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Abstract. A comparative analysis of traditional methods for the food solutions concentration is given. The main 

problem of classical evaporators is identified, which is associated with the impossibility of obtaining high concen-

trations of the finished product due to a sharp increase in its viscosity and temperature through the formation of a 

boundary layer. A scientific and technical hypothesis has been formulated, representing a possible solution to this 

problem by providing a volume supply of energy directly to the moisture of the product. Thermophysical scheme of 

evaporation processes by traditional and innovative methods is considered. Their fundamental differences are high-

lighted and the relevance of the development of an innovative evaporation method is substantiated. The scheme of 

the innovative evaporator is presented, which allows to obtain the finished product in the solid phase with a final 

concentration of up to 90 °brix. By the example of apple juice, experiments were conducted to study the effect of 

pressure of the electromagnetic field on the steam output of the apparatus. Dependencies that indicate a constant 

evaporation rate throughout the entire process, up to a concentration of 80-85 °brix, were built. The product tem-

perature did not exceed 35-40 °C, which may indicate its high nutritional value. The above data confirm the formu-

lated hypothesis about the possibility of transition in the process of evaporation from the boundary conditions of the 

3rd type to the boundary conditions of the 2nd type by the using microwave energy. On the basis of the obtained 

results, a model in the criterial form was obtained, which makes it possible to accurately calculate the performance 

of a microwave vacuum evaporator in certain ranges of the number of energetic action and the obtained dimension-

less complex. 
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Анотація. Наведено порівняльний аналіз традиційних методів концентрування харчових розчинів та 

висвітлено їх основні переваги та недоліки. Виділена головна проблема класичних випарних установок, що 

пов'язана з неможливістю отримання високих концентрацій готового продукту через різке підвищення йо-

го в'язкості і температури за допомогою утворення пограничного шару. Сформульована науково-технічна 

гіпотеза, що представляє можливе рішення даної проблеми шляхом забезпечення об'ємного підведення ене-

ргії безпосередньо до вологи в продукті. Розглянуто теплофізичну схему процесів випарювання традиційним 

та інноваційним методами. Виділено їх принципові відмінності і обґрунтована актуальність розвитку ін-

новаційного методу випарювання. Представлена схема інноваційного випарного апарату, який дозволяє 

отримати готовий продукт у твердій фазі з кінцевою концентрацією до 90 °brix та достатньо великим 

вмістом корисних елементів. На прикладі яблучного соку проведені експерименти по дослідженню впливу 

тиску на паропродуктивність мікрохвильового вакуум-випарного апарату. На основі отриманих даних були 

побудовані залежності, які свідчать про постійну швидкість випаровування протягом усього процесу, аж 

до досягнення концентрацій 80-85 °brix. Температура продукту не перевищувала 35-40 °С, що може свід-

чити про збереження його високої харчової цінності. Вищевказані дані підтверджують сформульовану 

гіпотезу про можливість переходу в процесі випарювання від граничних умов 3-го роду до граничних умов 2-

го роду за допомогою використання мікрохвильової енергії. На основі отриманих результатів була виведена 
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модель в критеріальній формі, що дозволяє з високою точністю розрахувати продуктивність мікрохвильо-

вого вакуум-випарного апарату в певних діапазонах числа енергетичної дії і отриманого безрозмірного ком-

плексу. 

Ключові слова: випаровування, вакуум, мікрохвильове поле, граничні умови, моделювання. 

 

1. Introduction. The modern stage of human development is characterized by 3 fundamental problems: energy, 

ecology, food. These problems are indicated in the global predictive model of the Club of Rome [1, 2]. The problem 

of food is determined by the concept of functional nutrition [3, 4]. An important task in this concept is the safety of 

products [5], their high quality. Among the promising products a special place is given to juices [6]. The dynamic 

increase in the cost of energy determines the interest in food concentrates. Concentrates of food solutions attract 

manufacturers by the fact that they require lower costs during storage and transportation; have a longer shelf life [7]. 

However, the process of dehydration solutions is energy-intensive. In addition, the dehydration process should not 

reduce the nutritional value of the concentrate. The solution to the complex of these problems is relevant and re-

quires serious scientific research [8]. 

2. Problem analysis and formulation of the scientific and technical hypothesis. In the dehydration technique, 

three principles of moisture removal are used: membrane, evaporation and cryoconcentration. Membrane technolo-

gies are becoming more common in the problems of desalination and wastewater treatment [9]. Membrane technol-

ogies are not widely used for the concentration of juices and extracts. Evaporation technologies have the greatest use 

for the concentration of food solutions [10]. This is explained by the fact that the devices for evaporation are ex-

tremely simple, provide high performance [10]. However, the quality requirements of the concentrate are constantly 

increasing. At the same time, the main problem of evaporators is that with an increase in the concentration of the 

solution, its viscosity increases, the intensity of the solution circulation in the apparatus decreases, the thermal re-

sistance of the boundary layer and its temperature increase. No successful solutions to this problem were found. In 

practice, there are limited to the final concentration value of the finished product (from 25 to 60%). 

The high quality of the finished product is provided by cryoconcentration technologies [11], especially block 

freezing [12]. At the same time, despite the energy characteristics and guarantees of high quality of the finished 

product, cryoconcentration technologies are limited to final concentrations up to 50 °brix. Therefore, the task was 

posed to: develop a technology for the concentration of food solutions, which, with high energy efficiency and 

preservation of the product nutritional value, would provide higher values of final concentrations than traditional 

technologies. 

The solution of the problem is based on the hypothesis: “the use of the innovative scheme of energy supply to 

the food solution when changing the traditional scheme with BC of the 3rd type with BC of the 2rd type will allow a 

volumetric supply of energy to the polar molecules, which will ensure almost complete removal of moisture from 

the solution”. 

Such principles successfully solve problems of drying [13- 15]. 

3. Innovative evaporation technology modeling. 

Consider the fundamental differences between innovative, proposed ideas from traditional evaporators. (Fig. 1, 

2). 

 

 

Fig. 1 – Thermophysical model of traditional technology of evaporation processes 

 

Fig. 2 – Thermophysical model of innovative technology of evaporation processes  

The proposed evaporation technology is fundamentally different from traditional solutions in that the “path” of 

energy to water molecules is much simpler. (Fig. 2). 

Thus, innovative technology is fundamentally different from the traditional: 

1. The energy supply to the solution at the BC of the 3rd type is changed by the volumetric energy supply 

at the BC of the 2nd type. 
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2. The address energy supply directly to the water molecules will allow: to organize a stable steam produc-

tivity up to 5–10% moisture content in a solution with a simple process control scheme. 

The mathematical justification of the idea is considered by the authors in the publication [16]. The task is to 

prove these hypotheses experimentally, to investigate the kinetics and energetics of innovative evaporation.  

 

4. Discussion of experimental modeling results. 

The specific tasks of experimental studies are formulated on the basis of the parametric model analysis.  

The quality parameters are steam productivity and specific energy consumption for concentration of 1 kg of 

product. Input parameters, in general, are the thermophysical properties of the solution, its consumption, initial and 

final values of the solution concentration and temperature. The sets of parameters that characterize the design of the 

device are taken into account: height, diameter and product volume. Important parameters are the nergy criteria of 

electromagnetic generators: power and efficiency.  

Complex experimental studies were conducted on the stand, described in [16]. 

The experiment tasks were: 

1. Determine the effect of EMF power, pressure, concentration of the solution, its type, chamber loading 

level on the steam outflow kinetics. 

2. Set the dependence of the steam generation rate on the input parameters. 

3. Analyze the database of experimental data and present them as a model in generalized variables. 

The research objects were water homogeneous and heterogeneous systems (Table 1).  

Table 1 

 Experimental modeling range 

Object Solvent 
Pressure, 

МPа 
Temperature, 

о
С Power, W 

Concentration, % 

Initial Final 

Apple juice Water 0,01 – 0,02 35 - 60 200-900 11,6 45,8 

Echinacea juice Water 0,01 35 - 40 200 13,5 36,3 

Beet juice Water 0,01 35 - 40 200 12,2 81,3 

Milk Water 0,01 35 - 40 200 12 29 

Tomato paste Water 0,01 35 - 40 200 16 54,8 

Oak Water 0,01 35 - 40 200 63 82,6 

Sand Water 0,01 35 - 40 200 74,1 97,8 

 

At the first stage of research, partial dependences of the input parameters influence on the amount of moisture 

removed from the solution, the kinetics of the solution concentration growth, the process thermograms and the val-

ues of the vaporization rate (Fig. 3-5) were built. The experiment results on the apple juice concentration are dis-

cussed below. 

Pressure effect. The experiments were conducted at low pressures (Fig. 3) that is of practical interest for most 

juices and extracts.  

 

Fig. 3 – The pressure effect on the temperature of the apple juice evaporation process 
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The results of the experiments (Fig. 3) allow to make three conclusions: 

― the systems of energy supply to the solution and removing energy during condensation of the reheat steam 

function in a coordinated manner - the evaporation temperature remains stable. 

― the installation design meets all requirements for tightness, there is no leakage from the environment. 

― the temperature levels of the evaporation process meet the technological regulations for the production of 

high quality concentrate.  

The next step in the research was to establish the pressure effect on the kinetics of the increase in solution con-

centration (Fig. 4). 
 

 

Fig. 4 – The pressure effect on the kinetics of changes in the apple juice concentration 

It is seen (Fig. 4) that at a pressure of 10 kPa, the intensity of the increase in the juice concentration is higher. 

The difference in juice concentrations at a pressure in range of 10 kPa to 20 kPa reaches 15–20%. 

The determining factor in the evaporation process is the steam productivity (W). The obtained values of the 

condensate weight were information for determining the steam productivity and evaporation speed (Fig. 5). The 

dependence is plotted across the entire range of obtained concentrations. 
 

 

Fig. 5 – The pressure effect on the apple juice evaporation speed 
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The decrease in pressure in the chamber leads to an increase in the evaporation speed. In the studied range, this 

value reaches 20%. 

General conclusions on the pressure effect are as follows: 

― reducing the pressure in the evaporation chamber has a positive effect on all the characteristics of the pro-

cess: it lowers the temperature, increases the intensity of steam productivity, shortens the time and increases the val-

ue of the final concentration. 

― the investigated pressure range closes practical conditions of the developed apparatus. 

The second factor that significantly determines the effectiveness of evaporation and makes it possible to control 

the process is the power of the electromagnetic field.    

Experimental data for all products are summarized and the model is obtained in the criteria form. The depend-

ence of the dimensionless steam productivity (W) on the number of energy action (Bu) and the group of parametric 

dimensionless complexes (Ω, P) is determined. These numbers of similarity and complexes have the form. 
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where, Wc, Nc, Pc – current values of plant efficiency, power and pressure respectively; 

Nb, Pb – basic values of power (200 W) and pressure (0,01 MPa) respectively. 

 

 

Fig. 6 – Generalization of the experimental database 

 

The sought criterial model is: 
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where, Wb – basic value of plant efficiency (1 g/sec). 

The equation (2) is recommended for calculating the steam productivity of a microwave vacuum evaporator for 

concentrating water-containing food structures in a wide range of concentrations, up to 85 
0
brix. 

 

Conclusions. 
The hypothesis about the possibility of organizing the evaporation process without traditional heat transfer has 

been proved. The transition from the BC of the 3rd type to the BC of the 2nd type with the gradient-free supply of 

electromagnetic energy provides conditions for obtaining high-quality concentrate. The possibility of obtaining con-

centrates with 90 °brix (almost solid phase) in an evaporator is shown. 
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