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Abstract. Vacuum evaporation is widely used in the food technologies. The equipment for this process is well 

known and methods of calculation and design of vacuum evaporators are described in literature as well. However, 

in some cases the accuracy of existing methods is not enough. The problem of designing the new, more efficient ap-

paratuses those work in regimes, which are not usual, needs to clarify some dependencies. It concerns the problem 

of boiling heat transfer coefficient determination for such solutes as food products because of the high or sometimes 

extremely high viscosity of many food staffs is. To take into account properties of products many authors use the 

Prandtl number. However, determination of these properties exact values is not always possible especially it con-

cerns the viscosity of Non-Newtonian fluids, which are the most of food staff. For experimental verification of heat 

transfer coefficient values, an apple juice was chosen. At first, the theoretical value was obtained with Tolubinskiy 

dependency using. The vapor bulbs grows rate and surface tension coefficient were solved as for water. The de-

pendencies between the heat transfer coefficient and heat flux for apple juice with concentration from 15 to 50 Brix 

were obtained as result. There are several different equations to calculate the properties of apple juice depending 

on temperature and concentration and several resulting dependencies that differ from each other were obtained. 

The comparison with the experimental data that was obtained by authors made possible to choose the right equa-

tions for apple juice viscosity determination when the heat transfer calculation error did not exceed 20% that is 

standard error for used dependency and for many others. To reduce this error on the base of obtained experimental 

data the correction coefficient was calculated. Therefore, the equation to calculate the heat transfer coefficient for 

boiling apple juice where maximum error did not exceed 5% was obtained. The experimental research was conduct-

ed under atmospheric pressure. To obtain the value of heat transfer coefficient in vacuum condition the Tolubinskiy 

dependency can be used or addition experiments should be conducted. It depends of required accuracy level. 

Анотація. У статті розглянута проблема визначення коефіцієнтів тепловіддачі при кипінні концент-

рованих розчинів харчових продуктів. Проаналізовано можливості використання для цього відомих залеж-

ностей, що доступні у літературі та проведено порівняння отриманих результатів з результатами експе-

риментальних досліджень при кипінні концентрованого яблучного соку, що були проведені авторами. 

Ключові слова: кипіння, теплообмін, випарювання, концентрування, вакуум.  
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Introduction. One of the energy-intensive sectors of the food industry of Ukraine is the heat treatment of food 

liquids and food concentrates. In Ukraine the production of concentrates annually evaporated about of 1-1.5 mln. ton 

оf water, which in monetary equivalent is 300-400 mln. UAH. There are two typical problems of concentration pro-

cesses: it is a high energy costs and loss of thermally labile component materials. 

One of the methods in food production is the organization of evaporation of the initial solutions in a vacuum. 

The main problem is to disinfect the initial mass as much as possible and to preserve its organoleptic and sanitary-

hygienic qualities. These conflicting requirements can be solved by organizing processes of concentration in a vacu-

um with short-term exposure to high temperatures and rapid cooling. Such technology requirements significantly 

complicate the engineering implementation, but are successfully solved using evaporation in vacuum evaporators 

and rapid cooling by natural means (ice water or cooled gases). This means that traditional technologies that imple-

ment such conflicting demands are burdened by a significant increase in energy use. Therefore, the study of effec-

tive ways to reduce energy costs, their optimization and practical application look like actual research areas in the 

field of food technology improving. A possible way of this can be an introduction of a heat pump to the traditional 

technology. 
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However, in the process of optimization of constructive and regime parameters of new designs of vacuum 

evaporators (VE) with heat pumps, the main goal was to determinate the heat transfer coefficient from the evapora-

tor surface to the food product. Nowadays, the process of heat transfer during boiling of liquids has been studied 

sufficiently and the number of equations for determining the heat transfer coefficient is measured in tens [1]. The 

same array of experimental data on the coefficients of heat transfer during the boiling of various liquids is satisfacto-

rily described by the empirical formulas in relation to the influence of surface tension, viscosity, evaporation heat, 

and other properties of the liquid, which is explained in [2] by the interdependence of various thermophysical prop-

erties of liquids. In [3], the most well-known dependencies which describe the process of heat transfer with suffi-

cient reliability and theoretical justification at the boiling of liquids are presented and analyzed. There are also mod-

els in which the surface structure of the heater is taken into account by means of fractal dimensions [4]. It was noted 

in [5] that the absence of a closed mathematical description of the process and the abundance of factors influencing 

the heat transfer during boiling make the choice of generalized variables arbitrary. It is obvious that the choice of the 

dependence for determining the heat transfer coefficient should be determined by its reliability and convenience of 

practical use. In our case, it is necessary to take into account that boiling of not a pure liquid takes place, but a solu-

tion as many liquid food products. Despite the fact that there are many studies of the liquid mixtures boiling, the 

boiling of solutions of nonvolatile components has been paid attention only from the point of view of determining 

the vapor pressure over the surface of the solution. However, in spite of this, the reference books have quite com-

plete information only on the boiling points of solutions of sugar and NaCl. For other food solutions, the infor-

mation is incomplete and, in general, is of a private nature. Especially it concerns solutions with a high concentra-

tion of solids. A feature of many food solutions is their increased and often very high viscosity. However, according 

to Tolubinsky [6], the internal boiling characteristics of the solutions are determined by the properties of solvent, the 

Prandtl number (Pr) practically does not affect them, and the heat transfer during boiling of the solutions is generally 

characterized by the same laws as the heat exchange in the boiling of pure liquids. Therefore, there is no difficulty in 

using for the solutions the similarity equation (1). 
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where: Nu – Nusselt number, Pr – Prandtl number, α – heat transfer coefficient, λ – heat conductivity coeffi-

cient, σ – surface tension coefficient, g - acceleration of gravity, ρ – liquid density, ρv – vapor density, q – heat flux, 

r – latent heat of vaporization, d0 – vapor bubble diameter, f – frequency of vapor babble formation. 

Substituting in the equation 1 the properties of water and steam at a boiling point of 100 °C, we will obtain: 

 
7.046.3 q  (2) 

It was also noted in [6] that the growth rate of vapor bubbles ω"=d0f during boiling of aqueous solutions is de-

termined by the properties of the solvent (water) and its vapor and depends very weakly on the properties of the so-

lute, viscosity and Prandtl number of the solution. Therefore, the value of ω" upon boiling of aqueous solutions can 

practically be considered equal to ω" upon boiling of water. Thus, in order to use equation 1 for determining the heat 

transfer coefficients for the boiling of solutions, it is necessary to know their thermophysical properties and the 

magnitude of physic-chemical depression. 

Determination of the heat transfer coefficient of food solutions according to the Tolubinsky formula. 

Let us consider the possibility of using formula 1 to calculate the heat transfer coefficient of concentrating apple 

juice. As noted above, for this it is necessary to know the thermophysical characteristics of apple juice and its boil-

ing temperature. The main source of the food products thermophysical properties data are the Chubik [7] and Ginz-

burg [8] handbooks. Apple juice is quite common and its properties are available in the reference books [7, 8], and 

apparently, there should be no problems in calculating the heat transfer coefficient. However, trying to determine the 

density of apple juice according to [7], we have seen the dependence of the juice density on the concentration of 

solids only at a temperature of 20 °C. A more general dependence of density from concentration and temperature for 

different juices is presented in [8]. The viscosity and thermal conductivity of apple juice with concentration of solids 

up to 50% can be also determined from the dependences from [7]. The heat capacity of apple juice at 15% of dry 

matter can be determined by [9]. With an increase in the concentration of dry substances, the heat capacity of the 

juice is expected to decrease, as shown in [9] for the specific heat of grape juice. The value of the coefficient of sur-

face tension for apple juice in the literature was not found. The values of the coefficient of surface tension of pome-

granate juice in the temperature range 10-90 °C and concentrations of 15-45% are presented in [10]. It is established 

that the coefficient of surface tension of juice σ decreases with increasing temperature and concentration. Analysis 

of the data from [10] shows that at low temperatures the coefficient of surface tension of the juice is less than the 
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coefficient of surface tension of water. With increasing temperature, the value of the surface tension of the juice 

approaches the value of this coefficient for water, and at low concentrations, it exceeds it. The maximum difference 

in values did not exceed 6%. Because of this, it was decided to use the value of the coefficient of surface tension of 

water in calculations. 

By substituting the values of the thermophysical properties of the juice in equation 1, we obtained the depend-

ences of the heat transfer coefficient for the boiling of apple juice with a concentration of 10-50% at atmospheric 

pressure. The obtained dependences are shown in Fig. 1. 

 

 

1-water, 2-juice at a concentration of 15%, 3-juice at a concentration of 25%, 4-juice at a concentration of 40%, 5-

juice at a concentration of 50% 

Fig. 1. Dependence of the heat transfer coefficient of apple juice on the heat flux at atmospheric pressure, 

calculated according to the Tolubinsky formula.  

In general form, these relationships can be represented by an equation of the form: 

 
7.0qAc  (3) 

where Ac is a constant, depending on the properties of the juice and water vapor. 

For atmospheric pressure, the dependence of Ac on the juice concentration is shown in Fig. 2. 

As can be seen, the dependence of Ac on the concentration, shown in Fig. 2, has the form of a broken curve, 

which is due to the non-smooth crosslinking of the formulas for determining the viscosity of the juice at various 

concentrations. Especially noticeable is the jump with a change in viscosity from 15% to 20%. If we exclude from 

the calculation the dependence for viscosity, taken from [9] and use 

only the dependence for concentrated juices, we obtain a smoother 

curve. 

As can be seen from the graphs 1 and 2, the heat transfer coeffi-

cient at boiling of apple juice is less than its value at the boiling point 

of water and has a maximum at a concentration of dry matter in the 

juice of about 25%. The calculated values are doubtful, especially in 

the field of low concentrations of solids in juice due to the existing 

ambiguity in determining the properties of the juice. There is also no 

exact data on the rate of growth of vapor bubbles during boiling of 

apple juice, which can also affect the reliability of the calculated val-

ues. Check the degree of deviation of the calculated data from the 

actual values of the heat 

transfer coefficient by ex-

periment. 

 

 

Description of the experimental setup and experimental procedure. 

To test the calculated heat transfer coefficients experimentally, a laboratory installation was created (Figure 3), 

the main element of which was the glass container 1. In the lower part of the container there is an electric heater 3, 

and in the upper part there is a tubular heat exchanger 2. In the heat exchanger 2, the pump 6 is supplied with cold 

water from the water cooling unit 5. 

Fig. 2. Dependence of Ac on the 

concentration of juice. 
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1-water, 2-juice at a concentration of 15%, 3-juice at a con-

centration of 25%, 4-juice at a concentration of 40%, 5-juice 

at a concentration of 50% 

Fig. 4. Comparison of the calculated and experimental 

dependences of the heat transfer coefficient on the density 

of the heat flux at different concentrations of apple juice. 

 

 
1 - volume, 2 - heat exchanger, 3 - electric heater, 4 - condenser, 5 - water cooling plant, 6 – circulating pump 7 - 

valve, 8 - measuring container, 9 - vacuum pump, 10 - LATR, 11 - manometer, 12 - ammeter , 13 - voltmeter,  

14 - thermocouple. 

Fig. 3. Scheme of the experimental setting. 

The heat transfer coefficient was defined as the ratio of the heat flux of the electric heater emanating from the 

unit surface to the liquid to the temperature difference between the surface of the heater and the liquid. To determine 

this temperature difference on the surface of the heater and in the liquid, there are thermocouples connected to the 

EDAM 5000 secondary converter, which transmits temperature values to the computer via a USB interface. The 

value of the heat flux was changed with the help of LATR. The onset of boiling was recorded visually and by stabi-

lizing the temperature of the liquid. The setting. allows to carry out experiments both at atmospheric pressure and 

under vacuum. The instrumental error in determining the heat transfer coefficient does not exceed 6%. 

For the experiments apple juice was used with an initial concentration of 12%. After carrying out the heat trans-

fer coefficients and the temperature depression of this juice, the supply of cooling water to the heat exchanger 2 was 

closed by means of the valve 7, thereby stopping the condensation of the vapor inside the container. The secondary 

vapor was condensed in the condenser 4 and collected in a measuring container 8. Upon reaching the next preset 

juice concentration, the valve was opened, and the process was carried out. The changes were made in the range of 

concentration changes of 12-50% and the heat flux density of 6 - 47 kW/m2. 

Results of the experiments and comparison with calculations. 
As a result of the experiment, the de-

pendences of the heat transfer coefficient on 

the density of heat flux and concentration of 

apple juice at atmospheric pressure were ob-

tained, presented in Fig. 4. 

As can be seen, the experimental de-

pendences of the heat transfer coefficient on 

the apple juice concentration have a maxi-

mum in the concentration range of 20-25%. 

Their character and the value of the maxi-

mum points coincide with the calculated de-

pendences presented in Figures 2. A visual 

comparison of the experimental and calculat-

ed dependences is shown in Fig. 4. The 

graphs confirm the coincidence of the pre-

dicted influence of the concentration on the 

heat transfer coefficient. At the same time, 

there is some discrepancy between the numer-

ical values of calculated and experimentally 

determined heat transfer coefficients. In the 

main in the range of heat flux densities from 
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12 to 50 kW/m2, the relative divergence does not exceed 20%, which corresponds to the accuracy of calculations 

using formula (1). The principal increase the accuracy of the general formula is not advisable due to the fact that the 

effect on heat transfer during boiling "weak" factors (small impurities surface-active additives, impurities and the 

dissolved gases, specific microgeometry of boiling surface associated with the structure of the material, technology 

of preparation and surface treatment, the adsorption properties of the surface, its homogeneity, wet ability, etc.) are 

greater than the effect of "strong" factors such as the gravity intensity level field, vibration, organization of circula-

tion and forced fluid flow, application of an electric field, the thermophysical properties of the material surface [11]. 

However, to optimize the evaporators the formula 3 can be used with an additional correction factor. This coef-

ficient is obtained by dividing the values of the heat transfer coefficient obtained experimentally by the values calcu-

lated from formula 3. Then the modified equation for determining the heat transfer coefficient at boiling of apple 

juice has the form: 

 7.0qAcKK   (4) 

where KK is the correction coefficient. 

Differences in KK values for different concentrations of apple juice fluctuate within 5% relative to the average 

value. Consequently, these oscillations are within the error of the experiment. 

Conclusions.As a result of the conducted studies, it was established that for the determination of the heat trans-

fer coefficient at boiling of apple juice with a concentration of up to 50% at atmospheric pressure, using the Tolu-

binsky formula (1), the growth rates of steam bubbles and the surface tension coefficient determined for water at the 

appropriate temperature can be used. In order to obtain values of the heat transfer coefficient with greater accuracy, 

one can use partial dependencies, such as equation 4. It should also be taken into account that at atmospheric pres-

sure the boiling point of the juice exceeds 100 ° C. According to [7] at such temperatures, the change in the viscosity 

of apple juice with increasing concentration to 50% is negligible. Under conditions of a deep vacuum, at boiling 

temperatures of 30-40 ° C, the viscosity change is already considerable and amounts to 800-1300% of the initial 

viscosity. Also, one should take into account the possible change in the coefficient of the surface tension of the juice 

in the region of high concentrations. Thus, it makes sense to determine experimentally the heat transfer coefficients 

at boiling of juice in the region of high concentrations (more than 50%) at boiling points of 60 -30 ° C. 
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Анотація. У статті дано визначення фруктово-овочевих чипсів, зазначено основні способи 

зневоднення, які використовуються в світі для отримання чипсів, наведені недоліки технологій їх 

виробництва. Представлені вимоги до сировини при виробництві фруктово-овочевих чипсів, наведені 

оптимальні значення цукрово-кислотного індексу для фруктів. Об'єктами досліджень були яблука, груші, 

айва, хурма і білі коренеплоди. У статті також наведено аналіз різних способів попередньої обробки 

фруктової сировини перед сушінням (паротермічна обробка, обробка в розчинах лимонної кислоти і 

цукровому сиропі). Отримані результати використані при розробці енергоефективної теплотехнології 

виробництва фруктово-овочевих чипсів з використанням конвективно-конденсаційного методу сушіння, 

розроблені і затверджені технічні умови "Чипси фруктові, овочеві". Теплотехнологія захищена 9 

патентами України. Розроблена теплотехнологія дозволяє інтенсифікувати вологовидалення та підвищує 

енергоефективність процесу зневоднення на 10...15 %. 

Abstract. A new form of dried products for Ukrainian consumers is fruit and vegetable crisps. Fruit or vegeta-

ble crisps are thin lamina of fruits or vegetables obtained without frying. Fruit or vegetable crisps obtained by dry-

ing to low residual moisture. Their characteristic is the lack in the composition of cholesterol, carcinogens and 

more. 

Scientific development technologies drying crisps involved in many countries (Korea, Poland, Hungary, Russia 

and Belarus), but Ukraine does not pay enough attention to such studies. 

The article describes the basic methods of drying that are used in the world for the production crisps. The main 

disadvantages of the methods for producing crisps are also indicated. 

The requirements for raw materials for the production of fruit and vegetable crisps are presented; the optimal 

values of the sugar-acid index for fruit are given. Experimentally that the optimum size of a sugar-acid index, for 

apples is 16…20, and for pears is 50…70. 

Objects of research were apples, pears, quince, persimmon and white roots. The article also analyzes various 

methods of preliminary processing of raw materials before drying (steam treatment, treatment in solutions of citric 

acid and sugar syrup). Analysis of modes and methods of pretreatment of raw materials on drying kinetics and the 

organoleptic finished product showed that examined treatments provide a high degree of color preservation of raw 

materials and accelerating the kinetics compared to untreated samples.  
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