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Computational fluid dynamics (CFD) model was developed, validated and used to analyse cooling char-
acteristics of two different package designs (CT1 and CT2) used for postharvest handling of pomegranate
fruit. The model incorporated geometries of fruits, packaging box, tray and plastic liner. Thin layer of plas-
tic material with conservative interface heat flux was used to model liners. The accuracy of the model to
predict airflow and temperature distributions were validated against experimental data. The model pre-
dicted airflow through the stacks and cooling rates within experimental error. Stack design markedly
affected the airflow profile, rate and uniformity of cooling. The cooling rate of the two package designs
differed by 30% and plastic lining increased the average 7/8th cooling times from 4.0 and 2.5 h to 9.5
and 8.0 h for the CT1 and CT2 stacks, respectively. Profile of high and low temperature regions depended
considerably on packaging box design.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The demand for pomegranate fruit is increasing due to the
extensive knowledge acquired on the health benefits of pomegra-
nate and increased public awareness about functional food
(Seeram et al., 2006). Following this, there has been increased
interest in research to improve storability (Opara et al., 2015).

Temperature and relative humidity (RH) are important factors
that control respiratory activity, physiological disorders and
growth of microbial pathogens during storage of pomegranate fruit
(Munhuweyi et al., 2016; Pareek et al., 2015). Optimum storage
temperature varies by cultivar, production area, and postharvest
treatment (Köksal, 1989; Onur et al., 1995). Normally, storage is
recommended at temperatures between 5 �C and 8 �C (Artés
et al., 1996; Fawole and Opara, 2013; Kader et al., 1984) and rela-
tive humidity (RH) between 90 and 95% (Artés et al., 1996;
Mirdehghan et al., 2007). After harvest, produce normally contain
heat from the field (field heat) and fruit temperature is higher than
the recommendation. Hence, it is necessary to remove the field
heat to bring the harvested produce to the storage temperature
by employing a precooling process. After precooling, commodity
should be maintained at its lowest safe temperature.

Precooling of pomegranate can be accomplished using room
cooling. In this technique, stacked fruit are placed in an insulated
room equipped with refrigeration units to chill the air. However,
room cooling is a slow process. Forced-air cooling (FAC) system
uses fan to drive cold air through stacked produce to increase the
rate of convective heat transfer from the commodity to the cooling
medium. Hence, FAC is the most commonly used technique in
postharvest precooling of fruits and vegetables. FAC can be used
in conjunction with cold storage room. Fresh harvest can be rapidly
precooled to the required storage temperature and then trans-
ferred to cool store room. This helps to maintain the cool room
environment constant.

There are many factors that affect the effectiveness of precool-
ing of perishables (Opara and Zou, 2007; Zou et al., 2006a,b).
Among these, the role of package design and package arrangement
on uniformity and rate of cooling have been highlighted by many
researchers (Berry et al., 2015, 2016; Defraeye et al., 2013; Delele
et al., 2013; Ngcobo et al., 2012; Opara, 2011). Size, proportion
and locations of vent-holes on top, bottom and side faces of a pack-
aging box considerably affect cooling rate and uniformity (Berry
et al., 2015, 2016). Plastic liner is commonly used to reduce mois-
ture loss and to control gas compositions (CO2 and O2) during stor-
age (Mangaraj et al., 2009; Opara, 2011). However, plastic liner also
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Fig. 1. Components of the experimental setup. Pomegranates in the CT2 packaging
box, with no lining (a), with liner (b), thermocouple inserted to fruit centre to
measure pulp temperature (c) and stack ready for the FAC test (d).
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blocks airflow and reduces the rate of heat removal from the pro-
duce. Understanding the influence of package designs on the rate
and uniformity of cooling helps to optimize the process.

Such knowledge can be acquired experimentally. Here, spa-
tiotemporal temperature data can be processed to estimate cooling
coefficients, 7/8th cooling time and cooling uniformities (Anderson
et al., 2004; Gil et al., 2012; Akdemir and Arin, 2006). However,
experimental approach alone is expensive, time taking and incon-
venient to perform detailed analysis of airflow and temperature
distributions. By combining experimental measurements with
mathematical models, a more comprehensive analysis can be rea-
lised (Verboven et al., 2006; Zou et al., 2006a,b; Alvarez and Flick,
1999a,b; Ferrua and Singh, 2009). The powerful visualization capa-
bilities and acceptable accuracy of the numerical predictions make
computational fluid dynamics (CFD) the primary method of choice
in modelling mass and heat transfer processes (Ambaw et al.,
2013; Norton and Da-Wen, 2006; Smale et al., 2006).

While research on the health benefits (Mertens-Talcott et al.,
2006; Viuda-Martos et al., 2010) and improved postharvest han-
dling methods (Artés et al., 2000; Mirdehghan et al., 2006; Opara
et al., 2015) has been reported, little is known about precooling
of pomegranate fruit in the cold chain. Direct extrapolation from
studies on other fruit types is not appropriate since thermal prop-
erties, package designs, package arrangement and precooling
requirements are specific.

The aim of the present work is to examine the aerodynamic and
thermodynamic performances of two different corrugated fibre-
board containers to handle ‘Wonderful’ pomegranate fruit with
or without plastic liner. To accomplish this, CFD models were
developed and validated. Then, the validated model was used to
analyse the airflow and temperature distributions with very high
spatial resolution.
2. Materials and methods

2.1. Fruits

Pomegranate fruit (Punica granatum L., cv. Wonderful) was har-
vested at commercial maturity from Merwespont farm in Bon-
nievale, Western Cape, South Africa. Fruits were transported in
an air-conditioned vehicle to Postharvest Technology Research
Laboratory in Stellenbosch University. The average size of pome-
granates were 8.00 ± 0.20 cm in diameter and 358 ± 10 g in mass.
Before the start of the experiments fruits were equilibrated to
ambient air temperature which was17 ± 3.0 �C.

2.2. Packaging boxes

Two corrugated packaging box designs (CT1 and CT2) were
examined in this study. Each box design carry twelve pomegranate
fruits (fruit only Fig. 1(a) and fruit enveloped in plastic liner Fig. 1
(b)). Table 1 summarizes the loading capacities and vent area char-
acteristics of the boxes. Plastic wrapping was done by placing
pomegranates in a single non-perforated 10 lm thick high density
polyethylene (HDPE) plastic film (Fig. 1(b)). The dimensions and
vent-hole locations of the two boxes are presented in Fig. 2.
Table 1
Package dimensions, vent-hole ratios and loadings.

Models Dimensions [m] Vent hole ratio [%]

Short side Long side

CT1 0.39 � 0.29 � 0.12 2.0 8.0
CT2 0.33 � 0.30 � 0.11 5.3a 10.20

a Not that during stacking this vent-hole would be blocked. In a stack, this side has p
2.3. Precooling experiments

Boxes were stacked on a standard ISO industrial pallet
(1.2 � 1.0 m � 0.1 m) (Fig. 2(e) and (f)). The CT1 stack holds 7 lay-
ers of 10 boxes while the CT2 stack holds 8 layers of 12 boxes. Then
each stack was individually placed in front of the FAC system
inside cold storage room. The top, left and right sides of the stack
were carefully sealed with plastic sheet (Fig. 1(e)). The FAC system
uses centrifugal fan (Kruger KDD 10/10 750W 4P-1 3SY) to draw
cold air through the stack. Temperature and relative humidity
(RH) of the cold store room were 7 ± 1.2 �C and 91.4 ± 6.3%, respec-
tively. Pressure at inlet and outlet and air velocity at outlet of the
FAC system were measured using differential pressure meter (Air
Flow Meter Type A2G-25/air2guide, Wika, Lawrenceville GA
30043, USA with a long-term stability of ±1 Pa) with data con-
troller (WCS-13A, Shinko Technos CO LTD, Osaka, Japan).

Fruit pulp temperatures were measured by inserting T-type
thermocouple into the core of sample fruits (Fig. 1(c)). The thermo-
couple used has operating range of �30 to 100 �C and accuracy of
±0.025% (Thermocouple products Ltd, Edenvale, South Africa). The
interference due to the physical presence of a thermocouple inside
fruit (due to their heat capacity and density) was assumed negligi-
ble as the thermocouples were small in size compared to the fruit.
The relative positions of the temperature sensors in a layer is
Loading

Bottom side Number of fruits Total weight [kg]

3.0 12 4.3
3.8 12 4.3

ractically no vent-hole.



Fig. 2. Schematics of the two package designs. The top row shows the isometric view of the CT1 (a) and CT2 (b) boxes. The middle row show vent holes on the bottom side of
the CT1 (c) and CT2 (d) boxes, respectively. The bottom row depicts dimensions and box orientation of the CT1 (e) and CT2 (f) packages stacked on a standard ISO industrial
pallet.
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shown in Fig. 3. Sampling fruits were placed in layers: 2, 4 and 6 of
the stacks. This way pulp temperature data were collected every
300 s.
2.4. Model formulation

2.4.1. Model assumptions
The CFD model was developed based on the following

assumptions:

� Pomegranates are spherical with uniform diameter (80 mm)
and ideally arranged inside a box.

� Thermal properties of pomegranate fruit was estimated using
models for food components (Choi and Okos, 1986) at average
fruit pulp temperature of 12 �C and mass composition of:
80.97% moisture, 0.95% protein, 0.30% fat, 16.57% carbohydrate,
0.6% fibre and 0.61% ash (USDA, 1996).

� The influence of moisture loss on the energy balance was
assumed negligible and thus not included in the model.

� Mass transfer across the plastic liner was assumed negligible.
However, the heat transfer across the interface separating the
free air and the air inside the liner was modelled.

� Thermal property of cardboard obtained from Ho et al. (2010)
were used in the model. The actual values of our carton may
have some difference from the values used in the model.
Table 2 summarizes the material property data used in the CFD
model.

2.4.2. Governing equations
The airflow was modelled by the Reynolds Averaged Navier

Stokes (RANS) equations with the continuity, momentum, and
energy balance equations as given in Eqs. (1)–(3), respectively.

r � u ¼ 0 ð1Þ

@ðuÞ
@t

þr � ððu� uÞÞ � r � lþ lt

qa

� �
ru

� �
¼ SU � 1

qa
rp ð2Þ

ðqaCpaÞ @Ta

@t
þ u � rTa

� �
¼ r � ððka þ ktÞrTaÞ þ Qa ð3Þ

where u is the vector of the velocity (m/s), t is time (s), l is the
dynamic viscosity of air (kg m�1 s�1), lt is the turbulent eddy vis-
cosity (kg m�1 s�1), p is pressure (Pa) and SU (m/s2) is the momen-
tum source term, Cpa (J kg�1 K�1) is the heat capacity of air, qa

(kg m�3) is the density of air, qs (kg m�3) is the density of apple
fruit, Ta (K) is the air temperature, ka(Wm�1 K�1) is the thermal
conductivity of air, kt (W m�1 K�1) is the turbulent thermal conduc-
tivity. The turbulent thermal conductivity is a function of the turbu-
lent viscosity, the heat capacity and Prandtl number of air and
calculate using the shear stress transport (SST) k-x turbulence



Fig. 3. Positions of thermocouples in a layer of the CT1 (a) and CT2 (b) stacks.
Thermocouples were placed in Layers: 2, 4 and 6 of the stack at the front left (FL),
front right (FR), middle (M), and back left (BL) and back right (BR) boxes.
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model (Defraeye et al., 2013; Delele et al., 2008, 2013; Menter,
1994). In the fruit the heat transfer is given by Eq. (4)
ðqsCpsÞ @Ts

@t

� �
¼ r � ðksrTsÞ þ Qs ð4Þ
where qs (kg m�3) is the density of pomegranate fruit, Cps (J kg�1 -
K�1) is the heat capacity of pomegranate fruit, Ts (K) is the produce
temperature, ks (W m�1 K�1) is the thermal conductivity of pome-
granate fruit. Pomegranate is a non-climacteric fruit and has a rel-
atively low respiration rate that declines with time during storage
after harvest (Fawole and Opara, 2013; Kader et al., 1984). Hence,
the heat of respiration Qs (W m�3) in Eq. (4) was assumed negligible
in the model. The main model parameters and their values are sum-
marized in Table 2.
Table 2
Material properties and their values.

Parameters

Density of plastic liner (HDPE) (qL)
Density of pomegranate (qp)
Density of cardboard (qcb)a

Heat capacity of plastic liner (HDPE) (cpL)
Heat capacity of pomegranate (cps)b

Heat capacity of cardboard (ccb)
Mean fruit diameter (d)
Thermal conductivity of pomegranate (kp)b

Thermal conductivity of plastic liner (HDPE) (kL)
Thermal conductivity of cardboard (kcb)

a Property of cardboard obtained from Ho et al. (2010) were used in the model. The actu
b Thermal properties of pomegranate fruit was estimated using thermal property mod

1986) and with mass composition of pomegranate fruit: 80.97% moisture, 0.95% protein
2.4.3. Geometry and boundary conditions
Spheres representing pomegranate fruits, detailed design of

boxes, tray (for the CT1 stack), plastic liner and the FAC system
were replicated in the CFDmodel. In the CT1 box fruits were placed
on a tray with depressions to position individual fruit. Whereas the
CT2 box has no tray and fruits were directly placed in the box.

Steady state airflow and pressure distributions were modelled
for the full stack. Fig. 4 illustrates the model geometry and bound-
ary conditions of the problem. The plastic liner separating the free
air and the air inside liner were modelled as a no slip wall of thin
plastic material (10 lm) with conservative heat flux defined based
on thermal properties of HDPE material. Fruit surfaces and box sur-
faces were set to wall, no-slip boundaries with respect to airflow
and to conservative flux for heat transfer. The inlet to the domain
was open to the atmosphere (at atmospheric pressure) and the
outlet of the domain, which corresponds to the inlet to the suction
fan, was at suction pressure (negative gauge pressure).
2.4.4. Simulation setup
Geometry creation, domain discretization and numerical simu-

lations were performed with the CFD code on ANSYS�CFXTM Release
17.0 (ANSYS, Canonsburg, PA, USA). Mesh dependency was anal-
ysed based on the difference in values of air velocity in the full
stack model for grid sizes of 4 � 106, 8 � 106 and 12 � 106 ele-
ments. For this purpose, air velocities through vent holes at the
inlet side of the stack were computed and average discretization
error was estimated using the Richardson extrapolation method
(Franke et al., 2007; Roache, 1994). The actual simulations were
finally undertaken using 10 � 106 elements which had an average
discretization error in estimating air velocity of 2.6%.

Solving the heat transfer problem required a very fine mesh to
accurately capture the interfacial heat fluxes. Modelling this prob-
lem on the full stack was computationally difficult and time taking.
A pre-assessment of the temperature measurement data revelled a
nearly uniform cooling rate across each layer of a stack. Addition-
ally, simulated airflow and pressure fields for the full stack showed
similar distribution across each layer of a stack. Hence, in this
study, the transient heat transfer problem was solved for a single
layer, taken out of the stack (Fig. 5). For the single layer model,
mesh dependency was analysed using fruit pulp temperature as
criterion giving a mesh elements of 2 � 106.

SIMPLE discretization scheme was used for pressure-velocity
coupling and Second Order Upwind discretization was used for
momentum, specific dissipation rate and energy calculations. A
number of time step sizes (360 s, 180 s, 72 s, 36 s) were assessed.
Based on accuracy and computational time, time step size of
180 s with maximum 10 iterations per time step, was used. Simu-
lation were run on a 64-bit, Intel(R) Xeon(R) CPU E5-1660 v3, 3 GHz,
32 Gb RAM, Windows 7 PC.
Value Reference

959 kg/m3 Harper (2004)
1135 kg/m3 Estimated
145 kg/m3 Ho et al. (2010)
2000 J/kg K Harper (2004)
3645 J/kg K Choi and Okos (1986)
1338 J/kg K Ho et al. (2010)
0.080 m Measured
0.52 W/mK Choi and Okos (1986)
0.43 W/mK Harper (2004)
0.064 W/mK Ho et al. (2010)

al values of our carton may have some difference from the values used in the model.
els for food components at average fruit pulp temperature of 12 �C (Choi and Okos,
, 0.30% fat, 16.57% carbohydrate, 0.6% fibre and 0.61% ash (USDA, 1996).



Fig. 4. Schematics showing the stack and the airflow direction tested on the CT1 stack (a), CT2 stack (b) and illustration of the computational domain and boundary
conditions of the model for the airflow distribution (c).

Fig. 5. Schematics showing boundary conditions used to simulate the transient heat transfer problem. The layer corresponds to the CT1 stacked.
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3. Results and discussions

3.1. Model validation

Validation of the CFD model was done by comparing computed
and experimentally obtained airflow, pressure drop and tempera-
ture data. The experimental uncertainty was calculated from stan-
dard deviation of measurements from three repeated experiments.

3.1.1. Pressure drop characteristics
The measured and simulated pressure drop vs. flow rate data of

the CT1 and CT2 stacks are presented in Fig. 6. As expected, pres-
sure loss is affected by package design and plastic liners. CT2 stack
with no liner (CT2_No lining) has the lowest pressure loss while
CT2 box with liner (CT2_With lining) has the highest loss. The
CT1 stack has intermediate pressure loss characteristics.

The CFD model captured the pressure drop characteristics
within the measurement error. Simulated values were, in average,
15% higher than measured values (curves in Fig. 6). Gaps between
boxes and between the stack and the stack covers are completely
avoided in the model. In actual case, such gaps are inevitable and
air can leak through such gaps.

Superficial air velocity depends on the permeability of the stack,
the flowing fluid (air) properties and the pressure gradient applied



Fig. 6. Measured (dots) and simulated (curves) pressure drop across the stacks as a
function of superficial air velocity through the stack. Horizontal and vertical lines
corresponds to standard deviation of three repeated superficial air velocity and
pressure drop measurements, respectively.
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for air delivery. This relationship was captured using the Darcy-
Forchheimer equation (Eq. (5)).

MV ¼ �l
k
V � q

k1
jV jV ð5Þ

where V (m/s) is superficial velocity, defined as the volumetric flow
rate divided by the cross sectional area of the stack perpendicular to
the flow direction. The coefficient l/k (Darcy term) accounts for
friction losses that are characteristics of the fluid viscosity l (Pa s)
and the permeability of the stack k (m2). The coefficient q/k1 takes
into account inertial losses associated with expansion, constriction,
and bends in the pore channels where the additional term k1 (m) is
known as inertial permeability. Fitting the pressure drop vs. veloc-
ity data to Eq. (5) give pressure loss coefficients of the stacks
(Table 3). Simulated and measured coefficients agree very well with
respect to the inertial loss coefficient (q/k1). This coefficient is dom-
inant at high airflow due to inertial effects (Verboven et al., 2006).
Plastic liner influences the CT2 stack most. For this stack, plastic
liner increased the pressure drop by 3-fold. In the contrary, the
influence of plastic liner in the CT1 stack was relatively small, it
increased the resistance by 27%. The vent holes of the CT1 container
were many in number and spread on the box sides. However, in the
CT2 stack, the single vent hole on the top rim of the box could be
easily blocked by plastic liner.
3.1.2. Cooling rates
Initial pulp temperatures were slightly different between

experiments, also between sampling fruits at different location in
the stack. Hence, to compare the cooling rate at equal ground, a
Table 3
Comparison of simulated and measured pressure loss coefficients of the different
packages.

l/k (Pa s m�2) q/k1 (kg m�4)

Model Experiment Model Experiment

With liner CT1 30.88 36.88 2088.80 2078.88
CT2 76.60 8.02 3420.00 3507.00

No liner CT1 120.69 1.80 1520.10 1563.40
CT2 40.00 1.86 1000.40 1563.40
dimensionless parameter, as given by Eq. (6), was used. This equa-
tion describes the cooling rate in terms of the fractional unaccom-
plished temperature change Y (Defraeye et al., 2013).

Y ¼ T � Ta

Ti � Ta
ð6Þ

where T is the measure pulp temperature (�C), Ta is the cooling air
temperature, which was taken to be the set point temperature of
the cooling unit �7 �C and Ti is the initial pulp temperature of the
produce (�C). Fig. 7 depicted the measured and simulated time-
temperature curves per layer. Cooling rate significantly affected
by plastic lining as can be confirmed by the clearly grouped curves
of stack without lining (broken curves) and stack with lining (full
curves). The model (full black curve) approximated cooling rate
with slight underestimation. The underestimation of the cooling
rate was, in part, due to the constant value of cooling air tempera-
ture (7 �C) used in the simulation. In actual case the cool room tem-
perature was often lower than 7 �C. In addition, for stacks with
plastic liners, the model may not accurately reproduced the actual
position of plastic liner with respect to pomegranates. To get a
robust and computationally stable simulation, plastic liner was
positioned 2 mm away from the pomegranate fruits to simplify
Fig. 7. Layer average time-temperature curves for a stack with lining (full curves)
and no lining (broken curves) of CT1 (a) and CT2 (b). Simulated values, obtained
from a single layer model are shown in black color. Ta = 7 �C was used in the
normalizing equation. Measurements and simulations correspond were at air flow
rate of 0.5 L kg�1 s�1.



Fig. 8. Measured ((a) and (c)) and simulated ((b) and (d)) average pulp temperature histories per sample position in CT1 ((a) and (b)) and CT2 ((c) and (d)) boxes, with lining
(full curves) and no lining (broken curves). Ta = 7 �C was used in the normalizing equation. Measurements and simulations correspond to an airflow rate of 0.5 L kg�1 s�1.

Table 4
SECT of the CT1 and CT2 stacks at cooling air (7 �C) flow rate of 0.5 L kg�1 s�1.

SECT (h)

Model Experiment

With liner CT1 11.5 9.5
CT2 9.3 8.0

No liner CT1 4.2 3.5
CT2 3.7 2.5
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the grid generation. This creates insulating air layer between the
plastic liner and the fruit, reducing the heat transfer rates. Notice
that the time-temperature curves of layers in a given stack were
nearly identical for all the cases.

Fig. 8 depicts layer averaged time-temperature curves of sample
pomegranate fruits (see Fig. 3 for sample positions). The experi-
mental result showed cooling rate magnitude arranged as
FL > BL > FR > M > BR. Clearly, temperature non-uniformity was
high between fruits in different boxes in a layer. Pomegranate
fruits in boxes at the front region of the stack were receiving cool-
ing air first, and its boundaries are adjacent to the cold air of the
cool store room. Fruits in the middle and especially those in the
back received warmer air infiltrated through fruits in the front
region. Hence, boxes in the front region (FL and FR) are normally
expected to cool faster followed by boxes in the middle region
and then fruits in the back region of a stack. However, the experi-
ment didn’t go in parallel with the expectation and didn’t show a
coherent trend to describe the variation. For the CT1 stack with lin-
ing the middle stack (M) was observed to have the lowest cooling
rate. The cause of deviation from expectation may be due to the
cold air distribution in the cool store room. Also, air leaving the
FAC system may interact with airflow from the cooling unit of
the cold storage room, creating a non-uniform air temperature at
inlet to the FAC system. The CFD model (Fig. 8(b) and (d)), how-
ever, followed the expected trend of temperature distribution.
Table 4 summarizes the result of simulated and measured 7/8th
cooling times (SECTs) of precooling of the different packages. Pre-
dicted cooling times were at max 20% higher than measurements.
The difference between the two package designs were more signif-
icant in cases of no liners, here cooling rate of the two package
designs differed by more than 30% and plastic lining increased
the average 7/8th cooling times from 3.5 and 2.5 h to 9.5 and
8.0 h for the CT1 and CT2 stacks, respectively.
3.2. Analysis of pressure loss and airflow distributions

Fig. 9 depicts simulated profiles of pressure distribution in the
stack. The contour plots and the graphs clearly identified locations
of major pressure loses in the stacks. For the CT1 stack the most



Fig. 9. Simulated contour of pressure distribution on vertical plane sectioning the CT1 (a) and CT2 (b) stacks. The pressure gradient along horizontal line passing through the
CT1 (c) and CT2 (d) stacks. Simulations were at airflow rate of 0.5 L kg�1 s�1.
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important location was between row 2 and row 3. At this junction,
pressure dropped by 20 Pa (�80% of the overall pressure gradient).
For the CT2 stack, pressure dropped by about 8 Pa (�32%) at inlet
to the stack, then flow from one box to another causes a 5 Pa drop
(�20%). The pressure field stayed constant inside a box for both
Fig. 10. Simulated stream lines of air velocity of the CT1 (a) and CT2 (c) stacks with no
stacks. Simulations were at air flow rate of 0.5 L kg�1 s�1.
stacks. Normally, in postharvest handling of pomegranates, small
numbers of fruits are loaded in a box in single layer and are loosely
packed. Due to this, the resistance to airflow due to the pomegra-
nate fruits in a box is negligible and that across vent holes of the
packaging box is important. This is in contrast to handling other
lining and contours of velocity on vertical plane sectioning the CT1 (b) and CT2 (d)



Fig. 11. Heat transfer coefficient (HTC) as a function of superficial air velocity through CT1 stack (a) and CT2 stack (b) with lining (full curves) and no lining (broken curves).
Simulations correspond to FAC of pomegranates from 17 �C using cooling air at 7 �C.
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fruit types. For instance, for carton of oranges or apple fruits, the
contribution of the stacked fruit to the overall pressure loss would
be relatively important (Verboven et al., 2006).

The model reproduced the actual position of the suction fan
with respect to the stack. Hence, stream lines were captured as
realistically as possible (Fig. 10(a) and (c)). The suction effect gen-
erated by the centrifugal fan draws refrigerated air horizontally
through boxes at superficial air velocity of 0.13 and 0.17 m/s for
the CT1 and CT2 stacks, respectively. Near vent-holes air velocity
reached up to 5 m/s.

From the images of the velocity field inside the stack (Fig. 10
(b) and (d)), it is clear that airflow distribution depended on box
design and box arrangement. Due to change in orientation of boxes,
between the 2nd and 3rd row of the CT1 stack, vent openings were
not line up from inlet to outlet. For this stack, vent-hole proportion,
perpendicular to the airflow path, were 9.45% at inlet and outlet of
the 1st row. Then, due to blockage of vent openings, it decreased
to 2.15% at outlet from the 2nd row/ inlet to the 3rd row. This
resulted a high local air velocities in the region above fruits in the
3rd row. In the CT2 stack, vent openings were perfectly lined up from
inlet to outlet, forming tunnel like path through the stack.

3.3. Analysis of the cooling heterogeneity

Calculated value of surface averaged heat transfer coefficients
(HTCs) are presented in Fig. 11. The HTCs were calculated from a
steady state simulation of FAC of pomegranates from an initial pulp
temperature of 17 �C at cold air temperature of 7 �C. For the range
of airflow rates (from 0.05 to 0.5 m s�1) the HTC ranged from
74Wm�2 to 159Wm�2 for stack with no liner and from
9.3 Wm�2 to 48 Wm�2 for stack with liner of the CT1 stack. Sim-
ilarly, for the CT2 stack HTCs ranged from 120Wm�2 to
163Wm�2 for stack with no liner and from 5Wm�2 to
48 Wm�2 for stack with liner. Hence, in average, plastic liners
amounted to a reduction of HTC by 74%. Heat transfer coefficient
increases with airflow and the distribution followed the airflow
profile discussed previously. The relatively low heat transfer coef-
ficient of the 3rd row of the CT1 stack is apparent.

Contours of instantaneous temperature distributions in a layer
of the stacks with no plastic liner are presented in Fig. 12. The
two box designs have distinctly different temperature distribu-
tions. The CT1 stack show wide variation of cooling rate between
rows, with the 2nd row the fastest cooling and the 3rd row the
slowest cooling. In the CT2 stack, fruits along the channelled flow
path cool in a noticeably higher rate than fruits at the left and right
of the airflow path.

Figs. 13 and 14 show temperature contours on outer plastic sur-
faces and on horizontal plane sectioning the stacks. The model
enables to visualize and quantify temperatures of the free air, air
inside the liners and the pomegranates. The insulation effect of
the plastic liner is evident from the temperature difference
between the free air and the air inside the liners. The pattern of



Fig. 12. Simulated contour of temperature distribution in a layer of CT1 (top row) and CT2 (bottom row) stacks with no lining. Simulation corresponds to an airflow rate of
0.5 L kg�1 s�1 at 7 �C. Contours were taken at 1 h (left column) and 4 h (right column).

Fig. 13. Simulated contour of temperature distribution in a layer of CT1 stacks with
lining. Instantaneous temperature contour on surface of plastic liner (top) and on
horizontal plane through the stack (bottom). Simulation corresponds to an airflow
rate of 0.5 L kg�1 s�1 at 7 �C. Contours were taken at 1 h.

Fig. 14. Simulated contour of temperature distribution in a layer of CT2 stacks with
lining. Temperature contour on surface of plastic liner (top) and contour on
horizontal plane through the stack (bottom). Simulation corresponds to airflow rate
of 0.5 L kg�1 s�1 at 7 �C. Contours were taken at 1 h.
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temperature distribution inside the stack followed the trend
observed for the no lining counterpart. Plastic lining decreased
cooling rate without noticeably changing the pattern of high and
low temperature regions. For both with and without lining cases,
the rate of cooling vary significantly between rows in layer of the
CT1 stack and between fruits in a box for the CT2 stack.



A. Ambaw et al. / Computers and Electronics in Agriculture 136 (2017) 13–24 23
4. Conclusions

In this study, experiments and numerical simulation using the
computational fluid dynamics code of ANSYS� CFXTM were carried
out to characterize pressure loss, airflow patterns, and temperature
distributions during forced-air precooling of pomegranate fruit.

Experiments and simulations highlighted the importance of
package design and added packaging material like plastic lining
on the airflow and cooling performances. Number of fruits per
box were relatively few and pomegranates are loosely packed that
pressure loss inside a box is minimum. Rather, pressure loss due to
sudden contraction and expansion of the airflow path as air enters
and leaves individual boxes in a stack is dominant. Hence, in FAC of
pomegranate fruit, modification of package design can have signif-
icant influence on the aerodynamic and thermodynamic
performances.

During precooling of palletized pomegranate, the high and low
temperature regions depends considerably on package design.
Especially during long storage of pomegranates or during long dis-
tance transportation, monitoring critical regions inside the stack
would be very crucial for proper control of the cooling process.
As clearly demonstrated in this study, critical regions depends on
packaging design.

Liner is essential for postharvest handling of pomegranate. It
reduces weight loss from fruit by acting as a barrier to moisture
transport from fruit to the bulk air. However, it increased airflow
resistance and reduced convective heat transfer from produce,
leading to increased cooling time and energy use. With liners being
the most decisive factor affecting cooling rate and energy con-
sumption of the cooling process, it is interesting to study the effect
of adding perforations on liners.
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