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Abstract. An experimental study was carried out to determine the production costs of ice slurry, using a
saline solution with different fractions of ice, for “Perico” (Coryphaena Hippurus) artisanal fishing in the
Peruvian sea. A 3-kW ice slurry generator, portable enough to fit in an artisanal boat, was used. The prototype
was instrumented with sensors for temperature, density, and electrical parameters (voltage, current, power)
measurement in order to determine the ice mass fraction and production costs. The results indicated that not
only ice slurry ensures a higher cooling speed and less damage to the product, but also, its production costs

are lower compared to flake ice.

1 Introduction

“Perico" (Coryphaena hippurus) is the second largest
artisanal fishing resource in Peru, and an important export
product [1]. After its capture, the conservation of this
product through its journey to reach its final consumer is
ensured by storing it in ice. However, this technology
does not guarantee the innocuity and integrity of marine
foods for a long time. During storage in these conditions,
bacteria develops and the fish visual appearance
deteriorates: its skin undergoes noticeable changes, like
the loss of its shine and the thickening of the viscous layer
that surrounds it, and their eyes wrinkle and sag [2] [3].
The storage of ice on boats requires a lot of space and, in
artisanal fishing, the means used for this objective are not
adequate. Ice is stored in drawers, containers or
warehouses that do not ensure the necessary sanitary
conditions to avoid the contamination of fish. Since its
skin is soft and easily damaged, storing fish on ice exposes
it to rough conditions that can cause the contamination of
its meat with bacteria [4].

For this reason, researchers searched for new
techniques that could solve these problems and found a
solution in ice slurry. This fluid is composed of
microparticles of ice in an aqueous solution [5] and has
better thermo-physical characteristics compared to other
preservation techniques, such as solid ice. It has a higher
heat exchange capacity and allows for better physical
preservation of fish: it slows down the degradation and
oxidation of fish and makes its handling more hygienic.
Different studies have concluded that ice slurry reduces
the growth of microbes in seafood, and that it also extends
its shelf life, allowing consumers to enjoy marine
products in good conditions [6] [7].
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1.1 Ice Slurry

Ice slurry is made of ice microcrystals suspended in an
aqueous solution. It is produced using a formulation of
water and a solute (sodium chloride, sugar, alcohol,
propylene glycol, ethylene glycol, mainly) [8]. The
concentration of the solute determines the phase change
temperature. The amount of ice produced (ice mass
fraction) depends on the generator and the type of
evaporator. Usually, ice mass fractions range between 5
and 35%. Ice slurry, as a secondary refrigerant can be used
directly or indirectly, depending on the process. Different
research studies have been carried out experimenting an
ice slurry flow in pipes with different ice mass fractions
(9] [10] [11] [12] [13].

Another important line of research developed in recent
years is the study of the thermophysical properties of
aqueous solutions and ice slurry [14] [15]. In direct
cooling applications, different studies have been carried
out, especially for seafood [16] [3] [17] [7]. The most
common technology used to generate ice slurry is the
scraper tube system, however, other studies propose
improving the process, for example, using inclined
cavities that would provide greater force for the
generation of ice slurry [18], using intermittent operation
generators [19] or with numerical simulation techniques
[20].

Even though different studies have been done on ice
slurry and its properties for seafood cooling, no literature
has been found regarding the production costs of ice
slurry with different ice mass fractions for artisanal
fishing applications.

2 Experimental Model
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The experimental model is made up of the ice slurry
generator and the parameter measurement and acquisition
system. This equipment was provided by the
Technological University of Peru (Fig. 1).
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Fig. 1. Diagram of the experimental model.

Fig. 2. Experimental model.

The ice slurry generator is a scraper type that works
with a scraper helicoid and a gear motor. It weighs 250 kg
and works with a water condenser, suitable for installation
in artisanal fishing boats. It can produce up to 1 ton of ice
slurry per day, which is sent to a storage tank. The
generator’s average consumption is 3 kW. Its dimensions
and weight are adequate for its installation on board the
“Perico” artisanal fishing boat.

In order to measure the temperature, 0.5 mm-diameter
K-type Teflon®-coated thermocouples, were used. To=
measure the density of ice slurry, a Coriolis-type meter=
was used. A Power Quality Analyzer was installed as well.=
It recorded the energy demand directly on the equipment=
(voltage, current, power, harmonics).

2.1 Experimental procedure

In this phase, the experiments were carried out with a 3.6%
(mass/mass) aqueous solution of sodium chloride, varying
the ice mass fraction. The ice mass fractions considered
were between 1% and 35%, since higher ice mass
fractions generate vibrations in the generator, reaching
viscosity limits that impede ice slurry pumping.

2.2 Determination of the ice mass fraction

Ice Slurry is made up of ice microcrystals suspended in an
aqueous solution. At the beginning of the process, the

aqueous solution (water and salt) is prepared, this aqueous
solution is in a liquid state, that is, in a single phase. When
the cooling process starts and the aqueous solution
reaches the phase change temperature, microcrystals of
ice are formed. From this point there are two phases: solid
(ice microcrystals) and liquid (carrier fluid: liquid water
and salt). As the ice mass fraction increases, the salt
concentration in the carrier fluid also increases, this
phenomenon causes the phase change temperature to drop
as well.
Table 1. Ice mass fraction determination.

Parameter Calculation
Energy [W h] E=Pxt
Stored energy [W h] Ea= ZE(n nE
Generation cost Cost = Ea x USD/(W h)
Ice mass fraction [15] . Pn (pfp - pis)
" Pis \Pfrp — Pn
Ice density [14] Pn
= A1 + A2T + A3T?
Ice slurry density Coriolis
Carrier fluid (water and | Salt concentration
salt) density [15] Phase change
temperature

Where

E = Energy [W h] [J]

P =Power [W]

t= Time

Ea = Stored energy [W h]
Cost = Monetary value of energy [PEN]
xpn = Ice mass fraction [kg/kg]
pn = Ice density [kg/m?]
= Carrier fluid density [kg/m?]
pis = Ice slurry density [kg/m?]

3 Results and analysis

Figure 3 shows the variation of voltage, frequency,
current and power factor with respect to time. All these
parameters were measured and recorded by the network
analyzer. It can be seen that all the parameters remain
almost constant during the experiment. On average, the
voltage remained at 218 V, the frequency at 60.1 Hz. The
power factor varied between 0.97 to 0.98, and the current
varied from 14.1 A to 15.1 A. The current changed since
the higher the ice mass fraction, the higher the energy the

compressor requires (due to the phase change
temperature).
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Fig. 3. Electrical parameters.
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Figure 4 shows the variation of electrical power over
time. The electrical power rises with the rising salt
concentration in the carrier fluid and the rising ice mass
fraction.
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Fig. 4. Electrical power.

Figure 5 shows the variation in ice slurry temperature
and density. It can be seen that the phase change occurs at
a temperature of -1.46 °C and that this temperature
decreases until it reaches the value of -1.86 °C. The
density of ice slurry varies between 1025 kg/m?® and 996
kg/m®. Although the density decreases, the ice
concentration increases and, at high ice concentrations,
ice slurry cannot flow through the pipe system and
through the hydraulic pump.
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Fig. 5. Temperature and density of ice slurry.

Figure 6 shows the variation of the density of the
carrier fluid and the ice slurry. Before the beginning of the
formation of the first ice crystal, the density of the carrier
fluid was increasing. At the moment of phase change the
density fell and began to rise again due to the increase in
the salt concentration in the carrier fluid. The density of
the ice slurry dropped considerably until the Coriolis
sensor revealed an error in the measurement (when the ice
mass fraction was very high and did not flow through the
meter). Finally, it can be seen that the density of the ice
remained almost constant throughout the phase change.
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Fig. 6. Density of ice slurry components.

Figure 7 shows the variation in density as a function
of the ice mass fraction, from the beginning of the phase
change. Figure 8 shows the variation in the ice mass
fraction as a function of the temperature of the ice slurry.
The decrease of the phase change temperature indicates
that the ice mass fraction is increasing. It should be
considered that these temperature and density values
correspond to an initial concentration of 3.6% of salt in
water, this value being very similar to the one measured
in the Peruvian sea.
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Fig. 7. Density as a function of ice mass fraction.
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Figure 9 shows the costs per unit of mass as a function
of the ice mass fraction. The higher the ice mass fraction,
the higher the production costs. However, the ice mass
fraction cannot exceed 35% due to the flow properties of
the ice slurry that impede its circulation through the
piping system. These production costs constitute a slight
advantage over conventional systems (flake ice) for
cooling fish: ice slurry is produced from sea water and can
be produced exactly at the needed quantity. This allows
savings, avoiding costs mainly due to transportation and
storage.

These results are important for artisanal fishermen
who currently use flake ice and could switch to ice slurry
produced from seawater, saving on transportation and
storage in the vessel.

The costs of flake ice range between 55 USD/ton and
75 USD/ton, depending on the demand. These values
become 70 USD/ton and 100 USD/ton when considering
transportation to the fishing zone (between 7 and 15 days).
In comparison, the cost of ice slurry production would be
65 USD/ton at a 30% ice mass fraction, taking into
account the fact that there is no transportation cost since
it is generated offshore when required.
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Fig. 9. Ice slurry production costs at different ice mass
fractions.

4 Conclusions

Ice slurry is an efficient cooling system that can be applied
directly to artisanal fishing products and can be produced
from sea water. The ice mass fraction is an important
parameter that determines the cooling speed and the need
for fluid renewal during the transportation of the product
until it reaches port. In this research study, the production
costs of ice slurry with different ice mass fractions has
been calculated, which allows a detailed estimation of the
costs of seafood conservation on the high seas and in any
other seafood artisanal transportation process. It is
important to emphasize that nowadays artisanal fishing in
Peru is dominated by the use of flake ice as a means of
conservation for “Perico”. This causes product losses due
to product damage and poor conservation conditions
because of inappropriate storage temperatures. The use of
ice slurry would represent an improvement in the artisanal
fishing process, increasing the income of fishermen and
improving their quality of life.
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