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Temperature is the most important factor in the postharvest life of horticultural 

products and temperature management is essential to reach the optimum postharvest 

quality.  Preserving the quality of fresh fruits and vegetables requires a proper cold 

chain from the field to the consumers' home.  Too often, transport operations are 

responsible for breaks in the cold chain, particularly in the case of air shipments. 

Air transport plays a major role in the global food trade and, even during the recent 

worldwide economic slump the sector of air freight occupied by food products only 

experienced a small decline.  Maintaining a proper cold chain during air transport 

operations is challenging since the cargo may spend extended periods of time on the 

tarmac, where they are exposed, with limited protection, to harsh environmental 

conditions.  

Studies on in-flight environmental conditions and their impacts on the temperature 

distribution in loads of fresh fruits and vegetables transported by air have been limited in 

number.  However, such studies are important to develop new handling methods as well 

as to predict and preserve quality.  A thermal analysis was conducted on loads of 

horticultural products in single boxes and in an aircraft container exposed to detrimental 
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temperatures in laboratory conditions.  Different fruit sizes and packing arrangements 

were used for the tests on individual boxes.  These tests showed small temperature 

differences between the pulp and air temperatures within the boxes.  Relatively fast 

rates of change of the temperatures were observed even in the core region of the 

boxes.  For the aircraft container, a similar thermal behavior was observed in the fruit 

near the outside surface of the load, particularly for the boxes located on the top row.  

Even after 8 h of exposure to detrimental conditions, the temperatures within the core of 

the aircraft container remained almost constant.  With the exception of the bottom layer, 

a vertical stratification of the temperatures was observed in the boxes as well as in the 

container. 

In addition to laboratory tests, temperatures were also monitored during several 

international flights using an instrumented aircraft container loaded with simulated 

horticultural products.  Thermal behavior similar to that of the laboratory tests was 

observed during the air transport operations.  The tests showed that the ramp transfers 

before and after flights were critical to maintaining a proper cold chain, mainly because 

of the effect of solar radiation.  For some shipments, the ramp transfer exceeded 8 h 

and temperatures above 60°C were also measured on the inside surfaces of the aircraft 

container walls.  Even though temperatures were not always optimum within the aircraft 

cargo compartments, their effects were not as detrimental as those associated with 

ramp transfers. 

Based on the experimental data collected through laboratory and air shipment 

tests, the validity of a heat transfer model based on an effective thermal conductivity 

was investigated.  For individual boxes, simulations showed that an effective thermal 
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conductivity approach provided acceptable results in the lower and lateral regions of the 

load but significantly underpredicted the temperatures in the core regions.  Aircraft 

container simulations revealed that the temperatures were also underpredicted in the 

top of the boxes located on the bottom layer and at the bottom of the boxes located on 

the top layer.  The model did not provide a good representation of the temperature 

distribution throughout the load of products, but did provide good results in the 

peripheral region.  It appeared that the effect of natural convection must be included in 

the effective thermal conductivity via a variable dynamic component to improve the 

overall results of such a modeling approach.  However, the results indicated that the 

modeling approach used could still be implemented as a useful tool for air shipments of 

horticultural products, since temperature abuses are generally observed in the 

peripheral region of the load, where the model provided useful results. 
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CHAPTER 1 
INTRODUCTION 

1.1 Temperature and Fresh Horticultural Commodities 

For most people, the term "living organism" is not the first attribute that comes to 

mind for fresh horticultural commodities.  However, fresh fruits and vegetables are 

intrinsically living organisms; they absorb oxygen and produce carbon dioxide and 

water, generate heat, go through a senescence phase and eventually die.  Their 

complex metabolism depends heavily on temperature, the most important parameter in 

the postharvest life of fruits and vegetables.  A proper temperature is essential to 

maintain or reach the optimum postharvest quality.  A 10°C increase of the temperature 

of a produce generally results in an increase of the respiration rate by a factor ranging 

from 2 to 3, depending on the commodity, and proportionally reduces its shelf life.  

Temperature also affects the postharvest quality of fresh produce by playing a role in 

other processes such as the growth of decay organisms and water loss (Kader, 2002a).   

Preserving the quality of fresh fruits and vegetables is important at different levels.  

Economically, quality is obviously a key factor, particularly with the small profit margins 

growers, distributors and retailers have on these items.  Nutritionally, produce of good 

quality have higher levels of vitamins and nutrients essential to the consumer's health.  

Environmentally, 5 to 25% of all produce go to waste in developed countries because of 

low quality and they carry with them an important carbon footprint accumulated from the 

field and through the entire distribution chain (Kader, 2002a).  Detrimental temperatures 

are not the only cause for the quality loss of fresh horticultural products.  Other factors, 

such as mechanical damage due to shocks and vibrations, during handling and 
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transport operations, may also play a significant role.  However, in too many instances, 

poor or improper temperature control is at the core of the problem.   

Even though proper postharvest temperature management for fresh fruits and 

vegetables is a challenging task, only three simple rules need to be followed: the proper 

temperature must be applied 1) to healthy produce, 2) as soon as possible and 3) 

throughout the distribution chain, from the field to the consumers' homes.  These three 

rules set the foundations of what is known as the "cold chain", a concept that has also 

been adapted to most industries dealing with temperature sensitive products 

(pharmaceutical, meat, seafood, etc.).  The expression "cold chain" may however be 

misleading in some cases since some commodities, such as tropical produce, are likely 

to be damaged by temperatures below 15°C.  The cold chain is in essence a "proper 

temperature" chain.  Numerous scientific studies have been conducted on the cold 

chain for fresh horticultural products and several of them have focused on transport 

operations during which the cold chain is often broken.  Fresh fruits and vegetables are 

transported by road, sea, rail and air.  However, among these four main modes of 

transportation, air transportation has very unique features that set it apart from the 

group. 

1.2 Air Transport and its Cold Chain 

From 1970 through the first part of the last decade, the air cargo sector showed 

good and steady growth, doubling approximately every 10 years (Sowinski, 2000).  

However, this all came to a stop in recent years.  In the wake of the global economic 

crisis, the International Air Transport Association (IATA) reports that the industry closed 

the year 2009 with its largest decline since the post-war era.  Air freight showed a 
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decline of 10.1% over the year and more importantly only 49.1% of the total available 

freight-tonne-kilometers were used (IATA, 2010).   

This drop in the air transport industry affected most of the world markets including 

France, Germany, Taiwan, China and the United States.  However, even through this 

major slump, the sector of air freight occupied by food products only experienced a 

decline in the low single figure percentages.  In the short term, this distinctive sector is 

also expected to show strong growth and to become of even larger importance for 

freight forwarders.  Africa, a growing exporter of fresh produce and cut flowers, and the 

Middle East, a major hub for Europe-bound goods are the regions expected to show the 

largest growth rates in the coming years (Anonymous, 2009a; Anonymous, 2009b) 

For several years now, the air cargo industry has played a major role in the global 

food trade.  Time savings associated with air transport make it a mode of transportation 

essential to provide a consistent year-long supply of fresh fruits and vegetables 

throughout the world.  It is impossible for produce with short shelf life, such as berries, 

to still be marketable after transoceanic or long international shipments using another 

transportation mode.  Fruits and vegetables with a very short shelf life as well as high-

end produce are often the ones that are carried onboard aircraft.  However, the deciding 

criterion still remains the profit margins, and for produce, profit margins go hand-to-hand 

with quality (Sharp, 1998).  In the air transport industry, proper cold chain management 

is very challenging but it is still essential to preserve quality (Amos and Bollen, 1998). 

For almost all situations, fresh fruits and vegetables, as well as luggage, electronic 

products and other types of freight, are transported using Unit Load Devices (ULDs).   

ULDs are of two types, aircraft pallets or containers.  ULDs are available in different 
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standardized sizes compatible with airport handling equipment and of course specific 

commercial aircraft cargo holds.  Shape and strength requirements were established by 

airplane manufacturers and the Federal Aviation Administration (Bye and Bleasdale, 

1985).  Aircraft pallets are large aluminum sheets, often called "cookie sheets", onto 

which products are loaded.  Products delivered to the airport already on skids or pallets 

can be directly loaded onto the aircraft pallet.  Otherwise bulk products or packages are 

manually stacked.  In all cases, loaded products are stabilized using a special cargo 

netting system that is fastened directly to the perimeter of the aircraft pallet.  Generally, 

a thick plastic sheet is installed underneath the cargo net, to protect the products from 

precipitation and other environmental hazards.  Height restrictions apply to pallets 

depending on the type of aircraft and the position of the pallets within the lower and 

upper deck cargo compartments. 

  Aircraft containers are nonhermetic enclosures that can be made of various 

materials such as aluminum, polycarbonate or fiberglass.  Akinaga and Kohda (1992) 

reported the ventilation rate of an aircraft container to be 0.06 (air change) h-1.  The 

door on the container is generally made of sturdy waterproof fabric that is kept closed 

using multiple straps.  Similarly to aircraft pallets, their bases are made of thick 

aluminum.  Most containers are manufactured to be used on either upper or lower deck 

holds and their shape is designed accordingly to maximize the use of the cargo space.  

Palletized or bulk products can be loaded inside the containers.  Some models of 

aircraft containers also offer the possibility of using a stabilizing system that fastens the 

load to their base.  Depending on the airline handling procedures, aircraft containers 

may also be wrapped using a stretchable plastic film.  The film protects the container 
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against tampering, but it restricts even more the air exchange between the container 

and the environment. 

Prior to being loaded, all ULDs are weighed to ensure they comply with their 

prescribed capacity.  Also, a loading plan is generated according to the weights of the 

ULDs to insure that the aircraft is well balanced. 

Refrigerated and insulated containers have been available for several years now, 

but they still do not occupy a large share of the market when compared to traditional 

uninsulated ULDs.  In general, only highly expensive temperature sensitive goods, such 

as pharmaceuticals, justify the costs associated with their utilization.  Almost all fresh 

fruits and vegetables are therefore shipped with ULDs that do not provide significant 

additional thermal protection against the environment. 

For most air shipments, the time spent in flight corresponds to approximately 50% 

of the total transit time that includes storage and ramp transfers (Sharp, 1998).  As the 

cold chain gains importance in the air transport industry, more facilities with controlled 

temperature storage are being built.  However, in many instances, the storage capacity 

is limited and restricted to a single temperature.  This situation, combined with a lack of 

knowledge regarding the handling of temperature sensitive products, results in many 

claims due to loads left at room temperature or produce being exposed to chilling 

temperatures.  In addition, there are often issues associated with the storage of 

incompatible loads.  Incompatibilities can be associated with ethylene, odor absorption 

and potential microbiological contamination. 

During airport operations, the cargo is most vulnerable when it is on the ramp 

(tarmac).  Prior to being loaded or after being unloaded, the ULDs can sit or transit on 
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the ramp for a few hours (Amos and Bollen 1998).  Some companies may use insulated 

covers, refrigerated dollies or shaded areas in order to protect the ULDs from the 

environment, but these are exceptions rather than the norm.  On the ramp, the 

conditions are often extreme.  Air temperatures can vary between -40°C and 50°C 

depending on the location and the season (Sharp, 1998).   In the summer, solar 

radiation also has an important effect depending on surface physical properties.  

Surfaces with high solar absorptivity may have their temperature climb close to 70°C 

within minutes. 

Cargo is transported on three types of aircraft: full freighter, combi and passenger.  

Combi type aircraft have both cargo and passenger compartments on their main deck.  

The majority of all worldwide cargo is carried in the holds of passenger aircraft (Sharp, 

1998).  Onboard aircraft, temperatures can be quite unpredictable.  Depending on the 

aircraft and the options purchased by the airline, some cargo compartments are 

temperature-controlled whereas others are not.  In some cases, aircraft may provide 

multiple temperature zones whereas others may not even be equipped with a ventilation 

system for the cargo.  Other factors may also affect the temperature.  Because of the 

restricted empty space in the holds, load configurations may strongly influence the 

airflow and consequently the spatial distribution of the temperature.  ULDs located in the 

vicinity of the door or bleed air duct, may be exposed to freezing and soaring 

temperatures,, respectively.  The presence of live animals onboard also requires the 

crew to maintain a temperature of approximately 20°C.   

In addition to temperature, pressure and relative humidity also exhibit variations 

specific to air transport.  For most commercial flights, cargo compartments are 



 

29 

pressurized, which implies that the pressure is maintained at approximately 0.8 atm at 

cruising altitude (ASHRAE, 1995).  Relative humidity in the holds is influenced by 

temperature and pressure variations.  If live animals and uncovered pallets of 

horticultural products are transported, the cargo can also strongly influence the level of 

relative humidity by releasing water vapor into the ambient air.  It is important to 

reiterate the fact that the volume of free air in a hold is relatively small because the 

ULDs' design maximizes the use of the cargo space.  In non-ventilated cargo 

compartments, relative humidity can therefore reach saturation levels, whereas in 

temperature controlled compartments relative humidity can be as low as 5% (Sharp, 

1998; Pelletier, 2002; Pelletier, 2007).  These low relative humidity levels are reached 

when the dry and cold air at high altitudes is used by the air conditioning system.  

Because of the low air exchange within an aircraft cargo container, the relative humidity 

of the air surrounding the load can be quite different than the relative humidity of the 

outside air. 

1.3 Statement of the Problem 

Temperature control has been recognized as a critical factor for the postharvest 

quality of fresh fruits and vegetables.  With new affordable temperature sensors 

inundating the market and the progressive integration into the distribution chain of 

technologies such as radio frequency identification (RFID) tags, there never have been 

more incentives to actively track and monitor the environmental conditions in which 

temperature sensitive goods are transported.   

Studies focusing on temperature and air shipments of fresh fruits and vegetables 

have been conducted but they are still in limited numbers when compared to other 

postharvest areas such as precooling operations.  Data on in-flight conditions are 
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particularly rare in the literature because of the difficulty of conducting such tests and 

the reluctance that airlines used to have about documenting this information.  Several 

airlines did not want to know or publicize what such studies may reveal about their 

operations.  In addition, only a few scientists have investigated heat transfer and the 

temperature distribution in ULDs loaded with fresh produce.  This knowledge is very 

important in order to eventually develop and effectively use postharvest quality models. 

The objectives of this study are to: 

1) Investigate, in laboratory conditions, the heat transfer within closed boxes of 
horticultural products  

2) Investigate, in laboratory conditions, the heat transfer within an aircraft container 
loaded with horticultural products 

3) Measure and investigate in-flight environmental conditions in a loaded aircraft 
cargo compartments 

4) Measure and investigate temperatures within a loaded aircraft cargo container 
during shipment 

5) Evaluate the validity of an effective thermal conductivity approach to model the 
heat transfer in an aircraft container loaded with horticultural products. 
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Air Transport 

In this section, the important literature regarding air shipments of food products is 

presented.  First, general publications focusing on the air transport operations and 

logistics as well as packaging and handling techniques are presented.  Secondly, 

publications focusing on the cold chain and the air transport of horticultural products are 

discussed. 

2.1.1 General Publications 

Sharp (1998) thoroughly presented the basics of the airfreight industry and 

discussed cold chain issues due to conditions within the cargo holds of the aircraft and 

during ground operations.  The different types of Unit Load Devices (ULDs: aircraft 

pallets and containers) were also described by the author.  Furthermore, Sharp (1998) 

discussed the use of supplemental cooling, packaging methods and presented 

recommendations for safer air shipment of perishables. 

The paper published by Villeneuve et al. (2002) completes well the previous 

document.  The authors provided numerous statistics and information regarding cold 

room storage needed for air transport of perishables, cold room storage available in 

airports, market previsions, delays as well as airport logistics for perishables.  Among 

other subjects explored by the authors were the time required for the completion of 

various handling operations and the temperatures encountered in aircraft cargo holds 

and on the tarmac.  The effects of air transport on the quality of perishables were also 

covered.  They concluded by discussing the future of perishable airfreight.  



 

32 

Finally, the International Air Transport Association (IATA) publishes the 

Perishables Cargo Regulations (PCR).  The PCR is a very detailed guide for shipments 

of any perishables including fruits and vegetables. Environmental conditions and cold 

chain are discussed as well as suitable packaging and handling techniques.  This is 

without a doubt the most complete source of information available on the subject. 

2.1.2 Temperature and Environmental Conditions 

Harvey et al. (1966) were among the first to conduct a study on shipments of 

perishables by air.  Their interest was focused on the conditions strawberries are 

exposed to during their transit from California to wholesale markets in the eastern 

United States.  Tests were conducted in the spring when temperatures are typically 

milder.  The authors studied the effects of several variables such as time, temperature, 

handling procedures, precooling prior to shipment, modified atmosphere and pallet 

covers.  They were able to gather temperature measurements and gas samples during 

flight.  Considering the entire transit from the cooling facilities in California to their final 

destination in New York, 32.2% and 50% of the total time was spent onboard the aircraft 

and at the airport, respectively.  Average ambient temperatures in the cargo 

compartment during the two flight segments were 16°C and 13°C.  It was concluded 

that the pallet cover provided much needed protection against the rough handling 

associated with airport operations and that cold room storage at the airport would have 

been beneficial for the final quality of the berries. 

Oskam et al. (1998) reported the temperature variations of a load of fresh-cut 

flowers transiting from Bogota to Amsterdam.  In less than 1 h on the tarmac in Bogota, 

the temperature on the top of the aircraft pallet increased by approximately 10°C.  
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During a ramp transfer in Curaçao, the temperature at the same location rose by 15°C 

in 2 h.  During both of these events, the center temperature increased by less than 5°C. 

In another effort that illustrated the weakness of the air transport cold chain, Heap 

(2006) reported that during a shipment from Dublin to Auckland, transiting through 

Copenhagen and Singapore, the temperatures in the aircraft ranged between 2°C and 

18°C, whereas, the temperatures on the ground varied between -2°C and 30°C.  He 

also showed that ambient temperatures varied between -1°C and 26°C during a second 

shipment from Europe to the North America. 

Émond et al. (1999) measured in-flight air temperatures in the forward, aft and 

main deck holds of a Boeing 747-400 combi.  Their objective was to evaluate the 

suitability of the cargo hold temperatures for the transport of horticultural commodities.  

In the forward hold, the temperature was maintained around 20°C for the first hour 

before reaching the set point of 10°C.  Large spatial temperature variations were 

observed in the aft hold. Two of the temperature loggers installed in that cargo 

compartment measured temperatures of 15°C and 32°C within a distance of 2 m.  On 

the main deck, the cargo compartment was maintained at approximately 20°C.  The 

authors explained that such a temperature is to be expected since the same system is 

used to condition the air in the passenger cabin.  It was concluded that special 

precautions, such as the use of insulated containers, should be taken if horticultural 

commodities were to be shipped in the aft compartment.  The authors also suggested 

that the forward hold was best suited for shipments of tropical and subtropical produce. 

Villeneuve et al. (2000) studied the heat transfer in an aircraft LD3 containers filled 

with 1L bottles of water stacked in Reusable Plastic Containers (RPCs).  The load was 
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conditioned to 0°C prior the beginning of each experiment.  During storage inside a 

cargo terminal maintained at 24°C (no solar radiation), the water temperature in the 

external layer of RPCs increased by more than 6°C in 5 h.  Similar tests were 

conducted on the ramp with two types of LD3.  One LD3 was made of aluminum 

whereas the other was made of clear polycarbonate plastic.  After 2.5 h, the 

temperature in the external layer of RPCs reached 10.0°C and 15.5°C in the aluminum 

and clear plastic containers,, respectively.  The results showed that solar radiation can 

have a significant influence on the heat transfer within the load during ground handling 

operations.  Consequently, the material used to manufacture the walls of a container 

has an important impact. 

During a flight from Sydney and London, Sharp (1989) monitored ambient air 

temperatures as well as the air temperature in the center of flats of strawberries on the 

center and lower row of an aircraft container.   The container loaded with 1200 kg of fruit 

was covered with a 10 mm thick expanded polystyrene reflective shroud.  In addition, 

20 kg of dry ice (solid carbon dioxide) wrapped in paper was placed on top of the fruit.  

During the 45-h trip, 50% of the time was spent in flight.  The container was outside of 

the plane for 30% of the total time and on the ground, onboard the aircraft, for the 

remaining 20%.  The results showed that the ambient temperature in the aircraft 

reached 35°C during ramp operations.  During flight, the temperature in the cargo 

compartment decreased slowly at a rate of 5°C h-1.  Once at steady state, the ambient 

air temperature among the different in-flight segments varied between 9°C and 16°C.   

Akinaga and Kohda (1993) measured the temperature at different locations inside 

an aluminum aircraft container on the tarmac in Naha Airport (Okinawa, Japan).  Over a 
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period of 240 minutes, the surface temperature of the top of the container averaged 

around 50°C, but varied displaying several peaks close to 60°C.  The air temperature at 

a distance of 0.1 m below the top of the container stayed mostly above 40°C and even 

reached 45°C.  In addition to temperature, relative humidity, pressure, shocks as well as 

concentrations of carbon dioxide and ethylene were measured.  Tests were conducted 

with shipments of snap beans, okras and chrysanthemums. 

2.2 Heat Transfer Modeling 

In this section, different approaches that can be used to model heat transfer in 

loads of horticultural products are presented.  Fundamental studies on heat transfer 

modeling for packed beds and other porous media are reviewed first.  Several of these 

studies were published in chemical engineering journals because of their important 

applications in that field of research.  After the presentation of main concepts, including 

the effective thermal conductivity, heat transfer models applied to boxed and bulk 

horticultural commodities as well as models directly applied to air transport are 

presented. 

2.2.1 Models Applied to Packed Beds and Other Porous Media 

Packed beds are heterogeneous systems that represent the limiting case of a 

dense dispersion of solid particles in direct contact within a gaseous or liquid phase 

(Tsotsas and Martin, 1987).  Packed beds may contain thousands of particles, 

sometimes of different sizes and intricate geometries, combined in various 

arrangements.  Several of these studies are based on arrangements of uniformly sized 

spheres and cylinders, which are two elemental solid geometries also widely 

encountered in horticultural products.  Catalytic reactors are one of many technical and 

industrial applications that use packed beds. Fluid flow and chemical reactions in 
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catalytic reactors add to the complexity of the system.  A good understanding and 

description of heat transfer in catalytic reactors is important since it strongly influences 

yield, stability, process selectivity and catalyst deactivation (Specchia et al. 1980).  It 

can be very challenging to study transport phenomena in such systems, even using 

numerical methods and computational fluid dynamics (CFD). Therefore, to simplify the 

mathematical description of packed beds and their applications, effective properties are 

often used in combination with analytical solutions for the corresponding homogeneous 

domain. 

2.2.1.1 Introduction to effective thermal conductivity 

The concept of effective thermal conductivity has been introduced to simplify the 

modeling process of transport phenomena.  For heat transfer application it can be 

defined as the ratio of the total heat flux divided by the corresponding temperature 

gradient.  The effective thermal conductivity is an average transfer parameter, not a true 

thermodynamic property (Gorring and Churchill, 1961; Bhattacharyya and Pei, 1975).  A 

few review papers were published on the subject of the effective thermal conductivity for 

chemical engineering applications.  Kulkarni and Doraiswamy (1980) as well as Lemcoff 

et al. (1990) regrouped, analyzed the various correlations and presented 

recommendations for calculating transport properties in packed beds.  They cover the 

subjects of one and two-dimensional pseudohomgeneous and heterogeneous models.   

Tsotsas and Martin (1987) presented the parameters influencing the effective 

thermal conductivity of packed beds.  Parameters were regrouped into two main 

categories.  The primary parameters were the thermal conductivities of both solid and 

fluid phases, the porosity and the arrangement of the bed.  Particularly for porous 

bodies with a continuous solid phase, the authors mentioned that systems having 
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different arrangements but the same porosity will usually have different effective thermal 

conductivities.  The secondary parameters were the heat transfer by radiation and free 

convection, solid-solid heat transfer associated with the flattening of the solid particles 

near contact points, particle shape and size distribution.  

There are two main modeling approaches to obtain effective properties.  One is 

based on the solution of the coupled differential equations in both fluid and solid 

phases, whereas the other is based on thermal resistance network analysis.  This study 

mostly focuses on the later approach.   

2.2.1.2 Effective thermal conductivity models 

In some cases, the resistance network used to obtain the effective thermal 

conductivity is a drastic simplification of the packed bed or porous material structure.  

However, several models based their analysis on a more accurate representation of the 

structure of the system such as a unit cell. 

The first step in developing a model for effective thermal conductivity is to analyze 

how the heat is transferred through the domain.  Eight different heat transfer 

mechanisms that can be encountered in packed beds, they are represented in 

Figure 2-1. 

As described by several authors, the effective thermal conductivity can be 

represented as the sum of two independent contributions (Kunii and Smith, 1960; 

Vortmeyer and Schaefer, 1974; Bhattacharyya and Pei, 1975; Koning, 2002).  The first 

contribution is static and it includes the influence of pure conduction in the fluid and 

solid phases as well as radiation.  In this case, the motionless fluid is considered as a 

solid with a negligible thermal resistance on any interface.  If the fluid is a gas, it is also 

considered transparent to radiation.  The minimum temperature for which radiation heat 
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transfer within the packed bed or porous media is important varies between 200°C and 

900°C depending on the study (Argo and Smith, 1953; Yagi and Kunii, 1957; Krupiczka, 

1967; Kunii and Smith 1960).  Some authors mentioned that natural convection should 

be included in the static effective thermal conductivity, but its influence was neglected 

most of the time because of the relatively small size of the voids and the small 

temperature gradients in packed beds or other porous material (Woodside, 1958; 

Krupiczka, 1967, Gorring and Churchill, 1961).    

The second contribution to the effective thermal conductivity is dynamic and it 

includes the effect of forced convection on heat transfer.  Bauer and Schlünder (1978a) 

confirmed the independence of the static and dynamic contributions by observing in all 

their measurements a linear increase of the effective thermal conductivity with the flow 

rate in packed beds.  Bhattacharyya and Pei (1975) showed that the dynamic 

contribution is the sum of the effect of forced convection on conduction mechanisms 

and the effect of macroscopic convective heat transfer in the bed (Equations 2-1 and 

2-2). 

𝑘𝑒 = 𝑘𝑒0 + 𝑘𝑒𝑑 (2-1) 
 
𝑘𝑒 = 𝑘𝑒0 + �𝑘𝑒,𝑐𝑜𝑛𝑑

𝑑 + 𝑘𝑒,𝑐𝑜𝑛𝑣
𝑑 � 

 
(2-2) 

In the fifties and early sixties, Kunii, Smith, Yagi and other collaborators published 

a series of papers on heat transfer and effective thermal conductivity for packed beds 

and porous media.  These papers laid some of the fundamental modeling approaches 

that were used, modified and improved through the following years (Argo and Smith, 

1953; Yagi and Kunii, 1957; Yagi and Wakao, 1959; Kunii and Smith, 1960; Yagi and 

Kunii, 1960, Yagi et al., 1960; Kunii and Smith, 1961). 
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  Argo and Smith (1953) presented a model for the radial heat transfer in a packed 

bed with fluid flow.  They assumed that the average temperature of a particle and the 

gas temperature were the same for a given radial position.  In their approach, they also 

assumed that the total radial heat flux is the sum of the heat flux through gas and solid 

phases.  In the gas phase, they summed the thermal conductivity of the gas with the 

equivalent radiation conductivity and the conductivity associated with turbulent diffusion.  

The heat transfer in the solid phase was described as the sum of a series of 

mechanisms: including conduction in the solid phase as well as convection and 

radiation heat transfer between solid particles.  The authors concluded that the effects 

of fluid flow, particle diameter, thermal conductivity of the particles and the radial heat 

transfer in packed beds were satisfactorily predicted by their model.   

Yagi and Kunii (1957) considered the effective thermal conductivity of a packed 

bed as the sum of two components: one dependent and one independent of fluid flow.  

At low Reynolds numbers, the heat transfer in the bed was dominated by conduction 

through the solid phase, conduction in the film of fluid near the contact surface of two 

solids and, in the case where the fluid is a gas, radiation between nearby solids and 

voids.  At large Reynolds numbers, the total heat transfer was dominated by the lateral 

mixing of the fluid phase.  The authors obtained an expression for the static contribution 

to the effective thermal conductivity from an approach equivalent to a resistance 

network analysis.  They concluded that their equation adequately predicted published 

experimental data for packed beds with motionless gases for packings of different 

geometries and material. 
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Kunii and Smith (1960) published a paper on heat transfer of porous rocks, a 

consolidated porous material.  Their final results were based on a preliminary model 

they developed for a packed bed of unconsolidated spherical particles of uniform size.  

Their preliminary model is the model of interest for this study.  Their approach and final 

equation for the static effective thermal conductivity of unconsolidated particles is 

almost identical to what was presented by Yagi and Kunii (1957).  The main difference 

is that, Kunii and Smith (1960) considered  the conductive heat transfer in the fluid 

phase of the packed bed.  Therefore, their general model included conduction and 

radiation through the fluid phase in parallel with conduction in the solid phase, heat 

transfer through the contact surface between solid particles as well as conduction and 

radiation through the stagnant fluid film near that contact surface.  All radiation heat 

transfer was considered taking place through a nonabsorbing fluid.  Equation (2-3) 

presents the result of their analysis. 
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(2-3) 
 

In Equation 2-3, δ is the ratio of the effective distance, in the direction of heat 

transfer, between the centers of two solid neighboring particles to their diameter.  δ 

should vary between 0.9 and 1 for most packed beds.  The parameter φ in Equation 2-3 

accounts for the ratio of the fluid film thickness between touching particles to their 

diameter. Kunii and Smith (1960) also provided a theoretical equation to calculate φ.  

The predictions obtained from their equation for static effective thermal conductivity 

were compared with success against experimental data for a large range of particle 

sizes and thermal conductivities of both solid and fluid phases. 
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Krupiczka (1967) presented an empirical correlation for the effective thermal 

conductivity of granular solids in an immobile fluid (gas or liquid).  The correlation did 

not take into account convection and radiation heat transfer.  To obtain its final 

correlation, Krupiczka (1967) started by analytically solving the one-dimensional heat 

transfer for two models: one made of cylinders (ε = 0.215) and one made of spheres 

(ε = 0.476).  Both cylinders and spheres were analyzed in a simple cubic packing 

arrangement.  The author then studied the same models but for multidimensional heat 

transfer.  He solved the corresponding Laplace equation using nonorthogonal series 

and obtained a more exact solution.  Considering the fact that all solutions displayed a 

similar character, the author developed a simpler model that matched his theoretical 

solutions as well as other published experimental data.  The result was a general 

correlation that is a function of the ratio of the thermal conductivity of the solid and fluid 

phase as well as the porosity of the medium (Equation 2-4). 
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It is important to mention that Equation 2-4 is valid for multidimensional heat 

transfer.  Furthermore, Kaviany (2002) suggested that Krupiczka's correlation (Equation 

2-4) can be used with solid-solid composites. 

In a series of two papers published in 1978, Bauer and Schlünder (1978a; 1978b) 

presented an effective thermal conductivity for packed columns that results from the 

addition of two independent parts.  The first part is a function of the fluid and flow and 

takes into consideration the convective heat transfer effect correlated using the Péclet 

number.  For the second part of the effective thermal conductivity, the author used 
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Zehner's model, which handled the contribution of conduction heat transfer in both the 

fluid and solid phases as well as radiative effects.  Tsotsas and Martin (1987), Hsu et al. 

(1994), Hsu et al. (1995), Gupta et al. (2002) also used Zehner type models which they 

refered to as Zehner-Bauer or Zehner-Schlünder models.  The approach used to 

develop Zehner type models was similar to the one adopted by Kunii and Smith (1960), 

but the domain of the unit cell was cylindrical instead of rectangular.  Zehner's model 

also included a deformation parameter that allowed an adjustment of the solid particles 

from a spherical to a more elongated of flattened geometry.  In addition, Bauer and 

Schlünder (1978b) provided parameters for Zehner's model that include the influence of 

pressure (Smoluchowski effect), oxide layer, contact surface area and non-

monodispersed packing.  Neglecting the Smoluchowski effet, Zehner's model is given 

by Equations 2-5 to 2-8.  The coefficient φ accounts for the flattening of the particles and 

it must be obtained from experimental data.  Therefore, ϕ is zero for an arrangement of 

perfect spheres with contact points and no contact surfaces. 
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Hsu et al. (1994) discussed the Zehner-Schlünder model and mentioned that it 

underpredicts the static effective thermal conductivity for large conductivity ratios (ks/kf). 

They postulated that the errors in the model prediction were caused by the fact that the 

model did not include a finite contact surface between solid particles. The authors 

modified the Zehner-Schlünder model by including a "deformed" factor that creates the 

desired contact surface between the solid particles.  They also suggested a correction 

for the correlation of the deformation factor presented in Equation 2-8 (Equation 2-9). 
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𝛾
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(2-9) 

Even though the authors adopted a different approach, the model obtained by Hsu 

et al. (1994) is in the end very similar to the Zehner type models presented by Bauer 

and Schlünder (1978b) and Tsotsas and Martin (1987) where particles' deformation and 

the contact surface between particles are accounted for by B and φ respectively 

(Equation 2-5). 

In a subsequent article, Hsu et al. (1995) studied the static effective thermal 

conductivity using a thermal resistance network approach on two-dimensional arrays of 

in-line squares and circular cylinders as well as three-dimensional arrays of in-line 

cubes.  For each geometry, cases with and without contact between the objects in the 

arrays were studied.  They found good agreement with experimental data, particularly 

for the model of in-line touching cubes and data on packed bed of spherical particles.  

Bauer and Schlünder (1978b) also discussed the effects of the increase in porosity 

near a wall on the static thermal conductivity of a system.  They highlighted the fact that 

the higher porosity near the wall resulted in a decrease of the number of contact points 

and also in a modification of the geometrical structure of the bed that, respectively 
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contributed to decrease conduction and to increase radiation heat transfer.  They 

concluded that since the opposite effects on conduction and radiation heat transfer were 

of the same order of magnitude, the global influence of the change in porosity near wall 

on the effective thermal conductivity could be disregarded.  Most studies disagreed with 

Bauer and Schlünder (1978b) on the subject, particularly if the dimensions of the 

domain were not significantly larger than the particle size. 

Laguerre et al. (2008) studied transient heat transfer by free convection in a 

packed bed of spheres using two modeling approaches and experimental data.  A 

packed bed (porous media) approach and a CFD approach were selected for the study.  

The experimental data was collected using hollow PVC spheres filled with an aqueous 

gelatin.  For the packed bed approach, the authors used a two-temperature (two-phase) 

model. Equations 2-10 and 2-11 were used for the convective heat transfer coefficient 

at the surface of the spheres and at the wall (in presence of spheres),, respectively.  

𝑁𝑢 = 2 + 1.09𝑃𝑟
1
3𝑅𝑒0.53         𝑅𝑒 ≤ 400     𝑃𝑟 ≈ 0.71 

 
(2-10) 

𝑁𝑢𝑤 = 1.56𝑃𝑟
1
3𝑅𝑒0.42 

 
(2-11) 

The effective thermal conductivity used in the solid phase energy equation was the 

sum of two terms representing the conductive and radiative contributions 

(Equations 2-12 to 2-14).  The temperature in Equation 2-14 is in Kelvin. 
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For the CFD approach, the Boussinesq approximation was used for buoyancy.  

Even though both modeling approach provided results in agreement with the 

experimental data, the authors concluded that the packed bed approach was best.  The 

authors also mentioned that the difference in temperature between the center and the 

surface of the spheres could not be neglected.  According to the example from the 

packed bed approach presented in the article, that difference was less 0.5°C.  Such a 

difference should be negligible, considering the errors associated with convective heat 

transfer coefficients and the thermal properties of the system.  Furthermore, if the 

results are compared to experimental data, the accuracy of the thermocouple readings 

and the error associated with their positions are both of the same order of magnitude. 

2.2.2 Models Applied to Boxed or Bulk Produce 

Baird and Gaffney (1976) developed a numerical procedure to study heat transfer 

in bulk loads of fruits and vegetables during forced air precooling operations.  Because 

of the relatively high cooling rates associated with forced air precooling, the authors 

neglected heat generation and heat transfer through direct contacts between adjacent 

produce.  As part of the model the authors first used a finite difference approach to 

calculate the transient temperature variations within individual homogeneous spherical 

produce without heat generation.  To calculate the transient temperature variations as a 

function of the position of in the bed, the authors calculated the total heat transfer 

between the air flowing through finite layers of independent spherical produce.  As the 

air flows through a layer, it was assumed that its temperature was constant and that the 

air properties and convective heat transfer coefficient at the surface of each horticultural 

products was also constant and uniform.  The convective heat transfer coefficient used 

in the model was obtained by optimizing the results of the model to experimental data 
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obtained from test conducted with oranges and grapefruits.  The authors considered the 

calculated convective heat transfer coefficient as an effective coefficient since it 

accounted in part for factors not included in the model such as shape factors, 

evaporative cooling as well as conduction heat transfer between produce.  The authors 

nondimensionalized the effective heat transfer coefficient using the Nusselt number to 

obtain a correlation in function of the Reynolds number (Equation 2-15). 

𝑁𝑢 = 1.17𝑅𝑒0.529 
 

(2-15) 
 

Equation 2-15 was based on fruit diameters between 0.072 and 0.107 m and air 

velocities ranging between 0.05 to 2.03 m/s. 

Talbot (1987) mainly studied the three-dimensional velocity and pressure fields 

during the forced air precooling of bulk oranges and oranges packed in containers.  He 

found that the change in porosity near the walls of a container was important for the flow 

analysis.  Talbot (1987) used the model developed by Baird and Gaffney (1976) to 

describe the heat transfer in the studied systems.  The main difference between the two 

studies is that Baird and Gaffney (1976) assumed a one-dimensional plug flow whereas 

Talbot (1987) used a three-dimensional flow with the velocity and pressure distributions 

calculated from a finite element porous media flow analysis. 

Bellagha and Chau (1985) improved the model introduced by Baird and Gaffney 

(1976) by including in the numerical procedure the contribution of heat generation and 

evaporative cooling, due to transpiration at the surface of produce.  Bellagha and Chau 

(1985) used their model to study heat and mass transfer during the cooling of tomatoes 

individually and in bulk.  The authors assumed constant homogenous thermal properties 

for the fruit, except for the respiration, which was a function of the temperature.  The 
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heat transfer through contact surfaces between fruit was neglected.  The model 

included the heat transfer within each fruit as well as between the fluid and the fruit.  

Good agreement was obtained between model simulations and experimental data for 

both individual and bulk tomatoes of different sizes.  The authors also found that 

transpiration and respiration had negligible effects for rapid cooling of tomatoes. 

To simulate cold room cooling of horticultural products, Bazan (1989) (see also 

Bazan et al. (1989)) developed a three dimensional numerical heat transfer model for a 

simple cubic packing arrangement of spherical fruit in closed boxes.  A simple cubic 

arrangement was selected because of the porosity and the number of contact points on 

a fruit are almost the same as for random packing.  The model included the effect the of 

heat conduction in the air and through the contact surface between fruit as well as the 

effect of natural convection.  The thermal contact resistance between the fruit was 

neglected.  The contribution of evaporative cooling at the surface of the fruit was 

neglected but the internal heat generation associated with the metabolism of the fruit 

was included as a function of the temperature.  The domain was discretized in cubic 

volume elements, each containing one fruit.  Each fruit was also divided into three 

concentric spherical shell elements.  To model the effect of natural convection the 

author used the Boussinesq approximation combined with the Darcy flow through 

porous media.  Equation 2-16 was used to describe the heat transfer between the fruit 

surface and the surrounding air (Holman, 1986). 

𝑁𝑢𝐷 = 2 + 0.43𝑅𝑎𝐷
1
4  

 
(2-16) 

 
 The author obtained good results with the model.  In addition to the simple cubic 

packing arrangement, the model was also used to predict the temperature in a random 
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packed boxes.  Using adjusted values of contact area and packing density, good results 

were also obtained.  Experimental and numerical results corroborated the fact that very 

small temperature gradients exist within the fruit.  In the core region of the bin, the 

surface temperature gradients were found to be small which increased the influence of 

the conductive heat transfer through the contact surface between fruit. 

In his dissertation, Beukema (1980) studied the effects of natural convection on 

heat and mass transfer during the cooling and storage of agricultural products.  

Beukema's work was also summarized in a series of two papers, Beukema et al. (1982) 

and Beukema et al. (1983).  Beukema (1980) presented different heat and mass 

transfer models.  First, the author discussed a general one-dimensional model as well 

as one and two-phase models to describe heat transfer in porous medium with pervious 

boundaries in the direction of the flow.  Secondly, the author introduced the heat and 

mass Storage with Natural Convection model, or SNC-model.  The heat transfer part of 

the model is a cylindrical two-phase model, two-dimensional in the product phase, and 

one-dimensional in the air phase.  Among the assumptions that were made, the SNC-

model neglected the conduction in the air phase as well as the accumulation of energy 

in the air, in comparison to the convective energy transport (pseudo steady state).  The 

heat transfer through the contact surface of two agricultural products was also assumed 

to be negligible.  The effects of heat generation and evaporative cooling at the surface 

of the produce were included in the model.  The author used a static thermal 

conductivity in the axial direction whereas for the radial direction the thermal 

conductivity was given as the sum of the same static thermal conductivity and a 

dynamic component function of the air velocity.  Very few details were provided 
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regarding the calculation of the static thermal conductivity used by the author.  Even 

though the heat diffusion term was not present in the energy equation of the air phase, 

and that the author specifically mentioned otherwise, it seems highly probable based on 

the available information that the heat conduction in the air was included in the static 

thermal conductivity used in different models of the study.  

Equations 2-17 and 2-18 are correlations from Bird et al. (1960) that were used by 

Beukema (1980) for the convective heat transfer coefficient between the solid and fluid 

phase. 

𝑁𝑢 = 2.27(1 − 𝛾)0.51𝑅𝑒0.49𝑃𝑟0.33         (13 < 𝑅𝑒 < 180) (2-17) 
 
𝑁𝑢 = 1.27(1 − 𝛾)0.41𝑅𝑒0.59𝑃𝑟0.33         (𝑅𝑒 > 180) 
 

(2-18) 

 The author solved the transient coupled heat and mass transfer governing 

equations using finite difference techniques and analyzed the influence of different 

parameters.  Among their findings was the relatively large influence of the porosity on 

the temperature distribution and the buoyancy driven flow.  Model simulations and 

experimental data with potatoes and artificial products agreed well. 

In addition to the SNC-model, Beukema (1980) developed a transient heat transfer 

three-dimensional natural convection model in a porous medium with heat generation 

for a closed rectangular container.  The one-phase heat transfer model did not include 

the effect of produce transpiration.  The Boussinesq approximation and the Darcy term 

were used in the momentum equation. The solutions of the model for the temperature 

and velocity fields were obtained using numerical methods.  Again, good agreement 

with experimental data was obtained. 
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The solid phase arrangement was not taken into account in any of the models 

presented by Beukema (1980) since he did not consider any heat transfer through the 

contact surface between produce. 

Tanner (1998) and Tanner et al. (2002a; 2002b; 2002c) developed a generalized 

computer-based model to predict cooling rates and mass loss of various horticultural 

products and packaging systems.  The model also predicted local in-pack relative 

humidity and packaging material moisture content.  For their model, the domain of the 

system being investigated was divided into several rectangular zones.  Each zone was 

then represented by a combination of three main components: product, air (cooling 

medium) and packaging.  Sub-models were established from energy and mass 

balances to describe the energy and mass content of components within a zone as well 

as for intra and inter-zone transfers of energy and mass.  For their heat transfer model, 

the contact resistance for product-product and product-packaging contact was assumed 

to be 0.015 W/(m² K).  Regarding natural convection, the author mentioned that for 

typical fruit packages and cooling conditions, the Raleigh number was less than 2000 

which indicates that natural convection is small.  Consequently, the effect of natural 

convection could be described as pure conduction in the fluid phase (Tanner, 1998; 

Holman, 1986).  In order to estimate the fluid velocity profiles in different packaging 

systems, Tanner (1998) used a CO2 trace pulsing technique.  The heat transfer model 

was tested using experimental cooling data for apples and pears with different 

packaging configurations.  The experimental data were collected from different 

independent sources.  For most simulations, the authors defined the zones as volumes 

that enclosed individual fruit.  In general, the model provided good results except for 
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palletized boxes for which differences between the model predictions and the 

experimental data were more important.  Tanner (1998) concluded that the observed 

discrepancies were most likely caused by inaccurate model input data. 

Alvarez and Flick (2007) wanted to develop a model that could eventually be used 

to study forced air precooling of fresh fruits and vegetables.  The authors chose to use a 

semi-empirical macro-porous media approach to describe two-dimensional turbulent 

flow and heat transfer is stack of spheres.  Among the assumptions made by the 

authors were an isotropic porous medium domain, one-dimensional radial temperature 

variation in the solid spherical products and negligible evaporative cooling.  After 

obtaining the velocity and turbulence intensity in the domain, the authors numerically 

solved the heat transfer equation for the product and the air using a finite volume 

method.  The experimental and simulated results were in good agreement.   

2.2.3 Models Applied to Air Transport 

Villeneuve et al. 2001 developed a mathematical model to predict transient heat 

transfer in a LD3 aircraft container.  The authors neglected air movement inside the 

container and modeled the load inside the container as pure conduction inside a porous 

medium.  The thermal conductivity was weighted as a function of the respective 

volumetric fraction the boxes, products and air inside the container.  The authors 

modeled the radiative heat transfer on the outside of the container by considering direct 

and diffuse solar radiation taking into consideration the geographical latitude and 

longitude, the elevation above sea level, solar hour angle, solar declination, solar 

azimuth, wall azimuth and inclination, sky point of cloudiness, optical and thermal 

properties of the outside surface of the ULD.  The outside convective heat transfer 

coefficient was calculated from the wind speed and direction and the Nusselt number 
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correlation for laminar flow over a flat plate.  Results from the model were compared 

with experimental temperature data obtained from an aluminum and also a clear plastic 

container.  The solar radiation component was closely predicted by the model and also 

recognized to be a major factor during ramp operations.  They also concluded that their 

conduction model underestimated the heat transfer in the core of the load and that 

further investigation was needed. 

Through collaboration with KLM Cargo, Oskam et al. (1998) conducted a study to 

develop a model for the environmental conditions influencing the quality of perishables 

during flights, particularly fresh cut flowers.  For their pure conductive finite element 

transient model with uniform heat generation, they used a weighted average for the 

density and the specific heat as well as an effective thermal conductivity.  Stating 

symmetry, they selected half of the aircraft pallet of flowers as the domain.  They 

assumed convection and radiation on the top and sides of the aircraft pallet and 

neglected heat transfer at the bottom and at the plane of symmetry.  Neglecting the heat 

transfer on the bottom surface of a pallet could be considered as a questionable 

assumption since the boxes of flowers sit directly on a highly conductive aluminum 

pallet.  It was reasonable to assume symmetry with respect to the center of the pallet 

because their model was developed for a Boeing 747 aircraft, in which the air was 

delivered symmetrically from the ceiling of the hold.  However, for several Airbus 

models air delivery and return are positioned on the opposite sides of the cargo 

compartment, precluding the use of symmetry as a boundary condition (Émond et al. 

1999).  In order to test their model, Oskam et al. (2001) also gathered experimental 

temperature data in an actual flower shipment.  They noticed the important effect of 
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solar radiation during ramp operations.  Their results also showed that the model they 

developed underestimated the heat transfer within the load and that an adjustment on 

the effective thermal conductivity could be beneficial.  The authors did not directly 

provide any information regarding the calculation of the effective thermal conductivity 

used in their model.  However, the authors referred to an article by Wang et al. (1995) in 

which the effective thermal conductivity was calculated from the effective heat 

conduction area.  Wang et al. (1995) mentioned that their calculations took into account 

the average diameter and length of the stem, the average diameter, thickness and 

number of leafs per flower as well as the number of flowers in the box. No further details 

were provided. 

Amos and Bollen (1998) developed a mathematical heat transfer model to predict 

transient temperature variations within an aircraft pallet loaded with crates of asparagus.  

These crates had a trapezoidal shape and therefore created large air gaps in the load.  

The authors selected a multi-zone approach instead of a simpler conductive model in 

order to effectively take into account the effect of natural convection in the air gaps 

between crates.  Product zones were considered as lumped-systems with an overall 

heat transfer coefficient based on the thermal conductivity of adjacent zones, geometry 

and convective heat transfer coefficients.  Effective specific heat and density were 

calculated based on the proportion of asparagus and air in the product zones.  Heat 

generation was also included in their model.  Air zones were also considered as 

lumped-system but without any heat generation.  Heat transfer between adjacent air 

zones was calculated using an empirical effective thermal conductivity based on natural 

convection within enclosures.  The model predicted well the temperatures in lower and 
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center region of the load but underestimated the temperatures in the upper regions.  

The model showed a high sensitivity with respect to the heat generation term.  To 

complement their heat transfer analysis, the authors also discussed the quality and 

shelf life of the asparagus and the economics associated with the use of different 

insulated covers and refrigerants. 

2.2.4 Computational Fluid Dynamics 

Instead of using effective properties to represent transport phenomena in a packed 

beds or porous media, CFD models use a direct approach to numerically solve the 

governing momentum, energy and mass equation through the entire domain or through 

a periodic unit cell.  CFD models require significant computer power, particularly in the 

case of packed bed and porous media for which intricate geometries must be meshed.  

In the case of large systems, CFD models are still not convenient for practical or 

commercial applications, even considering the latest innovation in computer 

technologies.  However, such models are still important and useful to scientists to get a 

better understanding of the physics and therefore to calculate and develop better 

effective property models.  Several studies focusing on agricultural, food or chemical 

applications have been published on the subject and among them are those by 

Logtenberg and Dixon (1998), Logtenberg et al. (1999), Nijemeisland and Dixon (2001), 

Verboven et al. (2001), Nijemeisland and Dixon (2004), Verboven et al. (2004), Dixon et 

al. (2005), Gunjal et al. (2005), Verboven and Nicolaï (2005), Chourasia and Goswami 

(2006), Smale et al. (2006), Verboven et al. (2006) and Delele et al. (2008). 
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Figure 2-1. Heat transfer mechanisms in packed beds. 
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CHAPTER 3 
MATERIAL AND METHODS 

3.1 Laboratory Tests 

The main objective of the laboratory tests was to measure air and pulp 

temperatures at several locations in loads of refrigerated horticultural products exposed 

to a stepwise change in ambient temperature.  Cold fruit were moved to a warmer 

environment for a fixed period of time and then moved back to the cold room.  This was 

done to simulate situations where products in cold storage are taken out on a loading 

dock or other non-refrigerated environments.  Oranges were selected for the tests 

because of their availability, their geometry and also their extended shelf life, even in 

harsh testing conditions.  Laboratory tests were conducted on two levels: on single 

boxes of oranges as well as on a loaded aircraft container (with boxes of oranges).  

Detailed temperature mapping was done at the single-box level, whereas coarser 

mapping was applied to the aircraft container. 

3.1.1 Monitoring Equipment 

Air and pulp temperatures were monitored using 3.66 m long 24 AWG Special 

Limits of Error (SLE) type-T thermocouple wire (Omega Engineering, Inc. Stamford, 

CT).  A CR10X data logging system equipped with a CR10XTCR thermocouple 

reference thermistor was used to read and record the temperature measurements.  Up 

to three AM416 relay multiplexers, each with 48 single-ended thermocouple inputs, and 

one SM4M storage module (two million data points) were also used to increase the 

monitoring and data storage capacity of the system,, respectively.  The data logging 

system as well as the multiplexers and storage module were all manufactured by 

Campbell Scientific, Inc. (Logan, UT).  The accuracy of the thermocouples with the data 
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logging systems was ±0.5°C.  The accuracy of the thermocouples was verified in an 

agitated ice bath before each experimental set-up. 

3.1.2 Single-Box Tests 

For all tests, the experimental set-up presented in Figure 3-1 was used.  The data 

logging equipment was placed inside an insulated box to reduce the heat transfer and to 

minimize temperature gradients on the equipment and ensure good thermocouple 

readings.   A plastic film was installed directly on top of the wooden pallet (1.016 m by 

1.219 m) as well as on all sides and top of the experimental set-up in order to block the 

convection associated with the ventilation system of the refrigerated rooms.   

Two refrigerated rooms (Environmental Growth Chambers, Chagrin Falls, OH) 

were used for the tests.  Each of the rooms was programmed using the TC2 

microcontroller system to provide a constant temperature.  One of the rooms was 

maintained at a low temperatures whereas the other was maintained at a high 

temperature.  Temperature set points varied slightly between the different series of tests 

but remained constant throughout a given series.   

At the beginning of the test, the experimental set-up was swiftly moved 

(approximately 1 min) from the cold chamber to the warmer one, exposing the 

experimental set-up to the desired stepwise change in temperature.  The experimental 

set-up was maintained in the warmer environment for a period of 7 h for the first series 

of tests and 15 h for the second and third series.  The box of produce was then cooled 

down until the pulp temperatures were uniform and steady.  Three replications were 

completed for each series of tests. 

For all measurements of pulp temperatures, the thermocouple was first fed entirely 

through the fruit and then its tip was reinserted at the desired position in the fruit.  This 
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technique helped to secure the thermocouple in place and also decreased the potential 

reading errors caused by heat conduction along the thermocouple wire between the tip 

and the section of the wire exposed to the air. 

3.1.2.1 First series of tests 

Produce and packaging. Commercially harvested Hamlin oranges were used for 

these tests.  A total of 125 oranges were pattern-packed in a vented fully telescopic 

corrugated fiberboard box (Figure 3-2).  Five layers of 25 fruit were packed in a 

staggered arrangement as shown in Figure 3-3. The box had a length of 0.429 m, a 

width of 0.266 m and a height of 0.247 m (interior dimensions).  The pattern-packed fruit 

occupied the entire interior volume of the box. 

For this series of tests, the size of all 125 oranges was determined by measuring 

their diameters in two different orientations with respect to the stem-end axis: parallel 

and perpendicular.  All diameters were measured using a digital caliper, model 500-196, 

manufactured by Mitutoyo (Aurora, IL).  The accuracy of the caliper was ±0.02 mm.  

The mass of each orange was also measured using a Scout Pro SP 2001 digital scale 

(Ohaus Corporation, Pine Brook, NJ).  The scale had an accuracy of ±0.0001 kg.  The 

bulk porosity of the oranges was obtained by subtracting the total volume of the 125 

oranges (based on their average dimension) from the internal volume of the corrugated 

fiberboard box.  The average diameter of the oranges was calculated at 0.0668 m 

(s = 0.0025 m), the average mass at 0.1549 kg (s = 0.0158 kg) and the bulk porosity at 

0.315. 

Instrumentation and methodology.  A total of 100 thermocouples was used to 

monitor the temperatures during the tests.  For each wall of the box, a thermocouple 

was affixed using aluminum tape on the internal and external surface.  Thermocouples 



 

59 

were positioned in the center of each of the surface.  The height of the thermocouple 

corresponded to the center of the third layer of fruit.  In addition to the box surface 

temperatures, a thermocouple was also used to measure the air temperature 

approximately 0.03 m from the external surface of each wall of the box.  In order to 

measure the air temperature near the bottom surface, the box was positioned on two 

blocks of wood with height and width of approximately 0.09 m and 0.04 m,, respectively 

(Figure 3-1).   

Pulp temperatures were measured at a half-radius distance.  Every other orange 

was instrumented in layers 1, 2, 4 and 5, whereas all oranges in layer 3 were 

instrumented.  There were three fruit (1, 63 and 125) for which the temperatures were 

not only measured at the half-radius, but also at the center of the fruit and in the air 

surrounding the fruit.  Figure 3-4 identifies the instrumented fruit, shows the location of 

thermocouples and also defines the orientation of the box with respect to the x and y 

axes.  The origin of the coordinate system was located at the intersection of the front, 

bottom and left surfaces (Figure 3-4).  The z-axis, which is not represented in 

Figure 3-4, had its positive direction pointing from the bottom surface to the top surface.  

The identification number of the oranges increased in the positive direction of the x, y 

and z axes.  The layer number also increased from 1 to 5 in the positive z direction, 

layer 1 being the bottom layer and layer 5 the top layer.  Temperatures were recorded 

at intervals of five minutes.  For this series of tests the stepwise temperature change 

was from 2.5°C to 35.0°C. 

3.1.2.2 Second series of tests 

Produce and packaging.  For this series of tests, store bought Navel oranges 

were used.  A vented fully telescopic corrugated fiberboard box was filled with a total of 
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42 fruit distributed in three layers according to the staggered arrangement shown in 

Figure 3-5. In this case, the interior dimensions of the box were 0.380 m of length, 

0.270 m of width and 0.244 m of height.  The pattern-packed fruit did not occupy the full 

volume of the box; there was a small gap of 0.03 m between the top of the third layer of 

fruit and the interior surface of the lid.  The dimensions and masses of the fruit, as well 

as the bulk porosity were obtained using the same equipment and method as for the 

first series of tests (Section 3.1.2.1).  The oranges had an average diameter of 0.0834 

m (s = 0.019 m), an average mass of 0.2605 kg (s = 0.0209 kg) and a bulk porosity of 

0.425. 

Instrumentation and methodology.  A total of 80 thermocouples were used for 

this series of tests.  On the exterior and interior surfaces of each wall, thermocouples 

were again installed and kept in place using aluminum tape.  In addition, on each of the 

four lateral surfaces of the box, a thermocouple was installed in the air gap between the 

bottom part of the box and the lid (Figure 3-2).  The external air temperature was 

measured at approximately 0.03 m from each of the six surfaces of the box.  Wall 

surface temperature and external air temperature were all measured in the center of 

each surface (including bottom surface).  Figure 3-6 shows the x and y coordinate axes 

used to describe the system as well as the identification numbers of the fruit and the 

positions of the thermocouples located in the pulp of the fruit or in the air surrounding 

the fruit.   

As was the case for the first series of tests, the origin of the system of coordinates 

was located at the intersection of the front, left and bottom surfaces.  The z-axis, which 

is not shown in Figure 3-6, pointed in the direction going from layer 1 (bottom layer) to 
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layer 3 (top layer). As a result, fruit identification numbers increased in the positive 

direction of any coordinate axis.  The pulp temperature was measured at the half-radius 

location of each of the 42 fruit.  For fruit 1, 23 and 42, pulp temperatures were 

measured at the half-radius location, at the center and approximately 0.001 m 

underneath the surface.  These three thermocouples were positioned rectilinearly as 

shown in Figure 3-6.  In addition to the three pulp temperatures, the temperatures of the 

air surrounding fruit 1, 23 and 42 were measured.  Air temperatures just below fruit 35 

and 40 and just above fruit 34 were also measured (Figure 3-6).  Temperatures were 

recorded at intervals of five minutes.  For this series of tests the stepwise temperature 

change was from 3.0°C to 25°C. 

3.1.2.3 Third series of tests 

Produce and packaging.  The corrugated fiberboard box used in the second 

series of tests (Section 3.1.2.2) was used again but this time a smaller size of Navel 

oranges was selected.  A total of 72 fruit evenly distributed on four layers were needed 

to fill the box in the staggered arrangement shown in Figure 3-7.  The dimension and 

mass of each orange, as well as the bulk porosity were obtained using the same 

equipment and method as for the previous series of tests.  The average diameter, mass 

and bulk porosity were measured to be 0.0728 m (s = 0.027 m), 0.1879 kg 

(s = 0.0178 kg) and 0.420,, respectively. 

Instrumentation and methodology.  Temperatures were monitored by 96 

thermocouples.  Wall surface temperatures were measured on the inside and outside of 

the box with thermocouples affixed in the center of each surface using aluminum tape.  

The external air temperature was once again measured at a distance of approximately 

0.03 m from the center of each face of the box. 
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Figure 3-8 shows the fruit identification numbers and a system of coordinates that 

was defined as for the first and second series of tests (Section 3.1.2.1 and 3.1.2.2).  In 

addition, the locations where pulp and air temperatures were measured inside the box 

are indicated in Figure 3-8.  The pulp temperature of each fruit was measured at the 

half-radius location.  Fruit 1 was the only fruit for which the pulp temperature was 

monitored at multiple locations.  For this fruit, thermocouples were installed at the 

center, at a half-radius distance and just under the surface of the fruit (Figure 3-8).  

Inside the box, air temperatures were measured near the surface of fruit 1, 43, 45 and 

72.  A time interval of five minutes was selected to monitor the temperatures.  A cold 

room at 1°C and another at 25°C were used to create the stepwise change in ambient 

temperature for the tests. 

3.1.3 Aircraft Container Tests 

3.1.3.1 Produce and packaging 

The aircraft container that was used for this series of tests was a LD3 ('LD' stands 

for lower deck) also known as an AKE (without forklift holes at its base). The different 

parts of the container and its internal dimensions are presented in Figure 3-9.  The 

internal volume of an LD3 container is approximately 4.15 m³. The container, 

manufactured by Alcan (Singen, Germany), had an aluminum frame, and all walls 

except for the front wall, where the door is located, were made of thin aluminum sheets 

(0.0005 m).  On the front wall, the door was made of sturdy waterproof fabric and the 

remaining part was made of thin, clear polycarbonate plastic. The bottom part of the 

container was made of a 0.013 m thick sheet of aluminum.  

This type of aircraft container is widely used because it can be flown on cargo, 

combi and passenger aircraft, and also because it is compatible with wide-body aircraft 
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from different manufacturers including Boeing, Airbus, McDonald Douglas and 

Lockheed.  It is mainly because of its popularity in the industry and its geometrical 

compatibility with the experimental load that the LD3 aircraft container was selected.   

For the tests, the aircraft container was loaded with a total of 88 boxes of oranges.  

The boxes and the fruit were the same as those described in Section 3.1.2.1.  Each box 

contained 125 fruit in a staggered arrangement of 5 layers (Figure 3-3).   The fruit 

dimensions and weights were measured using the same method as for the single-box 

tests (Section 3.1.2.1).  Their average diameter and mass were measured to be 

0.0683 m (s = 0.0024 m) and 0.1598 kg (s = 0.0144 kg),, respectively.  The bulk 

porosity was calculated at 0.290. 

3.1.3.2 Instrumentation and methodology 

The temperature distribution inside the aircraft container was monitored by a total 

of 144 thermocouples.  Inside the load of fruit, the pulp and air temperatures were 

monitored.  Inside each of the 88 boxes, the pulp temperature of fruit 63 located in the 

center of the box (Figure 3-4) was measured.   Pulp temperatures were also monitored 

at 32 additional locations in the load as shown in Figure 3-10.  All boxes of oranges 

were placed such that their orientation (front, back, left and right sides as defined in 

Figure 3-4) matched the orientation of the aircraft container (Figure 3-10).  All 

thermocouples used to measure pulp temperatures were installed at a half-radius 

distance to the left side (negative x-direction in Figure 3-4) of the center of the orange.  

Outside the load, the surface temperature of the inside walls of the container, the air 

temperature between the walls of the container and the load as well as the surface 

temperature of the exterior of the load were also monitored (Figure 3-10).  For the 

bottom interior surface of the container, one thermocouple was located at the center of 
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the surface underneath the load.  For the interior top surface, one thermocouple was 

again placed at the center of the surface and another in the air gap between the load 

and the top of the container.   Thermocouples used to measured surface temperatures 

were maintained in place with aluminum tape.  There were six layers of boxes in the 

container (Figure 3-10).  Because of the unique geometry of a lower deck aircraft 

container, the first two layers contained 12 boxes, whereas there were 16 boxes in the 

four remaining layers.  The space in the bottom left corner was filled with a wooden 

wedge structure that allowed uniform stacking (Figure 3-11).  The air gaps between the 

load and the walls of the aircraft container varied from 0.05 to 0.10 m.  The wedge 

structure was filled with insulated foam to minimize heat transfer at this location.   

A refrigerated marine container was used as a temperature-controlled room to 

accommodate the large size of the aircraft container.  The aircraft container was 

positioned such as its front side (Figure 3-10) faced the doors of the marine container.  

Even though the aircraft container was never moved during the tests, it was set on a 

standard wooden pallet (1.016 m by 1.219 m) in case of that eventuality.   The 20-foot 

insulated marine container manufactured by Shanghai Reeferco Container Co. LTD 

(Shanghai, China) was equipped with a t-beam floor and a Thermo King Magnum® 

refrigeration unit (Thermo King, Minneapolis, MN).  The refrigeration unit can maintain a 

constant temperature within the range of -35°C to 30°C and had a refrigeration capacity 

of 11.2 kW at 1.7°C.   

The initial goal of this series of tests was to expose the fully loaded container to a 

stepwise change in temperature as was done for the single-box tests.  However, since 

the loaded aircraft container could not be moved easily, the change in environmental 
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temperature was created by changing the temperature set point of the refrigeration unit 

from 3°C to 30°C.  For each test, it took 30 min for the supply air of the refrigeration unit 

to change from 3°C to 30°C.   

For the series of tests conducted with that experimental set-up, the aircraft 

container loaded with boxes of oranges was exposed to 30°C for a period of 8 h.  Three 

replications were conducted.  Between the tests, the fabric door of the aircraft container 

was opened and a fan was used to help cool down the load to 3°C.  Tests started only 

when the temperatures in the load were uniform and steady.  The data acquisition 

system was located inside the marine container in an insulated box.  A communication 

cable connected to the data acquisition system was fed outside the marine container 

through a drain hole to monitor the progress of the experiments and to collect data. 

3.2 Air Transport Tests 

The objective of the air transport tests was to gather in-flight pressure and 

temperature data in a fully loaded LD3 aircraft container to complement the data already 

obtained in the laboratory with the same type of aircraft container.  The tests were 

conducted on six international flights in collaboration with a partner airline.  As can be 

imagined, there were several limitations associated with conducting such experiments.  

First, real horticultural products could not be used because of issues with customs 

clearance and agricultural inspections associated with this type of commodity.  Using 

horticultural products would have caused delays and put the experiments at risk. Also, 

the boxed products were used for multiple flights as being well as loaded and unloaded 

on several occasions to collect experimental data.  Therefore, rough handling conditions 

associated with air transportation were expected to cause mechanical damage to the 
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fruit and their typical packaging system (corrugated fiberboard boxes) once again 

potentially hindering the experiments.   

3.2.1 Product and Packaging System 

For the in-flight tests, it was decided that the best solution was to use 

commercially available water bottles rather than horticultural products.  The bottles that 

were selected (Aquapod, Zephyrhills Water, Wilkes Barre, PA) held 325 mL of water 

and had an orblike shape that resemble a fruit (Figure 3-12). 

The mass of 72 randomly selected water bottles was measured and the average 

was calculated at 0.3445 kg. Their average volume was measured at (35 ± 1) × 101 mL.  

The volume of the water bottles was obtained by volume displacement in a 2000 mL 

graduated cylinder (Nalgene, Rochester, NY).  Because of the harsh handling 

environment associated with air transportation the water bottles were packed in 

collapsible reusable plastic containers (RPCs) instead of corrugated fiberboard boxes 

(Figure 3-13).   

The RPCs (model Smart Crate GP 6419) were manufactured by IPL (Saint-

Damien, Québec, Canada).  The internal and external length, width and height, as 

provided by the manufacturer were, respectively 0.5746 m, 0.3746 m, 0.1868 m and 

0.6000 m, 0.4000 m, 0.2030 m.  An interesting feature of the RPC is that they interlock 

and offer better stability than traditional fiberboard boxes.  To further increase the 

stability of the load and minimize shifting during handling operations, the RPCs in each 

layer of the load were tied together using cable ties.   

The mass of an empty RPC was 1.74 kg.  Each RPC used in the test contained 72 

water bottles distributed in a staggered arrangement with three layers of 24 units 

(Figure 3-14).  Each RPC filled with water bottles had a total mass of approximately 
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26.5 kg.  Using the internal dimensions of the RPCs and the total volume of the 72 

water bottles, the bulk porosity within a single RPC was calculated at 0.383.  The 

calculations accounted for the presence of air in the water bottles.  A total of 50 RPCs 

(1325.0 kg) were needed to fill the aircraft container.  The LD3 aircraft container 

(Driessen, The Netherlands) used for the tests had the same dimensions as the one 

used for the tests conducted in laboratory (Section 2.1.3).  The maximum net load of the 

container was 1508 kg.  The only difference between the two aircraft containers was 

that the left section of the front side of the container used for the in-flight tests was 

made of aluminum instead of clear polycarbonate (Figure 2-9).  However, because of 

the small thickness of the of the material and the fact that the container used for the 

laboratory tests was not exposed to solar radiation, it is reasonable to state that two 

aircraft containers had similar thermal behavior. 

3.2.2 Instrumentation 

To monitor the temperatures two types of sensors were used.  The interior surface 

of the walls of the aircraft container as well as the air temperature inside the load were 

monitored using temperature probes TMC6-HD connected to HOBO® data loggers 

U12-013 (Onset Computer Corporation, Bourne, MA).  The accuracy of the temperature 

probes (thermistors) was ± 0.3°C.  The HOBO® data logger (U12-013) also had an 

internal temperature sensor (thermistor) with an accuracy of ± 0.4°C and a relative 

humidity (RH) sensor with an accuracy of ± 2.5% between 10 and 90% RH.  The 

internal sensor of the HOBO® was used to monitor the relative humidity and 

temperature of the air.  HOBO® data loggers have an operating range of -20 to 70°C. 

To monitor the equivalent pulp temperatures of fruits or vegetables, sensors had to 

be installed inside the water bottles and therefore be in direct contact with the water.  
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Furthermore, to avoid leaks during transport, the temperature sensors were confined 

within the water bottles.  It is important to mention that during air transport, pressure 

variations can contribute significantly to container leaks, which can eventually cause 

significant damage to the aircraft.  To avoid this problem, thermo-button type sensors 

were used (model M40P85, Alternative Technologie Pharma Inc., Laval, Québec, 

Canada).  These small battery-like cylindrical sensors, with a diameter of 0.0174 m and 

a thickness of 0.0059 m are water, shock and pressure resistant, which made them 

perfect for this specific application.  The thermo-button sensors used had an accuracy 

of ±0.5°C and could operate between -40 and 85°C.  To keep sensors from sinking or 

moving freely in the bottle of water, they were individually attached to a small piece of 

nylon tubing using aluminum tape and then inserted in the bottle in such a way that the 

tubing was compressed between the cap and the bottom of the bottle (Figure 3-15).  

Small differences in sensor locations between the different bottles of water had only 

negligible effects on temperature readings because of the convection inside the bottles. 

The accuracies of the temperature probes and the thermo-button sensors were 

verified in an agitated ice bath before the tests were conducted. 

In each of the 50 RPCs used to load the aircraft container, a water bottle 

instrumented with a temperature sensor as shown in Figure 3-15, was placed as close 

as possible to the center of the RPC.  Figure 3-16 shows the orientation of the boxes, 

the coordinate system and the position of the temperature sensor in bottle 35 in the 

second layer of the RPC.  The origin of the coordinate system was located at the 

intersection of the front, bottom and left surfaces (Figure 3-16).  The z-axis, which is not 

represented in Figure 3-16, had its positive direction pointing from the bottom layer to 
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the top layer of the RPC.  In Figure 3-16, the identification numbers of the water bottles 

increase in the positive direction of the x, y, and z axes.  The layer number also 

increased from 1 to 3 in the positive z-direction, layer 1 being the bottom layer and layer 

3 the top layer. 

Inside the aircraft container, the 50 RPCs were loaded in seven layers as shown in 

Figure 3-17.    Each of the sensors located at the center of a RPC in Figure 3-17 is in 

fact located in bottle 35 as shown in Figure 3-16.  The orientation of each RPC (front, 

back, left and right sides as defined in Figure 3-16) matched the orientation of the 

aircraft container (Figure 3-17). 

Figure 3-17 shows, on layer 4, the locations of the four temperature probes 

attached to the inside surface of each of the lateral walls.  These probes were attached 

with aluminum tape in the center of each wall at a height corresponding to the center of 

the RPCs forming layer 4.  Probes were also affixed in the center of the bottom and top 

surfaces inside the aircraft container.  A wedge made of layered sheets of expanded 

polystyrene was used in the bottom left corner of the container to allow a uniform 

stacking of the load and to minimize heat transfer at that location (Figure 3-18).  The 

gaps between the front, back, left and right side wall of the container and the load were 

0.125 m, 0.125 m, 0.07 m and 0.25 m,, respectively.  There was a space of 0.13 m 

between the top layer of RPCs and the top of the aircraft container.  A pressure sensor 

(HOBO® Pressure, Onset Computer Corporation, Bourne, MA) with an accuracy of 

±0.01 atm between 0.03 and 1.13 atm was placed in RPC 50 (Figure 3-17).  

Temperature, relative humidity and pressure data were monitored at synchronized 

intervals of 10 minutes.  To retrieve the data collected by the different sensors, the 
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entire load had to be broken down and each sensor individually connected to a portable 

computer. 

3.2.3 Flights 

Data were collected in 2007 on a total of six international flights.  Flights details 

are presented in Table 3-1; they were conducted through four different airports. 

- JFK: New York, U.S.A., John F. Kennedy International Airport 
- GOT: Landvetter, Sweden, Gothenburg-Landvetter Airport 
- DXB: Dubai, U.A.E., Dubai International Airport 
- NBO: Nairobi, Kenya, Jomo Kenyatta International Airport 
 

JFK and DXB are both among the top twenty of the world busiest cargo airports, 

while NBO airport is a major hub for the transport of fresh produce and cut flowers from 

Africa.  There was minimum flexibility regarding the schedule of the flights, the type of 

aircraft used and the position of the LD3 inside the cargo compartments.  The position 

of the LD3 was determined by the airline according to their analysis of the payload 

weight distribution.  It was impossible to request a specific position.  However, it is 

important to highlight the fact that having the permission to collect in-flight 

environmental data with a fully loaded aircraft container is something extremely rare and 

therefore the results should be considered as very valuable experimental data.  

Figure 3-19 complements Table 3-1 and shows the ULD positions for the three models 

of aircraft that carried the instrumented container during in-flight tests.  The 

configurations presented in Figure 3-19 vary according to the number of aircraft 

containers or pallets in the shipments. 

Between the flights the experimental container was brought inside the cold storage 

facilities at the DXB and NBO cargo terminal that were both maintained at 5°C.  Data 

were downloaded after the following flights: JFK-GOT-DXB (04-29-2007), NBO-DXB 
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(05-04-2007), NBO-DXB (05-07-2007) and DXB-GOT-JFK (05-12-2007).  After each of 

these flights (except for the last one), the RPC's filled with water bottles were laid on the 

floor to enhance the heat transfer and obtain temperatures as uniform as possible 

before the next flight. 
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Figure 3-1. Experimental set-up used for all single-box tests.  

 

 
 
Figure 3-2. Bottom part and lid of a fully telescopic box (vents not shown). 

 

 
 
Figure 3-3. Staggered arrangement of the oranges for the first series of tests. A) Top 

view of layer 1, 2 and 3.  B) Top view of layer 2 and 4 (dotted contour) and 
how they stack with the adjacent layers (solid contour). 
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Figure 3-4. Location of the front, back, left and right side of the box, position of the x and 

y axes, identification of the fruit and location of the thermocouples.  
Thermocouples located in the pulp of the fruit are represented by solid circles; 
thermocouples located in the air are represented by empty circles (fruit 1, 63 
and 125). 
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Figure 3-5. Staggered arrangement of the oranges for the second series of tests. A) Top 

view of layer 1 and 3.  B) Top view of layer 2 (dotted contour) and how it 
stacks with the adjacent layers (solid contour). 

 

  

  
 
Figure 3-6. Location of the front, back, left and right sides of the box, position of the x 

and y axes, identification of the fruit and location of the thermocouples.  
Thermocouples located in the pulp of the fruit are represented by solid circles; 
thermocouples located in the air are represented by empty circles (fruit 1, 23, 
34, 35, 40 and 42). 
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Figure 3-7. Staggered arrangement of the oranges for the third series of tests. A) Top 

view of layer 1 and 3.  B) Top view of layer 2 and 4 (dotted contour) and how 
they stack with the adjacent layers (solid contour). 
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Figure 3-8. Location of the front, back, left and right sides of the box, position of the x 

and y axes, identification of the fruit and location of the thermocouples.  
Thermocouples located in the pulp of the fruit are represented by solid circles; 
thermocouples located in the air are represented by empty circles (fruit 1, 43, 
45 and 72). 
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Figure 3-9. Internal dimensions of the LD3/AKE aircraft container with aluminum walls. 
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Figure 3-10. Location of the front, back, left and right sides of the container, 

identification of the boxes and location of the thermocouples. 
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Figure 3-11. Experimental set-up with the aircraft container (LD3/AKE). A) Wooden 

wedge and insulation used for stacking the boxes of oranges.  B) View of the 
container being loaded and instrumented with thermocouples. 

 

 

 
 
Figure 3-12.  Schematic of the water bottles used for the in-flight tests. 
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Figure 3-13. Collapsible reusable plastic container (RPC). 

 

 
 
Figure 3-14. Staggered arrangement of the water bottles for the in-flight tests. A) Top 

view of layers 1 and 3.  B) Top view of layer 2 (dotted contour) and how it 
stacks with the adjacent layers (solid contour). 
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Figure 3-15. Schematic of the location of the temperature sensor inside a bottle of water 

used for the in-flight tests. 
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Figure 3-16. Location of the front, back, left and right sides of the RPC, position of the x 

and y axes, identification of the water bottles and location of the temperature 
sensor in bottle 35 (solid circle). 
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Figure 3-17. Location of the front, back, left and right sides of the container, 

identification of the boxes and location of the temperature sensors.  Water 
temperatures are represented by solid circles; air temperatures are 
represented by empty circles. 
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Figure 3-18. Experimental set-up with the aircraft container (LD3/AKE). A) Expanded 

polystyrene wedge used for stacking the RPCs.  B) View of the fully loaded 
container. 
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Figure 3-19. ULD positions in the forward (fwd) and aft cargo compartments of three 

models of aircraft that carried the experimental container during the series of 
in-flight tests. A) B747-400F. B) A330-200. C) A310-300F. 

  



 

86 

Table 3-1. Schedule of the six flights as well as the type of aircraft and the position of 
the experimental aircraft container during the 2007 in-flight tests. 

Flight Date Departuret Arrivalt,u Durationv  Aircraft Position 
JFKw-GOTx-DXBy 04-29 11:00 11:00 16:00 B747-400F 44R 
DXB-NBOz 05-03 10:05 14:15 5:10 A330-200 41L 
NBO-DXB 05-04 23:00 5:00 5:00 A310-300F 11L 
DXB-NBO 05-06 10:05 14:15 5:10 A330-200 32R 
NBO-DXB 05-07 17:15 23:15 5:00 A330-200 14L 
DXB-GOT-JFK 05-12 23:00 8:00 17:00 B747-400F 43L 
t: Local time; u: Italic arrival times indicates next day arrival; v: Flight duration hh:mm; w: 
New York, U.S.A.,  John F. Kennedy International Airport; x: Landvetter, Sweden,  
Gothenburg-Landvetter Airport; y: Dubai, U.A.E., Dubai International Airport; z: Nairobi, 
Kenya, Jomo Kenyatta International Airport. 
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CHAPTER 4 
RESULTS AND DISCUSSION OF LABORATORY TESTS 

4.1 Single-Box Tests 

Different combinations of boxes, orange sizes and staggered packing 

arrangements were exposed to step changes in ambient temperature to create a break 

in the cold chain.  These procedures simulated scenarios in which a box of produce 

awaits shipping or is being shipped in detrimental conditions.  Table 4-1 summarizes the 

information relative to the boxes of oranges used for the three series of tests. 

The six walls of the corrugated cardboard boxes used in the tests were identified 

and numbered as shown in Figure 4-1.  The pulp temperatures measured at a half-

radius distance from the center of the fruit are discussed in Sections 4.1.1 to 4.1.3.  The 

locations of these measurements were selected to obtain an approximation of the 

average temperatures of the fruit.  The average temperatures of the layers of produce 

and the average temperature of the box were calculated using the temperatures at the 

half-radius distance.  Temperatures measured at the center and just below the surface 

of the fruit, as well as air temperatures are discussed in Section 4.1.4.  The following 

notation is used in this chapter.   

- Abox: Average temperature of the all fruit in the box. 

- Lx: Layer x of the box, where x ϵ {1…5} for series 1, x ϵ {1…3} for series 2 and 
x ϵ {1…4} for series 3 

- ALx: Average temperature of the fruit in layer x of the box, where x ϵ {1…5} for 
series 1, x ϵ {1…3} for series 2 and x ϵ {1…4} for series 3 

- Fx: Pulp temperature measured at the half-radius distance from the center of fruit 
z, where x ϵ {1…125} for series 1 (Figure 3-4), x ϵ {1…42} for series 2 (Figure 3-6) 
and x ϵ {1…72} for series 3 (Figure 3-8). 

- Wx: Temperature measured at the center of the inside surface of wall x of the box 
of produce, where x ϵ {1…6} (Figure 4-1) 
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For the sake of simplicity, the results of only one of the test replications of each 

series are presented in detail in the following sections.  For each series, comparisons of 

the results of the three tests are presented in graphs of the temperature differences 

between the corner and center fruit of each layer of produce within the box. 

Even though measurements were taken to position the thermocouples as 

accurately as possible, there are still uncertainties inherent to this type of temperature 

monitoring.  Displacement of the thermocouples during fruit stacking, movement of the 

fruit and variations of the thermal properties within the fruit as well as with time are all 

factors that may influence the temperature measurements.  These factors must be 

considered while analyzing the experimental results. 

4.1.1 First Series of Tests 

The box of oranges was stored at 2.5°C until a uniform and steady temperatures 

were obtained and then swiftly transported into a temperature-controlled room at 35°C 

for a period of 7 h.  The 125 pattern-packed fruit were equally distributed over five 

layers in the box (Figure 3-4). 

4.1.1.1 Analysis of the temperature distribution within the box 

The inside surface temperatures of the walls of the box are presented in 

Figure 4-2.  The temperatures of the lateral walls (W2, W4, W5 and W6) were very 

similar during the test.  On average, they varied within a range of 2.7°C.  The 

temperature of the lateral walls corresponded closely to the average between the 

temperatures of the top (W1) and bottom (W3) walls.  The top and bottom walls were 

the hottest and coldest,, respectively. 

The average temperatures of the five layers of fruit are presented in Figure 4-3.  

Even though the temperatures on all fruit within the third layer were measured, the 
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average temperature was calculated using only the temperatures of the odd numbered 

fruit in order to be consistent with the average temperatures of other layers.  Figure 4-3 

shows that the second and fifth layers were the coldest and hottest,, respectively.  The 

average temperature difference between these layers throughout the test was 8.9°C 

and it reached a maximum of 10.4°C approximately 4 h after the beginning of the test.  

Figure 4-3 also shows that the average temperature of the first layer of fruit was closer 

to that of the third layer.  This can be explained by stratification of the air temperature 

and heat transfer from the bottom of the box.  Support blocks underneath the box 

allowed convective heat transfer on most of the bottom surface (Figure 3-1).   

To illustrate the spatial temperature variations within a layer, the average 

temperature, the temperatures of two corner fruit as well as the temperature of a fruit 

located near the center of each layer were plotted (Figures 4-4 to 4-8).  For each of the 

five layers, the temperatures of the two corner fruit were very similar, which indicated a 

symmetrical temperature distribution with respect to the central yz-plane of the box 

(Figure 3-4).  Symmetry was expected because of the similarity of the four lateral wall 

temperatures (Figure 4-2).   

The largest difference between corner and center temperatures was observed in 

the bottom layer.  The average temperatures of the first and second layers 

corresponded closely to the arithmetic average of their corner and center fruit 

temperatures (Figures 4-4 and 4-5).  Small temperature variations were observed within 

each of the fourth and fifth layers (Figures 4-7 and 4-8).  This can be explained by the 

stratification of the air temperature within the box.  Fruit F113 was the closest to the 

center of the top layer (L5); however, to better represent the temperature distribution 
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throughout the layer fruit F107 was used in Figure 4-8.  Results showed that the 

temperature of fruit F113 was higher than any other fruit within the fifth row by a 

minimum average of 4.8°C.  This difference may have been caused by an incorrectly 

positioned thermocouple, or the proximity of the fruit to the vent on the top of the box.   

 Figure 4-9 provides an overview of the temperature distribution throughout the 

box during the test.  It shows the variations of pulp temperatures between the center 

and corners (top and bottom), the pulp average temperature of the box (Abox) as well 

as the bottom (AL1) and top (AL5) average layer temperatures.  Fruit F38, which was 

located in the center of the second row, was the coldest fruit within the box, therefore, it 

was used as the center temperature instead of fruit F63.  The difference between the 

bottom (F1) and top corner (F101) was significantly less than the difference between 

any of the corner temperatures and the center temperature (F38).  Over the entire test 

period, the maximum temperature difference for the pairs F101-F38 and F1-F38 were 

11.5°C and 10.5°C. 

4.1.1.2 Comparisons of the results between test replications 

The results of the three tests conducted during the first series are compared in 

Figures 4-10 to 4-14.  Each of the graphs corresponds to a specific layer and presents 

the temperature difference between fruit located in the corner and the center of the 

layer.  The pairs of corner-center fruit selected were F1-F13, F30-F38, F51-F63, 

F80-F88 and F101-F107.  The choice of the corner fruit was not critical since the 

temperatures of corner fruits on a given layer varied similarly with time. 

Figures 4-10 to 4-14 show that the results obtained during Tests 2 and 3 were 

almost identical for all layers whereas the results of Test 1 diverged from the others as 

time progressed.  The temperature differences between the tests were comparable for 
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the different layers.    The maximum variation between the tests was observed on the 

fourth layer and calculated at 2.5°C (Figure 4-13).   

The analysis of the results revealed that the inside wall temperatures were lower 

during Test 1.  This may be explained by a variation of the convective heat transfer on 

the surface of the box caused by either the different location of the experimental set-up 

inside the temperature-controlled room or the displacement of the plastic film 

surrounding the experimental set-up between Tests 1 and 2. 

For the first three layers, Figures 4-10 to 4-12 show positive temperature 

differences between the corner and center fruit.  In all three cases, the positive 

temperature differences increased over the 7-h test period.  Among the three tests, the 

temperature difference observed in the first layer reached a maximum of 9.5°C (Test 3).  

Within the second and third layers, the maximum temperature differences between the 

corner and center fruit were lower at 6.4°C (Test 2) and 6.1°C (Test 3),, respectively.  

The trend was reversed for the fourth and fifth layers, in which the temperature of the 

center fruit was higher than that of the corner fruit.  The temperature difference reached 

-3.1°C and -2.3°C within the fourth and fifth layers, respectively, revealing again the 

more uniform temperature distribution within the upper layers of fruit. 

The significant temperature difference observed within the first layer of produce 

may be explained by the by the natural convection within the box.  Because of the two 

central slot vents on the top and bottom of the box, the resulting downward convective 

flow around the central vertical axis of the box may have enhanced the heat transfer to 

the neighboring fruit, particularly in the top layers.  This would explain the higher pulp 

temperature near the center for the fourth and fifth layers.  As the air progressed 
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towards the bottom of the box, it cooled down and resulted in lower heat transfer for the 

central fruit on the bottom layers.  Also, since the buoyancy driven flow was restricted at 

the top of the box, fluid stratification was likely to have contributed to the increased 

uniformity of the temperature distribution within the upper layers. 

4.1.2 Second Series of Tests 

For these tests, the two temperature-controlled rooms used to create a step-

change in temperature were maintained at 3°C and 25°C.  The experimental set-up 

remained exposed to high temperatures for a total of 15 h.  In the box, 14 fruit were 

pattern-pack in each of the three layers (Figure 3-6). 

4.1.2.1 Analysis of the temperature distribution with the box 

Figure 4-15 presents the temperatures measured in the center of the inside 

surface of each wall of the box.  As for the first series of tests, the temperatures of the 

lateral walls (W2, W4, W5 and W6) were similar.  For the test results presented in 

Figure 4-15, the four lateral wall temperatures varied within an average range of 0.9°C 

over the 15-h period.  The temperatures of the lateral walls corresponded closely to the 

arithmetic average of the top (W1) and bottom (W3) wall temperatures. 

The average temperatures of three layers of fruit are presented in Figures 4-16.  

The first and third layers displayed the lowest and highest average temperature,, 

respectively.  The variations of the average temperatures within the box were smaller 

than for the first series of tests (Figure 4-3).  This may be explained by the smaller 

number of layers within the box and the higher porosity of the packing arrangement.  

The difference between the average temperature of the first (AL1) and third (AL3) layer 

was on average 3.4°C and it reached a maximum of 5.7°C approximately 2.5 h after the 

beginning of the test. 
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The variations of the temperatures within each of the three layers of fruit are 

presented in Figures 4-17 to 4-19.  In this series of three graphs, the temperatures of 

fruit closest to the center as well as the two corner fruit are plotted for each layer.  As it 

was observed in the first series of tests, the temperatures of the two corner fruit were 

almost identical.  Larger temperature differences were expected since the 

thermocouples inserted in fruit  F1, F25 and F29 were closer to the lateral wall than 

those installed in fruit F4, F28 and F32 (Figure 3-6).  This indicates that the temperature 

gradients within the fruit were small.  The results obtained for the first two layers of fruit 

showed very similar trends; however, the first layer displayed a longer initial lag.  On the 

third layer (Figure 4-19), the corner and center fruit temperatures varied within a 

maximum range 1.7°C for the entire duration of the test, which indicates the uniform 

temperature distribution throughout that layer. 

Figure 4-20 presents an overview of the temperature distribution within the box of 

produce.  In addition to the average pulp temperature of the entire box and the average 

temperatures of the bottom (AL1) and top (AL3) layers, the temperatures of the fruit 

located in the bottom (F1) and top (F29) corner as well as near the center (F23) of the 

box are plotted in Figure 4-20.  Over the entire 15 h, a maximum temperature difference 

of 2.0°C was observed between the bottom corner and center fruit.  For the top corner 

and center fruit, the maximum temperature increased to 5.1°C.  For this series of tests, 

it was observed that the temperature of the bottom corner fruit (F1) varied closely with 

the average pulp temperature of the entire box (Abox) (Figure 4-20); the absolute value 

of their difference average 0.5°C and reached a maximum of only 1.4°C.  
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4.1.2.2 Comparisons of the results between test replications 

Comparisons of the results for the three tests of this series are presented in 

Figures 4-21 to 4-23.  Each of these graphs corresponds to a different layer and shows 

the difference in temperature between the corner and center fruit for the three tests 

conducted.  The pairs of fruit F1-F6, F25-F23 and F29-F34 were chosen for layers 1, 2 

and 3,, respectively.  For the first layer (Figure 4-21), the results of the three tests were 

similar.  Among the three tests, the corner fruit reached a maximum temperature of 

3.5°C above that of the center fruit.  For Tests 1 and 3, the temperature difference 

decreased slowly with time after it reached that maximum, whereas it remained 

relatively steady during Test 2.  Nevertheless, the maximum difference between the 

three tests for the first layer was 1.3°C (Figure 4-21). 

For the second layer of fruit (Figure 4-22), similar results as for the first layer were 

obtained.  The maximum temperature difference between the corner and center fruit of 

was slightly higher but the trends remained analogous.  The maximum difference 

between the three tests was 1.9°C. 

From the results presented in Figure 4-19, a negligible temperature difference 

between the corner and center fruit of the third layer was expected.  Tests 2 and 3 

corroborated the previous results with average differences of 0.2°C and 0.0°C,, 

respectively, over the 15-h test period.  During the first test, the temperature of the 

corner fruit was higher than that of the center fruit by an average of 1.3°C.  The 

displacement of the corner or center fruit may have caused this small inconsistency 

between the tests. 
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4.1.3 Third Series of Tests 

The box of fruit used for this series of tests contained a total of 72 fruit that were 

pattern-packed onto four layers of 18 fruit (Figure 3-8).  For each test replication, the 

boxed produce were exposed to a step change in temperature from 1°C to 25°C.  The 

experimental set-up remained in the high temperature environment for a period of 15 h. 

4.1.3.1 Analysis of the temperature distribution within the box 

The change with time of the inside surface temperatures of the six walls of the box 

are presented in Figure 4-24.  Again, the temperatures of the lateral walls of the box 

(W2, W4, W5 and W6) were similar. They varied within an average range of 1.6°C.  For 

the first and second series of tests, it was observed that the temperatures of the lateral 

walls corresponded to the average of the top (W1) and bottom (W3) wall temperatures.  

For the third series, the temperatures of the lateral walls, particularly walls W5 and W6, 

were colder and therefore closer to that of the bottom wall.  This may be explained by 

the fact that there were an even number of layer (four) for this series of tests and, 

therefore, no layer was aligned vertically with the center of the lateral wall.  The 

increased void volumes near the locations of the thermocouples contributed to 

enhancing the convective heat transfer, which may have resulted in colder interior wall 

surface temperatures. 

The variations with time of the average temperatures of the four layers are shown 

in Figure 4-25.  The first (AL1) and second (AL2) layers were the coldest and varied, on 

average, within 0.3°C of each other.  Using the average temperature of the first and 

second layers as a reference, the temperatures of the third (AL3) and fourth (AL4) 

layers were on average 2.1°C and 4.9°C higher,, respectively. 
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Figures 4-26 to 4-29 present the temperature variations of two fruits located in 

corners as well as one near the center of each of the layers.  The average temperatures 

of the corresponding layers are also presented in the graphs.  For each layer, the 

temperatures of the two corner fruit varied almost identically, except in the case of the 

first layer for which they diverged by a maximum of 1.4°C.  Figures 4-26 to 4-29 also 

show that the uniformity of the temperature distributions within the layers increased from 

the bottom (L1) to the top (L4).  The average variations between the temperatures of the 

bottom (Figure 4-26) and top (Figure 4-29) layers were 3.9°C and 0.8°C, respectively. 

An overview of the temperature distribution throughout the box is presented as a 

function of time in Figure 4-30.  It is interesting to look at the differences between the 

pulp temperature near the center of the box (F25) and the pulp temperatures at the top 

and bottom corners (F68 and F1).  The average temperature differences over the period 

of 15 h were calculated at 5.9°C and 3.0°C for the F68-F25 and F1-F25 pairs,, 

respectively.  Also, it can be observed that the change with time of the total average 

pulp temperature of the box (Abox) varied closely with the temperature of the bottom 

corner fruit (F1).  The maximum temperature difference between the two temperatures 

in Figure 4-30 was only 0.8°C.  This interesting detail was also observed for the second 

series of tests for which the maximum temperature difference was calculated at 1.4°C 

(Figure 4-20).  For the first series, the difference between the bottom corner fruit and the 

box average temperatures was more important, it averaged 2.9°C and reached a 

maximum of 3.9°C (Figure 4-9). 

4.1.3.2 Comparisons of the results between test replications 

The results of the three tests conducted in this series are compared in 

Figures 4-31 to 4-34, which correspond to the first, second, third and fourth layers,, 
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respectively.  In each of the figures, the pulp temperature difference between the fruit 

located in a corner and near the center of the corresponding layer is plotted for the three 

tests.  The pairs of fruit selected for the layers were F1-F12 (L1), F32-F25 (L2), F37-F48 

(L3) and F68-F61 (L4) (Figure 3-8).   

The results of the three tests were consistent over the entire 15 h.  The maximum 

temperature variations between the tests were calculated to be 0.6°C, 1.2°C, 0.7°C and 

1.1°C for L1 to L4,, respectively.  For the first three layers, Figures 4-31 to 4-33 show 

that the corner fruit were hotter than the one located near the center.  For each of the 

three layers, the maximum temperature difference was measured to be 4.3°C, 3.5°C 

and 2.9°C for layers L1 to L3,, respectively.  The maximum temperature differences 

were all reached within the first 4 h of the tests.  A relatively uniform temperature 

distribution was observed within the top layer of the two previous series of tests.  This 

phenomenon occurred again in this series, as illustrated in Figures 4-29 and 4-34.  The 

latter shows that the average temperature difference between the corner and center fruit 

was -0.3°C over a period of 15 h. 

4.1.4 Temperature Differences within the Fruit and with the Surrounding Air 

Through the previous sections, the results presented were based on the pulp 

temperatures measured at a half-radius distance.  This location was selected to obtain 

an approximation of the mass average temperature of the fruit.  In addition to these 

measurements, the pulp temperature at the center of a small number of fruit as well as 

the air temperatures near their surfaces were monitored.  Experimental data on the 

temperature gradients within the fruit and the temperature difference between the solid 

and fluid phase are particularly valuable to establish valid modeling assumptions.  

These results are presented in this section. 
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Through a pre-analysis of the results, it was found that for most fruit only small 

differences existed between the temperatures measured just below the surface of the 

fruit and in the air surrounding it.  For the sake of simplicity and to avoid 

underestimating the temperature differences presented in this section, the air 

temperatures were used for the calculations and analysis. 

4.1.4.1 First series of tests 

Table 4-2 summarizes the maximum and average pulp-temperature differences 

between the half-radius distance and the center of the fruit F1 and F63.  For the same 

two fruit, the differences between the air temperature near their surface and the pulp 

temperature at the half-radius distance are summarized in Table 4-3.  Fruit F1 and F63 

were positioned in a bottom corner and near the center of the box, respectively 

(Figure 3-4).  Tables 4-2 and 4-3 show that all three tests of the series produced 

consistent results. 

For the fruit located near the center of the box (F63), Table 4-2 indicates that the 

average pulp-temperature difference was 0.7°C with a maximum of approximately 

1.2°C.  The small temperature gradients within the fruit indicate that their thermal 

behavior is close to that of a lumped system.  The temperature differences were higher 

for fruit F1.  These results may be in part explained by the proximity of the thermocouple 

(half-radius) from the left wall (W4) of the box.  Table 4-3 indicates similar maximum 

and average temperature differences for both fruit.  An average difference between the 

air and pulp temperatures of approximately 1.5°C can be considered as small for most 

engineering applications. 
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4.1.4.2 Second series of tests 

The differences in pulp temperatures of three fruit are presented in Table 4-4.  The 

instrumented fruit were located at the bottom (F1) and top (F42) corner as well as near 

the center (F23) of the box.  Table 4-4 shows that the different tests produced 

consistent results.  For the fruit F1 and F23, the average temperature differences 

between the half-radius distance and the center did not exceed 0.2°C for any of the 

three tests.  The maximum temperature difference was observed in fruit F1 at 0.6°C, 

which is almost within the accuracy of a single thermocouple reading.  The differences 

calculated from the temperatures measured within fruit F42 were also small, but 

negative, which implied that the center temperature was the highest of the two.  The 

presence of an air pocket in the central column of the orange, where the thermocouple 

was positioned, may be responsible for these results.  The smaller thermal diffusivity of 

the air would cause its temperature to change at a faster rate than the pulp of the fruit.  

Because important vertical temperature stratification was observed in all tests, the 

rotation of the fruit resulting in the displacement of the half-radius temperature 

measurement location below the center of the fruit may also explain these systematic 

negative temperature differences (Figure 4-16).   

Table 4-5 summarizes the differences between the air temperature and the pulp 

temperature at the half-radius distance from the center of the fruit.  The results for fruit 

F1 and F23 were very similar to those of the corresponding fruit for the first series 

(Table 4-3).  For all three tests, the average temperature difference did not exceed 

1.6°C for any of the fruit F1 and F23 (Table 4-5).  In the case of the top corner fruit 

(F42), large differences were calculated between the air and pulp temperatures.  For the 

three tests, the maximum temperature differences of 9.2°C, 9.6°C and 9.8°C were 
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measured within the first hour of the experiment.  Once that maximum was reached, the 

temperature differences decreased exponentially and were below 3°C for more than half 

of the total test duration (15 h).  The temperature stratification within the box combined 

with the fact that the air temperature was measured just above the fruit instead than on 

its side contributed to these high temperature differences.  Table 4-5 also shows that 

the results were consistent between the three tests of the series. 

4.1.4.3 Third series of tests 

Contrary to the two other test series, pulp temperature differences were measured 

only for the bottom corner fruit (F1) (Table 4-6).  Again, the three tests produced 

consistent results.  The maximum temperature difference varied between 2.4°C and 

2.6°C, whereas the average temperature differences varied between 1.3°C and 1.6°C.  

The temperature distribution within the fruit was therefore more uniform than the first 

series of tests but not as much as the second. 

Table 4-7 presents the differences between air and pulp temperatures for the fruit 

located in the bottom corner (F1), center (F43) and top corner (F72) of the box.  For fruit 

F1 and F43 the maximum temperature differences were only 1.9°C and 0.7°C, 

respectively.  The air temperatures were measured near the top of fruit F1 and near the 

bottom of fruit F43 which explains why the average difference of the latter was -0.2°C 

for each of the three tests.  These results again indicated that the temperature 

distribution within the fruit was quite uniform.  As for the second series of tests, the 

maximum differences between the air and pulp temperature of the top corner fruit (F72) 

were high, they varied between 9.6°C and 10.3°C for the three tests.  In all cases, the 

maximum temperature differences were reached within the first 30 min of the tests and 
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then decreased exponentially with time.  After 10 h, the differences between the air and 

pulp temperatures of fruit F72 were less than 3°C. 

4.1.4.4 Theoretical calculations on the uniformity of the temperature within a fruit 

According to the results presented previously in Sections 4.1.4.1 to 4.1.4.3, the 

temperature distribution within several of the fruit was relatively uniform.  To evaluate 

the validity of these observations theoretical calculations can be performed.  The Biot 

number (Bi) corresponds to the ratio of the internal resistance to conduction of an object 

over the thermal resistance to convection on its surface.  A small Biot number, typically 

smaller or equal to 0.1, indicates that a lumped-system analysis can be performed.  For 

spheres, the Biot number can be obtained using Equations 4-1 and 4-2 (Çengel and 

Ghajar, 2010). 

𝐵𝑖 =
ℎ𝐿𝑐
𝑘𝑠
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To calculate the Biot number for the three series of tests, the convective heat 

transfer coefficient (h) around the fruit in the box must first be estimated.  For this 

purpose, one of the boxed fruit can be considered as an individual sphere exposed to 

natural convection.  Equations 4-3 to 4-5 were used to obtain the Nusselt number (Nu) 

and to calculate the convective heat transfer coefficient.   

𝑅𝑎 =
𝑔𝛽∆𝑇𝐷3𝑃𝑟

𝜈2
 

 

(4-3) 
 

𝑁𝑢 = 2 +
0.589𝑅𝑎𝐷

1
4

�1 + �0.469
𝑃𝑟 �

9
16
�

4
9

         (𝑅𝑎𝐷 ≤ 1011)         ( 𝑃𝑟 ≥ 0.7) (4-4) 
 



 

102 

𝑁𝑢 =
ℎ𝐷
𝑘𝑓

 

 

(4-5) 
 

In order to avoid underestimating the convective heat transfer coefficient, the 

difference in temperature between the surface of the fruit and the ambient air were 

assumed to be constant and were based on the first series of tests, for which the largest 

step-change in ambient temperature was used. Therefore, the surface and the ambient 

air temperatures were assumed to be 2.5°C and 35.0°C, respectively.  The physical and 

thermal properties were therefore calculated at the film temperature of 18.8°C.  For the 

calculation of the Biot number, the thermal conductivity of the solid (fruit) was taken to 

be 0.431 Wm-1K-1 (Singh and Heldman, 1993). 

Table 4-8 summarizes the results of the Biot number calculations.  The values 

obtained for theoretical convective heat transfer coefficients were 6.23 Wm-2K-1, 

5.78 Wm-2K-1 and 6.05 Wm-2K-1 for series 1 to 3, respectively.  The average value of 

6 Wm-2K-1 was used to calculate the corresponding Biot numbers: 0.155, 0.194 and 

0.169.  These results indicate that the temperatures within the fruit are quite uniform 

and therefore corroborate the observations made from the experimental results.  Even 

thought the values of the Biot numbers are slightly higher than 0.1, considering the fruit 

as lumped systems would still be a justified assumption for most engineering 

applications.  This is particularly true if the uncertainties associated with the location of 

the thermocouples, their measurements and the thermal properties of the fruit are 

considered. 

From the experimental and theoretical results that were presented, it can be stated 

that, in general, the temperature distribution within the fruit and between the fruit and 

the surrounding air was relatively uniform.  Consequently, the temperature measured at 
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a half-radius distance from the center of the fruit can be considered as a good 

approximation of the mass average temperature of the fruit and the surrounding air. 

4.2 Aircraft Container Test 

The objective of this series of tests was to study the thermal behavior of an aircraft 

container loaded with horticultural products.  The oranges used to conduct the 

experiments were the same as those used in the first single-box series of tests.  A total 

of 88 boxes of fruit were required to fill up the aircraft container.  Each box contained a 

total 125 fruit evenly distributed on five layers (Figure 3-4).  Similar to the single-box 

tests (Section 4.1), the intention was to expose the aircraft container to a step-change in 

temperature to recreate the conditions (without solar radiation) where an aircraft 

container is taken out of the cold room prior to a shipment.  The tests were conducted 

inside a temperature-controlled marine container since the aircraft container was too 

large to fit into any of the available temperature-controlled rooms.  The set-point of the 

temperature-controlled marine container was changed from 3°C to 30°C to recreate the 

conditions closest to a real step-change in temperature.  This approach could not 

provide a sharp change in temperature since 30 min were required for the supply air to 

reached 30°C.  However, this approach had the advantage of having the experimental 

set-up fixed during the entire series of tests, which helped produce consistent results. 

Figure 3-10 presents the locations and the identification number of the 88 boxes 

as well as the locations of the thermocouples throughout the load.  Again, layer 1 (L1) 

and layer 6 (L6) correspond to the bottom and top layer, respectively.  All pulp 

temperatures were measured at a half-radius distance from the center of the fruit.  The 

six main walls of the aircraft container were identified and numbered as shown in 

Figure 4-35.  Throughout this section, the average layer temperatures were calculated 



 

104 

using the pulp temperature of fruit F63, which is located near the center of a box 

(Figure 3-4).  The following notation is used in this chapter.   

- Bx-out: Pulp temperature measured near the outer surface of the load in box x, 
where x ϵ {1…88} (Figure 3-10) 

- Lx: Layer x of boxes in the aircraft container, where x ϵ {1…6} (Figure 3-10) 

- ALx: Average temperature of layer x of the aircraft container, where x ϵ {1…6} 
(Figure 3-10) 

- Fx: Pulp temperature measured at the half-radius distance from the center of 
fruit x, where x ϵ {1…125} (Figure 3-4) 

- Wx: Temperature measured at the center of the inside surface of wall x of the 
aircraft container, where x ϵ {1…6} (Figure 4-35) 

For the sake of simplicity, the results of only one of the test replications are 

presented in detail.  Comparisons between the results from the three tests are 

discussed in Section 4.2.5. 

4.2.1 Temperatures of the Walls of the Aircraft Container 

The temperatures at the center of the inside surface of the six walls of the aircraft 

container are presented in Figure 4-36.  Contrary to what was observed during the 

series of tests with single boxes of fruit (Section 4.1), heterogeneities were expected 

among the lateral wall temperatures because of the particularity of the air flow inside the 

marine container as well as the geometry of the aircraft container.  In a temperature-

controlled marine container, the air is supplied from the back, where the air-conditioning 

unit is installed, and flows through a t-beam floor towards the doors.  During the tests, 

the floor of the marine container was uncovered and, therefore, some of the supplied air 

escaped the t-beam floor along the way.  A significant portion of the supplied air also 

flowed all the way to the front of the marine container before being recirculated through 

the air-conditioning unit.  Consequently, the convective heat transfer was not uniform on 
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different walls of the aircraft container, which was oriented so that its front wall faced the 

door of the marine container (Figure 4-35). 

The results presented in Figure 4-36 show that after approximately 1.5 h, the 

temperatures of the top and lateral walls reached a pseudo steady state.  The thermal 

behavior of the bottom wall (W3) was different since it was in direct contact with the 

load.  Other factors that contributed to the different thermal behavior were the large 

thickness of the aluminum floor (0.013 m compared to 0.0005 for the walls) and the fact 

that the container rested on a wooden pallet to allow, if necessary, any movement of the 

experimental set-up.   

After 8 h, the temperatures of the walls varied between 21.5°C (W2) and 29.1°C 

(W1).  Because of the symmetry of the orientations of wall W2 and W4 with respect to 

the airflow, it was expected that the convective heat transfer on their outer surfaces be 

similar.  Consequently, their temperature distribution should also be close to each other.  

The temperature difference observed after 8 h between wall W2 (21.5°C) and W4 

(23.7°C) can be explained by the vertical stratification of the air temperature inside the 

aircraft container and the fact that the temperature of wall W4 was measured at a 

location 0.25 m higher than wall W2. 

4.2.2 Average Layer Temperatures 

For layers 1 to 5, the temperatures measured near the center of the boxes (fruit 

F63) remained almost constant over the 8-h test period.  The center temperatures of the 

boxes from the top layer (L6) varied more significantly with time.  Small temperature 

variations were observed among the boxes of a specific layer, even for the top layer 

where the temperatures ranged within 3.0°C of each other.  Therefore, the average of 

all temperatures measured near the center of the boxes on a layer represents the 
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temperature variation of the products located in the core of that layer.  Figure 3-37 

shows the variations with time of the average temperature of each of the layers.  The 

average temperature of the top layer (AL6) increased from 3.1°C initially to 12.9°C after 

8 h.  The second and third largest variations were recorded on the fifth (AL5) and first 

layers (AL1), where the average temperatures increased from 3.2°C to 5.1°C and 3.3°C 

to 4.6°C, respectively.  These results indicate that with the exception to the top layer 

(L6), the fruit located within the core of the load were not affected significantly by the 8-h 

break in the cold chain.  It was expected that the detrimental conditions had a more 

severe impact on the temperature of the fruit located closer to the outer surface of the 

load. 

4.2.3 Temperatures of Fruit Located in the Outer Regions of the Load  

On layers L1, L3 and L6, the pulp temperatures of several fruit near the outer 

regions of the load were measured.  For the box adjacent to the back (W6), left (W4), 

right (W2) and front (W5) side of the aircraft container, the instrumented fruit were F73, 

F61, F65 and F55, respectively (Figures 3-4 and 3-10).  Figures 4-38 to 4-40, which 

correspond to layers L1, L3 and L6, present the average temperature of the layer as 

well as the pulp temperatures measured near the outer surface of the load. 

Figure 4-38 shows that all four peripheral pulp temperatures, measured in boxes 

B2, B4, B6 and B11, varied within a range of 3.4°C.  Also, the average of these four 

temperatures was higher than the temperature AL1 by an average of 3.8°C over the 8-h 

test.  It is important to mention that an insulated wedge used to achieve proper stacking 

of the load was placed to the left of the first and second layers of boxes (Figure 3-11).   

The thickness of the wedge was the smallest near the bottom of the first layer.  The 
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temperature measured near that location (B4-out) indicated that the insulation did not 

present a large resistance to heat transfer. 

In Figure 4-39, the four temperatures measured in the outer region of the load 

again higher than the average temperature of the third layer (AL3).  The difference 

between the average of the four peripheral temperatures and temperature AL3 was on 

average 2.7°C. Throughout the test, the outer-surface temperature of box B27, B29, 

B32 and B39 varied within a range of 2.8°C. For this layer, factors that may have 

affected the pulp temperatures in the outer region of the load were the distance 

between the load and the walls of the aircraft container as well as the temperatures of 

the walls of the aircraft container (Figure 4-36).  The distance between the load and the 

walls of the container was 0.10 m for the front and back walls (W5 and W6), whereas it 

was 0.05 m for the right and left walls (W2 and W4).  Therefore, boxes B29 and B32 

were closer to the walls than boxes B27 and B39.  However, the temperatures of the 

walls adjacent to boxes B29 and B32 were colder than for boxes B27 and B39.  

Consequently, the distribution peripheral temperatures presented in Figure 4-39 are the 

results of these two opposite effects. 

Figure 4-40 illustrates the fact that thermal energy was transferred deeper and 

more uniformly through the top layer (L6).  It can be observed that the average layer 

temperature (AL6) corresponded closely (within 0.7°C) to the average of the four 

peripheral temperatures.  The outer-surface temperatures measured in box B75, B77, 

B80 and B87, varied within a range of 4.6°C during the test, which was slightly wider 

than for layer L1 and L3. 
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The results in this section indicate that in addition to the top layer of boxes (L6), 

the first two layers of fruit located near the entire outer surface of the load were affected 

by the detrimental conditions.  These fruit may first appear as a small percentage when 

compared to all the fruit located in the core of the load, which according to the results 

presented in Section 4.2.2, were not affected by the detrimental conditions during the 

8-h tests.  However, the two layers of fruit near the outer surface of the load, omitting 

those adjacent to the insulated wedge, add up to 37.9% of the 11,000 fruit of the load.  

Including all the fruit from the top layer, the percentage of affected fruit climbs to 45.7%.  

This also means that 72 of the 88 boxes (81.8%) were affected.   

During the tests, temperatures increased to moderate levels.  However, the results 

are likely to be different during real shipments where, in addition to high ambient air 

temperatures, the aircraft container may be exposed for extended periods to solar 

radiation.  Also, since the air inside an aircraft container reaches very high levels of 

relative humidity when loaded with fresh fruit and vegetables, temperature variations on 

the scale observed during this series of tests are sufficient to cause condensation on 

the produce.  Condensation contributes to the development of decay organisms that 

can significantly affect the quality of fresh horticultural products, particularly berries. 

4.2.4 Air and Pulp Temperatures within the Load 

Air and pulp temperatures were measured in three locations within box B1, B47 

and B88 (Figure 3-10).  The pulp temperature was measured at a half-radius distance 

and the air temperature near the surface of the fruit.  In each of these boxes, fruit F21 

(bottom corner), F63 (near to the center) and F105 (top corner) were instrumented 

(Figure 3-4). 
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The temperatures measured in the bottom corner box, B1, are presented in 

Figure 4-41.  For each fruit, the pulp and air temperatures varied closely as it was 

observed in the series of tests with a single box of fruit (Section 4-1).  For the entire 8-h 

test, fruit F21 displayed the maximum pulp-air temperature difference at 1.8°C.  The 

pulp and air temperatures of both fruit F63 and F105 were within 1.0°C of each other.  

The highest temperatures in box B1 were measured for fruit F21 (16.8°C).  Fruit F63, 

located near the center of the box, remained the lowest temperatures among the three 

fruit (4.9°C).  On average, the pulp temperature differences between fruit F21 and F63, 

and, fruit F105 and F63 were 8.7°C and 1.8°C, respectively. The increase of the 

temperatures near top corner fruit (F105) may be attributable to the heat transfer 

through the vertical air channels formed throughout the height of the aircraft container 

by the bulged boxes (Figure 4-42). 

On the fourth row, box B47, located near the center of the entire aircraft container, 

was instrumented.  The temperatures of fruit F21 were not available.  In Figure 4-43, 

fruit F63 showed the smallest temperature variations; its pulp temperature increased by 

only 0.8°C over 8 h.  No significant difference was observed between the temperature of 

the air surrounding fruit F63 and its pulp temperature.  The pulp temperature of fruit 

F105 was on average 1.1°C above that of fruit F63.  A larger temperature difference 

between the pulp and air temperature of fruit F105 was observed in box B47 than for 

box B1.  On average, the air temperature was 2.0°C above the pulp temperature of fruit 

F105. 

Large temperature variations were observed in box B88 located on the top corner 

of the load.  After 8 h, the pulp temperature of fruit F21, F63 and F105 reached 11.6°C, 
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14.1°C and 21.4°C, respectively (Figure 4-44).  For the three fruit, the differences 

between the air and pulp temperature were higher than what was observed in box B1.  

On average, the pulp-air temperature difference was 2.8°C, 1.7°C and 1.2°C for fruit 

F21, F63 and F105, respectively.  The pulp temperatures of fruit F21 and F63 followed 

a similar trend for the first 2.5 h of the test, but after that time the pulp temperature of 

fruit F63 was on average 1.3°C higher.  The pulp temperature of fruit F105 was on 

average 6.8°C above than that of fruit F63 located near the center of box B88. 

4.2.5 Comparisons of the Results between the Test Replications 

To compare the results obtained for the three tests of this series the temperature 

difference between a corner box and a box near the center of layers L1, L4 and L6 were 

calculated.  The pulp temperature measured in the fruit near the center of each box 

(F63) was used for the calculations.   

Figure 4-45 shows the temperature differences between box B3 and B5 for the 

three tests replications.  The results were almost identical for the three tests, they were 

within 0.3°C of each other.  Also, for the three tests, the temperature differences varied 

between -0.7°C and -0.1°C over 8 h, which indicates that the core temperature of box 

B3 and B5 were quite similar. 

Similar results were obtained for box B44 and B47 located on the fourth layer 

within the aircraft container (Figure 4-46).  For the three replications, the temperature 

difference between boxes B44 and B47 varied within a range of 0.3°C, indicating that 

the tests generated consistent results.  Again, the core temperatures of the two boxes 

were very similar since their difference varied between -0.2°C and 0.9°C for the entire 

test duration. 
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Figure 4-47 shows the results for the top layer (L6), where the temperature 

difference between box B76 and B79 was investigated.  The results of the three tests 

were again consistent; they did not vary by more than 0.6°C.  Because three sides of 

box B76 were exposed to convective heat transfer, it was expected that the rate of 

change of its temperature would be higher than that of box 79.  This is reflected by the 

positive temperature differences observed in Figure 4-47.  For the three test 

replications, the temperature difference between box B76 and B79 varied between 

-1.0°C and 1.9°C. 

4.2.6 Effect of Heat Generation 

In situations where heat generation within a load of fresh fruit or vegetables is 

important, an increase in air and pulp temperatures in the core region can be measured.  

In this study, no significant temperature increases were observed for the fruit located 

within the core of the third and fourth layer of the load (Figures 4-37 and 4-43).  Also, 

the fact that initial temperatures were uniform throughout the load for the three test 

replications is another indication that the effect of heat generation was negligible.  This 

is true particularly since the cooling process was slow compared to other methods such 

as forced-air cooling.   

This conclusion was expected since citrus fruit have a low rate of respiration 

(Kader, 2002b).  Other products such as asparagus that are often transported by air and 

have a respiration rate 6 to 12 times higher than citrus (Kader, 2002b), may be 

subjected to quality loss due to heat generation particularly if they are not properly 

cooled prior to assembly of the load. 
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4.3 Conclusions from Laboratory Tests 

For the single-box tests, one important finding was the high rate of change of the 

pulp temperatures in the core of the boxes.  The temperature also varied significantly 

with the position in the box.  The largest difference between the average layer 

temperatures was observed in the first series of tests, for which the bulk porosity was 

the smallest and the number of layers the highest.  On average, that difference was 

8.9°C, whereas it was 3.4° and 3.9°C for the second and third series of tests, 

respectively.  The temperature differences between the fruit near the center of the box 

and the bottom and top corner fruit were also larger for the first series of tests. 

For all three series of tests, it was observed that the temperatures within a layer 

were significantly more uniform in the upper region of the box.  Throughout the box, the 

differences between the air and the pulp temperatures were relatively small.  It was 

found that the thermal behavior of the fruit approached that of lumped system and that 

the pulp temperature measured at a half-radius distance was a good approximation of 

the mass average temperature of the fruit and the surrounding air. 

For the aircraft container tests, the results showed that with the exception of the 

top layer of boxes, the fruit located in the core of the load were not significantly affected 

by the a 8-h exposure to detrimental condition.  However, the fruit located in the 

peripheral region of the load, which accounted for 45.7% of all fruit, were affected.  

Consequently, the simulated break in the cold chain had a significant impact on the 

load.  As it was observed for the single-box tests, the temperature was vertically 

stratified within the load, except for the bottom layer which was generally at a higher 

temperature than the second layer because of the heat transfer through the bottom wall.  
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Figure 4-1. Identification numbers used for the walls of the boxes of produce. 

 

 
 
Figure 4-2. Temperatures of the inside surfaces of the walls of the box for the first series 

of tests. 
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Figure 4-3. Average temperatures of the layers of fruit in the box of the first series of 

tests. 

 

 
 
Figure 4-4. Average temperature (AL1) as well as temperatures of fruit located in 

corners and near the center of the first layer for the first series of tests. 
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Figure 4-5. Average temperature (AL2) as well as temperatures of fruit located in 

corners and near the center of the second layer for the first series of tests. 

 

 
 
Figure 4-6. Average temperature (AL3) as well as temperatures of fruit located in 

corners and near the center of the third layer for the first series of tests. 
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Figure 4-7. Average temperature (AL4) as well as temperatures of fruit located in 

corners and near the center of the fourth layer for the first series of tests. 

 

 
 
Figure 4-8. Average temperature (AL5) as well as temperatures of fruit located in 

corners and near the center of the fifth layer for the first series of tests. 
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Figure 4-9. Overview of the temperature distribution throughout the box for the first 

series of tests. 

 

 
 
Figure 4-10. Comparison of the difference between the temperatures of the corner and 

center fruit (F1-F13) located on the first layer (L1) of the box for the three 
tests of the first series. 
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Figure 4-11. Comparison of the difference between the temperatures of the corner and 

center fruit (F30-F38) located on the second layer (L2) of the box for the three 
tests of the first series. 

 

 
 
Figure 4-12. Comparison of the difference between the temperatures of the corner and 

center fruit (F51-F63) located on the third layer (L3) of the box for the three 
tests of the first series. 
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Figure 4-13. Comparison of the difference between the temperatures of the corner and 

center fruit (F80-F88) located on the fourth layer (L4) of the box for the three 
tests of the first series. 

 

 
 
Figure 4-14. Comparison of the difference between the temperatures of the corner and 

center fruit (F101-F107) located on the fifth layer (L5) of the box for the three 
tests of the first series. 
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Figure 4-15. Temperatures of the inside surface of the walls of the box for the second 

series of tests. 

 

 
 
Figure 4-16. Average temperatures of the layers of fruit in the box of the second series 

of tests. 



 

121 

 
 
Figure 4-17. Average temperature (AL1) as well as temperatures of fruit located in 

corners and near the center of the first layer for the second series of tests. 

 

 
 
Figure 4-18. Average temperature (AL2) as well as temperatures of fruit located in 

corners and near the center of the second layer for the second series of tests. 
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Figure 4-19. Average temperature (AL3) as well as temperatures of fruit located in 

corners and near the center of the third layer for the second series of tests. 

 

 
 
Figure 4-20. Overview of the temperature distribution throughout the box for the second 

series of tests. 
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Figure 4-21. Comparison of the difference between the temperatures of the corner and 

center fruit (F1-F6) located on the first layer (L1) of the box for the three tests 
of the second series. 

 

 
 
Figure 4-22. Comparison of the difference between the temperatures of the corner and 

center fruit (F25-F23) located on the second layer (L2) of the box for the three 
tests of the second series. 
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Figure 4-23. Comparison of the difference between the temperatures of the corner and 

center fruit (F29-F34) located on the third layer (L3) of the box for the three 
tests of the second series. 

 

 
 
Figure 4-24. Temperatures of the inside surface of the walls of the box for the third 

series of tests. 
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Figure 4-25. Average temperatures of the layers of fruit in the box of the third series of 

tests. 

 

 
 
Figure 4-26. Average temperature (AL1) as well as temperatures of fruit located in 

corners and near the center of the first layer for the third series of tests. 
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Figure 4-27. Average temperature (AL2) as well as temperatures of fruit located in 

corners and near the center of the second layer for the third series of tests. 

 

 
 
Figure 4-28. Average temperature (AL3) as well as temperatures of fruit located in 

corners and near the center of the third layer for the third series of tests. 
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Figure 4-29. Average temperature (AL4) as well as temperatures of fruit located in 

corners and near the center of the fourth layer for the third series of tests. 

 

 
 
Figure 4-30. Overview of the temperature distribution throughout the box for the third 

series of tests. 
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Figure 4-31. Comparison of the difference between the temperatures of the corner and 

center fruit (F1-F12) located on the first layer (L1) of the box for the three 
tests of the third series. 

 

 
 
Figure 4-32. Comparison of the difference between the temperatures of the corner and 

center fruit (F32-F25) located on the second layer (L2) of the box for the three 
tests of the third series. 
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Figure 4-33. Comparison of the difference between the temperatures of the corner and 

center fruit (F37-F48) located on the third layer (L3) of the box for the three 
tests of the third series. 

 

 
 
Figure 4-34. Comparison of the difference between the temperatures of the corner and 

center fruit (F68-F61) located on the fourth layer (L4) of the box for the three 
tests of the third series. 
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Figure 4-35. Identification numbers used for the walls of the instrumented aircraft 

container. 

 

 
 
Figure 4-36. Temperatures of the inside surfaces of the walls of the aircraft container. 
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Figure 4-37. Average temperatures of the layers of boxes in the aircraft container. 

 

 
 
Figure 4-38. Average temperature of the bottom layer of boxes (AL1) and pulp 

temperatures of four fruit located near the outer surface of boxes B2, B4, B6 
and B22, also located on L1. 
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Figure 4-39. Average temperature of the third layer of boxes (AL3) and pulp 

temperatures of four fruit located near the outer surface of boxes B27, B29, 
B32 and B39, also located on L3. 

 

 
 
Figure 4-40. Average temperature of the top layer of boxes (AL6) and pulp 

temperatures of four fruit located near the outer surface of boxes B75, B77, 
B80 and B87, also located on L6. 
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Figure 4-41. Pulp temperatures as well as the temperature of the air (a) surrounding 

fruit F21, F63 and F105, all located on the three-dimensional diagonal of box 
B1 (L1). 

 

 
 
Figure 4-42. Picture of a channel created by the bulged boxes of fruit inside the aircraft 

container. 
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Figure 4-43. Pulp temperatures as well as the temperature of the air (a) surrounding 

fruit F21, F63 and F105, all located on the three-dimensional diagonal of box 
B47 (L4). 

 

 
 
Figure 4-44. Pulp temperatures as well as the temperature of the air (a) surrounding 

fruit F21, F63 and F105, all located on the three-dimensional diagonal of box 
B88 (L6). 
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Figure 4-45. Comparison of the differences between the center temperatures of the 

corner and near-center box (B3-B5) located on the bottom layer (L1) of the 
aircraft container for the three tests. 

 

 
 
Figure 4-46. Comparison of the differences between the center temperatures of the 

corner and near-center box (B44-B47) located on the fourth layer (L4) of the 
aircraft container for the three tests. 
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Figure 4-47. Comparison of the difference between the center temperatures of the 

corner and near-center box (B76-B79) located on the sixth layer (L6) of the 
aircraft container for the three tests. 
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Table 4-1.  Dimensions of the boxes, number or fruit and layers as well as characteristics of the oranges used for the 
three series of single-box tests. 

 Box dimensionsy Total number of fruit Layers Diameterz Massz Bulk Porosity Variety 
 m   m kg -  
Series 1 0.429 / 0.266 / 0.247 125 5 0.0668 0.1544 0.315 Hamlin 
Series 2 0.380 / 0.270 / 0.244 42 3 0.0834 0.2605 0.425 Navel 
Series 3 0.380 / 0.270 / 0.244 72 4 0.0728 0.1879 0.420 Navel 
y: Length / width / height; z: Average value. 
 
Table 4-2. Maximum and average pulp-temperature differences between the half-radius distance and the center (c) of fruit 

F1 and F63 for the first series of tests.    
 Bottom Corner Center 
 F1-F1c (°C) F63-F63c (°C) 
 Maximum  Average ny sz Maximum Average n s 
Test 1 3.2 2.3 86 0.6 1.2 0.7 86 0.3 
Test 2 2.9 2.4 86 0.5 1.3 0.7 86 0.4 
Test 3 3.1 2.5 87 0.5 1.2 0.7 87 0.3 
y: n is the number of measurements; z: s is the standard deviation. 
 
Table 4-3. Maximum and average differences between the air temperature near the surface of the fruit (a) and the pulp 

temperature at the half-radius distance of fruit F1 and F63 for the first series of tests.    
 Bottom Corner  Center 
 F1a-F1 (°C) F63a-F63 (°C) 
 Maximum  Average ny sz Maximum Average n s 
Test 1 3.5 1.7 86 0.8 2.0 1.4 86 0.4 
Test 2 2.9 1.5 86 0.6 2.5 1.4 86 0.7 
Test 3 2.9 1.4 87 0.6 2.2 1.3 87 0.7 
y: n is the number of measurements; z: s is the standard deviation. 
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Table 4-4. Maximum and average pulp-temperature differences between the half-radius distance and the center (c) of fruit 
F1, F3 and F42 for the second series of tests.    

 Bottom Corner Center Top Corner 
 F1-F1c (°C)  F23-F23c (°C) F42-F42c (°C) 
 Maximum  Average ny sz Maximum Average n s Maximum Average n s 

Test 1 0.6 0.2 173 0.2 0.3 0.1 173 0.1 -0.7 -0.4 173 0.1 
Test 2 0.6 0.2 178 0.2 0.3 0.1 178 0.1 -1.3 -0.7 178 0.3 
Test 3 0.6 0.1 179 0.3 0.3 0.2 179 0.0 -1.1 -0.7 179 0.3 
y: n is the number of measurements; z: s is the standard deviation. 
 
Table 4-5. Maximum and average differences between the air temperature near the surface of the fruit (a) and the pulp 

temperature at the half-radius distance of fruit F1, F23 and F42 for the second series of tests.    
 Bottom Corner Center Top Corner 
 F1a-F1 (°C)  F23a-F23 (°C) F42a-F42 (°C) 
 Maximum  Average ny sz Maximum Average n s Maximum Average n s 
Test 1 2.9 0.9 173 0.8 3.3 1.1 173 1.1 9.2 2.9 173 1.9 
Test 2 2.1 1.0 178 0.5 2.7 1.6 178 0.5 9.6 3.5 178 2.2 
Test 3 2.9 1.1 179 0.8 2.9 1.1 179 1.0 9.8 3.4 179 2.1 
y: n is the number of measurements; z: s is the standard deviation. 
 
Table 4-6. Maximum and average pulp-temperature differences between the half-radius distance and the center (c) of fruit 

F1 for the third series of tests.    
 Bottom Corner 
 F1c-F1 (°C)  
 Maximum  Average ny sz 

Test 1 2.4 1.3 176 0.5 
Test 2 2.6 1.6 177 0.5 
Test 3 2.4 1.6 176 0.5 
y: n is the number of measurements; z: s is the standard deviation. 
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Table 4-7. Maximum and average differences between the air temperature near the surface of the fruit (a) and the pulp 
temperature at the half-radius distance of fruit F1, F43 and F72 for the third series of tests.    

 Bottom Corner   Center   Top Corner   
 F1a-F1 (°C)    F43a-F43 (°C)   F72a-F72 (°C)   
 Maximum  Average ny sz Maximum Average n s Maximum Average n s 
Test 1 1.8 0.8 176 0.4 0.6 -0.2 176 0.2 10.2 2.2 176 2.2 
Test 2 1.9 0.8 177 0.5 0.7 -0.2 177 0.2 10.3 2.6 177 2.2 
Test 3 1.8 0.7 176 0.4 0.5 -0.2 176 0.2 9.6 2.6 176 2.2 
y: n is the number of measurements; z: s is the standard deviation. 
 
Table 4-8. Biot number (Bi) calculations for a single spherical fruit with constant properties exposed to natural convection 

in air. 
 D RaD

x NuD
x, y hx Biz 

 m (-) (-) (Wm-2K-1) (-) 
Series 1 0.0668 1.06 × 10-6 16.6 6.23 0.155 
Series 2 0.0834 2.05 × 10-6 19.3 5.78 0.194 
Series 3 0.0728 1.36 × 10-6 17.6 6.05 0.169 
x: Calculations based on a film temperature of 18.75°C; y: Calculations based on Equation 4-1; z: Calculations based on a 
average convective heat transfer coefficient of 6 Wm-2K-1 and a thermal conductivity of 0.431 Wm-1K-1 for the fruit. 
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CHAPTER 5 
RESULTS AND DISCUSSION OF AIR TRANSPORT TESTS 

Tests were conducted through four different airports: Dubai International Airport 

(DXB) in Dubai (United Arab Emirates), Gothenburg-Landvetter Airport (GOT) in 

Landvetter (Sweden), John F. Kennedy International Airport (JFK) in New York (United 

States) and Jomo Kenyatta International Airport (NBO) in Nairobi (Kenya).  The three-

letter identifiers presented in parenthesis are the International Air Transport Association 

(IATA) codes; these codes are used throughout this section to identify the airports.   

Using JFK as a reference, the time difference for each airport when the tests were 

conducted was + 8 h, + 6 h and + 7 h for DXB, GOT and NBO, respectively.  Local 

times, in 24-h notation, are used throughout this section.  All airport local weather 

conditions were obtained from historical data available through the following website:  

http://www.wunderground.com/history/.  

To present and analyze the results, each shipment was divided in three sections.  

The first section corresponds to the period during which the instrumented container was 

outside on the tarmac during the ramp transfer prior to departure.  The second section 

includes the entire period the container was onboard the aircraft; on the ground and in 

flight.  The third section corresponds to the time during which the container was outside 

on the tarmac during the ramp transfer after arrival. 

Since the tests were conducted through multiple time zones, it was decided that 

the simplest approach was to use an elapsed time scale for the graphs.  The reference 

time (t = 0 h) was therefore selected as the moment when the instrumented container 

was taken out of refrigerated storage to be brought out on the tarmac in preparation for 

departure. 
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Data analysis showed small temperature variations between the reusable plastic 

containers (RPCs) on a specific layer.  This observation can be explained by the loading 

pattern of the container and the locations of the temperature sensors in the load.  

Consequently, only the average temperatures of the layers of products are presented 

and discussed in this section.  

For all figures the prefix "A" identifies an average value.  There were seven layers 

of RPCs in the instrumented aircraft container; layer 1 and layer 7 denote the bottom 

and the top layer, respectively. The six walls of the aircraft container are numbered as 

previously shown in Figure 4-35.  The following notation is used in this chapter. 

- ALx: Average temperature of the products calculated from the experimental data 
obtained in layer x of the aircraft container, where x ϵ {1…7}  

- Wy: Temperature measured at the center of the inside surface of wall y of the 
aircraft container, where y ϵ {1…6} (Figure 4-35) 

- P: Atmospheric pressure 

5.1 JFK-GOT-DXB 

The departure time from JFK airport was scheduled at 11:00 on 04-29-2007 and 

its arrival time at DXB airport was scheduled at 11:00 the next day.  A stop at GOT 

airport was made before the flight reached its final destination.  The container was 

carried in position 44R in the aft cargo compartment of a B747-400F, a full freighter 

aircraft (Figure 3-19). 

5.1.1 JFK Ramp Transfer  

At 10:10, the container was taken out of refrigerated storage and brought out onto 

the tarmac in preparation for the loading operations.  The instrumented container was 

on the tarmac for a period of 1 h 50 min, until 12:00.  The average temperatures of the 

layers of products and the temperatures of the inside walls of the aircraft container are 
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presented in Figure 5-1.  During that time, the environmental conditions at JFK airport 

were overcast with an ambient temperature of 14.4°C at 09:51 and 16.1°C at 11:51.  

Initially, the average temperatures of the layers or products varied between 7.5°C (AL1) 

and 8.9°C (AL3).  The average temperatures of the layers of products were constant 

during the ramp transfer except for the top layer (AL7), which increased slightly from 

7.6°C to 8.3°C. The environmental conditions during the ramp transfer at JFK airport did 

not affect significantly the distribution of the product temperatures within the aircraft 

container. 

 Table 5-1 complements Figure 5-1 and presents the initial and final temperatures 

of the walls of the container.   Under overcast conditions during daytime, the walls 

rapidly reached a temperature close to the outside air, except for the bottom and left 

walls (W3 and W4).  The final temperature of the left wall (W4) was 12.6°C, a few 

degrees below ambient temperature.  The best explanation for this behavior is the 

proximity of the left wall to another container.  Regarding the bottom wall temperature, 

the situation is different. 

Since the load sits directly on the bottom wall, that temperature is strongly 

influenced by the load and this explains why the temperature only reached 10.6°C at 

that location.  The larger thickness of the bottom wall also contributes to its different 

thermal behavior.  Since most ULDs are not designed to be handled with forklift, they 

rarely sit directly on the ground when fully loaded.  During ramp transfer operations, unit 

load devices (ULDs) are placed onto dollies.  These dollies are equipped with locking 

mechanisms to maintain the ULDs in place during transport.  On the dollies, roller 

systems allow to move and rotate ULDs.  Usually the dollies are somewhat open 
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structures and expose most of the bottom surface of the ULDs to convective heat 

transfer as well as radiative heat transfer with the tarmac.  During cold storage ULDs 

are also usually placed on roller systems (balls or cylinders) to facilitate handling. 

5.1.2 Onboard the Aircraft 

The conditions during the entire time the instrumented container was on the plane 

are presented in Figure 5-2.  The pressure, measured inside the aircraft container, is 

plotted on each graph of Figure 5-2 to indentify the segments during which the plane 

was on the ground and in flight. 

Inside the aircraft, the instrumented container was loaded near the aft cargo 

compartment door, at position 44R (Figure 3-19).  The temperature set point of the aft 

cargo compartment of the Boeing 747F was set by the pilot at 10°C for both flight 

segments (JFK-GOT and GOT-DXB).  The average pressure during the flight segments 

was 0.84 atm and 0.83 atm, respectively.   

The average temperatures of the layers in Figure 5-2 clearly show that the time-

temperature conditions to which the container was exposed onboard the aircraft did not 

significantly affect the temperature distribution within the products.  In the absence of 

solar radiation, the temperatures of the walls of the container provide good indication of 

the temperature of surrounding air.  Figure 5-2 shows that only moderate temperatures 

variations were measured during the time the container was onboard the plane.  At JFK 

airport, after the container was loaded and the cargo doors were closed, the air 

temperature spiked just below 20°C.  At that time, the top wall temperature (W1) was 

measured at 19.2°C while the lateral walls reached an average temperature of 16.8°C.  

Again, the floor of the container (W3) remained colder at 11.0°C.  Shortly after that 

sharp increase, the temperature started to decrease as the air conditioning system was 
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started with the engines of the aircraft.  After 1 h 10 min of taxiing, the temperatures of 

the walls of the container decreased close to the set point of 10°C.  Just prior to takeoff, 

the temperatures ranged from 10.1°C to 12.5°C. 

During the first segment of flight, the temperatures of the walls were steady, they 

ranged between 5.9°C (W4) and 9.6°C (W2).  The left wall (W4) was facing the cargo 

compartment door where colder temperatures are usually encountered because of 

weaker thermal insulation.  The right wall (W2) was located near the center of the cargo 

compartment, parallel with the longitudinal axis of the plane and separated by only a 

few centimeters from the adjacent container.  The fact that cargo compartments 

ventilation systems are designed to move air laterally combined with the small air gap 

between aircraft containers creates a weaker airflow near the right wall (W2).  This 

explains why the temperature at that location was higher and closer to the temperature 

of the load.  The flight segment between JFK and GOT took 7 h. 

During the ramp transfer at GOT airport, the instrumented container remained 

onboard the plane.  The plane landed at 2:10 and departed at 4:30.  During that 

2 h 20 min layover, the ambient temperature at the airport was 6°C.  Table 5-2 presents 

the wall temperatures of the instrumented container at landing and takeoff at GOT 

airport.  It can be noticed that only small increases in temperatures occurred during that 

period; the maximum increase was 2.5°C and was measured on the front wall of the 

container (W5).  It is difficult to explain the cause of the small spike in temperature up to 

11.8°C of the top wall of the container (W1) shortly after landing (Figure 5-2).  In 

general, for most temperature sensitive product, the conditions encountered during that 

stop would not have been detrimental. 
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During the second flight segment from GOT to DXB airport, the temperatures of 

the walls of the instrumented container were again steady.  Temperatures varied 

between 5.8°C (W4) and 10.0°C (W2).  These temperatures were almost identical to 

those observed in the first flight segment.  Upon arrival at DXB airport, the wall 

temperatures increased and converged to an average of 11.1°C with the exception of 

the bottom wall temperature (W3) which increased only to 7.1°C.  The flight from GOT 

to DXB was 5 h 40 min and landed at 12:10. 

5.1.3 DXB Ramp Transfer 

At 12:30, 20 min after arrival, the instrumented container was unloaded from the 

aircraft.  At 12:00 and 13:00 the ambient temperature at DXB airport was reported at 

34.0°C and 33.0°C with clear-sky conditions.  Figure 5-3 shows the average 

temperature of the layers of product and the temperatures of the inside walls of the 

container during the ramp transfer at DXB airport.  It is important to mention that 

different temperature scales were used for the two graphs of Figure 5-3.  The container 

remained on the tarmac for a period of 1 h and was exposed to solar radiation for a 

period of approximately 30 min.  Table 5-3 summarizes the variations of the wall 

temperatures during that period.  The bottom wall temperature (W3) rose from 7.1°C to 

15.3°C.  The temperatures of the lateral walls of the container (W2, W4, W5 and W6) 

increased to an average of 35.0°C, which was very close to the ambient air 

temperature.  Due to direct solar radiation, the top wall temperature (W1) increased by 

51.0°C and reached 62.3°C; this is 28.3°C above ambient air temperature.  At that time, 

the air temperature in the top layer of product reached 20.4°C.  Figure 5-3 shows that 

only the temperature of the top layer of products was influenced during the 1-h ramp 
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transfer.  The average temperature of the top layer (AL7) increased from 8.8°C to 

10.3°C. 

It must be mentioned that for this specific flight, the time spent by the experimental 

container on the tarmac upon arrival in DXB airport may have been shorter than usual 

since the ground personnel were aware that it was instrumented.  Exceptional 

measures were taken during the ground operations.  As at JFK airport, the airline 

refrigerated storage facilities were located onsite at DXB airport, directly within the 

cargo terminal. 

5.1.4 Time and Delays 

In the end, the total transit time from cold room to cold room was 19 h 20 min.  A 

total of 2 h 50 min were spent on the tarmac whereas 16 h 30 min were spent on the 

plane.  The actual in-flight time for the two segments summed up to 12 h 40 min, which 

corresponds to 65.5% of the total transit time.  The flight departed with a delay of 

2 h 10 min and arrived at destination 1 h 10 min behind schedule.  Upon arrival, the 

load was inspected and neither shifting nor mechanical damage were observed. 

5.2 First Shipment DXB-NBO 

The flight was scheduled to depart from DXB airport on 05-03-2007 at 10:05 and 

land at NBO airport the same day at 14:15 after a 5 h 10 min flight. The instrumented 

container was loaded onboard an A330-200 passenger aircraft.  The container was 

located in position 41L of the aft cargo compartment (Figure 3-19). 

5.2.1 DXB Ramp Transfer 

At 1:40, 8 h 25 min prior to departure, the container was taken out of the cold 

room.  At 1:00 and 2:00, the ambient air temperature at DXB airport was 32.0°C and 

29.0°C, respectively, with clear-sky conditions. The fact that a unit load device (ULD) 
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was out of the cold room more than 8 h prior departure is evidence of the challenges 

associated with maintaining a proper cold chain for air shipments.   Figure 5-4 shows 

the variations of the average temperatures of the layers of products as well as the inside 

temperatures of the walls of the container while on the tarmac.  Two different 

temperatures scales were used on the graphs of Figure 5-4 to obtain a better visual 

representation of the temperature variations.  At the moment the container was taken 

out of the cold room, the inside wall temperatures were quite uniform, they varied 

between 5.5°C and 6.7°C.  Once exposed to the outside conditions, the wall 

temperatures remained relatively steady for the first 4 h and then started to increase 

until the container was loaded onboard the aircraft.  That increase in temperature 

corresponded precisely with sunrise (5:41, t = 4.02 h).  The ambient air temperature at 

DXB airport 30 min before the container was loaded onboard the aircraft was reported 

to be 31.0°C.   The wall temperatures while the instrumented container was out on the 

tarmac are summarized in Table 5-4.   

During that same period, the average temperatures of the layers of products 

increased at different rates, but almost linearly (Figure 5-4).  The initial (t = 0) and final 

(t = 8 h) temperatures and the corresponding variations are presented in Table 5-5. 

Initially, the temperatures of the products in the container were quite uniform, they 

varied between 6.0°C and 7.0°C for individual measurements and between 6.2°C and 

6.6°C for the layer averages.  At the end of the 8-h ramp transfer, the top layer (AL7) 

showed the largest temperature increased reaching 16.1°C.  In Figure 5-4, a vertical 

temperature stratification among the layers can be observed with the exception of the 

bottom layer (AL1), which behaved similarly to the fifth layer.  The convective and 
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radiative heat transfer through the bottom wall of the container contributed to the larger 

temperature increase of the first layer of products.  The average temperatures of the 

bottom core layers of the load (AL2, AL3 and AL4) remained relatively constant and did 

not increase by more than 1.0°C. 

5.2.2 Onboard the Aircraft 

The instrumented container was onboard the aircraft for a period of 1 h prior 

departure at 10:30 (t = 8.83 h).  The flight from DXB to NBO airport was 4 h 30 min.  

Upon arrival to NBO airport at 14:00 (t = 13.33 h), the container remained on the plane 

for 30 min before being unloaded.  The temperatures of the inside walls of the container 

as well as the average temperatures of the layers of products, for the entire time the 

container was onboard the plane, are presented in Figure 5-5.  The atmospheric 

pressure is also plotted on the graphs to identify the flight segment.   

There were two pressure plateaus during the flight.  The average pressures during 

the first and second plateau were 0.88 and 0.79 atm, respectively.  Also, the 

atmospheric pressure upon arrival at NBO airport remained low at 0.84 atm since the 

city of Nairobi has an elevation of 1624 m with respect to sea level and a standard 

pressure of 8.33 kPa, or 0.822 atm (ASHRAE, 2001).  The wall temperatures in Figure 

5-5 indicate that the ambient temperature within the cargo hold of the passenger plane 

(A330-200) was maintained around 20°C.  This is a typical temperature whenever live 

animals are carried onboard an aircraft; it is a frequent occurrence on passenger flights 

because of the presence of pets.  The variations in the average temperatures of the 

layers of product while the container was onboard the aircraft are summarized in Table 

5-6.  These small increases are attributable in part to the ambient conditions while the 

container was within the cargo compartment and in part to the transfer of the heat 
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accumulated in the outer regions of the load while the container was on the tarmac in 

DXB. 

5.2.3 NBO Ramp Transfer 

  At 14:00 and 15:00 the ambient temperatures at NBO airport were reported at 

23.0°C and 24.0°C, respectively, with mostly cloudy conditions.  At 14:30 (t = 13.83 h), 

the instrumented container was unloaded from the plane.  The temperatures of the 

inside walls of the container as well as the average temperatures of the layers of 

products during the period the container was on the tarmac are presented in Figure 5-6.  

Different temperature scales are used for the graphs in Figure 5-6.  While on the 

tarmac, the solar radiation combined with the partially cloudy conditions affected the 

wall temperatures of the container, particularly the top wall (W1).  In Figure 5-6, the 

temperature of the top wall of the container (W1) peaked at four occasions, reaching 

55.3°C, 57.3°C, 58.3°C and 50.3°C within the first 2 h.  Depending on their orientations 

with respect to the sun at a given time, the lateral surfaces of the container exhibited a 

similar thermal behavior but with lower magnitudes.  Taking into account the fact that 

the ambient temperature was only 23°C, this illustrates clearly the important effect that 

solar radiation may have on the surface temperatures of an aircraft container or on the 

outer layer of products loaded onto an aircraft pallet.  Again, the bottom wall 

temperature stayed relatively steady at an average temperature of 13.3°C.  For the last 

part of the ramp transfer, the conditions remained cloudy or the container was placed 

into a shady area. 

The conditions encountered during the ramp transfer did not influence significantly 

the temperature of the load.  This is can be explained in part because the walls of the 

container reached high temperatures intermittently and in part by the smaller 
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temperature difference between the wall and the load.  During the 4 h the container was 

on the tarmac, the top layer of the container showed the largest increase on average 

temperature with 1.3°C (Figure 5-6).   

As it is the case for several airports, the airline cold storage facilities were located 

a few blocks from NBO airport.  In this case, the ULDs had to be transported for a few 

minutes over poorly paved roads.  Shocks and vibrations associated with that short 

transport operation were severe enough to cause some shifting of the load within the 

aircraft container. 

5.2.4 Time and Delays 

The total time for the container to travel from the cold room at DXB airport to the 

cold room in NBO was 17 h 50 min.  The total time spent on the tarmac at DXB and 

NBO airport was 11 h 50 min, which corresponds to 66.4% of the total time.  The 

container spent 6 h onboard the aircraft and was in-flight for a period of 4 h 30 min, 

which is 25.2% of the total travel time.  There were no major delays with respect to the 

flight schedule. 

5.3 First Shipment NBO-DXB 

After its arrival at NBO airport from the previous flight (DXB-NBO, 05-03-2007), the 

instrumented container was stored in a cold room maintained at 5°C for a period of 

approximately 25 h.  Table 5-7 presents the change on average temperatures of the 

layers of products during refrigerated storage.  The average temperatures of all layers 

decreased except for a small increase in the second layer (AL2).  The initial 

temperatures of the second layer was lower than both the first (AL1) and third (AL3) 

layers of products.  The presence of warmer products above and below the second 

layer caused the slight increase in temperature of the second layer.   



 

151 

At the end of the cold storage period, the average temperatures of the seven 

layers were between 11.1°C (AL7) and 8.4°C (AL3), a minimum of 3.4°C above the set 

point of the cold room.  The temperatures of layers 2 to 6 varied by less than 4°C over 

25 h.  This clearly illustrates the small rate of heat transfer within the load of products, 

particularly for the products located near the center. 

For this shipment, the instrumented container was scheduled to fly back to DXB 

airport on a cargo aircraft.  The flight was scheduled to depart from NBO airport at 23:00 

on 05-04-2007 and arrived the next day at 5:00 after a 5-h flight.  The container was 

loaded in position 11L within the forward cargo compartment of an A310-300F aircraft 

(Figure 3-19).  The position adjacent to the instrumented container (11R), which is 

located near the door of the cargo compartment, was vacant for the flight. 

5.3.1 NBO Ramp Transfer 

The container was brought out of the cold room and onto the NBO airport tarmac 

at 19:30 (05-04-2007), 30 min after sunset.  The ambient air temperatures at NBO 

airport were 20.0°C and 21.0°C at 19:00 and 20:00, respectively.  Scattered-cloud 

conditions were reported.  The container stayed on the tarmac for a period of 2 h 30 

min.  It was loaded onboard the aircraft at 22:00.  At that time, the ambient air 

temperature had dropped to 18°C and the sky was clear.  The temperatures of the walls 

of the container and the average temperatures of the layers of products within the 

container are shown in Figure 5-7.  The average temperatures of the layers of products 

were not affected by the ambient conditions; they remained steady for the entire ramp 

transfer.  In the absence of solar radiation, all wall temperatures reached values close to 

the ambient air temperature, except for the bottom wall (W3). 
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5.3.2 Onboard the Aircraft 

The temperatures as well as the pressure measured while the container was 

onboard the aircraft are presented in Figure 5-8.  The container was onboard the plane 

for a period of 1 h prior to departure.  The flight from NBO to DXB airport was 

4 h 30 min and during that time the average pressure was 0.82 atm.  The pressure did 

not plateau at two levels as it was observed in the previous flight (DXB-NBO, 

05-03-2007).  At departure (23:00, t = 3.5 h), the top wall of the container (W1) was at 

19.3°C whereas the lateral walls (W2, W4, W5 and W6), varied between 15.5°C and 

16.7°C.  Upon arrival at DXB airport (4:30, t = 8 h), the top wall temperature had 

decreased to 15.5°C and the temperatures of lateral walls ranged between 12.4°C and 

13.9°C.  The temperature of the bottom wall of the container was not included in 

Figure 5-8 since the temperature probe appeared to have been damaged by the harsh 

handling conditions during the transport of the container from the cold storage facilities 

to the airport.   

Because of the small temperature differences between the walls of the container 

and the load, the average temperatures of the layers of products were relatively steady 

while the container was onboard the aircraft.  The maximum increase was measured at 

the top layer, where the average temperature (AL7) rose by 0.9°C over a period of 6 h.  

Again, with the exception of the bottom layer of product (AL1), a vertical stratification of 

the average layer temperatures can be observed in Figure 5-8. 

5.3.3 DXB Ramp Transfer 

The instrumented container was taken out of the plane 30 min after landing (5:00, 

t = 8.5 h) at DXB airport.  At that time, the conditions were partly cloudy and the ambient 

temperature of 25.0°C was reported at the airport.  The container was left on the tarmac 
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until 9:20, a period of 4 h 20 min.  From 9:00 to 10:00, the ambient temperature 

increased from 30°C to 34°C and the sky remained clear.  Figure 5-9 presents the 

temperatures of the walls of the container as well as the average temperatures of the 

layers of products during the ramp transfer.  Different temperature scales are used for 

the two graphs of Figure 5-9.  The temperatures of the walls of the container increased 

for first 2 h, and then sharply decreased and remained relatively steady until the 

container was brought into the cold room.  This indicates that after 2 h, the container 

was placed in a shady area.  If the container had been exposed to solar radiation during 

the entire ramp transfer, previous results and observations showed that the top wall 

(W1) would have reached temperatures above 50°C.  On that day (05-05-2007), the sun 

rose 40 min after the container was unloaded from the aircraft (5:40, t = 9.17 h). 

From Figure 5-9, it can be observed that the product temperatures increased only 

slightly since the container was not exposed to extreme ambient temperatures or peak 

solar radiation levels.  The variations of the average temperatures of the layers of 

products are summarized in Table 5-8.  Again, the top layer (AL7) showed the largest 

variation; its average temperature increased from 12.2°C to 15.8°C. 

5.3.4 Time and Delays 

For this flight, the total transit time between the cold rooms at NBO and DXB 

airports was 12 h 50 min.  A total of 6 h 50 min was spent on the tarmac, which 

corresponds to 53.2% of the entire transit time.  The instrumented container spent the 

remaining 6 h of its journey (46.8%) within the cargo compartment of the aircraft and 

was in-flight for a period of 4 h 30 min (35.1%).  The flight departed on time and even 

arrived 30 min ahead of the scheduled arrival time. 
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5.4 Second Shipment DXB-NBO 

The instrumented container was scheduled to ship from DXB airport on 

05-06-2007 at 10:05, on the same flight as the first shipment to NBO airport (DXB-NBO, 

05-03-2007).  The aircraft was scheduled to reach destination at 14:15 after a flight of 

5 h 10 min.  The container was again loaded in the aft cargo compartment but in 

position 32R this time (Figure 3-19). 

5.4.1 DXB Ramp Transfer 

As it was the case for the first DXB-NBO shipment, the container was taken out of 

refrigerated storage (5°C) at 1:40, 8 h 25 min before the scheduled departure time.  It is 

difficult to confirm that this is a standard practice, but this shows that ULDs are likely to 

spend extended period of time on tarmac during ramp transfers.  At 2:00, 20 min after 

the container was bought out onto the tarmac, the ambient temperature was 30°C.  The 

sun rose 4 h later, at 5:39.  The instrumented container was left on the tarmac until 

9:40, when it was loaded onboard the aircraft.  At 10:00, the ambient temperature had 

increased to 34°C.  During the entire ramp transfer, the sky remained clear.  The 

temperatures of the walls of the container as well as the average temperatures of the 

layers of products during the 8-h period the container was on the ramp are presented in 

Figure 5-10. 

As for the first DXB-NBO flight, the temperatures of the walls of the container were 

relatively steady until sunrise.  With the increase of solar radiation, wall temperatures 

rose significantly until the container was loaded onboard the aircraft.  Table 5-9 provides 

the temperatures of the walls of the container when it was taken out of the cold room, at 

sunrise and when it was loaded.  For this entire shipment, the bottom wall temperature 

(W3) was unavailable since the temperature probe was damaged in the previous flight. 



 

155 

From Figure 5-10, it can be observed that the initial temperatures of the product 

were not as uniform as for the first flight to NBO.  The average temperatures of the 

seven layers of products varied between 9.1°C (AL3) and 11.4°C (AL7).  During the 

ramp transfer, the average temperatures of the layers increased steadily and displayed 

the same vertical stratification that was observed in previous flights.  The variations of 

the average temperatures of the layers of products during the ramp transfer are 

presented in Table 5-10. 

5.4.2 Onboard the Aircraft 

At 9:40, after 8 h on the tarmac, the instrumented container was loaded in the aft 

cargo compartment.  The plane departed at 11:10 (t = 9.5 h) and landed at NBO airport 

at 14:40 (t = 14.0 h).  The flight duration was 4 h 30 min.  The container stayed on the 

plane for 1 h after arrival.  The pressure and temperatures measured while the 

container was onboard the aircraft are shown in Figure 5-11.  Similarly to observations 

during the previous flight to NBO airport, the pressure successively plateaued at 0.86 

atm and 0.79 atm during the flight.  The temperature of the walls did not vary drastically 

during the flight. The temperatures of the lateral walls of the container (W2, W4, W5 and 

W6) were quite uniform; they were within 3.2°C of each other.  The average 

temperature of the four lateral walls at departure (t = 9.5 h) and arrival (t = 14 h) was 

23.2°C and 17.7°C, respectively.  The temperature of the top wall (W1) at departure and 

arrival was measured at 32°C and 23°C, respectively.  These temperatures indicate 

again that the temperature set point of the aft cargo compartment was close to 20°C.  

The temperature of the product increased slightly while the container was onboard the 

aircraft.  The variations of the average temperatures of the layers of products are 
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presented in Table 5-11.  The results showed again the vertical stratification of the 

product temperatures. 

5.4.3 NBO Ramp Transfer 

At 15:40 (t = 15 h), the container was unloaded from the aircraft.  At 16:00, the 

ambient temperature at NBO airport was 23.0°C with scattered-cloud conditions.  The 

sporadic exposure to solar radiation created three successive peaks in the 

temperatures of the container walls (Figure 5-12).  During those events, the top wall 

(W1) reached the highest temperatures at 31.2°C, 45.1°C and 32.8°C.  After the last 

peak, the wall temperatures decreased and converged progressively as the sun was 

setting.  At sunset (18:30, t = 17.83 h), the temperature of the walls averaged 19.8°C 

and ranged between 18.9°C (W4) and 21.1°C (W1).  Just before the container was 

brought inside the cold room, the temperatures of the wall had decreased slightly.  They 

averaged 18.5°C and ranged between 17.5°C and 19.7°C.  Figure 5-12 also shows that 

the average temperatures of the layer of products did not vary significantly during the 

ramp transfer at NBO airport. 

5.4.4 Time and Delays 

After the container was initially taken out of the cold room at DXB airport, it took 

21 h 50 min before it was again stored in a controlled temperature environment at NBO 

airport.  From the total transit time, 14 h 50 min (67.9%) was spent on the tarmac during 

ramp transfer whereas the container was in-flight for only 4 h 30 min (20.6%).  No major 

delays were observed during the shipment.  The flight departed 1 h 5 min late but 

arrived only 25 min behind schedule at NBO airport. 
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5.4.5 Comparison with the Previous DXB-NBO Flight 

It is interesting to compare the results of the two flights from DXB to NBO since the 

container was carried on the same flight and the same type of passenger aircraft 

(A330-200).  It can be noted by comparing the temperature variations between the first 

(Figures 5-4 to 5-6) and second (Figure 5-10 to 5-12) flight that very similar results were 

obtained.  One important thing to notice is that even though the container was loaded in 

different positions in the aft cargo compartment, the temperatures of the walls of the 

container indicated that it was exposed to very similar conditions.  More discrepancy in 

the results would have been expected if the container was located near a cargo door for 

one of the two flights.   

The logistics of the handling operations were also very similar between the 

shipments.  In both cases, the instrumented container was taken out of refrigerated 

storage for approximately 8 h before departure.  Luckily, half of that period occurred 

before sunrise, which may be the reason why such an extended break in the cold chain 

was allowed.  Nevertheless, the temperature of the products, particularly those in the 

top layers of the load, increased significantly during both ramp transfers at DXB airport.  

The temperature of the aft cargo compartment during the flights was also too high 

(about 20°C) to provide any cooling to the load of products.  It can be concluded that for 

most temperature sensitive products, the two shipments from DXB to NBO airport can 

be considered as 15 h 40 min and 21 h 50 min cold chain breaks. 

5.5 Second Shipment NBO-DXB 

Prior to this shipment, the container was stored for 17 h in a cold room set at 5°C.  

The initial and final average temperatures of the layers of products are presented in 

Table 5-12.   
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Unlike the previous flight from NBO to DXB, the container was flown onboard a 

passenger aircraft (A330-200), the same model of aircraft than the two previous flights 

from DXB to NBO.  The container was loaded in the forward cargo compartment in 

position 14L (Figure 3-19).  The flight was planned to leave NBO airport at 17:15 

(05-07-2007) and arrived the same day at 23:15, after a 5-h flight.  For this entire 

shipment, the bottom wall temperature (W3) was unavailable since the temperature 

probe was damaged in a previous flight. 

5.5.1 NBO Ramp Transfer 

The container was taken out of cold room and brought onto the tarmac at 15:30, 

1 h 45 min prior to the schedule departure.  At that time, the average temperatures of 

the seven layers of products varied between 9.8°C (AL1) and 14.3°C (AL7).  The 

temperatures were stratified from the bottom to the top layer.  The container stayed on 

the tarmac for 50 min before being loaded onboard the aircraft.  During the ramp 

transfer, the conditions at NBO airport were mostly cloudy and the ambient temperature 

was 24.0°C.  Figure 5-13 presents the variations of the temperatures within the 

container during that period.  Even though the temperature of the top wall of the 

container (W1) reached 46.9°C and was above 41°C most of the ramp transfer, the 

temperature distribution within the load remained steady.  Different temperature scales 

were used in Figure 5-13. 

5.5.2 Onboard the Aircraft 

The container was loaded onboard the plane at 16:20 (t = 0.83 h), 1 h before the 

actual departure (17:20, t = 1.83 h).  After a flight of 4 h 20 min, the plane landed at 

DXB airport at 22:40 (t = 6.17 h).  The instrumented container stayed onboard the 

aircraft for an additional 30 min before being unloaded at 23:10.  The pressure as well 
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as the temperatures measured while the container was onboard the aircraft are shown 

in Figure 5-14.   Shortly after takeoff, the temperatures of the wall of the container 

decreased.  For most of the flight, the lateral walls remained between 10°C and 15°C.  

The top wall of the container (W1) remained at higher temperatures.  Its temperature 

was measured at 24.1°C and 15.7°C at departure and arrival, respectively and it 

reached a minimum of 14.7°C during the flight.  Since the temperature differences 

between the products and the walls of the container were small, the average 

temperatures of the layers of products were relatively constant while the container was 

onboard the aircraft.   

As it was the case for the two previous shipments onboard the A330-200 aircraft 

between DXB and NBO airports, two pressure plateaus were measured during flight.  In 

this case, the plateaus were measured at 0.81 atm and 0.85 atm.  This phenomenon 

may be due to the model of aircraft or to the flight crew who for different reasons may 

decide to regulate the pressure differently depending on the cruising altitudes 

associated with that route. 

5.5.3 DXB Ramp Transfer 

It was 23:10 (t = 6.67 h) at DXB airport when the container was unloaded and 

placed on the tarmac.  It stayed there until 10:00 (t = 17.5 h) the next day, a period of 

10 h 50 min.  During the ramp transfer, there were clear-sky conditions and the ambient 

temperature varied between 28°C and 31°C.  The temperature variations in the 

instrumented container are presented in Figure 5-15.  The wall temperatures measured 

during the ramp transfer were relatively constant and did not exhibit the sharp increase 

associated with a direct exposure to solar radiation that was observed during the ramp 

transfers of previous shipments.  Except for the first and last segment of the ramp 
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transfer the wall temperatures varied between 20.3°C and 27.7°C.  This indicates that 

the container was stored in a shady area or within a non-refrigerated warehouse. 

Until the arrival at DXB airport, the temperature distribution within the load of 

products had remained relatively constant.  For that shipment, it is during the ramp 

transfer at DXB airport that the temperature of the products increased the most (Figure 

5-15 and Table 5-13).  The average temperatures of the layers increased almost 

linearly.  With the exception of the bottom layer (AL1), the temperature distribution of 

the layers of products was again vertically stratified.  The difference in temperature 

between adjacent layers increased from the bottom to the top layers. 

5.5.4 Time and Delays 

The total duration of the shipment from the cold room at NBO airport to the cold 

room at DXB airport was 17 h 30 min.  The instrumented container was on the tarmac 

for 11 h 40 min, which corresponds to 66.7% of the total transit time.  It is important to 

mention that 93% of the time the container spent on the tarmac was at DXB airport 

during the extended overnight ramp transfer.  The flight time was 4 h 20 min and 

accounted for only 24.8% of the total transit time.  No delays were encountered during 

that shipment. 

5.6 Shipment DXB-GOT-JFK 

The flight was scheduled to depart from DXB airport at 23:00 on 05-12-2007 and 

to arrive the next day at 8:00 at JFK airport after a 17-h transit time that included a stop 

at GOT airport.  Similar to the JFK-GOT-DXB flight, the container was transported 

onboard a B747-400F.  It was loaded again in the aft cargo compartment, but this time it 

was located in position 43L (Figure 3-19).  For this entire shipment, the bottom wall 
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temperature (W3) was unavailable since the temperature probe was damaged in a 

previous flight. 

5.6.1 DXB Ramp Transfer 

Since the flight was delayed, the container was brought out of the 5°C cold room 

onto the tarmac at 22:40.  At 23:00, the ambient temperature was still at 32.0°C with 

clear-sky conditions.  The container was loaded onto the plane 1 h 20 min later at 

00:00.  The temperatures of the walls of the container and the average temperatures of 

the layers of products during the time the container was on the tarmac are presented in 

Figure 5-16.  After a period of 20 min on the tarmac, the top wall of the container (W1) 

reached 27.9°C whereas the lateral walls (W2, W4, W5 and W6) varied between 21.7°C 

and 24°C.  These temperatures decreased slowly throughout the ramp transfer.  After 

1 h 20 min, when the container was loaded inside the aft cargo compartment, the 

temperature of the top wall of the container (W1) had dropped to 26.5°C whereas the 

lateral walls (W2, W4, W5 and W6) varied between 18.4°C and 20.0°C. 

5.6.2 Onboard the Aircraft 

The flight departed at 1:40 (t = 3 h), approximately 1 h 40 min after the loading 

operation was completed.  Figure 5-17 displays the pressure and the temperatures 

measured during the entire time the container was onboard the aircraft.  While the plane 

was still on the ground, the temperature of the top wall container increased up to 

29.9°C.  The temperatures of the lateral walls increased between 19.7°C and 21.5°C.  

At departure, the air conditioning system was started with the engines and the 

temperature in the cargo compartment started to decrease.  For the two flight segments, 

the pilot set the temperature of the aft cargo compartment at 20°C.  Once in flight, the 

temperatures of the walls did not vary significantly.  The top wall temperature (W1) was 
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again the highest; it averaged 19.5°C.  Three of the lateral walls (W2, W4 and W5) were 

almost identical throughout the first flight segment; their average was calculated at 

14.7°C.  The average temperature of the back wall of the container (W6) was 16.8°C. 

That first segment took 6 h and the aircraft landed at GOT airport at 5:40 (t = 9 h).  The 

average in-flight pressure was 0.84 atm.  The ambient temperature at GOT airport was 

10°C, which explains the decrease of the wall temperatures measured during the stop 

as the aft cargo door was opened.   

After the 2-h stop, the aircraft departed from GOT airport at 7:40 (t = 11 h) for the 

second flight segment leading to JFK airport.  The temperatures of the walls of the 

container were similar to the previous segment, but laid within a slightly narrower range.  

The top (W1) and back (W6) wall temperatures averaged 18.1°C and 17.3°C.  Again, 

the three other lateral walls (W2, W4 and W5) displayed almost identical temperatures 

during the flight.  Their average was calculated at 15.4°C.  The average pressure was 

calculated at 0.83 atm during the flight.  The aircraft landed at JFK airport on 

05-13-2007 at 9:10 (t = 18.5 h), 7 h 50 min after its departure from GOT airport.  Upon 

arrival, the container stayed onboard for 50 min before being unloaded onto the tarmac.  

For the entire period of time the container was onboard the aircraft, the average 

temperatures of the layers of products increased at different rates, but they all followed 

almost linear trends.  The only exception is the temperature of the top layer of products 

(AL7).  It displayed a faster rate of change while the aircraft was on the ground at DXB 

airport and that the top wall temperature reached 29.9°C (Figure 5-17).  The variations 

of the average layer temperatures are summarized in Table 5-14. 
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5.6.3 JFK Ramp Transfer 

At JFK airport, the instrumented container stayed on the tarmac for a period of 

2 h 20 min, between 10:00 and 12:20 (05-13-2007).  Throughout the ramp transfer, the 

container was exposed to clear-sky conditions and the ambient temperature varied 

between15.6°C and 17.2°C.  For the first 30 min, the effects of solar radiation were 

observed on the temperatures of the walls of the container and the top wall temperature 

(W1) reached a maximum of 36.3°C (Figure 5-18).  For the last part of the ramp 

transfer, the container was placed in a shady area and the wall temperatures were 

steady.  The top (W1) and the lateral (W2, W4, W5 and W6) wall temperatures 

averaged 18.4°C and 15.7°C, respectively.  Figure 5-18 also shows that the 

temperatures of the product were not affected during the ramp transfer at JFK airport. 

5.6.4 Time and Delays 

The total transit time between the cold rooms at DXB and JFK airports was 

21 h 40 min.  Only 16.9% (3 h 40 min) of the total transit time was spent on the tarmac 

during ramp transfers.  The container was onboard the plane for the remaining 18 h and 

spent 13 h 30 min in-flight, which corresponds to 62.3% of the total journey.  Important 

delays were encountered during the shipments.  The flight departed from DXB airport 

2 h 40 min behind schedule and consequently was 2 h late upon arrival at JFK airport.  

It is important to mention that the ground crew at DXB airport were aware of the delays 

and accordingly adjusted the time at which they brought out the ULDs prior to the 

loading operations.  This contributed to the short period of time the instrumented 

container spent on the tarmac when compared to previous flights of this series of tests. 
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5.7 Air Transport Logistics and Detrimental Temperatures during Tests 

The results of the in-flight tests confirmed that air transport may contribute to the 

decrease of the quality of fresh horticultural products.  A combination of the air transport 

logistics and environmental conditions can be identified as the principal cause of the 

problems.  

 Looking at the air transport logistics, flight delays are often identified as a major 

issue (Villeneuve et al. 2002).  Any delays are important for temperature sensitive 

cargo, but delays on departure times are critical since the ULDs may have to stay for a 

longer period of time on the tarmac.  Table 5-15 presents the delays encountered during 

the six in-flight tests.  Looking at departures times, the longest delays were associated 

with flights between JFK-GOT-DXB (2 h 10 min) and DXB-GOT-JFK (2 h 40 min).  In 

both occurrences, the time spent by the instrumented container on the tarmac during 

the ramp transfer was less than 1 h 50 min.  These reasonable times indicate that the 

ground crew adjusted their operations to limit the actual ramp transfer times.  Also, a 

B747-400F aircraft was used for both flights.  This freighter has the largest cargo 

capacity among the three aircraft used for the tests.  The cargo capacity of the 

B747-400F was 117,000 kg compared to 36,500 kg and 17,000 kg for the A310-300F 

and A330-200, respectively. This indicated that the cargo capacity and therefore the 

time associated with the loading and unloading operations may have an impact on the 

flight delays.    

Among the four other flights, delays were less than 25 min for three of them, and 

1 h 5 min for the other.  The impacts of the departure delays on arrival times were 

mitigated by variables such as shorter taxi or flight times.  Delays exceeding 2 h can 

affect the quality of fresh fruits or vegetables if they result in longer ramp transfer times 
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in detrimental ambient conditions.  The analysis of Figures 5-1 to 5-18 showed that the 

temperature distribution of the products within the aircraft container was mostly 

influenced by the environmental conditions on the tarmac, during ramp transfer, not by 

the conditions onboard the aircraft. 

To get a better insight on the cold chain logistics associated with the tests, the 

total transit time from cold room to cold room is broken down into different segments.  

Table 5-16 summarizes the total duration of each flights and the corresponding fractions 

spent in flight, on the tarmac and onboard the aircraft.  The results of the flights between 

JFK and DXB airports and those between DXB and NBO airports should be analyzed 

independently because of their different transit distances.  

For the flights between JFK and DXB airports, more than 60% of the total time was 

spent in flight and more than 80% was spent onboard the aircraft.  Only 14.7% and 

16.9% of the total transit time was spent outside on the tarmac.  These percentages 

correspond to average ramp transfers of 1 h 25 min and 1 h 50 min for the 

JFK-GOT-DXB and DXB-GOT-JFK flight, respectively.  Such durations are reasonable 

and did not result in large increases of the product temperatures (Figures 5-1, 5-3, 5-16 

and 5-18). 

For the four flights between DXB and NBO airports, the percentages of the total 

time spent in flight were significantly less. It ranged between 20.6% and 35.1%.  The 

sum of the time spent on the tarmac prior departure and after arrival ranged between 

53.2% and 67.9% of the total time.  For three of the flights the instrumented container 

was on the tarmac for more than 10 h.  Such ramp transfers, in combination with 

detrimental ambient temperatures, inevitably result in important temperature variations 
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within the load of products (Figures 5-4, 5-10 and 5-15).  This is true for both low and 

high ambient temperatures.   

Solar radiation is also a critical factor during ramp transfers as it can increase the 

surface temperature of exposed objects several degrees above the ambient air 

temperature.  On the tarmac at DXB airport, the temperature of the top wall of the 

container reached 62.3°C, which was 28.3°C above ambient air temperature.  The 

impact of solar radiation can be even larger for products transported on aircraft pallets 

since they are often directly exposed.  For aircraft containers, the opaque walls as well 

as the internal air gaps add resistances to heat transfer.  Clear-wall aircraft containers 

behave differently when exposed to solar radiation.  Solar radiation is not entirely 

reflected and absorbed at the surface of the wall and a significant portion is transmitted 

through the clear material.  A portion of the radiation absorbed by the load and 

reemitted in the infrared portion of the spectrum is trapped within the container.  Even 

though the resulting greenhouse effect is not as strong as that created by a glass 

enclosure, it contributes to the accumulation of energy and raises the temperatures 

within the container.   

5.8 Impacts of the Results for Fresh Horticultural Products 

5.8.1 Effect of Heat Generation 

Heat generation can be an important factor for heat transfer analysis in systems 

composed of fresh fruits and vegetables.  All horticultural products generate a certain 

amount of thermal energy because of their physiological metabolism.  This is an 

important factor that could not be reproduced using an experimental load composed of 

water bottles. The rate of heat generation is linked to respiration rate of the produce, 

which is influenced by both internal and environmental factors.  Some of the internal 
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factors that influence the respiration rate are the type of product, its degree of maturity 

as well as preharvest factors such as temperature, humidity and water supply.  

Environmental factors include temperature, gas concentrations (oxygen, carbon dioxide 

and ethylene), and physical stress (shocks, vibrations, mechanical damage).   

Depending on these factors as well as on the volume to surface ratio of the products, 

heat generation can influence the temperature distribution within a single product.    The 

temperature near the center of a large stack of produce exposed to low air flow and 

heat transfer, such as a fully loaded aircraft container, can also increase significantly 

because of heat generation.   

The results of the in-flight tests indicated that the quality of produce shipped in an 

aircraft container is likely to be affected by heat generation because of the low rate of 

heat transfer in the core region of the load.  Results showed that the temperatures of 

the products (water bottles) within layers 2 to 5 had a slow rate of change, hence a low 

rate of heat transfer.  Consequently, it can be assumed that for horticultural products 

with a relatively high rate of heat generation, the temperature of products in the core 

layers of the load would have exhibited an increase in temperature during transit.  It is 

expected that the temperature of the products located near the center of the load, where 

the heat transfer is minimum, would have increased even during the period of 

refrigerated storage.   

5.8.2 Effect of Gas Concentrations 

As discussed in the Section 5.8.1, the results of the in-flight tests, showed a low 

rate of heat transfer within the container, particularly near the core region of the load.  

This observation also indicates that the gas diffusion would also be small in the core 
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region particularly for produce with higher bulk density and poor or incompatible (mixed 

load) packaging systems. 

The concentration of oxygen and carbon dioxide in the air surrounding fruits and 

vegetables influences their respiration rate and consequently their quality and shelf life.  

Depending on the type of products (nonclimacteric or climacteric), ethylene may also 

influence directly or indirectly the respiration rate.   

For some produce, respiration rate can be slowed down and shelf life prolonged 

by low oxygen concentrations and high carbon dioxide concentrations.  Depending on 

the type of produce these concentration can range between 1 to 5% for oxygen and 2 to 

15% for carbon dioxide (Kader, 2002b).  These gas concentrations also have other 

benefits such as the inhibition of decay organisms and the decrease of sensitivity to 

ethylene.  However, lower oxygen concentration and higher carbon dioxide 

concentration than recommended can cause irreversible physiological damage, off-

flavors and off-odors, as a result of anaerobic respiration (fermentation).  Conditions 

propitious to anaerobic respiration are likely to be observed within an aircraft container.  

The results of the in-flight tests indicated low rates of heat transfer in the core 

layers of the load, which could lead to high temperatures and high respiration rates due 

to heat generation.  During the tests, water vapor also accumulated within the container 

and caused condensation, which indicates a low gas exchange rate between the 

container and the ambient air.  The gas exchange rate would have been even smaller if 

the container would have been wrapped in a plastic sheet, as it is regularly done for 

both containers and aircraft pallets.  Also, the supply of oxygen is limited by the small air 

volume in the load and the fact that its concentration is reduced by about 20% due to 
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the lower atmospheric pressure in flight.  These conditions indicate that fresh fruits and 

vegetables transported by air are exposed to multiple factors promoting the onset of 

anaerobic respiration, particularly in the core region of the load.  Asparagus, peas, snap 

bean and cut flowers are among the products prone to generate anaerobic conditions 

because of their high respiration rate (Kader, 2002b). 

5.8.3 Mechanical Damage 

After all shipments through NBO airport, the load of RPCs inside the instrumented 

aircraft container had shifted.  This phenomenon was not observed after the flights 

between JFK and DXB airports.  Factors such as the vibrations and shocks associated 

with the poor conditions of the road between the different storage facilities and the 

airport, as well as the lack of suspension on the dollies, may be identified as the main 

causes for the load movements. 

The shifting that was noticed in the load, did not results in major damage to the 

RPCs or the load.  The only observed damage to the RPCs was that two of them 

located on the bottom layer had their front side panel dislodged from one of the hinges.  

The RPCs were still able to bear the load with the three remaining sides; however, the 

results may have been different if cardboard boxes would have been used instead or 

RPCs. 

The performance of corrugated cardboard boxes was not directly investigated 

during this series of tests.  Nevertheless, it is still interesting to discuss some of the 

potential effects of the environmental conditions intrinsic to air transport on cardboard 

boxes.  The heavy condensation that was noticed inside the instrumented container did 

not affect the RPCs, but the exposure of unwaxed cardboard boxes to high level of 

humidity and condensation results in a significant decrease in their nominal strength.  
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High humidity, combined to the shocks and vibrations during ground handling 

operations, leads to mechanical damage to the boxes and consequently to the products 

inside.  The improper stacking of boxes that is widespread in the air transport industry 

and motivated by the restrictive dimensions of the ULDs also contributes to mechanical 

damage during handling and transport operations.  Boxes are generally designed to 

support, for a given orientation, the weight associated with a maximum number of 

boxes.  Improper stacking orientation or height result in crushed boxes.   

Spoiled products and claims are not the only negative consequences to 

mechanical damage. Damaged loads of fruits and vegetables, perishable products or 

hazardous materials can potentially leak out of their ULD.  These leaks can cause 

contamination and also accumulate within the aircraft fuselage engendering corrosion 

and resulting in major damage to the aircraft. 

5.9 Conclusions from Air Transport Tests 

The results of the air transport tests showed that the ULDs can be exposed to 

outside ambient conditions for several hours during ramp transfers.  It was observed 

that the temperatures of the walls of the aircraft container can increase by more than 

20°C above the ambient air temperature because of the effect of solar radiation during 

ramp transfers.  Under cloudy conditions or in a shady area, the temperatures of the 

walls of the container approached that of ambient air.  Therefore, it is recommended 

that airlines use reflective breathable (for gas exchange) ULD covers to protect against 

solar radiation and that airport authorities set up shaded areas on the ramp for 

temperature sensitive cargo.   

It was found that the environmental conditions during ramp transfers had a larger 

impact than in-flight conditions on the temperature distribution within the load of 
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products.  Even though important temperature variations are be expected according to 

the position of the container within aircraft cargo compartments (Émond et al. 1999), 

such variations were not observed during the experimental shipments.   

Tests indicated that the core region of the load was exposed to small rates of heat 

transfer.  Consequently, cold room storage of a fully loaded aircraft container proved to 

be a very inefficient cooling method.  For products exposed to detrimental conditions 

prior to a shipment, it is recommended to break down the load or to circulate cold air 

through the products in order to enhance heat transfer. 

In addition to detrimental temperatures, the results indicated that the quality of 

horticultural products transported by air is likely to be influenced by the effects of heat 

generation, anaerobic respiration, high relative humidity (condensation) and mechanical 

damage. 
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Figure 5-1. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at JFK airport 
(04-29-2007). 
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Figure 5-2. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container (W) during the JFK-
GOT-DXB flight (04-29-2007 and 04-30-2007). 
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Figure 5-3. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at DXB airport 
(04-30-2007). 
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Figure 5-4. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at DXB airport 
(05-03-2007). 
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Figure 5-5. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container (W) during the flight 
from DXB to NBO (05-03-2007). 
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Figure 5-6. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container during the ramp transfer at NBO airport 
(05-03-2007). 
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Figure 5-7. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container during the ramp transfer at NBO airport 
(05-04-2007). 
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Figure 5-8. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container during the flight from 
NBO to DXB (05-04-2007 to 05-05-2007). 
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Figure 5-9. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container during the ramp transfer at DXB airport 
(05-05-2007). 
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Figure 5-10. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at DXB airport 
(05-06-2007). 
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Figure 5-11. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container (W) during the flight 
from DXB to NBO (05-06-2007). 
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Figure 5-12. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at NBO airport 
(05-06-2007). 
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Figure 5-13. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at NBO airport 
(05-07-2007). 
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Figure 5-14. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container (W) during the flight 
from NBO to DXB (05-07-2007). 
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 Figure 5-15. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at DXB airport 
(05-06-2007). 
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Figure 5-16. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at DXB airport 
(05-12-2007). 
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Figure 5-17. Pressure (P) as well as average temperatures of the layers (AL) and 

temperatures of the inside walls of the aircraft container (W) during the DXB-
GOT-JFK flight (05-12-2007 and 05-13-2007). 
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 Figure 5-18. Average temperatures of the layers (AL) and temperatures of the inside 

walls of the aircraft container (W) during the ramp transfer at JFK airport 
(05-13-2007). 
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Table 5-1. Initial (10:10, t = 0 h) and final (12:00, t = 1.83 h) temperatures of the inside walls of the instrumented container 
while outside on the tarmac at JFK airport (04-29-2007). 

Wallz Initial temperature (°C) Final temperature (°C) Tfinal - Tinitial (°C) 

W1 6.8 15.3 8.5 
W2 6.7 15.9 9.2 
W3 6.6 10.6 4.0 
W4 5.7 12.6 6.9 
W5 6.6 16.2 9.6 
W6 6.8 15.6 8.8 
z: Refer to Figure 4-35. 
 
Table 5-2. Initial (2:10, t = 10 h) and final (4:30, t = 12.33 h) temperatures of the inside walls of the instrumented container 

while in the plane during ramp transfer at GOT airport (04-30-2007). 
Wallz Initial temperature (°C) Final temperature (°C) Tfinal - Tinitial (°C) 

W1 8.8 11.1 2.3 
W2 9.8 11.2 1.4 
W3 6.8 7.6 0.8 
W4 7.9 9.9 2.0 
W5 9.0 11.5 2.5 
W6 9.2 10.9 1.7 
z: Refer to Figure 4-35. 
 
Table 5-3. Temperatures of the inside walls of the instrumented container when unloaded of the aircraft (12:30, t = 18.33 

h) and after a 30 min exposure to solar radiation on the tarmac at DXB airport (04-30-2007). 
Wallz Initial temperature (°C) Final temperature (°C) Tfinal - Tinitial (°C) 

W1 11.3 62.3 51.0 
W2 11.1 37.1 26.0 
W3 7.1 15.3 8.2 
W4 10.9 32.4 21.5 
W5 11.4 35.9 24.5 
W6 11.0 34.5 23.5 
z: Refer to Figure 4-35. 
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Table 5-4. Initial (1:40, t = 0 h) and final (9:30, t = 7.83 h) temperatures as well as temperatures at sunrise (5:41, 
t = 4.02 h) of the inside walls of the instrumented container while outside on the tarmac at DXB airport 
(05-03-2007). 

Wallz Initial temperature (°C) Temperature at sunrise (°C) Final temperature (°C) 

W1 6.7 23.4 51.9 
W2 6.4 20.4 28.5 
W3 5.8 11.5 14.3 
W4 5.5 18.6 36.7 
W5 6.4 20.0 30.5 
W6 6.4 19.8 35.6 
z: Refer to Figure 4-35. 
 
Table 5-5. Initial (1:40, t = 0 h) and final (9:30, t = 7.83 h) average temperatures of the layers of products in the 

instrumented container while outside on the tarmac at DXB airport (05-03-2007). 
Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 
AL1 6.3 5 0.2 8.6 5 0.2 2.3 
AL2 6.3 5 0.2 6.6 5 0.2 0.3 
AL3 6.2 5 0.2 6.8 5 0.4 0.6 
AL4 6.4 8 0.2 7.4 8 0.5 1.0 
AL5 6.5 8 0.3 8.6 8 0.5 2.1 
AL6 6.6 7 0.2 11.1 7 0.8 4.5 
AL7 6.6 8 0.3 16.1 8 0.5 9.5 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
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Table 5-6. Initial (10:30, t = 7.83 h) and final (14:30, t = 13.83 h) average temperatures of the layers of products in the 
instrumented container between the time when the products were loaded onboard the plane at DXB airport and 
unloaded on the tarmac at NBO airport (05-03-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 8.6 5 0.2 9.6 5 0.2 1.0 
AL2 6.6 5 0.2 7.3 5 0.4 0.7 
AL3 6.8 5 0.4 8.4 5 0.6 1.6 
AL4 7.4 8 0.5 9.6 8 0.5 2.2 
AL5 8.6 8 0.5 11.3 8 0.9 2.7 
AL6 11.1 7 0.8 13.4 7 0.5 2.3 
AL7 16.1 8 0.5 18.8 8 0.7 2.7 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
 
Table 5-7. Initial and final average temperatures of the layers of products in the instrumented container during the 25 h 

overnight cold room storage at NBO airport (05-03-2007 to 05-03-2007). 
Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 10.4 5 0.2 8.7 5 0.6 -1.7 
AL2 8.1 5 0.2 8.6 5 0.4 0.5 
AL3 9.3 5 0.5 8.4 5 0.4 -0.9 
AL4 11.0 8 0.4 8.5 8 0.4 -2.5 
AL5 12.4 8 0.9 9.1 8 0.3 -3.3 
AL6 14.1 7 0.5 10.1 7 0.4 -4.0 
AL7 20.1 8 0.7 11.0 8 0.7 -9.1 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
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Table 5-8. Initial (5:00, t = 8.50 h) and final (9:20, t = 12.83 h) average temperatures of the layers of products in the 
instrumented container while outside on the tarmac at DXB airport (05-04-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 9.4 5 0.4 10.4 5 0.4 1.0 
AL2 8.6 5 0.4 8.9 5 0.2 0.3 
AL3 8.6 5 0.2 9.2 5 0.2 0.6 
AL4 9.0 8 0.4 9.9 8 0.3 0.9 
AL5 9.8 8 0.3 10.9 8 0.4 1.1 
AL6 10.9 7 0.2 12.6 7 0.3 1.7 
AL7 12.2 8 0.3 15.8 8 0.4 3.6 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
 
Table 5-9. Initial (1:40, t = 0 h) and final (9:40, t = 8 h) temperatures as well as temperatures at sunrise (5:39, t = 3.98 h) 

of the inside walls of the instrumented container while outside on the tarmac at DXB airport (05-06-2007). 
Wallz Initial temperature (°C) Temperature at sunrise (°C) Final temperature (°C) 

W1 9.6 23.6 51.4 
W2 8.4 21.9 33.3 
W3 - - - 
W4 7.6 20.2 31.7 
W5 8.7 20.2 31.1 
W6 8.5 19.5 33.6 
z: Refer to Figure 4-35. 
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Table 5-10. Initial (1:40, t = 0 h) and final (9:40, t = 8 h) average temperatures of the layers of products in the 
instrumented container while outside on the tarmac at DXB airport (05-06-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 9.7 5 0.2 11.6 5 0.2 1.9 
AL2 9.3 5 0.2 9.4 5 0.2 0.1 
AL3 9.1 5 0.2 9.9 5 0.4 0.8 
AL4 9.4 8 0.3 10.8 8 0.4 1.4 
AL5 10 8 0.3 11.9 8 0.5 1.9 
AL6 10.6 7 0.3 14.1 7 0.5 3.5 
AL7 11.4 8 0.4 18.1 8 0.6 6.7 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
 
Table 5-11. Initial (9:40, t = 8 h) and final (15:40, t = 15 h) average temperatures of the layers of products in the 

instrumented container between the time when the products were loaded onboard the plane at DXB airport and 
unloaded on the tarmac at NBO airport (05-06-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 11.6 5 0.2 12.6 5 0.2 1.0 
AL2 9.4 5 0.2 10.6 5 0.2 1.2 
AL3 9.9 5 0.4 11.4 5 0.4 1.5 
AL4 10.8 8 0.4 12.6 8 0.5 1.8 
AL5 11.9 8 0.5 14.1 8 0.7 2.2 
AL6 14.1 7 0.5 15.1 7 0.6 1.0 
AL7 18.1 8 0.6 20.9 8 0.4 2.8 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
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Table 5-12. Initial and final average temperatures of the layers of products in the instrumented container during the 17 h 
overnight cold room storage at NBO airport (05-06-2007 to 05-07-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 13.5 5 0.0 9.8 5 0.5 -3.7 
AL2 12.0 5 0.3 10.6 5 0.4 -1.4 
AL3 12.9 5 0.4 10.8 5 0.2 -2.1 
AL4 14.0 8 0.4 11.0 8 0.7 -3.0 
AL5 14.7 8 0.6 11.6 8 0.8 -3.1 
AL6 16.4 7 0.5 13.5 7 0.8 -2.9 
AL7 21.1 8 0.3 14.3 8 0.9 -6.8 
x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of measurements; z: s is the 
standard deviation. 
 
Table 5-13. Initial (23:10, t = 6.67 h) and final (10:00w, t = 17.5 h) average temperatures of the layers of products in the 

instrumented container while outside on the tarmac at DXB airport (05-06-2007 and 05-07-2007). 
Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 10.5 5 0.4 13.4 5 0.2 2.9 
AL2 10.2 5 0.4 12.0 5 0.4 1.8 
AL3 10.6 5 0.2 12.7 5 0.4 2.1 
AL4 10.9 8 0.6 13.8 8 0.4 2.9 
AL5 11.6 8 0.6 14.9 8 0.8 3.3 
AL6 13.3 7 0.6 16.9 7 0.4 3.6 
AL7 15.1 8 0.6 19.3 8 0.4 4.2 
w: Next day, 05-07-2007; x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of 
measurements; z: s is the standard deviation. 
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Table 5-14. Initial (00:00, t = 1.33 h) and final (10:00w, t = 19.33 h) average temperatures of the layers of products in the 
instrumented container while onboard the aircraft for the DXB-GOT-JFK flight (05-12-2007 and 05-13-2007). 

Layerx Initial temperature (°C) ny sz Final temperature (°C) n s Tfinal - Tinitial (°C) 

AL1 7.1 5 0.2 9.8 5 0.3 2.7 
AL2 7.6 5 0.2 8.1 5 0.2 0.5 
AL3 7.6 5 0.2 8.2 5 0.2 0.6 
AL4 7.6 8 0.3 8.8 8 0.3 1.2 
AL5 7.9 8 0.4 9.9 8 0.4 2.0 
AL6 8.4 7 0.3 11.8 7 0.5 3.4 
AL7 9.7 8 0.2 14.6 8 0.2 4.9 
w: Next day, 05-07-2007; x: Layer 1 and 7 correspond to the bottom and top layer, respectively; y: n is the number of 
measurements; z: s is the standard deviation. 
 
 
Table 5-15. Scheduled and actual departure and arrival times as well as corresponding delays for all flights. 

Flights 
Departure 

date 

Departure Arrival 
Scheduled 

time Actual timez 
Delay 

(hh:mm) 
Scheduled 

timez Actual timez 
Delay 

(hh:mm) 
JFK-GOT-DXB 04-29-2007 11:00 13:10 2:10 11:00 12:10 1:10 
DXB-NBO 05-03-2007 10:05 10:30 0:25 14:15 14:00 - 
NBO-DXB 05-04-2007 23:00 23:00 - 5:00 4:30 - 
DXB-NBO 05-06-2007 10:05 11:10 1:05 14:15 14:40 0:25 
NBO-DXB 05-07-2007 17:15 17:20 0:05 23:15 22:40 - 
DXB-GOT-JFK 05-12-2007 23:00 1:40 2:40 8:00 10:00 2:00 
z: Italic times indicates the event took place the day after the departure date. 
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Table 5-16. Total transit time of all flights as well as the corresponding time and percentage of the total time spent by the 
instrumented container in flight, on the tarmac and onboard the aircraft. 

Flights 
Departure 

date 
Total timey 

(hh:mm) 

Flight Tarmac Onboard the aircraftx 

Time 
(hh:mm) %z 

Time 
(hh:mm) %z 

Time 
(hh:mm) %z 

JFK-GOT-DXB 04-29-2007 19:20 12:40 65.5 2:50 14.7 16:30 85.3 
DXB-NBO 05-03-2007 17:50 4:30 25.2 11:50 66.4 6:00 33.6 
NBO-DXB 05-04-2007 12:50 4:30 35.1 6:50 53.2 6:00 46.8 
DXB-NBO 05-06-2007 21:50 4:30 20.6 14:50 67.9 7:00 32.1 
NBO-DXB 05-07-2007 17:30 4:20 24.8 11:40 66.7 5:50 33.3 
DXB-GOT-JFK 05-12-2007 21:40 13:30 62.3 3:40 16.9 18:00 83.1 
x: This period include the time the instrumented container was onboard the plane on the ground as well as in flight; 
y: Total time from the cold room at the origin airport to the cold room at destination airport; z: Percentage of the total time. 
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CHAPTER 6 
EVALUATION OF HEAT TRANSFER MODELS BASED ON AN EFFECTIVE 

THERMAL CONDUCTIVITY 

For practical applications in the transport industry, the approach used to predict 

the temperature within a load of horticultural products must be simple and efficient.  

Real-time monitoring could also be possible using radio frequency identification 

technology (RFID).  The selected approach should be based on the thermal properties 

of the load, its initial temperature as well as variations with time of the inside 

temperatures of the walls of the box or container (boundary conditions).    To achieve 

this, an effective property model is the best suited. 

Heat transfer models based on an effective thermal conductivity are solved using a 

simple approach based on a pure diffusion over the entire domain.  In addition to the 

fluid and solid thermal conductivities, these models may also include the effects of 

factors such as the contact surface area between solids, fluid flow as well as radiative 

heat transfer.   

Effective thermal conductivities have been used for several years to describe the 

heat transfer in packed beds (Kunii and Smith, 1960; Bauer and Schlünder, 1978a; 

1978b; Tsotsas and Martin, 1987; Hsu et al., 1994; Hsu et al., 1995; Gupta et al., 2002).  

For air transport applications, Villeneuve et al. (2001) and Oskam et al. (1998) used 

pure diffusion models to describe the heat transfer in loads of simulated or real 

horticultural products.  However, the effective thermal conductivity used was not based 

on an analysis as complete as those presented for packed-bed applications and both 

models underestimated the heat transfer in the core of the load. 

The objective of this chapter is to evaluate the validity of a heat diffusion model 

based on an effective thermal conductivity to model the heat transfer within loads of 
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horticultural products.  Comparisons between simulated results and those obtained in 

Chapters 3, 4 and 5 were analyzed. 

6.1 Model and General Assumptions 

Zehner's static effective thermal conductivity model was selected to simulate the 

experimental results (Equations 2-5 to 2-8, Bauer and Schlünder, 1978b; Tsotsas and 

Martin, 1987).  Zehner's model was preferred to Kunii and Smith's (1960) because it 

included the heat transfer through the finite contact area between particles, which is an 

important factor for several horticultural products.  The model by Hsu et al. (1994) was 

also considered, but its added complexity appeared to provide advantages over 

Zehner's model only for values of ks/kf > 103, which was far higher than the present 

range of interested. 

The decision to use a static model for the effective thermal conductivity, which 

accounts for the conduction in the fluid phase but neglects any convective heat transfer, 

was based on the results obtained by two groups of authors.  The first group was 

Tanner (1998) and Tanner et al. (2002a; 2002b; 2002c) that assumed pure conduction 

in the fluid phase and obtained good results with their multi-zone model.   

The second group was Bazan (1989) and Bazan et al. (1989).  The authors found 

that natural convection in a closed box caused the location of the maximum temperature 

to move upwards but also concluded that low convective heat transfer coefficient 

existed at the surface of the fruit.  In addition, Bazan (1989) found a maximum 

temperature difference of 2°C between bottom and top corner fruits.  The author 

explained that this result could not be observed in pure conduction models with uniform 

boundary conditions (symmetry with respect to each direction).  However, in this study 

the boundary conditions used for the static effective thermal conductivity model vary 
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according to the walls of the box or container and therefore accounts for some of the 

effects of natural convection within the enclosure. 

In addition to considering only conduction heat transfer in the fluid phase, the 

following general assumptions were made for the model (the term "products" is used for 

both fruit and water bottles): 

1) Heat generation from the fruit is neglected. 

2) Thermal and physical properties of the air and the products are assumed constant 
and uniform. 

3) The relative humidity inside the box of fruit and the aircraft container is near 
saturation, therefore the evaporative cooling due to transpiration on the surface of 
the fruit is assumed to be negligible. 

4) The contact resistances between products are negligible. 

5) There are small temperature differences between the surfaces of adjacent 
products and therefore radiation heat transfer between products is negligible. 

6) Radiative heat transfer between the products and the inside surfaces of the walls 
of a box or reusable plastic container (RPC) is negligible. 

7) Differences between pulp and air temperatures within the load are small. 

From these assumptions, Zehner's model can be simplified to Equations 6-1 to 

6-3.  The deformation factor B can be approximated by Equation 6-4 or calculated from 

Equation 6-5. 
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The effective thermal conductivity obtained by Equations 6-1 to 6-5 was used in 

combination with the transient three-dimensional heat conduction equation that was 

simplified according to the discussed assumptions. 
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For the simulations corresponding to the series of tests with a single box of fruit, 

the effective density (ρe) and the effective specific heat (CPe) were calculated using a 

bulk porosity weighted average (Equations 6-7 and 6-8). 

𝜌𝑒 = 𝛾𝜌𝑓 + (1 − 𝛾)𝜌𝑠 
 (6-7) 

𝐶𝑃𝑒 = 𝛾𝐶𝑃𝑓 + (1 − 𝛾)𝐶𝑃𝑠 
 (6-8) 

For the simulations conducted on loads inside aircraft containers, the contribution 

of the corrugated boxes or the RPCs was included in the calculations for the effective 

density and specific heat (Equations 6-9 and 6-10). 
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6.2 Sensitivity Analysis on the Effective Thermal Conductivity Model 

A sensitivity analysis was conducted on Zehner's model with respect to the three 

main parameters (factors): the thermal conductivity of the solid (ks), the bulk porosity (γ) 

and the contact surface ratio (φ).  For the analysis, each parameter was varied on three 
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levels: minimum, average and maximum.  The thermal conductivity of the solid phase 

(ks) varied between 0.2 and 0.6 Wm-1K-1; this range includes the thermal conductivities 

of all fresh fruits and vegetables tabulated in ASHRAE (2006) and Çengle (2010).  The 

bulk porosity (γ) was varied between 0.26 and 0.476, which correspond to cubic or 

hexagonal close packing and simple cubic packing arrangements, respectively. These 

arrangements have to the minimum and maximum bulk porosities for packing with 

contact between spherical particles.  The contact surface (φ) was varied between 0 and 

0.6, which correspond to the spherical particles with no deformation (contact point) and 

particles with important deformations (contact surface). 

Table 6-1 and Figure 6-1 present the details of the sensitivity analysis.  From 

Table 6-1, columns 1, 2 and 6, respectively indicate that the effective thermal 

conductivity increased as the surface ratio increased, decreased as the porosity 

increased and increased as the thermal conductivity of the solid increased.  These 

observations were all expected for a physically sound model.  For the parameter ranges 

used in the analysis, columns 4 and 5 show that the influence of the contact surface 

ratio was more important than the influence of the porosity on the effective thermal 

conductivity.  Columns 8 and 9 show that the combined influence of the porosity and 

contact surface ratio was also more important than the influence of the thermal 

conductivity of the solid on the effective thermal conductivity.  The presence of 

interactions between the three parameters is obvious according to Equations 6-1 to 6-3; 

columns 3 and 7 in Table 6-1 also show the interactions and how they increase with the 

thermal conductivity of the solid.  Even though Table 6-1 provides detailed information 

on the sensitivity analysis, Figure 6-1 simplifies the presentation of the results. 
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The linear dependence of the effective thermal conductivity on the contact surface 

ratio is obvious on Figure 6-1.  In addition, the interactions between parameters are 

clearly illustrated.  On each of the graphs, the spread between the three curves 

illustrates the effect of the porosity, which increases with the thermal conductivity of the 

solid.  Also, the higher slopes of the curves as the thermal conductivity of the solid 

increases illustrate its influence on the effect of the contact surface ratio.  The small 

variations between the slopes of the curves, for a given thermal conductivity of the solid, 

show that the interaction between the porosity and the contact surface ratio was 

minimal. 

6.3 Simulation Parameters and Boundary Conditions 

A simulation was completed for each of the single-box test series as well as for the 

laboratory aircraft container tests.  In the case of the air transport tests, the extended 

ramp transfer at Dubai international airport (DXB) on 05-03-2007 was simulated.  

The five simulations were run using effective thermal conductivities calculated 

from Zehner's model (Equations 6-1 to 6-5) in combination with the transient three-

dimensional heat conduction equation (Equation 6-6).  The simulations were performed 

using Comsol Multiphysics (version 3.5a) with the GMRES solver (linear system solver) 

and a geometric multigrid preconditioner.  The number of nodes for each of the three 

series of single-box tests as well as the laboratory and air transport aircraft container 

tests was 53,880, 86,296, 87,977, 489,182 and 406,207, respectively.  For all 

simulations, the time interval was 300 s. 

The parameters and the resulting effective thermal conductivities used for the 

simulations are presented in Table 6-2.  The contact surface ratios (φ), which is the ratio 
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of the radius of the contact surface between products to the radius of the product, were 

obtained using the computer-aided design (CAD) tool of the simulation software.  For 

each series of tests, the packing arrangement was reproduced in the CAD environment 

using an average-sized product.  Then, a single product was isolated from the 

arrangement to expose its contact surfaces (Figure 6-2).  The contact surface ratio (φ) 

was calculated from the average radius of the contact surfaces.  The effective densities 

and specific heat were calculated based on Equations 6-7 to 6-10.  The initial 

temperatures (T0) corresponded to the initial average temperature of the products in the 

box or the aircraft container.  The parameters as well as the thermal and physical 

properties used for the simulations are summarized in Table 6-3. 

The boundary conditions were defined differently for single-box and aircraft 

container simulations.  However, in all cases, the boundary conditions were based on 

the temperatures measured on the inside surfaces of the walls of the box or aircraft 

container.  To implement these transient temperatures in the simulation software, the 

data sets were first thoroughly approximated with exponential or piecewise linear 

regressions (functions of time) using SigmaPlot (version 11.0). 

For the three series of single-box tests, the inside wall temperatures were 

measured at the actual boundaries of the porous domain.  Since the results of the tests 

showed that the temperatures within the boxes were stratified vertically (z-direction), the 

temperatures at the top and bottom walls were assumed to be uniform and equal to the 

corresponding transient temperature measured at their center.  For the lateral walls, the 

temperatures were assumed to be a function of time as well as the z-direction; to 

account for the vertical stratification.  For each lateral wall, two functions (in z) were 



 

205 

defined: one for the bottom half and one for the top half.  It was assumed that the 

temperature varied linearly between the bottom and the center as well as between the 

center and the top of the lateral walls.  This assumption was supported by the results 

presented in Chapter 4; for several tests the lateral wall temperatures were 

approximately equal to the average of the bottom and top wall temperatures.  Even 

though natural convection was neglected in the governing equations, the approach used 

to define the boundary conditions integrated in the simulation some of the effects of the 

natural convection that were revealed through the analysis of the experimental data. 

During the aircraft container tests, a vertical stratification of the temperatures was 

also observed.  Therefore, for the temperatures of bottom and top boundaries of the 

load were again assumed to be uniform and equal to the transient temperature 

measured at the center of the corresponding inside wall surface.  For the lateral walls, 

the temperatures were assumed to be a function of time as well as the z-direction.  

They were defined by two linear functions, as it was the case for the single-box 

simulations.  However, the temperatures of the lateral walls of the aircraft container 

could not be used as the boundary conditions.  In this case, natural convection in the air 

gaps that separated the walls of the container and the load had to be considered.  The 

convective heat transfer coefficients associated with natural convection on a vertical 

wall were calculated using Equations 6-11 to 6-13, where the characteristic length (Lc) 

was the height of the load (Çengel and Ghajar, 2010).   

𝑅𝑎 =
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Since the height of the side of the load was shorter on the left side of the container 

(Figure 4-35), a different convective heat transfer coefficient was obtained for that 

boundary. 

For the simulations, it was assumed that the air temperatures far from the surfaces 

of the load were equal to the temperatures of the lateral walls of the aircraft container, 

which were defined by two linear functions, as previously described.  Since the 

boundary conditions varied with time, air properties at an average temperature as well 

as an average temperature difference were used to calculate the Rayleigh numbers and 

the convective heat transfer coefficients.   

In circumstances where natural convection is an important heat transfer 

mechanism, radiative heat transfer also needs to be considered.  For the simulations, 

the radiative effect on the boundaries of the load was included in the form of a radiative 

heat transfer coefficient (Equation 6-14), which was added to the convective heat 

transfer coefficient (Equation 6-15). 

ℎ𝑟𝑎𝑑 = 𝜎𝜀(𝑇12 + 𝑇22)(𝑇1 + 𝑇2)          𝑤ℎ𝑒𝑟𝑒 𝑇1(𝐾),𝑇2(𝐾)  
 

(6-14) 
 

ℎ𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 = ℎ + ℎ𝑟𝑎𝑑 
 

(6-15) 
 

It was possible to use a combined heat transfer coefficient in this case since the 

air temperature was assumed to be equal to the temperature of the surroundings (inside 
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surfaces of the aircraft container).  Table 6-4 presents the convective and radiative heat 

transfer coefficient used for the aircraft container simulations. 

For the aircraft container tests, the properties of expanded polystyrene were used 

for the insulated wedge.  The density, thermal conductivity and specific heat of 

expanded polystyrene are 16 kg m-3, 0.04 Wm-1K-1 and 1200 Jkg-1K-1,, respectively 

(Çengel and Ghajar, 2010). 

6.4 Simulation Results 

6.4.1 Single-Box Tests 

For each of the three series of tests, the results of the simulations were compared 

to the experimental temperatures for three fruit on each of the layers within the boxes.  

The locations of the fruit varied slightly depending on the series, but, in all three cases, 

a corner, intermediary and center fruit were selected on each layer.  Figures 3-4, 3-6 

and 3-8 show the locations of the fruit for the simulations of series 1 to 3, respectively.   

6.4.1.1 First series of tests 

Figure 6-3 presents the results for the first layer of fruit in the box.  The model 

provided good results for the intermediary (F7) and center fruit (F13); the simulated 

results were within 1.9°C and 1.2°C of the experimental data, respectively.  For the 

corner fruit, the model underestimated the temperature.  The difference between the 

experimental and simulated data increased with time.  A maximum temperature 

difference of 3.7°C was reached over the 7-h test period. 

For the second layer, Figure 6-4 shows that the model predicted the temperature 

of the corner fruit (F30) within 1.2°C of the experimental data.  Results were not as good 

for the intermediary and center fruit for which the simulated temperatures were colder 

than the experimental data by a maximum of 3.7°C and 4.6°C, respectively. 
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For third and fourth layers (Figures 6-5 and 6-6), the correlations between the 

simulations and the experimental data were poor, particularly for the intermediary and 

center fruit.  For the fourth layer, the simulation underpredicted the temperatures by up 

to 15.8°C for the center fruit (F88).  For those two layers, the temperatures of the corner 

fruit (F51 and F80) were predicted within 2.5°C and 3.4°C, respectively, which are still 

acceptable deviations. 

Figure 6-7 presents the result of the fifth layer.  The temperatures of the corner 

and center fruit (F101 and F113) were significantly over and underpredicted, 

respectively.  As mentioned in Section 4.1.1.1, the temperature of fruit F113 was higher 

than any other fruit within that layer; therefore, an experimental error may contribute to 

that important difference between the measured and simulated temperatures.   For the 

intermediary fruit (F107), the simulated temperatures were within 3.7°C of the 

experimented data.   

These results indicate the effective thermal conductivity modeling approach failed 

to adequately predict the temperatures within the box of fruit.  Temperatures were 

significantly underpredicted particularly in the core of the load (third and fourth layers). 

6.4.1.2 Second series of tests 

Figures 6-8 to 6-10 present the simulation results for the three layers of fruit.  In 

this case, the model predicted the experimental data with more accuracy than for the 

first series of tests.  For the first layer of fruit, the corner, intermediary and center fruit 

were predicted within 2.8°C, 1.5°C and 1.8°C over the 15-h test period.   

For the second layer of fruit, the model predicted within 2.1°C the temperature of 

the corner fruit (F25).  However, the simulated temperatures were lower than the 



 

209 

experimental measurements for the intermediary and center fruit.  The maximum 

temperature differences were 4.2°C and 6.3°C, respectively. 

On the third layer, the simulation overpredicted the corner fruit (F29) temperature 

by an average of 2.1°C.  The maximum difference between the simulated and 

experimental results was calculated at 4.5°C.  For the intermediary and center fruit, the 

simulated temperatures were more accurate; they were, respectively within 1.9°C and 

3.1°C of the experimental data. 

Again, the effective thermal conductivity model failed to accurately predict the 

temperatures near the center of the box.  However, the model provided good results for 

most fruit adjacent to a wall of the box. 

6.4.1.3 Third series of tests 

Figure 6-11 shows that the simulated temperatures corroborated the experimental 

results for the fruit located within the first layer.  The maximum temperature differences 

for the corner, intermediary and center fruit were 2.2°C, 1.1°C and 1.3°C, respectively. 

The results of the simulation for the second, third and fourth layers are presented 

in Figures 6-12 to 6-14.  Again, poor agreement between simulated and experimental 

temperatures was observed.  Nevertheless, the temperatures of the corner fruit located 

within the second and third layer were predicted within 3.1°C and 2.8°C, respectively.  

As for the two previous series of tests, the diffusion based model underpredicted the 

heat transfer in the core region of the box.   

6.4.2 Aircraft Container Tests 

6.4.2.1 Laboratory tests 

Figures 3-4 and 3-10 show the locations of the fruit and the boxes for the 

laboratory aircraft container simulation.  As presented in Chapter 4, the temperature of 
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the fruit located near the center (F63) of the boxes did not vary significantly during the 

experiment, except for the top layer of the aircraft container (sixth layer).  Consequently, 

Figure 6-15 presents the results of the simulation for the average of the center 

temperatures of the 16 boxes located on the sixth layer of the aircraft container (AL6).  

The simulation model failed to correctly predict the temperature in the upper region of 

the load. 

Figures 6-16 to 6-18 present the temperatures of the four fruit located near the 

outer surface of the load for the first, third and sixth layers, respectively.  The 

correlations between simulated and experimental temperatures were particularly good 

for boxes B11, B39 and B87, for which the model predictions were within 1.8°C, 2.6°C 

and 0.7°C of the measured temperatures.  All three boxes were all located near the 

front wall of the aircraft container (W5).  Simulated results were not as good for the 

other peripheral fruit. 

For the first layer, the maximum difference between simulated and experimental 

temperatures were 4.5°C, 2.6°C and 4.2°C for the fruit in boxes B2, B4 and B6, 

respectively.  For the third layer, the maximum temperature differences were 3.9°C, 

6.5°C and 4.3°C for the fruit in boxes B29, B32 and B39, respectively.  Results were 

slightly better for the sixth layer where the temperature differences were 2.2°C, 3.8°C 

and 4.1°C for the fruit in boxes B75, B77 and B80, respectively. 

Figures 6-19 and 6-20 presents the simulation results for boxes B1 and B88, 

where the temperatures were measured in three fruit located on the three-dimensional 

diagonal of the box.  For box B1, the simulation results were excellent for the fruit F21 

and F63 located at the bottom and center of the box; temperatures were predicted 
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between 1.9°C and 0.6°C, respectively.  The simulation underpredicted the temperature 

near the top of the box (fruit F105).   

Results were different for box B88 where the temperature of fruit F105 located 

within the top layer of the box was predicted within 2.5°C; however, the model again 

underpredicted the heat transfer away from the boundary.  The bottom and center fruit 

temperatures (F21 and F63) were lower than the measured temperatures by an 

average of 3.5°C and 4.3°C, respectively. 

6.4.2.2 Air transport tests 

To evaluate the simulation model with the experimental data collected during air 

shipments, the extended ramp transfer at DXB airport on 05-03-2010 was selected.  

Figures 3-16 and 3-17 show the locations of the water bottles and the RPCs for the air 

transport simulation.  Figure 6-21 presents the simulated average temperatures for first, 

fourth and seventh layers of RPCs within the aircraft container.  Experimental data 

showed the average temperatures of the first and fourth layers (AL1 and AL4) varied by 

only 2.3°C and 1.1°C, respectively.  For the same layers, the model predicted changes 

in the average temperatures of 1.9°C and 0.2°C.  For the seventh layer, the average 

simulated temperature was lower than the experimental data, but the difference 

between the two remained within 3.6°C. 

In addition to the average layer temperatures, the simulated temperatures near the 

center of two RPCs located on the same layers (L1, L4 and L7) are shown in 

Figures 6-22 to 6-24.  The RPCs in Figures 6-22 to 6-24 were selected to present a 

corner as well as a core layer temperature.  The results of the simulation were good for 

the first and fourth layers, where very little temperature variations were observed.  As it 

was the case for the laboratory tests, the simulated temperatures were below the 
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experimental data for the RPCs located within the top layer of the container.  The 

maximum differences between simulated and experimental temperatures were 3.2°C 

and 4.0°C for RPC49 and RPC50, respectively. 

6.5 General Discussion on the Simulation Results 

It is difficult to set a general criterion of acceptability for models since it can vary 

greatly depending on their application.  In the case of air transport of horticultural 

products, a model that could predict within 5°C the temperatures within a load would be 

a useful tool.  The model presented in this chapter failed to meet this criterion.  In 

general, the model underestimated the rate of heat transfer in the core of the load.  The 

temperatures in the top layer of products were also underpredicted, even though the 

boundary condition for the top surface (temperature equal to the top wall temperature) 

conveyed the assumption of a large heat transfer.   

The use of a physically justifiable and higher effective thermal conductivity for the 

simulation is also insufficient to account for the rate of change of the temperatures in the 

core region of the load.  In addition, a higher effective thermal conductivity would 

overestimate the temperatures of the products located in the peripheral layers of the 

load.  

The locations of the thermocouples in the load are also a source of error for the 

simulations.  Creep compression of the fruit within the boxes as well as the boxes 

themselves, during the laboratory aircraft container tests, may have affected the initial 

locations used for the simulations.  This may in part explain the better simulation results 

obtained for the bottom layers of the load, since the incertitude of the thermocouple 

locations was less than for the upper layers.  However, because of the small 
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temperature variations measured within the fruit, these errors cannot explain the large 

discrepancies observed between the simulations and the experimental data. 

According to simulation results it seems that the effects of natural convection on 

the temperature distribution were not negligible.  For single-box tests the presence of 

vents on the top and bottom wall appeared to have been an important factor, facilitating 

the air flow and increasing the effect of natural convection.  For aircraft container tests, 

the influence of the vents on natural convection may explain the better simulation 

results obtained for the boxes or RPCs located at the bottom of the load compared to 

those located at the top. 

The effect of natural convection could be included in the model by adding a 

dynamic component to the static effective thermal conductivity (Equations 2-1 and 2-2).  

The dynamic component would have to be obtained from an analysis of the buoyancy 

driven flow in the load and would likely be a function of position as well as time.  This 

will results in a significantly more complex approach. 

6.6 Conclusions on the Effective Thermal Conductivity Modeling Approach 

A heat transfer model based on a static effective thermal conductivity did not 

adequately predict the temperatures in all regions within loads of horticultural products.  

For the product sizes and packing arrangements studied, in order to improve the 

temperature prediction in the core region, the effects of natural convection within the 

loads must be included by adding a dynamic component to the effective thermal 

conductivity.  However, this additional component would result in a highly complex 

analysis and would therefore lack the simplicity needed for most commercial 

applications.   
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While the modeling approach presented had some flaws, it did predict with good 

agreement the temperatures of the peripheral products.  As discussed in Chapter 4, 

peripheral products accounted for approximately 50% of all products within the aircraft 

container and are the most susceptible to temperature abuse.  The ability to predict the 

temperature of the peripheral products is an important contribution because these 

products are usually the basis for the rejection of a load.  From that perspective, the 

modeling approach used, even without a dynamic component, can still be a useful tool 

for air shipments of horticultural products. 

In addition, the effective thermal conductivity approach presented in this study may 

provide better results for smaller size products such as berries.  First, the heat transfer 

through the smaller air gaps associated with the packing arrangement of the fruit may 

be more effectively described by a diffusion model.  Secondly, the smaller air gaps may 

also lower the effects of the natural convection. 
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Figure 6-1. Results of the sensitivity analysis on Zehner's model for the effective thermal 

conductivity. 
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Figure 6-2. Contact surfaces of a product obtained using the CAD tool of the simulation 

software. 
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Figure 6-3. Simulations of the pulp temperatures of fruit F1, F7 and F13 located on the 

first layer of the box for the first series of tests. 
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Figure 6-4. Simulations of the pulp temperatures of fruit F30, F34 and F38 located on 

the second layer of the box for the first series of tests. 
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Figure 6-5. Simulations of the pulp temperatures of fruit F51, F57 and F63 located on 

the third layer of the box for the first series of tests. 
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Figure 6-6. Simulations of the pulp temperatures of fruit F80, F84 and F88 located on 

the fourth layer of the box for the first series of tests. 
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Figure 6-7. Simulations of the pulp temperatures of fruit F101, F107 and F113 located 

on the fifth layer of the box for the first series of tests. 
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Figure 6-8. Simulations of the pulp temperatures of fruit F1, F5 and F6 located on the 

first layer of the box for the second series of tests. 
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Figure 6-9. Simulations of the pulp temperatures of fruit F25, F22 and F23 located on 

the second layer of the box for the second series of tests. 
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Figure 6-10. Simulations of the pulp temperatures of fruit F29, F33 and F34 located on 

the third layer of the box for the second series of tests. 



 

225 

 

 

 
 
Figure 6-11. Simulations of the pulp temperatures of fruit F1, F7 and F12 located on the 

first layer of the box for the third series of tests. 
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Figure 6-12. Simulations of the pulp temperatures of fruit F32, F29 and F25 located on 

the second layer of the box for the third series of tests. 
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Figure 6-13. Simulations of the pulp temperatures of fruit F37, F43 and F48 located on 

the third layer of the box for the third series of tests. 
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Figure 6-14. Simulations of the pulp temperatures of fruit F68, F65 and F61 located on 

the fourth layer of the box for the third series of tests. 
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Figure 6-15. Simulation of the average pulp temperature of the top layer of boxes (L6) in 

the aircraft container. 

 

  

  
 
Figure 6-16. Simulations of the pulp temperatures of four fruit located near the outer 

surface of boxes B2, B4, B6 and B11 located on first layer (L1). 
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Figure 6-17. Simulations of the pulp temperatures of four fruit located near the outer 

surface of boxes B27, B29, B32 and B39 located on the third layer (L3). 

 

  

  
 
Figure 6-18. Simulations of the pulp temperatures of four fruit located near the outer 

surface of boxes B75, B77, B80 and B87 located on the sixth layer (AL6). 
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Figure 6-19. Simulations of pulp temperatures of fruit F21, F63 and F105, all located on 

the three-dimensional diagonal of box B1 (L1). 
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Figure 6-20. Simulations of pulp temperatures of fruit F21, F63 and F105, all located on 

the three-dimensional diagonal of box B88 (L6). 
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Figure 6-21. Simulations of the average temperatures of layers L1, L4 and L7 during the 

ramp transfer at DXB airport (05-03-2007). 
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Figure 6-22. Simulations of the temperatures near the center of RPC5 and RPC6 

located on the first layer (L1) of the aircraft container during the ramp transfer 
at DXB airport (05-03-2007). 
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Figure 6-23. Simulations of the temperatures near the center of RPC25 and RPC26 

located on the fourth layer (L4) of the aircraft container during the ramp 
transfer at DXB airport (05-03-2007). 
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Figure 6-24. Simulations of the temperatures near the center of RPC49 and RPC50 

located on the seventh layer (L7) of the aircraft container during the ramp 
transfer at DXB airport (05-03-2007). 
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Table 6-1. Sensitivity analysis of Zehner's model for effective thermal conductivity ke using the thermal conductivity of the 

solid (ks), the bulk porosity (γ) and the contact surface ratio (φ) as factorsz. 
   1 2 3 4 5 6 7 8 9 
ks γ φ ke A(ke|ks,γ) s2(ke|ks,γ) s2(A(ke|ks,γ)) A(s2(ke|ks,γ)) A(ke|ks) s2(ke|ks) s2 (A(ke|ks)) A(s2 (ke|ks)) 
0.2 0.260 0.0 0.108 0.149 

 
0.00109 

 
0.000144 

 
0.00136 

 
0.134 

 
0.00150 

 
0.00780 0.0127 

0.2 0.260 0.3 0.149 
0.2 0.260 0.6 0.189 
0.2 0.368 0.0 0.087 0.133 

 
0.00141 

 0.2 0.368 0.3 0.133 
0.2 0.368 0.6 0.179 
0.2 0.476 0.0 0.071 0.119 

 
0.00157 

 0.2 0.476 0.3 0.119 
0.2 0.476 0.6 0.168 
0.4 0.260 0.0 0.163 0.274 

 
0.00821 

 
0.000568 

 
0.00919 

 
0.244 

 
0.00976 

 0.4 0.260 0.3 0.274 
0.4 0.260 0.6 0.385 
0.4 0.368 0.0 0.124 0.243 

 
0.00952 

 0.4 0.368 0.3 0.243 
0.4 0.368 0.6 0.363 
0.4 0.476 0.0 0.094 0.216 

 
0.00984 

 0.4 0.476 0.3 0.216 
0.4 0.476 0.6 0.337 
0.6 0.260 0.0 0.202 0.393 

 
0.02419 

 
0.001177 0.02575 0.350 0.02693 

0.6 0.260 0.3 0.393 
0.6 0.260 0.6 0.583 
0.6 0.368 0.0 0.148 0.349 

 
0.02680 

 0.6 0.368 0.3 0.349 
0.6 0.368 0.6 0.549 
0.6 0.476 0.0 0.110 0.309 0.02627 
0.6 0.476 0.3 0.309 
0.6 0.476 0.6 0.507 
z: A() are averages and s2 are variances (population). 
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Table 6-2. Parameters used with Zehner's model to calculate the effective thermal conductivity (ke) for the different 
simulations. 

 ks kf γ φ ke 
 Wm-1K-1 Wm-1K-1 - - Wm-1K-1 
Series 1 0.431 0.02505 0.315 0.356 0.22 
Series 2 0.431 0.02469 0.425 0.493 0.22 
Series 3 0.431 0.02461 0.420 0.328 0.18 
LD3 - Fruit 0.431 0.02487 0.290 0.348 0.23 
LD3 - Bottles 0.589 0.02487 0.383 0.427 0.28 
 
Table 6-3. Parameters as well as thermal and physical properties used for the different simulations. 
 ke γ ρs ρf ρpk ρe CPs CPf CPpk CPe T0 
 Wm-1K-1 - kg m-3 Jkg-1K-1 °C 
Series 1 0.22 0.315 1005 1.209 - 687 3830 1007 - 2941 2.4 
Series 2 0.22 0.425 865 1.229 - 498 3830 1007 - 2630 3.0 
Series 3 0.18 0.420 930 1.233 - 540 3830 1007 - 2644 1.5 
LD3 - Fruit 0.23 0.290 999 1.219 930y 719 3830 1007 1340y 2942 6.4 
LD3 - Bottles 0.28 0.383 999 1.225 910z 636 4185 1007 1925z 2900 3.3 
y: Properties of paper (Çengel and Ghajar, 2010); z: Properties of polypropylene (Çengel and Ghajar, 2010). 
 
Table 6-4. Convective and radiative heat transfer coefficients (Wm-2K-1) used for the aircraft container simulations. 

Walls 
Laboratory - Fruit Air Transport - Bottles 
h hrad h hrad 

W2 W5 W6 3.05 5.00 2.94 5.08 
W4 3.13 5.00 3.06 5.08 
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CHAPTER 7 
CONCLUSIONS 

Results of the thermal analysis on single boxes of fruit showed that the 

temperature distribution within the fruit and between the fruit and the surrounding air 

was relatively uniform.  Consequently, the pulp temperature measured at a half-radius 

distance can be considered as a good approximation of the mass average temperature 

of the fruit and the surrounding air.  Results also indicated that temperatures were more 

uniform within the upper layers of fruit; the largest temperature variations within a layer 

were observed at the bottom of the boxes.  Relatively fast rates of change of the 

temperatures were observed even in the core region of the boxes.   

The temperatures of the products located in the core of the aircraft container did 

not vary significantly during extended exposure to detrimental conditions.  However, the 

products located near the outside surface, which accounted for close than 50% of the 

load, were significantly affected. 

Air transport tests showed that the temperature distribution of the products within 

the aircraft container was mostly influenced by the environmental conditions during 

ramp transfers, not by the conditions onboard the aircraft.  Ramp transfers exceeding 

8 h were observed during the tests.  The effect of solar radiation during ramp transfers 

was significant; it increased the temperatures within the aircraft container significantly 

above that of the ambient air. 

 Results indicated that for produce with a relatively high rate of heat generation, 

the temperature in the core layers of the load would have increased during transit and 

even during periods of refrigerated storage.  In addition, the results suggested that the 

quality of fresh horticultural products transported by air is likely to be affected by factors 
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such as anaerobic respiration, high relative humidity (condensation) and mechanical 

damage. 

Heat transfer simulations were run using an effective thermal conductivity model.  

The approach provided acceptable results in the outer regions of the load for individual 

box and aircraft container simulations.  However, the model significantly underpredicted 

the temperature in the core regions of individual boxes.  Aircraft container simulations 

also underpredicted the temperatures at the top of the boxes located within the bottom 

layer and at the bottom of the boxes located within the top layer.  Consequently, it was 

established that the model did not adequately predict the temperature distribution 

throughout the loads of horticultural products that were studied. 

To improve the results of such modeling approach, the effect of the natural 

convection must be included in the effective thermal conductivity via a variable dynamic 

component.  This new and more complex approach would not be appealing for the 

development of commercial temperature and quality monitoring solutions for shipments 

of horticultural products.  However, since that most of the temperature variations within 

an aircraft container was observed in the peripheral region of the load, the modeling 

approach used, even without a dynamic component, could still be implemented as a 

decisional tool for air shipment of horticultural products. 
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