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Abstract 13 

Forced-air cooling (FAC) is a widely applied postharvest technology to rapidly remove the 14 

field heat of packed fresh fruit. The cooling uniformity of the fruit in different pallets and 15 

cartons during FAC is critical but often remains unknown in commercial operations. This 16 

study investigated the cooling rate and heterogeneity of packed citrus fruit in a full-scale, 17 

forced-air precooler, which can hold 40 pallets. The influence of package design (package 18 

type and wrapping) and fruit size on the precooling performance was quantified in several 19 

experiments with different citrus fruit types (‘Navel’ orange fruit, ‘Nova’ mandarin fruit 20 

and ‘Eureka’ lemon fruit).  Results showed that the cooling heterogeneity mainly occurred 21 
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along the flow direction. The cooling was uniform in height at the same side of the pallets 22 

and between pallets located in different locations in the precooler. High resolution 23 

measurements with 25-30 sensors in a single pallet gave an even better insight in this 24 

heterogeneity. Fruit wrapping induced a much slower cooling rate and larger cooling 25 

heterogeneity, especially in the cartons at the outflow side of pallet. The ‘Nova’ mandarin 26 

fruit in Opentop cartons cooled 24% (at the inflow side of pallet) and 42% (at the outflow 27 

side of pallet faster) than the ‘Eureka’ lemon fruit with similar fruit size in the Supervent 28 

cartons, showing the impact of packaging design.  These experiments quantified the cooling 29 

heterogeneity of the commercial precoolers.  30 

 31 

Keywords: precooling; citrus fruit; package; wrapping; forced-air cooling 32 

 33 

Highlight 34 

 Cooling heterogeneity along the flow direction in pallets was quantified. 35 

 Fruit wrapping induced slower cooling rate and larger cooling heterogeneity. 36 

 Differences in cooling rates were found up to 42% between different packages. 37 

 38 

1. Introduction 39 

Physiological deterioration and a resulting loss in quality of fresh fruit after harvest occur 40 

due to respiration and transpiration during postharvest handling (Kader, 1987).  The rates of 41 

these processes are primarily influenced by fruit temperature (Thompson et al., 2008). An 42 

increase in temperature of 10 °C typically induces a 2-3 times higher deterioration rate 43 

(Robertson, 2012), which highlights the importance to cool fruit rapidly after harvest 44 

(Brosnan and Sun, 2001). The fruit pulp temperature should be reduced as soon as possible 45 
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after packing in order to maintain quality.  46 

 47 

Precooling is a postharvest technology to rapidly remove the field heat prior to refrigerated 48 

transport or cold storage. Among the various types of precooling techniques, forced-air 49 

cooling (FAC) is usually applied for a wide range of commodities (Kader, 2002, 50 

Dehghannya et al, 2010). During FAC, cold air is drawn through pallets via the ventilation 51 

holes on the stacked/palletized cartons. A particular problem with FAC in commercial 52 

facilities can be the occurrence of cooling heterogeneity between different fruit in a carton, 53 

different cartons in a pallet or different pallets in the specific precooler (Alvarez and Flick, 54 

1999a, b, Delele et al., 2008, Ferrua and Singh, 2009a, b, c, 2011, Defraeye et al., 2013, 55 

O’Sullivan et al., 2016). The cooling heterogeneity is influenced by the ventilation 56 

efficiency of the package design (Berry et al., 2017, de Castro et al, 2004, Émond et al., 57 

1996), the fruit size and the use of additional wrapping such as paper. The stacking pattern 58 

of the cartons on the wooden pallet base and the specific design of the FAC system also 59 

play a role.  60 

 61 

Both numerical simulations using computational fluid dynamics (CFD) (Zhao et al., 2016, 62 

O’Sullivan et al, 2016, Wu et al., 2017, Wu and Defraeye, 2017, Han et al., 2015, Ambaw 63 

et al., 2013, Defraeye et al., 2013, Delele et al., 2013a, b, 2008, Dehghannya et al., 2010, 64 

Verboven et al., 2006) and laboratory experiments (Alvarez and Flick, 1999a, b, Ferrua et 65 

al., 2009b, c, Han et al., 2015, Defraeye et al., 2013, Ngcobo et al., 2012, de Castro et al., 66 

2004) have been conducted to gain insights into the cooling rate and uniformity of packed 67 

products during FAC. Most of the aforementioned research focused on studying the cooling 68 

heterogeneity during forced convection cooling of a single carton or a small ensemble of 69 
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cartons (a part of an entire pallet). Few experimental studies have been carried out to 70 

understand the performance of commercial FAC facilities (Kumar et al., 2008, Verboven et 71 

al., 2004). Full-scale experiments on FAC of fruit are rarely reported in literature. One of 72 

the reasons is that large quantities of fruit are required to fully fill commercial facilities, 73 

which results in a high cost and a high risk when something goes wrong. Furthermore, 74 

when performing experiments on commercial shipments, the process of placing and 75 

retrieving of the sensors has to be done very fast in order not to impede or break the 76 

commercial cold chain. However, such full-scale and on-site experiments are often the only 77 

way to assess the actual cooling performance of FAC facilities and the associated cooling 78 

heterogeneity between different fruit in different pallets or within a pallet. Such trials can 79 

also identify the impact factors such as package design or fruit size on the cooling rate and 80 

heterogeneity. The outcome of full-scale experiments on commercial faciliteis are also 81 

better accepted by the industry than small-scale laboratory studies. 82 

 83 

To shed some light on these aspects, this study evaluates the cooling behavior of packed 84 

citrus fruit in a full-scale, forced-air precooler during several commercial precooling runs. 85 

This study focuses on the cooling heterogeneity within different cartons in a pallet and 86 

between different pallets in a 40-pallet, forced-air precooler for three different citrus fruits 87 

(‘Navel’ orange fruit, ‘Nova’ mandarin fruit and ‘Eureka’ lemon fruit). The impact of fruit 88 

packaging (ventilated carton and fruit wrapping) and fruit size is also investigated. This 89 

study provides a unique experimental insight in the FAC process as performed in practice. 90 

 91 
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2. Materials and methods 92 

2.1. Forced-air precooler 93 

The full-scale precooling experiments were carried out during April and May 2016 in the 94 

Addo cold store owned by Sundays River Citrus Company (SRCC) located in the Sundays 95 

River Valley (Eastern Cape, South Africa). SRCC exported 9 million cartons of citrus fruit 96 

in 2016. There are 10 forced-air precooler that are used to precool the fruit in the Addo cold 97 

store facility. The dimensions of each precooler are 13.0 m × 5.2 m ×4.6 m. Each forced-air 98 

precooler is divided into four functional zones: a central air corridor of 1.2 m wide, 4 pallet 99 

racks, a lateral supply air zone (the distance between the pallet side and the side wall is 0.7 100 

m) and a return air plenum (Fig. 1). The four zones are separated by the room walls, sealing 101 

tarps and pallets. In this design, forty pallets, which is equivalent to the content of two 102 

reefer containers, are stacked on the pallet racks and can be precooled simultaneously. Two 103 

pallet racks on top of each other are located on each side of the central air corridor. The 104 

cold air is forced through the pallets from the lateral supply air zone to the central air 105 

corridor, due to the pressure difference created by three exhaust fans (model TF1000/250/7 106 

Q 30, ebm-papst®). These three fans are located along the center line of the ceiling and 107 

draw the air, which is warmed-up by the field heat extracted from the fruit, from the central 108 

air corridor and blow it into the return air plenum. The warmed-up air is then cooled by two 109 

ammonia evaporator coils (47 kW per coil, Baltimore Aircoil Company®) installed in the 110 

return air plenum and the cooled air is then circulated back to the lateral supply air zone 111 

where it enters the pallets again.  112 

 113 

2.2. Citrus fruit 114 

As the experiments were carried out during normal commercial operations, neither the fruit 115 
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species nor the fruit size can be chosen, and these were dependent on the batches of fruit 116 

that were harvested in the region. However, a constant effort was made to keep variability 117 

to a minimum and to use similar conditions. An overview of the citrus fruit (species, 118 

cultivar and size) used in the different experiments is given in Table 1. In this study 119 

‘Eureka’ lemon fruit, ‘Navel’ orange fruit and ‘Nova’ mandarin fruit were used. ‘Eureka’ 120 

lemon fruit with a weight range of 96-208 g and a diameter range of 51-72 mm were used 121 

for the first three experiments. Thereafter ‘Navel’ orange fruit and ‘Nova’ mandarin fruit 122 

were used for the last three experiments. The ‘Navel’ orange fruit had a weight range of 123 

177-325 g and a diameter range of 65-90 mm, while the ‘Nova’ mandarin fruit had a weight 124 

range of 100-118 g and a diameter range of 58-68 mm. 125 

 126 

All the fruit used in this study were first degreened after harvest by means of exposure to 3 127 

ppm ethylene for 3 d at 23 °C and 90-95% relative humidity (USDA, 2016). The fruit were 128 

then washed in water, waxed with a polyethylene citrus wax (Citrushine, Johannesburg, 129 

South Africa) and sorted according to size, color, shape and appearance. For some 130 

experiments, either all the individual fruit in a carton or only the fruit in each alternating 131 

layer in the carton was wrapped in paper. This is to improve visual appearance, before 132 

being packed into cartons and palletized, as it is requested by consumers in some markets, 133 

i.e. Middle and Far East. After palletisation of the cartons, the fruit were sent to the Addo 134 

cold store for precooling before overseas shipment in refrigerated containers.  135 

 136 

2.3. Carton types 137 

Two types of corrugated fiberboard carton were used in SRCC, namely, Supervent (0.4 m 138 

×0.3 m ×0.27 m, Fig. 2a) and Opentop (0.6 m ×0.4 m ×0.17 m, Fig. 2b).  The carton type 139 
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used for the different experiments can be found in Table 1. The Supervent cartons were 140 

used for ‘Navel’ orange fruit and ‘Eureka’ lemon fruit, whereas Opentop cartons were used 141 

for ‘Nova’ mandarin fruit. The Supervent carton has 4 semicircular vent holes on each 142 

lateral side, which enable horizontal ventilation during precooling (Fig. 3a). The Supervent 143 

carton is packed with 15.5 ~16.5 kg citrus fruit. Ten Supervent cartons are arranged as a 144 

layer of a high-cube pallet (1.2 m×1.0 m×2.16 m), which comprises eight layers and holds 145 

80 Supervent cartons in total (Fig. 3a).   146 

 147 

The Opentop carton, with its top side fully open, has one rectangular vent on each long 148 

lateral side and two rectangular vents on each short lateral side, which enable a horizontal 149 

ventilation pathway during precooling (Fig. 3b). The Opentop carton is generally packed 150 

with about 17 kg ‘Nova’ mandarin fruit fruit. Five Opentop cartons are stacked as a layer 151 

on a pallet and each pallet has thirteen layers (1.2 m ×1.0 m ×2.21 m) and holds 65 cartons 152 

in total ( Fig. 3b).  153 

 154 

2.4. Placement of temperature sensors 155 

The fruit pulp temperature was measured with the iButton® temperature sensors 156 

(Thermocron®DS1922L Maxim, CA, USA), which have an accuracy of 0.5 °C and were 157 

programmed to collect data every 2 min. Before the fruit pallets were loaded into the 158 

precooler, temperature sensors were inserted into the center of fruit in different cartons of 159 

the pallets. These cartons with sensors were all located at the inflow or outflow side of the 160 

pallet, i.e. where air enters or exits the pallet. The number and the location of the sensors 161 

varied with different experiments. Six full-scale experiments (Table 1) were carried out 162 

over the two-month period. Due to the nature of the experiments, which were commercial 163 
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runs, no repetitions could be performed as the fruit were directly exported after precooling. 164 

Different types of experiments were performed in order to elucidate different aspects of the 165 

precooling process. Hence, differences in the placement of the sensors were present.  166 

 167 

In a first type of experiments, sensors were placed to identify the spatial variation of the 168 

cooling rate between different pallets in the forced-air precooler. Exp. 1 is one of these and 169 

Fig. 4 illustrates the placement of the temperature sensors. There were two rows of pallets 170 

on each side of the central air corridor (Fig. 4a) and each row had 20 pallets with 10 on the 171 

top rack and 10 on the bottom rack (Fig. 4b).  The inflow side was facing the lateral supply 172 

zone, while the outflow side was facing the central air corridor. The black crosses show the 173 

positions where air speeds were measured with a hot wire anemometer. The grey dots 174 

illustrate the positions of SRCC temperature probes. The fruit pulp temperatures from these 175 

probes were used, according to commercial practice, as a reference parameter to control the 176 

precooling process. The orange dots denote the positions of iButtons in Exp.1. Six pallets 177 

on the bottom rack (B01, B03, B05, B06, B08 and B10) and six pallets on the top rack 178 

(T01, T03, T05, T06, T08 and T10) were instrumented with temperature sensors (Fig. 4b). 179 

For pallets B01, B10, T01 and T10 near the two ends of the precooler, temperature sensors 180 

were placed in the three layers h3, h5 and h7. For the rest of the pallets (B03, B05, B06, 181 

B08, T03, T05, T06, T08) temperature sensors were placed in the two layers h3 and h7. For 182 

each layer, one iButton was inserted in a fruit in the middle carton at the inflow side (Fig. 183 

4a), while a second iButton was inserted in a fruit in the middle carton at the outflow side 184 

(Fig. 4a). The monitored fruit were inserted via the lateral surface of the carton. In Exp.1, 185 

12 pallets were equipped with 56 temperature sensors. The placement of temperature 186 

sensors in Exp. 3, 4 and 5 was similar and the number of the sensors is given in Table 1. 187 
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 188 

 189 

In a second type of experiments, sensors were placed to identify the spatial variation of the 190 

cooling rate within a single pallet. The setup of Exp. 2, for example, enables the evaluation 191 

of the cooling heterogeneity within a single Supervent pallet. The temperature sensors were 192 

placed in 3 layers h3, h5 and h7 of two pallets B05 and T05. For each layer, 7 iButtons 193 

were inserted into 7 different fruits in 7 different cartons (Fig. 6a). Five more iButtons were 194 

inserted in the fruit in other pallets for reference. In total, 49 temperature sensors were used 195 

in Exp.2. The setup of Exp.6 enables the analysis of the cooling heterogeneity within an 196 

Opentop pallet. The temperature sensors were placed in 6 layers of two pallets B05 and 197 

T05. For each layer, 5 iButtons were inserted into 5 different fruits in 5 different cartons 198 

(Fig. 6b). At the end of the experiment, one iButton malfunctioned. Therefore, a total 199 

number of 59 temperature sensors were used in Exp.6.   200 

 201 

2.5. Full-scale precooling experiments 202 

Before the precooling experiment, plastic tarpaulin sheets (tarps in Fig. 1) were used to 203 

close the airflow shortcuts at the wooden pallet base as well as between adjacent pallets. 204 

This ensured that the supplied air in the lateral supply air zone was forced to pass 205 

predominantly through the vent holes of cartons towards the central air corridor. For all the 206 

experiments, the target temperature that the fruit need to attain was 10 °C for ‘Eureka’ 207 

lemon fruit and 3.5 °C for ‘Navel’ orange fruit and ‘Nova’ mandarin fruit (Table 1). Fruit 208 

were not cooled directly to the target temperature due to a stepdown protocol, in order to 209 

minimize the risk of chilling injury. The stepdown cooling was a standard industrial 210 

practice in Addo cold store. This implies that fruit is gradually cooled to the target 211 
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temperatures in several discrete steps, as demonstrated by Fig. 5. The set-point temperature 212 

for each step was measured in the cold supply air. In addition to the iButton data loggers, 213 

five temperature point probes (Platinum resistance thermometers, PT-100) were inserted in 214 

the centre of fruit at specific pallet locations in the forced-air precooler to monitor the 215 

cooling process of each step, which is common practice at SRCC in their commercial runs. 216 

In addition to temperature, the pressure difference across the pallets was recorded by a 217 

differential pressure sensor (SDP1000 / SDP2000, Sensirion AG, Staefa, Switzerland) with 218 

an accuracy of 1.0-1.5% of the measured value.   219 

 220 

2.6. Half cooling time 221 

The cooling rate of each fruit is assessed by the temperature profile monitored in the center 222 

of the fruit pulp. From these temperature profiles (T [K]) the fractional unaccomplished 223 

temperature change (Y) can be determined (Defraeye et al., 2015) 224 

𝑌𝑌 =
𝑇𝑇 − 𝑇𝑇𝑎𝑎
𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑎𝑎

 
(1) 

 225 

where T is the fruit pulp temperature over time, Ti is the fruit temperature at the beginning 226 

of each step-down process and Ta is the set-point temperature of the supply air in each step-227 

down process. The half cooling time (HCT) was determined being the time required to 228 

reduce the temperature difference between the fruit and the set-point temperature in each 229 

step down process by half (Y=0.5). The HCTs reported below were averaged for each fruit 230 

over all steps in the step-down processes experiment. 231 

 232 
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2.7. Statistical analysis 233 

Analysis of variance (ANOVA) was used to determine if the HCT differed between various 234 

treatments, with a significance level of 5% (p ≤ 0.05). All statistical analyses were 235 

performed using open source software R3.2.3.  236 

 237 

3. Results and discussion 238 

3.1.  Cooling heterogeneity between different pallets in the precooler 239 

The temperature profiles of all the monitored fruit in Exp.1 illustrate the cooling 240 

heterogeneity in the forced-air precooler. The major highlight was that fruit at the inflow 241 

side cooled faster than those at the outflow side (Fig. 5). The mean HCT was 0.61 and 3.78 242 

h for fruit at the inflow and outflow side, respectively. The cooling heterogeneity along the 243 

flow direction (from the lateral supply air zone to the central air corridor) was caused by the 244 

fact that the fruit at the inflow side added heat to the supplied cold air. This resulted in 245 

heating up of the air, by which the fruit at the outflow side cooled slower. To evaluate the 246 

cooling heterogeneity between different pallets, the mean HCTs at the outflow side were 247 

used as here the differences between different pallets were larger than at the inflow side. 248 

The mean HCTs ranged from 4.0±1.1 to 5.0±1.2 h. Therefore, the cooling time was 249 

identical between different pallets (horizontal direction, pallet B01-B10 and T01-T10) from 250 

one end to the other end of the central air corridor. The mean HCTs between different 251 

heights in the precooler ranged from 4.2±0.9 to 5.8±1.8 h. The difference was not 252 

statistically significant (p>0.05). There was no preferred airflow pathway through the top 253 

pallets, compared to the bottom ones in the rack. In summary, the pallets in the different 254 

positions of the precooler were uniformed cooled. 255 

 256 
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3.2. Cooling heterogeneity in a single pallet 257 

Fig. 6a shows the temperature history of individual ‘Eureka’ lemon fruit in Supervent pallet 258 

B05 and T05 in Exp.2. Fig. 6b shows the temperature history of individual ‘Nova’ 259 

mandarin fruit in Opentop pallet B05 and T05 in Exp.6. For the ‘Eureka’ lemon fruit 260 

packed in Supervent cartons, there was no significant difference between positions in the 261 

same column (e.g., C1 in Fig.6a) of a pallet. However, the cooling rate was different 262 

between different columns in a pallet (Fig. 6a). Therefore, the HCTs for ‘Eureka’ lemon 263 

fruit in the cartons at the same column (e.g., C1) throughout the pallet were averaged 264 

vertically and are shown in Fig. 7a. The difference in cooling rates for Supervent cartons at 265 

column C1 and C2 was statistically insignificant (p>0.05). The lemon fruit in carton C3 266 

cooled about half an hour slower compared to those in C1 and C2, which demonstrated the 267 

influence of the Supervent carton orientation on the cooling rate. Although the total vent 268 

area for both orientations was the same, the total open area was smaller for the C3 269 

orientation, which induced a lower cooling rate. The ‘Eureka’ lemon fruit in the carton C4, 270 

which was in the center of the pallet, cooled 1 h slower than those in the cartons at the 271 

inflow side (C1-3). The cooling rate did not differ between the cartons C5 and C6 at the 272 

outflow side. However, the ‘Eureka’ lemon fruit in the downstream carton C7 cooled the 273 

slowest and differed significantly from all the other positions in the pallet. Furthermore, the 274 

standard deviation in HCT for C7 was also the largest, which indicated a large cooling 275 

heterogeneity in C7. For the Supervent pallet, the slowest cooling rate and largest cooling 276 

heterogeneity occurred in the cartons at the outflow side when their long lateral sides were 277 

perpendicular to the flow direction.  278 

 279 

For the ‘Nova’ mandarin fruit packed in Opentop cartons, the fruit at the same column 280 
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(e.g., C1 in Fig. 6b) cooled similarly except for fruit in the carton C5. A large spread in the 281 

temperature profiles was found in the carton C5, especially during the first step down. 282 

Similar to the Supervent pallets, the main differences in the cooling rates were found 283 

between different columns, e.g. those located near the inflow or outflow side. Hence, HCTs 284 

for ‘Nova’ mandarin fruit in the cartons at the same column were averaged vertically and 285 

are shown in Fig. 7b. For the two cartons at column C1 and C2, the cooling rate did not 286 

differ significantly and the orientation of Opentop cartons did not influence the cooling rate 287 

at the inflow side. The carton C3 in the center of the pallet cooled slightly slower but not 288 

significantly compared to the cartons C1 and C2. The fruit in the carton C4 cooled on 289 

average 1 h slower than those in the cartons C1-C3. Carton C5 was the slowest to cool in 290 

the pallet and approximately 3.5 h slower compared to the cartons at the inflow side. In C5, 291 

the standard deviation between the five cartons (vertical direction) was also the largest, 292 

indicating a larger cooling heterogeneity. For Opentop pallets the slowest cooling rate and 293 

largest cooling heterogeneity was measured in the cartons at the outflow side (C5) when 294 

their short lateral sides were perpendicular to the flow direction. 295 

 296 

3.3. The influence of fruit size on HCT 297 

In order to analyze the influence of the fruit size on the cooling rate, the HCT values for 298 

non-wrapped fruit of ‘Eureka’ lemon fruit, ‘Navel’ orange fruit and ‘Nova’ mandarin fruit 299 

were used (Fig.8a, b, c). The HCTs for the lemon fruit ranged from 0.54 to 0.64 h at the 300 

inflow side and from 3.58 to 3.92 h at the outflow side. However, the differences in HCTs 301 

between different lemon fruit sizes were not statistically significant at both inflow and 302 

outflow sides. The size of the ‘Navel’ orange fruit did not influence the HCT at the inflow 303 

side significantly. At the outflow side, the ‘Navel’ orange fruit with larger diameter of 90-304 
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95 mm cooled 0.8 h faster compared to the smaller ‘Navel’ orange fruit with diameter of 305 

77-81 mm. Although ‘Navel’ orange fruit with large diameter cooled a bit faster, the 306 

difference in cooling time was consistently smaller than 0.8 h with a standard deviation 307 

larger than 0.2 h. At the inflow side, ‘Nova’ mandarin fruit with diameter of 59-64 mm 308 

cooled 0.2 h slower than those with diameter of 55-59 mm, but the difference is not 309 

statistically significant (p > 0.05). At the outflow side, the influence of ‘Nova’ mandarin 310 

fruit size on the cooling time was statistically insignificant. The maximum difference in 311 

fruit diameter in this study was about 10 mm and this might lead to the limited influence of 312 

fruit size on cooling rate. 313 

 314 

3.4. The influence of fruit wrapping on HCT 315 

In order to analyze the influence of fruit wrapping on the cooling rate, the HCTs for non-316 

wrapped and wrapped ‘Eureka’ lemon fruit with similar diameters (59-63 mm) were 317 

extracted from Exp.1 and Exp.3. Wrapping did not seem to largely influence the cooling 318 

time at the inflow side. At the outflow side, however, wrapped ‘Eureka’ lemon fruit cooled 319 

on average 6 h slower than non-wrapped ‘Eureka’ lemon fruit (Fig. 9a). A larger standard 320 

deviation (3 h) was also found for wrapped lemon fruit at the outflow side. Wrapping of 321 

lemon fruit therefore resulted in a reduced cooling rate and also increased cooling 322 

heterogeneity at the outflow side.  323 

 324 

In addition, the influence of wrapped ‘Navel’ orange fruit on cooling rate was analyzed by 325 

comparing HCTs for wrapped, alternatively-wrapped and non-wrapped fruit (Exp.4 and 5). 326 

The ‘Navel’ orange fruit for analysis were chosen from pallets with fruit of a similar 327 

diameter range of 77-81 mm. The findings on the ‘Navel’ orange fruit concurred with those 328 
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of the lemon fruit. Wrapping did not influence the cooling time at the inflow side (Fig. 9b).  329 

At the outflow side the alternatively and fully wrapped ‘Navel’ orange fruit cooled 0.5 and 330 

3.9 h slower compared to non-wrapped fruit. The alternatively and fully wrapped cartons 331 

resulted in an increased cooling heterogeneity, as indicated by the large standard deviations 332 

of 1.7 to 2.9 h for these treatments. 333 

 334 

The slower cooling rate as a result of fruit wrapping is due to the extra thermal resistance to 335 

convective heat removal which is induced by the wrapping paper itself and by the stagnant 336 

air layer it creates between the fruit surface and the paper. However, the extra thermal 337 

resistance might not be the dominant factor as the wrapping did not influence the cooling 338 

time at the inflow side of the pallets. The wrapping paper also causes an obstruction to 339 

airflow in the air space between individual fruit in the cartons. This obstruction of the free 340 

air space between fruit with the paper is regarded as the primary reason for the reduced 341 

cooling rate as a result of a large increase in the airflow resistance in the carton. The high 342 

airflow resistance also leads to a larger cooling heterogeneity, specifically at the outflow 343 

side of the pallet. 344 

 345 

3.5. The influence of package design on HCT 346 

Two carton types, namely Supervent and Opentop (Fig. 2 and 3), were used in these 347 

experiments. The market share is 70% and 15% for Supervent and Opentop, respectively, in 348 

the export of South African citrus fruit. The Supervent carton was used for the lemon and 349 

orange fruit, whereas Opentop was used for mandarin fruit in this study. As mandarins are 350 

never packed in a Supervent carton, and lemons and oranges are rarely packed in Opentop 351 

cartons, the interaction between fruit type and carton type cannot be evaluated. Therefore, 352 
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the HCTs of ‘Eureka’ lemon fruit with a diameter range of 59-63 mm in Supervent cartons 353 

(Exp.2) were compared to those of ‘Nova’ mandarin fruit with a similar diameter range of 354 

59-64 mm packed in Opentop cartons (Exp.6). At the inflow side, the ‘Nova’ mandarin 355 

fruit in the Opentop cartons cooled 24% faster than the ‘Eureka’ lemon fruit in the 356 

Supervent cartons (Fig. 10). At the outflow side, the ‘Nova’ mandarin fruit in the Opentop 357 

cartons cooled 42% faster compared with the ‘Eureka’ lemon fruit in the Supervent cartons 358 

(Fig. 10). There were about 1105 kg fruit in Opentop pallets and about 1280 kg fruit in 359 

Supervent pallets. Apart from improved ventilation, the reduced field heat that needs to be 360 

removed from the fruit might also cause the fruit in Opentop pallet to cool faster. The 361 

cooling heterogeneity was similar for Supervent and Opentop pallets, as indicated by a 362 

comparable standard deviation.  As fruit type (the shape difference) might have a 363 

significant influence on the cooling rate, it is suggested that this aspect should be further 364 

quantified in future studies.  365 

 366 

4. Conclusion 367 

The influence of package type, fruit size and wrapping on the cooling rate and 368 

heterogeneity was investigated by full-scale experiments. These were carried out in a 369 

commercial, 40-pallet, forced-air precooler during commercial runs on precooling citrus 370 

fruit for export. The main conclusions were: 371 

• The cooling heterogeneity mainly occurred along the flow direction through the 372 

pallet, which was identified for all pallets in the precooler, and was also identified at 373 

a higher spatial resolution within a single pallet. 374 

• For pallet packed with Supervent cartons, the slowest cooling rate and largest cooling 375 

heterogeneity occurred in the cartons at the outflow side, which had the long side 376 
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perpendicular to the flow direction. 377 

• For the pallet packed with Opentop cartons, the slowest cooling rate and largest 378 

cooling heterogeneity occurred to the cartons at the outflow side, which had the 379 

short side perpendicular to the flow direction. 380 

• The fruit size was found to have limited influence on the cooling rate for the range of 381 

sizes evaluated for ‘Eureka’ lemon fruit and ‘Nova’ mandarin fruit. For ‘Navel’ 382 

orange fruit, a statistically significant difference was found in some instances.  383 

• Paper wrapping reduced the cooling rate significantly and increased the cooling 384 

heterogeneity in the pallets.  385 

• The ‘Nova’ mandarin fruit in Opentop cartons cooled 24% (at the inflow side of 386 

pallet) and 42% (at the outflow side of pallet) faster compared to the ‘Eureka’ 387 

lemon fruit of similar size in the Supervent cartons. 388 

This study was carried out in parallel with commercial precooling and the results 389 

underlined the value of such detailed measurements and data analysis. Results from small-390 

scale experiments often cannot provide adequate answers to the questions asked by the fruit 391 

industries in order to optimize forced-air precoolers and to troubleshoot problematic 392 

situations.  393 

 394 

Acknowledgements 395 

The authors would like to thank Sundays River Citrus Company (SRCC, Eastern Cape, 396 

South Africa) to offer the experimental materials, sites and aid, especially appreciation goes 397 

to André Mouton, Tina Oelofse and Jéanine Joubert. The authors would like to thank the 398 

Coop Research Program of the ETH Zurich World Food System Center and the ETH 399 

Foundation for supporting this project.  400 



18 

 

 401 

References  402 

Alvarez, G., Flick, D., 1999a. Analysis of heterogeneous cooling of agricultural products 403 

inside bins part I: aerodynamic study. Journal of Food Engineering 39, 227-237. 404 

Alvarez, G., Flick, D., 1999b. Analysis of heterogeneous cooling of agricultural products 405 

inside bins: part II: thermal study. Journal of Food Engineering, 39(3), 239-245. 406 

Ambaw, A, Delele, M., Defraeye, T., Ho, Q., Opara, L., Nicolai, B., et al., 2013. The use of 407 

CFD to characterize and design post-harvest storage facilities: post, present and future. 408 

Computer and Electronics in Agriculture 93, 184-194. 409 

Berry, T., Fadiji, T., Defraeye, T., Opara, U., 2017. The role of horticultural carton vent 410 

hole design on cooling efficiency and compression strength: A multi-parameter approach. 411 

Postharvest Biology and Technology 124, 62-74.  412 

Brosnan and Sun, 2001. Precooling techniques and applications for horticultural products – 413 

a review. International Journal of Refrigeration 24, 154-170. 414 

de Castro, L., Vigneault, C., Cortez, L., 2004. Effect of container opening area on air 415 

distribution during precooling of horticultural produce, Trans. ASAE 47 (6), 2033-2038. 416 

Dehghannya, J., Ngadi, M., and Vigneault, C. (2010). Mathematical modeling procedures 417 

for airflow, heat and mass transfer during forced convection cooling of produce: A review. 418 

Food Engineering Reviwes 2:227-243. 419 

Defraeye T., Lambrecht R., Ambaw A., Delele M.A., Opara U.L., Cronjé P., Verboven P., 420 

Nicolai B., 2013. Forced-convective cooling of citrus fruit: package design, Journal of Food 421 

Engineering 118 (1), 8-18. 422 

Defraeye T., Verboven P., Opara U.L., Nicolai B., Cronjé P., 2015. Feasibility of ambient 423 

loading of citrus fruit into refrigerated containers for cooling during marine transport, 424 



19 

 

Biosystems Engineering 134, 20-30. 425 

Delele, M.A., Tijskens, E., Atalay, T.A., Ho, Q.T., Ramon, H., Nicolaï, B.M., Verboven, 426 

P., 2008. Combined discrete element and CFD modeling of airflow through random 427 

stacking of horticultural products in vented boxes. Journal of Food Engineering 89, 33-41. 428 

Delele, M., Ngcobo, M., Getahun, S., Chen, L., Mellmann, J., Opara, U., 2013a. Studying 429 

airflow and heat transfer characteristics of a horticultural produce packaging system using a 430 

3-D CFD model. Part I: model development and validation, Journal of Food Engineering 86 431 

(12), 536-545. 432 

Delele, M., Ngcobo, M., Getahun, S., Chen, L., Mellmann. J., Opara. U., 2013b. Studying 433 

airflow and heat transfer characteristics of a horticultural produce packaging system using a 434 

3-D CFD model. Part II: Effect of package design. Journal of Food Engineering 86, 546-435 

555. 436 

Émond, J., Mercier, F., Sadfa, S., Bourré, M., Gakwaya, A., 1996. Study of parameters 437 

affecting cooling rate and temperature distribution in froced-air precooling of strawberry. 438 

Trans ASABE 39, 2185-2191. 439 

Ferrua, M.J., Singh, R.P., 2009a. Modeling the forced-air cooling process of fresh 440 

strawberry packages, Part I: numerical model. International Journal of Refrigeration 32, 441 

335-348. 442 

Ferrua, M.J., Singh, R.P., 2009b. Modeling the forced-air cooling process of fresh 443 

strawberry packages, Part II: experimental validation of the flow model. International 444 

Journal of Refrigeration 32, 349-358. 445 

Ferrua, M.J., Singh, R.P., 2009c. Modeling the forced-air cooling process of fresh 446 

strawberry packages, Part III: experimental validation of the energy model. International 447 

Journal of Refrigeration 32, 359-368. 448 



20 

 

Ferrua, M.J., Singh, R.P., 2011. Improved airflow method and packaging system for 449 

forced-air cooling of strawberries. International Journal of Refrigeration 34, 1162–1173. 450 

Han, J., Zhao, C., Yang, X., Qian, J., Fan, B., 2015. Computational modeling of airflow and 451 

heat transfer in a vented box during cooling: Optimal package design. Applied Thermal 452 

Engineering 91, 883-893. 453 

Kader, A., 1987. Postharvest physiology of vegetables. New York: Macel Dekker Inc. 454 

Kader, A., 2002. Postharvest technology of horticultural crops, 3rd edn. University of 455 

California, Division of Agriculture and Natural Resources, Oakland. 456 

Kumar, R., Kumar, A,, Murthy, U., 2008. Heat transfer during forced air precooling of 457 

perishable food products. Biosystems Engineering 99 (2), 228-233. 458 

Ngcobo, M., Delele, M., Opara, U., Zietsman, C., Meyer, C., 2012. Resistance to airflow 459 

and cooling patterns through multi-scale packaging of table grapes, International Journal of 460 

Refrigeration 35 (2), 445-452. 461 

O’Sullivan, J., Ferrua, M., Love, R., Verboven, P., Nicolai, B., East, A., 2016. Modelling 462 

the forced-air cooling mechanisms and performance of polylined horticultural produce. 463 

Postharvest Biology and Technology 120, 23-35. 464 

Robertson, G.L., 2012. Food Packaging: Principles and Practices, CRC Press, 733 pages, 465 

Florida. 466 

Thompson, J. F., Mitchell, F. G., Rumsey, R. T., Kasmire, R. F., & Crisosto, C. H., 2008. 467 

Commercial cooling of fruit, vegetables and flowers (p. 61). California: University of 468 

California. 469 

Verboven, P., Hoang, M., Baelmans, M., Nicolaï B., 2004. Airflow through beds of apples 470 

and chicory roots. Biosystems Engineering 88, 117-125. 471 

Verboven, P., Flick, D., Nicolaï, B., Alvarez, G., 2006. Modelling transport phenomena in 472 



21 

 

refrigerated food bulks, packages and stacks: basics and advances. International Journal of 473 

Refrigeration 29, 985-997. 474 

Wu, W., Cronje, P., Nicolai, B., Verboven, P., Opara, U., Defraeye, T., 2017. Virtual cold 475 

chain method to model the postharvest temperature history and quality evolution of fresh 476 

fruit – A case study for citrus fruit packed in a single carton. Submitted manuscript. 477 

Wu, W., Defraeye, T., 2017. Identifying heterogeneities in cooling and quality evolution 478 

for a pallet of packed fresh 1 fruit by using virtual cold chains. Submitted manuscript. 479 

Zhao, C., Han, J., Yang, X., Qian, J., Fan, B., 2016. A review of computational fluid 480 

dynamics for forced-air cooling process. Applied Energy 168, 314-331. 481 



22 

 

Fig.1 Forced-air cooling (FAC) room used to precool citrus fruit (Red and blue solid lines 

denote warm return and cold supply air, respectively). 

Fig. 2 Geometry and dimensions (in mm) of the two cartons: (a) Supervent and (b) 

Opentop. 

Fig. 3 Geometry and dimensions (in mm) of the two pallets: (a) Supervent and (b) Opentop. 

Blue and red arrow lines show the airflow direction. 

Fig. 4 (a) Top view of the forced-air precooler, which has two rows of pallets. The fans are 

located in the ceiling along the centerline of the corridor. The inflow side is facing to the 

lateral supply air zone while the outflow side is facing to the central air corridor. The blue 

and red arrows depict the airflow direction. Orange dots denote the positions of temperature 

sensors in Exp.1, grey dots indicate SRCC temperature probes and black crosses show the 

position to manually check airflow speeds with a hot wire anemometer. (b) Side view of the 

precooler. Each row has 20 pallets with 10 on top rack and 10 on bottom rack. For each 

pallet, h3, h5 and h7 denote the third, fifth and seventh layer of the pallet. 

Fig.5 Pulp temperature profiles in the center of individual fruits in different pallets during 

precooling experiment Exp.1. Inflow side and outflow side are marked in Fig. 4. The black 

dotted line denotes the temperature at half cooling time when fruit cools from 14 °C to 12 

°C. The red dotted line denotes the temperature at half cooling time when fruit cools from 

12 °C to 10 °C. 

Fig.6 Pulp temperature profiles in the center (core) of individual fruit at different positions 

in a pallet during precooling experiment: (a) Supervent cartons with ‘Eureka’ lemon fruit 

(diameter of 59-63 mm) in Exp. 2 and (b) Opentop cartons with ‘Nova’ mandarin fruit 

(diameter of 90-95 mm) in Exp.6. Blue arrows denotes the inflow side and red arrows 

denotes the outflow side. 
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Fig.7 Column averaged half-cooling time (HCT) for (a) ‘Eureka’ lemon fruit with diameter 

range of 59-63 mm in Supervent cartons and (b) ‘Nova’ mandarin fruit of diameter range of 

90-95 mm in Opentop cartons. The colors of the bars correspond to different carton 

locations (columns) in a pallet. Blue arrows denotes the inflow side and red arrows denotes 

the outflow side. 

Fig.8 The influence of fruit size (mm) on half cooling time (HCT) of the three citrus fruit 

types. The numbers at horizontal axis (e.g., 56-59) are the diameter range (in mm) of fruits. 

‘Inflow’ and ‘Outflow’ side at the horizontal axis are marked in Fig. 4. 

Fig.9 The influence of fruit wrapping on HCT of (a) ‘Eureka’ lemon fruit of size 59-63 mm 

from Exp.1, 2 and 3; (b) ‘Navel’ orange fruit of size 77-81 mm from Exp.4 and 5. The 

numbers at horizontal axis represent wrapping type: 0 - non-wrapped; 0.5 - fruit in each 

alternating layer were wrapped; 1 - each individual fruit was wrapped. ‘Inflow’ and 

‘Outflow’ side at the horizontal axis are marked in Fig. 4. 

Fig. 10 The influence of packaging on HCTs. Data for Supervent is from Exp.2 using 

‘Eureka’ lemon fruit with size of 59-63 mm. Data for Opentop is from Exp.6 using ‘Nova’ 

mandarin fruit with size of 59-64 mm. ‘Inflow’ and ‘Outflow’ side at the horizontal axis are 

marked in Fig. 4. 

 

Table 1.  A summary of the six different experiments 
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Highlights 

 Cooling heterogeneity along the flow direction in pallets was quantified. 

 Fruit wrapping induced slower cooling rate and larger cooling heterogeneity. 

 Differences in cooling rates were found up to 42% between different packages. 

 



 

Fig.1 Forced-air cooling (FAC) room used to precool citrus fruit (Red and blue solid lines denote warm return 
and cold supply air, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 



(a) Supervent carton (b) Opentop carton 

 

Fig. 2 Geometry and dimensions (in mm) of the two cartons: (a) Supervent and (b) Opentop. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



(a) Supervent pallet (b) Opentop pallet 

 

Fig. 3 Geometry and dimensions (in mm) of the two pallets: (a) Supervent and (b) Opentop. Blue and red arrow 
lines show the airflow direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



(a) Top view 

          

(b) Side view 

 

Fig. 4 (a) Top view of the forced-air precooler, which has two rows of pallets. The fans are located in the 
ceiling along the centerline of the corridor. The inflow side is facing to the lateral supply air zone while the 

outflow side is facing to the central air corridor. The blue and red arrows depict the airflow direction. Orange 
dots denote the positions of temperature sensors in Exp.1, grey dots indicate SRCC temperature probes and 

black crosses show the position to manually check airflow speeds with a hot wire anemometer. (b) Side view of 
the precooler. Each row has 20 pallets with 10 on top rack and 10 on bottom rack. For each pallet, h3, h5 and 

h7 denote the third, fifth and seventh layer of the pallet.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Fig.5 Pulp temperature profiles in the center of individual fruits in different pallets during precooling 
experiment Exp.1. Inflow side and outflow side are marked in Fig. 4. The black dotted line denotes the 
temperature at half cooling time when fruit cools from 14 °C to 12 °C. The red dotted line denotes the 

temperature at half cooling time when fruit cools from 12 °C to 10 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

(a) Supervent, ‘Eureka’ lemons, size 59-63 

 

(b) Opentop, ‘Nova’ mandarins, size 90-95 

 

Fig.6 Pulp temperature profiles in the center (core) of individual fruit at different positions in a pallet during 
precooling experiment: (a) Supervent cartons with ‘Eureka’ lemon fruit (diameter of 59-63 mm) in Exp. 2 and 

(b) Opentop cartons with ‘Nova’ mandarin fruit (diameter of 90-95 mm) in Exp.6. Blue arrows denotes the 
inflow side and red arrows denotes the outflow side. 

 

 

 

 

 

 



 

 

 

 

(a) Supervent, ‘Eureka’ lemons, size 59-63 
 

(b) Opentop, ‘Nova’ mandarins, size 90-95 

 

Fig.7 Column averaged half-cooling time (HCT) for (a) ‘Eureka’ lemon fruit with diameter range of 59-63 mm 
in Supervent cartons and (b) ‘Nova’ mandarin fruit of diameter range of 90-95 mm in Opentop cartons. The 

colors of the bars correspond to different carton locations (columns) in a pallet. Blue arrows denotes the inflow 
side and red arrows denotes the outflow side. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 
(a) ‘Eureka’ lemon - Exp.1 

 

 
(b) ‘Navel’ orange - Exp.5 

 
(c) ‘Nova’ mandarin - Exp.6 

 
 

Fig.8 The influence of fruit size (mm) on half cooling time (HCT) of the three citrus fruit types. The numbers at 
horizontal axis (e.g., 56-59) are the diameter range (in mm) of fruits. ‘Inflow’ and ‘Outflow’ side at the 

horizontal axis are marked in Fig. 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

(a) ‘Eureka’ lemon, size 59-63 mm  (b) ‘Navel’ orange, size 77-81 mm 
 

 

Fig.9 The influence of fruit wrapping on HCT of (a) ‘Eureka’ lemon fruit of size 59-63 mm from Exp.1, 2 and 
3; (b) ‘Navel’ orange fruit of size 77-81 mm from Exp.4 and 5. The numbers at horizontal axis represent 

wrapping type: 0 - non-wrapped; 0.5 - fruit in each alternating layer were wrapped; 1 - each individual fruit was 
wrapped. ‘Inflow’ and ‘Outflow’ side at the horizontal axis are marked in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. 10 The influence of packaging on HCTs. Data for Supervent is from Exp.2 using ‘Eureka’ lemon fruit with 
size of 59-63 mm. Data for Opentop is from Exp.6 using ‘Nova’ mandarin fruit with size of 59-64 mm. ‘Inflow’ 

and ‘Outflow’ side at the horizontal axis are marked in Fig. 4. 

 



Table 1.  A summary of the six different experiments 

 Exp.1 Exp.2 Exp.3 Exp.4 Exp.5 Exp.6 

Duration [h] 65.7 93.0 40.3 87.0 92.5 46.5 

Average initial fruit temperature [°C] 14.9 22.7 18.5 18.8 19.1 19.8 

Number of step downs(1) 3 4 2 4 4 3 

Target temperature [°C] 10 10 10 3.5 3.5 3.5 

Average pressure drop across pallet [Pa] 59 40 56/71(2) 63.4/82.9 66/77.1 41/48 

Number of temperature sensors 56 42 53 57 60 59 

Fruit type (species and cultivars) ‘Eureka’ lemon ‘Eureka’ lemon ‘Eureka’ lemon ‘Navel’ orange ‘Navel’ orange ‘Nova’ mandarin 

Fruit diameter [mm] 56 - 69 59 - 63 51 - 72 65 - 77 77-90 58 – 59 

Number of monitored pallets 12 2 16 12 20 12 

Package type Supervent Supervent Supervent Supervent Supervent Opentop 

Wrapping None None Partially(3) Fully Partially None 

(1) Fruit was often not cooled directly to the target temperature. Instead, fruit was firstly cooled to an intermediate temperature and then gradually cooled to target 
temperature, which is called a step-down cooling. 

(2) In Exp.3-6, there are two different pressure drops during different step-down cooling processes. 

(3) ‘Partially’ means that some of the pallets have wrapped fruit and others have non-wrapped fruit. 
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