Paspen «<ABTOMaTuKa. DHepretuka. IKT» W

UDC 621.577.012

DOI 10.52209/1609-1825_2023_1_405

Mathematical Modeling of a Heat Pump Unit
In the Glimatic Gonditions in the Northern

Region of Kazakhstan

1*PUSHKARYOV Sergey, Doctoral Student, Medpromexport@mail.ru,

2BLUMBERGA Dagnija, Habilitated Doctor, Institute Director, Dagnija.Blumberga(at)rtu.lv,

3TATKEYEVA Galiya, Dr. of Tech. Sci., Head of Department, tatkeeva@mail.ru,

1KOSHKIN Igor, Cand. of Tech. Sci., Head of Department, elektroenergetika@mail.ru,

INCISC «A. Baitursynov Kostanay Regional University», Kazakhstan, Kostanay, A. Baitursynov Street, 47,
2Riga Technical University, Latvia, Riga, Kipsalas Street, 6A,

3NCJSC «S. Seifullin Kazakh Agrotechnical University», Kazakhstan, Astana, Zhenis Avenue, 62,

*corresponding author.

Abstract. Currently, the use of heat pumps in the Republic of Kazakhstan is becoming popular. However, there is no
introduction of low-potential thermal resources from renewable sources together with the use of heat pumps, which
is important in the area of energy conservation and also deemed nature-friendly for the country. The purpose of this
work to form a mathematical model of the optimal choice of the working units and calculation of thermodynamic
parameters of a heat pump installation, taking into account the design and climatic conditions of the Kostanay region
situated in the northern region of Kazakhstan. The conditions of efficiency and the choice of a specific source of
thermal energy are considered, which depends on climatic conditions, especially if the source of heat extraction is

atmospheric air and earth. The mathematical model of the heat pump unit is formed by studying arithmetic relations
in the function of temperature indicators of external and internal environments, which characterizes its effective use
in the climatic conditions of the Northern region of Kazakhstan. Based on the developed algorithm of the model’s
calculations of heat consumption, the thermal power of the heat pump was made.

Keywords: heat exchanger, temperature, compressor, refrigerant, circuit, heat pump, thermal energy, efficiency,

mathematical modeling.

Introduction

Thesignificantuse of technically and economically
sound systems of low-potential heat sources in the
design is one of the promising areas of renewable
energy development in the world, as well as in the
Republic of Kazakhstan [1, 2].

The tasks and goals for the energy development
of the republic are relevant at the present time, and
all the tasks of regulating and organizing efficient
energy consumption systems are being solved in
Kazakhstan at the legislative and legal levels.

In accordance with the Law of the Republic of
Kazakhstan «On Energy Conservation and Energy
Efficiency Improvement», it is recommended to
support technological regulation in the areas of
generation and consumption of electric and thermal
energy, and also regulates the stimulation of energy
conservation, energy efficiency of equipment, in
order to increase all technological procedures, in-
cluding the use of certain classes of energy-saving
equipment and materials [2, 3].

Several scientific and technical enterprises have
been created for the development, production and

implementation of heat pumps — Ust-Kamenogorsk
Heat Pump Plant «SanDyu» LLP (Ust-Kamenogorsk
Heat Pump Plant). Therefore, it should be noted in
principle that the problem of studying methods and
devices for improving the performance of heat pump
systems and installations is relevant, and should
occupy priority positions in solving the established
tasks of energy saving in industry and agriculture.

Methodology

To compile a mathematical model that allows
calculating and predicting the thermal engineering
parameters for the efficiency of the heat pump
installations for the specified design and climatic
conditions of the Kostanay region, it is necessary
to form a methodology that allows obtaining the
most reliable result, considering the features of the
equipment of the energy system for the use of earth's
heat [1, 4, 5].

Various sources were analyzed to select the
research method. So, in the article [4], a method is
proposed to increase the productivity of cascade
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in ambient temperature, flow parameters of low and
high stages of the operation cycle. Also of interest
is the authors' research in [5], which shows ways to
achieve an increase in the efficiency of heat pumps in
a cold climate. The authors in the article [6] propose
the operation of a heat pump in cold climates and
the exclusion of its icing, a combined heat supply
system using exhaust gases. Also, in [7, 8], interesting
ways are proposed to increase the efficiency of heat
pumps using local climatic features of the soil and the
environment.

However, the studied methods do not take into
account the parameter of the average outdoor tem-
perature for the entire heating period of the heat
pump, as well as other parameters characteristic
of the climatic conditions of the northern region of
Kazakhstan.

The calculated climatic parameters of the region
are presented according to datas from long-term
observations of meteorological stations of the branch
of Republican State Enterprise «Kazhydromet» in
the Kostanay region. The observation periods used
for research depend on the time resolution of the
parameter, in addition to the specific values of the
specified observation periods which are specified for
each calculated meteorological parameter [6].

The modeling system of qualitative regulation of a
heat pump is reduced to determine the temperatures
of «direct» and «reverse» water in the heating
network. This allows you to maintain the internal
temperature in heated rooms at the required level.
The methodology for mathematical modeling of a
heat pump, considering the conditions of the tempe-
rature conditions of our climate for the heat supply
system, includes initial data at a conditional design
load (heating capacity) @ 8 100 kW, such as:

lsore is the temperature of the low-potential heat
source (equals to 8°C);

toase is the temperature of the refrigerant in the
«direct» mains line (70°C);

toic is the temperature of the refrigerant in the
«reverse» mains line (40°C);

beacow. 1S an average parameter that is fixed
depending on the value of the temperature outside
the room, during the entire heating season (on
average equal to {eeow =—11°C+-26°C);

teareing, the fixed value of the air temperature inside
the building,, during the entire heating season (on
average equal to {,=16°C+25°C, taken from the
Kazakhstan standards).

Results and their discussion

Figure 1 shows a typical model of a heat pump
installation that uses the heat of the earth and takes
into account the temperature conditions of the envi-
ronment. [1, 9]. The system is reversible and provides
heat and cold generation modes. To operate the heat
pump in the air conditioning mode, the valve «4» of
the compressor unit moves to the opposite position,
while the coolant, bypassing the compressor, enters

ENA the energy distribution radiators and absorbs excess

heat from the room. Energy savings are achieved by
eliminating the operation of the compressor from
energy consumption when using only the capabilities
of pumps and instrumentation.

Typical modes of steam compression systems
using heat pumps are as follows. In the heating
mode of the building (structure), the coolant enters
the external heat exchanger with low pressure.
Then the refrigerant is heated by transferring heat
from a more heated coolant, which gives heat to the
heated room by further compressing and heating
it in the compressor. In the reverse mode (cooling),
steam passes in the opposite direction through an
internal heat exchanger (condenser), which reduces
overheating and condenses steam into liquid at a
constant temperature and pressure in the circuit.
Further, when passing through the control valve, the
pressure drops sharply, causing cooling of a small
part of the liquid [2, 7, 8].

To form a mathematical model of heat pro-
duction in the conditions of the northern region of
Kazakhstan, it is necessary to set the initial data.

Based on the conducted studies of the climatic
conditions of the northern region of Kazakhstan on
the example of the Kostanay region, Table 1 shows
the average time periods of the heating season and
the estimated air conditioning inside buildings and
structures, depending on the value of the ambient
temperature feae.ou.-

The parameters of the ambient air temperature
in winter and summer are taken from the analysis of
data for the period from 2010 to 2020 according to [3],
the minimum and maximum temperatures are taken
from the standards of the Republic of Kazakhstan.
As can be seen from the table, the average heating
period for energy consumers in the northern region
of Kazakhstan is 4479 hours, and the summer period
of high temperatures is 1986 hours. The remaining
duration of the temperature values in the year fell to

1 - external heat exchanger; 2 — the direction of movement
of the refrigerant when cooling the room; 3 — the direction
of movement of the refrigerant when heating the room;
4 - four-way tap switch; 5 — internal heat exchanger;

6 — control valve; 7 — compressor

Figure 1 — Functional diagram of the heat pump
operation in the modes of heat generation
and cooling supply
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Table 1 — The time of the heating season and the time of the need for cooling of the objects of the design of the

heat pump installation, for the climatic conditions of the northern region of Kazakhstan

Heating season
teicou, °C |-28,0..-25,0| -24,9..-20 |-19,9..-15,0|-14,9...-10,0| -9,9..-5,0 | -4,9..0,0 | +0,10..45,0 | +5,1..+8,0
T h 270,0-274,0 | 436,0-438,0 | 346,0-350,0 | 465,0-470,0| 725,0-730,0 | 600,0-605,0 | 1200,0-1220 | 388,0-392,0
Summer air conditioning
teatc.outs °C +8,0-20,0 20,0-30,0
T, h 1246,0 740,0

values below -28°C(-30°C) and above +30°C, they can
be considered as temperatures that are not included
in the task of determining the range of mathematical
ranking factors.

Next, it is necessary to determine the heat
consumption for heating @7, associated with the
outdoor air temperature and the indoor air tempera-
ture t.uema. The dependence is:

beateind, — Leatcout.

Q=qr M

Leatcind. — Leatereal’
where Qf is the estimated heating capacity of the
system, (kW);
toutreas 1S the real outdoor temperature (valid), (°C).
The temperatures (°C) of the «direct» and
«reverse» water in the heat pipe are determined by
equations [2]:

|co

b = toteina. T AL Q_M + Q SR (2)

’

B = s + A - Q" = Q-

> o

®)

where At' is the arithmetic mean difference of the
calculated air temperatures outside and inside the
room and is defined as

dir Tev
+ out.c

At = bosie 2 ~ Leateind,

where ' this is the energy consumption of heat for
heating at a fixed average value of the temperatu-
re inside the building (structure) and the tempe-
rature of the external environment, (J/h); Q" is the
reduced value of heat exchange at critical ambient
temperatures, J/(kg K).

The estimated water consumption (kg/h) is
determined taking into account the design load and
the temperature difference in the forward and reverse
pipelines of the heat pump system of the building
(facility) [2, 9]:

T

cale
Gﬁ — cal
k t) *
.- (th,—tu)

(4)

The amount of heat Q" (thermal power) of the
heat pump must be calculated according to [2]: is
determined by, (kW) [2]:

Q"=Gc, (th—

ta"), (5)

where t} is the value of the temperature of the coolant
at the outlet of the condenser of the heat pump
system, (°C);
¢, is the heat capacity of a unit of coolant in a
heating system with a heat pump unit (J/(kg-°C).
The value of the coolant temperature in the
system circuit after the condenser, (°C), is:

t _ t:)uut
t=t— T (6)
where m is the heat transfer coefficient, calculated by
k.- F
the formula m = ﬁ

The algebraic product k.F}, describe the convective
heat transfer in the condenser of the system, at the
highest value of thermal power, (W/K).

The condensation temperature is determined by
the expression, (°C):

em . ti’ir _ tgul

b= e"—1

)
The maximum performance of the peak heating
system is determined by the equation:

Q' =Gh-c, (tir—t). 8)

The effective capacity of the heat pump
compressor NV is determined by the conditions of the
Carnot thermodynamic cycle.

N=G!-1, 9)

where [, is the specific operation of the compressor
and is selected according to the cycle of operation of
the heat pump in p-i coordinates, (J/kg) [2].

The mathematical model resulting from the
construction of the algorithm of the conceptual model
of the heat-carrying system, taking into account the
design and climatic conditions of the northern region
of Kazakhstan, can be considered a complete set of
tasks. According to the specified algorithm, studies
were conducted for a room with an area of 100 m?
and a recommended maximum heating capacity of
125 kW with heat extraction from the ground. The
obtained data on the climatic and natural features of
the region were used in the calculation. The results of
the quantitative study are presented in Table 2.

The analysis of calculated indicators of tabular

parameters allows us to draw conclusions about the
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Table 2 — Calculation results of the heat pump in the heating load mode

Outdoor air temperature t,,, °C
Parameter
30 | 25 | 20 | -15 | -0 | -5 | 0 | +5 |+10(+3
Parameters of the heat pump compressor
Q", kw 125 112 100 87,5 75,0 62,5 50,0 37,5 25,0
Q'e, kW 63,8 57,3 53,9 52,59 54,74 51,6 50,0 37,5 25,0
tdir, °C 80,6 75,33 70,0 64,6 59,05 53,4 47,6 41,5 35,2
ta, °C 43,1 41,58 40,0 38,3 36,55 34,6 32,6 30,3 27,7
tk, °C 62,4 58,9 56,3 34,2 53,1 50,2 47,6 41,5 35,2
Gh, kg/s 0,79
Parameters of the heat pump condenser
t,, °C 43,0 41,0 400 40 40,0 37,2 35,0 33,2 30,4
0, °C 2,8 3,2 4,0 6,0 7,0 8,0 7,5 5,6 3,2
KiF, W/K 7820,0 7820,0 7820,0 7820,0 7820,0 7820,0 7820,0 7820,0 7820,0
Parameters of the heat pump evaporator
Gi, kg/s 7,3 7,3 7,3 7,3 7,3 7,3 7,3 7,3 7,3
KiF;, W/K 9400,0 9400,0 9400,0 9400,0 9400,0 9400,0 9400,0 9400,0 9400,0
Results of the heat pump parameters
Qr, kw 61,2 54,7 46,1 34,9 20,26 10,9 0 0 0
N, kW:-h 26,5 20,8 19 11,4 11,2 9,9 8,7 6,7 4,4

features of the seasonal performance of a heat pump
in the conditions of the northern region of Kazakhstan
on the example of the city of Kostanay, in which the
dependencies of compressor power consumption on
outdoor air temperature are obtained (Figure 2 (a)).
It is revealed that the maximum power consumption
of 26.5 (kW-h) is observed at a temperature of -30°C.
Figure 2 (b) shows the dependences of heating
capacity on the duration of the heating season.

The main variable design parameters of the
conceptual mathematical model included the values
of the temperatures of «direct» and «reverse» water
in the heating network of the object. All design pa-
rameters of the model depend on the heat load
required in the given natural and climatic conditions.
This makes it possible to maintain the internal tem-
perature in the heated premises at the required level,
which is specified in the regulatory documents of the
Republic of Kazakhstan.

According to the results of the formalization of
the data presented in Table 2, in Figure 3, the de-
pendences of temperatures in the «forward» and
«reverse» pipelines of the heating system using a heat
pump on the value of external ambient temperatures
are plotted.

As a result of the analysis of the dependencies
in Figure 3, it can be assumed that at the minimum
design temperatures of the winter heating period
(-30°C), it is necessary to maintain the temperature
in the «direct» pipeline of the order of 80.6°C, with an

estimated compressor load of 26,5 (kW-h).

In the future, calculations based on the simulation
algorithm, you can choose a heat pump, as well as
its power equipment: compressor, circulation pump,
evaporator pump and much more.

Conclusion

The article proposes a set of mathematical rules
and approaches to calculating the parameters of the
thermodynamic heat supply system of a building
(structure) using a heat pump in the natural and
climatic conditions of northern Kazakhstan on the
example of the city of Kostanay. A survey of the
technological chain of heating systems using a heat
pump was carried out, the correctness of the model
was assessed, a solution method was chosen, and a
mathematical algorithm of the study was developed.
The theoretical use of the mathematical model was
made on the example of a room in the city of Kostanay,
preliminary results of the analysis were obtained.

The calculation of the thermal performance of
the heating system was carried out in the temperatu-
re range inherent in the Kostanay region during the
heating season from -30(-28)°C to +10(8)°C. It was
found that at the lowest possible temperatures, heat
consumption reaches 26.5 (kW-h), the characteristic
temperature of the «direct» pipeline is +80.6°C.

It is assumed that in the climatic conditions
inherent in the Kostanay region, in order to cover
peak thermal loads at low temperatures, there is a
need to use new circuit solutions involving the use of
additional energy sources.
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(a) The dependence of the compressor power on the external ambient temperature during the heating period

5000
4500 -
4000
3500
3000

2500 \

2000 \

1500
1000

500
0 T T T T T T T N‘—v

0,08 0,13 0,14 0,175 0,225 0,275 0,3 035 0,4 0,45
Heat consumption for heating Qt, GJ/h

Duration of the heating season 1, hour

(b) The dependence of the heating capacity of the heat pump system on the duration of the heating season

Figure 2 — Heat and power characteristics of the design parameters of the heating system using a heat pump with

heat extraction from the ground, in the conditions of the northern region of Kazakhstan
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Figure 3 — Temperature schedule of qualitative regulation of heating load
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AHOamna. Kasipei yakbimma KazakcmaH Pecriyb6nuKacbiHOO Hblay COpFblaapsiH natidanaHy 6apraH calibiH MaHei-
man bona mycyde, 6ipakK azipee on muicmi mypde maparaH #oK. [e2eHMeH, MaHapmelaamsiH Ke30epoeH memeH
MomeHyua0bl #Cbiay PecypcmapbiH eHzi3y HaHe Hbiay CopFulaapsiH nalidanaHy 6i30iH enimizdeai sHepausHbI YHEM-
dey MeH maburammeol KopFayOdblH MAHbI30bl CAAACLI 60/1bIN KOPiHEMIHIHEe KYMaH H(OK. fblAbIMU MAKAAAHbIH MAKCAMb]
KazakcmaHHbIH conmycmik eHipiHiH KocmaHali 067bicbiHbIH KOHCMPYKUUACH MeH KAUMammelK XaroalianapsiH ecKe-
pe omobIpbIr, HYMbIC mopanmapsiH oKMa’linel maHAayobiH MAMeMamuKasbiK MOOEsIH KAablmMAacmelpy HIHe Hbiay
COPFbl KOHObIPFLICLIHBIH MepMOOUHAMUKAALIK napamemprepiH ecenimey 60sabin mabsinadsl. Makaaada muimoinik
wapmmapsi MeH KaumammelK #aroalinapra 6alinaHbIlCmel #blay S3Hep2UACbIHbIH HOKMbl KO3iH maHoay Kapacmelpbl-
710061, acipece 3cbiny any K63 ammocgepansikK aya MeH xep 60sca. Xoiay copFbl KOHObIPFLICbIHbIH, MAMEMAMUKASbIK
Mod0esi ColpMmKbl HIHE iWKi OPpMAaHbIH memnepamypasnslK KepcemkimepiHiy yHKYUUACbIHOAFbI apupMemuKasnsiK
KambIiHacmapdbl 3epmmey apKbiabl Kaasimmacmel, 6ya oHbl Ka3aKCMAaHHbIH, Conmycmik aliMaFbiHbIH KAUMAmMmolK
wardalieiHOa muimoi natidanaHydsl cunammaliosl. ModenbdiH a3ipaeHzeH an2opummiHe CaliKec Hblay WbIFbIHbI,
HCbIly COPFLICLIHLIH HblAY Kyamel ecenimenoi.

Kinm ce30ep: 3#blay anamMacmoipfreii, memnepamypd, KOMIPECCop, CAAKbIHOAMEKbIW, KOHMYP, Hblay COPFbICH, Hbiay
3HepauAcsl, muiMmoinik, modesnoboey.
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HAO «KocmaHalickuli pe2uoHanbHbIl yHUBepcumem umeHu A. balimypceiHosa», KazaxcmaH, KocmaHat,
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*aemop-koppecrioHoeHm.

AHHOMayuA. B Hacmoswee 8pems UCNoAb308aHUE Mersa08biX HAcoco8 8 Pecnybnuke KazaxcmaH cmaHosumcs ece
6os1ee nonynAapHsIM, HO MOKA He 0y4us10 00X HO20 pacrnpocmpaHeHus. OOHAKO Hem HUKAKUX COMHeHUL 8 mom, Ymo
gHeOpeHue HU3KOMOMeHYUAs1bHbIX Merns08biX Pecypcos U3 80306H08/AeMbIX UCMOYHUKO8 8MeCcme C UCMOo16308aHUEM
mensi08bix HACOCO8, M0-8UOUMOMY, A8ASemMCcA 8aXHOU 061acMblo 3Hep2ocbepexceHuUsa U OXPaHel Npupoos! 8 Hawel
cmpaHe. Lenvto Hay4HOU cmameu Aensemca popmMuposaHue mamemamuyeckol mMooesau onmumanbHo20 8bi6opa
paboyux y37108 U pacyema mepmoOUHAMUYECKUX NapaMmempos mernaoHACcoCHOU yCMaHOBKU C y4emom KOHCMpPYKUyuu
U Knumamu4eckux ycnosuli KocmaHatickol obaiacmu cegepHo20 peauoHa KazaxcmaHa. Paccmampusaromcs ycnosus
aghpekmusHOCMU U 8b160p KOHKPEMHO20 UCMOYHUKA mernsa080l sHepauu, Komopeble 3a8UcAm om KauMamu4eckux
ycnosuli, 0c06eHHO ecsu UCMOYHUKOM ombopa menaa Aeaaemcs ammocgepHsili 8030yx u 3emasa. Mamemamuye-
CKasA mMoodesib mersaoHACOCHOU ycmaHoB8KU Bbiaa ChOPMUPOBAHA Mymem U3ydeHus apupmemudeckux coomHoweHul
8 (hyHKYUU memnepamypHbix nokazamesneli sHewHel u 8HympeHHel cped, Ymo xapakmepusyem ee 3gekmusHoe
UCMO/b308AHUE 8 KAUMAMUYECKUX YC08UAX CegepHo20 peauoHa KazaxcmaHa. B coomeemcmauu ¢ pa3pabomaHHbIm
aneopummom moodenu bbiau npouszsedeHsl pacdemsl pacxoda mernsaa Ha omorsaeHue, mensao8oli MowHoOCMuU merisio-
8020 Hacoca.

Knroueaoie cnosa: mensnoobmMeHHUK, memiepamypa, KOMIpeccop, xnadazeHm, KOHmyp, mernnogoli Hacoc, menaoeas
3Hepaus, K/, modenuposaHue.
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