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Abstract 16 

Convective cooling is essential in many supply chain unit operations for refrigerated transport 17 

and cold storage of fresh products. Fruit must be kept at low temperatures to preserve quality 18 

and to slow down biochemically-driven food degradation. Along the cold chain, 19 

heterogeneities in temperatures are present among individual products, which influence the 20 

resulting product quality, causing significant food losses. This study presents a thermo-fluid 21 

dynamic model of a single mango fruit to better understand the convective cooling behavior 22 

of fruits with more complex, non-spherical shapes and a heterogeneous composition. To 23 

explain the biochemical and biological processes affecting the product’s final quality, 24 

experimental data from the literature are used to calibrate kinetic rate laws for the prediction 25 
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of different quality attributes (overall quality, flesh firmness, titratable acidity, total soluble 26 

solids and vitamin content) over time. 27 

The accuracy of airflow modeling and of applying a realistic fruit shape are 28 

assessed. It is quantified how much  higher airspeeds lead to faster cooling of the pulp 29 

and seed, and how strong non-uniform temperature heterogeneities are inside the fruit. 30 

From sensitivity analysis, air temperature has the most relevant impact on fruit 31 

temperature during cooling, while the influence of fruit size and thermal properties on 32 

fruit cooling is negligible. The evolution of the quality attributes is shown at different 33 

temperatures, and the heterogeneities in quality within the mango fruit are also 34 

investigated. The obtained insights will help advance cooling process optimization for 35 

other complex-shaped, multi-material fruit and vegetables.  36 

 37 

Keywords: Fruit cooling, Computational fluid dynamics, Cold chain, Quality prediction, 38 

Mangos  39 

 40 

1. Introduction 41 

 42 

Fresh fruits and vegetables need to be cooled down soon after harvest to 43 

preserve their quality and maximize shelf life. The reason is that temperature is the 44 

single most important environmental parameter affecting the physiological 45 

degradation processes of the product. These processes are slowed down at low 46 

temperatures. As such, fast and uniform cooling of the fruit after harvest is essential. 47 

To this end, forced-convective airflow cooling is used as a key unit operation in food 48 

supply chains. However, during convective cooling, the products are stacked in large 49 

assemblies, namely in ventilated packaging, such as carton boxes. Significant 50 

heterogeneities in cooling behavior and therefore in resulting quality, have been found 51 
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between individual products [Defraeye et al., 2013a; O’Sullivan et al., 2016; Wu & Defraeye, 52 

2018]. These non-uniformities are induced by the complex turbulent flow field, caused by the 53 

package design with vent holes at a specific location, but also by the heating up of the air that 54 

passes over subsequent fruit [Defraeye et al., 2014; Han et al., 2015]. From 2012 to 2016, the 55 

consumption of mangos (Mangifera indica) increased up to 288,000 t, in Europe [CBI - 56 

Ministry of Foreign Affairs, 2016]. Like other tropical fruits, mangos are very susceptible to 57 

the cooling conditions and storage temperature. These non-spherical fruits are composed of 58 

pulp and seed with different thermal properties and thereby present a complex cooling 59 

behavior. 60 

Much research has been undertaken on identifying the heterogeneities in cooling and 61 

fruit quality evolution between individual products in large assemblies [O’Sullivan et al., 62 

2016; Zou et al., 2006]. However, the corresponding heterogeneities within a product are 63 

often not focused on. The main reason is that most fresh products are spherical or cylindrical 64 

and have quite uniform thermal properties, by which cooling can be approximated with 65 

simple analytical models. For fruits with a more complex geometrical shape and composition, 66 

such as mangos, the convective cooling process and associated quality evolution within the 67 

fruit is driven by the surrounding turbulent flow field and is much less understood. Such 68 

knowledge is essential to improve the cooling of such non-spherical fruits with a composite 69 

structure in order to reduce food losses. 70 

To gain a deeper knowledge of the cooling of fresh products, two main approaches are 71 

used: numerical simulations, often involving computational fluid dynamics (CFD), and 72 

experimental studies. Numerical models focus on heat transfer [Alvarez et al., 1999b; 73 

Beukema et al., 2011] and investigate, among others, the influence of air speed, turbulence 74 

and surface roughness on fruit cooling [Alvarez et al., 1999a; Raval et al., 2013; Redding et 75 

al., 2016]. Often, CFD simulations are carried out using discretely modeled spherical fruits 76 

and homogeneous thermal properties [Alvarez et al., 2003; Defraeye et al., 2012], or a porous 77 
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media approach [Delele et al., 2013; Zou et al., 2006], to model stacked products for 78 

package design and optimization [Dehghannya et al., 2011; Defraeye et al., 2014; 79 

Defraeye et al., 2015]. Only a few studies have used ellipsoidal fruit shapes 80 

[O’Sullivan et al., 2016; Saudreau et al., 2007]. In all these studies, the focus is always 81 

on cooling rates and heterogeneities in temperatures while the impacts of non-uniform 82 

intraproduct cooling on biochemical and biological processes, so on the quality 83 

attributes, are neglected. 84 

Likewise, many experimental studies have investigated the shelf life and 85 

evolution of various quality attributes (e.g., firmness, sugar content, titratable acidity, 86 

vitamin content) under different cooling conditions [Baloch et al., 2011; Noiwan et al., 87 

2017; Nunes et al., 2006], but not directly linked the results to the thermal 88 

heterogeneities  within the products. 89 

To tackle these knowledge gaps, the objective of this study is to gain a better 90 

insight into how heat-sensitive products with a complex, non-spherical shape and 91 

heterogeneous composition behave under convective cooling. For this purpose, a 92 

computational model for fruit cooling is developed, in which the evolution of several 93 

quality attributes (such as firmness, sugar content, acidity, vitamin content) is 94 

included, by modeling the biochemical reactions rates. By linking physical and 95 

biochemical processes, we quantify the evolution of multiple quality attributes and 96 

remaining quality over time. The model represents a non-spherical product composed 97 

of two different materials, pulp and seed, with different thermal properties. First, the 98 

accuracy of airflow modeling and of applying a realistic fruit shape are appraised. 99 

Then, it is quantified how much higher airspeeds lead to faster cooling of the fruit, and 100 

how strong non-uniform temperature heterogeneities are inside of it. Next, a sensitivity 101 

analysis is performed to evaluate the impact of various input parameters, namely, air 102 

speed, air temperature, flow turbulence, thermal properties and geometry, on product 103 
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cooling. Then, to describe the quality attributes mentioned above, kinetic rate laws 104 

representing biochemical reactions are calibrated with experimental data and included 105 

in the model.  106 

The model presented in this study is a virtual twin of a mango fruit and it can be used 107 

to monitor its quality evolution. Values from sensors (i.e. air speed and temperature), for 108 

instance, inside ventilated cartons, could serve as initial conditions, to accurately mimic and 109 

monitor the fruit response to different environment conditions. In this way, we gain insights in 110 

how mango fruit cools down and what the remaining quality attributes are, such as firmness 111 

and vitamin content. 112 

 113 

2. Materials and methods 114 

 115 

2.1. Numerical model 116 

 117 

The computational model takes into consideration both the solid (fruit) and the fluid 118 

(air) domains, so a conjugate approach is used. An ellipsoid is used to represent the mango 119 

fruit. To account for both the fruit pulp and seed, an inner, smaller ellipsoid is created, inside 120 

that of the fruit. Based on symmetry, the domain size is reduced by a factor of 2 along the axis 121 

of symmetry. The major and minor semi-axes are, respectively, 0.075 (b) and 0.046 m (a) 122 

long for the mango fruit, and 0.45b and 0.45a for the seed. The complete model geometry is 123 

shown in Fig. 1. The domain sizes and grid density are based on best practice guidelines and a 124 

grid sensitivity analysis [Franke et al., 2007; Roache, 1994]. 125 

The grid consists of 1.45×105 and 2.22×104 elements for the air and solid domain, 126 

respectively, as detailed in Fig. 2. On the surface of the external ellipsoid, a boundary-layer 127 

mesh is created, and the thickness of the first layer is chosen to obtain a y+ ~ 1 in the wall-128 

adjacent cell. On the prismatic cells of the boundary layer, tetrahedral cells are placed with a 129 
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progressively increasing size (growth factor of 1.1) from the fruit wall to the flow domain, 130 

and with a maximum size of 2×10-3 m. These cells are confined inside a rectangle placed 131 

around the outer ellipsoid (see Fig. 2), with the following dimensions: 6b height and 3b width. 132 

Outside this rectangle, the cells are still tetrahedral but with larger size (maximum of 4.2×10-2 133 

m), except for the inlet and outlet regions, for which a fixed number of elements is used as a 134 

refinement criterion (100 elements). The spatial discretization error was estimated by means 135 

of Richardson extrapolation [Roache, 1994], considering five different grids with a refinement 136 

factor of 0.7. This error is 1.64% for the convective heat transfer coefficient (CHTC) [W m-2 137 

K-1], 0.05% for shear stress [Pa] and 1.12% for wake length [m]. 138 

Concerning the airflow, at the domain inlet, a uniform speed Uin, is imposed (see Fig. 139 

1). Five different air speeds (Uin) are evaluated in the range of 0.1–10 m/s with an increasing 140 

factor of 100.5, namely, 0.10, 0.32, 1.0, 3.2 and 10 m/s. These values result in Reynolds 141 

numbers (Re) from 1.04×103 to 1.04×105 (with Re = Uin2b/υ), covering the speed range 142 

usually found in cold chain unit operations [Mercier et al., 2017; Zhao et al., 2016]. At the 143 

outlet, a zero static pressure is established. A no-slip condition with zero roughness is set at 144 

the ellipsoid wall, and the symmetry boundary condition is selected for the lateral boundaries 145 

of the flow domain (Fig. 1). Following a comparison of different turbulence models (SST k–ω 146 

[Menter, 1994], k–ω [Wilcox, 1988], k–ε [Launder & Spalding, 1974] and Spalart-Allmaras 147 

[Spalart & Allmaras, 1992]), the k–ω shear stress transport (SST) is chosen to model the 148 

turbulence. A study on boundary-layer modeling of airflow around an apple fruit (spherical 149 

domain) by Defraeye et al. (2013b) shows that this model is the most suitable for accurate 150 

predictions of the onset and amount of flow separation under adverse pressure gradients. The 151 

SST k–ω model exploits the k–ω formulation in the inner parts of the boundary layer (viscous 152 

sublayer), such that it can be used as a low-Re turbulence model, without any extra damping 153 

functions. In the free-stream region, the SST k–ω model switches to k–ε behavior. A no-slip 154 
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condition with zero roughness is set at the ellipsoid wall, and the symmetry boundary 155 

condition is selected for the lateral boundaries of the flow domain (Fig. 1). 156 

Regarding heat transfer, an initial uniform temperature of 30°C (Tfruit) is set for the 157 

fruit domain, which is a typical temperature at harvest. Different air temperatures are imposed 158 

at the inlet, namely, 5, 8, 10, 12 and 20°C. At the outlet and lateral boundaries, outflow and 159 

symmetry condition are chosen, respectively. Thermal properties of air are assigned, 160 

according to the values provided by the American Society of Heating, Refrigeration and Air-161 

Conditioning Engineers [ASHRAE, 2001]. Regarding the mango, the thermal properties of 162 

the pulp and seed are independently expressed as a function of the chemical components and 163 

fruit temperature, according to ASHRAE (2006), in order to reproduce the real thermal 164 

behavior of the product as accurately as possible. The equations describing each property are 165 

listed below: 166 

𝜌𝜌𝑓𝑓 = ∑ 𝑋𝑋𝑖𝑖𝑣𝑣𝑛𝑛
𝑖𝑖=1 𝜌𝜌𝑖𝑖                                                                                                  (1) 167 

𝑐𝑐𝑝𝑝𝑓𝑓 = ∑ 𝑋𝑋𝑖𝑖𝑚𝑚𝑛𝑛
𝑖𝑖=1 𝑐𝑐𝑝𝑝𝑖𝑖                                                                                              (2) 168 

𝜆𝜆𝑓𝑓 = ∑ 𝑋𝑋𝑖𝑖𝑣𝑣𝑛𝑛
𝑖𝑖=1 𝜆𝜆𝑖𝑖                                                                                           (3) 169 

where 𝑋𝑋𝑖𝑖𝑣𝑣 is the volume fraction, 𝜌𝜌𝑖𝑖 is the density [kg·m-3], 𝑋𝑋𝑖𝑖𝑚𝑚 is the mass fraction, 𝑐𝑐𝑝𝑝𝑖𝑖 is the 170 

specific heat capacity [J·kg-1·K-1] and 𝜆𝜆𝑖𝑖 is the thermal conductivity [W·m-1·K-1] of the 171 

component i (see Table 1). In Eq. (1)–(3), 𝜌𝜌𝑓𝑓 [kg·m-3], 𝑐𝑐𝑝𝑝𝑓𝑓 [J·kg-1·K-1] and 𝜆𝜆𝑓𝑓 [W·m-1·K-1] are 172 

the total density, the total specific heat capacity and the total thermal conductivity, 173 

respectively. This approach allows an accurate reproduction of the fruit behavior during 174 

cooling. By changing the volume fraction of each component, it is also possible to account for 175 

the heterogeneities in the composition among different fruits and cultivars, which influence 176 

directly the temperature history. In the presented study, the chosen values for all the different 177 

components are listed in Table 1, and they are representative for a mango fruit [ASHRAE, 178 

2006; Nzikou et al., 2010]. 179 
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 180 

2.2. Governing equations 181 

 182 

Following the approach commonly used in forced-convective cooling studies [Han et 183 

al., 2015; Zhao et al., 2016], the Navier–Stokes equations are solved in a steady-state regime 184 

and, in a further step, the transient energy equations in both air and fruit are solved 185 

simultaneously, to obtain the temperature distribution profiles in the air and in the fruit, 186 

respectively. Given the high Reynolds numbers, forced-air convection is present, and so 187 

buoyancy is not modeled. The airflow around the mango is viewed as a steady, turbulent and 188 

incompressible flow of dry air. Therefore, the Reynolds-averaged Navier–Stokes (RANS) and 189 

continuity equations are expressed as: 190 

∇ ∙ 𝒖𝒖� = 0                                                                                                                 (4) 191 

𝜌𝜌𝑎𝑎𝐮𝐮� ∙ ∇𝐮𝐮� = −∇𝑝𝑝 + ∇ ∙ [𝜇𝜇𝑎𝑎(∇𝒖𝒖� + (∇𝒖𝒖�)𝑇𝑇 − 𝜌𝜌𝑎𝑎𝒖𝒖′𝒖𝒖′������] + 𝑭𝑭�                                        (5) 192 

where 𝐮𝐮� is mean air velocity [m·s-1], ρa is the density of air [kg·m-3], p is the air pressure [Pa], 193 

μa is the dynamic viscosity of air [Pa·s] and 𝑭𝑭� is the source term for the momentum equation. 194 

As mentioned above, the SST k–ω turbulence model is chosen to solve the RANS equations. 195 

The temperature of the air and fruit, respectively, is time-dependent, so a transient 196 

energy equation is solved to evaluate the temperature field in the airflow: 197 

𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝑎𝑎
𝜕𝜕𝑇𝑇𝑎𝑎
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑎𝑎𝑐𝑐𝑝𝑝𝑎𝑎𝒖𝒖� ∙ ∇𝑇𝑇𝑎𝑎 = ∇ ∙ (𝜆𝜆𝑎𝑎∇𝑇𝑇𝑎𝑎)                                                   (6) 198 

where 𝑐𝑐𝑝𝑝𝑎𝑎 is the specific heat capacity of air [J·kg-1·K-1], 𝜆𝜆𝑎𝑎 is the thermal conductivity of air 199 

[W·m-1·K-1], 𝑇𝑇𝑎𝑎 is the air temperature [K]. At the same time, we need to solve the equation 200 

describing the transient heat conduction in the fruit to obtain the temperature field inside the 201 

mango: 202 

𝜌𝜌𝑓𝑓𝑐𝑐𝑝𝑝𝑓𝑓
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕

= ∇ ∙ �𝜆𝜆𝑓𝑓∇𝑇𝑇𝑓𝑓�                                                                                 (7) 203 
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where 𝜌𝜌𝑓𝑓 is the fruit density [kg·m-3], 𝑐𝑐𝑝𝑝𝑓𝑓 is the fruit specific heat capacity [J·kg-1·K-1], 𝜆𝜆𝑓𝑓 is 204 

the thermal conductivity of the fruit [W·m-1·K-1] and 𝑇𝑇𝑓𝑓 is the fruit temperature [K]. 205 

To account for the convective heat transfer, the conjugate heat transfer method is 206 

applied by setting the same physics (heat transfer) in both fluid and solid domain, so that the 207 

continuity of the thermal problem at the fruit–air interface is guaranteed. The local heat 208 

transfer coefficient does not need to be specified and can instead be derived afterwards 209 

directly from the computational solution. The continuity of temperatures and heat fluxes at the 210 

fruit surface is described by the following equations: 211 

𝑇𝑇𝑓𝑓(𝒙𝒙, 𝑡𝑡) = 𝑇𝑇𝑎𝑎(𝒙𝒙, 𝑡𝑡)                                                                                                       (8) 212 

𝑛𝑛 ∙ 𝜆𝜆𝑓𝑓𝛻𝛻𝑇𝑇𝑓𝑓(𝑥𝑥, 𝑡𝑡) = 𝑛𝑛 ∙ 𝜆𝜆𝑎𝑎𝛻𝛻𝑇𝑇𝑎𝑎(𝑥𝑥, 𝑡𝑡)                                                                                (9) 213 

where x is the Cartesian coordinate and n is the normal vector at the fruit surface at the 214 

position x. 215 

 216 

2.3. Modeling the evolution of fruit quality 217 

 218 

2.3.1. The kinetic rate law model for quality attributes 219 

 220 

As mentioned in Section 1, chemical, biochemical and physical changes inside fruits 221 

and vegetables can affect different quality attributes. Among the most important attributes for 222 

mango quality, are overall quality, firmness, titratable acidity, vitamin and sugar content.  223 

Fruit overall quality serves as a general indicator of the marketability of the mangos up 224 

to a threshold value of 10%, below which the product is not edible anymore. Among  the 225 

other attributes, firmness indicates the fruit hardness and is one of the main aspects used to 226 

define the ripening stage of a fruit. It can refer either to the fruit peel or its flesh, according to 227 

whether the measurements are performed with or without the peel. In this study, only flesh 228 
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firmness is considered, since the peel is not included in the model. Sugar content is usually 229 

named total soluble solid content and represents the solids concentration of a sucrose-230 

containing solution while titratable acidity is a measure of the amount of citric acid present in 231 

a solution in [g/kg] or [%]. β-carotene is a pigment from the vitamin family of carotenes, from 232 

which vitamin A can be extracted. Vitamin C, also known as ascorbic acid, is an essential 233 

nutrient. 234 

The evolution of these attributes can be represented by kinetic rate laws (mathematical 235 

models) that includes temperatures, rate constants and activation energies. Such kinetic 236 

equations are usually provided for the description of biochemical reactions in food 237 

[Robertson, 1993; Van Boekel, 2008]. A generic form can be written as: 238 

−𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

= 𝑘𝑘𝐴𝐴𝑛𝑛                                                                                                                    (10) 239 

where A is a quality attribute, t is the time [s], k is the rate constant [s-1] and n is the order of 240 

the reaction. In this study, both zero- and first-order reactions, with positive or negative rate 241 

constants, are taken into account. 242 

A zero-order reaction describes the change over time of the parameter A as a linear 243 

curve with k as slope. Therefore, Eq. (10) can be integrated for a constant value of k, 244 

obtaining the following expression: 245 

𝐴𝐴 = 𝐴𝐴0 − 𝑘𝑘𝑡𝑡                                                                                                                    (11) 246 

in which A0 is the value of parameter A at t = 0. For the first-order reaction, the integration of 247 

Eq. (10) for a constant value of k gives another expression: 248 

𝐴𝐴 = 𝐴𝐴0 ∙ 𝑒𝑒−𝑘𝑘𝜕𝜕                                                                                                             (12). 249 

Most of the biochemical processes that occur in the fruit during storage are strongly 250 

temperature-dependent. In this view, temperature dependency must be included in the kinetic 251 

rate law. To achieve this, the rate constant k is often described by an Arrhenius relationship 252 

[Robertson, 1993]: 253 
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𝑘𝑘(𝑇𝑇) = 𝑘𝑘0 ∙ 𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅                                                                                                         (13) 254 

where k0 is a constant [s-1], Ea is the activation energy [J·mol-1], R is the ideal gas constant 255 

(8.314 [J·mol-1·K-1]) and T is the absolute temperature [K]. 256 

 257 

2.3.2. Calibration of the quality model 258 

 259 

To model the evolution of different quality attributes, Eq. (11) and (12), combined 260 

with Eq. (13), are fitted (at a constant temperature) to experimental data of flesh firmness, 261 

titratable acidity, soluble solid content, vitamin content and β-carotene from measurement 262 

found in literature and performed on mangos kept in cold rooms at different storage 263 

temperatures [Karithi, 2016]. The correlation obtained from the fitting is included in the 264 

computational model. Given that A, A0 and t are known, the reference value for k can be 265 

directly determined from Eq. (11) or (12) at a chosen reference temperature, depending on the 266 

considered attribute. As a second step, the dependency of the rate constant on the temperature 267 

is introduced by the evaluation of the Q10: 268 

𝑄𝑄10 = 𝑘𝑘𝑅𝑅+10
𝑘𝑘𝑅𝑅

                                                                                                           (14) 269 

where kT+10 and kT are the rate constants at temperature T and T+10, respectively. The typical 270 

Q10 values for biochemical processes inside fruits fall between 2 and 3. Once the Q10 value is 271 

known, the activation energy (Ea) can easily be derived from the following equation: 272 

𝐸𝐸𝑎𝑎 = 𝑅𝑅𝑅𝑅𝑛𝑛 (𝑄𝑄10)
1
𝑅𝑅−

1
𝑅𝑅+10

                                                                                                         (15). 273 

Finally, k0 can be evaluated, once k, Q10 and Ea are known. Then, all the values in Eq. (13) are 274 

known, and the final equation can be implemented in the model. The values of Q10 and Ea, 275 

together with R2 from the fitting, are listed in Table 2. 276 

 277 

2.4. Numerical simulations 278 
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 279 

The simulations are carried out in COMSOL Multiphysics 5.3a, which is based on the 280 

finite element method. In forced-air cooling, heat conduction occurs on the fruit surface, and 281 

heat convection moves the heat away from its surface to the surrounding airflow. General 282 

information on the numerical methods used to discretize and solve the transport equations in 283 

CFD can be found in Franke et al. (2007). As mentioned above, different turbulence models 284 

are tested and the SST k–ω turbulence model (Section 2.1) occurred to be the most accurate in 285 

predicting convective heat transfer. To validate the chosen model, averaged Nusselt numbers 286 

over the fruit surface from the simulations are compared with those found in the literature for 287 

flow around an ellipsoid [Clary et al., 1970], as shown in Section 2.5. 288 

To speed up the computation, first, a steady-state calculation is performed to solve the 289 

airflow around the fruit. Since the airflow is stationary, it does not need to be resolved during 290 

the transient calculation, so only the heat transfer is solved using transient simulation. The 291 

segregated solver is used to solve the airflow, and the fully coupled solver is applied to solve 292 

the heat transfer and quality model while for both calculations, namely, the PARADISO 293 

solver scheme [COMSOL, 2017]. The time-dependent problem runs with an initial time step 294 

of 1 s, progressively increasing up to a time step of 1600 s, to account for 20 days of 295 

simulation, which is the standard duration for the cold chain of fresh products. 296 

Another set of thermal simulations is performed, without solving for the fluid domain. 297 

This model is used for comparison purposes to tackle the importance of modeling the flow 298 

domain. In this simplified model, an averaged CHTC is imposed at the fruit surface and is 299 

taken from the Nusselt number equation for the flow around an ellipsoid at different Re [Clary 300 

et al., 1970]. A time-dependent calculation is done to solve the heat transfer problem. 301 

 302 

2.5. Turbulence model validation 303 

 304 
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Before analyzing the cooling performance of the mango fruit, the accuracy of the CFD 305 

model is assessed by comparing results from different turbulence models, following the 306 

approach of Defraeye et al. (2013b). Different turbulence models (SST k–ω [Menter, 1994], 307 

k–ω [Wilcox, 1988], k–ε [Launder & Spalding, 1974] and Spalart-Allmaras [Spalart & 308 

Allmaras, 1992]) are tested and the values of the averaged Nusselt numbers over the fruit 309 

surface from each model are compared with values obtained from the following experimental 310 

relation described by Clary et al. (1970): 311 

𝑁𝑁𝑁𝑁���� = 0.489 𝑃𝑃𝑃𝑃1/3𝑅𝑅𝑒𝑒0.557(𝑏𝑏/𝑐𝑐)−0.070(𝑎𝑎/𝑐𝑐)−0.44                                                    (16) 312 

in which Pr is the Prandtl number, Re is the Reynolds number, b is the major semi-axis [m], a 313 

is the minor semi-axis [m] and c is the semi-axis in the third dimension perpendicular to the 314 

major axis (in this study c = a). As shown in Fig. 3, the SST k–ω proves to be the most accurate 315 

among the ones tested, with a mean absolute error of 4%, whereas the others showed errors 316 

above 12% from the analytical values. 317 

 318 

2.6. Sensitivity analysis 319 

 320 

A sensitivity analysis is conducted to assess the influence of different model input 321 

parameters on the fruit temperature. To do so, the following input values are considered: 322 

• inlet air temperature 323 

• inlet air velocity 324 

• turbulence intensity 325 

• pulp thermal properties 326 

• seed thermal properties 327 

• major and minor semi-axis length 328 
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Since the most relevant aspect in this work is the cooling behavior of a single mango, 329 

the choice of the reference model output parameter used to quantify the impact of input 330 

parameters on the solution, by means of sensitivity analysis, is chosen to be the average 331 

temperature of the fruit. With this in mind, the relative sensitivities are calculated as 332 

normalized partial derivatives of the mentioned temperature Tfruit, with respect to the model 333 

parameter Xi, following the work of Aregawi et al. (2013). The relative sensitivity of the 334 

average temperature is, hence, evaluated by: 335 

𝑆𝑆𝑇𝑇𝑃𝑃4,𝑋𝑋𝑖𝑖 = 𝜕𝜕𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓/𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑖𝑖𝑓𝑓
𝜕𝜕𝑋𝑋𝑖𝑖/𝑋𝑋𝑖𝑖

≅
𝑇𝑇𝑋𝑋𝑖𝑖+∆𝑋𝑋𝑖𝑖−𝑇𝑇𝑋𝑋𝑖𝑖−∆𝑋𝑋𝑖𝑖

2∆𝑋𝑋𝑖𝑖
 𝑋𝑋𝑖𝑖
𝑇𝑇

                                                             (17) 336 

where ∆Xi is equal to a 10% deviation from the nominal average value of Xi, in this case. The 337 

results are presented in Section 3.2. 338 

 339 

3. Results and Discussion 340 

 341 

3.1. Impact of airflow on fruit temperature and sensitivity analysis 342 

 343 

To appraise the importance of modeling the airflow around the fruit, two different 344 

models are compared. The first configuration solved for the air domain around the fruit. As 345 

such, a conjugate heat transfer is established, resulting in a local distribution of the CHTC at 346 

the fruit surface. The second model did not solve for the fluid domain, and an averaged CHTC 347 

is imposed at the solid surface. In this second model, the CHTC is evaluated from the Nusselt 348 

number presented in Eq. (16). Local distribution of the CHTC allows a more accurate 349 

representation of the heat transfer at the surface, for example between leading and trailing 350 

edges of the fruit (Fig. 4b) while an imposed averaged CHTC is not able to capture such 351 

differences. In Fig. 4a, the local distribution of the CHTC over the fruit surface is compared 352 

with the averaged values at 0.1, 1 and 10 m/s. From the graph, the impact of different 353 
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velocities on the convective heat transfer distribution over the fruit surface is evident: with an 354 

increase of two orders of magnitude in the air speed, the CHTC increases by a factor of 5. 355 

Hence, not including the airflow in the model causes the loss of valuable information on the 356 

cooling heterogeneities at the surface of the product, with repercussions on its quality 357 

prediction. 358 

Moreover, the importance of modeling a realistic shape is demonstrated by comparing 359 

a sphere and an ellipsoid with the same volume, under the same flow conditions, and 360 

evaluating the spatial distribution of the temperature. The impact on the fluid flow of the two 361 

different shapes results in a diverse local distribution of the CHTC, which directly influences 362 

the temperature distribution inside the objects, as portrayed in Fig. 5. The maximum 363 

temperature difference between two points (2 and 4) on the seed surface is 2.1°C for the 364 

sphere and 4.2°C inside the ellipsoid, resulting in an underestimation of more than 2°C, which 365 

could negatively affect quality prediction. With this in mind, a realistic model that includes 366 

airflow and a realistic fruit shape is required to correctly capture the fruit temperature. 367 

 368 

3.2. Sensitivity analysis 369 

 370 

The relative sensitivities (refer to Section 2.5) are depicted in Fig. 6 for each of the 371 

tested parameters. All the other parameters, except air temperature, produce a variation of less 372 

than 5% in the average fruit temperature for a deviation of ±10% from their initial value. The 373 

largest variation is to be found for air temperature: for a deviation of ±10% we see a variation 374 

in fruit temperature of 20%, which confirms air temperature as the single most influential 375 

parameter. From the sensitivity analysis, it is also possible to infer that  a more accurate 376 

knowledge of thermal properties do not influence the model accuracy that much. 377 

 378 

3.3. Temperature heterogeneities inside the fruit 379 
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 380 

As stated in Section 1, one of the main complications during experiments is to know 381 

where the highest temperatures are inside the fruit, so that experimental temperature probes 382 

can be placed in the right positions. Since the core temperature of the mango seed is not 383 

accessible, these zones are located close to the seed, as shown in Fig. 7. In the graph, points 4 384 

and 6 exhibit the highest temperatures and so these are the most conservative positions for 385 

temperature sensors. This simple but important estimation is possible, due to an accurate 386 

model that included not only the fluid domain but, also, the different materials (pulp and seed) 387 

that compose the fruit (see Table 1).  388 

Along with the identification of the warmest zones within the mango, the cooling 389 

uniformity can also be investigated. The cooling uniformity influences the consistency of the 390 

quality attributes, and it must be achieved to avoid a rapid quality decay of some parts, with 391 

the subsequent spoilage of the commodity. A higher uniformity in temperatures can be 392 

attained by choosing the correct air speed. To this end, a set of simulations is carried out to 393 

examine the cooling of the mango at different air speeds. A comparison between different 394 

velocities is presented in Fig. 8a. The cooling rate is taken as the reference for the comparison 395 

and leads to the fractional unaccomplished temperature difference [Teruel et al., 2004], where 396 

Tair , Tp and T are the air temperature, the average initial fruit temperature and the actual 397 

temperature at time of observation, respectively: 398 

𝑌𝑌 = 𝑇𝑇−𝑇𝑇𝑎𝑎𝑖𝑖𝑓𝑓
𝑇𝑇𝑝𝑝−𝑇𝑇𝑎𝑎𝑖𝑖𝑓𝑓

                                                                                                             399 

(18) 400 

By looking at the 7/8 cooling time (i.e. time required to reduce the temperature difference 401 

between the product and the refrigerating air by 7/8, corresponding to a cooling rate of Y = 402 

0.125), it can be seen that Y is reached in 1.4 h at 10 m/s, in 3.6 h at 1 m/s and, finally, in 10.3 403 

h at 0.1 m/s. 404 
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Although a higher speed is preferable because it implies a faster cooling, it can be the 405 

cause of pronounced cooling heterogeneities. In this regard, Fig. 8b shows the difference 406 

between the maximum and the minimum fruit temperature in the fruit at three different speeds 407 

among those investigated, namely, 0.1, 1 and 10 m/s. The difference between Tmax and Tmin is 408 

chosen as an indicator of temperature peaks inside the fruit. Although at 10 m/s there is a peak 409 

temperature that drastically reduces with time, for 0.1 m/s the temperature difference 410 

decreases much slower, granting a better uniformity in cooling. 411 

 412 

3.4. Prediction of different quality attributes over time under different cooling conditions 413 

 414 

The last part of this work examines the evolution of different quality attributes over 415 

time and their spatial distribution inside the fruit. Besides the overall quality, this study also 416 

considered other fundamentals, such as the fruit attributes, commonly accepted as quality 417 

indicators [Dea et al., 2010¸ Emongor, 2015].  418 

In Fig. 9, overall quality, firmness, total soluble solids, titratable acid, vitamin C and 419 

β-carotene are depicted as a function of time. After storage for 4 days, a considerable decrease 420 

in overall quality (first-order reaction) is seen for all storage temperatures (Fig. 9a). At 5°C, 421 

the overall quality is at 58%, while at 10°C decreases further to 46%. For storage at 20°C, less 422 

than 20% of the overall quality remains after 4 days. Hence, at 20°C, the product will 423 

probably be spoiled at that point, but if it is kept at lower temperatures, the overall quality, 424 

and so shelf life, can be extended. The same trend is observed, for instance, in the citric acid 425 

content (zero-order reaction, Fig. 9c): at 14 days, the acidity has dropped down below 0.2% at 426 

20°C, already exceeding the acceptable levels for acidity, while at 8 and 12°C, the citric acid 427 

content is still at 0.52% and 0.43%, respectively. Hence, together, the subplots in Fig. 9 428 

demonstrate how these parameters are strongly related to temperature and how temperature 429 

regulation is of primary importance to delay fruit degradation. 430 
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The spatial heterogeneities of each quality parameter within the fruit are also 431 

investigated. As an example, flesh firmness differences among the points 2, 4 and 6 are 432 

presented in Fig. 10. Even if the difference at day 1 is almost 0.1 N and, thus, not very 433 

significant in a single fruit, it could become much larger when considering larger assemblies, 434 

like a pallet. 435 

 436 

4. Conclusions  437 

 438 

This study aimed to improve the understanding of the cooling behavior of a single 439 

mango fruit, a complex-shaped fruit composed of different materials, and provided an insight 440 

into the evolution of its different quality attributes under different cooling conditions. 441 

A sensitivity analysis on the main input parameters (inlet temperature, pulp thermal 442 

properties, seed thermal properties, major and minor semi-axes, inlet velocity, turbulence 443 

intensity) showed that air temperature is the most influential parameter and, also, that a 444 

variation in 10% on the thermal properties have a negligible impact of less than 5% on the 445 

resulting fruit temperature. 446 

The temperature distribution within a single mango was investigated for different 447 

airspeeds at different storage temperatures, and revealed that the fruit cools down faster at 448 

high speeds. Furthermore, the cooling uniformity was evaluated as the maximum and 449 

minimum average temperature difference within the fruit at different air speeds. It 450 

demonstrated that at low speeds, a more uniform cooling can be achieved and thereby a more 451 

homogeneous quality decay within the mango, although the overall quality decay will still be 452 

faster than for high-airspeed cooling. By evaluating the heterogeneity of the temperature field, 453 

it was possible to identify the zones with the highest temperature inside the product, which 454 

can be valuable information for the placement of temperature probes. 455 
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As a result, of the implementation of kinetic rate laws that describe different 456 

biochemical processes within the fruit, we identified how different fruit quality attributes 457 

(flesh firmness, titratable acidity, soluble solid content, vitamin content and β-carotene) 458 

change over time. 459 

The model presented in this work is a reliable tool that allows the prediction of 460 

different quality attributes of a single fruit in cold chains, starting from the air temperature 461 

history. It can also be a valuable tool to prevent fruit spoilage. Specifically, it reproduces the 462 

fruit temperature history along a cold chain and, with that information, predicts the evolution 463 

of different quality attributes over time. 464 

 465 
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 474 

(b) 475 

Fig. 1: (a) Computational domain with dimensions and boundary conditions. (b) Detail of dimensions, boundary 476 

conditions and materials for the ellipsoid. 477 

 478 

 479 

Fig. 2: (a) Model computational grid: subdivision of the domain and different cell sizes. (b) Detail of the 480 

boundary layer mesh. 481 
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482 

(a) 483 

 484 

(b) 485 

Fig. 3: (a) Comparison of Nusselt (Nu) number for different turbulence models: k–ω shear stress transport (SST) 486 

model, k–ω, k–ε and Spalart–Allmaras, and analytical values for a sphere, a cylinder and an ellipsoid [Clary et 487 

al., 1970], as a function of Reynolds number (Re, logarithmic scale). (b) Streamlines around an ellipsoid (side 488 

view) for different turbulence models at Uin = 1 m/s. 489 

 490 
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 491 

(a) 492 

 493 

(b) 494 

Fig. 4: Comparison between two model configurations (at Tin = 10°C), with and without the air domain. (a) 495 

From the comparison of convective heat transfer coefficients (CHTCs) evaluated at the fruit surface, it can be 496 

observed how the local distribution is totally suppressed with the averaged values, resulting in not capturing the 497 

temperature spatial differences. This can be also seen in (b), where the temperature difference between two 498 

different points (2 and 4) is evaluated for the two different models (with and without airflow, at the same initial 499 



23 
 

conditions: Tin = 10°C and Uin = 1 m/s). 500 

 501 

Fig. 5: Temperature difference between points 2 and 4, for a sphere (red curve) and an ellipsoid (black curve) at 502 

Tin = 10°C and Uin = 1 m/s. 503 

 504 

 505 

Fig. 6: Relative sensitivity evaluated for the mean fruit temperature as a function of time for a variation of 10% 506 

of the selected input parameters. 507 

  508 
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 509 

Fig. 7: Comparison of temperatures at different inner points of the mango (2, 4 and 6), at Uin = 1m/s and Tin = 510 

10°C). The 7/8 cooling time (SECT) is also shown, to stress the differences between the points. 511 

 512 

 513 

(a) 514 
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 515 

(b) 516 

 517 

(c) 518 

Fig. 8: (a) Fractional unaccomplished temperature difference Y (Eq. 12) at Tin = 10°C for different air speeds 519 

(Uin). The 7/8 cooling time is also shown to aid the comparison. (b) Temperature difference between maximum 520 

and minimum fruit temperature at different air speeds for Tin = 10°C. (c) Temperature distribution within the 521 

fruit at (1) Uin = 0.1 m/s, (2) Uin = 1 m/s, and (3) Uin = 10 m/s, at 1 h, at Tin = 10°C. 522 

 523 
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 524 

(a) 525 

 526 

(b) 527 
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 528 

(c) 529 

 530 

(d) 531 
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 532 

(e) 533 

 534 

(f) 535 

Fig. 9: Comparison of evolutions of different quality attributes from simulations of storage for 20 days at various 536 

storage temperatures (5, 8, 10, 12 and 20°C). The evaluated attributes (at Uin = 1 m/s) are (a) overall quality, (b) 537 

flesh firmness, (c) titratable acidity, (d) total soluble solids, (e) vitamin C and (f) β-carotene. 538 

  539 
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 540 

Fig. 10: Comparison at Tin = 10°C and Uin = 1 m/s between flesh firmness at different locations inside the fruit. 541 

The difference within a single fruit is around 0.1 N between 2 and 4 on day 1. 542 

 543 

Tables  544 

Mass fraction [%] of ripe mango pulp [ASHRAE, 2006] 

components 

water 81.71 

protein 0.51 

fat 0.27 

carbohydrates 17.00 

fiber 1.80 

ash 0.50 

Mass fraction [%] of mango seed [Nzikou et al., 2010] 

components 

water 45.20 

protein 6.36 

fat 13.00 

carbohydrates 32.24 

fiber 2.02 

ash 3.20 
(a) 545 

 546 

 547 

 548 
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Thermal properties of pulp components [ASHRAE, 2006] 

specific heat capacity [J/(kg K)] 

 water 𝑐𝑐𝑝𝑝 = 4.1289– 9.0864 ∙ 10−5𝑇𝑇 + 5.4731 ∙ 10−6𝑇𝑇2 

 protein 𝑐𝑐𝑝𝑝 = 2.0082 + 1.2089 ∙ 10−3𝑇𝑇 − 1.3129 ∙ 10−6𝑇𝑇2 

 fat 𝑐𝑐𝑝𝑝 = 1.9842 + 1.4733 ∙ 10−3𝑇𝑇 − 4.8008 ∙ 10−6𝑇𝑇2 

 carbohydrates 𝑐𝑐𝑝𝑝 = 1.5488 + 1.9625 ∙ 10−3𝑇𝑇 − 5.9399 ∙ 10−6𝑇𝑇2 

 fiber 𝑐𝑐𝑝𝑝 = 1.8459 + 1.8306 ∙ 10−3𝑇𝑇 − 4.6509 ∙ 10−6𝑇𝑇2 

 ash 𝑐𝑐𝑝𝑝 = 1.0926 + 1.8896 ∙ 10−3𝑇𝑇 − 3.6817 ∙ 10−6𝑇𝑇2 

 density [kg/m³] 

 water  𝜌𝜌 = 9.9718 ∙ 102 + 3.1439 ∙ 10−3𝑇𝑇 − 3.7574 ∙ 10−3𝑇𝑇2 

 protein  𝜌𝜌 = 1.3299 ∙ 103 − 5.1840 ∙ 10−1𝑇𝑇 

 fat 𝜌𝜌 = 9.2559 ∙ 102 − 4.1757 ∙ 10−1𝑇𝑇 

 carbohydrates 𝜌𝜌 = 1.5991 ∙ 103 − 3.1046 ∙ 10−1𝑇𝑇 

 fiber 𝜌𝜌 = 1.3115 ∙ 103 − 3.6589 ∙ 10−1𝑇𝑇 

 ash 𝜌𝜌 = 2.4238 ∙ 103 − 2.8063 ∙ 10−1𝑇𝑇 

 thermal conductivity [W/(m K)] 

 water 𝜆𝜆 = 5.7109 ∙ 10−1 + 1.7625 ∙ 10−3𝑇𝑇 − 6.7036 ∙ 10−6𝑇𝑇2 

 protein 𝜆𝜆 = 1.7881 ∙ 10−1 + 1.1958 ∙ 10−3𝑇𝑇 − 2.7178 ∙ 10−6𝑇𝑇2 

 fat 𝜆𝜆 = 1.8071 ∙ 10−1 − 2.7604 ∙ 10−3𝑇𝑇 − 1.7749 ∙ 10−6𝑇𝑇2 

 carbohydrates 𝜆𝜆 = 2.0141 ∙ 10−1 + 1.3874 ∙ 10−3𝑇𝑇 − 4.3312 ∙ 10−6𝑇𝑇2 

 fiber 𝜆𝜆 = 1.8331 ∙ 10−1 + 1.2497 ∙ 10−3𝑇𝑇 − 3.1683 ∙ 10−6𝑇𝑇2 

 ash 𝜆𝜆 = 3.2962 ∙ 10−1 + 1.4011 ∙ 10−3𝑇𝑇 − 2.9069 ∙ 10−6𝑇𝑇2 

(b) 549 

Tab. 1: (a) Mass fractions of mango pulp and seed components and (b) thermal properties as a function of fruit 550 
temperature to characterize realistic thermal behavior [ASHRAE, 2006]. 551 

 552 

Kinetic rate law models calibration values 

Quality attributes Q10 Ea [J/mol] R² 
Overall quality 2.0 46858 0.94 

 flesh firmness 3.0 74159 0.97 

 total soluble solids 2.1 47953 0.99 

 titratable acidity 2.1 49720 0.98 

 vitamin C 2.1 49607 1.00 

 β-carotene 2.4 59071 0.99 
 553 

Tab. 2: Values from the calibration of kinetic rate law models with experimental data from Karithi (2016). 554 

 555 

 556 
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