A. V. Pogrebnyak, I. V. Perkun, V. G. Pogrebnyak, V. Ya. Shymanskyi

UDC 331.45
DOI https://doi.org/10.32782/2521-6643-2025-1-69.22

Pogrebnyak A. V., Doctor of Technical Sciences, Professor,
Professor at the Department of International Tourism and Hotel
and Restaurant Business

University of Customs and Finance

ORCID: 0000-0003-3214-6410

Perkun I. V., Candidate of Technical Sciences, Associate Professor,
Associate Professor at the Department of Environmental Protection
Technology and Labor Safety

Ivano-Frankivsk National Technical University of Oil and Gas
ORCID: 0000-0002-6523-1606

Pogrebnyak V. G., Doctor of Technical Sciences, Professor,
Professor at the Department of Environmental Protection Technology
and Labor Safety

Ivano-Frankivsk National Technical University of Oil and Gas
ORCID: 0000-0002-6523-1606

Shymanskyi V. Ya., Associate Professor at the Department
of Environmental Protection Technology and Labor Safety
Ivano-Frankivsk National Technical University of Oil and Gas
ORCID: 0000-0001-9962-8161

IMPROVEMENT OF LABOUR SAFETY AND SAFETY OF LIFE ACTIVITIES BY INCREASING
THE EFFICIENCY OF WATER FIRE EXTINGUISHING SYSTEMS

Enhancing the level of occupational safety and safety of life activities for civil protection workers, such as firefighters and
rescuers, is a priority task, especially during emergency response at industrial facilities. These specialists are frequently exposed
to hazardous factors, notably high temperatures and intense thermal radiation. In this context, the search for ways to improve
the efficiency of fire extinguishing systems is highly relevant. This work focuses on investigating opportunities to enhance water-
based fire extinguishing systems through the application of polymer additives capable of reducing hydrodynamic drag, which, in
turn, allows for an increase in the range and intensity of the fire extinguishing agent delivery.

During the research, the regularities of behavior and manifestations of elastic deformations in the flows of agueous polymer
solutions were studied. The experimental conditions were maximally approximated to the real conditions that occur in fire hoses
during their operation on the territories of industrial enterprises. Analysis of the obtained data convincingly demonstrates
that when developing and implementing technologies for reducing hydrodynamic drag by injecting polymer solutions into the
boundary layer of the flow, it is necessary to consider the effects of elastic deformations of macromolecules. These deformations
can significantly affect the final efficiency of the drag reduction process.

It was established that the observed decrease in the efficiency of fluid drag reduction when a polymer solution is
supplied into the boundary layer of a fire hose is a complex result. It is caused by a combination of the deformational effect
of the longitudinal hydrodynamic field, which is inevitably present in the polymer delivery system (pumps, injectors), and the
specific molecular-concentration properties of the polymer solution itself (polymer type, its molecular weight, concentration).
Uncontrolled deformations can lead to partial degradation of polymer chains or changes in their conformation, which negatively
affects their ability to effectively suppress turbulent pulsations.

Understanding these processes is important not only for fire extinguishing systems but may also find application in other
fields where high-velocity fluid jets with polymer additives are used, for example, in water-polymer perforation technologies,
particularly in oil and gas wells.

Based on the conducted analysis, the paper outlines practical ways to increase the efficiency of systems for supplying
polymer solutions into fire hoses. This includes recommendations regarding the design of injection units and the selection of
optimal parameters for polymer solutions. The implementation of the proposed approaches will allow for an increase in the
tactical and technical capabilities of water-based fire extinguishing systems, thereby improving the working conditions and
safety of rescuers.
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Hozpeonsx A. B., Ilepkyn 1. B., Ilozpeonsx B. I, Illumancokuii B. A. Iliosuwiennsn piens oxoponu npayi ma 6e3nexu
AHCUMMEIANLHOCHI WNIAXOM YOOCKOHANEHNA eheKMUBHOCHI 6O0AHUX CUCHEM NONCENCO2ACIHHA

ITiosuwennsa pigna oxoponu npayi ma be3nexu HCUmmeiAIbHOCHI NPAYIGHUKIE YUBLTLHOO 3AXUCTY, MAKUX K NONCEHC-
HUKU MA PAMYSANLHUKY, € NPIOPUMEMHUM 3AB0AHHAM, 0COOIUGO Npu AiKEIOAYii HAO36UUAUHUX CUMYAYill HA NPOMUCIOBUX
06 ’exmax. L{i gpaxisyi uacmo nioodaromvcs 6nIUBY HEOE3NEUHUX PAKMOPIB, 30KPEMA BUCOKUX MEMNePamyp ma iHmeHCUBHO20
Menio8oeo GUNPOMIHIOBANHA. Y 36 3K 3 YUM, AKMYATbHUM € ROULYK WATAXI8 NIOBULEHHS eqheKmUBHOCIIE CUCIEM NOJCeNc0d-
cinns. Jlana poboma 30cepediicena Ha 0OCTIONHCEHHT MOJICIUBOCHEN YOOCKOHATEHHS BOOSIHUX CUCTEM NOJICENHCOLACTHHA ULTAXOM
3ACMOCYBAHHA NOTIMEPHUX 000AB0K, 30AMHUX SHUNCYBAMU 2IOPOOUHAMIUHULL ONIp, WO, 8 CE0I0 uepey, 003601A€ 30LTbUUMU
0anbHICb MA THMEHCUBHICb NOOAYT 602HE2ACHOT PeUO8UHU.

Y x00i docniooxcennsa 6y10 6u64eHO 3AKOHOMIPHOCHIE NOBEOIHKY MA NPOABU NPYICHUX dehopmayiil Y NOMOKAX 800HUX
po3uunie nonimepis. Excnepumenmansi ymosu 0yau MaxCUMAanbHO HAOTUXCEHT 00 PEANbHUX YMO8, W0 BUHUKAIOMb ) NOHCEHCHUX
PYKABAx nio uac ix excnayamayii Ha Mepumopiax nPOMUCIO8Ux niOnpuemcms. AHARI3 OMPUMAHUX OGHUX NEPEKOHTUBO OeMOH-
CIMPYE, Wo npu po3podyi ma eNposadICeHHi MEXHON02I 3HUNCEHHS 2IOPOOUHAMIUHO20 ONOPY WATSXOM THOICEKYIT NOTIMEepHUX
DO3YUHIB Y NPUMENCOBULL AP NOMOKY HeOOXIOHO 8paxogysamu e(hekmu npysicHux degopmayi maxpomonexyn. Li deghopmayii
MOICYMb CYMMEBO BNAUBAMU HA KiHYEBY eheKMUSHICMb NPOYecy 3HUMHCEHHSL ONOPY.

Byno ecmanogneno, wo cnocmepesicysane 3MeHUEHHS eeKmusHoCmi 3HUNCEHHA OROpY piOuHU npu nooadi nonimep-
HO20 PO3YUHY 8 NPUMEICOBULL UIAD NONCENCHO20 PYKABA € KOMAIIEKCHUM pe3yibmamom. Bono 3ymosnene noconannsm oepop-
MAyitiHo20 8NAUSY NO3008ICHBO20 CIOPOOUHAMIUHO20 NOTISL, SIKE HEMUHYYe NPUCYIIHE 6 cucmemi nodayi noimepy (indcexmopu),
ma cneyu@isnumy MonexyIsApHO-KOHYEHMPAYIUHUMY 6AACMUBOCAMU CAMO20 NOAIMEPHO2O PO3UUHY (Mun noiimepy, 1020
MoneKkynapHa maca, Konyenmpayis). Hexonmponvosani degopmayii Modxcyms npuzgooumu 0o 4acmkosoi deepadayii noni-
MepHUX aHyreie abo 3MiHU iXHbOI KOHQOpMayii, wo He2amusHo NO3HAYAEMbCA HA IXHIll 30amHOCII e(heKMUeHoO eacumu
mypbynenmue mepms.

Po3syminua yux npoyecie € 8axciusum He minbku 0N CUCEM NONCEHCOLACIHHA, ane Ui MOdce 3HAUMU 3ACMOCY8aHHA
8 THIUX 2a1Y35X, 0e BUKOPUCHIOBYIONIbCS BUCOKOWBUOKICHT CIpYMeHT PIOUH 3 NOTiMepHUMU 000aBKAMYU, HANPUKIAO, Y MEeXHONO-
2isx 6o0ononimeproi nepghopayii, 30kpema HaPmo2azoeux ceepoOIO8UH.

Ha ocnosi nposedenozo ananizy 6 pobomi 0KpecieHo NpaKmuyHi wisxy nioguiyeHHs e(peKmusHoCmi cuchmem nooayi
NONIMEPHUX PO3UUHIG Y nodcedcHi pykasu. Lle exnouae pexomeHdayii w000 KOHCMPYKYii 8y3nie 88e0eHHs ma eubopy onmiu-
MATLHUX NAPAMempig notiMepHux pozuunie. Peanizayis 3anpononosanux nioxodie 003601ums nioUWUmMY MAKMUKO-MexXHiuHi
MOMCTUBOCINT BOOSHUX CUCTIEM NONCEHCOLACTHHA, UM CAMUM NOKPAWYIOUU YMOBU NPAyi ma Oe3nexy pamyeaibHUKis.

KimrowoBi croBa: oxopona npayi, 6o0ononimepha nepgopayis, Haghmo2azosi cepoI0BUHIU, NOHCENHCd, POIUUH HOTIMEDY.

Statement of the problem. Open fire is one of the dangerous factors, especially on the territories of industrial
facilities. It is also considered to be quite an important environmental factor, which under certain circumstances
leads not only to deterioration of working conditions of operational personnel at a particular facility, but also to
severe environmental pollution. This is especially true of firefighters, rescuers and other civil protection workers
who are subjected to harmful effects of high temperature, thermal radiation, as well as hazardous combustion prod-
ucts while eliminating emergency situations [1,2]. Improvement of working conditions during emergency rescue
operations can be achieved by reducing their conduct time, as well as by increasing a distance between a rescuer and
ignition point. This can be achieved by increasing the efficiency of water fire extinguishing systems. An increase of
work efficiency of the fire extinguishing systems is one of important engineer- technological measures that allows
to decrease the influence of the combustion products on a biosphere and to increase level of safety on the territo-
ries of industrial facilities. Reduction of hydrodynamic resistance of fire hoses and pipelines allows to improve
the efficiency of water-based fire-suppression systems which are the most widespread and feasible methods of the
fire-fighting on the territories of industrial facilities [1].

Among the well-known methods of the decrease in the hydrodynamic drag resistance through the artificial
modification of the boundary layer of the fire hoses, the method of the introduction of the polymer solutions is
almost unique, and certain practical results have been achieved in its development. The study has shown that the
introduction of small amounts of polyethylene oxide (PEO) and polyacrylamide (PAA) into the fire-suppression lig-
uids (water and water solutions of surfactants) make it possible to significantly (down to 80%) reduce the hydrody-
namic drag resistance [1-6]. This reduction (when other parameters of the hydraulic system are unchanged) ensures
that the capacity of the fire-fighting systems is 1.5-2 times higher, or the length of the fire hoses may be 3—5 times
higher, or the pump power consumption may be decreased by 60—70%, or the diameter of the fire-suppression pipes
may be decreased by 15-20%. Besides, it has been shown that the additions of the polymers to water or surfactant
solutions considerably improve their fire-suppression properties [1,2].

This study relates to the hydrodynamics of the polymer solutions in the pipelines and problem of the improve-
ment of the introduction devices. The hydrodynamics of polymer solutions at the polymer introduction into the
boundary layer of the fire hoses has not been examined properly. It is assumed that in case of the flow of polymer
solutions through the slots and other elements of the introduction systems, essential “anomalies”, which could con-
siderably affect the Toms effect, cannot be observed [1-5]. Such a conclusion is based on the analysis of the data
obtained from the study of the shear laminar flows where the effects of elastic deformations are insignificant. In the
introduction systems a complex flow is dominant and it consists of superposition of the shear and predominantly
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longitudinal (with stretching) flow. In case of such complex flows, the effects of elastic deformations become so
significant that it may result in lessening the potential effect of the polymer additives, especially at high velocities
of the flow of the fire-suppressing liquids.

Presentation of the main material. Water solutions of polyethylene oxide with the molecular masses 2 10°
and 4 10° were investigated. The mass fraction of polymer was varied from 0 to 0.3%, temperature during experi-
ments — 25°C. To achieve the required temperatures polymer solution, utilized customized termostatization [7,8].
The temperature stabilization was maintained at the specified level with precision up to +£0.1°C.

Solutions of fully dissolved polymer were prepared in dark vessel by dissolving the ethanol-polymer suspen-
sion in distilled water at room temperature during 2—3 days or by dilution of the previously prepared solutions of
polymer (0.1%, 0.2% and 0.5%) during 7—8 days before the desired concentration. Since water solutions of PEO
significantly change properties at the upon prolonged storage, conformities to law of their aging process in water
were preliminary studied and stabilizers to exclude it were chosen. The addition of 0.05% by mass potassium iodide
solution in the PEO and PAA, which almost completely eliminates the aging of these polymers in water during
storage and does not effect on the hydrodynamic activity, are used as such stabilizer [8].

We used a special hydrodynamic bench that allows achieving the exhaust velocities of the water flow through
its channel of up to 35 m/s; the channel’s length was 8.5 m. Orifices for measuring the pressure and for the sensors of
friction force were placed on the lower wall of the channel. The injection system consisted of a dosing unit, under-
slot chamber ensuring different conditions of the deformation of the polymer solution (by changing the entrance
angle) at the entrance to the slot. The angle between the injected polymer stream and the wall did not vary. The
following characteristics have been variable: the angle of the opening of the slot B (the angle of the entrance to the
slot), concentration of the injected polymer solution, velocity of the injection, molecular mass, polymer brand, and
velocity of the fire suppressing liquid (water).

The purpose of the article. The aim of this paper is to investigate methods for improving water-based fire
extinguishing systems by utilizing polymer additives. This research specifically focuses on how these additives can
reduce hydrodynamic drag in fire hoses, thereby increasing the projection range and intensity of the extinguishing
agent. The study explores the behavior and manifestations of elastic deformations within aqueous polymer solution
flows, under conditions closely simulating real-world scenarios in fire hoses at industrial facilities. A key objective
is to understand how these elastic deformations impact the overall efficiency of the drag reduction process. Ulti-
mately, this work seeks to provide insights that will contribute to enhancing the occupational safety of firefighters
and rescuers during emergency operations.

Results and discussion. This paper regularities and manifestations of the elastic deformations of the polymer
flow are investigated under conditions close to that of the real flows of the fire hoses in the territories of industrial
facilities (at oilfield territories). The experiments described below were conducted in order to establish the conform-
ities to law of manifestation of elastic deformations in the flow of polymer solutions under conditions typical for the
internal problem in relation to the fire hoses and pipelines.
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Fig. 1. Influence of u and angle of entrance into a slot on the relative pressure differential
Note: Mol. mass: 4-10°, C,,,=0.1%; >: 1—9° 2—13° 3-22° 4 34°

In figure 1, the experimental data related to the flow of polyethylene oxide (PEO) water solutions through
the underslot camera are shown. It is clear that the phenomena, unusual for purely viscous mediums, are inherent
for such flows. At a certain critical (threshold) average exhaust velocity u , the relative pressure differential &'
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increases sharply, and it is sharper at the higher polymer concentrations. The characteristics of the dependence
&' = f(u) indicate the high dissipation of energy in the polymer solutions flow through the injector, i.e. the increased
hydrodynamic drag resistance is served at the supercritical flow rates.

The presented experimental data corresponds to the results obtained from the study of the flow of the pol-
ymer solutions under the simulated conditions such as through short capillary tubes and slots. These flows were
thoroughly investigated in paper [6]. There should be stressed the most important moments of the elastic stress
effects in the polymer solution flows with stretching. Transition to a flow mode with increased energy dissipation
is accompanied by formation of so called “inlet flooded jet” as a “cord” or “fillet” enclosed by secondary flows in
the shape of ring- shaped vortex. In case of the supercritical flow mode for polymer concentrations ranged from
very diluted to moderately concentrated, the hydrodynamic field causes rather strong deformation effects on molec-
ular chains. The uncoiled part of a polymer chain may be as large as 60-70% [9]. In half-diluted and moderately
concentrated polymer solutions, the relaxation times of the fully stretched and slightly deformed individual chains
differ more than by 2 orders of magnitude. The reason for such a large time for the curling of the polymer chain is
supermolecular structures formed in the hydrodynamic field. This is reflected in the decrease of turbulent friction if
the lifetime of supermolecular formations in the polymer solution at the moment of its introduction to the boundary
layer is comparable to the residence time in the fire hose at industrial territories.

The results of the polymer solution injection onto the lower wall of the channel through the underslot cham-
bers with varying angles of the entrance to the slot shows (figure 2), that when the polymer solution is introduced
onto the inner surface of the fire hose at low angles of the entrance to the slot, the drop in the tangent stresses of
friction is exhibited practically right behind the point of the introduction of the polymer to the flow.

If the polymer solution is introduced into the boundary layer through the chamber with a large angle of the
entrance, there is a delay in development of hydrodynamic activity of the polymer molecules.

It should be mentioned that the distribution of the tangent stresses and relative pressure losses along the chan-
nel correlate with each other. As it follows from the results shown in figure 2, the change of the mode of the polymer
introduction through the under slot camera from weakly dissipative to strongly dissipative by modification of the
entrance conditions results in double decrease in the drag resistance coefficient.
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Fig. 2. Influence of the angle of the entrance to the slot on the distribution of the decrease in the tangent stresses along
the lower wall of the channel for the injections of PEO solutions

Note: Mol. mass: 2-10°, C,, = 0.3%, V, = 16.5 m/s, Q = 50 sm’/s; p°: 1 —7.8°, 2 - 165°

There has been (figure 3) registered a considerably larger divergence in the plots of the drop of the resistance
versus the changing concentrations of the polymer in case of the introduction of the polymer onto the inner surface
of the fire hose under conditions of strong deformation effect of the hydrodynamic field on the injected solution,
compared to the weak gradient effect.

The visualization of the flows of the polymer solution in the underslot chamber shows that the conditions of
the entrance render influence on the drop of hydrodynamic resistance only when there is a loss of stability of the
flow caused by the formation of the dynamic supermolecular structures which sharply increase the dissipatedness
of the flow. The reduction of efficiency of the polymeric solution due to the deformation effects in the introduction
system may be as large as 25% or higher at V >15 m/s. The increase in the rate of the water flow results in the
expansion of the area with the reduced hydrodynamic activity of the polymer.

The significance of the area with the reduced hydrodynamic activity of the polymer introduced into the bound-
ary layer is the more, the less is the length of the fire hose. It may be explained by the fact that the lifetime of the
derivative structures under conditions of the flow with stretching is in the order of magnitude of 0.1-0.2 s or higher.
This is the time during which the polymer after leaving the slot in the fire hose has reduced activity due to its
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memory. Obviously, the higher is the velocity of the water flow, the larger is the area behind the slot filled with the
polymer solution under this condition, and its size is defined as:

l}» =esw VO (1)

where 0_, — time of structural relaxation of the supermolecular formations,

V, — velocity of the filling flow.

Hence, for the velocity of the water flow of 25 m/s, this area should extend downwards along the stream to
2.5m, if 0 , = 0.1s. The estimated size of the area with the reduced hydrodynamic activity of the polymer is in good
correlation with the experimentally obtained results.

Specific concentration was used to plot a chart (figure 3)

PEO
= . 2
=05 @)
where O —volume flow rate of the injected liquid,
C,,, — concentration of the injected polymer solution (kg/m?),

Q2 — moistened surface,

V, — velocity of the filling flow.

The results of the experiments with the introduction of the polymer solutions of the various concentration
through the underslot camera with the changing angle of the entrance (figure 3) show that for the given specific
average concentration of the polymer in the boundary layer the efficiency of the reduction of drag resistance is
decreased with the growth of the concentration of the injected polymer solution, and it is the stronger, if the angle
of the entrance is higher.

hn

I?A‘O

0 3 5 8 Kr#.\lz 10

Fig. 3. Plot of the general pressure losses along the channel versus the specific concentration of PEO

Note: Mol. mass: 2-10°, Vl): @=165m/s,0=25m/s; °=7.8(1, 2, 3), p°=165° (4, 5, 6); CPEO: 1and 4—-0.05%, 2 and 5 — 0.1%,
3and 6 -0.3%

In [10], it was outlined a hypothesis that viscoelastic effects (swelling of the jet) near the slot strengthen the
pull of the polymer solution by the external boundary layer and result in a faster decrease in the concentration of the
polymer on the inner surface of the pipeline. The results obtained in [11] make us reconsider this hypothesis because
the visualization of the flow behind the slot and the actual concentration of the polymer in the boundary layer have
not evidenced to the increased diffusion of the polymer. Most feasible is the explanation based on the impact of the
effective viscosity (taken in its broad sense) that does not contradict to the results of the studies on the hydrodynamic
activity of the polymers under conditions of the introduction of the polymer solution to the fire suppression pipeline.
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The dynamic structures of the polymer formed in the hydrodynamic field cause its compression, and this, of course,
should cause a decrease in the diffusion of the polymer in the boundary layer.

The detected regularities of the manifestation of elastic deformations at the introduction of the polymer
solution to the fire-suppression pipeline allow suggesting a method for evaluation of the flow resistance of the
fire suppressant liquid with the polymer additives in it. The flow resistance of the liquid in the pipeline at the
introduction of the polymer solution to the boundary layer caused by the elastic deformations can be determined as:

N Lp=t
X =[xy, de+ | aor,.dy, (3)
0 1,

where y is the perimeter of the pipeline cross-section,

T, T,, —tangential stresses with the introduction of the polymer to the boundary layer and without it,

(', —length of the pipeline,

{, —length with the reduced hydrodynamic activity of the polymer.

The data obtained in this study shows that in solving the problems of drag reducing of the fire suppressing liquid
in the fire hoses and pipeline by injecting the polymer solutions in the boundary layer, for the development of the
optimum system of the introduction, it is necessary to take into account possible effects of the elastic deformations.
The decrease in the effect of drag reduction at the introduction of the polymer solution into the boundary layer of the
fire hose is due to the combination of the deformational effects of the longitudinal hydrodynamic field developed in
the system of the injection and molecular-concentration characteristics of the polymeric solution.

Conclusions. This paper demonstrates the ways to improvement of labour safety and safety of life activities
true of firefighters, rescuers and other civil protection workers who are subjected to harmful effects of high
temperature, thermal radiation, as well as hazardous combustion products while eliminating emergency situations
on the territories of industrial facilities by increasing the efficiency of water fire extinguishing systems.
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