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105 neT

JIMJAEPY TEXHUYECKOI'O ObPA3OBAHHUA
B BEJIAPYCH

MedscdyHapoOHblll HayYHO-mexXHUYeckull xcypHaa «3IHepeemuka. H3ee-
cmus 8bICWUX Y4ebHbIX 3a8edeHull U 3Hepeemuyeckux obwseduHeHuli CHI »
usdaemcsi ¢ sHeapsi 1958 e. OcHogHoll 3adayeli ycypHaaa 6bL10 onpedeseHo
co30aHue nyb6AUKAyUOHHOU n/A0WAOdKU, HA KOmMoOpolU y4yeHble U cneyua-
JIUCMbI PA3IUYHbBIX OP2AHU3AYUL U 8bICWIUX Y4ebHbIX 3a8edeHul], paboma-
rowue 8 obs1acmu 3Hep2emuKu, Mo2/1u 6bl 06MEHIMbCS pe3y1bmamamu no-
c/n1edHUX uccaedosaHull, 832190amMu U npobaemamu, C8513aHHbIMU C NOBbI-
weHueMm agpghekmusHocmu GyHKYUOHUPOBAHUS IHEP2eMU1ecKoll ompacu.

CoznacHo CoenaweHuio eaas npasumeabemes om 14 gespans 1992 2.
0 KOOpOJuHayuu Menx2ocyo0apcmeeHHblX OMHOWeHUll 8 06.1acmu 3/ekK-
mposHepzemuku Codpyxcecmsea Hezasucumvwix I'ocydapcms, 25 ¢espa-
a5 1992 2. cocmosinocw 1-e 3acedaHue 31eKmpoaHepeemu4eckozo cose-
ma CHI. Ha amom 3acedaHuu 6b110 NPU3HaHO Yeaeco06pasHbiM 8 UHMe-
pecax pazsumus sHepeemuku CHI' u noebluweHusi ypoeHs nod20moskKu
UHJCEHepHbLX, nedazo2u4eckux U HAy4HblX Kadpos yvpedumb HAYYHO-
MmexHU4ecKull U Npou38o0CMBEHHbIL HCYPHAL C €20 HbIHEWHUM HA38aHU-
em «IHepeemuka. MU38ecmus 8blcuiux y4eOHbIX 3a8edeHull u 3Hepzemuye-
ckux o6wseduHeHuli CHI'» ¢ pedakyuoHHoU kosanezuell 8 e. MuHcke (u3da-
mesav - Benopycckasi 2ocydapcmeeHHasi noAumexHuyeckass akademusi).
8 mas 1992 2. uddaHue 6bL10 3apezucmpupogaHo 8 MuHucmepcmae
uHgopmayuu Pecnybauku Benapyco. Yupedumesasmu cmasau 3aekmpo-
sHepeemuueckuli cosem CHI, MuHucmepcmeo obpazosaHusi Pecnybauku
beaapycw, Komumem no ebicwell wkosae MuHucmepcmea Hayku, avicuiell
WKo/bl U mexHu4eckoll noaumuku Poccutickoli @edepayuu.

B Hacmosiwjee epems (¢ 19 mapma 2024 2.) yupedumesem u uzdame-
JeM xcypHaaa «3IHepeemuka. M3eecmusi 8blCWUX YYEOHbIX 3asedeHull
u 3Hepeemuveckux o6wseduHeHull CHI» siensiemca Besaopycckull Hayuo-
HA/IbHLIU MexHU4ecKull yHugepcumem.

KypHaa usdaemcs 8 neuamHoM eude u pacnpocmpaHsiemcs yepes om-
deneHus «besnoumsl» nodnucuukam Ha meppumopuu Pecnybauku besa-
pycy, Poccutickoli @edepayuu u dpyeux cmpam CHI. Kpome mozo, codepica-
Hue HOMepo8 JKcypHa.a pasmeujeHo Ha catime BHTY, a mekcmol cmameli do-
cmynHbl yepe3 penosumoputi HayuHot 6ubuomeku yHugepcumema.

3amemHbIM docmudceHueM U NPUSHAHUEeM 3HAQYUMOCMU HCYPHAAA CO
CMOPOHbI MeHCAYHAPOOHO20 HAYYHO20 CO06Ujecmsa 6bl10 8KAYEHUE e20
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8 2017 2. 8 6a3y daHHbix Scopus. Ilo umozam paHICUPOBAHUS HAYUYHBIX
JycypHanos 8 2024 2. «IHepzemuka. M3eecmusi 8bicuux y4eOHbIX 3a8e-
deHull u sHepzemuyveckux o6seduHeHuli CHI» 3aHumaem 44-e mecmo
u3 77 npo@uabHbIX HCYPHAN08 Mupa ¢ pelimuHzoM 1,6 yumuposaHusi.
Imom nokaszamesab YyumuposaHuil NocmeneHHO pacmem 8 meyeHue no-
cnedHux namu 1em (2020-2024 22.).

B pasHoe epemsi enasHblmMu pedakmopamu HypHa/aa «3IHep2emukd.
H3eecmus svicwux y4ebHbIX 3a8edeHUll U SHep2emuyeckKux 06seduHeHull
CHI'» 6bl1u u3zsecmHble y4yeHble: vjieH-KoppecnoHdenm HayuoHasnvHoU
akademuu Hayk Benapycu M. H. Cmpeaiok, akademuk HayuoHanvbHol
akademuu Hayk Beaapycu b. M. Xpycmasnes, uaeH-koppecnondenm Hayuo-
Ha/abHoll akademuu Hayk Beaapycu ®. A. PomaHoK.

Ilepuod c 2020 2. do Hacmosiwezo MoMeHMa omme4eH pacuupeHuem
eeoepaguu aemopos, komopble nybaukyromes 8 xcypHaae. [lomumo yye-
HbIX U3 egponelickux cmpaH u Poccutickoti @edepayuu 6 nocaedHue 200bl
aKmueHo neyamaromcs Hay4Hvle cmamuu aemopos uz KHP, Kazaxcmana,
Y36ekucmana, Bbemuama, HHOuu. Imo Haw.10 ompasceHue u 8 cocmase
pedakyuoHHOU Ko//1e2uu HYypHaa.

Cpedu opzaHusayuli, a8mopbl U3 KOMopblX Npedcmas.1som Ha cmpa-
HUYax Jx#ypHa/aa pe3yabmamel cgoux uccaedosanull, - kpome BHTY, amo
PYIl «bensHepeocembnpoekmy», A3zepbalioicaHcKull HAYy4YHO-UcCCc/a1ed08a-
meAabcKull U NpoeKkmMHOo-U3bICKameAbCKUulli uHcmumym 3Hepeemuku, Ha-
YUOHANbHLLIU ucciedosamensckull yHugepcumem «M3H», HayuHo-mexHo-
Jl02uyecKull uHcmumym 3Hep2emuku U okpyxcarouetl cpedsl BoemHam-
cKoll akademuu HayK u mexHoso2ull, EpesaHckull 2ocydapcmeeHHbIl
YHusepcumem, KasaHckuil 2ocydapcmeeHHblll 3Hepzemuyeckull yHueep-
cumem, Espa3sulickuli HayuoHabHbIlU yHUBepcumem umeHu JI. H. T'ymu-
snesa, CaHkm-Ilemep6ypackull 2opHblll yHUBepcumem umnepampuybl
Examepunvt I, Topatievipos yHusepcumem (KazaxcmaH), PecnybaukaH-
ckuti HIIYII «LJenmp c6emoduodHbIX U 0NMO03/1eKMPOHHbIX MEXHO102UlL»
HAH bBeaapycu, 3A0 «HayuyHo-uccaedosameabCKull uHcmumym 3Hepze-
muku» (ApmeHus), TawkeHmckutl 2ocydapcmeeHHblll mexHUu4ecKull yHu-
gepcumem umeHu Hcaama Kapumosa, Hxncesckull zocydapcmeeHHblll
mexHuveckull yHugepcumem umenu M. T. KarawHukosa, AamamuHcKull
mexHos102uveckull yHugepcumem, KapwuHckull UH}#ceHepHO-3KOHOMUYe-
ckuli uHcmumym (Y36ekucmat) u MHo2ue dpyaue.

CezodHsi, ommeuvas ceoli 105-n1emHuli woéusetl, beaopycckuill Hayuo-
HA/bHLIU MexHUYecKull yHugepcumem 3aHumaem aAudupyoujee noJiojice-
Hue cpedu 8y308 CMpaHbl U N0 npagy 20pAUMCs C8OUMU AOCMUNCEHUSMU.

Pedakyus xcypHana «3IHepeemuka. U3gecmus gbicuux y4eb6HbIX 3a8e-
deHull u aHepeemuyeckux o6seduHeHuli CHI'» nozdpasisiem compydHuKkos
YHugepcumema c F06uneem!

C ysadiceHueM, 2/1a8HbIU pedakmop

dokmop ¢pusuko-mamemamuyeckux HayK,
npogeccop, uneH-koppecnondenm HAH Beaapycu
A. M. Masasipesuu
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Simulation of Electromagnetic Characteristics
of a Terahertz Receiver

A.K. Esman”, G. L. Zykov", V. K. Kuleshov"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Electromagnetic radiation of the terahertz range (THz) is used in various fields of science and
technology: medical diagnostics, security and control, sensor and communication technologies, scien-
tific research, etc. Computer simulation in the development and research of THz receivers signifi-
cantly reduces costs and time-to-market by replacing expensive experiments. Advanced software
suites, like HFSS, facilitate the accurate modeling of intricate three-dimensional configurations
and the analysis of component electrodynamic performance. This study leveraged HFSS to simu-
late the performance of a THz receiver across the 0.4—1.4 THz band. The accuracy of the simula-
tions relies on the fidelity of the model, encompassing geometric details, material properties, and
chosen simulation parameters. This paper proposes a three-dimensional model of an original selec-
tive compact receiver of terahertz electromagnetic radiation (with a conversion efficiency of
~97 %) for two resonance frequencies, consisting of a sensor based on two open apodized periodic
microcavity structures with a fill factor changing according to a linear law, a matching element in
the form of an asymmetric irregular triangular strip line, and a detecting diode. The design offers
key advantages including high conversion efficiency, suitability for matrix architectures, high
selectivity to registered radiation, and the potential for simple readout methods, making it an
attractive approach for THz sensing, an important tool across various scientific and practical appli-
cations.

Keywords: sensor, detecting diode, terahertz radiation, 3D model, resonance frequency, HFSS,
conversion efficiency, reflection losses, directivity

For citation: Esman A. K., Zykov G. L., Kuleshov V. K. (2025) Simulation of Electromagnetic
Characteristics of a Terahertz Receiver // Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 68 (6), 483-490. https://doi.org/10.21122/1029-7448-2025-68-6-483-490

MojaeaupoBaHue 3JIEKTPOMATHUTHBIX XapaAKTEPUCTUK
NPUEMHHUKA TeParepuoBoro n3Jay4eHus

A. K. ECMaH'), I.JL. 3511(01;'), B. K. Ky.nemon”
DBeropycekuii HalMOHATBHBI TexHIUeCK i yHIBepcuTeT (MuHCK, Pecry6muka Benapycn)

Pedepat. DnekTpoMaraHuTHOE M3MydeHHE TeparepuoBoro auanaszona (TI'm) HaxonuT npuMeHeHue
B Pa3JIMYHbIX 00JIACTSAX HAYKU M TEXHOJIOTHH (MEIULMHCKAs AUArHOCTHKA, O€30IIaCHOCTh U KOH-
TPOJIb, CEHCOPHBIE TEXHOJIOTMH, KOMMYHHKAIMOHHBIC TEXHOJOTWH, HAYYHBIE HCCIIEIOBaHMS
u 1.1.). KoMnerotepHoe MonenupoBanue B pa3paboTke u nccienoBanun TT n-npueMHUKOB 3HAYH-
TEJILHO COKpAIfaeT 3aTpaThl U BPeMsI BHIBOAA MPOYKTA HA PHIHOK, 3aMEHSS JOPOTOCTOSIIIE IKC-
nepumeHThl. COBpeMEHHbIE IPOrpaMMHBIC KOMIUIEKCHI, Takue kak HFSS, Mmo3BOJISIOT TOYHO
MOJICIIMPOBATh CJIOXKHBIE TPEXMEPHbIC KOH(GUTYpaluu M aHaJIU3UPOBATH JJICKTPOANHAMUYCCKHUE
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XapaKTepHCTHKN KOMIIOHEHTOB. B paMkax mccinenoBanust mapameTpos TI n-npueMHUKa B quama-
30He 0.4—1.4 TI'n ucnone3oBanock Monenupoanue B HFSS, rie ToyHOCTE pe3ynpTaToB 3aBHCUT
OT KOPPEKTHOCTH MOJIEH, BKJIIOYas A€TANN3aAlUI0 T€OMETPUH, CBOHCTBA MAaTEPHUAIIOB U MapaMeT-
pBl cumynsanuu. B naHHOM paboTe mpesoxkeHa TpeXMepHasi MOJENb OPUTHHAIBHOTO CENIEKTUBHO-
ro KOMIAKTHOTO NPHUEMHHKA JJIEKTPOMArHUTHOTO W3JIY4YEHHs TepareploBOro JHana3oHa IJIHH
BOJH (¢ 3¢ dexTuBHOCTBIO TIPe0Opa3zoBanus ~97 %) Ul ABYX PE30HAHCHBIX YAaCTOT, COCTOSIIETO
W3 YyBCTBHTEIHHOTO JJIEMEHTA, BHIIIOJHEHHOTO HA OCHOBE JIBYX OTKPBITHIX AIOIU3HPOBAHHBIX
MIEPHOINYECKUX MUKPOPE3OHATOPHBIX CTPYKTYP € KOI(D(PUIIMEHTOM 3aII0HEHHSI, H3MEHSIOMUMCS
10 THHEHHOMY 3aKOHY, COTJIACYIOIIETO 3JIEMEHTa B BUJI€ HECUMMETPHYHON HEPEryIIspHO moioc-
KOBOH JIMHHM TPEyTOIBHOH (hOPMBI M AETeKTHpYIomero auoga. KoHcTpyknus obmamaeT Kirode-
BBIMHU NIPEHMYILECTBAMH, BKIIIOYas BBICOKYIO 3 ()EKTHBHOCTb MPeoOpa30BaHUs, IPUIOJHOCTD IS
MaTPUYHON apXUTEKTYPbI, BEICOKYIO CEJIEKTHBHOCTD K PETHCTPUPYEMOMY H3ITyYESHUIO M BO3MOXK-
HOCTh IPOCTBIX METOJOB CUMTBHIBAaHMs, YTO JAENACT €€ IPHBJICKATEIbHBIM IIOJXOJO0M ISl Tepa-
TepLoBOro 30HIMPOBAHUS — BaXKHOTO MHCTPYMEHTA IJISI PA3IMYHBIX HAYYHBIX M IPAKTHUECKUX
MIPUIOKECHUH.

Ki1toueBble ¢/10Ba: UyBCTBUTEIBHBIIN JJIEMEHT, ICTEKTHPYIOLIUHA A0/, TEPAareploBOe U3TyUYeHHE,
TpexMepHasi MoJiellb, pe3oHaHcHas dactota, HFSS, addexruBHOCTE peobpa3oBaHms, MOTEPH Ha
oTpakeHHe, K03 PUIIEeHT HanpaBIEHHOTO ACHCTBUSA

Jasa nuruposanusi: Ecman, A. K. MozenupoBaHue 3JIEKTPOMAarHUTHBIX XapaKTEPUCTUK IIPU-
emHuKka TepareproBoro msnydenus / A. K. Ecman, I'. JI. 3bikoB, B. K. Kynemos // Ouepeemu-
Ka. H3ze. evicu. yueb. s3asedenuti u suepe. obveounenuii CHI'. 2025. T. 68, Ne 6. C. 483-490.
https://doi.org/10.21122/1029-7448-2025-68-6-483-490

Introduction

The terahertz (THz) range of electromagnetic radiation, with frequencies
from 0.1 THz to 10 THz, corresponds to a wavelength range from 3 mm to 30 pum,
situated between millimeter waves and infrared waves. As a result of the rapid
development of ultrafast electronics, laser and semiconductor technology,
terahertz sensors have found widespread application in various fields of science
and technology [1]. Some of these include: non-invasive tissue imaging; bag-
gage and clothing scanning for concealed objects; chemical detection; high-
speed wireless communication; the study of molecular dynamics, material pro-
perties and interactions at the nanoscale.

Creating a compact and reliable receiver for THz radiation is one of the chal-
lenging tasks in modern applied physics [2]. This is because both radio-physical
methods (from the long wavelength side) and optical methods (from the short
wavelength side) perform poorly in this spectral region [3].

The aim of this article is to develop a simulation model of a selective com-
pact receiver for terahertz electromagnetic radiation, and to calculate and eva-
luate its main electromagnetic characteristics.

THz receiver design and its operational algorithm

This article discusses a selective THz receiver based on two apodized perio-
dic microcavity structures with a filling factor that varies linearly, coupled
through matching elements to a detecting diode [4].

One of the important factors affecting the efficiency of converting electro-
magnetic wave energy in the THz range into an electrical information signal by
the proposed structure is the optimal matching of the sensor with the surroun-
ding space and the detecting diode.
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Structurally, the THz receiver consists of sensors 4, located on a substrate 1
and implemented as two apodized metal diffraction gratings (with a linearly va-
rying filling factor), coupled through matching elements 5, which are asymme-
trical irregular strip lines of triangular shape, with a detecting diode 6. In the
substrate 1, there is an air cavity 8 under the detecting diode 6, and rectangular
cutouts 7 under the sensors 4. At the ends of the diagonal of the substrate 1, con-
tact pads 3 are symmetrically located, electrically connected by L-shaped output
lines 2 to the bases of the matching elements 5, the apex angle of which is cho-
sen to be 140° (Fig. 1).

~
——
=
==

_——
———1
H_l

~

IS’ 2

Fig. 1. Structure of the terahertz receiver: 1 — substrate; 2 — output lines; 3 — contact pads;
4 — sensors; 5 — matching elements; 6 — detecting diode; 7 — rectangular cutouts; 8 — air cavity

The device operates as follows. Electromagnetic radiation of the THz wave-
length range from the surrounding space is almost completely absorbed by the sen-
sors 4 due to their optimal impedance matching with the surrounding environment.
This radiation is fed to the detecting diode 6 through the matching elements 5,
which provide optimal matching between the diode and the sensors 4. Thus, high-
frequency electrical currents, whose frequency corresponds to the received wave-
length range of terahertz radiation, are fed to the detecting diode 6. The electrical
information signal from the detecting diode 6, through the matching elements 5 and
output lines 2, is fed to the contact pads 3 (the output of the device).

The proposed sensor enables optimal impedance matching between the re-
ceiver and the surrounding environment. Furthermore, the varying impedance
of the matching element 5 along its length ensures efficient signal transfer to the
load (detecting diode 6). The selected locations of the contact pads 3, the confi-
guration of the output lines 2 and the specified optimal distance between
the horizontal sections of the output lines 2 also reduce reflection losses in
the considered receiver.

A diode 6 with a reduced effective Schottky barrier height was used for
highly efficient detection of THz frequency currents corresponding to the range
of converted wavelengths. This diode is one of the primary nonlinear elements
widely employed today for converting THz radiation. It has virtually no compe-
titors in the electromagnetic wave range under consideration.
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Computer simulation and its results

Application of computer simulation in the research and design of THz re-
ceivers can largely replace expensive experiments, which leads to a significant
reduction in product release times and lower development costs [5]. The modern
development of computer technology, the active improvement of known me-
thods and the development of new methods for the analysis and synthesis of re-
ceiving devices open up opportunities for quick and high-quality problem sol-
ving in this area [6, 7]. Currently, there are a number of universal and sufficient-
ly powerful software packages such as FEKO, CST MicrowaveStudio, Comsol
Multiphysics [8—10], MMANA, HFSS, etc. for modeling the electrodynamic
characteristics of various elements and devices. A computer experiment to study
the main parameters and characteristics of the proposed THz electromagnetic
radiation receiver in the frequency range of 0.4...1.4 THz (Fig. 1) was carried
out using the modern powerful software package HFSS, which provides mode-
ling of complex three-dimensional configurations of arbitrary shape. The accu-
racy of the results obtained is determined by the adequacy of the constructed
model. This refers to the correct execution of the drawing, the accurate speci-
fication of the materials of the analyzed structure, the optimal decomposition
of space into decomposition elements and the choice of simulation mode.

The numerical calculation of the THz receiver was carried out within a li-
mited area of space in the studied frequency range (Fig. 2).

8\ ansoft HFSS - DI_5_new - HFSSModel1 - 3D Modeler - SOLVED - [D9_5_new - HFSSModel1 - Modeler] _|&] x|
) File Edit WYiew Project Draw Modeler HFSS Tooks Window Help - s

N e s xozzzvmiezen|lpr B inEsze|les oa B B8
EN RN o W e e e = Bl & I A S S T N e P | ) S in @B R ipgodd

: (@ |[Tbient Sllee e w T i (000 fhasdik (@ [veoum =] [Model Sl iE e P e
Project Manager x| [md B
= Lz, Coordinate Syst

03 5 rew | |z & panes

& HFSSModel! Driveriodal) g Lists
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Hathing is selected o |

Fig. 2. Screenshot of the developed model of the THz receiver in the HFSS software environment

The period of the apodized grating of the sensor 4 was 15 pm. Gold with
a thickness of 80 nm was chosen as the conductive material, and the dielectric
of the substrate 1 had a dielectric constant of 2.17, a loss tangent of 9-10* and
a thickness of 10 um. The sensor geometric dimensions were 105x105 pm,
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and the geometric dimensions of the contact pads 3 were 50x50 pm, with
a total receiver length of 250 um. The distance / between the contact pads 3 and
the sensor 4 varied from 100 um to 0 pum. The equivalent circuit of the detecting
diode 6 was chosen as a parallel connection of an active resistance R, which
varied in the range from 20 Ohms to 170 Ohms, and an electrical capaci-
tance C of 20 fF.

The HFSS postprocessor provides animation for any field and its visualiza-
tion in the form of vectors, processes static and animated drawings on any sur-
face, including object section surfaces, three-dimensional object surfaces
and three-dimensional spatial surfaces. The postprocessor also performs data
processing after field calculation. With its help, it is possible to calculate charac-
teristics such as scattering power, absorbed energy, quality factor, S-parameters
and related characteristics.

Fig. 3 shows the calculated main frequency characteristics of the considered re-
ceiver at the extreme values of the specified range # = 100 pm and 0 um: reflection
losses Sy (a), standing wave ratio (SWR) (b) and conversion efficiency (c).

a b
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.g / ‘\ h N Fig. 3. Frequency dependencies
= 80 |.: * of reflection losses Sj; (a), standing wave
m \ / \ J ratio (SWR) (b), and efficiency (c)
! of the THz receiver for two extreme
7 \/ ‘ ‘ ‘ ‘ ‘ values, 2 =100 um (solid line)
04 06 08 10 12 14 and 1 =0 pm (dashed line),

at an active resistance R = 75 Ohms

f, THz

Fig. 4 Shows the dependencies of the directivity factor (DF) of the THz recei-
ver at # =100 um and 0 pm for resonance frequencies on the elevation angle .

The calculated losses S of the received radiation due to reflection, depen-
ding on the change in the value of the active resistance R and the specified value
of the capacitance C at a fixed # = 100 pm at resonance frequencies of 0.6
and 1.3 THz, are shown in Fig. 5.
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Fig. 5. Dependencies of reflection losses S, of the THz receiver on the resistance R
of the detecting diode at resonance frequencies of 0.6 (a) and 1.3 (b) THz at 2= 100 um

The use of the HFSS postprocessor at each point in space made it possible

to calculate the magnitude and

phase of the £ and H vectors of the electromag-

netic field and to analyze the field in all possible sections, as well as animate
the field distributions by changing the phase of the excitation generator, which
creates the impression of the field passing through the structure. The electric

field distribution for one of the
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sections of the THz receiver is shown in Fig. 6.
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Fig. 6. Electric field distribution in the plane of the upper surface of the substrate (a)
and an enlarged fragment of this distribution in the central part of the receiver
(at the location of the diode) (b)
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Fig. 7 shows the dependencies of the resonance frequencies and reflection
losses Si1; of the THz receiver on the distance / between the output lines and the
sensors for an active resistance of the detecting diode of 75 Ohms.

0668 L. | | |
e : : : : ]
| T P22 =
= 0.62 AR | A

T 24

0.60 |
; ; ; ; ; —26
0 20 40 60 80 100
h, pm

Fig. 7. Dependencies of the resonance frequency (solid line) and reflection losses S;; (dashed line)
of the THz receiver on the distance between the output lines for an active resistance
of the detecting diode of 75 Ohms

The maximum conversion efficiency at frequencies 0.6 THz (at # = 100 um)
and 1.25 THz (at &2 = 0 um) is 97.2 and 97.6 %, respectively. Optimal values of
reflection losses and standing wave ratio are observed at a frequency of 0.6 THz
(at 7 =100 um) and are equal to —24.93 dB and 1.12, respectively.

The results presented in Fig. 5b indicate that the optimal resistance for
the detecting diode is R =75 Ohms at the resonance frequency of 0.6 THz.
Fig. 7 shows that as the contact pads 3 approach the sensor 4, the reflection los-
ses 511 increase along with an increase in the resonance frequency.

The maximum directivity factor at frequencies 0.6 THz and 1.3 THz is 10.48 dB
and 16.5 dB, respectively, at # = 100 um, and at frequencies 0.65 THz
and 1.25 THz, it is 10.74 and 15.42 dB, respectively, at # =0 pm.

The simulation shows that the proposed THz receiver structure has a high
conversion efficiency of up to 97.6 % at two resonance frequencies in the con-
sidered range: 0.6 THz (at # = 100 pm) and 1.25 THz (at 2 = 0 pm), respec-
tively. The directivity factor at frequencies of 0.6 THz and 1.3 THz is 10.48
and 16.5 dB, respectively, at # = 100 um, and at frequencies of 0.65 THz
and 1.25 THz, it is 10.74 and 15.42 dB, respectively, at 4 = 0 um.

CONCLUSION

The original design of the receiving part makes the open microcavity struc-
ture based on apodized gratings attractive for building integrated high-efficiency
compact THz receivers that have a number of distinctive properties:

v high conversion efficiency;

v’ possibility of implementing a matrix design;



A. K. Ecman, I'. JI. 3vikos, B. K. Kynewog

490 MozenupoBaHue MEKTPOMATHUTHBIX XapAKTEPUCTUK IIPUEMHHUKA TEPATEPLIOBOTO. ..

v high selectivity of the registered radiation;
v possibility of implementing a simple readout method.
Terahertz radiation sensors are an important modern tool in various scientific

and practical fields.

10.
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Teopust GMTIOJSIPHOTO TPAH3UCTOPA C YYETOM CTPOEHHUS
TBEPAOTo TeJIa H HAJIMYHS OTPUIATEJIbHBIX HOHOB

Yacte 1
CTpoeHue NOJIyNPOBOAHUKOBOT0 TBEPAOIO TeJia,
JIErHPOBAHHOI0 MBIIIBAKOM U MHANEM

JI. K. T'peunxun”

YVO «Benopycckas rocynapcTsesHas akagemus ces3m» (Murck, Pecy6inuka Benapyce)

Pedepar. Bunonsprasle TpaH3UCTOPH! B JJIEKTPOHHKE SBISIIOTCS OCHOBHOM DJIEMEHTHOH 0a3oif.
PasButye 3TOi 0a3bl OCYIIECTBISUIOCH NMPEHMYIIECTBEHHO ONBITHBIM IyTeM. s oGocHOBaHHUS
paboThI TPaH3UCTOpPA MPUMEHSIIUCH KaUeCTBEHHBIE NIPEACTABICHNS B BUJIE JIBOMHOTO p—7 TIEPEXo-
Jla BUOA p—Nn—p WIH n—p—n IpoBoanMocTH. [Ipu Takom 000CHOBaHHK MHOTHE CBOHCTBA paboTaro-
HIEro HOIyIPOBOJHUKOBOIO TPAH3UCTOPA OCTABAIMCH 3a IpE/eIaMH X YETKOIO IIPEICTABICHUS.
ITostoMy B Hacrosmied paboTe pacCMOTPEHO YCTPOHCTBO OHMIIOJISPHOIO TPAH3UCTOPA C y4ETOM
CTPOEHUsI TBEPAOTO TeNa MOIYHPOBOIHUKOBON OCHOBBI U B3aUMOJEHCTBHS C TOBEPXHOCTHIO TBEP-
JIOTO TeTa aTOMOB B BHIE OTPHIATEIHHBIX HOHOB. Ha ocHOBaHMM aHaNM3a JaHHBIX, MOTYyYCHHBIX
TYHHEJIBHBIM MHKPOCKOIIOM, IIOBEPXHOCTb TBEPJOIO TeJla MOKPhITA MOHOMOJEKYJISPHOH IIeH-
KOM, a caM KpUCTaJUl MOJyHPOBOIHUKOBON OCHOBBI C(HOPMHUPOBAH MOJIOKUTENBHO 3apsKEHHBIMU
aTOMaMH ¥ HaXOAUTCS 10, MOHOMOJIEKYJIIPHON IIIEHKOH. MoJekynsapHas IIeHKa (GOpMHUpYeTCs
MOBEPXHOCTHBIMH KJIACTEPAaMH, a KPHCTALI — OOBEMHBIMH KiacTepaMu. BzammopeiicTBue mo-
BEPXHOCTHBIX KJIACTEPOB CO3/aeT HOPUCTYIO CTPYKTYpPY MOJIEKYJIIPHON IJIeHKU. Yepes 3TH HOopbl
BUJIEH KPHUCTAII TBepAOro Tena. IIpumecu B BUIE OTAENBHBIX MOJIEKYJ Ha MOBEPXHOCTh KPUCTAII-
Jla TIPOHHUKAIOT Yepe3 OTBEPCTHS B MOJEKYISIPHOW IUICHKE, c)OPMHUPOBAHHEIE B BUAE CTOI0000-
pa3HBIX IMycTOT. Ha MOBEpXHOCTH KpHCTaIa MOJIEKYJIBI IPUMECH BCJICACTBHE OOMEHHOTO B3au-
MOZAEHCTBHS AUCCOLMUPYIOT Ha OTAENbHBIE aTOMBI, KOTOPbIE B CBOIO OYEpEb TaKXKe BCIEACTBUE
0OMEHHOTO B3aHMMOJICHCTBUSI NIPEBPAIAIOTCS B OTPUIATENIbHBIE HOHBL. KOHKPETHO paccMOTpEeHO
JIETHPOBAaHNE ITOBEPXHOCTH MOIYIPOBOAHMKOBOTO KPUCTA/LIA TePMaHUS MM KPEMHHS MOJIEKyJIa-
MH MbIbsKka 1 uHaus. [locine pacnaga MoJIeKys Ha aTOMBI B CTOJIO000Pa3HBIX ITyCTOTAaX IPOHC-
XOIUT UX TPEBpalleHHe B OTPHUIATENbHbIE HOHBI, KOTOPbIe OJIOKHPYIOT MPOHHUKHOBEHHE IPYTHX
MOJIEKYT B 3TH ITyCTOTEI.

KnroueBble ciioBa: OUIONSIPHBIA TPAH3UCTOP, OTPULATENBHBIA HOH, MOHOMOJICKYJISIPHBIHA CIIOH,
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Theory of the Bipolar Transistor, Taking into Account
the Structure of a Solid and the Presence of Negative Ions

Part 1

Structure of a Semiconductor Solid Doped with Arsenic and Indium

L. I. Gretchikhin”

DEducational Institution “Belarusian State Academy of Communication”
(Minsk, Republic of Belarus),

Abstract. Bipolar transistors are the main element base in electronics. The development of this
base was carried out mainly through experimentation. To justify the operation of the transistor,
qualitative representations were used in the form of a double p—n junction of the p—n—p or n—p—n
conductivity type. With this justification, many properties of a working semiconductor transistor
remained beyond their clear understanding. Therefore, in this paper, the design of a bipolar transis-
tor is considered, taking into account the structure of the solid body of the semiconductor base and
the interaction of atoms in the form of negative ions with the surface of the solid body. Based on
the analysis of data obtained by a tunneling microscope, the surface of the solid is covered with
a monomolecular film, and the crystal of the semiconductor base itself is formed by positively
charged atoms and is located under the monomolecular film. The molecular film is formed
by surface clusters, and the crystal is formed by volume clusters. The interaction of surface clus-
ters creates a porous structure of the molecular film. Through these pores the crystal of the solid
body is visible. Impurities in the form of individual molecules penetrate the surface of the crystal
through holes in the molecular film, formed in the form of columnar voids. On the surface of the
crystal, impurity molecules, as a result of exchange interaction, dissociate into individual atoms,
which in turn, also as a result of exchange interaction, are converted into negative ions. The doping
of the surface of a semiconductor crystal of germanium or silicon with arsenic and indium mole-
cules is specifically considered. After the molecules disintegrate into atoms in the columnar voids,
they are converted into negative ions, which block the penetration of other molecules into these
voids.

Keywords: bipolar transistor, negative ion, monomolecular layer, crystal, electrical double layer
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BBenenue

Co3manre TpaH3UCTOpa B cepeamHe XX B. oTMedeHo HobenmeBckoi mpe-
mueit B 1956 r., xotopas 6buta Bpyuena Jxony bapauny, Yonrepy bparreiiny
u Yunbsimy Lokau. 9To coObITHE MOCIYXHUIO OCHOBOM OBICTPOTO pPa3BUTHA
3EKTPOHHOH TEXHHUKH (3JEKTPOHMKH) U BHEAPEHUS 3TOM TEXHUKHU NPAKTUIECKU
BO BCE 00JIaCTH YeJIOBEUYECKOH AesTenbHOCTH. Takoe OBICTpOe pa3BHTHE JJICK-
TPOHMKH HPOUCXOANIO NPEUMYILIECTBEHHO ONBITHBIM IIyTeM Ha YpOBHE MHTYH-
nun. Teopernueckoe 0OOCHOBAaHHE IOJyYEHHBIX ONBITHBIX PE3YJIbTATOB OCY-
LIECTBIIATIOCH IMIIUPUIECKH, T. €. I[yTEM HCIIOJIb30BaHUS MaTeMaTHUECKUX (op-
MyJI, IO3BOJISIIOLIMX KaK-TO OMMCATh IOJIy4YEHHbIE SKCIIEPUMEHTAIbHbIEC JaHHbIE
B MO/JIEIIBHOM TIPE/ICTaBICHHH.
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YeTpolcTBO TpaH3UCTOpa TOCTATOYHO Ipocroe. I1omympoBOIHUKOBBII KpH-
CTaJUl TEPMaHUsl WIM KPEMHUs JIETUPYETCs] MpUMecsiMU. Pa3paboTaHbl TpU Tex-
HOJIOTMH BBEICHUS IpuMeceil: ciuiaBHas, AM((y3uoHHAs U SNUTAKCHIIbHASL.
B Hacrosimee Bpems B OCHOBHOM HCHOJIb3yeTcsl AU dy3uoHHAs TEXHOJIOTHSL.
Bo Bcex TeXHOJOIMSAX BBEJCHHBIC NMPUMECH SIBISIOTCS JOHOPAMU HJIM aKLEel-
TOpaMH CBOOOIHBIX AJIEKTPOHOB. [lomaramu, 4TO DOHOpPAaMU SIBIISIOTCSI aTOMBI
MBILIBsKA, Gochopa WK CypbMbl. DTH IPUMECH IPU BBEICHUU B MOIYIPOBOJ-
HUK OTHAIOT CBOM OIMH W3 BAJCHTHBIX TPEX 3JEKTPOHOB, a CaMH OCTAaIOTCA
B BH/JIE TOJIOKUTEIBHO 3apsXKEHHON «JIBIpKW». B 3TOM ciydae monynpoBOIHH-
KOBBIM MaTepuan MoJy4yns Ha3BaHHWE n-TUMA, TaK KaK PEeINIM, YTO JIEKTpHUUe-
CKHH TOK B OCHOBHOM IOJAJEPKHUBAIOT 3JEKTPOHBI, & HE MOJOXHUTEIBHO 3apsi-
JKEHHBIC «IbIpKm» [1-3].

[Ipu nerupoBaHUM MOIYIPOBOJHUKOBOIO MaTepHasia TPEXBaJIEHTHBIMHU aTo-
Mamu uHAus (In) mim atomamu Gopa, almIOMHMHHSA, TAJIUS 3TH aTOMBI OTAAIOT
CBOM TPH BaJICHTHBIX 3JIEKTPOHA TPEM COCEIHUM aromMaM. JTO CO37aeT B KOBa-
JICHTHOH CBS3U «JBIPKy». [lomaranu, 4To Haauuue NOMOJIHUTEIBHBIX <«JIBIPOK»
MTO3BOJISIET DIIEKTPOHAM JIETKO NpeiihoBaTh OT OJHOM KOBaJCHTHOU CBS3U K APY-
roi. Tak Kak «AbIpKW» JIETKO 3aXBaThIBAIOT 3JIEKTPOHBI, TO aTOMbI, KOTODbIE
BHOCAT B IOJYHNPOBOIAHUKE IOIOJHUTENbHBIC «IBIPKW», SBISIFOTCA AKLEITO-
pamu. IIpr OOBIUHBIX YCIOBHSIX KOJMYECTBO «ABIPOK» B TaKOM MaTepHaje
3HAYUTEJIBHO MPEBBIIACT KOJUYECTBO 3JIEKTPOHOB. CIEeI0BATENBHO, «IBIPKM»
B QJIEKTPUYECKOM TOKE B 3TOM CIIydae SIBIISIOTCSI OCHOBHBIMH HOCHUTEIISIMH 3JICK-
TPUUECKUX 3apsJIOB, a 3JEKTPOHBI — HE OCHOBHBIMH. TaK Kak OCHOBHBIE HOCHUTE-
T «IBIPKM» 00JaAaloT MOJOKUTENBHBIM 3apsAgoM, TaKOH Marepuan Ha3BajH
MOJTYNPOBOAHUKOM p-Tuna [1-3]. Takoe nmpencraBieHue o padoTe p—n nepexoaa
B TpPaH3UCTOpax SBISETCS YHCTO KauecTBEHHBbIM. Ha Takux mnpencraBieHHsIX
MOJTHOCTBIO MOHSAThH, Kak paboTaeT MOJyNPOBOAHUKOBEIN TPaH3UCTOP, HE Tpea-
CTaBJIAETCS BO3MOKHBIM.

Jlis TpaH3MCTOPOB pa3pabOTaHbl JIBa THUIA KOHCTPYKLUUH — OHUIIOJSIPHBIC
u nosieBele. 1o panee copMUPOBAaHHBIM NIPEICTABICHUSIM B 000MX THUIIAX TPaH-
3UCTOPOB MCIIOJB3YIOTCA ABa p—n nepexona. Popmupyrores oba mepexona Iy-
TEM JIETHUPOBaHMS OCHOBHOT'O IIOJIyIIPOBOIHUKA Pa3HBIMHU IPUMECAMH. Y KaTona
Y aHO/Ia BBOJWJIN OJMH THUII IPUMECH, & MEKAY HUMHU — APYTOH U MOJIaraiu, 4To
BO3HMKAIOT J]Ba BApHaHTa POBOAUMOCTEN: n—p—n nwin p—n—p. llpu Takom oboc-
HOBaHUM MHOTHE SIBJICHHS, BO3HHUKAIOIME B TPAH3HCTOPE, HEBO3MOXHO Ipen-
BUJAETh U, YTO OYCHb BaXXHO, 0OOCHOBATh YCJIOBHSI €r0 ONTHMAIbHOW PabOTEHI.
B 3T0# CBSI3M HEOOXOAMMO JAETaTbHO BBIACHUTH CTPYKTYpY TpaH3HCTOpa H TO,
MoYeMy 3Ta CTPYKTypa MO3BOJIAET PETryJINPOBaTh MPOXOKACHHUE IIEKTPUUECKUX
TOKOB Uepe3 TPaH3HUCTOpP.

Jns peanu3anyy MOCTaBICHHOHN LENM HE0OXO0IMMO PEIUTh CIEAYIOIHUe 3a-
Jla4u:

— 000CHOBATh CTPYKTYPY MOIYIIPOBOJHUKOBON OCHOBBI;
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— BBIACHUTB, YTO IMPOUCXOJUT, KOTAa IMOJTYIIPOBOAHUKOBAA OCHOBA JICTUPY-
€TCA pa3HBIMU 3JICMCHTAMU,

— OTPEJCITUTh DHEPTHUIO CBSI3M BBEJICHHBIX MPUMECEH B MOJTYIPOBOIHUKOBYIO
OCHOBY.

OcHOBHAA YacTh

Cmpykmypa nosiynpo8ooOHuKo60il 0cHogwl. 11py pou3BOJICTBE TPAH3UCTO-
POB B KaueCTBE MOIYIPOBOJAHUKOBOM OCHOBBI IPUMEHSIOTCS B TBEPIOM COCTOS-
HUW KpPEMHMH WM F€pMAaHMM C MOBEPXHOCTBIO KpUCTAJLIa B MHAEKcax Muuie-
pa (111), koTopas obnazaeT MaKCUMaJIbHON IJIOTHOCTBIO aTOMOB Ha MOBEPXHO-
CTH KpHCTaJUIa, a caMa IMOBEPXHOCTb SIBISIETCSA MJEalbHO IUIOcKoi. Takas mo-
BEPXHOCTh IKCIIEPUMEHTAIBHO MOJPOOHO M3yUYeHA MPHUMEHHUTEIBHO K KPEMHHIO
TYHHEJIBbHBIM MUKpOCKOIOM [4—7]. Pe3ynbpTaT npuBeneH Ha puc. 1.

Puc. 1. TToBepXHOCTb U3 TPEXaTOMHBIX MOJIEKYJI KDEMHUS IIPH 110/1a4e HAIIPSDKSHUS Ha 30H]
B TYHHEJbHOM MHKpockorne +2 B (a) u —2 B (b): 1 — nByxmapHbie TpeXaTOMHBIE MOJIEKYJIBI;
2 — cton6000pa3HbIe MyCTOTHI HA IOBEPXHOCTH U3 TPEX IBYXIAPHBIX MOJICKYIT

Fig. 1. Surface of triatomic silicon molecules with a probe voltage of +2 V (a) and -2 V (b)
applied in a tunneling microscope: 1 — two-pair triatomic molecules;
2 — columnar voids on the surface of three two-pair molecules

IIpu nanpsbxkenun +2 u —2 B, mogaBaeMoM Ha 30HJ MUKPOCKOIIA C BHICOKHM
MIPOCTPAHCTBEHHBIM pa3pelICHUEM, MOXHO «BUICTBHY KaXKIYIO OTIEIBHYIO 4a-
CTUmy. Pa3Mep OTACIIBHBIX YaCTUI] Ha IOBEPXHOCTHU KPCMHHA COOTBETCTBYCT
TPEXaTOMHBIM MOJIEKYJIaM, ¥ KOTOPBIX B IIEHTPE BCTPOEH TOJIOKATEINBHBIN HITH
OTpUIIATEIbHBIN ANeKkTprueckuil 3apsa. [Iporecc dhopMupoBaHus TOBEPXHOCTH
B TBEPAOM IIOJYIMPOBOJHHUKE M3 TPEXATOMHBIX MOJICKYJI IMPOUCXOIUT B TaKoOM
MTOCIIEI0OBATEIEHOCTHU: JIBE MOJIEKYIIBI C PAa3HBIM AJIEKTPUYECKUM 3apsoM B IIECH-
TPE COCIUHSIIOTCS B MapHbIe 00pa3oBaHUs. 3aTeM TP MapHbIE 00pa30BaHUs CO-
3/1aI0T OCHOBHOM MOBEPXHOCTHHBIN KinacTep. OCHOBHBIE MTOBEPXHOCTHRIC KIIacTe-
pBI MeXxay co0oii cBsi3aHBI MapHO# cTpykTypoi. IlociaenoBarenbHOCTh (hOpMU-
pOBaHUS MMOBEPXHOCTH B TBEPJIOM TeJIe U3 TPEXATOMHBIX MOJIEKYJI IIPEICTaBICHA
Ha puc. 2. B mleHTpe 0CHOBHOTO MOBEPXHOCTHOTO KJacTepa BO3HHUKAET CTOJI0O-
oOpa3Hast mycToTa (4epHasi OKPY>KHOCTB), KOTOpasi OMUPAETCsl Ha KPUCTAILT T10-
JMynpoBoJHKKA. Pazmep cTonboo0pa3Hoii MyCTOTHI U COOTBETCTBYIOIUX MPUME-
ceil TO3BOJISIET HETIOCPEACTBEHHO HAa KPHUCTAUIC TepMaHUs WM KPEMHUSI BHYTPH
CTOJI0000Pa3HON IMyCTOTHI Pa3MECTHTHCS OAHON TPEXaTOMHOW MOJEKYJe WIIH
OJIHOHM JIBYXaTOMHOU MOJIEKYJIE BBOAUMBIX IIPUMECEH MBIIIbSIKA U UHIMS.
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Puc. 2. a— TpexaToMHasi MOJIEKyJIa C OJIOKHUTEIBHBIM 3apsSI0M B LICHTPE;
b — TpexaToMHast MOJIEKyJIa C OTPHIATEIILHBIM 3apSOM B LIEHTPE; C — MapHast KOHCTPYKIHS
W3 TPEXATOMHBIX MOJIEKYJT; d — OCHOBHOI OBEPXHOCTHBIH KJIacTep U3 TPEXaTOMHBIX MOJEKYJI,
B IIEHTPE KOTOPBIX HAXOAUTCS CTON0000pa3Has IyCTOTa; € — SJIEMEHT ITOBEPXHOCTU TBEPAOTO Tesla
U3 OCHOBHOTO KJIaCTEPa, BOKPYT KOTOPOTO PACHOJIOKEHBI MApHbIe 00pa30BaHUS,
00beANHAIOMNE TOBEPXHOCTHBIE OCHOBHBIE KIIACTEPHI

Fig. 2. a— triatomic molecule with a positive charge at the center;
b — triatomic molecule with a negative charge at the center; ¢ — paired structure
of triatomic molecule; d — main surface cluster of triatomic molecule,
in the center of which there is a columnar voidg; ¢ — solid surface element from a primary cluster,
around which paired formations are located, combining surface primary clusters

[porecc 0Opa3oBaHus MOJCKYJISAPHBIX CTPYKTYP U3 JBYXATOMHBIX MOJICKYII
MIpH JICTUPOBAHUH MX Ha MOJYNPOBOJIHUKOBYIO OCHOBY MOKa3aH Ha puc. 3. [Ipu
W3rOTOBJICHUH TPAH3UCTOPOB MHTEPEC MPEACTaBISICT TOBEPXHOCTh, COCTOSIIAS
U3 OJIMHAKOBBIX JIByXaTOMHBIX MOJEKYJI. DKCIEPUMEHTAILHO HA TYHHEIHHOM
MUKPOCKOIE OBUIM MPOBEICHBI MCCIICAOBAHHUS M3MCHEHHS TTOBEPXHOCTH KpPEM-
HUS TIPH JICTUPOBAHUH WHIUEM [6].

sntE,

MCETE A

Puc. 3. a— nByxaToMHasi MOJIEKYJIa U3 Pa3HbIX aTOMOB; b — IPOMEXYTOUHBIH KJIacTep;
¢ — OCHOBHOI1 KJIacTep U3 JIBYXaTOMHBIX MOJIEKYJI pa3HbIX aTOMOB; d — IByXaTOMHas MOJIEKYJIa
13 OIMHAKOBBIX aTOMOB; € — IPOMEKYTOUHBIH Kiactep; f — OCHOBHOM OBEPXHOCTHBIN Ki1acTep
W3 ONHAKOBBIX ATOMOB

Fig. 3. a— diatomic molecule made up of different atoms;
b — intermediate cluster; ¢ — basic cluster of diatomic molecules of different atoms;
d — diatomic molecule made up of identical; e — intermediate cluster;
f — basic surface cluster of identical atoms
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Pe3ynpraTel  JerMpoOBaHUS IOJYHNPOBOJHHKOBOH OCHOBBI ITOBEPXHOCTH
KPEMHUS MOJIEKYJIaMU MHIUS B 3aBUCUMOCTH OT BPEMEHH JIETHPOBAHU ITOKa3a-
HBI Ha puc. 4 [6].

‘ Puc. 4. TlocnenoBatenbHOCTh HOPMHUPOBAHUS UICHKN HHIUS

Ha noBepxHocTH KpeMHus Si (111): a — IMTETbHOCTS HATBUICHUS
2 muH; b — 6 MuH; ¢ — 8 mun; d — 15 MuH;

.' € — IIMTEeNbHOCTD HanblieHus 20 MuH; 1 — MOJIeKybl; 2 — KIIacTepsl
" Fig. 4. Sequence of indium film formation on the Si (111) silicon

surface: a — spraying duration 2 min; b — 6 min; ¢ — 8 min; d — 15 min;
e — spraying duration 20 min; 1 — molecules; 2 — clusters

dopmuposanue nosepxHocmu HOAYNPOGOOHUKOBOI OCHOBbL NOCE Jlezu-
Pposanua. B HauanbHBII MOMEHT JIETUPOBAHUS, KOTJa HHIUH ObLT HArpeT CTPOTO
JIO TEMIIepPaTyphl KUICHHS, MPEHUMYIICCTBEHHO HCHAPSUIMCh MOJICKYJIbI HH-
must (puc. 4a). [loBepXHOCTD KpeMHHMSI OKa3ajgach MPAKTUIECCKH YHCTON, U JOCTa-
TOYHO PECAKO BUAHBI MOJICKYJIbI MHAWA. HpaKTI/I‘IeCKI/I BC€ MOJICKYJIbI HHAWA 61)1-
JIM TIOTJIOMIEHBI CTOJI0000pa3HBIMH MyCTOTaMU M Je(eKkTaMu MOBEPXHOCTHOTO
ciost KpeMHust. HekoTopeie MOJIEKYIbI HHIUS OCKIATUCH MEXKIy MOJICKYJIAMH,
KOTOpble (OPMHUPYIOT CTOI0000pa3HYI0 MYCTOTY, M HE MPOHHUKAIH BHYTPb
cTonboo0pasznoit myctoTsl (puc. 4d). Ilo Mepe yBennueHus: BpeMeHHU JIETUPOBa-
HUS TEeMIIepaTypa *KHUIKOTO MHIUS HECKOJIbKO YMEHBINATACh, M OTO MPHUBOIHIIO
K MCIApEHHUI0 MPEUMYIIECTBEHHO OCHOBHBIX KJIACTEPOB WHIWS (TPEyrONbHHKH
Ha puc. 4b). B 3ToM cirydae MOTOK HCIIapeHHs KIaCTEPOB 3HAUYMUTEIHHO TIPEBOC-
XOJIUT TIOTOK MCHapeHHUs] MOJIEKYJI MHIUSA. DTO OOYCIOBJIEHO TEM, YTO B COOT-
BETCTBHUU C BBIITOJIHCHHBIMU OILICHKAMHU CHUJIBI IMMOBEPXHOCTHOI'O HATSXKCHHUA IJIA
MOJIEKYJI OTIIMYHBI OT HYJISI, @ AJIsl KJIACTEPOB IIOYTH PaBHbI HYJIIO.

Macca OCHOBHBIX KJIaCTepOB W3 JBYXAaTOMHBIX MOJIEKYJ B MOTOKE 3HA4M-
TEJIHHO OOJIBIIIE MACCHI OTMENBHBIX MOJIEKYN HHaUs. [losTOMy B TIporiecce ncma-
peHUs BOJIM3H TeMIIEpaTyphl KUTICHHUS Y JKUAKOW TMOBEPXHOCTU WHAMS OTHEIb-
HbIC MOJICKYJIBI H OCHOBHBIC MOBEPXHOCTHBIC KIIACTEPhl 00pa3yIoT «map», U Ha
MOJYTIPOBOTHHKOBYIO MOBEPXHOCTh BHYTPh CTOJIOOOOPA3HBIX ITYCTOT OCaXJia-
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IOTCSl PEUMYIIECTBEHHO TOJNBKO IBYXaTOMHBIE MOJEKYJbl WHIOUS WM TPeX-
ATOMHBIE MOJICKYJIbI MBIIIIBSKA.

U3 puc. 4d cnenyet, uto cronboobOpa3Has mycrora, chopMUpPOBaHHAS HA I10-
BCPXHOCTH KpUCTAJLJIa TCPMaHUA WM KPEMHUA, B MIPOLCCCEC MHTCHCHUBHOIO JIC-
THPOBAHHS OCTAETCS IMOCTOSTHHO OTKPHITONH. Ha MOBEpXHOCTH KpHCTalIa B CTOJ-
0000pa3HyI0 MyCTOTY OCaXKJAeTCsl TPeXaTOMHAas MM JBYXaTOMHAs MOJIEKyJa,
Y TIPOUCXOIUT TIOJTHAsI OJIOKMUPOBKA JANbHEHUIIIET0 TPOHUKHOBEHHS B CTOJI0000-
PasHyIo MyCTOTY APYTHX MOJIEKYJ IpUMecH. DTO 00YCIIOBIICHO Maslol SHEPrue
CBSI3U MOJICKYJ C aTOMaMH BHYTPH U CYIIECTBEHHO OOJBINECH SHEpPrueu CBs3U
C MOJIEKYJIaMH BOKPYT CTOJI0000pa3HOM ITyCTOTHI [6].

BHyTpeHHsIsT cTpyKTypa TBEpAOTo Tena (Kpucramia) GopMHpyeTcs 00beM-
HBIMH KiacTepamu'. DOPMHpPOBAaHHE TBEPAOr0 Tela OOBEMHBIMH KIACTEPAMH
paccMoTpeHo B paboTax aBTopa [8, 9]. B pe3ynbpTare ycTaHOBIEHO, YTO B y3/Iax
KPUCTAJUINYECKON CTPYKTYpPbl HaxXOIATCA IIOJIOKUTEJIBHO 3apsKEHHBIE HOHBI
SJIep aTOMOB KPUCTAIlIA, & MEXITy SIIPaMH aTOMOB HaXOISATCS 3JIEKTPOHBI, KOTO-
pble HE CBOOOJHBIC, a XAOTHYECKH OOMEHMBAIOTCS MEXKAY aTOMaMH IEePBOH,
BTOPOU W TPeThed KOOPAWHANMOHHBIX Cep BHYTPH KPUCTAIMICCKOW peIeT-
ku. B pesynbrate BozHHKaeT 3¢pekT kak Obl CBOOOJHBIX IIEKTPOHOB.

Pacnipenenenue 3meKTPOHOB TIO SHEPTHSAM BHYTPH KPHCTAUTMIECKON pereT-
KH DKCIIEPUMEHTAIBHO TIOJIYYeHO PEeHTTCHOCKOIHEH, a cTporas Teopust pazpabo-
TaHa W ommcaHa B pabotax [10, 11], 4TO MO3BOMMIO ONpPENENUTh BEIHUNHY
CMEIICHUS TPaHHIIBI HOHU3AIMH aTOMOB, 30HY TPOBOJMMOCTH W 3aIlpPEIIeHHYIO
30HY KpUCTajuia 10 ypoBHs Depmu.

B kaudecTBe OCHOBBI B TPAH3UCTOPaX MCIOJIB3YIOT KPEMHHUM WM T€pMaHUH.
OTH 3MeMeHTHl (HOPMHUPYIOTCS TPEXaTOMHBIMHU MoJeKynamMu [6]. Pesymbrarhr
pacyera pacmpeiescHUs] DIIEKTPOHOB O SHEPTUSM JJIsl KPUCTAJUIOB KPEMHHUS
Y TepMaHus npuBeaeHsl Ha puc. 5 [10].

[Mponecc nerupoBaHusi MOTYMPOBOJHUKOB OCYIIECTBIISIETCS TPEXaTOMHbI-
MH WIH JBYXaTOMHBIMH MoOJIeKyamu [15, 16]. IloaTomy BHYTph cTOI0000pa3-
HOW MYCTOTHI KPEMHHUSI MJIU TepMaHHs OyIyT OCakIaTbcs B OCHOBHOM TpEX-
aTOMHBIE MOJIEKYJIBI MBIIIBSAKA WM JBYXaTOMHBIE MOJEKYJIBI WHAUS (puc. 6).
BHenpeHHbIe MOJNEKYNBI Ha TOBEPXHOCTH IOJYIPOBOJHUKOBOTO KpHCTaIa
CaMOITPOM3BOJIBHO PaclaJaroTcsl Ha aTOMbL. ATOMBI Ha ITOBEPXHOCTH KpHUCTaJ-
J1a TIONYTIPOBOJHUKOBOW OCHOBBI BHYTPH CTOJ0000pa3HON MYyCTOTHI BCIEH-
CTBUE OOMEHHOTO B3aMMOJACHCTBUS NPeOBIBAIOT B BHJIE OTPUIATEIHHBIX HOHOB
(puc. 6). Ha ocHOBaHMYM 3THX MAaHHBIX ObLTA MOJyYeHA KOHIIEHTPAIlUI aTOMOB
npuMecH B CTOI0000pa3HO MycTOTe M B CpelHEM Ha BCel JIETHPOBaHHOW
TUTOIIAU TTOJyTIPOBOJHUKOBON OCHOBEI. PaccMOTpuM mociemnoBaTeNbHO, Kak
3TO MPOUCXO/INUT.

! OxcnepumentansHo . A. Mecsimem [12—14] ObUTO yCTaHOBIEHO, YTO B KAaTOAHOM
MSTHE MOIIHOTO JYTOBOTO pa3psja pa3pylICHHE OCYLICCTBIISCTCS OTACIbHBIMU YacTUIAMHU
9KTOHAMH, IOJIyYEHHbIH pa3Mep KOTOPBIX COBMNAAAET ¢ OObEMHBIMH KJIACTEPaMH, T. €. IKTO-
HBI — 3TO 0OBEMHBIC KJIACTEPhI, KOTOpPBIE POPMUPYIOT KpucTasi [14].
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Ha ocrHoBannu puc. 6d 3¢ dexkTuBHBIN paguyc cToI0000pa3HON MyCTOTHI IS
KpeMHHs paBeH 3,5 A, a 11 repmManus ¢ yu4eToM pasHOCTH Pa3MepoB aTOMOB
cocrapiser 3,796 A. Ha xaxayio cTon6006pasHyI0 MyCTOTY Ha TOBEPXHOCTH
KPEMHHUS TIPUXOAUTCS KPyroBas MOBEPXHOCTb paamycoM 7y = 1,54-107° m. Crre-
noBaTenbHO, pu 20 % nedekTHocTH 3¢ (PEKTHBHAS MOBEPXHOCTHAS IMIIOTHOCTD
CTON6006PA3HBIX MyCTOT s KpeMHns cocTaBut ~1,07-10"7 M2, a ans repmanus
910 ~8,73:10' M.
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Puc. 5. PacipenienieHne 21€KTPOHHON ITIOTHOCTH 10 SHEPT UM IS
a — kpemHust; b — repmanns [10, 11].

Fig. 5. Distribution of electron density by energy for:
a —silicon; b — germanium [10, 11].

Puc. 6. PacnionoxeHne BHYyTpU CTOJII0000pa3HOI! ITyCTOTHI MOy IPOBOJHUKOBON OCHOBBI:
a — TPEXaTOMHBIX MOJIEKYJI MBIIIbSIKA; b — IBYXaTOMHBIX MOJICKYJI HHANS;
1 — MoJIeKy bl OIYIIPOBOAHUKA; 2 — aTOMBI IIPUMECU

Fig. 6. Arrangement a columnar void of the semiconductor base:
a — triatomic arsenic molecules; b — diatomic indium molecules inside;
1 — semiconductor molecules; 2 — impurity atoms
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[Ipu TemmepaType KHIIEHHS HCIIApEHHE MBIIIbSIKA MPOUCXOIUT HKEJITOro
1[BETa, TBEPJOE TEJI0 KOTOpOro obmamaer KyOwdeckod cTpykrypoil. Takas
CTPYKTypa KpHCTallIa CO3/IaeTCsl TPEeXaTOMHBIMH MoJeKynamu. [lostomy meru-
pOBaHKE MOTYTPOBOJHUKOBONH OCHOBBI MBIIIBSIKOM NMPOUCXOJIUT TPEXaTOMHBIMU
MOJIEKyJIaMH, & WHIWHA 3alloNHSAET CTOJIO000pa3HBIE MyCTOTH IBYXaTOMHBIMH
MoJekyiaaMu. IIpu 3ToM B cT010000pa3HyI0 MycTOTY MPOHUKAET TOJIBKO OJHA
MOJIEKYJIa.

Bce Tena B nmpupoae cTpeMATcs 3aHATh MUHUMYM MOTEHIHATbHON SHEPTUH.
[TosToMy Ha TTOBEPXHOCTH KPHCTAJUIA MOTYIPOBOJHHUKA ITPOUCXOTUT CaMOTIPO-
M3BOJIBHBIIN pacraj] TPeXaTOMHBIX MOJIEKYJI MBIIIbSKA U JBYXaTOMHBIX MOJIEKYI
WHAHSA Ha aTOMBL. DQQPEeKTUBHAS TpeAeNbHas KOHIICHTPALMS BBEICHHBIX ITPUMe-
cell B KpEMHMU aTOMOB MBIIIbSIKA COCTAaBJISIET 5,04-10°° M°, a s repMaHust
570 3,95:10%° M’. COOTBETCTBEHHO TIPH TIOTHOM 3aIOIHEHHH CTOIO000Pa3HBIX
MyCTOT aTOMaMM WHAMS 3TH KOHIIEHTPALWU OCTAIOTCs MpexHuMH. [lomHOTrO
3aIOIHEHUST CTOI0000PAa3HBIX MYCTOT B MPOIIECCE JIETHPOBAHUS TIOITYITPOBOIHHU-
KOBOM OCHOBBI MPUMECAMHU TOJYYUTh HEBO3MOXKHO. OJJHAKO B 3TOM HET HE0O-
xoaumoctH. [locne 3aBepiieHus mporecca JETUPOBaHUS BCE CTOI0000pa3HbIE
MTyCTOTHI MTOTHOCTHIO 3aITOTHEHBI aTOMaMH MBIIIbSIKA U WHAHSA, KOTOPBIE MPeObI-
BalOT B BUJIE OTPULIATEIbHBIX HOHOB.

DHepeus ceasu ompuyamenbHvlX UOHOB C KPUCHANIOM ROJIYRPOBOOHUKO-
601l 0CHO6bI. DHEpreTnieckas cxeMa B OMIONAPHBIX TPAaH3UCTOPAxX, KOTOpas
peann3yeTcs TpH JISTHPOBAHUK KPEMHHUS M COOTBETCTBEHHO T€pMaHUS MBIIIb-
SAKOM M MHAWEM, pUBeleHa Ha puc. 7. Hagano orcyera snepruu (0) coorBert-
CTBYET pHuc. 5.

OKCIepUMEHTAIbHO JO0Ka3aHO, YTO JIETHUPOBAaHHE IOBEPXHOCTH MOJYIPO-
BOJIHUKOBOM OCHOBBI IMPOUCXOAHWT TOJNBKO Ha TIYOWHY MOHOMOJICKYJISIPHOTO
cios [15, 16]. B pe3ynpTare KOJUIEKTHBHOTO B3aUMOJICUCTBHSI aTOMOB MTPUMECH
Ha TIOBEPXHOCTH KpHCTaUla B CTOJI0000pa3HBIX MycToTaX uX 3(dexTnBHAA
SHEprusl CBA3M BO3PACTAET J0 SHEPTHU CMEIICHUS TPaHULbI HOHHU3AlUHd aTOMOB
MOJTYTIPOBOJHUKOBON OCHOBBI. OTpHUIIATETHHBI MOH Ha MOBEPXHOCTH KPHCTal-
J1a TIOJYTIPOBOJHHUKOBOM OCHOBBI B COOTBETCTBUH C PHUC. 7 CBSI3aH C OCHOBHOM
3HEpruemn

AE=AE; - Ey, (1

rae AE; — cMenieHue rpaHullbl HOHU3AIMK aTOMOB MOJYIPOBOJIHUKOBON OCHO-
BBI, KOTOpasi OMpeJesIsieT TPaHuIly Hauaua 30HbI IPOBOANMOCTH TOJIyTIPOBOIHH-
KOBOTO KpuCTamia; £, — SHeprus CpoAcTBa aTOMOB IPHMECH, KOTOpPBIE Haxo-
JSITCS B 30HE MPOBOIUMOCTH.

ITepexox (1) i OTpHIIATENFHOTO MOHA HE 3alpelnieH, ¥ OH MPOHCXOIUT
B 30HE MPOBOJMMOCTHU BCICACTBUE MEPEX0Ja U3 CBA3aHHOTO COCTOSHHS B CBO-
0omHOe cocrostHUE (pHc. 5). OOpa3yomuiics TON0KUTEIBHBIN 3apsa B Hadaie
30HBI TPOBOJTUMOCTH CBOUM IT0JIEM KOMIICHCHPYET I0JIe, CO3JaBaeMoe OTpHUIla-
TENBHBIMUA HOHAMH TIPHMECH.
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Puc. 7. DHepreTrveckas cxeMa pacrojioXKeHHUs IpuMeceld B cToI0000pa3HOi MyCTOTE
IPH JIETUPOBAHUHU NTOBEPXHOCTH (111) MBIMBIKOM M MHIAMEM: a — KPEMHUS; b — TepMaHus,
1 — cBsI3aHHbIE 2IEKTPOHBI

Fig. 7. Energy diagram of the impurity distribution in a columnar void when the (111)
surface is alloyed with arsenic and indium: a — silicon; b — germanium,
1 — bound electrons

Morekynbl puMeceii, KOTOpbIE OCaKIAr0TCsl Ha TOBEPXHOCTHBIN CIIOH BO-
KpYTr' CTOJ0000Pa3HOM MyCTOTHI MOJTYMPOBOJHUKOBOW OCHOBBI TE€PMaHHS HIIH
kpemuust (puc. 4d), HEMMOCPEICTBEHHO B3aWMOJCHCTBYIOT C MOJIEKYJaMH IIO-
BEPXHOCTHOT'O CJIOSl MOJYNPOBOJHUKOBOW OCHOBBI, T. €. B KOHEYHOM MHTOI€
C KaToJIOM M aHOJIOM W3 aJIOMHHHUS. B 3TOM citydae oOpa3oBaHHe OTpHLIATEIb-
HBIX HOHOB MOJIEKYJI IIPUMECH ITPOUCXOIUT O0JIee CI0KHBIM 00pa3oM.

Crienyer y4uThIBaTh, YTO MOJIEKYJIBI TIOBEPXHOCTHOTO CJIOSl TEpPMaHMS HIIH
KPEMHHsI TaKXKe O0JIaaloT SHEPrHed CPOJACTBA K DIIEKTPOHY U TOTAA B3aUMO-
JeCTBOBATh OCAKICHHBIC MOJIEKYJIBI OyIyT YK€ C MOJIEKYJIaMH ITIOBEPXHOCTHO-
'O CJIOS TOJYIPOBOAHMKOBOM OCHOBBI BOKPYT CTOI0000Pa3HBIX MyCTOT, T. €. C MO-
JIEKyJaMU Fe€pMaHMs WK KpeMHus. [Ipon3oiiner B3auMOAEHCTBHE MEXKIY OTpHU-
LATEeIbHBIMA MOHAaMHU MOJIEKYJ MOJIyPOBOJIHUKOBOH OCHOBBI M OCaKACHHBIMH
MOJIEKYJIaMU TIPUMECH C 00pa30BaHMEM OTPULATEIBHBIX HOHOB TPEXaTOMHBIX
Mmouieky [15, 16]. IIpu 3ToM peanu3yroTcs peakiuid 0OMeHa 3JCKTPOHAMH MEXK-
Iy MOJIEKYJIaMH BOKPYT CTOJIO000Pa3HON IMyCTOTHI CIEIYIOLIEro BUAaa:

Ge; + As; > Gey + Asy;  Siy + Asy; — Siy + As;. 2)

C y4eToMm BIHSHUS TEMIIEPaTypbl peakuuu (2) BO3HHKAIOT JOCTATOYHO (-
¢dexTrBHO. B 3TOM cilyuae 3HaKonepeMeHHas CTPYKTypa IOBEPXHOCTH HE
HapyIIaeTcsi, HO MOHHU3ALUS OTPUIATEIILHBIX MOHOB MOJIEKYJ HE MPOWCXOIHT,
TaK Kak 3JIEKTPOHBI B TPEXaTOMHBIX MOJIEKYJax MPUMECH HAaXOMASATCS B CBS3aH-
HOM COCTOSIHHUH C 3Heprueut cpojctsa 6osee 2—4 3B [17]. [loaTomy Takue 3iek-
TPOHBI B NPHHIMIIE HE MOTYT Y4acTBOBAaTh B (DOPMHUPOBAHUH SJIEKTPUIECKOTO
TOKa MPOBOJAUMOCTH HJIM CMELICHUS, TaK KaK SBISIOTCA CBSI3aHHBIMHU JJOCTAaTOY-
HO TIPOYHO HA OCHOBAHUU PHUC. 63, a TAKKe pa3MEepOB aTOMOB U MOJICKYI (Ta0u. 1).
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Tabnuya 1

3Hayenusn paanycoB aTOMOB B KpUCTaJ/lJ1€, MOJIEKYJIEe U CBOOOIHBIX aToMax,
a TaKiKe CPOJACTBO K 3JICKTPOHY U BCTPOCHHOT0 ATOMHOTI0 JICKTPUYECKOI'0 MOMEHTA
B aTOMax U MOJIEKYJax

Atomic radius values in crystals, molecules, and free atoms,
as well as electron affinities and built-in atomic electric moments
in atoms and molecules

Oca)KZ[aeMLIC HacTHULbI 1 OCHOBA

[Tapamerp
I'epmanmii | Kpemanit | Mpimesk | Uaouid | AmomMuHu#
Paguyc aToma B kpucraie, A 1,39 1,18 1,200 1,66 1,43
Paauyc cBobGoaHOTO aTOMa, A 1,536 1,475 1,390 1,998 1,817
Paguyc monexysl, A 2,210 2,122 3,226 3,336 2,614
CpOACTBO K DIIEKTPOHY aTOMOB, 5B 1,23 1,5 (1,38) 0,81 0,3 0,44

JIMIoIBHBINA IIeKTpUYECKU
MowmenT atoma, Kin-m -10% 2,618 5,10 2,980 | 1,331 3,41

BeJII/I‘{I/IHa 3apsma B L{eHTpe
momexysr, K102 1,704 3,458 1,908 | —0,666 2,135

Kaxnas Monekyna B cToa0000pa3HOH IyCcTOTE paclafaercss Ha aTOMBI,
KOTOPBIE IIPEBPALLAIOTCA B OTpULIATENbHBIE HOHBL. Ha Tpu oTpuLlaTENbHBIX HOHA
MBIIIbSKA M Ha JBa OTPULATEIbHBIX HOHA WHIUS B LIEHTPE CTOII0000Pa3HOM my-
CTOTHI MOJHOCTBIO BO3AECHCTBYET MPHUIIOKEHHOE BHEIIHEE JJIEKTPUIECKOE TOJIE.
ITpu u3BecTHOM 00BEME CTOJIO00OPA3HOM MYCTOTH M KOJMYECTBA B HEW OTpHLIa-
TENBHBIX HOHOB ONPENEISAETCS UX KOHIEHTpays, a IpU 3aJaHHON TeMIlepaType
U TPUIOKEHHOM BHEIIHEM JJIEKTPUYECKOM IOJIE NMPOUCXOJUT MPOLECC HOHH-
3alMM OTPULATENBHBIX HOHOB WM BO3HUKAET 3JIEKTPUYECKUH TOK CMELICHMS.
Kax 3T0 mpoucxoaut, pacCMOTPUM BO BTOPOH YacTH.

BBIBO/JIbI

1. [IpoBenen aHaM3 CTPOCHUS TBEPIOTO TeJa, TOBEPXHOCTh KOTOPOTo (op-
MHUpPYETCSI MOJIEKYJIaMH, a BHYTPEHHSS 00JIacTh — 3TO KpHCTal. Monekynbl Ha
MOBEPXHOCTH TPYNNHUPYIOTCS B IMOBEPXHOCTHBIE KJIAacTEpPhl C 0OpazoBaHHEM
M MEXKJIACTEPHBIX CTOJO000pA3HBIX IYCTOT, Yepe3 KOTOPHIE BUAEH KPHCTAILI.
Kpucramr hopmupyercss 00beMHBIME KJTaCTEpaMH.

2. HaHeceHue MOKpBITUH Ha MOBEPXHOCTh TBEPJIOTO Tella OCYIIECTBISAETCS
MOJIEKyJIaMH ¥ Jake TOBEPXHOCTHBIMH KIacTepaMu. MOJEKyIbl MPOHUKAIOT
B CTON000Opa3HBIE IYCTOTHI, TNle PacmaJaloTcs Ha aTOMBl C IpPEBpaIleHHEM
B OTpULATCIIbHBIC NOHBI.

3. OTpunaTenbHble HOHBI B TPAH3UCTOpaX PacIoyiaraloTcsa B 30HE MPOBOIH-
MOCTH HOJIynpOBO)Z[HHKOBOﬁ OCHOBBI, U X MOHMU3alUA IMPUBOAUT K q]OpMI/IpOBa-
HUIO TIEPEMEHHOT0 AJIEKTPUUECKOTO T0JIA B ITOH 30HE.
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4. OTpunarenbHble HOHBI BHYTPH CTOJI0000pa3HON IMYCTOTHI PACIIONIOXKEHBI

B 30HE MTPOBOJIUMOCTH, U 3TO HE IMO3BOJISIET B MIPOIIECCE JICTUPOBAHUS IIPOHUKATH
B 30HY IPOBOJAUMOCTH 0O0OJIEE OTHON MOJICKYJIHI.
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Abstract. Nowadays micro-grids are employed to improve the resilience and stability of power sys-
tems. The supervised operation of several distributed generation (DG) in a distribution system will give
customers enough options to select the better solution under various priorities. Strategic planning studies
with a variety of options are presented to the decision-maker. Major problems faced by decision-makers
are assigning weights to the attributes, using attribute data for various alternatives, and making final
decisions. These problems can be effectively managed in the multi-attribute decision-making approach.
It deals with choosing the best option from a large but finite number of options while taking into account
how each option performs concerning several attributes. In this paper optimal planning of a DG using
the R method considering various configurations such as hybrid DG, Micro-grid, and the grid is pre-
sented. Three attributes such as reliability, incremental cost, and T&D losses are considered in this
paper. The results are compared with the Analytical Hierarchy Process approach. The R method is
a relatively simple and efficient as it requires less time, limited attention of the decision maker, and a
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nenHoit renepanuu (DG) B cucteme pacmpeneneHus IPEJOCTABUT KIMEHTaM JOCTATOYHO BO3-
MOXKHOCTEH JUIS BBIOOpaA JIYUIIEro PeIIeHUsl ¢ y4eTOM Pa3iINYHBIX HPHOPUTETOB. Jlniy, mpuHH-
MAIOIEMy pELICHUEe, NPENAOCTABIIIOTCA HCCIECAOBAHUS CTPATErMYECKOro IUIAHUPOBAHUS C pa3-
JUYHBIME BapuantaMu. OCHOBHBIMH ITPOOJIEMaMH, C KOTOPBIMH CTAJIKHBAIOTCS JIMLA, IPUHUMA-
IOIMEe PEIICHHs, ABJISAIOTCS MPUCBOCHUE BECOBBIX KOA(DGUIMEHTOB aTpulyTaM, MCIOJIb30BaHHE
JAHHBIX aTpPUOYTOB IS Pa3IMYHBIX AIBTEPHATUB M NPUHATHE OKOHYATENIbHBIX DELICHUH. DTH
mpo0IeMBbl MOKHO 3((GEKTHBHO PEIINTh, UCTONB3YSI MHOTOATPUOYTHBHBIA MOAXOM K MPHHSATHIO
pereHuid. JJaHHbIH HOIXOA MO3BOJSCT OCYLIECTBIISITh BHIOOP HAMIIYYLIEro BapuaHTa U3 OOJIBIIO-
T0, HO KOHEYHOTO YHCIIa BAPHAHTOB C YYETOM TOTO, KaK Ka)KIbIH BaPHAHT CIIOCOOEH BBIONHSITH
HECKOJIbKO aTpuOyToB. B maHHOH cTaThe IpenCcTaBICHO ONTHMAalbHOE IIAHHUPOBAHUE pacIpere-
JICHHOH TeHepalyy C UCIIOJIb30BaHHEM MeTola R, YUMTBHIBAIOIIEro pa3jiMyHble KOHQHIypanuu,
TaKue Kak rHOpHIHas pacupeelieHHas reHepanys, MUKPOCeTh U ceTka. JlaHHas cTaThs paccMat-
pHMBAaeT TPU XapaKTEPUCTHUKM: HAJEXKHOCTb, NOMOJHHUTENbHbIC 3aTPaThl M MOTEPH IPU Hepenaye
U pacnpeleneHuu. Pe3ynbTaThl CPaBHHMBAIOTCS C IIOJXOAOM AHAIMTHYECKOTO HEpapXHYeCKOro
npouecca. Metox R oTHOCHTENBFHO MPOCT M 3PPEKTUBEH, TOCKOIBKY TpeOyeT MEHbIIE BPEMCEHH,
OrpaHMYCHHOTO BHUMAHUS JIMLA, TPUHUMAIOIIETO PEIICHHS, U BBICOKOH IPOU3BOANTEIBHOCTH IS
obpabortku nHbopManmu. JlaHHas MccienoBaTenbeKkas padoTa MO3BOJIHUT pa3padoTaTh ANTOPHTM
YIpaBJIEHHS C UCIIOIH30BAHIEM HEUETKOH JIOTHKH CTPATEeTHUecKOro IIAHMPOBAHUS PabOTHI pac-
HpeIeTUTENILHBIX TPYIIIL.

KiroueBble cj10Ba: YyBCTBHUTENIBHBIN JJIEMEHT, JCTEKTOPHBIH AMOJ, TEpareploBoe H3Iy4YeHHE,
TpexXMepHasi MOJeNb, pe3oHaHcHas yactora, HFSS, agdexruBHOCTS peoOpa3zoBaHus, TOTEpH Ha
oTpakeHne, K03pOUIMCHT HAIIPABIEHHOTO JIEHCTBUS

Jnst umrupoBanus: [lnanupoBaHue pacnpeneneHHON reHepaliy ¢ UCIoIb30BaHHeM MeToa R /
C. Tamd [u ap.] // Duepeemuxa. Hze. evicut. yued. 3agedenuti u suepe. o6vedunenuti CHI'. 2025.
T. 68, Ne 6. C. 504-516. https://doi.org/10.21122/1029-7448-2025-68-6-504-516

Introduction

Nowadays in developing countries like India Distributed generation (DG)
has become a important part of the power system network. It has various ad-
vantages like minimum generation cost and transmission cost, minimum trans-
mission and distribution losses, less pollution, and improved reliability of the
system [1, 2]. In India government is motivated to utilize decentralized clean
energy resources like solar PV, Wind and Biogas, etc. generation to provide
electricity in rural areas where it is not served by centralized transmission and
distribution infrastructure of electrical energy. This results in transmission cost
savings and a reduction in fossil fuel emissions. Micro-grids are employed to
increase the resilience and stability of power systems [3]. The Micro-grid com-
prises a collection of electrically distinct linked loads and DGs.

There are two modes of operation of the Micro-grid: 1. Grid-connected
and 2. Islanded mode. As per the availability of electricity, a Micro-grid can be
switched ON and OFF from the grid and acts as an independently controlled
structure concerning the grid [4].

Fig. 1 represents the basic structure of a Micro-grid which includes various
types of loads, and DG resources including an energy storage system (ESS),
main controller, smart meters and switching systems, protection equipment,
communication systems as well as automated control system [3]. It provides lots
of benefits such as low cost, less emission, minimum transmission losses with
improved reliability of the system, and is more flexible than a backup generating
unit. It consists of dispatchable and non-dispatchable DGs. Renewable energy
sources (RES) are non-dispatchable units because they produce unpredictable
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and irregular output power [5]. Because of the intermittency and volatility of the
output, it is necessary to support ESS. The ESS plays a vital role in coordinating
with the DGs to ensure appropriate generation from Micro-grids during the is-
landed as well as grid-connected modes of operation [6]. It can also be used for
energy management during low-price hours the energy can be stored in ESS and
can be used to supply load during peak hours [7]. Protective equipment and
smart switches regulate the connection between loads and DGs. The function of
the master controller is to connect or disconnect a Micro-grid from the utility
grid according to economic and security issues. The smooth functioning of con-
trol operations and guarantee of uninterrupted, efficient, and reliable interaction
amongst Micro-grid components is achieved with the help of advanced automa-
tion technologies for communications, and control. Islanded mode of operation
is the most distinguishing feature of Micro-grid.

Fusl | i

Cell |~ \_ | PCC |
Ga

" Solar | | g locoe Lpbbcac | | Wind
Powser = -__- Emw:-lh.'rl; gy -N- - Power

| ] — | Y — ) 1 ]
oC | =i Controd | w={ Conirgl f= AL
Load | | | |7 Load
DG Micno Grid A Miora Grid

Fig. 1. Basic Structure of Micro Grid

The study of Micro-grids has grown considerably during the past few years
in light of the growing interest in their application. Challenges faced while inte-
grating the Micro-grids with the utility grid and the solutions to overcome these
challenges are elaborated in [8]. The status of Micro-grids in India is presented
in [9]. To address the constraints and difficulties of the distribution network,
such as the optimum size and placement of a distribution substation and DGs,
a multi-dimensional framework for optimal active distribution network planning
is introduced in [10, 11]. In the distribution system planning problem, the plan-
ning horizon is split into various subperiods and is solved by considering
the investment and operating costs [12]. Mathematical models for the analysis
of the economic benefits of DGs are presented in [13]. Based on the equal
incremental rate of non-renewable fuel consumption, the economical dispatching
and optimal power flow computation for Micro-grid integrated systems were
developed by [14]. A power flow algorithm for a distribution network with DGs
was proposed in [15]. Using load flow analysis and optimization techniques
the optimum location and size of DGs were determined for a Micro-grid [16].
The cost of generation of DGs and non-renewable energy sources is determined
and is used for long-term planning. Multi-objective optimization model of iso-
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lated Micro-grids was proposed by [17]. Ant colony optimization technique was
used to reduce pollution and minimize the cost of generation.

From the literature review, it is concluded that the deployment of some
recent innovations in distribution systems, such as Micro-grids, and the super-
vised controlled operation of several DGs will give enough options to select bet-
ter solutions under various priorities to the users. The strategic planning studies
provide a variety of options to the decision-maker, including grid connection,
hybrid systems, and the newest option, micro-grid. The Micro-grid option has
received a lot of attention from researchers, and while there are numerous
advantages claimed for it, they must be supported by analytical techniques that
can quantify the advantages. In old techniques, the significant aspects and rela-
tionships between the system's elements are established in the initial phase.
An additive utility function with appropriate weights is developed in the second
phase. With these features for special attributes, comparing multiple options
is simple. The results, however, may be distorted by the adequacy and quality
of the supplied data. This problem can be effectively managed using the multi-
attribute decision-making (MADM) approach.

The MADM problems deal with choosing the best option from a large but
finite number of options while taking into account how each option performs
concerning several attributes. Assigning weights to the attributes, use of attribute
data for various alternatives, dealing with qualitative attributes or incomp-
lete information, and making final decisions are the major problems faced by
the decision-maker. Several MADM methods like Analytical Hierarchy Pro-
cess (AHP), Analytical Network Process, Preference Ranking Organization
Method for Enrichment Evaluations, Decision-making Trial and Evaluation La-
boratory, Best-Worst Method, etc. are available in the literature. These methods
are used by many researchers however these have demerits like requiring
lengthy calculations and with the increased number of alternatives and attributes
the method become more complex. Different methods used for normalization of
data may change the rankings of alternatives and make the calculation procedure
complex. The AHP method was implemented by [18, 19] for optimal DG plan-
ning. The AHP approach generates numerous comparison matrices by compar-
ing attributes and alternatives. The dimension of these comparison matrices is
completely depended upon the number of alternatives and attributes. Additio-
nally, the ranks of the alternatives will differ depending on the weights assigned
to the attributes using the arithmetic mean, geometric mean, etc.

Strategic resource planning for conventional resources was done using the
MADM methodology. Moreover, cost-benefit analysis, the potential for defer-
ring T and D, a decrease in T and D losses, etc. were typically used to support
the viability of DG in a power system. These are all significant issues, but they
cannot be the only ones used to make decisions. In this paper optimal planning
of a distribution system using the R method considering various configurations
of Micro-grids such as hybrid DG, Micro-grid, and the grid is presented.
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This paper contributes to providing a detailed discussion on:

1. R method for strategic Planning studies based on the MADM approach.

2. Implementation of the R method for DG planning in the distribution system.

3. Analysis of the strategic planning of DG using the R method for various
loading conditions and expansion strategies.

Rest of the paper is structured as follows: Section 2 covers the fundamentals
of the R method. Implementation of the R-method for strategic planning of dis-
tributed generation is presented in Section 3. Results and discussion are elabo-
rated in Section 4 and the paper is concluded in Section 5.

@ The R Method

From the literature review
of the MADM techniques, it is
concluded that the weights of
the attributes are derived either
by objective or subjective ap-
Y proach. In the objective ap-
Rank the alternatives and j proach, there is no role of the
—\
J
_\\

Define the decisiocn making problem
and identified number of attributes

attributes decision maker in deciding the
preference. On the other hand,
in the subjective approach, the
weights are assigned by the
ranking method. There is a
need for the development of
a simple and efficient tech-
nique to solve complex deci-
sion-making problems having

Y

Y
ssign weight as per the Rank of the
alternative of each attribute

[ Calculate the weight of the Rank
(A

~ ‘ many attributes and solutions.
In 2021, V Rao proposes the R

/Calculate the composite score of each| method for strategic planning
alternative of attributes which is based on the alterna-

Composite score = 3 wt.of rank x w.of aiternative tives and attribute ranking [20].

. where n =no.gf altrbules ~ Decision table in MADM
Y approaches contains alternate-

their composite score and performance metrics for

Eﬂ\ssign rank to each alternative as per] ves, attributes, attribute weights,
the alternatives. The prime goal

Y of the decision maker is to
‘ Display the solution identify the best alternative by
ranking all alternatives from

the decision table as per the
Y decision-making methodology.
END Fig. 2 shows the flow chart of
step-by-step procedure of the R

Fig. 2. Flow Chart of R Method method.
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Implementation of the R Method for Strategic Planning
of Distributed Generation

For most developing nations worldwide, the main issues are the growing de-
mand for energy, 100 % rural electrification, and the limited supply of conventional
generation resources. In India, these problems are overcome by increasing the use
of renewable energy sources such as solar, wind fuel cells, etc. As of Feb. 2023,
the installed capacity of renewable resources is almost 130 GW. Electricity genera-
tion by renewable resources has increased by 109 % since 2014.

Problem Formulation. In India, for the electrification of rural areas, micro-
grid is the most appropriate option. It is also observed that there is the possibi-
lity of interconnecting two or more renewable resources such as solar, wind bio-
gas, etc. The main advantage of micro-grids is the increased reliability and secu-
rity of the system. However, finding a suitable combination of sources of energy
to supply load demand is the biggest challenge in micro-grid operation. Social/
technical/political issues make the decision-making process complicated. There
are various options such as stand-alone, hybrid, and micro-grid are available to
the decision-maker. The stakeholders' perceptions of various competing attri-
butes must also be taken into account. Therefore, the problem is simply to evalu-
ate the various options and find the ranking of the same as per the attributes by
using any of the effective MADM techniques.

Implementation of R Method. In this paper strategic planning for DG using
the R method is presented. Various loading conditions such as light load, and
high load of medium voltage distribution system were considered for the same.
Various types of loads for respective loading conditions are given in Table 1 [19].
The analysis is carried out for three different attributes such as:

Attribute 1: Incremental Cost.

Attribute 2: Transmission and distribution (T&D) losses.

Attribute 3: % time duration for which the load remains unserved for

a month.
Table 1
Various types of Loading Conditions
Load High Load (kW) Low Load (kW)
Residential Load 353 122
Commercial Load 88 31
Industrial Load 328 114
Agriculture Load 1751 607
Total Load 2520 874

The values of each attribute for different expansion strategies for various
loading conditions given in Table 2 are taken from [21].
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Table 2
Values of each attribute for different expansion strategies [21]
Expansion Strategies Attribute 1 Attribute 2 Attribute 3

Low Load condition

Grid Mode 0.004 0.71428 1

Hybrid Mode 0.0433 0 0.1249

Micro-grid Mode 0.06105 0 0.0416

High Load condition

Grid Mode 1 1 0.7498

Hybrid Mode 0.9035 0 0.2499

Micro-grid Mode 0.7465 0 0.0166

Following is the step-by-step procedure of the R method.

Step 1: Formulate the problem of DG planning and frame the attributes re-
quired.

Step 2: Run the R Method algorithm and prepare the decision table with per-
formance indicators of the alternatives corresponding to the attributes.

Step 3: Rank the attributes as per the various cases considered for study.

Step 4: Rank the alternatives as per the performance indicator. It may be
quantitative or qualitative.

Step 5: Calculate the corresponding weights using the ranks that were given
to the attributes and alternatives.

Step 6: Calculate the composite score of the alternatives by adding the pro-
duct of the weights of attributes and the corresponding weights of alternatives.

Step 7: Arrange the alternatives in descending order. An alternative with
the highest composite score will be the best choice.

Results and Discussion

In the MATLAB environment, the R-method algorithm is written. For the
analysis, various loading conditions and expansion strategies with different
priorities of attributes are considered.

For each expansion strategy, the highest priority attribute will be different.
For the customer, reliability is the highest priority however for the utility T
and D losses and the cost are important for micro-grids. To prove the efficacy
of the R method for strategic planning of DGs the program is run for various
cases with different load conditions such as Low Load, High Load, and Com-
bined Load conditions for various attributes priorities.

The result analysis is carried out for three cases considering each attribute at
the highest priority. The three cases considered are as follows.

Case 1: Attribute 3 i. e. reliability of supply is at the highest priority.

Case 2: Attribute 2 i. e. efficiency (I’ & D Losses) of the system is consi-
dered the highest priority.

Case 3: Attribute 1 i. e. Incremental Cost is at the highest priority.
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The decision table which consists of the weight of the attributes, composite
score, and composite rank for different priorities of attributes with high and low
loading conditions for various expansion strategies are given below from Table 3
to Table 11. The results of the R-method are compared with the results of the
AHP method presented in [21].

Table 3
Decision Table
Compo- | Compo- Variance of com-
Expansion Strate Attri- | Attri- | Attri- si tcl: si tcl: posite distance
P gy bute1 | bute2 | bute3 (Results of ref.
score Rank
[21])
Grid + High load 0.10510 | 0.10510 {0.11163| 0.07160 6 0.690
Grid + Low load 0.29955 | 0.11163 {0.10510( 0.10272 4 0.804
Hybrid + High load 0.11163 | 0.15766 [0.12062 | 0.08586 5 0.186
Hybrid + Low load 0.19970 | 0.15766 {0.13413| 0.10429 3 0.097
Microgrid + High load | 0.12062 | 0.15766 [0.29955| 0.14092 1 0.162
Microgrid + Low load | 0.13413 | 0.15766 {0.19970| 0.11322 2 0.102
0.16339 | 0.19970 [0.29955
Rank of Attribute
3 2 1
Table 4
Decision Table Case 1: Low Load Condition
. Attri- Attri- Attri- Composite |[Composite
Expansion Strategy bute 1 bute 2 bute 3 score Rank
Grid 0.45205 0.24658 0.24658 0.29724 2
Hybrid Mode 0.30137 0.27123 0.30137 0.29229 3
Microgrid 0.24658 0.27123 0.45205 0.34689 1
0.24658 0.30137 0.45205
Rank of Attribute
3 2 1
Table 5
Decision Table Case 1: High Load Condition
Expansion Strate Attri- Attri- Attri- Composite | Composite
Xpanst gy bute 1 bute 2 bute 3 score Rank
Grid 0.24658 0.24658 0.24658 0.24658 3
Hybrid Mode 0.30137 0.27123 0.30137 0.29229 2
Microgrid 0.45205 0.27123 0.45205 0.39756 1
Rank of Attribute 0.24;658 0.3(;137 0.451205

Case 1: Reliability of supply is at the highest priority.
The program is run for all loading conditions with reliability as the highest

priority. The results are presented in Table 3 to Table 5 for combined load, low,
and high load conditions respectively. From the output results it is concluded
that the Micro-grid option is the most reliable option for any load condition.
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In [21] the variance of the composite distance is minimum for hybrid mode with
low load and micro-grid with low load conditions so these are selected as the
best planning option. However, the load is variable and for high-load conditions,
the AHP method is not performing well. On the other hand, in this paper, from
the output results of the R method used for DG planning, it is observed that the
composite rank of micro-grid options for high as well as low load is rank 1 and
rank 2 respectively hence as per the load condition best planning option can be
selected.

Case 2: Efficiency of the system is at the highest priority.

In this case 2 the program is run considering 7 and D losses at the highest
priority for all loading conditions. The results are tabulated in Table 6 to Table 8
for Low, high, and combined load conditions respectively. In this case, also the
micro-grid option is found to be the most efficient option in the distribution sys-

tem for any load condition.

Table 6
Decision Table Case 2: Low Load Condition
Expansion Strategy | Attribute 1 | Attribute 2 | Attribute 3 | Composite score Col?;:)lflte
Grid 0.45205 0.24658 0.24658 0.29724 2
Hybrid Mode 0.30137 0.27123 0.30137 0.28775 3
Microgrid 0.24658 0.27123 0.45205 0.31965 1
Rank of Attribute 0.24658 0.45205 0.30137
3 1 2
Table 7
Decision Table Case 2: High Load Condition
Expansion Strategy| Attribute 1 | Attribute 2 | Attribute 3| Composite score Colrln:::)ljlte
Grid 0.24658 0.24658 0.24658 0.24658 3
Hybrid Mode 0.30137 0.27123 0.30137 0.28775 2
Microgrid 0.45205 0.27123 0.45205 0.37031 1
Rank of Attribute 0.24658 0.45205 0.30137
3 1 2
Table 8
Decision Table Case 2: Combined Load Condition
Expansion Strategy Attribute 1 |Attribute 2| Attribute 3 Composite | Composite
score Rank

Grid + High load 0.10510 0.10510 0.11163 0.07095 6
Grid + Low load 0.29955 0.11163 0.10510 0.10337 4
Hybrid + High load 0.11163 0.15766 0.12062 0.08955 5
Hybrid + Low load 0.19970 0.15766 0.13413 0.10664 3
Microgrid + High load 0.12062 0.15766 0.29955 0.12675 1
Microgrid + Low load 0.13413 0.15766 0.19970 0.10902 2
Rank of Attribute 0. 13339 0.291955 0. 192970
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Table 9
Decision Table Case 3: Low Load Condition
Expansion Strategy | Attribute 1 | Attribute 2 | Attribute 3 |Composite score COIT ::Elte
Grid 0.45205 0.24658 0.24658 0.33946 1
Hybrid Mode 0.30137 0.27123 0.30137 0.29394 3
Microgrid 0.24658 0.27123 0.45205 0.31458 2
Rank of Attribute 0.45205 0.24658 0.30137
1 3 2
Table 10
Decision Table Case 3: High Load Condition
Expansion . . . . Composite
Attribute 1| Attribute 2 | Attribute 3 | Composite score
Strategy Rank
Grid 0.24658 0.24658 0.24658 0.24658 3
Hybrid Mode 0.30137 0.27123 0.30137 0.29394 2
Microgrid 0.45205 0.27123 0.45205 0.40747 1
Rank of Attribute 0.45205 0.24658 0.30137
1 3 2
Table 11
Decision Table Case 3: Combined Load Condition
. . . . Composite | Composite
Expansion Strategy Attribute 1 | Attribute 2 | Attribute 3
score Rank
Grid + High load 0.10510 0.10510 0.11163 0.07095 6
Grid + Low load 0.29955 0.11163 0.10510 0.12896 1
Hybrid + High load 0.11163 0.15766 0.12062 0.08329 5
Hybrid + Low load 0.19970 0.15766 0.13413 0.11236 3
Microgrid + High load 0.12062 0.15766 0.29955 0.12171 2
Microgrid + Low load 0.13413 0.15766 0.19970 0.10582 4
Rank of Attribute 0,291955 0.12339 0.192970

Case 3: Incremental cost is at the highest priority.

To test the proposed algorithm for economic operation Attribute 1 i.e. incre-
mental cost is kept at the highest priority. From the output result (refer to Tab-
le 9 to Table 11) it is found that for economical operation of the distribution sys-
tem during low and combined load conditions grid option is the most suitable
whereas during high load conditions micro grid option is at rank 1.

The composite rank for different expansion strategies for combined load
is shown in Fig. 3. From Fig. 3 it is clear that from a supply reliability and sys-
tem efficiency point of view, the Microgrid strategy is most suitable for high as
well as low load conditions. However, for incremental cost at top priority, the
grid option during low load and the Microgrid option during high load condi-
tions is found suitable. The ranking for various expansion strategies for reliable
supply and efficient operation of the system is the same.
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Grid+High  Grid+Low Hybrid +High Hybrid +Low  Microgrid Microgrid
load load load load +Highload  +Low load

Fig. 3. Composite Rank for different expansion strategies with various attributes

Fig. 4 shows the graphical representation of the composite score for all the
attributes of various expansion strategies. From Fig. 4 also it is clear that the
composite score is the maximum for microgrid options with high as well as low
load conditions for all cases. On the other hand, the difference in a compo-
site score of first and second rank is very small i. e. 0.00725, and the third and
fourth rank is 0.00654 is also very negligible for incremental cost at the highest
priority.
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Fig. 4. Composite Score for different expansion strategies with various attributes
Fig. 5 and Fig.6 present the composite score for the grid, hybrid mode, and

Microgrid strategies for reliable supply, efficiency of the system, and incremen-
tal cost as the highest priority during high and low load conditions respectively.
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Fig. 5. Composite Score for different expansion strategies with various attributes
during High Load Condition
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From Fig.6, it is clear that during high load conditions Microgrid option is
the most suitable for all three attributes i.e. reliability of supply, efficiency of the
system, and incremental cost considered at highest priority.

0.16
0.14
§ 012
@« 0.10
2 0.08
2 0.06
§ 0.04
0.02
0 Grid +High Grid +Low Hyhbrid Hybrid Microgrid  Microgrid

load load +Highload +Low load +Highload +Low load

m Reliable  m Efficient Cost

Fig. 6. Composite Score for different expansion strategies with various attributes
during Low Load Condition

During low-load conditions for reliable supply and efficient system opera-
tion, the Microgrid option is most suitable however for incremental cost Grid
option is most suitable.

Conclusion

Micro-grid is a small-scale power system having lots of benefits such as low
cost, less emission, minimum transmission losses with improved reliability
of the system, and more flexibility in operation. Smart switches and protective
devices manage the connection between loads utility and DGs. The islanded
mode of operation is the most salient feature of the Micro-grid. Micro-grid, and
the supervised operation of several DGs in a distribution system, provide cus-
tomers with enough options to select the better solution under various priorities.
The MADM approach is most suitable to solve this problem. R-method is simple
and easy to implement as compared to other MADM techniques. It also requires
less time, limited attention of the decision maker, and a high capacity for pro-
cessing the information. From the output results it is concluded that for the reli-
able supply, efficient system, and incremental cost Micro-grid option is most
suitable during all loading conditions. This research paper can be extended by
incorporating fuzzy with the R-method for developing the control algorithm for
strategic planning of DGs.
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TexHosorumM yjayqmieHUsl IKCILUIYATAIMOHHBIX XaPAKTEPUCTHK
AUHAMHYECKHUX I'a30°KUAKOCTHBIX TEIJIOIHEPreTHYeCKUX
YCTAHOBOK IPH YNIPaBJsieMOM JIa3epPHOM HHIYIHPOBAHUMN
peryJiupyeMbIX JOKAJbHbIX KOHGPUTypauuii TOMOJIOrHYeCKUX
MHKPO- 1 HAHOCTPYKTYP Ha BHYTPEHHeH MeTalJInuecKoi
MOBEPXHOCTH PadOUMX KaMmep

Yacrtp 1
T. B. Pl,mconal), . A. TyMapKI/IHaZ), J. H. nyaponz), B. /. CaMI;I]JIKI/IHZ),
A. @, JlenexoBa®, M. M. Apakeasn”, A. O. Kyuepux?”, C. M. Apakesn®

DBenopycekuii HanmMoHAIbHEBI TexHUUecKHil yHuBepcuTeT (MuHCK, Pecry6iuka Benapycs),
Z)BJ'Ia,Z[I/IMI/IpCKI/Iﬁ roCyIapCTBEHHbIH YHUBEPCUTET UMeHU AJiekcanapa [ puropreBuda

u Hukonas I'puropseBuda Cronerossix (Bnanxumup, Poccuiickas ®eneparis),
YEpesamcknit rocyrapcTBenHslii yansepentet (Epesan, Pecry6iuka ApMeHus)

Pedepar. B ncciaenoBanuu paccMOTPEHO OJHO W3 HAIPABJIEHUIN COBPEMEHHOM HAHOMHIKEHEPUU
MOBEPXHOCTU IO TEXHOJOTHSM YIIPaBISIEMOro ()OPMHPOBAHUS TONOJIOTHUSCKUX IMOKPHITHH 3a-
JTAHHO} KOH(UTypanuu MpH Ja3epHOM BO3JCHCTBUM Ha Pa3NYHbIE 00pa3Ibl C yYETOM II0IXO00B
JUISL CTIO’KHBIX HEIMHEHHBIX TEPMOJMHAMUYECKHX CHCTEM C Pa3BUTHEM ANHAMHYECCKUX HEPaBHO-
BECHBIX IIporeccoB. IIpearaemMple TEXHOJIOTUHN UMEIOT YHUBEPCATIBHBII XapakTep 1 BeCbMa Iep-
CIEKTHBHBI, B YACTHOCTH, IJIsI METAJUIMUECKUX MATEPHANOB B pabOdYMX KamMepax TEIIOdHEPreTH-
YECKMX YCTAHOBOK. IIpH 3TOM akIeHT cielaH Ha HOBBIX (DM3MUYECKUX HPHHIMIAX H3MEHEHHS
(YHKIMOHAJIBHBIX XapaKTepPUCTUK MaTepuaia oOpas3lia ¢ MX ONTHMH3aIMeil MOJ KOHKPETHBIE
YCIOBHS 3KCIUTyaTaluu obpasua ¢ ¢opmupoBanueM 1D — 3D MHKpO- u HaHOCTPYKTYp, B TOM
YHCiIe ASHJIPUTHOTO THIA ¢ (paKTaTbHBIMU O0BEKTaMH. VcHoNb30BaHbI METOABI YIPABISIEMOTO
JIa3epHOTO CHHTE3a IMOBEPXHOCTHBIX TOMOJOINYECKUX CTPYKTYP B Pa3HBIX CXeMax dKCIIepUMEHTa
C JTa3epHOM abisIueil. DTH peryimpyeMble MPOIeCcCch PEaM3yI0TCs Ha MMOBEPXHOCTH U3IETHiA 0e3
M3MEHEHUs] 00BEMHBIX XapaKTePHCTHK MaTepHalla B OTIMYHE OT TEXHOJIOTHH CTaHIApTHOH ero
TepMUYecKol 00paboTKH, HaIIpUMep AJs MOBBILICHUS U3HOCOCTOMKOCTH. B mepBoii wactu npen-
CTaBIIIEMON CTAaThH peub HIET O (yHAAMEHTAIBHOW MpoliieMe JIa3epHOH TepMOAMHAMUKH BO3-
HUKHOBEHHMS! ICHIPUTHBIX/(PaKTAIBHBIX CTPYKTYp Ha IOBEPXHOCTH MaTepHalla B yCIOBHAX pa3-
BUTHUSI HECTALIMOHAPHBIX TEIIOMH3UIECKHX MPOLECCOB. AKIIEHT CIENaH HA yCTONUMBBIX MOBEPX-
HOCTHBIX COCTOSHHMSIX MaTepHaia NP €ro CIEeNUaIM3UPOBAHHOW IIpeaBapUTENbHOI Ta3epHOit
00paboTKe, BKIIOYAs CHHTE3 Pa3JIMYHBIX HEOJHOPOAHBIX W MHOTOCIOWHBIX KOH(Hrypanuii Ha
MOBEPXHOCTH C ompenenerHor 3D-romonorueit. OOCYKAaIOTCS BO3SMOXKHOCTH JOCTHKEHUS PETy-
JIHPYEMBIM CII0COOOM HEOOXOIMMBIX XapaKTePHCTHK HCIIOJIB3YEeMOr0 MaTepuaia JUlsl yIIyqIIeHHs
SKCIITyaTallHOHHBIX CBOMCTB Pa3NUUYHBIX CHCTEM. B 4acTHOCTH, 3TO OTHOCHUTCSA M K AMHAMHYE-
CKHUM T'a30’KHKOCTHBIM TEIIOOHEPTeTHUSCKUM YCTAaHOBKAM IIPH YIIPABJIIEMOM JIA3epPHOM HaBejle-
HHU{ PEryJIUPYEMBIX JIOKAIBHBIX KOHQUIYpalMil TOIOJOTMYECKHX MHUKPO- W HAHOCTPYKTYp Ha
BHYTpEHHEW METaJUTMYECKON MOBEPXHOCTH HX paboumx kamep. B kadecTBe sKcIepUMEHTATBHOM
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JACMOHCTpalli paCCMOTPEHAa MUKPOTPCIINHOBATAA CTPYKTYpPa NOBEPXHOCTH METAIIIOYTIJIEPOAHBIX
MaT€puajoB B MOAECIU UX Fpa(I)I/ITPBaL[I/II/I.

KnioueBble c10Ba: yIydleHne SKCINTyaTallMOHHBIX XapaKTEPUCTHK TEIUIOIHEPIeTHUECKUX yCTa-
HOBOK, JIa3epHO-MHAYLUPOBAaHHBIE MHUKPO- M HAHOCTPYKTYpHI TpeOyeMoil KOoH(Urypamuu, me-
TaJUIOYTJICPOIHBIE KOMIUIEKCHI, SHTPOIHS ITOBEPXHOCTH C HEOAHOPOJHOCTSIMHU, MOAEIUPOBAHHE
JICHJPUTOB, YCUICHUE IEKTPUUECKOT0 T0JIs Ha HEOJAHOPOAHOCTAX

Jasa nutupoBaHus: TeXHOJIOrMU yJIydyllleHHs SKCIUTyaTallMOHHBIX XapaKTEPUCTHK AMHAMUYe-
CKHX Ta30XKHUAKOCTHBIX TEINIOPHEPTeTHIECKHX YCTAHOBOK IIPH YNPABISIEMOM JIA3€pPHOM HHIYIH-
POBAaHHMH PETyJIUPYEMBbIX JIOKAJIbHBIX KOHPUIYPAIMil TOMOJOTMYECKUX MUKPO- U HAHOCTPYKTYP Ha
BHYTPCHHEH METaJUINYECKOH MoBepxHOCTH pabounx kamep. Y. 1 / T. B. PeokoBa [u ap.] // Dnep-
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Technologies for Improving the Operational Characteristics

of Dynamic Gas-Liquid Thermal Power Plants with Controlled
Laser Induction of Adjustable Local Configurations

of Topological Micro-and Nanostructures on the Internal Metal
Surface of Working Chambers

Part 1

T. V. Ryzhova", D. A. Tumarkina®?, D. N. Bukharov?, V. D. Samishkin?, A. F. Lelekova?,
M. M. Arakelyan”, A. O. Kucherik®, S. M. Arakelyan®

YBelarusian National Technical University (Minsk, Republic of Belarus),
YV ladimir State University named after A. G. and N. G. Stoletovs (Vladimir, Russian Federation),
3Yerevan State University (Yerevan, Republic of Armenia)

Abstract. The study considers one of the areas of modern surface nano-engineering using techno-
logies for controlled formation of topological coatings of a given configuration under laser action
on various samples, taking into account approaches for complex nonlinear thermodynamic systems
with the development of dynamic non-equilibrium processes. The proposed technologies are uni-
versal in nature and are very promising, in particular, for metallic materials in the working cham-
bers of thermal power plants. At the same time, the emphasis is placed on new physical principles
for changing the functional characteristics of the sample material with their optimization for spe-
cific operating conditions of the sample with the formation of 1D - 3D micro- and nanostructures,
including dendritic type with fractal objects. Methods of controlled laser synthesis of surface topo-
logical structures were used in different experimental schemes with laser ablation. These con-
trolled processes are implemented on the surface of products without changing the volumetric
characteristics of the material, unlike the technologies of its standard heat treatment, for example,
to increase wear resistance. Specifically, the first part of the presented article deals with the fun-
damental problem of laser thermodynamics of the emergence of dendritic/fractal structures on the
surface of a material under conditions of the development of non-stationary thermophysical pro-
cesses. The emphasis is placed on stable surface states of the material during its specialized pre-
liminary laser processing, including the synthesis of various inhomogeneous and multilayer con-
figurations on the surface with a certain 3D topology. The possibilities of achieving the required
characteristics of the material used in a controlled manner to improve the performance properties
of various systems are discussed. In particular, this also applies to dynamic gas-liquid thermal
power plants with controlled laser guidance of adjustable local configurations of topological mi-
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cro- and nanostructures on the inner metal surface of their working chambers. As an experimental
demonstration, the micro-cracked surface structure of metal-carbon materials was considered with-
in the model of their graphitization

Keywords: improving the performance characteristics of thermal power plants, laser-induced
micro- and nanostructures of the required configuration, metal-carbon complexes, entropy of a
surface with inhomogeneities, modeling of dendrites, amplification of the electric field on inho-
mogeneities

For citation: Ryzhova T. V., Tumarkina D. A., Bukharov D. N., Samishkin V. D., Lelekova A. F.,
Arakelian M. M., Kucherik A. O., Arakelyan S. M. (2025) Technologies for Improving the Opera-
tional Characteristics of Dynamic Gas-Liquid Thermal Power Plants with Controlled Laser Induc-
tion of Adjustable Local Configurations of Topological Micro-and Nanostructures on the Internal
Metal Surface of Working Chambers. Part 1. Energetika. Proc. CIS Higher Educ. Inst. and Power
Eng. Assoc. 68 (6), 517-535. https://doi.org/10.21122/1029-7448-2025-68-6-517-535 (in Russian)

BBeaenune

[Ipobnema pa3pabOTKH HAYYHBIX IMMOAXOJOB M METOIOB IPH HCCICIOBAHUU
(GYHKIMOHAJIBHBIX XaPaKTEPUCTUK Pa3IM4YHBIX MAaTEpPHANIOB M UX MOIU(UKa-
MY B 33JJaHHOM HAaNpaBJICHHUU JUIsI ONTUMU3ALUN B YCIOBUSAX HCIOIb30BAHHA
B OMpEeNIEHHBIX BBICOKOTEXHOJIOTHYHBIX CEKTOpax MPOMBIIUIEHHOCTH, BKIIOYAs
TpeOyeMyl0 CTPYKTYpPH3alMI0 BHEUIHMX M 3aMKHYTBIX BHYTPEHHHX IOBEPXHO-
CTel psifa YCTPOWCTB, B TOM YHCIIE U SHEPTeTUUIECKOT0 00eCIICUCHUs], SBIISCTCS
KITIOYEBOW B COBPEMEHHOM MaTepHalloBEJCHHUU. B 3KCIUTyaTallnOHHOM acIlieKTe
C 3aMKHYTBIMH IUKJIAMH ITHUPOKOTO KJacca NPUKIAAHBIX 3aJadax I JOKaH-
30BaHHBIX CHCTEM, HalpuMep B pa3HOMAcIITa0HBIX YCTPOMCTBaX M KaMepax
C U3MEHSIFOIUMHUCS TETIO(QU3NIECKUMHU MPOLIECCAMU B HUX, NMPHHIUIHAIBHOE
3HaYCHHE HMMEET COCTOSHUE IOBEPXHOCTH, ¢ KOTOPOM HEMOCPEICTBEHHO KOH-
TaKTHPYeT OKpYJKaromas cpena, BKIOYas pabouue BellecTBa Pealn3yeMoro
TEXHOJIOIMYECKOTI'0 Ipolecca.

3nmech pelaroliee 3HAYEHHE HMMEIOT CHenu(UuecKue sBICHHs, OIpene-
JsieMble MpoLecCaMU TEXHUUYECKOW TEpPMOJMHAMHUKU B MOBEPXHOCTHBIX CIOAX.
VIMeHHO TIOBEPXHOCTHOE COCTOSIHME MaTephalia NpPH COOTBETCTBYIOIIEH €ero
IpeaBapUTENbHON 00pabOTKe, BKIIOYAsl CHHTE3 PA3IM4YHBIX HEOJHOPOAHBIX U
MHOTOCIIOWHBIX KOH(UTYpaliii Ha MOBEPXHOCTH C ompenesneHHoi 3D-tomnono-
THel, MO3BOJISIET OCYIIECTBIIATh PEATU3alUI0 KOMITJIEKCHBIX TEXHOJIOTMYECKUX
3a/1a4 [pH KCILTyaTallMK U3JEIUN B pa3HbIX PeKUMaXx.

BaxHo mogyepkHyTh, 4TO MOJ00HBIE POPMUPYEMBIE TOBEPXHOCTHBIE CTPYK-
TYpBI ABJSIOTCS YHUBEPCAIBHBIME B acleKTe MPOIeTyphbl UX CO3/IaHUS C pas3pa-
0OTaHHON HEKOTOPOW MapIIPYTHOW TEXHOJOTHYECKO# kapToi. OHa JOKHA OC-
HOBBIBATHCS HA HEOOXOIMMOM HAYYHO-TEXHHYECKOM OOOCHOBAaHHU C YYETOM
crenn(pUUEcKUX yCIOBUH pealn3yeMbIX IPOLECCOB M BHIOMPAEMBIX PEKHUMOB
pabotel n3aenuil. [lpuHnunuansHOE 3HAYEHHE 3/1€Ch UMEET NOCTIKECHHE Pery-
JUPYEMBIM CIIOCOOOM HEOOXOAMMBIX XapaKTEPUCTHK HMCIOJIB3YEMOro Marepua-
Ja A7 HUX. OT0 TpeOyeT MpH COOTBETCTBYIOLINX IMOAXO0JAX BBIABIATH yNpaB-
JSIOIIME MapaMeTphl Ul pa3padaTblBAEMBIX METOAMK M TEXHOJOTHWH C LIEJbIO
NpeABapUTEIbHON MOBEPXHOCTHON 00paboTku n3nenuii. Ocoboe 3HaUeHHE UMe-
eT (OpMUPOBaHHME Ha IMOBEPXHOCTU JIOKAIN30BAHHBIX COCTOSHMHA B KaXIOH
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MIPOCTPAHCTBEHHOW 30HE OOpabOTKH, KOTIa pedb HIET O HEOJHOPOIHBIX IO-
BEPXHOCTHBIX CTPYKTypax € 3aJaHHBIMH IapaMeTpaMu [Uli yrnpaBiieHus (QyHK-
LUUOHABHBIMH XapaKTePHUCTUKAMH KOMITJIEKCHBIX OOBEKTOB.

JlaHHBIE TOMOJIOTHYECKHE XapaKTEPHUCTUKH MOTYT CUMUTAThCcs HEOOXOJIH-
MBIMHU IO Pa3HbIM IPUYHMHAM — KaK II0 KOHKPETHBIM YCIOBHSM 3KCILUTyaTallu
U3JENUs, TaK U IS pacIlUpEeHHs U MOTYYCHUs] HOBBIX BO3MOXKHOCTEH Mpu pas-
paboTKe SJIEMEHTOB M CHCTEM Ha HOBBIX (DH3UKO-TEXHHYCCKHX MPHHIIUTIAX.
B mnocnennem cimyuyae OOMKHBI OBITH NMPOAHATM3UPOBAHBI (yHIAMEHTAJIbHbBIE
MPOIIECCHI, JISKAIIME B OCHOBE MOJOOHOTO TOIMOJIOTHYECKOTO MaTepuaoBele-
HUS ¢ TU(QPOBBIM MOJICTUPOBAHUEM.

Ha mepBomM stame paccMoTpuM 3Ty npoOieMy Ha IpUMeEpe MOBEPXHOCTHON
TpaHCOpPMaM MaTepuayia ¢ TOMOJOTUYSCKUMH CTPYKTypaMH OIpelelICHHOM
KOH(HTYpalny MPOCTHIX IUIOCKMX 00pa3loB B paMKax psia Mojeneil. Uro kaca-
eTcs crenU(UKHA TeX KOHKPETHBIX M3JIENUH, A KOTOPhIX JaHHbIE pa3paboTaH-
HBIE TEXHOJIOTUM MOTYT OBITh NMPHUMEHEHBI B COOTBETCTBYIOLIMX YCIOBHAX HX
9KCIUTyaTalllu, TO OHH He OYAYT SBIATHCS MPEIMETOM JAaHHOTO aHAN3a.

B mpencrasiseMoli cTaThe 3TH BOIPOCH UCCIEIOBAHBI B pAMKaX JOCTaTOYHO
o0mux GopmMaToB NazepHON TEPMOIMHAMUKU HPU BO3AEHCTBUU JIA3€PHOTO H3-
JTyueHus! Ha Marepuaibl. OHU SBISIOTCSA NaJbHEWITNM pPa3BUTHEM COOTBETCTBY-
IOLIeH MpOLEAYpPhl aHalu3a U MPEACKa3aTeNbHOr0 MOJACIMPOBAHHUS Ha OCHOBE
(bpakTaTLHOTO TMOAX0JIA, M3JI0KEHHOTO HAMH, B YaCTHOCTH, B paborax [1, 2].
OTO MO3BOJMIIO MOJYYUTh HOBBIC NPUHLUIMAIBHBIE PE3yJIbTAThl B TaKOH Iep-
CIIEKTUBHOW 00JIACTH, KAKOM SBJSIETCS TOMOJIOTHYECKOEe LU(BPOBOE MaTEpUaIO-
BEJICHUE C YIPABIAEMBIM JOCTH)KEHHUEM B JIA3€PHOM TEPMOIAMHAMUYECKOM 3KC-
TIepUMEHTE TPEeOyEeMBIX (PYHKITMOHATBHBIX XapaKTePHUCTHK MIOBEPXHOCTH [3—06].

Peup uner o IeHAPUTHBIX CTPYKTypax (pakTaidbHOro THIA U AedeKTax pas-
HOTO KJIacca C peryjaupyeMoil TOMOJOTHEN MpU X CHHTE3€ B YCIOBUAX Jlazep-
HOW a0msuuMu C MOBEPXHOCTH MaTepuaja C yIpaBlsieMbIM 00pa3oM IOJy-
YaeMbIMH HEOJHOPOIHBIMU KoHGurypauusmu [3-5]. CaM Teruropu3ndecKuit
MeXaHH3M BO3HHKHOBEHHMS ICHAPHUTHBIX CTPYKTYP CBSA3aH C ABYXITAIHBIM IIPO-
LIECCOM CHauaJla MOAIUIABICHUS M3-32 HarpeBa MpH TEIJIOBOM BO3AEHCTBHH Jia-
3€pHOTO M3Iy4eHus (Io Temmneparypbl He 6osee mposnu 0,7 OT HCTUHHOM Temile-
paTypsl IUTaBJICHUS MaTeprana), a 3aTeM — MOCIEeIYIOIET0 OCThIBAHUS, KOTOPHIE
peanu3yloTCsl 3a pa3Hble BpEMEHa B ONPEAEICHHBIX PEXHMax BO3ACHCTBUS Ha
MaTepHaibl Ja3epHbIM ImydkoM [7]. Ilpu Takux mporeccax cTaHOBUTCS BO3MOXK-
HOW MoauduKanus psaa GYHKIMOHAIBHBIX XapaKTEPUCTUK 00pa3ioB Onaroa-
PS1 BO3HUKAIOIINM JIOKAJIM30BaHHBIM COCTOSIHUSIM B METAJUIMYECKUX KOMITJIEKCAX
(mampumep, ¢ HE3KOyTIepoaHoi crambio AISI 304), Bxitoyass BBICOKOIHTPO-
MUIHBIE CIUIAaBbI, a TAK)KE METAJUIOYTIIEPOJHBIE U AIMa30I0JO0HBIE COCTUHEHHS
1 TIOJTYITPOBOTHUKOBBIC MaTepHaNIBI (TICPOBCKUTHI).

HekoTtopsie Hay4HO-METOANYIECKHE HOAXOIBI C COOTBETCTBYIOIINM KOMIIBIO-
TEPHBIM MOJEIIMPOBAHUEM IIPU PEIIEHUH JAHHBIX MPOOJIEM Ha MyTAX TOMOJIOTH-
YEeCKOll J1a3epHOH TEPMOAMHAMHKH VIS Psifla 3TUX MaTepUanoB KPaTKO Ipel-
CTaBJICHbI B HACTOSIICH CTAaThe NMPH BO3ACHCTBUM JIA3€PHOIO M3Iy4YEHHUS HA UX
[TOBEPXHOCTh B JIa3€PHOM 3KCIIEPUMEHTE, HO B OCHOBHOM pe4b OyJeT HUATH
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0 pPacCMOTPEHHU SJICKTPOPU3UKU B TaKHX CTPYKTypaxX pa3HOTO 3JIEMEHTHO-
TO/CTPYKTYPHOTO COCTaRBa.

JlazepHasi TepMOTMHAMMKA BO3HUKHOBEHHUS T€HAPUTHBIX CTPYKTYP
HA NMOBEPXHOCTH MaTepHaJja

Tennoghuzuueckue npoueccel. Kax m3BecTHO, TIpU OOJyH4EHUH Ja3e€PHBIM
M3IYyYEHUEM TBEPAOTO KPHCTAUIMYECKOrO TeNa MPH MHUKPOCKONMHYECKOM pac-
CMOTPEHHH MPOMCXOOUT B3aUMOICHUCTBHE KBAHTOB CBETA, BJICKTPOHOB 3JICK-
TPOHHOTO r'a3a U MOHOB PEIIETOYHBIX CTPYKTYp, a TaKkke Ne(QEeKTOB pa3IndHON
npupojsl [8]. Ilporecc BbIpaBHUBAaHUS TeMIIEpaTypbl B TaKOM CHCTEME C JJIEK-
TpOH-QOHOHHBIM B3aWMOJICHCTBHEM MPOMCXOAUT 32 BpeMs MOpsIKa HaHOCe-
KyHJ[ TIPH IIOTHOCTH TIOTOKA Ja3epHoro mmyuenus 10 10° Br/em® ¢ Mummuce-
KYHIHOM JUIMTENBHOCTBIO MMIyJbca [9]. Y1 TonbKko AJid AMUTENBHOCTEH MEHb-
IIMX HAHOCEKYHIHBIX JIA3€PHBIX HMIIYJIbCOB MOXXHO TOBOPHUTH O 3aMETHOU
pa3HOCTH TeMIIepaTyp MEXAY PEUIeTOYHOM CTPYKTYpOH U 3JeKTpOHAMH, JOXO-
JSIIen 10 Teicsd rpagycos [10].

B nammx skcnepuMeHTax pealM30BBIBAJICS NMEPBBIA Ciydyail, IO3TOMY pac-
CMaTpHBajCs JIOKAJIBHBIA HAarpeB M3-3a IMOIJIOLICHHS H3JIyYeHHs CPeloi B na-
3epHOM Tryuke (s mpocToTsl — ["ayccoBa mpodwrs). IIpoucxopsmiuii mporiecc
0OBIYHON TEIUIONPOBOJHOCTH, KaK MPAaBUJIO, B JIa3€pHOM IKCIIEPUMEHTE CUUTa-
€TCsl HeJIMHEWHBIM U HeCcTallMOHAapHBIM. [Ipu 3TOM IpOHCXOIAT SIBIEHUS pacce-
MBaHUS TEIUIOTHI IPH MPOHUKHOBEHUHU M3ITyUYEHHUs] BHYTPb CPEABI U3-3a OTpaXe-
HUSI Ha e¢ MOBEPXHOCTH M HCHapeHus BemecTBa. Kpome Toro, B atMocdepe
HEOOXOOUMO Y4YUTHIBATh IIOTEPH TEIUIOTH Ha OOpa30BaHHE OKHCHOW IJICHKH
Ha MOBEPXHOCTH, U3MEHSAIONICH ()YHKIIMOHAIBHBIC CBOMCTBAa 00pas3noB. Takum
00pa3oM, KOJIMYECTBEHHBI aHAJN3 TaKUX MPOIIECCOB SBISAETCA JOBOJIHHO CIOXK-
HOM 3ajaueil.

OnHako OIIEHOYHO MOXHO CUUTATh, YTO, HAIIPUMED, AJISI METAIIOCOAEpKa-
IIMX MaTepUanoB INyOMHa MPOHMKHOBEHHS TEIUIOTHI B MAaCCHBHBINA oOpasen co-
craBisieT BenuuuHy ~50 MkH [11]. B TakoM TOHKOM cJio€ MoJie pacupeaeieHus
TEMIIEpPaTyphl, OYEBUIHO, ONPENENACTCS PaJdyCoM CBETOBOIO IISITHA Ha IO-
BEPXHOCTH 00pa3la W IIMTEIBHOCTBIO JIa3€PHOTO UMITyJibca. [Ipu ckaHupoBa-
HUU JIa3epHOT0 IMydYKa 10 MOBEPXHOCTH oOpaslia peub JOKHA UATH O MOJIENH
C JBHXKYILIUMCS UCTOYHUKOM TEIJIOTHI, KOTOpas MOYKET NMPUBOJIUTH K MOBEPX-
HOCTHOH aMop(u3aliy U CTIaKUBAHUIO CYIIECTBYIOIINX MHUKPOHEOIHOPOIHO-
crei [12].

[Ipu ucmonb3yemMoit HaMu J1a3epHON abJAIIK 00pa3oBaBIIasICs KUIKas daza
BBIOpAchIBAETCA C TMOBEPXHOCTH. DTO MOMKHO PaccMaTpuUBaTh IO aHAIOTHH
C TIPOLIECCOM Ta30JIMHAMUYECKOT0 HCHAapeHHs C BBICOKOH 3()(EeKTUBHOCTHIO.
[laHHOE sBIEHME IpPENCTaBIAETCA KaK HECTAllMOHAPHBIA T'MIPOAMHAMUYECKHM
MPOLIECC C ONPEACICHHON CKOPOCTBIO IBMIKEHHS TPaHULIBI (ha30BOro Mepexona
TBEPJOE TEJIO0 — >KUAKOCTh, KOTOPAasi MOXKET JEMOHCTPUPOBATh IKCIIOHCHIINAIIb-
HBIA POCT CO B3PBIBHBIM XapaktepoM (cp. ¢ [13]) ¢ nepopmupoBannem nosepx-
HOCTHU C YYETOM JIaBJIECHHS OTJIauH.

ITpn oOpa3oBaHMM BaHHBI paciulaBa Hac OyIeT MHTEpecoBaTh 0Opa30BaHUE
pasHoOl OpHEeHTAlNHU ACHIPUTHBIX 00BEKTOB ¢ (DPAKTATBHOW CTPYKTYPOH Ha TO-
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BEPXHOCTU MaTepuana B pe3yibTaTe IPOU30LIEANIEeH HEOJHOPOIHOMN Ja3epHOU
absiuyMy W mocieqoBaTeNbHBIX MPOLECCOB HarpeBa—oxiaxaeHus. Heobxomnum
TaK)KEe ydeT B3aMMOJCWCTBHUS IMAJAIONIEeTO JIA3ePHOI0 H3IYUYCHHUS C BEIIECTBOM
IpH ero BhIOpoce B OKpYXKarolee MPOCTPAHCTBO MPHU aOJISIUH C TPOUCXOJIS-
IMMH  (PU3MKO-XUMHUYECKHMH TIpolieccaMd B TakoMm oOusake. BosHukaromue
B pe3ynbTaTe 3TuX 3()()EeKToB Ha MOBEPXHOCTH MEIKOUTOJIBUATHIC CTPYKTYPHI
(c HanUYEeM MapTEHCUTA U OCTATOYHOTO ayCTEHUTA U METAJUTMYECKUX MaTe-
pHaJoB) OMPEAEISIOTCS OOJIBIIMME CKOPOCTSMH HArpeBa U OXJIAXKICHUS B 3aBU-
CUMOCTH OT PEXHMOB TP JIa3EPHOM OOJIYUYEHHH C MPOUCXOJSIIEH HepaBHO-
MEpHOCTBIO TIportecca kpuctammmzanuu (cp. ¢ [8]). JanHple HecTarmoHapHEBIE
MPOIIECCHI COCTABISIIOT OTAEIBFHOE HANPaBICHHE UCCIIEIOBAHNH NIPU TTOTYYSHUH
MaTepHaJoB C 3aJaHHBIMU TTOBEPXHOCTHBIMU CBOMCTBAaMH U OCaKICHUHU HA IO-
BEPXHOCTh Pa3HBIX BEIIECTB (B TOM YHUCIE M YTJIEPOTHBIX COCTUHEHHI) — TaK
HazbIBaeMOe TIAKHPOBaHUE.

PaccmoTtpum 3Ty mpobieMy B IOCTAaTOYHO OOIIEM TEPMOIMHAMHYECKOM
MIPENICTaBICHUN (IKCTIEPUMEHTHI HaMH TPOBOJWINCH C HEP)KaBeIIIeld HU3KO-
yrieponnoit cranpio AISI 304). [l sToro HE0OXOIMMO pacCUHMTaTh IOTEPH
TEIJIOTHl TPH BO3JCHCTBUH, HANPUMEP, HEMPEPHIBHOTO JIA3€PHOTO H3ITyde-
Hus. Ero snepruto Q npumem paBHoil 10 [k (B 3KCIEpUMEHTE HCIOJIB30BAIH
MMEHHO TaKoe ee 3Ha4YeHHe) MMPHU Harpese, IS MpuMepa, HepKaBerolleld cTam.
[Ipu ydere moTeps SHEPTUU MpU OOMYUEHUHM 0Opaslia Ha TEIJIOBOE paccesHUe
Q' UpUXOAMM K 3HAYCHHIO SHEPrHM HOHHON PEImICTKH C 00pa30BaBIIHMCS

nenapurom QO —Q".
JlaHHas TIpolelypa pacyera IMPOBE/ICHA HIDKE Ha OCHOBE H3BECTHBIX COOT-

HolleHu# (Hampumep, [14, 15]) Q' =—Ik?dFdr, rae Q' — moTepyu Ha TerIo-
n

BOE paccesHue; A — KO((UIMEHT TEIUIONPOBOAHOCTH; Of — U3MEHCHUE TEM-
nepaTypbl MOBEPXHOCTH, On — CIAWHUYHBIA BEKTOP HOPMAaIH K IOBEPXHOCTH;
dF — >meMeHT oBepxXHOCTH; d T — muddepeHiman mo BpeMeH .

Ecnu paccMaTpuBaTh KOMIO3UT B PaMKax CTaHIAPTHOW MOJIEIH 3JIEKTPOH-

1
HOro rasa, To A= EVZCV, rac v — CpeaHAd CKOPOCTh TCIJIOBOI'O ABHUXKCHHUSA CBO-

OOIHBIX AIEKTPOHOB (C 3apsSAOM e M Maccoil m ); [— mamuHA CBOOOAHOTO TIPO-
Oera it SIEKTPOHOB (OepeM ee MPUOIIKEHHO PaBHOU MapaMeTpy dJIeMEHTap-
HOM SYCHKU KPHCTAJLUTUYECKOTO Tella — KyOudeckas pelieTka ¢ TOCTOSHHOM

-6
pemwerkn @ =3,4-10" m); C, — u30XOpHas TEIUIOEMKOCTh CAWHHUIIBI DIICKT-

POHHOTO rasa.
CKOpOCTb paccessHHsi SHEPTUM V HAXOJUM M3 CpPaBHEHHS CICIYIOIINX

2
ne’l

IBYX cooTHomeHu# [14, 15] mis ynenpHOM 3MEKTPOMPOBOJUMOCTH: G =

A %VZCV
c= = , Tae k — nocrosiuHas boneumana; T — Temie-

% (kle)'T % (k/e)'T

patypa HarpeBa MeTalia.

my
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3 3kT
CnenoBarenbHo, yuuthiBas, 4yto C, = Enek, umeeM v= |——, THOEH, —
m

e
TUIOTHOCTH YMCIIa JIEKTPOHOB.
Torma gna n, noryuaem: n, = 2,04 - 10" M. 3mech YUYUTBHIBaE€M pacipeze-

JICHHE 3JIEKTPOHOB MO sueiikam XyHpa: y skene3a (4S14P3) — 4 cBoOOmHBIX
AJIEKTPOHA, Y yriaepoaa — Toxe 4 cBOOOIHBIX 3ekTpoHa (2S22P6); o6bem ie-
MeHTapHoit sueiixu 3,93 <1077 .

Wzmenenue remnepatypbl B 00nactu (OpMUPOBaHUS JICHAPUTOB HA MTOBEPX-
HOCTH 00pa3lia mpu Ja3epHoM HarpeBe (omeHka gaeT 3naueHue 608 K) mo otHo-
meHuro k komHaTHOM Temrepatype (300 K) cocrasnser pazauiry 608 K — 300 K =
=308 K. Bce Temmodmzndeckue pacueTsl CellaHbl COTIACHO MOJACIH pacIpee-
JICHUsl TeMIepaTyphbl BIOJb NMOBEPXHOCTH, MONyuYeHHOW B cpene Matlab Laser
Toolbox [16], u HarsqHAS KapTUHKA pUBeeHa Ha puc. 1 (cp. ¢ [17]).

Y, MM T,K
1,0 g v T r 964
0.8 .
0,6
0,4
0,2
0
-0,2
-0,4
-0,6
-0,8

-1,0 300
-1,5 -1,0 -0,5 0 0,5 Xwmm 1,5

10 608

10335

Puc. 1. T'paduk pacnpenenenus teMnepaTyps! 7' Ha HOBEpXHOCTH (KOOPAUHATEI X—Y)
HEprKaBEeIOIIEeH CTaIN IIPU BO3ACHCTBUH JTa3epPHOTO MydKa paguycoM 2,0 MM.
INToka3aHna o6nacTe BO3HUKHOBEHHS AeHAPUTOB. COOTBETCTBYIOIIAS TEMIIEPATypa yKa3aHa
LBETOM, U OHa 3aBUCHT OT BPEMEHH JIa3EPHOT0 OOIyICHUS.

[TpuBenennas cune-QuoneToBas 006IaCTh — peann3anys CHHTE3a ACHIPUTOB

Fig. 1. Temperature distribution graph T on the surface (X-Y coordinates) of stainless steel under
the influence of a laser beam with a radius of 2,0 mm. The area of dendrite formation is shown.
The corresponding temperature is indicated by color, and it depends on the laser irradiation time.
The blue-violet area shown is the implementation of dendrite synthesis

Kax BumHO M3 puc. 1, u3aMeHeHne paamyca o0JacTH HarpeBa M (OpMUPOBa-
HUE JICHIPUTOB (CHHE-(QHOIETOBLIN BET — cp. ¢ [18]) mpoucxomur B nuamazoHe
npumepHo ot 0,5 mo 0,65 mm. IIpu 3ToM 1Mo BpeMeHH mpoliecca HarpeBaHHA
(Bpemst BO3ICHCTBHSI JIa3epHOIO M3Iy4EHHs) B JIa3epHOM Iyuke umeem: 1,0 mc
COOTBETCTBYET JocTmxeHuto Temnepatypsl 335 K; 1,5 mc — temnieparype 608 K;
JUTST BpEMEHH Jla3epHOro oOnydeHus 3 Mc nmeeM temreparypy 964 K; B nenrt-
pe naszepHoro matHa gocturaercs temneparypa 1121 K nns Bpemenu oOmyde-
HuA 4,5 mc.

Takum 00pa3zom, MoIydaeM, 4TO HOTEPH Ha TEIIOBOE paccesiHue 3a 1 ¢ Hu-
uroxubl: Q' ~ 3,67 - 107" ], 4TO MPUBOJUT K SHEPTHH MOHHOI PEIIEeTKH Ma-
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Teprajga TOW >X€ BENWYMHBI, YTO ¥ DHEPTHS CaMOTO JIa3ePHOTO HU3ITyUCHHS
O =10 JIx. Ecnmu roBopuTh 00 MHTEPIIPETAIIMH TaHHOTO 3HAYCHUS — 3TO (ak-

TUYECKH SHEPreTUYECKU MapaMeTp TUIa NOTEHIIMAIbHON SHEPTHUHU B CHCTEME.

Bauanue moueunvix deghexmoe u napamempos ppaxkmanoe na eeauyuny
IHmponuu OeHopumos. PaccMoTpeHHe IMPOBENEM sl OINPENEICHHOCTH IS
MEPOBCKUTOB C TOUCYHBIMU JeEeKTaMH, KOTOPBIE B 3TOM Clly4yae MPeACTaBIISIOT
c000ii MpUMeCHBIE TIOTYTIPOBOAHUKH.

3adukcupyeM B KadecTBE MPUMEpPA CTECXHOMETPHUECKYI0 (OpMYITy BeIlle-
crBa B Buae FeCryNip;Mny;CO;3 [19], 4T0 COOTBETCTBYET CTPYKTYPHOMY TH-
ny ABX; mepoBckuTa, 00Jasaomero BeICOKOH 3(deKkTHBHOCTBIO (poTOmpoBO-
numoctu [20-21]. Ipu npuOIN3UTETHHO OAMHAKOBOW KOHIICHTPAIUUA COCTaB-
JISFOIIHX 3JIEMEHTOB CIUIaBa OH OTHOCHUTCS K BEICOKOAHTPOIIUHHBIM CILTaBaM.

PaBHOMEpHasT KOHIIEHTpAIIHS aTOMOB B KyOHMYECKO# sUelKe IS JIIeMEHTHO-
ro cocTaBa JACHAPUTA MPEACTABISET COO0I MEPOBCKUT C 3alOJHEHHBIMU aTOMa-
MH yriepoja B TETPadApPHUECKHX IOpax B CEepelnHaxX BEPTHKAJIBHBIX pedep
KPUCTAJUTMYECKOW CTPYKTYPBI, YTO COOTBETCTBYEeT KyOWMYecKoil 0O0BeMHO-
LIEHTPUPOBAaHHOM stueiike [22, 23], kak NOKa3aHO Ha puC. 2.

CornacHo [24], TepmoanHamMuyeckoe (ha30BO€ COCTOSHHE HAa MOBEPXHOCTH
oOpasua mocje OKHCICHUSI OyIeT MpeACTaBlsATb COOONW MapTEHCHT, SBOJIOLHS
KOTOpOTO B 3aBUCHMOCTH OT 3JIEMEHTHOTO COCTaBa IMpuBeeHa Ha puc. 2. Criepa
Ha PHCYHKE TOKa3aH MApPTEHCUT: B TETPAaroHANBHBIX MOpaxX W B IEHTPax BEpX-
Hel U HIKHEH TpaHeil ero KyOM4ecKol CTPYKTyphl — aTOMBI YTIJIepo/a, B yriax
BHYTPH U B IIEHTPE — aTOMBI JK€J1€3a, B LIEHTPE — IIEPOBCKUT: B €T0 TETparoHajb-
HBIX MOpax HAXOAMTCS YIIIEPOJ, jKeJIe30 — B yriax, KUCIOpOJa — B LIEHTpax Ipa-
He#l. J|oToTHUTENPHO B IEHTPaxX KyOWYecKUX A4eeK YepeayrOTCsl aTOMbI HUKEIS
¢ BeposTHOCThI0 mpucytcTBus 0,1, aToMbl Mapranna — ¢ BepostHOcThIO 0,3,
aTOMBI XpoMa — ¢ BeposTHOCTHIO 0,6. CripaBa Ha puc. 2 OKa3aHa HepKaBeroIas
CTaJlb: B IIEHTPE KyOU4YecKol STYeHKN HaXOTUTCS yriepo (€ro He BHIHO B MPeJ-
CTaBJICHHBIX 2D-TIPOEKINAX), OCTALHEIC IIApPhI B IIEHTPaX TpaHeH W B yIiiax —
KeIe30.

Puc. 2. Cxembl KyOHM4YeCKO# KPHCTALTHIECKOH CTPYKTYPHI ICHAPUTA B PEHTTECHO- TN (PPAKIIIOHHOM
HpeJICTAaBICHUH ero cocTasa. XKentsrit map — aromsl C, Gpuosnerosstii map — Fe, cunmii map — O.
CreBa HanpaBo IIpecTaBIeHbl MAPTEHCUT, IEPOBCKUT, HEPXKABEIOIIAs CTallb

Fig. 2. Schemes of the cubic crystal structure of dendrite in the X-ray diffraction representation
of its composition. Yellow ball — C atoms, purple ball — Fe, blue ball — O.
From left to right are martensite, perovskite, stainless steel
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Tenepb paccMOTpUM B 00ILEM BHJE BIUSHHE TOYCYHBIX Ae(PEKTOB U TeOMET-
PHUECKHX MapaMeTpoB (pakTalia Ha BEIMYHHY DHTPONHH B MOJOOHBIX CTPYK-
Typax.

B pabore [25] mpencrasiieH, Hanmpumep, (pakTaIbHBIA arperat — phixjias
CTPYKTYpa, COCTOSILAs M3 OJUHAKOBBIX UYACTHUL, MPUUEM OJMKaIIne cocelu
4acTUI[ 00pa3yloT XMMHUYECKYIO CBsI3b B 30HAX KOHTaKTa. JTa (pakraibHas
¢dopma u OyJeT UCTIONB30BATHCS HAMU VIS OIIMCAHUS TOIIOJIOTUH ICHIPUTOB.

Macca m, 06pa303aBLueroc;1 ACHAPUTA BBIYUCIIACTCSA OUCBUAHBIM CII0COO0M

k< kity
my=—) ——
‘ SZ n

b

rac k — mocTostHHAs BOHLHMaHa; kl_ YHUCJIO0 OJMHAKOBBIX aTOMOB l-ro ’nemen-

Ta B XMMHUYECKOH (OpMyJie COSqUHEHHUS; LI, — MOJISIpHAst Macca /-ro »JIeMeHTa;
S — moBepXHOCTHas 3HTpoIMs, paBHas 12,26 [Ix/(momns - K), mis nanaoro co-

D
cTaBa cruiaBa [26] mapameTp n B3AT Hamu u3 [27]: n :(%) , rne D— ¢pak-

TaJbHasl pa3MEpHOCTH (OHA paBHA B HAIIUX OIEHKax 1,7); R— pamuyc cdepsl,
OTNMCAaHHOW BOKPYT KyOHYECKOW sUelku; b — TO k€ OKPY>KHOCTH BOKPYT (pax-
TaJLHOTO arperara.

Taxum 00pa3oM, yIpaBIIOUIMMHU apaMeTpaMu SIBISIOTCS % Ul ACHIPU-

TOB: Yepe3 R ompenensercss HOBEpXHOCTHAS MIIOL[alb MHOTOTpaHHHUKA CTPYKTY-
pbl (OKTa’apa) M1 b — miomagb MOBEPXHOCTU ACHAPHUTA, KOTOPAas XOPOILO arl-
MPOKCUMUPYETCS TeTparoHaIbHON MUpaMUAoH (B Halleil Momenu oHa B 2 pasa
MEHBIIIE TUTOIIAIA OKTadaApa).

[IpuBeneM HEKOTOpBIE YHCIEHHBIE OLIEHKH AJI pPaccMaTpUBacMOro CIIy-

gas. O6beM V nupamuisl geHaputa paBed 27,67-107'°m’. IlnotHOCTs Cpesl

HAaXOAWM W3 OYEBUIHOTO COOTHOIICHHS P :%, rae V' — o0beM JCHIPUTA;
m, — macca gesaputa. Torga umeem: m, =5,88- 10726 Kr; p=2,12 r/em’.

[ImoTHOCTE cCpenmpl TPUMEPHO COOTBETCTBYET IIJIOTHOCTH TIEPOBCKH-
Ta (24 F/CM3). Takum o0Opa3oM, W3HAYAIBHO, A0 Havaja MpoIecca BOCCTaHOB-
JICHHSI METaJlla U3 KOMITO3UTa, 00pa3yeTcs CTPYKTypa KyOHMUECKOro IepOBCKUTA
C 3aIM0JTHCHHBIMH TETPArOHAJIbHBIMHU TOPAMHU.

CormacHo [28], mapaMeTp KyOMIECKOH SUCHKN TaKOW CTPYKTYpPHI HAXOTUTCS
W3 COOTHOIIIEHHS

n
pkN,

a=3

TAC n — YUCJIO0 OAMHAKOBBIX aTOMOB, IPUXOAAIINXCA HAa 3JIEMCHTAPHYIO ﬂ‘{eﬁKy;
U — MOJIsIpHasd Macca, P — IJIOTHOCTbD, k — aucmno OJHWHAKOBBIX aTOMOB B XUMH-

4eckoit popmye coenunenust; N, — gncio ABorajpo.
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g kyOudeckoi ST9eiiku paccMaTpUBaeMOr0 HaMHU MIEPOBCKUTA TTapaMeTp a
HaxXogUuTCA U3 COOTHOIICHU S

rie [— 4ucio 3MeMeHTOB, 0 KOTOPBIM HIET CyMMHUPOBAaHHE.

Orcrona mosry4aeMm, 4To mapameTp sueiku a = 3,4 mkMm. Takum oGpaszom,
MPUBECHHOE MPOCTOE PACCMOTPEHHUE MO3BOJISET OLICHUTh YUCICHHBIC 3HAUCHUS
HEKOTOPBIX MapaMEeTPOB ISl BO3HUKILEH ACHIPUTHOU CTPYKTYPHI.

[IpennoxxeHHpIE MOAETH TAaKXKe IMO3BOJISIIOT MPOU3BECTH OLIEHKY pa3MepoB
chopMUpPOBaHHBIX JNeHAPHUTOB. Ilepexons K aOCOMOTHBIM pa3MepaM C y4eTOM
JUTHHBI CTOPOHBI STYSHKH UCIIONh3yEeMOM HaMH pacdeTHOH obiactu 10 HM, moiy-
YaeM BEJIMYMHBI PAaTuyCOB OKPY)KHOCTEH MHHHUMAIBHOTO TOKPBITHSA ISl OCT-
POBKOBBIX JEHAPUTHBIX cTpyKTyp mopsaaka 100—400 um. Ilpu sToM okazanocs,
YTO JIOKaJIhHAsI TMMOBEPXHOCTHASI DHTPOMHS S§;, CIACAYS dHTPOIMUUHON TpOoIeaype,
MPUMEHSEMOH ISl CIIaBOB [29], IPUBOIUT K MOBEPXHOCTHON HHTETPUPOBAH-
HON SHTPONHU CMEIICHUS Sy, C YBEJIWYCHHEM €€ 3HAYCHHUS B CPEAHEM OT 7
1o 13 Jx/(moms - K), TO eCTh MOSBISIOTCS TOCTATOYHO OOJNBIINE Pa3IMyus 3HA-
YEHHIA SHTPOIUY CMEIIEHUS Ha TTIOBEPXHOCTH.

Pa3meps1 6510KOB 3aKpHCTAILIHM30BABIIETOCS METalIa IOCIIe JIa3epHon abs-
MU COCTAaBJISIIOT BEJIMYMHY B HECKOJIBKO IECATKOB HAHOMETPOB, YTO Ha TOPS-
JIOK MEHbIIIe HEOJAHOPOJHOCTEH B HCXOIHOM 00pasie. MEI 31ech He paccMaTpu-
BaE€M TIPOIECCHI TUIAKUPOBAHUS NJISl MIPEABAPUTEIHFHO HAHECEHHOTO HA MOBEPX-
HOCTh 00pa3lia TOKPBITUS MaTepuaja W3 CIUIAaBOB C MOCICAYIONIMM €ro
3aTBEPICBAHUEM TIOCIIEC OBICTPOTO OXJIAXKICHUS.

MuKpoTpelIMHOBATAS CTPYKTYPA MOBEPXHOCTH METANI0YIJIEPOIHBIX
MaTepHAaJIOB — MOJIeJIN TPapUTH3ANUN U YCHIICHHE
3JIEKTPHYECKOT0 10JIsl HA JIOKAJM30BAHHBIX JeHAPUTAX

B acmekre o0pa3zoBaHWS METALIOYTJICPOJHBIX COCTUHEHUH HEOOXOIUMO
paccMaTpuBaTh BOIIPOCHI CHHTE3a KapOHUI0B Ha MOBEPXHOCTH O] BO3/ICHCTBU-
€M JIa3ePHOTO U3IMYYEHHUs B aTMOcdepe BO3yXa C YIIIEKUCIIBIM ra30M; TOJIIUHA
TAKOTO CJOS C U3MEHEHHOW CTPYKTYpO#l KapOuja COCTaBIsiCT BEIWYUHY B Jie-
CSATKU MUKPOH M MOXET MPUBOJIUTH K 00Pa30BaHUIO TICHOK alIMa30B.

JlocTHXKEeHUE TAKOTO Pe3ysibTaTa MPOUCXONT B a3ePHBIX MyYKaX ¢ OTHOCH-
TENLHO CKPOMHBIMH MOIHOCTHBIMH XapaKTEPUCTHKAMH B COOTBETCTBYIOIINX
cxemax sazepHoit a0y [30]. ITockobKY pedsb HIET O BIIOJTHE YIPABIIEMBIX
mporieccax, UX MOXKHO paccMaTpyvBaTh Kak OJWH U3 WHCTPYMEHTOB JUISl pelile-
HUs 33724 MU(GPOBOT0 MATCPUAIOBEICHHUS C TOMOJOTHYCCKHMMH HEOJIHOPO/IHBI-
MU CTPYKTypaMH C SKCTPEMaJIbHBIMU (1)}’HKHPIOH2UII)HLIMH XapaKTCpUCTUKaAaMUn
Ha JIOKJIBHBIX HEOTHOPOJHOCTSX JCHIPUTHOTO/(pPAKTATHLHOTO THIIOB.
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B obmem ciyvae siBneHne nogoOHON TpaduTH3aIUN MOXKET OBITH 0OBSICHE-
HO B paMKax Jia3epHOro (hOpMHUPOBaHUS MHOTOYHCIEHHBIX «IEHTPOB aKTHBa-
MUY, TTOKPHIBAIOIINX BHYTPEHHIOIO TTOBEPXHOCTh 00BEKTAa C MUKPOTPEIIHHAM.
Takol mpouecc ynoOHO paccMaTpuBarh B AUG(GY3MOHHOM HPUOIMKEHHU IO
MeXaHU3My HampaBieHHOH mepkoysmum [31-33], a camy crucTeMy BO3HHKAIO-
VX Ha IMOBEPXHOCTH TEla MHUKPOTPEHIMH — B pamkax auddy3noHHO-OrpaHu-
yenHol arperamuu (DLA) [34, 35].

Peanmuzanmsi yka3aHHBIX TPHOIMKCHUN MPOBOIWIACH HA MPSIMOYTOIHHOM
pacueTHON OOJaCTH C HAJIIOKEHHOW PaBHOMEPHOW CETKOH C pPacrOiIOXKEHHBIMU
B siUEHKaX CeTH IEHTPAaMH aKTUBAIIMHU, OT KOTOPBIX HAYMHAIA PACTIPOCTPAHATHCS
rpaguTH3NpOBaHHAS 001aCTh.

Mopenu nepkosiiud 1 AUQPPY3HOHHO-OTPAHUYCHHOM arperanuu peaimso-
BEIBAINICh Ha OCHOBE KJIETOYHOTO aBTOMaTa C OKpecTHOCThI0 Heitmana [36]
(puc. 3).

s moctpoeHust obnactd rpaduTH3anMM Ha OCHOBE MOJENN IEPKOJSLNN
paccMaTpuBaCs TMHAMAYECKUH TPOIIecC, B KOTOPOM B JIaHHBI MOMEHT BpeMe-
HU si9eiiKa pacdeTHON OOJaCTH CTAHOBUTCS TPAaQUTH3UPOBAHHOW C 3aIaHHOM
BEPOSATHOCTEIO (p) C YUETOM TOTO, YTO €€ COCEAHHE STYCUKH yKe€ CMEHWIIH CBOE
COCTOSIHME Ha TpaUTH3UpOBaHHOE. DTa BEIWYHHA BEPOSATHOCTH (p) B OTHOCH-
TETHHOM BHJIE ONpEesia BeTHUNHy 00IacTH rpaduTH3anny, 3aBUCSIIYI0 OT
CKopocTH JBIKeHUs (poHTa rpaduTu3anun. OHa 3aBUCENa OT IPOTPEBa CUCTE-
MBI, @ 3HAYUT, U OT CKOPOCTH JIBUYKCHHSI KayCTHUKH.

CucremMa MHKPOTPEIIMH MOJCIHPOBAIACH B MPUOMIKEHUN AU Y3HOHHO-
orpannueHHoil arperauuu (DLA), korgja MopeibHbIE YacTULBI «IEPEKTBD CO-
BEpLIaNK CIIydaiiHble ONTy>KIaHUs U C 3aJJaHHOW BEPOSITHOCTHIO (§) arperupona-
M ¢ paHee C(HOPMHUPOBAHHON CHUCTEMOH. 3HAUEHHE BEIMYWHBI S OIPENEISIIO
CTEIeHb Pa3BETBICHHOCTU CHCTeMbI TpemrH. C yBeIHYEHHUEM S TPELIMHbI CTa-
HOBHJIMCH 00JIee pa3BeTBICHHBIMHU.

a
! 2 1 10

b

ar

Puc. 3. CxeMbl MOJICITEHBIX TPUOIMKCHUIT: IEPKOIAIIMOHHOE (),
okpectaocTh Heiimana (b), DLA (c)

Fig. 3. Schemes of model approximations: percolation (a),
Neumann neighborhood (b), DLA (¢)
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Ha puc. 4 npuseneHp Moaeu 00acTel rpaUTH3AMNY IS K30TEPMUIECKOTO
TOJIS TEMITEPATYPhI B CITydae BapbUPOBAHHS BEPOSTHOCTH rpadUTH3AIINH p.

g % £ EE & B o2 & u

g 22 & 1

i)
By 4 B BF W00 B 40 9B0 180 M M A B B W0 B0 A0 e 1A0 20D

Puc. 4. Monenu obnact rpadUTH3AINN TS H30TEPMUYECKOTO CIydast IpH:
p = 0,09 ot HenipeprIBHOI mpsimMoii (a), p = 0,11 oT HenpepsIBHOI NpsiMoii (b),
p = 0,10 oT cucteMsl ABYX HeNepeceKarouuXcs MPSMBIX (C),
p=0,11 ot cucrems Tpetunt B npudmmxeHnd DLA mpu s = 0,9 (d)

Fig. 4. Models of the graphitization region for the isothermal case at:
p = 0.09 from a continuous straight line (a), p =0.11 from a continuous straight line (b),
p = 0.1 from a system of two disjoint straight lines (c),
p =0.11 from a crack system in the DLA approximation at s = 0.9 (d)

[lomrydeHHsIe MOAENTN MOTYT OBITH COOTHECEHBI C PEalbHBIMH CTPYKTypa-
MU (puc. 5).

Pasnuna Mozerneit U peasibHbIX CTPYKTYP 10 (PPaKTaIbHBIM Pa3MEPHOCTSIM, pac-
CUMTAaHHBIM MeTonoM box-counting [37], He TPEBOCXOIMIN BEITUYUHBI 1072, uro
CBHJIETEIILCTBOBAJIO O XOPOIIIeH aJIeKBATHOCTH MPEATI0KEHHOTO PHUOIMKEHHS.

[IpuBeneM KpaTKoO MPOCTHIE MOJENBHBIE OLEHKA B paMKaxX MpPeICTaBICHHMA
0 (ppakTaIbHBIX OCTPOBKOBBIX CTPYKTYpPax C YCHIICHUEM 3JICKTPUYCCKOTO MOJIS
Ha MOJOOHBIX JIOKATM30BAaHHBIX 00BEKTax. PaccMOTpHM HAIpsHKEHHOCTH JJIEK-
TPUUYECKOTO Ha OCTPHE W30JIMPOBAHHON (paKTaIbHON CTPYKTYpHI B BUIE BEPTH-

%r, rae R — pammyc octpus. [lomoxum,
4ng, R

YTO KOHCI] OCTpHU NPCACTABJICH HIAPOM paanyca R. Torz[a HAIPs’KEHHOCTD I10-

KaJIbHOTO KOHyca Kak FE(r)=

1
JI1 Ha OCTPHE MOYKHO OLEHHUTH Kak Eb(R)~? u ycwienne G nons Oyner

E,
G= E_b e Ep ~ %; R, — panuyc OKpyXHOCTH MHHUMAJIBHOTO IOKPBITHS [38].
f A
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l

Puc. 5. YBennueHHOE ONTHYECKOE N300pakeHHE TpaUTU3UPOBAHHBIX HUTEH,
CO3JIaHHBIX TIPH UCTIONB30BaHUH YHEPTUH JIa3€PHOTO UMITyJbca: a — Hu3Koit (0,3-0,4 Mx/[x);
b — BeIcokoii (4,7-7,0 m/[x). CkopocThs BapbipoBaHust (HOKyca ONTHYECKOTO U3ITyYESHUS
110 TIOBEPXHOCTH 00pa3ua v, = 25 MKM/C; 4acTOTa CJIeJ0BaHHs JIa3epPHBIX UMITY/IbCOB f= 1 kI 'Iy;
C — ONTHYECKUH CHUMOK TpadyUTH3UPOBAHHBIX HUTEH IPH SHEPTruu umimynbca 2,08 Mk,
CO3JJaHHBIX NIPU BapbUPOBAHNUH CKOPOCTH (hOKyca B AnanasoHe: v, = 1250 Mxm/c (oTMeueHO
kak 1 30), v, = 1200 mxm/c (otmedeHo kak 1_28), v, = 1150 mxm/c (oTMeueno kak 1_27)
Fig. 5. Enlarged optical image of graphitized threads created using laser pulse energy:
low (0.3-0.4 pJ) (a) and high (4.7-7,0 pJ) (b). The rate of variation of the optical radiation
focus over the sample surface is v, = 25 um/s; the laser pulse repetition frequency is f= 1 kHz);
¢ — optical image of graphitized threads at a pulse energy of 2.08 pJ, created by varying
the focal speed in the range of v, = 1250 pm/s (marked in Figure as 1_30),
v, = 1200 pm/s (marked as 1_28), v, = 1150 um/s (marked as 1_27)

WAl 0Z

WAW 0Z

OLeHUM OTHOCUTEIILHOE YyCUIICHUE 3JIEKTPUUECKOTO TOJIS VIS JIaTepalIbHBIX
¢uryp u3 puc. 6, KOrma OTHOCUTEIFHBIA TUAMETP OKPY>KHOCTH MHUHHAMAJILHOTO

TOKPBITHA COCTaBJIsLT 3HaYeHue 16 o. e.
a

Puc. 6. Monenbuble nuzoopaxenust DLA-QpakTaabHbIX CTPYKTYp OCTPOBKA, BO3HUKAIOIINX
MIpH BEIMYMHE BEPOSITHOCTH § arperanuu yactui: a — 0,01; b —0,10; ¢ — 0,50; d — 1,00
Fig. 6. Model images of DLA fractal island structures arising at particle aggregation
probability s: a—0.01; b—0.10; ¢ —0.50; d — 1.00
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B Tabn. 1 cBeneHbl pacyeTHbIC 3HAYEHHs MO (pparMeHTaM KOHQUTyparmi
puc. 6 — Il JUIMHHBIX BETBEH, KOTOPHIMH HAa30BEM BETBH, BKIIIOUYAIONIHE B ceOs
HE MEHee TpeX JIEMEHTOB B OTHOCHUTENBHBIX eanHunax. [lox o0muM ycuieHu-
€M IOHMUMAETCSl MPOU3BEACHUE YCHJICHUS Ha OJHOM KOHIIE, YMHOXXCHHOI'O Ha

YHCIIO PACCMaTPUBAEMBIX ()PAKTATEHBIX OTPOCTKOB.

Tabauya 1
Ouenka ycuiieHust Ha GpaKkTaabHbIX CTPYKTYpax
Gain assessment on fractal structures
KonnuectBo . Ycunenue
Cpenuuit Obuiee
0603Ha- Yucno (hpakTanbHBIX Ha M30JINPOBAH-
. paauyc YCHIICHHE
YeHue BETBEH — OTPOCTKOB HOM KOHIIe
OTPOCTKOB (OT Bcex KOHILIOB
PUCYHKOB | JUITMHHBIX | y JUTMHHBIX . OTPOCTKA
. BeTBel (0. e.) N OTPOCTKOB)
BETBEi JUTMHHOM BETBH
a 6 1 64 384
b 22 0,5 256 5,632-10°
c 34 0,5 256 8,704-10"
d 14 45 0,5 256 1,152-10*

Takum 00pa3oM, Ha MOJICIBHBIX 00pa3lax MOXKHO JOOUTHCS OTHOCUTEIIEHO-
ro YCHIEHHMS, COCTABISIONIEro BenuumHy mopsiaka B 10°—10% pas, yuwmreBas
TONILKO OCHOBHBIE BeTBU. [Ipm paccMoTpeHWH Bcero mepumerpa (QUTyphl Ui
Pa3BCTBJIICHHBIX (bpaKTaJIOB OIICHKa MNPUBOAUT K OTHOCUTCIIbBHOMY YCUJICHUIO
nopsizka B 10°~10° pas py yMHOKEHHH Ha YHCIIO [UTHHHBIX BETBEIA.

Yka3aHHbIE YHCIICHHBIE 3HAYCHUsI OCHOBBIBAIOTCS HA MOJEIH, KOTJa B 3aBU-
CHUMOCTH OT KOJMYECTBa (PpaKTaJbHBIX OTPE3KOB MPOUCXOAMUT YBEIUUCHHE YCH-
neHus. J[ist aIeKTporpoBOANMOCTH 37IeCh MOXXHO TOBOPUTH 00 aHAJIOTHH C BO3-
pacTaHuWeM TOKa MPH YBEITHMYESHUH TOIIEPEYHOTO CEUSHHS MPOBOIHUKA IIPH TPO-
YUX paBHBIX YyCJIOBHAX.

BbIBO/IbI

1. B cratpe paccMOTpeHBI METOIBl ONTHMH3AINN TEXHOJOTHYECKHX Tapa-
METpPOB TIpoIlecca Ja3epHOH MOCIOHHON MUKPO- M HAHOMOIM(PHUKAINH TTOBEPX-
HOCTH C WCIOJB30BAaHUEM DPa3HBIX CXEM Jia3epHoi abimsiuu. [lomyueHHble pe-
3yJBTAaTHl MOTYT OBITH MCIIONB30BAHBI B TEXHOJOTUSAX YITYUIIECHHS SKCILTyaTaIli-
OHHBIX XapaKTePUCTHK TUHAMHYECKUX Ta30’KUIKOCTHBIX TEIJIOIHEPTeTHYECKUX
YCTAaHOBOK IPH YIPABISIEMOM JIa3€pHOM HHIYIIUPOBAHUU PETYJIUPYEMBIX JIO-
KaJTbHBIX KOH(UTyparuii TOMOJIOTHYECKHX MHKPO- W HAaHOCTPYKTYp Ha BHYT-
pEeHHE MeTa/TMYeCKOH TMOBEPXHOCTH pabodnx KaMep C Y4eTOM KPHUTEPHEB
IIPOYHOCTH, I/I3HOCOCTOI>1KOCTPI, TOYHOCTU BOCIIPOU3BCACHUA UX Tpe6yeMBIX Xa-
PaKTEepHUCTHK.

2. [IpencraBisieMble TEXHOJIIOTUH MOTYT HAWTH IPUMEHEHHE TIPH yITydIIICHUN
(PYHKITMOHANBHBIX XapaKTEPHUCTUK PA3IUYHBIX JeTajieil SHEepreTHUecKux ycTa-
HOBOK C TIOMOIIBIO MIX JIa3epHON 00paOOTKH ¢ HAHECEHHWEM TOCIIOWHOW J1azep-
HOW MUKpPO- U HAHOMOJU(UKAIIUU ITOBEPXHOCTH, & TAK)KE CIIOCOOCTBOBATH Pa3-
paboTke na3epHO-THOPUAHBIX TEXHOJOTHH YHHBEPCAJIHHOTO IpEIHA3HAYCHHS
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C YJIyUIIEHUEM JKCIUTYaTAllMOHHBIX XapaKTEPUCTUK MPU CO3TAHUH dHEPreThye-
CKHX YCTaHOBOK paszHoro tuma. C 3ToH Menplo pa3padoTaHO MaTeMaTHYECKOe
W TIpOrpaMMHOE OOecleYeHHnEe W Pealu30BaHbl JIEMOHCTPAIIMOHHBIE JKCIIEPH-
MEHTaJIbHBIE UCCIIEIOBAHUS TIpOliecca MOCIOMHOM JIa3€pHO MUKPO- U HAHOMO-
Mu(UKAITIN TTOBEPXHOCTH OTBETCTBEHHBIX JETajel YHEPreTHYECKUX yCTaHOBOK
MIPH UCTIOJB30BAaHUH PA3JIMYHBIX UCTOYHHKOB JA3€PHOTO M3ITyYEHUS C COOTBET-
CTBYIOHIUMMHU MMPOCTPAHCTBCHHO-BPEMCHHBIMU ITaApaMETPaAMU.

3. TlomydeHHBIE COOTBETCTBYIONINE 3KCIIEPUMEHTAIBHBIE PE3YyIbTAaThl C
MpeIBAPUTEIHHO HHIYIIHPOBAHHBIMHU/HAHECEHHBIMU (HATUIABJICHHBIMH) CTPYK-
TypaMu C Ja3epHOH TMOCIONHON MHUKpPO- W HaHOMOAW(HKALKEH MOBEPXHOCTH
MOTYT OBITh HICTIOJIL30BaHEI B (popMaTe IPOTOTHIIOB MPU pa3padO0TKe MPeIoxKe-
HUU ¥ peKOMEHJAlMi 1o pean3anuu (KOMMEePIHaTUu3alii) pe3ybTaToB JlaH-
HOIro ucCjIcaoBaHusA U BOBJICUCHUSA UX B XO3SIMCTBEHHBIN 060p0T.

MopenvpoBaHue obnactel rpadnTM3aLmmn BbIMONIHEHO YAaCTUYHO B pamkax
"ocyaapcTBeHHOro 3agjaHns B obnactu HaydHon gesatensHoctu MuHucTepcTea
HayKku 1 Bbicllero obpasoBaHusa Poccunckon degepaumm no HayydHOMY MpPOEK-
Ty FZUN-2024-0018.
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AHaau3 IKCIICPUMECHTAJbHDBIX JAHHBIX IIPUMCHCHUSA
ACrazaliiOHHO-BCHTH/IAINMOHHOI' 0 YCTPOﬁCTBa

Ipu aera3anuu ra3rojJabaepos,

coaeprammx Hl/I3KOHaII0prII71 ras mnmpomnaH

E. A. HeXOTal), B. H. Pomaniok”
DBenopycckuit HALMOHATBHBI TeXHIUecKui yHIBepcuTeT (MuHCK, Pecny6nnka Bemapyce)

Pedepat. B crathe paccMOTpeHB! OCHOBHBIE 3Tallbl IPOBEACHHOIO HCCIEN0BAaHNS pa3paboTaHHOM
TEXHOJIOTHH Jiera3aluy, obecrednBaroueii sHepro3dpGeKTHBHOCT U 3KOJOTHYHOCTD MPOU3BOJ-
cTBEHHOTO Tponecca. [IpencraBneHHbIH aHAIN3 COAEPKUT 000CHOBAHHE AKTYaJIbHOCTH HCCIIEN0-
BaHUS B paMKax JEHCTBYIOIIETO 3aKOHOJATENbCTBA U TPEOOBAaHUN MPOMBIIUICHHOW 0€3011aCHOCTH
TIPY OpraHM3aIMH [a300IaCHBIX PA0OT U TEXHUYECKOI HaJeKHOCTH Ia3roibiepoB. OTMEUeHO, YTO
COKpAllleHHEe 3aTpaT Ha BBIIOJHEHHUE AEra3alluy SBJSETCS OQHOM M3 IPUOPUTETHBIX 3ajad Hayd-
HOT'O U NPHUKJIAJHOTO XapaKTepa, BBUAY TOrO YTO Ha 3TOT MPOLECC PACXOLYIOTCsS 3HAUUTEIIbHBIC
SHEpropecypcsl, IPUMEHSIOTCA CIELUaIbHO IOANOTOBICHHAs BOAA JJIS I1apa U CIIOXKHOE TEXHOJIO-
rudeckoe obopyoBaHue, TpeOylolee NPUBICYECHNST BEICOKOKBAIH(UINPOBAHHBIX U CIIELHAIBEHO
00y4eHHBIX CclenuaancToB. [IpuBeneHBl OCHOBHBIE TEXHHMYECKHE XapaKTEPUCTUKU M (YHKIHMO-
HaJIbHOE Ha3HAUCHUE IEMEHTOB YCTAHOBKH, OINMCAaHbI JOCTOMHCTBA pa3paOOTaHHOIO Jera3alu-
OHHO-BEHTWIAILIMOHHOTO ycTpoiictBa JIBY-®PC-1/450. Ha ocHOBe mMpoOBEIEHHOTO HCCIIEIOBAHUS
orpezeneHsl Hanbonee ¢ QEeKTHBHBIC SMIIMPUIECKHUE 3HAYECHHS PEICIIbHO JOIYCTUMBIX KOHIICH-
Tpamuil ¥ YCIIOBUS UX JOCTIDKEHHUS C Y4eTOM PacueToB MaTepuaibHoro OaraHca. OG0CHOBaHBI
OCHOBHBIE JTallbl Jera3alliy ra3rojibjepa U MaTeMaTUYECKH OIPENENICHbl 3aBUCUMOCTH IIPOIOII-
JKUTEIBHOCTH KaXK[Or0 M3 TpeX 3TalloB ¢ MCHOJIb30BaHMEM MaTeMaTH4yecKux pacueros. Ilo pe-
3yJbTaTaM 3KCICPUMEHTAa IIPOU3BEICHA OLICHKA KIIIOYEBBIX CTAJAUN MCCIICAOBAHUSA, BBIIOJIHCH
aHaIM3 IOJIyYCHHBIX KOHTPOJIBHBIX IOKa3aTelel, Ha OCHOBE KOTOPBIX IIPOBEJCHBI MaTeMaTU4e-
CKHE pacyeTsl ¥ MOJEIHMPOBAaHNE Tpoliecca pa3padOTaHHOH TEXHOIOTHH JIeTa3alliiy ra3rojibiaepa.
BersBI€HA 3aBUCHMOCTS H3MEHEHHMSI KOHIIEHTPAIIMN KHCIOPOAA B Ta30BOM IMPOCTPAHCTBE Ta3roib-
Jepa OT BPEeMEHH Jerasaliyl U OIpeelieHa IIelIeco00pa3sHOCTh €€ ydeTa IpH ONpeIeNICHUN KPHUTe-
pHeB KauecTBEHHOH omeHkH mpouecca. [IpencraBnena momydeHHas fuarpaMMa H3MEHEHUS! KOH-
LEHTPAlUH KUCIOPOAA MPH JETa3ally Ta3roibaepa B 3aBUCHMOCTH OT CKOPOCTH €€ CHIDKCHUS Ha
Pa3HBIX 3Tamax, KOTOPbIE B COBOKYIHOCTH MO3BOJIAIOT ONPEIEIUTh ONTHMAIbHOE BPEMs Jerasa-
I[UH, BBITOJHUATH SKOHOMHUYECKHE pacyeTsl [Tl OLEHKH 3G GeKTHBHOCTH mporecca. Ha ocHoBannn
MIPEICTAaBICHHBIX OCHOBHBIX HAYYHBIX M TEXHHYECKHX PE3yJIbTaTOB ONpEJENeHb 00OCHOBAHHBIC
KPHUTEPHHU OLIEHKH MOTyUEHUs SKOJTOTUUHOCTH IIPOU3BOJCTBEHHOH NEATEIBHOCTH U HU3KOTO SHEP-
rONoTpeOIeHNs 10 CPABHEHUIO C MPOMApKOM B YCIOBHUAX MOATOTOBKHM TEXHOJIOTMYECKOTO 000py-
JIOBAaHHS COKMYKEHHBIX YTTICBOAOPOIHBIX I'a30B, IKCILTYyaTHPYIOIIErOCs B Cpeie MpoIaHa.

KonroueBble cioBa: nerasaiys, rasrojb/ep, CKWKSHHBIH ra3, pornaH, IpoLecc Aera3anuu, Bpea-
HBbIC BEIECTBA, JCTa3allMOHHO-BCHTUIIAIIMOHHOE YCTPOMCTBO, BEHTHISIIMOHHBINA MpoIece, SHEP-
ro3ppeKTuBHAs Jera3anus
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Analysis of Experimental Data on the Use of a Degassing
and Ventilation Device for Degassing Gas Holders Containing
Low-Pressure Propane Gas

E. A. Pekhota”, V. N. Romaniuk"”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The article discusses the main stages of the study of the developed degassing technology
that ensures energy efficiency and environmental friendliness of the production process. The pre-
sented analysis substantiates the relevance of the study within the framework of the current legis-
lation and industrial safety requirements for the organization of gas-hazardous works and the
technical reliability of gas holders. It was noted that reducing the cost of degassing is one of
the priority tasks of a scientific and applied nature, due to the fact that this process consumes sig-
nificant energy resources, uses specially prepared water for steam and complex technological
equipment that requires the involvement of highly qualified and specially trained specialists.
The main technical characteristics and functional purpose of the unit elements are given, and the
advantages of the developed degassing and ventilation device [IBY-®C[DVU-FS]-1/450 are
described. On the basis of the study, the most effective empirical values of maximum permissible
concentrations and the conditions for their achievement were determined, taking into account the
calculations of the material balance. The main stages of gas tank degassing are substantiated and
the dependencies of the duration of each of the three stages are mathematically determined using
mathematical calculations. Based on the results of the experiment, the key stages of the study were
evaluated, an analysis of the obtained control indicators was carried out, on the basis of which
mathematical calculations and modeling of the process of the developed gas tank degassing tech-
nology were carried out. The dependence of the change in the oxygen concentration in the gas
space of the gas holder on the time of degassing was revealed and the expediency of taking it into
account when determining the criteria for the qualitative assessment of the process was deter-
mined. The obtained diagram of the change in oxygen concentration during degassing of a gas
holder is presented, depending on the rate of its decrease at different stages, which together make
it possible to determine the optimal degassing time and perform economic calculations to assess
the efficiency of the process. Based on the presented main scientific and technical results, substan-
tiated criteria for assessing the environmental friendliness of production activities and low energy
consumption have been determined in comparison with steaming in the conditions of preparation
of technological equipment for liquefied petroleum gases operating in a propane environment.

Keywords: degassing, liquefied gas, reduced gas, propane, degassing process, harmful substances,
degassing and ventilation device, ventilation process, energy-efficient degassing
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BBenenue

Cornacao 3akony Pecry0Onuku Bemapych «O MpOMBINUICEHHOW 0€30MacHO-
cti» [1] 1 MHBIM aKTaM 3aKOHOJIATEIHCTBA, B HAIICH CTpaHe HeOOX0oAMMO obec-
MEYUBATh MPH SKCIUTyaTalliM OMACHBIX MPOHM3BOACTBEHHBIX OOBEKTOB OITH-
MaJIbHOE COCTOSHUE 3alUIICHHOCTH JKU3HCHHO BAXKHBIX MHTEPECOB JIMYHOCTH
1 00IecTBa OT BO3HHKHOBCHHUS aBapuil M WHIIMJCHTOB 3a CUET KOMILIEKca op-
TaHU3AIMOHHBIX M TEXHUYECKUX MEPONPHATHH, pealu3yeMbIX Ha MPeanpus-
Tuu [2].
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Bomnpock! nerazanuu 060pynoBaHusl U YCTPOMCTB, 3a1CHCTBOBAaHHBIX B ra3o0-
cHaOXeHWH, MO0 CBOEH OO0IIel COBOKYIMHOCTH MPUHSATO OTHOCHUTH K BOIPOCAM
MIPOMBINIUIEHHOH 0€30MacHOCTH. DTO B OCHOBHOM CBSI3aHO C MIPOM3BOICTBEHHOM
HEOOXOUMOCTBIO TIPUMEHEHHSI METO/Ia JIera3alii Kak Oe3yCIOBHOTO OpraHu-
3allMOHHOTO TpoIiecca, He0OXOANMOTO B COOTBETCTBUH C EHCTBYIOIIUMH IIpa-
BHJIAMH OpTaHHM3aIMKA 0E301acHOTO MPOU3BOJCTBA Pa0OT B HEPTSIHOH, XUMHUe-
CKOM U ra3oBoil npomsbliuieHHocTH. [Ipu 3TOM Aerazauusi, Wid HEWTpamu3aius,
KaK IpoIlecC 03HAYaeT MPUHYAWTEIBHOE yAajeHHe ra3000pa3HbIX BEIIeCTB Ha
OITACHOM TPOU3BOJCTBEHHOM OOBEKTE O HOPMATHBHBIX 3HAYEHUH TMpeAeThbHO
JOITYCTUMBIX BPEIHBIX BEIIECTB B paboueil 30He.

[TockonpKky merazanus cCOCynOB, pabOTaOMUX TOJ JaBJICHWEM (Ta3roible-
PBL, EMKOCTH aMMHAaYHO-XOJIOAUIBHBIX YCTAaHOBOK, HE(TH, Ta3a U T. II.), SBJISET-
cs BaKHOM 3amadeil B KOHTEKCTE BBITIOJHEHHS TPeOOBaHWH MPOMBIIUICHHON
Oe3omacHOCTH M o0ecnieueHus Oe3aBapuitHON paboTHl B3PHIBOOTIACHOTO 000pY-
JIOBaHWs, MX MIPUMEHEHHE JTOJHKHO OTBEYATh CTPOTHM CTaHIapTaM, TpeOOBaHU-
SIM TIPaBUJT U PEKOMEHJIAIMSM, JICHCTBYIOIINM B 3TOH cepe MpOU3BOACTBEHHON
nestenbHOCTH [1, 2]. B cBsA3HM ¢ 3TUM 0co00e BHUMaHUE YACIACTCS CHCTeMaM
KOHTPOJISI © MOHUTOPHHTA, CIIOCOOHBIM OTIEPaTUBHO PEarupoBaTh HA M3MEHEHHUS
B TEXHHYECKOM COCTOSIHMM OOOpYJIOBaHMA. DTO IO3BOJISIET MHHHMHU3HPOBATH
PHUCKH, CBA3aHHBIE C yTeUYKaMH TOKCHYHBIX Ta30B WM 00pa30BaHHEM B3PHIBO-
OTACHBIX cMecel B paboueii 30He pa3MeIIeHUs] COCYI0B, Pa0OTAIOIIUX MO JaB-
nenueM. Takke 0e30MacHOCTh TpeOyeT MepUOANYECKIX OCBHIIETEIHCTBOBAHUI
Y WCIBITAaHUHM, TEXHUYECKOTO OOCITYyXHBaHHUA 0O0OPYIOBaHWUS, PACIIOIOKEHHOTO
BO BHYTpPEHHEW 4acTH €MKOCTH, U MPOBEJEHHUS TEXHHUUECKOTO AMArHOCTUPOBA-
HUS ¢ IPUMEHEHNEM Hepa3pyIIalonuX MeTo10B KoHTpoisi. Ho 6e3 TmaTenbHoi
MTOATOTOBKHM K Ta300TAaCHBIM paboTaM ¢ MPUMEHEHUEM Jlera3aliy MepeyrciieH-
HBIE BUIBI PA0OT HE IOy CKAIOTCS.

OCHOBHBIM METOJIOM JIeTa3alliyd Ha MPOU3BOJICTBEHHBIX 00BEKTaX B HACTO-
Amee BpeMs siBisgercs npomnapka. OHa 3aKkiodaeTcs B MMojade BEICOKOTEMIIepa-
TypHoro mapa c¢ mapamerpamu 120 °C u Beime noxa pasineHuem ot 0,15 mo
3 MIla, ¢ pa3orpeBoM BHYTPEHHEH MOBEPXHOCTH B TCUEHUE MPOIOJKUTEIHHOTO
BpeMeHH (He MEHee YeThIPeX YacOB B 3aBUCHMOCTH OT BMECTUMOCTH Ta3TOJIb/Ie-
pa, BUAa XpaHUMOT'0 Ta3000pa3HOro BEIeCTBA U T. II.).

CoxkpartieHe 3aTpaT Ha BBITIOJIHEHHE JETa3alliu SBISETCS OJHOW W3 MPHO-
PHUTETHBIX 3a7a4 HAy4YHOTO W MPUKJIAIHOTO XapaKTepa, BBUAY TOTO YTO HA ITOT
MIPOLIECC PACXOAYIOTCS 3HAYUTENbHBIE 3HEPrOpecypChbl, MPUMEHSIOTCS CIEIH-
aIbHO MOJTOTOBJIEHHAS BOJA IS TTapa, CIOXKHOE TEXHOJIOTHYECKOoe 000py10Ba-
HUe, TpeOyroliee NPUBIEYCHUS BBICOKOKBATH(DHUIIMPOBAHHBIX M CIEIHAIBHO
OOYYEeHHBIX CIIEIUAICTOB, O0CCHECYMBAIOIINX PaOOTy MapOBOW YCTaHOBKH.
B To ke Bpems cienyeT YYUTHIBaTh, YTO BOSHUKAET HEOOXOAUMOCTh B OYHCTKE
WIA YTHIU3aIUH CKOHICHCHUPOBABINIUXCSA TIOCTE Jlera3allid W 3arps3HeH-
HBIX OCTATKOB, 00pa3yoIIMXCs OT 3a4MCTKU BHYTpeHHEH moBepxHocTH. O0beM
3arpsA3HEHHBIX OCTATKOB MoykeT mpesBbimaTth 1000 51, m mpu 3TOM B arMoc-
(depHBIl BO3YyX HEMpPEepPBIBHO B MPOIECCE JIera3allyd BBLICISIOTCS BpEIHBIC
BEIIECTBA.
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Jnst CHWDKEHHMS 3aTpaT W HKOJOTHYECKHX TMOCIEACTBUN NpoLecC Aera3aunu
TpebyeT pa3paboTKH U MPUMEHEHHSI HAy9HO 0OOCHOBAaHHBIX COBPEMEHHBIX BEH-
TUISIIIMOHHO-IETa3aI[MOHHBIX YCTPOWCTB M TEXHOJIOTUH, 00eCIIeunBaroIuX 0e3-
OMmacHoOC YHOAJICHUC OCTATOYHLIX HHU3KOHAIIOPHBIX TIa30BO3AYHIHBIX CMCCCﬁ,
a’po30Jieil U Ta30B.

YcnemHas pa3paboTka U MPUMEHEHHE HOBBIX TEXHOJIOTHUYECKUX MPOIECCOB
Opranuvs3anuu Acras’alyu ra3rojbACPOB CTAHOBUTCA 3aJI0OTOM HC TOJIBKO CHUIKE-
HUS 3aTpaT Ha MPOBEIEHUE PadoT MO Aera3allii, HO W 3aIIUTHl U COXPaHEHHS
TEXHOC(HEPHI H SKOCHCTEMBI B I[EJIOM.

Takum 00pa3oM, BOIPOC Jera3allid TEXHOJIOTHYECKOrO 000pyHI0BaHUs,
MPUMEHSEMOTO U XpaHeHHS DPA3JIMYHBIX Ta30B W XUMHUYECKOW IMPOITYKIHH,
ClieyeT pacCMaTpHUBATh HE TOJIBKO KaK METOJ YCTPaHEHUsI YIPO3bl B3PhIBA, HO U
KaKk HCEOTHBEMJIEMYIO YacCTb KOMIUIEKCHOM CHCTEMBI yopaBJICHUA TIPOU3BOI-
CTBEHHBIMH PHCKaMH M OXPaHBI OKpY’Kalomied cpensl. BaKHO y4YHTHIBaTH, 4TO
HE BCE BHJBI JIera3anuy OJWHAKOBO 3((EeKTUBHHI B pa3HBIX yclnoBusx. Hampu-
MEp, B PA3JIMYHBIX OTpaCIAX MOTYT Tpe6OBaTI)C$I CHCHI/I(i)I/I‘IeCKI/Ie Ioaxoabl K
JleTa3anyy, OCHOBaHHBIE Ha 0COOEHHOCTSAX TEXHOJIOTHYECKUX MTPOIECCOB.

[Ipu 3TOM KIIFOUEBHIM aCIIEKTOM SBJISIETCS CTPOTOE€ COOJIIOJIEHUE periiaMeH-
TOB M HOPM O€30MMacHOCTH, 4TO IMPEJIojaracT HATMIMe YETKO pa3paboTaHHBIX
mporeayp Aerasanuu. llpaBuibpHas opraHu3anus MPOIECCOB Jera3alid He
TOJIEKO CHM)KAeT PHUCKH JIJISl OKPYKAIOIIEH Cpebl U 3I0pOBhsl PpAOOTHUKOB, HO H
IMMO3BOJIICT 3HAYUTCIILHO COKPATUTH MOTCHUHUAJIBHBIC 3KOHOMHYCCKHUC ITOTCPU
1 9KOJIOTHYECKHE HAJIOTOBBIE COOPHI.

[ ycnemHo#i pa3paOoTKH U peaM3aliii METOJOB Jera3alliy BBIMOJIHEH
KOMIIJICKC MCCIIEZIOBAaHUIH HOBOTO Pa3paboTaHHOTO MPOHM3BOACTBEHHOTO MPOIIEC-
ca W PeXHMMOB JIeTa3alliil C WCIMOJIb30BaHUEM CHEIHaTN3NPOBAHHBIX TEXHOJIO-
THii, 000pyA0BaHuUs, IPUCIOCOOICHIH U HOBEHIINX MaTepHAaIIOB.

Pa3paboTka HOBOTO 00OPYZOBaHHS M METOJOB JIeTa3ally JI0JDKHA obecrie-
YUBaTh SHEPTEeTHUYECKYIO0 U IKOHOMHYECKYIO 3(pPEeKTHBHOCTH, a TaK)Ke CHIKATh
BO3/ICHCTBHE Ha OKPY)KAIOLIYIO CPEely 3a CUET COKpAIIEHHs BBIOPOCOB BPEIHBIX
BEIICCTB IIPH OCYIECTBICHUY JJAHHOTO TpoIiecca.

AKTya.]'lLHOCTL HCIOJIb30BAHUA I'OPIOYHUX O0TX0A0B

Amnanu3 3apyOeKHBIX HapaOOTOK IOKa3al, 4TO Jera3alys B OCHOBHOM OCY-
LIECTBIIICTCS C MPUMEHEHHEM PA3IMYHBIX KUIKOCTHBIX U O€3KMIKOCTHBIX Me-
TOJIOB, MO3BOJIAIONINX YIaJsATh TOKCUYHBIE U B3PBIBOONACHBIC BEIIECTBA (DU3H-
YECKUMHU M MEXaHMYECKHMH CIIOCO0aMH, BKJIIOUAIOIIMMH B TOM 4YHCIIE CMBIBa-
HHUE TOKCMHOB C TBEPAOI MOBEPXHOCTH CTPYEH BOABI, TAPOM, IOTOKOM TOPSUMX
ra3oB, OpPraHMYECKUMH pacTBOPUTEISIMH WJIM pacTBOPaMU IOBEPXHOCTHO-
aktuBHBIX BemiecTB (IIAB), cBs3pIBaHHE TOKCHKAaHTOB, IPHCYTCTBYIOLIUX,
HampuMep, B BOJE, C IOMOIIbIO COPOEHTOB; N30JISILMIO TOBEPXHOCTH ITyTEM Jie-
rasalii MHEPTHBIMHU MaTepuanaMu. B OTAEeNbHBIX ciydasx BO3MOXKEH IpoIiecc
€CTECTBEHHOW Jera3aiii, HO OH 3KOHOMHUYECKH HE BBITO/ICH, TaK KaK 3aHUMAaeT
CYLIECTBEHHBIM MEPHOA BPEMEHH M MPOCTOH CHELUAIN3UPOBAHHOTO 000PYHO-
BaHUs.
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Jlerazanus B ra30BOW OTPACTH — pealibHas HEOOXOAUMOCTb, TaK KaK IIPU BbI-
MOJTHEHUH PETJIAMEHTHBIX Pa0OT B DKCIUTYaTHPYEMBIX Ta3rolibIepax Bceraa
UMEIOTCS B HAJTMYUHM HEUCTAPSIEMbIC YKUKUE OCTATKU M MUPO(OPHBIC OTIONKE-
HUsI Ha BHYTPEHHEH MoBepXHOCTH. [I[pruHaMu uxX 0Opa3oBaHUs SBISIOTCS pa3-
HbIe (akTOphl. B KauecTBe HeHCHapsAEMbIX OCTATKOB MOTYT BBICTYIATh TSKENbIC
(pakiuu XpaHUMBIX Ta30MPOAYKTOB, KOTOPBIE OCTAIOTCS MOCIE MepepabOTKH,
WIN KUJAKANA OyTaH, KOTOPBHIH cO BPEMEHEM HE CIIOCOOCH MEPEXOIUTh U3 KUJ-
KOTO COCTOSIHUSI B Ta3000pasHoe. [Ipu4mH 3TOMY MOXeET OBITh HECKOJBKO, HO
OCHOBHAs1 — 3TO MPUMEHEHUE OJHOW EMKOCTHU JUIsSl XPAHEHHS M TPAHCIIOPTHPOB-
KM pa3HbIX NIPOAYKTOB. Eciu mepes 3anpaBKoii COKMIKEHHBIMU YIVIEBOJOPOAHBI-
mu razamu (CYID) pesepByap ra3oBo3a WIN KEIC3HOIOPOKHON ITUCTEPHBI HE
ObUT HOPMAJILHO OYHIIEH, B MPOMAH-0yTaHOBYIO CMECh BIIOJIHE MOXKET MOIMACTh
MOCTOPOHHSS (PpaKivs, KOTOpas B MPOIECCE CIIMBA, HAIMBA M SKCILUIyaTallHMH
ra3roiipjiepa OCsIeT Ha JHE, 3aHWMasl MOJIe3HbIH 00beM eMKOCTell ra3oXpaHu-
nuiia. [TosTomy jgerasanus Asl 3a4UCTKH EMKOCTEH MPOBOJUTCS C OMPEICICH-
HOW TIePHOJINYHOCTHIO, KaK MPaBHJIIO, HE peXke OJJHOTO pa3a B JBa rofa.

b

Puc. 1. Tazronbaepbl, IPUMEHAEMbIC HA OMACHBIX MPOU3BOICTBCHHBIX 00BEKTAX:
a — BepTUKAJIbHBIEC U TOPU3OHTAIBHBIE C YKa3aHHEM 00bEMOB BMECTUMOCTH;
b — BuJ ra3ronsaepa, HCCIEAYEMOTo B XOI€ IKCIIEPHUMEHTa

Fig. 1. Gas holders used at hazardous production facilities:
a — vertical and horizontal gas holders with indicated capacity volumes;
b — type of gas holder studied during the experiment

TpamunuoHHEIME cTIOCOOaMu nerazanuu B Pecrryonmuke bemapycs, mpuMeHs-
€MBIMH Ha OIACHBIX NPOM3BOJCTBEHHBIX OOBEKTAX, SBISIOTCS: IPOIMAPHBaA-
HUe (TPaIUIMOHHOE U UMITYJIBCHOE); BEHTHJISIIUS (€CTeCTBEHHAs U J1e(IeKTop-
Hasl); IPUHYJUTEIbHAs BEHTHIISIIHS.

VY4uuThIBas, 4YTO OCHOBHAs LiEJIb — COKpAIlleHHEe 3aTpaT Ha Mpolecc Jerasa-
UM, aKTyaJlbHBIMU 33J1ad4aMU SIBJISIOTCSl MICCIIeJIOBaHUE W pa3paboTKa HOBOTO
TEXHOJIOTHYECKOTO TIpoIecca W KOHCTPYKIMH OOOPYIOBAHHSA, ITO3BOJISIONINX
HaubOosnee 3(HEKTUBHO OCYIIECTBIIATH JETa3allui0 ¢ BO3MOXKHOCTBIO CHUKCHHUS
3aTpaT SHEPropecypcoB M BPEIHBIX BHIOPOCOB B OKPYIKAIOUIYIO Cpemy. ITO sIB-
JISIETCS aKTyalbHBIM HaIlpaBlieHHEM, TaK KaK TPaJUIlMOHHEIE CTIOCOOBI TIpOBeEIe-
HUS Jiera3aiuyu He 00eCnevYrBal0T MOJHBIA COOp M CHHXKEHUE BHIOPOCOB HH3KO-
HAIOPHOTO Ta3a MpOoMaHa U JIPYTHX BPEIHBIX XMMHUYECKUX KOMIIOHEHTOB, CO-
JIEPXKAIIAXCST B OTIIOKEHUSAX Ta3TONIBICPOB. B CBA3M ¢ 3TUM ISl TOCTHKEHHS
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LEJIN BBIMOTHEHBI UCCIEIOBAHUS TEXHOJIOTHYECKOTO MPOLIECCa BEHTHIIMPOBAHUS
BHYTpPEHHEH MOBEPXHOCTH Ta3rojbIepOB.

MartepuaJibl HccIeI0BaHUSA ISl 00CYKIEHUA

JlerazupyeMblii TEXHOJOTHYECKAW ammapaTr (ra3rojibiep), HaXOMSIIANCS
JUTHTEIBHOE BpEMs B DKCILIyaTalllH, TIOCIE OMIOPOKHEHHUS COACPKUT MHUPOdop-
HBIE OTJIOKEHMS Ha BCEH BHYTpeHHeP'I IMOBEPXHOCTU CTECHOK, OCTAaTOYHLIC I'a3bl
Y MEPTBBIH OCTaTOK CXKM)KEHHBIX TSKENBIX Ta30B MJIM BEUIECTB B BHJIE WHINBH-
IyaTbHOW HUIKOCTH, a TaK)K€ MHOTOKOMIIOHEHTHBIE YTJIEBOAOPOIHBIE CMECH
B )KUAKOM COCTOSHHHN (a3p030n1/1, KOHACHCAThI, XXUIKHEC HI/IpO(bOpHLIe OTIIOXKE-
HUA U T. 1.) [3].

[IpumeHsieMble TpaaUIOHHBIE CIIOCOOBI MOATOTOBKH Ta3TOJBACPOB K TEX-
HUYCCKOMY AOUArHOCTUPOBAHUIO W INNIAHOBO-IIPEAYIIPECAUTCIBHBEIM PEMOHTAM
OTHOCSITCS K B3PBIBO- U TIOYKApOOIacHeIM paboraM. OCHOBHBIMH BHJAMH OIac-
HOCTH SIBJISFOTCS JICKTPU3AINS TEXHOIOTUIECKHX OIEepaIuid 0 OYUCTKE CTCHOK
BHYTpPEHHEH MOBEPXHOCTH (KaK MPABUJIO, MPHU MPOIAPKE U CIIMBE OCTATKOB CBO-
OomHOMAMAONICH CTPye) W B3PHIBOOIIACHOCTH OT HWCKPOOOpa3oBaHUS IIPHU
OYHCTKE CTEHOK OT OCTaTKOB, WCIOJh30BAHHH KOCTIOMOB H CHApSIKCHHS, HE
MMEIOIIUX JIEKTPOCTATUUSCKUX HUTEH B CTPyKType U Ap. [3, 4].

B cootBerctBHM ¢ TpeOOBaHMAMH HOPMAaTHUBHBIX OKYMEHTOB 3Ha4YCHHE
npenenbHo gonyctumbix kKoHmeHnTpanui (I1JIK) MoxHO ompenenuts mo ciemy-
romeit popmyie:

HKII
oAk k

0 (1)
rae k™ — mpenenbHO ONMyCTHMAs KOHIGHTPALMS HponaHa, Kr/m>; k™" — Hik-
HU}i KOHIIEHTPAIIMOHHBII PEIeN PacIpOCTPaHEH)s IIaMeHH, K/ [3, 4].

VYuuThIBas, YTO SHEPreTUUECKUE W MaTepUANbHBIC 3aTpaThl Ha 00pPabOTKY
ra3royibJIEpOB MapOM CYIIECTBEHHBIE, a B MPOIIECCE TIOATOTOBKH ra3rojbaepa ¢
WCIOJb30BAHUEM Tapa BO3MOXKHO 00pa3oBaHUE Pa3psOB CTATHYECKOTO AJICK-
TPUUYECTBA BCJICACTBUE MHOXKECTBEHHOI'O MaJICHUS Karejb MapoBOASHOTO KOH-
JIeHcaTa, a Tak)Ke CTPYWHBIX YAapoB Iapa O TEXHOJIOTHYECKHE AIIEMEHTHl KOH-
CTPYKIIMU, UMEIONIMECS BHYTPU Ta3rojibjiepa, HaMHU JIOMYCTHMO OIPEJENICHO,
YTO CHIDKEHHE 3aTpaTr AOCTHXKUMO C MPUMEHEHUEM METO0B MPUHYIUTESILHOTO
nerazannondoro sertmwiuposanus ([1/IB). I1/IB no3Bonser obecrieunBaTh mpo-
Iecc Jera3alui ¢ KOHTPOJIUPYEMBIMH H3MCHICMBIMU 3aBHCUMBIMH TIEPEMCH-
HBIMU (PU3UKO-XUMHUYECKHUX [TapaMETPOB.

[Ipu pa3paboTke TEXHOIOTUYECKHX METOJNIOB, CBSI3aHHBIX CO CHIKCHHEM
BO3JICHCTBUS XMMUYCCKUX BEIIECTB, B MCCIICIOBAHUSAX HA OCHOBAHHMU TOJTYYCH-
HBIX JIAHHBIX MPOBOJISITCS Pa3HOOOpa3HbIE pacyeThbl, 00eCIeUNBAIONINE KOTHYe-
CTBEHHYIO OIIEHKY MPOTEKAIOIIUX MPOIIECCOB C MOAOOPOM PEaKIMOHHBIX B3au-
MOJICHCTBHH, a TaKXKe ONTHUMAaIbHbIC 3HAYCHHS MapaMEeTPOB TEXHOJIOTHYECKOTO
mporecca [4]. Bo Bcex ciaydasx mpH pacdeTax YUHTHIBAIOTCS 3aKOHBI TEPMO-
Y THIPOJMHAMUKY, TEIJIO- M MACCONEepPeIaul, a TaKKe XUMHUECKONH KUHETHUKH.
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[Moaromy [uist aHanwM3a U OLIEHKH HEOOXOIUMO BBIMIOJHEHHE PACUYETOB, CBSI3aH-
HBIX C OTIPEISIICHHEM MaTepUaAIBHOTO Oaranca.

MatepuanbHbI 0amaHC — 3TO BEIISCTBEHHOE BBIPAYKEHHE 3aKOHA COXpaHe-
HUS MacChl BEIIECTBA, COTJIACHO KOTOPOMY BO BCSIKOM 3aMKHYTOM CHCTEME Mac-
ca BEIECTB, BCTYIMHUBIINX BO B3aHMOJACHCTBHE, paBHA Macce BEIEeCTB, 00pa3o-
BaBIIIMXCS B PE3yJIbTATE 3TOTO B3aUMOACHCTBUS, T. €. IPUXO]I BemecTBa =G

TpHX

paBeH ero pacxony XG,

macx+ 1 AKHM 00pasoM, ypaBHEHHE MaTepHAIbHOTO OanaH-

Ca MOKHO IPEJICTaBUTh B BUJIE [4]

2anl/lx = ZC;pacx' (2)
Omnpenenenne MaTepuaIbHOTO OajlaHCa TO3BONSIET HE TONBKO YYHTHIBATH
BXOJTHBIE MTOTOKH YHCTOTO aTMOC(EPHOTO BO3/IyXa W BBIXOJHBIC MOTOKUA CMECH
BXO/JISIIIIETO YHCTOTO MOTOKA BO3MyXa C JAETa3uPyEeMbIMU BEIECTBAMH, HO U BbI-
SIBIIATH BO3MOJKHBIE YTEUKH, HEyUTECHHBIE PEaKIIMU U WHBIE OTKIIOHEHHUS IIPOIIeC-
ca. AHaiu3 MarepualbHOro OanaHca HEOOXOAUM JUIS ONTHMHU3AINN OTIEePAIHid,
YTO TO3BOJIUT OMPE/CIUTH HAIpPaBICHUS, 00ECICUNBAIONIUE B COBOKYITHOCTH
noBsIIeHne 3()(PEeKTUBHOCTH Jera3aliiyi HU3KOHAIIOPHOTO Ta3a, HaXOSAIIeToCs
B OCTaTOYHOM COCTOSTHUH B rasroiipaepe. s pacuera maTepuabHOrO OaiaHca
UCIIOJIb3YEeM 3aKOHBI CTEXHOMETPHUYECKUX COOTHOIICHHH [4], B COOTBETCTBHHU
C KOTOPBIMH O0IIasi Macca BCeX MOCTYIAOIINX B COCYT (PEakTop) MaTepruaIoB 1
BelIecTB (MPUXOJ) paBHA OO0IIEH Macce BCEX BBIXOIMIINX MaTepHalioB M Be-
mecTs (pacxoiay), a TaKKe €ClIM M3BECTHa Macca XOTs Obl OJHOr0 Y4YacTHHKA
peaxiui, MOXHO ONPEAETUTh MAacChl BCEX OCTAIBHBIX, MPEABAPUTEIHHO pac-
CUHTAaB UX MOJISIPHBIE MACCHI.
[pomecc nerazalimoHHOrO BEHTHJIMPOBAHUS TEXHOJIOTHYECKOTo 000py10Ba-
HUS, IPAMEHSEMOTO Ha OMACHBIX NIPOU3BOICTBEHHBIX 00BEKTaX, B 00IIEM BHUJIE
MOKHO OmucaTth quddepeHInalbHbIM ypaBHEHHEM MaTepHaIbHOTO Oananca

Vdk,, +qk, dt - gk, dt = Mdt, 3)

rie V — 06beM rasroibaepa, M°; ¢ — pacXoj IIPUTOYHOrO BO3yXa B Ia3rONbAEp
MIPH JIeTa3alni; k., — KOHTPOJIMpYyeMash KOHIIEHTpAIU Ta3000pa3HbIX BEIIECTB
BO BHYTPEHHEM IPOCTPAHCTBE ra3royibaepa; ky, — TO K€ ra3000pa3HbIX BEUICCTB
B TIPUTOYHOM BO3IyXe; M — WHTEHCHUBHOCTH NIera3allid Ta3rojbaepa, KoTopas
OTIpE/IeTISIETCS IKCIIEPUMEHTAIBHO C YI€TOM CKOPOCTH TMOJIABAEMOTO BO3JIYIITHO-
ro TIOTOKA B YCIIOBUSX MPUHYIUTEIBHON JIera3alliy ra3roybaepa; ¢ — Bpems, He-
00X0IMMOe Ha TIOJTHYIO JETa3alHio ¢ JOBEICHUEM Ta3roibaepa 0 MPeAeIbHBIX
snauenuit I1JIK, c.

CornacHo ACWCTBYIOIMIMM TPeOOBaHHUSM II0 JieTa3allii Ta3rojibJCPOB LIS
BBITIOJIHCHUS TEXHUYECKOTO TUATHOCTHPOBAHWS, OOCITY)KHBaHUS M BCEX BUIOB
PEMOHTA, PETJaMEeHTUPYIOUIMM B TOM WYHCJIE MPOIECC €ro OCBOOOKISHUS
(BKJTFOYAS TEXHOJIOTHUYECKOE 000PYI0BaHUE U PUOOPHI) OT OCTATKOB («TSKEIIO-
roy» raza, MUPOo(OPHBIX OTIOKEHUN U IPYTUX B3PHIBOMOKAPOOIIACHBIX XHUMHIUC-
CKHMX DJIEMEHTOB) Ta3000pa3HBIX BEIIECTB, YCTAHOBJICHA OCTATOYHAS 3ara30BaH-
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HOCTb, OmpezesnsieMas NPHOOPHBIM METOAO0M, KoTopas coctasisier 0 % 3Haue-
aus ITJ1K.

B xozxe uccnenosanus mnpoiecca Aera3alyy yCTaHOBICHA OJIHA U3 HEU3BECT-
HBIX 3HAYUMBIX [IEPEMEHHBIX — BpeMms ¢. Ee 3HaueHue sBIAETCS OJHOW U3 Iepe-
MEHHBIX U OyJeT BapbUpOBaThCS B 3aBUCHUMOCTH OT OpraHU3alMM Ipolecca
Jera3aly U XapaKTepPUCTHK MPUMEHSEMOI0 U Jera3upyeMoro o0opynoBaHus,
a UMEHHO OT:

— atMoc(epHBIX YCIOBHH (TeMIeparyphl ra3000pa3HON Cpeabl, KOHAEHCa-
TOB, YKUJKOW Ta30BON (QPaKIMH WIH «TSDKENBIX) Ta30B);

— TEXHHYECKUX XapaKTEpUCTHK IPHUMEHAEMOr0 BEHTHIISALMOHHO-JEra3alu-
OHHOTO 000pyIOBaHUs (MIPON3BOIUTEIHHOCTD, THAMETP BHIXOJHOTO TaTPyOKa H
€ro JUInHa, NoTpedisieMas MOIIHOCTG H T.I1.);

— o0mero odbeMa BMECTHMOCTH TpOIaHa W MHXKEHEPHOW KOHCTPYKIIUH Ta3-
roypziepa (Hauure BHYyTPEHHUX TPyOONPOBOIOB, perasuUIMpyIOIIUX YCTPOUCTB,
OTCTOWHUKOB-COOPHMKOB, CTallHOHAPHBIX JIECTHMI, CIHUBHBIX YCTPOICTB
u T. 1. (puc. 1);

— pacxopa, OABJICHUS BO3AYIIHOTO IOTOKAa M TEMIIEPATyphl, MOAABAEMOM
B ra3roJibJep MPUTOUHOTO BO3LYX4;

— XMMUYECKOI0 COCTaBa M OOBEMHOI0 KOJIMYECTBA, HAXOIILIUXCS B HEM
OCTaTOYHBIX (Ppakiuii XPaHUMOTO TMPOAYKTa M MUPO(POPHBIX OTIOXKEHUH Ha
BHYTpPEHHEH MOBEPXHOCTH.

B xoJzie mpoBeIeHHBIX KCCIEOBAaHUM ONpPEeNIeNIeH0, YTO MpH Jera3aluy ras-
roJbepa C JKUAKUM OCTaTKOM IpOIaHa 3TOT MPOLECC MPOTEKAET B HECKOIBKO
3TaIOB, IPEUMYILECTBEHHO OTJIMYAIOLIMXCSI U3MEHEHHEM KOHLIEHTPALlUUA BPEI-
HBIX BEILECTB B XOJI€ AETa3allii JO MUHUMAJIBHBIX 3HAYEHUH.

Ha srame | nHTEeHCHBHOCTS M3MEHEHUS KOHIICHTPAITUH TTapOB MapoBoi (ha3wl
B Ta3TOJIbJEPE CYLIECTBEHHA BBUAY INOCTYIUICHHS B rasroybJep MOTOKOB BO3-
nyxa ¢ Oonpliedl TUIOTHOCTBIO C TMOJAaBaéMbIM aTMOC(HEPHBIM MPUTOUYHBIM
BO3JIyXOM.

Ha sTtane Il mHTEHCMBHOCTh M3MEHEHUS KOHIICHTPAIIMH TTapOB IMapoBOi da-
3Bl 3aMEJINIIACh U C MAJIBIMU TOTPEIIHOCTSIMHU YCTOWYMBO coXpaHseTcs (IIpouc-
XOIUT YPaBHOBEIINBAHNE INIOTHOCTH T'a30BOM CPENbl U MPOAOIDKAETCA MOLAEP-
JKUBATHCS MHTCHCU(UKAINS MCTIAPEHUS MMEIOIIUXCS JKUAKHX OCTaTKOB W M-
POOPHBIX OTIOKEHHIH).

Ha srane 11l nHTeHCHBHOCTH U3MEHEHUS KOHLIEHTPALIUU NapoBoii ¢a3bl 3Ha-
YUTEIBHO CHIXKAETCS.

s onmpeneneHus BpeMeHM Ipolecca MOJHOM Jerasaluu rasrojbaepa 10
Oe3omacHOM MpeIeNbHO JOMYCTHUMOW KOHLEHTpPAlMU BPEOHBIX BEIIECTB B CO-
CTaBe BHYTPEHHETO 00beMa HEOOXOJMMO PacCUUTaTh CyMMAapHYIO YHUCIEHHOCTD
BpPEMEHHU, 3aTPAa4€HHOI0 Ha BCEX JTallax Jera3alliy ra3roibiepa:

o =4 T1, +15. (4)

HpO,Z[OJ'I)KPITCJ'II:HOCTB KaxXa0ro 3Taria MOXXHO OIIpCAC/IUTD 110 (I)OpMYJ'IaMZ
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— nis otana | Acrasalvu ra3rojbcpa ¢ HU3KOHAIIOPHBIM I'a30M IPOIIAHOM

ZKIH Ml _ko .

14 ;
1 q M, —qky,

)

— st oramna II gerazanuu (Ipu HATMYUK OJTHOKOMITOHEHTHOTO JIETa3upyeMo-
r0 OCTaTKa Irasa IpoIliaHa)

h=—=; (6)

— g otana I gerazanuu (mpu HATMYUU MHOTOKOMIIOHEHTHOI'O JleTazupye-
MOTO OCTaTKa B CMECH IpoIaHa U MUPOPOPHBIX OTIOKESHUH )

1 M
t,=—In—*=—; @)
o key(g—aV)
— st atana Il nerazamnuu ra3roiyibaepa
k
t, = Klni, ®)
q k6e3

rae ky — MepBHYHAs KOHIEHTPALMs MapoBOW (a3bl B Ta3roiipiepe Ha HAYaJo
Jiera3aly, U3MEpPEeHHas MPH BCKPBITHUH; koy — MPOMEKYTOUHAS KOHIICHTPALIUS
napoBoii (a3l B Hayajie BTOPOTO dTara Jerasaiuu; ko; — TO ke mapoBor (assl
B HayaJe TPEThEro dTama Jera3alit; Age; — JOCTUTHYThIE IOKA3aTeIN IPeIeIbHO
JIOIYCTUMO# KOHIICHTPAIIMH [P JIera3amnm.

I/ICXOI[H N3 IMMOJTYYCHHBIX PE3YJIbTATOB OKCIICPUMEHTA, OIMPEACIICHBI 3HAYCHUA
MHTEHCUBHOCTH M3MEHEHUsI KOHIIEHTPALMH OCTaTKOB Ta3a IpONaHa U B CMECH
ra3oB MpomnaHa ¢ MUPOPOpPHBIMH OTIOKEHUsIMH. OOpabOTKa MOTyYEHHBIX JKC-
MEPUMCHTAJIbHBIX JJAHHBIX ITOKa3aja, 4TO B pacdy€Tax AOITyCKacTCsa INMpPpUHUMATh
WHTCHCUBHOCTb JIETA3al[MH OTHOCUTEIBHO ITOCTOSHHOM BEIMYMHBI CKOPOCTH
MOJ[aBaeMOT0 BO3JYLIHOTO MOTOKA B YCIIOBUSIX NPUHYIUTEIBHOHN Jera3anuu
ras3royipaepa B BUE PaBEHCTBA

M=M,, =M,=M,. 9)

[IpomomkuTEIEHOCTH MPOLIECCOB Jlerazauuu Ha 3tane I s onHo- m MHOTO-
KOMITOHEHTHBIX JIera3upyeMbIX BELIECTB Pa3InYHbl. DTO 00YCIOBIEHO TE€M, UTO
B OTJIMYUE OT OJHOKOMIIOHEHTHBIX OCTaTKOB Y MHOTOKOMIIOHEHTHBIX Jl€ra3upy-
€MBIX BELIECTB MHTCHCHUBHOCTh MCIAPEHHsI YMEHbBIIAETCS BO BPEMEHH IO HKC-
MOHEHIIMATBHOW 3aBUCUMOCTHU. {11 MHOTOKOMIIOHEHTHOTO OCTaTKa Jera3upye-
MOTO BEIIECTBA WHTEHCHUBHOCTb HCIIAPEHUS MOXKHO PAacCUUTATh MO MPEICTaB-
TIeHHOH QopmyIe

M, =M, exp(—rmt), (10)

rae MHal{ — HWHTCHCHUBHOCTb HCHAPCHUSA HCXOAHBIX OCTATKOB AC€TAa3UPYCEMbIX

B3PBIBOOIIACHBIX BELIECTB; 7, — KOA(QQUIMEHT KOPPEIALNOHHON 3aBUCUMOCTH,
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3HAYE€HUE KOTOPOT0 HM3MEHseTCS OT (DPM3MKO-XMMHUYECKUX CBOWMCTB Jerasupye-
MBIX OCTaTKOB.

Ha puc. 2 npuBenen rpaduk U3MEHEHNsI HHTEHCUBHOCTH KOHLIEHTPALMHU I1a-
POBOIi (ha3bl mpomaHa B Aera3upyeMOM Ta3rojibepe.

k A

k: |
|

| | 1l
ku Feo—, — - — — — — — — |
g ‘
| I
T
|
|
|
|
|
|
|
|
| -
R T
0 1 -
- ‘tBO t
tll()
M Loom

Puc. 2. I'paduk n3MEHEHNsI HHTEHCUBHOCTH KOHIIEHTPAINH IIPOTIaHa B Ta3roibaepe:
t30 — IPOJOJKUTEIBHOCTD OIIACHOCTH B3PbIBA; #;, — IPOAOJKUTEIILHOCTD ONTACHOCTH 1103Kapa;
to6m— OOIIAs IPOJIOIDKUTEIBHOCTD AeTa3anui; k, — HYKHUH KOHIEHTPAIIMOHHBIN TIpeer
11apOB BPEIHBIX H B3PHIBOIOKAPOOIACHBIX BEIIECTB, KI/M’; k; — KOHIEHTPALHS HACHIIICHHBIX
11apOB BPEJIHBIX U B3PBIBONOKAPOOIACHBIX BEIECTB IIPU JIera3aluu

Fig. 2. Graph of changes in the intensity of propane concentration in a gas tank:
1,0 — duration of explosion hazard; t,, — duration of fire hazard,
toom — total duration of degassing; &, — lower concentration limit of vapors of hazardous
and explosive substances, kg/m3 ; ky — concentration of saturated vapors of hazardous
and explosive substances during degassing

I[J'[)I OCTaTKOB IMpoIlaHa MHTCHCUBHOCTb UCHTAPCHHUA MOXKHO OIIPEACIIUTD, UC-
noJin3ys ¢popmyny [3, 5-7]:

M =100, p,u, (11)

r7e p, — JaBjeHUe MapoBoi (a3bl MPH HOPMHUPOBAHHOW TeMIIEpaType >KUIKOM
¢a3sl B Tasrojipaepe; W — KOOPPHUIUEHT H3MEHEHHS HCTIapeHHs B 3aBUCUMOCTH
OT CKOPOCTH M TE€MIIepaTyphl BO3AYIIHOTO [I0TOKA HaJ MIOBEPXHOCTHIO, Klla; L —
MOJIsIpHAs Macca, KI-KMOJTb .

YuuThIBasi, 4TO Aera3aiis ra3rojbAaepoB MPOU3BOAUTCA B LENIX OATOTOBKH
K IPOBEJCHUIO Ta300MaCHBIX M OTHEBBIX paboT ¢ OMYCKOM CIEIHaIH3UPOBaH-
HOTO TepcoHajla BHYTPh €MKOCTH, HeoOxomnMo obecrieunTs moctmkerne 0 %
coJlepKaHUsl KOHLIEHTPALMU IMapoB, a TaKKe HEHUTpaiu3aluyd OTIOKEHHH Ha
BHYTPUCMEHHOM MPOCTPAHCTBE U MUPOGOPHBIX coeauHeHusx [§—10].

B xoe 3KCnepuMeHTOB YCTaHOBJIEHO, YTO MEPEMEHHO-AMHAMHYHbBIE PEXU-
MBI XapaKTEPHU3YIOTCSI M3MEHEHHEM (IOBBIILIEHHEM) TEeMIIEPaTypbl M MHTCHCH-
¢ukamnmeil 3a cueT TOro KOHIEHTPAIMW MAapoB MPH Jera3alid. YBeJIHueHHE
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KOHIIEHTPALMK TapoB, BBIACISIEMBIX U3 XKUAKUX (pakUuil Opu Jerazanuu, ooy-
CJIOBJIMBAET Ha OIPENEJCHHBIX JTalax CHIKEHHE KOHLEHTpPAIMU KHCIIOpOoja
B ra3oBOM IIPOCTPAHCTBE rasrosipfiepa. A 10 OKOHYaHMM IIPOLECCOB IIOJHOM
Jera3alui KOHLEHTPALUsl KUCIOpOAa JOCTHraeT MpEAeNbHBIX 3HAYeHUH (KOH-
LEHTPaLuU KUCIOpOoAa B aTMOocepHoM Bozayxe). Takum oOpa3zoM, U3MEHEHHE
3aBHCHMOCTEN KOHLIEHTPAIIMU KHUCIOPOa TO3BOJSET YUYUTHIBATh ITOT MapaMeTp
B XOJI€ HKCIIEPMMEHTOB KaK II0Ka3aTeslb KauecTBa Jierazaliy, BBUIY TOIO YTO
MPaBWIaMH TPOBEACHUS Ta300MaCHBIX padOT perjaMeHTHPYETCsl MepuoIuye-
CKO€ M3MEpEeHHe KHCIOpoAa B pabodell 30HE MpoBeAeHHs paboT ¢ ero o0s3a-
TeJIBHBIM coaepxkaHueM He ke 19 % [10-11].

KoHuenTpanuioo Kucioposa B ra3oBOM IMPOCTPAHCTBE Ia3rojblepa MOXKHO
OTIPEIETIATH, UCTIONB3Ys Gopmyy [12—-13]:

Fen = 0,212 P (12)

KUCIT
P,

rie p,— atMmocdepHoe nasienue, [1a; p, — naBneHne HACHIICHHBIX ITAPOB Xpa-
HMBUIEICS )KUJIKOCTH B Ta3rodipziepe, 11a.

JlaBneHne HACHIIIEHHBIX IMApOB JKHUIAKOCTH OMPEIENSeTCs] M0 YPaBHEHHIO
AHTyaHa, WIH 1O CIPAaBOYHBIM WJIH TOJXYYSHHBIM JIKCIEPUMEHTAIBHBIM J1aH-
HBIM:

13,3036—3816’44

P, =133,3exp fmael3) (13)

rae 7 — Temmeparypa razoBoro mpocTpaHcTBa amnmapara, K.

M3MeHeHne KOHIIEHTPAMKA KUCIOPOIa B XOJ/I€ MPOBEACHHS IKCIIEPUMEHTOB
OTIPENETSUIOCh B 3aBUCHMOCTH OT BpPEMEHH Jera3allii U OCHOBHBIX JTalloB
ee mposenenud. Ha puc. 3 npencraBieHa guarpaMmma U3MEHEHUS] KOHIEHTPALIUU
KHUCJIOPOJIa B 3aBUCUMOCTH OT BPEMEHH JeTa3aliil U €€ OCHOBHBIX 3TaIloB.

Fuacss % (06.)
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Puc. 3. lnuarpaMma U3MEHEHHS KOHIICHTPAL[MK KUCIOPOAA B 3aBUCUMOCTH
OT BPEMEHH JAETa3aliy ra3rojibaepa

Fig. 3. Diagram of changes in oxygen concentration depending
on the gas tank degassing time

Ha ocHoBaHuuM NOIy4YEHHBIX IOAHHBIX HNPOBEICHHBIX 3KCIEPUMEHTOB M BBI-
[IOJIHEHHOTO aHalHh3a COBPEMEHHBIX TEXHOJOTUH W 000pyAOBaHUS, NpUMe-
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HSEMBIX JIJIS JIera3allid W TOJICPKaHUs BBICOKOTO YPOBHS IMPOMBINUICHHOM
0€30MacHOCTH B T'a30BOW OTPACIH, Pa3pabd0TaHO U M3TOTOBICHO JIera3alliOHHO-
BEHTWIAIINOHHOTO ycTpoiicTBo JIBY-®C-1/450, BUI m KOHCTPYKTHBHBIC dJe-
MEHTBI KOTOPOT'O TPECTABICHBI Ha PUC. 4.

Puc. 4. Bun nerasaiiMioOHHO-BEHTWIIAIIMOHHOTO ycTpoiictBa JIBY-DC-1/450,
MIPUMEHSIEMOT0 B XOJI€ SKCIIEPUMEHTOB Ha rasroipiaepe [15]

Fig. 4. View of the /IBY-®C [DVU-FS]-1/450 degassing and ventilation device,
used during experiments on a gas tank [15]

OCHOBHBIC MTPUHIIKITBI, OTPAKEHHBIC B Pa3pa0OTaHHOW KOHCTPYKIIMH C y4e-
TOM OCOOCHHOCTEH MPUMEHEHUS M KpUTEPUEB OOCCIICUEHHUS KavecTBa Jierasa-
IuH, cienyroomue. B mporecce pera3anuu ra3royibaepa METOA0M MPUHYIUTEIh-
HOW BEHTWJISIIIUW WCTIOIB3YIOTCS MPUBOJHBIE YCTPOHCTBA — BEHTHIIATOPHI, 000-
PYJOBaHHBIE AJIEKTPOMOTOPOM BO B3PBHIBO3AIIMTHOM HCIONHEHHH. JlomacTHast
4acTh 0053aTEJIbHO JO/DKHA MMETh B 30HE BpAICHHUs JIOMacTell MCKpOoHeoOpa-
3YIOIIN KOPITyC, 30Ha BO3MOXXHOTO CONPHUKOCHOBEHHS JIOTIACTEH W3TOTaBIH-
BaeTCs U3 JIATYHW WIH MOTYT MPHUMEHATHCS APyrue He o0pa3yrolue UCKp Ma-
tepuanbl. Jyis momayn aTMOC(EPHOTO BO3AyXa B Ta3rOJIbJCP MOHTHPYHOTCS
TPYOOIPOBO/IBI, IPUYEM MX KOHCTPYKIIMS BBITIOJHEHA M3 UCKPOOE30MAaCHBIX Ma-
TepuanoB — Opesenra, [IBX marepuana, 6enpruara u T. 1. [15].

JlerazannonHo-BeHTHIAIIMOHHOE ycTporicTBO [IBY-DC-1/450 nnms perasa-
LMY Ta3rojibaepa no3possier [15]:

® OCYIIECTBJIATH (PMIIBTPAIMIO OTXOMISIIEr0 ra30BO3IYITHOTO MTOTOKA, CO37a-
BaeMOT0 YCTaHOBKOW C YYETOM acCIeKTOB SKOJOTMYHOCTH M CHIKEHUS B3PBIBO-
ONAacHOCTH;

® IIPOU3BOINTH MOAAYy BO3AyXa IS JIeTa3alnuy yepe3 CHelHalbHYI0 KPBII-
Ky JIIOKa Ta3rojblaepa, K koropomy noxakitodaerca IABY-DC-1/450 ¢ Bo3gyxo-
MPOBOJIaMH, YTO 00ECIEYHBaeT TePMETUYHOCTh OJIOKA MOJA4U M TOCTYILICHHS
BO3MlyXa MO BO3AYXOBOIY M KOHTPOJHUPYEMOCTh TEXHOJOTHYECKOTO Mporiecca
Jlera3alnu;

® BBHIMOJIHATh I0/1a4y aTMOC(EPHOrO BO3JyXa Ha Pa3JIMYHBIX CKOPOCTSX,
Ha4yMHas ¢ 2 M/C, TaKk KaK IpU Jera3aluyd HE0OXOAMMO MOCTEHEHHO (OpMHUPO-
BaTh MAaKCUMAJIbHBIA HAOp (3aBUCUT OT KOHIIEHTPAILIUN TTAPOB B Ta3rojibaepe).

B xone mpenBapuTenbHBIX HCCIIEIOBAHUN OIPENETICHO, YTO Ha CKOPOCTH
ot 1 M/c 1 HIDKE Aera3aius ra3rojipiepa He JOKHA OCYIIECTBIATHCS, TaK KaK
HaOJIIoMaeTCs B3pHIBOONIACHAS KOHIICHTPAIIUS BEIIECTB B CHCTEME OTBOJA JIEeTa-
3allMOHHOTO yCTPOWCTBA W BHYTPH Ta3roiibJiepa B 30HE CKOIUICHUS TSKe-
JIBIX OCTAaTKOB.



E. A. [lexoma, B. H. Pomaniok
548 AHanu3 3KCHePUMEHTAJIBbHBIX JAaHHBIX TIPUMEHEHHUS Jera3alMOHHO-BEHTUIISILIMOHHOTO. . .

BbBIBO/IbI

1. Pemnienue nmpo0OJieM MOBBIIICHUST YPOBHS OE30MACHOCTH BBIMTOJHEHHUS T'a30-
OIMAaCHBIX Pa0OT, YHEPrOdIPPEKTUBHOCTU M MX DKOJOTUYHOCTH IPH JIEra3aiuu
ra3roJjibIepoB 00ECTIeYNBACTCS ACTAILHBIM HCCIIEIOBAHUEM TEXHOJIOTUYECKOTO
mpoliecca Jera3aliu ¢ ONpeecHUEM KPUTEPHATIbHBIX 3aBUCUMOCTEH, BhISIBIIC-
HUE KOTOPBIX CBSI3aHO C M3YUYCHHEM BEHTWISAIIMOHHBIX, TEIIO- U MacCOOOMEH-
HBIX TPOIIECCOB B 30HE BEACHUS Jera3allMOHHbIX Pa0oT.

2. BbIsBJICHBI 3aBUCUMOCTH M3MEHCHHS KOHIICHTPAIMU KHCIOpOJa B ra3o-
BOM IIPOCTPAHCTBE Ta3roJib/icpa OT BPEMECHH Jiera3alliy U IeJIeCO00pa3HOCTh e¢
ydeTa py Onpeie]ICHUH KPUTepHeB KaueCTBEHHOM OLIEHKH Ipoliecca.

3. Ha ocHOBaHMHU TOJYYCHHBIX 3aBHCHUMOCTEH MPOU3BEJCHA OIICHKA TPeX
KIIFOUYEBBIX (ha3 mporiecca Aera3aluy ra3roibiepa U3-moJl MporaHa, a TAKKe BbI-
SIBJICHbI OCHOBHBIC KPUTEPHH ITOTPAHUYHBIX (DAa30BBIX MPEBPAIICHHIA, HA OCHOBE
KOTOPBIX MPOU3BEJCHBI MAaTEeMATHUECKHE PACcUeThl U MOJCIUPOBAHHE Tpoliecca
JIeTa3alii ¢ IPUMEHCHHEM pPa3pabOTaHHOTO JeTra3alMOHHO-BEHTHIISIIHOHHOTO
ycrpoticta JIBY-DC-1/450.
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3anuB Kapa-bora3-I'o1 kak «CoJIHeYHBbI Py
U ero JHepreTuYecKue XapakTepucTuKU

A. M. Heﬂzmmenl), b. M. MaMe}IOBl)

DTyprMenckuit rocy1apcTBEHHEI apXHTEKTYPHO-CTPOHTEIBHBIA HHCTHTYT
(Amxaban, TypkmenucTan)

Pedepar. B cratbe paccMOTpEHBI CONHEUHBIE dHEpreTHUeckue pecypebl 3anuBa Kapa-boras-I'on
KaK «COJTHEYHOTo mpyna». C HCHONB30BaHUEM Pa3pabOTAHHBIX (PU3NYECKUX W MATEMATHIECKHX
METOJIOB OIPENENEHBI €T0 TEeIJIOBBIE PHEPTeTHYECKHE MOTECHIMAIBl aKKyMYJIHPOBAHHS COJEBBIX
OTJIOKCHUH 3anuBa JUIS CO3MAHUS M HCIIOIB30BAHUS SHEPreTHUECKUX TEXHOJOTHH B OTPACIIIX
MPOMBIIIIEHHOCTH. OIEHEHB! TEIUIOBBIE SHEPreTHUECKUE XapaKTEPUCTUKH IJIsl BHEIAPEHUS pa3-
JIMYHBIX COJHEYHBIX SHEPreTHYECKUX aKKyMyIupyomux TexHoiorui. Ilo mpenBapuTensHbIM
pacueram, KIIJ| comneunoro Bomoema coctapisier 3umoint 1,14 %, netom 1,46 %. Conneu-
HBIIl DHEPreTHYeCKHH MOTEHIHAN IPeoOpa3oBaHUs B TEIUIOBYIO SHEPIHI0 MEHSETCS B IIpele-
nax ot 40 1o 70 % B 3aBUCUMOCTH OT ce30Ha roja. CpesHss TeMrepaTrypa Ha coJIeBOI TOBEPXHOCTU
JIHA BOJIOEMA COCTABJISET: B JIETHHI nepuos — ot 55,04 1o 79,8 °C, B 3umuuii — ot 20,0 mo 25,6 °C.
INomyuyenHsle Hay4YHBIC pPE3yJbTaThl MOTYT OBITh HCHONB30BAaHBI IPH pa3pabOTKe IPOEKTHO-
CMETHOH JIOKyMEHTalluH, COCTAaBIEHHU TEXHHKO-3KOHOMHYECKOTO0 OOOCHOBAHUS JUIS CO3JIaHUS
Pa3IHYHBIX COJHEYHO-YHEPreTHUeCKNX TEeXHOJOTMYECKHX KOMIUIEKCOB B 30He Kacmmiickoro pe-
THOHA, KOTOpbIe OyIyT CONEHCTBOBATH YKPEIUICHUIO YHEPreTHUECKONH OE30IacHOCTH, Pa3BUTHIO
SHEPreTHYECKUX CHCTEM M IPOU3BOACTBY aBTOHOMHBIX TEXHOJOTHUYECKMX yCTaHOBOK, 000pymo-
BaHHMS HAa OCHOBE COJTHEYHOH SHEPIUH, YTO CHU3HUT SHEPronoTpediIeHne OpraHnieckoro TOIUINBa U
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Abstract. The article considers the solar energy resources of the Kara-Bogaz-Gol Bay as a “solar
pond”. Using the developed physical and mathematical methods, the thermal energy potentials
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of the accumulation of salt deposits in the bay were determined for the creation and use of energy
technologies in industrial sectors. Thermal energy characteristics for the introduction of various
solar energy storage technologies were assessed; according to preliminary calculations, the effi-
ciency of a solar reservoir is 1.14 % in winter and 1.46 % in summer. The solar energy potential
of conversion into thermal energy varies from 40 to 70 % depending on the season of the year.
The average temperature on the salt surface of the reservoir bottom in summer ranges from 55.04
to 79.8 °C, in winter from 20.0 to 25.6 °C. The obtained scientific results can be used in the deve-
lopment of design and estimate documentation, preparation of feasibility studies for the creation
of various solar energy technological complexes in the Caspian region, which will contribute
to strengthening energy security, development of energy systems and production of autonomous
technological installations and equipment based on solar energy, which will reduce the energy
consumption of fossil fuels and improve the environmental situation in the Kara-Bogaz-Gol
region.

Keywords: solar energy, energy potentials, solar pond, hydrometeorological features, mathema-
tical statistics, Kara-Bogaz-Gol Bay, Caspian Sea, Turkmenistan
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BBenenue

Juisa peanmuzanuu TOCYIApCTBEHHBIX IPOTPAMM IO 3HEProcOEpeKeHHIO,
HaTpaBJICHHBIX Ha MOBBIIICHHE SHEProd(P(PEeKTUBHOCTH BO BCEX OTPACIAX KO-
HOMHKH, KOHKYPEHTOCIIOCOOHOCTH HAallMOHAJBHOW 3KOHOMHKH, MpPEIyCcMOTpe-
Hbl MOJAECPHHU3AIUSA U TEXHUYECKOE MEPEBOOPYKEHHE MPEANPHUITUN, BHEAPEHHE
COBPEMEHHBIX pecypcocOeperalnmx TEeXHOJOTHHA C HCIONb30BaHHEM HOBEH-
X HAYYHO-TEXHUYECKUX Pa3pabOTOK, COBEPUICHCTBOBAHME CHUCTEM ydeTa Io-
TpeOJICHNsI JHEPTOPECYPCOB B OXPaHBI OKpYKaromien cpeas [1-3].

HanmonanbHast crpaTerusi mo pa3BUTHIO BO30OHOBIISIEMOH SHEPreTHKH B
Typxmenucrane g0 2030 r. mpexycMaTpuBaeT MEPHI IO HCTIOIL30BaHUIO BO300-
HOBJIIEMBIX UCTOYHHKOB dHeprum (BUD) B anmexTposHepreTnke mo Hampablie-
HUSIM Pa3BUTHUS — DKCIIOPT; MECTHOE MOTpeOJieHHe B paMKax, COTIaCOBaHHBIX
C DHEPTOCUCTEMaMH; AIIEKTPOCHAOXKEHNE TTOTpeOnTeNel B OTNAICHHBIX paifoHax
CTpaHBI.

[IpoBeneHHbIN aHAIN3 UCTIONB3YEMBIX B MUPOBOH MPaKTHUKE CUCTEM 3HEPIO-
U TeIUIOCHAOKEeHMsI Ha ocHOBe B mokasbIBaeT, 4To K Hanboliee epCIeKTHB-
HbIM TEXHOJOTHSIM JJsi TpuMeHeHUs B TypKMEHUCTaHE OTHOCSTCS: 3HEPro-
U BOAOCHAO)KEHHE HEOOJBIIUX PACCPEIOTOUCHHBIX HACEIEHHBIX IYHKTOB H
(hepMepcKuX XO3AHCTB; CETh «COTHEYHBIX» BOJIOTIOMHBIX MyHKTOB Ha TPUPO-
HBIX macTOnmax KapakyMoB; BeTpOBBIE U COJIHEYHBIE YCTAHOBKH [UISI DHEPTO-
CHaO>KeHMsI yJaJIeHHBIX IMOCEJIKOB OT JIMHHUHU 3JEKTpOIepeaaun; sHeprocoepera-
IOIIHE «COJHEUHBIe» IoMa U (pepMepCKUX XO3SHCTB; COTHEYHBIE TEXHOJIOTH-
YEeCKHEe CHUCTEMbl OTOIUICHHWS W TopsAdero BopocHaOxkeHus. Mcxons w3 3TOro
HCIIOJIb30BaHNE U TPHIMEHEHHE B SHEPrOMpPOU3BOJICTBE TEXHOJOTUYECKUX CHCTEM,
obopynoBanus Ha ocHOBe BUD sBisieTcst akTyanmbHOH 3amaueit [1-6].

Cpenu BUD nepcnektuBHbIM i TypKMEHUCTaHa SBISETCA UCIOIb30BaHUE
conmHeyHo sHeprun. [lo pacdyeram, Texuudeckuit moteHman 3ueprun CoyHia
skBuBanenTer 1,4:10° Ty. T. B roa. OXHIM U3 SK30THYECKUX CIIOCOGOB HCIIOIb-
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30BaHUS COJTHEUHOW SHEPTHUH SBIISETCS «CONMHEUHBIN mpya». ColeHbIl BOTOEM —
3TO COJHEYHBIN KOJIEKTOP, B KOTOPOM aKKyMYJUPYETCS 3HAUUTEIBbHOE KOJINYe-
ctBO 3Heprun Connua [7, 8].

MHoOrUMH YYSHBIMH TIPOJIeIaHa ONpe/ielieHHas padoTa Mo U3yYeHUI0 JaHHO-
ro Bompoca. B cBOMX Hay4yHBIX TpyZAaxX aBTOpPHl pacCMOTpPENIW: AU3alHH U mep-
CIIEKTUBBI MCIIONB30BaHUS TPYIOB; (DU3WKY TETJIOBBIX MPOIECCOB HErTyOOKMX
«COJIHEYHBIX TPYJOB» (UCHOJB30BAHHE HMX JJIs 00OrpeBa MPOMBIIIJICHHBIX
MPEINpPUATHH); aHAJHU3UPOBAIHA TEPEXOTHONW MPOIECC B HETIIYOOKHX Mpynaax
C MPUMEHEHUEM COJIHEYHBIX BOJOHArpEBATENIbHBIX KOJJIEKTOPOB; ONpPEACIUIN
BBIPA0OTKY JJIGKTPO’HEPTHM B COJIHEUHBIX Npynax B mrate KamudopHus
u ap. [5-25].

TypKkMeHCKMMHU yYeHBIMHU INPOBeJeHa OoJbIIas HayYHO-HCCIIEI0BaATEIbCKAS
paboTa M TOCTUTHYTHI 3HAYUTEILHBIC PE3yJbTATHI [0 MCHOIB30BAHUIO COJTHEY-
HOM PHEPTUM B HAPOJHOM XO3sHCcTBE. BOMpockl akKyMyJIMpOBaHMSI SHEPTUU B
COJICHOM BOJOEME€ KaK HCTOYHHMKE TEIUIOTHl HEAOCTATOUYHO MCCIEHOBAaHBI, HE
c(hopMyIUpOBaHbl PEKOMEHAALMU 10 peaTu3allMd OCBOEHHS JHEPreTHYECKUX
MOTEHIMAIOB KaK AKKyMYJISTOpa TEIUIOTHl «COJHEUYHBIX MPYAOB» B IMPUPOIHO-
KITUMATHYECKUX yCIoBHUSX TypKMEHHCTaHa, KOTOPBIH 00JajaeT 3HAYNTEIbHEI-
MU BO300OHOBJISIEMBIMH JHEPTeTHYECKHMMH PECYPCHBIMH TOTeHIHanamMu. [ns
pa3pabOTKH M BHEAPEHHS PA3IUYHBIX CONHEYHO-IHEPTETHUECKUX TEXHOJOTHIMA
HEOOXOIMMO COCTaBUTh TEXHUKO-3KOHOMHYECKoe 00ocHOoBaHus (TD0) ¢ mensio
000CHOBaHUS 11€J1eCO00Pa3HOCTH BHEAPEHNUS MpoekTa. B mpuBeneHHbIX paboTax
SHEpPreTUYECKHEe pecypcHble MoTeHuuanbl 3anuBa Kapa-boras-I'on kak «coi-
HeyHoro npynaa» B Kacnuiickom Mope He paccMoTpeHsI [26, 27].

3anuB Kapa-Boras-['on 6oraT XUMUYeCKMMU 3JIEMEHTAMH JJIs UCIOJIh30Ba-
HUS B Pa3iUYHBIX OTPACISAX MPOMBIIIIEHHOCTH, NOJYyYEHHBIC 3HEPreTHUECKUE
pecypcHbIe TOTEHIMABI MTOBBICAT SHEProdpPeKTHBHOCTS XMMHUYECKOTO MPOU3-
BOJICTBA, TIOHU3AT HEPTo3aTPaThl, TEM CaMbIM CHU3ST C€OECTOMMOCTH MPOIYK-
MY, YMEHBIIIAT BpEIHBIE BEIOPOCH! B Orocdepy, yaydIiar cornaibHO-OBITOBEIC,
9KOHOMHYECKHE M SKOJIOTUYECKHE YCIOBHS KM3HEIEATEIBHOCTH HACEICHMS.
OcHOBBIBasICH Ha 0030pe JTUTEpaTyphl, ONPEeNICHBI eI U 33/1a4l HCCiIeI0Ba-
Hus 3anuBa Kapa-boras-I'on kak npupoIHOT0 UCTOUHUKA IHEPTUH «COJTHEUHBIN
npy».

Llenp nccnenoBaHus — OIGHUTh PECypCHBbIE TIOTEHIHAIBI COTHEYHOTO M3ITY-
yenus 3ainuBa Kapa-borasz-I'on kak «COJHEYHOTO MPyAa» C IENbI0 UCIOIb30Ba-
HUS U BHEAPCHUS PA3IUYHBIX COJHEYHBIX JHEPreTHUCCKUX TEXHOJIOTHUU s
TEeIUIo- U PHeprocoepexxenns B KacnmiickoM peruone.

Hayunas HOBH3HA — UCCIIEIOBaHbl MHOTOJIETHUE THAPOMETEOPOIOTUYECKHE
HAOJIOJICHHS, TPUPOTHO-KITMMATUICCKUE YCIIOBUS, COCTaBIICHA MaTeMaTHIECKast
MOJIeNTb TEIUIO- U MacCOOOMEeHa 3aIMBa, METOJaMH MaTeMaTHYECKON CTaTUCTUKH
omnpeJeaeHa KOPPESILMOHHAsA 3aBUCUMOCTb, COCTABJICHO YPaBHEHUE PETPECCUU
JUISL TAaHHBIX KIUMATUYEeCKUX ycinoBud. OmnpeesaeHsl U PaCCUUTAHbl COTHEUHBIC
peCYpCHBIE TOTEHIMANIBI aKKyMYJIMpOBaHus Terosor s3Hepruu u KII/1 conneu-
HOTO M3JIy4YCHUS, MPEAJIOKEHA COJIHEYHAs SJIEKTPOCTAHLIMS U APYTHE SHEPreTH-
YyecKHre TEXHOJIOTUH AJIs BHEApEeHUs B pernoHe 3anuBa Kapa-borasz-I'os.
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WccnenoBanne ocHOBBIBAaETCS Ha 3aKOHAX (M3UKH, TEIUIOGU3ZUKH, TEPMO-
TUHAMHKHA U METOJIaX TeTUIOTeXHUUYECKUX mpeodpasoBanwmii. 3anus Kapa-boras-
T'on paccMOTpeH Kak «conHeuHbId npyn». [Ipeamerom uccinenoBaHus SIBISIETCS
coJIHe4Hasi sHeprus, a BogoeM Kapa-boras-I'osn — kak TemioBOW akKyMyJISTOP.
MeTo070THYeCKy0 OCHOBY COCTAaBIISIOT MOMyYeHHBIE PECYPCHBIE TTOTEHITHAIBI
COJTHEUHOM 3HEPTHH KaK aKKyMyJATOpa TeIUIOTHI AJs TEMJIOCHA0KEHUs TOoTpe-
outeneit 3amuBa Kapa-boras-I o

I'mapoMeTeopoJioruyeckne U XuMu4eckne 0CO0EHHOCTH
coJieBbIX 3jieMeHTOB 3ajumBa Kapa-bora3s-I'oa

Ha roro-Boctoke Typkmenuctana Ha nmodepexse Kacmuiickoro mops B coie-
HoM 3anuBe Kapa-boraz-I'on cosHeuHOe H3NMydYeHHE aKKyMYJHUPYETCS B BOJIE
U COJIEBBIX 3aJIeKaX KaK TEIIOBOM akkymyJssitop. Ilmomans 3amuBa cocTaBisieT
npumepHo 18 Thic. KM’, cpeHss r1y6una 4,7 M, MECTaMH H3MEHsIeTcs OT 2,2 JI0
6,2m[11,17,28, 29].

Konuentpanus conu B 3anuBe coctaBiseT 310 %o (B HEKOTOPBIX MecTax
naxe 10xoaut 10 350 %o), BRICOKA TaKkKe KOHIICHTpAIMs T1ayOepoBoil cou,
Wi MupaduiauTa. MupaOuiuT mpeactaBiseT coOoil OONBLIION HWHTEpec IS
Pa3IMYHBIX OTPACiIC MPOMBINIIEHHOCTH. MUpaOUINT — YHACIETOBAHHBIN MU-
HepaJ — 3TO MPO3pavHble KPUCTAIUIH B (hOpMeE MPU3M, Ha BKYC TOPBKHH, TaeT
Ha s3bIKe, HE MMEET 3amaxa, XOpOILIO PAacTBOPUM B BOJE, HE TOpUT. XHUMHU-
geckas popmyna Na,SO,4 - 10H,0, tBepmocts 1,5-2,0 mo mkane Mooca; mioT-
HOCTEL 1,49 r/em’ [20]. IIpu AnuTEenbHOM HaXOXACHUM HA BO3AYXE WU IPHU
HarpeBaHUM BBIIAPUBACTCS (BBIBAPUBACTCS) U TepseT Maccy. Ilpu mosHOM BEI-
BETPUBAHUU CTAHOBHUTCS OOBIUHBIM CYJIb(aTOM HATPUS — IMOPOIIKOM OEI0ro
uBera. Kpome camoii necsITHBOAHOM T11ayOepoBOM COIM U3BECTHBI pOMONYECKHe
KpUCTAJUIBl CEMUBOAHOrO Kpuctauioruapara Na,SO, - 7TH,O u onmHoBoanHas
COJIb NaZSO4 . Hzo [1 1]

I'mayGepoBa conp BriepBble 0OHapyxeHa xumukoM U. P. I'mayGepom B co-
CTaBE MUHEPAJIBHBIX BOJ, a BIOCICACTBUU CUHTE3UPOBaHA JCUCTBUEM CEPHOM
KHCITIOTHI Ha XJIOPUJ HATPHsI, €€ MPUMEHSIH B CTEKOJIHHOM W COJOBOM MPOH3-
BOJICTBE W 3arOTaBJIMBAJIM PACTBOPHI ISl UCIIOB30BAHUS B METUIINHE.

Cpemauii TeMItepaTypHBIA pexxuM 3auBa u3Mensiercs ot 0,9 °C 3umoit u 10
26 °C neroM. MakcuManbpHas TeMIIEparypa JIeToM ToxXoauT mo 64 °C, cpemHsst
MHHHMAaJTbHAs 3UMoi cHIpKaetrcs 1o —3 °C [13, 27, 29]. TemmepaTypHBIi pexXuM
BOJIBI B 3alIMBE OTIKMYaeTcs oT Kacnuiickoro Mopsi: eciiu CpefHsisa TeMIeparypa
BoJbI Mopst cocTaBisieT 13,5 °C B rog, To Ha 3anuBe oHa paBHa 16,9 °C. Konu-
YECTBO OCAJKOB Ha TEPPUTOPHUU 3aIMBa B cpeaHeM coctaBiseT 104 MM B Teue-
HHE TO/a, B CpEeIHEM B MecsI 8,7 MM, YUCJIO JHEH B ToAy 0e3 0caakoB 54, niu
B MecH1l 8,6 aHs.

PaccunTanHbie CHCTEMAaTU3UPOBAHHBIE DPECYPCHBIE CONHEYHO-dHEPTeTHYC-
CKME TOTeHIHMansl 11 3anuBa Kapa-Boras-Ton cocramsor, KBt w4/(M*rom):
BajoBble — 1685,4; TexHWYECKHEe, MPeoOpa3OBaHHbIC B TCIUIOBYIO SHEPTHIO —
1177,1; B snexTpudeckyto — 222,1; SKOHOMHYECKHE OT IPEeoOpa3OBaHUs B TeEIl-
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J0BYI0 3Hepruio — 470,9 u snekrpuueckyio — 89,1 kr y. T./(M>Tox). [Tpoxomku-
TEJIbHOCTh COJTHEYHOTO CUSIHUSI B IO/l Ha 3aJIUBE paBHA 222,8 4, UJIKM B CPEAHEM
cocraBiusier 7,8 4 B CYTKH, NacMypHBbI€ [IHH HaOIIONAOTCA MpUMEp-
HO 2,65 cyT. B roj. BeTpoBoii pe:kuM MEHSETCS M0 CE30HaM rojia — B 3UMHHIA
MEPHUO/ TIOBHIMIAETCS W COCTABISIET B CpeqHeM 6,2 M/C, a JIETOM CHIDKAaeTcs
o 5,7 m/c. Pe3ynbraThl THAPOMETEOPOJIOTHYECKUX HAONIOAEHUH TpaduvecKu
npuBeneHsl Ha puc. 1 [11-14, 17, 27, 29].

25
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h =}

Y CIOBHBIE €ITMHHIIBI U3MEPCHUA
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Puc. 1. Meteoponorudeckue HabmroneHus 3anusa Kapa-boras-I"oni mo mecsiam rozaa:
—4&— — OPOJOJDKUTENBHOCTh CUSIHUSL, 4; —M—— KOJIMYECTBO MACMYPHBIX JAHEH, CYT.;
— CKOpOCTb BeTpa, M/c

Fig. 1. Meteorological observations of the Kara-Bogaz-Gol Bay by months of the year:
—&— — duraqtion of radiance, h; —®8—— Number of cloudy days, day;
— wind speed, m/s

CotHeuHO-3HepreTHYecKue 0codeHHocTH 3aanBa Kapa-boras-T'oa
KAK «COJHEYHOI0 MPY/1a»

DHepreTuuecKkue 0COOEHHOCTH PabOTHI «CONHEYHOTO MPYJa» 3aKIHYa0TCs
B CJIEIYIOIIEM: COJTHEUHOE M3IyYeHHE NOCTyNaeT Ha BOJHYIO MOBEPXHOCThH BO-
JloeMa, 4acThb OTPaXkKaeTcsl B OKPYXKAIOLIYI0 CPely, @ 4aCTh IIPOHUKAET B BOJOEM
Y TIONaIaeT B HIKHUI coyleBOil coi, OoJiee TIIOTHBIM M KOHIIEHTPUPOBAHHBIM,
KOTOpBI HE CMEIINBAETCS ¢ BEPXHUM. DTO MO3BOJSET YIACPKHUBATh TEMIOBYIO
sHepruto. MHade roBops, «COJIHEYHBIM IIPYyJ» — 3TO HAKOIUTENb COJHEYHOU
sHepruu [25].

[Ipouecc ¢opMupoBaHHs TEMIOIHEPTETHUECKOTO PEXUMa aKKyMYJIHpOBa-
HUS B COJICHOM BOJOEME OYEHb CIIOKHBIM. OHAKO B OTAEIBHBIX YACTHBIX CIIy-
4yasX U IPHU BBEICHUM DPsA YHIPOLIAMOIIUX AOMYIIEHUH MOXHO OCYLIECTBUTh
KOJINYECTBEHHBIH aHaun3 (OPMHUPOBAHHMS TEPMUYECKUX YCIOBHH B COJIEBBIX
3aJIeXkax Ha JHE 3a/11Ba.

B Bogoeme Ha mpornecc GpopMUpOBaHUS TEMIIEPATYPHBIX PEKUMOB B COJIE-
HOU BoJe (Ha aKKyMYyJIMPOBaHHE B COJIEBBIX 3aleXax HA JHE 3aJMBa) BIIUSET
0onpIIoe KOMMYECTBO (PaKTOPOB: METEOPOJOTHUYECKHE (PAKTOPBI — CONHEYHOE
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M3IydeHne, TeMIepaTypa BO3AyXa U BOJbI, CKOPOCTh BETpa, 00IavyHOCTh U T. 1.}
TEpMHUYECKasi XapaKTePUCTHKA COJU M MOYBHI — TEILIONPOBOJHOCTH, TEILIOEM-
KOCTb, IUIOTHOCTb, TEMIIEPATypPOIPOBOJHOCTD, alb0e0 MOBEPXHOCTH BOAOEMA
Y COJIEBBIE 3aJIe)KH; TETUIOTEXHMYECKHE XapaKTEPUCTHKH BOJOEMa — KPaTHOCTh
o0BeMa, TIOTHOCTh, BO3AYX000MEH, MPO3pavyHOCTh B BHAUMOM U HH(QpaKpac-
HOM dYacTsix crektpa. CieoBaTenbHO, ONpeelieHue TeMIIepaTyp BO3IyXa, BO-
IIBI, COJIM ITPOBOAMIIOCH C YIETOM IEPEUNCIIeHHBIX (PaKTOPOB.

MeToauKka THAPOTEXHUYECKUX HCCIENOBAaHUHA MO JWHAMHKE TEIIooOMeHa
MO3BOJIACT C(HOPMYJIUPOBATH OCHOBHBIC UEPTHI YIIPOIICHHON MOEIH: BOJIOEM
KaK CHCTeMa B MMPOCTPAHCTBE, OTHOPOIHO 3aMOTHEHHAS XOPOIIO epeMeITaHHO’
COJICHOW BOJIOM, IMOJIyOTPaHWYCHHBIH B BOJITHOM MAacCHBE, OOKOBBIE OTpaXKie-
HUS C HYJIEBOH TEIJIOEMKOCTBIO; COTHEYHOE W3ITy4YeHHE, PAaBHOMEPHO pacipo-
CTpaHsIoIeecs M0 BO3AyITHOMY, BOTHOMY U COJIEBOMY IIPOCTPAHCTBY 3aJIHBA.

DKCIepUMEHTAaIbHBIC UCCIEAOBAHUS, KaK U3BECTHO, BBUAY JOKAJIHHOIO Xa-
PpaKTepa MOJTYYCHHLIX JaHHBIX, a TAKXKC BBUOAY pa3np1111/1171 B MCTOJUKEC ITPOBCIC-
HAS ¥ 0OpabOTKM MaHHBIX JKCICPUMEHTa IOBOJIBHO YacTO HE MOTYT OBITh
0000IICHBI U OBIBAIOT BEChbMa MPOTUBOPEUYUBHL. B CBSA3M ¢ 3TUM OOJNBIION WHTE-
PEC BBI3BIBAIOT TEOPETUUCCKHUE UCCIICAOBAHUS.

Hcxons m3 3TOr0 Ha OCHOBE (PM3MYECKOTO IMPHHIHWIA U TPOIecca TEIUIo-
¥ MaccoOOMEHa COCTaBJICHO AU QepeHIIHATLHOE YPABHEHUE TETIOBOTO SHEpPTe-
TUYECKOTO OajaHca ¢ y4eTOM BIHSIOMMX (PaKTOPOB: METEOPOIOTHIECKUX (COJI-
HEYHOE U3JTydeHHe, TeEMIIepaTypa Bo3/ayXa, BOJAbI, COJIH, CKOPOCTh BeTpa, 001ad-
HOCTb U JIp.); TEPMHUUCCKUX U TCIUIOTCXHUYCCKUX XAPAKTEPUCTUK COJIH, BOJIBI
(TeruIonpOBOIHOCTD, TEIIOEMKOCTh, IIOTHOCTh, MPO3PaYHOCTh, anb0eno) s
3aymBa Kapa-boras-I'on kak «comHeuHoro pyaay. TemmoBoe 6amaHCcoBOE ypaB-
HEHUE 32 MPOMEKYTOK BPEMEHU dT UMEET BU]T

dez - dQc - dQB - dQTH - anB - anc - dQ6r = 0’ (1)

rae alQpZ — CyMMapHbIA MOTOK TEIUIOTHI COJIHEYHOTO U3JIYYEHHU, MOCTYIAOIINI

B CONHEYHBIH BOJOEM 3amiBa, KBT-u/M*; dQ, — TIOTOK COJHEYHOTO H3TydeHHS,
AKKyMyJIMPOBAHHEIH B BojgoeMe, KBT-u/m; dQ,— 10 e, NOMIOIEHHOIO COJNEBOH
TIOBEPXHOCTBIO JIHA MPyJa M MOYBOH, KBT-u/M%; dQ, — TO Xe, MOCTyNarOLHH
B BOJIHYIO TIOBEPXHOCTh BojioeMa, KBT-u/M’; d(Q,, — KOIMYECTBO TEIUIOTHI, OT/a-

BaeMoii B arMoc(epy C MOBEPXHOCTH B pe3ysbTaTe BO3AyX000MeHa U TeIlionepe-
2 s
nauu, KBTu/M"; dQ,. — To ke, 0TJaBaeMoil B OOKOBBIE IPYHTOBBIE IOBEPXHOCTU

BOJIOEMA B OTHOMEPHOM IIPOCTPAHCTBE HA OAMH KBaAPATHBIA MeTp (00beM He yuu-
TIBaeM), dQ;. ~0 KBru/M%; dQ,. — NOTOK COJIHEUHOI'O U3JIyYeHUsl, aKKyMYJIUPO-

BAHHBII COJICBBIM CJIOEM Ha aHe, KBT-u/M” [25, 30-34].
z
INoxcraBnsieM cocTaBisiolMe B 3HaueHHs K BenuuuHam dQ-, dQ,, dO.,
dQ,., dQ,, ©OanancoBoro nuddepeHuuanpbHoro ypasHenus (1) u npencraBum

HUX B BUJIE:
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dQ, =(1-1,)Fq (t)dt; ()

dQ, =y &pF[(T.(7)-T,(x) ]dx; (3)

dQ, =¢,1,6,0,F[(T,(1)-T,(x)]dx; 4)

dQ,, =¢,1,&,0,F[ (T, (%)~ T,(x) ]dx; (%)

dQ,, =¢,v,p,FdT, (t); (6)

dQ,, =¢,ypFdT, (), (7)

rae F — IUIomags BOIOeMa, M’ ¢, — OOBEMHAs TeIUIOEMKOCTb COJICHOM BO-
11, KJx/(kr-°C); Vs — IUIOTHOCTH COJIEHON BOJPI, Kr/M; q* — IIOTOK COJIHEYHOTrO
W3ITy4YEeHUs Ha TOPU30HTAIBHYIO TIOBEPXHOCTb, KBru/M.

[IponenaB HEKOTOpPbIE MaTeMaTHYECKHE IPeOoOpa30OBaHUs, HAXOIUM TEMIIC-
patypHBIi pexuM cosieBoro cios B BomoeMe 7., °C, B BHIEC MEPHOAMYECCKOTO
TapMOHUYHOTO psAaa

n
T.=T,, +ZT].C exp[z(mr—(pj)], (8)

J=1
rne T, — cpelHee 3HA4YEHUE TeMIEpaTypbl COJEHOW Boabl Bojoema, °C;
T. — aMIuiuTyzma TeMIlepaTypel cosieBoro cios, °C, mis j-H TapMOHHUKH;

Jc
i = v—1 — MHUMOE YHCII0; ® — MUKINYECKasi YacTOTa BHEIIHETO TEIIOBOIO BO3-
JEeHCTBUSL COJIEHOM BOJBI Ha COJIEBOH CIIOW, rpai./d; T — BpeMs, 4; ¢; — yroi

capura a3, rpan. [loxpoOHoe MaTeMaTHYeckoe MpeoOpa3oBaHUE IMPHUBEICHO
B paborax [3, 30, 32, 33].

PeSyJ'lBTaTLI HCCJICJOBAHUA

Ha ocHoBe cocTaBieHHOTO ypaBHEHHS TerioBoro OamancoBoro (1) paccuu-
TaH TepMUUeCKUi pekuM 3anmuBa Kapa-boras-Ion kak «comaedroro npyma» (8).
Omnpe/eNieHbl CyTOYHBIC TEMIICPATyPHBIC PEKUMBI Ha TOBEPXHOCTH COJICBOTO
cios u Ha TimyounHe 0,5 M, ¢ moMomIsio0 GpopmyIs (7) ompenenseM aKKyMyJITHpO-
BaHHE COJIHEYHOW SHEPTUU B JICTHUH W 3UMHUIN mepuoas! roga. Ha puc. 2 mpu-
BEJICHBI PE3yJbTAThl pacueTa CyTOYHOTO aKKyMYJIHPOBAaHUS COJHEYHOTO H3IY-
YCHHUS B 3aJIUBE.

AHanm3upysi rpaduuecKkue pe3yibTaThl, AENaeM BBIBOJBI, YTO B TEUEHUE
JTHSI COTHEUHOE M3ITyYeHUE aKKYMYJIPYETCS U COCTABJISIET:

— Ha CONeBOil moBepxHOCTH 3uMoii — 1009,0 Br/(M*-cyT.), mum B cpex-
wem 77,6 Br/(M*cyr.); metom — 1574,7 Br/(M*-cyT.), MAM B cpei-
Hem 121,1 Br/(v*-cyT.);

—Ha ray6une 0,5 M 3umoii — 408,0 Br/(M>cyT.), mam B cpen-
Hem 31,4 Br/(m*-cyr.); metom — 1111,0 Br/(M*-cyT.), mim B cpesenm 85,5 Br/(m>cyT.).

TemnepaTtypa u3MeHSIETCS:

— Ha coJIeBOM moBepxHOCTH 3uMoit — ot 3,8 mo 31,5 °C; merom — ot 14,3
1o 55,04 °C;
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—Ha riyoune 0,5 M 3uMoii — B ipeenax ot 3,8 go 15,76 °C; nerom — ot 7,16
o 27,52 °C.
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Puc. 2. CyTouHbIii X0 aKKyMYJIMPOBAaHHS COJTHEYHOTO U3TyueHus B 3anuBe Kapa-boras-I'on:
—&— —3umoit 0 moB. conu; —M——3umoii 0,5 M ri1yOuHe;
—sietoM 0 1oB. conu; —<— — getom 0,5 M riryOune

Fig. 2. Daily course of solar radiation accumulation in the Karak-Bogaz-Gol Bay:
—&— — 0 table salt in winter; —B—— at 0.5 m depth in winter;
— 0 table salt in summer; —=— — at 0.5 m depth in summer

[poriecc akKyMyJIMpOBaHHs COJIHEYHOW SHEPIHU CBs3aH C TEMIIepaTypoin
MPOTpPeBa COJIEBOW MOBEPXHOCTH CJIOS, KOTOpask MEHSETCS MO CEe30HaM roja.
Ilomy4yeHHble pe3ynbTaThl HUCCIEAOBAaHMUSA C HCIOJIB30BAHUEM COCTAaBIICHHOTO
mddepeHInaTB HOTO YpaBHEHHS TEIJIOBOTO OalaHca sl IPOMEKYTKa BpeMeHH
COOTBETCTBYIOT 3aKOHAM TETIO(U3NKU U aA€KBATHO BOCIIPOU3BOISTCS.

Memoouxka cmamucmuueckozo aunanuza. Jns pa3pabOTKH, COCTAaBICHUS
IIPOEKTHO-CMETHOM NOKYMEHTAllMd W BHEIPEHUS] COJHEYHBIX 3HEPreTHYEeCKUX
CTaHIMH BO3HHKAET HEOOXOAMMOCTh TEXHHKO-KOHOMHYECKOTO OOOCHOBaHMS
IUIL TIPOTHO3a M OMNpPENENICHUS PEHTA0eNbHOCTH 3HEPreTUYEeCKUX TEXHOJIOTHIl
1 UX 3HeprodhHEKTUBHOCTH IS TIOTPEOHUTETIS.

Ucnonb3yst METoIbl MaTeMaTUYECKOW CTATUCTHKH, HA OCHOBAaHMH pacyer-
HBIX PE3YJIbTaTOB MOJYYEHBI YpaBHEHHs perpeccur U KoddduimeHt koppemns-
LUH U TPOrHO3UPOBAHMUS IOTEHLIMAIOB COJIHEUHOTO M3IYUYEHHUS IpU Ipeodpa-
30BaHHUU B TEIUIOBYIO DHEPTUIO B 3aBHCUMOCTH OT TEMIIEPATYPhl BOIBI M KOJIHU-
YecTBa aKKyMYJIHPOBaHHS CONHEYHOH HSHEPrMM Ha COJIEBOW IMOBEPXHOCTH H
riryoune 0,5 M.

PaccmoTpum ypaBHeHHe perpeccun y = a + bx, rae a — HayajabHas OpJIUHA-
Ta, KOTOpas JaeT 3HaueHue y npu x = 0, b — KOdQPHUIUEHT perpeccuu, KOTOPbIi
JEMOHCTPUPYET W3MEHEHUE BEJIMUMHBI ) B CPEAHEM IPU M3MEHEHHMHU X HA elU-
muny [7, 10, 33].

OmnpenenuM 3aBUCUMOCTh SKOHOMHYECKMX W TEXHHUYECKHX IIOKaszaTeleit
OT TeTMOU3ITYYEHHs], B3STOTO B CPEAHEM 332 MHOTO JIeT HAaOJIOACHHM, ero TpaHc-
(dbopMaLuIo B SHEPruio, MpUYEeM IOKa3aTedd ObUIM B3STHI MO MecAlaM roza
B peruone Kapa-boras-I'ox.

VYpaBHeHHe perpeccuu ¥ KO3()(OUIUEHT KOPPEISIHU I aKKyMYJTUPOBaHUS
COJIHEYHOM SHEPTUHU COCTABIIAIOT:
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— Ha NOBEPXHOCTHU COJIMA:

3UMOM y=-1,1154x+91; R?=0,0051; )
JIeTOM y=-1,5264x + 139,45; R*=10,0161; (10)
—Ha rmyoune 0,5 M:

3UMOM y=-0,5659x + 38,176; R>=0,0066; (11)
JIETOM y=-1,533x +103,86; R?=0,0149. (12)

CpenHecyToO4HOE U3ITyueHHE B SHBAPE U UIOJIE HA COJIEBON MOBEPXHOCTH:
3UMOH y=-4,3956x + 327,75; R?=0,0082; (13)
JIETOM y=-1,044x + 599,45; R*=0,0002. (14)

[lomydeHHble MeTOMAMH MaTeMaTHYeCKOTO MOJISITHPOBAHUS IPOLIECCOB
TEIJIO- U MacCOOOMEHa YpaBHEHHUS PETPeCcCHd IO3BOJAIOT paccumtath 120
IUISL CO3MAaHUS PA3TUYHBIX COJTHEYHO-DHEPTeTHUYECKUX CTAHIMH M B JAPYTUX
CTpaHax.

DHepeemuueckasa cmanyua Ha npyoax. Bo MHOTHX TOCyAapcTBaX, TAKUX KaK
Benrpus, Uamus, Uramusa, Uzpauns, CHIA, AnoHus, moixydeHsl 3HAYUTEIHHBIC
yCIIeXY B HAYYHO-UCCIICOBATEIBCKUX Pad0Tax MO MOBBIIICHUIO SHEPTrodPPEKTHUB-
HOCTH «COJJHEYHBIX TIpyJ0B». Hampumep, B koHIle 80-X IT. MPOMLIOTO CTOJNETHS
Ha Oepery MepTtBoro mMops B OifH-Bokeke mocTpoeHa CcoiHEYHAsS CTAHIIHSL
HA NPUHIAIE «CONHEUHBIH Mpyay» ¢ maomanpio 7400 M> 31eKTpHuecKoil MoI-
HocThio 150 kBt, rae croumocts 1 xkBt-u saexrposnepruu paBHa 10 nes-
tam CIIIA, T. €. ee ce0eCTOMMOCTH BIOJHE KOHKYPEHTOCTIOCOOHA ¢ TpaaWIIHOH-
Hoii [3, 7, 10-15, 28-30].

PaccMoTpuM BO3MOXKHOCTb CTPOUTENBCTBA JHEPreTHUECKOM CTAHLIUU Ha
MPUHIUIE «COTHEUHOTo Mpyaa» B ycnoBusax 3anuBa Kapa-boras-I'on B Kacnuii-
CKOM Mope. TexHomorudeckass cXeMa DHEPreTU4EeCKON CTaHLUU «COJHEYHBIN
npya» s 3anuBa Kapa-boras-I'on npencraenena Ha puc. 3.

Ilpunyun paéomuvt I1eKMPOCMAHUUU «COJIHEYHBLIL NPYO» 3AKIIOYAETCS
B CJIEAYIOMIEM: W3 CJIOS 2 Topsdas BoJa MOCTYIAaeT B TEIUIOOOMEHHHK 4 (Mcma-
pUTENH), TJe PACIIONIOKEH MaporeHeparop, Mpu MoMoIIu Hacoca 8. B maporene-
paTope HHU3KOTEMITEPAaTyPHBIH IMap MOCTYIaeT B BUI€ HU3KOKHITSIIEH KHUIKOCTH
B TypOWHY 5, KOTOpas MPUBOIUT B ABIDKEHHE dnekTporeHepaTop 6. Ilocie Typ-
OWHBI TIap OTHPABISAETCS B KOHJICHCATOP 7, Ky/ia HAllPaBISIeTCsl ¥ XOJIOIHAS BOAA
13 BojloeMa 3 mpH MoMoIny Hacoca §. OTa cxeMa paboTaeT B 3aMKHYTOM LIUKJIE.
OHepro3PpPeKTUBHOCTh JAHHOW CHCTEMBI 3aBHCUT OT IEPETaOB TEMIIEPATyPhI
MEXIY CIIOSMU TOpedei 2 U XOJIOAHOU 3 BOABL. JIaHHBINA MPUHITAT HE OTIMYALT-
cs OT MapOreHepaTOPHBIX AEeKTpocTaHiwmil [3, 7-15, 20, 23, 25, 30].

CpenHsis TemniepaTypa B JETHAN MIEPHOJ HA COJIEBOI MOBEPXHOCTH JTHA TIO-
HuMaetcs ot 55,04 no 79,8 °C, 3umoii omyckaercst 1o 20 °C. Temmepatypa mo-
BEPXHOCTH BOJIO€Ma 3MMOU HeE BEIIIE CPeIHElN TeMIepaTyphl HAPYKHOTO BO3ITY-
xa ¥ B ssHBape paBHa 3,8 °C, a Ha moBepxHOCTH Bojoema 3,4 °C, 1eToM cOOTBeT-
crBenHo 21,7 u 30,5 °C.
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4 5

;

7

Puc. 3. Conneunas anextpocranuus Ha 3anuBe Kapa-boras-I'os kak «conHedHOM npyae»:
1 — nam0a; 2 — ropsgas BoJa ¢ BBICOKOM KOHLIEHTpALUeH conu; 3 — OXJIaKICHHAst BOJIA;
4 — Tern00OMEHHUK; 5 — TypOHHa; 6 — 3JeKTporeHeparop; 7 — KOHACHCATOpP; 8 — HACOCHI

Fig. 3. Solar power plant on the Kara-Bogaz-Gol Bay as a “solar pond”:
1 — dam; 2 — hot water with a high concentration of salt; 3 — chilled water;
4 — heat exchanger; 5 — turbine; 6 — electric generator; 7 — capacitor; 8 — pumps

Mo mpemBapUTENbHBIM pacueTaM, JIETOM Ha | KM’ 3alMBa MOXHO IOIy-
uynte 60 M> BOIBI CO cpenHeit Temneparyporr 75,0 °C, a 3umoii — 25,0 °C.
Ha cerognsitinuii 7€Hb B MUPOBOM MPAKTUKE UCMOJB3YIOTCS DA COJIEHBIX O3€P
U MOpEH C MCKYCCTBEHHBIMH «COJICHBIMH MPYJIaME» JJis MPOU3BOACTBA TEILIO-
TBI, ATOT MPOIIECC OTHOCUTCS K KJIACCy aKTHBHBIX COTHEYHBIX CHCTEM.

W3 MHpOBOTO OIBITa W3BECTHO, YTO BO3HHUKAIOT MPOOIEMBI MPHU CO3MAHHUH
TypOHH, paOOTAIOMIKMX MTPH HU3KHUX JABJICHUAX U TEMIepaTypax, YCHUIEHUH Bpa-
IICHHS JIEKTPOreHEepaTOpa ¢ YBEIMYCHUEM pa3Mepa, MPH MOCTYIUICHUH B ra3o-
TeHEepaToOp BOJbI C BHICOKOM KOHIIGHTpALMEH COJU (BBI3BIBACT CEPHE3HBIC MPO-
0JIeMBI C KOPPO3HOHHOMN CTOMKOCTBIO TaHHBIX yCTpoucTB) [7, 10—16, 19-22].

Ilpeosapumenshble mexHuko-IKonomuueckue paciemst. lcnonp3zoBaHue
€CTECTBEHHOT0 cosieHoro Bojgoema Kapa-boras3-I'osn mo3BosisieT coKpaTuTh 3a-
TpaThl Ha pa3NUYHbIE MEXaHU3WPOBAHHBIE MEPOIPHUATHS TPU CTPOUTEIHCTBE
THUAPOCOOPYKEHHSI, ICKYCCTBEHHOM TEIJION3OJISIAY THA BOJOEMa, TaK KakK 3TO
CYLIECTBEHHO IOBBIILACT CEOECTOMMOCTh MpeoOpa3oBaHusl TEIUIOTH. Bo3mox-
HOCTb TOJTyYEHHS MOBBINIEHHONW TEMIIEpaTyphl paccoia, MPUrofHOro it obec-
MeYeHHs TPSMOTO TEIIOCHAOXKEHUS, sl MOTPeOUTeNs NpUBelieHa B pacyerax
Ha puc. 1, 2. Pe3ynbraTsl MOKa3bIBaIOT, YTO aKKyMYJIHUPOBAHUE COTHEUHOM dHEP-
UM 3UMOJT B CyTKH Ha riy6une 0,5 M B cpeaHeM coctapiset 31,4 Br/(m*-cyT.),
netoM — 85,5 Br/(M>-CyT.), Ha COJNEBYIO IIOBEPXHOCTh B CPEIHEM MOCTYIACT Jie-
ToM 586,9 BT/(M*-CyT.) ConHeuHoit sHepruu, 3umoii — 275,0 Br/(m>-cyt.). ITony-
YEHHBIC PE3yJIbTaThl PACUETOB TAKXKE€ MOTYT OBITh HCIIOJIb30BaHbI HA MEHBIIICH
NIyOWHE TIpU KOMOWHAITUH C TETUIOBBIMH HACOCAMHU.

HanpumMep, Ipy TemIoBoil Harpyske 60 BT/M® BOZMOXKHO 06ecIedHBaTh mo-
TpeOuTeneit ropsiueit BoAoH B TeUeHHE BCEro rojia. Takoil BapHaHT CTPOUTEIb-
CTBa «COJHEUHBIX MpynoB» B 3anuBe Kapa-boraz-I'on B cpaBHEeHUU ¢ Tpaauiim-
OHHBIM UMEET MHOTHE IPEUMYIIECTBA, TaK KaK He TPEOYIOTCS:

® PacXo/ibl Ha PHIThE KOTJIOBAaHA, MOCKOJIbKY TNTyOMHA 3allUBa B CPETHEM CO-
craBiseT 4,7 M, B TaHHOM ciiydae 1 m;
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e 3aTpaThl Ha COJIb, CO3JIaHKUE OOJIBIIIOTO rPaIUEHTa KOHIICHTPAIIMH PAcCoia;

e MIpOLIeAypa KOHTPOIS TMOANEPKAHUS 3aIMBOM COJIECOJIEPKAHMS TIPH CHH-
KEHHBIX TPaJINeHTaX TEMIIEPaTyPHI.

Bce nmepeunicienHoe BBINIE CYIMIECTBEHHO CHIDKAST IKCIUTyaTallMOHHBIEC pac-
XO/JIBL.

BBIBO/IbI

1. OneHeHbl pecypcHble MOTEHLMANbI COIHEYHOTO M3ny4eHus 3anuBa Kapa-
Boras-I'on kak «conHEYHOTO TMpyaa» IJIs MCIIOIb30BaHUS U BHEAPEHHS Pa3Inyd-
HBIX COJIHEYHBIX SHEPreTUYEeCKHX TEXHOJOTHH uia »Heprocoepexenus B Kac-
MHAICKOM PETHOHE.

2. llonyyeHHble Hay4YHbIE Pe3yJIbTaThl 000OCHOBAHBI Ha 0a3e (U3NYECKHX 3a-
KOHOB, TPOIIECCOB TEIJIO- U MaccooOMeHa, MaTeMaTHYeCKOro aHajlu3a 3aJIKBa
KaK «COJHEYHOTO TMpPYyAa», YTO aJIeKBATHO BOCIPOU3BOAAT Pe3yJIbTaThl MaTeMa-
THYECKON MOJIETH.

3. OlLIeHEeHBI TEIUIOBbIE YHEPIeTHUECKHE XApPaKTEPUCTHKU IJIS BHEAPEHUS
pa3IMYHBIX COJIHEYHBIX JHEPreTUYECKHX aKKyMYJIHPYIOIIUX TEXHOIOTHH.
[Ipenapurensuo KIIJ] 3umoit coctasut 1,14 %, nerom — 1,46 %. MoiHOCTh
aKKyMYJIMPOBaHUSl COJHEYHOW JHEPTrUU B CPETHEM COCTABIIAET: HA COJEBOU
noBepxHoctH 1 M* metom — 586,9 Br/(M*cyrt.), 3umoit — 275,0 Br/(M*cyT);
Ha TiyOuHe comeBoil 3amexu 0,5 M 3umoii — 31,4 Br/(m™cyr.), metom —
85,5 Br/(M*cyT.).

4. MOIIHOCTh CHCTEMBI 3apsaa U pa3psa COTHEUHOW OaTaped Ha COJEBOW
MTOBEPXHOCTH MEHSIETCS 110 CE30HAM Tojia: 3apspKaercs jietoM (aBryct) ao 70 %,
paspsbxaercst 3uMoii (stHBapb) 1o 40 %. CpenHsis Temneparypa ColeBOM MOBEpX-
HOCTH JIHA B JIETHUI NIepuo mogauuMaercs ot 55,04 °C (mait) no 79,8 °C (B cen-
Ts10pe) u cHmkaercs 3umoit o 20,0 °C (B sHBape) ¥ HAYMHAET MOJAHMMATHCS
B Mapte 10 25,6 °C.
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