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Abstract
Here we describe a modification of the existing treatments
for thermal effects associated with changes of state. The new
treatment, in addition to representing the change of phase
itself, preserves good representation of heat diffusion in the
surrounding material. The new treatment is used to model the
thawing of ‘gel type’ refrigerants, which facilitates the
simulation of temperature field in chilled foodstuffs
transported in the presence of a ‘gel refrigerant’.
Introduction
In recent years several ‘gel type’ refrigerants have appeared on the market. These
take the form of pouches or cells of refrigerant, an array of which make up a full
refrigerant sheet. The current market for such refrigerants is currently chiefly
domestic e.g. use in conjunction with ‘coolboxes’ for picnics.
Simultaneously, the use of e-commerce, especially by individuals and smaller
companies, is growing and this has increased access and availability of mail order
perishable foods. This is especially true for foodstuffs that are regional or national
specialities, organic meat, and dietary products such as soya milk and cheese. This
growing market for business-to-business and direct business-to-consumer supply of
temperature sensitive foods, in turn, increases the need for economic and safe ways of
transporting small quantities of foodstuffs. Since these foodstuffs are temperature
sensitive, it is necessary to transport them in a thermal environment that ensures they
arrive at their destination that comply with health and safety regulations, and without
any other form of temperature related spoilage.
In the context of the transport of chilled foodstuffs, the use of ‘gel-type’ refrigerants
could offer economic and environmental advantages over the traditional approaches
involving, for example, dry-ice or refrigerated vehicles. In comparison with dry-ice
they have a safety advantage as they are not asphyxiants, and an economic advantage
in so far as they would allow small quantities of food to be delivered via the postal
service. In comparison with the use of refrigerated vehicles, gel refrigerants offer an
obvious economic advantage when small quantities of foodstuffs are concerned, and
an additional environmental advantage, since the engine of a refrigerated vehicle must
be kept running even when the vehicle is stationary if temperature control is to be
maintained.
However, if these ‘gel-type’ refrigerants are to be used to maintain a suitable thermal
environment for temperature sensitive foods during transport, then several questions
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arise. These include how much refrigerant is necessary and at what temperature, what
other components are needed to make up the package e.g. box type and packing
material, and how these components should be arranged for successful delivery. In
this paper we describe the use of numerical simulation, based on TLM, to predict the
thermal experience of foods in such a situation. Initially, we consider the numerical
representation of the thermal transient of the refrigerant as its temperature rises and it
undergoes its change of state; we find that the usual treatment needs to be modified
for the current application. Having developed and validated the refrigerant model, we
represent simulations of its use in conjunction with standard ESP boxes and bubble
wrap to create a thermal environment suitable for chilled foods during transport. The
maintenance of a suitable environment over a realistic time-span for delivery is
considered.
Numerical Modelling
The numerical modelling was carried out using in-house developed software that has
been well validated for modelling heat transfer phenomena. The software is based on
the Transmission Line Matrix (TLM) numerical technique which is particularly
advantageous in terms of implementation, when non-linear transients are to be
modelled[1]. The volume in which heat transfer is to be represented is divided into
special elements each with a node at its centre at which calculations of temperature
are made. The time period is divided into iteration timesteps and calculations of
temperature are made at each timestep for every node. Hence, in terms of modelling
the thermal experience of foodstuffs it is possible to derive temperature contours
though the three dimensional volume at frequent intervals during the time period of
interest. Using TLM, it is possible to model the thawing process reasonable fully
[2,3]. In the current case, heat corresponding to the latent heat necessary to sustain
melting is removed from each spacial element whose temperature is above 0oC until
all the latent heat associated with the mass of the element has been removed.
Following this, the thermal diffusion process continues within the element.
Figure 1 illustrates the usual representation of the change of state model.
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Figure 1. Usual representation of change of state
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At the point of latent heat, the nodal potential is clamped at the latent heat
temperature, which in this case is 0oC. The TLM pulse incident upon any nodes
representing ice, Vi, is modified to equal the reflected pulse so that Vimod = Vr. The
amount of heat taken from the node by this process, given by (Vi - Vr) / Z, is then
added to a latent heat store. This process repeats until the latent heat store is full,
upon which the normal TLM algorithm is resumed. This model of latent heat
provides a good representation of latent heat provided that we are not interested on
how it interacts with surrounding materials. In a case where we are interested on the
interaction between one material and another, such as between ice and food in our
case, we must use a different latent heat model. Figure 2 shows a modified latent heat
model that can be used where a proper description of the thermal interaction within
the latent heat period is required.
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Figure 2. Modified latent heat model
In this approach, when a material reaches latent heat its temperature is clamped at that
temperature as in the previous model. However, instead of modifying the pulses
incident upon the node, the nodal potential, Vnode, is calculated as normal. At each
time step the excess heat, I, which flows into the node is added to a latent heat store,
which is given by
I = (Vnode – Vclamp) * Y

(1)

where Y is the nodal admittance.
The node remains clamped and the process repeats until the latent heat store is full.
Because no incident pulses are modified, the correct amount of heat still flows
between different materials, i.e. between ice and food.
We now describe the correspondence between refrigerant thawing behaviour
predicted by the model and that observed experimentally. We then describe a model
of heat transfer within a food package include gel refrigerant and again compare the
model’s output with corresponding measurements made in the laboratory. The model
is then used to predict the experience of a parcel of food during transport and the
implications of these predictions are discussed.

Model of Refrigerant Behaviour during Thawing
Gel refrigerants are supplied in either a hydrated or an anhydrous state. Before use,
anhydrous material needs to be hydrated by soaking in water. The refrigerants are
then frozen before use. When exposed to ambient temperatures the temperature of a
frozen refrigerant increases until, at a little below 0oC, it begins to thaw and enters the
latent heat temperature plateau. Figure 3 illustrates the thermal behaviour of one such
refrigerant during thawing. Measurements were taken by inserting a thermocouple
bead into the centre of a single hydrated pouch. The pouch was then frozen, removed
from the freezing environment, and suspended in a constant known ambient
temperature. The central temperature recorded at regular five-second time intervals as
the material warmed and thawed.
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Figure 3. Central temperature of single refrigerant pouch suspended in a constant
ambient temperature of 20oC
Figure 3 also illustrates the predicted temperature for the central point. The
refrigerant was of the type supplied in anhydrous form and, upon hydration, was
found to be 95% water by mass. On this basis, the specific heat, thermal conductivity,
and latent heat of fusion of ice and water were used in the model. However, the
density of the gel/water mixture is less than that of water, because the addition of the
gel to the water causes expansion. This expansion lowers the density below that of
water to value of approximately 900Kgm-3 and, when the refrigerant is frozen its
density is lowered further to a value of approximately 820Kgm-3. In terms of
conductance, the refrigerant expansion is in the direction of its thickness so that,
although the thermal conductivity (in Js −1 m −1 K −1 ) is that of water, the insulating
properties of the refrigerant are improved. This is consistent with the manufacturers’
description of the mode of operation of the refrigerant.
The numerical simulation used elements of size 1mm x 1mm x 1mm and a timestep of
1s. Melting was assumed to start when a temperature of 0oC had been reached and

this accounts for the slight discrepancy at the beginning of the plateau. Overall, the
agreement between experimental and predicted temperature is good.
Simulations of Food Temperatures inside a Polystyrene Box.
Having developed a TLM model of thawing gel refrigerant, we now simulate the
experience of food packaged for transport, the package including a gel refrigerant.
Six packs of cheese, each weighing approximately 200g, and of dimensions 9cm x
7cm x 2.75cm, were arranged in a polystyrene box of measuring 41cm x 27.5cm x
11.5cm with a wall thickness of 2.4cm. Figure 4 illustrates the arrangement.
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Figure 4. Side and plan view of polystyrene box packed with cheese, bubble wrap,
and a single refrigerant sheet. All dimensions are in cm.
In figure 4, a single top sheet of refrigerant is used, comprising 24 cells, in a 6 x 4
arrangement is placed on top of the cheese, separated from it by a layer of bubble
wrap. The thermal properties for the cheese and other materials are given in table 1.
Heat was assumed to be transferred through the bubble wrap by conduction since the
cellular structure would prohibit natural convection and the thermal diffusivity of the
bubble wrap were determined experimentally. The remaining air pockets were also
assumed to transfer heat via conduction rather than convection since their dimensions
are only a few centimetres. The material properties of the cheese are taken from (ref).
The escape of heat from the polystyrene box to the ambient air in the model is
controlled by a heat transfer coefficient of 12Wm-2K-1 and the ambient temperature

was measured to be 23oC ± 0.5oC and set to 23oC in the simulation. The initial
refrigerant temperature was –10oC.
Material

Thermal conductivity
(Wm-1 K-1)
0.04
0.047
2.38
0.6
0.31

Polystyrene
Bubble wrap
Refrigerant (frozen)
Refrigerant (liquid)
Cheese

Specific heat capacity
(Jkg-1K-1)
1500
2300
2100
4217
2800

Density
(Kgm-3)
50
50
812
885
1080

o

Cheese temperature ( C)

Table 1. Material thermal properties used in simulations
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Figure 5(a). Simulated and experimental cheese temperature at point A
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Figure 5(b). Simulated and experimental cheese temperature at point B
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Figure 5 plots temperatures monitored at points A and B indicated in figure 4 against
time for both experiment and simulation. Clearly, agreement is good, particularly later
in the transient, which is the period of relevance to the delivery of chilled foods. The
slight discrepancies in the first seven hours of the transient are likely to be due the fact
that the model assumes perfect thermal contact between the refrigerant and its
surroundings. This is likely to be a less good approximation when the refrigerant is
frozen and less flexible than in its thawed state.
Predictive Simulations
Here we use the simulation devised to investigate wrapping strategies which will
maintain food at an appropriate temperature for a period of 24 hours which we take to
be a reasonable delivery period for carriage by courier or express mail.
The first wrapping strategy is as used for model validation and illustrated in figure 4.
This strategy uses a single sheet of refrigerant and a small EPS box. A number of
simulations were carried out and used to derive figure 6, which plots the time period
during which the foodstuff was maintained below an acceptable threshold temperature
against ambient temperature.
From figure 6a it appears that, if temperatures above 8 0 C are unacceptable, for
ambient temperatures greater than 16 0 C a delivery period of 24 hours will not be
possible; indeed, at ambient temperatures around 40 0 C the necessary thermal
environment can only be maintained for 0-2 hours. For ambient temperatures below
16 0 C suitable temperatures will be maintained for at least 24 hours. In both cases,
the food in the centre of the box outlasts the food at the edge of the box. This is
because the food at the edge of the box is susceptive to ambient heat coming from the
side of the box.
Figure 6b presents similar results selected on the basis that food temperature must be
maintained below 5 0 C . It appears that, in this case, a 24-hour delivery period is
possible only at ambient temperatures below 12 0 C .
Figure 7 illustrates a different packing strategy. Nine packs of food of dimensions
13.6cm × 7.2cm × 6.4cm
are
arranged
in
an
EPS
box
of
dimensions 39cm × 29cm × 27cm having a wall thickness of 2.4cm. Refrigerant is
used to line the top and sides of the box, and bubble wrap fills the space between the
food packs and the base of the box as well as that between the food packs and the
refrigerant on top of them. The temperatures are monitored at two points, A and B as
shown in figure 8.
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Figure 6(a). Time period over which cheese temperature is maintained below 8oC at
different ambient temperatures.

15
10
5
0
0

10

20

30

40

50

Ambient temperature ( oC)

Figure 6(b). Time period over which cheese temperature is maintained below 5oC at
different ambient temperatures.
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Figure 7. Plan and side view of box used in the predictive simulations of figures 6(a)
and 6(b)
For simulations of this packing strategy food properties were taken to be towards the
middle of the typical range and a thermal diffusivity of 1.7 m 2 s −1 was used.
Figure 8a shows the time for which food temperature, as monitored at the points A
and B in figure 7, was maintained below 8 0 C versus ambient temperature.
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Figure 8(a). Time period over which food temperature is maintained below 8oC at
different ambient temperatures
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Figure 8(b). Time period over which food temperature is maintained below 5oC at
different ambient temperatures
For this strategy a delivery period of 24 hour is possible for ambient temperatures up
to 26 0 C whereas, for a maximum permitted temperature of 5 0 C , figure 6b implies
that a delivery period of 24 hours is possible at an ambient temperature of up to
24 0 C . The results shown in figure 6(b) show that food near the edge of the box
actually stays cooler than food in the centre, whilst in figure 6(a) the reverse is true.
This is because the food at the edge of the box is in direct contact with refrigerant
from the top and side whilst food in the centre is only in contact with refrigerant from
above. Therefore, in the short term the edge of the box is cooler. However, in the
long term, as in figure 8(a), the refrigerant at the edge of the box melts before the
refrigerant in the centre, and therefore the food at the centre remains cooler.
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Figure 9 presents further results relating to the packing strategy of figure 7. Here we
plot time below threshold against ambient temperature for foods of three different
values of thermal diffusivity across the typical range. Predicted temperatures were
monitored at the point A in figure 7.
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Figure 9(a) Time period in which food temperature is maintained below 8oC for three
different food diffusivities.
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Figure 9(b) Time period in which food temperature is maintained below 5oC
for three different food diffusivities
For a threshold temperature of 8 0 C even food of the highest thermal diffusivity has a
delivery period of 24 hours for ambient temperatures below 25 0 C , but this is extended
to 32 0 C for foods of the lowest thermal diffusivity. For a temperature threshold of
5 0 C a delivery period of 24 hours is possible for all foods at ambient temperatures
below 210 C and this is extended to 25 0 C for foods of the lowest diffusivity.

Discussion.
An adapted TLM model of the thermal effect of an endothermic change of state has
been described, which preserves ‘natural’ heat diffusion in the surrounding material.
The model has been used to represent the thawing of a ‘gel’ refrigerant, and good
agreement has been observed between predicted and measured temperatures. The new
treatment has been used to model refrigerant thawing in a complex, 3-dimensional,
inhomogeneous problem of predicting temperatures in foodstuffs, packed with the
refrigerant, in EPS boxes. In doing this the stability of the TLM algorithm has been
exploited.
The results of a large number of simulations show that such simulation is useful in so
far as some wrapping strategies maintain food at suitably low temperatures for a
realistic delivery period, whereas others do not. They highlight the fact that EPS box
size is important as is ambient temperature; the exact nature of the foodstuff also has
an influence but, for most foods, this is less important than other factors. Overall,
simulations performed to date suggest that simulation might enable valuable
information to be provided for food suppliers.
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