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Article
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Abstract: An analysis of the current state of development in the agro-industrial complex (AIC) has established
that freeze-drying is the most effective method for processing raw materials entering the drying stage.
However, this drying method is hindered by the lack of modern, high-performance, energy-efficient drying
technologies and equipment. The production of freeze-dried agricultural products will stimulate the
development of AIC sectors. The implementation scheme of an automatic control system for a vacuum freeze-
drying unit is considered, representing a promising and environmentally friendly direction in the processing
of agricultural products. The drying equipment includes the following components and systems: a drying
chamber, a cooling system, a vacuum pump, a control system, and a heating system. The product is placed on
shelves in the drying chamber and frozen to a temperature that ensures the removal of 75-80% of the moisture
contained in the product. The vacuum pump creates a pressure of 10-30 Pa and evacuates the spent air from
the sublimator. Water vapor condensation occurs in the desublimator, and at the final stage of the drying
process, the heating elements are activated to remove the remaining moisture. To validate the reliability of
controlling the operating modes of the sublimator, experimental studies were conducted on the temperature
dependence of the product on the surface and in the center over time. The graphs show temperature changes
on the surface and in the center of the product throughout the drying process. The research results indicate
that at a pressure of 205 Pa, the desublimator temperature should be below -20°C. The surface temperature of
the product during the sublimation stage should be within the range of -25+5°C. Drying is completed when the
chamber temperature reaches no more than 40°C, and the surface temperature of the product is around 30°C.
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1. Introduction

An analysis of the current state of the agro-industrial complex (AIC), the industry's problems, a
review of international experience, trends, and a vision for the industry's development, identifies
freeze-drying as the most effective method. Long-term storage under uncontrolled temperature
conditions is ensured because, after the entire freeze-drying cycle, the final moisture content of the
dried materials is approximately 2-5% of the initial moisture content. The dried materials can be
stored for an extended period without losing their beneficial properties, retaining their shape, color,
taste, and nutrients. Freeze-drying can be conducted in a vacuum or atmospheric environment;
however, at low temperatures and atmospheric pressure, the process is very slow. For this reason,
vacuum drying is used to increase drying efficiency. By enhancing the mass transfer coefficient
through pressure reduction, evaporation is significantly increased, which is inversely proportional
to the pressure [1,3-9,12,13,15].

Vacuum drying occurs in a hermetically sealed chamber, resulting in low heat transfer through
convection. Therefore, to increase the drying intensity in a vacuum, it is sufficient to raise the
temperature to evaporate moisture by transferring heat to the dried product through a heated
surface. The entire freeze-drying process consists of three main stages: freezing, sublimation, and
secondary drying. In the first stage, the product's temperature is lowered to the freezing point,
forming small ice crystals inside the product. During sublimation, the ice crystals evaporate, forming
a vapor state. This stage significantly impacts product quality. The faster and deeper the product is
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frozen, the smaller the ice crystals form, causing less damage to tissues, which then quickly evaporate,
resulting in better product quality preservation. The final period of the process, secondary drying, is
conducted at positive temperatures [3,5-7,14].

Berries, by their nature, are capillary-porous bodies; when moisture is removed, they become
brittle, slightly changing their size and volume, and can be turned into powder. These materials are
characterized by capillary-porous and colloidal properties. During drying, moisture removal from
the material depends on the quantitative moisture content and the type of moisture binding with the
material. It is necessary to perform work to remove 1 mole of water at a constant temperature while
maintaining the same moisture composition. The binding energy is zero if the material contains free
energy. As moisture decreases due to sublimation, the strength of the moisture binding with the
material increases, and the binding energy rises. If the material's moisture is low, the binding energy
is higher. Physical properties undergo changes during thermal processing of moist materials or when
exposed to heat. These changes are based on the molecular nature, where the substance absorbs
liquid. The transfer of absorbed liquid and vapor within a colloidal capillary-porous body depends
on the molecular bond of the liquid with the skeleton substance [1-3,5,7-15].

All types of bonds are divided into three large groups: chemical bonds, physicochemical bonds,
and physico-mechanical bonds. All the above forms of moisture bonds are present in food products,
but the type of bond plays an important role at different stages of product drying. Mechanically
bound water is the weakest, held by filling macro- and micro-capillaries. This bond can be considered
free moisture, removed as ice crystals during freeze-drying. It is more durable and firmly held on the
surface and in the pores of the product. This bound moisture includes adsorption and osmotic water,
and its removal during drying is associated with additional energy consumption for heat [1-3,7,9,13—
15]. Chemically bound water has a very strong bond and is not removed during drying. It is essential
to consider that plant raw materials, as drying objects, are characterized by high water content and
relatively low dry matter content. Most of the water in fruits and vegetables is in a free state, with
only 5% of the moisture firmly bound to cellular colloids, mainly consisting of carbohydrates,
proteins, and lipids. A small amount of biologically active substances that reflect the taste and
biological value of raw materials are present, including polyphenols, vitamins, organic acids, and
minerals [3]. Below, Table 1 lists the nutrients in the berries used in the studies.

Havazo ¢popmer

Komner; popmer
Table 1. Nutrient Content in Berries.
Nutrients, g/100 Strawberry Blackberry Raspberry Sea buckthorn
)
Calories, kcal 41 34 46 82
Proteins 0,8 1,5 0,8 1,2
Fats 0,4 0,5 0,5 54
Carbohydrates 7,5 44 8,3 5,7
Water 87,4 88 84,7 83

2. Materials and Methods

In this work, a lyophilizer "Alaman-1" was used, manufactured at the Department of "Energy
Saving and Automation” of the Kazakh National Agrarian Research University. The appearance of
this device is shown in Figure 1. The modernized version differs with improved parameters of the
drying chambers and the presence of heaters in them.
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Figure 1. - The appearance of the "Alaman-1" unit, which consists of a sealed cylinder containing a
sublimator and a desublimator.

The sublimator works as follows. At room temperature, the product is placed in a drying
chamber and frozen directly in the sublimator. The freezing rate of the product depends on the size
of the ice crystals formed; they should not be too large as they may damage the structure, nor too
small as this would prolong the sublimation process. Freezing the product at an air temperature of -
30...-35°C or -50...-55°C, depending on the type of product, creates an acceptable ice crystal structure.
To obtain a high-quality product, it is frozen to a temperature that ensures the removal of 75-80% of
the moisture content. After turning on the vacuum pump, the pressure in the chamber is reduced to
10-30 Pa. The sublimation process then begins. As a result of sublimation, the vapor formed enters
the desublimator, where it freezes on pipes cooled by a special agent. The exhausted air is removed
from the chamber through a dust collection device and discharged into the atmosphere. At the final
stage of the sublimation drying process, heating elements are activated to remove the remaining
moisture. After the full drying cycle, the ice on the evaporator is melted using hot air, and the melted
water is removed through a drain hole.

The cooling system of this sublimator uses freon 404a. The diagram of the automatic control
system for the vacuum sublimation drying unit is shown in Figure 2. For measuring, recording, and
regulating temperature and pressure, a universal eight-channel measuring controller OVEN TRM138
was used. The product in the chamber was removed every thirty minutes, and its mass was measured
with an accuracy of 0.1 mg using analytical scales VSL-200/0, 1 A.

The experiment was conducted on the following berries: strawberries, blackberries, raspberries.
During the experiment, temperature readings on the surface and inside the berries, in the chamber,
and the mass of the product were measured. The rational operating conditions for the equipment
were determined by the drying duration, energy consumption, and the physicochemical quality
indicators of the dried berries.
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Figure 2. Diagram of the implementation of the automatic control system for the vacuum sublimation
drying unit: 1 — vacuum pump; 2 — compressor; 3 — receiver; 4 — condenser; 5 — heating elements; 6 —
desublimator; 7 — drain valve.

3. Results and Discussion

Based on the obtained results, graphs were constructed. Figures 3 and 4 show the graphs of the
temperature dependence of the product on the surface and in the center over the drying time.
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Figure 3. - Graph of the product surface temperature versus drying time.
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Figure 4. - Dependence of the product center temperature on drying time.

The entire process of vacuum drying, consisting of three stages, is shown in the graphs. The first
stage is the freezing of the product at a temperature below its freezing point, characterized by a
decrease in the product's temperature, as seen in the first graph. In the second stage, the product's
temperature continued to drop due to the removal of liquid in the ice phase under low pressure. The
temperature on the surface of the product stabilized between -25°C and -29°C after 2 hours, while the
temperature in the middle of the product continued to decrease, reaching a critical value after 5 hours,
as shown in the second graph. Thus, it was possible to sublime the berries in 4-5 hours. In the third
stage, additional drying occurs through contact heating: the shelves with products are placed directly
on a heating plate and heated via heat distribution. This process is characterized on the graphs by an
increase in the product's temperature from the sublimation temperature to the drying temperature.
Based on the collected data, a graph showing the relationship between the relative mass of
strawberries and drying time is presented in Figure 4. As seen from the graph, during the shock
freezing stage, the mass of the strawberries remained unchanged.
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Figure 4. - The dependence of strawberry mass on drying time.

During the second stage of drying, the majority of moisture in the product was removed,
accounting for 58% of the total mass. During the final drying process, the remaining portion of the
most tightly bound moisture evaporated. After 6.5 hours, the relative mass of the strawberries did
not change with time, indicating that almost all moisture had been removed from the product. Based
on the graph, it can be concluded that the optimal drying time for this method is 7-8 hours. When the
full drying cycle was completed, the final mass of the strawberries was 30% of the original, while for
blackcurrants and honeysuckle it was 28% and 27%, respectively. Figures 5 and 6 show the graphs of
the temperature dependence in the chamber and evaporator. The final mass of the strawberries after
complete drying was 28%, blackcurrants were 27.4%, and honeysuckle was 30.2%.
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Figure 5. - Dependence of the temperature in the chamber on the drying time.
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Figure 6. - Dependence of the desublimator temperature on drying time.

As can be seen from the graph, in the first stage, the temperature does not change, and
throughout the full drying cycle, the temperature does not drop below 100°C. This is explained by
the reduction of thermal conductivity and convection in vacuum conditions. At the same time, the
temperature of the desublimator decreases to -36°C, causing the resulting water vapor to settle and
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turn into ice on the outer surface of the desublimator, thus reducing the pressure in the chamber. In
the second stage of drying, the dependence of the desublimator's temperature on time becomes
steady, with the temperature in the desublimator varying between -40°C and -42°C. The temperature
in the chamber decreases to 110°C due to the phase transition of the water contained in the product
from ice to vapor.

The curve on the first graph shows that after the heating system is turned on under vacuum, the
temperature rises sharply. On the second graph, the temperature in the desublimator increases
rapidly, and as a result, the control system automatically adjusts, supplying a larger volume of
refrigerant to the desublimator, stabilizing the temperature. The outcome of the work was the
determination of optimal parameters for the drying process of berries using this method. Based on
the obtained data, it can be concluded that at a pressure of 20+5 Pa, the desublimator's temperature
should be below -20°C. In practice, a temperature difference of 10°C is typically maintained, with the
total drying time being around 8 hours. The surface temperature of the product during the
sublimation stage should be within the range of -25+5°C.

Drying is completed when the chamber temperature reaches no more than 40°C and the product
surface temperature is about 30°C. The optimal freeze-drying mode should ensure more complete
removal of moisture during the preliminary freezing of the berries, a uniform release of vapors from
the material due to a gentler temperature regime on the shelves during sublimation, and even drying
of the material on all shelves. The time required for freeze-drying depends on the temperature, the
specified thickness of the frozen material layer, the vacuum level in the chamber, and the properties
of the material being dried.

4. Conclusions

The study of freeze-drying processes for berries is an important area in the technology of food
processing and preservation. Understanding and controlling the parameters of freeze-drying allow
for improved quality of the final product, which contributes to the development of new methods and
technologies in this field.
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