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MODERN COMPUTING EXPERIMENTS ON PULVERIZED COAL
COMBUSTION PROCESSES IN BOILER FURNACES

Abstract. The aim of the work is to create new computer technologies for 3D modeling of heat and mass
transfer processes in high-temperature physico-chemical-reactive environments that will allow to determine the
aerodynamics of the flow, heat and mass transfer characteristics of technological processes occurring in the
combustion chambers in the operating coal TPP RK. The novelty of the research lies in the use of the latest
information technologies of 3D modeling, which will allow project participants to obtain new data on the complex
processes of heat and mass transfer during the burning of pulverized coal in real combustion chambers operating in
the CHP of RK. Numerical simulation, including thermodynamic, kinetic and three-dimensional computer
simulation of heat and mass transfer processes when burning low-grade fuel, will allow finding optimal conditions
for setting adequate physical, mathematical and chemical models of the technological process of combustion, as well
as conduct a comprehensive study and thereby develop ways to optimize the process of ignition, gasification and
burning high ash coals. The proposed methods of computer simulation are new and technically feasible when
burning all types of coal used in pulverized coal-fired power plants around the world. The developed technologies
will allow replacing or eliminating the conduct of expensive and labor-consuming natural experiments on coal-fired
power plants.

Key words. Combustion, boundary conditions, computer simulation, low-grade coal, pulverized coal, reacting
mixture, combustion chamber, numerical experiment.

Introduction

Kazakhstan is currently a developed country rich in natural resources. The fuel and energy complex is
the basis for life support and economic development. Kazakhstan coal has high ash content (~ 40%) so
they rated as low-grade, despite of it this organic fuel covers more than 40% of the demand for primary
energy resources. The use of such quality coal leads to economic and ecological problems, related with
ineffective incomplete combustion of fuel, which causes a high level of carbon and nitrogen compounds
in the atmosphere.

In this regard, the President of the Republic Nazarbayev N.A. identified the global energy-
environmental strategy for sustainable development of Kazakhstan, where he expressed ideas about
sustainable energy. According to the adopted “Sustainable Energy Strategy for the Future of Kazakhstan
until 2050 [1], the factors of energy independence and development principles include the requirements
of ensuring the interests of the new generation and preserving the environment, which are determined by

— 5 —
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the following parameters: ensuring the world level of economic and technical efficiency throughout the
country's energy sector; control the level of environmental impact of energy; the existence of an internal
policy aimed at ensuring the availability of all types of energy; possession of the optimal institutional
structure of the energy-complex; ensuring participation in international energy markets.

In the main, the country is currently dependent upon fossil fuels for power generation. As shown in
Fig. 1 13% of Kazakhstan's power is generated by hydroelectric power plants, and whilst 90% is from
thermal-powered plants (75% coal-fired stations).

Power plant
(Oil)

Power plant

(Gas)

CHP (Gas) Power plant

(Coal)

Fig 1 - Kazakhstan's electricity generating capacity (%)

To optimize the combustion of solid fuels, to develop and implement “clean” technologies and to
protect the environment and ensure the efficiency of power plants, a deeper study of the issues of burning
solid fuels in the combustion chambers of boilers and conducting research of technological processes
taking place at TPPs is needed. It is possible with a combination of physical, scientific and applied,
technological and engineering research in the field of optimization of solid fuel combustion processes [2-
7]. In this regard, it becomes relevant to conduct computational experiments on the study of ignition, heat
transfer, and mechanisms for burning out a coal-dust torch in the combustion chambers of boilers of
energy facilities.

Methods of pulverized coal combustion research

At present, the intensive development of computer technologies and numerical simulation methods
ensures a sufficiently high accuracy, the convergence of numerical results and their agreement with the
results of field experiments. The use of computational fluid dynamics CFD allows one to obtain data
without field experiments, which can then be used to substantiate the parameters and modes of thermal
and hydrodynamic processes in the preparation of subsequent experimental studies on real energy
facilities.

To study the complex physicochemical processes occurring while the pulverized coal combustion in
furnace of boilers, it is necessary to have certain conditions required for carrying out computational
experiments, including a multiprocessor computing system, an adequate physical, mathematical and
chemical model and an exact method for solving a system of differential equations that describe the real
technological process of burning pulverized coal in the existing power plant.

Numerical simulation uses numerical methods for solving the fundamental equations of heat and
mass transfer processes using powerful computers. The theoretical analysis of vortex flows is based on the
Navier-Stokes and Reynolds equations [8]. However, due to the nonlinearity and interconnectedness of
these equations, their solution in the general case can be found only numerically [9]. The predominant
method in the numerical simulation of subsonic currents and heat and mass transfer is the well-proven
algorithm of SIMPLE Patankar-Spalding [10].

The description of the numerical model is based on a number of physical laws of conservation of
mass, momentum, energy [11]. The mathematical model consists of a system of differential equations,
algebraic closing relations and boundary (initial and boundary) conditions.

6 —
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Since most practical flows are turbulent, the conservation equations must be considered in averaged
and filtered by time or spatial forms, which must be closed using additional turbulent models [12]. For the
formulation of a mathematical model, we consider the basic equations.

Since there are no sources of mass, only the transformation of the constituent components takes
place. In this case, the equation of conservation of mass or the continuity equation takes the form (where
the first term of the equation describes the flow nonstationarity, the second term is convective transport):

ap
+—(pu,)=0
Py axl(,O) (1)
o(pu,) op 97,
=+ uu,)=——+——+pg. +F
o (pu;u;) o pg;+F; @)

The first term of the equation describes the nonstationarity of the flow, the second - convective
transport, the third and fourth terms - surface forces (pressure gradient and molecular diffusion), the fifth -
mass forces (gravity), the sixth - external mass forces.

The energy conservation equation takes into account energy transfer due to conductivity, diffusion,
and viscous dissipation'

op 0 0

olph) .
hu.) = ‘ ——hJ, +
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where /= Zm h, — enthalpy for ideal gases, &= Zm h+ % — enthalpy for incompressible flow
7 7

of gas, h, = T"fcp’ dT — enthalpy for flow J, diffusion substance, k,, =k +k, — effective thermal

J

conductivity (the sum of laminar and turbulent thermal conductivity), (z;),, — effective stress tensor, S,

— source term that takes heat into account due to chemical reactions and other volumetric energy sources
(heat due to radiation, convective exchange between particles and the gas phase, and heat of combustion).

To study the turbulent burning flow of an industrial flame, the averaged conservation equations are
used, supplemented by a two-parametric k-¢ model of turbulence [13].

Simulation of the combustion process in the gas phase is a complex process involving numerous
chemical reactions of fuel and oxidizer through the formation of intermediates and final products of
combustion. The task is further complicated because of the interaction between turbulence and the
kinetics of the combustion process, in view of the fact that turbulent reactive flows are characterized by
sharp fluctuations in temperature and density, under the strong influence of exothermic reactions of the
combustion process. To simulate the combustion of the gas phase, a simple chemical reaction system
developed by Spalding is used. The model describes the global nature of the combustion process, where
the complex mechanism of chemical kinetics is replaced by infinitely fast chemical reactions between fuel
and oxidant [14].

So for mathematical modeling of processes occurring in combustion devices during coal combustion,
the FLOREAN computer program [15-16] based on numerical solution of three-dimensional equations of
energy and substance transfer taking into account chemical reactions is used. All mathematical models
represent a complex system of nonlinear three-dimensional partial differential equations. They consist of
the equations of continuity of the medium, the state of an ideal gas and the motion of a two-phase
medium, heat transfer equations, chemical kinetics, and diffusion for the components of the reacting
mixture, taking into account the radiative and turbulent transport described by the k-¢ model of
turbulence. For numerical calculation were used the primary and boundary conditions, also control
volume method for solving the differential equations [17].

Setting of the computing experiments in boiler of RK
In the present work, for carrying out computational experiments on pulverized coal combustion used
software package FLOREAN. Creating a database for modeling is carried out using the PREPROZ

— ] —
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software package [18], where the generated files contain the geometric data of the process under study,
the initial and boundary conditions for modeling the process of heat and mass transfer in the reacting
flows. General view of the boiler BKZ is shown in Fig. 2.

7
em\_\\l\

Fig. 2 - General view of the boiler BKZ-75 of Shakhtinskaya CHPP (RK)

Pipes front, rear screens and the lower part form in the furnace space the area of the cold funnel. In
tables 1 and 2 there showed basic geometric parameters also technical parameters of the combustion
chamber of the BKZ-75 boiler. The characteristics of the coal are presented in Table 3.

Table 1 - Basic geometric parameters of the combustion chamber of the BKZ-75 boiler

Name Symbol Unit Value
Height of the combustion chamber (Z) H, m 16.75
Width of the combustion chamber (X) b, m 6
Depth of the combustion chamber (Y) I, m 6.6
Frontal and posterior wall area Fy, Fy m’ 90.675
Area of the right side wall Fy m’ 92.4
Area of the left side wall Fy m? 110.55
Ceiling wall Area F, m’ 27.72
Area of hearth wall Fy m’ 7.26
Cross-sectional area of the air-blast channel in the burner F, m> 0.12
The cross-sectional area of the secondary air duct in the Fg, m? 0.25
burner

The furnace chamber of the BKZ-75 boiler is equipped with four axial-blade vortex pulverized-coal
burners, which are located in one stage of two burners on the side walls of the chamber and direct dust
injection from individual dust preparation systems is used.
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Table 2 - Technical parameters of the combustion chamber of the boiler BKZ 75-39FB Shakhtinskaya CHP

Name Value
Number of burners on the boiler, N, pc. 4
The performance of a single burner for fuel, B, t/h 32
The primary air flow to the boiler, V},, Nm’/h 31797
Secondary air consumption per boiler, V,, Nm*/h 46459
The temperature of hot air, #,,, °C 290
The excess air factor in the furnace, & 1.2
Value of the suction cup, Ao
Firebox and festoon 0.1
Superheater 0.03
Economizer 0.02
Air Heater 0.03
Estimated fuel consumption per boiler, B, t/h 12.49
Cold air temperature, t.,, °C 30
Pressure at the inlet, P, mbar 1.013-10°
Hydrodynamic resistance of the burner air mixture channel, 4P, mm of water 671
column )
The temperature of the air mixture, #,,,, °C 140
The wall temperature, ¢,,, °C 430.15
Table 3 - Characteristics of Karaganda coal grade KR-200
Name Symbol Unit Value
Type of coal KR-200 - -
Milling dispersity Rgo % 20
Coal density p kg/m® 1350
Heat of combustion 0, kl/kg 3.4162-10"
Ash A° % 35.10
Volatiles 4 % 22.00
Humidity w* % 10.60
Carbon C % 43.21
Hydrogen H, % 3.6
Oxygen (023 % 5.24
Sulfur S, % 1.04
Nitrogen N, % 1.21
Chemical composition of ash (macrocomponents)
SiO, % 60.2
Al 04 % 25.5
Fe,03 % 5.85
CaO % 3.65
MgO % 1.05
TiO, % 0.95
SO; % 0.8
K,0 % 1.65
Na,O % 1.06
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Considered coals are difficult to enrich. Their inner component is almost indestructible (the organic
part consists of plant matter, brought from mineral impurities deposited with plant residues, and the
infiltration part of the mineral salts contained in the water circulating through the cracks). Thus, their
enrichment does not justify the economic costs associated with the enrichment process.

Results of computing experiments on pulverized coal combustion processes in boiler furnace of
RK

The aerodynamics of two-phase turbulent flows during the combustion of pulverized coal which is
vortex transfer [19] causes the nature of the leaking of the entire combustion process. The main role of the
aerodynamic structure of the vortex flow is the perfect mixture of fuel mixture with oxidant. Fig. 3a
shows that the flow of the air mixture with the combustion products has a vortical character in the
burners’ zone (Z ~ 4 m). It can be seen that the total velocity vector has its maximum values V ~ 16 m/s
there. This is because the counter flow currents, blown from the burner devices, are directed at maximum
speed to the center of the furnace space, collide. And here, dissecting into several vortices, form a return
flow up and down over the furnace space. This vorticity character arises from turbulence (Fig. 3b) due to
the interaction of the air mixture with the oxidant [20].

—
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Fig. 3 - Three-dimensional distribution of the full-velocity vector (a) and turbulence (b)
in the volume of the combustion chamber of the boiler BKZ-75-39FB Shakhtinskaya CHPP

The fuel mixture and oxidizer (air) coming from the opposite burners, so the temperature values reach
their maximum in the core region of the torch at an altitude of about three meters, it is the lower part of
burners. Here, due to the vortex nature of the flow maximum convective transfer and an increase in the

— 10 —
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residence time of coal particles are observed. As a result temperature rises to its value 1100°C (see Fig. 4).
On the height of the combustion chamber, it can be seen a gradual decrease in temperature to the exit
from the furnace. At the exit the temperature fields are equalized: in the rotary region of the furnace, the
average temperature is T = 941°C, and at the outlet from the combustion space T = 879°C.

Analyzing the verification of obtained computational data with the theoretical calculation at the outlet
from the boiler [21] and with natural data from TPP [22]. Analyzing the results it is seen a good
agreement.

1200
1000
¢
=
800 -
600
i -[21]
-[22]
m
400 Z,
0 2 4 6 8 0 12 14 16

Fig. 4 - Distribution of the temperature by the height
of the combustion chamber and its verification with the known data [21-22]

The distribution of CO, concentration in the central part (Fig. 5) is less than at the outlet. The final
stages of complete combustion of energy fuel, with the greatest amount of formation of combustion
products of CO, take place to the output area. The verification of obtained results with known data [22]
from real TPP shows the good compliance.

0.20 —Minimal —Maximal —Average

A-[22

,__
=]
o

Carbon dioxide CO,, kg/kg

Height Z, m
0 2 4 6 § 10 12 14 16

Fig. 5. Two-dimensional distribution of the CO, concentrations by height
of the boiler and its verification with the known data

Concentration of nitrious oxides NOx as shown in figure 6 has a maximal value at the burners
zone (Z=4 m) in a region where the injected flows are met (central part). At the outlet from the chamber
the average value of the NOx is about ~ 700 mg/Nm”. From the comparing with experimental data [22-24]
and MPC norms [25], as it shown in Fig. 8 it can be said that obtained results correspond quite well to the
picture of real formation of NOx emissions with acceptable values for ecologically clean operation of
energy fuel in this boiler.
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Fig.6 - Distribution of the NOx concentrations by height and its verification with the known data

3D computer simulation of the combustion of pulverized coal fuel allows for better understanding of
the problems of computational fluid dynamics (CFD), mathematical and numerical modeling of solid fuel
combustion processes, and the mechanism of chemical interaction between combustion products. The
results of the conducted research contribute to the solution of the actual problems of thermal physics,
technical physics, thermal power engineering and environmental safety, since they make it possible to
give recommendations on optimization of burning processes of low-grade energy fuels in order to
increase energy efficiency and improve the ecological situation and create “clean” energy production.

Conclusion
In order to reduce emissions and meet the growing demand for electricity, it is urgently necessary to

develop and implement new cost-effective and environmentally friendly (safe) technologies, as well as to
modernize existing energy supply facilities.

Concluding results of conducting research we can propose the new physical-mathematical and
chemical models of simulation low-grade Kazakhstan coal combustion in the real chambers of the energy
objects. Used method give an adequate character of the processes of heat and mass transfer and formation
of emissions of harmful substances during burning of low-quality Karaganda coal of grade KR-200 with
high ash content (more than 35%) in the combustion chamber of the existing power boiler BKZ-75 of
Shakhtynskaya CHPP.

By comparisons of numerical experiment results held in this work with natural data from TPP we can
propose the observed method of research of combustion processes is reliable. The results carried out in
this work and used method of computational study can be useful in the design and development of new, as
well as in the improvement of existing combustion chambers of power boilers of TPP.
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' O51-Dapabu ateiHarel Kazak yITTHIK yHHBEPCHTETIHE KAPacThl SKCTIEPUMEHTAIIBIK JKOHE TEOPHSUTBIK (DH3HKAHBIH
FBUIBIMU-3€PTTEY UHCTUTYTHI, ani-Dapadu ateinnarel Kaz¥y DT F3U, Anmarsl, Kazakcran;
? On-Mapabu aTbiHgars! Ka3ak YITTHIK YHHBEPCHTETIH QU3MKA-TEXHUKANBIK (aKyIbTeTi,
on-®apadu areingarel KasYVY, Anmarel, Kazakcran;
? Ipara k. Yex TeXHUKATIBIK YHHBEPCHTETIHIH CYIbIK TMHAMHKACH MEH TEPMOIMHAMUKA (haKyIbTETi,
[Ipara k. Yex Texuukanslk yHuBepcurerti, [Ipara, Uex PecryOnnkacsr

KA3AHJBIKTAPJBIH )KAHY KAMEPAJIAPBIHJIA INAHTEKTEC KOMIP/IH
"KAHY IMPOLECTEPIHIH 3AMAHA YU KOMITLIOTEPJIIK TOKIPUBEJIEPI

AnHotanusi. JKoOaHbIH MakcaThl KOFapbITeMIEpaTypaibl (H3UKa-XUMUSUIIBIK OPEKETTECYIl OpTaiapliarsl
KBUTy Macca TachiMaliaHy npouectepin 3D Mmojenney/iH jkaHa KOMIBIOTEPIIK TEXHOJIOTHSIAPBIH Kypy OOJbII
tabbagsl. Onap KP kpimer ererin kemipii JXXOC-H jkaHy KamepajapblHaa OOJaThlH TEXHOJOIUSUIBIK
MPOLIECTEP/IIH aFbICTap adPOIMHAMHUKACHIH, KBUTYy Macca alMacy CUIlaTTaMalapblH aHbIKTayFa MYMKIHIIIK TyFbI3abl.
3epTTeynepiH JKaHAMBUIIBIFBI ©H aHa 3D MozaenaeymiH aKmaparThlK TEXHOJOTHSUIAPBIH KOJIAHy OOJIBII
tabpuTagpl. On sk00a KateicymbuiapeiHa KP icke kocburran JKOC-H peansl )kaHy KamepallapblHIaFsl IaH-KeMipITi




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

OTHIHHBIH JKaHYBl Ke3iHIe XBUIy Macca TachIMaJJaHyIbIH KYpIedi MPOLECTepiHIH XKaHAa MOTIMETTepiH anyra
xapaemaeceni. TeMeHriCyphITEl OTBIHIBI JKary Ke3iHIe TePMOAWHAMHKAIBIK, KHHETHKAJBIK JKOHE XKBUIy JKOHE
Macca TachIMalay MPOLECTEePiH YII OIIeMIl KOMIBIOTEPIIIK MOACIBICY i €CKepreHAeri CaHAbIK MOJCIICY JKaHy
IPOLECIHIH TEXHOJOTUSIIBIK IPOLECIHIH aJeKBaTThl (PU3MKAIBIK, MATEMAaTHKAIBIK >KOHE XHMHSUIBIK YITUIepiH
OpHAJIACTHIPY YILIIH OHTAWNIbBl Karaaiaapapl Tabyra MyMKIHIIK Oepeji, COHIal-ak »KaH-)KaKThl 3epTTeyliep
Kyprizyre kemek Oepeji, OChUIaiIa jKaHy MPOLECIHIH TYTaHy, ra3[aHy >KOHE MKOFapbl KYJII KOMipiepai aryja
’KaHa JKOJIIapAbl YChIHyFa MyMKIHIIK Oepeni. JKoOaHbIH JaMybIHA YCHIHBUIFAH KOMIIBIOTEPJIIK MOJIENIbACY SAicTepi -
OYKix aeM OOMBIHIIIA KOMIPMEH JKYMBIC ICTEHTIH JKbUTY JJIEKTP CTaHUMSUIAPbIHIA KOJIAAHBUIATHIH KOMIPAIH 0apIIbIK
TYpJIEpiH JKaryla jkaHa »JKOHE TEXHHMKAIbIK MYMKIHIIUII 30p Ooibinm TaObuiagbl. Y CHIHBUIBINT OTBIPFaH
TEXHOJIOTHSUIAp KOMIPMEH J>KYMBIC ICTEHTIH OJJIEKTp CTaHLMUIApBIHAA OpBIHAAIATHIH KbIMOAT JKOHE €HOeK
HIBIFBIH/AAPEI KKET €TUIETIH TaOUFU SKCIIEPUMEHTTEP/Ii aybICThIpyFa HEMece KOIFa MyMKIHIIK Oepeti.

Tyiiin ce3aep. XKany, mexapayiblk mWapTTap, KOMIBIOTEPIIK MOJEN/ICY, TOMEHTIT CYPBINTHI KOMIp, IIaHKOMipJi
OTBIH, OCEPIIECETIH KOCTIa, JKaHy KaMepachl, CAHABIK TIXKipuoenep
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! HayuHo-mccnenoBaTenbCKuil HHCTUTYT SKCIIEPUMEHTAIBHOM 1 TeopeTndeckoi (husnkn npu Kazaxckom
HalMOHAILHOM yHUBepcuTeTe uMeHH anb-Dapadu, HUM DT npu KasHY umenn ans-DPapadbu, Anmarsl,
KazaxcraH;

* du3MKO-TeXHHUeCKHiT (PakybTeT Ka3axckoro HaMOHANBHOTO YHHBEpCHTETa MMeHH anb-Dapadu, KasHY nvenn
anp-®apadu, Anmartel, Kazaxcran;

3 JlenapraMeHT AMHAMUKH KUAKOCTH U TepMoanHaMuku Yenickoro Texunueckoro Yuusepcurera r.Ilpara, YTV r.
[para, [Ipara, Yemickas Pecry0mmka

COBPEMEHHBIE KOMITBIOTEPHBIE SKCIIEPUMEHTHBI ITPONECCOB C:)KUT'AHUS
YT O0JIbHOM NBLJIU B TOIIOYHBIX KAMEPAX KOTJIOB

AnHoTauus. [lenpro paboThl SIBISIETCS CO3IaHHWE HOBBIX KOMIIBIOTEPHBIX TexHoJiornid 3D momenmupoBaHms
MPOIIECCOB TEIIOMACCONEPEHOCa B BBHICOKOTEMITEPATYPHBIX (DU3UKO-XUMHUYCCKH PEarupyrolluX Cpeaax, KOTOphIe
MO3BOJISIT  ONPENENATh a’pOJAMHAMUKY TEUEHHS, TEIIOMacCOOOMEHHbIE XapaKTEPUCTUKH TEXHOJOTUYECKUX
l'[pOLlCCCOB, HpOI/ICXOI[SILlII/IX B TOIIOYHBIX Kamepax B HGﬁCTByIOIJ.[HX yFOJ'II)HI)IX TCIIJIOBBIX SHeKTpI/l'{eCKI/IX CTaHHI/lﬁ
Pecnyonmukn Kaszaxcran. HoBu3HA ucclieoBaHMI 3aKIFOYACTCS B HCIOJIH30BAHWU HOBEHIINX HH()OPMAIIMOHHBIX
TexHoJorui 3D MoaenupoBaHus, KOTOPbIE MO3BOJISAT YYACTHUKAM MPOEKTA MOJYYUTh HOBBIE JaHHBIE O CIOMXHBIX
mpoleccax TeIIoMaccoNepeHoca MpyU TOPEHUHM MbUIEYTOJIbHOIO TOIUIMBA B peajbHBIX TOIMOYHBIX KaMmepax,
neiicteytommx TOLl PK. UwmcnenHoe MonenupoBaHHe, BKIIOYAIONIEE TEPMOTUHAMUYECCKOE, KHHETHYECKOE H
TPEXMEpHOE KOMITBIOTEPHOE MOJEIMPOBAHUE MPOIECCOB TEIUIOMACCONEPEHOCA TP CKUTAHWH HU3KOCOPTHOTO
TOIUTMBA TO3BOJIUT HAWTH ONTHMANBHBIC YCIOBHS IS TIOCTAHOBKH aJCKBaTHON (PH3MKO-MATEMaTHUECKOW H
XUMHUYECKOH MOJIENI TEXHOJIOTHIECKOTO TPOIecca TOPEHMsI, a TAaK)Ke MPOBECTH KOMIUIEKCHOE MCCIIEIOBaHUE U TEM
caMbIM pas3pa0aThiBaTh MYTH ONTHMHU3HPOBAHMS IPOLECCa BOCIUIAMEHEHHs, Tra3u(UKalud W  COKUTaHHs
BBICOKO30JIbHBIX yriei. [Ipemiaraemsie k pa3pabOoTKe METOIbI KOMIIBIOTEPHOTO MOJICIIMPOBAHHUS SIBJISTFOTCS HOBBIMH
U TEXHUYECKU PeaJM3yeMbl NP C)KUTAaHUM BCEX THUIIOB yIJeH, MCHOJIb3yeMBIX Ha MbuleyroibHbIX TOC 1o Bcemy
MI/lpy P33p36aTblBaeM])Ie TCEXHOJIOTUU ITIO3BOJIAT 3aMCHUTHL HJIINW HUCKIIKOYUTH HpOBC}I@Hl/Ie [lOpOFOCTOHHJ,I/IX u
TPYJIOEMKUX HAaTypPHBIX IKCIIEPUMEHTOB Ha yroibHbIX TOC.

KuaioueBsble ciaoBa. ['opeHue, rpaHUYHbIE YCIIOBUS, KOMIBIOTEPHOE MOJECIUPOBAHHME, HU3KOCOPTHBII YIoOJb,
MbUIEYTOJIBHOE TOIUIMBO, pearupyrouiasi CMeCb, TOIIOYHASI KAMEPA, YUACICHHBII KCIIEPUMEHT.
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