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Abstract. The article presents the results of a comprehensive experimental study on the intensification of contact heat transfer during the direct interaction of hot
water and air flows in a vortex-type apparatus. The relevance of the research is determined by the increasing demand for improved energy efficiency, reduced operat-
ing costs, and enhanced environmental safety of thermal and gas-cleaning systems, as well as the transition of industry toward sustainable development principles.
The objective of the study is to establish quantitative relationships between hydrodynamic parameters, liquid-to-gas mass flow ratios, swirl intensity, and their influ-
ence on the heat transfer coefficient, thermal capacity, and overall efficiency of the apparatus.

An experimental setup with tangential injection of both gas and liquid phases was developed and implemented to ensure the formation of a stable vortex regime,
an expanded interfacial contact surface, and a high level of turbulence. The experimental data were processed using the Nusselt and Reynolds similarity criteria,
together with heat balance equations accounting for evaporation, condensation, and changes in air moisture content. Experiments were carried out over a wide range
of Reynolds numbers and L/G ratios, allowing stable heat transfer patterns to be identified.

It was established that increasing the gas Reynolds number from 45,360 to 97,253 results in a rise of the Nusselt number from 2,300 to 15,700. Higher irrigation
density intensifies heat transfer due to enhanced liquid dispersion and enlargement of the interfacial area. The obtained results can be applied in the design and
modernization of energy-efficient vortex heat exchangers and wet gas-cleaning systems.
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WHTEHCUOUKALIUA KOHTAKTHOIO TEMJIOOBMEHA B
BUXPEBOM AMNMNAPATE [551 NOBbIWEHUA 9®®EKTUBHOCTU
MOKPOU OYUCTKU TA30B

AxmatoB AA.

HaBouiickiin rocyAapCTBEHHBIN FOPHO-TEXHOMNOTMYECKWIA yHnBepcuTeT, Pecnybrnnka YabekucTtaH

AHHOmayus. B cmambe npedcmassieHb! pe3ynbmams| KOMNIEKCHO20 SKCnepuMeHmarbHo20 UuccnedogaHus UHMeHcUpUKayuu KOHmMakmHo20 menmoobMeHa
npu HenocpedcmeeHHOM 83aumodelicmeuu nomokos 2opsyell 800bI U 8030yxa 8 8UXPEBOM annapame. AkmyanbHocmb pabomei 0bycrosneHa 8o3pacmarolumu
mpebosaHUsIMU K 3HEP203GHEKMUBHOCIMU, CHUXEHUIO 3KCNITyamayUOHHbIX 3ampam U NosbILEHUK 3Komoauyeckol 6e30nacHoOCmu mennomexHUYeckux U 2aso-
OYUCMHBIX CUCMEM 8 YCII08USIX YXKeCMOYeHUsi npupoO0OXpaHHbIX HOPMamueos U nepexoda NPOMbIWIEHHOCMU K ycmoldugoMy pasgumuto. Llenb uccnedogaHus
3aKmoyaemcs 8 ycmaHoeIeHUU KONUYECMBEHHbIX 3aKoHoMepHocmel 8nusHUS 2udPOOUHaMUYECKUX napamempos, OMHOWEHUS MaccosbIX pacxo0os (ha3 u UHMeH-
CUBHOCMU 3aKPYMKU NOMOKO8 Ha KoachghuyueHm menmoomaayu, menosyio MOWHOCb U 06Uy 3hehekmusHOCMb annapama.

Paspabomatra u peanu3osaHa KkcnepuMeHmarnbHas ycmaHoska ¢ maHaeHyuabHbIM 88000M 2a3a U Xudkocmu, obecneyusaiowum (opmuposaHue ycmoulu-
8020 BUXPEBO20 PEXUMA, Pa38UMOU MexchasHol NoBEPXHOCMU KOHMakma U nosbILEHH020 yposHst mypbynesmHocmu. O6pabomka pesybmamos 8bInoHeHa Ha
ocHoge Kpumepues nodobus Hyccenbma u PeliHonb0ca, @ makxe ypasHeHus mennogoeo banaHca ¢ y4emom npoyeccos UcnapeHusi, KOHOBHCaUUU U USMEHEeHUs
8nazocodepxaHnusi 8030yxa. IKcnepuMeHMbI NPosedeHb! 8 WUPOKoM Quana3oHe Jucen PelHonb0ca u 3HayeHul L/G, 4mo no3gonuno bisgums ycmouyueble meH-
OeHyuu U3MeHeHus mennonepedayu u oueHums eknad kaxdo2o napamempa 8 0bwjuli mennosol aghghekm.

YcmarosneHo, Ymo ysenudeHue yucna PeliHonb0ca 2aza om 45360 do 97253 conposoxdaemest pocmom yucna Hyccenbma om 2300 do 15700, ymo ceude-
menbcmeyem 0 CywecmeeHHOM nosbIeHuU mypbyneHmHOCMU U UHMEHCUBHOCMU 06HOBMEHUS MexchasHol nosepxHocmu. [1osbieHue NomHOCMU OpOW eHust
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donomHUMenbHO ycunueaem mennoobmeH 3a cyem ducnepauposaHusi Xudkocmu u yeenuyeHus ninowadu kKoHmakma ¢ha3. HayyHas HogusHa pabomsl cocmo-
um 8 3KcnepumeHmarnbHoOM NoOMeepKOeHUU KOMNIEKCHO20 BNUSHUS 3aKpyMKU NOMOKO8 Ha CONPSKEeHHbIe NPOUECCHI MenioMacconepeHoca U menosyio
aghhekmueHOCMb 8UXPEBO2O annapama. [TonyyerHble pesynbmambl Mo2ym Bbimb UCNOb308aHbI NPU NPOEKMUPOBAHUU 3HEP203(hheKMUBHBIX BUXPEBBIX
mennoobMeHHUKO8 U annapamos MOKPOLi 2a3004UCMKU HO8020 NOKOMIEHUST, @ Makxe npu ModepHu3ayuu delicmeyiou4ux NPOMbILUTEHHbIX YCMaHOBOK.

Knioyesbie crosa: KoHmakmHbIl mennoobmen; 8uxXpesol annapam; 3akpymka nomoka; ucnapumernbHoe oxnaxdeHue; mennonepedaya; yucno Hyccenb-
ma; yucso PeliHonbdca; MOKpas 2a3004UCMKa.

GAZLARNI HO'L USULDA TOZALASH SAMARADORLIGINI
OSHIRISH MAQSADIDA VIXRLI APPARATDA KONTAKT ISSIQLIK
ALMASHINUVINI JADALLASHTIRISH

Axmatov A.A.

Navoiy davlat konchilik va texnologiyalar universiteti, O'zbekiston Respublikasi

Annotatsiya. Ushbu maqolada issiq suv va havo oqimlarining bevosita o'zaro ta’siri sharoitida uyurmali kontaktli apparatda issiglik almashinuvini jadallashtirish
bo'yicha kompleks eksperimental tadqgiqot natijalari bayon etilgan. Tadgiqotning dolzarbligi energiya samaradorligini oshirish, ekspluatatsion xarajatlarni kamaytirish
va issiqlik texnikasi hamda gaz tozalash tizimlarining ekologik xavfsizligini ta'minlashga qo‘yilayotgan talablarning ortib borishi, shuningdek sanoatning barqaror
rivojlanish tamoyillariga bosgichma-bosqich o'tishi bilan belgilanadi. Ishning asosiy maqgsadi gidrodinamik parametrlar, fazalarning massaviy sarflari nisbatlari hamda
oqimlarning aylanish jadalligining issiglik berish koeffitsienti, issiglik quvvati va apparatning umumiy issiqlik samaradorligiga ta’sirini miqdoriy jihatdan aniglashdan
iborat.

Tadqiqot doirasida gaz va suyuqlikni tangensial yo'nalishda kiritish orqali barqaror uyurmali rejimini va fazalararo kontakt yuzasini hamda yugqori turbulentligini
ta'minlovchi eksperimental qurilma ishlab chiqildi va amaliy sinovdan o‘tkazildi. Olingan natijalar Nusselt va Reynolds mezonlari asosida, shuningdek bug'lanish,
kondensatsiya va havoning namlik migdori o'zgarishini hisobga oluvchi issiglik balansi tenglamalari yordamida qayta ishlangan. Tajribalar Reynolds sonining keng
diapazonida va turli L/G nishatlarida olib borildi, bu esa issiglik uzatish jarayonidagi barqaror qonuniyatlarni aniglash imkonini berdi.

Aniglanishicha, gaz Reynolds soni 45360 dan 97253 gacha oshganda Nusselt soni 2300 dan 15700 gacha ortadi, bu esa turbulentligining sezilarli kuchayishi va
fazalararo sirtning jadal yangilanishini ko'rsatadi. Sug‘orish zichligining ortishi suyuqlik yupqa qatlami tez yangilanishi va kontakt yuzasining kengayishi hisobiga is-
siglik almashinuvini qo'shimcha ravishda jadallashtiradi. Olingan natijalar energiya tejamkor uyurmali issiqlik almashinish apparatlari hamda nam gaz tozalash
qurilmalarini loyihalash, optimallashtirish va mavjud sanoat qurilmalarini modernizatsiya qilishda qo‘llanishi mumkin.

Kalit so‘zlar: kontakt issiqlik almashinish; uyurmali apparat; oqimning uyurmaviy harakati; bug‘lanishli sovitish; issiqlik o‘tkazish; Nyuslt soni; Reynolds soni;

nam gaz tozalash.

Introduction

The intensification of contact heat exchange processes is one of
the key challenges in modern thermal power engineering, chemical
technology, and environmental industries. In contemporary industrial
systems, energy efficiency and environmental safety are no longer
optional characteristics but mandatory design criteria. Enhancing heat
transfer efficiency during the direct interaction of liquid—gas phases
not only reduce energy consumption and decreases equipment di-
mensions but also significantly improves the efficiency of dust and gas
cleaning processes based on evaporative cooling and condensation—
diffusion mechanisms of impurity capture [1].

In recent decades, stricter environmental regulations and the
global transition toward sustainable industrial development have stim-
ulated research aimed at increasing the performance of gas-cleaning
systems while minimizing operating costs. Contact heat exchange
devices are widely applied in cooling towers, scrubbers, absorbers,
and evaporative heat exchangers. Their effectiveness directly affects
overall process stability, emission control efficiency, and operational
reliability. Therefore, the study of intensification methods for such
processes remains highly relevant.

In wet gas-cleaning systems, heat and mass transfer occur simul-
taneously, and the intensity of these processes directly determines the
degree of deposition of solid and gaseous contaminants. The mecha-
nisms involved include convective heat transfer, phase transition due
to evaporation and condensation, diffusion of vapor into the bulk gas,
and inertial and diffusional deposition of particles. The higher the rate

of renewal of the interfacial surface and the heat transfer coefficient,
the more effective the condensation of vapors and the adsorption of
particles on liquid droplets. As a result, the increase in contact surface
area and turbulence level becomes a decisive factor in improving
pollutant capture efficiency. Thus, the intensification of contact heat
exchange is not only a thermotechnical but also an environmentally
significant task that contributes to increasing the efficiency of waste
gas purification [2].

From a thermodynamic standpoint, contact heat exchange in-
volves complex nonequilibrium processes. The driving force for heat
transfer is the temperature difference between interacting phases,
whereas the driving force for mass transfer is the difference in partial
vapor pressures. These processes are strongly interdependent: evap-
oration absorbs latent heat, thereby influencing the temperature field
within the apparatus, while condensation releases latent heat, affect-
ing local thermodynamic equilibrium. Consequently, a comprehensive
understanding of coupled heat and mass transfer phenomena is es-
sential for accurate modeling and optimization of contact devices [3].

Contact heat exchange is characterized by a complex interrelation
between thermodynamic and hydrodynamic factors. When hot water
interacts with cold air, heat transfer occurs both due to direct phase
contact and as a result of liquid evaporation into the gas flow. In addi-
tion, micro-scale processes such as droplet fragmentation, coales-
cence, and film formation on internal surfaces further complicate the
system behavior. The intensity of the process is determined by the
water temperature, gas flow velocity, degree of turbulence, ratio of
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mass flow rates of the phases,
as well as by the geometry and

organization of the flows within
the working volume of the appa-

[}

ratus [4].

The hydrodynamic regime
plays a decisive role in deter-
mining contact efficiency. Lami-
nar flows provide limited mixing
and relatively small interfacial
area, whereas turbulent flows
enhance convective transport
and promote intensive mixing
between phases. The Reynolds
number of the gas flow, Weber
number for droplet breakup, and
Froude number characterizing
inertial forces all contribute to
the formation of stable or unsta-
ble hydrodynamic structures
inside the apparatus. Therefore,
controlling the flow regime be-
comes a primary tool for intensi-
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One of the most effective
methods for intensifying contact
heat exchange is the creation of
vortex motion of the flows,
which increases turbulence and
ensures repeated renewal of the
interfacial ~ surface.  Swirling
flows generate centrifugal forces
that redistribute droplets radial-
ly, increasing the residence time of phases within the contact zone.
This phenomenon results in the formation of a highly developed inter-
facial area and promotes droplet dispersion. Vortex-type apparatuses
form a highly developed contact zone, promote the dispersion of the
liquid, and provide intensive heat and mass transfer at relatively low
energy consumption [5].

Compared to traditional axial-flow contact devices, vortex apparat-
uses demonstrate improved mixing characteristics and higher volumet-
ric heat transfer coefficients. The swirling of flows makes it possible to
significantly increase the heat transfer coefficient compared to axial
contact devices, which is especially important for evaporative cooling
and simultaneous purification of gases from pollutants. Additionally,
vortex configurations often exhibit lower hydraulic resistance per unit
heat transfer area, making them attractive for industrial applications
where energy consumption must be minimized.

This study is devoted to the investigation of the regularities of
contact heat exchange during the direct interaction of liquid and gas
flows in a vortex contact apparatus, the determination of the influence
of operating and geometric factors on heat transfer intensity, and the
substantiation of the role of heat and mass transfer in improving the
efficiency of wet gas cleaning. Special attention is paid to the com-
bined influence of gas velocity, liquid temperature, and swirl intensity
on the resulting thermal performance. The results obtained can be
used in the development of highly efficient next-generation vortex gas-
cleaning devices and compact heat exchangers for energy-saving
systems.

Materials and Methods

This work focuses on the intensification of heat transfer during air
heating by hot water in a vortex-type heat exchanger. The selection of
the air-water system is determined by its widespread industrial appli-
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1 — vortex contact heat exchanger;
2 —fan; 3 - pump; 4 — water flowmeter;
5 — temperature sensors; 6 — gas nozzles; 7 - liquid nozzles;
Fig. 1. Diagram of the experimental setup
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cation and well-established thermophysical properties, which enable
reliable experimental evaluation and comparison with theoretical mod-
els. A method for enhancing the heat transfer process was developed
and investigated, based on swirling the gas flow through tangential
injection. The underlying concept assumes that tangential inlet flow
creates a stable rotational structure inside the apparatus, thereby
increasing turbulence intensity and the frequency of contact surface
renewal.

To study contact heat exchange in a vortex apparatus with a swirl-
ing gas flow, an experimental setup was designed and assembled
(Fig. 1). The installation includes a vortex contact chamber, gas supply
system, liquid circulation system, heating unit, measurement instru-
ments, and control elements. The design ensures reproducibility of
operating conditions and accurate measurement of thermal parame-
ters.

Air is supplied by a high-pressure fan (model CZ 1500; capacity —
1530 m3h, power — 1.5 kW, pressure — 2400 Pa) into the upper part of
the contact heat exchanger through two tangential nozzles and then
enters the working zone of the apparatus. The tangential orientation of
the nozzles ensures the formation of a rotating gas flow inside the
cylindrical chamber. The symmetrical arrangement of the nozzles
contributes to the formation of a stable vortex core along the axis of
the apparatus.

A frequency converter (ANDELI, 1.5 kW) was connected to the fan
to regulate the air flow rate. This allowed smooth adjustment of gas
velocity and ensured precise control over the hydrodynamic regime. By
varying the rotational speed of the fan, different Reynolds numbers
were achieved, enabling the investigation of both transitional and fully
turbulent flow conditions.

The air velocity inside the apparatus was measured using a ther-
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mo-anemometer CEM DT-619 with a measurement period of 0.6 s
and an accuracy of £0.2 m/s. Measurements were carried out at sev-
eral cross-sections along the height of the apparatus to assess veloci-
ty distribution and confirm vortex formation. Averaged values were
calculated to reduce the influence of local fluctuations.

Cold water was pumped by a centrifugal pump (Qmax = 2.1 m¥h,
Prmax = 10 bar) from a storage tank into a heater, where it was heated
to 61-63 °C. The selected temperature range ensured sufficient tem-
perature difference between phases while preventing excessive evap-
oration losses. The heated water was then supplied to the upper part
of the vortex apparatus through two tangential liquid swirlers. The co-
directional injection of liquid and gas stabilized the rotational motion
and minimized hydrodynamic disturbances.

The liquid flow rate was measured using a rotameter calibrated by
the volumetric method. Calibration was performed prior to the experi-
mental campaign to reduce systematic errors. The uncertainty in liquid
flow measurement did not exceed +3%.

Temperatures of air and water at the inlet and outlet were meas-
ured using resistance thermometers W1209 (range: -50 °C to 110 °C;
accuracy: 0.1 °C). Sensors were installed in thermally insulated
sleeves to minimize external heat influence. The relative humidity of
air was measured with a humidity meter ADA-ZHT-100 (range: 0-
99.9%; accuracy: +3%). Monitoring humidity allowed indirect evalua-
tion of evaporation intensity and mass transfer rate.

To ensure hydrodynamic stability, both gas and liquid were intro-
duced tangentially in the same rotational direction. Counter-rotation
was avoided because preliminary tests showed unstable vortex for-
mation and reduced heat transfer efficiency under such conditions.

Each experimental condition was repeated at least five times.
Statistical processing of results included calculation of mean values
and standard deviations. The reproducibility of data confirmed reliabil-
ity of the obtained results. Initial operating parameters corresponded
to data presented in source [2], ensuring methodological continuity
with previous studies.

Overall, the developed experimental methodology made it possi-
ble to systematically evaluate the influence of flow velocity, tempera-
ture difference, and swirl intensity on the heat transfer coefficient. The
approach provides a reliable foundation for further scaling of vortex
contact apparatuses to industrial applications.

1. The procedure for processing the experimental data to study
the intensity of contact heat and mass transfer in the vortex apparatus
is presented below.

K,.D
r 0

where K, - coefficient of heat transfer from liquid to gas, W/(m2-K);
D - diameter of the vortex apparatus, m;
A -thermal conductivity coefficient gas, W/(m -K).
2. The obtained experimental data results in the contact vortex
apparatus are generalized in the form of empirical equations:
- by heat exchange [4]

Nu=

Nu=ARe’Re’. (L / G)* Prt )

3. Reynolds criterion for air [5]:

¥Dp @)
7

where w is the average axial velocity of gas in the working chamber
of the vortex apparatus, m/s;

D - diameter of the vortex apparatus, m;

Pr - air density, kg/ms;

M -viscosity environment, Pa-sor kg/(m -s).

Re=

4. Reynolds criteria for liquid film [5]:
ar
Re=—
. @)
where [ is the irrigation density, kg/(m -s);
M - dynamic viscosity water, Pas

5. Moisture content of air kg moisture/kg at the inlet and x, x at
the output of the device [11]:

_ 0,622(PHPH.H _ 0!622(pKPH.K
P5-(PHPH,H ’ Pﬁ-(pKPH.K

where @, and - accordingly, the relative humidity of the air at the
input and output of the apparatus, %; Pu.«and P« - respectively, the
pressure of saturated water vapor at the input and output of the appa-
ratus, Pa; Ps - barometric pressure, Ps =101300 Pa.

6. Saturated water vapor pressure at the entrance and exit of the
apparatus in the air were determined by the equation [6]:

Xy

(5)

K

16,57t-155,72 16,57 1rx-155,72
PH_H:'] 000e233,77+0,997ty , PH_K= 1000e233.77+0,997tr

where f and f are the air temperatures at the inlet and outlet of the
apparatus.

7. The heat balance equation for a vortex contact apparatus has
the form [7]:

Gly+LyHy=Gl+LHict Qn (7)

where Gl is the heat flow entering the apparatus with air, J/s;

LyHx- heat flow entering with water, J/s;

Gly- heat flow leaving with air, J/s;

Glk- heat flow leaving the apparatus with water, J/s;

Qn - heat losses to the environment, which can be neglected
under the conditions of this experiment.

8. The enthalpy of moist air at the entrance to the apparatus and
at the exit from the apparatus was calculated using the equation I, J/

kg [7]:
1,=(1007+1970-X,) tr+r, Xy h=(1007+1970-X, )ty +reX, (8)

where r,and ri- specific heat of vaporization at temperature
twand t J/kg; twand t - temperature air at the inlet and outlet of the
device, 9C .
9. The specific heat of vaporization was r, and rc determined
using the equation [8]:
r,=1000-(2501-2,36t,) r,=1000-(2501-2,36t,) (9)
10. The enthalpy of water at the inlet and outlet of the apparatus
was determined using the equation H, J/kg [9]:

Hy=Ty Cy H= Ty Cr (10)
where ¢y, ¢, Tw and Tu - is the heat capacity of water at tempera-
tures, J/(kgK);

Tws and Ty - water temperature at the input and output of the
apparatus, °C;

11. The heat transferred from water to air was determined from
equation (4.9) [9]:

Q:G(l/( 71[-/)

Q=L,H, -LH,

(11)
(12)
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12. The total amount of heat transferred from hot water to air is

determined by the formula [9]:
Q=ch+Qcon+Qn (13)

Where Que=Mr - heat transferred by evaporation of water into the air,
W; Qoon - heat of contact of water with air, W; Q. - heat loss to the
environment, W.

13. The intensity of heat exchange is estimated by surface heat
transfer coefficients [9]:

Q

KFm (14)

where Q is the amount of heat, W; Fa,=mDH - area of the internal
surface of the apparatus, m2; At., - average temperature difference in
the apparatus, °C.

14. The average driving force Atcp was calculated using the equa-

tion [9]:
Ab.= (T)KH-tI'H)-(T)KK-tI'K)
P |n(T)KH'tI'H)/( T)KK'trK)

Txwand Tu are the temperatures of the water at the inlet and outlet
of the apparatus, °C; tw and t - air temperatures at the inlet and outlet
of the apparatus, °C.

Results

The results of experiments on the intensity of heat transfer in a
vortex apparatus during water cooling with air are shown in Fig. 2 in
the form of a dependence of the Nusselt criterion on the Reynolds
criterion for a gas flow at different ratios of the mass flow rates of liquid
and gas L/G.

Experimental results showed that the higher the gas flow velocity
and spray density, the higher the heat transfer intensity. This pattern of
change in heat transfer intensity is explained by increased flow turbu-
lence and the emergence of relative velocities between the liquid and
gas, which facilitates rapid renewal of the water film surface, leading to
an increase in the driving force of the heat transfer process and, con-
sequently, the efficiency of water cooling.

(15)
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Fig. 2. Dependence of the Nusselt criterion Nu on the Reyn-
olds criterion of gas Rer for different ratios of liquid and gas
mass flow rates L/IG
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From Figure 2 it can be seen that with increasing Reynolds num-
ber of gas from 45360 to 97253 the Nusselt number increases from
2300 to 15700.

Processing of experimental data in the form of a dependence of
the heat transfer coefficient on the ratio of the mass flow rates of liquid
and gas showed an increase in the intensity of heat transfer with an
increase in the irrigation density (Fig. 3).

K., kW/(m2-K)

8 —— »
7 > /‘
6 /
5 / )
4 | —
I |

3 | i
) i = | —u|
1
0

0 0,5 1 1,5 2 2,5 3 3.5
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W -w,=1223 ~wy=143 -w,=15,98 ~w,=18.2
-We=20,12 -Wy=22,4 ® -w,=24,3 X - w,=26,03

Fig. 3. Dependence of the heat transfer coefficient Kr on
the ratio of mass flow rates of liquid and gas L/G at different
gas velocities w0

From the experimental material examined it follows that the swirl-
ing of gas and liquid flows leads to a significant intensification of heat
exchange during evaporative cooling of the liquid.

Conclusion

Experimental studies have demonstrated that an increase in gas
flow velocity together with a higher spray density results in a pro-
nounced intensification of heat transfer in a vortex device. In particular,
it was established that as the Reynolds number increases from 45,360
to 97,253, the corresponding Nusselt number rises sharply from 2,300
to 15,700. This substantial growth reflects the development of a highly
turbulent flow regime and the effective continuous renewal of the
phase contact surface, which enhances convective heat exchange.

In addition, an increase in the liquid-to-gas mass flow ratio has a
positive effect on the heat transfer coefficient. This effect is associated
with improved dispersion of the liquid phase into fine droplets and a
significant expansion of the interfacial surface area available for heat
and mass transfer. More uniform distribution of the liquid within the gas
stream further promotes efficient thermal interaction between the phas-
es.

The swirling of both gas and liquid flows plays a crucial role in
establishing and maintaining a stable vortex regime. Such a flow struc-
ture intensifies mixing, suppresses flow stratification, and ensures
sustained turbulence throughout the working volume of the device. As
a result, heat transfer is significantly intensified, while the efficiency of
dust and gas cleaning processes is markedly improved due to en-
hanced contact between the dispersed liquid phase and contaminant
particles.
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