviolet (UV) light
Ultraviolet (UV) light is commonly applied for inactivation of pathogens in drinking water and
wastewater (Nwachuku et al., 2005). The UV radiation spectrum ranges from 100 nm to 400 nm
and is divided into four regions. The short-wave UV-C classification range from 250 nm to 270
nm is known to have the highest germicidal effect by causing modifications in genetic material
that can be lethal for microorganisms (Dai et al. 2012). UV-C is effective to inhibit bacteria, spores,
viruses, protozoa, algae, mould, and yeast, however bacterial spores tend to be more resistant to
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UV radiation than vegetative cells and viruses (Dai et al., 2012; Guerrero-Beltran & BarbosaCanovas, 2004). UV-C is considered a favorable alternative for food produce disinfection since it
does not generate by-products or leave residual radiation that could affect the quality and sensory
characteristics of the produce at low exposure (Guerrero-Beltran & Barbosa-Canovas, 2004).
However, higher exposure to UV-C can produce furans, cause photobleaching, and damage plant
cells (Guerrero-Beltran & Barbosa-Canovas, 2004).
The main limitation on UV treatment is that surfaces that are not directly exposed to the light
cannot be disinfected (Murray et., 2017). Therefore, products are required to be treated
individually to avoid shaded areas and treatment process design should include light exposure from
different direction and angles. Additionally, only surfaces can be treated since UV light does not
penetrate through orifices and pores.
2.2.3 Irradiation
Irradiation is a process consisting of applying x-rays, gamma rays, or electrons to the surface of a
food product. The degree of disinfection depends on irradiance dosage, which is measured in
kilograys (kGy), and represent energy transmitted and contact time (Mahapatra et al., 2005).
Irradiation of food produce has been considered an efficient pathogen inactivator with the benefit
of extending shelf life (retarding ripening) while maintaining nutritional and sensory quality of the
produce (Mahapatra et al., 2005). However, irradiation dosage is limited to 1kGy for treatment of
fresh produce according to the U.S Food and Drug Administration (2018).
This technology has been implemented, specially, for treatment of meats such as ground pork
where various Listeria strains has been reduced 3.4 to 10.1 log units with dosages between 1.5 and
4.5 kGy (Tarte et al., 1996). Irradiance treatment of produce was also proven to be effective. For
instance, lettuce exposed to low-energy X-ray irradiation dose of 0.2 kGy achieve a reduction of
about 5 log CFU for E. coli O157:H7, as observed by Jeong et al. (2010). Irradiance disadvantage
is related to lower efficacy in treating other microorganisms included endospores, viruses and
enteric protozoa. In this case, the treatment cost increases and irradiation labels must be displayed
on the product because of high dosage requirements (Murray et al., 2017). Although irradiance
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treatment seems to be an alternative for fresh produce disinfection for some targeted
microorganisms, it is still considered an expensive technology with high maintenance
requirements (Murray et al., 2017).
2.2.4 Thermal Processing
A common example of food thermal processing is the sterilization of canned food by applying
high temperatures where pathogens are inactivated. The canning system isolates the food to
prevent contamination and provides anaerobic and dark conditions to inhibit growth of
microorganisms (Awuah et al., 2007). Additional thermal processing consisted on adding heat
directly, using heating coils, or indirectly by providing heated air, steam or water. Furthermore,
thermal processing is widely implemented for infestation management in stored grains. Optimal
treatment temperatures and times vary based on targeted microorganism, treated produce, and
moisture. For instance, the treatment temperature ranging from 47.8 to 60 °C would be effective
when applied to flour mills (Subramanyam et al., 2011). Heat treatments under dry air are more
effective for insect control than in humid air at the same temperature (Subramanyam et al., 2011).
Addition of elevated temperatures changes the intrinsic properties of foods since the heat acts as a
catalyst for reactions thus changing nutritional content and food quality (Awuah et al., 2007). This
technology acts similar to cooking therefore produce consumed fresh such as fruits and vegetables
would change based on sensory properties, and nutritional value. This makes most heat treatment
inappropriate for fresh produce. Applying heat directly or indirectly during the total treatment time
requires a high energy input and can be costly.
2.2.5 Chlorine dioxide gas
Chlorine dioxide (ClO2) gas has been widely used for disinfection of water, as well as paper pulp
bleaching agent. ClO2 is easily generated on site since it cannot be transported. Gomez-Lopez et
al. (2009) presented a compilation of studies demonstrating the high effectiveness of gaseous
chlorine dioxide for elimination of pathogenic vegetative bacteria from food produce.
Additionally, they compared ClO2 effectiveness in liquid and gaseous form, and concluded that
gaseous ClO2 would reach a higher reduction due to better penetrability. ClO2 gas is considered an
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optimal alternative for produce disinfection due to its high effectiveness and reliability to treat
produce with rounded surface. However, the presence of chlorite residues after treatment is a
concern because of consumption of fresh food produce (Gomez-Lopez et al., 2009; Murray et al.,
2017). The CT value of ClO2 must be selected to avoid bleaching the produce thus altering sensory
properties and nutrient content due to oxidization of phenols, ascorbic acid or other.
2.2.6 Sulphur Dioxide Gas
Sulphur dioxide (SO2) is used as a fumigator agent to inhibit the growth of yeast, mould, and
bacteria, and browning in grapes and raisins (Magan & Aldred, 2007). During fumigation of
grapes, it was observed that excessive SO2 dosage causes bleaching, water loss, and deformation
of the fruit (Cantin et al., 2011). Additionally, SO2 can be applied to stored grains to kill insects
and extend storage life, but SO2 tends to corrode the structure of grain storage and supplying piping
system (Magan & Aldred, 2007). The residue from SO2 food disinfection treatment functions as
antioxidant, but in some cases it can act as an allergen when the produce is freshly consumed.
Furthermore, the gas residue can also be harmful to the environment (Whanchai et al., 2006).
2.2.7 Ozone
Ozone (O3) is considered an effective decontamination alternative, which targets bacteria, molds,
viruses, spores, and yeast present in fresh produce (Kim et al, 2003). Ozone is characterized for
having an oxidation-reduction potential of 2.07 V, thus considered the strongest oxidant for a
single treatment in the food industry (Jin-Gab, Ahmed & Mohammed, 2003). Ozone has a stronger
oxidizing potential compared to chlorine and has been reported to reduce pathogens on lettuce by
nearly 2- log10 CFU/g (Singh et al. 2002). O3 is a widely used disinfectant, for instance, ozone
treatment can be implemented by washing the produce with water containing dissolved ozone or
by distributing ozone gas throughout dry produce. Additional ozone disinfection applications
include wastewater treatment, drinking water treatment, cooling tower treatment, pulp bleaching,
odor control, and sanitation of equipment, appliances, and surfaces (Brodowska et al, 2017;
Pandiselvam et al, 2017a). Ozone treatment has been considered a solution for food industry
products including mycotoxin and pesticide residues (Karaca & Velioglu, 2007). Ozone in both
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aqueous and gas form are considered to be 50 % more antibacterial efficient agent than chlorine
and it is not found to generate by-products on the contrary to chlorine treatment (Brodowska et al,
2017). However, aqueous treatment efficacy, in comparison to gaseous ozone, is limited due to
ozone low solubility and ozone half-life reduction in water (Karaca & Velioglu, 2014).
2.2.8 Ideal Treatment
An ideal decontamination method is cost-effective, water free, alternative to post-harvest washing
that represents a means of removing field acquired contamination (Brodowska et al, 2017). The
selection of a suitable decontamination method depends on variables such as disinfection
efficiency, generation of by-products, cost, workers safety, and environmental impact. Two
important parameters that influence the effectiveness of any treatment are the exposure time and
concentration, which when multiplied are defined as the CT value.

2.3 Ozone
2.3.1 Gaseous Ozone
Ozone (O3) also known as triatomic oxygen is characterized by its strong smell described as
electrical odor or smell in the air after a lighting storm. The electrochemical potential of ozone
(2.07mV) is higher than the potential of other oxidants. Sanitizers in aqueous form are not as
effective as gaseous sanitizers at penetrating and travelling through the fissures and stomata of
fresh produce to inhibit microorganisms, due to the higher diffusivity of gases compared to liquids
(Shynkaryk et al, 2016). The main advantage of gaseous ozone is that it can be easily produced
onsite by either using a corona discharge or UV-light generator. A corona discharge generator
requires the supply of dry air or oxygen; and a UV- light generator uses ambient air (Brodowska
et al, 2017). UV lamps at a wavelength between 160 - 240 nm are used to generate on site ozone
with a most common UV lamp wavelength of 185 nm. While destructive ozone units operate at a
range of 240 to 280 nm (Brodowska et al., 2017). In addition to exposing produce to ozone gas;
containers, bins, and other equipment used during processing and storage can be sanitized with
gaseous ozone to reduce cross contamination.
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Gaseous ozone decontamination can be applied during any stage of the produce chain that involves
an enclosed and monitor area. For instance, atmosphere of refrigerators, storage facilities, or
transportation systems are modified to implement small ozone gas concentrations. Modifying
storage room atmosphere by adding a low dose of ozone gas for a long term-exposure has been
studied on various types of produce such as carrots (Hildebrand et al., 2008), clementines
(Tzortzakis et al., 2007), grapes (Tzortzakis et al., 2007), kiwis (Minas et al., 2010), oranges (Palou
et al., 2003), strawberries (Nadas et al., 2003), and tomatoes (Tzortzakis et al., 2007), for microbial
inactivation and shelf life extension. During vacuum cooling process, gaseous ozone gas is also
introduced to the system to enhance the penetrations of the gas inside the produce to increase
disinfection efficacy. For instance, Shynkaryk et al. (2016) investigated the implementation of
ozone gas during vacuum cooling of baby spinach for safe transportation and found it to be an
effective and a practical disinfection method. Various parameters affect the efficacy of ozone gas
as a treatment for fresh food products and are currently being studied since gaseous ozone
disinfection is a relatively new treatment method. Ozone in disinfection processes is more
commonly applied in an aqueous form, and therefore more research has been completed in this
area.
2.3.2 Gaseous Ozone Decomposition
Gaseous ozone stability is higher than aqueous ozone stability since ozone has a half life of 12
hours in the air (atmospheric conditions) in comparison to 20 to 30 minutes (20°C) in water
(Megahed et al., 2018). Ozone is highly soluble in water [0.64 S (solubility ratio) at 0°C] and reacts
with H2O molecules, organic matter and impurities in water and over time converts to regular
oxygen. Ozone decomposition rate increases as water pH is increased because of the hydroxide
ions (Ershov & Morozov, 2008). For instance, the half-life time (HLT) of ozone in water with pH
of 4.7 and water temperature of 19°C was found to be about 25 minutes, while in water with pH
of 7.9 the HLT was only five minutes (Ershov & Morozov, 2008). At pH 9.0 and 10 for any
temperature, ozone decays immediately for practical purpose (Pandiselvam et al, 2017a). In the
case of gaseous ozone, the main factors influencing the HLT are temperature, relative humidity
and air movement. Increase in temperature will reduce half-time life of ozone gas, for instance
Klockow & Keener, (2009) found that a rise in temperature from 5 °C to 22 °C decreased ozone
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HLT by about half (257 min to 157 min). Similarly, increasing relative humidity and the speed of
recirculating air within the reactor will decrease the HLT of ozone gas (McClurkin, 2013;
McClurkin & Maier, 2010; Klockow & Keener, 2009). Table 2 - 2 contains the HLT results from
the closed column study completed by McClurkin and Maier (2010), where one of the variables
(temperature, fan speed or relative humidity) were changed while the other variables were
constant, to observe the effect of each variable on decomposition of ozone gas.
Table 2 - 2: Half- life times obtained in the study completed by McClurkin & Maier (2010) to demonstrate the
effect of temperature, relative humidity, and air movement in the decomposition of gaseous ozone.

0

Relative Humidity
(%)
0

Half-Life Time
(min)
1524

24

0

45

705

24

0

87

451

4

0

0

2439

40

0

0

796

24

100

0

210

24
24

185
370

0
0

49
39

Temperature (°C)

Fan Speed (m3/h)

24

Additionally, the effect on gaseous ozone due to variation in water saturation was studied by Jung
et al. (2004). The experiment consisted on circulating an initial ozone concentration (200 mg/L)
through a closed loop column reactor filled with clean glass beads of size between 300 to 500 µm.
The study also considers the system demand which refers to reaction of ozone gas with materials
in the experimental set up. As observed in Figure 2 - 1, an increase in water saturation results in
the acceleration of ozone gas decomposition over time.
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Figure 2 - 1: Results extracted from study completed by Jung et al. (2004) demonstrating the effect of various
water saturation on the decomposition of ozone gas in a column filled with glass beads (300-500µm). Initial
concentration of 20 mg/L, recirculation flow rate of 100mL/min, and water pH of 5.4.

Furthermore, decomposition of ozone is also affected by the presence of organic matter in the
system. For instance, using ozone gas for treatment of produce will result on a reduction of ozone
concentration between the inlet and outlet of the system, or start and end of the treatment period
for an enclosed system. Stored grains would decrease the HLT of gaseous ozone by about 5.57 to
13.8 minutes (Pandiselvam et al., 2017a). This effect can be explained by large surface area of the
grains, high grain moisture content, pore space in the grain bed, or impurities in the grain
(Pandiselvam et al., 2017a).

2.4 Gaseous Ozone Decontamination of Fresh Produce
This section is a compilation of multiple studies that investigated specifically gaseous ozone
disinfection effectiveness for various produce types, targeted microorganisms, and treatment
conditions. Some of the studies compare the effect of varying ozone concentration or/and exposure
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time on the antimicrobial effectiveness. The produce types are organized into 5 categories: fresh
vegetables (Table 2 - 3), fresh fruits (Table 2 - 4), stored grains (Table 2 - 5), dried fruits and nuts
(Table 2 - 6), and spices (Table 2 - 7).
Table 2 - 3: Summary of gaseous ozone studies on fresh vegetables
Produce
Type

Targeted Ozone ConExposure CT value
Microcentration
Duration (PPM×min)
organism
(PPM)
981.3

Baby
Carrot

Escherichia
coli O157:H7

Baby
Escherichia
Spinach coli O157:H7

Carrots

Lettuce

Saprophytic
mold

Murine
norovirus
(MNV-1)
Tulane virus
(TV)

2,429.9

14,715
15 min

3,551.4

53,265

15.0

64,800

50.0

216,000
3d

100.0

432,000

247.0

1,067,040

0.05

60,000.0

1 month

2,160

3 months

6,480

6 months

12,960

40 min

981.3
Lettuce

Escherichia
coli O157:H7

2,429.9

15 min

3,740
5 min

2,009.3

Escherichia
coli O157:H7

36,449
53,265

747.7
Escherichia
Spinach coli O157:H7
6460

2,400,000

14,715

3,551.4

Spinach

36,450

10,045

935.0

30 min

28,050

1,558.3

45 min

70,110

1,870.0

15 min

28,050
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Ozone Treatment
Conditions

Antimicrobial
Reference
Effectiveness

1.8 log CFU/g
reduction
Injected, laboratory-study, 2.5 log CFU/g
22°C, & 80% RH
reduction
2.6 log CFU/g
reduction
0.9 log CFU/g
reduction
1.1 log CFU/g
Continuous treatment,
reduction
pilot scale, 4 °C, 1 atm,
& spinach load of 26.6
3.7 log CFU/g
kg/m3
reduction
4.5 log CFU/g
reduction
93.8% Inhibition
of incidence
Continuous ozone
atmosphere, test during 95.0% Inhibition
storage, 0.5°C, & >95%
of incidence
RH.
88.6% Inhibition
of incidence
Batch system, laboratorystudy, shredded lettuce
(25g samples), pressure of
15 psig, & 25 °C
Continuous treatment,
shredded lettuce,
laboratory-study, 22°C, &
80% RH

2.7 log PFU/g
reduction
2.0 log PFU/g
reduction
1.4 log CFU/g
reduction
1.5 log CFU/g
reduction
1.8 log CFU/g
reduction

Singh et al.,
2002

Shynkaryk
et al., 2016

Hildebrand
et al., 2008

Predmore et
al., 2015

Singh et al.,
2002

PK-1 system (sealed
package, and ozone
1.7 log CFU/leaf
generated inside package),
reduction
package agitated every
Klockow &
minute, stored in room
Keener,
temperature for 2hr with
2009
resultant ozone, 0.60 g 3.6 log CFU/leaf
reduction
samples (leaf), 22 °C, &
26 % RH
1.8 log CFU/g
Pilot-scale, samples of
reduction
25g, SanVac process
(vacuum cooling, 10 psig, 2.4 log CFU/g
Vurma et
4 °C) for short exposure
reduction
al., 2009a
(15-45 min) treatment and 1.8 log CFU/g
SanTrans process
reduction

Produce
Type

Targeted Ozone ConExposure CT value
Microcentration
Duration (PPM×min)
organism
(PPM)
Natural
microbiota

10.0

3d

43,200

10.0

3d

43,200

Ozone Treatment
Conditions

Antimicrobial
Reference
Effectiveness

(simulated shipment, 2°C)
for 3-day exposure, & 95100 % RH

1.7 log CFU/g
reduction
1.0 log CFU/g
reduction

All presented studies in Table 2 - 3, an increase in CT value by either increasing ozone
concentration or exposure duration resulted in a higher antimicrobial effectiveness. For one of the
studies referring to treatment of spinach, two experimental tests were completed under the same
CT value. The same microbial effectiveness was achieved for the same CT value even though
exposure time and ozone concentrations were different.
Table 2 - 4: Summary of gaseous ozone studies on fresh fruits
Produce
Type

Targeted
Microorganism

Apple

Listeria
monocytogenes

23.0

20 min

460

Apple

Lactobacillus

15.0

20 min

300

Listeria
monocytogenes
Bell Pepper Escherichia coli
(Cut)
O157:H7
Salmonella
typhimurium
Mesophilic
bacteria
Psychrotrophic
bacteria
Cantaloupe
rinds
Mold

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)

9.0

6 hr

3,240

Fumigation,
laboratory-study, 18 –
20 °C
&
95 %

5,000

30 min

150,000

Pilot plant, 11 °C, &
90-95% RH.

Total coliforms

Cantaloupe
rinds

Salmonella

10,000.0

30 min

300,000

20,000.0

30 min

600,000

Coliform
Cantaloupe
Cubes
(Fresh-cut)

Pseudomonas
fluorescens

Forced flow,
laboratory-scale, 24-27
°C & >85% RH
Downward forced
flow, Commercial
scale
20 °C &
60 – 67 %RH

Yeast
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2.6 log
CFU/apple
reduction

Murray,
2018

2.2 log
CFU/apple
reduction

Murray,
2016

3.1 log CFU/g
reduction
2.9 log CFU/g Alwi & Ali,
reduction
2014
2.6 log CFU/g
reduction
1.1 log CFU/g
reduction
1.3 log CFU/g
reduction
Selma et al.,
2008a
1.5 log CFU/g
reduction
1.3 log CFU/g
reduction

Rinds (4 cm diameter
& 1 cm thick), ripe
2.8 log CFU/rind Selma et al.,
melon, dry spot pilot
reduction
2008b
system, vacuum, 11
°C, & 90-95% RH
1.6 log CFU/cube
Fruit cubes (3×3 cm,
reduction
28 g), ripe fruit,
1.6 log CFU/cube Selma et al.,
treatment at 11 °C and
reduction
2008b
90-95% RH, storage
0.7 log CFU/cube
for 7 days at 5 °C
reduction

Produce
Type

Targeted
Microorganism

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)

Lactic acid
bacteria
Botrytis cinerea
Clementines
spore

0.1

13 d

2,500.0

Grapes
(Thompson
Seedless)

Grapes
(Autumn
Seedless)

1.1 log CFU/cube
reduction

150,000
60 min

5,000.0

Gray mold
(caused by
Botrytis cinerea)

300,000

2,500.0

120 min

300,000

5,000.0

60 min

300,000

10,000.0

30 min

300,000

2,500.0
Grapes
(Redglobe)

5,000.0

150,000
60 min

10,000.0

Grapes

1,872

Botrytis cinerea
spore

0.1

300,000
600,000

13 d

1,872

25 min

23,365

40 min

37,384

25 min

58,425

40 min

93,480

25 min

93,450

40 min

149,520

2 months

25,920

3 months

38,880

4 months

172,800

15 min

3,000

30 min

6,000

60 min

12,000

120 min

24,000

934.6

Green
peppers

Escherichia coli
O157:H7

2,336.5

3,738.3

Kiwi

Longan

Stem-end rot
disease (caused
by Botrytis
cinerea)

Fungi, yeasts and
bacteria

0.3

200.0

14

Modified atmosphere,
commercial scale (8
95.0%
chambers, each 0.28
suppression
m3), 13°C & 95% RH
Small scale,
50.0 % reduction
Inoculation 1 hr before of incidence
treatment, treatment
5°C, stored 7 d at 70.0 % reduction
of incidence
15°C.
83.8 % reduction
Small scale,
of incidence
Inoculation 24 hr
90.5 % reduction
before treatment,
of incidence
treatment 5°C, stored 7
89.2
% reduction
d at 15°C.
of incidence
51.4 % reduction
Small scale,
of incidence
Inoculation 24 hr
62.9 % reduction
before treatment,
of incidence
treatment 5°C, stored
71.4 % reduction
28 days at 0.5°C.
of incidence
Modified atmosphere,
commercial scale (8
75.0 %
chambers, each 0.28
suppression
m3), 13 °C & 95% RH
1.9 log CFU/5g
90 % RH & 22 °C
reduction
2.24 log CFU/5g
75 % RH & 22 °C
reduction
3.3 log CFU/5g
75 % RH & 22 °C
reduction
4.4 log CFU/5g
90 % RH & 22 °C
reduction
7.4 log CFU/5g
90 % RH & 22 °C
reduction
7.2 log CFU/5g
75 % RH & 22 °C
reduction
100 % inhibition
of incidence
Continuous ozone
supply, cold s
94.1% inhibition
torage room, 0 °C, &
of incidence
95% RH
56.0% inhibition
of incidence
0.34 log CFU/ml
reduction
0.38 log CFU/ml
reduction
Laboratory scale,
forced flow, & 25 °C 1.6 log CFU/ml
reduction
1.78 log CFU/ml
reduction

Tzortzakis
et al., 2007

Gabler et
al., 2010

Tzortzakis
et al., 2007

Han et al.,
2002

Minas et al.,
2010

Whangchai
et al., 2006

Produce
Type

Targeted
Microorganism

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)

Coliforms
Papaya
(Fresh-cut)

92

20 min

184

30 min

276

10 min

92

20 min

184

30 min

276

9.2
Mesophilic
bacteria

Plums

10 min

Botrytis cinerea
spore

0.1

13 d

1,872

0.72

14 d

14,515

1.0

3 min

3

3.0

1 min

3

4.0

2 min

8

3.0

1 min

3

3.0

2 min

6

4.0

2 min

8

5.0

3 min

15

64 min

2,330,880

128 min

4,661,760

Penicillium
digitatum spore
Orange
Penicillium
italicum spore

Murine norovirus
(MNV-1)

Raspberries
Hepatitis A virus
(HAV)

Escherichia coli
O157:H7

36,420.0

Raspberries

Salmonella

36,420.0

64 min

2,330,880

64 min

2,330,880

15

Cube samples (2.5
cm3), forced flow,
laboratory-study,
chamber.

0.39 log CFU/g
reduction
0.39 log CFU/g
reduction
1.12 log CFU/g
reduction
Yeoh et al.,
2014
0.22 log CFU/g
reduction
0.30 log CFU/g
reduction
0.33 log CFU/g
reduction

Modified atmosphere,
commercial scale (8
20% suppression
chambers, each 0.28
3
m ), 13 °C & 95% RH
Ozonated atmosphere,
vented returnable 84.6 % Inhibition
plastic containers
(RPC), 50 oranges
sample, storage
66.6 % Inhibition
(12.8°C).
1.8 log TCID50
reduction
3.3 log TCID50
reduction
>3.3 log TCID50
Fumigaion, laboratoryreduction
study, 25 g samples,
17 °C
None
&
52% RH
None

Tzortzakis
et al., 2007

Palou et al.,
2003

Brie et al.,
2018

None
<0.6 log PFU
reduction
2.6 log CFU/g
Continuous ozone flow
reduction
Pressurized ozone (83 2.8 log CFU/g
kPa)
reduction
Continuous ozone flow
(64 min) &
3.8 log CFU/g
Pressurized ozone (83
reduction
kPa) for 64 min
Vacuum (-83 kPa) 3
min & ozone
3.3 log CFU/g
pressurized (83 kPa)
reduction
64 min
1.6 log CFU/g
Continuous ozone flow
reduction
Pressurized ozone (83 2.0 log CFU/g
kPa)
reduction

Bialka &
Demirci,
2007

Produce
Type

Targeted
Microorganism

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)

Aerobic
mesophilic
bacteria
Red Bell
Peppers Yeast and mould
(Fresh-cut)

0.7

Psychrotrophic
aerobic bacteria
Murine norovirus
(MNV-1)
(Surface)
Murine norovirus
(MNV-1)
Strawberry
(Injection)
Tulane Virus
(TV)(Surface)
Tulane Virus
(TV)(Injection)

Escherichia coli
O157:H7

128 min

4,661,760

64 min

2,330,880

5 min

3.5

3 min

2.1

5 min

3.5

3.6 log CFU/g
reduction

2.9 log CFU/g
reduction
None
2.5 log CFU/g
reduction
1.3 log CFU/g
reduction
2.2 log CFU/g
reduction
0.9 log CFU/g
reduction
3.3 log CFU/g
reduction

Horvitz &
Cantalejo,
2008

3.3 log PFU/g
reduction

60,000.0

36,420.0

40 min

2,400,000

64 min

2,330,880

128 min

4,661,760

64 min

2,330,880

64 min

2,330,880

128 min

4,661,760

64 min

2,330,880

Strawberry

Salmonella

Continuous ozone flow
(64 min) &
Pressurized ozone (83
kPa) for 64 min
Vacuum (-83 kPa) 3
min & ozone
pressurized (83 kPa)
64 min
Pepper strips, modified
atmosphere.
After stored for 14
days at 10°C
Pepper strips, modified
atmosphere
After stored for 14
days at 10°C
Pepper strips, modified
atmosphere
After stored for 14
days at 10°C

36,420.0
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Fumigation,
1.5 log PFU/g
laboratory-study,
Predmore et
reduction
whole strawberries (50
al., 2015
g samples), Pressure of
6.0 log PFU/g
15 psig, & 25 °C
reduction
1.8 log PFU/g
reduction
1.8 log CFU/g
Continuous ozone flow
reduction
Pressurized ozone (83 2.3 log CFU/g
kPa)
reduction
Continuous ozone flow
(64 min) &
2.9 log CFU/g
Pressurized ozone (83
reduction
kPa) for 64 min
Vacuum (-83 kPa) 3
min & ozone
0.9 log CFU/g
pressurized (83 kPa)
reduction
Bialka &
64 min
Demirci,
0.9 log CFU/g
2007
Continuous ozone flow
reduction
Pressurized ozone (83 2.2 log CFU/g
kPa)
reduction
Continuous ozone flow
(64 min) &
2.6 log CFU/g
Pressurized ozone (83
reduction
kPa) for 64 min
Vacuum (-83 kPa) 3
min & ozone
1.7 log CFU/g
pressurized (83 kPa)
reduction
64 min

Produce
Type

Targeted
Microorganism

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)

Strawberry

Botrytis cinerea

1.5

3d

6,480

Tomato

Botrytis cinerea
spore

0.1

13 d

1,872

2,336.4

20 min

46,720

4,672.9

15 min

70,095

9,345.8

10 min

93,460

4.0

30 min
every 3 hrs
for 15 d

14,400

0.64

18 hr

691

Tomato
(Cherry)

Tomato

Salmonella
Enteritidis

Mesophilic
bacteria
Psychrotrophic
bacteria
Yeasts
Molds
Fungi

Wine grapes
Yeast

Modified atmosphere,
24.5% Reduction
cold storage (2 ° &
of decay
90% RH). Inoculation
incidence
after treatment
Modified atmosphere
(2°C & 90 % RH), 50.0% Reduction
Inoculation after
of decay
treatment, stored for 4
incidence
d (22°C)
Modified atmosphere,
commercial scale (8
50.0 %
chambers, each 0.28
suppression
m3), 13 °C & 95% RH
4.0 log
CFU/tomato
reduction
Glass jars, laboratory7.0 log
study, treatment 1 hour
CFU/tomato
after surface
reduction
inoculation.
7.0 log
CFU/tomato
reduction
1.1 log CFU/g
reduction
Lab-study, tomato
1.3 log CFU/g
slices, cyclic
reduction
treatment, ozone
enriched flow (0.08
0.5 log CFU/g
mL/s), glass jars, cold
reduction
room (5°C & 95% RH) 1.2 log CFU/g
reduction
0.5 log CFU/g
Continuous
reduction
fumigation, 10 °C &
0.4
log CFU/g
70 % RH
reduction

Nadas et al.,
2003

Tzortzakis
et al., 2007

Das et al.,
2006

Aguayo et
al., 2006

Botondiet
al., 2015

A total of 13 different fruits with a variety of physiological characteristics were considered to
develop Table 2 - 4. Under constant treatment conditions, targeted microorganisms display a range
of tolerance towards ozone gas when found in different fruits. Thus, demonstrating that shape, pH,
texture, and chemical composition of the fruits could affect the effectiveness of the gaseous ozone
treatment. Additionally, the studies demonstrated that maintaining constant conditions and only
increasing the treatment CT value would result in a higher antimicrobial effectiveness regardless
of fruit. However, excess ozone can damage fruits and vegetables.
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Table 2 - 5: Summary of gaseous ozone studies on stored grains
Produce
Targeted
Type
Microorganism
Corn

Sitophilus zeamais
mots

Ozone ConExposure CT value Ozone Treatment Antimicrobial
centration
Reference
Duration (PPM×min)
Conditions
Effectiveness
(PPM)
50.0

72,000

1 hr

2,220

3 hr

6,660

1 hr

54,900

3 hr

164,700

1 hr

105,120

37.5 % reduction

3 hr

315,360

80.2 % reduction

1,500.0

60 min

90,000

88.5 % mortality

1,500.0

30 min

45,000

90.0 % mortality

1,800.0

30 min

54,000

95.8 % mortality

Adult

500.0

60 min

30,000

100.0 % mortality

37.0
Maize

Mold

915.0
1,752.0
Eggs

Larvae
Plodia
interpunctella Pupae

Stored
Grains

Stored
Maize

Tribolium
castaneum

Continuous ozone
injection, 25 kg corn
Sousa et al.,
100.0 % mortality
(lab-study), flow of
2007
8 L/min & 40°C
28.0 % reduction

24 hr

Eggs

1,500.0

60 min

90,000

Larvae

1,500.0

60 min

90,000

Pupae

1,000.0

60 min

60,000

Adult

1,800.0

60 min

108,000

45.0 % reduction
Fumigation,
laboratory-study

47.4 % reduction McClurkin
56.6 % reduction et al., 2010

95.7 % mortality
Fumigation,
laboratory-study, 92.2 % mortality McDonough
insect life stages, & 95.9 % mortality et al., 2011
20±5°C
84.3 % mortality

30 min

54,000

90.0 % mortality

60 min

108,000

100.0 % mortality

30 min

54,000

72.2 % mortality

60 min

108,000

93.3 % mortality

25.0

5d

180,000

77.0 % mortality

50.0

3d

216,000

94.5 % mortality

Red flour beetles
(RFB) adults

25.0

5d

180,000

50.0

3d

216,000

Maize weevils (MW)
adults

25.0

5d

180,000

50.0

3d

216,000

Aspergillus
parasiticus (fungi)

25.0

5d

180,000

15.1 % mortality

50.0

3d

216,000

62.6 % mortality

Sitophilus oryzae

1,800.0

Sitophilus zeamais

1,800.0

Indian meal moth
(IMM) larva

91.4 % mortality
Fumigation, 8.9
tonnes maize (field- 92.2 % mortality Kells et al.,
study) & room
2001
99.9 % mortality
temperature.
100.0 % mortality

Most of the research involved in gaseous ozone treatment of grains targets insects and fungi due
to the long storage periods. Insects in different growth stages can be more resistant than others as
observed in Table 2 – 5, due to the insect morphology and protective systems. Similar to other
types of produce, increasing the CT value has a beneficial effect on treatment effectiveness of
stored grains.
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Table 2 - 6: Summary of gaseous ozone studies on dried fruit and nuts
Produce Type

Ozone ConOzone
Targeted
Exposure CT Value
Antimicrobial
centration
Treatment
Reference
Microorganism
Duration (PPM×min)
Effectiveness
(PPM)
Conditions
Escherichia coli
O157:H7

Dried Figs

1.0

360 min

360

9.0

360 min

3,240

1.0

360 min

360

1.0

360 min

360

1.0

360 min

360

Bacillus cereus
Bacillus cereus
spores
Escherichia coli

Kernel
Bacillus cereus
Escherichia coli
Pistachio Shelled
Bacillus cereus
Escherichia coli
Ground
Bacillus cereus

3.5 log CFU/g
reduction
Chamber, labstudy, forced 3.0 log CFU/g
flow, 20 °C, &
reduction
70% RH.
2.0 log CF/g
reduction
3.3 log CFU/g
reduction
3.0 log CFU/g
reduction
Fumigation, 3.8 log CFU/g
reduction
lab-scale, glass
chamber, 20 °C 2.5 log CFU/g
& 70% RH
reduction
2.7 log CFU/g
reduction
2.0 log CFU/g
reduction

Akbas &
Ozdemir,
2008a

Akbas &
Ozdemir,
2006

From Table 2 – 6, it is observed that ozone gas treatment is effective to disinfect dried fruits and
nuts since reduction of microorganisms for all the cases is higher or equal to 2 log CFU per gram.
Table 2 - 7: Summary of gaseous ozone studies on spices
Produce
Type

Dry
Oregano

Targeted
Microorganism
Aerobic Plate
Count (APC)
Yeast and Mold
(YM)

Escherichia coli

Flaked
Red
Peppers

Bacillus cereus

Ozone ConOzone
Exposure CT value
centration
Treatment
Duration (PPM×min)
(PPM)
Conditions
1308.0
2477.0
1308.0

156,960
120 min

Escherichia coli
O157:H7

3.2 log CFU/g reduction
1.8 log CFU/g reduction

297,240

0.1

36

<1.0 log CFU/g reduction

0.5

180

1.7 log CFU/g reduction

1.0

360

2.0 log CFU/g reduction
Fumigation, <1.0 log CFU/g reduction
laboratory <1.0 log CFU/g reduction
study,
20 °C
1.5 log CFU/g reduction
&
<1.0 log CFU/g reduction
70% RH
1.0 log CFU/g reduction

0.1

36

0.5

180

360 min

1.0

Parsley

156,960

360
36
900

7.0

2,520

<1.5 log CFU/g reduction

9.0

3,240

1.5 log CFU/g reduction

19,000

Glass
1.3 log CFU/g reduction
chamber, lab-

20 min
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Torlak et al.,
2013

2.5 log CFU/g reduction

5.0

950.0

Reference

2.7 log CFU/g reduction

2477.0

1.0

Bacillus cereus
spores

297,240

Fumigation,
laboratorystudy, 25°C
&
50% RH

Antimicrobial
Effectiveness

Akbas &
Ozdemir,
2008b

Targeted
Microorganism

Produce
Type

Ozone ConOzone
Exposure CT value
centration
Treatment
Duration (PPM×min)
(PPM)
Conditions
study, 21°C,
& 85% RH

Listeria Innocua

Antimicrobial
Effectiveness

Reference

1.1 log CFU/g reduction

Karaca &
Velioglu,
2014

Gaseous ozone treatment can be an optimal alternative for disinfection of dry spices since the use
of water is avoided. The wide range for the ozone gas treatment effectiveness shown in the
previous tables occurs due to the variation of the treatment conditions. These conditions include
ozone concentration, feeding gas flowrate, treatment scale, time of exposure, produce type, and
targeted microorganism. As well as the environmental conditions such as temperature, relative
humidity, pH, and produce surrounding medium.
2.4.1 Factors Affecting Efficacy of Ozone
Gaseous ozone treatment conditions must be selected depending on various factors to achieve
highest effectiveness. These factors include the type of produce, targeted microorganisms,
physiological state of the microorganism, initial ozone concentration, exposure time, ozone gas
kinetics, gas flow rates, bed properties, and medium conditions (Pandiselvam et al., 2017a).
2.4.1.1

Type of Produce

The type of produce is one of the main factors affecting the effectiveness of gaseous ozone
treatment. Morphological properties such as size, shape, texture, surface, and superficial structure
influence the bulk bed properties, ozone gas flow and distribution through produce. In addition,
the produce chemical composition including acidity, vitamins, sugars, water content, organic
material, and others affect the targeted microorganisms and interaction with ozone gas. For
instance, Pandiselvam et al. (2017a) compared various studies which investigated the effect of
ozone gas treatment on insects in different grains and concluded that using the same ozone dosage
in different media results in different insect mortalities. The different effect of ozone on the grains
is due to the difference in the grain structure and organic material on the surface of the particles.
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Furthermore, the penetration of gaseous ozone into vegetables and fruits is limited by closed
stomata found in the tissues of fresh produce (Forney, 2003).
In the case of nuts, protective shells or skins prevents the penetration of ozone to inner surfaces.
Additionally, ozone treatment is recommended to be applied to fresh produce before any additives
are used. For example, wax applied on some vegetables and fruits, to prevent moisture loss, and
infestation, significantly reduces the contact of ozone with surface. Moreover, during the
processing of caramel apples, the insertion of a stick at the core can cause the internalization of
microorganism therefore disinfection of the surface is required previously (Salazar et al, 2016).
Another critical factor is the extent of the surface area in the produce bed (Akbas et al., 2008).
Surface area is determined by the type of produce and influence the efficacy of the treatment since
smaller particles result in a higher overall surface area which requires a higher CT value to reach
the same level of disinfection (Torlak et al, 2013). In conclusion, ozone is a potent antimicrobial
for a range of produce although has limitations that the air forced air ozone reactor can overcome.
2.4.1.2

Targeted Microorganism

The antimicrobial effectiveness of gaseous ozone is dependent on the targeted microorganisms.
The most common pathogens found in produce that can threat human health are bacteria, viruses,
insects, spores, and fungi. The resistance of some microorganisms to ozone gas treatment is
attributed to a protective layer such as shell or skin that reduces gas penetration and contact with
the contaminated area (Akbas et al, 2008). Resistance to gaseous ozone treatment can vary between
microorganisms of different species and even for microorganisms of the same specie but different
strain.
Bacteria
The antimicrobial effectiveness varies based on the morphology of the targeted bacteria. Fresh cut
papaya was inoculated with coliform and mesophilic bacteria, and then treated under the same
conditions resulting on a higher reduction (1.12 log CFU/g) of coliform in comparison to the
mesophilic bacteria (0.33 log CFU/g) (Yeoh et al, 2014). Alwi and Ali (2014) compared the
antimicrobial effectiveness of gaseous ozone to treat bell peppers for three different bacteria.
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Under the same treatment conditions, S. typhimurium was found to be the more resistant, followed
by E. coli, and then L. monocytogenes, as observed in Table 2 – 4. In the case of treating raspberries
infected with two different Gram-negative bacteria, it was observed that E. coli O157:H7 was
reduced by 1.0 log CFU more than Salmonella due to the protective effect of superoxide dismutase
(SOD), glutathione (GSH), and cysteine (Bialka & Demirci, 2007). This resistance could be
attributed to the higher phospholipid content in the cell membrane of Salmonella in comparison to
the other bacteria, which enhances the protection of the cell from ozone contact (Alwi & Ali,
2014). Therefore, similar bacteria of common concern for food safety present different resistance
to ozone that should be considered before selecting treatment conditions.
Viruses
Ozone exposure to viruses such as norovirus and hepatitis cause distresses on the capsid and viral
genome as defined by Brie et al. (2018). In order to observe the resistance of viruses to ozone
exposure, Predmore et al. (2015) inoculated lettuce with both MNV-1 and TV and treated samples
under the same conditions. Thus, finding that ozone gas is effective to reduce both viruses,
however MNV-1 has a higher vulnerability of about 0.7 PFU/g than TV (Predmore et al., 2015).
Oppositely, a similar study was conducted to determine survival of MNV-1 and TV in strawberries
and it was concluded that TV was significantly more vulnerable (6 log PFU/g reduction) than
MNV-1 (3.3 log PFU/g reduction) (Predmore et al., 2015). Another study validates the efficacy of
gaseous ozone to reduce MNV-1, in which raspberries are used and the viral reduction achieved is
3.3 log PFU/g (Brie et al., 2018). On the contrary, ozone gas was completely ineffective to reduce
HAV in raspberries probably because of the ability of the virus to penetrate to the fruit matrix. The
variation on the viral reduction can be attributed to the properties of the virus species and ability
to survive (Predmore et al., 2015).
Insects
Variation on insect morphology between species can benefit the survival of these microorganisms
when exposed to ozone. A study completed by McDonough et al. (2011) compared the
susceptibility of four stored grain insects to high ozone concentrations, and they observed that each
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insect response is different to ozone exposure. Based on this study, insect species such as Tribolium
castaneum, and Sitophilus zeamais in adult stage required a higher CT value (216,000 PPM-min)
to reach a 100 % mortality, in comparison to Sitophilus oryzae (108,000 PPM-min) and Plodia
interpunctella (30,000 PPM-min) (McDonough et al., 2011). Furthermore, Pandiselvam et al.
(2017a) commented in their study that Rhyzopertha dominica (American wheat weevil) has the
highest resistance against ozone in comparison to S. oryzae (rice weevil) and T. castaneum (red
flour beetle) because they can prevent the entrance of gaseous ozone through the spiracles for an
extended time by closing the openings. Another studied conducted on stored maize also proves
that gaseous ozone is effective to achieve high mortality (92 to 100 %) of microorganisms such as
red flour beetle (adults), Indian meal moth (larvae), and maize weevils (adults) (Kells et al., 2001).
Insect fumigation is commonly applied in stored grains and adaptability of each insect species will
influence the effectiveness of the gaseous ozone treatment.
Spore
Spores are found to be more resistant to ozone treatment than vegetative cells, as demonstrated
with the studies conducted by Akbas and Ozdemir (2008a and 2008b), because of the protection
provided by the spore cortex and coat to the protoplast (Broadwater et al., 1976). Dried figs
inoculated with B. cereus were exposed to a gaseous ozone treatment with a CT value of 360 and
compared to dried figs inoculated with B. cereus spore and treated under a CT of 3,240, resulted
on a reduction effectiveness of 1.0 log CFU/g higher for the bacteria (Akbas & Ozdemir, 2008a).
Similar effect occurred when treating flaked red peppers contaminated with B. cereus in vegetative
form and B. cereus spore, where the microbial reduction was more than 0.5 log CFU/g in
comparison to spore reduction even when the CT value for the second case was 9 times higher
(Akbas & Ozdemir, 2008b). An additional study developed by Palou et al. (2003) compares two
spores inoculated into oranges and exposed to a CT value of 14,515 PPM-min. Palou et al. (2003)
observed an 18 % higher spore inactivation for Penicillium digitatum spore than for Penicillium
italicum spore over a 14-day period. Furthermore, Currier et al. (2001), reported that exposure to
9,000 PPM of ozone for 15 hr was required to kill the spores of Bacillus atrophaeus (globigii var.
niger). Sufficiently high CT values for gaseous ozone treatment are required to inhibit spores,
where long exposure times are recommended.
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Fungi
Yeast and mould are indicators of food freshness and stablish the end of produce shelf-life. Similar
mold reduction was achieved in comparison to total coliform, mesophilic bacteria, and
psychotropic bacteria when treating cantaloupe rinds with ozone gas (Selma et al., 2008a).
Oppositely, Selma et al. (2008b) observed about 1 log CFU/g less reduction for yeast than coliform
and Pseudomonas after exposing fresh cantaloupe to gaseous ozone. Fungi and mold resistance to
gaseous ozone treatment was compared and it was observed that mold is more vulnerable with a
reduction 0.7 log CFU/g higher than for yeast (Aguayo et al., 2006). Gaseous ozone can be applied
during storage, as a modified atmosphere, to prevent fungi growth and extend the shelf-life of fresh
produce.
2.4.1.3

Physiological state of species

The current growth stage of the targeted microorganisms influences the antimicrobial effectiveness
of ozone exposure. Insects vulnerability to ozone can vary depending on the life stage: egg, larvae,
pupae, and adult. For instance, McDonough et al (2011) studied the effect of ozone exposure to
four insect species in all life stages (egg, larvae, pupae, and adult), and found the susceptibility of
the insect at the different life stages varies depending on the specie. Plodia interpunctella at the
adult stage was observed to be more susceptible to ozone effect and 100% mortality was reached
with a CT value (30,000 PPM-min) 11 times smaller to the CT value required for eggs (324,000
PPM-min) (McDonough et al., 2011). Similarly, the study found that the Triboulium castaneum
eggs and pupae (324,000 PPM-min) were more resistant than adults (216,000 PPM-min) and
larvae (162,000 PPM-min) of the same species (McDonough et al., 2011). Egg and larvae are more
resistant likely because of their protective layer or due to the lower respiration rate compared to
adults and pupae (Hoback & Stanley, 2001). Targeted microorganisms in different growth stages
can have various resistances to ozone due to factors such as adaptability, and physiological
development.
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2.4.1.4

Gaseous ozone concentration

Gaseous ozone concentration should be high enough to achieve the desired antimicrobial
effectiveness. However, excessive ozone concentration could affect the quality and sensory
properties of the produce (Brodowska et al., 2017; Horvitz & Cantalejo, 2017; Predmore et al.,
2015; Torlak et al., 2013; Skog & Chu, 2001; Kim et al., 1999). The selection of ozone
concentration is coupled to the exposure time to provide the optimal CT value to increase
effectiveness while minimizing side effects on produce. Recommendations to select ozone
concentration based on other treatment conditions are presented in Table 2 – 3 to Table 2 – 7.
Multiple studies demonstrated that an increase in ozone concentration, while all other conditions
are kept the same, results in an increase in microbial effectiveness (Singh et al., 2002; Akbas &
Ozdemir, 2008b; Klockow & Keener, 2009; Gabler et al., 2010; Shynkaryk et al., 2016). Ozone
concentration could be regulated by adjusting the airflow velocity (blower). Increasing the airflow
will dilute the ozone and thus decrease the concentration, and reducing the airflow increases ozone
concentration. Higher ozone concentration has a higher toxicity potential.
2.4.1.5

Exposure time

Increasing the ozone exposure time will increase the treatment CT value. Longer periods of time
are selected when the objective is to extend shelf-life and to allow enough ozone contact with
produce surface. Some studies found that increasing the contact time between produce and ozone
gas benefits microbial effectiveness (Han et al., 2002; Whangchai et al., 2006; McClurkin et al.,
2010; McDonough et al., 2011; Yeoh et al., 2014). On the contrary, Murray et al. (2018) observed
that increasing ozone treatment exposure time more than 20 minutes did not cause an increase in
antimicrobial effectiveness on apples. Similar studies demonstrated microbial reduction stayed
constant even when the exposure time was increased probably because of the presence of dead
cells or any organic matter which restrict ozone oxidation (Mossel et al., 1996).
2.4.1.6

Ozone Distribution

The effectiveness of the treatment is dependent on the ozone distribution through the produce bed.
The properties of the produce bed determine if the distribution of ozone occurs evenly and through
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all the food particles. Since ozone breakdown into oxygen, ozone gas is continuously injected to
the system to provide sufficient oxidizing agent to kill microorganisms in the produce. A factor
affecting the diffusion of the gaseous ozone through the produce is the air infiltration velocity
(Pandiselvam et al., 2017a). Using a low air velocity will cause the accumulation of high ozone
concentration on the top of the bed, resulting on higher microbial reductions in this area (Murray,
2016). The opposite effect occurs with high air velocities, where the treatment will not be as
effective on the bed top section (Murray, 2016). Therefore, a medium airflow velocity will be
optimal to achieve consistent disinfection effectiveness.
2.4.2 Factors Affecting Microorganisms
The vulnerability of microorganisms to ozone gas treatment is dependent on factors such as
medium conditions, temperature, relative humidity, pressure, and pH.
2.4.2.1

Medium Conditions

A common challenge for disinfection methods is the presence of organic matter or contaminants
that react with the disinfectant agent and reduces oxidizer availability to kill microorganisms.
Produce covered with biofilm or organic matter like soil will interfere with ozone interaction with
microorganisms (Murray et al., 2017). Ozone reacts with organic and inorganic compounds thus
reducing the concentration of ozone that will oxidize the targeted microorganisms (Yeoh et al.,
2014). Similar phenomenon occurs when treated produced is packed on vented bags, ozone
penetration is impeded, and disinfection effectiveness is decreased, as Palou et al. (2003) observed
in their study. Therefore, the treatment effectiveness is influenced by the presence of organic
matter on the produce surface which protects pathogens from ozone.
2.4.2.2

Additives in the medium

Effectiveness of gaseous ozone can be enhanced by applying other additives to the treatment. For
instance, the studies completed by Vurma (2009b) and Mitsuda et al. (1990) agreed that combining
ozone and carbon dioxide gas improves antimicrobial effectiveness, maintains quality, and extends
produce shelf-life. According to Vurma (2009a) the carbon dioxide gas inhibits ozone
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decomposition, provides stability, and increases antimicrobial effectiveness. Similarly, carbon
dioxide causes the opening of spiracles in insects allowing ozone to enter their respiratory system
and achieving higher insect mortality (Leesch, 2003). Further research is required for additives in
ozone treatment to enhance disinfection effect.
2.4.2.3

Temperature

The temperature is one of the main factors influencing the rate of microbial inactivation during
ozone treatment. For instance, Sousa et al (2007) treated corn for 24 hr at various grain mass
temperatures (20, 30, 35, and 40 °C) to observe the toxic effect of ozone gas on Sitophilus zeamais.
The study concluded that increase in grain temperature causes an increase on insect susceptibility,
with a mortality of 12.7 %, 3.95%, 73.21% and 100% for grain temperatures of 20, 30, 35, and
40°C, respectively (Sousa et al., 2007). The results proved that grain temperature around 30°C
does not result as critical for the insect compared to other temperatures, since 27°C is the optimal
survival temperature for S. zeamais (Sousa et al., 2007). Insects vulnerability increases as the
surrounding temperature increases because of the high energy requirements to maintain body
temperature (Sousa et al., 2007). The same effect occurs for other microorganisms, in which their
susceptibility to mortality is dependent on temperature increase. Additionally, rising temperature
results in an increase of ozone decomposition rate thus affecting treatment ozone concentration
(McClurkin & Maier, 2010). However, application of gas at high temperatures could have a
negative effect on food quality and could speed up the decomposition of ozone.
2.4.2.4

Relative Humidity

The relative humidity (RH) of the treatment is selected based on targeted microorganism and
produce to be treated since its effect varies for all microorganisms. For instance, the presence of
moisture around the surface is optimal for disinfection since the moisture causes the swelling of
the microbes and increases their vulnerability (Horvath et al, 1985). Murray (2016) observed E.
coli reduction of 1 log CFU/g higher when treating lettuce heads with gaseous ozone at high
humidity conditions. Additionally, Han et al. (2002) studied the effect of RH on effectiveness of
gaseous ozone treatment to reduce E. coli present on green peppers. While maintaining variables
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such as ozone concentration (2,337 PPM) and time of exposure (25 min) constant, and only
increasing the RH, the study demonstrated an increase in bacteria log reduction from 1.5 at 60 %
RH to 3.5 at 90 % RH (Han et al., 2002). Inactivation of spores is enhanced by a gaseous ozone
treatment at high humidity conditions since the water in the spore reacts with ozone to generate
free radicals and cause an oxidative stress (Ong et al., 2013). Oppositely, it is preferable to treat
grains with low moisture content since resistance to airflow is lower. Gaseous ozone treatment at
low humidity, or during drying, causes insects to lose water at a rapid rate below its regular range
(50 - 90 %) thus affecting vital functions (Pandiselvam et al., 2017a). In addition, lower grain
moisture allows to reach ozone saturation in the grain column faster thus offering a higher ozone
effectiveness (Pandiselvam et al., 2017a). Besides the positive effect of high RH on the treatment
efficacy for some microorganisms, some produce required a certain humidity to stay fresh and
avoid the loss of quality (Karaca & Velioglu, 2014). The benefit of ozone gas is that produce with
a wide range of moisture and humidity acceptance can be treated. Stored grain required a treatment
with limited humidity to reduce the effect of moisture in long term storage while fruit and
vegetables can be exposed to high RH.
2.4.2.5

Pressure

Based on a study developed by Bialka et al. (2007) treating matrix fruits such as raspberries and
strawberries with continuous ozone gas before applying a pressurized (83 kPa) ozone treatment
can be significantly more effective for bacterial reduction than simply using a pressurized ozone
treatment. A continuous gaseous ozone treatment removes microorganisms on the surface of the
produce while the pressurized system aids the ozone penetration for reduction of any additional
bacteria (Shynkaryk et al., 2016). If the process is inverted, the bacteria on the surface will be
internalized in the produce and bacterial inactivation would be more challenging (Vurma et al.,
2009; Gabler et al., 2010).
2.4.3 Gaseous Ozone Inactivation Mechanisms
Ozone and hydroxyl radicals inactivate each microorganism differently by oxidizing essentials
components. Torlak et al, (2013) describes two mechanisms involve during antimicrobial ozone
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disinfection: oxidation of amino acids to shorter peptides and sulfhydryl groups, and the
destruction of the cell envelope causing microbial lysis. The unbalance in the bacterial cell due to
oxidative stress causes the deterioration of the cell wall and the loss of nutrients until the cell dies
(Alwi & Ali, 2014). In addition, ozone attacks the bacterial DNA by modifying the genetic material
and causing mutation (Torlak et al., 2013). Similarly, ozone attacks the spore coat of
microorganisms and penetrates to eventually oxidize vital components as it reacts with internal
water in the spore (Ong et al., 2013). In the case of viruses, ozone deteriorates nucleic acids,
proteins and the viral capsid to inactivate the virus (Kim et al., 1999). Predmore et al. (2015)
studied the effect of different ozone gas to MNV-1 and TV and observed the disruption of the
particles through a Transmission electron microscopy. As exposure time increases from 0 to 40
mins the outer protein capsid is damaged thus causing the seep out of the viral RNA and resulting
on the inability of viral particles (Predmore et al., 2015). As insecticidal inactivation, ozone enters
insect spiracles and targets the respiratory system of microorganism while it also damages the
insect tissue and eventually disrupts DNA material (McDonough et al., 2010)
2.4.4 Effect on quality of produce
Ozone could alter physical properties, sensory quality, and chemical characteristics of the treated
produce. Therefore, gaseous ozone concentration and exposure time must be selected to minimize
alterations of these factors while achieving sanitizing effectiveness.
2.4.4.1

Physical Properties

The produce physical properties include mainly colour, weight, texture, surface, appearance, size,
and moisture. According to Ong et al. (2013) damage of external surface or wax on fruit was not
detected after exposure to ozone. Apples treated with ozone concentration of 15 PPM for 40
minutes did not suffer any damage on appearance, texture or colour (Murray, 2016). Furthermore,
Brie et al. (2018) did not observe any effect on the appearance of raspberries after exposure to a
gaseous ozone dose of 5 PPM for 2 minutes. In the case of leafy vegetables, Shynkaryk et al.
(2016) found that only a slight spinach leaf discoloration occurred with exposure of 50 PPM for 3
days, however, the leaf turgor loss was observed due to loss of leaf water. For a higher ozone
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concentration of 100 PPM, spinach leaf exposed for 3 days shown a significant change in colour
due to the appearance of light green spots due to breakdown of chlorophyll (Shynkaryk et al.,
2016). Similarly, lettuce leave suffered discoloration after ozone gas exposure for 10 minutes at a
concentration of 2430 PPM (Singh et al., 2002). Application of ozone to leafy vegetables at high
concentration and extensive contact time causes areas to be lighter or bleached (Predmore et al.,
215). However, the treatment of parsley with high gaseous ozone concentration of 950 PPM for
20 minutes had no negative effect on the colour of parsley. Carrot store in a refrigerator (at 0.5°C)
under modified atmosphere with gaseous ozone concentrations of 0.05 PPM for an extended period
of 6 months resulted in a slight discoloration of the produce surface, but not other physiological
modifications occurred (Hildebrand et al., 2008). Horvitz and Cantalejo (2008) did not observe
surface discoloration, firmness or damage on red bell peppers treated for 5 min at 0.7 PPM
concentration of ozone gas. For high gaseous ozone gas concentrations of 14,019 PPM (30 mg/L)
for time exposure of 5 mins, Das et al. (2006) observed the change from red to yellow of cherry
tomato surface, however no changes on firmness and texture of the fresh produce was noticed.
Dried figs treated for 360 min at ozone gas concentration of 9.0 PPM did not experience significant
changes in color, pH and moisture content compared to non-ozonated samples (Akbas & Ozdemir,
2008a). Therefore, gaseous ozone treatment with high CT values can affect some of the physical
properties of the produce.
2.4.4.2

Sensory Quality

Sensory attributes refer to all properties defining the produce quality for consumption including
taste, flavour, and palatability. For instance, Akbas and Ozdemir (2008b) studied the sensory
properties of flaked red pepper after gaseous ozone treatment, in which panelists evaluated the
taste, flavour, appearance, and general palatability. They found a slight variation in the tested
attributes for the samples exposed to concentrations over 5 PPM for 360 mins (Akbas et al, 2008).
Additionally, Torlak et al, (2013) focused on the effect of ozonation on sensory properties of dry
oregano and found that at dosage of 5.3 PPM for 2 hours, appearance, taste, and flavor were
significantly affected. The change in the spice coloration can be attributed to the oxidation of
chromophores and destruction of linked double bonds (Torlak et al, 2013). An additional study
consisted on assessing organoleptic properties including sweetness, rancidity, flavor, appearance
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and overall palatability of dried figs after ozonating treatment for 360 min under a concentration
as high as 9.0 PPM (Akbas & Ozdemir, 2008a). The study concluded that the organoleptic
properties of the dried figs did not suffer any significant changes in comparison to control samples
and therefore can be applied for the processing of dried figs (Akbas & Ozdemir, 2008a). Fresh-cut
cantaloupe treated with ozone gas for 30 minutes at 20,000 PPM was not significantly altered on
aspects such as visual quality, aroma, translucency, and firmness, compared to the untreated
samples (Selma et al., 2008b). The effect of ozone gas on sensorial properties of food is dependent
on the level of CT value and the type of produce.
2.4.4.3

Chemical Properties

Similar to physical and sensorial properties, the nutritional content variation affects the overall
quality of the produce for consumption purposes. A study focused on chemical changes of fresh
cut papaya after being treated with 9.2 PPM of ozone gas for 20 minutes found that the phenolic
content of this fresh produce increased by 10.3% with respect to control samples, and oppositely,
the ascorbic acid content of the papaya decreased by 2.3 %, which is still considered acceptable
(Yeoh et al., 2014). Ölmez and Akbas (2009) reported a 2-log10 CFU/g reduction of L.
monocytogenes on lettuce treated with ozone, however they also noted significant quality loss of
the product. Some physico-chemical parameters were evaluated for kernels, shelled and ground
pistachios after being ozonated at 1.0 PPM for 6 hours from which pH, free fatty acids (FFA)
value, and fatty acid compositions did not significantly change for any of the pistachios (Akbas &
Ozdemir, 2006). Furthermore, ascorbic acid content of parsley treated with high ozone gas
concentration (950 ppm, 20 mins) was reduced by about 40 %, 12 % in total phenolic content, and
41% in oxidant activity due to the oxidative effect of ozone (Karaca & Velioglu, 2014). Overall,
the effect gaseous ozone on produce quality can vary significantly depending on the type of
produce, ozone concentration, and exposure time.
2.4.4.4

Extend Shelf-Life

Modification of storage room atmosphere by introducing small ozone gas concentrations has been
proven to be beneficial to extend produce shelf-life. Implementation of ozone gas in storage rooms
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was observed to oxidize ethylene in the air, which is known to cause the ripening of the produce,
as well as reduce produce respiration rate (Skog & Chu, 2001; Murray et al., 2017). For instance,
Skog and Chu (2001) observed that broccoli and cucumber shelf-life can be extended when
introducing 0.04 PPM ozone gas to cold storage rooms. Additionally, an ozone exposure of 35
PPM for 10 minutes was found to delaying tomato ripening by 32 days when stored at 15°C, 25
days at 25°C and 8 days at 35°C (Zambre et al., 2010). Similar system was used by Vurma et al.
(2009) to maintain quality of spinach during storage and transportation of the produce. Extension
of produce shelf-life is not only achieved by injecting ozone continuously to the storage room, but
also by applying an initial ozone dose before storage, as supported by Horvitz and Cantalejo (2008)
study. They treated bell pepper strips with 0.7 PPM ozone gas for 1, 2, and 5 minutes and observed
that ozone reduced initial yeast, mold, and psychrotrophic bacteria count as well as inhibit the
growth of these microorganisms over 14 days when compared to control samples (Horvitz &
Cantalejo, 2008). The presence of microorganisms such as yeast and mold are indicators of food
freshness and determine the end of food shelf-life. Therefore, inhibition of yeast and mold will
extend shelf-life of produce. In general, the benefit of ozone gas treatment on food shelf-life will
depend on ozone dosages and type of produce and its application can be useful for storage and
transportation of fresh produce.
2.4.5 Effect of Ozone on Pesticides
The effect of ozone on pesticides is still an area of research where some findings seem promising
like the study completed by Gabler et al., 2010. Ruby seedless table grapes were exposed to
gaseous ozone treatment of 10,000 PPM for 60 minutes at 5°C to analyze reduction of fungicide
residues. Pesticide reduction was 68.5% for fenhexamid, 75.4% for cyprodinil, 83.7% for
pyrimethanil, and 100 % for pyraclostrobin (Gabler et al., 2010). However, residues such as
iprodione and boscalid were slightly reduced either due to resistance to degradation by ozone or
because the pesticide is protected by the grape tissue (Gabler et al., 2010). Ozonation can be
applied on fresh produce to reduce pesticides residues before distribution to stores. Further
research is required for this area of gaseous ozone treatment.
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2.4.6 Ozone Safety
The use of Ozone as an Antimicrobial Agent for the Treatment, Storage, and Processing of Foods
in Gas and Aqueous Phases was approved on June 26, 2001 by the Food and Drug Administration
(FDA) (Federal Register, 2001). However, ozone must be contained cautiously due to its toxicity
to the human health and the environment. Ontario Ministry of Labour enforces a limit timeweighted average (TWA) of 0.1 ppm and a short-term exposure limit of 0.3 ppm. Therefore,
ambient ozone sensors are installed in the working area to shut down ozone generator when the
ozone limit is reached (0.3 PPM). Ozone gas can be harmful when inhaled since it causes irritation
of the respiratory system, severe fatigue, headache, minor eye irritation, reduce oxygen
consumption, chest pain, and pneumonia at higher ozone levels (Ozone Solutions, 2015). Although
humans can readily detect ozone at concentrations as low as 0.02 to 0.05 PPM (EPA, 1999), it is
not recommended to relied only on odour perception but on ozone sensor readings and alarms.
Ozone at a concentration of 10 PPM is considered immediately dangerous to life and health (Ozone
Solutions, 2015).

2.5 Current Gaseous Ozone Systems
Ozone gas has been found to be effective for disinfection and preservation of produce. There are
different mechanisms used in gaseous ozone treatment including the batch reactor, controlled
atmosphere, and forced air reactor
2.5.1.

Batch Reactor

A batch reactor consists of an enclosed system to which ozone gas is continuously pumped at a
constant flow during some treatment time. This system is also known as fumigation system and is
commonly used to treat a variety of produce including vegetables, fruits and grains (Mendez et al,
2002; Tzortzakis et al., 2007; Alwi & Ali, 2014; Botondi et al., 2015). In some systems ozone is
added until a desired treatment pressure is reached, and a valve connecting the system to an ozone
destruction unit is slowly open when the treatment time is over (Predmore et al., 2015). The batch
reactor can be adjusted to satisfy small or commercial scale disinfection treatment (Gabler et al.,
2010).
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2.5.2.

Controlled Atmosphere

Controlled atmospheres containing small ozone concentrations are applied in cold storage facilities
and shipping trailers to delay the ripening of fresh produce, inhibit microbial growth, and avoid
cross-contamination (Suslow, 2004). Ozone concentration in the system is monitored continuously
and a response program is set to switch ozone generator on or off to keep a constant ozone
concentration (Hildebrand et al., 2008).
2.5.3.

Forced Air Reactor

Ozone gas is generated on site and driven upward or downward through the produce bed by a
blower or fan. Ozone is injected to the system continuously to ensure that the produce is exposed
to a constant ozone concentration during the cycle. A forced air ozone reactor is an enclosed system
for which some operating conditions can be controlled including air velocities, initial ozone
concentration, and treatment time. The forced air reactor can be designed for a small or commercial
scale (Murray, 2016). Factors influencing disinfection effectiveness within a forced air reactor are
bed properties, pressure drop, temperature, RH, operating air velocities, ozone concentration, gas
distribution, and treatment time. This study focuses on understanding the effect of each factor,
determine optimal operating conditions, and improve current designs to achieve homogeneous gas
distribution.

2.6 Pressure Drop Theory
Pressure drop has a significant role on the design of systems where a fluid is forced to travel
through a confined region, such as a reactor, from an inlet to an outlet. In the context of this project,
the primary interest is the relationship between pressure drop and average flow velocity through a
reactor containing a bed of produce. The produce bed will be a porous medium, since it will consist
of a volume packed with discrete produce items which will have void spaces between due to
spherical or irregular shape. Formally, a porous medium is a layer of solid characterized by the
presence of void spaces known as pores, which contain fluid such as gas or liquid (Datta, 2007).
Pressure drop, or pressure difference is the resistance of a fluid to move from one point to another.
Considering forcing a gas through a porous bed, a pressure drop is necessary to cause the gas to
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pass at a specific average velocity through the porous medium formed by the produce of interest.
The main factors influencing the pressure drop across porous media include fluid velocity, porous
media properties, and fluid properties. Since the power required for a fan or blower to move gas
through a produce bed is proportional to the product of pressure drop and velocity, an
understanding of the pressure drop in a reactor system is essential for system design.
2.5.1 Porous Media Properties
Pressure drop is determined based on the type of particles or produce forming the bed and overall
porous bed properties. Some important variables to be defined are particle diameter 𝑑𝑝𝑒 , particle
sphericity 𝜑 , and bed porosity 𝜀.
2.5.1.1

Particle Effective Diameter and Sphericity

The effective diameter and sphericity are particle characteristics that influence the flow through
the porous bed. The effective diameter considers a mean diameter for non-uniform particles. The
effect diameter of the particle is calculated as follows (Gaskell, 1992)
𝟏

𝟔𝑽𝒑 𝟑

𝒅𝒑𝒆 = (

𝝅

)

(2 - 1)

where 𝑉𝑝 (m3) is the particle volume. The volume of a particle can be estimated by measuring the
volume of water displaced when submerging the particle. Additionally, the volume can also be
estimated by measuring the particle dimensions and finding similitude with a geometric shape to
calculate the volume. For instance, some food produce are rounded particles, but are not
completely spherical. Therefore, an average radius can be used, or the volume of an ellipsoid can
be comparable since it considers multiple radius.
Sphericity is an indicator of the particle morphology and is a measurement of how geometrically
similar the particle is to an ideal sphere (Liu et al., 2008). Sphericity is the ratio between the surface
area of a spherical particle that has the same volume of the particle of study and the actual surface
area of the particle of study (Liu et al., 2008). Thus, a sphericity of 1 refers to a spherical particle.
However, in the food application particles vary significantly in sphericity, even for the same type
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of produce, and is considered relevant when examining bed produce properties and flow through
the bed. Sphericity is also defined as the inverse of the shape factor (λ) and can be estimated using
the following equation (Mohsenin, 1980):
𝝋=

𝒅𝒑𝒆
𝑳

(2 - 2)

which considers the effective diameter (𝑑𝑝𝑒 ) and the major diameter of the particle (𝐿) or major
diameter of the particle, both of which have typical units of cm.
2.5.1.2

Porosity

The property of a porous media that defines the ratio between the pore volume and the total volume
of the media is known as porosity (Leclaire, Umnova, Horoshenkov & Maillet, 2003). The bed
porosity determines the resistance to flow across a porous media and can be estimated using two
methods.
Method 1
The apple bed porosity can be estimated by using the displacement method described by Chau et
al. (1985) that consists on placing the apples in a container of a known volume. The container is
then filled up with a known volume of water. The difference in volume between porous bed and
added water refers to volume occupied by the particles. The porosity is calculated:
𝜺=

𝑽𝒐𝒍𝒖𝒎𝒆 𝒐𝒇 𝒗𝒐𝒊𝒅𝒔
𝑻𝒐𝒕𝒂𝒍 𝒃𝒆𝒅 𝒗𝒐𝒍𝒖𝒎𝒆

(2 - 3)

The volume of voids is determined by subtracting the total bed volume and the volume of water
displaced or actual volume occupied by the particles.
Method 2
The second method considers the particle density (𝜌𝑝 ) and bulk density (𝜌𝑏 ), both typically in units
of kg/m3 (Mohsenin, 1980):
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𝝆

𝜺 = 𝟏 − 𝝆𝒃

𝒑

(2 - 4)

Particle density is estimated for a total of multiple samples and an average particle density is used
for the calculation. The bulk density is determined with weight and volume of the porous bed.
Heat and mass transfer occurring in a fixed porous bed also considers the ratio of surface area to
bed volume (𝑨𝒗 ). This ratio is (Heggs, 2011):
𝑨𝒗 =

𝟔(𝟏−𝜺)
𝒅𝒑𝒆

(2 - 5)

Physical properties for a range of produce are presented in Table 2 - 8. This data was compiled
from various pressure drop studies for different type of produce and 𝐴𝑣 was calculated based on
the given data. As observed in Table 2 - 8, porous beds formed by produce with smaller effective
diameters have a higher surface area to bed volume ratio. This results in higher mass or heat
transfer rates throughout the bed in smaller diameter produce. Furthermore, the properties
presented on Table 2 - 8 shows that higher particle sphericity seem to increase the bed porosity
because of particle arrangement in the bed. Spherical particles of similar diameter placed randomly
in a bin tend to leave more void spaces. Chau et al. (1985) compared four different stacking
patterns for oranges (φ = 93.3%): random, straight, staggered, and square staggered. Higher
porosity was obtained for the random pattern for the bed of oranges (Chau et al., 1985). All data
for other types of produce presented in Table 2 - 8 refer to random packing studies. Particle volume
𝑉𝑝𝑒 and bulk volume 𝑉𝑏 were calculated based on the information provided by each study.
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Table 2 - 8: Compilation of particle and bed physical properties for different types of produce used for pressure
drop studies.

Type of
Produce

𝒅𝒑𝒆 ∙ 10-3 𝑽𝒑𝒆 ∙ 10-6
(m)
(m3)

φ (%)

ɛ (%)

𝑽𝒃 ∙ 10-3
(m3)

𝑨𝒗
(m2/m3)

Reference

Sugar beet

122.71

967.55

73.40

44.57

2,411.00

27.10

Tabil et al.,
2003

Orange Random

83.10

300.47

93.30

46.00

136.13

38.99

Chau et al.,
1985

Orange Straight

83.10

300.47

93.30

45.80

136.13

39.13

Chau et al.,
1985

Orange Staggered

83.10

300.47

93.30

38.40

136.13

44.48

Chau et al.,
1985

Orange –
Square
staggered

83.10

300.47

93.30

43.10

136.13

41.08

Chau et al.,
1985

Apple

74.44

215.60

85.62

43.50

400.00

45.54

Verboven et al.,
2004

Walnuts

30.70

16.00

93.20

47.00

50.00

103.58

Potatoes

27.04

10.30

53.56

34.32

100.00

145.81

Grapes

21.15

4.95

89.00

56.50

96.00

123.40

Pistachios

13.37

1.25

78.49

48.30

96.00

232.01

Kashaninejad
& Tabil, 2009

Corn

7.86

0.25

69.00

44.50

43.00

423.66

Crozza &
Pagano, 2004

Chickpeas

7.10

0.18

85.85

42.75

71.00

483.80

Shahbazi, 2011

Lentils

5.05

0.068

72.27

46.50

47.00

635.64

Green gram
(Mung
bean)

3.47

0.023

65.63

42.23

40.00

998.90

Agropyron
(Crested
wheatgrass)

2.48

0.0079

61.00

36.10

43.00

1,545.97
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Rajabipour et
al., 2001
Shahbazi &
Rajabipor,
2007
Ngcobo et al.,
2012

Sokhansanj et
al., 1990
Nimkar &
Chattopadhyay,
2002
Crozza &
Pagano, 2004

2.5.2 Pressure Drop
In order to analyze the flow through a porous medium, Darcy equation can be employed for
𝑅𝑒𝑝 >1~10 (based on pore velocity and hydraulic diameter), which involves a linear relationship
between flow velocity and pressure drop (Tamayol, 2011).
−𝛁𝒑 =

𝝁
𝑲

𝒖

(2 - 6)

where ∇𝑝 is pressure gradient, 𝑢 is the flow velocity, 𝜇 is air dynamic viscosity and 𝐾 is the
permeability of the porous media (Dehghannya, Ngadi, & Vigneault, 2010). When the Reynolds
number (𝑅𝑒𝑑𝑝𝑒 ) is higher than 1, the Darcy equation is modified (Muralidhar, 2017) to include the
additional forces acting on the fluid flow due to the obstruction of the flow path by solid surfaces
(Datta, 2007). The Reynolds number in this case is based on the particle effective diameter (𝑑𝑝𝑒 ):
𝑹𝒆𝒅𝒑𝒆 =

𝝆𝒈 𝒖𝒅𝒑𝒆

(2 - 7)

𝝁

However, the Reynolds equation can be modified based on the parameters defining the flow. For
instance, Reynold interstitial (𝑅𝑒𝑖𝑛𝑠 ) considers the actual air velocity through the void spaces
(𝑢𝑖𝑛𝑠 = 𝑢⁄𝜀 ) and particle diameter (Seguin, Montillet, & Comiti, 1998). A commonly used
equation to defined flow in porous media is pore Reynolds number (𝑅𝑒𝑝 ) which included average
𝑢𝑖𝑛𝑠 and porous media hydraulic diameter: 𝐷𝐻 = 2ɛdpe ⁄3(1 − 𝜀) (Patil, 2012).
𝑅𝑒𝑝 =

𝜌𝑔 𝑢𝑖𝑛𝑠 𝐷𝐻
𝜇

(2 – 8)

According to a study by Dybbs and Edwards (1984), a porous medium flow can be classified under
four regimes based on the 𝑅𝑒𝑝 . The regime known as Darcy or creeping flow is dominated by
viscous-drag and applies for 𝑅𝑒𝑝 < 1. The second one is the Forchheimer regime where inertial
forces are dominant and occur for 𝑅𝑒𝑝 between 1 to 10 until 𝑅𝑒𝑝 < 150. The third regime is termed
post-Forchheimer flow and is characterized by unsteady laminar flow when 𝑅𝑒𝑝 ranges from 150
to 300. The last flow regime is when the flow through the porous medium is fully turbulent, which
occurs when 𝑅𝑒𝑝 is higher than 300 (Dybbs & Edwards, 1984).
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The Darcy equation can be modified (1< 𝑅𝑒𝑝 <150) to include an additional term with a flow
coefficient, which depends on the characteristics of the porous material and can be obtained from
experiments (Tamayol, 2011). The pressure drop across a produce bed depends on several factors,
including airflow velocity, gas viscosity, and the permeability of the porous media (which is the
produce bed in this case) (Dehghannya, Ngadi, & Vigneault, 2010). The pressure drop across a
volume of homogenous porous media on the scale of a bin of apples can be described by the
modified Darcy-Forchheimer equation (Lage, 1998):
𝛁𝒑 = −

𝝁
𝑲

𝒖 − 𝑪𝝆 |𝒖|𝒖

(2 - 9)

where C is the Forchheimer coefficient which is dependent on the properties of the porous media
(i.e. the bed of produce) which defines the fluid resistance or drag. The permeability (K) is a
measure of the ability of the air to flow through the produce bed and is commonly obtained from
experiments. Properties defining the fluid include gas density (ρ), gas viscosity (μ), and mean
airflow velocity (u) usually taken as volume flow rate divided by cross-sectional area of the bed.
Eq. (2 - 9) shows that as air velocity increases, the resistance to flow (as quantified by the pressure
drop) increases.
The Ergun equation is an empirical equation that describes the pressure drop across a packed bed
consisted of smooth particles (Ergun, 1952):
𝛁𝒑 = 𝟏𝟓𝟎

𝝁𝒖(𝟏−𝜺)𝟐
𝒅𝟐𝒑𝒆 𝝋𝟐 𝜺𝟑

+ 𝟏. 𝟕𝟓

𝝆𝒖𝟐 (𝟏−𝜺)
𝒅𝒑𝒆 𝝋𝜺𝟑

(2 - 10)

where 𝑑𝑝 (m) is the effective particle diameter, 𝜀 (-) is the bed porosity and 𝜑 (-) is particle
sphericity. Ergun equation is commonly used to characterize pressure gradient (Pa/m) through
food bulks (Verboven et al., 2006; Verboven et al., 2004; Raspusas et al, 1994; Chau et al., 1985).
Eq. (2 – 10) is applicable for an infinite bed which is described by a confinement ratio (𝐷ℎ ⁄𝐷𝑝𝑒 )
greater than 10. 𝐷ℎ is described as the hydraulic diameter of the testing reactor, 𝐷ℎ =
2𝑤𝐿⁄(𝑤 + 𝐿).
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Results from multiple studies seen in Figure 2 – 2 & Figure 2 – 3, demonstrate that increasing
airflow velocities will cause an increase in pressure drop per unit depth. Similarly, an increase in
the effective diameter causes porosity to be higher, thus reducing pressure drops across the bed.
Pressure drops based on the Ergun equation were calculated and an included in Figure 2 – 2 and
Figure 2 – 3, to compare theoretical values for various 𝑑𝑝𝑒 with experimentally-determined
pressure drops reported in the literature.
Other factors can also affect pressure drop, for instance, studies support that an increase in moisture
content of the produce bed results in an increase in airflow resistance (Kashaninejad and Tabil,
2009; Shahbazi, 2011). These studies comment that this effect occurs due to the reduction in
porosity as the produce moisture content was increased. In addition, the presence of soil, vegetative
matter, and pebbles in the produce bed will increase pressure drops. This was observed by Tabil
et al. (2003) who compared sugar beet beds containing different percent mass of foreign matter.
Pressure drop is also influenced by fluid temperature due to changes in media permeability as it
causes particles to contract or expand, especially in soil media (Civan, 2011).
The 𝐾 and 𝐶 values were determined for all compiled studies (in Table 2 - 9) based on the
information presented in Table 2 - 8. Two sets of Darcy permeability and Darcy Forchheimer
coefficients were calculated for comparison: experimental and theoretical. The pressure drop data
with respect to air velocity for different types of produce was used to obtain the equation that
describes the pressure gradient through the bed (Table B - 1). Additionally, air density of 1.225
kg/m3 and air viscosity of 1.8×10-5 kg/m·s for an average air temperature of 15 °C were assumed,
and Eq. (2 – 9) was used to calculate experimental 𝐾 and 𝐶 in Table 2 - 9. To obtain the theoretical
set of coefficients, particle and bed properties (Table 2 - 8), Eq. (2 – 9) and Eq. (2 – 10) were used.
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Table 2 - 9: Coefficients derived from experimental pressure curve from each study’s data and coefficients
calculated using Eq. (2 - 9) & Eq. (2 – 10) and bed properties (Table 2 - 8) for various compiled pressure drop
studies

Type of
Produce

Experimental
𝟏

∙ 105 (1/m2) 𝑪 ∙ 102 (1/m)
𝑲

Theoretical
𝟏

∙ 105 (1/m2)
𝑲

𝑪 ∙ 102 (1/m)

Reference

Sugar beet

1.58

1.81

0.64

1.22

Tabil et al., 2003

OrangeRandom

4.02

1.34

0.75

1.25

Chau et al., 1985

OrangeStraight

3.50

0.97

0.76

1.27

Chau et al., 1985

OrangeStaggered

25.79

3.21

1.67

2.46

Chau et al., 1985

OrangeSquare
Staggered

12.41

2.26

1.01

1.60

Chau et al., 1985

Apple

4.55

1.01

1.28

1.72

Walnuts

19.07

3.39

4.96

3.12

Potatoes

27.04

2.59

304.37

39.21

Grapes

15.10

0.03

4.44

2.24

Pistachios

17.15

2.48

32.31

7.65

Corn

340.47

40.56

178.26

20.32

Chickpeas

217.84

15.19

169.37

21.04

Lentils

880.47

131.89

320.58

25.51

1,254.37

21.78

1,281.65

58.94

1,296.38

48.15

5,688.64

157.12

Green gram
(Mung
bean)
Agropyron
(Crested
wheatgrass)
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Verboven et al.,
2004
Rajabipour et al.,
2001
Shahbazi &
Rajabipor, 2007
Ngcobo et al., 2012
Kashaninejad &
Tabil, 2009
Crozza & Pagano,
2004
Shahbazi, 2011
Sokhansanj et al.,
1990
Nimkar &
Chattopadhyay,
2002
Crozza & Pagano,
2004

Table 2 - 9 shows that the Darcy permeability of porous media (𝐾) decreases as the particle mean
diameter decreases according to both theoretical and experimental results. The ability of air to flow
through the porous media is reduced and therefore pressure gradient increases. On the other hand,
the coefficient 𝐶 which is a drag coefficient, increases as porosity and particle diameter is
decreased, as can be seen in the case of the grains. Increasing drag or air resistance results on an
increase in pressure gradient through the produce bed. The variation between the two sets of results
is attributed to other factors that influence experimental results but are not considered in the
theoretical equations. For instance, moisture content, particle arrangement, variation in particle
size, particle roughness, particle uniformity, variation in sphericity, and the presence of other
matter (i.e., soil) could all affect porous media permeability and drag coefficients.
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Figure 2 - 2: Compiled experimental pressure drops for a 1 m bed length of different types of small food produce
and grains (>8 mm) at various airflow velocities and comparison with the Ergun ideal for various particle
diameters (>15 mm), 85.8% sphericity, and 40.8% bed porosity. Refer to Table 2-8 for particle and bed physical
properties of the different produce.
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Figure 2 - 3: Compiled experimental pressure drops for a 1 m bed length of different types of large food produce
(<13 mm) at various airflow velocities and comparison with the Ergun ideal for various particle diameters (<25
mm), 85.8% sphericity, and 40.8% bed porosity. Refer to Table 2-8 for particle and bed physical properties of
the different produce
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2.7 Mass Transfer Theory
The effectiveness of gaseous ozone treatment for bulk produce disinfection is influenced by the
behaviour and transport of ozone through the produce bed. Understanding the fate and transport
of ozone gas through the bulk produce is necessary to optimize the current disinfection system.
Ozone reactions vary based on the treated produce and the presence of organic matter (soil and
microbes). Natural ozone decomposition and ozone reactions with other non-targeted components
make it challenging to maintain a constant antimicrobially effective concentration across the bed.
A previous study found that ozone distribution through a grain column can be classified into two
distinct phases (Kells et al, 2001). During phase 1, gaseous ozone reacts with the grains and ozone
concentration decreases rapidly. Therefore, fumigation effectiveness during phase 1 is
significantly reduced due to decrease ozone penetration into the depth of the bed. After this initial
period, phase 2 is reached and the ozone concentration within the bed equilibrates. The time to
reached phase 2 varies with depth and it was found that different grain layers within the bed will
have different exposure times to gaseous ozone. Kells et al. (2001) observed that increases air
velocity through the grain column and maintaining the same concentration reduces time required
to reach phase 2.
Recent research completed by Pandiselvam et al. (2017a) describes ozone reactions using three
parameters including saturation time, decomposition time and half-life. The saturation time refers
to the time required for the ozone concentration to reach equilibrium after treatment initiation, and
varies based on the type of grain and moisture content. For instance, saturation time for peanuts
(230 min) was three times higher than for maize (70 min) (Pandiselvam et al., 2017a).
Decomposition time refers to the time required for degradation of residual ozone after saturation
has been reached, which can be defined by decay kinetics as it gets in contact with the produce
(Panddiselvam et al., 2017). Lastly, natural decomposition of ozone is defined by the gas half-life
time which is dependent on relative humidity and temperature. Current research is reported to
center on evaluating ozone kinetics for grain fumigation applications. However, due to the large
surface area characteristic of grain columns, and high ozone reactivity with kernel surface, the
kinetics will vary for larger produce with other physical properties.
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Furthermore, distribution and transport of ozone gas are characterized by the air velocity within
the bed and natural diffusion of the gas within the porous media. The second component has a
significantly smaller effect on the distribution of the gas and therefore mass transfer due to external
forces is dominant. This phenomenon can be observed in similar applications that employ ozone
gas where more research has been conducted.
Ozone Gas for Other Applications
Ozone gas is commonly used as a remediation solution for removal of organic contaminants in soil
and groundwater because of its oxidative effect. The removal effectiveness varies based on soil
properties and treatment conditions. Kim and Choi (2002) developed an equation describing the
fate and transport of ozone gas in a one-dimensional, unsaturated porous media where the
dissolution of ozone into the pore water is neglected, and defined it as Lump model:
𝝏
𝝏𝒕

(𝒏𝑺𝒂 𝑪𝑶 ) =

𝝏
𝝏𝒛

[𝑫𝑶

𝝏(𝒏𝑺𝒂 𝑪𝑶 )
𝝏𝒛

]−𝒗

𝝏(𝒏𝑺𝒂 𝑪𝑶 )
𝝏𝒛

− 𝒏𝑺𝒂 𝑪𝑶 (𝒌𝒅,𝟏 + 𝒌𝒔,𝟏 𝑪𝒔 + 𝒌𝑪,𝟏 𝑪𝒄 )

(2 - 11)

The governing equation is composed by a mass transfer term, transport term and ozone reaction
terms. Ozone concentration (𝐶𝑂 ) is dependent of time (𝑡) and a spatial direction (𝑧) aligned
through the bed in the direction of gas transport. Ozone transport is affected by bed properties such
as porosity (𝑛), and gas saturation (𝑆𝑎 ). The mass transfer process depends on the gaseous ozone
dispersion coefficient (𝐷𝑂 ), the gas phase velocity (𝑣), and ozone reactions: Eq. (2 – 11) includes
constants for ozone decomposition due to natural processes (𝑘𝑑,1 ), organic matter (𝑘𝑠,1 ), and
contaminants (𝑘𝐶,1 ). The model presented in Eq. (2 – 11) describes gaseous ozone transport
characteristics through a porous media. It was theorized that a similar approach can be used to
model ozone gas behaviour through a bed of produce. However, some adjustments are required
based on the differences in bed properties between the two problems, since ozone decomposes
quickly in soil.
Furthermore, mass transfer in other systems such as drying, and dehydration applications can be
used to understand the kinetics of the gas. Islam and Alias (2010) studied and simulated moisture
transfer on the dehydration of herbs for which diffusion and convection terms were considered.
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2.8 Time Constant
Incoming ozone concentration increases exponentially in the system during the transient period
until a steady concentration is reached. Estimation of time constant (τ) and offset times (𝑡𝑜𝑓𝑓 ) for
inlet and outlet concentrations at various air velocities are required to understand fate and transport
of ozone gas. The offset time refer to the period from the moment the gas generator is on to the
point when ozone gas is observed at the measuring port. Time constants are calculated by
comparing the ozone concentration obtained experimentally and the ozone concentration obtained
using the following model:

𝑪𝒎 = 𝑪𝒔𝒔 − 𝑪𝒔𝒔 𝒆(−𝒕⁄𝝉)

(2 – 12)

𝐶𝑚 (PPM) refers to the ozone concentration calculated by the model, 𝐶𝑠𝑠 (PPM) is the ozone
concentration value when steady state is reached also known as final value, 𝑡 (s) is the
corresponding run time, and τ (s) is the time constant. The sum of squared difference between the
actual concentrations and estimated concentrations from the model are minimized to calculate the
time constant. The time constant is described as the time when 63.2% of the steady state ozone
concentration is reached.

2.9 Remaining Questions
Gaseous ozone fumigation has been proven to be effective to treat fresh produce. However, it is
still necessary to understand the behaviour of ozone in the produce bed. The ozone distribution
and kinetics through grains at a laboratory scale has been studied, but additional research is
required for other types of produce at a commercial scale. Further research is required to
understand the effect of factors such as gas flow velocities, pressure drops, bed produce properties,
temperature and relative humidity in disinfection of produce applied at large scales. As well as
how to improve current forced air reactor to achieve homogeneous distribution of ozone across the
produce bed.
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2.10 Literature Review Summary
With the continuing foodborne illness outbreaks linked to fresh produce coupled with the
regulatory introduction of Risk Presentation Control, there is an identified need for effective
decontamination technologies. Although many alternatives focused at reducing crosscontamination are currently used, new technologies are in developing stages to enhance
decontamination effectiveness and reduce other disadvantages. Gaseous ozone has been
considered an effective alternative for disinfection of various type of produce and targeted
microorganisms of concern and to extend shelf-life. Many factors are relevant during treatment
including type of produce, targeted microorganism, CT value, gas flow rates, and medium
conditions. Treatment conditions must be selected to increase disinfection effectiveness while
minimizing effect on quality of the final produce. Furthermore, certain safety requirements are
mandatory to protect workers and the environment. Treatment design should consider additional
aspects such as produce and bulk properties. Based on the bed properties, pressure drop can be
determined and used to select components in the system such as the blower size. Additional factors
including ozone kinetics and behaviour are important and must be taken into consideration to
design an optimal treatment. Based on the understanding of all influencing factors, system
consisting of apply ozone within a confined space and over a short time period can be improved
to overcome current issues of ozone application.
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Chapter 3: Problem Formulation
3.1 Overview of the Problem
Due to the appearance of multiple health and safety cases involving fresh produce in the past 20
years, manufactures are required to implement preventive measurements to reduce hazards.
Products such as caramel apples and other water sensitive produce, have recently been implicated
in food borne illness outbreaks caused by Listeria monocytogenes. An outbreak of Listeria linked
to caramel apples in the US in 2014 that resulted in 7 deaths and 34 cases of hospitalization (Angelo
et al., 2017). Not only the health of the consumers is in risk, but also the collapse of the whole
market.
The caramel is not considered an optimal medium for the pathogenic bacterium (L.
monocytogenes) to grow since it does not contain enough free water, but it could stabilize the
bacterial cell to extend persistence. Similarly, the apple is a very acidic environment for bacterial
growth. However, caramel coated apples have been linked to a deadly outbreak of listeriosis. A
publication in American Society for Microbiology (2015) mentions that puncturing the apples with
the stick releases juice to the interface between the apple surface and caramel coating, thus
providing an optimal bacterial growth environment (Glass et al., 2015). Additionally, Glass et al
(2015) suggested that storing the candy apple at room temperature supports the growth of Listeria.
An innovative and efficient disinfection method that could be implemented during the processing
since refrigeration and other common methods are not enough was developed. The idea consists
of a batch reactor large enough to disinfect apples stored in bulk bins (1.2 m2) using gaseous ozone.
The reactor was based on a pre-existing drying unit to bring the temperature of apples up to room
temperature within 2 hours. The developers of the reactor reached out to University of Guelph
researchers to understand and characterize the efficacy of gaseous ozone for disinfecting apple
surfaces, and to better understand the flow and ozone dispersion characteristics within the reactor.
This latter investigation of flow and dispersion is the focus of the following study.
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Motivation to Use Ozone Gas
The gaseous ozone treatment has been proven to be effective in the reduction of pathogens of
concern (L. monocytogenes and Lactobacillus) in a bed of apples, as mentioned in Section 2.4. In
addition, apple quality and sensorial properties are not observed to be affected by the gaseous
ozone treatment. Furthermore, a dry treatment is recommended since residual moisture on apples
prevents adherence of the caramel layer, thereby leading to production problems (Gustafson et al.,
2017). Using a gas treatment would minimize cross contamination between batches and prevent
presence of by-products on the apples. As well as to deliver a constant stream of ozone rather than
passive diffusion as in storage rooms. Additionally, gaseous ozone treatment can be applied to
working utensils such as bins, and wooden sticks.

3.2 Objectives
There were two specific objectives of this project. The first was to develop a deep understanding
of the relationship between ozone supply concentration, volume flow rate of air containing ozone
through the unit, mixing and distribution of ozone within apple beds, treatment times and pressure
distribution in the system.
The second objective was to develop an engineering model and tools to support the design of
similar gaseous ozone treatment reactors, including allowing the resulting designs to be scalable
and adaptable to a wide range of produce types and volumes, and satisfy other specific processor
requirements. The specific goal for the model would be to predict distribution and concentration
of ozone as a function of time and location within bulk produce, based on air and ozone flowrates,
produce type and geometry, and reactor characteristics. The overall objective of this work is to
provide guidance for improvement of future designs of this class of produce disinfection systems.
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Chapter 4: Experimental Methodology
4.1 Forced Air Ozone Reactor
A forced air ozone reactor has been developed by a company which uses gaseous ozone to disinfect
bulk apples before processing. They selected the use of ozone in a gaseous form over an aqueous
form to reduce consumption of water, to keep the product as dry as possible for further processing,
and to be compatible with pre-existing drying system. Disinfection system is built around a large,
enclosed chamber that can accommodate apples in conventional slatted bulk storage bins. Air is
moved through the chamber using a blower while ozone is generated on site and introduce through
the top of the chamber (Figure 4 - 1). According to the study conducted by Murray (2016), the
system achieves a 1.79 - 2.68 log CFU reduction of Lactobacillus (Listeria surrogate) in 500 kg
batch of whole apples.

Figure 4 - 1: Schematic of the forced air ozone reactor and direction of the flow. Components include (1) ozone
generator, (2) flow mixing box, (3) movable duct, (4) top sensors, (5) chamber, (6) apple bed (stacked bins), (7)
bottom sensors, (8) system blower, (9) exhaust pipe, and (10) ozone removal filter.
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4.1.1 Forced Flow Chamber
Ozone gas is generated on the top of the chamber and driven downward through the produce bed
by a blower located at the exhaust pipe. The chamber was manufactured with stainless steel
(304/316) to avoid chamber corrosion due to ozone exposure. The blower uses a 1/3 – 3HP three
phase motor (TECHTOP, BLA.504-C) with multiple settings to adjust the airflow velocity. Figure
4 - 2 shows the forced flow chamber and the apple bins employed for the disinfection treatment.
A single or multiple wood pallets are set under the bins to provide the correct elevations and avoid
ozone leakage. One, two or three stacked bins can be treated simultaneously based on treatment
requirements.

Figure 4 - 2: Forced air ozone reactor. On the left side, empty chamber with door open. On the right side, ozone
chamber with three bins full of apples and wrapped with plastic film before starting the regular cycle.
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The chamber is composed of three sides panels, a top panel, a door, and a movable lid. The lid is
attached to the ceiling of the chamber with four chains controlled by compressors. A movable lid
sits on the top bin and seals when in operation, and includes the flexible supply duct. The lid is
placed tightly on the apple bins and ozone travels from the generator through the duct and into the
produce. The dimensions for the chamber and other components are shown in Figure 4 - 3 (inches).

Figure 4 - 3: Forced flow chamber and components dimensions (inches) from multiple views. Components
include (1) side panels, (2) top panel, (3) front door, (4) suspended lid, (5) suspension chains and supports.
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4.1.2 Ozone Generator
The ozone generator (Medallion Indoor Environmental, 03-20-24 UV Ultra High Output) is
composed of a 304-stainless steel rectangular cabinet and twenty – 61 cm long AT987 high output
ozone lamps. The generator operates at a maximum air flow capacity of 1200 cubic feet per minute
(CFM), has a stated clean ozone output of 161.2 g/h, and ozone saturation of 37 PPM.
As shown in Figure 4 - 4, the ozone generator is located above the chamber to move ozone
downward through the produce. The ozone leaves the generator through four flexible pipes and
enters a stainless steel 10 cm tall box on the top of the chamber to enhance fully mixing of the gas,
as seen in Figure 4 - 4. Subsequently, the gas moves through a flexible black duct until it reaches
the apple bed. For a bed consisted of three stacked bins, the duct stretches to a length of 80 cm
from the top of the chamber to the top of the apple bin. For a two-bin height bed, four wood pallets
are stacked under the bed to allow movable lit to sit properly on the bins. For a two-bin height bed,
the flexible duct stretched to a length of 105 cm. The system generates ozone at an approximately
constant mass rate using the air in the room. However, the ozone blower speed settings control the
dilution of the ozone gas that passes through the working bed.

Figure 4 - 4: Ozone generator used for apple disinfection, on the left picture. Ozone gas distribution duct from
generator to treatment chamber

A secondary fan system for drying purposes only is observed on the top left side of the chamber
(Figure 4 - 5), which draws air upwards through the apples when chamber’s door is open to remove
apple surface condensation. This system is not used during the actual ozone treatment stage
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The ozone generator is located on the right top corner of the chamber and connects to an elastic
rubber duct that conducts ozone to the apple bed. The blower driving the ozone flow downward
through the produce bed is connected to the bottom left corner of the chamber. The resultant ozone
travels through the blower into the exhaust pipe and eventually to the exterior after passing through
an ozone destructor unit. Additionally, fan, blower, generator, and power controllers can be
observed on the chamber right side. The data logger and sensor connections for the experiments
in this study are located inside the white box positioned to the right of the chamber

Figure 4 - 5: Ozone chamber with closed door and surrounding system elements including drying fan, blower
for ozone flow, ozone generator, exhaust pipe, and controllers.
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4.1.3 Apples
Production of caramel apples usually involves one of two types of apples, Empire and Crispin
(Mutsu). Empire apples are supplied by Norfolk Fruit Growers’ Association (NFGA, Norfolk
County, ON) and are classified as size 175 with a diameter varying between 60 to 68 mm. Mutsu
apples are size 72, considered to have diameters of 80 to 90 mm, and are supplied by Northern
Orchards (Ontario). Vented wall macro bins (BARR, 26-A-FV) with exterior dimensions 1.21 m
× 1.21 m × 0.72 m and manufactured with FDA-approved food grade copolymer polypropylene
are used. In the chamber, apple bins are usually placed on top of 1 HDPE plastic skid and 3 wood
skids to achieve the required height to seal the system.
4.1.4 Standard Ozone Cycle
A typical treatment process starts with a stack of two or three bulk storage bins being placed in the
chamber. The depth of apples in each bin varies in practice from 1/3 to completely full. The sides
of the apple bins are completely wrapped with plastic film to ensure there is no leakage through
the sides, and all flow must be through the top and bottom of the bin stack. The bins are placed on
a set of wood skids and the bottom is exposed to allow the gas to flow away from the apples into
the exhaust pipe, which is attached to a vent in the outside wall. The top of the stack is connected
to the inlet duct by tightly attaching the lid on the top of the top bin.
The ozone disinfection process using the chamber consists of three main stages: a pre-dry cycle,
ozone cycle, and post-dry cycle. The pre-dry cycle is run for 10 minutes to allow the removal of
some apple moisture. For this cycle the chamber door remains open and air from the room is pulled
upward by a fan located at the top of the system.
Next, the door is closed, and the ozone cycle runs for 40 minutes at a fan setting of 40 Hz which
produces an average flow velocity (volume flow rate divided by cross sectional area) through the
apple bins of 0.077 m/s. At this fan speed, the incoming ozone concentration reaches a range
between 10 to 11 PPM. The outlet concentration is typically slightly lower than the inlet
concentration. After the initial 40 minutes of the cycle, the ozone turns off while the 40 Hz fan
speed remains on for 25 seconds, and lastly the fan increases to 60 Hz for 2 minutes and 20 seconds
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to remove the remaining ozone to safely opening the chamber. The last stage of the process is the
post-dry cycle which takes 90 minutes and has the purpose to remove all apple surface moisture
to allow caramel to stick to the apple in the later processes.

4.2 Porous Media Properties
4.2.1 Apple Volume
Apple dimensions such as apple height, major diameter, and minor diameter were measured using
an electronic caliper (Mastercraft) with a sensitivity of 0.01 mm. Twenty samples for each type of
apple were measured. Assuming apples are similar in shape to an ellipsoid, and using the apple
measurements, the following equation was used to estimate apple volume (𝑉𝑎𝑝 ) called method 1:
𝑉𝑎𝑝 =

4
3

(4 – 1)

𝜋𝑎𝑏𝑐

where a, b, and c refer to measured apple radius in the three different axes. Apple volume was also
estimated by measuring volume of water displaced by the apple called method 2. Apple mass
(𝑚𝑎𝑝 ) was measured using a small scale (Starfrit), sensitivity 0.5 g. Measure apple dimensions,
water displaced volumes, and apple mass for all samples are presented in Appendix B. Estimated
apple densities (𝜌𝑎𝑝 ) using both methods are shown in Table 4 - 1.
Table 4 - 1: Apple properties for the different apple types. Method 1 refers to calculating mean apple volume
using measured dimensions. Method 2 consists on estimating mean apple volume based on volume of water
displaced.

Apple Type

𝑽𝒂𝒑 Method 1
(cm3)

𝒎𝒂𝒑 (g)

𝝆𝒂𝒑
(kg/m3)

𝑽𝒂𝒑 Method 2
(cm3)

𝒎𝒂𝒑 (g)

𝝆𝒂𝒑
(kg/m3)

Mutsu

285.94

112.36

955.69

415.30

142.80

814.90

Empire

120.43

273.27

932.99

185.60

338.60

770.83

Small
Empire

80.14

75.32

945.07

94.60

75.00

791.30
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4.2.2 Particle Effective Diameter and Sphericity
Apple effective diameter and sphericity influence the flow through a porous media consisting of a
packed apple bed, and are considered in this study. The surface area of each apple was estimated
using the Knud Thomsen approximation for surface area of an ellipsoid (Xu et al., 2009):
(𝒂𝒃)𝟏.𝟔 +(𝒂𝒄)𝟏.𝟔 +(𝒃𝒄)𝟏.𝟔

𝑺𝒑 = 𝟒𝝅 (

𝟑

𝟏⁄𝟏.𝟔

(4 – 2)

)

where a, b, and c referred to the average radius of an apple in different axis measured for 20
samples for each type of apple.
The 𝑑𝑎𝑝𝑒 calculated with Method 1 will be used for further calculations since is based on measured
dimensions. It is more likely for human error to occur when reading the water displacement (Method 2)
from a measuring glass. Sphericity is calculated based on 𝑑𝑎𝑝𝑒 and the major diameter.
Table 4 - 2: Apple effective diameter calculated with Method 1 (dimensions) and Method 2 (water displaced).

Apple
Type

𝑽𝒂𝒑
Method 1
(cm3)

𝒅𝒂𝒑𝒆
(cm)

Major
Diameter
(cm)

𝑽𝒂𝒑
𝒅𝒂𝒑𝒆
Method 2 𝒅𝒂𝒑𝒆 (cm) Difference
(cm3)
(%)

𝝋 (%)

Mutsu

285.94

8.17

8.29

98.04

415.30

9.26

12.51

Empire

120.43

6.12

6.41

95.24

185.60

7.08

14.50

Small
Empire

80.14

5.35

5.55

96.15

94.60

5.65

5.45

4.2.3 Porosity
The apple bed porosity for the various apple types was estimated using two methods commonly
used in porous media studies. The bed porosity is a bed property that defines airflow resistance
travelling through porous media.

59

Method 1
The porosity of the apple-filled bins was estimated using the volume of water displacement
procedure. A vented bin (52×34×27 cm3) was randomly filled with apples as seen in Figure 4 - 6.
The vented bin was placed inside a container (63×42×38 cm3) filled with a known volume of water.
Volume of water was re-measured to calculate the volume of displaced water. Since apples tend
to float, a flat plastic lid is used to maintain the shape of the porous media. The volume of voids
in the apple bed was equal to the difference between total volume of the container and the volume
of displaced water.

Figure 4 - 6: Materials required to measure porosity using method 1. On the left side, vented box (47,736 cm3)
filled with Mutsu apples. On the right side, container (100,548 cm3) filled with water

Porosity of the Empire and small Empire apple bed was measured similarly as mentioned above,
however, a smaller vented bin (21.7×21.7×13 cm3) and container (30×38×48 cm3) filled with water
was used. The tests were run three times for each apple type and raw data can be found in Appendix
B. The calculated porosity values based on volume voids and total volume bed are shown in Table
4 - 3.
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Table 4 - 3: Calculated porosity for apple bed using the volume of water displaced method for a total Mutsu
apple volume bed of 47,736 cm3 and Empire apple beds of 6,122 cm3

Apple Type

Height of
Water
Displaced (cm)

Total Volume of
Water Displaced
(cm3)

Volume of
Voids (cm3)

ɛ (%)

Mutsu

7.2

19,139.4

28,596.6

59.9

Empire

2.4

2,736.0

3,386.0

55.3

Small Empire

2.6

3,002.0

3,120.0

51.0

Method 2
A total of 20 apples of each type were weighted using a digital scale (Starfrit). Based on measured
apple dimensions and mass, particle density was estimated (details in Appendix B) and an average
particle density is used for the calculation. Similarly, dimensions and mass were measured for the
apple beds shown in Figure 4 – 7. Different apple beds were formed for each apple type: Mutsu
(60×40×23 cm3), Empire (30×30×24 cm3), and small Empire (30×30×18 cm3).

Figure 4 - 7: Bed apple samples for porosity measurements using particle and bed densities. The left picture
shows a Mutsu apple bed while the right picture shows an Empire apple bed.

Apple volumes used in Table 4 - 4 are obtained from apple dimensions (Method 2) as mentioned
in Section 4.2.1. Apple density and apple bed density were used to calculate the bed porosity for
the three apple types.
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Table 4 - 4: Measurements to calculate porosity of apple bed using Method 2

Apple
Type

𝑽𝒂𝒑 (cm3) 𝒎𝒂𝒑 (g) 𝑽𝒃 (m3)

𝒎𝒃 (kg) 𝝆𝒂𝒑 (kg/m3)

𝝆𝒃
(kg/m3)

ɛ (%)

Mutsu

285.94

273.27

0.0552

22.6

955.69

409.42

57.16

Empire

120.43

112.36

0.0216

9.8

932.99

453.70

51.37

Small
Empire

80.14

75.32

0.0162

8.1

945.07

500.00

47.09

Average Porosity
Porosity was estimated using two different methods previously mentioned. Since the difference on
the results is attributed to how the porosity was estimated the average will be used for further
calculations. The results agreed with the theory and bed with smaller particle diameters are
characterized by lower porosities as found by both methods.
Table 4 - 5: Porosity results from Method 1 (water displaced) and Method 2 (densities)

Apple Type

ɛ Method 1 (%) ɛ Method 2 (%) Average ɛ (%) ɛ Difference (%)

Mutsu

59.90

57.16

58.53

4.68

Empire

55.30

51.37

53.34

7.37

Small Empire

51.00

47.09

49.05

7.97

4.3 Sensors & Logging
Multiple sensors were installed at the chamber’s inlet and outlet to measure multiple variables that
influence the ozone gas treatment. Sensor locations and sensor labels are shown in Figure 4 - 8
and described in Table 4 - 6. Measurement includes temperature, relative humidity, ozone
concentration, pressure drops, and airflow velocity. The data is collected continuously and
recorded in a data logger for further analysis.
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Figure 4 - 8: Sensor locations and sensor labels for measurements at the forced flow chamber. The top duct is
viewed from above, the Exhaust pipe is viewed from the side. Labels are defined in Table 4 - 6.

Table 4 - 6: Label, type, and location for all sensors placed throughout the ozone chamber

Label

Sensor

Location

TT1

Inlet temperature from testing thermocouple sensor

Top duct

TT2

Inlet temperature from original RH sensor

Top duct

TT3

Inlet temperature from original thermocouple sensor

Top duct

TT4

Inlet temperature from testing RH sensor

Top duct

TB1

Outlet temperature from testing thermocouple sensor

Exhaust pipe

TB2

Outlet temperature from testing RH sensor

Exhaust pipe

TB3

Outlet temperature from original thermocouple sensor

Exhaust pipe

TB4

Outlet temperature from original RH sensor

Exhaust pipe

RT1

Inlet RH from original sensor

Top duct

RT2

Inlet RH from testing sensor

Top duct

RB1

Outlet RH from testing sensor

Exhaust pipe

RB2

Outlet RH from original sensor

Exhaust pipe

O3MT

Inlet ozone concentration testing sensor

Top duct

O3MB

Outlet ozone concentration testing sensor

Exhaust pipe

O3TA

Inlet ozone concentration analyzer

Top duct

O3BA

Outlet ozone concentration analyzer

Exhaust pipe

P1

Inlet pressure tap

Top duct
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4.3.1 Temperature and Relative Humidity Sensors
Temperature and relative humidity measurements were recorded at the inlet and outlet port to
observe the variations during the ozone treatment of an apple bed. Thermocouples (Omega, Type
E, CHCO-010-48) with a temperature (°C) accuracy reading of ± 0.5 % and a range of -200 to 200
°C was used. Additionally, combined air temperature (AT) and relative humidity (RH) sensors
(Campbell Scientific, HMP60-L) provided RH (%) readings with an accuracy of ± 3 % for a
measurement range from 0 to 90 %, and temperature values with an accuracy of ± 0.6°C for a
range -40 to 60°C. Originally, a single thermocouple and AT/RH sensor were installed at the inlet
and at the outlet of the bed to collect initial measurements. RH and temperature data were
continuously measured every 10 seconds, averaged and collected every 30 second interval by the
data logger (CR1000M, Campbell Scientific). The data was downloaded to a laptop computer
using LoggerNet 3.4.1 software, (Campbell Scientific) for further analysis.
An additional set of sensors were installed at the inlet and outlet sections of the chamber to verify
measurements accuracy. Figure 4 - 9, shows the locations of the AT/RH sensors at the inlet of the
apple bed. Sensors were placed 15.5 cm above the adjustable lid and secured with plastic fittings.
Sensors are mounted fairly closed for the accuracy of the measurements to be comparable.

Figure 4 - 9: Thermocouples and relative humidity sensors placed on top of the chamber.
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Similarly, sensors to measure the outlet RH and temperature were mounted at the exhaust pipe.
The two thermocouples were placed at 1 cm from each other to analyze reading accuracy while
the RH were separated by 4 cm. Outlet sensor locations can be seen in Figure 4 - 10.

Figure 4 - 10: Thermocouples and relative humidity sensors placed at the exhaust pipe of the chamber

4.3.1.1

Thermocouple and Relative Humidity Error Calculation

Multiple temperature and relative humidity sensors were set at the top and bottom of the ozone
chamber to calculate accuracy of the measurements. Both measurement locations, top and bottom,
included two relative humidity sensors that offered temperature and relative humidity
measurements and 2 additional thermocouples. All measurement locations and labels are shown
in Figure 4 - 8. Continuous measurements were collected for a total of 8 days during the month of
October 2017 to compare the measurements of all the sensors.
Table 4 - 7 and Table 4 - 8 show the observed errors between sensors from this campaign. The
average percent error refers to the difference between the reference measurement and the actual
measurement, divided by the reference measurement.
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Table 4 - 7: Calculated error values obtained from comparing various temperature sensor from a reference
sensor during continuous data collection for 8 days every 30 seconds

Location

Top

Bottom

Sensor Average Percent Mean Error
Label
Error (%)
(ME)

Mean
Mean Square Reference
Absolute
Error (MSE) Sensor
Error (MAE)
0.57
0.82

TT1

3.33

-0.11

TT2

1.52

-0.11

0.25

0.21

TT4

1.97

-0.08

0.34

0.44

TB1

12.26

-2.02

2.03

4.66

TB2

0.72

0.08

0.12

0.04

TB3

1.81

-0.09

0.30

0.22

TT3

TB4

Table 4 - 8: Calculated error values obtained from comparing various relative humidity sensor from a reference
sensor during continuous data collection for 8 days every 30 seconds

Sensor Average Percent Mean Error
Location
Label
Error (%)
(ME)
Top

RT1

2.34

-0.95

Bottom

RB1

1.32

-0.23

Mean
Mean Square Reference
Absolute
Error (MSE) Sensor
Error (MAE)
1.42
3.31
RT2
0.77

1.85

RB2

4.3.2 Superficial Air Velocity Measurements
The mean superficial air velocity through the apple bed was determined based on the measured air
velocity in the exhaust duct and the ratio of cross-section areas of the exhaust duct and apple bins.
Pressure difference Δ𝑃 in the center of the exhaust pipe was measured and continuously recorded
with a pitot tube (Dwyer, 160-24) and pressure transducer (Setra 264, 0-10 in WC). The pressure
transducer records readings in mV that are uploaded through an USB port to a computer software
(Campbell Scientific, LoggerNet 3.4.1). The voltages are converted to pressure differences (in
WC) using the equation obtained from the calibration curve provided by the manufacturer, 𝑦 =
2×∆𝑃

2.0001𝑥 − 0.0085 (Figure A - 1). The adjusted Bernoulli equation 𝑢 = √

𝜌

was used to

convert pitot tube pressure differential to velocity within the exhaust duct. Air density of 𝜌 = 1.225
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kg/m3 at 15°C was used for the airflow calculations. As observed in Figure 4 - 11, the pitot tube is
kept vertically straight with a plastic and rubber gray holder at the exhaust pipe. The straight 15
cm diameter exhaust pipe was manufactured with stainless steel to prevent corrosion and connects
the blower and the exterior wall. The pitot tube was aligned with the direction of the flow and its
position was checked prior to every run. Differential pressure measurements were collected for
one hour when the blower was off, and the chamber door was closed to obtain readings when the
velocity was known to be zero. The actual pressure differential readings were adjusted to account
for variation in the data due to sensor calibration alteration over the lifetime of the transducer
before converting them into velocity values. Airflow velocity in the chamber was later verified
using time variation of concentrations of a tracer gas.

Figure 4 - 11: Pitot tube set in the middle of the exhaust pipe to measure air velocity through the chamber

4.3.2.1

Superficial Air Velocity Adjustments

During data collection, the ozone concentration was observed to be significantly reduced from the
inlet duct to the exhaust port. The decrease in concentration was not attributed to natural ozone
decomposition or ozone interaction with the apples, but to an ozone dilution due to leakage at the
door of the chamber, and possibly through other gaps, seams or small holes in the chamber. In
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order to account for the incoming air at the bottom of the chamber, which would enter downstream
of the apples being treated, ozone concentrations were used to adjust airflows and calculate the
actual velocity of air passing through the apple bed. Ozone measurements for this purpose were
conducted in a chamber with no apples present to minimize ozone degradation due to interaction
with apple surfaces. Mass balance at three points, as described in Figure 4 - 12, was used for air
flow adjustments to obtain Eq. (4 - 3).

Figure 4 - 12: Mass balance through the forced flow chamber to estimate air adjustments due to the leak at the
bottom of the door

Based on airflows and ozone concentration at the exhaust pipe (1), bins inlet (2), leakage through
the door (3) the following set of equations were established and solved:
𝑄1 = 𝑄2 + 𝑄3
𝑚̇ 1 = 𝑚̇ 2 + 𝑚̇ 3
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𝑚3̇ = 0 (𝑐𝑙𝑒𝑎𝑛 𝑎𝑖𝑟)
𝑚̇ 1 = 𝑚̇ 2
𝐶1 × 𝑄1 = 𝐶2 × 𝑄2
𝑸𝟐 =

𝑪𝟏
𝑪𝟐

𝑸𝟏

(4 - 3)

where 𝑄 refers to flowrate (m3/s), 𝑚̇ is mass flowrate of ozone (kg/s), 𝑢 is superficial air velocity
(m/s), and 𝐶 (kg/m3) is ozone concentration. All variables required to adjust airflow velocities for
various fan settings are presented in Table 4 - 9 for Mutsu apple bed and Table 4 - 10 for Empire
apple bed. All the used data was collected during the same runs to maintain results as consistent
as possible. The exhaust concentration and the bed outlet concentration ratios are similar for all
the fan settings thus assuming the ozone concentration dilutes by about 35 %. Air velocities and
airflow rates adjusted in this manner are used in all the following analysis and delivery results for
this study.
Table 4 - 9: Air superficial velocity adjustment for the various fan speeds based on mass balance of ozone
concentrations at the exhaust pipe and bottom of the bins in the chamber. The cross-sectional area of the
exhaust pipe is 0.018 m2 and the area of the bins perpendicular to the flow is 1.486 m2. Apple (Mutsu) bed with
a height of 192.5 cm.

Exhaust Pipe
Bottom of the Bins
Fan
𝑪𝟐 − 𝑪 𝟏
Setting
𝑪𝟏 ⁄𝑪𝟐
(PPM)
3
3
(Hz) 𝒖𝟏 (m/s) 𝑸𝟏 (m /s) 𝑪𝟏 (PPM) 𝑪𝟐 (PPM) 𝑸𝟐 (m /s) 𝒖𝟐 (m/s)
20

4.941

0.087

24.864

30.824

0.070

0.047

5.966

0.807

30

8.333

0.147

10.965

15.367

0.105

0.071

4.402

0.714

40

11.672

0.206

7.346

11.067

0.137

0.092

3.721

0.664

50

14.451

0.255

5.994

8.691

0.176

0.118

2.697

0.690

60

16.996

0.300

2.218

7.625

0.207

0.140

5.407

0.689
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Table 4 - 10: Air superficial velocity adjustment for the various fan speeds based on mass balance of ozone
concentrations at the exhaust pipe and bottom of the bins in the chamber. The cross-sectional area of the
exhaust pipe is 0.018 m2 and the area of the bins perpendicular to the flow is 1.486 m2. Apple (Empire) bed with
a height of 140 cm.

Exhaust Pipe
Bottom of the Bins
Fan
𝑪𝟐 − 𝑪 𝟏
Setting
𝑪𝟏 ⁄𝑪𝟐
(PPM)
3
3
(Hz) 𝒖𝟏 (m/s) 𝑸𝟏 (m /s) 𝑪𝟏 (PPM) 𝑪𝟐 (PPM) 𝑸𝟐 (m /s) 𝒖𝟐 (m/s)
10

2.299

0.0414

22.943

31.605

0.0300

0.0202

8.662

0.726

15

3.692

0.0665

18.411

24.738

0.0495

0.0333

6.327

0.744

20

5.116

0.0921

11.641

19.371

0.0553

0.0372

7.730

0.601

25

6.866

0.124

9.701

15.807

0.0758

0.0510

6.106

0.614

30

8.367

0.151

7.749

13.333

0.0876

0.0589

5.584

0.581

35

10.089

0.182

7.244

11.383

0.116

0.0778

4.139

0.636

40

11.493

0.207

5.853

10.229

0.119

0.0797

4.376

0.573

45

13.124

0.236

5.676

9.099

0.147

0.0992

3.423

0.624

50

14.606

0.263

4.726

7.926

0.157

0.105

3.200

0.596
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15.918

0.287

4.653

7.433

0.179

0.121

2.780

0.626

60

17.263

0.311

4.009

6.704

0.186

0.125

2.695

0.599

Standard error (SE) for superficial air velocities at various fan settings was estimated using the
error propagation method. According to pressure transducer manufacturer, the reading (volts)
uncertainty is 0.5%. Since the pressure difference (inch of water) shares a linear relationship with
the initial reading then the uncertainty is also 0.5%. Furthermore, the pressure drop value is
adjusted by subtracting the initial reading (∆𝑃𝑢𝑖 ) and the reading at velocity zero (∆𝑃0 ) when fan
is off. Therefore, a combination of the uncertainty for both readings is considered by adding them
in quadrature: 𝛿∆𝑃𝑢 = √(𝛿∆𝑃𝑢𝑖 )2 + (𝛿∆𝑃0 )2 . Pressure differential values are converted to
Pascals. Thus, the uncertainties for pressure differential are multiplied by the conversion factor (1
in of Water = 248.84 Pa). The SE for air velocity through the exhaust pipe considers uncertainty
1

for differential pressure readings, and constants used to estimate air velocity: 𝛿𝑢 = (2 × 𝜌 ×
𝑔

𝛿∆𝑃)1⁄2 . The SE for airflow was calculated by multiplying air velocity uncertainty (𝛿𝑢) and the
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value for the bed cross-sectional area: 𝛿𝑄 = (𝐴𝑐 ) × 𝛿𝑢. Furthermore, the SE for airflow and air
velocity through the bins was obtained by multiplying 𝛿𝑢 and 𝛿𝑄 by 𝐶1 ⁄𝐶2 ratio. Additionally,
standard deviation (SD) for superficial air velocities (m/s) at various fan settings was estimated
2

̅)
(√∑(𝑥−𝑥
). The SE and SD for the typical operating superficial air velocity (0.092 m/s) through
(𝑛−1)

the Mutsu apple bed is ± 0.007 and ± 0.001 m/s, respectively. Similarly, SE and SD for the typical
operating superficial air velocity (0.0797 m/s) through the Empire apple bed is ± 0.005 and ± 0.002
m/s, respectively. More details regarding SE and SD for superficial air velocities (m/s) are found
in Appendix D.
4.3.3 Pressure Drop Measurements
The pressure drop across the bin stack was measured using two pressure taps: one located in the
duct above the apple bed (P1) and the other located at the bottom (P2) of the chamber (Figure 4 13). Both taps were connected to a pressure transducer (Setra 264, -1 to 1 in WC) and data was
recorded continuously every 30 seconds by a data logger (CR1000M, Campbell Scientific). The
data was downloaded to a computer software (LoggerNet 3.4.1, Campbell Scientific) for further
analysis. The raw data was collected in units of mV and then converted to pressure difference
values of inch of water with the equation given by the manufacturer, 𝑦 = 0.3991𝑥 − 1.0182
(Figure A - 2).
Data collected for one hour in an empty chamber with the blower off and chamber door closed was
subtracted from pressure results to remove any offset error. Additional data was collected
corresponding to pressure drops through empty bins wrapped with plastic film at various
superficial velocities. (Details in Appendix D: Figure D - 1 & Figure D - 2). Pressure drop across
empty bins was also measured to account for the pressure drop cause by the ventilation slots (3 cm
× 0.8 cm) at the base of the bins. Thus, the pressure gradients results refer only to the resistance
due to air flowing through the apples. Pressure drop readings were collected for 20 minutes for
each air velocity. Although sensors react quickly to variations, a period of 1 minute between
system changes was given to allow stabilization of measurements for better accuracy.
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Figure 4 - 13: Pressure port locations across the height of the forced flow chamber to measure pressure
difference through the apple bed.

The SE estimated for the pressure drop at various air velocities considered the uncertainties for
initial reading, adjusted reading, and pressure conversion from inch of water to Pascals by applying
error propagation. The SE and SD were estimated using the same approach explained in Section
4.3.2.1. Furthermore, the apple bed height (𝐻) is considered to estimate the pressure gradient and
1

therefore this constant is used to calculate the uncertainty: 𝛿∇𝑃𝑢 = (𝐻) × 𝛿∆𝑃𝑢 . The pressure
gradient SE and SD across a Mutsu apple for typical operating conditions (0.0920 m/s and 1.200
Pa/m) are ± 0.011 and ± 0.035 Pa/m. Similarly, the pressure gradient SE and SD across a Mutsu
apple for typical operating conditions (0.0797 m/s and 5.382 Pa/m) are ± 0.056 and ± 0.019 Pa/m.
More details regarding SE and SD for pressure gradients are found in Appendix D.

72

4.3.4 Ozone Concentration Measurements
Ozone measurements were required to observe and understand mass transfer of a trace gas through
a produce bed for food industry application. Ozone was measured throughout the chamber to
observe the distribution, depletion and movement of the gas across a porous media.
4.3.4.1

Ozone Monitor

Ozone concentration measurements were taken with a portable ozone analyzer (2B Technologies,
106-L). The 106-L monitor uses a photodiode to measure ozone concentration by applying the UV
absorption technique. The ozone measurements range from 0 to 100 PPM at a resolution of 0.1
ppb. The data is measured internally every 2 seconds and an average value is recorded for 10
second intervals, and output by the 106-L. Continuous 10 second average ozone measurements
were recorded and download to the data display application (2B Technologies, 4.3.0.8) for further
analysis. Precision for the output measurements is 2 % of the 10-second measurement. Therefore,
for the highest measured ozone concentration in this study the value is 33 ± 0.66 PPM. Air samples
ae drawn through a Tygon sampling line (Cole-Parmer, Se-200) that connects the ports with the
ozone analyzer. The sampling lines were Tygon material which is considered to have a good
compatibility with ozone and will have a minimal effect on the ozone readings (Ozone Solutions,
2015).
The standard error for the ozone concentrations was considered as ± 2% of the reading.
2

̅)
Additionally, the standard deviation was calculated for the mean ozone concentrations (√∑(𝑥−𝑥
).
(𝑛−1)

Furthermore, the standard error for difference in concentration between inlet (𝐶𝑖 ) and outlet (𝐶𝑜 )
was estimated using the error propagation. The uncertainty (𝛿) of the two concentrations (assumed
to be independent measurements) being subtracted were added in quadrature as follows: 𝛿∆𝐶 =
√(𝛿𝐶𝑖 )2 + (𝛿𝐶𝑜 )2 . The standard errors are presented beside the ozone concentration following
the ± symbol in Chapter 7. The standard error for ozone mass flow rate at the inlet was estimated
using error propagation to include uncertainty of measured ozone concentration ( 𝐶𝑖 ) and
uncertainty of observed airflow (𝑄𝑖 ):

𝛿𝑄
𝑄

2

2

𝑖 ) + (𝛿𝑄𝑖 ) .
[%] = √(𝛿𝐶
𝐶
𝑄
𝑖
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𝑖

4.3.4.2

Ozone Sampling Resolution

Ozone sampling at various port locations throughout the chamber was collected using a single 106L ozone monitor connected to sampling lines. The 106-L actively draws sampled gases through
the lines, introducing a latency and some mechanical damping to the ozone measurements.
Additionally, the monitor requires some time to respond to changes in concentration in the sampled
gas. A sampling resolution analysis was completed to define the minimum time required for an
ozone concentration measurement to be reliable. The inlet and outlet sampling lines were
connected to a three-way ball valve (Cole-Parmer, Parker Hannifin 6A-MB6XPFA-SSP) and an
additional line transports the air sample from the valve to the analyzer, as seen in Figure 4 - 14.
Information regarding line lengths and airflows are presented in Appendix E (Table E - 1). Based
on this information, the bulk of an ozone sample require less than 3 seconds to travel from any of
the measurement ports in the chamber to the analyzer. Due to factors such as tube and valve
roughness, pipe friction, local losses at the valve and bends, it was determined that 30 seconds
should be allowed between a step change in concentration at a sampling port, and accurate
observation of the new concentration at the analyzer. More details are provided in Appendix E.

Figure 4 - 14: Left: Three-way ball valve system to switch ozone concentrations sampling between two different
locations. Right: Physical valve dimensions and labels.

A resolution analysis was developed to establish the required time for data to be representative
from the time sampling line is switched. To evaluate ozone sampling uncertainty, time constants
(τ) were estimated by comparing measured concentrations and concentrations obtained from a
model. The 𝐶𝑒𝑥𝑝 (%) experimental ozone concentration was analyzed as follows:
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𝐶𝑒𝑥𝑝 =

𝐶𝑡 −𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

(4 – 4)

𝐶𝑆𝑆 −𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

where 𝐶𝑡 (PPM) is the concentrations at time “t”, 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (PPM) is the concentration in the system
at time zero (𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 0 PPM), and 𝐶𝑆𝑆 (PPM) is the concentration at the steady state (final value).
While the 𝐶𝑚 model ozone concentration (%) was based in the following equation:

𝐶𝑚 =

𝐶𝑆𝑆 (1− 𝑒 (−𝑡⁄𝜏) )

(4 – 5)

𝐶𝑆𝑆

Graphs comparing both set of values were generated (data not shown) to obtain time constants
from multiple trials for each case as presented in Table 4 - 11. A total of five trials per case was
completed and the average results are presented with its specific SD. The time offset (𝑡𝑜𝑓𝑓 ), and
time constant (𝜏) have an uncertainty of ± 5 seconds of the presented values since 106-L monitor
record ozone measurements for 10 second intervals.
Table 4 - 11: Test to select appropriate switching time during collection of ozone concentration data at different
ports. Standard Deviation (SD).

Case
Switch
Ambient to
Top
Switch
Ambient to
Bottom
Switch
Bottom to
Top
Switch top
to Bottom

𝑪𝑺𝑺 (PPM)

Observed
toff (s)

τ (s)

± SD (s)

4τ (s)

± SD (s)

24.2

30.0

15.0

1.6

60.1

6.2

12.7

30.0

16.5

3.1

66.2

12.4

24.2

30.0

16.3

2.9

65.1

11.4

12.7

30.0

16.9

3.3

66.8

13.8

The observed 𝑡𝑜𝑓𝑓 is the period from the moment the line was switched to the moment 𝐶𝑠𝑠 is
observed in the monitor display. Furthermore, it is assumed that 4τ is representative of the time
required for ozone concentration to reach steady state. Therefore, one minute is the time required
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for the ozone concentration measurement to stabilize from the moment the line is switched. Thus,
the samples collected after the first minute (after line is switched) are used for the ozone
concentration analysis.
4.3.4.3

Ozone Sampling Locations

Ozone gas distribution is evaluated by colleting gaseous ozone concentrations at different locations
in the chamber. A series of chamber locations were used to collect data during ozone treatment at
various air velocities. A schematic of the port locations in the chamber is presented in Figure 4 15. Since ozone concentrations were usually needed from more than one location during a test, but
only one 106-L analyzer was available, a strategy of repeatedly switching between sampling ports
in a consistent manner was utilized. Typically, the lines were switched every 2 minutes and data
was collected every 10 seconds. For additional information regarding length of tubing line and
collection flowrates, refer to Table E - 2.

Figure 4 - 15: Location of various ports throughout the ozone chamber to measure ozone concentrations with
analyzer.
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Table 4 - 12: Ozone concentration measuring ports and tubing lengths to ozone analyzer

Port Label
TO
TT
TN
FTN
M
BN
FBN
EX
O

Description
Top original
Top testing
Top of the bins
Front top of the bins
Middle
Bottom of the bins
Front bottom of the bins
Exhaust
Outlet valve

Tubing Length (m)
4.01
7.00
8.10
8.10
7.00
6.16
6.16
3.98
0.90

4.4 Safety
Ozone is a toxic gas and therefore various precautionary measures are used to protect workers and
the environment. An ambient ozone alarm (Eco sensors, C-30ZX) was installed separate from the
research sensors, which responds and deactivates the ozone generator if ozone is detected in the
ambient air outside the system at a concentration greater than 0.1 PPM. If triggered, this system
also increases the blower speed to move the remaining ozone out of the building. Additionally, the
forced ozone reactor is found in a large room connected to the exterior by large doors which can
be opened for ventilation if required in the case of an emergency. Multiple caution signs are found
around the ozone working area to notify workers. An interlock turns off the ozone generator
immediately when the chamber door is open to avoid ozone exposure to the working area. The
exhaust pipe is connected to an ozone filter pad before exiting the building to prevent impact on
the environment.

4.5 Data Collection
Data at the forced air ozone reactor was collected during a total of 18 visits. Table 4 - 13 presents
a compilation of the date, times, and data collected for the main visits. Other visits included
equipment set up, sensor calibration, sensor resolution, collecting base data, and removing
equipment.
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Table 4 - 13: Date, time, room temperature, and data collected during main visits to the forced air ozone
reactor

Room
Temperature

Data Collected

Section

July 13, 2017
(1:00 to 5:00 pm)

19.7 °C

Pressure drops through Mutsu apple bed
at various superficial air velocities.
Mutsu apple and bed properties.

Chapter 6

June 13, 2018 (1:00
to 7:00 pm)

23.3 °C

Ozone concentration at inlet and outlet
for empty bins and empty chamber

Chapter 7

18.7 °C

Empire apple and bed properties. Ozone
concentration, pressure drop,
temperature, and RH measurement for a
standard cycle

Chapter 5 &
Chapter 6

21.0 °C

Temperature and RH measurements
during a regular cycle including the predrying process. Data for air velocity
adjustment

Chapter 5 &
Chapter 6

15.3 °C

Pressure drops through Empire apple bed
at various superficial air velocities. Inlet
and outlet ozone concentration at various
superficial air velocities

Chapter 6 &
Chapter 7

14.4 °C

Ozone concentration during a regular
cycle at various ports. Time constants at
the bed inlet and outlet. Temperature and
RH measurements standard cycle

Chapter 5 &
Chapter 7

Date & Time

September 13, 2018
(10:00 am to 4:00
pm)
September 26, 2018
(10:00 am to 3:00
pm)
October 23, 2018
(11:00 am to 5:00
pm)

October 24, 2018
(11:00 am to 5:00
pm)
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Chapter 5: Temperature and Relative Humidity Results
This section describes temperature and relative humidity during regular cycles where some factors
were changed, and which affect the collected data. Additionally, an analysis was conducted to
estimate heat exchange from the fluid to system. Similarly, air humidity ratios and amount of
transferred water in the system were studied.

5.1

Temperature and Relative Humidity of Regular Cycle

Temperature and RH data was collected during an ozone disinfection cycle of an apple bed. Figure
5 - 2, shows a regular 40-min standard cycle at an airflow speed of 0.0771m/s (40 Hz) run on
October 24, 2017 at 11:00 am. For this run 2 Norfolk (plastic) bins were used, both bins were filled
with regular Empire apples. Each bin contained an Empire apple bed of 70 cm in height. The bin
sides were completely wrapped with plastic film before being placed in the chamber. For the base,
5 wood skids and a wood flat board were used. The bins have a base that provides a gap for the
ozone gas to exit the produce.

Figure 5 - 1: Top and Bottom temperature measurements during a regular ozone cycle of 2 full bins with
Empire apples (Run at 11:00am on October 24, 2018). Apples extracted from the cooler (3.3°C). Room
temperature of 14.4°C.

79

Figure 5 - 2: Top and bottom RH measurements during a regular ozone cycle of 2 full bins with Empire apples
(Run at 11:00am on October 24, 2018). Apples extracted from the cooler (3.3°C). Room temperature of 14.4°C.

Figure 5 - 2 and Figure 5 - 2, describe the temperature and RH variations at the chamber inlet and
outlet ports during a standard cycle. Temperature measurements have an uncertainty of ± 0.5 %,
while RH readings vary by ± 3 % according to equipment manufacturers. The apples were taken
directly from refrigerated storage (3.3°C) before treatment. The room temperature during the run
was 14.4°C. As soon as the cycle starts, the inlet temperature increases from an initial temperature
of 15.31°C to a maximum temperature of 19.45°C at the 40 minutes elapsed time when the ozone
is turned off. The temperature is continuously increasing during the treatment. The incoming air
temperature is above room temperature because of the heat added to incoming air by the ozone
generator unit.
Oppositely, the outlet temperature decreases from 12.24°C to a minimum temperature of 9.65 °C.
The top RH decreases from an initial value of 61.8 % to 43.93 %. In the case of the bottom RH,
the reading continuously increases from an initial RH of 58.2 % to 73.54 % at the end of the
treatment. RH is higher at the outlet point that referring that the exiting air carries higher amount
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of moisture in comparison to its moisture saturation point. During this cycle, the large exterior
delivery door in the room containing the system was opened, which connects the room with the
exterior. As observed in Figure 5 - 2 and Figure 5 - 2, the bottom RH and temperature values
decrease by about 2 % and 2°C, respectively; while values at the top did not vary. This observation
supports the assumption that some air is entering the chamber through the leak at the bottom of
the door.
Figure 5 - 3 shows a regular ozone cycle of 2 full bins with Empire apples that were taken from
storage at room temperature prior to treatment. The run was conducted on October 23, 2018 at
11:00 am and ambient temperature was 15.3 °C. In this run, outside door remained closed
throughout the test. This cycle follows similar patterns as previously mentioned in which
temperature at the inlet and RH at the outlet increases while outlet temperature and inlet RH
decreases. These variations occur due to the drying effect caused by the incoming air. Surface
apple condensation is removed by the air as it passes through the bed and therefore air temperature
in the system is decreased. The temperatures and RHs are continuously changing, and the 40minute cycle is not long enough for the measurements to reach steady state, likely because the
apples were not dry prior to start the test. The variation observed between Figure 5 - 2 and Figure
5 - 3 is the initial RH values since apples treated after being stored in the fridge contain higher
moisture
Figure 5 - 4 shows an ozone regular cycle that treats 2 full bins with Empire apples taken from the
cold storage (4.2 °C) on September 26, 2018 (ambient temperature of 20.1 °C). This treatment was
conducted after running a 10-minute pre-drying cycle. During this test, the outside door remained
closed during the complete cycle. RH measurements observed in Figure 5 - 4 are higher than RH
in the cycles previously shown since a conditioning cycle of 10 minutes is run before to slightly
dry the apples. During the conditioning cycle, air is pulled upwards through the apple bed. Some
of the condensation is carried with the air and stays around the top sensors, thus altering the
readings. Although the initial RH values are altered, over time the RH measurements are similar
to the ones in the previous runs.
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Figure 5 - 3: Temperature and RH measurements during a regular ozone cycle of 2 full bins with Empire apples
stored at room temperature (Run at 11:00 am on October 23, 2018). Room temperature of 15.3°C.

Figure 5 - 4: Temperature and RH measurements during a regular ozone cycle of 2 full bins with Empire apples
(Run at 2:15pm on September 26, 2018) after 10 mins pre-drying of the apples extracted from the cooler (4.2°C).
Room temperature of 20.1°C.
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The range treatment temperature and RH are influenced on factors such as room temperature,
whether the apples were previously stored in the fridge or outside, and if a pre-drying cycle was
applied. During the cycle run under regular common conditions (Figure 5 - 2) top and bottom
temperature varies by about 7 °C, while RH vary by about 40 %.

5.2

Heat Transfer to the Apples for Regular Cycle

The heat transferred during a regular treatment was estimated for a 1.4 m deep Empire apple bed.
The air entering the system at room temperature travels through the bed and transfers heat to the
apples, previously stored in a cooler (3.3 °C). Therefore, the air temperature is reduced as it moves
and exits the system. Energy transferred to the bed was calculated using the following:
𝑬 = 𝒎𝒂𝒊𝒓 𝑪𝑷 𝒂𝒊𝒓 (𝑻𝒊𝒏̇ 𝒂𝒊𝒓 − 𝑻𝑶𝒖𝒕 𝒂𝒊𝒓 )

(5 - 1)

The temperature of the air varies from 10 to 20 °C during the cycle therefore it can be assumed an
average air density of 1.225 kg/m3 for an average air temperature of 15°C. Based on the ASHRAE
handbook (2006), the specific heat (above freezing) of an apple or the heat to raise the temperature
of one kilogram of mass by 1 kelvin is 3.81 kJ/kg·K. Additionally, the specific heat capacity of air
at 15 °𝐶 is 1.007 kJ/kg∙K (Çengel, & Ghajar, 2010). Superficial air velocity was measured every
30 seconds throughout the cycle shown in Figure 5 - 5 and it was used to obtain the air mass flow
rate (𝑚𝑎𝑖𝑟 ). Similarly, the difference in air temperature between the inlet and outlet was measured
for 30-second intervals for the 43-minute cycle. The energy transfer from incoming air to apple
surface during the cycle is shown in Figure 5 - 5, as well as the standard error. The SE was
estimated by using the error propagation method in Section 4.3.2.1. SE for adjusted velocity was
calculated as previously mentioned in Chapter 4. Based on thermocouple accuracy, the
temperature measurements have an uncertainty of ± 0.5 %. Furthermore, the uncertainty of the all
the variables (described in Section 4.3.3) required to estimate the energy transfer were included
using error propagation. The average rate of heat transfer to the apple surface during the regular
cycle was found to be 1.29 ± 0.07 kW. The total heat transfer during the 43-minute cycle is 3,360
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± 186 KJ. The heat transfer in the system is relatively low due to low airflow and it does not
considerably decrease apple moisture.

Figure 5 - 5: Calculated heat transfer rate during a regular ozone cycle of 2 full bins with Empire apples (Run
at 11:00am on October 24, 2018). Apples extracted from the cooler (3.3°C). Room temperature of 14.4°C.

The measured air RH and air temperature (dry bulb) at the inlet and the outlet were considered to
determine the variation in the air humidity ratio and the amount of water being transferred as air
passed through the apple bed. The humidity ratio (g H2O/kg dry air) values were extracted from
the psychrometric chart using the dry bulb temperature and the RH. Due to the large number of
values an Excel program (psychro, Wilkinson, Engineering.com) was used which incorporates a
function that defines the humidity ratio based on the measured variables. The air humidity ratio at
the inlet and outlet of the chamber and the corresponding standard error are presented in Figure 5
- 6. The standard error was calculated based on accuracy of temperature and RH measurements.
The average inlet humidity ratio before air velocity increases (2370 s) is 6.12 g H2O/kg dry air,
while average outlet humidity ratio is 5.20 g H2O/kg dry air. Based on these results, water is being
transferred from the incoming air to the apples. Since the apple surface temperature is lower than
the air temperature, heat is added to the apples and condensation is observed on the apple surface.
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The cycle period (40 mins) is not long enough to determine whether equilibrium is reached
overtime or an increase in humidity ratio on the air at the outlet due to drying of apples occurs.
However, based on the observed pattern in Figure 5 - 6, an increase in air velocity results in a
similar humidity ratio for both inlet and outlet. The average amount of water transferred was
estimated to be 0.134 g H2O/s for a mean superficial air velocity of 0.08 m/s. Similarly, during the
standard treatment cycle approximately a total of 318.4 g of water was lost in the system.

Figure 5 - 6: Air humidity ratio at the inlet and outlet of the chamber during a regular cycle of 2 full bins with
Empire apples (Run at 11:00am on October 24, 2018). Apples extracted from the cooler (3.3°C). Average room
temperature of 14.4°C.

Based on the previous results and observations, after the standard cycle significant condensation
is present on the surface of the apples. Previous studies have shown that maintaining high RH
during ozone disinfection is beneficial to achieve high disinfection effectiveness. It should be
noted that during productions runs, after ozone treatment an additional cycle at higher airflows for
90 minutes is applied to achieve desired apple dryness for further production.
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Chapter 6: Pressure Results
Pressure drops across the produce vary depending on apple bed properties and air velocities. This
section presents experimental results for a bed of packed apples observed in this study.

6.1 Porous Media Properties
Apple volumes were calculated using the equation for the volume of an ellipsoid [Eq. (4 – 1)] to
include the dimensions for the three different axes (Appendix B). Based on results presented in
Table 6 - 1, the bed porosity was estimated to be higher for apples with larger effective diameter
(𝑑𝑎𝑝𝑒 ). Calculated porosities were slightly higher than the values found in other studies (Table 2 8). This can be attributed to the high sphericity and random distribution of the produce resulting
in higher void volumes. Porosity results obtained using two different methods are similar with a
difference of about 6 % (Table 4 - 5) and an average value (Table 6 - 1) is used for further analysis.
Calculated sphericity was dependent on apple type and similarity to a spherical shape. The 𝐴𝑉
increases as particle effective diameter is decreased because more particles are found in the same
bed volume.
Table 6 - 1: Physical properties of apples calculated from measured apple dimensions. Estimated properties for
apple beds

Apple
Type

𝑽𝒂𝒑 (cm3) 𝒅𝒂𝒑𝒆 (mm) 𝑺𝒂𝒑 (cm2)

ɛ (%)

𝝋 (%)

λ (-)

𝑨𝑽 (m2/m3)

Mutsu

285.12

81.66

209.66

58.53

98.04

1.02

30.47

Empire

120.19

61.23

118.13

53.34

95.24

1.05

45.72

Small
Empire

78.87

53.21

89.14

49.05

96.15

1.04

57.45

Hydraulic diameters for the beds were estimated based on apple effective diameter and bed
porosity. 𝐷𝐻 for Mutsu, Empire, and small Empire beds were determined to be 76.8 mm, 46.6 mm,
and 34.2 mm, respectively.
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6.2 Air Superficial Velocity
Air superficial velocities through the apple beds were measured for various fan settings and
interstitial velocity were calculated. Additionally, Reynolds number was calculated using air
density of 1.225 kg/m3 and air viscosity of 1.8 × 10-5 kg/m·s at 15 °C, since the system operates
at this average temperature. Results shown in Table 6 - 2 were calculated for a 1.925-m deep Mutsu
apple bed at various fan settings.
Table 6 - 2: Adjusted air superficial velocities, superficial airflow rate, interstitial air velocity through Mutsu
apple bed. Pore Reynolds number for various fan settings and travel time through the bed. Bins with a crosssectional area of 1.49 m2. Measurements were recorded on September 13, 2017.

Fan
Setting
(Hz)

𝒖 (m/s) ± SE

𝑸 (m3/s) ± SE 𝒖𝒊𝒏𝒔 (m/s) ± SE

Air Transit
Time (s)

𝑹𝒆𝒑 ± SE

20

0.047 ± 0.004

0.070 ± 0.006

0.081 ± 0.007

40.96 ± 3.41

263.31 ± 65.81

25

0.060 ± 0.005

0.089 ± 0.007

0.103 ± 0.008

32.08 ± 2.43

334.54 ± 50.17

30

0.071 ± 0.007

0.105 ± 0.010

0.121 ± 0.012

27.11 ± 2.70

392.82 ± 38.89

35

0.081 ± 0.006

0.121 ± 0.009

0.138 ± 0.010

23.77 ± 1.71

450.70 ± 32.03

40

0.092 ± 0.007

0.137 ± 0.010

0.157 ± 0.011

20.92 ± 1.50

511.89 ± 26.40

45

0.107 ± 0.008

0.158 ± 0.011

0.182 ± 0.013

17.99 ± 1.28

592.25 ± 23.83

50

0.119 ± 0.008

0.176 ± 0.012

0.203 ± 0.014

16.17 ± 1.15

658.50 ± 22.28

55

0.133 ± 0.009

0.197 ± 0.014

0.227 ± 0.016

14.47 ± 1.02

736.66 ± 21.35

60

0.139 ± 0.010

0.207 ± 0.015

0.238 ± 0.017

13.85 ± 1.00

774.47 ± 19.00

Air velocities and superficial airflows were estimated for an Empire apple bed with a height of 1.4
m (Table 6 - 3). The air transit time (s) is defined as the bed height (m) divided but the superficial
air velocity. Pore Reynolds number (𝑅𝑒𝑝 ) was calculated based on 𝑢𝑖𝑛𝑠 and 𝐷𝐻 . The interstitial
velocity (𝑢𝑖𝑛𝑠 ) describes the actual average air velocity through the air spaces in the apple bed,
which is higher that the superficial velocity. Superficial air velocities observed through the Mutsu
apple bed are higher than the superficial velocities in the Empire bed even though the same fan
and chamber were used. However, 𝑢𝑖𝑛𝑠 for Mutsu and Empire beds are similar since the pore space
is considered. The experimental trials for both types of apples were conducted on different days
and the variation in temperature could influence the velocity measurements. The Mutsu apple trial
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was conducted at an ambient temperature of 18.7 °C, while for the Empire apple trial the ambient
temperature was 14.4°C. Other factors influencing the velocity measurements in the two apple
beds are bed porosity (pore space), particle distribution, permeability, and drag. Standard errors
were estimated for all air velocities, airflows and 𝑅𝑒𝑝 numbers according to error propagation
method described in detailed on Chapter 4.
Table 6 - 3: Adjusted air superficial velocities, superficial airflow rate, interstitial air velocity through Empire
apple bed. Pore Reynolds number for various fan settings and travel time through the bed. Bins with a crosssectional area of 1.49 m2. Measurements were recorded on October 24, 2018.

Fan
Setting
(Hz)

𝒖 (m/s) ± SE

𝑸 (m3/s) ± SE

𝒖𝒊𝒏𝒔 (m/s) ± SE

Air Travel
Time (s)

𝑹𝒆𝒑 ± SE

10

0.020 ± 0.003

0.030 ± 0.004

0.038 ± 0.006

70.00 ± 10.60

119.45 ± 17.62

15

0.033 ± 0.003

0.050 ± 0.004

0.061 ± 0.005

42.42 ± 3.60

194.12 ± 16.61

20

0.037 ± 0.002

0.055 ± 0.003

0.069 ± 0.004

37.84 ± 2.37

219.46 ± 13.76

25

0.051 ± 0.003

0.076 ± 0.005

0.093 ± 0.006

27.45 ± 1.66

295.47 ± 18.35

30

0.059 ± 0.004

0.088 ± 0.005

0.110 ± 0.007

23.73 ± 1.49

349.99 ± 21.97

35

0.078 ± 0.005

0.116 ± 0.007

0.143 ± 0.009

17.95 ± 1.16

453.24 ± 30.01

40

0.080 ± 0.005

0.119 ± 0.008

0.145 ± 0.010

17.50 ± 1.16

459.78 ± 31.41

45

0.099 ± 0.007

0.148 ± 0.010

0.181 ± 0.012

14.14 ± 0.95

576.15 ± 39.68

50

0.105 ± 0.007

0.157 ± 0.010

0.195 ± 0.013

13.33 ± 0.90

621.60 ± 42.56

55

0.121 ± 0.008

0.179 ± 0.012

0.221 ± 0.015

11.57 ± 0.80

703.27 ± 49.01

60

0.125 ± 0.009

0.186 ± 0.013

0.234 ± 0.016

11.20 ± 0.77

744.61 ± 51.19

Since the Reynolds number for all the air superficial velocities is higher than 1, the modified Darcy
equation [Eq. (2 – 9)] can be applied for the pressure gradient in these produce beds. Additional
Reynolds number such 𝑅𝑒𝑑𝑝𝑒 and 𝑅𝑒𝑖𝑛𝑠 were also calculated for Mutsu apple bed (Table D - 3)
and Empire apple bed (Table D - 6). Both apple beds experience a not completely laminar flow for
most fan speeds except for fan settings lower than 25 Hz (0.051 m/s), which are characterized by
an unsteady laminar flow regime.
Since the ozone generator produces ozone at a constant rate, the ozone concentration is dependent
on the superficial air velocity of the unit. Thus, increasing the velocity results in ozone dilution.
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Higher air velocities result in a better gas distribution through the system as particles act as baffles,
enhances flow mixing, and promotes turbulent flow. On the contrary, low superficial air velocities
results on gas accumulation on the top layers, and slower diffusion of gas to the bottom and edges
of the bed. As identified by Murray (2016), at the lowest airflow the top apple layer experienced
the highest log count reduction (LCR) of bacteria, while at the highest airflow the LCR is more
prominent at the middle and bottom apple layers. Murray (2016) concluded that high and uniform
antimicrobial effectiveness can be achieved at superficial air velocities between 0.080 m/s to 0.121
m/s. Therefore, greater disinfection effectiveness can be accomplished at higher air flows if ozone
concentrations are maintained.

6.3 Pressure Drop
Knowledge of pressure drop across a produce bed is essential information for fan size selection
and chamber height design. Pressure drop is dependent on bed and particle physical properties
(Table 6 - 1), fluid properties, and air velocities. Pressure drops were measured for various air
superficial velocities across both apple beds. Pressures were normalized for 1-meter bed to
facilitate the comparison of the results. The results presented in this section refers to pressure
gradients across the apples only. The pressure drop caused by bins or other equipment was
considered and remove from the final results as explained in Section 4.3.3.
Figure 6 – 1 shows the relationship between pressure gradient and superficial air velocity for the
Mutsu apple bed, experimentally and theoretically determined. The Mutsu apple bed is
characterized by a mean apple effective diameter of 81.7 mm, a 98.0% apple sphericity, bed
porosity of 58.5%, and a bed cross sectional area of 1.49 m2. Additionally, Figure 6 – 1 presents
the experimental pressure gradient relationship for an apple study conducted by Verboven et al.
(2004), for comparison purposes. This experiment consisted of a Jonagold apple bed with effective
apple diameter, apple sphericity, and bed porosity of 74.4 mm, 85.6 %, and 43.5%, respectively.
Similarly, pressure gradient results for a Valencia orange bed (Chau et al., 1985) were included in
Figure 6 – 1. For which, orange mean effective diameter is 83.1 mm, orange sphericity is 93.3%,
and bed porosity is 45.8%. As expected, pressure gradients increase as air velocity increases in a
quadratic manner (Figure 6 – 1). Pressure drop through the apple bed increases as the superficial
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air velocity increases. The relationship between pressure gradient (Pa/m) across a Mutsu apple bed
and superficial air velocity is described by:
𝑑𝑃
𝑑𝑥

= 96.84𝑢2 + 2.797𝑢

(6 – 1)

where 𝑢 (m/s) is the superficial air velocity. Eq. (6 – 1) is characterized by a R-squared value of
98.81%. The pressure gradient across the Mutsu apple bed at 0.14 m/s was estimated to be 2.2
Pa/m. The result is lower than the value obtained for the orange bed study, where the pressure
gradient was found to be 3.2 Pa/m at 1.4 m/s, given that porosity is higher for the Mutsu bed.
Similarly, the Jonagold apple bed experienced a higher air resistance (2.98 Pa/m) at a superficial
air velocity of 0.14 m/s than the Mutsu apple bed due to the higher porosity of the last one. Higher
porosity refers to more void volume for airflow and reduction in pressure drop. The pressure
gradient determined experimentally is higher than the values obtained theoretically. The
theoretical pressure drops were estimated using Eq. (2 – 9). Ergun equation is based on the bed
and particle properties, while the experimental trials consider other factors such as surface
roughness, friction losses, surface moisture, variation in morphology, particle distribution, and
presence of impurities.
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Figure 6 - 1: Experimental and theoretical relationship between pressure gradient and superficial air velocity
for the Mutsu apple bed. As well as, experimental pressure gradient results from Verboven et al. (2004) apple
study and from Chau et al. (1985) orange-random study.

Similarly, the pressure gradient across an Empire apple bed increases when the air velocity
increases as observed in Figure 6 - 2. Both experimental and theoretical pressure gradients are
lower for the Mutsu apple bed due to a greater porosity in comparison to the Empire apple bed.
For instance, at an air velocity of 0.10 m/s pressure gradient for Mutsu bed (1.25 Pa/m) is 6 times
lower than in the case of the Empire apple bed (7.63 Pa/m). The Empire apple effective diameter
is 61.23 mm, particle sphericity is 95.24%, and bed porosity is 53.34%. The relationship between
superficial air velocity and pressure gradient through an Empire apple bed can be defined by (R2
= 97.49 %):
𝑑𝑃
𝑑𝑥

= 703.49𝑢2 + 5.94𝑢
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(6 – 2)

Figure 6 - 2: Experimental and theoretical relationship between pressure gradient and superficial air velocity
for the Mutsu apple bed. As well as, experimental pressure gradient results from Shahbazi & Rajabipor (2007)
potato study.

In Figure 6 - 2, the Empire apple bed results are compared to a potato bed study (Shahbazi &
Rajabipor, 2007) characterized by a porosity of 34.3%, mean particle effective diameter of 27.04
mm, and potato sphericity of 53.8%. Although, the potato bed has a lower porosity, the pressure
drop was observed to be lower than for the apple bed. Due to the elongated shape of the potato,
the arrangement of the particles influences the airflow. Whether the long potato side is
perpendicular or parallel to the flow would significantly affect the pressure drop across the bed.
As expected, the theoretical pressure gradient is lower than the pressure results obtained from these
experiments. This is likely due to the parameters that are not considered in the equations but are
faced in a realistic scenario
Unfortunately, the pressure drops for superficial airflow velocities through the Empire apple bed
(1.4 m) of 0.1179 m/s (55 Hz), and 0.1249 m/s (60 Hz) were not possible to measure as differential
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pressures exceed the transducer range (Table D - 4). Therefore, pressure drops at those fan settings
were not included in Figure 6 - 2.
The standard error was calculated for all the pressure gradients (Pa/m) based on the error
propagation methods in Chapter 4. The maximum standard error calculated for the pressure
gradients through the Mutsu apple bed shown in Figure 6 – 1 is ± 0.017. Additionally, the
maximum standard deviation from the mean pressure quantities for Mutsu apple bed is ± 0.044
Pa/m. Similarly, the maximum standard error and standard deviation for the Empire apple bed is
± 0.086 and ± 0.088, respectively. Since the standard deviation values are minor (< 3%), they are
not included in Figure 6 – 1 and Figure 6 - 2. Standard errors and standard deviations for all
pressure gradients across both apple beds are shown in Appendix D.
Experimental 𝐾 and 𝐶 coefficients were estimated based on Eq. (2 – 9) and the generated pressure
gradient equations shown in Figure 6 - 1 and Figure 6 - 2. Air density of 1.225 kg/m3 and air
viscosity of 1.8 × 10-5 kg/m·s were used assuming an air temperature of 15 °C. Additionally, the
theoretical 𝐾 and 𝐶 coefficients were calculated using the bed and particle properties for each type
of apple, Eq. (2 – 9) and Eq. (2 – 10). Ergun equation [Eq. (2 – 10)] can be applied without
modifications since the confinement ratio (𝐷ℎ ⁄𝑑𝑝𝑒 > 10) for the Mutsu and Empire apple are 14.8
and 19.8, respectively. That meaning that the effect of wall friction is not considered for pressure
drop results. Results for both set of coefficients are presented in Table 6 - 4.
Table 6 - 4: Calculated Darcy-Forchheimer Coefficient and Darcy permeability for the two apple types

Type of 𝒅𝒂𝒑𝒆 ∙ 𝟏𝟎−𝟑
Apple
(m)

Experimental
𝟏
𝑲

∙ 𝟏𝟎𝟓 (1/m2)

Theoretical

𝑪 (1/m)

𝟏
𝑲

∙ 𝟏𝟎𝟒 (1/m2)

𝑪 (1/m)

Mutsu

81.66

1.56

79.05

2.01

45.21

Empire

61.23

3.06

574.28

6.31

92.12

As expected, Darcy permeability (𝐾) is lower for a bed with lower porosity and smaller effective
particle diameter for experimental and theoretical results since the volume for fluid to travel is
reduced (Empire apple). Furthermore, the Darcy-Forchheimer coefficient (C) was estimated to be
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lower for a bed with higher porosity and particle diameter (Mutsu apple) as void volume is higher
and resistance to flow or drag is decreased. The K and C coefficients estimated in this study both
experimentally and theoretical agreed with the coefficients determined in other studies for a bed
with similar characteristics (Table 2 - 9). Coefficients for experimental results are likely higher
since theoretical equations do not consider other factors such as variation in particle size, variation
in sphericity, particle distribution in the bed, friction due to particle surface, and resistance
generated by moisture and organic matter (i.e. stems and soil).
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Chapter 7: Ozone Concentrations
Ozone concentrations during a regular cycle and at various fan speed settings were measured and
recorded to observe the effect of factors such as airflow speed, location, and apple bed on the ozone
concentrations. Ozone concentrations measurements were collected mainly at the inlet and outlet
of the apple bed, as well as at the exhaust pipe. Additional data locations were used to determine
the variations in ozone concentration through the apple bed. Furthermore, ozone concentration
data was used to estimate time constants defining steady state period at various airflow speeds.
The results presented in this section are useful to evaluate and optimize the current design. The
uncertainty of the ozone concentration measured by the ozone analyzer is ± 2 % unless otherwise
specified.

7.1

Concentration in Empty Bins

Ozone concentrations were recorded for treatment applied to two empty bins wrapped with plastic
film at a room temperature of 23.3 °C (June 13, 2018). Inlet concentration fluctuated more
throughout the cycle in comparison to the treatment of full bins, as seen in Figure 7 - 1. The bed
inlet, outlet, and exhaust average concentration were 11.58 PPM, 10.04 PPM, and 7.65 PPM,
respectively. The ozone reduction from inlet to outlet was higher for empty bins (1.54 PPM) than
for bins filled with apples (0.82 PPM). This could be attributed to the distribution and well mixing
of the ozone travelling through the apples which is not experienced in the empty bins. These values
were obtained along the side bed wall and concentrations in other parts (i.e. corners, center, other
walls) could vary. Therefore, the reduction in ozone concentration cannot be attributed to only
apples, but also to bins, plastic film, presence of moisture, and ozone distribution.
Additionally, the difference in ozone concentration between the bed outlet and exhaust for empty
bin trial is lower (2.39 PPM) than for the apple bed (4.21 PPM) at the same superficial air velocity.
This occurs since the apple bed creates a lower pressure point at the outlet of the bins thus causing
a higher-pressure difference which allows more air to enter through the door leak and result in a
higher ozone dilution. Air velocities were adjusted to account for the air leakage at the chamber
and detailed explanation is found in Section 4.3.2.1.
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Figure 7 - 1: Ozone concentration applied to two empty bins wrapped with plastic film for 40 mins. Run at
3:30 pm on June 13, 2018. Room temperature 23.3 °C.

7.2

Concentration in Regular Cycle

The evaluation of ozone concentration is essential to understand ozone gas behaviour throughout
the bed during the standard disinfection apple treatment. Figure 7 - 2 displays the ozone
concentrations at three main point: bed inlet, bed outlet, and exhaust pipe. The cycle represented
in Figure 7 - 2 was conducted on October 24, 2018 with average ambient temperature of 13.0 °C.
Figure 7 - 2 is a composite of three tests conducted on the same day and under the same operating
conditions to obtain continuous curves. The ozone concentration at each port location is measured
during complete 40-minute cycles. Clean air at high superficial velocities (0.125 m/s, 60 Hz) is
moved through the apples for five minutes between cycles to ensure there is not residual ozone in
the bed. The data for the three locations is combined into one plot for comparison purposes.
This cycle, shows the observed ozone exposure experienced by a 1.4 - m deep Empire apple bed
(2 bins) for a superficial gas velocity of 0.077 m/s. Once steady state was reached, the average
ozone concentration at inlet, outlet, and exhaust was estimated to be 10.86 PPM, 10.04 PPM, and
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5.83 PPM, respectively. Ozone concentration was observed to decrease by about 0.82 PPM after
travelling through the bed.
Ozone concentrations at the bin outlet are more stable throughout the cycle in comparison to the
inlet measuring ports. This occurs because the presence of apples allows a mixing of the ozone
flow and therefore measurements are steadier downstream. As seen in Figure 7 - 1 and Figure 7 2, the inlet ozone concentration fluctuates throughout the run because of a non-uniform gas
concentration travelling from the generator to the bins. It is observed that the four supply ducts
feeding the gas do not provide enough mixing to achieve a uniform ozone concentration before
entering the bed. Additional data collection shows the variation in ozone concentration for
different sampling locations at the bed inlet. This is explained in detailed later in this Chapter.
The large ozone concentration difference between the outlet (i.e. where the gas flow exits the base
of the apple bins) and chamber exhaust location is attributed to a leakage that allows air to enter
downstream of the bins and dilute the concentration exiting the bins. (A detailed explanation was
given in Section 4.3.2.1).

Figure 7 - 2: Ozone concentration during a regular cycle to treat 2 bins full of Empire apples (Run at 11 am on
October 24, 2018). 40-min cycle at an airflow velocity of 0.0771 m/s (40 Hz). Followed by 3 minutes of clean air
at a velocity of 0.125 m/s (60 Hz). Average room temperature of 13.0 °C.
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In the case of an empty chamber, only inlet and exhaust concentrations were measured and shown
in Figure 7 - 3. This cycle was conducted on October 25, 2017 when ambient temperature was
16.3°C (at 6:30 pm). The inlet average concentration was 11.74 PPM and the exhaust concentration
was 7.51 PPM. Concentrations are similar to the values measured for a chamber with empty bins
as expected since the same superficial air velocity is used.

Figure 7 - 3: Ozone concentration through an empty chamber for 16 minutes. Run at 6:30 pm on October 25,
2017. Room temperature of 16.3 °C.

Based on the results from Figure 7 - 1 to Figure 7 - 3, it is possible to conclude that apples are not
the main cause of ozone reduction from bed inlet to bed outlet. Additionally, in these experiments,
any ozone destruction specifically due to the presence of apples would be less than measurement
uncertainty. Difference between inlet and outlet ozone concentration is not attributed to apples but
to another reason later explained.
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7.3

Inlet and Outlet Ozone Concentrations Dependent on Superficial Air
Velocities

Data was collected to understand the effect of air velocities on the inlet and outlet ozone
concentrations for disinfection of apples. The tests focus on a total of 11 superficial air velocities
in the range from 0.020 m/s to 0.125 m/s. Two runs are conducted per velocity to observe the inlet
and outlet ozone concentration, and to define the change in gas concentration as it moves through
the apple bed. All the conditions were kept the same for all the runs, and only operating superficial
air velocity was adjusted. Forced clean air at high superficial air velocities was used in between
runs to remove any residual ozone. All the data in this section was collected on October 24, 2018
and ambient temperature was 13.0°C.

Figure 7 - 4: Inlet and outlet ozone concentration from an apple bed conformed by two full bins of Empire
apples for an airflow velocity of 0.0771 m/s (40 Hz).

Figure 7 - 4 illustrates ozone behaviour at the bed inlet and outlet for a regular cycle applied to a
1.4 m deep Empire apple bed (2 full bins). The inlet concentration fluctuates throughout the cycle,
while the concentration at the outlet is more consistent. This phenomenon is attributed to the
mixing of the ozone as it travels through the apple bed. The offset for the inlet concentration since
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the ozone generator is switched on is 20 seconds while the outlet offset reaches 30 seconds. The
average inlet and outlet ozone concentration were found to be 10.84 PPM and 10.03 PPM,
respectively.
Additional figures describing inlet and outlet ozone concentration for various air superficial
velocities used to obtain the values in Table 7 - 1 are found in Appendix G. The results presented
in Table 7 - 1 refer to average ozone concentration at steady state (i.e. after the initial increases in
concentration that occur during the first few minutes of chamber operation) followed by the
standard error. Details of the conversion of ozone concentration in PPM to concentration in units
of mg/m3 are given in Table F - 1. Average ozone concentration at the inlet and airflow for each
fan setting was used to compute the ozone mass flow rate entering the system.
Table 7 - 1: Average ozone concentration at inlet and outlet of the bins and ozone mass flow provided by the
generator based on airflow velocity through a 140 cm Empire apples bed measured on October 24, 2018.
Average concentrations followed by the standard error value.

Superficial Superficial
Fan
Air Velocity Airflow in
Settings
in the Bed
the Bed
(Hz)
(m/s)
(m3/s)

Ozone Concentration (PPM) ± SE
Inlet

Outlet

Difference

Inlet Ozone
Mass Flow Rate
(g/hr) ± SE

10

0.020

0.030

33.577 ± 0.034 31.602 ± 0.047 1.975 ± 0.058

7.771 ± 0.526

15

0.033

0.049

24.069 ± 0.304 24.738 ± 0.085 -0.669 ± 0.316

9.170 ± 0.305

20

0.037

0.055

18.919 ± 0.076 19.371 ± 0.052 -0.452 ± 0.092

8.066 ± 0.224

25

0.051

0.076

15.912 ± 0.128 15.807 ± 0.070 0.105 ± 0.146

9.295 ± 0.219

30

0.059

0.088

13.588 ± 0.152 13.333 ± 0.029 0.255 ± 0.155

9.166 ± 0.229

35

0.078

0.116

11.865 ± 0.126 11.383 ± 0.042 0.482 ± 0.133

10.561 ± 0.236

40

0.080

0.119

10.836 ± 0.155 10.229 ± 0.031 0.607 ± 0.158

9.893 ± 0.243

45

0.099

0.147

9.534 ± 0.059

9.010 ± 0.035

0.524 ± 0.069

10.830 ± 0.242

50

0.105

0.157

8.380 ± 0.085

7.926 ± 0.033

0.454 ± 0.091

10.111 ± 0.246

55

0.121

0.179

7.816 ± 0.039

7.433 ± 0.016

0.383 ± 0.042

10.797 ± 0.246

60

0.125

0.186

7.169 ± 0.053

6.704 ± 0.008

0.465 ± 0.054

10.272 ± 0.248
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Increasing air velocity results in ozone concentration reduction since additional air is pulled
through the system and ozone dilution occurs. The ozone production in the generator cannot be
directly controlled and therefore concentrations are adjusted with the fan speed settings. Although
the inlet ozone mass flow rate should be the same for all the airflows, reduced ozone production
is observed at lower air velocities.
At air superficial velocities of 0.033 m/s and 0.037 m/s, ozone concentration at the bottom of the
bed was slightly higher than concentrations at the bed inlet. It is unlikely that the amount of ozone
increases after moving through the apples. However, ozone concentration entering the bed is nonuniform and the concentration varies along the inlet. Then slightly different ozone concentrations
travel through the bed. Since, the inlet port is located at the back wall and the outlet port is located
at the front wall, it is expected to have a light variation in gas concentration. Additionally, ozone
distribution patterns within the bed can vary as superficial air velocity varies. At the lowest velocity
0.02 m/s, it was observed a higher difference in ozone concentration between inlet and outlet likely
to the gas distribution through the bed and the location of sampling ports. These observations are
discussed in more detail in Section 7.4. Furthermore, higher ozone mass flow rates were estimated
for fan settings above superficial velocities of about 0.078 m/s (35 Hz fan speed) at which the
current disinfection treatment is applied.
A curve was developed to describe the relationship between the steady state inlet ozone
concentration and the superficial air velocity for the system of study. This relationship is:

𝐶𝑂3 = 1.3618𝑢−0.822

(7 – 1)

The corresponding curve for the outlet steady state ozone concentration is:

𝐶𝑂3 = 1.2106𝑢−0.853

(7 - 2)

Note that for both of these equations, 𝑢 is in units m/s and 𝐶𝑂3 is units of (PPM). Details of the
derivation of both of these equations are given in Appendix G. These equations are valid for the
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study system with a 161 g/h ozone generator output or similar: adjustments would be required for
a different ozone generator or other system changes experimentally.
Based on a study conducted by Murray (2016), increasing ozone concentration is optimal for the
disinfection of the top and middle apple layers and maintaining a high airflow will be beneficial
for treatment of apples at the bottom section. Therefore, equilibrium between both treatment
conditions is required to efficiently achieve high disinfection effectiveness. The current treatment
operates at a superficial air velocity of 0.08 m/s (40 Hz), which balances a medium airflow and
ozone concentration.

7.4

Time Constants

The time constant (τ) is the time required by the ozone concentration to reach 63.2 % of the final
value (steady state). The ozone concentrations obtained are compared to ozone concentrations
calculated using Eq. (2 – 12) to determine time constants.

Figure 7 - 5: Dimensionless ozone inlet concentration and time constants for a regular cycle treating 2 full bins
of Empire apples (Run at 11:00 am, Oct 24, 2018).
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Figure 7 - 5 shows an example of ozone concentration versus time at the start of an ozone treatment
conducted on October 24, 2018 (13.0°C), and includes illustration of the time constant. The cycle
treated 2 full bins of Empire apple at a 0.0771 m/s superficial air velocity. For this study, 5τ was
selected as the time at which the ozone concentration value can be presumed to have reached
steady state, based on empirical observation of the variability of starting behavior across many
different experiments. Experimental runs of 10 minutes were recorded to investigate the steady
state and time constant of ozone concentration at various airflow velocities.

Figure 7 - 6: Dimensionless ozone outlet concentration for a regular cycle treating 2 full bins of empire apples
(Run at 12:00 pm, Oct 24, 2018).

Figure 7 - 5 indicates the time constants at the inlet during a regular cycle for disinfection of a 1.4
m Empire apple bed. Ozone reached a steady concentration of 10.6 PPM with an offset time of 20
seconds, τ of 25 seconds, and 5τ of 125 seconds for air velocity of 0.077 m/s. The offset time is
the time from the moment the generator is turned on to the moment the ozone enters the system.
Similarly, Figure 7 - 6 displays ozone behaviour at the bed outlet port for which steady
concentration, offset time, τ, and 5τ was 10.04 PPM, 30 s, 25.5 s, and 127 s, respectively.
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Table 7 - 2: Time constants to reach steady state concentration at system inlet and outlet based on airflow
velocity for Empire apple bed (1.4 m)
Fan
Settings
(Hz)

Superficial
Air
Velocity
(m/s)

10

Steady State Period ± SE
τ at
Inlet
(s)

τ at
Outlet
5τ Outlet
Outlet
Offset
(s)
(s)
(s)

5τ Inlet
(s)

Inlet
Offset
(s)

𝑪𝑺𝑺 Outlet
(PPM)

0.0202

32.873 ± 0.050 30 ± 5 148 ± 25

20 ± 5

31.602 ± 0.047

33 ± 5

165 ± 25

40 ± 5

20

0.0372

18.866 ± 0.256 29 ± 5 147 ± 25

30 ± 5

19.330 ± 0.064

31 ± 5

156 ± 25

40 ± 5

30

0.0589

13.607 ± 0.157 27 ± 5 136 ± 25

20 ± 5

13.213 ± 0.059

30 ± 5

150 ± 25

30 ± 5

40

0.0777

10.610 ± 0.156 25 ± 5 125 ± 25

20 ± 5

10.041 ± 0.044

25 ± 5

127 ± 25

30 ± 5

50

0.105

8.371 ± 0.089 25 ± 5 123 ± 25

20 ± 5

7.906 ± 0.026

24 ± 5

121 ± 25

30 ± 5

60

0.125

7.169 ± 0.053 25 ± 5 123 ± 25

20 ± 5

6.726 ± 0.021

23 ± 5

113 ± 25

30 ± 5

𝑪𝑺𝑺 Inlet
(PPM)

Refer to Appendix H for details of the determination of the results presented in Table 7 - 2. Inlet
offset times are the same for all the airflows, however outlet offset was longer for the lowest air
velocities. As expected, time required to reach steady state increases as treatment air velocities
decrease. Inlet ozone concentrations have great variability than concentrations at the outlet, which
can be seen from the standard error values. Ozone is well mixed when moving through the apples
bed thus resulting on a more stable ozone concentration reading at the bed outlet.
Based on the information presented on Table 7 - 2, an equation relating time constant and
superficial air velocity was obtained for the 161 g/h output ozone generator used for this study.
The curve describing this relationship for the inlet is:

𝜏 = 626.22𝑢2 − 142.51𝑢 + 32.958

(7 – 3)

Similarly, the relationship was found for the outlet time constants with respect to the superficial
air velocity:

𝜏 = 354.14𝑢2 − 152.68𝑢 + 36.248
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(7 – 4)

Note that for both of these equations, 𝑢 must be in units of m/s, and 𝜏 in in units of s. See Appendix
H, Figure H - 11 and Figure H - 12 for details. The equation representing the time constant at the
outlet can be considered for beds with the same height. The result obtained from the equations
multiplied by five gives the total time required by the system to reach steady ozone concentration
at the inlet and outlet of the apple bed.

7.5

Multiple Ports

Ozone transfer across the system was evaluated by measuring gas concentration throughout the
bed height. The port locations (Figure 4 - 15) and data collection process are explained in detail in
Chapter 4. Five measuring points were established, including original top (TO), testing top (TT),
top bins (TN), bottom bins (BN), and exhaust pipe (EX). TO and TT are placed at the same height,
but at a different location along the duct diameter to observe characteristics of the incoming ozone.
TO is located at the back of the duct, while TT was installed 55 C to the left. Ozone concentrations
at all collection points in a 1.4 m bed during a regular cycle are displayed in Figure 7 - 7.

Figure 7 - 7: Ozone concentrations at different locations in the chamber during a regular cycle with a superficial
air flow velocity of 0.0771 m/s (40 Hz) for the treatment of two full bins (140cm) of Empire apples (run at 11:00
am on October 24, 2018).
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As shown in Figure 7 - 7, ozone concentrations measured at port TN were slightly higher than the
top ports during the treatment time as the ozone mixes throughout the first apple layer and
accumulates. The ozone concentration decreases by about 0.76 PPM as it travels from location TN
to the bottom of the bins. This could be explained by ozone decomposition due to the system
components and dispersion in the chamber.
Detailed figures presenting the ozone concentrations over time for different locations throughout
the apple bed at various velocities are found in Appendix F. The average ozone concentrations for
all the port locations are shown in Table 7 - 3. Better mixing is noted at the bottom of the bins as
the ozone concentrations do not fluctuate as much. The fluctuation seen for the BN port reading is
smaller, suggesting a greater stability in the concentration. For most of the air velocities, TO is
slightly higher than TT even though the ports are at the same level. Therefore, it is inferred that
the incoming gas may not be fully mixed before entering the bed.
Table 7 - 3: Ozone concentrations at multiple measuring ports for various air velocities during treatment of
Empire apple bed.

Fan
Setting
(Hz)

Superficial
Air
Velocity
(m/s)

10

0.020

33.571 ± 0.034 32.879 ± 0.073 32.901 ± 0.070 31.605 ± 0.045 22.943 ± 0.106

20

0.037

18.878 ± 0.139 20.817 ± 0.287 19.931 ± 0.065 19.371 ± 0.052 11.641 ± 0.121

30

0.059

13.636 ± 0.122 13.370 ± 0.212 13.959 ± 0.075 13.333 ± 0.029 7.749 ± 0.047

40

0.080

10.659 ± 0.185 10.161 ± 0.187 10.894 ± 0.197 10.134 ± 0.096 5.837 ± 0.044

50

0.105

8.399 ± 0.083

7.893 ± 0.078

8.358 ± 0.049

7.926 ± 0.033

4.726 ± 0.035

60

0.125

7.149 ± 0.059

6.687 ± 0.070

7.034 ± 0.039

6.704 ± 0.008

4.009 ± 0.025

Ozone Concentration (PPM) ± SE
TO

TT

TN

BN

EX

Immediately as the ozone enters the apple bed an average concentration between TO and TT is
reached at port TN. This is the case except for superficial air velocities of 0.059 m/s and 0.080 m/s
for which TN was slightly higher and which is the usual operating velocity. Moving downstream
through the bed, ozone concentration decreases slightly (as seen by comparing concentrations at
TN and BN). The reduction of the initial ozone concentration through the bed varies from 2.9 %
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to 7.5 % for all the superficial air velocities (Appendix I for details, Table I - 1). This slight
decrease could be caused by ozone decomposition due to the apples, bins, plastic film or other
organic matter such as stems and microbes. Concentrations at the exhaust are much lower due to
ozone dilution caused by air infiltrating through bottom of the chamber door and other entry points,
as previously explained in Section 4.3.2.1. The difference in ozone concentration between the
bottom of the bins (BN) and the exhaust pipe (EX) can be described by ∆𝐶𝑂3 = 11.231𝑒 −11.68𝑢
(units of 𝑢 are m/s, and concentration are PPM), which is from the curve presented in Figure I - 6.
For most of the superficial air velocities, the ozone concentration at inlet location TO is slightly
higher than at TT, except for the 20 Hz fan setting (0.0372 m/s), likely due to incomplete air and
ozone mixing before entering the chamber. There is not a relationship defining the difference in
concentration between the inlet ports (TO and TT) and the superficial air velocity, as it appears to
vary quasi randomly. However, lower variation is seen for the superficial velocities 0.059 m/s and
0.080 m/s, which correspond to the current treatment operating conditions. Further data collection
could include ports at different horizontal points from the ones already used to offer a better
understanding of ozone movement in the bed.
7.5.1.

Additional Ports for a Regular Cycle

Ozone concentration variations were observed for the ports placed at the same level (height), but
at different horizontal locations (i.e., TO and TT). Hence, additional sampling ports were used to
monitor concentration during a regular cycle. All port locations are shown in Figure 4 - 15. Three
additional points were installed, including front top bins (FTN), middle (M), and front bottom bins
(FBN). FTN is located on the chamber front wall, 48 cm below the inlet ports. M port is placed in
between the bins over the apples. FBN is located at the front side of the bottom bin at 168 cm from
the inlet ports. Note that these ports were formed by threading sampling tubes into the bins at
different locations. All the sampling tubes are inserted into the bed at about 5 cm from the wall,
except for the M port that is inserted 10 cm from the wall in between the 2 bins. Data was collected
from all the ports during the same cycle conducted in October 23, 2018 (15.3°C) at a superficial
air velocity of 0.0771 m/s. Details regarding sampling line switching procedure is in Section
4.3.4.2.
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Figure 7 - 8: Ozone concentrations at different locations in the chamber during a regular cycle with air flow
velocity of 0.0771 m/s (40 Hz) for treatment of two full bins (140cm) of Empire apples (run at 11:00 am on
October 23, 2018).

Ozone was measured at various points along the front side of the chamber. Based on the results
presented in Figure 7 - 8, ozone concentration was reduced after entering the bed as seen from port
TT to FTN. However, the ozone concentration was reasonably constant across the bed for points
FTN, M, and FBN with variations of less than 0.3 PPM. The fluctuation in ozone concentration
given between the 850 and 1150 seconds in the cycle occur due to the opening of a door connected
to the exterior. The concentrations shown in Figure 7 - 8 were compared to the values presented
in Figure 7 - 7 to observe variations in ozone concentrations at different ports for two cycles
operated under the same conditions. The average ozone concentrations collected at 8 different port
locations during the disinfection treatment of two bins filled with Empire apples are presented in
Figure 7 - 9.
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Figure 7 - 9: Average ozone concentrations (PPM) collected at different port locations during the treatment of
two full bins of Empire apples (140 cm height) at a superficial air velocity of 0.0771 m/s.

According to the gas concentrations given in Figure 7 - 9, the ozone at the inlet port located on the
back of the duct is higher than the concentration for the front port. Therefore, ozone concentrations
entering the system vary around the inlet duct. Thus, the uniformity of the gas distribution is
disturbed, and different ozone concentration are seen throughout the bed. The ozone concentration
travelling near the left (as seen from the door of the chamber) side wall stays constant as it enters
the apple bed. Oppositely, the concentrations in the front wall (closest to the door) is reduced by
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about 1.5 PPM as it disperses through the top layer of the bed. While the concentration in the
middle point (M), where the gap (20 cm) between bins is presented, slightly increases as gas
accumulation and ozone redistribution occurs.
The ozone concentrations presented in Figure 7 - 9, refer to measurements collected at 5 cm from
the bin walls. Therefore, it is unclear whether the bed center experiences similar or slightly higher
concentrations that the side and front walls. The non-uniformity could also be attributed to
variation in apple size, apple sphericity and bed porosity, which create paths with lower flow
resistance. For both wall sides the concentration slightly decreases from the inlet to the outlet of
the bed as ozone is decomposed by the apples, moisture, other organic matter (stems), and
inorganic components found in the system (bins and plastic wrap). As a difference from grain
fumigation, oxidation of ozone in apple bed is not a concern since concentration is not significantly
reduced and antimicrobial effectiveness is still achieved (Pandiselvam et al., 2017b). While ozone
concentration varied through the bed, it was observed that the apples at any location were exposed
to a steady state ozone concentration of not less than 8.5 PPM during the entire standard cycle.
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Chapter 8: Model
This chapter discusses the development of a simplified numerical model to represent the system
in this study. The system to be modeled consists of treating a commercial-scale apple bed by
continuously injecting ozone gas at a constant concentration. The ozone gas is uniformly mixed
with air and travels downward through the packed bed at a constant superficial air velocity and
leaves the system at the bottom. Factors influencing ozone transport include bed properties
(porosity, and height), treating conditions (airflow), and system components (oxidizing material).

8.1

Challenges

The goal of this modelling exercise is to characterize and be able to predict how gaseous ozone is
transported, diffused throughout a volume of bulk produce, and reacts with the produce during
continuous treatment. This is similar to model-development research focused on ozone gas mass
transfer in stored grains bulks for which particle and bed properties are different. Similar studies
investigate the kinetics of gaseous ozone in various porous media including soil and glass beads.
Since apples are much larger and a different geometry than these other materials, adjustments are
required to apply these previously-developed models to a bulk bed of apples.

8.2

Assumptions

A series of initial assumptions were made to simplify the model development. This section
explains the reasoning behind each assumption and its effect on the model.
The model will represent one-dimensional mass transport in the direction of flow through the bed.
A homogenous packed bed is assumed and therefore bed porosity, particle size, particle sphericity,
and particle mass are taken to be uniform throughout the bed. It was also assumed that the incoming
airflow (𝑄) is constant and ozone concentration is uniform (𝐶𝑂3,𝑖𝑛 ) entering the produce bed.
Additionally, any variation in the gas phase volume due to decomposition of ozone through the
produce bed will be neglected. Ozone gas concentrations used in this study are very small (<
0.004% by volume) and any reduction of the ozone concentration is assumed to not affect the
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density of the total gas. Similarly, due to the low operating ozone concentrations in this study (<40
PPM), it was identified that density differences throughout the bed will not cause mass flow.
During the standard treatment examined in this study, the apples are extracted from the cooler (3.3
˚C) and placed in the chamber at room temperature. Condensation takes place and moisture has
been observed on apple surfaces. For this initial model, the moisture (film or water droplets) on
the apples is considered to have a minor effect compared to gas phase effects. Therefore, ozone
dissolution into pore water has been neglected in this initial model. Advection and transport of
ozone are incorporated only in the gas-phase. Thus, a gas-phase saturation (𝑆𝑎 ) of 1.0 is used for
this model.
The diffusion term is considered in this model to describe the mass transfer of ozone based on the
assumption stated by Carberry (1976), in which; axial dispersion is included for a packed bed with
bed height to particle diameter ratio (𝐻 ⁄𝑑𝑝𝑒 ) less than 50 (Carberry, 1976). An Empire apple bed
height of 1.4 m and apple effective diameter of 0.086 m results in a 𝐻 ⁄𝑑𝑎𝑝𝑒 ratio of about 23.
Furthermore, diffusivity is assumed to be constant throughout the apple bed height.
The mathematical model that will be used to represent the apple ozonation process also does not
consider natural conversion of ozone to regular oxygen since the gas is injected continuously
throughout the treatment. The ozone gas flowing at a superficial air velocity of 0.08 m/s takes
approximately 22 seconds to travel through the produce bed (1.72 m). Given that RH in the system
is in the range of 35 to 67 %, while temperature is in the range of 10 to 20 °C, it can be considered
that HLT is reduced by these factors. However, a total gas transition time across the bed of 20
seconds is not enough for ozone to decompose significantly. A study by Klockow and Keener
(2009) found a HLT of 30 minutes for ozone in a sealed plastic package at room temperature (22
°C) and RH of 26%.
It is assumed that the metal in the chamber has a negligible effect on gaseous ozone concentration
during the gas transit time (of approximately 20 seconds). The chamber in this study was
manufactured from 304/316 stainless steel which has an Excellent (A) compatibility with ozone
and this would minimize degradation of ozone and corrosion of the chamber (Ozone Solutions,
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2015). Furthermore, bins containing apples are made of copolymer polypropylene plastic, which
is recognized to have a Fair (C) compatibility with ozone and moderate effects can occur (Ozone
Solutions, 2015). However, Cataldo et al. (2011) determined a decay constant of 8.0×10-6 s-1 for
the reaction of ozone gas and polypropylene (isotactic), resulting in an ozone half-life time of 24
hours. For this study, short exposure time and relatively low concentration are used and therefore
it is assumed that the neither the plastic nor the ozone gas are affected.
The reaction kinetics of gaseous ozone have been studied for different packed beds composed of
particles such as soil, sand, grains and glass beads. Ozone reaction rate is dependent on bed
porosity, particle surface characteristics, particle orientation, presence of additional reactive
materials, and bed moisture content (MC). For instance, the reaction constant for ozone gas in a
sand bed was estimated as 2.89×10-4 s-1 m (HLT of 40 mins); while a bed of glass beads was
characterized by a first-order constant of 1.15×10-5 s-1 with HLT of 1000 minutes (Choi et al.,
2002). Furthermore, the HLT of ozone gas for beds of maize, peanut, paddy and rice is 5.57 (12.8%
MC), 7.7 (7.1% MC), 11.93 (11.2% MC), and 13.8 (11.4% MC) minutes, respectively
(Pandiselvam et al., 2017a). The low HLT observed in grains is attributed to high surface contact
area available, and active adsorption sites on the surface. Based on this information and knowing
that the gas takes about 20 seconds to travel through the apple bed, it can be assumed ozone does
not decompose significantly with the apples during transit through the bed. Additionally, the effect
of microbiota found on apples is not considered in the decomposition of gaseous ozone for this
model.

8.3

Model Description & Development

The purpose of the model is to quantitatively model the concentration of ozone gas as it travels
through the system. The model is transient so that it can describe the fate and transport of the ozone
concentration at various depths, airflow rates, and times. Additionally, the model can be used to
obtain a Breakthrough curve (BTC) which presents the residual (outlet) gaseous ozone
concentration over time.
A mathematical model to characterize ozone transport in an apple bed was developed based on the
lump model presented by Kim and Choi (2002) for soil, shown as Eq. (2 – 11). Based on the
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assumptions already stated, the ozone reaction term in Eq. (2 – 11) was removed. Therefore, only
the mass transfer and transport terms are considered. Given that porosity and gas-phase saturation
throughout the apple bed are homogeneous, 𝑛 and 𝑆𝑎 are extracted from the mathematical model.
Based on those adjustments, the advection-diffusion model is described by the following partial
differential equation (PDE):
𝜕𝐶𝑂3
𝜕𝑡

= 𝐷𝑜

𝜕 2 𝐶 𝑂3
𝜕𝑧 2

−𝑢

𝜕𝐶𝑂3
𝜕𝑧

(8 – 1)

where 𝐶𝑂3 (PPM) is the gaseous ozone concentration which is dependent on time 𝑡 (s) and spatial
direction along the bed depth 𝑧 (m). 𝐷𝑜 (m2/s) is the ozone gas diffusion coefficient through the
bed, and 𝑢 (m/s) is the average superficial air velocity in the bed.
It will be assumed that initially there is no ozone present in the bed, resulting in an initial condition
of

𝐶𝑂3 (𝑧, 𝑡 = 0) = 0

(8 - 2)

After the model starts at time t = 0, it is assumed that the incoming air includes a constant ozone
concentration and gas cannot diffuse back into system from the outlet. This results in boundary
conditions of

𝐶𝑂3 (𝑧 = 0, 𝑡 > 𝑡𝑜 ) = 𝐶0

(8 – 3)

𝐶𝑂3 (𝑧 = 𝑍, 𝑡 > 𝑡𝑜 ) = 0

(8 – 4)

where Z (m) is the total bed depth. The partial differential equation in Eq. (8 – 1) is solved using
the MATLAB (The MathWorks, Inc., R2018a) pdepe function. Appendix J contains additional
implementation details, including all variables input to MATLAB (Table J - 1) and the MATLAB
script.
The ozone diffusion coefficient in gas phase (𝐷𝑂3 −𝑎𝑖𝑟 ) was calculated using the equation developed
by Geankoplis (1993):
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𝐷𝐴𝐵 =

1.00×10−7 𝑇 1.75(1⁄𝑀𝐴 +1⁄𝑀𝐵 )1⁄2
𝑃[(∑𝑣𝐴 )1⁄3 +(∑𝑣𝐵 )1⁄3 ]2

(8 – 5)

where 𝑇 is the air temperature specified for this system (288 K), and 𝑀𝐴 and 𝑀𝐵 are the molecular
mass of ozone (48 g/mol) and air (29 g/mol), respectively. The pressure (𝑃) in this system is
assumed as 1 atm. The sums ∑𝑣𝐴 and ∑𝑣𝐵 are the sum of the structural volume increments,
obtained from Geankoplis (1993) to be 16.44 for ozone and 20.1 for air. The 𝐷𝑂3−𝑎𝑖𝑟 is calculated
as 1.71×10-5 m2/s. This value is similar to the coefficients 1.20×10-5 m2/s used in the study by Kim
and Choi (2002) and 1.45×10-5 m2/s determined by Massman (1998).
Ozone effective diffusion coefficient in the bed (𝐷𝑂3 ) is calculated to account for the effect of the
porous media using the equation defined by Millington and Quirk (1961):
7⁄3

𝐷𝑂3 = (

𝜃𝑎

𝜀2

) × 𝐷𝑂3 −𝑎𝑖𝑟

(8 – 6)

where 𝜃𝑎 is the volumetric gas content, which for the apple bed is 1.0 since water phase is not
considered for this model. Based on the porosity of the Empire apple bed (53.3%), the 𝐷𝑂3 used for
this model is 6.01×10-5 m2/s.

8.4

Results

The one-dimensional advection-diffusion model [Eq. (8 – 1)] was solved using the conditions and
values described in Section 8.3. The variation in ozone concentration within the apple bed over
time was simulated using the pdepe function in MATLAB. Figure 8 - 1 shows the simulated ozone
gas concentration through the 1.4 m deep bed at 14 timesteps (10 s intervals). Figure 8 - 1 uses the
conditions established for the standard apple disinfection cycle (Section 4.1.4) in which average
superficial air velocity is u = 0.077 m/s and the ozone concentration entering the system is 10.84
PPM. Similarly, Figure 8 - 2 presents the modeled gaseous ozone concentration across the bed
depth (1.4 m) over time. The simulation in Figure 8 - 2 is generated based on a superficial air
velocity of 0.125 m/s (the highest observed in the forced air reactor), and an inlet ozone
concentration of 7.17 PPM. (Recall that at high volume flow rate, ozone concentration entering
the system decreased.) When comparing Figure 8 - 1 and Figure 8 - 2, it is observed that the
increase in superficial air velocity results in the decrease of the breakthrough time or time required
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for the incoming ozone to travel through the entire bed. In Figure 8 - 1 the time required for the
ozone concentration to reach steady state conditions at the outlet is approximately 144 seconds
(close-up in Figure J - 1), while in Figure 8 - 2 it is approximately 88 seconds (close-up in Figure
J - 2).

Figure 8 - 1: Simulated gaseous ozone concentration (PPM) through the bed depth with respect to time. For a
standard disinfection treatment: 𝒖 = 𝟎. 𝟎𝟕𝟕 𝒎/𝒔, 𝑫𝒐 = 𝟔. 𝟎𝟏 × 𝟏𝟎−𝟓 𝒎𝟐 ⁄𝒔, and 𝑪𝟎 = 𝟏𝟎. 𝟖𝟒 𝑷𝑷𝑴.
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Figure 8 - 2: Simulated gaseous ozone concentration (PPM) through the bed depth with respect to time. For a
disinfection treatment: 𝒖 = 𝟎. 𝟏𝟐𝟓 𝒎/𝒔, 𝑫𝒐 = 𝟔. 𝟎𝟏 × 𝟏𝟎−𝟓 𝒎𝟐 ⁄𝒔, and 𝑪𝟎 = 𝟕. 𝟏𝟕 𝑷𝑷𝑴.

This model can be used to simulate the ozone concentration of produce bed for various superficial
air velocities, initial concentrations, and bed depths. Porosity is only considered in the diffusion
coefficient. Therefore, this model can be applied to other produce beds with different bed porosity
by re-calculating 𝐷0 , as long as the same assumptions can be considered.

8.5

Validation

The results obtained from the simulations were compared to experimental results presented in
Section 7.4 (Time constant) to determine the accuracy of the model. The 5𝜏 shown in Figure 7 - 6
(experimental) and the breakthrough time for the 1.4 m deep bed in Figure 8 - 1 (model) were
compared. For the experimental cycle, the final steady state concentration at the bed outlet was
reached after 127 ± 25 seconds, while in the corresponding simulation it was reached after 144 ±
2 seconds (Figure J - 1). The value predicted by the model is within the time range determined for
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the experimental result, although it is noted that the measurement uncertainty is considerable.
Additionally, the difference between the steady state values can be attributed to factors observed
in a realistic case such as variable travel paths, inhomogeneity of actual porous media, non-uniform
flow, particle non-uniformity, and the possible presence of moisture or particles other than the
produce. Based on these results, the model appears to provide a reasonable representation of the
study system.
For further work, a model can be developed from initial stages using the finite-difference method
(FDM). Additionally, the model may be improved by considering the transport and diffusion of
gaseous ozone along the lateral directions (x and y). Additionally, the model could include the
reaction of ozone in the water phase to account for the presence of moisture on the produce. Further
research could focus on investigating the effect of microbiota and apple properties in ozone
reaction rates.
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Chapter 9: Design Recommendations
The design of a gaseous ozone treatment system is dependent on the produce type and the targeted
microorganisms. It has been shown that treatment efficacy and required CT value will vary
significantly depending on the specific microorganisms, produce type, and airflow around the
apples. Outcomes from previous studies related to ozonation of similar produce can be used to
select the optimal ozone concentration and treatment conditions including exposure time,
temperature and relative humidity. Additional design parameters of gaseous ozone treatment
should be selected based on the type of produce to be treated. Airflow velocity should be
designated to reduce the pressure drop since blower size and energy will define operation cost,
while also considering that airflow velocity influences the spatial and temporal distribution of the
ozone gas, and a low velocity could increase the treatment time requirement.
Chamber manufacturing materials such as stainless steel are ideal to avoid corrosion or degradation
of ozone. However, the seal package in the door of the chamber should be improved to reduce air
leakage in the system. Furthermore, the mixing box located on top of the chamber could be
modified by adding baffles to ensure uniform mixing of the ozone with air before entering the
produce bed. Moreover, instead of having a single duct conducting the ozone, 5 smaller ducts can
be connected at the four sides and center to achieve distribution of the ozone coming into the bed.
This is similar to the current design, which connects the ozone generator to the mixing box.
Ozone concentration of about 5 to 6 PPM leaves the system through the exhaust pipe. This ozone
flow could be diverted to the mixing box at the top of the chamber to take advantage of ozone
recirculation for treatment enhancement. CT value would be increased with a positive effect on
antimicrobial effect. The ozone concentration within the system would increase, and treatment
operation velocity could be increased. This modification could result in maintaining high ozone
concentration while enhancing uniform ozone distribution to reduce needed treatment time.
Reducing treatment exposure would reduce operational cost required by the blower and reduce
overall apple processing time. Since ozone is classed as a pollutant when exhausted into the
atmosphere, recirculating the flow in the chamber would also reduce the total amount of ozone gas
exhausted to the environment, compared to the current single-pass system
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Safety measurements are required during treatment with gaseous ozone to protect workers,
including the provision of ambient limit sensors, controllers, and an ozone destruction unit at the
exhaust. Proper training of employees operating the system or working in the surrounding areas is
required. It should be noted, however, that gaseous ozone in the concentrations needed for
disinfection is not as difficult to use safely as other treatment options such as some chlorine-based
methods.
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Chapter 10: Conclusions
The results of this study support the theory that ozone gas has a great potential as an alternative
decontamination agent. Ozone gas treatment is suitable to treat various types of produce, as well
as kill and inhibit various types of microorganisms, while extending shelf life. Some factors
affecting the efficacy of gaseous ozone includes treated type of food, targeted microorganism,
ozone concentration, gas superficial flowrates, bed properties, and medium conditions. It is
recommended to conduct experiments to select an effective CT value for a specific produce type
and treatment conditions before implementation at an industrial scale. This thesis includes
a compilation of treatment conditions and antimicrobial effectiveness for various food types
including vegetables, fruits, stored grains, nuts, and spices obtained from other studies. Similarly,
this

study

compiled

the

pressure

drop

results and

bed

properties for different

produce beds collected from multiple research papers.
This thesis examined ozone supply concentrations, airflow rates, ozone distribution, pressure
drops, and temperature and RH distribution in a prototype gaseous ozone disinfection
unit. This system could be customized to decontaminate a wide range of produce and to satisfy
various treatment capacities by using some of the information presented in this paper.
During a standard apple disinfection cycle, apples were extracted from the cooler (3.3°C) and
placed in the chamber for ozone treatment. Typically, the air temperature at the inlet increases
continuously from an average temperature of 15 °C to about 19.5 °C over the 40-minute treatment
time, while the outlet temperature decreases from approximately 12 ° C to 9.5 ° C. Opposite
behaviour was observed for the RH readings, in which air inlet RH decreases from about 62% to
44%, and outlet RH increases from approximately 58% to about 73.5%. Air temperature decreases
through the apple bed since heat was transferred from the warm air to the cooler apples. Similarly,
air exiting the system carried higher amount of moisture in comparison to its saturation point after
moving through the apple bed. Furthermore, the average rate of heat transfer from the air to the
apple surface during a regular cycle was estimated to be 1.29 kW. Based on the estimation of the
average inlet and outlet air humidity ratios, it was calculated that a total of 318 g of water were
transferred to the bed during a 40-min cycle with a mean superficial velocity of 0.080 m/s.
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Three types of apples were considered to estimate apple bed properties. Mutsu apple with a mean
diameter of 81.7 mm and sphericity of 98% formed an apple bed with 58.5% porosity. In the case
of Empire apple, the mean particle diameter was 61.2 mm and particle sphericity of 95% that
resulted on a bed porosity of 53%. Lastly, small Empire apple had a mean diameter of about 53.21
mm, 96% sphericity, and 49% bed porosity. Based on these results and other studies, bed porosity
increases as the particle size and sphericity increases.
The blower was adjusted to obtain a variety of superficial air velocities to determine pressure drops
through the apple bed. The pressure gradient (Pa/m) relationship with the superficial air velocity
(m/s) for the Mutsu apple bed can be described by𝑑𝑃/𝑑𝑥 = 96.84𝑢2 + 2.797𝑢 . Similarly,
measurements were collected to find the relationship between pressure gradient and superficial air
velocity for an Empire apple bed (𝑑Ρ/dx = 703.49u2 + 5.94u). Therefore, higher pressure drops
were estimated for the apple bed with lower porosity. In both cases, pressure drop increased as
superficial air velocity increased. The pressure drop determines the size of blower required to
achieve the operating airflow, thus lower velocities results in lower capital cost and energy use.
However, ozone treatment at low superficial air velocities results on gas accumulation at the top
while increasing the airflow enhances mixing and gas homogeneity. The system must operate at a
velocity that optimizes cost, energy, and gas flow.
Bed and particle properties were considered to describe the theoretical relationship between
superficial air velocity and pressure drops using Ergun equation. Based on this equation, the
theoretical porous media permeability was estimated to be 4.98×10-5 m2, and 1.58×10-5 m2 for
Mutsu and Empire apple bed, respectively. On the other hand, the theoretical Darcy-Forchheimer
coefficient was calculated as 45.21 m-1 for Mutsu and 92.12 m-1 for Empire apple bed.
Additionally, the equation, describing pressure drop and air velocities from experiments, was
compared to the Darcy-Forchheimer equation to find actual permeability and drag coefficient.
Mutsu bed Darcy permeability is 6.42×10-6 m2, while Empire bed permeability is 3.27 ×10-6 m2.
The Darcy-Forchheimer coefficient for Mutsu and Empire apple bed was determined as 79.05 m1

and 574.28 m-1, respectively. Based on these results and other studies, an increase in bed porosity

results on an increase in porous media permeability and a decrease in Darcy-Forchheimer
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coefficient. Although theoretical and experimental values agreed with the previous statement,
experimental coefficients are slightly different since actual values consider factors such as
variation in particle size, particle arrangement, and resistance to flow due to moisture and
impurities.
This thesis studied ozone distribution throughout the apple bed during a standard treatment cycle.
As well as, variation in ozone concentrations at various points as the operating superficial air
velocity is adjusted. Increasing the superficial air velocity (fan setting) results in a dilution of the
ozone concentration at the inlet. Ozone concentration can vary from 33.6 PPM at 0.02 m/s (10 Hz)
to 7.17 PPM at 0.125 m/s (60Hz). During a standard cycle, an ozone concentration of about 10.8
PPM enters the apple bed and travels downward at a superficial air velocity of 0.08 m/s. The gas
takes approximately 20 seconds to travel from the ozone generator to the top of the bed and
additional 20 seconds to travel through the entire apple bed. Furthermore, the ozone concentration
requires 25 seconds to reach steady state.
Ozone concentration at multiple ports were collected to observe variations along different
directions in the apple bed. The gas concentration varied between 10.8 to 10.2 PPM along the
diameter of the inlet duct. After travelling through the bed, the concentration was 10.2 at the side
wall and 8.6 PPM at the front wall. These variations are mainly attributed to the absence of gas
mixing before entering the produce bed. Based on the results, it is concluded that all the apples are
ensured to be exposed to a concentration of at least 8.5 PPM during the cycle. A few design
improvements are necessary to improve ozone distribution as mentioned in the Chapter 9.
A model was developed to describe gaseous ozone kinetics along the bed height during a regular
apple disinfection cycle. A few assumptions are considered for simplicity. For instance, the model
represents one-dimensional mass transfer (z-axis) since most of the transport occurs in the vertical
direction (along bed height). Additionally, homogeneous bed and particle properties are considered
throughout the bed. Similarly, flow is uniform during the treatment and initial ozone concentration
is constant as it enters the bed. Furthermore, apple moisture is neglected and the apple bed is
considered a gas saturated porous media (𝑆𝑎 = 1.0). Lastly, reaction terms such as ozone natural
decomposition, reduction due to apples and microbial contamination, and decomposition due to
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components in the treatment reactor (bins, plastic film, and steel) are not considered due to shortozone exposure (20 secs) during the standard cycle. Therefore, only mass transport and
hydrodynamic diffusion terms are considered. Based on all the assumptions, a 1-D advectiondiffusion PDE was obtained. The PDE was solved using the MATLAB pdepe function. The model
was used to observe the change in ozone concentration along the apple bed depth over time. The
model results were validated by comparing to experimental results. It was concluded that the model
represents the fate and transport of ozone accurately.
For further studies, additional ozone measurements can be collected throughout the system such
as the corners, the center of the bed, and walls; since it was observed that ozone concentration
varied not only across the bed height but in other directions. Furthermore, the ozone kinetics
through the bed can be modelled using a computational fluid dynamics (CFD) software to obtain
a more complete heat and mass transfer analysis.
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Appendix A: Pressure Transducer Calibration Curve
Curve calibrations required to convert collected raw data to pressure drops and air velocity
provided by manufacturers.

Figure A - 1: Curve calibration for pressure transducer (Setra 264, 0-10 in WC) used to measure air velocity
through the apple bins

Figure A - 2: Curve calibration for pressure transducer (Setra 264, -1 to 1 in WC) used to measure pressure
drop across bed produce

136

Appendix B: Pressure Gradient Curves Compiled Studies
The pressure curve equations presented in Table B - 1 represented the relationship between
pressure gradients and air velocity for various studies shown in Figure 2 – 2 and Figure 2 – 3.
Table B - 1: Pressure curve equations obtained from graphing the given pressure drop data vs. air velocity for
all compile studies
Type of
Produce

From Experimental Pressure Curve
Pressure Curve Equation

𝟏
𝑲

OrangeStaggered

𝑑𝑃
= 221.45𝑢2 + 2.84𝑢
𝑑𝑥
𝑑𝑃
= 164.65𝑢2 + 7.22𝑢
𝑑𝑥
𝑑𝑃
= 118.71𝑢2 + 6.29𝑢
𝑑𝑥
𝑑𝑃
= 393.26𝑢2 + 46.35𝑢
𝑑𝑥

OrangeSquare
Staggered

𝑑𝑃
= 164.65𝑢2 + 7.22𝑢
𝑑𝑥

Sugar beet
OrangeRandom
OrangeStraight

Apple
Walnuts
Potatoes
Grapes
Pistachios
Corn
Chickpeas
Lentils
Green gram
(Mung
bean)
Agropyron
(Crested
wheatgrass)

Reference
∙ 105 (1/m2)

𝑪 ∙ 102 (1/m)

1.58

1.81

Tabil et al., 2003

4.02

1.34

Chau et al., 1985

3.50

0.97

Chau et al., 1985

25.79

3.21

Chau et al., 1985

12.41

2.26

Chau et al., 1985

4.55

1.01

Verboven et al., 2004

19.07

3.39

Rajabipour et al., 2001

27.04

2.59

Shahbazi & Rajabipor,
2007

15.10

0.03

Ngcobo et al., 2012

17.15

2.48

Kashaninejad & Tabil,
2009

340.47

40.56

Crozza & Pagano, 2004

217.84

15.19

Shahbazi, 2011

880.47

131.89

Sokhansanj et al., 1990

𝑑𝑃
= 2668.3𝑢 2 + 2254.1𝑢
𝑑𝑥

1,254.37

21.78

Nimkar &
Chattopadhyay, 2002

𝑑𝑃
= 5898.9𝑢 2 + 2329.6𝑢
𝑑𝑥

1,296.38

48.15

Crozza & Pagano, 2004

𝑑𝑃
= 123.21𝑢2 + 8.17𝑢
𝑑𝑥
𝑑𝑃
= 415.37𝑢2 + 34.26𝑢
𝑑𝑥
𝑑𝑃
= 316.83𝑢2 + 29.34𝑢
𝑑𝑥
𝑑𝑃
= 4.47𝑢 2 + 28.99𝑢
𝑑𝑥
𝑑𝑃
= 304𝑢2 + 30.81𝑢
𝑑𝑥
𝑑𝑃
= 4968.8𝑢 2 + 611.83𝑢
𝑑𝑥
𝑑𝑃
= 1861.4𝑢 2 + 391.45𝑢
𝑑𝑥
𝑑𝑃
= 16157𝑢 2 + 1582.2𝑢
𝑑𝑥
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Appendix C: Apple Dimensions & Bed Properties
This Appendix includes all data corresponding to the dimensions, weights, and calculated
properties for the three types of apples and apple beds.
Table C - 1: Dimensions of Empire apples
Apple
Height (mm)
Sample
1
53.95
2
55.87
3
55.88
4
56.55
5
54.16
6
58.13
7
57.96
8
50.25
9
55.38
10
57.47
11
58.89
12
55.4
13
58.17
14
53.91
15
58.87
16
53.22
17
55.27
18
54.45
19
55.95
20
57.94
21
59.25
22
56.15
56.05
Average

Major Diameter
(mm)
63.3
64.95
63.27
67.69
61.18
62.03
65.89
64.59
61.63
66.89
69.07
65.83
64.88
63.2
64.26
61.29
63.61
62.48
59.42
63.04
67.31
63.69
64.07

Minor Diameter
(mm)
57.94
65.95
60.6
60.75
64.12
63.49
66.48
61.82
64.53
65.97
66.67
64.5
65.76
61.65
66.3
63.09
62.47
63.66
62.03
66.45
66.55
65.54
63.92

Mass (g)

Volume (cm3)

98
119
106
121
105
109
120
100
108
126
131
117
119
106
119
99
108
104
96
117
127
117
112.36

103.60
125.31
112.18
121.76
111.24
119.87
132.93
105.06
115.32
132.78
141.99
123.17
129.95
109.98
131.32
107.75
115.00
113.40
107.98
127.08
138.97
122.72
120.43

Mass (g)

Volume (cm3)

285
332
257
237
230
258
272
268
259
258
233
321

315.20
385.66
274.12
247.01
254.932
262.36
279.01
286.15
276.18
283.89
243.60
347.51

Density
(kg/m3)
945.92
949.68
944.89
993.76
943.86
909.33
902.70
951.86
936.52
948.91
922.60
949.94
915.75
963.80
906.15
918.78
939.16
917.13
889.07
920.66
913.88
953.37
933.53

Table C - 2: Dimensions of Mutsu apples
Apple
Sample
1
2
3
4
5
6
7
8
9
10
11
12

Height (mm)
80.95
86.47
80.51
78.06
80.19
75.82
79.98
76.16
81.46
81.16
78.94
84.33

Major Diameter Minor Diameter
(mm)
(mm)
88.55
83.98
87.16
97.73
80.89
80.39
78.03
77.45
78.09
77.75
79.93
82.68
83.24
80.04
84.36
85.06
83.53
77.52
81.36
82.11
76.75
76.79
90.66
86.81
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Density
(kg/m3)
904.20
860.85
937.54
959.48
902.22
983.39
974.88
936.59
937.78
908.81
956.48
923.72

Apple
Height (mm)
Sample
13
80.02
14
75.84
15
80.08
16
79.86
17
81.32
18
74.77
19
83.1
20
83.66
21
81.4
22
92.57
80.76
Average

Major Diameter Minor Diameter
(mm)
(mm)
80.64
79.35
76.57
82.91
83.98
88.03
93.3
89.7
76.8
78.2
78.56
75.58
80.62
76.37
91.8
73.1
90.3
69.1
79.15
88.36
82.92
81.32

Mass (g)

Volume (cm3)

251
241
275
296
237
228
257
339
335
343
273.27

268.10
252.09
309.98
349.95
255.72
232.45
267.90
293.95
265.94
338.98
285.94

Mass (g)

Volume (cm3)

74
66
94
57
82
66
86
74
93
46
93
57
76
64
93
88
87
85
44
77
68
87
75.32

79.44
68.04
105.89
62.61
89.12
67.67
94.99
71.53
97.05
47.33
105.22
59.46
76.87
65.95
99.75
89.35
91.02
87.90
44.25
82.61
75.07
102.05
80.14

Density
(kg/m3)
936.22
955.99
887.16
845.84
926.80
980.85
959.33
1153.25
1259.67
1011.86
959.22

Table C - 3: Dimensions of Small Empire Apples
Apple
Height (mm)
Sample
1
50.41
2
45.19
3
59.06
4
46.91
5
51.17
6
45.80
7
50.88
8
46.34
9
52.24
10
43.70
11
54.97
12
45.20
13
45.36
14
48.55
15
54.20
16
49.22
17
51.31
18
50.61
19
40.62
20
50.43
21
50.74
22
53.37
49.38
Average

Major Diameter
(mm)
53.90
52.39
57.85
50.38
58.11
55.83
62.50
53.98
58.34
46.01
59.48
50.51
57.08
50.49
58.75
60.32
58.91
57.24
47.01
57.50
54.08
60.45
55.51

Minor Diameter
(mm)
55.84
54.89
59.19
50.60
57.24
50.54
57.05
54.61
60.82
44.96
61.46
49.74
56.70
51.38
59.83
57.48
57.51
57.95
44.26
54.41
52.25
60.41
54.96

Density
(kg/m3)
931.50
969.98
887.74
910.34
920.13
975.39
905.35
1034.60
958.23
971.85
883.88
958.64
988.72
970.49
932.31
984.84
955.84
967.01
994.29
932.09
905.81
852.55
945.07

Table C - 4: Measured and calculated apple physical properties for Empire apples
Apple Sample
1
2
3
4

Water Displaced (cm3)
212.5
182.5
162.5
199.5
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Mass (g)
159
142
133
152

Density (kg/m3)
748.2
778.1
818.5
762.0

Apple Sample
5
6
7
8
9
Average

Water Displaced (cm3)
165.5
150.0
193.0
190.0
215.0
185.6

Density (kg/m3)
761.3
760.0
792.7
763.2
753.5
770.83

Mass (g)
126
114
153
145
162
142.8

Table C - 5: Measured and calculated apple physical properties for Mutsu apples
Apple Sample
1
2
3
4
5
Average

Water Displaced (cm3)
437.0
406.3
412.5
400.2
420.5
415.3

Density (kg/m3)
775.7
824.5
831.5
822.1
820.5
814.9

Mass (g)
339
335
343
329
345
338

Table C - 6: Measured and calculated apple physical properties for small Empire apples
Apple Sample
1
2
3
4
5
Average

Water Displaced (cm3)
82.5
110.0
80.5
95.5
104.5
94.6

Mass (g)
66
86
64
76
82
75

Density (kg/m3)
800.0
781.0
795.0
795.8
784.7
791.3

Table C - 7: Measurements required to calculate porosity using Method 2 (water displaced) for the three
apple types.
Apple
Type
Mutsu

Empire

Small
Empire

Trial
1
2
3
Average
1
2
3
Average
1
2
3
Average

Initial Height
of Water (cm)
20.0
20.0
20.0
20.0
12.0
12.0
12.0
12.0
12.0
12.0
12.0
12.0

Final Height of
Water (cm)
27.0
27.5
27.2
27.2
14.3
14.5
14.4
14.4
14.5
14.8
14.6
14.6

Total Volume of water
displaced (cm3)
18,522.0
19,845.0
19,051.2
19,139.4
2,622.0
2,850.0
2,736.0
2,736.0
2850.0
3192.0
2964.0
3002.0
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Volume of
Voids (cm3)
29,214.0
27,891.0
28,684.8
28,596.6
3,500.0
3,272.0
3,386.0
3,386.0
3,272.0
2930.0
3158.0
3120.0

ɛ (%)
61.2
58.4
60.0
59.9
57.2
53.4
55.3
55.3
53.4
47.9
51.6
51.0

Appendix D: Pressure and Airflow Velocity Adjustments
Table D - 1: Differential pressure adjustment for pressure drop and airflow velocity measurements for a Mutsu
apple bed of 1.925 m and bins. Pressure drop adjustment of 3.463 Pa, and Pitot tube differential pressure
adjustment -1.6 Pa
Pressure Drop
AC
Initial
Adjusted
Inverter
Reading (Pa) ± Reading
Setting
SE
(Pa) ± SE
(Hz)

Pitot Tube Differential
Pressure
Pressure
Pressure
Velocity at Velocity at
Initial
Adjusted
Gradient
Gradient
the Exhaust the Exhaust
Reading (Pa) Reading (Pa) ± (Apple &
(Apple &
Pipe (m/s) ± Pipe (m/s) ±
± SE
SE
Bins) (Pa/m) Bins) (Pa/m)
SE
SD
± SE
± SD

20

-2.153±0.011 1.310±0.020 16.302±0.081 14.700±0.100 0.681±0.011 0.681±0.026 4.941±0.405 4.941±0.093

25

-1.514±0.008 1.949±0.019 28.325±0.142 26.724±0.153 1.013±0.009 1.013±0.001 6.662±0.500 6.662±0.085

30

-0.818±0.004 2.644±0.018 43.419±0.217 41.817±0.225 1.371±0.009 1.371±0.001 8.333±0.825 8.333±0.048

35

-0.0239±0.0001 3.439±0.017 60.684±0.303 59.082±0.309 1.787±0.009 1.787±0.001 9.906±0.710 9.906±0.117

40

0.951±0.005 4.413±0.018 83.640±0.418 82.039±0.422 2.291±0.009 2.291±0.035 11.672±0.830 11.672±0.142

45

1.883±0.009 5.345±0.012 107.238±0.536 105.636±0.539 2.779±0.010 2.779±0.021 13.246±0.938 13.246±0.059

50

2.677±0.014 6.139±0.022 127.339±0.637 125.737±0.639 3.189±0.011 3.189±0.044 14.451±1.023 14.451±0.104

55

3.707±0.019 7.169±0.025 148.628±0.743 147.027±0.745 3.725±0.013 3.725±0.032 15.627±1.103 15.627±0.153

60

4.253±0.021 7.715±0.027 175.535±0.878 173.934±0.880 4.008±0.014 4.008±0.035 16.996±1.198 16.996±0.153

Pressure drop and airflow velocity data was recorded for hours previous to the trials to obtain
reading when blower was not running, and the door was closed. This data was used to adjust the
pressure transducer readings.

Table D - 2: Airflow velocity adjustment for the various fan speeds based on mass balance of ozone
concentrations at the exhaust pipe and bottom of the bins in the chamber. The cross-sectional area of the
exhaust pipe is 0.018 m2 and the area of the bins perpendicular to the flow is 1.486 m2. Apple (Mutsu) bed with
a height of 1.925 m.
Exhaust Pipe
Bottom of the Bins
Concentration
Fan
Setting Measured Flow Concentration, Concentration, Flow Calculated Difference, 𝑪𝟏 ⁄𝑪𝟐
Rate, 𝑸𝟐 Velocity, 𝒖𝟐 𝑪𝟐 − 𝑪𝟏 (PPM)
(Hz) Velocity, Rate, 𝑸𝟏
𝑪𝟏 (PPM)
𝑪𝟐 (PPM)
𝒖𝟏 (m/s)
(m3/s)
(m3/s)
(m/s)
20

4.941

0.087

24.864

30.824

0.070

0.047

5.966

0.807

30

8.333

0.147

10.965

15.367

0.105

0.071

4.402

0.714

40

11.672

0.206

7.346

11.067

0.137

0.092

3.721

0.664

50

14.451

0.255

5.994

8.691

0.176

0.118

2.697

0.690

60

16.996

0.300

2.218

7.625

0.207

0.140

5.407

0.689
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Figure D - 1: Pressure drop data for empty bins collected previous to Mutsu apple bed trial

Table D - 3: Pore, particle, interstitial Reynolds number, and adjusted pressure gradient for the Mutsu apple
bed.
Fan
Superficial Air Interstitial Air
Setting Velocity (m/s) Velocity (m/s)
(Hz)
± SE
± SE
20
25
30
35
40
45
50
55
60

0.047 ± 0.004
0.060 ± 0.005
0.071 ± 0.007
0.081 ± 0.006
0.092 ± 0.007
0.107 ± 0.008
0.119 ± 0.008
0.133 ± 0.009
0.139 ± 0.010

0.081 ± 0.007
0.103 ± 0.008
0.121 ± 0.012
0.138 ± 0.010
0.157 ± 0.011
0.182 ± 0.013
0.203 ± 0.014
0.227 ± 0.016
0.238 ± 0.017

𝑹𝒆𝒑 ± SE

𝑹𝒆𝒅𝒑𝒆 ± SE

𝑹𝒆𝒊𝒏𝒔 ± SE

423.92 ± 34.75
538.53 ± 40.43
632.32 ± 62.62
723.34 ± 52.02
824.14 ± 58.62
953.69 ± 67.53
1062.12 ± 75.06
1186.44 ± 83.73
1247.10 ± 87.90

263.31 ± 21.58
334.54 ± 25.11
392.82 ± 38.89
450.70 ± 32.30
511.89 ± 36.40
592.25 ± 41.94
658.50 ± 46.62
736.66 ± 51.99
774.47 ± 54.59

450.53 ± 36.94
572.34 ± 42.97
672.02 ± 66.56
768.76 ± 55.28
875.89 ± 62.30
1013.57 ± 71.77
1128.81 ± 79.78
1260.94 ± 88.98
1325.40 ± 93.42

142

Pressure
Gradient Apple
Only (Pa/m) ±
SE
0.265 ± 0.011
0.442 ± 0.010
0.592 ± 0.010
0.904 ± 0.010
1.200 ± 0.011
1.532 ± 0.009
1.683 ± 0.014
2.062 ± 0.015
2.190 ± 0.017

Table D - 4: Differential pressure adjustment for pressure drop and airflow velocity measurements for an
Empire apple bed of 1.40 m and bins. Pressure drop adjustment of 5.95 Pa, and Pitot tube differential pressure
adjustment 11.285 Pa. NR = no reading.
Pressure Drop
AC
Inverter
Setting
(Hz)

Initial
Reading
(Pa) ± SE

Adjusted
Reading
(Pa) ± SE

Pitot Tube Differential
Pressure
Pressure
Pressure
Velocity at Velocity at
Initial
Adjusted
Gradient
Gradient
Exhaust
Exhaust
Reading (Pa) Reading (Pa) (Apple &
(Apple &
Pipe (m/s) ± Pipe (m/s) ±
± SE
± SE
Bins) (Pa/m) Bins) (Pa/m)
SE
SD
± SE
± SD

10

-4.642±0.023 1.308±0.038 -8.039±0.040

3.247±0.069

0.938±0.027 0.938±0.198 2.299±0.336 2.299±0.114

15

-2.586±0.013 3.364±0.033 -2.929±0.015

8.356±0.058

2.403±0.023 2.403±0.112 3.692±0.309 3.692±0.125

20

-0.783±0.004 5.167±0.031

16.055±0.062 3.691±0.021 3.691±0.298 5.116±0.317 5.116±0.194

25

1.826±0.009 7.776±0.031 17.606±0.089 28.892±0.106 5.545±0.022 5.545±0.082 6.866±0.414 6.866±0.178

30

4.699±0.023 10.649±0.038 31.639±0.158 42.925±0.168 7.607±0.027 7.607±0.239 8.367±0.523 8.367±0.269

35

7.073±0.035 13.023±0.046 51.129±0.256 62.415±0.262 9.302±0.033 9.302±0.112 10.089±0.653 10.089±0.326

40

10.953±0.055 16.903±0.062 69.670±0.349 80.956±0.353 12.073±0.045 12.073±0.137 11.493±0.759 11.493±0.300

45

14.369±0.072 20.319±0.078 93.686±0.471 104.972±0.475 14.514±0.056 14.514±0.074 13.124±0.880 13.124±0.286

50

19.295±0.096 25.245±0.101 119.432±0.597 130.717±0.599 18.035±0.072 18.035±0.153 14.606±0.989 14.606±0.269

4.769±0.024

55

NR

NR

143.944±0.720 155.229±0.720

NR

NR

15.918±1.084 15.918±0.266

60

NR

NR

171.309±0.857 182.595±0.858

NR

NR

17.263±1.184 17.263±0.329

Table D - 5: Airflow velocity adjustment. The cross-sectional area of the exhaust pipe is 0.018 m2 and the area
of the bins perpendicular to the flow is 1.486 m2. Apple (Empire) bed with a height of 140 cm.
Exhaust Pipe
Bottom of the Bins
Concentration
Fan
Setting Measured Flow Concentration, Concentration, Flow Calculated Difference, 𝑪𝟏 ⁄𝑪𝟐
Rate, 𝑸𝟐 Velocity, 𝒖𝟐 𝑪𝟐 − 𝑪𝟏 (PPM)
(Hz) Velocity, Rate, 𝑸𝟏
𝑪𝟏 (PPM)
𝑪𝟐 (PPM)
𝒖𝟏 (m/s)
(m3/s)
(m3/s)
(m/s)
10

2.299

0.0414

22.943

31.605

0.0300

0.0202

8.662

0.726

15

3.692

0.0665

18.411

24.738

0.0495

0.0333

6.327

0.744

20

5.116

0.0921

11.641

19.371

0.0553

0.0372

7.730

0.601

25

6.866

0.124

9.701

15.807

0.0758

0.0510

6.106

0.614

30

8.367

0.151

7.749

13.333

0.0876

0.0589

5.584

0.581

35

10.089

0.182

7.244

11.383

0.116

0.0778

4.139

0.636

40

11.493

0.207

5.853

10.229

0.119

0.0797

4.376

0.573

45

13.124

0.236

5.676

9.099

0.147

0.0992

3.423

0.624

50

14.606

0.263

4.726

7.926

0.157

0.105

3.200

0.596

55

15.918

0.287

4.653

7.433

0.179

0.121

2.780

0.626

60

17.263

0.311

4.009

6.704

0.186

0.125

2.695

0.599
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Pressure Drop (Pa)
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dP = 551.87u2 + 67.859u
R² = 0.99403
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Figure D - 2: Pressure drop data for empty bins collected previous to Empire bed apple trial

Table D - 6: Pore, particle, interstitial Reynolds number, and pressure gradient for the Empire apple bed
Fan
Superficial Air Interstitial Air
Setting Velocity in the Velocity (m/s)
(Hz)
Bed (m/s) ± SE
± SE

𝑹𝒆𝒑 ± SE

𝑹𝒆𝒅𝒑𝒆 ± SE

𝑹𝒆𝒊𝒏𝒔 ± SE

Pressure
Gradient
Apple Only
(Pa/m) ± SE

10

0.020 ± 0.003

0.038 ± 0.006

119.45 ± 17.62

84.24 ± 12.31

156.74 ± 23.12

0.117 ± 0.028

15

0.033 ± 0.003

0.061 ± 0.005

194.12 ± 16.61

138.68 ± 11.61

254.71 ± 21.80

0.670 ± 0.025

20

0.037 ± 0.002

0.069 ± 0.004

219.46 ± 13.76

155.18 ± 9.62

287.97 ± 18.06

1.174 ± 0.025

25

0.051 ± 0.003

0.093 ± 0.006

295.47 ± 18.35

212.63 ± 12.82

387.71 ± 24.08

2.149 ± 0.028

30

0.059 ± 0.004

0.110 ± 0.007

349.99 ± 21.97

245.54 ± 15.35

459.24 ± 28.82

3.209 ± 0.035

35

0.078 ± 0.005

0.143 ± 0.009

453.24 ± 30.01

323.99 ± 20.97

594.72 ± 39.38

3.809 ± 0.043

40

0.080 ± 0.005

0.145 ± 0.010

459.78 ± 31.41

332.31 ± 21.95

603.30 ± 41.21

5.382 ± 0.056

45

0.099 ± 0.007

0.181 ± 0.012

576.15 ± 39.68

413.48 ± 27.72

755.99 ± 52.06

6.519 ± 0.069

50

0.105 ± 0.007

0.195 ± 0.013

621.60 ± 42.56

439.19 ± 29.74

815.63 ± 55.85

8.632 ± 0.086

55

0.121 ± 0.008

0.221 ± 0.015

703.27 ± 49.01

502.85 ± 34.24

922.79 ± 64.31

NR

60

0.125 ± 0.009

0.234 ± 0.016

744.61 ± 51.19

521.52 ± 35.77

977.04 ± 67.17

NR
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Appendix E: Ozone Sampling Resolution
All the information presented in this Appendix refer to specifications for sampling lines and ports
used for data collection.
Table E - 1: Airflow travelling times from ozone ports to analyzer based on flow characteristics and physical
tube properties. TO to analyzer travel time of 2.78 seconds, and EX to analyzer travel time of 2.76 seconds.
Parameter

TO to Valve

EX to Valve

Through Valve

O Valve to Analyzer

Flow Average (cm3/min)

965.90

965.90

965.90

965.90

Inner Diameter (cm)

0.34

0.34

0.34

0.34

Area (cm )

0.091

0.091

0.091

0.091

Length (cm)

401.00

398.00

2.50

90.00

Volume (cm )

36.41

36.14

0.23

8.17

Time (s)

2.26

2.24

0.014

0.51

Sample Travelling
Time (s)
2.90

2

3

Table E - 2: Information regarding multiple port data collection.
Port Label

Description

Tubing Length (m)

TO

Top Original

4.01

Sampling Flow Rate
(cm3/min)
761.28

TT

Top Test

7.00

744.77

5.10

TN

Top Bins

8.10

748.75

5.90

BN

Bottom Bins

6.16

748.58

4.50

EX

Exhaust

3.98

751.43

2.90
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Appendix F: Ozone Mass Flow Rate
The shown data correspond to inlet and outlet concentration at various airflows, as well as data
required to estimate ozone mass flow rate entering the system. Standard errors are included for all
the values using error propagation.
Table F - 1: Ozone mass flow rate entering the Empire apple bed for various air velocities and inlet and outlet
ozone concentrations. 1 PPM = 2.14 mg O3/m3 air.
Fan
Airflow
Settings Through the
(Hz)
Bed (m3/s)

Ozone Concentration (mg/m3)

Ozone Concentration (PPM)
Inlet

Outlet

Difference

Inlet

Outlet

Difference

Inlet Ozone
Mass Flow
Rate (g/hr)

10

0.030±0.004 33.577±0.034 31.602±0.047 1.975±0.058 71.855±0.073 67.628±0.101 4.227±0.124 7.771 ± 0.526

15

0.049±0.004 24.069±0.304 24.738±0.085 -0.669±0.316 51.508±0.651 52.939±0.182 -1.432±0.676 9.170 ± 0.305

20

0.055±0.003 18.919±0.076 19.371±0.052 -0.452±0.092 40.487±0.163 41.454±0.111 - 0.967±0.197 8.066 ± 0.224

25

0.076±0.005 15.912±0.128 15.807±0.070 0.105±0.146 34.052±0.274 33.827±0.150 0.225±0.312 9.295 ± 0.219

30

0.088±0.005 13.588±0.152 13.333±0.029 0.255±0.155 29.078±0.325 28.533±0.062 0.546±0.332 9.166 ± 0.229

35

0.116±0.007 11.865±0.126 11.383±0.042 0.482±0.133 25.391±0.269 24.360±0.090 1.031±0.285 10.561 ± 0.236

40

0.119±0.008 10.836±0.155 10.229±0.031 0.607±0.158 23.189±0.332 21.890±0.066 1.299±0.338 9.893 ± 0.243

45

0.147±0.010 9.534±0.059

9.010±0.035

0.524±0.069 20.403±0.126 19.281±0.075 1.121±0.148 10.830 ± 0.242

50

0.157±0.011 8.380±0.085

7.926±0.033

0.454±0.091 17.933±0.182 16.962±0.071 0.972±0.195 10.111 ± 0.246

55

0.179±0.012 7.816±0.039

7.433±0.016

0.383±0.042 16.726±0.084 15.907±0.034 0.819±0.090 10.797 ± 0.246

60

0.186±0.013 7.169±0.053

6.704±0.008

0.465±0.054 15.342±0.113 14.347±0.017 0.995±0.116 10.272 ± 0.248
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Appendix G: Inlet and Outlet Ozone Concentrations
All data presented in this section was collected on October 24, 2018. The average room
temperature during the trials was 15.3 °C. Figures below describes inlet and outlet concentrations
for various airflow treatments. The data obtained from the Figures below was to generate Table 7
- 1.

Figure G - 1: Inlet and outlet ozone concentration through two full bins of Empire apples. The offset for the
inlet concentration from the moment the generator is ON is 20 secs while the outlet offset is 40 secs at airflow
velocity of 0.033 m/s (20 Hz). Average inlet and outlet ozone concentration of 18.94 PPM and 19.23 PPM,
respectively.
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Figure G - 2: Inlet and outlet ozone concentration from an apple bed conformed by two full bins of Empire
apples. The offset for the inlet concentration from the moment the generator is ON is 20 secs while the outlet
offset is 30 secs at airflow velocity 0.0587 m/s (30 Hz). Average inlet and outlet ozone concentration of 13.6 PPM
and 13.2 PPM, respectively.

Figure G - 3: Inlet and outlet ozone concentration from an apple bed conformed by two full bins of Empire
apples. The offset for the inlet concentration from the moment the generator is ON is 20 secs while the outlet
offset is 30 secs at airflow velocity of 0.104 m/s (50Hz). Average inlet and outlet ozone concentration of 8.38
PPM and 7.91 PPM, respectively.
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Figure G - 4: Inlet and outlet ozone concentration from an apple bed conformed by two full bins of Empire
apples. The offset for the inlet concentration from the moment the generator is ON is 20 secs while the outlet
offset is 30 secs at airflow velocity of 0.125 m/s (60Hz). Average inlet and outlet ozone concentration of 7.17
PPM and 6.73 PPM, respectively.

Figure G - 5: Relationship between inlet ozone concentration and superficial air velocity for the system of
study. Based on the experimental results shown in Table 7 - 1.
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Figure G - 6: Relationship between outlet ozone concentration and superficial air velocity for the system of
study. Based on the experimental results shown in Table 7 - 1.
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Appendix H: Time Constants for Various Ozone Concentrations
All data presented in this section was collected on October 24, 2018. The average room
temperature during the trials was 15.3 °C. Figures below describes time constants to reach steady
state concentrations for inlet and outlet at various airflow treatments. The data obtained from the
Figures below was to generate Table 7 - 2.

Figure H - 1: Dimensionless ozone inlet concentrations for a cycle treating 2 full bins of empire apples (Run at
3:30 pm, Oct 24, 2018). Ozone reaching a final value of 32.9 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 30 seconds and estimated time to reach steady state of 148 seconds.
Ozone airflow velocity of 0.020 m/s (10 Hz)
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Figure H - 2: Dimensionless ozone outlet concentrations for a cycle treating 2 full bins of empire apples (Run
at 3:50 pm, Oct 24, 2018). Ozone reaching a final value of 32.9 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 33 seconds and estimated time to reach steady state of 165 seconds.
Ozone airflow velocity of 0.02 m/s (10 Hz)

Figure H - 3: Dimensionless ozone inlet concentration for a cycle treating 2 full bins of empire apples (Run at
2:30 pm, Oct 24, 2018). Ozone reaching a final value of 18.87 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 29 seconds and estimated time to reach steady state of 147 seconds.
Ozone airflow velocity of 0.0368m/s (20 Hz)
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Figure H - 4: Dimensionless ozone outlet concentration for a cycle treating 2 full bins of empire apples (Run at
3:00 pm, Oct 24, 2018). Ozone reaching a final value of 19.33 ppm with an offset time of 40 seconds from the
moment generator is ON, time constant of 31 seconds and estimated time to reach steady state of 156 seconds.
Ozone airflow velocity of 0.0368 m/s (20 Hz)

Figure H - 5: Dimensionless ozone inlet concentration for a cycle treating 2 full bins of empire apples (Run at
1:00 pm, Oct 24, 2018). Ozone reaching a final value of 13.6 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 27 seconds and estimated time to reach steady state of 136 seconds.
Ozone airflow velocity of 0.059 m/s (30 Hz)

153

Figure H - 6: Dimensionless ozone outlet concentration for a cycle treating 2 full bins of empire apples (Run at
1:30 pm, Oct 24, 2018). Ozone reaching a final value of 13.2 ppm with an offset time of 30 seconds from the
moment generator is ON, time constant of 31 seconds and estimated time to reach steady state of 153 seconds.
Ozone airflow velocity of 0.0587 m/s (30 Hz).

Figure H - 7: Dimensionless ozone inlet concentration for a cycle treating 2 full bins of empire apples (Run at
12:00 pm, Oct 24, 2018). Ozone reaching a final value of 8.37 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 25 seconds and estimated time to reach steady state of 123 seconds.
Ozone airflow velocity of 0.104 m/s (50 Hz)
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Figure H - 8: Dimensionless ozone outlet concentration for a cycle treating 2 full bins of empire apples (Run at
12:40 pm, Oct 24, 2018). Ozone reaching a final value of 7.91 ppm with an offset time of 30 seconds from the
moment generator is ON, time constant of 24 seconds and estimated time to reach steady state of 120 seconds.
Ozone airflow velocity of 0.104 m/s (50 Hz)

Figure H - 9: Dimensionless ozone inlet concentration for a cycle treating 2 full bins of empire apples (Run at
2:00 pm, Oct 24, 2018). Ozone reaching a final value of 7.17 ppm with an offset time of 20 seconds from the
moment generator is ON, time constant of 25 seconds and estimated time to reach steady state of 124 seconds.
Ozone airflow velocity of 0.125 m/s (60 Hz)
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Figure H - 10: Dimensionless ozone outlet concentration for a cycle treating 2 full bins of empire apples (Run
at 2:20 pm, Oct 24, 2018). Ozone reaching a final value of 6.73 ppm with an offset time of 30 seconds from the
moment generator is ON, time constant of 23 seconds and estimated time to reach steady state of 113 seconds.
Ozone airflow velocity of 0.125 (60 Hz)

Figure H - 11: Relationship between inlet time constant and air superficial velocity for the 161 g/hr output
ozone generator. Based on the experimental results shown in Table 7 - 2
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Figure H - 12: Relationship between outlet time constant and air superficial velocity for the 161 g/hr output
ozone generator. Based on the experimental results shown in Table 7 - 2
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Appendix I: Ozone Concentration at Multiple Ports
All data presented in this section was collected on October 24, 2018. The average room
temperature during the trials was 15.3 °C. Figures below describes concentrations at multiple ports
for various airflow treatments. The data obtained from the Figure below was to generate Table 7 3.

Figure I - 1: Ozone concentrations at different locations in the chamber during a cycle with air flow velocity of
0.02 m/s (10 Hz) for treatment of two full bins (140cm) of Empire apples (run at 3:30 pm on October 24)
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Figure I - 2: Ozone concentrations at different locations in the chamber during a cycle with air flow velocity of
0.0368 m/s (20 Hz) for treatment of two full bins (140 cm) of Empire apples (run at 2:30 pm on October 24)

Figure I - 3: Ozone concentrations at different locations in the chamber during a cycle with air flow velocity of
0.0587 (30 Hz) for treatment of two full bins (140 cm) of Empire apples (run at 1:00 pm on October 24)
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Figure I - 4: Ozone concentrations at different locations in the chamber during a cycle with air flow velocity of
0.104 m/s (50 Hz) for treatment of two full bins (140cm) of Empire apples (run at 12:00 pm on October 24)

Figure I - 5: Ozone concentrations at different locations in the chamber during a cycle with air flow velocity of
0.125 m/s (60 Hz) for treatment of two full bins (140 cm) of Empire apples (run at 2:00 pm on October 24)

160

Figure I - 6: Relationship between the ozone concentration difference from outlet (BN) to exhaust (EX) and
air superficial velocity. Based on the experimental results shown in Table 7 - 3.

Table I - 1: Ozone concentration difference at multiple measuring ports for various air velocities during
treatment of Empire apple bed. Results extracted from Table 7 - 3.

Fan
Setting
(Hz)

Superficial
Air Velocity
(m/s)

TO – TT
(PPM)

TN – BN
(PPM)

10
20
30
40
50
60

0.020
0.037
0.059
0.080
0.105
0.125

0.692
-1.939
0.266
0.498
0.506
0.462

1.296
0.560
0.626
0.760
0.432
0.330
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Ozone
Reduction
Through the
bed (%)
4.1
2.9
4.7
7.5
5.5
5.0

BN – EX
(PPM)

TN – EX
(PPM)

8.662
7.730
5.584
4.297
3.200
2.695

9.958
8.290
6.210
5.057
3.632
3.025

Appendix J: Model
PDE solved by MATLAB pdepe function (MathWorks, 2018):
𝜕𝑐 𝜕𝑐

𝜕

𝜕𝑐

𝜕𝑐

𝑔 (𝑧, 𝑡, 𝑐, 𝜕𝑧) 𝜕𝑡 = 𝑧 −𝑚 𝜕𝑧 (𝑧 𝑚 𝑓 (𝑧, 𝑡, 𝑐, 𝜕𝑧)) + 𝑠 (𝑧, 𝑡, 𝑐, 𝜕𝑧)

(J – 1)

Table J - 1: Input parameters for MATLAB pdepe function to solve advection-diffusion PDE

Parameter
𝑚

Input Value
0

zmesh

0,1.4,600

tspan

0,140,1100

𝑔

𝐷𝑜
𝑢
𝐶0

1
𝜕𝑐
𝐷𝑜
𝜕𝑧
𝜕𝑐
−𝑢
𝜕𝑧
6.01 × 10−5
0.077
10.84

𝑝𝑙

𝑐𝑙

𝑞𝑙

0

𝑝𝑟

𝑐𝑟

𝑞𝑟

0

𝑓
𝑠

Description
Geometry of the system: 0 for a slab
Spatial discretization: depth from 0 to 1.4 m.
Number of variables is 600, fine mesh for
solution changing rapidly. (MathWorks, 2018)
Temporal discretization: from 0 to 140 s.
Number of variables: 1100 (fine mesh)
Diagonal matrix
Flux term (Diffusion term)
Source term (Advection term)
Diffusion coefficient (m2/s)
Average superficial air velocity (m/s)
Initial Ozone Concentration (PPM)
Column vector = approximate solution at the
left boundary (𝑧𝑙)
Column vector
Column vector = approximate solution at the
left boundary (𝑧𝑟)
Column vector
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MATLAB SCRIPT
%Solve PDE for 1-D Advection-Dispersion Eqn
%Using the Matlab function pdepe
clear all %clear command window
close all
m = 0; %for a Slab
z=linspace(0,1.4,600); %spatial discretization, (first value, Last value, # of variables)
t=linspace(0,140,1100);%Temporal discretization
sol=pdepe(m,@pdefun_con,@icfun_con,@bcfun_con,z,t); %Main Function, solve PDE
%Print results-Looping
for i=10:10:140 %start at:increment by:last limit
plot(z,sol(i,:),'color',[rand rand rand]);
axis tight;
xlabel('z (m)');
ylabel('C (PPM)');
hold on;
end
hold off
legend('10s','20s','30s','40s','50s','60s','70s','80s','90s','100s','110s','120s','130s','140s')
function [g,f,s] = pdefun_con(z,t,c,DcDz)%Setting up main eqn
D=0.0000601; %m^2/s
u=0.077; %m/s
g=1;
f=D*DcDz;
s=-u*DcDz;
end
function c0 = icfun_con(z)%initial condition function
c0=10.8;
end
function [pl,ql,pr,qr] = bcfun_con(zl,cl,zr,cr,t) %BC function
pl=cl;
ql=0;
pr=cr;
qr=0;
end
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Figure J - 1: Close-up for simulated gaseous ozone concentration (PPM) through the bed depth with respect
to time. For a standard disinfection treatment: 𝒖 = 𝟎. 𝟎𝟕𝟕 𝒎/𝒔, 𝑫𝒐 = 𝟔. 𝟎𝟏 × 𝟏𝟎−𝟓 𝒎𝟐 ⁄𝒔, and 𝑪𝟎 =
𝟏𝟎. 𝟖𝟒 𝑷𝑷𝑴.

Figure J - 2: Close-up for simulated gaseous ozone concentration (PPM) through the bed depth with respect
to time. For a treatment: 𝒖 = 𝟎. 𝟏𝟐𝟓𝒎/𝒔, 𝑫𝒐 = 𝟔. 𝟎𝟏 × 𝟏𝟎−𝟓 𝒎𝟐 ⁄𝒔, and 𝑪𝟎 = 𝟕. 𝟏𝟕 𝑷𝑷𝑴.
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Appendix K: Measurement Equipment Specifications
Table K - 1: Specifications for all the equipment used for measurements at the ozone chamber
Label

Description

Sensor
Type

Serial
Number

Accuracy

Range

Manufacturer

TT1

Temperature Top
Thermocouple

Type E

--

Greater of
1.7°C or 0.5%

-200 to 900
°C

Omega

TT2

Temperature Top from
RH sensor

HMP60-L

L3450286

±0.6°C

-40 to 60 °C

Campbell
Scientific

TT3

Temperature Top
Thermocouple

Type E

--

Greater of
1.7°C or 0.5%

-200 to 900
°C

Omega

TT4

Temperature Top from
RH sensor

HMP60-L

N2930286

±0.6°C

-40 to 60 °C

Campbell
Scientific

TB1

Temperature Bottom
Thermocouple

Type E

--

Greater of
1.7°C or 0.5%

-200 to 900
°C

Omega

TB2

Temperature Bottom
from RH sensor

HMP60-L

N2930288

±0.6°C

-40 to 60 °C

Campbell
Scientific

TB3

Temperature Bottom
Thermocouple

Type E

--

Greater of
1.7°C or 0.5%

-200 to 900
°C

Omega

TB4

Temperature Bottom
from RH sensor

HMP60-L

L3450287

±0.6°C

-40 to 60 °C

Campbell
Scientific

RT1

Relative Humidity
Top sensor

HMP60-L

L3450286

RT2

Relative Humidity
Top sensor

HMP60-L

N2930286

0 to 100 %

RB1

Relative Humidity
Bottom sensor

HMP60-L

L3450287

For Temp 0 to
40: ±3% (0 to
90% RH), ±5%
(90 to 100%
RH)

Campbell
Scientific

RB2

Relative Humidity
Bottom sensor

HMP60-L

N2930288

OMT

Ozone Testing Sensor
Top

± 5% of value

0 to 200
ppm

OMB

Ozone Testing Sensor
Bottom

H10-14-128700

± 5% of value

0 to 200
ppm

O2BT

Ozone 2B
Technologies Top

106-L Ozone
Monitor

1344L

greater of 1.5
ppb or 2 %

0 to 100
ppm

2B Technologies

O2BB

Ozone 2B
Technologies Bottom

106-L Ozone
Monitor

1344L

greater of 1.5
ppb or 2 %

0 to 100
ppm

2B Technologies

PPT

Pressure Pitot Tube

160-24

A49AB

±2%

0.1 to 10 IN
WC

Dwyer
Instruments INC

PTPT

Pressure Transducer
Pitot Tube

264

8484587

±0.25%

0 to 10 IN
WC

Setra

PT

Pressure Top (High)
Pressure Bottom
(Low)

264

8484588

±0.25%

±1 IN WC

Setra

PB
DL1

Data Logger

CR1000M
Wiring Panel

23181

±0.06% of
reading + offset

± 5 Vdc

Campbell
Scientific

Ozone sensor
00-1009

H10-14-146300
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Analytical
Technology INC

Label

Description

Sensor
Type

Serial
Number

DL2

Data Logger

CR1000M
Wiring Panel

23180

Gas Transmiter Top
(Display)

Series F12/D

774

±10%

--

Analytical
Technology INC

Gas Transmiter
Bottom (Display)

Series F12

775

±10%

--

Analytical
Technology INC

Ozone data logger

Onset
Temp/RH/2
ext channel

23180

±0.06%

±5000 mV

Campbell
Scientific

Tubing for Pressure
Transducer

Teflon

--

--

--

Campbell
Scientific

Tubing for Pressure
transducer/Pitot Tube

Rubber

--

--

--

Campbell
Scientific

RBJ60002F16

--

--

Cole-Parmer

EC7

--

--

Cole-Parmer

Tubing for Ozone
Analyzer

Three-way Ball Valve

Tygon, Se200 Inert
tubing
Parker
Hannifin 6AMB6XPFASSP
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Accuracy

Range

Manufacturer
Campbell
Scientific

