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Abstract 21 

Refrigerated transport and storage of mango fruit are essential to maintain quality, reduce food waste 22 

and the associated energy losses. Refrigeration is also key to enable successful transcontinental export 23 

to distant markets. To minimize the environmental impact of the cold chain and to optimize logistics, 24 

knowledge of the fruit quality evolution within individual shipments would be extremely valueable. For 25 

this purpose, a digital fruit twin is developed, based on mechanistic modeling. This digital twin 26 

simulates the thermal behavior of mango fruit throughout the cold chain, based on the measured 27 

environmental temperature conditions, namely the air temperature in the vicinity of the fruit. At the 28 

same time, the evolution of associated quality attributes, due to enzymatically-driven, temperature-29 

dependent biochemical degradation reactions, is quantified. Also, a biophysical counterpart of real 30 

mango fruit – an innovative fruit simulator sensing device – was developed and used for model 31 

validation of  fruit pulp temperatures.  We identified – in-silico – the impact of the unique delivery air 32 

temperature history and cold chain length on fruit quality evolution for actual maritime vs. airfreight 33 

transport pathways. Digital twins were found to provide complementary insights in the thermophysical 34 

behavior of fruit, particularly in supply chains of very perishable species and for storage at low airflow 35 

rates. Such mechanistic modeling enabled to understand, record, and predict where temperature-36 

dependent fruit quality loss occurs in each supply chain. In that way, digital twins can help to improve 37 

refrigeration processes and logistics to reduce food losses, thereby making the refrigerated supply 38 

chain greener. 39 

Keywords: thermophysical; fruit simulator; multiphysics; in-silico; biophysical twin; digital avatar 40 

 41 

1. INTRODUCTION 42 

Fresh mango is a popular fruit for domestic consumption as well as consumption in non-producing 43 

countries. This fruit  grows predominantly in Asia and South America. The production was around 50 44 

million tons worldwide in 2017 (FAO, 2018), but note that this data inherently also includes 45 

mangosteen and guava. However, over the past years, the import of this tropical fruit into non-46 



3 
 

producing countries has increased exponentially. As an example, 328,000 tons of mangos, 47 

mangosteens and guavas were imported into Europe in 2006 while in 2016, over 580,000 tons were 48 

imported, with a total value of 1.13 billion USD (FAO, 2018). As such, the transcontinental 49 

transportation of mangos often relies on refrigeration via airfreight or maritime transport in containers 50 

or ships. The main exporting countries are Mexico, India, Thailand, Peru and Brazil (FAO, 2018). The 51 

environmental impact of these fruit imports (National Mango Board, 2010), and the associated 52 

embodied energy and greenhouse gas emissions are large. This makes it imperative to optimize the 53 

cold chains to preserve quality, extend shelf life and minimize losses. The postharvest losses in the 54 

overall fresh produce supply chain  vary between 13% in Europe and 38% in sub-Saharan Africa 55 

(Gustavsson et al., 2011). 56 

Cooling this climacteric fruit after harvest and keeping them refrigerated throughout the rest of the 57 

supply chain is essential because the temperature is a key parameter affecting fruit quality attributes 58 

(Robertson, 2016; Thompson, 2004). Meanwhile, low-temperature damage, such as chilling injury, 59 

should be avoided. This challenging task of maintaining a proper cold chain, with an often, narrow 60 

temperature window, requires optimal control of the convective cooling processes, supply chain 61 

logistics, and ventilated packaging design. To do so in a targeted way, we need to have quantitative 62 

insight into the mango fruit cooling process and the associated evolution of the quality attribute 63 

throughout transcontinental supply chains. 64 

Much experimental research has been done on mango cooling and storage, mainly focusing on 65 

postharvest treatments, such as controlled atmosphere storage (Brecht et al., 2003a; Nakamura et al., 66 

2004), modified atmosphere packaging and fruit coating (Baldwin et al., 1999; Pesis et al., 2000; Rao 67 

and Shivashankara, 2014), 1-methylcyclopropene application as a competitive ethylene inhibitor 68 

(Ngamchuachit et al., 2014; Sivakumar et al., 2012)), or the cooling process itself (De Mello Vasconcelos 69 

et al., 2019). The impact of these treatments on several quality attributes have been measured, 70 

including pulp and peel firmness, soluble solids content (SSC), titratable acidity (TA), flesh and peel 71 

color, and antioxidants (e.g., phenolic and flavonoid content) or vitamin content. Also, the incidence of 72 
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physiological damage, such as chilling injury, has been investigated (Cantre et al., 2017; Dea et al., 73 

2010; Mohammed and Brecht, 2002). However, less attention was given to the key boundary condition 74 

for quality attribute decay, namely temperature (Emongor, 2015; Nunes et al., 2007). Only the air 75 

temperature was measured, whereas the fruit pulp temperature also plays a key role since it lags due 76 

to thermal inertia.  77 

As an alternative to experiments, mechanistic modeling by finite element or finite volume simulations 78 

could provide complementary insight into different biophysical processes (Casado et al., 2017; Copelli 79 

et al., 2019; Nordio et al., 2019; Radu et al., 2014; Sitaraman et al., 2015), including the convective 80 

cooling inside the fruit and the thermal exchange with its environment. Outputs of such simulations 81 

include thermal data at every location in space and time. Several valuable computational studies have 82 

been performed on various fruit, including apple, banana or grapes  (Ambaw et al., 2013; Dehghannya 83 

et al., 2010; Norton et al., 2013), but still, present specific limitations. Firstly, the temperature history 84 

has been linked to overall fruit storage life (Wu et al., 2018; Wu and Defraeye, 2018), but not to single 85 

quality attributes, such as firmness or vitamin content, which are driven by temperature-dependent 86 

biochemical reactions. Secondly, the impact of the complex shape of mango fruit and its internal 87 

features (seed) on the thermal and biochemical processes has not yet been identified (Gruyters et al., 88 

2018). Typically, mangos are represented as ellipsoids (without seed), for example, when analyzing hot 89 

water treatment (Marcelo et al., 2018; Mendoza Orbegoso et al., 2017). Thirdly, idealized cold chain 90 

scenarios have been targeted, which do not reflect the fluctuations in temperature and duration of 91 

actual transcontinental cold chains and their impact on storage life variability. 92 

This study aims at mitigating these hurdles by creating a validated digital twin of fruit with a complex 93 

shape and composition, namely a mango. A digital twin is defined as a virtual representation of the 94 

real-world counterpart of an object, which (1) contains all its elements, (2) simulates accurately and 95 

realistically all relevant processes and process kinetics, and (3) is connected/linked to the real-world 96 

processes by sensor data input, preferably in real-time. By 2021, 50% of the large industrial companies 97 

are estimated to rely on digital twins, leading to an expected 10% gain in effectiveness (Gartner, 2019a, 98 
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2019b). Applied to mango fruit, its digital twin contains all components (seed, pulp) and simulates the 99 

physical cooling behavior and the associated evolution of biochemical-driven fruit quality attributes 100 

throughout the postharvest supply chain. By using measured air temperature data in the vicinity of the 101 

fruit as an input, actual transcontinental supply chains can be mimicked in-silico. In this study, the 102 

underlying model for the digital twin is a mechanistic, first-principles-based one, using finite elements. 103 

Other options are to use analytical model equations or statistical, data-driven models based on 104 

machine learning (Gwanpua et al., 2015). We opted for mechanistic modeling, since such physics-105 

based models provide temperatures at each point in time and space (in the fruit), thereby enabling to 106 

quantify volume-averaged fruit temperatures or surface heat fluxes. 107 

With this mechanistic finite element model, we identify how cooling at a higher airspeed can improve 108 

storage life. We also determine the impact of the unique measured cold chain length and delivery air 109 

temperature (DAT) history on the mango fruit quality which the retailer receives, by applying this to 110 

two cold chains with different environmental impacts, namely maritime and airfreight transport. We 111 

show how the cooling of a real mango fruit differs from that of its equivalent spherical representation, 112 

and so how important an accurate shape representation is on the cooling process. These pioneering 113 

steps enable us to identify where the quality loss occurs in each single shipment, which is essential to 114 

help improve cooling processes and reduce food losses to improve the sustainability of mango supply 115 

chains.  116 

2. MATERIALS AND METHODS 117 

2.1 Geometrical model of mango fruit 118 

A three-dimensional geometrical model of mango fruit was generated and used as input for the 119 

computational model (section 2.2). It was designed to represent a typical mango of the cultivar Kent, 120 

as detailed in the Supplementary Material. Table 1 provides the geometrical specifications of the 121 

mango fruit and seed. The volume of the fruit pulp equals the total volume of the fruit, as stipulated in 122 

Table 1, minus that of the seed. An equivalent sphere was defined for the mango fruit and the seed, 123 

separately, by matching their volumes. Similarly, equivalent ellipsoids were also defined (detailed in 124 
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section 2.2). All these equivalent geometrical representations match the volume of the mango fruit and 125 

seed (grey cells in Table 1) within 0.01%. The equivalent sphere has a diameter of 99 mm. This 126 

diameter was taken as the corresponding length scale (Lref [m]) for the mango fruit in this study since it 127 

can be directly calculated from the fruit volume. The peel was not included in the model, as its impact 128 

on the cooling kinetics is limited. The reason is that it is rather thin and its thermal properties are in the 129 

same order of magnitude as those of the fruit pulp. 130 

2.2 Continuum multiphysics model 131 

A continuum multiphysics model was developed to calculate heat transport inside this composite fruit 132 

and its convective exchange with the environment throughout the cold chain (Figure 1). The associated 133 

evolution of multiple temperature-dependent quality attributes, which are the result of biochemical 134 

reactions in the fruit pulp, was also predicted. The geometrical configuration used to evaluate the 135 

thermal history of mango fruit throughout the cold chain was chosen to be a single mango fruit, 136 

exposed to convective cooling. This configuration simplified the actual conditions to some extent, as 137 

one single fruit is investigated, and thereby the thermal interaction with other fruit is ignored, which is 138 

anyways limited due to the few contact points, and the fact that surrounding fruit is at a similar 139 

temperature. The initial temperature, initial ripeness degree, fruit shape and size, and thermal 140 

properties were assumed the same for all cases, but note that all these can differ according to the 141 

harvest time and place and due to the biological variability between individual fruit in a batch. 142 

However, the rationale of the present study was to target specific questions about the cooling and 143 

quality evolution, and our simplified configuration is sufficient to serve this purpose. The base case, as 144 

well as the other variants that are simulated, are detailed below in section 2.3. 145 

Conservation equation for energy 146 

The energy conservation equation was solved for the dependent variable temperature T [K], to 147 

calculate heat conduction in the fruit pulp and seed: 148 

( ), ,j p j j s j
Tc T Q
t

∂
+ ∇ ⋅ − ∇ =

∂
ρ λ        (1) 149 
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where subscript j indicates fruit pulp (p) or seed (s), ρj is the corresponding density of the fruit pulp or 150 

seed [kg m-3], cp,j is the specific heat capacity [J kg-1 K-1], λj is the thermal conductivity [W m-1 K-1], t is 151 

the time [s] and Qs,j is a volumetric heat source term [W m-3]. This source term represents the heat of 152 

respiration [W kg-1], multiplied by the density of the respiring material [kg m-3]. Thermal equilibrium 153 

between all components and phases was assumed in the present continuum model. 154 

The material properties are given in Table 2. The data were calculated based on the composition of the 155 

different components (ASHRAE, 2010). Based on the volume (Table 1) and density of fruit pulp and 156 

seed, the weight of the mango was determined to be 474 g, which is representative for actual Kent 157 

mangos, as verified by our gravimetric measurements on fresh mango fruit (results not reported). The 158 

thermal diffusivity is defined as αj = λj/(ρjcp,j) [m
2 s-1]. These properties were assumed constant, which 159 

was sufficient for the scope of this study. The properties, however, can vary slightly with temperature, 160 

ripeness degree, harvest location, and harvest year. As such, small differences in thermal properties 161 

between different literature sources are present (Bon et al., 2010).  162 

Nonetheless, the sensitivity of the cooling to these small variations is relatively limited (Tagliavini et al., 163 

2019). Mangos are strongly respiring fruit, generating about 40 mW (10 °C) up to 170 mW (20 °C) for 164 

our particular mango fruit (≈0.5 kg, (ASHRAE, 2010; Kader, 1997)). The heat produced by respiration is 165 

assumed only to occur in the fruit pulp, so the source term is only applied here. The exact 166 

implementation of the heat of respiration is given in the Supplementary Material.  167 

Thermal boundary conditions 168 

The airflow around the fruit was not modeled explicitly, but instead, its impact on the cooling process 169 

was accounted for by using a convective heat transfer coefficient (CHTC) [W m-2 K-1], represented as hc,T 170 

(Eq. (2)). The boundary condition at the air–fruit interface (continuity of fluxes) was specified as: 171 

( ) ( )p T c,T w refT q h T T⋅ −λ ∇ = = −n        (2) 172 

where n is the unit vector normal to the interface, qT [J m
-2 s-1] is the heat flux at the interface, and Tw 173 

and Tref are the temperatures [K] at the interface and of the approach flow air (DAT), respectively. This 174 
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boundary condition states that heat loss/gain from the fruit, due to conduction, equals the convective 175 

(sensible) heat exchange with the environment. In actual cold chains, the temperature difference 176 

between adjacent fruit in the ventilated packaging is usually rather small during cooling. Therefore, 177 

radiation exchange between different fruit inside the stack was considered limited compared with 178 

convective heat transfer, and hence, radiation was not modeled. 179 

A single CHTC was assumed over the entire fruit surface, as a simplified representation since a spatial 180 

CHTC variation can be present over the fruit surface (Defraeye et al., 2013; Tagliavini et al., 2019). 181 

Within the scope of the present study, a spatially-constant CHTC was sufficient. The dependency of the 182 

CHTC on the speed was accounted for by the following correlation for flow around a sphere (Eq. (3)) or 183 

an ellipsoid (Eq. (4)) (Clary, 1960; Whitaker, 1972): 184 

( )
0.25

0.5 0.667 0.4 a

a,wall
Nu 2 0.4 Re 0.06 Re Pr

 µ
= + +   µ 

        (3) 185 

0.07 0.44
0.33 0.557 e e

e e

a bNu 0.489 Pr Re
c c

− −
   

=    
   

      (4) 186 

where μa and μa,wall are the absolute viscosities of the air (subscript a) and the air at the wall, 187 

respectively, which were considered as equal in this study (μa = 1.7894 x 10-5 kg m-1 s-1) as the air 188 

properties were assumed constant; Pr is the Prandtl number (Pr = νa/αa), which was 0.744 in the 189 

present study. Here, νa is the kinematic viscosity of air [m2 s-1], which equals μa/ρa, Nu is the Nusselt 190 

number and equals CHTC.Lref/λa, where λa is the thermal conductivity of air (0.0242 W m-1 K-1). The 191 

Reynolds number (Re) was based on the airspeed of the approach flow (Uref) and length scale of the 192 

mango fruit (Lref), so Uref.Lref/νa. In Eq. (4), ae is the length of the major principal semi-axis of the 193 

ellipsoid perpendicular to the fluid flow [m] (Figure 1), be is the length of the horizontal principal semi-194 

axis of the ellipsoid perpendicular to the major axis and parallel to the fluid flow [m], and ce is the 195 

length of the vertical axis of the ellipsoid perpendicular to the major axis and fluid flow [m], which 196 

equals be for an axisymmetric ellipsoid (Clary, 1960). Note that these empirical correlations were 197 

derived for forced convection, so buoyancy effects were not explicitly accounted for, as these are 198 
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dependent on the temperature difference between the air and the fruit. The sphere correlation was 199 

derived for a very broad Re range, but the ellipsoid correlation was derived for high Re (~1×103–200 

1×105) and Nu numbers (~100–400). Figure 2 shows the correlations for a sphere and an axisymmetric 201 

ellipsoid with flow parallel to the long side of the fruit (be = L/2 of an axisymmetric ellipsoid = 57.94 202 

mm, Table 1, Figure 1) and parallel to the short side (ae = L/2 of the axisymmetric ellipsoid = 45.59 203 

mm). 204 

When comparing the correlations, the CHTC values for the ellipsoid for flow parallel to the short axis 205 

are within 15% of those of the sphere. An even better agreement is found for flow parallel to the long 206 

side of the ellipsoid. Unless specified otherwise, the spherical correlation was applied since (1) it is 207 

more generally known, (2) more correlations are available in literature, (3) these correlations have been 208 

derived over a large Re range and (4) the length scale is also more easily defined via a single 209 

parameter, namely the (equivalent) sphere diameter (Lref = 99 mm, Table 1). This approach also 210 

facilitated deriving a representative CHTC when evaluating different geometrical simplifications 211 

(section 2.3). 212 

Modeling fruit quality attributes 213 

To predict the evolution of multiple quality attributes of the mango fruit, which are temperature 214 

dependent, throughout the cold chain, kinetic rate law models were implemented. These attributes 215 

include firmness (Firm [N]), soluble solids content (SSC [°Brix]), titratable acidity (TA [% citric acid]), 216 

vitamin C (vitC [mg/100 ml] and beta-carotene (BC [mg/100 ml]. The kinetic rate law models quantify 217 

the change of each of these specific quality attributes Ai (Robertson, 2016; Van Boekel, 2008): 218 

ini
i i

dA k A
dt
−

=           (5) 219 

where the subscript i indicates the specific attribute (e.g., firmness), ki is the corresponding rate 220 

constant [s-1], and ni is the order of the reaction. The order of the reaction is dependent on the 221 

attribute’s decay kinetics. Examples of zero-order reactions are browning as a result of the Maillard 222 

reaction, lipid oxidation, and enzymatic degradation (Robertson, 2016; Van Boekel, 2008). A typical 223 
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first-order reaction is vitamin loss. Many quality attributes, such as firmness or SSC, actually depend on 224 

a multitude of biochemical reactions occurring in the fruit during ripening, of which the effect is 225 

lumped into a single attribute, serving as a measure for the ripeness degree. Also, these attributes can 226 

be successfully described with rate law models. 227 

This ordinary differential equation (Eq.(5)) is solved. For a constant value of k, that is, at a constant 228 

temperature (as detailed below), the quality attribute decreases linearly over time (for zero-order 229 

reactions), where the magnitude of the slope equals k, or shows an exponential decrease (for first-230 

order reactions): 231 

( ) ( )0,i i iA t A k T t= −          (6) 232 

( ) ( )
0,

ik T t
i i iA t A e C−= +         (7) 233 

where A0,i is the quality attribute at the start of the cooling process (t = 0 s) for a specific attribute i and 234 

Ci is an integration constant. 235 

However, the rate constant ki is not constant, and so Eq. (5) needs to be explicitly solved over time. The 236 

temperature dependency of the quality attribute was incorporated into the rate constant through an 237 

Arrhenius relationship (Robertson, 1993): 238 

( )
,

0,

a iE
RT

i ik T k e
−

=          (8) 239 

where k0,i is a constant [s-1], Ea,i is the activation energy [J mol-1], R is the ideal gas constant (8.314 J 240 

mol-1 K-1), and T is the absolute temperature [K]. The constants k0,i and Ea,i, were calibrated from quality 241 

attribute data as a function of time at (at least) two different temperatures. The exact procedure on 242 

how the parameters k0 and Ea were determined is explained in the Supplementary Material, and the 243 

resulting values are given in Table 3. 244 

These data for such calibration were taken from the literature for physiologically mature mangos 245 

(Karithi Esther, 2016), but were for another cultivar (Apple mango) because similar data for Kent 246 
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mango was not available. Physiological maturity implies that the fruit has a green peel, but yellow 247 

flesh. These fruit are quite firm, with high acidity and low SSC, and consequently, are of low edible 248 

quality. (Gill et al., 2017). For such mangos, the term mature green (MG) is often used, as the mangos 249 

are mature, but not yet ripe. Due to the temperature dependency of ki, the mechanistic model 250 

explicitly solved for Eq. (5) and not Eqs. (6) and (7), which are only valid at a constant temperature. 251 

Note that the reported Q10 value is the ratio of the rate constants at temperatures T and T+10 K 252 

(=kT+10/kT) and is typically about 2 to 3, for degradation reactions in fruit (Robertson, 2016; Thompson, 253 

2004).  254 

In addition to these individual quality attributes, a first-order model of the overall fruit quality 255 

evolution for MG mangos and tree-ripe (TR) mangos was established, as detailed in the Supplementary 256 

Material. This strategy enables estimating the time taken before the actual fruit is considered lost. The 257 

corresponding model parameters are also specified in Table 3. As a comparison of the kinetic rate law 258 

quality model to address storage life, a comparison with the data from (Nunes et al., 2007) was made 259 

(Figure 3). Here, the storage life of cv. Tommy Atkins and cv. Palmer, which were in a medium-ripe 260 

state, was evaluated at different temperatures. The storage life is defined here as the timefruit can be 261 

stored at a certain temperature before the quality exceeds a critical threshold. From the data, our 262 

model for TR mangos predicts similar trends and a storage life in the same order of magnitude as the 263 

experimental data.  264 

The calibrated models enable predicting the temperature-dependent evolution of these quality 265 

attributes and storage life for different cold chains, by relying on a representative fruit core-pulp 266 

temperature or average fruit temperature (as detailed below), and for a different initial fruit quality 267 

after harvest (e.g., firmness). Note that a variation in the storage life is reported in the literature at a 268 

certain temperature (Brecht et al., 2003b; Kader, 1997; Nunes et al., 2007; Slaughter, 2009), due to its 269 

dependency on the cultivar, harvest location and exact classification of the ripeness. For this study, 270 

which is to identify relative differences between treatments for mango fruit, the exact value of the 271 
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storage life and other quality attribute parameters will not compromise the conclusions regarding the 272 

relative differences between cold chains. 273 

2.3 Computational model and configurations 274 

Base case 275 

The base case simulates the cooling down of a mango fruit under constant environmental conditions. 276 

The computational model is defined in Figure 1. Only one of the longitudinal halves of a single mango 277 

fruit needed to be modeled, due to symmetry. The relevant material properties are provided in Table 1. 278 

The boundary conditions used for modeling are detailed in Figure 1 and Table 4. The fruit was 279 

assumed to be initially (harvested state) at a uniform temperature Tini of 20 °C. The recommended 280 

storage conditions for mango fruit are 10 (partially-ripe and ripe) to 13 °C (MG) and relative humidity 281 

of 90–95% (Kader, 1997). Therefore, the DAT of the approach airflow was kept at a constant value (Tref) 282 

of 10 °C for 21 days of cold storage during a typical overseas cold chain by ship (see section 3.4). We 283 

ensured that these conditions were representative of overseas mango transport from South America to 284 

Europe. These conditions were determined from air temperature measurements in several commercial 285 

shipments from South America to Switzerland (see Supplementary Material 6). Afterward, the fruit is 286 

held at ambient conditions, with a DAT of 20 °C for 3 days, to mimic shelf life conditions at the retailer. 287 

In total, 24 days were simulated with this digital twin.  288 

This storage temperature corresponded to that measured in actual mango cold chains (see below), and 289 

gives a 10 °C difference between the air and initial fruit temperature. As such, the ratio of the rate 290 

constants at these two temperatures equals the Q10 value (Table 3). The airspeed for the base case was 291 

0.1 m s-1. This airspeed is representative for vertical airflow within pallets of ventilated boxes of fruit in 292 

a refrigerated container (T. Defraeye et al., 2015; Thijs Defraeye et al., 2015c), but accounting for the 293 

fact that local higher airspeeds are found within the stack of porous products due to flow acceleration. 294 

This airspeed leads to an average CHTC of 3.8 W m-2 K-1 (or 4.0 m-2 K-1 for ellipsoid—long side) on the 295 

mango fruit surface (Eqs. (3) and (4)). The corresponding Re, based on the approach airflow speed (Uref) 296 

and length scale (Lref) equals 676. Higher airspeeds than that of the base case are also evaluated. 297 
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An appropriate grid was constructed for the (half) mango fruit, based on a grid sensitivity analysis, of 298 

which the details can be found in Supplementary Material 8. The spatial discretization error on the 299 

local fruit surface and pulp temperatures were estimated to be below 0.01 °C. The grid consists of 300 

9’441 tetrahedral and prismatic finite elements. A gradual refinement toward the air–fruit, and pulp–301 

seed interfaces was applied to enhance numerical accuracy and stability, as the largest gradients occur 302 

there, particularly at the start of the cooling process. 303 

Variants 304 

In addition to the base case, various cold chain cases were simulated (Table 4), by varying the process 305 

conditions and mango fruit parameters, compared with those of the base case. 306 

1. The first type evaluates the impact of various airflow rates. 307 

2. The second type evaluates the impact of simplifications of the mango fruit geometry on the 308 

cooling kinetics. For all these simplified geometries, the dimensions (Table 1) were determined 309 

in such a way that the volume of the fruit and seed were matched to that of the 3D model of 310 

the average Kent mango (Figure 1). These simplifications include an equivalent 3D ellipsoid, an 311 

equivalent axisymmetric (two-dimensional) ellipsoid and an equivalent spherical fruit. 312 

3. The third type evaluates several realistic mango cold chain scenarios, based on actual air 313 

temperature measurements inside the stack of palletized fruits for overseas cold chains via 314 

ship and air transport, respectively. These measurements were performed to obtain 315 

representative cold chain conditions and to capture the DAT variability between shipments 316 

found in practice. Details on these measurements can be found in the Supplementary Material. 317 

2.4 Numerical simulation 318 

This model was implemented in COMSOL Multiphysics (version 5.3a), which is a finite element-based 319 

commercial software. Transient conductive heat transfer (Eq. (1)) in the fruit during convective air 320 

cooling was solved using the ‘Heat Transfer in Solids’ interface. The kinetic rate law models for the 321 

quality attributes (Eq. (5)) were implemented using the ‘Ordinary Differential Equation’ interface. The 322 
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equations were solved for the dependent variables T, storage life (for ripe and MG mango), firmness, 323 

SSC, TA, vitamin C, and beta-carotene. Since the quality attributes do not affect temperature, they 324 

could be solved separately after the thermal calculations. Quadratic Lagrange elements were used 325 

together with a fully-coupled direct solver, relying on the MUMPS (MUltifrontal Massively Parallel 326 

sparse direct Solver) solver scheme. The tolerances for convergence and other solver settings were 327 

determined based on sensitivity analysis, in such a way that further increases in the tolerance did not 328 

further alter the solution results. These simulations applied adaptive time-stepping, with a maximal 329 

time step of 600 s. This time step was determined from sensitivity analysis and ensured a sufficient 330 

temporal resolution for the output data. Also, note that such a 10-m time interval is frequently used in 331 

the cold chain industry to monitor temperatures during precooling or refrigerated transport. For the 332 

real cold chains, a lower maximal time interval between each time step was set within the solver for the 333 

simulations (120 s). This time step provided numerical stability, as the sensor input data, which was 334 

available every 600 s, often fluctuated strongly. 335 

2.5 Evaluation of cooling rate 336 

The output of the simulations was the mango fruit temperature history for each of the cases and the 337 

evolution of fruit quality attributes throughout the cold chain. For the cooling kinetics, the cooling rate 338 

of each fruit was assessed from the fruit temperature profiles. For this, the fractional unaccomplished 339 

temperature change (Y) was determined: 340 

,0

( )f ref

f ref

T t T
Y

T T
−

=
−          (9) 341 

where subscripts f,0 and ref represent the initial temperature of the fruit and the set point temperature 342 

in the associated cold chain unit operations, respectively. Tf(t) represents the fruit temperature, which 343 

can be, for example, the core temperature at the seed–pulp interface (Figure 1) or the volume-344 

averaged fruit temperature. From the definition of Y, the seven-eighths cooling/heating time (SECT, 345 

t7/8) can be determined. The t7/8 is the time required to reduce the temperature difference between the 346 

initial temperature of the fruit and that of the set point/delivery air by seven-eighths (Y = 0.125). The 347 
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SECT is a useful parameter to characterize the cooling behavior of the fruit in each of the unit 348 

operations. The SECT is frequently used in commercial (pre)cooling operations because the fruit 349 

temperature at that value is acceptably close to the required storage temperature (Brosnan and Sun, 350 

2001).  351 

2.6 Intercomparison of simulations with cooling experiments on mango fruit 352 

Successful verification of the model was done against empirical correlations for cooling of a sphere 353 

(Datta, 2002) (results reported in the Supplementary Material). Also, an intercomparison of the 354 

implemented numerical model with cooling experiments on mango fruit in a climatic chamber was 355 

also performed. The aim was to experimentally verify the performance of the thermal model of the 356 

mango fruit for the accurate prediction of its cooling kinetics. Furthermore, an artificial mango fruit 357 

was manufactured, according to the method of (Defraeye et al., 2017) (Figure 4). This artificial fruit can 358 

be considered as the biophysical model counterpart of the digital twin, that is, a biophysical twin of the 359 

real mango fruit. Such biophysical twins are specifically developed to enable fruit pulp temperature 360 

measurements in a very repeatable way throughout the entire commercial postharvest supply chain. In 361 

the present study, cross-validation of the artificial fruit was performed so that it can be applied reliably 362 

in commercial chains in the future. Climate chamber experiments were conducted with real mango 363 

fruit and the biophysical twin, as detailed in the Supplementary Material. 364 

3. RESULTS AND DISCUSSION 365 

3.1 Intercomparison simulations vs. experiment 366 

In Figure 5, the core temperature (at the seed–pulp interface, Probe 2 in Figure 1) over time is shown 367 

for the mango fruit, the artificial fruit sensor device and the simulations of the two cooling runs. The 368 

data show that the thermal behavior of the artificial fruit sensor device is very similar to the various real 369 

mango fruit, as its temperature profile falls well within the data for real fruit. The artificial fruit was 370 

thereby successfully engineered to mimic the thermal response of real fruit. A distinct spread within 371 

the thermal response of the individual mango fruit can be noticed, indicating the inherent biological 372 
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variability. The found agreement is similar to the one previously identified when comparing the 373 

thermal response of apple fruit with an artificial apple fruit (Defraeye et al., 2017)  374 

The thermal behavior of the digital mango fruit, meaning the computational model, is very similar to 375 

its biophysical counterpart, namely the fruit simulator. This finding is somewhat anticipated, as the 376 

digital fruit was designed as its real-life equivalent (or vice versa) and so they share a similar thermal 377 

response. A good agreement with the real mango fruit is also obtained over the entire cooling period. 378 

These results confirm that the digital mango fruit, given the environmental boundary conditions are 379 

known, accurately predicts the conductive heat transfer and convective heat exchange of this complex-380 

shaped composite fruit with the environment. The good agreement between the digital and 381 

biophysical models indicates they can be used interchangeably, and both are representative of the 382 

thermal response of an average Kent mango fruit. 383 

3.2 Impact of airflow rate 384 

Cooling and heterogeneity 385 

Along with DAT (Tref), the airflow rate is the main driving force for convective heat exchange of the fruit 386 

with its environment and thereby will determine fruit quality as well. In Figure 6, the volume-averaged 387 

fruit temperature and the minimal and maximal values are given for airspeeds (Uref) ranging from 0.01 388 

to 10.00 m s-1 (Figure 6a and b), as well as the difference between the minimal and maximal 389 

temperatures inside the fruit (Figure 6c and d). Note that during cooling, the minimal temperature 390 

typically corresponds to the fruit surface and the maximal value corresponds to the fruit core (Probe 1 391 

in Figure 1), which is the last part of the fruit to reach the DAT. The graphs focus on the cooling period 392 

and the warming-up, period when the fruit is placed back in ambient conditions, i.e., the shelf life 393 

period at the retailer, after being held 21 days in refrigerated storage.  394 

The airspeeds correspond to a Re range (Uref. Lref/νa) of 68 to 68,000 and Biot numbers (CHTCref.Lref/λp) 395 

of 0.3 to 10.0. These values are based on the length scale Lref (99 mm), Uref, CHTCref for a sphere, with λp 396 

denoting the thermal conductivity of the fruit (Table 1). The airflow rate has a large impact on the 397 

cooling rate, with SECT equal to 45.8, 11.2, 3.5, and 1.5 h for airflows of 0.01, 0.10, 1.00, and 10.00 m s-1, 398 
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respectively. For Biot numbers above one, temperature gradients are expected to be present in the 399 

fruit during cooling. As such, the conductive heat transport in the fruit also plays a dominant role in 400 

the cooling kinetics, in addition to the convective heat exchange with the air. Such internal thermal 401 

heterogeneity is evident in the data (Figures 6b and 7) and is higher for high airspeeds, so high Biot 402 

numbers. Significant temperature differences within the fruit can be found, which reach even 7 °C for a 403 

short time at an airspeed of 10 m s-1.  404 

Note that these temperature heterogeneities within the fruit can become even more pronounced in 405 

reality. The reason is the complex turbulent airflow field around the fruit, which results in a variation in 406 

convective heat transfer rates (thus CHTCs) over the fruit surface (windward vs. leeward). In this study, 407 

a constant CHTC was assumed over the fruit surface because the airflow was not explicitly solved. A 408 

recent study unveiled differences in CHTCs between the trailing and leading edge (Tagliavini et al., 409 

2019). In conclusion, temperature gradients are noticeable (so measurable) in the fruit, especially when 410 

cooling at high airspeeds. 411 

Heat of respiration 412 

The impact of the heat of respiration on fruit temperature is apparent from Figure 6a and b. When the 413 

product is completely cooled for transport (after about 30 h for the base case) or heated up again for 414 

shelf life conditions, the fruit temperature differs from the DAT due to the heat production from highly 415 

respiring fruit. This difference with the DAT is small at high airspeeds, but at low speeds (0.01 m s-1), it 416 

increases up to 1.0 °C during cooling and to 3.7 °C during heating since the produced heat is less 417 

easily removed by convection. This difference in final fruit temperatures between cooling and heating 418 

emphasizes the temperature dependency of the respiration heat production, wherein fruit produce 419 

more heat at a higher temperature. In conclusion, for mango fruit, the heat of respiration will be 420 

measurable, especially at high temperatures, and needs to be included in the modeling. Previous 421 

studies on other fruit have mostly neglected the heat of respiration, which is justified for low-respiring 422 

fruit (Berry et al., 2016; T. Defraeye et al., 2015; Wu et al., 2018). 423 

Fruit quality 424 
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The temperature history directly affects the evolution of the fruit quality in the cold chain (section 2.2, 425 

Eq. (5)). The overall quality evolution of the fruit pulp (not including the seed) of ripe and MG mangos 426 

is shown as a function of time in Figure 8 for different airspeeds (Table 4). Here, the volume-averaged 427 

value and the minimal and maximal values are shown. In Figure 9, the volume-averaged quality 428 

attributes of the fruit pulp (not including the seed) are shown in a similar way for physiologically 429 

mature (MG) mangos as a function of time, but for a single airspeed since the differences between 430 

airspeeds were very small. Only the average values are given because the variation within the fruit was 431 

very small and even less than the differences observed in the overall quality (Figure 8). The 432 

experimental data and the model calibration curve at two temperatures are also given for each 433 

attribute. 434 

The difference in quality (maximum vs. minimum) between different airspeeds is pronounced for ripe 435 

mangos but is much smaller for MG mangos (Figure 8). The differences inside the fruit only range up 436 

to a small percentage for ripe mangos and are quasi-negligible inside MG mangos. For the fruit quality 437 

attributes (Figure 9), a good agreement of the simulations with the experimental data (Karithi Esther, 438 

2016) and the calibrated kinetic rate law model fit (section 2.2) is obtained. Differences are attributed 439 

to the cooling process and the heat of respiration. As a result, the fruit does not immediately reach the 440 

DAT (10 °C)), and also remains at a slightly higher temperature, such that quality decays faster. For the 441 

base case, namely physiologically MG mangos, firmness typically drops 10.2 N over the 21 days and an 442 

additional 3.9 N during three days at the retailer. The SSC increased by 4.2 and 2.1°Brix, respectively. 443 

These fruit quality attributes neither vary noticeably inside a fruit nor with the airspeed (results not 444 

shown). 445 

In summary, although the temperature differences between different speeds or within the fruit are 446 

quite significant (Figures 6 and 7), the impact on the resulting fruit quality attributes seems to be much 447 

smaller. This phenomenon can be explained by evaluating the time constants of both processes. A 448 

time constant for a parameter X is defined, for an exponential function, as: 449 

( ) /
0

tX t X e−= t
         (10) 450 
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As the first-order reaction kinetics model proposed above for overall quality, and some individual 451 

quality attributes are also described by a similar exponential function (Eq. (7), as Ci = 0), the time 452 

constant can be derived as τ = 1/ki(T), which is calculated from Eq. (8). The temperature-time evolution 453 

during cooling can also be described by the following exponential function (Thijs Defraeye et al., 454 

2015a; Thompson, 2008): 455 

( ) PtY t e−=           (11) 456 

where P is the cooling coefficient. As such, the time constant can be derived as τ = 1/P. A lag-time 457 

factor could be included as well, to account for the delay at the start of the cooling process induced by 458 

the thermal capacity, but to enable a more straightforward comparison with other time constants, this 459 

was not done here. The time constants for the overall quality decay, the different quality attributes (at 460 

15 °C) and for the cooling process (at each speed, based on the volume-averaged fruit temperature, 461 

and the temperatures at the start of the cooling process, to have a good fit) are given in Table 5. Note 462 

that for quality attributes with zero-order kinetics, no time constant was defined. 463 

The time constants of cooling are much lower—typically more than three orders of magnitude—than 464 

those of quality decay, meaning the cooling process is much faster. The time constants for cooling are 465 

the largest at low speeds, so these are the closest to those of quality decay. It means that for typical 466 

forced convective cooling, the process often happens so fast that differences in cooling rates have a 467 

limited impact on quality decay. However, for forced convective cooling in ventilated palletized 468 

packaging, high speeds near vent holes, as well as low speeds due to dead zones, can be found. As 469 

such, inside a cargo, time constants for cooling can vary significantly in practice, even in a single unit 470 

operation. 471 

The riper the fruit, the lower the fruit quality time constant, demonstrating the need to cool ripe fruit 472 

faster but also more uniformly. For the quality attributes, all of them are equally susceptible to 473 

temperature, having a similar time constant. In summary, it is important to cool at high airflow rates 474 
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after harvest, especially for riper fruit. However, the quality variations inside the fruit are rather 475 

constant and independent of the air-cooling speed. 476 

3.3 Impact of geometrical simplifications 477 

The impact of three simplified geometrical representations of mango fruit (Table 1) on the mango fruit 478 

cooling behavior is shown in Figure 10. Here the volume-averaged fruit temperature (pulp and seed) 479 

over time is presented, together with the minimal and maximal values in the fruit, which are 480 

representative of the temperature in the fruit core (Probe 1 in Figure 1) and at the surface (Probe 3 in 481 

Figure 1). All geometrical representations cool very similarly to each other, with differences in SECT of 482 

the mango fruit (volume-averaged-temperature-based) below 10 min for the ellipsoid and below 20 483 

min for the sphere. The maximal differences between temperatures were below 0.5 °C. Note that also 484 

for higher airflow speeds (10 m s-1), the impact of the shape did not increase significantly (results not 485 

reported), with maximal differences between temperatures of the different geometries below 0.6 °C. 486 

These differences mainly come from the different shape and distance from the fruit core (or seed), as 487 

all have the same volume of the pulp and seed, and so a similar thermal capacity. The reported 488 

differences between detailed and simplified geometries are likely to be acceptable for engineering 489 

purposes. Simplified shape model representations of mango fruit can, in principle, be used as models 490 

for digital and biophysical twins, instead of the full biomimetically-engineered fruit twins (Figures 1 491 

and 4). 492 

However, the thermal properties of these digital (or artificial fruit) play a critical role. This effect is 493 

illustrated by a comparison with the cooling of a water-filled sphere is also made in Figure 10. Such 494 

water-filled spheres have often been used as fruit simulators and, thereby, substitutes for real fruit (De 495 

Castro et al., 2005, 2004; Delele et al., 2013). The thermal properties of water, however, do not match 496 

those of real fruit (Table 2), as fruit also contains other components, such as carbohydrates and air. 497 

From Figure 10, the water-filled sphere cools much slower than the spherical representation of the 498 

mango fruit, with the SECT differing by about 150 min (2.5 h). In conclusion, simplified geometries 499 

could be used to simplify the modeling, meshing, and simulation, especially when dealing with large 500 
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assemblies of fruit. However, it is important that the thermal properties and overall volume are 501 

matched for digital and physical twins. In this study, the fruit was evaluated as a single entity. However, 502 

when packed in larger bulks, the shape of the fruit will also affect the airflow patterns, thus cooling 503 

behavior of the entire shipment (Gruyters et al., 2018). As such, the thermal capacity of the 504 

surrounding fruit can induce an additional time lag (Thijs Defraeye et al., 2015b; Wu and Defraeye, 505 

2018).  506 

3.4 Use of digital twin to probe differences between individual supply chains 507 

Maritime vs. airfreight transport 508 

The idealized cold chain scenarios presented above (e.g., 21 days at a DAT of 10 °C) can be targeted 509 

but are never achieved in practice, due to varying DAT and cold chain lengths. Digital twins are used in 510 

this section to quantify differences in the thermal history of the fruit pulp and the associated quality 511 

attribute evolution throughout multiple cold chains. Two transcontinental pathways are targeted, 512 

namely, maritime transport by ship and transport by airfreight. A ship is typically used to transport MG 513 

mangos overseas in about three weeks. Air transport is used to export TR mangos in less than one 514 

week. The carbon footprint of both pathways can easily differ by a factor of 10 from South America to 515 

Europe (Stoessel et al., 2012), with ship transport exhibiting the lowest emissions. The impact of 516 

realistic (measured) air temperature profiles on the fruit cooling behavior is shown in Figures 11 and 12 517 

for multiple maritime and airfreight cold chains. The volume-averaged fruit temperature is also 518 

indicated. In Figure 13, the corresponding average quality is shown (based on the volume-averaged 519 

fruit pulp temperature) for maritime (MG) and airfreight (TR) mangos.  520 

The data show that the air temperature history, as well as the total duration of the trip, vary 521 

significantly between different cold chains, especially for airfreight transport. The average temperature 522 

between the shipments was 9.6 ± 0.7 °C (standard deviation) for ship transport and 15.6 ± 3.0 °C for air 523 

transport. The average duration was 21.6 ± 3.8 days for ship transport and 4.7 ± 2.3 days for air 524 

transport. As a result, the fruit temperature also varied considerably between the different shipments. 525 

The delay of the fruit’s thermal response compared with the air temperature is evident (Figures 11b 526 
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and 12b). Due to the thermal inertia of the fruit, peaks in air temperatures are dampened out. The 527 

variation in temperature history between individual supply chains is also reflected in the resulting fruit 528 

quality (Figure 13). Note that the threshold value at which the fruit is considered to be fully lost is 1%. 529 

Periods with constant temperature, so constant cooling rates, are evident from the logarithmic graphs, 530 

as linear regions. 531 

Impact of the speed of the cooling air 532 

The CHTC values used for fruit cooling were estimated based on the assumed airflow rate in the 533 

container (Table 4). Refrigerated containers can, however, have different airflow regimes because lower 534 

speeds are often used, for example, to save energy. The delay in the thermal response of the fruit to a 535 

change in DAT is, nonetheless, closely related to the supplied airflow rate. In Figure 14, the impact of 536 

cooling at lower airflow rates (Table 4) on the volume-averaged fruit temperature and the 537 

corresponding average quality is shown for two maritime supply chains of MG mangos. The two 538 

airflow rates give a distinct response, which is slower at lower airflow rates. It is important to note that 539 

due to the heat of respiration, also in periods of rather constant air temperatures, lower airflow rates 540 

lead to higher fruit temperatures. This trend is reflected in a faster quality loss. 541 

Relevance of digital twins for future cold chain optimization 542 

A key question to be answered is what is the added benefit of a digital twin compared with the 543 

information that can currently be extracted based on air temperature. One could, for example, easily 544 

predict fruit quality evolution based on air temperature alone, using the kinetic rate law models 545 

(section 2.2). To explore this aspect, fruit quality predictions based on air temperature—not averaged 546 

fruit temperature—have been made. The results are reported in Figures 14 and 15 for ship and air 547 

transport, respectively, together with predictions based on fruit temperature, relying on digital twins. 548 

Marked differences in quality evolution can be found when using air vs. fruit-pulp temperatures. These 549 

differences are most pronounced for ripe mangos. In periods of cooling, wherein the air temperature is 550 

lower than the fruit temperature, the quality based on air temperature is higher. In periods of heating, 551 

indicated by the arrows for airfreight transport (Figure 15), the air-temperature-quality predictions 552 
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catch up with those based on fruit temperatures. The differences not only originate from thermal 553 

inertia but are also due to the heat of respiration produced in the fruit, which makes the fruit’s 554 

temperature higher than the air temperature. Furthermore, the airflow rate has an important impact on 555 

fruit quality (Figure 14), which is not apparent if the air temperature is used to quantify the quality 556 

evolution. 557 

The identified differences in Figures 14 and 15 are a very important finding because they indicate the 558 

need and potential of digital twins to evaluate product quality and storage life more accurately in fresh 559 

produce cold chains. The added accuracy compared with air-temperature-based kinetic rate law 560 

modeling is, however, strongly dependent on the species, the fruit’s ripeness degree and the airflow 561 

rate. In summary, digital twins are especially relevant for perishable species that are stored at low 562 

airflow rates (e.g., in container or storage room). The particular advantages of the physics-based digital 563 

twin are that temperature and quality attribute data are available at the high spatial and temporal 564 

resolution, local peaks in temperatures are captured, which could be important for chilling injury, for 565 

example, and the contribution of respiratory heat due to the metabolism is quantified. 566 

  567 
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4. CONCLUSIONS AND OUTLOOK 568 

Digital fruit twins were used to quantify the thermal history and associated biochemical quality 569 

evolution throughout transcontinental supply chains. These twins were coupled with the real-world 570 

environmental conditions, via offline-measured air temperature data. The digital twin was successfully 571 

validated against real mango fruit and a biophysical fruit twin, namely, a fruit simulator sensor device. 572 

Our main findings are the following: 573 

• Based on measured environmental conditions, digital twins identified the impact of unique 574 

cold chain length and delivery air temperature history for different transport pathways 575 

(maritime vs. airfreight). Digital twins helped to record and understand the differences in 576 

thermal history of individual shipments.  577 

• Digital twins are particularly instrumental for supply chains of very perishable species (e.g., ripe 578 

mangos, berries) that are stored at low airflow rates (e.g., in container or storage room). 579 

• Significant differences in temperatures and temperature gradients were found at different 580 

airspeeds. The impact of airspeed on the resulting fruit quality attributes was much smaller, 581 

due to the differences in time scales between cooling and quality decay. 582 

• More simplified shape-model representations of mango fruit can be used for digital and 583 

biophysical twins, but it is imperative that the thermal properties and overall volume are 584 

matched. 585 

• For mango fruit, the heat of respiration was noticeable, especially at high temperatures, so this 586 

heat production needs to be included in the digital twin as well. 587 

This twin enables us to predict where the quality loss of complex-shaped fruit with internal features 588 

(e.g. seed), occurs for every individual cold chain, even with strongly varying environmental conditions. 589 

In that way, digital twins can help to improve refrigeration processes and logistics to reduce food 590 

losses, thereby making the refrigerated food supply chain greener. The digital twin model will be 591 

enhanced in the future to include moisture loss via the fruit skin due to evaporation. In addition to the 592 

increased decay due to elevated temperatures, low-temperature damage, such as chilling injury, 593 
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should also be included. In the future, the digital twin should also run in real-time, driven by real-time-594 

measured temperature data. 595 

  596 
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Figures and tables 782 

 783 

Table 1. Geometrical characteristics of mango fruit and other geometrical representations. 784 

  L (x) W (y) H (z) Volume Surface area 

  mm mm mm mm3 (L/106) mm2 

Mango fruit Fruit 119.00 99.00 84.00 504574 31289 

 Seed (ellipsoid) 50.40 34.00 24.00 21534 4030 

Equivalent sphere Fruit 98.77 98.77 98.77 504515 30648 

 Seed 34.52 34.52 34.52 21531 3743 

Ellipsoid (3D) Fruit 115.87 99.00 84.00 504527 31098 

 Seed (ellipsoid) 50.40 34.00 24.00 21534 4030 

Ellipsoid 

(axisymmetric) 

Fruit 115.87 91.19 91.19 504503 30948 

 Seed (ellipsoid) 50.40 28.57 28.57 21533 3938 

 785 

  786 
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Table 2. Thermal properties of mango components of pulp and seed.  787 

  Mass 

fraction [%] 

Density 

[kg m-3] 

Specific heat 

capacity 

[J kg-1K-1] 

 

Thermal 

conductivity 

[W m-1K-1] 

Thermal 

diffusivity 

(x 106) 

[m2 s-1] 

Source 

Pulp Total - 932 3665 0.445 0.130 Calculated based on 

composition from [35].  

Pulp Components       

 Water 81.71 996 4129 0.604 0.1468 [35] 

 Protein 0.51 1320 2032 0.202 0.0752 [35] 

 Fat 0.27 917 2012 0.175 0.0949 [35] 

 Carbohydrates 17.00 1593 1586 0.227 0.0900 [35] 

 Ash 0.50 2418 1129 0.356 0.1306 [35] 

 Air 0 (but 

porosity = 

12.7%) 

1.225 1006 0.0242 19.6 [56] 

Seed Total - 1105 2805 0.367 0.118 Calculated based on 

composition from [35] 

Seed Components       

 Water 45.2 996 4129 0.604 0.1468 [57] 

 Protein 6.36 1320 2032 0.202 0.0752 [57] 

 Fat 13 917 2012 0.175 0.0949 [57] 



35 
 

 Carbohydrates 32.24 1593 1586 0.227 0.0900 [57] 

 Ash 3.2 2418 1129 0.356 0.1306 [57] 

 Air 0 (but 

porosity = 

5%) 

1.225 1006 0.0242 19.6 [56] 

 788 

  789 
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Table 3. Kinetic-rate-law model parameters of quality attributes of mango fruit. 790 

Parameter Symbol Unit SL-TR SL-MG Firm SSC vitC TA  BC 

   Asl,tr Asl,mg Af Assc AvitC Ata  Abc 

Initial 

value 

A0  1 1 41.09 N 4.10 

°Brix 

114% 

citric 

acid 

0.768 

mg/100ml 

0.302 

mg/100ml 

Integration 

constant 

C - 0 0 0 0 0 0 0 

Order of 

reaction 

n - 1 1 1 1 1 0 0 

Activation 

energy 

Ea J/mol 74268 74268 80830 52284 54074 54184 64385 

Constant k0 1/s 306723097 76680774 120309426 -1668 2335 2216 -1747866 

Q10 value Q10 - 3.00 3.00 2.99 2.03 2.08 2.08 2.39 

Firm: firmness, SSC: soluble solids content, TA: titratable acidity, vitC: vitamin C, BC: beta carotene, SL-TR: storage life of ripe 

mangos, SL-MG: storage life of mature green mangos. 

 791 
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Table 4. Cooling process conditions for different variants (dash indicates the same conditions as 793 

the base case are used). 794 

Name Ripeness 

degree 

Transport 

mode 

Set temperature Speed Time/duration 

Base case MG (+TR) Ship 10 °C (CC) + 20 °C (SL) 0.1 m/s 21 d (CC) + 3 d (SL) 

1. Operational parameters           

Impact of speed MG (+TR) Ship - 0.01, 0.1, 1, 10 

m/s 

- 

2. Geometrical 

simplifications 

          

3D ellipsoid MG Ship - - - 

Axisymmetric (2D) ellipsoid MG Ship - - - 

Sphere MG Ship - - - 

3. Real CC scenarios          

Ship transport (SA-EU) MG Ship from exp. (7 cases) - from exp. (7 cases) 

Ship transport (SA-EU) MG Ship (low 

speed) 

from exp. (7 cases) 0.01 from exp. (7 cases) 

Air transport (SA-EU) TR Airfreight from exp. (12 cases) - from exp. (12 cases) 

Abbreviations: CC: cold chain, SL: Storage life conditions at retailer, UR: Unripe, SR: Soft ripe; MG: Mature green, TR: Tree ripe, EU: 

Europe, SA: South America 
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Table 5. Time constants for the cooling process at different speeds and for fruit quality 797 

attributes. 798 

Parameter Time constant 

Cooling  

0.01 m s-1 17.3 

0.1 m s-1 (base case) 5.1 

1 m s-1 1.5 

10 m s-1 0.6 

Quality  

Storage life – ripe 9.48 x 104 

Storage life – mature 

green 

3.79E x 105 

Firmness 3.74 x 106 

Soluble solids content -1.80 x 106 

Vitamin C 2.72 x 106 

  799 
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 800 

 801 

 802 

Figure 1. Computational model of mango fruit (half fruit shown due to symmetry) with 803 

boundary conditions (a-c). Ellipsoid with indication of dimensions (d). 804 

2-column fitting image.  805 
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 809 

Figure 2. CHTC correlations as a function of reference air speed for a sphere [41], and an 810 

axisymmetric ellipsoid with airflow parallel to the long side and the short side [40]. 811 

Single column fitting image.  812 
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 815 

Figure 3. Storage life as a function of temperature for a kinetic-rate-law model (TR and MG 816 

mangos, red lines) and for experiments of [18] on cv. Tommy Atkins and cv. Palmer (black and 817 

grey lines). 818 

single column fitting image.  819 
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 822 

 823 

Figure 4. Physical twin of a mango fruit: (a) CAD model with indication of the various 824 

components, (b) cross-section, imaged with X-ray computed tomography, where the EPS 825 

particles are segmented out in blue and the shell in green. 826 

2-column fitting image.  827 
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 829 

Figure 5. Core temperature of the mango fruit model (numerical simulations, the artificial fruit 830 

simulator and 5 real mango fruit) as a function of time for two cooling runs (similar repetitions). 831 

The delivery air temperature (DAT) of the climatic chamber (blue line) is also shown. 832 

2-column fitting image.  833 
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 835 

Figure 6. Volume-averaged fruit temperatures as a function of time during cooling (day 0, (a)) 836 

and warming-up period (day 21, (b)) (avg: average, max: maximal, min: minimal, U: speed). 837 

Corresponding differences between minimal and maximal volume-averaged temperatures in the 838 

fruit (c-d). 839 

2-column fitting image.  840 
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Figure 7. Color contours of temperature in the central cross section of the mango fruit as a 843 

function of time at low and high airflow rates. Different time scales are shown for each flow rate 844 

to improve clarity. 845 

single column fitting image.  846 
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Figure 8. Overall quality evolution of the fruit pulp (volume-averaged, not including the seed) of 849 

tree-ripe (a,c) and mature green (b,d) mangos as a function of time for different air speeds (avg: 850 

average, max: maximal, min: minimal, U: speed), including the difference between minimal and 851 
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maximal values (c,d). The insert in (b) indicates the period after 21 days of refrigerated 852 

transport, when the fruit is brought into unrefrigerated (shelf-life) conditions. The temperatures 853 

correspond to those of Figure 6. 854 

2-column fitting image.  855 

 856 
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Figure 9. Fruit quality attributes of the fruit pulp (volume-averaged, not including the seed) for 858 

physiologically mature (MG) mangos as a function of time from experiments [43]  (Exp.: 859 

experimental), the calibrated kinetic-rate-law model fit which is implemented in the simulations 860 

(section 2.2), and the simulations of the base case (Sim.: simulations).  861 

2-column fitting image.  862 

 863 

 864 

 865 

Figure 10. Volume-averaged fruit temperatures, as well as minimal and maximal values, as a 866 

function of time for different geometrical shape simplifications (simpl.-fruit) and for a water-867 

filled sphere. Corresponding differences between minimal and maximal temperatures in the 868 

fruit. 869 

2-column fitting image.  870 
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 872 

Figure 11. (a) Air temperature as a function of time, as measured by a sensor in the mango 873 

packaging for different maritime shipments, (b) corresponding fruit temperature (volume 874 

averaged) calculated by the digital twin. The dots represent the end of each chain. 875 

2-column fitting image.  876 
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 880 

Figure 12. (a) Air temperature as a function of time, as measured by a sensor in the mango 881 

packaging for different airfreight shipments, (b) corresponding fruit temperature (volume 882 

averaged) calculated by the digital twin. The dots represent the end of each chain. 883 

2-column fitting image.  884 
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 888 

Figure 13. Quality evolution (calculated from volume-averaged pulp temperature of the digital 889 

twin) as a function of time for (a) tree-ripe mangos transported by airfreight, (b) mature green 890 

mangos transported by ship. The dots represent the end of each chain. 891 

2-column fitting image.  892 

 893 

 894 

Figure 14. (a) Fruit temperature (volume averaged) calculated by the digital twin as a function 895 

of time for two maritime shipments for two airflow rates, (b) corresponding quality evolution as 896 
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a function of time for mature-green mangos transported by ship. The quality evolution based on 897 

the air temperature is also depicted. The dots represent the end of each chain. 898 

2-column fitting image.  899 

 900 

 901 

Figure 15. Quality evolution as a function of time for tree-ripe mangos transported by airfreight 902 

for several cold chains, calculated based on the volume-averaged fruit temperature (full line) 903 

and on the air temperature (dotted line). Temp. rise indicates that there is a distinct increase or 904 

peak in temperature. 905 

single column fitting image.  906 
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