Temirlan Nurlanuly Umyrzhan - doctoral student of the educational programme 8D05302-
«Technical Physics» of the Department of «Technical Physics and Heat Power Engineering», Shakarim
University, Republic of Kazakhstan; e-mail: timirlan-95@mail.ru. ORCID: https://orcid.org/0009-0008-9111-
1975.

ABTOpnap Typanbl ManimeTTep

Ak6oTa PbicnekoBHa XaxuguHoBa — PhD, «TexHukanblK (U3MKa XoHe Xbllly SHEepreTuKachl»
KadenpacbiHblH  KayblMAacTbIpbifiFaH npodeccopbiHbliH,  M.a., Llekepim  yHuBepcuTeTi, KasakcTaH
Pecnybnukacel, e-mail: khazhidinoval991@mail.ru. ORCID: https://orcid.org/0000-0001-8802-1559.

Asamat CaruHaeBuMY XaXuguHOB — uU3MKa MarucTpi, LUMKIOTPOH WHXeHepi, Abai obnbicbl
JeHcaynblK caktay 6HackapMacbiHblH «AOponblK MeguumHa XeHE OHKOMOrMs OopTanbifbly LuapyallbifiblkK
XKYPridy KyKblfblHOaFbl KOMMyHangblK MeMnekeTTiKk kacinopHbl, KasakctaH Pecnybnukacel; e-malil:
khazhidinov@mail.ru. ORCID: https://orcid.org/0009-0008-9900-4111.

Onbra AnekcaHgpoBHa CrtenaHoBa — TexHMKa fbiNbIMAApbIHbIH KaHAMAaaTtel, npodeccop,
«TexHuKanbIKk duanKa XXeHe Xblfly aHepreTukacbl» kadeapacbliHblH MeHrepyLici, Lakapim yHuBepcuTeTi,
KasakctaH Pecnybnukacol; e-mail: 0.stepanova@shakarim.kz. ORCID: 0000-0001-5221-1772.

Temipnan HypnaHynbl YMblp)XaH — «TexHuKkanblK u3anka XeHe Kby SHepreTukacbl»
kadbegpacbiHblH 8D05302-«TexHukanblk uanka» 6inim 6epy GargapnamachbiHbiH, AOKTOpaHThl, LLekapim
yHuBepcuTeTi, KasakctaH Pecnybnukachl; e-mail: timirlan-95@mail.ru. ORCID: https://orcid.org/0009-0008-
9111-1975.

CBeaeHuA o6 aBTOpax

Ak6oTa PbicnekoBHa XaxuaguHoBa — PhD, 1.0. accouumpoBaHHOro npodeccopa kadeapsbl
«TexHnuyeckas dwusmka u TennoaHepretuka», Lekepim yHuBepcuteT, Pecnybnuka KasaxctaH; e-mail:
khazhidinoval991@mail.ru. ORCID: https://orcid.org/0000-0001-8802-1559.

Aszamatr CarvHaeBu4Y XaXuAWHOB — Maructp (pu3auKM, WHXEHEp LUMKIOTPOHA, KOMMYHarbHOE
rocyqapcTBeHHOE MpeanpusTMe Ha npaBe XO3ANCTBEHHOro BedeHus «LleHTp agepHon MeguumHbl 1
OHKONOIMM»  ynpaBfieHMs1  3O4paBooxpaHeHuMst obnactm Aban, Pecnybnuka KasaxcrtaH; e-mail:
khazhidinov@mail.ru. ORCID: https://orcid.org/0009-0008-9900-4111.

Onbra AnekcaHgpoBHa CTenaHoBa — kaHAMAaT TEXHUYECKMX Hayk, npodpeccop, 3aB. kadenpow
«TexHnyeckas dusmnka M TennoaHepretTukar», Llokspim yHuBepcuteT, Pecnybnuka KasaxcrtaH; e-mail;
o.stepanova@shakarim.kz. ORCID: https://orcid.org/0000-0001-5221-1772.

TemipnaH HypnaHynbl YMbIpXaH — JdokTtopaHT obpasoBaTenbHol nporpammbel  8D05302-
«TexHunyeckas duaunka» kadegpbl «TexHudeckas usnka n TennosHepretTukar», Lekapim yHuBepcurer,
Pecnybnuka KasaxctaH; e-mail: timirlan-95@mail.ru. ORCID: https://orcid.org/0009-0008-9111-1975.

Received 16.06.2025
Revised 17.09.2025
Accepted 20.09.2025

https://doi.org/10.53360/2788-7995-2025-4(20)-67 )6y 20 |

W) Check for updates

IRSTI: 44.31.03

M. Yermolenko?, D. Nurgaliyev®, S. Elistratov?, A. Satybaldinova?, A. Karnakova'
1Shakarim University,
071412, Republic of Kazakhstan, Semey, 20 A Glinka Street
2Novosibirsk State Technical University,
630073, Russian Federation, Novosibirsk, K. Marx Ave., 20
"e-mail; daniarsemei@mail.ru

INVESTIGATION OF THE DYNAMICS OF THE RESPONSE OF THE REFRIGERATION
SYSTEM UNDER CONDITIONS OF SEVERE HEAT EXPOSURE

Annotation: This article presents an assessment of the performance of a vapor-compression
refrigeration system under shock thermal load. The study was carried out on a modernized experimental stand
«Kholodinik-2» equipped with a digital monitoring system, including 24 DS18B20 sensors and an STM32
microcontroller. The main objective was to compare the system behavior when introducing an object with
temperatures of 40, 60, and 80°C after reaching a quasi-steady-state mode. Temperature curves, transient
process duration, and stabilization times were analyzed. Additionally, features of temperature distribution
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inside the freezer compartment and the influence of thermal load on the main elements of the cycle were
examined.

The scientific novelty of the study lies in the comprehensive analysis of transient processes occurring
under sudden thermal impacts, with a focus on their duration and system stability. The practical significance
of the work is related to the possibility of applying the obtained results to optimize the operating modes of
refrigeration systems and to diagnose faults under conditions close to real operation. The optimal regime was
found at 60°C, which ensures a balance between transient process duration and uniformity of temperature
distribution.

Key words: refrigeration system, shock load, transient processes, temperature monitoring,
operational stability, cold production.

Modern refrigeration systems operate under variable loads, which requires the analysis of
not only steady-state conditions but also transient operating modes [1, 2]. Particular interest is
directed toward the system’s behavior under a sudden change in heat flux — known as a shock
thermal load — which may occur during the rapid introduction of warm objects into the chamber, such
as food products [3, 4]. The importance of analyzing transient processes is supported by nhumerous
studies demonstrating that these regimes largely determine the stability and overall efficiency of the
refrigeration cycle [5-7].

Despite significant progress in the modeling and automation of refrigeration systems [8, 9],
the issues related to the quantitative assessment of transient process characteristics under different
levels of thermal impact remain insufficiently explored. In this regard, an important objective is to
perform an experimental analysis of the system’s dynamic behavior, enabling a comparison of its
performance under varying thermal loads and the identification of optimal operating conditions [10-
12].

The experiments were conducted on the «Kholodilnik-2» RTB 02.00.01 experimental
refrigeration stand installed in the laboratory of non-profit Joint Stock Company «Shakarim
University» [13]. The stand was upgraded with a digital temperature monitoring system [14]. Digital
DS18B20 sensors were used to record operating parameters, arranged at 11 control points of the
refrigeration cycle and inside the chambers (Fig. 1). The key measurement zones included: the
compressor discharge line (sensor 1), the condenser inlet (sensor 2) and midpoint (sensor 3),
condenser outlet (sensor 4), the section after the filter-drier (sensor 5), the expansion device outlet
(sensor 6), the evaporator inlet (sensor 7), midpoint (sensor 8), and outlet (sensor 9), the compressor
suction line (sensor 10), as well as the air inside the freezer compartment (sensor 11). This
configuration provided a comprehensive view of the temperature distribution along the main
components of the cycle and the dynamics of their changes under different thermal loads.
Temperature measurement and data logging were performed using an STM32F103 microcontroller,
which ensured high accuracy of registration and facilitated subsequent processing of the
experimental results.

Figure 1 — General view of the «KBoIodInik-Z» RTB 02.00.01 experimental stand

Previous studies conducted on this test bench demonstrated that, under steady-state
operating conditions of the refrigeration system (without shock thermal loading), the system reaches
the target parameters on average 28 minutes after start-up [15]. These data formed the basis for
planning the experiments under shock thermal exposure: knowing the characteristics of the
established steady-state mode made it possible to accurately determine the moment of applying the
thermal disturbance and to objectively evaluate the subsequent evolution of the transient processes.

Thus, the preceding experimental investigation not only established a dataset describing the
dynamic characteristics of the refrigeration system, but also enabled a comparative analysis of
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transient processes under internal anomalies and under external thermal loading. This provides a
comprehensive understanding of the mechanisms of deviations in the operation of the refrigeration
system and increases the reliability of the analysis performed in the present study.

To analyze the influence of different levels of thermal load, three characteristic temperatures
were selected: 40°C — simulating the placement of warmed products after being stored in a warm
environment; 60°C — representing partially cooked or reheated items; and 80°C — an extreme shock
thermal load close to the upper limit of conditions that may occur in practical applications.

After the system reached a quasi-steady operating state (approximately 25 minutes after
startup), a thermal load was introduced into the freezer compartment. The load consisted of a 1.5-
liter vessel filled with water and preheated to the required temperature (40°C, 60°C, or 80°C). This
choice was motivated by the high specific heat capacity of water, which ensures reproducibility of
the thermal impact and comparability of results across repeated tests.

Before placing the vessel into the freezer compartment, the actual water temperature was
verified using an infrared thermometer (Fig. 2). This ensured the accuracy of the initial conditions
and eliminated the influence of temperature deviations on the experimental results.

B3

/J

Figure 2 — Verification of water temperature before the experiment using an infrared thermometer

Each test was repeated five times, and the averaged results were used for analysis. During
the experiment, temperatures at all control points were recorded using DS18B20 digital sensors at
5-minute intervals, along with the duration of transient processes at each level of thermal exposure.

After completing the repeated trials, the average temperature value for each measurement

point was calculated as:

7= BTy )

The random component of the measurement error was determined using the root-mean-
square deviation method:

S= \/(Tl—ﬂz+(T2—T)2+(sz)2+<T4—T)2+(T5—T)2 )

The root-mean-square error of the mean value is given by:

Sr=% (3)

The total measurement error accounts for both the random component and the instrumental

accuracy of the sensor (0.5 °C):
AT = /sfz + (0.5)2 4

At the same time, the random component S; was significantly smaller than the sensor’s
specified accuracy; therefore, the total measurement error was determined primarily by the
characteristics of the sensor.

All experimental tests were carried out under strictly identical conditions. The position of the
installation, the configuration of the equipment, and the layout of the sensors remained unchanged
throughout the entire research cycle. The temperature in the laboratory room where the experiments
were performed was maintained at a constant level, which eliminated the influence of external
thermal fluctuations on the results. This approach ensured data reproducibility and allowed for a
correct comparison of results across different operating modes of the system.
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The primary criterion for evaluation was the time required for the system to reach a new
steady-state regime after a sudden thermal load. Particular attention was paid to the pattern of
temperature changes within the freezer chamber, as well as to the uniformity of cooling across
different zones.

Under shock-loading conditions, the following time intervals to reach steady state were
recorded:

at 40 °C — 41 minutes;

at 60 °C — 59 minutes;

at 80 °C — 165 minutes.

The obtained values indicate a consistent increase in the duration of the transient process
with rising object temperature. The temperature dynamics recorded by the internal sensors confirm
the growing inertia of the system under higher thermal loads. Thus, the transient process is
significantly prolonged as the initial temperature of the loaded element increases, which should be
taken into account when assessing the efficiency and adaptability of refrigeration systems to external
disturbances.

Comparative analysis of the operating modes showed that an increase in thermal load leads
to a longer stabilization time of system parameters, which is also corroborated by the findings
reported in [10-12].

Figures 3+5 show temperature diagrams obtained during full-scale experiments at the
specified temperatures of the loaded object. Each diagram reflects the dynamics of temperature
changes in the freezer chamber at 11 control points located in key zones of the volume.
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Figure 3 — Dynamics of temperature changes in the refrigeration cycle when a vessel
with water at 40 °C is introduced
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Figure 4 — Dynamics of temperature changes in the refrigeration cycle when a vessel
with water at 60 °C is introduced
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Figure 5 — Dynamics of temperature changes in the refrigeration cycle when a vessel
with water at 80 °C is introduced

Analysis of the presented graphs allows for a comparative assessment of the temperature
distribution within the chamber at different time intervals, as well as the identification of specific
thermal behavior characteristics of the system under shock-loading conditions. These data serve as
the basis for determining the degree of cooling uniformity, the efficiency of heat removal, and the
rate of transition to the steady-state regime for each of the investigated modes.

Further comparison of the thermograms makes it possible to identify the most balanced
operating mode, providing both an acceptable stabilization time and uniformity of the temperature
field, which is a key criterion for evaluating the operational efficiency of the refrigeration system.

Analysis of the presented thermograms (Figures 3+5) allows identifying characteristic
features of the transient processes under different levels of thermal load. The duration of the
transient processes directly depends on the initial temperature of the loaded element and determines
the stability and uniformity of cooling.

In the 40 °C mode (Fig. 3), a rapid decrease in temperatures at the main control points is
observed. By the 35th+40th minute, the system reaches a quasi-steady state. However, local
temperature differences between the central and peripheral zones of the chamber persist,
particularly in the areas corresponding to sensors 1 and 11, indicating non-uniformity in the
temperature field distribution.

In the 60 °C mode (Fig. 4), the cooling process occurs more uniformly despite the increased
thermal load. The transient process is completed approximately by the 55th—60th minute, after which
the temperature curves stabilize with minimal deviations. This indicates a balanced distribution of
heat flows and efficient operation of the refrigeration system at this level of load.

The 80 °C mode (Fig. 5) is characterized by the maximum thermal load and, consequently, a
significant increase in the duration of the transient process — up to 165 minutes. Temperature
gradients between different zones of the chamber persist longer, indicating increased compressor
load and reduced uniformity of cooling.

Comparison of the temperature diagrams shows that the nature of the shock load affects not
only the duration of the transient process but also the dynamics of the main components of the
refrigeration cycle. As the temperature of the loaded object increases from 40 to 80 °C, a more rapid
rise in discharge temperature is observed, indicating increased compressor load. The boiling
temperature changes less intensively, while the suction temperature remains elevated, reflecting
reduced heat exchange efficiency in the evaporator. With increasing heating temperature, the
difference between the discharge and suction temperatures grows, which is directly associated with
higher energy consumption. Furthermore, the condensation temperature at 80 °C stabilizes
significantly more slowly than at 40 °C and 60 °C, indicating condenser overload.

Thus, an increase in the level of thermal load leads to higher energy consumption, greater
temperature gradients, and prolonged transient processes. Among the investigated modes, heating
to 60°C proved to be optimal, providing sufficient thermal load for evaluating the dynamic
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characteristics of the system while maintaining the transient period duration and cooling uniformity
at an optimal level. Therefore, further experiments on the analysis of operating modes and fault
diagnostics were conducted at this heating level.

The calculations performed in accordance with the methodology of Sakun A.A. [16] confirm
the adequacy of the experimental data and allow a quantitative assessment of changes in cooling
capacity under different levels of thermal load. Figure 6 shows the dependence of cooling capacity
on time at three levels of thermal load, illustrating the nature of changes in system efficiency during
transient modes.

Figure 6 shows the dependence of the cooling capacity of the refrigeration system on time at
different levels of thermal load — 40 °C, 60 °C, and 80 °C. Each curve reflects the dynamics of the
refrigeration cycle’s efficiency during the transition from system start-up to the quasi-steady-state
regime.
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Figure 6 — Dependence of cooling capacity on time at different levels of thermal load

In the 40 °C mode, the highest and most stable cooling capacity is observed throughout the
experiment. The curve exhibits a steep initial segment, indicating a rapid increase in efficiency after
the compressor is switched on. By the 35th+40th minute, the cooling capacity stabilizes at
approximately 0.13 kW, indicating that the system has reached a steady operating regime under a
moderate thermal load.

In the 60 °C mode, the curve is smoother: a gradual decrease in cooling capacity from
0.138 kW to 0.124 kW is observed by the end of the experiment (59th minute). This behavior
indicates a more pronounced thermal load, which increases the compressor workload and reduces
heat exchange efficiency in the evaporator. Nevertheless, the system demonstrates stable operation
without sharp fluctuations, confirming its ability to adapt to the increased thermal input.

The most significant changes are observed at 80 °C. The curve shows a pronounced
downward trend, with cooling capacity gradually decreasing from 0.133 kW to 0.106 kW by the end
of the cycle (165 minutes). This indicates increased thermal inertia of the system and higher energy
losses. In this mode, the compressor operates at maximum load, which is accompanied by an
extended transient process and reduced efficiency of the entire cycle.

Approximating the obtained results as a linear relationship allows for assessing the intensity
with which the system reaches a steady state after a disturbing thermal load in the cooled low-
temperature circuit. The slope of the straight lines characterizes the rate of system stabilization: the
smaller the slope, the longer the system takes to compensate for the thermal disturbance (as in the
80 °C mode). In this case, the increase in time until the start of stabilization amounted to 33 % for
60 °C and 50 % for 80 °C compared to the 40 °C mode.

Comparative analysis of the three modes shows that increasing the temperature of the loaded
object leads to a decrease in actual cooling capacity and an increase in the duration of the transient
process. At 40 °C, the system reaches a stable regime significantly faster, whereas at 80 °C, cooling
becomes less intensive and more energy-consuming.

Thus, for further studies of the refrigeration system under various deviations from the nominal
operating mode, the optimal thermal load level from the perspective of balancing power and transient
duration is 60 °C, at which the refrigeration system maintains sufficient efficiency under a moderate
thermal load.
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WCCNEOOBAHUE OUHAMUKU OTKNUKA XONOAUNBHOW CUCTEMbI B YCNOBUAX PE3KOIO
TENNOBOIro BO3AENCTBUA

B QdanHOU cmambe paccmampueaemcsi oueHka pabombl MapoOKOMIPECCUOHHOU XOmo0usibHOU
ycmaHo8KuU rnpu 8o30elicmeuu  WOKO8OU mernioeol Hazgpysku. MHccnedosaHue npogedeHO Ha
MOOEPHU3UPOBAHHOM  3KCrepUMeHmMarnbHOM cmeHOe «XomodumnbHUK-2» € cucmemol  uugpoeozo
MOHUMOpPUHea, eKoYarwel donosHUmensHbix 24 0amyuka DS18B20 u mukpokoHmponnep STM32.
OcHosHoU uersblo 58/1A10Cb cpasHeHUe nogedeHusi ycmaHOo8KU rpu eHeceHuu obbekma ¢ memnepamypol
40, 60 u 80°C nocne sbixoda Ha K8azucmauuoHapHbIU pexum. [NpoeedéH aHanu3 memrepamypHbIX KpU8hbIX,
rnpodormkumesibHoCmMu Mepexo0HbIX MPoUecco8 U 8peMeHU 8bixo0a Ha HO8bIU cmauyUOHapHbLIU pPexum.
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HononHumensHo paccmMompeHbl 0cobeHHOCcmU pacripedesieHuss memnepamyp 8Hympu MOPO3UsibHOU
Kamepbl, @ makxe e/usiHue mernaoeol Hagpy3Ku Ha pabomy OCHOBHbIX S/IEMEHMOo8 UuUK/a.

Hay4Hasi HosusHa uccrie0osaHUsl 3aKIyaemcss 8 KOMIMIEKCHOM PacCMOMPEeHUU MepexoOHbIX
rpoueccos, 803HUKaKUWUX MPU Pe3KUX merniosbix 8030elicmeusix, C aKUeHMOM Ha UX npodosKUMeIsHOCMb
u yemoddusocms cucmemsi. [lpakmudeckasi 3Ha4uMocmb pabombl cesi3aHa ¢ 803MOXHOCMbIO MPUMEHEHUSI
OyYeHHbIX Pe3ybmamoe 07151 0mMuMU3ayuUU PeXXuMoe SKCIlyamauyuu Xorno0usibHbIX YCMaHOBOK, @ MakxXe
0ns nposedeHuss OuasHOCMUKU HeucripagHocmel 8 ycriogusix, npubnuXéHHbIX K peasnbHbIM. B kadyecmee
onmumasibHo20 8bibpaH pexum e03delicmeusi 60 °C, komopbili obecnedyusaem 6anaHC MeXOy
PoOoMKUMEIbHOCMbIO 1ePEX0OH020 fpoyecca U pasHOMePHOCMbIO pacrpedesieHuss memnepamyp.

Knrouyeebie crnoea: xonodusbHasi ycmaHosKa, meriosasi Hazgpy3ka, WoKoeoe 8030elicmeue,
memriepamypHbie Kpuebie, nepexodHble MPOYECChI, X0/10001pouU38800UMENTLHOCMb.

M.B. Epmonenko?, .H. Hypranues', C.J1. EnuctpaTtos?, A.E. Catbi6bangnHosal, A.M. KapHakosa'
1lllekepim yHMBEpPCUTET,
071412, KasakctaH Pecnybnukackl, Cemen K., [MuHkn kew., 20 A
2HoBocubUpCk MEMIEKETTIK TEXHUKAMNbIK YHUBEPCUTETI,
630073, Pecen chegepauuscel, HoBocnbupck k., K.Mapkc keww. 20
“e-mail: daniarsemei@mail.ru

KYPT XblJlY 8CEP ETY XAFOANbIHOA TOHA3bITKbILL XXYUECIHIH XXAYAN BEPY
ANHAMUKACDIH 3EPTTEY

Bbyn makanada by-KoMmrpeccusisiblK MOHa3blMKbIUW KOHObIPFbICIHBIH WOKMbIK XbUTYIbIK XYKmeme
JarOalibiHOarbl XYMbICbl KapacmbipbiniFaH. 3epmmey Kocbimwa 24 DS18B20 damdyuei xeHe STM32
MUKPOKOHMposepi 6ap uugpribik MOHUMOPUHe XylecimeH xabobikmasiraH « X0orno0usibHUK-2» maxipubesik
KOHObIpFbICbIHOA XXypei3indi. Hezizai Makcam — KOHObIPFbIHbIH K8a3ucmamukarsiblK Pexxumee WblKKaHHaH KeliH
40, 60 xoHe 80°C memnepamypadarbl HbICaH eHeidineeH Ke3ddeai XYMbICbIH canbicmbipy 6050bI.
TemnepamyparbiK KUCbIKmap, aybicriarbl NpouecmiH y3aKkmblfbl XoHe mypakmaHy yakbimbl masndaHObI.
CoHbivMeH Kamap, My30amKbiW KamepacbiHbIH iwiHOe2i memnepamypaHbiH maparsy epekuwesnikmepi MeH
UuUKnOiH Heai3ai anemeHmmepiHe XbilyrblK XyKmeMeHiH acepi 3epmmeroi.

3epmmeydiH FbInbIMU XaHarslblfbl — KEHEMMEH XblyblK dceprep KesiHoe mybiHOalmbiH aybicrarnbi
npouecmepdi keweHOi manday, onapObiH Yy3aKmbifbl MeH XYUEHIH mypakmbifbifbiHa Ha3ap aydapy.
XKymbicmbiH npakmukarbiK MaHbI30bibifbl anbiHFaH Homuxesnnepoi MOHa3bIMKbIW KOHObIPFblIapObiH XYMbIC
pexumoepiH oHmalinaHObIpyra XeHe Hakmbi xardalisiapra xakbliH opmada akaynapObl duazHOCmMuKanayra
KondaHy MymKiHOicimeH 6alnaHbicmbl. Onmumandsl pexum pemiHle 60 °C maHdandsi, on aybicrnarnsi
npouecmiq y3akmbifbl MeH memrepamypaHbiH O6ipkenki maparnybl apackiHOafbl merne-meHOikmi
Kammamachi3 emeoi.

TyldiH ce30ep: mMoOHa3bIMKbIW KOHOLIPFLICHI, WOKMbLIK XYKmeMe, aybicriarnbl fnpoyecmep,
memrnepamyparibiK MOHUMOPUHE, XXYMbIC MypakmbIfibifbl, CybIK OHIMOIrIK.
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