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(ABSTRACT) 

Several factors related to the proper shipping of fresh seafood by airplane were studied in this 

thesis. These included precooling, gel pack effectiveness, external temperatures encountered 

by shipping containers, and coolant placement in a shipping container. 

Experiments were conducted to determine cooling times of 10 and 20 pound boxes and 10 

pound bags of whole fish. The ”10-pound” box was then modelled using finite element tech- 

niques. The model was found to accurately predict the temperature response of the box for 

a constant temperature boundary condition. Different boundary conditions were applied to the 

model. These were: constant temperature (such as an ice-slurry); low, medium and high ve- 

locity air (such as in a commercial refrigerator). The model was then used to predict cooling 

times for the other boundary conditions. 

The enthalpy needed to thaw the contents of different gel packs was measured and compared 

to that of ice. None of the gel packs had as high an enthalpy as ice. In addition, the warming 

characteristics of the gel packs with the highest enthalpy was compared to those of ice. It 

was found that the warming characteristics of the gel pack appeared to be similar to that of 

ice. 

The actual shipment of seafood to distant markets was studied by sending a data logger with 

several shipments to the west coast and collecting temperature data every 5 minutes during 

these shipments. Temperatures in 12 different locations were measured. Of particular inter- 

est were the outside temperatures which were later used in the modeling of the shipments.



The shipments were sent in EQ containers. The containers experienced a wide range of 

temperatures. 

A finite element model was developed to predict the temperature of seafood under simulated 

transport conditions. Two boundary conditions were applied to the model; these were still air 

at 30°C and the approximate temperatures encountered during one of the shipments. Three 

different arrangements of coolant placement were studied. These were all ice on top of the 

product, half the ice on top and half in a layer in the middle of the product, and half of the ice 

on top of the product and half of the ice below the product. The latter arrangement provided 

the most uniform temperature distribution of the three through 18 hours of simulation. It was 

also found that shipments should be delivered in less than 24 hours for the amount of coolant 

used.
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Chapter 1 

Introduction 

On the average, every American consumes more than 15.2 pounds of seafood per year (U.S. 

Department of Commerce). There has been a dramatic increase in consumption of seafood 

in the United States as well as the rest of the world over the past 10 years. This increase is 

likely due to an increased concern among people to eat healthier foods. Seafood is consid- 

ered to be healthier than both beef and pork. This increased consumption of seafood has also 

led to an increase in the demand for fresh seafood. Fresh seafood can be differentiated from 

frozen seafood in that it may not be frozen in part or wholly at any time prior to its purchase. 

Fresh seafood is often in demand in Jocations distant from the coasts of the United States. In 

addition, there is also a special demand for Atlantic and Chesapeake Bay varieties in markets 

as far away as the West Coast. This new demand has generated a problem that the seafood 

industry has not encountered previously: delivering a high quality fresh product to a market 

that cannot be reached in a reasonable time using traditional transportation methods. As a 

result, producers are turning more and more to air transportation to deliver their fresh seafood 

to market. 
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Air transportation has one major advantage over transportation by refrigerated truck. Re- 

frigerated truck transport is limited in the distance it can service due to the amount of time 

required to drive to some markets, as in the case of trans-continental transport. For markets 

that cannot be reached by truck in a reasonable amount of time air transportation is the only 

feasible alternative form of transportation. 

It has been estimated that up to 5 million tons of product are lost each year in the seafood 

industry; a large proportion of this loss can be contributed to spoilage of product by 

microorganisms (Wheaton and Lawson, 1985). The primary factor responsible for the loss of 

quality in fresh seafood transportation and storage is poor temperature maintenance. 

Holding temperatures are very important, because even small changes in temperatures can 

greatly affect the quality and shelf-life of seafoods. The type of microorganisms which com- 

prise the microbial population of seafood is determined, to a large extent, by the harvesting 

location and the season. Bacterial populations of seafood are most often psychrotrophic. The 

most common bacteria isolated from most types of seafood include members of the genera: 

Pseudamonas, Moraxella, Acinetobacter, Alteromonas, Flavobacter and Vibrio (Hoff, et a/., 1967 

and International Commission on Microbial Specifications for Foods, Vol. 2, 1980). 

Four major physiological groups of bacteria may be distinguished by their temperature ranges 

for growth: thermophiles, mesophiles, psychrophiles and psychrotrophs. Of these groups, 

psychrotrophs are the most important when considering air transportation of fresh seafood. 

Psychrotrophs have a minimum growth temperature of -5 to 5°C, an optimum growth temper- 

ature of 25 to 30°C, and a maximum growth temperature of 30 to 35°C. (International Com- 

mission on Microbial Specifications for Food, Vol. 1, 1980). 

Temperature has a pronounced effect on the growth of bacteria. Bacteria grow faster at their 

optimum temperatures and even small temperature decreases can greatly slow growth 

(Ingraham, 1958). For example, Ingraham demonstrated that if the generation time (the time 
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for the viable population to double) of a psychrotrophic bacteria is 30 minutes at 25°C, it will 

be 75 minutes at 20°C, 120 minutes at 15°C, 200 minutes at 10°C and 1200 minutes at O°C. 

As spoilage is to a large extent a function of bacterial growth, and seafood will generally spoil 

between 1 million 100 million cells per gram, then it is obvious that the initial population and 

generation time are critical factors in determining shelf-life and quality. As an example, if 

finfish fillets have an initial population of 10,000 bacteria per gram and are spoiled at 10 million 

bacteria per gram, then the expected shelf-life can be determined using the above generation 

times. It will take 10 generations to reach a spoilage level of microorganisms in the fillets. 

Therefore, at O°C the shelf-life would be 8.3 days, at 5°C the shelf-life would decrease to 2.6 

days and at 10°C the shelf-life is only 1.4 days. 

Fluctuations in temperature are also very important to the shelf-life. If the fillets were initially 

at 25°C and held at this temperature for only 2 hours and then cooled to O°C the shelf-life 

would drop from 8.3 days to 5 days. If it had been held for 3 hours the shelf-life drops to 3.3 

days/ In this example the concept of pre-chilling is brought out. The idea that product should 

be chilled as quickly as possible prior to shipment to keep the initial count of microorganisms 

as low as possible. 

To control temperature one must have some knowledge of the overall transportation process. 

However, little is known about the environmental conditions to which seafood is subjected 

during air transport. Therefore, it is difficult for a processor to know what to expect while his 

product is in transport to market. 

In air transportation there are many methods of packaging currently being used by process- 

ors. A brief description of the most common practices is summarized here. The most com- 

mon weight of seafood shipped is 60 to 100 pounds. however, shipments as large as 10,000 

pounds or as small as 25 pounds occur. The most common package used to transport fish 

by air is the EQ container. It is designed to carry between 80 and 120 pounds of seafood, the 

norm being 100 pounds of seafood plus the coolant. The seafood may be packaged in 
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polyethylene or metai boxes each holding 10 or 20 pounds or may be packaged in plastic bags 

holding 10 pounds or may be shipped in bulk. The metal containers are being phased out of 

use. These smaller packages are placed inside the EQ container after the container has been 

lined with a plastic bag and 3/4-inch insulation made of polystyrene. The polyethylene boxes 

will provide the best seafood upon arrival in general as the shock of handling will have little 

effect on them. Once the seafood is placed in the EQ container a coolant is placed on top of 

it, although some may place coolant on the bottom as weil or in layers. Layering may have 

the best effect when seafood is shipped in bulk. The package is then closed and taped shut 

with packaging tape and taken to the airport for shipment. 

A container may encounter very different conditions during air transportation for different 

shipments. Some of the possible scenarios are given below. They are not actual shipments, 

but are based on experiences some processors have encountered. 

From Hampton, VA processor A may want to send a shipment to Los Angeles, CA. In order 

to make the trip to L.A. the airline must ship A’s shipment to Charlotte, NC, then to Phoenix, 

AZ, because no direct flights are available. A drops his shipment off at the airport at 10:00 

AM and it is placed on a 3:35 PM flight to Charlotte. It arrives in Charlotte and the handlers 

notice that it says on the package to refrigerate if possible, so they place it in a floral 

refrigerator set at 45°F. The package remains in storage for twelve hours until being loaded 

onto an airplane for Phoenix. During the flight the temperature in the storage area drops to 

45°F. It arrives in Phoenix at 2:00 PM EST. Upon arrival it is immediately loaded onto a flight 

for L.A., but the flight does not leave until 5:00 PM EST. As the package sits in the storage 

compartment the temperature rises to 90°F. Finally, at 7:00 PM EST 33 hours later it arrives 

in Los Angeles. 

Processor B wants to ship a seafood package to Monterey, CA. He also delivers his package 

at 10:00 AM to the airport in Hampton, VA. There is a flight to San Francisco at 11:00 AM on 

which the package is placed. It arrives in San Francisco at 4:00 PM EST and is placed im- 
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mediately on a truck headed for Monterey and arrives there shortly after 5:00 PM EST only 7 

hours after being delivered to the airlines. 

Processor C wants a seafood package delivered to Las Vegas, NV. He also delivers his 

shipment to the airline in Hampton at 10:00 AM. This shipment must also be routed through 

Charlotte and Phoenix. It follows the same course as the first shipment until it reaches 

Phoenix. {t is left on the plane by mistake and misses the flight to Las Vegas. The next flight 

is not for 18 hours, but the airlines knows if it can deliver the package in 48 hours they have 

completed their part of the shipping agreement, so they wait and ship it on that flight. During 

the wait the box is placed in a storage area which is not temperature controlled and during 

this very hot day the temperature reaches 100°F inside, but drops later in the day to a low of 

80°F in the evening. It is loaded onto the airplane and arrives in Las Vegas at 9:00 AM EST 

47 hours after shipment. All product inside is in an unsellable condition. 

From the above discussion, several factors that affect the success of a shipment of fresh 

seafood can be identified. These include the amount of time required for the shipment to 

reach it’s destination, the amount and placement of gel packs, the amount and type of insu- 

lation, the manner in which the product is packaged, the thermal environment to which the 

container is subject, and the handling of the container during shipment. The purpose of the 

research reported on in this thesis was to investigate some of these factors so that recomm- 

endations for improvement of shipping methods could be formulated. 
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1.1 Objectives 

The objectives of this research were: 

1. to estimate the amount of time needed to cool fish in a *10-pound” box, 

to model cooling of fish in a ”10-pound” box using finite element analysis, 

to use this model to estimate the cooling time for various boundary conditions, 

to determine the effectiveness of one type of gel pack and compare this to the effective- 

ness of ice, 

to measure the range of temperatures seafood packages may encounter during trans- 

portation, 

to develop a thermal model of a fresh seafood shipping container, and 

to examine model behavior due to three different coolant placements. 
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Chapter 2 

Review of Literature 

The literature published on air transportation of fresh seafood is limited. Wheaton and Lawson 

(1985) published a near comprehensive treatise on handling and processing of aquatic species 

and food products, but only briefly discussed shipment of fresh product. Martin and Flick 

(1990) also published a comprehensive work on the seafood industry. A chapter was included 

on the transportation of product to market. This chapter included refrigerated truck transport, 

non-refrigerated truck transport and air transport. It is pointed out that product must be 

maintained at a temperature below 45°F (7°C) and a temperature below 5°C is preferable. 

Most of this text is a replication of materia! covered in the NFI and ATA report discussed be- 

low. 

Barnett (1988) discussed the horrors some processors have encountered in trying to transport 

fresh seafood by air. She gave several practical suggestions for avoiding these problems. 

One important publication is Guidelines for the Air Shipment of Seafood (National Fisheries 

Institute and Air Transport Association of America, 1987). This manual is particularly lacking 

in the area of technical information. There is no information on expected temperatures that 

a seafood container may be expected to encounter. There is no information about the quality 
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and efficiency of the numerous gel packs on the market. There is no information about the 

possible amounts of gel packs that may be needed in order to ensure product integrity. There 

are, however, practical facts for shippers, handlers, and packaging manufacturers. Two con- 

cerns addressed are: that all people involved in air transport need to work together so that a 

shipment will arrive in good condition, and that good communication between air carriers and 

the seafood processors must exist. This manual also contains information on acceptable 

methods of packaging, packaging design, coolants, and several important handling and 

packaging procedures. 

Wagner, et a/. (1969) described a container specifically developed for shipment of fresh fish. 

The shipments were made by unrefrigerated truck to 3 locations from 150 to 700 miles from 

the processing location of Gloucester, MA. The cities selected were Burlington, VT, 175 miles 

away; Syracuse, NY, 355 miles away; and Pittsburg, PA, 655 miles away. A total of 10 weekly 

shipments were made to each location. Each shipment consisted of two or three 25-pound tins 

of fresh fish cooled for 48 hours to 33°C and then packed into the BCF (Bureau of Commercial 

Fisheries) container. The BCF container consisted of a cardboard box lined with a plastic bag 

and 2 inches of polystyrene insulation. The shipments were packed in 24 to 30 pounds of ice 

frozen in polyethylene bottles or in 10 to 15 pounds of crushed ice with a slab of ura- 

formaldehyde foam to absorb moisture. The longest time a shipment took to arrive was 77.0 

hours. All product arrived in fair condition, but most shipments arrived in very good condition. 

The conclusion was that seafood could be shipped as far away as 700 miles by unrefrigerated 

truck if proper packaging procedures were followed. 

Chattopadhyay and Bose (1972) investigated the placement of ice in shipping containers to 

minimize temperature rise in the containers. Their goal was to keep fish cool for 72 hours, 

during which time the fresh fish would be delivered from processor to market via train. In 

these studies fish at 5°C were packed with an equal quantity of ice in an insulated shipping 

carton made of plywood. The insulation was made of polyurethane with a thickness of 1 cm. 

Three ice placements were studied. Each had five layers of either fish or ice. The second and 
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fourth layers had one-half of the fish each in all cases. In the first shipment the top and third 

layers contained each a fourth of the ice and the bottom layer had half of the ice. In the sec- 

ond shipment three-eighths of the ice was in the top layer and another three-eighths of the ice 

was on the bottom and the third layer contained the remaining fourth of the ice. In the last 

shipment the bottom and third layer contained one-fourth of the ice each and the top layer had 

half the ice in it. After 22 hours it was found that the temperature had reached 13°C at the 

midplane in the top of the container in the case of the third ice placement. All other ice 

placements had a higher temperature after 22 hours. This study indicated that the last ice 

position was the best. 

Rosane (1986) studied the air transportation of live shellfish. She modeled the shellfish by 

filling surgical gloves with a water and sodium chloride solution of 13.25% by weight sodium 

chloride. This provided a thermal mass close to that of the actual shellfish. Heat flow was 

measured using sensors and temperature of the thermal mass was measured over time. She 

then validated her results with the mathematical model developed by Chattapadhyay and 

Bose (1969). She encourage sub-cooling of the product. With shellfish this is practical, be- 

cause their mobility is diminished and they remain viable down to 2°C. 

Crapo and Paust (1986) studied air shipment of fresh fish in Alaska. They discussed the im- 

portance of maintenance of low product temperature to deter microbial spoilage. They found 

that if fresh fish is maintained at 32°F the product would remain in sellable condition for 10 to 

14 days depending on the species. They also discussed the use of pre-chilling of product and 

found that blast-freezers will damage the product, because the external layers of the fish will 

be cooled below freezing while the internal temperature remains high. The use of ice-water 

slurries was encouraged in pre-chilling, but noted that in this case product must be dried prior 

to packaging. They stated the following rules for fresh fish transportation: keep it cool, keep 

it clean, and keep it moving. 
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Modeland (1989) outlined the risks of microbial damage associated with transport of fresh fish 

from the point of capture to the table. 

In addition to these studies of seafood transportation a study was conducted to look into 

spoilage of fresh fish by Cook and Ruple (1989). 

Though sparse, the literature points out several important factors. The shipments need to be 

cooled as much as possible prior to shipment. The shipments may also be expected to en- 

counter extreme temperatures and poor handling by airport personnel. This was experienced 

in the course of this research when a shipment was sent to Los Angeles from Hampton. The 

shipment was received in such poor condition that one of the sides was almost completely 

missing and the product was leaking out. All temperature data had been lost because of 

leakage of blood and water into the data acquisition section of the package. Also the ship- 

ments need to be well insulated with sufficient coolant to last until arrival at their destinations. 

Conversations with personnel at Piedmont Airlines indicated that all shipments are guaran- 

teed to arrive within 48 hours. 

There is a lack of thermal properties data available for fresh seafood. While much is available 

for frozen seafood these properties would not be appropriate for fresh seafood due to the 

change in the thermal properties of water as it changes phase. In addition, the properties 

available are only for a few species of fish, specifically cod and salmon. The data available 

usually are not referenced as being for fish muscle or whole fish (Wheaton and Lawson, 1985). 

In modeling anything it is critical that the model have appropriate properties. For heat transfer 

the important properties are the density, thermal conductivity, and specific heat. These values 

or the methods for finding them were found in several references. These will be noted in this 

thesis when appropriate. 
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Chapter 3 

Theory 

The differential equation of heat transfer equation is: 

oT oT aT aT 
ky, —> + ky — s+ ik t+ Gg = pt, [3.1] 

* ax? ¥ ay” 2 62" P at 

This equation may be simplified by dropping the heat generation term and rewriting it in two 

dimensions. In that case it appears as: 

aT eT aT k,2— +k, 2 = pe, & [3.2] 
* ax? ” ay? 

It may also be assumed that thermal conductivity is the same in both x and y directions. The 

term a is the thermal diffusivity and is defined as: 

c= —— [3.3] 

where k is the thermal conductivity, p is the density, and C, is the specific heat. Thus, [3.3] 

in two dimensions may be written: 
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OT , OT _ 1 OF [3.4] 

One encounters problems in solving this equation if the continuum does not have a simple 

shape, if the boundary condition is not homogeneous, or if the continuum is not made of a 

homogeneous material. In the case of the box of fish there are two distinct materials, the box 

made of polyethylene, and the contents which are fish. In the case of the shipping containers 

there are several materials: the box made of cardboard, the liner made of plastic, the insu- 

lation made of beaded polystyrene, the polyethylene boxes, the fish and the gel packs or ice. 

Due to the material non-homogeneity these differential equations must be solved numerically. 

Some common ways Of approaching this problem include the finite difference technique and 

the finite element technique. The finite difference method takes the problem and breaks it 

down into many small parts and solves a simple difference approximation for each part. The 

finite element approach takes the problem and breaks it down into many small parts and 

solves an integral formulation of the problem for each part. The latter approach was used in 

this research. The general formulation of the finite element approach for heat transfer is 

summarized in Appendix A. 
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�T�h�e� �d�e�n�s�i�t�y� �o�f� �a�n�y� �o�b�j�e�c�t� �i�s� �t�h�e� �m�a�s�s� �o�f� �t�h�a�t� �o�b�j�e�c�t� �d�i�v�i�d�e�d� �b�y� �i�t�s� �v�o�l�u�m�e�.� �F�o�r� �s�i�m�p�l�e� �o�b�j�e�c�t�s�,� 

�s�u�c�h� �a�s� �a� �s�p�h�e�r�e� �o�r� �a� �r�e�c�t�a�n�g�u�l�a�r� �p�r�i�s�m�,� �i�t� �c�a�n� �b�e� �e�a�s�i�l�y� �c�a�l�c�u�l�a�t�e�d� �b�e�c�a�u�s�e� �t�h�e� �v�o�l�u�m�e� �c�a�n� 

�b�e� �f�o�u�n�d� �w�i�t�h�o�u�t� �d�i�f�f�i�c�u�l�t�y�.� �F�o�r� �m�o�r�e� �c�o�m�p�l�e�x� �o�b�j�e�c�t�s�,� �i�t� �i�s� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �c�a�l�c�u�l�a�t�e�.� �I�n� �t�h�e� 

�c�a�s�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �k�n�o�w� �t�h�e� �d�e�n�s�i�t�y� �o�f� �f�i�s�h� �a�n�d� �p�o�l�y�e�t�h�y�l�e�n�e� �(�t�h�e� �m�a�-� 

�t�e�r�i�a�l� �t�h�e� �b�o�x� �i�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m�)�.� �F�o�r� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �a� �v�a�l�u�e� �o�f� �9�1�5� �k�g�/�m�°� �w�a�s� �f�o�u�n�d� �i�n� 

�L�o�n�c�i�n� �a�n�d� �M�e�r�s�o�n� �(�1�9�7�9�)�.� �F�o�r� �t�h�e� �f�i�s�h� �a� �v�a�l�u�e� �o�f� �1�0�7�5�.�0� �k�g�/�m�?� �w�a�s� �f�o�u�n�d� �(�W�h�e�a�t�o�n� �a�n�d� 

�L�a�w�s�o�n�,� �1�9�8�5�)�.� �E�x�p�e�r�i�m�e�n�t�s� �t�o� �f�i�n�d� �t�h�e� �d�e�n�s�i�t�y� �o�f� �w�h�o�l�e� �f�i�s�h� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �b�e�c�a�u�s�e� �i�t� �w�a�s� 

�u�n�c�l�e�a�r� �w�h�e�t�h�e�r� �t�h�e� �v�a�l�u�e� �f�o�u�n�d� �w�a�s� �f�o�r� �w�h�o�l�e� �f�i�s�h� �o�r� �f�o�r� �f�i�s�h� �m�u�s�c�l�e�.� �A� �m�e�t�h�o�d� �d�e�s�c�r�i�b�e�d� 

�b�y� �M�o�h�s�e�n�i�n� �(�1�9�7�0�)� �w�a�s� �e�m�p�l�o�y�e�d�.� �A� �f�i�s�h� �w�a�s� �s�u�s�p�e�n�d�e�d� �b�y� �i�t�s� �t�a�i�l� �f�r�o�m� �a�n� �I�n�s�t�r�o�n� �M�o�d�e�l� 

�1�1�2�5� �U�n�i�v�e�r�s�a�l� �T�e�s�t�i�n�g� �M�a�c�h�i�n�e�.� �T�h�e� �w�e�i�g�h�t� �o�f� �t�h�e� �f�i�s�h� �i�n� �a�i�r� �(�W�? ��)� �w�a�s� �m�e�a�s�u�r�e�d�.� �T�h�e� �f�i�s�h� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �4�5



�w�a�s� �t�h�e�n� �l�o�w�e�r�e�d� �i�n�t�o� �a� �b�u�c�k�e�t� �o�f� �t�a�p� �w�a�t�e�r� �a�n�d� �t�h�e� �w�e�i�g�h�t� �w�a�s� �m�e�a�s�u�r�e�d� �(�W�y�e�)�.� �U�s�i�n�g� �a� 

�r�a�t�i�o� �o�f� �t�h�e�s�e� �t�w�o� �w�e�i�g�h�t�s� �i�t� �w�a�s� �p�o�s�s�i�b�l�e� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �o�f� �t�h�e� �f�i�s�h�.� �T�h�e� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �i�s� �b�y� �d�e�f�i�n�i�t�i�o�n� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �d�e�n�s�i�t�y� �o�f� �a� �m�a�t�e�r�i�a�l� �d�i�v�i�d�e�d� �b�y� �t�h�e� �d�e�n�s�i�t�y� �o�f� 

�w�a�t�e�r�.� �S�i�n�c�e� �t�h�e� �d�e�n�s�i�t�y� �o�f� �w�a�t�e�r� �i�s� �1�0�0�0�.�0� �k�g�/�m�?� �t�h�e� �d�e�n�s�i�t�y� �o�f� �a�n�y� �m�a�t�e�r�i�a�l� �i�s� �1�0�0�0� �t�i�m�e�s� �i�t�s� 

�s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y�.� �S�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �i�s� �a� �d�i�m�e�n�s�i�o�n�l�e�s�s� �p�a�r�a�m�e�t�e�r�.� �T�h�e� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �i�s�:� 

�w�a� �+� �w�h�t�?� 
�w�t� 

�[�4�.�1�]� 

�T�h�i�s� �t�e�s�t� �w�a�s� �r�u�n� �o�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�p�e�c�i�e�s� �o�f� �f�i�s�h�,� �b�l�u�e�f�i�s�h� �(�P�o�m�a�t�o�m�u�s� �s�a�l�t�a�t�r�i�x�)� �a�n�d� �c�r�o�a�k�e�r� 

�(�M�i�c�r�p�o�g�o�n� �u�n�d�a�l�a�t�a�s�)�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �r�u�n� �o�n� �f�i�v�e� �d�i�f�f�e�r�e�n�t� �b�l�u�e�f�i�s�h� �a�n�d� �f�o�u�r� �d�i�f�f�e�r�e�n�t� 

�c�r�o�a�k�e�r�s�.� 

�4�.�2�.�1�.�2� �S�p�e�c�i�f�i�c� �H�e�a�t� 

�T�h�e� �s�p�e�c�i�f�i�c� �h�e�a�t� �o�f� �a� �m�a�t�e�r�i�a�l� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �r�a�i�s�e� �t�h�e� �t�e�m�-� 

�p�e�r�a�t�u�r�e� �o�f� �o�n�e� �u�n�i�t� �o�f� �m�a�s�s� �o�f� �t�h�a�t� �m�a�t�e�r�i�a�l� �o�n�e� �d�e�g�r�e�e�.� �I�n� �t�h�e� �S�I� �s�y�s�t�e�m� �i�t� �i�s� �m�e�a�s�u�r�e�d� �i�n� 

�J�/�k�g�-�°�C�.� �F�o�r� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �b�o�x� �a� �v�a�l�u�e� �o�f� �2�3�0�0� �J�/�k�g�-�°�C� �w�a�s� �f�o�u�n�d� �i�n� �L�o�n�c�i�n� �a�n�d� �M�e�r�s�o�n� 

�(�1�9�7�9�)�.� �T�h�e� �s�p�e�c�i�f�i�c� �h�e�a�t� �v�a�l�u�e� �f�o�r� �t�h�e� �f�i�s�h� �w�a�s� �r�e�p�o�r�t�e�d� �b�y� �W�h�e�a�t�o�n� �a�n�d� �L�a�w�s�o�n� �(�1�9�8�5�)� �t�o� �b�e� 

�3�5�3�6�.�0� �J�/�k�g�-�°�C�.� �T�h�e�s�e� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d� �f�o�r� �a�l�l� �m�o�d�e�l�i�n�g�.� 

�4�.�2�.�1�.�3� �T�h�e�r�m�a�l� �C�o�n�d�u�c�t�i�v�i�t�y� 

�T�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �a� �m�a�t�e�r�i�a�l� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�a�t� �m�a�t�e�r�i�a�l� �t�o� �t�r�a�n�s�f�e�r� �h�e�a�t� 

�t�h�r�o�u�g�h� �i�t� �p�e�r� �u�n�i�t� �t�i�m�e�.� �T�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �m�a�y� �b�e� �a� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �p�r�o�p�e�r�t�y�,� �b�u�t� 

�w�a�s� �a�s�s�u�m�e�d� �n�o�t� �t�o� �b�e� �s�o� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �1�6



�L�o�n�c�i�n� �a�n�d� �M�e�r�s�o�n� �(�1�9�7�9�)� �r�e�p�o�r�t�e�d� �t�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �p�o�l�y�e�t�h�y�l�e�n�e� �t�o� �b�e� �0�.�3�2� 

�W�/�m�-�°�C�.� �M�o�s�t� �v�a�l�u�e�s� �f�o�r� �s�e�a�f�o�o�d� �f�o�u�n�d� �i�n� �t�e�x�t�b�o�o�k�s� �w�e�r�e� �f�o�r� �f�r�o�z�e�n� �o�r� �f�r�o�z�e�n� �a�n�d� �t�h�e�n� 

�t�h�a�w�e�d� �s�e�a�f�o�o�d�.� �T�h�i�s� �s�e�e�m�e�d� �i�n�a�p�p�r�o�p�r�i�a�t�e� �i�n� �t�h�i�s� �c�a�s�e�,� �s�o� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �c�o�n�d�u�c�t� �s�o�m�e� 

�e�x�p�e�r�i�m�e�n�t�s� �o�n� �f�r�e�s�h� �s�e�a�f�o�o�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�i�s� �v�a�l�u�e�.� �A�t� �t�h�e� �t�i�m�e� �m�u�c�h� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� 

�b�e�i�n�g� �p�e�r�f�o�r�m�e�d�,� �D�r�.� �R�o�b�e�r�t� �K�r�a�v�e�t�s� �w�a�s� �d�e�v�e�l�o�p�i�n�g� �a� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �p�r�o�b�e� �a�t� �V�i�r�g�i�n�i�a� 

�P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �a�l�l�o�w�e�d� �t�e�s�t�s� �t�o� �b�e� �r�u�n� �u�s�i�n�g� �h�i�s� �s�y�s�t�e�m�.� 

�T�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �s�i�x� �s�p�e�c�i�e�s� �w�e�r�e� �t�e�s�t�e�d� �u�s�i�n�g� �a� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �b�y� �K�r�a�v�e�t�s� �a�n�d� 

�L�a�r�k�i�n� �(�1�9�8�6�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �s�p�e�c�i�e�s� �w�e�r�e� �t�e�s�t�e�d�:� �f�l�o�u�n�d�e�r� �(�L�i�m�a�n�d�a� �f�e�r�r�i�g�i�n�e�a�)�,� �w�h�i�t�i�n�g� 

�(�M�e�r�l�u�c�c�i�u�s� �b�i�l�i�n�e�a�r�i�s�)�,� �s�p�o�t� �(�L�e�i�o�s�t�o�m�u�s� �x�a�n�t�h�u�r�u�s�)�,� �s�e�a� �t�r�o�u�t� �(�C�y�n�o�s�c�i�o�n� �r�e�g�a�l�i�s�)�,� �m�u�l�l�e�t� 

�(�M�u�g�i�l� �c�e�p�h�a�l�u�s�)�,� �a�n�d� �b�l�u�e�f�i�s�h� �(�P�o�m�a�t�o�m�u�s� �s�a�l�t�a�t�r�i�x�)�.� �F�o�r� �t�h�e� �b�l�u�e�f�i�s�h� �t�h�r�e�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�t�a�k�e�n�.� �F�o�r� �a�l�l� �o�t�h�e�r� �s�p�e�c�i�e�s� �o�n�e� �s�a�m�p�l�e� �w�a�s� �t�a�k�e�n�.� �E�a�c�h� �s�a�m�p�l�e� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �i�n� �a� �s�m�a�l�l� 

�t�e�s�t� �t�u�b�e� �a�n�d� �t�h�e� �t�h�e�r�m�i�s�t�o�r� �p�r�o�b�e� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �t�h�e� �m�u�s�c�l�e� �s�a�m�p�l�e�.� �T�h�e� �t�e�s�t� �t�u�b�e� �c�o�n�-� 

�t�a�i�n�i�n�g� �t�h�e� �s�a�m�p�l�e� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �i�n�t�o� �a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �b�a�t�h�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �a�l�-� 

�l�o�w�e�d� �t�o� �e�q�u�i�l�i�b�r�a�t�e� �f�o�r� �6�0� �m�i�n�u�t�e�s�.� �T�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �w�a�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �1�0� �t�i�m�e�s� 

�a�n�d� �a�v�e�r�a�g�e�d� �a�t� �f�o�u�r� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�:� �O�°�C�,� �1�0�°�C�,� �2�0�°�C�,� �a�n�d� �3�0�°�C�.� 

�4�.�2�.�1�.�4� �E�f�f�e�c�t�i�v�e� �T�h�e�r�m�a�l� �P�r�o�p�e�r�t�i�e�s� 

�T�h�e� �v�o�l�u�m�e� �o�f� �t�h�e�  ��1�0�-�p�o�u�n�d �� �b�o�x�e�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�0�0�0� �m�l�.� �T�h�i�s� �w�a�s� �d�e�-� 

�t�e�r�m�i�n�e�d� �b�y� �p�l�a�c�i�n�g� �a� �b�o�x� �o�n� �a� �s�c�a�l�e� �a�n�d� �t�a�r�i�n�g� �t�h�e� �b�o�x� �w�e�i�g�h�t� �a�n�d� �t�h�e�n� �f�i�l�l�i�n�g� �t�h�e� �b�o�x� �w�i�t�h� 

�w�a�t�e�r� �a�n�d� �w�e�i�g�h�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �w�a�t�e�r� �r�e�q�u�i�r�e�d� �t�o� �f�i�l�l� �t�h�e� �b�o�x�.� �T�h�i�s� �w�e�i�g�h�t� �d�i�v�i�d�e�d� �b�y� �t�h�e� 

�d�e�n�s�i�t�y� �o�f� �w�a�t�e�r� �y�i�e�l�d�e�d� �t�h�e� �v�o�l�u�m�e�.� �T�h�e� �b�o�x� �h�e�l�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�.�4� �l�b�s� �(�7�.�0� �k�g�)� �o�f� �w�a�t�e�r�.� 

�A� �f�u�l�l�y� �p�a�c�k�e�d�  ��1�0�-�p�o�u�n�d �� �b�o�x� �n�o�r�m�a�l�l�y� �h�o�l�d�s� �t�e�n� �p�o�u�n�d�s� �(�4�.�5�4� �k�g�)� �o�f� �f�i�s�h�.� �T�h�e� �l�i�t�e�r�a�t�u�r�e� �i�n�-� 

�d�i�c�a�t�e�d� �t�h�a�t� �f�i�s�h� �h�a�s� �a� �d�e�n�s�i�t�y� �b�e�t�w�e�e�n� �2� �a�n�d� �8� �p�e�r�c�e�n�t� �g�r�e�a�t�e�r� �t�h�a�n� �w�a�t�e�r�.� �A�s�s�u�m�i�n�g� �a� 

�d�e�n�s�i�t�y� �f�o�r� �t�h�e� �s�e�a�f�o�o�d� �o�f� �1�.�0�7�5� �k�g�/�m�?� �t�h�e� �b�o�x� �s�h�o�u�l�d� �c�o�n�t�a�i�n� �1�6�.�6� �p�o�u�n�d�s� �(�7�.�5�2�5� �k�g�)� �o�f� �f�i�s�h�.� 

�T�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �d�i�s�c�r�e�p�a�n�c�y� �w�a�s� �t�h�a�t� �t�h�e�r�e� �w�e�r�e� �a�i�r� �p�o�c�k�e�t�s� �b�e�t�w�e�e�n� �t�h�e� �f�i�s�h� �i�n� �t�h�e� �b�o�x�.� 

�T�h�e�r�e�f�o�r�e�,� �n�e�w�  ��e�f�f�e�c�t�i�v�e �� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �w�o�u�l�d� �h�a�v�e� �t�o� �b�e� �e�s�t�i�m�a�t�e�d� �f�o�r� �u�s�e� �i�n� �t�h�e� 
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�m�o�d�e�l�.� �T�h�e�s�e� �n�e�w� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �o�n� �a� �v�o�l�u�m�e�t�r�i�c� �b�a�s�i�s� �(�B�a�t�t�y� �a�n�d� 

�F�o�l�k�m�a�n�,� �1�9�8�3�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� �d�e�f�i�n�e� �t�h�e�s�e� �p�r�o�p�e�r�t�i�e�s�:� 

�V�n�e�w�  �� 
�V�i�i�s�h� �V�a�i�r�  � � �� �V�5�  � � �� �V�a�;� �[�4�.�2�]� �V�i�o�t� �f�i�s�h� �V�i�o�t� �a�i�l� 

�i�n� �e�q�u�a�t�i�o�n� �[�4�.�2�]� �V�,�,�,� �i�s� �v�o�l�u�m�e� �t�h�e� �v�o�l�u�m�e� �o�f� �f�i�s�h�,� �V�,�,�,� �i�s� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� �t�h�e�  ��1�0�-�p�o�u�n�d �� �b�o�x� 

�h�o�l�d�s�,� �V�,�,�,� �i�s� �t�h�e� �v�o�l�u�m�e� �o�f� �t�h�e� �a�i�r� �s�p�a�c�e�s� �i�n� �t�h�e�  ��1�0�-�p�o�u�n�d �� �b�o�x�,� �v� �i�s� �t�h�e� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�y� �o�f� 

�i�n�t�e�r�e�s�t�,� �a�n�d� �v�,�.�,� �i�s� �t�h�e� �n�e�w� �e�f�f�e�c�t�i�v�e� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�y�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �w�a�s� �a�p�p�l�i�e�d� �t�o� �d�e�n�s�i�t�y�,� 

�s�p�e�c�i�f�i�c� �h�e�a�t�,� �a�n�d� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y�.� 

�4�.�2�.�2� �D�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�o�d�e�l� 

�F�i�n�i�t�e� �e�l�e�m�e�n�t� �a�n�a�l�y�s�i�s� �t�a�k�e�s� �a� �c�o�m�p�l�i�c�a�t�e�d� �p�r�o�b�l�e�m� �a�n�d� �b�r�e�a�k�s� �i�t� �d�o�w�n� �i�n�t�o� �a� �f�i�n�i�t�e� �n�u�m�b�e�r� 

�o�f� �s�m�a�l�l�e�r� �p�i�e�c�e�s� �w�h�i�c�h� �c�a�n� �b�e� �i�n�d�i�v�i�d�u�a�l�l�y� �s�o�l�v�e�d� �a�n�d� �t�h�e�n� �r�e�a�s�s�e�m�b�l�e�s� �t�h�e� �c�o�n�t�i�n�u�u�m� �a�n�d� 

�g�i�v�e�s� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �s�o�l�u�t�i�o�n� �f�o�r� �t�h�e� �w�h�o�l�e� �p�r�o�b�l�e�m�.� �T�o� �h�a�v�e� �a� �c�o�r�r�e�c�t� �m�o�d�e�l� �o�n�e� �m�u�s�t� �d�e�-� 

�f�i�n�e� �p�r�o�p�e�r�t�i�e�s�,� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s�,� �a�n�d� �g�e�o�m�e�t�r�y� �p�r�o�p�e�r�l�y�.� �H�a�v�i�n�g� �e�v�a�l�u�a�t�e�d� �t�h�e� �p�h�y�s�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s�,� �m�o�d�e�l� �f�o�r�m�u�l�a�t�i�o�n� �w�a�s� �i�n�i�t�i�a�t�e�d�.� 

�4�.�2�.�2�.�1� �M�o�d�e�l� �G�e�o�m�e�t�r�y� 

�T�h�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e�  ��1�0�-�p�o�u�n�d �� �b�o�x� �w�e�r�e� �7�3� �m�m� �b�y� �2�6�8� �m�m� �b�y� �3�8�3� �m�m�.� �D�u�e� �t�o� �t�h�e� �l�a�r�g�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �d�e�p�t�h� �(�7�3� �m�m�)� �a�n�d� �t�h�e� �l�e�n�g�t�h� �(�3�8�3� �m�m�)� �t�h�e� �b�o�x� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� 

�t�w�o�-�d�i�m�e�n�s�i�o�n�a�l� �a�n�d� �w�a�s� �m�o�d�e�l�e�d� �a�s� �s�u�c�h�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �h�e�a�t� �t�r�a�n�s�f�e�r� �o�u�t� 

�o�f� �t�h�e� �t�o�p� �a�n�d� �t�h�e� �n�a�r�r�o�w� �s�i�d�e� �w�i�l�l� �i�n�f�l�u�e�n�c�e� �t�h�e� �o�v�e�r�a�l�l� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �b�o�x�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�i�f� �t�h�e� �x�-�d�i�r�e�c�t�i�o�n� �h�a�s� �a� �l�e�n�g�t�h� �o�f� �2�6�8� �m�m�,� �t�h�e� �y�-�d�i�r�e�c�t�i�o�n� �h�a�s� �a� �l�e�n�g�t�h� �o�f� �7�3� �m�m�,� �a�n�d� �t�h�e� �z�-� 
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�d�i�r�e�c�t�i�o�n� �h�a�s� �a� �l�e�n�g�t�h� �o�f� �3�8�3� �m�m�,� �t�h�e�n� �m�o�s�t� �o�f� �t�h�e� �h�e�a�t� �w�i�l�l� �b�e� �t�r�a�n�s�f�e�r�r�e�d� �o�u�t� �o�f� �t�h�e� �t�w�o� 

�l�a�r�g�e�s�t� �s�i�d�e�s�,� �t�h�e� �s�i�d�e�s� �w�i�t�h� �l�e�n�g�t�h� �2�6�8� �b�y� �3�8�3� �m�m� �a�n�d� �7�3� �b�y� �3�8�3� �m�m�.� 

�T�h�e� �b�o�x� �a�l�s�o� �i�s� �c�l�o�s�e� �t�o� �r�e�c�t�a�n�g�u�l�a�r�.� �W�h�i�l�e� �i�t� �i�s� �c�u�r�v�e�d� �o�n� �t�h�e� �c�o�r�n�e�r�s�,� �i�t� �h�a�s� �a� �f�l�a�t� �t�o�p� �a�n�d� 

�b�o�t�t�o�m�.� �F�o�r� �s�i�m�p�l�i�c�i�t�y�,� �t�h�e� �b�o�x� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �a� �p�e�r�f�e�c�t� �r�e�c�t�a�n�g�l�e� �w�i�t�h� �a� �l�e�n�g�t�h� �o�f� �2�6�8� 

�m�m� �a�n�d� �a� �w�i�d�t�h� �o�f� �7�3� �m�m� �a�n�d� �a� �d�e�p�t�h� �t�h�a�t� �w�a�s� �i�n�f�i�n�i�t�e�.� �T�h�e� �i�n�f�i�n�i�t�e� �d�e�p�t�h� �i�s� �d�u�e� �t�o� �t�h�e� �a�s�-� 

�s�u�m�p�t�i�o�n� �o�f� �t�w�o�-�d�i�m�e�n�s�i�o�n�a�l�i�t�y�.� �T�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �b�o�x� �w�a�s� �1�.�5�8�7�5� �m�m�.� 

�4�.�2�.�2�.�2� �T�h�e� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�o�d�e�l� 

�T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�o�d�e�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �w�i�t�h� �A�N�S�Y�S� �V�e�r�s�i�o�n� �4�.�3�a� �(�S�w�a�n�s�o�n� �A�n�a�l�y�s�i�s� �S�y�s�-� 

�t�e�m�s�,� �I�n�c�.�,� �H�o�u�s�t�o�n�,� �P�A�)� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �s�o�f�t�w�a�r�e� �o�n� �a� �M�i�c�r�o�V�a�x� �I�l� �(�D�i�g�i�t�a�l� �E�q�u�i�p�m�e�n�t� �C�o�r�p�.�,� 

�M�a�y�n�a�r�d�,� �M�A�)� �w�i�t�h� �t�h�e� �V�M�S� �5�.�3�-�1� �s�y�s�t�e�m�.� �T�h�e� �m�o�d�e�l� �w�a�s� �d�e�s�i�g�n�e�d� �a�s� �a� �p�e�r�f�e�c�t�l�y� �r�e�c�t�a�n�g�u�l�a�r� 

�b�o�x� �7�3� �m�m� �b�y� �2�6�8� �m�m�.� �T�h�e�r�e� �w�e�r�e� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �s�i�z�e�s� �o�f� �e�l�e�m�e�n�t�s�.� �T�h�e� �e�l�e�m�e�n�t�s� �l�o�c�a�t�e�d� 

�i�n� �t�h�e� �c�o�r�n�e�r�s� �w�e�r�e� �1�.�5�8�7�5� �m�m� �b�y� �1�.�5�8�7�5� �m�m�.� �T�h�e� �e�l�e�m�e�n�t�s� �o�n� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �b�o�x� �w�e�r�e� 

�1�.�5�8�7�5� �m�m� �b�y� �3�.�8�8�8�9� �m�m�.� �T�h�e� �e�l�e�m�e�n�t�s� �i�n�s�i�d�e� �t�h�e� �b�o�x� �w�e�r�e� �3�.�8�8�8�9� �m�m� �b�y� �3�.�8�8�8�9� �m�m�.� �T�h�e� 

�t�o�t�a�l� �n�u�m�b�e�r� �o�f� �n�o�d�e�s� �w�a�s� �2�1�4�2� �w�i�t�h� �2�0�0�0� �o�f� �e�l�e�m�e�n�t�s�.� �T�h�e� �a�p�p�l�i�e�d� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n� �w�a�s� 

�a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �b�o�u�n�d�a�r�y� �o�f� �0�°�C�.� �A�n� �i�n�i�t�i�a�l� �c�o�n�d�i�t�i�o�n� �o�f� �3�0�°�C� �w�a�s� �a�s�s�u�m�e�d� �t�h�r�o�u�g�h�o�u�t� 

�t�h�e� �b�o�x�.� 

�T�h�i�s� �m�o�d�e�l� �w�a�s� �t�h�e�n� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �t�i�m�e� �r�e�q�u�i�r�e�d� �t�o� �c�o�o�l� �t�h�e� �b�o�x� �f�o�r� �o�t�h�e�r� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s� �t�h�a�t� �m�i�g�h�t� �b�e� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �c�o�m�m�e�r�c�i�a�l� �p�r�a�c�t�i�c�e�.� �T�h�e� �m�o�d�e�l� �w�i�t�h� �t�h�e� �s�a�m�e� �i�n�i�t�i�a�l� 

�c�o�n�d�i�t�i�o�n�s� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �c�o�n�v�e�c�t�i�v�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �t�o� �s�i�m�u�l�a�t�e� �h�o�w� �t�h�e� �b�o�x� �w�o�u�l�d� 

�r�e�a�c�t� �i�n� �a� �r�e�f�r�i�g�e�r�a�t�e�d� �r�o�o�m�.� �M�o�s�t� �r�e�f�r�i�g�e�r�a�t�o�r�s� �a�r�e� �m�a�i�n�t�a�i�n�e�d� �b�e�t�w�e�e�n� �1� �a�n�d� �2�°�C�.� �A� �t�e�m�-� 

�p�e�r�a�t�u�r�e� �o�f� �1�.�6�7�°�C� �w�a�s� �c�h�o�s�e�n� �s�i�n�c�e� �t�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �3�5�°�F� �w�h�i�c�h� �i�s� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �t�e�m�-� 

�p�e�r�a�t�u�r�e� �m�a�i�n�t�a�i�n�e�d� �i�n� �c�o�m�m�e�r�c�i�a�l� �r�e�f�r�i�g�e�r�a�t�e�d� �s�t�o�r�a�g�e�.� �T�h�e� �c�o�n�v�e�c�t�i�v�e� �h�e�a�t� �t�r�a�n�s�f�e�r� 

�c�o�e�f�f�i�c�i�e�n�t�s� �a�p�p�l�i�e�d� �w�e�r�e� �3�.�0�,� �1�0�.�0�,� �a�n�d� �7�6�.�0� �W�/�m�-�°�C� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �s�t�i�l�l� �a�i�r�,� �l�o�w� �v�e�l�o�c�i�t�y� 

�a�i�r�,� �a�n�d� �h�i�g�h� �v�e�l�o�c�i�t�y� �a�i�r� �(�G�e�a�n�k�o�p�l�i�s�,� �1�9�8�3�)�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �1�9



�T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�o�d�e�l� �w�a�s� �a�l�s�o� �a�p�p�l�i�e�d� �t�o� �t�h�e� �b�o�x�e�d� �g�e�l� �f�o�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�h�i�c�h� �w�e�r�e� 

�d�o�n�e� �t�o� �c�o�n�f�i�r�m� �t�h�a�t� �s�h�a�k�i�n�g� �t�h�e� �c�o�o�l�e�r� �w�o�u�l�d� �c�a�u�s�e� �t�h�e� �b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �t�o� �a�p�p�r�o�x�i�m�a�t�e� 

�a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �0�°�C�.� 

�4�.�3� �G�e�l� �P�a�c�k� �H�e�a�t� �A�b�s�o�r�p�t�i�o�n� �E�x�p�e�r�i�m�e�n�t�s� 

�I�n� �T�h�e� �G�u�i�d�e�l�i�n�e�s� �f�o�r� �t�h�e� �A�i�r� �S�h�i�p�m�e�n�t� �o�f� �S�e�a�f�o�o�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�t�a�t�e�m�e�n�t� �i�s� �m�a�d�e�:�  ��U�n�d�e�r� 

�n�o�r�m�a�l� �c�o�n�d�i�t�i�o�n�s�,� �w�e�t� �i�c�e� �b�y� �i�t�s�e�l�f� �w�i�l�l� �m�e�l�t� �f�i�v�e� �t�i�m�e�s� �f�a�s�t�e�r� �t�h�a�n� �c�h�e�m�i�c�a�l�/�g�e�l� �t�y�p�e� 

�r�e�f�r�i�g�e�r�a�n�t�s�. �� �T�h�i�s� �s�t�a�t�e�m�e�n�t� �s�e�e�m�s� �t�o� �i�m�p�l�y� �t�o� �t�h�e� �p�r�o�c�e�s�s�o�r� �t�h�a�t� �i�c�e� �w�i�l�l� �n�o�t� �w�o�r�k� �a�s� �w�e�l�l� 

�i�n� �t�h�e� �s�h�i�p�m�e�n�t� �o�f� �s�e�a�f�o�o�d� �a�s� �a� �g�e�l� �p�a�c�k�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�t�a�t�e�m�e�n�t� �i�s� �t�r�y�i�n�g� �t�o� �e�n�c�o�u�r�a�g�e� �t�h�e� 

�p�r�o�c�e�s�s�o�r�s� �t�o� �u�s�e� �g�e�l� �p�a�c�k�s�,� �b�e�c�a�u�s�e� �t�h�e�y� �w�i�l�l� �m�e�l�t� �s�l�o�w�e�r� �t�h�a�n� �l�o�o�s�e� �c�r�u�s�h�e�d� �i�c�e�.� �T�h�e� 

�g�u�i�d�e�l�i�n�e�s� �d�o� �n�o�t� �m�e�n�t�i�o�n� �h�a�r�d�,� �b�l�o�c�k� �i�c�e� �o�f� �t�h�e� �s�a�m�e� �d�i�m�e�n�s�i�o�n�s� �a�s� �a� �g�e�l� �p�a�c�k� �f�r�o�z�e�n� �t�o� �t�h�e� 

�s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �a� �g�e�l� �p�a�c�k�.� 

�A�n� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �d�e�s�i�g�n�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �t�h�a�w�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �s�i�m�i�l�a�r�l�y� �s�h�a�p�e�d� 

�a�n�d� �f�r�o�z�e�n� �g�e�!� �p�a�c�k� �a�n�d� �i�c�e�.� �A� �p�o�l�y�s�t�y�r�e�n�e� �c�o�o�l�e�r� �w�a�s� �u�s�e�d�.� �A� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �p�l�a�c�e�d� �t�w�o� 

�i�n�c�h�e�s� �a�b�o�v�e� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �c�o�o�l�e�r�.� �H�o�t� �w�a�x� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �t�h�e� �c�o�o�l�e�r� �t�o� �c�o�v�e�r� �t�h�e� 

�t�h�e�r�m�o�c�o�u�p�l�e� �p�r�o�b�e� �a�n�d� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �a�n�d� �h�a�r�d�e�n�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�e� �w�a�x� �w�a�s� �t�o� �p�r�o�v�i�d�e� 

�a� �h�e�a�t� �s�o�u�r�c�e� �f�r�o�m� �w�h�i�c�h� �h�e�a�t� �w�o�u�l�d� �f�l�o�w� �t�o� �e�n�c�o�u�r�a�g�e� �c�o�n�s�i�s�t�e�n�t� �t�h�a�w�i�n�g� �o�f� �t�h�e� �g�e�l� �p�a�c�k�s�.� 

�T�h�e� �c�o�o�l�e�r� �w�a�s� �p�l�a�c�e�d� �i�n�s�i�d�e� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�m�b�e�r� �s�e�t� �a�t� �2�5�°�C� �a�n�d� �a�l�l�o�w�e�d� �t�o� 

�e�q�u�i�l�i�b�r�a�t�e�.� �A� �g�e�l� �p�a�c�k� �w�a�s� �f�r�o�z�e�n� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �-�2�0�°�C� �a�n�d� �t�h�e�n� �p�l�a�c�e�d� �d�i�r�e�c�t�l�y� �o�v�e�r� �t�h�e� 

�p�r�o�b�e� �i�n� �t�h�e� �c�o�o�l�e�r� �a�n�d� �t�h�e� �l�i�d� �w�a�s� �p�l�a�c�e�d� �o�v�e�r� �t�h�e� �c�o�o�l�e�r�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�r�o�b�e� �w�a�s� 

�r�e�c�o�r�d�e�d� �e�v�e�r�y� �f�i�v�e� �m�i�n�u�t�e�s�.� �T�h�e�n� �t�h�e� �s�a�m�e� �w�a�s� �d�o�n�e� �w�i�t�h� �a�n� �e�q�u�a�l� �w�e�i�g�h�t� �o�f� �i�c�e� �f�r�o�z�e�n� �i�n� 

�a� �z�i�p�l�o�c� �b�a�g�.� �T�h�e� �g�e�l� �p�a�c�k� �t�e�s�t�e�d� �w�a�s� �a�  ��K�o�o�l�-�l�t �� �p�a�c�k�.� �T�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �r�e�p�e�a�t�e�d� �t�h�r�e�e� 

�t�i�m�e�s� �f�o�r� �e�a�c�h� �m�a�t�e�r�i�a�l�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �2�0



�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �m�e�t�h�o�d� �j�u�s�t� �d�e�s�c�r�i�b�e�d� �a� �d�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�e�r� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �m�e�l�t� �d�i�f�f�e�r�e�n�t� �g�e�l� �s�u�b�s�t�a�n�c�e�s�.� �T�h�e�i�r� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� �w�a�s� 

�a�l�s�o� �m�e�a�s�u�r�e�d�.� �T�h�e�s�e� �t�w�o� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �T�e�x�a�s� �A� �a�n�d� �M� �U�n�i�v�e�r�s�i�t�y� �b�y� �D�r�.� �V�i�n�c�e�n�t� 

�S�w�e�a�t�.� �I�n� �t�h�e�s�e� �t�e�s�t�,� �s�m�a�l�l� �s�a�m�p�l�e�s� �o�f� �g�e�l� �w�e�r�e� �c�o�o�l�e�d� �t�o� �e�i�t�h�e�r� �-�4�0�°�C� �o�r� �-�1�0�°�C� �a�n�d� �t�h�e�n� 

�t�h�a�w�e�d�.� �T�h�e� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� �t�o� �m�e�l�t� �t�h�e� �f�r�o�z�e�n� �g�e�l� �w�a�s� �m�e�a�s�u�r�e�d�.� 

�4�.�4� �A�i�r� �T�r�a�n�s�p�o�r�t�a�t�i�o�n� �T�e�m�p�e�r�a�t�u�r�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

�O�n�e� �o�f� �t�h�e� �u�n�k�n�o�w�n� �p�a�r�t�s� �o�f� �t�h�e� �a�i�r� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �c�o�n�t�a�i�n�e�r�s� 

�e�n�c�o�u�n�t�e�r� �d�u�r�i�n�g� �t�r�a�n�s�p�o�r�t�.� �A�s� �a� �c�o�n�t�a�i�n�e�r� �i�s� �m�o�v�e�d� �f�r�o�m� �t�i�m�e� �o�f� �r�e�c�e�i�p�t� �t�o� �i�t ��s� �f�i�n�a�l� �d�e�s�t�i�-� 

�n�a�t�i�o�n�,� �i�t� �m�a�y� �b�e� �p�l�a�c�e�d� �i�n� �d�i�r�e�c�t� �s�u�n�l�i�g�h�t�,� �a�n� �a�i�r�p�l�a�n�e� �c�a�r�g�o� �b�a�y�,� �r�e�f�r�i�g�e�r�a�t�e�d� �s�t�o�r�a�g�e�,� �o�r� �o�n� 

�a� �s�h�a�d�e�d� �l�o�a�d�i�n�g� �d�o�c�k�.� �T�h�e� �t�h�e�r�m�a�l� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �t�h�e�s�e� �l�o�c�a�t�i�o�n�s� �w�i�l�l� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�b�o�u�n�d�a�r�y� �c�o�n�d�i�t�i�o�n�s� �t�h�e� �c�o�n�t�a�i�n�e�r� �e�n�c�o�u�n�t�e�r�s� �w�h�i�c�h� �w�i�l�l� �u�l�t�i�m�a�t�e�l�y� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�m�o�u�n�t� �o�f� 

�e�n�e�r�g�y� �l�o�s�t� �t�o� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t� �d�u�r�i�n�g� �t�r�a�n�s�p�o�r�t� �a�n�d� �t�h�e� �f�i�n�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�e� �c�o�n�t�a�i�n�e�r�.� 

�T�o� �s�t�u�d�y� �t�h�i�s�,� �a� �t�e�m�p�e�r�a�t�u�r�e� �c�o�l�l�e�c�t�i�o�n� �s�y�s�t�e�m� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �m�e�a�s�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�n� 

�t�h�e� �i�n�s�i�d�e� �a�n�d� �o�u�t�s�i�d�e� �o�f� �a� �s�e�a�f�o�o�d� �c�o�n�t�a�i�n�e�r� �w�h�i�l�e� �i�t� �w�a�s� �b�e�i�n�g� �t�r�a�n�s�p�o�r�t�e�d�.� 

�A� �b�a�t�t�e�r�y� �p�o�w�e�r�e�d� �d�a�t�a� �l�o�g�g�e�r� �(�m�o�d�e�l� �C�R�1�0�,� �C�a�m�p�b�e�l�l� �S�c�i�e�n�t�i�f�i�c�,� �L�o�g�a�n�,� �U�T�)� �a�n�d� �1�2� 

�t�h�e�r�m�i�s�t�o�r�s� �w�e�r�e� �u�s�e�d� �f�o�r� �t�e�m�p�e�r�a�t�u�r�e� �r�e�c�o�r�d�i�n�g� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t�.� �O�n�e� �t�h�e�r�m�i�s�t�o�r� �w�a�s� 

�p�l�a�c�e�d� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �m�a�s�s� �o�f� �f�i�s�h� �a�n�d� �t�w�o� �w�e�r�e� �t�a�p�e�d� �t�o� �t�h�e� �o�u�t�s�i�d�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� 

�c�o�n�t�a�i�n�e�r�.� �T�h�e� �r�e�m�a�i�n�i�n�g� �n�i�n�e� �t�h�e�r�m�i�s�t�o�r�s� �w�e�r�e� �t�a�p�e�d� �t�o� �t�h�e� �i�n�s�i�d�e� �o�f� �t�h�e� �c�o�n�t�a�i�n�e�r� �i�n�s�u�l�a�t�i�o�n� 

�a�t� �v�a�r�i�o�u�s� �l�o�c�a�t�i�o�n�s�.� �E�a�c�h� �t�h�e�r�m�i�s�t�o�r� �w�a�s� �i�n�d�i�v�i�d�u�a�l�l�y� �c�a�l�i�b�r�a�t�e�d� �f�r�o�m� �0� �t�o� �3�0�°�C�.� �T�h�e� �c�a�i�l�i�-� 

�b�r�a�t�i�o�n� �w�a�s� �u�s�e�d� �t�o� �d�e�v�e�l�o�p� �q�u�a�r�t�i�c� �e�q�u�a�t�i�o�n�s� �b�y� �s�t�a�t�i�s�t�i�c�a�l� �r�e�g�r�e�s�s�i�o�n� �s�o� �t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e� 

�c�o�u�l�d� �b�e� �c�a�l�c�u�l�a�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �r�e�s�i�s�t�a�n�c�e�.� �T�h�e� �t�h�e�r�m�i�s�t�o�r�s� �h�a�d� �a� �r�e�s�i�s�t�a�n�c�e� �o�f� �1�0�K�Q� �a�t� 

�2�5�°�C�.� �E�a�c�h� �t�h�e�r�m�i�s�t�o�r� �w�a�s� �p�l�a�c�e�d� �i�n� �s�e�r�i�e�s� �w�i�t�h� �a� �1�0� �k�Q� �r�e�s�i�s�t�o�r� �t�o� �f�o�r�m� �a� �s�i�m�p�l�e� �v�o�l�t�a�g�e� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �2�1



�d�i�v�i�d�e�r� �c�i�r�c�u�i�t�.� �T�h�e�n� �a� �2�0�0�0� �m�V� �v�o�i�t�a�g�e� �w�a�s� �s�e�n�t� �t�h�r�o�u�g�h� �e�a�c�h� �c�i�r�c�u�i�t� �a�n�d� �t�h�e� �v�o�l�t�a�g�e� �a�c�r�o�s�s� 

�t�h�e� �1�0� �k�Q� �r�e�s�i�s�t�o�r� �w�a�s� �r�e�c�o�r�d�e�d�.� �T�h�e� �v�o�l�t�a�g�e� �a�c�r�o�s�s� �t�h�e� �t�h�e�r�m�i�s�t�o�r� �w�a�s� �t�h�u�s�:� 

� � 

�T�h�e�n� �b�y� �s�i�m�p�l�e� �e�l�e�c�t�r�i�c�a�l� �t�h�e�o�r�y�:� 

�V�i�o�k� �_� �V�r� �[�4�.�4�]� 
�R�i�o�k� �=� �R�r� 

�T�h�i�s� �l�e�a�d�s� �t�o�:� 

�V�R� �1�0�K� �R�y�=� �v�e� �[�4�.�5�]� 
�4�0�K� 

�T�h�e� �r�e�c�o�r�d�e�d� �r�e�s�i�s�t�a�n�c�e�s�,� �R�;� �w�e�r�e� �l�a�t�e�r� �c�o�n�v�e�r�t�e�d� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�r�o�u�g�h� �t�h�e� �c�a�l�i�b�r�a�t�i�o�n� 

�e�q�u�a�t�i�o�n�s�.� 

�T�h�e� �c�i�r�c�u�i�t�s�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �C�R�1�0� �t�o� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �c�o�n�n�e�c�t�e�d�,� �w�e�r�e� �p�l�a�c�e�d� �i�n�s�i�d�e� �a� 

 ��4�0�-�p�o�u�n�d �� �b�o�x�.� �T�h�i�s� �b�o�x� �w�a�s� �s�e�a�l�e�d� �a�s� �w�e�l�l� �a�s� �p�o�s�s�i�b�l�e� �a�n�d� �p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �m�a�s�s� �o�f� �f�i�s�h� 

�t�o� �b�e� �s�h�i�p�p�e�d� �w�h�i�c�h� �w�e�i�g�h�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�0� �I�b�s� �(�4�5�.�4� �k�g�)�.� �T�h�e� �f�i�s�h� �w�e�r�e� �c�o�o�l�e�d� �t�o� �0�°�C� 

�p�r�i�o�r� �t�o� �p�a�c�k�a�g�i�n�g�.� �A�b�o�v�e� �t�h�e� �f�i�s�h� �w�e�r�e� �p�l�a�c�e�d� �4� �g�e�l� �p�a�c�k�s� �a�n�d� �b�e�l�o�w� �t�h�e� �f�i�s�h� �2� �g�e�l� �p�a�c�k�s� 

�w�e�r�e� �p�l�a�c�e�d�.� �E�a�c�h� �g�e�l� �p�a�c�k� �w�e�i�g�h�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�7�8� �I�b�s� �(�.�8�1�2� �k�g�)� �e�a�c�h�.� �T�h�i�s� �m�a�d�e� �t�h�e� 

�t�o�t�a�l� �m�a�s�s� �o�f� �f�r�o�z�e�n� �g�e�l� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�.�7� �I�b�s� �(�4�.�9� �k�g�)�.� �T�h�e� �d�a�t�a� �l�o�g�g�e�r� �w�a�s� �s�e�t� �t�o� �r�e�c�o�r�d� 

�t�e�m�p�e�r�a�t�u�r�e�s� �e�v�e�r�y� �5� �m�i�n�u�t�e�s�.� �T�h�e� �c�o�n�t�a�i�n�e�r� �w�a�s� �s�h�i�p�p�e�d� �v�i�a� �P�i�e�d�m�o�n�t� �A�i�r�l�i�n�e�s� �f�r�o�m� 

�H�a�m�p�t�o�n� �I�n�t�e�r�n�a�t�i�o�n�a�l� �A�i�r�p�o�r�t� �t�o� �a� �d�i�s�t�a�n�t� �l�o�c�a�t�i�o�n� �a�n�d� �t�h�e�n� �s�h�i�p�p�e�d� �b�a�c�k� �t�o� �R�o�a�n�o�k�e� �a�i�r�p�o�r�t� 

�w�h�e�r�e� �i�t� �w�a�s� �p�i�c�k�e�d� �u�p�.� �T�h�e� �f�i�r�s�t� �t�w�o� �s�h�i�p�m�e�n�t�s� �w�e�n�t� �t�o� �L�o�s� �A�n�g�e�l�e�s� �a�n�d� �t�h�e� �t�h�i�r�d� �s�h�i�p�m�e�n�t� 

�t�o� �P�h�o�e�n�i�x�.� �I�n� �t�h�e� �f�i�r�s�t� �s�h�i�p�m�e�n�t� �a�l�!� �d�a�t�a� �w�a�s� �l�o�s�t� �b�e�c�a�u�s�e� �f�i�s�h� �b�l�o�o�d� �l�e�a�k�e�d� �i�n�t�o� �t�h�e� �b�o�x� 

�c�o�n�t�a�i�n�i�n�g� �t�h�e� �d�a�t�a� �l�o�g�g�e�r� �a�n�d� �s�h�o�r�t�-�c�i�r�c�u�i�t�e�d� �t�h�e� �p�o�w�e�r� �t�o� �t�h�e� �d�a�t�a� �l�o�g�g�e�r�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �2�2



�4�.�5� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�o�d�e�l� �o�f� �t�h�e� �E�Q� �S�h�i�p�p�i�n�g� �C�o�n�t�a�i�n�e�r� 

�T�h�e� �c�a�r�t�o�n�s� �u�s�e�d� �i�n� �a�i�r� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �v�a�r�y� �i�n� �s�i�z�e�,� �s�h�a�p�e� �a�n�d� �m�a�t�e�r�i�a�l�s�.� �A� �m�a�j�o�r� �m�e�t�h�o�d� �o�f� 

�p�a�c�k�a�g�e� �d�e�s�i�g�n�a�t�i�o�n� �i�s� �b�y� �t�h�e� �w�e�i�g�h�t� �o�f� �s�e�a�f�o�o�d� �i�t� �m�a�y� �c�a�r�r�y�.� �P�a�c�k�a�g�e�s� �a�r�e� �d�e�s�i�g�n�a�t�e�d� �a�s� 

�E�,� �E�H�,� �o�r� �E�Q�.� �E� �r�e�f�e�r�s� �t�o� �a� �p�a�c�k�a�g�e� �h�o�l�d�i�n�g� �u�p� �t�o� �5�0�0� �I�b�s�.� �E�H� �m�e�a�n�s� �i�t� �h�o�l�d�s� �h�a�l�f� �a�n� �E� �c�o�n�-� 

�t�a�i�n�e�r�;� �t�h�a�t� �i�s� �2�5�0� �i�b�s�.� �E�Q� �i�n�d�i�c�a�t�e�s� �a� �p�a�c�k�a�g�e� �m�a�y� �h�o�i�d� �u�p� �t�o� �a� �q�u�a�r�t�e�r� �o�f� �a�n� �E� �c�o�n�t�a�i�n�e�r� �o�r� 

�1�2�5� �I�b�s�.� �I�n� �p�r�a�c�t�i�c�e� �t�h�i�s� �p�a�c�k�a�g�e� �i�s� �s�e�l�d�o�m� �l�o�a�d�e�d� �a�b�o�v�e� �1�0�0� �I�b�s�,� �h�o�w�e�v�e�r� �f�o�r� �h�a�n�d�l�i�n�g� �p�u�r�-� 

�p�o�s�e�s�.� �F�o�r� �t�h�i�s� �r�e�s�e�a�r�c�h� �a�n� �E�Q� �c�o�n�t�a�i�n�e�r� �w�a�s� �s�t�u�d�i�e�d�,� �b�e�c�a�u�s�e� �i�t� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�r�e� �c�o�m�m�o�n� 

�c�o�n�t�a�i�n�e�r� �s�i�z�e�s� �u�s�e�d� �i�n� �s�h�i�p�m�e�n�t�.� 

�4�.�5�.�1� �M�o�d�e�l� �G�e�o�m�e�t�r�y� 

�T�h�e� �E�Q� �c�o�n�t�a�i�n�e�r� �m�e�a�s�u�r�e�s� �4�4� �c�m� �b�y� �5�6� �c�m� �b�y� �7�6� �c�m�.� �T�h�e� �o�u�t�e�r� �e�n�v�e�l�o�p�e� �w�a�s� �m�a�d�e� �o�f� �w�a�x�e�d� 

�c�a�r�d�b�o�a�r�d� �w�h�i�c�h� �i�s� �b�e�t�w�e�e�n� �2� �a�n�d� �3� �m�m� �t�h�i�c�k�.� �I�n�s�i�d�e� �t�h�e� �c�a�r�d�b�o�a�r�d� �w�a�s� �p�l�a�c�e�d� �a� �p�l�a�s�t�i�c� �b�a�g� 

�t�o� �p�r�e�v�e�n�t� �l�e�a�k�a�g�e�.� �I�n�s�i�d�e� �t�h�e� �b�a�g�,� �1�7� �m�m� �t�h�i�c�k� �b�e�a�d�e�d� �p�o�l�y�s�t�y�r�e�n�e� �i�n�s�u�l�a�t�i�o�n� �w�a�s� �p�l�a�c�e�d�.� 

�T�h�i�s� �m�a�k�e�s� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �c�a�r�t�o�n�,� �p�l�a�s�t�i�c� �a�n�d� �i�n�s�u�l�a�t�i�o�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �c�m�.� �I�n�s�i�d�e� �t�h�e� �i�n�-� 

�s�u�l�a�t�i�o�n� �t�h�e� �s�e�a�f�o�o�d� �w�a�s� �p�l�a�c�e�d�.� �I�t� �m�a�y� �b�e� �i�n�  ��1�0�-�p�o�u�n�d �� �b�o�x�e�s�,�  ��2�0�-�p�o�u�n�d �� �b�o�x�e�s�,� 

 ��4�0�-�p�o�u�n�d �� �b�a�g�s�,� �o�r� �l�u�m�p�e�d� �w�i�t�h�o�u�t� �p�r�o�t�e�c�t�i�o�n�.� �F�o�r� �t�h�i�s� �m�o�d�e�l� �t�h�e� �s�e�a�f�o�o�d� �w�a�s� �a�s�s�u�m�e�d� �t�o� 

�b�e� �p�l�a�c�e�d� �i�n� �t�e�n� �"�1�0�-�p�o�u�n�d �� �b�o�x�e�s�,� �s�t�a�c�k�e�d� �i�n� �t�w�o� �r�o�w�s� �f�i�v�e� �b�o�x�e�s� �h�i�g�h� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�c�o�n�t�a�i�n�e�r� �w�i�t�h� �a�n� �8� �c�m� �a�i�r� �s�p�a�c�e� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �s�m�a�l�l� �e�n�d�s� �a�n�d� �a� �2� �c�m� �s�p�a�c�e� �f�r�o�m� �t�h�e� 

�l�a�r�g�e�r� �s�i�d�e�.� �I�c�e� �w�a�s� �p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �s�e�a�f�o�o�d�.� �T�h�e� �i�c�e� �h�a�d� �d�i�m�e�n�s�i�o�n�s� �o�f� �4� �c�m� �b�y� �3�6� �c�m� 

�b�y� �5�6� �c�m�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �m�a�s�s� �o�f� �1�.�2�3�7� �k�g� �(�2�.�7�3� �I�b�s�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �r�e�q�u�i�r�e�d� 

�t�o� �t�h�a�w� �t�h�i�s� �m�a�s�s� �o�f� �i�c�e� �i�s� �4�2�4�,�5�0�0� �J�.� �T�h�e�r�e� �r�e�m�a�i�n�e�d� �a�b�o�v�e� �t�h�e� �i�c�e� �a�n�d� �b�e�l�o�w� �t�h�e� �t�o�p� �l�a�y�e�r� 

�o�f� �i�n�s�u�l�a�t�i�o�n� �a�n� �a�i�r� �s�p�a�c�e� �o�f� �8� �c�m�.� �F�o�r� �s�i�m�p�l�i�c�i�t�y� �i�t� �w�a�s� �a�g�a�i�n� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �°�1�0�-�p�o�u�n�d �� 

�b�o�x�e�s� �w�e�r�e� �r�e�c�t�a�n�g�u�l�a�r�.� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �2�3



�4�.�5�.�2� �T�h�e� �F�i�n�i�t�e� �E�l�e�m�e�n�t� �M�o�d�e�l� 

�A� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�o�d�e�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �t�o� �a�t�t�e�m�p�t� �t�o� �p�r�e�d�i�c�t� �s�o�m�e� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �t�e�m�p�e�r�a�t�u�r�e� 

�e�x�t�r�e�m�e�s� �w�i�t�h�i�n� �a� �b�o�x� �d�u�r�i�n�g� �t�r�a�n�s�p�o�r�t�.� �T�h�e� �m�o�d�e�l� �w�a�s� �d�e�v�e�l�o�p�e�d� �u�s�i�n�g� �A�N�S�Y�S� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e�.� �T�h�e� �E�Q� �c�o�n�t�a�i�n�e�r� �m�o�d�e�l�l�e�d� �i�s� �p�h�o�t�o�g�r�a�p�h�e�d� �i�n� �F�i�g�u�r�e� �1�.� 

�T�h�e� �f�i�n�i�t�e� �e�l�e�m�e�n�t� �m�o�d�e�l� �w�a�s� �d�e�s�i�g�n�e�d� �w�i�t�h� �e�l�e�m�e�n�t�s� �o�f� �v�a�r�y�i�n�g� �s�i�z�e�s�.� �A�t� �t�h�e� �c�o�r�n�e�r�s� �t�h�e� 

�e�l�e�m�e�n�t�s� �w�e�r�e� �2� �c�m� �b�y� �2�c�m� �b�y� �2�c�m�.� �A�l�o�n�g� �t�h�e� �e�d�g�e�s� �t�h�e� �e�l�e�m�e�n�t�s� �v�a�r�i�e�d� �f�r�o�m� �2� �c�m� �b�y� �2� 

�c�m� �b�y� �8� �c�m� �t�o� �2�c�m� �b�y� �8� �c�m� �b�y� �9�c�m�.� �I�n�s�i�d�e� �t�h�e� �b�o�x� �t�h�e� �e�l�e�m�e�n�t�s� �w�e�r�e� �m�o�s�t�l�y� �8� �c�m� �b�y� �8� �c�m� 

�b�y� �9� �c�m� �o�r� �8� �c�m� �b�y� �8� �c�m� �b�y� �8� �c�m�.� 

�F�o�r� �p�u�r�p�o�s�e�s� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �i�f� �t�h�e� �m�e�s�h� �s�i�z�e� �u�s�e�d� �w�a�s� �s�m�a�l�l� �e�n�o�u�g�h�,� �t�h�e� �m�o�d�e�l� �w�a�s� �r�u�n� �u�s�i�n�g� 

�o�n�e� �c�o�n�t�i�n�u�o�u�s� �m�a�t�e�r�i�a�l� �f�o�r� �a� �t�i�m�e� �o�f� �f�i�v�e� �h�o�u�r�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �h�e�a�t� �f�l�o�w�s� �f�o�r� �t�h�i�s� �m�o�d�e�l� �w�e�r�e� 

�p�l�o�t�t�e�d� �v�e�r�s�u�s� �l�o�c�a�t�i�o�n�.� �T�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �a�l�s�o� �p�l�o�t�t�e�d� �v�e�r�s�u�s� �d�i�s�t�a�n�c�e�.� �T�h�e� �m�e�s�h� �w�a�s� �r�e�-� 

�f�i�n�e�d� �t�o� �i�n�c�l�u�d�e� �t�w�i�c�e� �t�h�e� �n�o�d�e�s� �i�n� �t�h�e� �y�-�d�i�r�e�c�t�i�o�n�.� �T�h�e� �s�a�m�e� �h�e�a�t� �f�l�o�w�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� 

�w�e�r�e� �p�l�o�t�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �w�h�i�l�e� �t�h�e� �m�o�r�e� �r�e�f�i�n�e�d� �m�o�d�e�l� �y�i�e�l�d�s� �a� �s�l�i�g�h�t�l�y� �s�m�o�o�t�h�e�r� 

�g�r�a�p�h�,� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �t�h�e� �h�e�a�t� �f�l�o�w�s� �a�t� �i�n�d�i�v�i�d�u�a�l� �n�o�d�e�s� �d�o�e�s� �n�o�t� 

�c�h�a�n�g�e�.� �O�n�e� �m�a�j�o�r� �c�o�n�c�e�r�n� �w�a�s� �t�h�a�t� �e�l�e�m�e�n�t�s� �a�l�o�n�g� �t�h�e� �e�d�g�e� �m�a�y� �e�x�p�e�r�i�e�n�c�e� �e�x�c�e�s�s�i�v�e� 

�s�k�e�w�i�n�g� �w�h�i�c�h� �i�s� �w�a�r�n�e�d� �a�g�a�i�n�s�t� �i�n� �B�a�r�a�n� �(�1�9�8�9�)� �a�n�d� �o�t�h�e�r� �l�i�t�e�r�a�t�u�r�e�.� �D�i�e�t�r�i�c�k� �(�1�9�9�0�)� �o�f� 

�S�w�a�n�s�o�n� �A�n�a�l�y�s�i�s� �S�y�s�t�e�m�s�,� �I�n�c�.� �s�a�i�d� �t�h�a�t� �s�o� �l�o�n�g� �a�s� �t�h�e�s�e� �p�l�o�t�s� �d�i�d� �n�o�t� �d�i�f�f�e�r� �s�i�g�n�i�f�i�c�a�n�t�l�y� �t�h�e� 

�r�e�s�u�l�t�s� �w�o�u�l�d� �b�e� �a�c�c�e�p�t�a�b�l�e� �f�o�r� �t�h�e� �l�e�s�s� �r�e�f�i�n�e�d� �m�e�s�h�.� �H�e� �s�a�i�d� �t�h�a�t� �t�h�e� �c�a�u�t�i�o�n� �a�b�o�u�t� �e�x�c�e�s�-� 

�s�i�v�e� �s�k�e�w�i�n�g� �d�o�e�s� �n�o�t� �a�p�p�l�y� �i�n� �c�a�s�e�s� �w�h�e�r�e� �t�h�e� �m�a�j�o�r� �h�e�a�t� �f�l�o�w� �i�s� �t�h�r�o�u�g�h� �t�h�e� �n�a�r�r�o�w� �s�i�d�e� 

�o�f� �t�h�e� �e�l�e�m�e�n�t�s� �a�s� �w�a�s� �t�h�e� �c�a�s�e� �i�n� �t�h�e�s�e� �m�o�d�e�l�s�.� �T�h�e�s�e� �p�l�o�t�s� �a�r�e� �s�h�o�w�n� �i�n� �A�p�p�e�n�d�i�x� �B�.� 

�T�h�e� �i�c�e� �w�a�s� �m�o�d�e�l�l�e�d� �a�s� �h�a�v�i�n�g� �a� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �u�n�t�i�l� �i�t� �h�a�d� �a�b�s�o�r�b�e�d� �e�n�o�u�g�h� �e�n�e�r�g�y� 

�t�o� �m�e�l�t� �a�l�l� �t�h�e� �i�c�e�.� �A�f�t�e�r� �t�h�i�s�,� �t�h�e� �i�c�e� �w�a�s� �m�o�d�e�l�l�e�d� �a�s� �w�a�t�e�r�.� �T�h�e� �m�o�d�e�l� �a�s�s�u�m�e�d� �b�o�u�n�d�a�r�y� 

�c�o�n�d�i�t�i�o�n�s� �o�f� �s�t�i�l�l� �a�i�r� �a�t� �3�0�°�C� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �c�o�n�t�a�i�n�e�r�.� �T�h�r�e�e� �p�l�a�c�e�m�e�n�t�s� �o�f� �c�o�o�l�a�n�t� �w�e�r�e� 

�m�o�d�e�l�l�e�d�.� �T�h�e� �f�i�r�s�t� �w�a�s� �w�i�t�h� �a�l�l� �i�c�e� �a�b�o�v�e� �t�h�e� �f�i�s�h�.� �T�h�e� �m�o�d�e�l� �w�a�s� �t�h�e�n� �t�e�s�t�e�d� �w�i�t�h� �t�h�e� �i�c�e� 

�M�e�t�h�o�d�s� �a�n�d� �M�a�t�e�r�i�a�l�s� �2�4
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