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Abstract This review focuses on the design of vents in
packages used for handling horticulture produce. The stud-
ies on vent designs that are conducted to obtain fundamental
understanding of the mechanisms by which different param-
eters affect the rate and homogeneity of the airflow and the
cooling process are presented. Ventilated packages should
be designed in such a way that they can provide a uniform
airflow distribution and consequently uniform produce cool-
ing. Total opening area and opening size and position show
a significant effect on pressure drop, air distribution unifor-
mity and cooling efficiency. Recent advances in measure-
ment and mathematical modelling techniques have provided
powerful tools to develop detailed investigations of local
airflow rate and heat and mass transfer processes within
complex packaging structures. The complexity of the phys-
ical structure of the packed systems and the biological
variability of the produce make both experimental and
model-based studies of transport processes challenging. In
many of the available mathematical models, the packed
structure is assumed as a porous medium; the limitations

of the porous media approach are evident during vented
package design studies principally when the container-
to-produce dimension ratio is below a certain value. The
complex and chaotic structure within horticultural produce
ventilated packages during a forced-air precooling process
complicates the numerical study of energy and mass transfer
considering each individual produce. Future research efforts
should be directed to detailed models of the vented package,
the complex produce stacking within the package, as well as
their interaction with adjacent produce, stacks and surround-
ing environment. For the validation of the numerical mod-
els, the development of better experimental techniques
taking into account the complex packaging system is also
very important.
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Introduction

Temperature is one of the most important factors affecting
the postharvest life of fruit and vegetables as it influences to
a large extent the physiological and biological changes
taking place after harvest (Ravindra and Goswami 2008).
Respiration is an important metabolic process causing the
deterioration of fruits and vegetables after harvest (Caleb
et al. 2011; Saenmuang et al. 2011). To minimise the post-
harvest deterioration, horticultural produce are generally
cooled from harvest temperature to their optimal tempera-
ture before storage or shipment. As the maintenance of their
quality has a fundamental importance on the success of the
horticulture marketing industry, it is necessary not only to
cool down the produce rapidly but also as soon as possible
after harvest (Brosnan and Sun 2001; Castro et al. 2006) and
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maintain this temperature until their transformation or con-
summation (Castro et al. 2005c). Precooling is the process
of cooling down a fresh produce rapidly and immediately
after harvest, which involves the rapid removal of field heat
from the freshly harvested produce (Ravindra and Goswami
2008).

Many factors affect the precooling process of fruit and
vegetables such as ventilation system characteristics, air-
to-produce initial temperature difference, air-to-produce
final desired temperature difference, relative humidity, pro-
duce geometry (size, shape, surface/volume ratio, internal
structure, porosity, density, etc), packing configuration, pro-
duce thermal properties, respiratory heat generation rate,
package vent design (vent size and shape, vent positions,
total vent area, etc) and stacking arrangement (Opara 2011).
All these factors are important since they affect the heat and
mass transfer during the precooling process (Hass et al.
1976; Sastry et al. 1978; Gaffney et al. 1985; Thompson
1996; Becker et al. 1996; Émond et al. 1996; Faubion and
Kader 1997; Wills et al. 1998; Ladaniya and Singh 2000;
Castro et al. 2004b; Vigneault et al. 2004a, b; Vigneault and
Castro 2005a; Cortbaoui et al. 2006). As fruit and vegeta-
bles are highly perishable, the packaging technology (Castro
et al. 2006; Vigneault et al. 2009a; Vigneault et al. 2009b)
plays a critical role in their transportation, preservation and
marketing (Hui et al. 2008a, b).

This review focuses on the application of vents in horti-
cultural packaging and especially on research studies con-
tributing to the fundamental understanding of the effects of
vent design parameters on the rate and homogeneity of air
circulation and cooling of packed horticultural produce. It
also discusses the requirements of package strength in ven-
tilated horticultural packaging. Finally, different mathemat-
ical modelling approaches that are commonly used in
ventilated packaging design and analysis are presented.

Ventilated Packages: Importance and Design Challenges
for Horticultural Produce Precooling

Precooling is a critical technology that is applied to rapidly
reduce the temperature of horticultural fresh produce inside
containers prior to long-term refrigerated storage. Many
detailed reviews on precooling techniques and existing sys-
tems for horticultural produce have been reported in the
literature, highlighting their relative efficacy, their produce
specificity and their importance for extending shelf life
(Mitchell 1992; Brosnan and Sun 2001; Vigneault and
Sobral 2008; Vigneault 2011). The available precooling
methods include room cooling, forced-air cooling, vacuum
cooling, hydrocooling and package icing. Forced-air cooling
is recognised to be the most common commercially applied
method (Castro et al. 2004b; Zou et al. 2006a). Forced-air

precooling is accomplished by forcing cold air through
stacked packages and around each individual piece of pro-
duce. Figure 1 shows a typical forced-air cooling system. A
pressure gradient is artificially generated across the container
using a powerful fan generating the necessary driving force to
draw air from the surroundings, through the container open-
ings and around the commodity (Vigneault and Goyette
2002a). Its efficiency may be evaluated in terms of process
rapidity using cooling rate or half-cooling time method
(Castro et al. 2004b) and temperature uniformity comparing
average temperature different among individual produce
(Goyette et al. 1996; Castro et al. 2004b).

To obtain uniform cooling processes within packaged
horticultural produce, the control of heat and mass (moisture
and gas) transfer within the environment is of great impor-
tance (Opara 2011; Castro et al. 2004b; Vigneault et al.
2004a, b; Vigneault et al. 2005a; Zou et al. 2006a). Optimal
design and efficiency of the forced-air cooling process are
vital for minimising postharvest losses of fresh horticultural
commodities (Castro et al. 2006). A rapid cooling could also
be obtained by increasing the airflow rate, but this directly
increases the required energy. The cooling efficiency is also
affected by the design of the packaging system (Castro et al.
2005b). For storage and transportation of fruit and vegeta-
bles, different types of containers are used for many years
(Fraser 1991; Fraser 1998). In early years, wooden boxes or
corrugated cartons were used for the storage and shipment
of potatoes or oranges (Vigneault et al. 2009a, b). Recently,
polymeric individual packages have become more popular,
but their use is generally restricted to a high value or fragile
produce to justify their cost. Global marketing of fresh
produce widely adopts ventilated packaging as one of the
most important technological innovations with a minimal
amount of internal packaging material to promote rapid,
uniform and efficient cooling process of horticultural pro-
duce (Castro et al. 2005b; Thompson et al. 2010). Ventila-
tion holes in the container maintain an airflow channel
between the surroundings and the inside of the container.
This results in reinforcement of the preservation function of
the containers (Han and Park 2007). Vents also allow pro-
duce respiration heat to escape. Good airflow patterns and
appropriate temperature and relative humidity levels are
essential for storage stability, good shelf life and quality of
fresh produce inside ventilated packages (Opara and Zou
2006). Unfortunately, many of the packages currently used
by the industry remain inefficient in promoting rapid and
uniform cooling of the packaged produce (Ferrua and Singh
2007). During their studies on forced-air cooling of horti-
cultural produce, Alvarez and Flick (1999a, 2003) observed
a strong cooling heterogeneity due to poor temperature
management. Commodities located behind blind walls have
not been sufficiently cooled, while others exposed to higher
velocities were over-cooled, generating freezing, chilling or

2032 Food Bioprocess Technol (2012) 5:2031–2045



drying damages. The occurrence of the heterogeneous air-
flow during forced-air precooling is directly related to the
design of the ventilated packages used during the process
(Vigneault and Goyette 2003; Castro and Vigneault 2005)
and the pressure drop through the mass of produce
(Vigneault and Goyette 2005).

The design of these containers is largely based on the
criterion of mechanical strength and ease for manufacturing
with minimal consideration of the effect of their venting
pattern on the efficiency of the cooling process. This choice
of criterions explains the fact of many horticultural packages
currently used by the industry which remain inefficient in
promoting rapid and uniform cooling of the packaged pro-
duce. To provide an efficient and uniform cooling through-
out the entire container and throughout the entire stack of
containers and to optimise the energy used, the design of
these containers should take into consideration the various
processes involved in the different precooling methods
(Vigneault and Émond 1998). The amount of the energy
required to operate any precooling system is also affected by
the air pressure drop through the produce (Vigneault et al.
2004a, b) and the opening surface and position of the
package (Vigneault and Goyette 2002a; Vigneault et al.
2004a, b; Castro et al. 2004a; Castro et al. 2004b; Castro
and Vigneault 2005; Castro et al. 2005b).

Ventilated packages should be designed in such a way
that they can provide a uniform airflow distribution and
consequently uniform produce cooling. The package must
have enough openings to provide a uniform airflow through
the entire mass of produce while providing suitable mechan-
ical resistance (Vigneault and Goyette 2002a; Castro et al.
2004a; Vigneault and Castro 2005). Many studies demon-
strated that a proper package vent design is necessary to
provide any uniform cooling during the forced convection
cooling processes. The vent area percentage of the total wall
surface of the package is a very critical factor affecting the
efficiency of a cooling system (Arifin and Chau 1988; Baird
et al. 1988; Castro and Vigneault 2005), the mechanical

resistance of the container and the physical support to pro-
tect the produce against most of the mechanical damage.
Thus, the openings must be well distributed on the package
walls in order to provide a uniform airflow distribution
during the process (Castro et al. 2004b). A proper package
vent design must include not only the total vent area
(Brosnan and Sun 2001; Castro et al. 2004b; Smale et al.
2003; Stanley 1989) but also the size and the position of
each individual opening to enhance the efficiency of forced-
air precooling system while still offering an adequate
mechanical support for the produce (Vigneault and
Émond 1998). From the studies that have been done
so far, designing a vented package that could maximise
the cooling and ventilation uniformity and minimise the
quality deterioration of the packed produce without
affecting the mechanical integrity of the package is a
big challenge and results in an even more challenging
work if one wishes to design a unique container concept
which answers to most of the horticultural produce at
the same time.

There is also a continuous development of new packag-
ing systems in the fresh fruit and vegetable industry to meet
individual produce and market requirements. The use of
ventilated packaging is now a common practice for refrig-
erated cooling, storage and distribution of fresh horticultural
produce (Opara and Zou 2007). However, this development
has resulted in panoply of various container footprints,
generating produce compression and compaction, bruising,
cut and abrasion during mixed load handling since these
containers do not often align well on each others. Stand-
ardisation of packaging footprint is thus necessary to
minimise losses due to improper packaging. A new
packaging system should therefore be carefully evaluated
to ensure that the container opening areas can be opti-
mised to achieve better and improved cooling process
(Vigneault et al. 2006; Vigneault et al. 2009b; Thompson
et al. 2010) without affecting the mechanical integrity of
the package.

Fig. 1 Typical forced-air
cooling system of horticultural
products. (Delele et al. 2010)
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Effect of Vent Size and Position on Cooling Performance

The effect of container vent design parameters on cooling
performance has been discussed by several researchers as
summarised in Table 1. In order to maximise the uniformity
of cooling, the total opening areas should be large enough
not to restrict the airflow, the opening positions should cover
most of the walls and the bottom (and the top if the container
includes a cover) of the container and not affect importantly
the container structure (Castro et al. 2004b; Arifin and Chau
1987; Vigneault and Goyette 2002a). In addition, the pro-
duce integrity and quality conservation should also be guar-
anteed (Vigneault et al. 2006). Several experimental studies
have been reported in the literature to elucidate the influence
of different package vent designs on the efficiency of the
forced-air precooling process. The importance of these
design criteria does not change with the size of the container
since vent openings of individual consumer package,
reusable box or standard pallet-size container play all
the same major role in the efficiency of the cooling
process (Émond et al. 1996)

Vigneault and Goyette (2002a) demonstrated that the
effect of the width of opening on pressure loss could be
neglected when using an opening width between 3.2 and
12.7 mm for plastic containers. In all cases, the length of the
openings was adjusted to a total opening surface of
12,668 mm2. However, they also demonstrated that there
is a large influence on pressure loss during forced-air cool-
ing when the total surface openings on the wall of a plastic
container are less than 25 %. Haas et al. (1976) found a
similar conclusion that the produce become the greatest
contributor to pressure drop, when the surface area of the
openings covers 27 % of the container walls. Since other
cooling methods such as liquid icing could be desired using
the same containers, the opening width should be kept as
narrow as possible to ensure that the ice particles remain
inside the container (Vigneault et al. 1995). Recently,
Dehghannya et al. (2012) reported considerable differences
in produce temperature distribution, cooling heterogeneity
and cooling time for different package vent configurations.
The authors showed that increasing the vent area did not
necessarily shorten the cooling time and that this could even
increase the time of cooling if the vents are not properly
distributed on package walls. These findings suggest that
low cooling time and less cooling heterogeneity can be
achieved by suitable package vent design for efficient forced
convection cooling process.

Castro et al. (2005a) investigated packages with eight
different peripheral and central opening configurations dur-
ing a horticultural produce forced-air cooling process. When
the container design options are limited to central or periph-
eral openings, the bottom and top opening configuration is
preferred for a greater cooling performance. Comparing T
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packages with the same number and position of openings,
those with larger holes produced higher air velocity, cooling
rate and air velocity uniformity and smaller air pressure
drop. This improvement in cooling performance was
explained by the increase in total vented area and could be
also obtained by increasing the airflow rate. However,
Vigneault et al. (2005b) showed that the presence of gravity
force also affected the uniformity of air distribution at the
minimum airflow rate studied. The combination among high
airflow rate, large vented area and holes covering most of
the container surface was revealed as most advantageous for
increasing the cooling rate.

The resistance to airflow of horticultural produce in
boxes is important for the design of the cooling process
(Verboven et al. 2004b). Arifin and Chau (1987) reported
that the effect of opening area is significant for cooling
uniformity and pressure drop responses; thus, they should
be considered when designing a container or regarding the
cooling efficiency. The negative effect of the lower opening
area could be compensated by increasing the airflow rate,
which would also increase the pressure drop through the
container and, consequently, the energy required for the
process. Haas and Felsenstein (1987) reported that carton
opening is the main factor which affects the pressure drop.
Recent studies by Ngcobo et al. (2011) on multi-layer pack-
aging of fresh table grapes showed that perforation (micro
vents) of liners improved fruit cooling rates but significantly
reduced relative humidity (RH) around fruit. The authors
also found that the low RH in perforated liners resulted in a
significant increase in stem dehydration and browning com-
pared to non-perforated liners.

The effect of produce shape and size, box design and air
penetration slots on overall pressure drop have been corre-
lated experimentally (Hass et al. 1976; Chau et al. 1985;
Fikiin et al. 1999; Van der Sman 2002; Smale et al. 2003;
Verboven et al. 2004a; Vigneault et al. 2004a, b). These
correlations often have little physical background, while
some try to relate the observed pressure drops to physical
parameters and phenomena other than only airflow rate. In
few cases, there has been numerical verification by use of
theoretical models (van der Sman 2002; Verboven et al.
2004a, b). Relationships between airflow and pressure drop
have been reported for different types of produce for lima
bean, snap bean and snow pea (Wilhelm et al. 1983), sweet
potato and green pepper (Gaffney and Baird 1977), oranges
(Chau et al. 1985; Staley and Watson 1961) and potato
(Abrams and Fish 1982). Vigneault et al. (2004a, b) mea-
sured the pressure drop through 25 different fruits and
vegetables in separate containers during forced-air ventila-
tion. The results demonstrated that the geometry of the
produce and their particular characteristics play a significant
part in pressure drop during forced-air ventilation. The
authors found that a 25 % venting area of the container wall

showed a greater pressure drop than venting area of 88 %,
indicating that the percentage of opening was more impor-
tant than the opening configuration. Based on their exten-
sive studies, Vigneault et al. (2004a, b) recommended that
the openings on the sides of containers used in forced-air
cooling should be designed to provide the most uniform
distribution of air possible.

Arifin and Chau (1988) studied strawberry precooling
and established a relationship between the cooling rate, the
air flow rate and the vent hole designs on a cardboard flat.
Results showed that an increase in the flow rate reduced the
cooling time, but not with a linear relationship. Indeed, the
decrease in the cooling time was more significant in the
lower flow rate range than in the high flow rate range. Baird
et al. (1988) noted the importance of percentage of open-
ings, airflow, air and produce temperature and dimensions of
produce on precooling time. The authors also reported that
an opening area below 10 % increases the cooling time.
Castro et al. (2005a) reported that the mean air velocity and
pressure drop decreased as more holes were added to the
package. The decrease of air velocity and pressure drop as
the total opening area increases explains the fact that the
lowest values of air velocity and pressure drop were
obtained with the fully open configuration.

In most studies, produce simulators have been used in-
stead of real horticultural produce (Table 1) because of the
difficulty of maintaining similar thermal properties and pro-
duce positioning pattern when replicating experiments with
packed fresh produce. Produce simulators seem to be the
most appropriate method to measure the effect of the differ-
ent parameters on air distribution through porous medium,
such as the container opening (Vigneault and Castro 2005).

Optimal Vent Size and Configuration

A well-designed container should protect horticultural pro-
duce against damage during transportation and distribution
as well as having enough venting/opening for rapid and
uniform heat transfer during precooling and storage. Effec-
tive container venting is essential to maximise the efficiency
of cooling produce during forced-air cooling (Vigneault and
Goyette 2002a). Combining a certain percentage of contain-
er opening area and vent positioning with airflow rate
enhances forced-air cooling efficiency up to a certain point
(de Castro et al. 2004a, b). The container opening area and
position, rather than the shape, play an important role in
cooling efficiency (Arifin and Chau 1988; Baird et al. 1988;
Edeogu et al. 1997; Hass et al. 1976; Kader 2002; Vigneault
and Goyette 2002a, b). Total opening area of less than 25 %
of the container surface restricts airflow considerably
(Vigneault and Goyette 2002a, b). Properly distributed vents
on package walls with enough opening area provide a
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uniform produce cooling with less cooling time (Dehghannya
et al. 2012). Studies by Castro et al. (2004b) showed that total
opening area of 14 % generated a maximum cooling efficien-
cy, with beneficial effects on product cooling rate and unifor-
mity and energy costs. A summary of the recommended
optimal vent size and configurations on containers for differ-
ent types of fresh horticultural produce is presented in Table 2.

Table 3 presents optimal vent size and configurations on
containers based on artificial horticultural produce simula-
tors. As live organisms, fruits and vegetables exhibit phys-
iological changes after harvest. Produce from the same
variety can present considerable differences in physical
and chemical properties (ASHRAE 2002; Leyte and Forney
1999). These factors, added to the variability of produce
positioning due to the packing procedure, can affect the
cooling efficiency. It is very difficult to maintain similar
produce positioning patterns and thermal properties when
replicating experiments with packed produce. Uniform pro-
duce and stacking condition are necessary to generate rep-
licable results and allow comparisons between opening
configurations or airflow rates. These replicated data can
also be attained by representing horticultural produce with
stable simulators (Alvarez and Flick 1999a, b; Émond et al.
1996; Vigneault and Goyette 2002a, b). Such tools allow a
more accurate evaluation of the airflow and temperature
distributions through packages during forced-air cooling,
aiding container and equipment design. The recommendations
that have been given by different studies about the appropriate
vent designs are different (Tables 2 and 3). This shows the
need for a more compressive study that takes into consider-
ation the produce type, package material, atmospheric

condition and product quality. The package opening area must
be optimised to guarantee produce integrity and quality con-
servation and compensate for any costs derived from addi-
tional material required for structural support.

Compromise Between Cooling Efficacy and Mechanical
Resistance

The design of these vented packages is largely based on
their mechanical strength; their ability to promote rapid and
uniform cooling of the packaged produce is often deficient.
Effective container venting is essential to maximise the
efficiency of cooling produce during forced-air cooling.
Ferrua and Singh (2009a) reported that the homogeneity of
the cooling process is largely influenced by the structure and
design of the packaging system. Thus, until recently, finding
an acceptable compromise between the optimal vent area
and the mechanical integrity of the container has been
considered as a big challenge. Little venting does not affect
the structure resistance but restricts the airflow and gener-
ates cooling heterogeneity; too much venting weakens the
carton container. A reasonable compromise appears to be
about 5 to 6 % side or end-wall venting (Mitchell 1992) with
cardboard. However, Vigneault and Goyette (2002a) dem-
onstrated the important effect of total opening area on air-
flow until this open surface reach 25 % of the walls of a
plastic container. During more recent research, the same
research group demonstrated that the best air cooling effi-
cacy is obtained using an open surface area between 8 and
16 % of the container walls (Castro et al. 2005b).

Table 2 Recommended optimal vent size and configurations on containers for different types of fresh produce

Produce type Container/package type with dimensions Recommended vent characteristics Reference

Citrus Corrugated fibre board (50×30×30 cm) Up to 6 % vent area Ladaniya and Singh (2002)

‘Nagpur’ mandarin Corrugated fibre board cartons (50×30×30 cm) Side area of 4–5 %, end area of 1.65 % Ladaniya (2008)

Mandarins and sweet oranges Polyethylene bag 0.5–1 % of the area of the PE bag Ladaniya (2008)

‘Shamouti’ orange Cartons Openings cover 27 % of the container walls Hass et al. (1976)

Nectarines Various corrugated fibre board containers 5–6 % side vent area Mitchell et al. (1971)

Peach Polyethylene bags (500 g) 2.5 % opening Singh et al. (2003)

Table grape Corrugated cardboard (5/10 kg) Approximately 5 % of the surface area Aswaney (2007)

Strawberry Different clamshell and tray combinations Positioning of the vent-hole near the centre
of the package

Anderson et al. (2004)

Strawberry Clamshell basket-type (36×50 cm) tray 13 % or more side area venting Thompson and Knutson (1997)

Strawberries Clamshells Higher vent area and uniform cooling air
distribution

Ferrua and Singh (2011)

Apple and onion Plastic containers of 400–600-mm footprint
and 250-mm high

25 % of the container walls Vigneault and Goyette (2002a, b)

Highbush blueberry Clamshells Vents across the top Leyte and Forney (1999)

25 different horticultural producea Wooden container with an inside dimension
of 587×387×305 mm, 6.5-mm thick

Uniform distribution of vents on the sides
of the container

Vigneault et al. (2004a, b)

a List the types of produce reported/studied (leafy: celery, Chinese cabbage, Romaine lettuce, iceberg lettuce, leafy lettuce; spherical: potato, apple,
plum, peach, turnip, bell pepper, tomato, cantaloupe; with leaves/peel: onion, green cabbage (bulk), green cabbage (placed), radish; long: cucumber
(in bulk), cucumber (placed), corn, carrot, asparagus (bundle); complex: cauliflower, broccoli; in bulk: mushroom, snow pea, snap bean)
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From a structural point of view, Mitchell (1992) also
recommends fewer large vents as opposed to many smaller
vents. However, containers made of plastic materials have
become more common in the agri-food industry and appro-
priate designs allow for the maintenance of adequate struc-
tural resistance even when using many small vents through
these materials. Proper width of the openings on the sides
and the bottom of containers is also important. The shape of
the hole has a critical impact on the loss of compression
strength (Singh et al. 2008).

Han and Park (2007) used finite element analysis (FEA)
to predict the loss of compression strength due to vent and
hand holes. They used actual testing on 15 different styles of
boxes and hole patterns. The study used double-walled
corrugated boxes with dimensions of 41×30×25 cm, and
the surface area occupied by the holes was approximately
2 % of the total surface area of the vertical faces of the
boxes. The study reported a compression strength loss of
less than 10 % based on FEA and experimental data. They
also found that an increase in the radius of curvature at both
ends of the hand hole provided better stress relaxation and
lower stress. The decrease in compression strength of the
box could be minimised with identical area of the ventilation
holes if the length of the major axis of the ventilation hole is
less than 1/4 of the depth of the box and the ratio of the
minor axis to the major axis is 1/3.5–1/2.5, provided that
even-numbered holes are located symmetrically.

Recently, Singh et al. (2008) initiated to understand the
loss of compression strength in corrugated containers as a
function of size, shape and location of ventilation and hand
holes. They found that the presence of ventilation and hand
holes can cause strength reduction between 20 and 50 % in
single-wall corrugated shipping containers. Vertical holes
that are rectangular or parallelogram in shape are better in

retaining corrugated box strength as compared to circular
holes. Also, they found a linear relationship between the
loss of strength and the total area of the holes made for
venting or handling. This relationship does not stay linear
when over 40 % of the face material is removed.

In terms of water cooling (hydrocooling), the containers
should also be designed to provide an efficient and uniform
cooling throughout the entire volume of container and
throughout an entire stack of containers. This could be
obtained using small openings distributed over the entire
surface and totalizing an opening area of 5.2 % of the
container floor surface (Vigneault et al. 2004a, b). In terms
of uniform water distribution, the width of the openings on
the bottom of containers is also important. While using the
water flow rate recommended in the literature for an effi-
cient hydrocooling system and testing width between 2.6 to
17 mm, Vigneault and Goyette (2002b) showed the appari-
tion of water vortex above the bottom openings of the
container when the width of these openings reached
6.4 mm. The presence of a vortex decreased the water flow
by about 50 %, generating important heterogeneity in the
water distribution (Vigneault and Goyette 2002b). These
authors then recommended using bottom openings with a
maximum width of 3.2 mm.

Application of Mathematical Modelling in Ventilated
Packaging Design and Analysis

Nowadays, mathematical modelling technique is becoming
an alternative to the difficult, time-consuming and expen-
sive experiments because more powerful computers are less
expensive, software is readily available and it is an impor-
tant tool to study the effects of different operating and
design parameters once the model is validated (Delele et

Table 3 Recommended optimal vent size and configurations on containers based on horticultural produce simulation

Type of produce simulator Container/ package type with dimensions Recommended vent characteristics Reference

Plastic ball Cartons Openings cover 27 % of the
container walls

Hass et al. (1976)

Solid polymer balls Acrylic plates to form 42-cm3 container within a
forced-air cooling tunnel 125-cm long

5 vents (12.1 % vent area) Dehghannya et al. (2008)

Polymer ball Acrylic plates to form 420-mm3 container within a
forced-air cooling tunnel 1,250-mm long

Open area above 2.4 % (slat
width larger than 200 mm)

Vigneault et al. (2006)

Polymer ball Acrylic plates to form 420-mm3 container within a
forced-air cooling tunnel 1,250-mm long

Peripheral and central opening
positions and large vent area

Castro et al. (2005a)

Polymer ball Acrylic plates to form 420-mm3 container within a
forced-air cooling tunnel 1,250-mm long

Opening area should be more
than 6 %

Castro et al. (2004a)

Plastic balls filled with
water/agar-agar solution

Tunnel having 560×280-mm cross section and 1,700-mm
length, insulated with 12-mm thick rubber foam

A total opening area of 14 %
for the container design

Castro et al. (2004b)

Polymer ball Acrylic plates were assembled in a tunnel containing
the ball mat

Opening area between 8 and
16 %, avoid corner holes

Castro et al. (2005b)

Polymer ball Acrylic plates to form 420-mm3 container within a
forced-air cooling tunnel 1,250-mm long

Larger opening area Vigneault et al. (2005a, b)

Sphere Container having a dimension of 620×420×355 mm Increase the opening area at
the side and bottom faces

Tutar et al. (2009)
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al. 2010). However, it is fairly difficult to validate any
model without any experimental data. Different mathemat-
ical modelling techniques have been applied to study, opti-
mise and design processes that are related to horticultural
produce cooling, storage and handling. To understand and
optimise horticultural produce package design, computa-
tional methods have been extensively used (Table 4). Math-
ematical models are capable of predicting the airflow field,
heat and mass transfer within packaged commodities during
forced-air cooling (Talbot 1988; Xu and Burfoot 1999;
Tanner et al. 2002b; Tanner et al. 2002c; Van der Sman
2002; Hoang et al. 2003; Alvarez et al. 2003; Verboven et al.
2006; Zou et al. 2006a; Zou et al. 2006b; Ferrua and Singh
2007). In general, due to the limitations in computational
resources, these models required simplification of the geo-
metrical characteristics of the system. Talbot (1988) intro-
duced the idea of using a porous media approach to
numerically predict the pressure and velocity field within a
three-dimensional package and used this information along
with a suitable heat transfer model to predict the cooling
response of individual produce in packages with different
vent designs. This assumption has been extensively used
since 1970 to elucidate the relationship between the pressure
drop and the rate of airflow forced through a bulk of horti-
cultural produce (Wang and Tunpun 1969; Neale and
Messer 1976; Gaffney and Baird 1977; Wilhelm et al.
1978; Wilhelm et al. 1983).

In many of the available models, the packed structure is
assumed as a porous medium. This assumption cannot be
justified for vented package design studies and when the

container-to-produce diameter ratio is below 10, which is a
common occurrence in the case of individual packages of
horticultural produce. In these cases, the heterogeneity in the
local airflow pattern within the horticultural packages has a
major impact on the heat and mass transport phenomena
during the forced-air cooling process and the continuous
medium assumption is not valid anymore (Alvarez and Flick
1999a; Alvarez and Flick 1999b). Van der Sman (2002)
presented a model based on the Darcy–Forchheimer–Brink-
man theory of flow through a confined porous media. The
model can reproduce experimental data on pressure drop
over vented boxes quite accurately. The model confirmed
the hypothesis of a power law relationship between the
pressure drop and the percentage of the surface area of the
box covered by vent opening. Given the good comparison
with experimental data, one can conclude that the model
describes the airflow inside the box reasonably well, and
when coupled to convection–diffusion models describing
heat and water vapour transport, it can be used to present
the direction for improving the design of vented package of
horticultural produce. However, the study did not reflect
variation of the local velocity at different positions inside
the ventilated packages to investigate air velocity heteroge-
neity. Zoned model approach to predict heat and mass
transfer processes within refrigerated horticultural packages
was used (Tanner et al. 2002a; b; c). It requires much less
computing effort, and it is easy to write computer codes for
model solution. As the airflow patterns were estimated from
measured data for certain packages or cool stores, this
approach limits the model application under different

Table 4 Selected journal papers since 2000 on applications of numerical modelling techniques on ventilated packaging

Approach Study criteria References

Zoned approach Predict heat and mass transfer processes within refrigerated
horticultural packages

Tanner, Cleland and Opara
(2002a, b, c)

Simultaneous aerodynamic and thermal analysis Airflow pattern and temperature profiles Dehghannya et al. (2008)

CFD and turbulence model Airflow patterns and temperature profiles in ventilated
containers including stacked layers of spheres

Tutar et al. (2009)

Darcy–Forchheimer–Brinkman theory of flow
through porous media.

Airflow, pressure drop Van der Sman (2002)

Darcy–Forchheimer porous media models Heat and mass transfer in food bulks Verboven et al. (2006)

CFD Airflow patterns and heat transfer inside ventilated packaging
systems based on the porous media approach

Zou et al. (2006a)

CFD Solve mathematical models for both layered and bulk packaging
systems and a user-friendly software package (CoolSimu)
integrating a modelling system

Zou et al. (2006b)

CFD Sensitivity analysis of modelling for refrigerated air-cooling
system for apple inside of carton

Opara and Zou (2007)

CFD Airflow distribution within individual packages of strawberries
(clamshells) during forced-air cooling processes

Ferrua and Singh (2009a)

Discrete element and CFD modelling Local and average airflow through stacks of horticultural produce Delele et al. (2008)

Direct numerical simulation Airflow field in a package with a container-to-produce diameter
ratio of less than 10

Ferrua and Singh (2008)

Simultaneous airflow and heat transfer Simulate velocity and temperature profile Dehghannya et al. (2011)
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package designs or cool store arrangements. Although a
wide range of correlations have been suggested to predict
these effective parameters, a lack of consensus among them
has prevented a reliable solution.

Computational fluid dynamics (CFD) modelling tech-
nique is the primary method of choice for modelling trans-
port processes during postharvest handling of horticultural
products (Smale et al. 2006). CFD is a technique where the
appropriate geometry is discretised and the governing partial
differential equations (Navier–Stokes equations) for conser-
vation of mass, momentum and energy are solved on a
discrete mesh on the geometry using numerical methods such
as the finite volume method or the finite element method
(Becker et al. 1996; Allais and Alvarez 2001; Hoang et al.
2003; Verboven et al. 2006; Norton and Sun 2006; Ferrua and
Singh 2009a; Ferrua and Singh 2009b; Ferrua and Singh
2009c). The governing Reynolds-averaged Navier–Stokes
equations are as follows:
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where ρ is the density (in kilograms per cubic metre), ui and
uj are flow velocities (in metre per second), t is the time (in
second), xi and xj are the Cartesian coordinates (in metre), p
is pressure (in Pascal), τ ij is the molecular stress tensor, u

0
i

and u
0
j are the fluctuating velocity parts, T is the temperature

(in Kelvin), h is the enthalpy (in Joules per kilogram), h′ is
the fluctuating enthalpy, l is the thermal conductivity (in
Watts per metre Kelvin), ρu0

iu
0
j is the Reynolds stress term

and ρu0
jh0 is the Reynolds flux term. Sm, Su, and Se repre-

sented the mass, momentum and energy source terms,
respectively. The momentum loss of the flow in ventilated
packages is expressed using Darcy–Forchheimer equation:

rp ¼ � μ
K
u� bρ uj ju ð4Þ

where K is the Darcy permeability (in square metre), μ is the
dynamic viscosity (in kilograms per metre second) and β is
the Forchheimer drag coefficient (in per metre).

Recent advances in CFD codes and computational
resources have provided powerful tools to develop detailed
simulations of the local airflow field and heat transfer pro-
cess within complex packaging structures (Logtenberg et al.
1999; Freund et al. 2003; Nijemeisland and Dixon 2004;
Guardo et al. 2005). The integration of modern CFD codes

and new experimental flow field measurements offer a prom-
ising approach to improve the understanding of the flow field
and heat transfer process within packages of fresh produce in
forced-air coolers. For example, Fig. 2 shows an isometric
view of a clamshell model of strawberry fruit packaging.

Zou et al. (2006a) presented a comprehensive CFD mod-
elling system to simulate the airflow and heat transfer pro-
cesses inside ventilated packages of horticultural produce.
The ventilated packages divided into two types, bulk and
layered packages (Fig. 3). The areas inside the packages
were categorised as produce air, plain air and solid region.
The produce air regions inside the bulk packages or between
trays in the layered packages were treated as porous media,
in which volume averaged transport equations were
employed. This approach avoids the dealing with the
situation-specific and complex geometries inside the pack-
aging systems and therefore facilities the development of a
general modelling system suitable for a wide range of pack-
aging design, produce type and stalking arrangement inside
cool stores. Zou et al. (2006b) applied the CFD model to
numerically solve this mathematical model of a range of
ventilated fruit packaging and found good correlation between
the predicted and experimental data for produce centre tem-
peratures. A lack of fit was found at certain locations inside the
package, which was attributed to inaccurate temperature
measurements and uncertainty in model input data.

Subsequently, Opara and Zou (2007) applied sensitivity
analysis to the modelling system under refrigerated air cool-
ing of apples inside a ventilated cardboard carton. The
inaccuracy in the measurement of inlet air velocity had a
small but noticeable effect on the prediction accuracy while
the predicted produce temperature was insensitive to the
variation in the air velocity along the outside package walls.
Variations in vent areas on both front and back walls of the
package within ±20 % did not significantly alter the model
predictions in the near-inlet region but had noticeable effects
at the package centre and near-outlet regions. The changes
in vent position had considerable effects on the model
predictions, as it alters the airflow distribution among the
produce layers and consequently affects the heat transfer
between air and produce items. To facilitate the use of the
generalised modelling system reported by Zou et al. (2006a, b)
for ventilated and bulk packaging of fresh horticultural pro-
duce undergoing refrigerated cooling, Opara and Zou (2006)
developed a CFD-based software (‘CoolSimu’) which incor-
porated various interfaces that enable the user to interact with
simulation process to specify packaging structural properties,
produce attributes, as well as the thermal operating conditions.
Results obtained provided accurate prediction and visualisa-
tion of airflow patterns and heat transfer in the horticultural
packages tested.

Delele et al. (2008) employed a discrete element method
to generate a random stacking of spherical produce in the
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box, and CFD model was then applied to study explicitly the
airflow through the air gaps in the box and in the voids
between the stacks of different random fillings. The flow
resistance was affected by the confinement ratio, produce
size, porosity, box-to-vent ratio and much less by the ran-
dom filling. The airflow inside the stack was very hetero-
geneous (Fig. 4). The methodology was used to obtain a
more accurate pressure drop correlation for stacks of vented
boxes that can be used in large-scale simulations of cool
rooms. Using the same combined discrete element–CFD
method, Delele et al. (2012) studied airflow and fungicide
flow through bin vent holes and void spaces of the stack and
deposition behaviour of fungicide particle. The validated
model was used to investigate the effects of air rate and
bin-handling parameters.

Tutar et al. (2009) studied the airflow patterns and tem-
perature distribution in ventilated containers including
stacked layers of spheres using CFD and turbulence model.
The effects of flow dimensionality, turbulence intensity,
opening size and ratios for venting and air inflow rate were
investigated, which showed that there was a slight improve-
ment on cooling performance with the inclusion of 20 %
opening on the side surface area of packaging.

Ferrua and Singh (2008) used a non-intrusive flow mea-
surement technique (particle image velocimetry) to deter-
mine the airflow field in a package. The container-to-
produce diameter ratio was 2.96. The complexity and

uneven distribution of the measured flow field supported the
requirement of a geometrical and mathematical model capable
of describing the geometry and physics of flow within the
package. Using novel CFD codes, an accurate model of the
packed structure was developed and the three-dimensional
Navier–Stokes equations were solved. A good agreement
was obtained between experimental and predicted velocities.
The detailed insight on the airflow pattern provided by the
CFD analysis makes this approach an ideal tool to analyse the
effect of different vent designs in the airflow field distribution
in complex packaging systems. Particle image velocimetry
(PIV) provided an experimental insight of the flow field
behaviour within the complex structure.

The complex and chaotic structure within horticultural
produce packages during the forced-air precooling process
complicates the numerical study of the thermal repartition
around each individual produce within ventilated packages.
The main obstacle that has limited this analysis is the deter-
mination of the airflow distribution around particles. Even in
the case of uniformly distributed produce in a package, mea-
surement of fluid flow around individual produce, by means
of traditional methods, is difficult without disturbing the pack-
aging arrangement itself (Ferrua and Singh 2007). The devel-
opment of better environment measurement techniques and
sensors suitable for data acquisition inside complex packaging
structures and configuration is also needed to assist in the
validation of mathematical model predictions.

Fig. 2 a Isometric view of the
packaging structure developed
within clamshells. b Final
geometrical model of the
packaging structure. (Ferrua
and Singh 2009a)
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Conclusions and Future Prospects

Packaging plays a critical role in the postharvest handling
and distribution of fresh and processed food and other bio-
materials. For horticultural fresh produce, package/contain-
ers are usually provided with opening/vents. A major
function of the ventilation holes in the container is to main-
tain an airflow channel between the surroundings and the
inside of the containers. Strength and ventilation capability
are heavily dependent on the geometric location, sizes and

shapes of the ventilation holes. Non-intrusive image-based
experimental techniques such as Laser–Doppler velocimetry
and PIV have been identified as possible methods to deter-
mine the flow field inside complex packed structures. The
use of non-intrusive image-based techniques in combination
with novel CFD models to develop a mathematical model
capable of accurately predicting the airflow field within a
complex packed structure is still part of the wish list of the
scientific and industrial communities, but not part of the
reality. Many researchers have recommended specific vent

Fig. 3 Regions in layered and
bulk packages for fresh
produce. (Zou et al. 2006a)

Fig. 4 Simulated pressure (left)
and velocity (right) contours of
the airflow through a con fined
bulk of 32 spheres of 75-mm
diameter, superficial
velocity01 m/s.
(Delele et al. 2008)
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sizes and vent/package area ratio for different types of
packaging applicable to a particular type of produce. How-
ever, to date, there is no universal scientific guideline on the
selection of optimum dimensions and configuration of vents
on horticultural packaging. Optimising ventilated packaging
design (size, shape, number and location) to maintain the
cold chain and produce quality offers an opportunity to
reduce the amount of packaging materials and the environ-
mental impact of packaging in the food industry. Optimising
packaging vents for cold chain performance offers a new
opportunity to reduce the energy requirement for cooling
(Opara 2011); however, this must be balanced with the
requirements for robust mechanical handling and transpor-
tation along the supply chain.

Future research efforts should be directed towards the
development of models that include stacks of packages as
well as their interaction with adjacent stacks and the sur-
rounding environment. Balancing the needs for adequate
resistance to mechanical strength and proving optimum
ventilation for airflow to maintain the cold chain is a prima-
ry challenge in the design and development of packaging in
the fresh food industry. FEA simulation offers a useful tool
to the mechanical design of ventilated packaging, taking
into account factors such as the shape, location and size of
the vents and hand holes. Combining FEA and CFD
modelling offers a powerful tool for cost-effective ven-
tilated packaging to meet the structural requirements of
packaging and cold chain requirements of fresh horti-
cultural produce.
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