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Abstract 22 

Corrugated fibreboard packages (cartons) must support considerable mechanical loads during 23 

long term transport of fresh produce in refrigerated freight containers (RFCs). Fresh produce 24 

are transported under high relative humidity to reduce fruit moisture loss and preserve quality. 25 

However, these conditions can progressively reduce carton mechanical strength over time as a 26 

result of mechano-sorptive creep. Little is known regarding the actual moisture dynamics in 27 

stacked cartons in RFCs, which is important for mechanical strength assessments. To this end, 28 

a portion of a fully loaded RFC was investigated using a computational fluid dynamics (CFD) 29 

model, with respect to moisture transport in the air and the corrugated fibreboard. Simulations 30 

included the effects of loading, defrost cycles, fruit respiration and transpiration. Results 31 
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showed relatively low moisture content gradients in fibreboards through the stacked cartons 32 

under optimal shipping conditions. However, the initial activation of the RFC considerably 33 

accelerated the development of moisture content gradients in the cartons. Additionally, the most 34 

significant factor influencing spatial moisture gradients through the cartons was heat 35 

conduction from outside through the container wall.  36 

Keywords: Corrugated fibreboard; Refrigerated shipping; Mechanical strength; Package 37 

design; Shipping conditions 38 

1. Introduction 39 

Ventilated corrugated fibreboard boxes (cartons) are used extensively (> 90%) to transport 40 

fresh produce from growers to consumers and play an essential role in fresh produce quality 41 

preservation (Berry et al., 2015). Corrugated fibreboard (CF or board) is generally preferred 42 

over other materials such as glass and plastic as it conveys several unique advantages. For 43 

example, (i) CF can be manufactured easily and sustainably from cellulose based products (e.g. 44 

wood and recycled plant materials) and is essentially made from paper, glued together with 45 

corn starch; (ii) CF is completely recyclable and biodegradable; (iii) CF is lightweight; (iv) CF 46 

has high rigidity for its density; and (v) CF has a dampening effect when fruit are exposed to 47 

mechanical loading such as impacts and vibration. However, an important challenge which 48 

influences ventilated carton design is to maintain carton mechanical strength under cold chain 49 

conditions over extended time periods (Pathare et al., 2012; Pathare and Opara, 2014; Fadiji et 50 

al., 2016; Fadiji et al., 2018). These conditions include high relative humidity environments 51 

and large compression forces, which have been largely unexplored in prior research.  52 

During storage and shipping, compression forces occur as a result of pallet stacking, whereby 53 

cartons are palletised to form ~2 m high pallet stacks (pallet base/ footprint area ≈ 1.2 m2) and 54 

cartons near the bottom of the stack must support the full pallet load (~1000 kg). High humidity 55 

conditions are necessary to minimise fruit moisture loss and preserve fruit quality. Fruit such 56 

as apples or citrus are, therefore, maintained between -0.5 and 5 °C at 90-95% relative humidity 57 

(RH) for periods between 4 and 6 weeks (Thompson et al., 2008), depending on the fruit type, 58 

market preference and export destination (Robertson, 2013). These high RH conditions result 59 

in large moisture contents (Parker et al., 2006) in the corrugated fibreboard, which adversely 60 

affect board strength, due to water molecules breaking hydrogen bonds in the cellulose fibre 61 
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(Allaoui et al., 2009). For instance, Pathare et al. (2016) observed a 47% reduction in carton 62 

compression strength after just two days storage at 90% RH.  63 

High moisture content also influences the physico-mechanical properties of the corrugated 64 

fibreboard material (Parker et al., 2006; Sørensen and Hoffmann, 2003), which in turn can 65 

affect the mode of failure during compression. Previous work by the authors (Berry et al., 66 

2017), examining the effect of vent hole design on carton strength, showed that certain vent 67 

hole designs were superior when matched to a particular board type (material properties). This 68 

has considerable implications on the assessment of new package designs since standard box 69 

compression tests are performed at 23 °C and 50% RH (TAPPI, 2012). However, in reality, the 70 

outcome of these evaluations may not be applicable to cold chain conditions. In order to address 71 

these concerns, more information is needed regarding the carton spatio-temporal moisture 72 

content distribution in the cold chain.  73 

An equally important and often overlooked factor is the effect of creep. In this context, creep 74 

is defined as a relatively slow process, whereby a corrugated board material permanently 75 

deforms under the influence of mechanical stress (load). A subcategory of creep is mechano-76 

sorptive creep, whereby the deformation process is significantly accelerated by varying 77 

humidity. Mechano-sorptive creep has been documented in both wood (Armstrong and 78 

Christensen, 1961; Armstrong and Kingston, 1960) and paper materials (Byrd, 1972a, 1972b), 79 

with many processes behind mechano-sorptive creep being proposed (Gibson, 1965; Haslach, 80 

1994; Söremark and Fellers, 1993). However, subsequent studies suggest a process of nonlinear 81 

creep due to transient stresses from changes in board moisture contents (Alfthan, 2004, 2003; 82 

Alfthan et al., 2002; Habeger and Coffin, 2000). The resulting stresses (heterogeneous hygro-83 

expansion and pallet weight) are, therefore, continuously redistributed and relaxed over time 84 

as the board deforms and moisture gradients change. 85 

Mechano-sorptive creep is thus expected to play a significant role in the mechanical strength 86 

of cartons and their capacity to protect fresh produce against mechanical forces (compression, 87 

impacts and vibration). A common challenge reported in the fruit industry is the unexpected 88 

mechanical failure of one or more pallet stacks after an extended sea voyage in a refrigerated 89 

freight container (RFC). This is only discovered at the produce destination and is very costly 90 

due to the damaged fresh produce and investments for repacking. Curiously, in some cases, the 91 

RFC conditions over this period are reported to be normal. An improved understanding of the 92 
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conditions in RFCs leading to creep is, therefore, an important step towards improved 93 

horticultural carton designs and reduced postharvest losses. However, most studies have 94 

focused on mechanisms of creep in wood (Olsson et al., 2007) and paper (Haslach, 2000; 95 

Rahman et al., 2006). Little is known regarding transient moisture distribution and 96 

concentration in cartons during shipping, and specifically under hygrothermal conditions and 97 

mechanical loads which directly govern the rate and degree of creep.  98 

Mathematical models could be very useful for studying moisture transport during shipping, as 99 

this helps to identify and explain the present challenges, and therefore to better design cartons 100 

and optimise performance evaluation methods. Numerical approaches, specifically 101 

computational fluid dynamics (CFD) have become a well-accepted approach to predict flow 102 

and scalar transfer processes in horticultural systems (Ambaw et al., 2013a; Delele et al., 2010; 103 

Norton et al., 2007; Zhao et al., 2016). This information could also be used to model moisture 104 

transport in cartons (Rahman et al., 2006) and to provide much greater insight with respect to 105 

carton strength and evaluation approaches. More informed decisions regarding carton design 106 

and the consequential reduction in both postharvest losses and material costs would be possible. 107 

To the best knowledge of the authors, a coupling of simulations of heat and mass transfer in 108 

the airflow to the hygrothermal transport in cartons has not been performed at this scale or for 109 

postharvest cold chain operations, such as RFC shipping.  110 

The aim of this study was to develop a model to predict spatio-temporal moisture content 111 

distribution in corrugated fibreboard cartons under standard RFC shipping conditions. The 112 

proposed CFD model was validated under diffusion only and convection conditions, 113 

respectively. Using the validated model, the hygrothermal response of a portion of a RFC, 114 

loaded with packaged apple fruit, was simulated. The simulation incorporates a realistic airflow 115 

distribution as well as the effects of loading, defrost cycles, respiration and transpiration.  116 

2. Materials and methods 117 

The approach used in this paper with regards to materials and methods are outlined in Table 1. 118 

This study applied two different validation experiments at separate scales. The small-scale 119 

experiment examined moisture sorption under diffusion only conditions inside a glass-chamber 120 

(section 2.4.1); whereas the larger-scale experiment examined moisture sorption under 121 
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convective conditions and was performed inside a CATTS chamber (Controlled 122 

Atmosphere/Temperature Treatment System; section 2.4.2).  123 

Experiments to determine initial and boundary conditions for the RFC simulation (section 2.5) 124 

were determined by logging temperature and humidity conditions during commercial RFC 125 

shipping voyages. Assumption and governing equations of the respective CFD model are 126 

outlined in section 2.6. Finally, the geometries, computational domains and simulation setups 127 

for the two validation simulations and the RFC simulation are described in section 2.7.  128 

 Fruit  129 

Apple fruit (cv. Golden Delicious) were purchased directly after harvest from a local grower in 130 

the Western Cape (GPS), South Africa (March 2016). Fruit were free of visual defects, had an 131 

average diameter of 62 mm (±8 mm; d), and were stored at -0.5 °C for a few days before 132 

experiments were conducted. The thermal and material properties with respect to fruit density 133 

(ρ), thermal conductivity (K) and specific heat (Cp) were taken as 845 kg m-3 (ρf), 0.427 W m-1 134 

K-1 (Kf) and 3 690 m2 s-2 K-1 (Cp,f), respectively (Ramaswamy and Tung, 1981).  135 

 Corrugated fibreboard material  136 

2.2.1 Corrugated fibreboard Properties 137 

The corrugated fibreboard used throughout this study was supplied by APL Cartons (APL 138 

Cartons (Pty) Ltd, Worcester, South Africa) and is commonly used to manufacture cartons for 139 

fresh produce export. The CF was 4.2 mm thick (H), had a density of 167.5 kg m-3 (ρq), with 140 

specifications of 250K/175C/250K (250 g m-2 Kraft Paper/175 g m-2 Tugela C-Flute/ 250 g m-141 
2 Kraft Paper) and an edge compression test value of 9.06 kN/m. The supplied CFs were 142 

examined visually to ensure good condition and were stored at 20±1 °C and 50 ±5% RH before 143 

the experiments.  144 

2.2.2 Samples and cartons used in glass and CATTS  chamber experiments 145 

Experiments performed in the glass-chamber made use of square CF samples, with dimension 146 

of 9.0 × 9.0 cm, while maintaining equal volume and mass, respectively. A single-walled, 147 

bottomless carton was manufactured (APL Cartons) for use in all CATTS chamber experiments 148 
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and is depicted in Figure 1a. The size of the cartons was reduced to 18% (of footprint area) of 149 

a standard apple carton, as used in the RFC simulations.  150 

2.2.3 Carton design in RFC simulation 151 

Specifications for cartons used in the RFC simulations represent a telescopic design (FEFCO 152 

and ESBO, 2007), which is formed from both an inner and outer carton (total wall thickness = 153 

8.4 mm). The carton size and ventilation (area and positioning) were based on standard apple 154 

cartons used in South African exports (Mark 4; 500 × 333 × 270 mm), with total ventilation 155 

area (TVA) of 2.2% and 3.7% along the top/bottom and side walls, respectively (Berry et al., 156 

2015).  157 

 Measuring board moisture diffusion and sorption properties 158 

2.3.1 Board moisture diffusivity  159 

A diffusion cup setup was used to estimate the effective moisture diffusivity (Deff) through the 160 

CF (Figure 2). To achieve this, a constant moisture concentration gradient was maintained 161 

across a CF sample using saturated salt solutions. The diffusion cup was suspended inside an 162 

air-tight container (3 L) above a saturated salt solution (Potassium Nitrate; KNO3; 94.6% RH), 163 

which provided a constant source of moisture to the chamber and experiments were performed 164 

at 20 °C and 1 °C (±0.1 °C), respectively. The inside of each diffusion cup was maintained at 165 

a lower moisture concentration by filling the inner volumes with a saturated solution of Sodium 166 

Chloride (NaCl; 75.5%). RH sensors (Tinytag TV- 4500, Hastings Data Loggers, Australia) 167 

were placed 5 mm above the CF board samples to determine the moisture concentration across 168 

the boards during the experimental period. 169 

Circular CF samples were preconditioned at 84% RH for 3 days prior to the experiment and 170 

placed over the diffusion cup (Figure 2) to separate the chamber and inner cup regions with 171 

different moisture concentrations. A threaded ring was used to compress the board into rubber 172 

seals to ensure moisture transport was limited through the board region only. Fully assembled, 173 

the board sample exposed area (Ad; m2) had a diameter of 55 mm. The experiment was 174 

performed in triplicate and ran over 24 days. The cup setup was weighed before and after each 175 

experiment to determine total moisture transport over the experimental period (Gd; kg s-1). The 176 

Deff value was then calculated using Eq. (1) (Radhakrishnan et al., 2000): 177 
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/eff d dD G H A c= ∆    (1) 

where H is the board thickness (m) and Δc is the moisture content gradient across the board 178 

(kg m-3). 179 

2.3.2 Sorption isotherms 180 

The equilibrium moisture content of the CF is influenced by the surrounding RH, and can be 181 

determined by a sorption isotherm (Parker et al., 2006). To characterise this relationship, board 182 

samples were equilibrated and measured for a range of RH conditions. Both dry and wet 183 

samples were examined since equilibrated moisture content values are higher during desorption 184 

(drying from high moisture content) than adsorption (hygroscopic loading from low moisture 185 

content). This phenomenon is commonly referred to as moisture hysteresis and is characteristic 186 

of the cellulose fibres in the CF (Chatterjee, 2001; Mualem, 1973; Peralta and Bangi, 1998). 187 

Moisture hysteresis can be defined as a time-based dependence of the moisture content in the 188 

CF, whereby the previous moisture content history of the board influences the current 189 

equilibrium moisture content (Chatterjee, 2001). 190 

Dry samples were preconditioned by oven drying for 48 hours followed by storage at 0% RH 191 

(silica gel) until experiments commenced. Conversely, wet samples were preconditioned by 192 

soaking in a deionised water solution for 48 hours and were then stored at 100% RH (deionised 193 

water solution).The CF samples were then individually suspended at the centre of the sealed 194 

glass-chambers containing saturated salt solutions (at the bottom of the chamber) as detailed 195 

by Greenspan (1977), to create constant RH environments of 11, 36, 43, 67, 84, 95 and 196 

100±0.1% around the samples. All experiments were repeated in triplicate at 1 and 20±1 °C, 197 

respectively, over a period of 72 hours. Moisture content (g/100gdry fibre) was determined by 198 

weighing the sample on a balance (NewClassic MF: ML104/01, Mettler Toledo, Switzerland) 199 

immediately after the experiment and then taking the difference from the weight after oven-200 

drying (100 °C, 48 hours).  201 
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 Model validation experiments 202 

2.4.1 Diffusion driven moisture sorption inside a glass-chamber 203 

Validation experiments (performed in triplicate) measuring the rate of moisture adsorption and 204 

desorption in a CF sample were performed in glass-chambers (Figure 1b) under diffusion only 205 

conditions and compared to numerical simulation results. Samples were first oven-dried until 206 

the rate of mass change of the samples becomes zero (≈ 48 hours). Board samples were 207 

suspended in glass-chambers containing KNO3 (94.6% RH) and weighed successively (every 208 

~3.5 hours) over a period of 29 hours. Next, samples were relocated to new chambers 209 

containing K2CO3, which modified the glass-chamber RH to 43.2%. The relocation process 210 

took about 1-2 seconds and was performed at a RH of 50%. Very little effect from the 211 

environment was therefore expected. Samples were then again weighed successively over a 212 

period of 21 hours (every ~3.5 hours). Multiple glass-chamber/sample setups were run 213 

simultaneously (33 chambers in total), since the sample weighing process is disruptive to the 214 

experiment and each chamber can therefore only be measured once. 215 

2.4.2 Convection-driven moisture sorption inside a CATTS-chamber 216 

A second complimentary validation experiment investigating board moisture sorption and 217 

desorption was performed under forced convective conditions. Experiments were performed in 218 

a laboratory-scale CATTS (Controlled Atmosphere/Temperature Treatment System) chamber, 219 

manufactured by Techni-Systems (USA). To this end, corrugated fibreboard cartons were 220 

stored in a climate-controlled room (25 °C and 50% ±13% RH) for 48 hours prior to the 221 

experiments. Four cartons were placed centrally in the CATTS-chamber (Figure 1c). The 222 

CATTS-chamber is a flow through, airtight system with temperature and humidity control. The 223 

inlet to the chamber was fitted with a meshed plastic crate (external dimension of 224 

57 × 38 × 40 cm with 60% open area), which supports the cartons in position to allow vertical 225 

flow of air. Air entered the chamber vertically from the bottom. The inlet air speed was 226 

measured (in triplicate) using 56 unidirectional velocity sensors (TVS-1100, Omega, USA). 227 

The air in the chamber is humidified by micro-misting nozzles. The conditioning regime inside 228 

the CATTS-chamber was pre-set on the device and the resulting conditions at the inlet, which 229 

changed gradually over time, were recorded using three temp/RH loggers (Tinytag TV- 4500).  230 
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At the start of the experiments, the temperature and RH inside the chamber was 25 °C and 231 

59% RH (SD < 5%), respectively. Conditions in the chamber were then set to cycle between 232 

35 °C at 98% and 22 °C at 30% RH. The conditioning cycles were as shown in Table 2. 233 

Conditions in the CATTS-chamber changed gradually to the set-point by the action of the 234 

heat/moisture sink or source. The conditions of the chamber were changed in such a way that 235 

the moisture concentration in the cartons never reached the EMC (i.e. the cartons were always 236 

in a state of adsorption/desorption). Additionally, at each of these periods (Table 2), one square 237 

sample (3 × 3 cm) was cut from each of the carton faces and immediately weighed, samples 238 

were then weighed again after being oven dried to determine moisture content. The resulting 239 

holes due to sampling were sealed with paper-based adhesive tape to maintain the carton’s 240 

profile with respect to air distribution. Additional sampling between the adsorption and 241 

desorption cycles was not possible, as this would have vented the sealed chamber and 242 

irrevocably disturbed the conditions around the sample cartons.  243 

 Determining conditions in refrigerated freight container during overseas transport 244 

Temperature inside a RFC packed with apple fruit was characterised over time to develop more 245 

realistic operating conditions boundary conditions for the CFD model. Three temperature 246 

loggers (LogTag Recorders Ltd., Auckland, New Zealand) were thus placed in the bottom, 247 

middle and top cartons of a single apple fruit pallet stack. With respect to the horizontal plane, 248 

loggers were positioned inside cartons, at the centre of the stack. Loggers were added during 249 

the container loading process (August 2015) and the respective pallet stack was situated near 250 

the RFC door. The container was then transported via truck from a Grabouw pack house to the 251 

Cape Town docks (70 km; South Africa) and then shipped to the United Kingdom (UK) over a 252 

period of 18-days. Temperature and RH data from subsequent RFC exports (4 shipments) was 253 

used to confirm the initial temperature data’s validity. In addition, the four shipments were also 254 

used to determine general moisture concentration profiles over the shipping durations.  255 

 Numerical model 256 

2.6.1 Model Concept and Assumptions 257 

A mathematical model describing moisture adsorption, desorption and diffusion through 258 

fibreboard sheets (Radhakrishnan et al., 2000; Bandyopadhyay et al., 2002, 2000) was applied 259 

in this study for the purpose of predicting moisture transport through corrugated fibreboard 260 



10 

 

under RFC conditions. The model was extended by including convection terms to the moisture 261 

diffusion-adsorption process, as well as including the presence of cartons packed with loose 262 

fruit.  263 

In addition to the final RFC simulation, two separate validation simulations were performed to 264 

test the model’s ability to predict board moisture transport. The first validation simulation 265 

(section 2.4.1) predicted moisture sorption in a board sample, inside an air-filled glass chamber 266 

under diffusion only conditions. The second validation simulation (section 2.4.2) predicted 267 

moisture sorption in several small, empty cartons inside a CATTS-chamber under convection 268 

airflow conditions. Finally, the RFC simulation applied the model to predict moisture sorption 269 

in a portion of a pallet stack comprised of explicitly modelled cartons, packed with apple fruit 270 

under realistic (ideal temperature and airflow rates) RFC conditions. The numerical model 271 

applied in the RFC simulation are detailed below. Since the glass-chamber and the CATTS-272 

chamber were relatively simple, it was possible to develop a detailed CFD model that consider 273 

all geometric descriptions of the system: the fruit and the package box designs, which is more 274 

realistic. This is in direct contrast to fruit loaded reefer containers or cool store rooms, where 275 

porous medium approximation is mandatory to apply CFD (Ambaw et al., 2014).  276 

The assumptions made in this numerical study should be acknowledged in order to fully 277 

appreciate its contribution to the existing knowledge on moisture transport in fibreboard 278 

materials, and to identify developments and refinements that could be applied in future models. 279 

The Corrugated fibreboard material (all simulations) was assumed to be a composite solid 280 

material with spatially uniform air-to-fibre ratio. Material properties (density, thermal and 281 

moisture diffusion properties) were assumed uniform and estimated based on the air-to-fibre 282 

ratio. Moisture transport in the air zones was described using a passive scalar transport 283 

equation, since the moisture content in the air is very dilute (< 1%) and thus has an almost 284 

negligible effect on the air properties. 285 

Spherical fruit in the RFC simulation were assumed to be homogenous with constant material 286 

properties throughout. The volume inside the cartons consisting of loose fruit (solid) and air 287 

(fluid) and was treated as a porous domain. The two phases in these volumes therefore formed 288 

a continuum and interfaces were not resolved geometrically, but are instead parameterized 289 

through the volume averaging procedure (Hassanizadeh and Gray, 1979). The airflow 290 

resistance of the porous medium was described using an isotropic loss model with linear 291 
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coefficients, which were previously determined in a dedicated wind tunnel experiment 292 

(material and methods described by Ngcobo et al. (2012)). Although not as accurate as an 293 

explicitly modelling the fruit, the porous media approach still produces satisfactory results 294 

(Ambaw et al., 2013b), while significantly reducing computational costs. This approach is 295 

valid, as the primary intent in this study was to include the thermal capacity of the fruit into the 296 

model and not to perfectly imitate a specific case setup, but rather to investigate a generic case 297 

example.  298 

2.6.2 Governing equations 299 

Reynolds-averaged Navier Stokes (RANS) equations were used to solve airflow, energy and 300 

scalar (moisture) transport in the air with the shear stress transport (SST) k–ω turbulence model 301 

(Menter, 1994). This particular turbulence model performs best compared to other turbulence 302 

models in postharvest cooling of spherical produce in similar cases and has been validated 303 

extensively in previous work by the authors (Ambaw et al., 2014, 2013b, Delele et al., 2012, 304 

2009; Hoang et al., 2015). This study builds on previous work (Ambaw et al., 2017, 2014, 305 

2013c, 2013b), which have detailed many of the governing equations, assumptions and 306 

validations used for CFD of horticultural packaging simulations. The section below thus mainly 307 

address how the moisture transport and porous media components of the model were included.  308 

For the porous domain (packed fruit inside cartons for the RFC simulation), the moisture 309 

transport was described by Eq. (2) and (3) (Chourasia and Goswami, 2007). 310 

( )a a
a a i a a c

i i i

c cu c D S
t x x x

ε ε
 ∂ ∂∂ ∂

+ = + ∂ ∂ ∂ ∂   
(2) 

( )f
c m f f a

c
S k A c c

t
∂

= − = −
∂

 (3) 

where εa is the porosity inside the cartons (0.57), ca (kg m-3) is the moisture content in the air 311 

zone, Af is the specific area of the fruit in the air zone (63.8 m2 m-3), cf (kg m-3) is the fruit 312 

moisture content and Sc (kg m-3 s-1) is the moisture loss as a result of transpiration.  313 

Transpiration from fruit was treated as a constant source of moisture at the air-fruit interface. 314 

Fruit flesh is saturated with moisture containing various dissolved minerals and sugars, 315 
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resulting in a vapour pressure lowering effect, where the intercellular moisture concentration 316 

(cf) is slightly below saturation (csat). The resultant saturation moisture content of apple fruit 317 

(cf) was determined to be 98% of the csat value (Chau et al., 1987). km (m s-1) is the effective 318 

interfacial moisture transfer coefficient and is determined from properties of the air layer over 319 

fruit surface and skin of the fruit as: km = (1/ka + 1/kf)-1, where ka, and kf are the resistance of 320 

the air film and the fruit skin to moisture transfer, respectively. The corresponding kf value was 321 

obtained (1.06 × 10-4 m s-1) from Kessler and Stoll (1953) and ka was determined from the 322 

Sherwood number, which was calculated using the Sherwood-Reynolds-Schmidt correlation 323 

(Becker et al., 1996; Chau et al., 1987; Geankoplis, 1978) as shown in Eq. (4). 324 

0.53 0.332.0 0.552Rea

a

k dSh Sc
D

= = +
 

(4) 

Where Re is the Reynolds number ((ρavd)/µa), ρa is the air density (kg m-3), v is the air velocity 325 

(m s-1), Da is the moisture diffusivity in the air, µa is the air dynamic viscosity (Pa s) and Sc is 326 

the Schmidt number (µa/(ρaDa)). 327 

Two phase volume-averaged equations (Eq. (5) and (6)) were used to model the heat transfer 328 

inside the porous domain (Smale et al., 2006; Zhao et al., 2016): 329 

( ) ( ). .
a a

a a p a a a p a i a a conv f f a
i i i

T TC C u T K h A T T
t x x x

ε ρ ε ρ
 ∂ ∂∂ ∂

+ = + − ∂ ∂ ∂ ∂   
(5)  

( ) ( ).1 f f
a f p f f fs f a f e

i i

T T
C K h A T T S

t x x
ε ρ

∂ ∂ ∂
− = + − + ∂ ∂ ∂ 

 (6) 

where Cp,a (J kg-1 K-1) is the air heat capacity at constant pressure, Ka (W m-1 K-1) is the 330 

effective thermal conductivity in the air, Ta (K) is the air temperature, Tf (K) is the fruit 331 

temperature and u (m s-1) is the air velocity.  332 

Thermal coupling between the fluid and solid phases in the porous domain as a result of 333 

convective heat transfer was characterised as a function of the heat transfer coefficient hfs and 334 

the specific area (Af). For the RFC, the Biot number (Bi) was determined to be about 0.6 on 335 

average, but higher near vent holes where flow accelerated. The internal thermal resistance of 336 
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the apple flesh was therefore included in the model. Under the respective conditions and for 337 

spherical apple fruit, the average fruit temperature is situated at ¾ of the apple radius (van der 338 

Sman, 2003). The hfs was thus calculated using Eq. (7). 339 

The corresponding heat transfer coefficient (hconv; W m-2 K-1) was calculated using Eq. (8), 340 

which is the Nusselt-Reynolds-Prandtl (Pr = (µaCp,a)/(ρaKa)) correlation (Becker et al., 1996). 341 

This is similar in form to Eq. (4), except the Sherwood and Schmidt numbers are replaced with 342 

the Nusselt and Prandtl numbers, respectively: 343 

0.53 0.332.0 0.552Re Prconv

a

h dNu
K

= = +
 

(8) 

The heat source term (Se) in the fruit region of the porous medium (Eq. (6)) was determined as 344 

the sum heat loss from transpiration (Qlat = LsSc; W m-3) and the respiration heat (Qresp) 345 

generated by the apple fruit (Se = Qresp + Qlat). The latent heat of evaporation (Ls = 2499.1 J 346 

kg-1) was determined at 0.8 °C as the average temperature during shipping (ASHRAE, 2009). 347 

Respiration heat was calculated from Eq. (9) as taken from USDA (1986) and Becker et al. 348 

(1996) for apples:  349 

( ) ( )( )( )31 2.778 10 1.8 32
g

resp f f fQ f Tε ρ −= − × +
 

(9) 

where the f and g coefficients are determined from USDA (1986) to be 5.5671 × 10-4 and 350 

2.5977, respectively; ρf is the apple fruit density and Tf (°C) is the fruit temperature. 351 

The corrugated fibreboard was modelled as a solid domain with two concentration fields. One 352 

for the moisture concentration within the void (cp; i.e. air gaps between the corrugations and 353 

the air-filled inter-fibre regions) and one for the moisture content in the fibres (cq; fibreboard). 354 

The model expressed board moisture contents as a concentration value (c; kg m-3), however, 355 

this value can also be expressed as a weighted average (g/100gdry fibre): q = 100cq / ρq. The model 356 
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for moisture transport in the two regions for the board is given by Eqs. (10), (11) and (12) 357 

(Bandyopadhyay et al., 2002, 2000): 358 

2
.

p
eff p p s

dc
D c r

dt
= − ∇ −  (10) 

2
.q

q
eff q s

dc
D c r

dt
= − ∇ +

 
(11) 

( )s i x qr k c c= −  (12) 

where rs accounts the adsorption and desorption of moisture inside the corrugated fibreboard 359 

(Eq. (12)), ki is the intra-fibre mass-transfer coefficient or a local moisture exchange coefficient 360 

(0.0035 s-1) as determined by Bandyopadhyay et al. (2002, 2000) and cq is the moisture content 361 

in the fibres of the board.  362 

The cx in Eq. (12) is the equilibrium moisture content (EMC) in the fibres of the board (kg m-363 
3) as determined by the Peleg four-parameter model (Eq. (13) and (14)). At high RH conditions 364 

(> 95%), it was found that the Peleg model better fit the moisture sorption isotherms than the 365 

commonly used Guggenheim–Anderson–deBoer model (Basu et al., 2006; Labuza and 366 

Altunakar, 2007; Peleg, 1993). 367 

 368 

 369 

 370 

where A,B,C and D are dimensionless coefficients, qx (g/100gdry fibre) is the weighted average 371 

value for the EMC an aw is water activity (-).  372 

 Geometry and computational domains 373 

Geometries corresponding to the three models are shown in Figure 1b, Figure 1c and Figure 374 

3b. The computational mesh was a hybrid grid (tetrahedral and hexahedral cells). The spatial 375 

100
x q

x

q
c

ρ
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B D
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discretisation error was evaluated by means of a grid sensitivity analysis together with a 376 

generalised Richardson extrapolation (Celik et al., 2008; Roache, 1994). The grid size used in 377 

the pallet stack simulation was 1 002 267 cells, where the average discretisation error in 378 

estimated moisture content in board was 1%. 379 

2.7.1 Boundary and initial conditions 380 

The computational domain corresponding to the glass-chamber validation experiment consists 381 

of the board region (solid domain) as submerged in the free air region (fluid domain). The 382 

surface of the board sample was set as a no-slip wall to airflow and a conservative flux for 383 

moisture transfer (cp). The glass wall was modelled as no-slip adiabatic wall. The bottom 384 

boundary (Figure 1b), which represented the saturated salt solution, was set as a no-slip 385 

adiabatic wall with a fixed additional moisture value equal to 95% and 43% RH (16.2 g m-3 386 

and 8.1 g m-3) for 29 hours and then 20 hours, respectively. 387 

Similar to the glass-chamber case, the computational domain for the CATTS experiment 388 

consists of the carton region (board material, solid domain) and a free air region (fluid domain). 389 

The computational domain was reduced by imposing a symmetry plane (slip walls) vertically 390 

through the domains (Figure 1c), which assumed normal velocity components and normal 391 

gradients at the boundary are zero. The surface of the cartons was set as a no-slip wall for 392 

airflow and a flux boundary condition was applied for heat and moisture transfer. The walls of 393 

the chamber were modelled as no-slip adiabatic walls. Zero static pressure was imposed at the 394 

outlet boundary and the inlet boundary was set according to the velocity profile as determined 395 

in section 2.4.2. Furthermore, the temperature and moisture content values at the velocity inlet 396 

boundary were set to match the experimental conditions as reported in section 3.2.2. 397 

Figure 3b shows the model geometry for the RFC pallet stack case, which represents a portion 398 

of a fully packed RFC (Figure 3a). Similar to the validation cases, the cartons are explicitly 399 

accounted. The geometry of the individual cartons is shown in Figure 3c and are each packed 400 

(loose) with 21.6 kg of ‘Golden Delicious’ apple fruit. The apple-fruit regions were modelled 401 

as a porous medium domain and the pallet base region under the cartons was modelled as an 402 

air domain. A symmetry plane was imposed half way through the pallet stack to reduce 403 

computational grid size and thus simulation time. The surface of the cartons was set as a no-404 

slip wall to airflow and a conservative flux for heat and moisture transfer. A pressure profile 405 
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was imposed at the pressure openings (Figure 3a) to generate a realistic flow field in the pallet 406 

stack, which was attained from a validated full scale simulation of a RFC packed with fruit 407 

(Getahun, 2016). Temperature and moisture conditions at the pressure openings were 408 

determined from experimental results, as discussed in section 3.3.1. Heat entering the RFC 409 

from the outside of the container (TO; temperature varied with time) was included along the 410 

pallet boundary wall exposed to the RFC side. The sensible heat gain (qr,w; W) through the wall 411 

was calculated as Eq. (15) and the corresponding overall coefficient of heat transfer (Uw) of the 412 

RFC wall was estimated using Eq. (16) as determined from ASHRAE (2006). For this study, 413 

the Uw was determined to be 0.13 W m-2 K-1. 414 

,r w w wq U A T= ∆  (15) 

, ,

1
w

i w w w o w

U
h x k h

=
+ +

 (16) 

where Aw is the RFC wall area (m2), ΔT (K) is the temperature difference between the outside 415 

and inside of the RFC wall, hi,w is the inside surface conductance (1.6 W m-2 K-1; (ASHRAE, 416 

2006)) for the trapped pockets of air between the pallet stack and the RFC wall, xw is the RFC 417 

wall thickness (0.15 m), kw is the thermal conductivity of the RFC wall (polyurethane; 0.022 418 

W m-1 K-1; (ASHRAE, 2006)) and ho,w is the outside surface conductance (6 W m-2 K-1; 419 

(ASHRAE, 2006)), which assumes the outer RFC wall was exposed to an average wind speed 420 

of 25 km h-1 over the shipping duration. 421 

2.7.2 Simulation setup 422 

Simulations were performed using Ansys-CFX 16.2 CFD (Ansys Inc., Canonsburg, PA, USA) 423 

code, which uses the finite volume method. The simulations used second order backward Euler, 424 

high resolution spatial differencing (i.e. a blend between central differencing and upwind 425 

differencing locally) and second order schemes for the transient, advection and turbulent term. 426 

Before performing transient moisture and heat simulations, the initial flow field conditions was 427 

determined using steady-state simulations (CATTS and Pallet stack). The flow field was then 428 

disabled during transient simulations, which reduced computational cost as only the scalar and 429 

energy equations were solved. Several time step sizes (90, 45, 15, 10, 5, 1 s) were examined 430 

for sensitivity and were assessed with respect to accuracy, convergence history and computing 431 
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time. A time step of 15 s with 25 iterations was selected as optimal and showed good predictions 432 

compared to experimental results. The pallet stack simulation took about 35 days using 24 433 

cores on a high-performance computing cluster (Rhasatsha). 434 

3. Results and discussion 435 

 Board properties 436 

3.1.1 Fibreboard diffusivity 437 

Table 2 summarises the moisture diffusivity and physical properties of the board and its 438 

respective components. The total effective moisture diffusivity (Deff) was calculated using 439 

Eq. (1), with the moisture gradient (Δc) between the inner and outer RH values in the 440 

experimental cup setup (Figure 2). The inner RH at the board surface was taken to be equal to 441 

the NaCl solution (75.5% RH), since the air gap (< 5 mm) has a much higher diffusivity 442 

compared to the CF sample (Radhakrishnan et al., 2000). The outer surface had an average RH 443 

of about 88% ±4% (at both 20 °C and 1 °C), as determined by the data loggers.  444 

Moisture transport occurs through two regions in corrugated fibreboard, namely, through the 445 

cellulose fibres (Deff,q) and air components (Deff,p). Two air regions are present in CF, namely, 446 

inter-fibre air regions (Dp; Table 2) and the large air gaps between the CF fluting/liners (Da; 447 

Table 2). According to Bronlund et al. (2014), Deff,p can be estimated from the sum of these 448 

total resistances and their respective thicknesses (fibreboard = Hp; air = Ha) using Eq. (17).  449 

.eff p
p a

p a

HD
H H
D D

=
 

+  
   

(17) 

Moisture diffusion through the fibre component of the CF (Deff.q) occurs in parallel to the Deff.p 450 

(air components) and can therefore be estimated as: Deff = Deff.p + Deff.q (Table 2). For 451 

corrugated fibreboard, Bronlund et al. (2014) showed that diffusion through the fibre 452 

component is less critical to moisture transport than in non-corrugated fibreboard (thicker 453 

paperboard). This is due to the fluted geometry in the board, which considerably slows 454 

diffusion as a result of the tortuous path.  455 
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It should be noted that diffusivity of moisture in corrugated fibreboard is a somewhat complex 456 

mechanism, as the rate of transport is dependent on the direction of travel, due to the non-457 

uniform geometry. However, lateral moisture transport along the length of the board is 458 

considered less critical under the conditions examined in this study. This is due to local 459 

differences in board moisture content being quite low, as a result of the relatively small air 460 

moisture gradients across the board surfaces. The moisture diffusion rate normal to the board 461 

surface was thus used uniformly in this study.  462 

3.1.2 Board moisture content 463 

The adsorption and desorption curves with respect to water activity are shown in Figure 4. The 464 

adsorption curves were obtained by hygroscopically loading samples from a dry state and the 465 

desorption curves were obtained by drying samples from a wet state. This was done to fully 466 

capture the maximum desorption and minimum adsorption curves, which differ as a result of 467 

the moisture hysteresis phenomenon. Specifically, board EMC values are higher during 468 

desorption than adsorption and depending on the moisture history and will always lie within 469 

the maximum and minimum curves (Figure 4) (Chatterjee et al., 1997).  470 

The resulting curves (Figure 4) were mainly linear, with an upward concave trend when 471 

aw > 0.9.  Each respective curve was characterised using the Peleg (Eq.(14); R2 > 0.99) model 472 

(Labuza and Altunakar, 2007; Marcondes, 1996), for which the resulting coefficients are also 473 

reported in Figure 4. In addition, the Peleg model was fitted to the combined data, to generate 474 

average moisture sorption isotherm curves. Interestingly, the difference between the adsorption 475 

and desorption curves at 20 ºC (Figure 4a) was relatively small compared to 1 ºC (Figure 4b). 476 

This can be attributed to the additional available heat energy, which better enables water 477 

desorption from the cellulose fibres (Cleland et al., 2008).  478 

Figure 4a and b emphasises the phenomenon that the sorption isotherms often vary slightly at 479 

different temperatures (Parker et al., 2006). According to Sørensen and Hoffmann (2003) these 480 

differences can range from 3% to 4% (2-25 °C), which is consistent with the findings from 481 

earlier studies (Darling and Belding, 1946; Skogman and Scheie, 1969; Wahba and Nashed, 482 

1957). In this work, the 20 ºC and 1 ºC adsorption curves had relatively similar (~5%) EMC 483 

values for aw < 0.90, whereas at aw > 0.90, the 1 ºC EMC values were about 20% lower than 484 
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the 20 ºC curve. Conversely, the desorption curves differed substantially, with 33% and 50% 485 

larger EMC values for aw < 0.90 and aw > 0.90, respectively. 486 

RFCs and cold rooms typically function within relatively narrow RH ranges (90-95% RH; 487 

section 3.3.1). Moisture hysteresis is, therefore, not expected to have a critical effect on EMC 488 

(qx) values inside the RFC. Hysteresis was, therefore, not included within the scope of this 489 

study and the average of the two curves (Figure 4b) was used in the RFC CFD model.  490 

 Model validation 491 

The CFD model was validated using experiments at two separate scales (Table 1). At small 492 

scale, moisture diffusion adsorption/desorption dynamics were examined in a single CF 493 

sample, which was suspended in a sealed glass-chamber. Next, at medium scale, the 494 

convection-diffusion adsorption-desorption dynamics of moisture transport of the model is 495 

validated in a CATTS-chamber packed with four cartons.  496 

3.2.1 Glass-chamber validation 497 

Figure 5 compares predicted and measured moisture content values versus time for an 498 

adsorption process followed by a desorption process inside a glass-chamber holding a CF 499 

sample (at two temperatures). There was good agreement between predicted and measured 500 

values. A discrepancy between the model and experimental results was observed at the end of 501 

the desorption curves, particularly at 1 ºC. A contributor to this may be attributed to hysteresis, 502 

whereby the moisture content history in the board influences the EMC value. Specifically, the 503 

adsorption/desorption curves (Figure 4) were quite similar at 20 ºC, but differed somewhat at 504 

1 ºC. However, since RFCs operates in relatively small RH ranges (85-95%), hysteresis was 505 

not considered in model development, as it would have a near negligible effect on predictions. 506 

It should be noted for future studies, however, that previous studies have proposed some 507 

approaches to integrate the adsorption and desorption curves towards predicting hysteresis 508 

loops (Chatterjee, 2001; Chatterjee et al., 1997). Overall, the glass-chamber validation study 509 

demonstrated the model’s capacity to accurately predict moisture transport between the air and 510 

board domains.  511 
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3.2.2 CATTS-chamber validation 512 

Figure 6a shows the temperature and RH treatment protocol applied in the CATTS-chamber. 513 

The resulting volume-averaged moisture content in the cartons is further shown in Figure 6b, 514 

as determined from experimental measurements and CFD predictions. Based on the similar 515 

moisture adsorption and desorption trends and values, acceptable agreement between the 516 

experimental and predicted values was observed, indicating good predictive power by the 517 

model. Some variability was observed in the first experimental readings (7.9 hours), which can 518 

be ascribed to slight differences in initial carton moisture contents before each experiment. The 519 

EMC value (g/100gdry fibre), as calculated from the RH (Figure 6a) in the chamber and the 520 

PELEG equation (Eq. (14)); Figure 4) are shown in Figure 6b. The difference between the 521 

plotted EMC and the moisture content thus demonstrates the cartons were always in a state of 522 

sorption/desorption throughout the experiment (i.e. never at equilibrium). The CFD model thus 523 

demonstrated its capacity to realistically simulated moisture transport in CF during convective 524 

airflow, under relatively complex conditioning treatments.  525 

Figure 7a shows the predicted flow field along the symmetry plane of the CATTS-chamber. 526 

The CATTS inlet has a higher air velocity along the left side (door), which was characterised 527 

in the model using an experimentally determined velocity profile (average velocity of 5.9 m s-528 
1). For the bottom portion of the chamber (volume near the cartons), the CFD simulations 529 

showed a volume-averaged velocity of 6.6 m s-1 and a Reynolds number of 1.9 ×105. Flow in 530 

the CATTS-chamber was thus turbulent, which consequently minimised moisture gradients in 531 

the chamber and across the carton surfaces (standard deviation of 0.5% RH).  532 

The moisture gradients present in the cartons were mainly a factor of the convective mass 533 

transfer coefficient (CMTC) and board thickness. The walls parallel to the symmetry plane 534 

were the location of highest moisture heterogeneity (2-5% different to carton average), due to 535 

the additional thickness (two boards) and the low CMTC (1.39 × 10-2 m s-1), where the average 536 

CMTC along the carton surfaces was 2.28 × 10-2 m s-1.  537 
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 Moisture distribution inside refrigerated freight containers 538 

3.3.1 Conditions in pallet stack for model setup 539 

Figure 8a shows the experimental air temperature logger data as recorded at the bottom of the 540 

pallet stack during shipping from South Africa to the UK. The results showed an uneventful 541 

voyage, with ideal temperature regulation throughout the shipping duration and was consistent 542 

with temperature profiles in subsequent export journeys. The initial temperature conditions 543 

inside the RFC simulation were consequently set uniformly across the pallet domains as 0.8 °C, 544 

as per the recorded values. 545 

RH profiles from RFC export journeys showed values remained at about 90% ±3% RH, while 546 

fluctuations were mainly attributed to changes in temperature. In contrast, moisture 547 

concentration values (kg m-3) was relatively consistent and generally ranged by about 548 

2.9 × 10-4 kg m-3 per day, which is equivalent to about 5% RH (at 1 °C). This small variation 549 

can be attributed to the closed environment of the RFC, whereby changes in moisture 550 

concentration are mainly a function of condensation on the evaporative coils (refrigeration unit) 551 

and transpiration from the packed fruit. 552 

Analysis of the results showed three prominent contributors to temperature variability. The 553 

initial large peak in temperature (TP; Figure 8) on the 1st day was due to the container 554 

refrigeration unit and fan system being activated on the vessel after an extended period without 555 

power. Heat that had collected in the air near the RFC’s walls was thus first gradually forced 556 

up into the pallet stacks and then over time (about 6 hours) replaced with cool refrigerated 557 

airflow. Short (45 minutes) temperature peaks occurred daily and are a result of defrost cycles 558 

(TD; Figure 8a), whereby the refrigeration unit’s evaporation coils are heated to eliminate ice 559 

build-up (ASHRAE, 2000). Finally, the main bell shaped temperature curve (TM; Figure 8a) 560 

over the whole shipping duration is attributed to the outside temperatures (TO; Figure 8a), which 561 

were lowest at the start (South Africa) and end (UK), and highest half way through the journey 562 

(Earth’s equator). It was possible to estimate the TO (outside temperature) using sea surface 563 

temperature (SST) data from NASA JPL (Jet Propulsion Laboratory) ROMS (Regional Ocean 564 

Modelling System) group (Figure 9), which ranged between 13 °C and 27 °C over the 18-day 565 

period. Correlating TM and TO, showed that TO can be expressed in terms of TM: 566 

TO = TM × 23 + 4 °C (R2 = 0.94).  567 
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Given the complexity of the RFC simulation and the large computational time required 568 

(~5 days run time for each simulation day) it was necessary to condense the conditions over 569 

the 18-day voyage into a 7-day simulation period (Figure 8b). Specifically, the TM curve was 570 

scaled (with respect to the time domain), the TP peak was left unchanged (~1 day) and the daily 571 

occurrence period, range and domain of the individual TD defrost cycles were kept constant. 572 

The simulation thus provides insight into cartons responses to the various RFC conditions. 573 

Although, it is expected that the simulations final state will differ somewhat to reality as a result 574 

of the condensed timeline.  575 

The temperature and moisture content of air entering the simulated pallet at the pressure 576 

openings (Figure 3b) was set uniformly, as indicated in Figure 8a, whereas the outside 577 

temperature was set to TO. Moisture concentration in the RFC simulations was thus initialised 578 

as 4.9 × 10-3 kg m-3 in the air domains (ca) and inter-fibre air (cp) regions and 27.2 g/100dry fibre 579 

in the fibre regions (cq) of the carton domains. The airflow distribution along the middle of the 580 

domain (parallel to the RFC length) is shown in Figure 7b. The volume-averaged air speed in 581 

the cartons and pallet base regions was 0.02 m s-1 and 0.63 m s-1, respectively. Figure 7b shows 582 

that inside the cartons, air flowed in a mainly diagonal direction (up and left = towards the RFC 583 

doors; Figure 3b). With respect to the pallet base, air was flowing mainly from the right side of 584 

the pallet base and up the T-bar floor to the left side of the pallet base, with a small portion 585 

entering the cartons. 586 

3.3.2 Carton moisture content over the shipping duration 587 

Conditions in the RFC represent an ideal shipping journey, without any cold chain breaks or 588 

equipment failures. The resulting CF moisture content values and distributions are therefore 589 

typical of desirable shipping conditions and provides a valuable baseline against which future 590 

studies incorporating cold chain breaks can be compared. The volume-averaged temperature 591 

and relative humidity in the cartons and air/fruit (porous) regions are shown in Figure 10a and 592 

b. The temperature in the carton region generally followed a similar trend to the air temperature 593 

profile (0.8-1.8 °C). A slightly larger (0.2 °C) average temperature was predicted in the cartons 594 

compared to the air region, due to the heat conduction into the cartons from the RFC wall. 595 

Furthermore, the three temperature features (TP, TD, TM) were observable in the cartons but 596 

were attenuated compared to the inlet conditions (Figure 8b).  597 
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As expected, the range of RH conditions in the stacked cartons were rather small, which is a 598 

desirable goal during RFC shipping. The RH curve in the cartons had a more linear profile than 599 

in the air region (Figure 10b). The RH in the porous region is mainly a function of the inlet 600 

temperature and moisture concentration. Specifically, RH values in the porous region ranged 601 

between 91.8% and 94.7% RH (Δ2.8%), whereas the carton inter-fibre (air) region ranged 602 

between 92.8% and 93.0% RH (Δ0.2%). The relative uniformity in the carton RH can be 603 

attributed to the fibreboard acting as a buffer to changes in RH. Fibreboard has a large moisture 604 

content capacity (~8000 times more than air per a volume) and its equilibrium value (qx) is a 605 

function of the RH in the board (Eq.(14)). Consequently, an increase or decrease in board aw 606 

results in a rapid decrease or increase in air moisture concentration, respectively, as moisture 607 

is transported between the air (inter-fibre) and fibres. Conditions inside the cartons were 608 

therefore more influenced by the long-term TP and TM curves, than by the smaller defrost 609 

cycles (TD). The impact of defrost cycles on mechano-sorptive creep has been a topic of 610 

speculation in the fresh produce industry, however, these findings suggest it to be a minor 611 

contributor under these circumstances. 612 

Figure 10c shows the average moisture content in the cartons over the shipping duration. As 613 

expected, the trend of the board moisture content was a function of the difference in RH 614 

between the carton and air regions (Figure 10b). The initial moisture content value was set at 615 

27.2 g/100gdry fibre (equivalent to 276 g H20 per a carton), based on the initial temperature and 616 

air moisture conditions. However, the heat gain from the RFC wall lowered the overall RH and 617 

thus the equilibrium moisture content. A generally negative moisture content trend was 618 

consequently observed, with volume-averaged values ranging between 26.9 g/100gdry fibre and 619 

27.3 g/100gdry fibre. This is expected to be a relatively realistic scenario, since pallet stacks are 620 

first stored as high RH conditions (90-95% RH) before being loaded into the RFC. Setting 621 

initial board moisture content values close to the ECM made it possible to detect the realistic 622 

effects of the loading temperature peak (TP) and general equatorial temperature trend (TM). 623 

3.3.3 Moisture content gradients in cartons 624 

Figure 11 show the distribution of moisture in the stacked cartons at one-day intervals. A 625 

uniform board moisture content value was initially set across the stacked cartons (Day 0), 626 

which then gradually developed over the simulated duration. The development of a moisture 627 

content gradient across the stacked cartons between the RFC wall and opposite pallet side is 628 



24 

 

visible. The evolution in moisture content distribution in the stacked cartons between day 1 and 629 

day 7 suggests the distribution may further develop if a longer shipping duration is used. The 630 

transient change in moisture content inside a RFC is therefore a long-term process and could 631 

potentially last several weeks.  632 

Figure 12 depicts the board moisture content values along vertical lines throughout the stacked 633 

cartons after 7-days. The graph shows a generally even board moisture content gradient through 634 

the stack. Variations can be attributed to different board volume-to-surface-area ratios. For 635 

instance, larger moisture content values (peaks) occurred near the carton corners and edges. 636 

The board moisture content distributions in the stack were mainly a function of differences in 637 

RH, which in this study were relatively small. Total moisture transpiration at the examined 638 

shipping temperature (1.5 °C for fruit) was about 500 g over the 7-days (0.22% of fruit mass) 639 

and therefore did not have a large influence on moisture RH gradients between the individual 640 

cartons. However, potentially larger effects are expected across an entire RFC, at higher 641 

temperatures (cold chain breaks, larger transpiration rates) or when using fruit with higher 642 

transpiration rates (e.g. stone fruit). Similarly, respiration heat (6 W across examined domain) 643 

did not significant influence airflow temperature within the stack.  644 

Figure 13b shows that moisture content gradients in the stacked cartons corresponded closely 645 

to the temperature gradient. In this case, temperature was the most significant factor driving 646 

changes in moisture content across the pallet stack. This is due to the dependence of the board 647 

EMC (qx) on water activity, which is a factor of temperature. It should be noted that the pallet 648 

stack in this study were assumed to be an equal distance from the RFC wall, resulting in a 649 

constant rate of heat conduction into the stacked cartons. Although this is often the case, slight 650 

differences in pallet loading can also result in varying gaps and contact areas with the RFC 651 

walls.  652 

Temperatures in RFCs can also vary in reality, depending on the time of year and quality of the 653 

RFC, whereas breaks in the cold chain can result in more substantial temperature and RH 654 

variations. For example, when refrigeration is halted (power break); large temperature 655 

differences between pallet stacks due to inadequate forced-air cooling (Brosnan and Sun, 656 

2001); ambient loading, whereby pallet stacks are loaded warm and cooled over the shipping 657 

duration (Defraeye et al., 2015); and intermittent warming treatments, where the packed fruit 658 
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are continuously heated and cooled during shipping to reduce incidence of chilling injury (Xi 659 

et al., 2012). Follow-up studies should therefore focus on these aspects important conditions. 660 

The CMTC depicted in Figure 13a shows the potential rate of moisture transport between the 661 

board and air regions as determined by the flow properties near the board surface. It should be 662 

noted, however, the mass transfer Biot number was about 100, indicating a low dependence on 663 

convective transport. The average CMTC was 5.1 × 10-3 m s-1 for the carton surfaces in contact 664 

with the pallet base (bottom surface), where flow was highest and 3.8 × 10-3 m s-1 at the inner 665 

carton surfaces, which had comparatively lower flow rates. The CMTC was relatively evenly 666 

distributed along the carton surfaces (Figure 13a), except near the vent holes, where CMTC 667 

values were considerably larger (2.5 × 10-2 m s-1 to 6.3 × 10-2 m s-1).  668 

An important consideration is that there are three moisture related factors influencing carton 669 

strength. First, the high board moisture concentration, which weaken the board by breaking 670 

hydrogen bonds in the cellulose. Second, the heterogeneous moisture content gradients 671 

throughout the cartons at any moment, resulting in inhomogeneous hygro-expansion 672 

throughout the stack. Third, the transient changes in moisture content over time in combination 673 

with the large compression forces result in a process of mechano-sorptive creep. The study 674 

showed that the relatively large heat capacity of fruit packed inside cartons can buffer sudden 675 

board temperature changes, which if not present may have influenced aw (EMC). Similarly, 676 

compared to the air, the board itself has a large moisture capacity, which also buffers changes 677 

to the airs RH. Consequently, board that is at EMC with respect to the shipping conditions, can 678 

provide moisture under drying conditions and adsorb moisture as the air humidity increases.  679 

4. Future research 680 

Many important moisture processes within corrugated packaging during optimal shipping 681 

conditions were investigated and these provide useful base-line information for future 682 

investigations. Future work should thus aim to investigate the moisture spatio-temporal 683 

changes within cartons during non-optimal shipping conditions, which are needed for the 684 

development of improved packaging designs. For instance, the effect of cold chain breaks is 685 

expected to decrease carton strength as a result creep processes in the board. Cold chain breaks 686 

could consequently lead to large temperature gradients across the RFC, as well as increased 687 

fruit respiration and transpiration rates. Additionally, the potentially impact on moisture loss 688 
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when loading RFCs with dry cartons is another import subject, and has not been considered in 689 

prior studies. Specifically, dry cartons would initially adsorb much of the available moisture 690 

inside a container, resulting in larger fruit moisture loss rates than normal. 691 

Future follow-up research could also improve on the proposed model. For example, the 692 

incorporation of condensation physics into the model may be necessary under cold chain 693 

breaks. Additionally, more detailed simulations may require more comprehensive validation 694 

experiments. To this end, a promising technology to measure moisture processes in detail is 695 

neutron radiography, which provides a very high dynamic range (Defraeye et al., 2016). This 696 

is due to the neutron beams, which are attenuated strongly by hydrogen and thus sensitive to 697 

water molecules. However, application of neutron radiography requires extensive use of 698 

specialised equipment, such as nuclear reactors, which will need to be used over extended time 699 

periods to observe the relatively slow moisture transport processes.   700 

Finally, the respective model could also be further developed to predict the effect of spatio-701 

temporal changes in moisture content on mechano-sorptive creep. Possible approaches include 702 

linking the respective CFD model’s outputs to a mechanical-finite element model (FEM). 703 

Alternatively, the physics of this respective model could be incorporated into a multi-physic 704 

FEM model. Currently, approaches to model the mechano-sorptive creep process have been 705 

limited and most efforts have been focused on experimental research at small (e.g. individual 706 

fibres) scales (Huč et al., 2018; Olsson et al., 2007; Olsson and Salmén, 2014).  707 

5. Conclusions 708 

Stacked corrugated fibreboard cartons are transported in refrigerated freight containers (RFC) 709 

at low temperatures and high humidity conditions. The resulting presence of high moisture 710 

contents and moisture gradients in the corrugated fibreboard cartons can have a substantial 711 

effect on carton mechanical strength. This study has characterised moisture properties in 712 

stacked cartons under standard shipping conditions. To achieve this, a CFD model was 713 

developed to predict moisture transport through stacked cartons under convective airflow 714 

conditions. The CFD model was validated using two experimental approaches which compared 715 

well with model predictions. The study incorporated the presence of respiration, transpiration, 716 

defrost cycles, initial RFC activation and temperature changes over the typical voyage for 717 

exporting fresh fruit from South Africa to United Kingdom. 718 
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Results revealed relatively small spatio-temporal changes in moisture content under standard 719 

shipping conditions, with the board moisture content decreasing by 0.4 g/100gdry fibre over the 720 

simulation period (7-days). Little effect from the daily defrost cycles was observed on board 721 

moisture content. The initial RFC activation (refrigeration is powered on), whereby the warm 722 

air around the container walls was forced up into the pallet stack, caused a rapid change in RH 723 

and therefore accelerated the development of a heterogeneous moisture content distribution. 724 

The temperature gradient caused by heat conduction from outside through the container wall 725 

was the most significant factor affecting spatio-temporal changes in moisture content. By day 726 

7, a moisture content gradient of 0.6 g/100gdry fibre was observed across the domain (3 cartons). 727 

Although relatively small, these gradients are expected to have some contribution to the creep 728 

process and would be considerably more prevalent during cold chain breaks. The effect of these 729 

moisture content gradients should thus be quantified with respect to mechanical strength in 730 

future studies. The model can therefore provide valuable insight into the mechano-sportive 731 

creep process and potentially guide the development of future testing approaches and package 732 

designs. 733 
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Tables 953 

Table 1: Overview of the four different apparatus/devices used in this study and how they were applied in 954 
experiments and CFD models. 955 

  Measurement 
experiments Validation experiments CFD models 

Diffusion cup 
Determine corrugated 
fibreboard moisture 
diffusion properties.  

  

Glass-chamber 

Determine equilibrium 
moisture content 
(EMC) curves at 

various conditions. 

Evaluation of board 
moisture content under 

varying relative humidity 
under diffusion only 

conditions. 

Comparative numerical 
evaluation of board moisture 

content under varying 
relative humidity under 

diffusion only conditions. 

CATTS-chamber  

Evaluation of board 
moisture content under 

varying relative humidities 
and temperatures under 

convection-diffusion 
conditions. 

Comparative numerical 
evaluation of board moisture 

content under varying 
relative humidities and 

temperatures under 
convection-diffusion 

conditions. 

Refrigerated freight 
container 

Determine conditions 
inside a fully loaded 

RFC during shipment 
(for CFD model setup).  

  

Investigation of carton 
spatio-temporal moisture 

contents inside a refrigerated 
freight container during 

shipping. 

 956 
Table 2: Average temperature and relative humidity conditions (SD < 5%) in the CATTS-chamber at the moments 957 
when conditions were cycled and samples were extracted for measurement.  958 

Hours into experiment Temperature Relative humidity 

0 25 °C 59 % 

7.9 33 °C 94 % 

12.3 25 °C 47 % 

17.3 32 °C 95 % 

21.4 25 °C 32 % 

 959 

 960 
Table 3: Physical and diffusivity parameters of the C-flute corrugated board.  961 

Parameter 20 °C 1 °C 
Liner fibreboard (outer side) thickness 407 µm 407 µm 
Liner fibreboard (inner inner) thickness 357 µm 357 µm 
Fluting fibreboard thickness 317 µm 317 µm 
Effective thickness of air component in CF 3 023 µm 3 023 µm 
Corrugated fibreboard (CF) thickness 4 244 µm 4 244 µm 
CF take up factora 1.44 1.44 
Diffusivity of air (Da) b 2.50 × 10-5 m2 s-1 2.19 × 10-5 m2 s-1 
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Inter-fibre diffusivity (pore regions; Dp)c 5.07 × 10-7 m2 s-1 5.07 × 10-7 m2 s-1 
Total effective diffusivity across CF (Deff) d 2.62 × 10-6 m2 s-1 3.43 × 10-6 m2 s-1 
Effective diffusivity across CF inter-fibre regions and air 
gaps (Deff,p) 

1.68 × 10-6 m2 s-1 1.67 × 10-6 m2 s-1 

Effective diffusivity across CF fibre regions (Deff,q) 9.44 × 10-7 m2 s-1 1.76 × 10-6 m2 s-1 
a Ratio between the fluting and liner fibreboard surface areas;  962 
b As taken from ASHRAE (2009);  963 
c As taken from Bandyopadhyay et al. (2002);  964 
d Experimentally determined, SD = 4% (relative standard deviation). 965 
  966 
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Figures 967 

 968 

Figure 1: Schematic diagram showing geometry and boundary conditions of the (a) small scale carton, (b) glass-969 
chamber and (c) CATTS-chamber, dashed line indicates symmetry plane. 970 

 971 

 972 

 973 

 974 

 975 
Figure 2: Cross section diagram of the diffusion cup setup. An average relative humidity (RH) of 84.4% was 976 
maintained just above the board sample, by holding the diffusion cup in a sealed glass-chamber containing a 977 
solution saturated with Potassium nitrate (KNO3; 94.6% RH).  978 

 979 
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Figure 3: Schematic diagram of the (a) refrigerated shipping container, which depicts the (b) simulation domain used in this study. Superscript letters indicate: 
a air and fruit filled volume (red region); b top boundaries along the porous media domain; c vertical boundaries (carton and porous media) through the pallet; 
d all outer carton surfaces; e vertical boundaries along the reefer container wall at vent holes and air domain; f air volume (under cartons) representing pallet; 
g front, back and bottom boundaries along the air domain. Diagram (c) shows geometric specification of the ventilated carton used in the pallet stack.
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Figure 4: Equilibrium moisture content for the corrugated fibreboard used in this study, with respect 
to the water activity for the adsorption, desorption and average (of the two) curves at (a) 20 ºC and 
(b) 1 ºC. The A-D values represent the corresponding coefficients for the Peleg equation (Eq. (14)). 
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Figure 5: Comparison between experimental and numerical moisture content values of a corrugated 
fibreboard sample stored in the glass-chamber over time. All error bars indicate standard deviation 
of the mean. 
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Figure 6: (a) Applied temperature and relative humidity conditions and (b) comparisons between 
experimental and simulation results for the CATTS validation experiment. The yellow (dashed) line 
indicates the equilibrium moisture content (EMC) of the cartons, based on the average PELEG 
model and the RH at the inlet. Error bars indicate standard error of the mean. 
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Figure 7: Simulated contours of velocity profile along the (a) symmetry plane of the CATTS-chamber 
and (b) through the centre plane of the pallet domain. 

 

 
Figure 8: (a) Average logger and model air temperature inside a pallet shipped from South Africa 
to the United Kingdom over 18-days. (b) Shows the seven day simplification of the full (18-day) 
shipping duration and indicates the temperature and moisture values used at the pressure openings 
of the pallet stack over the RFC simulation period. 
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Figure 9: Sea Surface Temperature (SST) data produced for the 24th of August 2015. Dashed line 
indicates the shipping journey between South Africa and UK, each dash represents one of the 18 
travel days. Data acquired from the NASA Jet propulsion laboratory ROMS (Regional Ocean 
Modelling System) group (http://ourocean.jpl.nasa.gov/SST). 
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Figure 10: (a) Average temperature, (b) relative humidity and (c) moisture content (MC) in cartons 
and porous regions over the 7-day shipping period. 
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Figure 11: Simulated contours of carton moisture content profiles across carton surfaces for each day of the shipping period. 
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Figure 12: Moisture content along vertical lines through the corrugated fibreboard cartons showing 
moisture gradients on day 7. Colour coded arrows are correlated to the graph line colours. 

 

 

 
Figure 13: Simulated contours of (a) convective mass transfer coefficient profile across carton 
surfaces and (b) the temperature profile on day 7. 
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