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1. Introduction to project
This chapter provides an introduction to the problem being considered and by
further extension, the project. To understand the problem within the context of work
already done, as found in literature, please see chapter 2.

1.1 Problem Description
In the ―cold chain‖ Industry, products are kept within a required temperature range,
often through the use of a closed system capable of providing the necessary
insulation. These insulative containers are usually made in materials such as
Expanded Polystyrene (EPS) and in some cases using Polyurethane (PU). In
some very rare cases, use of Vacuum Insulated Panels (VIP) based containers is
also made. The use of insulated containers made in Expanded Polystyrene (EPS)
is most common due to the high performance/cost ratio that these provide. Due to
the insulating nature of such containers, they slow the rate of heat coming into the
box.
These containers incorporate a temperature sensitive product. Such products are
required to be kept within a specific temperature range or they can deteriorate. In
the case of pharmaceutical products such as drugs, vaccines etc, it is critical to be
able to keep the products within the required specific temperature range. Inability
to do so, can cause serious issues (more detail in Chapter 2).
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The insulated containers are also used for the transport of food products. However,
in this case, thermal stability as well as moisture control is of importance. Unlike
food items, it is extremely difficult to detect whether a pharmaceutical product has
deteriorated due to it having gone out of the required temperature range in case
the temperature monitoring loggers are not used. Since, the use of such data
loggers is limited; engineering designers developing cold chain solutions for the
Pharmaceutical products tend to add a safety factor during the design stage.
These systems therefore tend to be more complex than their counter products
within the food cold chain.

The insulative containers by themselves cannot keep the temperature of the
sensitive product inside them within the required temperature range. Therefore, the
use of single / multiple active or passive devices is made that provide the required
level of heating and cooling. Such devices are placed together with the product
inside the Insulative container.

The number of pharmaceutical organizations making use of active devices is
extremely low; most pharmaceutical products are shipped using passive devices
(Industry consensus). Moreover, the number of shipments requiring the product to
be kept within the temperature thresholds of +2° and +8°C (i.e. chilled) far exceed
the number for any other temperature range.
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The Pharmaceutical Industry is highly regulated in nature and it is impossible for a
cold chain solutions provider to be able to sell such highly engineered packaging
systems without ―qualifying‖ the same to be used in a given environment. Bishara
(2005) explains that these systems are strictly referred to as ―qualified‖ systems
rather than ―validated‖ systems as even though a system performs under the
testing conditions, there is still no guarantee that the product temperature will be
maintained in all conditions. The people making the decision on what shipping
system to use should fully be aware of what scenarios the system is likely to work
in and where to select a different system.

A system is considered qualified if it can maintain the temperature of the product
within the required range for a given duration under a specific set of dynamically
changing environmental conditions. Traditionally, such qualifications have been
achieved through an extensive set of tests being carried out in environmental test
chambers, which simulate the ambient environment that the system would be likely
to encounter in transit (Based on systems knowledge of major organizations
providing cold chain solutions).

Packaging Systems are put to test in a number of different configurations until the
required configuration is found that would keep the temperature of the product
within the required range.
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The main drawback of this approach is that there is a significant lead-time on
Product Development. Besides, there is a significant cost associated with the
running of the test chambers, which are also non-environmentally friendly in
nature. Moreover, such an approach requires further extensive resources in terms
of man-hours of Packaging engineers to run the tests.

This project aims to address this problem through the design, development and
validation of a heat transfer model using spreadsheets that would provide a set of
results similar to those produced as a result of real time tests done in
environmental test chambers within an accuracy of ± 15%. The successful
completion of the development of such a model would provide a cost effective,
swift and more environmentally friendly approach towards product development at
DGP Group Ltd, a manufacturer and distributor of temperature controlled
packaging systems for Infectious substances (category A), Biological substances
(category B) and Pharmaceutical products. The model would therefore provide
significant cost savings through significantly reduced time on product development
and reduced use of resources. Moreover, since spreadsheets are used to design
such a model, and as knowledge of spreadsheet use is widespread, a large
number of people would be able to use it.
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1.2 Aim of the project
The aim of the project was to design, develop and validate a spreadsheet based
heat transfer model that would predict the performance of temperature-sensitive
packaging systems made in Expanded Polystyrene and incorporating generic
pharmaceutical products (required to be kept chilled) and passive devices under a
wide range of dynamically changing environmental conditions within accuracy of
± 15%.

1.3 Aims and Objectives
The key aims of the project are as follows:



Design a thermal predictive model using a spreadsheet package for enduser convenience.



Experimentational Analysis – Plan and conduct experimental tests for model
validation.



Model Validation – Compare the results predicted by the thermal model with
the real-time test results.
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1.4 Plan of this thesis
This thesis consists of nine chapters.

Chapter 2 contains the detailed Literature review that was undertaken as part of
this project. This chapter begins by providing an introduction to the cold chain
processes and a background to the Industry. The chapter then explains the
importance of temperature control and the specific temperature ranges that the
products are usually required to be kept within. How frequently vaccines are
wasted as a result of not maintaining the product temperature within the required
range is then answered besides a section that explains the importance of
maintaining the thermal stability of the most important shipment within the cold
chain industry i.e. vaccines. The chapter then explains how the temperature of
these products is maintained within the required range and a critical review of the
work done by researchers in modelling heat transfer is provided. This section starts
by detailing work done by researchers in modelling heat transfer, both in general
as well as the studies found most relevant to this project containing some
underlying methods with broader applications and relevant to this project. The
chapter finally provides a summary that explains how this project fits in within the
context of work found in literature – the challenges faced and the outcomes sought
from this research project.
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Chapter 3 provides a description of the underlying theory on heat transfer. This
chapter begins by providing an Introduction to heat as a form of energy. The
modes of heat transfer are then described, namely Conduction, Convection and
Radiation. The chapter finally describes Lumped System Analysis, an important
approach used within the realm of academic research in heat transfer towards
problem solving.

In chapter 4, the experimental tests carried out are described. This chapter begins
with providing an introduction and description to the equipment used. This is
followed by a description of how the experimental tests were planned and carried
out. Finally, the results are presented together with statements on observations
made from these results.

Chapter 5 explains how the predictive model was designed and developed. The
chapter begins by providing an introduction to spreadsheets followed by a
description of identification of the physical model and selection of mathematical
model corresponding to this. How spreadsheets are laid out and organized to
model the problem is then described. Sections describing the assumptions made
and the governing heat transfer processes and equations follow. Finally, the
predicted results obtained from the model are presented in the last part of the
chapter.
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In Chapter 6, a detailed analysis of results and discussion is provided. The chapter
begins by providing a comparison between the experimental and model predicted
results and observations on the validations. This is followed by a section where
results are interpreted and difference in results between experimental and model
predicted results are discussed. This chapter concludes by providing a significance
of the work done as part of this project within the body of knowledge.

Chapter 7 summarizes the work presented within this thesis, lists the key
conclusions made from this project and presents recommendations for further work
identified as a result of completion of this project.

Finally, Chapters 8 and 9 list all the References and Bibliographies respectively.

1.5 Summary of the chapter
In this chapter, an introduction to the project was provided.
The problem statement was defined and the benefits from the completion of this
project were described. Finally, the aims and objectives of the project were listed
and a plan of this thesis shown.
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2. Literature Review
This chapter provides a background to the cold chain industry, the importance of
maintaining the temperature of sensitive products within the specific ranges, what
happens when this temperature control is not achieved and how the temperature of
such products is maintained within the required range. This chapter also critically
reviews the work done by researchers in developing heat transfer models used
within the industry, the tools used to achieve the same and key issues faced whilst
achieving the key goal of safely delivering the product to its end-user. Finally, a
summary has been provided that explains how this project fits in within the context
of work found in literature – the challenges faced and the outcomes sought from
the project.

2.1 Cold chain processes
Cold chain refers to the equipment and processes employed to ensure the thermal
preservation of perishables and other temperature-controlled products from the
production to the consumption end in a safe, wholesome, and good quality state
(Sowinski, 1999; Beasley, 2002; Salin and Nayga, 2003; Billiard, 2003); the
broadness of this definition however varies depending upon the Industry of interest.
The two important industries directly associated with the cold chain are the
Pharmaceutical and Food Industries.
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Miller and Harris (1994), Frank (1999) and Diggle (2006) have all indicated (within
the context of vaccine transport), that cold chain refers to the system of
transporting and storing vaccines within the optimum temperature range of +2ºC to
+8ºC from the place of manufacture till administration. The Parenteral Drug
Association‘s (PDA) Pharmaceutical Cold Chain Discussion Group (PCCDG) has
provided a more generic definition to cold chain in a document called ―Medicinal
Cold Chain Guideline‖ as ―The process of shipping temperature sensitive medical
products through the transportation environment.‖
In the context of food industry, Fernie and Sparks (2004) have identified cold chain
as a physical process whereby food products are maintained in a temperature controlled environment, rather than exposed to whatever ambient temperatures
prevail at the various phases of the supply chain. Taylor (2001) has stressed the
role of all the necessary facilities in the cold chain in successfully storing and
transporting a temperature-controlled product.

2.2 Background to cold chain industry
Cold chain as an industry has evolved since the 1980‘s, as explained by Fernie
and Sparks (2004). However, there are a number of American companies like Cold
chain Technologies that started within the cold chain business in the 1960s. It has
been indicated by Sahin et al (2007) that the proportion of temperature sensitive
products in international trade has been increasing in the past years and Coates
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(2003) has confirmed this rate of growth to stand at 6% per annum. Currently, the
global cold chain industry has an annual turnover of $15 billion.

2.3 Importance of Temperature control and the
specific temperature ranges
The most important requirement of the cold chain is being able to maintain the
thermal integrity of the products within specific temperature ranges. Maintaining the
temperature of the product within the required range is key towards maintaining its
integrity i.e. nutrition, hygiene, potency and quality.
Temperature variations above or below the required thresholds can result in
microbial hazards and deterioration of quality. Taylor (2001) has classified the cold
chain pharmaceutical items as vaccines, insulin, blood products and other
proteinaceous materials. It has further been pointed out by Pigache (2000) that
there are two broad groups of pharmaceutical products, which are considered in
temperature-controlled transport. One group covers the majority of drugs which
can be stored at a flexible range of ambient ―room‖ temperatures - from +2ºC to
+30ºC. The other group is delicate and sensitive to its temperature environment,
and should be stored between the thresholds of +2ºC to +8ºC, or specified lower
temperatures of zero or below.
Given the strict temperature requirements, any brief period at temperatures

11

Chapter 2

Literature Review

beyond the required range irreversibly de-natures the protein in these items and
leads to a loss of efficacy [Setia et al. (2001)].

The US Pharmacopoeia in USP 1079 section 797 has defined some of the typical
ranges; these are as follows:


Frozen: Maintaining the temperature thermostatically between –25°C and
–10°C (-13° and 14° F)



Chilled: Maintaining the temperature thermostatically between +2°C and
+8°C (36° and 46° F)



Controlled Room Temperature (CRT):

Maintaining the temperature

thermostatically that encompasses the usual and customary working
environment of +20°C and +25°C (68° and 77° F); that results in a mean
kinetic temperature calculated to be not more than +25°C; and that allows
for excursions between +15° and +30°C (59° and 86° F) that are
experienced in pharmacies, hospitals and warehouses. Provided the mean
kinetic temperature remains in the allowed range, transient spikes up to
+40°C may be permitted as long as they do not exceed 24 hours. Spikes
above +40°C may be permitted if the manufacturer so instructs.

The mean kinetic temperature is calculated as a value that may be used as an
isothermal storage temperature that simulates the non-isothermal effects of
storage temperature variations.
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2.4 Frequency of vaccine wastage
Failure to maintain product temperature within the required temperature range is a
significant cause of product failure even despite the best intentions of third party
logistics (3PL) providers, product manufacturers etc. An American study found that
1 – 5% vaccine wastage was caused by failure to keep the products within the
required temperature range (Setia et al., 2002), while a Hungarian study found that
4% and 38% of the vaccines were compromised by summer heat or winter freezing
(Lugosi and Battersby, 1990). A study in Canada reported that the cost of wasted
vaccine comprised 3.3% of annual provincial vaccine budget (Robert M, 1998). Bin
and Labuza (1992) have described that 10% of perishable food losses come from
insufficient temperature control and physical damage whilst 16% of food items
were wasted due to reasons associated with cold chain breakage.

2.5 Importance of thermal stability of vaccines
One of the most important shipments made within the cold chain is the
temperature-controlled shipment of vaccines. Vaccines are powerful public health
tools that save an estimated three million people a year. [UNICEF website.
Available at: http://www.unicef.org/immunization/index coverage.html]
Kendal, AP (1997) explains that the assurance of potency of vaccines depends on
the continuous control of their temperature during production and distribution (i.e.
correct operation of a ‗cold chain‘). A few live vaccines, such as oral poliovirus
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(OPV) and varicella, are so unstable that they should be kept deep frozen during
long-term storage or transport. Many other vaccines, while requiring refrigeration
during distribution, are sufficiently thermostable that a good margin of safety exists
against rapid loss of potency if they occasionally are allowed to become warm due
to a temporary problem with the cold chain. However, less is known about their
stability during a cycle of freezing and thawing, which might rapidly damage many
liquid vaccines.

UNICEF and World Health Organization (WHO) have long promoted cold chain
procedures as part of their immunization programs [www.who.int/]. World Health
Organization (WHO) guidelines and manufacturer product inserts recommend that
all vaccines except oral and polio vaccine be kept between +2° and +8°C during incountry distribution. However, if care is not taken whilst designing cold chain
solutions, or in a poorly functioning cold chain, the temperatures may deviate from
this target range. Since cold chain practices in the past have prioritized on
protecting the vaccine from heat damage, as explained by Mawas et al. (2002), a
problem with the freezing of the vaccine can be even more prevalent. Use of
vaccines that have been damaged as a result of being frozen can result in potency
loss, pertussis, liquid Heamophilus influenzae type B (HIB), Hepatitis B and
inactivated polio virus. Freeze sensitive vaccines represent over 31% of the USD
439 million UNICEF spent on all vaccines in 2005. [UNICEF Supply division annual
report, 2006]
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Litwak (1999) argues that in order to reduce wastage, synergy of people at all
levels of cold chain is important.

2.6 Temperature control of these products
The use of insulated containers is made in order to ship temperature sensitive
products. These systems can be classified as either Active or Passive depending
upon the device acting as the source of cooling/heating within these systems.
Active

systems

are

those

that

contain

an

electronic

device

providing

heating/cooling to keep the temperature of the sensitive product within the required
temperature range. The use of active systems is made only on a very small scale.
Passive systems are those that use a phase change device. These phase change
devices change phase at a particular temperature and whilst doing so
absorb/release heat thereby ensuring that the product is better protected.

2.7 Modelling heat transfer
A number of studies have been carried out towards monitoring temperature within
insulating shipping containers. These studies have been carried out for various
products – horticultural products (Friedman and Rot, 2005) beef (Gill et al., 2002),
human corneas for transplantation (Net et al., 2003) and blood transportation
(Sharley et al., 2003; Rentas et al., 2004) However, no studies have been found
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where heat transfer has been modelled in shipping containers towards the
transport of pharmaceutical drugs.
An analytical 1-d conductive heat transfer model to predict temperature of frozen
foods exposed to environmental fluctuations has been developed by Zuritz and
Sastry (1986). They also studied the effect of packaging materials on food
preservation. Their study concluded that packaging materials and layers of
stagnant air contribute to an efficient barrier against thermal fluctuations. It was
noted that the study ignored convective heat transfer however a good agreement
between predicted and experimental results was found.

Mittal and Parkin (1987) carried out a similar study on the ability of two insulated
containers to maintain the low temperature of ice cream when exposed to
externally changing ambient conditions. They predicted the product temperature
distribution with time by developing a three dimensional, transient model that
considered conduction inside the shipper and through the walls. They found the
model to be within ±5% when compared with experimental data. It was noted here
that had they provided an argument as to why other significant modes of heat
transfer for example the natural convection were ignored inside the shipping
container, it would have improved the general quality of presented work.

Becker et al. (1994) developed a computer algorithm that modelled plug-flow air
movement in a porous media in order to estimate latent and sensible heat loads

16

Chapter 2

Literature Review

and the moisture loss from stored horticultural products. This algorithm was applied
and tested widely, using at least 5 different horticultural commodities, experimental
data was reported to agree well with model predictions.

Marchant et al. (1994) used a zoned model with predefined heat flows between
zones to model heat and mass transfer in a bed of potatoes. In this situation
specific model, both heat and mass transfer process variations with time were
modelled and predictions were in broad agreement with experimental values.

Amos (1993) has described and developed two multi-zoned models of refrigerated
airspaces:
1) An apple carton heat transfer model: this was developed to predict apple
temperature and mass loss as functions of both position and time within the carton
containing 18 kg of fruit and undergoing cooling to remove field heat. A zoning
strategy with 150 zones (to each of which an energy conservation equation was
applied) was used. This model required the user to define the airflow pathway
through the carton (rate of airflow between zones) as input data.
This model was developed and tested for a particular packaging configuration.
2) A multi-zoned heat and mass transfer model: this was developed for predicting
bulk-air conditions as a function of time and position in large horticultural cool
stores. This model took into account heat and water vapour transfer pathways
to/from major heat generators and water sources (including the product), which
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interacted with the zone air, and the operational characteristics representative of
the installed heat removal equipment. Forced convection air transfer between
zones was modelled by inputting inter-zone flow rate data representing the airflow
characteristics of the cool store. Additional to the major forced convection airflow,
cross mixing between zones was estimated using an empirical relationship, as
described by Holman (1990) which had been adjusted to match measured data for
an industrial cool store. A particular limitation of this work was insufficient data to
permit the assessment of the validity and reliability of the validations carried out
thereby making it quite difficult to assess the accuracy of the model.

De Cogan (1998) and Hurst (1994) described a Transmission Line Matrix (TLM)
numerical technique to model thawing processes thoroughly. Models based on
TLM divide the volume in which heat transfer is to be represented into spatial
elements besides dividing the period over which the transient is to be modelled into
iteration time steps. Temperature values are available at every node in the threedimensional volume at each iteration so that it is possible to monitor the entire 3D
temperature field almost continuously. Johns (1977) has described how this
technique is particularly advantageous in terms of run-time for transient nonlinear
problems.
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Stubbs et al. (2004) used an in-house software based on this ‗‗transmission line
matrix‘‘ numerical technique for transient three dimensional non-linear problem
involving heat transfer processes of conduction and phase change. This software
was used to study temperature of cheese transported in expanded polystyrene
boxes loaded by water based gel bags. They studied the influence of different
configurations in which the product could be packaged. Their key conclusion was
that the packaging strategy of a product usually plays a role in the thermal
performance of the food product being shipped. This is an important conclusion
and was found to be in line with conclusions made whilst carrying out experiments
for shipment of temperature sensitive products during my time at DGP Group Ltd.

Use of CFD
Computational Fluid Dynamics (CFD) is used for simulation in complex problems
where heat transfer due to other modes, for example radiation and convection is
significant. The Navier-Stokes equations, which are the governing differential
equations, have been known for over a century. Experimental heat transfer has
played an important role in validating and delineating the limits of the various
approximations to the governing equations. These forms of differential equations
that were proposed nearly 200 years ago are the basis of the modern day
Computational Fluid Dynamics (CFD) industry (http://www.wikipedia.org). These
complex equations were difficult to solve and it was not until the advent of modern
digital computers in the 1960s and 1970s that they could be resolved for complex
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flow problems within reasonable timescales. In the early 1980s, commercial CFD
codes came into the open market place; these were based on Navier Stokes
equations, energy transport equations and mass flow equations that define the
fundamental

equations

of

fluid

flow,

heat

and

materials

transport

(http://www.solidworks.com). These equations are solved numerically using
complex computer algorithms embedded within the CFD software. These
softwares can be used to allow the user to computationally model heat transfer
provided the geometry of the object being modelled and boundary conditions are
known and some initial flow conditions are prescribed. Outputs from CFD software
can be viewed graphically in color plots or as "hard" numerical data and X-Y plots.

Tewkesbury et al. (2000) made use of a commercial CFD code called FIDAP (Fluid
Dynamics International Inc., Evanston, Illinois) to model temperature distributions
in cooling chocolate moulds. Their motivation to use the software came from Jung
and Fryer (1999) who had previously discussed and demonstrated how FIDAP can
be used in food systems. Since chocolate is a highly non-Newtonian fluid with a
very high viscosity at low shear rates, there is only negligible fluid movement that
occurs during cooling. The problem within the mould is solely one of conductive
heat transfer with zero natural convection. Tewkesbury et al.‘s strategy for meshing
the model was to use a fixed mesh algorithm. The mesh geometry was created
with a 2D axi-symmetric rectangular mapped mesh from specifications of the
moulds used, as shown in the figure 2.1.
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Figure 2.1 Axisymmetric finite element mesh used in the simulations
(Source: Tewkesbury et al.)

The mesh used finer graduations near to regions of particular interest to improve
solution accuracy. The mesh was adjudged to be sufficiently fine as simulations
performed with meshes that were finer by a factor of 2 were found not to be
significantly different.

Although they were unable to gain a complete description of the full kinetic
crystallization process, they assumed that the thermal effects can be predicted
using effective specific heat capacity data as a function of temperature. Doing so,
they found that the cooling rate is an acceptable and useful approximation over the
range of cooling rates of commercial concern.
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CFD has also specifically been used to model the heat transfer by the mode of
phase change in phase change materials (PCMs). Phase change material is a
passive device that is used within insulated containers as a source of
cooling/heating for the product. Numerous studies on PCMs have been carried out
with several different engineering applications: energy storage in building,
automobile, transport of chilled/frozen products, etc.

A simple mathematical model was proposed by Zivkovic and Fuji (2001) to predict
the temperature field and the melting time of a PCM encapsulated in a container
(made of stainless steel, container dimension 10 x 10 x 2 cm). The authors
reported that the thermal resistance of container wall and the effect of natural
convection within the liquid can be ignored with the investigated conditions.
Lamberg et al. (2004), used FEMLAB software for the simulation of temperature
distribution in both melting and solidification processes of paraffin. This product has
a wide temperature range during these two processes. This study considers that
the main heat transfer mode is conduction during the solidification process and
natural convection during the melting process. The comparison between numerical
and experimental results showed a good agreement.

In spite of the fact that CFD is a powerful and reasonably accurate simulation tool,
such softwares are very expensive. Moreover, the use of such softwares is
complicated, extremely time consuming (especially for meshing the exact geometry
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of each component) and limited to CFD professionals. The use of CFD is not most
appropriate to end user in the cold chain product development and packaging
design, as it is too complex for occasional use.

Heat transfer coefficients
Kondjoyan et al. (1997) have mentioned that the heat and mass transfer
coefficients at the air/product interface are generally fitted in most mathematical
models; here fitted refers to inverse modelling where parameters are found by
matching simulation to experimental data. The work done in the literature with
regards to heat transfer coefficients is very limited to specific cases only. Most of
the experimental work is focused on precooling of perishable products or on
refrigeration, freezing and storage of meat products. A number of investigators
have discussed the precooling of food products and the major works are reported
by Sadashive et al. (1996), Gaffney et al. (1985) and Ansari and Afaq (1986).
However, Fikiin (1983) reported that the velocity of cold air is one of the factors for
intensifying the cooling of fruits and vegetables. Precooling is a critical stage in the
food cold chain since the temperature of the horticulture products is one of the
most important factors that govern the post harvest life and quality of the product.
During the precooling process, the field temperature of the food product is lowered
to the storage temperature immediately, after harvest, to prevent any food spoilage
and to maintain the quality of fruits and vegetables (Dincer & Dost, 1996). It has
been suggested by Brosnan and Sun (2001) that it is necessary not only to cool
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the product but also to cool the product as quickly as possible after harvest. During
precooling, increased heat transfer between fluid medium and solid food product
takes place. Normally the cooling of food products is done by blowing cold air over
the products. A pressure drop is witnessed when the air is blown through the
batches of food products (Lavender & Pei, 1967; Verboven et al., 2004) and the
cooling heat transfer coefficient is a function of the position of individual product in
the stack (Alvarez & Flick, 1999a) or the bin geometry (Alvarez & Flick, 1999b).
For most engineering heat transfer calculations carried out for commercial food
cooling applications, the determination of the heat transfer rates, and in some
cases, heat and mass transfer rates are required.

The heat transfer rates produced by different cooling methods given by Sadashive
et al. (1996) can be directly obtained from the time–temperature variation curves of
the product. If the geometry, thermo-physical properties and processing conditions
of the food product are known, the time–temperature variations can be theoretically
determined. The analytical model by Gowda et al. (1997) is available to determine
the chilling time of the food products of regular shape, and that of Zhang et al.
(1996) for the products of irregular shape. In all the food processing techniques,
including blast cooling and freezing, convective heat transfer occurs between the
fluid medium and the solid food item.
Information on the product‘s surface heat transfer coefficient, h, is essential to
design of refrigeration equipment for food processing. The surface heat transfer
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coefficient is influenced by the velocity of the cooling fluid flowing past the product.
Thus, experiments to determine surface heat transfer coefficients are often
expressed as Nusselt–Reynolds correlations. These correlations present the heat
transfer coefficient as a function of product shape and size as well as cooling fluid
velocity. Since the heat transfer coefficient is not constant over the surface of a
body, the heat transfer coefficient reported by these Nusselt–Reynolds correlations
are in fact the area averaged values of the local heat transfer coefficients.

Previous research on heat transfer coefficients in foods whose results have been
used by various researchers for food systems include Giambelli (1971), Chavarria
and Heldman (1984) and Succar and Hayakawa (1986), who dealt mainly with
unwrapped products of regular geometry; Gac and Larbouillat (1962) and Cleland
and Earle (1976) who worked with packed products; Vazquez and Calvelo (1980)
and Marhic and Singh (1987) who dealt with fluidized bed freezers; and finally Arce
and Sweat‘s (1980) complete review of the existing data about foods, model
systems and the most commonly used measuring methods.

Kopelman et al. (1967), Bonacina and Comini (1972) and Comini (1972) provided
detailed information on the conditions to be fulfilled during transient state
experiments to obtain the highest possible accuracy. They adopted numerical
methods and developed formulae to calculate the errors involved in the
calculations. Radford et al. (1976) predicted the weight loss from a meat plate and
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provided values of heat and mass transfer coefficients for certain air velocity
ranges. Norwig and Thompson (1984) reviewed dehydration during freezing.
Daudin and Swain (1990) analysed the weight loss of meat cylinders suspended in
a refrigeration chamber with parallel and axial low velocity air. Kondjoyan and
Daudin (1990) presented h and K values for air flow over different shaped foods.
They used a method based on psychrometry for measuring the coefficient during
forced convective exchanges between air and the surface of the body. Using
methods based on psychrometry in working out such coefficients, require the use
of special equipment and work well for bodies of complex shapes.
Molla et al. (2008) have described theoretical measurement of natural convection
flow of viscous incompressible fluid past an isothermal horizontal circular cylinder
considering the temperature dependent internal heat generation. They transformed
the basic equations of motion into the local non-similarity boundary layer equations
and solved these numerically using a finite difference scheme together with the
Keller-box method (1978) and the perturbation technique by Runge–Kutta–Butcher
initial value solver (1974) and with the Nachtsheim–Swigert iteration scheme
(1965). They also focused on situations where buoyancy forces assist the natural
convection flow for various combinations of heat generation.

As can be seen, most of the existing bibliographical information for these products
is scarce and is case specific. Experimental values and regression equations
obtained for ideal systems (regular geometries, smooth surfaces, metallic samples
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of constant thermal properties) must be used in most calculations. The ASHRAE
Fundamentals Handbook (1997,SI) provides a list of generic formulae that can be
used for the calculation of heat transfer coefficients if the velocity of airflow is
known. For the purposes of this project, these formulae have been used and are
described later. There were a couple of references found that had underlying
method with a broader application; these are detailed in the following section.

Methods of qualification and other heat transfer models
Current methods of qualifying insulated boxes include physical testing (Kendal et
al., 1997) or modelling the heat transfer (Alasalvar and Nesvadba, 1995) of the
boxes against temperature regimes, as specified by organizations like International
Safe Transit Association (ISTA) etc. A shipping system is known as ―qualified‖ if it
can maintain the temperature of the product within the required temperature range.
Such shipping systems are not referred to as ―validated‖ systems since although
the systems do perform under the testing conditions, there is no guarantee that the
product temperature would stay in the required range under all environmental
conditions (Bishara, 2005). A reason that also accounts for some failures within
the cold chain is the assumption that validation or qualification of a package to a
standard ambient temperature regime gives a high likelihood that the box will
perform in most environmental temperature conditions. (Setia et al., 2002)
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Tanner has described a generalised model (2002 a) and validated (2002 b) a zonal
based approach to model heat transfer. A generalised methodology has been
described which supports a more wide range of situations. The models are used to
predict fruit mass loss, packaging material moisture intake and packaging relative
humidity. Predicting such parameters is important within the horticultural industry.
The Runge-Kutta-Fehlberg method was utilised for the solution of ODE‘s for the
model and rapid application software (RAD), C++ Builder (Version 1.0) was used
for the purposes of programming.
The model presented by Tanner et al. is likely to be useful only for the specific
cases that they have validated. However, some aspects of their methodology can
potentially be used in other broader applications.

For example, certain aspects of their approach have been used by Food Science
Australia together with a weather prediction software and a box selecting algorithm
to assess the likelihood of a given package failure.
The quantification of the performance of a shipping system in real world
circumstances was described using four stages of mathematical simulation:

1. Create a heat transfer model that describes the change in temperature of
the product in an insulated box.
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2. Create an optimal ―shipper‖ that qualifies to a standard temperature
regime with a combined genetic algorithm and heat transfer model.

3. Create environmental conditions for a set transport pathway, as
influenced by seasonal timing and daily variation.

4. Model the heat transfer in the optimal shipper under simulated
environmental conditions, with a Monte Carlo approach to quantify the
distributions.

The described approach also makes use of a weather prediction software to
simulate real world conditions. For example, the prediction of environmental
conditions for the transport of a package by land from Sydney to Melbourne
(distance between the cities: 885 kms.) is based on the interpolation of historical
weather data to determine daily minimum and maximum temperatures and these
are then be translated to instantaneous weather conditions using a model for
diurnal variation. A number of assumptions are also made.
For example, the journey between the two cities is conducted over a 10-hour
transport period (see table 2.1) and that three random predictions are made for
each calendar day of the year thereby leading to a total of 1095 potential weather
conditions that a box could be exposed to.
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0
6
9
12
13
15
16
24

Literature Review

Latitude
33.52S
33.52S
34.49S
36.06S
36.27S
37.28S
37.49S
37.49S

Longitude
151.12
151.12
149.06
146.52
146.14
144.58
144.58
144.58

Table 2.1 showing an illustration of transport locations that could be fed into the
weather prediction software

Now, to select the best possible box, they created an algorithm with the aim of
maintaining the temperature of product between -1°C and 8°C whilst the system
being subjected to a standard summer profile, as stipulated by ISTA standard 7D
(ISTA, 2006). The ISTA standard summer profile consists of the following
segments:

1) 22°C over a duration of 4 hours.
2) 35°C over a duration of 2 hours.
3) 30°C over a duration of 12 hours.
4) 35°C over a duration of 6 hours.

The algorithm also considers the transportation costs as a function of volume and
weight functions created from quotes from DHL‘s website.
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The costs were based on the ―volumetric weight‖ of the package, with the
volumetric weight being the greater of either the weight (kg) or the volume (cm 3) of
the package divided by 6000.
The transport costs were based on a two-stage formula, with packages with a
volumetric weight less than 10 being costed by eq. (1) and others by eq. (2):
VW ≤ 10; Cs = 11.94 x VW + 39.91

(1)

VW > 10; Cs = 7.37 x VW + 85.64

(2)

where: Cs = transport cost (AUD$); and VW = volumetric weight (kg or cm3)
The approach described by Tanner (2002 a) together with the weather prediction
software and a box selecting algorithm quantifies the risk of failure to maintain
product temperature when using a box besides identifying the time to failure.

2.8 Summary
Most of the previous heat transfer modelling work, as found in literature has been
done within the context of food industry and has been found to be limited to
specific cases only. Although, most of these studies have reported satisfactory
relationship between experimental and modelled results, some of them have
ignored some important considerations. For example, the amount of passive
source e.g. phase change materials etc. providing cooling used in the system, the
initial starting temperature and storage conditions.
Moreover, a significant amount of this work has been done either using advanced
software packages like CFD or through programming languages such as C++.
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As is known, packages such as CFD are very expensive, extremely time
consuming and their use is usually limited to experts.

The work presented in this thesis has been aimed at developing a generalized
predictive heat transfer model that would be applicable for a wide range of
products. Within the context of pharmaceuticals, maintaining the thermal stability of
the product is the single most important aim. The model has been developed with
the key aim being, it being used towards reducing the lead-time on product
development. It is aimed that the model would change the approach that is
currently used to qualify products at DGP Group Ltd. At the moment, experimental
testing within environmental test chamber is the only way of qualifying a shipping
system. Determining the optimal design (minimizing costs while maintaining the
required performance of a system) is only possible through trial and testing
different packing configurations. The optimization of even the simplest insulated
shipping systems is an extremely complex problem since there are a huge number
of variables available to the packaging engineer. The approach involving physical
testing has a number of disadvantages associated with it:



Significant lead-time on product development



Significant cost associated with the running of test chambers each time a
new packing configuration is to be tested.



The non environmentally-friendly nature of running the test chambers
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Development of the model would ensure that the effort relative to physical testing is
significantly reduced, as this would now be achieved by performing the optimizing
exercise of predicting the performance of different packing configurations without
test chamber resource. The most optimized packing configuration would then be
put to test. It is estimated that this would reduce the lead-time on Product
development from 3 – 6 months to 1 – 3 weeks as a result of reduced amount of
testing run in real-time.
The model would also provide savings on running the test chambers and
packaging engineer‘s resource otherwise used in putting the tests on.

The following chapter provides a description on the underlying theory on heat
transfer.
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3. Theory of Heat Transfer
This chapter provides a description of the underlying theory on heat transfer. This
chapter begins by providing an Introduction to heat as a form of energy. The
modes of heat transfer are then described, namely Conduction, Convection and
Radiation. The chapter finally describes Lumped System Analysis, an important
approach used within the realm of academic research in heat transfer towards
problem solving.

Heat is a form of energy that is transferred from one system to another as a result
of temperature difference. Thermodynamic Analysis is concerned with the amount
of heat transfer as a system undergoes a process from one equilibrium state to
another. The transfer of heat energy is from the medium at higher temperature to
the medium at lower temperature; this transfer continues till both the media reach
equilibrium i.e. the same temperature. Heat can be transferred in three different
modes, as explained below.

3.1 Modes of Heat transfer
In this section, the three modes of heat transfer, namely conduction, convection
and radiation are explained.
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3.1.1 Conduction
Conduction happens as a result of interactions between particles; it is transfer of
energy from more energetic particles to less energetic ones.
The conduction of heat is an example of a diffusion process; in this case, diffusion
of thermal energy. We can have mass and momentum diffusion also. A diffusion
process is the one that tends towards establishing equilibrium. For example, a solid
with different temperatures at two different points tends to the same temperature.
Conduction can occur in solid, liquid or gas. In solids, conduction is due to the
combination of vibrations of the molecules in a lattice and energy transport by free
electrons. In fluids though, it is due to the collision and diffusion of molecules
during their random motion (Gebhart 1971).

For the purposes of determining the rate of heat transfer, the law of heat
conduction or the Fourier‘s law is used. The law states that this rate through an
area is proportional to the temperature gradient and to the area at right angles, to
that gradient, through which the heat is flowing.
Mathematically,
q=

- kA(Thigher - Tlower)
x

....................................................3.1

where,
q is the rate of heat transfer. Unit: Watts
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k is a constant known as thermal conductivity of the material and tells us about the
ability of the material to conduct heat. Unit:W/(mK)

A is the area at right angles to the gradient through which the heat is flowing.
In situations where the rate of heat transfer through an infinitesimal volume (with
unequal surfaces on either side of the volume) needs to be calculated, the area
used can be approximated to be that of the midsection of the volume. This is a
good enough approximation (Kreith and Bohn 1993).
If however, the rate of heat transfer is being calculated through a bigger volume,
the surface area of the volume is used.

x is the the thickness of the volume through which heat is passing.

Thigher is the temperature of the region at higher temperature

Tlower is the temperature of the region at lower temperature

Note that the negative sign in equation 3.1 shows that the heat flows from the
hotter to colder region.

Considering a homogenous slab as shown in figure 3.1,
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T0

Y
t

y
Y
x
T0

T1

T0

T1

Figure 3.1 showing a homogenous slab and variation of temperature
Figure 3.1 shows that if an instantaneous change in boundary condition in an
infinite solid is established, a steady temperature profile is achieved (t in figure 3.1
represents time).

A diffusionally generated transfer process consists of a net flow of a property
defined by the influence of a driving force.
Rate of transfer or ―flux‖ defined by a driving force or ―potential gradient‖ such that
a linear proportionality exists between flux and potential gradient (Backhurst et
al.1995).
q
For Fourier‘s law of heat conduction, the flux of heat is   due to a temperature
 Ay

gradient and k has units

W
. In contrast, although a temperature gradient
mC

generates the flux, it is not ―temperature‖ that is being transferred, but energy
(Coulson & Richardson, 1999).
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Temperature is an intensive property (independent of amount of mass considered
i.e. the size of the system) which means that it can not be transferred; only
extensive properties (Energy; in this case heat or more explicitly ―enthalpy‖) can be
transferred.

Rewriting the Fourier equation to embody this fact, we get;

k
k  CT 
k E
T
q
ρc
== ..................3.2
  =c
c y
c y
y
 Ay

(Assumes ρ and c (specific heat capacity) are independent of y and can be placed
in derivative; consistent with assumption that k ≠ k(y))
 joule 
 kg 
Note that E = ρh where h (enthalpy) has units 
, ρ (density) with units  3 

m 
 kg 

 joule 
and E (energy density) with units  3 
 m 

 k 
We can define α ≡ 
 as thermal diffusivity where the units of
 c 
 m2 
 L2 
 kJ 
kJ


 kg 
C 
yield units of α   or in general,  
, ρ  3 , k 
 m  C  S 
m 
 kgC 
 S 
 t 
 kJ 
E is thus energy ―concentration‖ in  3 
m 
Consider a homogenous solid body experiencing a transient in temperature
distribution (Kreith and Bohn 1993).
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T
A
qy

y=0

qy+Δy

y+Δy

y

y=L

Y

Figure 3.2: A homogenous slab experiencing a transient in temperature distribution
Assume constant K, c ≠ f (T)
Flux in = Flux out + Rate of change of energy storage.
qy = qy+Δy +

or, qy+Δy - qy = -

 EAy 
t

Also, qy+Δy = qy +

or, qy+Δy - qy =

 q y 
y

 q y 
y

y

 EAy 
...........................................3.3
t

……………………………………………....3.4a

y

……………………………………………....3.4b

From, 3.4 a and b,
 q y 
y

or,

y = -

 q y 
y

 EAy 
t

y = -

.................................................................3.5

 hAy 
, for ρ = constant
t

[Substituting E = ρh ]..........3.6
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dh
1 dq y
y = - ρ
dt
A dy

= - ρc

dT
dt

[Substituting h = cT ] ….….3.7

But, the Fourier law is
q
d
k d
= -k
(T) = (ρcT)
A
dy
c dy

=-α

d
ρh
dy

……………………………………………....3.8

Substituting (3.8) in (3.7), we get;
d ( h )
d
d
( ( h)) =
dt
dy
dy

where ρ and c are constant.....................3.9

The above can be generalised as,

d
dy

 P 
P
 Z
 =
dt
 y 

....................3.10

Where Z is the arbitrary representation of ―diffusivity‖ and P is the ―extensive
property‖ being transferred.
If, Z is considered independent of y,

Z

d 2P
P
=
2
dt
dy

......................3.11
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Thermal conductivity

Thermal conductivity is the ability of a material to conduct heat. A material is a
good heat conductor if it has a high value of thermal conductivity whilst a low value
indicates that the material is a poor conductor or an insulator.

Thermal conductivity of a material depends upon a number of material properties
especially its structure and temperature. Figure 3.3 shows variation of thermal
conductivity of some solids with temperature.

Figure 3.3 showing variation of thermal conductivity of some solids with
temperature (Source: Massachussets Institute of Technology online portal)
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However, this variation is very low for insulative materials like Expanded
Polystyrene (EPS) and Polyurethane (PU) foams is very low in the range of
practical interest and can be ignored. In such cases, an average value of thermal
conductivity can be used and treated as if a constant and is listed in chapter 4.

Specific heat capacity

Specific heat is defined as the energy required in raising the temperature of a unit
mass of a substance by a degree. Unit: kJ/kg°C; this is physically shown in figure
3.4.

5 kJ

M = 1kg
T = 1°C
Specific heat = 5kJ/kg. K
Figure 3.4 showing specific heat capacity of a block
The two important types of specific heats are
1. Specific heat at constant volume, cv: Energy required to raise the
temperature of a unit mass of a substance by a degree whilst holding the
volume of the substance constant, and
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2. Specific heat at constant pressure, cp: Energy required to raise the
temperature of a unit mass of a substance by a degree whilst holding the
pressure constant.

3.1.2 Convection
It is common knowledge that the rate of cooling of a hot body can be substantially
increased by making the immersing fluid flow over the surface rather than letting it
be stagnant. In this case, it is said that Energy is ―convected‖ away and such a
process is called Convective Heat transfer.

Free stream velocity
y
transition
x

Convective heat transfer is related to viscous fluid flow, or more specifically,
momentum transfer in real fluids. Consider air flowing pastLaminar
a sharp edged
flat plate,
sub-layer
Figure 3.5 showing flow of air past a sharp edge plate
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In figure 3.5 (Holman 1992), viscous shear near the plate stagnates the fluid at the
surface of the plate – no slip condition at the surface – velocity is thus essentially
zero at the plate surface and must reach the free stream velocity somewhere
above the plate. Thus, there is a large velocity gradient normal to the plate, much
larger than the gradient along the plate i.e.
u
u
>>
x
y

......................3.12

There may thus be a defined layer of fluid along the plate surface in which u is less
than the free stream velocity, say u ≤ 0.99 U∞ and this layer is known as fluid
boundary layer. Plots of u vs t for the three regions formed as a result of flowing air
past the sharp edged flat plate are shown in figure 3.6:
u

u

u

t
Laminar region
1/ 2

t
Transition region

t
Turbulent region
1/ 7

ux  y 
ux  y 
 

U   
U    
Figure 3.6 showing plots u Vs t for the three regions formed as a result of fluid flow
past sharp edged plate
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Now, suppose that the temperature of the gas stream, T ∞ is lower than the
temperature of the plate, Tp i.e. Tp > T∞.
In order to describe the heat transfer from the plate, Newton assembled from
empirical results:
Newton‘s Law of cooling: Flux of heat per unit area from the plate is proportional to
the difference between free stream and plate temperatures.
q
  = h (Tp - T∞) .................................3.13
 Ay

Where, h is called the convective heat transfer coefficient (also known as film
coefficient). The unit of h is W/m2°C

At the surface, where no slip condition holds, the heat flux is purely conductive and
thus,

 T 
 T
q

= -k 
  = -k 
 Ay
 y  y 0 
 y

(gas side)

Therefore,



 y 0

......................3.14

(solid side)

 T 

h (Tp - T∞) = -k 
 y  y 0 

......................3.15
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 T 
 
 y  y 0
or, h = -k
no slip; k ≡ kgas; dT
T p  T
dy

=

 T 


................3.16
 y  y 0 

It can therefore be seen that (Holman 1992) the heat transfer will depend upon δt

 T 
 must depend upon the boundary layer parameters.
for 
 y  y 0

For example, if gradient is approximated as linear through the boundary layer,
then:
T  T p
T  T p
 T 


≈
=
t  0
t
 y  y 0 

Thus, h ≈

Considering Pr ≡

 k T  T p
k
=
t
T p  T
t

......................3.17

......................3.18


(momentum vs thermal transfer) ~ 1 (for gases)

δt ≡ δ

Furthermore (Isachenko et al. 1980), Blasius has shown that the growth of a
laminar boundary layer along a flat plate is given by: δ = 5x

x
U

Since Reynold‘s number (Re) is basically ratio of inertial to viscous forces,
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Rex =


=
x

Thus,

Ux

......................3.19



5
Re x

......................3.20

Thus, we find that the film coefficient varies as a function of x as:

h≈

k
hx
or,
~

k

Re x

......................3.21

hx
is a dimensionless quantity and is known as Nusselt number (Nu) and is the
k

ratio of convective to conductive terms.

The above simplifications have dealt with velocity boundary layer and if, we are
interested in energy exchange, we should deal with thermal boundary layer. The
two are related by a dimensionless number called the Prandtl number which is
basically a ratio of viscous to thermal effects.

If the local heat transfer coefficient along the flat plate (of length L) is integrated,
we would get the following for turbulent forced convection.

Nu =

hl
= 0.037 ReL0.8 Pr0.333 (5 x 105 ≤ ReL ≤ 107 and 0.6 ≤ Pr ≤60)...........3.22
k
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Above, forced convection has been dealt with, phenomena in which the fluid is
forced to flow over a body through an external source. E.g. using a pump or a fan

In Natural convection (Holman 1992), the boundary layer develops because of
buoyancy forces and that Nusselt number is now a function of a dimensionless
number called the Grasshof (Gr) number. Grasshof number is basically a ratio of
buoyant to viscous forces and plays a similar role to that played by Reynolds
number i.e. it becomes the primary variable defining laminar to turbulent transition
in natural (free) convection boundary layer:

Grx =

g T p  T x 3

2

………………3.23

where β is the volumetric thermal expansion coefficient and for ideal gases is 1/T

Note that at the surface, the fluid temperature equals the surface temperature of
the solid.

Convection Heat transfer coefficient
Newton‘s law of cooling is the defining equation for the convection heat transfer
coefficient or the film conductance, h. The fluid velocity influences the temperature
gradient at a solid-fluid interface. Therefore, the fluid velocity influences h. It can
also be inferred that because viscosity and density have an effect on the velocity
profile (e.g. laminar Vs turbulent), h depends on the fluid viscosity and density.
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With conduction heat transfer coefficient occurring at the wall where the fluid
velocity is zero, it can be concluded that h depends on the thermal conductivity of
the fluid. It should be noted that the heat transfer coefficient for all geometries may
not be known in which case, values from the table below are used as a guide to
obtain an estimate.

The convection heat transfer coefficient, h is not a property of the fluid. It is an
experimentally determined parameter whose value depends on all the variables
influencing convection such as the surface geometry, the nature of fluid motion, the
properties of fluid, and the bulk fluid velocity.

Typical values of h are given in the table below (Source: Massachusetts Institute of
Technology):

Type of convection

h (W/m2°C)

Free convection of gases

2 – 25

Free convection of liquids

10 – 1000

Forced convection of gases

25 – 250

Forced convection of liquids

50 – 20000

Boiling and condensation

2500 – 100000

Table 3.2 showing typical values of h
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3.1.3 Radiation
Radiation is a mechanism that involves the emission of internal energy of the
object. Thermal radiation does not require a material medium for transfer to occur;
it gets propagated as a result of temperature difference. Thermal radiation is
composed of waves of many wave lengths. For many of the substances of nature,
energy levels are fast and hence, the resulting radiation wavelengths constitute a
continuous spectrum.

If one considers a perfect radiator – absorber, i.e. a ―black body‖ and looks at the
energy radiated from it at each wavelength as a function of body temperature, one
finds that a black body can be approximated as a small hole in a cavity.
The small opening, in this case, would appear as a black surface since all radiation
crossing into the enclosure is absorbed and not reflected. Energy radiated by a
black body has been described by Stefan-Boltzmann Law as:
Eb =

q
~ T4 = ζ T4
A

......................3.24

Where, ζ is known as Stefan-Boltzmann constant. The above relationship was
suggested by Stefan and was based purely on experimental evidence. Boltzmann
later analytically derived the same.



Since a black body absorbs all incident radiation, it also emits a maximum
amount of energy as radiation.
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If a body is not a perfect absorber, it also does not emit the maximum
amount of thermal radiation.



If the total emissive power of a non-black surface is measured at a body
temperature, T; then the quantity:

ε=

ET
≡ total hemispherical emissivity
ETBB ( T 4 )

............3.25

―total‖ and ―hemispherical‖ are applicable since the result does not depend on the
wavelength characteristics or spatial distribution.

Also, since, all radiation leaving one surface may not be incident on another
surface; a ―view‖ or ―shape‖ factor is used together with an emissivity function:
q
(between two bodies i.e. net transfer) = Fε FG ζ (T14 – T24)
A

Fε and FG depend on specific configurations and are usually not completely
independent of each other.
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3.2 Lumped System Analysis
In heat transfer analysis, some bodies are assumed to behave like a lump. When
assuming a body to be a lump, the general assumption is that the internal
temperature of the body does not change with time. In such cases, the temperature
of the body can be assumed to be a function of temperature only, T(t). Heat
transfer analysis that utilizes this idealization is known as Lumped System
Analysis.

Lumped System Analysis provides great simplifications to problems without much
sacrifice on accuracy.

If a body is considered, initially at a uniform temperature, T i placed into an
environment at T∞ (assume arbitrarily that T∞ > Ti), then;
Heat transfer into the body in time (dt) = increase of internal energy of the body
during dt (Source: web.mit.edu/)

h A (T∞ - T) dt = m C dT

.................................................................3.26

where, h is the heat transfer coefficient, A is the surface area, m is the mass of the
body and C is the specific heat capacity.
Since, m = ρV, where ρ and V are density and volume respectively and,

dT = d(T - T∞) as T∞ = constant.
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Thus, from 3.26,
d (T  T )
 hA
=
dt
T  T
Vc

………3.27

Integrating from t = 0 where T = Ti to any time t at which T = T(t) gives,

ln

and,

where, b =

T (t )  T
 hAt
=
Ti  T
Vc

……...3.28

T (t )  T
= e-bt
Ti  T

………3.29

hA
is a positive quantity with dimensions of time-1
Vc

When a solid body is being heated by the hotter fluid surrounding it (such as a food
product being baked in the oven), heat is first convected to the body and then
subsequently conducted within the body. A dimensionless number, Biot number [Bi
= hLc / k where Lc is the characteristic length (V/A)] is basically the ratio of internal
resistance of the body to heat conduction to its external resistance to heat
convection.
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Lumped System Analysis assumes a uniform temperature distribution throughout
the body, which is the case only when the thermal resistance of the body to heat
conduction is zero. Thus, lumped system analysis provides an exact solution when
the Biot number is zero and an approximate solution when the Biot number is
greater than zero.

The smaller the Biot number, the more accurate the Lumped System Analysis.
However, a 15% uncertainty in the convection heat transfer coefficient, h in most
cases is considered ―normal‖ and ―expected‖. Assuming the heat transfer
coefficient to be constant and uniform is an approximation of questionable validity,
especially for irregular geometries. This being the case, introducing a minor source
of uncertainty would not have much effect on the overall uncertainty.

The temperatures within the body (relative to the surroundings (i.e. T - T∞) remain
within 5% of each other for well rounded geometries such as spherical ball when Bi
≤ 0.1. Thus, when Bi < 0.1, the variation of temperature within the body is slight
and can reasonably be approximated as uniform.

Lumped System Analysis is an ideal way of obtaining solutions within reasonable
accuracy whilst maintaining a tight hold on the process.
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3.3 Summary of the chapter
In this chapter, the theories of heat transfer were explained. The chapter began by
providing an introduction to heat followed by a detailed explanation of the three key
modes of heat transfer, namely conduction, convection and radiation. This was
then followed by a section describing Lumped System Analysis, an important
approach used in modeling heat transfer problems.

In the next chapter, the Experimentational Analysis used in this project is described
in detail. This analysis also uses methods described within the literature survey,
and develops them for a particular application.
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4. Experimentation and Analysis
In this chapter, the experimental tests carried out are described. This chapter
begins with providing an introduction and description to the equipment used.
This is followed by a description of how the experimental tests were planned and
carried out. Finally, the results are presented together with statements on
observations made from the results.

4.1 Equipment
In this section, the equipment used are listed and then described in detail.
1.

Environmental test chamber.

2.

Eurotherm Programming controller

3.

Eltek Squirrel data recording equipment

4.

Thermistor probes calibrated to 1°C

5.

Insulative containers

6.

Passive device: a water based phase change material

7.

Product Load

The equipment is now described in detail below:
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4.1.1 Environmental test chamber
Environmental test chamber model, RT225K was used for the purposes of carrying
out the experimental tests; the dimensional specifications of the test chamber are
as shown in table 4.1:
Length (mm)

Width (mm)

Height (mm)

External

2700

3200

3200

Internal

2500

3000

3000

Table 4.1 showing the dimensions of the environmental test chamber
Figure 4.1 shows the environmental test chamber:

Figure 4.1 showing an Environmental test chamber (Climatic test chambers Ltd.)
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RT 225K has a modular panel construction and has internal and external finishes
made using PVC coated galvanized steel. In order to provide optimum temperature
change on the product under test, RT 225K provides forced air circulation and as
shown in the figure 4.2:

Figure 4.2 showing air flow in the used Environmental test chamber
The test chamber also includes stainless steel sheathed elements, which are
located in the chamber ducting to reduce radiant emission. The cooling system is a
single stage refrigeration unit incorporating all current safety standards and utilizing
only refrigerant approved by the current protocol.
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The chamber has an operating temperature range between -20°C to +50°C and
the rate of change of these temperatures is approximately 3°C per minute. The test
chamber provides a thermal stability of ± 0.5°C at the control sensor.
The temperature is controlled through a Microprocessor programmer controller as
described in the section below, 4.1.2.
The test chamber consists of a Safety Control System for chamber protection; an
over temperature cutout operates at temperatures above +50°C. A panel mounted
digital instrument may also be used and set at a level as required for the purposes
of product protection. The chamber operates under: 380-420 volts 3 phase neutral
and earth power supply. 63amps 1ph socket.

4.1.2. Programming controller
The temperature is controlled through a Microprocessor programming controller,
Eurotherm 2404 instrument with digital indication of actual and set point levels, with
PID functions to assist high accuracy and stability. Figure 4.3 shows the Eurotherm
2404 controller.
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Figure 4.3 showing Eurotherm 2404 controller (Eurotherm.co.uk)

The Eurotherm 2404 is versatile as it can be used for a number of different
functions, high stability temperature or process controls and with self and adaptive
tuning, in 1/4 DIN and 1/8 DIN sizes. It comes with a standard eight-segment set
point programmer, with options for one, four or twenty programs of 16 segments
each.
It has a modular hardware construction, which accommodates a wide range of
plug-in modules. It will accept up to three I/O modules and two communication
modules. The hardware is configurable for heating, cooling, alarms and other
functions. The programmer can have up to 8 programmable outputs, which can be
set in each segment to trigger external events. The two digital inputs can be used
to run, hold and reset the program. Parallel operation of several programmers can
be performed with synchronization chosen at the end of any desired segments.
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A PID control algorithm gives stable ‗Straight-line‘ control of the process. A ―oneshot‖ tuner is provided to set up the initial PID values and to calculate the
overshoot inhibition parameters. In addition an adaptive tuner will handle
processes with continually changing characteristics. On electrically heated loads,
power feedback is used to stabilize the output power and hence the controlled
temperature against supply voltage fluctuations. Dedicated cooling algorithms
ensure close control of fan, water and oil cooled systems.
A universal input circuit with an analogue to digital converter samples the input at
9Hz and continuously corrects it for drift. This gives high stability and rapid
response to process changes. High noise immunity is achieved by rejection of
50/60Hz pick-up and other sources of noise. The input accepts all standard
thermocouples, the Pt100 resistance thermometer and linear millivolts, milliamps or
DC volts.
The Eurotherm controller is linked to a computer through RS-232 communications
link for the purposes of programming, control or data logging.
RS-232 is a communications protocol for connecting computers to modems and
peripherals like balances, Ph meters, gas analyzers and other laboratory
instruments. RS stands for recommended standard. The standard defines the
electrical and mechanical characteristics of the connection – including the function
of the signals and handshake pins, the voltage levels and maximum bit rate.
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For the purposes of programming, software called iTools was used. iTools is
basically a configuration and OPC server software. It is capable of editing, storing
and cloning complete controller configurations as well as setting up data logging,
process monitoring, modbus/TCP (Ethernet) and modem connections, generating
order codes and more. iTools employs an OLE for Process control as a server and
communicates with the Eurotherm. The server connects to the controllers via serial
communications. This also allows parameters values to be displayed ―Live‖ and
historical logged data can also be imported to Microsoft Excel.

ITools features a number of data capture and manipulation tools. The ones used
for the purposes of this project were as follows:

1) Setpoint Program Editor (SPE):
SPE provides a simple method of setting up Set point profiles and programmable
event outputs. It will store, retrieve and download program profiles, working ‗on
line‘, when program values are edited ‗live‘ in a connected controller, or ‗off-line‘
when programs are edited before being downloaded to a selected controller. The
numbers of stored programs are edited before being downloaded to a selected
controller.
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Figure 4.4 showing profiles in an SPE

2) OPC Scope:
OPC Scope is a utility providing trend plots of process variables. The time axis can
be adjusted between 1 min and 1 month, and also provides a Historical review
mode. Data may also be logged to hard disk, from which it may be retrieved and
analyzed in an Excel Spreadsheet. OPC Scope provides a simple to use data
logging and trend monitoring graphical toolset.
Figure 4.5 shows OPC scope being used as a trend display.
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Figure 4.5 showing screenshot of OPC scope being used as a trend display
The chart control panel window allows simple set up control of the display window,
as shown in figure 4.6 below:

Figure 4.6 showing screenshot of chart control panel window
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Data is saved in an easy to read Comma Separated Value (CSV) file format. This
format can directly be opened in programs such as Microsoft Excel for further data
analysis. The set up of the data logger can be customized through the use of
Options window (as shown in the screenshot below), with the user able to gather
as much or as little data, as required.

4.7 Figure showing
screenshot of options
window

There are other powerful tools in iTools too. Although, these were not used for the
purposes of this project, a summary of these is provided below:

View Builder: Allows the users to create PC based user screens or mini SCADA
screens for simple process monitoring, commissioning and diagnostics.
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Figure 4.8 showing iTools view runner used for monitoring a process

ITools configurator: edits, stores and clones complete controller configurations.
Clone files can be opened as virtual instruments simulating their actual behavior
and allowing complete configurations to be developed off-line, and then download
to the controller at a later time.
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Configuration Wizards: hugely simplifies the controller configuration process and
guides the user through various features offered. This includes an order code
wizard, allowing configuration from an order code.

Figure 4.9 showing an order code wizard

Figure 4.10 shows location of various available tool bars.
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Figure 4.10 showing location of available tool bars

4.1.3. Eltek Squirrel Data logging Equipment
The Eltek Squirrel (1000 series) from Wessex Power, Poole was used for the
purposes of data logging. DGP Group Ltd. send this device for recalibration to
Wessex Power on an annual basis.
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Figure 4.11 showing Eltek 1000 squirrel data logging equipment
(eltekdataloggers.co.uk)

The device can measure temperatures between -40°C and +70°C with accuracy
within ±0.5°C. Eltek Squirrel is battery or mains operated and modular constructed
data logging equipment. The basic squirrel data logger is portable and consists of
the CPU and battery pack. The CPU contains the processor, memory, power
connector, display, RS-232 serial connection, a pulse input, an 8 bit digital signal
input and output connector. The configuration and metering is usually done by
connecting locally using Darca software, details of which are provided later in this
section. There are many different options for connecting a Squirrel data logger to a
PC, as shown in figure 4.12:
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Figure 4.12 showing options available of connecting to the squirrel (Source: Eltek
data loggers)

The squirrel can measure up to 124 analogue or digital channels, such as
temperature or any other suitable sensor outputs and has a non-volatile internal
memory providing up to 2 million readings of secure data.
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Darca (Downloading And Remote Control Application) is a family of Windows
programs for setting up, downloading and analyzing data from 1000 Series
squirrels. It provides simple to use tools for configuring and metering squirrel
channels, changing squirrel settings, downloading data and analyzing it either
graphically or statistically.

Figure 4.13 showing a screenshot of Eltek Darca Plus software

Darca allows the exportation of data into text format for analysis in a spreadsheet
package. There is an alarm feature, which warns if any channel inputs are outside
safe limits. There is also a ―Shed‖ scheduling utility that allows scheduled,
automated downloading of data from the squirrel.
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4.1.4. Thermistor probes
Thermistors are metal oxide sensors which provide a large output for a given
temperature change. For ambient temperatures, thermistors are the preferred
temperature sensors as they combine fast response time and a reasonable
operating range, -50°C to + 150°C. U type thermistors were used for the purposes
of temperature monitoring in this project.

4.1.5. Insulative containers and spacers
The specifications of the Expanded Polystyrene (EPS) used for the purposes of
experiments are as follows:
Shipper name

Internal dimensions

External dimensions

(l x w x h)

(l x w x h)

DGP EPS 5

170 x 170 x 170 mm

256 x 256 x 256 mm

DGP EPS 70

554 x 497 x 554 mm

440 x 385 x 410 mm

DGP Pallet

1026 x 826 x 960 mm

1200 x 1000 x 1180 mm

These containers and the insulative spacers used in the tests were made in the
same grade of expanded polystyrene, as identified below.
Density:

20 gms / litre

Material type:

Expanded polystyrene (k = 0.037W/mK at 10°C)
(As provided by Moulded Foams)
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4.1.6. Phase Change Materials (PCMs)
Water based phase change materials were used; the specifications of these are
described below:
DGP BIOCHILL 1212:
Dimensions: 120 x 120 x 35mm

Mass: 0.40 kgs per pack

DGP BIOCHILL 1515:
Dimensions: 150 x 150 x 35mm

Mass: 0.60 kgs per pack

DGP BIOCHILL 3020:
Dimensions: 300 x 200 x 35mm

Mass: 1.60 kgs per pack

DGP BIOCHILL 3040:
Dimensions: 300 x 400 x 35mm

Mass: 3.27 kgs per pack

These phase change packs are made on-site at DGP‘s premises and are required
to be within 2% of the above-mentioned weights. However, before carrying out the
tests, each of the cool packs were measured and were found to weigh as
mentioned above. The general properties of these PCM packs are as follows:
Latent heat capacity:

334 kJ/kg

Specific heat capacity:

4180 J/kg°C

Thermal conductivity:

2.22 W/mK

Phase change temperature:

0°C
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The following section diagram, figure 4.14 shows typical geometries of a packaging
system.

EPS box lid

BIOCHILL
cool packs

EPS top cut
spacer

Product
(payload)
carton

EPS container

Figure 4.14 showing section view of a packaging system
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4.2 Experimental Method
The aim was to carry experimental tests that produce high quality data that could
be used for the purposes of model validation. In this part of the chapter, these
experimental tests are explained in two sections. The first section explains
experimental tests carried out with the aim of being able to see the effect of three
key parameters, namely mass of the product, chilled PCM and frozen PCM on
product performance. The second section explains experimental tests that were
carried out so that the predicted model could be validated for large-sized
shipments that are done using big sized shippers & bigger product loads and under
different ambient temperature profiles.

4.2.1 Experimental tests to see the effect of three key
parameters on product performance
In this section, the tests carried out to see the effect of three key parameters,
namely mass of product, chilled PCM and frozen PCM on product performance are
described. This section begins by providing a description on the plan of these
experimental tests. This is followed by a description on packing configuration and
components used. Finally, the method is described for the execution of the planned
tests.
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4.2.1.1 Planning the experimental tests to be conducted
The experimental tests were designed such that the effect of three key parameters,
namely mass of


Product



Chilled PCM blocks and



Frozen PCM blocks

can be seen on product performance given that all other parameters i.e. ambient
environment, shipper used, packing configuration etc are kept constant. This was
accomplished by carrying out three sets of experimental tests with each set
consisting of three individual tests. Each set was designed to provide information
on the effect of each of the above-mentioned parameters.

There was one test that was common to all the three sets; this test was called the
―0 configuration‖ test. The ―0 configuration‖ in all the three sets was exactly the
same.

In each set, two of the above-mentioned parameters were kept constant whilst one
of these parameters was varied. This variation involved changing the value of the
parameter such that it was decreased in one test whilst increased in another test
with reference to the value of corresponding parameter in the ―0 configuration‖. The
test in which the value of the parameter (with reference to that in ―0 configuration‖)
was decreased was called ―-1 configuration‖ test whilst the one in which this value
was increased was called ―+1 configuration‖ test.
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The set of tests towards analysing the effect of the mass of the product on product
performance was named Product set of tests. Similarly, the sets towards analysing
effect of mass of chilled and frozen PCM were named chilled PCM set of tests and
frozen PCM set of tests respectively. A total of seven tests were therefore required
to be conducted. Due to limitations of space in the test chambers, only a maximum
of five tests can be put on at one time. Therefore the seven tests were carried out
in two batches. In both these batches, the ―0 configuration‖ was put to test. A map
showing all the sets of tests is shown in figure 4.15 below:

Chilled PCM set of tests (-1
configuration):
Mass
of
chilled PCM decreased below
that in 0 configuration, mass of
product and frozen PCM same
as that in 0 configuration

Product set of tests (+1
configuration):
Mass
of
product increased above that
in 0 configuration, mass of
frozen and chilled PCM same
as that in 0 configuration

Frozen PCM set of tests (+1
configuration):
Mass
of
frozen PCM increased above
that in 0 configuration, mass of
product and chilled PCM same
as that in 0 configuration

0 configuration

Frozen PCM set of tests (-1
configuration):
Mass
of
frozen PCM decreased below
that in 0 configuration, mass of
product and chilled PCM same
as that in 0 configuration

Product set of tests (-1
configuration):
Mass
of
product decreased below that
in 0 configuration, mass of
frozen and chilled PCM same
as that in 0 configuration

Chilled PCM set of tests (+1
configuration):
Mass
of
chilled PCM increased above
that in 0 configuration, mass of
product and frozen PCM same
as that in 0 configuration

Figure 4.15 showing a map of experimental tests to be carried out towards seeing
the effect of key parameters on product performance
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4.2.1.2 Description of the experimental tests
The general packing configuration used in all these tests was a chilled PCM pack
on the internal base of the shipper with the product sitting on top of it. The product
has a thin insulative spacer sitting on top of it with the frozen PCM on the top of
this spacer; this is shown in figure 4.16.

Frozen PCM pack
Insulative spacer
Product load
Chilled PCM pack

Figure 4.16 showing the general packing configuration
The rationale behind using an insulative spacer between the product and the
frozen PCM is to ensure that the product does not freeze which could well be the
case if it comes in direct contact with the frozen PCM.
In the nominal configuration, the following components were used:
Chilled PCM:

DGP BIOCHILL 1515

Product:

Carton containing empty glass vials; the carton had
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external dimensions of 108 x 108 x 50 mm and a wall
thickness of 6mm. The mass of this product was 0.21 kgs. A
picture of the carton is shown in figure 4.17.

Figure 4.17 showing the carton used in the test

Frozen PCM:

DGP BIOCHILL 1515

Insulative spacer:

of external dimensions 108 x 105 x 20 mm

In the product set of tests and in the -1 configuration, an open empty carton, as
described above on its own was used; the mass of the carton was 0.03 kgs whilst
in the +1 configuration, the same carton filled with water filled glass vials was used;
the mass being 0.39 kgs. In the chilled PCM set of tests and in the -1 configuration,
no chilled PCM packs were used whilst in the +1 configuration; two chilled DGP
BIOCHILL 1515 packs were used. The specification of the PCMs has been
described in the previous section on Equipment. In the frozen PCM set of tests and
in the -1 configuration, a frozen BIOCHILL 1212 was used whilst in the +1
configuration; two frozen DGP BIOCHILL 1515 packs were used. The specification
of the PCMs has been described in the previous section on Equipment.
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4.2.1.3 Execution of the Experimental tests
a) Preparing the PCM packs
The phase change material packs were prepared by the process of conditioning.
The process of conditioning requires the storage of the PCM packs in a specific
environment for a fixed duration; this duration is to ensure that the cool packs
definitely reach the required temperature and usually ranges between 24 to 48
hours.
For the purposes of carrying out the necessary experiments, PCM packs were
conditioned in two environments; part of the PCM packs were conditioned in an
environment of +5°C (using a walk-in fridge) whilst part of the PCM blocks were
conditioned in an environment of -18°C (using a commercial chest freezer). The
aim of conditioning the cool packs within an environment of -18°C is to ensure that
they go well below their phase change temperature and hence are completely
frozen before the start of the test. The conditioning duration was 48 hours.

b) Preparing the dummy product load
The product was prepared by attaching three thermistors per carton at three
corners; namely bottom, middle and top corners. The rationale behind doing so
was to enable temperature monitoring at various locations covering the entire
height of the carton. It should be noted that the industry practice is to always attach
these thermistors to the corners of the product as the aim is to examine the

80

Chapter 4

Experimentation and Analysis

temperature fluctuations at these locations, which are most sensitive to
temperature change.

Once the thermistors were attached to all the three cartons, one of the cartons was
left empty in order to simulate it as a light product; one carton was filled with empty
glass vials with the aim of it being used a mid weight type product whilst one carton
was filled with water filled glass vials in order to simulate it as a bulky type product.

All the three types of products were then conditioned in an environment at constant
+5°C for a duration of 48 hours.

c) Preparing other components
All other components including the expanded polystyrene shipper were conditioned
in factory environment of +20° ± 5°C.

d) Environmental conditions
The test chamber was programmed to run a ramped ambient profile between
+20°C and +10°C, the temperature change happening every 12 hours, as shown in
figure 4.18:
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Figure 4.18 showing the ambient profile to be used whilst carrying out the
experimental tests

e) Assembling the components and starting the tests
Before the start of the test, it was ensured that the frozen PCM packs were
completely frozen; these were then brought out of the freezer room and left in the
ambient environment for a duration of approximately 10 minutes. The reason for
this was to ensure that the PCM packs come down to their phase change
temperature of 0°C. If this is not done, there is a potential risk that these PCM
packs may quickly freeze the rather thermally light product. This is normal industry
practice. After these PCM packs had their 10 minutes in the factory environment,
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the products and the chilled PCM packs were brought out of the walk-in fridge and
all these components were assembled in accordance with the packing
configurations mentioned above.

After assembling all the components, the individual containers were sealed and put
in the environmental test chamber. The ambient profile, as mentioned above was
started. Finally, the Eltek 1000 series data logger was started after being set to
record every 10 minutes. Figure 4.19 shows an example of sealed boxes in the test
chamber together with data logging device.

Figure 4.19 showing the sealed boxes in an environmental test chamber just
before the start of test
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Experimental

tests

for

size

and

ambient

environment validation
In this section, the tests for size and ambient environment are described. The
experimental test data used here was that from one of the tests carried out
previously during the development of off-the-shelf systems. The reason for doing
so was to enable validation of the model in situations, which were different to the
ones mentioned in section 4.3.1. All these situations are small in number, these
experimental tests would aid in the validation of the model in a wide range of
packing situations.

The aim was to select data from those tests that used a mid-sized shipper and
ideally, the largest shipper from the DGP‘s range of shipping containers. It was
also aimed that these tests be carried out in an ambient environment different to
the one mentioned in section, 4.3.1. The chosen shippers were DGP EPS 70 and
DGP Pallet.

4.2.2.1 Description of the experimental tests
The following section describes the packing configuration and components used in
each of the two systems.
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a) DGP EPS 70 shipper
Packing configuration:

Frozen PCM pack
Insulative spacer
Product load

Figure 4.20 showing the front view of the EPS 70 shipper showing the packing
configuration

Components used in the test:
As defined in sections, 4.1.5 and 4.1.6, the components used in the test were as
follows:
1x

DGP EPS 70 shipper

6x

BIOCHILL 3020

1x

carton of external dimensions:

280 x 310 x 280 mm filled with water-filled

vials
2x

side spacers of dimensions:

310 x 20 x 280 mm

1x

top spacer of dimensions:

280 x 20 x 310 mm
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b) DGP Pallet shipper
Packing configuration:

Frozen PCM pack
Insulative spacer
Product load

Figure 4.21 showing an isometric view of only the components used in the DGP
Pallet shipper

Components used in the test:
1x
14 x
1x

DGP Pallet shipper
BIOCHILL 3040
carton of external dimensions: 900 x 625 x 800 mm filled with a
light weight pharmaceutical product (comes in patches)

2x

side spacers of dimensions:

625 x 20 x 800 mm

1x

top spacer of dimensions: 900 x 20 x 625 mm

Please note that further information on the above-mentioned shippers, insulative
spacers and phase change material packs has been provided in section 4.1 of this
chapter.
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4.2.2.2 Execution of the Experimental tests
The PCM packs and the product were prepared using standard procedures, as
described in section 4.2.1.3 a and b. Four thermistors were attached to the corners
of the product used in DGP EPS 70 whilst six thermistors were used for that in
DGP Pallet. All other components including the expanded polystyrene shipper
were conditioned in factory environment of +20° ± 5°C.

The test involving DGP EPS 70 was carried out in a chamber programmed to run a
hybrid profile. This hybrid profile was made up of one section lasting first 48 hours
of the test while another section for the next 48 hours.

The first 48 hours was a cycle repeating at 24-hour intervals. The cycle was based
on a ramp between +25°C and +15°C. However, this cycle has spikes at extreme
temperatures applied over the ramps at +35°C. These have a duration of 4 hours
per 24 hour cycle period. The second 48 hours of the profile was a cyclic ramp
between +18°C and +8°C with temperature change occurring every 12 hours, as
shown in figure, 4.22.
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Figure 4.22 showing the ambient profile to be used when the running the test
involving EPS 70 shipper

The test involving DGP Pallet was carried out in a chamber programmed to run a
ramped ambient profile between +18°C and +8°C, the temperature change
happening every 12 hours, as shown in figure, 4.23 below.
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Figure 4.23 showing the ambient profile to be used when the running the test
involving the DGP Pallet shipper

88

Chapter 4

Experimentation and Analysis

Finally, the components were assembled and the test started in accordance with
the standard practice as mentioned in section 4.2.1.3 e.

4.3 Presentation and Interpretation of Results
In this part of the chapter, the results obtained are presented and interpreted.
These are in the form of Temperature Vs duration curves showing the performance
of the product. These graphs have been drawn using the data downloaded from
Eltek 1000 series data logging equipment.

4.3.1 Results showing the effect of key parameters on
product performance

4.3.1.1 Set of tests varying mass of product
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 4.24, 4.25 and 4.26 respectively. Please note that in all the
graphs below ambient temperature means temperature ambient to the insulative
containers i.e. chamber temperature.
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Figure 4.24 showing –1 configuration

Temperature (°C)

20

18

16

14

12

10

8

6

4

2

0
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00
80.00
Duration (hours)

Product probe (1 of 3)

2°C (lower threshold)

8°C (upper threshold)

Product probe (2 of 3)

Product probe (3 of 3)

Ambient temperature

Figure 4.25 showing 0 configuration
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Figure 4.26 showing +1 configuration
The duration to failure i.e. duration for the product to reach the +8°C threshold for
each of three configuration is tabulated in table 4.2 below:
Configuration

Probe 1

Probe 2

Probe 3

Average

duration (hrs)

duration (hrs)

duration (hrs)

Duration
(hours)

-1

47.09

47.43

45.73

46.75

0

45.56

46.07

45.22

45.62

+1

46.41

45.05

43.69

45.05

Table 4.2 showing the duration to failure of probes
Table 4.3 shows the variation of this duration to failure corresponding to the mass
of the product
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Configuration

Mass of
product (kgs)

Average
Duration
(hours)
-1
0.03
46.75
0
0.21
45.62
+1
0.39
45.05
Table 4.3 showing duration to failure corresponding to the mass of product
It can therefore be concluded that increasing the mass of the product makes
negligible difference on the duration to failure.

4.3.1.2 Set of tests varying mass of Chilled PCMs
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 4.27, 4.28 and 4.29 respectively.
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Figure 4.27 showing –1 configuration
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Figure 4.28 showing 0 configuration
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Figure 4.29 showing +1 configuration
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The duration to failure i.e. duration for the product to reach the +8°C threshold for
each of three configuration is tabulated in table 4.4 below:

Configuration

Probe 1

Probe 2

Probe 3

Average

duration (hrs)

duration (hrs)

duration (hrs)

Duration
(hours)

-1

43.35

42.67

43.01

43.01

0

47.43

46.92

46.07

46.81

+1

44.20

45.22

43.52

44.31

Table 4.4 showing the duration to failure of probes
Table 4.5 shows the variation of this duration to failure corresponding to the mass
of the product

Configuration

Mass of

Average

chilled PCM

Duration

(kgs)

(hours)

-1

0.00

43.01

0

0.59

46.81

+1

1.20

44.31

Table 4.5 showing duration to failure corresponding to the mass of product
It can therefore be concluded that increasing the mass of the chilled PCM
moderately increases the duration to failure.
However, from the graphs above, it can also be seen that increasing the amount of
chilled PCMs reduces the ―damping‖ in product performance i.e. the product
fluctuations or amplitude decreases with the increase in mass of chilled PCM.
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4.3.1.3 Set of tests varying mass of frozen PCMs
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown in figures 4.30, 4.31 and 4.32 respectively.
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Figure 4.30 showing –1 configuration
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Figure 4.31 showing 0 configuration
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Figure 4.32 showing +1 configuration
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The duration to failure i.e. duration for the product to reach the +8°C threshold for
each of three configuration is tabulated in table 4.6 below:
Configuration

Probe 1

Probe 2

Probe 3

Average

duration (hrs)

duration (hrs)

duration (hrs)

Duration
(hours)

-1

23.12

26.18

22.95

24.08

0

47.43

46.92

46.07

46.81

+1

72.25

72.08

71.23

71.85

Table 4.6 showing duration to failure of probes
Table 4.7 shows the variation of this duration to failure corresponding to the mass
of the product
Configuration

Mass of

Average

frozen (kgs)

Duration
(hours)

-1

0.40

24.08

0

0.63

46.81

+1

1.12

71.85

Table 4.7 showing duration to failure corresponding to the mass of product
It can therefore be concluded that increasing the mass of the frozen PCM
increases the duration to failure very significantly.
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4.3.2 Results for tests done towards size and ambient
environment validation
The results for the test done in the EPS 70 and EPS Pallet shippers is shown
below in figures 4.33 and 4.34.
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Figure 4.33 showing test carried out in DGP EPS 70 shipper
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Figure 4.34 showing test carried out in DGP EPS Pallet shipper

It can be seen in both the above graphs (figures 4.33 and 4.34) that product
performance is influenced by the ambient profile used. The product
temperature increases sharply when the ambient chamber temperature is
increased, as seen during the first 50 hours of the test carried out in the EPS
70 system; the product temperature then decreases and fluctuates
corresponding to the reduced ambient chamber temperature seen
throughout the remaining duration of the test. A similar fluctuation can be
seen in the EPS Pallet system.
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4.4 Summary
This chapter began with providing a description on the equipment used. The
experimental method was then explained; this part of the chapter was divided into
two sections. The first section looked into the experimental tests carried out
towards determining the effect of the key parameters, namely mass of product,
chilled PCM and frozen PCM on product performance.
The second section looked into the experimental tests carried out with the aim of
being able to validate the model for size and different ambient profiles. Both these
sections comprehensively explained how the experimental tests were planned and
executed. The tests done to determine the effect of key parameters on system
performance were obviously done on one common ambient profile. Tests involving
the EPS 70 and Pallet shippers were done on two different ambient profiles.

Finally, in last part of the chapter, results obtained were presented and where
found suitable, interpreted. The key findings were:



Increasing the mass of the product by 100% makes negligible difference on
duration to failure (0.3%).



The effect of increasing the chilled PCM mass within a system by 100%
gives a moderate increase in the duration to failure (~3%) as well as a
reduction in ‗damping‘ in product performance curve.
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Increasing the mass of frozen PCM by 100% greatly increases the duration
to failure (~110%).



Product performance is strongly influenced by the ambient chamber profile
used for a test.

These increases are of the order of those used in practice.

In the next chapter, the design and development of the predictive model is
explained

together

with

presentation

of

predictive

results.
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5. Model Design & Development
In this chapter, the work involved in the design and development of the predictive
model is described. The chapter begins by providing an introduction to
spreadsheets; which is an appropriate ‗language‘ to use as this is familiar to Test
or Product Development Engineers. This is followed by a description of the
physical and mathematical models. How the spreadsheet is laid out and organized
to model the problem is then described. The assumptions made and the governing
heat transfer processes and equations are then detailed. Finally, in the last part of
the chapter, the predicted results obtained from the model are presented.

5.1 Introduction to spreadsheets
Spreadsheets were used for the purposes of formulating the problem.
Spreadsheets have been around for about 25 – 30 years now and are a very useful
tool for Engineers.
In simplest terms, a spreadsheet is a 2-D grid, made up of individual cells. Labeling
of each cell is done as columns with A, B, C, ..AA, AB, AC, ..DA, DB, .. and rows
with ascending numbers 1, 2, 3, ……… The intersection of each column and row
constitutes a cell. Each cell has an address (e.g. a cell that has an address C2 is
the cell at the intersection of column C and row 2). A combination of cells, identified
by the cell address of the upper left and the bottom right cell, is called a range.
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The whole range of a spreadsheet is called a worksheet. A spreadsheet consists of
many work sheets. Each work sheet represents a layer or a page. Worksheets
constitute what is called a workbook.

Each individual cell can contain numbers, text or formulae (or logical statements).
These formulae are of basic algebraic type, including particular mathematical
functions that are built into the spreadsheet programs. Individual cells can be
linked to each other through the formula written in it. This can be done by referring
to a particular cell by its address while typing a formula in another cell. Referring to
a particular cell while writing a formula in another cell makes it possible to link a
specific block of cells (or range) to another block in the same/different work sheet
within the same workbook.

Among many facilities in spreadsheets are calculation abilities that can be used
instead of lower-level programming languages such as FORTRAN or BASIC. The
speed of calculation is fast, in that, one gets instantaneous feedback from the
formulae in a range by just changing the values of parameters that are written in
cells linked to that range. The updating of data, to see the effect of given
parameters, can be readily seen in a graph linked to the range selected. Data entry
and/or updating is extremely easy in spreadsheets; perhaps more so than in lower
level languages. In addition, to customize the spreadsheet procedures, there is the
facility to use built-in functions or Macros. Macros are mainly used for the purposes
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of automating a process within the spreadsheet. In other words, a Macro is used to
repeat process many times in a manner similar to do-loops in FORTRAN. The
structure of spreadsheets and its built-in mathematical functions make it suitable to
be used in solving heat transfer problems. Evaluation of complex analytical
solutions for steady/transient, single or multi-dimensional heat transfer problems
can be done using spreadsheets. Spreadsheets are also suitable to provide
numerical solutions for steady or transient multi-dimensional problems formulated
using finite differences. The availability of a number of mathematical functions in
spreadsheets makes the evaluation of analytical solutions for steady/transient,
single or multi-dimensional heat transfer problems possible. Moreover, parametric
studies can be simply carried out on such solutions to investigate the effect of
different parameters on the solution. The effect of any of the physical parameters
can be readily seen linked on a graphical representation of the solution.

5.2 Defining the Physical Model
One of the most important things required before the development of a model can
be started is to identify the physics. Choosing a physical model was one of the
important stages during this project. We wanted something that could be used to
analyse results for a wide range of other physical models or packing configurations
too.
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During Product Development, a number of different packing configurations are put
to test until the optimum packing configuration is found that maintains the
temperature of the product within the required temperature range and for the
required duration. So, there is no one standard packing configuration for a
particular system. Modelling all the different configurations was not practical, as it
would have made it extremely difficult and time consuming for the end user to
understand how to use individual models. Moreover, modelling and validating all
the individual configurations would have meant work without much understanding
being gained. A predictive model was sought that would be flexible enough that it
could be used for a wide range packing configurations. Based on this rationale, a
wide range of packing configurations that are routinely tested were analysed.
The analysis yielded that in most tests; an attempt is made to encapsulate the
product with passive devices such that the temperature of the product remains
within the required range for the required duration whilst being able to achieve an
optimum use of the space and whilst keeping the mass of the system as low as
possible. The conclusion from the analysis was to choose a physical model that
consisted of three zones with PCM in top and bottom zones whilst the product in
the middle zone; an exploded diagram of this is shown in figure 5.1.
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PCM (chilled)
PCM (frozen)
Product
Insulative spacer

Figure 5.1 showing the identified physical model

5.3 Defining the Mathematical Model
Having defined the physical model, the corresponding mathematical model was
defined. The individual zones from the physical model were described; the
following diagram, figure 5.2 shows how the zones within the predictive numerical
model were named:
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Top zone

Middle zone

Bottom zone

Figure 5.2 showing division of zones within the predictive model

A zone was defined as space within a system consisting of a homogenous
component with/without air. All zones have a rectangular cross-section.
In line with the physical model, the mathematical model was required to have the
following features:


The component within the top and bottom zones is a phase change material
(PCM) whilst that in the middle zone is a product.



Chilled PCMs are usually directly in contact with the product. However,
frozen PCMs are placed next to an insulative spacer to avoid direct contact
with the product; this is to avoid the product getting too cold. An example of
such a situation would be where water based cool packs (phase change
temperature ≈ 0°C) are used within the system and the product is required
to be kept chilled i.e. between +2°C and +8°C.
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There is just one type of product within the payload space due to the
practical need to maintain individuality of systems during shipment.
Moreover, during the product development process of qualifying a system,
the temperature of the product is only monitored at its corners because
these are the locations most sensitive to a temperature change. Due to very
little internal resistance in most scenarios, the product can sensibly be
treated as a ‗lump‘.



The system can be made up of different types of materials. For example,
the boundary of the system can consist of any insulative material whilst any
type of passive devices can be used within the system. Moreover, the
product considered can range from a very light product to extremely bulky
types. Also, there is flexibility on what test chamber is used besides any
type of ambient temperature profile may be used to predict product
performance.



Within the system and between components, the heat transfer coefficients
were logically chosen depending upon whether there is contact between the
components or not. Heat transfer coefficient where poor contact exists i.e. in
situations where a layer of air may be present can be as high as 50W/m 2K
(Cleland and Valentas) and in cases of good contact can be as high as
500W/m2K (Creed and James). For the purposes of this work, heat transfer
coefficient for contact situations was assumed to be 100W/m 2K due to a
good contact created as a result of weight of one zone on top of another
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whilst that for non-contact was assumed to be 10W/m2K as a result of small
air gap that exists in most packaging systems.

5.4 Spreadsheet Layout
Using spreadsheets, a sectional heat transfer model has been developed that
predicts the performance of the product contained within an Expanded Polystyrene
(EPS) based container containing single / multiple phase change materials in a
wide range of packing configurations (i.e. how the passive devices are placed with
reference to the product) and dynamically changing environmental conditions.

The work sheet was divided into three different sections. Section one was used for
entering specific constant data of the problem considered. Section two was used
for calculating coefficients that appear in the solution formulae. Finally, Section
three was produced for enabling the transient run to occur.

The specific data entry section, Section 1 was used to input information on the
nature of EPS containers, the PCMs, the product and the environmental conditions
likely to be experienced during the journey of the shipment. Section 1 contains subsections with each sub-section devoted to describe either a component of the
system or the ambient conditions likely to be experienced during the shipment.
These sub sections are labeled and enable the user to enter information in a
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systematic and organized order. The sub sections in this zone together with the
parameters required to be entered by the user are listed below:

Sub-section 1 Defining the nature of the Insulative container:
Parameters to be specified: Internal & external dimensions of the container and the
thermal conductivity of the material used

Sub-section 2 Defining the nature of the product:
Parameters to be specified: Dimensions of the product load, its mass and its
specific heat capacity and the temperature at the start of the journey.

Sub-section 3 Defining the passive components (or the Phase Change Materials):
Parameters to be specified: Dimensions and mass of the passive components, the
specific heat capacity for both molten and frozen states, the latent heat capacity,
the thermal conductivity and the start temperature.

Sub-section 4 Defining the Insulative boundary spacer:
Parameters to be specified: The dimensions and the thermal conductivity of
Insulative block used.
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Sub-section 5 Defining the thermal ambient profile:
Parameters to be specified: Air velocity within the test chamber and the ambient
temperature profile.

Section 2 was used for the purposes of using information from section 1 to
calculate coefficients that would be required to be used within the solution section
of the spreadsheet, Section 3. For example, the area of the various planes within a
zone & the mass of components within these zones based on thermal symmetry,
the heat transfer coefficients and the overall heat transfer coefficients.

Finally, Section 3 represents the simulation run or the solution section. This section
is divided into three core sub sections to represent the three zones of the physical
model.

Each of the sub-sections has a further number of specific columns; with each
column mainly representing a heat transfer process. All these sub-sections are
linked to a grid of cells that change values with each step thereby providing a
transient solution. Each step is based on a specific time interval. The number of
cells i.e. how many points to express the solution at is determined by the user. The
cells contain incremental values and this was done using a number of in-built
mathematical functions.
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The model is specified using forward difference time stepping as illustrated in the
example below:

Consider an insulated container with two internal zones, as shown in figure 5.3
below:

1

Q12

2

Figure 5.3 an insulated container with two internal zones
Let m1, c1 and T1 be the mass, specific heat capacity and start temperature of zone
1 and m2, c2 and T2 be the mass, specific heat capacity and start temperature of
zone 2.
For zone 1,
m1 c1

dT1
= -h12A12(T1-T2)
dt

………………………………………5.1

By finite differencing,
dT1 T1t  t  T1t

dt
t

………………………………………5.2

From 5.1 and 5.2,

  h A (T t  T2t ) 
T1t  t = T1t + t  12 12 1

m1c1
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[Forward differencing when using T1t and T2t on RHS]

Simultaneously, for zone 2,
m2, c2

dT2
= -h12A12(T2-T1)
dt

………………………………………5.3

By finite differencing,
dT2 T2t  t  T2t

dt
t

………………………………………5.4

From 5.3 and 5.4,

  h A (T t  T t ) 
T2t  t = T2t + t  12 12 2 1 
m2c2



………………………………………5.5

or writing,
Q12 = -h12A12(T1t-T2t)
gives,

and,

 Q 
T1t  t = T1t + t  12 
 m1c1 

………………………………………5.6

Q 
T2t  t = T2t + t  12 
 m2c2 

………………………………………5.7

i.e. in terms of heat flux Q12 from 1 to 2.

Now, to run the model, all the user needs to do is to feed the values, as requested
in Section 1 and press enter. The model then provides the solution by using the
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necessary range of data produced within Section 3 to produce a temperature Vs
duration graph that shows the predicted performance of the product.

5.5 Assumptions
Cleland, AC has described in book on ―Food Refrigeration processes – analysis,
design and simulation‖ how the accuracy of a model depends on both the validity
of assumptions as well as the quality of knowledge on the physical system. Amos
et al (1993) has suggested that a model must take into account the major sources
of variation in a realistic manner if accurate prediction of product conditions is to be
achieved.

A model that incorporates all physical effects is often too complicated and can
entail collection of experimental data that may be very expensive. Thus, a highly
detailed model may not be as appropriate as a well chosen simpler one.
A model incorporating the most important effects only should provide accuracy
within ±15% as requested by the industrial partner, as long as important effects are
accurately elucidated using engineering judgement or other means.

In this section, some of the key assumptions made are described in detail:
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Thermal Symmetry
As a result of Symmetry in imposed thermal conditions, Thermal symmetry was
taken into account wherever possible. The concept of thermal symmetry is
described below.

The two surfaces of a large hot plate of thickness L suspended vertically in air is
subjected to the same thermal conditions, and thus the temperature distribution in
one half of the plate is the same as that in the other half. i.e. Thermal symmetry
exists about the centre plane at x = L/2. Moreover, the centre plane can be
assumed to be an insulated surface since the direction of the heat flow at any point
in the plate is towards the surface closer to the point and there is no heat flow
across the centre plane.

Symmetry is used in the current model when calculating areas of the surfaces of
each of the three zones and the mass of the component in the zones. The physical
model shown above is symmetrical about each of the three axes i.e. x, y and z.
Hence a quarter of the whole system can be considered and modelled thereby
reducing the model development time.

Significant Digits
Results obtained have been rounded to three significant digits. Reporting results in
more significant digits implies greater accuracy than exists and has been avoided.
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For example, consider determining the mass of a veterinary drug bottled in a
container of volume, say 2.88 litres and density 0.878 kg/l. Multiplying the density
and the volume results in a mass of 2.52864 kgs, which falsely implies that mass is
accurate to six significant digits. However, in reality, since both the volume and
density are accurate to three significant digits only, thus the mass cannot be more
accurate than three significant digits. The mass reported in such cases has been
2.52 kgs.
The value 2.88 litre denotes that we are fairly confident that the volume is accurate
within ±0.01litre, and it is not 2.87l or 2.89l. However, the volume can be 2.876l or
2.882l since these both round to 2.88l. It is however vulnerable to perform
calculations to more significant digits than are displayed to reduce calculation
rounding error.

Substances were assumed to be Incompressible
The specific heat capacity at constant volume and constant pressure has been
assumed to be the same. A substance whose density (specific volume) does not
change with temperature or pressure is known as Incompressible substance. Since
the specific volumes of solids and liquids essentially remain constant during a
process, these have been assumed to be Incompressible substances. Now, the
specific heat capacities for incompressible substances are the same for constant
volume and pressure.
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Temperature dependent variables
Specific heat capacities of incompressible substances, thermal conductivity,
densities etc. are properties that vary with temperature and are therefore known as
temperature dependent variables or parameters. However, this variation is very
small in the substances being considered and has therefore been disregarded. In
such cases, the value assumed has been considered to be a constant.

Location of cooling sources
This assumption is explained in section 5.7.2, as it is relevant to only those
situations where the physical model is different to the one being modelled. The
assumption explains how the predictive model can still be used in these situations
with reasonable accuracy.

Radiation heat transfer ignored
In view of the low temperatures involved, radiation effects were not expected to be
large and were thus neglected.

5.6 Governing Heat Transfer Processes
After the assumptions were made, the modes of heat transfer through/within the
physical model reduced to the following:

1. Forced Convection from ambient air to the protective insulation
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2. Heat Conduction through the walls of the protective insulation
3. Heat Conduction between the protective insulation and bottom PCM
containing zone.
4. Heat Conduction between the bottom PCM zone and the product
5. Heat transfer (Natural convection) between internal walls of the protective
insulation and the air in the middle zone
6. Heat Conduction between the product and the top PCM zone
7. Heat transfer (Natural convection) between internal walls of the protective
insulation and the air in the top zone

For calculations involving convection, a convective heat transfer coefficient needs
to be first determined.
The convective heat transfer coefficient outside the system was calculated using
the equation for forced convection with air as the medium and on surfaces with a
velocity less than 5 m/sec (Mc Adams) as contained within the 1997 ASHRAE
fundamentals handbook (SI):

h (W/m2K) = 5.62 + 3.9 V

………………5.8

As explained earlier, the heat transfer coefficients used inside the system where
contact between components exists was 100 W/m2K whilst where there was no
contact was 10 W/m2K.
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After having taken symmetry into account, as explained in the previous section; a
quarter of the physical model was considered. A diagram showing how heat
transfer occurs within this quarter volume is shown in figure 5.4 below:

Q1T
Q1L

Q1F
Q2L

Q2F
Q3L

Top zone
Q1B

Q2T

Middle zone

Q2B
Q3F

Q3T
Q3B Bottom zone

Figure 5.4 showing how heat transfer occurs within the quarter volume
In order to reduce the model complexity, the temperature of the components within
the zones was predicted through the use of overall heat transfer coefficient values,
U.
These values were calculated for the following regions:
1) Outside and internal left plane (U1)
2) Outside and internal top plane (U2)
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3) Outside and internal bottom plane (U3)
4) Outside and internal front plane (U4)
5) Internal – between PCM in the top zone and the product (U5)
6) Internal – between product and PCM in the bottom zone (U6)
It can be seen that some heat flows are equal, but opposite, e.g. Q 2B = -Q3T and
Q1B = -Q2T
The overall heat transfer coefficient for the regions 1 to 4, as described above was
calculated using:
1
x
1
1
= 
+
U
k hin hout

………………5.9

where, x is the thickness of insulation, k the thermal conductivity of the insulation,
hin the heat transfer coefficient inside the shipper and h out the heat transfer
coefficient inside the shipper. Above, for regions 1, 2 and 4, a value of 10 W/m2K
(no contact) and for region 2, a value of 100 W/m2K (contact) was used and for hin

Calculation of the overall heat transfer coefficients for regions 5 and 6 depends
upon whether the PCM used in a zone is in its frozen or molten form. The use of a
frozen PCM always entails the use of an insulative spacer (usually between 10 and
25 mm). This thickness is therefore used for the purposes of calculation where a
frozen PCM exists within a zone. In situations, where PCM in its molten form is
used, there isn‘t a need to put a spacer in between the PCM in this case is direct
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contact with the product. In this case, it is assumed that a very thin spacer (less
than 1 mm) exists between the product and the PCM.

The heat transfer coefficients are based on a number of factors and it is difficult to
know exactly what these would be in a particular test. There was very little work
found in literature vis-à-vis general heat transfer coefficients - this was limited to
specific cases only. Kondjoyan et al. (1997) explains that the heat and mass
transfer coefficients at the air/component interfaces are generally fitted in most
mathematical models using inverse modelling as referred to in chapter 2 on
literature review. This approach was used for the purposes of this model too
through the use of correction factors (herewith known as effectiveness factors).
The effectiveness factor is multiplied to its respective value (e.g. internal htc or the
external htc). The effect of this is to increase (factor >1) or decrease (factor <1)
the heat transfer into the box (external factor) or the heat transfer between PCM
and product (internal factor).

The experimental test involving the 0 configuration, as described in the previous
chapter on Experimentation and Analysis was used for the purposes of fitting. The
results from the test and those produced from the model plotted on a temperature
– time curve. The effectiveness factors were linked to the results produced by the
model and these were changed till a fit was found between the two. This exercise
yielded the use of following effectiveness factors:
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Internal htc between product and top PCM – 1.5



External htc - 0.75

Finally, the heat transfer processes that were modelled within the sub – sections of
Simulation section, Section 3 of the model are now described.
Table 5.1 describes the heat transfer through/within the top zone:
Zone‘s left surface

Q1L = U1

*

(Tamb - TT-PCM)

A1L

Zone‘s top surface

*

Q1T = U2

*

(Tamb - TT-PCM)

A1T

*

Zone‘s

bottom Zone‘s

front

surface

surface

Q1B = U5 * A1B *

Q1F = U4

(TT-PCM - TPROD)

(Tamb - TT-PCM)

*

A1F

*

Table 5.1 showing heat transfer equations used through/within top zone of the
model
Where A1L, A1T, A1B and A1F are the areas of top zone‘s left, top, bottom and front
surfaces respectively;
Tamb is the ambient temperature
TPROD is the temperature of the product (middle zone)
TT-PCM is the temperature of the PCM in the top zone

Table 5.2 describes the heat transfer through/within the middle zone:
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Zone‘s left surface

Q2L = U1

*

A2L

(Tamb – TPROD)

Zone‘s top surface

*

Q2T = U5

*

A2T

(TPROD - TT-PCM)

*

Zone‘s

bottom Zone‘s

surface

surface

Q2B = U6

*

A2B

(TPROD - TB-PCM)

*

Q2F = U4

front

*

A2F

*

(Tamb - TPROD)

= - Q1B

Table 5.2 showing heat transfer equations used through/within middle zone of the
model
Where, A2L, A2T, A2B and A2F are the areas of middle zone‘s left, top, bottom and
front surfaces respectively;
TB-PCM is the temperature of the PCM in the bottom zone
Table 5.3 describes the heat transfer through/within the middle zone:

Zone‘s left surface

Zone‘s top surface

Zone‘s

bottom Zone‘s

surface

surface

front

Q3L = U1 * A3L * (TB- Q3T = U6 * A3T * (TB- Q3B = U3 * A3B * (TB- Q3F = U4 * A3F * (TBPCM

- Tamb)

PCM

– TPROD)

PCM

- Tamb)

PCM

- Tamb)

= -Q2B

Table 5.3 showing heat transfer equations used through/within bottom zone of the
model
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Where, A3L, A3T, A3B and A3F are the areas of middle zone‘s left, top, bottom and
front surfaces respectively.

Now, the summation of heat transfer through the different zones provides a value
for the total heat entering a zone over a time step.

Time step

Q1 (Top zone)

Q2
zone)

t 1 = t0 + t

(Middle Q3

(Bottom

zone)

Q1_t1 = (Q1L + Q2_t1 = (Q2L + Q3_t1 = (Q3L +
Q1T + Q1B + Q1F) Q2T + Q2B + Q2F) Q3T + Q3B + Q3F)
t1

t 2 = t1 + t

t1

t1

Q1_t2 = (Q1L + Q2_t2 = (Q2L + Q3_t2 = (Q3L +
Q1T + Q1B + Q1F) Q2T + Q2B + Q2F) Q3T + Q3B + Q3F)
t2

t2

t2

.

.

.

.

.

.

.

.

.

.

.

.

t n = tn-1 + t

Q1_tn = (Q1L + Q2_tn = (Q2L + Q3_tn = (Q3L +
Q1T + Q1B + Q1F) Q2T + Q2B + Q2F) Q3T + Q3B + Q3F)
tn

tn

tn

Table 5.4 showing equations used to determine heat entering a zone over a
particular time step
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In table 5.4,
Q1_t1 is the total heat entering top zone during the first time step
Q2_t2 is the total heat entering middle zone during the second time step
Q3_tn is the total heat entering bottom zone during the nth time step
and so on.
This summation of total heat entering into the top and bottom zones is used to
calculate the total Energy entering the zone in that time step using,
E = Q t. This is an important calculation by the model as this is used to work out
the percentage of frozen PCM (if any) that has melted since the start of the test;
the relation used is:
Percentage PCM melted =

E
x 100
mL

………………5.10

The % age PCM melted in a time step is then linked to the temperature of the PCM
in the next time step to calculate if there is any change in PCM temperature from
the previous time step. As can be seen in the above tables, the top, middle and
bottom zones are linked based on the diagram showing the heat transfer
processes after thermal symmetry has been taken into account. By calculating
incremental values, rules are set within spreadsheet using a complex sequence of
logic functions that ensure that the phase change material does not see a
temperature change at it‘s phase change temperature until the latent heat capacity
of the PCM has exhausted and it has completely melted.
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Once the PCM has melted, its temperature changes based on its new specific heat
capacity, C and on the rearrangement of the following relation:
Q=
Where

mC T
t

………………5.11

Q = rate of heat transfer (Units: J/sec)
m = mass of material whose temperature is changing
c

= specific heat capacity of the material (Units: J/(kg°C))

T = temperature difference of the mass of the material at
time step, t (Units: °C)
t = time step (Units: seconds)

The product temperature with each time step changes based on the above
relation. This equation only works when the time increments are small
enough that Q changes slowly. If the equation is being used for air
(temperature of air changes quickly with change in ambient temperature), we
need extremely small time steps for the equation to work or else there would
be too large change in temperature over a time step for accuracy. If
however, the equation is being used in the context of a phase change
material (which is a high mass component within a packaging system), we
need relatively large time steps. The number of time steps can easily be
expanded to simulate the run over the required duration. Using the abovedescribed model, the product performance curves were plotted for each of
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the individual configurations described within the chapter on Experimentation
and Analysis. These are shown in section 5.7. The predictive modelled, as
mentioned before was made fully automated with the aim of making the
processes of data entry and results prediction quicker and this has been
illustrated in the following figures. Figure 5.5 shows screenshot of the
worksheet from the predictive model that allows data entry towards results
prediction.

Figure 5.5 showing screenshot of data entry work sheet
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Data entry is enhanced as the user is asked to select the key parameters from
drop-down menus as shown in figure 5.6 below.

User selects key parameters
for system build through
drop-down menus

Figure 5.6 showing an example drop-down menu in the data entry section of
worksheet.

Finally, the model predicted results can either be screen at the bottom of this
worksheet, as shown in figure 5.7 or on separate worksheet that displays an
enlarged image.
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Figure 5.7 showing screenshot of the predicted results section of the worksheet

The following section now explains the results predicted model.
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5.7 Model Predicted Results
The packing configurations of the experimental tests described in the previous
chapter were incorporated in the model to produce predicted results, as now
shown. The validation of these results against experimental data has been detailed
in chapter 6.

5.7.1 Model Predicted results showing the effect of key
parameters on product performance
In this section the model predicted results showing the effect of three key
parameters, namely mass of product, chilled PCM and frozen PCM on product
performance are shown.

5.7.1.1 Set of tests varying mass of product
In order to simulate, the product in –1 configuration i.e. an empty carton, specific
heat capacity of heavy paper was used as the carton flute normally used in tests
and its natural properties are similar to that of heavy paper. In order to simulate,
the product in 0 configuration i.e. empty glass vials in a carton, specific heat
capacity was interpolated based on the masses of carton and glass used. Similarly,
to simulate, the product in +1 configuration i.e. a carton containing water filled
glass vials, specific heat capacity was interpolated based on the masses of carton,
glass and water used.

130

Chapter 5

Model Design & Development

The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 5.8, 5.9 and 5.10 respectively. Please note that in all these
graphs, ambient temperature means temperature ambient to the system i.e.
chamber temperature.

Temperature (°C)
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10.00
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0.00
0.00

10.00

20.00

30.00

40.00
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70.00

80.00

-5.00
Duration (hours)
Model predicted curve

2°C (lower threshold)

8°C (upper threshold)

Ambient temperature

Predicted frozen PCM temperature

Predicted chilled PCM temperature

Figure 5.8 showing –1 configuration
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Figure 5.9 showing 0 configuration
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Figure 5.10 showing +1 configuration
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5.7.1.2 Set of tests varying mass of chilled PCM
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 5.11, 5.12 and 5.13 respectively.
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Figure 5.11 showing -1 configuration
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Figure 5.12 showing 0 configuration
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Temperature (°C)

20.00

15.00

10.00

5.00

0.00
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

-5.00
Duration (hours)
Model predicted curve

2°C (lower threshold)

8°C (upper threshold)

Ambient temperature

Predicted frozen PCM temperature

Predicted chilled PCM temperature

Figure 5.13 showing +1 configuration

5.7.1.3 Set of tests varying mass of frozen PCM

The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 5.14, 5.15 and 5.16 respectively.
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Temperature (°C)
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Figure 5.14 showing -1 configuration

Temperature (°C)

20.00

15.00

10.00

5.00

0.00
0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

-5.00
Duration (hours)
Model predicted curve

2°C (lower threshold)

8°C (upper threshold)

Ambient temperature

Predicted frozen PCM temperature

Predicted chilled PCM temperature

Figure 5.15 showing 0 configuration
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Figure 5.16 showing +1 configuration

5.7.2 Model Predicted results for size and ambient
environment validation tests
In this section the model is applied to large sized systems, with different ambient
profiles (as described in the previous chapter) and internal packing configurations.
This is often the case in a number of situations during product development. In
order to ensure that the predictive model finds its use in situations where different
internal packing configurations are developed, a simple principle, as described
below, was used. The predictive model described has sources of cooling in both
the top and the bottom zones. For comparing packing configurations that were
different to this, the approach used was to move half of the available cool packs to
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the top zone whilst the remaining to the bottom zone. For example, in the test
involving the EPS 70 shipper, one of the cool packs from a side was moved to the
top zone whilst the other to the bottom zone; this is shown in the figure 5.17 below.
Model assumes this
cool pack to be in the
top zone
Model assumes this
cool pack to be in the
bottom zone

Key:
Insulative spacer

Frozen cool pack

Product

Figure 5.17 showing section view of packing configuration used in the
EPS 70 shipper
The predicted results obtained from the model are shown in figures 5.18 and 5.19
respectively.
EPS 70
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Figure 5.18 showing predicted performance in the EPS 70 shipper
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EPS Pallet
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Figure 5.19 showing predicted performance in the EPS Pallet shipper

The above two graphs (figures 5.18 and 5.19) show that the product performance
is influenced by the ambient profile used. The product temperature increases
sharply when the ambient chamber temperature is increased, as seen during the
first 50 hours of the test carried out in the EPS 70 system; the product temperature
then decreases and fluctuates corresponding to the reduced ambient chamber
temperature seen throughout the remaining duration of the test. A similar
fluctuation can be seen in figure 5.19. The key parameters are compared with
experimental data in the next chapter.
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5.8 Summary
In this chapter, the design and development of the model has been described. This
chapter began with providing an introduction to spreadsheets. A section detailing
identification and description of the physical model followed this. The identification
of the physical model lead to a description of the mathematical model. Here, we
also considered how the mathematical model was required to have features in line
with the physical model and in particular having a three-zone structure. A section
describing how the spreadsheets were laid out then followed this; the section
provided details on the parameters entered by the user and those output by the
spreadsheet. Details were also provided on how the individual sections of the
spreadsheets were linked together.

The assumptions that were made and the governing heat transfer processes were
then described; in this part of the chapter, the heat transfer equations and the finite
difference method to implement them in a spreadsheet were described.

Finally, in the last part of the chapter, the predicted results obtained from the model
were presented.

In the next chapter, global issues are analyzed and discussed.
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6. Analysis of Results & Discussion
In this chapter, the results are analysed and discussed. This chapter begins by
providing a comparison between experimental and predicted results and observing
these validations. Interpretations on the results are then made and the difference
between experimental and predicted results discussed made in the following part
of this chapter. The final part of this chapter presents the significance of current
work within the body of knowledge in the field.

6.1 Model Validation
6.1.1 Comparisons for the key parameters
The aim when comparing results was to see how accurately the model takes into
account the three product developer adjustable parameters, namely the mass of
product, chilled PCM and frozen PCM. In this part of the chapter, these
comparisons are shown in three different sections corresponding to the three
parameters.

a) Set of tests varying mass of product
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 6.1, 6.2 and 6.3 respectively.
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Figure 6.1 showing the -1 configuration of the mass of product set of tests
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Figure 6.2 showing the 0 configuration of the mass of product set of tests
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Figure 6.3 showing the +1 configuration of the mass of product set of tests
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As can be seen in the above graphs, the product performance predicted by the
model closely matches that in reality; the comparison between predicted and realtime results with regards to duration to failure (to +8°C) is tabulated in table 6.1.

Configuration

Model predicted duration

Duration achieved from

(hours)

experimental tests (hours)

-1

41.53

46.75

0

41.81

45.62

+1

42.78

45.05

Table 6.1 showing comparison between model predicted and experimental
duration to failure
The percentage error is therefore –11.17%, -8.34% and –5.04% for –1, 0 and +1
configurations respectively, the average error being 8.18%.
In all these three cases, the %age error in duration to failure between predicted
and experimental results is negative; the model is underestimating product
performance in all the three cases. However, since the average variation of the
model predicted results from those produced from the experimental tests was
8.18%, this wasn‘t seen as a major concern as it is considered sufficiently accurate
for industrial application.
In chapter 4 and based on the observation of the obtained experimental results, it
was concluded that the mass of the product makes negligible difference on
duration to failure. As can be seen above, the predicted results produce a similar
conclusion.
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It can therefore be said that the performance of the product predicted by the model
matches closely with experimental tests and the model accuracy is found to be
within the ±15% aimed for.

b) Set of tests varying mass of chilled PCM
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown on the following pages in figures 6.4, 6.5 and 6.6 respectively.
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Figure 6.4 showing the -1 configuration of mass of chilled PCM set of tests
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Figure 6.5 showing the 0 configuration of mass of chilled PCM set of tests
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Figure 6.6 showing the +1 configuration of mass of chilled PCM set of tests

148

Chapter 6

Analysis of Results & Discussion

The above graphs show that the product performance predicted by the model
closely matches that in reality.

The comparison between predicted and real-time results with regards to duration to
failure (to +8°C) is tabulated in table 6.2 below.

Configuration

Model predicted duration

Duration achieved from

(hours)

experimental tests (hours)

-1

39.28

43.01

0

43.26

46.81

+1

46.57

44.31

Table 6.2 showing comparison between model predicted and experimental
duration to failure
The percentage error is therefore –8.67%, -7.58% and +5.09% for –1, 0 and +1
configurations respectively, the average error being 7.11%.
In the -1 and 0 configurations, the percentage error in duration to failure between
predicted and experimental results is negative whilst in the +1 configuration, this is
positive i.e. the model is underestimating product performance in the -1 and 0
configuration cases whilst it is overestimating the product performance in the +1
configurations. However, since the average variation of the model predicted results
from those produced from the experimental tests was 7.11%, much lesser than the
largest error, this is seen as acceptable; these results are further interpreted in next
section, 6.2 of this chapter.
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In chapter 4 and based on the observation of the obtained experimental results, it
was concluded that increasing the mass of the chilled PCM moderately increases
the duration to failure. The model produces a similar conclusion although the
predicted change is greater. This is because adding mass of chilled PCM
increases the bulkiness of the system thereby correspondingly increasing the
duration to failure.

In chapter 4, it was also concluded that increasing the amount of chilled PCMs
reduces the ―damping‖ in product performance i.e. the product fluctuations or
amplitude of the performance curve are reduced. The model has been seen to
follow this trend too.

It can therefore be said that the performance of the product predicted by the model
matches closely with experimental tests and the model accuracy is seen to be
within the ±15% aimed for.

c) Set of tests varying mass of frozen PCM
The results for the three configurations, namely the –1, 0 and +1 configurations are
shown below in figures 6.7, 6.8 and 6.9 respectively.
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Figure 6.7 showing the -1 configuration of mass of frozen PCM set of tests
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Figure 6.8 showing the 0 configuration of mass of frozen PCM set of tests
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Figure 6.9 showing the +1 configuration of mass of frozen PCM set of tests

153

Chapter 6

Analysis of Results & Discussion

As can be seen in the above graphs, the product performance predicted by the
model closely matches that in reality.

The comparison between predicted and real-time results with regards to duration to
failure (to +8°C) is tabulated in table 6.3 below.

Configuration

Model predicted duration

Duration achieved from

(hours)

experimental tests (hours)

-1

25.67

24.08

0

43.26

46.81

+1

71.75

71.85

Table 6.3 showing comparison between model predicted and experimental
duration to failure
The percentage error is therefore +6.59%, -7.58% and –0.14% for –1, 0 and +1
configurations respectively, the average error being 4.77%.
In the -1 configuration, the %age error in duration to failure between predicted and
experimental results is positive whilst in the 0 and +1 configurations, this is
negative i.e. the model is overestimating product performance in the -1
configuration case whilst it is underestimating the product performance in the 0 and
+1 configurations. However, since the average variation of the model predicted
results from those produced from the experimental tests was 4.77%, this wasn‘t
seen as a concern. This is because the variation in results due to experimental
error alone are in the circa of ±10%.

154

Chapter 6

Analysis of Results & Discussion

In chapter 4 and based on the observation of the obtained experimental results, it
was concluded that mass of the frozen PCM has a direct impact on the duration to
failure, in that increasing the mass of the frozen PCM increases the amount of
cooling available for product protection thereby increasing duration to failure. As
can be seen above, the predicted results produce a similar conclusion.
It can therefore be said that the performance of the product predicted by the model
matches closely with experimental tests and the model accuracy is again shown to
be within the ±15% aimed for.

6.1.2 Size and Ambient validation comparisons
The key aim when comparing results was to see accurately the model compares
with experimental data in situations where different sized shipping systems and/or
different ambient profiles are used. The two tests that were carried out were those
using EPS 70 and DGP EPS Pallet shippers; in both these tests, two different
ambient profiles were used. The comparisons for the two tests are shown in figures
6.10 and 6.11 respectively.
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a) EPS 70

Temperature (°C)

35.00

30.00

25.00

20.00

15.00

10.00

5.00

0.00
0.00

10.00

20.00

40.00

50.00

Real-time product probe (2 of 4)

30.00

Real-time product probe (4 of 4)

Real-time product probe (1 of 4)
8°C (upper threshold)

Model predicted curve
Ambient temperature

60.00

70.00
80.00
Duration (hours)
2°C (lower threshold)

Real-time product probe (3 of 4)

Figure 6.10 showing the comparison of results in the EPS 70 shipper
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The EPS 70 shipper is a mid range (in terms of size) shipper from within the DGP‘s
range of shipping systems. The comparison graph shows that the model fluctuates
in a similar manner to the fluctuations of the curves for experimental data thereby
confirming that it responds nicely with the external ambient profile. However, the
model predicted curve runs slightly colder than the experimental data curves for
approximately the first 40 hours of the test. Probes 1 & 2 from the experimental
tests seemed to run warmer relative to the Probes 3 and 4; the reason associated
with this was the probes not reading the product temperature and instead reading
air temperature. The difference in model predicted and experimental results for the
first forty hours wasn‘t seen as a concern due to the very small difference between
the two. Besides, post this duration, the model predicted curve fits nicely within the
range of curves plotted as a result of experimental data.
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b) EPS Pallet shipper

Temperature (°C)

20.00

18.00

16.00

14.00

12.00

10.00

8.00

6.00

4.00

2.00

0.00
0.00

10.00

20.00
Model predicted curve
8°C (upper threshold)
Ambient temperature
Real-time product probe (6 of 6)

30.00

40.00
Real-time product probe (1 of 6)
Real-time product probe (2 of 6)
Real-time product probe (4 of 6)

50.00

60.00

70.00
Duration (hours)
2°C (lower threshold)
Real-time product probe (3 of 6)
Real-time product probe (5 of 6)

80.00

Figure 6.11 showing the comparison of results in the EPS Pallet shipper
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The DGP EPS Pallet shipper is the biggest shipper within the DGP‘s range of
packaging systems. The comparison graph shows that the model fluctuates in a
similar manner to the fluctuations of the curves plotted as a result of using
experimental data thereby confirming that the model corresponds well with the
external ambient profile.
The experimental data recorded at six different locations showed variations in
product temperature in these locations relative to other locations. This shows that
in extremely big systems, the internal resistance increases and conduction effects
become significant. Although the Lumped System analogy can still be applied
which provides results with reasonable accuracy, using this analogy for systems
any bigger than the DGP Pallet shipper would mean making a greater compromise
on the accuracy of results.

DGP Group does not intend to bring to market any bigger sized shippers. However,
it should be noted for reference that in case this intention changes, the modeling
approach should ideally change in line with this too. In such situations, the ideal
approach should be to use a finite difference approach where the volume is divided
into volumes and for each volume; an energy balance equation is derived.
Assessing whether such an approach can be incorporated within spreadsheets or
a graphical C++ program and making use of such an approach was considered a
good recommendation for further work in case in the future packaging shippers
bigger than the size of DGP EPS Pallet are developed in the cold chain industry.
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6. 2 Further Results Interpretation
Table 6.4 shows the percentage difference between predicted and
experimental results for the three series of tests where mass of product, chilled
PCM and frozen PCM are being varied.

Set

of

tests

-1

0

+1

varying

-11.17

-8.34

-5.04

varying

-8.67

-7.58

+5.09

+6.59

-7.58

-0.14

mass of Product
Set

of

tests

mass of chilled PCM
Set

of

tests

varying

mass of frozen PCM
Table 6.4 showing %age difference between experimental and predicted results
for the three sets of tests
The key reason that has been associated with this difference has been
experimental error; these are usually of the order of 10% and can be caused due
to a number of reasons. For example, the operators do not always measure mass
of PCMs and these are only accurate to 5%. Also, at times, use of partially
damaged boxes is made in order to reduce material costs. Such use can often
cause loss in the total insulation provided by the EPS shipper.
Since the difference in the results were within the thresholds of +15 and -15%
set out by the industrial partner, they were considered acceptable for industrial
application.
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Now, in the set of tests where the mass of the product is being varied and in –1
configuration, the curve traced by the predictive model matches closely with the
one traced from experimental data till the frozen PCM has completely melted
(shown by the point when PCM temperature starts increasing rapidly). Post this
phenomenon; the model predicted product temperature has been found to be
higher than the actual product performance by approximately 1.5°C.
It can be inferred that this is directly related to the duration predicted by the model
i.e. the higher the percentage underestimation in duration to failure, the higher the
difference between the predicted and experimental curves post test failure. On
detailed analysis of data, a pattern can be found emerging; in the –1 configuration,
the duration between predicted and experimental results is highest amongst the
three tests and hence the corresponding distance between the curves in the region
after test failure is the highest. Similarly, the duration between predicted and
experimental results amongst the three configurations is the lowest in the +1
configuration and hence the corresponding distance between the curves in the
region after test failure is the least.

This relation between percentage difference between estimation in duration to
failure and the difference between predicted and experimental curves post test
failure can also be seen in both, set of tests where mass of chilled and frozen PCM
is being varied.
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Although the reason for difference in the model predicted and experimental curves
post test failure has been provided above, it can at the same time be argued that
what the model predicts after the product has reached the fail point (+8°C) is of no
significance within the context of product development.

In the tests done for size and ambient validations, the curve predicted by model
exactly matches the curve traced by experimental results. Please note that the
tests had been run for over 3 days and 72 hours is usually the longest that a
shipment could take to get from one location to any other location throughout the
world. Since, by the end of these tests, frozen PCMs had not completely melted,
the fail point cannot be seen.

The comparison between experimental and predicted results have proved that the
model can be implemented in the Product Development process.

6. 3 Significance of Work
The present research has introduced the use of lumped system approach to model
heat transfer using spreadsheets. A predictive model has been designed;
developed and validated that predicts the performance of temperature-sensitive
packaging systems made in Expanded Polystyrene and incorporating generic
pharmaceutical products (required to be kept chilled) and passive devices under a
wide range of dynamically changing environmental conditions.
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As seen in section 6.1.1, the model has been found to predict results within an
accuracy of ± 15%, as required by the industrial sponsor.

The use of the model is not limited to that specified in the initial brief. Although the
model was designed with the main aim of it being used for expanded polystyrene
based packaging systems containing a temperature sensitive chilled product and
incorporating passive devices, the flexibility of the model ensures that it‘s use is not
limited to this specific case only. The model can be used to carry out various
optimization studies where it would be capable of predicting results for different
types of shipping containers and/or products.

The model has been designed using spreadsheets, which ensures its user
friendliness, cost effectiveness and high run speed.

6. 4 Summary
In this chapter, the results have been discussed; a detailed comparison between
experimental and predicted results and key observations on these provided.
Interpretations made and differences between experimental and predicted results
have been discussed in the following part of the chapter. The overall comparison
between experimental and predicted results is very good.
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Moreover, the difference between experimental and predicted results with regards
to duration to failure is within ±15%, as initially aimed for. In the final part of this
chapter, the significance of current work within the broad body of knowledge was
explained.

The next chapter provides a summary to the thesis, lists key conclusions made
from the current work and presents recommendations for further work.
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7. Summary, Conclusions and
Recommendations for further work
In this chapter, a summary to this thesis is provided. This is followed by a section
on key conclusions drawn from current work. The final part of this chapter lists the
recommendations for further work.

7.1 Summary
This thesis has described the design, development and validation of a spreadsheet
based model using lumped system approach. The model predicts the performance
of temperature-sensitive packaging systems made in Expanded Polystyrene and
incorporating generic pharmaceutical products (required to be kept chilled) and
passive devices under a wide range of dynamically changing environmental
conditions.

Chapter 1 provided an introduction to the project. The problem to be considered
was described and the aims and objectives of the work were listed. In chapter 2, a
detailed review of the literature was provided in order to put the problem within the
context of the work done by researchers and how the completion of this project
would be beneficial to the industrial sponsor. In chapter 3, a description to the
underlying theory on heat transfer was provided. Chapter 4 provided a detailed
description of the experimental tests conducted as part of this project. In this
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chapter, the equipment used for the tests together with the experimental method
was described. Also, the results from these experimental tests were provided and
interpreted.
In chapter 5, the design of the predictive model was described and the results
predicted by the model presented. Chapter 6 provided a detailed analysis and
discussion on the results. In this chapter, comparison between experimental and
predicted results was made and the validations observed. The results obtained
were interpreted and the differences between experimental and predicted results
discussed. In this chapter, the significance of the current work in the body of
knowledge was also presented.

The model described as part of this thesis has been fully integrated within DGP‘s
product development process. The most immediate benefit seen by DGP has been
on the significant reduction in the test chamber use and a reduced turn-around
time to the sales team with regards to the proposals for Bills of materials for any
new systems requested. Moreover, the results obtained from the experimental
tests have broadened the understanding of DGP Group‘s technical team with
regards to the underlying physics behind the design of temperature controlled
packaging systems.
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7.2 Key Conclusions
The following are the key conclusions that can be drawn:



The predictive thermal model predicts duration to failure within an accuracy
of ±15% for all conditions considered.



The product performance curve generated by the predictive model matches
reality until the test failure point.



The experimental tests yield that increasing the mass of the product has
negligible effect on duration to failure.



The experimental tests yield that increasing the mass of chilled PCM
increases the duration to failure by ~3% for a range likely to be used in
industry.



Increasing the mass of chilled PCM in a system reduces the damping in
product performance i.e. the product fluctuations or amplitude of the
performance curve are reduced.
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The mass of frozen PCM used in a system is directly proportional to the
system‘s duration to failure; increasing the mass of frozen PCM within a
system causes a corresponding increase on the duration to failure.



The difference between predicted and experimental results post the frozen
PCM melt point is directly proportional to the percentage difference in the
underestimation of results.

7.3 Recommendations for further work
A number of opportunities were identified for further work as a result of the findings
from this project. The key opportunities are listed below:



Assessing the use of spreadsheets for incorporation of the finite difference
method where by a system is divided into volume sections and energy
balance equations are applied to each of these sections. This approach
would particularly be useful if systems bigger than the size of DGP EPS
Pallet are ever developed within the cold chain industry.



Depending upon the findings from the above, application of this method
within spreadsheets to predict product performance in big systems and
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assessing the accuracy of using this approach relative to the approach used
within this project.



A particular opportunity could be provided to MSc students whereby they
could formulate this problem within advanced packages like Computational
Fluid Dynamics and compare the results with those produced from this
project.
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