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Introduction

Because of their ease of digestibility
and the nature of the microbial and
systemic enzymes that cause their
spoilage, seafoods are among the
most perishable of foods (Bramsnaes,
1957). The seafood spoilage rate
depends on the speed with which the
chemical reactions that cause their
spoilage proceed. As is generally true
for chemical reactions, the speed with
which fish spoilage proceeds depends
on the temperature of the system. The
relationship between the rate of fish
spoilage and temperatures has been
widely observed and reported, and

ABSTRACT—Cooling seafoods is
among the most effective methods for
preserving their quality. From a choice
of refrigerants, we can cool them to just
above the point of freezing (chilling);
when freezing is undesirable, we can
cool seafoods to a state in which they are
partially frozen (superchilling) which ex-
tends the shelf life by 100 percent or less
but still does not freeze them in the usual
sense; or we can freeze them solid (freez-
ing) and extend their shelf life for
months and even years, when the tem-
perature is low enough. This paper
describes the common refrigerants in-
cluding ice, brine, ammonia, fluorocar-
bons, cryogenic gases and liquids, chill-
ed seawater, and refrigerated seawater.
Conventional processes and equipment
for freezing seafoods, including gas and
liquid mechanical refrigeration systems,
are described, as are less conventional or
theoretical systems, including dehy-
drocooling and high-altitude freezing.
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shelf life prediction devices have been
constructed from some of these
studies (Spencer and Baines, 1964;
James and Olley, 1971; Charm et al.,
1972; and Ronsivalli et al., 1973).

Although we are addressing the di-
rect relationship between the spoilage
of fish and the reaction rates of the
enzymes, we do not want to ignore
the fact that these enzymes are pro-
duced from bacteria and that the
metabolic and numerical growth rates
of bacteria are also enhanced by an
increase in temperature (within
limits). For example, while the
generation time for Pseudomonas
fragi, a common fish spoilage
bacterium is about 12 hours at 32°F
(0°Q), it is only about 2 hours at 55 °F
(12.9°C) (Duncan and Nickerson,
1961). Obviously, the rate of produc-
tion of bacterial enzymes is influenced
by the metabolic rates and number of
bacteria. While the roles of bacterial
enzymes and bacterial numbers in fish
spoilage are important and relevant to
the subject of this paper, no further
discussion will be made of these here.
Instead, the reader is referred to Ron-
sivalli and Charm (1975), where a
more detailed discussion already ex-
ists and additional references are
given.
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There is little doubt that the storage
temperature is the most important
variable influencing the spoilage of
seafoods; and to optimize the preser-
vative effect of lowering their tem-
perature, it is helpful to wunder-
stand the principles at work as well as
the relationship between the temper-
ature of a given seafood and its shelf
life. Much work has been done to
combine low temperature with other
treatments such as the wuse of
bacteriostats and bactericides (Wind-
sor and Thomas, 1974), and some
work has been done in vacuum (Lic-
ciardello et al., 1967) and modified-
gas packaging (Veranth and Robe,
1979), but this discussion is limited
only to the control of temperature.

For prolonging the quality of fish
by simply controlling the temper-
ature, the best results are obtained
when the temperature control is ap-
plied immediately after the fish are
caught. This is because the quality of
fish is highest at point of catch and it
undergoes irreversible quality losses
with time at rates that are directly
related to temperature.

Three categories of temperature
control can be applied: Chilling,
superchilling, and freezing. These
control quality in somewhat different
ways. The first category of temper-
ature control is chilling. It is in the wet
range of temperatures (where no
freezing of the fish is desired). The
chief control imposed by the temper-
ature in this case is that it slows down
the rates of the reproduction, growth,
and metabolism of spoilage bacteria



and the reaction rates of the bacterial
enzymes. It slows the rate of enzymic
spoilage simply because, as we stated
earlier, spoilage involves chemical
reactions whose rates are proportional
to the temperature.

Superchilling, the second category,
is in the narrow temperature range
from 26.6° to 30.2 °F (from -3.0° to
-1.0°C). In this range there is some
freezing of the water in the fish
tissues, and this is noticeable when an
attempt to bend the fish is made. If
the temperature is lower than this
range, the fish will be frozen solid. If
the temperature is above this range,
there will be no freezing at all. The
principle by which superchilling
works is simply that the lowered
temperature further slows the mi-
crobial metabolism and spoilage reac-
tion rates. The formation of some ice
also creates pockets of immobility in-
sofar as bacterial activity is concern-
ed.

In the third category of tem-
perature control, freezing (0°F or
-17.8°C, or below), the product is
frozen solid since most of its water is
transformed to ice, and bacteria are
completely immobilized. This is
precisely the principle by which freez-
ing protects fish quality. However,
although freezing provides protection
from microbial spoilage, other spoil-
age vectors such as oxygen and en-
zyme activity have to be controlled.

Chilling

Like other perishable foods,
seafoods retain their initial quality for
long periods when they are properly
packaged and held properly frozen.
However, there is a relatively high de-
mand for fresh' (unfrozen) seafoods
which command a significantly higher
price at retail than frozen seafoods.
The reason for the difference in price
between fresh and frozen seafoods is
attributed to the widely accepted be-
lief that the quality of fresh seafoods
is superior and much higher than the

'In this context, fresh signifies never having
been frozen.

quality of frozen seafoods. Whether
or not this notion is accurate, it does
exist. Because of the high value of
fresh seafoods and because of their
relatively high rate of perishability,
there is an economic reason to max-
imize their shelf life and to minimize
the chance that their quality will
deteriorate to the point that they lose
their commercial value.

One of the best methods known for
preserving the quality of fresh sea-
foods is to surround them with flaked
or crushed ice, because this provides a
quick way to bring their temperature
to just above freezing.

Use of Ice

The preservation of the quality of
seafoods by chilling them with ice was
practiced as early as 1838 aboard New
England trawlers. The principle em-
ployed was not different from that of
the old domestic ice box: The ice was
held in one compartment, the food
was held in another, and both com-
partments were enclosed in a cabinet
which served to keep the system

separated from the environment. In
fishing vessels, ice was kept in one
pen, and fish were put in the other
pens. This practice, while better than
carrying no ice at all, was not effec-
tive, and it was not until fishermen
began to mix the ice with the fish that
icing aboard vessels made possible the
landing of high-quality fish. The reg-
ular use of ice during overland ship-
ments began from Boston to New
York in 1858.

A major value of ice for preserving
fresh seafoods is that it has a high la-
tent heat of fusion? so that it is
capable of removing large amounts of
heat as it melts without changing its
temperature at 32 °F (0 °C). Of course,
once it melts, the heat of fusion will
have been absorbed, and its temper-

*The latent heat of fusion is the amount of heat
required to change a given weight of a solid to a
liquid without changing its temperature. In the
English system, the weight used is one pound
(Btu). In the metric system, the weight used is
one gram (calorie).

Icing fish.
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ature will begin to increase as it is ex-
posed to more heat.

During the transition from ice to
water, 1 pound (454 g) of ice absorbs
144 Btu (British thermal units). Since
1 Btu (252 calories) is defined as the
amount of heat required to raise the
temperature of 1 pound (454 g) of wa-
ter by 1 °F (0.56 °C), then the removal
of 144 Btu (36.3 Kcal) from a 6 pound
(2.7 kg) fish, which contains about 75

percent water, will lower the
temperature of that fish 32°F
(17.8°C) from an ambient

temperature of 64 °F (17.8°C) to 32°F
(0°C). The calculation involved is 144
+ (6 x 0.75).

This would suggest that fishermen
should take about one-sixth as much
ice as the weight of fish they expect to
catch when the ambient temperature
is about 64 °F (17.8 °C). However, we
have to take into account the fact that
the ice continually cools the pen walls
as well as the air around it from the
moment the ice is loaded on the ves-
sel, and it is expected to keep remov-
ing heat from the system as well as the
heat generated by the fish, once the
fish are added, until such time as the
fish are landed. The amount of extra
ice needed for accommodating the
heat which the system receives from
the environment will vary depending
on time of year, amount of insula-
tion, length of trip, etc. This is bound
to be quite high. At any rate,
fishermen should take enough ice to
maintain the fish temperature at
about 32°F (0°C) at all times. The
amount of ice taken on a trip will be
best worked out for each vessel, but it
would probably be from one-fourth
to one-half the weight of the expected
catch.

Since the spoilage of fish starts just
after they die, and since the spoilage
rate is largely dependent on the tem-
perature, the sooner the fish can be
cooled the better. This is precisely the
reason that the quality of fish is
preserved longer when there is an ade-
quate amount of ice, and it is well
dispersed among the fish. When the
ice is in small particles, such as flakes,
it does a more effective job of cooling
than when it is in large pieces. This is

April 1981, 43(4)

because smaller ice particles give
greater contact between fish and ice,
and the rate of heat removal depends
on the size of the contact area. An-
other advantage of small ice particles
is that it avoids damaging fish in
the lower part of the pens. Large
pieces of ice can exert point forces
(from the pressure developed in the
lower part of the pens when they are
filled) and thereby damage fish.
Although this paper does not cover
the modification of ice with bac-
teriostats, it is important to point out
that the ice must be sanitary. Ob-
viously, both ice and water that come
in contact with food must be of
potable quality. The need to ensure
the quality of the ice is not emphasiz-
ed merely to meet legal compliance
which is conerned with public health
but rather to minimize the sources of
bacteria and other agents of spoilage.

Use of Chilled Seawater

Chilled seawater (CSW) is discuss-
ed here because, in essence, it is an ex-
tension of the use of ice. That is, it is
the end point to which can be carried
the principle of maximizing surface
contact (the smaller the ice particles,
the greater the cooling rate, and mole-
cules of cold water can be considered
to behave as minute articles of ice).

In CSW, the fish are surrounded
with a mixture of ice and water,
thereby achieving maximum contact
between fish and coolant. When
enough ice is added to the system, it
will bring the temperature of the wa-
ter down to 32°F (0°C), and it will
continue to remove the heat from the
water, that the water, in turn, re-
moves from the fish. The transfer of
heat from the fish to the water and
from water to ice will continue until
the system is brought to a state of
temperature equilibrium. Actually, a
uniform temperature may never real-
ly be attained, because the system is
dynamic, continually absorbing heat
from the environment and from the
bacteria in the fish. However, provid-
ed there is sufficient ice in the system,
a point will be reached where the
average temperature of the system
cannot be reduced further.

CSW is effective because the water
component of the CSW establishes
maximum contact between the cool-
ing medium and the fish. Therefore,
the cooling rate of fish in CSW is
higher than that of fish in ice.

CSW has sufficient advantages
over ice alone to warrant its adoption
by commercial fishermen for cooling
their catch (Hulme and Baker, 1977).
These authors reported that CSW
cooling is fast, bringing the fish
temperature down to 32°F (0°C)
within 4 hours and maintaining the
temperature quite uniformly. Tem-
perature uniformity is enhanced by
the thorough mixing due to the action
of the sea, as one might expect. There
is no need to declump ice at sea;
however, seawater must be added to
the ice as soon as possible. Otherwise,
the ice tends to clump before a slush
can be obtained. The fish are less
damaged in CSW because of the
bouyant effect of the water. Also, fish
can be unloaded very quickly with
pumps.

In our own work (Baker and
Hulme, 1977), we observed that whit-
ing, herring, and other fish may be
scaled by the agitation to which they
are subjected. This may be an advan-
tage if the fish are to be scaled
anyway, as they would be in most
processing operations. On the other
hand, if the fish were destined for a
market that required the scales to re-
main on the fish, then CSW holding
would not be suitable.

There have been reports of the de-
velopment of discoloration of fish, of
rancidity, and of salt absorption dur-
ing their holding in refrigerated
seawater which would have to hold
true for CSW (Roach and Tomlinson,
1969; Peters, Carlson, and Baker,
1965). We did not encounter these
problems, however. The one concern
with CSW is that the holds must be of
special construction to prevent the
buildup of large surge forces in heavy
seas. This may be prevented by the in-
stallation of perforated baffles (Baker
and Hulme, 1977).

The ice requirements used in our
studies were governed by an establish-
ed ratio of one part ice, two parts



seawater, and seven parts fish. There-
fore, for every ton (0.9 t) of fish we
expected to catch, we put into the
hold 286 pounds (131 kg) of ice. At
the first opportunity, 571 pounds (259
kg) (about 68 gallons or 257 liters) of
seawater were added. Accordingly, if
one had an insulated hold or com-
partment with a capacity of 10 tons (9
t), he would start out by putting 1 ton
(0.9 t) of ice in the hold. He would
add 2 tons (1.8 t) of seawater as soon

as possible (not harbor water, because
it is not clean enough). Two tons (1.8
t) of seawater are equal to about 480
gallons (1,817 liters). Then the hold
would be filled to capacity with fish,
resulting in a mixture of 1:2:7
(ice:seawater:fish). It should be noted
that the reason why a relatively small
amount of ice was adequate in our
CSW work is because the holds of the
vessel that we used were well insu-
lated. Both insulation and ambient
temperatures have major influences
on ice requirements.

Refrigerated Seawater

In ordinary application of
refrigerated seawater (RSW), the
seawater is usually cooled by me-
chanical refrigeration. Thus, RSW, as
opposed to CSW, is not as limited in
its role of removing heat, and there is
a reasonable control of temperature
over a range that is not possible with
CSW. In addition, it has all the ad-
vantages described for CSW and,
unlike ice and CSW, it can be used for
superchilling fish (see next section).

RSW systems may vary, but the ba-
sic components are a pump to bring
seawater into the vessel and to cir-
culate the RSW, a heat exchanger to
remove heat from the seawater, a
mechanical refrigerator to discharge
heat from the system, a circulatory
system for transporting the refrig-
erant between the heat exchanger and
the refrigerator, and a sparging sys-
tem for spraying the RSW over the
catch or a tank to contain the fish and
RSW. Auxiliary equipment can, and
in some cases may have to be added;
i.e., a filtering system, a holding tank
for the chilled RSW, a system for
controlling the sanitary quality of the

water, and a system for removing fish
oil.

The designs of a RSW system and
its individual components are impor-
tant (Peters, Slavin, Carlson, and
Baker, 1965). Critical among these is
the design of the heat exchanger. If it
is not properly designed, the RSW
may freeze and cause the system to
fail. Even when the heat exchanger is
of appropriate design, the RSW could
conceivably freeze if its rate of flow is
too slow. The pump(s) has to be cor-
rosion resistant and have a relatively
high capacity. The entire system must
be designed, especially the circulatory
system (pipes, fittings, valves, etc.), so
as to prevent the growth of microbial
colonies which can be the source of
contamination that can easily be car-
ried to the fish by the RSW. The sys-
tem must be easily cleaned, especially
the tanks that are used to hold the
fish.

The earliest commercial use of
RSW occurred in the early and middle
1920’s to cool menhaden. It has been
used to preserve the quality of sar-
dines. In some cases, the brine has
been made by the addition of salt to
fresh water, especially when there was
reason to believe that the available
seawater was not satisfactory because
of contamination or other deterrent.
In the 1950’s, Canadians used RSW
for preserving the quality of salmon
and halibut both on the vessel at sea
and in trucks on shore (Roach et al.,
1961). While RSW has many advan-
tages, its use has by no means prolif-
erated. It has advantages that result in
stabilizing the quality of fish for
periods of about 1 week. However,
while RSW controls temperature ex-
ceedingly well, contact with the fish
for periods longer than 1 week may
have deleterious effects that result in
undesirable changes in odor and fla-
vor (e.g., rancidity) and in appearance
(e.g., loss of pigment from skin).

Although RSW should have signifi-
cant long term preservative effects,
empirical data do not support the
theory. Carbon dioxide (CO,) has
been added to RSW in recent exper-
iments as an adjunct preservative. The
CO, lowers the pH which has a

beneficial effect on the quality of the
fish; but because it does lower the pH,
it then enhances the corrosiveness of
RSW components to intolerable lev-
els. The latter problem has been cir-
cumvented by using components that
are coated with corrosion resistant
materials. When this is done the RSW
system containing CO, has shown an
effective inhibition of bacterial
growth and an increase of at least 1
week in the shelf life of the fish
(Barnett et al., 1971).

Superchilling

Superchilling, as used for preserv-
ing seafoods, has been defined as the
lowering of the temperature of the
flesh to within the range from -3° to
-1°C (26.6-30.2°F) (Carlson, 1969).
The process also has been labeled
‘“‘supercooling,”” “‘light freezing,”
‘“‘partial freezing,”” and ‘‘very poor
freezing.”

Pure water freezes at 0°C (32 °F),
but its freezing point is depressed
when it contains dissolved substances.
The water in biological systems
(plants and animals) contains varying
amounts of dissolved substances;
therefore, the freezing of seafoods oc-
curs below the freezing point of pure
water. When the temperature of sea-
foods is lowered, the physical change
to a hardened mass occurs gradually
at rates that are fastest in the begin-
ning and slower as the temperature
drops. The water in the seafood is not
spontaneously frozen at any given
temperature. As the flesh temperature
is lowered, the first water molecules
are frozen at slightly below 0°C
(32 °F). Successively more is frozen as
the temperature continues to fall. Ac-
cording to Power et al. (1969), as the
temperature of fish muscle is lowered
to -1°, -2° -3° and -4°C, (30.2°,
28.1°, 26.6°, and 24.4 °F), the percent
of water frozen is 19, 55, 70, and 76,
respectively.

At first, the rate of freezing of the
water in fish is relatively rapid; and by
the time the temperature is lowered to
only -6°C (21.2°F), about 80 percent
of the water is frozen and the flesh is
rigid, even though the remaining 20
percent of the water is not frozen. At
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Superchilled haddock fillet.

this point, the rate of freezing is
sharply reduced, and a further de-
crease of about 36 °F (20 °C) (down to
-14.8°F or -26°C) will freeze only
about an additional 8 percent of the
water (leaving about 12 percent of the
water in the system still in the liquid
state). It is not until the temperature is
lowered to about -67 °F (-55°C) that
all of the water will appear to be fro-
zen. (While the foregoing data may
vary slightly, it accurately represents
the processes.) A typical example of
this process is described in Charm
1971).

From this, we can see that super-
chilling will involve the conversion of
at least some water to ice, the amount
depending on the equilibrium tem-
perature to which the system is finally
brought. Provided that the temper-
ature is not permitted to go below
26.6°F (-3°C), superchilled seafoods
will not become rigidly frozen. Thus,
superchilling is accurately defined as
partial freezing.
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The first record of superchilling
was reported in about 1935 (Carlson,
1969), and it involved the use of brine
(at about 26.6°F (-3°C)) as the
refrigerant, resulting in extended shelf
lives for whole fish. In the first major
use of superchilling, mechanical re-
frigeration was used to hold fish
aboard fishing vessels at about 30°F
(-1.1°C) (Ranken, 1963).

Reports on the preserving effective-
ness of superchilling fish leave little
doubt as to the considerable increase
in the shelf life of the product.
However, according to Carlson
(1969), certain disadvantages surfaced
in subsequent evaluations of the process
by research teams from England and
later by teams from Canada, The
Federal Republic of Germany, and
the United States. Degradation of
appearance and texture and excessive
drip loss were also found and con-
firmed (Power and Morton, 1965).
Some of the quality degradation was
attributed to the partial freezing that
actually occurs during superchilling.
The recommendations that derive
from these subsequent evaluations are
that superchilling is effective and
practical, provided that the tem-
perature does not fall below the point
where freezing is discernible (about
28.4°F or -2°C) and that the time of
holding does not exceed 12 days. The
use of seawater with no added salt will
insure that the temperature of the fish
will not be lowered too much because
seawater freezes at about 28.4°F
(-2°C).

Freezing

The preserving of foods by freezing
goes back into antiquity, having been
used by such ethnic groups as Eski-
mos and Indians in certain cold areas.
Fish caught in the winter months in
cold climates were frozen and held
frozen in the cold ambient air. Red
meats were also frozen and held in
natural, freezing, ambient conditions.

The industrial freezing of foods
was introduced by Clarence Birdseye
during the 1920’s when he developed
a process for freezing foods in small
packages suitable for retailing. He
found that the quality of a variety of

foods, including fish, fruits, and veg-
etables could be preserved for months
by freezing and low temperature
storage. Subsequent development in
freezing equipment and techniques
has gradually evolved into the highly
sophisticated frozen food and mar-
keting distribution system available to
us today. Important events in the
development of the frozen food in-
dustry and a summary of its past and
present are described by Fennema
(1976). Much of the refrigeration
equipment and techniques used in the
frozen food industry has been con-
nected with the preservation of fishery
products.

While fresh seafoods are more ac-
ceptable to U.S. consumers and carry
a higher retail value than frozen
seafoods, this is an anomalous situa-
tion because the production costs of
frozen seafoods are higher than for
fresh seafoods. High quality seafoods
are worth their extra production costs
because they have a much longer shelf
life than fresh seafoods, and after
purchase they may be put into do-
mestic frozen storage directly without
the need to package them and to ex-
pend the energy required to freeze
them.

Regardless of the comparative ac-
ceptabilities and values of fresh and
frozen seafoods, much of the sea-
foods consumed in this country are
frozen at one time or another before
they reach the point where they are
consumed. This is because of the long
times involved in the distribution and
especially holding of seafoods.

While the use of ice, CSW, or
superchilling is adequate for preserv-
ing the quality of seafoods for short
periods, none of these processes op-
erates at low enough temperatures re-
quired to protect quality for long
periods. Seafoods may retain their
quality for many months if they are
properly packaged and held at suit-
ably low temperatures (below 0°F or
-17.8°C). Numerous data dem-
onstrate that many seafoods remain
virtually unchanged in their quality
for periods longer than 1 year when
they are held at -40° (-40°F = -40°C).
Even at -20°F (-28.9°C), long shelf



lives have been reported for seafoods.

The need to thaw frozen seafoods
prior to reprocessing in food plants or
for domestic use is one undesirable
aspect of freezing. Thawing is time
consuming and, in some cases, is as-
sociated with loss of product quality.
It normally takes longer to thaw food
than to freeze it under similar heat
transfer conditions. In other words, it
takes longer for the temperature of a
food to go from -10°F (-23.5°C) to
60°F (15.7°C) than it takes the
temperature of the food to go from
60°F to -10°F. This is because the
thermal conductivity of ice is about
four times greater than that of water
(Baumeister and Marks, 1966).

This difference in thermal proper-
ties affects the surface of the food
which is frozen during most of the
freezing cycle and unfrozen during
most of the thaw cycle. Thus, during
freezing, immobilization of surface
microorganisms occurs early in the
process before much deterioration can
occur; conversely, in the thawing pro-
cess the surface is thawed first and
surface microorganisms are provided
with good growing conditions for
nearly the entire thawing period.

Foods packaged in small units de-
frost in a few hours at room tem-
perature and during this time are not
subject to an undesirable amount of
decomposition due to bacterial
growth. However, seafoods frozen in
bulk (i.e., large fish blocks) may pre-
sent a defrosting problem. Because
bulk-frozen foods take a long time to
defrost and because the rate at which
the food defrosts depends on the
temperature to which it is exposed,
there may be a tendency to defrost the
food at relatively warm temperatures.
When this is done, the surface of the
food is subject to microbial spoilage
before the inner portions defrost.

Some methods have been devel-
oped to alleviate this problem.
Refrigerator defrosting (holding at
temperatures of 35-40°F or
1.7-4.5°C) is probably the best
method of defrosting bulk-frozen
foods when no fast method is avail-
able. This would apply to large whole
fish since bacterial or mold growth

L.

Frozen halibut in cold storage.

would be limited under these condi-
tions. However, in industrial process-
ing, where bulk-frozen products are
thawed as an intermediate step in the
manufacture of the company’s line of
products, the refrigeration space re-
quired may be so large as to discour-
age this practice.

With microwave energy, food can
be thawed rapidly and with virtually
no quality loss. That is because
microwaves, by their unique char-
acter, cause a temperature rise
throughout the product almost simul-
taneously. The microwave beam

penetrates foods with an alternating
current. In alternating current, the
charge alternates between positive and
negative. Because water molecules are
polar (i.e., they have positive and
negative ends), they are put into a
twisting motion due to the alternating
current which attracts first the pos-
itive end of each molecule then the
negative end at a rate of millions of
times per second. The twisting action
of the water molecules creates con-
siderable friction which generates
heat. Ice is not affected by micro-
waves, but neighboring unfrozen wa-
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ter molecules (frozen foods contain
some unfrozen water) generate the in-
itial heat that melts adjacent ice to
release more water which accelerates
the heating.

Since the heat generated in foods
by microwaves is quite rapid (about
10 times more rapid than by baking),
when uneven heating in a frozen
product does occur, the temperature
differences within a food can become
great. This, however, happens only
under certain conditions, and it can be
dealt with quite easily. For this condi-
tion, and also when one wants to en-
sure uniform temperature control,
one solution is to apply the micro-
wave energy in intermittent bursts. By
this technique, the absorbed thermal
energy generated during a burst of
microwaves is allowed to be distrib-
uted by conduction during the inter-
vals between the bursts, thereby per-
mitting the temperature of the food to
increase more uniformly albeit more
slowly. Modern developments, such
as wave guides, have improved the
distribution of microwave energy.

The particular advantage of using
microwave energy for thawing foods
is that deterioration by micro-
organisms is not a factor. The
feasibility and benefits of microwave
thawing of frozen meats and fish have
been adequately demonstrated, espe-
cially for thawing frozen shrimp
blocks (Bezanson et al., 1973). Indus-
trial microwave ovens are now used
by both the meat and seafood in-
dustries.

One potential solution to the prob-
lems associated with thawing and the
cell damage caused by ice crystals in-
vestigated by Charm et al. (1977) is
worthy of mention and recommended
for further investigation. Basically,
the method involves the lowering of
the temperature to below freezing
(26.6 °F or -3 °C) without forming any
ice by imposing a pressure of 272 at-
mospheres on the product. Lower
temperatures are possible.

One aspect of seafood preservation
that has variable importance is pack-
aging. Packaging of seafood per-
forms several basic functions (e.g.,
protection from contamination). In
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addition, the package has to serve ad-
ditional functions, the critical one be-
ing gas impermeability (Nickerson
and Ronsivalli, 1979). Preventing the
frozen seafood from having direct
contact with oxygen is highly impor-
tant.

The rate at which foods are frozen
is just as important as the temperature
at which frozen foods are held and the
range of fluctuation of the storage
temperature. When foods are allowed
to freeze slowly, water molecules,
even though they are slow moving,
have time to migrate to seed-crystals
resulting in the formation of large ice
crystals. When foods are made to
freeze rapidly, the sluggish water
molecules do not have enough time to
migrate to ice crystals but instead are
“frozen in their tracks,” so to speak,

forming relatively small ice crystals
made up of local water molecules.
Rapid freezing may be effected by a
variety of methods which include the
use of liquid and gaseous refrigerants,
cold-air blast, and cold-plate contact.

Liquid Refrigerants

Freezing is most rapid when the
food is brought into direct contact
with refrigerants (i.e., where the
foods are immersed directly in a liquid
refrigerant, sprayed with liquid re-
frigerants, or exposed to cold gases
emanating from liquid refrigerants).
This is because the removal of heat is
proportional to the temperature dif-
ferential at the food surface, and the
direct contact between food and re-
frigerant tends to maintain the
temperature differential at the highest
possible value for the particular
system.

Brine

Brine may be defined as a salt solu-
tion. Both the salt and its concentra-
tion may vary, depending on the
intended application. The salt is gen-
erally sodium chloride, and the sol-
vent is water. The principle that
dissolved substances depress the freez-
ing point of water makes brine an ef-
fective medium for freezing foods.
Thus, salt solutions have lower freez-
ing points than pure water, and brine

can be made cold enough to freeze
foods which are immersed in it while
the brine itself remains fluid. The
freezing point of brine is determined
by the concentration of the salt.

At salt concentrations up to 23.3
percent, the higher the salt concentra-
tion, the lower the freezing point.
When the concentration of the salt
reaches a value of 23.3 percent by
weight, the limit of the trend is reach-
ed at a temperature of -6 °F (-21.2°C).
This is the eutectic point for NaCl,
and it is the lowest temperature that a
NaCl solution will remain fluid. Any
further increase in NaCl concentra-
tion tends to raise the freezing temper-
ture of the brine.

When one wishes to avoid the use
of sodium or when one wishes to de-
press the freezing point of the brine
beyond the limit that can be reached
with NaCl, then CaCl, may be used.
It can be seen from Table 1 that, while
there is little difference in freezing
point depressions between the two
salts up to concentrations of about 20
percent, at 25 percent concentration
calcium chloride lowers the freezing
point of water to a level that cannot
be accomplished with sodium chloride
at any concentration. Table 1 also
shows that calcium chloride can de-
press the freezing point of water to as
low as -67.0°F (-55.0°C), the eutectic
point for calcium chloride. It can be
seen that the difference between the

Table 1.—Effect of NaCl and CaCl, concentrations
on the freezing point of water.

Freezing point of
aqueous solution

Freezing point of
aqueous solution

of NaCl of CaCl,
Percent
salt °F °C °F °C
0 32.0 0 32.0 0
5 26.7 -2.9 27.7 2.4
10 20.2 6.6 22.3 5.4
15. 12.3 -10.9 13.5 -10.3
20. 23 -16.5 -0.4 -17.8
23.300' -6.0 -21.2 — —
25. 16.1 -8.8 -21.0 -35.3
25.200 32.0 0 — —
26.285% 32.2 0.1 — —
26.308° 38.0 3.3 —

-67.0 -55.0

' Eutectic point for NaCl.
2 Transition point for NaCl.
3 Saturation point for NaCl.
* Eutectic point for CaCl,.



eutectic points for NaCl and Cadl, is
considerable. While the data of CaCl,
are not carried out, it should be noted
that further increases in CaCl, tend to
raise the temperature. Despite the ver-
satility of calcium chloride, brine for
cooling seafoods is produced from
sodium chloride. Calcium chloride is
used only when very low temperatures
are needed to effect rapid cooling or
when cooling bulky products.

From the middle 1910’s to the mid-
dle 1920’s, immersion of fish in brine
was the only known method of quick
freezing. While new methods for
freezing have been developed since
then, brine immersion freezing is still
an effective and useful process be-
cause of its rapidity and because the
fish do not lose water. However, the
fish can absorb some salt which has a
catalytic effect in oxidative deteriora-
tion of the quality of the fish during
subsequent storage. Nevertheless,
brine freezing is still employed in a
variety of situations, including some
U.S. vessels; however, in U.S. land-
based operation, it has been replaced
by other freezing methods. Many
plants use brine to prechill fish.

One of the problems with the use of
brines is their tendency to corrode
equipment when their pH is allowed
to fall below 7.0, becoming acidic,
and when air enters the system. The
pH of brine generally falls in the
presence of air due to the carbon
dioxide contained in air which dis-
solves in the brine to form carbonic
acid which lowers the pH, and corro-
sion is enhanced due to the presence
of oxygen in the air.

Both corrosion and salt absorption
can be reduced without sacrificing the
lowering of the freezing point by sub-
stituting sugar for some of the salt,
provided that the present of sugar is
neither restricted nor undesirable.
There seems to be no significant con-
clusions regarding the use of salt/
sugar brines except that they ac-
complish to some degree the objective
for which they are used.

Cryogenic Liquids

Cryogenic liquids can be brought to
very low temperatures without solidi-

fying. They may be used in direct con-
tact with foods in place of brines.
These include liquid nitrogen at
-320°F (-196°C), liquid carbon diox-
ide at -108 °F (-78°C), and Freon-12
(dichlorodiflouromethane) at -21°F
(-29°C). The number of refrigerants
that can be used in direct contact with
seafoods is limited because they are
required by the Food and Drug Ad-
ministration (FDA) to meet the same
criteria that apply to foods, and only
a few of these refrigerants can meet
the criteria.

FDA requirements are not the only
criteria imposed on the use of liquid
refrigerants. Freon-12, although in
use by industry for direct contact with
foods under FDA sanction over a
period of years is now under EPA
(Environmental Protection Agency)
scrutiny because of its perceived
damage to the Earth’s atmospheric
ozone layer which would lead to
reduce protection from the Sun’s in-
frared radiation (Semling, 1979). This
consideration is bound to affect
future decisions as to choice of
refrigerants. The EPA’s scrutiny
directed at Freon-12 includes other
halocarbons even though they may be
used in closed systems and do not

come in direct contact with foods.

While freezing food by various
methods that involve direct contact
between them and liquid refrigerants
is practiced widely, the holding of
frozen foods is largely done in rooms
that are kept at freezing temperatures
by systems that use any of a variety of
fluid refrigerants in what are properly

described as mechanical refrigeration
systems. These will be described in the
following section. However, at this
point, we will continue with the dis-
cussion of the cryogenic liquids that
are used in these systems.

The refrigerants used either in di-
rect contact with food or in
mechanical refrigeration systems are
classified into three groups. Group 1
refrigerants, which are neither toxic
nor flammable, include carbon diox-
ide, liquid nitrogen, and the fluo-
rocarbons. Group 2 refrigerants are
toxic, flammable, or both. Ammonia,
which is used in some of the larger
industrial installations, is a represen-
tative of this group. Group 3 refrig-
erants are highly flammable and
explosive. They include propane, eth-
ane, methane, ethylene, and propyl-
ene. This group has limited use and
is used only where a flammability or
explosion hazard is already present
and their use does not add to the
hazard. A description of some of the
important refrigerants follows. In re-
frigeration jargon, which is mainly
used to avoid contending with the un-
wieldly names of many of the refrig-
erants, they are given numbers with
an “R,” the R meaning refrigerant
(Table 2).

R717. Ammonia, R717, is a very
economical and efficient refrigerant
because of its low boiling point, -28 °F
(-33°C), and high heat of vaporiza-
tion (589 Btu/pound or 327 calor-
ies/gram) at atmospheric pressure.
Although toxic and flammable under
certain conditions, ammonia is still

Table 2.— Names and properties of important refrigerants used in the food industry.

Heat of
vaporization
Boiling point Freezing point  at boiling point
Refrig- Chemical
erant Chemical composition formula °F Lo °F °c Btu/lb callg
R717 Ammonia NH, -28 -33.3  -107.9 -77.7  589.0 327.0
R12 Dichlorodiflouromethane CCl,F, -21.6 -29.8  -252 -1567.8 71.04 39.47
R22 Monochlorodiflouromethane CHCIFI, -41.4 -40.8  -256 -160 100.45 55.81
R502 Mixture of 48.8 percent R22 CHCIF,IC,CIF, -49.8 -45.4 - - 76.46 42.48
and 51.2 percent R115
R115 Monochloropentaflouroethane C,CIF, -38.4 -39.1 -159 -106.1 54.20 30.11
R728 Nitrogen n -320.4 -195.8 -4155 -248.6 86.0 47.8
R744 Carbon Dioxide Co, -109.2 -78.4 -69.9 -65.6  247.0 137.1
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one of the best and most widely used
refrigerants. It is used extensively in
large commercial and industrial re-
frigeration plants. In small and
medium-sized commercial plants, am-
monia, which is a strong irritant of
eyes, throat, nose, and lungs, is being
replaced by Freon 12, 22, and 502,
which are Group 1 refrigerants and
have many advantageous physical
properties, as well as being much
safer.

R12. Dichlorodiflouromethane,
or R12, has a boiling point of -21°F
(-29.4°C) at atmospheric pressure and
a latent heat of vaporization of 71
Btu/pound (39.5 calories/gram).
Presently, it is the most widely known
and widely used refrigerant. It is used
in many small commercial refrigera-
tion plants and has a multitude of ap-
plications, ranging from small house-
hold refrigerators and air conditioners
to large centrifugal units for normal-
and low-temperature plants and has
been used to obtain temperatures as
low as -130°F (-90 °C) although other
refrigerants are better suited to main-
tain temperatures in that range.

The disadvantage of R12 is that
unlike ammonia, it is not compatible
with moisture and care must be exer-
cised to remove all air and moisture
which otherwise would cause exces-
sively high head pressure and freezing
of expansion valves.

R22. Monochlorodifluorometh-
ane, or R22, has a boiling point of
41°F (-40.6°C) at atmospheric
pressure and a latent heat of vaporiza-
tion of 100.5 Btu/pound (55.8 calor-
ies/gram). Its physical properties are
similar to those of R12 except that it
has a lower boiling point, and it
operates at a higher discharge pres-
sure than R12. It is used in place of
R12 for low temperature applications.

R502. RS502 is a mixture of mono-
chlorodifluoromethane (48.8 percent)
and monochloropentafluoroethane
(51.2 percent) (R22 and R115, respec-
tively). It is especially well suited to
low temperature applications pro-
viding considerable capacity gain over
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R22 but with discharge temperatures
comparable to R12. It has a boiling
point of -50°F (-46°C) and a latent
heat of vaporization of 76.5 Btu/
pound (42.5 calories/gram). RS02 is a
recent addition to the refrigerant list
but is rapidly becoming recognized
and is replacing R22 in many applica-
tions.

R728. R728, liquid nitrogen, has
a boiling point of -320°F (-196 °C).
The latent heat of vaporization of lig-
uid nitrogen is 86 Btu/pound (47.8
calories/gram). However, the cold va-
por is capable of absorbing another
80 Btu/pound (44.4 calories/gram) in
warming up to -40°. Consequently,
there is a usable heat-removal capaci-
ty of about 166 Btu/pound (92.2
calories/gram).

R744. R744 is the refrigerant
designation for carbon dioxide, also
known popularly as dry ice. R744 has
a boiling point of -109.2°F (-78.4°C)
and a heat of vaporization of 247
Btu/pound (137 calories/gram). In
warming up to -40°, it will absorb
another 14 Btu/pound (7.8 calor-
ies/gram) for a usable heat-removal
capacity of about 260 Btu/pound
(144.3 calories/gram) which is 57 per-
cent greater than liquid nitrogen. The
advantage of liquid nitrogen over car-
bon dioxide is that it has a much cold-
er starting temperature.

Both R728 and R744 are suitable
for cryogenic freezing, and the choice
is mainly an economic one, depending
on availability and cost at the loca-
tion.

{ Compressor

rCondenser

LW Evaporator

SPACE TO BE COOLED
(Refrigerator or freezer)

P —

Expansion
valve

\
Insulated
wall

Figure 1.—Basic elements of mechanical refrigeration.



Mechanical Systems
Using Liquid Refrigerants

A mechanical refrigeration system
consists of an insulated area or room
(the refrigerator) and a continuous,
closed system consisting of a refrig-
erant, expansion pipes or radiator-
type evaporator located in the refrig-
erator, a pump or compressor, and a
condenser (Fig. 1). The compressor
and condenser are located outside the
refrigerator. The refrigerant, such as
ammonia or one of the freons, flows
into the expansion pipes as a liquid.
Here it evaporates to a vapor and in
changing from the liquid to the vapor
phase it absorbs heat through the
evaporator. The vapor is pulled into
the compressor by the suction action
of the pump and is then compressed
into a smaller volume of hot gas. The
latter action causes the gas to heat up
and this heat must be taken out. This
is done by passing the compressed gas
through a system of pipes or radiators

usually cooled by water, or sometimes
by forced air. Cooling the compressed
gas liquefies it, whereupon it is then
returned to the evaporator in the re-
frigerator. The conversion of the gas
to a liquid also produces heat which is
transferred to the water or air of the
condenser. Special valves at both ends
of the evaporator allow the required
flow of liquid refrigerant in and of
vapor out of the expansion system in
the refrigerator.

There are a number of ways in
which refrigeration may be applied to
the insulated area which is to be cool-
ed. Expansion pipes where the refrig-
erant is evaporated may be located
along the walls of the freezer. In this
case natural circulation of air (the
cold air being heavier) may be de-
pended upon to refrigerate areas with-
in the room away from the expansion
pipes, or some type of forced air cir-
culation may be used. In some in-
stances radiation-type evaporation
units are used. A fan which blows air

Figure 2.—Closeup view of plate freezer chamber.
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through the radiator fins provides cir-
culation of cold air throughout the
freezer.

A variety of methods are associated
with the use of liquid refrigerants.
The following discussion is limited to
only some of the systems that are in
current use.

Plate Freezing. 1In plate freezing
(Fig. 2), layers of the packaged prod-
uct are sandwiched between metal
plates. The refrigerant (a fluorocar-
bon such as R12) is allowed to expand
within the plates to provide temper-
atures of -28°F (-33.3°C) or below,
and the plates are brought closer to-
gether mechanically so that full con-
tact is made with the packaged prod-
uct. In this manner the temperature of
all parts of the product is brought to
0°F (-17.8°C) or below within a
period of 1.5-4 hours (depending up-
on the thickness of the product). The
packages are then removed, put into
cases, and stored.

Continuous operating plate freezers
are now in use. In one such system the
freezer is loaded at the front and un-
loaded at the rear after completion of
the freezing cycle. This is done
automatically and continually. In an-
other continuous system, the pack-
ages are fed automatically on belts
which place them in front of eight
levels of refrigerated plates. The
packages are slid into the spaces be-
tween the plates and the plates closed
to provide contact. As freezing pro-
ceeds, the packages are advanced by a
system such that with each opening of
the plates the packages are advanced
by one row with a new set of packages
entering the front row. By the time
the packages reach the far side of the
plates, they are completely frozen,
and they are pushed out of the freezer
and unloaded to be cased and stored.

The vertical plate freezer was devel-
oped mainly for freezing fish at sea. It
is usually used in sodium chloride
brine freezing wells and consists of a
number of vertical plates forming
partitions in a container with an open
top. The product is simply dropped
into the brine from the top. This type
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of freezer is widely use by the tuna in-
dustry. (Calcium chloride can be used
when faster cooling times are desired.)

Immersion Freezing. Products
either packaged or unpackaged can be
frozen by direct immersion in cryo-
genic liquids. The products may be
carried through the refrigerant by a
submerged conveyer. When the prod-
uct to be frozen is large (e.g., whole
large tuna and swordfish), it may sim-
ply be immersed in a tank of refrig-
erant. There are not many choices for
freezing large fish because of the
relatively long freezing times required.
Here, direct immersion effects rapid
freezing.

Spray Freezing. The freezing of
foods by direct sprays of cryogenic li-
quids (nitrogen and carbon dioxide) is
widely used. In this process individual
food portions are placed on a moving
stainless steel mesh belt in an insu-
lated tunnel where they are sprayed
with liquid refrigerant (Fig. 3). Excess
refrigerant is recovered, filtered, and
recycled. The food leaves the freezer
in the frozen state and is thereafter
packaged, cased, and stored. This
method provides very fast freezing
and is being used especially for some
marine products such as the various
forms of frozen shrimp. When the lig-
uid refrigerant is evaporated, the still
cold vapors are used to precool and
temper the product entering the freez-
er. The very high freezing rates assoc-
iated with liquid nitrogen freezing
results in improved texture, particu-
larly in the case of certain fruits and
vegetables.

In the case of carbon dioxide (CO,)
freezing, in order to utilize the liquid
Q0,, it must first undergo a change of
state to freeze the product at or near
atmospheric pressure. Since liquid
Q0, cannot exist at pressures of less
than 69.9 psia® (4.9 kg/cm?) when it

*Pounds per square inch absolute. This means
that when the pressure is measured with a
pressure gauge, the value of the prevailing
barometric pressure must be added to the gauge
pressure to obtain psia.
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Figure 3.—Continuous liquid-refrigerant freezer.

expands from its storage pressure to
atmospheric pressure, both gaseous
Q0, and solid dry ice are formed; and
depending on the design of the equip-
ment, either the production of CO,
gas or CO, snow can be maximized.
The CO, snow at -108 °F (-78 °C) then
comes in contact with the product
and, combined with the gases, effects
the freezing process.

The liquid freon (LF) system is the
newest system on the market and uses
specially purified dichlorodifluoro-
methane (R12). The product is carried
into the unit by a conveyer and drop-
ped into a moving stream of R12on a
pan to separate and crust-freeze food
particles as they are distributed and
moved from the drop zone of the
freeze belt. The freeze belt carries the
food under sprays of refrigerant to
complete the freezing process. A third
conveyer then carries the food out of
the freezer. R12, which has been va-
porized as a result of heat extraction
from the food, is recovered and relig-
uefied by contact with a condenser
located above the freeze conveyer.
Condensed refrigerant is collected in a
sump and recycled to the spray noz-
zles. The system is very efficient
because only minimal amounts of re-
frigerant are lost, about 0.5-0.7 kg per
45.5 kg (1-1.5 pounds per 100 pounds)
of processed food. Most of the losses
are residual amounts left on the food,
and these evaporate very rapidly.

Refrigerated Air

Although air is fundamentally a
poor conductor of heat, the fact that
its density changes as its temperature
changes permits its use as a contact
refrigerant, albeit relatively slowly.
Cold storage warehouses can lower
the temperature of a food that is at
higher temperature than the air within
the cold room by conduction at the
interface between the food (or its
package or overwrap) and the air
within the room which is put into mo-
tion as its specific gravity changes.
That is, air made cold by the evap-
orator (or expansion pipes) is made
more dense and tends to migrate to
the floor of the cold room forcing the
warmer air to migrate upward. Thus,
the food surfaces are continually ex-
posed to cooler, moving air molecules
that acquire heat from the food by
conduction, then are lifted by the
buoyant force of the denser air mole-
cules away from the food whereupon
other cold molecules repeat the cycle.
When foods are not protected by
packaging or an ice glaze that is im-
permeable to water vapor, or other-
wise prevents loss of moisture, the
cold air which is also relatively dry
will condense water molecules and
tend to dehydrate the food as well as
cool it. The water carried by the air is
then condensed on the evaporator
coils where is can be seen as ‘‘frost.”
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Sharp Freezers

Sharp freezers employing the re-
frigerated air principle, were used in
early installations and are still general-
ly used on the Pacific coast and in
Alaska. They are essentially cold
storage rooms that cool the foods by
air convection. In some of the early
sharp freezers, shelves made of pipe
grids or metal plates containing the re-
frigerating medium were installed on
which the product to be frozen was
placed. There is no rapidly circulating
air so freezing is relatively slow depen-
ding on the size and shape of the
product and the manner in which it
was distributed on the shelves.

Jacketed Freezers

The jacketed freezer (Fig. 4) is
designed so cold air circulates through
an enclosed jacket completely sur-
rounding the product storage space. It
is simply a room within a room and
allows storage at near 100 percent
relative humidity and at a constant
temperature. These conditions greatly
reduce the weight loss of unpackaged
foods and frost formation inside
packaged frozen foods. The jacketed
principle, although a good one, has
not been accepted by the industry nor
used to any great degree owing to
prohibitive building costs.

Blast Freezers

Blast freezers are generally rooms
or tunnels in which cold air is circu-
lated by one or more fans through an
evaporator and around the product to
be frozen. Air blast freezers are
generally preferred when unwrapped
products of irregular size are involved
(i.e., large fish in the round). The
blast freezer may be of the batch type,
semicontinuous or continuous, de-
pending on whether the product is
supported on racks, trucks, or mov-
ing belts (Fig. S). Some of the latest
designs are very efficient and space re-
quirements are minimal due to a verti-
cal spiral configuration of the con-
tinuous conveyer which moves the
product throught the freezer. These
are known as belt freezers but, along
with tunnel freezers, are still basically
of the air blast variety.
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Figure 4.—Jacketed freezer, cross-sectional view.
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Fluidized Bed Freezers

When particles of fairly uniform
shape and size are subjected to an up-
ward air stream, they are said to be-
come fluidized. By this principle,
food products of small uniform size,
such as scallops and krill, can be fro-
zen. Depending on the characteristics
of the product particles and the air
velocity, they will float in the air
stream, each one separated from the
other, surrounded by air and free to
move. Under these conditions, the
mass of particles behaves like a fluid.
The product can then be frozen and
simultaneously conveyed by air with-
out the need of a mechanical convey-
er. The advantage over belt freezing is
that the product is truly individually
quick frozen (I.Q.F.) and even applies
to foods that tend to agglomerate.

Dehydrocooling

Dehydrocooling is the lowering of
the temperature as a result of removal
of water by evaporation. It is a prac-
tical method in current use for some
applications, especially for cooling
leafy vegetables. In practice, the pro-
cess is a simple one involving the con-
trolled evaporation of moisture from
the surfaces of products to be cooled.

Water and substances containing it
maintain a water-vapor pressure (that
depends on temperature) above them
in a state of equilibrium. Although
the system is a dynamic one (i.e.,
water molecules are continually being
vaporized while vaporized molecules
are continually being condensed), the
equilibrium is maintained for any
given temperature. This is because the
number of molecules being vaporized
equals the number being condensed.
In this condition, the heat lost by
evaporation is regained by condensa-
tion.

This equality always exists until
there is a change in conditions such as
a change in temperature or pressure.
A drastic disturbance to the system
occurs when a vacuum is created in a
chamber containing water or a sub-
stance containing water. The vacuum
creates a reduction in vapor pressure
which in turn creates a sudden drop in
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the condensation rate while simultan-
eously accelerating the evaporation
rate. During this rate imbalance, the
heat lost exceeds the heat gained, and
there is a net cooling effect. If the
vacuum is maintained, the cooling ef-
fect can be substantial, and foods can
be cooled to below freezing
temperatures relatively quickly.

Although dehydrocooling also can
dehydrate the product, this can be
nullified by the addition of water to
the system through an internal water
sparger. Employing a water sparger to
prevent dehydration, Carver (1975)
found that he could cool headed and
gutted whiting from a temperature of
about 59°F to 32°F (15°C to 0°C) in
about 18 minutes (Fig. 6).

Beckman (1961) was granted a pa-
tent for ‘‘conserving fresh fish”
aboard a vessel. By the Beckman pro-
cess, the fish are eviscerated, washed,
and placed into cylindrical tanks
which are connected to a steam jet
vacuum pump located in the engine
room, which reportedly can reduce
the pressure within each tank to about
2 mm of mercury. The tanks resemble
vertical retorts and can be loaded and
unloaded by baskets filled with fish
and which fit into the tank. Each tank
is designed to reduce heat gain and
contains a water injection system for
preventing dehydration of the prod-
uct. The temperature of the product
is brought down to 30.2°F (-1°C) and
maintained at that temperature until
brought to land. The advantages of
low temperature holding and the elim-
ination of oxygen, especially with
treatment occurring just after the fish
are caught, are obvious.

Use of Jet Aircraft
at High Altitude

It is widely known that the
temperature at altitudes used by com-
mercial jet-powered aircraft is very
low (Fig. 7). The use of jet altitude
freezing was proposed as a means of
transferring seafoods from the coastal
areas of large underdeveloped areas
like India to the interior of the coun-
try as a solution to transport protein
foods from an area of abundance to
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Figure 6.—Dehydrocooling curve
for whiting (Carver, 1975).
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peratures at altitudes above
10,000 feet (3,048 m).

an area of need where other means of
temperature controlled transportation
is unavailable.

By this proposed method, fresh
landed fish are placed in special con-
tainers and loaded in specially design-
ed aircraft and flown to inland air-
fields located more than 2 hours of
flying time from coastal areas — suf-
ficient time to freeze the product. The
proposal, initiated by an NMFS tech-
nologist, was evaluated by the
Manager of New Products Investiga-
tions, the Boeing Company*, and giv-
en as a problem to the company’s
engineering staff. Convinced of the
potential of the idea, the Boeing
group produced a design for a proto-

“Mention of trade names or commercial firms
does not imply endorsement by the National
Marine Fisheries Service, NOAA.
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type system using a modified Boeing
727 (Fig. 8) and a special container
(Fig. 9). Theoretical problems such as
possible aerodynamic interference
from the need to pass the outside air
through the aircraft and inefficient
heat removal by the rarefied atmo-
sphere at jet altitudes were considered,
analyzed, and discounted. Although
we have not tested this concept, nor
do we have any information that
anyone else has, theoretically, it has
been deemed entirely feasible, and
there is no known impediment to its
use. With the rising costs for energy to
freeze foods, this concept has poten-
tial for foods that are destined for
long distance transportation; because
in these cases, the heat removal is
done at little or no cost.

Summary

While there are a number of factors
that affect the rate at which seafoods
spoil, temperature control remains as
a major one in the control of their
quality. This paper has reviewed the
principles, the methods, and the re-
frigerants used to chill seafoods (32°F
or 0°C), superchill them (26.6 to
30.2°F or -3 to -1°C), or freeze them
(O°F or -17.8°C or below).

For chilling seafoods, ice, with its
high latent heat of fusion, is effective
and widely used. When ice is in small
particles (i.e., flaked), cooling rates
are high and damage to the product is
minimized. The amount of ice requir-
ed varies with each situation, but it
should be enough to maintain the
product at 32°F (0°C) as long as
necessary. In some instances, vessels
require about one-fourth the weight
of the expected catch or less. In other
cases, the requirement could be as
high as half the weight of the expected
catch. Ambient temperature, length
of trip, and degree of insulation are
among the major factors that affect
the weight of ice required.

Chilled seawater, a mixture of ice
and water, chills fish more quickly
than ice alone, and by its buoyant ef-
fect, prevents damage to the fish. The
requirement, again, varies with each
situation, but a ratio of 1:2:7 (weight
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Figure 9.—Container for freezing fish at high altitudes.

of ice:weight of water:weight of ex-

pected catch) has been used success-

fully with an insulated vessel.
Refrigerated seawater (RSW) us-

ually involves mechanical refrigera-
tion, and, in this case, the product
temperature can be lowered below
32°F (0°C) to the superchill range.
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This system provides a better and
more varied control, but it requires
capital equipment and maintenance,
and provisions have to be made to in-
hibit the corrosive effects of the
seawater on the RSW components.

Because the seafood spoilage rate is
directly related to the temperature,
superchilling, which is in the range
from 26.6 to 30.2°F (from -3 to -1°C)
provides the product with a longer
shelf life than chilling (32°F or 0°C).

Freezing occurs over a broad range
of temperatures below 26.6°F (-3°C).
However, freezing is a stepwise pro-
cess, and it is not until the tempera-
ture is lowered to O°F (-17.8°C) that
enough water is immobilized to effect
a reasonable stabilization of product
quality for to about 1 year. At higher
temperatures, chemical reactions in-
volving enzymes and oxygen will
eventually degrade the product quali-
ty. At lower temperatures the product
quality will remain high for many
months and even years.

Because salt lowers the freezing
point of water, brine (usually a solu-
tion of sodium chloride) is used to
freeze large products like whole tuna
by direct immersion. Short brine dips
are also used to chill fillets. Brines do
impart salt to the product, the
amount depending on a number of
factors, and they do tend to corrode
equipment.

Other freezing solutions that can be
used for direct immersion of food in-
clude liquid nitrogen, liquid carbon
dioxide, and a number of halocarbons
such as R12 (dichlorodifluorometh-
ane). The halocarbons, including
R12, R22 (monochlorodifluorometh-
ane), and R502 a mixture of R22 and
R115 (monochloropentafluoroeth-
ane), and ammonia are used in me-
chanical refrigeration systems where
there is no direct contact with the
food.

Conventional freezing techniques
and equipment described include plate
freezing which involves sandwiching
the product between refrigerated
plates; immersion freezing which sim-
ply involves the immersion of product
in cryogenic liquids; spray freezing
which occurs when cryogenic liquids
or gases are sprayed directly on the
product carried by a conveyor belt;
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refrigerated air, a slow process occur-
ring when a product is simply placed
in a chamber that is held at freezing
temperatures (the sharp freezer is an
example); the jacketed freezer which
involves a double-walled chamber and
controls humidity to 100 percent rel-
ative humidity is another variation of
refrigerated air; blast freezing which
involves refrigerated air that is driven
across the product by powerful fans;
and fluidized freezing which involves
the suspension of product particles
that are frozen as they are buoyed by
cold air forced upwards. A conven-
tional process in the agricultural in-
dustry, dehydrocooling, has a
demonstrated potential for freezing
seafoods. A theoretical, but apparent-
ly sound process, jet altitude freezing,
has not yet been demonstrated but has
a scientific basis for its consideration
and has withstood analytical critiques
regarding aerodynamic, economic,
and technical feasibilities.
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