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ABSTRACT

Forced convection cooling process is the most widely used method of cooling to
extend shelf life of horticultural produce after harvest. However, heterogeneous
cooling of produce inside different parts of ventilated packages is a serious
problem. Therefore, it is essential to design packages that facilitate air circulation
throughout the entire package to provide uniform cooling. Selection of appropriate
combinations of air temperature and velocity for a given vent design is currently
done largely by experimental trial and error approach. A more logical approach in
designing new packages, to provide uniform cooling, is to develop mathematical
models that would be able to predict package performance without requiring costly
experiments.

In this study, mathematical models of simultaneous airflow, heat and mass
transfer during forced convection cooling process were developed and validated
with experimental data. The study showed that produce cooling is strongly
influenced by different ventilated package designs. Generally, cooling uniformity
was increased by increasing number of vents from 1 (2.4% vent area) to 5 (12.1%
vent area). More uniform produce cooling was obtained at less cooling time when
vents were uniformly distributed on package walls with at least 4.8% opening areas.
Aerodynamic studies showed that heterogeneity of airflow distribution during the
process is strongly influenced by different package vent configurations. The highest
cooling heterogeneity index (108%) was recorded at 2.4% vent area whereas lowest
heterogeneity index (0%) was detected in a package with 12.1% vent area.

The magnitudes of produce evaporative cooling (EC) and heat generation by
respiration (HG) as well as the interactive effects of EC, HG and package vent
design on produce cooling time were also investigated. Considerable differences in
cooling times were obtained with regard to independent and simultaneous effects of
EC and HG in different package vent configurations. Cooling time was increased to
about 47% in a package with 1 vent compared to packages with 3 and 5 vents
considering simultaneous effects of EC and HG. Therefore, the effects of EC and
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HG can be influential in designing the forced-air precooling system and
consequently, in the accurate determination of cooling time and the corresponding
refrigeration load.
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RÉSUMÉ

Le refroidissement par convection forcée est la méthode de refroidissement
après-récolte préférée lorsqu'une prolongation de la durée de conservation à
l'étalage est visée. Cependant, le refroidissement hétérogène de fruits et légumes
frais à divers endroits dans un emballage ventilé pose un important problème. Il
devient donc essentiel de concevoir un emballage qui facilite la circulation d'air à
travers l'ensemble du contenu, afin de permettre son refroidissement uniforme. La
sélection de combinaisons appropriées de température et de vitesse de l'air circulé,
pour un agencement spécifique de fentes, est présentement faite selon une méthode
d'essais et erreurs. De prédire la performance d'un emballage par modélisation
mathématique, plutôt que de compléter une série d'expériences coûteuses,
représenterait une démarche plus logique lors de la conception de nouveaux
emballages livrant un refroidissement uniforme.

Dans cette étude une modélisation mathématique simultanée du débit d'air, du
transfert thermique et du transfert de masse durant le processus de refroidissement
par convection forcée fut développé et validé avec des données expérimentales.
Cette étude démontra que l'agencement de différents emballages, particulièrement
des fentes, a une importante influence sur le refroidissement des denrées qui y sont
contenus. En général, l'uniformité de refroidissement fut améliorée par une hausse
du nombre de fentes de 1 à 5, soit une hausse de 2.4% à 12.1% de la surface de

l'emballage occupée par les fentes. Des fentes couvrant au moins 4.8% de la
surface et disposées uniformément sur les côtés de l'emballage donnèrent un
refroidissement plus uniforme et plus rapide. Des études aérodynamiques
indiquèrent que la non-homogénéité de la distribution du débit d'air durant le
refroidissement était fortement liée a l'agencements des fentes. L'indice de
hétérogénéité du refroidissement le plus élevé (108%) fut enregistré pour un
pourcentage de la surface en fentes de 2.4%, tandis que pour des fentes couvrant
12. 1% de la surface, l'indice fut à son plus bas niveau (0%).
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De même, l'effet de l'ampleur du refroidissement par evaporation (REF), du
réchauffement lié à la respiration (REC) de la denrée, de leur l'interaction, et de
l'agencement des fentes, sur le temps de refroidissement de la denrée, fut étudié.
Pour différents agencements de fentes, d'importantes différences en temps de
refroidissement furent liés aux effets indépendants et simultanées du REF et REC.
Prenant compte des effets simultanés du REF et REC, le temps de refroidissement
en emballage fut 47% plus long pour un emballage avec une seule fente, qu'un
emballage ayant 3 ou 5 fentes. Il est donc important de tenir en compte les effets du
REF et REC lors de la conception d'un système de pré-réfrigération par convection
forcée, et donc aussi dans un calcul précis du temps de refroidissement et de la
charge calorifique correspondante.
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I. GENERAL INTRODUCTION

1.1 BACKGROUND

Reducing postharvest losses of fresh produce is a topic of major interest all over
the world. This is because fresh fruits and vegetables continue to deteriorate and
shrivel after harvest and their freshness is only short-lived (Amirante et al., 2000;
Banks et al., 2000; Rodríguez-Bermejo et al, 2007). To minimize their ultimate loss
of quality, the crops are cooled from field temperature to an optimal storage
temperature (Beukema et al., 1982; Kumar et al., 2008). The cooling process retards
ripening, suppresses the spoiling physiological, biochemical, and microbiological
processes, and extends the preservation of the natural properties such as appearance,
texture, and flavor during storage (Amos et al., 1993; Fikiin et al., 1999). Since the
maintenance of market quality has a fundamental importance to the success of the
agricultural industry, it is necessary not only to cool the produce but to cool it as
quickly as possible after harvest (Brosnan and Sun, 2001).

Forced-air precooling process is the most widely used method of cooling to
extend produce shelf life (Kader, 2002). However, complete or partial losses of
fresh fruits and vegetables occur as a result ofpoor temperature management during
the process (Alvarez and Flick, 1999a; Alvarez et al., 2003). This is mainly due to
the non-uniform nature of produce cooling (Hoang et al., 2000; Nahor et al., 2005),
resulting in under-cooling or over-cooling of fresh produce located at different parts
of ventilated packages. Quality losses of agricultural produce can be reduced by
using improved forced-air precooling systems along with suitable temperature
maintenance throughout the marketing channels (de Castro et al., 2004b). In
practice, combinations of air temperature and velocity are chosen by designers
through experience to rapidly cool the produce to a suitable temperature inside
ventilated packages. A more logical approach in designing new packages is to
develop a model that would be able to predict influence of important variables on
produce cooling. This approach should help in improving current forced-air
precooling systems to maintain the produce quality for a longer period of time.
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1.2 OBJECTIVES

The overall objective of this study was to develop a system of mathematical
models of airflow, heat and mass transfer that can be used to predict temperature
and velocity distribution inside ventilated packages during forced air-precooling
process. This is to provide homogeneous temperature distribution and therefore,
uniform produce cooling inside different ventilated packages resulting in increased
produce shelf life.

To contribute to the overall objective of the study, the following specific
objectives were set for the proposed research as follows:

1) Investigate airflow distributions by aerodynamic analysis during cooling of
stacked produce inside ventilated packages with different vent areas and positions.
Air velocities at different locations of the package are to be predicted by
considering different package vent configurations.

2) Conduct thermal analysis during forced-air precooling of stacked produce
inside ventilated packages with different package vent areas and positions.

3) Assess the sensitivity of produce cooling uniformity and cooling time as
influenced by different package vent designs during forced convection cooling of
produce. Effect of different package designs including various vent areas and
positions on produce cooling are to be considered.

4) Investigate the relative magnitudes of produce evaporative cooling and heat
generation considering different package vent configurations as well as to study the
interactive effects of evaporative cooling, heat generation and package vent design
on produce temperature and cooling time. The model is to predict produce transient
temperature, evaporative cooling and heat generation at any position inside different
ventilated packages.
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II. GENERAL LITERATURE REVIEW

2.1 THE IMPORTANCE OF PRODUCE PRECOOLING
Postharvest treatment is a very important step in quality maintenance and shelf

life extension of agricultural crops. There are a variety of different postharvest
technologies available, among them precooling is likely the most important of all
the operations in the maintenance of a desirable, fresh and salable produce (Baird
and Gaffney, 1976). The term "Precooling" is defined as the removal of field heat
from freshly harvested produce in order to slow down metabolism and reduce
deterioration prior to transport or storage (Janick, 1986). The optimum storage
temperature is usually slightly higher than the product freezing point and it is highly
important that the temperature be held fairly constant; because large temperature
fluctuations promote the product deterioration (Tashtoush, 2000).

Precooling is among the most cost-effective and efficient quality preservation
methods available to commercial crops and that is the most essential of all the
value-added marketing services demanded by increasingly more sophisticated
consumers (Sullivan et al., 1996). There are a variety of precooling techniques
available for use in the agricultural industry. Room cooling, forced-air cooling,
hydro-cooling, vacuum cooling and liquid icing are common methods of precooling
systems among others (Dincer, 1995; Carroll et al, 1996; Rennie et al., 2001;
Vigneault and Goyette, 2002; Rennie et al., 2003; He and Li, 2003; Allais et al.,
2006; Fricke, 2006). These various precooling systems transfer heat from the
commodity to a cooling medium such as water, air or ice. Cooling times may be
required from several minutes to more than 24 hours for proper precooling of
commodities (Fricke, 2006). The choice of precooling method is greatly influenced
by produce type, since different commodities have different cooling requirements
(Edeogu et al., 1997; Brosnan and Sun, 2001). Although no unique universal
method among these methods exists as the most suitable for all of the crops, forced-
air cooling is adaptable to a wider range of commodities than any other cooling
method (Kader, 2002).
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Precooling of fruits and vegetables is influenced by airflow rate, air temperature,
relative humidity, produce geometry (size, shape, and surface area), packing
configuration, thermal properties, produce initial temperature, final desired
temperature, respiratory heat generation, evaporative cooling, package vent design
(vent area and vent positions) and stacking arrangement which are important factors
that affect airflow, heat and mass transfer processes during the process (Hass et al.,
1976; Sastry et al., 1978; Gaffney et al., 1985a; Thompson, 1996; Emond et al.,
1996; Becker et al., 1996a; Faubion and Kader, 1997; Wills, 1998; Ladaniya and
Singh, 2000; Vigneault et al., 2004; de Castro et al., 2004a; Vigneault and de
Castro, 2005; Cortbaoui et al., 2006).

2.2. FORCED-AIR PRECOOLING PROCESS
Forced-air precooling is accomplished by forcing cold air through stacked

packages and through individual pieces of produce items. The airflow creates a
pressure gradient across the containers, generating a driving force to draw air from
the surroundings, through the container openings and commodity (Vigneault and
Goyette, 2002). This system is the most common technology used to extend
agricultural produce shelf life, reducing deterioration and water loss rates,
especially for those crops sensitive to water exposure (Kader, 2002; de Castro et al.,
2005a). Forced-air precooling does not wet produce as in hydrocooling or liquid
icing, which is critical for some crops; it is cost effective and has a wide range of
applications (Edeogu et al., 1997; Ladaniya and Singh, 2000; Brosnan and Sun,
2001; Anderson et al., 2004).

However, strong cooling heterogeneity is created during forced-air precooling
due to poor temperature management (Alvarez and Flick, 1999a; Alvarez et al.,
2003). Commodities located behind blind walls may not be sufficiently cooled
while others exposed to higher velocities are over-cooled. The occurrence of the
heterogeneous airflow during forced-air precooling is directly related to design of
the ventilated packages to be used during the process. The design of these
containers is largely based on the criterion of mechanical strength with minimal
consideration of the effect of their venting pattern on cooling efficiency.
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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).

Ventilated packages used during the process 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 uniform
airflow through the produce while providing suitable mechanical resistance
(Vigneault and Goyette, 2002; de Castro et al., 2004b; Vigneault and de Castro,
2005). Percent vent area of the package is a very critical factor affecting the
efficiency of a cooling system (Arifin and Chau, 1988; Baird et al., 1988; de Castro
et al., 2005b). An increase in side ventilation from 2 to 6% increased airflow in
corrugated fiber board packages in different stacking patterns and reduced cooling
time (Ladaniya and Singh, 2000). Apart from the percent vent area of a package, the
openings must be well distributed on the package walls in order to provide uniform
airflow distribution during the process (de Castro et al., 2004a). Therefore, a proper
package vent design including both vent area and vent positions is necessary to
enhance the efficiency of forced-air precooling system (Stanley, 1989; Brosnan and
Sun, 2001; Smale et al., 2003; de Castro et al., 2004a).

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. However, these experimental studies are expensive and involve
much time and labor. A more logical approach is to develop mathematical models
capable of predicting airflow, heat and mass transfer within ventilated packages
under different conditions and designs. This approach should help in improving
current systems to maintain the produce quality for a longer period of time.

The complex and chaotic structure within agricultural produce packages during
the forced-air precooling process complicates the numerical study of the thermal
behavior of each individual produce within ventilated packages. The main obstacle
that has limited this analysis is the determination of the airflow behavior around
particles. Even in the case of uniformly distributed products in a package,
measurement of fluid flow around individual products, by means of traditional
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methods, is impossible without disturbing the packaging arrangement itself (Ferma
and Singh, 2007).

2.3 MATHEMATICAL MODELING OF FORCED-AIR
PRECOOLING PROCESS

There are typically two methods for modeling forced-air precooling of produce,
namely the porous medium approach (single-phase or two-phase) and direct
numerical simulation (DNS).

2.3.1 Porous Medium Approach
A porous medium is a solid matrix permeated by an interconnected network of

pores (voids) filled with a fluid (gas or liquid). Transport phenomena (the transport
of fluid, heat and mass) in porous media play an important role in many areas of
applied science and engineering fields. Some of these applications can be found in
mechanics, biomechanics, geosciences, biology, biophysics, material science and
food systems. In food systems, an enormous range ofprocesses with different scales
can be viewed as involving transport of fluid, heat and mass through porous media.
Examples include extraction, drying, frying, meat roasting, rehydration of breakfast
cereals, beans and dried vegetables as well as cooling of stacked bulk produce such
as oranges and strawberries with or without packaging.

Other than the particle dimension d, the porous medium has a system dimension
L, which is generally much larger than d. When L/d » 1 and the variation of
temperature across d is negligible compared to that across L for both the solid and
fluid phases, then it can be assumed that within a distance d both phases are in
thermal equilibrium (local thermal equilibrium). When the solid matrix can not be
fully described by considering the solid phase distribution over distance d, a
representative elementary volume with a linear dimension larger than d is needed.
The requirement of a negligible temperature variation also has to be considered
over the linear dimension of the representative elementary volume £ . In addition to
d, I and L, a length scale equal to the square root of the permeability is also used.
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This length scale ?"2 is smaller than d and is generally 0(lO"2d), where ? is the
permeability. Local thermal equilibrium assumption based on the length scales
requires that (Kaviany, 1995):

K1/2«d<¿«L (2.1)

The ranges for the following length scales have been tabulated in Kaviany (1995).
Therefore, the approach taken in porous media is a continuum one in which all

variables and parameters are averaged over a representative elementary volume. In
this continuum approach, the actual multiphase porous medium is replaced by a
fictitious continuum at any point of a "structureless" substance where all assigned
variables and parameters are continuous functions of the spatial coordinates (Bear,
1972; Datta, 2007). In treatment of transport phenomena in porous media, a large
number of unknowns are introduced in averaging methods that require experimental
verifications. This is due to the complexity of the flow paths and the inter-pore and
pore-to-pore fluid dynamic interactions. Therefore, although the local volume
averaging involves integration of the conservation equations over the representative
elementary volume, empiricism to various extents is applied in arriving at the local
volume-averaged conservation equations (Kaviany, 1995).

The porous medium approach to airflow, heat and mass transfer has been until
recently the only means of modeling transport phenomena inside a packed bed
(Verboven et al., 2006). This space-averaging approach, where the fluid flow is
characterized by an average (superficial) velocity, is required when computational
resources do not allow individual modeling of each phase (solid and interstitial
space). The fundamental theory of airflow in porous media together with important
aspects related to heat and mass transfer based on the porous medium approach is
discussed in the following sections.

2.3.1.1 Airflow in porous media
For small airflows in porous media, the airflow rate is proportional to the applied

pressure drop expressed by Darcy's law. Darcy's law establishes a linear
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relationship between the pressure gradient Vp (Pa/m) and the flow velocity u (m/s)
in porous media:

Vp = ^u (2.2)
?

where ? is pressure, µ air dynamic viscosity and ? the permeability of porous
medium which depends on various factors including pore size, produce diameter
and pore geometry. The vector u is the air velocity averaged over the entire medium
(pore space as well as solid matrix) and is known as the superficial velocity (Liu
and Masliyah, 1996; Verboven et al., 2006). The intrinsic air velocity which is
averaged only over the pore space is calculated from:

u
v = - (2.3)e

where e is the porosity.
Darcy's law expresses a linear relationship between pressure drop and velocity

which does not hold for larger velocities. At higher velocities, the airflow is
described by the Darcy - Forchheimer equation, which includes a quadratic term
(Verboven et al., 2006):

-Vp = -^-u + ßpau|u| (2.4)

where ß is the Forchheimer coefficient mainly dependent on the geometry of pore
space.

The permeability of the porous medium (?) and the Forchheimer constant (ß)
can be computed for near spherical produce using the Ergun relations (Ergun,
1952):
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?,(?-e)2?= '\ 3 (2-5)deff£

? K2(I -e)ß = -±-µ (2.6)
Ueffb

where deff is the effective produce diameter and for nearly spherical items is
expressed as (Bird et al., 2002):

6V
deff=— (2.7)

where V and A are the volume (m3) and the surface area (m2) of produce,
respectively. The values of the constants Ki and K2 for randomly stacked spheres
differ from source to source, the original parameters being equal to 150 and 1.75
(Ergun, 1952), respectively, while others have suggested values of 180 and 1.8
(Macdonald et al., 1979; Van der Sman, 2002). However, for packed beds with
objects having other shapes or rough surfaces, the parameters Ki and K2 can have
other values (Corniti and Renaud, 1989). Chau et al. (1985) conducted some
experiments to study the resistance of airflow through oranges in bulk and in
simulated cartons. The Ergun equation was used to fit the experimental data. Fruit
size, stacking pattern and porosity considerably affected the values ofKi and K2.

2.3.1.2 Confined flows in finite packings
Packages confine food materials inside a finite size. Any packing that is bounded

by confining walls, an influence of the package-to-produce diameter ratio on the
pressure drop is to be expected (Eisfeld and Schnitzlein, 2001). The Darcy -
Forchheimer equation is essentially only valid for infinite porous media without
walls (Verboven et al., 2006). Therefore, for flow through a confined packed bed,
such as a vented packaging, the Darcy - Forchheimer equation is extended with the

9



Brinkman term, which is required for the description of the boundary layer at the
solid/porous-media interface (Vafai & Tien, 1982):

-Vp = -^u + ßpau|u|-^effV2u (2.8)?

which is implemented with the continuity equation:

V-U = O (2.9)

µe{G is the effective dynamic viscosity in the boundary layer at the solid/porous-
media interface. In practice, the Brinkman term does not have a significant
influence on the pressure drop over the packed bed; however, the effect of the
Brinkman term is that it will give rise to a boundary layer, where the velocity
reduces to zero exactly at the solid wall (Van der Sman, 2002; Verboven et al.,
2006). Therefore, the importance of the term is significant only in near-wall regions
in the porous medium.

The effect of the Brinkman term on reducing the velocity in this layer is
contradicted because of the increased velocity due to a higher porosity near package
walls, where produce items can not be packed as tightly as in the interior of the
porous medium. On the one hand, package walls offer an additional resistance due
to the wall friction and on the other hand, they force the commodities to order in
such a way that a region of increased void fraction is formed. Therefore, the
resultant wall effect are contradictory (Eisfeld and Schnitzlein, 2001; Verboven et
al., 2004; Verboven et al., 2006). Eisfeld and Schnitzlein (2001) stated that the
counteracting effect of the wall friction and the increased local porosity near the
package walls is Reynolds number dependent. In low Reynolds number regime, the
pressure drop in a confined bulk increases as a result of wall friction. At high
Reynolds number, however, the increased void fraction near the wall reduces
resistance. For package-to-produce confinement ratios smaller than 10, the effect of
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the confinement can be taken into account by the correlation proposed by Eisfeld
and Schnitzlein (2001).

23.13 Conduction heat transfer in porous media
Heat transfer by conduction through porous media, as with heat conduction

through any heterogeneous media, depends on the matrix structure and the thermal
conductivity of each phase. Since the thermal conductivity of the solid phase is
generally larger than that of fluid, the manner in which the solid is interconnected
influences the conduction significantly (Kaviany, 1995). For the analysis of the
macroscopic heat flow through heterogeneous media, the local volume-averaged (or
effective) properties such as the effective thermal conductivity (k) = ke are used.

2.3.13.1 Local thermal equilibrium assumption
In principle, determination of the effective thermal conductivity involves

application of the energy equation in the representative elementary volume of the
matrix and the integration over this volume. In doing so, at the pore level, there will
be a difference ATd between the temperature at a point in the solid and in the fluid.
Similarly, across the representative elementary volume, there is a maximum
temperature difference of ATr However, it is assumed that these temperature
differences are much smaller than those occurring over the system dimension ATL .
Therefore, the assumption of local thermal equilibrium is imposed by requiring that:

???„2 < ATd < ??, < A\ (2.10)

Therefore, it is assumed that within the representative elementary
volumeV = Vf + Vs , the solid and fluid phases are in local thermal equilibrium:

^??a?=^a?4?ta? (211)
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2.3.1.3.1.1 Criteria for the validity of the local thermal equilibrium
The following criteria for the validity of the local thermal equilibrium

approximation must be reached (Carbonell and Whitaker, 1984):

For time scale:

:(pc)f¿Yj_ ? «1 (2.12)

and

(i-s)(pc)f/J(_L+_L
kf kt

«1
s J

(2.13)

For length scale:

e?? 1 M,+— «1
A0L\ kf ks (2.14)

and

(?-e)?
A„L2 K+Kj «1 (2.15)

where A0 is the volumetric or specific surface area based on the solid volume, i.e.,
solid surface area divided by the solid volume defined by:

A0=^° V. (2.16)
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where Afs is the interfacial area between the fluid and the solid phases and Vs is the
solid volume (1 - e ).

2.3.1.3.2 Local volume averaged conduction heat transfer
In dealing with any quantity f that has nonzero values in both phases, the

intrinsic volume-averaged value is defined by:

M=^-^=W (2.17)vf v.

By using the following equation under the local thermal equilibrium condition:

(T)s=(T)f=(T) (2.18)

with the representative elementary volume of:

V = Vf+Vs (2.19)

the local volume-averaged energy equation becomes:

[e(pcp)f +(1-E)(PcJ1]^ = V-(K,. V(T)) (2.20)
where the effective thermal conductivity tensor Ke is given by:

Kc = [ekf +(l-e)ks]l +^-A Jn bf dA (2.21)

bf is a transformation vector (Kaviany, 1995).
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2.3.1.4 Convection heat transfer in porous media
As simultaneous fluid flow and heat transfer in porous media is considered, the

role of the macroscopic (Darcean) and microscopic (pore-level) velocity fields on
the temperature field needs to be considered. Experiments have shown that the mere

inclusion of u · V(t) in the energy equation does not accurately account for all the
hydrodynamic effects. The pore level hydrodynamics also influence the temperature
field. Inclusion of the effect of the pore-level velocity-non-uniformity on the
temperature distribution (called the dispersion effect) is discussed in this section.

2.3.1.4.1 Dispersion in porous media
The dispersion in porous media is expected to have the following features

(Kaviany, 1995):
Dispersion should depend on the pore-level hydrodynamics. The

pore structure, pore velocity and upstream conditions determine whether
they are recirculation zones, dead ends, etc. The classification of the
structure to ordered or disordered media allows for further specifications of
the pore-level hydrodynamics. In ordered and isotropic media and when
simple unit-cell structures with convenient symmetries are present, the flow
field can be analyzed for various pore Reynolds numbers. The bulk of the
available experimental results show that Pe = Re Pr can approximately
express the pore-level hydrodynamics and heat transfer. This Pe dependence
is characteristic of fully developed velocity and temperature fields and
signifies the ratio of the momentum to thermal boundary-layer thicknesses

?
(Pr = -).

a

Dispersion should depend on the ratio of the molecular thermal
resistances because the temperature field in the pore is influenced by the

solid conductivity. Therefore, —- is expected to influence the dispersion
K

tensor.
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Dispersion should depend on the ratio of the volumetric heat

(ps)
capacities, t ? . The transient temperature distribution in the unit cellKi
(pore plus solid) depends on the extent of the ability of the solid to store or
release heat. Large values of (pcp) dampen the temporal temperature
disturbances.

Based on this, the dispersion tensor is expected to have a functional form
(Kaviany, 1995):

Dd DdL „ . . k„ .KIi
af af

Re, Pr, structure,— and j—v-4-kf Ki (2.22)

Various analysis of the dispersion phenomena in porous media have been
discussed by Kaviany (1995) where numerical and experimental methods were used
for the determination of the dispersion tensor. In the following, the local volume
averaging will be applied to convection as was already applied to conduction.

2.3.1.4.2 Local volume averaged convection heat transfer
In accordance with the definition of the representative elementary volume, the

phase- averaged energy equation becomes:

[E(pcp)f+(l-E)(pcp)s]^l + (pcP)fu-V(T) = (pcp)fV.(D.V(T» (2.23)
where the total diffusivity tensor, D is defined as:

D = T—V+ eD<i (2·24)(Pcp)f
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2.3.1.5 Two-medium treatment in porous media
When there is a significant heat generation occurring in any of the phases (solid

or fluid), then the local (finite and small) volumes of the solid and fluid phases will
be far from the local thermal equilibrium. In this section, the two-medium treatment
of airflow and heat transfer in porous media is considered where the assumption of
the local thermal equilibrium between the phases is not valid. In the two-medium
treatment, no thermal equilibrium is assumed between the fluid and solid phases,
but it is assumed that each phase is continuous and represented with an appropriate
effective total thermal conductivity. Then thermal coupling between the phases is
approached by a modeling parameter, hsf, called the interfacial convective heat
transfer coefficient.

Thus, two-temperature model is derived with the phase volume averaging of the
energy equations, which shows how the fluid phase dispersion as well as the other
convective and conductive effects appear as the coupling coefficients in the energy
equations (Kaviany, 1995). The energy equations for each phase are written as:

\ ' -uffV(T)f+ufs-V(T)s=V.Dff.V(T>f+V.Dfs-V(T)s
+

dt
A

Vf(pcP)f

0(T)

Mi«5-«')
(2.25)

di

V5(DCp),

= usf -V(T)f +uss -V(T)S = V-Dsf -V(T)f +V-D88-V(T)5
(2.26)

These models require the determination of four thermal diffusivity tensors,
Dn^D585Df85D8J, the interfacial convective heat transfer coefficient, hsf , and the
closure vectors involving U11115U65U5J and U88. The coefficients in the following

equations have been computed for some geometry and range of parameters
(Quintard et al., 1997). The solution of this complicated system of equations is
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difficult to attain and therefore, a more practical equation system is typically used
(Quintard et al, 1997):

= V-Kff-V(T>f+Afshsf((T>S-(T)f) (2.27)

(l-s)(pcP)s^- = V-Kss -V(T)5 +Afshsf((T>f -(T)5) (2.28)
Different simplified versions of the energy equations have been used in

determination of the interfacial convective heat transfer coefficient and therefore,
the literature on the reported values of hsf are rather incoherent (Kaviany, 1995).
For example, the hrf for a single heated particle is expected to be significantly
different than that for particles in packed beds. Wakao and Kaguei (1982) have
critically examined experimental results for determination of the interfacial
convective heat transfer coefficients. They have found the following correlation for
spherical particles:

Vi A

Nud= -^- = 2 + 1. IRe06 Pr"3 (2.29)

2.3.1.6 Limitations of porous media approach
Despite extensive efforts, no agreement has been reached for modeling transport

phenomena during forced-air precooling process using the porous medium
approach. The approach neglects the internal produce gradient. This is questionable
when the difference between center and surface temperature of produce are
sufficiently large; as the case in transient forced-air precooling process (Verboven
et al., 2006). Another main drawback of the porous medium approach is the
breakup of the continuous medium assumption when the package-to-product
diameter is under 10 (Eisfeld and Schnitzlein, 2001; Verboven et al., 2006), which

;(pcp)f a(T)f
Ot

+ u-V(T)f
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is a common case in forced-air precooling process (Ferrua and Singh, 2008).
Furthermore, when modeling the heat transfer process within packages using the
two-treatment porous medium approach, complex two-equation models involving a
series of model parameters are created whose determination of the parameters has
seriously limited the accuracy of the model. The numerical calculation of these
parameters for complex structures as well as experimental research to estimate them
from experimental data has not been successful despite over 50 years of efforts
(Ferrua and Singh, 2007). Some efforts have been done by lumping of different
transport processes in the two-medium treatment; however, they obscure the
physical basis of the models leading to considerable errors (Nijemeisland and
Dixon, 2004; Verboven et al., 2006).

2.3.2 Direct Numerical Simulation

2.3.2.1 Background
Direct numerical simulation (DNS) performs a complete time-dependent solution

of the Navier-Stokes and continuity equations. The value of such simulations is
obvious. The method is targeted at obtaining a more fundamental understanding of
how a local behavior of the fluid flow affects the heat and mass transfer processes.
This is especially desirable in obtaining information about essentially immeasurable
properties such as pressure and velocity fluctuations (Wilcox, 1993). For example,
the difficulty in measuring air velocity within ventilated packages has caused
limited progress in improving the design and efficiency of the forced-air precooling
process. Some of the previously attempted strategies can not accurately measure or
predict air velocity inside ventilated packages during the process (Alvarez and
Flick, 1999a; Vigneault and de Castro, 2006; de Castro et al., 2004a). However,
recent advances in computational resources have provided powerful tools to obtain
detailed aerodynamic and thermal analysis by modeling coupled airflow, heat and
mass transfer during the process.

In direct numerical simulation, the geometrical complexities are not simplified
by the effective medium that is used in the porous medium approach (Kaviany,
1995; Nijemeisland and Dixon, 2004). Because this approach deals with local
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quantities, it is not constrained to any container-to-particle diameter ratio and it
does not require any additional model parameters (Ferrua and Singh, 2007). In
addition, the governing equations for the fluid flow and heat transfer include both
laminar and turbulent flows, and are not restricted by fluid type or by flow rate;
however, the geometric modeling and grid generation become complicated and the
computational demands increase significantly (Ranade, 2002; Nijemeisland and
Dixon, 2004). The enhanced computational requirements are mainly due to the
extremely fine mesh necessary to carry out the simulation. Because of the
significant computing costs and numerical difficulties, DNS is typically performed
at low and moderate Reynolds number near laminar and transition regimes (Kim et
al., 1987; Natarajan and Acrivos, 1993; Hetsroni et al., 2001; Portela et al., 2002;
Ferrua and Singh, 2008).

2.3.2.2 Airflow, heat and mass transfer models
For a transient two-phase air-produce mathematical model of simultaneous

airflow, heat and mass transfer inside ventilated packages the following equations
are applied for air and produce domains. For air domain, the governing equations in
Cartesian coordinates for incompressible airflow are as follows:

V-u = 0 (2.30)

Pa -^ + Pa (u · Vu) = -Vp + V · [µ, (Vu + (Vu)T )] (2.31)
?GG?

PaCp,a-^ + Pacp,a(u-VTa)=V-(kaVTa) (2.32)

For produce domain, the respiratory heat generation can be incorporated into the
energy conservation equation as follows:
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PpcP,p-^ = V-(kPVTp)+QreSp (2.33)

2.3.2.3 Heat generation by respiration
Becker et al. (1996a) developed correlations that relate a commodity's rate of

carbon dioxide production to its temperature. The carbon dioxide production rate
can then be related to the commodity's heat generation rate due to respiration. An
interpretation ofthe correlation is as follows:

Qresp = Ppqresp (2.34)

wtereq^p is given by:

qresp=Ä*1'8Tp"459·67'8 (235)
Tp is transient produce temperature in K and the respiration constants (f and g) have
been given in Becker et al. (1996a) for different crops.

2.3.2.4 Mass transfer

The rate of moisture loss from fruits and vegetables is expressed by the basic
equation of the following form:

m = k(ps-pa) (2.36)

where the mass transfer coefficient (k) is given as follows (Becker et al, 1996a):

(2.37)1 1
- + -

^air ^SkJn
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The air film mass transfer coefficient (kair) can be estimated by using the
Sherwood-Reynolds-Schmidt correlations (Sastry and Buffington, 1982; Gaffney et
al., 1985a; Becker et al., 1996a; Geankoplis, 2003):

Sh = 2 + 0.552Re053 Sc033 (2.38)

The Sherwood number yields kair with a driving force in concentration unit
(kg/m3); however, the driving force in the mass transfer model is vapor pressure.
Therefore, a conversion from concentration to vapor pressure is made by use of the
ideal gas law:

kair=^k'air (2.39)

where T is the transient boundary layer temperature in K.
The skin mass transfer coefficient, kskin, describing the resistance to moisture

migration through the skin of a produce, is related to the structure and properties of
the produce skin. Becker et al. (1996a) have tabulated skin mass transfer
coefficients for different commodities.

The saturation partial water vapor pressure (pw ) can be approximated from the

Antoine equation (Chuntranuluck et al., 1998; Hu and Sun, 2000):

>exp
3990.5

23.4795
T-39.317

(2.40)

where T is the transient boundary layer temperature in K.
Assuming water vapor to follow the ideal gas law, the partial pressure of water

vapor in the air (pa) is given by the standard psychrometric principle:

Pa=RH-Pw (2.41)
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where RH denotes the relative humidity.
The partial pressure of water vapor at the evaporating surface (ps) is defined as

(Becker et al., 1996a):

Ps=VPL-pw (2.42)

where VPL is vapor pressure lowering effect of the produce. The water vapor
pressure lowering effect for various fruits and vegetables has also been provided in
Becker et al. (1996a) obtained from Chau et al. (1987).

2.4 MODELS AVAILABLE IN THE LITERATURE

There are few mathematical models of airflow, heat and mass transfer during
forced-air precooling in the literature considering packaged bulk produce.

Talbot et al. (1990) developed a porous-medium-approach model to investigate
airflow behavior through oranges packed in shipping containers. The study applied
a commercial finite element package to predict pressure and velocity distribution
using the Darcy-Forchheimer and Ergun equations. Local velocity in free spaces
between produce items as affected by different ventilated package designs and their
resultant effects on produce temperature distribution was not considered in the
study.

Alvarez and Trystram (1995) introduced a 1-D heat transfer model in order to
control the cooling process of fruits and vegetables packed in bins piled on a pallet.
The study showed strong variation of produce cooling with respect to different
positions inside the bins for the same airflow conditions. The variation between the
lowest and the highest produce surface temperature was almost 320% considering
30 different produce simulators (PVC spheres). The heterogeneity of produce
moisture loss with 50% difference between the so-called "coldest point" and
"hottest point" was also observed as a result of significant temperature
heterogeneity between the produce simulators. Thus, a serious local quality loss (by
moisture loss) and "freezing risk" due to the temperature heterogeneity inside
different positions of a bin was monitored. They concluded that in order to prevent
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surface freezing of produce, surface temperature of the coldest point should be
controlled. No airflow equation was considered in the study to predict the air
velocity distribution in the interstices of the bins.

Becker et al. (1996a and 1996b) developed a comprehensive model to estimate
temperature distribution in the bulk cooling process of fruits and vegetables.
However, the effect of package vents was not considered in the model. They
applied the porous medium approach and the combined phenomena of airflow, heat
and mass transfer were considered. The pertinent factors which govern the heat and
mass transfer from fresh fruits and vegetables were taken into account including
thermophysical properties of commodities such as transpiration and heat generation
due to respiration as well as airflow parameters. A parametric study was performed
to investigate the influence ofbulk mass, airflow rate, skin mass transfer coefficient
and relative humidity on the cooling time and moisture loss ofa bulk load of apples.
It was found that bulk mass and airflow rate were of primary importance to cooling
time. Moisture loss was found to vary appreciably with regard to relative humidity,
airflow rate and skin mass transfer coefficient. They also showed that an increase in
airflow rate resulted in a decrease in moisture loss. They attributed this
phenomenon to the fact that the increased airflow rate reduces the cooling time
which quickly reduces the water vapor pressure deficit, thus lowering the
transpiration rate.

Gowda et al. (1997) simulated the forced-air precooling of produce in bulk
through mathematical modeling considering produce cooling variation in various
layers. A number of additional factors such as the temperature variation of air along
the height of a package were included in the model but the package vent effect on
produce cooling was not considered. The model exhibited a transient behavior
typical to bodies subjected to cooling at the surface; namely, rapid cooling followed
by leveling off of temperature at larger times. They showed that the first layer; i.e.,
the produce layer nearest to the entry of air, cools faster and reaches the lowest
temperature; whereas, the last layer cools slower and is at the highest temperature in
the package. The layers in between reached intermediate temperatures in ascending
order from the first to the last layer.
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Van der Sman (2002) applied the Darcy-Forchheimer-Brinkman equation to
predict airflow in ventilated packages by developing correlations between pressure
drop and superficial velocity. The study used the porous medium approach and did
not consider local velocities in free spaces between produce items at different
positions inside the ventilated packages to investigate temperature heterogeneity.

Tanner et al. (2002a, 2002b, and 2002c) developed a modeling system to predict
produce cooling rate by assessment of the relative effect of different package
configurations on produce heat and mass transfer. They used a "zoned" approach, in
which each package was subdivided into a number of zones with defined
dependencies between them. Packaging, produce and fluid could be present in each
zone with interactions between one another. However, a main drawback of the
study was a "decoupled" modeling of heat and mass transfer processes. The
assumptions of the model created a heat transfer-only and a mass transfer-only
model. The effects of package vents and their locations as well as the evaporative
cooling effect were also not considered in this study.

A three-dimensional two-phase air-produce model of airflow, heat and mass
transfer has been developed to predict cooling rate and weight loss of chicory roots
in a wind tunnel using the porous medium approach (Hoang et al., 2003). The
model consisted of a system of conservation equations of airflow, heat and mass
transfer for the air phase, and heat and mass transfer for the produce phase without
considering the internal gradient in temperature in the produce phase. The effects of
package vents were also not considered in the model. The interaction between the
airflow and the porous media was described by an Ergun-type equation based on
experimental data. Heat of respiration was included in the model as an empirically
derived function of temperature. Some of the discrepancies between model
prediction and experimental date were attributed to the non-ideal experimental
conditions, the various sizes of the produce items, the small scale of the porous
region compared to the size of the produce, assumption of uniform produce
temperature and the estimation of transfer correlations. A good discussion was
provided to explain some reasons for the difference between simulation and
experimental data. They stated that the assumption of a two-phase flow in our case
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of application may not hold. This is because of the large size of the produce items
compared to the size of the package, which also increases the wall effect. The flow
is, therefore, far from uniformly distributed over the whole domain.

Alvarez et al. (2003) proposed a semi-empirical model to predict the flow field
through agricultural commodities stacked in packages by assuming the system as a
continuous porous medium. The momentum equation was derived from the space
averaging of Navier-Stokes equations. Calculation of the pressure and velocity
fields was based on the Darcy-Forchheimer equation. Heat transfer between
produce simulators (sphere) and the air was described by a correlation that linked
the local Nusselt number to the modified Reynolds number and turbulence
intensity. To verify the capability of the developed model, an experimental analysis
of a two-dimensional system consisting of 75 mm diameter PVC spheres arranged
in rectangular parallelepipeds within a rectangular air-blast tunnel was performed.
Most characteristics of the measured heat transfer coefficients were reproduced and
estimated with a relative accuracy of the order of 6%. However, the effect of
package vent configuration on airflow and temperature distribution was not
considered in this study.

Zou et al. (2006a and 2006b) developed a porous-medium-approach based
modeling system for simulating airflow and heat transfer processes, and therefore to
predict airflow patterns and temperature profiles in ventilated packages during
forced-air precooling process. The ventilated packages were divided into two types,
namely bulk and layered packages. In the bulk packages, produce items were held
in a bin or carton without any other packaging materials and in the layered
packages, produce items were placed on a stack of trays. The areas inside the
packages were categorized as solid, plain air, and produce-air regions. 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
applied. The authors noted that the approach used in the study does not completely
satisfy the conditions for the porous medium approach due to the existence of trays
as well as the small package-to-produce diameter ratio. In addition, the study
considered only one central vent and, therefore, the effects of different package vent
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area and its position on airflow and produce temperature distribution were not
considered in the study. Opara and Zou (2007) applied sensitivity analysis of the
same model to study the effect of variation in package vent areas and positions
during forced convection cooling process. The authors noticed some considerable
effects of the variation on produce cooling rate; however, the effect of multiple
vents on airflow pattern and temperature profile considering different vent area and
position was not reflected in the study.

Ferma and Singh (2008) applied direct numerical simulation of laminar airflow
in a ventilated package during forced convection cooling. A typical 0.5-kg
strawberry package used for retail marketing was considered in this study. The
packed test section consisted of 22 spheres of 1 .63 cm diameter inside a basket of
5.3x5.3x4.3 cm3 with the container-to-produce diameter ratio of 2.96. The
packed structure was constrained by a pair of ventilated walls with a typical shape,
size and distribution of the vents in a strawberry package. The vented area
represented 16.1% of the total cross-sectional wall area. The horizontal vent

accounted for 54% of the total vented area in the wall. The vertical vents, uniformly
distributed at the bottom and top of the perforated wall, represented 26% and 20%
of the total vented area, respectively. The flow field developed within this packed
structure was numerically and experimentally investigated when air at 0°C was
forced through it at 0.000034 m3/s. The Reynolds number was 50, which was
calculated based on the mean fluid velocity. The results showed a significantly
heterogeneous airflow distribution within the flow domain. The flow within the
packed structure accelerated as its pathway was narrowed between spheres, and it
significantly slowed down as it approached solid surfaces. The standard deviation
of the velocity field within any of the horizontal planes under study was larger than
60% of the averaged velocity within it. The study is one of the recent attempts of its
kind in detailed understanding of the behavior of flow field within a packed
structure without disturbing the flow; however, the influence of different package
vent designs on airflow pattern and its resultant temperature distribution was not
considered.
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Delele et al. (2008) applied the porous medium approach for modeling airflow
through stacked produce in vented packages. Two layers of 32 spheres with a
diameter of 7.5cm each randomly stacked in packages of dimensions
30 ? 40 ? 16 cm3 with the container-to-produce diameter ratio of 2.4 was
considered. The percent vent area of the side, front and bottom surfaces of the
packages were 11.03%, 14.36% and 19.10%, respectively. The aerodynamic study
showed very heterogeneous airflow inside the ventilated packages and considerable
effects of the vented packages on the flow resistance was also noted. Due to
applying the porous medium approach, the study did not consider local velocities in
free spaces between produce items at different positions inside the ventilated
packages. Also, the effect of the heterogeneous airflow inside the stack on
temperature distribution was not studied.
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CONNECTING TEXT

In order to design an optimized package to be used during forced-air precooling,
it is necessary to start with a detailed understanding of the aerodynamic behavior
occurring inside different ventilated packages during the process. In many cases,
this understanding has been limited to only few experimental studies that attempt to
link the local fluid flow behavior to the heat transfer process. The difficulty in
measuring the local flow field inside ventilated packages is the main drawback that
has limited the application of this approach. This is because the measurement of the
fluid flow inside the packages without disturbing produce packaging arrangement
becomes impossible by means of conventional measurement methods. As an
alternative approach, mathematical modeling of airflow and heat transfer during
forced convection cooling of produce can provide a tool to investigate airflow
pattern and the resultant temperature distribution during the process. This tool can
predict air velocity at any position inside ventilated packages during the process to
investigate a detailed aerodynamic behavior and, therefore, to optimize package
design.
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III. AERODYNAMIC ANALYSIS DURING COOLING

OF STACKED PRODUCE INSIDE VARIOUS

VENTILATED PACKAGES

3.1 ABSTRACT

Aerodynamic analysis during forced convection cooling of produce was
conducted by modeling coupled airflow and heat transfer. Air velocities and
heterogeneity indexes were predicted for different configurations of package
openings at an airflow rate of 0.022 m3/s. Predicted temperature profiles were
compared with experimental data for model validation. Good agreement between
model prediction and measured data was obtained. The results showed that airflow
distribution during the process was not homogeneous. More uniform airflow
distribution was obtained by increasing vent area from 2.4 to 12.1%. The highest
cooling heterogeneity index (108%) was recorded at 2.4% vent area whereas lowest
heterogeneity index (0%) was detected in a package with 12.1% vent area. Proper
package vent design is necessary to provide more uniform cooling operation during
forced convection cooling process.

Keywords: Mathematical modeling, Airflow and heat transfer, Forced convection
cooling, Airflow heterogeneity, Package design, Heterogeneity index

3.2 INTRODUCTION

Fruits and vegetables are cooled from ambient temperature to an optimal
temperature before storage or shipment in order to minimize their deterioration after
harvest. Forced convection cooling is the most common technology used for this
purpose (de Castro et al., 2005). However, it induces strong heterogeneities of the
thermal treatment due to heterogeneous airflow distribution at different locations in
ventilated packages (Alvarez and Flick, 1999; de Castro et al., 2004; Alvarez and
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Flick, 2007). Commodities located behind blind walls may not be sufficiently
cooled while others exposed to higher velocities are over-cooled. Therefore,
package vent design is a very critical factor influencing airflow and heat transfer
patterns during forced convection cooling and, therefore, affecting the efficiency of
the system (de Castro et al., 2004; Vigneault and de Castro, 2006).

The difficulty in measuring air velocity within ventilated packages has caused
limited progress in improving the design and efficiency of the forced convection
cooling process. Some of the previously attempted strategies can not accurately
measure or predict air velocity inside ventilated packages during the process
(Alvarez and Flick, 1999; de Castro et al., 2004; Vigneault and de Castro, 2006).
However, recent advances in computational resources have provided powerful tools
to obtain detailed aerodynamic and thermal analysis by modeling coupled airflow
and heat transfer during the process.

There are two typical methods for modeling forced convection cooling of
produce, namely the porous medium approach (single-phase or two-phase) and
direct numerical simulation (DNS). Severe simplifications of the porous medium
approach, such as the assumption of local thermal equilibrium in single-phase
models and continued lumping of transport processes in the two-phase models
obscure the physical basis of the models, leading to considerable errors (Kaviany,
1995; Nijemeisland and Dixon, 2004). Additionally, the two-phase porous medium
approach neglects the internal produce gradient. This is questionable when the
difference between center and surface temperature of the produce are sufficiently
large, as is the case in the transient forced-air precooling process (Verboven et al.,
2006). The porous medium assumption is also questionable when the package-to-
product diameter ratio is below 10 (Eisfeld and Schnitzlein, 2001) which is a
common case for fruit and vegetable packages (Femia and Singh, 2008).

Direct numerical simulation performs a complete time-dependent solution of the
Navier-Stokes and continuity equations. This is especially desirable in obtaining
information about essentially immeasurable properties such as pressure and velocity
fluctuations (Wilcox, 1993). In DNS, the geometrical complexities are not
simplified by the effective medium that is used in the porous medium approach
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(Kaviany, 1995; Nijemeisland and Dixon, 2004). The governing equations for the
fluid flow and heat transfer include both laminar and turbulent flows, and are not
restricted by fluid type or by flow rate; however, the geometric modeling and grid
generation become complicated and the computational demands increase
significantly (Ranade, 2002; Nijemeisland and Dixon, 2004). The enhanced
computational requirements are mainly due to the extremely fine mesh necessary to
carry out the simulation. Because of the significant computing costs and numerical
difficulties, DNS is typically performed at low and moderate Reynolds numbers
near laminar and transition regimes (Kim et al., 1987; Natarajan and Acrivos, 1993;
Hetsroni et al., 2001; Portela et al., 2002; Ferma and Singh, 2008).

There are few models in the literature about airflow distribution through stacked
items inside ventilated packages. Van der Sman (2002) applied the Darcy-
Forchheimer-Brinkman equation to predict airflow in ventilated packages by
developing correlations between pressure drop and superficial velocity. The authors
used the porous medium approach and did not consider local velocities in free
spaces between produce items at different positions inside the ventilated packages
to investigate air velocity heterogeneity. Additionally, heat transfer modeling was
not considered to describe produce temperature profiles. Alvarez et al. (2003)
developed a semi-empirical model to predict the flow field in porous media. The
momentum equation was derived from the Navier-Stokes equations, leading to the
Darcy-Forchheimer equations. The authors showed air velocity heterogeneity inside
a bin of stacked spheres; however, the effect of package vents and their location on
velocity distribution were not considered.

Ben Amara et al. (2004) proposed an empirical model of convective heat transfer
as a function of velocity in a stack of spheres without considering the vent effect.
Femia and Singh (2008) applied DNS for simulation of laminar airflow in a
ventilated package during forced convection cooling without considering the effect
of different vent designs on cooling uniformity. Delele et al. (2008) used the porous
medium approach for modeling airflow through stacked produce in vented
packages. The aerodynamic study showed very heterogeneous airflow inside the
ventilated packages and considerable effects of the vented packages on the flow
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resistance was also noted. Due to applying the porous medium approach, the study
did not consider local velocities in free spaces between produce items at different
positions inside the ventilated packages. Also, the effect of the heterogeneous
airflow inside the stack on temperature distribution was not studied.

The aim of the present study was to mathematically model simultaneous airflow
and heat transfer during forced convection cooling of produce to investigate airflow
pattern and the resultant temperature distribution during the process. Air velocities
at different locations of the package are to be predicted and coupled to heat transfer
models by considering different vent areas and positions on package walls.

3.3 MATERIALS AND METHODS

3.3.1 Model Formulation

A transient two-phase air-produce mathematical model of simultaneous airflow
and heat transfer inside a ventilated package containing spherical produce was
considered (Figure 3.1). For the air domain, the governing equations in Cartesian
coordinates were applied for incompressible airflow as follows:

Vu = O (3.1)

Pa^ + Paíu-VuJ^-Vp +V-^fvu + ÍVu)1)] (3.2)

PaCp,a^ + PacPja(u-VTa) = V.(kaVTa) (3.3)
where u denotes the velocity field (m/s) at different positions inside the package, pa
air density (kg/m3), t time (s), P pressure (Pa), µ? air dynamic viscosity (Pa.s), cp>a
air specific heat capacity (J/kg K), T3 air temperature at different positions inside
ventilated packages (°C) and Ic3 air thermal conductivity (W/m K).
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For the produce domain, the respiratory heat generation can be incorporated into
the energy conservation equation as follows:

5T„ / \
PpCP,P -^=MW)+Qn=SP (3-4)

where pp represents produce density (kg/m3), cP)P produce specific heat capacity
(J/kg K), Tp produce temperature at different positions inside ventilated packages
(°C), kp produce thermal conductivity (W/m K) and Q^p respiratory heat generation
(W/m3).

The following boundary conditions were applied for airflow and heat transfer
equations in package inlet, outlet, wall and air-produce interfaces:

Inlet: u = u0;Ta=Ta0 (3.5)

Outlet:p = p0;(-kaVTJn = O (3.6)

Wall: u = 0; (-kaVTa + pacpaTau) · ? = 0 (3.7)

Interface: u = 0 ; Ta = Tp ; (-kpVTp + kaVTa ) - ? = riiL (3.8)

where rh is the rate of produce moisture loss (kg/s.m2) and L is the latent heat of
evaporation (J/kg).

3.3.2 Numerical Method

A two-dimensional (2-D) model of airflow and heat transfer was considered.
Three-dimensional (3-D) modeling of airflow and heat transfer inside a ventilated
package containing few hundred spheres extensively increases the computational
demands both in mesh size and number of iterations. To be able to solve for certain

details in a 3-D model, such as areas where spheres are close to each other or to
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package walls, a high level of detail is necessary for the required accuracy of the
simulation. Such a large computational capacity is currently neither affordable nor
manageable. Although the computational requirement is at the limit of today's
computing power, it is predictable that within a few years, 3-D modeling of fluid
flow and heat transfer for some hundred spheres will be considered a normal
situation.

The COMSOL Multiphysics™ software (COMSOL, Inc.), version 3.4 (2007),
was used to solve the simultaneous airflow and heat transfer models using the finite
element method. Quadratic Lagrange elements with a triangular mesh were used to
solve the nonlinear system of equations at each time step. It is well known that in
discretization of the convection-dominated convection-diffusion flows, the finite
element computation of incompressible flows involves potential numerical
instabilities. The instabilities are associated with the Galerkin formulation resulting
in spurious oscillations in the studied fields primarily where steep gradients are
present (Tezduyar, 1992). The oscillations can even be large enough to prevent the
solution from converging.

In particular, if the element Peclet number (Peei) is greater than one, the discrete
solution may exhibit non-physical instabilities (Elman and Ramage, 2002). There is
a mesh resolution, at least in theory, beyond which the discretization is stable by
decreasing the element size (h) to a required value. However, the element size is
determined by available memory in a computer implying that a given mesh may not
properly resolve small-scale effects. Different stabilized finite element formulations
such as turbulent isotropic diffusion (isotropic diffusion), streamline diffusion,
crosswind diffusion and pressure-stabilization are used to prevent the numerical
instabilities (Tezduyar, 1992; Codina, 1993; Elman and Ramage, 2002; Galeao et
al., 2004; Lube and Rapin, 2006; John and Knobloch, 2007).

Isotropic diffusion (Codina, 1993; Elman and Ramage, 2002; John and
Knobloch, 2007) was used in the present study to address the numerical
oscillations. In this approach, a coefficient of artificial diffusion, cart, is added to the
diffusion already present in the problem:
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^=d^|ß| (3.9)

The tuning parameter, 5jd, controls the amount of artificial diffusion. Turek (1999)
discusses the value of the parameter and indicates its practical values in the range
[0.1 . . .2]. By considering ôid = 0.5 , the local Peclet number was changed to:

2n(-i

The added turbulent isotropic diffusion can damp the effects of oscillations and
impedes their propagation to other parts of the domain. It should however be
stressed that the added diffusion only influences the solution to an appreciable
extent where ß and h are both large, i.e. where the element Peclet number is large.

To establish an optimal mesh, different mesh densities were extensively
investigated so that it could represent the flow specifics of the geometry as
accurately as possible. Several setups were defined and tested, changing mesh
densities in the whole domain or a specific subdomain, and with near-wall
treatments using different mesh sizes with different element growth rates. For
example, the element growth rate of 1.1 determines the maximum rate of 10% at
which the element size can grow from a region with small elements to a region with
larger elements. A finer mesh was used at the package inlets and outlets so that
velocity and temperature gradients did not become too large in these areas, which
could lead to instability of the solution. A finer mesh was also used in vicinities
where the produce items were close to each other or the package walls. Mesh
quality (qmesh) was calculated as:

WJ A
h^+h^+h^4mesh ,2 , l2 , .2 W-1V
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where A is triangle area, and hi, h2 and h3 are side lengths of the triangle. The value
ofmesh quality ranges from 0 to 1. When h, = h2 = h3 , mesh quality is equal to 1.
If Qmesh > °·3 » mesn quality is unlikely to affect the solution's quality (COMSOL
Multiphysics™, 2007). In all the simulations, mesh consisted of 152,236 elements
resulting in 516,309 degrees of freedom with qmesh =0.95 and mean element size

of 0.002 m in the whole domain and average Pe el « 74 in the air domain
considering three different package vent configurations. Solution time on a
workstation with 2 dual core processors (3.00 GHz, 4 MB L2, 1333 MHz) and 32
GB RAM was about 55 min.

3.3.3 Experimental and Simulation Setups
For experimental model validation, solid polymer balls with 5.24 cm diameter

and 125.55 g weight were used to simulate spherical produce inside a ventilated
package (Figure 3.1). However in the simulation, due to the 2-D modeling, produce
diameter was decreased to 5.14 cm in order to provide a free path for airflow.
Thermal conductivity and heat capacity of the balls were 0.6839 W/m K and 1 125
J/kg °C, respectively (Vigneault and de Castro, 2005). The balls were used for
model validation due to their uniform nature in terms of size, shape and
thermophysical properties.

Because the balls neither respire nor loose moisture, the terms Qres and rhL
appearing in the right-hand side of equations 4 and 8, respectively, were set to zero
during the simulation. However, for real produce, effects of produce heat generation
and evaporative cooling can be incorporated into the model. It should be noted that
the primary objective of this study was to find not absolute but relative values of
cooling efficiency that allow the comparison among different vent areas and
positions during forced convection cooling process. These results were obtained
under the same circumstances in terms ofboth materials and procedure.

In the physical experimental setup, 512 balls were uniformly distributed on a
columnar pattern to form a cubic matrix of 8-ball-side dimension. Four out of 512
balls were instrumented with a 30-gage insulated copper-constantan thermocouple
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wire placed in their center and located in the fourth ? plane (z = 4) parallel to
airflow. Figure 3.1 (a) represents produce positions in which their center
temperatures were used for model validation.

A forced convection cooling system (Figure 3.2) was set up by assembling four
acrylic plates to form a tunnel of 42 cm square cross section and 125 cm length. The
portion of the tunnel containing the balls was insulated with 2.5 cm-thick
polystyrene foam to reduce heat conduction. Two sides of the package were
simulated by placing a pair of perforated polypropylene square plates (42 cm wide
and 0.3 cm thick) next to the first and eighth columns of balls, perpendicular to
airflow. The polypropylene plates were drilled with five 33.75 cm ? 1.25 cm
grooves spaced at 10.125 cm (Figure 3.1 (b)). For each individual test, some of
these grooves were covered with sealing tape to obtain the specific vent
configuration demonstrated in Table 3.1. The air inlet was connected to a static
heat-exchanger and the air outlet to an aspiration chamber.

Various package opening configurations with different vent area and position
can be tested with different airflow rates by the system. Three different vent
configurations including 1, 3 and 5 vents (see Tab. 1) corresponding to different
vent areas of 2.4, 7.2, and 12.1%, respectively, were simulated at the airflow rate of
0.022 m3/s and the Reynolds number of 2157. The Re number was calculated
considering the hydraulic diameter of the cross-section of the air domain (free
space) demonstrated in Figure 3.1 (a). The mean air velocity (0.51 m/s) used to
determine Re number was also calculated based on the same free space (Vigneault
and de Castro, 2006).

Prior to starting a test, the forced-air tunnel containing the balls was placed in a
warm chamber maintained at a prescribed temperature ranging from 26.4 to 38.7°C
with standard deviation of 0.3°C. An axial fan forced the air to circulate through the
ball matrix to provide a uniform initial temperature. Then, a pair of perforated
plates was installed and the tunnel was placed in the cold chamber kept at
2.2±0.7°C. The system simultaneously recorded the temperature inside the
instrumented balls along with air temperature before and after crossing the ball
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matrix, the temperature in the center of the cold chamber, the pressure drop through
the ball matrix and plates, and the airflow rate, at 20 s intervals.

3.3.4 Heterogeneity Index
In order to demonstrate the deviation of estimated air velocity at different

positions from average velocity inside the ventilated packages, a heterogeneity
index (HI) was defined as:

ffl = Vlu~u; xl00 (3 12)

where ü is the average velocity obtained at 21 different positions and u is the
velocity obtained at a specific position. The 21 positions were chosen after the 2nd,
4th, and 6th columns of produce (Figure 3.1 (a)). In each column, 7 different
positions were considered and numbered from top to bottom.

3.4 RESULTS AND DISCUSSION

This section presents the airflow distribution and temperature profiles predicted
from the coupled airflow and heat transfer models during forced convection cooling
of produce. The predicted temperature profiles were compared with experimental
data for model validation.

3.4.1 Effect of Package Vent Configuration on Velocity
Distribution

Figure 3.3 demonstrates air velocity distributions at 21 different positions inside
ventilated packages with 1, 3 and 5 vents. As can be seen from the figure, more
uniform airflow distribution was achieved by increasing vent area from 2.4 to
12.1%. In the package with only 1 vent, more heterogeneous velocity distribution
was obtained with an average velocity of 0.62±0.26 m/s considering the 21 different
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positions illustrated in Figure 3.1(a). At the positions after the 2nd column, the air
velocity was gradually decreased from 1.30 at position 1 to 0.26 m/s at position 7.
Then, a relatively uniform velocity ranging from 0.55 to 0.63 m/s was obtained for
positions 8 to 14 located after the 4th column. However, velocity distribution was
again heterogeneous for the positions placed after the 6th column where the velocity
progressively increased from 0.31 m/s at position 15 to 1.16 m/s at position 21. This
result shows that the velocity is higher near the only inlet and outlet of the package
compared to the positions far from inlet and outlet vents. It should also be stressed
that the minimum and maximum velocity, considering all the 21 positions, was
obtained at positions 7 and 1 with the values of 0.26 and 1.30 m/s, respectively
suggesting the most heterogeneous cooling near the package inlet vent.

In the package with 3 vents, homogeneous velocity distribution was obtained
with an average velocity of 0.53±0.02 m/s considering 21 different points. The
difference between the maximum velocity (0.57 m/s at positions 1 and 7) and
minimum velocity (0.48 m/s at positions 3 and 5) was 0.09 m/s, where both of these
values were estimated for locations after the 2nd column of the commodities,
resulting in more heterogeneous cooling compared to the positions after the 4th and
6 columns. The difference between the maximum and minimum velocity for the
positions after the 4th and 6th columns were 0.02 and 0.05 m/s suggesting the
highest cooling uniformity in the middle of the package with 3 vents. On the other
hand, in the package with 5 vents, the velocity magnitudes were in the range
0.54±0.01 m/s. The difference between the maximum and minimum velocity for the
positions after the 2nd, 4th and 6th columns was 0.05, 0.03 and 0.02 m/s, respectively.
As the case in the packages with 1 and 3 vents, the highest velocity heterogeneity
was seen at the positions after the 2nd column.

3.4.2 Heterogeneity Indexes Created in Different
Package Vent Configurations

The heterogeneity of air velocity inside the ventilated packages was further
investigated by evaluation of the heterogeneity index at 21 different positions.
Figure 3.4 shows that airflow distribution inside the ventilated packages is not
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homogeneous during forced convection cooling of produce. Generally, by
increasing vent area, more uniform airflow or less heterogeneity was obtained. The
values of heterogeneity indexes in three different ventilated packages ranged from
108 to 0%. While the highest heterogeneity index (108%) was simulated for the
vent configuration with only 2.4% vent area at position 1, the lowest heterogeneity
index (0%) was simulated in the package with 12.1% vent area at position 2. The
better cooling uniformity of the package with 5 vents can be related to better vent
distribution on package walls and therefore, the better air circulation through the
commodities during forced convection cooling.

Additionally, the highest heterogeneity indexes were generally observed after the
2n (positions 1 and 7) and 6th (positions 15 and 21) columns. In all ventilated
packages with 1, 3 and 5 vents, the highest heterogeneity indexes were seen at
positions located near inlet and/or outlet vents. On the other hand, the highest
uniformity of air velocities was observed in the middle of the ventilated packages in
all three vent configurations. This could explain more uniform produce cooling in
the middle of the packages (positions 8-14) during forced convection cooling.

3.4.3 Temperature Profiles in Different Package Vent
Areas

Figure 3.5 (from a to f) shows the simulated and experimental temperature
profiles in the center of commodities at four different positions (Pl, P2, P3 and P4),
shown in Figure 3.1 (a), inside three different packages with 1, 3 and 5 vents,
respectively. Overall, good agreement between simulation and experimental data
was obtained. The mean absolute error for the four positions was 2.2°C, considering
all the three packages. The deviation could be considered satisfactory regarding
various simulation and experimental parameters influencing the model performance
such as variations in experimental inlet air velocity, air temperature and the balls'
thermophysical properties, as well as numerical oscillations.

Figure 3.6 shows the overall model performance based on regression plot of the
experimental vs. predicted temperatures for the three vent configurations. The
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regression equation shows an intercept of 0.33 and a slope of 1.02 with R2 = 0.92.
The full identity between predicted and experimental temperature in the regression
requires a null intercept and a slope of 1. The deviations of intercept and slope from
0 and 1, respectively, are not statistically significant at an alpha level of 5%.

3.5 CONCLUSIONS

Coupled mathematical models of airflow and heat transfer were developed for
aerodynamic analysis during forced convection cooling of produce. Air velocity,
heterogeneity indexes and produce temperature profiles were investigated in three
different package opening configurations. The results showed that airflow
distribution during the forced convection cooling process is not homogeneous. The
larger the vent area the better the air uniformity during the process; however, the
vent area can not exceed a certain limit due to the risk of compromising package
structural resistance. As a result, suitable package vent design is necessary to
provide more uniform produce cooling.
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Figure 3.1 (a): A computational geometry representing cross-sectional area of a
packaged produce with inlet and outlet vent positions shown in left and right sides
and numbered from #1 to #5 from top to bottom, exact locations of the 21 points
considered for the air velocity and heterogeneity index evaluations, as well as
produce positions (Pl, P2, P3 and P4) used for model validation.
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Figure 3.1: Package side view illustrating different package vent configurations
described in Table 3.1
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Figure 3.5 (a): Simulated (Sim) and Experimental (Exp) temperature profiles based
on center temperatures of the positions Pl and P2, demonstrated in Figure 3.1 (a), in
the package with 1 vent
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Figure 3.5 (b): Simulated (Sim) and Experimental (Exp) temperature profiles based
on center temperatures of the positions P3 and P4, demonstrated in Figure 3.1 (a), in
the package with 1 vent
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Table 3.1: Package vent configurations based on different vent positions
demonstrated in Figure 1 (a)

Vent Number of Inlet vent Outlet vent Vent area

configuration vent(s) position(s) position(s) (%)

1 #1 #5 2.4

B #1,#3,#5 #1,#3,#5

#1,#2,#3,#4, #1,#2,#3,#4,
#5 #5

7.2

12.1
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CONNECTING TEXT

Aerodynamic analysis during forced convection cooling of produce was
conducted in Chapter III. Air velocities and heterogeneity indexes were predicted
for different configurations of package openings. The results showed that airflow
distribution during the process is not homogeneous. In Chapter IV, the effect of the
heterogeneous velocity distribution on produce temperature distribution will be
investigated. The study is to simulate and analyze temperature distribution inside
different ventilated packages to achieve uniform temperature during the process.
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IV. COOLING OF STACKED PRODUCE INSIDE

VARIOUS VENTILATED PACKAGES: THERMAL

ANALYSIS

4.1 ABSTRACT

The influence of different package vent configurations, including ventilated
packages with 1, 3 and 5 vents, on produce temperature distribution during forced
convection cooling was investigated. Generally, produce cooling uniformity was
increased by increasing the number of vents from 1 to 5. Produce cooling
heterogeneity increased until about 90 min cooling and subsequently decreased with
further cooling in all 3 ventilated packages. The methodology developed in this
study can be used as a design tool to provide homogeneous temperature distribution
in ventilated packages during forced convection cooling ofproduce.

Keywords: Direct numerical simulation; forced-air precooling; temperature
distribution; cooling uniformity; ventilated package design

4.2 INTRODUCTION

Strong cooling heterogeneity is created during forced convection cooling process
due to poor temperature management (Alvarez and Flick, 1999a; Alvarez and Flick,
1999b). Ventilated packages used during the process should be designed in such a
way that they can provide a uniform temperature distribution during the process.
Package vent design including different vent areas and locations on package walls
are very critical factors influencing airflow and heat transfer patterns during forced
convection cooling (de Castro et al, 2004; Vigneault and de Castro, 2006). Percent
vent area of the package affects the efficiency of a cooling system (Baird et al.,
1988). Increase in side ventilation from 2 to 6% increased airflow in corrugated
fiber board packages in different stacking patterns and thus reduced cooling time
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(Ladaniya and Singh, 2000). Package vents must also be well distributed on
package walls to provide homogeneous airflow distribution and uniform cooling,
ensuring adequate mechanical resistance (Smale et al., 2003).

There are numerous models in the literature on airflow, heat and mass transfer
during precooling of agricultural produce. Baird and Gaffhey (1976) developed a 1-
D numerical procedure for predicting air and produce temperatures in bulk loads of
fruits or vegetables. A 1-D heat transfer model to control the cooling process of
fruits and vegetable was proposed by Alvarez and Trystram (1995). Moreover,
Becker et al. (1996) developed a 1-D model to estimate temperature distribution in
the bulk cooling process of fruits and vegetables. A mathematical model based on
porous medium approach was also developed by Gowda et al. (1997) to describe
simultaneous heat and mass transfer during forced convection cooling of spherical
foods. Tanner et al. (2002a, 2002b) developed a 1-D modeling system to predict
produce cooling rate by assessment of the relative effect of different packaging
configuration design on produce heat transfer. A porous-medium-approach model
of airflow, heat and mass transfer has also been developed to predict cooling rate
and weight loss of chicory roots in a wind tunnel (Hoang et al, 2003). Furthermore,
Zou et al. (2006a and 2006b) developed a modeling system for airflow and heat
transfer based on porous medium approach in ventilated packages. However, none
of these studies considered the effects of package vent configuration including
different vent area and position on produce temperature distribution and cooling
uniformity. Recently, Dehghannya et al. (2008) developed and experimentally
validated a mathematical model of airflow and heat transfer for simultaneous

aerodynamic and thermal analysis during forced-air precooling process inside
ventilated packages. The study applied direct numerical simulation and analyzed
velocity distributions and their resultant airflow heterogeneity indexes inside
different ventilated packages; however, temperature distribution at different
positions of the packages was not considered.

The aim of this study was to simulate and analyze temperature distribution inside
different ventilated packages so that more uniform temperature distribution could
be achieved during the process.

61



4.3 MATERIALS AND METHODS

A transient two-phase air-produce mathematical model of simultaneous airflow
and heat transfer inside ventilated packages containing spherical produce (Figure
4.1) was developed and validated using experimental data (Dehghannya et al.,
2008). Model description including the governing equations for air and produce
domains, numerical method and experimental model validation are referred to
Sections 3.3.1, 3.3.2 and 3.3.3, respectively.

4.3.1 Heterogeneity Index
In order to quantitatively compare the deviation of instantaneous temperature

from average temperature at different package vent configurations, a heterogeneity
index (HI) was defined as follows:

HI = ^ p_ p/ xlOO (4.1)
?

where Tp is the average temperature obtained at the center of all 64 positions,
shown in Figure 4.1, after a specific time and Tp is the instantaneous temperature
obtained at the center of a specific position.

4.4 RESULTS AND DISCUSSION

4.4.1 Temperature Distribution in Different Ventilated
Package Configurations

Figure 4.2 (a, b and c) illustrates produce temperature distribution after 30 min
cooling at different positions in three different package vent configurations
including 1, 3 and 5 vents, respectively (Table 3.1). In all three vent configurations,
the commodities near to airflow inlet are generally cooled faster compared to the
commodities far from the inlet. Figure 4.2 (a) demonstrates that the cold air entering
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from the only inlet of the package with 2.4% vent area creates a faster heat transfer
for commodities placed in the top-left quarter of the package and a slower cooling
rate for commodities located in the bottom and right sides of the package resulting
in the most heterogeneous cooling compared to the packages with 3 and 5 vents. In
the package with 7.2% vent area (Figure 4.2 (b)), more uniform cooling was
achieved compared to the package with 2.4% vent area (Figure 4.2 (a)) for the
commodities located in the middle of the package and near to the package outlets.
However, more heterogeneous cooling was seen in the package with 3 vents,
mainly in the first three columns near to airflow inlets. On the other hand, uniform
cooling was achieved almost in whole parts of the package with 5 vents except in
the first two columns (Figure 4.2(c)). In the package with 3 vents, in the last four
columns (positions 33-64 shown in Figure 4.1), more homogeneous cooling was
obtained with less than 2°C difference between maximum and minimum

temperatures of each column. On the other hand, in the package with 5 vents, in
addition to the last four columns, commodities located in the fourth column

(positions 25 - 32 shown in Figure 4.1) also cooled homogeneously with less than
2°C difference between maximum and minimum temperatures. This result could
suggest that homogeneous cooling is typically started somewhere from the middle
toward outlet vents of the ventilated packages during forced-air precooling process.

4.4.2 Heterogeneity Indexes Obtained at Different
Positions of the Ventilated Packages

Figure 4.3 illustrates the heterogeneity indexes of eight different columns after
30 min cooling based on center temperature of the 64 positions shown in Figure 4.1.
As can be seen from the figure, more uniform cooling or less heterogeneity indexes
were obtained by increasing number of vents from 1 to 5 considering eight different
columns. The values of heterogeneity indexes regarding three different ventilated
packages ranged from 0 to 83.9% in the packages with 5 vents and 1 vent,
respectively. While the highest heterogeneity index (83.9%) was recorded for the
vent configuration with only 2.4% vent area at position 1, the lowest heterogeneity
index (0%) was detected in the package with 12.1% vent area at position 26. The
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better cooling uniformity of the package with 5 vents can be related to better vent
distribution on package walls and therefore, the better air circulation through the
commodities during forced-air precooling.

A more comparative representation of the cooling heterogeneity (different from
the heterogeneity index) for three different package vent configurations during 180
min cooling is shown in Figure 4.4. The cooling heterogeneity was calculated based
on the ratio of the standard deviation to the mean instantaneous temperature (i.e.,
essentially coefficient of variation of cooling) obtained at the center of all the 64
positions. As can be seen from the figure, the cooling heterogeneity is increased
until about 90 min cooling and then decreased by increasing cooling time in all
three ventilated packages. The commodities located in the package with 1 vent,
experienced the most heterogeneous cooling at different cooling times with 61.5%
heterogeneity after 180 min cooling. In the packages with 3 and 5 vents, after an
initial increase in the cooling heterogeneity until 80 min cooling, more uniform
cooling was obtained by increasing the cooling time. After 180 min cooling, the
cooling heterogeneity of 6.7 and 5.6% was obtained for commodities in the
packages with 3 and 5 vents, respectively. Vigneault et al. (2006) also showed that
cooling heterogeneity was not significantly different between packages with 7.2 and
12.1% opening areas at an alpha level of 5%.

The initial increase in cooling heterogeneity in the ventilated packages can be
attributed to a very fast cooling of the commodities located in the columns near to
airflow inlets. For example, in the package with 3 vents, after only 10 min cooling
the maximum and minimum produce temperatures was 26.3 and 2.2°C, respectively
(data is not shown). Therefore, more heterogeneous cooling is obtained for the
commodities located in the columns near to package inlet vents. This result is in
agreement with findings ofAlvarez and Flick (1999a) who stated that following the
airflow inside a ventilated package containing spheres, as the depth of spheres
increases more homogeneous airflow is achieved. Analyzing heterogeneous cooling
inside a ventilated package containing 35 (7x5) spheres, Alvarez and Flick
(1999b) found that there is a heterogeneous cooling from the first to the fourth
column of spheres, then uniform cooling from the fourth column onwards. After a
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specific period of time, however, the temperature of other commodities located far
from package inlets, reaches to the temperature of the commodities located near
package inlets and therefore, the cooling heterogeneity is decreased.

4.5 CONCLUSIONS

Produce temperature distribution as influenced by different package vent designs
was investigated during forced convection cooling. Produce temperature was
predicted at various positions inside different ventilated packages. By simulating
different vent configurations, the methodology developed in this study can be used
to provide homogeneous temperature distribution in ventilated packages during
forced convection cooling of produce. The tool can simulate velocity and
temperature distributions for various combinations of package size and shape; size,
number and location of vents; produce packing arrangements; size and shape of
produce; airflow rate and air temperature.
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Figure 4.1: Cross-sectional area of a packaged produce with inlet and outlet vent
positions shown in left and right sides, respectively (Table 3.1)
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Figure 4.2 (a): Produce temperature distribution after 30 min cooling in the
package with one vent
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Figure 4.2 (b): Produce temperature distribution after 30 min cooling in the
package with three vents
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Figure 4.2 (e): Produce temperature distribution after 30 min cooling in the
package with five vents
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CONNECTING TEXT

The results of the investigation in Chapter IV confirmed that produce
temperature distribution is influenced by different ventilated package designs. It
was shown that produce cooling uniformity is increased by increasing number of
vents. In Chapter V, a sensitivity analysis will be conducted. In addition to
packages with different number of vents, packages with the same number of vents
but different vent distributions on package walls will be considered. This is to
investigate the simultaneous effect of the vent numbers and the vent distribution on
produce cooling efficiency during the forced-air precooling process.
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V. SENSITIVITY OF PRODUCE COOLING

EFFICIENCY AS INFLUENCED BY DIFFERENT

PACKAGE VENT CONFIGURATIONS

5.1 ABSTRACT

Produce cooling sensitivity with respect to various package vent designs during
forced convection cooling process was studied by direct numerical simulation. For
this purpose, 9 different vent designs including 1, 2, 3 and 5 vents corresponding to
4 different vent areas of 2.4, 4.8, 7.2 and 12.1%, respectively, were simulated. More
uniform produce cooling at less cooling time was obtained when the vents were
uniformly distributed on package walls with at least 4.8% opening areas. The study
showed that vent areas and positions on package walls must be taken into account
in designing ventilated packages in order to improve cooling efficiency regarding
both produce cooling time as well as cooling uniformity during the cooling
operation.

Keywords: Mathematical simulation; airflow and heat transfer modeling; package
design; vent configuration; cooling time; cooling uniformity

5.2 INTRODUCTION

Forced convection cooling process is commonly used to decrease agricultural
produce temperature after harvest (Kader, 2002; de Castro et al., 2005; Kumar et
al., 2008). To maintain optimum quality of the commodities during storage or
transportation (Rodríguez-Bermejo et al., 2007), the process should provide a
uniform cooling throughout stacked produce during the treatment (Goyette et al.,
1996). However, heterogeneous airflow distribution at different locations of the
package is created resulting in produce deterioration and shriveling during storage
(Alvarez and Flick, 1999; Alvarez et al., 2003; de Castro et al, 2004; Smale et al.,
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2006). In practice, the experiential combinations of air temperature and velocity are
chosen by designers to rapidly cool the produce to a suitable temperature. This is
because the thermal performance of containers are neither supplied nor considered
in the package design by manufacturers due to the lack of available tools. A more
logical approach in designing new packages is to develop a model that would be
able to predict package performance rather than requiring costly experiments.

The airflow and heat transfer models in the literature during forced convection
cooling process have not considered the effects of package vent design including
percent vent area and its position on produce cooling uniformity (Zou et al., 2006;
Opara and Zou, 2007; Femia and Singh, 2008). Opara and Zou (2007) applied
sensitivity analysis of a CFD model to study the effect of variation in package vent
area and position during forced convection cooling process. The authors noticed
some considerable effects of the variation on produce cooling rate; however, the
effect of multiple vents on cooling uniformity considering different vent area and
position was not reflected in the study. More recently, Dehghannya et al. (2008)
developed and experimentally validated a mathematical model of airflow and heat
transfer for aerodynamic analysis during forced-air precooling inside ventilated
packages. The authors applied direct numerical simulation and analyzed velocity
distributions and their resultant airflow heterogeneity indexes inside different
ventilated packages. Dehghannya et al. (submitted for publication) also performed a
thermal analysis by simulating and analyzing temperature distribution inside
different ventilated packages to provide uniform cooling during the process.

The aim of this study was to assess sensitivity ofproduce cooling uniformity and
cooling time with respect to package vent design during forced convection cooling
of produce. The effect of different package designs including various vent areas and
positions on produce cooling were considered.

5.3 MATERIALS AND METHODS

A transient two-phase air-produce mathematical model of simultaneous airflow
and heat transfer inside ventilated packages containing spherical produce (Figure
5.1 and Table 5.1) was developed and validated using experimental data
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(Dehghannya et al., 2008). Model description including the governing equations for
air and produce domains, numerical method and experimental model validation are
referred to Sections 3.3.1, 3.3.2 and 3.3.3, respectively.

5.4 RESULTS AND DISCUSSIONS

5.4.1 Temperature Distribution inside Different Package
Vent Designs

Figure 5.2 (from A to I) illustrates produce temperature distribution after 120
min cooling considering air temperature of 4°C and initial produce temperature of
28°C in 9 different package vent configurations (Table 5.1). As can be seen from the
figure, considerable differences were obtained for different package vent
configurations regarding the maximum and minimum temperatures after 120 min
cooling. In all the 9 vent designs, the commodities near to airflow inlet were
generally cooled faster compared to the commodities far from the inlet.

Figure 5.2 (A) demonstrates that the cold air entering from the only inlet of the
package with 2.4% vent area creates a slower cooling rate for commodities located
in the bottom and right sides of the package. In the package with one central vent
(Figure 5.2 (B)), a slower cooling was obtained in the top and bottom parts of the
package. On the other hand, a slower cooling rate was obtained in the package vent
configuration ofC for commodities in the top and right sides of the package (Figure
5.2 (C)). After 120 min cooling, the difference between the maximum and
minimum temperature of about 15°C was obtained for all the 3 packages with 2.4%
vent area indicating a heterogeneous cooling during forced convection cooling
process.

In the packages with 2 vents and 4.8% vent area (Figure 5.2 (D, E and F)), the
vent configuration of E created much better cooling uniformity in comparison with
configurations of D and F. While the difference between the maximum and
minimum produce temperature was less than 8°C in the configuration of E, the
difference was more than 17°C in the vent configurations of D and F. Therefore,
more uniform cooling operation is expected in the package vent configuration of E
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compared to D and F. It should also be noted that a higher package vent area with
improper vent distribution can provide more heterogeneous cooling operation
compared to the packages with lower vent areas. For example, as can be seen from
Figure 5.2, the vent designs of D and F with 4.8% vent area creates a higher
difference between the maximum and minimum temperatures (more than 17°C)
compared to the designs of A, B and C with 2.4% vent area (about 15°C) suggesting
more heterogeneous cooling in configurations of D and F. This result shows that
package vent area is not the only significant factor influencing the efficiency of the
forced convection cooling process; rather, package vent area should be respected
together with vent distribution on package walls.

The importance of the vent distribution on package walls was further confirmed
in the case of the packages with 3 vents and 7.2% vent area. While the difference
between the maximum and minimum temperatures in the vent configuration of G
was less than 5°C, the difference ofmore than 9°C was obtained in the configuration
of H explaining more uniform cooling operation for the case of G. Additionally, by
comparing the configurations of E (4.8% vent area) and H (7.2% vent area), it was
shown that the maximum and minimum temperature differences of 7.8 and 9.2°C
were obtained in the configurations of E and H, respectively. This result shows that
increasing vent area does not necessarily provide a homogeneous cooling and it can
even increase cooling heterogeneity, if vents are not properly distributed on
package walls.

Finally, in the package with 5 vents and vent area of 12.1%, the least difference
between the maximum and minimum temperatures in comparison with all other
package vent configurations was obtained with the magnitude of 4.7°C after 120
min cooling. However, this difference was lower only about 0.2"C compared to the
configuration of G explaining no considerable difference between these two
packages with 7.2 and 12.1% vent areas.

Figure 5.3 (a, b, c and d) illustrates temperature profiles based on center
temperature of the 4 positions demonstrated in Figure 5.1 in 9 different package
vent configurations (Table 5.1). The figure shows that the temperature profiles
obtained at a particular position (Pl, P2, P3 or P4) are strongly influenced by
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different package vent configurations. By analyzing the temperature profile of a
specific position, for example P2, it can be seen that considerable differences were
obtained regarding 9 different package vent configurations. For instance, after 30
min cooling, the produce center temperature (P2) was 18.3, 17.6, 17.1, 15.3, 13.0,
12.5, 1 1.8, 10.6 and 9.8°C in vent configurations of E, I, G, H, F, A, D, B and C,
respectively. The difference could be explained due to different air pathways
created in different package vent configurations and therefore influencing the
temperature profiles in different positions inside ventilated packages during forced
convection cooling process. It should be emphasized that these different
temperature profiles were obtained with the same air velocity, air temperature as
well as produce initial temperature during the process establishing the high
importance ofpackage vent configuration on produce cooling.
Additionally, by considering a typical vent configuration such as vent

configuration of A, four different temperature profiles were obtained at 4 different
positions. For example, after 30 min cooling, produce center temperature located in
positions Pl, P2, P3 and P4 was 17.7, 12.5, 23.6 and 20.TC, respectively,
illustrating the heterogeneous nature of the process in the vent configuration ofA.

5.4.2 Cooling Heterogeneity Obtained in Different Package
Vent Configurations

Produce temperature distribution inside 9 different package vent configurations
was further investigated considering a cooling heterogeneity index during 1 80 min
cooling (Figure 5.4). The cooling heterogeneity index was calculated based on the
ratio of the standard deviation to the mean instantaneous temperature (i.e.,
essentially coefficient of variation of cooling) obtained at the center of all the 64
positions demonstrated in Figure 5.1. As can be seen from the figure, the cooling
heterogeneity is increased until about 90 min cooling and then decreased by
increasing cooling time in all vent configurations. The package vent configuration
ofA, B, C, D and F created the highest cooling heterogeneity with the heterogeneity
indexes of more than 30% after 180 min cooling and therefore, the worst cooling
operation in terms of cooling uniformity compared to the other configurations.
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The cooling heterogeneity indexes in the vent configurations of E, G, H and I
after 180 min cooling were 9.1, 6.8, 12.2 and 6.2%, respectively. In these
configurations, after an initial increase in the cooling heterogeneity until about 90
min cooling, more uniform cooling was obtained by increasing cooling time. The
initial increase in cooling heterogeneity can be explained by the very fast cooling of
the commodities located in the columns near inlet vents. After a certain period of
time, however, the temperature of the commodities located far from the package
inlets, reaches to the temperature of the commodities located near inlet vents and
therefore, the cooling heterogeneity is decreased.

Additionally, the lower cooling heterogeneity of the vent configuration of E after
180 min cooling (9.1%) compared to the other two-ventilated packages (D: 37.3%
and F: 37.0%) implies that a certain package vent area obtained from certain
number of properly distributed vents is capable of providing uniform air pathways
and the resultant homogeneous temperature distribution without any need to
increase the number of vents; which can compromise structural resistance of the
ventilated packages during storage or transport. On the other hand, in case of the
packages with 3 vents, the cooling heterogeneity of 6.8 and 12.2% was obtained
after 180 min cooling for the vent configurations of G and H, respectively,
explaining a better cooling uniformity of the case G compared to H. The cooling
heterogeneity obtained in the package vent configuration ofG after 180 min cooling
(6.8%) is almost the same as the case I with 5 vents (6.2%). Vigneault et al. (2006)
also showed that cooling heterogeneity was not significantly different at an alpha
level of 5% between packages with 7.2 and 12.1% opening areas.

5.4.3 Cooling Time Obtained in Different Ventilated
Packages

Figure 5.5 shows produce cooling time in different package vent configurations
based on the maximum time required for cooling of the slowest cooled produce to
reach 7°C. The temperature of 7°C was chosen as an index temperature since it is the
temperature after the 7/8 cooling time (air temperature: 4°C and produce
temperature: 28°C). The positions of the slowest cooled produce were 57, 57, 64,
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64, 57, 57, 59, 64 and 57, demonstrated in Figure 5.1, in the vent configurations of
A, B, C, D, E, F, G, H and I, respectively. Figure 5.5 demonstrates considerable
differences in cooling times in different package vent configurations. The package
vent configurations of D (4.8% vent area) and I (12.1% vent area) produced the
highest and lowest cooling time, respectively, required for cooling of the slowest
cooled produce to reach TC. Additionally, as the case with cooling uniformity, by
comparing the results obtained for the vent configurations such as B and D or E and
H, it is apparent that for the different package vent configurations, increasing vent
area does not necessarily shorten the cooling time but could indeed increase the
time of cooling depending on vent positions on the package walls.

It should also be noted that a desirable forced convection cooling process
requires an operation with less cooling time together with less cooling heterogeneity
regarding different produce needs. Therefore, vent configurations of D and I could
be selected as the worst and best choices among other vent configurations with
regard to both produce cooling time as well as produce cooling heterogeneity.

5.5 CONCLUSIONS

Produce cooling during forced convection cooling process considering 9
different package vent configurations was investigated. Considerable differences
were obtained for different package vent configurations regarding produce
temperature distribution, cooling heterogeneity and cooling time. It was shown that
a certain number of vents together with their distributions on package walls can
provide suitable air pathways and therefore a uniform cooling operation.
Additionally, it was confirmed that for different package vent configurations,
increasing vent area does not necessarily shorten the cooling time but could indeed
increase the time of cooling depending on vent positions on the package walls.
Consequently, increasing vent area may not necessarily have a positive effect on
cooling uniformity and time. Cooling time and cooling heterogeneity can be
reduced by suitable package designs to provide efficient forced convection cooling.
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Figure 5.1: Package inlet and outlet vent positions shown in left and right sides,
respectively (Table 5.1) as well as produce positions (Pl, P2, P3 and P4) used for
investigation of produce temperature distributions at nine different package vent
configurations
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Figure 5.2 (A): Produce temperature distribution after 120 min cooling in the
package vent configuration of "A" described in Table 5.1
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Figure 5.2 (B): Produce temperature distribution after 120 min
package vent configuration of "B" described in Table 5.1
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Figure 5.2 (C): Produce temperature distribution after 120 min cooling in the
package vent configuration of "C" described in Table 5.1
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Figure 5.2 (D): Produce temperature distribution after 120 min cooling in the
package vent configuration of"D" described in Table 5.1
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Figure 5.2 (E): Produce temperature distribution after 120 min cooling in the
package vent configuration of "E" described in Table 5.1

91



Time=720Q

Surface: Temperature [ C]

Max: 21.53
?

O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

20

18

16

14

12

10

d

6

Min: 4.00

Figure 5.2 (F): Produce temperature distribution after 120 min cooling in the
package vent configuration of "F" described in Table 5.1
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Figure 5.2 (G): Produce temperature distribution after 120 min
package vent configuration of "G" described in Table 5.1
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Figure 5.2 (H): Produce temperature distribution after 120 min cooling in the
package vent configuration of "H" described in Table 5.1
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Figure 5.2 (I): Produce temperature distribution after 120 min
package vent configuration of "I" described in Table 5.1
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Figure 5.3 (a): Produce temperature profiles based on center temperature of the
positions Pl demonstrated in Figure 5.1 considering various vent configurations

96



30

28

26-

24-

22-

20-

Si8H
?

= 16-

«14
CL

§12-1
10-

8-

6-

4

2

0

0

P2

^,-.,

^*^*::*^d

20 40 60 80 100 120

Time (min)
-¦A B D -x-E -»-F H

Figure 5.3 (b): Produce temperature profiles based on center temperature of the
positions P2 demonstrated in Figure 5.1 considering various vent configurations
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Figure 5.3 (e): Produce temperature profiles based on center temperature of the
positions P3 demonstrated in Figure 5.1 considering various vent configurations
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Figure 5.3 (d): Produce temperature profiles based on center temperature of the
positions P4 demonstrated in Figure 5.1 considering various vent configurations
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Figure 5.4: Cooling heterogeneity in 9 different package vent designs, as
demonstrated in Table 5.1, during 180 min cooling
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Figure 5.5: Maximum time required for cooling of the slowest cooled produce to
reach 7°C in different ventilated packages
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Table 5.1: Package vent configurations considered for different simulations based
on different vent positions demonstrated in Figure 5.1

Vent Number of Inlet vent Outlet vent

configuration vent(s) position(s) position(s)

#2 #4

Vent area (%)

2.4

B #3 #3 2.4

#4 #2 2.4

D #2, #3 #2, #3 4.8

#2, #4 #2, #4 4.8

#3, #4 #3, #4 4.8

#1,#3,#5 #1,#3,#5 7.2

H #2, #3, #4 #2, #3, #4 7.2

#1,#2,#3,#4, #1,#2,#3,#4,
#5 #5

12.1
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CONNECTING TEXT

In Chapter V, the importance of package design to be used during forced-air
precooling process and its effect on produce cooling efficiency were observed.
There have been some discrepancies in the literature regarding the effects of
produce evaporative cooling (EC) and heat generation by respiration (HG) on
produce cooling efficiency. While some researchers have recognized the
importance ofEC and HG, some other researchers do not agree with the conclusion.
In Chapter VI, the magnitudes of EC and HG as well as the interactive effects of
EC, HG and package vent design on produce cooling efficiency during forced-air
precooling will be studied.

103



VI. INFLUENCE OF VENTILATED PACKAGE

DESIGN, EVAPORATIVE COOLING AND HEAT
GENERATION ON PRODUCE COOLING

6.1 ABSTRACT

The magnitudes of produce evaporative cooling (EC) and heat generation by
respiration (HG) as well as the interactive effects of EC, HG and package vent
design on produce cooling time during forced-air precooling was investigated using
simultaneous modeling of airflow, heat and mass transfer. Different EC and HG
values were obtained at various produce positions in different ventilated packages
with 1 , 3 and 5 vents. Additionally, considerable differences in cooling times were
obtained with regard to independent and simultaneous effects of EC and HG in
different package vent configurations. Cooling time was increased to about 47% in
the package with 1 vent compared to the packages with 3 and 5 vents considering
simultaneous effects of EC and HG. The results showed that the effects of EC and

HG can be influential in designing the forced-air precooling system and therefore,
in the accurate determination of cooling time and the corresponding refrigeration
load.

Keywords: Direct numerical simulation; Forced convection cooling; Package vent
configuration; Evaporative cooling; Heat generation by respiration; Cooling time

6.2 INTRODUCTION

Forced-air precooling process is a rapid removal of field heat immediately after
harvest to extend produce storage life. To ensure optimum produce quality,
different variables influencing produce temperature such as evaporative cooling,
heat generation by respiration and package vent configuration should be taken into
account during the process (Sastry et al., 1978; Holdredge and Wyse, 1982; Dincer,
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1993; Gowda et al., 1997; Xu and Burfoot, 1999; Campanone et al., 2002; Hoang et
al., 2003; Hoang et al., 2004; Vigneault et al., 2006). Produce is normally cooled
faster at a low air temperature, low relative humidity and high air velocity due to
the effect of coupled heat and mass transfer. However, practically, low relative
humidity is not generally favorable due to a high produce moisture loss (Tassou and
Xiang, 1998; Chourasia and Goswami, 2007). Moisture transpires continuously
from fruits and vegetables whenever the water vapor pressure of the surrounding air
is lower than the water vapor pressure at the produce surface. When moisture
evaporates at the produce surface due to a water vapor pressure gradient between
the produce and the surrounding air, the heat required to evaporate the moisture is
removed from the produce surface, thus providing a cooling effect (Gaffhey et al.,
1985a).
On the other hand, produce heat generation by respiration may have some

influence on produce cooling rate during forced-air precooling (Gowda et al., 1997;
Hoang et al., 2004; Jooste and Khumalo, 2005). For products with high respiration
rates and for conditions of low cooling rate, considerations of the respiratory heat
generation may be important (Gaffhey et al., 1985b). However, some researchers
have recognized that produce respiration is unlikely to significantly affect the rate
of cooling during forced-air precooling (Awberry, 1927; Gan and Woods, 1989;
Campanone et al., 1995; Tanner et al., 2002). Gowda et al. (1997) studied forced-air
precooling of spherical foods in bulk and found that heat generation by respiration
did affect the cooling time; however, this effect was negligible when a high cooling
rate was achieved.

In addition to the evaporative cooling and heat generation, package vent design
is also a very critical factor that influences airflow and heat transfer phenomena
during the process due to different vent areas and locations on package walls (Baird
et al., 1988; Vigneault et al., 2006), which in turn affects produce temperature and
moisture loss. Therefore, in order to design an effective forced-air precooling
system, the designer must have knowledge of the complex interactions of various
thermophysical processes which occur around and within produce, such as
evaporative cooling and heat generation as well as package vent design. A better
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understanding of the effects of produce evaporative cooling, heat generation and
package vent configuration should help in improving present forced-air precooling
systems and accurate determination of cooling time and the corresponding
refrigeration load.

To our knowledge, there is no model in the literature on the simultaneous effects
of different package vent configurations, evaporative cooling and heat generation
on produce cooling. Recently, Dehghannya et al. (2008) developed and
experimentally validated a mathematical model of airflow and heat transfer for
simultaneous aerodynamic and thermal analysis during forced-air precooling inside
ventilated packages. The authors applied direct numerical simulation and analyzed
velocity distributions and their resultant airflow heterogeneity indexes inside
different ventilated packages. Dehghannya et al. (submitted for publication 1) also
simulated and analyzed temperature distribution inside different ventilated packages
to provide uniform cooling during the process. In addition, Dehghannya et al.
(submitted for publication 2) assessed the sensitivity of produce cooling uniformity
and cooling time as influenced by different package vent designs including various
vent areas and positions during forced convection cooling of produce. However, the
simultaneous effects of evaporative cooling, heat generation and package vent
design on produce temperature and cooling time were not considered in any of these
studies.

The aim of this study was to investigate the magnitudes of produce evaporative
cooling and heat generation considering different package vent configurations as
well as to assess the interactive effects of evaporative cooling, heat generation and
package vent design on produce temperature and cooling time during forced-air
precooling using simultaneous modeling of airflow, heat and mass transfer. The
model was to predict produce transient temperature, evaporative cooling and heat
generation at any position inside different ventilated packages.
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6.3. MATERIALS AND METHODS

6.3.1 Model Overview

A transient two-phase air-produce mathematical model of simultaneous airflow,
heat and mass transfer inside different ventilated packages containing spherical
produce (Figure 6.1 and Table 3.1) was developed and validated using experimental
data (Dehghannya et al, 2008). For the model description, including the governing
equations for the air and produce domains, the numerical method and experimental
model validation, refer to Sections 3.3.1, 3.3.2 and 3.3.3, respectively.

6.3.1.1 Model parameters
6.3.1.1.1 Heat generation by respiration

Becker et al. (1996) developed correlations that relate a commodity's rate of
carbon dioxide production to its temperature. The carbon dioxide production rate
can then be related to the commodity's heat generation rate due to respiration. An
interpretation ofthe correlation is as follows:

Q™p=PPq,»p (6.1)

where qresp is given by:

^-^MT, -459.67)· ,6.2)
Tp is transient produce temperature in K and the respiration constants (fand g) have
been given in Becker et al. (1996) for different crops.

6.3.1.1.2 Mass transfer

The rate of moisture loss from fruits and vegetables was expressed by the basic
equation of the following form:
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m = k(ps-pa) (6.3)

6.3.1.1.2.1 Calculation of k

The mass transfer coefficient (k) was given as follows (Becker et al., 1996):

(6.4)1 1
+

k k"-air 1SkHi

The air film mass transfer coefficient (kair) was estimated by using the
Sherwood-Reynolds-Schmidt correlations (Sastry and Buffington, 1982; Gaffney et
al., 1985a; Becker et al, 1996; Geankoplis, 2003):

Sh = 2 + 0.552Re053 Sc033 (6.5)

Note that the Sherwood number yields kair with a driving force in concentration
unit (kg/m3); however, the driving force in the mass transfer model is vapor
pressure. Therefore, a conversion from concentration to vapor pressure was made
by use of the ideal gas law:

ka^-r-^k'^ (6.6)

where T is the transient boundary layer temperature in K.
The skin mass transfer coefficient, kskin , describing the resistance to moisture

migration through the skin of a produce, is related to the structure and properties of
the produce skin. Becker et al. (1996) have tabulated skin mass transfer coefficients
for different commodities.
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6.3.1.1.2.2 Calculation of pw, pa and ps
The saturation partial water vapor pressure (pw) was approximated from the

Antoine equation (Chuntranuluck et al, 1998; Hu and Sun, 2000):

Pw ~ exp
3990 523.4795-

T-39.317 (6.7)

where T is the transient boundary layer temperature in K.
Assuming water vapor to follow the ideal gas law, the partial pressure of water

vapor in the air (pa) is given by the standard psychrometric principle:

Pa=RHPw (6.8)

where RH denotes the relative humidity.
The partial pressure of water vapor at the evaporating surface (ps) was defined

as (Becker et al., 1996):

ps=VPLpw (6.9)

where VPL is vapor pressure lowering effect of the produce. The water vapor
pressure lowering effect for various fruits and vegetables has also been provided in
Becker et al. (1996) obtained from Chau et al. (1987).

6.3.1.1.3 Latent heat of evaporation
The latent heat of evaporation (L) was calculated as a transient function of the

boundary layer temperature, as follows (Hoang et al., 2003):

L = C1T2 +C2T + C3 (6.10)

where C1 = 0.0091xl03, C2 = -7.5129xl03,C3 = 3875.1 ? 103 , and Tis in K.
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6.3.1.2 Simulation setups
Brasseis sprouts was chosen as a representative produce with a very high

respiration rate so that it can better represent the effect of produce heat generation
on produce cooling, if any. The respiration rate of Brussels sprouts has. been
classified in the range of 40-60 mg C02/kg hr at 5°C (Kader, 2002). It should be
noted that the primary objective of this study was to find not absolute but relative
values of the effect of evaporative cooling and heat generation on cooling time to
allow comparison among different vent areas and positions during forced-air
precooling. These results were obtained under comparable circumstances in terms
of both simulation and experiment. In simulation, different input parameters,
including respiration constants (fand g), skin mass transfer coefficient (kskin), water
vapor pressure lowering effect (VPL) and diffusivity ofwater vapor in air (D) were
considered as follows (Becker et al., 1996):

f = 2.7238 ? IO"3; g = 2.5728; k^ =1.33 ? IO"8 kg/m2 .s. Pa; VPL = 0.99;
D = 2.6xl0"5m2/s.

Other simulation setups have been provided in Section 3.3.3.

6.4 RESULTS AND DISCUSSIONS

6.4.1 Effect of Different Package Vent Designs and Relative
Humidity on Produce Evaporative Cooling

Figure 6.2 (a, b, c and d) shows produce evaporative cooling at 4 different
positions at RH=60% and RH=95% in 3 different package vent configurations with
air and initial produce temperature of 4 and 28°C, respectively. A higher
evaporative cooling was obtained at RH=60% compared to RH=95% at various
positions in all the 3 vent configurations. For example, in the package with 5 vents
after 60 min cooling, the evaporative cooling values of 108.1, 98.0, 146.9 and 130.4
mW at RH-60% compared to 11.9, 10.6, 17.1 and 14.8 mW at RH=95% were
obtained at positions Pl, P2, P3 and P4, respectively. The difference in the
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evaporative cooling values at different positions explains the importance of
considering moisture loss (and its resultant evaporative cooling) at a specific
location rather than considering a mean value of the whole bulk produce inside
ventilated packages (Gaffney et al., 1985a).

On the other hand, different evaporative cooling values were obtained at a
particular position in different packages before reaching steady state. For instance,
by considering position P3 and RH=60%, the values of 127.5, 148.0 and 146.9 mW
were obtained after 60 min cooling in the packages with 1, 3 and 5 vents,
respectively. The higher evaporative cooling in the packages with 3 and 5 vents,
compared to the package with 1 vent, could be related to a higher water vapor
pressure gradient between the produce surface and the air in the vicinity of the
produce location (P3), which in turn could be related to various air pathways in
different ventilated packages (Dehghannya et al., 2008). The difference in produce
evaporative cooling obtained at a particular position is more pronounced at position
P4 compared to the other 3 positions after a few minutes from the start of the
cooling (Figure 6.2). After 60 min cooling, the magnitudes of 99.0, 131.2 and 130.4
mW were obtained at RH=60% in the packages with 1, 3 and 5 vents, respectively.
These evaporative cooling values correspond to about 32% lower evaporative
cooling in the package with 1 vent compared to the packages with 3 and 5 vents.
The similar evaporative cooling magnitudes in the packages with 3 and 5 vents
could be attributed to the specific vent distribution on the package walls and
therefore a similar air circulation through the commodities during the process
(Vigneault et al., 2006; Dehghannya et al., submitted for publication 2).

It should be noted that the evaporative cooling rates shown in Figure 6.2 (a, b, c
and d) are the initial evaporative cooling rates and are valid only until the amount of
moisture loss begins to affect the physical characteristics of the produce. For
example, after a produce has lost a certain amount of moisture, shriveling of the
skin will result in a reduced mass transfer coefficient, which in turn will reduce the
rate of moisture loss. Also, removal of moisture from the produce may dilute the
solution at the evaporating surface, thus changing the magnitude of the vapor
pressure lowering effect. It should also be noted that the evaporative cooling rates
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are not necessarily those for all Brussels sprouts, since the values for VPL and k^n
used in this study were taken as representative values given in the literature.

6.4.2 Effect of Different Package Vent Designs on Produce
Heat Generation

Figure 6.3 (a, b, c and d) shows produce heat generation at 4 various positions at
RH=60% and RH=95% in 3 different package vent configurations with air and
initial produce temperature of 4 and 28°C, respectively. A steep decrease in produce
heat generation was generally obtained during about the first 90 min cooling
considering all the 3 package configurations and 4 different positions after which a
relatively steady state heat generation was reached due to produce cooling. By
comparing different produce positions, it can be seen that positions that are near to
airflow inlet in different packages, reached the steady state heat generation faster
compared to positions that are located far from inlet. This trend can be seen, for
instance, by comparing Positions P2 (near inlet) and P3 (far from inlet) in different
packages (Figure 6.3). Additionally, the heat generation rates were slightly higher at
RH=95% compared to RH=60% before reaching steady state considering 3
different ventilated packages (Figure 6.3). This could be related to a lower
temperature at RH=60% due to the evaporative cooling effect. Also, different heat
generation rates were obtained at a specific position considering different package
vent configurations due to different air pathways from package inlet to outlet vents.
For example, the heat generation rates of 32.2, 39.9 and 39.5 mW was obtained at
position P3 (RH=95%) in the packages with 1, 3 and 5 vents, respectively.

On the other hand, different heat generation rates were obtained at different
positions in different ventilated packages considering a specific relative humidity.
For example, while heat generation was 19.9, 24.5 and 22.5 mW for the produce at
position Pl, the magnitudes of 28.4, 34.4 and 34.0 mW were obtained at position P3
after 60 min cooling at RH=60% in the packages with 1, 3 and 5 vents, respectively.
These heat generation magnitudes correspond to the mean produce temperature of
8.6, 10.8 and 9.9°C at position Pl compared to 12.5, 14.9 and 14.7°C at position P3
after 60 min cooling in the packages with 1, 3 and 5 vents, respectively. This result
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shows that positions Pl and P3 in the package with 1 vent cools faster and therefore
lower heat is generated by respiration compared to the packages with 3 and 5 vents.
This phenomenon probably seems to be controversial at first, especially for position
Pl, because it is far from the inlet in the package with 1 vent compared to the
packages with 3 and 5 vents, and therefore it might be expected to cool faster in the
packages with 3 and 5 vents. This could be explained by the fact that the produce
surface at position Pl in the packages with 3 and 5 vents was cooled faster due to
the position's nearness to the inlet vents of the packages compared to the package
with 1 vent. However, the produce center (Pl) took sometime to reach to its surface
temperature in the packages with 3 and 5 vents. Therefore, its mean temperature is
higher in the package with 3 (10.8°C) and 5 vents (9.9°C) compared to the package
with 1 vent (8.6°C).

6.4.3 Effect of Evaporative Cooling and Heat Generation
on Cooling Time

In order to investigate independent and simultaneous effects of evaporative
cooling (EC) and heat generation (HG) on produce temperature, 18 different cases
were simulated in 3 different packages with air and initial produce temperature of 4
and 28°C, respectively. The simulated cases included no EC and no HG, only HG
(without EC), only EC (without HG) at the relative humidity of 60 and 95% and
both EC (at the relative humidity of 60 and 95%) and HG. Table 6.1 shows the
results of the simulations based on the center temperature of 4 different positions
shown in Figure 6.1 as well as the maximum temperature in different cases after 60
min cooling. Generally, evaporative cooling and heat generation decreased and
increased produce temperature, respectively, at all the positions inside all the
ventilated packages. When both EC and HG was considered, produce center
temperature was generally lower compared to the mean value of the cases with only
HG and only EC (Table 6.1). For example, in the package with 3 vents at position
Pl, the produce center temperature was 12.6, 13.2, 11.3 and 11.9°C when no EC
and no HG, only HG, only EC (RH=60%) and both EC (RH=60%) and HG was
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considered. This phenomenon could be related to the effect of respiration on
evaporative cooling. The respiratory heat generation tends to raise produce
temperature, increasing the water vapor pressure deficit, thereby increasing
moisture loss and evaporative cooling (Sastry et al., 1978).

Table 6.1 shows that different produce center temperatures were obtained at
different positions inside different ventilated packages. For example, when both EC
(RH=60%) and HG were considered, the maximum temperature was 15.9°C at
position P3 in the package with 3 vents and the minimum temperature was 7.GC at
position P2 in the package with 1 vent. These different temperatures were obtained
by applying the same conditions in terms of produce initial temperature, air velocity
and air temperature, explaining the importance of package vent design in produce
cooling at different positions (Dehghannya et al, submitted for publication 1).

To better illustrate the importance of package vent design on produce cooling
time, Figure 6.4 shows produce cooling time in different package vent
configurations based on the maximum time required for cooling of the slowest-
cooled produce to 7"C regarding the independent and simultaneous effects of EC
and HG. The temperature of 7°C was chosen as an index temperature since it is the
temperature after the 7/8 cooling time (air temperature: 4°C and produce
temperature: 28°C) which is normally used during forced-air precooling (Kader,
2002). The positions of the slowest-cooled produce in different situations are shown
in Table 6.1. Figure 6.4 demonstrates considerable differences in cooling times with
regard to independent and simultaneous effects of EC and HG in different package
vent configurations. For example, in the package with 3 vents, 13.2 min increase,
35.3 min decrease, 2.6 min decrease, 29.8 min decrease and 8.6 min increase were
obtained when only HG, only EC (RH=60%), only EC (RH=95%), both EC
(RH=60%) and HG, and both EC (RH=95%) and HG, respectively, were compared
to the case with no EC and no HG. This result shows that the effects of evaporative
cooling and heat generation can be influential in designing the forced-air precooling
system and therefore, in the accurate determination ofcooling time.

Additionally, by considering a specific case such as the case with both EC
(RH=95%) and HG, the necessary cooling times for cooling of the slowest-cooled
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produce to 7°C were 297.7, 157.7 and 156.9 min in the packages with 1, 3 and 5
vents, respectively. These values correspond to about 47% increase in cooling time
in the package with 1 vent compared to the packages with 3 and 5 vents. However,
in terms of the cooling time, no considerable difference (0.8 min) was found
between the packages with 3 (7.2% vent area) and 5 vents (12.1% vent area). This
could be related to the better vent distribution on the package walls with 3 and 5
vents and therefore, uniform air circulation through the commodities. This result
could suggest that a certain vent area is capable of providing uniform cooling with
no need to increase vent area, which in turn can compromise package structural
resistance (Vigneault et al, 2006).

6.5 CONCLUSIONS

Simultaneous models of airflow, heat and mass transfer during forced-air
precooling were developed to investigate the magnitudes of produce evaporative
cooling and heat generation by respiration as well as the interactive effects of
evaporative cooling, heat generation and package vent design on produce cooling
time. It was shown that package vent configuration has considerable influence on
produce evaporative cooling, heat generation and cooling time and, consequently,
the effects of evaporative cooling and heat generation can be influential in
designing forced-air precooling systems and therefore, accurate determination of
cooling time and the corresponding refrigeration load. The methodology developed
in this study can be a useful tool to study produce cooling rate as influenced by
different parameters, to improve forced-air precooling efficiency.
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Figure 6.1: Cross-sectional area of a packaged produce with inlet and outlet vent
positions shown in left and right sides, respectively (Table 3.1) as well as produce
positions (Pl, P2, P3 and P4) used for investigation of evaporative cooling and heat
generation
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Figure 6.2 (a): Produce evaporative cooling at the position Pl shown in Figure 6.1
at RH=60% and RH=95% in different package vent configurations
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Figure 6.2 (b): Produce evaporative cooling at the position P2 shown in Figure 6.1
at RH=60% and RH=95% in different package vent configurations
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Figure 6.2 (c): Produce evaporative cooling at the position P3 shown in Figure 6.1
at RH=60% and RH=95% in different package vent configurations
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Figure 6.2 (d): Produce evaporative cooling at the position P4 shown in Figure 6.1
at RH=60% and RH=95% in different package vent configurations
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Figure 6.3 (a): Produce heat generation at the position Pl shown in Figure 6.1 at
RH=60% and RH=95% in different package vent configurations
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Figure 6.3 (b): Produce heat generation at the position P2 shown in Figure 6.1 at
RH=60% and RH=95% in different package vent configurations
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Figure 6.3 (c): Produce heat génération at the position P3 shown in Figure 6.1 at
RH=60% and RH=95% in different package vent configurations
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Figure 6.3 (d): Produce heat generation at the position P4 shown in Figure 6.1 at
RH=60% and RH=95% in different package vent configurations
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Table 6.1: Effect of evaporative cooling (EC), heat generation (HG) and package
vent configuration on produce temperature (°C) at different positions after 60 min
cooling

Parameter1
Vent Produce Positions

Configuration Pl P2 P3 P4
T 4 ? 4Max rMas

No EC and No

HG

lvent 10.2 7.4 14.5 10.0 25.1 57

3 vents 12.6 9.9 17.2 15.0 19.1 59

5 vents 11.6 9.8 17.0 14.9 18.7 57

Only HG
lvent 10.6 7.7 15.3 10.5 27.0 57

3 vents 13.2 10.3 18.1 15.8 20.2 59

5 vents 12.2 10.2 18.0 15.7 19.8 57

OnIyEC

1 vent (RH=60%) 9.3 6.9 12.9 9.1 21.0 57
1 vent (RH=95%) 10.1 7.4 14.3 9.9 24.6 57
3 vents (RH=60%) 11.3 9.0 15.1 13.3 16.7 59
3 vents (RH=95%) 12.5 9.8 16.9 14.8 18.8 59
5 vents (RH=60%) 10.4 8.8 14.9 13.2 16.3 57
5 vents (RH=95%) 11.5 9.7 16.8 14.7 18.4 57

Both EC and HG

lvent(RH=60%) 9.7 7.1 13.6 9.5 22.3 57
1 vent (RH-95%) 10.5 7.6 15.1 10.4 26.4 57
3 vents (RH=60%) 11.9 9.3 15.9 14.0 17.6 59
3 vents (RH=95%) 13.1 10.2 17.9 15.6 20.0 59
5 vents (RH-60%) 10.9 9.2 15.8 13.9 17.2 57
5 vents (RH=95%) 12.0 10.1 17.7 15.5 19.5 57

EC: Evaporative Cooling; HG: Heat Generation
As shown in Figure 6.1 and Table 3.1
As shown in Figure 6.1
Maximum produce temperature (Tm3x) at a particular position (Pm3x) shown in

Figure 6.1
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VII. SUMMARY AND GENERAL

CONCLUSIONS

Coupled mathematical models of airflow, heat and mass transfer were developed
for simultaneous aerodynamic and thermal analysis during forced convection
cooling of produce, intended for optimal package design. Air velocity,
heterogeneity indexes and produce temperature profiles were investigated in 3
different package vent configurations. Predicted temperature profiles were
compared with experimental data for model validation. Good agreement between
model prediction and measured data was obtained.

The results showed that airflow distribution during forced convection cooling is
not homogeneous. The highest cooling heterogeneity index (108%) was recorded at
2.4% vent area whereas the lowest heterogeneity index (0%) was detected in a
package with 12.1% vent area. Therefore, the higher the vent area the better the air
uniformity during the process; however, the vent area can not exceed a certain point
due to the risk of compromising package structural resistance. On the other hand,
produce cooling uniformity was increased by increasing the number of vents from 1
to 5. In addition, produce cooling heterogeneity increased until about 90 min
cooling and subsequently decreased with further cooling regarding different
package vent designs.

For further analysis of the effect of package vent design on produce cooling
efficiency, 9 different vent designs including 1,2,3 and 5 vents corresponding to 4
different vent areas of 2.4, 4.8, 7.2 and 12.1%, respectively, were simulated.
Considerable differences were obtained for different package vent configurations
regarding produce temperature distribution, cooling heterogeneity and cooling time.
It was shown that a certain number of vents together with their distributions on
package walls can provide suitable air pathways and therefore a uniform cooling
operation. Additionally, it was confirmed that for different package vent
configurations, increasing vent area does not necessarily shorten the cooling time
but could indeed increase the time of cooling depending on vent positions on the
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package walls. Consequently, increasing vent area may not necessarily have a
positive effect on cooling efficiency and its negative impact on package structural
resistance would remain a major concern. Cooling time and cooling heterogeneity
can be reduced by suitable package designs to provide efficient forced convection
cooling.

The magnitudes of produce evaporative cooling (EC) and heat generation by
respiration (HG) as well as the interactive effects of EC, HG and package vent
design on produce cooling time were also investigated using the developed model.
Different EC and HG values were obtained at various produce positions in different
ventilated packages. Additionally, considerable differences in cooling times were
obtained with regard to independent and simultaneous effects of EC and HG in
different package vent configurations. Cooling time was increased to about 47% in
the package with 1 vent compared to the packages with 3 and 5 vents when
considering the simultaneous effects of EC and HG. Consequently, the effects of
evaporative cooling and heat generation can be influential in designing forced-air
precooling systems and, therefore, accurate determination of cooling time and the
corresponding refrigeration load.

By simulating different vent configurations, the methodology developed in this
study can be used as a package design tool to provide homogeneous temperature
distribution in ventilated packages during forced convection cooling of produce.
Using the mathematical model, produce temperature distribution during forced-air
precooling can be predicted at any position as influenced by different package vent
designs. The tool can simulate velocity and temperature distributions for various
combinations of package size and shape; size, number and location of vents;
produce packing arrangements; size and shape of produce; airflow rate and air
temperature.
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Vin. CONTRIBUTIONS TO KNOWLEDGE AND

SUGGESTIONS FOR FUTURE RESEARCH

8.1 CONTRIBUTIONS TO KNOWLEDGE

This is the first study to develop and validate mathematical models of coupled
airflow, heat and mass transfer for design optimization of ventilated packages to be
used during the forced convection cooling process. Achieving homogeneous
produce cooling inside ventilated packages is a serious challenge during the
process. The model developed in the study can be used as a package design tool to
provide uniform cooling and, therefore, to increase produce shelf life.

The specific contributions to knowledge from this study are as follows:

1) Prediction of local airflow inside different ventilated packages during forced
convection cooling of produce was achieved considering various vent areas and
positions on package walls. By simulating different combinations of package vent
area and position, uniform airflow distribution can be reached during the process.

2) Prediction of produce temperature at any position inside various packages
during the process was achieved. The influence of different package vent designs
including various vent distributions with the same or different vent area on produce
cooling efficiency was investigated.

3) The interactive effects of evaporative cooling, heat generation and package
vent design on produce temperature distribution and cooling time were assessed.
The magnitudes of produce evaporative cooling and heat generation at any position
inside different ventilated packages can be predicted using the developed model.
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8.2 SUGGESTIONS FOR FUTURE RESEARCH

In direct numerical simulation (DNS), the governing equations for the fluid flow
and heat transfer include both laminar and turbulent flows, and are not restricted by
fluid type or by flow rate; however, the geometric modeling and grid generation
become complicated and the computational demands increase significantly. The
enhanced computational requirements are mainly due to the extremely fine mesh
necessary to carry out the simulation. Because of the significant computing costs,
DNS is typically performed at low and moderate Reynolds numbers near laminar
and transition regimes.

Additionally, three-dimensional (3-D) modeling of airflow and heat transfer
inside a ventilated package containing few hundred spheres extensively increases
the computational demands both in mesh size and iteration process. To be able to
solve for certain details in a 3-D model, such as areas where spheres are close to
each other or to package walls, a high level of detail is necessary for the required
accuracy of the simulation. Such a large computational requirement is currently
neither affordable nor manageable. Although the computational requirement is at
the limit of today's computing power, it is predictable that within a few years, 3-D
modeling of fluid flow and heat transfer for some hundred spheres at high Reynolds
numbers will be considered a normal situation.
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