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Abstract

In the first part of this thesis, thermal models were built to simulate the cooling process
of gutted cod. Three weight categories of fish were considered and used to project the
cooling times of fish weighing between 2 kg and 9 kg from initial temperature down
to 0 °C. The results were set up as tables where the cooling time was a function of the
fish weight and its initial temperature. Four tables were generated for ambient tem-
peratures of -1, -1.5, -2 and -3 °C.
The second part of this thesis involved four trials where the melting rate of ice within
thermally insulated storage containers of types PUR (Polyurethane) and PE (Polyethy-
lene) was monitored. The amount of ice was measured on a daily basis and the melting
rate evaluated for each day. No lids were used in the first two trials while the contain-
ers had top lids in place for the last two. Eventually, the containers’ abilities in terms of
thermal resistance were evaluated based on the ambient temperatures and the respec-
tive melting rate of ice. Thermal insulation values of both types increased considerably
by placing lids on during the trials.

Útdráttur

Í fyrri hluta þessa verkefnis voru kæliferlar slægðs þorsks skoðaðir. Að lokum voru
líkönin útfærð í gegnum Simulink með Simscape pakkanum. Þrír mismunandi stærðar-
flokkar voru notaðir til að byggja upp líkönin og voru niðurstöður úr þeim prófunum
notaðar til að spá fyrir um kælitíma slægðs þorks af stærðum 2 kg til 9 kg niður að
0 °C. Niðurstöðurnar voru settar upp í töflur þar sem kælitími í mínútum var sýndur
sem fall af þyngd fisksins í kg og upphafshitastigi fisks. Fjórar töflur voru framkallaðar
fyrir umhverfishitastig kælimiðils upp á -1, -1.5, -2 og -3 °C.
Í síðari hluta verkefnisins var bráðnunarhraði íss í einangruðum kerum af gerðinni
PUR og PE mældur í fjórum lotum. Ísmagnið var mælt daglega í kerunum og þannig
metið hversu hratt ísinn bráðnaði. Tvær lotur mælinga voru framkvæmdar þar sem
kerin stóðu án loka en í síðari tveimur lotunum voru lok sett á kerin til að meta áhrif
þeirra á heildarbráðnunina. Að lokum voru hæfileikar keranna er kemur að varmav-
iðnámi frá umhverfi ákvarðaðir út frá umhverfishita og bráðnunarhraða íss. Í ljós kom
að einangrunahæfni keranna bættist umtalsvert með tilkomu loka.
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1. Introduction

The need for a constant supply of fresh fish on markets has been steadily increasing
over the last two decades with fish being a healthy source of protein and omega fatty
acids. In total, according to FAO (2016), the world fish supply per capita reached a new
high in the year 2014, at 20 kg. Live, fresh or chilled fish is thereof just under 50% of
total volume sold for direct human consumption, above frozen, canned and cured fish
products (FAO, 2009). Cooling the fish by the method of superchilling, lowering the
temperature of the fish to its initial freezing point, as soon as possible after slaughter-
ing is an essential part of this process and studies have shown that this cooling process
can have a huge effect on the shelf life of fresh fish products (Magnusson et al., 2010;
Margeirsson et al., 2013; Thorvaldsson et al., 2010). For fresh salmon, this might extend
the shelf life by a couple of days and shelf life extension has also been achieved for cod
and is in most cases rated at 10-14 days (Magnusson and Martinsdottir, 1995).
As a material, fish has highly variable properties. The relative water content, fat and
solid ratios fluctuate based on season as well as what the fish has been eating, temper-
ature of the sea and more. These ratios differ within the fish, with the loins typically
containing less water and more protein and fat while the tail section has more water
within the muscle fibers (Thorarinsdottir et al., 2012). Salmon and other fat species are
more diverse in this regard both with respect to the fat content as well as the water
content but less fluctuations are observed in the Atlantic cod. This diversity, however,
makes fish in general interesting to study.
Various studies have been conducted on cooling of fish and transport of fresh fish in
thermally insulated containers with many of them focusing on either temperature mea-
surements, thermodynamical simulations or both. However, these methods are time
demanding and require considerable resources, whether it is in the form of tempera-
ture loggers, proper conditions and environment or powerful computers to carry out
simulations.
The aim of this study, as a part of a Matis ltd. project focusing on improved handling
on board fishing trawlers, was to study the cooling process and transportation options
of fresh, gutted cod. This involved the construction of simulation models in Matlab,
collection of measurements of the cooling of gutted cod and the evaluation of the ther-
mal resistance values of 460L polyethylene (PE) and polyurethane (PUR) containers.
The simulations of the cooling process will be run for ambient temperatures of -1, -1.5,
-2 and -3 °C, common for the superchilling process, and as the main output from this
thesis, tables will be constructed to give an estimate of how much time is needed to
cool fish to 0 °C based on ambient temperatures and weight. This could prove useful
on board trawlers and ships where different weight categories of fish are monitored
and the cooling is automated. Furthermore, the results from the ice melting trials will
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1. Introduction

be used to evaluate, in broad terms, the effect of top lids on the thermally insulated
storage containers and highlight the difference between using PE or PUR containers
for the storage of fresh, chilled material.
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2. Background

2.1. Computer modeling techniques

When it comes to modeling the thermal properties of fish and the heat transfer from
fish to environment, various methods have been used. Computational Fluid Dynamics
(CFD) have bee used to simulate heat transfer for EPS boxes as well as fish containers
(Margeirsson, 2012; Snorrason, 2014; Valtysdottir, 2011). Paquette et al. (2017) used
CFD software to simulate and compare the heat transfer of perishable food during
non-refrigerated transportation to measurements within an insulated box. This type
of software has also been used in relation to fish temperatures but citetmoureh and
Moureh et al. (2002) used CFD to simulate heat transfer in fish and other perishables
on pallets. Bjarnason (2012) documented the superchilling process of cod both theo-
retically and in 2D/3D simulation software based on the combined blast and contact
cooling (CBC Cooling) method. Simulation results gave similar values for the cooling
in that study compared to the experimental values. Many studies base their results
on direct measurements of the cooling process but Steinthorsson (2015) calculated the
heat transfer coefficients of the fresh cod based on direct measurements on board fish-
ing vessels. In this thesis, a time step model was implemented in Matlab/Simulink.

2.2. The fresh fish market

Iceland represents one of the main suppliers of fresh fish to the UK as well as other
places in Europe. This is especially relevant for the whitefish industry but Iceland is
one of the most important suppliers of cod and haddock to UK markets (Seafish, 2010).
With more demand for higher quality products, the need for a stable and secure supply
chain has increased. Figure 2.1 shows how the export quantity of fresh loins and fillets
of cod from Iceland has been increasing overall from 1999 to 2015 (Statistics-Iceland,
2016). To ensure a stable and secure supply chain, the complete path of each fish from
sea to consumer has to be adequately controlled. This is where temperature and han-
dling during processing, storage and transport play an important role but those two
factors are the main contributors to fish getting spoiled (Lauzon et al., 2010; Magnus-
son et al., 2010; Valtysdottir et al., 2010). Magnusson et al. (2010) found that insufficient
cooling on board fishing ships and during storage resulted in at least two days shorter
shelf life of cod as opposed to when cooling the fish with a blend of crushed plate ice

3
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Figure 2.1: Export quantity of fresh, iced cod loins and portions from Iceland

and liquid ice. Both samples were stored in crushed plate ice after cooling.
This need for adequate cooling and maintenance of a chilled environment for the stor-
age of fresh fish is important for quality reasons in order to keep the material from
spoiling before it reaches its destination market. Transporting fresh, chilled fish over
long distances without it getting spoiled or caught in unfavorable temperature fluctu-
ations is a difficult task and requires constant attention on behalf of the carrier. This
is specially relevant in Iceland as the only possible ways of transport to either Europe
or North-America are by air freight or sea. Despite the sea transport taking consider-
ably longer time, the products don’t encounter as many temperature fluctuations and
breakages of the cold chain as with air freight (James et al., 2006; Mai et al., 2010; Stera,
1999). This aspect of the transportation makes sea freight a viable option and it is more
economically feasible with lower overall costs (Jonsdottir, 2010) and carbon footprint
kept at a minimum (Jonsson, 2016).

2.3. Properties of cod

Cod, shown in Figure 2.2, is a demersal species living mainly at the northern hemi-
sphere, in the Atlantic Ocean. The cod’s habitat as a species are diverse as can be seen
by the shaded areas on Figure 2.3 and it can live in waters ranging from nearly fresh
to the salty sea as well as it survives in a wide temperature range of 0-20 °C (FAO,
2017). Cod is considered a lean species as it stores its fat in the liver (Ackman, 1967).
The main focus in this study is on the Atlantic cod, but the water content of the muscle
ranges from 78% and up to 83%, the protein from 16-20% and the fat from 0.1-0.8%
depending on the relative time of year, habitat, temperature of the sea as well as body
part (loin vs. tail) (Gunnlaugsdottir et al., 2010; Thorarinsdottir et al., 2012). With ap-
proximately 80% of the muscle consisting of water, the cod has an initial freezing point
of approximately -0.9°C (Rahman, 2009).

4



2.3. Properties of cod

Figure 2.2: A figure of the Atlantic cod (An illustration by Roz Davis Designs)

Figure 2.3: The habitual patterns of cod shown in red (FAO, 2017).

Traditionally, the loins contain more protein and less water than the tail sections, with
the fat increasing from its lowest point at the middle of the fish towards both the loins
and the tail (Thorarinsdottir et al., 2012). Dark muscle content rises in the tail section
as well, with more blood being supplied to the rear part of the fish. This also makes
the tail section more susceptible to rancidity (Dambergs, 1963; Fraser et al., 1963).

Due to its variable properties, cod is a challenging subject for thermal simulations. The
amount of water present in the fish muscle is the most influential for both thermal con-
ductivity and specific heat (Choi and Okos, 1986). Choi and Okos (1986) developed
models that predict accurately the respective thermal conductivity and specific heat of
various food products based on their composition and temperature. However, a limi-
tation to the method is that it does not accurately represent the increase in specific heat
of fish as it approaches its initial freezing point. As seen in Table 2.1 (Johnston et al.,
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2. Background

1994), the values of cod change dramatically depending on the temperature. As can be

Table 2.1: Temperature dependent heat transfer properties of white fish (Johnston et al., 1994).
T (°C) -6 -4 -3 -2 -1 0 5 10

k (W m−1 K−1) 1.400 1.361 1.341 1.322 1.302 0.430 0.430 0.430
cp (kJ kg−1 K−1) 7.744 15.111 26.539 65.636 102.72 4.144 3.641 3.683

seen from the specific heat shown in Table 2.1, the amount of energy needed to lower
the temperature below the initial freezing point of the muscle, located approximately
at -0.9 °C, is large.
There is a small margin between having the material frozen or fresh and it is important
that fresh fish is kept at or slightly below the initial freezing point of its muscles, as
too much frozen water in the fish will degrade it quality wise. Limiting the formation
of ice crystals within the muscles of fish being chilled to temperatures below the ini-
tial freezing point is therefore key with respect to limiting the damage inflicted upon
muscle tissues (Kaale, 2014; Petzold and Aguilera, 2009). As cod is of main focus in
this study, these properties are essential. With initial ice crystals starting to form at
temperatures around -0.9 °C for cod, this temperature region is critical for ice crystal
formation and ambient superchilling temperatures should therefore be chosen in the
region of -3 °C to -1 °C.

2.4. Superchilling of fish

The concept of superchilling involves lowering the temperature in the products be-
low the initial freezing point so ice crystal formation is at 5-30% of the total volume,
depending on the product being chilled (Kiani and Sun, 2011). This temperature is
usually in the range of 1-3 °C under the initial freezing point of the respective product
(Duun and Rustad, 2008). The rate at which the ice crystals form within the muscle
is critical but faster cooling results in smaller ice crystals which don’t cause as much
disruption to the fish muscle on a microscopic level. The crystals form both within
and outside cells, maintaining the structure of the muscle cells and fibers (Kaale and
Eikevik, 2014; Kaale et al., 2013b,c). However, keeping the fish at these temperatures is
difficult as slight temperature fluctuations in the product can lead to the melting and
refreezing of water, gradually forming larger crystals in the muscle layers (Kaale et al.,
2013a). This effect can be particularly problematic since larger crystal formation can
result in disruption of the cell walls, resulting in higher drip while storing the prod-
ucts as well as during cooking (Kaale and Eikevik, 2016). A difference in crystal size
during storage has also been reported depending on the ambient temperature when
the superchilling process takes place, with a high variation between surface and core
temperature at day zero, resulting in larger crystal variation several days into the stor-
age period (Kaale and Eikevik, 2016).
Using slurry ice (a mixture of ice, salt and water) to superchill fish is a common way

6



2.5. Heat transfer

used by various processors in the fresh fish industry. The salty water allows for sub-
zero temperatures to be reached but using -3 °C to -1 °C as the slurry ice temperature
is a common practice. However, as the fish has been adequately cooled, it should be
taken out of the slurry and placed in chilled storage or on ice, since keeping it in the
slurry for storage can increase volatile nitrogen compounds as well as Trimethylamine
(TMA) and salt uptake, contributing to spoilage (Margeirsson et al., 2010).

2.5. Heat transfer

The heat transfer from the fish to the ambient environment takes place through both
convection and conduction. The radiation is not a large factor for most cases, as the
fish usually is kept in either tubs or in specially designed superchilling devices where
the heat exchange gets carried out.
The heat transfer through the fish to the surface can be represented by Fourier’s heat
equation as depicted below in Eq. (2.1) (Holman, 2010).

q′′ = −k∇T (2.1)

where the notation of q is the vector of heat flow per unit area, k is the thermal conduc-
tivity and ∇T is the temperature gradient. For fish, k is dependent upon temperature,
especially close to the initial freezing point, as shown previously in Table 2.1. The heat
flow from the surface of the fish to the ambient environment, usually in the form of
superchilled water or pure ice, can then be represented by Eq. (2.2).

Q̇ = hA(Ts − T∞) (2.2)

Here, Q̇ represents the heat transfer per unit time, h is the convective heat transfer
coefficient, A the surface area of the fish, Ts the surface temperature and T∞ the ambient
temperature of the surroundings. The convective coefficient is dependent upon the
surface contact of the fish. The highest heat transfer rate is achieved when the fish
is placed in a moving cooling medium such as slurry ice but storing the fish directly
on ice will result in the lowest rate of heat transfer (Steinthorsson, 2015; Thorvaldsson
et al., 2010).

2.6. Thermally insulated fish containers

After the fish has received adequate cooling on board ships, it must be stored in con-
ditions that can maintain the achieved temperatures for as long as possible. When
storing fish, insulated tubs as the ones shown in Figure 2.4 are the most viable option
on board fishing vessels as they lower the overall heat flux from the environment with
their low thermal conductivity and can decrease both handling and pressure on fish

7



2. Background

Figure 2.4: Typical containers (460 liter) used for storing fish on board fishing vessels.

as compared to 40-90 L single walled fish boxes (Hilmarsson, 2013; Snorrason, 2014).
Generally, there are two types mainly available on the commercial market; containers
insulated with polyurethane (PUR) or polyethylene (PE) foam. The PUR types are bet-
ter thermal insulators (Hilmarsson, 2013; Margeirsson, 2017; Snorrason, 2014) but the
PE are more often chosen due to their strength and durability. This can be seen in Table
2.2 (Snorrason, 2014). The containers are often subject to heavy loads on board fishing

Table 2.2: Physical and thermal properties of fish container materials (Snorrason, 2014).
Material ρ[kg m−3] k [W m−1 K−1] cp [kJ kg−1 K−1]

PUR Foam core 30 0.026 1.5
PE Foam core 70 0.05 2.3

PE Skin 930 0.44 1.64

vessels and then structurally stronger tubs are preferred. However, with higher insu-
lation values reported for the PUR tubs, a strong case could be argued for their usage
where structural properties are not a factor. According to Margeirsson (2017), PUR
tubs had 8-10% higher insulation values (R-value) [m2 K W−1] and with lids placed on
top, the difference became even greater. For the same containers tested, the R-value
increased by 30-80% with the lids on top.

For estimation of the thermal resistance properties of storage containers in a still en-

8



2.6. Thermally insulated fish containers

vironment, monitoring and measuring the rate at which ice melts in the containers
is a known and documented process (Burgess, 1999). In his work, Burgess (1999) es-
tablished guidelines for these estimations and the calculations used to determine the
thermal resistance of the containers in their environment as shown by Eq. (2.3).

R-value =
A · ∆T

MR · Hice
(2.3)

where

A: Total surface area of measured container [m2].
∆T: The difference between the ambient temperature and the temperature

of the ice [K].
MR: The melting rate of ice measured in [kg s−1] (ṁice)
Hice: The latent heat of melting of ice [kJ kg−1]

The total R-value gained from the calculations is therefore directly influenced by the
conditions surrounding the containers. This makes it the overall thermal resistance of
the system, not only of the container.

9
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3. Methods and equipment

3.1. Equipment

3.1.1. Temperature data loggers

Two different types of temperature data loggers were used in the experiments, one for
measuring the ambient temperatures and another for the measurements of the fish core
temperature. For the ambient temperature, Tidbit v2 loggers from OnSet Computer
Corporation (Bourne, MA, USA) (HOBO) were used which measure the temperature
in 30 second or 7 second intervals for the span of the experiments. These loggers can
be seen in Figure 3.1. The error range of the data loggers is at ±0.2 ◦C between 0 ◦C
to 5 ◦C. The loggers used to measure the fish temperature were Maxim Integrated’s

Figure 3.1: The onSet temperature data loggers by HOBO.

iButton data loggers, as seen on figure 3.2. The iButton data loggers measured at the
same intervals as the onSet Tidbit v2 sensors. The measurement accuracy of these
loggers was 0.0625 °C and the error margin between -15 °C and 65 °C reported by the
manufacturer was no more than 0.5 °C. However, Steinthorsson (2015) reported that
during a test for error margins, these loggers measured temperatures with a reading
error of ±0.09 °C.

3.1.2. Ambient temperature control unit

To measure the response of the fish temperature to changed environment, a water bath
with a fitted heat exchanger was used. By adding salt, the system was capable of
temperatures as low as -4 °C. This system is shown in Figure 3.3.

11



3. Methods and equipment

Figure 3.2: The iButton data logger by Maxim Integrated along with the readout device.

Figure 3.3: The ambient temperature control unit used when preparing the brine solution for
the cooling of cod.

3.2. Measurements

3.2.1. Measurements of fish temperature

The measurements of the fish temperature were done with the help of the control unit,
as shown in Figure 3.3. The data loggers measuring the ambient temperatures were
fastened at different heights in the brine solution. This way, the difference between
the temperature of the liquid at the bottom of the brine solution could be compared to
the temperature closer to the surface. The fish was then prepared for measurements
by placing the iButton data loggers inside the core of both the loins and near the tail,
close to the back fin. For better accuracy and in order not to damage the outer layer
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3.2. Measurements

of the skin, the insertion point in the loins was from the inside, as shown in Figure
3.4. This was made possible by the gutting of the fish prior to the measurements but in
case of ungutted fish, the insertion had to be made from the outside. For the measure-
ments in the tail section, the insertion had to be made from the outside due to limited
thickness of the fish in that section. This can be seen more clearly in Figure 3.5. Care
was taken when placing the loggers in the tail so minimal disruption was inflicted on
the muscle structure. Two separate measurement periods were conducted in February
2017, each involving six measuring points. Therefore, 12 different temperature profiles
were achieved. The fish was approximately 3.5 kg and the ambient temperature was
kept just below -1 °C. When building the models, temperature measurements from
Steinthorsson (2015) were used. Three categories, shown in Table 3.1, were modeled
and simulated to structure the model. Additional temperature measurements in the
ambient temperature control unit were then used for comparison to the simulated out-
puts.

Table 3.1: The three weight categories for cod that were focused on when building the simulation
models (Steinthorsson, 2015).

Category nr. Fish weight
1 2500 g
2 4500 g
3 9000 g

In addition to the measurements in February 2017, measurements from March 2017
were used as comparison to the models, involving four trials of different ambient tem-
peratures for 2 kg, 4 kg and 6 kg fish. The ambient temperature for each trial is shown
in Table 3.2.

Table 3.2: The ambient temperature for the four trials from March 2017, involving several
samples of 2 kg, 4 kg and 6 kg gutted cod.

Trial nr. Ambient temperature
1 -1.1°C steady
2 -1.7°C steady
3 -1°C→ -3°C→ -1°C
4 -3°C for 20 min→ -1.2 °C for one hour

In trial number three, the fish was kept in ambient temperatures of -1 °C until its core
temperature had reached 1 °C. Then it was moved into a -3 °C ambient temperature
for 20 minutes to accelerate the cooling process before being transferred back to -1 °C.
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3. Methods and equipment

Figure 3.4: The location where the temperature data loggers were placed in the loins.

Figure 3.5: The placement of the data loggers in the tail section.

14



3.2. Measurements

3.2.2. Ice melting trials

The melting of ice was monitored in 460 L PUR and PE containers at HB Grandi pro-
cessing plant in Reykjavik. The measurements were carried out according to recom-
mendations by Burgess (1999). Four separate ice melting trials were conducted, each
involving the usage of two PUR and two PE containers. In the first two trials, there
were no top lids on the containers. These setups are shown in Figure 3.6. At least a 30

Figure 3.6: The setup of the thermally insulated storage containers for each of the trials. Grey
dots indicate no drain plugs while white dots show drain plugs inserted.

cm gap was left between the containers in each of the trials to limit the thermal influ-
ence they might have on one another.
To measure the ambient temperatures, temperature data loggers from Onset (Tidbit v2)
were fastened on the outer side of the tubs, hanging by a thread to limit the thermal
effects the containers might have on the data logging. This was done since this was the
only place where the loggers could be placed without experiencing any conduction
effects. Ideally, they should have been placed further away from the containers but it
was anticipated that the convectional effects from the containers would be minimal.
This is shown in Figure 3.7.

At the beginning of each trial, all four containers were filled with 210-230 kg of ice
and the respective weight of the containers logged. The ice melting rate was then
monitored by logging the weight of the containers every 24 hours, except in the first
trial, where the ice melt was only logged at the first and the last day of weighing.
When weighing the containers, they had to be moved to a specially designed scale
manufactured by Marel ltd. (Gardabaer, Iceland). The first day of each trial (except
the first trial) was then excluded and the total R-value for the system found according
to Eq. (2.3). This was done to eliminate the effects of instability of the system on the
first day since the containers were warmer than the ice and accelerated the melting
rate for the first few hours. This was in line with what Burgess (1999) reported but he
mentioned that a certain time must be allowed to pass before actual logging starts due
to this effect.
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Figure 3.7: The outside temperature logger (onSet Tidbit v2) outside of the tubs to measure the
ambient temperatures during ice melting trials.

Before the measurement each day, the ice remaining in the containers was broken and
shuffled, making sure that the ice in each container was kept uniform for as long as
possible. The ice melting quantities prior to the calculation of the thermal insulation
values of the container systems can be seen in Appendix C.
By calculating the thermal insulation values (R-value) according to Burgess (1999) in
Eq. (2.3), the containers were then compared and the effects of top lids and drain plugs
quantified.
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3.3. Modeling thermal behavior of Atlantic cod

Figure 3.8: A close look at how the drains were left without plugs for two of the four containers
during each trial.

3.3. Modeling thermal behavior of Atlantic cod

3.3.1. The model structure

The model included three measuring points within the loin section (a third order sys-
tem) and two measurements within the tail section (a second order system), as shown
in Figure 3.9. The ambient temperature was chosen the same as it was in the mea-

Figure 3.9: The representation of the measuring points of each fish in the model.

surements, renewing at the same time intervals. By doing this, the model in Simulink
used the same ambient temperatures as the fish in the measurements, giving more ac-
curate results for analyzing. From there, the ambient temperature interacted with the
surface of the fish through convection, which then fed into the loins and tails through
conduction.
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Each section of the model relied on parameters that were determined through the
Matlab script running the iterations. A detailed description of how the variables were
obtained is presented in Section 3.3.2.

When running the script, the initial simulation of the model used a predetermined
initial values set by the program.
These values were based on the numbers shown in Table 2.1 but the thermal properties
of the fish were kept constant for temperatures above 5 °C. For fish temperatures lower
than 5 °C and above 0 °C, square interpolation between points in Table 2.1 was used
to get fitted values based on temperature. However, for temperatures lower than 0 °C,
cubic interpolation was used. As the model is not simulating the "freezing" of the fish,
the cooling was modeled in such a way that the physical properties of the muscle hit a
theoretical "wall" at T = −0.9 °C. This was done by creating a large thermal resistance,
defining the specific heat of the muscle at 300,000 J kg−1 K−1 (or any high number)
when the temperature reached the predetermined point of -0.9 °C. To fully model the
freezing and thawing of the muscle as well as the cooling, further background work is
needed as a wide variety of protein changes take place during freezing and thawing,
affecting the thermal properties of the muscle by less water holding capacity (Kaale
and Eikevik, 2014, 2016; Kaale et al., 2013b).

Figure 3.10: The overview of how the simulation software runs in Matlab/Simulink with the
help of Simscape.

Each temperature simulation of the whole cooling process can be divided into multiple
simulations within Simulink. Simulink works in such a way that a specific time has
to be defined, determining how long each simulation within the model runs. To build
the initial models, these time intervals were chosen as they occurred in the real world
measurements. Since the models were built from measurements on a seven second
interval, the model ran for seven seconds and then fed the end values of that simula-
tion as the initial values into the next one. This was carried out step by step. This is
elaborated on further in Figure 3.10.
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3.3. Modeling thermal behavior of Atlantic cod

3.3.2. The model parameters

The model involved a third order loin section and a second order tail section. For each
block representing either a thermal mass, convection or conduction in the model, there
were relevant parameters that needed to be specified. The parameters determined
were mass, specific heat, thermal conductivity, thickness and surface area. The mass
was determined based on the total weight of the fish, m, and can be seen for both loin
and tail sections below.

mloin = m/29
mtail = m/55

These factors were determined based on visual comparison of the modeled tempera-
ture response and the real world cooling curves of gutted cod. Therefore, these values
were not obtained by a program but adjusted manually in an iterative way to obtain
cooling curves that resembled the measurements.
The specific heat was determined based on the temperature of the fish and when run-
ning the iteration loops in the Matlab script, this value changed based on the tempera-
ture in the respective section of the fish muscle. This allowed for different specific heat
reading in the tail and the loin sections, giving more accurate simulations. The same
method was used for thermal conductivity.
The overall surface area of the fish can be estimated by taking into account the mass of
the fish and then using formulated quantities based on work from O’Shea et al. (2006).
This relationship is shown in Eq. (3.1), where a and b are constants defined by the
method and m is the mass of the fish in grams.

A f ish = a ·mb = 11.2 ·m0.65
f ish (3.1)

Each cross section, represented by each point shown in Figure 3.9, was then defined
with its own surface based on the total area found by Eq. (3.1). How these parameters
were defined can be seen below, where A denotes the total area. This is visualized in
Figure 3.11.

Outer loin reference area = A/6
Middle loin reference area = A/8
Inner loin reference area = A/10
Outer tail reference area = A/10
Inner tail reference area = A/12

The factors were determined in the same way as the mass fractions, by visually com-
paring the model output to the real world measurements and adjusting the values
manually.
For each section of the fish, in addition to the surface area, a specific reference thickness
was determined. The thickness determined for each weight category simulated can be
seen on the next page.
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Figure 3.11: The visualization of the cross sectional areas of each section of the fish.

Category 1 (m = 2500 g)
Thickness of tail: 1.5 cm

Thickness of loins: 3.5 cm

Category 2 (m = 4500 g)
Thickness of tail: 1.8 cm

Thickness of loins: 4.7 cm

Category 3 (m = 9000 g)
Thickness of tail: 2.5 cm

Thickness of loins: 6.7 cm

These reference parameters defined above and used in the simulation are not repre-
sentative of physical and geometrical aspects of the fish in real world scenarios. The
thickness parameters were adjusted manually to give an approximate fit to the mea-
sured cooling curves of gutted cod, like the mass fraction and surface area of each
section of the loin and tail. Therefore, these parameters are tuned to work within the
model environment in Matlab and are only used for those purposes.

3.3.3. Tables representing cooling time of gutted cod

As the main output from this thesis, the instruction tables generated from the simula-
tions will have to be simple and easy to read. The table structure can be seen in Table
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3.3. Modeling thermal behavior of Atlantic cod

3.3, where the cooling time needed to reach 0 °C is presented as a function of initial
temperature and weight. Temperature of 0 °C is most often used as a reference when
representing storage time of fresh fish and therefore, it was chosen as a point of refer-
ence for the cooling time in the simulations. As the models are limited to a setup of

Table 3.3: The setup of the output table generated from the temperature simulations. The initial
temperatures are indicated on the left hand side while the time to reach 0 °C is indicated for each
category of gutted cod.

Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C - - - - - - - -
10-12 °C - - - - - - - -
8-10 °C - - - - - - - -
6-8 °C - - - - - - - -
4-6 °C - - - - - - - -

slurry ice cooling medium at the current stage, the time in these tables is relevant for
those scenarios.

The temperature of the cooling medium is implemented as an outside factor in the
tables. Four tables will be given, representing the cooling times for an ambient tem-
perature of -1, -1.5, -2 and -3 °C. The temperature range was chosen in intervals from 4
°C to 13 °C.
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4. Results

In this chapter, the loin temperatures of the fish will mainly be compared and moni-
tored as the loins contain more valuable parts of the fish. Additionally, results from the
ice melting trials will be presented and evaluated.

4.1. Temperature simulations

Three simulations were run, focusing on the weight ranges of fish initially measured by
Steinthorsson (2015). The measurements were taken from a single fish in each category
and the simulation output was compared to the cooling of the measured fish. First, the
smallest category (Category 1) was simulated and the results are shown in Figure 4.1.
The cooling medium temperature for the simulations was the same as for the measure-
ments carried out and thus, the two outputs were directly comparable. From Figure

Figure 4.1: The simulated output and measured temperature from a Category 1 fish (2500 g)
using the Simulink model.

4.1 it is shown that the models evaluate both the slope of the cooling curve as well
as the time it takes to bring the temperature below 0°C. The time it takes for the tail

23



4. Results

and the loins to reach 0°C was measured at 24 minutes and 80 minutes, respectively,
with a minimal difference between the modeled and measured output. The measured
values show a slight increase after being put into the cooling medium, as seen in the
opening minutes. This effect is sometimes seen and might be the result of the fish core
still heating from being in a warmer environment prior to being put into the cooling
medium. When looking at the initial temperature for the tail section, it can be evalu-
ated that the ambient conditions were most likely close to 14°C, and therefore the loins
were still heating when they were put into the cooling medium. The model does not
factor in this aspect and therefore, the modeled temperature starts decreasing from the
first time step.

The simulations for the second category (Category 2), are shown in Figure 4.2. As

Figure 4.2: The simulated output and measured temperature from a Category 2 fish (4500 g)
using the Simulink model.

expected, the time it takes to reach 0°C is approximately 11 minutes longer for the tail
section compared to the Category 1 fish, or around 31 minutes. However, the time it
takes for the loins to reach the same temperature is increased to 2 hours and 15 minutes.
As with the first measurement, the temperature of the cooling medium was not entirely
stable for the whole time but small fluctuations were not expected to influence the total
temperature greatly.

Category 3, with a 9 kg fish simulated is presented in Figure 4.3. For large fish around 9
kg in weight, this time is not enough to fully bring the temperature down to 0°C but as
Figure 4.3 showcased, the required time is closer to 300 minutes. Following the trend
set by the previous two categories, the largest fish takes the longest time to cool to sub-
zero temperatures. In this case, the tail reaches below zero at roughly 64 minutes while
the loin section takes 4 hours and 50 minutes to reach the same temperature.
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4.1. Temperature simulations

Figure 4.3: The simulated output and measured temperature from a Category 3 fish (9000 g)
using the Simulink model.

4.1.1. Simulation of different weight ranges

As was shown in Section 3.3.1, specific section thickness (tnominal) for the loins and
the tail was determined depending on the fish’s category. The respective thickness
of the three categories in the final version of the simulation model is seen in Figure
4.4. To estimate the reference thickness for simulation of different weight categories,
an approximation was made, using a linear equation between fish category 1 and fish
category 3 for both the loins and the tail sections. Due to this simplification, the model
is restricted to simulating fish between the weights of approximately 2.5 kg and 9 kg.
The equations formed for the reference thickness for both sections of the fish is shown
in Eq. (4.1a) and Eq.(4.1b), where m denotes the total weight of the fish in grams.

thickness of tail = 1.5 +
m− 2500

6500
(4.1a)

thickness of loins = 3.6 + 3.1 · m− 2500
6500

(4.1b)

By using these formulas to calculate the reference thickness of the fish’s sections, dif-
ferent weight ranges can be simulated.
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Figure 4.4: The plotted sectional thickness for each weight category used in the simulation
model

4.1.2. Sensitivity of cooling curves with respect to mass, area and
thickness

As the model relies on the use of calculated area, thickness and reference mass to func-
tion, the sensitivity of those parameters was tested. The sensitivity of the reference
mass calculated from the overall weight of the fish proved not to be considerably influ-
ential on the cooling time, showing approximately 2-3% change in cooling time given
a 5% change in reference value.

As previously stated in Section 3.3.1, there was a reported maximum of 6% under/over
estimation of the surface area using the formula given in Eq. (3.1) (O’Shea et al., 2006).
By applying those boundaries to the equation, the simulation was run. The results are
shown in Table 4.1 with a 6% increase and decrease from the nominal area (Anominal)
as calculated in Eq. (3.1). As anticipated, larger surface area results in faster cool-
ing, increasing the overall heat transfer coefficient with smaller surface area estimation
having the opposite effect on the cooling time.

Table 4.1: Sensitivity comparison of time needed to cool all categories to 0 °C with respect to
an increase or decrease in the calculated surface area and the percent increase or decrease (Time
diff. (+/−)) from the original estimation in time needed to cool the fish (Loin).

Fish category Anominal Anominal − 6% Anominal + 6% Time diff. (+/−)
Nr. 1 (2.5 kg) 88 min 93 min 83 min 5.7/5.7 %
Nr. 2 (4.5 kg) 136 min 145 min 128 min 5.9/6.6 %
Nr. 3 (9.0 kg) 255 min 271 min 241 min 6.3/5.5 %
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In the difference column at the far right hand side in the table, the difference in time
needed for the cooling to reach sub-zero temperatures was either decreased or in-
creased by an order of 5-6% for all three categories.

To test the sensitivity of the thickness determined (tnominal), based on the weight of the
fish, a 5% increase or decrease from the standard value was tested. The reason for the
use of 5% in the sensitivity analysis being that it’s similar to the value checked for in
the sensitivity for the surface area and a 10% change was considered too large. The
results from the sensitivity analysis are shown in Table 4.2.

Table 4.2: Sensitivity comparison of time needed to cool all categories to 0 °C with respect to an
increase or decrease in the calculated thickness and the percent increase or decrease (Time diff.
(+/−)) from the original estimation in time needed to cool the fish (Loin).

Fish category tnominal tnominal − 5% tnominal + 5% Time diff. (+/−)
Nr. 1 (2.5 kg) 88 min 83 min 92 min 5.7/4.5 %
Nr. 2 (4.5 kg) 136 min 129 min 143 min 5.1/5.1 %
Nr. 3 (9.0 kg) 255 min 242 min 268 min 5.1/5.1 %

Following the previous sensitivity analyses, it was worth to evaluating how changes
in unfavorable directions of both of these constants would affect the cooling time of
gutted cod. For this, all three weight categories were simulated for a maximum change
in surface area as well as the most drastic change in reference thickness and those
effects added together. As expected, the cooling time is either prolonged or shortened
compared to the original time. This is shown in Table 4.3.

Table 4.3: Sensitivity comparison of time needed to cool all categories to 0 °C with respect to an
increase or decrease in both calculated thickness and surface area, and the percent increase or
decrease (Time diff. (+/−)) from the original estimation in time needed to cool the fish (Loin).

Fish category tnominal tnominal − 5% tnominal + 5% Time diff. (+/−)
Anominal + 6% Anominal − 6%

Nr. 1 (2.5 kg) 88 min 78 min 98 min 11/11 %
Nr. 2 (4.5 kg) 136 min 122 min 152 min 10/12 %
Nr. 3 (9.0 kg) 255 min 229 min 285 min 10/12 %

As shown in the table, the time needed to sufficiently cool the fish below 0 °C is pro-
longed when decreasing the surface and increasing the thickness. For all three cate-
gories, this increase in time is approximately 11-12%.
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4.1.3. Comparison to other measurements

Knowing the sensitivity of the cooling curves with respect to changes in major coef-
ficients, the model can be tested against other measurements. The first comparison
measurements were conducted in February 2017 and involved the use of the ambient
temperature control unit as discussed in Section 3.2.1. The second comparison mea-
surements were from March 2017 and involved four trials of different temperature
simulations.

Model simulation of 3.5 kg fish in -1.5°C

Figure 4.5: The comparison of the simulated output for 3.5 kg fish to the measured temperature
profiles of fish in liquid ice of -1.5°C.

The difference between the model output and the measurements in the first compari-
son measurements is shown in Figure 4.5. The figures show the temperature profiles
from 10°C to be able to directly compare them as the initial temperatures for the mea-
sured fish varied. The model was started at 11°C and then the profile from 10°C and
onwards was used to compare. Ambient temperature was -1.5°C and relatively stable.
There was at most a difference of 15% in time needed to reach 0°C between the mea-
surements and the simulated output, with a maximum 0.3°C difference between the
modeled and the measured temperatures at the model’s 0°C point. The fish simulated
and measured in this case were 3.5 kg in weight.

Model simulation of 2 kg, 4 kg and 6 kg fish in variable temperatures

These temperature measurements involved four trials for different ambient tempera-
tures, as described in Section 3.2.1 and shown in Table 3.2.
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For the first trial, ambient temperature of -1.1°C was simulated for 2 kg, 4 kg and
6 kg fish. The results from these validations were set up in tabular form, showing
the modeled cooling time to 0°C, the highest and the lowest cooling time from the
measurements and their percentage difference from the modeled cooling time. For the
2 kg fish, this is shown in Table 4.4.

Table 4.4: Modeled cooling time in minutes to 0 °C for 2 kg, 4 kg and 6 kg fish along with
the shortest and longest measured cooling time from the first trial. The percent difference of the
shortest and longest cooling time in the trials compared to the modeled cooling time is displayed
at the right hand side of the table.

Cooling time
Fish weight Model Lowest Highest % difference from model

2 kg 60 53 63 -11.7/+5
4 kg 84 72 90 -14.2/+7.1
6 kg 119 99 115 -16.8/-3.4

The plots of these measurements and the cooling curves obtained from the models is
shown in Appendix B, in Figures B.1, B.2 and B.3.

The second trial involved the use of -1.7 °C ambient temperature. Following the tabular
setup shown for the first trial, the results from the second trial were as shown in Table
4.5. The plots of the measured cooling curves along with the modeled ones are shown

Table 4.5: Modeled cooling time in minutes to 0 °C for 2 kg, 4 kg and 6 kg fish along with the
shortest and longest measured cooling time from the second trial. The percent difference of the
shortest and longest cooling time in the trials compared to the modeled cooling time is displayed
at the right hand side of the table.

Cooling time
Fish weight Model Lowest Highest % difference from model

2 kg 53 48 61 -7.7/+15.4
4 kg 71 64 82 -9.9/+15.5
6 kg 98 97 106 -1.0/+8.2

in Figures B.4, B.5 and B.6 in Appendix B.

In the third trial, the fish experienced -1°C ambient temperatures until its core temper-
ature had reached approximately 1°C. Then it was placed into a -3°C brine solution for
the next 20 minutes. Finally, it was placed into -1°C brine solution until the end of that
trial. The results from this third trial are shown in Table 4.6.

The plots of the measured cooling curves along with the modeled ones are shown in
Figures B.7, B.8 and B.9 in Appendix B.
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Table 4.6: Modeled cooling time in minutes to 0°C for 2 kg, 4 kg and 6 kg fish along with the
shortest and longest measured cooling time from the third trial. The percent difference of the
shortest and longest cooling time in the trials compared to the modeled cooling time is displayed
at the right hand side of the table.

Cooling time
Fish weight Model Lowest Highest % difference from model

2 kg 52 56 61 -7.7/+17.0
4 kg 81 81 95 0.0/+17.2
6 kg 102 83 104 -18.6/+2.0

The results from the fourth trial are shown in Table 4.7. This last trial involved plac-
ing the fish into -3°C brine solution for 35-40 minutes before transferring it to a -1°C
ambient temperature brine solution.

Table 4.7: Modeled cooling time in minutes to 0°C for 2 kg, 4 kg and 6 kg fish along with the
shortest and longest measured cooling time from the fourth trial. The percent difference of the
shortest and longest cooling time in the trials compared to the modeled cooling time is displayed
at the right hand side of the table.

Cooling time
Fish weight Model Lowest Highest % difference from model

2 kg 40 42 60 +5.0/+50.0
4 kg 59 72 73 +22.0/+23.7
6 kg 78 73 74 -6.4/-5.1

The plots from these trials are available in Appendix B, in Figures B.10, B.11 and B.12.

Following these four trials and their comparison to the modeled temperature response
of the fish, it was observed that the model was better at predicting the temperature
response where the ambient temperature was stable. This is shown from Tables 4.4
and 4.5, whereas the difference was greater in the last two trials. In most cases, the
model showed promising results for fish of 2 kg and 4 kg weight, except in the last
trial. For the heaviest category tested in these trials, the 6 kg fish, it seemed to either
under- or overestimate the cooling time needed to reach 0°C, compared to the mea-
sured fish temperatures. However a considerable variance was observed between the
measurements and therefore, they further demonstrate the importance of placing tem-
perature data loggers in the exact same places for all fish categories. The 20 minutes
difference in cooling time to 0°C in the last trial for a 2 kg fish, shown in Table 4.7,
for example, is highly unlikely and could possibly be explained by a difference in data
logger placement. The last trial, shown in Table 4.7, shows that the model either over
or underestimates the cooling time for both the shortest and longest measured time
in the temperature measurements of the fish. The difference in temperature between
the model and the measurements at the model’s 0°C intersection point is at most ap-
proximately 1, 0.5 and 0.1°C for 2 kg, 4 kg and 6 kg fish, respectively. However, the
temperature data loggers show, in some instances, the same temperature for a period of
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5 minutes, indicating that the resolution might not be high enough to measure smaller
changes in temperature around the 0°C intersection point, specially for larger types of
fish. After comparing the model’s output to measured temperature profiles of different
weights of fish, separate from those the model was originally built from, it is shown
that the simulation manages to replicate scenarios with a constant ambient tempera-
ture well.
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4.1.4. Instruction tables for cooling

Following the sensitivity analysis of the main parameters and the comparison of mea-
surements with 3.5 kg fish and the four trials of 2 kg, 4 kg and 6 kg fish, a foundation
for specially designed instruction tables can be completed, as described in Section 3.3.3.
An example of this is seen in Table 4.8, where the ambient temperature is set at -1°C.
In the table, the time needed to cool the fish in each weight category is represented in
minutes with an added 15% safety margin. The 15% addition was implemented fol-
lowing the sensitivity analysis and the validation measurements. When placing a 15%
addition to the cooling time, the user can be more certain of having kept the fish long
enough in the cooling medium. As was indicated in Section 3.3.3, four tables were
made, each representing a temperature of the ambient brine. The temperatures simu-
lated were -1, -1.5, -2 and -3 °C, as they are the most used in the industry. All tables
without rounded numbers are shown in Appendix A.

Table 4.8: The results from simulations with an ambient temperature of -1 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins with additional rounding up or down to
next group of ten.

Tamb = −1°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 90 120 150 170 200 230 270 300
10-12 °C 90 120 140 170 200 230 260 290
8-10 °C 80 110 140 160 190 220 250 280
6-8 °C 80 100 120 150 170 200 230 260
4-6 °C 70 90 110 130 160 180 200 230

Table 4.9: The results from simulations with an ambient temperature of -1.5 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 10%
was added to the time calculated for safety margins as well as the numbers were rounded up or
down to the nearest group of ten.

Tamb = −1.5°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 80 100 120 150 180 200 230 260
10-12 °C 70 100 120 150 170 200 230 250
8-10 °C 70 90 110 140 160 180 210 230
6-8 °C 60 80 100 120 150 170 190 210
4-6 °C 60 70 90 110 130 150 170 190
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Table 4.10: The results from simulations with an ambient temperature of -2 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins as well as the numbers were rounded up or
down to the nearest group of ten.

Tamb = −2°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 70 90 120 140 160 180 210 230
10-12 °C 70 90 110 130 160 180 200 230
8-10 °C 60 80 100 120 140 170 190 220
6-8 °C 60 80 90 110 130 150 170 190
4-6 °C 50 70 80 100 110 130 150 170

Table 4.11: The results from simulations with an ambient temperature of -3 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins as well as the numbers were rounded up or
down to the next group of ten.

Tamb = −3°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 60 80 100 120 140 160 190 210
10-12 °C 60 80 90 120 140 160 180 200
8-10 °C 50 70 90 110 120 150 170 190
6-8 °C 50 70 80 100 110 130 150 170
4-6 °C 50 60 70 80 100 120 130 150

To make sure that each fish gets adequate cooling, fish weighing in between categories
should always be compared to the cooling time representative to the upper limit. The
9 kg category was considered to be the heaviest category during the simulations as the
models were developed with that weight as an upper limit.

The cooling times represented in the tables above give a hint of how long the fish
needs to be in the cooling medium before the target temperature of 0°C is reached
within loins, given the respective temperature of the cooling medium is maintained at
the level presented. These times can then help determine the appropriate temperature
for a cooling unit on board fishing ships based on the weight of the fish being hauled
and processed before storing in the hold.
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4. Results

4.2. Ice melting trials and evaluation of thermal
resistance of containers

As presented in Section 3.2.2, four trials were conducted, each involving the melting
rate of ice in thermally insulated fish containers. The containers were of type PE or
PUR. In the first two trials, no top lids were used on the containers. However, the last
two trials involved the usage of top lids to improve the thermal resistance values and
quantify those effects.

4.2.1. The melting rate of ice

The melting rate of the ice within the containers was monitored by measuring the
weight of the containers on a 24 hour basis, except for the first trial. Difficulties at
HB Grandi during the time of the first trial resulted in no opportunities to weigh the
containers except on the first and the last day.

The ice remaining in each container, represented by a percentage of initial value as
a function of days is shown in Figure 4.6 but the first day was excluded due to the
initial temperature difference between container and ice, as described in Section 3.2.2.
Since only two reference points were available for the first trial, day 1 and day 5, it was
not considered necessary to plot the results from that trial. These melt rates are plot-
ted separately between trials, as they are affected by different ambient temperatures,
impacting the melting rate. The average ambient temperatures during the measure-
ment periods is shown in Table 4.12, but they remained relatively stable throughout
the measuring periods.

Table 4.12: The average air temperature during the ice melting trials for all four cases.
Trial 1 15.0°C
Trial 2 15.7 °C
Trial 3 10.1 °C
Trial 4 9.4 °C

Theoretically, the PUR foam is a better thermal insulator with lower thermal conduc-
tivity values than PE foam and that is reflected in the figures shown above. In addition
to the difference between the ice melt in the PUR and PE containers, there is a hint that
using loosely tightened drain plugs at the bottom of the containers also makes a differ-
ence compared to having no drain plugs, at least when measuring the melting rate of
ice.

By calculating the R-value as indicated in Eq. (2.3), the effects of ambient temperature
were taken into account and the results became directly comparable.
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4.2. Ice melting trials and evaluation of thermal resistance of containers

(a) Trial 2

(b) Trial 3

(c) Trial 4

Figure 4.6: The remaining amount of ice in each container as a percentage of the initial weight
on Day 2 for Trials 2,3 and 4
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4.2.2. Evaluating the thermal insulation capabilities of the
containers

With the melting rate known, the thermal insulation value of the system represented
by the container and the environment can be calculated based on the averaged values
of ice melt from day 2 and to the end of each trial. Excluding the first day of each
measurement is done to eliminate the effects from higher melting rates during the first
day.

Figure 4.7 shows the evaluated mean thermal resistance for all container layouts dur-
ing the trials. For both PE and PUR containers, the thermal resistance value increased
dramatically by adding a lid. However, much larger increase was seen for the PUR
types, as shown in Figure 4.7. This further confirms the large difference in terms of

Figure 4.7: The difference in evaluated mean R-values of all trials between having no top lids
on the containers and having top lids in place for all container types.

thermal insulation when it comes to PUR and PE and additionally shows the impact
of having no top lids on the containers. This visual difference can also be seen in terms
of percentage increase in table 4.13.

Table 4.13: The estimation of the thermal resistance values and the relative percent increase of
those values from having no top lids to having top lids in place on the containers during the ice
melting trials.

R-value [m2K/W]
Type W/o top lids W/ top lids Percent increase

PE w/o drain plugs 0.44 0.78 77%
PE w/ drain plugs 0.48 0.82 71%

PUR w/o drain plugs 0.50 1.3 160%
PUR w/ drain plugs 0.58 1.3 124%

The difference seen in Figure 4.7 and Table 4.13 between the PUR and PE containers can
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be explained by the thermal conductivity values for the two types of thermal insulation
foams. The difference is then further capitalized by the use of top lids.

4.2.3. The effects of drain plugs on the melting rate of ice

When measuring the melting rate of ice, the containers were either left without drain
plugs or with the plugs loosely tightened at the bottom to allow water to pass through,
as was seen in Figure 3.6. This was done to see if there was a difference in the thermal
insulation values obtained from those two methods. Figure 4.8 shows the comparison
between the calculated thermal resistance values for all trials with the drain plugs as a
main focus.

Figure 4.8: The mean thermal resistance values for all four trials, with and without top lids,
showing the difference between having drain plugs or no drain plugs.

From the figure, there is a visible difference between those two scenarios. However,
this difference is not necessarily of statistical significance, making it difficult to draw
any strong conclusions from these results. Furthermore, it is unlikely that this effect of
having drain plugs or no drain plugs will be visible when organic material is placed
in the containers. As the ice starts melting, an air layer forms between the ice and the
walls of the containers. This is further illustrated in Figure 4.9 and is shown in Figure
4.10. Because of these gaps, the drain holes at the bottom become open to air until the
ice is shuffled the next day. This might allow colder air to escape through the bottom
of the containers’ drains, drawing warmer air down by the sides in replacement. This
effect would then have created a natural convection scenario along the gaps between
the ice and the sidewalls, accelerating the melting rate of the ice and making the gap
larger. Due to these findings, the difference shown between having drain plugs or no
drain plugs is therefore not of great significance for the usage of these thermally insu-
lated containers for storage of fish or other organic material as those materials always
stay in contact with the container’s walls and no air is allowed to escape through the
drain holes at the bottom.
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Figure 4.9: The visualization of how warm air gets drawn into the container along the gaps as
colder air escapes through the open drains at the bottom of the containers.

4.2.4. Information gained from the ice melting trials

In Figure 4.11, the overall thermal resistance values of the containers with and without
top lids is shown. Furthermore, based on the conclusions drawn from the usage of
drain plugs above, the R-values obtained where no drain plugs were used have been
excluded.

From Figure 4.11 it is shown that by placing the top lids on the containers, the thermal
insulation is increased considerably. This is also seen in Table 4.13. From those results,
PUR containers should be used where thermal resistance is of utmost importance with
top lids in place. However, where structural strength is favored over thermal resis-
tance, the PE containers might be better candidates. Placing top lids on the PE contain-
ers will also increase the thermal resistance value considerably and therefore, it should
be done where possible.

4.2.5. Comparison to other trials

Other similar trials have been performed for 460 L containers and as an example,
Margeirsson (2017) used the same ice melting method presented by Burgess (1999) to
evaluate the thermal insulation capabilities of 460 L fish containers, with and without
top lids for both PE and PUR with drain plugs. The results from those trials are shown
in Table 4.14
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Figure 4.10: A fish container after one day of ice melting, showing the air layer that has formed
when ice in contact with the container walls has melted away.

Comparing these values to the values presented in Table 4.13, the difference is approx-
imately 4% and 2.5% for PE without and with lids, respecively, and 5.5% and 15% for
PUR without and with lids, respectively.
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Figure 4.11: The thermal resistance values for the containers with the drain plugs loosely tight-
ened at the bottom of each container. Values are averaged for each trial for the respective con-
tainer type.

Table 4.14: The estimation of the thermal resistance values of 460 L fish containers performed
by Margeirsson (2017).

R-value [m2K/W]
Type W/o top lids W/ top lids
PE 0.50 0.80

PUR 0.55 1.10
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5. Discussions

5.1. Models in Matlab and Simulink

Thermal models were built in Matlab and Simulink based on three weight categories of
gutted Cod. The results were used to find reference values that made the simulation of
other weight categories possible. By comparing measurements made with 3.5 kg Cod
to the simulation models, an accuracy estimate was obtained, showing a maximum of
0.3 °C difference in temperature between the model and real world measurements at
the 0 °C intersection. Additionally, four temperature trials with 2 kg, 4 kg and 6 kg
gutted Cod in variable ambient temperatures were compared to the model outputs,
further testing the accuracy. The model’s cooling time from 10 °C to 0 °C was at most
underestimated by a total of 15% when compared to the measurements of 3.5 kg fish,
giving a foundation for the error estimate in the instruction tables that were generated.
In general, similar error estimates were seen for the 2 kg, 4 kg and 6 kg gutted Cod,
although in some measurements, the error was higher. However, due to the large vari-
ance in the measured temperature profiles in those trials, it was considered plausible
that the temperature data loggers were not placed at the exact same locations through-
out the samples of fish. Additionally, sensitivity analysis of the main parameters in
the model showed that a total of 12% increase or decrease in cooling time might be ex-
pected. By using ambient temperatures of -1, -1.5, -2 and -3 °C for the cooling medium
in the simulation models, the most common liquid ice temperatures were used to gain
an estimate of the cooling time needed for the fish to reach 0 °C.

5.2. Thermal resistance values of insulated containers

The PUR containers performed considerably better in most trials than the PE and this
is in line with the known thermal conductivity values for both materials.
For fishing vessels and processing units on shore, this information is vital to see the
difference in thermal resistance. The PE containers are sometimes favored due to their
superior strength compared to the PUR containers as discussed in Chapter 2 but that
comes at the cost of lower thermal resistance. In addition, the top lids are rarely placed
on the containers during fishing trips or when the fish is stored on shore prior to pro-
cessing. Looking at the difference between the bar showing PE without top lids and the
bar showing PUR with top lids in Figure 4.11, the difference is more than 120%. This
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indicates that there are large opportunities to limit the temperature fluctuations of fish
post-catch by keeping it in a more suitable condition. The benefits of adequate cooling
on board fishing vessels are short lived if the storage conditions are not at their best and
therefore these differences should be taken into account when choosing the container
types for a specific operation. In that regard, the ambient conditions also play a part in
the selection criteria for the containers, with warmer ambient temperatures having a
larger impact on the heat transfer between the containers and the environment. There-
fore, fishing vessels operating in warmer climates should consider the PUR containers
with top lids while fishing in colder sea and air temperatures around Iceland might
make the PE containers good candidates. Comparing the results from the four trials
conducted at HB Grandi Processing plant to trials performed by Margeirsson (2017)
whose results are accessible in that technical report, the difference was between 2.5%
and 15% for all scenarios, as presented in Section 4.2.5. The highest difference was for
the PUR conatiners with top lids, at 15%, but this relatively large difference compared
to the other scenarios is difficult to explain. The method of Burgess (1999) is an ap-
proximation in itself and to be able to fully measure the thermal insulation capabilities
of these storage containers, the weight would have to be logged every minute instead
of every day. However, the R-values obtained in the four trials for this thesis and by
Margeirsson (2017) are enough to gain an understanding of how the thermal insulation
capabilities differ between PE and PUR and whether top lids are used or not.

5.3. Future work

To further confirm the predictions of the model presented in this thesis, more sam-
ples of fish can be tested to gain a broader distribution of samples with respect to the
cooling time of each weight category. That way, a bell-curve function could be plotted
representing the cooling time and the certainty of the model’s prediction capabilities
might be evaluated.
Furthermore, the model can be improved to take into account different species, com-
position and include the transport of fish in the insulated containers.
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A. The instruction tables generated
from the simulations

Table A.1: The results from simulations with an ambient temperature of -1 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins.

Tamb = −1°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 90 117 144 174 204 234 267 300
10-12 °C 87 114 141 168 201 228 258 294
8-10 °C 78 108 135 159 186 216 246 276
6-8 °C 75 99 123 147 174 201 228 255
4-6 °C 66 90 111 132 156 180 204 228

Table A.2: The results from simulations with an ambient temperature of -1.5 °C for the respec-
tive initial temperatures given. All values within the table are given in minutes. A factor of
15% was added to the time calculated for safety margins.

Tamb = −1.5°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 76 100 124 148 176 204 231 259
10-12 °C 72 96 121 145 173 197 225 252
8-10 °C 69 90 114 135 159 183 210 234
6-8 °C 62 83 104 124 145 169 190 214
4-6 °C 55 72 93 111 131 148 169 190
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A. The instruction tables generated from the simulations

Table A.3: The results from simulations with an ambient temperature of -2 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins.

Tamb = −2°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 72 93 117 135 159 183 207 234
10-12 °C 69 90 111 131 156 180 200 228
8-10 °C 62 79 100 121 141 165 190 217
6-8 °C 55 76 93 111 131 152 169 193
4-6 °C 48 66 83 96 114 131 152 169

Table A.4: The results from simulations with an ambient temperature of -3 °C for the respective
initial temperatures given. All values within the table are given in minutes. A factor of 15%
was added to the time calculated for safety margins.

Tamb = −3°C Weight
Tinitial < 2 kg 3 kg 4 kg 5 kg 6 kg 7 kg 8 kg 9 kg

12-13 °C 59 79 96 121 141 162 186 207
10-12 °C 55 76 93 117 135 156 176 197
8-10 °C 53 71 88 107 124 145 165 186
6-8 °C 50 66 83 96 114 131 148 165
4-6 °C 45 55 69 83 100 117 131 148
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B. Additional figures and graphs

Figures from the variable temperature trials in comparison to the model can be seen in
the following pages.
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B. Additional figures and graphs

Figure B.1: The cooling curves for trial 1 with 2 kg fish.

Figure B.2: The cooling curves for trial 1 with 4 kg fish.

Figure B.3: The cooling curves for trial 1 with 6 kg fish.
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Figure B.4: The cooling curves for trial 2 with 2 kg fish.

Figure B.5: The cooling curves for trial 2 with 4 kg fish.

Figure B.6: The cooling curves for trial 2 with 6 kg fish.
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Figure B.7: The cooling curves for trial 3 with 2 kg fish.

Figure B.8: The cooling curves for trial 3 with 4 kg fish.

Figure B.9: The cooling curves for trial 3 with 6 kg fish.
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Figure B.10: The cooling curves for trial 4 with 2 kg fish.

Figure B.11: The cooling curves for trial 4 with 4 kg fish.

Figure B.12: The cooling curves for trial 4 with 6 kg fish.
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C. The tables from the ice melting
trials

The tables used when logging the melting of ice in the containers over the four trial
periods can be seen on the following pages.
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C. The tables from the ice melting trials

Figure C.1: The ice melting measurements from trials 1 and 2.
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Figure C.2: The ice melting measurements from trials 3 and 4.
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C. The tables from the ice melting trials
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D. Additional models

This chapter explains the usage of process modeling in Matlab and state-space model-
ing in R-studio by CTSM-R, which both proved not useful for the work in this thesis
but are presented for documentation purposes.

D.1. Process modeling in Matlab

To initially gather the data and interpret the measurements, the system identification
toolbox in Matlab was used. The toolbox offers various ways of interpreting the data
and some preprocessing options are available for different kinds of data. The process
models generated were continuous-time transfer function models. The toolbox offers
a flexible way to structure the models based on known time delays, system gain, time
constants, poles or zeros. The measurement data was imported into the toolbox as
both input and output and then the program had to be informed if the input was a
discrete-time or continuous-time data. The estimation method was then chosen and
various models generated and tested. The most important aspects of the models were
the impulse response function as well as the autocorrelation of residuals but a few of
the models gave an unstable impulse response and were therefore not used for further
analyzing. To fit the data and generate a model, model types using either two or three
poles were tested. This can be observed for the two and three pole systems in Equations
D.1 and D.2, respectively.

G(s) = Kp ·
(1 + Tzs) · e−Tds

(1 + Tp1s)(1 + Tp2s)
(D.1)

G(s) = Kp ·
(1 + Tzs) · e−Tds

(1 + Tp1s)(1 + Tp2s)(1 + Tp3s)
(D.2)

The system can furthermore be expanded as an under-damped one, transforming the
poles to a complex form. The output, as observed by the equations above is presented
by the notation G(s), in Laplace form. This can be transformed into the time plane
using inverse Laplace transformation but the drawback of that method that the output
can’t be changed and will only take note of the input data originally imported into the
system identification toolbox. This fact was one of the reasons why the process models
were not developed further in this study despite giving reasonably good results early
on for the data chosen.
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D.2. State space modeling in R Studio

The second approach tested was the state space modeling technique available through
the CTSM-R (Continuous time stochastic modeling in R) toolbox expansion to R. As
the name suggests, the toolbox gives the user the framework for estimating stochastic
grey-box models. The main advantages of the method are that both system and mea-
surement noise can be accounted for as well as non-linear and non-stationary systems
can be modeled. The data was read into R as a data.frame type but the base in this
study was a simple .txt file. The inputs and outputs were specified as the ambient tem-
perature Tin f and the fish temperatures Th and Ts, respectively. To begin with, a very
simplified version of the system was generated to test the applicability of the method
and the goal was to then expand on that approach and build the model from ground
up. The state equations were added according to Equations (D.3) and (D.4).

dTh = (c1 · (Tin f − Th) + b1 · (Tin f − Ts))dt + s11 · dω1 (D.3)

dTs = (c2 · (Tin f − Ts)dt + s22 · dω2 (D.4)

The idea behind this approach was that there would be specific constants, c1 and c2,
determining the rate of change in cooling for both the tail section, Ts and the loin sec-
tion, Th. An additional factor, b1 was then added to Equation (D.3) to take into account
the temperature change in the tail. This was done to couple together the cooling in the
tails and the loins. With the tail being the more responsive of the two, a specific ad-
dition to Equation D.4 was not needed at that time. The setup of the equations above
was furthermore chosen so that the constants would all be positive. Finally, a noise
term was added at the back of each equation with a fixed variance according to the
instructions of the program itself (Juhl et al., 2013). In order for the program to run, the
parameters were then specified with initial, upper and lower bounds. These bound-
aries were chosen wide to begin with as there was not much knowledge on where
the real values were at but the idea was to narrow them down as the simulations got
on. However, with not enough stimulation going on in the data, the models did not
manage to converge with this method.
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