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A model of a rotary film evaporator
with a film-forming element with a reflec-
tive heated surface has been developed.
This will allow stabilizing the hydrau-
lic movement of the cut wave flow due
to the reflective surface of the geomet-
ric shape for the forced direction of the
cut raw material to the heating surface.
Autonomous heating of the reflective sur-
Jface additionally provides a temperature
effect in the conditions of movement of
particles of raw materials after cutting.

The analysis of the experimental and
theoretical parameters of heat transfer
made it possible to substantiate the cri-
terion equation for determining the heat
transfer coefficient of an evaporator with
the proposed film-forming element and a
reflective heated surface for calculating
the coefficient from the working surface
to the raw material. The resulting equa-
tion takes into account the influence of
the vertical component of the motion of
the raw material film, centrifugal move-
ment during the rotation of the film-form-
ing element, mixing of the boiling film
of the raw material with steam bubbles,
and the geometric characteristics of the
Sfilm-forming blade on the hydrodynamic
Slow of the raw material. The calculation
of the rotary-film evaporator was car-
ried out using the criterion equation and
the obtained useful heat exchange sur-
Jace — 0.75 m®. The specific metal con-
sumption in a rotary film evaporator with
a film-forming element having a reflec-
tive surface is 57 kg/m?, compared to the
vacuum evaporator traditionally used in
canning industries (410 kg/m?), which is
7.1 times less. The duration of the tem-
perature effect on the raw material is
also reduced: a rotary film evaporator —
200 s and 3600 s in a traditional appara-
tus. The data obtained will be useful for
the design of rotary-film devices of dif-
Jferent geometric parameters using artic-
ulated blades with a reflective plate

Keywords: heat transfer coefficient,
rotary film evaporator, criterion equa-
tion, film-forming element, organic raw
materials
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1. Introduction

production of various products, heat and mass transfer oper-

ations are used (heating, holding, boiling, etc.). The combi-

In many areas of the processing and food industries, nation of thermal operations in a single complex of heat and
in the implementation of technological operations in the mass transfer equipment makes it possible to significantly




intensify the hardware and technological complex as a
whole due to resource efficiency, to reduce the duration of
processes and the quality of the resulting products [1]. When
developing modern complexes, the main attention is paid to
the introduction of innovative engineering and technologi-
cal solutions using mathematical modeling and forecasting
of the provision of effective hardware and technological
properties, depending on the input and output parameters.

In connection with environmental and pandemic challeng-
es, the issue of production of functional and physiological ingre-
dients of a high degree of readiness and health-improving and
prophylactic products of high quality of organic plant origin is
acute today [2]. Since this raw material is a natural source of
biologically active substances, micro- and microelements, dyes
and original organoleptic properties, which will minimize the
use of synthetic impurities in technological operations. There-
fore, to receive high-quality food products with increased nu-
tritional value, therapeutic and prophylactic properties for the
formation of a rational nutritional system, thereby forming the
immune component and strengthening health in general [3].

Providing resource efficiency of heat and mass transfer
operations is possible with the use of modern innovative
solutions, including complexes for processing secondary en-
ergy when processing organic raw materials. When designing
thermal equipment, it is important to carry out constructive
calculations to establish the rational geometric dimensions
of the apparatus and working bodies, which, in general, will
ensure the resource efficiency of the heat and mass transfer
process. The quality of the implementation of the concen-
tration process and the resulting final values of the heat and
mass transfer calculation (heat exchange surface, the amount
of consumed heat, etc.) depend on the completeness of taking
into account the design and technological parameters in the
criterion equation. Consequently, the introduction in the de-
velopment of modern evaporators of the rotary-film type and
an adequate design model for determining the heat transfer
coefficient will not only make it possible to determine the
main design parameters of the equipment.

For the implementation of resource-efficient heat and mass
transfer processes of concentration, an urgent task is to ensure
the quality of the products obtained through the use of mod-
ern engineering and technological solutions in the context of
reducing the duration of technological operations. One of such
solutions is the substantiation of the criterion equation for
determining the heat transfer coefficient of rotary film evapo-
rators, which will allow obtaining the calculated values with
the maximum reliability of describing the real picture of the
heat and mass transfer process. The calculated data obtained
will make it possible to ensure the optimal geometric dimen-
sions of the apparatus when designing new rotary evaporative
equipment, taking into account all the factors influencing the
process in order to achieve their resource efficiency. The intro-
duction of optimal modeling and forecasting of rational heat
and mass transfer operations, including for increasing the heat
transfer coefficient, will ensure the production of high-quality
products while ensuring their competitiveness.

2. Literature review and problem statement

The work [4] provides marketing research on the rele-
vance of the implementation of efficient processing of raw
materials based on a variety of technological processes to
obtain high-quality competitive food products. This is due

to the fact that, in comparison with traditional analogs, im-
proved methods provide better resource efficiency, due to a
decrease in metal consumption, a reduction in technological
and operational duration, the use of secondary heat energy,
etc. However, issues related to state support for investment
programs for formatting obsolete complexes, technologies,
etc. remain unresolved. This is primarily due to the fact that
most of the hardware systems are characterized by energy
and metal consumption and are even difficult to improve,
necessitating the search for innovative technical solutions to
support the domestic industry. Thus, the work [5] indicates
the need to improve the quality of various products due to
constant hardware and technological re-equipment to in-
crease resource efficiency and allows taking into account the
initial and final properties of the processed raw materials.

In particular, in [6], a model was developed for deter-
mining the relationship of energy costs when concentrating
non-Newtonian liquids under conditions of heating the work-
ing surface with a steam jacket. However, the neglected oper-
ational and technical complexity of the process, which leads to
a decrease in resource efficiency, and therefore the proposed
model is based on the consideration of individual indicators,
and not the process as a whole, requiring further research. The
work [7] investigates an improved model design of a film evap-
orator for analytical prediction of heat and mass transfer pro-
cesses of concentration, taking into account the hydrodynam-
ic and thermophysical design and technological features of the
implementation of the processes. But the remaining issues of
the formation of generalizing recommendatory parameters to
ensure the guaranteed quality of the obtained semi-finished
products of a high degree of readiness, taking into account
the method of heat supply, have not been resolved. One of
the solutions is given in [8] and is based on the concentra-
tion of pomegranate juice with an initial content of 13 % dry
matter using ohmic heating. As a result of the research, the
influence on the heat transfer coefficient of the relationship
between heating, the energy expended on the boiling down
of natural raw materials and the area of the cutting surface
in conditions of an increase in the content of dry substances
was determined. Nevertheless, questions related to the need
to stabilize the trajectory of motion of a wavy film flow after
cutting with an edge remain unattended. This is due to the
complexity of approbation of the rational geometric surface
of the pressure plate in the conditions of using hydrodynamic
modeling, and therefore focuses on the expediency of research
in this direction. One of the practical solutions is given in [9]
when improving a rotary film evaporator with a shearing
blade for concentrating vegetable purees. But the work did
not pay attention to the ways of increasing the efficiency of the
process in the conditions of modeling the criterion equation
for determining and predicting the heat transfer coefficient,
which necessitated further research.

The use of the proposed shear blade with a reflective
surface leads to an increase in the heat transfer coefficient
by about 20 % compared to the basic design of a rectangular
blade. The obtained calculated data on the specific energy
consumption of heating a unit volume of the product in the
RFE is 408 kJ/kg compared to the basic vacuum evapora-
tor — 1019 kJ/kg, which characterizes a decrease in costs by
1.97 times. At the same time, the duration of heat treatment
in the RFE is 60s, and in the base VEA 1 h, which shows
a significant decrease in the temperature effect on the raw
material. The data obtained testify to the effectiveness of
constructive and technical solutions. The engineering and



technological component of any heat and mass transfer pro-
cesses, in particular the concentration of fruit and berry raw
materials, is the main one in the production of food semi-fin-
ished products of a high degree of readiness. It should also
take into account the efficiency of using methods for the
production of vegetable pasty semi-finished products of a
high degree of readiness for further use in various food prod-
ucts [10]. Thus, in the production of culinary meat products
in the developed low-temperature installation, vegetable
components are added to the meat product to increase the
nutritional value and impart original taste properties [11].

In [7], the process of heat transfer of a non-Newtonian
pseudoplastic fluid inside a scraped surface heat exchanger
was analyzed under conditions of contact of the rod with
semicircular parts installed on it with the inner surface
of the pipe. With such a constructive solution, the authors
achieved an increase in heat transfer under the conditions
of measuring the pressure drop, heat transfer and con-
sumed energy when boiling non-Newtonian liquids under
static and dynamic conditions of the scraper for four flow
regions. The results obtained prove the possibility of using
the apparatus in industry, even in conditions of increased
power consumption for the rotary motion of the scrap-
er, however, the actions of the authors are based on the
achievement of technological needs, neglecting resource ef-
ficiency. This is due to the fact that, unfortunately, there is
a need in industry to ensure that, first of all, technological
needs are achieved. One of the solutions is given in [12] in
the analysis of Eyring-Powell fluids in scraped surface heat
exchangers, indicating that food products have non-Newto-
nian properties. The authors determined the hydrodynamic
behavior of non-Newtonian fluids in a scraped surface heat
exchanger using rotating scraper blades, which made it
possible to obtain velocity profiles. However, the work does
not provide data on the method of heat supply during con-
centration and the effect of introducing a reflective surface
into the structure of the film-forming element (scraper)
to stabilize the hydrodynamic flow. And in work [13] iso-
metric fields of the wavelike flow of the suspension were
determined under the conditions of determining the vortex
flow from the blades due to the lack of research on obtain-
ing the uniformity of the distribution of raw materials after
cutting. This may be due to the complexity of modeling
the above-mentioned parameters that were not taken into
account, however, their technical implementation will
increase the heat transfer coefficient, especially when
providing a heated reflective surface of the shearing blade.
Thereby, causing further research in this direction.

In [14], a hydrodynamic model is presented that takes
into account the change in the Reynolds and Nusselt num-
bers when concentrating plant raw materials for further
determination of the heat transfer coefficient in a scraped
surface heat exchanger. However, the work does not take
into account the geometric shape of the film-forming ele-
ments, which greatly complicates the further testing of the
results obtained. One of the solutions is given in [15] by
modeling the hydrodynamic flow of raw materials based on
previously formed theoretically literary data and subsequent
additions with experimentally obtained ones. As a result of
the research, the influence on the heat transfer coefficient
of the properties of raw materials, the design features of the
cutting blade and the properties of the heating surface was
established, focusing on the feasibility of scientific and prac-
tical research in this direction.

The existing technical equipment of the processing in-
dustry in many countries is implemented using traditional
heat and mass transfer equipment: digesters, vacuum evapo-
rators, heaters, rotary evaporators, etc., which in most cases
have low resource efficiency [16]. This is due to the high en-
ergy and metal consumption when using steam jackets, vari-
ous intermediate heat carriers, etc., as well as the complexity
of the hardware improvement. There are also difficulties in
ensuring high values of the heat supply coefficient, taking
into account the geometric properties of the film-forming
elements, methods of heat supply and stabilization of the
wave flow after cutting. Therefore, it is advisable to conduct
a study devoted to the scientific and practical substantiation
of criterion equations for determining the indicator of the
effective heat transfer coefficient, taking into account the
proposed working surfaces of the evaporator when using
heating film-forming elements. This, in turn, will provide an
increase in the resource efficiency of rotary film evaporators
in conditions of rational concentration of food raw materials
with predicted hydrodynamic movement, depending on the
design features of the blades. Consequently, it will ensure the
high quality of the products obtained and the competitive-
ness of the hardware and technological complex as a whole,
the expediency of research in this direction.

3. The aim and objectives of research

The aim of research is to theoretically and practically
substantiate the selection of a criterion equation for deter-
mining the heat transfer coefficient from the working sur-
face of a rotary film evaporator with a heating film-forming
element to the raw material processed to form the optimal
geometric parameters of the working surface. This will make
it possible to effectively determine the heat and mass trans-
fer properties of concentration processes in conditions of an
increase in the heat transfer coefficient.

To achieve the set aim, the following objectives were solved:

— to improve the design of the film-forming element of
the rotary-film evaporator by heating the reflecting surface
due to the flexible film resistive electric heater of the emit-
ting type;

— to substantiate the criterion equation for determining
the heat transfer coefficient from the working surface of a
rotary film evaporator with a heating film-forming element
to the raw material.

4. Materials and methods of research

Experimental and practical research was carried out on
the basis of the Research Center “New biotechnologies and
equipment for the production of food products with high
health-improving properties” State Biotechnological Uni-
versity (Ukraine).

When forming the criterion equation, the traditional
criteria of Nusselt, Reynolds centrifugal, Prandtl were used.
As well as clarifying indicators responsible for heat transfer
during gravitational runoff of the film, its boiling and the
geometric properties of a film-forming element with a reflec-
tive surface. The wave flow velocity and the resulting film
thickness were determined from the Nusselt equation, while
the experimental data were processed using the MathCat
package (United States of America).



3. Results of experimental and computational studies of
the improved rotary film evaporator

5. 1. To improve the design of a film-forming element
with a heated reflective surface of a rotary film evaporator

The quality of heat and mass transfer operations, such as
concentration, heating, etc. with the use of rotary film evap-
orators in most cases depends on the method of heat supply,
the design of the film-forming element, and the stabilization
of the hydraulic wave flow. In particular, the stabilization of
the film-like flow at the moment of draining and after shearing
off the film-forming element by the edge affects the final heat
transfer coefficient. Traditional designs of rotary film evap-
orators are characterized by a variety of geometrical designs
of sludge-forming elements (hinged, rectangular, etc.), which
provide, to a certain extent, effective indicators of cutting
and mixing of experimental raw materials. These designs are
intended for cutting off the film formed on the working surface,
which, after cutting, partially hangs in the working space of
the apparatus and only then falls on the heating surface due to
the effect of centrifugal speed. One of the solutions for stabi-
lizing the hydraulic motion of the cut wave flow is the use of a
reflective surface of a certain geometric shape, which will allow
forcibly directing the cut raw material to the heating surface.
In addition, an important factor, in addition to stabilizing the
wave motion, is to provide heating of the reflecting surface area
for an additional temperature effect under conditions of move-
ment of raw material particles after cutting.

To implement the scientific and practical testing of the
proposed engineering solutions aimed at improving the design
of the film-forming element of the rotary-film evaporator by
heating the reflective surface using a flexible film resistive ra-
diating electric heater (FFRREH) [17]. A schematic diagram
of the experimental research model of a rotary film evaporator
is shown in Fig. 1, a. The improved design of a film-forming el-
ement with a heated reflective surface, shown in Fig. 1, b, and
the hydraulic flow stabilization scheme is shown in Fig. 1, c.
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Fig. 1. Diagram of the experimental research model of the rotary film
evaporator: a, b — longitudinal and cross sections of the apparatus;
¢ — the design of the film-forming element with a heated reflective
surface; 1 — section of separation of vapor-containing medium;

2 — a branch pipe for injection of experimental raw materials;

3 — distribution disk; 4 — an improved film-forming element with a
heated reflective surface; 5 — flexible film resistive radiating electric
heater (FFRREH); 6 — hinged clamps of the film-forming element;

7 — rotary shaft; 8 — apparatus unloading department

The model design of the rotary film evaporator works as
follows: the experimental puree-like raw material is pumped
through the branch pipe 2 and enters the distribution disk,
designed to form a film with its subsequent outflow by the
working surface of the apparatus. Heated by FFRREH,
which allows to eliminate the steam jacket of traditional
rotary-film apparatus, and therefore to increase the efficien-
cy of the process as a whole. After the film is formed by the
distributor disk 3, it is picked up by the improved film-form-
ing elements with the heated reflective surface 4. Thereby,
the film is cut off by the film-forming element and forced
onto the heating surface due to the geometric shape of the
reflective surface. And also due to the autonomous heating
of the reflective surface based on FFRREH, the temperature
of stabilization of the mixed raw material after cutting by
the film-forming element is provided. The film-forming ele-
ments are attached to the rotary shaft 7 by means of hinged
clamps 6. The autonomy of the FFRREH of the reflecting
surface is ensured by converting thermal energy by the Pelt-
ier elements placed in the separating space into a low-voltage
power supply, which is sufficient for heating electric heating.
After passing through the working space, the concentrated
raw material enters the unloading department and is re-
moved from the apparatus.

5. 2. Substantiation of the criterion equation for de-
termining the heat transfer coefficient of a rotary film
evaporator

To ensure high-quality concentration of puree plant
raw materials in rotary film evaporators with an improved
heating film-forming element, it is necessary to obtain a
criterion equation that will take into account the effect on
itself before the generalized parameters of heat and mass
transfer. In particular, the heat transfer coefficient is de-
termined by the nature of the motion and the dependence
of the initial and obtained in the process of concentration
thermophysical properties of the experimental raw mate-

rial. In this case, convective heat transfer takes
into account the quantitative parameter of the
Prandtl value (Pr), modified by Reynolds (Re)
under boiling conditions with the formation of
bubbles, depending on the heating surfaces and
Grashof (Gr) under free and forced convection.
And taking into account the geometric properties
of the improved film-forming element, the criterion
equation will have the following generalized form:

Nu = ARc"Gr™ Re}}, Pr™. €))

Taking into account the vertical placement
of the working chamber of the apparatus under
conditions of gravitational film-like motion of
experimental raw materials, in particular, runoff
and centrifugal movement due to the edge and
reflective blade of the blade in conditions of vapor-
ization. It determines the use of three numerical
Reynolds parameters when taking into account
the three speeds of movement of raw materials:
axial, circumferential and boiling, as well as the
centrifugal Grashof criterion. In this case, the
Grashof gravitational criterion can be neglected,
since the film flow is complicated by thermal con-
vection, so that the Grashof centrifugal number

will look like this:



Gr,=Bo?RIPAT/v2. (2

When cutting a mobile film-like flow of raw materials
by the edge of the blade, the wave nature of the cut surface
is formed and significantly affects the nature of the hy-
draulic movement of the film. During approbation, we used
the initial data of the experimental raw materials and the
model design of the rotary film evaporator with the follow-
ing parameters: diameter — D=0.035 m; raw material con-
sumption — G=1.4-10"3kg/s. Specific heat of vaporization
7=2.35-10% J /kg, heat flux density — g=1.44-10* W/m? and
experimental raw material — p=1200 Pa s, Prandtl number —
Pr=1.84-10% and rotation frequency rotor n=1.16 s

The density of the coalescence of the working rotor-film
surface will be determined by the equation:

Gr=G/mD=1.410"3/3.14-3.510-2=1,27102 kg /sm. (3)

The Reynolds number for the axial velocity of the test
liquid in a rotary film evaporator is characterized by the
equation:

Re=Gr/n=1.2710"2 /2.5=5.1-10 . 4)

The obtained numerical parameter of the Reynolds num-
ber makes it possible to use the numerical results of Nusselt
to solve the problem under conditions of gravitational runoff
of a film-like flow, neglecting the inertial forces, so that the
film thickness according to Nusselt will be calculated as
follows

5 3/3Gr’r‘| _; 3-1.27-107%-2.5

\ p’g 1.22-10°-9.81

=1.9-10" m, 5)

therefore, the rate of vertical runoff of film-like raw mate-
rials in a rotary film evaporator will be determined by the
following equation:

-2
ufzg:Loﬁzs.SMO*3 m/s. (6)
pd  1,200-1.9-10
The criterion Reynolds equation along a spiral trajectory
of motion (rotating) speed, taking into account that v,=mD
1n=3.14-0.035-1.16=0.127 m/s, then it will be described by
the equation:

Re=pus/n=1.200-0.127-1.9-10-3/2.5, (7

To calculate the values of the evaporated moisture
from the experimental raw materials, namely, the vapor
density, the coefficient of volumetric expansion and surface
tension, let’s invert the values of water in a state of satura-
tion at 100 °C: p,=5.9710"!'kg/m?; p=7.1510"*1/K and
0=5.89-10"2 N/m.

| 5.89-107
N \/9.81(1.2-103 ~5.97-107)

=2238-10" m, (8)

q _ 1.44-10°
rp, 2.35-10°-5.97-107"

=1026-10"m/s,  (9)

Vpoir =

Grczwz
v
_7.15-107%(2-3.14-1.16)°3.5-10°(1.88-107)-5
(2.5/1200)
=0.67-10™. (10)
In this case, the indicators of thickness and

speed (8, vy) are commensurate with 6=1.88-10%m and
Vilm=5.58-103m/s, so that the obtained equations are
characterized by the properties of the raw material layer in
the form of the linear size of the process boiling. The vy, in-
dex characterizes and indicates the uniformity of the effect
on the heat exchange of the boiling process and the grav-
itational movement of the experimental raw material. At
the same time, the high viscosity of the raw material leads
to the minimum Grashof number, therefore, the expression:
GrPr is characterized by the value of the absence of the
effect of free convection on heat transfer. Thus, allowing to
neglect it when solving the equations of similarity.

Geometric criterion responsible for the geometric region
of convective heat transfer and allowing to take into account
the effect of the film-forming element on the hydrodynamics
of the film flow. Therefore, it is advisable to determine it
taking into account the length of the edge of the blade ele-
ment and the reflective heated plate (¢) to the length of the
circle of the working chamber mD, taking into account the
number of film-forming elements z. It is also necessary to
take into account the relative height 4/8 to take into account
the bevel angle of the blade and the value of its immersion in
the experimental raw material, therefore, the criterion will
be as follows:

(11

In this case, the calculation of the coefficient of heat
transfer from the working surface to the raw material in a
rotary film evaporator with heating film-forming elements is
reduced to the analysis of physical processes, and therefore
the following criterion equation can be recommended:

v ny v Ny
Nu= ARe" Pt (—bw’) -(ﬁl”’) ‘P
v v

(12)

Mathematical processing of the criterion equation, tak-
ing into account the previously selected experimental data in
the MathCad package, confirms that the obtained criterion
is statistically significant. Consequently, the obtained crite-
rion equation for determining the heat transfer coefficient
from the working surface of the rotary film evaporator and
the improved film-forming element to the experimental raw
material (blended fruit and berry puree) will have the fol-
lowing form:

0.200 0.273
U, Dlm
Nu:5.842~Re2:°51Prf'246(%) [g] e, (13)

Therelative errorof the obtained criterion equationis0.95 %,
and equation 13 is reliable within the following boundaries of sci-
entific and practical approbation use: Regener103=85.2...120.2;
Vfiim-10%=3.050...5.295; Vg1, 10°=4.340...12.120.

To confirm the effectiveness of the proposed engineering
solutions regarding the expediency of using a film-forming



element with a reflective surface heated by FFRREH in
rotary film evaporators, a comparative analysis of the main
research parameters with a traditional vacuum evaporator
was carried out (Table 1). The thermal design of the im-
proved rotary film evaporator was performed using a valid
equation (13). The data determined as a result of the calcu-
lation fully meet the limiting conditions within the limits
of scientific and practical approbation use. The initial data
for calculating the rotary film evaporator is the productiv-
ity — 100 kg /h, the diameter of the apparatus body — 0.2 m.

Table 1

Characteristics of a rotary film apparatus in comparison with
a vacuum evaporation apparatus

Vacuum evaporating Rotary film apparatus

Indicator apparatus (MZS-320) (RFA)
Apparatus % -
weght m*=1520 kg m=43kg
. r— Gc(tkftn) +rGCO"d:
For heating | Qu=mc(ty—ty) *1Mcong— :Qp
and boiling | ~1,5003.7(65-50)+ | > 00x0.028 (65-50)+

+2,350x103x

+2,350-600=1,493,250 kJ x0.0052=13,540 J /5

the product

Heat ex- 3.7 m? 0.75 m?
change surface
. TVEA:Q/F'k'At: _ =
Duration of |_y 51053 37.1 45478—|  TREA~Lan/Viin
processing 23600 s =1.2/0.005=200 s
Specific metal | M=m*/F*=1,520/3.7= M=m/F=
consumption =410 kg/m? =43/0.75=57 kg/m?

Note: *— comparative data of the basic design of the M3C-320, taken
Jfrom the literature [18].

Specific metal consumption in RFA with a film-forming
element having a reflective surface is 57 kg/m?, compared
to traditional vacuum evaporators for canning produc-
tion (410 kg/m?), which is 7.1 times less. At the same time,
the duration of the temperature effect on the raw material is
significantly reduced: a rotary film evaporator — 200 s and
3600 s in a traditional VEA.

6. Discussion of the results obtained for the concentration
of organic puree in an improved rotary film evaporator

Experimental and practical studies confirm the effec-
tiveness of using an improved rotary film evaporator with
the proposed film-forming element having a reflective
heated surface (Fig. 1). The proposed constructive solu-
tion is aimed at stabilizing the hydraulic movement of the
cut wave flow due to the reflecting surface of a certain
geometric shape, which will allow the cut raw material to
be forcedly directed to the heating surface (Fig. 1, b, ¢).
And due to the autonomous playing area of the reflective
surface, an additional temperature effect is realized in the
conditions of movement of the particles of the raw material
after cutting.

A generalized criterion equation has been formed to
determine the heat transfer coefficient of a rotary film
evaporator with the proposed film-forming element with
a reflective heated surface to calculate the heat transfer
coefficient from the working surface to the raw mate-
rial (13). Practical use of the proposed solutions due to
additional autonomous heating of the reflecting surface

of FFRREH and taking into account this parameter in the
criterion equation provides an increase in the heat exchange
surface of the RFA up to 0.75 m? (Table 1). In this case, the
specific metal consumption in a rotary film evaporator with
a film-forming element reflecting the surface is 57 kg/m?2.
This is 7.1 times less than the traditional vacuum evaporator
410 kg/m? (Table 1). It also provides a decrease in the du-
ration of the temperature effect on the raw material: rotary
film evaporator — 200 s and 3,600 s in traditional RFA (Ta-
ble 1). Thus, ensuring the difference between the proposed
engineering and design solutions from analogs in which
concentration is implemented using intermediate coolants
with an artificial decrease in the efficiency of the process as
a whole [19].

One of the limitations when concentrating organic pu-
rees, dairy products, etc. is the stabilization of the tem-
perature of the working surface depending on the specific
load of the apparatus, which requires the use of regulation
of the volume of raw materials supplied for boiling. Further
research can be aimed at determining the influence of the
speed of revolutions of the improved film-forming element
and the hydrodynamic and heat and mass transfer models of
the concentration of various nutrients.

7. Conclusions

1. A model of a rotary film evaporator with the proposed
film-forming element is improved, which has a reflective
heated surface. Such a solution is proposed to stabilize the
hydraulic motion of the cut wave flow due to a reflective
surface of a geometric shape, which will allow the cut raw
material to be forcibly directed to the heating surface. In
addition, an important factor, in addition to stabilizing the
wave motion, is to provide heating of the reflecting surface
area for an additional temperature effect under conditions of
movement of raw material particles after cutting.

2. As aresult of the analysis of the experimental and the-
oretical parameters of the heat transfer process, the criterion
equation for the heat transfer coefficient of a rotary film
evaporator with the proposed film-forming element having
a reflective heated surface for calculating the heat transfer
coefficient from the working surface to the raw material is
substantiated. The calculation of the rotary-film evaporator
using the criterial equation was carried out and the useful
heat exchange surface of the RFA is obtained —0.75 m?. It
is found that the specific metal consumption in a rotary
film evaporator with a film-forming element having a re-
flective surface is 57 kg/m?, compared with a traditional
vacuum evaporator 410 kg/m?, which is 7.1 times less. At
the same time, the duration of the temperature effect on the
raw material is significantly reduced: a rotary film evapora-
tor — 200 s and 3600 s in a traditional VEA.
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The combination of several non-guaranteed random energy
sources (RES), conventional sources, and nonconstant consumer
loads in a local system leads to stochastic power imbalances. This
study objective consists in determining the possibilities of ensuring
the power balance in a hybrid power generation system with a stand-
by generator and a search for the methods of calculating the optimal
parameters to achieve energy balance. This objective is achieved by
simulating the processes inherent in wind and solar power engineer-
ing and the regimes of energy consumption through a combination
of random functions with a standard probability distribution. Ag-
gregated data on weather factors for several years in a region with a
high renewable energy potential which can be used to describe the
behavior of wind and solar energy over time were used as experimen-
tal data. The use of multiple simulations of random processes with
calculated parameters has made it possible to draw conclusions about
the presence of certain ratios of power and the generator control
modes. These ratios can determine minimum energy and consump-
tion losses, reduce the likelihood of energy imbalance, more efficient-
ly use the reserved power. Specific features of the stochastic nature
of RES related to the presence of trends and random fluctuations
at short hourly intervals were additionally taken into account. Pos-
sibilities of varying the conditions of and switching on and off of the
standby generator were provided. The existence of some ranges was
established for the installed power of the generator outside which its
use becomes inefficient. The proposed approach makes it possible to
find the probability of various system states, assess the reliability of
energy supply, and minimize unproductive losses.

Keywords: local power system, renewable energy sources, diesel
generator, power balance.

References

1. Kuznietsov, M., Melnyk, O. (2020). The influence of instabil-
ity consumption on the hybrid energy system balance. Vidnov-
luvana Energetika, 2 (61), 8-17. doi: https://doi.org/10.36296/
1819-8058.2020.2(61).8-17

2. Negi, S., Mathew, L. (2014). Hybrid Renewable Energy System: A
Review. International Journal of Electronic and Electrical Engineer-
ing, 7 (5), 535-542. Available at: https://www.ripublication.com/
irph/ijeee_spl/ijeeev7n5_15.pdf

10.

11.

12.

13.

14.

15.

16.

. Baba Kyari, 1., Ya’'u Muhammad, J. (2019). Hybrid Renewable En-

ergy Systems for Electrification: A Review. Science Journal of Cir-
cuits, Systems and Signal Processing, 8 (2), 32. doi: https://doi.org/
10.11648/j.cssp.20190802.11

. Raza, M. Q., Nadarajah, M., Hung, D. Q., Baharudin, Z. (2017). An

intelligent hybrid short-term load forecasting model for smart power
grids. Sustainable Citiesand Society,31,264-275.doi:https://doi.org/
10.1016/j.5¢s.2016.12.006

. Hsu, C.-C., Chen, C.-Y. (2003). Regional load forecasting in Tai-

wan——applications of artificial neural networks. Energy Conversion
and Management, 44 (12), 1941-1949. doi: https://doi.org/10.1016/
$0196-8904(02)00225-x

. Xia, C., Wang, J., McMenemy, K. (2010). Short, medium and long

term load forecasting model and virtual load forecaster based on
radial basis function neural networks. International Journal of
Electrical Power & Energy Systems, 32 (7), 743-750. doi: https://
doi.org/10.1016/j.ijepes.2010.01.009

. Khwaja, A. S.,, Nacem, M., Anpalagan, A. Venetsanopoulos, A.,

Venkatesh, B. (2015). Improved short-term load forecasting us-
ing bagged neural networks. Electric Power Systems Research,
125, 109-115. doi: https://doi.org/10.1016/j.epsr.2015.03.027

. Rehman, S., El-Amin, 1. (2015). Study of a Solar Pv/Wind/Diesel

Hybrid Power System for a Remotely Located Population near Arar,
Saudi Arabia. Energy Exploration & Exploitation, 33 (4), 591-620.
doi: https://doi.org/10.1260,/0144-5987.33.4.591

. Spiru, P, Lizica-Simona, P. (2018). Technical and economical analy-

sis of a PV/wind/diesel hybrid power system for a remote area.
Energy Procedia, 147, 343-350. doi: https://doi.org/10.1016/
j.egypro.2018.07.102

Akram, M. W,, Yusuf, S. S. (2021). An efficient solar-diesel hybrid
power generation system for Maheshkhali Island of Bangladesh.
Proceedings of the 13th International Conference on Mechanical
Engineering (ICME2019). doi: https://doi.org/10.1063/5.0037473
Hadjipaschalis, 1., Poullikkas, A., Efthimiou, V. (2009). Overview
of current and future energy storage technologies for electric pow-
er applications. Renewable and Sustainable Energy Reviews,
13 (6-7), 1513—1522. doi: https://doi.org/10.1016/j.rser.2008.09.028
Djelailia, O., Kelaiaia, M. S., Labar, H., Necaibia, S., Merad, F. (2019).
Energy hybridization photovoltaic/diesel generator/pump storage
hydroelectric management based on online optimal fuel consump-
tion per kWh. Sustainable Cities and Society, 44, 1-15. doi: https://
doi.org/10.1016/j.s¢s.2018.09.037

Khan, M. J., Yadav, A. K., Mathew, L. (2017). Techno economic feasi-
bility analysis of different combinations of PV-Wind-Diesel-Battery
hybrid system for telecommunication applications in different cit-
ies of Punjab, India. Renewable and Sustainable Energy Reviews,
76, 577-607. doi: https://doi.org/10.1016/j.rser.2017.03.076
Haghighat Mamaghani, A., Avella Escandon, S. A., Najafi, B., Shi-
razi, A., Rinaldi, E (2016). Techno-economic feasibility of photovol-
taic, wind, diesel and hybrid electrification systems for off-grid rural
electrification in Colombia. Renewable Energy, 97, 293-305. doi:
https://doi.org/10.1016 /j.renene.2016.05.086

Suchitra, D., Utthra, R., Jegatheesan, R., Tushar, B. (2013). Opti-
mization of a PV-Diesel hybrid Stand-Alone System using Multi-
Objective Genetic Algorithm. Emerging Research in Management &
Technology, 2 (5), 68-76.

Zhang, J., Li, H., Chen, D., Xu, B., Mahmud, M. A. (2021). Flexibility
assessment of a hybrid power system: Hydroelectric units in balanc-
ing the injection of wind power. Renewable Energy, 171, 1313—1326.
doi: https://doi.org/10.1016/j.renene.2021.02.122



17. Olsson, M., Perninge, M., Séder, L. (2010). Modeling real-time bal-
ancing power demands in wind power systems using stochastic differ-

ential equations. Electric Power Systems Research, 80 (8), 966—-974.
doi: https://doi.org/10.1016 /j.epsr.2010.01.004

18. Bendat, J. S., Piersol, A. G. (2010). Random data: analysis and measure-
ment procedures. Wiley. doi: https://doi.org/10.1002,/9781118032428

19. Lysenko, O., Kuznetsov, M., Chebanov, A., Adamova, S. (2019). Hy-
brid Power System Stochastic Optimization. Modern Development
Paths of Agricultural Production, 385-394. doi: https://doi.org/
10.1007,/978-3-030-14918-5_40

20. Kuznetsov,N., Lysenko, O. (2017). Statistical analysis of energy indices
of solar radiation (Based on the data of Tokmak Solar Power Station).
Problemele energeticii regionale, 2 (34), 140—148. Available at: http://
elar.tsatu.edu.ua/bitstream/123456789,/5052/1/15 02 34 2017.pdf

DOI: 10.15587/1729-4061.2021.245663

PREDICTION OF COMBINED CYCLE POWER PLANT
ELECTRICAL OUTPUT POWER USING MACHINE
LEARNING REGRESSION ALGORITHMS (p. 16-26)

Nader S. Santarisi
Applied Science Private University, Amman, Jordan
ORCID: https://orcid.org/0000-0001-7101-2998

Sinan S. Faouri
Applied Science Private University, Amman, Jordan
ORCID: https://orcid.org/0000-0002-7760-5329

In order to monitor the performance and related efficiency of a com-
bined cycle power plant (CCPP), in addition to the best utilization of its
power output, it is vital to predict its full load electrical power output. In
this paper, the full load electrical power output of CCPP was predicted
employing practically efficient machine learning algorithms, including
linear regression, ridge regression, lasso regression, elastic net regression,
random forest regression, and gradient boost regression. The original
data came from an actual confidential power plant, which was working
on a full load for 6 years, with four major features: ambient temperature,
relative humidity, atmospheric pressure, and exhaust vacuum, and one
target (electrical power output per hour). Different regression perfor-
mance measures were used, including R2 (coefficient of determination),
MAE (Mean Absolute Error), MSE (Mean Squared Error), RMSE
(Root Mean Squared Error), and MAPE (Mean Absolute Percentage
Error). Research results revealed that the gradient boost regression
model outperformed other models with and without using the dimen-
sionality reduction technique (PCA) with the highest R2 of 0.912 and
0.872, respectively, and had the lowest MAPE of 0.872 % and 1.039 %,
respectively. Moreover, prediction performance dropped slightly after
using the dimensionality reduction technique almost in all regression
algorithms used. The novelty in this work is summarized in predicting
electrical power output in a CCPP based on a few features using simpler
algorithms than reported deep learning and neural networks algorithms
combined. That means a lower cost and less complicated procedure as
per each, however, resulting in practically accepted results according to
the evaluation metrics used.

Keywords: combined cycle power plants, machine learning,
predictive models, linear regression.
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This paper reports the construction of a mathematical model
for determining the electromagnetic momentum of a synchronous
reluctance motor with non-partitioned permanent magnets. Un-
derlying it is the calculation of the engine magnetic field using the
finite-element method in the flat-parallel problem statement. The
model has been implemented in the FEMM finite-element analysis
environment. The model makes it possible to determine the engine’s
electromagnetic momentum for various rotor geometries. The prob-
lem of conditional optimization of the synchronous reluctance motor
rotor was stated on the basis of the rotor geometric criteria. As an
analysis problem, it is proposed to use a mathematical model of the
engine’s magnetic field. Constraints for geometric and strength indi-
cators have been defined. The Nelder-Mead method was chosen as
the optimization technique. The synthesis of geometrical parameters
of the synchronous reluctance motor rotor with non-partitioned
permanent magnets has been proposed on the basis of solving the
problem of conditional optimization. The restrictions that are im-
posed on optimization parameters have been defined. Based on the
study results, the dependence of limiting the angle of rotation of the
magnet was established on the basis of strength calculations. Accord-
ing to the calculation results based on the proposed procedure, it is
determined that the optimal distance from the interpole axis and the
angle of rotation of magnets is at a limit established by the strength
of the rotor structure.

Based on the calculations, the value of the objective function
decreased by 24.4 % (from —847 Nm to —1054 Nm), which makes
it possible to significantly increase the electromagnetic momentum
only with the help of the optimal arrangement of magnets on the
engine rotor.

The results of solving the problem of synthesizing the rotor
parameters for a trolleybus traction motor helped determine the
optimal geometrical parameters for arranging permanent magnets.

Keywords: synchronous reluctance motor, Nelder-Mead meth-
od, finite-element method, non-partitioned permanent magnets.
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Power is generated in a variety of ways, including renewable
energy, nuclear power, and burning of fossil fuels. The majority of our
power is currently generated by burning fossil fuels, mostly natural
gas and coal, to spin turbines attached to an electromagnetic genera-
tor. The main advantage of AC generation is that the voltage levels
can be altered up and down with transformers, allowing electricity
to be sent across long distances to the loads that demand it. The ex-
citation system demand for large synchronous generators with a few
hundred-megawatt ratings becomes very enormous. The challenge
of transmitting such a big amount of power through high-speed slid-
ing contacts becomes daunting. Mechanical coupling with exciter
for synchronous generators is essential to mitigate such problems
as the corrected output is linked directly to the field winding. This
paper aims to develop a simulation of a 3-phase diesel engine-based
2 MVA/400 V synchronous generator with mechanical coupling and
an exciter system. The developed simulation of the synchronous ma-
chine is set to deliver 25 % of its rating value (500 kW) till the time
of 3 sec. Then, additional power of 1 MW is switched at t=3 sec via
a 3-phase circuit breaker. The dynamic response of field current and
field voltage of the simulation shows reasonable step performance as
the steady-state time is less than 3 sec. The control of the excitation
system allows the generator to maintain voltage, control reactive
power flow, and assist in maintaining power system stability. The
simulation was accurate when measuring the voltage and current
under these changes. This analysis can help to investigate further
integration with renewable energy sources.

Keywords: synchronous generator, mechanical coupling, exciter
system, rectifier, three-phase generator, diesel generator.
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A model of a rotary film evaporator with a film-forming ele-
ment with a reflective heated surface has been developed. This
will allow stabilizing the hydraulic movement of the cut wave
flow due to the reflective surface of the geometric shape for the
forced direction of the cut raw material to the heating surface.
Autonomous heating of the reflective surface additionally provides
a temperature effect in the conditions of movement of particles of
raw materials after cutting.

The analysis of the experimental and theoretical parameters of
heat transfer made it possible to substantiate the criterion equation
for determining the heat transfer coefficient of an evaporator with
the proposed film-forming element and a reflective heated surface
for calculating the coefficient from the working surface to the raw
material. The resulting equation takes into account the influence of
the vertical component of the motion of the raw material film, cen-
trifugal movement during the rotation of the film-forming element,
mixing of the boiling film of the raw material with steam bubbles, and
the geometric characteristics of the film-forming blade on the hydro-
dynamic flow of the raw material. The calculation of the rotary-film
evaporator was carried out using the criterion equation and the
obtained useful heat exchange surface — 0.75 m% The specific metal
consumption in a rotary film evaporator with a film-forming element
having a reflective surface is 57 kg/m? compared to the vacuum
evaporator traditionally used in canning industries (410 kg/m?), which
is 7.1 times less. The duration of the temperature effect on the raw
material is also reduced: a rotary film evaporator — 200 s and 3600 s
in a traditional apparatus. The data obtained will be useful for the
design of rotary-film devices of different geometric parameters using
articulated blades with a reflective plate.

Keywords: heat transfer coefficient, rotary film evaporator, cri-
terion equation, film-forming element, organic raw materials.
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This paper gives examples of the implementation of energy-sav-
ing measures in public premises. The introduction of energy-saving
measures at enterprises significantly reduces the fixed component of
industrial expenditures.

As a rule, educational institutions, for example, public premises,
are financed from the state budget, and saving money on utilities will
enable redirecting finances to the development of the university’s
educational and scientific base.

Thus, the main purpose of implementing such measures is to
reduce the cost of maintaining buildings.

The measures are divided into three stages. At the first prepara-
tory stage, the problem elements of a building and communications,
which require the introduction of energy-saving measures using a
special Fluke Ti25 device, are identified. Problem elements of the
building structure were determined by complete scanning of the ceil-
ing, walls, and floor with the help of a thermal imager. A large (more



than 10 %) difference between indoor air temperature and the tem-
perature of the building element indicates a problem element. The
research method is thermographic.

The study contains an example of scanning the wall of the prem-
ises. The temperature difference between the left and the right sides
of the wall is 2.6 °C (the difference with the room temperature is
21 %). This indicates significant heat losses through the wall. At the
second stage of information processing, measures to reduce energy
consumption were determined. At the third stage of the introduc-
tion of energy-saving measures, the measures that directly affect the
energy consumption of a building and effective functioning of com-
munications were implemented.

The practical relevance of the study is to obtain results and prac-
tical recommendations that can be applied in practice to improve the
energy efficiency of premises and buildings.

Keywords: energy saving in premises, energy audit of buildings,
energy sources, energy-saving measures, technological measures,
investment measures.
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The wide spectrum of electromagnetism that explains current and
voltage at specific time and location in a power system is referred to
as power quality. Alternative energies are becoming more popular due
to concerns about power quality, safety, and the environment, as well
as commercial incentives. Moreover, photovoltaic (PV) energy is one
of the most well-known renewable resources since it is free to gather,
unlimited, and considerably cleaner. Active power filter (APF) is an
effective means to dynamically suppress harmonics and solve power
quality problems caused by the DC side voltage fluctuation. There-
fore, this paper describes a substantial advancement in the harmonic
suppression compensation algorithm, as well as the cascaded active
power filter. Also, this paper focuses on compensating the error of
photovoltaic grid-connected generation based on optimized H-bridge
cascaded APE The details of the working principle and topological
structure of the APF used as the compensation device are analyzed.
The H-bridge cascaded APF is optimized using the segmented vari-
able step-length conductance increment (SVSLCI) algorithm. The
overall cascaded APF control strategy is designed and simulated using
MatLab/Simulink environment. By the simulation results compar-
ing the existing traction network power quality control measures,
before and after compensation, the effectiveness of the proposed
control strategy is verified. The proposed controller strengthens the
compensation of specific odd harmonics to improve the system work
models and criteria to improve power quality. Moreover, the proposed
algorithm showed positive significance for optimizing the quality of
photovoltaic grid-connected power, reducing the current harmonic,
and improving the equipment utilization of photovoltaic inverters.

Keywords: active power filter, photovoltaic grid-connected, DC
link capacitor, control strategy, harmonic compensation, cascaded
multilevel.
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