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Abstract The flow phenomenon during cooling and han-
dling of packed table grapes was studied using a computa-
tional fluid dynamic (CFD) model and validated using
experimental results. The effects of the packaging compo-
nents (bunch carry bag and plastic liners) and box stacking
on airflow, heat and mass transfer were analysed. The carton
box was explicitly modelled, grape bunch with the carry bag
was treated as a porous medium and perforated plastic liners
were taken as a porous jump. Pressure loss coefficients of
grape bunch with the carry bag and perforated plastic liners
were determined using wind tunnel experiments. Compared
with the cooling of bulk grape bunch, the presence of the
carry bag increased the half and seven eighth cooling time
by 61.09 and 97.34 %, respectively. The addition of plastic
liners over the bunch carry bag increased the half and
seven eighth cooling time by up to 168.90 and 185.22 %,
respectively. Non-perforated liners were most effective in
preventing moisture loss but also generated the highest
condensation of water vapour inside the package. For

perforated plastic liners, cooling with a high relative humid-
ity (RH) air minimised fruit moisture loss. Partial cooling of
the grape bunch inside the carry bag before covering it with
a non-perforated plastic liner maintained the required high
RH inside the package without condensation. The stacking
of packages over the pallet affected the airflow pattern, the
cooling rate and moisture transfer. There was a good agree-
ment between measured and predicted results. The result
demonstrated clearly the applicability of CFD models to
determine optimum table grape packaging and cooling
procedures.

Keywords Table grape . Packaging . CFD . Airflow . Heat
and mass transfer . Plastic liner

Notation
Ac Cooler surface area (m2)
ap Specific fruit area (m−1)
Bi Biot number
Cp Specific heat capacity (J kg−1 °C−1)
D Diffusion coefficient (m2 s−1)
Dc Collar diameter of heat exchanger tube (m)
De Effective diffusivity (m2 s−1)
DP Fruit diameter (m)
g Gravitational acceleration (m s−2)
hh Heat transfer coefficient (W m−2 °C−1)
hm Mass transfer coefficient (m s−1)
K Darcy permeability (m2)
k Turbulence kinetic energy (m2 s−2)
L Latent heat (J kg−1)
p Pressure (Pa)
Pr Prandtl number
psat Saturated vapour pressure (Pa)
pv Vapour pressure (Pa)
Re Reynolds number
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Sc Schmidt number
Se Heat source term (W m−3)
Sm Mass source term (kg m−3 s−1)
St Stanton number
t Time (s)
T Temperature (°C)
T′ Fluctuating temperature (°C)
ui, uj Mean velocity components in X, Y, and Z directions

(m s−1)
ui′,
uj′

Fluctuating velocity components (m s−1)

V Volume (m−3)
xi, xj Cartesian coordinates (m)
Xv Moisture content (kg/kg)
Yv Vapour mass fraction
β Forchheimer drag coefficient (m−1)
ε Dissipation rate of turbulence kinetic energy

(m2 s−3)
μ Dynamic viscosity (kg m−1 s−1)
λ Thermal conductivity (W m−1 °C−1)
ω Specific dissipation rate (s−1)
ρ Density (kg m−3)
ϕ Porosity
α Thermal expansion coefficient (°C−1)

Subscripts
a Air phase
c Cooler
o Reference condition
p Product
t Turbulence
i, j Cartesian coordinate index

Introduction

Fresh table grape is a major commodity in global food
trade, and South Africa is ranked third in the world
export market, with the European market accounting
for about 61 % of the total export (Ngcobo et al.
2011). Packaging and refrigerated storage are critical
technologies in maintaining quality of fresh and pro-
cessed food products (de Paula et al. 2011; Opara
2011; Caleb et al. 2011; Tsiraki and Savvaidis 2011).
For fresh table grape export, produce is typically packed
in 4.5 kg vented cardboard boxes with multiple inner
packaging materials that include plastic liner, SO2 pad,
moisture absorber and bunch carry bag (Fig. 1). The
main function of these package components are to
maintain the quality of the grape during postharvest
handling and storage by providing a mechanical shield
against injuries, minimising product moisture loss and
retarding microbial decay (Opara 2011). Produce temperature

is one of the most important parameters that control the
rate of respiration, moisture loss and microbial growth.
Cooling of table grape as fast as possible retards quality
deteriorations associated with these phenomena. Table
grape is a non-climacteric fruit with a relatively low
postharvest physiological activity; however, unless the
appropriate measures are taken to maintain the cold
chain, produce may be exposed to high levels of mois-
ture loss and decay (Nelson 1985; Lichter et al. 2008;
Costa et al. 2011; Ngcobo et al. 2011). Moisture loss
results in quality problems such as weight loss, stem
drying, browning, softening and shattering of berries
which contribute to significant economic losses.

The cooling of packed table grapes is usually per-
formed using a forced air cooling technique. Due to the
high vapour pressure difference between the cooling air
and the product surface, the initial cooling period of the
produce from its field temperature to the desired storage
temperature is usually associated with significant mois-
ture loss (Nelson 1978; Lichter et al. 2011). Crisosto et
al. (2001) observed up to 1 % moisture loss during the
cooling period of table grapes. Although this level of
moisture loss is considered small, the authors noted that
it caused stem browning. Lowering the vapour pressure
difference as fast as possible either by decreasing the
berry temperature or increasing the relative humidity
(RH) of air can minimise moisture loss. Berry cooling
rate depends on several factors including box vent area
(Opara 2011), cooling air properties (flow rate, temperature

(b)

(a) 

Fig. 1 Table grape package: a picture of packed table grape and b
diagram showing the details inside a packed box
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and RH), stacking pattern, liner properties and the pres-
ence of other components inside the package (such as
moisture absorption pad and SO2 pad). The properties
of the liner include plastic type and vent size, number
and distribution. Previous researchers have shown that
the presence of packing materials and cooling duration
significantly influence/alter the decay of grape berries
(Nelson and Ahmedullah 1976; Nelson 1978). There-
fore, fresh produce package must have enough vents
to allow the delivery of the cooling medium (air) with
minimum resistance and provide uniform airflow and
cooling through the entire mass of the produce while
providing suitable mechanical resistance (Vigneault and
Goyette 2002; Castro et al. 2004; Vigneault and Castro
2005). Plastic liners are used in table grape packaging
to minimise moisture loss from berries by maintaining
high RH within the package. Recent experimental stud-
ies showed that non-perforated plastic liners maintained
the RH of the package close to 100 % resulting in the
highest stem quality (Ngcobo et al. 2011). However, the
use of non-perforated plastic liner also produced the
highest moisture condensation inside the package, SO2

injury and berry drop while the use of perforated liners
resulted in lower RH, higher stem dehydration and
browning compared with the non-perforated liner. These
findings highlight the need for optimisation of plastic
liner designs.

The airflow, heat and mass transfer processes during
postharvest handling of horticultural products have been studied
using experimental and modelling techniques (Tassou and
Xiang 1998; Xu and Burfoot 1999; Alvarez and Flick 1999;
van der Sman 2002; Alvarez et al. 2003; Moureh and Flick
2004; Nahor et al. 2005; Zou et al. 2006; Opara and Zou 2006,
2007; Chourasia and Goswami 2007; Delele et al. 2009a, b;
Ferrua and Singh 2009; Tutar et al. 2009). Some researchers
have studied the airflow, heat andmass transfer processes within
the individual and packed grapes using experimental (Gentry
and Nelson 1964; Nelson 1978; Frederick and Comunian 1994)
and modelling techniques (Dincer 1995a, b; Acevedo et al.
2007). However, none of the previous studies have de-
veloped a comprehensive 3-D computational fluid dy-
namic (CFD) model which is capable of predicting the
airflow, heat and mass transfer within and around mul-
tiple package components such as that used for fresh
table grapes (Fig. 1). These studies did not take into
account the details of the packages and even the grape
bunches. For better understanding of the flow behaviour
in and around such complex packaging systems, the
development of better modelling techniques is vital.
Nowadays, the use of validated CFD modelling tech-
nique has increasingly become an alternative approach
to the difficult, time consuming and expensive experimental
methods (Delele et al. 2009a; Tutar et al. 2009; Opara 2011).

The aim of this study was to develop and experimentally
validate a 3-D CFD model of table grape cooling process
that predicted the cooling air velocity, temperature, RH and
product moisture loss, taking into account the detailed ge-
ometries of the packaging components (box, liner and pads).
The validated model was used to evaluate the effect of
different package components and cooling procedures on
airflow, heat and mass transfer processes.

Materials and Methods

Cold Storage Room and Table Grape Package

The study was based on an experimental cold storage room
with dimensions 3.05×2.40×2.83 m (Fig. 2). The room is
equipped with three fans of 30-cm diameter that circulate
the cooling air through the cooler and the room. The capac-
ity of each fan is 1,290 m3/h, and the cooling unit is
composed of finned tube heat exchanger with dimensions
of 1.25×0.40×0.36 m.

Grape bunches were packed using vented carton box with
dimensions of 0.4 m long, 0.3 m wide and 0.133 m high
(Fig. 1). Every box contains about 4.5 kg of grape; equivalent
to six to eight bunches depending on the size of the grape
bunch. The carry bags were well vented. During packing, each
carry bag containing a bunch of berries is placed inside the
plastic liner, the moisture absorption and SO2 pads are placed
over the carry bags and the liner is closed and sealed using a
plastic tape. A corrugated paperboard sheet is placed at the

Fig. 2 Details of the experimental cold storage room
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bottom of the box to protect the berries against bruising. More
detailed description of the table grape packaging system can
be found in Ngcobo et al. (2011).

CFD Model Formulation

The CFD code used for this work was ANSYS FLU-
ENT 13.0 (ANSYS, Inc., Canonsburg, PA, USA). The
governing equations were solved using Reynolds-averaged

procedure. In Cartesian coordinates, for flow in a porous
medium, the Reynolds-averaged fluid flow equations based
on interstitial fluid velocity are as follows (Antohe and Lage
1997; Nakayama and Kuwahara 1999):
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where ρa is the density (in kilogrammes per cubic metre); ui
and uj are air velocity components (in metres per second); t
is the time (in seconds); xi and xj are Cartesian coordinates
(in metres); p is the pressure (in pascals); μa is the dynamic
viscosity (in kilogrammes per metre per second); ui′ and uj′
are fluctuating velocity components (in metres per second);
T is the temperature (in degrees Celsius); ϕ is the porosity; g
is the gravitational acceleration (in metres per second); α is
the thermal expansion coefficient (in degrees Celsius); and
Sm is the mass source term (in kilogrammes per metre per

second). The fourth term in the right side of Eq. 2 represents
the buoyancy force, where the reference temperature (To)
was taken as the storage room temperature. The last two
terms in the right side of Eq. 2 represent the resistance of the
porous medium to airflow and expressed in the form of
Darcy–Forchheimer equation; where K is the Darcy perme-
ability (in square metres) and β is the Forchheimer drag
coefficient (in metres).

By assuming a local thermal equilibrium between the air
and the porous solid matrix, the energy equation is:
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Where CP is the heat capacity (in Joules per kilogramme
per degrees Celsius); λe is the effective thermal conductivity
(in watts per metre per degrees Celsius); T′ is the fluctuating
temperature (in degrees Celsius); and Se is the energy source
term (in watts per cubic metre). The Effective thermal con-
ductivity was estimated using:leff ¼ fla þ ð1� fÞlp(Carson
2006). The limitation of this thermal equilibrium assumption
for porous systems with heat generation and transient prob-
lems, particularly for large products and low conductivity
fluid has been discussed (Verboven et al. 2006; van der Sman
2008; Laguerre et al. 2008). During such non-equilibrium
cases, a two-equation model is recommended. However,
thermal equilibrium assumption has been used and reasonable
model accuracy was reported in several heat and mass transfer
studies related to agricultural product handling (Tassou

and Xiang 1998; Moureh and Flick 2004; Chourasia and
Goswami 2007; Delele et al. 2009a, b, 2012). Using scale
analysis, van der Sman (2008) reported that this thermal
equilibrium assumption is valid when the air Stanton number,

Sta ¼ Lxhhap
uxρaCpa

� 1, vapour Stanton number,Stv ¼ Lxhmap
ux

� 1,

Biot number, Bi ¼ hhDp

lp
� 1 and the particle Reynolds num-

ber, Rep ¼ ρauxDp

μa
< 103. The initial temperature of the grape

was 21 °C, and the cooling air temperature was 0 °C. Density,
specific heat and thermal conductivity of the grapes were
1,077.9 kg m−3, 3,395 Jkg−1 °C−1 and 0.551 Wm− °C−1,
respectively (Bingol et al. 2008). Corresponding values of
the cooling air were 1.25 kg m−3, 1,005 Jkg−1 °C−1 and
0.024 Wm−1 °C. Length of the porous region (Lx) was
0.4 m, average diameter of the grapes (Dp) was 0.0201 m
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and calculated average air velocity inside the bulk grape
region (ux) was 0.059 ms−1. Porosity of the grapes was
determined by using displacement method (Chau et al.
1985) and it was 0.53. The specific grape area (ap) was
158.21 m−1. Correlations to determine the heat transfer
coefficient (hh) in packed beds can be found in Wakao
and Kaguei (1982) and van der Sman (2008). Using this
correlation, the calculated value of hh was 9.78 Wm−2 °
C−1. Mass transfer coefficient (hm) of table grape takes
into account convective mass transfer coefficient (hma)
and skin mass transfer coefficient (hms), 1

hm
¼ 1

hma
þ 1

hms
.

The convective mass transfer coefficient was determined from
the heat transfer coefficient using Lewis analogy (Bird et al.
2002). Table grape skin mass transfer coefficient was taken
from Becker et al. (1994). The calculated value of hm was
8.23×10−4 m s−1, and the calculated values of Sta, Stv, Bi and
Rep were 8.31, 0.87, 0.35 and 83.28, respectively. In this
study, Bi value was close to 1. However, the agreement
betweenmeasured and predicted results (see ‘CoolingAirflow
and Temperature Distribution’ and ‘Effect of Package Com-
ponents on Heat and Mass Transfer During Cooling and
Storage’) shows the validity of the thermal equilibrium
assumption.

The transport equation for vapour mass fraction is:
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Where Yv is the vapour mass fraction; Yv′ is the fluctuating
vapour mass fraction and De is the effective diffusivity of the
vapour (in cubic metres per second). The specific Reynolds

stress term (u0iu0j) in Eq. 2 and specific Reynolds flux terms

u0jT 0 and u0jY 0
v in Eqs. 3 and 4, respectively were approxi-

mated by (Versteeg and Malalasekera 1995; Wilcox 2000):
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Appropriate turbulence models were used for closure of
these equations. The Reynolds stress term (Eq. 5) is com-
monly treated using Boussinesq hypothesis. This hypothesis
relates the Reynolds stress term to the mean velocity

gradient and assumes the turbulent viscosity to be isotropic
scalar quantity, which is not strictly true. The Boussinesq
hypothesis is used in Spalart–Allmaras, k−ɛ, and k–ω tur-
bulence models. The Reynolds stress turbulence model is an
alternative approach that takes into account the anisotropy
of the Reynolds stress term, but with additional computa-
tional cost. In most applications, models based on Boussi-
nesq hypothesis perform very well (Wilcox 2000; Ansys
2010). Alvarez and Flick (1999) observed turbulence gen-
eration behind the stacked product and later Alvarez et al.
(2003) proposed a semi-empirical model based on one
equation for two-dimensional turbulence flow through po-
rous medium that took into account this turbulence genera-
tion. Though the generation of turbulence behind the
stacked product was reported (Alvarez and Flick 1999;
Alvarez et al. 2003), several previous studies on airflow,
heat and mass transfer in loaded refrigerated systems used
the porous medium approach and treated turbulence using
conventional turbulence models that are employed in
Reynolds-average approach (standard, k−ɛ; RNG, k−ɛ;
SST, k–ω; and Reynolds stress) (Hoang et al. 2000; Moureh
and Flick 2004; Nahor et al. 2005; Mirade and Picgirard
2006; Delele et al. 2009a, b). Generally, the accuracy of
these models was reasonable. In this study, different two-
equation eddy-viscosity turbulence models (standard, k−ɛ;
RNG, k−ɛ; standard, k–ω; and SST, k−ω) were compared.
For standard (k−ɛ), RNG (k−ɛ), standard (k−ω) and SST (k
−ω) turbulence models, the overall average relative error of
predicted product temperature relative to the measured val-
ues was 23.94, 20.34, 21.85 and 17.13 % (see ‘Cooling
Airflow and Temperature Distribution’), respectively. The
SST (k–ω) turbulence model was chosen and used in this
study.

The grape bunch with the carry bag and the cooler were
modelled as a porous medium with the corresponding mass,
momentum and heat sources/sink. The porous medium
model describes the flow behaviour within a matrix of solid
structure that is usually characterised by its porosity. As a
result of the low Reynolds number (Re083.28), the flow
inside the liner (the grape bunch with the carry bag) was
taken as a laminar flow. In all other regions the flow was
turbulent. The source terms in Eqs. 1 and 2 consisted of
different contributions. Sm takes into account the moisture
loss from the product surface (Smp) and the condensation of
water vapour on the cooling coils (Smc). Se represents the
heat of respiration of the product (Sep) and the heat ex-
change on the cooler (Sec). Due to the relatively low tem-
perature difference between the surfaces, the effect of
radiation was neglected. The details about the calculations
of these source terms are given in ‘Model Parameters De-
termination’. The model consisted of the following four
zones: solid box zone, product zone, cooler zone and free
air zone. In all zones, in addition to the relevant source
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terms, the above equations were solved using the ap-
propriate porosities. In the solid box zone, all source
terms and porosity were zero and only heat transfer
equation (Eq. 3) was solved. The product zone repre-
sented the region occupied by the grape bunch and the
carry bag. In this zone, continuity, momentum, energy
and vapour transport equations were solved. This zone
included heat of respiration and product moisture loss as
source terms and the porosity was taken as 0.53. The
cooler zone represented the volume occupied by the
cooler. The equations that were solved in the product
zone were also solved here. Condensation of water
vapour and heat exchange on the cooler were taken into
account as source terms and the porosity was taken as
0.71. The free air zone consisted of the region that is
not included in solid box, product and cooler zones.
Similar to the product and cooler zones, Eqs. 1–4 were
solved. In this zone, the porosity and the sources terms
were taken as 1 and zero, respectively.

Model Parameters Determination

Bulk grape bunch was treated as a porous medium and
vented plastic liner was modelled with porous jump bound-
ary condition. Pressure loss coefficients were determined
from experiments conducted in a wind tunnel (Fig. 3). The
dimensions of the test section were 0.6 m in width (perpen-
dicular to airflow), 0.4 m in height and 0.4 m in depth (in the
airflow direction). The required airflow was attained using a
suction fan. Independent pressure drop experiments were
conducted for flow through bulk grape bunch which was

uncovered with carry bag (Fig. 3b), bulk grape bunch which
was covered with carry bag (Fig. 3c) and vented plastic liner
(Fig. 3d). To measure the pressure drop through the bulk
grape bunches with and without carry bag, the load was
contained in a wire mesh and placed inside the wind tunnel.
The pressure drop through the wire mesh was measured
using a pressure transducer device (PMD70-AAA7-
D22AAU, ENDRESS+HAUSER, Weil am Rhein, Ger-
many) and was found to be close to zero. Measurements
were done for fan frequency of 1 to 50 Hz; these frequencies
corresponded to air velocity of 0.064 to 3.21 ms−1 for an
empty wind tunnel.

For the porous bulk grape bunch, measured pressure drop
value was expressed as function of air velocity and fitted to

Darcy–Forchheimer equation ( ΔP
Lb

¼ � μ
K u� b 1

2 ρu
2 ) with

r2≥0.993 usingMicrosoft Excel solver. The solver determined
the best fit byminimising the deviation betweenmeasured and
predicted values. From the fitted equations, the values of the
Darcy permeability (K) and Forchheimer drag coefficient (β)
were determined. The first term in the right side of the equa-
tion is the Darcy term that accounts for the viscous drag which
is dominant at low air velocities (laminar flow), while the
second term is the Forchheimer term that accounts for the
inertial drag which dominates the pressure drop at high air
velocities (turbulent flow). Lb is the bulk length in the flow
direction (0.4 m). In the case of bulk without carry bag, the
measured values of K and β were 3.62×106 m−2 and
80.19 m−1, respectively. The presence of the carry bag in-
creased the coefficients significantly and the corresponding
values of the coefficients were 1.74×107 m−2 and 358.08 m−1,
respectively. These parameters were determined for a particle

(a) (b)

0.6 m

0.4 m

0.4 m

(c) (d)

Fig.3 Wind tunnel
experimental setup for airflow
resistance measurement; a wind
tunnel test section; b bulk of
grape bunch without carry bag;
c bulk of grape bunch with
carry bag; d vented plastic liner
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Reynolds number (Rep ¼ ρuDp

μ ) range of 63–3,347. This

range corresponds to an intermediate to turbulent flow
region. For flow through porous media, it is reported
that Rep<10, 10≥Rep≤300 and Rep>300 distinguish
laminar, intermediate and turbulent flow regimes, re-
spectively (Eisfeld and Schnitzlein 2001). The flow in
this experiment was in the range of intermediate to
turbulent, but including the laminar flow region could
improve the accuracy of parameter estimation.

Pressure loss coefficients of the porous jump boundary
for vented plastic liners were also determined from mea-
sured data. Porous jump boundary condition is normally
used to model a thin membrane with a known pressure drop
characteristics. For this boundary, the pressure drop is
expressed as:Δp ¼ � μ

K uþ b 1
2 ρu

2
� �

tl, where tl is the thick-
ness of the liner. Pressure drop through the different vented
plastic liners was measured by fixing the liner perpendicular
to the airflow direction (Fig. 3d). Fan frequency range and
pressure sensors used in this experiment were similar to the
previous experiments on flow through bulk grape bunch and
vented plastic liner. Reynolds number of the flow based on
the hydraulic diameter of the tunnel was in the range of
832–9,280, the range covers laminar, intermediate and tur-
bulent flow regions. The critical Reynolds number of chan-
nel flow is reported to be around 1,300 (Patel and Head
1969; Högberg et al. 2003). The measured pressure drop
data were fitted to the above equation and corresponding
values of 1

K , β and liner thickness (tl) for different vented
plastic liners are given in Table 1 (r2≥0.991). The thick-
nesses of the liner were taken from Ngcobo et al. (2011).

The effect of the cooler on room airflow and humidity
distribution was also included in the model. As the air
passes through the finned tube heat exchanger, there is a
significant pressure drop and condensation of water vapour
over the cold heat exchanger surfaces. The cooler was also
modelled as a porous medium; however, the Darcy term was
neglected and the parameter β was calculated by taking into
account losses due to wall friction, entrance and exit and
acceleration/deceleration effects (Tso et al. 2006). The qua-
dratic term dominates the pressure drop when the flow

Reynolds number ( Re ¼ ρauDc

μa
) is much greater than 1

(Zukauskas and Ulinskas 1990; Tso et al. 2006; Verboven
et al. 2006; Jacimovic et al. 2006). In this study, the Re of
the flow through the cooling unit was 3,854.21 and
corresponding value of β was 42.6 m−1. The source due to
the heat loss to the cooler (Sec) was calculated using:

Sec ¼ Qc

Vc
¼ hhcAcðTc � TaÞ

Vc
þ LSmc ð8Þ

To calculate the mass source due to the condensation of
water vapour on the cooler (Smc) and L is the latent heat of
evaporation (in Joules per kilogramme), the following equa-
tion was used:

Smc ¼ mc

Vc
¼ hmcAcρdaðXvc � XvaÞ

Vc
ð9Þ

The convective mass transfer coefficient (hmc) was cal-
culated according Lewis correlation of heat and mass trans-

fer (hmc ¼ hhc
ρCpLe2=3

) (Tso et al. 2006). Where Le is the Lewis

number and was taken as 0.95 and 1 for frosting and non-
frosting condition, respectively.

The heat of respiration (Sep) of the grapes was calculated
using Sep ¼ 4:599e0:1134TP (Becker et al. 1994). The product
moisture loss was calculated using a lumped convection
model, neglecting the moisture diffusion inside the product:

Smp ¼ hbap Pvp � Pva

� � ð10Þ
Where the Pvp and Pva are vapour pressures on the product

surface and surrounding air, respectively. For thermodynamic
equilibrium the surrounding air temperature approaches the
product surface temperature and the vapour is assumed to
follow the ideal gas law, Pvp ¼ awPsat andPva ¼ Psat

RH
100

� �
.

Details about the calculation of the bulk product mass transfer
coefficient (hb) can be found in ‘CFD Model Formulation’.
Skin mass transfer coefficient and water activity (aw) of the
grape was taken from Becker et al. (1994) and the values were
4:02� 10�10kg m−2 s−1Pa−1 and 0.98, respectively. Average

specific area ( ap ¼ 6f
Dp

) of the grape bulk was taken as

158.21 m2 m−3 (Verboven et al. 2006). The model used user
defined functions to include the heat and mass transfer source
terms.

Boundary Conditions and Simulation Procedure

The dimensions of the simulation domain were the same as
the experimental cool room (Fig. 1). The fan was modelled
as a fan boundary with a given pressure rise (32 Pa). This
was a lumped parameter model that predicted the amount of
flow through the fan, but did not take into account the detail
flow behaviour and the turbulence created through the fan
blades. Detail geometries of the vented carton box and pallet
were explicitly modelled (Fig. 4). The product and cooler

Table 1 Pressure loss coefficients of the different plastic liners

Liner type
(number×size (mm))

Liner thickness (μm) 1/K (m−2) β (m−1)

0×0 (non-perforated) 20 – –

30×2 16 6.91×107 2.47×104

54×2 16 4.81×107 2.17×104

120×2 16 4.64×107 1.90×104

36×4 16 4.09×107 1.85×104
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were treated as porous medium; the determination of rele-
vant source terms is given in ‘Model Parameters Determi-
nation’. Vented liners were taken as porous jump boundaries
with the corresponding loss coefficients (‘Model Parameters
Determination’), whereas non-perforated plastic liner was
treated as a wall boundary. Moisture absorption pad and
corrugated riffle sheet were also taken as wall boundaries.
Condensation of water vapour on these surfaces was mod-
elled and it occurred when the vapour pressure of the air
next to wall surfaces is higher than the saturated vapour
pressure. The initial cool room temperature and RH were
measured and found to be 0.13 °C and 90.77 %, respectively
(Temptale4 Humidity and Ambient Temperature 16000,
SENSITECH, Beverly, MA, USA).

The governing equations were numerically solved using
the finite volume method. The computational domain was
discretised using a tetrahedral hybrid mesh (Fig. 4). The
selection of the optimum mesh size was based on the size
and complexity of the zones. Mesh with a maximum edge
length of 0.005 and 0.01 m for box and product zones was
used, respectively. The other regions were discretised using
mesh with maximum edge length of 0.03 m. The mesh
consisted of over 4.62×106 cells. This mesh size selection
was made based on a mesh sensitivity study. Comparison of
the calculated results (wall y+ value, product temperature
and RH) and central processing unit (CPU) time of calcula-
tion for different mesh sizes was made. Wall y+ value is a
dimensionless parameter defined by: yþ ¼ ρutyp

μ , where uτ is

(a)

(b)

Fig. 4 Details of the geometry
and computational mesh used
for the model simulation; a
whole computational domain; b
carton box
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the friction velocity, yp is the distance from point P to the
wall, ρ is fluid density and μ is fluid viscosity at point P.
There was no significant change in value of the results when
the mesh was less this size (p<0.05). The calculated y+

values were less than 5, and that fulfilled the requirement
of enhanced wall function that was used in this model. The
importance of such low y+ values on wall surfaces was also
discussed by Tutar et al. (2009).

The equations were discretised using a second order
upwind scheme and pressure–velocity coupling was done
using a semi-implicit method for pressure-linked equations
(SIMPLE) algorithm. SIMPLE algorithm uses the relation-
ship between velocity and pressure corrections to enforce
mass conservation and to get the pressure field. SIMPLE
calculation is initiated with a guessed pressure field and the
discretised momentum equation is solved using the guessed
pressure field. A time step of 120 s and 50 iterations per
time step were used. The simulation was converged to a
solution with a normalised scaled residual below 10−4 for all
equations. In normalised scaled residual analysis, the resid-
ual shows the error in the conservation equations and it is
scaled using the global value, finally normalised by dividing
using the maximum residual value. The residual of energy
equation was converged below 10−7. For most problems,
normalised scaled residual value of 10−3 for all equations
except energy and species transport equations and 10−6 for
energy and species transport equations gives sufficient ac-
curacy (Ansys 2010). Sensitivity of the solution to different
time steps (3,600, 1,800, 600, 120 and 60 s) was assessed
and no significant changes in the result were found when the
time step was lower than 120 s (p<0.05). The calculation
was done using 64-bit, Intel® Core™2 i7 CPU, 2.93 GHz,
8 Gb RAM, Windows 7 computer and the CPU time of
calculation was more than 22 h.

Model Validation Experiments

Validation experiments were conducted inside experimental
cold storage room (Fig. 2). The inside fruit temperature and
RH of the cooling air were measured using Logtag temper-
ature probe (LogTag Recorder Limited, Northcote, Auck-
land, New Zealand) and SENSITECH TempTale 4 monitor
(Temptale4 Humidity and Ambient Temperature 16000,
SENSITECH, Beverly, MA, USA), respectively.

‘Regal’ seedless grapes were obtained from the Hexriver
area of the Western Cape, South Africa. The size of the
grapes used was extra-large and it was assumed spherical
(diameter of 20.15±0.13 mm). Cooling experiments were
conducted for three packaging configurations. First, mea-
surement was conducted with the grapes placed inside the
vented carton box without the other package components
(carry bag, plastic liner and SO2 and moisture absorption
pads). In the case of the second experiment, grapes were

placed in carry bags and the carry bags with the grapes were
packed inside the vented carton box. This experiment ex-
cluded plastic liner, SO2 pad and moisture absorption pad.
In the last case, experiment was done with all the package
components included as per the commercial requirement
(Fig. 1). Different plastic liners were used; these include
non-perforated, 120×2 mm perforated, 54×2 mm perforated
and 36×4 mm perforated. The numbers on the vented liners
indicate the number and size of the holes. In all cases, the
corrugated riffle sheet was placed at the bottom of the
vented carton box. The cooling experiments were conducted
by placing two carton boxes with the same packaging con-
figuration adjacent to each other on a pallet. Three temper-
ature sensors and one RH sensor were included in every
carton (Fig. 5). To evaluate the effect of stacking, 30 boxes
of grape were stacked on a pallet in three levels (10 boxes
per level) according to the commercial guideline (Fig. 1a).
The grapes were packed using 120×2 mm perforated liners.
Each experiment was repeated three times.

Results and Discussion

Cooling Airflow and Temperature Distribution

The predicted airflow and temperature profiles are shown in
Figs. 6 and 7, respectively. High velocity cold air that was

Fig. 5 Experimental setup inside the cold storage room; circles posi-
tion of sensors
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exited from the fan was attached to the ceiling of the
cold room, went downward to door side of the room,
cooled the product and circulated back to the cooler.
Large portion of the cooling air was flowing over the
surface of the packed product (Fig. 6). Only some
portion of the cooling air was able to pass through the
vent holes of the box. Due to the high flow resistance,
the flow of cooling air through the plastic liner into the
bulk of the grapes was very limited. The flow through
the non-perforated liner was completely blocked, but in
the case of perforated liner there was a very small
amount of air that passed through it. The velocity of
the air within the package was very small, and it was
moving as a result of the buoyancy force. For instance,
in the case of non-perforated liner the average velocity
inside the bulk grape after 12 h of cooling time was
0.0041 ms−1.

The cooling process progressed from the surfaces that
were exposed to the flowing cold air to the central region of
the package (Fig. 7); product temperature was expressed as

a dimensionless temperature (θ) (θ ¼ T�Ta
Ti�Ta

), where Ta and Ti
are cooling air and initial product temperature, respectively
(Dincer 1995b). The half and the seven eighth cooling time
correspond to a θ value of 0.5 and 0.125, respectively. Half

and seven eighth cooling times of the side that was exposed
to high velocity cold air (position 1 in Fig. 7) were 5.08 and
17.42 h, compared with the 7.78 and 23.67 h for centre
region of the package (position 2 in Fig. 7), respective-
ly. Gowda et al. (1997) reported an identical trend in a
parametric study conducted on forced air pre-cooling of
spherical food in bulk. The layer that was nearest to the
entry of the cooling air, cooled earliest whereas, the
layer that was farthest from the entry point had the
highest temperature. The measured and predicted results
were in agreement (Fig. 8). Inside the package, conduc-
tion was the dominant mode of heat transfer. This was
due to relatively low flow of cooling air into the pack-
age. During cooling of stack of products with a low
velocity air (≤0.20 ms−1), conduction between products

(b) 

(a) 

Fig. 6 Predicted airflow profile inside the cold storage room loaded
with pallet with two grape boxes packed with non-perforated plastic
liner; a air velocity vector throughout the room; b airflow contour on a
plane that passes through the grape package

(a) (b)

1

3

2

Fig. 7 Predicted temperature distribution inside the grape package,
packed with non-perforated plastic liner after 6 h of cooling from the
initial temperature of 21 °C (294.15 K); a along the length of the box
and b along the width of the box

Fig. 8 Measured and predicted product temperature during cooling at
different positions within the grape package; position 1, measured
(squares) and predicted (dotted line); position 2, measured (diamonds)
and predicted (solid line); and position 3, measured (triangles) and
predicted (dashed line); the positions are shown in Fig. 7
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can be the same order of magnitude as convection
(Amara et al. 2004). This result shows that for such
packaging system a simple diffusion model combined
with the appropriate boundary condition may give rea-
sonable accuracy with lower computational cost. How-
ever, in complex flow system like room air cooling,
determining the correct boundary condition is challeng-
ing. Boundary conditions over the package are spatially
highly variable and depend on several factors. For in-
stance, in this study the heat transfer coefficients be-
tween front and back and top and bottom sides were
different and there was also difference between different
positions within the same side. The convective heat
transfer coefficient over the surface of the package
was in the range of 1.2 to 23.4 Wm−2 °C−1. Boundary
conditions for different design (box and liner) and op-
erating condition (airflow rate, stacking, etc) are differ-
ent. Experimental determination of boundary condition
for each of the cases at high spatial resolution is time
consuming, difficult and expensive. Cool room model
that takes into account all the geometric, airflow, heat
and mass transfer details is an alternative to predict the
boundary condition in relatively easy and cheaper way.
Such full-scale refrigerated system models have been
validated and used in number of applications and found
to be reasonably accurate (Hoang et al. 2000; Moureh
and Flick 2004; Moureh and Flick 2004; Nahor et al.
2005; Mirade and Picgirard 2006; Chourasia and
Goswami 2007; Delele et al. 2009a, b). The full scale
model can be used to develop database of boundary
conditions for different design and operating parameters
that can be incorporated in the development of simpli-
fied diffusion model of grape packaging system.

Effect of Package Components on Heat and Mass Transfer
During Cooling and Storage

The effects of bunch carry bags and plastic liners were
analysed on heat and mass transfer. Bunch carry bag
and plastic liners significantly affected the cooling time
(Fig. 9). Placing the grape bunches in carry bag in-
creased the half cooling time by 61.09 % from 1.8 to
2.9 h while the seven eighth cooling time increased by
97.34 % from 3.7 to 7.3 h. Nelson (1978) conducted an
experimental study on the cooling of paper wrapped
grape bunch cluster and reported a similar reduction in
cooling rate as a result the chimney wrap. However, the
addition of the carry bag did not affect the RH of the
cooling air around the product which was 90.77 % on
the average. RH was calculated by taking the ratio of
the partial pressure of water vapour actually present in
the air–water vapour mixture to the saturation pressure
of water vapour at the mixture temperature. ANSYS

FLUENT calculates the saturation vapour pressure (psat)

using: ln psat
pc

� 	
¼ Tc

T � 1
� ��P8

i¼1
Fi a T � Tp

� �
 �i�1
(Ansys

2010; Reynolds 1979). Where pc ¼ 22:089 MPa,
Tc ¼ 647:283K, F1 ¼ �7:4192, F2 ¼ 2:9721, F3 ¼ �1:1
553� 10�1 , F4 ¼ 8:6856� 10�3 , F5 ¼ 1:0941� 10�3 ,
F6 ¼ �4:3999� 10�3, F7 ¼ 2:5207� 10�3, F8 ¼ �5:21
87� 10�4 , a ¼ 0:01 Tp ¼ 338:15 K. Enclosing grape
bunch loaded carry bags inside non-perforated liners
increased the half cooling and the seven eighth cooling
time by 168.90 and 185.22 %, respectively (Fig. 9).
Nelson (1978, 1985) and Gentry and Nelson (1964)
conducted an experimental study on the effect of plastic
liner and observed a similar reduction in cooling rate.
Covering with 120×2 mm perforated plastic liner in-
creased half and seven eighth cooling time by 137.81
and 175.70 %, respectively. Relative to the non-
perforated liner, perforated liners decreased half and
seven eighth cooling time by 11.46 and 11.41 %, re-
spectively. The improvement in cooling rate as a result
of liner perforation was not that big. This could be due
to suboptimal vent parameters (size, number and posi-
tion) and blockage of the vents by the product and the
box surfaces. This result shows that in order to get the
required improvement in cooling rate optimal design
and operation of perforated liner is necessary. The ve-
locity of the air inside the package was a little bit
higher than the non-perforated liner; for instance, after
12 h of cooling time the air velocity 0.0059 ms−1

compared with 0.0041 ms−1. The difference in cooling
time between the different perforated plastic liners used

Fig. 9 Measured and predicted temperatures at the centre of the grape
package for different liner and packaging systems at the centre of the
package (position 2 in Fig. 7); non-perforated liner, measured (dia-
monds) and predicted (solid line); perforated liner (120×2 mm),
predicted (dashed line) and measured (triangles); no liner with
carry bag, measured (squares), predicted (broken line); grape bulk
without carry bag and liner, measured (circles) and predicted
(dashed–dotted line)
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in this study (120×2, 36×4 and 54×2 mm) was not
significant (p<0.05).

The effect of the non-perforated liner on maintaining
high RH inside the package was very vital (Fig. 10). Pre-
dicted total moisture loss from grapes that were packed with
non-perforated liner and cooled from an initial temperature
of 21 °C to a storage temperature of −0.5 °C and handled at
this temperature for 1 month was only 0.18 %. After cooling
time of 8.2 h, the air inside the packed system was com-
pletely saturated (RH0100 %) and resulted vapour conden-
sation. This phenomenon was also reported by Ngcobo et al.
(2011) and Lichter et al. (2011). For perforated liners, the
maximum RH that was attainable inside the package was the
RH of the cooling air. In this case, after pre-cooling and 1-
month storage at −0.5 °C, the predicted total moisture was
1.23 %. This results show that the perforation of plastic
liners mainly affect the moisture transfer. Non-perforated
liner was able to minimise the moisture loss. The lower
moisture loss could help to minimise weight loss, stem
drying, browning, softening and shattering of berries, but
the high rate of condensation inside the package could
enhance microbial growth and SO2 injury. Previous studies
described the advantage of plastic liner in minimising grape
moisture loss and in maintaining quality (Lichter et al. 2011,
2008; Nelson and Ahmedullah 1976; Costa et al. 2011;
Crisosto et al. 1994; Ngcobo et al. 2011). Crisosto et al.
(1994) conducted a moisture loss study on Thompson Seed-
less grapes with and without plastic liner. After 12 days of
storage at 0–1 °C and 3 days of shelf life at 20 °C, observed
moisture loss of 0.4 and 7.6 % for package with and without
plastic liner, respectively. In the same study, after 28 days of
shipment at 0–1 °C and 3 days of shelf life at 20 °C, for
package with perforated liner moisture loss of 0.4 % was
reported whereas, no moisture loss was observed for non-

perforated liner. The experimental study conducted by
Ngcobo et al. (2011) reported moisture loss of 0.70 and
1.80 % after 30 days of storage at 0.5 °C for table grapes
packaged with non-perforated and perforated liner, respec-
tively. Design of liner that is capable of minimising grape
moisture loss but prevent the accumulation of the condensed
water inside the package is very vital (Lichter et al. 2011).

Previous studies focused mainly on experimental evalu-
ation of the effects of table grape liner vents on moisture
loss and moisture condensation (Ngcobo et al. 2011). The
vents on a plastic liner are expected to increase the cooling
rate and to decrease the amount of condensation inside the
package. Results obtained in the present study showed that
vents only minimised condensation inside the package and
increased moisture loss; however, the effect of liner vents on
fruit cooling rate was relatively small. These results high-
light the need to design liner vents that are capable of max-
imising fruit cooling rate with minimum moisture loss. The
developed CFD model can be used to optimise vent design
of table grape liners, thereby reducing the cost of experi-
mental studies.

Effect of Product Stacking on Heat and Mass Transfer
During Cooling and Storage

The airflow pattern and temperature distribution within and
around the stack of grape packages is shown in Fig. 11.
Only some portion of the cooling air appeared to penetrate
the stack through the gaps between the boxes (Fig. 11a). The
hottest region was located near the central region of the
stack. The region that was located near the entry of the
cooling air had faster cooling rate than the interior region
(Fig 11b and c). The half and seven eighth cooling time at
centre of the stack was 23.19 and 63.92 h, respectively.
These cooling times were 193.42 and 204.09 % higher than
the corresponding cooling time of the two boxes mentioned
in ‘Effect of Package Components on Heat and Mass Trans-
fer During Cooling and Storage’, respectively. Due to the
perforated liner (120×2 mm) that was used in this study, the
maximum RH attained inside the packed boxes was the
same as the RH of the cooling air. To attain maximum RH
at the hottest spot in the stack, a cooling time of 87.64 h was
needed, which was an increase of 212.90 % relative to the
case of the two boxes that was mentioned above. The
predicted total moisture loss of the stack that was cooled
from an initial temperature of 21 °C to a storage temperature
of −0.5 °C and stored at this temperature for a period of
1 month was 1.88 %. This moisture loss was 34.6 % higher
compared with the two boxes. This result indicated that
stacking of the package on the pallet during handling affect-
ed the heat and mass transfer characteristics of the package.
Nelson (1978) conducted an experiment to study the pre-
cooling of grape package and observed significant effect of

Fig. 10 Measured and predicted RH inside grape package packed
using plastic liners; non-perorated, measured (diamonds) and predicted
(solid line) and perforated liner (120×2 mm), predicted (dashed line)
measured (triangles)
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number and arrangement of packages on the pallet. Due to
the low penetration of the cooling air to the central region of
the stack, the larger the pallet the more difficult to pre-cool.

Improving the Grape Packaging and Cooling Procedure

The validated model was applied to study alternative grape
packaging and cooling procedures. First, bulk grape
bunches were placed inside the vented box and cooled to
storage temperature. As soon as the storage temperature was
attained grape bunches were placed inside the carry bag and
plastic liner. In this way of cooling, the seven eighth cooling
time was reduced by 78.11 %, showing that this approach
could help to reduce the total energy consumption of sys-
tem. However, in this cooling procedure the RH inside the
package was relatively small. During packing with perforat-
ed plastic liner the RH throughout the storage period was the
same as the RH of the cooling air. However, in the case of
non-perforated liner there was a slight increase of RH inside
the package (2.12 %) during one month storage period.
Relative to the standard way of packaging and cooling, this

method minimised the cooling energy and avoided the
moisture condensation. The total energy consumption
increases with pre-cooling time (Thompson et al. 2010).
However, the total moisture loss was relatively increased.
After pre-cooling and 1-month storage at −0.5 °C, calculat-
ed total moisture loss of 0.57 and 1.39 % was observed for
non-perforated and perforated liner, respectively.

In the second case, grape bunches were covered with
carry bags and placed inside vented box, followed by cool-
ing to the storage temperature. When it reached the storage
temperature it was covered by plastic liner. In this case, the
seven eighth cooling time was reduced by 64.82 %. The
behaviour of the RH inside the package was the same as the
first case. In terms of energy saving, this method of cooling
was worse than the first case. However, the degree of
moisture loss and condensation was not significantly differ-
ent from the first case (p<0.05).

The third case studied the effect of cooling with high RH
air. In this study the grapes were packed and cooled in a
standard way but the cooling air had relatively high RH
(96 %). The grapes were packed with perforated liner. With
this cooling and storage method, it was possible to minimise
the moisture loss by 71.16 %, but its effect on cooling rate
was not significant (p<0.05). It is known that high RH
cooling air minimises moisture loss by minimising the va-
pour pressure deficit between the grape surface and the
cooling air (Gentry and Nelson 1964; Nelson 1978; Lichter
et al. 2011). This high level of RH can be attained by using
an external humidifier. In addition to maintaining the re-
quired high RH, a humidifier that works with water misting
can even increase the cooling rate by evaporative cooling
effect (Delele et al. 2009a).

In the last case, the grape bunches were covered with
carry bags and placed inside a vented box and cooled to the
half cooling time. After reaching the half cooling time the
grapes inside the carry bag were covered with plastic liner
and the cooling of the package was continued up to the
storage temperature. In this scenario, the seventh eight cool-
ing time was reduced by 41.60 %. For non-perforated plastic
liner, it was possible to get high RH (97.15 %) inside the
package with no condensation whereas, for perforated liners
the RH inside the package was the same as the RH of the
cooling air. The calculated total moisture loss after pre-
cooling and 1-month storage at 0.5 °C was 0.34 and
1.31 % for non-perforated and perforated liner, respectively.

Conclusions

Table grapes are normally packed in multilayer packages.
For efficient postharvest handling and cooling of table
grapes, optimal design, packing and operation of the pack-
age are very important. The airflow, heat and mass transfer

(a)

(c)(b)

Fig. 11 Predicted airflow and temperature profiles within and around
stack of grape packages, after 6 h of cooling from the initial temper-
ature of 21 °C (294.15 K); a airflow vectors; b temperature along the
length of the stack; c temperature along the width of the stack
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characteristics in and around table grape packaging system
were studied using CFD model. The model was validated
using experimental results.

The effects of different package components on airflow,
heat and mass transfer processes were studied. The validated
model was applied to evaluate alternative packaging and
cooling procedures. The presence of bunch carry bag and
plastic liner affects the cooling rate of grapes. The contribu-
tion of plastic liner in reducing the cooling rate of packed
grapes was higher than the other package components. Non-
perforated liner produced the highest RH inside the package
that gave the lowest moisture loss but the highest conden-
sation. Pre-cooling of table grape bunches with and without
carry bag before covering it with plastic liner reduced the
cooling rate significantly, up to 78.11 %. For perforated
liner, the use of high RH (96 %) cooling air compared with
90.77 % minimised the moisture loss by 71.16 %. The
cooling airflow pattern, cooling rate and moisture loss were
also affected by the stacking of the product over the pallet.
The result demonstrated the applicability of CFD models to
determine the optimum table grape package design and
handling that gives the maximum cooling rate with mini-
mum water condensation and moisture loss. The approach
followed in this study can be applied in the optimisation of
other agricultural product packaging system design and
handling. However, these models must include the appro-
priate system geometry, air supply properties and product
physiochemical properties.
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