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RESEARCH OF TECHNOLOGICAL SYSTEMS OF STEAM SUPPLY
AND POSSIBLE WAYS OF INCREASING THEIR ENERGY EFFICIENCY
ON THE EXAMPLE OF DEVICES FOR DEFROSTING WAGONS

Abstract. Steam supply systems of industrial enterprises in various fields of
activity remain relevant primarily due to the thermophysical features of the use of
phase transition energy of water vapor in the process of its condensation. In addition,
in the countries of Eastern Europe, traditionally a significant number of existing
boiler houses are steam and the choice of energy carrier is determined precisely by
the presence of a characteristic source. At the same time, cargo logistics processes
are provided today largely by sea transport, and delivery to ports is traditionally
carried out by rail, which in turn requires the use of a defrosting system and
transshipment of bulk products. The paper presents the results of studies of energy
consumption of devices for defrosting wagons of port infrastructure and proposes
circuit thermal and mechanical solutions for the modernization of the steam supply
system of defrosting house. According to the results of the study, the values of heat
energy consumption per unit of output in the existing scenario and after
modernization are given. The characteristic technological and thermotechnical
features of the existing scheme of devices for defrosting wagons of the port
infrastructure of Ukraine and measures for the modernization of such systems, the
introduction of which will achieve a significant reduction in the consumption of
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thermal energy in shunting non-stationary modes of operation of defrosting houses,
are given. The feasibility of using an infrared wagon heating system using steam
registers is substantiated.

Keywords: Steam supply system, energy efficiency, technological defrosting
house, wagon defrosting device, heat loss of steam pipelines.

Introduction. There are few studies devoted to the rather narrow and
geographically limited topic of energy efficiency of steam supply systems for
defrosting wagons. First of all, this is due to the fact that defrosting houses with
steam heating devices were actively used only in Eastern Europe, and the geography
of research is mainly limited to the northern countries of this region. At the same
time, the growth of shipping is an inherent process for actively developing and
consuming humanity. Accordingly, the importance of the energy efficiency of all
processes at all stages of shipping is difficult to deny [1-2]. At the same time, the
delivery of goods by rail to ports remains an integral part of the logistics process [3-
5].

Latest research and publications. There are conclusions that increased
loading, particularly of coal and other bulk commodities to specialised marine
terminals to reduce gondola turnover, shunting and marshalling operations, may lead
to an increase in logistics turnover. Reference [6] provides data regarding the impact
of the lack of wagon defrosters; it is stated that, among other things, this deficiency
leads to slower wagon turnover.

The study [7] is devoted to improving the efficiency of the defrosting process of
freight wagons. Various variants of convection heating are given and the performance
of such variants is evaluated.

The paper [8] considers a numerical method for solving the problem of unsteady
heat transfer during coal heating in a special defrosting device with the subsequent
obtaining of a method allowing to reduce the time of coal heating due to the
application of a special thermal regime. The attention is focused on time saving at
coal heating by the value from 87,9 to 12,7 %, that is definitely very actual at
shunting modes of work of the device of a greenhouse.

The research [9] gives directions and ways of modernisation of greenhouses and
substantiation of the decision of expediency of transition from convective systems of
heating of devices of defrosting of cars to systems of infra-red heating. Similar
conclusions and emphasis on gas infra-red side screens and hearth burners are given
in the study [10]. It is stated that the heating time can be in the range of 20 minutes.

The study [11] confirms the effectiveness of the solution of using pipe registers
for extended objects, including wagon defrosting devices. The article also focuses on
gas infrared heaters.

Thus, the relevance and object of the study are confirmed and require a detailed
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study, in particular, the study of the operation and thermal-mechanical scheme of
steam heating systems of the existing wagon-defrosting devices of the port
infrastructure. This study is primarily intended to focus on improving the energy
efficiency of individual technological steam consumers of industrial enterprises, in
particular, the defrosting devices in the port infrastructure.

The article presents the results of experimental studies of the steam supply
system for greenhouses, in particular, the defrosting devices in the port infrastructure.
The paper presents the results of experimental studies of the steam supply system of
greenhouses and provides possible ways to improve the energy efficiency of wagon
defrosting devices as significant steam consumers.

Main part. The object of this study was one of the ports of Ukraine, located on
the Black Sea coast. In the total energy balance of the facility, the largest share is
occupied by the central boiler house, represented by a combination of steam and hot
water boilers with a total installed capacity of about 45 MW, of which 9 MW is the
installed capacity of hot water boilers. At the same time, the share of the installed
capacity of two devices for defrosting wagons (hereinafter, technological defrosting
house) is up to 8.8 MW in full load mode (according to the enterprise).

One of the largest technological consumers of water vapor at the enterprise are
two devices for defrosting wagons (loading one device - 20 wagons). As
thermotechnical objects, defrosting devices are long frameless buildings with two
spans and bearing longitudinal walls of concrete. The width of one span is 6 m. Side
and ceiling smooth pipe steam registers are used as heating elements (Fig. 1).

Ceiling heaf exhangers

(D)

Side heat exchangers

Fig. 1. Section of the defrosting house with an image of the location of the steam
turbines registers
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Steam registers provide intensive radiation supply of heat by heating frozen car-
goes. In stationary working conditions, with a continuous flow of goods, the devices
work effectively with an average specific consumption of
0.128...0.395 MW/wagon [8]. In order to avoid irreversible thermal effects on goods,
surfaces and elements of wagons, the average air temperature in the working space of
the defrosting house is maintained at 90... 95 °C.

As a coolant in devices for defrosting wagons, water vapor is used. From the
boiler room, overheated water vapor enters the main steam pipeline with the
parameters - overpressure 0.8 MPa, temperature 200... 220 °C. At the entrance to the
defrosting house, the water vapor is reduced, the pressure after the reduction gear is
0.2... 0.3 MPa. Such reduction can potentially also be used as part of the substitution
for low-power steam turbines with sufficient economic justification [9]. Superheated
steam enters the side and ceiling steam screens from smooth pipes, where it cools and
condenses. The system is designed in such a way that the formed condensate is
supercooled below the saturation temperature, at a pressure set in the condensate
pipeline (excess pressure in the condensate pipeline 0.18... 0.25 MPa, condensate
temperature 102... 106 °C). Overpressure ensures continuous condensate return to the
boiler house.

The principle thermal scheme of the existing heat supply system of steam de-
frosting house is shown in Fig. 2. Characteristic of the existing system:

1. Stable work is ensured in stationary operating mode.

2. The system is cheap and technically simple (with a minimum number of ele-
ments that require maintenance).

3. Condensate return due to back pressure in the system, no pumps are used to
move condensate (no additional electrical energy is consumed).

4. Low economically justified specific energy costs per unit of "finished prod-
ucts".

Along with the above advantages, attention should also be paid to the fact that
steam screens are not equipped with devices to prevent the flow of water vapor into
the condensate collection and return system - steam traps. It is known that in steam
condensate systems not equipped with steam traps, under non-stationary operating
conditions of systems, it is possible to slip "acute" (not condensed) steam into the
condensate collection and return system. The value of steam slippage can be from 5
to 30% of the nominal mass flow rate of the coolant [10-11].

In the case of condensate collection systems equipped with atmospheric tanks (a
similar system is also organized in the thermal management of the enterprise under
study), "hot" steam usually transits into the atmosphere (is lost). The second feature
of the existing steam supply system is the limited ability to replace its thermal
capacity.
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Fig. 2. Basic energy scheme of the existing steam supply system of process
defrosting houses (T71 — pipeline of superheated water vapor (P*=0.8 MPa,
T=200...220 °C); T73 — pipeline of moist saturated steam after reduction (P=0, 2...0.3
MPa); T82N — supercooled condensate pipeline (P=0.18...0.25 MPa, T=102...106
°C); T96 — drainage pipeline; T97 — pipeline for blowing ; (notations according to
SSTU B A.2.4-8:2009; *- the amount of excess pressure is given)

The power of the system is determined not by technological necessity, but by the
possibility of its reliable, trouble-free operation. Many years of experience in the
operation of steam defrosting house have shown that for the reliable return of
condensate to the boiler room, an excess pressure of 0.18...0.25 MPa must be
maintained in the collecting condensate line. This condition leads to the fact that
during periods of "hot" downtimes (when the defrosting house is "under steam"
without wagons) it is not possible to reduce the temperature in the working volume
below 90...95 °C When the time between "hot" downtimes is small, which is typical
for stationary operating conditions, the share of such energy overspending in the total
mass of usefully used energy is insignificant. If the time of "hot" downtimes turns out
to be commensurate with the useful time, then the amount of energy overspending
turns out to be correspondingly commensurate with the amount of usefully used
energy. As one of the means of reducing heat consumption during periods of "hot"
downtimes it is possible to recommend lowering the average air temperature in the
working volume of the defrosting house, thereby reducing its thermal power

10
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th = Qnu

(th—thp)
(95—thp)’

(1)

where Qy is the nominal power of the defrosting house, [MW]; ty, — average air
temperature in the working volume of the defrosting house in the "hot" reserve [°C];
toda - average outdoor air temperature during the heating period [12] [°C]; 95 is the
average air temperature in the working volume of the defrosting house under nominal
operating conditions [°C].
When changing the value ty, from 95 to 50 °C, the capacity of the defrosting
device (in the "hot" reserve) is reduced by 50%. Heat energy specifications of the de-
vices for defrosting wagons are presented in Tab. 1.

Table 1. Passport specifications of the devices for defrosting wagons
. : Defrosting house
No Name of the position Unit Nel N2
1 | Parameters of the coolant at the entrance:
Type of coolant superheated steam
coolant pressure MPa 0,8...0,85
coolant temperature °C 200...220
) Parameters of the coolant after the
reducer:
type of coolant superheated steam
coolant pressure MPa 0,2...0,3
coolant temperature °C 200...220
3 | Nominal thermal power of the device MW 2,7...8,8
4 Heat carrier cqnsumption in the nominal tons/hour 4.0...13.0
mode of operation
5 | Condensate parameters after the device:
pressure MPa 0,18...0,25
temperature °C 100...110
6 Averag§ specific costs per unit of KW/wagon 128395
production
7 Diameter of conditional passage of
pipelines:
main steam pipeline mm 300
workshop steam pipeline mm 150
workshop condensate pipeline mm 80
main condensate line mm 80, 150

11
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Steam devices for defrosting cargoes are served by a main steam pipeline with a
diameter of a conditional pass of Dn300 and a length 400 m Defrosting houses No. 1
and 2 have their own separate condensate pipelines (Fig. 2) with diameters of a con-
ditional pass, respectively, Dn80 (L=400 m) and Dn150 (L=215 m). The method of
laying the heating network is open, aboveground (on a flyover). Normative values of
the linear density of the heat flow in the main steam pipeline and collective conden-
sate pipelines [13-14] are given in Tab. 2.

Table 2. Normative linear density of heat flow from insulated surfaces of pipe-
lines operating in outdoor air for less than 5000 hours

Specifications of the pipeline

No Linear norm of heat

i Temperature of the flow density, W/m
environment in the

pipeline, °C

Diameter of conditional
passage, mm

1 300 200 149
2 150 100 52
3 80 100 37
4 150 50 29
5 80 50 21

As you can see, on condition of equality of the actual value of the linear density
of the heat flow from the insulated surface of the pipeline to the normative value
(Tab. 2), in the nominal mode of operation of defrosting houses, the amount of heat
loss should be less than 1.6% of the nominal power of the devices, and not be the de-
termining factor in the main economy of value.

The structure of thermal energy consumption by a steam device for defrosting
cargoes has the following form:

Qg =0, +0Q,+ 05 ()

where Qf - the total thermal power, which is released for the technology of defrosting
houses from the central boiler house of the enterprise, [MW]; Q; the thermal power
required to maintain the working temperature in the defrosting house (this cost item
includes both the useful heat used for heating and defrosting the cargoes, as well as

12
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the energy supplied to compensate for regulatory and unorganized losses in the de-
vice), [MW]; Q, - thermal power, necessary for compensation of heat losses in main
heat networks, [MW]; Q3 - additional, unaccounted costs associated with non-
standard heat losses (for example, with leaks, flying steam, non-return of condensate,
etc.), [MW].

Based on the task, the value of the total thermal power (Qp) was determined us-
ing the instrumental method during the "hot" reserve period of the device. The value
Q, was calculated taking into account the results of thermal imaging. The presence of
unaccounted expenses was controlled, and when processing the results, their value
was taken equal to zero Q3 = 0. The quantity Q; was determined by calculation by
known values Qg, Q,, Q5.

In order to determine the current state of the steam supply and condensate col-
lection system and to evaluating the effectiveness of the steam devices for defrosting
cargoes Nel and 2, in March 2023, defrosting house #2 was conducted and removed
to the "hot" reserve Ne2. At the time of measurements, a stationary temperature was
established in the defrosting house, and stationary parameters were established in the
steam supply and condensate collection system (Tab. 3).

Defrosting house Ne2 was operated without technological load - in "hot" reserve.
The wind speed did not exceed 4 m/s, the relative humidity of the outside air was
within 58-64%, the atmospheric pressure was equal to 763 mm.

The amount and parameters of the coolant in the steam supply and condensate
collection system of steam device for cargoes defrosting No2 operated for established
mode of operation during the "hot" reserve period.

The volumes of consumption and parameters of natural gas during the period of
tests of defrosting house No2, and the temperature values of the outside air are pre-
sented in Tab. 4. The data is obtained from the commercial natural gas consumption
accounting system of the enterprise. The system of commercial accounting of natural
gas consumption is giving corrections the measured values and brings them to stand-
ard conditions [19].

A fragment of the daily water consumption (is given sampling period is 10
hours) and steam during the test period of defrosting house No2 is presented in Tab. 5.
The data is obtained from the automated system of control and accounting of the pa-
rameters of the production processes and distribution of thermal energy of the enter-
prise.

A comparing of the results of measurements of a number of values obtained us-
ing an automated system of control and accounting of the parameters of the produc-
tion processes and distribution of thermal energy has allowed to draw a conclusion
about the incorrectness of the measurement of some parameters.

13
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Table 3. The coolant parameters in steam supply and condensate collection sys-
tem of steam device for cargoes defrosting No2
< & % §
A A T N N R
S| Sl S| £ 8|2 ¢ B 2 ¢
. 2| 8| E| §| 2| 5| & E| £| £ %
o o o o | €| 2| 8| € 2 5
o8 e s B2 E B LB
¢l 2 £ F g B 2| B 5] &) S
& 5} Q 5} A = = = s § .
s Bl £ g £ 8|2 8 8] 28
S| & &1 & &1 § > 2 7
& =
S
g 0.186|89.64|88.29 | 85.14| 102.7 [16.929.17|207.9| 12.3 | 1.502 | 104.1
S
©110.199190.09 | 89.64 | 86.49 | 103.6 |16.56|9.20207.6 | 12.02|1.502 | 104.2
o
g 0.211{90.99{90.54|87.39| 104.5 | 16.029.24 {207.5|11.67 | 1.503 | 104.2
S
$110.224191.89191.44 | 83.29| 104.5 | 15.89|9.26 |207.4 | 11.42 | 1.503 | 104.4
S
S10.232191.44(91.44 188.29(106.31|15.35]9.28 |207.0 | 11.13 | 1.503 | 104.3
S
Z10.231191.35(91.45[89.51(107.41|14.83|9.32 [206.8 | 10.78 | 1.502 | 104.2

In particular, when comparing the mass flow rates of feed water, superheated
steam, and the volumetric flow rate of consumed natural gas, it turned out that the
devices for measuring the flow rates of feed water and superheated steam, installed
on part of the pipelines of one of the boilers, show, firstly, different values, and sec-
ondly, these values correlate poorly with the values obtained from the commercial
natural gas consumption accounting system. The measurement points required verifi-
cation and could not be used for further research.

The value of the total thermal power (Qp), which was released to the technology
from the central boiler room of the enterprise during the period of the experiment,
was calculated. The theoretical amount of thermal energy released during the com-
bustion of natural gas was determined by the expression:

14



Benmunsuis, oceimneHHss ma mernoz2a3oriocmadaHHs. Bun. 50, 2024

Table 4. The fragment of data on natural gas consumption during one day

where Q - is the theoretical amount of thermal energy released during the combustion
of natural gas, [GJ/hour]; 273.15/293.15 - a numerical coefficient that takes into ac-
count the change in volume during the transition from standard to normal conditions;
Ql, - lower working heat of combustion of natural gas, [kJ/nm’]; V4, - hourly con-
sumption of natural gas reduced to standard conditions [10], [m*/hour] (Tab. 4); 10~

Gas Gas volume, m* o
Time | temperature Absolute gas | (reduced to standard Outside air
oC " | pressure, MPa | conditions, 20 °C, | temperature, °C
101325 Pa)
01:00 -0.45 0.466 1751.5
02:00 -0.66 0.472 1845.6 -5.6
03:00 -1.38 0.469 2120.2
04:00 -1.08 0.475 1785.2
05:00 -1.17 0.477 1749 -5.6
06:00 -2.01 0.468 2112.1
07:00 -0.54 0.464 2053
08:00 4.04 0.476 1230.6 -3.3
09:00 7.39 0.487 1375.9
10:00 9.71 0.487 1600.1
11:00 11.64 0.488 1551 0.3
12:00 13.64 0.493 1465.4
13:00 16.32 0.499 054.2
14:00 18.81 0.5 805.5 2.8
15:00 18.65 0.5 780.6
16:00 17.67 0.501 761.6
17:00 15.29 0.498 794.8 1.1
18:00 12.45 0.494 856
19:00 9.33 0.49 969.5
20:00 8.66 0.49 941.7 0.6
21:00 8.66 0.488 933.8
0=k0} 10

- a numerical coefficient that takes into account the transition from [kJ] to [GJ].
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Table 5. Dynamics of water and water vapor consumption during the day

Third party consumer Steam for own needs

Water .

D, 150 D, 100 and production
A
2 = B | & | B
3 &6 = =) )
= i — i — o 2 g 8
B9 2| g 2 &g & B8 5| g ¢
g | 4] E| €| £| g £ § ¥ B | B
s O | 9 3 5 S| 8| 8 g & s °
S| © g ®| w| B B| = g 3 5
(=W <l 8 o o o A qa o= Loé« 3
> = % < %
. g o 2 2
[a W °o |75 72} 75}
£ o R o

<

1:00 | 24 | 100 | O [259|9.11| 0 |3.57| 0 | 9.43 8.23 | 2.37
2:00 | 24 | 100 | O |[261|9.15| 0 |3.55| 0 | 1421 | 8.89 | 2.26
3:00 | 24 | 100 | O 26 [9.14] 0 [352] 0 | 19.87 | 9.01 | 2.23
4.00 | 24 [ 100 | O 2591909 0 {348 | 0 | 19.93 | 10.72 | 2.14
5:00 | 24 | 100 | 0 |259]9.09| 0 [346| O 20 15.53 | 2.08
6:00 | 2.42 | 100 | 2.21 [2.5819.09| 0 |348| O 20 15.58 | 2.02
7:00 (249|100 {608 | 2 |926| 0 [347| 0 | 19.78 | 15.1 | 191
8:00 | 2.4 | 100 | 0.03 /196|942 | 0 |[347| O 20 16 2.19
9:00 241100 | O [198/954| 0 [3.53]| O 20 16 2.37
10:00 | 2.4 | 100 | O 2 19610 [357] 0 4.6 537 | 2.44

The useful amount of thermal energy spent on obtaining superheated water va-
por was determined by the expression:

Qsv = Dsy * (igy + isw) - 1073 4)

where Qgy - is the thermal energy spent on obtaining superheated water vapor,
[GJ/hour]; Dg, - mass consumption of superheated steam, [ton/hour]; isy,isy -
enthalpy of superheated steam and feed water, respectively [kJ/kg] [20]; 1073 -
numerical coefficient, takes into account the transition [GJ/M]J].

The work efficiency of the steam generator, which is characterized by its effi-
ciency - gross, was calculated according to the direct balance:
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— Osv
=" (5)

Below is a graphic dependence of the work efficiency of the steam generator on
the value of its useful power (Fig. 3).
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Fig. 3. Dependence of the efficiency of the steam generator on the amount of
useful thermal power:
1 - dependencies (1-4); 2 - under the condition that the mass flow rate of steam is
equal to the mass flow rate of feed water; 3 - average characteristic of the array of
points 1

The useful power of the steam generator is laid down on the abscissa axis, Qpp,
and its gross efficiency is on the ordinate axis. In blue (1) marked the values obtained
according to dependencies (1-4). Red colour (2) indicates the values obtained under
the condition that the mass flow rate of steam is equal to the mass flow rate of feed
water. The line (3) is an average characteristic of the array of points (1), which in turn
are calculated but based on measured steam flow rates (this is the reason why the
graph shows physically incorrect indicators of steam generator efficiency more than 1
fraction of one). Values taken from the mode map of the boiler (provided by the
company) are indicated in black. As you can see, values (2) are poorly correlated
with data (1) and (3), which may indicate incorrect operation of the flow measuring
device installed in the supply line. Value (1) have a large scatter of data, in addition, a
number of values (n > 1) have unphysical results. This may indicate the function of
the sensors in the control system (measurement and regulation) at the highest and
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most unfavourable error. Such results are very rare, which is inside the probability of
such a high error.

Regression models that describe the obtained set of values have a low coeffi-
cient of determination (R? < 0,5), which shows a large scatter of the data and a poor
fit of the model. Considering of all the above, we assume that the useful amount of
thermal energy (which is released by the central boiler room of enterprise for tech-
nology, own needs, and third-party consumers) is determined by the calculation
method using data from the commercial natural gas consumption accounting system
and data from the mode map of the steam generator. In addition, in the amount of 3%
of the mass of the produced steam, the value of its continuous purging is taken into
account.

273,15
293,15

Qsv = 5572 Qw V- 10761+ (1 +0,03)™ (6)
where (1 + 0,03) — is a numerical coefficient that takes into account the value of
continuous purging.

The amount of superheated steam that is released to consumers:

Dsy Isv (7)

" (isy+isw)1073

The results of calculations of quantities Qgy (1) and Dgy (2) are presented in
Fig. 4.

30
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Fig. 4. Dynamics of changes in the useful thermal power of the object Qgy and

consumption of superheated water vapor Dgy at the time of measurements, 1 — useful

thermal power; 2 — consumption of superheated water vapour
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The main items of the balance of thermal energy costs during the measurements
were:

- expenses for own needs (hot water preparation, feed water deaeration);

- production costs (devices for defrosting cargoes and other technological con-
sumers);

- costs of third-party consumers;

- expenses for heat supply of houses and structures (water thermal network).

Subtracting from the value Qpp of current articles of thermal energy consump-
tion, we determine the value released to the device for defrosting cargoes Qg.

The calculation results are presented graphically (Fig. 5) as a function of the to-
tal mass flow rate of superheated steam (1), the mass flow rate of steam per defrost-
ing house (2) and the dependence of the average temperature in the defrosting house
on time (3). During the measurement period, the average mass consumption of super-
heated water vapor per defrosting house, during the "hot" reserve period, was 11.3
t/h. The obtained mass flow rate of superheated water vapor to the device for defrost-
ing cargoes, in the "hot" reserve, approaches the value of the mass flow rate of the
coolant when the defrosting house is operating in the nominal mode of operation (un-
der load). The average value of the total thermal power (Qg), which is released to the
technological consumer in the "hot" reserve, was equal to 6.7 MW.

The value (Q,) was determined by using the calculation-experimental approach,
which is based on the results of the thermal imaging survey, which was carried out by
the Dali TE thermal imager, and the calculation positions partially outlined in this ar-
ticle. The examples of processing the results of thermal imaging are in Fig. 6.
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Fig. 5. Results of the calculation of the mass flow rate of superheated water
vapor to the device Ne2 for defrosting cargoes
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Fig. 6. Example of thermograms for sections of the condensate line from defrosting house Ne2
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The surface of the pipeline was divided into sections located in the planes per-
pendicular to the axis of the pipeline (Fig. 6, a, 6), the averaging the temperature was
conducted the surface on each section (7).

The distribution of temperatures on the surface of the pipeline is uneven nature,
the deviation of extreme temperature values from their average value exceeds the
value of A = 0,5 ... 1,0 °C, determined by the formula Eq. 8 and accepted as the lim-
it when determining the presence and sizes of defective areas.

At 1-r

At = R_o . E’ (8)
where At — is the temperature difference between the surfaces of the base and
defective areas, [°C]; At — calculated temperature pressure, defined as the difference
between the internal temperature of the medium in the pipeline and the external air
temperature under the calculated conditions of insulation design, [°C]; Ry —
calculated value of the design heat transfer resistance of the basic section [m*°C/W]; r
— 18 the relative resistance to heat transfer, which is taken as 0.85 in the evaluation
calculations [23]; a3 —is the heat transfer coefficient of the external surface of the
pipeline, calculated taking into account the operating conditions of the surface at the
time of measurement, [W/(m?-°C)].

Similar actions were conducted during the analysis of thermograms of the main
steam pipeline. A fragment of the initial data and the results of the calculations of the
specific indicators of heat loss through openly laid down steam pipelines and conden-
sate pipelines are presented below (Tab. 6).

As can be seen from the obtained results, the path heat losses in main pipelines
are different. If for the main steam pipeline, they satisfy the regulatory requirements
(the measured heat flow is 2 of the normative value), then the actual losses in the
main condensate pipeline from defrosting house Noe2 are 1.5 times higher than the
normative ones.

The number of losses due to movable pipeline supports is taken into account by
introducing an additional equivalent length of the pipeline, by analogy with the hy-
draulic method of equivalent lengths [22]. The measurements showed that one sup-
port of the OPP2 type is thermally equivalent to the normative losses of 1 linear me-
ter of the pipeline. The total number of supports installed on the main steam pipeline
is equal to 30 units, installed on the main condensate pipeline — 30 units.

The total heat losses in the main steam and condensate pipelines at the time of
the measurements were:

Q, =(400-0,5+30-1)-150,3+(215-1,54+30-1)-52,9 =
= 34569 + 18647 = 53216 W.
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Table 6. The results of heat loss calculations in steam and condensate pipelines
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Using the dependence of Eq.1 the power (Q;) of the defrosting house in the
"hot" reserve was defined:

Ql = 6;70 - 0;05 = 6,65 MW.

Thus, the measurements carried out during the start-up and operation of the unit
for defrosting wagons Ne2 in the "hot" reserve showed that the "idle" power of the
unit - 6.65 MW (about 11 tons of steam per hour) - is close in its size to the nominal

22



Benmunsuis, oceimneHHss ma mernoz2a3oriocmadaHHs. Bun. 50, 2024

power. A similar picture is typical for large thermal objects (for example, chambers
for heat-humidity treatment of reinforced concrete structures), in which the regenera-
tive heat consumption for heating and maintaining parameters in the chambers is
many times higher than the useful used heat.

The variant of modernization of the scheme of the energy principle of the de-
frosting house according to the conclusions described above is shown in Fig. 7.
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Fig.7. Basic energy diagram of the modernized steam supply system of technological defrosting
houses (modernization positions: 1 — condensate collecting tank, 0.005 MPa; 2 — Ks-12-50 conden-
sate transfer pump; 3 — device for frequency regulation of the Ks-12-50 Danfoss VLT 2800 A3
pump drive, 4 — Spirax Sarco FT14HC steam trap). Other designations correspond to the designa-
tions given in Fig. 2)

Characteristic of the upgraded system:

1. Operation in stationary and periodic modes ("hot" steam supply to the con-
densate pipeline is excluded, it becomes possibility to adjusting the system power).

2. Transportation of subcooled condensate is provided by a transfer pump (elim-
inating the need to maintain a minimum overpressure in the system).

3. The thermal resistance of the enclosing structures of the building has been in-
creased (the amount of recuperative heat loss through the enclosure is reduced).

4. Heat losses in steam and condensate pipelines are reduced (due to the increase
in the thermal resistance of the heat-insulating layer, the amount of path heat losses in
the system is reduced).
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The changes made both in the design of the heat supply system and in the design
of the defrosting house allow to maintain the value of specific energy consumption at
the level of 0.11...0.34 Gcal/(h-wagon) in the mode of its periodic operation. Addi-
tional measures for the modernization of the object allow to obtain the value of spe-
cific energy consumption of less than 0.11 Gcal/(h-wagon), namely:

a) modernization of steam and condensate management with laying near the
main steam line of the condensate pipeline-satellite (allows to refuse the practice of
"hot" reserves of technological equipment);

b) partial replacement of steam heating devices to gas infrared systems (it is im-
portant to follow the balance here, since as a rule, steam boiler houses of industrial
facilities have a backup fuel supply, which allows increasing the facility's energy in-
dependence);

¢) transition from convective heating devices to infrared (allows to keep the air
temperature in the defrosting house building lower).

Conclusions. The main condition that ensures the reduction of heat consump-
tion consists either in reducing the parameters in the working mode of the unit during
the periods of "hot" reserve, or in the complete shutdown of the defrosting house in
the absence of a useful load. In the first case, there will be a power reduction, directly
proportional to the decrease in the temperature pressure, the implementation of such a
scenario is possible when switching from a gravity condensate return system to a sys-
tem with forced condensate return. The second case, in addition to the transition to a
system with forced return of condensate, requires additional modernization of the
main steam pipeline with the laying of a condensate pipeline-satellite, necessary for
the constant removal of accompanying condensate and prevention of the danger of
"freezing" of the system. Besides, additional insulation is needed by the condensate
pipes from the defrosting house Ne2. The proposed variant of modernization of the
scheme of the energy principle of the defrosting house gives higher effectiveness and
durability.
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OilouUX KOmejleHb € naposumMu i 8UOIp eHepeoOHOCIsA BUHAUAEMbCS came HASABHICIIO
xapaxmepnoz2o odxcepena. Pasom 3 mum, npoyecu eanmasichoi 102icmuxku cb0200HI
3a6e3neuyiomvcs NepesadCHO MOPCbKUM MPAHCNOPMOM, a O00CMABKA 8 NOopmu
MPAouYiino 30IUCHIOEMbCA 3ANIZHUYHUM MPAHCHOPMOM, WO, 8 C8010 Yepay, BUMA2AE
BUKOPUCMAHHS CUCEMU PO3MOPOICYBAHHS | NePesallo8anHs CUNY4ux npooykmis. ¥
cmammi HAgeoeHo pe3yIbmamu O0CHIOHCEHb eHePeOCNONCUBAHHS NPUCMPOI8 07
PO3MOPOIHCYBAHHS 8A20HIE NOPMOBOL THHPACMPYKMYPU MA 3ANPONOHOBAHO CXEMHI
MenioMexaniyni  pienHsi Ol MOOepHi3ayii  cucmemu  NAPONOCMAYAHHSL
PO3MOPOdHCY8ANbHOI Kamepu. 3a pe3yibmamamu OO0CHIOHCEHHS HABEOEHO 3HAYEHHS]
suUmMpam menyio8oi enepii Ha OOUHUYIO NPOOYKYIL 3a ICHYIOY020 CYEeHapilo ma nicis
mooepuizayii. Hageoeno xapaxkmepHi mexHoN02IUHI ma meniomexHiuHi 0coonu8ocmi
icHyIOUOi  cxemu — npucmpoig Ol POIMOPONCYBAHHS  BA20HIB  NOPMOBOL
inppacmpykmypu  Vkpainu ma 3axo0u 3 MoOepHizayii makux —Ccucmem,
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BNPOBAOIICEHHS SIKUX O00360AUMb  O0O0CASMU  3HAYHO20 3HUNCEHHS CNONCUBAHMHS
Mmennosoi  ewepeii 8  MAHEBPOBUX  HECMAYIOHAPHUX — pedcumMax  pobomu
pozmopodcysanvrux kamep. Ceped yux 3axo0ig: MooepHizayis napoKOHOEeHCamHoz20
20cnoo0apcmea  WIAXOM — NIOBUUWJEHHS — MEPMIYHO20  ONopy  Menioi3onAyil
KOHOEHCamonpogooie ma 6CMAHOBIEHHS HACOCd, 4 MAKONMC YACMKO8A 3aMiHA
naposux npucmpoie o00iepigy Ha 2a308i in@pauepsoni cucmemu. JloyinoHicms
3acmocysants  iH@pavep8oHoi cucmemu 00iepigy 6a20HI8 pA3oM i3 NAPOBUMU
pecicmpamu 06IpYHmMOBAHa.

Keywords:  cucmema  naponocmauauns,  eHepeemuyHa — eQexmueHicmb,
MEXHON02IYHUL  MEeNnIaK, NPUCMpiiU PO3MOPONACYBAHHS BA20HIG, MENI08Mpamu
naponposoois.
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IHTEHCUBHICTH TEILIOOEMIHY B KPYIJIIA TPYEBI
TEINIJIOOEMIHHUKA BIOTA30BOI YCTAHOBKHU

IIposedeno excnepumenm Ha NOPMAMUEHIL eKCHEPUMEHMANbHIL YCMAHO8YT OIS
00CNIOJHCEHHST MEeNni00OMIHY MOOENbHUX piouH I cyocmpamy 3 HAsA6HOI 0i02a30801
yemanoeku. Ooepicano Macus excnepuMeHmanvHux OaHux uwo0o Koegiyienma
mennogiooaui MooenbHux pioun i cyocmpamy. Y3azanvHeno pesynobmamu 00CHIOI8
wooo Koepiyicnma mennogiooaui onsa mooenvHux pioun. Odeporcano KpumepiaivHe
DIBHAHHA MeNnI00OMINY, W0 0036014€ po3paxyeamu yi npoyecu. Bucynymo cinomesy,
wo ye KpumepiaibHe pIGHAHHA MENI000MIHYy 8ionosidac i cyocmpamy. Jlns
cyocmpamy eKCnepumMeHmanbHO SUSHAYEHO 2YCMUHY, KoeiyicHm memnepamypHozo
PO3UIUPEHHS, NUMOMY MENIOEMHICMb, d MAKOX}C AOUMUBHO MENIoNposioOHicmb. 3
BUKOPUCMAHHAM — KPUMEPIAIbHO20 — PIGHAHHA — MENnI00OMIHY  ma  GU3HAYEHUX
MennoQpi3UUHUX BIACMUBOCHEU 00EPHCAHO 8 A3KICmb cyocmpamy ) 8I0N0BIOHOMY
oianaszoni memnepamypu. 3a 8i00MUM KpumepiaibHuM PIBHAHHAM MEn1000MIiHy ma
BUBHAYEHOIO 8 SI3KICMI0 OMPUMAHO NApamempu HMEHCUBHOCMI Meni000MIiHY 8
Kpyenii mpyobi meniooominnuka 6i02a3o60i ycmanosKu.

Kniouosi cnosa: peeynsapuuti mennosuii  pexcum, cyocmpam, 6iocazosa
YCMAHOBKa,  Menio@izuuni  61acmueocmi,  eKCnepuUMeHmalbHO-PO3PAX)HKOBUL
Memoo.
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Beryn. Sk BiomMo, mpH BH3HAYEHHI IHTEHCHBHOCTI TEIJIOOOMIHY MOTPIOHO
BpaxyBaTH IUIOULy MOBEPXHI TEIUIOOOMIHY Ta BIACTUBOCTI CEpPEAOBHINA, B SKOMY
nepefaeTbes Termaotra. PexkymeparuBHI TEMIOOOMIHHMKM, IO MawTh Yy CBOIH
KOHCTPYKIII KpyIiIl TpyOu, HaOyJIu IIMPOKOTO 3aCTOCYBAaHHS y PI3HUX IPOMHUCIOBUX
TEXHOJIOTI5IX.

biorazosi TexHosorii nepeadayaroTh BEIMKE 32 00CATOM BUPOOHHMITBO. B HHUX
3aCTOCOBYIOThCS 3HA4H1 00’ eMuU cyOcTparty, Ternodizuuni BaactuBocTi (TDB) sikoro,
3a3BHYaii, HEB1JOMI.

Ocranni jgociaimkeHHsa Tta mnyoJaikauii. Ha cydacHoMy erami po3BUTKY
010ra30BHX TEXHOJIOT1H BMHUKAIOTh MPOOJIEMH II0A0 TepMOCTalLIi3alli MpoLeciB 1
MPOTHO3YBAHHIO MapaMeTpiB IHTEHCUBHOCTI TerooOMiny [1 - 7]. Ha BupoOHMIITBI
BEJIMKA yBara MpUIUTIETbCS MPOOJieMaM CTBOPEHHS yCTalEHOTO TEIIOBOTO PEXUMY
OlopeakTopy 3a YMOBH 3MIHU TeMIIEpaTypu HaBKOJHUIIHBOTO cepeoBuina. OCHOBHUM
YUHHUKOM JUIsl €(EeKTUBHOrO (DYHKIIOHYBaHHS OI10peakTopy € JOTpUMAaHHS B
cepeluHl TeMmIeparypu cyocTpary y BU3HaueHOMY pianaszoni [8 - 15]. Ilpouecu
TEIIOMACONEPEHOCY TIPU OTPUMaHHI 010ra3y HEJOCTAaTHbO JOCITIIHKEHI, ajKe CKJIa
cyOcTpary € pizHOMaHITHUM. Jlo Toro » BIH € BogHoudac Oararoda3HuM Ta
0araTOKOMIOHEHTHUM cepefoBuiieM [16 - 24]. 3aranpHO BiAOMI METOAM
MIPOTHO3YBaHHSI 1HTEHCUBHOCTI TEIUIOOOMIHY B JIaHOMY BHMAAKy HE MIIXOAATH 1
noTpeOyI0Th OPUTIHAIBHOTO CENU(IYHOTO MiAXOMY.

3 indopmamiiHux Jokepen [24, 25] BiioMa IIMPOKOBXKMBAaHA METOJUKA
pPO3paxyHKy MapaMeTpiB TEMJIOOOMIHHMKA 13 BUKOPUCTAHHSIM PE3YNIbTaTIB aHali3y
perynspHoro TteruioBoro pexumy (PTP) B cucremi «pimvHa - TBepae TUIO» 3a
KpUTEpiaJIbHUMU PIBHAHHSIMH TEIIOOOMIHY JJisl pivH 13 Bitomumu TOB.

3a yMOBHM HasBHOCTI OOMEXeHMX JnaHux mono TOB piauH 3armponoHOBaHO
eKCIepUMeHTaIbHO-po3paxyHkoBuil Meron (EPM) nnsi mporHo3yBaHHSI 3Hau€Hb
napaMeTpiB IHTEHCHUBHOCTI TEIUIOOOMIHY B TaKUX CEpEIOBHUINAX. 3a TOMEPEaHIM
noceijom EPM r1pyHTyeThcst Ha Teopii mMOmiOHOCTI 3 AOCHIDKCHHSAMHU JIWIIE
napameTpiB OKpEMHUX KOMIIOHEHTIB, 3 IKMX CKJIaJlaloThcsl cyocTparu [25].

Metoro poboTm € po3poOJieHHS HAAIMHOTO METONYy MPOTHO3yBaHHS
IHTEHCUBHOCTI TEIJI000MIHY B KpyIJIiii TpyOl HaTypHOTO TETUIOOOMIHHHMKA B PI3HHX
TEXHOJIOTIYHUX pEXHMaxX, IO MalTh Miclle B 010ra3oBUX TEXHOJOTIAX (i3
BUKOPUCTAHHSAM KpHUTEplabHUX PIBHSIHL TEIJIOOOMIHY, aje 3 OOMEXKEHOI
iHdopmariero moao TOB cyberpary).

Marepiasm i MeTroaW  JocCJiKeHb. Y  TpEICTaBICHIH  poOOTi
BUKOPUCTOBYEThCSl ymnockoHaieHuit EPM (puc. 1), mo 06a3syeTbcsi Ha CyMiCHOMY
BUKOPHUCTaHHI Teopii MOMIOHOCTI Ta aHali3l MapaMeTpiB PErysIpHOrO TEIJIOBOTO
pexumy. [1in yac mpoBeneHHs AOCHIKeHb OyB BUKOPUCTAHUN pealibHU cyOcTpar 3
niro4oi 6iorazopoi ycranoBku (BI'Y).
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PospaxyHok nmapaMeTpiB Ten1000MiHHIKRIB

/

'

.

3araabHOBITOMHI MeTOI
PO3paxXyHKY DapaMeTpis
TeII000MIHHHKIB

EPM B nonepennix
AOCJIIKEeHHAX 0Aa3Y€ThCsl HA

Vaocrkonaxennii EPM
0A3VETHCH HA CYMICHOMY
BHKOPICTAHHI Teopii

Teopil moaidoHoCTI

(EPM-TII)
BixiaHi maHi:
- PLOIHII 3 OOMEKEHOO
H}popMamieto mogo ix TPB;
- 3pa30K JOCILIHOTO
cepeIoBIIIIA;
- eKCIIePIIMEHT 3 BII3HAUSHHA

Bixiani mani:

- BIIOMI KpIITepiasibH1
PIBHSAHHA:

- pramsn 3 Bigomivi TOB.

NoaiGHOCTI Ta pery JIapHOro
TeIVIOBOT0 PeRIMY
(EPM-TII-PTP)
Bxiaui naHi:
- PLIIHIL 3 0OMEKEHO0
iHpopmanieto mwoao ix TDB:
- 3pa30K JOCTITHOTO

THB: cepeIoBHIIA;

- NOCTLIT/KEHHA OKPeMITX - eKCIIePIIMEHT 3 BII3HAUCHHS
KOMIIOHEHTIB, 3 IKIIX CKIATaeThCs TDB:

cybeTpar. - JOCTLTKEHHS TapaMeTpiB

peanbHOTo CYOCTpaTy.

Puc. 1. XapakTeprucTHKN OCHOBHHMX METOJIIB PO3PaXyHKY ITapaMeTpiB
pPEKyTIepaTUBHUX TEIIIOOOMIHHUKIB

[Ipn4rHOIO BUCOKOI IHTEHCHUBHOCTI TEIUIOOOMIHY € Oe3mocepenHiii KOHTaKT
pPEUOBMH HA TpPAaHUYHUX TOBEPXHAX (a3, M0 TMOBHUHEH MIATPUMYBATHUCS
0e3mepepBHUM OHOBIICHHSIM LIMX MMOBEPXOHBb 3aBISKU MOCTIHHOMY IEpeMillyBaHHIO
cyocTpary. OmHaK Takuil MPOIEC MOXKHA pealli3yBaTH TIIBKA B TOMY BHUTIAJKY, KOJIH
B'I3KICTh CyOCTpaTy MJ03BOJIIE DPIBHOMIPDHE TIEPEMINIyBaHHS PIIUHHU, 3BAKCHUX
TBEPAUX YACTHHOK, a TakoK Oakrepiil Ta OynpOaliok MexXaHIYHOI CyMilll ra3iB.
Bepxnst Mexa KOHILEHTpalii TBEpAUWX YAaCTUHOK, 3a SKOi 1€ MOXIIMBE BUIbHE
nepeminryBands a3, s cyocTpary 3 ApiOHOAMCIIEPCHOIO CYCIEH3IEI TBEPIUX
pedoBuH Bianosigae 10...12%. 3a OuIbIIMX 3HAYEHb BUX1J ra3y 3HAUHO 3MEHIITY€ThCS.
[nsx0M 1HTEHCUBHOI'O TIEPEMIIIYBAaHHS Ta BIATOBIAHOTO MIJABEAEHHS TEIJIOTH BILTUB
HeOaxaHOTo e(EeKTy MOXKHA CYTTEBO 3MEHIIHUTH. J[JI1 1IhbOTO MOTPIOHO OOMEKHUTH
MIBUAKICTH pyXy cyOcTtpatry B miamazoni 0,5 < w < 0,6 M/c Ta HarpiBaHHS
(oxonomxenHs) B niana3zoHi A7+ 1,5°C [26 - 27].

[IponoHy€eThCSA HACTYITHUI aJITOPUTM BU3HAYEHHS B S3KOCTI CyOCTpaTy:

- MPOBOIATHCS €KCIIEPUMEHTAIBH1 JOCIII)KEHHS TEMJI000MIHY;
- aHANI3YIOThCS apaMeTpu cyOcTpary 3 00MeKeHOI 1HPOPMALII€r0 TI0JI0 HOTo

T®B Tta pinunau 3 BigoMoro iHpopmaiiieto no TOB;

- BHU3HavaroThcs napamerpu PTP B cuctemi «piauHa - TBEpIE TUION;
- BU3HAYA€THCS TEMII OXOJIOKEHHS (HarpiBaHHs) cyOcTpary Ta aHaJIOTTYHUX

BIJIOMUX PIMH;

- 3a TEMIIOM OXOJIOJKEHHS (HarpiBaHHs) CyOcTpary miaOupaeThcss MOJIeIbHA
plauHa;
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KOpUCTytounch o3HakaMu PTP, Bu3HauaroThCsl 3HaYEHHS apaMeTpiB IHTEHCUB-
HOCTI TETJIOOOMIHY B CEpEIOBUIIAX, 110 JOCTIIKYIOThCS;

3 HasIBHOT'O MACHUBY €KCIIEPUMEHTAJIbHUX TAHUX BUBOAMUTHCS KPUTEPIAIbHE
PIBHSIHHS JJT TapaMeTPiB MOJIETBHOI PIAMHY 13 MPUITYIIECHHSM, 1110 TapaMeTpu
cyOcTpary oMy TakoX BIJTIOBIIAIOTh;

BUJIUISAIOTHCS KoMIUIeKcH di3nuHux BennunH (KB®), 110 ckianaroThes 13 oc-
HOBHUX TEIUIO(I3UYHUX BIACTUBOCTEN;

JOCTYITHUMH METOIAMH BU3HAYA€ThCA I'yCTHHA P, TEMIIEPATypPHUI KOe]illieHT
pO3IIMpEHHS B, TMTOMa MacoBa TEMIIOEMHICTh C,; a TAKOXK, 32 aAUTUBHUMU
BJIACTUBOCTSIMU, TETIOMPOBIIHICTH A CyOCTpAaTYy.

BHU3HAYAETHCA B A3KICTD B Jl1alla30H1 3MIHU 3HAYE€Hb TEMIIEPaTypu O10TEXHO-
JIOTTYHOTO MPOIIECY.

ExcrnieprmeHTanbHil JTOCHIPKEHHS] TTPOBOJIUIUCH B TEPMOJMHAMIYHIN cHUCTEMI

«HaBkoyuIHe cepenonuiie I — tuto II», ne «HaBkoumHe cepenosuiie I» — Boja, a

«TUIO

II» — pimunHe cepenoBuile (cyOcTpaT) B TOHKIM MeTasieBldl LIMIIIHIPUYHIN

OoOOJIOHIII B YMOBaXx BHMMYIIEHOI KOHBEKIi (BUKOPUCTAHHSA MEPEMIIIYyIOYOro
npucTporo 3 aiamerpom mpomenepa 0,08 M Ta yacTtororo oOepraHHs, L0 MOIVIa
3MiHIOBaTuCh Mexkax 32 - 160 00./xB.).

Cxema ekcepuMEeHTAJIBHOTO CTeHAY [28, 29] noka3zaHa Ha puc. 2.

.

12 H,

e
%
§

\/

Puc. 2. CxeMa eKClIepuMEHTAIIBHOIO CTEHY:
| — 30BHILIHA IOCYANHA; 2 — BHYTPILIHA MOCYyAUHA; 3 — TEIUIO130A11HHA

migcraska; 4 — kpumka; 11...5', 12...5? — Micug BUMipIOBaHHS 3HaU€Hb TEMIIEPATYPH,

BIJIMTOBIJTHO, Y 30BHIIIHINA Ta BHYTPIIIHIN NOCYIMHAX
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Ha npuxnami  HarpiBanHs  cyOcTpaTy  NIPOBEIEHHS  €KCIEPUMEHTY
3MIIACHIOBAJIOCh HACTYITHUM YMHOM. Y 30BHIIIHIO MOCYAUHY | 3alMBaeThcs rapsida
BO/Ja, y BHYTpPIIIHIO 2 — pgochigHa piguHa. [licias 4oro BHYTPIIIHS MOCYIWHA
PO3MIIIYETHCS B 30BHIMIHINA 13 JTOMATKOBUMHM JISIMH IIIOAO JOCSTHEHHS OJIHAKOBOCTI
piBHS piAWH. YCTaHOBKa 3aKkpuBaeTbcsa Kpumkow 4. [lpu mpomy o6omoHKa
EKCIIEPUMEHTAILHOT YCTAHOBKHU TEIJI0130JIbOBAaHA 330BHI BiJ] JOBKLUIS (B T.4. OKPEMO
Mae MiCIle TeTUIOI30JIsIliiiHA MiACcTaBKa 3, 10 po3aAUIse MHUINA mocynuH). Hanmani, 3a
JIOTIOMOTOI0  TEPMOENEKTPUYHUX TEePETBOPIOBAUIB, 3IIMCHIOETHCS BHUMIPIOBAHHS
3HAYEHb TEMIIEPATypH y 30BHIIIHLOMY Ta BHYTPIIIHBOMY 00’ €Max yepe3 BU3HAUCHUN
MPOMDKOK 4acy. Jlocmia 3akiHUy€eThCsl TICHS 3pIBHAHHS 3Haue€Hb B Mexax 3...5°C.
@dikcyBaHHS JOCHIIHUX JaHUX BiAOYBAaEThCS OJHOYACHO B JECATH MICISX TIO
CepelrHl KOXXHOTO 3 VYTBOPEHHUX OO0’€MIB 13 aBTOMAarM4HUM 3allUCOM Ha
MOPTATUBHOMY KOMII TOTEPI.

Pe3yabTaTu A0CaiIKeHb OTPUMaHI JIJIS IyKPOBHUX PO3YMHIB 13 KOHIICHTPAIII€IO
C = 50; 60% mpu 3HAUCHHSIX YaCTOTH OOepTaHHA MporienepHoi Mimanku 26; 34; 54;
114; 154 00./xB., IKUM BIJIIIOBIIAfOTh XapaKTEepHI JIHIKHI HMIBUJIKOCTI Ha KpahHIiH
touri mponenepa w = 0,11; 0,14; 0,23; 0,48; 0,65 M/c (puc. 3). Tyr xapakrepHa
WIBUIKICTE W =T n- dy /60, M/c; ne n — uactora OOEpTaHHs POTOpa MILIAJIKH,
00./xB.; dy = 0,08 M — miamerp mpomenepa. B po3paxyHkax TPUAHSATO, IO
XapaKkTepHa MIBUIKICTh PyXy pPIAMHH JOPIBHIOE TIOJOBUHI 3HAYCHHS JIHIHHOL
IIBUKOCTI pyXy KPalHBOI TOUKH MPOTIEIePa MIMTATKA Winax.

BcranoBineHo, 1o B TEpMOAMHAMIYHIN CHCTEMI «HABKOJNHMIIHE cepemoBuine [ —
timo II» maroTe Miclie O3HAKK PETYASPHOTO TEIIOBOTO pexumy. [Ipo 1e CBITIHUTH
CTaJICTh TEMIy OXOJIO)KEHHs (HArpiBaHHs) B JOCIIJDKYBAHOMY PpIIUHHOMY
cepenoBuii [30] m = (In9; — In R)/(11 — 12) = const, xe 9, ¥ — HamMIIKOBA
cepeqHb000’eMHa Temmeparypa JOCHIIKYBaHOTO pIAMHHOTO CEpeAOBHINA B
UMJTIHAPUYHIA MOCYIMHI 31 CTOPOHHM BOAM BIANOBIAHO B MOMEHTH 4Hacy T; 1 To,
3=|T, — T,|, °C.

Kpusi (puc.3) mnpencraBisioTh pe3yibTaTd —alnpoKCUMalli  3ajeXHOCTI
gorapudMy HAIIAIIKOBOI OCEPEAHEHOI TeMIepaTypd JOCHITHOT pITuHUA Yy
BHYTpIIIHIN mocyauHi Bix yacy Ind = m't + C, ne m — TeMn OXOJOMKCHHS
(narpiBanHs), C — KOHCTaHTA.

VY CBITOBOMY [OCBi/l HasBHE BHUBYEHHS TEIUIOOOMIHY 3 IOTOKAMH PIAKUX
cycien3idi. Opp Ta 1HII Ui PI3HUX CycHeH3id, 3 mnoxuOkow =+ 20% mnpu
NMe =N (1 — B/Bo) %, me n — B aA3KicTH, OTpUMAaH

Nuy, = 0’027 ‘RCHO’8 -Pr033. (Tl/ﬂn)o’”- (1)
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Puc. 3. 3MiHa HaJIMIIKOBOI TEMIIEPATYPHU 3 HACOM B YMOBAX HarpiBaHHS
LYKPOBOro po34HHy 3 KoHUeHTpaliero C = 60% npu 3HaueHHIX IBUIKOCTI W, M/C:
a) 0,22; 0) 0,28; B) 0,45

3 BUKOPUCTAHHAM Mporpamu Statistica BUBOIUTHCSI KpUTEpiaibHE PIBHIHHSA (2)
JUIT MOJEJIbHUX PIJIUH, IO OMNHUCY€ TerooOMiH (puc. 4) y TOHKOCTIHHOMY
MeTaJIeBOMY LUJIHIPI

Nu; = 0,0387-Re%6%%-Pr, 4 (m/m,)>'4, (2)

mo naocroBipue B mexax 100 < Re < 14000, 25 < Pr < 250, ne Nu, — uyucio
Hyccensra; Re = w-H/v — uucno Peitnonbaca; Pr, = v/a — uucno Ilpanamis s
cepeHb000’€MHOI TeMIIepaTypy PITMHHOTO CEPEIOBUINA; V — KIHEMarudHa B’ 3KICTh
PIIMHHOTO cepenoBMIa, M2/c; a — KoedilicHT TemmeparyponposigHocTi, M%/c;
H — Bu3HaYaIbHUM JTIHIAHUT pO3MIp, M.
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Nu/Prf#
100,00
y = 0,0387x06233

10,00

1,00

100 1000 10000
Re

0,10
Puc. 4. Y3aranbHeHHs pe3yJibTaTiB eKCIIEPUMEHTIB

[Ipu 00poOJIEHHI €KCIIEpUMEHTAIBHUX JIaHWX IOINpaBKa Ha HEI30TEPMIYHICTh
(Pr,p/Prer)™* ominroerses B Mexkax 0,97 — 1,04, ToMy 1pu OTpMMaHHi KPUTEPIAIBHOTO
PIBHSIHHSI HE OyJla BUKOPHCTAHA.

[Ticns mpoBeneHHsT pecTPYKTypu3allii KpuTepiaiabHe pIBHSHHS (2) mpuiimae
BUTJISIT

ay'’ =0,0387 - w62 - [7038 . K®B _,, - v 0?2, (3)

ne as'® — koeQillieHT TeIIOBiZJa4i MiK BHYTPINIHBOIO HOBEPXHEIO
TOHKOCTIHHOTO METaJIeBOro MWIHAPA 1 JOCITIAHUM PIIMHHUM CEPEIOBHUILIEM, IO
Bu3HaYeHuit metoaom PTP [30];

W — XapakTepHa IBUJKICTh Ha KpalHINi TOYIIl Iporienepa, M/c;

[= 0,08 M — giamMeTp MiIlIaJIKH;

K®B., — xommiekc (i3M4HHUX BIACTUBOCTEH O3 BpaxyBaHHS KiHEMaTHYHOI
B'SI3KOCTI V, JIOCIITHOTO PIAMHHOTO CEPEIOBHIIA,

B, — xoedinieHT Temmeparyproro posmupenns, K';

P2 — IYCTHHA, KI/M>;

C,» — nuToMa TermioeMHicTb, JIx/(kr-K);

A\ — koedimienT TermonposigHocTi, B1/(M-K).

3rigHo pecTpyKTypH30BaHOro piBHsHHA (3) mapamerp v*?? xapakrepusye
BIUTMB B’ S3KOCT1 Ha KOC(IIIEHT TETUIOBIAAaU1 0l;.
Kommieke iznunux BnactuBocreit KOB
_ 04 04 106 . —022
K®B = p,” - Cp,” - A, - v : (4)

Binomo icuyBanus PTP B TBepmomy TuTi Ta B TEpMOAWHAMIUHIA CHCTEMI
TBepaux TuI. Hamum Bmepine BcranoBieHo icHyBanHs PTP B cuctemi «cyOcrtpar -
TBEpAE TIJIO» IMiJ 4Yac HOTo OXOJO/KCHHs (HArpiBaHHsI) B YMOBax BUIBHOI Ta
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BUMYIIICHOI KOHBEKI[li. 3aBAsSKKM YOMY KOE(DIIIEHT TEIJIOBIJIa4l BU3HAYCHUIM
metoaom PTP [30].
Koediuient termnosigaayi 3a ymo PTP

—PTP 1
T Ry (5)
kel(cr[ mel

7ie  — Koe(ilieHT HePIBHOMIPHOCTI PO3MOALTY TEMIEPaTyp B TLMi;
Kexen — €KCIIEpUMEHTANBHMN KoeiticHT Ternonepenadi, Br/(m?-K);
F — muioma noBepxHi Temioo00MiHy TOHKOCTIHHOTO METAJIEBOr0 HUIIHAPa, M2,

Ha puc. 6 1 7 HaBOmUTHCsI MOPIBHSIHHS B’ SI3KICHUX TTapaMeTpiB, BIAMOBIIHO, IO
BH3HAYCHI EKCIIEPUMEHTAIBHO Vooo> IS IyKPOBOIO PO3YMHY 3 KOHICHTPAITEF
C=50% 1 C = 60% Ta TabmuuHOTO v;a%iz 3 [31] mpu pi3HiK "acTOTi oOepTaHHS
pOTOpa IMPOMEIEPHOI MIITAIKH.

3a pi3HOi YacTOTH B’SI3KICHUM mapaMeTp Mae OyTH OJHAKOBHM, IO BUIHO 3
puc. 8.

ko B’A3KICHUI MapameTp cyOcTparTy, 3a YMOBH PI3HOI 4acToOTH, Oylae maru
po301kHICTh HE Outble + 40%, TO y BIANOBIAHOCTI A0 BUIIEHABEAECHOIO aJIrOPUTMY,
BIH MO)XXe OyTH BHKOPUCTAaHUM M1 METOMIOJIOIIYHOIO MEPEXOAY 10 B’SI3KICHOTO
napameTpy B Kpymiii TpyoOi:

- BHU3HaudaeThcs uncio PeitHombaca B TpyO1 TEMIOOOMIHHUKA;

- 3T1IHO BU3HAYEHOT'O PEXUMY PyXy B TpyOl 3 TOBIIHUKOBUX JIXKEPEIT M10U-
PaEThCS KpUTEplaibHE PIBHIHHS;

- KOPHUCTYIOUHCH TEIUIO(I3UYHUMH BIACTUBOCTSIMH, 1110 3HAN/IEH] 32 JOIIOMOT' OO
EPM, Bu3Haual0ThHCsl apaMeTpu IHTEHCUBHOCTI TEMJI000MIHY B TpyOi TEMIO-
oOMiHHHKKa 010ra30BOro peaxkTopa.

Jlnst mpukiiany, HYO)KYE po3paxoBaHa IHTEHCHBHICTh TEIJIOOOMIHY B KpyIIiid
TpyOl TermnooOMIHHMKAa 010ra3oBOi yCTaHOBKH. [IpuiiMaeTbcsi MEpEXiAHUN PEXUM
Teuii B Kpymiil TpyOl. 3 JiTepaTypHUX JKEpell KpUTepiajibHEe PIBHSIHHS IS
BU3HAUEHHS Koe(illeHTa TeIIOBIga4ul B NpAMUX TpyOax B mepexigHii obnacti Teuli
piauau (2300 < Re < 10000)

Nu, = 0,008 - Re®® - Pr**. (6)

[Ticns mpoBeleHHsA pecTpyKTypu3alli KpuTepiaiabHe piBHSAHHA (6) HalyBae
BUIJIALY

@, = 0,008 - w0 - [701. p43 . Cppt® . A0S v 047, (7)
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O Ty (A o~ =
Vexen Vratin Lyvepopui posund 0% - 26 00./XB.

67 58 62 70 71 72 1. T3

Iyrposuii pozgas 50% - 34 00./x8.

36 37 38 39 40 41 42 T, °C 43

IyxposmHil posTar 50% - 54 0b/xB.

385 39 3g.5 40 40,5 4 41.5 42

= Vragg LIvkpoBmuii pozana 50% - 114 00./XB.

38 39 40 41 42 43 44 43

Vesenw " Vazba Iywpoemii posurs 50% - 156 00./xB.

10 * *

66 67 58 59 70 1 7 73 74 73 76 1. o 77

Puc. 6. 3icTaBneHHs BiIHOIIEHHS B A3KICHUX TTOKA3HUKIB Vexer 22/ Vrags 2> B
3QJIE)KHOCTI B1Jl TEMIIEPATypH B yMOBaX BUMYIIIEHOT KOHBEKIIIT JIJIs1 ITyKPOBOTO
po3unHy 3 koHeHTpanieo C =50 %
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o N L ) _
exen Tafin LvkposHA pos=xH 60% - 26 ob. XB.
1.5
X
1.0 X
X x I<
0.3
0.0
34 4.5 i3 35.5 36 36,3 i7 373 38 3855 o030
Vesew o7 Vogg LyEpoeui pos=ug 60% - 34 00 1B,
1.3
X
1.0 £
* W %
0.3
0.0
51 52 33 34 35 56 37 58 30 80 . e 61
}-%m—uil_,-].-ﬁsz—ﬂ;ﬂ Uvepeesnfl porars 60% - 114 o xE.
1.3
1.0 ""
X
X X *
0.5
0.0
38 30 40 41 42 43 44 25 45 7 e 4
Veren U Vggy 020 Uvepoeui poiuss 60% - 136 06 xs.
1.5
a '
1.0 4 W %
0:
0.a
, 4 2 3 : : 47 :
40 41 4 4 44 4 46 T B

Puc. 7. 3icTaBieHHS BiTHOIIEHHS B’ I3KICHUX TTOKA3HUKIB Vexer >/ Vragn 22 B
3aJIEKHOCTI B1Jl TEMIIEpaTypy B YMOBaX BUMYIIEHOI KOHBEKIIII JJIs IIyKPOBOTO
po3uuny 3 koHIeHTpaitiero C = 60 %.

Jlo  po3paxyHKiB  mpuiiManach  cTajgeBa Tpyba 3 JlaMeTpamu
(BHYTpILIHIH/30BHIIIHIN) 50/57 MM Ta 3aJaHOl0 MIBUIKICTIO Teyli PIAMHHOIO
cepenouiia B cepeauni 0,4 — 0,6 m/c.

[IporHo3oBanuii koedimieHT TeroBiAAa4dl (puc. 9) B Kpymiid TpyOi s
cybcrpary cknagae mpu nsomy 1000 — 2100 Br/(m?-K).

YMOBOIO BU3HAY€HHs KoeQilli€HTa TEIUIOB1aul B KPyIIid TpyOl Xy, € IIBUIKICTD
pyxy cyoctpary He Oumpme 0,6 w™/c 3amis 3anobiraHHs — TMOPYIICHHIO
OloTexHonoriyHux mpoiecis [33, 33].
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TI(v) CvOcTpar
° A
¢ A A
02
4 © O © A
, A3
0 T,.°C
50 52 54 56 58 60 62 64 66
Puc. 8. B’s3xicHui mapameTp cyOCTpaTy B 3aJIe)KHOCTI BiJl TEMIIEPaTypH 3
4aCTOTOI0 0OepTaHHS MPOIETIEPHOI MIIIIATIKHU 71, 00./XB.:
2—-114;3 —156.
a,, Br/(M*K) Cyb6cTpar
2500
<
2000 —2 5
1500 x Q © © X1
X ° o o)
1000 X X X 02
500 o3
0 Ty, °C
40 41 42 43 44 45 46 47

Puc. 9. 3naueHHs koedillieHTY TEIUIOBIA1aul B KpyIJIii TpyOl B yMOBax HarpiBaHHs
PIAMHHOTO CEpPEIOBUINA P MIBUAKOCTI T€Uil W, M/C:
1-0,4;2-0,5;3-0,6.

[Ipu Bu3HaueHHi o, MeTopoM PTP BHKOPHCTOBYIOTHCS TEMIT OXOJIOKEHHS
(marpiBaHHs) m 1 KOe(IIIEHT HEPIBHOMIPHOTO pO3MOAUTY TEMIIeparyp \, o
pO3paxoBaHi AJis BCHOTO MPOIIECY TEII00OMIHY KOJIM BHCOKI pi3HHI Temmeparyp AT.
[Ipu boMy BiACYTHSI MOTpeba y BHUKOPHCTAHHI METOJIB MOCIIAOBHUX HAOIMKEHb
(mpu po3paxyHKy KoeimieHTa TETuIoBiAgadi o), IO TMiABUIIYE BiIpOTiIIHICTH
BU3HA4YCHHS KOe(illi€HTa TETIOBIAIa41 0l).

BucnoBku. Bukopucranns 3anponoHoBaHoro EPM Hamgae MOXIUBICTH B
yMOBaX 00OMEXeHOI iH(popMaIlii moa0 TermIo(i3uIHUX Ta PEOJOTIYHUX BIACTHBOCTEH
PIAMHHOIO CEepeloBHUIa CIPOrHO3YBATH MApaMETpPU IHTEHCHUBHOCTI TEMJIOOOMIHY B
TpyO1 TENIO00OMIHHUKA, III0 BUKOPUCTOBYETHCS B O10ra30BUX TEXHOJIOTISX.

39



Benmunsuis, oceimneHHss ma mernoz2a3oriocmadaHHs. Bun. 50, 2024

References

1. Geletukha G., Kucheruk P., Matveev Y. Prospects of biomethane production
and use in Ukraine. UABio Position Paper. 2014. No 11.

2. Heletukha H., Kucheruk P., Matvieiev Yu. Perspektyvy vyrobnytstva ta
vykorystannia biohazu v Ukraini: Analitychna zapyska. Ne 11. Kyiv, Bioenerhetychna
asotsiatsiia Ukrainy, 2014. 42 s.

3. Zema D., Folino A., Zappia G., Calabro P., Tamburino V., Zimbone S.
Anaerobic digestion of orange peel in a semi-continuous pilot plant: An
environmentally sound way of citrus waste management in agro-ecosystems. Science
of The Total Environment. 2018.

4. Ecem Oner B., Akyol C., Bozan M., Ince O., Aydin S., Ince B.
Bioaugmentation with Clostridium thermocellum to enhance the anaerobic
biodegradation of lignocellulosic agricultural residues. Bioresour Technol. 2018.

5. Lindmark J., Thorin E., Bel Fdhila R., Dahlquist E. Effects of mixing on
the result of anaerobic digestion: Review. Renewable and Sustainable Energy
Reviews. 2014.

6. Tian L., Zou D., Yuan H., Wang L., Zhang X., L1 X. Identifying proper
agitation interval to prevent floating layers formation of corn stover and improve
biogas production in anaerobic digestion. Bioresour Technol, 2015. P. 1 - 7.

7. Klingenberg D., Root T., Burlawar S., Scott C., Bourne K., Gleisner R., et
al. Rheometry of coarse biomass at high temperature and pressure. Biomass and
Bioenergy, 2017; 99:69-78.

8. Kress P., Nagele H., Oechsner H., Ruile S. Effect of agitation time on
nutrient distribution in full-scale CSTR biogas digesters. Bioresour Technol. 2018. P.
1-6.

9. Chen J, Wu J, Ji X, Lu X, Wang C. Mechanism of waste-heat recovery from
slurry by scraped-surface heat exchanger. Applied Energy. 2017. P. 146 - 155.

10. LiY, Xu F, Li Y, Lu J, Li S, Shah A, et al. Reactor performance and
energy analysis of solid state anaerobic co-digestion of dairy manure with corn
stover and tomato residues. Waste Manag. 2018.

11. El-Mashad H.M., van Loon WK., Zeeman G., Bot G.P. Rheological
properties of dairy cattle manure. Bioresour Technol. 2005.

12. Achkari-Begdouri A. Rheological Properties of Moroccan Dairy Cattle
Manure. Bioresour Technol. 1992.

13. Achkari-Begdouri A., Goodrich P. Rheological properties of Moroccan
dairy cattle manure. Bioresource Technology. 1992. P. 149 - 156.

14. Tian L., Shen F., Yuan H., et al. Reducing agitation energy-consumption by
improving rheological properties of corn stover substrate in anaerobic digestion.
Bioresource Technology. 2014. P. 86 - 91.

40



Benmunsuis, oceimneHHss ma mernoz2a3oriocmadaHHs. Bun. 50, 2024

15. Viamajala S., Mcmillan J.D., Schell D.J., et al. Rheology of corn stover
slurries at high solids concentrations — Effects of saccharification and particle size.
Bioresource Technology. 2009.

16. Heletukha H., Kucheruk P., Matveev Yu., Khodakovskaia T. Perspektyvsi
proyzvodstva byohaza v Ukrayne. Vozobnovliaemaia enerhetyka. 2011. Ne3. S.73 —
77.

17. Miiller C. Anaerobic digestion of biodegradable solid waste in low-and
middle-income countries. Sandec report. 2007. P. 7.

18. Biogas barometer. Eurobserv’er. November 2017.

19. Zareei S., Khodaei J. Modeling and optimization of biogas production from
cow manure and maize straw using an adaptive neuro-fuzzy inference system.
Renewable Energy. 2017.

20. Tian L., Shen F., Yuan H., et al. Reducing agitation energy-consumption by
improving rheological properties of corn stover substrate in anaerobic digestion.
Bioresource Technology. 2014. P. 86 - 91.

21. Viamajala S., Mcmillan J., Schell D., et al. Rheology of corn stover slurries
at high solids concentrations. Effects of saccharification and particle size. Bioresource
Technology. 2009.

22. Dehkordi K., Fazilati M., Hajatzadeh A. Surface Scraped Heat Exchanger
for cooling Newtonian fluids and enhancing its heat transfercharacteristics, a review
and a numerical approach. Applied Thermal Engineering. 2015. P. 56 - 65.

23. S Yang, L Zhang, H Xu, Experimental study on convective heat transfer
and flow resistance characteristics of water flow in twisted elliptical tubes, Applied
Thermal Engineering, 2011.

24. Angelidaki, I., Ellegaard, L., 2003. Codigestion of manure and organic
wastes in centralized biogas plants. Appl. Biochem. Biotechnol.

25. Tkachenko S.I., Pishenina N.V. Novi metody vyznachennia intensyvnosti
teploobminu v systemakh pererobky orhanichnykh vidkhodiv: monohrafiia.
Vinnytsia: VNTU, 2017. 234 s.

26. Semenenko Y.V. Proektyrovanye byohazovikh ustanovok. Kyiv. Tekhnyka,
1992. 346 s.

27. Nykytyn H.A. Metanovoe brozhenye v byotekhnolohiy. Uchebnoe posobie.
Kyiv. Vyshcha shkola, 1990. 207 s.

28. Tkachenko S., Vlasenko O., Resident, N., Stepanov D., Stepanova N.
Cooling and of the fluid in the cylindrical volume. Acta Innovations. 2021. No. 42. P.
15-26. doi: 10.32933/Actalnnovations.42.2.

29. Tkachenko S.I., Vlasenko O.V., Stepanova N.D., Pavlovych Ye.O.
Nestatsionarnyi teploobmin u vertykalnomu tsylindrychnomu obiemi, zapovnenomu
ridynoiu. Visnyk VPI. 2022. Ne 1. S. 16 — 20.

41



Benmunsuis, oceimneHHss ma mernoz2a3oriocmadaHHs. Bun. 50, 2024

30. Tkachenko S., Vlasenko O., Rezydent N. Teploobmin tsylindrychnoho
ridynnoho tila obmezhenoi vysoty z navkolyshnim seredovyshchem. Visnyk
Natsionalnoho tekhnichnoho wuniversytetu «KhPI». Seriia: Enerhetychni ta
teplotekhnichni  protsesy y ustatkuvannia. 2021. Ne 2. S. 27 — 30.
https://doi.org/10.20998/2078-774X.2021.02.05.

31. Tekhnolohiia tsukrystykh rechovyn: laboratornyi praktykum. M. P.
Kupchyk ta in. Kyiv : NUKhT, 2007. 393 s.

32. Angelidaki, I., Ellegaard, L., 2003. Codigestion of manure and organic
wastes in centralized biogas plants. Appl. Biochem. Biotechnol. 2003. No 109. P. 95
— 105.

33. Schnell, S., Maini, P.K. Century of Enzyme Kinetics: Reliability of the KM
and Vmax Estimates. Comments on Theoretical Biology. 2003. P. 169 — 187.

UDC 536.24 Professor Olha Chernousenko,
chernousenko20a@gmail.com, ORCID: 0000-0002-1427-8068,
Assistant professor Olha Vlasenko,

olgakytsak7(@gmail.com, ORCID: 0000-0002-8975-0873,
National Technical University of Ukraine “Igor Sikorsky KPI”
Professor Oleksandr Nedbailo® 2,

nan_sashulya@ukr.net, ORCID: 0000-0002-8218-3933,

National Technical University of Ukraine “Igor Sikorsky KPI”
Institute of Technical Thermophysics of the NAS of Ukraine
Professor Stanislav Tkachenko,

tkachenko@vntu.edu.ua, ORCID: ORCID 0000-0002-4654-2062,
Vinnytsia National Technical University,

Abstract. The aim of the work is to develop a reliable method for predicting the
intensity of heat exchange in a round tube of a natural heat exchanger in various
technological regimes that occur in biogas technologies (using the criterion
equations of heat exchange, but with limited information on the thermophysical
properties of the substrate). Research materials and methods. The presented work
uses an improved experimental and computational method based on the combined
use of the theory of similarity and the analysis of the parameters of the regular
thermal regime. During the research, a real substrate from an operating biogas plant
was used. The reason for the high intensity of heat exchange is the direct contact of
substances on the boundary surfaces of the phases, which must be supported by the
continuous renewal of these surfaces thanks to the constant mixing of the substrate.
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The experiment was carried out on a portable experimental setup. The heat exchange
of model fluids and substrate from an operating biogas plant was investigated. An
array of experimental data on the heat transfer coefficient of model fluids and the
substrate was obtained. The results of experiments on the heat transfer coefficient for
model fluids are summarized. The criterion equation of heat exchange was obtained.
1t is hypothesized that the criterion equation of heat exchange also corresponds to the
substrate. For the substrate, the density, thermal expansion coefficient, specific heat
capacity, and additive thermal conductivity were determined experimentally. Using
the criterion equation of heat exchange and determined thermophysical properties,
the viscosity of the substrate in the temperature range is determined. Using the known
criterion equations of heat exchange and the determined viscosity, the parameters of
the intensity of heat exchange in the round tube of the heat exchanger of the biogas
plant are determined. The use of the proposed experimental and calculation method
provides an opportunity, in conditions of limited information on the thermophysical
and rheological properties of the liquid medium, to predict the parameters of the heat
exchange intensity in the heat exchanger pipe used in biogas technologies.

Keywords: regular thermal regime, substrate, biogas plant, thermophysical
properties, experimental and calculation method.
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Hayionanvnui Ynisepcumem «Jlvgiscoka nonimexuixay

JOCIIZKEHHSA TEIVIOBUX XAPAKTEPUCTHUK I'IBPUTHOI'O
COHAYHOI'O KOJIEKTOPA 3A JTOITIOMOI'OIO KOMIT'FOTEPHOI'O
MOJIEJIFOBAHHA

Anomauia. YV cyuacuux ymo8ax NOCIPULeHHs eKONO2IYHOI cumyayii ma
BUCHADICEHHS. NPUPOOHUX pecypcié nocmac HeoOXiOHICMmb Y pO3BUMKY mda
BNPOBAOICEHHI MEXHONO02I 3 BUKOPUCMAHHA BIOHOGNIOBAHUX OXcepel eHepell.
Bukonni Oowcepena 3abpyouroroms 008K mMa CHPUAIOMb 3MIHI KaimMamy, uwo
POOUMb NUMAHHS eKOJIO2IYHO YUCTUX MEXHON02It dedani akmyanvHiwum. OOHUM i3
NnepCcneKmusHUx piuleHb € BUKOPUCMAHHA COHAYHUX KOJNEKmMOopis, SKI 003801410Mb
nepemeoprosamy COHAYHE BUNPOMIHIOBAHHS 6 eNeKMpUYHy mda Meniogy eHepeilo.
Tibpuoni consaumni Konekmopu, wo NOEOHYIOMb 00UO8I YHKYII, MOXNCYMb CYMMEBO
nioguwumu  eheKmusHicmo — GUKOPUCMAHHA  COHAYHOI  eHepeli. Komn'tomepnue
MOOENIOBAHHA € BANCTUBUM ITHCMPYMEHMOM aHANI3y MeNni108UX XapaKmepucmux
makux cucmem. 3a 1020 OONOMO2010 MOXCHA OOCHIOUMU npoyecu menionepeoadi,
BUABUMU ONMUMAILHI KOHCMPYKMUBHI napamempu ma ymMo8u pobomu Koiekmopd,
wo 003601UMb nidgUWUMU 1020 epekmusnicmv. Mooentosanns makodic oae
MONCIUBICIB Nepedbauumu N0GeOIHK)Y CUCEMU 8 DI3HUX KIILMAMU4YHUX YMOBAX Mda 3a
DIZHUX HABAHMANCEHb, WO € BANCIUBUM emanom NPOeKmy8aHHs ma onmumizayii
makux npucmpois. Aemopamu po3pooieHo mMooenb 2ibpuOH020 Meni08020 COHAUHO20
KONeKmopa, wo € 0OHAYACHO NPO30PUM 3AXUWEHHAM OVOi6lli ma 2elioKOIeKmOopOoM.
3a oOonomocoro npoepamuozo komniekcy Solid Works 30iticheno mooentosanms
Meniosux npoyecie OMpUMAHHA COHAYHOI eHepeii po3poONeHOi  KOHCMPYKYID
2eNioKoNleKmopa ma NpoaHanizo8ano 3MiHYy MeMnepamypHux HNOKA3HUKIE 8
2eNioKoleKmopi ma OaKy-aKymynsimopi npu NOCMIUHIL COHAYHIU [HMEHCUBHOCMI.
Busnaueno o0cHOBHI npuHyunu 3pOCMAaHHA MeMnepamypu 8 CUCmeMi 6npoo08;C
excnepumenmy. Ha ocHosi pe3ynomamie nposedeHo20 MOOENO8AHHSI 00ePHCAHO
3MIHY MUMMEBOT NUMOMOI MENN080i NOMYHCHOCMI 3ANPONOHOBAHOI KOHCMPYKYIL
2IOPUOHO20 2eNiOKONeKmOopa, a MaKoic 30IUCHEHO AHANL3 1020 KoehiyieHma KOpUCcHoi
0ii. Pesynbmamu 00CHiOMCeHHsT NOKA3AAU, WO MOICHA O0CASMU  3HAYHO2O
nioguUWerHs: NPOOYKMUBHOCMI  2iopuonux Koiekmopis. Ilpoananizosano 6nius
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napamempié Ha Menio8y eQpeKmusHicms, a MAaKo#C HeOOXIOHICMb BU3HAYEHHS
HAUKpaAwWux KOHCMPYKMUGHI piulenb Oad IX nooansuioco 6nposaddicenus. Lle
BIOKPUBAE MONCIUBOCMIT O NOOANLULO20 PO3BUMKY OilbUl epeKmusHux 2iOpuoHuUxX
COHAYHUX  KONEKmopie, WO  CHPUAMUMYMb  DOUWUPEHHIO  BUKOPUCMAHMHA
BIOHOBII0BAHOI eHep2ii Yy cBIMOBIl eHepeemUUHIll CUCTEMI.

Kniouosi cnosa: sionosnrosani doicepena ewepeii, 2iOpUOHi COHAUHI KONLEKMOpU,
MOOeNI08anHs, meniosi npoyecu, OaK-aKyMyaisamop

Beryn. EdexktuBHe BUKOPUCTAHHS BIAHOBIIIOBAHUX JIPKEPEINl €HEPrii € OAHUM 13
NPIOPUTETHUX HANpPsIMIB PO3BUTKY cy4yacHOi eHepretuku. CoHsSUHa eHeprisd, sK
HEBHYEPIHE JDKEpENo, BIAIrpae KIOYOBY pPOJIb y 3MEHILIEHHI 3aJIeKHOCTI Bij
Cepe/loBUIIIE.

["OpuaH1 COHSAYHI KOJIEKTOPH, IO MOEAHYIOTh Y COO1 MOXKIIMBOCTI BUPOOHHUIITBA
TEIJIOBOI Ta €JIEKTPUYHOI E€Heprii, € MEPCHEeKTUBHUM PIIICHHSIM IS IT1IBUILECHHS
€(DEeKTUBHOCTI BUKOPUCTAHHS COHAYHOI eHeprii. OHaK, s JOCIIKEHHS iX poOoTH
HEOOXiTHE JeTaIbHe BUBYCHHS OCHOBHUX TEIUIOBUX XapaKTEPUCTHK, IO JO3BOJIUTH
BIOCKOHAJIUTH KOHCTPYKIIIFO Ta IMJBUIIUTA 1X MPOAYKTUBHICTE. KoMIT'rorepHe
MOJICTTIOBaHHS € €()EKTMBHUM IHCTPYMEHTOM JUIS aHAJi3y Ta JOCIIIKCHHS TaKUX
XapaKTEPUCTUK, OCKILIBKU J03BOJISIE OTPUMATH JOCTOBIPHI AaHl 0€3 HEOOXITHOCTI
MIPOBEJICHHS IOPOTHX CKCIICPUMEHTIB.

AKTYaJIbHICTh  JOCJIIJKeHHsI. AKTYaJbHICTh  JOCHIIIPKEHHS  TIOpUTHUX
TEIJIOBUX-(POTOCICKTPUYHNX COHSYHHUX KOJIGKTOPIB 3YMOBJIICHA II0OAIbHUMH
EKOJIOTITYHUMH Ta CHEPreTUYHUMHU BHKJIMKAMHU, & TAKOXK 3POCTa0YO0r0 HEOOXITHICTIO Y
MIIBUINCHH]I €(QEKTUBHOCTI BUKOPHUCTAHHS BIJIHOBIIOBAHUX JIKEPENl CHEPTii.
OcKUTbKH TIOpPHIHI COHSYHI KOJIEKTOPH JI03BOJISIFOTH OJHOYACHO T€HEPYBATH TEIIOBY
Ta eJEKTPUYHY €HEPrito 3 OJIHI€T YCTAaHOBKH, TO 11€ pOOUTH iX OUIbII €(DEKTUBHUMHU B
MOPIBHSHHI 3 OKPEMUMH TEIUIOBUMH a00 (OTOETEKTPUYHUMH CHCTeMaMH. Taka
1HTerpaIis MiJABUINYE KOoe(dIIIEHT KOPUCHOI Iii Ta 3a0e3neuye Kpally OKYIHICTh
IHBECTHIIIM, 10 € O0COONMMBO BaxJIMBUM. Po3poOka 1 BIOCKOHAJIGHHS T10pHUIHUX
COHSYHUX  KOJICKTOPIB Ma€ 3HAYHUK TMOTEHIiaJl y BHUpINIEHHI 3aBJaHb
eHeproe()eKTUBHOCTI Ta CTajJOro PO3BUTKY, IO MIAKPECTIOE  BaXKJIUBICTh
JOCIIJIPKEHHS 1 BIIPOBAKEHHS IUX TEXHOJIOTH Y Cy4aCHUX €HEPreTUYHUX CUCTEeMaXx.

OcranHi gocaimkeHns ta mnyoaikamii. Omisg oCTaHHIX JOCHIDKEHb Ta
myOJTiKaIiid OXOIUTFOE Oararo acmeKTiB 3aCTOCYBaHHS TIOPHIHHX TeIiOKOJICKTOPIB B
KOHTEKCT1 BUBYEHHS iX TEIUIOBUX XapaKTEPUCTUK Ta IEMOHCTPYE MIUPOKUH MIAX1]T 10
aHalizy eQeKTUBHOCTI, I1HHOBAIIMHUX KOHCTPYKIIIM Ta METOMIB ITiABUIIICHHS
terutoBiadi. OcoONMMBUN aKIIEHT 3pOOJICHO Ha MaTeMaTHYHOMY MOJICTIOBaHHI, K
JI03BOJISIE TOYHO aHaNI3yBaTu (PYyHKI[IOHYBaHHS CUCTEM COHSYHOTO TETUIONMOCTAuYaHHS
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Ta iX eHeproe()eKTUBHICTb.

Y pobGori [1] mokazaHO HOCHIIKEHHSI HU3BKOMOTEHIIINHOT E€HEPreTUKH, SK
BAXIIMBOTO HANpPSIMKY JJIi BUKOPHCTAHHS aJbTEPHATUBHUX JKEPEN EHEepTii,
ocoONMMBO 11 OO0 ’€KTIB 13 HHU3BKOIO TEIIOBOKO moTpedoro. LI gocmimkeHHs
BUKOPHUCTOBYIOTh JJIA MPOEKTYBAHHS Cy4YaCHUX TIOPHIHHUX TEJIIOCUCTEM, [I€
NpIOPUTETOM € MIHIMIi3allisd BIUIMBY Ha €KOJOTII0 3aBIASKA BUKOPUCTAHHIO YHUCTOL
eHeprii coHus. Y AOCHKeHHSAX [2] HaBeleH1 METOAW MiJBUIIEHHS €(EeKTUBHOCTI
TEIJIOyTHII3alIMHUX YCTAHOBOK, $KI 3HAWIUIM MpPaKTHUYHE 3aCTOCYBAaHHS Yy
BCTAHOBJIEHHI COHS'YHUX CHUCTEM €HEpro3ade3leuyeHHs, IHTErpOBaHUX y KOHCTPYKIIIi
criopya. JletanbHuil aHami3 reaiocucTeM, siki KOMOIHOBaHI 3 €JIeMEHTaMH Oy/l1Bellb
HaBeleHO B poOoti [3], A€ MOCTIAHUKM IMOKa3ylOTh OCHOBHI METOIM MACHBHOTO
BUKOPDHCTAHHSI COHSIYHOI €HEeprii uepe3 apXiTeKTypHi ¢GopMu, $KI BEAyTh MO
MIJBUILEHHS €HEeProe(EeKTUBHOCTI TaKUX OY/I1BEIb.

VY po6oTi [4] mokazaHO pO3paxyHOK CUCTEMHU TEIUIONOCTa4YaHHs 3 KOMOTHOBAaHUM
COHSIYHO-EJIEKTPUYHUM  MOBITPOMIAIrpiBaueM, BHUKOPHCTaHHS SIKOTO  JO3BOJISE
30UTPIIUTH €(PEKTUBHICTh Ta 3aMo0IrTH TEIMIOBUM BTparaMm y Takid cucremi. Y
AOCTIDKEHHAX [5] BHU3HAYEHO 4YaCTKy TEIJIOBOTO HABAaHTA)XEHHA, SKY MOXKIHBO
3aMICTUTH E€HEPri€l0 COHIS Ta BITPY, AKI € BAXKIMBUMU CKJIQJOBHUMH T1OpUIHUX
CUCTEM B yMOBax 3MiHU KiiMary. [ToniOHi cucreMu MOXYTh €()EKTUBHO MPALIOBATU Y
MAaCUBHUX pEXUMax, W0 poOUTh iX TEPCHEKTUBHUMU i OydiBenb  3i
cBiTionpo3opumu dacagamu [6, 7].

Takox € TOCHIIKEHHS OKPEMUX E€JIEMEHTIB COHSIMHMX CHUCTEM, sIKI HaBeJeHI B
Jiteparypi [8], e HaBeAeHO OISl HAHOMIIIOIAIB HAa BOJISHIN OCHOBI, BUKOPHUCTAHHS
AKX CYTTEBO TOKpAIlye€ TEIUIOBIIAa4y B HH3BKOTEMIIEPATypHUX COHSYHUX
KoJieKTopax. Takok 3acTOoCyBaHHS TMOMIOHMX MarepialliB y TiOpUIHUX CHCTEMax
BIJIKPMBA€E HOB1 MOXJIMBOCTI JIJIs TIIJIBUIIICHHS €(PEKTUBHOCTI TEIIJIOOOMIHY.

VY po6orti [9] po3mIIHYTO MOXIMBICTH MiJIBUIICHHS €()EKTUBHOCTI €KOJIOTTYHOT
CUCTEMHU TEIUIONOCTa4YaHHs, BUKOPUCTOBYIOUM COHSYHI TOKPUTTS Ha OYIIBISX.
JIOCHITHUKY HAarojoCWJId Ha 3HAYHOMY BHECKY €KOJIOTIYHMX TEXHOJOTIH Y
3MEHILICHHS BIUIMBY Ha JOBKULIS Ta MOJINIIEHHS €HeproepeKkTUBHOCTI. ABTOpU
JETaIbHO aHAMI3yIOTh 3aCTOCYBAHHS COHSYHHMX MOKPUTTIB, IIO OJHOYACHO CITYXaTb
reJliOKOJIEKTOpaMHi Ta TOKPIBEIBHUMHU MaTepiaiaMi, TUM CaMUM ONTHUMI3yIOuu
MPOCTIp Ta CKOPOUYYIOUM EHEPrOCIOKHBAaHHS OydiBesb 3aBISKH JIOKAJbHOMY
BUPOOHHUIITBY TeIIA.

HNocaimkenns, HaBeneHi B Jiteparypi [10], moka3yrTh METOAX 3aroOIraHHIO
MeperpiBy Ta MOKPAIICHHI MPOAYKTUBHOCTI (DOTOEIEKTPUYHUX CHUCTEM 3a PAXYHOK
3MIHM 1X KOHCTPYKIIii. ABTOpY 3aCTOCYBajM 1HHOBAIIAHI PIIICHHS, K1 3a1100IraloTh
HaJMIpHOMY HarpiBaHHIO MOJYJIB 1 3a0€3MeuyIoTh CTa0lIBbHICTh POOOTH HABITH MPH
IHTEHCUBHOMY COHSYHOMY BUIIPOMIHIOBAaHHI.
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VY pob6ori [11] HaBeneHO pe3ynabTaTh MOJIENIOBAHHS TOPUIHOI TeIIOCUCTEMU, B
K1 OCHOBHHMM €JIEMEHTOM € MacuB MikpoTerioBux Tpyook (MHPA-PV/T). Asropu
NPOJEMOHCTPYBaIM, IO  NOEJHAHHA  (POTOENEKTPUYHUX  EJIEMEHTIB 3
MIKPOTEIUIOBUMH TpPYyOKaMH, J03BOJSE JOCATTH Kpamoi e(PEeKTUBHOCTI poOOTH
CUCTEMH, 3MEHUIYIOYM BTpard Temiaa 1 30UIbIIYIOYM CTaOUIBHICTh TeHepallii
€JIEKTPOEHEPrTii.

ABropu B [l2] 3ampomoHyBajld CBOI MareMaTUYHy MOJENb I OLIHKH
KOPHUCHOT €Heprii, 0 BUPOOISETHCA CEPETHbOPO3MIPHUMU TeliOKoJIeKTOpamMu. JlaHi
JOCIIJIKEHHSI MOXXYTh 3aCTOCOBYBaTHCh JUIsl TOOYAOBH MPOTrHO31B MPOJYKTUBHOCTI
riOpuHUX COHSUHHX cucteM. Po3poOnena B [13] AgBOBICHa MOAENb TEIJIOBOIO
OaaHcy JUIsl TeNIIOKOJIEKTOpa JT03BOJISIE TOYHIIIE OLIIHUTH AMHAMIKY TEIJI000MIHY B
YMOBaX 3MIHHOI 1HTEHCHUBHOCTI COHSIYHOIO BHUIIPOMIHIOBaHHs. TakoX JaHa MOJENb
BpPaxoOBY€ BIUIMB KyTa BUIPOMIHIOBAHHS, IIIO JO3BOJISIE JIETKO aJalTyBaTH CHUCTEMY
TEIJIONOCTa4yaHHs /0 YMOB OTOYYIOYOTO  CEpelOBHINA. ABTOpPU JETaJIbHO
MIPOAHAITIZYBAJIM O0COOMMBOCTI (PYHKIIIOHYBAaHHSI TE€I1OKOJIEKTOpa, MPUALUISIOUN yBary
JOCIIHPKEHHIO TETUIOBUX BTPAT, Ta JIOBEJH, 110 JBOBICHA MOJIEINb MOKPAIy€e TOYHICTD
MPOTHO3YBaHHSI €HEPreTUYHOi €(PEeKTUBHOCTI COHSYHUX cucteMm. LI mociikeHHs
MiKPECTIOIOTh BOXKJIHMBICTH EKCIIEPUMEHTIB IS BIAOCKOHAJICHHS KOHCTPYKIIii
COHSIYHMX KOJIEKTOPIB JUIsl 30UIbIIEHHS X €(QEeKTUBHOCTI, OCOOIMBO JJisi PETIOHIB 3
BHUCOKOIO MIHJIMBICTIO KJIIMAaTUYHUX YMOB.

Y pobGori [14] mOCHIAHUKM TIPEACTAaBWIM METOAM MATeMaTUYHOTO Ta
KOMIT'FOTEPHOTO MOJICITIOBAHHSI CHUCTEM TEIUIONOCTaYaHHs Ha OCHOBI COHSYHHX
TUJTIBKOBUX KOJIEKTOPIB, SIK1 MIPALIOIOTH B Mapi 3 TEIUIOBUMH HacocaMu. Y CBOil mpaitli
aBTOPH 3BEPTAIOTh yBary Ha €(QEKTUBHICTh TAaKUX CHUCTEM, JEMOHCTPYIOUU iXHIO
aJanTUBHICTh 1 CTAOUIBHICTh B yMOBaX IMOCTIMHOI 3MIHU KJIIMAaTUYHHUX TapaMeTpiB.
Pesynbrat nocnipkeHb MOKa3yloTh, 110 3 BUKOPUCTAHHSM IUTIBKOBUX KOJIEKTOPIB
MOKHA JIOCSTTH CYTTE€BOi €KOHOMIi eHeprii, 0COOJMBO Ha 00’€KTax, IO MOTPEOYIOThH
MOCTIHHOTO TEIJIONOCTaYaHHs. ABTOPH JETaIbHO OMHUCYIOTh MOJIENb, SIKa BPAXOBYE
3MIHHY IHTE€HCUBHICTh COHSYHOTO BUIPOMIHIOBAaHHS Ta BIAMOBIAHI XapaKTePUCTUKHU
TEIJIOBOro Hacoca. Taka Mozenb [103BOJSE ONTHUMI3yBaru MpOIEC TeHepalii Ta
HaKOIUYEHHSI TETJIOBO1 €HEPrii.

Hocmimkenns [15] 3ocepemkeHO Ha MOJCIIOBaHHI TEIIOBOI €(heKTHBHOCTI
TOpUJIHUX TETIOKOJICKTOPIB y CHCTEMI 3 TEIUIOBUM aKyMYJISITOPOM. ABTOpH
aHAJI3YIOTh ~ MOXJIMBICTh BUKOPHUCTAHHS TaKWX CHCTeM JJia  crabimizarii
TEIJIONOCTaYaHHsl B MEPIOJM HU3BKOI COHSIYHOI aKTUBHOCTI, IMiJIBUIYIOUM 3arajibHy
e(eKTUBHICTh CHUCTEMHU. Pe3ynabraTd MOCHIKEHHS JIEMOHCTPYIOTh BaXKIMBICTb
aKyMyJisilli Tersia, U0 J03BOJIsiE 3a0€3MEUNTH 3pOCTaHHS TEMIIEpaTypu Ta 3HU3UTHU
BUTPATH HA OMNAaJIEHHA. ABTOPH 3BEPTAIOTh yBary Ha Ba)IMBICTh BUOOPY MPaBUIHHOI
KOHCTPYKIIII TEeTIOKOJIEKTOPIB Ta aKyMyJATOPIB, a TaKOX Ha ONTHMalibHI yYMOBH
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iXHBOT pOOOTH 11 MAKCUMAJIbHOTO 30€pEKEHHS €HEPIIi.

Orsg miTepaTypy CBIAYUTH PO aKTUBHUN PO3BUTOK TOPUIHUX T€IIOCUCTEM SIK
e(exTuBHOro croco0y BUPOOHHUIITBA TEIJIOBOI Ta E€JIEKTPUYHOI €HEprii OJHOYACHO.
OCHOBHI HampsIMKH JOCHIDKEHb 30CEpEPKeHI Ha IMIJBHUILEHHI €()EeKTUBHOCTI
riOpUIHUX COHSYHUX KOJEKTOPIB 3aBISKM 3aCTOCYBaHHIO HOBUX MaTepialiB Ta
onTuMi3alii iX KOHCTPYKIi 3a JOMOMOIOK MaTreéMaTHYHOro MojetoBaHHs. Lle
J03BOJISIE MIJIBUILIUTH MPOAYKTUBHICTh 1 CHPUATH IHTErpalii Takux Te’aloCUCTEM 13
CYYaCHUMHU apXITEeKTYpHUMHU DpIIIEHHAMH [JIsl TMOOYIOBHM €HEeproe(peKTUBHUX
Oy/liBEb.

MeTor0 q0c/IiaxKeHHs € BUBYEHHS TEIUIOBUX IMPOLIECIB MEPETBOPEHHS COHAYHOL
€Heprii 3arnpoNOHOBAHOI0 KOHCTPYKIIEID TiOPUIHOTO COHSYHOIO KOJIEKTOpa 3a
JIOTIOMOTO0 TIporpaMHoro 3ade3neueHHst SolidWorks.

Bukisiag ocHoBHOro Mmarepianay. /s BUpILIEHHSI MOCTAaBJIEHOIO 3aBIaHHS, B
rany3i eHeproe(eKTUBHOro Oy[diBHHUIITBA, 3alIPOIIOHOBAHO KOHCTPYKIIIO TOPUAHOTO
reJIIOKOJIEKTOPA, SIKUU sIBJIsIE COO0I0 KOMOIHAI[IIO €JIEMEHTIB COHSIYHOTO KOJIEKTOpa Ta
BikHa (puc. 1).

Puc. 1. Moznenb ekcriepuMeHTalbHOI YCTaHOBKHU
1 — xopryc riOpuaHOro COHIYHOTO KOJIEKTOPa, 2 — OpeOpeHnit TenI00OMIHHUK,
3 — Oak-akyMymsTop, 4 — Miclie BCTaHOBJICHHS By3J1a HUPKYJALIi, 5 — TpyOompoBoy,
6 — Mpo30pe 3aXUILEHHS TEMI00OMIHHIKA

Ha puc.2 a cnocrepiraerbes 30inbiienas Temmneparypu 10 23,4 °C B 60koBUX
Ta BEepxHi YacTuHi pamu. KpiM TOro BHIHO, IO BiJICYyTHI KOHBEKTHBHI IMOTOKH
HaBKOJIO KOHCTPYKIIIi BIKHA, 1110 3yMOBJICHE HAsIBHICTIO MPO30POT0 3aXuIeHHs Takox
BUTHO HAKOTIMUYEHHS TEIUIa y BEPXHIM YacTUHI KOPMIyCy 1 30UIbIICHHS TeMIleparypu
no 22,8 °C (puc.2 0).
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Puc. 2. Po3noxin temneparyp

Ha puc. 3 cnocrepiraerbes, mo ynpogosxk pocuigy 3 10-1 go 90-1 xBunmHU
mojnemoBaHHs TeroBux mponeciB y I'TK BepxHs uvactuHa Oaka-akymynsTopa
nporpinack Big 19 mo 22°C Ta nosiBa O1IbII XapakTepHOi cTparrudikallii TEIIOHOCIS.

a) 0)

Puc. 3. 3miHa TeMmmeparypu B TEIUIOAKYMYJIATOPl Ha IMOYATKy a) Ta B KIHII
EKCIIEPUMEHTY 0).
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Ha puc. 4 moxxHa nmobauuTu, 110 TeMIlepaTypa Ha BUXOMAl 3 TeTIOKOJIEKTOpa
3pocrtana 3 19°C no 21,6°C 3 5-i 1o 40-1 XBuiIMHU, a Aajii 3MIHA TeMIieparypu Oyiau
HE 3HAYHUMU.
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22 .
tBx, °C
21 +
{BHUX,
20 T OC
19 +
18 1
T, XB
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Puc. 4. 3mina temneparyp Ha BXO/1 (tsx), Ha BUXOA1 (taux) T2 OTOUYHOUOTO
cepenoBHIa (toc.) BIPOIOBK EKCIIEPUMEHTY

[Tin wac MonmenmrOBaHHS MHUTTEBA TEIJIOBA MOTYXHICTH (pPHUC. 5) COHSYHOTO
KojekTopa Qg 3pocTalia MPOTATOM TEepHIoi TIOJOBHHU EKCIIEPUMEHTY, a Jaii
cTabimizyBaiacs.

2
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Puc.5. 3MiHa MUTTEBOT TEIIOBOT MOTYKHOCT1 Q¢ BIPOAOBK EKCIIEPUMEHTY
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Ha pucynky 6 moxHa cnocrepiratu, mo KKJ[ riopuaHoro remoBikHa 3p0ocTaB
Big 42% na 5-1¢1 xBuauH1 10 0,66 % Ha 50-1¥1 XBUINHI, a Jalll 3MIHIOBaBCS HE3HAYHO.
3aranom cepauiii KKJ[ nocnimxayBanoro remniokoynektopa craHoBus 0,60.

CK
0,80 &

0,60 T

0,40 + nCK

0,20 +
T, XB

0,00 +—m4——4———"»F—F+—+—"*+—
0 10 20 30 40 50 60 70 80 90

Puc.6. 3mina xoedimienta kopucHoi aii (KK/I)

BucHoBku. Pe3ynasrari TpOBEIEHOTO JOCTIIKEHHS TiOPUIHOTO COHSYHOTO
KOJIEKTOpA 3a JOIOMOTO KOMII'FOTEPHOTO MOJICTIOBAHHS MOKA3aJd HOTO JOCTATHIO
TEMoBy €(QEeKTUBHICTh. 3acTOCyBaHHs mporpamHoro 3abesneueHHs SolidWorks
JTI03BOJIMJIO 3MOJICJIFOBATH TEIIOB1 MPOIIECH Y CUCTEMI 3 TIOPUIHUM TeJII0OKOJIEKTOPOM
Ta aKyMyJISITOPOM TeIlIa, 10 Jajo 3MOry rnepeadaunTu ii PyHKIIIOHYBaHHS B YMOBax
I COHSYHOTO BHIIPOMIHIOBaHHS. Mojenb TPOAEMOHCTpYBaia, IO MPABUIbHUN
BUOIp KOHCTPYKTUBHUX IlapaMeTpPiB MOXKE 3HAYHO 3MEHIIMTH TEIJIOBI BTpaTH 1
MIIBUIIUTH €()EKTUBHICTh TEILJIONEPE/1adi.

AHani3 TeMmmneparypHUX KOJMBaHb Yy  TEIUJIOAKYMYJSATOpl  JIOBIB, IO
BUKOPUCTAHHS PEOPUCTOro TEIUIOOOMIHHMKA 3abe3redye OuUlblll  PIBHOMIPHE
HarpiBaHHsl TEIUIOHOCIA B cHCTeMi. Takok MOJAENIOBaHHS MOKa3allo, IO CEpeIHs
TeMIiepaTypa TEIUIOHOCIS Ha BUXO/Il 3 T1IOPUAHOTO COHSYHOTO KOJIEKTOpa CTaHOBHUIJIA
omuszpko 21,5 °C, a makcumanbHa — 21,64 °C. ¥V TeminoakyMyasiTopl * CEperHs
temrieparypa Oyna 19,41°C, a y BepxHiii uwactuni — 20,05°C. Illomo mutTeEBOT
HOTYXHOCTI, To BoHa cranoBuna 389 Br/m?. Cepemniii KKJI cramosus 0,60, a
MAaKCHMaJIbHUM BIPOAOBXK eKciepuMeHTy — 0,66.

JlocnmipKeHHsT TATBEPAUIIO, 10 po3po0Ka Ta BIPOBAKEHHS MaTeMaTUYHUX 1
KOMIT FOTEPHUX MOJIETIEH € BKIIMBUM €TaroM y TPOEKTYBaHHI COHSUHUX KOJIEKTOPIB,
OCKUJTBKM JIO3BOJISIE TIPOBOAMUTU JETAaJbHUN aHadi3 1 BHU3HAYaTH ONTHUMAJbHI
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napameTpu 0e3 HeoOXiHOCTI MPOBENCHHS NOPOruMX ekcnepumeHTiB. Lle Binkpusae
MOMJIMBOCTI JJi1 po3pOOKM HOBUX pilleHb y c(depl BIJHOBIIOBAHOI €HEPIETHUKH,
30KpeMa JUIsl 3HWKEHHS CHOXUBAaHHS TPAAMILINHUX €HEPropecypciB Ta 3MEHILECHHS
BUKU/I1B TAPHUKOBUX Ta3iB.
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STUDY OF THERMAL CHARACTERISTICS OF A HYBRID SOLAR
COLLECTOR USING COMPUTER MODELING

In the current context of worsening environmental conditions and depletion of
natural resources, there is an urgent need for the development and implementation of
technologies that utilize renewable energy sources. Traditional sources pollute the
environment and contribute to climate change, which makes the issue of eco-friendly
technologies increasingly relevant. Therefore, one of the promising solutions to these
challenges is the use of solar collectors, which convert solar radiation into electrical
and thermal energy. Hybrid solar collectors, which combine both of these functions,
can significantly improve the efficiency of solar energy utilization. Computer
modeling is an essential tool for analyzing the thermal characteristics of such
systems. It allows for the study of heat transfer processes, the identification of
optimal design parameters, and the operating conditions of the collector, which can
improve its efficiency. Modeling also provides the opportunity to predict the system's
behavior in various climatic conditions and under different loads, an important step
in the design and optimization of such devices. The authors developed a model of a
hybrid thermal solar collector that simultaneously acts as a transparent building
shield and a solar collector. Using the SolidWorks software suite, the thermal
processes of solar energy collection in the developed collector design were simulated,
and the temperature variations in the collector and accumulator tank were analyzed
under constant solar intensity. The main principles of temperature increase in the
system throughout the experiment were determined. Based on the modeling results,
the change in the instantaneous specific thermal power of the proposed hybrid solar
collector design was obtained, as well as an analysis of its efficiency coefficient. The
research results showed that a significant increase in the performance of hybrid
collectors is achievable. The impact of parameters on thermal efficiency was
analyzed, along with the need to identify optimal design solutions for further
implementation. This opens up opportunities for further development of more efficient
hybrid solar collectors, which will contribute to the expansion of renewable energy
use within the global energy system.

Keywords: renewable energy sources, hybrid solar collectors, modeling, thermal
processes, storage tank
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KuiBCbKMil HAIlIOHAJIBHUNA YHIBEPCUTET OyI1BHULITBA 1 apXITEKTYpPH

3ACTOCYBAHHS I'A30BOI TEHEPAIIII JIJIS1 BAJJAHCYBAHHSI
CUCTEMM EJIEKTPOITIOCTAYAHHA

Anomauia. B ymoeax, Konu pocis 3pyUHy8anid 3HAYHY YACMUHY YKPAIHCbKOIL
elleKmpoenepeemuyHol  iHghpacmpykmypu, a  3HAYHA ~ H4ACMUHA  AMOMHOI,
BIOHOBMI06AHOI ma  2i0poeHepeemuku  abo  NOWKOOdCeHd, abo NOKU He
KOHMPOMIOEMbCA ~ HA ~ OKYNOBAHUX — MEPUMOPIAX,  HAUKpAwum  8apiaHmom
30anaHCY8AHHA CUCMEMU € BUKOPUCMAHHA HASAGHUX NOMYHCHOCMEU 2a30801
eenepayii. Ha ecazoseux enekmpocmanyiax MOMCHA WBUOKO HApOWysamu ma
3MEeHULY8amu NOMYIHCHICMb 2eHepayii erekmpuynoi enepeii. Takoo nepegazamu €:
MONCIUBICL ULBUOKO20 CMBOPEHHS 00 €Kmie 000amKo80i eenepayii, MaHe8peHicmb
ma He3anedxdcHicmb 8i0 HNO200HUX VMO8, OOCHMYNHICMb 2a308Ux pecypcie ma
Pe2VIIOBAHHSL  2eHepPO8aHol nomyxcHocmi y wupoxomy oianasoui. Ilpu yvomy
3abe3neyyemvcsa OLbUL CMAOLIbHA pOOOMA Mma MeHwUll gyaleyeuti Clio, HidC npu
BUKOPUCMAHHI THWUX Odcepen eHepeii (8yeinnd, mazymy, mowo). B ymosax
HApOWYBAHHS NOMYICHOCMEU 2A308UX  eNeKmpoCmanyii 1 noséu  HAOTUUKY
eleKmpu4Hoi euepeii, ii ModcHa eukopucmamu 011 GUPOOHUYMBA 600HIO. YV
00820CMPOKOBIlL  NEPCRneKmusi  aKmyajibHa  3AdMIHA  CMApux  8Y2LIbHUX
eLeKmpoOCManyitl. Ha egeKkmueHi KoceHepayiuHi 2a308i YCMAHOBKU, AKI O
2apanmysanu peseperHe nNoCMadants el1eKmpuyHoi enepeii.

Knwuoei cnoea: enepeemuunuii bananc, 0b6’em 2azy, npupooHull 2as, 6ioeas,
2a3086i mepesici

Beryn. Enexrtpuuna eHepris  BupoOisuiack B 00°€Mi, IO  TOBHICTIO
32/I0BOJIbHSIE TIOTPeOU BHYTPIIIHIX CIOXKHMBAUdiB, HAJJIMIIIOK E€HEprii eKCIOpTyBaBCs
no iHmumx kpaiH. OO’egHaHa eHepreTMYHa cucTeMa YKpainu OymyBajacs sk
[IEHTPAJII30BaHa 3 BEIIMKHMHU BY3JIOBHMH €JIEKTPOCTAHIIISIMA Ta CHCTEMOIO Tepeaadi
CJICKTPUYHOI CHepTrii 3 BHUCOKOBOJBTHHUMH JIiHIIMU. Taka CTPYKTypa €HEpPreTUIHOI
cUcCTeMU YKpaiHM € Bpa3IMBOIO B yMOBax HaJ3BUYaHMX cuTyamii. Tak, y pasi
MOIITKO/PKEHHSI  BEJIMKOi  KUIBKOCTI OO0 ’€KTIB TeHepalli Ta BUCOKOBOJBTHUX
TpaHc(opMaTOpHUX MIACTAHIIA CUCTEMH Mepeadl MOXKJIMBE BUHUKHEHHS aBapii 3
TPUBAIUM 3HECTPYMJIEHHSM 3HAYHOI KIJTBKOCTI CIOXXHBayiB. 3Ba)Kalo4dl Ha
HEOOX1THICTh PO30CEPEKEHHS TeHepallii sl MOCUJIEHHS CTIMKOCTI €HEProCUCTEMHU
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Ta MacTad MOMIKOMKEHb ICHYIOUHX I'€HEPYIOUUX MOTYKHOCTEH BUHUKJIA MOTpeda B
PO3MIIIIEHHI HOBOI PO3MOJUICHOI TeHepalii. Po3moainena reHeparis - 1€
JCIICHTPaTI30BaHE BUPOOHUIITBO ENEKTPOCHEPTii, SKE 3MIHCHIOETHCS HEBEIMKHMU
€HEPreTUYHUMHU yCTaHOBKaMHU Oe3nocepeaHbo Ol MiCLb Ii CHOXUBaHHS, BOHA
BUKOPHCTOBYE JIOKJIbHI JIKEPENia EHEprii: COHSYHI MaHesl, BITPOBI €IEeKTPOCTaHMIl,
0iorazosi YCTaHOBKH, MaJi rIpOENeKTPOCTAHILI], ra3oBi MiHI TEL]
(TemI0eNIeKTPOIIEHTpal), TeHEPATOPH Ha OCHOB1 BiHOBJIIOBAHUX a00 TPaTULIIMHUX
JOKEpeIl eHeprii.

B ymoBax, xonu nomkokeHo noHaa 50% ykpaiHChKOI €JIEKTPOEHEPreTUYHOL
1H(QpacTPyKTypy 1 4YacTHMHAa TMOTYXHOCTEH  aroMHOI, BIAHOBIIOBAaHOI  Ta
TiIPOCHEPTeTUKH TIOKM 3HAXOAWTHCA Ha OKYMOBAaHUX TEPUTOPIAX, HaWKpalum
BapiaHTOM OalaHCyBaHHsSI €HEPTreTUYHOI CHUCTEMH € BHUKOPUCTAHHS MOXKJIMBOCTEH
ra3oBoi reHeparii.

AKTyaJbHicTh JociaimxeHHss. B VYkpaiHi npomoBxye 311HCHIOBATUCS
BUJIOOYTOK MPUPOJHOrO ra3zy 13 Ta30BUX POJOBUII 1, BHACHIJOK 3MEHILECHHSI
CIIO’KMBAHHSI MMPOMUCIIOBICTIO (0arato MpOMHUCIOBUX MIAMPUEMCTB 3pYHHOBAHO abo
3HaXOJAThCA Ha OKYINOBaHUX TEPUTOPISX), 3 SBHJIACH MOXKIIUBICTH 3aCTOCYBAaTU
HEBUKOPUCTAHUN 00’€M razy Jjisl TeHeparlii eJIeKTpUYHOI eHeprii.

OcTanHi gociimkeHHss Ta myOmaikamii. 3rigHo 3 EHepreTuyHOIO CTpareriero
[1] y OanaHci chnoXuBaHHS e€Heprii VYKpaiHi IUIaHyeTbCS 30UIBIIUTH YacTKy
BUKOPUCTAHHS aJbTEPHATUBHUX JDKEpENd eHeprii 1 3MEHIIUTH BHUKOPUCTAHHS
BUKOITHUX JDKeped. PO3BUTOK CHCTEM Tra3onocTadaHHsS YKpaiHU 3A1HCHIOETHCS
BiJIMOB1AHO 10 [upektuBu €Bponeiickkoro mapiaamenty ta Pagu 2012/27/EU «Ilpo
eHeproe(eKTUBHICTh» [2] y HaNmpsIMKY MIiJBUILEHHS PiBHS €HEProeeKTUBHOCTI Ta
HAJIAHOCTI 1HXEHEepHUX cucTeM. Y 2024 polll NpUHHATO P IPABOBUX PIICHB IS
PO3BUTKY po3MmojAiieHoi reHepailii, B Tomy uucii I[loctanoBu Kabinery MiHicTpiB
VYkpainu: Ne761-p «HarionansHui 1miad Aiil 3 BiIHOBIIOBAHOT CHEPTreTUKHU Ha MEePioj]
no 2030 poky»; Ne757-p «Jleski mMUTaHHS TPOBEJACHHS IMUIOTHUX ayKI[IOHIB 3
po3noAuTy KBOTH miaTpuMKH y 2024 porii»; Ne756-p «YMOBU TIpOBEICHHSI KOHKYPCY
Ha OyJIIBHUIITBO T'€HEPYIOUOi MOTY)KHOCTI Ta BHMKOHAHHS 3axOdIB 3 YIIPaBJIIHHS
MTOTTUTOM.

VY [3, 4] po3mIsiHYyTa MOKIIUBICTh CyMICHOTO BUKOPUCTAHHS TPATUIIAHOTO Ta3y
y CyMilll 3 IHIIMMHU ra3aMd 3a YMOBH, IO OTPHMaHi CyMilll OyayTh BiAIOBIIATH
BUMOTaM JIIOYMX HOPMATUBHUX JTOKYMEHTIB 3 sKocTi rasy [5, 6]. IlorenmiitHi
MO>KJIMBOCTI BUKOPUCTAHHS MEPEKEBOTO Ta3y Ta aIbTEPHATUBHUX Ta3iB y JIBUTYHaX
BHYTPIIIHBOTO 3TOPsiHHS po3misiHyto B [7]. Y [8] mnpoananmizoBaHi crocoou
nepeoOaiHaHHs TU3EIbHUX JIBUTYHIB JUIsl pOOOTH HA CTUCHYTOMY MPUPOTHOMY Ta3i.
Y poborti [9] cTBepIKYy€eThCA, 110 BHUKOPUCTAHHS aJIbTEPATUBHUX JHKEPEN €HEeprii,
TakuxX SK OIOMaJMBO POCIMHHOTO YHM TBAPUHHOTO TMOXO/KCHHS, CKparUICHHUM
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OPUPOIHUIN Ta3 TOIIO, JO3BOJUTH BHUKOPHUCTOBYBATH JBUTYHH aBTOTPAHCIIOPTHUX
3ac001B i1 OTPUMaHHS €HEprii, Mpyu LbOMY BIJICYTHS MOTpeda 3HAYHOI 3MIHH IX
KOHCTpyKLii. ¥ po6oti [10] BU3Ha4Y€HO, 10 Ta30Bl CyMIIl, 3a XapaKTepUCTUKAMU
noni0HI 10 OEH3MHY, MOXXYTh OyTH 3aMIHHUKAMH TPaJuLIHHOrO Ha(TOBOro MajuBa.
[IpoBeneHnii aHami3 NOKa3aB, IO Ta30BE€ NAJIMBO Kpamie 3a OEH3WH fK 3a
eKCIUTyaTalliHUMHM, TaK 1 32 €KOJOTYHUMH MOKa3HUKAaMH, Ta Ma€ MEHIIY BapTiCThb.
ToMy OLIIBHO IEPEBENECHHS CUJIOBUX YCTAHOBOK HA ra30B€ MaIUBO.

®opmyOBaHHA Wileid  crarTi. BpaxoByroun HasgBHUN  aucOanaHc
3a0€3MEeUEHHs CHOXHUBAuIB EJIEKTPUYHOIO EHEPri€l0 IMPOBECTH aHaJI3 MOXIUBHUX
BaplaHTIB JpKepenl eHeprii ais OalaHCyBaHHS €HEPro3ade3leueHHs 3a PaXyHOK
BUKOPHUCTAHHS TPAJAULIIMHOIO NaJMBHOTO rasy 1 6iorasy.

OcHoBHa yactuHa. 3rigHo ExepreTtuuHoi crparerii YkpaiHu Ha mepioa 10
2035 poky «be3neka, eHeproeeKTUBHICTh, KOHKYPEHTOCIIPOMOXKHICTb» MPUPOIHUMA
ra3 € OJlHMM 3 OCHOBHMX BWJIIB €Heprii B eHeproOanaHci Ykpainu. Ha iioro gomo
npuniagae O 30% eneprii. Yactka OlomanmBa 3apa3 ckiamgae Ouist 10%, ane
MJIaHyeTbest i1 30UIblIeHHs. TpeTuHy eHeproOajaHCy CTBOPIOIOTH — aTOMHI
enekrpocraniii, 'EC, consiuHa Ta BITpOoBa €HEpreTHKa.

B Vkpaini € noOpe po3BuHEHa 1H(pacTpyKTypa JUisi TPaHCHOPTYBAHHS Ta
30epiranHs npupogHoro razy. I'a3oBi Mepexi YkpaiHu po3paxoBaHi Ha MOCTAYaHHS
razy cnoxubauam noHax 100 wmiapn P, ChnoxuBanHs rasy B YKpaiHi 10
IIMPOKOMACINTa0HOTrO BTOPIHEHHS pocii ckianano 6ing 30 Mupa M> IPUPOIHOrO rasy.
Hapasi B cuity BOEHHUX JTiid, 3yITMHKU 0ararboX MiJIPUEMCTB TOIIO CIIOKUBAHHS Ta3y
B LiyoMy 1o YKpaini 3Hu3MI0CH 10 15 mupa M. BumoOyTok IpHPOJHOTO rasy
OCTaHHI POKM B cepemHboMy cknagac Oimg 20 mupx m°. IloreHnian BUpoOGHUITBA
OlomeTany/0lorazy B YKpaiHi 3a OIlIHKOW bioeHepreTnuHoi acoraiii Ykpainu
cknagae 21,8 mupn M ma pik [11, 12]. PosmisHyBmM 0anaHC CIIOKMBaHHS
IPUPOIHOTO Ta3y MOXKHA BIAMITUTH IIO0 MAEMO 3HayHUU pe3epB. Jo 1bOro MokHa
J0JIaTH 111€ TIEBHUI 3arac 3p1PKEHOro rasy, MTy4YHHUX Ta3iB, TOIIO.

OnuH MeTp KyOlYHUN TPUPOAHOTO Ta3y B 3aJIEKHOCTI B Horo ckiaxy mae 10
kBT1-ron eneprii. To6To, py LiHi ogHOro M> rasy 7,8 IpH, 3 BpaXyBaHHSAM JOCTAaBKH
BapTicTh 1 kKBT-ron cknagarume Oins 1 rpH. Hapasi gitounmit Tapud Ha 1 kBT-ron
enekTpoeneprii gopiBHioe 4,31 rpH. BapricTh eHeprii Ha €BpOINENHCHKOMY PUHKY
HactynHa. Cranom Ha ceprnenb 2024 poky, HalgopoXk4ya €JEKTPOECHEpPris Y
Himeuuuni, ne Bapticte 1 kBt-ronm cranoButs 0,39 eBpo; y Yexii - 0,37 eBpo,
lpnanaii - 0,36 eBpo, Benuxuit bpuranii - 0,34 eBpo, Cepb6ii Ta Yropmmumni - 0,10
eBpo, bonrapii - 0,9 Ta Hopgerii - mo 0,07 eBpo. B Ykpainu BapTicTh eneKTpoeHeprii
B nepepaxyHky craHoBuTh 0,10 e€Bpo [13]. ToOTO, BapTICTh €NEKTPUYHOI EHEprii,
BUPOOJIEHOT 3 MPUPOAHOTO razy, Oyde KOHKYpPEHTO3JAaTHOIO 1 JJisi €BPOMENCHKOTO
PUHKY.
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HesBaxatoun JOCTynHY  BapTICTh, 4YacTKa MPHUPOIHOro  razy, UIO
BUKOPHCTOBYETHCS B AIKOCTI IEPBUHHOTO JHKEpena eHeprii 1ie Jy’Ke HU3bKa (CKIaaae
MeHe 1%). Po3noain nepBUHHKUX JKEpes eHeprii, o OyJM BUKOPUCTaHI B YKpaiHi
Ta CBITOBUX KpaiHaX JJisi OTPUMaHHS eJIEKTpUUYHO1 eHeprii y 2023 poli HaBeleHun y
tabn. 1 [14, 15].

Bukopucrtanus raszy Ajis BUpOOHULTBA €IEKTPOEHEPrii AKTUBHO B1JI0YBa€ThCA
y eBponeiicbkuid kpainax. Tak, [lIBeiiapis BUKOPUCTOBYE MOOLIbHI ra3oBi TypOiHU
TM2500 nortyxuictio 50 MBT. KpiM rasy BoHM MOXYTh MHpaliOBaTH 1 Ha BOJHI.
Himeyunna BBOAUTH y poOOTY MIKOBI Ira30Bl1 €EKTPOCTaHLIl NOTy)HicTIo 17-21 I'Br,
AK1 TaKOXK MOXYTh IpaIloBaTH Ha BOJHI. BogHouac, €Bponelicbke CriBTOBapUCTBO
po3msiae Ykpainy BaxJIMBUM MapTHEPOM Ha HMUIAXY A0 JeKapOoHi3aIlii.

Tabnuis 1. YacTka nepBUHHUX JKEpeN 71 BAPOOHUIITBA €JIEKTPUYHOI eHeprii

Ha | xBT'ron
yacTKa BUTpaT, %
JIxepeino eneprii - .
VYkpaina 1HII1 KpaiHu

IIPUPOJIHUN a3 0,26 27
BIJIHOBJIIOBaHI JKEpeJia eHeprii 2,94 9
rgpoeHeprlsI (00’exTH  BEIMKOI 16,28 17
T'1IPOEHEPTEeTUKH )

BYT1LLIISA 17,03 34
1HII1 JKepeia 17,16 3
AJIEPHE MTAIUBO 46,33 10

BB wHa HaBkonumHe —cepenoBuiie  BUKUAIB  CO;, CHPUYMHEHHHA
BUPOOHUIITBOM eJIeKTpoeHeprii ckiane 227 r/kBr-ron, paaioakTUBHI BIIXOOU TPH
[[bOMY HE YTBOPIOIOTHCHA.

TexHomnoriss BUPOOHMIITBA €JIEKTPOCHEPrii Ha MPUPOAHOMY rasi mpocta 1
BIJIIIpaIlbOBaHa. bBinbIll aKTWBHE BHUKOPHUCTAHHS Tra3y Yy TMOpPIBHSHHI 3 BYTULIAM
JI03BOJISIE HE JIMIIIE CIIPOCTUTH TEXHOJIOTIIO 1 ONTHUMI3YBaTH JIOTICTUYHI BUTPATH, a i
COpHUSTUME  JIOTPUMAHHIO  E€KOJOTIYHWUX  CcTaHmapTiB. Po3BuUTOK  reHepaiii
CJIEKTPOCHEPrii 3 TPHUPOAHOTO Ta3y MOXKE BUPINIATA NHUTaHHS 30alaHCyBaHHS
CUCTEMH y pa3i HaA3BHUaliHUX 00cTaBuH. [IpoekTn razoBoi renepailii MOXXyTh OyTH
BUKOPHCTAaHI 1 111 OaaHCYBaHHSI BITHOBIIIOBAaHUX JIXKEPEI €HEPrii.

[IInsxoM BCTAHOBJICHHS TEHEPYIOUMX YCTAaHOBOK CEpEAHBOI Ta MaJoi
MOTYKHOCTI 110 MPAITIOI0Th Ha PI3HUX Ta3ax MOXKHA OTIEPATUBHO BUPIIIMTH MUATAHHS
3a0€e3MeueHHs CTIOKUBAYIB €JICKTPUIHOIO SHEPTIEIO.

Taki TreHepaTopu MOXYTh MPAIIOBATH Ha PI3HUX BUAAX MajJUBa, BKIIOYAIOUU
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Olora3, reHepaTopHMil ra3, NPUPOJHMUM Tra3, cKpamieHuil ra3 Ttouo. Haitdinbin
MOMYJISIPHI HAa BITYM3HSHOMY PHHKY Ta30Te€HEpaTOpHd BHUKOPHCTOBYIOTh CKPATUICHHMA
npomnaH-OyTaH. ['a3oreHepaTop BUKOPUCTOBYETHCS K PE3EPBHE IKEPENIO KUBJICHHS
JUIsl ceaHCiB TpuBamicTio Big 5 no 10 roauH. YcTaHOBKa MOXE OTPUMYBATHU Ta3 3
OasioHa a00 NUISIXOM MIJIKJIFOYEHHS 0 OCHOBHOI CUCTEMU I'a30M0CTaYaHHS.

Halinmxya BapTicTh KUJIOBara €JIEKTPOEHEPrii, BUPOOJIIEHOI Ta30BUMHU
reHeparopaMu, CbOTOHI € X HaliBaroMilio mepeBaron. YacTKoBO 1€ TTOSACHIOETHCS
THM, 10 Ta3 Ha0araro ICHICBINMI, HDK OCH3MH 1 JIHM3EIbHE ITalMBO. AJle B
MEePCIEKTUBI, BAPTICTh Ta3y MOXE 3pOCTaTH.

HactynmHuM mo3uTHBHHM (aKTOPOM € Te IO PO3BEACHHS pKepes TeHeparlii
€Heprii 3MEHIITY€e PU3UK IX Ypa)KEHHS Ta MOIIKOAKEeHb, a I[IHa BUBEJICHHS TeHepallii 3
Jaxy mpu oOCTpuUI iX pakeTamu 3pocTae. BapTicTh pakeTu cKiajlae MUIbHOHU
70J71apiB, a BApTICTh YCTAHOBOK T'€HEpaliil €JIeKTPUKH JIMILE TUCAY] JOJapiB

["a3oTpaHcropTHAa CUCTEMa MEHINI ypasJiuBa JO TMOIIKOKEHb BiJ| pyHHYBaHb,
TaK SIK BHIOOYTOK ra3y JTOCUTh PO30CEPEINKCHHI 1 Mepeka Ma€ TIePEeBaKHO IMiI36MHE
MpOKJIaaHHs. Bpa3nuBuMH € KOMIIPECOpHI CTaHIIii, Kl 3a0e3MeuyoTh HEOOX1THUMA
THCK Tra3y JJIg HOTro TpaHCIOPTyBaHHs. HasBHICTH 3amacy ra3y B ra30BHX CXOBHIIAX
M1JIBUIIY€ HAIIMHICTh POOOTH CUCTEMH.

EdexTtuBHUM 3axomoM g MiATpUMaHHS OanaHCy €JeKTPUYHOI eHeprii €
MaH€eBpOBa MOOUIbHA TeHepallis Ha OCHOBI ra3oBux TypOiH. Lls TexHomoris moxe
HIBUJKO 3a0€3MeUUTH HAJIXO/KEHHS €HEeprii B KpUTUYHIN cuTyalii Ha 6a3l iICHYI04Oi
razoBoi 1H@pactpykrypu. lLle pesepB, skuil cTpaxyBaTuMe 3a TMOTpPeOH BCIO
CHEPreTUYHy CHCTeMy. ToMy  HEOOXiJHO  MaKCUMajdbHO  BIPOBAKYBAaTH
BCTAHOBJICHHS TaKOro oOMajHaHHA (ra3oBUX TypOiH, ABUTYHIB BHYTPIIIHHOTO
3TOPSIHHSA, TOIIIO).

[IpornoHy€eThCS PO3MICTUTH TEHEPYIOUl YCTAHOBKH IO MPAIlOIOTh Ha rasi B
MICIISIX Tpac Ta30lpOBOMAIB JIe CIIOKKBAYl BiUYyBalOTh HECTady EJICKTPOCHEPTii,
BUPOOJISATH 1[I0 €HEPrilo0 Ta TPAHCIOPTYBaTH OE3MOCEPENIHbO COKUBaYyaM. B 1HIIMX
BUMAJKaxX Ji¢ € moTpeda B CICKTPUYHIN €HEeprii 1 HeMae ra3oBUX MEpek IeHepyroul
YCTaHOBKH PEKOMEHIYEThCS 3a)KUBJIIOBATH BiJl 010ra3zy 4u 3piJKEHOTO rasy.

["a30Bi TypOiHM TOPIBHSAHO 3 TPAAUIIMHUM BUPOOHUIITBOM EICKTPUYHOL
eHeprii MaloTh HACTYIHI IIepeBaru: OUIbII TPUBAIUN TEPMiH €KCILTyaTalii, BUIKUN
3aMyCK 1 BUX1Jl Ha HEOOX1IHY MOTY>KHICTh, MEHIIIA KUIbKICTh IIKIJJTMBUX BUKHU/IIB.

JUist migTpuMaHHS HAJIEKHOTO PIBHA EHEPreTUYHOi Oe3MeKH MPOIOHYEMO
3aCTOCOBYBAaTH MaHEBPOBY MOOLIbHY TEHEpaIlil0 Ha OCHOBI razoBux TypOiH. Taki
TEXHOJIOTIi JOCTaTHBO €(EeKTHBHI, IIBHUIKO BCTAHOBIIOIOTHCS Ha 0a3l ICHYHOUOl
ra3oBoi 1HQPACTPYKTYpH Ta MOXYTh OIIEPaTUBHO 3a0€3MEUUTH KUBJICHHS B
KPUTUYHIN CUTYyaIIii.

Jlexinbka KJIFOUOBUX TEXHIYHUX 0co0IMBOCTEH pobotu
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ra3otypOinHux/razonopimHeBux yctaHoBok (I'TY/TTIVY): mepm 3a Bce 1€ BHCOKa
MaH€EBpPOBa 37aTHICTh, aiie qoBoii Hu3bkuid KKJI. Ile mBuakuii MoOHTax 3a paxyHOK
MOMYJIbHOT KOHCTPYKIIIi, aJie Ha CbOrOAH1 HalBUIIla cOOIBapTICTh BUPOOIEHOI KBT Toj
y HOPIBHSIHHI 3 TEXHIYHUMH KOHKYPEHTaMH.

[lepcrieKTUBHUM € BUKOPUCTAaHHS KOMOIHOBAHOI €HEPTeTHKH: «IIPUPOIHHM Ta3
IUTIOC BOJICHBY [4] Ta «IpUpOAHUM ra3 mioc O0ilomeTan». [{i TEXHOJNOri0 aKTUBHO
BIIPOBAKYIOTBCSA Y €BPONEHCHKUX KpaiHax. bioMeTan Mo)ke BUKOPHCTOBYBATHUCH SIK
MaJuBO AJIs ABUTYHIB 1 1711 BUPOOHUIITBA €JIEKTPUYHOI €HEeprii.

3a migpaxyHkamu bioeHepreTuuHoi acormiaiii YKpaiHu €KOHOMIYHO BHT1JIHA
sl BUpOOHUKIB BapTicTh Oilomerany cTaHOBUTH 800-900 eBpo 3a 1000 ky6. M,
3aJIE’KHO BIJl CHPOBUHU Ta MOTYXHOCT1 yCTaHOBKU. [Ipu 1iboMy BapTICTh NPUPOIHOTO
raszy crorojsi icrorno Huwxk4a — 300 eBpo 3a 1000 xy0.

BucHOBOK. YKpaiHCbKYy Ta30TPAaHCIOPTHY CHUCTEMY MOXKHA pO3IVIALATH SIK
OCHOBY i1 PO3BUTKY JCIEHTpai30BaHOI OaJaHCyruoi Ta30BOi TeHepallii
enexktpoeHeprii. Taka posramdyxeHa, MaHEBpEHa CHCTEMa JacTh MOXJIMBICTD
MpaloBaTH B yMOBaxX HECTadl eHeprii Ta ii Ha/UIUIIKY, BOHA 3a0e3MeUnuTh 30epiraHHs
HAJJIMIIKOBOT €Heprii 3 TOJAJbIINM BHKOPHCTAHHAM Yy TOAWHU IKOBOTO
cnoxkuBaHHs. Jlyisg OalaHCyBaHHS CHUCTEMH TMOCTa4daHHS €JIEKTPHUYHOI eHeprii B
YMOBAaX MOTEHI[IHHUX OOCTPUIIB TEPUTOPIN MPOMOHYETHCS BIPOBAIKEHHS HACTYITHUX
KOPOTKO- 1 IOBrOTepMiHOBUX 3ax0/iB. KopoTkoTepMiHOBI 3aX0/1u:

1. 3acrocyBaHHS Ta30BOi TeHepallii Jyisi  OalaHCyBaHHA  CHUCTEMU
€JIEKTPOIIOCTaYaHHS.

2. BupoOHHUIITBO €NIeKTpOoeHeprii Ha MOOUIBHUX €HEPreTHYHUX YCTaHOBKaXxX 3
BUKOPHUCTAHHSM B SIKOCTI MajiBa MPUPOJIHOTO 1 3pIJIKEHOTr0 ra3y, 6iorasy, BOAHIO YU
CYMIIIIl IIUX Ta3iB.

3. Y BUNAAKY HEMOXXJIMBOCTI CAMOCTIHHOTO 3a0e3MeuyeHHs] 0ajJaHCy CHUCTEMHU
€JIEKTPOIIOCTaYaHHs 3aCTOCOBYBAaTH €KCTPEH1 MOCTa4YaHHs €HEPTii 3 THIIMX KpaiH.

4. PeMOHT Ta BiJIHOBJICHHS MOIIKO/KEHOT 1HPPACTPYKTYPH.

5. OnTumizarltis CroXKUBaHHS €HEPTIi.

JIOBroTepMiHOBI1 3aXO0/IH:

1. PosmupenHs giama3oHy JpKepen reHeparlii eeKTpUIHO1 €HEePrii.

2. Po3BUTOK Ta MOJIepHI3allis eHEPIreTUYHO1 IHPPACTPYKTYPH.

3. InTerpariist 3 €eBpONEHCHbKUMU PUHKAMU €HEPT1i.

4. 3anydeHHs MIKHAPOJHUX MapTHEPIB Ta IHBECTOPIB.

Ili 3axomu, sSIK y KOPOTKOTEPMIHOBIH Tak 1 B JOBIOTEPMIHOBIM IEpPCHEKTHBI,
JOTIOMOXKYTh 3MIIHUTH EHEPreTHYHY HE3aJeXKHICTh YKpaiHM Ta 3a0e3MeyuTH
CTaOUTbHE TOCTAUaHHS €HEprii Jajs BCIX CEKTOPIB EKOHOMIKH. 3alpONOHOBaHI
pIllICHHS PO3BHUTKY pO3MOAUICHOI TeHepalli B YkpaiHi OararooOinstoui. BonHwu
0COOJIMBO aKTyajibHI B YMOBAaX HasBHUX PYyHHYBaHb CHCTEMHU EHEPrornoCTadaHHs
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BHACIIJIOK BIMCBKOBOI arpecli. AKTyaJIbHICTh BUKOPUCTaHHS Ia30BOi IeHepalii He
3MEHILUTHCS 1 B MICISIBOEHHHH Yac B yMOBaXx BiI0Oy/I0BH €HEPreTUYHOI cucTeMu. [HIm
BaplaHTH TeHepallli (aToMHa, COHSYHA, BOJSHA, TOUIO) CKJIAJHIIII, MEHIII MaHEBPEHI
M0 TOTY>KHOCTI Ta JOBroTpuBajii y OymiBHMUTBI. KpiM Toro razoBa reHeparis B
MEPCIEKTUB1 MOKe OyTH MepeBe/ieHa Ha aJbTepHATUBHUMN a3, TaKUi K OioMeTaH ado
CUHTETUYHHU Ta3.
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USE OF GAS GENERATION TO BALANCE THE ELECTRICITY
SUPPLY SYSTEM

In a situation where Russia has destroyed a significant part of Ukraine's
electricity infrastructure, and a significant part of nuclear, renewable and
hydropower is either damaged or still not controlled in the occupied territories, the
best option for balancing the system is to use the available gas generation capacities.
At gas-fired power plants, it is possible to quickly increase and decrease the power of
generating electricity. Also, the advantages are: the ability to quickly create
additional generation facilities; maneuverability and independence from weather
conditions, availability of gas resources and regulation of generated power over a
wide range. This ensures more stable operation and a smaller carbon footprint than
when using other energy sources (coal, fuel oil, etc.). In conditions of increasing the
capacity of gas power plants and the emergence of a surplus of electrical energy, it
can be used to produce hydrogen. It is recommended to use gas from secondary and
renewable sources. Along with the 20 billion cubic meters of gas produced from
Ukrainian fields, there is a significant potential for biogas from secondary and
renewable sources. It is estimated at 21.8 billion cubic meters. Gas consumption after
2022 is less than 20 billion cubic meters. The use of a mixture of biomethane with
methane from a gas field has significant potential. Such a mixture can be used to feed
the gas transmission network or be burned to generate electricity. The reserve of gas
fuel is formed as a result of reducing the loads of industrial consumers. Also, as a
result of the installation of more efficient equipment, new production technologies in
certain sections of the network, the possibility of redirecting unused gas to generate
electricity is created. The rosoconcentration of the generators of electrical energy
generation and their maneuverability in the minds of a during a state of war camp
promote the reliability of providing electrical energy to residents. This is due to the
reduced likelihood of destruction of generation sources. In the long term, the
replacement of old coal-fired power plants with efficient cogeneration gas plants,
which would guarantee a backup supply of electricity, is urgent.

Key words. energy balance, gas volume, natural gas, biogas, gas networks.
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MODELLING OF AIR EXCHANGE
"AIR SUPPLY FROM ABOVE - REMOVAL FROM ABOVE"

Abstract: The efficiency of the air exchange scheme "air supply from above -
removal from above" is considered. Heat and mass exchange of the system including:
mathematical model of a human being (breathing process with release of carbon
dioxide, heat and water vapour into the environment) with simultaneous heat release
from the clothed body surface; supply ventilation system (CO,, water vapour and heat
input with atmospheric air); exhaust ventilation system (removal of the above-
mentioned harmful substances contained in the air). Application of numerical
modelling ANSYS CFD (Computational Fluid Dynamics) based on continuity
equations and averaged Reynolds-Averaged Navier-Stokes equations "RANS"
(Reynolds-Averaged Navier-Stokes) gave the following results: the inverse problem of
ventilation was solved - for the initially polluted investigated space of the room the
interaction of systems (human and operating supply and exhaust ventilation unit) was
considered; monitoring and visualisation of changes in CO, concentration,
temperature and relative humidity in the investigated space by time and by height of
the room, the obtained results are compared with the previously obtained results of
changes in carbon dioxide concentration, temperature and relative humidity in the
ventilated space under the air exchange scheme "air supply from above - removal
from below" (Scheme A) and normative documents. The dynamics of excess heat,
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humidity and carbon dioxide (CO,) assimilation allowed us to assess the efficiency of
ventilation systems and predict an increase in their energy efficiency when bringing
air parameters up to standard values. Changes in the air environment are typical for
premises with mechanical supply and exhaust ventilation (flow classrooms of
educational institutions, classrooms of schools, group rooms of kindergartens,
conference halls, offices). For this type of premises the main air pollutants are carbon
dioxide, water vapour and heat.

Keywords:  mathematical ~model, "air  contaminant",  aerodynamics,
computational fluid dynamics, air change scheme, relative humidity, temperature,
carbon dioxide concentration, room working area, rebranding, supply and exhaust
ventilation.

Introduction. Based on the patterns of distribution of "air contaminants" in the vol-
ume of isolated air space, it became possible to solve the inverse problem of supply
and exhaust ventilation. The change in the state of the air environment initially pol-
luted with carbon dioxide, heat and water vapor was studied when people were in the
space and the supply and exhaust ventilation was operating [1]. A study of the effi-
ciency of four generally accepted indoor air change schemes has been conducted:
e Scheme A "air supply from above — removal from below" [1];
e Scheme B "air supply from above — removal from above";
e Scheme C "air supply from above — removal of air from two zones above
and below";
e Scheme D "air supply from below — removal from above" (displacement
ventilation).

The results of the studies for the scheme B are presented in this publication.

Tasks related to the design, installation, adjustment and control of supply and ex-
haust ventilation systems require careful monitoring of changes in the air environ-
ment. This is due to both the implementation of the requirements of the legislative
framework of Ukraine and its harmonization with the standards of the European Un-
ion [2, 3], and the solution of problems to prevent the spread of pandemics that are
currently haunting humanity [4].

Changes in the air environment are typical for rooms with mechanical supply and
exhaust ventilation (flow classrooms of educational institutions, classrooms of
schools, group rooms of kindergartens, conference rooms, offices). The main "air
contaminants" that are released in this case are carbon dioxide, water vapor and heat.

Literature review and problem statement. Lecture halls, classrooms, preschool
children's groups, conference halls, auditoriums (theatres, cinemas, indoor stadiums)
— all these premises are united by the type of harmful substances that pollute the air in
them:
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- carbon dioxide;
- heat;
- water vapor.

The limitation on the concentration of CO,, the temperature and relative humidity
in the working area (WA) of the premises are supplemented by the mobility of air in
(WA), the speed of the air stream entering from the air distributor in (WA), the tem-
perature difference between the temperature of the stream and the air temperature in
(WA) according to the regulatory documents of Ukraine [2, 3].

In the practice of calculating changes in the state of the air environment in rooms
for various purposes, different methods and approaches were used [4-12]. Examples
of successful solutions to applied ventilation problems do not remove the question of
the accuracy of the results obtained using mathematical modeling. Currently, mathe-
matical modeling methods are used in engineering calculations, which provide an es-
timate of flow parameters based on the numerical solution of the Reynolds equations
of stationary or non-stationary Navier — Stokes equations. (English RANS/URANS:
Steady/Unsteady Reynolds Averaged Navier — Stokes) [10].

The aim and objectives of the study. The aim of the study is to develop a mathemati-
cal model that determines the processes of heat and mass exchange between humans
and the environment. Based on this model, it is possible to solve applied problems re-
lated to the creation of a comfortable microclimate in rooms, increasing the energy
efficiency of systems that provide air change [2].

Research results. Modeling of the intake of "air contaminants", scheme B.
Among practically used air change schemes for rooms, scheme b is the most com-
mon. It is effective at assimilating heat and humidity. When carbon dioxide is re-
moved, this air contaminant first falls to floor level under the action of gravitational
forces, and then rises, passing through the human breathing zone due to air circula-
tion created by the exhaust ventilation system.

Scheme B (Fig. 1) provides the following constructive conditions for ventilation
functioning:

- air supply from above using a static chamber and a ceiling diffuser with a work-
ing diameter of @150mm;

- consumption of supply and exhaust air: 120 m*/h;

- exhaust ventilation is organized in the upper part of the wall using a ventilation
grid.
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Exhaust air outlet with ventilation
grille in the upper part of the wall

Clean air inlet using plenum
box and ceiling diffuser
with air flow rate

of 120 m3/hour
Temperature =295,15 K;
€02 = 350 ppm; ¢=50%

X .; The space under study.

'| Initial conditions

. of contaminated air:

' P(abs)=101325 Pa;
Temperature =297,15 K;

CO2 = 2100 ppm;
9=50%

Survey point within
the working area

The human body as a source

of excretory air contaminant:

Exhalation zone, incoming CO2

and moisture:

respiratory volume:=0.5 |;

temperature gases: =307,15 K

Inhalation zone - espiratory volume:=0.5 I;
Body temperature in clothing =300.15 K

0,00 1500,00 3000,00 (mm)
o i = ] [ r] |
750,00 2250,00

Fig. 1 Modeling and research according to scheme B

The dynamics of changes in the CO, concentration at the monitoring point in a
680-second period of time is presented in Fig. 2.

Volumetric visualization of changes in carbon dioxide content in a 680-second
period of time according to scheme B is shown in Fig. 3-5

Discussion of research results. Based on the developed mathematical model, it
became possible to solve such problems using the ANSY'S software package as:

* Intake of "air pollutants" by a person in an isolated space.

* Modeling the intake of "air pollutants", scheme A;

* Modeling the intake of "air pollutants", scheme B.

The ANSYS mathematical apparatus allows analyzing the operation of a supply
and exhaust unit for the redistribution and removal of the main "air pollutants" (car-
bon dioxide, heat, water vapor) from a room and tracking the values of temperature,
moisture content, relative humidity, enthalpy and air velocity. In particular, based on
the contour distribution of air pollutants in the surveyed space (Fig. 18-25), it became
possible to evaluate and compare the efficiency of various air distribution schemes in
the WA.
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Fig. 2 Dynamics of changes in CO, concentration over time of observation

The rendering (visualization) of temperature and volumetric humidity content over
time relative to the observation point is presented in Fig. 8-13. Stream lines from the
ceiling diffuser of scheme B are in Fig. 6. Graphs of changes in temperature and
relative air humidity for scheme B are presented in Fig. 7. The boundary contours of
the distribution of "air contaminants" between the upper zone of the room and the WA
after nine minutes of operation of supply and exhaust ventilation are shown in Fig.

14-17.
Fig. 18-29 shows the contours of temperature, air velocity, moisture content and

carbon dioxide distribution over the height of the study space after 9 minutes of the

study.
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Fig. 3 Volumetric rendering of CO, over time relative to the observation point,
scheme B, 7=0s
Data processing in Fig. 18-29 made it possible to compare the obtained results
with the regulatory requirements for the optimal parameters for introducing an air
stream from a ceiling diffuser into a WA room (see Table 1).

Conclusions. With the use of the ansys software package, mathematical model-
ing of processes of changing the state of the air environment has become possible. An
objective opportunity has appeared to study: processes of heat and mass exchange
and hydrogas dynamics during the interaction of systems (human and air handling
unit operating according to various air change schemes); obtain intermediate results
of the efficiency of various air change schemes in the room. Subsequent publications
will allow a comprehensive assessment and comparison of the efficiency of all four
air change schemes we have chosen, when solving the inverse problem (bringing the
parameters of the polluted air environment of the room to optimal standard parame-
ters by means of general exchange ventilation).
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Fig. 4 Volumetric rendering of CO; over time relative to the observation point,
scheme B, T=340 s

Fig. 5 Volumetric rendering of CO; over time relative to the observation point,
scheme B, T =680 s
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Fig. 6 Stream lines

P, %

65

63

62

61

60

59

58

' 57

56

55

53

52

51

50

49

48

47

2 3 4 5 6 7 8 9 10 11 12 13 14
time, min

Fig. 7 Graph of changes in temperature and relative air humidity

46

71



Benmunsuisa, oceimneHHss ma mernno2a3ornocmadaHHs. Burn. 50, 2024

L] 1.000 2.000 (M)

0500 1.500

Fig. 8 Rendering of temperature and volumetric humidity content over time relative
to the observation point: t,=24.0 °C, T;=0 s
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Fig. 9 Rendering of temperature and volumetric humidity content over time relative
to the observation point: d;=12.0 g/kg, T,;=0 s

o 100 2000 {m)
0.500 1.500

Fig. 10 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: t2=23.08 °C, T2= 360 s

(=] 1000 2.000 (m)
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Fig. 11 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: d2=9.56 g/kg, T2=360 s

Fig. 12 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point:t3=22.71 °C, T3=720 s

a 1.000 2000 (m)
I

I —
0.500 1.500

Fig. 13 Rendering of temperature and volumetric humidity content over time rela-
tive to the observation point: d3=8.7 g/kg, T3=720 s
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i

Fig. 14 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: dpin=8.87
g/kg, dmax=9.05 g/kg,

i

L] L] B
EL ]

Fig. 15 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: vpin=0 m/s,
Vimax—0.482 m/s,

T=540s
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Fig. 16 Boundary WA contours of: temperature distribution (t); humidity content

(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: d,in=8.87
g/kg, dmax=9.05 g/kg
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Fig. 17 Boundary WA contours of: temperature distribution (t); humidity content
(d); air velocity (v); carbon dioxide (CO2) concentration, scheme B: CO2,;,=684
ppm, CO2,=774 ppm,
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Fig. 18. Temperature contours of the considered air exchange schemes at the en-
trance/exit to/from the WA: t,;,=22.65 °C, tx=22.85 °C T=540 s Scheme A
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Fig. 19. Temperature contours of the considered air exchange schemes at the en-
trance/exit to/from the WA: t,in=22.65 °C, tn.x=23.05 °C T=540 s Scheme B

77



Benmunsuisa, oceimneHHss ma mernno2a3ornocmadaHHs. Burn. 50, 2024

———— <

Fig. 20. Air velocity contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: vmin=0 m/s, vmax=0.439 m/s,T=540 s Scheme A
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Fig. 21. Air velocity contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: vmin=0 m/s, vmax=0.448 m/s,T=540 s Scheme B
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Fig. 22 Moisture content contours for the considered air exchange schemes at the en-
trance/exit to/from the WA: dmin=8.95 g/kg, dmax=9.09 g/kg, T=540 ¢ Scheme A.
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Fig. 23 Moisture content contours for the considered air exchange schemes at the
entrance/exit to/from the WA: dnin»=8.86 g/kg, dm.x=9.05 g/kg, T-540 ¢ Scheme B
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Fig. 24 CO; concentration contours for the considered air exchange schemes at the
entrance/exit to/from the WA: CO2in=687 ppm,
CO2max=864 ppm,T-540 ¢ Scheme A
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Fig. 25 CO; concentration contours for the considered air exchange schemes at the
entrance/exit to/from the WA: COoin=684 ppm,
CO2max=774 ppm,T-540 c Scheme B
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Fig. 26 Variation of air temperature by height of the investigated space:
a — scheme A,T-540c; b — scheme B T-540 ¢
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Fig. 27 Variation of air velocity along the height of the investigated space:
a — scheme A, T-540 c; b — scheme B, T-540 c
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Fig. 28 Variation of air moisture content by height of the investigated space: a —
scheme A, T-540 c; b — scheme B, T-540 ¢

83



Benmunsuisa, oceimneHHss ma mernno2a3ornocmadaHHs. Burn. 50, 2024

] .
CO2 Volume Fraction L{ %
Contour & Bottom of the, working areg,.
_nm | — —l

800

b
Fig. 29 Variation of CO, content by the height of the investigated space: : a —
scheme A, T-540 c; b — scheme B, T-540 ¢
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Table 1
Air parameters at the entrance of the supply jet into the working area of the room
The range of changes Optimal parameters when the jet
in the indicator is from | enters the working area of the room
Parameters min to max in the [2,3]
boundary plane of the
room WA
Value Tempera- | At,°C | v, m/s | ¢, % CO,,
ture differ- ppm
ence

Scheme A (data after 540 s)

Temperature, 22.6- At=1.6-1.9 I-1.5
t °C 22.9
Velocity, vm/s | 0-0.4 0.1-

0.2
Humidity con- | 8.8-8.9
tent, d g/kg
Relative hu- | 52.2- 25-
midity, ¢ % 51.8 60
Carbon dioxide | 686-864 400-600
CO,, ppm

Scheme B (data after 540 s)

Temperature, 22.7- At=0.7-1.1 I-1.5
t °C 23.1
Velocity, vm/s | 0-0.45 0.1-

0.2
Humidity con- | 8.8-9.1
tent, d g/kg
Relative hu- | 52.6- 25-
midity, ¢ % 52.4 60
Carbon dioxide | 684-774 400-600
CO,, ppm
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MOAEJIOBAHHA ITOBITPOOBMIHY «I1IOJAYA ITOBITPA 3BEPXY —
BUJAJEHHSA 3BEPXY»

Anomauia: Pozenanymo egexmuenicms cxemu nO8IMpooOMIHYy «nodaua
nosimpsi 36epxy — 6uoanents 36epxy». Tennomacoobmin cucmemu, wo nepeodayac:
Mamemamuymny Mmooeib JAO0UHU (npoyec OUXAHHA 3 BUOLIEHHAM 6 HABKOIUUWHE
cepedoguuje 8y2NeKucio2o 2a3y, menia i 800AHOI napu) 3 0OHOYACHUM BUOLIEHHAM
menia 8i0 00A2HEHOI NOBepXHi mina, cucmemy HNPUNIUBHOI  BeHMUNAYIL
(Haoxoooicenns CO,, 800sHOI napu ma menia 3 AMMOCHepHUM NOBIMPAM), CUCMEMY
BUMANCHOI BeHMUNAYIT (BUOANIEHHA 3A3HAYEHUX 6uuje WKIOIUBUX pPedO8UH, U0
micmamsbces 6 nosimpi). 3acmocysanus uuceivno2o mooentosanus ANSYS CFD
(Computational Fluid Dynamics) na ocHo8i pigHusnb HenepepsHoCcmi ma ycepeoHeHux
pisusanb Petinonvoca Hae’e-Cmokca «RANS» (Reynolds-Averaged Navier-Stokes)
0an0 HACMYNHI pe3yIbmamu. eUpiueHo 00epHeny 3a0ayy 8eHMUAYIL - 015 NEPBUHHO
3A0pYOHEH020 O0O0CHIOHCYBAHO20 NPOCMOPY NPUMIWEHHS PO3NAHYMO  63AEMOOII0
cucmem (MOOUHU ma OilOYOi NPUNTUBHO-BUMANCHOT BEHMUNAYIUHOI YCMAHOBKU),
MoOHImopune ma eizyanizayis smin xonyeumpayii CO,, memnepamypu ma 6i0HOCHOI
801020CMi 8 O0CNIONCYBAHOMY NPOCMOPI 3A 4ACOM | 3ad GUCOMONO NPUMIUJEHHS,
OMPUMAHI  pe3ybmamu NOPIGHIOIOMbCA 3 PaHiule OMPUMAHUMU Pe3YIbmamamu
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3MIHU KOHYeHmpayii 8y21eKUcio2o 2a3y, memnepamypu ma iOHOCHOI 801020CMi )
BEHMUIbOBAHOM) NPUMIULEHHI 30 CXeMOI0 NOBIMPOOOMIHY «nOOaAYd NOBIMps 36epxy —
guoanieHHs 3Hu3y» (cxema A) ma Hopmamuenumu OoxkymeHmamu. Jlunamika
HAOIUWKOB020 menid, 801020Cmi ma acuminayii gyenexkuciozo 2azy (CO3) 0ozeonuna
OYiHUMU epeKmuHicms cucmem GeHMUNAYII ma CHPOSHO3Y8aMuU NIOBUUJEHHS iX
eHepeoeeKMUsHOCmi npu 008e0eHHi napamempie nogimps 00 HOPMAMUBHUX
3Hauenb. 3MIHA NOBIMPAHO20 CepedosUWd XapakmepHa Ol NPUMIUEHb 3
MEXAHIYHOIO NPUNTUBHO-BUMANCHOIO BEHMUNAYIEIO (NPOMOYHI KIACU HABUATbHUX
3aK1a0ie, Kiacu WK1, epynosi KiMHamu Oumsa4ux caokie, KoHgepeny-3anu, oghicu).
Hna ypboco muny npuminyenb OCHOBHUMU 3a0OPYOHIOBAUAMU NOBIMPS € 8YNEeKUCTUL
2asz, 600AHa napa i menjioma.

KawuoBi caoBa: MaremMatnyHa  MOJCNb,  IIKIIJIMBOCTI  MOBITPS»,
aepoJMHaMika, OOUYMCIIIOBaIbHA T1Apora3oanHaMika, cxema moBITpOOOMIHY, BITHOCHA
BOJIOTICTh, TEMIIEpaTypa, KOHIIEHTpaIllis JIOKCHAY ByIJelo, poboya 30HA
NPUMILIECHHS, peOPEHANHT, NPUILITUBHO-BUTS>)KHA BEHTUJISLIS.
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BEHTWJIALIA, OCBITJIEHHSA TA
TEIIJVIOTA3OINOCTAYAHHA

HAYKOBO-TEXHIYHWH 35IPHUK

Bunyck 50

Busznannit MOH Vkpainu sk HaykoBe (haxoBe BuUIaHHS YKpaiHu kareropii “b”, y
AKOMY MOXYTh NYyONIKyBaTucs pe3yiabTaTd JTUCEpPTAIliiHUX pPOOIT Ha 3100yTTS
CTYIIEHIB JOKTOpa 1 kaHaujaara Hayk (Haka3 MiHicTepcTBa OCBITH 1 HayKH YKpaiHU
Ne 409 Bin 17.03.2020 p.)

30ipHUK «BeHTWisLis, OCBITJIEHHS Ta TEIJIOra30NOCTadyaHHsS» MPEACTABICHUNA Ha
caiti  http://www.nbuv.gov.ua  HamionaneHoi  Oi6mioreku @ HAH  VYkpainu
iMm. B. 1. Beprazacekoro Ta Ha caiiti KHYBA ( http://vothp.knuba.edu.ua/).
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