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Abstract

Insulated packaging can play an important role in protecting perishable foods against
temperature abuse at different stages of the chill chain. This thesis is aimed at devel-
oping and validating three-dimensional time dependent heat transfer models of fish
packed in five types of insulated containers under temperature-abusive conditions.
All of the containers under consideration were without lid. Results show that there
is a low overall mean absolute error as well as a low A remaining shelf life (RSL)
at 0°C(the difference of the RSL between simulation and experiment) in all simu-
lations when compared to the experimental results which implies a good agreement
between the simulated and experimental results. This demonstrates that numerical
heat transfer modelling can be used to cost effectively predict temperature changes
in food packed in insulated containers.

Utdrattur

Einangradar pakkningar geta skipt skopum i verndun & matvaelum sem eiga i haettu
med a0 skemmast undir hitadlagi. Markmid bessarar ritgerdar er a0 proa og san-
nreyna prividdar timah&d varmaflutnings model fyrir fisk pakkadan { fimm mismu-
nandi fiskiker undir hitaalagi. Oll kerin sem notud voru héfou enginn lok. Nidurstédurnar
syna a0 pao er lag heildarskekkja asamt lagum heildarmismun af eftirlifandi geym-
slutima pegar tilraunaniourstéour voru bornar saman vid niourstéour ur modelinu.
Petta synir gott samrami milli tilraunar og hermun. Petta synir a0 hermun var-
maflutnings getur verid notad & 6dyran hatt til a0 meta hitabreytingar { einangrudum
pakkningum sem innihalda matveeli.
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1. Introduction

Temperature has to be considered when looking at the quality and safety of fresh
food, such as fish, beef and poultry. If temperature control in fresh food supply
chains is inadequate it will inevitably cause quality deterioration, decreased product
safety, more product waste and depreciated product value. The relative loss of per-
ishable foods through a lack of refrigeration has been estimated as 20% worldwide
and as high as 9% for developed countries (ITR, 2009). This indicates that opti-
mization of temperature control in the fresh food supply chain can improve overall
quality. The fresh food temperature during transport and storage in the chill chain
is affected by different factors, such as the food temperature during packaging, ther-
mal properties of the foodstuff, interaction of ambient conditions (e.g. temperature,
air flow, solar radiation, humidity) and time.

Insulated packaging can play an important role in protecting the perishables
against temperature abuse. Considerable emphasis has been put on studying the
insulating properties of wholesale boxes designed for 3-13kg of fresh food (Froese,
1998; Burgess, 1999; Choi and Burgess, 2007; Gospavic et al., 2012; Margeirsson
et al., 2011, 2012a,b,c; Navaranjan et al., 2013). However, the thermal insulation of
double-walled plastic containers, designed for around 300-500 kg of fresh food, has
not been studied as extensively even though the ambient thermal load on the plastic
containers can be just as severe as on the wholesale boxes. Numerical heat transfer
modelling has been shown to be a valuable tool to cost effectively predict whitefish
temperature changes under thermal load (Margeirsson et al., 2011, 2012b,¢). It has
even been used to improve the design of a commercial expanded polystyrene (EPS)
box type, with capacities of 3-7kg, with regard to thermal insulation (Valtysdottir
et al., 2011) resulting in new box types, which are the most popular in their size
category in Iceland.
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The aim of the thesis is to develop and validate three-dimensional time depen-
dent heat transfer models of fish in five types of fish containers without lids under
temperature-abusive conditions. The models should be able to predict the spatio-
temporal temperature evolution, with a minimum overall mean error of 2 °C, inside
each container under different ambient conditions, which is a common request from
the users of fish containers.
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2.1. Fishing containers

Fishing containers exist in different sizes and materials from simple baskets of woven
reeds, bamboo, cane or grasses, to containers made from wood, metals and plastics.
These containers are typically used for the transport of ice and fish. In order to
reduce the melting of ice and therefore the heating of fish being transported, insu-
lation materials may be used when the containers are manufactured. Use of any
particular type of container depends very much on the local economic situation and
fishery being pursued (Pizzali and Shawyer, 2003).

The containers are mainly used to perform the following functions: (Brox et al.,
1984)

1. Ease the handling of small and large quantities of fish.

2. Simplify and increase the speed of unloading/loading and transportation of
raw material.

3. Protect the fish against physical damage contamination and other deteriorat-
ing factors.

4. Offer a suitable packing unit for fish and ice.

5. Contain the fish under such conditions that it reaches the buyer in the best
possible condition.

6. Help to protect the raw material against natural deteriorating effects.
7. Help to make maximum utilization of resources and to achieve optimum eco-

nomical results through the whole system of handling from harvest to con-
sumption.

As mentioned before, containers of various types, sizes and of different materi-
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als are used all over the world to hold fish both on board vessels, in processing, during
transport and under general storage. In the whole system of correct fish handling
the container is only one factor in the process. Knowledge of handling, necessary
regulations/laws and the specific behavior of fish meat under various conditions are
also important points to consider. Poor handling and lack of suitable containers
leads to as much as 20-30% spoilage in many countries (Brox et al., 1984). Where
the major loss in quality and value are occurring between harvesting operations and
first sale in landing areas. It is envisaged that with the increased availability and
wider use of properly designed containers for use on small fishing vessels will reduce
wastage of fresh fish in small-scale fisheries (Pizzali and Shawyer, 2003).

There are a number of factors that limit the achievement of this goal. These
include the relatively high cost of ready-made insulated containers that are for the
most part manufactured in industrialized countries and need to be imported. Fish-
ermen tend to use the locally made containers rather than the plastic or metal
imported containers due to the extra cost that is involved. However as the fishery
becomes more developed more emphasis has to be put on the product quality and
the need for better containers increases (Pizzali and Shawyer, 2003).

Containers and their different materials have limitations. Therefore is it im-
portant to choose the right container system at the right time and to use it in
accordance with laid down objectives (Brox et al., 1984).

2.1.1. Materials

Common materials used for the manufacture of insulated containers are fibre-reinforced
plastic (FRP) and high-density polyethylene (HDPE) often with plastic foams for
insulation (Pizzali and Shawyer, 2003).

Double-walled HDPE containers that are constructed in a single piece using a
rotational moulding process are one of the most common type of insulated container
that is used in fisheries. The HDPE walls are in the range of 3 to 6 mm and the total
thickness differs according to the design parameters such as size and capacity of the
container. The HDPE double-walled containers are considered to be superior to
those manufactured with other materials since they are able to withstand relatively
rough handling compared to FPR, that tends to be more brittle and prone to impact
damage and fractures (Pizzali and Shawyer, 2003).

HDPE insulated containers can have, when handled correctly, a lifespan of
about five to seven years. There can be a problem repairing HDPE containers when
broken but medium-density polyethylene is more repairable via welding. HDPE
containers can be used in a temperature range of up to 100°C and down to —40°C.
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However it is not recommended to work with the HDPE at the lower range since it
becomes brittle and is therefore not very suitable for use in frozen fish stores. HDPE
containers are commercially available in the range of 50 L in capacity up to 1100 L
and the thermal efficiency differs according to the intended use and design (Pizzali
and Shawyer, 2003).

One of the best commercially available choices of insulation material is polyurethane
(PUR) foam. It has good thermal insulating properties, low moisture-vapour perme-
ability, high resistance to water absorption, and relatively high mechanical strength
and low density. In addition, it is relatively easy and economical to install. Polyethy-
lene (PE) foam has similar properties to PUR foam. (Pizzali and Shawyer, 2003).

Known properties of PUR foam , PE skin and PE foam are listed in Table 2.1

Table 2.1: Known values of density, heat conductivity and specific heat capacity for
PUR foam®, PE skin® and PE foam¢.
Material plkgm™3] k[Wm K ¢, [k] kg K]

PUR foam 30 0.026 1.5
PE foam 70 0.05 2.3
PE skin 930 0.44 1.64

@ See BING (2006)
b See Martienssen (2005)
¢ See ISO/FDIS 10456 (2007)

2.2. Whitefish

Thermal properties

Fish has no sharply defined phase change region and that can, in general, when
modelling a phase change cause complications in numerical heat transfer modelling
(Pham, 1995; Hardarson, 1996; Pham, 2006). For problems solved with fixed grid
methods, such as apparent heat capacity methods, the complications can be related
to the sharp peak in the apparent heat capacity of the food (Figure 2.1), which is
due to the latent heat.

The water content of food has a great influence on its thermophysical proper-
ties. The different water content of whitefish depending on the season (Huss, 1995)
causes certain variability in the thermophysical properties of the raw material and



2. Background

120 T T T T T

100

80

60

40~

Aperant specific heat [kJ kg_1 K_l]

N
o

0 1 1 1 - .
=20 -15 -10 -5 0 5 10
Temperature [°C]

Figure 2.1: Apparent specific heat for a material with gradual phase change (see
ASHRAE (2006)).

the resulting fish products. The water content (w) of cod can range from 78 to 83%
(Murray and Burt, 2001).

The ability to predict thermophysical properties in foodstuff is difficult and
two approaches can yield different results. For example the attempt to estimate the
thermal conductivity (k) of cod Sweat (1986) gives values between 0.40 and 0.43
WmK~! and on the other hand Miles et al. (1983) yields values between 0.30 and
0.50 Wm K1

Models for relative rate of spoilage

Spoilage of fish starts as soon as the fish dies and is the result of a whole
series of complicated changes brought about in the dead fish by its own enzymes, by
chemical action and by bacteria. In addition to bacterial and enzymatic changes,
chemical changes involving oxygen from the air can produce rancid odours and
flavours. Thus, spoilage is a natural process once the fish dies, but chilling can slow
down this process and prolong the shelf life of fish(Graham et al., 2004).
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Temperature has a great effect on both the enzymatic and microbiological
activity. However if the temperature range is from 0 to 25°C, microbiological activity
has a greater effect (Huss, 1995).

For fresh seafood, the relative rate of spoilage (RRS) at a given temperature
has been defined as the shelf life at 0°C divided by the shelf life at a given tem-
perature (Dalgaard, 2002). For fresh fish 0°C is used as a reference temperature
but using different reference temperatures like 5°C can be appropriate for lightly
preserved seafood. Mathematical RRS models are developed on the basis of shelf
life data obtained at different storage temperatures in experiments where shelf life
is determined by sensory evaluation. RSS models can be valid for a wide range
of storage temperatures since they do not take into account the types of reactions
that cause spoilage at different temperatures. RSS-models are simple but still most
useful for calculation of shelf life at different storage temperatures. (DTU Aqua,
2009)

It has been shown that different combinations of time and temperature have an
additive effect of shelf life in fresh fish (Charm et al., 1972; McMeekin et al., 1988).
This was confirmed with vacuum-packed cold-smoked salmon (Dalgaard et al., 2004).

Different RRS-models are required to evaluate the effect of temperature during
storage of different kinds of seafood. Therefore, Seafood Spoilage & Safety Predictor
(SSSP) includes models for fresh seafood, lightly preserved seafood and models with
user defined-parameter values that can be applied for any type of food (DTU Aqua,
2009).

Types of RRS-models

SSSP includes three different models. The exponential spoilage model with the
temperature characteristic ’a’. The Arrhenius spoilage model with the temperature
characteristic ’Ea’ is also called the apparent activation energy. Finally there is the
square-root spoilage model with the temperature characteristic 'T,,;," (Eqn. 2.1)
that is used in this thesis. When RRS models are developed, rates of spoilage (RS,
days-1) can be calculated as the reciprocal of the shelf life determined by sensory
evaluation. Log-transformed RS-data then can be fitted to the exponential spoilage
model and to the the Arrhenius model whereas square-root transformed RS data
are fitted to the square-root spoilage model (Eqn. 2.1) (DTU Aqua, 2009).

In the following equations 7T is temperature in °C, k is a constant and 7,,;, is
the temperature characteristics in the model.



2. Background

square-root model:

VRS =k x (T = Tyin) (2.1)

After estimation of temperature characteristics with Eqn. 2.1 shelf life can be
predicted at different temperatures using Eqn. 2.2.

square-root RSS model:

shelf life at T,..¢
( Tref _Tmz‘n >

RRS models are developed on the basis of shelf life data obtained directly from
storage trials with naturally contaminated seafood.

shelf life at 7°C =

(2.2)

2.3. Heat transfer modelling

The effects of temperature abuse on refrigerated food and product temperature
changes to abusive ambient conditions and thermal properties of the food and pack-
aging solutions have been studied extensively. Single packages and in pallet loads
exposed to thermal load have been both tested with experimental and numerical
methods to show that the temperature distribution is in general inhomogeneous,
with highest temperatures at the corners of the packages/loads and the most stable
temperatures at their centre (Dolan et al., 1987; Almonacid-Merino et al., 1993;
Moureh and Derens, 2000; Moureh et al., 2002; Tanner et al., 2002b; Stubbs et al.,
2004; Laguerre et al., 2008).

A three-dimensional Computational fluid dynamics (CFD) model using the
CED software PHOENICS was developed by Moureh and Derens (2000) to predict
temperature increase in pallet loads of frozen fish under thermal load. The numerical
results were validated by preforming experiments with pallets loaded with 11 levels
of frozen fish packages (height: 14 c¢m) both on a shaded dock in February (at
4°C, 80% RH) and on an open dock in July (at 21.6°C ° C, 50% RH). The product
temperatures were —25 °C and —20 °C in February and July. Temperature-recording
sensors were placed at strategic locations to best map the temperature evolution.
The experimental and numerical results showed both that the greatest temperature
rise was at the top level and the model predicted a rise over 25 min of 2.7°C and
6.4°C in the February and July simulations (Moureh and Derens, 2000). This is
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in conjunction with a study on temperature changes of cut flowers during flight
(Sillekens et al., 1997) and a study on land based transport of poultry (Raab et al.,
2008).

According to the ATP (2010) a brief temperature rise at the surface of frozen
fish above the maximum allowed temperature of —18°C is limited to 3°C. In the
study of Moureh and Derens (2000) the temperature rise in the summer is 3.4°C
too high and comes close in the winter situation. Fresh fish is more sensitive to
temperature fluctuations than frozen fish and thus, even more emphasis should be
put on minimizing temperature fluctuations of the fresh product.

A numerical heat transfer model of chilled cheese packaged in an EPS box
under thermal load was developed to study temperature distribution (Stubbs et al.,
2004). Inside the EPS box gel refrigerant was applied at different surfaces (top,
bottom, and sides). Distributing the cooling capacity of the gel refrigerant was, as
would be expected, beneficial with regard to minimizing product temperature rise.

More recently a study by East and Smale (2008) and East et al. (2009) on
how zone based heat transfer modelling (based on Tanner et al. (2002a,b)) could be
combined with a genetic algorithm in order to optimize the design of a thermally
insulated box with regard to cost. Additionally Laguerre et al. (2008) developed a
a temperature-predictive mode where chilled products and a refrigerant (referred to
as phase change material) were loaded into a insulated box. At a given position the
product temperature evolution was assumed to be a linear response of the initial
temperature of the load and the ambient temperature. The main heat transfer mech-
anism was considered to be conduction due to the small air space above the product
and that would not allow for significant natural convection. The results showed
that the model was applicable for both constant and variable ambient temperature
as long as the PCM was not completely melted.

Margeirsson et al. (2011, 2012b,c) used ANSYS FLUENT to redesign a 5kg
EPS box. In order to do this the authors looked at transport in air. What they
discovered was that there can be a product temperature difference up to 10.5°C in
non-superchilled fresh fish pallet load. As well as the storage life difference between
the most and the least sensitive boxes on a full size pallet in a real air transport
chain can exceed 1-1.5 days. The boxes that were used were EPS boxes design with
sharp corners. The redesign rounded of the corners in order to minimize the heat
rise of the fish.

None of the aforementioned studies covered a numerical heat transfer model
of fresh fish in double walled foam insulated containers but that is the main subject
of this thesis.
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3.1. Instruments

3.1.1. Temperature data loggers

The specification of the different temperature sensors used is presented in Table
3.1. CO 03.01 wireless temperature sensors from Controlant (Reykjavik, Iceland),
that are developed for Promens, were used to monitor all product temperatures and
some ambient temperatures, which were also measured with Tidbit v2 temperature
loggers from Onset Computer Corporation (Bourne, MA, USA).

Table 3.1: Specification of temperature data loggers.

Device Resolution Range Accuracy
C003.01 0.0625°C  —30to 80°C £0.5°C * at —20to 40°C
Tidbit v2 0.02°C —20to 70°C  £0.2°C at 0to 50°C

@ equal to the allowed deviation from the set point by standards for food distribution (BS
EN 12830, 1999).

11
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3.1.2. Heat flow meter

In order to maximize the accuracy of the numerical heat transfer models, the heat
conductivity was measured with FOX300 heat flow meter (LaserComp, Saugus,
Massachusetts, USA), The heat flow meter can be seen in Figure 3.1.

Figure 3.1: FOX300 heat flow meter open with a sample inside.

12



3.2. Measurements

3.2. Measurements

3.2.1. Properties of fish containers

Due to variances in their manufacturing process, the observed thermal properties of
fish containers can vary from the nominal values. In order to maximize the accuracy
of the numerical heat transfer models, the heat conductivity and density of different
fish container types were measured. The heat flow meter was calibrated so that
the upper plate is held at a constant temperature of 20°C and the lower plate at
a constant temperature of 0°C this means that the mean temperature difference
between the plates is 10°C and a AT of 20 °C. The dimensions of the samples were
around 30x30cm (area) and the thickness in the range 20-40 mm.

The measured samples consisted of a polyethylene shell insulated with foamed
polyurethane (PUR container) or foamed polyethylene (PE containers). The sam-
ples from the PUR containers were measured with the skin attached to the foam
yielding the overall thermal conductivity and density of the sample. Because the
PE samples were of such a poor quality the core had to be cut out and the foam
measured on its own. For the PUR samples the PE skin was removed and the ther-
mal conductivity and density of the foam core were measured. The samples can be
seen in Figures 3.2, 3.3 and 3.4

Figure 3.2: 30x30cm PE sample.
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3. Materials and methods

Figure 3.3: PE sample where skin has been removed, seen from abowve.

imennsk;
& atskuroi smt

Figure 3.4: PE sample where skin has been removed, seen from the side.

The bulk density of all materials was calculated by measuring the thickness
and area, weighing the samples and dividing the weight by the calculated volume.
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3.2. Measurements

3.2.2. Thermal load trials

During the experiments saithe( Pollachius virens) backbones were used as the food-
stuff because they have similar thermal properties as cod and were easily available.
The PUR and PE containers were tested in the same trial, meaning that these con-
tainer types got a very similar thermal load. Temperature data loggers were placed
at five different locations within the food (saithe backbones) and one was integrated
in the container wall. These locations can be seen in Figures 3.5-3.7.

i
A

Figure 3.5: Positions of temperature sensors inside the containers containing saithe
backbones under thermal load.
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3. Materials and methods
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Figure 3.6: Vertical cross section A shown in Figure 3.5.
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Figure 3.7: Vertical cross section B shown in Figure 3.5.



3.2. Measurements

In Figure 3.8 the 660 L containers can be seen filled with the saithe backbones.

Figure 3.8: 660 L. PUR and PE containers containing saithe backbones.

The containers were kept in a chilled storage room for 40 h at 2°C, then moved
to 10°C for 24 h and then put back into the chilled storage room for 10 h.

17



3. Materials and methods

3.3. Numerical heat transfer model

Three-dimensional finite volume heat transfer models were developed using the Com-
putational Fluid Dynamics (CFD) software FLUENT for the following containers
containing fish under temperature-abusive conditions:

e PUR containers
— 660 L
— 460 L

e PE containers
— 660 L
— 460 L

- 340L

All cases are time dependent where the ambient temperature changes with
time. The models contain fish backbones that is filled up according to the measured
weight. In Figure 3.9 the computational mesh of the PUR 660L container can be
seen.

0,500 (m)

0,300

Figure 3.9: Mesh used in 660 L PUR/PE model.
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3.3. Numerical heat transfer model

In all cases, inside the fish mass, heat is transferred only by conduction.

3.3.1. Thermal properties of whitefish

In the models the following fixed thermal properties are adopted:
e p=1018 m~3 (see Zueco et al. (2004))

e ¢, = 3.50 kJ kg7! K™! (mean value between 4 and 32 °C, see Rao and Rizvi
(1995))

e k=050 Wm™ K™ (see Jowitt et al. (1983))
The density (p), specific heat (¢,) and thermal conductivity (k) are slightly

different than in the literature. That is because the fish backbones are mixed with

water which should increase the conductivity and decrease the density as compared
to fish.

3.3.2. Boundary conditions

Mixed convection and external radiation boundary conditions are applied to the
sides, top and bottom of the fish containers. Equations 3.1 - 3.3 show how the
convection was calculated (Holman, 2002).

e Fish: top of fish (horizontal plane):

AT 1/4
hcom),top = 1.32 (_) <31)
i
e container bottom (horizontal plane):
AT 1/4
hconv,bottom =0.59 (7) (32)
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3. Materials and methods

e container sides (vertical plane):

(3.3)

T

AT 1/4
hconv,sides = 1.42 (_>

Where AT = Tomp — Twout (Twour: outside fish container wall temperature)
and x is characteristic length.

Emissivity of 0.9 is adopted for the fish containers and the fish according to
The Engineering Toolbox (2013) and Holman (2002).

In PUR and PE the container walls are pure PUR/PE rigid foam and the PE
skin is added by using thermal contact resistance.

3.3.3. Initial conditions

In all the heat transfer models developed the mean fish temperatures are obtained
from the temperature data loggers and are used to define uniform initial conditions
throughout the whole computational domain. Liner interpolation is used in order to
make the data as realistic as possible. Since the data loggers were not spread over
the entire container as is seen in Figures 3.5-3.7 it was estimated that the initial
temperature was symmetrical. This is a simplification of the real conditions because
in the experiments this may not be the case.

20



4. Results

4.1. Thermal properties of fish containers

The material measurements can be seen in Figure 4.1. The PUR foam samples have
got some variabillity that is due to the fact that the skin was roughly removed. It
has however low thermal conductivity. The PE foam has very low variabillity and
this is due to the fact that the sample was cut out. The PE skin has a very high

variabillity, higher than the measured average. This could be due to limitations in
the heat flow meter.
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STD = 0.002 i STD = 0.0009 ; ;
_ 00311 — — Average = 0.029 Wimk [!_ 0.06%) — — Ayerage = 0.0676 Wimk [} :
A B ) I R i
| R S N S Y o S S S i
z . : : - : ' ' - :
z | & | Pz O | : Pz |
% 0.029 pmr e e e e e e et % 11| S % i
= ; ; ; i3 ; ; ; @ = P
5 : : : i 5 5 ]
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5 0028 [------mammemooes R R ARRREEEE Ry ) e R R ' B 00Bf---r---amr Y
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a) b) c)

Figure 4.1: Measured thermal conductivity of a) PUR foam, b) PE foam and ¢) PE
skin.
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4. Results

The results from the measurements of thermal properties of fish containers are
summarized in table 4.1.

Table 4.1: Measured properties of PUR, PE skin and PE foam.

Material ~ p kg m™] &k |[W m'K™]
PUR foam  64=£19 0.029 4 0.002
PE foam 143 + 3 0.068 = 0.001
PE skin 840 £ 60 0.07 £ 0.02

To test the limitations of the heat flow meter the thermal conductivity was
studied in relation to the sample thickness as can be seen in Figure 4.2. There is
no conjunction between the sample thickness and the thermal conductivity in PUR
foam and PE foam. The PE skin however shows a clear conjunction between the
sample thickness and the thermal conductivity. Therefore the measured data could
not be used in the calculations and the known value (0.44 W m~'K~!) was used.
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Figure 4.2: Measured thermal conductivity with regard to thickness of a) PUR foam,
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4.2. 660L PUR Container

4.2. 660L PUR Container

The results from the temperature measurements for the 660 L PUR containers are
presented in Figure 4.3.
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Figure 4.3: Temperature evolution at different positions (see Figures 3.7 and 3.6)
inside a 660 L PUR container containing saithe backbones under thermal load.
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4. Results

In Figure 4.4 the simulation results and experimental results for the 660 L PUR
container are compared.
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Figure 4.4: Comparison between simulation results and experimental results for 5
positions at; a) bottom center, b) bottom corner, c¢) mid center, d) in wall, €) top
corner (see Figures 3.7 and 3.6) and f) ambient temperature.

The heat transfer model underestimates the heat transfer at most of the posi-
tions and in Table 4.2 the mean absolute error is shown.

Table 4.2: Mean absolute error of simulated results for four data loggers in the 660
L PUR container.

Position Mean absolute error [°C]

BCo 0.5
BCe 0.3
MC 0.5
TCo 0.3

That gives a total mean absolute error of 0.4 °C.
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4.2. 660L PUR Container

Spoilage

In table 4.3 the RSL difference between the experimental and the simulated
results, after having been loaded into the RRS model, at the end of the trial can be
seen. The full results are shown in figure form in Appendix A

Table 4.3: RSL of saithe backbones in 660 L PUR containers.
Position A RSL at 0°C [days| A RSL at 5°C [days] A RSL at 10°C [days|

BCo 0.19 0.08 0.05
BCe 0.09 0.04 0.02
MC 0.08 0.04 0.02
TCo 0.1 0.05 0.03
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4. Results

4.3. 460L PUR Container

The results from the temperature measurements for the 460 L PUR containers are
presented in Figure 4.5.
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Figure 4.5: Temperature evolution at different positions (see Figures 3.7 and 3.6)
wside a 460 L PUR container containing saithe backbones under thermal load.
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4.3. 460L PUR Container

In Figure 4.6 the simulation results and experimental results for the 460 L
PUR container are compared.
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Figure 4.6: Comparison between simulation results and experimental results for 5
positions at; a) bottom center, b) bottom corner, c¢) mid center, d) in wall, e) top
center (see Figures 3.7 and 3.6) and f) ambient temperature.

The heat transfer model underestimates the heat transfer at most of the posi-
tions and in Table 4.4 the mean absolute error is shown.

Table 4.4: Mean absolute error of simulated results for four data loggers in the 460
L PUR container.

Position Mean absolute error [°C]

BCo 0.4
BCe 0.4
MC 0.1
TCe 0.4

That gives a total mean absolute error of 0.3 °C.
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4. Results

Spoilage

In table 4.5 the RSL difference between the experimental and the simulated
results, after having been loaded into the RRS model, at the end of the trial can be
seen. The full results are shown in figure form in Appendix A

Table 4.5: RSL of saithe backbones in 660 L PUR containers.
Position A RSL at 0°C [days| A RSL at 5°C [days] A RSL at 10°C [days|

BCo 0.06 0.03 0.02
BCe 0.12 0.08 0.05
MC 0.02 0.01 0.005
TCe 0.17 0.07 0.04

28



4.4. 660L PE Container

4.4. 660L PE Container

The results from the temperature measurements for the 660 L PE containers are
presented in Figure 4.7.
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Figure 4.7: Temperature evolution at different positions (see Figures 3.7 and 3.6)
inside a 660 L PE container containing saithe backbones under thermal load.
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4. Results

In Figure 4.8 the simulation results and experimental results for the PE con-
tainer are compared.
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Figure 4.8: Comparison between simulation results and experimental results for 5
positions at; a) bottom center, b) bottom corner, c¢) mid center, d) in wall, €) top
center (see Figures 3.7 and 3.6) and f) ambient temperature.

The heat transfer model underestimates the heat transfer at most of the posi-
tions and in Table 4.6 the mean absolute error is shown.

Table 4.6: Mean absolute error of simulated results for four data loggers in the 660
L PE container.

Position Mean absolute error [°C]

BCo 0.9
BCe 0.5
MC 0.6
TCe 0.9

That gives a total mean absolute error of 0.7 °C.
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4.4. 660L PE Container

Spoilage

In table 4.7 the RSL difference between the experimental and the simulated
results, after having been loaded into the RRS model, at the end of the trial can be
seen. The full results are shown in figure form in Appendix A

Table /.7: RSL of saithe backbones in 660 L PE containers.
Position A RSL at 0°C [days| A RSL at 5°C [days] A RSL at 10°C [days|

BCo 0.34 0.15 0.08
BCe 0.21 0.09 0.05
MC 0.27 0.12 0.07
TCe 0.33 0.15 0.08
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4. Results

4.5. 460L PE Container

The results from the temperature measurements for the 460 L PE containers are
presented in Figure 4.9.
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Figure 4.9: Temperature evolution at different positions (see Figures 3.7 and 3.6)
wside a 460 L PE container containing saithe backbones under thermal load.
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4.5. 460L PE Container

In Figure 4.10 the simulation results and experimental results for the PE con-

tainer are compared.
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Figure 4.10: Comparison between simulation results and experimental results for 5
positions at; a) mid center, b) in wall, ¢) top center, d) top corner (see Figures
3.7 and 3.6) and e) ambient temperature.

The heat transfer model underestimates the heat transfer at most of the posi-
tions. When looking at the bottom corner in the experiment the temperature rises
faster then in the simulation. This could be because the temperature logger has
shifted and moved to the plug area where blood water resides. In the top corner the
temperature in the experiment behaves diferently than in the simulation this could
be due the sensor shifting during the experiment. In Table 4.8 the mean absolute
error is shown.

Table 4.8: Mean absolute error of simulated results for four data loggers in the 460
L PE container.

Position Mean absolute error [°C|

MC 0.3
TCo 0.3
TCe 0.7

That gives a total mean absolute error of 0.6 °C.
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4. Results

Spoilage

In table 4.9 the RSL difference between the experimental and the simulated
results, after having been loaded into the RRS model, at the end of the trial can be
seen. The full results are shown in figure form in Appendix A

Table 4.9: RSL of saithe backbones in 460 L PE containers.
Position A RSL at 0°C [days| A RSL at 5°C [days] A RSL at 10°C [days|

MC 0.15 0.07 0.04
TCo 0.09 0.04 0.02
TCe 0.24 0.11 0.06
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4.6. 340L PE Container

4.6. 340L PE Container

The results from the temperature measurements for the 340 L PE containers are
presented in Figure 4.11.
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Figure 4.11: Temperature evolution at different positions (see Figures 3.7 and 3.6)
inside a 340 L PE container containing saithe backbones under thermal load.
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4. Results

In Figure 4.12 the simulation results and experimental results for the PE con-
tainer are compared.
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Figure 4.12: Comparison between simulation results and experimental results for 5
positions at; a) bottom center, b) bottom corner, ¢) mid center, d) top center, e)
top corner (see Figures 3.7 and 3.6) and f) ambient temperature.

The heat transfer model underestimates the heat transfer at most of the posi-
tions and in Table 4.10 the mean absolute error is shown.

Table 4.10: Mean absolute error of simulated results for four data loggers in the 340
L PE container.

Position Mean absolute error [°C]

BCo
BCe
MC

TCo
TCe

0.5
0.2
0.3
0.7
0.3

That gives a total mean absolute error of 0.4 °C.
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4.6. 340L PE Container

Spoilage

In table 4.11 the RSL difference between the experimental and the simulated
results, after having been loaded into the RRS model, at the end of the trial can be
seen. The full results are shown in figure form in Appendix A

Table 4.11: RSL of saithe backbones in 340 L PE containers.
Position A RSL at 0°C [days| A RSL at 5°C [days] A RSL at 10°C [days|

BCo 0.24 0.11 0.06
BCe 0.23 0.10 0.06
MC 0.34 0.15 0.09
TCo 0.27 0.12 0.07
TCe 0.19 0.08 0.05
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5. Discussion

Of the two insulating materials PUR foam is a better insulator then PE foam having
a heat transfer coefficient of 0.029 W m—'K~! vs. 0.067 W m 'K~ for the PE foam.
These values are similar to the theoretical values. After looking at the results of the
PE skin that gave 0.07 W m 'K~ with STD of 0.02 W m~'K~! that is a really
high STD and thus the thermal conductivity was studied in relation to the sample
thickness to test the limitations of the heat flow meter. The results show no relation
in PE foam and PUR foam. However in the PE skin samples there is a clear relation.
This is probably due to the fact that the samples are not completely smooth and the
thinner the sample is the air that is between the sample and the device has a grater
effect. For this reason the known value for PE skin was used in the calculations or
0.44 W m~'K~1. The density (p [kg m—3]) that was measured was in good relation
to known data.

In Table 5.1 a overall comparison of the simulated and the experimental results
can be seen. It can be seen that the Maximum error ranges from 0.5 to 0.9°C and
the mean error ranges from 0.3 to 0.7°C. Further more the maximum A RSL ranges
form 0.19 to 0.34 days. All this reinforces that the simulated results fit well to the
experimental results for all the simulations.

Table 5.1: Comparison of the simulated and experimental results.
Container Maximum error [°C] Mean error [°C] maximum A RSL [days|

660L PUR 0.5 0.4 0.19
460L PUR 0.4 0.3 0.12
660L PE 0.9 0.7 0.34
460L PE 0.7 0.6 0.24
340L PE 0.7 0.4 0.34

Here the containers will be compared both different materials in the same size
as well as different sizes in same material. When looking at 660 L PUR vs. the
660 L. PE the temperature rise in the PUR container. The temperature rise in the
PE container is grater than in the PUR container which confirms the results from
the heat flow meter. The same can be said for the 460 L PUR vs. the 460L PE
containrs. When comparing different sizes the larger containers (660 L) have a lower
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5. Discussion

heat rise then the smaller ones 460 L and 340 L. This is due to the fact that the
larger container has more mass to heat up and therefore takes longer.
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6. Conclusion

Three-dimensional finite volume heat transfer models have been developed for fish
packed in five container types without lids under temperature-abusive conditions.
The heat transfer models were validated with experimental results, which revealed
heterogeneous temperature distributions within the fish containers under thermal
load of around 10°C for 24 h. Both the experimental and simulation results in-
dicate that the temperature evolution at the position, which is currently used for
wireless MIND ID /temperature sensors in some Promens containers, is much closer
to the ambient temperature evolution than the temperature evolution within the
food. Judging from the low overall mean absolute errors of the models (between 0.3
and 0.7°C) and the low A RSL at 0°C (between 0.12 and 0.34 days), a good agree-
ment, between simulated and experimental results was obtained. This supports the
fact that numerical heat transfer modelling can be used to cost effectively predict
temperature changes in food packed in insulated containers.
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A. RRS result figures
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Figure A.1: RRS results at bottom corner in 660 L PUR container.
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Figure A.2: RRS results at bottom center in 660 L PUR container.
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Figure A.3: RRS results at mid center in 660 L PUR container.
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A.2. 460L PUR Container
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Figure A./: RRS results at bottom corner in /60 L PUR container.
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Figure A.5: RRS results at bottom center in 460 L PUR container.
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A. RRS result figures
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Figure A.6: RRS results at mid center in 460 L PUR container.
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Figure A.7: RRS results at top center in 460 L PUR container.
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A.3. 660L PE Container
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Figure A.8: RRS results at bottom corner in 660 L PE container.
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Figure A.9: RRS results at bottom center in 660 L PE container.
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Figure A.10: RRS results at mid center in 660 L PE container.
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Figure A.11: RRS results at top center in 660 L PE container.

54



A.4. 460L PE Container

A.4. 460L PE Container

14
121 RSLat0°C—sim | ... oTSs=ao .
— — —RSLat0°C - exp
RSL at 5°C - sim
2101 - - —RSLat5°C - exp
k) RSL at 10°C - sim
£ gl — = RSL at 10°C - exp
i
<
0
g
5 ° :\“\—QQ_Q%
3
£
3]
24
4 =
2 =
0 Il Il Il Il Il Il
0 6 12 18 24 30 36
Time (h)
Figure A.12: RRS results at mid center in 460 L PE container.
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Figure A.13: RRS results at top corner in 460 I, PE container.
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Figure A.14: RRS results at top center in 460 L PE container.

A.5. 340L PE Container
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Figure A.15: RRS results at bottom corner in 340 L PE container.
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Figure A.16: RRS results at bottom center in 340 L PE container.
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Figure A.17: RRS results at mid center in 340 L PE container.
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Figure A.18: RRS results at top corner in 340 L PE container.

RSL at 0°C - sim
— — —RSL at 0°C - exp
RSL at 5°C - sim
| — — — RSLat5°C - exp
RSL at 10°C - sim
| — — — RSL at 10°C - exp

©

12 18 24 30 36
Time (h)

Figure A.19: RRS results at top center in 340 L PE container.
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