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This paper reports the improved rotor-film evaporator with
the lower arrangement of the separating space, the auger-type
discharge of concentrated organic fruit and berry paste, and
preheating the puree with secondary steam. The working sur-
Jface of the evaporator is heated by a flexible film resistive elec-
tric heater of the radiating type with an insulating outer sur-
JSace. Peltier elements installed in the device make it possible to
provide low-voltage power for exhaust fans from the thermal
secondary steam. The puree fed for processing is preheated by
8...10 °C by the heat from the concentrated product and sec-
ondary steam.

For the experiment, fruit and berry blended puree from
apples, quince, and black currants was used. The structural and
mechanical properties of blended puree have been determined
when the temperature changes within 55...75 °C, in particu-
lar, the effective viscosity varies in the range of 22...6 Pa-s, the
maximum shear stress — 29...8 Pa. Effective regions in the fruit
and berry puree concentration process have been established:
Kmin= Vpaste/ Vpuree=0-190; Kmax= Vpaste/ Vpuree=0~ 725.

When concentrating fruit and berry pastes with an initial
solids content of 9...15 % to the resulting content (29...31 %),
it is advisable to apply a surface load of 0.048...0.121 kg/m’s.
By calculation, the reduction of the specific energy consumption
Jfor heating the volume of the product unit has been confirmed:
a rotor-film evaporator — 547 kJ/kg over a period of 75 s, com-
pared to the basic vacuum evaporator — 1,090 kJ/kg, respec-
tively, over 1.08 hours. The results could be useful when design-
ing evaporating equipment for rotor-film-type devices in order
to concentrate various blends of fruit and berry raw materials
under conditions of using the energy of secondary steam

Keywords: concentration, rotor-film evaporator, organic
fruit and berry raw materials, surface load, secondary steam
energy
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1. Introduction

Many countries around the world face the issue related to
providing and expanding the range of functional and healthy
food products employing modern innovative approaches in
order to increase the resistance to chronic and infectious pan-
demic diseases, including COVID-19 [1]. The most common
and effective ways to strengthen the immune system of the
population are the formation of high-quality diets based on
organic raw materials (berries, vegetables, fruits, spicy and
aromatic raw materials, etc.) [2]. That, in turn, could reduce
the use of artificial dyes, flavors, etc. with minimal benefit, in
order to build a strong body immunity, which, to some extent,
are cheaper compared to organic ones. Agro-industrial sectors
today are aimed at cultivating organic raw materials, which
require high-quality processing from harvesting to getting to
the consumer, which is possible under the conditions of con-
stant development of the production link. This confirms the
feasibility of implementing resource-saving processes for the
production of multicomponent organic semi-finished products
for use in pure form or as part of recipes for food products with
high nutritional value.

The resource efficiency of production processes depends on
the degree of not only technological innovation but also equip-
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ment that implements the main operations, in particular during
the processing of organic raw materials into multicomponent
products; these include concentrating, drying, freezing, etc. [3].
The high-quality heat and mass exchange processes, in particular
concentrating, requires the introduction of modern engineering
and design solutions aimed at increasing resource efficiency,
including through the use of secondary energy to reduce the
duration of heat treatment. The high-quality implementation
of concentration requires modern approaches when improving
rotor-film evaporators under the conditions of implementation
of resource-efficient technologies providing for a high-quality
technological and structural approach to maximize the preserva-
tion of natural properties and high competitiveness of products.
Therefore, it is a relevant task to introduce innovative engineer-
ing and technological solutions to improve rotor-film evaporators
in the context of increasing the heat transfer coefficient and us-
ing secondary energy, ensuring the resource efficiency and com-
petitiveness of the concentrated organic semi-finished products.

2. Literature review and problem statement

Works [4-6] focus on the need to promote healthy eating
to increase innate immunity with the help of functional food




semi-finished products and products that could minimize
the damage caused by viruses to the health of nations world-
wide. However, the impact of thermal processing modes
on the quality and color of the food products received is
not considered. Color is the first feature when choosing a
product by the consumer, so papers [7, 8] pay attention not
only to the organic component but also the physical and
organoleptic properties of the products received on their
basis since the consumer in most cases focuses on the ap-
pearance. But there are uncertain questions about the state
and ways of intensification of the technical and hardware
component of production, to justify the state of resource
efficiency of production [9].That relates to one of the main
factors, namely, the operational and technical condition
of heat and mass exchange equipment, which quickly loses
its structural and technological advantages compared to
the pace of development of the technology industry since
it has low resource efficiency. This explains the production
need for innovative development of the technological and
hardware component of the industry during the production
of organic semi-finished products and food products based
on them [10]. Improvement of the technological component
of production is possible through the justified introduction
of various blends of organic raw materials for obtaining a
functional and healthy semi-finished product with the provi-
sion of expansion of the range of natural products and foods
based on them. At the same time, the intensification of the
technical component of the process requires the introduction
of modern innovative solutions to ensure a high-quality pro-
cess of concentrating organic raw materials in the context
of the use of resource-efficient technologies when designing
equipment, in particular, evaporators.

Paper [11] reports a study into the structure of a film
evaporator resulting in the construction of a model for fore-
casting heat and mass exchange processes using thermal-
and hydrodynamic approaches to explore the interaction
between the properties of the product and operational pa-
rameters. However, the issues regarding the received quality
of concentrating processes depending on the techniques of
heat supply and possible ways to increase the resource effi-
ciency of the energy-intensive process remained unresolved.
One solution is to study the influence of heat supply tech-
niques during concentration, in particular, works [12, 13]
report an improved vacuum evaporator with electric heating
of the working surface to produce high-quality fruit and veg-
etable pasty semi-finished products. However, the authors do
not consider the issue of implementing comparative structur-
al improvements in continuous-action devices, for example,
rotor-type evaporators. Paper [14] shows the relationship
between the effectiveness of heating when concentrating
pomegranate juice depending on the amount of energy spent
to achieve certain solids content (SC) in the semi-finished
product and the heat transfer coefficient received. However,
theoretical and practical data on the stages of determining
the heat transfer coefficient under the conditions of concen-
tration and ways of its intensification as one of the factors
of the quality of the process remain unaddressed, thereby
predetermining the need for research in this area.

Works [15, 16] report hydrodynamic studies of non-New-
ton liquids during heat and mass transfer treatment when
stirring raw materials and indicate the need to build fore-
casting models to determine the technological and structur-
al features of processes. That, in turn, could make it possible
to form an idea of the course of the technological process of

concentrating and save time on production tests. However,
the issues of the impact of the duration of the processing
of raw materials under the conditions of the possible use of
secondary steam energy are not considered since the hydro-
dynamic models cannot fully determine ways to increase
resource efficiency.

Papers [17, 18] are aimed at modeling the movement of
flows, taking into consideration the peculiarities of heat
transfer surfaces and profiles of the movement speeds of
non-Newtonian liquids to determine the coefficient of heat
supply depending on the energy spent. However, the possi-
bility of changing the value of the heat exchange coefficient
depending on the technique of heat supply and the degree
of resource efficiency of the structures under study for con-
centrating has not been considered. The expediency of de-
termining the increase in the coefficient of heat dissipation
due to the introduction of resource-efficient technologies
is explained, as most evaporators have a low coefficient of
heat transfer, which leads to a decrease in the coefficient of
resource efficiency and product quality. This approach con-
firms the importance of a set of studies aimed at determining
the hydrodynamic and thermotechnical properties of the
concentration process for the formation of generalized ways
to ensure its resource efficiency.

Paper [19] provides information that the main feature
of rotor-film evaporators is the practical absence of pressure
drop for the height of the apparatus and a small volume
of raw materials in it. That makes it possible to eliminate
hydrostatic depression and reduce the duration of heat
treatment; in most cases, devices with the upper arrange-
ment of the separating space are used, from which the sec-
ondary steam enters the condensation. However, there are
no data on the possible innovative approaches to increase
the resource efficiency of evaporators, for example, when
using secondary energy. One of the solutions to improve the
efficiency of using secondary steam with maximum resource
efficiency is to arrange a separating space in the lower part
of the unit. At the same time, the subsequent transition of
the separating space into a horizontal heat exchanger of the
type “pipe in the pipe” could ensure the forced removal of
secondary steam [20, 21]. Such a structural solution would
make it possible to arrange a coil heat exchanger in the
“pipe in the pipe” assembly, ensuring the heating of the raw
materials fed for concentration by the energy of secondary
steam. However, in the cited works the possibility of ap-
plying such a structural solution in evaporators is not fully
considered. Thus, there is a need for research to implement
an appropriate design solution. The implementation of the
concentration process requires a significant amount of en-
ergy for evaporation with the formation of a large amount of
secondary energy, which is a source for various technological
operations: heating, the autonomous operation of certain
structural elements, etc. In practice, modern technologies
for the conversion of secondary thermal energy are used, in
particular, into low-voltage power through the use of Peltier
elements; in this case, the received energy is used for further
technological needs. Paper [22] reports the experimentally
practical studies to confirm the effectiveness of using Peltier
elements when using secondary energy (spent steam flux) to
obtain low-voltage power for fans. However, no comparative
characteristics to the evaporators of other structural solu-
tions are given.

Taking into consideration the above confirms the rel-
evance of implementation of various innovative solutions



aimed at improving the resource efficiency of rotor-film
evaporators to produce high-quality concentrated organic
semi-finished products, which could expand the range of
functional and healthy products. To some extent, the issues
remain unresolved related to the possibility of the lower
arrangement of the separating space in evaporators, the effi-
ciency of using secondary energy in horizontal heat exchang-
ers with the possibility of heating raw materials with sec-
ondary energy in them. Changing the steam heating system
of rotor-film evaporators to modern electric heating with the
help of a flexible film resistive electric heater of the radiating
type (FFREhRT) [23] would ensure a decrease in metal con-
sumption under the conditions of stabilization heating. Thus,
the proposed solution of the rotary film evaporator leads to an
increase in the heat transfer coefficient summarizing its re-
source efficiency in comparison with the basic designs of vac-
uum evaporators [24]. The results to be obtained would have
a positive impact on the resulting resource efficiency of the
energy-intensive process of concentrating organic raw materi-
als, the quality of the products obtained, its competitiveness,
thereby confirming the expediency of research in this area.

3. The aim and objectives of the study

The purpose of this work is to improve a rotor-film evap-
orator by arranging the bottom position of the separating
space, the auger-type discharge of concentrated organic
fruit and berry paste, and preheating the puree with the
energy of secondary steam. Such a structural solution could
improve the efficiency of RFE by reducing metal consump-
tion, increasing resource efficiency when using the energy
of secondary steam for heating the resulting puree, and the
operation of exhaust fans.

To achieve the set aim, the following tasks have been
solved:

— to design a model structure of the improved rotor-film
evaporator with a bottom position of the separation space,
the auger-type discharge of concentrated organic fruit and
berry paste, and the preheating of the organic puree with
secondary steam;

—to perform the experimental and estimation studies
to confirm the effectiveness of the proposed structural and
technological solutions in comparison with the basic design
of the vacuum evaporator for concentrating an organic fruit
and berry puree.

4. The study materials and methods

Our experimental and practical studies were carried out
at the Research Center “Newest Biotechnology and Equip-
ment for the Production of Food Products with High Health
Properties”, the Kharkiv State University of Nutrition and
Trade (Ukraine).

The improved model structure of the rotor-film evapo-
rator (RFE) (Fig. 1) with the bottom arrangement of the
separation space, the auger-type discharge of concentrated
organic fruit and berry paste makes it possible to detect
ways to intensify heat and mass exchange processes. In
addition, the proposed design and technological solutions
make it possible to implement the technological process of
preheating an organic fruit and berry puree directly within
the RFE model using the energy of secondary steam.

The procedure for conducting the experimental study
on determining the modes of RFE operation when con-
centrating organic fruit and berry puree involves a pro-
cedure for establishing a dependence between the degree
of product distribution K=V,use/ Vyuree, Where Viasie, Vpuree
are the volumes of the resulting fruit and berry paste and
the resulting puree, respectively, and the main parameters
affecting the process, the average temperature of the work-
ing surface (¢ °C), vacuum — p, kPa. We compared the
characteristics of the rotor-film evaporator and a vacuum
evaporator based on procedures for the thermal calculation
of evaporators.

The following values of input parameters were used in the ex-
periment: the average surface temperature, which transmits heat,
is {,=55°C, t,=65°C, t,=75°C; pressure, p=13..15 kPa.
The temperature of product feed is #,=20...25 °C. The rheolog-
ical characteristics of the organic puree, depending on the tem-
perature, were determined by the shear rate, y=2.7 s,

5. Results of the experimental and estimation studies of
the improved rotor-film evaporator

5. 1. Building an improved model of the rotor-film
evaporator

The improved model of a rotor-film evaporator with
a bottom separation space arrangement, the auger-type
discharge of concentrated organic fruit and berry paste,
and the pre-heating of organic puree with secondary
steam is shown in Fig. 1. The upper part of the apparatus
is vertical working chamber 1, which is heated by a flexi-
ble film resistive electric heater of the radiating type with
an insulating outer surface (FFREhRT) 2. That, in turn,
would eliminate the steam component of the heat supply
systems in standard evaporators and increase the struc-
tural resource efficiency.

The product enters the rotor-film evaporator through
the nozzle injector of organic fruit and berry puree 3, lo-
cated in the space of horizontal working chamber 4, which
is the structure of a tubular heat exchanger “pipe in the
pipe”. Injection nozzle 3 is connected to coil heat exchang-
er 5, through the internal space of which the raw materials
are pumped into device 6 (a hollow coupling) with rubber
seals 7. From coil 5 to vertical pipeline 8, located in the
internal space of rotating rotor 9 with hinged locks for
fastening cutting blades 10. Vertical pipeline 8 is con-
nected to the cone-shaped distribution nozzle 11, thereby
forming a thin-film layer of raw materials with subsequent
heat and mass transfer treatment under an overpressure of
13...15 kPa. RFE at the top is equipped with control and
safety valves 12, which additionally increases the safety of
using the evaporator during vacuuming.

After forming a thin-film current with a cone-shaped
distribution nozzle 11 and subsequent heat treatment by
moving a layer of the raw materials by cutting blades 10
to the bottom of the apparatus. The concentrate enters by
means of a narrowed lower part from the vertical working
space to the horizontal one entering separation space 13,
forming, due to a sharp expansion of the separation space,
the concentrate and the steam component (condensate).
The concentrate, due to its physical properties, falls on
auger 14, located in the inner space of horizontal heat
exchanger 4, providing the thermal stabilization of the
concentrate and the final removal of the steam-containing



component after the heat treatment of the puree. From
auger 14, the concentrated semi-finished product (organic
paste), through nozzle 15, is discharged for further techno-
logical operations (packaging, drying, etc.).

The steam-containing component enters, from separa-
tion space 13, the intertube space of the horizontal heat
exchanger “pipe in pipe” 4 with installed Peltier elements
16, thereby converting thermal energy into low-voltage
power for exhaust fans 17. We have experimentally es-
tablished the formation of low-voltage power at the tem-
perature of steam-containing flows above 35 °C. Fans 17
ensure the forced removal of steam-containing flows from
separation space 4 to nozzle 18, followed by their utiliza-
tion for technological needs or discharge to the environ-
ment. Due to the forced movement of steam-containing
flows between the tubular space of heat exchanger 4 with
a coil heat exchanger 5, its heating is ensured by 8...10 °C,
thereby further improving the resource efficiency of the
energy-intensive thermal process.

RFE is mounted on racks 19, it has in the lower
part equipment compartment 20 with a control unit
over technological parameters (temperature in the main
zones of heat treatment, pressure, rotation of rotor 9 and
auger 14, etc.).
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5.2. The experimental and estimation studies into
the impact of the proposed structural-technological
solutions on the process efficiency

We have performed an experimental study into the
process of concentrating organic fruit and berry puree in
RFE in order to identify the main regime parameters and
obtain initial data for the further calculation of RFE. For
the experiment, fruit and berry blended puree from apples,
quince, and black currants was used. The puree of apples,
quince, and black currants was blended according to the
formulations given in Table 1.

Table 1

Formulation compositions of organic fruit and
berry puree and their structural-mechanical

properties
Component Formulation
composition 1 2 3
Apple 35 45 55
Quince 30 45 40
Black currant 15 10 5
Maximum shear stress, qo:
55°C 29 25 22
65 °C 23 17 13
75°C 15 12 8
Effective viscosity, n.s
55°C 22 18 16
65°C 14 10 8
75°C 11 8 6

Note: * — the structural and mechanical indicators
were determined at shear rate y=2.7 s™, which cor-
responds to the mode of the organic puree flow in a
rotor-film evaporator

The data in Table 1 data indicate that
when the temperature changes within
55...75 °C, the structural and mechanical
properties of blended puree decrease. For

the presented blends, with an increase in

18 5 135 temperature, the effective viscosity varies

in the range of 22...6 Pa-s, and the maximum
shear stress — from 29...8 Pa. The results re-
garding the established structural-mechani-
cal properties of organic puree have proven
that the technologically required consisten-
cy of the resulting pastes can be ensured

Fig. 1. Diagram of the improved model structure of the rotor-film evaporator
with a bottom separation space arrangement, the auger-type discharge of
concentrated organic fruit and berry paste, and the preheating of organic
puree with secondary steam: 1 — vertical working camera; 2 — flexible film

resistive electric heater of the radiating type with an insulating outer surface

(FFREhRT); 3 — injection nozzle for organic fruit and berry puree;

4 — horizontal working chamber (a heat exchanger pipe in the pipe); 5 — coil
heat exchanger; 6 — puree intake device (hollow coupling); 7 — rubber seals;
8 — vertical pipeline; 9 — rotor with hinged clamps; 10 — cutting blades;
11 — cone-shaped distribution nozzle; 12 — control and safety valves;

13 — separation space; 14 — concentrate (paste) discharge auger;

15 — concentrate discharge nozzle; 16 — Peltier elements; 17 — exhaust
fans; 18 — secondary air discharge nozzle; 19 — racks; 20 — equipment
department with a control unit over technological parameters

by selecting the rational composition of the
initial components of plant origin, without
the use of special thickeners. In addition,
the structural-mechanical characteristics of
the examined masses are used to calculate
the hydromechanical and thermal processes.

The duration of concentrating in RFE is
reduced by heating the fruit and berry pu-
ree entering for processing, and it depends
on the design of the applied film-forming
element. Taking into consideration the high
pectin content in the product, we used a
hinged blade in the experiment, equipped
with an autonomous heating system for the
reflective surface [25].



The derived dependences reflect complete information
about the concentrating process (Fig. 2). At minimum con-
sumption values (W=0.15...0.65 ml/s), the operation of the
unit is characterized by an underloaded mode with a mini-
mum thickness of the product at the working surface, which
leads to almost complete removal of moisture and burning
of the product that sticks to the heat transfer surface. At
elevated consumption values (W=1.9...2.5 ml/s), the product
is heated but with a minimum degree of evaporation. A more
stable removal of moisture from the fruit and berry puree oc-
curs in the region W=0.75...1.85 ml/s, where the maximum
change in the speed of the initial parameter K is observed.

The results of our study have made it possible to
identify the region of the most effective RFE process
during the concentration of fruit and berry puree. The
effective region is within Kyin=Vpaste/ Vpuree=0.190; Kppax=
=Vpaste/ Vpuree=0.725. For concentrating fruit and berry
puree in RFE from the initial content SC=9...15 % to the
resulting final solids content=29...31 %, it is advisable to
apply a surface load of 0.048...0.121 kg/m?s. The relative
error in measuring the degree of distribution K(W) de-
pends on errors in determining the consumption of the
product and condensate, respectively, the heating tem-
perature of the surface, and is 2...3 %.
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Fig. 2. Dependence of the distribution of product K on the
consumption of a fruit and berry puree at the temperature of
the RFE working surface: A — 55 °C; o -65°C; 0 - 75°C

Determining the efficiency of a rotor-film evaporator
when concentrating a fruit and berry puree (Table 1,
blend 2) from the final solids content of 14 % to 30 %. The
calculations were carried out without taking into consid-
eration the loss to the environment (Table 2).

We have established a decrease by 2 times in one of the
main indicators of resource efficiency — the specific energy
consumption for heating the volume of the product unit: in
RFE, 547 kJ /kg; basic VE, 1,090 k] /kg, Table 2). This effect
is explained by the smaller dimensional-weight characteris-
tics of the RFE (the absence of steam heat networks) and a
short-term intensive concentration of the product in a film
flow, in contrast to the volumetric evaporation in the basic
unit MZS-320. Reducing the duration of heat treatment:
in RFE, 755, and 1.08 hours (VE), providing for a lower
temperature effect on the raw materials, and, therefore, the
effectiveness of the implementation of our technological
advancement in a technological line to produce organic fruit
and berry semi-finished products.

6. Discussion of results of concentrating an organic puree
in the improved rotor-film evaporator

Our experimental and practical studies confirm the effec-
tiveness of using RFE when applying FFREhRT with the bot-
tom location of the separation space, the auger-type discharge
of concentrated organic fruit and berry paste, and the preheat-
ing of the puree with secondary steam (Fig.1). FFREhRT
makes it possible to eliminate the steam heat supply system
with an improvement in the energy efficiency of the process in
general; the use of Peltier elements makes it possible to generate
a low-voltage power to exhaust fans from the heat energy of
secondary steam. The heat of the secondary steam and the con-
centrated product heats the puree, fed into the apparatus, by
8... 10 °C, which further increases the resource efficiency of the
process (Table 2).

The practical application of the proposed solutions would
ensure a decrease in the inertia and metal consumption of the
base evaporators by forming a uniform heat transfer surface
and using secondary steam energy for heating the starting
puree, providing for the autonomy of power supply to exhaust
fans. There is an ensured increase in the resource efficiency,
in particular, a decrease in the specific consumption of energy
for heating the volume of the product unit: in RFE, 547 k] /kg,
over 75s, compared to the basic VE — 1,090 kJ/kg, over
1.08 hours (VE, Table 2). This is a characteristic difference
between the proposed solutions from the existing ones since
most studies on the concentration of plant raw materials are
implemented by using metal-intensive steam shells and even
with heating of the stirrer [26], which reduces the resource
efficiency of the process and th resulting quality.

Table 2

Comparative characteristics of the rotor-film evaporator compared to a vacuum evaporator

Indicator

Vacuum evaporator (MZS-320)

Rotor-film evaporator (RFE)

Unit weight m*=1,520 kg

m=73 kg

Unit heating

thating:m1Cc(t4_t3)+m26c(t2_t1 )=620-0.48x
x(143-80)+900-0.48-(65-25)=18,748+17,280=36,028 k]

Qheating=mce(ta—t1)=73-0.48(65-25)=1,401 k]

To heat and boil product

Qpr=mc(tk 7tn) +7mpaxze=
=1500-3.7-(65-25)+2,350-600=1,632,000 kJ

Q=G (ty—t) +7G passe=3,700-0.028(65-35) +
+2,350x10°x0.0052=15,328 J /s (55,180 kJ)

Total amount of consumed
energy

Q-1,635,608 kJ

0=56,581k]J

Specific consumption

4p=Q/m=1,635,608/1,500=1,090 k] /kg

4p=Q/G=15,328/0.028=547 k] /kg

Treatment duration

Trnzs=Q/Fk-At=1,635,608/3.7-1,454-78=3,897 s

TreE=Lan/0n=1.5/0.02=75 s

Note: * — Comparative data on the basic design of MZS-320 were adopted from a literary source [24]



One of the limitations in the study of modes of con-
centrating fruit and berry puree is the stabilization of the
temperature of the working surface when the consumption
of the raw materials is changed. This issue can be resolved
by precisely adjusting the volume of the raw materials for
concentrating a fruit and berry puree with the help of an
auger pump. Consumption of raw materials, in this case, is
determined by a volumetric method. The RFE for concen-
trating a fruit and berry puree should be used at a surface
load of 0.048...0.121 kg/m2s (Fig. 2), ensuring boiling
efficiency. Further studies may be aimed at determining
the heat transfer coefficient depending on the product con-
sumption and the speed of rotor rotations according to the
different thermophysical properties of products.

Heating the apparatus with a flexible film resistive electric
heater of the radiating type with an insulating outer surface
eliminates the steam component of heat supply systems.

2. The structural-mechanical properties of blended puree
have been determined when the temperature changes within
55...75 ° C, in particular, the effective viscosity varies in the
range from 22...6 Pa-s, the maximum shear stress — 29...8 Pa.
When concentrating fruit and berry pastes with an initial
content SC=9...15 % to the resulting SC=29..31 %, it is
advisable to apply a surface load of 0.048...0.121 kg/m?s. By
calculation, the reduction in the specific energy consump-
tion for heating the volume of the product unit has been
confirmed: in RFE, 547 kJ/kg, over 75s, compared to the
basic VE, 1,090 kJ/kg, over 1.08 hours (VE).

7. Conclusions
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