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Abstract

Introduction. The issue of heat dissipation in metallurgy is significant due to potential hazards to personnel and the
environment. Effective control and management of thermal processes require additional measures and can prevent fires,
explosions, and personnel injuries as well as it is a key factor in ensuring the safety and reliability of metallurgical
equipment. Metallurgical processes often involve high temperatures, but control over them is necessary for successful
steel melting and processing. Current methods of heat transfer control (aeration, general exchange and local ventilation)
do not always effectively reduce heat loads to acceptable levels. The choice of a pulsating ventilation mode for
increasing the efficiency of heat transfer control is due to two main reasons: low air flow rates in large metallurgical
production facilities, and the presence of numerous hard-to-reach areas with heat-generating equipment. The aim of this
research is to investigate heat and mass transfer processes in areas with weak aerodynamic coupling with pulsating
ventilation mode.

Materials and Methods. To achieve this goal, a method of physical modeling was employed to collect statistical data.
Heat and mass transfer were evaluated by measuring temperature changes over time at various points in the model niche
under different ventilation conditions (stationary and. pulsating). System analysis was then applied to process the
collected data.

Research Results. 1t was found that pulsating air movement had a positive effect on heat and mass transfer in poorly
ventilated spaces inside the laboratory setup. The degree of efficiency of this effect was determined, and it was found
that the use of pulsating ventilation slowed down the increase in temperature in the center of the space by 3.8 times
compared to the use of general forced ventilation.

Discussion and Conclusion. The data obtained under the simulated conditions of the aforementioned type of
production provide a foundation for developing a more specific methodology to counteract the negative effects of heat
radiation. This methodology could significantly enhance safety by improving the removal of excess heat in low-
aerodynamic areas of mining and metallurgical workshops.

Keywords: experimental results, heat and mass transfer, pulsating ventilation, heat, temperature, weak aerodynamic
coupling, air movement
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Beeoenue. TlpobGiema TEIUTOBBIACTICHAS B METAJUTyPTHH aKTyallbHAa M3-32 BO3MOXKHBIX OMACHOCTEH UL IepcoHalia U
OKpY’Karomien cpensl. JleHCTBeHHBIN KOHTPOIb 32 TEIUIOBBIMHU MIPOIIECCAMU M YIIPABICHUE HMU TPEOYIOT JOTOTHHUTEIb-
HBIX MEPOTIPHUATHN U MOTYT TIPEAOTBPATHTD MOKAPHI, B3PHIBEI U TPABMATU3M B IeJIOM. DPPEKTHBHOE YIIPABICHHUE TETI-
JIOBBEIMH TIPOIIECCAMU — OJIMH U3 KITFOUCBBIX (PaKTOPOB OE30MACHOCTH M HAJIC)KHOCTH METAJLTyprHdecKoro o0opymoBa-
HUs. BhIcOokHe TeMrepaTyphl CBOWCTBEHHBI METAJUTYPrHH, HO KOHTPOJIb 33 HUMH HCOOXOIUM JUIsl YCIICIIHOTO BBITION-
HEHUsI TIPOIECCOB IUIABKU M 00paboTku cTanmu. [IpuMeHsieMble crmocoObl KOHTPOJIS TEIUIONEPEHOCOM (a3panusi, oorie-
OoOMEHHas 1 MeCTHasi BEHTHJISLIMS) HE BCET/Ia TIO3BOJISIIOT CHU3HUTH TEIUIOBYIO HArpy3Ky J0 TpeOyeMoro 3HaueHus. Bbi-
00p pexuma MyJIbCUPYIOLIeH BeHTHIISILIUK JJ1s TOBbIIIeHUs () (DEKTUBHOCTH YIIPABICHHS TEIUIONEPEHOCOM 00YCIIOBICH
ABYMsI OCHOBHBIMHU HpI/I‘-H/IHaMI/II HU3KHEC CKOpOCTI/I JOBHWXXCHUA BO3}1yX3, KOTOpBIe CBOﬁCTBCHHLI prHHBIM uexam Merali-
JyPTUYIECKOTO MTPOU3BOICTBA, M OOJIBIIOE KOIMYECTBO TPYAHOIOCTYIHBIX HUII C TETIOBBIISISIONIM 000pYIOBaHHEM
B HUX. l[enbi0 JaHHOTO MCCIIeOBAHMUS B CBSI3U C 3TUM SBIIACTCS H3YUCHHE IPOIECCOB TEINIOMACCOMIEPEHOCa B 30HAX CO
C1aboi a3pOAMHAMHUYECKON CBA3BIO MPH MYIbCHPYIOMIEM PEXIME BEHTHIIAIIHH.

Mamepuanst u memoost. 1111 OTyUYCHHS CTATHCTHYECKUX JAHHBIX OBUT HCIOJIB30BaH METO (PH3UUECKOTO MOJICIHPO-
BaHus. [lpomecc TermmoMacconepeHoca OICHUBANICA Ha OCHOBAaHWH M3MEHEHHS TEMIIEPaTyphl ¢ TCUYCHHEM BPEMCEHHU B
PAa3IMYHBIX TOYKAX MOCTH HUIIW MPHU Pa3HBIX PEXMMaxX BEHTHJIAIMHU (CTAIIMOHAPHOM W MyJbcupyromiem). s oopa-
OOTKH MOJIYYCHHBIX PE3YIbTATOB U3MEPEHUH MPUMEHSIICS METO CUCTEMHOTO aHaJTN3a.

Peszynivmamut ucciedosanus. Bpuio yCTaHOBICHO MOJIOXKHUTEIBHOE BIUSHHUE MYJIbCUPYIOIIETO JABMDKEHHS BO3IyXa Ha
TEIIOMACCONEPEHOC B TUIOXO MPOBETPUBAEMOM UMIIPOBH3MPOBAHHON HHMIIIC BHYTPH J1a0OpaTOpHON ycTaHOBKH. Ompe-
JienieHa cTerneHb 3()()eKTUBHOCTH BIUSHHS MYJIbCUPYIONICH BEHTWIAIMUA HA TEIJIOMACCONEPEHOC. YCTaHOBIICHO, YTO
MIPU UCTIOJL30BaHUU METOJIa IMyJIbCUPYIONIEH BEHTW MK TeMIlepaTypa B LEHTPAJbHOW YacTH HUIIM TIOBHINIANACH
MeieHHee B 3,8 pasa, ueM mpu 001c0OMEeHHON PUHYAUTEIBHON BEHTHIISAIIHH.

Obcyxncoenue u 3akntouenue. Jlanapie, MOMTydeHHBIE B CMOJICIIMPOBAHHBIX YCIOBHUSX BBHIIMICYKa3aHHOTO BHAA TPOU3-
BOJICTBA, IO3BOJISIIOT pa3padoTaTh METOANKY OOPHOBI C OTPUIIATEIHHBIM BO3ICHCTBHEM TEILUIOBOTO M3NYUYCHHS, UTO Ja-
€T BO3MOYKHOCTD ITOBBICUTH 0€301TacCHOCTE NPU OTBOJE M3IUIITHETO TEIIa B YCIOBUAX CIa00H a’dpOINHAMHUKH YIaCTKOB
[IEXOB TOPHO-METAJLTy prUIECKUX TPOU3BOICTB.

KioueBble ci0Ba: pe3ynbTaThl IKCIEPUMEHTA, TEIUIOMACCOIEPEHOC, IyJIbCUPYIOMas BEHTWIALMS, TEIUIo,
TeMIlepaTypa, ciadast adpoIMHaMHUYeCKas CBsI3b, ABMKEHHE BO3IyXa

BaaromapHocTH. ABTOPBI BBIP2XKAIOT MCKPEHHIOK OJaroJapHOCTh PENAKIHOHHON KOJUICTHH XKYpHAla U OMBITHOMY
PELICH3eHTY 3a UX [NIyOOKHH aHaJIM3 M BaXKHbIC PEKOMEHAIMH, KOTOPBIC MO3BOJIIM 3HAYUTENBHO YIYYIIUTh CTAThIO
o mpobieMaM IMPOMBIIUICHHOW Oe3zomacHocTd. Ocolyio 0iaroapHOCTh — KOMaHIE W PYKOBOAUTENIO Kadeapbl
«Texnocdepnas OesomacHocthy HUTY MUCHUC 3a uX HEOUCHHMYK IIOMOINIhr B CO3JaHMM JabopaTopud U
CYILLECTBEHHbIH BKJIA]] B YCIICIIHOE BBIITOJHEHUE HAYYHBIX HCCICTOBAHHN.

Jna murupoBanusa. OwmH A.D., PmwmnHa B.A., Teprerunas C.B., Kyprocos M.1O., Konbmna U.C., Ilponuna /1.3.
Pesynbrarhl HMCCIENOBaHMS TEIIOMACCONEPEHOCA B YCIOBHSX CJ1a0OM a’poMHAMHYECKON CBSI3M TIPU IyJIbCUPYIOIIEM
PeXIMe BEeHTHWIALNH. besonachocms mexunozenHsix u npupoousix cucmem. 2025;9(1):22-31. https:/doi.org/10.23947/2541-
9129-2025-9-1-22-31

Introduction. Heat dissipation is an integral part of metallurgical production. Excess heat generation can cause
overheating of equipment, which can lead to accidents, damage to production equipment, and injury to workers,
resulting in significant financial losses. To control excess heat in the metallurgical process, several methods are used:

1. Direct cooling: cooling of metal in contact with heat sink rods.

2. Water cooling: the use of water to cool metal.

3. Gas cooling: the use of gases to cool metal, which ensures a high level of temperature reduction [1].

4. Cryogenic cooling: the use of supercooled liquid gases for heat treatment of metallic materials [2].

5. Induction cooling: the creation of internal cooling using an alternating magnetic field.
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Metallurgical workshops are characterized by a significant amount of heat generated during various stages of metal
production, including heating, melting, molding, and casting [3]. In addition, these processes are often accompanied by
the emission of dust and gases, leading to an increased concentration of hazardous substances in the air. This can
complicate the working conditions for employees and require the use of specialized protective equipment, as well as the
compliance with occupational safety and industrial safety requirements [4]. When working in metallurgical workshops,
there is also a risk of fires, explosions, and serious thermal injuries [5].

Insufficient cooling of process installations, such as areas with a large number of power cables or local transformer
substations, often causes excessive heat generation and heat accumulation, which can lead to equipment failures [6].
Therefore, it is crucial to carefully monitor temperatures at each stage of the process to ensure a stable and safe
temperature condition for production facilities and electrical equipment [7]. Regular maintenance and repair of
equipment, as well as monitoring of thermal radiation levels in workshops, are necessary to promptly respond to
potential problems and develop strategies to address and prevent them [8]. Despite all available cooling methods,
emergencies, non-standard situations, and injuries in metallurgical production remain a significant concern, although in
the last ten years there has been a downward trend [9].

Analysis of the existing statistical data on accidents and injuries in the mining and metallurgical industry over the
past ten years, as well as assessment of the cooling methods used, has shown the need for more effective measures to
reduce thermal radiation and ensure the uninterrupted operation of equipment [10]. In this regard, the authors have
developed and modeled a process of heat and mass transfer using a method of pulsating air movement, which
significantly improves heat transfer with weak aerodynamic coupling [11]. The aim of this research is to study the effect
of pulsating airflow on temperature parameters of air environment in conditions of low speeds and difficult aerological
permeability with general ventilation in a room. The article presents the results of physical modeling of heat and mass
transfer under conditions of weak acrodynamics.

Materials and Methods. The experiments on heat transfer were conducted using a physical model (Fig. 1), which
had the following characteristics [12]:

- volume of the ventilated space — 1 m3;

- relative air humidity — from 26 to 28%;

- air temperature — 21-23°C [13].

Fig. 1. External view of a laboratory installation for the physical simulation
of heat transfer in a pulsating ventilation mode

Figure 1 shows a structure simulating a ventilated room in the form of a cube with sides 1 meter long. The Pulsator
device was located in the central part of this volume (Fig. 2 a, 5). Its characteristics are shown below:

— the Pulsator device length — 0.57 m;

— diameter — 0.1 m;

— fan rotation speed in the Pulsator device — approximately 180 rpm;

— air consumption in the Pulsator device — 0.007 m?/s;

— flow rate of general exchange ventilation — 2.2 m/s [14].
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When planning the experiment, minimum and sufficient requirements for its implementation were established [15].
Measurement accuracy:

— time — in minutes;

— temperature — 0.1°C;

— distance — 1 cm;

— pressure pulse — 1 Hz.

Figure 2 provides the diagram of the laboratory installation. The air flow generator (Fig. 2 a, 1) for general exchange
ventilation, simulating the process of artificial ventilation in a room, was located on the left side at the bottom of the
laboratory model (in the middle). The height distance from the base of the laboratory installation was 7 cm. The outlet
of the niche (Fig. 2 a, 2), simulating a zone of obstructed aerological permeability, was in the base of a laboratory
installation in the center. The niche structure itself rested against the back wall of the cube. The dimensions of the niche
had the following parameters:

— height — 0.1 m;

— length — 0.5 m;

— opening width — 0.12 m;

— wall thickness — 0.012 m;

— wall material — pine.
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Fig. 2. Diagram of the laboratory installation for studying heat and mass transfer processes:
a — general view of the laboratory bench;
b — location of the temperature sensor, indicating the distance from the heat source;
1 — fan; 2 — niche simulating a zone of difficult aerological permeability; 3 —eat source;
4 — temperature and humidity sensor; 5 — the Pulsator device; 6 — the shielding plate

In the part of the niche farthest from the entrance, at a distance of 0.45 m, there was a heat source (Fig. 2 b, 3). The
heat source was an incandescent lamp with a power of 25 watts. During the experiments, two types of heat transfer were
studied: radiative and convective. Figure 2 provides the layout of the equipment during the experiment.

The experiment to study the processes of heat and mass transfer was carried out with the temperature values recorded by a
sensor located on the floor of the niche at a distance of 0.15, 0.25 and 0.35 m (Fig. 2 b). The letters highlighted in red indicate
the position of the temperature sensor during the experiment. The experiment was carried out both with stationary (without the
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use of a pulsator) air exchange and with the use of a pulsating ventilation mode. On each segment, 70 temperature values were
recorded for 60 minutes. In accordance with the experimental program, as mentioned earlier, the niche was located on the
basis of a laboratory installation, and the temperature sensor was located at measuring points A, B, and C (Fig. 2 b). The
measurements were carried out in the lower part of the niche (near the floor).

The second stage of the research to assess the influence of the air movement pulsating mode consisted in the use of a
screen that dissipated direct thermal radiation. This screen was located between the heat sources and the temperature
measuring points. The screen was installed permanently in one place for all measurements. The screen dimensions were
0.1 x 0.1 m. The screen material was white plastic 0.001 m thick. Periodically, during the heating process, the Pulsator
was turned on, for example, at the 18™ minute of the experiment. It was noted that the Pulsator operation led to a
decrease in the temperature rise in the niche at each measurement point. The measurements were performed using the
same methodology.

In general, it was found that at the time of switching on the Pulsator, the temperature increase in the niche was
1.5 times less than when the device was turned off. In the future, similarity criteria would be used to scale the process of
turbulent heat transfer in natural conditions.

Results. Based on the conducted experiments, graphs of the dependence of temperature changes on time were
constructed. Figure 3 shows the results of these measurements. The absolute and relative errors were 4.45°C and 8%,
respectively. The graph with the blue line shows temperature changes when using the screen, and the graph with the
green line shows temperature changes (in the range from the 18" to the 30" minute of this stage of the experiment)
when the pulsating air movement mode was turned on with the plastic screen installed.

After the experiments, relative temperature increments at each measurement point of stationary (marked in blue on
the graph) and pulsating modes were calculated to compare them. After calculating the increments for different modes,
the dependencies were obtained. Figure 4 shows a graph of the dependencies of temperature increment coefficient on
time using the screen.

25.8

25.6

Pulsator turned on

254

25.2

25.0

24.8

24.6

Temperature, °C

24.4

242

24.0

23.8

23.6

234

23.2

23.0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Time, minutes

Fig. 3. Dependency graph of temperature on time of thermal radiation at a distance of 35 cm
from a radiation source with an installed screen
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Fig. 4. Dependency graph of relative temperature increment on time at a distance
of 35 cm from the radiation source using a screen

Further, these increments were distributed by modes and time ranges. Figure 5 shows dependency graphs of average
values of relative temperature increment (t\ty) on time in stationary and pulsating modes for the entire volume of the niche.
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----- without pulsator == === with pulsator Poly. (without pulsator) Poly. (with pulsator)

Fig. 5. Dependency graphs of averaged values of relative temperature increment
on time in stationary and pulsating modes
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According to this graph, during the first 15 minutes of the experiment, the temperature increased at a slower rate
the pulsating ventilation method, and there was a steady, slight increase. Under the conditions of the steady-state

using

Safety of Technogenic and Natural Systems. 2025;9(1):22-31. eISSN 2541-9129

regime of the process under study, the maximum rate of temperature increase was observed.

Comparison of temperature changes over the intervals of 1-15 minutes and 16-32 minutes showed that during the
first interval, the efficiency of the pulsating mode was less than the temperature increase (Fig. 6). However, the

characteristics remained the same during the second interval (Fig. 7).

Figure 8 shows the values of angular coefficients, which indicate the degree of efficiency of the pulsating mode
compared to the stationary mode, at different time intervals. In the range from 1% to 15" minute, the angular coefficient
was 3.8 times higher in the stationary mode than in the pulsating mode, which indicated a higher intensity of heat and

mass

Relative temperature increment, t;\t,

Relative temperature increment, t;\t,

transfer. In the next interval (16-32 min.), this effect was not observed.
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1.08
1.06
1.04

1.02

1.00

Time, min

----- without pulsator == === with pulsator Poly. (without pulsator) Poly. (with pulsator)

Fig. 6. Dependency graphs of the averaged values of relative temperature increment
on time in stationary and pulsating modes (time range — 1-15 min.)
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Fig. 7. Dependency graphs of the averaged values of relative temperature increment
on time in stationary and pulsating modes (time range — 16-32 min.)
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Fig. 8. Angular coefficients values at different time intervals

Discussion and Conclusion. The obtained dependencies of relative temperature increments with and without the
pulsator allowed us to visually compare the processes of temperature increase and obtain the angular coefficient values
for these two modes. The coefficients showed that the pulsating mode reduced the temperature rise by 3.8 times within
the first 15 minutes at all measured points of the niche, proving the effectiveness of the proposed method. During the
subsequent time period, temperature indicators stabilized in all cases and temperature in the niche increased slightly,
both with and without the pulsator on.

The pulsation efficiency was observed at a distance of at least three diameters (L = 3d) of the niche under these
conditions. We found that each time the pulsator was turned on, a steady increase in turbulent heat transfer occurred.
Therefore, we can conclude that this method could be used to regulate the thermal load on various pieces of equipment
and several technological processes.

The experiments conducted have allowed us to obtain initial information about the effectiveness of the above-
mentioned method for heat and mass transfer. Further work will continue, and experiments will aim to obtain and
analyze the dimensional and dimensionless characteristics of turbulent heat and mass transfer.
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