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(ABSTRACT)

Seafood transportation/distribution has become an important activity in the seafood
industry due to increasing global demand for fresh seafood. Providing good quality seafood
to consumers requires appropriate handling and packaging technology. The purpose of this
research is to study the effect of various combinations of insulation and coolant quantities
on temperature distribution within a seafood shipping container and packaging cost.

A three-dimensional transient heat transfer model was developed to predict the
temperature distribution in a fish shipping container. The finite element method was used to
develop the model. An eight-noded isoparametric hexahedron element was selected. The
geometric configuration of the fish shipping container and the physical and thermal properties
of the materials used for packaging were the input parameters of the model. The model
validation was performed in two stages to ensure component-wise validation. The first stage

was for the case with no ice. The second stage was for the case with ice. The results from



the model were compared to those obtained through experiments. Predicted and observed
temperatures showed good agreement. The temperature predictions were within 2 °C for the
case with no ice and 3 °C for the case with ice.

The effect of a polyethylene/aluminum foil laminated bag on the temperature
distribution in the shipping container was studied for the case with no ice. The temperatures
of high density polyethylene, which simulated fish, were reduced by approximately 3 °C
(maximum) due to the low emissivity of aluminum foil.

The model was applied to study the effect of various combinations of insulation and
coolant quantities on the temperature distribution and the packaging cost. It was found that
the fish container with 1.70 cm thick polystyrene and 10 kg of ice can be used for a required
shipping time of 24 hours whereas the fish container with 2.54 cm thick polystyrene and 10
kg of ice can be used for a required shipping time of 48 hours under the simulated transport

conditions used in this study.
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1. INTRODUCTION

The most recent figures show that the global per capita seafood consumption
increased approximately 19% from 11.3 kg to 13.4 kg between 1980 and 1989. Moreover,
there has been a very substantial increase in total seafood consumption in some of Asia's
rapidly developing economies since 1980 (Rhodes, 1993). Due to the belief that fish is a
nutritional and healthy food, per capita fish consumption in the U.S. has increased almost
22% from 12.3 pounds (5.59 kg) in 1982 to about 15 pounds (6.82 kg) in 1989 (Jenkins and
Harrington, 1991). Because of this increasing global demand, seafood
transportation/distribution has become an important activity in the seafood industry.

In general, seafood is classified into fish and shellﬁsh. Shellfish are grouped into
crustaceans, such as shrimp, lobster, crab, and crayfish; and mollusks, such as oysters, clams,
squid, and scallops (Robertson, 1993). Fish represents the largest share in the total seafood
consumption. Consumers normally prefer fresh fish to frozen fish due to its better
organoleptic properties, such as appearance, flavor, and texture (Whittle et al., 1990).
However, seafood (especially fish) is very perishable. One of the major problems with fresh
fish distribution is loss due to quality degradation while being transported from the site of
production to the site of consumption. Fish needs to be maintained at low temperatures to
avoid deterioration.

Temperature is the most crucial parameter in fresh seafood spoilage (Schoemaker and

Singh, 1991). Temperature rise and temperature fluctuation will cause rapid fish spoilage.



Microbial, enzymatic and chemical spoilage are all involved, but microbial spoilage is the most
important, particularly due to bacteria. Bacterial spoilage commences immediately after rigor
mortis or death stiffening (Wheaton and Lawson, 1985). Low temperature prolongs the rigor
mortis period so that the shelf life of fish is longer. Also, the minimum temperature for
microorganism growth is an important consideration. The lower the incubation temperature,
the longer the lag phase and the generation time. The major bacteria responsible for fresh fish
spoilage are those found in the psychrotrophic group and the psychrophilic group(Walker and
Stringer, 1990). Pseudomonal, Moraxella, Acinetobacter, Flavobacterium, and Cytophaga
species are usually found in spoiled fish (Robertson, 1993). However, when the temperature
increases, other bacteria, i.e., mesophiles and thermophiles become active as well. The rate
of fish deterioration doubles for every 5.5 °C increase in temperature (Sacharow and Griffin,
1980).

Providing good quality fish to consumers requires appropriate handling and packaging
technology. Properly designed refrigeration facilities, good packaging, and good
communication are the important factors in fresh fish distribution.

Refrigerated transport is essential for shipping fresh seafood. Among all the methods
of fresh seafood transportation, the refrigerated truck is the most common. However, time
constraints make this method unsuitable for long distance transport. Air transportation is a
more viable alternative for long distance transportation.

The need for air transportation of seafood is expected to increase in the near future.

In 1987, approximately 6 billion pounds (2.73 million tons) of seafood was transported by air



inthe U.S.. This amount was about 4% of the world's annual catch of approximately 154
billion pounds (70 million tons) of seafood (National Fisheries Institute and Air Transport
Association of America, 1987).

Packaging plays an important role in air transportation of seafood. Desirable
characteristics of packaging for air transportation are lightness and strength; it should also be
leakproof in order to protect other cargo and withstand rough handling. The simplest
container is made of a combination of materials, such as a water-proof corrugated carton
with two polyethylene liners and an insulator between the liners (Schoemaker and Singh,
1991). The insulation is essential for slowing down the rate of heat transfer from the
environment to the container due to its low thermal conductivity. The thickness of
insulating material can be reduced by making use of the radiative heat reflection ability of
metallised surfaces. For example, the ThermaGard packaging system comprises a metallised
plastic bag in which the fish is packed, a bubble-pack and a water-proof carton (Schoemaker
and Singh, 1991). Next to the insulation layer is a coolant. Coolant is needed to absorb heat
from the environment surrounding the container. Both the amount of coolant and the
arrangement of coolant affect the temperature distribution (Chattopadyay and Bose, 1974 and
Stringer, 1990). There are various types of coolant arrangement. A typical one is placing
the coolant along the top and bottom of the container. Fish is placed at the center of the
container. In fact, coolant should also be placed along the other four sides of the container
in order to increase the efficiency of temperature control (Schoemaker and Singh, 1991;

Stringer, 1990).



Two major types of coolant used in fresh fish shipping container are water ice and gel
ice. Gelice is considered the most suitable coolant for air transport. The difference between
gel ice and water ice is that gel ice is less likely to leak and thaws approximately five times
more slowly than water ice (Harris, 1982). However, water ice is cheaper than gel ice. As
mentioned earlier, low temperatures retard enzyme activity and microorganism growth;
therefore, the adequacy of the coolant is important in assuring sufficient temperature
maintenance. This means that when the shipment reaches its destination, at least some
coolant should still be present.

The accurate prediction of temperature distribution in fresh fish containers during
shipping is very important in both packaging design and quality control for fresh fish. One
method of finding the temperature distribution is collecting temperature data at locations of
interest in the fish container over a period of time. However, this is a time-consuming and
costly method. Knowing geometry, composition, thermal properties, and boundary and initial
conditions, mathematical models can be implemented and used to predict the temperature
distribution in a fish container accurately. The mathematical models then can be applied to
study the effect of various combinations of insulation and coolant quantities on the
temperature distribution.

Numerical methods have been successfully used to model a wide variety of heat
transfer problems. The finite element method is one of the numerical techniques that may be
used for computer modeling of temperature distribution in the fresh fish container. In the

finite element method, the continuum region is discretized into finite elements. The governing



equation, the material properties, and the boundary conditions are considered over these
elements. An approximate solution is then obtained at each element corner by solving a set
of equations.

Most of the available studies have concentrated on one- and two-dimensional
problems. A limited number of research results have been reported for three-dimensional
problems, and three-dimensional analysis of heat transfer in fresh fish packaging has received
especially rare attention. This research is intended to fill this gap by developing a three-
dimensional finite-element model for heat transfer in fresh fish packaging. Once the model
is developed, it can be applied to other seafoods as well. This model will help in packaging
design and temperature prediction in order to assure better quality seafood for consumers.

It should be noted that the terms, "shipping container", "packaging container", and
"container" used throughout this study have the same meaning; i.e., a container which consists

of cardboard with polystyrene as an insulator, and with or without ice as a coolant.



2. OBJECTIVES

The main purpose of this research was to develop a practical model for designing and
analyzing fresh seafood packaging containers. The geometric configuration of the container,
along with the physical and thermal properties of materials used for packaging, were the
input parameters for temperature distribution prediction. Simulation runs with varying inputs
were used in finding an optimum packaging design.

The specific objectives of this study were as follows :

1. To develop a three-dimensional heat transfer (including phase change) model for
predicting temperature distribution in fresh fish shipping containers.

2. To validate the model by comparing the temperature distribution predicted by the
model and the temperature distribution determined experimentally for fish shipping containers.

3. To study the effect of polyethylene/aluminum foil laminated bag on the temperature
distribution through experimentation.

4. To use the model to study the effect of various combinations of insulation and

coolant quantities on temperature distribution and packaging cost.



3. REVIEW OF LITERATURE

A survey of the literature reveals wide use of the finite element method for
temperature prediction but few studies of fish shipping containers.

Baerdemaeker et al. (1977) illustrated the application of the finite element method to
modeling heat transfer in foods. The axisymmetric transient heat conduction equation
(without internal heat generation) was solved by using either the Galerkin method or the
weighted residual method with linear time elements to formulate the element solution set.
The finite difference method was used to evaluate time elements. The input parameters for
the computer program were the thermal properties and the specified boundary conditions.
The model then was applied to the cooling of fruit and the cooking of a chicken leg.

Misra and Young (1979) modeled the temperature profile and time-temperature
variations in an apple while drying. The element equations were derived from the transient
heat conduction in spherical coordinates by the variational method. The grid configuration
was composed of two-node linear elements. The time-dependent equation set was solved by
using the Crank-Nicolson method. The physical and thermal properties of the apple were
assumed to be constant. The relative humidity and air temperature were constant during
drying. The results showed that the predicted temperatures were not statistically different
from analytical values.

Gustafson et al. (1979) analyzed the temperature distribution and stress distribution

in the corn kernel during heating and cooling. A computer program developed by Gustafson



(1977) was used for calculation. Both programs from the software package for two-
dimensional transient heat transfer and two dimensional stress analysis used linear triangular
elements. The time dependent heat transfer program used a finite element in space with the
finite difference (forward scheme) in time approach. The results showed that during heating,
the maximum tensile stress was found near the center of the soft endosperm. However,
during cooling the maximum tensile stress was found near the crown of the hard
endosperm.

Robinsky and Cravahlo (1981) studied one-dimensional phase change problems which
occur at a specified temperature by using the finite element method. Two-node elements
were introduced. Good agreement in temperature distribution was found between the
expected result and the result from the literature.

Arce et al. (1983) modeled a beef carcass during cooling to simulate chilling rate. The
two-dimensional transient heat conduction equation was solved by the Ritz method to
generate the conductance and capacitance matrices. Triangular elements were selected. Using
the Crank-Nicolson method with a constant capacitance matrix, the nodal temperatures were
achieved. The maximum difference between the predicted and measured temperatures was
approximately 3 °C.

Naveh et al. (1983) applied the finite element method in thermal processing. The
transient quasi-harmonic equation for heat conduction in an anisotropic and nonhomogeneous
material in a cylindrical coordinates system was solved by the variational method. Grid

generation was based on either triangular elements or quadrilateral elements. Because of



axisymmetry and the horizontal plane of symmetry at the midheight, only one quarter of the
can was considered. CDC CYBER 74 software was used. The validation was performed
by using temperature data, for example, of apple sauce in a jar during its thermal process.
The following were key findings in this study: (1) the slowest-heating zone was along the
axis of symmetry in the region close to the head space; (2) the effect of glass on product-
heating rate is significant, especially in small jars.

Jiang et al. (1987) simulated the temperature distribution of Broccoli stalks in a forced
air precooling process. The axisymmetric transient heat conduction equation was solved to
formulate the model. The respiration effect was included by allowing the heat generation
term to be temperature-dependent. The computer program DOT (Determination of
Temperature), by Polivka and Wilson (1976), was modified. The predicted temperatures and
the measured ones were within 1.1 °C.

Tamma and Yurko (1989) studied finite element thermal modeling/analysis
formulations for layered composite materials. The appropriate element equations were
derived by using the variational method. For either steady or unsteady state problems, the
element's thermal matrices were considered for the different thermophysical properties in each
layer and in the interface layer. These formulations allowed elements to span across the
interface of materials with difference in thermophysical properties. In addition, for unsteady
models, two methods, namely four-noded and eight-noded layered thermal elements, were
used for approximating the capacitance matrices. There was no significant difference

between the two methods. The layered elements with quadratic variation gave better



performance than the layered elements with linear variation. Good agreement was found in
comparative results of numerical test cases.

Alagasundaram et al. (1990) developed a three-dimensional finite element model to
predict the temperature distribution in grain storage bins. The governing equation for
transient heat conduction in the Cartesian coordinate system was solved. The variational
method was introduced in model development. The linear and quadratic hexahedron element
with either 1, 2, or 3 Gauss point quadratures was used. It was suggested that linear elements
were favorable due to less CPU time for execution of the model.

Pan and Bhowmik (1991) estimated the temperature distribution in an axisymmetric
fresh tomato during cooling. Finite element formulation was created by solving the two-
dimensional transient heat conduction equation in anisotropic and inhomogeneous material.
The commercial computer software package ANSYS, Swanson Analysis Systems, Inc.
(Houston, TX), was used to predict the temperature distribution in tomatoes. According to
axisymmetry, the vertical cross section of the tomato was divided into isoparametric
triangular elements. The rate of respiration of tomatoes was simulated by the heat generation
term. The results from model predictions agreed with those from experiments within 1 °C.

Mallikarjunan and Mittal (1994) developed a two-dimensional heat and mass transfer
model of beef carcass chilling using the finite element method. Simulation was performed in
five zones of the carcass; i.e., round, sirloin, loin, rib, and chuck. Three different chilling
schemes; i.e., low, medium, and high chilling rates were studied. Good agreement was found

between the results from prediction and those from the experiment (within 2.7 °C for
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temperature and 0.4% for carcass mass loss). When the chilling rate is higher, the chilling
time and carcass mass loss is lower.

There were few studies on temperature distribution in the fish containers.
Chattopadhyay and Bose (1974) compared thermal time constants of three different fish
containers in order to investigate insulation efficiency. A plywood box lined inside with
1-cm thick expanded polystyrene in polyethylene bag was found to have the highest thermal
time constant (6.7 hours), followed by a 3-ply double walled corrugated moisture proof board
with wood wool insulation in between the walls (5.25 hours), and a plywood box lined inside
with polyethylene film (3.9 hours), respectively. They also investigated three different
arrangement of ice and fish. Each arrangement had five layers of either ice or fish. The
first layer (the top of the fish), the third layer (the middle layer), and the fifth layer (the
bottom of the fish) were ice. The second and fourth layers contained one-half of the fish
each. It was found that the container with half of the ice in the first layer and one-fourth of
the ice in the third and fifth layers each had the lowest midplane temperature compared to
those two containers with one-half of the ice in the fifth layer and one-fourth of the ice in the
first and third layers each, and with one-fourth of the ice in the third layer and three-eights of
the ice in the first and fifth layers each.

Stringer (1990) developed the finite element model to predict the time-temperature
distribution of fish containers under simulated transport conditions. The transient heat
conduction equation in the Cartesian coordinate system was solved in two dimensions. The

element solution sets were obtained by using the weighted residual method. The commercial
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computer software package ANSYS Version 4.3a, Swanson Analysis Systems, Inc. (Houston,
TX), was used. Two boundary conditions were applied to the model : (1) still air at 30 °C,
and (2) the approximate temperatures encountered during one of the shipments. It was
difficult to compare the predicted temperatures with the experimental temperatures, due to
the unequal amount of ice. However, the comparison indicated that the model provided a
reasonable representation of the containers heat transfer response. In addition, the predicted
ice melting times from the first boundary condition were lower than those from the other
boundary condition. This was attributed to the fluctuation of the temperature distribution
in the latter boundary condition. ~ Stringer also compared three different ice placements.
The container with half of the ice on the top and half on the bottom of the fish had the lowest
temperature distribution compared to those two containers with ice only on the top, and with

half of the ice on the top and half on the middle of the fish.
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4. MATERIALS AND METHODS

This chapter describes model development; implementation and computer program;
experiments for model validation using high density polyethylene, which simulated fish, for
the shipping container with ice and with no ice; experiments for the shipping container with
polyethylene/aluminum foil laminated bag; and model simulations using effective properties

of fish.

4.1 Model Development

Accurate prediction of temperature distribution in food during handling, processing,
packaging, and transportation is important in order to maintain food quality. Several
numerical solution techniques, such as the finite element method, the finite difference method,
and the control volume method, have been employed to predict temperature distribution.
The finite element method is one of the most widely used methods because it offers several
advantages. The fundamental concept of the finite element method is based upon dividing the
region under study into small elements (which are connected with each other in common
points called nodes or nodal points) so that the solution in each small element can be
approximated at the nodal points (Segerlind, 1976 and Reddy, 1993).  Puri and
Anantheswaran (1993) list the following advantages of the finite element method: (1) it is

easier to model composite materials with different physical and thermal properties, (2) greater
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accuracy can be achieved for irregular shape domain, (3) the method is suitable for non-linear
problems, (4) element sizes can be easily varied, and (5) it is easier to model mixed boundary
value problems.

In this research, a three-dimensional transient heat transfer model, including phase
change (thawing of a coolant), was developed. Two modes of heat transfer; i.e., conduction
and convection were included. Heat convection was included in the model as boundary
condition.

As mentioned earlier, temperature distribution inside the fish shipping container has
a great effect on fresh fish quality. Temperature rise and fluctuation will cause fish loss due
to microbial spoilage. Therefore, the main purpose of the model was to predict the
temperature distribution in the containers under specified conditions. = Model input
parameters were container and packaging geometry, thermophysical properties of materials
used in the construction of the containers, and boundary and initial conditions. Model output
was the predicted temperature distribution.

The finite element method was used to develop the model. Results from the finite

element method were compared to those obtained through experimentation.

4.1.1 Assumptions
The model development was based upon the following assumptions :
(1)  The problem is transient. During fresh fish shipping, temperature varies with time.

2) Each material is homogeneous and isotropic.

14



3) Physical, and thermal properties of each material do not vary with temperature.

“4) All components in the container are in perfect contact with each other.

(5 The boundary condition at the outer container surface is convection from air.

(6) The convective heat transfer coefficient (h) and surrounding air temperature (T;) are
uniform and constant. In practice, fish containers may be stacked; however, it is reasonable
to consider only one container as a guide since it represents the worst case.

@), Initial temperature is uniform. Ideally the shipping container is placed in a
refrigerator to maintain temperature at approximately O °C before shipping.

(8)  Fish packed in the shipping container have a rectangular shape. Fish are usually
placed in a rectangular box; therefore, a rectangular shape was assumed.

)] Phase change occurs within a temperature range of -1 °C to 1 °C. Phase change is
estimated by allowing a step change in specific heat over this temperature range.

(10)  The rate of internal heat generation is negligible. The heat of respiration of fish is low

at low temperature.

4.1.2 Governing Equation and Boundary & Initial Conditions

The governing equation for three-dimensional transient heat conduction in an isotropic

solid body without heat generation in the Cartesian coordinate system is given as (Grigull and

Sandner, 1984; Incropera and Dewitt,1990; Ozisik, 1993 and Akin, 1994):
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