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Abstract. Fruit packaging is highly impactful in temperature and humidity distribution for
post-harvest fresh fruit cooling and conservation. It is also the most flexible part on fruit
production and should be able to increase shelf-life by deterring adverse conditions. However,
packaging thermal performance during cold storage where it is displayed to the internal
airflow is influenced by the size and position of vent-holes. In this study airflow inside the
fruit box and fruits thermal behaviour are evaluated in order to determine differences between
three prototype package models. Models differ from each other by the holes’ configuration
and size. Furthermore, models’ performance is compared to a commercially available box of
similar dimensions. Experimental tests were carried out in three stacked boxes, equipped with
temperature and humidity sensors, and placed inside a refrigeration chamber with forced air
cooling. Packaging box CFD models of each prototype wall were developed to predict the
airflow and heat transfer during storage in a refrigeration chamber. Models predictions were
validated by experiments results. According with simulation results, all prototypes have better
thermal performance than the commercial model. However, significant performance
differences between prototype walls were found. Fewer, larger and strategically distributed
vent-holes allow a better result in terms of temperature homogeneity inside the box and
significant reduction in fruit cooling times.

1 INTRODUCTION

Temperature is the most important factor affecting post-harvest fruit quality. To stave off
the decrease of quality, fresh produce is subjected to precooling, most often to a stream of
cool air that rapidly decreases the temperature to a point near the desired conservation
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condition, removing field heat and safeguarding the quality decay of commodities [1-7]. The
maintenance of adequate temperature slows down the biochemical processes responsible for
senescence [8]. Fruit remains physiologically active after harvest resulting in the reduction of
quality [9,10]. Adequate cooling is of critical importance when dealing with post-harvest
perishable fruits as the mentioned physiological phenomena generates heat that can lead to
premature and excessive ripening [11] and the development of colony forming units of
microorganisms. Thus, it becomes clear that proper temperature management is necessary to
ensure perishable food quality and safety [12]. As forced air cooling is the most common
process used to cool post-harvest fruit, it also becomes clear the importance of this stage in
the food chain and its necessity to be as effective and uniform as possible [13, 14].

Cooling heterogeneity can lead to damage in the produce due to some locations becoming
colder or hotter than ideal [1, 11] and it is difficult to evaluate using average values [9]. One
of the factors affecting cooling uniformity during precooling is the presence of turbulent
airflow due to the shape of food products and the packaging [15, 16]. Therefore, packaging
should be designed to prevent heterogeneity by adjusting vent size and position to the
necessities of the food products [6,17]. However, perfect cooling uniformity is impossible to
operational and environmental conditions as well as biological variance of perishable food
products [9, 10]. Virtual cold chain simulation clearly demonstrates the negative effects of
cooling heterogeneity in the quality of food products [14]. Heterogeneity can also be caused
by the presence of preferential pathways for airflow, in which the food products aligned with
the path can be properly cooled, but the misaligned ones cannot [18, 19].

Out of all the factors that influence precooling operations, packaging is one of the most
significant as it directly impacts the airflow pathways and their contact with the food
products, thus directly impacting cooling time and uniformity [2, 13]. Previous authors have
studied the impact of the design of the vents in packaging concerning it size and distribution
[3, 20-22], concluding that designs including increased vent areas evenly distributed
throughout the packaging perform better and with more uniformity than those who do not. by
reducing the preferential pathways and better diffuse the cool air inside the package [23] [24].

For kiwi fruit [1], apples [8], pomegranates [6], strawberries [4, 25], citrines [26, 27] the
significant impact of package geometry on cooling and throughput [28] has been
demonstrated.

Fortunately, packaging is one of the easiest parameters to change in post-harvest cold chain
as it is not particularly expensive or overburdened with regulations [7]. Also, significantly
less expensive is the use of CFD simulations per opposition to experimental tests and
computational capabilities becomes less expensive, simulation become more attractive as it
can provide accurate spatial and temporal predictions with a resolution and consistency that
would be extremely difficult to achieve through experimentation [2, 6, 7, 9, 10, 26, 28, 29].

In this study, three types of fruit packaging boxes are studied concerning cooling efficiency
and uniformity. The boxes vary only in the size, position, and shape of the vent holes. This
numerical study continues the analysis started in previous works [30-34] where the evaluation
of different fruit packaging box designs was developed, leading to a set of best performance
packaging boxes. This study presents the multi-parameter approach using transient CFD
models of the three best different packaging boxes with different vent shape, size, and
location to predicts the airflow and temperature distribution during the cooling phase.
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2 EXPERIMENTAL SETUP

A stack of three boxes was placed inside a cooling chamber. Each box measures
600x400x90 mm and contains 35 product simulators, thus totaling one 105 fruit simulators.
All simulators are spherical and have a diameter of 70 mm and are placed in a staggered
pattern inside the alveoli being distanced from one another by 4 mm. Five of the simulators
are made of agar-gel and the remainder is made of polystyrene. One agar-gel simulator was
placed in the center of each box and, in the middle box, the remaining two simulators were
placed near the corners, one in near the bottom right corner and the other near the top left
corner.

The models of box walls were named A, B and C (see Figure 1). Model A consists of a
wall with cone like shaped holes for air circulation. Model B consists of a wall with four large
openings located near the top of the box. Model C consists of two walls, an anterior wall with
36 small openings and a posterior wall with the same number of larger openings. The
experimental tests are described in detail in [34].

~R1.5mm — 180mm — ~RS5.12mm. ~R3.17mm
" @ 8 @ o oo o0 08 b | K/Q'n-ﬁi_"i_l-‘ £ o oo s o )
t@oﬁo@@ﬁﬁ@ Ouvaveﬁ@ ‘ﬁZS.Zijmm ‘ q«@&a"ﬂ?@a‘g‘ mﬁahaggﬂlge@ !60.75111111
~-43.5mm -~ 123mm +13.5mm . !
(al) Model A wall (back side). (a2) Model A wall (front side).
—31mm
I' It +70mm R7.5mm
pe 5 ’—‘ e p————
(b) Model B wall.
r - 27mm R3mm : ___RL5mm_ _
L #mmm - L 2sbam
S 1 - : L7 T 1 = ¥
~-21.5mm ~— 180mm — - -
=~ 210mm — 180mm —
(c1) Model C (back side). (c2) Model C (front side).

Figure 1: Box walls configuration of models.

The chamber was left open overnight to warm up to ambient temperature, which
determined the starting point for cooling. After all equipment reaches thermal equilibrium
with the environment, the chamber is closed, and the cooling operation starts. The stack of
boxes was placed near the center of the chamber and cold air was moved into the chamber
using a centrifugal ventilator and the warm air was cooled using cooling equipment and
moved again into the chamber as in this case, cooling happens on a closed circuit.

Each experimental test, consisting in a cooling and heating cycle, was repeated three times.
All box’s walls were of the same type in each experimental test. This condition allows the use
of average values that eliminate the influence of potential errors or sporadic anomalies.
However, differences in ambient temperature were still detected. The stack of boxes was
placed near the center of the chamber as shown in Figure 2.
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Figure 2: Placement of packaging boxes inside the cooling chamber.

3 NUMERICAL MODELS

3.1 Governing Equation

The mathematical model of the flow field with heat transfer is given by the governing
equations of conservation of mass (Eq. 1), conservation of momentum (Eq. 2) and
conservation of energy (Eq. 3) [35]:

dp _
E*'V'(Pu)—o (1)
dpu
¥ +V-(puw) =-Vp+V-Tt+F 2
2[ ( +1 2)]+v-[ ( +1 2)]—V-(kVT)+V-(— +t-w+u-F+ A3)
atpezu puezu = pu+Tt-ru)+u Q

Considering the results obtained by Defraeye et al. [32], the standard k- was chosen for
turbulent flow simulations. It uses the transport equation for the turbulent kinetic energy (Eq.
4) and for its specific dissipation rate (Eq. 5). Air density is determined by the ideal gas law
for incompressible flow (Eq. 6).
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3.2 Material properties

The simulations required to set the properties of several materials: Polypropylene for the
boxes, polystyrene for some of the product simulators, agar-gel for the remainder of the
product simulators, carton board for the alveoli and dry air for the fluid domain. All properties
were considered constant during the simulation, except for air density, due to small variations
in their value within the temperature range. Properties are shown in Table 1 [36-37].

Table 1: Thermal and physical properties of the materials used.

Material Density Thermal Specific Viscosity Molecular
[kg/m3] conductivity heat [kg/m - s] weight
[W/m-K] | [J/kg K] [ke/kmol]
Polypropylene 800 0.15 1200 -—- -
Polystyrene 16 0.04 1210 - -
Agar-gel (2% m/v) 1000 0.55 4198 - —
Carton board 930 0.18 1340 - —
Air Eq. 6 0.02 1007 1.72 x 107> 28.97

3.3 Simulation setup

Two unstructured meshes consisting in tetrahedral elements were tested. One counted
2.6 X 10 elements and the other 3.1 X 10° elements. The average relative error of
temperature values, taken every 10 min, was Ere = 0.026% with a convergence criterion of
A= 1x10"* for residues of continuity, k, @ and velocity, and 1 = 1 x 107° for energy.
Therefore, the simulations were made using the coarser mesh (see Figure 3) but with the
convergence criteria set to A =1 X 107°. Here, it must be noted that the model is not entirely
symmetrical. However, one side is very similar to the other and due to time and equipment
restraints it is not possible to simulate the entire chamber. Due to this circumstances, the
models for the boxes and the alveoli have an excess of 18.5 mm inside the chamber per
comparison to what would be the correct middle plane of the box.

(a) Computational domain. (b) Mesh detail.
Figure 3: Computational domain: (a) mesh of the full model, (b) close-up view on the symmetry plane.
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Two timesteps, Af; = 60 and A, = 120 seconds, were also tested using the same criteria as
described above. The difference in temperature measurements between them is 0.12%.
Therefore, the timestep of Az, = 120 seconds was considered adequate for simulation.

All simulations were made using machines running the Windows 7 operating system, with
192 GB of RAM and using the commercial code Ansys Products 2019 R3.

The accuracy of CFD simulations depends on the turbulence model used in the Reynolds-
Averaged Navier-Stokes equations. In this effect and in accordance to the findings of
Defraeye et al. [29], the standard k- was used for its compromise between computational
requirements, computation time and accuracy. Due to symmetry, it becomes possible to slice
the entire model in two halves and use only one for computation to reduce the time consumed
by simulations. As for boundary conditions, the fluid domain represents half for the interior
of the cooling chamber and consists in a velocity inlet with an entry velocity of vin = 0.8 m/s
and a temperature of 7i» = 2.5°C, a pressure outlet with a pressure differential equal to
ambient pressure at sea level. The outer wall of the fluid domain was defined as adiabatic to
represent the thick insulation layer of the cooling chamber, and the middle wall was defined
as a symmetry plane. For the solid domain, all walls in contact with the fluid domain were set
as coupled except for the ones in the symmetry face, which too were defined as symmetry. All
domains were set to an initial ambient temperature of Tampb = 22°C. The SIMPLEC method
was used for the pressure linked equations. Second order formulation was used for all
parameters at the exception of transient formulation which was left as first order. The
transient analysis was performed with n = 240 timesteps, Af = 120 seconds each and i = 20
iterations per timestep. Simulating #fnal = 8 hours of cooling took approximately #ot = 60 to
70 hours per simulation, depending on the packaging box model.

4 RESULTS AND DISCUSSION

4.1 Numerical validation

Following the simulations, it is possible to conduct the numerical validation by comparing
the temperature data at the core of the agar spheres for the simulation and the average data of
the experimental tests conducted by [34].

4.1.1. Model A

In the bottom box it is possible to verify an extremely good adjustment between
experimental and numerical data. The total temperature variation was of ATwum = 11.6°C for
the CFD simulation and ATex, = 11.8°C for the average of the experimental tests. The
temperature variation for the 8-hour simulation has a time averaged relative error of
Ere1=1.5%.

In the middle box, for the central sphere, some deviation from the experimental results was
determined as the total temperature was ATexp = 13.8°C and ATwum = 10.1°C, for experimental
tests and simulation, respectively. The time averaged relative error for this sphere is
Ere1=19.3%. Conversely, the lateral sphere in the middle box showed a very good adjustment
as the experimental temperature drop was ATZexp = 12.8°C versus the simulated one,
ATmum = 12.6° and a time averaged relative error of Ere1 = 3%.

In the top box, lidless and freely exposed to cold air, some discrepancy between



Jodo Curto, Adhiyaman Ilangovan, Pedro D. Gaspar, Pedro D. Silva, Nanci Alves

experimental and numerical data was determined. The total temperature decrease was
ATexp = 15.5°C for the experimental test but only A7wum = 13.2°C for the simulation. As the
temperatures during the simulation were consistently higher than the experimental ones, the
time averaged relative error for this sphere is Erl = 18.1%. Table 2 summarizes the data for
this model.

Table 2: Simulation summary of a stack of model A boxes.

Sphere location ATexp [°C] ATum [°C] Ere1 [%]
Bottom 11.8 11.6 1.5
Central middle 13.8 10.1 19.3
Lateral middle 12.8 12.6 3.0
Top 15.5 13.2 18.1
4.1.2. Model B

For the sphere in the bottom box, a worse adjustment with the experimental results is
determined when comparing with models A and C. In the simulation, this sphere cooled
significantly more that in the experimental test and thus has a time averaged relative error of
Erel = 13.2% and simulated temperature drop of ATmwum = 13.3°C versus an experimental
temperature drop of AZexp = 11.7°C. However, the match between the real and simulated
values is much better than model A and C for the central sphere while maintain approximately
the same adjustment in the lateral sphere. For the central sphere, the temperature drop was
ATexp = 14.3°C versus ATwum = 12.7°C, experimental versus numerical, with a time averaged
relative error of Erl = 5.4%. For the lateral sphere, a temperature drop of ATexp = 15.4°C was
achieved and is only 0.8°C higher than the numerical result, which had a time average relative
error of Erel = 3.5%.

In the top box, the sphere takes longer to cooldown per comparison to experimental data as
in model A. In this case the sphere core temperature dropped ATwum = 14°C in the simulation
and ATexp = 16.2°C in the experimental tests, accompanied by a time average relative error of
Ere1 = 4.6%. Table 3 summarizes the cooling data for this model.

Table 3: Simulation summary of a stack of model B boxes.

Sphere location ATexp [°C] ATnum [°C] Ere1 [%]
Bottom 11.7 13.3 13.2
Central middle 14.3 12.7 5.4
Lateral middle 15.4 14.6 3.5
Top 16.2 14.0 4.6
4.1.2. Model C

Following the trend of model A, the sphere located in the bottom box of model C stack
shows a very good adjustment to real data over time. The time averaged relative error is
Ere1 = 4% with a temperature drop of ATexp = 11.8°C and AThum = 12.0°C for the experimental
and numerical results, respectively.

In the middle box the behavior of the middle box in model A is observed. For the central
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sphere there is some discrepancy between experimental and numerical data but for the lateral
sphere the adjustment is very satisfactory. For the central sphere, a time averaged error of
Ere1 = 16.6% was obtained with a temperature reduction of ATexp = 13.8°C and ATwum = 10.5°C
concerning experimental and numerical data, respectively. The lateral sphere suffered a
temperature drop of ATexp = 12.8°C in both experimental tests and numerical simulations and
it reached a time averaged relative error of Ere = 3.7%.

In the top box a similar behavior to model A is again detected, meaning a worse
adjustment between numerical and experimental data. A temperature drop of ATexp = 15.5°C
was measured in the experimental tests but the temperature reduction for numerical
simulation was only of ATmwum = 13.2°C and the time averaged relative error was Erwel = 17.1%
as shown in Table 4.

Table 4: Simulation summary of a stack of model C boxes.

Sphere location ATexp [°C] ATum [°C] Erel [%]
Bottom 11.8 12.0 4.0
Central middle 13.8 10.5 16.6
Lateral middle 12.8 12.8 3.7
Top 15.5 13.2 17.1

As the time average error lies within acceptable values it can be considered that the
simulations provide adequate results and allows for the extraction of data that would be more
complex and difficult to extract through our experimental trials. The divergence in certain
spheres can be attributed to environmental and operational setups that difficulted the
realization of experimental tests.

4.2 Comparison of numerical results between packaging boxes

Concerning the performance between the three different models, by comparing the
evolution of the core temperature of the agar spheres along the duration of the simulations, is
becomes very clear that the larger openings of model B are more effective at cooling,
especially concerning the middle box. The prediction of the temperature evolution in the agar
spheres is shown in Figure 3. Table 5 and Table 6 shows the predicted final temperature and
half-cooling time. All data is expressed in dimensionless temperature and time to promote the
results comparison between models.

Concerning the bottom box, model B is clearly superior while the models A and C show
very similar characteristics. Model B clearly predicts lower temperatures and cooling time.
The lateral sphere in the middle box benefits the most in terms of cooling due to the well
distributed openings along the walls of all models. This allows for an even airflow along most
of the box. Comparing the results with the central sphere in the middle box, it possible to
observe that the spheres located along the airflow path in the zone of the handles of the boxes
are less cooled than the rest. Still, model B is the clear best performer out of the three models.

The sphere located in the top box favors the model B per comparison with the others but
not significantly. This is due to the exposure of this sphere to more circulating cold air as this
box is uncovered. All this data is shown in Figure 4 and Tables 5 and 6.
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Figure 4: Time variation of non-dimensional temperature of agar spheres in the three boxes.
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Table 5: Non dimensional comparison of final temperature of agar sphere at different boxes.

Box location Model A Model B Model C
Top 0.32 0.28 0.32
Middle 0.35 0.25 0.35
Bottom 0.41 0.32 0.39

Table 6: Non dimensional comparison of half cooling times (HTC) of agar sphere at different boxes..

Box location Model A Model B Model C
Top 0.60 0.56 0.59
Middle 0.69 0.57 0.68
Bottom 0.79 0.65 0.75

Following these results, the distribution of temperature in the packaging boxes on the
symmetry plane is shown in Figure 5 and the distribution of air temperature and velocity in
the middle box, immediately above the spheres is shown in Figure 6.
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Figure 5: Temperature distribution in the symmetry plane (lateral view) of models after 8 hours of cooling.
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It 1s clear that model A does not allow for higher air velocity inside the box, which proves
to be detrimental for the temperatures of the agar spheres.

For model B, it can clearly be predicted the influence of the larger openings as they allow
for an increased flowrate through the spherical simulators thus justifying for lower
temperatures and cooling times. It is also clearly visible the restriction in the airflow for the
central sphere in the middle box due to the handle position.

Model C displays a very similar behavior to box A. It is another clear demonstration that
even though the vents are uniformly distributed throughout the box, their small size restricts
airflow through the spheres.

In general terms, all boxes deal with very low airflow velocity due to the restrictions
imposed by the boxes in the chamber. Thus, in this scenario, a very significant bypass flow
exists in the side of the boxes. Still, it is possible to predict that larger openings have a very
positive influence in the airflow crossing the spheres. Whereas in model B it is possible to
predict the negative effect of the handle position on the central middle sphere, that effect is
not noticeable in the remaining models, due to the lower air velocity, implying higher

10
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temperatures at the end of the cooling operation with a broader high temperature zone.

(al) Temperature contour.
(a) Model A.

(b1) Temperature contour.
(b) Model B.
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(c1) Temperature contour. (c2) Velocity contour.
(c) Model C.
Figure 6: Temperature and velocity distribution in the middle plane (top view) of models after 8 hours of
cooling.

5. CONCLUSIONS

As temperature is extremely important for the appropriate conservation of fresh post-
harvest fruits, it is necessary to develop new methods that allow for this condition. As
packaging is one of the easiest to change, it is very worthwhile to invest in the design of high-
performance packaging.

This study clearly demonstrates that larger and well distributed openings allow for more
cooling efficiency and uniformity and that small openings perform only marginally better than
larger opening distributed through anterior and posterior walls as they act as a blockade for
the streams of cool air that is necessary to decrease fruit temperature.

In the future, it is intended to follow these results and analyze the cooling performance of

11
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these models but filled entirely of agar-gel simulators, to also analyze the heating
performance of the models and to test the effects of phase change materials in fruit
conservation.
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