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1. Introduction

ABSTRACT

The object of research is block low-temperature installations for obtaining fresh water.
Investigated problem: obtaining fresh water from sea using low-temperature technologies.
Main scientific results: the design is developed and the operating characteristics of the de-
mineralizer for sea water are determined.

The influence of the initial salt content of sea water on the ice formation rate is determined.
With an increase in the salinity of 3.5 times, productivity on ice decreases 2.3 times.

The kinetics of the salt content in the freezing solution depends on the initial concentra-
tion. With an initial salt content of 6.74 g/, the process rate is 0.4 g/h, with a salt content
of 1 g/1-0.14 g/h

With an initial salt content of 6.74 g/1, the process of separating wastewater from the ice block
is more intensive. The salt content of the first portion of the effluent is 3.2 times higher than
the initial concentration of the solution.

A cryoscopic curve was obtained for seawater in the concentration range from 0 to 6.74 g/1.
The area of practical use of the research results: studies of the quality of the obtained
water showed that the content of nitrates decreases 5 times, the hardness decreases by 2 mg/
dm?. The salt content is reduced from 858 mg/dm? to 560 mg/dm’.

Plants for the concentration of food liquids by the block freezing method are designed to pro-
duce environmentally friendly products that preserve the bioactive complex of raw materials
as much as possible with minimal energy consumption.

An innovative technological product: design and operating modes of a block freezing plant
for seawater desalination.

Scope of application of the innovative technological product: industrial enterprises, the
technological process of which requires small volumes of fresh water; to obtain fresh water
on oil platforms in the oceans; small hotels, boarding houses on the seaside.

© The Author(s) 2021. This is an open access article under the Creative Commons CC BY license

1. 1. The object of research
The object of research is block low-temperature installations for obtaining fresh water.
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1. 2. Problem description

An increase in the world’s population, about 80 million people a year, is depleting the world’s
drinking water supply. Most of the villagers migrate to megacities. In the future, urban areas will
experience a shortage of fresh water from conventional wastewater treatment plants.

Sea water is an important supplement to the water source in many countries (China, India).
Desalination of sea water is developed as a separate industry [1].

One of the solutions to water supply problems is to use seawater as a fresh source.

Seawater desalination technologies have been significantly optimized. Specific energy con-
sumption of modern installations is from 3 to 4 kWh/m? [2]. However, desalination technologies
still remain energy-intensive and require technical improvement.

1. 3. Suggested solution to the problem

The described problem can be solved by applying seawater desalination using reverse osmo-
sis, electrodialysis, direct osmosis, multistage distillation, and freezing.

Renewable energy sources are used as an energy source for desalination plants. For exam-
ple, ocean waves. The disadvantage of such systems is instability in operation, high cost of the
system [3].

At receiving terminals, liquefied natural gas must be re-gasified using the heat of the envi-
ronment. Usually sea water is used for these purposes. In works [4, 5], methods of using the energy
of liquefied natural gas for freezing and desalination of sea water are considered. Compared to
other freeze desalination methods, the large contact area between water and air and the low thermal
resistance result in a higher energy efficiency [6].

Electrodialysis is considered to be a highly efficient technology for seawater desalination.
However, it is considered too energy-intensive process [7].

For reverse osmosis installations, the value of specific energy consumption is 3.5—
4.5 kWh/m? [8]. During the operation of such installations, there are high pressures and addi-
tional work on replacing membranes.

In work [9], the design of a compact multistage membrane distillation system was investi-
gated. Installation capacity is 24 l/day.

Desalination of seawater using sunlight is a sustainable production of fresh water that con-
tributes to solving the global water scarcity [10].

Artificial mixtures are often used in experimental studies to replace seawater, which is a
disadvantage when scaling the results.

Work [11] is aimed at developing a batch crystallizer for freezing seawater desalination. The
experiments were carried out with NaCl solutions in water and with seawater samples from Nice,
Rabat and Marseille. The process includes a freezing stage and a sweating stage. In the experi-
ments, a salinity of less than 0.5 g/kg was achieved, which corresponds to the norms of drinking
water. The duration of the entire process was up to 8 hours (5 hours for freezing and 3 hours for
perspiration).

The Odesa National Academy of Food Technologies has developed a design for freezing sea
water [12]. Plate crystallizers are immersed in a container with sea water. A block of ice is frozen
on the surface of the mold. The block of ice is removed from the solution, separation is carried out.
At ambient temperature, salt solution flows out of the pores of the ice.

The aim of research is to develop designs and determine the operating parameters of block
cryoconcentrators for seawater desalination.

2. Materials and methods

The Black Sea water is used as the initial seawater. Experimental studies of the kinetics of
the process of demineralization of sea water were carried out on the installation, which is shown in
Fig. 1. Sea water (product) 4 was pre-cooled and poured into the concentrator 2, which is made in
the form of a thermally insulated rectangular container. The concentrator had the ability to move
vertically. Along the axis of the concentrator, two crystallizers 3, made in the form of plates, are
fixedly installed. This shape of the mold provided the simplicity of removing the block of ice 1 from
the surfaces of the molds.

48



Innovative technologies in industry

The crystallizer is made of a stainless plate, inside of which a system of evaporation and
steam outlet channels is mounted. The refrigerant flow rate was controlled using a throttle valve 5.
The temperatures of the liquid and the evaporator surface are measured using a brand pyrometer.
The pressure and boiling point of freon in the crystallizer are determined by the readings of the
MTK 1059 monovacuum meter.
ok
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Fig. 1. Diagram of the experimental installation: 1 — ice; 2 — hub; 3 — crystallizer; 4 — product; 5 —
throttle valve; 6 — capacitor; 7 — compressor; 8 — measuring devices

After the completion of the freezing process, the block of ice together with the crystallizer
was removed from the solution. Removal of the block of ice from the crystallizer was carried out by
changing the direction of movement of the heat flow. For this, the mode switch was set to the “De-
frost” position. The voltage was applied to the solenoid valve, and the vapors of the hot refrigerant
from the compressor, bypassing the condenser, entered the crystallizer.

In the experiments, the geometric dimensions of the ice block, the volume of the sea water
solution and the salt content in it were measured periodically. The salinity of the solution was mea-
sured using a saline meter. Only seawater was used in freezing experiments. Initially, water with
the maximum salt content was used; for subsequent experiments, desalinated water obtained from
the previous ones was used.

It is known that the process of the formation of a solid phase (ice) is characterized by isother-
mality for very dilute solutions and a jump in temperature in the volume for saturated solutions. The
fixation of such a jump is provided in the stand for the study of cryoscopic temperatures (Fig. 2).

The main component of the stand is a cryostat. It is a metal block made of a material with a
high coefficient of thermal conductivity and compatible with the investigated product. The block
contains an open sleeve where the product is poured. A sensor is placed in the center of the sleeve,
which is centered with a special washer made of stainless steel with a thickness of 0.1 mm. The
sensor is inserted into a sealed capillary and connected to the tablet. A special program has been
developed to record the sensor readings and plot graphical dependencies.

Since the determination of cryoscopic temperatures is carried out in a non-stationary mode,
special attention is paid to the issue of reducing the inertia of the sensor and its thermal contact with
the solution. The advantage of the computerized experiment system is that the desired temperature
jump is recorded clearly and reliably.

It is important to clearly record the temperature jump and the temperature level at which
the phase transition occurs. It is also necessary to register the beginning of the ice supercooling
process.
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The working section of the cryostat has the shape of a cylinder with walls of heat-conducting
metal 40 mm thick. This helps to smooth out temperature fluctuations in the volume of the product.
The system provided fast-response temperature measurement in the volume of the solution with
an accuracy of at least 0.1 °C. The cylinder (Fig. 2) contained 2 cm® of sea water. The refrigerating
machine and reliable thermal insulation of the chamber ensured the temperature level in the cryo-
stat up to minus 20 °C.

low
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Fig. 2. Scheme of the stand for determining the freezing point depression temperature

3. Results
The results of studying the process of ice formation are shown in Fig. 3.
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Fig. 3. Kinetics of ice block formation: x, - initial salt content, %; V' — ice block volume, |

In the process of ice block formation, the salt content in the sea water solution increases (Fig. 4).

Analysis of Fig. 3 shows that the initial salt content significantly affects the intensity of the
process of demineralization of sea water by freezing.

The efficiency of the technology of desalination by freezing is determined not only by the
intensity of the crystallization process, but also by the process of separating the solution from the
porous structure of the ice block.

The study of the separation process was carried out according to the following method.
Runoffs from the ice block were periodically collected and their salinity was measured using a salt
meter. The research results are shown in Fig. 5.
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Fig. 5. Changes in the salinity in the effluent: x, — initial salinity, %

A database has been obtained on the effect of water salinity on the nature of temperature
changes in the processes of solution cooling, ice crystallization and its overcooling. The graphical
dependences illustrate clear patterns in the concentration range from 0 to 6.74 g/1. The lines of con-
stant temperature recorded the conditions of ice formation, the values of cryoscopic temperatures.

The set of values of cryoscopic temperatures (average temperatures of ice formation pro-
cesses) express a generalized cryoscopic curve (Fig. 6).

The resulting dependence is necessary to determine the driving forces and kinetic coeffi-
cients in the problems of mass transfer.

Using indicator tests, the following parameters of seawater were determined: nitrates (NO,),
nitrites (NO,), carbonate hardness (kH), water index (pH), phosphates (PO,), ammonia/ammonium
(NH,,), as well as salt content. Also, the tap water of Odessa was tested for similar indicators. The
results are shown in Table 1.

The presence of nitrates and nitrites, ammonia and ammonium in the water indicates the
pollution of water bodies. Since the rivers flowing into the Black Sea are polluted with industrial
wastewater, fertilizer washout from fields and vegetable gardens, the presence of nitrates and ni-
trites in seawater is higher than in tap water, as is the presence of ammonia and ammonium.

An innovative method of desalination is not only to reduce the salt content in the deminer-
alized water, but also to check the quality of the water produced.
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Fig. 6. Cryoscopic curve for sea water
Table 1
Water quality indicators
No. Indicator Norms Sea water Tap water Desalinated water
2 NO, <50 mg/dm? 10 mg/dm? 5 mg/dm? 2 mg/dm?
3 NO, <0.5 (1.0) mg/dm? 0.05 mg/dm? 0 mg/dm? 0.05 mg/dm?
4 kH <7.0 (10,0) mg/dm? 7 mg/dm? 7 mg/dm? 5 mg/dm?
5 PO, <3.5 mg/dm? 0.05 mg/dm? 0.25 mg/dm? 0.05 mg/dm?
6 NH,, 0.5 (2.6) mg/dm? 0.25 mg/dm? 0 mg/dm? 0.25 mg/dm?
7 Salt content 200-500 mg/dm? 858 mg/dm? - 560 mg/dm?

4. Discussion

It is proposed to exclude auxiliary equipment from the technological scheme: pumps,
intermediate tanks, etc. Organize the process on a cold surface of an ice block with a dense
packing of crystals. Advantages of block freezing technology:

—no energy losses in auxiliary units;

— simplicity of the mold design;

— ease of implementation of effective gravity separation;

— low power consumption.

Disadvantages low — productivity compared to thermal and mechanical methods of de-
salination.

The initial temperature, ice growth rate and salinity of the solution are parameters that
affect the ice purity. Ice block separation can effectively complete water purification. The
duration of the entire process is 7 h, which is shorter than in work [11]. In addition, in compar-
ison with studies [11], only sea water was used; model NaCl solutions were not used. The salt
concentration reached 0.5 g/kg, which corresponds to the standards for drinking water.

The limitations of the study are the temperature ranges of the solution 0... —6 °C and the
salinity of seawater 1...6.74 g/1.

Prospects for further research — to increase productivity, to conduct research for oth-
er regions, not only the Black Sea. Plants for the concentration of food liquids by the block
freezing method are designed to obtain environmentally friendly products that preserve the
bioactive complex of raw materials as much as possible with minimal energy consumption:

— liquid food colorings and flavorings from the waste of wine-making and canning
industries;

— whey protein concentrate;

— concentrated juices, extracts.
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(10]

(11]

[12]

5. Conclusions

The design and operating characteristics of a demineralizer for sea water were determined.

The influence of the initial salt content of sea water on the ice formation rate was deter-
mined. With an increase in the salinity of 3.5 times, productivity on ice decreases 2.3 times.

The kinetics of the salt content in the freezing solution depends on the initial concentration.
With the maximum initial salt content in the experiments of 6.74 g/, the process rate is 0.4 g/h,
with a minimum 1 g/l - 0.14 g/h

With an initial salt content of 6.74 g/1, the process of separating wastewater from the ice
block is more intensive, which indicates that at a higher initial salt content, the ice block has a more
porous structure. The salt content of the first portion of the effluent is 3.2 times higher than the
initial concentration of the solution.

A database was obtained on the effect of water salinity on the nature of temperature chang-
es in the processes of solution cooling, ice crystallization and its overcooling in the concentration
range from 0 to 6.74 g/1.

Studies of the quality of the obtained water showed that the content of nitrates decreas-
es 5 times, the hardness decreases by 2 mg/dm?. The salt content is reduced from 858 mg/dm? to
560 mg/dm?.
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