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ABSTRACT 

This study presents a novel methodology to model the cooling processes of horticultural 

produce using realistic product shapes rather than commonly-used simplified 3D shapes, 

such as spheres. Variable 3D apple and pear models were created by means of a validated 

geometric model generator based on X-ray computed tomography images. The fruit were 

randomly stacked into a geometrical model of a corrugated fibreboard box using the Discrete 

Element Method. A forced-air cooling process was simulated for three such apple filling 

patterns using CFD and the results were compared to those obtained with fruit represented 

by equivalent spheres. No significant difference in average aerodynamic resistance between 

the real apple shape and its spherical representation was found. The main contributor to the 

overall pressure drop was the package design rather than product shape. However, large 

differences in local air velocity and convective heat transfer coefficients were found between 

the two representations. The degree of cooling uniformity between individual fruit was 

overestimated when using simplified product shapes: real apple fruit shapes cooled less 

uniform. This difference between real and simplified product shapes was even larger for a 

box filled with pear fruit that are more different from a spherical shape. These results 
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demonstrate that improved computer-aided design approaches help in simulating more 

accurate convective cooling processes. In a next step, such simulations will be used for multi-

objective optimization of packaging in terms of cold chain efficiency and cooling uniformity.  

Keywords. computational fluid dynamics; Discrete Element Method; pome fruit; forced-air 

cooling; geometric model generator; biological variability 

1 INTRODUCTION  

Freshly harvested fruit are living entities that solely rely on their internal reserves to 

provide fuel for their respiration metabolism (Jackson, 2003). The rate at which these internal 

reserves are being depleted depends mainly on the temperatures to which fruit are exposed. 

In order to maintain fresh high-end quality produce during storage and, thus, a high economic 

product value, it is paramount to minimise the postharvest respiration. This is achieved right 

after harvest by rapidly cooling the produce to lower temperatures (Taiz et al., 2015). The 

common method to obtain a fast initial cooling is forced-air cooling (FAC). During this 

process, a pressure gradient across a stack of packages is created by a ventilator, by which 

refrigerated air is drawn through the packages (Brosnan and Sun, 2001).  

Although a fast convective heat removal can be achieved with FAC, large temperature 

heterogeneities between different fruit in the ventilated package can develop during the 

cooling process (Alvarez and Flick, 1999; Berry et al., 2016; Han et al., 2015; Olatunji et al., 

2017). The cooling rates and cooling uniformity are mainly influenced by the ease with which 

the cold air can penetrate into the stack of packaged fruit, and can reach the individual fruit. 

This, in turn, is influenced by the package design and the location of the vent holes, the fruit 

filling pattern inside the package but also the individual fruit size and shape, in which a 

distinct biological variability exists, even for the same cultivar (O’Sullivan et al., 2016). 
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Investigating this complex cooling process and interactions between stacking and packaging 

design by means of experiments is quite cumbersome. The main reasons are that it is quite 

time-consuming to get a sufficient spatial resolution in cooling rates between different 

products, the repeatability of the experiments is difficult due to the biological variation in 

size and shape, and the reproducibility of the experimental setup (e.g. fruit filling pattern) is 

challenging.  

To overcome these limitations, numerical simulations based on computational fluid 

dynamics (CFD) are a useful alternative to study convective cooling processes in the 

postharvest cold chain. It is even possible to model the realistic produce shape with 

techniques such as 3D scanning (Denys et al., 2003; Uyar and Erdoǧdu, 2009; Van Eck et 

al., 1998), analytical equations (Clement et al., 2013), 2D imaging techniques (Goñi and 

Purlis, 2010) or x-ray computed tomography (Defraeye et al., 2012). In most recent CFD 

studies, the fruit shape and its size were, however, simplified with spherical products that 

were matched to approximate the total fruit volume inside a package (Defraeye et al., 2013a; 

Dehghannya et al., 2012; Delele et al., 2013; Tutar et al., 2009). Although it is feasible to 

extract the realistic shape of the produce, the inherent intricacies of the geometric variation 

in produce shapes make that using spherical geometries is more straightforward to use in a 

CFD model,. To improve the FAC operation of strawberries, Ferrua and Singh (Ferrua and 

Singh, 2011, 2009) clearly showed the added value of using realistic 3D shape models in 

their CFD models. However, their methodology to develop a 3D geometry of a single 

strawberry was based on digital images of fruit slices and involved multiple manual actions. 

Furthermore, the final filling pattern was developed with identical strawberries in a clamshell 

and was based on a manual packing procedure used in the industry. Therefore, additional 

manipulations were needed, which made the procedure a time-consuming endeavour.  

Recently, Rogge et al. (Rogge et al., 2015, 2014) developed an algorithm that generates 3D 
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models of fruit in a very fast and efficient way, taking also the biological variability of shape 

and size into account. This algorithm has already been successfully used by Ho et al. (Ho et 

al., 2016) in their numerical study of gas exchange in pears during controlled atmosphere 

storage. They found that the internal gas concentrations were, amongst other factors, highly 

affected by the 3D morphology of the fruit. These studies indicate the need to take a realistic 

shape of the fruit into account, preferably with biological variability, in numerical 

simulations to gain a more accurate insight into a wide range of food processes.  

The goal of this study was to develop a more accurate CFD model for studying the 

cooling process of freshly harvested produce stacked in a package. To this end, realistic 3D 

shape models of apples (cv. ‘Jonagold’) and pears (cv. ‘Conference’) were used in a Discrete 

Element Method simulation to generate a randomised filling pattern in a typical corrugated 

fibreboard package. The biological variability of the fruit is taken into account so each single 

fruit has a different size and shape. The resulting fruit filling pattern was compared with a 

package filled with spherical products. Simulations of the FAC process are performed, where 

cold air that is drawn through the package. Different airflow rates were considered and the 

effects on pressure, air velocity distribution and convective heat transfer coefficients were 

analysed.  

2 MATERIALS AND METHODS 

2.1 Box design 

Compared to other telescopic corrugated fibreboard box designs, the beneficial airflow 

characteristics of the ‘Supervent’ box design have recently been demonstrated (Berry et al., 

2016; Defraeye et al., 2014, 2013a). In the present study, the ‘Supervent’ box design with 

outer dimensions (400 mm × 270 mm × 300 mm) was randomly filled with realistic pome 
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fruit geometries (see Figure 1) and subjected to horizontal-airflow FAC. The mechanical 

properties of the ‘Supervent’ were obtained from Fadiji et al. (Fadiji et al., 2017). In this 

study, a single box was considered with the purpose of evaluating the effect of fruit shape. 

2.2 Fruit shape modelling 

The fruit shape modelling procedure is explained in detail for pome fruit geometries but 

is applicable to all horticultural products. Realistic apple and pear shape geometries were 

constructed with a validated geometrical 3D shape model generator developed by Rogge et 

al. (Rogge et al., 2015, 2014). In short, projection images of 65 apples (Malus ⨯ domestica 

Borkh, cv. ‘Jonagold’) and 66 pears (pyrus communis, cv. ‘Conference’) were acquired with 

non-destructive X-ray computed tomography (CT) scans made on a MicroFocus X-ray CT 

(AEA Tomohawk, Philips, The Netherlands) using a Philips HOMX 161 X-ray source, 

operating at 80 kV and 240 µA. The voxel size in the resulting images ranged from 81 to 106 

µm. By rotating the X-ray source with an angular increment of 0.4°, multiple projections 

were obtained that were reconstructed into 3D volumetric images using the filtered 

backprojection method (Zeng, 2010). After calculating the mass centre of each fruit in 

spherical coordinates, it was transformed into a 2D shape signature (r) depending on the 

azimuth ( ) and elevation ( ). The 3D fruit contour was represented directly with a 2D 

Fourier series of the 2D shape signature. In general, a complete orthogonal family of the 

Fourier expansion of a function with two variables is given by (Shapiro, 1963):  
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where a and b define the domain size. Here, a = 2π and b = π. From orthogonality 

arguments, the coefficients Cn,m are expressed by:  
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A Fourier series expansion of the centroid distance shape signature (Kreyszig, 2010) was 

performed to obtain common (1D) Fourier descriptors that described the outer shape of the 

fruit:  
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where '  is the rotation angle and the coefficients ka and kb  expressed by orthogonality:  
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By scanning a large batch of fruit, an extensive dataset with statistical distributions of 

the shape descriptors was developed. On this dataset, the covariance decomposition 

algorithm (Rubinstein, 1981) used the average of each descriptor ,n mc , ka , kb , and the 

covariance between the descriptors to randomly create new sets of shape descriptors. The 

resulting shape descriptor sets are representative for the original distributions (Rogge et al., 

2015). These new sets were then transformed back into new geometric 3D shape models, 

represented by point clouds. On each of the point clouds, a Non-Uniform Rational B-Spline 

(NURBS) surface was fitted resulting in an extensive database of more than 150 surface 
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meshed bodies that also considered the biological variability of the cultivar. The model 

generator was coded entirely in Matlab (The MathWorks Inc., Natick, MA) and was 

optimised in terms of calculation time and manual interventions. A 64-bit Intel® Core2 Quad 

Q9650, 3.00 GHz, 8 GB RAM Windows 7 computer was used for all calculations.  

2.3 Randomised fruit stack modelling 

In a subsequent step, the gravity-driven filling of the ‘Supervent’ package with 

realistically shaped pome fruit geometries was modelled with the Discrete Element Method 

(DEM) in order to have a realistic but random filling pattern of the package. With DEM, the 

time-dependent interactions between moving discrete macroscopic visco-elastic bodies in an 

assembly are simulated. After calculating the contact forces and particle displacements over 

a discrete time step, new locations for each body are determined (Tijskens et al., 2003).  

With the recently developed method of Smeets et al. (Smeets et al., 2015, 2014), DEM 

simulations with fruit exhibiting non-spherical curvatures such as apples and pears were 

performed. Instead of directly computing the contact forces, this method explicitly integrates 

the pressure from classical Hertz contact theory over the contact area between two bodies. 

However, when the contact pressure surpasses a critical value, pome fruit tissue behaves 

visco-elastoplastically (Van Zeebroeck, 2005). Therefore, a validated visco-elastoplastic 

contact force model was used to simulate colliding pome fruit (Diels et al., 2016). The force-

deformation relationship of the visco-elastoplastic model was discussed in detail by Diels et 

al. (2016). This model captures the visco-elastoplastic behaviour of fruit using four material 

properties, namely a dissipative parameter A  which is a measure of viscosity, the Young’s 

modulus E , the Poisson’s ratio   and the yield pressure yp .which is the maximal pressure 

before plastic deformation (i.e. bruising) occurs. The dissipative parameter in the contact 

force model was required to acquire reliable estimates for both the absorbed energy and force 
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during collisions at small impact velocities. For Jonagold apples, these properties have 

already been determined by Diels et al. (Diels et al., 2016) from quasi-static and dynamic 

mechanical measurements ( A = 0.0014 s, E = 3.74 MPa,  = 0.30, yp = 0.63 MPa). In this 

study, these mechanical measurements were repeated on 33 ‘Conference’ pears, collected on 

January 9th 2018 from a commercial grower (Van Der Velpen; Bierbeek, Belgium). The pears 

were picked on August 28th 2017 at Bierbeek (Belgium) and stored for 4 months under 

controlled atmosphere (3 % O2, below 0.7 % CO2, –0.5 °C). The Young’s modulus was 

derived from 20 quasi-static measurements on half pears using a Universal test machine with 

a 500 N load cell (Type LS1 Material Tester, LLoyd materials testing, West Sussex, UK). 

Assuming a Poisson’s ratio of 0.30, a Young’s modulus of 2.54 ± 0.28 MPa was found by 

fitting Hertz’s law to the force-deformation curves (average R2=0.997). For the dynamic 

experiment, in total 45 half pears were impacted with the pendulum device described in Diels 

et al. (Diels et al., 2016) whereby nine different impact energy levels were used. The 

parameters A  and yp  were derived by fitting the visco-elastoplastic contact force model to 

the impact data and were found to be equal to 0.0033 s and 0.7500 MPa, respectively. For 

more information about the mechanical experiments and the subsequent parameter estimation 

the reader is referred to the work of Diels et al. (Diels et al., 2016). 

In this study, the DEM simulation started from an assembly of apples and pears, which 

were arbitrarily selected from the database developed in Section 2.2. These bodies were given 

an initial randomised orientation to simulate a realistic filling operation. To obtain the 

position and velocity of each apple and pear at each time step (2 µs), the forces acting on the 

colliding apples (gravity and collision forces) were summed and Newton’s and Euler’s 

equations of motion (for translation and rotation, respectively) were integrated over the time 
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step (Tijskens et al., 2003; Van Staeyen et al., 2003). This resulted in a randomised filling 

pattern of apple and pear fruit (Figure 1).  

Next, the Cartesian coordinates of the mass centre and the hydraulic diameter of each 

individual apple were calculated and used to reconstruct the apple filling with regular spheres. 

However, it should be noted that this spherical filling pattern is not a mechanically correct 

end result of a gravity-driven filling operation of the ‘Supervent’ with regular spheres. Since 

pears are non-spherical bodies, no spherical filling pattern was reconstructed for this filling 

pattern because it would lead to either overlapping or ‘floating’ bodies. The average hydraulic 

diameter of the apples and pears were 73.1 ± 4.2 and 68.3 ± 5.2 mm, respectively. By 

matching the total volume between the two filling patterns (minor mismatch of 1.57 % ± 0.47 

%) and, thus, the porosity, a spherical representation of the apple filling pattern with spheres 

having an equivalent diameter equal to the respective apples was created. On the top and 

bottom side of a single apple, the petiole and calyx ends create concave fruit shapes. The 

average surface-to-volume ratio (m-1) was 98.77 ± 7.29, 84.48 ± 1.02 and 77.50 ± 0.40 for 

the pear, apple and spherical fillings, respectively. Consequently, the total exchange area for 

heat at the fruit surfaces of the apple filling pattern was 8.59 % ± 1.57 % larger than the 

spherical representation, although the volume and mass of fruit was very similar between 

both. With the procedure explained above, three randomised filling patterns of 69, 71 and 73 

apples in the ‘Supervent’ and their spherical representations were generated. In addition, one 

pear filling with 89 pears in the ‘Supervent’ was generated. Figure 1 shows the geometries 

of the ‘Supervent’ box design, the pear filling pattern and one filling pattern of apples with 

its spherical equivalent.  
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2.4  CFD model 

A CFD model was generated that resolved the heat and mass transport in the fruit and 

the airspaces between the different fruit during FAC. In Figure 2, the computational domain 

and the implemented boundary conditions (BCs) are depicted, which are used to simulate 

airflow and heat transfer for a horizontal FAC operation of packed apples and pears in the 

‘Supervent’. Steady-state simulations of the airflow and heat transfer of the filling patterns 

were performed, using a constant fruit surface temperature of 20 °C and airflow entering the 

computational domain at 0 °C. These simulations are used to identify distributions of air 

velocity, pressure loss over the packages and the convective heat transfer coefficient 

distribution on the fruit surfaces. For one filling pattern, a transient heat transfer simulation 

was performed to evaluate the cooling performance via the time-dependent changes of the 

fruits’ core temperature. The fruit and the ‘Supervent’ package were modelled as solid 

domains while the air was modelled as a fluid domain. The thermo-physical properties of the 

apple and pear fruit, ‘Supervent’ package and air (ASHRAE, 2013; Ho et al., 2010; Lisowa 

et al., 2002; Nahor et al., 2005) were kept constant throughout the simulation due to the 

relatively small temperature range (Ferrua and Singh, 2009) and are listed in Table 1. The 

inlet was modelled with a uniform velocity BC with medium turbulence intensity (5 %). 

Three realistic airflow rates in the range of what is commonly used in the precooling industry 

(ASHRAE, 2010; Brosnan and Sun, 2001; de Castro et al., 2004; Thompson et al., 2008) 

were assessed, namely 1, 2 and 3 L s-1 kg-1 (low, medium and high flow rate). For comparative 

purpose, the medium flow rate for the pear filling was 1.5 L s-1 kg-1 to match the flow rate of 

other two fillings. The resulting Reynolds numbers were calculated by Eq. 5:  
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with sU  the superficial velocity presented in Table 2 [m s-1],   the kinematic viscosity 

of air [1.46∙10-5 kg m-1 s-1] (Incropera and De Witt, 1990). The particle diameter, pd  [m], of 

the apples/spheres was calculated by taking the average hydraulic diameter of all fruit in the 

three fillings (72.0 ± 4.2 mm). For the non-spherical pear fruit, pd  is defined as (Gaskell, 

2012):  

1
36

p
Vd


 
  
 

 (6) 

with V the particle volume [m³] (68.3 ± 5.2 mm). The outlet of the air domain was 

modelled as a zero static pressure BC. By modelling all sides of the computational domain 

as symmetry planes, the model actually represents a package in a stack of multiple boxes. 

The surfaces of the ‘Supervent’ and the fruit were modelled as no-slip walls with zero 

roughness. Buoyancy, radiation, the heat generated by respiration, the moisture evaporation 

at the surface of the fruit and thus, the latent heat removal were assumed to have a negligible 

effect in the FAC process (Defraeye et al., 2013a; Gowda et al., 1997; Redding et al., 2016; 

Tanner et al., 2002). Standard Reynolds-averaged Navier-Stokes (RANS) equations were 

solved in combination with the shear stress transport k-ω turbulence model (SST k-ω model; 

[30-32]). The SST k-ω model used automatic wall functions to automatically switch from a 

low-Re formulation to wall functions (ANSYS, 2014), which were used to predict the heat 

exchange at the interfaces between the fruit and air (Defraeye et al., 2013b). The flow 

quantities in the boundary-layer region were modelled with a fine grid resolution to ensure 
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low y+ values. Via an iterative process, the y+ values of the apple filling pattern and its 

corresponding spherical representation were closely matched. For the low, medium and high 

flow rate, the surface averaged y+-values for the three different filling patterns were 5.96 ± 

0.10, 9.93 ± 0.02 and 14.33 ± 0.06. For the pear filling, the surface averaged y+ values were 

7.78, 10.32 and 19.09 respectively.  

2.5 Solution procedure 

In this study, the finite volume technique was used in all simulations to solve the 

transport equations of the model using the commercial software ANSYS CFX 17.2. A hybrid 

grid with tetrahedral and hexahedral mesh cells was used to discretise all domains. Figure 1 

shows the mesh for the apple and pear filling. Richardson extrapolation (Celik et al., 2008; 

Franke et al., 2007; Roache, 1994) was used in a mesh sensitivity analysis to calculate the 

spatial discretization error. With an average total of 2.78×106, 2.91×106 ± 1.14×106 and 

3.54×106 ± 3.07×105 mesh elements for the pear model, the three apple model and the 

spherical representations, respectively, the discretization error was maximally 1.5 % for the 

pressure drop over the ‘Supervent’ package and for the average heat flux from the apples and 

pears. The mass imbalance, and the temperature, velocity and turbulent kinetic energy at 

specific locations in the flow field were monitored to assess the iterative convergence. To 

speed up the calculations, the mass and momentum equations were solved decoupled from 

the heat transfer equations. A converged steady-state solution for the airflow was used as an 

initial condition for obtaining a solution of the unsteady heat transfer equations. Based on a 

temporal sensitivity analysis, all transient simulations were run for 20 h with a time step of 2 

min and 25 iterations each. The advection scheme used a high-resolution spatial differencing 

scheme and the transient scheme the second-order backward Euler method, which is an 

implicit time-stepping scheme that is second-order accurate (ANSYS, 2016). A 64-bit Intel® 
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Xeon® CPU E5-2630, 2.30 GHz, 64 GB RAM, Windows 7 PC was used to perform all 

calculations which took on average 12 h. 

3 Results 

3.1 Aerodynamic resistance characteristics and airflow distribution 

The calculated pressure drop over the package, filled with fruit, as a function of the flow 

rate, is shown in Figure 3 for pears, apples and their equivalent sphere filling pattern. The 

flow rate is expressed in superficial velocity (m s-1) and specific flow rate per fruit mass (L 

s-1 kg-1). In addition, the average aerodynamic resistance curves of the pear, apple and 

equivalent sphere fillings are plotted in Figure 3, to which a quadratic relation is fitted (see 

Table 3). This relation is described by the Darcy-Forchheimer equation:  

2
1 2  s sP U U     (7) 

where 1  and 2  are pressure loss coefficients. At high speeds, the pressure drop over 

the package is governed by the Forchheimer term that accounts for inertial effects (first term 

of Eq. 7) while at very low flow rates, indicated by 1pRe  , viscous effects become dominant 

(second term of Eq. 7) (van der Sman, 2002; Verboven et al., 2006). The pressure drop 

calculated in this study corresponded well with observations of Defraeye et al. (2015, 2014).  

The total mass of pear fruit in the ‘Supervent’ was 5.39 % higher than that of apple fruit. 

Consequently, the average pressure drop of apples and pears was different when expressed 

against specific airflow rate (L s-1 kg-1), while it was the same for the same superficial 

velocity. The individual apple filling patterns differed noticeably in pressure drop, especially 

at high flow rate (378 ± 51 Pa and 369 ± 32 Pa for apple and spheres, respectively). However, 
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the difference between the apple and sphere filling pattern was negligible. At medium flow 

rate, the average pressure drop over the fruit-filled ‘Supervent’ box was 154.3 ± 14.7 Pa for 

the apple filling and 150.2 ± 9.3 Pa for the sphere filling. The pressure drop over the apples 

and spheres (without packaging) was only 2.1 ± 0.8 Pa and 1.7 ± 0.5 Pa, respectively. Thus, 

the main contributor to the overall pressure drop was the package design and not the fruit. In 

any case, however, the different apple filling patterns seem to affect the pressure drop also 

significantly, especially if the vent holes are (partially) blocked by the filling. 

The airflow pattern inside the ‘Supervent’ of one filling pattern with 71 apple fruit at 

medium flow rate is depicted in Figure 4. In all cases, a high degree of heterogeneity in local 

air velocity was observed. The vent holes are located on the bottom and top edges of the 

‘Supervent’ box design, resulting in an airflow that can easily bypass the fruit in the centre 

of the box by traveling along the bottom and top walls. Furthermore, in the middle of the fruit 

stack, very low air velocities were observed, a phenomenon that was more pronounced in the 

case with real fruit shapes. 

3.2 Cooling heterogeneity 

Convective heat transfer coefficients are well suited to identify local cooling 

heterogeneity within fruit stacks (Berry et al., 2017). In this study, the convective heat 

transfer coefficient (h [W m-2 K-1]) was calculated as the steady-state local surface heat flux 

divided by the difference between the constant inlet and initial fruit surface temperatures. In 

general, high cooling rates are associated with high values of h while the degree of cooling 

heterogeneity is shown by the differences in h distributed throughout the filling pattern. 

Figure 5 illustrates a surface contour plot of h for the apple filling, its spherical counterpart 

and the pear filling at medium flow rate. Large differences in h between each filling pattern 

were apparent. For this filling, the surface averaged h of apples (31.9 W m-2 K-1) was about 
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6.24 % smaller than that of its spherical equivalent (34.0 W m-2 K-1). For the case of the pear 

filling, the surface averaged h-value (27.8 W m-2 K-1) was considerably lower at the same 

airflow rate and its distribution was more heterogeneous than was the case for the apples and 

spheres. Figure 6 shows the surface averaged h-values on the entire fruit surface, expressed 

as a function of ReD (Eq. 5). The surface averaged h-values per flow rate are presented in 

Table 4. As a reference, theoretical correlations of gas flow through a packed bed of uniform 

solid particles were also presented in Figure 6. The correlations are presented by Eq. 8 and 

9: 

2.06 -0.575
H Dj Re   (8) 

0.667
H

s p

hj Pr
U C

  (9) 

where Hj  the Colburn j factor [-], h the theoretical convective heat transfer coefficient 

[W m-2 K-1], Cp the specific heat capacity of air [1004.4 J kg-1 K-1], Pr the Prandtl number (= 

0.7). The pears were assumed as a packed bed of uniformly sized cylinders and the right-

hand side of Eq. 8 was multiplied with a shape correction factor of 0.79. In the correlation 

equation, the Reynolds number is defined in terms of the hydraulic diameter and the upstream 

velocity that would exist in the empty channel without the packing (Eq. 5; Incropera and De 

Witt, 1990). The correlation equation was developed for a packed bed of uniformly shaped 

particles that were not enclosed by an obstruction in the airstream. As can be seen from Figure 

5, the presence of the package design and the irregular shapes and sizes of the particles 

resulted in regions of high h-values where local air velocities were high. This explains the 

observed differences between the simulation and correlation results. Between the different 

fruit filling patterns, the differences are clearly apparent. By increasing the airflow rate, the 
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differences in surface-averaged convective transfer coefficients between all cases differed 

ever more. The large difference between the pear and apple/sphere filling pattern can be 

explained by the lower porosity in the pear box (47.87 % compared to 51.21 % ± 1.29 %) 

and the larger surface-to-volume ratio (98.77 ± 7.29 m-1 for pear compared to 84.48 ± 1.02 

m-1 and 77.50 ± 0.40 m-1 for apple and sphere, respectively).  

The relative frequency distributions of the normalised h-value provide a means to 

quantify the cooling heterogeneity in the box. The normalisation was done by dividing the 

local h-value with the surface-averaged h-value of all the fruit surfaces. In general, fruit with 

a normalised h-value much smaller than 1 will cool, on average, slower than the average. A 

sharp peak around this h-value also signifies that most of the local h-values lie relatively 

close to the surface-averaged h-value. Therefore, the fruit in the box cool more homogeneous 

if the relative frequency has a positive kurtosis around the normalised h-value of 1. Figure 7 

presents the average relative frequency distributions of the normalised h-value of the three 

apple filling patterns, its spherical representations and the pear filling pattern, for the three 

airflow rates. For all three airflow rates, the spheres have a distribution with a higher peak 

closer to the value of 1. The apple fillings show a more heterogeneous distribution, with a 

peak considerably lower than 1; an observation that was even more pronounced for the pear 

filling. However, all distributions displayed a positive skewness. Figure 5 demonstrates that 

regions in the fruit filling with relatively large h-values correspond well with the regions of 

high air velocities, namely located close to the vent holes and in the top region of the box. 

Fruit located in front of the vent holes have much larger h-values than the average, accounting 

for the positive skewness in the relative frequency distributions. For the pear filling, the peak 

of the relative frequency distribution was much lower and flatter. Thus, the pear filling 

showed a more heterogeneous cooling process compared to the other fillings. 
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3.3 Fruit cooling behaviour 

Figure 8 shows time-temperature profiles calculated in the core of all apple fruit in the 

‘Supervent’ package and the volume-averaged time-temperature profile of the entire fruit 

stack (71 fruit) of both the apple filling and its spherical representation at medium flow rate. 

The seven-eighths cooling time (SECT) is the time it takes to cool the produce down from 

its initial temperature to one-eighth of the initial temperature (Brosnan and Sun, 2001). Based 

on the volume-averaged temperature profiles, the SECT of the entire fruit filling deviated 

only 6 min between apples and spheres. To some extent, the difference in surface averaged 

h-value (6.24 % lower for apple) was, therefore, partially compensated by the difference in 

total fruit surface area (9.26 % higher for apple), resulting in similar overall cooling rates. 

Since the total volume of the two fruit filling patterns were matched, the difference in average 

cooling rate between the two patterns was negligible. 

However, larger differences were observed with respect to the core temperatures of the 

individual fruit. Distributions of the SECT of all fruit for the apple and spherical 

representation are shown in Figure 9. In total, 61 % of all fruit in the apple filling pattern 

cooled faster than their spherical equivalent. On average, there was a difference of 18 ± 15 

min difference in SECT between the two filling patterns with the smallest and largest 

difference being 1 and 66 min. The faster cooling of realistically shaped apples could be 

explained by the presence of the calyx and petiole regions (i.e., the concave surfaces on the 

top and bottom of the apple). They lead to a reduced effective distance between the surface 

and core, resulting in a smaller SECT than its spherical counterpart. In addition, the apples 

had a larger surface-to-volume ratio compared to the spheres. Clearly, local cooling 

behaviour of packed non-spherical fruit such as pears will be even more variable. For these 

products, the realistic shape should be taken into account.  
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4 Discussion 

Cooling uniformity is one of the most important evaluation criteria for novel package 

designs. This criterion is not only influenced by the package design itself (Berry et al., 2016) 

but also by the produce shape, as was shown in this study. Since the computational load of 

the realistic shapes was of the same order as the simplified geometries, more accuracy in the 

cooling behaviour can be attained without making concessions on computing time. Thus, for 

future package design model simulations, it becomes a requirement to incorporate the 

realistic fruit shapes with their biological variability. A simplified product shape approach is 

sufficient for design studies where only the average cooling behaviour is required.  

5 Conclusions 

This study described a novel methodology for design and engineering of agrofood 

cooling processes by using realistic 3D shape models of agrofood products, stacked in 

randomized configurations. Forced-air cooling of apple and pear fruit in fibreboard boxes 

was considered. The cooling performance of boxes with apple fruit shapes was compared 

with simplified representations using spheres with the same equivalent hydraulic diameter. 

On average, there was no significant difference in the average aerodynamic resistance and 

product cooling rate of the two approaches. If design studies would target dimensioning of 

equipment such as fans, a simplified product shape approach would thus be sufficient. 

However, in cooling of agrofood products, not only the average cooling behaviour but 

also the cooling uniformity between different products is of concern, as this will have a direct 

impact on quality differences between individual fruit. Our study showed that considerable 

differences in pressure drop exist between different randomized fillings. Different 

preferential airflow paths are induced in stacked boxes, leading to warmer and colder 
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locations inside the box. Within boxes filled with apples, we have shown that the variability 

of convective heat transfer coefficients is somewhat larger on realistic shapes than on spheres. 

In addition, a lower surface heat transfer occurred on the realistic apple shapes. However, the 

concave apple surfaces caused an increase in cooling rate of the apple cores. As a combined 

result, cooling uniformity was overestimated by the spherical geometries, with 25 % longer 

cooling times predicted for the slowest cooling fruit in the box. 

The results of the pear filling showed a much larger variability in convective heat transfer 

coefficients. In this case, incorporating the actual fruit shape will be necessary to capture all 

effects on cooling behaviour. For fruit shapes that are more deviating from spheres, the 

observed effects of cooling uniformity and local cooling rates will thus be more pronounced. 

The presented novel and more versatile methodology can now be readily applied without 

shape simplification to improve package designs of different types of horticultural produce. 
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Table 1: Thermophysical properties of air, Conference pear, Jonagold apple and the Supervent 
box 

1  Density 
(kg m-3) 

Specific heat capacity 
(J kg-1 K-1) 

Thermal conductivity 
(W m-1 K-1) Reference 

Air 1.185 1004 0.024 (ASHRAE, 2013) 
Pear 1000 3800 0.52 (Nahor et al., 2005) 
Apple 800 3455 0.397 (Lisowa et al., 2002) 
Supervent 145 1338 0.064 (Ho et al., 2010) 

 
 
Table 2: The flow rate in L s-1 kg-1 and superficial velocity in m s-1 for the apple, sphere and 
pear filling patterns. 

 Apple Sphere Pear 
Flow rate  
(L s-1 kg-1) 1.0 2.0 3.0 1.0 2.0 3.0 1.0 1.5 3.0 

Pattern 1 (m s-1) 0.146 0.276 0.438 0.145 0.276 0.436 0.192 0.276 0.575 
Pattern 2 (m s-1) 0.139 0.276 0.416 0.141 0.276 0.424 - - - 
Pattern 3 (m s-1) 0.147 0.276 0.441 0.147 0.276 0.439 - - - 

 
 
Table 3: Average polynomial approximation of the pressure drop characteristics for the filling 
patterns of apples, spheres and pears as a function of the flow rate through the computational 
domain expressed in m s-1 and L s-1 kg-1. 

Filling pattern Superficial air velocity in m s-1 Superficial air velocity in L s-1 kg-1 
Apple 22046 6 s sP U U    242.3 1.1 s sP U U    
Sphere 21978 4 s sP U U    240.5 0.6 s sP U U    
Pear 22053 5 s sP U U    275.3 1.0 s sP U U    

 
 
Table 4: Surface averaged convective heat transfer coefficient, with standard error (3 filling 
patterns) for three different airflow rates for the filling patterns of apples, spheres and pears 

Filling pattern Low flow rate Medium flow rate High flow rate 
Apple 29.7 ± 2.7 32.7 ± 2.9 36.6 ± 3.5 
Sphere 31.3 ± 2.4 34.7 ± 2.5 39.4 ± 3.1 
Pear 26.6 27.8 33.2 
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Figure 3: Pressure loss over the Supervent box filled with spheres (black), realistic apple (red) 
and pear shapes (blue) as a function of the superficial air velocity through the box, expressed 
in m s-1 (top) and in L s-1 kg-1 (bottom). The total mass of pear fruit was higher than that of 
apple fruit. As a consequence, the pressure loss characteristic for pears, expressed in L s-1 kg-1 
(bottom), differed from the apple filling while it was the same when expressed in m s-1 (top). 
The data points of the three fillings (squares and triangles for the spheres and apples, 
respectively) as well as the polynomial approximation (Poly.) of the average pressure loss are 
displayed.  
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Figure 4: Velocity contour plots and velocity vectors for a medium flow rate in the middle of a 
box filled with apple shapes (left), equivalent spheres (middle) and pears (right). The air enters 
the computational domain from the right hand side. 

 

 
Figure 5: Contour plot of the convective heat transfer coefficients at the interface between the 
air and the fruit for a medium flow rate. The air enters the computational domain from the 
right hand side. 
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Figure 8: Time-temperature profiles calculated in the core of all fruit in the stack for the apple 
(red dots) and spherical representation (black dots) at medium airflow rate. The average 
temperature of all fruit in the box is depicted in blue and green dashes for the apples and 
spheres; the seven-eighths cooling time is depicted in purple. The minimum and maximum 
time-temperature profiles for both patterns are depicted in large dashes in the corresponding 
colours. 

 
Figure 9: The distribution of the seven-eighths cooling time (SECT), expressed in minutes, 
calculated in the centre of each fruit in a stack of 71 fruit (apple indicated in red and its 
spherical representation indicated in black).  
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