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Abstract. The article's authors examined the possibilities of intensifying the lyophilization
process in an innovative sublimation device with the help of ultrasonic vibration. The introduction
of lyophilization technology on an industrial scale began relatively recently. Manufacturers widely
used this technology to process high-value food products, primarily berries, vegetables, and fruits.
The purpose of freeze drying is to reduce the products' mass and preserve the product’s properties
for a long time. Lyophilization involves the removal of water from the frozen product,
sublimation, and desorption under high vacuum conditions. The process aims to obtain the desired
residual moisture value in the final product. However, the process implementation is associated
with large consumption of the required energy. The high energy costs and long time needed for
lyophilization make it an expensive process compared to other drying technologies, especially in
the case of freeze-drying fishery products. Therefore, the authors propose introducing ultrasonic
vibrations to the product with the help of an advanced pin to create fine ice crystals inside target
bodies and speed up the sublimation process without significantly impacting aesthetic properties.
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1. Introduction

Dewatering is one of the most efficient approaches to ensure a long shelf life of foods. Cold
and hot drying with or without simultaneous sterilization is the typical method for manufacturing
canned food with a significant impact on the final product's structure, taste, and content. One of
the possible production processes, which ensures a long shelf life of the product with preservation
of flavour, design, and vitamins, is lyophilization (freeze-drying). This process removes the free
water from the frozen product by sublimation and provides desorption of physically bounded
water under high vacuum conditions.

The lyophilization process was justified and described for the first time in history in 1906 in
their publication by Bordas and d’Arsonval, published by the Paris magazine Académie des
Sciences [1] during the Second World War to ensure long-term storage of human plasma [2]. The
freeze-drying process aims to obtain the desired residual moisture value in the final product.
However, the implementation of the process is associated with large consumption of the required
energy. The high energy costs and long time needed for lyophilization make it an expensive
process compared to other drying technologies [3]. Therefore, the most significant efforts are
focused on reducing the time required for drying while maintaining the planned product quality
(41, [5].

Designing a successful lyophilization cycle requires determining the optimal value of shelf
temperature, air (or gas), the vapor pressure in the working chamber, and process duration. In the
three stages of the lyophilization process (freezing, primary drying, and secondary drying),
Researchers in the literature distinguishes six main physical phenomena. These phenomena
significantly impact the process's course, the quality of the obtained food product, as well as the
total costs of the process. These phenomena are:
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— transition of the liquid water phase in the food product into the ice phase;

— transition of the ice phase into the vapor phase (sublimation);

— desorption of water molecules from the structure of the food product;

— ensuring sufficiently low pressure (high degree of dilution) in the working chamber;

— re-sublimation of water vapor removed from the material on the surface of the condenser;

— removing the ice layer from the surface of the condenser itself.

The only feature of the lyophilization process that significantly distinguishes it from vacuum
drying is the need to keep the unbound water frozen, which is one of the most challenging
problems. Lyophilization is a mass transfer process that requires heat transport.

Too low heat energy input intensity slows down the lyophilization process and increases its
cost. Conversely, too high heat flow causes an undesirable accumulation of heat energy in the
structure of the target body to be freeze-dried. Undesirable formation of liquid water may lead to
target body structural deformations and colour changes. Therefore, it is essential to balance the
amount of heat supplied and consumed in the process. One of the ways to assess whether the
amount of heat provided is too high is to monitor the temperature of the lyophilized material [6].
Its value must not exceed the cryoscopic (freezing point) temperature for a given material or the
amorphous phase transition temperature for determined water volume inside the target body.
Additionally, the exceed in the amorphous phase transition temperature may lead to a reduction
in the porosity due to the compaction of the structure. This effect is very disadvantageous due to
the decrease in the specific surface area of the target body for evaporation of sublimated water.
As a result, the time of the second drying stage increases, the rehydration ability of the product
deteriorates, and the resulting lyophilized product has a higher total water content [7], which can
lead to the lower stability of the product during storage.

The freezing process generates many tiny ice crystals with a high mass transfer resistance
inside the matrix of the target object to be freeze-dried. On the other hand, large ice crystals cause
arelatively small resistance [8]. However, to intensify the secondary drying period, the ice crystal
sizes should be smaller as possible. It helps to ensure the largest possible surface area to the matrix
of the target body to be dried and water for evaporation from the matrix. However, such conditions
cause more intensive desorption of unfrozen water from the pores on the surface of the amorphous
matrix [8]. Therefore, an appropriate freezing method is possible after analysing the primary and
secondary freeze-drying processes. If secondary drying takes a long time, the acceleration can be
provided by adjusting the freezing conditions to obtain many tiny ice crystals.

Ensuring the formation of fine ice crystals and the theoretical possibility of increasing the
speed of the lyophilization process with the help of ultrasound are discussed in this article.

2. Schematic of innovative lyophilization equipment

The authors propose an innovative freeze-dried drying equipment design, as shown in Fig. 1.
A physical screen (pinboard) allows more efficient sublimation of seafood with complex shapes
(such as fish, crustaceans, squid, etc.). Therefore, manufacturers can produce freeze-dried
products more efficiently and environmentally friendly. Furthermore, the innovative device allows
the production of high-quality and environmentally friendly products with a longer shelf life and
more intact or customized cuts with the help of sharp tips in the target body's original structure (or
morphology). Therefore, an essential aesthetic characteristic may improve consumer appetite. In
addition, this technology allows more efficient preservation of valuable natural components (fatty
acids, omega-3 substances, vitamins, etc.) [9-10].

Introducing a screen with highly thermally conductive pins in the sublimation chamber allows
for more efficient heat removal. In addition, with the help of pins, it is possible to apply ultrasonic
vibration during the freezing stage, which forms tiny ice crystals in the product [11], as
demonstrated in Fig. 2.
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Fig. 1. Schematic of the device with a physical screen and an example of the use of movable pins
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a) Ice crystals following an ultrasonic pulse b) Crystals 5 s later
Fig. 2. Schematic effect of ultrasonic vibrations on ice crystal sizes. Photographs of ice crystals nucleated
in a 15 wt. % sucrose solution at —3, 4°C by a commercial ultrasonic device (output 4, 10 % duty cycle)

With the pins, it is also possible to ensure a more efficient heat energy supply for an increased
steam formation rate in the sublimation stage. At the same time, ultrasonic vibration, which
transfers to the target body with the help of pins, additionally intensifies the sublimation process
[12]. As follows from the publication, low-intensity ultrasonic vibration makes it possible to
reduce the sublimation drying time by 80 % [12], as demonstrated in Table 1.

Table 1. Effective diffusivity (De), explained variance (VAR)
and drying time (t) of air freeze drying experiments [12]

Power US (kW-m™) 0 10.3 20.5 30.8

De (m*s) 6.98-10"" | 339-1070 | 5.24-10° | 6.87-101°
VAR (%) 99.86 99.30 98.90 98.85

t (h) 80.0+1 | 15.0+0.3 | 10.0£0.2 | 7.0+0.1

So, the innovative lyophilization equipment, equipped with a physical screen and heated pins
and through which ultrasonic vibration transfers to the product during the freezing and sublimation
periods, ensures the formation of fine ice crystals and significantly reduces the time of the
sublimation process.
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3. Conclusions

A physical screen with heated pins and ultrasonic vibration, which transfers through the pins,
allows to reduce the time of the sublimation process by 80 %, as well as improves the product
quality with the formation of fine water ice crystals during the freezing of the fish product. The
improvement of product quality is ensured by the fact that ultrasonic vibrations inhibit the
formation of large ice crystals that can tear the cells in the fish, especially on the surface, which
significantly affects the morphology and the related aesthetic properties.
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