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Topics related to fuel combustion and its impact on the environment will
never lose their relevance, as the issues of efficient combustion and emis-
sion reduction are key in power generation and environmental protec-
tion. The countries of the European Union are massively abandoning the
use of natural gas as a fuel for thermal power stations. However, in Asian
countries, the ease of using natural gas as the main fuel and its environ-
mental friendliness compared to coal made it possible to widely use natu-
ral gas in industry and energy sector. Comparing natural gas with alter-
native combustible gases (generator, blast furnace, mine, biogas), the
main conclusion that it has the most attractive characteristics for its use
in industry, including energy facilities, can be drawn. Therefore, it is im-
possible to replace it with alternative fuels in the chemical, heavy indus-
try and energy sector in the near future. The paper is devoted to CFD
modeling of stabilized combustion without premixing in a burner with
low swirl for two operating modes of the boiler unit - nominal one and at
60% capacity. The study was carried out using numerical methods with
the ANSYS-Fluent application program package. The object of the study
is a burner built according to the technology based on the use of jet-niche
systems with gas distribution of fuel by circular jets fed perpendicularly
into the flow of the oxidizer through a single-row system of holes. Hydro-
dynamics and heat exchange processes were chosen as the subject of
research, based on the analysis of which a model of NO. generation in
Jet-niche systems was obtained. The authors of the paper believe that
replacing the regular burners of the DKVR-10-13 water heating boiler
with a jet-niche ones can contribute to better mixing of fuel and air and
ensure more complete combustion. In this paper, two types of burners are
considered. In one of the burners, fuel is supplied through rectangular
slits, in the other — through round holes arranged in a row. Air is sup-
plied to both burners through rectangular slits. It was determined that
gas distribution through round holes increases the spraying of the mix-
ture and increases the area of combustion products spraying. Visualiza-
tion of the distribution of pressure, temperature, kinetic energy profiles of
turbulent pulsations and vorticity was carried out. The obtained results
indicate that there are no changes in the flow regime, flame displacement
or its instability. It was determined that both the axial velocity and the
tangential velocity of the flow affect the distribution of combustion prod-
ucts and harmful impurities such as NO.. Gas distribution in circular jets
stabilizes combustion and reduces flame expansion.

Keywords: gas distribution, jet-niche technology, ANSYS-Fluent, model-
ing, gaseous fuel, combustion, methane, boiler fuel.

Nowadays, there is a need to optimize the design and operating parameters of burners. For this, it is
necessary to study the combustion processes. As is known, combustion between fuel and air involves the
conversion of chemical energy into thermal energy. In view of this, in order to obtain maximum thermal effi-
ciency, it is desirable to have complete combustion. Therefore, incomplete combustion, during which toxic
unburned hydrocarbons are released into the environment along with CO», NOy, etc. [1], which leads to envi-
ronmental pollution and a decrease in fuel combustion efficiency, is not suitable to get the desired result.
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Natural gas is the primary fuel for industrial gas turbines. Let's add that the composition of natural
gas, despite the predominance of methane, is different. In addition, the size of the detailed chemical kinetic
model is too large to be used in the CFD-Fluent code. Based on this, the goal of the study [2] is to find a re-
duction in the number of species and reactions in order to obtain a fast and effective calculation mechanism
(Fig. 1) and implant it in Fluent. The study of the methane-air flame reaction was performed on a model
without premixing using the k-¢ turbulent model and an 8-stage reaction model. The authors confirmed the

results of calculations with experimental results.
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Fig. 1. Results of a free flame simulation without CH-air premixing using a one-step scheme [2]

According to the analysis of the available literature, nowadays it is necessary to increase the effi-
ciency of combustion and minimize emissions. Based on this, researchers have developed various designs of
burners. For example, the authors of [3] determined the flame temperature and CO, temperature under dif-
ferent conditions of the methane-air mixture flow using CFD modeling. To simulate the combustion process,
they used a combustion model without premixing. In [4], the physical mechanism of flame ignition and sta-
bility limits during combustion without premixing were studied using theoretical and numerical simulations.
A one-dimensional flame calculation was used to construct a stability diagram, and three separate stability
limits were used to study the flame ignition mechanism. The authors of [5] focused on the combustion be-
havior of a premixed propane-air mixture using the k- model and the model of reduced chemicals. As the
results showed, the highest temperature is observed in regions with strong vorticity.

The authors of [6] used CFD analysis to study the combustion of a partially premixed methane-air
mixture in a 2D combustion chamber. Their results showed that the static temperature is high in the combus-
tion zone, and it decreases towards the outlet from the burner.

However, as of now, not only well-known experimental and numerical methods, but also the latest tech-
nologies in the form of laser diagnostics are used to study combustion processes. Thus, in [7], the characteristics
of the reaction zones of the preliminary mixture turbulent combustion were studied. They showed that the thick-
ness of the preheating and reaction zone increases many times compared to the laminar counterpart. The authors
concluded that energy vortices can potentially penetrate into the core of the flame and thus expand its thickness.

From the analysis of the available literature, it follows that in order to reduce the emission of harmful
substances, in addition to improving the design of the burner, the possibility of replacing methane with other
types of fuel should also be taken into account. Thus, the authors of [8] studied the behavior of propane and
methane combustion using a CFD-based combustion model without premixing. Based on the obtained results,
they proposed propane instead of methane as an effective fuel for the combustion chamber they developed.

The method of CFD modeling of methane-air fuel for steady-state conditions using computational
fluid dynamics with the k-¢ turbulence model is presented in [9]. Thus, the analysis of the abovementioned
papers shows that in the calculation practice, general features of computer models of combustion processes
and gas transport have already been formed. Those features should be held to in order to achieve a correct,
from a physical point of view, result, namely: the combustion process should be modeled using the species
transport model and the k-¢ turbulence model with standard or scaled wall functions.

The mentioned technique can be applied in the analysis of the flow and heat exchange in the fuel
(gas space) of the boiler unit by changing the design and mode parameters of the burners installed in the
boiler unit.

The aim and problems of the research
The aim of the paper was to determine the methods of reducing the emissions of harmful substances
from the DKVR-10-13 boiler into environment.

ISSN 2709-2984. IIpobremu mawunobyodyeanna. 2024. T. 27. Ne 3 17




AEROHYDRODYNAMICS AND HEAT-MASS TRANSFER

To achieve the set goal, the following problems were solved:

—to develop models of the DKVR-10-13 fuel boiler equipped with burners made using jet-niche
technology;

— to study the processes of hydrodynamics and mixture formation in the fuel (gas space) of the boiler,
depending on the type of gas supply and regime parameters of the flow in the jet-niche flame stabilizer;

—to provide recommendations regarding the modernization of the installation in the most economi-
cal method.

Research objects and features of geometric models

It is known that the main principles of modern fuel combustion technology are the rational initial distri-
bution of fuel in the oxidizer flow, stable and controlled aerodynamic structure of the flow of fuel, oxidizer, and
combustion products, as well as self-regulation of the fuel mixture composition in the flame stabilization zone.
These requirements are met by the jet-niche technology of natural gas burning [10], which is currently imple-
mented on many types of equipment. Thus, the list of modernized equipment includes: water-heating and steam
boilers, in particular power boilers, with a capacity of up to 200 MW, open-hearth furnaces, drying furnaces, etc.

Boilers of the DKVR type are very common in the small energy sector. The author's research [10] shows
that almost all modernized boiler units, due to the reduction of the excess air ratio to 1.04-1.07 and a significant
reduction in the temperature of the gases flowing in a wide load range, ensured a high brute efficiency (about
95%) compared to the nominal value. On one of the DKVR-6.5 boilers operating in water heating mode, compar-
ative tests of SND-43 burners with a system of two niches (jet and end) and standard HMG-4 burners were con-
ducted. The results of measuring the parameters of boiler operation before and after modernization are shown in
Fig. 2, from which it can be seen that the boiler, which was in operation for about 40 years and somewhat reduced
its economic characteristics, significantly exceeded the nominal values of efficiency after modernization.

The way to implement effec-
tive technology is the location of the
jet-niche system on an autonomous of ———
pylon-collector. Such a burner module
covers all stages of the work process:
fuel distribution in the oxidizer flow,

100

Naur

mixture formation to the required con-
centration level, fuel mixture ignition,
flame stabilization and formation of
concentration, velocity, and tempera-
ture fields of combustion products, is
actively cooled by oxidizer and fuel
flows, does not require additional con-
trol automation. Everything mentioned
is achieved due to the successful con-
structive placement of the system on
the autonomous collector, from which
the burner consists of (Fig. 2, b).
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Fig. 2. The experience of modernization of the DKVR type boilers
by the SNT company [10] (a) and the appearance of the burner (b):
1 —boiler unit efficiency before modernization (the specific fuel consumption

in the maximum mode was 166 kg cond.fuel/Gcal);

2 — boiler unit efficiency is nominal (the specific fuel consumption
in the maximum mode was 160 kg cond.fuel/Gcal);

3 —boiler unit efficiency after modernization (the specific fuel consumption

in the maximum mode was 147 kg cond.fuel/Gceal)

This design makes it possible to combine all stages of the working process of the burners, such as: dis-
tribution of fuel in the flow, formation of a mixture with the required levels of fuel concentrations, ignition of the
combustible mixture, stabilization of the torch and formation of combustion products of the required quality and
without harmful emissions, thermal preparation of fuel and self-cooling of thermally loaded burner elements.

It is known that the result of modeling depends on many parameters, but one of the most important
ones is the density of the calculation grid, the bevel and aspect ratio of the finite elements, as well as their
type. In ANSYS, it is possible to build a calculation grid based on finite elements in the form of a tetrahe-
dron, a parallelepiped, and their combination, the so-called hybrid finite-element grid.

Fig. 3 shows a CFD model of the fuel with an installed jet-niche flame stabilizer, which is used as a
burner. Unstructured (finite element type — tetrahedron), structured (finite element type — parallelepiped) and
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hybrid finite element grids _unstructured, structured and hybrid
were used to approximate l calculation grids l

the computational domain.
The "quality" values of the
finite-element grid — pa-
rameters of aspect ratio
(AspectRatio) of the finite
element, orthogonal quality
(Orthogonal Quality) and
skewness (Orthogonal
Skew) — are in the middle
of the reference interval
issued by the program for
verification. The density of
the calculation grid is se-
lected as maximum, within
the limits allowed by the
ANSYS-Student version.

Fig. 3. Finite element grid of the CFD model of a boiler unit
with a jet-niche flame stabilizer

As governing equations used in the mathematical model of the process, the continuity equation, the
Navier-Stokes equation for the flow of a compressible viscous liquid with variable properties, the energy
equation and the equation of conservation of mixture components [11], which are solved by numerical meth-
ods in Ansys-Fluent environment, are adopted. The modeling process also used the standard Ansys-Fluent
technique for predicting NOy generation, namely calculating the generation of both thermal and fast NOx.
The standard Ansys-Fluent technique takes into account the turbulent-chemical interaction, which allows the
calculation of NOy formation taking into account the influence of turbulent pulsations on the time-averaged
reaction rates. A partial equilibrium model is used to predict the concentration of the O radical, which is nec-
essary for predicting thermal NOx.

An implicit installation algorithm (Pressure Based Implicit) was chosen as the solution algorithm.
The calculation was made in a stationary setting (Steady).

As a calculation one, the authors used the Realizable k-¢ turbulence model in the Realizable modifi-
cation because it is designed for flows containing jets (injection of a fuel-air mixture).

As boundary conditions on impermeable walls, the condition of equality of all components of the ve-
locity vector to zero and uneven temperature distribution on the surface of the walls were set, for the deter-
mination of which the temperature pressure between the lower distribution collector and the drum was set,
which was selected from the nominal characteristics of the boiler.

At the inlet to the calculation area, mass flow (Massflow inlet) and temperature are set, at the outlet —
static pressure (Pressure outlet). The values of the parameters of the reacting flows are shown in Table 1.

Table 1. Numerical values of boundary conditions set in work and control parameters

. . Load, %
Parameter Value Dimensions 100 63
Heat load Ok Gkal 9.39 5.86
Gas consumption Geas m’/h 1215 760
Gas temperature foas °C 18 18
Behind the economizer NOx ppm 86 77
Excess air coefficient a — 1.27 1.33
Air consumption Gair m’/sec 4.11 2.69
Air temperature Tair °C 21 21
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The result of CFD modeling of the flow and heat exchange in the fuel of the DKVR-10-13 boiler

~ Heat exchange in the boiler unstructured structured and hybrid
fuel is primarily determined by the l Seeamie ) l
flow regime organized by the burn- %‘)‘:5 ;b‘:.,%

ers. As expected, the jet flow from
the burner is directed to the "outlet"
of the fuel, where the pressure is the
lowest. A stagnant zone with a cir-
culating current is formed above the
jet. The movement inside the zone
is supported by moving masses of
gas due to the effect of the tempera-
ture difference between the red-hot

flame torch (approximately
1600 °C) and the surface of the
drum (the average temperature of Fig. 4. Trajectories of flow particles in the volume of fuel depending
the wall of which is 120 °C). on the type of calculation grid

Fig. 5 shows the tempera- unstructured, structured and hybrid
ture distribution of the flow in the l ] l
cross-section by the plane, whichis |
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"outlet" of the flow from the fuel.

Data analysis of Fig. 5 shows that
with the same color filling, the iso- | < |
therms in the case of using a struc- |

tured and hybrid grid are smooth, in
contrast to the model built using an
unstructured grid. Therefore, it is
suggested to choose a hybrid grid
for further modeling.

e A

Fig. 5. Flow temperature at the fuel outlet depending
on the type of calculation grid
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The influence of the type of gas distribution (gas supply either through rectangular slits or through
round holes located in a row) is characterized by the temperature distribution in the volume of the fuel
(Fig. 6). Analysis of Fig. 6 shows that in the center of the fuel there is a zone of reduced pressure, relative to
which a circulation current is observed. On the periphery of this current, zones, the temperature of which
corresponds to the temperature of the flame torch, are observed. This phenomenon is explained by the free-
convective movement of gas masses due to changes in density. The length of the flame torch can be deter-
mined using the Mixture Fraction parameter, which reflects the intensity of the mixing process and most ful-
ly characterizes the degree of mixing of fuel and oxidizer (for example, in a reacted flame). A value of zero
corresponds to 100% oxidizer, and 1 to 100% fuel. The zone of gas mixed with air (Fig. 6) indirectly depicts
the shape of the torch of incandescent gases, since it is in this area that the reaction of the chemical interac-
tion of methane with oxygen actually takes place.

As shown in Fig. 6, a, the length of the flame torch does not exceed 1 m, which corresponds to the
nominal characteristics for the regular burner of the DKVR boiler. In the case of gas supply through rectan-
gular slits (Fig. 6, b), the torch "crosses" the entire section of the fuel. In the practice of operating boiler
units, they try to avoid such cases, since there is a risk of burning the pipes of the back screen of the boiler.
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Fig. 6. The temperature of the flow in the fuel volume and calculation of the torch length for the case of gas distribution
through round holes located in a row (a) and through rectangular slits (b)

The distribution of nitrogen oxides NOy in two mutually perpendicular cross-sections - through the
middle of the burner and the cross-section of the "outlet" flow from the fuel shown in Fig. 7 reveals that the
maximum concentration of pollutants is observed in zones with high temperatures. These zones are formed
according to the hydrodynamic structure of the flow in the fuel and the generation of polluting particles in
them, which directly depends on the time the air particle stays in the zone of high temperatures.

Analysis of Fig. 7 shows that in the case of gas distribution through a rectangular gap, the overall level
of generation of nitrogen oxides NOx is lower than in the case of gas distribution by jets. According to Figs. 4—
6 along the periphery, the fuel flow moves with sufficiently low (4—7 m/s) local velocities. A zone with a high
temperature is also observed here (1800 °C for the case of gas distribution by jets and 1500 °C for gas distribu-
tion by slits). These are ideal conditions for the generation of nitrogen oxides NOx, which do not contradict the
existing ideas about the generation of nitrogen oxides in boiler fuels and, if cleaning measures are not applied
(for example, the oxidation of nitrogen oxides to carbon dioxide), those oxides can enter the atmosphere.

According to the Table 1, the value of nitrogen oxides averaged over the area of the "gas window" is
set for the boiler economizer. The authors chose these values for CFD model verification. Thus, by means of
CFD modeling at the nominal load at the "outlet" from the fuel in the case of gas distribution with round jets
(proper jet-niche burner), the level of NOx generation was determined to be 94 ppm. According to experi-
mental data, this value is 86 ppm. An error of 8.6% in this case is acceptable and indicates the verification of
the calculation model when the values of nitrogen oxides during fuel combustion are numerically studied.
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Fig. 7. Distribution of NOx in the typical cross-sections of the fuel for the Fig. 8. Plane-averaged NOx values
case of gas distribution through round holes located in a row (a) and at the "outlet" from the fuel

through rectangular slits (b) at the nominal load of the boiler unit
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Such a comparison is allowed because the nitrogen oxides created in the zone of high temperatures
are not destroyed, they enter the convective shaft of the boiler unit from the fuel and, together with the flow
of flue gases, circumflex the boiler economizer, where it is possible to conduct experimental measurements.

It should be noted that in the case of gas supply through rectangular slits, the level of NOy generation
is 79.5 ppm, which is associated with a lower level of fuel temperatures.

The calculation of NOx generation at 60% heat load was also carried out and its results are shown in Fig. 8.

Analysis of the data shown in Fig. 8 reveals that gas supply to rectangular slits reduces NOx generation
by 12%, compared to the experiment on a jet-niche burner. This is due to the fact that the average fuel tempera-
ture is much lower. The fact that the temperature field of the drum installed in the upper part of the fuel is une-
ven, which will negatively affect its strength, is also of high concern.

Conclusions

1. Verification using NOx values averaged over the area of the "gas window" shows that the devia-
tion of calculated data from experimental data does not exceed 8.6%.

2. It was determined that a lower level (=12%) of NOy generation is observed in the fuel of the
DKVR-10-13 boiler if the gas distribution in the jet-niche burner is organized through rectangular slits, and
not through round holes located in a row.

3. It was established that the temperature in the fuel at the periphery of the fuel for gas distribution
through slits is 1500°C, and in the case of gas distribution by jets the temperature is 1800 °C, which, in turn,
leads to a lower level of NOx generation.

4. For a jet-niche burner, in which gas distribution is organized through round holes located in a row,
the length of the flame torch does not exceed 1 m, which corresponds to the nominal characteristics for a
regular boiler burner of the DKVR type. In the case of gas supply through rectangular slits, the torch "cross-
es" the entire section of the fuel. This situation is unacceptable, as there is a risk of burning the pipes of the
back screen of the boiler.

5. It was determined that in the center of the fuel there is a zone of reduced pressure, relative to
which a circulation current is observed. On the periphery of this current, zones, the temperature of which
corresponds to the temperature of the flame torch, are observed. This phenomenon is explained by the free-
convective movement of gas masses due to changes in density.

6. The temperature field of the drum installed in the upper part of the fuel with a burner, in which the
gas supply is organized through rectangular slots, is uneven, which negatively affects its strength.
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CFD-mopenoBaHHS BIUIMBY THITY I'a30p03/1avi B NAJIBHAKAX HA TeIVI0aePOANHAMIYHI IponecH
B koTiai IKBP 10-13

10. 10. Yepnoycenko, ' A. 10. Paunncekuii, > 0. B. Bapaniwk, ' O. A. Cipuii

' Hauionanbuuit Texuiunmii yaiBepeurer Ykpainu « KATBCHKUN MO TEXHIYHUM iHCTHTYT
imeHi Iropst CikopcbKoro
03056, Yxpaina, m. Kuis, np. bepecrelicbkuii, 37

2IHCTHTYT TemuoeHepreTuuHux Texnonorii HAH Ykpainu
04070, Ykpaina, M. KuiB, Byn. AnapiiBcbka, 19

Temu, nog’s3ami 3i 320pAHHAM NATUEA MA U020 BNAUBOM HA HABKOTUWHE cepedosuye, HIKOU He GMPamsimy c60-
€1 akmyanbHoCmi, OCKINbKU NUMANHSL eQheKMUBHO20 320PAHHS Ul SMEHUEHHS BUKUOIB € KIIOUOBUMU Y UPOOHUYMEBI eleKm-
poenepeii il 0XOpoHi HA8KOIUWHBO20 cepedosuwa. Kpainu €sponeticorkozo Coi03y MAco80 GiIOMOSIAIOMbCA 6i0 GUKOPUC-
mauHsa npupoonozo easy ax nausa ona TEC. Ilpome 6 kpainax A3ii npocmoma 6uKopucmanus ¢ RPOMUCI080CMI NPUPOO-
HO20 2a3y SIK OCHOBHO20 NANUBA, TI020 eKONOZIUHICIb NOPIGHAHO I3 GY2IIAM 0aIU 3MO2Y WUPpULe 3ACMOCO8Y8AMU NPUPOO-
HUtl 2a3 y npomucrogocmi i enepeemuyi. Ilopienioiouu npupooHuil 2az 3 aibMepHAMUSBHUMU 20PIOYUMU 2a3aMU (2eHepa-
MOPHUM, OOMEHHUM, WAXMHUM, 6i02a30M), MOICHA 3pOOUMU 20JIO6HUL BUCHOBOK NPO Me, WO BiH MAE HAUNPUBAONUGTILI
Xapakmepucmuxy Oiisk UKOPUCAHHSL 8 NPOMUCTOB0CHI, 30Kpema i 6 enepeemuyi. Omoice, y HAUOIUNICUUT HAC 3AMIHA TIO-
20 HA aIbMepHAMUGHI NATUGA 8 XIMIUHIL, 6adICKill NPOMUCIO80CmI U eHepeemuyi Hemoocnusa. Ilpedcmasnena poboma
npucesuena CFD-mo0enosannio cmabinizoeano2o 20pinus 6e3 nonepeoHbo2o 3miuly8anHs 6 NANbHUKY 3 HUZbKUM 3A6UX-
PenHaM Ol 0B0X PEACUMIB poOOMU KOMENbHO2O azpe2amy — HOMiHANbHO20 | Ha 60% nomydcnocmi. JJociodcentss GuKo-
HYBANOCS 30 OONOMO20I0 YUCETbHUX MemOoOi8 Npu GUKOPUCMANHI hakema npuxiaonux npozpam Ansys-Fluent. O6’ckm
00CHi0dCen s — NATLHUK, NOOYOOBAHUI 30 MEXHOIO0LIEI0, OCHOBAHOIO HA BUKOPUCMAHHI CIPYMEHE80-HIUEesUX cucmem i3
2a30p03N00INIOM NANUBA KPYSIUMU CIPYMEHAMU, WO NOOQIOMbCSE NEPREHOUKYIAPHO 8 NOMIK OKUCTIOBAYA Yepe3 0OHOPSO-
HY cucmemy omeopis. IIpedmemom docniddcenHs obpano npoyecu 2iOpOOUHAMIKY I MenI000MIHY, Ha NIOCMAGi pe3yilb-
mamie ananizy sKkux ompumara mooens 2enepayii NOx 6 cmpymenego-Hiwesux cucmemax. Aemopu pobomu esasxcaroms,
WO 3aMiHA WIMAMHUX NATbHUKIG 60002pitiHoco komaa muny [JKBP-10-13 na cmpymerneso-Hiwiesi modice cnpusimu Kpa-
WOMY 3MIULYBAHHIO NANUGA U NOGIMPSL, @ MAKOJIC 3a0e3neyumu Oilbul NosHe 320psiHHA. Y 0auiil pobomi po3ensiHymo 06a
Munu NATbHUKIE. B 00HOMY 3 nanbHUKIE NAIU60 NOOAEMbCs KPi3b NPSIMOKYIMHI WIIUHU, 6 IHUWOMY — Yepe3 PO3MAauiO8aHi 6
pao kpyeni omeopu. Ilogimps 6 06u0sa narbHUKU NOOAEMbCs Yepe3 NpsAMOKYmHui winunu. Busnaueno, wo easzopozdaya
Kpi3b Kpyaii 0meopu NOCUTIOE PO3NUTICHHsL CYMIWIL | 30L1bULYE 30HY po3nuiieHHs. npodykmie 3eopsanus. Ilposedena sizyani-
3ayis po3nooiny cepednboi weuoKocmi, memnepamypu, wkioausux oomiwiox muny NOy i komnonenmie peaxyii. Ompuma-
HI pe3yibmamu ceiouamy, wo 3MIHA PeXdcUMy meuil, sMiueHHs: ROYyM s abo 1lo2o HecmabinbHocmi iocymHi. Bemanogie-
HO, WO HA NOWUPEHHSL NPOOYKMIE 320psaHHA | WKIOAUeux domiwox muny NO, 6niusaroms sk ocb06d, Max i MaHeeHyiaibHa
weuoxicms nomoxy. I'azoposoaua kpyanumu cmpymeHamu cmaobinizye 2O0piHHsA | SMEHULYE POSUUPEHHSL NOTYM 5.

Knruosi cnosa: zazoposoaua, cmpymeneso-niuwesa mexronocis, ANSYS-Fluent, mooenosanns, 2a3onodibne na-
JIUB0, 2OPIHHS, MEeMaH, NATUGHS KOMIA.
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